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Preface 
Time-correlated single photon counting (TCSPC) is an amazingly sensitive technique for re-
cording low-level light signals with picosecond resolution and extremely high precision. 
TCSPC originates from the measurement of excited nuclear states and has been used since the 
late 60s [775, 1250]. For many years TCSPC was used primarily to record fluorescence decay 
curves of organic dyes in solution. Due to the low intensity and low repetition rate of the light 
sources  and the limited speed of the electronics of the 70s and 80s the acquisition times were 
extremely long. More important, classic TCSPC was intrinsically one-dimensional, i.e. lim-
ited to the recording of the waveform of a periodic light signal. 

Light sources ceased to be a limitation when the first mode-locked Argon lasers and synchro-
nously pumped dye lasers were introduced. For the recording electronics, the situation 
changed with the introduction of the SPC-300 modules of Becker & Hickl in 1993. Due to a 
new analog-to-digital conversion principle these modules could be used at photon count rates 
almost 100 times higher than the classic TCSPC devices. Moreover, the modules were able to 
record the photons of a large number of detectors simultaneously. They were thus able to re-
cord a photon distribution not only versus the time in a fluorescence decay but also versus a 
spatial coordinate or the wavelength of the photons. Multi-dimensional TCSPC was born. 

Within a few years, more dimensions were added to multidimensional TCSPC. Fast sequen-
tial recording was introduced with the SPC-430 in 1995, fast scanning with the SPC-535 in 
1997. Time-tag recording was introduced with the SPC-431 in 1996; multi-module TCSPC 
systems followed in 1999. Since then, the Becker & Hickl TCSPC systems became bigger, 
faster and more flexible. Recent TCSPC modules, like the SPC-150NX or the SPC-180, can 
be configured for sequential recording, imaging, or time-tag recording by a simple software 
command. Multi-module systems, like the SPC-134EM and SPC-154, can be used for scan-
ning at unprecedented count rates and acquisition speeds. 

Nevertheless, TCSPC still has the reputation to be an extremely sluggish technique unable to 
record any fast changes in the fluorescence or scattering behaviour of a sample. The multi-
dimensional features of modern TCSPC are not commonly understood. Thus, many users do 
not make efficient use of their SPC modules. However, if appropriately used, multi-
dimensional TCSPC techniques not only deliver superior results but also solve highly sophis-
ticated measurement problems. 

This handbook is an attempt to help existing and potential users understand and make use of 
the advanced features of modern TCSPC. 

After an introduction into the bh TCSPC devices and associated detector, laser, and experi-
ment control modules the principles of advanced TCSPC techniques are described. These in-
clude multidetector TCSPC, multiplexed TCSPC, sequential recording techniques, scanning 
techniques, parameter-tag recording, and multi-module TCSPC techniques. The next chapter 
describes the architecture of the bh SPC modules. A chapter about detectors gives a review of 
detector principles and of the parameters used to characterise detectors. It describes a number 
of detectors commonly used for TCSPC and gives advice about obtaining best performance 
from them. 

The implementation of bh SPC devices is described in the next part of the handbook. It in-
cludes principles and wiring diagrams for typical experiments, guidelines for first system 
setup, and advice for system optimisation. It describes dead-time, counting loss, and pile-up 
effects, detector effects, and effects related to the optical system. 

The next chapter of the handbook is dedicated to TCSPC applications. The first part of this 
chapter describes the measurement of fluorescence and anisotropy decay curves, multi-
spectral lifetime experiments, recording of transient fluorescence lifetime phenomena, and 
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measurements of phosphorescence decay curves. The second part of the chapter is dedicated 
to time-resolved laser scanning microscopy. It contains sections on a wide variety of fluores-
cence-lifetime imaging (FLIM) experiments and procedures, such as FLIM with various exci-
tation principles, excitation sources, and detection principles, high-speed and time-series 
FLIM, Z-stack FLIM, simultaneous fluorescence and phosphorescence lifetime imaging 
(FLIM/PLIM), fluorescence lifetime-transient scanning (FLITS), and FLIM with special mi-
croscope configurations. A third part contains FLIM background knowledge: Signal-to-noise 
ratio, acquisition time, the effect of counting loss and pile-up, photobleaching, and fluores-
cence depolarisation on the recorded data. 

The book contains a large chapter on TCSPC applications, most of them in Biology. It con-
tains sections on FLIM of molecular environment parameters in tissue, FLIM-based FRET 
measurements in cells, autofluorescence FLIM of biological tissue, plant physiology, and 
clinical FLIM applications. A section about diffuse optical tomography (DOT) by NIRS tech-
niques includes breast imaging, static and functional brain imaging, perfusion measurement in 
the human brain, diffuse tissue spectroscopy, and small-animal imaging. Picosecond photon 
correlation, fluorescence correlation spectroscopy, burst-integrated fluorescence lifetime tech-
niques, and photon counting histogram techniques are reviewed in the next sections. The last 
part of the application chapter gives an review of non-biological TCSPC applications like 
positron lifetime measurement, measurement of barrier discharges, remote sensing, metro-
logical applications, and characterisation of detectors. The application chapter also includes 
practical hints about optical systems, detectors, and other technical aspects of the applications 
described. 

Another large chapter describes the SPCM operating software of the bh SPC modules. It de-
scribes the various user interface configurations, operation modes, the system and control 
parameters, the handling and display of the multidimensional data recorded by the modules, 
and the associated data file structure. 

The TCSPC Handbook also contains a chapter on the SPCImage NG fluorescence decay and 
FLIM data analysis software. It describes the general principles of fluorescence decay analy-
sis, the calculation of fluorescence decay parameters and lifetime images by various decay 
models, pseudo-global analysis, multi-wavelength FLIM analysis, batch-processing of FLIM 
series, and analysis of PLIM data. 

The handbook ends with a list of more than 1200 references related to TCSPC,  most of them 
being applications of the bh SPC devices. 
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Overview on bh TCSPC Instrumentation 
This chapter gives an overview on the bh TCSPC and TCSPC/FLIM devices and related com-
ponents, such as detectors, lasers, optical components, and experiment control devices. It de-
scribes essential features of the bh TCSPC modules, operation modes, associated data acquisi-
tion and data analysis software, and typical applications. It also gives a summary on the bh 
DCS-120 confocal and multiphoton laser scanning systems, the bh FASTAC system, and on 
the combination of the bh devices with laser scanning microscopes of other manufacturers. 

General Features of the bh TCSPC Devices 
Multi-Dimensional TCSPC 

The bh SPC modules are using a multi-dimensional TCSPC process. Unlike classic TCSPC 
devices, they record photon distributions not only over the time in the excitation pulse period, 
but also over additional parameters that can be associated to the individual photons. This can 
be the wavelength of the photons, the spatial location where they come from, the time from 
the start of an experiment, the time within the period of a stimulation of the sample, the time 
within the period of a modulation of the excitation laser, or any other parameters that are de-
termined during the recording process. As a result, the bh SPC modules can be used for the 
classic fluorescence decay applications as well as for fluorescence lifetime imaging (FLIM), 
multi-wavelength fluorescence decay measurement, multi-wavelength FLIM, simultaneous 
fluorescence and phosphorescence decay measurement, simultaneous FLIM and PLIM, fast 
time-series fluorescence decay recording, fast time-series FLIM, fluorescence correlation 
spectroscopy (FCS), single-molecules experiments, anti-bunching experiments, and many 
other multi-dimensional photon recording tasks. 

Ultra-High Resolution Photon Timing 

The bh TCSPC devices use a high-speed high-resolution TAC/ADC principle. The bh TCSPC 
modules deliver a far better time resolution for fast detectors than any other TCSPC product. 
The internal timing jitter is on the order of 2 to 3 ps (rms, root mean square) for the standard 
modules, 1.6 ps for the SPC-150NX boards, and about 1 ps for the SPC-150NXX board. The 
corresponding internal IRF widths are 6.6 ps, 3.5 ps, and 2.8 ps (fwhm, full-width at half 
maximum, see Fig. 1). The minimum time channel width for the standard boards is 810 fs, 
405 fs for the SPC-150NX board, and 202 fs for the SPC-150NXX board. 

            

Fig. 1: Electrical time resolution of SPC-150NX (left) and SPC-150NXX (right) 

The full-width-half-maximum instrument response of the entire TCSPC system with fast hy-
brid detectors or MCP PMTs is in the sub-20 ps range. This includes the transit-time spread of 
the detector, the internal jitter of the TCSPC module, and possible synchronisation jitter. With 
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superconducting NbN detectors 17.8 ps fwhm has been achieved, with a single-nanowire de-
tector even 4.4 ps fwhm.  A few examples are shown in Fig. 2. 

   

Fig. 2: Instrument response functions for a fast hybrid detector, a superconducting NbN detector, and a super-
conducting single-nanowire NbN detector. 

Timing Stability 

The bh TCSPC devices are virtually free of IRF drift or low-frequency timing wobble. IRF 
drift, if perceptible at all, remains below the electrical IRF width over minutes or even hours. 
That indirectly means that the IRF neither broadens in an experiment of long acquisition time 
nor shifts over a longer series of recordings. Fig. 3, left and right, shows a series of 100 IRF 
recordings over 100 seconds. The horizontal axis is the TCSPC time axis, the vertical axis is 
the time into the series. The variance in the time of the IRF centroid is less than 0.4 ps. Over-
all timing drift of a real measurement system is shown in Fig. 4. It shows two IRFs of an SPC-
150NX system with a superconducting NbN detector, recorded 5 minutes apart. The timing 
drift is less than the time-channel width (405 fs). 

                 

Fig. 3: Series of 100 (electrical) IRF recordings over 100 seconds. Left: Result displayed as series of curves. 
Right: Colour-Intensity display. The horizontal axis is the TCSPC time axis (bar indicates 8 ps), the vertical axis 

is the time into the recording sequence. The variance in the centroid of the IRF is less than 0.4 ps rms. 

           

Fig. 4: Two IRFs of an SPC-150NX TCSPC system with a superconducting NbN detector, recorded 5 minutes 
apart (black and red dots). The drift is less than one time-channel (405 fs). 
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FLIM at Unprecedented Image Size 

FLIM images can be recorded at a maximum data size of 4096 x 4095 pixels x 64 time chan-
nels, 2048 x2048 pixels x 256 time channels, or 1024 x 1024 pixels x 1024 time channels. 
Several such images can be recorded in parallel. An example is shown in Fig. 5. 

       

Fig. 5: FLIM images with 2048 x 2048 pixels and 256 time channels per pixel, recorded by a dual-channel 
SPC-160PCIE system. 

All Electronics on Board 

The bh SPC modules contain complete electronics for recording fast light signals by multi-
dimensional TCSPC on single PC boards. All the building blocks, such as constant-fraction 
discriminators, time-to-amplitude converter, analog-digital converter, data processing logics, 
data memory and data buffer, and the associated control circuitry are integrated. 

 

Fig. 6: SPC-180NX TCSPC/FLIM module. The complete electronics for recording multi-dimensional TCSPC 
data is integrated on a single circuit board. 

Parallel Operation of Modules 

Up to four bh TCSPC modules of similar type can be operated in parallel and controlled by 
the device software. Up to 12 modules can be operated in an extension box connected to one 
computer. 

Online Data Display 

Decay curves, multi-wavelength decay data, FCS curves, photon counting histograms, inten-
sity images, and FLIM and PLIM images are displayed online. Intermediate results are dis-
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played in programmable time intervals. For multi-dimensional data two-dimensional sub-sets 
can be defined and displayed during the measurement. 

High Throughput Rates 

The boards have saturated count rates on the order of 10 to 12.5 MHz, and can be used at 
count rates in excess of 5106 photons/s. Thus, fluorescence decay curves or other optical 
waveforms can be recorded at acquisition times in the ms range. The speed can further be 
increased by operating several TCSPC modules in parallel. This way, saturated count rates of 
40 MHz can be reached; experiments can be run at count rates of 20 MHz. 

Hardware and Software Accumulation Modes 

The boards can be operated both in a hardware accumulation mode, in a software accumula-
tion mode, or in a single-photon parameter-tag mode. In the hardware-accumulation mode, the 
boards build up photon distributions directly in the device memory. These can be single fluo-
rescence decay curves or other optical waveforms, anti-bunching curves, multi-wavelength 
decay data, time-series of decay curves, or FLIM data. Since the data acquisition occurs in the 
hardware of the TCSPC module the recording process does not require any computer interac-
tion during the measurement. Photons can thus be recorded up to a sustained count rate of up 
to 10 MHz per SPC module, independently of the speed of the system computer. 

In the software accumulation mode, the photon data are transferred into the system computer 
photon by photon, and the photon distributions are built up by software. Due to the large 
memory space available, large photon distributions can be built up, such as FLIM images with 
2048 x 2048 pixels and 256 time channels per pixel. The large memory space is also an ad-
vantage when complex photon distributions are built up, for example for spatial or temporal 
mosaic FLIM, fast FLIM time series, or multi-wavelength FLIM. The software accumulation 
mode is also used to record FCS, combined FLIM / PLIM, or photon counting histograms. 
Please see section 'Multi-Dimensional TCSPC' for an overview. 

Parameter-Tag Recording 

In the software accumulation modes, parameter-tagged single-photon data can be stored in-
stead or in parallel with the build-up of photon distributions. Such data are used especially for 
single-molecule spectroscopy. The transit of single molecules through a laser focus can be 
identified in the data, spectroscopic information be derived from the photon data of the indi-
vidual molecules, and the properties of the molecules be statistically analysed. 

Complex Systems for a Wide Range of Applications 

bh TCSPC systems have a high degree of modularity. By combining TCSPC modules, ex-
periment control modules, detectors, bh picosecond and CW diode lasers, titanium-sapphire 
lasers, super-continuum lasers, motorised sample stages, optical scanners, microscopes, and 
other optical components time-resolved optical recording systems for a wide range of experi-
ment tasks are feasible. bh deliver complete one-photon and multiphoton FLIM laser scanning 
microscopes, FLIM systems for laser scanning microscopes of a wide variety of manufactur-
ers, scanning systems for macroscopic FLIM systems, fibre-based systems for metabolic 
measurements in animals, and sub-systems for diffuse near-infrared imaging (NIRS and 
fNIRS). 

64-Bit Instrument Software 

All functions of the SPC modules and of peripheral devices are controlled by 64-bit SPCM 
‘Multi SPC Software’. The software provides functions such as measurement control, online 
calculation and display of data, set-up of measurement parameters, 2-dimensional and 
3-dimensional display of measurement results, mathematical operations, selection of subsets 
from multi-dimensional data sets, loading and saving of results and system parameters, and 
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control of the measurement in the selected operation mode. The SPCM software includes also 
the control of the bh DCS-120 confocal scanning FLIM system, resulting in a seamless inter-
action of TCSPC operation and scanning. The 64-bit SPCM Software runs under Windows 7 
and Windows 10, 64 bit. 

Fluorescence Decay and FLIM / PLIM Data Analysis Software 

The SPCM software has a direct link to the SPCImage NG fluorescence-decay and FLIM data 
analysis. SPCImage calculates fluorescence decay parameters and lifetime images by various 
decay models. It runs analysis of single fluorescence decay curves, analysis of single- and 
multi-wavelength FLIM data, batch-processing of FLIM time series an FLIM Z stacks, and 
analysis of PLIM data. 

Wide Range of Application 

Due to their superior time resolution all bh TCSPC devices are an excellent choice for the 
traditional fluorescence lifetime experiments. However, their true strength are advanced ap-
plications, such as multi-spectral fluorescence lifetime spectroscopy, single- and multi-
wavelength FLIM, simultaneous FLIM and PLIM of cell metabolism and oxygen partial pres-
sure, fast sequential recording of time-of-flight distributions in diffuse optical tomography, 
measurement of transient fluorescence lifetime effects in biological systems, combined fluo-
rescence correlation (FCS) and lifetime spectroscopy, and spectroscopy of single molecules, 
quantum dots and semiconductor nano-structures by FCS, FIDA, MFD, and BIFL techniques. 
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TCSPC Module Types 
SPC-150N Series Module 

The SPC-150N is an all-purpose TCSPC and FLIM module with PCI bus interface. The 
SPC-150N differs from the older SPC-150 in that it has ultra-fast discriminators in the detec-
tor- and synchronisation inputs. This allows the module to obtain superior time resolution 
with detectors that both have low transit time spread and an extremely fast single-photon re-
sponse. They are recommended especially for superconducting detectors, MCP PMTs, and 
ultra-fast hybrid detectors. The SPC-150N equals or surpasses the older SPC-150 in all pa-
rameters. In 2020, the SPC-150N and its faster versions (see below) have replaced the 
SPC-150. 

  

Fig. 7: SPC-150N board. Right: Electrical IRF 

SPC-150NX  Module 

The SPC-150NX is a resolution-enhanced version of the SPC-150N. The minimum time-
channel width is 405 fs in comparison to 810 fs for the SPC-150 and SPC-150N. The SPC-
150NX is recommended especially for applications that require ultimate time resolution from 
superconducting detectors, MCP PMTs, and fast hybrid detectors. The SPC-150NX achieves 
sub-20 ps (full-width-half maximum) IRF width with these detectors. 

  
Fig. 8: SPC-150NX board. Electrical IRF shown on the right. 

SPC-150NXX  Module 

The SPC-150NXX is a version of the SPC-150NX with further resolution enhancement. The 
minimum time-channel width is 202 fs. The SPC-150NXX is recommended especially for 
applications that require ultimate time resolution from superconducting detectors, MCP 
PMTs, and fast hybrid detectors. The electrical IRF width is typically 2.8 ps, full width at half 
maximum. With an SPC-150NXX and a single-superconducting nanowire detector a system 
IRF of 4.4ps fwhm has been reached [109]. 

  

Fig. 9: SPC-150N board. Right: Electrical IRF 
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SPC-160  Modules 

The SPC-160 modules have a large internal memory and a fast bus interface, combined with 
the largest set of functions and operating modes of all bh TCSPC modules. The SPC-160 
modules have the fast discriminators of the SPC-150N. Moreover, they have an additional 
parallel photon counting channel in the FIFO Imaging (FLIM) mode. The SPC-160 modules 
are thus able to record intensity images up to a detector peak count rate of about 10 MHz. 
Intensity information from the parallel counter channel and lifetime information from the 
TCSPC imaging channel are combined to obtain FLIM images that have a linear intensity 
scale up to extremely high count rates. 

 

Fig. 10: SPC-160 board 

As the SPC-150 and SPC-150N, the SPC-160 modules can be used for traditional fluores-
cence lifetime experiments, diffuse optical tomography, stopped flow experiments, single 
molecule spectroscopy, FCS and FCCS recording, FLIM, multi-wavelength FLIM, Mosaic 
FLIM, and simultaneous FLIM / PLIM. 

SPC-160pcie  Modules 

The SPC-160pcie is a PCI-Express-bus version of the SPC-160. The range of functions and 
operation modes is the same as for the SPC-160. Together with the GVD-120pcie scan con-
troller and the DCC-120pcie detector controller a complete set of PCI-Express cards for 
FLIM  systems is available. 

 

Fig. 11: SPC-160pcie (left), shown together with DCC-120pcie (middle) and GVD-120pcie (right) 

 

SPC-180N, NX, and NXX Modules 

The SPC-180N series has ultra-fast timing electronics equivalent to those of the SPC-150N 
series. As the SPC-150N, it is available in three versions, the SPC-180N, the SPC-180NX, 
and the SPC-180NXX. It has a high-speed PCI-Express (pcie) interface. The new interface 
achieves extremely high data transfer rates. With the SPC-180N, bus saturation and FIFO 
overflow in fast FLIM applications are unlikely to occur. To facilitate fast FLIM, the modules 
of the SPC-180N series have a fast counter in parallel to the TCSPC timing electronics. This 
allows the data acquisition software to build up FLIM images the intensity of which remains 
linear up to the highest count rates. Please see page 404. 



8      Overview on bh TCSPC Instrumentation 

                          

Fig. 12: SPC-180NX Module. Right: Electrical IRF 

SPC-130EMN, EMNX 

The SPC-130EMN is a TCSPC module with PCI interface for non-imaging applications. It 
uses SPC-150N technology. The electrical time resolution for the EMN version is 6.6 ps, The 
electrical time resolution is 6.6 ps FWHM for the EMN version and 3.5 ps FWHM for the 
EMNX version. 
 

SPC-130 IN, INX  

The SPC-130 IN is a TCSPC module with PCI-Express interface for non-imaging applica-
tions. The SPC-130 NI uses SPC-180N technology. The electrical time resolution is 6.6 ps 
FWHM for the IN version and 3.5 ps FWHM for the INX version. 

 

Multi-Module TCSPC Packages 

All SPC modules are available as two-channel, three-channel, and four-channel packages. The 
devices are used in applications where several optical signals have to be recorded simultane-
ously, and maximum throughput is required. Typical examples are bh FLIM systems, which 
normally have two parallel SPC channels. Three- and four-channel systems are commonly 
used in near-infrared diffuse optical imaging applications.  

                

Fig. 13: SPC-134 (left) and SPC-154NX (right) four-channel TCSPC packages 

 

Older TCSPC Modules 

There is a number of SPC modules that are still in use in large quantities but which are no 
longer recommended for new systems. 

SPC-130 Modules 

The SPC-130 modules were optimised for small size and low price. They were the first boards 
which could reasonably be operated in packages of four modules. The SPC-130 boards have 
all standard photon distribution modes, the continuous-flow mode, and the FIFO (time-tag) 
mode implemented. However, the boards have no imaging modes. The SPC-130 board can 
thus be used for traditional fluorescence lifetime experiments, diffuse optical tomography, 
stopped flow experiments, single molecule detection and combined FCS/lifetime experiments. 
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The disadvantage of the SPC-130 is that it has a relatively slow bus interface and limited rout-
ing capabilities. It has therefore been replaced with the more advanced SPC-130EM and SPC-
130EMN modules. 

SPC-130EM Modules 

The SPC-130EM module is an improved version of the former SPC-130. It has all standard 
photon distribution modes, the continuous-flow mode, and the FIFO (time-tag) mode, but no 
imaging modes. However, it got the faster bus interface, the large memory, and the full rout-
ing capability of the SPC-150. The SPC-130EM board can be used for traditional fluores-
cence lifetime experiments, diffuse optical tomography, stopped flow experiments, single 
molecule detection and combined FCS/lifetime experiments. Since 2020, the SPC-130EM has 
been replaced with the more advanced SPC-130EMN series modules. These modules have 
ultra-fast discriminators and thus offer improves time resolution for ultra-fast detectors. 

 

Fig. 14: SPC-130EM board 

SPC-150  Modules 

The SPC-150 modules have a large internal memory and a fast bus interface, combined with a 
large set of functions and operating modes. The difference to the new SPC-150N series mod-
ules is that the SPC-150 has discriminators with 'only' 1 GHz bandwidth. That means the time 
resolution with fast detectors is lower. 

 

Fig. 15: SPC-150 board 

The SPC-150 board can be used for traditional fluorescence lifetime experiments, diffuse op-
tical tomography, stopped flow experiments, single molecule spectroscopy, FCS and FCCS 
recording, FLIM, Mosaic FLIM, FLITS, and combined FLIM / PLIM. One or more SPC-150 
modules are used the bh DCS-120 confocal FLIM system. For many years, SPC-150 modules 
have also been the basis of the FLIM systems for the Zeiss LSM 880, 780, 710 and 510 mi-
croscopes and various other confocal and multiphoton laser scanning microscopes. Since 
2020, the SPC-150 has been replaced with the more advanced SPC-150N series modules. 
These modules have ultra-fast discriminators and thus offer improves time resolution for ul-
tra-fast detectors. 

 

SPC-830 

The SPC-830 combines the functions of the older SPC-630 and the SPC-730 modules. It has a 
memory four times as large as the SPC-730 and an fast bus interface. The SPC-830 was the 
first module covering the complete range from the traditional fluorescence lifetime and ani-
sotropy experiments, photon correlation experiments, confocal and two-photon fluorescence 
lifetime microscopy, single molecule lifetime, anisotropy and fluorescence correlation, cross-
correlation, down to burst-integrated lifetime experiments. 
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Fig. 16: SPC-830 module 

SPC-600/630 

The SPC-600/630 modules were the first TCSPC devices that had both the photon distribution 
modes and the single-photon parameter-tag mode implemented.  

 

Fig. 17: SPC-630 module 

Thus, the modules can be used for the complete range of applications from the traditional 
fluorescence lifetime and anisotropy decay experiments, photon correlation experiments, and 
single-molecule spectroscopy by FCS, FIDA and BIFL techniques. The SPC-600/630 mod-
ules have a dual memory structure for simultaneous measurement and data readout. A ‘Con-
tinuous Flow’ mode is available to record extremely fast and virtually infinite sequences of 
waveforms. Thus, the SPC-600/630 modules can be used to record transient phenomena in the 
absorption, scattering and fluorescence parameters of a sample. 
 

SPC-700/730 

The SPC-700/730 modules were the first devices designed for TCSPC imaging with laser 
scanning microscopes. They combine the features of the earlier SPC-500/530, SPC-505/535 
and the SPC-506/536 modules. 

 

Fig. 18: SPC-730 module 

The disadvantage is the (for modern standards) small device memory and the lack of a FIFO 
imaging mode. Images recorded with the SPC-730 therefore do not reach pixel numbers 
higher than 256 x 256. The manufacturing of the SPC-730 boards has been discontinued. 
Nevertheless, the boards are still supported by bh SPCM device software, and the data can be 
processed by SPCImage data analysis software. 
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Simple-Tau TCSPC Systems 
The Simple-Tau systems are compact table-top systems based on a lap-top computer and a 
bus-extension box. The box contains the TCSPC and experiment control electronics. 

There is a wide variety of Simple-Tau systems with different TCSPC boards, different num-
bers of TCSPC boards, and different experiment control modules. The ‘small’ Simple Tau 
systems (see Fig. 19) have space for four PCI modules. Most of the systems contain two 
SPC-150 TCSPC FLIM modules and one DCC-100 detector controller. These systems are 
mostly used for FLIM with laser scanning microscopes. Some Simple-Taus also contain a 
GVD-120, and are used for DCS-120 confocal or multiphoton scanning systems. However, 
also systems with SPC-130 modules are in use. Simple-Tau systems can be upgraded with 
SPC-150N, SPC-150NX, SPC-130EMN or SPC-130EMNX cards. 

For applications requiring more than four PCI modules a ‘big’ Simple-Tau version is avail-
able, see Fig. 19, right. The electronics boxes of these systems provide space for 8 cards. 

          

Fig. 19: Simple-Tau systems. Left: Standard version. Right: Simple-Tau BIG version with space for 8 cards. 

MaxTau 12-Channel TCSPC System 
The bh MaxTau system contains 12 parallel SPC-150N or SPC-150NX channels in a single 
19” case. The entire system is connected to a standard PC or a laptop computer via a bus ex-
tension cable. Two extension boxes can be connected to one computer, resulting an a system 
with up to 24 parallel TCSPC / FLIM channels. 

The system offers extremely high throughput rate without any crosstalk between the channels. 
Time resolution, IRF stability, and time channel width are the same as for the SPC-150N or 
SPC-150NX. A typical application of the system is diffuse optical tomography by near-
infrared spectroscopy (NIRS). The system and a 12-channel fluorescence decay result are 
shown in Fig. 20 and Fig. 21. 
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Fig. 20: MaxTau 12-channel TCSPC system 

 

Fig. 21: 12 signals recorded in parallel by the bh MaxTau system 

Power-Tau TCSPC Systems 
The Power-Tau TCSPC systems are used in applications where maximum computation 
power, maximum memory space, and maximum data throughput rate are required. Up to six 
TCSPC or measurement control cards are operated in a high-performance PC. The cards com-
municate with the CPU directly via the computer bus, thus avoiding any bottleneck in the data 
transfer by interface or data transmission lines. The Power-Tau systems are especially used 
for multi-module systems, such as the SPC-154, SPC-154N, or SPC-164. Typical applications 
are high-throughput FLIM, clinical FLIM, and diffuse optical imaging. 

 

Fig. 22: Power-Tau system, shown with optical scanner, ps diode laser, and several detectors 
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Other Time-Resolved Photon Counting Devices 
DPC-230 16-Channel Photon Correlator 

The DPC-230 [72] especially targets at a new type of fluorescence correlation spectroscopy 
that records correlation over a time range of 10 orders of magnitude [397]. Thus, singlet de-
cay rates, rotational relaxation rates, rate constants of conformational changes, triplet transi-
tion and decay rates, and diffusion times of free fluorophores and fluorophores bound to pro-
teins, lipids or nanoparticles can be obtained within a single measurement. Another applica-
tion may be diffuse optical correlation experiments which require autocorrelation in a large 
number of detection channels. 

The DPC-230 photon correlator card (Fig. 23) records absolute photon times in up to 16 par-
allel detection channels. The time resolution of the recording is 165 ps per time channel. De-
pending on how the photons are correlated, fluorescence correlation (FCS), fluorescence cross 
correlation (FCCS), or photon counting histograms are obtained. A fluorescence correlation 
curve from 160 ps to 1 ms is shown in Fig. 23, right. 

              

Fig. 23: DPC-230 16 channel correlator (left) and fluorescence cross-correlation function of two detector chan-
nels recorded at ps resolution (right) 

Moreover, the DPC-230 can be used for recording luminescence decay curves and fluores-
cence lifetime images from the sub-nanosecond to the millisecond range, for LIDAR experi-
ments, time-of flight mass spectroscopy, or any other experiments based on acquiring the 
temporal distribution of detection events in a large number of detector channels. Fluorescence 
decay curves of a ruthenium dye and a fluorescence lifetime image of a convallaria sample are 
shown in Fig. 24. Details of the DPC-230 are described in a separate handbook [72]. 

                

Fig. 24: Fluorescence Lifetime applications of DPC-230. Left: Luminescence decay of a ruthenium dye for dif-
ferent oxygen concentration. Right: Lifetime image of a convallaria sample, bh DCS-120 scanning system, data 

analysis by SPCImage 
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Measurement Modes of the bh TCSPC Modules 
‘Single’ Mode 

The ‘Single’ mode records the waveform of an optical signal in the ps or ns range (usually a 
fluorescence decay curve), see Fig. 25, left. The ‘Single’ mode is equivalent of the traditional 
TCSPC procedure used in classic TCSPC devices. However, the bh modules are able to re-
cord at much higher pulse repetition rates and count rates. Thus, results can be obtained 
within acquisition time intervals far less than one second. More importantly, the bh TCSPC 
modules can record the signals of several detectors or detector channels simultaneously. With 
the bh PML-Spec and MW-FLIM detectors a signal is recorded in 16 wavelength intervals, 
see Fig. 25, middle and right. The same principle can be used to record signals excited by 
several multiplexed lasers. 

        

Fig. 25: ‘Single’ mode. Left: Fluorescence decay curve detected by one detector. Middle and Right: 16 fluores-
cence decay curves detected simultaneously at different wavelength (Curves 1 - 8 and 9 -16, PML-SPEC detec-
tor) 

The memory of the TCSPC modules can be divided into several ‘measurement pages’. The 
pages hold data of different measurements with the same system parameters. That means, 
several measurements can be performed one after another, the data be recorded into different 
pages, and stored together in a single data file. The ‘Single’ mode has a ‘page stepping’, a 
‘cycle’ and an ‘autosave’ function. Using the page stepping function, several measurements 
can be performed automatically and the data be stored into subsequent pages. The recorded 
data set can be saved into a single file at the end of the procedure. The entire procedure can be 
repeated by the cycle function and subsequent data sets be saved in subsequent data files.  

 

Oscilloscope Mode 

The 'Oscilloscope' mode performs a fast repetitive measurement and displays the results in 
short intervals. The measurement and display update rate can be on the order of 50 measure-
ments per second and faster. Thus, the TCSPC device works like an oscilloscope. However, 
compared with a measurement with fast photodiode and an oscilloscope the sensitivity and 
the time resolution are orders of magnitude higher. As described for the ‘Single’ mode, the 
signals of several detectors or several multiplexed lasers can be measured and displayed si-
multaneously. Fig. 26 gives an impression of the performance of the bh SPC modules in the 
oscilloscope mode. 
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Fig. 26: Oscilloscope mode. Measurement and display update rate 0.1 s. Three subsequent curves were overlaid 
to reproduce the visual appearance.  

f(t,x,y) Multidimensional TCSPC Mode 

The ‘f(t,x,y)’ mode is used for measurements with one-dimensional or two-dimensional detec-
tor arrays or for other multi-dimensional recording tasks. The principle of data recording is 
the same as in the ‘Single’ mode. However, the results are interpreted as a multi-dimensional 
photon distribution over the time in the excitation pulse sequence, the coordinates of the ele-
ments of a detector array, or one or two other variables encoded in the digital ‘routing’ input 
signals of the SPC module. A number of different display modes are available to display these 
multi-dimensional results. Two examples are shown in Fig. 27. 

                     

Fig. 27: f(t,x,y) mode: Decay curves recorded for 16 wavelengths simultaneously 

f(t,T) Time-Series Mode 

In the ‘f(t,T)’ mode the measurement is repeated in specified time intervals, and the results 
are written into subsequent memory pages of the SPC module. The result is a sequence of 
waveforms (usually fluorescence decay curves). With several detectors or a PML-SPEC 
multi-wavelength detector every step of the time-series delivers decay curves in several wave-
length intervals. An example is shown in Fig. 28. 

    

Fig. 28: Time-series of decay curves recorded in the f(t,T) mode. Fluorescence of live plant after start of expo-
sure, time series starts from the back. Simultaneous recording in four wavelength intervals. 

f(t,ext) Mode 

In the ‘f(t,EXT)’ mode an external parameter is assigned to the steps of the series. The pa-
rameter may be the wavelength selected by a monochromator, the sample temperature varied 
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via an external controller, a voltage or electrical field strength, or any other parameter. The 
results represent the change of the waveform as a function of the external parameter. 

 

Fig. 29: Series of decay curves recorded during a wavelength scan of a monochromator 

fi(T) and fi(ext): Spectrum Scan Modes 

The ‘fi(ext)’ and ‘fi(T)’ modes record a time-controlled sequence of decay curves. However, 
instead of storing the complete decay curves, gated intensities in selectable time windows are 
stored. Up to eight independent time windows can be defined on the measured waveforms. 
The intensities within these windows are displayed as functions of time or of an externally 
variable parameter. The mode is also called spectrum scan mode because it was originally 
introduced to record time-resolved spectra. 

 

Fig. 30: fi(t,T) mode: Time resolved spectra in 8 time-windows, recorded during a wavelength scan of a mono-
chromator 

Continuous Flow Mode: Unlimited Time-Series Recording 

The ‘Continuous Flow’ mode records an unlimited sequence of decay curves or other optical 
waveforms. The memory of the SPC module is split into two banks. Each bank provides space 
for a large number of recordings. The continuous flow modes writes the waveforms (either 
from a single detector or from an array of detectors) in subsequent memory blocks of the cur-
rent memory bank. When one bank is full the banks are swapped, and the recording is contin-
ued in the other bank. In the meantime the results from the first bank are read and written to 
the hard disc of the computer. Thus, a virtually infinite sequence of waveforms can be meas-
ured. Unlike f(t,T), the Continuous Flow mode is strictly hardware controlled and thus pro-
vides an extremely fast and accurate recording sequence. The Continuous Flow mode was 
originally developed for single molecule detection or DNA analysis in a gel electrophoresis 
setup. Now the mode is mainly used for functional brain imaging by optical tomography tech-
niques, for stopped-flow measurements, measurements of the Kautski effect in living plants, 
and other applications which require a large number of decay curves to be recorded in short 
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and exactly defined time intervals without time gaps between subsequent recordings. An ex-
ample is shown in Fig. 31. 

 

Fig. 31: Part of a Continuous-Flow sequence 

 

Scan Sync Out Mode: Ultra-Fast Triggered Time Series 

The Scan Sync Out mode was originally designed to record images with piezo scan stages. 
The SPC module controls the scan by sending synchronisation pulses to the scan controller 
and, pixel by pixel, builds up a photon distribution over the coordinates of the scan, the times 
of the photons in the laser pulse sequence, and a detector number or the wavelength of the 
photons. Since piezo scanner have widely been replaced with galvanometer scanners the Scan 
Sync Out mode has come out of use for imaging applications. It is now mainly used to accu-
mulate ultra-fast triggered time series. An example is shown in Fig. 32. 

             

Fig. 32: Photochemical quenching transient of chlorophyll in living plant. Scan Sync Out mode, accumulated 
triggered time series, 100µs per curve. 

 

Parameter-Tag Recording: The ‘FIFO’ Mode 

In the parameter-tag (or ‘FIFO’) mode the hardware of the SPC module does not build up 
photon distributions but records the full information about each individual photon. Each pho-
ton delivers three pieces of information: the time in the signal period, or ‘micro time', the 
number of the detector channel where the photon was detected, and the time from the start of 
the experiment, or ‘macro time’. Additional information can be fed in via additional ‘routing 
bits’ and by encoding external events into four ‘marker’ bits. These data are put into in a first-
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in-first-out (FIFO) buffer. During the measurement the FIFO is continuously read. The photon 
data are processed online or stored in the computer memory or on the hard disc. 

The FIFO mode is mainly used for single molecule experiments. The results are used to calcu-
late fluorescence correlation (FCS) curves, fluorescence decay curves, and photon counting 
histograms (PCH), and intensity (MCS) traces over specified time intervals within the meas-
urement interval or as a function of time. These data can be calculated both off-line or online 
in the incoming data stream, see Fig. 33. 

 

Fig. 33: Decay function, FCS curve, and MCS trace recorded and displayed online in the FIFO mode. 

Moreover, FIFO data are used to obtain Burst Integrated Fluorescence Lifetime (BIFL) and 
Multiparameter Fluorescence Detection (MFD) data. The data delivered are compatible with 
the MFD analysis software of the University Düsseldorf [398]. 

The FIFO mode is also the basis of FLIM recording with large pixel numbers, for recording 
optical waveforms on the microsecond and millisecond time scale, and for simultaneous 
FLIM / PLIM. 

The FIFO mode is available for all active bh SPC modules. It is also available in the SPC-
830, with the restriction that the ‘marker’ inputs are available only in modules manufactured 
later than May 2007. 

Microsecond and Millisecond Luminescence Decay 

With the SPCM software version 9.0 of April 2010 ‘Triggered Accumulation MCS’ acquisi-
tion has been added to the FIFO mode. The mode builds up the distribution of the photons 
versus their macro times after an excitation pulse. The time of the excitation pulse is inserted 
in the photon data stream via one of the ‘marker’ inputs of the SPC-150 or SPC-830 modules. 
The Triggered Accumulation MCS mode is used to record luminescence decay curves in the 
microsecond or millisecond range. The mode can be combined with fluorescence decay re-
cording and with scanning, see Fig. 46. 

       

Fig. 34: Microsecond luminescence decay curves recorded in the Triggered Accumulation MCS mode. Left: 
Single PMC-100 detector. Right: PML-SPEC multi-wavelength detector, 8 of 16 channels displayed 
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FLIM: Scan Sync In Mode 

The ‘Scan Sync In’ mode was implemented for recording fluorescence lifetime images in con-
junction with fast scanning devices. The mode not only works with piezo scan stages but also 
with fast galvanometer or even fast polygon and resonance scanners. In the ‘Scan Sync In’ 
mode the data acquisition is controlled by receiving synchronisation pulses from a free-
running scanner. The SPC module builds up a photon distribution over the coordinates of the 
scan, the times of the photons in the laser pulse period, and a detector number or the wave-
length of the photons. The recording process works at any combination of photon rate and 
scan rate. In particular, it is not required that a sufficient number of photons is recorded 
within the dwell time of the scanner in a single pixel. For fast scanning, the data are accumu-
lated over a large number of frames, therefore the number of photons depends on the total 
acquisition time, not on the pixel dwell time. 

The scan sync in mode is used in laser scanning microscopes to acquire images with pixel 
dwell time down to 100 ns, and to obtain preview images at high count rate. Different than in 
the FIFO Imaging mode, high count rates do not saturate the data transfer from the TCSPC 
module into the computer. An example of an image recorded in the Scan Sync In mode is 
shown in Fig. 35. 

   

Fig. 35: Fluorescence lifetime image recorded in the Scan Sync In mode 

Multi-Wavelength FLIM by Scan Sync In 

Both the Scan Sync In and the Scan Sync Out can be used in combination with multi-
wavelength detection. An example is shown in Fig. 36. Please note that the recording process 
does not use any time gating or wavelength scanning. Thus, multi-wavelength lifetime images 
are obtained with near-ideal efficiency and minimum sample exposure. 

 

Fig. 36: Multi-wavelength fluorescence lifetime image recorded in the Scan Sync In mode 
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Continuous Flow Imaging: Fast FLIM Time Series 

The SPC-150, SPC-150N, SPC-160, SPC-160pcie, SPC-180N modules and the corresponding 
multi-module packages are able to combine Scan Sync In imaging with the Continuous Flow 
(memory swapping) technique. The memory is split in two banks. The banks are swapped 
periodically, and during the image acquisition in one bank the data from the other bank are 
read and written on the hard disc. Because the data readout and the data acquisition are per-
formed in different memories photons can be recorded at a sustained rate up to the saturated 
count rate of the SPC module. Fig. 37 shows a time series of images recorded at a rate of 2 
frames per second. 

 

 

Fig. 37: Continuous flow imaging sequence, recorded at rate of 2 imager per second. Lifetime images of chloro-
plasts in a leaf. 

FIFO Imaging Mode 

The FIFO Imaging mode combines parameter-tag recording with fast scanning and imaging. 
It is implemented in the SPC-150, SPC-150N, SPC-150NX, SPC-160, SPC-160pcie, and 
SPC-180N modules, in the corresponding multi-module packages. An example of a FIFO-
mode image is shown in Fig. 38. 

 

Fig. 38: Image recorded in the FIFO imaging mode. BPAE cells, 2048 x 2048 pixels, 256 time channels. Decay 
data in selected spots of the images are shown on the right. 

In contrast to the Scan Sync In mode, the FIFO Imaging mode does not build up a photon 
distribution in the memory in the SPC module. Instead, it transfers parameter-tag data of the 
individual photons and of the scan clock pulses into the computer. The lifetime images are 
built up from these data in the memory of the computer. Thus, the size of the images, i.e. the 
number of pixels and time channels, is not limited by the size of the on-board memory of the 
TCSPC module. FIFO imaging can therefore record images with enormous pixel numbers. 
The image shown in Fig. 38 has 2048 x 2048 pixels and 256 time channels per pixel. The in-
strument software can be adapted to a wide variety of scan procedures and scan clock defini-
tions, including bi-directional scanning.  Several such images can be recorded simultaneously 
by a parallel-channel FLIM system. 
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In addition to online calculation of intensity images and lifetime images, the time-tag data 
themselves can be stored for off-line analysis, e.g. to obtain correlation data or sequences of 
images in individual frames of the scan. 

 

Multi-wavelength FLIM 

The FIFO imaging mode can be used in combination with multi-wavelength detection. As for 
the Scan Sync In mode, the data in all wavelength intervals are recorded simultaneously, i.e. 
without any wavelength scanning or time gating. An example is shown in Fig. 39. 

 

Fig. 39: Multi-wavelength FLIM of a convallaria sample. 

 

Z Stack FLIM 

Z stack FLIM acquires FLIM images in a large number of subsequent focal planes of a confo-
cal or multiphoton laser scanning microscope. FLIM Z stacks can be obtained by controlling 
the  microscope from the SPCM software [63], or by running a Z sequence in the microscope 
and running a triggered series of FLIM acquisitions in the TCSPC system [64, 88]. Please see 
page 383 of this handbook. An example is shown in Fig. 40. 

 

Fig. 40: Z stack recording, part of a water flee, autofluorescence. Images 256x256 pixels, 256 time channels.15 
steps in Z, step width 4 µm. bh DCS-120 confocal scanning FLIM system with HPM-100-40 hybrid detector. 

Excitation-wavelength multiplexing FLIM 

Several lasers or laser wavelengths can be multiplexed on a pixel-by-pixel, line-by-line, or 
frame-by-frame basis, and separate images be recorded within the same scan. The high multi-
plexing rate avoids artefacts by photobleaching or dynamic effects in the sample. In the bh 
DCS-120 scanning system excitation wavelength multiplexing is integrated in the scanner 
control [63]. An example of a wavelength-multiplexed recording is shown in Fig. 41. Please 
see also page 357 of this handbook. 
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Fig. 41: Excitation wavelength multiplexing, 405 nm and 473 nm. Detection wavelength 432 nm to 510 nm and 
510 nm to 550 nm. Mouse kidney section, stained with Alexa 488 WGA, Alexa 568 phalloidin, and DAPI. 

 

Mosaic FLIM 

Mosaic FLIM records an array of FLIM images. The individual elements of the array can rep-
resent a spatial array of images obtained by a sample-stepping device, images in different 
wavelength channels of a multi-wavelength detector, images in different depth of a sample, or 
images at different times after a stimulation of a sample. The entire mosaic is recorded into 
one single, large photon distribution. The advantage of Mosaic FLIM is that there are no read-
out times between the recordings of the mosaic elements, and that the entire data set can be 
analysed in a single data analysis run. This makes it possible to perform a fit with global pa-
rameters, please see data analysis chapter of this book. A lateral mosaic is shown in Fig. 42 
left, a Z stack recorded by mosaic FLIM in Fig. 42, right. 

Because there is no readout time between the recording of the individual mosaic elements the 
procedure can be used to record fast time series. An example of ‘Temporal Mosaic FLIM’ is 
shown in Fig. 43. The figure shows the change of the fluorescence lifetime of the chloroplasts 
in a moss leaf for different time after the start of illumination. 

          
Fig. 42: Examples of Mosaic FLIM. Left: Spatial mosaic, convallaria sample, 16 elements of 512 x 512 pixels 
each, 256 time channels, entire mosaic is 2048 x 2048 pixels x 256 time channels. Right: Z Stack recorded by 

Mosaic FLIM. Pig skin, stained with cyanine dye, each element 512 x 512 pixels x 256 time channels 
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Fig. 43: Temporal mosaic, lifetime change of chlorophyll in a leaf, 64 elements of 128 x 128 pixels, time per 
element 1 second. Time is running upper left to lower right. Decay curves for two identical spots at different 

time after the start of the illumination are shown right. 

An important feature of temporal mosaic FLIM is that the sample can be stimulated periodi-
cally and the data be accumulated. This allows extremely fast image sequences to be recorded 
without the need of trading lifetime accuracy against the speed of the sequence. An example 
is shown in Fig. 44. The figure shows the change in the calcium concentration in a culture of 
live neurons after stimulation with an electrical pulse. Please see 111 and page 387 for details. 

 

 

Fig. 44: Ca2+ transient in cultured neurons, incubated with Oregon Green. Electrical stimulation, stimulation 
period 3 s, data accumulated over 100 stimulation periods. Scan time per mosaic element 38 ms. 

 

FLITS: Fluorescence Lifetime-Transient Scanning 

FLITS records transient effects in the fluorescence lifetime of a sample along a one-
dimensional scan. The maximum resolution at which lifetime changes can be recorded is 
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given by the line scan time. With periodic stimulation and triggered accumulation transient 
lifetime effects can be resolved at a resolution of about one millisecond [106, 148]. 

    

Fig. 45: FLITS of chloroplasts in a grass blade, change of fluorescence lifetime after start of illumination. Ex-
periment time runs bottom up. Left: Non-photochemical transient, transient resolution 60 ms. Right: Photo-

chemical transient. Triggered accumulation, transient resolution 1 ms. 

 

Microsecond and Millisecond FIFO Imaging (PLIM) 

With the SPCM software version 9.0 of April 2010 phosphorescence lifetime imaging (PLIM) 
in the microsecond and millisecond range has been introduced [96, 147]. PLIM is performed 
in the FIFO Imaging mode. However, instead of the micro time of the photons it uses the 
macro time to build up the photon distribution. Minimum time-channel width is 25 ns. An 
example is shown in  Fig. 46. 

      

Fig. 46: Luminescence lifetime image of an inorganic fluorophore. Left to right: Intensity image, phosphores-
cence decay functions of pixels along a horizontal stripe of the image, lifetime image, red to blue corresponds to 

a range of 10 to 15 ms. 

 

Simultaneous FLIM / PLIM 

Phosphorescence lifetime imaging can be run simultaneously with FLIM. The technique is 
based on on/off modulation of a high-frequency pulsed laser. It is performed in the FIFO Im-
aging mode. For each photon both the time in the laser pulse period and the time in the modu-
lation period are determined. PLIM is obtained from the times of the photons in the modula-
tion period, FLIM from the times of the photons in the laser pulse period. To avoid aliasing of 
the laser modulation with the pixel frequency the modulation period is synchronised with the 
pixels of the scan. An example is shown in Fig. 47. Please see page 113 or page 409 for de-
tails. 
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Fig. 47: Simultaneous FLIM and PLIM of yeast cells. Autofluorescence of the cells (left) and phosphorescence 
of a ruthenium compound (right) 

 

Wide-Field FLIM 

The Wide-Field FLIM mode requires three SPC-150N, SPC-160 or SPC-160pcie modules 
with special discriminators and a position-sensitive detector with delay-line anode [113, 157]. 
The first module measures the times of the photons in the laser pulse period. The second and 
third module measure the time differences of the pulses at the outputs of the X and the Y de-
lay lines of the detector. The detection events, i.e. the times, t, and the time differences, tx and 
ty, are transferred into the computer photon by photon.  From these data the software builds up 
a photon distribution over the coordinates x, y, and the times, t. This is the usual photon dis-
tribution of FLIM: It is an array of pixels, each of which contains a fluorescence decay curve 
consisting of photon numbers in consecutive time channels. The data can thus be analysed by 
SPCImage FLIM data analysis software. For parameter setup and other technical details 
please see page 435 and page 713 of this book. 

 

Fig. 48: Wide-Field FLIM, data analysis by SPCImage. Invitrogen BPAE cells, 512 x 512 pixels, 1024 time 
channels per pixel. 
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bh DCS-120 Confocal Scanning FLIM Systems 
The DCS-120 [60, 63] is a complete confocal and multiphoton laser scanning microscope 
system for fluorescence lifetime imaging. The basic system uses picosecond diode laser exci-
tation, scanning by fast galvanometer mirrors, confocal detection, bh’s multi-dimensional 
TCSPC technique, and 64-bit SPCM data acquisition software. The multiphoton system uses 
a Ti:Sa laser or a femtosecond fibre laser for excitation and detects the photon through a non-
descanned beam path. 

The detection system uses two HPM-100-40 or -06 hybrid detectors, and two fully parallel 
SPC-150NX or SPC-180NX TCSPC FLIM channels. For multi-wavelength FLIM one or two 
PML-16 GaAsP detectors can be used. The scanner and the lasers are controlled by a 
GVD-120 scan controller card. The user interface for scanner and laser control is integrated in 
the SPCM software of the bh TCSPC systems. The data analysis part is based on bh’s SPCI-
mage NG FLIM data processing software [63, 64, 70], see page 795 of this handbook. 

Both confocal and multiphoton DCS-120 laser scanning microscopes are available with a 
Nikon TE 2000 U microscope, a Zeiss Axio Observer, a Zeiss Axio Examiner, or an Olympus 
IX microscope. Alternatively, the DCS scanner and the DCS electronics can be attached to an 
existing research-grade microscope. 

The DCS-120 MACRO system records images of macroscopic objects directly in the image 
plane of the scanner. FLIM images of objects al large as 15 mm can be scanned directly, lar-
ger images by mosaic FLIM in combination with a motorised sample stage. For technical de-
tails please see DCS-120 handbook [63], DCS-120 Overview Brochure [60], and page 230 of 
this handbook. Essential features of the DCS-120 system are summarised in the following 
paragraphs. DCS-120 systems with the Zeiss Axio Observer and the Zeiss Axio Examiner are 
shown in Fig. 49 and Fig. 50, a DCS-120 MP and a DCS-120 MACRO system in Fig. 51. 

 

  

Fig. 49: DCS-120 Confocal Scanning FLIM system. Version with Zeiss Axio Observer 
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Fig. 50: DCS-120 system with Zeiss Axio Examiner 

 

  

                Fig. 51: Left: DCS-120 MP multiphoton FLIM system. Right: DCS-120 MACRO version for imaging 
macroscopic objects. 

 

Confocal Detection Suppresses Out-of-Focus Light 

The DCS-120 scan head contains the complete beam deflection and confocal detection optics. 
The principle is shown in Fig. 52. The laser beams are deflected by fast-moving galvanometer 
mirrors, and sent down the microscope beam path. The axis of the galvanometer mirrors is 
projected into the plane of the microscope lens. With the motion of the galvanometer mirrors 
the laser focus thus scans over the focal plane in the sample. The emission light is collected 
back through the microscope lens. The emission beam is descanned by the galvanometer mir-
rors, separated from the excitation beam, split into two channels of different wavelength or 
different polarisation and focused into pinholes in a plane conjugate with the focal plane in 
the sample. Out-of-focus light is not focused into the pinholes and thus suppressed. Please see 
page 230 of this handbook or [63] for details of the optical system. The confocal detection 
principle efficiently suppresses out-of-focus light and laterally scattered light. It thus avoids 
contamination of the recorded decay functions in the individual pixels by decay components 
from other sample planes or other pixels. 
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Fig. 52: Optical diagram of the DCS-120 scan head. Simplified, please see page 230 for details 

 

 

Fast Beam Scanning - Fast Acquisition 

The DCS-120 uses fast beam scanning by galvanometer mirrors. A complete frame is scanned 
within a time from 100 ms to a few seconds, with pixel dwell times down to one microsecond. 
Compared with sample scanning, beam scanning is not only much faster, it avoids also induc-
tion of cell motion by exerting dynamic forces on the sample. Moreover, live cell imaging 
requires a fast preview function for fluorescence images for sample positioning and focusing. 
This can only be provided if the beam is scanned at a high frame rate. With its fast scanner 
and its multi-dimensional TCSPC process the DCS system achieves surprisingly short acqui-
sition times. an example is shown in Fig. 53. Please see 'Fast Online FLIM with Standard bh 
TCSPC Systems', page 395, and 'Time-Series FLIM', page 386.  

      

Fig. 53: FLIM images recorded within 5 seconds acquisition time. 256 x 256 pixels (left) and 512 x 512 pixels 
(right), both with 256 time channels. 
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Megapixel FLIM Images 

With 64-bit SPCM software, pixel numbers can be increased to 2048 x 2048 pixels, with a 
temporal resolution of 256 time channels. Two such images are recorded simultaneously in 
different wavelength channels. Fig. 54 and Fig. 55 show an example. 

 

Fig. 54: BPAE sample (Invitrogen) scanned with 2048 x 2048 pixels. Green channel, 485 to 560 nm 

 

The large pixel numbers available in SPCM 64 bit allow the full field of view of even the best 
microscope lenses to be scanned with an oversampling factor of two or more. In other words, 
extremely large image areas can be scanned without compromising spatial resolution.  

Large pixel numbers are especially important for tissue imaging. They are also useful in cases 
when a large number of cells have to be investigated and the FLIM results to be compared. 
Megapixel FLIM records images of many cells simultaneously, and under identical environ-
ment conditions. Moreover, the data are analysed in a single analysis run, with identical IRFs 
and fit parameters. The results are therefore exactly comparable for all cells in the image area. 
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Fig. 55: BPAE sample (Invitrogen), scanned with 2048 x 2048 pixels. Red channel, 560 to 650 nm 

 

 

Multi-Wavelength FLIM 

With the bh multispectral FLIM detectors the DCS-120 records FLIM simultaneously in 16 
wavelength channels [131, 142]. The images are recorded by a multi-dimensional TCSPC 
process which uses the wavelength of the photons as an additional coordinate of the photon 
distribution. There is no time gating, no wavelength scanning and, consequently, no loss of 
photons in this process. The system thus reaches near-ideal recording efficiency. Moreover, 
dynamic effects in the sample or photobleaching do not cause distortions in the spectra or 
decay functions. Multi-wavelength FLIM got an additional push from the new 64-bit SPCM 
software, and from the introduction of a highly efficient GaAsP multi-wavelength detector. 
64-bit software works with enormously large photon distributions, and the GaAsP detector 
delivers the efficiency to fill them with photons. As a result, images in 16 wavelength chan-
nels can be recorded at a resolution of 512 x 512 pixels and 256 time channels. An example is 
shown in Fig. 517. 
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Fig. 56: Multi-wavelength FLIM with the bh MW-FLIM GaAsP 16-channel detector. 16 images with 512 x 512 
pixels and 256 time channels were recorded simultaneously. Wavelength from upper left to lower right, 490 nm 
to 690 nm, 12.5 nm per image. DCS-120 confocal scanner, Zeiss Axio Observer microscope, x20 NA=0.5 air 

lens. 

Fig. 518 demonstrates the true spatial resolution of the data. Images from two wavelength 
channels, 502 nm and 565 nm, were selected form the data shown Fig. 517, and displayed at 
larger scale and with individually adjusted lifetime ranges. With 512 x 512 pixels and 256 
time channels, the spatial and temporal resolution of the individual images is comparable with 
what previously could be reached for FLIM at a single wavelength. Decay curves for selected 
pixels of the images are shown in Fig. 519. 



32      Overview on bh TCSPC Instrumentation 

      

Fig. 57: Two images from the array shown in Fig. 517, displayed at larger scale and with individually adjusted 
lifetime range. Wavelength channels 502 nm (left) and 565 nm (right). The images have 512 x 512 pixels and 
256 time channels. 

      

Fig. 58: Decay curves at selected pixel position in the images shown above. Blue dots: Photon numbers in the 
time channels. Red curve: Fit with a double-exponential model. 

Fully Integrated Scanner Control 

The control of the DCS-120 scanner is fully integrated in the SPCM data acquisition software, 
see Fig. 59. The scanner control panel allows the user to select the image format, scan rate, 
and scan area, and to control the lasers. Changes in the scan parameters can be made at any 
time, even without stopping the scan. The DCS-120 has automatic scan speed control. It 
automatically selects the fastest possible scan rate available for the scan parameters used. 

 

Fig. 59: Data acquisition software with integrated scanner and detector control 
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Fast Preview Function and Interactive Scanner Control 

The DCS-120 has a fast preview function that scans the sample at high speed, and displays 
fluorescence images in intervals of one second or less. With the preview function it is easy to  
bring the sample into focus, shift it in the desired position, and select the region to be 
scanned. Scanner control is fully integrated in the SPCM data acquisition software. The zoom 
factor and the position of the scan area can be adjusted via the scanner control panel or via the 
cursors of the display window. The scanner can be operated in the raster-scan mode, in the 
line mode, or in the single-point excitation mode. Changes in the scan parameters are exe-
cuted online, without stopping the scan. 

 

Fig. 60: Preview function with interactive scanner control 

Easy Change Between Instrument Configurations 

Frequently used instrument configurations are stored in a ‘Predefined Setup’ panel. Changing 
between the different configurations and user interfaces is just a matter of a single mouse 
click, see Fig. 61. 

 

Fig. 61: Changing between different instrument configurations: The DCS-120 system switches from a FLIM 
configuration into an FCS configuration by a simple mouse click 

Online Lifetime Display 

Starting from Version 9.72 SPCM software the DCS-120 system is able to display lifetime 
images online, both during the accumulation of FLIM data and for the individual steps of a 
fast image sequence, please see 'Fast Online FLIM', page 395. Lifetime images can be dis-
played at images rates as fast as 10 images per second. The calculation of the lifetime images 
is based on the first moment of the decay data in the pixels of the images. The first-moment 
technique combines short calculation times with near-ideal photon efficiency. Importantly, it 
does not require to reduce the time resolution (time channels per pixel) to obtain high image 
rates. Even if the fast online lifetime function is used during the FLIM acquisition the data 
can later be processed by precision SPCImage multi-exponential data analysis. 
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Fig. 62: 256x256-pixel images obtained by SPCM online FLLIM function. Acquisition time 0.2s, 0.5s, and 2s. 

Laser Wavelength Multiplexing 

The two ps-diode lasers of the DCS-120 system can be multiplexed on a pixel-by-pixel, line-
by-line, or frame-by-frame basis. Laser multiplexing helps discriminate the signals of several 
fluorophores, or excites two fluorophores with non-overlapping excitation spectra. An exam-
ple is shown in Fig. 63. 

 

Fig. 63: Excitation wavelength multiplexing, 405 nm and 473 nm. 

Metabolic FLIM 

Metabolic FLIM is based on recording fluorescence-decay parameters of NADH and FAD, 
see 'Metabolic Imaging by NAD(P)H and FAD FLIM', page 493. In the DCS-120, NADH and 
FAD images are acquired quasi simultaneously by laser-wavelength multiplexing and dual-
channel detection. Images recorded with the DCS-120 are shown in Fig. 64. 

 

Fig. 64: Laser-multiplexed FLIM of NADH and FAD 
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Time-Series FLIM 

Time-series FLIM is available for all system versions, and all detectors. Time series as fast as 
2 images per second can be obtained [592]. A time series taken at a moss leaf is shown in Fig. 
65. 

 

Fig. 65: Time-series FLIM, 2 images per second. Chloroplasts in a leaf, the fluorescence lifetime of the chloro-
phyll decreases with the time of exposure. 

Temporal Mosaic FLIM 

Exceptionally fast time series of FLIM images can be recorded by the Mosaic FLIM function 
of the SPCM software. Temporal Mosaic FLIM records a large number of subsequent FLIM 
images into a single data array. The advantage of Mosaic FLIM over a traditional record-and-
save procedure is that there are no readout times between the recordings of the mosaic ele-
ments, and that the data can be accumulated. This allows extremely fast image sequences to 
be recorded without the need of trading lifetime accuracy against the speed of the sequence. 
With the DCS-120 scanner and temporal mosaic FLIM, time series at a speed of 100 ms per 
image can be recorded. An example is shown in Fig. 563, page 388. 

 

Z Stack Recording 

In combination with the Zeiss Axio Observer Z1 microscope the DCS-120 system records Z-
stacks of FLIM images. The sample is continuously scanned. For each plane, a FLIM image is 
acquired for a specified ‘collection time’. Then the data are saved in a file, the microscope is 
commanded to step to the next plane, and the next image is acquired. The procedure continues 
for a specified number of Z planes. A Z stack of autofluorescence images taken at a water flee 
is shown in Fig. 66. 

 

Fig. 66: Z stack recording, part of a water flee, autofluorescence. 15 steps in Z, step width 4 um. 
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Tuneable Excitation 

The DCS-120 WB wideband version can be used with tuneable excitation. Images obtained 
with a Toptica Ichrome laser [926] are shown in Fig. 67. 

             

Fig. 67: Tuneable excitation with DCS-120 WB and Toptica Ichrome laser. Left to right: Excitation 488 nm  
emission 525±15 nm, excitation 488 nm emission 620±30 nm, and excitation 580 nm emission 620±30 nm. 

 

DCS-120 MP: Multiphoton FLIM with Ti:Sa or Femtosecond Fibre Laser 

Multiphoton FLIM is used when images from deep layers of biological tissue have to be im-
aged. A two-photon FLIM image of Artemia salinas (a small shrimp) recorded by the 
DCS-120 MP system is shown in Fig. 68. The image was recorded with the Femto-Fibre-Pro 
(fibre-laser version) of the DCS-120 MP [120]. 

 

Fig. 68: Autofluorescence FLIM image of a brine shrimp, artemia salinas. Mean (amplitude-weighted) lifetime 
of double-exponential decay. Decay functions of selected areas shown on the right. 

FLIM images of pig skin in different depth of the tissue are shown in Fig. 69. The images 
were recorded by a  DCS-120 MP with a Ti:Sa-Laser. 

Due to the short pulse width of the femtosecond lasers the DCS-120 MP system deliver ex-
tremely high temporal resolution. An example is shown in Fig. 70. The image shows mush-
room spores of Boletus edulis [161]. The image was recorded by a DCS-120 MP with a 
Femto-Fibre-Pro laser (Toptica), ultra-fast HPM-100-06 detectors, and SPC-150NX TCSPC 
modules. The data show clearly a decay component of 20 ps lifetime. 
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Fig. 69: Pig skin, autofluorescence, image in different depth in the sample. Amplitude-weighted lifetime of tri-
ple-exponential decay model 

         

Fig. 70: Spores of Boletus edulis. Left to right: Image of fast decay component, t1, of triple-exponential decay 
model, histogram of t1, and decay curve in selected spot. Data from [161]. 

 

Near-Infrared FLIM 

The DCS-120 WB version is able to record lifetime images with near-infrared (NIR) fluoro-
phores, see page 367 of this book. NIR fluorophores often display large variations of their 
fluorescence lifetimes depending on the binding target. Moreover, because both the excitation 
and the emission wavelengths are in the near infrared a high penetration depth is obtained. 
NIR FLIM is therefore a promising technique to obtain molecular information from biological 
tissue. An image of a pig skin sample incubated with 3,3’-diethylthiatricarbocyanine is shown 
in Fig. 71. 

 

Fig. 71: Near-Infrared FLIM. Pig skin sample stained with 3,3’-diethylthiatricarbocyanine, detection wavelength 
from 780 nm to 900 nm. 
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DCS-120 MACRO: Scanning Macroscopic Objects 

The DCS MACRO version of the DCS system scans objects directly in the focal plane of the 
scanner. Objects up to a size of 12 mm can be imaged at high resolution. Fig. 72 shows a leaf 
with a fungus infections. 

 

Fig. 72:  Leaf with a fungus infection. ps diode laser excitation, 405 nm, scan format 512 x 512 pixels. Right: 
Decay functions of healthy and infected areas. 

 

DCS MACRO with Motor Stage 

The image area of the DCS MACRO can be extended by a motorised sample stage. With the 
motor stage, images of objects as large as 10 cm can be recorded by spatial mosaic FLIM. An 
example is shown in Fig. 73. 

 
Fig. 73: Mosaic FLIM image of a $20 bill 

Simultaneous FLIM / PLIM: Fluorescence / Phosphorescence Lifetime Imaging 

The DCS-120 is able to simultaneously record fluorescence and phosphorescence lifetime 
images. The technique is based on modulating the ps diode laser synchronously with the pixel 
clock of the scanner. Fluorescence is recorded during the on time, phosphorescence during the 
off time of the laser. Please see [96, 147] and page 409 of this handbook. 
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Fig. 74: FLIM (autofluorescence, left) and PLIM (2,2’-bipyridyl) dichlororuthenium (II) hexahydrate, right) 
yeast cells. Excitation 473 nm, 256x256 pixels. 

FLITS: Fluorescence Lifetime-Transient Scanning 

FLITS records transient effects in the fluorescence lifetime of a sample along a one-
dimensional scan. The maximum resolution at which lifetime changes can be recorded is 
given by the line scan time. With repetitive stimulation and triggered accumulation transient 
lifetime effects can be resolved at a resolution of about one millisecond [106, 148, 63]. Please 
see also page 389 of this handbook. 

     

Fig. 75: FLITS of chloroplasts in a grass blade, change of fluorescence lifetime after start of illumination. Left: 
Non-photochemical transient, transient resolution 60 ms. Right: Photochemical transient. Triggered accumula-

tion, transient resolution 1 ms. 

FCS 

Due to the superior performance of the HPM-100-40 hybrid detectors the DCS-120 system 
delivers highly efficient FCS. There is no afterpulsing peak in autocorrelation data [145]. 
Thus, accurate diffusion times and molecular-brightness parameters are obtained from a sin-
gle detector. Compared to cross-correlation of split signals, correlation of single-detector sig-
nals yields a four-fold increase in correlation efficiency. The result is a substantial improve-
ment in the signal-to-noise ratio of FCS recordings. Gated FCS is possible by hardware gating 
via the TAC limits of the TCSPC modules, FCCS by cross-correlating the signals of the two 
DCS channels. 

       

Fig. 76: Left: FCS curve recorded by a single HPM-100 detector. The data are free of an afterpulsing peak. 
Right: Dual-colour FCS, autocorrelation blue and red, cross-correlation green. Online fit with SPCM software. 
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FLIM Systems for Zeiss LSM 710, 780, 880, 980 Family Microscopes 
bh FLIM systems for the Zeiss LSM laser scanning microscopes are available since 2000 
[128, 129, 132]. Since then, several generations of LSM family laser scanning microscopes, 
and several generations of bh FLIM modules have been introduced. As a result, a wide variety 
of bh FLIM systems and of FLIM system configurations is in use. The excitation light source 
can be the Ti:Sapphire laser of a multiphoton microscope, a picosecond diode laser attached 
to or integrated in the microscope, or a visible-range tuneable solid state laser. The fluores-
cence light may be detected via a confocal port of the scan head or via a non-descanned port 
of a multiphoton microscope. Signals may be detected by one detector, simultaneously by 
two, three, or four detectors, or by the 16 channels of a bh multi-wavelength detector. Since 
2008, bh FLIM systems are using highly efficient GaAsP hybrid detectors. By combining 
extremely high efficiency with large active area, high counting speed, high time-resolution, 
and low background, these detectors have triggered a breakthrough in FLIM recording. An-
other step was made by the introduction of 64-bit data acquisition software [95]. Recent bh 
FLIM systems for Zeiss LSMs are recording data at unprecedented pixel numbers, high dy-
namic range, short acquisition time, minimum exposure of the sample, and unprecedented 
time resolution. New hardware and software functions have resulted in advanced FLIM func-
tions, like time-series FLIM, Z stack FLIM, spatial and temporal Mosaic FLIM, combined 
fluorescence and phosphorescence lifetime imaging (FLIM / PLIM), and fluorescence life-
time-transient scanning (FLITS). 

Optical Configuration 

Typical FLIM configurations for the LSM 710/780/880/980 family microscopes are shown in 
Fig. 77 through Fig. 79. shows FLIM configurations for inverted microscopes. The configura-
tion on the left uses multiphoton excitation by a femtosecond titanium-sapphire laser for exci-
tation. The fluorescence light is detected via a non-descanned detection (NDD) beam path. 
Typically, the light is split in two spectral components by a Zeiss 'T Adapter', and detected by 
two parallel detectors and TCSPC channels. The configuration shown on the right uses pico-
second diode lasers. The sample is excited by one-photon excitation. The fluorescence light is 
detected back through the confocal beam path of the scanner and sent out of the scan head via 
an optical port. It is split into two spectral channels by a bh beamsplitter module and fed into 
two FLIM detectors. The single-photon pulses from the detectors are recorded by two sepa-
rate TCSPC channels of the FLIM system. 
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Fig. 77: LSM 710/780 family FLIM systems, inverted microscopes. Left: Multiphoton-excitation FLIM with 
non-descanned detection. Right: One-photon FLIM with confocal detection. 

The detectors and detector assemblies for the confocal port are compatible with those for the 
NDD port. That means the detectors can be moved between the two ports. It is also possible 
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to attach detectors to the both ports permanently. The desired pair of detectors can then be 
selected from the SPCM data acquisition software. 

Fig. 81 shows FLIM at an LSM 710/780/880/980 in the upright version. The configuration on 
the left uses multiphoton excitation and non-descanned detection, the configuration on the 
right uses one-photon excitation and confocal detection. 
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Fig. 78: Zeiss LSM 710/780/880/980 family FLIM systems, upright microscopes. Left: Multiphoton-excitation 
FLIM with non-descanned detection. Right: One-photon excitation  FLIM with confocal detection. 

Multiphoton and one-photon FLIM configurations for the LSM 880 and LSM 980 with Airy-
Scan detectors are shown in Fig. 79, left and right. For the multiphoton system there is no 
difference to the standard system. The Airy-Scan detector rests at the confocal port and does 
not interfere with the FLIM detectors at the NDD port. For the one-photon FLIM system the 
FLIM detectors are connected to a beam switch between the scan head and the Zeiss Airy-
Scan detector, see Fig. 79, right. 
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Fig. 79: Zeiss LSM family FLIM systems, inverted microscopes. Left: Multiphoton-excitation FLIM with non-
descanned detection. Right: One-photon excitation  FLIM with confocal detection. 

Standard bh FLIM systems for the LSM 710, 780, 880, and 980 use the bh HPM-100-40 or -
06 hybrid detectors [146], see section 'HPM-100 Hybrid Detector Modules', page 161. How-
ever, the bh systems work also with the Zeiss BIG 2 detector [94], with the NIR versions and 
the ultra-fast versions of the HPM-100 detectors [92, 155], and with the bh MW-FLIM 
GaAsP multi-spectral FLIM detectors (see 'PML-16-C and PML-16C GaAsP Multichannel 
Detector Heads', page 172). The optical configuration for multiphoton multi-wavelength 
FLIM is shown in Fig. 80. The light is collected from an NDD port by a fibre bundle. The 
light is dispersed spectrally, and detected by a bh PML-16 GaAsP (16-channel) PMT module. 
Similarly, the multi-wavelength FLIM detector assembly can be attached to the confocal port 
of the scan head. 
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Fig. 80: Multi-wavelength FLIM 

Fig. 81: LSM 710 family FLIM systems, upright microscopes. Left: Multiphoton-excitation FLIM with non-
descanned detection. Right: One-photon excitation  FLIM with confocal detection. 

Detectors 

The FLIM systems for the Zeiss LSMs use bh HPM-100-40 or HPM-100-06 hybrid detectors. 
Detectors with adapters for the NDD ports and the confocal ports of the Zeiss LSM family 
microscopes are shown in Fig. 82. 

                         

Fig. 82: HPM-100 hybrid detector and dual-detector assembly with adapter to the optical ports of the Zeiss LSM 
systems 

LSM 880 and LSM 980 confocal microscopes often have the 'Airy Scan' detector attached to 
the confocal port of the scan head. In these cases, the bh confocal-FLIM detectors are con-
nected to a beam switch that is inserted between the san head and the Airy Scan detector, see 
Fig. 83. The beam switch is available from Zeiss. 

     

Fig. 83: LSM 880, confocal FLIM detectors. Left to right: BIG-2 detector, one HPM-100-40 hybrid detector, 
two HPM-100-40 detectors 

More details of the FLIM systems for the Zeiss LSM 710/780/880/980 and LSM 510 families 
are described in a separate 240-page handbook [64], an 18-page addendum for the LSM 980 
microscopes [65], and in a 68-page overview brochure [66]. 

Lasers for Confocal FLIM 

bh FLIM systems for the Zeiss LSM 710, 780, and 880 confocal microscopes had one or two 
ps diode lasers. These were integrated in the hardware and software of the Zeiss LSM sys-
tems. With just two laser wavelengths and limited control over the laser function, these sys-
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tems were limited both in excitation wavelength and recording functions. The LSM 980 con-
focal FLIM systems are coming with four ps diode lasers of different wavelength [65]. The 
lasers are contained in the bh LHB-104 ‘Laser Hub’ [67], shown in Fig. 84. The lasers are 
coupled into the LSM 980 scan head via a single-mode fibre with a standard Zeiss / Lasos 
fibre coupler. The lasers can be switched on and off on demand, multiplexed in time for exci-
tation-wavelength multiplexed FLIM, or on/off modulated for simultaneous FLIM / PLIM. 

 

Fig. 84: LBH-104 ‘Laser Hub’. Output of four wavelengths via single fibre with Zeiss / Lasos coupler, demon-
strated by reflection off an optical grating. 

Laser for Multiphoton FLIM 

The bh FLIM systems work both with the confocal versions and with the multiphoton ver-
sions of the Zeiss LSMs. The excitation source in multiphoton systems is normally a Ti:Sa 
laser. The FLIM systems are perfectly compatible with these lasers. In principle, they also 
work with femtosecond fibre lasers, should one of these be used in combination with a Zeiss 
LSM. 

FLIM Data Acquisition 

FLIM data acquisition is performed by two parallel SPC-150NX, or SPC-180NX TCSPC 
channels with bh 64-bit SPCM Software. Based on parameter-tagged photon data delivered 
by the TCSPC modules, the SPCM software builds up the photon distributions for the two 
detection channels or, if multi-spectral FLIM is used, for the 16 spectral channels of the bh 
MW FLIM detector. During the FLIM acquisition the SPCM software displays intermediate 
results in predefined intervals, usually every few seconds. The SPCM software is also able to 
record FCS and FCCS, or to deliver parameter-tagged photon data for single-molecule spec-
troscopy. Moreover, it records combined fluorescence/phosphorescence lifetime images 
(FLIM / PLIM) and Fluorescence Lifetime-Transient Scanning (FLITS) data. The acquisition 
can be stopped after a defined acquisition time, or by a user command when the desired sig-
nal-to-noise ratio has been reached. According to the different operation modes the SPCM 
software comes up in different user-interface configurations as shown in Fig. 85. 

   

Fig. 85: SPCM software panel configured for LSM 710 FLIM. Left: FLIM in two detector channels. Right: 
Multi-wavelength FLIM, images in 8 of the 16 wavelength channels shown. 
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Fast Preview Function 

The FLIM systems have a fast preview functions for sample positioning, focusing, laser 
power adjustment, and region-of-interest selection. The preview function displays images in 
intervals on the order of 1 second and less, see Fig. 86. 

 

Fig. 86: SPCM software in fast preview mode. 1 second per image. 

Any change in the microscope parameters, such as sample position, scan area, the zoom fac-
tor, depth of focal plane, pinhole size or laser power, becomes immediately visible in the pre-
view images, see Fig. 87. 

 

Fig. 87: When the scan area definition in the Zeiss ZEN software is changed the result becomes visible in the 
images immediately. 

Easy Switching Between Acquisition Modes 

Frequently used operation modes and user interface configuration can be selected from a 
panel of predefined setups. Switching between Preview modes, FLIM acquisition, different 
pixel and time-channel numbers, time-series recording, Z-stack recording, FCS, or any other 
conceivable recording procedure is a matter of a single mouse click, see Fig. 88. 

 

Fig. 88: Switching the instrument configuration via the ‘Predefined Setup’ panel 
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Fast Beam Scanning - Fast Acquisition 

The bh FLIM systems are perfectly compatible with the fast beam scanning used in the Zeiss  
microscopes. Frame times can be from about 50 ms to a few seconds, with pixel dwell times 
down to one microsecond. The multi-dimensional TCSPC process used in the bh FLIM sys-
tems delivers identical results for different scan rates, provided the total acquisition time is the 
same. FLIM can be acquired at short acquisition time. Fig. 89 shows lifetime images of a 
BPAE cell recorded within 5 seconds acquisition time. 

 

Fig. 89: FLIM acquired within 5 seconds of acquisition time. Left 485 to 560 nm, right 560 to 650 nm. BPAE 
cell stained with Alexa 488 and Mito Tracker Red. 

Online FLIM Display 

Starting from Version 9.72 SPCM software the FLIM systems for the Zeiss 
LSM 710 / 780 / 880 / 980 family are able to display lifetime images online, both during the 
accumulation of FLIM data and for the individual steps of a fast image sequence, see page 
395 of this book. An example is shown in Fig. 90. The calculation of the lifetime images is 
based on the first moment of the decay data in the pixels of the images. The first-moment 
technique combines short calculation times with near-ideal photon efficiency. It does not re-
quire to reduce the time resolution (time channels per pixel) to obtain high image rates. That 
means the data can later be processed by precision SPCImage multi-exponential data analysis. 

 

Fig. 90: Intensity image (left) and lifetime image (right) calculated online by SPCM software 
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Bi-Directional Scanning 

With Version 9.73 SPCM Software, the bh TCSPC / FLIM systems are able to record FLIM with bidi-
rectional scanning. As usual, data recording is synchronised with the scanning by frame clock, line 
clock, and pixel clock pulses from the scanner. Each first line clock pulse indicates the beginning of a 
forward scan, each second one the beginning of a backward scan. The recording procedure automati-
cally reverses the data from the backward scan and compensates for the line shift caused by the dy-
namic behaviour of the scanner. The FLIM data structure is the same as for unidirectional scanning. 
Thus, standard online intensity and lifetime display functions of the SPCM software are available, and 
data can be analysed by SPCImage as usual. 

                  

Fig. 91: FLIM of Convallaria sample (left, 512 x 512 pixels) and BPAE Cell sample (right, 1024x1024 pixels), 
recorded with bidirectional scanning.  Images created by online-lifetime function of SPCM software. 

High-Resolution Images 

Pixel numbers of FLIM data can be increased up to 2048 x 2048. Fig. 92 shows a FLIM im-
age of a BPAE sample recorded at a resolution of 1024 x 1024 pixels. The image on the left 
shows the entire area of the scan. The image on the right have been selected from the full-area 
scan by the zoom function of SPCImage data analysis software. 

  

Fig. 92: Left: Image recorded with 1024 x 1024 pixels. Right: Digital zoom into the data of Fig. 92, showing the 
two cells on the upper left. Effective resolution 256 x 256 pixels. LSM 710 Intune system, excitation 535 nm, 

emission from 550 nm up. BPAE cell stained with Alexa 488 and Mito Tracker Red. 
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Two Fully Parallel TCSPC FLIM Channels 

Standard bh FLIM systems record in two wavelength intervals simultaneously. The signals 
are detected by separate detectors and processed by separate TCSPC modules. There is no 
intensity or lifetime crosstalk. Even if one channel overloads the other channel is still able to 
produce correct data. 

   

Fig. 93: Dual-channel detection. BPAE cells stained with Alexa 488 phalloidin and Mito Tracker Red. Left: 
460 nm to 550 nm. Right: 550 nm to 650 nm. 

 

Laser Wavelength Multiplexing 

FLIM systems using the bh 'Laser Hub' can be operated in a fast excitation-wavelength multi-
plexing mode. Multiplexing can be performed frame-by frame, line by line, or even pixel by 
pixel. The advantage over pulse-interleaved excitation (PIE) is that there is absolutely no 
overlap between the multiplexing phases. Consequently, there is no intensity or lifetime 
crosstalk between signals excited by different wavelength. An example is shown in Fig. 521. 

 
Fig. 94: FLIM with laser-wavelength multiplexing, 480 nm and 405 nm, Alexa 488 and DAPI. LSM 980 confo-

cal system with bh LHB 104 laser hub 

 

Multiphoton NDD FLIM: Deep Tissue Imaging 

The bh Multiphoton FLIM systems use the non-descanned detection (NDD) path of the 
LSM 710/780/880/980 NLO or LSM 7 MP microscopes. With non-descanned detection, fluo-
rescence photons scattered on the way out of the sample are detected far more efficiently than 
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in a confocal system. The result is that clear images are obtained from deep tissue layers. An 
example is shown in Fig. 95. 

 

Fig. 95: Two-photon FLIM of pig skin. LSM 710 NLO, excitation 800 nm, HPM-100-40, NDD. Left: Wave-
length channel <480 nm, colour shows  percentage of SHG in the recorded signal. Right: Wavelength channel 
>480 nm, colour shows amplitude-weighted mean lifetime. 

FLIM with Ultra-Fast Detectors 

The instrument-response function of a multiphoton FLIM system with HPM-100-06 detectors 
has a full-width at half maximum (FWHM) of less than 20 ps [114]. The fast response greatly 
improves the accuracy at which fast decay components can be extracted from a multi-
exponential decay. Applications are mainly in the field of metabolic FLIM, which requires 
separation of the decay components of bound and unbound NADH, and in the range of FRET, 
which requires the separation of interacting and non-interacting donor components. An 
NADH FLIM image recorded with an ultra-fast FLIM system on a Zeiss LSM 880 NLO is 
shown in Fig. 95. Images of the images of the amplitude ratio, a1/a2 (unbound/bound ratio), 
and of the fast (t1, unbound NADH) and the slow decay component (t2, bound NADH) are 
shown in Fig. 510. 

     

Fig. 96: Left: NADH Lifetime image, amplitude-weighted lifetime of double-exponential fit. Right: Decay curve 
in selected spot, 9 x 9 pixel area. FLIM data format 512 x 512 pixels, 1024 time channels. The IRF width is 

19 ps, the time-channel width 10 ps. 
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Fig. 97: Left to right: Images of the amplitude ratio, a1/a2 (unbound/bound ratio), and of the fast (t1, unbound 
NADH) and the slow decay component (t2, bound NADH). FLIM data format 512 x 512 pixels, 1024 time 

channels. Time-channel width 10 ps. 

Fig. 98 shows mushroom spores of Cortinarius Mucosus. An image of the amplitude-
weighted lifetime, tm, is shown on the left, a decay curve on the right. tm is in the range from 
20 to 40 ps, the lifetime of the fast component, t1, in the range from 10 to 20 ps. No other 
FLIM system is able to show such fast decay processes directly. 

Ultra-fast decays in biological material are more frequent than commonly believed. Similarly 
fast decay components were found in other mushroom spores [161], in pollen grains [162], 
and in human hair. Ultra-fast fluorescence decay times should therefore no longer be put aside 
as a peculiarity but seriously considered as a potential source of biological information. 

 

Fig. 98: Mushroom spores, Cortinarius mucosus, 2p excitation at 760 nm. Image of the amplitude-weighted 
lifetime, tm, and decay curve at cursor position. tm is in the range from 20 to 40 ps, t1 is in the range from 10 to 

20 ps. 

Tuneable-excitation FLIM with Intune laser 

Tuneable-excitation FLIM uses the ‘Intune’ laser of the Zeiss LSM 710/780 systems. FLIM 
of the same sample at different excitation wavelength can provide additional information on 
the composition of the fluorophores contained in it. In the past, beautiful FLIM images were 
obtained with the ‘Intune’ laser of the Zeiss LSM 710 systems. Examples are shown in Fig. 
99. Regrettably, the Intune system has been discontinued by Zeiss. There is currently no sys-
tem that delivers similar performance. The only system that comes close to it is the LSM 980 
confocal FLIM system with the bh LHB-104 'Laser Hub', see Fig. 100. 
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Fig. 99: Confocal FLIM with tuneable ‘Intune’ laser. BPAE cells stained with Alexa 488 phalloidin and Mito 
tracker red. Left to right: Excitation at 490 nm, 520 nm, 535 nm, and 556 nm. 

 

Fig. 100: FLIM at four combinations of excitation and emission wavelength. LSM 980 FLIM system with bh 
Laser Hub. 
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Multiphoton Multispectral NDD FLIM 

bh’s MW FLIM is the world’s first simultaneously detecting multiphoton multispectral NDD 
FLIM system. It uses an optical interface that connects to the NDD ports of the LSM 
710/780/880/980 NLO microscopes [142]. A typical result is shown in Fig. 101. 

 

Fig. 101: Multiphoton Multispectral NDD FLIM. LSM 710 NLO, bh MW FLIM detector 

 

Z-Stack FLIM 

For many years, Z-stack FLIM had been prevented by photobleaching and photodamage 
caused by the high excitation dose. With the LSM 710 to 980 family microscopes and the new 
GaAsP hybrid detectors photobleaching is no longer a problem. The FLIM system automati-
cally acquires FLIM in consecutive Z planes and saves the data into a sequence of files. 
Z-stack FLIM is particularly interesting in combination with the deep-tissue imaging capabil-
ity of multiphoton NDD FLIM. It can, however, be used also in combination with diode-laser 
FLIM and Intune FLIM. An example is shown in Fig. 102. 

 

Fig. 102: Z-stack of FLIM images. Pig skin, autofluorescence, 5 µm to 60 µm below the surface. LSM 710 Mul-
tiphoton NDD FLIM, GaAsP hybrid detector 

 

Time-Series FLIM 

Time-series FLIM by the traditional record-and-save procedure is available for all system 
versions, and all detectors. Time-series FLIM can be recorded at a rate fast as 1 images per 
second, see Fig. 103. 
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Fig. 103: Moving amoeba. Autofluorescence, acquisition time 0.5 s, image rate 1 image per second. 

 

Mosaic FLIM 

Mosaic FLIM records an array of FLIM images. The ‘elements’ of the mosaic may represent 
images for different lateral offset obtained by a sample-stepping device, images in different 
wavelength channels of a multi-wavelength detector, images in different depth of a sample, or 
images at different times after a stimulation of a sample. The entire mosaic is recorded into 
one single, large photon distribution. Mosaic FLIM can thus be used to increase the field of 
view of a high-NA microscope lens, to record multi-wavelength FLIM data, to record FLIM 
Z-stacks, or to record fast FLIM time series. An advantage is that no time for readout opera-
tions has to by reserved. This allows extremely fast time series to be recorded. A time series 
can even be accumulated, thus avoiding the need of trading lifetime accuracy against speed of 
the sequence. Examples of a spatial and a temporal mosaic are shown in Fig. 104. A Z stack 
recorded by mosaic FLIM is shown in Fig. 106. 

    
Fig. 104: Mosaic FLIM with the Zeiss LSM 710 / 780 / 880 microscopes. Left: Spatial mosaic, convallaria sam-
ple, 16 elements of 512 x 512 pixels, 256 time channels, entire mosaic is 2048 x 2048 x 256. Right: Temporal 
mosaic, Ca2+ transient in cultured neurons, electrical stimulation, 64 elements of 64 x 64 pixels, time per element 
38 ms. 100 stimulation periods accumulated. Time runs from upper left to lower right, the stimulation was ap-
plied during the 4th element. 

 

Near-Infrared FLIM 

Near-infrared FLIM can be performed by using the Ti:Sa laser of a multiphoton (NLO) mi-
croscope as a one-photon excitation source [92, 155] or by two-photon excitation with an 
LSM 780 OPO system [93]. Please see page 367 for details. Images are shown in Fig. 105. 
Because near-infrared light penetrates thick layers of tissue clear images from deep sample 
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layers are recorded. This makes NIR FLIM especially attractive in combination with Z stack 
recording. An example is shown in Fig. 106. 

               

Fig. 105: Left: Pig skin sample stained with DTTCC. Zeiss LSM 710 NLO, one-photon excitation with Ti:Sa 
laser. Right: Pig skin stained with methylene blue. OPO system, two-photon excitation at 1200 nm 

 

Fig. 106: Z stack recorded at a pig skin sample stained with Indocyanin Green. OPO excitation, Z-stack recorded 
by Mosaic FLIM, 16 planes from 0 to 60 µm from top of sample, each plane 512 x 512 pixels, 256 time chan-

nels. 

 

Simultaneous FLIM / PLIM 

In combination with the LSM 710 / 780 / 880 / 980 family multiphoton microscopes the bh 
FLIM systems are able to simultaneously record fluorescence and phosphorescence lifetime 
images. The technique is based on modulating the excitation laser synchronously with the 
pixel clock of the scanner. Photon times are determined both with reference to the laser pulses 
and the laser modulation pulse [96, 147]. Please see page 409 for details. A typical result is 
shown in Fig. 107. 
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Fig. 107: Yeast cells stained with a Ruthenium dye. Left: FLIM image and fluorescence decay curve in selected 

spot.  Right: PLIM image and phosphorescence decay curve in selected spot. 

 

FLITS: Fluorescence Lifetime-Transient Scanning 

FLITS records transient effects in the fluorescence lifetime of a sample along a one-
dimensional scan. The maximum resolution at which lifetime changes can be recorded is 
given by the line scan time. With repetitive stimulation and triggered accumulation transient 
lifetime effects can be resolved at a resolution of about one millisecond [64, 106, 148]. Please 
see page 389. FLITS of the Ca2+ transients in cultured neurons on electrical stimulation is 
shown in Fig. 108. 

         

Fig. 108: FLITS of Ca2+ transient in cultured neurons. Left: FLIM image, location of one-dimensional FLITS 
scan indicated. Right: FLITS image, FLITS time scale 0 to 512 ms, resolution 2 ms, 200 stimulation periods 

accumulated. 

FCS 

The GaAsP hybrid detectors of the bh FLIM systems deliver highly efficient FCS. Because 
the detectors are free of afterpulsing diffusion times are obtained from a single detector, with-
out the loss in correlation events that occurs when the signals from two detectors are cross-
correlated. FCS can be obtained with the diode-laser systems, the Intune system, with the CW 
lasers of the LSM, and with the Ti:Sa laser of the multiphoton systems. 
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Fig. 109: FCS with GaAsP hybrid detectors. Left to right: Confocal FCS with ps diode laser, Confocal FCS with 
Intune laser, Two-photon NDD FCS 

Data Analysis 

SPCImage NG FLIM  data analysis (see page 795) is integrated in the TCSPC software pack-
age delivered with the systems. For single-molecule burst-analysis bh ‘Burst Analysis’ soft-
ware is available. Please see Fig. 159, page 81 and Fig. 165, page 84. 
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FLIM Systems for Leica SP2, SP5, and SP8 MP Laser Scanning Mi-
croscopes 
Earlier FLIM systems for the Leica SP2, SP5 and SP8 MP [68, 79, 81] used bh HPM-100-40 
hybrid detectors which were attached to the RLD port or to the X1 port of the microscopes. 
Recent FLIM systems use the Leica Hyd hybrid detectors. The single-photon pulses from 
these detectors are directly compatible with the inputs of the bh TCSPC FLIM modules. A 
non-descanned FLIM detector is shown in Fig. 110, left, a FLIM image recorded from a 
BPAE sample in Fig. 110, right. 

              

Fig. 110: Left: Leica dual-channel hybrid detector with FLIM outputs, attached to the non-descanned (RLD) 
port of an SP8 multiphoton microscope. Right: FLIM image recorded from a BPAE sample, 512 x 512 pixels, 

256 time channels. bh Simple-Tau 152 TCSPC FLIM system 

A frequent concern is that the sinusoidal scan used in the Leica SP5 and SP8 microscopes 
may cause a nonlinearity in the x coordinate of the FLIM images. This is, however not the 
case. The microscopes compensate for the nonlinearity of the scan by a variable pixel clock 
period. Since the bh FLIM systems use the pixel clock to synchronise the acquisition with the 
scan the x coordinate of the image remains a linear function of the x coordinate of the sample 
[82, 154]. 

 

FLIM Systems for Olympus FV 300 and FV 1000 
One-photon confocal FLIM systems 

One-photon FLIM systems for the FV 1000 use one of the fibre inputs of the scan head to 
connect a bh BDL-SMC or -SMN picosecond diode laser [69, 73, 74]. The FLIM detectors 
are connected to a confocal output from the FV 1000 scan head. A wide variety of detectors 
can be used. PMTs are coupled directly, i.e. without any optical fibre, to the FV 1000. The 
fibre adapter is removed (or not installed altogether), and an a direct coupling optics attached 
instead. The FLIM beam pass contains a long-pass or bandpass filter and, in case of the 
R3809U detector, an electronically controlled shutter. Details are shown in Fig. 111. 
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Fig. 111: Coupling an R3809U MCP PMT to the FV 1000 scan head 

Multi-wavelength FLIM is possible by using the PML-SPEC spectral detection assembly 
[57], see page 172 and page 353 of this handbook. The PML-SPEC assembly can be con-
nected both via the fibre output from the FV 1000 scan head or via a fibre bundle attached to 
the FLIM adapter for PMTs. 

Multiphoton NDD FLIM Systems 

Non-descanned FLIM systems are available for the inverted (IX) versions of the FV 300 and 
FV 1000 multiphoton microscopes. Once the Olympus NDD port is installed, the PMC-100 
detector, the R3809, the HPM-100-40, or the MW FLIM detector can be used as shown in 
Fig. 112. A lifetime image obtained by a bh standard FLIM system attached to an FV 300 
multiphoton is shown in Fig. 113. Please see [79, 83] for details. 

          

Fig. 112: FLIM detectors at the non-descanned port of an Olympus scanning microscope. Left: PMZ-100 detec-
tor. Right: Multi-wavelength FLIM detector. 

       

Fig. 113: Left: Simple-Tau 150 system for Olympus FV 300 or FV 1000 MP. Right: FLIM of heart tissue sam-
ple, fluorescence from endogenous fluorophores and SHG from the collagen in the tissue. 
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FLIM Systems for Nikon C1 and A1 Microscopes 
bh FLIM systems are also available for the Nikon C1 and A1 laser scanning microscopes. 
One-photon FLIM systems use one or several BDL-SMN ps diode lasers for excitation. The 
lasers are connected to a fibre input port of the scan head. In confocal systems bh 
HPM-100-40 hybrid detectors are connected to the fibre output of the scanner, see Fig. 114, 
left. In multiphoton systems the detectors are preferably connected to an optional C-Mount 
NDD port at the Nikon non-descanned detector module, see Fig. 114, right. Multi-wavelength 
detectors are either coupled to the confocal port via a single optical fibre or to the NDD port 
via a fibre bundle. 

                            

Fig. 114: Left: Confocal A1 system. Two hybrid detectors (lower left) connected to the confocal fibre port of the 
A2. Right: A2 multiphoton system. Hybrid detector (left) connected to the NDD detector module. 

Nikon A1 Integrated FLIM Systems 

FLIM operation with the bh TCSPC/FLIM modules has been implemented in the new ‘NIS-Elements’ 
software of the Nikon A1+ confocal laser scanning microscopes. The systems use one or two bh 
BDS-SM picosecond diode lasers, two bh HPM-100 hybrid detectors, and two fully parallel SPC-
150N or NX TCSPC data recording channels. All FLIM components are controlled directly from 
Nikon’s NIS-Elements software. Intensity images, FLIM images, and decay curves from regions of 
interest are displayed online. For precision multi-exponential data analysis, the system incorporates 
bh’s SPCImage NG FLIM data analysis software. An example of the A1+ instrument software panel 
with two FLIM channels opened is shown in Fig. 115. Details are described in [118], the application 
to FLIM-FRET measurements in [245]. 

 

Fig. 115: Implementation of FLIM in Nikon’s NIS-Elements software. Convallaria sample, scanned with 
1024 x 1024 pixels, Lifetime by First-Moment analysis, images of both FLIM channels displayed. 
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FLIM Systems for Sutter MOM Microscopes 
The Sutter Instrument MOM microscope [1106] is a modular platform for imaging deeply 
within live samples. It uses multi-photon excitation by a titanium-sapphire laser in combina-
tion with non-descanned detection. Due to its pulsed excitation source and its high modularity 
the MOM system can easily be combined with the bh TCSPC FLIM systems [98]. Up to four 
FLIM detectors can be attached to the system. The signals are processed in up to four entirely 
parallel TCSPC FLIM channels. A setup with two detectors is shown in Fig. 116. Due to the 
parallel system architecture, high photon count rates and short acquisition times can be 
achieved. FLIM data can be recorded with up to 1024 x 1024 pixels and 1024 time channels. 

                

Fig. 116: Left: Two FLIM detectors attached to Sutter MOM microscope. Right: Salmon louse (Lepeophtheirus 
Salmonis), 512 x 512 pixels. Autofluorescence, excitation wavelength 750 nm, detection wavelength 440 to 

480 nm. Amplitude-weighted lifetime of double-exponential decay. 

The combination of the bh TCSPC-FLIM system with the Sutter MOM microscope is an effi-
cient and flexible solution to fluorescence lifetime imaging of live cells and live tissues. The 
system can be used for all the typical FLIM applications, such as metabolic imaging by re-
cording the fluorescence of NADH and FAD, protein interaction experiments by FLIM-FRET 
techniques, and ion concentration measurements with environment-sensitive fluorescent dyes. 
With an additional DDG-210 pulse generator card it can also record simultaneous 
FLIM / PLIM. For technical details and parameters setup please see [98]. 
 

FLIM Systems for Abberior STED System 
The combination of the Abberior STED system [2] with the bh Simple-Tau TCSPC FLIM 
system records FLIM data at a spatial resolution of better than 40 nm [104, 105]. The FLIM 
system can either be integrated in the Abberior microscope software or operated independ-
ently via bh SPCM software. The image format can be as large as 2048 x 2048 pixels with 
256 time channels per pixel. An image area of 40 x 40 micrometers can thus be covered with 
<20 nm pixel size, fully satisfying the Nyquist criterion.  The system especially benefits from 
Windows 64-bit technology used both in the Abberior and in the bh data acquisition software, 
and the high data throughput of up to four parallel TCSPC FLIM channels. The system uses 
fast galvanometer scanning, and achieves peak count rates in excess of 5 MHz per FLIM 
channel, resulting in unprecedented signal-to-noise ratio and short acquisition time. The sys-
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tem can thus be used with the online-FLIM display function of the SPCM software. Technical 
details are described in [104] and [105]. Please see also page 429 of this book. To our knowl-
edge, the Abberior systems achieves the best spatial resolution and the best sensitivity of all 
STED systems currently available. This is probably a result of the dynamic wavefront correc-
tion used in the Abberior optics. A typical image is shown in Fig. 117. 

 

Fig. 117: FLIM image recorded with the Abberior - bh combination. Tubulin fibres in a BPAE cell, recorded 
with 2048 x 2048 pixels and 256 time channels per pixel. 

PZ-FLIM-110 Piezo-Scanning FLIM System 
The PZ-FLIM-110 Piezo Scanning FLIM system uses bh’s multi-dimensional TCSPC tech-
nique in combination with a piezo scanner. The scanner is controlled via a bh GVD-120 scan-
ner control card, the FLIM data are recorded by an SPC-150, SPC-150N, SPC-160, or 
SPC-180N TCSPC / FLIM module. Data acquisition is controlled by 64-bit bh SPCM TCSPC 
software. The system is able to run X-Y scans, X-Z (vertical) scans, and to record simultane-
ously FLIM and PLIM data. Maximum FLIM data formats are 512 x 512 pixels, 4096 time 
channels, or 2048 x 2048 pixels, 256 time channels. 

    

Fig. 118: Left: Photo of the bh PZ-FLIM-110 piezo scanning system. Right: Lifetime image of a convallaria 
sample. 512 x 512 pixels, 1024 time channels per pixel. 
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Sample scanning yields high efficiency and good optical resolution. Problems do, however, 
arise from the slow scan speed of the piezo stage. Under typical imaging conditions, the ac-
quisition time is determined by the speed of the scanner, not by the time needed to acquire the 
desired number of photons. Frame times for 512 x 512 pixel images are on the order of 100 
seconds, frame times for 2048 x 2048 pixel images are at least 6 minutes. These scan times 
may be acceptable for high quality FLIM but not for imaging dynamic effects in a life sample. 
Moreover, the slow scan rate makes focusing into a defined image plane within a sample dif-
ficult. If these restrictions are taken into account the PZ-FLIM-110 is a cost-efficient alterna-
tive to a DCS-120 galvanometer scanner system. Please see [112] and page 426 of this book 
for technical details. 

 

 

FASTAC Fast-Acquisition FLIM System 
The bh Fast-Acquisition FLIM system uses four parallel TCSPC channels and a device that 
distributes the photon pulses of a single detector into the four recording channels. The princi-
ple is shown in Fig. 119, left. As usual, the photon pulses from the detector are passing a con-
stant-fraction discriminator, CFD. The pulses from the CFD control a four-way switch that 
distributes the pulses to four TCSPC modules. Please see 'Fast FLIM Recording by the bh 
FASTAC System', page 399 for technical details. 
The system features an electrical IRF width of less than 7 ps (FWHM), and a time channel 
width down to 405 fs. The optical time resolution with an HPM-100-06 or -07 hybrid detector 
is shorter than 25 ps (FWHM). FLIM data can be recorded at acquisition times down to the 
fastest frame times of the commonly used galvanometer scanners. The data are recorded with 
the TCSPC-typical number of time-channels of up to 4096, and with pixel numbers from 
128 x 128 to 2048 x 2048 pixels. The system is therefore equally suitable for fast FLIM and 
precision FLIM applications [101, 102, 103].  
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Fig. 119: FASTAC FLIM system. 
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The system runs in combination with any laser scanning system that uses fast beam scanning. 
Fig. 120, left, shows an images recorded in combination with a Zeiss LSM 880 NLO (1024 x 
1024 pixels, 1024 time channels, Fig. 120, right, an image recorded with a DCS-120 MACRO 
system. The acquisition time was 10 seconds and 2 seconds, respectively. 

     

Fig. 120: Left: FASTAC 1024x1024-pixel image recorded with a Zeiss LSM 880 NLO Acquisition time 10 
seconds. Right: 512 x 512-pixel image recorded with a DCS-120 MACRO system. Acquisition time 2 seconds. 
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Picosecond Diode Lasers 
BH deliver a number of picosecond diode lasers with wavelengths from the NUV to the NIR 
[74, 73]. All lasers feature simple +12 V power supply, high repetition rate, short pulse width, 
and an extremely low electrical noise level. The complete driver electronics is integrated in 
the laser module. All bh diode laser modules are directly compatible with the bh TCSPC 
modules. 

BDL-SMC Series Lasers 

The bh BDL series lasers are manufactured in cooperation of bh and Lasos GmbH, Jena, 
Germany. The lasers are available for all the typical Diode laser wavelengths: 375 nm, 
405 nm, 440 nm,  473 nm, 488 nm, 515 nm, 640 nm, 685 nm, and 785 nm [73]. The BDL 
lasers can be switched between three repetition rates and CW operation. The typical pulse 
width in the pulsed mode is 50 to 90 ps, see Fig. 121, right. The available power varies with 
the mode, the repetition rate, and the wavelength version. In the pulsed mode, the power for 
near-Gaussian pulse shape is in the range of 0.4 to 2 mW at 50 MHz repetition rate. The 
power in the CW mode is 20 to 60 mW. It is stabilised by an internal regulation loop to mini-
mise drift and noise in the optical power. The lasers have the complete driver and control 
electronics integrated. They are running from a simple +12 V power supply. The bh BDL-
SMC lasers are especially designed for application in laser scanning microscopy. They have a 
fast on/off control input  to turn off the laser during the beam fly-back of the scanner, and to 
multiplex several laser of different wavelength. For efficient fibre coupling and for free-beam 
coupling into microscope systems the BDL-SMC series lasers have beam-profile and astigma-
tism correction, see Fig. 121. The beam is almost circular, with a diameter of 1 mm. 

The corrected beams of the BDL-SMC lasers can be efficiently coupled into single-mode fi-
bres. The coupling efficiency is 50 to 70 %. Versions with a Point-Source compatible fibre 
coupler [898], a Lasos coupler and with a permanently attached ('pig tail')  fibre is available. 
A BDL-SMC laser, the beam profile, and typical pulse shapes are shown in Fig. 121. Lasers 
with different fibre coupling are shown in Fig. 122. 

      

Fig. 121: BDL-SMC laser with beam-profile corrector (left), beam profile (middle) and typical pulse shapes for 
different average power at a repetition rate 50 MHz (right) 

             

Fig. 122: BDL-SMC series laser with single-mode fibre coupler (left), and with fibre pigtail (right) 

Since 2013, the BDL-SMC lasers have been more and more replaced with the more advanced 
BDL-SMN version. Please see section below. 
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BDL-SMN Series Lasers 

The BDL-SMN lasers [73] are advanced successors of the BDL-SMC lasers. As the BDL-
SMC lasers, they are manufactured in cooperation of bh and Lasos. The SMN lasers have the 
same mechanical dimensions, the same beam correction optics, and the same control features 
as the SMC-Lasers. However, there are several advanced features. 

The optical power is stabilised by an internal regulation loop also in the pulsed mode. The 
result is low optical noise and excellent power stability both in the CW and in the pulsed 
mode, and a strictly linear power control characteristic. The SMN lasers use improved driver 
electronics, resulting in improved pulsed shape at high pulse power. The SMN lasers can thus 
be run at substantially higher power than the SMC lasers. For some laser wavelengths, an 
average power of 8 mW (at 80 MHz) can be reached. The pulse width at medium power is 
typically 50 to 80 ps. It usually stays below 200 ps up to 4 to 8 mW. Please see Fig. 124. 

    

    

 Fig. 123: BDL-SMN laser, pulse shapes for four typical laser wavelengths. 80 MHz, power measured in free 
beam. 

The lasers have a synchronisation output to bh TCSPC modules, and a trigger input for syn-
chronisation with other BDL-SMN lasers or other pulsed excitation sources. As the SMC la-
sers, the SMN version is available with a free-beam output and with various single-mode fibre 
couplers, see Fig. 123. 

 

Fig. 124: BDL-SMN lasers 

The BDL-Series lasers are part of the bh FLIM systems for laser scanning microscopes [64, 
68, 69]. The are also used in the bh DCS-120 Confocal  Scanning FLIM System [63]. There 
are separate manuals for the BDL-SMC and the BDL-SMN lasers, please see [73] and [74]. 
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BDS-SM Series Lasers 

The BDS-SM lasers [75] are OEM Modules with a size of only 40 mm x 40 mm x 110 mm. 
The lasers contain the entire driver electronics. They are operated from a simple +12 V power 
supply. 

The BDS ps diode lasers are available both with free-beam and single-mode fibre output. The 
pulse width is on the order of 50 to 90 ps, the pulse repetition rate can be switched between 
80 MHz, 50 MHz, 20 MHz, and CW. All the typical diode laser wavelengths from 375 nm to 
785 nm are available. The BDS lasers use the same driver principle as the BDL-SMN lasers. 
Thus, high optical power at good pulse shape is available, see Fig. 125. The output power is 
stabilised by an internal regulation loop, and fast on-off switching is implemented. The lasers 
have a synchronisation output to the bh TCSPC modules and a trigger input for synchronisa-
tion with other pulsed lasers. 

        

Fig. 125: BDS-SM laser, pulse shape for different output power. 473 nm and 640 nm, power measured at fibre 
output. 

 

Fig. 126: BDS-SM series laser with pig-tail single-mode fibre, Qioptiq Kineflex adapter, Lasos Precision Con-
nector, and free-beam output through C-Mount adapter 

 

40-ps BDS-SM Versions 

Over several years, improvement in laser diode performance has resulted in a constant de-
crease in the pulse width of the BDS-SM lasers. Currently, the 375 nm, 405 nm, and 445 nm 
versions achieve pulse widths of less than 40 ps. These pulse widths are achieved in an inten-
sity range where the lasers deliver clean pulse shapes, without much afterpulsing or large 
shoulders. Examples are shown in Fig. 127. 
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Fig. 127: Pulse shapes of a 405 nm BDS-SM laser. SPC-150N with HPM-100-07 detector. The recorded 
FWHMs are below 40 ps, corrected for the detector IRF of 19 ps the laser pulse width is about 35 ps. 

 

BDS-MM Series Lasers 

The BDS-MM lasers [76] are multi-mode versions of the BDS-SM lasers. Depending on the 
wavelength version, the CW equivalent power at 50 MHz repetition rate can be as high as 20 
to 50 mW. In most cases, the pulse shape remains free of tails and afterpulses up to more than 
10 mW. A few compromises had to be made, however: Due to limitations in power dissipa-
tion the MM lasers have no CW mode, and no 80 MHz range. The output beam is not single-
mode, and cannot be focused into a diffraction-limited spot. It is thus difficult to focus into 
optical fibres. Single-mode fibre coupling is not possible at all. If possible, the BDS-MM la-
sers should be used with free-beam optics or, if fibre coupling is unavoidable, with multi-
mode fibres with core diameters of 200 µm or larger. 

      

Fig. 128: Left: BDS-MM laser, with 200 µm fibre. Right: Pulse shape for a 640-nm version. Indicated power is 
for 50 MHz repetition rate, and measured in free beam. 

 

LSB-C  and LSB-C2 Laser Switch Boxes 

LSB-C  and LSB-C2 laser switch boxes provide control signals to one or two BDS or BDL 
lasers. The devices contain an intensity regulator, a switch to select the repetition rate, the 
mandatory key switch, and inputs for various external control signals. The LSB-C and LSB-
C2 switch boxes are shown in Fig. 129. 
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    Fig. 129: LSB-C and LSB-C2 laser switch boxes for one and two BDS or BDL lasers 

 

LHB-104 'Laser Hub' 

The LHB-104 ‘Laser Hub’ contains up to four BDS-SM lasers. The beams of the individual 
lasers are combined into a single free-beam output or into a single optical (single-mode) fibre.  
The box contains control electronics equivalent to the LSB-C and LSB-C2 Laser Switch 
boxes. In addition, it contains wavelength-multiplexing electronics, inputs for control signals, 
and outputs for the synchronisation and routing signals to SPC modules. The LHB-104 is part 
of the bh FLIM systems for the Zeiss LSM 980 microscopes [65], see page 40. The LHB-104 
'Laser Hub' is shown in Fig. 130, a handbook [67] is available at www.becker-hickl.com. 

 

Fig. 130: LHB-104 'Laser Hub' 

Laser Optics 
Laser Beam Combiner 

A laser beam combiner is available for up to four lasers of different wavelength. The beams 
from four single-mode fibres are combined into a single collimated output beam or a single-
mode fibre. The beam combiner is permanently aligned. 

 

Fig. 131: Beam combiner for four lasers 
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Acousto-Optical Modulator for Ti:Sa Laser 

An AOM (Acousto-Optical Modulator) for the Ti:Sa lasers of multiphoton laser scanning 
microscopes is available from bh, see Fig. 132, left. The AOM is part of the DCS-120 MP 
system but can also be used for other applications that require control or modulation of a fem-
tosecond laser. The control of the Ti:Sa laser and the control of the AOM are integrated in the 
same SPCM software panel, see Fig. 132, right. This way, the driver frequency of the AOM is 
automatically adjusted to the wavelength of the laser. Please see page 792 for details. 

                            

Fig. 132: Left: AOM for Ti:Sa lasers. Right: Control panel in the SPCM data acquisition software. 

 

Laser Control Electronics 
Laser Power Control via DCC-120 Module 

The DCC-100 card (see Fig. 147, page 75) is able to control the output power of one or two 
bh ps diode lasers. For systems with one laser and one detector both can be controlled by a 
single DCC-100 card. For details, please see page 192 and page 788 of this handbook. 

 

Laser Multiplexing by DDG-210 Module 

For on-off modulation and multiplexing of the BDL and the BDS series lasers the DDG-210 
digital delay generator is available. The DDG-210 provides on/off signals for up to four lasers 
and the corresponding routing signal for the TCSPC module. 

 
Fig. 133: DDG-210 digital delay generator 

On/off modulation is used to record fluorescence signals, time-of-flight distributions, and 
FLIM images for several excitation wavelengths simultaneously. It is also used for simultane-
ous fluorescence and phosphorescence decay detection and simultaneous FLIM / PLIM. 
Please see page 409 and page 791 of this handbook. 
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The frequency of the multiplexing sequence and the duty cycle of the individual lasers within 
the sequence are fully programmable. The sequence can also be triggered, such as to synchro-
nise laser on/off operation with the pixel clock of a scanner. 

 

Laser Control via GVD-120 Scan Controller 

bh ps diode lasers can also be controlled by the GVD-120 scan controller card. The GVD-120 
controls both axis of a galvanometer scanner, and two lasers. It provides for intensity control, 
beam blanking in the flyback phases of the scanner, laser multiplexing within one pixel, or 
between subsequent lines and subsequent frames. Pixel-synchronous on-off modulation for 
FLIM / PLIM is provided within the individual pixels. A photo of the GVD-120 is shown in 
Fig. 153, page 78. For a description of the GVD functions please see [63] and page 783 of this 
handbook. 

Detectors 
The bh TCSPC modules can be used with almost any photon counting detector. For reason-
able operation it is only required that the detector delivers a reasonably fast and stable single-
electron response. This section gives a brief description of the detectors typically used with 
the bh photon counters. For a detailed description and discussion of the parameters of various 
detectors please see section 'Detectors for TCSPC'. 

PMT modules 

In earlier TCSPC applications often the bh PMH-100 detector head was used, see Fig. 134, 
left. This device contained a fast, small PMT, the high voltage generator and a preamplifier in 
a 32 x 38 x 92mm housing. The PMH-100 was powered directly from an SPC module or a 
DCC-100 card. By now, the PMH-100 has almost entirely been replaced with more advanced 
detectors. 

The PMC-100, shown in Fig. 134, middle, is a cooled version of the PMH-100. The PMC-100 
is fully controlled via the bh DCC-100 detector controller, see Fig. 147. The DCC-100 pro-
vides for power supply, gain control, and overload shutdown. The PMC detector comes in 
different cathode versions. The PMC-100-0 has a bialkali cathode with good efficiency in the 
wavelength range from 330 to 600 nm. The PMC-100-1 has a bialkali cathode. This cathode 
can be used from about 330 to 800 nm. UV-sensitive versions are available as well. The 
PMC-100-20 has a ‘high efficiency extended-red’ multialkali cathode. This cathode works up 
to almost 900 nm and red and near-infrared range yields a noticeably higher sensitivity than 
the conventional multialkali cathode. 

Since 2016, there is an improved version of the PMC-100 detectors. The new PMC-150 de-
tectors are functionally identical with the PMC-100 but contain PMTs with higher cathode 
efficiency and better time resolution. Please see page 158 of this book. 

The PMZ-100 (Fig. 134, right) was originally designed as a FLIM detector for the NDD ports 
Zeiss LSM 710 NLO microscopes. It has its active area very close to the front face, and  an 
adapter to the LSM 710 NDD ports. In the meantime, it has almost entirely been replaced 
with HPM-100 hybrid detectors. Currently, the PMZ-100 modules are used as FLIM detectors 
for the Sutter MOM microscopes where the HPM-100 detectors are to large and heavy. Also 
the PMZ-100 has been upgraded by new PMTs, and thus got improved sensitivity and time 
resolution. 
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The PMCS-150, shown in Fig. 135, has been designed for TCSPC systems with a large num-
ber of parallel channels. In these applications it is important that the detector is physically 
small and does not require external control signals. The PMCS therefore has pre-set cooling, 
pre-set gain and internal overload shutdown. It runs off a simple +12 V power supply. Size is 
40 x 40 x 120 mm. 

All these detectors have an exceptionally stable timing response function at high count rates, 
see [140]. Please see chapter ‘Detectors for TCSPC’ of this handbook. 

                         

Fig. 134: Left to right: HPM-100, PMC-150 and PMZ-100 PMT modules 

 

Fig. 135: PMCS-150 detector.  

Microchannel Plate PMTs 

For several decades, fastest available single-photon detectors were MCP PMTs of the 
Hamamatsu R3809U family. An detector-shutter assembly with an R3809U is shown in Fig. 
136. The R3809U needs a high-voltage power supply that delivers an operating voltage of -
3000 V. A power supply module is available from bh, see Fig. 136, right. The module is con-
trolled via the bh DCC-100 detector controller. 

                       

Fig. 136: R3809U MCP PMT (left) and bh HVM-100 power supply module (right) 

The R3809U is commonly believed to deliver about 25 to 30 ps (FWHM) instrument response  
width in TCSPC applications. Recent experiments with the bh SPC-150NX modules have 
shown that the detectors are even faster: IRF measurements with a 100 fs fibre lasers showed 
than an IRF width of <20 ps can be achieved [114]. Please see page 152 of this book. 
 

HPM-100 Hybrid Detector Modules 

Hybrid detectors are currently the most promising light sensors for TCSPC. The detectors are 
extremely sensitive, have a clean TCSPC response function, and are free of afterpulsing back-
ground [77, 145]. Recently, it turned out that some hybrid detectors (with bi-alkali and mul-
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tialkali cathodes) yield sub-20 ps FWHM instrument response width [114]. Please see section 
‘Description of Selected Detectors’ of this handbook. Bare hybrid detector tubes are difficult 
to use because the output pulse amplitude is low, and a cathode voltage of -8000 V is needed. 
The detectors can only be reasonably used if the tube, the preamplifier, and the high voltage 
generators are integrated in a perfectly shielded housing. bh deliver several versions of hybrid 
detector modules: The HPM-100-40 with a GaAsP cathode, the HPM-100-50 with a GaAs 
cathode, and the HPM-100-06 and HPM-100-07 with bi-alkali and multialkali cathodes. The 
HPM-100 modules are available with different diameter of the active area, with C-Mount 
adapters, with fibre adapters, and with adapters to the Zeiss LSM 710/780/880 family laser 
scanning microscopes. Cooled versions are available as well, see Fig. 137. All HPM-100 de-
tectors are controlled by the DCC-100 detector controller. Please see page 161 for details. 

                                                     

Fig. 137: bh PMH-100 hybrid detector modules 

 

Multi-Channel PMTs and Multi-Wavelength Detectors 

For multichannel measurements, e.g. spectrally resolved lifetime measurements, the bh 
PML-16-C detector head is available [57]. The PML-16-C is shown in Fig. 138, left. It con-
tains a 16-channel multi-anode PMT and the routing electronics that connects all PMT chan-
nels to a single TCSPC channel. The PML-16-C has an internal high-voltage generator, i.e. no 
external high-voltage power supply is required. The PML-16-C is fully controlled via the 
DCC-100 detector controller, which provides for power supply, gain control, and overload 
shutdown. The PML-16-C detector is the basis of the PML-SPEC multi-wavelength detection 
modules and the MW-FLIM multi-spectral FLIM detection assembly. 

The PML-Spec consists of a bh PML-16-C sixteen-channel PMT module [57] and a poly-
chromator. With a bh TCSPC module 16 wavelength channels are recorded simultaneously. 
Typical applications of the PML-Spec are single-point autofluorescence measurements of 
biological tissue and multi-spectral time-resolved laser scanning microscopy. The MW-FLIM 
system, shown in Fig. 138, right, is a spectral detection module optimised for direct (non-
descanned) detection in multi-photon laser scanning microscopes. The multi-spectral detec-
tion modules can be used in all bh FLIM systems, including the DCS-120 confocal scanning 
FLIM system, and the FLIM systems for the Zeiss, Leica, Olympus and Nikon microscopes. 

                    

Fig. 138: Left: PML-16-C multi-channel PMT module. Right: MW-FLIM 16-channel spectral detection unit for 
laser scanning systems 
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Since 2014 a PML version with a GaAsP cathode (PML-16 GaAsP) is available. The PML-16 
GaAsP and the MW-FLIM GaAsP multi-wavelength FLIM detectors based on it have about 
five times the efficiency of the PML and MW FLIM versions with bi-alkali and multi-alkali 
cathodes. The IRF width is between 200 and 250 ps. An instrument response function and a 
fluorescence signal recorded by the MW FLIM GaAsP are shown in Fig. 139. 

     

Fig. 139: Instrument response function (FWHM 212 ps, left) and fluorescence signal recorded with MW-FLIM 
GaAsP detector (right) 

The PML-16-C, the PML-SPEC, and the MW-FLIM system are described in a separate hand-
book [57]. 

Single-Photon Avalanche Photodiodes (SPADs) 

For measurements that require both high sensitivity and high time-resolution single-photon 
Avalanche diodes (SPADs) can be used. A SPAD from id Quantique is shown in Fig. 140, a 
SPAD from Micro Photon Devices in  Fig. 141.  The IRFs for a 20 µm version of id Quan-
tique and for a 100 µm version of MPD are shown on the right. The id-100 is connected to the 
SPC module via an electrical attenuator and an A-PPI pulse inverter, see Fig. 156, the PDM-
100 is coupled directly via its fast timing (Lemo connector) output. 

              

Fig. 140: id100 SPAD. Left: C-mount adapter. Middle: Fibre-coupled version. Right: IRF measured with a 20 ps 
diode laser at 785 nm. Corrected for the pulse width of 20 ps, the IRF width is 40 ps, FWHM. 

                                                 

Fig. 141: Left: SPAD module from Micro Photon Devices (from www.micro-photon-devices.com). Right: In-
strument response function of a PDM PD-100-CBT-FC measured with SPC-150NX TCSPC module and 100 fs 

fibre laser. The IRF width is 35.6 ps. 



Detectors    73 

 

The bh SPC modules also work with other SPADs, such as the SPCM-AQR modules of 
Perkin Elmer / Excelitas or the COUNT modules of Laser Components. These modules have 
large area and high NIR sensitivity but do not reach the time resolution of the idQ or MPD 
modules. 

 

Eight-Channel SPAD Module 

The bh SPAD-8 module contains 8 parallel SPAD channels. It contains an id150-1x8, a gen-
erator for the SPAD operating voltage, and the routing electronics for multi-dimensional 
TCSPC. The device is controlled via the bh DCC-100 detector controller and connects di-
rectly to the bh SPC modules. Please see page 179 for details. 

                

Fig. 142: Left: SPAD-8 eight-channel SPAD module. Right: Instrument response function.  

 

 

InGaAs SPADs 

InGaAs SPADs work in the spectral range from 900 nm to 1700 nm. For TCSPC operation, 
the devices must work in a continuous (none-gated) mode. This is the case for the 
id Quantique id 220 [90], and id 230 detectors [107]. The ID230 delivers an instrument re-
sponse width of 80 ps FWHM with the bh SPC-150 TCSPC module. So far, this is the fastest 
TCSPC response reported for any commercially available InGaAs SPAD. The detector we 
tested had less than 300 dark counts when operated with a dead time of 40 µs. Optical signals 
as weak as 800 photons per second count rate could be detected at high signal-to-background 
ratio [107]. For details please see [107] or pages 181 and 183 of this handbook. 

                     

Fig. 143: Left: id 230 InGaAs SPAD detector. Right: Instrument response function with SPC-150 
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Superconducting NbN Detectors 

Superconducting NbN single-photon detectors (SSPDs) compatible with the bh SPC modules 
are available from SCONTEL, Moscow. With an FWHM of 17.8 ps, the combination of an 
SCONTEL TCORPS-UF-10 with the SPC-150NX has delivered the fastest TCSPC response 
reported for any commercially available SSPD detector so far [108]. An even faster IRF has 
been obtained with a single-nanowire detector made by MIT in collaboration with JPL [109], 
please see 'TCSPC with a Single-Nanowire ', page 188. 

             

Fig. 144: Left: SCONTEL TCORPS-UF-10 detector. Right: Instrument response function with SPC-150NX 

 

 

Detector, Shutter and Beam Splitter Assemblies for TCSPC Microscopy 

Photon counting detectors, especially MCP-PMTs, can easily be damaged or destroyed by 
overload. Even when an MCP or PMT is switched off the cathode performance is impaired 
temporarily if the cathode is exposed to a high light intensity [660]. Especially in microscopy 
applications the microscope lamp - usually a mercury, xenon or halogen lamp - is a potential 
source of detector damage. A simple operator error can destroy one or several detectors. BH 
deliver detector/shutter/beamsplitter assemblies for one, two, and four detectors. The assem-
blies contain a field lens for efficient light transfer from the non-descanned beam path of two-
photon laser scanning microscopes. The assemblies can also be used with fibre adapters at the 
inputs. They can be used with a wide variety of detectors, including the R3809U, the H7422, 
the PMH-100, the PMC-100, and the PML-16C. Although primarily developed for laser scan-
ning microscopes, the detector assemblies can be used for any application in which extreme 
detector overload cannot be reliably excluded. Please see [123]. 

       

Fig. 145: Detector assemblies. Left to right: One R3809U MCP with shutter, two R3809U with shutter and 
beamsplitter, the PMH-100 with shutter and beamsplitter, four PMH-100 with three beamsplitters 

A beamsplitter assembly for the BIG port of the Zeiss LSM 710 family microscopes is shown 
in Fig. 146, left. It uses standard microscopy beamsplitter cubes (Zeiss type) that can be con-
figures with different dichroic mirrors and filters. The same assembly is available with a 
C-mount thread input, see Fig. 146, right. 
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Fig. 146: Left: Beamsplitter assembly for BIG port of Zeiss LSM 710 family microscopes. Right: Beamsplitter 
with C-Mount thread input. Both shown with HPM-100 hybrid detectors. 

Detector Electronics 
DCC-100 and DCC-100PCIE Detector/Laser Control Module 

The bh DCC-100 and DCC-100 pcie modules [58] are used to control detectors and lasers in 
conjunction with bh photon counters. The DCC-100 provides power supply, gain control, and 
overload shutdown for two detectors. For cooled PMT modules the DCC also delivers the 
current to the thermoelectric coolers. It can be used to operate a wide variety of detectors, 
including the bh PMC-100 and PMC-150, the bh PMCS-150, the bh PML-16-C and PML-16 
GaAsP, the Hamamatsu H7422, H5783, H6773 or the Hamamatsu R3809U. The DCC-100 
and DCC-100PCIE provide also high-current digital outputs for controlling shutters or elec-
tromagnetic actuators. Due to its versatility the DCC modules are part of almost any bh 
TCSPC system. The DCC-100 is a PCI module, the DCC-100PCIE a PCI Express module for 
IBM compatible computers, see Fig. 147. The modules work under Windows 7 and Windows 
10. 

      

Fig. 147: DCC-100 and DCC-100PCIE detector controllers. The DCC modules provide power supply, cooler 
current, gain control, shutter control and overload shutdown for two detectors. The control panel is shown on the 

right. 

DCU-400 Detector/Laser Controllers with USB Interface 

Different than the DCC-100 modules, the DCU-400 is connected to the system computer via a 
USB interface. The DCU-400 controls four and detectors or lasers. The control software is 
integrated in bh’s SPCM software. Please see Fig. 148. 

      

Fig. 148: DCU-400 Detector/Laser Controller with USB interface. Software panel shown right. 
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Preamplifiers 

For TCSPC experiments with some PMTs and MCP PMTs preamplifiers are required. For 
safe operation of MCPs and PMTs the HFAC-26 (26 dB, 1.6 GHz) and the HFAH amplifiers 
(26 dB, 1.6 GHz or 40 dB, 500 MHz). These amplifiers indicate overload conditions in the 
detector by a LED and by a TTL signal. In combination with the DCC-100 detector controller 
overload shutdown for the detector is provided. For multidetector measurements the HFAM-
26 with eight amplifier channels is available. Other amplifiers are the ACA-2 and ACA-4 
devices with gains from 10 dB to 40 dB and a bandwidth up to 2 GHz. 

                   

Fig. 149: HFAH series and HFAC series preamplifiers 

Routing Devices for Multi-Detector Operation 

The HRT-41 and HRT-81 routers are used to connect up to four (or eight) individual PMTs or 
MCPs to one bh SPC module. For SPAD modules with TTL and low-level TTL outputs the  
HRT-82 router is available. With the HRT devices, all detector channels work simultaneously 
and the detected photons are ‘routed’ into individual memory blocks. Please see individual 
manual [56] or data sheets. In 2013 the HRT-41 got an upgrade. The internal discriminator 
threshold was made adjustable to better adapt the router to detectors with different single pho-
ton response, see Fig. 150, right. Connection diagrams are given in chapter ‘System Connec-
tion’, page 211 and ‘Cable Diagrams of FLIM Systems’, page 226. 

                            

Fig. 150: HRT-81 (left) and HRT-41 (middle and right) routers. The routers connect several detectors to a single 
TCSPC module 

Photon-Number-Sensitive Routing 

Hybrid detectors, such as the bh HPM-100 modules, deliver output pulses the amplitude of 
which depends on the number of simultaneously detected photons. This feature can by used to 
identify detection events as single-, double-, or triple-photon events and route then into differ-
ent memory blocks of the SPC device. The principle is described in [117]. Please see also 
page 638 of this handbook. 

 

Reference Photodiodes 

To generate the synchronisation signal for SPC modules from a laser pulse sequence fast pho-
todiode modules are available. The bh PHD-400 and the bh PDM-400 use fast PIN photodi-
odes. The modules use single +12 V power supply which is provided by the SPC card, the 
DCC-100 detector controller, or by a wall-mounted AC-DC adapter. 
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Fig. 151: PHD-400 photodiode module 

A new development became necessary for Ti:Sa lasers with wide tuning range. Over the tun-
ing range, the output power of the laser changes by at least one order of magnitude. Simulta-
neously, the efficiency of the photodiode changes by almost the same ratio, i.e. the signal 
from a simple photodiode would change over a range of 1:100. That means the optical power 
needed to generate a reasonable synchronisation signal by a simple photodiode had to be ad-
justed depending on the wavelength. This inconveniency is avoided by the APS-100 Sync 
module. The APS-100 delivers an almost constant output signal over an intensity range of 
about 1:100. Gain regulation in the APS-100 is achieved by keeping the average photodiode 
current constant. That means, a constant pulse frequency in the range of 70 MHz to 90 MHz 
is required for the module to work properly. The APS-100 contains a beamsplitter that directs 
a few percent of the laser power into the photodiode, and lets the rest pass to the experiment. 
The device is shown in Fig. 152, left. The laser beam enters from the back and leaves the 
beamsplitter to the front. The output signal for an 80 MHz laser pulse sequence is shown in 
Fig. 152, right. 

             

Fig. 152: APS-100 Synchronisation module. Right: Output pulses for an 80 MHz laser pulse sequence. 
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Experiment Control 

GVD-120 Scan Controller 

The GVD-120 card generates the x and y deflection signals for galvanometer scanners and 
piezo scan stages. The card is shown in Fig. 153. The x-y signals are generated by the hard-
ware of the GVD module, the software is only used to load different waveforms or scan pa-
rameters in the scan controller. The waveforms are therefore independent of the computer 
speed and of software reaction times. The DCS-120 uses a cycloid trajectory for the fly-back 
of the scanner (see Fig. 153, right). This minimises mechanical resonances and thus allows 
the scanner to be operated at high scan rates. The GVD-120 also generates the scan synchro-
nisation pulses for bh TCSPC modules, and the beam blanking, multiplexing, and intensity 
control signals for two bh BDL-SMC, BDL-SMN, or BDS-SM ps diode lasers. The control of 
the GVD card is fully integrated in the SPCM software of the bh TCSPC systems. The GVD-
120 is available in a PCI version and in a PCI-express version. 

           

Fig. 153: GVD-120 scan controller card (left) and scan waveforms (right) 

DDG-210 pulse generator card 

The DDG-210 pulse generator card is used to multiplex lasers in complex TCSPC system, and 
to on-off modulate lasers for combined FLIM / PLIM in bh FLIM systems, see page 68. The 
card can be operated via a control panel integrated in the bh SPCM software or by its own 
control software. In the second case, it can be used not only for laser modulation and multi-
plexing but also for a wide variety of other experiment control tasks. A photo of the DDG-210 
card is shown in Fig. 154. 

 

Fig. 154: DDG-210 card for laser multiplexing and FLIM / PLIM laser control. 

DB-32 Delay Switch Box 

The DB-32 Delay Switch Box allows the user to electronically adjust the temporal relation-
ship of the detector signals and the laser reference pulses, see page 269. 32 delay steps are 
available, the step width is 500 ps. The box is also able to select signals from two different 
sources. The advantage of using the DB-32 is that delay and the Sync source for different 
system configurations are kept in the setup files of the SPCM data acquisition software. Thus, 
the correct delay for a particular instrument configuration is set automatically when a setup is 
recalled from the ‘Predefined Setup’ panel. 
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Fig. 155: USB-controlled delay switch box. Right: Fluorescence decay functions recorded with different SYNC 
delay. 

Connecting Electronics 
To connect signals from different detectors to the bh SPC modules a wide variety of cables 
and adapters are available. This includes attenuators and inverting transformers for TTL sig-
nals (e.g. from single-photon avalanche photodiode modules), power splitters, attenuators, 
cables, and various adapters, see Fig. 156. All bh SPC modules are delivered with a reason-
able set of cables and adapters. 

 
Fig. 156: Left to right: A-PPI-D pulse inverter, 1:2 and 1:4 power splitters, attenuator, cable with SMA connec-

tors, SMA-to-SMA adapters, SMA-to-BNC adapter 

To simplify the signal connections in complex TCSPC systems, such as multi-module sys-
tems, multi-detector system, or FLIM systems a number of connection boxes are available, 
see Fig. 157.  

      

Fig. 157: BOB-101 and BOB-104 ‘breakout boxes’ for signal distribution in complex TCSPC systems 

Connection diagrams for typical TCSPC systems are given in chapter ‘System Connection’, 
page 211 and ‘Cable Diagrams of FLIM Systems’, page 226. 
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SPCM 64-bit Instrument Software 
All bh TCSPC devices use the same SPCM data acquisition software. The software operates 
up to four parallel SPC modules. Data and setup parameters can be freely exchanged between 
different TCSPC devices. Upgrading an experiment with a more advanced TCSPC module, or 
adding more TCSPC modules to the same experiment therefore does not require new instru-
ment software or entirely different setup parameters. Moreover, the data recorded before and  
after upgrading an instrument remain compatible. 

The user interface of the SPCM software is configurable. Thus, the software can be adapted to 
totally different experiments, or different operation modes within the same experiment. The 
user can change between different instrument configurations by a single mouse click. Exam-
ples are shown in Fig. 158. 

   

   

   

Fig. 158: Configurations of the SPCM instrument software: Fluorescence decay measurement, FCS measure-
ment, fluorescence decay time series, dual-channel FLIM, multi-wavelength FLIM, simultaneous FLIM / PLIM. 

Since 2014 the SPCM software is available in a 64-bit version for Windows 7 and Windows 
10. In the 64-bit environment, a much larger amount of memory can be addressed. As a result, 



SPCImage NG FLIM Data Analysis    81 

 

‘Megapixel’ FLIM images can be recorded, and new functions like spatial and temporal Mo-
saic FLIM [95, 1093] or simultaneous FLIM / PLIM [96, 97] are available. Recent SPCM 
versions are also able to calculate colour-coded lifetime images online during the measure-
ment [100], record FLIM with bi-directional scanning [99], and control external devices like 
motor stages, Ti:Sa lasers, and an AOM. Version 9.78 has functions to combine the channel 
data for the FASTAC fast-acquisition FLIM system, version 9.82 uses extended multi-
threading for fast readout of data from multi-module systems. Please see Chapter ‘SPCM 
Software’, page 641 for a detailed description. 

 

SPCImage NG FLIM Data Analysis 
SPCImage NG is a new generation of bh's TCSPC-FLIM data analysis software. It combines 
time-domain and frequency-domain analysis, uses a maximum-likelihood (MLE) algorithm to 
calculate the parameters of the decay functions in the individual pixels, and accelerates the 
analysis procedure by GPU processing. 1D and 2D parameter histograms are available to dis-
play the distribution of the decay parameters over the pixels of the image or over selectable 
ROIs. Image segmentation can be performed via the phasor plot. Pixels with similar phasor 
signature can be combined for high-accuracy time-domain analysis. SPCImage NG provides 
decay models with one, two, or three exponential components, incomplete-decay models, and 
shifted-component models. Another important feature is advanced IRF modelling, making it 
unnecessary to record IRFs for the individual FLIM data sets. For detailed description please 
see chapter ‘SPCImage NG Data Analysis Software’ or SPCImage NG Overview Brochure 
[70]. A typical main panel of SPCImage NG is shown in Fig. 159. 

 

Fig. 159: Example of SPCImage NG main panel. Combination of time-domain analysis (left and lower right) 
and phasor plot (upper right) 

Deconvolution and Fit Procedure 

SPCImage NG runs an iterative fit and de-convolution procedure on the decay data of the 
individual pixels of the FLIM images. In the simplest case, the result is the lifetime of the 
decay functions in the individual pixels. For complex decay functions the fit procedure deliv-
ers the lifetimes and amplitudes of the decay components. SPCImage then creates colour-
coded images of the amplitude- or intensity-weighted lifetimes in the pixels, images of the 
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lifetimes or amplitudes of the decay components, images of lifetime or amplitude ratios, and 
images of other combinations of decay parameters, such as FRET intensities, FRET distances, 
bound-unbound ratios, or the fluorescence-lifetime redox ratio, FLIRR. A few examples are 
shown in Fig. 160 and Fig. 161. For details please see chapter ‘SPCImage NG Data Analysis 
Software’ of this handbook. Please see also [70, 63, 64]. 

         

Fig. 160: Cell with interacting proteins, labelled with a FRET donor and a FRET acceptor. Left to right: Classic 
FRET efficiency, fraction of interacting donor, FRET distance 

          

Fig. 161: Metabolic FLIM. Bound-unbound ratio of NADH, Bound/unbound ratio of FAD, Fluorescence-
Lifetime Redox Ratio, FLIRR. 

Maximum-Likelihood Algorithm 

Unlike previous SPCImage versions, SPCImage NG uses a maximum-likelihood algorithm 
(or maximum-likelihood estimation, MLE) for fitting the data. In contrast to the usual least-
square fit, the MLE algorithm takes into account the Poissonian distribution of the photon 
numbers. Compared to the least-square method, the fit accuracy is improved especially for 
low photon numbers, and there is no bias toward shorter lifetime as it is often observed for the 
least-square fit. For comparison with older data sets the weighted least-square fit and the first-
moment algorithms of the previous SPCImage versions are still available in SPCImage NG. 

Instrument-Response Function 

SPCImage NG avoids troublesome recording of an instrument response function (IRF) for 
each FLIM measurement. This is achieved by modelling the IRF with a generic function. The 
parameters of this function are determined by fitting it to the FLIM data together with the 
selected decay model. The results of this procedure are so good that an accurate IRF is ob-
tained even for decay functions containing ultra-fast components, see Fig. 162. For details 
please see chapter ‘SPCImage NG Data Analysis Software’ in this handbook. 
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Fig. 162: Synthetic IRF. Left: Autofluorescence of cells, ps diode laser, HPM-100-40. Right: Sample with ex-
tremely fast decay component, femtosecond fibre laser, HPM-100-06 

Phasor Plot 

SPCImage NG combines time-domain multi-exponential decay analysis with a phasor plot. In 
the phasor plot, the decay data in the individual pixels are expressed as phase and amplitude 
values in a polar diagram [341]. Independently of their location in the image, pixels with 
similar decay signature form clusters in the phasor plot. Different phasor clusters can be se-
lected, and the corresponding pixels back-annotated in the time-domain FLIM images. The 
decay functions of the pixels within the selected phasor range can be combined into a single 
decay curve of high photon number. This curve can be analysed at high accuracy, revealing 
decay components that are not visible by normal pixel-by pixel analysis [116]. An example is 
shown in Fig. 163. 

    

Fig. 163: Combination of time-domain analysis with phasor plot. Left to right: Lifetime image, phasor plot, 
decay curve of combined pixels within selected phasor range 

 

GPU Processing 

SPCImage NG uses GPU (Graphics Processor Unit) processing. GPU processing is running 
on NVIDIA cards and a number of other NVIDIA-compatible devices. The TCSPC data are 
transferred into the GPU, which then runs the de-convolution and fit procedure for a large 
number of pixels in parallel. This way data processing times for large images are reduced 
from several minutes to a few seconds. 

 

Single-Curve Analysis 

SPCImage can also be used to analyse single decay curves, The data can come from tradi-
tional cuvette experiments, or from the combined pixels of a FLIM recording. An example is 
shown in Fig. 164. 
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Fig. 164: SPCImage used for fluorescence decay analysis of single curves. NADH dissolved in water, recorded 
with bh DCS-120 MP FLIM system.  

 

Burst Analyzer Single-Molecule Data Analysis 
The bh ‘Burst Analyser’ software is used for data analysis of single-molecule fluorescence. It 
uses parameter-tag data files recorded in the FIFO mode of the SPC-630, SPC-130EM, 
SPC-150, SPC-150N, SPC-160, or SPC-180N TCSPC modules. Photon bursts from single 
molecules travelling through a femtoliter detection volume are identified in the parameter-tag 
data. Within the bursts, intensities, intensity variations, fluorescence lifetimes, and ratios of 
these parameters between several detection channels of a routing system, different channels of 
a multi-module TCSPC system, or different time windows of a PIE recording are determined, 
and histograms of the parameters are calculated. The results are used to obtain histograms and 
time traces of FRET efficiencies, and to calculate FCS and FCCS data. The Burst Analyser is 
described in a separate handbook, see [71]. 

 

Fig. 165: bh Burst Analyzer software for single-molecule data analysis 
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Classic Time-Correlated Single Photon Counting 

Single-Photon Detection 
Photon counting techniques consider the detector signal a random sequence of pulses corre-
sponding the detection of the individual photons. Fig. 166, left, shows the output pulses of a 
Hamamatsu R5900 PMT for a photon detection rate of 107 photons per second. The figure left 
shows the pulses at a time scale of 1 ns per division. The same signal of the same PMT at a 
time scale of 100 ns per division is shown right.  

           

Fig. 166: Single-photon pulses delivered by a R5900 PMT (left, 1 ns / div) and output signal of the PMT at a 
photon detection rate of 107 s-1 (right, 100 ns / div). Operating voltage -900 V, signal line terminated with 50 . 

The individual single-photon pulses have a duration of less than 2 ns. Therefore, the detector 
signal is a random sequence of single-photon pulses rather than a continuous waveform (Fig. 
166, right). The light intensity is represented by the density of the pulses, not by their ampli-
tude. Obviously, the intensity of the light signal is obtained best by counting the pulses in 
subsequent time channels. 

Photon counting has a number of advantages over analog recording techniques. Fig. 166, left, 
shows that the single photon pulses have a considerable amplitude jitter. The amplitude jitter 
- or ‘gain noise’ - is a result of the random amplification process in the PMT. It is present in 
all high-gain detectors. When the signal is recorded by an analog technique the gain noise 
contributes to the noise of the measurement. Photon counting results are free of gain noise. 
Also electronic noise does not contribute to the result as long as its amplitude is smaller than 
that of the photon pulses. Photon counting techniques therefore obtain a shot-noise-limited 
signal-to noise ratio down to the background count rate of the detector. 

Another unique feature of photon counting results from the fact that the arrival time of a pho-
ton pulse can be determined with high precision. The bandwidth of a photon counting ex-
periment is limited only by the transit time spread of the pulses in the detector, not by the 
width of the pulses. The transit-time distribution is usually an order of magnitude narrower 
than the width of the single-photon pulses. For the same detector, photon counting therefore 
obtains a significantly higher time-resolution than any analog recording technique. This fea-
ture is more or less inherent to all photon counting techniques, but is found in its extreme 
form in time-correlated single photon counting, or TCSPC. 
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Principle of Time-Correlated Single Photon Counting 
Time-correlated single photon counting, or TCSPC, is based on the detection of single pho-
tons of a periodic light signal, the measurement of the detection times, and the reconstruction 
of the waveform from the individual time measurements [140, 846]. 

Technically, TCSPC was derived from the ‘Delayed Coincidence’ method used in nuclear 
physics to determine the lifetime of unstable nuclei. The earliest publication on the use of the 
method to detect the shape of light pulses dates back to 1961 [203], the first applications to 
spectroscopy of excited molecules were published in the 1970s [293, 692, 701, 995, 1250].  

TCSPC makes use of the fact that for low-level, high-repetition rate signals the light intensity 
is low enough that the probability to detect more than one photon in one signal period is neg-
ligible. The situation is illustrated in Fig. 167. 

100ns

Excitation pulse sequence, repetition rate 80 MHz

Fluorescence signal (expected)

Detector signal, oscillocope trace

a

b

c

 

Fig. 167: Detector signal for fluorescence detection at a pulse repetition rate of 80 MHz 

Fluorescence of a sample is excited by a laser of 80 MHz pulse repetition rate (a). The ex-
pected fluorescence waveform is (b). However, the detector signal, (as measured by an oscil-
loscope) has no similarity with the expected fluorescence waveform. Instead, it is a sequence 
of extremely narrow pulses randomly spread over the time axis (c). A signal like this often 
looks confusing to users not familiar with photon counting. However, there is a simple expla-
nation to the odd signal shape: The pulses represent single photons of the light signal arriving 
at the detector. The shape of the pulses has nothing to do with the waveform of the light sig-
nal. It is the response of the detector to the detection of a single photon. Please note that the 
photon detection rate of (c) was about 107 s-1. This is on the order of the maximum permissi-
ble detection rate of most photon counting detectors. Even at a detection rate this high, the 
detector signal is far from being a continuous waveform. 

There are two conclusions from the signal shape in Fig. 167 (c). First, the waveform of the 
optical signal is not the detector signal. Instead, it is the distribution of the detector pulses 
over the time in the excitation pulse period. Second, the detection of a photon within a par-
ticular excitation pulse period is a relatively unlikely event. The detection of two or more 
photons is even more unlikely. Therefore, only the first photon within a particular pulse pe-
riod has to be considered. The build-up of the photon distribution over the pulse period then 
becomes a relatively  straightforward process. The principle is shown in Fig. 168. 
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Fig. 168: Principle of TCSPC. The recording process builds up the distribution of the photons over their times 
after the excitation pulse 

When a photon is detected, the arrival time of the corresponding detector pulse in the signal 
period is measured. The events are collected in a memory by adding a ‘1’ in a memory loca-
tion with an address proportional to the detection time. After many signal periods a large 
number of photons has been detected, and  the distribution of the photons over the time in the 
signal period builds up. The result represents the ‘waveform’ of the optical pulse. (Please note 
that there is actually no such waveform, only a distribution of the photon probability, see Fig. 
167). Although this principle looks complicated at first glance, it has a number of fascinating 
features. 

 

Extremely High Time Resolution 

The time resolution of an analog signal recording technique is limited by the bandwidth of the 
detector. The width of the instrument response function cannot be shorter than the single-
photon response (see Fig. 166, left). For TCSPC the time resolution is much better. The ex-
planation is given in Fig. 169. The times of the photons are derived from the arrival times of 
the detector pulses. These times can be measured at an accuracy much better than the width of 
the pulses. Thus, the ‘instrument response function’, or IRF, of a TCSPC system is essentially 
given by the transit time dispersion (or transit time spread, TTS) of the photon pulses in the 
detector. The TTS can be more than 10 times narrower than the single-photon response of the 
detector. The IRF is therefore much narrower than the single-photon response, see Fig. 169, 
right. 
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Fig. 169: Response of detector to infinitely short light pulses and instrument response of TCSPC system. 

A practical example is shown in Fig. 170. The single-photon response of an HPM-100-06 
hybrid detector is shown left. It has a width of about 1 ns. The TCSPC IRF is shown right. 
The width is 18.9 ps, i.e. more than 50 times shorter than the SER! 

            

Fig. 170: Single electron response (SER, left) and TCSPC Instrument response function (IRF, right) for a bh 
HPM-100-06 hybrid detector. The TCSPC IRF is more than 50 times faster than the SER. Note the different 

time scale. 

The TCSPC instrument response function (IRF) for a number of typical detectors is given in 
chapter ‘Detectors for TCSPC’. All are substantially shorter than the single-photon pulses of 
the detectors. 

Timing Stability 

A carefully designed TCSPC device can achieve a timing stability in the sub-ps range. This 
can be extremely important in distance-measurement and diffuse-optical imaging applica-
tions, where changes in the mean time-of-flight of the photons on the order of a few ps are 
recorded over tens of minutes. The bh TCSPC devices address the needs of these applications 
by an extraordinarily low timing drift and timing wobble. Examples are given in Fig. 3, and 
Fig. 4, page 2. 

High Photon Efficiency - High Lifetime Accuracy 

An important feature of TCSPC is that there is no loss of photons in the recording process. 
Provided the timing electronics is fast enough, every photon seen by the detector arrives in 
the photon distribution. TCSPC therefore reaches a near-ideal photon efficiency [620]. 

The high photon efficiency of TCSPC translates directly into accuracy for fluorescence life-
time recording. Under ideal conditions a single-exponential fluorescence lifetime can be de-
termined with a signal-to-noise ratio, SNR, of 

NSNR   

from a number, N, of detected photons. This is the same SNR as it is obtained for an intensity 
measurement based on the same number of photons [447, 620]. In a TCSPC device operated 
at reasonable count rate all detected photons contribute to the result. There is no counting loss 
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due to ‘gating’ as in ‘Boxcar’ devices or gated image intensified CCDs, and no variable 
weight as in sine-wave modulation techniques [140, 244, 885]. In combination with the fact 
that TCSPC delivers the shortest possible IRF for a given detector it yields the best lifetime 
accuracy (or ‘Photon Efficiency’) for a given number of detected photons [43, 620]. 

 

Recording of Complex Decay Profiles 

TCSPC records the entire waveform of an optical signal into a large number of time channels. 
This is important especially in bio-medical applications. Fluorescence decay profiles in these 
applications are usually complex. The information is not simply in an average ‘fluorescence 
lifetime’ but in the parameters of the multi-exponential decay function, i.e. amplitudes and 
decay times of the decay components. TCSPC data are able to deliver these parameters, and 
the high time resolution and the high photon efficiency make it possible to determine them 
from a limited number of photons available from a sample. 

 

No waveform distortion by dynamic changes in the optical signal 

There is also a third advantage that has been noticed only recently. If there is variation in the 
optical signal waveform over the time the data are acquired TCSPC records an average wave-
form. This can be important in biomedical applications where the optical waveforms may vary 
due to metabolic processes. A technique based on temporal scanning, i.e. by shifting a time-
gate over the signal, would record a distorted waveform in these cases. 

 

The ‘Pile-Up’ Effect’ 

As a serious drawback of TCSPC it is often stated that the technique can record only one pho-
ton per signal period. If the light intensity is high a possible second or third photon in the 
same excitation pulse period with the first one is lost. The result is a distortion of the recorded 
signal waveform. It is often stated that, to avoid pile-up distortion, the photon detection rate 
must be no higher than 0.1% of the excitation pulse rate. This is wrong. The limit of 0.1% 
probably originated from a typo in the early TCSPC literature. 

A derivation of the systematic error in the detected fluorescence lifetime has been given in 
[140]. The lifetime error induced by pile-up is surprisingly small: Even for an average detec-
tion rate of 20% of the excitation rate the lifetime error is no larger than 5%. (Please see ‘Pile-
Up’, page 283) For excitation with a Ti:Sa laser (80 MHz) it would correspond to a detection 
rate of 16 MHz. This is much more than the detection rates in typical TCSPC experiments. 
With state-of-the-art laser sources and TCSPC electronics the count rate - and thus the avail-
able acquisition speed - is rather limited by the photostability of the samples. This is espe-
cially the case in fluorescence lifetime microscopy where the fluorescence comes from a pico- 
or femtoliter sample volume. 

 

Count Rate and Acquisition Time 

The TCSPC technique is often believed to suffer from slow count rate, slow recording speed 
and long acquisition times. This reputation comes from early fluorescence lifetime spectrome-
ters which indeed needed acquisition times of several minutes or even hours to record a single 
fluorescence decay curve. The reason was the low repetition rate of the light sources used and 
the long ‘dead time’ of the electronics of the 1980s. At a repetition rate of a few 10 kHz (typi-
cal of the nanosecond flash lamps used) pile-up indeed limited the count rates to no more than 
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1000 photons per second. The acquisition times were correspondingly long. Another limita-
tion was the slow signal processing speed of the electronics. The ‘dead time’ after the detec-
tion of a photon was on the order of 20 µs, which precluded the recording of more than a few 
104 photons per second. 

These limitations do not longer exist in modern TCSPC setups. Modern light sources can be 
operated at repetition rates of 50 to 80 MHz. Moreover, the bh TCSPC devices employ a new 
AD conversion principle that results in processing times about 100 times shorter than in the 
traditional TCSPC setups (see ‘Analog-to-Digital Conversion’, page 134). TCSPC devices 
from Becker & Hickl have dead times of 80 to 125 ns and are able to record photons at a rate 
of about 5106 photons per seconds. Fig. 171 shows a fluorescence decay curve of plant tissue 
recorded  within an acquisition time of 100 ms. About 400.000 photons were recorded within 
this time. Reasonable fluorescence lifetimes can be derived from 1000 photons, which can be 
obtained within less than 1 ms. Advanced TCSPC devices can therefore be used for high 
speed applications such recording of chlorophyll transients, dynamic brain imaging by diffuse 
optical tomography, spectroscopy of single molecules, or fluorescence lifetime imaging by 
fast scanning techniques. 

 

Fig. 171: Fluorescence decay curve of plant tissue, count rate 4106 s-1, acquisition time 100 ms. SPC-140 
TCSPC module. 

 

The Classic TCSPC Architecture 
The architecture of a classic TCSPC device [293, 846, 1250] is shown in Fig. 172. 
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Fig. 172: Architecture of a classic TCSPC device 

The detector delivers pulses for the individual photons of the repetitive light signal. The 
pulses are detected by a fast discriminator. Due to the random amplification mechanism in the 
detector, the single-photon pulses can have a considerable amplitude jitter. If a simple lead-
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ing-edge discriminator was used, it would trigger when the leading edge of the input pulse 
reached a defined threshold. Even if the discriminator were infinitely fast, the amplitude jitter 
would induce a timing jitter on the order of the pulse rise time. Therefore a ‘Constant Fraction 
Discriminator’, CFD, is used to trigger on the PMT pulses. The CFD triggers at a constant 
fraction of the pulse amplitude, thus avoiding pulse-height induced timing jitter. Practical 
implementations of CFDs trigger at the baseline transition of a re-shaped pulse, which is 
equivalent to constant fraction triggering. The details of constant-fraction triggering are de-
scribed in chapter ‘Detailed Description of Building Blocks’ page 130. 

A second CFD is used to obtain a timing reference pulse from the light source. The reference 
signal is usually generated by a photodiode or by a PMT operated at medium gain. Thus also 
the reference pulses may have some amplitude fluctuation or amplitude drift. The use of a 
CFD in the reference channel prevents these fluctuations from causing timing jitter or timing 
drift. 

The output pulses of the CFDs are used as start and stop pulses of a time-to-amplitude con-
verter, TAC. The TAC generates an output signal proportional to the time between the start 
and the stop pulse. Conventional TACs use a switched current source charging a capacitor. 
The start pulse switches the current on, the stop pulse off. If the current in the start-stop inter-
val is constant, the final voltage at the capacitor represents the time between start and stop. 
This principle works with remarkable accuracy, and time differences of a few ps can be 
clearly resolved. 

The TAC output voltage is sent through a ‘Biased Amplifier’, AMP. The amplifier has a vari-
able gain and a variable offset. It is used to select a smaller time window within the full-scale 
conversion range of the TAC. 

The amplified TAC signal is fed to the Analog-to Digital Converter, ADC. The output of the 
ADC is the digital equivalent of the photon detection time. The ADC must work with an ex-
tremely high precision. Not only must it resolve the amplified TAC signal into thousands of 
time channels, but the time channels must also have the same width. Any non-uniformity of 
the channel width results in a systematic variation of the numbers of photons in the channels, 
creating noise or curve distortion. 

The ADC output is used as an address word for the measurement data memory. When a pho-
ton is detected, the ADC output word addresses a memory location corresponding to the time 
of the photon. By incrementing the data contents of the addressed location the photon distri-
bution over time is built up. 

Reversed Start-Stop 

The principle described above measures the time from the reference pulse, which is usually a 
pulse from an excitation light source, to the detection of a photon. Of course, there are many 
pulse periods in which no photons are detected. In these periods the TAC is started but not 
stopped. Consequently, there must be a circuit in the TAC that detects the out-of-range condi-
tion, and resets the TAC for the next signal period. The frequent start-only events and subse-
quent resets are no problem at low pulse repetition rates. 

However, for light sources of 50 to 100 MHz repetition rate, like titanium-sapphire lasers or 
pulsed diode lasers, the principle described above is not applicable. The TAC must be reset 
each 10 or 20 ns, while measuring some rare detection events between the reset pulses. There-
fore, high-repetition rate systems work in the ‘reversed start-stop’ configuration [605, 1223], 
see Fig. 173.  
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Fig. 173: Reversed start-stop configuration of TCSPC 

In the reversed start-stop configuration, the TAC is started when a photon is detected and 
stopped with the next reference pulse from the light source. Consequently, the TAC has to 
work only at the rate of the photon detection events, not at the much higher rate of the excita-
tion pulses. In the reversed start-stop mode the TAC output voltage decreases for increasing 
arrival times of the photons. The reversal of the time axis can be compensated by inverting 
the signal in the biased amplifier, by inverting the ADC bits, or simply by reversed readout of 
the data memory. 

The setup shown in Fig. 173 is based on the presumption that the period of the excitation 
pulses is constant and free of jitter down to the order of 1 ps. If there is a pulse period jitter it 
adds to the transit time spread of the detector. The reversed start-stop configuration can easily 
be made insensitive to pulse period jitter by introducing a passive delay line in the reference 
channel. With an appropriate delay in the reference channel the time of the photon is meas-
ured against the laser pulse from which the detected photon originated. This removes the ef-
fect of any pulse period change on the timing (see ‘Delayed-Stop Operation’ page 208). 

The setup shown in Fig. 172 and Fig. 173 is often complemented by passive delay lines in the 
detector and reference channels, by rate meters that display the start and stop rates, and by a 
suitable computer interface for data readout [846]. Classic TCSPC setups were usually built 
from nuclear instrumentation (NIM) modules. The CFDs, the TAC, the biased amplifier, the 
ADC, and accessories like rate meters or delay lines were individual plug-in modules. The 
large size of these modules and the large number of cable connections made the devices rela-
tively bulky. The system parameters had to be set by manual controls. The long dead times of 
the TAC and ADC limited the available count rates. However, the most severe limitation of 
classic TCSPC is that it is intrinsically one-dimensional, i.e. restricted to the recording of the 
waveform of the light signal. The solution to that problem is ‘Multi-Dimensional TCSPC’, as 
described in the next chapter. 

 

Applications of the Classic TCSPC Principle 

In applications were only a single optical waveform has to be recorded, or the experiment 
allows a series of waveforms to be recorded sequentially the classic principle is still used to a 
large extend. Of course, this does not mean that electronics from the last century has to be 
used. The bh TCSPC devices can be well used in the classic modes, taking advantage of the 
high time resolution and high count rates. 

The typical classic application is recording of fluorescence decay curves. Examples are shown 
in Fig. 174. Fig. 174, left, shows fluorescence decay curves of quinine sulphate quenched by 
Cl- ions. The fluorescence lifetime changes with the quencher concentration [676]. Fig. 174, 
right shows decay curves of DODCI (3,3’diethyloxadicarbocyanine iodide) for different 
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wavelength. The data were obtained by scanning the detection wavelength by a monochroma-
tor and recording the decay curves sequentially. 

    

Fig. 174: Fluorescence decay measurement by TCSPC. Left: Fluorescence decay curves of quinine sulphate for 
different quencher concentration. Right: Fluorescence decay curves of DODCI recorded for different wave-

lengths 

The classic TCSPC principle is often used to record fluorescence anisotropy decay times. For 
details please see chapter 'Measurement of Time-Resolved Fluorescence Anisotropy', page 
315. An example is shown in Fig. 175. Fluorescein in a water-glycerol solution was excited at 
474 nm. The blue curve shows the fluorescence decay measured at a polarisation parallel, 
Ipar(t) , the red curve the fluorescence decay at a polarisation perpendicular to the excitation, 
Iperp(t). The black curve shows the anisotropy, R(t), (arbitrary units) calculated by 

 R(t) = Ipar(t) - Iperp(t) / Itot(t) 

Itot(t) is the total intensity. For measurement in a 90-degree parallel-beam configuration it is 
Itot(t) = Ipar(t) + 2 Iperp(t) [676, 1179, 1180]. Please see section Fluorescence Depolarisation, 
page 296. 

 

Fig. 175: Fluorescence anisotropy measurement. The fluorescence of a sample was measured at polarisation 
angles of 0° and 90° to the polarisation of the excitation; the anisotropy was calculated by R(t) = Ipar(t) - Iperp(t) / 

Itot(t). 

Another application of the classic principle is recording of anti-bunching effects. A single 
optical emitter, such as a single molecule or a quantum dot, can only emit a single photon 
within its fluorescence decay time. The experiment is run in the classic ‘Hanbury-Brown-
Twiss’ setup [500]: The light is split in two detection channels, and the detection events in 
one detector are used as a start, the ones in the other as a stop signal for TCSPC. The resulting 
curve has a dip at the time at which the events coincide. An example is shown in Fig. 176. 
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Fig. 176: Anti-bunching curve recorded at a diluted solution of fluorescein in a confocal microscope. On aver-
age, about 7 molecules are in the focus at a time. 

Until today, some of these basic applications are performed by TCSPC setups based on the 
classic NIM (Nuclear Instrumentation Module) architecture [846]. Of course, the bh SPC de-
vices can be well used in these traditional applications. Even in simple applications as the 
ones shown above the modern devices have advantages over NIM-based instruments: They 
have higher time resolution, work at higher pulse repetition rates and higher count rates, 
achieve shorter acquisition times, and are fully computer controlled. The real advantage of the 
modern implementation is, however, that the recording process is multi-dimensional. As a 
result, experiments can be performed which are entirely out of the reach of the classic design. 
Please see next chapter. 
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Multi-Dimensional TCSPC 
In 1993 bh introduced a new generation of TCSPC devices. It abandoned the NIM technique 
entirely and integrated all building blocks on a single printed circuit board (PCB). The enor-
mous size reduction became possible by surface mount PCB technology, hybrid circuits, and 
field programmable gate arrays (FPGAs). The single-board design relaxed the interconnection 
problems between the individual building blocks so that the speed of new analog and logic 
ICs could be fully exploited. The electronic system was optimised as a whole, resulting in 
time-shared operation of TAC, ADC and memory access. Together with new time-to-digital 
conversion principles the count rate of TCSPC was increased by two orders of magnitude. 

Compared with the very limited capacity of the more or less discrete control electronics of 
classic TCSPC systems, the use of FPGAs also led to a breakthrough in functionality. Ad-
vanced TCSPC devices use a multi-dimensional recording process [140, 153]. The idea be-
hind multi-dimensional TCSPC is illustrated in Fig. 177. 

Principle of Data Acquisition 
The classic TCSPC principle, shown Fig. 177, left records a photon distribution over the time 
in the signal period. The result is one-dimensional, i.e. a curve that represents the waveform 
of the optical signal. If the shape of the curve is to be observed in dependence of a additional 
parameter the experiment has to be repeated for different values of that parameter. This is 
time-consuming, and, if the parameter cannot be actively controlled, inefficient. 

Multi-dimensional TCSPC is shown right. It records the photon density not only as a function 
of the time in the signal period, but also of one or more additional parameters, P. These can be 
the wavelength, spatial coordinates, location within a scanning area, the time from the start of 
the experiment, or any other  parameter that describes the individual photons, or the state of 
the system investigated. 
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Fig. 177: Left: Principle of classic TCSPC. The result is a one-dimensional photon distribution over the time in 
the signal period. Right: Multi-dimensional TCSPC. The result is a multi-dimensional distribution over the time 

in the signal period and one or several additional parameters determined for the individual photons. 

Depending on which and how many additional parameters are used, different photon distribu-
tions are obtained. Three possibilities are shown in Fig. 178. Wavelength-resolved fluores-
cence decay data (shown left) are obtained by using the wavelength as additional recording 
parameter. Dynamic fluorescence decay data (middle) are obtained by using the time from a 
stimulation event. Fluorescence lifetime imaging uses the location of the excitation beam, x,y, 
in a scan area as additional parameters. 

Please note that there is no need to control the additional parameters actively, or change them 
at a given rate. It is only needed that the values of the parameters can be determined in the 
moment of the photon detection. The recording process then puts the photon into a memory 
location depending on the time in the signal period, and the values of the parameters. Thus, 
the process works for any rate of parameter variation, and even for parameters varying ran-
domly. 
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Fig. 178, left to right: Wavelength resolved fluorescence decay, dynamic change of fluorescence decay with 
time of exposure in the µs range, fluorescence lifetime image. 

It is sometimes believed that the same results can also be obtained by classic TCSPC. The 
parameter of interest would be varied and a sequence of waveforms be recorded. This is cor-
rect, but there is an important difference. The classic procedure would have to acquire a full 
waveform until the value of the parameter is changed, and then start a new recording. That 
means, any change in any of the additional photon parameters had to be slow, and predictable. 

Multi-dimensional TCSPC is free of this limitation. Any parameter of the photon distribution 
can vary at any speed. It can even vary randomly. Every photon is just put into its place in the 
photon distribution according to its time after the excitation pulse and the values of the addi-
tional parameters in the moment of the photon detection. As the parameters keep varying, the 
photon distribution is just accumulated until enough photons have been collected for any par-
ticular combination of parameters. In other words, the rate at which the parameters are vary-
ing is decoupled from the rate at which the photons are recorded. 

Typical examples are the results shown in Fig. 178. The wavelength of the photons in Fig. 
178, left, was determined by a multi-wavelength detector. It varies randomly, and is different 
for every photon. The variation in the fluorescence decay functions in Fig. 178, middle, is 
induced by a stimulation of the sample. The recording procedure runs through the 128 curves 
of the photon distribution at a rate of 100 µs per curve. This is not enough to record a reason-
able amount of photon per curve. However, the two-dimensional recording process accumu-
lated the photons over a large number of stimulation periods. Thus, a high signal-to noise ra-
tio was obtained despite of the microsecond stepping time. The lifetime image on the right 
was recorded by scanning the sample with a pixel dwell time of one microsecond. At an aver-
age photon rate on the order of 106 s-1 one would expect that the result would contain no more 
than a few photons per pixel. Fluorescence decay data acquired this way would be useless. 
However, because the photons were accumulated over a large number of frames of the scan, 
and an excellent accuracy of the decay time is obtained. 

Architecture of Multi-Dimensional TCSPC 
The general architecture of a TCSPC device with multi-dimensional data acquisition is shown 
in Fig. 179. The core of the TCSPC device is the time measurement block. This block re-
ceives the single-photon pulses from a detector, and the timing reference pulses from a pulsed 
light source. The time is measured from a start pulse to a stop pulse. With the time-conversion 
principle used in the bh TCSPC modules the time between start and stop can be measured at 
an accuracy down less than 3 ps (rms). 

The time measurement block delivers the photon time, t, relative to the stop pulse as a digital 
data word. The data word addresses the time-channel in a selected waveform data block in the 
memory. The photon is added in the addressed memory location. As more and more photons 
are detected the waveform of the optical signal builds up. 
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Up to here the function of the TCSPC device is identical with classic TCSPC. The difference 
is that the memory of a multi-dimensional TCSPC device has space for a large number of 
waveform data blocks, and that these blocks can be addressed via additional building blocks 
of the TCSPC device. The address part delivered by these blocks carries additional informa-
tion related to the individual photons. Photon parameters available directly as digital data 
words are fed into the TCSPC device via the ‘Channel’ register. Examples are the wavelength 
channel in which a photon has been detected by a multi-wavelength detector (see Fig. 184 and 
Fig. 185), or the number of one of several multiplexed lasers  that was active when the photon 
was detected (see Fig. 186 and Fig. 187). 

Additional parts of the address can be generated by a ‘Sequencer’ block. The sequencer gen-
erates an address word either by counting synchronisation pulses from an external experiment 
control device (e.g. an optical scanner), or by counting pulses from an internal clock. 
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Fig. 179: Multi-dimensional TCSPC architecture, photon distribution built up in the internal memory of the 
TCSPC device 

In the architecture shown in Fig. 179 the photon distribution is built up by on-board logics in 
the memory of the TCSPC device. The advantage of this principle is that the acquisition runs 
virtually without interaction by the measurement control software. 

A second architecture is shown in Fig. 180. Here, the parameters of the individual photons are 
directly transferred into the system computer. To buffer the information for periods when the 
computer is not able to read the data a FIFO (first-in-first-out) buffer is inserted in the data 
path. The computer builds up the photon distribution by software or directly stores the data of 
the individual photons for further processing. 

When data of individual photons are generated there is no need to use a sequencer to direct 
photons into different waveform data blocks of the memory. The function of the sequencer is 
therefore performed by ‘Event Identification’ logics. This block adds an absolute time (from 
the start of the recording) to the data words of the individual photons. Moreover, it puts exter-
nal events, such as trigger pulses from an experiment or synchronisation pulses from a scan-
ner, into the data stream and marks them with an absolute time and an identifier. 

The advantage of this architecture is that more memory size is available to build up the pho-
ton distributions, and that more complex data operations can be performed. Because the prin-
ciple in Fig. 180 uses a stream of data for photons marked with detection times and other pa-
rameter it is also called ‘time tag’ or ‘parameter-tag’ mode. 
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Fig. 180: Multi-dimensional TCSPC architecture, photon distribution built up in computer 

Depending on the information fed into the ‘channel’ input and the information generated in 
the sequencer or event identification block, a number of advanced signal acquisition princi-
ples is available: 

- Classic TCSPC: If the channel register and the sequencer are not used the device works as 
a classic TCSPC device. Compared with the early TCSPC systems based on NIM elec-
tronics the recordable count rates are considerably higher. 

- Multi-detector operation: Several individual detectors or several channels of a multi-
anode PMT are used. A ‘router’ generates a ‘channel’ information that indicates which of 
several detectors detected the current photon. Depending on the optical system, spectral 
resolution, spatial resolution, or separation of photons of different polarisation can be ob-
tained. 

- Multiplexed detection: Several lasers of different wavelength, different excitation posi-
tions, different samples or different sample positions are multiplexed. The ‘channel’ sig-
nal indicates the number of the particular laser, the sample, or the position in the sample in 
the moment when the photon was detected. 

- Multi-parameter detection: The ‘channel’ information comes from one or several external 
ADCs. The ADCs deliver data words for externally measured sample parameters, such as 
temperature, pressure, or electrical or magnetic field strength. 

- Sequential recording: Controlled by an internal clock oscillator, the sequencer counts 
through a range of subsequent address words. The result is a sequence of waveform meas-
urements. The individual measurements can be multi-dimensional themselves, due to the 
capabilities of the ‘channel’ control. The sequence can be recorded at almost any rate. It 
can be triggered by an ‘experiment trigger’, and a specified number of triggered sequences 
can be accumulated. 

- TCSPC imaging with a scanning device: The sequencer synchronises the recording with 
the action of an external scanner. The sequencer delivers two additional dimensions, X 
and Y. Synchronisation with the scanner is obtained either by sending to or receiving 
clock pulses from the scanner. The result is a spatial array of data blocks, each of which 
can be multi-dimensional itself, due to the capabilities of the ‘channel’ control. TCSPC 
scanning is able to work at extremely high scan rates, even at pixel rates much higher than 
the count rate. 

- Dual-time-base recording: The TCSPC process can be configured to record two wave-
forms or two images containing data at different time scales. One of them uses the photon 
times after the excitation pulses (determined by the time-measurement block), the other 
the times from the event identification block. 

- The photon density of a single detector signal or of several detector signals can be corre-
lated on a time scale determined by the event identification block. 
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Multi-Dimensional TCSPC Implementations 

Multi-Detector and Multi-Wavelength TCSPC 

Multi-detector and multi-wavelength TCSPC use the number of an individual detector within 
a linear array of detectors as an additional dimension of the photon distribution. When the 
optical signal is split spectrally, and the spectrum is projected on the detector array, the detec-
tor number represents the wavelength of the photons. The result is a photon distribution over 
time and wavelength, see Fig. 181.  
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Fig. 181: Multi-wavelength TCSPC determines the wavelengths of the individual photons and builds up a distri-
bution over the arrival time in the signal period and the wavelength. 

To understand how multi-detector or multi-wavelength detection works, please remind that  
the average number of photons detected per signal period is less than one, see 'Principle of 
Time-Correlated Single Photon Counting', page 86. How much less than one it has to be is 
subject of discussion. Many sources (incorrectly) state a limit of 0.001 photons per signal pe-
riod. However, a detection rate up to 0.1 or even 0.2 per signal period can normally be toler-
ated [140, 153], see Fig. 427, page 284. In any case, the detection of several photons per pe-
riod remains an unlikely event. 

Now consider an array of detectors over which the same photon flux is spread. Because it is 
unlikely that the complete array detects several photons per period it is also unlikely that sev-
eral detectors of the array will detect a photon in the same signal period. This is the basic idea 
behind multi-detector TCSPC. Although several detectors are active simultaneously they are 
unlikely to deliver a photon pulse in the same signal period. The times of the photons detected 
in all detectors can therefore be measured in a single TAC [126, 130, 140, 153]. The technical 
principle is illustrated in Fig. 182. 
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Fig. 182: Principle of TCSPC multi-detector operation. The photon pulses from both detectors are combined, 
and the times of the pulses are measured in a single TAC. A ‘Channel’ signal indicates which of the detectors 
detected the current photon. 
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The photons of all detectors are combined into a common timing pulse line. Simultaneously, a 
detector number signal is generated that indicates in which of the detectors a particular photon 
was detected. The combined photon pulses are sent through the normal time measurement 
procedure of the TCSPC device. The detector numbers are used as a ‘channel’ (or ‘routing’) 
signal for multi-dimensional TCSPC. The TCSPC device uses this signal to route the photons 
from the individual detectors into different waveform-memory sections. In other words, the 
detector-channel number is used as a second dimension of the photon distribution recorded. 

Routing was already used in classic NIM-based TCSPC setups [181, 182, 1096]. Each of the 
detectors had its own CFD. The CFD output pulses were combined into one common TAC 
stop signal, and simultaneously used to control the destination memory block in the MCA. 
Because separate CFDs were used for the detectors, the number of detector channels was lim-
ited. 

The modern implementation uses a single CFD for all detector channels. A ‘router’ combines 
the single-photon pulses into one common timing pulse line, and generates a 'channel' signal 
that indicates at which of the detectors the current photon arrived [126, 130, 140]. 

A block diagram of the router is shown in Fig. 183. The routing module consists of a number 
of amplifiers, A1 through An, connected to discriminators, D1 through Dn, a digital encoder 
circuit, and a summing amplifier, As. The amplifiers, A1 through An, amplify the single-
photon pulses of the detectors, typically to several hundred mV. When a detector detects a 
photon, the corresponding discriminator responds and the subsequent encoder generates the 
'channel' byte that indicates which detector detected the photon. Simultaneously, the photon 
pulse propagates through the summing amplifier, As, and appears at the photon pulse output 
of the routing module. 
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Fig. 183: Routing module for multi-detector TCSPC. For each photon, the routing module delivers the photon 
pulse and a ‘channel’ signal that indicates in which detector the photon was detected. 

The function of the router is based on the assumption that the detection of several photons in 
different detectors within the response time of the amplifiers and discriminators is unlikely.  
The detection of several photons is, however, not impossible. The encoder is unable to deliver 
a valid routing information for such events. It does, however, easily detect them. It then deliv-
ers a ‘disable count’ signal, which suppresses the recording of the double event in the TCSPC 
module. Because simultaneous recording of several photons is more likely to happen in dif-
ferent detectors than in one a routing setup reduces pile-up effects (see section ‘Pile-Up Ef-
fects’, page 283). 

Fig. 184 shows how the router works in combination with the TCSPC module. The CFD of 
the TCSPC module receives the single-photon pulse from the router, i.e. the amplified pulse 
of the detector that detected the photon. When the CFD detects this pulse, it starts a normal 
time measurement sequence for the detected photon. Furthermore, the output pulse of the 
CFD loads the ‘channel’ information from the router into the channel register. The informa-
tion loaded into the channel register controls the memory block in which the photon is stored. 
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In other words, it is used as an additional dimension in the recording process. Thus, in the 
TCSPC memory separate photon distributions for the individual detectors build up. 
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Fig. 184: TCSPC multidetector operation, several individual detectors. By the ‘channel signal’ from the router, 
the photons of the individual detectors are routed into separate memory blocks. 

In the simplest case, these photon distributions are single waveforms. However, if the se-
quencer is used, the photon distributions of the individual detectors can be multidimensional 
themselves, see Fig. 191 or Fig. 195. 

In practice, noise sets a limit to the number of individual PMTs that can be connected to a 
router. The cables connecting the PMTs to the router must be matched with 50 Ohm resistors. 
Even with a near-perfect summing amplifier, the noise from the matching resistors would be 
added to the output signal. Even worse is noise from the environment picked up by the detec-
tors. While resistor noise adds by a square-root law, noise from the environment is more or 
less in phase for all detectors and therefore adds linearly. In practice, no more than eight indi-
vidual PMTs are connected to one routing device. 

A higher number of channels can be obtained if a multi-anode PMT is used. The system archi-
tecture is shown in Fig. 185.  
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Fig. 185: TCSPC multidetector operation, multi-anode PMT 

In a multi-anode PMT the photon pulses of all channels can be derived from the last dynode. 
The combination of the pulses works therefore without introducing noise. Using this method, 
devices with 32 channels and even 64 channels appear feasible. In practice the number of 
channels is limited mainly by the power dissipation of the routing electronics. Routers for 
multi-anode PMTs are combined with the PMT tube into a common detector housing. Heat 
from the electronics increases the temperature of the PMT and thus the background count 
rate. TCSPC multichannel detector heads are currently available for 16 channels [57]. 

Please note that the multidetector technique does not use any detector switching or multiplex-
ing. Thus the multi-detector technique can considerably improve the counting efficiency of a 
TCSPC system. This is especially the case if a fluorescence signal has to be recorded with 
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spectral resolution. With a single detector several measurements have to be performed one 
after another, usually by scanning the spectrum by a monochromator. Most of the photons 
emitted by the sample are then lost. In a multidetector TCSPC system the signals of all wave-
length intervals are detected simultaneously and loss of photons is avoided. Multi-detector 
TCSPC, especially multi-wavelength detection, has therefore become a commonly used tech-
nique of fluorescence lifetime imaging of biological samples and a standard technique of sin-
gle-molecule spectroscopy. 

Of course, the multidetector technique does not increase the maximum count rate (or the 
throughput rate) of a TCSPC system. In any TCSPC device there is a small but noticeable loss 
of photons due to the ‘dead time’ of the processing electronics. The dead time of the bh 
TCSPC devices is of the order of 100 ns, and for count rates above 1 MHz the counting loss 
becomes noticeable (see ‘Counting Loss’, page 281). The counting loss for a multi-detector 
TCSPC system is the same as for a single detector system operated at the total count rate of 
the detectors of a multi-detector system. 

The multi-detector technique was first implemented in 1993 in the SPC-300 module of 
Becker & Hickl [126]. Although an amazingly efficient and versatile technique, it was first 
used widely only when diffuse optical tomography (DOT) began to require a large number of 
time-resolved detection channels [841, 842]. Other applications of the multidetector technique 
are time-resolved laser scanning microscopy, fluorescence correlation spectroscopy, single 
molecule spectroscopy, and multi-spectral measurement of transient fluorescence lifetime 
effects. 

An alternative to the multi-detector technique is parallel operation of several independent 
TCSPC channels, which increases the total counting capability at the expense of higher sys-
tem cost. Please see ‘Multi-Module TCSPC Systems’, page 120. 

 

Multiplexed TCSPC 

The routing capability of TCSPC can be used to multiplex several light signals and record 
them quasi-simultaneously. Multiplexing can be achieved on the excitation or on the detection 
side. Multiplexed excitation can be obtained by on-off modulating several ps diode lasers or 
changing the wavelength of the AOTF of a super-continuum laser. Multiplexing in the detec-
tor path is possible by rotating elements in the beam path [124], see Fig. 470, page 318 or by 
fibre switches, see ‘Functional Brain Imaging’, page 559. 

Excitation Wavelength Multiplexing 

The most common application of multiplexed TCSPC is quasi-simultaneous recording of sig-
nals excited by several multiplexed lasers. Diode lasers can be switched electronically via 
their ‘laser on’ inputs [73, 75, 76]. Other lasers may be multiplexed by acousto-optical modu-
lators or by fibre switches. Multiplexing requires that a digital signal is available to indicate 
which laser is active. This signal is connected to the ‘channel’ signal input of the TCSPC 
module. Consequently, the photons of the different signals are routed into separate photon 
distributions. The principle for four multiplexed signals (or lasers) is shown in Fig. 186. 
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Fig. 186: Multiplexed TCSPC operation. Several signals, usually excited by several lasers, are actively multi-
plexed into the detector. The destination in the TCSPC memory is controlled by a multiplexing signal at the 

‘channel’ input. 

Multiplexing is similar to multi-detector operation (compare Fig. 184 and Fig. 186) in that it 
uses the routing capability of the SPC modules to send photons into different memory blocks. 
There is, however, a basic difference: Multiplexed recording actively switches between dif-
ferent signals, and controls the destination of the photons by a determinate signal from some 
kind of experimental control device. Multi-detector operation is random. The destination of a 
photon in the memory is controlled by a property of the photon itself, such as wavelength, 
polarisation, or position or direction in space. 

Fast multiplexing has a number of advantages over consecutive recording of the same signals. 
The most obvious one is that slow changes in the sample do not cause direct artefacts in the 
results. Any change in the sample acts the same way on the signals for all multiplexing chan-
nels. Even if there is a change during the collection time the results remain comparable. 

Moreover, there is practically no limitation of the multiplexing rate on the TCSPC side. If 
multiplexing in the experiment can be made fast, and a correct multiplexing status signal is 
provided, multiplexing periods in the ms and µs range can be used. 

Multiplexed recording can be used in combination with multi-detector operation, sequential 
recording, or scanning (see sections below). In these cases, the memory blocks into which the 
multiplexing signal routes the photons are multi-dimensional photon distribution themselves. 
Each memory block represents a number of fluorescence decay curves (or other signal wave-
forms) for different detection wavelength, consecutive times after a stimulation event, or for 
different location in a scanning area. Multiplexed TCSPC for multi-dimensional data is shown 
in Fig. 187. 
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Fig. 187: Multiplexed TCSPC operation for multi-dimensional data.  Several signals are actively multiplexed 
into the detector. The destination in the TCSPC memory is controlled by a multiplexing signal at the ‘channel’ 
input, and by additional information from the sequencer or event identification block. 
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Spatial Multiplexing 

A combination of wavelength multiplexing and spatial multiplexing is used in diffuse optical 
tomography (DOT). The principle is shown in Fig. 188. Several picosecond diode laser beams 
are combined into a single optical fibre and multiplexed. The fibre with the combined lasers is 
connected to the input of a fibre switch, or split into several parts which are connected to sev-
eral fibre switches. The fibre switch multiplexes the laser light (which by itself consists of 
several multiplexed laser wavelengths) consecutively into a large number of optical fibres 
which deliver the light to different sample positions. The diffusely transmitted light is re-
corded by a large number of detectors at other locations at the sample [575]. The detector 
signals are recorded by parallel TCSPC modules the ‘Channel’ inputs of which are used to 
record the signals of different source positions and laser wavelengths into different waveform 
memory blocks. To increase the number of detector positions the setup can be extended by 
routers. Please see ‘Diffuse Optical Tomography’, page 551. 
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Fig. 188: Laser wavelength multiplexing and spatial multiplexing in time-resolved systems for diffuse optical 
tomography 

Sequential Recording 

Single Sequence 

Sequential recording, also known as ‘double kinetic mode’ [164] or ‘time-lapse recording’, 
adds a second temporal dimensions to the photon distributions recorded by a single-detector, 
multi-detector, or multiplexed TCSPC system, see Fig. 189.  
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Fig. 189: Sequential recording: The TCSPC device builds up a distribution over the time in the signal period and 
the experiment time. 

The technical principle for a single-detector system is shown in Fig. 190. Controlled by its 
internal clock oscillator, the sequencer switches through a specified number of waveform 
memory blocks.  



Multi-Dimensional TCSPC Implementations    105 

 

pulse, t

Start

Stop
CFD

from laser
Reference

CFD

Detector

measure-
Time

ment

Sequencer

or 

Event Identification
block

Trigger

Start of

Experiment

Time from
Trigger T

t

T

Time from Laser

Trigger

Laser

 

Fig. 190: Time-series recording with a single detector 

The sequence can simply be started by an operator command. However, in practice the re-
sponse of the measurement object to a stimulation event is investigated. The stimulation can 
be a strong laser pulse, a temperature jump, a change in an electric field applied across the 
sample, or the switch-on of the excitation source. The recording is then started by a trigger 
pulse that coincides with the stimulation. After being started, the sequencer steps through a 
defined (usually large) number of waveform memory blocks. 

Instead of single waveforms (as shown in Fig. 190) the memory blocks may contain data that 
are complex photon distributions themselves. Sequential recording is possible for multi-
wavelength data recorded by several detectors, data obtained by laser-wavelength multiplex-
ing, time-resolved images, and even time-resolved multi-wavelength images. An example of a 
multi-detector setup is shown in Fig. 191. 
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Fig. 191: Sequential recording. Triggered by the experiment trigger, the sequencer switches through a large 
number of memory blocks. Each block contains the photon distribution over the time in the signal period, t, and 

over the detector channels. 

Triggered Accumulation of a Sequence 

An obvious limitation of the procedure shown above is that the time increment of the experi-
ment time, T, must be long enough to record a reasonable number of photons within this time. 
The problem can be avoided by ‘triggered accumulation’. Triggered accumulation requires 
that the stimulation of the measurement object is repeatable. The measurement object is then 
stimulated repeatedly, and each stimulation starts a sequence of recordings along the experi-
ment-time (T) axis. After a large number of accumulations a photon distribution over t and T 
builds up, see Fig. 192.  
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Fig. 192: Triggered accumulation of a sequence 

With triggered accumulation, there is no longer a connection between the T increment and the 
signal-to-noise ratio. A photon distribution of the desired signal-to-noise ration will be ob-
tained at any count rate and T increment, if only the number of accumulations (the total ac-
quisition time) is made large enough. 

High resolution in T does, of course, require full hardware control of the recording procedure. 
Depending on the SPC module type either the ‘Scan Sync Out’ or the ‘Continuous Flow’ 
mode can be used. Both modes achieve a T resolution of less than one microsecond. Please 
see page 682 and page 686 for system parameter setup. 

Please note that the bh SPC devices also have an ‘F(t,T)’ mode for software-controlled se-
quencing. This mode should not be used for triggered accumulation of fast sequences. Step-
ping faster than 100 ms per step by software control becomes inaccurate, which makes an 
accumulation of sequences impossible. 

‘Continuous Flow’ Recording 

In the SPC-130, 150, and 160 devices a ‘Continuous Flow’ mode is implemented to record a 
virtually unlimited number of waveforms. The sequencer of the continuous-flow mode uses 
two independent data memory banks; see Fig. 193. 
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Fig. 193: Unlimited sequential recording by memory bank swapping. When one memory bank is full, the se-
quencer swaps the banks. While the sequencer writes into one bank, the other bank is read by the computer 

After a trigger pulse or a start command by the operator, the sequence starts in the first mem-
ory bank. The sequencer switches through the memory blocks of the current bank. Again, 
each memory block provides space for a full photon distribution versus the time in the signal 
period, and the detector and multiplexing channel numbers. When the current memory bank is 
full, the sequencer swaps the memory banks and continues recording. While the measurement 
is running in one memory bank, the results of the other bank are read and stored to the hard 
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disk. Thus, a virtually unlimited number of decay curves can be recorded without any time 
gaps between the subsequent steps of the sequence [127]. 

The 'Continuous Flow' mode was introduced 1996 with the SPC-430 modules of bh. It was 
originally developed for DNA analysis and single-molecule detection in a capillary gel elec-
trophoresis setup [127]. Now it is routinely used for dynamic brain imaging by diffuse optical 
tomography (DOT) techniques [717, 718, 719], see ‘Diffuse Optical Tomography’, page 551. 
The continuous flow mode can be used with a trigger signal that starts either the recording of 
each bank or the recording of each data block within the current bank. It is also possible to 
run triggered accumulation within one memory bank, and, after a defined number of accumu-
lations pass to the next bank. With these options, the Continuous Flow mode provides fast and 
efficient recording procedures for a wide range of complex experiments. 

In the SPC-150 modules Continuous Flow recording is even available in combination with 
imaging. Continuous Flow imaging delivers extremely fast time-series of fluorescence life-
time images [592], please see ‘Time-Series FLIM’, page 386. 

Fluorescence Lifetime Imaging (FLIM) 

The principle of a TCSPC FLIM system [129, 134, 140, 151, 153, 367] is shown in Fig. 194. 
A laser scanning microscope (or another scanning device) scans the sample with a focused 
beam of a high-repetition-rate pulsed laser. Depending on the laser used, the fluorescence in 
the sample can either be excited by one-photon or by multiphoton excitation. The TCSPC 
detector is attached either to a confocal or non-descanned port of the scanning microscope. 
For every detected photon the detector sends an electrical pulse into the TCSPC module. 
From this pulse, the TCSPC module determines the time, t, of the photon within the laser 
pulse sequence (i.e. in the fluorescence decay). Moreover, the TCSPC module receives scan 
clock signals (pixel, line, and frame clock) from the scan controller of the microscope. The 
sequencer of the TCSPC module is configured as a scanning interface. It contains two count-
ers, X,Y, for the x and y location in the scanning area. Synchronously with the scanning ac-
tion, the sequencer counts through x and y.  
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Fig. 194: Multidimensional TCSPC architecture for FLIM 

For each photon pulse from the detector, the TCSPC module determines the time within the 
laser pulse period (i.e. in the fluorescence decay) and the location within the scanning area, x 
and y. The photon times, t, and the spatial coordinates, x and y, are used to address a memory 
in which the detection events are accumulated. Thus, in the memory the distribution of the 
photon density over x, y, and t builds up. The result is a data array representing the pixel array 
of the scan, with every pixel containing a large number of time channels with photon numbers  
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for consecutive times after the excitation pulse. In other words, the result is an image that 
contains a fluorescence decay curve in each pixel [134, 140, 153]. 

In contrast to conventional slow-scan techniques, multi-dimensional TCSPC does not require 
that the scanner stays in one pixel until enough photons for a full fluorescence decay curve 
have been acquired. It is only necessary that the total pixel acquisition time, over a large num-
ber of frames, is large enough to record a reasonable number of photons per pixel. Thus, 
TCSPC FLIM works even at the highest scan rates available in laser scanning microscopes 
(see ‘Polygon Scanners’, page 424). At the pixel rates used in practice, the recording process 
is more or less random: A photon is just stored in a memory location according to its time in 
the fluorescence decay, its detector channel number, and the location of the laser spot in the 
sample in the moment of detection. 

In early TCSPC FLIM systems the photon distribution was built up directly in the hardware 
of the TCSPC module (Fig. 179, page 97). The advantage of hardware accumulation is that 
the acquisition runs independently of the computer. It can therefore be used at extremely high 
photon rates and scan speeds. The disadvantage is that the available memory space is limited. 
A typical application of hardware-accumulation is the ‘Preview’ mode of FLIM systems 
where images must be recordable up to almost any count rate and displayed at high image 
rate, but with a relatively moderate number of pixels and time channels. 

The way to obtaining larger images is to use software accumulation, i.e. the configuration 
shown in Fig. 180, page 98. The TCSPC device transfers the data of the individual photons 
and the clock pulses to the computer, and the photon distribution is built up by software. The 
required hardware architecture and suitable acquisition modes were available even in early 
TCSPC modules, for instance the SPC-435 and the SPC-630. However, the bus transfer speed 
and the processing capabilities of the PCs of the 1990s was insufficient for this kind of opera-
tion. At count rates above 100 kHz and pixel rates on the order of 1 MHz, as they are rou-
tinely used in FLIM, the computer was not able to read the data from the SPC module and 
simultaneously process them to build up a photon distribution. 

The situation changed with the introduction of fast multi-core PCs. The tasks of data transfer 
and data processing could now be shared between the CPU cores. Count rate in the parameter-
tag mode was no longer a problem. Modern TCSPC FLIM system therefore use almost exclu-
sively software accumulation. Typical images sizes with 32-bit operating systems were 
512 x 512 pixels, with 256 time channels per pixel, see Fig. 38, page 20. With the introduc-
tion of 64-bit operation systems and corresponding 64-bit data acquisition software, the maxi-
mum image size for the bh FLIM modules increased to 2048 x 2048 pixels x 256 time chan-
nels and more [95, 1093]. Pixel numbers this large are enough to record images of the maxi-
mum field of view even of the best microscope lenses. FLIM applications running on 64-bit 
SPCM software are therefore rarely limited by memory size. 

Multi-wavelength FLIM 

Multi-wavelength FLIM uses a combination of the FLIM architecture shown in Fig. 194 with 
the multi-wavelength detection principle described in Fig. 185, page 101. A spectrum of the 
fluorescence light is spread over an array of detector channels. In addition to the times of the 
photons and the positions, x, and y, of the scanner, the TCSPC module determines the detec-
tor channel that detected the photon. These pieces of information are used to build up a pho-
ton distribution over the time of the photons in the fluorescence decay, the wavelength, and 
the coordinates of the image [140, 142, 151, 153]. The result is an image that contains several 
decay curves for different wavelength in each pixel, see Fig. 195, right.  
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Fig. 195: Multi-wavelength FLIM. The recording process builds up a photon distribution over x,y,t, and λ in the 
device memory. The result is an array of pixels, each containing a number of fluorescence decay curves for 
different wavelength. 

Multi-wavelength FLIM requires a large amount of memory. Already for images of 128 x 128 
pixels, 256 time channels, and 16 wavelength channels 134 MB of memory space are re-
quired. Multi-wavelength FLIM can therefore performed at reasonable pixel numbers only by 
building up the photon distribution in the computer memory. Significant progress has been 
made with the introduction of 64-bit data acquisition software. In the 64-bit environment, data 
with 16 wavelength channels can be resolved into images of 512 x 512 pixels, and 256 time 
channels [95, 1093]. Please see Multispectral FLIM, page 352. 

FLIM with Excitation Wavelength Multiplexing 

FLIM can be combined with excitation wavelength multiplexing. The extension of the princi-
ple to FLIM is shown in Fig. 196. Excitation at different wavelength is achieved by multi-
plexing (on/off switching) of several lasers, or by switching the wavelength of the acousto-
optical filter (AOTF) of a super-continuum laser. A multiplexing signal that indicates which 
laser (or laser wavelength) is active is fed into the routing input of the TCSPC module. The 
signal represents the excitation wavelength. The TCSPC module is running the normal FLIM 
acquisition process: It builds up a photon distribution over the coordinates of the scan area, 
the photon times, and the excitation wavelength. The result is a data set that contains images 
for the individual excitation wavelengths. It can also be interpreted as a single image that has 
several decay curves for different excitation wavelengths in its pixels. 
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Fig. 196: FLIM with laser wavelength multiplexing 
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To avoid interference of the multiplexing frequency with the pixel, line, or frame frequency of 
the scanner, multiplexing is normally synchronised with the pixels, the lines, or the frames of 
the scan. Images for different combinations of excitation and emission wavelengths can be 
obtained by using several detectors and a router. Modern implementations normally use sev-
eral parallel TCSPC modules, running on the same multiplexing signal. Examples are shown 
in Section ‘Excitation-Wavelength Multiplexing’ page 357. 

Excitation wavelength multiplexing can also be performed by ‘Pulse-Interleaved Excitation’, 
or ‘PIE’. PIE does not use the laser wavelength as a dimension of the photon distribution. 
Instead, the pulse trains of several (usually two) lasers are interleaved pulse by pulse, and the 
fluorescence decay functions excited by both lasers are recorded into a single waveform. The 
recorded waveform contains the fluorescence decay excited by one laser followed by the de-
cay excited by the other. The data of the two excitation channels are selected by time-gating 
in the data analysis. Data for different combinations of excitation and emission wavelengths 
are recorded by using several parallel TCSPC channels or a single TCSPC channel with a 
router. 

The advantage of PIE in FLIM applications is that it is also applicable to lasers that cannot be 
on-off modulated at high speed. The disadvantage is that PIE is not entirely free of crosstalk. 
The tails of the fluorescence decay excited by one laser may extend into the decay excited by 
the other. Moreover, there is intensity crosstalk due to counting loss, and mutual influence by 
detector afterpulsing. For a comparison of PIE and laser multiplexing please see 
‘Multiplexing of Lasers’, page 287. 

 

Mosaic FLIM 

Spatial Mosaic FLIM 

The Mosaic FLIM function was introduced in 2014 in conjunction with the new SPM 64-bit 
data acquisition software. Originally, Mosaic FLIM was designed to operate with the ‘Tile 
Imaging’ function of laser scanning microscopes. The microscope scans an image at one posi-
tion of the sample, then offsets the sample by the size of the scan area, and scans a new im-
age. The process is repeated, and the images of the individual frames are stitched together. 
This way, a sample area larger than the field of view of the microscope lens can be imaged. 
The TCSPC FLIM process of Mosaic FLIM is illustrated in Fig. 197. 
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Fig. 197: Mosaic FLIM, recording of a X-Y mosaic 

The microscope scans the sample, and performs a raster stepping (‘Tile stepping’) of the sam-
ple. For every step the sample is scanned for a defined number of frames. The TCSPC device 
records the data by its normal FLIM procedure. However, the memory is configured to pro-
vide space not only for a single image of the defined frame format but for the entire mosaic of 
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images of the tile stepping. The TCSPC FLIM process starts in the first mosaic element. After 
a defined number of frames the recording passes to the next mosaic element. Provided the 
number of frames per tile of the microscope stepping and the number of frames per mosaic 
elements are the same the TCSPC module records the complete tile array into a single photon 
distribution. The recorded photon distribution represents a FLIM image of the entire array. An 
example is shown in Fig. 555, page 382. 

Of course, Mosaic FLIM requires an extraordinarily large amount of memory. Therefore, it 
can be performed only with software accumulation and with 64-bit software [95, 1093]. 

 

Z Stack Recording 

The idea that Mosaic FLIM records several images into a single photon distribution leads to a 
more general concept of Mosaic FLIM: The transition from one mosaic element in the FLIM 
data to the next can be associated not only to tile stepping but also to other parameters of the 
experiment. An obvious application is Z-stack FLIM. In that case, the microscope performs 
steps in Z (the depth in the sample), and the mosaic elements represent images in different 
depth of the sample. The procedure is the same as for Tile Imaging, except for the fact that the 
meaning of the data is different. For results please see Fig. 542, page 374 and Fig. 560, page 
386. 
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Fig. 198: Z Stack recording by the Mosaic FLIM 

It should be noted that Z stack recording can also be performed by a conventional record-and-
save procedure, see Fig. 557, page 384. In that case, consecutive recordings are performed for 
different depth in the sample, and the results are saved in separate files. The advantage of Mo-
saic-based recording is that no time (and no frame of the scan) is lost during the save opera-
tions, and that the entire Z stack can be analysed in a single computation run. This makes it 
easier to analyse the data with global parameters (see ‘Analysing FLIM Data with SPCI-
mage’, page 803). 

 

Temporal Mosaic FLIM 

Mosaic FLIM also provides an excellent way to record fast FLIM time series. The sample is 
scanned in the same spatial position, but subsequent images are recorded in consecutive ele-
ments of the FLIM mosaic. The result is a time series, the time step of which is a multiple of 
the frame time. The principle is shown in Fig. 199. 
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Fig. 199: Temporal Mosaic FLIM 

Compared to the conventional record-and-save procedure the Mosaic procedure has several 
advantages: No time has to be reserved for the save operations, and the data can be better ana-
lysed with global-parameter fitting. The biggest advantage is, however, that mosaic time se-
ries data can be accumulated: A sample would be repeatedly stimulated by an external event, 
and the start of the mosaic recording be triggered by the stimulation. With every new stimula-
tion the recording procedure starts a run through all elements of the mosaic, and accumulates 
the photons. Accumulation allows data to be recorded without the need of trading photon 
number and lifetime accuracy against the speed of the time series. Consequently, the time per 
step (or per mosaic element) is only limited by the minimum frame time of the scanner. For 
pixel numbers on the order of 128 x 128 pixels and small scan areas galvanometer scanners 
reach frame times on the order of 50 milliseconds. Resonance scanner are even faster. This 
brings the time-series resolution into the range where even lifetime changes by Ca2+ transients 
in neurons can be recorded, see ‘Temporal Mosaic FLIM’, page 387. Previously, this was 
only possible by FLITS, i.e. recording the decay functions within the pixels of a line scan 
[150, 414], see below. 

FLITS 

Temporal Mosaic FLIM is able to record a FLIM time series at a time per image down to the 
frame time of the optical scanner. Faster effects can be resolved by a combination of TCSPC 
and line scanning. The technique has been named ‘FLITS’, fluorescence lifetime-transient 
scanning [148, 150, 414]. FLITS is based on building up a photon distribution over the dis-
tance along the line of the scan, the experiment time after a stimulation of the sample, and the 
arrival times of the photons after the excitation pulses. The principle is shown in Fig. 565. 
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Fig. 200: Principle of FLITS. A sample is scanned along a line, the TCSPC system builds up a photon distribu-
tion over the distance along the line, the time after a stimulation of the sample, and the times of the photons after 

the excitation pulses. 
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FLITS uses the same recording procedure as FLIM. Similar as for FLIM, the result is an array 
of pixels, each of which contains a fluorescence decay curve in the form of photon numbers in 
subsequent time channels. The recording is synchronised with the scan by pixel clock pulses 
(which indicate the transition to the next pixel of the line) and line clock pulses, which indi-
cate the transition from the end of the line back to the start. The procedure differs from FLIM 
in that the frame clock pulses do not come from the scanner but from an external event that 
stimulates a fluorescence-lifetime change in the sample. The TCSPC module thus records a 
photon distribution which has the Y coordinate of FLIM replaced with a coordinate that 
represents how often the scanner scanned along the line since the stimulation. In other words, 
the Y coordinate is the time after the stimulation, given in multiples of the line time. 

As long as the stimulation occurs only once the recording process is simple: The sequencer of 
the TCSPC module starts to run with the stimulation, and puts the photons from the subse-
quent line scans in consecutive lines along the T axis. The result is identical with a time-series 
of line scans. 

However, there is an important difference: The data are still in the memory (either in the on-
board memory of the TCSPC module or in the computer) when the sequence is completed. 
Thus, the recording process can be made repetitive: The sample would be stimulated periodi-
cally, and the start of T triggered by the stimulation. The recording then runs along the T axis 
periodically, and the photons are accumulated into one and the same photon distribution. 

With repetitive stimulation of the sample, it is no longer necessary that each T step acquires 
enough photons to obtain a complete decay curve in each pixel and T channel. No matter 
when and from where a photon arrives, it is assigned to the right location in x, the right ex-
periment time, T, and to the right arrival time, t, after the laser pulse. As in the case of FLIM, 
a desired signal-to-noise-ratio is obtained by simply running the recording process for a suffi-
ciently long acquisition time. Obviously, the resolution in T is limited by the period of the 
line scan only, which is about 1 ms for the commonly used galvanometer scanners. For reso-
nance scanners and fast polygon scanners the line time can be made even shorter. 

FLITS is therefore an elegant way to record fast changes in the fluorescence lifetime of a 
sample with - though only one-dimensional - spatial resolution. FLITS can be performed in 
the normal FLIM modes of a TCSPC module. It does neither require an extraordinarily large 
amount of memory nor extremely high computation power. The data can be analysed by nor-
mal FLIM data analysis software. The application to Ca2+ transients in live neurons has been 
published in [150, 414], details are described in Section ‘FLITS: Fluorescence Lifetime-
Transient Scanning’, page 389. 

Dual Time-Base Recording 

A bh TCSPC module can, in principle, record an optical waveform simultaneously on two 
different time scales. One time scale comes from the TAC, the other from the sequencer. By 
timing the photons both by the TAC times and the sequencer times, simultaneously photon 
distributions on the picosecond and on the microsecond time scale can be build up. 

The technique is used to record fluorescence and phosphorescence decay data simultaneously. 
The principle is shown in Fig. 201. A high-frequency pulsed laser is on-off modulated with a 
period in the microsecond or millisecond range. The TCSPC module determines photon 
times, t, within the laser pulse period, and photon times, T, within the laser modulation pe-
riod. Fluorescence decay curves are obtained by building up a photon distribution over t, 
phosphorescence decay curves by building up a the photon distribution over T. The technique 
solves a number of problems of phosphorescence decay measurement. The most significant 
one is that for phosphorescence decay measurement the duration and the period of the excita-
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tion must be long. This conflicts with the capabilities of the available lasers, and with the re-
quirement that for fluorescence decay measurement the pulses and the pulse period must be 
short. With the principle shown in Fig. 201, the effective excitation pulse for the phosphores-
cence measurement is the laser-on period, but for fluorescence it is the single laser pulse. Ex-
amples of simultaneous fluorescence and phosphorescence decay recording are shown in Sec-
tion ‘Simultaneous Measurement of Fluorescence and Phosphorescence Decay’, page 327. 
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Fig. 201: Build-up of phosphorescence within a burst of laser pulses 

To combine the technique shown in Fig. 201 with imaging the scan coordinates must be in-
cluded in the parameters of the photon distributions. A phosphorescence lifetime image 
(PLIM) is obtained by recording the photons versus the times, T, in the laser on-off period 
and the scan coordinates, a fluorescence lifetime image (FLIM) by recording the photons ver-
sus the TAC times, t, and the scan coordinates. Both processes can be run simultaneously. 
The TCSPC system architecture for simultaneous FLIM / PLIM is shown in Fig. 202.  
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Fig. 202: Simultaneous fluorescence and phosphorescence lifetime imaging in the parameter-tag mode 

The procedure can be refined by using the laser on/off information as a routing signal to better 
separate the fluorescence in laser-on phases from the phosphorescence in the laser-off phases. 
Please see page 409 in the application part of this handbook. For parameter setup see 
‘Microsecond Lifetime Imaging: MCS FLIM’, page 703. 
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Recording Parameter-Tagged Photon Data 
Many of the TCSPC configurations described above transfer parameter-tagged single-photon 
data into the system computer which immediately processes the data to builds up photon dis-
tributions. Once a photon has been put into the photon distribution the information associated 
to it is no longer needed and, normally, discarded. 

Parameter-tagged photon data may, however, be used to build up other results than multi-
dimensional photon distributions. At the time of the experiment it may even not be clear how 
exactly the photon data are to be processed. User-interaction during the data processing may 
be required, or the processing may require so much computation power that it cannot be per-
formed online. In these cases the single-photon data can be saved for later off-line processing. 
The bh TCSPC modules can save parameter-tagged data in the FIFO mode and in the FIFO 
Imaging mode. The general structure of parameter-tagged single-photon data and the use of 
such data in a few typical applications will be described below. 

SPC Module Architecture 

The architecture of a TCSPC device in the Parameter Tag mode is shown in Fig. 203, the 
structure of the parameter-tagged data in Fig. 204. The TCSPC configuration is identical with 
the configuration shown in Fig. 180, page 98. Each photon is tagged with its time after the 
excitation pulse (the ‘micro time’), the time from the start of the recording (the ‘macro time’), 
and the data word from the ‘channel’ register of the TCSPC device. External events, such as 
transitions of scan clock signals, are also put in the stream. Several identifier bits mark a par-
ticular entry either as a photon or as an external event. Of course, the entries of external 
events do not contain valid micro time information. The micro time bits of external events 
may therefore be used to transfer other information. 

The macro-time clock has normally a resolution of  25 or 50 ns. However, an experiment can 
be run over a time of seconds, minutes, or even hours. Because the number of macro time bits 
in the photon data word is limited the macro time will overflow in regular intervals during the 
recording. To allow the data processing software to account for the overflows these are 
marked in the data. Macro time overflow marks can either be attached to the photon data 
words or be put in the data stream the same way as external events. 
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Fig. 203: TCSPC configuration in the Parameter-Tag mode 
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Fig. 204: Structure of parameter-tagged photon data 

The source of the macro time clock can be an internal quartz oscillator of the module, the 
macro time clock from another TCSPC module, or the reference (SYNC) signal from the la-
ser. Thus, fully synchronous macro-time clocks in several TCSPC modules can be obtained. 
This allows the photon times of several TCSPC modules to be cross-correlated, see chapter 
‘Fluorescence Correlation Spectroscopy’ page 585. Photon data can even be cross-correlated 
down to the ps time scale [397] see ‘FCS Down to the Picosecond Time Scale’, page 590. 

It is, of course, imperative that the computer reads the photon and marker data at a rate higher 
than the average photon count and event rate. The requirements to the readout rate are relaxed 
by the large size of the FIFO buffer. Both the detection rate and the readout rate are not con-
stant. In many applications the count rates vary over time, or bursts of photons may appear on 
a background of low count rate. The FIFO buffers temporarily high photon rates, and buffers 
the data during periods when the computer does not read data. With a sufficiently large FIFO 
the computer has to read the data only at an average readout rate equal to the average photon 
rate. In the bh SPC modules FIFO sizes of  128,000 to 8 million photons are used. Average 
readout rates are on the order of several million photons or events per second. Readout rate 
was a limitation in the 1990s but has ceased to be a problem since fast multi-core PCs an 
multi-thread processing were introduced. 

A remark should be made here about attempts to use the parameter-tag, FIFO, or time-tag 
mode in any application. It is correct that the result of any multi-dimensional TCSPC meas-
urement can, in principle, be extracted from parameter-tagged data. Parameter-tagged single-
photon data would just be recorded, and then analysed to squeeze out as much as possible 
information. However, this does not mean that such procedure is efficient or even feasible. 
There is an increasing number of biomedical TCSPC applications which record at high count 
rate, and in a large number of parallel TCSPC channels. Dynamic effects  in the recorded op-
tical signals (if there are any) are on the time scale from 100 ms to tens of seconds. Recording 
such dynamics with 25 to 50 ns resolution of the FIFO mode would result in extreme re-
quirements to the computing power and unacceptably large data files. 

Applications that require recording of parameter-tag data are mainly in single-molecule spec-
troscopy. Common applications are briefly described below. For details please see application 
chapters of this book. 

Fluorescence Correlation Spectroscopy (FCS) 

Calculation of FCS from Parameter-Tag data 

Fluorescence Correlation Spectroscopy (FCS) is based on the recording of fluorescence from 
a limited number of fluorescing molecules in a small sample volume, and correlating intensity 
fluctuations caused by the motion of the molecules [137, 139, 924]. The data processing pro-
cedure for FCS is usually described by the correlation functions 
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where G() is the autocorrelation function of a single signal, I(t), and G12() the cross-
correlation function of two signals, I1(t) and I2(t). 

For TCSPC parameter-tag data the definition above is not very useful. TCSPC data are not 
analog waveforms but photon counts, N, in consecutive, discrete time channels. In that case 
G() and G12() can be obtained by calculating 

   )()()(  tNtNG    and      )()()( 2112  tNtNG  

The procedures for FCS calculation from TCSPC parameter tag data are described in detail in 
Chapter ‘Fluorescence Correlation Spectroscopy’, page 585. 

An example of FCS calculated from parameter-tagged data is shown in Fig. 205. The data 
were recorded by a bh DCS-120 confocal FLIM system [63]. On average, about 0.4 molecules 
were in the detection volume at a time. The average count rate was about 5000 photons per 
second. 

Fig. 205, top, shows an intensity trace of the recorded signal. The time bin width is 10 µs, the 
time over shown part of the trace is 10 ms. At a count rate of 5000 s-1 there are about 50 pho-
tons over a period of time of 10 ms. Consequently, the trace consists of random single-photon 
detection events. Most of the time bins are empty, and there are no time bins with more than a 
single photon. 

The autocorrelation function is shown at the bottom of Fig. 205. Note that the  scale of the 
FCS curve was selected similar to the time scale of the intensity trace. However, the FCS 
curve was calculated over the complete acquisition time of the measurement, in this case 
120 seconds. It shows a clear correlation of the intensity fluctuations caused by diffusion of 
the molecules. 

 

 

Fig. 205: Top: Intensity trace, time bin width 10 µs, displayed time interval 10 ms. Bottom: Autocorrelation 
curve from the same signal, correlation time from 100 ns to 10 ms. Calculated over acquisition time of 

120 seconds. 

That a correlation curve is obtained from the data shown in Fig. 205, top, may surprise at first 
glance. It is a result of the fact that the data have been correlated over a period of 120 sec-
onds, not only over the time interval shown in the intensity trace in Fig. 205, top. This is an-
other example that the signal-to-noise ratio in single-photon counting experiments depends on 
the total acquisition time, not on the number of photons within the time channels of the raw 
data. 

Most FCS applications aim at the estimation of the size of labelled biomolecules, on the de-
tection of interaction between biomolecules, and on determination of the number of fluores-
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cent molecules attached to a special biomolecule. The size of the molecules can be derived 
from the diffusion time, i.e. the point of the autocorrelation function at it which drops to 50 % 
of its maximum. More accurately, the diffusion time is obtained by fitting the autocorrelation 
function with an appropriate model. Interaction of molecules is derived from the cross-
correlation functions. Different biomolecules are labelled with fluorophores of different ab-
sorption and emission spectra. The cross-correlation (FCCS) function of the two signals indi-
cates whether the constructs diffuse together or independently. Please see Chapter 
‘Fluorescence Correlation Spectroscopy’, page 585. The number of fluorescent molecules 
linked to a biomolecule is derived from the ‘molecular brightness’ which is the average num-
ber of photons detected for a single labelled biomolecule. 

The correlation function is also used for perfusion measurements in diffuse optical imaging. 
The technique is based on correlating intensity fluctuations of photons scattered in the blood 
flowing in the tissue [261]. The technique is described in Chapter ‘Diffuse Optical Tomogra-
phy: DOT, NIRS and fNIRS’. 

In terms of TCSPC data acquisition FCS and FCCS are very simple applications. They even 
do not need the micro-times of the photons, and do not need a pulsed excitation source. FCS 
and FCCS are, however, anything but simple in respect to the optical system and the detec-
tors: Excellent optical efficiency, low chromatic and spherical aberration, excellent alignment 
of the confocal optics, and excellent detection efficiency are necessary to obtain good FCS 
results. Please see Chapter ‘Fluorescence Correlation Spectroscopy’ for technical details. 

Using the Micro-Time of TCSPC in FCS 

The calculation of FCS by the algorithms shown above are based exclusively on the macro 
times of the photons. FCS and Cross-FCS can therefore also be obtained by excitation with 
CW lasers. If the fluorescence is excited by pulsed lasers the micro time of the photons can be 
used in several ways. 

Simultaneous Recording of FCS and Fluorescence Decay Functions 

Obviously, fluorescence decay curves can be obtained in parallel with the FCS measurement. 
All that is necessary is to build up a photon distribution over the micro times of the photons. 
From the combined data, information on the size of a biomolecule, on its structure, on its in-
teraction with the molecular environment, on possible protein aggregation, and on the number 
fluorophore molecules linked to it can be derived. Please see ‘Simultaneous Recording of 
FCS and Fluorescence Decay Functions’, page 589.  

Time Gating 

FCS signals are sometimes contaminated by Raman scattering. Raman light shows up as a 
sharp peak at the beginning of the fluorescence decay. The peak can be gated off, either by 
setting a time gate in the TCSPC hardware, or by excluding photons with macro times outside 
a selectable time window. Time gating can also be necessary when FCS is recorded with 
pulse-interleaved excitation (PIE). Please see ‘Time Gating of FCS’, page 590. 

Filtered FCS 

Micro times can be used to separate FCS signals of fluorophores of different fluorescence 
decay times. In that case, the photons are weighted with a coefficient derived from the micro 
time via a filter function [201, 399]. 

Global Fit of FCS and Decay Data 

Another way to improve the separation of diffusion components of different species in FCS 
analysis has been developed by Anthony and Berland [21, 22]. The idea is to fit all parame-
ters, i.e. the fluorescence lifetimes, the component amplitudes, and the diffusion times of the 
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FCS components by single, global fit routine. This greatly improves the separation of the dif-
fusion components of different fluorescing species. 

FCS down to the Picosecond Time Scale 

By including the micro times, photons can be correlated down to the picosecond time scale. 
The principles has been introduced by Felekyan et. al. in 2005 [397]. It uses two synchronised 
TCSPC modules.  The internal macro time clock is synchronised to the signal at the stop in-
puts of the TCSPC modules [140]. Please see ‘FCS Down to the Picosecond Time Scale’, 
page 590. 

Single-Molecule Burst Analysis 

Consider a solution of fluorescent molecules, excited by a focused laser beam through a mi-
croscope lens, with the emitted photons being detected through a confocal pinhole that trans-
mits light only from a volume of diffraction limited size. When the concentration of fluores-
cent molecules is low enough only one molecule will be in the detection volume at a time. As 
the molecule diffuses through the excitation/detection volume it emits photons. Thus, the de-
tection signal consist of bursts of photons caused by individual molecules, see Fig. 206.  

 

Fig. 206: Photon bursts from single molecules travelling through a femtoliter-size detection volume 

The idea behind single-molecule burst analysis is to identify the bursts in the intensity traces, 
determine as many as possible fluorescence parameters for the individual bursts, and build up 
multi-dimensional histograms of the frequency of the bursts versus the parameter values. It is 
even possible or record changes of fluorescence parameter within the individual bursts [336, 
382, 902, 336, 857, 919, 919, 1222]. Please see ‘Multi-Parameter Single-Molecule Burst 
Analysis’, page 613. 
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Multi-Module TCSPC Systems 
The maximum count rate of a single TCSPC channel is limited by the counting loss due to the 
‘dead time’ of the TCSPC channel, by pile-up effects, and by the counting capability of the 
detector. 

Compared with classic systems, the dead time of advanced TCSPC systems has been consid-
erably reduced. It is however, still on the order of 80 to 150 ns. Further reduction of the dead 
time is technically difficult. It is even not desirable in some instances because it leads to an 
increase in the afterpulsing background, see ‘Counting Background’, page 265. The fraction 
of photons lost in the dead time - the ‘counting loss’ - becomes noticeable at detector count 
rates higher than 10% of the reciprocal dead time (see ‘Counting Loss’, page 281). 

Pile-up is caused by the detection (and loss) of a second photon within the same signal period 
with a previous one. Because a second photon is more likely to be detected in the later part of 
a signal period, pile-up causes a distortion of the signal shape (see ‘Pile-Up’, page 283). The 
pile-up distortion is smaller than commonly believed (see Fig. 427, page 284). Reasonable 
results can be obtained up to a detector count rate of 10 to 20% of the signal repetition rate. 
Nevertheless, pile-up sets a limit to the applicable count rate. 

The third limitation, the counting capability of the detector, depends on the detector type 
used, the voltage divider design of a PMT, and on the requirements to the IRF stability, the 
long-term gain stability, and the detector lifetime. For conventional PMTs the practical limit 
for TCSPC is of the order of 5 to 10 MHz. For MCP-PMTs the maximum count rate is 
200 kHz to 2 MHz, depending on the MCP gain used. SPADs (single-photon avalanche pho-
todiodes) can be used up to a count rate of a few MHz. 

Because of pile-up, and detector effects, a breakthrough in the counting capability of TCSPC 
cannot be achieved by simply making the signal processing electronics of the TCSPC device 
faster. 

The solution to the count-rate problem is multi-module operation. Splitting the light into sev-
eral detectors connected to independent TCSPC modules proportionally increases the count-
ing capability. Of course, multi-module operation also increases the system cost and can 
cause space and power supply problems in the host computer. These problems have at least 
partially been solved with the SPC-134, SPC-154N and SPC-164 four-channel packages of 
bh. The SPC-134 and SPC-154NX packages are shown in Fig. 207. 

        

Fig. 207: Packages of four fully parallel TCSPC channels. SPC-134 (left) and SPC-154NX (right) 

Two-channel and four-channel systems are available in an small-size extension box to a lap-
top computer, see Fig. 208, left. Systems with up to 12 channels require a larger extension 
box, please see Fig. 208, middle and right. 



Multi-Module TCSPC Systems    121 

 

          

Fig. 208: ‘Simple-Tau’ multi-TCSPC systems based on bus extension boxes 

With a dead time of 100 ns per TCSPC channel, the total saturated count rate of a four-
channel system is 40 MHz. Useful count rates on the order of 20 MHz can be achieved. The 
high count rate and the high number of channels make multi-module TCSPC systems excep-
tionally useful for diffuse optical tomography [130, 575, 717, 718] and high count rate appli-
cations in laser scanning microscopy [63, 64, 135, 144, 592]. Details are described under 
‘Diffuse Optical Tomography’ and ‘Time-Resolved Laser Scanning Microscopy’. 

Another application of multi-module systems is in correlation spectroscopy of single mole-
cules. If the photons detected in different detectors are recorded in different modules, the 
minimum correlation time is no longer limited by the dead time. By synchronising the macro-
time clocks of the modules, a correlation down to the macro time clock period is possible. By 
including the TAC time (micro-time) in the correlation continuous correlation functions from 
the picosecond to the millisecond scale can be achieved [397], see ‘FCS Down to the Pico-
second Time Scale’, page 590. 
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Architecture of the bh TCSPC Modules 

General Principle 
The bh SPC modules contain all the building blocks of TCSPC on a single PCI or PCI-ex 
compatible PC board. The general principle of the modules is shown in Fig. 209. 
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Fig. 209: Electronic building blocks of the bh TCSPC modules 

CFD circuits 

TCSPC is based on the measurement of the time differences between the single-photon pulses 
from a detector (or from a number of detectors) and reference pulses. For fluorescence decay 
measurements the reference pulses are derived from the excitation pulse sequence; in photon 
correlation experiments the reference pulses are single-photon pulses from a second detector. 
Accurate time measurement means accurate triggering on the single-photon pulses of the de-
tectors and the reference pulses from the light source. Unfortunately, these pulses are far from 
being stable. The single-photon pulses have a considerable amplitude jitter due to the random 
amplification mechanism in the detectors (see Fig. 166, page 85), and the pulse amplitude of 
the light source may change due to intensity fluctuations. A simple leading edge discriminator 
cannot be used to trigger on such pulses. The amplitude jitter would introduce a timing jitter 
of the order of the pulse rise time (Fig. 210, left). 
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Fig. 210: Leading-edge triggering (left ) and constant-fraction triggering (right) 
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Therefore constant-fraction discriminators (CFDs) are used both at the detector and at the 
reference input. A CFD triggers at a constant fraction of the pulse amplitude, thus avoiding 
pulse-height-induced timing jitter. Technically, constant-fraction triggering is achieved by 
triggering on the zero cross point of the sum of the input pulse and the delayed and inverted 
input pulse, see Fig. 210, right. Since the temporal position of the crossover point is inde-
pendent of the pulse amplitude, this timing method minimises the time jitter caused by the 
amplitude jitter of the detector pulses. Furthermore, the CFD contains a discriminator that 
rejects input pulses smaller than a selectable discriminator threshold. The threshold is ad-
justed to reject noise from the environment, noise from preamplifiers or small background 
pulses from the detector. 

The general architecture of both CFDs is the same. However, the SYNC channel has a select-
able frequency divider behind its CFD. Controlled by the software, the internal SYNC fre-
quency can be reduced by a factor of 1...16, see  SYNC Parameters, page 720. With the di-
vider set to ratios greater than one several periods of the light signal are recorded. Recording 
several periods is used to record signals of high repetition rates and to check the time-
calibration of a TCSPC module. 

TAC 

The time-to-amplitude converter, TAC, measures the time of a detected photon from the pulse 
at the detector input to the next pulse at the reference input. This 'reversed start-stop' method 
is the key to process high photon count rates at high pulse repetition rates. It reduces the 
speed requirements to the TAC because its working cycle (start-stop-reset) has to be per-
formed only at the photon detection rate instead of the considerably higher pulse repetition 
rate, see Fig. 173, page 92. 

When the TAC is started by a pulse at the start input, it generates a linear ramp voltage until a 
stop pulse appears at the stop input. Thus the TAC generates an output voltage depending 
linearly on the temporal position of the photon. The TAC output voltage is fed to the pro-
grammable gain amplifier, PGA. The PGA is used to stretch a selectable part of the TAC 
characteristic over the complete measurement time window. To increase the effective count 
rate at high PGA gains, the output voltage of the PGA is checked by the window discrimina-
tor WD which rejects the processing of events outside the time window of interest. For details 
of the TACs of the bh SPC modules, see ‘Detailed Description of Building Blocks’, page 130. 

ADC 

The analog-digital converter, ADC, converts the amplified TAC signal into the address at 
which the corresponding photon is stored in the memory, MEM. The challenge of the analog-
to-digital conversion is that it has to work with an extremely high accuracy. The ADC has to 
resolve the TAC signal into 4096 time channels, and the width of the particular channels must 
be equal within 1% or better. ADC chips are usually specified by a ‘non-missing code accu-
racy’ which defines the number of bits for which the ADC characteristic is still monotonous. 
12-bit conversion with a channel uniformity of 1% requires a non-missing code accuracy of 
19 bits. Although ADCs with such a high accuracy exist, they are far too slow for TCSPC 
applications. Therefore, in the early TCSPC systems, the ADC was the bottleneck both in 
terms of speed and channel uniformity. 

The breakthrough was achieved by an error correction technique introduced by bh in 1993. 
The technique is based on a modified ‘dithering’ process [125, 127, 130]. By adding an auxil-
iary signal to the ADC input and subtracting the digital equivalent of it from the ADC output 
the non-uniformity of the ADC channels is averaged out. Thus, an ADC with 12 bit non-
missing code accuracy is sufficient to convert the TAC signal. 12-bit ADCs are available with 
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high speed so that the ADC does not longer limit the available count rate of the TCSPC mod-
ule. The error correction is described under ‘Analog-to-Digital Conversion’, page 134. 

'Channel' Register 

The channel register receives the ‘channel’ data used for multi-detector operation and multi-
plexing (see also Fig. 182 and Fig. 183). Except for the SPC-130 and SPC-134, the channel 
data are loaded into the channel register with an adjustable delay. The delay is used for multi-
detector operation with an external router. It takes the router a few 10 ns to encode the chan-
nel data word. Thus, the channel signal arrives at the TCSPC module after the single-photon 
pulse. The ‘latch delay’ compensates for the delay in the router and loads the channel data 
within the time interval when the router delivers a valid channel data word. 

Sequencer 

The sequencer generates address bits for one or two additional dimensions of the recording 
process. The sequencer is a block of counters which are driven either by an internal clock 
signal, by a signal derived from the synchronisation signal of the TCSPC module, or by a 
number of clock or trigger signals from the external experiment setup. Depending on the 
clock signals used and on the number and configurations of the counters the sequencer can 
generate different information: 

In the sequential recording modes the sequencer data word is the time from the start of the 
experiment or the number of experiment trigger pulses received at the ‘experiment trigger’ 
input. In the scan modes, the sequencer delivers the X and Y coordinates for the currently 
detected photon. In the FIFO mode the sequencer is used as a ‘Macro Time Clock’. It delivers 
the Macro Time, i.e. the time from the start of the experiment for the time tagging of the indi-
vidual photons. Details of the sequencer function are described below under ‘Memory Con-
trol’. 

Memory Control 

In the photon distribution modes the memory of the TCSPC module is used to add the indi-
vidual photons in a memory location according to the time in the signal period, the detector 
channel number, the time from the start of the experiment, or other coordinates delivered be 
the sequencer. In the time-tag (or FIFO) modes the memory buffers the corresponding data for 
the individual photons. The structure of the memory and the way it is controlled is thus differ-
ent for different operation modes of the TCSPC module. 

Different modules differ considerably in memory size. Moreover, the available range of the 
ADC resolution, i.e. number of time channels per waveform block, is different. Some values 
for the number of available waveform blocks are given in the table below. 
    ADC resolution, channels  Number of waveform blocks (curves) in the device memory 

  SPC-6 SPC-7 SPC-130 SPC-130EM SPC-150, 160 SPC-830 
 4096 64 1024 32 1024 1024 4096  
 256 1024 16384 512 16384 16384 65,536 
 16 -- --  262,144 262,144 1,048,576 
 1 -- --  4,194,304 4,194,304 16,777,216 

To get an overview about the number of available waveform channels, detector channels, 
multiplexing channels, or pixels of a scan we recommend to load the SPCM operating soft-
ware (available from www.becker-hickl.com) and check the available combinations. Please 
see ‘Software Installation’, page 197. 
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Recording of single curves 

In the simplest case the SPC module is used as a conventional one-dimensional TCSPC de-
vice. The 'channel' data word is ignored, and the sequencer delivers a constant address offset 
from the beginning of the memory. When a photon is detected the ADC delivers an address 
proportional to the time of the photon in the signal period. The addressed memory location is 
read, the data word is incremented in the addition/subtraction circuit, ASC, and the result is 
written back into the same memory location. After the detection of many photons the wave-
form of the light signal, e.g. a fluorescence decay curve, is built up. 

The adder/subtractor delivers an overflow signal when the memory contents of the addressed 
memory location has reached a maximum of 65535 counts. In this moment the measurement 
can be stopped automatically (‘stop on overflow’ function). 

The incremetation of the memory contents can be done by any number from 1 to 255. Of 
course, count increments greater than one do not improve the sensitivity of a measurement. 
Values >1 are, however, useful to vary the number of photons for which a ‘stop on overflow’ 
is obtained. Different recordings can thus be normalised to their maxima. 

By changing the address offset from the sequencer by software, a number of ‘pages’ in the 
memory are available. Consequently, several signals can be recorded one after another and 
the results be held in different pages of the memory. 

Multi-Detector Operation 

The addressing of the memory for multi-detector operation is shown in Fig. 211. The router 
delivers a 'channel' signal that indicates which of the detectors detected the current photon. 
The detector channel number is loaded into the channel register of the TCSPC device. When a 
photon is added into the memory the bits of the channel data word are used as higher address 
bits of the memory address. Thus the memory provides space for as many waveforms as there 
are detectors. The memory location within one waveform block is determined by the ADC 
data word, i.e. by the time of the photon in the signal period. The waveform block is deter-
mined by the bits in the channel register, i.e. by the number of the detector that detected this 
photon. 
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Fig. 211: Memory addressing for multidetector operation 

The number of channel bits that are loaded into the channel register can be defined by the 
parameters ‘routing channels x’ and ‘routing channels y’. Together with the parameter ‘ADC 
resolution’ these parameters are used to automatically configure the memory into the right 
number of waveform blocks and time channels. 

The discriminators and the encoder of the router need 10 to 20 ns to deliver a valid detector 
channel number. Therefore, the loading of the data into the channel register must be delayed. 
The delay is adjustable by the parameter ‘Delay’, see 'System Parameters', ‘Page Control’, 
page 725. The delay of the higher address bits does not conflict with the memory access as 
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long as the delay is shorter than the conversion time in the TAC and the ADC. Only for latch 
delays greater than 100 ns the memory access is delayed. Because this reduces the maximum 
count rate unnecessarily large latch delays should be avoided. 

At high count rates the probability of detecting several photons in different detector channels 
within the response time of the router cannot be neglected. Of course, the router is unable to 
deliver a valid channel data word in this case. It does, however, detect such multi-photon 
events and activates the ‘disable count’ signal. The ‘disable count’ bit is loaded together with 
the channel data word. When ‘disable count’ is active the storing of the corresponding photon 
in the memory is suppressed. 

Multiplexed TCSPC 

Multiplexing works in the same way as routing. However, the channel bits come from exter-
nal experiment control electronics. The most frequent application is multiplexing of several 
diode lasers see ‘Chlorophyll Transients’, page 320, and ‘Diffuse Optical Tomography’, page 
551. The channel bits then indicate which of the lasers is active. Multiplexing can, however, 
also be used for multiplexing several detection light paths (see Fig. 470) or to record photons 
into a large number of waveform blocks depending on the state of an externally measured 
signal (see  ‘Barrier Discharges’, page 627). 

Multiplexing can be used in combination with multi-detector operation. Normally the lower 
channel bits are used for the detector number from the router, the higher bits for the multi-
plexing signal. 

Sequential Recording 

As routing and multiplexing, sequential recording uses higher address bits of the memory. 
However, for sequential recording these bits are generated by an internal logic block, the se-
quencer. The number of bits (or accessible memory blocks) is not limited by the number of 
externally available routing bit lines. The only limitation is the number of address bits of the 
memory, i.e. the memory size. Within reasonable limits, sequential recording can therefore be 
combined with multi-detector operation and multiplexing. For sequential recording the se-
quencer switches through a defined number of subsequent data blocks of the memory. One 
data block can be a single waveform, a number of waveforms for different detectors, or a 
number of waveform blocks for multiplexed signals. 

Because the switching though the memory blocks is strictly hardware-controlled an extremely 
accurate sequence is obtained. The start of the sequence can be triggered by an external ‘ex-
periment trigger’. The trigger is normally used to synchronise the start of the sequence with a 
stimulation event. Triggered sequential recording can be combined with accumulation, i.e. a 
large number of sequential recording cycles is performed and the data of the individual wave-
form, routing, or multiplexing data blocks are accumulated. Triggered accumulation does not 
require a large number of photons to be recorded within a single step of a sequence. It works 
even at count rates lower than the step rate of the sequence. The recording then becomes a 
random process, i.e. a detected photon is stored in a memory location according to its time in 
the signal period, its detector channel, and the current state of the data word delivered by  the 
sequencer. The recording is continued until the desired number of photons per time channel of 
the waveform has been accumulated. Consequently, triggered sequences can be recorded with 
times down to about one microsecond per step (see ‘Transient Fluorescence Phenomena’, 
page 320). 

Sequential recording can also be obtained by triggering the individual steps of the sequence. 
Step triggering is used to synchronise the recording with an experiment control device, i.e. a 
scan stage or a monochromator drive. 
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A number of different sequential modes are available in the bh TCSPC modules. The 
SPC-630, SPC-130, SPC-150 and SPC-160 have the ‘Continuous Flow’ mode implemented 
which can be used to record virtually unlimited sequences (see paragraph below). 

Special cases of sequential recording are the ‘Scan Sync In’ and ‘Scan Sync Out’ modes of 
the SPC-730, -830, SPC-150, and SPC-160 modules. These modes are actually designed to 
scan images with fast optical scanners. They can, however, also be used for sequential re-
cording (see ‘Sequential Recording in the Scan Sync Out mode’, page 688). 

Continuous Flow Mode 

In the SPC-630, SPC-130, SPC-150, SPC160, and SPC-180 modules a ‘Continuous Flow’ 
mode is implemented. The mode is designed for sequential recording of a virtually unlimited 
number of waveforms, or routing/multiplexing blocks. The Continuous Flow mode makes use 
of the two independent memory banks which are implemented in the modules. 

Subsequent waveforms or waveform blocks are measured in intervals of ‘Collection Time’. 
The measurement is repeated while the sequencer switches through all memory blocks of one 
memory bank. When one bank is full the sequencer swaps the memory banks. While the 
measurement is running in one memory bank, the results of the other bank are read and stored 
to the hard disk. Thus, a virtually unlimited number of decay curves can be recorded without 
any time gaps between subsequent curves. The principle is illustrated in Fig. 193, page 106. 

The continuous flow mode can also be used with a limited number of sequencer steps. If the 
number of steps is smaller than the number of waveform blocks of one memory bank the 
mode can be used for triggered accumulation of a fast sequence. 

Scan Modes 

In the Scan modes the TCSPC module records the photons into a large two-dimensional array 
of waveform blocks. A waveform block may contain a single waveform, or a number of 
waveforms for different detector or multiplexing channels. Each waveform block represents a 
pixel of the image. The sequencer controls the higher address bits of the memory and thus 
addresses the individual pixels of the image. Moreover, the sequencer synchronises the re-
cording with the action of an external scanner. The sequencer can be used to control the scan-
ner actively (‘Scan Sync Out’ or ‘Scan XY Out’ modes), or the scanner can be used to control 
the sequencer (‘Scan Sync In’ mode). Fig. 212 shows how the sequencer switches through the 
pixels of the image. 
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Fig. 212: Sequencer operation in the scan modes. Left: Scan Sync In, Middle: Scan Sync Out, 
Right: Scan XY Out 

In the Scan Sync In mode the sequencer receives scan clock pulses from a scanner. A ‘pixel 
clock’ sets the waveform block address to the next pixel, a ‘line clock’ pulse to the beginning 
of the next line, and a ‘frame clock’ pulse back to the first pixel of the frame. The pixel dwell 
time is determined by the scanner. The measurement is started by an operator command or by 
an experiment trigger pulse. The measurement is stopped after the specified ‘collection time’ 
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has been reached or the measurement is stopped by the operator. Thus, any number of frames 
of a repetitive scan can be accumulated. 

Dynamic effects in galvanometer mirrors often preclude reasonable recording in the first pix-
els after a frame or a line fly-back. These pixels can therefore be excluded from being re-
corded by two additional counters. The excluded pixels are defined by the system parameters 
‘upper boarder’ and ‘left boarder’, see 'System Parameters'. 

In the Scan Sync Out mode the sequencer controls the scanner. The pixel dwell time is speci-
fied by the parameter ‘collection time’. After each collection time interval the sequencer pro-
ceeds to the next waveform block address and sends a pixel clock pulse to the scanner. When 
the scanner receives this pulse it proceeds to the next pixel. At the end of a line the sequencer 
sends a line clock pulse which causes the scanner to return to the beginning of the next line. 
When a frame is completed the sequencer sends a frame clock, which resets the scanner to the 
first pixel of the image. The number of pixels per line and the number of lines per frame is 
defined by the system parameters ‘Scan pixels X’ and ‘Scan Pixels Y’. Dynamic effects in the 
scanner can be reduced by defining a ‘flyback x’ and a ‘flyback y’ time. 

The Scan XY Out mode is available only in the SPC-700/730. It is similar to the Scan Sync 
Out mode except for the scanner control. Instead of sending clock pulses to the scanner the 
sequencer sends complete data words of the X and Y position. The Scan XY out mode is an 
easy way to control a scanner. However, the number of pixels is limited by the number of 
available output lines for the X and Y bits. The largest image is therefore 128 by 128 pixels.  

CNT and ADD Control 

Additional control over the measurement process is possible by the signals CNT and ADD. 
CNT is a ‘Count Enable’ signal, i.e. a photon is stored only if  CNT is ‘1’ in the moment of its 
detection. The CNT signal is used to suppress photons for which no valid routing information 
is provided or to confine the recording to externally controlled time intervals. 

The ADD signal controls whether a photon is added or subtracted. This allows the user to 
combine the TCSPC recording with a digital lock-in technique. By using an optical system 
with light choppers or rotating sector mirrors background or scattering signals can be sup-
pressed [124] (see also ‘Lock-in TCSPC’, page 318). 

All external control signals are read via the ‘Channel’ register. The signals are latched at an 
adjustable delay time after the start pulse. By adjusting this delay it can be assured that every 
photon be processed with the correct state of the control signals. 

 

Time-Tag (FIFO) Mode 

The Time-Tag, or FIFO Mode is used to record information about each individual photon. 
The mode is available in the SPC-660/630, SPC-830, SPC-130/134, SPC-140/144, 
SPC-150/154 and SPC-160/164 modules. The principle is shown in section ‘Recording Pa-
rameter-Tagged Photon Data’, page  115. The sequencer delivers the time from the start of the 
recording, and the memory is configured as a FIFO (first-in-first-out) buffer. For each photon 
the time in the pulse period (measured by the TAC and the ADC), the time from the start of 
the recording (delivered by the sequencer), and the channel data word (delivered by a router 
or a laser multiplexing device) are stored into the FIFO. 

At the output, the FIFO memory is continuously read by the software. The data are written 
into a buffer in the main memory of the computer and then on the hard disc. Due to the buff-
ering in the FIFO of the SPC module it is not required that the computer reads the data con-
tinuously. Even strong bursts of  photons can be detected with the maximum count rate of the 
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SPC module as long as the number of photons in the burst does not exceed the size of the 
FIFO. 

For photon numbers larger than the FIFO size maximum average count rate is determined by 
the rate the computer is able to read the FIFO. If the computer does not read the data faster 
than they are recorded FIFO overflow can occur. FIFO overflow causes loss of photons and 
other information written into the FIFO by the measurement procedure. Data loss by FIFO 
overflow has become rare since faster computers are available. It is almost entirely avoided 
by the extended multithreading functions used in version 9.82 SPCM software. 

 

Detailed Description of Building Blocks 

Constant-Fraction Discriminators 

Principle 

The single-photon pulses of most photon-counting detectors have a substantial amplitude jit-
ter. The amplitude jitter (or amplitude ‘noise’) is not caused by any noisy element, it is a re-
sult of the electron multiplication process in the detector. In a PMT the source of amplitude 
jitter is obvious: The photoelectron is accelerated towards the first dynode, where it releases 
several (typically 4 to 10) secondary electrons. As everything in the quantum world, secon-
dary-electron emission is a random process. The number of secondary electrons therefore var-
ies for the individual photoelectrons, and so does the amplitude of the photon pulses. The am-
plitude noise is lower in hybrid detectors because the photoelectrons are accelerated to an 
energy of 7000 to 8000 eV before they reach the avalanche diode at the output of the detector, 
see 'Hybrid PMTs', page 138. The multiplication factor by the impact into the avalanche diode 
is on the order of 1000 and more. Consequently, the relative variation in the number of gener-
ated electron-hole pairs is low. It is not zero, however, probably because of locally different 
gain of the avalanche diode. Only single-photon avalanche diodes (SPADs) deliver output 
pulses which are entirely free of amplitude jitter. The reason is that SPAD modules have in-
ternal discriminators. The output pulses from the discriminator are free of amplitude jitter, 
even though the SPAD itself is not. 

Single-photon pulses from a PMT are shown in Fig. 213, left. If the pulses would be sent 
through a normal discriminator the amplitude jitter would cause a timing jitter, t, on the or-
der of the duration of the leading edge the photon pulses, see Fig. 213, right. For normal 
(high-speed) PMTs this would be about 1 ns - too much for the standards of TCSPC. 

-          

Threshold

t

 

Fig. 213: Left: Single-photon pulses from a normal PMT. Right: When the pulses are received by a normal dis-
criminator the amplitude jitter would induce a timing jitter, t. 
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Obviously, a TCSPC device needs a discriminator which triggers at a constant fraction of the 
pulse amplitude, see Fig. 214, left. If the discriminator threshold is varied in a way that it is a 
constant fraction of the pulse amplitude the timing variation, t, would vanish. Fig. 214 re-
produces the usual description of the CFD principle. Unfortunately, its implementation hits a 
problem. When the leading edge of the pulse crosses the threshold the actual threshold level is 
not known yet. Moreover, for very small pulses the threshold approaches zero. The discrimi-
nator would then oscillate or trigger on spurious noise. The practical implementation is there-
fore different, see Fig. 214, right.  
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Fig. 214: Principle of a CFD (left) and practical implementation (right) 

The CFD has two delay lines, DEL1 and DEL2, and two discriminators, D1 and D2. D2 re-
ceives the direct input pulse. It triggers when the input voltage exceeds an adjustable thresh-
old. D2 is a simple leading-edge discriminator, it just detects the arrival of a pulse with an 
amplitude that exceeds the threshold. Simultaneously, the input pulse propagates through the 
delay lines, DEL1 and DEL2. It arrives at the inverting input of D1 about a nanosecond after 
it has reached D2. A short time later it also arrives at the non-inverting input of D1. Thus, D1 
sees the difference of the input pulse and a copy of the input pulse delayed by DEL2. The 
resulting signal has a baseline transition whose temporal position does not depend on the 
pulse amplitude. D1 triggers at this transition and produces a L/H transition at its output. If 
the transition is within the output pulse of D2 it triggers a D flip-flop. The appearance of a 
L/H transition at the output of the flip-flop indicates the detection of a photon pulse with an 
amplitude larger than the threshold of D2. The temporal position is related to the pulse edge 
from D1 and therefore does not depend on the pulse amplitude. The practical implementation 
may look different than the principle in Fig. 214, left, but in fact it is functionally similar. The 
signal at the inverting input of D1 represents the amplitude-proportional threshold, and the 
signal at the non-inverting input of D1 the photon pulse. 

Implementation in the SPC modules 

The CFD implementation in the SPC-130, SPC-150, and in the SPC-160, SPC-15N and SPC-
150NX modules is shown in Fig. 215. Identical CFDs are used in the detector input and the 
sync input. The CFDs of the older SPC modules (SPC-300 through SPC-830) follow the same 
general principles but are different in detail. Please see TCSPC Handbook 7th edition or ear-
lier. 

The architecture of the CFDs of the SPC-130 and SPC-150 is shown in Fig. 215, left. It essen-
tially follows the principle shown in Fig. 214, right. The zero cross point of D1 can be ad-
justed by applying a differential ‘Zero Cross’ voltage to the discriminator inputs. The Zero 
Cross adjustment is used to optimise the timing performance. The SPC-130 and SPC-150 
CFDs are implemented on the boards of the modules. The delay lines can be replaced to adapt 
the CFDs for different detectors. Please see 'System Optimisation' page 259 for details. 



132      Architecture of the bh TCSPC Modules 

The CFDs of the SPC-160, SPC-15N and SPC-150NX are shown in Fig. 215. The CFDs of 
these module use ultra-fast discriminators made in SiGe technology, and an additional flip 
flop, FF2. The SiGe discriminators yield improved zero-cross timing for detectors with ultra-
fast single-photon pulses. A side effect of the fast discriminators is that the output of the lead-
ing edge discriminator, D2, can be so fast that it has already switched back when the zero-
cross transition from D1 arrives. The additional flip-flop, FF2, stores the ‘Threshold Ex-
ceeded’ signal until the zero-cross transition has arrived and triggered FF1. The SPC-160, 
SPC-15N and SPC-150NX CFDs are separate modules which are plugged onto the SPC 
boards, see Fig. 215, right. 
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Fig. 215: Top left: Principle of the SPC-130 and SPC-150 CFDs. Top right: Principle of the SPC-t50N and SPC-
180N CFDs. Bottom: CFD of SPC-150N and SPC-180N 

 

Time-to-Amplitude Converter 

The bh TCSPC modules use a TAC (time to amplitude converter) principle to measure the 
times of the photons. The TAC of the bh modules has been optimised together with the subse-
quent ADC to obtain high count rates, low differential nonlinearity, and small time channel 
width. It should be mentioned that there are a number of other time-measurement principles 
[273, 581, 683] that can be used for TCSPC. Compared with direct time-to-digital conversion 
(TDC) [273, 581] the circuitry of a TAC/ADC system is relatively complicated. However, the 
time resolution (IRF width) of a TAC/ADC system is on the order of 3 to 6 ps, which is cur-
rently about 20 times shorter than for a TDC. The principle of the TAC of the bh TCSPC 
modules is shown in Fig. 216.  

The TAC contains a linear ramp generator, a biased amplifier with variable gain, several com-
parators to check the conversion result and the associated control circuitry. 

The ramp generator, RPG, is started when a pulse from the CFD in the start channel arrives at 
the start input of the TAC. Once started, the ramp voltage increases until a stop pulse from the 
CFD in the stop (Sync) channel arrives at the TAC stop input. After the stop pulse the voltage 
remains constant until the TAC is reset. The slope of the ramp (and thus the conversion range 
of the TAC) is variable via the control software, see ‘TAC Parameters’, page 720. 
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Fig. 216: Principle of the TAC 

An amplifier, AMP1, adds an adjustable offset voltage to the ramp voltage. A second ampli-
fier, AMP2, has variable gain. The offset and the gain are used to define a smaller conversion 
time interval within the total range of the ramp generator. Both the offset and the gain of 
AMP1 are set via the control software, see ‘TAC Parameters’, page 720. 

The ‘Dithering’ signal, DITH, is used for the ADC error correction. It shifts the TAC output 
voltage periodically up and down at the ADC characteristic (see below, ‘ADC Error Correc-
tion’). 

CMP3 and CMP4 are latched comparators. They check whether the ramp voltage is inside the 
a window selected by ‘TAC Limit L’ to ‘TAC Limit H’ (see ‘TAC Parameters’, page 720). 
The comparator latch pulse, cl, is generated by the TAC control logic. It is derived from the 
delayed stop pulse. If the ramp voltage is outside the selected window in the moment of the cl 
pulse an OUTR (outrange) signal is generated. 

If the ramp voltage is inside the selected window (i.e. OUTR not active) the control logic gen-
erates the SADC (start ADC) pulse. This pulse starts the ADC and the signal processing in the 
digital part of the TCSPC module. After about 40 ns the control logic generates a reset signal 
for the ramp generator. The reset signal remains active until the comparator CMP2 detects the 
reset of the ramp voltage. The reset signal is also used to reset the CFD. 

If the TACOUT amplitude is not inside the selected window the control logic does not gener-
ate a SADC pulse but immediately initiates a reset sequence. Thus, no further time is wasted 
for converting photons with TAC signals outside the selected TAC range. 

If the stop pulse from the SYNC does not arrive within the time of the selected TAC range the 
comparator CMP1 detects an OVR (overrange) condition. To avoid that the TAC is blocked 
by missing stop pulses the OVR signal initiates a reset sequence. 

The bh TCSPC modules have a ‘dead time compensation’ that can (but need not) be used to 
obtain an intensity-proportional counting result even at extremely high count rates when a 
substantial fraction of photons is lost in the dead time. The dead-time compensation extends 
the acquisition time (‘collection time’) by the accumulated dead time during the measure-
ment. To determine the dead time the control logic of the TAC delivers a BSY (‘BUSY’) sig-
nal. This signal is used to stop the 'Collection Time' timer during the times the TAC is unable 
to convert a new photon. Thus, the effective collection time increases by the sum of the dead 
time over the whole measurement, resulting in a linear intensity scale up to count rates on the 
order of the reciprocal dead time. (See ‘Dead-Time Compensation’, page 282) 
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The TACs of the SPC-6, -7, and -8 modules differ slightly from the TACs used in the SPC-
130, 150, and 160 modules. The visible difference is that the TAC of the SPC-6, 7 and 8 
modules is a module built in hybrid technique whereas the TACs of the SPC-130, 150, and 
160 modules are built in standard printed circuit board technique. Moreover, the SPC-130, 
150, and 160 TACs do not contain the comparators CMP3 and CMP4. Instead, the TAC win-
dow is set by comparators in the digital signal processing circuitry of the modules. 

Analog-to-Digital Conversion 

ADC Error Correction 

The high maximum count rate of the bh SPC modules is achieved by a fast flash ADC in con-
junction with a proprietary error compensation technique [125, 130, 140]. The error compen-
sation improves the accuracy of the ADC by several bits without any loss in speed or channel 
resolution. The technique is essential to the operation of the module. The following descrip-
tion helps to understand the principle of the technique and the side-effects associated with its 
application. 

The error compensation in the bh modules is based on a modified ‘dithering’ process . Dither-
ing is a technique to enhance the resolution of an ADC by accumulating a large number of 
samples with a digitally generated noise (the dither signal) added to the input signal. The digi-
tal equivalent of the dither signal is later subtracted from the ADC output bytes. In TCSPC 
the principle of dithering is reversed. The ADC input signal is random, and a determinate 
dither signal is used. The principle is shown in Fig. 217. 
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Fig. 217: TAC/ADC principle used in the bh TCSPC modules 

A DA converter, DAC, is used to shift the TAC output voltage up and down on the ADC 
characteristic. The DAC is controlled by a counter that counts the start pulses of the TAC. 
Consequently the DAC generates a sawtooth voltage that increases by one DAC step at the 
recording of each photon. The DAC voltage is added to the TAC output voltage. The resulting 
signal is converted by the ADC. The ADC data word corresponds to the sum of the DAC and 
the TAC voltage. To restore the correct address byte for the memory the digital equivalent of 
the DAC voltage is subtracted from the ADC value in a digital subtraction circuit, SUB. 

Of course each address byte still contains the unavoidable deviation of the particular ADC 
step from the correct value. But there is a significant difference to a direct ADC conversion in 
that the error is now different for different photons - even if these photons appeared at equal 
times in the signal periods and caused equal TAC voltages. For a large number of photons the 
non-uniformity of the ADC channels is averaged. The result is that the effective ADC charac-
teristic is smoothed. 

For an ideal DAC, the smoothing of the ADC characteristics does not cause any loss in signal 
detail. In practice, gain and linearity errors of the DAC cause a slight broadening of the re-
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corded signal. The broadening is, however, smaller than 1 or 2 ADC steps or 0.8 to 1.6 ps in 
the fastest TAC Range, see Fig. 218. 

The improvement in conversion accuracy depends on the number of ADC steps, Ndac, over 
which the signal is shifted by the DAC voltage (see system parameter ‘Dither Width’) and on 
the distribution of the errors of the ADC characteristic. If there is no correlation between the 
errors of adjacent ADC step the improvement is Ndac

1/2. However, in practice the errors of 
flash ADCs are more or less periodical, i.e. near a big ADC step a smaller one occurs and vice 
versa. In this case the accuracy improvement is considerably larger than Ndac

1/2. In Fig. 218 
shows that the principle yields an enormous improvement of the ADC. The differential 
nonlinearity of an SPC-130 TCSPC channel is shown for ‘Dither Width’ = 0 (original ADC 
characteristics), ‘Dither Width’ = 1/32  or 7 ADC bits and 1/8 of the conversion range or 
9 ADC bits. Interestingly, it took 15 years until the principle was taken up by other designers 
of TCSPC electronics, see Resnati et al. [917]. 
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Fig. 218: Left: Unmodulated light recorded without error reduction, and with a counter data width of 7 bit and 9 
bit. Right: Corresponding instrument response function of the module (electrical test signal) 

The price that has to be paid for the accuracy improvement is that the outer parts of the ADC 
characteristic cannot be used. The sum of the TAC and the DAC signals is clipped at the ends 
of the ADC range. The clipped parts are visible as artefacts at both ends of the ADC range. 
However, except for a few very special applications the loss in conversion range is not essen-
tial. With the system parameter 'Dither Width' the shift width can be selected to make an 
trade-off between ADC accuracy and useful ADC range. 

Variable ADC Resolution 

The ADC of all bh SPC modules resolves the TAC voltage into 4096 discrete values. In the 
photon-distribution modes this yields 4096 time channels per curve. There are, however, ap-
plications where such a high number of time channels is not needed. In these cases it is often 
useful to reduce the number of time channels to decrease the required memory space, to in-
crease the available number of curves or scan pixels in the memory, or to obtain more photons 
per time channel. Therefore in all bh TCSPC modules a specified number of ADC channels 
can be combined (binned) into one time channel, see Fig. 219. 
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Fig. 219: Variable ADC resolution by binning several ADC channels 
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The bh SPC modules can be used with a resolution of 4096, 1024, 256, 64, 16, 4, and 1 time 
channels. Working with only one time channel, i.e. discarding the time information at all, may 
appear useless at first glance. The setting can, however, be used to turn a TCSPC FLIM sys-
tem into an  extremely sensitive steady state photon counting imager. 

ADC Zoom 

Another possibility to reduce the number of time channels is the ‘ADC Zoom’. The ADC 
zoom feature is implemented in the SPC-830, SPC-130, SPC-150 and SPC-160 modules. It 
assigns the original ADC channels of a selectable part of the ADC characteristics to a full 
scale recording with a reduced number of channels. The principle is shown in Fig. 220. 
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Fig. 220: ADC Zoom 

The ADC Zoom feature is useful in imaging and other multi-curve applications if very fast 
fluorescence decays are recorded with a fast detector. The photons then fill only part of the 
available conversion range. Zooming this range into a full-scale time axis makes it possible to 
record a large number of curves (or pixels) at extremely high time resolution. 
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Detectors for TCSPC 
Detectors for photon counting must have sufficient gain to deliver a useful output pulse for a 
single detected photon. The output pulse must be short enough to resolve the individual pho-
tons at high count rate, and the transit time jitter in the detector should be small to achieve a 
good time resolution. There is wide variety of photomultiplier tubes (PMTs) and photomulti-
plier modules, and a number of single-photon avalanche photodiode (SPAD) modules that 
meet these general requirements [660, 1251]. However, these devices are far form being ideal 
single-photon detectors. Knowledge about the different classes of detectors, their typical per-
formance, and possible side effects is therefore important to obtain best results from a TCSPC 
experiment. The following section gives an introduction into the general principles of detec-
tors and the parameters which characterise them. Moreover, it describes a number of fre-
quently used detectors and gives advice about selecting the right detector and getting best 
performance from it. 

Detector Principles 

Conventional PMTs 

The most frequently used detectors for low level detection of light are photomultiplier tubes. 
A conventional photomultiplier tube (PMT) is a vacuum device which contains a photocath-
ode, a number of  dynodes (amplifying stages) and an anode which delivers the output signal 
[506, 660, 775]. The principle is shown in Fig. 221. 

Cathode
D1

D2 D3

D4 D5

D6 D7

D8 AnodePhoto-

 

Fig. 221: Principle of a conventional PMT 

The operating voltage builds up an electrical field that accelerates the electrons from the 
photocathode to the first dynode D1, further to the next dynodes, and from D8 to the anode. 
When a photoelectron hits D1 it releases several secondary electrons. The same happens for 
the electrons emitted by D1 when they hit D2. The overall gain reaches values of 106 to 108. 
The secondary emission at the dynodes is very fast, therefore the secondary electrons result-
ing from one photoelectron arrive at the anode within a few ns. Due to the high gain and the 
short response a single photoelectron yields an easily detectable current pulse at the anode. 

A wide variety of dynode geometries has been developed. Some of the designs are in use for 
more than 50 years [506]. Of special interest for photon counting are the ‘linear focused’ type 
dynodes, the ‘fine mesh’ and the ‘metal channel’ types [660]. Linear-focused dynodes are 
designed to obtain similar transit time for different electron trajectories. Thus, linear-focused 
PMTs have a short transit-time spread and a fast single electron response. A fast response can 
also be obtained by keeping the pathways of the electrons extremely short. Because fine mesh 
and metal channel PMTs can be built in extremely small sizes they deliver similar or even 
faster response than the larger linear focused devices. Moreover, the fine mesh and metal 
channel design can be combined with an array of anodes to obtain spatial resolution. 
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Channel and Microchannel PMTs 

A similar gain effect as in the conventional PMTs is achieved in the Channel PMT (Fig. 222, 
left) and in the Microchannel PMT (Fig. 222, right). These detectors use channels with a re-
sistive coating. A high voltage is applied along the channels. The walls of the channels work 
as secondary emission targets. The principle can be used in a single macroscopic channel or a 
microchannel plate (MCP). A microchannel plate contains a large number of channels with a 
diameter of 3 to 15 µm. Two or three channel plates can be arranged in series to obtain a high 
gain. Due to the small distance between the photocathode and the first MCP and the small 
size of the channels the transit time spread of the photoelectrons can be as short as 25 ps [1, 
660, 661, 1240]. Moreover, the microchannel plate technique can be used to build position-
sensitive detectors and image intensifiers. 
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Fig. 222: Channel plate PMT (left) and microchannel PMT (right) 

To obtain position sensitivity, the single anode can be replaced with an array of individual 
anode elements (Fig. 223). By individually detecting the pulses from the anode elements the 
position of the corresponding photon on the photocathode can be determined. Multi-anode 
PMTs are particularly interesting in conjunction with the multi-detector capability of the bh 
TCSPC modules. 
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Fig. 223: Multi-anode PMTs for position-sensitive detection. Fine-mesh PMT (left) and MCP-PMT (right) 

 

Hybrid PMTs 

The basic principle of a hybrid PMT is shown in Fig. 224. The photoelectrons emitted by a 
photocathode are accelerated by a strong electrical field and injected directly into a silicon 
avalanche diode [420, 421 , 684]. 
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Fig. 224: Principle of a hybrid PMT 

When an accelerated photoelectron hits the avalanche diode it generates a large number of 
electron-hole pairs in the silicon. These carriers are further amplified by the linear gain of the 
avalanche diode. The principle of the hybrid PMT has a number of advantages over other de-
tector principles. 

An obvious advantage of the hybrid PMT is that a large part of the gain is obtained in a single 
step. Hybrid PMTs therefore deliver single-photon pulses with a narrow amplitude distribu-
tion. The devices can thus be used to distinguish between one, two, or even more photons 
detected simultaneously [684], see also section 'Photon-Number Sensitive TCSPC'. In normal 
TCSPC applications the low amplitude fluctuation virtually eliminates the influence of the 
CFD circuitry on the timing jitter. 

More important for TCSPC, the high acceleration voltage between the photocathode and the 
APD results in low transit time spread [420, 421]. With an acceleration voltage of 8 kV the 
transit-time spread of the electron time-of-flight is less than 50 ps [420, 421, 497]. Moreover, 
the TCSPC instrument response of a hybrid PMT is very clean, without significant tails, 
bumps, or secondary peaks. 

Compared with a conventional PMT, the hybrid PMT has also an advantage in terms of 
counting efficiency. In a conventional PMT, a fraction of the photoelectrons is lost on the first 
dynode of the electron multiplication system [140]. Instead of being multiplied electrons may 
also get absorbed or reflected. There are no such losses in the hybrid PMT: A photoelectron 
accelerated to an energy of 8 keV is almost certain to generate a signal in the avalanche diode. 
With a high-efficiency GaAsP cathode a hybrid photomultiplier reaches the efficiency of a 
single-photon APD (SPAD), but with a cathode area several orders of magnitude larger. 

The perhaps most significant advantage of the hybrid PMT has been recognised only recently: 
The hybrid PMT is virtually free of afterpulsing [77, 145]. Afterpulsing is the major source of 
counting background in high-repetition-rate TCSPC applications, and a known problem in 
fluorescence correlation measurements. Background has a detrimental effect on the accuracy 
of fluorescence lifetime determination [620]. Afterpulsing in FCS results in a false peak at 
correlation times shorter than a few µs. So far, the afterpulsing peak could only be suppressed 
by splitting the light and recording cross-correlation between two detectors. 

The absence of afterpulsing in a hybrid PMT is inherent to its design principle. In conven-
tional PMTs afterpulsing is caused by ionisation of residual gas molecules by the electron 
cloud in the dynode system. In single-photon avalanche photodiodes afterpulsing results from 
trapped carriers of the previous avalanche breakdown. Both effects do not exist in the hybrid 
PMT: Ionisation is negligible because only single electrons are travelling in the vacuum, and 
there is no avalanche breakdown in the avalanche diode. 

On the downside, there are also a few disadvantages of the hybrid PMT. The extremely high 
cathode voltage is difficult to handle. The APD reverse voltage must be very stable, and be 
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correctly adjusted. The most significant problem is the low gain of the hybrid PMTs. Earlier 
devices reached a gain on the order of only 104. At a gain this low, the single-photon pulse 
amplitude is in the µV range. Therefore electronic noise from the termination resistor and 
from the preamplifier impaired the time resolution of single photon detection. Until recently, 
hybrid PMTs were therefore not routinely used for TCSPC experiments. The situation 
changed with the introduction of the R10467 hybrid PMTs of Hamamatsu [497]. The devices 
reach a total gain on the order of 105. The single-photon pulse amplitude is on the order of 
several 100 µV, the pulse width about 800 ps. A high bandwidth, low-noise preamplifier is 
able to amplify the pulses into an amplitude range where they are detected by the constant-
fraction discriminator of a TCSPC module. Initial tests have shown the superior performance 
of the R10467 compared to previously existing detectors [77, 145]. However, in practice RF 
noise pickup from the environment, noise from the high voltage power supplies, and low-
frequency currents flowing through ground loops make the bare R10467 tube difficult to use 
in TCSPC experiments. bh have therefore designed a compact detector module that contains 
the -8 kV power supply for the cathode voltage, the power supply for the AD voltage, and a 
low-noise preamplifier [145]. Please see ‘HPM-100 Hybrid Detector’, page, 161. 

Single-Photon Avalanche Photodiodes 

PMTs use the emission of photoelectrons from a photocathode, i.e. the ‘external photo effect’, 
as a primary step of detection. The drawback of the external photo effect is that the photoelec-
trons are emitted in all directions, i.e. also back into the photocathode. Therefore the quantum 
efficiency, i.e. the probability that a photon releases an photoelectron, is smaller than 0.5. The 
best cathodes reach a quantum efficiency of about 0.4 between 400 and 500 nm [496]. 

Semiconductor detectors use the ‘internal photo effect’. That means that the photons generate 
electron-hole pairs inside the semiconductor. Theoretically the internal photo effect works 
with a quantum efficiency of 1. In practice the quantum efficiency of a good silicon photodi-
ode reaches 0.8 around 800 nm. In photodiodes and photo-conductors an electrical field sepa-
rates the electrons and holes, so that a photocurrent flows through the device when it is illu-
minated. Of course, the photocurrent caused by a single electron-hole pair is far too small to 
be recorded directly. Single photons can therefore be detected only if the semiconductor de-
tector has an internal gain mechanism that does not introduce any thermal noise background. 
A suitable gain mechanism exists in the ‘avalanche effect’. A photodiode is operated at a re-
verse voltage so high that the carriers moving through the semiconductor break off new elec-
tron-hole pairs from the lattice of the semiconductor material. The avalanche effect is used in 
standard avalanche photodiodes (APDs) and delivers a stable gain on the order of 102 to 103. 

A gain of 103 is still too low to detect single photons with the time resolution required for 
TCSPC. Unfortunately, higher gain normally results in instability, i.e. the avalanche becomes 
self-sustaining and destroys the diode. Nevertheless, photon-induced avalanche breakdown 
can be used for single photon detection. The reverse voltage of the diode is set several volts 
above the breakdown voltage. To avoid the avalanche destroying the diode, an active or pas-
sive quenching circuit restores normal operation after each photon [294, 296, 669]. The prin-
ciple is often termed ‘Geiger mode’, because of the similarity with the Geiger-Müller counter. 
The principle of a single-photon avalanche photodiode (SPAD) operating in the Geiger mode 
is shown in Fig. 225. 
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Fig. 225: Single photon avalanche photodiode (SPAD). Left Passive quenching, right active quenching 

Passive quenching is obtained by operating the diode via a series resistor, Rs, which is typi-
cally a few hundred k. Cs is the stray capacitance of Rs and the diode leads to ground, or an 
additional capacitor of a few pF. When an avalanche breakdown occurs, Cs is discharged 
within a time on the order of a nanosecond. The discharge current flows through the diode 
and the load, producing a correspondingly short output pulse. Simultaneously, the voltage 
across the diode drops below the breakdown voltage and the avalanche stops. The voltage 
across the diode then increases and eventually reaches the supply voltage. Full recovery of the 
reverse voltage normally takes several microseconds. Consequently, passive quenching can be 
used only at count rates below 1 MHz, and some count-rate dependence of the timing per-
formance and efficiency must be expected. 

Active quenching uses an electronic quenching circuit [294, 297, 386, 669]. The quenching 
circuit may be integrated with the SPAD on the same chip [937]. When a breakdown occurs, 
the output pulse of the diode triggers the quenching circuit, which reduces the reverse voltage 
of the diode below the breakdown level for a time of typically 20 to 50 ns. After the quench-
ing pulse the reverse voltage is restored within a few ns, and the diode resumes normal opera-
tion. Thus a much higher count rate can be obtained than for passive quenching. Nevertheless, 
also actively quenched photodiodes often show some count-rate-dependent timing shift and 
change in efficiency. 

APDs suitable for single-photon detection must be free of premature breakdown at the edge of 
the junction or at local lattice defects. Therefore, the use of standard Si APDs in the break-
down mode is usually not successful. However, Si SPAD detectors with especially manufac-
tured diodes are commercially available and increasingly used [551, 785, 884, 1021]. The 
active areas are small, typically 20 to 150 µm in diameter. However, the time resolution of 
many Si SPADs is on the order of 30 ps and less, and the efficiency in the visible range is 
high. For detection in the infrared region the situation is less favourable. A few TCSPC appli-
cations of liquid-nitrogen cooled Ge APDs in the Geiger mode have been reported [849], but 
have not resulted in commercially manufactured detectors. The operation of InGaAs APDs in 
the Geiger mode has long been hampered by strong afterpulsing and high dark count rate. 
Therefore, the devices could only be operated in the gated mode and were not suitable for 
TCSPC. Now InGas SPADs for continuous operation are available. The time resolution is on 
the order of 90 ps, the efficiency on the order of 25%. Please see page 183. 

A problem often associated with quenched breakdown operation is light emission from the 
diode. The effect is normally not noticeable in standard fluorescence lifetime applications. It 
can, however, be a problem for correlation experiments and quantum cryptography [664, 
1164]. Please see page 635 of this handbook. 
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Superconducting Single-Photon Detectors 

Superconducting single photon detectors (SSPDs) are made of an ultra small and ultra-thin 
meander or a single nanowire of niobium nitride on an isolating substrate, see Fig. 226. The 
device is cooled down to a temperature below 3 Kelvin so that the NbN structure becomes 
superconducting. A DC current of a few µA is sent through the structure. When a photon is 
absorbed somewhere within the meander superconductivity is temporarily lost. The voltage 
across the device temporarily increases, and the corresponding voltage pulse indicates the 
detection of a photon. The pulse amplitude into a load of 50 Ω is on the order of 0.5 to 1  mV. 
Therefore, a high-gain ultra-wideband amplifier is necessary to increase the amplitude to a 
level that triggers the CFD of a TCSPC module. 
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Fig. 226: Principle of a superconducting single-photon detector. 

The time resolution obtained from SSPDs can be in the sub-10ps range. SSPDs are sensitive 
from the visible spectral range up to almost 10 µm. The dark count rate is on the order of a 
few pulses per second. The problem of the SSPD in spectroscopy applications is the ex-
tremely small active area. The entire active area is no larger than a few micrometers. Consid-
ering that the SSPD is located inside a cryostat, it is not easy to project the light on the detec-
tor. SSPDs are therefore normally fibre coupled. To maintain the intrinsic time resolution of 
the detector a single-mode fibre must be used. This solves the problem of transferring the 
light into the cryostat and onto the detector but simultaneously creates a problem on the fibre-
input side. A single-mode fibre has a diameter of a few micrometers. Injecting light into the 
fibre is not an easy task. For TCSPC with SSPDs please see page 185 of this handbook. 

Detector Parameters 

Gain 

A linear detector, such as a PMT, MCP PMT, or hybrid PMT must have sufficient gain that a 
single photoelectron emitted from the photocathode yields a detectable pulse at the detector 
output. The gain depends on the number of amplification stages and the acceleration voltage. 
In PMTs, the secondary emission coefficient at the dynodes depends on the material of the 
dynodes and the energy of the primary electron. The gain of a photomultiplier tube therefore 
changes strongly with the operating voltage. For typical interstage voltages on the order of 
100 V the secondary emission coefficient is between 4 and 10 and changes with the 0.7th to 
0.8th power of the voltage [506]. For a 10 stage PMT the total gain increases with the 7th or 
8th power of the total voltage. For miniature PMTs with 6 to 7 dynodes, such as the 
Hamamatsu photosensor modules, the increase of the gain with the voltage is less dramatic, 
but still depends on the 4th power of the operating voltage. The gain of hybrid PMTs depends 
only moderately on the acceleration voltage, but dramatically on the APD reverse bias volt-
age. For gain setting of hybrid detectors please see page 263 of this handbook. 

PMTs of the same type but with different cathode materials may differ considerably in gain. 
Highly efficient cathode materials are also good secondary-electron emitters. During the 
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manufacturing process the cathode material spills into the dynode system, with the result that 
the secondary emission depends on the cathode type. 

Single-Electron Response 

The detector output pulse for a single photoelectron is called the ‘Single-Electron Response’ 
or ‘SER’. Approximate SER shapes for typical detectors are shown in Fig. 227. 
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Fig. 227: Single electron response (SER) of different photomultipliers 

Due to the random nature of the detector gain, the pulse amplitude varies from pulse to pulse. 
The pulse-height distribution can be very broad, up to 1:5 to 1:10. The average peak current 
of the SER is approximately 
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with G = PMT Gain, e=1.6 . 10-19 As, TFWHM= SER pulse width, full width at half maximum. 
The table below shows some typical values. ISER is the average SER peak current and VSER 
the average SER peak voltage when the output is terminated with 50 . Imax is the maximum 
permitted continuous output current of the PMT. 

PMT type PMT Gain FWHM ISER VSER (50 ) Imax (cont)  
Standard 107 5 ns 0.32 mA 16 mV 100µA 
Fast PMT 107 1.5 ns 1 mA 50 mV 100µA 
MCP PMT 106 0.36 ns 0.5 mA 25 mV 0.1µA 
Hybrid Detector 105 0.8 ns 0.2 mA 10 mV 10 µA 

 

There is one conclusion from this table: If a detector is operated near its full gain the peak 
current ISER from a single photon is much higher than the maximum continuous output cur-
rent. Consequently, for steady state operation the PMT always delivers a train of random pho-
ton pulses rather than a continuous signal (see also Fig. 166, page 85). 

Pulse Height Distribution 

The secondary emission coefficient at a particular dynode depends on the dynode material 
and energy of the primary electrons. For typical inter-dynode voltages used in PMTs, the sec-
ondary emission coefficient, n, is between 4 and 10. Because the secondary emission is a ran-
dom process the number of the generated secondary electrons varies from electron to electron. 
The width of the distribution can be expected at least of the size of the standard deviation, 
n1/2, of a Poissonian distribution of the secondary emission coefficient, n. Therefore the sin-
gle-photon pulses obtained from a PMT have a considerable amplitude jitter. For TCSPC ap-
plications it is important that the pulse amplitudes of the majority of the pulses are well above 
the unavoidable noise background. 
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Because the gain of a PMT may vary over a wide range, the total width of the distribution 
may vary for different tubes and different supply voltages. However, despite the different ma-
terials and shapes of the dynodes in different PMTs, the general shape of the distribution is 
more or less similar. 

A pulse amplitude distribution measured for a Hamamatsu H7422P-40 PMT module at differ-
ent gain is shown in Fig. 228. There is a broad peak at high amplitudes and a secondary peak 
at low pulse amplitudes. The high amplitude peak contains the regular single-electron pulses. 
The low-amplitude peak is at least partially related to the light. Its relative height does not 
appreciably depend on the count rate. It is possibly caused by photoelectrons scattered at the 
first dynode and reaching the second dynode without amplification. Another source of the 
small-amplitude peak is photoelectron emission on the first dynode. If the discriminator 
threshold is set low enough an extremely high peak appears at very low amplitudes. This peak 
does not originate in the PMT but is caused by electronic noise of the preamplifier and noise 
pickup from the environment. For some photomultipliers a ‘peak to valley’ ratio is specified, 
which indicates how much higher the main peak is compared to the valley between the main 
and the secondary peak. 

 

Fig. 228: Pulse amplitude distribution of a H7422P-40 for different gain.  

The pulse height distribution at high detector gain often shows a sub-structure (see Fig. 228), 
probably due to the discrete numbers of secondary electrons emitted at the first dynode. 

The shape of the main peak of the amplitude distribution is almost the same for the photon 
pulses and the dark pulses, see Fig. 229. This is not surprising because the secondary emis-
sion process makes no difference between electrons emitted at the cathode thermally or opti-
cally. However, the secondary peak at low amplitudes is more pronounced for the dark pulses, 
probably because some of the thermal electrons are emitted at the dynodes. 

  

Fig. 229: Pulse amplitude distribution for dark pulses and photon pulses of an R5600P-01 PMT 

For reasonable TCSPC operation, a discriminator threshold must be found that rejects the 
electronic noise background and the pulses in the low-amplitude peak, but counts as many of 
the regular photon pulses as possible. Moreover, the threshold should be considerably above 
the electronic noise level so that the smallest detected pulses still have a good signal-to-noise 
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ratio. For photon counting it is therefore essential that a sufficient gain can be achieved within 
the permissible operating voltage of the PMT. 

It is often believed that the width of the pulse amplitude distribution depends on the cathode 
material. Certainly there are differences in the peak ratios of the main peak and the low-
amplitude peak, and in the peak-to-valley ratio. However, the differences are not very large, 
and the relative width of the main peak does not vary appreciably. It seems that detectors of 
different cathode type differ mainly in gain, rather than in the shape of the distribution. Con-
sequently, the problem of most PMTs of poor photon counting performance is lack of gain, 
especially at the first dynode, not so much an odd shape of the amplitude distribution. 

Signal Transit Time 

The signal transit time in a PMT is almost entirely determined by the transit time of the elec-
trons through the PMT. It is therefore proportional to the reciprocal square root of the supply 
voltage. Typical transit times for a number of frequently used PMTs are shown in the table 
below. 
 Detector Operating voltage Transit Transit Time per % 
  (Gain control voltage) Time Change in operating 
    or gain control voltage 
 
 Hybrid detector 8000V, 400V < 1 ns <10 ps 
 R3809U MCP-PMT 3000 V < 1 ns 3 ps  
 R7400 and R5600 TO8 PMTs    900 V 5.4 ns 21 ps 
 H5773 Photosensor module    (0.9 V)1 5.4 ns 21 ps 
 H7422 PMT module    (0.9 V)1 6.5 ns 27 ps 
 R928 side window PMT   900 V 22 ns 100 ps 
 XP2020 44 mm linear focused PMT 2500 V 28 ns 140 ps 

1 Gain control voltage. Controls operating  voltage of PMT. 

The transit time has to be taken into account when choosing the cable length in the detector 
and reference signal path of a TCSPC system (see ‘Adjusting the SYNC and CFD Signal Path 
Length, page 269). More important than the transit time itself is the variation of the transit 
time with the detector supply voltage. To keep the average transit time of a conventional PMT 
stable within 1 ps a stability of the operating voltage on the order of 0.05% to 0.01% is re-
quired. 

Transit Time Spread and Timing Jitter 

The delay between the absorption of a photon at the photocathode and the output pulse at the 
anode of a PMT varies from photon to photon. The effect is called ‘transit time spread’, or 
TTS. There are tree major TTS components in conventional PMTs and MCP PMTs - the 
emission at the photocathode, the variation in the electron transit times, and the timing jitter 
of the subsequent electronics. 

The time constant of the photoelectron emission at a traditional photocathode is small com-
pared to the other TTS components and usually does not noticeably contribute to the transit 
time spread. However, high efficiency semiconductor-type photocathodes (GaAs, GaAsP, 
InGaAs) are much slower and can introduce a transit time spread on the order of 100 to 
150 ps. 

The photoelectrons are emitted at the photocathode of a photomultiplier at random locations, 
with random velocities and in random directions. Therefore, the time they need to reach the 
first dynode or the channel plate is slightly different for each photoelectron (Fig. 230, left). 
Since the average initial velocity of a photoelectron increases with decreasing wavelength of 
the absorbed photon the transit-time spread is wavelength-dependent. 
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Fig. 230: Electron trajectories in a PMT(left), an MCP-PMT, and a hybrid detector (right) 

Also the secondary electrons emitted at the first dynodes of a PMT or in the channel plate of 
and MCP PMT have a wide range of start velocities and start directions. The variation in the 
time they need to reach the next dynode adds to the transit time spread in the cathode space. 

In an MCP PMT (Fig. 230, middle) the electron trajectories are short, straight, and differences 
in the direction of the photon emission have little effect on the transit time. MCP PMTs there-
fore have very low transit time spread. 

In a hybrid detector (Fig. 230, right) the same basic effects are at work, but the acceleration 
voltage is 8000 V. The electron trajectories are therefore much straighter, and the transit times 
shorter. Correspondingly smaller is the transit-time variation for different start velocity of the 
photoelectrons. The transit-time spread in hybrid detectors is therefore very small. 

TTS does exist also in single-photon avalanche photodiodes. The main reason of TTS in 
SPADs is the different depth in which the photons are absorbed. This results in different con-
ditions for the build-up of the carrier avalanche and in different avalanche transit times. Con-
sequently the TTS depends on the wavelength. Moreover, if high count rates are used, the 
reverse voltage may not have completely recovered from the breakdown caused by the previ-
ous photon. The result is an increase or shift of the TTS with the count rate. 

Cathode Efficiency 

Several different definitions are used to specify the efficiency of a PMT cathode. Often the 
sensitivity of a PMT is specified in units of ‘cathode luminous sensitivity’. This is the cathode 
current per lumen incident light from a tungsten lamp operated at a temperature of 2856 K. 
Because the intensity maximum of the lamp is at about 1000 nm, the luminous sensitivity may 
not represent the efficiency at a given wavelength. Photocathodes of different spectral sensi-
tivity are therefore not directly comparable. Moreover, the cathode luminous sensitivity does 
not include the efficiency of the electron transfer from the cathode into the dynode system and 
the possible loss of photon pulses due to incomplete resolution of the pulse height distribu-
tion. 

In the test sheets of PMTs, the manufacturers occasionally specify the measured ‘anode lumi-
nous sensitivity’ instead of the cathode sensitivity. The anode sensitivity is the cathode sensi-
tivity (including the electron transfer efficiency) multiplied by the gain of the tube. Because 
almost any gain can be obtained by increasing the supply voltage, the anode luminous sensi-
tivity cannot be used to compare the photon-counting performance of PMTs. 

The ‘cathode radiant sensitivity’ is the cathode current per watt of incident power at a given 
wavelength. It is usually given as a plot versus the wavelength. The cathode radiant sensitiv-
ity does not include the efficiency of the electron transfer from the cathode into the dynode 
system or the possible loss of photon pulses due to poor resolution of the pulse height distri-
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bution. Nevertheless, the cathode radiant sensitivity is useful for comparing different detec-
tors and different cathode versions. 

The most useful parameter for characterising the efficiency of a photon-counting detector is 
the quantum efficiency. The quantum efficiency, QE, of a photocathode is the probability of 
the emission of a photoelectron per incident photon. It is directly related to the radiant sensi-
tivity, S : 
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with h = Planck constant, e = elementary charge,  = wavelength, c = velocity of light.  

Usually quantum efficiencies given for detectors refer to the emission of a photoelectron or, 
in avalanche photodiodes, the generation of an electron-hole pair. The ‘detection efficiency’ 
in PMTs or SPADs is smaller for the reasons mentioned above: Not all photoelectrons cause a 
detectable anode current pulse in a PMT, and not all electron-hole pairs trigger an avalanche 
in a SPAD. An exception is the hybrid PMT: A photon emitted at the cathode is accelerated to 
such a high energy that it almost certainly generates an output pulse in the avalanche diode. 

The efficiency of the commonly used photocathodes is shown in Fig. 231. The QE of the con-
ventional bialkali and multialkali cathodes reaches 20 to 25% between 400 and 500 nm. 
GaAsP cathodes reach 45 to 50% and work up to 700 nm. The GaAs cathode works up to 
900 nm. Tt significantly surpasses conventional cathodes in sensitivity above 700 nm. 

Generally, there is no significant difference between the efficiency of similar photocathodes 
in different PMTs and from different manufacturers. The differences are of the same order as 
the variation between different tube of the same type. Reflection type cathodes are a bit more 
efficient than transmission type photocathodes. However, reflection type photocathodes have 
non-uniform photoelectron transit times to the dynode system and therefore cannot be used in 
ultra-fast PMTs. An overview about the spectral characteristics of PMT cathodes is given in 
[660]. 
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Fig. 231: Sensitivity of different photocathodes, after [660] 

The typical efficiency of the Perkin Elmer SPCM-AQR single photon avalanche photodiode  
module (now from Excelitas) is shown in Fig. 232 (after [884]). The wavelength dependence 
follows the typical curve of a silicon photodiode and reaches more than 70% at 700 nm. How-
ever, the active area of the SPCM-AQR is only 0.18 mm wide, and the diameters of other 



148      Detectors for TCSPC 

SPADs are as small as 20 µm. Therefore the high efficiency of a SPAD can only be exploited 
if the light can be focused into such a small area. 
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Fig. 232:  Quantum efficiency vs. wavelength for a Perkin-Elmer SPCM-AQR SPAD module [884] 

Dark Count Rate 

The dark count rate of a PMT depends on the cathode type, the cathode area, and the tempera-
ture. The dark count rate is highest for cathodes with high sensitivity at long wavelengths. 
Depending on the cathode type, the dark count rate decreases by factor of 3 to 10 for a 10 °C 
decrease in temperature. The most efficient way to keep the dark count rate low is thermoe-
lectric cooling. Reducing the temperature by 5 or 10 °C is often sufficient to obtain a substan-
tial decrease in dark count rate. Of course, any heat sources, such as the voltage divider resis-
tors, amplifiers connected to the output, or electrically driven shutters should be thermally 
decoupled from the tube. 

Exposing the cathode of a switched-off PMT to daylight increases the dark count rate for a 
longer period of time. For the traditional cathodes the effect is reversible, but full recovery 
can take several hours, see Fig. 233. Semiconductor cathodes should not be exposed to full 
daylight at all. 

 

Fig. 233: Decrease of dark count rate (counts per second) of a H5773P-01 photosensor module after the cathode 
had been exposed to daylight. The device was operated at an ambient temperature of 5°C. 

After extreme overload, e.g. daylight on the cathode of an active PMT, the dark count rate can 
be permanently increased by several orders of magnitude. The tube is then damaged and does 
not recover. 

Many PMTs produce random single pulses of extremely high amplitude or bursts of pulses 
with extremely high count rate. Such bursts are responsible for the peaks in Fig. 233. The 
peaks may indicate beginning instability in the tube and disappear if the gain is slightly re-



Detector Parameters    149 

 

duced. However, irregular bursts can also originate from dust on the cathode window, scintil-
lation effects by radioactive decay in the vicinity of the tube, in the tube structure itself, by 
cosmic ray particles or from tiny electrical discharges in the cathode region. Therefore not 
only the tube, but also the materials in the cathode region must be suspected to be the source 
of the effect. Generally, there should be some mm clearance around the cathode region of the 
tube. 

Afterpulsing 

Photon-counting detectors have an increased probability of producing background pulses 
within a few microseconds following the detection of a photon. These afterpulses are detect-
able in almost any conventional PMT. It is believed that they are caused by ion feedback 
[279], or, by a smaller amount, by luminescence of the dynode material and the glass of the 
tube. Afterpulsing exists also in SPADs. Afterpulsing of SPADs is caused by electrons and 
holes from a previous avalanche. The carriers are trapped in lattice imperfections; the dura-
tion of afterpulsing in SPADs therefore depends on the temperature. The only detectors that 
are free of afterpulsing are hybrid detectors [145], see 'HPM-100 Hybrid Detector', and 'NbN 
Superconducting Single-Photon Detectors' [794, 1085, 1086]. 

Afterpulses are difficult to identify in a standard TCSPC fluorescence lifetime setup. The af-
terpulses appear within a few microseconds after the detection of a photon. However, TCSPC 
records only one detector pulse per signal period. An afterpulse is recorded only if it appears 
in a new signal period and after the dead time caused by the previously detected photon. 

The afterpulsing probability versus the time after a regular single-photon pulse can be meas-
ured by illuminating the detector by a source of continuous classic light, such as an incandes-
cent lamp or an LED, and recording the detector pulses in the FIFO (time-tag) mode of a 
TCSPC module. Afterpulsing reveals itself in the autocorrelation function of the photon den-
sity over time. For continuous classic light, the autocorrelation function is a horizontal line. 
Afterpulsing shows up as a peak at times shorter than a few microseconds. An example is 
shown in Fig. 234. 

   

Fig. 234: Afterpulsing of an R5600P-1 PMT. Autocorrelation of the photon density recorded for a continuous 
light, count rate 10.000 /s. 

The height of the afterpulsing peak depends on the count rate. The reason is that the probabil-
ity of detecting the afterpulse of a previously detected photon is constant, whereas the prob-
ability of detecting another photon increases with the count rate. To make the results directly 
comparable different detectors must be tested at the same count rate. 

The density of the afterpulses, as a function of time after a light pulse, can be recorded di-
rectly with a multichannel scaler. The PMT is illuminated with light pulses at a pulse period 
in the µs range, and the PMT pulses are recorded over a time interval of a few microseconds. 
An example is given in [140]. 
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Afterpulsing can be a problem in high-repetition rate TCSPC applications, especially with 
Ti:Sapphire lasers or diode lasers. At high repetition rate, the afterpulses from many signal 
periods pile up and cause a considerable signal-dependent background. The total afterpulsing 
rate can easily exceed the dark count rate of the detector by an order of magnitude (see ‘Fig. 
402’, page 266). In fluorescence correlation spectra, afterpulsing results in a typical ‘after-
pulsing peak’ at times shorter than a few µs (see Fig. 827, page 606). The amount of after-
pulsing depends on the PMT gain. It can be reduced, yet not entirely removed, by decreasing 
the operating voltage of the PMT and using a preamplifier of a correspondingly higher gain. 

The average amplitude of the afterpulses is higher than of the regular single-photon pulses. 
The higher amplitude can result in a number of confusing effects. One of them is that the ap-
parent background of a detector may increase with increasing discriminator threshold. The 
reason is, of course, not a real increase of the background count rate. Instead, the afterpulsing 
background remains almost constant while the signal count rate decreases. In extreme cases 
almost all photon pulses are suppressed, and only afterpulses are recorded, see Fig. 404, page 
268. 

A remark appears indicated about the bumps that are commonly found in the TCSPC IRF of 
photomultipliers. These bumps (see, for example Fig. 237 or Fig. 240) are sometimes called 
‘afterpulsing’ or ‘afterpulses’. They have, however, nothing to do with the effect described 
here: The bumps are caused by regular photoelectrons that are scattered at the first dynode of 
a PMT or at the front face of the channel plate of an MCP PMT, and re-enter the amplifica-
tion system with a delay of few 100 ps or a few ns. The difference compared to true after-
pulses is that such scattered photoelectrons are not related to a previously detected photon. 
They are thus recorded, and, because they are delayed, cause said bumps in the IRF. True 
afterpulses occur after the detection of a regular photon. Afterpulses occurring closer than 
about 100 ns after a photon a are not detected because they fall into the dead time of the pho-
ton. They do thus not cause a bump in the IRF. 

Prepulses 

In some detectors a bump in the TCSPC instrument response function (IRF) appears a few ns 
before the main peak. The size of the bump depends on the discriminator threshold. Normally 
the bump can be suppressed or reduced in size by increasing the discriminator threshold. The 
effect is probably caused by photoelectron emission from the first dynode. The corresponding 
pulses reach the anode prior to the photons from the cathode, and have a lower amplitude. An 
example is shown in Fig. 235. 

 

Fig. 235: Prepulses in a detector IRF 

Similar effects can arise from an inappropriate zero cross level in a CFD. If the zero cross 
level is too close to the signal baseline, the zero cross comparator may oscillate and produce a 
double structure in the IRF. Therefore the CFD parameters should be checked before a PMT 
is suspected of producing pre-pulses. 
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Normally, pre-pulses do not cause major problems in TCSPC measurements. Even if the cor-
responding peak in the instrument response function (IRF) cannot be suppressed, e.g. because 
maximum counting efficiency is required, the deconvolution with the actual IRF delivers cor-
rect results. 
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Description of Selected Detectors 

R3809U MCP PMTs 

For many years, the Hamamatsu R3809U (Fig. 236) was the fastest detector in terms of 
TCSPC time resolution. TCSPC devices with the R3809U routinely achieve an IRF width 
below 30 ps [492]. The R3809U is available with conventional bialkali, multialkali, and ex-
tended-red multialkali cathodes. Recently, R3809 versions with high efficiency GaAs and 
GaAsP cathodes and versions for the spectral range above 1000 nm have become available. 

 

Fig. 236: Hamamatsu R3809U MCP 

An instrument response function of an R3809U measured with a bh SPC-630 TCSPC module 
is shown in Fig. 237. At an operating voltage of -3 kV an IRF width of 28 to 30 ps (FWHM) 
is obtained. The detector was operated with a 1.8 GHz preamplifier of 26dB gain. The CFD 
threshold was adjusted to a level that did not suppress more than 20% of the pulses. The IRF 
width decreases to about 25 ps if the operating voltage is increased to the maximum permitted 
value of -3.4 kV. The IRF has a shoulder of about 0.5 ns duration and 1 to 2% of the peak 
amplitude, see Fig. 237, right. 

                   

Fig. 237: IRF of an R3809U at -3 kV operating voltage. Linear scale (left) and logarithmic scale (right). Meas-
ured with Ti:Sapphire laser and SPC-630 TCSPC module. Time channel width 820 fs, time per division 100 ps. 

For a long time, an IRF width of 25 to 30 ps FWHM was considered the best that could be 
reached at a reasonable CFD threshold, without suppressing more than 50% of the photon 
pulses. Occasional reports about shorter IRF width were (probably correctly) attributed to the 
use of exceedingly high CFD thresholds. Operation in this regime results in low detection 
efficiency, and bears the risk of multiphoton detection and count-rate dependent IRF by satu-
ration of the microchannels. 

The situation changed with the introduction of the bh SPC-150N and, in particular, SPC-
150NX modules. These modules have CFDs with an input bandwidth of 5 GHz, compared to 
about 1 GHz of the SPC-630, 830, 130, and 150 modules. The new discriminators therefore 
‘see’ the leading edge of the single-photon pulses with a faster rise time than the old ones. 
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Consequently, amplitude fluctuations and amplifier noise have less influence on the time 
resolution. We tested an R3809U-50 / SPC-10NX combination with a Toptica FemtoFerb 
(100 fs) fibre laser. Details of the test setup are described in [114]. With the SPC-150NX the 
R3809U-50 delivers an IRF width around 20 ps and below. The IRF shape for two different 
CFD thresholds is shown in Fig. 238. left, the dependence of the IRF width and the efficiency 
on the CFD threshold in Fig. 238, right. 
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Fig. 238: IRF of R3809U-50 with SPC-150NX. Left: IRF shape for CFD threshold of -100 mV (blue) and -
400 mV (red). Right: IRF width and efficiency as a function of CFD threshold. The operating voltage of the 

R3809U was -3000 V 

It should be noted that the IRFs shown in Fig. 238 were recorded at a detector operating volt-
age of only -3000 V, and with the entire photocathode illuminated. Under these conditions, a 
count rate of several MHz can be achieved. An even shorter IRF width may be possible at the 
maximum operating voltage of -3400 V, and with a smaller illuminated area. The count rate is 
then limited by saturation of the microchannels and by the maximum permitted output current 
of the detector (see below). Nevertheless, operation in this range may be a solution to low-
count-rate applications. 

MCP PMTs are commonly believed to be unable to work at count rates higher than a few 104 
photons per second. This is not correct if the detector is operated correctly [141]. IRF curves 
for  a Hamamatsu R3809U at different count rate with illumination of the full cathode and 
-3 kV operating voltage are shown in Fig. 239, left. Up to a count rate of 3.3 MHz there is 
neither a change in IRF position nor in IRF shape. The first moment of the IRF does not 
change by more than 3 ps. 

Fig. 239, right, shows the IRF of a Hamamatsu R3809U MCP for an illuminated area of about 
1/10 of the cathode area. The count rates were 100 kHz, 1.4 MHz, and 3.3 MHz. There is in-
deed a noticeable change in the IRF, with a shift in the first moment of almost 20 ps. The IRF 
shift is most likely an effect of the saturation of the microchannels. The output of a single 
microchannel saturates when a single photon enters the input [660]. The recovery time of the 
channel is in the microsecond range. If a large number of photoelectrons is concentrated on a 
limited number of microchannels these do not fully recover, and the IRF changes. A simple 
extrapolation from the spot area of 10 mm2 in Fig. 239, left, to smaller areas shows that the 
useful count rate can indeed drop to the 10-kHz range. 
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Fig. 239: IRF of an R3809U MCP-PMT for different count rates. Illumination by diode laser, pulse width 50 ps. 
Operating voltage -3 kV, 20 dB preamplifier gain, CFD threshold -80 mV. Left: Full cathode area illuminated, 
count rates 3.3 MHz, 1.8 MHz, 480 kHz, and 25 kHz. Right: Illuminated area 2 x 5 mm, count rates 3.3 MHz,  
1.4 MHz, 100 kHz.  

These results show that MCP PMTs can be used for count rates close to the maximum useful 
count rate of currently available TCSPC systems. It should be noted, however, that the output 
current at a count rate of 3.3 MHz and an operating voltage of 3 kV is a few time higher than 
the maximum rating of 100 nA. This is certainly not a problem in applications where high 
count rates appear only temporarily, as in laser scanning microscopy. The lifetime of an MCP 
PMT at a continuous count rate of more than 3 MHz is not known. 

MCP PMTs are expensive and can be damaged by overload. It is also believed that the con-
ductive counting of the microchannels gradually degrades by sputtering under the impact of 
the electrons. This is no problem when the detector is operated within the limits given by 
Hamamatsu. However, unnecessarily high count rates over longer periods of time should be 
avoided. To provide maximum safety for the detector we recommend to use the bh HFAC-
26-01 or HFAH-26-01 preamplifiers (see ‘Preamplifiers’, page 191), the bh DCC-100 detec-
tor controller card (see ‘The DCC-100 Detector Controller’, page 192), and a high-voltage 
power supply that is controlled by the DCC-100. A high-voltage power supply module for the 
R3809U is available from bh, see Fig. 136, page 70. In situations where severe overload can 
occur the R3809U can be protected by a shutter, see Fig. 145, page 74 and Fig. 347, page 226. 

The R3809U-50 and -52 have been found almost free of afterpulsing [122, 140]. This makes 
the detector well suitable for fluorescence decay measurements over a wide dynamic range. In 
this respect, the performance is only surpassed by hybrid detectors and superconducting sin-
gle-photon detectors (SSPDs). 

 

Hamamatsu R5600 and R7400 Miniature PMTs 

The Hamamatsu R7400 and the older R5600 are miniature PMTs in a TO-8 size housing. The 
R7400 PMTs are the basis of the H5773 and H5783 photosensor modules, see paragraph be-
low. Due to their small size, the tubes yield a fast TCSPC instrument response. The typical 
IRF width for multialkali and bialkali tubes is between 150 and 180 ps fwhm. Increasing the 
voltage between the cathode and the first dynode makes the response even faster. It is un-
known how far the voltage can be increased without the tube breaking down. A test tube 
worked stable at 1 kV overall voltage with a cathode-to-dynode voltage 3 times as high as the 
dynode-to-dynode voltage. The decrease of the response width is shown in Fig. 240. 

The metal-channel design of the R5600 and R7400 results in slight periodical variations of the 
efficiency and the IRF over the active area, see Fig. 241, right. Consequently, either the entire 
active area should be illuminated or the position of the illuminated spot should be kept stable. 
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Fig. 240: R5600P-1, -1kV supply voltage: TCSPC response for different voltage between cathode and first dyn-
ode. Left to right: 3, 2 and 1 times nominal voltage. Entire cathode area illuminated, time scale 600 ps/div. 

The afterpulsing probability of the miniature PMTs is relatively high, especially for the NIR-
sensitive versions. However, the afterpulsing ceases after one microsecond and can, as usual, 
be reduced by operating the tube at reduced gain. 

The performance of the R7400 and R5600 tubes with the standard voltage divider is the same 
as for the Hamamatsu H5773 and H5782 photosensor modules (see below). It is questionable 
whether the slightly lower price compensates for the inconvenience of building a voltage di-
vider and using a high voltage power supply. Moreover, a R5600 or R7400 with a standard 
voltage divider does not yield the same high timing stability as the photosensor modules. 

Hamamatsu H5783 and H5773 Photosensor Modules 

H5783 and H5773 are miniature optical sensors containing a TO-8-size PMT together with a 
high-voltage power supply. The modules are operated from a simple +12 V to + 15 V power 
supply. The operating voltage of the PMT is controlled by a 0 to +0.9 V gain control signal. 
The modules are available in different cathode and window versions. A ‘P’ version selected 
for high gain and good pulse height distribution is available for the bialkali and multialkali 
tubes. 

The typical IRF of an H5773P-0 is shown in Fig. 241. The output pulses were amplified by a 
HFAC-26-10  preamplifier, and the response to 50 ps pulses from a 650 nm diode laser was 
recorded by an SPC-730 TCSPC module. 

       

Fig. 241: H5773P-0. Left: TCSPC IRF, time scale 500 ps/div. Gain control voltage 0.9 V, preamplifier gain 
20dB, discriminator threshold -100 mV, -300 mV and -500 mV. Right: Variation of the IRF and the efficiency 
over the cathode area. 

The response function has a pre-peak about 1 ns before and a secondary peak 2 ns after the 
main peak. The pre-peak is caused by low amplitude pulses, probably by photoemission at the 
first dynode. It can be suppressed by properly adjusting the discriminator threshold. The sec-
ondary peak is independent of the discriminator threshold. 

The variation of the IRF for an H5773-20 over the active area is shown in Fig. 241, right. The 
FWHM of the IRF varies from about 120 ps to about 140 ps, and the first moment shifts over 
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90 ps (see insert). This means that the IRF width for small spots can be substantially shorter 
than for the full active area. However, the improved resolution can only be exploited if the 
location of the illuminated spot is kept stable within less than 0.1 mm. If timing stability is 
important it is probably better to spread the light over the full cathode area. There is also 
some variation in the efficiency, see total count numbers in the insert of Fig. 241, right. 

The H5783 and H5773 photosensor modules have an exceptionally good timing stability at 
high count rates [141]. A test result for a Hamamatsu H5773P-20 photosensor module is 
shown in Fig. 242. 

 

Fig. 242: IRF of an H5773-20 photosensor module for recorded count rates of 30 kHz, 300 kHz, and 4 MHz. 
The shift between 30 kHz and 4 MHz is <2 ps and not discernible in the IRF curves. Insert: First moments of the 
curves. 

For (recorded!) count rates varying from 30 kHz to 4 MHz the shift in the first moment of the 
IRF is <2 ps and not discernible in the IRF curves. The surprisingly high timing stability may 
in part be a result of the Cockroft-Walton voltage-divider design of the H5773 and H5783 
modules [495]. 

Surprisingly, the internal high voltage generator of the H5783 and H5773 does not induce 
much noise at the output of the modules. Some ripple is detectable, especially at a load im-
pedance of 1 M, but the amplitude is much smaller than the amplitude of the single-photon 
pulses. 

Unfortunately the housings of the H5783 and H5773 modules do not provide good RF shield-
ing. Apparently there is no low-impedance connection between the internal signal ground and 
the housing. To obtain reasonable photon counting operation, the modules must be operated 
in an additional shielding box. 

To improve the noise immunity and to provide safety against damage by overload the photo-
sensor modules should be used with an HFAC-26-10 preamplifier. The +12 V supply voltage 
can be taken from the sub-D connector of the SPC module. The gain control voltage can be 
obtained from a simple voltage divider. A more comfortable solution is the DCC-100 detector 
controller of bh [58] (see ‘The DCC-100 Detector Controller’, page 192). The DCC-100 pro-
vides software-controlled gain setting, detector on/off switching and overload shutdown in 
conjunction with a bh HFAC-26 preamplifier. 

H11900 / H11901 and H10720 / H10721 Photosensor Modules 

Recently, Hamamatsu have introduced new photosensor modules. The H11900 / H11901 and 
H10720 / H10721 modules are functionally compatible with the H5783 and H5773 but have 
higher cathode efficiency and shorter transit-time spread. The H1190 and H10720 have pin 
connections, the H1190 and H10720 have cables, see Fig. 243. 
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Fig. 243: Hamamatsu H11900 (left) and H11901 (right) photosensor modules 

The modules can be used in combination with the bh TCSPC modules. To avoid detector or 
discriminator damage by overload or high pulse current we recommend to use the detectors 
with an HFAC-26-10 preamplifier and to control them from a DCC-100 detector controller. 
The H11900 modules are used in the new PMC-150 PMT modules of bh. Please see ‘PMC-
150’ for a characterization. 

 

PMH-100, PMC-100, PMZ-100 

The PMH-100, PMC-100, and PMZ-100 detector modules of bh contain a Hamamatsu H5773 
photosensor module together with a preamplifier. The PMC-100 also contains a thermoelec-
tric cooler. The detectors are shown in Fig. 244. 

                           

Fig. 244: PMH-100 (left), PMC-100 (middle) and PMZ-100 detector modules 

The PMH module (shown left) was the standard detector for the early SPC-300, SPC-400, and 
SPC-500 modules. The PMH was operated from the +12 V output at the sub-D connector of 
the SPC module or from a wall-mounted AC/DC adapter. The disadvantage of the PMH-100 
was that it had no overload shutdown. In the years after 2000, the PMH-100 modules have 
been almost entirely replaced by PMC-100 detectors. 

The PMC-100 is an improved version of the PMH-100. It has a thermoelectric cooler and 
internal overload detection. The PMC-100 requires the DCC-100 detector controller for 
proper operation. The DCC-100 delivers the current for the Peltier cooler and provides over-
load shutdown of the detector. Due to the cooling, even the NIR-sensitive versions of the 
PMC-100 deliver low dark count rates. 

The PMZ-100 has been designed for the non-descanned output ports of the Zeiss LSM 710 
NLO multiphoton laser scanning microscopes. The beam path of these microscopes requires 
the PMT cathode to be extremely close to the optical adapter. Also the PMZ-100 is operated 
via the DCC-100. It has overload shutdown but no thermoelectric cooler. 

The IRF of the PMH, PMC and PMZ modules is identical with the IRF shown for the H5773 
in Fig. 241. Moreover, the detectors feature the same exceptionally IRF stability at high count 
rates, see Fig. 241. Due to the high IRF stability and the high NIR sensitivity the PMC-100-20 
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is currently the best detector for DOT applications. For microscopy applications, the 
PMC-100 is available with a non-descanned port adapter and electro-mechanical shutter. 

PMC-150 PMT Modules 

The PMC-150 PMT modules are functionally identical with the PMC-100 but contain new 
Hamamatsu The H11900 photosensor modules with a higher cathode efficiency, shorter tran-
sit-time spread, and less IRF variation over the cathode area. Two IRFs recorded for a PMC-
150-110 are shown in Fig. 245. The IRF width is 118 ps for an illuminated spot of 1 mm di-
ameter, and 128 ps for illumination of the entire photocathode. 

 

Fig. 245: IRF for a PMC-150-110 (bi-alkali cathode). 1 mm spot and full photocathode illuminated. Time scale 
500 ps per division. Curves shifted to make them better distinguishable. 

IRFs for different location on the photocathode are shown in Fig. 246. The left figure shows 
the IRF as a function of the shift in x direction, or perpendicular to the venetian-blind ele-
ments. The right figure shows the IRF as a function of y, parallel to the elements. The largest 
shift occurs in x and is about 40 ps over the entire diameter of the cathode. The shift in y is 
about 18 ps. 

  

Fig. 246: Left: IRF as a function of location, x, on the photocathode. Right: IRF as a function of location, y, on 
the photocathode. Time scale 100 ps per division. 

PMCS-150 PMT Modules 

The PMCS-150 is a small-size (40 x 40 x 120 mm) version of the PMC-150. It was designed 
with special regard to the bh 12-channel MaxTau system. The PMCS-150 has active cooling, 
internal high-voltage generation, and an internal preamplifier. A difference is that the 
PMCS-150 can be operated without being controlled from a DCC-100 detector controller. To 
run independently of a DCC card, the PMCS has pre-set gain and internal overload-shutdown 
circuitry. When overload occurs the detector regulates down its gain until the output current is 
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within the safe range. When the overload is removed the gain regulates up to the pre-set 
value, and the detector resumes normal operation. The PMCS-150 module is shown in Fig. 
247, left, the IRFs for illumination of a 1-mm spot and for illumination of the entire cathode 
are shown in Fig. 247, right. The IRF widths are 120 ps and 130 ps, respectively. 

                      

Fig. 247: PMCS-150 detector (shown left) and IRF with SPC-150NX (shown right) 

 

Hamamatsu H7422 

The H7422-40, the H7422-50 and the H8632 are high-speed, high-sensitivity cooled PMT 
modules [496]. The modules feature excellent sensitivity in the red and near-infrared region. 
They contain an GaAsP or GaAs photomultiplier along with a thermoelectric cooler and a 
high voltage generator. The resolution in the TCSPC mode is typically 200 to 350 ps [122, 
140]. The H7422 comes in different cathode versions for the wavelength range up to 900 nm. 

The H7422-40 has a GaAsP cathode and can be used from about 300 nm to 700 nm. The 
cathode quantum efficiency reaches 40% in the visible range of the spectrum. The IRF meas-
ured for three different specimens of the H7422-40 is shown in Fig. 248. The width varies 
from about 200 ps to 350 ps. 

 

Fig. 248: IRF for three different specimens of the H7422-40. Gain control voltage 0.81 V, preamplifier HFAC-
26-1 (20 dB), CFD threshold -150 mV, 650 nm diode laser of 45 ps pulse width, SPC-630 TCSPC module, Time 

scale 500 ps/division 

For the wavelength range up to 900 nm the H7422-50 can be used. The timing behaviour is 
about the same as for the H7422-40. Due to its high NIR sensitivity the H7422-50 is fre-
quently used for diffuse optical tomography. There are also special versions of the H7422 
with cathodes for wavelengths up to 1100nm. Please contact Hamamatsu for details. 

The modules must be handled with care because the cathodes can easily be damaged by over-
load. Exposure to bright daylight is not allowed even when the devices are switched off. The 
maximum output current is 2 µA. Therefore the H7422 should be used with an HFAC-26-1 or 
-2 preamplifier. Power supply, gain control, overload shutdown and cooling current for 
H2422 modules is provided by the bh DCC-100 detector controller [58]. 
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Before the introduction of hybrid detectors the H7422s were widely used in laser scanning 
FLIM, FCS, and single-molecule spectroscopy applications. Now they have been almost en-
tirely replaced by hybrid detectors. 

Hamamatsu H7421 

The H7421 is a TTL output version of the H7422. As the H7422, the modules feature excel-
lent sensitivity in the red and near-infrared region and come in different cathode versions for 
the wavelength range up to 900 nm. The H7421 can be connected to the SPC boards via an 
A-PPI pulse inverter and a 20 dB attenuator. The internal discriminator of the H7421 has a 
fixed threshold. Moreover, the discriminator is not of the constant fraction type. That means 
that the H7421 has poor time resolution when used in TCSPC applications. The typical IRF 
width is 600 to 700 ps, and a noticeable dependence of the IRF on the count rate was found 
[122, 140]. 

Hamamatsu H15620-45 NIR PMT 

The Hamamatsu H15620-45 detector contains a small PMT together with a high-voltage gen-
erator, a thermoelectric cooler, a heat sink, and a cooling fan. The active area is 2 mm2, the 
detection wavelength range is from  950 to 1400 nm. The detector needs a +5 V power sup-
ply, a 0...+0.9 V gain control voltage, and a 1...4 A current source for the thermoelectric 
cooler. These voltages and the thermoelectric-cooler current are supplied by a bh DCC-100 
detector controller module. The only voltage which is not available from the DCC is the sup-
ply voltage for the cooling fan. Together with a bh HFAC-26-1 26-dB preamplifier the 
DCC-100 also provides for overload shutdown. The single-photon pulses from the preampli-
fier have an amplitude of -100 to -400 mV. This is compatible with the CFD input of the bh 
SPC series TCSPC / FLIM modules. The IRF of the detector and an IR scan of the palm of a 
human hand are shown in Fig. 249. With a cooler current of 2 A the dark count rate of our test 
device was about 4000 counts per second. Details are described in [163]. 

        

Fig. 249: Left: IRF of the H15620-45 detector, recorded with SPC-150NX TCSPC module and BHL-150, 
1300 nm picosecond diode laser. Right: IR transmission scan of the palm of a human hand. Combined intensity / 
propagation-time image. Colour shows the average propagation time, yellow to green refers to 900 to 1100 ps. 

Hamamatsu R10467 Hybrid PMT 

The Hamamatsu R10467 [497] is the first hybrid PMT suitable for TCSPC operation. In a 
hybrid PMT, the photons are detected by a photocathode, the photoelectrons are accelerated 
by a voltage of 8000 V, and directly injected into an avalanche diode, see Fig. 224,  page 139. 
The R10467 has a gain on the order of 105, and a single-electron (SER) amplitude on the or-
der of a few 100 µV. With a preamplifier of 40 dB gain the amplitude is sufficient for TCSPC 
operation. The active area of the cathode is 3 mm, a version with 5 mm diameter is available 
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since 2014. The R10467 comes in different cathode versions. The -40 version (GaAsP cath-
ode) works from 300 to 720 nm, the -50 version (GaAs cathode) from 400 to 900 nm, and the 
-06 version (bi-alkali cathode) from 300 to 600 nm. Recently, a -7 version (multialkali cath-
ode, 250 to 800 nm) and a -41 version (extended GaAsP, 300 to 800 nm) have been added. A 
photo of the R10467 is shown in Fig. 250. 

 

Fig. 250: Hamamatsu R10467 hybrid PMT tube 

The detectors are small cylinders of about 30 mm diameter. They have an SMA connector at 
the back, and wires for the supply voltages for the cathode (7 to 8 kV) and the avalanche di-
ode (about 400 V). 

The detectors feature excellent sensitivity and short TCSPC IRF width. Remarkably, the de-
tectors are free of afterpulsing. However, the low output amplitude, the high cathode voltage, 
and the requirement of perfect shielding make it difficult to use the bare R10467 in an open 
laboratory environment. bh therefore integrated the R10467 tube together with the high-
voltage power supply, the avalanche-diode power supply, and the preamplifier in a compact 
housing. The result was the HPM-100 detector module described in the section below. 

 

 

HPM-100 Hybrid Detector Modules 

When Hamamatsu released their H10467-40 hybrid PMT in 2009 bh were the first to notice 
that the detector was likely to open a new era of TCSPC operation [77, 78, 145, 146]. Detec-
tion efficiency of almost 50%, large active area, fast and stable IRF without bumps and tails, 
absence of afterpulsing and, consequently, large dynamic range of fluorescence decay re-
cording, made it almost ideal for fluorescence lifetime, fluorescence lifetime imaging, FCS, 
and single-molecule experiments. To make the R10467 practically useful for TCSPC applica-
tions the R10467 tube, the -8000 V power supply for the cathode voltage, the power supply 
for the AD voltage, and the preamplifier were integrated in a compact, carefully shielded 
housing. The entire device is controlled by the bh DCC-100 detector controller. The DCC-100 
provides for power supply, overload shutdown, and, in the cooled versions, for operation of a 
thermo-electric cooler. The bh HPM-100 module pulled off an unprecedented success story. It 
replaced almost all the PMT and MCP PMT detectors in the high-end TCSPC applications. 
More than 800 pieces were manufactured since 2009. With the introduction of GaAs cathode 
versions the application was extended into NIRS spectroscopy [78]. Finally, with the ultra-
fast bialkali and multialkali versions, the HPM-100 modules joined the exclusive club of sub-
20-ps detectors, which previously was entirely governed by SSPDs [114]. 

Photos of the HPM-detector are shown in Fig. 251. It comes with a C-Mount adapter, an 
adapter to the BIG and NDD ports of the Zeiss LSM 710/780/880 family laser scanning mi-
croscopes, and with fibre adapters. A cooled version is available as well. 
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Fig. 251: Left: bh HPM-100 hybrid PMT module. Left to right: Versions with C-Mount adapter, version with 
Zeiss BIG adapter, fibre-version, version with thermoelectric cooler 

As the R10467, the HPM-100 modules come in different cathode versions. These are listed in 
the table below. 

 Cathode Type Wavelength Range, nm IRF Width, ps 

HPM-100-06 Bialkali 300 - 600 < 20 
HPM-100-07 Multialkali 250 - 800 < 20 
HPM-100-40 GaAsP 300 - 720 100 - 130 
HPM-100-41 GaAsP 300 - 800 100 - 130 
HPM-100-50 GaAs 400 - 900 130 - 190 
 
A characterisation of the HPM-100 modules is given in the paragraphs below. Please see also 
[77, 78, 145, 146]. 

Instrument-Response Function 

HPM-100-40 

The instrument response function of an HPM-100-40 module (R10467-40 tube, GaAsP cath-
ode) is shown in Fig. 252. The recorded IRF width is 130 ps. Corrected for the laser pulse 
width of 60 ps, the true IRF width is about 120 ps. The response function is remarkably clean, 
as can be seen in the logarithmic plot on the right. 

   

Fig. 252: Instrument response function of the HPM-100-40, time scale 300 ps/div. Left: linear scale. Right: 
Logarithmic scale. bh BDL-445 SMC picosecond diode laser, bh SPC-830 TCSPC module. 

With about 120 ps FWHM, the IRF of the HPM-100-40 is not super-fast. However, the rela-
tively large FWHM is partly compensated by the fact that it has no bumps and tails. A com-
parison of the IRF of an HPM-100-40 with an R3809U MCP PMT is shown in Fig. 253. Al-
though the IRF of the HPM has a larger FWHM (full-width at half-maximum) it does not 
have any bumps or tails, and the width at the 1% level is smaller. Late photons in the recorded 
waveform of a light signal are therefore recorded at the same or even at better accuracy. A 
fluorescence decay containing a weak slow component may therefore by determined at a bet-
ter accuracy than with the faster detector. 
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Fig. 253: Comparison of HPM-100-40 with R3809U.  Left: linear scale. Right: Logarithmic scale. Red curve: 
R10467-40. Black curve: R3809U MCP PMT. bh SPC-130 TCSPC module, time-channel width 820 fs, time 

scale 200 ps/div. 

 

HPM-100-50 

The IRF of an HPM-100-50 (GaAs cathode) is shown in Fig. 254. The FWHM of the device 
tested was 130 ps. Over 4 orders of magnitude, the falling edge of the IRF is almost single 
exponential, and without bumps or tails. 

    

Fig. 254: IRF of an HPM-100-50. FWHM is 130 ps 

The HPM-100-50 detector is an excellent solution to time-resolved NIRS spectroscopy. In 
these applications, light travels diffusely through thick layers of biological tissue. The pulse 
shape (or the ‘distribution of times of flight’, DTOF) of the detected signal contains informa-
tion on the tissue properties, see chapter 'Diffuse Optical Tomography: DOT, NIRS and 
fNIRS' of this book. Most information is in the late photons, which have travelled the longest 
way through the tissue. To separate these photon form early ones a clean IRF is essential. 

Different than the HPM-100-40, the -50 (GaAs) versions show a relatively large variation in 
IRF width. We can only speculate about the reasons. It is probably a result of the cathode-
formation process. Attempts to increase the cathode quantum efficiency lead to a thicker layer 
of the cathode material, and a longer electron lifetime in the GaAs. This leads to longer elec-
tron diffusion times in the cathode, and thus to a longer IRF. An IRF for a ‘slow’ -50 detector 
is shown in Fig. 255. The IRF width is 190 ps, but the trailing edge is still single exponential  
over 3 orders of magnitude. 



164      Detectors for TCSPC 

    

Fig. 255: The -50 versions show noticeable variation in IRF width. The IRF width of this device  is 173 ps, but 
the trailing edge is still single-exponential over three orders of magnitude.  

 

HPM-100-06 and -07 Versions 

GaAsP and GaAs cathodes have an intrinsic time constant caused by the diffusion of the pho-
toelectrons in the cathode. The IRF of the -40 and -50 hybrid detectors thus contains a com-
ponent due to this effect. The fact that the falling edge of the IRF is almost single exponential 
(see Fig. 252, right) indicates that diffusion in the cathode is the dominating component of the 
IRF. 

It can be expected that the IRF of the  -06 and -07 versions (with bialkali and multialkali cath-
odes) does not contain this component, and that the detectors are faster. This is indeed the 
case. Already diode-laser based measurements had shown that the IRF of the HPM-100-06 is 
faster than 40 ps. To find out how fast the detectors really are we recorded IRFs with a Top-
tica FemtoErb Laser (pulse width 100 fs) and an SPC-150NX module [114]. The result is 
shown in Fig. 256. 

  

Fig. 256: Left: IRF of HPM-100-06 (bi-alkali cathode). Right: IRF of HPM-100-07 (multi-alkali cathode). The 
full with at half maximum is 18.9 ps and 19.4 ps, respectively. Toptica FemtoErb laser, 785 nm, 100 fs pulse 

width, and SPC-150NX, 100 ps/div, 405 fs/channel  

For both detectors the IRF width is faster than 20 ps. We suspected that the extremely short 
IRF may be a result of the long detection wavelength. Therefore we repeated the measure-
ments at the second harmonics of the laser wavelength, i.e. 392 nm. The result was essentially 
the same, see Fig. 257. 

There are small differences in the shape and the FWHM but these mainly depend on the illu-
mination geometry. In all cases, the IRF width remains shorter than 20 ps. That means the -06 
and -07 HPMs are the second-fastest detectors next to superconducting single-photon detec-
tors! 
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Fig. 257: IRF of HPM-100-06 (left) and HPM-100-07 measured at 392 nm 

 

Afterpulsing 

The afterpulsing probability can be characterised by the autocorrelation function of the pho-
tons of a continuous light signal detected at a known count rate [140]. Fig. 258 compares the 
autocorrelation function of an HPM-100-40 at 10 kHz count rate with that obtained from a 
Hamamatsu H5773-1 PMT module. 

While the H5773-1 shows the typical afterpulsing peak, the autocorrelation for the HPM is 
flat down to the dead time of the SPC-830 TCSPC module. Comparable performance has 
been achieved so far only for NbN superconducting single-photon detectors. However, these 
detectors have active areas with µm extensions and need to be operated in a liquid-He cryostat 
[794, 1085, 1086]. 

     

Fig. 258: Autocorrelation function of a continuous light signal of 10 kHz count rate. Left: HPM-100-40. Right: 
H5773-1. The autocorrelation function measured with the HPM is flat down to 125 ns, indicating that no after-

pulses are detected. 

Fig. 259 shows an FCS curve measured at a solution of fluorescein in water. The data were 
recorded by an HPM-100-40 connected to one of the confocal channels of the bh DCS-120 
confocal scanning FLIM system. Because there is no afterpulsing peak, diffusion and triplet 
times are obtained merely by autocorrelation of the photons detected in a single detector. 
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Fig. 259: Fluorescence correlation function of fluorescein molecules in water. Recorded with HPM-100-40, 
connected to bh DCS-120 confocal scanning FLIM system 

The absence of afterpulsing results in a significantly improved dynamic range of fluorescence 
decay measurements. An example is shown in Fig. 260. It shows the fluorescence decay of 
fluorescein recorded at a laser pulse repetition rate of 20 MHz. The signal was detected by a 
HPM-100-40  (left) and a H5773-1 PMT module (right). Both detectors have approximately 
the same dark count rates. For the HPM-100, the dark count rate is the only source of back-
ground. Because the dark count rate is only a few 100 counts per second an extraordinarily 
high dynamic range is obtained. For the H5773-1 the background is dominated by afterpuls-
ing. The background is thus substantially higher, and the dynamic range of the decay curve is 
far smaller than for the HPM-100-40. 

   

Fig. 260: Fluorescence decay curves for fluorescein recorded at a laser repetition rate of 20 MHz. Left: 
HPM-100-40. Right: H5773-01 

 

Sensitivity 

Quantum efficiency curves given for the R10467-40, -50, -06 and -07 by Hamamatsu are cop-
ied in Fig. 261. We had no possibility to verify these data quantitatively. What we could ver-
ify, however, is that the detection efficiency of the HPM-100-40 is slightly higher than for the 
Hamamatsu H7422P-40. The H7422P-40 (see page 159) has the same GaAsP cathode as the 
R10467-40 but uses a conventional PMT design. Before the hybrid detectors were introduced 
the H7422P-40 was the ultimate in sensitivity for large-area detectors. The HPM-100-40 
reaches at least the same efficiency at a far better time resolution, with a clean IRF, and with-
out afterpulsing. 
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Fig. 261: Left: Detection quantum efficiency for HPM-100-40 and -50. Right: Detection quantum efficiency for 
HPM-100-06 and -07. After Hamamatsu R10467 data sheets [497]. 

 

Dark Count Rate 

For low-level light detection the limiting parameter is often not only the efficiency but also 
the dark count rate. Typical curves of the dark count rate versus temperature are shown in Fig. 
262. 
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Fig. 262:  Dark count rate versus case temperature. Left HPM-100-40, right HPM-100-50. Black curve: Average 
of 8 detectors. Yellow area: Range of variation. 

On average, the values we found are a bit lower than the numbers in the Hamamatsu test 
sheets of the R10467 tubes, and significantly lower that the values reported in [782]. The rea-
sons are not clear. It should be noted that low dark count rates are only obtained if (a) the re-
verse voltage of the avalanche diode is selected below the breakdown level and (b) the tube 
has been kept in the dark for several hours after exposure to daylight. 

Important: The dark count rate can be reduced by selecting an especially good detector or by 
cooling. However, the significance of the dark count rate is often over-estimated. In most of 
the TCSPC experiments the counting background is dominated by afterpulsing of conven-
tional PMTs or by leakage of environment light into the experiment setup. In the first case the 
use of an HPM solves the problem automatically. In the second case the leakage must be 
found and removed. Only when these sources have been reliably excluded the use of a se-
lected or cooled detector should be considered. 

 

Active Area 

In most TCSPC applications it is difficult or even impossible to concentrate the light to be on 
an extremely small detector area. A typical case is multiphoton microscopy. Multiphoton mi-
croscopy is used to obtain images from image planes deep in a sample. The fluorescence pho-
tons from these layers are scattered on the way out of the sample and emerge from a large 
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area of the sample surface. Although these photons can be transferred to a detector by ‘non-
descanned detection’ they cannot be concentrated on an area smaller than a few mm in diame-
ter [79]. The diameter of the active area of the HPM-100 hybrid detector is 3 mm, and thus 
compatible with NDD detection in multiphoton microscopes. A version with a larger cathode 
diameter (5 mm) is available since 2012. The IRF width was found to be 150 ps as compared 
to 128 ps for the 3 mm version. 

A detector-area problem can even exist in a confocal microscope. Confocal detection uses a 
pinhole in a plane conjugate with the image plane in the sample. One might presume that the 
light from the pinhole is easy to focus an a small detector, such as a single-photon avalanche 
diode (SPAD). Unfortunately, in practice this is often not the case. Normally scan heads of 
laser scanning microscopes have additional magnification built in so that the physical pinhole 
size is on the order of millimeters. De-magnifying the pinhole to the size of a SPAD by a sin-
gle lens can be impossible. This is especially the case when larger pinholes, on the order of 
tens of Airy Units, are used. There is no such problem for the hybrid detector: The light can 
easily be concentrated on the 3 mm cathode area. 

An example is shown in Fig. 263. Both lifetime images were recorded at a pinhole size of 3 
Airy Units. Data recorded with the HPM-100 are shown left, data recorded with an id-100-50 
SPAD right. Despite the fact that the quantum efficiencies of the detectors do not differ sub-
stantially the image recorded with the HPM contains about twice the number of photons as 
the image recorded with the SPAD. 

       

Fig. 263: Fluorescence lifetime images recorded with an HPM-100-40 hybrid detector (left) and with an 
id-100-50 SPAD (right). Images and decay functions at selected cursor position. 

 
 
 

Conventional PMTs 

Compared to the H5783 and the PMH-100, conventional PMT tubes have poor timing per-
formance and are therefore not recommended for the SPC modules. The least objectionable 
are short-time PMTs, such as the XP2020, with high gain and single-photon specification. 
Due to the high gain and output current, these tubes work well without preamplifiers. Never-
theless, preamplifiers should be used to protect the CFD inputs of the SPC module against 
damage by high-amplitude pulses. The IRF width is about 200 to 350 ps (FWHM), but de-
pends strongly on the wavelength and the illuminated area of the photocathode [140]. 

Sometimes older PMTs (such as the 56 UVP) were built up with voltage dividers with an ex-
tremely high cross current (10 mA and more). We strongly discourage to use such devices. 
They require high-power HV supplies which are extremely dangerous. Furthermore, the de-
tector current can become very high and the PMT be easily damaged at higher light levels. 
For most TCSPC applications a voltage divider current of  a few 100 µA is sufficient. 

Simple side-window PMTs (R928, R931 etc.) were reported to yield a time resolution below 
300 ps FWHM in the TCSPC mode [239, 606, 776]. This is correct - with some serious re-
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strictions. A short response is obtained only if the light is focused into a spot of less than 
1 mm on the PMT cathode and the best location on the cathode is selected (see Fig. 264).  

 

Fig. 264: IRF of an R931 side-window PMT 

There is a considerable ‘Colour Delay’, i.e. a change of the delay and the shape of the re-
sponse as a function of the wavelength. Furthermore, there is usually a long tail in the re-
sponse with an ugly bump some ns after the main peak. Therefore, we do not recommend to 
use such tubes for TCSPC. The exception are cases when a complex instrument with side-
window PMTs, such as a laser scanning head, has to be upgraded with TCSPC. 

Detection Efficiency Comparison 

A comparison of the detection efficiency of different detectors is shown in Fig. 265. The de-
tectors were tested with the collimated beam of a BDL-SMN 480 nm laser. A wavelength of 
480 nm was used because it is close to the emission wavelength of important fluorophores, 
such as NADH, Cerulean, and GFP. The beam diameter was 1 mm. The laser beam was 
pointed on the photocathode through a package of neutral-density filters, see Fig. 265, left. 
The signals were recorded with an SPC-150N TCSPC module. A CFD threshold of -63 mV 
was used for all detectors. The detector gain was adjusted individually so that the count rates 
were in the plateau of the cont-rate-gain function. A collection time of 5 seconds was used for 
all measurements. A comparison of the recorded photon numbers is shown in Fig. 265, right. 
The photon numbers were normalised to the photon number obtained with the HPM-100-40. 
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Fig. 265: Efficiency comparison of detectors. Left: Test setup. Right: Relative detection efficiency at 480 nm, 
normalised to efficiency of HPM-100-40. 

As expected, the HPM-100-40 (GaAsP) has the highest detection efficiency at the test wave-
length. The -06 and -07 versions (bialkali and multialkali) have 2.5 to 3 times lower effi-
ciency. This is expected because the tubes have conventional photocathodes. The -50 (GaAs) 
version has about 19% of the detection efficiency of the -40 version. The -50 is optimised for 
NIR detection, and has its efficiency maximum at longer wavelength. The values measured 
are in agreement with the spectral sensitivity data given by Hamamatsu (see Fig. 231, page 
147). 
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Surprisingly, the PMC-150 detectors have a slightly higher detection efficiency than the 
HPM-100-06 and -07 versions. We do not have an explanation for that. In fact, the HPMs 
should have a higher electron transfer efficiency from the photocathode into the multiplication 
system, and thus a higher detection efficiency. The reason may be in the cathodes themselves. 
The cathode formation process has a large effect on the cathode sensitivity, and it is different 
for different detectors. 

The relatively low detection efficiency of the R3809U MCP PMT was expected. In an MCP 
PMT, not all photoelectron enter the microchannels of the michrochannel plate. This results in 
a sub-ideal electron-transfer efficiency, and, consequently, lower detection efficiency. 

Please note that the tests were performed at a wavelength of 480 nm. This wavelength is 
clearly in favour of the HPM-100-40 detectors. To estimate the efficiency ratios at other 
wavelength, please refer to the spectral quantum efficiency curves for the individual cathode 
types, please see Fig. 231, page 147. 

Influence of Magnetic Fields 

It is commonly known that magnetic fields influence the detection efficiency and the temporal 
response of PMTs. For conventional PMTs the effects are so large that careful magnetic 
shielding is recommended. Understandably, users of TCSPC systems with PMTs or other 
vacuum-tube detectors are concerned that the temporal instrument-response function (IRF) of 
their system may change in the presence of magnetic fields. We therefore tested the bh HPM 
hybrid detector modules and the bh PMCS PMT detector modules for possible IRF changes 
by externally applied magnetic fields. 

The IRFs were recorded with a bh SPC-150NX TCSPC module, with an electrical IRF of 
about 3.5 ps FWHM. As a test light source we used a FemtoFibre pro femtosecond-fibre laser 
from Toptica. The wavelength was 780 nm, the beam diameter 1.5 mm. The laser beam was 
attenuated by a package of ND filters and, without other optical elements, projected to the 
photocathode of the detector. Details are described in [119]. 

As a source of the magnetic field we used DD2 type disc magnets from K&J Magnetics, Inc., 
see Fig. 266, left. The magnet has a field perpendicular to the plane of the disc, with a surface 
strength of 1940 Gauss. For the tests we placed the magnet close to the detector under test. 
The field strength at difference distance from the magnet was calculated by the ‘K&J Mag-
netic Field Calculator’, available on www.kjmagnetics.com\fieldcalculator.asp. The field con-
figuration is shown in Fig. 266, right. 

           

Fig. 266: Left: Magnet used for the test. Right: Field configuration and field strength at the magnetic axis 25 mm 
from the magnet . Both figures from www.kjmagnetics.com 

For testing the HPM-100-07, the magnets were applied with their magnetic axis perpendicular 
to the detector axis and under 45 degrees to it. The test geometries are shown in Fig. 267. 
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Fig. 267: Magnetic-field geometries tested. Field direction from detector axis: Left (a) 90 deg horizontal, middle 
(b) +45 degree vertical, right (c) -45 degree vertical 

Results are shown in Fig. 268. The black curves are reference curves recorded without the 
magnetic field. One curve was recorded at the beginning, the other at the end of the experi-
ments. The FWHM is 16.3 ps and 16.5 ps, an the difference in the first moment is 0.5 ps. This 
is within the natural low-frequency timing wobble of the laser sync output and the photon 
timing in the SPC module. The blue curve shows the IRF for field configuration a, i.e. with 
the field axis horizontally and perpendicular to the axis of the detector. The shift in the first 
moment versus the averaged reference curves is 1.75 ps, the FWHM is 16.5 ps. The green and 
the red curves show the IRF for the +45-degree and -45-degree configurations. The shifts are 
9.45 ps and 14.4 ps. The FWHMs increased slightly to 18.4 ps and 17.7 ps, respectively.  

 

Fig. 268: IRFs recorded for the field-free case and for configurations a , b, and c. Time scale 20 ps / division. 

Similar measurements were performed on a bh PMCS-150 detector. The field configurations 
were 90 degree horizontal, 90 degree vertical, and +45 degrees, see Fig. 269. Due to the 
smaller size of the PMCS module, the magnet comes closer to the detector. The field strength 
in the axis of the detector was therefore 150 Gauss, i.e. slightly higher than for the HPM mod-
ule. The results are shown in Fig. 270. The ‘no field’ IRF and the two 90-degree IRFs are 
indistinguishable. The IRF widths are about 97 ps FWHM. The 45-degree IRF is shifted by 
9.7 ps toward later times, and the FWHM is increased to 109 ps. 

                     

Fig. 269: Magnetic-field test configurations for the PMC-150 detector. Field direction from detector axis: Left 
(a) 90 deg horizontal, middle (b) 90 degree vertical, right (c) +45 degree vertical 
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Fig. 270: Magnetic-field dependence of IRF of PMCS-150 detector. Time scale 100 ps / div. Note different time 
scale than in Fig. 268 

As can be seen from Fig. 268 and Fig. 269, the IRF shifts induced by the magnetic field are 
surprisingly small. Considering the fact that the field strength used in the tests was much 
higher than normally encountered in a typical operation environment, it can be concluded that 
magnetic fields are unlikely to impair normal fluorescence decay or FLIM measurements with 
these detectors. 

 

 

 

PML-16-C and PML-16C GaAsP Multichannel Detector Heads 

The bh PML-16C and PML-10 GaAsP detectors provide 16 simultaneously recording detec-
tion channels for TCSPC. The detectors are shown in Fig. 271, left and second left. Multi-
wavelength detection assemblies with the PML-16 detectors are shown in Fig. 271, second 
right and right. 

The PML-16 detectors contain a Hamamatsu R5900-L16 [493] or R12309U-40 [494] multi-
anode PMT together with 16-channel routing electronics (see Fig. 185, page 101), a preampli-
fier, and the high-voltage power supply for the PMT. The detectors are controlled by a bh 
DCC-100 card, which provides for power supply, gain control, and overload shutdown. 

The channel arrangement of the PML-16-C and the PML-16 GaAsP is 1-by-16, the IRF width 
150 to 250 ps FWHM [57, 122]. The PML-16-C comes in a bi-alkali (-0) and a multi-alkali (-
1) version, the PML-16 GaAsP has a GaAsP cathode. 

The PML detectors can be connected directly to the SPC-6, -7, -8 -140, -130EM, -150 , 150N, 
-150NX, and the SPC-160 modules. The photons from the individual detector channels are 
routed into different blocks of the SPC memory, see Fig. 185, page 101. The measurement 
yields a separate decay function for each PMT channel. The advantage of the PML detectors 
compared to single-detector wavelength-scanning solutions is the dramatically increased de-
tection efficiency. Typical applications are optical tomography, multi-wavelength FLIM mi-
croscopy, stopped flow experiments, and classic multi-wavelength fluorescence lifetime ex-
periments. Details of the detectors and their application are described in a separate handbook 
[57]. 
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Fig. 271: Left to right: PML-16C, PML-16 GaAsP, PML-SPEC assembly, MW-FLIM assembly 

 

Instrument-response Function 

IRFs for the PML-16-C and the PML-16 GaAsP are shown in Fig. 272. The IRF width is 
150 ps FWHM for the PML-16-C, and 203 ps for the PML-16 GaAsP. The slightly broader 
IRF of the PML-16 GaAsP results from the non-zero diffusion time of the photoelectrons in 
the cathode material. Both IRFs have a secondary peak about 1 ns after the main peak. Such 
peaks are common in conventional PMTs. They probably result from photoelectrons that are 
reflected at the first dynode and then forced back to the dynode by the electric field. The am-
plitude of the secondary peak is about 1% of the main peak and thus does not pose a problem 
to fluorescence lifetime measurements.  

              

              

Fig. 272: IRF of PML detectors, single channel. Top: PML-16C, linear and logarithmic scale. FWHM is 150 ps. 
Bottom: PML-16 GaAsP, linear and logarithmic scale. FWHM is 203 ps. 

Transit-Time Variation 

Photomultipliers of the metal-channel type commonly have some variation of the transit time 
with the location on the photocathode, see Fig. 241, right. The R5900 tube and the R12309U-
40 tubes used in the PML-16 detectors are no exception. Fig. 273 shows that there is a sys-
tematic wobble in the transit time of the channels. In the FIFO mode and the FIFO Imaging 
mode the shift of the transit times can be corrected during recording, see 'Delay Correction for 
16-Channel Detectors', page 704. Alternatively, the effect can be taken into account in the 
data analysis, either by determining individual IRFs for the channels or by including a shift 
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parameter in the fit procedure. Please see chapter 'SPCImage NG Data Analysis Software', 
page 795. 

  

Fig. 273: Instrument response functions of the PML-16 C channels. Response to 50 ps diode laser pulses at 
650 nm. Left: curve plot. Right colour-intensity plot, vertical axis is the channel number. 

 

Sensitivity 

A comparison of the sensitivity of the PML-16C-01 and the PML-16 GaAsP is given in Fig. 
274 and Fig. 275. Between 500 and 700 nm, the sensitivity of the PML-16 GaAsP is about 6 
time higher. FLIM images recorded with the PML-16 GaAsP are correspondingly brighter. 

                    

Fig. 274: Multi-wavelength fluorescence decay measurement with PML-16-1 (multi-alkali, left) and PML-16 
GaAsP (right). Same acquisition time, same intensity scale, 500 to 700 nm, long wavelength is at the front. 

      

Fig. 275: Multi-wavelength FLIM, 8 of 16 channels shown. Left: PML-16-C-01. Right: PML-16 GaAsP. Same 
acquisition time, same intensity scale. 

 

PML-SPEC and MW-FLIM Systems 

The PML-16C and the PML-16 GaAsP are part of the bh PML-SPEC spectral detection sys-
tems and the bh multi-wavelength MW-FLIM systems. These systems include the detector, a 
grating polychromator (spectrograph) for spectral dispersion, and an optical fibre or fibre bun-
dle to transfer the light into the input plane of the polychromator. The PML-SPEC is shown in 
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Fig. 276, the MW FLIM in Fig. 277. For details, please see handbook of the PML-16C [57] or 
handbooks of the bh FLIM systems [63, 64, 68, 69]. 
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  Fig. 276: PML-SPEC detector. The light is coupled into the polychromator input by an optical fibre. 
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Fig. 277: MW FLIM detector. The light is transferred into the polychromator by a fibre bundle. 
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Single-Photon Avalanche Photodiodes 

Single-Photon Operation of Standard APDs 

There is a large number of inexpensive avalanche photodiodes (APDs) for use as high-
sensitivity linear light detectors. The diodes are operated below the breakdown voltage, and 
the internal gain is on the order of a few 100. Single-photon detection cannot be obtained this 
way. It would require operation in the ‘breakdown mode’, i.e. at a reverse voltage above the 
breakdown voltage. A singe photon absorbed in the depletion layer of the diode would the 
causes an avalanche breakdown, and an easily detectable output pulse, see Fig. 225, page 141. 
Single-photon operation of standard silicon APDs in simple passive and active quenching 
circuits has been reported since 1981 [294, 386, 669]. However, there is no off-the-shelf APD 
for which single-photon operation is guaranteed. Standard APDs should therefore not be con-
fused with Single-Photon Avalanche Photodiodes, or SPADs. Only these are designed to 
work reliably above the breakdown voltage. 

Deep-Junction SPADs 

For a long time the only commercially available single photon avalanche photodiodes 
(SPADs) were the SPCM-AQR modules from Perkin Elmer (now Ecxelitas) [884]. The 
SPCM-AQR modules have a high efficiency in the near infrared. They are available in differ-
ent dark count classes down to 25 counts per second. The output pulses are positive, with 
TTL/CMOS levels and a pulse width of several 10 ns. The pulses can be coupled into CFD 
inputs of the bh TCSPC devices via an A-PPI inverting transformer (see Fig. 156) or via a 
HRT-82 router. Due to their high efficiency and low afterpulsing probability, the SPCM-AQR 
modules are preferentially used in FCS and single-molecule experiments. 

Unfortunately, the timing performance of the SPCM-AQR varies over a relatively wide range. 
The IRF of an unselected SPCM-AQR is shown in Fig. 278, left. The pulse width of the laser 
was about 50 ps, i.e. much shorter than the detector response. The measurements show that 
not only was the TTS of the tested detector relatively wide, but also there was a considerable 
change with the count rate. Fig. 278, right shows the IRF of an SPCM-AQR selected for low 
timing jitter. The IRF of this module was shorter than 300 ps, and the dependence of the IRF 
on the count rate was reduced. 

      

Fig. 278: TCSPC IRF of two SPCM-AQR modules, 1 ns/div. Left: Unselected modules, measured at 650 nm, 
50 kHz, and 500 kHz count rate. Right: Module selected for low timing jitter, measured at 496 nm, 50 kHz and 
500 kHz count rate. 

 

Shallow Junction Epitaxial SPADs 

In the last years it became possible to manufacture silicon SPADs by standard epitaxial proc-
esses as they are used for high-speed CMOS devices. The diodes are characterised by a small 
thickness of the depletion region. The thin depletion region results in a relatively low break-
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down voltage, high time resolution, and low dark count rate. The drawback of the thin deple-
tion region is a reduced quantum efficiency in the near infrared. 

Fig. 279 shows IRF recordings for an id 100-20 detector of id Quantique [551, 937] (left) and 
for a PDM 50 CBT detector of Micro Photon Devices [785] (right). The test light source was 
a bh BHL-600 785 nm diode laser of 24 ps pulse width; the signals were recorded by bh 
SPC-140 TCSPC module. For both detectors the detector count rate was varied from a few 10 
kHz up to several MHz. 

The three curves for the id 100 (Fig. 279, left) were recorded at detector count rates of 
61 kHz, 2.7 MHz, and 8.1 MHz. The recorded pulse width (FWHM) is 49 ps, 48 ps and 45 ps, 
respectively. Corrected for the laser pulse width, the detector IRF width is 43 ps, 42 ps, and 
38 ps. The shape of the IRF is remarkably clean, without any secondary peaks. Compared to a 
count rate of 61 kHz, the IRF shifts by 13 ps and 27 ps for 2.7 MHz and 8.1 MHz, respec-
tively. 

The curves for the PDM 50 CBT were recorded at a detector count rate of 750 kHz, 1.7 MHz, 
3.2 MHz, and 4.1 MHz. Surprisingly, the detector tested had a dead time longer than the dead 
time of the SPC-140 (100 ns). A detector dead time longer than the TCSPC dead time can 
cause tails and secondary peaks in the recorded response, especially if the end of the dead 
time interval coincides with a laser pulse. The IRFs of the PDM 50 CBT were therefore re-
corded by an SPC-150 with the module dead-time adjusted to about 140 ps. The detector then 
showed a clean response with extraordinary low shift in the first moment. The shift in the first 
moment is 1.1 ps for 1.7 MHz, 6.5 ps for 3.2 MHz, and 8.8 ps for 4.1 MHz. For count rates of 
750 kHz, 1.7 MHz, 3.2 MHz, and 4.1 MHz the recorded pulse width was 43 ps, 47 ps, 64 ps, 
and 67 ps, respectively. 

          

Fig. 279:  IRF shapes of epitaxial SPADs. Response to diode laser pulses, wavelength 785 nm, pulse width 
24 ps. Time channel width 814 fs, 100 ps / division. Left: id 100-20 at detector count rates of 61 kHz, 2.7 MHz, 
and 8.1 MHz. Right: PDM 50 CBT at detector count rates of 750 kHz, 1.7 MHz, 3.2 MHz, and 4.1 MHz. 

Fig. 280 compares the response of two epitaxial SPADs (id 100-20 of id Quantique [551] and 
PDM 50 CT of Micro Photon Devices [785]) with the response of an R3809U-50 MCP PMT 
for a detection wavelength of 785 nm. There is a slow tail in the response measured at 
785 nm. This ‘diffusion tail’ is typical of APDs operated at long wavelengths. It is caused by 
photons which penetrate the depletion layer and generate photons in the neutral regions 
nearby. 
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Fig. 280:  Response of an id 100-20 SPAD (1), an PDM 50CT SPAD (2), and an R3809U MCP PMT (3). 
Wavelength 785 nm, optical pulse width 24 ps, time scale 600 ps/div. 

The diffusion tails in the SPAD responses are almost single-exponential. The single-
exponential profile and the fact that the tail is not present at short wavelength can be a pitfall 
in fluorescence decay measurements, where the diffusion tail is sometimes mistaken for a 
fluorescence component. 

The dependence of the IRF on the wavelength is shown in detail in Fig. 281. Not only is there 
a considerable change in the amplitude of the diffusion tail but also a change in the width on 
the main peak and consequently in the FWHM, see especially Fig. 281, right. Caution is 
therefore indicated if SPADs are used at variable wavelength. 

     

Fig. 281: Wavelength dependence of the IRF of an id 100-50 (left, 500 pd/div) and a PDM 50 CBT SPAD 
(right, 250 ps/div). 785nm (dark red), 650 nm (red), 446 nm (blue), 405 nm (dark blue) 

 

Shallow Junction SPADs with Larger Area 

Fast SPADs with active areas larger than 50 µm in diameter are manufactured by Micro Pho-
ton Devices (MPD). We tested a PDM PD-100-CBT-FC (diameter 100 µm) with an SPC-
150NX TCSPC module and a 100 fs FemtoErb fibre laser from Toptica. The attenuated laser 
pulses were injected directly, without a fibre, into the FC fibre coupler of the detector. The 
result is shown in Fig. 282. The IRF has an FWHM of 35.6 ps. This is surprisingly fast for a 
100-µm SPAD. The logarithmic display (Fig. 282, right) shows the typical diffusion tail. 
However, the tail decays entirely within about 1.5 ns. The dynamic range from the top of the 
IRF to the background level is about 4 orders of magnitude. This indicates that the PD-100-
CBT-FC also had low afterpulsing. 
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Fig. 282: IRF of a PDM PD-100-CBT-FC of MPD, recorded with SPC-150NX and Toptica Femto-Erb fibre 
laser. Total time range of recording 1.67 ns, TCSPC time channel width 405 fs. 

Spatial Variation of IRF 

IRF measurements on SPADs often deliver contradictory results. The reason is not only a 
possible wavelength dependence of the IRF but also spatial variation over the active area. The 
shape and the width of the IRF then depends on where and how tightly the light is focused on 
the detector. A way to measure such variations is shown in the applications chapter of this 
book, see page 634. 

Light Emission from SPADs 

The avalanche breakdown in a SPAD generates light. This ‘breakdown flash’ can cause trou-
ble in correlation experiments and in quantum cryptography setups [664, 1164]. Please see 
page 635 for measurements of the effect. 

 

SPAD-8 Eight-Channel SPAD Module 

The bh SPAD-8 module is based on an id150-1x8 multichannel SPAD of id Quantique [552]. 
The id150-1x8 contains eight actively quenched SPAD pixels on a single silicon chip. The bh 
SPAD-8 module contains an id150-1x8, the generator for the SPAD operating voltage, and 
the routing electronics for multi-dimensional TCSPC. For each photon, the SPAD-8 module 
delivers a timing pulse and the number of the SPAD pixel that has detected the photon. The 
SPC module builds up a photon distribution versus the time and the pixel number, or stores 
the individual photons as time-tag data, see Fig. 185, page 101 or Fig. 204, page 116. Power 
supply, SPAD excess-voltage control, and current for the TE cooler are provided by a bh 
DCC-100 detector controller card. The detector and the pixel arrangement are shown in Fig. 
283. The IRF with a BDL-SMC 405 nm laser and a BHL-600 650 nm laser are shown in Fig. 
284. The DCC control panel is shown on the right. 
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Fig. 283: SPAD-8 Eight-channel SPAD detector. Left to right: Side view, front view, and arrangement of pixels 
on detector chip  
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Fig. 284: IRF at 405 nm (left), and 650 nm (middle). The DCC panel for detector control is shown on the right. 

Fig. 285 shows a test of the device with a fluorescence signal. The light was distributed 
evenly over the SPAD pixels. As can be seen from Fig. 285 the sensitivity of the channels is 
surprisingly uniform, with no more than 5% difference for the individual channels. 

         

Fig. 285: Recording of  a fluorescence signal. The sensitivity of the channels does not vary by more than 5%. 

 

Gated SPADs 

SPADs can be gated by switching the reverse voltage between a level above (‘on’ state) and 
below the breakdown voltage (‘off’ state). Although the principle is straightforward the elec-
tronic implementation is not. The breakdown voltage at the high end of the diode is between 
about 25 V for shallow junction SPADs and 300 V for deep-junction SPADs. It is not easy to 
overlay a clean modulation pulse to this voltage without causing spurious signals on the sig-
nal on the low end. Moreover, the voltage during the on phase must be absolutely free of ring-
ing to avoid modulation of the detection efficiency. Therefore most SPADs - if gateable at all 
- can be gated only with on-off times on the order of 50 ns and longer. Nevertheless, Tosi, 
Boso and Zappa have managed to build a SPAD that can be gated with on-off times in the 
sub-ns range [208, 1151]. 

The applicability of the device to diffuse optical reflectance measurement has been demon-
strated by Dalla Mora et al. and Pifferi et al. [310, 892]. Several TCSPC recordings of a dif-
fusely reflected signal from a scattering medium are shown in Fig. 286. The grey curve is a 
recording of the un-gated signal. The red, green, blue, cyan, brown, and magenta curves are 
gated recordings with different gate-on delay. As can be seen from the recordings, most of 
photons before the gate-on transition are indeed suppressed. The suppression is not perfect, 
however. There is a ‘memory effect’ due to carriers generated in the substrate by early pho-
tons. These diffuse into the active layer after the gate-on and cause the overshoot seen in the 
gated curves. There is also a change of the background due to signal-dependent amount of 
afterpulses [311]. Considering the fact that the intensity in the gate-off period was orders of 
magnitudes higher than in the gate-on phases these effects are very small, see the scale at the 
left of Fig. 286. The detector therefore provides an excellent solution to the dynamic-range 
problem in diffuse optical imaging experiments with zero source-detector distance [764]. 
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Fig. 286: Gated SPAD, detecting the light pulse returned from a scattering medium. Grey curve: Un-gated re-
cording. Red, green, blue, cyan, brown, magenta: Waveforms recorded with gating, different ‘gate on’ times. 

Recorded with SPC-150, same data as in [1194].  

 

Id 220 InGaAs SPAD 

For many years, a problem of TCSPC was the lack of suitable single-photon detectors for the 
infrared region. The situation improved with the availability of single-photon avalanche di-
odes (SPADs) based on InGaAs material. These detectors achieve a quantum efficiency of 
about 20% at a wavelength 1300 nm. The sensitivity range goes from 900 nm to about 
1700 nm. The problem of early InGaAs SPADs was the high dark count rate, and the strong 
afterpulsing. To avoid instability, the devices could only be operated in a gated mode: The 
reverse voltage was increased above the breakdown level for a period of 10 to a few 100 ns, 
and then decreased below the critical level for several microseconds. This kind of operation is 
not compatible with most TCSPC applications. 

Standard TCSPC detection in the IR became possible with the introduction of the Id Quan-
tique id220 detector [553]. The id220 was the first InGaAs SPAD that could be operated in a 
continuous mode. It thus could be used for TCSPC without any restrictions. The detector is 
shown in Fig. 287. 

 

Fig. 287: Id 220 InGaAs SPAD detector 

For a test of the id220 in combination with the bh TCSPC modules we used the setup shown 
in Fig. 288. A bh BDS-SM picosecond diode laser generates a 50 MHz train of picosecond 
light pulses at a wavelength of 1064 nm. The optical output from the laser is via a single-
mode fibre. The end of the fibre was brought in contact with a cuvette containing a dye solu-
tion or a scattering medium. The light from the sample was collected by a multi-mode fibre 
and transferred to the detector. The TCSPC system was a bh Simple-Tau 150, containing an 
SPC-150 TCSPC module. The detector output pulses were adapted to the input voltage range 
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of the SPC module by an attenuator and an A-PPI-D pulse inverter. The synchronisation of 
the TCSPC module comes directly from the laser. 
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Fig. 288: Test setup for id-220 InGaAs SPAD 

Typical waveforms recorded with the system are shown in Fig. 289. The curves show signals 
obtained from diluted milk (black curve), IR1061 (Aldrich, brown curve), and undiluted milk 
(red curve). The curve from the diluted milk (black curve) can be expected to reproduce the 
temporal IRF. It is surprisingly fast: The full width at half maximum (FWHM) is 230 ps. This 
includes the laser pulse width, the transit time differences in the 1 cm cuvette, and the transit 
time spread in the detector fibre. A deconvolution of the decay recorded for the IR1061 
fluorophore from this IRF delivers about 50 ps. This is in agreement with the fluorescence 
decay time measured with an ultra-fast NbN SSPD detector, see Fig. 299, page 189. 

 

 

Fig. 289: Waveforms recorded with the setup shown in Fig. 288. Black curve : Diluted Milk. The curve can be 
expected to reproduce the temporal IRF. Brown curve: Fluorescence decay of IR1061. Red curve: Photon migra-
tion in milk, undiluted. Time axis 0 to 5 ns, 500 ps per division, 1.22 ps per data point. 

In the meantime, the id-220 detector has been replaced with an improved version, the id 221. 
It yields a slightly higher time resolution and lower dark count rate. 

The detectors come with software which allows the user to optimise the detector parameters 
for the intended experiment. Both the detection efficiency and the dead time (quenching time 
after detecting a photon) can be modified. We made test measurements with various parame-
ter combinations. The best TCSPC results were obtained with the detection efficiency set to 
the maximum of 20%, and a dead time of 5 µs. Reducing the detection efficiency results in 
lower dark count rate. However, the efficiency drops by the same ratio as the dark count rate. 
Moreover, lower detection efficiency results in a broader IRF. Reducing the detection effi-
ciency is therefore not recommended. The dead time of 5 µs was found to be a compromise 
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between counting speed and afterpulsing background. Dead time settings larger than 5 µs 
unnecessarily reduce the saturated count rate, dead times shorter than 5 µs result in a notice-
able increase of the signal-dependent counting background. Please note that a dead time of 
5 µs is much longer than the dead time of the bh TCSPC modules, and much longer than the 
dead time of visible-range detectors. For 5 µs dead time, the saturated count rate is 200 kHz. 
The recording rate should therefore be kept below 100 kHz. 

id-230 InGaAs SPAD 

The new ID Quantique id-230 InGaAs SPAD delivers an instrument response width of 80 ps 
FWHM with the bh SPC-150 TCSPC module. Compared to its predecessor, the id-220, the id-
230 also has a much lower dark count rate. The id 230 is shown in Fig. 290. 

 

Fig. 290: id 230 InGaAs SPAD detector of id Quantique 

We have tested the id-230 with a bh BDS-SM-1064 nm picosecond diode laser of 50 MHz 
repetition rate and about 60 ps pulse width [107]. The TCSPC system was a standard bh Sim-
ple-Tau 150, containing an SPC-150 TCSPC module. The detector output pulses were 
adapted to the input voltage range of the SPC module by an attenuator and an A-PPI-D pulse 
inverter. The synchronisation signal for the TCSPC module was obtained directly from the 
Sync output of the BDS-SM laser. An IRF recorded with this setup is shown in Fig. 291. 

 

Fig. 291: Laser pulse recorded with the id-230 SPAD. BDS-SM-1064nm ps diode laser, SPC-150 TCSPC mod-
ule. Detection efficiency 25%, dead time 5 µs. Laser pulse width is 50 ps to 60 ps. 
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The width of the recorded photon distribution is 94 ps. These 94 ps contain a contribution 
from the laser pulses. The width of laser pulses is not exactly known since we had no fast 
reference detector for a wavelength of 1064 nm. However, BDS-SM lasers of sub-1000 nm 
wavelength have pulse widths in the range of 50 to 60 ps. Assuming the same width for the 
pulses at 1064 nm the real IRF width of the detector-TCSPC combination can be expected in 
the range of 72 ps to 80 ps. To our knowledge, this is the fastest TCSPC response reported for 
any commercially available InGaAs SPAD yet. 

The ID230 detector comes with software that allows the user to adapt the detector parameters 
to the conditions of the experiment. Both the detection efficiency and the dead time (quench-
ing time after detecting a photon) can be modified. As for the id-220, the best TCSPC results 
were obtained with the detection efficiency set to the maximum of 25%. Reducing the detec-
tion efficiency results in a broader IRF and is therefore not recommended. 

Unlike the detection efficiency parameter, the dead time selection in the id-230 software is 
important to optimise the TCSPC performance for different experiments. Shorter dead time 
results in higher saturated count rate and less counting loss but also in higher background and 
stronger afterpulsing. For typical applications with count rates in the 10 kHz to 100 kHz range 
a dead time of 5 µs was found to be the best compromise. For low-count-rate applications 
longer dead times can be used. At count rates in the range of a few kHz or below an increase 
in dead time does not cause noticeable loss of photons. It does, however, result in a dramatic 
decrease of the counting background. An increased dead time thus increases the dynamic 
range of the recording. 

An example is shown in Fig. 292. The laser was attenuated until we obtained a count rate of 
only 800 counts per second. This signal was recorded with a detector dead time of 40 µs. At 
800 counts per second, the loss of photons in the 40 µs following a previously recorded pho-
ton is negligible. However, the increased dead time reduces the dark count rate from several 
1000 down to less than 300 counts per second. The dynamic range therefore increases, and 
the signal is recorded at high signal-to-background ratio. The result shows that the ID230 can 
indeed be used down to extremely low light intensities. 

 

Fig. 292: Laser pulse recorded at a count rate of 800 photons per second. id-230 dead time 40 µs, acquisition 
time 600 seconds. The long dead time decreases the counting background and thus results in a high signal-to-

background ratio. 
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NbN Superconducting Single-Photon Detectors 

Superconducting single-photon detectors (SSPDs) detectors offer sensitivity up to micrometer 
wavelengths and time resolution in the sub-20 picosecond range. The detectors are based on a 
nano-structured ultra-thin layer (‘nanowire’) of niobium nitride, see Fig. 226, page 142. The 
structure is cooled down to a temperature of a few Kelvin so that the NbN film is supercon-
ducting. A DC current is sent through the device. When the NbN structure absorbs a photon 
superconduction is temporarily lost. Te corresponding decrease of the current causes a voltage 
pulse across the load resistor. The amplified voltage pulse is the single photon pulse of the 
detector. 

Test results obtained with a time-resolved detection system composed of a superconducting 
detector made by Karlsruhe Institute of Technology [536], Germany, and a Simple-
Tau 130 EM TCSPC system have been published by Tousaint et al. [1152, 1153]. The basic 
setup of the system is shown in Fig. 293.  

 

Fig. 293: Setup of detection system with superconducting detector, Courtesy of Julia Toussaint, IPHT Jena, 
Germany 

Light from a femtosecond laser (pulse width 150 fs, repetition rate 75 MHz, wavelength 
520 nm) was coupled into the detector via a single-mode fibre. The output pulses from the 
detector were amplified by two Mini Circuits ZX60-33LN amplifiers. The total gain was 
about 40 dB, the bandwidth about 1 GHz. The reference signal for the SPC-130EM module 
was generated by a photodiode. The TCSPC instrument response function (IRF) obtained 
with this setup is shown in Fig. 294. 

   

Fig. 294: IRF of Simple-Tau 130 EM TCSPC system with superconducting detector. Optical wavelength 
520 nm. Time channel width 813 fs, the recorded FWHM is 22.2 ps. Linear scale (left) and logarithmic scale 

(right). Data courtesy of Julia Toussaint, IPHT Jena, Germany 
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The IRF width is 22.2 ps (FWHM). The IRF contains the laser pulse width (150 fs, negligi-
ble), possible broadening in the optics (not known), the electrical IRF width of the SPC mod-
ule (6.8 ps), the real IRF of the detector, and a contribution from the noise of the amplifiers. 
The contribution of the amplifier noise can be estimated from the electrical response of the 
amplifier-SPC combination (10.6 ps). It is about 8 ps. Thus, the timing noise induced by the 
amplifier noise forms a noticeable contribution of the IRF width. A reduction of this term is 
difficult. The amplifiers used in the setup have a noise figure of typically 1.1 dB. That means 
the noise is not significantly larger than the unavoidable noise of the internal matching resis-
tor (50 ). A reduction is only possible by cooling the amplifiers down to extremely low tem-
perature. 

To test the detector for afterpulsing an autocorrelation (FCS) curve of the photon density was 
recorded simultaneously with the IRF data, see Fig. 295. The count rate was 100 kHz. As ex-
pected, no afterpulsing peak is visible in the data. 

 

Fig. 295: Autocorrelation of the detection rate over an acquisition time of 10 seconds. Count rate 100 kHz. No 
afterpulsing peak is visible in the data. 

A detector consisting of a linear array of NbN nanowire structures connected in series via 
delay lines was described in [534]. The detector can be used for position-sensitive detection 
of photons, provided the arrival times of the photons are known. 

Single Quantum Eos X10 CS 

Another test was performed with an Eos X10 CS superconducting detector of Single Quan-
tum, Delft, the Netherlands. The general principle of the test setup was similar to the one 
shown in Fig. 293, except that a Fianium supercontinuum laser was used as a light source. A 
wavelength of 1300 nm was selected by a filter and injected into the input fibre to the detec-
tor. The pulse shape recorded with an SPC-150N module is shown in Fig. 296. left. 

  

Fig. 296: Pulses of a Fianium supercontinuum laser recorded with a Eos X10 CS detector. Wavelength 1300 nm, 
time channel width of TCSPC module 813 fs. Left: Single pulse. Right: Time-series recorded in 2-second inter-
vals over 200 seconds. We thank Gabriele Bulgarini and Sander Dorenbos of Single Quantum, Delft, for their 

cooperation. 
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Different than in the measurements performed with the fs laser at University of Jena, the pulse 
width of the supercontinuum laser is not negligible. Thus, the recorded pulse width is longer 
than with the fs laser. The recorded width is 48 ps. This is consistent with the assumption that 
the laser pulse and the detector IRF have an FWHM of 40 ps and 25 ps, respectively. How-
ever, this is mere speculation because the exact pulse width of the laser at 1300 nm is not 
known. A time-series recording of the pulses is shown in Fig. 296, right. The timing stability 
is excellent: The centroid (first moment) is stable within less than a picosecond. 

 

SCONTEL TCORPS-UF-10 Detector 

The fastest IRF we have obtained so far from a commercially available SSPD is from the 
NbN detector of SCONTEL, Moscow [1018]. Details are described in [108] and [1032]. The 
test light source was an AVESTA Project EFO-80 laser with a wavelength of 1550 nm and a 
pulse width of 300 fs. The TCSPC module was an SPC-150NX module, with high bandwidth 
discriminators, an electrical IRF of 3.8 ps FWHM, and a time-channel width of 405 fs. The 
result is shown in the figure below. The IRF of the detector-TCSPC combination has an 
FWHM of 17.8 ps. 

    

IRF of the NbN detector of SCONTEL, Moscow, Russia, recorded with an SPC-150NX TCSPC module. Left: 
Linear Scale. Right: Logarithmic scale. The IRF of the detector-TCSPC combination has an FWHM of 17.8 ps. 

This is world record in TCSPC time resolution! 

We believe that the 17.8 ps FWHM we obtained with the SCONTEL detector can be further 
reduced. Theoretical considerations show that the timing jitter in the buildup of the quasi-
particle avalanche may be well below 10 ps FWHM. The electrical response of the 
SPC-150NX module (for noise-free input pulses) is less than 4 ps FWHM. We therefore be-
lieve that the largest part of the timing uncertainty is induced by electronic noise. Using pre-
amplifiers with lower noise figure does not significantly improve the situation. Good amplifi-
ers have a noise figure of less than 2 dB. That means the input-referred noise is only 25% 
higher than the thermal noise of the 50-Ohm input matching resistor. In other words, most of 
the noise comes from this resistor. The only way to reduce it is cooling. Resistor noise scales 
with the square root of the temperature. The most rigorous way to reduce the noise would be 
to integrate the amplifier in the cryostat of the detector. Already moderate cooling with liquid 
nitrogen (70 K) reduces the noise by a factor of two. Normally the entire amplifier has to be 
cooled because the matching network is part of the amplifier chip. This leads to another com-
plication: Only FET-based amplifiers or amplifiers in SiGe technology can be used, Si bipolar 
transistors do not work well at low temperature. 

Another way to improve the resolution would be to increase the amplitude of the single pho-
ton pulse of the detector itself. However, simply increasing the detector bias current does not 
help. Above a certain level, the dark count rate increases steeply [1018, 1175], and at higher 
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current superconductivity is lost altogether. It is possible that the amplitude can be increased 
by deeper cooling or modified detector design but this has not been practically proved yet. 

 

 

TCSPC with a Single-Nanowire SSPD 

An NbN superconducting nanowire single photon detector (SNSPD) has been used to perform 
time-correlated single photon counting (TCSPC) with an instrument response function (IRF) 
width of 4.4 ps, full width at half maximum (FWHM). The detector was developed collabora-
tively by Massachusetts Institute of Technology (MIT) and the Jet Propulsion Laboratory 
(JPL) [634]. The TCSPC module was a bh SPC-150NXX device. Details of the test setup are 
described in [109]. By carefully eliminating all sources of temporal pulse dispersion, we ob-
tained an IRF width of 4.4 ps FWHM, see Fig. 297. 

 

Fig. 297: IRF of the single-nanowire detector with an SPC-150NXX TCSPC module 

It is sometimes believed that a single-nanowire detector is of no practical use because it is 
impossible to focus a reasonable amount of light on it. Fig. 299, shows that this is not neces-
sarily correct. Using the optical setup shown in Fig. 298, we recorded the fluorescence decay 
of IR 1061 (an IR dye from Signal Aldrich). We used a 10-mm glass cuvette which had walls 
of 4 mm thickness on two opposite sites. The horizontal cross section of the liquid volume is 
thus 2 mm by 8 mm. The laser beam was focused into the cuvette by an IR apochromate, L1. 
Fluorescence emitted by the dye solution is collected by another apochromate, L2. The beam 
is collimated by L2, and focused on the detector by an achromatic lens, L3. Two mirrors, M1 
an M2, are used for alignment. To avoid pulse broadening by transit time effects it is impor-
tant that the laser beam is focused correctly into the centre of the cuvette and that the fluores-
cence from exactly the focal volume is projected onto the detector. The detector then forms a 
confocal system with the excited spot. The fluorescence decay curve of IR 1061 recorded 
with the setup is shown in Fig. 299. 
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Fig. 298: Optical setup for fluorescence decay measurement with the NbN detector 

   

Fig. 299: Fluorescence decay curve of IR 1061, dissolved in dichloromethane. SPCImage determined a fluores-
cence lifetime of 43.7 ps. 

At the high time resolution of the SNSPD, the decay function of IR1061 looks almost like that 
of a 'normal' fluorescent dye, such as fluorescein, recorded by a standard lifetime spectrome-
ter. However, the fluorescence lifetime is 43.7 ps (determined by SPCImage), i.e. about 100 
times shorter than that of fluorescein. 

The detector - TCSPC combination described above has been used for scanning three-
dimensional objects. Time-resolved imaging is performed in the FIFO Imaging mode of the 
SPC-150NXX. Resolution in x and y is obtained from the scan, resolution in z from the transit 
time of the photons. Due to the short IRF, only a few photons per pixel are needed to obtain 
sub-millimeter depth resolution [635]. 

Reduction of Geometric Jitter 

In SSPDs with sizes on the order of 20 x 20 µm the geometric jitter limits the time resolution 
to typically 40 ps, FWHM. The geometric jitter can be cancelled by deriving output pulses 
from both ends of the meander and using the difference voltage for timing. A setup like this 
has been tested in combination with the SPC-150NXX. Differential readout was obtained 
both by a differential discriminator and by a balun in front of the normal CFD input. The 
setup delivered an FWHM of 13.1 ps with the differential discriminator and 9.7 ps with the 
balun [281]. 
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Preamplifiers and Detector Control 

Preamplifiers 
Most MCPs and PMTs deliver pulses of 20 to 50 mV into a load of 50 Ω when operated at 
maximum gain. Although these pulses can easily be detected by the input discriminators of 
the bh SPC modules a preamplifier can improve the time resolution, the noise immunity, the 
threshold accuracy and, importantly, the safety against damaging the SPC input. Furthermore, 
it can extend the lifetime of an MCP PMT because the detector can be operated at a lower 
average output current. The strongest argument is, however, that a properly designed pream-
plifier can protect the detector against overload. The principle is shown in Fig. 300. 
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Fig. 300: Preamplifier with overload signal output 

AMP1 and AMP2 are AC coupled high-frequency amplifiers as they are used in communica-
tion devices. To avoid signal inversion, either two inverting amplifiers are used in series or 
one non-inverting amplifier is used. Many types of amplifier chips are available, with similar 
designs but different gains and bandwidths. Depending on the amplifier chips used, AMP1 
and AMP2 deliver a total gain between 12 dB and 40 dB, at a bandwidth between 500 MHz 
and several GHz. The DC component of the detector current is fed into AMP3. AMP3 is an 
operational amplifier with FET input. It converts the input current into a voltage with a tran-
simpedance determined by R2. The output voltage of AMP 3 is proportional to the detector 
current. If it becomes too high it activates an overload warning, e.g. turns on a LED or an 
acoustic signal, and activates an overload signal that commands the detector controller to shut 
down the detector. The amplifiers are shown in Fig. 301. 

                              

Fig. 301: HFAC-26 (left) and HFAH-26 preamplifiers (right) 

It should be noted that a preamplifier using the principle shown Fig. 300 is a much better 
overload indicator than a rate meter that monitors the detector count rate. Monitoring the 
count rate is not safe because the discriminator threshold can be wrong, or the detector gain 
may be set too low for the CFD of the SPC module to see individual photons. Moreover, the 
counting may break down at extreme overload. An inexperienced user may then increase the 
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light intensity even more. Overload detection via the detector current responds properly in all 
these situations. 

Please note that the amplifiers come with different overload thresholds. The recommended 
overload thresholds for different detectors are: 

 R3809U MCP PMT 0.1 µA 
 R5600 and R7400 Miniature PMTs 10 µA 
 H5773 and H5783 Photosensor Modules 10 µA 
 H7422-40 and -50 Modules 2 µA 
 R928, R931, etc. Side Window PMTs 10 µA 
 XP2020 Linear focused PMTs 100 µA 

In applications where high count rates occur only temporarily the overload thresholds can be 
increased by a factor of 3. The recommended amplifier Gain is 20 to 26 dB, i.e. 10 to 20. 
Higher gain is rarely needed for PMTs and MCP PMTs. It could even cause problems with  
the noise of the internal high voltage generator of photosensor modules. A gain higher than 20 
should therefor4e not be used for the H5773, H5783, and H7422 photosensor modules. 

Please note that preamplifiers are not needed for the bh detector modules, such as the PMH, 
PMC, PMZ, HPM, or PML detectors. These modules have internal preamplifiers that use the 
principle shown in Fig. 300. An additional external preamplifier would result in an exceed-
ingly high amplifier gain, with the result that noise from the internal amplifier or from the 
power supply would trigger the CFD. 

The DCC-100 Detector Controller 

The DCC-100 module is used to control detectors in conjunction with the bh photon counters 
[58]. The DCC-100 provides power supply to two detectors and controls their gain via the 
PMT operating voltages. In conjunction with bh detectors or bh preamplifiers, it provides 
overload shutdown of the detectors. Furthermore, the DCC-100 delivers the current for ther-
moelectric coolers, e.g. for the Hamamatsu H7422, the bh PMC-100, and cooled HPM-100 
modules. Moreover, the DCC-100 has high-current digital outputs for controlling shutters or 
actuators. In addition to controlling detectors, the DCC-100 can also be used to control the 
output power of bh BDL-SMC picosecond diode lasers. The operation of the DCC-100 is in-
tegrated in the SPCM data acquisition and system control software. 

The DCC-100 is available as a PCI module and as a PCI-express module for IBM compatible 
computers, see Fig. 147, page 75. The software of the DCC-100 is included in the TCSPC 
installation package (please see ‘Software Installation’). The DCC-100 control panel is shown 
in Fig. 302, right. The use of the DCC-100 for a number of frequently used detectors and de-
tector configurations is described under ‘System Connection’ and ‘FLIM Systems’. 

                                       

Fig. 302: DCC-100 detector controller, software panel for detector control. Left: Normal operation, both detec-
tors enabled. Right: Overload in one detector, detector shut down. 
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DCU-400 and DCU-800 

For TCSPC systems which have more than two detectors or BDL or BDS series diode lasers 
the DCU-400 and DCU-800 controllers are available. The devices are separate boxes which 
are connected to the TCSPC system computer via USB, see Fig. 148, page 75. The DCU-400 
has four outputs to detectors or lasers, the DCU-800 has eight. The software user interface is 
the same as for the DCC-100. 

Block Diagram of the DCC-100 and DCU-400 devices 

The block diagram of the DCC-100 is shown in Fig. 303. The DCC-100 contains two detector 
control blocks and one general purpose power switch block. 
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Fig. 303: Block diagram of the DCC-100 detector controller 

Detector Control Blocks 

The detector control blocks contain power supply outputs for detectors, a digital-to-analog 
converter (DAC) for detector gain control, and an overload shutdown circuit. The power sup-
ply outputs are short-circuit-protected and deliver +12 V, +5 V and -5 V. The outputs can be 
switched on and off by software. A 12 bit DAC is used to control the gain of the detector. It 
delivers the 0 to +0.9 V control voltage required for Hamamatsu photosensor modules 
(H7422, H5783, H5773 etc.) and the bh PMC-100 detector. A 0 to +10 V control voltage is 
available for FuG high voltage power supplies. 

Both detector control blocks have a detector overload shutdown function. The shutdown func-
tion works in conjunction with bh HFAC-26 and HFAH-26 preamplifiers, and with the PMC-
100 detector module. If the preamplifier or the detector module detects an overload condition 
it sends an active low overload signal (/ovld) to the DCC-100. This signal sets the overload 
flip-flop which shuts down the detector control voltage and the +12 V detector power supply. 
Furthermore, it can be used to deactivate the switches in the power switch block (see below). 

High-Current Switch Block  

The high-current switch block contains power supply outputs for detectors and preamplifiers 
and eight high-current MOSFET switches to operate shutters, motors or magnetic actuators. 

The power supply outputs are short-circuit-protected and deliver +12 V, +5 V and -5 V. The 
outputs can be switched on and off by software. The MOSFET switches are able to switch 
currents up to 2 A and voltages up to 20 V. One side of each switch is connected to ground, 
the other side is available at the output connector. The switches are not short circuit protected. 
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The high-current switches can be shut down (i.e. set into the non-conducting state) by one or 
both overload signals from the detector control blocks. The configuration is set by jumpers on 
the DCC-100 board, see DCC-100 manual [58]. 

Power supply for thermoelectric cooler 

Current supply for thermoelectric coolers is provided at connector 3 or at connector 1 and 3. 
The configuration differs for DCCs manufactured before and after June 2014. In earlier DCCs 
coolers supplied from connector 1 and 3 the are connected on series. The configuration is set 
by jumpers on the DCC board. In the new versions coolers connected to connector 1 and 3 are 
driven by independent power supply circuits. 

The cooler drivers deliver up to 5 V and 2 A. Both voltage and current can be selected by 
software. The device automatically controls either the output voltage or the output current. 
Voltage control is active as long as the current through the load is smaller than the current 
limit set by the software. When the current through the load reaches the current limit the de-
vice automatically switches to current control. A block diagram is shown in Fig. 304. 
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Fig. 304: DCC-100, control of the cooling current 

A switching regulator is used to generate the supply current for the cooler. The cooling cur-
rent flows through the sensing resistor R3. As long as the voltage at R3 is smaller than the 
reference voltage at A1 (‘current’ reference) A1 is inactive and the switching regulator works 
as a normal voltage stabiliser. If the voltage at R3 exceeds the reference voltage at A1, the 
amplifier becomes active, and, via D1, overwrites the feedback voltage of the switching regu-
lator. This causes the regulator to reduce the output voltage until the voltage at R3 equals the 
reference of A1. 

For more information, please see DCC-100 data sheet and DCC-100 manual, available on 
www.becker-hickl.com. 

Safety Recommendations for Detectors 
PMTs are operated at a voltage in the range of 800 to 3500 V, and the operating voltage of 
avalanche photodiodes can be as high as 300 V. Therefore it is necessary to obey to the usual 
safety rules for handling high voltage. An extremely important but often neglected issue is the 
ground return path to the power supply. A typical situation is illustrated in Fig. 305. 
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Fig. 305: Effect of a broken ground return path to the high voltage power supply 
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The cable that connects the voltage divider of the PMT to the high voltage power supply has a 
broken outer conductor. The inner conductor still connects the ‘hot’ side of the voltage di-
vider to the high voltage. However, because the outer connector is broken, the current through 
the voltage divider resistors cannot flow back to the power supply. Therefore the current 
flows through the preamplifier, the TCSPC module, the computer, and the ground conductor 
of the power socket back to the power supply. Nothing happens, but the setup is not safe: 
When the signal cable is disconnected from the SPC input, there is a high voltage between the 
signal cable and the TCSPC module. Fortunately the resistors in the PMT voltage divider 
limit the current so that a broken HV cable will probably not deliver a fatal shock; but never-
theless the effect can be surprising. 

The setup can easily be made safe by providing an auxiliary ground return path from the PMT 
housing to the high voltage power supply. Unfortunately, most PMT housings and many 
power supplies do not provide any connectors for an additional ground connection. Therefore: 
Do not disconnect the PMT signal cable from the SPC module when the high voltage is 
switched on, and do not use any cables with broken or unreliable screen or ground connectors. 

High voltage safety is not the only reason why a PMT cable should not be connected or dis-
connected when the high voltage is on. The situation is illustrated in Fig. 306. 
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Fig. 306: Discharging a charged PMT signal cable into a resistive load 

If the load is unconnected, the output current of the PMT charges the signal cable until the 
voltage reaches approximately the voltage at the last dynode. This voltage can be as high as 
several hundred Volts. When the load is connected, the cable discharges into the load. For a 
load impedance equal to the characteristic impedance of the cable, the amplitude of the result-
ing pulse is half the voltage to which the cable was charged. The pulse duration is twice the 
cable transit time. The pulse can be enough to destroy an amplifier or a CFD. Normally the 
limiter diodes at the input of the amplifier or CFD will prevent a destruction. However, a ca-
ble discharge will stress the diodes enormously so that absolute safety is not given. Therefore, 
be careful and don't tempt fate. 

If possible, you can connect a resistor of about 100 k from the PMT anode to ground inside 
the PMT case. This will prevent the cable from being charged and thus provide protection 
against preamplifier or CFD damage. 

Summary: Do not connect or disconnect a photomultiplier to or from the SPC module or a 
preamplifier when the high voltage is switched on! Never connect a photomultiplier to the 
SPC module or a preamplifier if the high voltage was switched on before with the PMT out-
put left open! Never use switchable attenuators between the PMT and the SPC! Never use 
cables and connectors with bad contacts! The same rules should be applied to photodiodes 
which are operated at internal reverse voltages above 20 V. 
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Installation of the bh TCSPC Modules 

Computer and Operating System 
The computer for new installations should run under Windows 10, 64 bit, and have at least 
2 GB of memory. For imaging applications a minimum of 8 GB is necessary. There should be 
enough hard disc space to save the measurement results. The data files of a single measure-
ment can be as large as 2 GB for the imaging modes and several 100 MB for the FIFO mode. 

For hardware installation, the computer (or a Simple-Tau extension box) must have a suffi-
cient number of free slots. Every card of the system (SPC, DCC, GVD, DDG) needs one slot 
on the motherboard or in the extension box. If the system contains several SPC cards these 
should be placed in adjacent slots. PCI and PCI Express versions of different module types 
can be mixed, but please do not mix PCI and PCI Express versions of the same module type. 

Software Installation 
We recommend to install the software from the https://www.becker-hickl.com. You are then 
sure that you get the latest software version. Please open www.becker-hickl.com (Fig. 307, 
left). Click on the ‘Products’ button. In the Products panel, click on ‘Software’ (Fig. 307, 
right). 

       

Fig. 307: For TCSPC software installation open www.becker-hickl.com, and click the ‘Products’ button’. Then 
select ‘Software’ 

This opens the panel shown in Fig. 308, left. Select ‘tcspc-setup_64.exe’ or (for older 32-bit 
computers) ‘tcspc-setup_32.exe’. You can start the installation right away or first save 
tcspc_setup.exe on the hard disc and run it from there. The start of the setup program opens 
the usual Windows installer, see Fig. 308, right. 

                     

Fig. 308: Selection of the TCSPC software (left) starts the Windows installer (right) 
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In the next step you can select what exactly you want to install, see Fig. 309, left. Non-
imaging applications may need only the SPCM and the DCC application. The installation of 
these components is free. For imaging (FLIM) applications and for fluorescence-decay analy-
sis you need SPCImage. The DLLs are only needed if you plan to develop your own instru-
ment software. SPCImage and the DLLs require a license number - please type in as shown in 
Fig. 309, right. If you purchased SPCImage the number has been delivered with your system. 
If you don’t find it please request one from bh. 

         

Fig. 309: Selection of software components (left) and license number input for SPCImage and DLLs 

After that, please follow the instructions of Windows and finish the installation. Problems can 
occur if Windows on your computer has not been updated for a longer period of time. The 
TCSPC package may then not be compatible with the Windows installer. Therefore, please 
run pending Windows updates before you start the installation. 

Installing DLL and Lab View Libraries 

DLL and Lab View libraries for the SPC modules can be installed by activating the corre-
sponding buttons in the installation panel, see above. The installation of the libraries requires 
a licence number. You get this number if you purchase the libraries from bh. 

Please note that the DLL and Lab View libraries are only required if you plan to design your 
own experiment software. They are not required to run the SPCM software. 

Please check carefully whether you really need your own experiment software. There is cer-
tainly no objection against designing special software for complex instruments dedicated to 
special applications. However, in many (if not in most) cases software control is only used 
because the multi-dimensional features of the modules are not understood. In other words, the 
SPC module is used as a software-controlled classic TCSPC device. Software control then not 
only causes unnecessary development effort but also results in slow and often inefficient data 
acquisition. Moreover, problems can arise from undefined processing times due to interrupts, 
hard disk actions, or other applications running on the same computer. Therefore, please 
check whether you can solve your control problem by using the multi-dimensional features of 
the SPC modules. Do not hesitate to contact bh for advice. 

Software Update 

If you install a newer SPC software version over an older one the installation runs as de-
scribed above. The installation leaves your data files, the setup files in the predefined setup 
panel, and the auto.set file (the last system settings) unchanged. You cannot install an older 
software version in the place of a newer one. If you want to do this (normally there is no rea-
son why you should), run the ‘Uninstall’ program before installing. 
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Installing New Software Components 

It can happen that you want to add new software components to an existent SPCM installa-
tion. In this case the installation procedure recognises the installed components and starts as 
shown in the figure below. 

            
 
Chose ‘Modify’ and click on ‘Next’. The next window shows which of the components are 
installed. To install a new component, click on the field with the ‘X’, and chose ‘Will be in-
stalled on local hard drive’. You can also chose ‘Entire feature will be installed on local hard 
drive’ to install the feature  with all available sub-features. If you click on ‘Entire feature will 
be installed when required’ the feature will be copied from the CD when it is called the first 
time. 

The rest of the installation works as described under ‘First Installation’. 

If you have selected a protected feature you will be asked for your licence number. You get 
the licence number when you purchase the selected component(s). If you have purchased the 
components but cannot find the licence number, please call bh under +49 30 212 800 20 or 
mail to info@becker-hickl.com. 

Software Repair 

If the TCSPC package has been damaged, e.g. if a file has got lost or corrupted, please start 
the installation procedure as described above and chose ‘Repair’. The procedure will check 
your files and, if something is wrong or missing, copy the correct files to the hard disk. 
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Removing the TCSPC Package 

To remove the TCSPC package from your computer, start the installation program and chose 
‘Remove’. The ‘remove’ procedure removes all software components of the package, but not 
the data and setup files of the measurements. 

 
 

Hardware Installation, Single SPC Modules 
PCI Modules 

To install the SPC module, switch off the computer and insert the module into a free slot. To 
avoid damage due to electrostatic discharge we recommend to touch a metallic part of the 
computer with one hand and then to grasp the module at the metallic back shield with the 
other hand. This will drain any potentially dangerous charge from you and the module. Then 
insert the module into a free slot of the computer. Keep the SPC module as far as possible 
apart from loose cables or other computer modules to avoid noise pick-up. 

PCI Express Modules 

Some PCI Express modules (SPC-160PCIE, DCC-100PCIE, GVD-120PCIE) need a cable for 
the +5 V and the +12 V power supply to the board. Suitable cables are usually present in the 
computer or can be installed. The connectors for the cables are shown in Fig. 310. 

 

Fig. 310: Power supply connector on the PCI Express boards. SPC-160PCIE, DCC-100PCIE, and GVD-
120PCIE 

The SPC-180N does not need the cable, it is running from the +12 V of the PCIex bus. 

Caution: There are computer power supplies which have connectors instead of permanently 
attached cables. Cables must be installed from these connectors to the motherboard, to the 
hard disk, and to the power connectors of the bh PCI Express modules. If you install such 
cables please make sure that you have the correct cables. We have found cables which had the 
+3.3 V and the +12 V connected. These cables not only destroy the module to which they are 
connected but the entire computer. Worse, there were cables which caused damage to the 
computer when the are connected only to the power supply. Therefore, use only cables which 
were delivered for the particular computer and the particular power supply. 
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Hardware Installation, Multi-Module Systems 
Up to four SPC modules of similar type can be operated in one computer by one SPCM appli-
cation. If you plan to build up a multi SPC configuration you should check that you have a 
computer with a sufficient number of free PCI slots. Older SPC-630 and SPC-730 modules 
and the SPC-830 occupied two PCI slots. Usually, there was only space for two such modules 
in a standard computer. The SPC-134, SPC-154 and SPC-164 need one slot per card. The 
entire package can be inserted in a four-slot standard PC. 

Fan Assembly 

Two- and four-module packages come with a fan assembly which is plugged to the four adja-
cent cards. The fan assembly also distributes the master clock and trigger synchronisation 
signals (see 'Trigger Master and Clock Master Function', page 730) between the cards. Please 
make sure that the assembly is attached correctly and all fans are working. The correct setup 
is shown in Fig. 311. Working without the fan assembly can cause thermal damage to the SPC 
modules. The fan assembly also connects the signals for clock and start-measurement syn-
chronisation between the cards. Without the fan assembly cross-correlation of photons be-
tween different modules is impossible. 

 

Fig. 311: Fan assembly of the SPC-134, SPC-154, and SPC-164 packages. Shown on an SPC-134. 

Power Supply for Four-Module Packages 

SPC-130, -130EMN, -150, -150N, -160 Modules 

Every SPC SPC-130, -130EMN, -150, -150N or -160 modules draws 3 to 4 A from the +5 V 
power supply of the computer. Most computers have power supplies strong enough to deliver 
these currents. If there are problems the reason is usually that the cable to the motherboard is 
too long and has insufficient cross section. The fan assembly has therefore an auxiliary power 
connector. It is recommended to connect a free power supply cable to this connector. There 
are usually several of them in the computer. With the additional cable power supply problems 
do not normally occur. 

SPC-150N Modules with +12 V Power Supply 

There is a version of the SPC-150N, NX, and NXX modules which draw their power from the 
+12 V supply of the computer. These modules are normally used in the bh 12-channel sys-
tems (see Fig. 20, page 12) where the load on the +5 V line would be too big. The +12 V-
supply modules have a different fan assembly. (Don't worry, the fan assemblies for different 
versions have different dimensions and cannot be mixed up). A free power supply cable 
should be connected also to the +12 V fan board. 
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SPC-160PCIE Modules 

Systems with four SPC-160 PCI-express modules need power supply cables to each individ-
ual module. The fan assembly for these modules is not used to distribute the power. It is not 
necessary to connect a power supply cable to it. 

SPC-180N 

The SPC-180N, NX, and NXX modules works from the +12 V power line. The modules do 
not need a cable to each individual module. The fan assembly has an auxiliary power connec-
tor, to which a power supply cable should be connected. 

Caution: There are computer power supplies which have connectors instead of permanently 
attached ('pig tailed') cables. Cables must be installed from these connectors to the mother-
board, to the hard disk, and to the power connectors of bh PCI Express modules. If you install 
additional cables please make sure that they are correct. We have found cables which de-
stroyed the entire computer when they were connected only to the power supply. Therefore, 
use only cables which were delivered for the particular computer and the particular power 
supply. 

Software Start 
When the modules are inserted in the computer switch on, wait until Windows has started, 
and start the SPCM Software. The initialisation panel shown in Fig. 312, left should appear. 
The installed modules are marked as ‘In use’. The modules are shown with their serial num-
ber, PCI address and slot number. Please see also 'Software Start', page 652. 

Important: If the SPC module is not found at this stage for whatever reasons, the software 
starts in an emulation mode (see below, ‘Starting the SPC software without an SPC module). 
What you see in this mode is generated by the software or loaded from a file - it is not the 
data recorded by the SPC module. 

    

Fig. 312: Starting the SPCM software. Initialisation panel (left) and main panel of SPCM (right). 

The software runs a hardware test when it initialises the modules. If an error is found, a mes-
sage ‘Hardware Errors Found’ is given and the corresponding module is marked red. In case 
of non-fatal hardware errors you can start the SPCM main window by selecting ‘Hardware 
Mode’ in the ‘Change Mode’ panel. Please note that this feature is intended for trouble shoot-
ing and repair rather than for normal use. 

When the initialisation window appears, click on ‘OK’ to open the main window of the Multi 
SPC Software. At the first start the software comes up with default parameter settings which 
may be not appropriate for your measurement problem. Therefore, changes may be required 
for your particular application. Typical parameter settings are given under ‘System Parame-
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ters’, page 239. The parameters and their mutual dependence, the measurement modes, dis-
play modes etc. are described in chapter ‘SPCM Software’, starting on page 641. 

When you exit the Multi SPC software after changing parameters, the system settings are 
saved in a file ‘auto.set’. This file is automatically loaded at the next program start. So the 
system will come up in the same state as it was left before. 

 

Module Test Program 
If you suspect any problems with the bus interface, the timing and control circuits or the 
memory of the SPC module, run the ‘SPC Test’ program delivered with the SPC Standard 
Software. The main panel of this program is shown below. 

 
Fig. 313: Module test program 

Switch on ‘All Parts’, ‘Repeat’ and ‘Break on Error’ and start the test. If the program per-
forms several test loops (indicated by ‘Test Count’) without indicating an error you may be 
sure that the bus interface, the timing and control circuits and the memory of the module work 
correctly. Depending on the type of the SPC module and the speed of the computer, it can 
take some minutes to run one test loop. 

Installation Problems 
If there should be any malfunction after installing the SPC it may have one of the following 
reasons: 

- Computer does not start: Insufficient power supply. Unlikely with a single SPC Module, but 
possible with four-channel packages. 

- Computer does not start:  Module not correctly inserted or connector dirty. Clean connector 
with ethanol, propanol or acetone, insert module carefully. In terms of mechanical dimen-
sions, computers are anything but precision devices. Sometimes there is some side play in 
the connector, and mechanical stress can cause contact problems. Simple-Tau systems: Elec-
tronics box not turned on or not connected to power. 

- Module not found: Driver not correctly installed. Check in device manager, 'BH'. 

- Module not found:  CMOS setting of the computer is wrong. New PCI devices are not ac-
cepted. Set ‘Plug&Play’ ‘off’. Or try with another computer. 

- Module not found: A driver for other hardware overwrites the SPC driver. 
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- Module found, but measurement does not work. ‘SYNC OK’ light on without SYNC input: 
Power supply insufficient. Check the voltages at the sub-D connector. Is the -5 V output pre-
sent? 

- If you have problems with the installation that you cannot solve by the hints given above 
please call +49 / 30 212 800 20 or send an email to info@becker-hickl.com. 

 

Starting the SPC Software without a SPC Module 
You can use the Multi SPC Software without a SPC module. In its start window the software 
will display a warning that the module is not present, see Fig. 314. 

  

Fig. 314: Startup panel in the emulation mode (without a TCSPC module) 

To configure the software for the desired module type, click into the ‘Change Mode’ field and 
select the module type from the list which is opened. Click on the ‘in use’ buttons for the 
number of modules you want to get emulated. Then click on ‘Apply’, ‘OK’. The software will 
start in a special mode and emulate the SPC device memory in the computer memory. You 
can set the TCSPC system parameters, load, save, process, convert and display data, i.e. do 
everything except for a real measurement. 
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Implementation of the bh TCSPC Technique 

The Classic TCSPC Implementation 
The classic TCSPC setup consists of a light source that excites a sample, a detector that de-
tects single photons of the light emitted by the sample, and a TCSPC module that measures 
the times of the photons in the laser pulse period and builds up the photon distribution over 
the time in the signal period. bh systems normally also contain a detector controller that pro-
vides for reproducible detector operating conditions and detector shutdown in case of over-
load. A system like this is shown symbolically in Fig. 315. 

 

Fig. 315: Classic TCSPC system for fluorescence decay measurement 

The setup shown above uses a BDS-SM picosecond diode laser, a PMC-100 or -150 detector, 
and an SPC-130EM TCSPC module. This does not mean, however, that exactly these compo-
nents have to be used. Other light sources, such as the BDL-SMN or BDL-SMC lasers, super-
continuum lasers, fibre lasers, or Ti:Sa lasers can be used as well. Instead of the PMC detector 
an HPM-100 hybrid detector or an MCP PMT can be used. Other SPC modules can be used 
as well - even older modules such as the SPC-630 and SPC-730 can be operated in the classic 
TCSPC configuration. 

Reference Signal 

Reference from the Laser 

The TCSPC module needs a timing-reference signal that is synchronous with the pulses of the 
excitation light source. The signal is connected to the ‘SYNC’ input of the TCSPC module. In 
many cases a suitable signal is available directly from the laser. All bh picosecond diode la-
sers deliver a SYNC signal for the SPC modules. An example is shown in Fig. 316. 

 

Fig. 316: Timing reference signal from bh BDS-SM ps diode laser 



206      Implementation of the bh TCSPC Technique 

Timing-reference (Sync) pulses are also available from most Ti:Sa lasers, from super-
continuum lasers, and from many fibre lasers. For direct connection into the Sync input of the 
SPC module the polarity must be negative, and the amplitude in the range from -50 mV to 
-500 mV. Positive pulses must be inverted with an A-PPI-D pulse inverter (see Fig. 156. page 
79). Pulse amplitudes larger than -500 mV are not immediately dangerous as long as they 
remain below about -2 V. The inputs of all bh SPC modules are overvoltage-protected by di-
odes that limit the input amplitude to about 1.5 V. The diodes withstand pulse input currents 
up to 2 A (100 V from a 50-Ohm source) for times < 1 µs. DC input currents must not exceed 
100mA (5 V from a 50-Ohm source). Nevertheless, exceedingly large amplitudes should be 
avoided because they can cause crosstalk into the detector signal. We therefore recommend to 
keep the amplitude in the correct range by an electrical attenuator. 

Reference from Photodiode modules 

If the excitation source does not deliver a suitable Sync signal it must be generated by a fast 
photodiode. Complete photodiode modules are available from Becker & Hickl. These mod-
ules get their +12 V supply voltage from the SPC module or the DCC module so that no spe-
cial power supply is required. The most frequently used one is the PHD-400, see Fig. 317, 
left. It incorporates an indicator of the average photodiode current for convenient optical 
alignment. The indicator current range is adapted to the average signal current typically flow-
ing at pulse repetition rates from 40 to 100 MHz. 

                                              

Fig. 317: Photodiode modules for Sync signal generation. Left: PHD-400. Right: APS-100 

A Sync problem can occur for Ti:Sa laser with wide tuning range. Over the tuning range, the 
laser power can change over a factor of 10 or more. Simultaneously, the sensitivity of the 
photodiode changes - unfortunately in the same direction as the laser power. With a simple 
photodiode module, such as the PHD-400, the optical power at the photodiode needs to be 
adjusted depending on the laser wavelength. We therefore designed a photodiode module with 
internal amplitude regulation Fig. 317, right. The APS-100 delivers a constant output ampli-
tude over an intensity range of about 1:100. Electrical output signals of the PHD-400 and the 
APS-100 are shown in Fig. 318. Please note that the output signal lines of the photodiodes 
must be matched with 50 . This is the case when the modules are connected to the Sync in-
put of an SPC module but not necessarily when they are connected to an oscilloscope. 

            

Fig. 318: Output signals from a PHD-400 (left) and an APS-100 (right). 80 MHz repetition rate, time scale 4 ns / 
division 
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There are a few cases where a photodiode is not sensitive enough to generate reference pulses 
of sufficient amplitude. Typical cases are luminescence decay measurement by ns flashlamps 
[1250], positron lifetime experiments [648], experiments of sono-luminescence [44, 334, 
460], the measurement of the decay time of scintillators by particles from radioactive decay 
[203], or the measurement of electrical barrier discharges [1196, 1197] (see ‘Barrier Dis-
charges’, page 627).  In these cases it may be required to use a PMT to generate the reference 
signal. A good choice for reference generation are the Hamamatsu H5773 and H5783 photo-
sensor modules, or PMC-100 or -150 PMT modules operated a low gain. 

PMTs or SPADs at the reference (stop) input are also used as stop detectors for photon corre-
lation experiments, see ‘Picosecond Photon Correlation’, page 581. The situation differs from 
the cases described above in that the PMT or SPAD is used as a single-photon detector. The 
requirements to the single-photon pulses and the way the detector are connected are the same 
as described for the detectors at the CFD (start) input. 

In multi-module systems it may be required to distribute a reference signal to several TCSPC 
modules. For this purpose, reflection-free power splitters should be used. Suitable splitters for 
1:2 and 1:4 signal distribution are available from bh, see Fig. 156, page 79. It should, how-
ever, be taken into regard that the signal amplitude for 1:2 and 1:4 distribution drops by a fac-
tor of 2 and 4, respectively. 

 

Detector Signal 

The SPC modules accept input pulses from a wide range of detectors. Of course, the detector 
must have single-photon sensitivity, and detector pulses must represent the detection of single 
photons of the light signal to be measured. The single-photon pulses from the detector are 
connected to the ‘CFD’ input of the SPC module (see Fig. 315). 

The single-photon pulses of most detectors have a considerable amplitude jitter. In a normal 
discriminator the amplitude jitter would induce a temporal jitter in the discriminator output 
pulses. To avoid the influence of the amplitude jitter the SPC modules have constant-fraction 
discriminators (CFDs) which trigger independently of the input pulse amplitude (see Fig. 394, 
page 259). 

For correct CFD function, the detector pulses must be negative, with an amplitude of -50 to 
-500 mV.  For best time resolution, the  leading edge of the pulses should be steeper than 1 ns. 
If possible, single-photon pulses from PMTs should be no longer than about 2 ns. Photon 
pulses from SPADs can be several 10 ns long. Such pulses have no amplitude jitter so that 
perfect constant-fraction triggering is not required. The leading edge should be steeper than 
1 ns. If a SPAD delivers positive pulses the polarity must be reversed by an A-PPI-D pulse 
inverter. Single-photon pulses for a few frequently used detectors are shown in Fig. 319. 
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Fig. 319: Single-photon pulses of typical TCSPC detectors. Upper row: PMC-150 PMT module, R3809U MCP 
PMT (with HFAC-26 preamplifier). Lower row: HPM-100 hybrid detector, id-100-50 (different vertical scale) 

Delayed-Stop Operation 

The typical TCSPC setup measures the times of the individual photons of an optical signal  
exited by some kind of pulsed light source. The photon times are measured relative to syn-
chronisation pulses derived from the light source. Modern TCSPC devices are normally work-
ing in the ‘reversed start-stop’ mode, see Fig. 173, page 92. The pulse period of the light 
source is considered to be constant, and the time measurement is performed from the photon 
to the next laser pulse. For a laser with a constant pulse period on the order of 10 to 50 ns this 
mode of TCSPC operation is easy to implement and delivers perfect results. 

However, not all lasers can be expected to have negligible pulse-period jitter. If the photon 
times are measured from the photon to the next laser pulse the pulse period this jitter adds to 
the transit-time jitter of the detector, and the time resolution of the measurement decreases. 
The period of the excitation pulses may also be variable, as it is the case for ps diode lasers or 
Ti:Sa lasers with pulse pickers. The result of a change in the laser pulse period is a shift of the 
recorded photon times with the repetition rate, which is at least inconvenient. Moreover, the 
pulse period may simply be too long to measure reasonable photon times by stopping with the 
next pulse. 

The problem can easily be avoided by delayed-stop operation of the TCSPC module. A delay 
line is inserted in the SYNC path of the SPC module. This places the SYNC pulse behind the 
pulse of a photon that originated from the corresponding laser pulse. The principle is shown in 
Fig. 320. 

The upper part of the figure shows stopping with the next laser pulse. The laser pulse that 
generated the detected photon is marked black. If the pulse period changes (upper part, left 
and right) the measured photon time changes correspondingly. 

With an appropriate delay in the reference channel the time of the photon is measured against 
the laser pulse that initiated the detected photon. The measured photon time does then not 



The Classic TCSPC Implementation    209 

 

depend on the pulse period, see lower part of Fig. 320. TCSPC with delayed stop operation 
can even be used to record the shape of entirely random light pulses, see paragraph below. 
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Fig. 320: Upper part: Stop with the undelayed laser pulse, different period of laser pulses. The laser pulse which 
released the photon is marked black; the measured photon time depends on the laser period. Lower part: Stop 
with the delayed laser pulse. With an appropriate delay in the reference channel the time of the photon is meas-
ured against the laser pulse that generated the photon. The measured photon time does not depend on the signal 
period. 

The required delay in the reference channel can easily be provided by a cable in the reference 
(SYNC) path, see Fig. 321. The delay should be approximately the desired measurement time 
interval, plus the difference in the transit times of the detector and photodiode path. A good 
reference delay to start with is 10 ns or 2 m cable for an MCP PMT or hybrid detector, and 
20 ns or 4 m cable for TO-8 PMTs, photosensor modules, or the bh PMC-100 and PMC-150 
detectors. Adjusting the delay cable length is described at page 269. Please note also that bh 
deliver a USB-controlled  ‘Delay Switch Box’ to provide an adjustable Sync Delay from 0 to 
32 ns, please see Fig. 155, page 79. 
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Fig. 321: Delayed stop operation 

Synchronisation to Random Signals 

There are a few TCSPC applications where the light pulses appear at entirely random times. 
Typical examples are experiments on electrical barrier discharges, positron lifetime experi-
ment, and sono-luminescence. Because the light pulses are not generated by an external event, 
such as a laser pulse, an independent timing reference signal does not exist. Nevertheless, 
TCSPC can be used to record the shape of such signals. The principle is shown in Fig. 322. 

PMT 1 is the reference PMT. It is operated at a relatively low gain and receives a strong sig-
nal from the sample. Consequently, it delivers a signal roughly corresponding to the true 
shape of the optical pulse. These reference pulses are delayed and fed into the SYNC input of 
the TCSPC module. Even if the pulses vary in amplitude, the constant fraction discriminator 
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of the SYNC channel produces a timing signal that is reasonably correlated with the centroid 
of the light pulses. 

SPC Module

SampleReference
PMT Signal PMTDelay

Multi-photon
operation

Single-photon
operation

Filter SYNC

CFD
PMT 1 PMT 2

    

Fig. 322: Recording random light pulses by a TCSPC module. Right: Sync signal from PMC-100 detector oper-
ated at low gain. 

PMT 2 receives the light through a set of filters, a monochromator, or another optical element 
that transmits only a small fraction of the photons. The gain of PMT 2 is high. Therefore it 
delivers single-photon pulses. If the intensity at PMT 2 is low enough correct single-photon 
operation is achieved, and the TCSPC module records the shape of the light pulses emitted by 
the sample. 

Multi-Detector Operation 

The classic setup shown in Fig. 315, page 205 can be extended for simultaneous operation of 
several detectors. The system components are shown in Fig. 323. 

The principle is called ‘routing’, see 'Multi-Detector and Multi-Wavelength TCSPC', page 99. 
An external device - the router - receives the single-photon signals of several detectors. It 
combines the single-photon pulses of all detectors in a common timing pulse line. The com-
bined signal is fed into the CFD input of the SPC module. Simultaneously, the router deter-
mines which detector has delivered the corresponding photon pulse. The number of the detec-
tor is sent into the ‘routing’ input of the SPC module. In the recording process, the SPC mod-
ule sends the photons from the individual detectors into separate memory data blocks. The 
TCSPC process thus delivers separate curves for the signals detected by the individual detec-
tors. An implementation for two PMC-100 or PMC-150 detectors and an SPC-130EM module 
is shown in Fig. 323. 

 

Fig. 323: Components of a routing system with two detectors 

The requirements for the detector and synchronisation signals are the same as for the classic 
single-detector setup. System parameter setup for routing systems is described at page 244. 
Important is that the number of routing channels is correctly defined and the ‘Latch delay’ 
(the time after the detection of a detector pulse at the CFD when the routing signal is read) is 
appropriately set. For cable diagrams for routing systems please see page 215. 
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Multi-Wavelength TCSPC 

A symbolic setup of a multi-wavelength TCSPC system is shown in Fig. 324. The principle is 
described in section ‘Multi-Detector and Multi-Wavelength TCSPC’, page 99. The light from 
the sample is detected by a PML-SPEC or MW FLIM multi-spectral detection assembly. The 
polychromator of the detection assembly projects a spectrum of the light signal on the cathode 
of a PML-16-C or PML-16 GaAsP 16-channel detector. The routing electronics of the PML 
generates a photon-pulse signal and a routing signal. The photon pulses are fed into the CFD 
input of the SPC module, the routing signal into the routing input. The SPC module then re-
cords 16 separate waveforms for the individual anode elements of the PML-16. Since these 
are related to the spectrum of the light the recording delivers separate optical waveforms for 
different spectral intervals. Software-parameter setup is described at page 245. 

 

Fig. 324: Multi-wavelength TCSPC system 

System Connection 
bh TCSPC systems are highly modular. Based on the general system configurations shown 
above a large number of TCSPC systems with different lasers, different detectors, different 
number of detectors, different SPC modules, and different numbers of SPC modules are pos-
sible. Cable diagrams for a few frequently used TCSPC configurations are described in the 
following sections. 

Single-Detector Systems 

Extremely simple systems can be built with the PMC-100 or PMC-150 detectors and a bh 
picosecond diode laser, see, for example Fig. 315, page 205. A cable diagram for TCSPC sys-
tem with a PMC-100 or PMC-150 detector is shown in Fig. 325. 

The detector is controlled via a DCC-100 detector controller. The detector is connected to the 
DCC-100 via its standard power supply cable. The cable connects the +12 V power supply 
and the gain control signal from the DCC-100 to the detector, and the overload signal from 
the detector to the DCC-100. The DCC-100 delivers also the power supply for the Peltier 
cooler of the PMC-100 or PMC-150. The photon-pulse output of the PMC-100 or PMC-150 
is connected directly - without an additional amplifier - to the ‘CFD’ input of the TCSPC 
module. The reference signal comes directly from the laser. Any of the bh BDS-SM, BDS-
MM, or BDL-SMN lasers can be used. The BDL-SMC lasers deliver positive pulses and re-
quire the A-PPI or A-PPI-D pulse inverter (see Fig. 156). All cables and the A-PPI-D inverter 
are included in the standard cable set delivered with the SPC module and the PMC-100 or 
PMC-150. 
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Fig. 325: Classic TCSPC system with a PMC-100 or PMC-150 detector 

Similar systems can be set up with the HPM-100 hybrid detectors. The system architecture is 
exactly the same, see Fig. 326. The only difference is the detector, and, possibly, a slightly 
longer detector or shorter Sync cable to compensate for the shorter signal transit time in the 
HPM-100. A TCSPC setup can thus be upgraded with a new detector without replacing the 
entire TCSPC system. 
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Fig. 326: Classic TCSPC system with a HPMH-100 hybrid detector 

Important: Monitor cables for PCs have the same connectors as the power supply cables of 
the PMC-100. However, some of these cables have not all lines connected, or even have some 
pins connected in parallel. This can cause malfunction of the detectors or even damage the 
DCC-100 module. Therefore, please use only the detector cables delivered with the bh SPC or 
detector modules. 

Fig. 327 shows how a Hamamatsu H7422 module [496] is connected to a bh TCSPC system. 
The +12 V power supply, the gain control signal, and the Peltier cooler current are delivered 
by the DCC-100 via the H7422-DCC power supply cable. Because the H7422 does not con-
tain a preamplifier a HFAC-26-2 amplifier is used in the photon pulse path. The overload sig-
nal from the HFAC-26 is connected to the DCC-100; the power supply for HFAC-26 comes 
from the routing connector of the SPC module. 
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Fig. 327: Connecting an H7422 PMT module to a bh TCSPC system. 

A TCSPC system with an R3809U MCP PMT [492] is shown in Fig. 328. The high voltage 
for the R3809U is delivered by an FuG HCN14-3500 power supply. The HCN14-3500 is con-
trolled by a signal delivered by the DCC-100. The single photon pulses of the MCP PMT are 
amplified by a HFAC-26-01 preamplifier. The overload signal of the HFAC-26 is connected 
to the DCC-100. If the overload signal becomes active the DCC shuts down the operating 
voltage of the R3809U. 
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Fig. 328: Operation of an R3809U MCP PMT in a bh TCSPC system. Voltage for R3809 from FuG 
HCN 14-3500 power supply. 

Alternatively, the high voltage of the R3809U can be generated by a bh HVM-3000 high-
voltage module. The connection diagram is shown in Fig. 329. 
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Fig. 329: Operation of an R3809U MCP PMT in a bh TCSPC system. Voltage for R3809 from HVM-3000 
module. 
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A TCSPC system with an id Quantique id-100 SPAD module [551] is shown in Fig. 330. The 
id-100 modules deliver low-voltage TTL (LVTTL) pulses into a load of 50 Ω. The pulse du-
ration is about 20 ns, the amplitude about 2 V. To connect the positive pulses to the input of 
the SPC module the polarity must be reversed by an A-PPI-D pulse inverter. The pulse ampli-
tude is reduced by an attenuator of 10 to 20 dB. The appropriate CFD settings are 
CFD limit Low = -100 to -200 mV and CFD Zero Cross = -30 mV. The id-100 SPAD module 
is overload-proof. A DCC-100 module is therefore not needed. 
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Fig. 330: Connecting an id Quantique id-100 SPAD module 

The PDM-50 SPADs of MPD [785] can be connected directly to a bh SPC module. Use the 
‘Timing’ output of the PDM module, and connect it as shown in Fig. 331. The pulse ampli-
tude is about -500 mV. An attenuator in the signal line can be helpful to avoid reflections but 
is not absolutely required. As the id-100 of id Quantique, the PDM modules of MPD are over-
load-proof. The module can therefore left turned on all the time the TCSPC system is used. 
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Fig. 331: Connecting an MPD PDM module 

The connection of  a single SPCM-AQR (SPAD) module to a bh SPC module is shown in 
Fig. 332. The SPCM delivers positive output pulses of about 4 V peak amplitude. Therefore, a 
20-dB attenuator and an A-PPI-D pulse inverter are inserted in the detector signal line. Please 
note that the SPCM-AQR is not overload-proof. 
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Fig. 332: Connecting an SPCM-AQR detector to a SPC module 



System Connection    215 

 

Multi-Detector Systems 

A TCSPC system with two PMC-100 or -150 detectors is shown in Fig. 333. Both detectors 
are controlled by a single DCC-100 card. DCC-100 modules manufactured before 2015 must 
be configured to connect the coolers of both PMCs in series (see DCC-100 manual). The pho-
ton pulses of the PMCs are connected to two inputs of an HRT-41 router. The combined pho-
ton pulses of the detectors are available at the timing output of the router and are connected 
into the ‘CFD’ input of the TCSPC module. The routing signal delivered by the router is con-
nected to the ‘Routing’ input of the SPC module. Both the PMC-100 and the HRT41 router 
have internal amplifiers. The total gain of the PMC-HRT combination is about 100. A gain 
this high can cause problems with the noise of the high-voltage generator of the photosensor 
modules in the PMCs. Therefore two 12-dB attenuators are inserted in the photon pulse lines. 
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Fig. 333: Dual detector system with two PMC-100 and a HRT-4 router 

The setup shown in Fig. 333 can be used with more than two detectors. With a HRT41 router 
up to four can be connected to one SPC module. Additional PMCs can be controlled by addi-
tional DCC cards. 

A dual-detector system with two R3809U MCP PMTs is shown in Fig. 334. The R3809U 
MCP PMTs are used with HFAC-26-01 preamplifiers. The amplified PMT pulses are con-
nected to the HRT-41 router. Attenuators of 10 to 20 dB can (but need not) be inserted to 
keep the gain within reasonable limits. The amount of attenuation needed depends on the gain 
of the R3809U PMTs and the environment noise possibly picked up by the detectors. 

The overload signals of both preamplifiers are connected parallel by a standard power com-
biner and fed into the overload input of the DCC-100. The DCC-100 controls an FuG 
HCN14-3500 high voltage power supply. The high voltage output of the HCN-14-3500 is 
split into two branches for the two detectors. Thus, the DCC-100 shuts down the high voltage 
of both detectors if one of the preamplifiers detects an overload condition. 
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Fig. 334: Dual-detector system with two R3809U MCP PMTs 

A number of modifications are possible in this setup. The control cable can be connected also 
to output 1 of the DCC-100 instead of output 3. The +12 V power supply of the preamplifiers 
can also be taken from connector 2 of the DCC-100. However, in this case make sure that the 
+12 V output of DCC output 2 is switched on in the DCC software panel. It may also be con-
venient to use individual high-voltage power supplies for the two detectors, especially if the 
detectors differ considerably in gain. In this case one high-voltage power supply is controlled 
from output 1 of the DCC, the other from output 3. If you use two power supplies, please 
make sure that the overload signals of the two preamplifiers are connected to the correct DCC 
connector. 

The connection of up to eight SPADs, either id-100, PDM-50, or SPCM-AQR modules, to 
one SPC modules is possible via the HRT-82 router. The principle is shown in Fig. 335. 

'SYNC'

'CFD'

SPC module

HRT-82

Router

Reference
from laser

for
SPADs

From external
power supply

SPAD modules

 

Fig. 335: Connecting several SPCM-AQR modules to one SPC module 

The same setup can be used for other SPAD modules delivering TTL pulses, or PMT modules 
with internal discriminators and TTL output. 

If you plan to use a large number of SPADs, please note that there is the DPC-230 photon 
correlator module with 16 fully parallel recording channels. Because the DPC-230 records 
detection events in parallel there is no dead time between the events of different channels. The 
photons can therefore be correlated down to 160 ps [72]. 
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Multi-Wavelength Systems 

Fig. 336 shows how the bh PML-16-C and PML-16 GaAsP 16-channel detectors or the corre-
sponding multi-wavelength detector assemblies are connected to a TCSPC system. The detec-
tor power supply comes from a DCC-100 detector controller which also provides for shut-
down in case of PMT overload. The photon pulses of the detector are fed into the CFD input 
of the SPC module, the routing signals into the routing input. 
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Fig. 336: 16-channel parallel detection system with the PML-16-C. The PML-16-C detector has an internal high-
voltage generator and is fully controlled from the DCC-100 card. 

Important: Monitor cables for PCs have the same connectors and generally the same connec-
tion scheme as the router and the power supply cables of the HRT, PMC and PML modules. 
However, some monitor cable have not all lines connected, or even have some pins connected 
in parallel. This can cause malfunction of the routers and detectors or even damage the SPC 
or DCC modules. Therefore, please use only the router and detector cables delivered with the 
SPC modules or routers. 

Multi-Module Systems 

A cable diagram for a system with two SPC modules is shown in Fig. 337. Two detectors are 
used, and each detector is connected to a separate SPC module. The detectors are controlled 
from the two outputs of a DCC-100 detector controller card. The SYNC signal is split into the 
two SPC modules by a 1:2 power splitter. 
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Fig. 337: Dual-module TCSPC system 
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Systems with up to four TCSPC channels can be built by the same principle. To operate the 
four detectors a second DCC-120 card must be used; the SYNC signal must be distributed by 
a 1:4 power splitter. 

 

Phosphorescence Systems 

The system connections for a single-detector (non-scanning) fluorescence / phosphorescence 
system are shown in Fig. 338. The system uses the principle described in Fig. 485, page 328. 
A ps diode laser is on-off modulated at the microsecond time scale, and photon times are de-
termined both within the laser pulse period and the modulation period. Fluorescence decay 
curves are built up from the times in the laser pulse period, phosphorescence decay curve 
from the times in the modulation period. 
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Fig. 338: Combined fluorescence / phosphorescence decay system 

A BDS-SM, BDL-SMN, or BDL-SMC laser is used for excitation. The laser is on/off modu-
lated by a signal from the DDG-210 pulse generator card. (The control of the card is inte-
grated in the SPCM software, see 791) The power for the laser comes from a wall-mounted 
+12 V power supply, the intensity is controlled from a DCC-100 card. The power, the modu-
lation signal, and the power control signal are connected to the laser through a small ‘laser 
switch box’ that comes with the laser. 

During the ‘laser-off’ periods the laser does not deliver a SYNC signal. This signal is, how-
ever, needed for the TCSPC module to complete the recording cycle of each individual pho-
ton. An auxiliary SYNC signal is therefore generated by a LSG-02 SYNC generator module. 
Electronically, this module behaves like a BDL-SMC laser: It delivers pulses at a frequency 
controlled by a laser switch box, and can be on/off modulated by a TTL signal. The LSG-02 
generator receives a control signal from the DDG-210 card that is inversed compared to that 
for the laser. Thus, the LSG-02 module delivers SYNC pulses when the laser does not, and 
vice versa. 
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The SYNC pulses from the laser and the LSG-02 module are combined and fed into the 
SYNC input of an SPC board. Any of the SPC-130EM, SPC-150, SPC-150N, and SPC-160 
modules can be used. The SPC-830 can be used if it was manufactured later than May 2007 
(serial number 3D0178). The timing reference (‘MCS Trigger’) for the times in the modula-
tion period comes from the laser on-off modulation. It is fed into the SPC module via a BOB-
1 box (see Fig. 341, page 221). The CFD pulses come from the detector. The detector should 
preferably be an HPM-100 hybrid detector. Conventional PMTs generate afterpulses which 
make it difficult to detect clean phosphorescence decay functions at times smaller than a few 
microseconds. 

Using the Experiment Trigger 

The SPC-6, -7, -8 and the SPC-130, -130EM, -150, -150N, and -160 modules have an ‘Ex-
periment Trigger’ to start a measurement by an externally applied TTL/CMOS trigger signal. 
The experiment trigger is a simple, but extremely powerful experiment control feature of the 
bh SPC modules. By using the experiment trigger complex experiment procedures can often 
be performed in the SPCM standard software, i.e. without the need of special DLL or Lab-
View programming. Moreover, because the experiment trigger is a hardware function the re-
sponse of the SPC modules to a trigger event is virtually immediate. The trigger can therefore 
be used for a number of real-time applications that are entirely beyond the capabilities of 
software control. A few typical applications are: 

- Slow Scan applications. A sample is scanned by a step motor assembly or a piezo scan 
stage, or a spectrum is scanned by a step-motor-driven monochromator. After each step of 
the scan, the scan controller sends a trigger pulse to the SPC module. Each trigger initiates 
an individual measurement in the SPC module. The results can be saved in individual 
files, or written into a number of subsequent ‘pages’ of the memory. Page stepping can ei-
ther be accomplished by using the page stepping function of the ‘Single’ of f(txy) mode, 
or the ‘Continuous Flow’ mode. Moreover, the fi(t) or fi(ext) spectrum scan modes can be 
used to convert the sequence of decay curves directly into time-resolved spectra. 

- Measurement of signals that are present only during brief periods of time. A measurement 
is performed in the Oscilloscope, Single, or f(txy) mode. The measurement is started when 
the signal is present and continued for a ‘collection time’ corresponding to the typical 
dwell time of the signal. The results can either be accumulated, stored into subsequent 
memory blocks, or saved into individual files. 

- Sequential recording (‘double-kinetic mode’). Started by the experiment trigger, the SPC 
module records a hardware-controlled sequence of decay curves. In the ‘continuous flow 
mode’ or in the ‘Scan Sync Out’ mode the sequence can be as fast as a few µs per curve.  
To obtain a reasonable number of photons within a collection time this short a large num-
ber of triggers sequences can be accumulated (see ‘Chlorophyll Transients’, page 320). 

- Starting the measurement synchronously in a multi-module system. 

The electrical configuration of the experiment trigger input is shown in Fig. 339. The 51  or 
100  series resistor and the diodes are built in for overvoltage protection. The 10 k resis-
tors provide a defined ‘high’ level when the input is open. Thus, the experiment trigger can 
either be driven from a standard TTL or CMOS gate or by a switch that connects the experi-
ment trigger input to ground. Connecting the input to ground generates a falling, disconnect-
ing it a rising trigger signal edge. To trigger a measurement by an optical pulse a phototransis-
tor or photodiode can be connected from pin 13 to ground. 
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Fig. 339: Experiment trigger input 

The experiment trigger input is connected to pin 13 of the 15 pin sub-D connector. For mod-
ules with two sub-D connectors, such as the SPC-830, the experiment trigger has to be con-
nected to the upper sub-D connector. In some SPC modules the experiment trigger shares one 
pin with the ‘Add/Sub’ signal, see ‘External Control Signals’, page 891. The experiment trig-
ger function is then only available if the system parameter ‘Add/Sub Signal’ is set to ‘add 
only’. For details please see ‘External Control Signals', page 891. 

In SPC modules that have only one sub-D connector the experiment trigger and the routing 
signals have to be connected to the same sub-D connector. This can cause a cable conflict if a 
standard router cable is used. The conflict can be resolved by using the BOB-101 breakout 
box (see Fig. 341) or by a router cable with a trigger split-off. Suitable cables are available 
from bh, see Fig. 340. 

 

Fig. 340: Router cable with experiment-trigger split-off 

To start the acquisition in a multi-module TCSPC system by an external event a trigger signal 
must be applied to all modules of the system. This is not only inconvenient, it is also not guar-
anteed that all SPC module will see the trigger pulse in exactly the same SYNC period. 
Therefore, the SPC-130EM, SPC-150 and  SPC-160 modules have a ‘Trigger Master’ func-
tion. The trigger is applied to only one module (the master), but all modules are started simul-
taneously via an internal trigger synchronisation logics. The trigger master function is acti-
vated via the SPCM software. Important: The fan assembly for multi-module systems must be 
attached to the SPC modules to provide the trigger link between the modules. 

Resolving Cable Conflicts 

Cable conflicts may occur if signals from several sources have to be connected to one sub-D 
connector of an SPC module. A typical situation is when an SPC-130EM, SPC-150, SPC-
150N or SPC-160 module is used in a multi-wavelength FLIM system. In this case the routing 
and scan clock signals have to be fed into the same sub-D connector. Problems may also oc-
cur if control signals from one source have to be distributed into several channels of a multi-
module SPC system. The typical example is a multi-module FLIM system which requires the 
scan clocks to be connected to all SPC modules. These situations would require split cables 
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which are difficult to build and inconvenient to handle. To allow users to build up TCSPC 
systems with standard cables bh deliver two ‘breakout boxes’. 

The BOB-101 box connects routing signals, an experiment trigger, an add/sub (or Marker 3) 
signal and the three scan clock signals from an optical scanner to one SPC-130EM, SPC-150, 
SPC-150N or SPC-160 module. The output side of the box is shown in Fig. 341, top, the input 
side in Fig. 341, bottom. 

       

Fig. 341: BOB-101 breakout box. The box connects routing signals, an experiment trigger, an add/sub signal, 
and the three scan clock signals to one SPC-130EM, SPC-150, SPC-150N or SPC-160 module. 

The BOB-104 box (Fig. 342) allows scan clock pulses and experiment trigger pulses to be 
distributed to four SPC modules. The output side of the box (shown in Fig. 342, top) connects 
to the SPC modules. An auxiliary +12 V power supply can be connected to the connector on 
the left. 

The input side of the box is shown in Fig. 342, bottom. From left to right, there are four con-
nectors for routers or PML-16-C detectors, individual SMA connectors for the experiment 
trigger, the Add/Sub (or Marker 3) signal, and SMA connectors for the frame, line and pixel 
clocks from optical scanners. If the scan clocks are delivered via standard microscope scan 
connection cables, the can also be connected to the 15 pin ‘Scan’ connector. The connector on 
the right is a power output for the +12 V, +5 V, -5 V, and -12 V lines. 
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Fig. 342: BOB-104 breakout box. Top: TCSPC side. Left to right: Auxiliary +12 V input, status LEDs for power 
supply lines, 15 pin connectors to SPC modules. Bottom: Output side. Left to right: 15-pin connectors for 
routers, SMA connectors for TRG, Add/Sub or M3 and scan clock signals, 15-pin connector for scan clocks, 15 
pin connector for power supply of external electronics. 
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FLIM Systems 
TCSPC FLIM is based on scanning a sample with a focused laser beam, detecting single pho-
tons of the fluorescence light, and building up a photon distribution over the scan coordinates,  
and the time in the laser pulse period. 

Superficially, the configuration of TCSPC FLIM systems does not differ much from the clas-
sic TCSPC implementation shown in Fig. 315. The obvious difference is that there is an addi-
tional cable connection from the optical scanner to the SPC module. The scan cable delivers 
pixel clock, line clock, and frame clock pulses from the scanner to the SPC card. The SPC 
card uses these pulses to determine the spatial location, x,y, of the laser beam in the scan area 
in the moment when a photon is detected. The major difference is in the optical system: The 
optics of a classic FLIM system records photons just records photons from a fixed spot in the 
sample. The optical FLIM system has to scan the sample with the beam of the excitation laser 
and transfer the fluorescence (or phosphorescence, see page 409) photons to the detector. The 
principle is shown in Fig. 343. 
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Fig. 343: Basic principle of a TCSPC FLIM system 

The recording process works as described under ‘FLIM: Scan Sync In Mode’ and ‘FIFO Im-
aging Mode’: The scanner runs a repetitive raster scan over the sample. The SPC module 
tracks the scanner position by continuously counting the scan clock pulses delivered by the 
scanner. When the SPC module detects a photon pulse it determines the time of the photon in 
the laser pulse period. By doing so for a large number of photons, the SPC module builds up 
the distribution of the photons over the time in the laser period and the scan coordinates. The 
result is  a data array that represents the pixels of the scan, with a large number of time chan-
nels in each pixel. The photon numbers in these time channels represent the fluorescence de-
cay function, see Fig. 343, right. 

Adding more Detector Channels: Parallel TCSPC 

More detector channels can be added as shown in Fig. 344. Within the optical system, the 
light is split into several spectral (or polarisation) components. The components are detected 
by separate detectors which are connected to separate SPC modules. The advantage of using 
parallel TCSPC channels is that the maximum count rate of the system is multiplied by the 
number of modules. Moreover, there is no electrical crosstalk between the channels. Even if 
one TCSPC channels saturates in bright pixels, the other one still delivers correct data. Be-
cause of these advantages all bh FLIM systems with two detector channels currently use par-
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allel TCSPC architecture [63, 64]. A system with 8 parallel channels has been described in 
[89] and [144]. 
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Fig. 344: Recording in two detector channels by parallel TCSPC modules 

Adding More Detector Channels: Routing 

A second way to simultaneously detect in several detector channels is ‘Routing’, see Fig. 345. 
A router combines the photon pulses of both detectors and marks the photons with their detec-
tor numbers. The photon are then recorded in a single TCSPC module. The TCSPC modules 
produces lifetime images that contain  individual decay curves for each detector in their pix-
els. A large number of FLIM systems with routing configuration are in use. The disadvantage 
is that the throughput rate is that of one TCSPC modules, and that overload in a pixel of one 
channel can cause an artefact in other channels. Routing systems for two, three, and four de-
tectors are therefore more and more replaced with multi-module systems. However, the ad-
vantage of the routing technique is that it makes large numbers of detector channels feasible, 
see below. 
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Fig. 345: Recording in two detector channels by routing 

Adding More Detector Channels: Multi-Wavelength FLIM 

The routing principle can be extended to multi-wavelength FLIM. The principle is shown in 
Fig. 346. The light from the sample is dispersed by a polychromator, and the spectrum pro-
jected on a PML-16 multi-channel PMT with routing electronics [57, 87, 142]. The SPC 
module builds up a photon distribution over the scan coordinates, the photon arrival time, and 
the wavelength of the photons. The recording principle is explained in detail in Fig. 195, page 
109. Please see also ‘Multispectral FLIM’ and ‘Multiphoton Multispectral NDD FLIM’. page 
352 and 353. 
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Fig. 346: Multi-wavelength recording 

 

Beam Scanning 

The preferred way of scanning is fast optical beam scanning. Normally, scanning is performed 
by two galvanometer mirrors. One mirror deflects the beam in x, the other in y. The motion of 
galvanometer mirrors can be very fast, with scan rates of about 500 lines per second. Optical 
scanners are relatively complex optical devices, with beam combiners for several lasers of 
different wavelength, a dichroic beamsplitter that separates the fluorescence signal from the 
excitation light, a pinhole to suppress out-of-focus light, and beamsplitters and filters for sev-
eral detection beam paths. Please see 'Chapter Time-Resolved Laser Scanning Microscopy', 
page 331. 

There are also other optical scanning principles. Resonance scanners are very similar to gal-
vanometer scanners. The difference is that one of the mirrors - usually the on for x - is oper-
ated in a resonance mode. This way, a faster scan rate than for a galvanometer mirror can be 
achieved. The drawback is the scan speed cannot be changed, and that the scan trajectory is 
sinusoidal, not linear as in the case of the galvanometer mirror.  

Polygon scanners use a fast-rotating polygon mirror for deflection in x. Polygon mirrors can 
be made extremely fast, with speeds of several 1000 lines per second. The disadvantage is 
that the scan amplitude cannot easily be changed. 

For galvanometer systems, the synchronisation of the TCSPC process with the scanning is 
performed via pixel, line. and frame clock pulses from the scanner. Resonance scanners and 
polygon scanners often do not deliver a pixel clock. In these cases the bh TCSPC systems can 
be run at an internal pixel clock. Please see ‘Scan Sync In Mode’, page 689 and 'FIFO Imag-
ing Mode', page 698 for system parameter setup. 

Sample Scanning 

Scanning can also be performed by keeping the laser beam stationary and move the sample 
instead. The principle is described in section 'Scanning Systems with Piezo Stages', page 426. 
The advantage of sample scanning (or ‘stage scanning’) is that it is optically simple. The 
drawback is the slow scan rate. Focusing and positioning the sample becomes a nightmare, 
and acquisition times are extraordinarily long. Moreover, sample scanning induces motion in 
the sample. It is therefore not recommended for biological applications. 

Synchronisation of the SPC module with the scanner is achieved by the same scan clock 
pulses as for the beam scanner. 
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Scanner Control by GVD-120 Module 

Scanner control is needed if a FLIM system is added to a conventional microscope. In this 
case, scanning is performed either by user-built scanners, or by the bh DCS-120 scanhead. To 
generate the scan waveforms, the pixel, line and frame clocks, and the laser on/off signals for 
these systems bh have developed the GVD-120 scan controller card. The card controls both 
axis of a galvanometer or piezo scanner, and two ps diode lasers. A control panel for the 
GVD-120 card is integrated in the SPCM software. The advantage of using the GVD-120 is 
that the scanner control becomes fully integrated in the data acquisition software. Please see 
page 783 for details. 

Cable Diagrams of FLIM Systems 

Cable diagrams for typical FLIM configurations are shown in the following paragraphs. 
Please note that bh FLIM systems are modular, and a wide variety of system configurations 
are possible. The diagrams in the paragraphs below provide general information but may not 
accurately reproduce the connections in a particular system. For wiring diagrams of standard 
bh FLIM systems for special microscopes please see [63, 64, 68, 69]. 

Single-Detector Multiphoton FLIM Systems 

Fig. 347 shows two single-detector systems for a multiphoton microscope with non-
descanned detection. The system shown on the left just contains a detector, a TCSPC module, 
and a detector controller. The detector pulses are fed into the CFD input the TCSPC module. 
Any FLIM-capable module can be used - the system works with the SPC-150, the SPC-150N 
or SPC-150NX, the SPC-160, and the SPC-180N or NX. Even older SPC-830 or SPC-730 
modules work. The SYNC signal is obtained directly from the laser. In most two-photon mi-
croscopes a suitable signal is delivered by the Ti:Sapphire laser. The signal is normally posi-
tive. Therefore an A-PPI pulse inverter is inserted in the SYNC line. The scan clock signals of 
the microscope controller are connected to the sub-D connector of the SPC module. 
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Fig. 347: Wiring Diagrams of FLIM systems for non-descanned detection. Left: Basic configuration. Detector 
control via DCC-100. Right: Detector protected by shutter. Detector and shutter control via DCC-100. 

FLIM systems like the one shown in Fig. 347, left, have been used in large quantities for the 
Zeiss LSM 510 NLO multiphoton microscopes. The problem with this microscope was that, 
by a simple operator error, the epifluorescence lamp could shine directly in the detector. The 
systems therefore had a shutter which closed the detection beam path when the light intensity 
was exceedingly high. The cable diagram is shown in Fig. 347, right. Both the detector and 
the shutter are controlled via the DCC-100 detector controller card. A shutter control signal is 
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provided at connector 2 of the DCC-100. The ‘P- box’ (power saving box) reduces the current 
in the shutter coils when the shutter is open and thus avoids heating of the detector by the 
shutter. Moreover, the box combines the overload signal of the PMC-100 detector with an 
overload signal from a photodiode in front of the shutter. This prevents unintentional opening 
of the shutter when the microscope lamp is on. 

 

Dual-Channel Multiphoton FLIM System 

FLIM systems with two parallel channels are shown in Fig. 348. The system uses two detec-
tors and two SPC-150, SPC-150N, SPC-150NX, SPC-160, or SPC-180N or NX modules. The 
detectors are controlled by a DCC-100 module. The SYNC signal from the laser is split by a 
reflection-free power splitter and fed into the SYNC inputs of the SPC modules. In Fig. 348, 
left, the scan clocks are connected to both SPC modules by a split cable. 

The solution in Fig. 348, left, is simple and straightforward. However, there is no way to con-
nect additional control signals to the SPC modules. This can be a problem for advanced FLIM 
techniques, such as Z-stack imaging, FLITS of PLIM. The system shown in Fig. 348, right, 
therefore connects the scan clock signals via a BOB-4 signal distribution box. If needed, the 
BOB-4 box combines additional control signals into the 15-line cables to the SPC modules. 
Moreover, the setup allows to add up to two additional detectors and SPC modules to the sys-
tem. 
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Fig. 348: Dual-Channel FLIM multiphoton FLIM systems 

Confocal FLIM Systems 

Two examples of confocal (one-photon) FLIM systems are shown in Fig. 349. A single-
channel system is shown on the left. The basic system connections are the same as for the 
multiphoton system. However, a BDS-SM or BDS-SMN ps diode laser is added to the sys-
tem. It is controlled from the 'Con3' and the 'Con2' ports of the DCC-100 via a LSB-C laser 
switch box. Con3 delivers a power control signal, Con2 an on/off signal. 

Fig. 349, right, shows a one-photon system with two TCSPC channels and two lasers. Com-
pared with the multiphoton system there are two BDS-SM or BDL-SMN lasers, and an addi-
tional DCC-100 which controls the lasers. The SYNC signals from the lasers are first com-
bined into a single SYNC line by a power combiner, and then distributed to the SPC modules 
by a power splitter. 
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Fig. 349: Confocal FLIM systems. Left: One FLIM channel and one laser. Right: Two FLIM channels and two 
lasers. 

Multi-Wavelength FLIM Systems 

A multiphoton multi-wavelength FLIM system with an SPC-150, 150N, or 160 TCSPC mod-
ule is shown in Fig. 350. The system used the PML-16-C or PML-16 GaAsP multi-
wavelength detector. The photon pulse output is connected to the CFD input. The routing sig-
nals have to be fed into the 15-pin routing and control input of the SPC module. In the 
SPC-150 and SPC-160 the scan clocks and the routing signals share the same 15 pin sub-D 
connector. Therefore a BOB-1 ‘breakout box’ is used to feed both the clocks and the routing 
signals into this connector. 
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Fig. 350: Multi-wavelength NDD FLIM system with SPC-150 or SPC-160 

Fig. 351 shows a multi-wavelength FLIM system with an SPC-180 module. Starting with se-
rial number 25 SPC-180 modules have two 15-pin control connectors. Therefore a BOB-1 
box is not needed. The routing signals from the detector are connected to one connector, the 
scan clocks to the other. 
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Fig. 351: Multi-wavelength NDD FLIM system with SPC-180 

FLIM / PLIM System for a Two-Photon Microscope 

A combined FLIM/PLIM system for a two-photon microscope is shown in Fig. 352. The 
modulation signal for the laser is generated by a DDG-210 card. To synchronise the laser 
modulation with the scanning the DDG-210 is triggered by the pixel clock of the microscope. 
The DDG-210 also generates a routing bit for the SPC-150 board. This bit is used to distin-
guish between photons in the laser-on (fluorescence) and laser-off (phosphorescence) periods 
[64]. A BOB-1 box is used to split off the pixel clock to the DDG card, and to combine the 
scan clocks from the microscope and the routing bit into the standard 15-pin cable to the SPC-
150 board. The detector is an HPM-100 hybrid detector. It is controlled the usual way by a 
DCC-100 detector controller. The SYNC signal comes from the Ti:Sapphire laser of the laser 
scanning microscope. Its polarity is reversed by an A-PPI-D pulse inverter. 
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Fig. 352: FLIM/PLIM system for two-photon microscope. The AOM of the microscope is controlled from a 
DDG-210 pulse generator card. 

Piezo-Stage Systems 

A cable diagram piezo scanning system with a GVD-120 scan controller is shown in Fig. 353. 
The GVD-120 ramp voltages generated by the GVD-120 scan controller are connected to the 
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driver amplifier of the piezo stage. If the driver amplifier allows for it is recommended to use 
both differential signals +X, -X and +Y, -Y, for both coordinates. This suppresses possible 
noise from the environment. 

The signal acquisition in the TCSPC board is synchronised with the scanning via frame, line, 
and pixel clock pulses. These signals are connected to the 15 pin connector of the TCSPC 
module. The GVD-120 also controls a BDL-SMC diode laser. The laser power can be ad-
justed and the laser can be turned on and off by the user, and the laser is switched off during 
the line and frame flyback of the piezo stage. If a second laser is used this can be controlled 
the same way. In addition, the lasers can be multiplexed for dual-wavelength excitation. 
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Fig. 353: Piezo stage scanning system controlled by the bh GVD-120 board. 

For optical system setup please see ‘Scanning Systems with Piezo Stages’, page 426, for sys-
tem parameter setup see ‘Scanner Control via the GVD-120 Card’, page 783’. 

 

Other FLIM Systems 

There are other FLIM systems, such SPC-730 as SPC-830 systems, systems with R3809U 
detectors, dual-detector systems with a router, or multi-module systems with shutters. These 
systems are no longer manufactured. Because of space restrictions, the cable diagrams have 
been removed from this edition of the TCSPC handbook. If you need them, please see 8th 
edition. 

 

DCS-120 Confocal Scanning FLIM System 
The bh DCS-120 confocal and multiphoton FLIM system [63] is a complete laser scanning 
FLIM microscope based on a research-grade microscope, the bh DCS-120 scan head, and bh 
TCSPC electronics. It uses fast scanning by galvanometer mirrors and highly sensitive and 
ultra-fast hybrid detectors. The one-photon versions use one or several picosecond diode la-
sers for excitation, the multiphoton version a Ti:Sa laser of a femtosecond fibre laser. Detec-
tors of one-photon systems are attached to direct optical outputs of the scan head. Detectors of 
multiphoton systems are attached to a direct port of the microscope via non-descanned beam 
optics. The scanner and the lasers are controlled directly via a GVD-120 scan controller card, 
the detectors by a DCC-100 detector controller card. Both cards are included in the TCSPC 
system and controlled from bh's SPCM data acquisition software, see ‘Scanner Control’ page 
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783. The system can be supplemented by a software-controlled motorised sample stage for 
mosaic scanning and an acousto-optical beam modulator for Ti:Sa and fibre lasers, see 'Ti:Sa 
Laser and AOM Control', page 792. 

The DCS-120 is a fully 'integrated' system, meaning that there is only one piece of operating 
software, and only one computer to run the system. Data analysis is performed by bh's SPCI-
mage NG data analysis software, see chapter 'SPCImage NG Data Analysis Software'. The 
DCS system has a high degree of modularity. Therefore it can also be used to upgrade exist-
ing microscopes with laser scanning and FLIM, to build special scanning systems for other 
applications. A version of the system without a microscope is available in form of the DCS-
120 MACRO system. It scans samples as large as 15 x 15 mm directly in the primary focal 
plane of the scan head [1034]. The following section gives an overview on the DCS-120 sys-
tem, details and applications are described in a separate handbook, please see [63]. 

System Architecture 

The optical principle of the DCS-120 scan head is shown in Fig. 354. The scan head has two 
input channels for bh BDL-SMC or BDS-SM lasers, two confocal detection paths, internal 
beamsplitters and filters, individually selectable pinholes, and two outputs for detectors. The 
detectors are attached to the back of the scan head. Free-beam coupling is used to minimise 
coupling loss and reflections. Scanning is performed by fast galvanometer mirrors. For details 
please see handbook of the DCS-120 system [63]. 
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Fig. 354: Schematic diagram of the DCS-120 scan head with characteristics of standard filters and dichroics 

The electronic system components are shown schematically in Fig. 355. The scanner is con-
trolled by a bh GVD-120 scan controller and a bh GDA-120 scan amplifier. The GVD-120 
controls also the lasers. Laser control includes beam blanking during the flyback, laser multi-
plexing, on/off modulation for PLIM, and intensity regulation. 
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In principle, the DCS-120 system can be operated with a wide variety of detectors, e.g. the bh 
PMC-150, the PMCS-150, the Hamamatsu H7422-40 and R3809U, and the id-Quantique 
id100-50 SPADs. However, in the past 5 years, these detectors have been entirely be replaced 
with the bh HPM-100-40 and -06 hybrid detectors. The hybrid detectors are not only more 
sensitive, they also have a clean and fast IRF (19 ps for the -06 version), low dark count rate, 
and no background counts by afterpulsing. For systems which have both confocal and non-
descanned detection a pair of HPM-100 detectors can be attached to both ports. Each pair of 
detectors can be activated or de-activated by software, thus achieving full software control of 
the system. 

The only application where the HPM-100 detectors cannot be used is multi-wavelength 
FLIM.  Multi-wavelength detection is available by using the bh MW FLIM assembly. Two 
MW FLIM assemblies can be coupled to the output ports of the DCS-120 scan head or to the 
NDD optics via the usual fibre bundle, see 'PML-SPEC and MW-FLIM Systems', see 174 
[57]. The MW FLIM detectors are controlled via a DCC-100 detector controller card. 

At the beginning, the TCSPC system of the DCS-120 system consisted of two parallel SPC-
150 TCSPC/FLIM modules. With the introduction of new module types, the configuration 
changed to two SPC-150N or SPC-150NX modules, two SPC-160 modules, and, recently, to 
two SPC-180NX PCI-Express modules. In PCI-Express systems also the original GVD-120 
and DCC-100 cards were replaced by PCI-Express versions. 
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Fig. 355: DCS-120 confocal scanning FLIM system. Standard configuration with ps diode lasers and two paral-
lel SPC-150 modules. 

Since 2021 the DCS-120 confocal system can be equipped with the LHB-104 'Laser Hub'. 
That means, there are four laser available, two of which can be operated simultaneously and 
multiplexed with the pixels, lines, of frames of the scan. 

An example of the main panel of a DCS-120 system is shown in Fig. 356. The system uses 
two SPC-180NX cards, a DCC-100PCIE detector controller, and a GVD-140PCIE scan con-
troller. The panel is shown with online lifetime display of two images, with decay-curve dis-
play, and control of four lasers of the LHB-104 Laser Hub. 
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Fig. 356: SPCM main panel of a DCS-120 scanning system. Dual-SPC-180NX system with DCC-100PCIE and 
GVD-140PCIE. Lifetime images of both channels displayed, decay curve display, scanner control and detector 

control panels open 

DCS-120 System Connections 

As shown in Fig. 355 the DCS-120 FLIM systems contain a DCS-120 scan head, a GVD-120 
scanner control card, a scan amplifier, one or two BDL-SMN diode lasers, one or two single-
wavelength or multi-wavelength detectors and one or two TCSPC modules. The GVD card 
sends position signals to the scanner, power control and on/off signals to the lasers, and scan 
clocks to the TCSPC modules. There may be routing signals sent from multi-wavelength de-
tectors to the TCSPC modules, and a laser multiplexing signal from the GVD-120. The con-
nections are different for different system configurations, resulting in a confusing variety of 
different cables. The DCS-120 system therefore comes with a ‘DCS Box’ which makes the 
system setup straightforward and provides for some amount of system flexibility. The box is 
shown in Fig. 357. 

 

Fig. 357: Connection Box of the DCS-120 system, front side (left) and rear side (right) 

The DCS Box distributes the scan clock pulses of the GVD-120 scan controller to the TCSPC 
modules and the on/off and power control signals to the lasers. The DCS Box has also the 
function of the ‘Laser Switch Box’ of the BDL-SMN lasers [73] integrated. The lasers are 
therefore connected to the DCS Box directly, i.e. without the laser switch box. 

The DCS Box also provides flexibility in combining the routing signals of PML-16 detectors 
or routers with a routing bit from the laser multiplexing control logics of the GVD-120. 
Moreover, two external experiment control bits may be added to the routing data. The way the 
signals are fed into the routing lines of the SPC modules is configured by a ‘Configuration’ 
switch at the DCS box. This switch is factory-set depending on the configuration of the FLIM 
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system. Please do not change the switch setting unless you have good reasons to do so. The 
switch positions for different routing and multiplexing configurations are shown in Fig. 357. 
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Fig. 358: Configuration switch of DCS Box 

DCS boxes manufactured from October 16, 2009 or Ser. No. B30012 can be configured elec-
tronically from the scan control panel, see Fig. 359. The electronic configuration overwrites 
the DIP switch settings. The configuration date are stored in the .sdt and .set data and setup 
files. When a system configuration is loaded via the predefined setup panel, or a new setup or 
data file is loaded the DCS box configuration changes automatically. 

 

Fig. 359: Configuration panel of the DCS switch box 

With the DCS Box most of the system connections are provided by standard 15-pin cables, 
see Fig. 360.  Please use only the 15-pin cables delivered by bh. There are PC monitor cables 
with the same connectors. These often do not have all pins connected, or some pins may even 
connected in parallel. Using such cables may result in malfunction or even damage of compo-
nents of the DCS system. 

 

Fig. 360: Standard 15 pin cable for connecting subsystems of the DCS-120 system 

A wiring diagram of a typical DCS-120 confocal scanning FLIM system is shown in Fig. 361. 
The system has two BDL-SMN lasers and two PMC-100 detectors. The signals of the two 
detectors are processed in two parallel SPC-150 TCSPC modules. 

Systems with one detector and one SPC-150 module are similar, except for the fact that one 
detector, one SPC-150 and the power splitter at the SPC end of the SYNC cable are omitted. 
For systems with one laser the second laser is omitted, and the SYNC cable is connected to 
the TRG output of the laser directly, i.e. without the power splitter. 
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Fig. 361: DCS-120 system with two lasers, two PMC-100 detectors, and two SPC-150 TCSPC channels 

The configuration switch setting of the DCS Box is shown in Fig. 362. Each SPC-150 module 
works with one detector, the number of detector routing bits is thus zero. The laser multiplex-
ing bit is enabled. 
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Fig. 362: Configuration switch settings of the DCS box. Left: By DIP switches. Right: By software. Dual-
SPC-150 system with two single-wavelength detectors 

A wiring diagram of a DCS-120 system with two MW FLIM multi-wavelength detectors is 
shown in Fig. 363. The MW detectors have the usual 15-pin connector for the power supply 
and control inputs for bh detector modules. However, they also deliver a 4-bit routing signal. 
This routing signal is delivered at different pins of the same 15-pin connector. The routing 
signal is therefore derived from the connector via a split cable. The end marked with ‘Routing 
/ SPC’ is connected to the routing input of the DCS box, the end marked with ‘Power / DCC’ 
is connected to the ‘Detector 1’ and ‘Detector 2’ outputs of the box. Inside the box, the rout-
ing signals are fed into the signal lines of the 15 pin (SPC-150 / lower SPC-830) connectors. 



236      Implementation of the bh TCSPC Technique 

SPC2

SPC150

SPC830

SPC150

SPC830

SPC1

DCC-C1

DCC-C3

GVD120

Laser
Power
Supp.

Det 2

Det 1

Laser 1

Laser 2

Routing

Routing

Det 1

Det 2

-X+ -Y+

Y

X

DCS-120
Scan Head

GDA-120

X Y

GVD-120
Scan Controller

Scan
Amplifier

SPC-150

TCSPC Module

SPC-150
TCSPC Module

DCC-100
Detector 
Controller

Power
Splitter

X and Y scan 
signals
Differential, +/- 5V

Driving
signals to

Galvanometer
mirrors

Scan clocks

Detector 1
Power &

Detector 2

Power &

control

Control

Scan clocks,
routing

SYNC

CFD

SYNC

CFD

Scan
clocks,
routing

Power &
control

Power &

control

Det 1 out

Det 2 out

Trg out

Trg out

Power & Control

Power,
Control

Laser 1, BDL-SMN

Laser 2, BDL-SMN

Power
Splitter

Sync,
from
lasers

+12V

Sync
delay

approx.
7m

DCS
Box

Con1

Con2

Con3

Y

X

 

Fig. 363: DCS-120 system with two lasers, two PML-16 detectors, and two SPC-150 TCSPC channels 

The corresponding configuration switch settings of the DCS box are shown in Fig. 364. Be-
cause the SPC-150 modules have only four inputs for routing bits multi-wavelength detection 
cannot be used in combination with laser multiplexing. (The combination would be problem-
atic also for optical reasons.) The number of detector channels is 16; the number of detector 
routing bits is thus four. The laser multiplexing bit is disabled. 
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Fig. 364: Configuration switch settings of the DCS box. Left: By DIP switches. Right: By software. Dual-
SPC-150 system with two multi-wavelength detectors 

A cable diagram of a DCS-120 MP multiphoton system is shown in Fig. 365. The configura-
tion switch setting is the same as shown in Fig. 362 for the dual-SPC-150 system. 
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Fig. 365: DCS-120 MP system with a diode laser, a Ti:Sa laser, two HPM-100 detectors, and two SPC-150, 160, 
or -180 TCSPC modules 

The system contains a Ti:Sa laser for multiphoton excitation and a ps diode laser for one-
photon excitation. The Ti:Sa laser is controlled via the ‘Laser 1’ output of the GVD. The sig-
nal is fed through the DCS connection box, and connected to the input of the AOM controller. 
Laser 2 is the ps diode laser. It is connected to the ‘Laser 2’ control lines as usual. The syn-
chronisation signal for the SPC modules comes either from the Ti:Sa laser or from the diode 
laser. Additional NDD detectors can be controlled by a second DCC card. The output signals 
of the NDD detectors are combined with those of Detector 1 and Detector 2 via power com-
biners. The combination of the signals is possible because the confocal detectors and the 
NDD detectors are not used simultaneously and only one pair of detectors is used at a time. 
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System Setup 

Setup and Training Service 
Becker & Hickl offer a setup and training service for all TCSPC and FLIM systems. It in-
cludes system setup, optimisation of the system parameters, configuration of the main panels 
according to the application and preferences of the user, definition of setups for special ex-
periments planned by the users, definition of the predefined setups, etc. An important point is 
user training and discussion of the experiments the FLIM system is intended for. Unless you 
are perfectly familiar with the TCSPC system you have ordered we strictly recommend to take 
advantage of the setup service. 

The following section contains supplementary information for experienced users and for setup 
engineers. It may also help users get the system running when a part of the system has been 
replaced or the system has been moved, modified or partly re-installed. 

Single-Detector Systems 
General System Checks 

Please make sure that the software recognises the SPC modules, the DCC-100 detector con-
troller, and other PC cards which are possibly in your system. The SPCM software must run 
in the ‘hardware mode’, see ‘Software Start’, page 202. 

Check that the detectors are correctly connected. Most detectors have a 15-pin power supply 
and control cable, and a 50 cable for the single photon pulses. The control cable must be 
connected to Connector 1 (upper) or Connector 3 (lower) of the DCC card, the 50 cable 
must be connected to the ‘CFD’ input of the SPC module. Please see cable diagrams in the 
previous sections. For detector with external amplifiers, please make sure that the power sup-
ply of the amplifier is connected (it usually comes from the DCC or SPC module) and that the 
‘Overload’ line is connected. If the connection is missing detector overload remains unno-
ticed, and the detector can be damaged. 

System Parameters 

For the first steps, we recommend to use the ‘Oscilloscope Mode’, with the system parameters 
shown in Fig. 366, left. The discriminator thresholds (see CFD and SYNC parameters) are set 
to values which most certainly will allow the SPC module to detect the synchronisation from 
the laser and the single-photon pulses from the detector. The number of data points (ADC 
Resolution) in the curve is 4096. Photons will by collected over a Collection Time interval of 
0.5 seconds, the measurement repeated, and a new curve be displayed at the end of every col-
lection time interval. 

The trace attributes, Fig. 366, upper right, are chosen to display the results in the first eight 
‘Measurement Pages’ no matter into which of the pages you record the data. The Display Pa-
rameters, Fig. 366, lower right, are set to display the curve in logarithmic scale. Autoscale is 
active to guarantee that something will be displayed, regardless of the photon rate detected by 
the detector. 
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Fig. 366: Parameter settings recommended for startup: System Parameters (left), Trace Parameters (upper right), 
Display Parameters (lower right) 

The parameters are shown for an SPC-150N module. The panels for other modules may differ 
slightly, but are not significantly different.  

Main Panel Configuration 

Configure the main panel as shown in Fig. 367. Keep the display and trace parameter panels 
open, and resize and place the panels as shown in Fig. 367. Make sure that the ‘Rate’ button 
in the main panel is switched on. ‘Measurement Page’ should be ‘1’. 

  

Fig. 367: Recommended configuration of the SPCM software panels for startup 

 

Synchronisation with the Light Source 

Turn on the excitation light source. Make sure that it is really pulsing: If it is a ps diode laser 
integrated in a FLIM just turning it on electrically may not be enough. You may also have to 
enable it in the scan control panel and start the scanning. Please refer to the instructions for 
the particular system. When the laser is running the SPCM software should display a SYNC 
rate, see Fig. 369, left. If it doesn’t please check that the Sync polarity is correct (insert an A-
PPI if it isn’t) and that the Sync cable is connected from the correct output of the laser to the 
Sync input of the SPC module. 
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Detector Control 

Most bh TCSPC or TCSPC FLIM systems contain a DCC-100 detector controller. The soft-
ware panel for detector control is shown in Fig. 368. If the panel does not show up please 
open the ‘Application Options’, activate ‘DCC-100 Detector Control’, and re-start SPCM, see 
Fig. 368, right. 

Pull down the detector gain sliders  (Gain/HV) to 10% or less, activate all operating voltage 
buttons (+12 V, +5 V, -5 V). If you have one detector, make sure to which  output  it is con-
nected. Connector 1 is upper connector, Connector 3 is lower connector, the middle connector 
(Connector 2) is for controlling shutters. If you have a shutter in your system find out which 
of the button  is used to control it (it is usually b0). If you don’t know, click on ‘Enable Out-
puts’ and click on the buttons. Usually you can hear the shutter opening and closing. 

                    

Fig. 368: DCC panel (left) and Application Options (right) 

Detector Gain 

Start the measurement in the SPCM software. Enable the DCC outputs by clicking on the ‘En-
able Outputs’ button. Make sure the detector operating voltages are turned on, see Fig. 369, 
left. Slowly pull up the Gain/HV slider for the DCC output (Connector 1 or 3) to which the 
detector is connected (Fig. 369, left). At a certain Gain, the SPC module should start to detect 
photon pulses. A CFD, TAC, and ADC rate is displayed, and counts become visible in the 
decay curve window, see Fig. 369. Even if there is no light on the detector some dark counts 
should be detected. 

           

Fig. 369: Left: DCC settings. Middle: CFD, TAC, and ADC rates are displayed when photons are detected. 
Right: Single photons show up in the decay curve window. 

If you don’t see counts please check whether you pulled up  the correct gain slider. The detec-
tor may not be connected to the corresponding DCC output. Or, you have two TCSPC mod-
ules with separate detectors and look at the count rate of the wrong TCSPC module. In that 
case, switch the count rate display to the correct modules, as shown in Fig. 372, right. 
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When you see counts, increase the gain of the detector. For most detectors, the count rate 
comes saturates at a certain detector gain. This gain region (the ‘counting plateau’) is the de-
sired operating point of the detector. 

Two things can happen during the gain adjust procedure. A hybrid detector may shut down 
without having reached a substantial count rate before, see Fig. 399, page 263. In that case, 
the operating voltage of the avalanche diode inside the detector has been driven into the 
breakdown region. Pull the gain down by a few clicks when this happens, and click on the 
‘Reset’ button. Or, the count rate increases into the 10 MHz range, and the detector shuts 
down. In that case, the light intensity on the detector is too high. In most cases the high count 
rate is caused by daylight leakage. Find the leak and close it. 

When the detector delivers reasonable counts, don’t attempt fine adjustments at this stage. 
This can better be done later, when the entire system is working. 

Sync Delay and TAC Offset 

Send a real measurement signal to the detector. It can be the laser pulse itself. However, the 
laser wavelength may be blocked by a filter in the optical system. It may therefore be better to 
use a fluorescence signal. Start the measurement. If you are lucky the curve looks as shown in 
Fig. 370. 

 

Fig. 370: Main panel in the oscilloscope mode. Detector enabled, laser pulsing, fluorescence is detected 

In most cases, however, the curves will appear badly shifted, see Fig. 371, left and middle. In 
that case, you have to change the signal transit time in the SYNC path from the laser. If there 
is a SYNC Delay Box (see Fig. 155, page 79) in the system this is easy: Click into Sync, De-
lay, and change the delay until the curve is perfectly placed in the display window, see Fig. 
371, middle. 

        

Fig. 371: Effect of the SYNC cable length. Left: Decay curve too far left. Decrease Sync cable length. Middle: 
Decay curve correctly placed in recorded time interval. Cable length correct. Right: Decay curve too far right. 

increase Sync cable length. (Decay curves displayed in logarithmic scale.) 
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Without the delay switch box you have to add or remove cable length in the sync line. Adding 
cable shifts the curve left, removing cable shifts it right. 20 cm (8 inch) of cable shifts it by 
one nanosecond. Please see also ‘Adjusting the SYNC and CFD Signal Path Length’, page 
269. Fine alignments can be achieved by changing the TAC offset. However, the correction 
margin may be limited: You can shift the curve only within the laser pulse period. For exam-
ple, with the typical pulse period Ti:Sa laser, 12,5 ns, and a recording time window of 10 ns 
(TAC Gain = 5) there is only about 2.5 ns room for adjustment. 

 

Time Scale of Recording 

Select the desired time scale for your measurements. A typical decay curve should reasonably 
fill the display window. You can achieve this by changing TAC Gain and TAC Offset, see 
‘TAC Parameters’, page 272. Save the result as an .sdt or .set file.  If necessary, create several 
parameter setups and save them. 

 

Multi-Module Systems 

In TCSPC systems with several TCSPC modules, use a ‘Trace Parameter’ setup that displays 
curves from all modules. An example for a four-module system is shown in Fig. 372. With the 
parameters shown, SPCM displays two subsequent pages for each of the four TCSPC mod-
ules. To see the count rate of the module you are interested in, click in the ‘Select SPC’ panel, 
an select the corresponding SPC module. Please see Fig. 372, right. 

                              

Fig. 372: Left: Trace Parameters for a four-module SPC system. Right: Select SPC Panel, to select the module 
for which the count rate is displayed. 

CFD and Detector Gain Fine Adjustment 

When the system is working you can possibly improve the time resolution and the efficiency 
by fine adjusting the CFD parameters and the detector gain. Please see ‘Detector ’, page 259. 

Locking the Detector Gain 

When the final detector working conditions have been established we recommend to lock the 
Gain in the DCC parameters. Please see Fig. 373. 

   

Fig. 373: Locking the detector parameters and Gain/High Voltage Limits 
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For systems where the detector gain is being frequently changed a maximum gain can be de-
fined for each of the detectors. This provides safety against unintentional overvoltage, with 
possible detector instability and detector damage. 

Saving the setup parameters 

When you have found the correct parameters, save them as .sdt or .set files, see ‘Save Panel’ 
page 656. Create an entry for the setup in the predefined setup panel, see ‘Predefined Setups’, 
page 659. 

Routing Systems 
For routing systems with two, three, or four individual detectors (see Fig. 323, page 210) use 
the system parameters as shown in Fig. 366, but set ‘Routing Channels X’ to the number of 
connected detectors. ‘Delay’ should be 20 ns for the first tries. In the 2D trace parameters, 
define traces for Curve 1, Curve 2, Curve 3 or Curve 4, depending on how much detector you 
have. The system parameters and trace parameters for a routing system with two detectors are 
shown in Fig. 374. The main panel is shown in Fig. 375. 

 

Fig. 374: System parameters and trace parameters for a routing system with two detectors. 

 

Fig. 375: Main panel for a routing system with two detectors. Shown with data of the two routing channels. 

To get the photons from the two detectors correctly separated into two channels the ‘Latch 
Delay’ in the Page Control section of the system parameters must be correct. A value of 20 ns 
works with most systems, but the best value depends on the length of the routing cable and 
the signal cable from the router to the CFD input of the SPC module. We recommend to start 
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with 20 ns, optimise the TAC parameters as described for single-detector systems and then 
vary the Latch Delay until the signals are optimally recorded. 

Important: If you connect a detector directly to the CFD input (bypassing the router) the 15-
pin routing cable must be disconnected from the SPC module. If the router does not see the 
detector signal (because the detector is not connected to it) it cannot generate a routing signal, 
and without a valid routing signal the SPC does not record photons. 

 

 

Multi-Wavelength Systems 
System Parameters 

For the setup of systems with PML-16-C and PML-16 GaAsP detectors use the system pa-
rameters and the trace parameters shown in Fig. 376. Most of the parameters are the same as 
for a single-detector system. Operation mode is Oscilloscope, collection time 0.5 seconds, 
Stop T is set. The recommended CFD threshold (Limit Low) is higher than for the single-
detector system to prevent detection of noise from the routing electronics. To send the pho-
tons of the individual detector channels into separate photon distributions ‘Routing Chan. X’ 
is set to 16 routing channels. The latch delay for the routing signals is 20 ns. The best value 
may depend on the length of the detector signal and routing cables. It can range from 10 ns to 
50 ns, but 20 ns is a good value to start with. The 2D trace attributes are defined to show all 
curves of the 16 detector channels. 

 

Fig. 376: System parameters and trace parameters for a multi-wavelength system with a PML-16-C or PML-16 
GaAsP detector. 

 

Main Panel Configuration 

The main panel configuration is shown in Fig. 377. The decay-curve Window has been place 
on the left, the trace parameters and the DCC-100 panel are open on the right. Measurement 
page is ‘1’. You can use other pages, e.g. to record several sets of data and save them in one 
file. However, the Page in the trace parameters must be the same as in the lower right of the 
main panel to get the data displayed. 
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Fig. 377: Main-panel configuration for multi-wavelength detector 

Detector Control 

The detector control and detector gain setting is the same as for a single-channel detector, 
please see Fig. 368 and Fig. 369. Enable the detector and pull up the gain slider until you de-
tect photons. 

Sync Delay and TAC Offset 

Please follow the instructions given for single-channel detectors, see Fig. 371. 

Optimisation of Latch Delay 

Latch Delay (see Fig. 376, first parameter under ‘Page Control’) determines when after the 
arrival of a photon pulse the routing signal from the detector is read by the SPC module. The 
best value can vary for different detectors, SPC modules, and connection cable length. To find 
the correct value, run an oscilloscope mode measurement as described above and change the 
Latch Delay. Find the delay range where the curves of all channels are recorded, and set a 
Latch Delay in the middle of that range. 

 

Multi-Wavelength Systems - F(xyt) Mode 
Multi-wavelength recording can also be performed in the F(xyt) mode. The data recorded in 
this mode are compatible with 16-channel data recorded in the Oscilloscope mode or in the 
Single mode with 16 routing channels. That means you can switch between the modes even 
after you have recorded the data. SPCM configuration and system parameters for the F(xyt) 
mode are described in the following section. 

SPCM Main Panel Configuration 

The f(xyt) mode displays the curves of the 16 channels of the detector in a quasi-three-
dimensional graph. The recommended main panel configuration is shown in Fig. 378. The 
results are displayed in the upper left part of the main panel. The DCC-100 detector control 
panel, the display parameter panel, and the predefined setup panel are open on the right. 
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Fig. 378: SPCM Main panel for the f(xyt) mode 

The style of the data display is defined by the display parameters. A linear or logarithmic 
scale can be used, the upper and the lower display limit are defined by Max Count, Baseline, 
and Log Baseline. Maxcount can be determined automatically by the Autoscale function. Off-
set X and Y determine the offset of the curves of the subsequent channels in the display. 
Please see software chapter for details. 

System Parameters 

The TCSPC system parameters for the f(xyt) mode are shown in Fig. 379. With the parame-
ters shown, the SPC module performs a single measurement for the 16 channels of the 
PML-16-C or PML-16 GaAsP detector. Data are collected until an overflow occurs or the 
measurement is stopped by the operator. Intermediate data are displayed in intervals of ‘Dis-
play Time’. 

 

Fig. 379: system parameters for f(xyt) mode. A single measurement is performed, data are collected until an 
overflow occurs or the measurement is stopped by the operator. Intermediate data are displayed in intervals of 

‘Display Time’. 
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Scanning Systems 
The details of the parameter setup for a scanning (FLIM) system largely depend on the par-
ticular scanner. We can therefore give only general instructions here. For details, please refer 
to the handbooks of the particular FLIM system. The instructions given in this section are for 
a dual-channel FLIM system with two SPC-150N modules. Setups for other modules types or 
for single-detector systems are not significantly different. 

First Photons 

The initial steps for the setup of scanning (FLIM) systems are as described in the previous 
section. Please note that it may be necessary to enable the excitation laser in the scanner soft-
ware. Please see individual handbooks. In most systems the laser turns on only when the sys-
tem is scanning. Also the detection beam path may be blocked until scanning is started. When 
you start the scanning, it can happen that you get an immediate detector shutdown. There are 
three possible reasons for that: 

1. Too much room light gets into the detection light path. This happens especially for non-
descanned detectors in multiphoton microscopes. If room light is the reason of shutdown, 
darken the room and cover the critical parts of the microscope with black cloth. Note that 
light can also shine through the sample. Cover the back of the sample with a piece of card-
board. 

2. There are wrong filters in the detection beam path. The laser wavelength is not sufficiently 
blocked. In two-photon microscopes, a bandpass filter in the detection path is not enough. The 
laser must be locked by a special short-pass filter of high extinction ratio. 

System Parameters for Scanning 

Older FLIM systems used the ‘Scan Sync In’ mode. Recent systems almost exclusively use 
‘FIFO Imaging’. The following instructions therefore refer to the FIFO Imaging mode. The 
general system parameters for imaging are shown in Fig. 380, left. We recommend to start 
from the parameters set established as described under ‘Single-Detector Systems’, page 239. 
For imaging, change the operation mode to FIFO Imaging, Runtime Display / Configure ‘ps 
FLIM’. ADC resolution 256 and Image Pixels X and Y 512 x 512 is the default resolution 
used in most scanning microscopes. If necessary, set the microscope image size to 512 x 512 
pixels. The configuration of the scanning interface must be defined under ‘More Parameters’. 
The exact configuration depends on the particular scanner. For the first tries you can set the 
parameters as indicated. Most likely this will record some image. If it is not the correct one, 
corrections can be made later. 

          

Fig. 380: System parameters for the FIFO Imaging mode. Right: Scanning interface configuration. 
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Window and Trace Parameters 

The SPCM software is able to display several images simultaneously. The images can be from 
different SPC modules, different detector channels of a multi-detector or multi-modules sys-
tem, or from different time windows within the time range recorded. The corresponding defi-
nitions are made by the 3D Trace parameters and the Window parameters. Please refer to the 
software chapter of this handbook. For the first steps please start with the parameters shown 
in Fig. 381. 

 

 

Fig. 381: 3D Trace Parameters (Top) and Window Parameters (Bottom) 

Display Parameters 

The display parameters define how the data of the images should be displayed. They can be 
displayed as images, as time-gated images, as curves of the intensity versus t, x, or y, and in 
different colours. Please see software chapter for details. For the first steps please use the pa-
rameters shown in Fig. 382. Note that there are two display windows defined in the 3D trace 
parameters. Consequently, there are also two separate display parameters sets, as shown in 
Fig. 382. 

                 

Fig. 382: Display parameters for Imaging. Note there are separate display parameters for the individual images 

 

Main Panel Configuration 

Configure the main panel as shown in Fig. 383. Images for both FLIM channels are displayed 
(shown with data here). The detector control panel has been placed in the lower right. 
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Fig. 383: Main panel configuration for two-channel FLIM 

Scan Clock Pulses 

To synchronise the recording with the scanner the SPC module needs the frame clock, line 
clock, and pixel clock pulses from the scanner. There are different cables for different laser 
scanning microscopes. In some systems the scan clocks are connected directly to the sub-D 
connector of the SPC modules, in other cases they are connected via a BOB-1, BOB-4, or 
DCS switch box. Please see cable diagrams under 'Cable Diagrams of FLIM Systems' and 
'DCS-120 System Connections'. 

To check whether the scan clocks arrive, start the scanning in the microscope (or in the DCS-
120 scanner panel, if the scanner is a DCS-120). The scan clock indicators in the lower part of 
the main panel (they may be hidden behind another panel) should turn green, indicating that 
the scan clock arrive. The Frame clock indicator may cycle between green and red if the 
frame rate is slower than one second. If one or both indicators are permanently red one or 
several of the clocks are missing. To find out which ones these are, place the mouse cursor on 
the indicator. This displays the status of frame, line, and pixel clock. 

 

Fig. 384: Scan clock indicators 

First Images 

Make sure that the detectors are turned on in the DCC-100 panel. Start continuous scanning in 
the microscope, and start the measurement in SPCM or vice versa. The recording in the SPC 
modules starts with the next frame clock from the scanner. The status changes to ‘Recording’, 
and first images should show up after 2 seconds (the ‘display time’ in the system parameters. 
The photons of subsequent frames are accumulated. Because ‘Autoscale’ is active in the dis-
play parameters the image intensity will stay the same. However, as more photons are re-
corded, the signal-to-noise ratio of the images become higher and higher. 
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Correcting the Scan Interface Parameters 

It can happen that the recorded images are reversed, distorted, or otherwise confused. This is 
a normal situation - there are as many different scan clock definitions as there are laser scan-
ning microscopes. Some typical cases and the method of correction are shown in Fig. 385.  
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Fig. 385: Typical cases of distorted images and methods of correction 

Some microscopes have an option to use a bi-directional scan. In that case, you may get an 
image as shown in Fig. 386, middle. Using a bidirectional scan with the bh SPC modules is, 
in principle, possible. If you want to work with bidirectional scanning, please set the scan 
parameters as described under 'FIFO Imaging Mode', 'Scan Synchronisation Parameters' page 
702. However, bidirectional scanning has more disadvantages the advantages. If possible, you 
should better switch the microscope to unidirectional scanning. 

Some microscopes deliver pixel clock pulses both at the start and at the end of each line also 
for unidirectional scanning. The result is the same. You get a mirrored image from the beam 
flyback, which is superimposed on the image of the forward scan. You can correct for the 
effects by selecting 'Skip second Line clock' in the scan parameters.  

Image in the Microscope TCSPC Image overlayed with TCSPC Image, corrected

Use

uni-

directional

scan

or

reversed image

skip second

line clock

 

Fig. 386: Images obtained with pixel clocks at both ends of the line, or with bi-directional scan 

When you have obtained the correct images, save the setups and load them into the predefined 
setup panel, see ‘Predefined Setups’ page 659. 

Final Refinements 

Record an image and send the data to SPCImage. Check whether the decay curves are located 
correctly in the decay window. The temporal system parameters have been set on an early 
stage of the setup and may have been changed unintentionally. 

Make a number of setups for different pixel numbers. 512 x 512 pixels with 256 time chan-
nels is the most frequently used one. However, you may also need 1024 x 1024 or even 
2048 x 2048 pixels for high-resolution images. When acquisition time is an issue 256 x 256 
pixels may be an option. Moreover, for NAD(P)H FLIM with ultra-fast detectors you may 
want a setup with 512 x 512 pixels and 1024 time channels, see 'NADH FLIM with Ultra-Fast 
Detectors', page 350. 
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We recommend to create a setup also for a ‘fast preview’ mode. The usual setup for fast pre-
view is 256 x 256 pixels, 1 time channel, a collection time of 0.5 seconds, and the ‘repeat’ 
function turned on. The FLIM system then displays a fast sequence of images. 

With the setup parameters suggested in this section SPCM displays intensity images of the 
FLIM data. You can also display lifetime images instead. Please see section 'Display of FLIM 
Data', 'Colour-Coded Lifetime Images', page 749. 

 

Multi-Wavelength FLIM Systems 
For multi-wavelength FLIM system please follow the general instructions for single-detector 
TCSPC systems (page 239) and single-detector FLIM systems (page 248). To display the im-
ages in different wavelength intervals use the SPCM configuration and the setup parameters 
described in the following sections. 

SPCM Main Panel Configuration 

The SPCM main panel recommended for multi-wavelength FLIM is shown in Fig. 387. Eight 
images are displayed, each for two subsequent channels of the MW-FLIM detector. The data 
shown in Fig. 387 were recorded by a bh DCS-120 confocal scanning system. Therefore, the 
DCS-120 scanner control panel is open on the lower right. The predefined-setup panel and the 
detector control panel are open on the upper and middle right. 

 

Fig. 387: SPCM main panel for multi-wavelength FLIM. Eight images are displayed, each containing the com-
bined data of two wavelength channels 

System Parameters 

The TCSPC system parameters of a FLIM measurement with the MW-FLIM detectors are 
shown in Fig. 388. The measurement mode is FIFO Imaging. The measurement runs until it is 
stopped by the operator. Intermediate results are displayed every 4 seconds. 

The image size and the number of wavelength channels are specified under ‘Page Control‘. At 
the times of 32-bit Windows, the image format was limited by the amount of memory pro-
vided Windows. Typical data formats were 256 x 256 pixels and 64 time channels, or 
128 x 128 pixels and 256 time channels. With the introduction of Windows 64 bit and SPCM 
64 bit the memory limitation does no longer exist [1093]. With the system parameters shown 
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in Fig. 388 the DCS-120 system delivers images of 512 x 512 pixels and 256 time channels 
for all 16 wavelength channels. 

        

Fig. 388: System parameters for a multi-wavelength FLIM measurement, FFO Imaging Mode, 16 detector chan-
nels, 512 x 512 pixels, 256 time channels 

Window Parameters and 3D Trace Parameters 

The Window Parameters and 3D Trace Parameters define how many images are displayed in 
the SPCM main panel, and which data they contain. The Window Parameters for multi-
wavelength FLIM differ from those for single-detector FIFO imaging in that several routing 
windows are defined. The routing windows define wavelength intervals in which images are 
to be displayed. The window parameters shown in Fig. 389 define eight routing windows, 
each containing two subsequent wavelength channels. 

 

Fig. 389: Window parameters for multi-wavelength FLIM 

The 3D Trace parameters shown in Fig. 390 define independent display windows for the eight 
routing windows. With the settings shown eight images for subsequent wavelength intervals 
are displayed. Each image contains the data of two wavelength channels. 
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Fig. 390: 3D Trace parameters for multi-wavelength FLIM 

The setups shown in Fig. 389 and Fig. 390 assume that there is only one MW detector, and 
that it is connected to SPC module M1. In principle, it is possible to use a second MW detec-
tor  and connect it to a second SPC module (Module M2). The number of routing windows 
then should be reduced to four, and four images be defined for each detector.  

Please note that the combination of the detector channels by the window intervals act only on 
the way the data are displayed. The .sdt files produced by the SPCM software contain the 
data of all individual wavelength channels, for all detectors, and for all SPC modules used. 

Display Parameters 

The display parameters define the intensity scale and the colour of the images. Display mode 
is ‘Colour-Intensity’, and F(x,y). Every window defined in the 3D trace parameters has its 
own set of display parameters. The display parameter panel is shown in Fig. 391. 

      

Fig. 391: Display parameters for FIFO Imaging mode. Every display window defined in the 3D parameters has 
independent display parameters. The figure shows the parameters for Window 1 and Window 2. 

 

 

Multi-Wavelength FLIM by Mosaic FLIM Function 
SPCM Main Panel 

The FIFO Imaging with the parameters shown above records multi-wavelength FLIM data 
that are structured as a set of 16 individual images for different wavelength. With the Mosaic 
FLIM function multi-wavelength data can be recorded into a single image that is considered a 
mosaic of the images of the individual wavelength channels. The SPCM main panel configu-
ration is shown in Fig. 392. The image on the left is a mosaic of the images recorded in the 16 
wavelength channels of the PML-16 detector. 512 x 512 pixels and 256 time channels are 
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recorded for each of the 16 detector channels. The entire mosaic therefore has 2048 x 2048 
pixels, each with 256 time channels. 

 

Fig. 392: Main panel for multi-wavelength FLIM by the mosaic function 

System Parameters 

The system parameters for multi-wavelength mosaic FLIM are essentially the same as for 
normal multi-wavelength FIFO imaging, see Fig. 393, left. With the parameters shown data 
with 512 x 512 pixels and 256 time channels are recorded for each of the 16 detector chan-
nels. 

A click on the ‘Mosaic Imaging’ button opens the mosaic imaging configuration panel shown 
on the right. The mosaic type is ‘Routing Channels’, the layout of the mosaic is 4x4. This 
yields a mosaic of 16 elements, each containing a 512 x 512 pixel image for one detector 
channel. 

    

Fig. 393: System parameters for FIFO imaging with the mosaic function. Mosaic configuration panel shown on 
the right. 

Channel Delay Correction 

Mosaic data are analysed as a single, large image. Consequently, the data analysis uses the 
same instrument response function for the analysis of all wavelength channels. Systematic 
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variation of the channel delay in the detector (see Fig. 273, page 174) then induces a system-
atic variation in the fluorescence decay times calculated for individual wavelength channels. 
The variation in the decay time is the same as the delay variation, which is on the order of 100 
to 200 ps. Mosaic multi-wavelength FLIM should therefore be used with channel delay cor-
rection. For parameter setup please see 'Delay Correction for 16-Channel Detectors', page 704 
in the software chapter. 

Setup Procedure for Other TCSPC Applications 
There are other TCSPC applications such as simultaneous FLIM/PLIM, FLITS, FCS, and 
Picosecond Photon Correlation. Special parameter setup for these experiments is described in 
the corresponding application sections. For general TCSPC setup please proceed as described 
under ‘Single-Detector Systems’, page 239. 
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System Optimisation 
Optimisation of a TCSPC system is sometimes considered a complicated process, exposing 
the user to numerous mysteries and pitfalls. This may have been true for classic TCSPC sys-
tems built from NIM modules. For a bh SPC system the only optimisation steps that are really 
important are to set the correct operating conditions of the detector and the correct signal tran-
sit time in the synchronisation and detection path. 

However, there are a few more things which influence the performance of a TCSPC system. 
An excitation laser of appropriate pulse repetition rate should be used, and deliver pulses with 
stable pulse shape and peak power. The optical system must be properly designed, without 
reflections or temporal dispersion in the excitation and detection beam path. The pickup of 
electronic noise from the environment and electrical crosstalk between the laser and the detec-
tors should be minimised. 

The optimisation of a bh TCSPC system can be done efficiently in the 'Oscilloscope Mode'. In 
the Oscilloscope Mode the measurement is repeated automatically at the maximum available 
speed. The result is displayed at the end of each measurement cycle. Furthermore, by switch-
ing on the ‘Trace Statistics’ button the total number of counts and the half-width of the meas-
ured signal can be displayed. To obtain a fast response to the adjustments you are doing we 
recommend a ‘Collection Time’ of  0.1 s to 0.5 s. Please see setup parameters given under 
‘System Setup', Single-Detector Systems. 

 

Detector Operating Conditions 

CFD and SYNC Inputs 

The function of the constant fraction discriminators in the detector and reference channel of 
the SPC modules is described under ‘Detailed Description of Building Blocks’, page 130. The 
input discriminators contain a pulse shaping network that converts the unipolar detector pulse 
into a bipolar pulse. The discriminator triggers on zero-transition of the shaped pulse. The 
principle is shown in Fig. 394. 
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Fig. 394: Principle of constant fraction triggering 

The CFD has two discriminators, D1 and D2. D1 triggers on the zero-transition of the voltage 
difference at the input and the output of a delay line, DEL2. D2 triggers on the input pulse 
itself. It triggers only when the input voltage exceeds an adjustable ‘Threshold’ voltage. 
When D1 has triggered, the zero-transition pulse edge of D2 triggers a D-flip-flop. The D flip 



260      System Optimisation 

flop thus delivers a pulse edge at its output when D1 has detected a sufficient input pulse am-
plitude and D2 has detected a zero transition of the shaped signal. The leading edge of the 
output pulse from the D flip-flop is thus related to the time of the zero transition at the input 
of D2. Since the temporal position of the zero transition does not depend on the input ampli-
tude the trigger delay does not depend on the amplitude of the input pulses. 

The CFD and SYNC inputs can be configured for different detector rise times by replacing 
the delay lines, DEL1 and DEL2, in the zero cross shaping network. In contrast to TCSPC 
systems of the 1980s, for the bh TCSPC modules changes in the pulse shaping network are 
rarely needed. The reason is probably that the discriminators of the SPC CFDs are faster and 
detectors of faster single-electron response are used. For all the currently used single-photon 
detectors the default delay lines of the SPC modules deliver reasonably good, if not best re-
sults. 

Possible exceptions are detectors with very slow single-electron response, with pulse rise 
times of 5 ns or slower. If such detectors have to be used for whatever reasons changes of the 
delay lines can only be done by try and error. As a rule of thumb, ‘Delay 2’ should be ap-
proximately the same as the rise time of the SER of the detector. However, the influence of 
the delay lines on the shape of the zero transition is not entirely predictable, and the band-
width of the discriminators is not exactly known. It is therefore not entirely predictable how 
the discriminator actually ‘sees’ the zero transition. A longer DEL2 may result in an unfa-
vourable shape of the zero transition but in a higher signal amplitude. On the other hand, a 
short DEL2 may yield a steeper zero transition but may not improve the timing because it 
reduces the amplitude of the shaped signal. Therefore, the importance of correct pulse shaping 
should not be overestimated. 

The delay lines for the CFD and SYNC inputs for SPC-630, 730, and 830 modules are  shown 
in Fig. 395, left, the delay lines for SPC-130, 130EM, and 150 modules in Fig. 395, right. The 
delay lines of the discriminators of the SPC-150N, -150NX and SPC-160 modules are inte-
grated in the discriminators. If different pulse shaping  is required (possible for multi-
wavelength detectors and wide-field FLIM) the entire CFD can be replaced. 

                           

Fig. 395: Delay lines in the CFDs of the SPC modules. Left: SPC-630, 730, 830 modules. Middle: SPC-130, 
130EM, 150 modules. Right: SPC-150N, SPC-160. In these modules the entire CFD can be replaced. 

For the SYNC channel, the pulse shaping network has less influence on the timing stability 
than for the CFD (detector) channel. The Sync signal normally has negligible amplitude jitter 
so that amplitude-induced timing jitter is not an issue. An exception can be correlation ex-
periments or experiments with random light pulses. However, also in these cases the default 
delay lines usually work well. 
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DCC Gain and CFD Threshold 

To obtain a good counting efficiency from a given detector the CFD threshold must be cor-
rectly adjusted. Correct threshold adjustment is especially important for PMTs. On the one 
hand, background noise and small pulses from the dynodes of a PMT should be suppressed, 
on the other hand, as many as possible of the ‘good’ photon pulses should be detected.  As 
shown in Fig. 166, page 85, the single-photon pulses of PMTs have a considerable amplitude 
jitter. The general shape of the pulse amplitude distribution is shown in Fig. 396, left (see also 
Fig. 228, page 144). 

The pulse amplitude distribution consists of three major components. The regular single-
photon pulses, i.e. the pulses originating from electron emission at the photocathode, form a 
wide peak at relatively high amplitudes. Thermal emission, photoelectron emission, and re-
flection of primary electrons at the dynodes forms a secondary peak at lower amplitudes. At 
very low amplitudes electronic noise, either from the preamplifier or from the environment, 
causes a third peak of extremely high count rate. A TCSPC system should record the regular 
photon pulses, but not the dynode pulses and the electronic noise background. Therefore, the 
optimum CFD threshold is in the valley between the regular photon pulse distribution and the 
peak caused by dynode emission. 
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Fig. 396: Amplitude distribution of the single-photon pulses of a PMT (left) and dependence of the count rate on 
the discriminator threshold (right) 

The corresponding dependence of the count rate on the discriminator threshold is shown in 
Fig. 396, right. When the PMT is illuminated with light of low intensity and the discriminator 
threshold (‘CFD limit Low’) is decreased the count rate increases. At a sufficiently low 
threshold the increase of the count rate flattens, and in the ideal case forms a plateau. At very 
low threshold the count rate increases again because the dynode pulses or electronic noise are 
detected. In practice the dynode peak may be not very prominent or even be hidden in the 
electronic noise. Also the shape of the plateau may vary for different detectors. The plateau 
can be almost flat and extremely wide. In other cases it may not be very pronounced. How-
ever, at least a flattening of the count rate increase should be found. The optimum CFD 
threshold is between the amplitude distribution of the regular pulses and the dynode pulses. 

The pulse amplitude distribution of the PMT does, of course depend on its gain. Thus, the 
CFD threshold is different  for different detector gain: Higher detector gain requires higher 
CFD threshold, and vice versa. The general dependence is shown in Fig. 397. 
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Fig. 397: Amplitude distribution of the single-photon pulses of a PMT (left) and dependence of the count rate on 
the discriminator threshold (right) 

As can be seen from Fig. 397, middle and right, there are two strategies to optimise the oper-
ating point of the TCSPC system: You can select a reasonable detector gain and optimise the  
CFD threshold, or select a reasonable CFD threshold and optimise the detector gain. 

We recommend to follow the second strategy. The reason is that the gain of a PMT changes 
steeply with the operating voltage (or the ‘gain’ selected in the DCC panel), and that the ef-
fective gain for different PMTs may vary considerably. To find a reasonable combination of 
threshold and gain we recommend to start with the CFD thresholds given in the table below. 

 Detector CFD Threshold DCC Gain (Voltage) 
 R3809U with FuG-HCN -80 mV 80 to 86% (-2.9 to -3.0 kV) 
 R3809U with HVM-100 -80 mV 90 to 100% 
 PMC-100 -100 mV 80 to 90%  
 PMZ-100 -100 mV 80 to 90% 
 PMC-150 -100 mV 80 to 100% 
 H7422P-40 -100 mV 70 to 85% 
 PML-16C -100 mV 85 to 100% 
 PML-16 GaAsP -100 mV 85 to 100% 
 HPM-100, all versions -50 mV 70 to 90%, see below 
 
Send a small amount of light to the detector. It can be laser light, fluorescence from a sample, 
or daylight leaking into the detector light path. The count rate should be no more than 104 to 
105 photons per second. Turn on the detectors in the DCC panel, as shown in Fig. 398, left. If 
you have two detectors, fully pull down the gain slider of the other detector. (This avoids con-
fusing the detectors!) If you have a dual-channel system, use the ‘Select SPC’ panel to display 
the count rate of the detector to be optimised. The count rate should behave as shown in Fig. 
398, middle. The optimum gain range is marked with green ellipses. It may happen that the 
detector switches off by overload. The reason may be that the light intensity is too high, or 
that the gain is so high that the PMT develops instability. In that case, reduce the light inten-
sity or the gain, and re-activate the detector as shown in Fig. 398, right. 
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Fig. 398: Adjusting the detector gain for PMT modules. Left: DCC panel with detectors enabled. Middle: Gen-
eral dependence of count rate on gain. The optimum gain region is marked. Right: DCC panel after detector 

overload. 
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The procedure for the HPM-100 hybrid detectors is similar. However, the gain characteristic 
of a hybrid detector is extremely nonlinear. The function of the count rate versus DCC ‘gain’ 
is therefore very steep, see Fig. 399. The plateau is short but very flat. It is usually sufficient 
to find the point where the detector switches off by overload and then take the DCC gain back 
by a few percent. 
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Fig. 399: Adjusting the detector gain for HPM-100 hybrid detector modules. The operating point can be found 
by determining the gain when the detector shuts down by overload and taking back the gain by a few per cent. 

When you have found a reasonable set of CFD and DCC parameters, do not forget to save the 
setup parameters. Please note that recent versions of the DCC software have a ‘Lock Setup’ 
option, see Fig. 400. When ‘Lock Setup’ is set the detector parameters cannot be changed by 
the operator. We recommend use this option for systems that are used permanently with the 
same detectors. 

 

Fig. 400: ‘Lock Setup’ option of DCC-100 software 

Single-Photon Avalanche Diodes (SPADs) 

No CFD adjustments are necessary for single-photon avalanche photodiode (SPAD) detec-
tors. These detectors have their own internal discriminators and deliver a pulse of defined 
amplitude and duration for each photon. Once these pulses are detected by the CFD of the 
SPC module further adjustment has negligible influence on the efficiency and the IRF shape. 

Dependence of the Time Resolution on the Detector Gain 

The timing jitter and the influence of electronic background noise is smaller for higher pulse 
amplitudes. Therefore higher PMT gain and higher threshold settings in general yield shorter 
IRF widths. The threshold is therefore often increased above the value that yields best effi-
ciency. This is not objectionable as long as no more than 90% of the pulses are rejected and 
the corresponding loss in counting efficiency is taken into account. However, it should be 
noted that the efficiency and the IRF is less stable than in the counting plateau. 
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Moreover, every detector has a maximum save output current. With a high threshold, a large 
fraction of the detector output current is wasted for the rejected photons. The maximum safe 
count rate, especially for MCP PMTs, is therefore reduced. 

Older SPC-300 and SPC-400 modules had an additional ‘Limit High’ threshold to reject 
pulses of high amplitude. It could help suppress afterpulses, see ‘Counting Background’, page 
265. Also, a narrower amplitude window in principle decreases the influence of the amplitude 
jitter on the timing. However, the pulse amplitude distribution drops steeply at high amplitude 
so that the effect of the higher threshold on the time resolution is not very pronounced. If too 
many pulses are rejected by the higher threshold it may happen that reflections of these pulses 
on the signal cables trigger the CFD. The result is a second IRF peak after twice the cable 
transit time. 

Maximum Count Rate of the Detector 

The maximum output current of a photon counting detector sets a limit to the detectable count 
rate. For example, the maximum permissible average output current for the R3809U MCP 
PMTs is 100 nA. The H7422 detectors have maximum output current of a few µA. The 
maximum count rates are on the order of 1 MHz and 2 MHz, respectively. For a given count 
rate, the output current increases with the detector gain. It may therefore be appropriate to 
operate the detector at a gain lower than the specified maximum. This is especially the case 
for the MCP PMTs and for the H7422 modules. 

CFD Zero Cross Level 

The CFD zero cross level has an influence on the timing jitter that is induced by the amplitude 
jitter of the detector pulses (see Fig. 394). In early TCSPC systems the zero cross level was 
called ‘walk adjust’. Because both the detectors and the discriminators were slow the walk 
adjust had an enormous influence on the shape of the instrument response function (IRF). In 
modern systems the influence is much smaller, sometimes even not noticeable. The reason is 
that detectors with faster single-electron response are used and the discriminators are faster. 
Therefore, the effective slope of the zero cross transition is steeper, with a correspondingly 
smaller influence on the zero cross level. 

Theoretically the best IRF should be expected at a zero-cross level of exactly zero (see Fig. 
394). However, in practice the zero-cross discriminator has an offset voltage of a few mV. 
Moreover, the intrinsic delay of the zero-cross discriminator depends on the speed of the zero 
transition. The corresponding contribution of the discriminator to the timing jitter can be 
compensated for by slightly offsetting the zero-cross level from the signal baseline. Therefore 
the best zero cross value can be some tens of mV above or below zero. A zero-cross level 
extremely close to the signal baseline can even cause problems. In that case, the zero-cross 
discriminator may trigger on to spurious signals from the synchronisation channel or may 
even oscillate. Of course, spurious triggering and oscillation stop when an input pulse arrives, 
but some after-ringing may still be present and modulate the trigger delay. The result is poor 
differential nonlinearity or a double-structure in the IRF. 

The dependence of the IRF on the CFD zero-cross level for a PMC-150-110 detector is shown 
in Fig. 401. The best IRF is obtained at +25 mV, the FWHM is 116.7 ps. 
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Fig. 401: IRF shape for a PMC-150-110 detector. CFD Threshold -250 mV, ZC level from +75 mV (left) to 
-50 mV (right). Best IRF is obtained at +25 mV, FWHM = 116.7 ps. 

The Zero-Cross adjustment can be done conveniently in the 'Oscilloscope Mode'. Any change 
in the IRF shape becomes immediately visible. For fine tuning, turn on ‘Trace Statistics’. This 
opens a window which shows the FWHM, the count number in the maximum, and the total 
number of counts in the signal recorded. If several measurement pages are active the corre-
sponding values for all pages are displayed. This way, FWHMs for different CFD settings, 
different detector gain or even for different detectors can be conveniently compared. 

 

Counting Background 

Counting background is usually attributed to thermal emission of photoelectrons in the detec-
tor. The first idea is then to use a cooled detector. However, there are at least three more 
sources of background in TCSPC experiments. The most trivial (but also most frequent) one 
is leakage of daylight into the detection light path. Another (and often the dominating) one is 
afterpulsing. Afterpulsing is present in all PMTs, MCP PMTs and SPADs. It forms a signal-
dependent background under the recorded signal. Other possible sources of background is 
luminescence of lenses and filters, and spectral background of excitation lasers. The effect on 
the recorded signals is similar to the one caused by afterpulsing. 

Thermal Background 

Thermal background changes dramatically with the temperature. As a rule of thumb, the ther-
mal dark count rate decreases by a factor of 5 for a 10 K decrease in temperature. This pro-
vides an easy way to find out whether thermal background is a problem: Run a normal meas-
urement with an ice bag on the detector and check whether the background in the recorded 
signal decreases. 

Afterpulsing Background 

Almost all photon counting detectors have an increased probability to deliver background 
pulses within the first few 100 ns after the detection of a photon, see page 149. The source of 
afterpulsing in PMTs is ion feedback, i.e. ionisation of rest gas molecules by the electrons 
[279]. In SPADs afterpulses are caused by trapped carriers of the previous avalanche break-
down. MCP PMTs, especially the R3809U of Hamamatsu, have low afterpulsing rates, but 
only hybrid detectors and super-conducting NbN detectors are virtually free of it. In high-
repetition rate experiments the afterpulses accumulate over many excitation periods and cause 
a count-rate dependent background. 
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Afterpulsing background can easily be identified. Record the normal signal, e.g. a fluores-
cence decay curve for a given collection time. Then block the excitation beam path and record 
again with the same collection time. If the background is higher in the first recording the rea-
son is most likely afterpulsing. 

An example of afterpulsing background in two different detectors is shown in Fig. 402. The 
figure shows recordings of a fluorescence signal (top) and of the dark counts (bottom) for a 
cooled H5773-20 photosensor module (left) and an R3809U-50 MCP-PMT (right). The pulse 
repetition rate was 50 MHz, the count rate approximately 400 kHz, the acquisition time 40 
seconds. 

                  

Fig. 402: Afterpulsing background. Fluorescence signals and dark counts recorded by a cooled H5773-20 PMT 
module (left) and a R3809U-50 MCP-PMT. 

For both detectors, the background in the decay recording is more than an order of magnitude 
higher than the thermal background. A similar comparison for a HPM-100-40 hybrid detector 
and a H5773-01 PMT is shown in Fig. 260, page 166. 

The afterpulsing probability in a PMT and thus the afterpulsing background can be reduced 
by reducing the detector gain. The reduced detector gain must be compensated for by a higher 
preamplifier gain or a reduced discriminator threshold. The afterpulsing probability decreases 
approximately with the square root of the gain. However, if the afterpulsing background is in 
the range of some % of the system response, no adjustment will remove the problem entirely. 
Such PMTs have either poor vacuum or have been stressed by overload. For tubes severely 
plagued by afterpulsing or even instability we recommend the same treatment which Russell 
W. Porter (the father of amateur telescope making) suggested for warped telescope mirrors: 
'Seek out a good hard, solid hydrant. Hurl the mirror (the photomultiplier) as fiercely as pos-
sible at said hydrant. Walk home. 

Luminescence of Filters and Lenses 

Long-lifetime luminescence of absorptive filters, lenses, optical fibres, and other optical ele-
ments can cause a signal-dependent background that is almost indistinguishable from after-
pulsing. Therefore, if background is a problem, the optical system should also be checked. 
Luminescence can often be identified by recording a signal without a sample, or with a 
dummy sample that has normal scattering behaviour but no fluorescence. Nevertheless, find-
ing and removing the source of the problem is not always easy. Optical elements to be sus-
pected are especially those which are both in the excitation and in the detection beam path. 

Wideband Background from Lasers 

Persistent background can also come from wideband emission of lasers. For example, ps di-
ode lasers emit slow fluorescence over a range of 50 to 100 nm on the long-wavelength side 
of the laser line [62]. Two examples are shown in Fig. 403. 
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Fig. 403: Wideband emission from ps laser diodes. Laser line suppressed by long-pass filter. 

The intensity of the background is much lower than that of the laser line. It becomes detect-
able only when the laser line is suppressed by a long-pass filter. In fluorescence applications 
the background can be in the spectral range where fluorescence is detected. It then passes the 
fluorescence filter and contaminates the detected signal. The relative amount of background 
in the detected signal depends on the concentration of the fluorophore and on the scattering 
behaviour of the sample. The effect on the recorded decay curve is therefore hard to predict. 
Since 2012 the bh BDL lasers have a short pass filter in the output. The filter suppresses the 
largest part of the background. 

Wideband background must also be expected from supercontinuum lasers with acousto-
optical filters. Even Ti:Sa lasers are not free of wideband background. The background often 
shows up in two-photon images recorded in laser scanning microscopes. It is most pro-
nounced in systems that have no AOM for laser intensity regulation. In systems with AOM a 
large part of the background is suppressed by the spectral selectivity of the beam deflection in 
the AOM. 

Problems with laser background can usually be identified and solved by inserting a cleaning 
filter in the laser beam path. 

 

Detector Operation at High CFD Threshold 

It is sometimes attempted to reduce the dark count rate of a detector by decreasing the gain or 
increasing the CFD threshold. Except for background caused by electronic noise these at-
tempts are not promising. The amplitude distribution is the same for the photon pulses and the 
dark pulses, and the CFD threshold suppresses both likewise. 

High CFD Threshold is also used to obtain a narrower IRF from a given detector. This works 
up to some point because only the fraction of photon pulses with the largest amplitudes are 
detected. This effectively narrows the amplitude spectrum of the recorded photon pulses and 
reduces the amplitude-induced timing jitter in the CFD. However, the improvement comes at 
a price. Since only a fraction of the pulses is used for the TCSPC recording the efficiency of 
the recording drops dramatically. 

High CFD threshold and low detector gain may also result in other detrimental effects. One of 
them is an increase in afterpulsing background. A large fraction of the afterpulses have larger 
amplitudes than the photon pulses. That means high threshold suppresses photons more than 
afterpulses. 

Moreover, most of the afterpulses appear within 100 ns after a photon was detected. With a 
CFD threshold correctly adjusted these afterpulses are suppressed by the dead time caused by 
the previously detected photon. However, if the CFD threshold is increased (or the detector 
gain decreased) too far the photon is suppressed, and the afterpulse is detected instead. 
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The result of exceedingly high threshold is not only a dramatic increase of the relative after-
pulsing background but also a distortion of the detected signal shape by the afterpulses. An 
example is shown in Fig. 404. At -100 mV the PMT still performs normal, see Fig. 404, left. 
However, if the CFD threshold is increased to -300 mV (Fig. 404, right) the signal / back-
ground ratio becomes totally unacceptable. Moreover, the afterpulses cause an additional 
bump 8 ns after the main peak. 

             

Fig. 404: Increase of afterpulsing background by setting the CFD threshold too high. Left: The PMT performs 
normally at a threshold of -100 mV. Right: At -300 mV mainly afterpulses are recorded. 

Multi-Photon Detection 

Excessively high CFD thresholds in combination with low detector gain can entirely suppress 
the detection of single-photon pulses. If the light intensity is increased, eventually multi-
photon events are detected. Especially at low pulse repetition rates this may remain unnoticed 
because high peak intensities can be reached without obtaining an exceedingly high average 
detector current. A typical example of multi-photon detection is shown in Fig. 405. 

           

Fig. 405: Detection of multi-photon events at low detector gain. Left: Correctly recorded signal, recorded at a 
detector gain of 106 and a count rate of  37.104 s-1. Centre and right: The same signal recorded at a detector gain 

of 105 and 104. The light intensity was increased until the PMT signal triggered the CFD. 

The left curve was recorded at a detector gain of 106 and shows the true shape of the light 
pulse. The curves in the middle and right were recorded at a detector gain of 105 and 104, re-
spectively, and at high light intensity. At a gain this low a single photon does not trigger the 
CFD. However, if the light intensity is increased, the PMT signal eventually turns into a con-
tinuous signal representing the shape of the light pulse. If the amplitude of the signal reaches 
the CFD threshold, the CFD triggers. The count rate steeply increases from zero to the signal 
repetition rate, and extremely narrow pulse shapes are recorded. Operating the PMT in this 
multi-photon mode results in an extreme distortion of the recorded signal waveform. An ex-
tremely short ‘IRF’ of less than 20 ps duration can be obtained. This IRF is, of course, en-
tirely useless for any waveform recording. It can, however, be used in distance-measurement 
and time-of-flight applications when only the distribution of the arrival times of the pulses is 
wanted, not the temporal shape of the pulses. 
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SYNC Parameters 
In most cases the constant fraction discriminator of the Sync input is triggered by a reference 
signal from the light source. The SYNC parameters have little influence on the time resolu-
tion as long as the amplitude of the reference signal is stable. If the reference signal has am-
plitude fluctuations, or if the SPC modules is used for start-stop experiments with a second 
detector the parameters of the SYNC channel are optimised as described for the detector 
channel. 

If the synchronisation signal has reflections, ringing, or afterpulses multiple triggering can 
occur. The effect on the recorded signal is shown in Fig. 406. If you see effects like these, 
increase the ‘Sync Threshold’ (SPC-x30 only) or ‘Sync Holdoff. 

Correct Signal

Double Signal caused
by false SYNC triggering

        

Correct Signal

Signal shape caused by
false SYNC triggering

 

Fig. 406: Effect of false SYNC triggering on recorded signal shape. Left pulsed signal, right continuous light 

The ‘Sync Frequency Divider’ setting determines the number of signal periods that are re-
corded, see Fig. 407. Values greater than one are convenient to find the signal in high repeti-
tion rate applications. Furthermore, they can be used to check or calibrate the time scale by 
comparing the displayed pulse distance with the known pulse repetition rate. 

However, fluorescence data analysis programs usually expect data for only one signal period. 
Spreading the recorded photons over several periods and analysing only one means wasting at 
least 50% of the photons. Furthermore, recording several periods in multidimensional meas-
urements may waste memory space. Moreover, the time from the photon detection to the next 
stop pulse adds to the effective dead time. Recording several signal periods thus increases the 
average dead time and the corresponding counting loss. Therefore, if counting efficiency or 
memory space are an issue, the ‘Sync Frequency Divider’ should be set to ‘one’. 
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Fig. 407: High repetition rate signal recorded with different Sync Frequency Divider settings 

Adjusting the SYNC and CFD Signal Path Length 
When working with ‘Sync Frequency Divider’ = 1 and a sufficiently long TAC Range the 
SPC module records one signal period less a few ns required to start and stop the TAC. The 
location of the recording interval within the signal period depends on the optical path lengths, 
the cable lengths in the CFD and SYNC channels and on the delays in the PMT and SYNC 
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detectors. Therefore, it usually happens that the SPC does not records the correct time interval 
of the signal. Because of the reversed start-stop operation the effects are often confusing to 
TCSPC users. Some typical cases and the method of correction are shown below. 

The effect of the CFD and SYNC cable length is shown in Fig. 408. The original curve is (1). 
A longer SYNC cable or a longer SYNC light path shifts the curve left (2), a longer CFD ca-
ble or a longer detection light path shifts the curve right (3). 1 ns corresponds to 30 cm light 
path or 20 cm cable length. Please note that it is not necessarily required to change cables to 
obtain the correct signal transit times. The same effect can be obtained by using the DB-32  
USB-controlled delay switch box shown in Fig. 408, right. 

 

Longer cable for CFDLonger cable for SYNC

12 3

          

 Fig. 408: Effect of the CFD and SYNC cable length. Right: Delay switch box for adjusting signal transit time. 

As long as the recorded time interval is shorter than the full signal period the curve can also 
be shifted by changing ‘TAC Offset’, see ‘Optimising the TAC Parameters’. However, if 
‘TAC Offset’ is too small the beginning of the TAC characteristic comes into view (Fig. 409, 
left). In the first nanosecond the TAC characteristic is nonlinear. The corresponding signal 
interval displays as a short peak with no photons right of it, see Fig. 409, left. If the signal 
photons arrive too late they are recorded in the next signal period. The corresponding part of 
the signal either wraps around the signal period and appears on the left or is outside the con-
version range and is not recorded. The method of correction is to use a shorter CFD cable or a 
longer SYNC cable. The peak at the start of the TAC characteristic can be shifted out of the 
recorded range by increasing the TAC offset. 

The opposite effects happens if a part of the signal photons arrive too early. Due to the re-
versed start-stop, early photons cause large TAC times. Of course, with FD = 1 TAC times 
larger than one signal period do not exist. The recorded waveform then drops abruptly to zero 
left of a TAC time corresponding to one signal period. The part of the signal left of this point  
is either lost or wraps around the signal period and appears at the right side of the recorded 
range. The method of correction is to increase the CFD cable length or decreasing the SYNC 
cable length. 
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Fig. 409: Left: Photons too late and TAC offset too small, end of TAC characteristic comes into view. Right: 
Photons too early, no photon with TAC time larger than one signal period recorded 

Reversed start-stop operation of TCSPC requires a reference pulse at the end of the signal 
period or at the end of the recorded time interval. If a high-repetition rate laser is used for 
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excitation this is normally not a problem. However, it is not always clear which laser pulse 
actually stops the time measurement. It can happen that the stop pulse is not the same laser 
pulse that excited the detected photon but a pulse from a period before or after. Stopping with 
a pulse from a different period is no problem if the laser pulses have a constant period and no 
pulse-to-pulse jitter. This is certainly the case for a Ti:Sapphire laser. Diode lasers, however, 
may have selectable pulse periods. Moreover, the clock oscillator of a diode laser may have a 
pulse-to-pulse jitter of some 10 ps. If the reference pulses come from the wrong signal period 
the position of the recorded signal in the TAC range changes when the laser period is 
changed. Moreover the pulse-to pulse jitter adds to the transit time spread of the TCSPC sys-
tem. 

To stop the TAC with the correct laser pulse, the reference signal must be delayed so that the 
reference pulse arrives after a photon pulse from the same period. The correct delay in the 
reference channel is the detector transit time, plus the width of the recorded time interval, plus 
a few ns for the TAC start delay. The relation of the detector and reference delay is shown in 
Fig. 410. 
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Fig. 410: Reversed start-stop should be used with a delay in the reference channel to stop the TAC with the 
correct laser pulse 

The detector transit time is about 1 ns for an MCP, 5 to 6 ns for a TO-8 PMT or a photosensor 
module, and 20 to 30 ns for side-window and linear-focused PMTs (see ‘Signal Transit 
Time’, page 145). A good reference delay to start with is 15 ns or 3 m cable for an MCP PMT 
and 25 ns or 5 m cable for TO-8 PMTs. 

An appropriate delay in the reference path is particularly important in experiments with pulse 
pickers or kHz lasers. With insufficient delay in the reference path it can happen that a time 
interval completely outside the signal is recorded. In other cases extremely unfavourable TAC 
settings are used. The signal period is a few 100 ns, and the signal photons appear in the first 
part of the signal period. Without a delay in the Sync channel the times of the photons are 
measured to the next laser pulse. This results in extremely long TAC times that vary only 
within a small interval. This small time interval is then magnified by an extremely large TAC 
Gain. The situation is illustrated in Fig. 411, left. 
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Fig. 411: Recording a short signal within a long laser pulse period. Left: Stop with the undelayed laser pulses; 
the TAC is stopped by the next laser pulse. Right: Stop with the delayed laser pulses. 

There are several serious disadvantages of this way to operate the TAC: The electronic noise 
from the TAC core is unnecessarily amplified, a possible pulse-to-pulse jitter of the laser ap-
pears in the photon times, and the dead time is unnecessarily long. Moreover, the dead time 
extends into the next signal period. Because the photons appear only in the first part of the 
period the system is unable to record a photon in the next laser period. Thus, the system has 
an effective dead time of a full signal period. 

A far better solution is to use a delay cable in the reference channel. The delay shifts the stop 
pulse to a time after the photons to be recorded. The photon times are shifted to smaller TAC 
times (Fig. 411, right). Consequently, a shorter TAC range and a smaller TAC gain can be 
used. The result is lower noise in the TAC signal and a correspondingly better time resolution. 
Because a shorter TAC range is used also the dead time is shorter  (see ‘Dead Time’). For 
long signal periods the dead time may even be entirely hidden in the last part of the signal 
period where no photons are recorded (Fig. 411, right). The influence of different TAC opera-
tion on the effective dead time is discussed in [140]. 

TAC Parameters 
The TAC parameters determine the time scale and the part of the signal that is recorded. The 
bh SPC modules work in the ‘reversed start-stop’ configuration, i.e. a photon pulse from the 
detector starts the TAC and the next pulse from the SYNC - or the SYNC frequency divider - 
stops it. The direction of the time axis is corrected by reversed readout of the photon distribu-
tions. As a result, ‘time zero’ of the TAC is right, and shifting the TAC signal down by in-
creasing the ‘TAC Offset’ shifts the curve right, see Fig. 412. 

TAC Offset increasedTAC Offset decreased

Time Zero

 

Fig. 412: Effect of TAC Offset 

However, if ‘TAC Offset’ is too small the beginning of the TAC characteristic comes into 
view. Since the very first part of the TAC  characteristic is nonlinear it displays as a short 
peak with no photons right of it (Fig. 413, left). TAC Offset should be high enough - usually a 
few % - to shift the beginning of the TAC characteristic out of the recorded time interval. If 
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the signal is too far right so that it interferes with the beginning of the TAC characteristic, 
change the CFD or SYNC cable length as described above under ‘Adjusting the SYNC and 
CFD Signal Path Length’. 

TAC Offset increased

Start of TAC 
Charactistics

1 2

          

TAC Offset increased

No photons left
of this point

No photons left
of this point

1 2

 

Fig. 413: Left: Increasing the TAC Offset shifts the recorded curve right, and shifts the beginning of the TAC 
characteristic out the recorded range. Right: No photons with times larger than the stop period are recorded. 

The opposite effects happens if some of the photons arrive prior to the previous SYNC pulse. 
Then the recorded photon distribution drops to zero left of the time where the SYNC pulse is 
detected (Fig. 413, right). Although the curve can be shifted right by increasing TAC Offset, 
the part of the signal before the SYNC pulse cannot be detected. The method of correction is 
increasing the CFD cable length or decreasing the SYNC cable length while decreasing ‘TAC 
Offset’. (see ‘Adjusting the SYNC and CFD Signal Path Length’). 

The parameter ‘TAC Range’ determines the time scale of the recording. The parameter works 
in conjunction with ‘TAC Gain’ (Fig. 414). ‘TAC Range’ sets the slope gradient of the TAC 
ramp, ‘TAC Gain’ the gain of the TAC output amplifier. Therefore, TAC Range determines 
the maximum recording interval, and ‘TAC Gain’ works as a magnifier for a part of this in-
terval, see Fig. 414. 
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Fig. 414: Effect of TAC Range (left) and effect of TAC Gain (right) 

As long as a smaller ‘TAC Range’ is available there is normally no need to use a ‘TAC 
Gain’ > 1 (see also ‘Dead Time’). However, to obtain maximum resolution within the mini-
mum ‘TAC Range’ of 50 ns ‘TAC Gain’ can be increased to values up to 15. 

 

Excitation Source 
Before spending much time to optimise the instrument response function you should check 
the laser for pulse stability. This may be done by inspecting the pulses from the SYNC photo-
diode with an oscilloscope. Amplitude modulation, drift or jitter should be as small as possi-
ble. The influence of these effects on the timing will be small due to the constant fraction 
characteristic of the SYNC channel, but it cannot be absolutely avoided. Especially synchro-
nously pumped dye lasers and mode locked argon lasers are prone to instability. Also poorly 
aligned Ti:Sapphire lasers can develop pulse amplitude jitter and amplitude drift. For such 
lasers we suggest to monitor the laser action by a fast oscilloscope connected to the SYNC 
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diode or a second photodiode. It is also recommended to switch on the count rate displays in 
the SPC main panel and check the sync frequency. This is recommended especially if the la-
ser system tends to produce prepulses or afterpulses. If you use active mode locking in your 
laser, make sure that the mode locking frequency does not interfere with the SYNC signal. 
This frequency is one half the repetition rate and can seriously affect the synchronisation. 

If possible do not use pulse pickers or cavity dumpers. It is not only that these devices pro-
duce very unpleasant electrical noise, they also transmit satellite pulses of considerable ampli-
tude. This can make the synchronisation difficult. If you must work with a pulse picker for 
whatever reason, adjust the SYNC threshold that satellite pulse do not trigger the SNC chan-
nel. 

 

IRF Stability 

A common source of IRF instability are scattering solutions or cuvettes of large diameter. If 
the scattering coefficient is too high pulse broadening by some 100 ps can result. Moreover, 
the transit time in a fully illuminated 1 cm cuvette adds almost 100 ps to the IRF with. For 
optimising the time resolution of a detector we recommend not to use a scattering target. It is 
better to put a package of absorptive ND filters in front of the PMT and to illuminate it di-
rectly by the laser. 

 

Electromagnetic Shielding 
Noise on the start and stop inputs can noticeably degrade the time resolution, counting effi-
ciency and the differential linearity of  a TCSPC system. 

Noise may have different effects on the recorded signals. Asynchronous RF noise, e.g. noise 
from radio and television transmitters reduces the signal-to-noise ratio of the start and stop 
pulses. The result is poor timing accuracy, i.e. broadening of the IRF of the TCSPC system. 
Moreover, noise can make it impossible to use a sufficiently low CFD threshold to record all 
single-photon pulses within the pulse distribution of the detector. The result is a loss in count-
ing efficiency. 

RF pickup from the excitation source or crosstalk between the detector and the reference lines 
causes systematic timing errors. The result is a modulation of the effective CFD threshold and 
the effective CFD zero cross point. Modulation of the threshold modulates the detection effi-
ciency; modulation of the zero cross point warps the time axis. In either case the result is a 
ripple in the recorded curves, see Fig. 421, page 278. 

Improper shielding or grounding can even transform the line frequency into the input signals. 
Because the line frequency is usually not synchronous with the signal repetition rate, the ap-
parent effect for long acquisition times is the same as for RF pickup. The difference shows up 
if sequences of curves faster than the line frequency are recorded. The size and the temporal 
position of the curves are then modulated with the line frequency. 

The rejection of noise is most critical for PMT signals. It is not only that the single-photon 
pulses of a PMT can have small amplitudes in general, there is also a wide spectrum of pulse 
amplitudes. Even if the average amplitude is on the order of 100 mV, there is a large amount 
of pulses of much smaller amplitude. These are, of course, most likely to be influenced by 
external noise. 

Unfortunately, proper shielding of TCSPC system components is not straightforward. Like all 
high-speed electronics, TCSPC uses impedance-matched cables for the signal connections. 
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These connections are relatively immune to capacitive noise pickup. Therefore, building a 
simple metal box around the detector or even the whole TCSPC system often does not solve 
the problem. 

The problem in TCSPC systems usually is inductive noise coupling. RF radiation from exter-
nal noise sources penetrates the setup and induces noise currents in the ground lines between 
different system components. Also power supply currents with RF noise components can flow 
in the ground system. The currents flow partially through the outer conductors of the coaxial 
lines connecting different system components. A part of the RF noise is transformed into the 
inner conductors, and thus introduced into the signal lines. If ground loops are the cause of 
noise pickup, simple screening of the system has little effect; the ground loops must be found 
and disrupted, or the noise currents must be diverted. 

Fig. 415, left shows what can happen if different system components are connected to differ-
ent power sockets. The power supply system in a large building forms a huge antenna. In ad-
dition, switching transients from power supplies inject large RF currents into the power lines 
and the ground connectors. If the sockets of the system components are connected to different 
power circuits of the building, huge compensation currents can flow through the ground con-
ductors and, consequently, through the signal cables that connect the components. Of course, 
most of the current flows through the outer shield of the cables. However, the impedance of 
the shield is not zero, and some of the current flows through the signal line and the 50  
matching resistors as well. A simple solution is to supply all system components from only 
one power socket, as shown in Fig. 415, right. 
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Fig. 415: Ground loop formed by connecting system components to different power sockets 

A similar situation can result when a network cable is connected to the computer of the 
TCSPC system. Network cables often go through a large part of a building and form a huge 
ground loop. Although the cable has no DC connection into the computers, there is enough 
capacitive coupling to allow RF currents to flow. A network cable can therefore inject consid-
erable noise currents into a TCSPC system. 

RF currents can also be induced in ground systems by an RF field that penetrates the area 
between the ground plane and the signal cable, see Fig. 416, left. The RF field induces a cur-
rent flowing through the shield of the signal cables. A part of this current may be introduced 
into the detector signal. One remedy is to disrupt the ground loop by isolating the detector 
(Fig. 416, right). 
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Fig. 416: Ground loop, left; avoiding it by isolating one system component from the ground, right. 

If there is no closed loop there is also less RF current flowing through the cable and less noise 
pickup. However, the detector housing may still be enough of an antenna to send some RF 
current through the signal cable. Isolating it from the ground may then make the noise pickup 
even worse. In other cases it may not be possible to isolate the detector from the system 
ground because there is an additional connection to the detector power supply. 

It is therefore impossible to disrupt all ground loops. Some improvement may possibly be 
achieved by putting ferrite ring cores on the cables. The ferrite core increases the inductance 
of the ground loop and thus reduces the RF current flowing through it. Ferrite cores that can 
be snapped on the cables are available for this purpose. However, the effect of such measures 
is usually small. 

Therefore, the best viable strategy is to prevent RF noise from being introduced into the de-
tector signals. This can be achieved by properly shielding the detectors. Unfortunately, shield-
ing is anything but simple, and a large number of inefficient solutions can be found. Two 
wrong design principles are shown in Fig. 417. 
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Fig. 417: Two examples of improper shielding: The noise voltage induced across the inductance of the ground 
connection B appears directly in the signal (left) or between the housing and the signal line (right). 

In Fig. 417, left, the noise current flowing through the cable shield into the detector housing 
shares the ground line, B, with the signal current. The noise current generates a noise voltage 
across the inductance of the connection B, and this voltage appears in the signal. The same 
happens with any noise current injected into the detector housing. Therefore the housing has a 
poor screening effect. In Fig. 417, right, the noise current and the signal do not share the line 
B, but there is still an RF voltage across the inductance of the line B. Consequently, the hous-
ing is not shielding the detector adequately. 

The correct design is shown in Fig. 418. The cable shield is connected to the housing directly 
at the point where it is fed through. The noise current is diverted directly into the housing. 
There is neither a noise current in a signal ground line nor any noise-induced voltage inside 
the housing. The best way to connect the cable shield is to build an appropriate coaxial con-
nector into the housing. 

Often additional control or power supply lines have to be fed into the housing. The best way 
to avoid noise injection via these lines is with a feed-through capacitor or a feed-through fil-
ter, see Fig. 418, right. If a feed-through capacitor cannot be used, i.e. for the high voltage of 
a PMT, a coaxial cable should be used and connected as described for the signal cable. 
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Fig. 418: Correctly designed RF shielding. The noise current flowing through the cable shield is diverted outside 
the housing 

It is often hard to believe that there is an appreciable difference between the designs shown in 
Fig. 417 and Fig. 418, especially if the length of connection B is ‘only a few centimetres’. 
However, it is precisely the wire B that makes the difference between an ineffective shielding 
and an effective one, even if the length is only one or two centimetres. The wrong design 
shown in Fig. 417 can be found in many variations, including designs with an inductor in the 
place of the wire B or housings with no connection to the signal ground at all. All these de-
signs have in common that the cable shield is not connected to the housing at the point where 
the cable is fed through. In practice it can be difficult to correct such designs. For a signal 
cable, one possible solution is to scratch the outer insulation open and solder the cable shield 
to the housing. For a high-voltage cable such treatment cannot be seriously considered. An 
emergency repair that yields at least some improvement is to wrap a copper foil around the 
last 10 to 20 cm of the cable and solder this foil to the housing, see Fig. 419. The copper foil 
forms a capacitor with the outer connector of the cable, which diverts a large part of the RF 
noise current. 
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Fig. 419: ‘Emergency repair’ of a poorly designed RF shield. A copper foil wrapped around the cable forms a 
capacitor with the cable shield and diverts a part of the noise current 

 

Differential Nonlinearity 
The differential nonlinearity (DNL) of the time measurement is a common problem of  
TCSPC measurements. 

Normally imperfect TAC and ADC performance is considered the source of differential 
nonlinearity. However, normally the source of the problem in not in the TAC or in the ADC. 
Fig. 420 shows a DNL recording of the SCP-150 ADC-TAC circuitry. Two signals from in-
dependent sources were connected directly to the start and the stop input of the TAC. As can 
be seen from the figure the curve is almost ideally flat. 
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Fig. 420: DNL curve of an SPC-150, start and stop pulses from two pulse generators, directly connected to the 
TAC 

That means deviations from the ideal time-conversion characteristic must occur before the 
TAC - in the CFDs or outside the TCSPC module. It turns out that the reason of sub-ideal 
DNL is spurious coupling of start- and stop-related signals - laser-synchronous noise pickup 
of the detector, coupling between the detector and synchronisation cables, coupling between 
the CFD and the SYNC circuits, or noise pickup of the CFD for the detector signal from stop-
related signals on the SPC board. The result of such interaction is nonuniformity of the chan-
nel width and, consequently, a nonuniform count result in the particular channels. Laser-
synchronous noise pickup may also modulate the effective CFD threshold, with the result that 
more or less photon pulses are detected at different times in the laser pulse period. The 
mechanism is illustrated in Fig. 421. If synchronous noise is present, the complete pulse 
height spectrum (shown grey in Fig. 421) is shifted up and down with the warped pulse base-
line. Consequently, the probability of the photon pulses to exceed the threshold changes with 
the time in the signal period. The result is a modulation of the measured waveform by the 
spurious signal. If the detector has a narrow pulse height distribution and the threshold is ad-
justed correctly, the effect on the detection probability is small (Fig. 421, left). However, if 
the pulse height spectrum is broad or the detector is not operated in the counting plateau even 
a small ripple on the baseline causes serious distortions of the measured waveform (Fig. 421, 
right). 
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Fig. 421: Interaction of spurious signals with the PMT pulse height spectrum 

Good electrical shielding of the detector is therefore extremely important. Any coupling of the 
SYNC signal or other excitation-related signals into the detector signal must be strictly 
avoided. Detector and synchronisation cables should be separated spatially. Equally important 
is that noise radiation from the excitation source is avoided. Noise radiation is a problem es-
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pecially for pulse pickers, cavity dumpers, and active mode-lockers. Notorious noise transmit-
ters are poorly shielded picosecond diode lasers, and even Ti:Sa lasers may not be free of 
noise radiation. 

When noise from the excitation source cannot be entirely avoided the detector should be op-
erated at a gain as high as possible. If possible, a detector with a narrow pulse height distribu-
tion should be used. Such detectors are less impaired by noise because there are less pulses of 
small amplitude (which are more influenced by the noise from the laser) and the effect of 
threshold modulation (Fig. 421) is smaller. This is probably the reason that TCSPC systems 
with the bh HPM-100 hybrid detectors usually deliver a better DNL than systems with ordi-
nary PMTs. 

For measurements that require maximum accuracy a reference curve with a continuous light 
source can be recorded. The measurement results is then divided by this curve. The operation 
can be performed by SPCM software, see ‘2D Data Processing’, page 735. Because the refer-
ence curve has the same linearity errors as the measurement results, the division removed the 
DNL errors. Introducing noise of the reference measurement into the quotient can be largely 
avoided by smoothing the reference curve before it is used [140]. 

Dead Time 
The ‘dead time’ is the time the system is ‘blind’ after the detection of a photon. On the one 
hand, the dead time of a TCSPC device has a positive in that it helps suppress afterpulses of 
the detector. On the other hand, the dead time sets a limit to the count rate that can be used 
when an optical signal is recorded. Moreover, it can introduce distortions of the signal wave-
form and errors in the measured intensities. The sources of the dead time, its influence of the 
measured photon numbers and on the recorded waveforms is discussed in the following para-
graphs. 

Fig. 422 shows the timing diagram of the TAC/ADC combination for a single detected pho-
ton. 
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Fig. 422: Timing diagram for TAC Range < 100 ns (left) and TAC Range >100 ns (right) 

When the photon is detected the TAC ramp starts until the next STOP pulse arrives at the 
TAC. Depending on the ‘SYNC Frequency Divider’ setting this can be the next synchronisa-
tion pulse from the light source or one of the next 2, 4, 8 or 16 pulses. Some 10 ns after the 
TAC has stopped the ADC is started. When the ADC is ready the TAC is reset, i.e. the TAC 
capacitor is discharged. After some additional recovery time needed for the TAC output am-
plifiers to settle the TAC is ready to convert the next photon. 

With the start of the ADC, i.e. in parallel with the TAC reset the digital signal processing se-
quence for the current photon is initiated. The digital system sends a ‘not ready’ signal to the 
TAC which holds the TAC in the reset state until the next photon can be accepted. 
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For TAC ranges smaller than 100 ns and for a ‘Latch Delay’ smaller than 100 ns the end of 
the of the TAC dead time and the end of the digital signal processing are almost coincident. 
For ‘Latch Delay’ > 100 ns the digital dead time increases because the digital signal process-
ing machine has to wait until the routing signal has been latched. 

For longer TAC ranges the TAC reset and recovery time can be significantly longer because 
the TAC capacitor is larger. Approximate TAC dead times are given in the table below: 

 TAC Range TAC Dead Time: SPC-6, -8 SPC-130, -150 SPC-160, -180 

 50 ns to 99 ns 125 ns   100 ns 80 ns 
 100 ns to 199 ns 150 ns   140 ns 120 ns 
 200 ns to 499 ns 180 ns   180 ns 160 ns 
 500 ns to 999 ns 260 ns 260 ns 240 ns 
 1 µs to 2 µs 550 ns 550 ns 530 ns 

The times depend on the time difference between start and stop, because the TAC reset time 
increases with the TAC output voltage. The values in the table are for 50% TAC output volt-
age. The ‘Dead Time’ given in data sheets is normally the time from the stop pulse to the 
moment when the system is ready for the next photon. The effective dead time for a particular 
photon is this ‘Dead Time’ plus the start-stop time. The start-stop time depends on the operat-
ing conditions, particularly on the signal duration and the time from the signal to the next 
sync pulse. For a typical Ti:Sa laser experiment with 12 ns pulse spacing the average start-
stop time is on the order of 6 ns so that the dead time is not significantly increased. However, 
for fluorescence decay measurements in the 100 ns range there can be a noticeable contribu-
tion of the start-stop time. Fig. 423 shows how the overall dead time depends on the start-stop 
time. 

dead time, photon 1

Photon 1 Photon 2

dead time, photon 2

SYNC

ready1ready 2

start-stop 1

start-stop 2

reset & recovery 1

reset & recovery 2

 

Fig. 423: Influence of the start-stop time on the overall dead time 

Please note that the start-stop time not only contributes to the overall dead time, also the TAC 
reset time increases proportionally. To hold the effective dead time as short as possible we 
recommend: 

- Use the smallest possible TAC range. This holds the TAC reset and recovery time short. 
- Avoid unnecessarily long start-stop times. Use ‘Sync Frequency Divider’ = 1 and a ‘TAC 

Offset’ as small as possible. Adjust the SYNC and CFD cables to shift the signal as far as 
possible right. 

- For measurements at low repetition rate, use a delay cable in the SYNC path. Delayed stop 
operation can eliminate the effect of dead time entirely, see Fig. 411. 
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Counting Loss 

When recording a light signal the single photon pulses from the detector occur at random 
times. Therefore, even if the average time interval between the pulses is much longer than the 
dead time of the counting system, a fraction of the pulses is lost. For the calculation of the 
counting loss is important whether a photon lost in the dead time causes new dead time or not. 
In TCSPC a lost photon clearly does not cause any noticeable dead time. Under this condition 
the recorded rate, r, for a input pulse rate, r0, is 

 
dtr

r
r

0

0

1
 , with td = dead time 

The counting efficiency, E, is 

 
dtrr

r
E

00 1

1


  

Effect on TCSPC Results 

The relation between detector count rate and recorded count rate is shown graphically in Fig. 
424. The curve becomes visibly nonlinear above a detector count rate of 10% of the reciprocal 
dead time.  
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Fig. 424: Recorded count rate vs. input count rate for a counter with the dead time td 

The nonlinear intensity scale shows up especially in FLIM images recorded at high count 
rates: The images look increasingly ‘flat’ when the count rate comes close to the reciprocal 
dead time. An example is shown in Fig. 650, page 452. 

Fortunately, most TCSPC applications focus on recording temporal parameters, such as a 
fluorescence lifetime. These parameters are independent of a number of unknowns, such as 
concentration of fluorophores or absorbers in the sample, unstable laser power, or unstable 
optics. A nonlinearity of the intensity scale is therefore not normally a problem. 

Maximum Count Rate 

For an input count rate of the reciprocal dead time, 1/td, the recorded count rate is 50% of the 
input count rate. bh defines the recorded count rate for 50% loss as the  ‘maximum useful 
count rate’: 

 rmu = 0.5 / td 
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The input (or detector) count rate, r0, at the maximum useful count rate, rmu is the reciprocal 
dead time, 1/td. 

Often data sheets of photon counters specify a ‘maximum count rate’ which is simply the re-
ciprocal dead time. Of course this count rate can be reached only for infinite input count rate. 
Better the term ‘saturated count rate’ should be used, see ‘Specification’, page 903. 

The consideration above assumes that the detected light signal is continuous. However, sig-
nals measured by TCSPC are usually pulsed. Moreover, the photon detection and conse-
quently the dead time is synchronised with the signal period. The equation given above ap-
plies with satisfactory accuracy to reversed start-stop measurements at high pulse repetition 
rate. In other cases the counting loss depends on the operating conditions. Depending on the 
system configuration, there may be no dead-time related counting loss at all, or the effective 
dead time can be a full signal period (see Fig. 411). A detailed discussion is given in [140].  

Dead-Time Compensation 

The bh TCSPC modules provide an optional ‘dead-time compensation’ in the device hard-
ware. The idea behind the dead-time compensation is to increase the collection time by the 
sum of all dead time intervals that occurred during the measurement. The principle is shown 
in Fig. 425. 
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Fig. 425: Dead time compensation by gating the timer clock 

The TAC delivers a ‘busy’ signal as long as it is unable to accept a new photon. A high fre-
quency clock is gated with the ‘busy’ signal, and the gated clock is used to drive the collec-
tion timer. Thus, the collection timer is stopped in the dead-time intervals. 

We recommend to use dead-time compensation for measurements that require an accurate 
intensity scale. However, please take into regard that the compensated collection time  
changes with the count rate and can be noticeably longer than the selected collection time. 

The dead time compensation works with satisfactory accuracy if the photons can be consid-
ered to appear in random intervals, and in a virtually continuous stream. This is the case for 
reversed-start-stop measurements at high repetition rate, when the signal period is several 
times shorter than the dead time. The dead time compensation is not necessarily correct for 
measurements at low repetition rate, see Fig. 411, right. The compensation also does not work 
for simulated detector pulses delivered by a pulse generator at a fixed frequency. 
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Pile-Up 

Classic Pile-Up 

‘Pile-Up’ is the possible detection - and loss - of a second photon in the same excitation pulse 
period with a previous one. As a consequence, an optical waveform recorded by TCSPC gets 
distorted when the count rate becomes too high. Mentioning pile-up is the ‘bugaboo’ of 
TCSPC. It is commonly believed that the count rate must not exceed 0.1% of the excitation 
pulse rate to avoid distortion in the recorded curves. Every serious paper which presents 
TCSPC results has to state that the count rates did not exceed the 0.1% limit. 

There is only one problem: 0.1% is wrong. Correct is 0.1 x excitation pulse rate, or 10%. This 
is 100 times more than the value commonly assumed. The 0.1% value probably stems from a 
typo in the early TCSPC literature (the calculations presented there are correct). Since the 
1980s the wrong value has been duly copied without ever being challenged, and been taken as 
a basis of technical discussion. It is probably a singular case in technical history that a typo 
has impeded the introduction and the application of a technique over half of a century. 

time

counts
Fluorescence Decay Continuous Light

intensity
increases

intensity
increases

time
 

Fig. 426: Effect of classic pile-up on the waveform 

The pile-up effect is shown schematically in Fig. 426. Pile-up becomes noticeable when the 
count rate exceeds a few percent of the pulse repetition rate. Detection and loss of a second 
photon is more likely to occur in the later part of the signal, therefore the recorded waveform 
is distorted. Pile-up was indeed the principal source of signal distortion in experiments with 
lasers or flashlamps working at a repetition rate in the kHz range [701, 692, 693, 995, 1250]. 
The distortion of the signal shape by pile-up is predictable and - within reasonable limits - 
correctable if the detector count rate and the signal repetition rate are known [276, 277, 278, 
846, 1250]. However if a flashlamp-based experiment was run at too high a count rate, ex-
treme pile-up effects could impair the results so severely that any attempt at correction was 
useless. If the detector actually sees hundreds or thousands of photons per laser pulse, pile-up 
can even mimic signals shorter than the detector transit time spread (see 'Multi-Photon Detec-
tion', page 268). 

The actual size of the pile-up effect has been calculated in [140]. Pile-up adds virtual lifetime 
components of /2, /3 ... /n, to the recorded waveform. A mean lifetime, meani, of the re-
corded curve can be defined as an average of the lifetimes, i weighted by their integral inten-
sities, [676]: 
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with ai = intensity coefficients of the lifetime components, i . 

The pile-up distorted meani is  
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with P = average number of photons per laser period [140]. For small values of P the mean 
lifetime is 

    4/1 Pmeani      

Fig. 427 shows the recorded intensity-weighted mean lifetime as a function of the number of 
photons per laser period, P, relative to the correct lifetime,  . 
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Fig. 427: Intensity-weighted lifetime as a function of the number of photons detected per signal period, P 

As can be seen from Fig. 427 the influence of the pile-up on the obtained lifetimes is surpris-
ingly small. A 5% change in the intensity-weighted mean lifetime is often tolerable. The cor-
responding P is about 0.2, i.e. the detector count rate can be 20% of the pulse repetition rate. 
With pile-up correction, even higher count rates appear possible. Classic pile-up is therefore 
not a real problem at pulse repetition rates between 50 and 100 MHz, typical for modern 
TCSPC experiments with titanium-sapphire lasers, fibre lasers, and picosecond diode lasers. 

Inter-Pulse Pile-Up 

Inter-pulse pile-up is a problem of high-repetition rate experiments. It is actually a counting-
loss effect, but it causes signal distortions as the classic pile-up does. The effect is illustrated 
in Fig. 428. After a photon was detected the system is blind for the start-stop time and the 
TAC/ADC dead time. The TAC/ADC dead time starts with the next SYNC pulse and ends 
somewhere in one of the next SYNC periods. Consequently, no photon can be detected in the 
first part of this period. 

start-stop TAC/ADC

PhotonSync Sync Sync Syncdead time
ends

Detection probability in this period

Average detection probability

over many periods

time dead time

 

Fig. 428: Mechanism of inter-pulse pile-up 
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Averaged over a large number of periods, the result is a step in the recording probability. The 
recorded waveforms are thus distorted. The size of the distortion depends on the ratio of the 
count rate to the signal repetition rate and can be estimated as follows: 

The probability, P, to detect a photon in a particular laser period is 

 P = rdet / frep    

with rdet = detector count rate at the CFD input, frep = signal repetition rate. However, a pho-
ton in the early part of the period can be recorded only if no photon was detected in the signal 
period a dead-time interval before. The probability, pearly, of detecting a photon in the early 
part of the period is therefore 

  











reprep
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The relative size of the distortion is  

  (plate - pearly) / plate =  rdet / frep  

Interestingly, the size of the dead-time-related distortion does not depend on the dead time. 
The absolute size of the distortion is of the same order as the distortion by classic pile-up. It 
even counteracts the classic pile-up because it happens in the early part of the signal period. 
Although the size of the distortion is predictable, the actual shape of the distortion is not. If 
the recorded time interval is shorter than one signal period the distortion may be outside the 
recorded interval. It may differ from a clean step because the dead time may vary due the 
TAC voltage of the detected photon, and the transition from the blind into the active state may 
cause some ripple in the TAC characteristic for a few ns. Moreover, in practice the dead time 
is determined by CMOS logic circuits and active delay lines in the control circuitry of the 
TCSPC module. The dead time can therefore be expected to be stable within a few ns at best. 
The temporal position of a possible distortion is therefore not absolutely stable. Thus, it is 
difficult to correct for dead-time-related distortion. 

In practice the distortion can be minimised in the same way as classic pile-up, i.e. by maxi-
mising the signal repetition rate, or, more precisely, maximising the TAC stop rate. The signal 
repetition rate should be as high as possible, and the setup should avoid frequency division in 
the reference channel and pulse-by-pulse multiplexing with a common stop pulse (see Fig. 
430, page 287). 

It should be noted here that distortions by inter-pulse pile-up have exactly the same appear-
ance as distortions by optical reflections (see Fig. 437, page 295). In fact, the vast majority of 
step-like distortions is caused by optical reflections, not by inter-pulse pile-up. Therefore the 
optical system should be checked before a TCSPC module is suspected to produce distortions 
by inter-pulse pile-up. 

Avoiding Pile-Up Distortions 

As shown in the two paragraphs above, the best way to avoid pile-up is to use high excitation 
pulse frequencies. Technically, this is not a problem. A problem can occur when lumines-
cence signals with long lifetime are to be recorded. For best lifetime accuracy, the pulse pe-
riod should be at least 5 times the decay time. This is no problem for fluorescence decay 
curves with lifetimes in the range from 1 to 10 ns (longer fluorescence lifetimes are rare).  
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However, for phosphorescence lifetimes of hundreds of nanoseconds or even microseconds 
the repetition rate becomes uncomfortably low. It is the better not to use TCSPC but a mul-
tichannel-scaler process. This is not restricted to the detection of only one photon per pulse 
period. A suitable recording process is available in the bh TCSPC modules, and it can even be 
used simultaneously with TCSPC. Please see ‘Simultaneous ', page 409. 

Nevertheless, there remain a few TCSPC applications where the excitation pulse rate cannot 
be easily increased. One example are measurements of barrier discharges or positron lifetime 
experiments, see page 627 and page 630 of this book. There may also be experiments in 
plasma physics which require extremely high pulse power and thus preclude the use of high 
repetition rate. In principle, such experiments could benefit from the pile-up rejection circuits 
developed in early times of TCSPC [995, 1224]. The circuits detected a possible second pho-
ton in one signal period, and, when a second photon was detected, suppressed the storing of 
both photons in the memory. Consequently, only photons from signal periods with one photon 
were used. In practice this approach has, however, a significant flaw. Typical fluorescence 
lifetimes are of the order of a few ns, i.e. in the same range as the width of the detector pulses. 
Because of the broad amplitude distribution of the detector pulses it is not possible to distin-
guish reliably between one or two photons within the detector pulse width. If the fluorescence 
lifetime is significantly longer than the detector pulse width a second photon can, in principle 
be recognised by counting the threshold transitions in the CFD. However, detector pulses are 
normally not free of ringing or reflections. For the larger detector pulses ringing and reflec-
tions commonly cause multiple threshold transitions. Consequently, a large number of good 
detector pulses would be rejected. 

It has also been attempted to record several photons per signal period, i.e. by fast multichan-
nel-scaler principles or by time-to-digital conversion (TDC) circuits. These solutions face the 
same problems as pile-up correction. Two photons detected within a fluorescence decay time 
of a few ns cannot be distinguished in the detector signal, and multiple triggering by ringing 
an reflections causes distortions in the recorded curves. 

Nevertheless, there is a way to reduce the classic pile-up. If the light is spread over several 
detectors multi-photon events in one detector become less likely. Instead, simultaneous detec-
tion will occur in different detectors so that it can be recognised, see Fig. 429. 
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Photons distinguished

 

Fig. 429: Separation of photons by multi-detector setup 

The light signal is spread over several detector channels. These may be individual detectors or 
the channels of a multi-anode PMT. If several photons appear in the same signal period they 
are more likely to hit different detectors channels than the same one. Photons detected at the 
same time in different detectors can, however, easily be separated. 

The straightforward solution is to record the photons in several detector channels is to use 
several parallel TCSPC channels, e.g. an SPC-134, or SPC-154 4-module package. 

Pile-up-rejection is, however, also possible by using a single TCSPC channel with a router 
[1096]. The router monitors the output signal of all detector channels by fast discriminators. 
When a detector delivers a photon pulse the corresponding discriminator triggers and an en-
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coder generates a digital ‘detector channel’ number (see Fig. 183, page 100). If several detec-
tors deliver pulses within the response time of the discriminator/encoder circuitry, the encoder 
delivers a ‘Disable Count’ signal. This signal suppresses the storing of the complete detection 
event, i.e. of both photons, in the memory of the TCSPC module. Thus, waveform distortion 
by classic pile-up is reduced. The time interval in which several photons are recognised as a 
multi-photon event is usually of the order of several tens of ns. 

Multiplexing of Lasers 
Pulse-by-pulse multiplexing of lasers was introduced by Wijnaendts van Resandt et. al. in 
1982 to simultaneously record two signals in a classic TCSPC setup [1223]. The technique 
has been re-invented later and called ‘pulse-interleaved excitation’, or PIE. Two ore more 
optical signals are given different optical delays. They are then detected through the same 
detection path and recorded in the same TAC range. Pulse-by pulse multiplexing can also be 
achieved by interlacing the pulses of several synchronised lasers. The reference signal is de-
rived from only one of the lasers. Although pulse-by-pulse multiplexing looks elegant at first 
glance it has severe drawbacks when applied to signals of at high count rate and high repeti-
tion rate. 

The situation is illustrated in Fig. 430, left. Compared with the detection of a single signal the 
effective stop rate is divided by the number of multiplexed signals. The required TAC range is 
multiplied by the number of signals. In practice it must even be longer because enough time 
between the signals must be provided to avoid overlapping of the tail of one signal into the 
rising part of the next. The result is increased pile-up, increased inter-pulse pile-up, and, espe-
cially, increased counting loss. 
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Fig. 430: Pulse group multiplexing and routing is more efficient than pulse-by pulse multiplexing and linear 
recording 

A better way to record several signals is to use the multiplexing capability of multi-
dimensional TCSPC, see Fig. 430, right. The lasers are multiplexed at microsecond rate, and 
the routing signals are used to send the photons into separate memory blocks (see Multiplexed 
TCSPC, page 102). The stop rate is the full laser repetition rate, and the TAC range does not 
have to be the duration of a single signal. 

A practical comparison of the two multiplexing techniques is given in Fig. 431. It shows the 
effect of pile-up and counting loss (upper row), of optical reflections (middle row) and of de-
tector afterpulsing (bottom row) on the recorded signals. 
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Fig. 431: Comparison of pulse-by-pulse multiplexing (left) and pulse-group multiplexing (right). Upper row: 
Influence of pile-up and counting loss. Middle row: influence of optical reflections. Bottom row: influence of 

afterpulsing. 

 

Optimising a Photomultiplier 
In older books and papers about TCSPC a numerous hints were given of how to improve the 
time resolution of a photomultiplier [239, 606]. Optimised voltage divider chains, changed 
voltages at the focusing electrodes, operation at a reduced number of dynodes, or even mag-
netic fields in the photocathode region were reported to improve the resolution by nearly one 
order of magnitude. This may be true for the PMTs of that time, especially if the optimisation 
started with a poorly designed voltage divider. 

Now, the fastest detectors are the Hamamatsu R3809U MCPs and hybrid detectors. There is 
nothing you could adjust at these detectors. Another fast detector, the Hamamatsu H5783 
module with its 150 ps FWHM is completely sealed. Thus, there is little you can do to im-
prove the response of these detectors. However, sometimes PMTs of conventional design 
must be used because of the spectral range, the dark count rate or price constraints. For such 
applications some hints are given below. 

Voltage Divider 

Conventional fast photomultipliers often have one or more focusing electrodes between the 
cathode and the first dynode. The voltage at these electrodes influences the transit time 
spread,  the ‘colour shift’ (dependence of the IRF on the wavelength) and the dark count rate. 
The adjustment can be difficult because the trim pots are at high voltage potentials. Therefore, 
the photomultiplier housing should contain a light protection between the voltage divider and 
the tube. The adjustment then need not be done in the dark and is less dangerous. 

For almost all photomultipliers the time resolution improves with increasing the voltage be-
tween the photocathode and the first dynode. Increasing this voltage also reduces the ‘colour 
shift’, i.e. the dependence of the system response on the wavelength. It may also be useful to 
increase the voltage between the first two dynodes. 

The FWHM decreases reciprocally with the square root of the voltage. The effect of the volt-
age between the cathode and the first dynode for an R5600 PMT is shown  in Fig. 432. 
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Fig. 432: Effect of the voltage between the cathode and the first dynode of an R5600 PMT 

The response functions were measured with the nominal voltage divider and with a circuit 
applying a 3-fold increased voltage between the cathode and the first dynode. Unfortunately 
for most PMTs no maximum values for this voltage are given. Consequently there is some 
risk to damage the photomultiplier if the voltage is increased too much. 

Illuminated Area 

To achieve a good time resolution with a conventional photomultiplier the light has to be fo-
cused onto a small area of the photocathode. Even for a focus diameter below 1mm an effect 
can be detectable. Therefore, means to adjust the optical focus should be provided. Also the 
position of the light spot on the photocathode has an influence on the time resolution, see Fig. 
241, page 155. 

However, under no circumstances the light should be focused on the cathode of an MCP 
PMT. The lifetime of an MCP PMT is limited by degradation of the coating of the micro-
channels. This degradation is caused by sputtering under the influence of the secondary elec-
trons. In first approximation, the degradation of a channel is proportional to the overall charge 
it has delivered. Spreading the light over the full cathode area extends the lifetime of the MCP 
by reducing the load at the individual channels. Moreover, the IRF stability at high count rate 
improves dramatically for larger illuminates area (see Fig. 239, page 154). Therefore MCP 
PMTs should always be operated with the full cathode area being illuminated. 

Dark Count Rate 

For high-sensitivity applications a low dark count rate of the PMT is important. Attempts to 
decrease the dark count rate by increasing the CFD threshold are not very promising. Except 
for very small pulses caused by thermal emission or electron scattering at the first dynodes, 
the pulse height distribution is the same for dark pulses and photon pulses (see Fig. 229, page 
144). Thus, with increasing threshold the photon count rate decreases by almost the same ratio 
as the dark count rate. To achieve a low dark count rate, the following recommendations can 
be given: 

- The most efficient way to reduce the dark count rate is to cool the detector. For PMT cath-
odes which are sensitive in the infrared region (Ag-O-Cs, InGaAs) cooling is absolutely re-
quired. Unfortunately most coolers for PMTs are bulky and expensive. In many cases there 
is a simple and inexpensive solution to the cooling problem: Put the PMT in a fridge. This is 
no problem if the light is coupled through an optical fibre, or if the complete experiment can 
be put into the fridge. A decrease in temperature of 10 degrees Celsius typically reduces the 
dark count rate by a factor of five to eight. (To get paid for the fridge it may be better say it 
is for food supply than for spectroscopy!) 

- Avoid heating the detector by the voltage divider or by step motors, shutters, preamplifiers, 
etc. Already a few degrees increase of temperature can double the dark count rate. 
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- Use a PMT with the smallest possible cathode area and with a cathode type not more red 
sensitive than required for your application. 

- Keep the PMT in the dark even if  the operating voltage is switched off. After exposing the 
PMT to daylight the dark count rate is dramatically increased. It can take several hours or 
even days until the PMT reaches the original dark count rate. An example for an H5773P-01 
is shown in Fig. 233, page 148. 

- Do not overload the PMT. This can increase the dark count rate permanently. Extreme over-
load conditions are sometimes not noticed, because the count rate saturates or even de-
creases at high light levels. 

- Keep the cathode area clear from lenses, windows and housing parts. The cathode area is at 
high voltage. Contact with grounded parts can cause tiny discharges or scintillation in the 
glass of the PMT. 

- Keep the cathode area absolutely clean. 
- Avoid the contact of the PMT with helium. Helium permeates through the glass and impairs 

the vacuum in the tube. 

Checking the SER of PMTs 

If you do not know the amplitude or shape of the Single Electron Response of your PMT you 
can measure it with a fast oscilloscope. The oscilloscope must have sufficient bandwidth  to 
show the correct amplitude and width of the pulses. For conventional PMTs the bandwidth 
must be at least 400 MHz, for MCP PMTs several GHz. Connect the PMT output to the oscil-
loscope. Do not forget to switch the oscilloscope input to 50 . Set the trigger to ‘internal’, 
‘normal’, ‘falling edge’. Start with no light at the PMT. Switch on the high voltage and 
change the trigger level of the oscilloscope until it is triggered by the dark pulses. This should 
happen at a trigger level of -5 mV to -50 mV. When the oscilloscope triggers, give some light 
to the PMT until you get enough pulses to see a clear trace. 

Please obey the usual safety rules for operating a PMT. In particular, do not connect or dis-
connect the signal cable when the high voltage is switched on. This may damage the input 
circuitry of the oscilloscope (see ‘Safety Recommendations for Detectors’, page 194). 

The single photon pulses have an amplitude jitter of 1:5 or more. The amplitude jitter causes a 
very noisy curve at the oscilloscope display. Nevertheless, the pulse shape can be roughly 
estimated from the displayed curves. A typical result is shown in Fig. 433. 

 

Fig. 433: SER of an R5600 PMT displayed by a 400 MHz oscilloscope 

For checking the SER of an MCP PMT we recommend to use a HFAC-26-01 or HFAH-26-01 
preamplifier. The preamplifier gives a warning if the maximum output current of the MCP 
PMT is exceeded. Moreover, the amplified signal has sufficient amplitude to be displayed by 
the oscilloscope. 
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Quick Test of a PMT 

In a TCSPC system it may be necessary to test whether or not a PMT is working. A simple 
test can be made by a general-purpose oscilloscope. To withstand a possible accident like a 
discharge in a damaged tube or voltage divider, the oscilloscope should have a maximum in-
put voltage of several hundred Volts. Nevertheless, before you apply a high voltage to the 
PMT, you should make sure that the cable connections are not damaged and that there is a 
reliable ground return path. Do not connect to or disconnect the PMT cable from the oscillo-
scope when the high voltage is on, see ‘Safety Recommendations for Detectors’, page 194. 

To run the test, switch the oscilloscope input to 1 M, DC, and select an input voltage range 
of 10 mV per division or less and a time base of 10 µs per division. Connect the PMT 
- without a preamplifier - to the oscilloscope input. Activate the trigger for the oscilloscope 
channel being used and select the ‘norm’ trigger mode and a trigger level of -5 to -10 mV. 
Make sure that there is no light on the PMT. Then start to increase the operating voltage of 
the PMT. For PMT modules with internal high-voltage generator, switch on the power supply 
and increase the gain control voltage. When the PMT operating voltage approaches 80% of 
the permitted maximum you should see the first dark pulses of the PMT. The pulses are nega-
tive and have a sawtooth shape, with a steep leading edge and an slow exponential trailing 
slope, see Fig. 434. Of course, this pulse shape is not the true shape of the single-photon pulse 
delivered by the PMT. It is simply the result of the RC time-constant formed by the sum of 
the PMT anode capacitance, the cable capacitance, and the oscilloscope input capacitance in 
conjunction with the total load resistance (1 M parallel with a resistor possibly connected to 
ground inside the PMT housing). 

 

Fig. 434: Test of the general function a PMT with an oscilloscope. XP2020RU PMT, Rload = 500 k, 
V = -2.9 kV, 200 mV/div 

Optical System 
Optical systems used for TCSPC usually collect less than 10% of the photons emitted by the 
sample. Consequently, if the detection efficiency is to be increased, the largest potential is in 
the optical system, not in the detector or in the TCSPC module. Nevertheless, TCSPC users 
are often more willing to spend 10,000 dollars for a detector of a slightly higher quantum effi-
ciency or 100,000 dollars for a stronger laser than a few hundred dollars for some good lenses 
and other high-quality optical components. However, a good optical system often not only 
improves the detection efficiency dramatically, but also reduces typical error sources, such as 
signal distortion by reflections, pulse dispersion, instability or wavelength-dependence of the 
IRF, and leakage of excitation light or daylight. A description of the most frequently used 
optical elements and their use in optical systems for TCSPC is given in [140]. 
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Lenses 

The most frequently used optical elements are lenses. A simple spherical lens suffers from 
spherical and chromatical aberration. Both aberrations increase steeply with the numerical 
aperture or the f-number of a lens. Aberrations are considerably reduced in achromatic dou-
blets or triplets. However, achromatic lenses contain a flint glass element and therefore turn 
intransparent at wavelengths below 360 nm. Therefore TCSPC optics often used single ele-
ment lenses made of BK7 glass or even fused silica. The unavoidable aberrations can be 
minimised by using lenses of the right shape, and by inserting them into the beam path with 
the right orientation [140]. 

Absorptive Colour Filters 

There are a large number of long-pass colour filters with transition wavelengths from 300 to 
800 nm. Because colour filters absorb the light in the stop band they do not cause noticeable 
reflections. However, colour filters often show fluorescence. They should therefore be in-
serted in a plane of the beam path that is not conjugate with the detector plane. The fluores-
cence lifetimes of filters can be anywhere from a few ns to several µs [140]. Therefore, if a 
TCSPC system suffers from unexplained background signals, it should be checked for possi-
ble filter fluorescence. 

Interference Filters 

Interference filters are made by depositing a number of dielectric and metallic layers on a 
glass substrate. Short pass, long pass, bandpass, and notch filters are available. The transition 
from the stop band into the passband can be extremely steep. Good interference filters do not 
show any noticeable fluorescence. 

Interference filters work with their specified performance only if placed in a parallel beam of 
light. For oblique rays the transition wavelengths shifts to shorter values. The filters should 
therefore be used in a collimated beam. Baffles should be provided to prevent scattered exci-
tation light from entering the filter at oblique angles. 

Light that is not transmitted by the filter is reflected back into the beam path. Because the 
filter is placed in a collimated beam reflected excitation light is often perfectly focused back 
into the sample. This can cause noticeable afterpulses in the IRF. The size of the afterpulse 
may depend on the scattering coefficient of the sample and therefore be different for the IRF 
measurement and the measurement of the sample. To avoid multiple reflections interference 
filters should not be stacked. 

A typical case of filter reflection is shown in Fig. 435. In the attempt to improve suppression 
of undesired wavelengths, two interference filters of the same wavelength were placed in the 
detection beam path in front of an R3809U MCP PMT. The beam was perfectly collimated 
and the filters inserted under exactly 90°. Both filters reflected about 20% of the light. The 
result is shown in Fig. 435, left. Removing the first filter and tilting the second one by 5° re-
moved the reflections, and restored the correct IRF of the R3809U, see Fig. 435, right. 
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Fig. 435: Left: Two interference filters in the beam path in front of an R3809U detector. Right: First filter re-
moved, second filter tilted by 5°. 

Monochromators and Polychromators 

A problem of monochromators in picosecond-spectroscopy applications is colour shift and 
pulse dispersion. The path length from the entrance slit to the grating and from the grating to 
the exit slit is different for both sides of the grating. The path length difference depends on the 
angle of the grating. Therefore a pulse travelling through the monochromator broadens, and 
the amount of broadening depends on the selected wavelength. The path length difference can 
be in the range of several millimeters. This may not sound much, but a 5 mm path length dif-
ference results in a pulse broadening by 50 ps. This is a lot compared to the <20 ps IRF width 
of an SPC-150NX system with an ultra-fast detector. The IRF change can be even more an-
noying if the grating is not symmetrically illuminated. This can happen in an imperfectly 
aligned optical system. Then the IRF shifts with the selected wavelength. A shift in the IRF 
translates linearly in a shift in a detected fluorescence lifetime. A shift in lifetime by 50 ps 
(for 5 mm path length change) with the wavelength can seriously affect the performance of a 
lifetime spectrometer. 
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Fig. 436: Path length differences in a monochromator. There is a path-length difference between both side of the 
grating. The difference changes with the selected wavelength. 

Pulse broadening and pulse shift can be avoided by using a double monochromator of the 
‘subtractive dispersion’ type. In this design the second monochromator is rotated by 180 °, 
and the gratings are moving in opposite directions. Thus the path length differences for both 
sides of the gratings and for different wavelength cancel. 

Similar effects are present in polychromators. A polychromator has no exit slit. It just projects 
the spectrum of the input light into the plane where the monochromator has the exit slit. There 
it is detected by a multichannel detector. Please see 'Multi-Spectral Lifetime Experiments', 
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page 310. Because the multichannel TCSPC detectors do not have ultra-fast IRFs the transit-
time effects in the polychromator are usually not visible. 

The grating of the monochromator disperses the light into several diffraction orders. The light 
of the unused orders can cause substantial stray light and reflection problems. A monochro-
mator should therefore always be used with an additional filter which blocks the excitation 
wavelength. In a polychromator light reflected form the detector photocathode can be re-
flected back to the detector by the zero order of the grating. In the PML-16 detectors the PMT 
is therefore slightly tilted so that the reflection is directed out of the beam path. 

 

 

Optical Fibres 

Optical fibres are increasingly used because they are convenient to send light from one place 
to another. Optical fibres come in different versions. 

Multi-mode fibres consist of a core with a high refractive index covered by a cladding with a 
lower refractive index. The light stays inside the fibre core by total internal reflection. The 
fibres come in diameters up to several millimeters. To further increase the cross section a 
large number of fibres can be combined in a fibre bundle. Multi-mode fibres accept light in-
side a numerical aperture as large as 0.35. However, rays entering the fibre under different 
angles have different path lengths and, consequently, different transit times. The pulse disper-
sion depends on the numerical aperture (NA) of the light cone at the input of the fibre, but not 
on the diameter of the fibre [716]. If the full NA of a fibre is used the pulse dispersion can 
easily be 100 ps per meter. By changing the focal length of the lens in front of a fibre, NA can 
be traded against diameter. Consequently, using a fibre of large diameter at a low NA reduces 
the pulse dispersion. 

Light leaving a multi-mode fibre is emitted from the entire core cross section, and into a cone 
of large NA. It is therefore not possible to focus light from a multi-mode fibre into a diffrac-
tion limited spot. 

Single-mode fibres have a core diameter of only a few µm. Only a single wave-mode can 
propagate through the fibre. The output of a single-mode fibre can therefore be focused into a 
diffraction limited spot. The problem is, however, that only light of high beam quality can be 
efficiently coupled into a single-mode fibre. Coupling light from laser diodes requires appro-
priate beam shaping. Coupling fluorescence light from a cuvette or another macroscopic sam-
ple into a single-mode fibre is a hopeless enterprise. 

 

Baffles and Aperture Stops 

A good optical system has a number of circular stops and baffles to prevent scattered light 
from propagating through the system. As a rule of thumb, no parts of the housing, lens hold-
ers, or the insides of optical tubes should be visible from the detector. This can be achieved by 
circular stops that restrict either the field of view of the detector (field stops) or the effective 
aperture of a beam (aperture stops). The term ‘baffle’ is often used; baffles are cylindrical or 
conical tubes or circular stops that keep off unwanted light from the detector [218]. 
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Avoiding Optical Reflections 

Reflections in optical systems can change the shape of the TCSPC IRF noticeably. Even 
worse, the distortions depend on the absorption and scattering properties of the sample, on the 
transmission wavelength of filters and monochromators, and on neutral density filters possi-
bly used to control the intensity. The measured IRF is therefore not necessarily the effective 
IRF. A deconvolution of the measurement data from the measured IRF may deliver a poor fit 
or plainly wrong results. 

Reflections show up as secondary peaks in the IRF and, consequently, as single or multiple 
steps in recorded fluorescence decay curves. The typical appearance of a single reflection in a 
fluorescence decay curve is shown in Fig. 437. The amplitude of the reflected pulse is about 
6%, the delay about 0.5 ns. 

         

Fig. 437: Reflection in a recorded fluorescence decay curve. Time scale 400 ps per division. 

Reflections are especially troublesome between two highly reflective surfaces, and between a 
highly reflective surface and a glass surface. Highly reflective surfaces are interference filters, 
reflective neutral density filters, and the cathodes of PMTs. Also the brackets of monochro-
mator slits can reflect a large amount of light. A number of typical cases of reflections and 
their effect on the IRF of a TCSPC system are shown in [140]. A reflection between the 
photocathode of an R3809U MCP PMT and a filter is shown in Fig. 438, left. Tilting the filter 
by 5° removes the reflection and restores the normal IRF of the R3809U, see Fig. 438, right. 

       

Fig. 438: Left: Reflection between a filter an the photocathode of an R3809U MCP PMT. Right: Filter tilted by 
5°, the reflection is directed out of the beam path. 

In practice any design is a compromise between reflections, efficiency, filter performance, 
and filter fluorescence. Reflections can be directed out of the detection path by tilting the 
critical part, or by placing it in a non-parallel part of the beam. It must be decided whether the 
resulting change in the characteristics of a filter can be tolerated or not. Often slight changes 
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in the beam geometry have a large effect, especially if aperture and field stops are used in the 
right places. 

 

Fluorescence Depolarisation 

A general problem of fluorescence lifetime measurements arises from fluorescence depolari-
sation [676, 1179, 1250]. Consider a cuvette that is excited by a vertically polarised laser 
beam under an angle of 90° from the optical axis of detection. The laser preferentially excites 
molecules which have their dipoles oriented parallel with the polarisation of the laser. In the 
first moment after an excitation pulse the fluorescence is therefore partially polarised. Due to 
the random rotation of the molecules the anisotropy of the fluorescence decreases with a typi-
cal time constant in the 100 ps range. One might presume that the anisotropy decay has no 
effect on the fluorescence decay curve measured with a detector that does not prefer a special 
direction of polarisation. This is, however, not the case. The situation is illustrated in Fig. 439. 

The fluorescence is excited by a beam along the Z axis and a polarisation parallel to the Y 
axis. IP and IS are the intensities of the projections of the electrical field vectors parallel and 
perpendicular to the excitation, in the corresponding directions of detection. Detection in X 
direction delivers IPX and  ISX, detection in Z direction delivers IPZ  and  ISZ, and detection in Y 
direction delivers two ISY components. Obviously, the rotational relaxation cancels if all these 
components are detected with the same efficiency. Because the angular distribution of the 
molecules is symmetrical around the Y axis, the intensity is the same for all Ip components 
and for all IS components: 

 IPX = IPZ                  ISX = ISY = ISZ 

The sum of all intensity components is therefore 

 ISUM = 2IP + 4IS 

Consequently, a signal proportional to I = IP + 2IS  must be recorded to reject the rotational 
relaxation from a lifetime measurement. However, for detection along X, Z or any other direc-
tion in the X-Z plane IP + IS  is detected. 
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Fig. 439: Polarisation components of the signals detected along the X, Y, and Z axis 

Except for a few special cases, there are similar polarisation effects for other angles between 
the optical axis of the excitation and the X-Z plane, different polarisation of the excitation, 
and even for unpolarised excitation. Methods to reject depolarisation effects from the meas-
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ured decay curves in different geometric configurations are discussed in detail in [786, 846, 
1067]. The commonly used solution is to place a polariser in the detection path. The polariser 
is rotated by 54.7° from the polarisation of the excitation, see Fig. 440. The principle is often 
called ‘Magic Angle’ detection. The detection efficiency of IS is then twice the efficiency of 
IP, resulting in the detection of a signal proportional to I = IP + 2IS . 
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Fig. 440: ‘Magic Angle’ detection. Left: Excitation and detection in parallel beams. The magic angle is 54.7°. 
Right: Detection in a diverging beam. The magic angle is <54.7°.  

It should be noted that the considerations above apply strictly only to excitation and detection 
by parallel beams of light. The situation is different for excitation and detection through 
lenses of large numerical aperture, see ‘Effect of Fluorescence Depolarisation on Measured 
Decay Curves’, page 459 in the microscopy section. For an optical axis along the Z axis high-
NA focusing leads to field vectors in x and z direction [36, 42, 918, 1050, 1051, 1253]. Detec-
tion though a high-NA lens detects also components in z direction. In other words, a high NA 
lens acts as an integrating sphere that more or less detects all spatial polarisation components 
[404, 405, 638]. The ‘magic angle is then smaller than 54.7°. It reaches 45° for a lens with an 
NA of 1. That means, no polariser is needed in this case. 

It is often presumed that excitation and/or detection with high NA just results in a drop in the 
measured anisotropy. This is, however, not correct. The anisotropy, r(t), is 
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with I(t) = total fluorescence over all spatial directions 

Obviously, the waveform of the anisotropy decay function is obtained correctly only if the 
waveform of the total intensity, I(t), is correct. A simple test can be based on the fact that I(t) 
for a homogeneous solution of similar molecules should be single-exponential, i.e. free of the 
anisotropy decay. It has been shown experimentally that for excitation and detection through 
an NA=1.4 oil-immersion microscope lens the sum I(t) = IP(t) + 1.0 IS(t) (not the traditionally 
used term  I(t) = IP(t) + 2IS(t) ) was found free of the anisotropy decay [140]. 

 

 

Re-Absorption and Re-Emission 

If the absorption and fluorescence spectra of the sample overlap an appreciable part of the 
molecules can be excited by absorbing fluorescence photons from other molecules. The result 
is a change in the apparent fluorescence lifetime and in the decay profile. The effect on the 
measured decay curve is illustrated in Fig. 441. The laser, a, excites fluorescence, b. The fluo-
rescence, b, excites other molecules, c. The waveform, c, is the convolution of the true decay 
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curve, b, with itself. The measured fluorescence decay, d, is the sum of b and c. The measured 
waveform has longer lifetime than the original fluorescence, and is no longer single exponen-
tial. 

a b: Excited by a
c: Excited by b d: Sum of b and C

Detected:

 

Fig. 441: Effect of re-absorption / re-emission on the detected fluorescence decay 

Re-absorption is noticeable especially in highly concentrated samples and samples of large 
optical thickness. Moreover, if the optical system is not well aligned or plagued by serious 
aberrations, it can happen that the detector mainly sees light from molecules which are ex-
cited by re-absorption. Due to the high sensitivity of the TCSPC method such situations are 
sometimes not noticed. Therefore, check for possible re-absorption effects if you record sus-
piciously long fluorescence lifetimes and unexpected multi-exponential decay profiles. 
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Non-Scanning TCSPC Applications 

Measurement of Luminescence Decay Curves 

Excitation Sources 

Early TCSPC fluorescence lifetime spectrometers used nanosecond flashlamps for excitation 
[505, 1250].  The duration of the excitation pulses was on the order of one nanosecond. Life-
times shorter than 100 ps were therefore difficult to measure, especially if the decay functions 
were multi-exponential. The most severe drawback of a flashlamp is the low repetition rate 
and the low excitation power, both of which resulted in extremely long acquisition times. 
Flashlamps had, however, the benefit that almost any excitation wavelength could be selected 
by a monochromator in the excitation path. Flashlamp-based systems were therefore manufac-
tured even after suitable lasers became available, and a few may even be in use today. 

Modern instruments for fluorescence-decay measurement use pulsed lasers for excitation. The 
first ones which became available were mode-locked argon and frequency-multiplied 
Nd:YAG lasers. The disadvantage of the fixed wavelength was partly overcome by synchro-
nously pumped jet-stream dye lasers. These systems delivered pulses of <100 ps duration and 
80 to 120 MHz pulse repetition rate. For the first time, the temporal resolution of TCSPC 
could be fully exploited, and the much-feared pile-up effect was no longer a problem (see 
‘Pile-Up’, page 283). However, the laser systems were expensive, complicated, and needed 
constant maintenance. A fluorescence decay curve measured in 1993 with a mode-locked Ar+ 
laser and a bh SPC-300 TCSPC module and an 18 ELU FS photomultiplier is shown in Fig. 
442. The IRF width of this system was about 180 ps. 

 

Fig. 442: Fluorescence decay recorded with a mode-locked Ar+ laser and a bh SPC-300 module 

The next improvement came with the Ti:Sa lasers. Tuneability, high repetition rate, picosec-
ond and femtosecond pulse width, (for fluorescence measurements) virtually unlimited power 
and easy generation of UV wavelengths by frequency doubling and tripling made the Ti:Sa 
laser an almost ideal excitation source for fluorescence excitation. Only the high price of the 
laser was (and still is) a problem. 

Recent fluorescence lifetime systems therefore mostly use picosecond diode lasers. The diode 
lasers are available for a wide range of wavelength. The lack of tuneability is compensated by 
swapping lasers of different wavelength, or by combining the beams of several lasers opti-
cally and selecting the desired laser electronically. The fact that only discrete wavelengths are 
available is not a severe problem. The absorption bands of most fluorophores are wide enough 
that a reasonable excitation wavelength can be found. 
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If the application demands for full tuneability (e.g. for recording of excitation spectra) super-
continuum laser are used. The desired wavelength is selected from the supercontinuum by an 
acousto-optical filter, by a monochromator, or by a set of excitation filters of different wave-
length. 

Filter-Based Systems 

The wavelength at which a fluorescence-decay measurement system detects can be selected 
by filters or by a monochromator. In the past 10 years filter-based systems have become more 
and more popular because they are optically simple, inexpensive, and extremely sensitive. A 
simple system of this type is shown in Fig. 443. The principle of the system is shown in Fig. 
444. 

 

Fig. 443: Filter-based fluorescence lifetime system 
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Fig. 444: Filter-based fluorescence lifetime system, principle 

The system shown in Fig. 443 consists of a bh BDS-SM ps diode laser, a sample cell, a filter 
slider, a HPM-100-07 detector, an SPC-130EM or SPC-150N TCSPC module, and a DCC-
100 detector controller. 

The beam of the BDS-SM laser excites the sample. The fluorescence light from the sample is 
collimated by a lens. A baffle in the detection beam path restricts the detection area to a small 
part of the excited volume in the cuvette. This is necessary to avoid broadening of the IRF by 
the transit time of the laser pulses through the cuvette. An interference filter selects the de-
sired detection wavelength interval. The setup has no magic-angle filter in the detection beam 
path. Instead, the polarisation of the laser is tilted from the vertical plane as shown in the 
photo (Fig. 443). A critical part of the system is the beam stop. It has to avoid that the laser 
beam is reflected or scattered back into the system and enters the sample cell a second time. 
Light passing the filter is detected by an HPM-100-06 or -07 hybrid detector. The detector is 
controlled by a DCC-100 detector controller which provides for power supply, gain control 
and overload shutdown. 
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An typical result is shown in Fig. 445. It shows a 5.5 ns fluorescence decay of a rhodamine 
dye. A BDS-SM 405 nm laser was used for excitation, the detector was an HPM-100-06. Due 
to the absence of afterpulsing in the HPM detector the decay function is cleanly recorded over 
a dynamic range of three orders of magnitude. The IRF is so short that it is barely visible in 
Fig. 445 (black curve). With the BDS-SM 405 nm laser and the HPM100-06 detector the IRF 
width of the entire system is about 50 ps. 

 

Fig. 445: Fluorescence decay of a rhodamine dye, decay time 5.5 ns. Excitation at 405 nm, HPM-100-06 detec-
tor, SPC-150N TCSPC module. Time range 50 ns, time per channel 12 ps. 

Time Resolution 

The true time resolution of the system is demonstrated in Fig. 446. It shows the same 5.5 ns 
decay recorded over a time interval of 5 ns. The system is so fast that the fluorescence decay 
function of the rhodamine almost looks like a phosphorescence decay. 

 

Fig. 446: Same fluorescence signal as in Fig. 445, but recorded over a time interval of 5 ns. Time per channel 
1.2 ps. The FWHM of the IRF is less than 50 ps. 
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The IRF width of the system shown in Fig. 444 is dominated by the pulse width of the ps di-
ode laser. With femtosecond lasers an IRF width of less than 20 ps can be achieved. An ex-
ample for a Toptica FemtoErb (100 fs) laser is shown in Fig. 447. It shows a fluorescence 
decay function of Indocyanine Green (ICG) in water. The IRF width is 19 ps, the fluorescence 
decay time 170 ps. 

 

Fig. 447: Fluorescence decay of ICG, excited by Toptica FemtoErb fibre laser. The IRF width is 19 ps FWHM, 
the fluorescence decay time 170 ps. SPC-150NX, time scale 1.67 ns, time channel width 405 fs. 

Other Detectors 

Other detectors can be used instead of the HPM-100-06. If sensitivity is an issue (this is 
unlikely in filter-based systems) an HPM-100-40 can be used. If low cost is more important 
than short IRF a PMC-150-110 or -210 is a good solution. The IRF width with these detectors 
is about 120 ps. 

In principle, also single-photon avalanche photodiodes, such as the PDM modules of MPD 
[785] or the id-100 of id Quantique [551] can be used. However, the active area of these de-
tectors is tiny compared to that of the HPM or PMC. Even if the light is concentrated on the 
active area by an additional lens in front of the detector the sensitivity is lower than for the 
HPM-100 detector. Other problems can arise from the diffusion tail in the SPAD response, or 
from count-rate dependent IRF shift, see Fig. 281, page 178. 

Polarisation 

To obtain correct results of fluorescence lifetime measurements it is important to avoid that 
the rotational depolarisation in the solvent distorts the fluorescence decay curve, see Fig. 439, 
page 296. The common way of recording fluorescence decay curves is to use vertically polar-
ised excitation and a polariser in the detection path. The polariser is rotated by 54.7° from the 
polarisation of excitation. However, the angle differs from the theoretical value if the fluores-
cence is collected by a lens, as it is the case in a fluorescence-lifetime spectrometer. The cor-
rect angle is not accurately predictable. It depends on the numerical aperture of the detection 
light bundle in the vicinity of the excited sample volume. It thus depends on the effective NA 
of the lens and on the refractive index of the solvent. 

In a setup like the one described above it is often easier to cancel the depolarisation effect by 
tilting the polarisation plane of the laser, see Fig. 443. Also in this approach, the exact tilt 
angle depends on the refractive index of the solvent. It is, however, not very critical. The an-
gle can be determined experimentally by recording a decay curve of a sample with a single-
exponential decay function. The laser is rotated until the recorded curve is single-exponential. 
Curves for different polarisation angles of the laser are shown in Fig. 448. 
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Fig. 448: Effect of the rotational depolarisation on the measured decay curve. Rhodamine 110 in water, excita-
tion at 405 nm, polarisation of laser vertical (upper decay curve, blue), 45° (green curve, middle), and horizontal 
(lower curve, red). Left: full decay curve. Right: Zoom into the peak of the fluorescence decay. 

The depolarisation time of small organic molecules in water is on the order of 100 to 200 ps. 
In Fig. 448 it is about 100 ps. With the laser polarised vertically, too much of the Ip (parallel) 
components is detected (see also Fig. 439). Consequently, the intensity is measured too high 
within the first 100 ps. With the laser polarised horizontally, almost exclusively Is recorded. 
The intensity in the first few 100 ps is therefore measured too low. With the laser at 45° the 
detection efficiency of Is and Ip is almost balanced, and the measured decay function comes 
close to the correct one. 

Detection at Several Emission Wavelengths 

Simultaneous detection at several wavelengths can be achieved by using a system of dichroic 
mirrors in the detection beam path and a corresponding number of detectors. The optical setup 
is shown in Fig. 449. The fluorescence light is collected and collimated by lens 1. A filter 
blocks scattered excitation light. The fluorescence light is split spectrally by several dichroic 
mirrors and focused onto several detectors via lens 2 through lens 4. The numerical aperture 
of lens 1 can be made relatively large so that a high collection efficiency is achieved. Suitable 
beamsplitter / detector assemblies are available from bh, please see ‘Detector, Shutter and 
Beam Splitter Assemblies for TCSPC Microscopy’, page 74. In Fig. 449, the photons of all 
wavelength channels are detected by one TCSPC module via a router. A more advanced solu-
tion is to use parallel TCSPC modules. Parallel TCSPC is more expensive but has the advan-
tage of higher total count rate, shorter acquisition time, and absence of any electrical crosstalk 
between the detection channels. 
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Fig. 449: Multi-wavelength detection system with dichroic beamsplitters 
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Time-Series Recording 

The application range of a filter-based fluorescence measurement can easily extended by 
time-series recording. The TCSPC system is switched in the f(t,T) mode, and series of meas-
urement steps with appropriate collection time is defined. The recording can be started manu-
ally or electronically by a trigger pulse. 

An example is shown in Fig. 450. A solution of Rhodamine B in water was heated from 25°C 
to 80°C over a time interval of 80 seconds. The fluorescence decay time of RhB is known to 
change with temperature. To demonstrate this, a time series over the time of the temperature 
ramp was recorded with 40 steps of 2 seconds acquisition time each. It can clearly be seen 
how the fluorescence decay time decreases with time. 

 

Fig. 450: Fluorescence decay of Rhodamine B, time series recorded over a temperature ramp from 25°C to 
80°C. 

It is often possible to stimulate a dynamic effect in a sample periodically. By triggering the 
start of the time series with the stimulation, the time series can be accumulated. The signal-to-
noise ratio of such a recording depends on the total acquisition time, not on the time per step 
of the individual sequence. By accumulating many stimulation periods, fast time series can 
thus be recorded with high signal-to-noise ratio. Fig. 451 shows the photochemical chloro-
phyll transient in a live plant. It was induced by periodically turning on and off the excitation 
light. The recording in the SPC module was triggered synchronously with the on/off period. 
The time series consists of 50 steps with 50 µs collection time. 20.000 on/off periods were 
accumulated, resulting in an effective collection time of 20.000 x 50 µs = 1 s per step in the 
accumulated result. The transient effect is therefore reproduced with an excellent signal-to-
noise ratio. 

 

Fig. 451: Time series with triggered accumulation. Photochemical chlorophyll transient in a leaf, time per step of 
the sequence 50 µs, length of sequence 2.5 ms, 20.000 on-off periods accumulated. 
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The principle of accumulation of time series is also used in combination with scanning, see 
FLITS and Temporal Mosaic FLIM. An application to carotenoid-tryptophan hydrogen bond-
ing dynamics is described in [762].  

 

Recording Fluorescence Decay Curves with a FLIM System 

FLIM experiments often have to be supported by precision measurements of the decay func-
tions of special fluorophores. FLIM users then often resort to an additional fluorescence life-
time spectrometer for cuvette-based measurements of decay functions. In most cases, how-
ever, such fluorescence decay data can better be recorded with the FLIM system. 

There are two ways to record decay curves with a FLIM system. You can use the 'Single' 
mode and collect the data directly in a singe curve, or you can use the 'FIFO Imaging' mode, 
record an image, and later combine the data of all pixel in a single decay curve. 

For collecting the data into a single curve, switch the SPCM software to the ‘Single’ mode, 
and increase the ‘ADC resolution’ to the number of time channels you need. Leave the other 
system parameters as in the FLIM (FIFO Imaging) mode. Put the dye solution to be investi-
gated in a cell dish, place it under the microscope and scan it with the laser of the desired 
wavelength. This is easy in an inverted microscope. In an upright microscope you can scan 
the dish from above through the plastic cover. The poor optical quality of the cover does not 
matter - you want only a decay curve, no high-resolution images. Start a scan, record the 
curve for a specified collection time, or use ‘Stop Overflow’ to normalise all recorded curves 
to the same maximum. You can record several curves into subsequent ‘Memory Pages’, as 
described under ‘2D Trace Parameters’, page 765. Send the curve of interest to SPCImage 
and analyse it with an appropriate model. A decay curve recorded this way is shown in Fig. 
452 and Fig. 453. 

    

Fig. 452: Decay curve of Atto 425 recorded with DCS-120 confocal scanning FLIM system 
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Fig. 453: Fluorescence decay curve, analysed by SPCImage 

For collecting the decay data into an image, scan the dye solution with the laser of the desired 
wavelength and record a FLIM image. Use a FLIM data format with a large number of time 
channels (4096 or 1024) but a low number of pixels (128 x128). Load the data into SPCImage 
as described in Chapter 'SPCImage NG Data Analysis Software'. Select the entire image by 
the two image cursors, and click on the  (Lock) button. The result is a decay curve contain-
ing the data from all pixels. Deconvolution and fitting of the combined data is performed the 
same way as for single pixels of a FLIM image. 

 

Fig. 454: Combining pixel data into a single decay curve in SPCImage NG 

The procedures outlined above have the advantage that the decay curves are recorded under 
exactly identical conditions as in the FLIM measurement. Possible anisotropy-decay effects 
are cancelled by the high NA of the microscope lens, and there is virtually no re-absorption. 
Another advantage is the extremely high time resolution. Two-photon systems with HPM-
100-06 or -07 detectors reach an IRF width of <20 ps FWHM. Compared with a standard 
fluorescence-lifetime spectrometer this can make the difference between accurately detecting 
a fast decay component or missing it. An example for an FAD solution is shown in Fig. 455. 
FAD has long been suspected to have a fast decay component with a lifetime around 60 ps 
[1170], but the component has never been detected directly. The bh DCS-120 MP system with 
a HPM-100-06 detector shows it without problems, see the peak at the maximum of the decay 
curve. 
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Fig. 455: Fluorescence decay curve of FAD in water, detected with bh DCS-120 MP FLIM system. The system 
shows that there is a 59-ps decay component with an amplitude of 29%. 

Moreover, in the case of the DCS-120 system or other systems with PLIM function, phospho-
rescence and delayed-fluorescence decay curves can be recorded. An example for single-
curve recording of the delayed fluorescence of PpIX is shown in Fig. 718, page 521. 

Monochromator-Based Systems 

The typical setup of a fluorescence lifetime spectrometer with a monochromator is shown in 
Fig. 456. The laser is vertically polarised and enters the cuvette under an angle of 90° from 
the optical axis of the detection system. Front-side illumination can be used for samples of 
high absorption or scattering. However, 90° illumination is usually preferred because fluores-
cence depolarisation effects (see ‘Fluorescence Depolarisation’, page 296) are easier to han-
dle and possible fluorescence of the cuvette walls is not detected. 
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Fig. 456: Typical setup of a fluorescence lifetime spectrometer 

The fluorescence light from the sample is collected by a lens and projected on the entrance slit 
of a monochromator. The effect of rotational depolarisation on the decay curves is removed 
by a polariser under the ‘magic angle’ of 54.7 degrees (see ‘Fluorescence Depolarisation’, 
page 296). An additional long-pass filter is recommended to block scattered excitation light. 

The monochromator selects the wavelength to be detected. In many laser-based lifetime spec-
trometers an R3809U MCP PMT is used for detection. Its short transit-time-spread, clean IRF 
function, and low afterpulsing probability makes the R3809U superior to conventional PMTs. 
An even better time resolution can be achieved with HPM-100-06 and -07 hybrid detector 
modules. However, no applications of these detectors in lifetime spectrometers have been 
reported until now. 
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The single-photon pulses of the MCP PMT are amplified and fed into the start input of the 
TCSPC module. The stop pulses come either from a reference output of the laser or are gener-
ated by a photodiode module (see Fig. 317, page 206). Any of the bh SPC modules can be 
used for classic fluorescence decay measurements. 

A lifetime spectrometer should include precautions against detector damage by overload. For 
MCP PMTs it is therefore recommended to use one of the HFAC or HFAH series preamplifi-
ers and to control the high voltage of the detector by a DCC-100 detector controller. If over-
load occurs the preamplifier delivers an overload signal which causes the DCC-100 to shut 
down the high voltage of the PMT. A detailed connection scheme is shown in Fig. 328, page 
213. PMC-100 and HPM-100 detectors have internal preamplifiers and deliver an overload 
signal to the DCC-100 via their standard power supply and control cables. 

A complete fluorescence lifetime spectrometer with bh TCSPC technique is available from 
ISS, Champaign, Illinois, USA [556]. The instrument is shown in Fig. 457.  

       

Fig. 457: ChronosBH fluorescence lifetime spectrometer of ISS 

The Chronos BH is capable of recording and analysing fluorescence decay curves, anisotropy 
decay curves, and time-resolved spectra. Please see [556] for details. 

 

Applications 

Classic fluorescence lifetime instruments - both filter based and monochromator based - are 
used for an extremely wide range of applications. The publications do not always make clear 
which instruments were used. The selection given below is therefore somewhat arbitrary: 

Lifetime changes induced by solvent interaction, conformational changes and different bind-
ing state to proteins, peptides or lipids are described in [327, 609, 617, 745, 829, 864, 878]. 
The dependence of the lifetime on the refractive index of the environment was investigated in 
[359, 883, 1097, 1098]. Pressure effects on the lifetime are shown in [1125, 1126]. Electron 
and proton transfer are subject of [1041, 1042, 1114, 1169]. Lifetime spectroscopy on con-
structs relevant for photodynamic therapy is described in [487, 636, 779, 1233]. Lifetimes of 
fluorescent proteins were measured in [288, 292, 518, 519, 525, 1182]. Time-resolved FRET 
measurements and their application to protein folding are described in [246, 422, 486, 680, 
971, 972, 1074]. Energy and charge transfer from quantum dots into organic dyes was de-
scribed in [13]. Upconverting nanoparticles were studied in [499]. 

Enhanced radiative decay rates and enhanced photostability of dyes conjugated to metallic 
nanoparticles are reported in [438, 439, 745]. For indiocyanine green attached to silver colloid 
particles the fluorescence could be increased by a factor of 30 while the average (amplitude-
weighted) lifetime decreased from 548 ps to 68 ps. Extremely short components of multi-
exponential decay functions down to less than 10 ps were measured in [806, 1252]. Fluores-
cence decay measurements at semiconductors in the microsecond range are described in [434, 
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435, 436]. The influence of molecular vibrations and higher triplet levels on the intersystem 
crossing or metal-free organic emitters was investigated in [547]. 

 

Time-Resolved Spectra 

The setup shown in Fig. 456 can be upgraded with a step motor that drives the monochroma-
tor, or a monochromator with an internal step motor drive can be used. The system can then 
be used to record time-resolved fluorescence spectra or complete wavelength-resolved decay 
profiles. The recording in the SPC module can be synchronised with the wavelength scan by 
running a time-controlled recording sequence in one of the sequential modes of the SPC mod-
ule, or by using the repeat function of the SPC module in conjunction with an experiment 
trigger from the monochromator drive. 

The principle of recording time-resolved spectra is shown in Fig. 458. The wavelength is 
scanned, and for each wavelength a fluorescence decay curve is recorded. The counts in the 
time channels of the decay curve are averaged within selectable time intervals. The averaged 
counts are stored as functions of the wavelength. Several independent time windows can be 
used simultaneously; therefore several spectra in different time windows are obtained simul-
taneously. A suitable operation mode is implemented in all bh SPC modules, see ‘fi(EXT) 
Mode’, page 680. 
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Fig. 458: Recording time-resolved spectra 

Unfortunately, there are a few general objections against the gated spectrum recording tech-
nique. The problems have already been stated in [846] and result from the obvious fact that 
the data are not de-convoluted from the instrument-response function. The effective time win-
dow in which a spectrum is obtained is a convolution of the selected time window with the 
IRF. No matter how short a time interval is selected, the effective time interval cannot be 
shorter than the IRF. 

The second objection concerns gated detection in general. Gated spectrum recording is nor-
mally used to separate the fluorescence spectra of different kinds of molecules by their fluo-
rescence lifetimes. However, whatever gate interval is used, the integral over any time inter-
val of the decay function contains contributions of all decay components present in the curve. 
Unless the fluorescence lifetimes are very different, gated detection is a poor technique to 
separate the fluorescence signals of different species. Theoretically the separation efficiency 
can be improved by using several time gates, but the choice of gate intervals is limited be-
cause they are smeared by the instrument response function. 

A far better way to obtain time- and wavelength-resolved fluorescence data is to record a se-
ries of fluorescence decay curves during the wavelength scan [124, 846, 850]. All bh TCSPC 
devices have sequential recording modes or ‘page stepping’ implemented so that there is ac-
tually no argument for using gated spectral recording. The recording sequence in the TCSPC 
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device can be controlled the same way as for gated detection, i.e. either by software or by a 
hardware sequencer and a trigger pulse from the monochromator drive. An example of a 
wavelength-resolved sequence is shown in Fig. 459. 

 

Fig. 459: Sequence of decay curves versus emission wavelength. DODCI, excited by AR+ laser at 514 nm 

 

Multi-Spectral Lifetime Experiments 

A more detailed fluorescence spectrum is obtained by using a polychromator (or spectro-
graph) and recording the spectrum with a multi-anode PMT. bh delivers a complete multi-
spectral detection system based on the PML-16-C and PML-16-GaAsP 16-channel detector 
heads and a MS 125-8M polychromator (LOT) [57]. The optical principle of multi-spectral 
fluorescence-decay detection is shown in Fig. 460. 

The sample is excited the usual way by a high-repetition rate pulsed laser. The fluorescence 
light from the sample is transferred by a lens to the input slit of the polychromator. The poly-
chromator splits the light spectrally and projects a fluorescence spectrum on the cathode of a 
PML-16 multichannel detector. For each photon, the routing electronics generate a timing 
pulse and a digital data word that indicates in which channel the photon was detected. These 
signals are used in the TCSPC module to build up the photon distribution over the time in the 
fluorescence decay and the wavelength (see also Multi-Detector and Multi-Wavelength 
TCSPC, page 99). Consequently, all photons detected by the PMT are used to build up the 
result, and the maximum possible signal-to-noise ratio is obtained for a given number of pho-
tons emitted by the sample. 
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Fig. 460: Multi-wavelength fluorescence experiment 

Fig. 461 shows decay curves of a mixture of  Rhodamine 6G and  fluorescein, both at a con-
centration of 5.10-4 mol/l, recorded by a bh PML-Spec system. High concentration caused 
some re-absorption of the Rhodamine 6G fluorescence, resulting in a clearly visible change in 
the shape of the decay curves and an increased lifetime. 
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Fig. 461: Fluorescence of a mixture of Rhodamine 6G and fluorescein, simultaneously recorded over time and 
wavelength 

A multi-wavelength system based on a polychromator is by far more efficient than a system 
that scans the spectrum by a monochromator. Another advantage of multi-wavelength TCSPC 
is that transient changes in the fluorescence lifetime or other signal parameters within the ac-
quisition time do not induce artefacts in the fluorescence decay curves or spectra detected. 

Due to its high efficiency, the principle is often used in a micro-spectrometric system to ob-
tain multi-wavelength fluorescence decay data from single cells [256, 263, 264, 266, 267, 
268]. Multi-spectral measurement of low-intensity fluorescence induced by ion beams has 
been described in [604]. Multi-wavelength detection in diffuse optical tomography with 
white-light illumination was demonstrated in [1070], multi-spectral lifetime probes and their 
application to tissue fluorescence in [136, 140, 322, ]. Please see section below. 

Multi-wavelength detection can be combined with time-series recording of transient fluores-
cence-lifetime effects. The recording of the time series can be made very fast if 'triggered ac-
cumulation' is used. For triggered accumulation, a transient effect in a sample is stimulated 
periodically, the start of the time-series triggered synchronously with the stimulation, and the 
data for subsequent stimulation periods are accumulated. The number of photons in the indi-
vidual decay curves then no longer depends of the speed of the time series. It only depends on 
the total acquisition time. As a result, extremely fast time series can be recorded if only a 
large number of stimulation periods are accumulated. An example is shown in Fig. 462. It 
shows the photochemical chlorophyll transient in a live plant. The excitation light was peri-
odically turned on and off, and the time series triggered with the off/on transition. Each off-on 
transition initiates a changes in the fluorescence lifetime of chlorophyll. The time per step of 
the time series in 50 µs, the length of the series 50 curves. 20.000 off/on periods were accu-
mulated. Due to the accumulation the effective acquisition time per step of the series is 1 sec-
ond, resulting in a high signal-to-noise ratio of the recorded series. 

    

Fig. 462: Multi-wavelength recording of the photochemical transient of chlorophyll in a leaf. Triggered accumu-
lation of time series, 50 curves, 50 µs per curve, 20,000 on/off cycles accumulated. Four selected wavelength 

channels from a 16-channel recording. 

In principle, the result of a multi-wavelength time series is a photon distribution over the 
times of the photons in the laser period, the wavelength, and the photon times after the stimu-
lation of the sample. Of course, a multi-wavelength photon distribution can also be recorded 
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over other parameters than the time in a stimulation period, such as the two-dimensional dis-
tance from the origin of a fast spatial scan. The principle can therefore be used for multispec-
tral FLIM microscopy [63, 64, 68, 69, 131, 140, 142, 183]. Please see page 352 and page 353 
of this handbook.  

Multi-Wavelength Tissue Lifetime Spectrometers 

An optical setup for multi-wavelength single-point measurements of tissue autofluorescence 
is shown in Fig. 463, left. The setup is based on the bh ‘PML-Spec’ multi-wavelength detec-
tion system [57]. It consists of a 375 nm, 405 nm, or 473 nm BDL or BDS picosecond diode 
laser, a fibre probe, a polychromator, a 16-anode PMT with routing electronics, and a TCSPC 
module [136, 140]. Multi-spectral fluorescence decay data of human skin obtained this way 
are shown right. The count rate was about 2106 s-1, at an excitation power of about 60 µW. 
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Fig. 463: Left: Optical setup for single-point autofluorescence measurement. Right: Multi-spectral fluorescence 
decay data of human skin. 

The sensitivity of the instrument is very good. It not only records the photons in all spectral 
channels simultaneously it also collects the photons efficiently from the tissue: The effective 
numerical aperture of the detection fibres in on the order of 0.3. This is considerably more 
than in a cuvette spectrometer with a monochromator. 

A problem of the optical design shown in Fig. 463 can by fluorescence from the polymer in 
the fibre bundle. The problem can be hard to identify. As long as the probe is not in contact 
with the sample the polymer is not exposed to excitation light, and light emitted in the poly-
mer is not transferred into the detection fibres. This is different when the probe is in contact 
with a sample that scatters light: Excitation light is scattered into the polymer, and polymer 
fluorescence is scattered back into the detection fibres. To make things entirely confusing, the 
fluorescence decay functions from the polymers are usually multi-exponential with lifetime 
components from 0.5 to about 5 ns. The decay functions can be virtually undistinguishable 
from those of biological tissue. Tests with non-fluorescent scattering targets are therefore rec-
ommended. 

A portable instrument of the principle shown in Fig. 463 has been described by De Beule et 
al. [322]. It uses two multiplexed ps lasers of 355 nm and 440 nm wavelength. The laser-
multiplexing signal was connected to routing bit R4 of the SPC module. Thus, the detector 
routes photons of different detection wavelength into 16 separate channels, which, in turn, are 
routed into separate data blocks by the laser multiplexing. The result is 32 channels with dif-
ferent combination of excitation and detection wavelength. The instrument has later been ex-
tended by a supercontinuum laser and a prism on a translation stage for wavelength selection 
[369]. 

The spectrometer was used as a lifetime-probe for skin cancer diagnosis [322, 369]. The au-
thors found a decreased average lifetime both for basal cell carcinoma (BCC) and squamous 
cell carcinoma (SCC). BCC and SCC could be discriminated by their fluorescence spectra. 
Melanoma could be separated from naevi by a decrease in the lifetime, and a red-shift in the 
spectrum. The application to excised colon samples was described by Coda et al. [280]. They 
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obtained statistically significant changes in the mean fluorescence lifetimes between normal 
and neoplastic tissue. The instrument was also used by Thompson et al. [1135] who compared 
tumor discrimination by multispectral fluorescence lifetime and by CW fluorescence and dif-
fuse reflection measurement. 

A similar instrument based on excitation by a supercontinuum laser was described in [750]. 
The instrument can be used both for measurements of cell suspensions in cuvettes and of tis-
sue samples. The cuvette is placed directly in the beam path, for tissue measurements a fibre 
probe is used. Time-resolved emission spectra are obtained via the PML-SPEC multi-
wavelength detector assembly, excitation spectra by scanning a slit over the spectrum of the 
supercontinuum radiation. Fluorescence anisotropy data from cuvettes are obtained by rotat-
ing a polarizer in the detection beam path. 
 

Fibre-Based TCSPC Systems 

A fibre-based TCSPC system with implantable tips for small-animal experiments is available 
from bh. The system is shown in Fig. 464, left. A BDL-SMN ps diode laser is used as an exci-
tation source. The excitation light is delivered into an implantable fibre tip via a single-mode 
fibre, see Fig. 464, right. Fluorescence light from the measurement object is split off directly 
behind the tip, and transferred to an HPM-100-40 hybrid detector. The fluorescence decay 
functions are detected by an SPC-150 module in a bh Simple-Tau system. The Simple-Tau 
also contains a DCC-100 which controls the detector and the laser. 

          

Fig. 464: Fibre based TCSPC system with implantable fibre-tip 

Efficient light collection via the multi-mode fibre in combination with the high detection effi-
ciency of the HPM-100 makes the system extremely sensitive. Decay curves measured in a 
10-6 and 10-7 mol/l fluorescein solution and a decay curve measured in mammalian skin com-
pared with the background signal of the probe itself are shown in Fig. 465. Please note that 
the data were recorded with only 20 µW laser power at the probe output, and a collection time 
of only 0.5 seconds. 

A system like this, with a BDL-SMN 375 nm laser and a phosphorescence-decay extension 
(see 'Simultaneous Measurement of Fluorescence and Phosphorescence Decay', page 327) 
was used by Lukina et al. [734] to record NAD(P)H decay curves simultaneously with phos-
phorescence decay curves in mouse tumors. Other applications have been described by Cui et 
al. [307, 308]. 
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Fig. 465: Decay curves of fluorescein solution, 10-6 and 10-7 mol/l and decay curve of mammalian skin com-
pared to background signal of the fibre probe itself. Collection time 0.5 seconds, laser power at probe output 

20 µW. 

Micro-Spectrometers 

Fluorescence decay measurement is often combined with detection from a micro volume in a 
microscope. The optical principle is shown in Fig. 466. A laser (ps diode laser, supercon-
tinuum laser, Ti:Sa laser) is focused into the upper image plane of the microscope lens. The 
laser light is projected down the microscope beam path by a dichroic mirror and focused into 
the sample by the microscope lens. The fluorescence from the sample is collected back 
through the microscope lens and focused into a pinhole in the upper image plane of the micro-
scope. Light from outside the focal plane of the microscope lens is not focused into the pin-
hole. The detector thus receives only light from the focal plane. With a high-NA microscope 
lens a femtoliter detection volume can be achieved. Therefore, the setup shown in Fig. 466 is 
not only used for fluorescence lifetime measurement in micro volumes [546] but also for FCS 
experiments, combined FCS and fluorescence decay experiments, and single-molecule FRET 
experiments by burst analysis techniques [202, 364, 365, 391, 657, 821, 822,855, 1019, 1020, 
1219, 1219, 1221, 1222]. 
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Fig. 466: Optical setup for fluorescence-lifetime microspectrometry, shown for one laser and one detector. 

The lifetime micro spectrometer can be used with a piezo scan stage and a bh GVD-120 scan 
controller to obtain a simple FLIM system, see Fig. 622, page 427. It can also be extended 
with several detectors and a router or several TCSPC modules [656]. Several lasers can be 
multiplexed at a frequency in the 100 kHz range and the signals be recorded by multiplexed 
TCSPC. Lasers that cannot be on-off modulated for multiplexing can be synchronised, de-
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layed with respect to each other, and the pulse trains be interleaved. Please see section 
‘Excitation-Wavelength Multiplexing’, page 357. 

A micro-spectrometer with pulse-interleaved excitation (PIE) and three detectors was de-
scribed in [855]. A supercontinuum laser delivered the excitation light. Two beams of differ-
ent wavelengths were formed via a beamsplitter and filters. One of the beams was delayed by 
half the laser pulse period, and then combined with the other. The combined beams (with in-
terleaved pulses of different colour) were sent into the microscope. Three detectors were used 
via dichroic or polarising beamsplitters as shown in Fig. 449. The detectors were connected to 
an SPC-150 TCSPC module via a router. The TCSPC module thus records three waveforms, 
each of which is composed of a decay curve for the first laser wavelength followed by the 
decay curve for the second laser wavelength. 

Because the instrument detects from a femtoliter sample volume it is able to deliver also fluo-
rescence correlation (FCS) curves simultaneously with the decay data. Autocorrelation is ob-
tained by correlating the photons of the individual channels with themselves, cross correlation 
by correlating photons of different channels. Please see Chapter ‘Fluorescence Correlation 
Spectroscopy’, page 585. Another application is single-molecule spectroscopy by burst analy-
sis techniques, see Time-Resolved Single-Molecule Spectroscopy, page 611. 

Multi-Wavelength Micro Spectrometers 

A micro spectrometer can by combined with multi-wavelength TCSPC. The detector in the 
setup shown Fig. 466 would just be replaced with a PML-SPEC multi-wavelength detector 
assembly. Chorvat & Chorvatova used a PML-16-based micro-spectrometer to record time- 
and wavelength resolved fluorescence from NAD(P)H in live cardio-myocytes. The optical 
and electrical setup is shown in Fig. 467, details are described in [263] and [752]. 
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Fig. 467: Micro-spectrometry setup for time- and wavelength resolved fluorescence spectroscopy of cardio-
myocytes 

The authors were able to record changes in the metabolic oxidative state of the cells via 
analysis of the fluorescence decay components of bound and unbound NAD(P)H. They were 
able to detect changes induced by metabolic modulation, by the application of drugs, by vari-
ous pathological and non-pathological processes, and changes during the rejection of trans-
planted hearts [265, 267, 268, 269, 270]. Please see [271, 752] for an overview. 

Measurement of Time-Resolved Fluorescence Anisotropy 

If the fluorescence of a sample is excited by linearly polarised light the fluorescence is par-
tially polarised, see ‘Fluorescence Depolarisation’, page 296. The fluorescence anisotropy, r, 
is defined as 
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with Ip = fluorescence intensity parallel to excitation, Is = fluorescence intensity perpendicular 
to excitation, I = total intensity. 

The fluorescence anisotropy decays with the rotational relaxation time, rot. Typical rotational 
relaxation times of free fluorophores in water are in the range from 50 to a few 100 ps. The 
relaxation time is an indicator of the size of the dissolved molecules, dye-solvent interactions, 
aggregation states, the binding state to proteins, and nanoscale diffusion constant [275, 676, 
699, 833, 1131, 1179, 1250, 1276]. The anisotropy decay time is also an indicator of the flexi-
bility of protein chains, and DNA strands and bases [679, 823, 909, 972]. Anisotropy decay 
measurements are therefore often combined with protein folding experiments and sequential 
recording [823]. The anisotropy and the anisotropy decay is also changed by FRET. Homo 
FRET, i.e. FRET between similar molecules can be measured only via the anisotropy [833, 
1131, 1179]. 

Time-resolved measurements of the anisotropy are difficult because Ip (t) - Is (t) is small com-
pared to the fluorescence components Ip (t)  and  Is (t) themselves. Moreover, Ip (t)  and  Is (t) 
are detected with different efficiency, especially if a monochromator is used. The effect de-
pends on the angle of the grating, i.e. on the wavelength, and on the slit width and the beam 
geometry. If a monochromator is not really required a filter-based setup is often a better solu-
tion. Nevertheless, anisotropy measurements require calibration of the efficiency of the Ip (t)  
and  Is (t) detection channels. The relative efficiency, Ep/Es, of the Ip and Is detection channels 
is the ‘G factor’: 
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There are two ways to determine the G factor [676, 846]. The first way is to run a measure-
ment with horizontal polarisation of the excitation beam. For an angle of 90° between the op-
tical axis of excitation and emission, the excited-state distribution is oriented towards the axis 
of observation, see Fig. 439, page 296. Consequently equal perpendicular polarisation com-
ponents are emitted into both measurement channels. The ratio of the measured intensities 
represents the G factor. 

The second way to obtain G is ‘tail matching’. A sample with a depolarisation time substan-
tially shorter than the fluorescence lifetime is measured. The G factor is obtained from the 
intensities in the later parts of the decay curves. The advantage of tail matching is that it can 
be used also for optical systems with excitation and detection along the same optical axis. 

To separate the rotational relaxation from the fluorescence decay it is essential that the correct 
total intensity, I(t) be taken for the denominator of r(t). It is normally assumed that both the 
excitation and emission light cones have negligible numerical aperture, and that the excitation 
is polarised perpendicularly to the plane defined by both optical axes. The total intensity is 
then I(t) = IP(t) + 2 IS(t). The factor of 2 results from the geometrical fact that light polarised 
longitudinally to the optical axis of observation is not detected [676, 1250], see Fig. 439, page 
296. The factor is smaller than 2 for excitation and detection through an optical system of 
high-NA, e.g. a microscope lens [36, 140, 404], see ‘Fluorescence Depolarisation’, page 296. 

A wide variety of anisotropy measurement setups is used. The simplest possibility is to use a 
standard fluorescence setup with a polariser in the detection path, see Fig. 468. The compo-
nents IP (t)  and  IS (t) are measured one after another with the polariser in 0° and 90° orienta-
tion. The advantage of this setup is that the instrument response function is the same for both 
measurements. The drawback is that two measurements are required, and drifts in the detector 
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efficiency, photobleaching or temperature changes in the sample can impair the results. More-
over, about 50% of the photons remain unused. This can be a drawback if the photostability of 
the sample is an issue. Moreover, the fact that IP (t)  and  IS (t) are measured consecutively 
makes it impossible to record dynamic affects in the anisotropy and fluorescence decay times. 
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Fig. 468: Single-detector anisotropy setup 

The flipping of the polariser between 0° and 90° can be combined with controlling the desti-
nation of the photons in the SPC memory via one of the routing bits. The fluorescence decay 
curves for IP and  IS are then automatically stored in separate memory blocks. An instrument 
with periodical switching was used in [326] and [327]. 

Another commonly used setup for anisotropy measurements is the ‘T geometry’, see Fig. 469. 
An instrument of this type based on bh TCSPC technology is available from ISS, Champaign, 
Illinois [556], see Fig. 457, page 308. The sample (usually a cuvette) is measured from both 
sides, under 0° and 90° polarisation angle. Two detectors and a router are used to detect 
IP and  IS simultaneously. The T geometry has the advantage of increased efficiency. How-
ever, the instrument response functions (IRFs) of the two detectors can be different, which 
makes the data analysis more difficult than for the single detector setup. The IRF problem 
gets relaxed if extremely fast detectors, i.e. R3809U MCPs, are used and the optical and elec-
trical path length of both channels are carefully balanced. 
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Fig. 469: ‘T geometry’ anisotropy setup 

In cases where the light cannot be collected from both sides of the sample, i.e. in a confocal 
microscope setup, a 1:1 beamsplitter and two polarisers or a polarising beamsplitter can be 
used to separate IP and  IS. 

Multiplexed TCSPC can be used to measure Ip and  IS quasi-simultaneously. The components 
are separated by a beamsplitter and two polarisers (or a polarising beamsplitter) and optically 
multiplexed into one detector, see Fig. 470. The photons for IP and  IS are routed into different 
memory blocks. 
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Fig. 470: Alternating measurement of IP and  IS. Lenses and filters not shown 

The advantage of the setup is that changes in the sample and changes of the detector effi-
ciency influence  IP and  IS likewise. The drawback is that the optical system is complicated. 
A sector mirror is not commonly available, and it must be well aligned on the rotation axis to 
avoid that the reflected beam tumbles. Although the same detector is used for both light paths 
it is not simple to obtain exactly the same IRF in both channels. An optical system of the de-
sign shown above is described in [124]. 

In principle, a fluorescence anisotropy system can be built with a rotating polariser. A possi-
ble setup is shown in Fig. 471. 
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Fig. 471: Anisotropy measurement by a rotating polariser  

The polariser is rotated during the measurement. The photons are recorded into a large num-
ber of curves in the SPC memory. The recording is synchronised with the rotation, so that the 
recorded decay curves correspond to different rotation angles. Synchronisation can be 
achieved by using a digital angle signal from the rotator as a routing signal or by using pulses 
from the rotator as synchronisation for the ‘Scan Sync In’ mode of an SPC-730 or -830 mod-
ule. The setup shown above can be used for samples that have an intrinsic optical activity. 
Although a system with a rotating polariser is relatively simple no such instrument has yet 
been described. 

Anisotropy decay measurements are not only used for macroscopic samples, such as solutions 
in cuvettes [679, 680, 909, 823, 972], but also for micro-spectrometry of cells [317, 1177] and 
polymer films [24], in conjunction with flow experiments [178], lifetime imaging in cells [26, 
283, 317] and for single molecule spectroscopy [657, 902, 978]. 

A fluorometer for anisotropy measurements by two-photon excitation is described in [1181]. 
The quadratic characteristic of two-photon excitation results in a higher initial anisotropy than 
for one-photon excitation. 

Lock-in TCSPC 

Every detector generates a background signal which is caused by thermal emission of elec-
trons. This background signal limits the sensitivity and degrades the accuracy of the numeri-
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cal data analysis. It is possible to reduce the background by cooling, but this often causes un-
pleasant problems like frost on optical windows or water in the PMT voltage divider chain. 

The SPC modules provide a digital lock-in technique that eliminates the background from the 
results. The principle is shown in Fig. 472. 
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Fig. 472: Multiplexed TCSPC 

The light chopper interrupts the light with an on/off ratio of 1:1. At the same time the chopper 
disk controls the /SUB signal which is connected to the /SUB input of the SPC module. This 
signal acts in a way that the photons in the bright phase are added and in the dark phase are 
subtracted in the memory. Because both phases have the same duration the background (but 
not the background noise) is eliminated from the result. 

For luminescence measurements the chopper disk may be conveniently placed in the excita-
tion light path in front of the sample cell. Similar arrangements are possible to measure two 
different objects (for instance the sample cell and a reference cell with the solvent) quasi-
simultaneously. The excitation and luminescence light beams are handled by rotating sector 
mirrors or by light choppers and 50% mirrors. For early TCSPC devices Lock-in TCSPC was 
en elegant way to increase the sensitivity of a lifetime measurement beyond the limit set be 
Raman scattering or solvent fluorescence [124]. With advanced TCSPC modules lock-in 
TCSPC is not often used. These modules have enough on-board memory to use multiplexed 
detection. The fluorescence and the background are then recorded into different memory 
blocks. The background is eliminated by subtracting the background measurement from the 
fluorescence measurement. The advantage of multiplexed measurement is that possible differ-
ences in the sensitivity or in the duration of the two multiplexing intervals can be compen-
sated for. 
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Transient Fluorescence Phenomena 
Many biological systems show dynamic changes in their fluorescence, absorption, and scat-
tering behaviour. The fluorescence transients in living plants are caused by light-induced 
changes in the efficiency of the photosynthesis. In experiments of diffuse optical tomography 
(DOT, see Diffuse Optical Tomography, page 551) changes are driven by the heart beat and 
by the hemodynamic response to brain stimulation [718]. The associated changes in the dif-
fusely transmitted or reflected light are usually recorded by time-series recording in the ‘Con-
tinuous Flow’ mode of the SPC-130 or SPC-150 modules. Protein folding and other bio-
chemical reactions can be traced by recording time-series of fluorescence decay or anisotropy 
decay curves [823, 1074]. Depending on the speed of the reaction the recording may be 
started after adding a reagent, or be synchronised with temperature-jump, continuous flow 
mixing, or stopped flow mixing techniques. Other examples are electro-physiological stimula-
tion of cells and experiments of photodynamic therapy. Some typical applications of TCSPC 
to transient phenomena are described in the paragraphs below. 

Chlorophyll Transients 

A typical example of dynamic fluorescence lifetime changes are the chlorophyll transients 
found 1931 by Kautsky and Hirsch [589]. The effects have been termed fluorescence induc-
tion, fluorescence transients, or Kautsky effect [465, 466, 763]. When a dark-adapted leaf is 
exposed to light the intensity of the chlorophyll fluorescence starts to increase. After a steep 
rise the intensity falls again and finally reaches a steady-state level. The rise time is of the 
order of a few milliseconds to a second, the fall time can be from several seconds to minutes. 

The initial rise of the fluorescence intensity is attributed to the progressive closing of reaction 
centres in the photosynthesis pathway. Therefore the quenching of the fluorescence by the 
photosynthesis decreases with the time of illumination, with a corresponding increase of the 
fluorescence intensity. The fluorescence quenching by the photosynthesis pathway is termed 
‘photochemical quenching’. The slow decrease of the fluorescence intensity at later times is 
termed ‘non-photochemical quenching’. It is believed that it is a mechanism the plant uses to 
protect itself from photodamage. 

Non-Photochemical Transient 

Measurements of the non-photochemical quenching transient by TCSPC is very simple. In 
most cases it is sufficient to record a sequence of fluorescence decay curves at a rate of about 
one curve per second. Sequences this slow can be obtained by software-controlled sequenc-
ing, i.e. in the f(t,T) mode or simply by activating the ‘page stepping’ function of a bh SPC 
module. The principle of the experiment is shown in Fig. 473. 
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Fig. 473: Recording non-photochemical fluorescence quenching in a living plant 
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The fluorescence of chlorophyll in a leaf is excited by a picosecond diode laser. The fluores-
cence is separated from the scattered excitation light by a bandpass filter that transmits a 
wavelength range around 700 nm. The fluorescence light is detected by a PMC-100-1 or a 
PMC-100-20 detector. The single-photon pulses are connected into the ‘CFD’ input of the 
SPC module; the reference pulses come from the laser. 

After the leaf has been kept a few minutes in the dark, the laser is switched on by closing the 
switch, S1. The operating voltage of the laser is connected to the ‘experiment trigger’ input of 
the SPC module via a small-signal diode, D1. In conjunction with the pull-up resistor of the 
experiment trigger input this generates a positive trigger edge. This edge triggers the start of a 
sequence of measurements in the SPC module. 

Typical results are shown in Fig. 474. A bh BHL-600 laser module was used, with a wave-
length of 650 nm, 80 ps pulse duration, and 50 MHz repetition rate. The incident power den-
sity at the surface of the leaf was approximately 1 mW/mm2. The detection wavelength was 
selected by a 700  15 nm bandpass filter. A sequence of  fluorescence decay curves was re-
corded at a rate of one curve in 2 seconds. The count rate was approximately 2106 s-1. Dead 
time compensation was used to avoid the influence of counting loss on the recorded intensity. 

   

Fig. 474: Sequences of fluorescence decay curves measured at a leaf after start of illumination. Left to right: 
Fresh leaf, faded leaf, dried leaf. Time per curve 2 seconds, logarithmic intensity scale. The sequence starts from 
the back. 

A result obtained from a fresh dandelion leaf is shown left. The fluorescence lifetime de-
creases considerably within the first 10 seconds of illumination. The peak intensity remains 
almost constant. This shows that the change in the fluorescence behaviour is mainly a change 
in the fluorescence quenching rate, not a change in the number of fluorescing molecules. In a 
faded leaf the lifetime change is slower and less pronounced. A dry leaf does not show any 
measurable lifetime change. 

 

Photochemical Transient 

Sequential recording of photochemical quenching transients requires a time resolution of bet-
ter than 1 ms per step. A sequence this fast cannot be recorded by software-controlled se-
quencing. Moreover, it is impossible to obtain enough photons in a single-shot experiment. 
Therefore a hardware-controlled sequencing mode, e.g. the Continuous Flow mode or the 
Scan Sync Out mode, must be used. The recording of the sequence is repeated and the counts 
accumulated until enough photons have been collected. A suitable experiment setup is shown 
in Fig. 475. 
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Fig. 475: Measurement of photochemical quenching transients 

The setup uses a picosecond diode laser with fast on/off capability. For the results shown be-
low a bh BHLP-700 laser with a wavelength of 650 nm was used. The laser is controlled by a 
pulse generator that turns the light periodically on and off. The ‘on’ duration is 12.8 ms, the 
‘off’ duration 500 ms. Within the ‘on’ phases, the laser delivers picosecond pulses at a pulse 
period of 20 ns. The leaf is excited by this pulse sequence. The fluorescence photons are de-
tected by a PMC-100-20 PMT module and recorded by an SPC-630, SPC-130 or SPC-150 
TCSPC module. The SPC module is operated in the continuous flow mode. It runs a hard-
ware-controlled sequence of recordings, with a time per curve of 100 µs and an overall num-
ber of 128 curves. The start of the sequence is triggered by the rising edge of the ‘laser on’ 
signal, and a large number of such cycles is accumulated. 
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Fig. 476: Excitation sequence for recording photochemical chlorophyll transients 

Each ‘laser on’ period initiates a normal transient of the chlorophyll fluorescence. Photo-
chemical quenching decreases within the 10 ms ‘laser on’ period with a typical time constant 
of about a millisecond. In the subsequent ‘off’ period, photochemical quenching recovers to 
its initial state. Due to the low duty cycle of the ‘laser on’ signal, the average excitation inten-
sity is low and does not cause much non-photochemical quenching. Therefore, the change of 
photochemical quenching can be recorded independently, if only the duty cycle of the laser 
on/off control signal is kept low enough. A result is shown in Fig. 477. 10,000 on/off cycles 
were accumulated. For system parameter setup please see ‘Sequential Recording in the Scan 
Sync Out mode’, page 688. 



Transient Fluorescence Phenomena    323 

 

 

Fig. 477: Photochemical quenching transient measured in a dandelion leaf. The sequence starts at the front. Time 
per curve 100 µs, 10,000 on/off cycles were accumulated. 

Excitation Wavelength Multiplexing 

Green leaves show the typical chlorophyll fluorescence around 700 nm, and a blue-green 
fluorescence which originates from flavinoids. The investigate possible interactions of these 
signals it may be necessary to record fluorescence decay curves at different excitation and 
detection wavelengths. If the measurements are performed consecutively the Kautsky effect 
induces different lifetime changes in both measurements. It would therefore be difficult to 
obtain comparable lifetimes. The problem can be solved by multiplexed TCSPC. An suitable 
setup is shown in Fig. 478. 
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Fig. 478: Simultaneous measurement at two excitation and two emission wavelengths 

The sample is excited by two lasers at 405 nm and at 650 nm. The lasers are multiplexed by a 
TTL signal from a pulse generator or a bh DDG-210 module. The light from the sample is 
split into a 515-nm and a 700-nm component by a dichroic mirror and two bandpass filters. 
The fluorescence components are detected by two PMT modules. The  PMTs are connected to 
the TCSPC module via a HRT-41 router. Thus, both fluorescence components are recorded 
simultaneously. One routing bit is required to separate the photons of both detectors. A sec-
ond routing bit is used to separate the photons excited by the two lasers. The stop signal for 
the TCSPC module comes from the synchronisation outputs of the lasers. Because only one 
laser is active at a time, the pulses can be combined by a simple power combiner. 

If the multiplexing is fast there is no time for the chlorophyll lifetime to change for the differ-
ent excitation efficiency at the two different excitation wavelengths. Complete suppression is 
obtained for multiplexing rates faster than 20 kHz. Multiplexing rates on the order of 10 to 
100 Hz suppress only the non-photochemical transients. An example is shown in Fig. 479. 
The multiplexing period was 50 ms. 
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Fig. 479: Multiplexed measurement of the fluorescence of a leaf. Multiplexed excitation at 405 nm and 650 nm, 
simultaneous detection at 510 nm and 700 nm. Multiplexing rate 20 Hz. 

 

Stopped Flow Techniques 

Stopped flow techniques are based on the mixing of two reagents in a flow cell. The flow of 
the reagents is periodically stopped, and the reaction is observed by recording the transient 
changes in absorption, fluorescence intensity, or fluorescence lifetime. An overview about the 
technique is given in [973]. The principle of a TCSPC-based detection system for stopped 
flow is shown in Fig. 480. 
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Fig. 480: Stopped Flow Experiment with TCSPC and multi-spectral detection 

A laser is focused at the flow channel of the mixing cell shortly behind the mixing region, and 
the fluorescence from this spot is detected. The flow of the reagents through the cell is peri-
odically stopped by two valves. Commercial instruments stop the flow within approximately 
one millisecond. For each stop of the flow, the TCSPC device records a sequence of fluores-
cence decay curves. Because the number of ‘stop’ events is limited by the amount of reagents 
available good exploitation of the fluorescence photons is important. It is therefore advisable 
to combine stopped flow experiments with multi-detector operation. Several PMTs can be 
used to detect under 0° and 90° of polarisation, or to detect in different wavelength intervals. 
Another possibility is multi-spectral detection, e.g. with the bh PML-16 C detector or the bh 
PML-Spec system, as shown in Fig. 480. 

Results obtained in an SPC-630 based single-detector system have been presented in [140]. 
An instrument with two detectors, a router and a bh SPC-630 modules has been described in 
[973]. Both instruments used sequential recording in the continuous flow mode. 
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Continuous Flow Mixing Techniques 

The time-resolution of stopped-flow mixing techniques is limited by the speed of the valves 
which stop the flow. The resolution is about 1 ms. Higher resolution is obtained by continu-
ous flow mixing techniques. Two reagents are fed into separate inputs of a flow cell under 
high pressure. They are combined in a mixing region and then flow through the observation 
channel. The observation channel is illuminated by a laser, and the absorption or the fluores-
cence along the channel is recorded. Because the velocity in the observation channel is 
known, the distance along the channel represents the time scale of the reaction. With micro-
machined channels, a resolution down to a 25 µs is achieved [179]. 

Continuous flow mixing can be combined with TCSPC by scanning the position along the 
flow channel and recording a fluorescence decay curve for each position, see Fig. 481. An 
SPC-630 based instrument and its use for investigating protein-folding reactions has been 
described in [179]. The basic setup is shown in Fig. 481, top. A similar instruments with two 
detectors and a dual-module TCSPC system was used to observe protein folding via FRET 
and fluorescence anisotropy [178, 590, 591, 1236], see Fig. 481, bottom. 
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Fig. 481: Continuous flow mixing with fluorescence lifetime detection. Single-detector (top) and dual-detector 
setup (bottom) 

The advantage of scanning the position along the flow channel is that the instrument can eas-
ily be combined with several detectors, e.g. for fluorescence anisotropy decay measurement 
or detection in several spectral intervals. By using the bh PML-Spec system multi-spectral 
detection can be achieved. A typical result is shown in Fig. 482. 
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Fig. 482: Continuous-flow mixing data of the refolding of horse heart cytochrome. The ‘folding time’ is the 
distance along the flow channel divided by the flow speed. With permission from Kathuria et al. [590]. 

The drawback of the scanning principle is that the instrument consumes large amounts of re-
agents. Reagent economy can be largely improved by using multichannel detection along the 
flow channel. The flow channel is illuminated along its full length, and the fluorescence decay 
curves along the channel are detected simultaneously by a PML-16 multi-anode detector 
head. However, it is difficult to obtain constant excitation intensity and sensitivity along the 
channel. Illumination by a laser tends to produce speckles, and the sensitivity of the PML-16 
channels is not uniform. Both effects are not necessarily stable over longer periods of time, so 
that the calibration can be difficult. 
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Simultaneous Measurement of Fluorescence and Phosphorescence De-
cay 
Simultaneous measurement of fluorescence and phosphorescence decay functions is difficult 
because the time scales and the intensities differ by three, often six orders of magnitude. If the 
excitation pulses are made short enough to measure the fluorescence decay either the fluores-
cence in the first few ns saturates the detector or the phosphorescence is so weak that it is lost 
in the detector background. Reasonable phosphorescence decay functions can only be ob-
tained with excitation pulses of long duration, which, however, make the detection of the 
fluorescence decay impossible. 

Triggered Sequential Recording 

The problem can be solved by using the triggered sequential recording capability of multi-
dimensional TCSPC in combination with a picosecond diode laser with fast on/off capability. 
The excitation of fluorescence and phosphorescence is illustrated in Fig. 483. 
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Fig. 483: Excitation of fluorescence and phosphorescence by laser on/off switching 

The diode laser delivers excitation pulses at a repetition rate of 40 to 80 MHz. The laser is 
switched on and off at a period in the microsecond or millisecond range. In the ‘laser on’ 
phases normal fluorescence decay is observed. A single excitation pulse does not cause any 
detectable triplet population and thus no detectable phosphorescence. However, during  the 
complete ‘laser on’ phase a noticeable triplet population is accumulated. The phosphores-
cence is then observed in the ‘laser off’ period. 

To record the signals a TCSPC device is operated in a triggered sequential mode. Both the 
‘Scan Sync Out’ and the ‘Continuous Flow’ mode can be used. The start of the sequence is 
triggered with the ‘laser on’ signal. The length of the sequence is slightly shorter than the 
complete on-off period of the laser. A large number of on/off periods are accumulated. A re-
sult is shown in Fig. 484.  

  

Fig. 484: Detection of fluorescence and phosphorescence by laser on/off switching and triggered sequential 
recording. The sequence begins with the start of the ‘laser on’ period. Left: Sequence shown from the beginning, 
‘laser on’ period at the front. Right: Sequence shown from the end, ‘laser on’ period at the back 
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The laser on/off period was 90 ms, the duty cycle 50%. The laser repetition rate was 50 MHz. 
Thus, 2.25106 laser pulses were sent into the sample during the 45 ms of the ‘laser on’ period. 
These pulses build up a substantial amount of phosphorescence. The build-up of the phospho-
rescence can be seen at the bottom of the sequence of fluorescence decay functions (Fig. 484, 
left). During the ‘laser off’ phases no fluorescence is excited, and the pure phosphorescence is 
detected (Fig. 484, right). 

Fig. 484 gives an impressive demonstration of the double-kinetic recording capability of 
multi-dimensional TCSPC. It should be noted that the phosphorescence of the sample used for 
Fig. 484 was extremely strong. The sample was used to demonstrate both the build-up and the 
decay of the phosphorescence. In practice the ‘laser on’ period is often entirely dominated by 
the fluorescence, and the phosphorescence is lost in the afterpulsing background of the fluo-
rescence signal. However, the decay of the phosphorescence in the ‘laser off’ period is not 
disturbed by fluorescence and observable even if the phosphorescence is weak. 

Triggered-Accumulation MCS Mode 

A second way of phosphorescence decay recording has been added to the SPCM software 
with version 9.0 of April 2010. For the FIFO mode of the SPC-150 and SPC-830 modules a 
‘Triggered Accumulation MCS’ option is available. It builds up the distribution of the pho-
tons versus their macro times after an excitation pulse, or a burst of excitation pulses. The 
time of the excitation pulse is inserted in the photon data stream via one of the ‘marker’ inputs 
of the SPC-150 or SPC-830 modules. Triggered Accumulation MCS can be used to record 
luminescence decay curves in the microsecond or millisecond range simultaneously with fluo-
rescence decay functions in the ps or ns range. 

The general setup is shown in Fig. 485. The sample is excited by a BDL-SMC laser. The laser 
is periodically turned on and off by a DDG-210 pulse generator card. The result is the excita-
tion scheme shown above in Fig. 483: During the laser-on time fluorescence is excited, and 
phosphorescence  builds up. During the laser-off time the phosphorescence decays. The pho-
tons are recorded by an SPC-150 or SPC-830 TCSPC module. As usual, the start pulses come 
from the detector, the stop pulses from the laser. Because the laser does not deliver SYNC 
pulses in the laser-off periods an auxiliary SYNC signal is generated by a LSG-02 sync gen-
erator module. The on/off signal for the LSG-02 is reversed with respect to that of the laser. 
An ‘MCS Trigger’ is sent into the SPC module as a timing reference to the laser on/off modu-
lation. The SPC module is operated in the FIFO mode. It builds up a photon distribution over 
the start-stop times (this is the fluorescence decay) and a photon distribution over the times in 
the laser modulation period (this is the phosphorescence decay). 
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Fig. 485: Principle of simultaneous fluorescence and phosphorescence decay measurement by triggered accumu-
lation MCS recording in the FIFO mode 
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A typical result is shown in 329. The sample was a solution of Fluorescein and a Ruthenium 
dye. The display window in the left shows the fluorescence of the Fluorescein. The window 
on the right shows the phosphorescence of the ruthenium dye. The time range was selected to 
show the full laser on/off period. The left part of the curve is the laser-on period. The signal 
within this time is fluorescence, and phosphorescence in the process of building up. The right 
part of the curve is the laser-off period. It shows the phosphorescence decay. 

 

Fig. 486: Simultaneous measurement of fluorescence and phosphorescence decay 

The setup can be modified for recording only phosphorescence, or for multi-wavelength de-
tection by a PML-16 detector. Examples are shown in Fig. 487, left and right. 

     

Fig. 487: Microsecond luminescence decay curves recorded in the Triggered Accumulation MCS mode. Left: 
Single PMC-100 detector. Right: PML-SPEC multi-wavelength detector, 8 of 16 channels displayed 

A complete cable diagram for a fluorescence/phosphorescence decay system is shown in Fig. 
338, page 218. For system parameter setup please see ‘Microsecond Lifetime Imaging: MCS 
FLIM’, page 703. 

Please note that triggered accumulation MCS can be combined with scanning. For technical 
principle please see ‘Dual Time-Base Recording’, page 113, for application see chapter 
‘Simultaneous FLIM/PLIM’, page 409 of this handbook. 
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Time-Resolved Laser Scanning Microscopy 

Introduction 
Fluorescence techniques have found broad application in live sciences because they are non-
invasive, non-destructive, extremely sensitive, and deliver information about biochemical 
processes on the molecular scale. The development of fluorescence techniques has especially 
benefited from the introduction of confocal [760, 801, 1227] and multiphoton [324] laser 
scanning microscopes. By suppression of out-of-focus light and lateral scattering, these in-
struments deliver fluorescence images of unprecedented contrast. Moreover, laser scanning 
microscopes have made microscopy multi-dimensional: Data are obtained over three spatial 
dimensions [331, 871], over the wavelength [333], the experiment time, and the polarisation 
of the light [1179]. 

The combination of laser scanning with fluorescence and phosphorescence decay recording 
adds additional dimensions to the recording process. Unlike the fluorescence intensity, the 
fluorescence lifetime does not depend on the concentration of the fluorophore. In the simplest 
case, the fluorescence decay function, or the fluorescence lifetime, can be thus be used as an 
additional parameter to separate or identify the emission of different fluorophores [626, 672, 
1140]. 

More importantly, the parameters of fluorescence decay function are direct indicators of the 
molecular processes in biological systems. TCSPC FLIM data thus contain a lot more infor-
mation than steady-state intensity images, spectral images, or time-lapse recordings. Another 
outstanding feature of TCSPC FLIM is that it records several pieces of complex information 
simultaneously: Intensities, fluorescence spectra, fluorescence lifetimes, fluorescence life-
times of different fluorophore fractions, relative concentrations of fluorophore fractions, and 
phosphorescence lifetimes can be obtained simultaneously in the same imaging process. The 
parameters can therefore be directly related to each other and to possible changes in the me-
tabolism of the cells. 

First bh FLIM applications date back to 1996 when bh introduced the SPC-535 modules and 
used them for FLIM with ophthalmic scanners [996]. These were the worlds first combination 
of multi-dimensional TCSPC with fast optical scanners. 

Implementation of FLIM in laser scanning microscopes started in 1998 with the introduction 
of the SPC-730 module. Within a short time, bh FLIM systems for the Zeiss LSM 410 and 
LSM 510, the Leica SP2, the Biorad MRC-600, MRC-1024, and the Olympus FV 300 were 
released. The FLIM systems were continuously upgraded with more powerful TCSPC mod-
ules, new detectors, and with optical and electrical interfaces for new microscope types [64, 
66, 83, 84, 87, 88, 92, 93, 94, 68, 81, 82, 98, 104, 105, 115, 147, 154]. In 2007 bh introduced 
the DCS-120 system - the first complete confocal laser-scanning FLIM microscope with fast 
beam scanning, dual-channel parallel detection, diode-laser or multiphoton excitation, and 
simultaneous-FLIM/PLIM capability [61, 60, 63]. 

bh FLIM systems were constantly improved by adding new features and functions. bh were 
first to introduce multi-spectral FLIM [87, 131, 142]. FLIM with hybrid detectors was intro-
duced in 2010 [145, 146], and the wavelength range was extended into the near-infrared re-
gion [92, 93, 155]. In 2013 the bh systems made the step into the 64-bit world of Windows. 
As a result, images with megapixel resolution were obtained [95, 104, 1093] and multidimen-
sional data of unprecedented complexity could be recorded [93, 154]. Mosaic FLIM was in-
troduced to record high-resolution data from large image areas and simplify Z-stack FLIM 
[91, 154]. Fast physiological changes in a sample could be recorded by temporal mosaic 
FLIM and FLITS [148, 150, 154, 414]. The metabolic state of cells and tissue could be related 
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to the oxygen concentration by simultaneous FLIM and PLIM [147, 578, 1033]. Ultra-fast 
hybrid detectors were introduced in 2017. The detectors substantially improved metabolic 
imaging by NADH FLIM [114]. They also revealed ultra-fast decay components which had 
never been detected before. These and other multi-dimensional TCSPC FLIM techniques will 
be described in the following sections of this chapter. For overview literature on FLIM by 
multi-dimensional TCSPC please see [149, 151, 152, 153, 154, 156]. 

The Advantage of Scanning 
It is commonly accepted that confocal and multiphoton laser scanning deliver images from a 
defined focal plane in the sample. Light from other planes is suppressed by the pinhole or, in 
the case of multiphoton imaging, not excited at all. This ‘optical sectioning’ capability is ex-
traordinarily important in FLIM applications: The fluorescence decay functions recorded from 
biological objects are usually multi-exponential. The decay components have to be separated 
to obtain quantitative FRET results, distinguish different proteins, different metabolic states, 
or to derive biochemical information from autofluorescence. Separating several decay com-
ponents is generally difficult and requires a large number of photons in the pixels of the image 
[620]. The situation becomes virtually hopeless if the pixels contain not only fluorescence of 
several fluorophore populations but also fluorescence from different sample layers. Suppres-
sion of out-of-focus signals is therefore a precondition for obtaining meaningful lifetime im-
ages. 

However, optical sectioning capability is not the only advantage of scanning. Scanning also 
avoids crosstalk between the pixels by scattering. Scattering is not important for imaging of 
thin and transparent samples, as they are usually considered in conventional microscopy. It is, 
however, the dominating process of image deterioration in thick samples, such as mammalian 
skin, bone, or other tissues. An example is shown in Fig. 488. The left image shows a conven-
tional image of pig skin taken through a microscope. The image shows some surface details of 
the sample but the internal structure is entirely hidden. The same sample imaged by scanning 
yields the image in Fig. 488, middle. It clearly shows the internal tissue structure. Please note 
that the image was not taken through a confocal pinhole, only by scanning with a focused 
laser beam and detecting the photons coming back through the scanner beam path. However, 
the contrast is still impaired by out-of-focus haze, which clearly can be seen in the image. The 
image in Fig. 488, right, was taken through a confocal pinhole. The pinhole also removes the 
out-of-focus light, which results in a clean image of the scanned sample plane.  

       

Fig. 488: Left to right: Wide-field image, non-confocal scan image, confocal image 

Why is the image quality so much better for scanning? The reason scattering. A scanning de-
vice excites only one pixel at a time. Consequently, it records scattered light only from the 
scanned pixel but not from the other pixels of the image. A wide-field imaging system excites 
all pixels simultaneously. In every pixel, it detects scattered light not only from this pixel, but 
also from all other pixels of the illuminated area. Considering the fact that a good microscopy 
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image has at least 500 x 50 = 250.000 pixels it becomes clear why the wide field technique is 
unable to image sample layers inside the tissue. 

It is a lucky coincidence, or perhaps a result of the intuition of the designers, that the most 
accurate and sensitive technique of fluorescence decay measurement, multi-dimensional time-
correlated single photon counting, is almost ideally compatible with laser scanning tech-
niques. Multi-dimensional TCSPC is able to record images with a fully resolved decay curve 
in each pixel of an image. The results are independent of the scan rate of the scanning system: 
The signal-to-noise ratio depends only on the total acquisition time, not on the scan rate. 
TCSPC delivers an excellent time resolution: The IRF - the temporal point-spread function - 
is short and clean, and virtually free of background. Thus, the combination of laser scanning 
techniques and multi-dimensional TCSPC combines near-ideal resolution in space with near-
ideal resolution in time. 

The Laser Scanning Microscope 
The general optical principle of a laser scanning microscope [331, 801, 871] is shown in Fig. 
489. One-photon excitation is shown left, two-photon excitation right. Both approaches have 
in common that the laser beam is deflected by fast-moving galvanometer mirrors. The mirrors 
change the direction of the beam. The scan lens projects the axis of the galvanometer mirrors 
into the principal plane of the microscope lens. Thus, the direction of the laser beam in the 
principal plane of the microscope lens changes, and the laser spot in the focus of the micro-
scope lens moves over the sample. The fluorescence light is collected back through the micro-
scope lens. 
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Fig. 489: One-photon FLIM (left) and multi-photon FLIM (right), light path simplified 

The way the fluorescence light is transferred to the detectors is different for one-photon exci-
tation and two-photon excitation systems. 

One-Photon Excitation 

One-photon excitation uses an ultraviolet or visible light laser for excitation. Fluorescence is 
excited via the conventional S0-S1 absorption process, i.e. the fluorescence appears at the 
long-wavelength side of the excitation line. Typical excitation power for biological samples is 
on the order of a few 10 µW in the sample plane. The laser beam excites fluorescence within 
a double cone throughout the whole depth of the sample, see Fig. 489, left. Detecting all the 
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fluorescence returned from the sample would result in a conventional microscope image, i.e. 
the image of the focal plane would be overlaid by blurry images of sample layers above and 
below the focal plane. 

Confocal Detection 

To confine the detection of fluorescence to the focal plane the light is focused into a confocal 
pinhole in the upper focal plane of the microscope. Only light from the focal plane is focused 
into the pinhole and thus able to pass it. Light from outside the focal plane is substantially 
suppressed [331, 801, 871]. To send the moving fluorescence beam into a stationary pinhole 
the beam must be ‘descanned’. This is achieved by feeding it back through the galvanometer 
mirrors, see Fig. 489, left. The stationary beam of fluorescence light is separated from the 
excitation light by the ‘main dichroic beamsplitter’. 

The optical design of a confocal scanner is anything but trivial. Ideally, the pinhole has a di-
ameter on the order of the diameter of the Airy disc in the upper focal plane. Keeping the sys-
tem aligned for different scan angles, scan amplitudes, microscope lenses, wavelengths, and 
main dichroic beamsplitters requires extraordinary mechanical reproducibility and optical 
perfection. Details can be found in [63] and [1083]. 

To attach a confocal FLIM detector to an existing laser scanning microscope the scan head 
must have a suitable output port. Some scan heads have fibre ports which can be used to di-
rect the light to external detectors. Fibre coupling of the detectors is convenient but has a few 
disadvantages when used for FLIM: There is some intensity loss in the fibre coupler, there is 
temporal pulse dispersion in the fibre, and there are reflections at the fibre faces which can 
distort the recorded decay curves. These problems are avoided by direct coupling of the detec-
tors. Direct ports exist or are available for the Zeiss LSM 710/780/880/980 microscopes, the 
bh DCS-120 system, and for the Leica SP5 and SP8 microscopes. 

 

Two-Photon Excitation 

Two-photon microscopes use a picosecond [490] or femtosecond [325] Ti:Sa laser to excite 
the sample by two-photon absorption, see Fig. 489, right. Simultaneous absorption of two (or 
more) photons has been theoretically predicted by Maria Göppert-Mayer [458]. It has been 
suggested for laser scanning microscopy by Wilson and Sheppard in 1984 [1230] and practi-
cally introduced by W. Denk and J.H. Strickler [324, 325] in 1990. The efficiency of two-
photon excitation increases with the square of the excitation power density. With a femtosec-
ond Titanium-Sapphire laser the excitation process becomes so efficient that no more than a 
few milliwatt of laser power are required to obtain clear fluorescence images with endoge-
nous [331, 621, 622, 623] and exogenous fluorophores [176, 1237]. ‘A few milliwatt’ may 
sound a lot of power compared to the µW power levels used for one-photon excitation. It 
should, however, be noted that only the absorbed power is important for possible damage ef-
fects, not the incident power. The power absorbed by the fluorophores is, however, no higher 
than for one-photon excitation. For sample layers outside the focal plane it is even lower. 

Two photon excitation has a number of advantages over one-photon excitation. First, the ab-
sorption - both one-photon and two-photon - of the sample at the NIR wavelength of the Ti:Sa 
laser is very low. Also the scattering coefficient is lower than at visible or ultraviolet wave-
lengths. Two-photon excitation therefore goes deeper into tissue than one-photon excitation, 
see Fig. 490, left and middle. Two-photon excitation can be used to excite fluorescence in 
tissue layers as deep as 100 µm, in some cases even 1 mm [324, 331, 622, 623, 871, 875, 
1059, 1132]. 
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Second, absorption and possible sample damage occurs only within a thin plane around the 
focal plane of the microscope. Two-photon excitation is safe to live cells and tissues [402, 
621, 622, 623, 624]. It can even be used in clinical applications [630, 632]. 

Third, noticeable two-photon excitation is obtained only in the focus (Fig. 490, middle). Thus, 
two-photon excitation is a second way to obtain depth resolution and suppression of out-of-
focus fluorescence. Different from one-photon excitation with confocal detection, which 
avoids out-of focus detection, two-photon excitation avoids out-of-focus excitation. 
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Fig. 490: Left: One-photon excitation. The effective excitation power decreases rapidly with increasing depth. 
Middle: Two-photon excitation. The NIR laser penetrates deeply into the sample. Right: The fluorescence from 
a deep focus is scattered on the way out of the sample. It leaves the back aperture of the microscope lens in a 
wide cone. 

Non-Descanned Detection 

The fact that the fluorescence signal comes only from the focus leads to a another advantage 
of two-photon excitation: A two-photon microscope is able to detect photons which are scat-
tered on the way out of the sample. Scattered photons leave the back aperture of the micro-
scope lens in a wide cone of light (Fig. 490, right). In a one-photon system with a descanned 
confocal beam path these photons would be lost. They can neither be fed through the narrow 
beam path of the scanner, nor can they be focused into a pinhole. In a two-photon microscope, 
however, there is no out-of focus excitation and, consequently, no need to use a pinhole. Two-
photon microscopes therefore divert the fluorescence from the excitation beam directly be-
hind the microscope lens and project it on a large-area detector, see Fig. 489, right. The prin-
ciple is called non-descanned (or ‘direct’) detection. A two-photon microscope with non-
descanned detection not only excites fluorescence in deep sample layers, it also detects these 
photons efficiently [54, 55, 848]. Please see Fig. 502, page 346 for optical details of the NDD 
beam path. 

Non-descanned output ports for external detectors exist or are available for a number of two-
photon microscopes, such as the Zeiss LSM 510, the Zeiss LSM 710/780/880/980, the Olym-
pus FV1000 (inverted version) and the two-photon version of the bh DCS-120 system [83, 64, 
63]. The Zeiss LSM 780/880/980 NLO and the Leica SP5/SP8 have FLIM-compatible NDD 
detector modules, please see [94] and [82]. 

A practical advantage of NDD in combination with multiphoton excitation is that the scanner 
is far less complicated than for confocal detection. There is no requirement to exactly cancel 
the beam motion for different wavelengths, scan fields, or objective lenses. It is also not nec-
essary to focus the fluorescence in a diffraction-limited pinhole, and keep the alignment stable 
when filters or dichroics are replaced. All that is required for multiphoton NDD is that a laser 
beam of the correct diameter is cleanly transferred into the back aperture of the microscope 
lens and correctly scanned. The simplifications in the scanner optics at least partially compen-
sate for the high price of a femtosecond laser. Two-photon microscopes can therefore be built 
by attaching the laser and an optical scanner to a conventional microscope [329] or by up-
grading a one-photon system with a Ti:Sapphire laser [330, 749]. 
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Two-Photon Excitation With Descanned Detection 

For sake of completeness, it should be mentioned that two-photon excitation is also being 
used with descanned detection. The advantage over non-descanned detection is that the pin-
hole (even if opened wide) rejects daylight and optical reflections. Confocal detection may 
also help suppress spurious fluorescence light if there is a highly fluorescence layer close to 
the image plane. The disadvantage is that fluorescence photons scattered on the way out of the 
sample are not detected. Descanned detection therefore does not exploit the deep-tissue imag-
ing capability of multiphoton excitation. 

 

Excitation Lasers 
TCSPC FLIM requires a pulsed excitation source which delivers picosecond or femtosecond 
pulses at a repetition rate in the 40 to 100 MHz range. The wavelength should be compatible 
with the fluorophores used in the particular FLIM application. This usually implies that sev-
eral pulsed lasers must be present or that a tuneable excitation source must be used. 

Picosecond Diode Lasers 

Picosecond diode lasers are available for the required pulse repetition rates, an for a wide 
range of wavelengths. Laser scanning microscopes normally have fibre ports for the excita-
tion lasers. Only light from single-mode fibres can be focused in a diffraction-limited spot. 
Therefore it is important, that the lasers have single-mode fibre outputs or that their output 
beams can be coupled into single-mode fibres. The bh BDL-SMC, BDL-SMN and BDS-SM 
lasers are available with the Qioptiq (formerly Point Source) fibre coupling system and with 
permanently attached single-mode fibres. They are thus fully compatible with laser scanning 
microscopes. Examples are shown in Fig. 491. 

              

Fig. 491: BDL-SMC laser and BDS-SM lasers with single-mode fibre coupling 

An advantage of ps diode laser is that the pulse repetition rate can be changed and that they 
can be on/off modulated electronically. The can therefore be directly - without an additional 
optical modulator - be used for combined FLIM/PLIM and for wavelength-multiplexed 
FLIM. 

The pulse shape of a ps diode laser changes with on the electrical driving power. Within one 
series of experiments, the electronic power control should therefore not be used to change the 
excitation power at the sample. Also, a ps diode laser should not be operated at excessively 
high power. The pulses then develop tails or afterpulses. These pulse substructures decrease 
the efficiency of lifetime calculation. The effect is similar as for detector background [620]. 
Although operation at high power may increases the count rate nothing is gained in terms of 
lifetime accuracy. 

A frequent concern is that the output power of the diode laser may be insufficient for FLIM. 
This concern is unfounded, at least for lasers with state-of-the-art fibre coupling. It rather hap-
pens that the power is too high. The laser or the scanner should therefore by equipped with 
some kind of variable optical attenuator. 

Another concern against ps diode lasers is the limited availability of wavelengths. Fig. 492, 
left, compares approximate excitation spectra for a number of commonly used fluorescent 
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proteins with the available laser wavelengths. The curves were taken from [299] and [319]. 
Already with two laser wavelengths, 405 nm and 445 nm, a large number of fluorescent pro-
teins can be excited. The most important ones are ECFP (Cerulean is almost similar), mTFP, 
and EGFP, because these are good FRET donors. As can be seen from Fig. 492 the 445 nm 
laser excites ECFP and the new mTFP [319] near their excitation maxima. It also excites 
EGFP at reasonable efficiency. The 405 nm laser yields good efficiency for EBFP and ECFP, 
and even excites the EGFP at about 20% of its maximum efficiency. The EYFP and the 
DsRed are normally used as FRET acceptors, and excitation is rather to be avoided then be 
achieved. 
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Fig. 492: Left: One-photon excitation spectra of commonly used fluorescent proteins, after [299] and [319]. 
Right: Excitation spectra of NADH and FAD, after [1003]. 

Fig. 492, right, shows excitation spectra of NADH and FAD. FAD is excited by all blue laser 
diodes. NADH is excited well by the 375 nm laser. The problem is not the availability of a 
suitable laser wavelength but the low penetration depth at this wavelength. One-photon exci-
tation is therefore restricted to single cells. NADH FLIM of tissue is better performed by two-
photon excitation. 

Super-Continuum Lasers 

Super-Continuum lasers with acousto-optical filters can be tuned over the entire range from 
420 nm to 800 nm. For FLIM/PLIM the lasers can be on/off modulated via the filter. We have 
tested different devices in combination with the DCS-120 scan head and generally obtained 
good results [85, 86], see page 341 in this chapter. However, there can be some pitfalls. The 
pulses are not always as short as expected, especially at shorter wavelength. We have found 
pulse widths of up to 300 ps in the range below 480 nm. This is too broad to determine accu-
rate lifetimes for fast effects, such as the bound component of FAD, or the interacting donor 
component in FRET experiments. Also, we occasionally encountered broadband leakage of 
the acousto-optical filter. This is not a problem in scanners with a single-wavelength dichroic 
beamsplitter. But in systems with wideband beamsplitters (which are most desirable for a 
tuneable excitation source) the leakage can make FLIM impossible. The only solution is then 
to put a cleaning filter in the excitation beam path. This has to be replaced when a different 
wavelength is used which is, at least, inconvenient in a tuneable-excitation system. 

Titanium-Sapphire Lasers 

Titanium-Sapphire lasers are the near-ideal excitation source for multiphoton excitation. They 
are tuneable, the short pulse width yields high efficiency of two-photon excitation. Short 
pulses also yield good FLIM time resolution. With the ultra-fast HPM-100-06 and -07 detec-
tors a TCSPC instrument-response function of less than 20 ps FWHM is obtained. The com-
bination of these features is the reason that more than 50% of the bh FLIM systems are two-
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photon systems. Ti:Sa lasers cannot be modulated or power-controlled electronically. There-
fore an AOM (acousto-optical modulator, see 'Ti:Sa Laser and AOM Control', page 792) must 
be used to control the intensity, and to modulate the laser for FLIM/PLIM. Some multiphoton 
systems use EOMs (Electro-Optical Modulators) to control the laser power. Our experience is 
that EOMs have problems at high attenuation factors (low laser power). The laser is not 
turned cleanly off, and there is a iris effect that reduces the beam diameter at high extinction. 
In the low-intensity range, where FLIM usually works, the microscope lens is no longer fully 
illuminated, and the microscope loses resolution. 

Femtosecond Fibre Lasers 

In multiphoton microscope systems, femtosecond fibre lasers have become a real alternative 
to the Ti:Sa lasers. The main advantage of the fibre lasers is that they are virtually mainte-
nance-free, compact in size, and do not need warm-up time. The lasers deliver pulses of 100 
to 150 fs pulse width, typically at a wavelength of 780 nm. Wavelengths of 880 nm and 
920 nm are possible as well. The repetition rate is in the range of 40 to 50 MHz. This is an-
other advantage over the Ti:Sa laser: The ratio of peak power to average power is higher, and 
the fluorescence has more time to decay in the excitation pulse period. 

For many years the output power of fibre lasers was a limitation. Tests with a 50 mW fibre 
laser delivered two-photon images of the bright demonstration samples but the power was not 
always sufficient to excite typical FLIM samples. The reason is probably not the laser power 
itself but the fact that only a fraction of the laser power arrives in the focal plane of the scan-
ning system. Currently available lasers deliver 200 mW, which is more than sufficient for 
two-photon excitation. 

A disadvantage is that fibre lasers are not tuneable. The lack of tuneability is less a problem 
than commonly believed. A wavelength of 780 nm not only excites NADH efficiently but also 
a large number of other fluorophores. Two-photon absorption spectra are broad, and excita-
tion is obtained also if the laser wavelength does not match the absorption maximum exactly. 
Especially, on the short-wavelength side there is usually enough absorption to obtain reason-
able excitation efficiency. The performance of a FLIM system with a 780-nm Toptica Femto 
Fibre Pro laser has been demonstrated successfully, please see [120, 161, 162] and section 
'Ultra-Fast FLIM of Biological Material', page 352. 

Toptica have recently introduced a dual-wavelength fibre laser, the Femto Fibre Dual. This 
laser delivers wavelengths of 780 nm and 920 nm in a single output beam. The laser contains 
internal AOMs to control the output power of the two wavelengths individually and to multi-
plex them for wavelength-multiplexed FLIM, please see section 'Metabolic FLIM with Two-
Photon Excitation', page 364. 

Detectors 
The detectors have a large influence on the performance of a FLIM system. Of course, a good 
detector should have a high detection quantum efficiency (QE). However, to exploit a high 
detector QE in terms of lifetime accuracy the detector must also deliver low background 
counts, and a clean and sufficiently fast temporal ‘instrument response function’ (IRF). The 
IRF should also be stable, i.e. independent of the count rate and the wavelength. Moreover, a 
high QE is of little use if the active area is too small for the light to be concentrated on it. A 
brief description of the detectors typically used in FLIM is given below. For a detailed discus-
sion of detectors and their operation in FLIM systems please see chapter ‘Detectors’. 

Conventional Photomultipliers 

Most conventional Photomultipliers (PMTs) are too slow for reasonable FLIM operation. 
Therefore, the PMTs typically integrated in laser scanning microscopes cannot be used as 
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FLIM detectors. Nevertheless, there is a number of PMTs that yield good FLIM results: These 
are miniature-size PMTs that achieve low transit time spread due to the short trajectories of 
the electrons through the multiplication system. PMTs of this type are used in the bh 
PMC-100, PMC-150 and PMZ-100 detector modules. The IRF width is on the order of 100 to 
150 ps (fwhm). The diameter of the active area is 8 to 10 mm, enough for non-descanned de-
tection in multiphoton microscopes. 

Multichannel (MCP) PMTs 

Multichannel (MCP) PMTs are among the fastest detectors currently available. The instru-
ment response functions is 30 ps (fwhm) or shorter, the active area is sufficient for NDD 
FLIM in multiphoton microscopes. MCP PMTs are therefore frequently used for FLIM [64, 
134, 140, 191, 367, 1003]. However, speed comes at a price: With about $15,000 per detector 
MCP PMTs are not a low-budget solution. 

Single-Photon Avalanche Photodiodes 

Single-Photon Avalanche Photodiodes (SPADs) are often praised as the ideal detectors. Fast 
SPADs reach QEs around 50%, and IRF widths down to 40 ps. However, there are a few seri-
ous drawbacks. First, the IRF shape depends on the wavelength. At wavelengths longer than 
500 nm a ‘diffusion tail’ develops, see Fig. 281, page 178. The amplitude of the tail depends 
on the wavelength so that it is hard to calibrate. Even if the tail is correctly accounted for in 
the data analysis it reduces the accuracy at which the fluorescence lifetime is obtained. An-
other obstacle is the small active area, with a diameter of 50 to 100 µm: It impossible to use a 
SPAD as an NDD detector in a multiphoton microscope. 

Hybrid Detectors 

bh were the first to introduce hybrid detectors for FLIM. With a GaAsP cathode the detectors 
reach a quantum efficiency of almost 50%. The IRF width is on the order of 120 ps (fwhm) 
for GaAsP versions and <20 ps (fwhm) for versions with conventional cathodes. The IRF is 
extremely clean, without bumps or tails. With an active area of typically 3 mm diameter the 
detectors can well be used in the NDD detection path of multiphoton microscopes. The big-
gest advantage of the hybrid detectors over the other detectors has been discovered only re-
cently: The hybrid PMT is free of afterpulsing. Afterpulsing is the major source of counting 
background in high-repetition-rate TCSPC applications. The absence of any afterpulsing 
background results in a considerably increased lifetime accuracy for a given number of de-
tected photons. The hybrid detector is the best and the fastest FLIM detector currently avail-
able [145, 146, 161, 162], please see section 'Ultra-Fast FLIM of Biological Material', page 
352. Please see also page 161 and FLIM examples in the application part of this chapter. 

Multi-Anode PMTs 

Multi-anode PMTs have a segmented anode. They are thus able to detect several optical sig-
nals simultaneously. The most frequent application in FLIM is multi-wavelength detection: 
The light is split spectrally, the spectrum is projected at the cathode of the PMT, and the pho-
ton pulses of the anodes are recorded into separate FLIM data sets. This is usually achieved 
by routing the photon pulses from the individual anodes into separate photon distributions 
[131, 142], see page 99 and page 108. This principle is used in the bh MW-FLIM multi-
wavelength FLIM detector. The efficiency of the bh multi-wavelength detectors has been 
dramatically increased with the introduction of the MW-FLIM GaAsP detectors. For exam-
ples please see page 352. The pulses from several anodes or anode groups can also be re-
corded in a parallel-channel TCSPC system. This has been demonstrated for 8 channels [144], 
see page 380. 
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Confocal FLIM with Diode Laser Excitation 
FLIM results obtained with diode-laser excitation are shown in the figures below. Fig. 493 
shows a BPAE cell stained with Alexa 488 phalloidin and Mito Tracker Red. The sample was 
scanned by a DCS-120 FLIM system. The excitation wavelength was 473 nm, the fluores-
cence was detected simultaneously in two wavelength channels, from 484 nm to 560 nm (left) 
and  590 nm to 650 nm, right. 

    

Fig. 493: Dual-wavelength detection. BPAE cells stained with Alexa 488 phalloidin and Mito Tracker Red. Left: 
484 nm to 560 nm. Right: 590 nm to 650 nm. 512 x 512 pixels, mean lifetime of double-exponential decay. 

DCS-120 system with HPM-100-40 hybrid detector 

Fig. 494 shows the result of a FRET measurement on a live cell. The donor was CFP, the ac-
ceptor YFP. The sample was excited at 405 nm. It should be noted that this is not the opti-
mum excitation wavelength for CFP. Nevertheless, the quality was good enough to run dou-
ble-exponential FRET analysis on the data. The left image shows the ratio of the lifetimes of 
the non-interacting and interacting donor fractions, 0/fret. The distribution of 0/fret over the 
pixels is shown on the left. An image of a/b and the distribution of Nfret/N0 over the pixels are 
shown is Fig. 494, right. The t1/t2 image represents the variation in the distance , the a1/a2 im-
age the relative amounts of interacting and non-interacting donor. Please see [63] and section 
‘Förster Resonance Energy Transfer (FRET)’ of this handbook for details. 

       

Fig. 494: FRET results obtained by double-exponential lifetime analysis. Left: Ratio of the component lifetimes, 
t2/t1 = 0/fret, Right: Ratio of the interacting and non-interacting donor fractions, a1/a2 = Nfret/N0. Cells courtesy 

of Burkhard Wiesner, Leibniz Institute of Molecular Pharmacology (FMP), Berlin, Germany 
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Confocal FLIM with Tuneable-Excitation 
Scanning microscopy with tuneable excitation has a long history. The first confocal scanning 
microscope developed by Marvin Minsky [800, 801] in 1957 used wideband illumination by a 
conventional lamp and a 50% wideband beamsplitter, see Fig. 495. Scanning was obtained by 
moving the sample by an electrically driven resonance system. Minsky’s microscope was, in 
principle, a tuneable system: By inserting different filters, the microscope could be used at 
any desired wavelength. Unfortunately, Minsky did not use fluorescence for image formation. 
The reason was certainly not the detector - photomultipliers for low-intensity detection were 
routinely used at this time. Presumably, the benefits of using fluorescence had just not been 
discovered yet. 

Lamp
Mirror

Pinhole

Pinhole

Photocell

50% Mirror

Microscope
Lens

Sample

 

Fig. 495: Minsky’s design of the first confocal laser scanning microscope 

In 1962, Freed and Engle [413] described a scanning microscope that used an arc lamp as a 
light source. The wavelength of the illumination light was selected from the lamp spectrum by 
a monochromator. Also this system was described for reflected light only. Fluorescence was 
not mentioned although the instrument must have been able to record fluorescence images by 
simply inserting the right filter in the detection path. 

The first tuneable excitation laser scanning fluorescence microscope was described by Van 
der Oord et al. They used synchrotron radiation for excitation [1171]. The excitation wave-
length was selected from the wideband continuum by a filter in front of the input of the laser 
scanning microscope. Similar instruments were described in [824], and [287]. The latter one 
was even used with FLIM by parallel-gated photon counting [232]. 

With the introduction of light sources based on super-continuum generation in photonic crys-
tal fibres [12, 366] a bright tuneable light source became available for laser scanning micros-
copy [766]. By an acousto-optical tuneable filter (AOTF) any wavelength from less than 
400 nm to more than 1000 nm can be selected from the super-continuum. Supercontinuum 
sources with AOTFs are available from FIANIUM and NKT. 

With these light sources, tuneable excitation in a laser scanning microscope may appear easy. 
Unfortunately it is not. The reason is shown in Fig. 496, left. The laser scanning microscope 
uses a dichroic beamsplitter to reflect the excitation light down to the microscope lens, and 
transmit the emission light to the detectors. This beamsplitter can only be made for a single, 
or a limited number of excitation wavelengths. If the microscope has to be used for a wide 
range of excitation wavelengths the beamsplitter must be replaced for every wavelength. It is 
possible to use several dichroic mirrors on a wheel, but this has other disadvantages: To main-
tain confocal alignment for different beamsplitters the mechanical reproducibility has to be 
excellent. This is not easy to obtain. Moreover, switching dichroics by rotating a wheel takes 
time. This makes fast wavelength multiplexing impossible. 
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Fig. 496: Confocal scanner with dichroic beamsplitter (left) and wideband beamsplitter (right) 

The easiest way to avoid these problems is to go back to Minsky’s original design and use a 
partially reflective mirror, see Fig. 496, right. At first glance, a wideband beamsplitter may 
appear a very poor design: A considerable part of the emission and the excitation light would 
be lost. A somewhat closer look, however, shows that Minsky’s approach is not so poor after 
all: The vast majority of TCSPC FLIM experiments (probably also of other LSM applica-
tions) is performed at less than 10% of the available laser power. Under these conditions, a 
loss in excitation power at the beamsplitter can easily be compensated by increasing the laser 
power at the input of the scanner. 

The loss in detection efficiency may appear more serious: Any loss in detection efficiency 
either results in an increase in photobleaching, or in a decrease in fluorescence lifetime accu-
racy. However, also here a closer look shows that the loss can be tolerated: 

Consider an 80/20 beamsplitter, with 80% transmission for the fluorescence and 20% reflec-
tion for the laser. Losing 20% of the fluorescence photons results only in a 10% decrease in 
lifetime accuracy. Moreover, the loss is less than the difference in collection efficiency of a 
microscope lens with NA = 1.0 compared to one with NA = 1.15. No one ever considers the 
differences in collection efficiency of lenses of slightly different NA. 

bh have therefore designed a wideband (‘WB’) version of their confocal FLIM scanner [63]. 
The design was originally made for swapping diode lasers of different wavelengths [62]. It 
can, however, be used with any light source that has a Point-Source (now Qioptiq) compatible 
fibre coupler. Test results are shown in Fig. 497 and Fig. 498. 

           

Fig. 497: Pig skin sample, autofluorescence. Left: Excitation 450 nm, detection 460 to 500 nm. Right: Excitation 
532 nm, detection 590 to 650 nm. 512 x 512 pixels, 256 time channels. Amplitude-weighted lifetime of triple-

exponential fit. Excitation wavelengths multiplexed via the AOTF, DCS-120 WB scanner with Fianium SC400 
laser 
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Fig. 498: BPAE Cell labelled with Alexa 488 phalloidin and Mito Tracker red. Measured by laser wavelength 
multiplexing via the AOTF. Left to right: Excitation 500nm emission 52550 nm, excitation 500 nm emission 
62030 nm, excitation 580 nm emission 62030 nm, frame-by-frame multiplexing. DCS-120 WB scanner with 
NKT SuperK EXTREME laser. 

 

Despite previously published work the patent situation in the field of supercontinuum-laser 
scanning microscopy is controversial. Becker & Hickl do therefore not sell FLIM system with 
supercontinuum lasers. Publications based on TCSPC FLIM with supercontinuum laser exci-
tation and confocal scanners can be found in [754, 767, 1101, 1157]. Supercontinuum STED-
FLIM applications are described in [33, 225, 694]. 

A slightly different design of a tuneable laser uses wavelength conversion in a nonlinear fibre 
but tunes the conversion to generate only a single wavelength. The wavelength is in the NIR; 
visible-range emission is obtained by frequency doubling. The principle has been developed 
by TOPTICA and is described in [522]. Images obtained by connecting the TOPTICA 
IChrome laser to the DCS-120 WB system are presented in [63]. The disadvantage of the 
TOPTICA laser is that the wavelength is tuned mechanically so that fast wavelength multi-
plexing is not possible. 

The Zeiss LSM 710/780 laser scanning microscopes were available with a tuneable ‘In Tune’ 
laser. The tuning range is 488 to 640 nm. Thus, the system can be perfectly matched to the 
excitation spectra of most the fluorophores used in FLIM [64]. The laser delivers pulses with 
a duration of a few picoseconds at a repetition rate of 40 MHz. These features make the In-
Tune system a perfect match to the bh TCSPC FLIM systems. The Zeiss In Tune system 
comes with a scan head configuration that offers a wide range of main dichroic beamsplitters. 
These beamsplitters have extremely sharp transitions, and extremely low leakage. Contamina-
tion of the fluorescence signals by scattered laser light is almost entirely avoided, even if the 
system is operated without additional fluorescence filters. 

An example of a FLIM recording with the Intune system is shown in Fig. 499. The images 
show BPAE cells (Molecular Probes sample) stained with Alexa 488 and Mito Tracker red. 
The FLIM data were recorded by a Zeiss LSM 710 with a bh Simple-Tau 150 FLIM system 
and a bh HPM-100-40 GaAsP hybrid detector. An image format of 1024 x 1024 pixels and 
256 time channels was used. The optical parameters were: 63x NA=1.4 oil immersion lens, 
pinhole 1 AU, laser power 1%, detection wavelength starting from 10 nm above the excitation 
wavelength. The lifetime displayed is the amplitude-weighted average of a double-
exponential fit to the data. 
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Fig. 499:Confocal FLIM with LSM 710 and tuneable ‘Intune’ laser. BPAE cells stained with Alexa 488 phal-
loidin and Mito tracker red. Excitation at 490 nm, 520 nm, 535 nm, and 556 nm as indicated in the images. 

The high efficiency of the optics together with the high efficiency of the bh GaAsP hybrid 
detector, the tuneability, and plenty of laser power available allows one to use the system with 
diffraction-limited pinhole sizes. It is thus easy to obtain diffraction-limited image quality and 
near-ideal axial resolution. 

Due to the high optical quality and the absence of background signals the In Tune system per-
forms surprisingly well even for thick samples. Fig. 500 shows autofluorescence FLIM im-
ages of a pig skin sample. The left image is 10 µm, the right image 40 µm from the top of the 
sample. Both images show the amplitude-weighted lifetime, tm, and the ratio of the ampli-
tudes, a1/a2, of the lifetime components of a double exponential decay model. 
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Fig. 500: Pig skin sample, autofluorescence. Double-exponential fit, amplitude-weighted mean lifetime and 
amplitude ratio. 10 µm (left) and 40 µm (right) from the surface of the skin. HPM-100-40 hybrid detector, 

SPC-150 FLIM module. 

The fluorescence decay in a selected pixel of Fig. 500, left, is shown in Fig. 501. The data 
quality is so good that even triple-exponential analysis is feasible. 

 

Fig. 501: Fluorescence decay in selected spot of Fig. 500. Triple-exponential analysis. 

 

 

Multiphoton NDD FLIM 
Multi-photon excitation with non-descanned detection (NDD) is the method of choice for 
FLIM of deep tissue layers. The differences to one-photon excitation are shown in Fig. 490, 
page 335. The laser wavelength is in the NIR, and fluorescence is excited via multi-photon 
(usually two-photon) process. Direct absorption at the NIR wavelength is low, therefore the 
excitation light reaches deep tissue layers. Different than one-photon excitation with confocal 
detection which detects only photons from the focal plane, multi-photo-excitation excites only 
in the focal plane. The fluorescence light can therefore be fed directly to a detector, without 
the need of a pinhole and without a long and narrow beam path through the scanner. Thus, 
even photons scattered on the way out of the sample are detected and assigned to the correct 
pixel of the image. 

The optical principal of an NDD beam path is shown in Fig. 502. The fluorescence light is 
split off by a dichroic mirror directly behind the microscope lens. A transfer lens (or an 
equivalent lens system) projects an image of the back aperture of the microscope lens on a 
large-area detector. With a reasonably large transfer lens and a reasonably large detector area, 
the scattered photons arrive at the detector. Please note that detecting scattered photons does 
not cause any blurring because all the photons originate from the focus of the laser beam. 
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Fig. 502: Principle of an NDD beam path 

A frequent mistake found in a many home-built systems is that the transfer lens projects an 
image of the sample (instead of the microscope lens) on the detector. The consequence is that 
the spot of fluorescence light moves over the detector surface when the sample is scanned. 
Inhomogeneities in the detector efficiency or dust on the detector then overlay with the image. 
For the same reasons, filters, lenses, or any other optical surfaces should not be placed in a 
plane conjugate with the sample. 

Fig. 502 shows that reasonable NDD operation sets a lower limit to the active area of the de-
tector: The diameter of the microscope lens is in the range of 5 to 10 mm. The focal length of 
the transfer lens, L3, cannot be made infinitely short - practically no shorter than its diameter. 
This leads to a minimum spot size of a few millimeters. The required active area is achieved 
by most conventional photomultipliers and by the HPM-100 hybrid detectors. It is not 
achieved by SPADs (single-photon avalanche diodes, not to be confused with linear APDs). 
SPADs have active areas of 50 to 200 µm diameter and are thus unable to collect the light 
from an NDD beam path. 

Simultaneous detection in several wavelength intervals can be obtained by placing a dichroic 
beamsplitter in the beam path. The best place for the beamsplitter is between the laser block-
ing filter and the transfer lens. The beamsplitter is then placed in a near-parallel beam of light, 
and transfer lenses of short focal length can be placed close to the detectors. The Zeiss 
LSM 710/780/880/980 family microscopes use the principle shown in Fig. 503. A transfer 
lens inside the microscope projects the plane of the microscope lens into a plane closely in 
front of the beamsplitter module. Inside the module, the beam is collimated by Lens 1, split 
into spectral components by a normal microscope beamsplitter cube, and projected on the 
detectors by Lens 2 and Lens 3. The advantage of this design is that several beamsplitters can 
be cascaded. For application to FLIM please see handbook for the LSM 510 and 710 Family 
FLIM systems [64]. 
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FLIM Detector

FLIM Detector
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Fig. 503: Principle of NDD beamsplitter module of Zeiss LSM 710 family 
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Multiphoton NDD imaging has an impact on the selection of the microscope lens. To obtain a 
sharp laser focus the lens must be corrected for NIR wavelengths. Correction in the visible 
range is less important: The lens does not need to produce a sharp image of the sample at the 
fluorescence wavelength. The spatial resolution is determined by the NA (numerical aperture 
of the lens). The numerical aperture also determines the light collection efficiency. However, 
different than for confocal imaging also the magnification matters: High magnification (short 
focal length) results in a wider cone of scattered photons coming from a given volume in the 
sample. That means, best results are obtained with high-NA lenses of medium and low magni-
fication [54, 55, 848]. 

Unfortunately, the high efficiency of detecting scattered photons has also a downside: It in-
creases the detection efficiency photons of background light similarly. Any NDD system with 
TCSPC has therefore to be operated in absolute darkness. That means the microscope, and, 
especially, the sample stage must be covered by black cloth or another light-protective cover. 

Problems can also arise from photons reflected at the condensor lens or in the (transmission) 
lamp path of the microscope. In a confocal system these photons are unlikely to pass the pin-
hole. In an NDD system, however, they are transferred to the detector. This is no problem for 
steady-state imaging because they are assigned to the correct spatial position in the sample. 
However, reflected photons arrive with a delay of a few nanoseconds and thus cause steps and 
bumps in the FLIM decay functions. The problem can be avoided by blocking the condensor 
light path at the back of the sample. 

An example of a two-photon excited lifetime dual-channel lifetime image is shown in Fig. 
504. It shows a BPAE (bovine pulmonary artery) sample. The sample was excited at 800 nm, 
the images were detected in two parallel TCSPC channels at 460 to 550 nm and 550 to 
650 nm. The image format is 1024 x 1024 pixels, 256 time channels. 

   

Fig. 504: Two-photon dual-channel NDD FLIM. BPAE cells stained with Alexa 488 phalloidin and Mito 
Tracker Red. Left: 460 nm to 550 nm. Right: 550 nm to 650 nm. Image format 1024 x 1024 pixels, 256 time 
channels. Zeiss LSM 710 NLO microscope, HPM-100-40 hybrid detectors, Simple-Tau 152 FLIM system 

Live Cell and Tissue Imaging 
Applications of multiphoton FLIM are mostly in the field of live cell and tissue imaging. It is 
widely accepted that 2-photon excitation is safe to live systems [402, 403, 621, 622, 624, 629, 
1158]. Although there is probably more photobleaching than for one-photon excitation [349, 
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867] possible damage occurs only in the focal plane, not in the entire volume of the excita-
tion-beam cone as in the case of one-photon excitation. 

Another advantage is that fluorophores with excitation spectra in the UV can be reached by 
NIR wavelengths. This avoids the need of UV optics and avoids direct damage of proteins 
and DNA. It also circumvents the need of UV-compatible optics in the microscope and in the 
scanner. For instance, tryptophane can be reached by three-photon excitation [10, 574, 877], 
NADH, FAD, Melanin and a variety of other endogenous fluorophores by two-photon excita-
tion [220]. 

A frequent application of two-photon FLIM is NADH imaging. One-photon excitation of 
NADH would require a wavelength around 370 nm which is inconvenient to use in a micro-
scope. With two-photon excitation, NADH and other endogenous fluorophores can easily be 
reached at wavelengths from 750 to 850 nm [220]. NADH is especially important because its 
fluorescence signature bears information on the metabolic state of the cells. Consequently, 
there is a large number of publications in this field. Examples are the separation of the signals 
of bound and unbound NADH by their lifetimes and the relation of the bound/unbound ratio 
to metabolism [196, 450, 451, 583, 691, 951, 1053, 1054, 1055, 1202, 1208]. The technique 
has been extended to monitoring the maturation of stem cells [1158], monitoring the effect of 
anti-cancer drugs [1203, 1204, 1205] and photodynamic therapy [949, 950]. 

The fact that 2-photon excitation and non-descanned detection systems reach into deep sam-
ple layers has resulted in a large number of tissue FLIM applications. Most of these target on 
tumour identification in human skin and are closely related to clinical applications [343, 344 
630, 632, 866, 935, 958, 960]. How rich in detail NDD FLIM images can be is shown in Fig. 
505. The figure shows a pig skin sample excited by two-photon excitation at 800 nm. Two 
images were recorded simultaneously in two wavelength channels. The FLIM system was a 
Simple-Tau 152 with two HPM-100-40 hybrid detectors. The system was connected to a 
Zeiss LSM 710 NLO multiphoton microscope. 

Fig. 505, left image shows the wavelength channel below 480 nm. This channel contains both 
fluorescence and SHG signals. The SHG fraction of the signal has been extracted from the 
FLIM data. The colour indicates the percentage of SHG in the detected signal. Fig. 505, right 
image shows the wavelength channel above 480 nm. It contains only fluorescence. The colour 
corresponds to the amplitude-weighted mean lifetime. 

         
Fig. 505: Two-photon NDD FLIM of pig skin. Left: Wavelength channel <480 nm, colour shows  percentage of 

SHG. Right: Wavelength channel >480 nm, colour shows amplitude-weighted mean lifetime. 
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The fluorescence image can be further analysed. Fig. 506, left to right, shows images of the 
lifetime of the fast decay component, t1, of the relative amplitude of the fast component, a1, 
and of the lifetime of the slow decay component, t2. 

    

Fig. 506: Wavelength channel >480 nm, images of the lifetime of the fast decay component, t1, the amplitude of 
the fast decay component, a1, and the lifetime of the slow decay component, t2 

Two-photon NDD FLIM can also be useful to obtain clear FLIM images of plant tissue [53, 
177, 205, 210, 1036]. Plant tissue is highly scattering, and has strong absorption in the visible 
range. The contrast and the penetration depth of confocal imaging is therefore often unsatis-
factory. Two-photon lifetime images of a plant leaf are shown in Fig. 507. The wavelength 
channel from 450 to 550 nm shows the fluorescence of flavines in the cell membranes. The 
channel from 550 to 700 nm shows the chloroplasts. 

 

Fig. 507: Two-photon NDD FLIM of plant tissue. Left: 450 to 550 nm channel. Right: 550 to 700 nm channel. 
Zeiss LSM 710 NLO with Simple-Tau 152 FLIM system.  

A frequent application of two-photon FLIM is the measurement of protein interaction in cells 
by FRET techniques. In these applications it is important that the protein structure is not 
changed before or during the imaging. FRET experiments are therefore preferably performed 
in live cells. An example is shown in Fig. 508. It shows a HEK (human embryonic kidney) 
cell expressing two interacting proteins labelled with CFP (donor) and YFP (acceptor). FRET 
occurs in the places where the proteins interact. The images are from the donor channel. The 
tm image is equivalent to an image of the classic FRET efficiency. t1/t2 represents the distance, 
a1/a2 the fraction of interacting proteins. As usual, there is very little change in the distance. 
(Please remember that t1/t2 is proportional to d6 !). Most of the variation in the classic FRET 
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efficiency is due to the variation in the fraction of interacting proteins. Please see also Fig. 
676, page 480. 

         

Fig. 508: Multiphoton FRET measurement, HEK cell expressing interacting proteins labelled with CFP and 
YFP. Images recorded in CFP channel. Left to right: Mean (amplitude weighted) lifetime, ratio of quenched and 

unquenched CFP lifetimes, amplitude ratio. LSM 510 NLO, SPC-830 TCSPC module. 

There are hundreds of FLIM FRET papers, most of them having been performed by 2-photon 
FLIM. Please see chapter ‘Förster Resonance Energy Transfer (FRET)’ in the application part 
of this book. 

Another application where 2-photon excitation is often useful is ion concentration measure-
ment in cells and tissue. Some of the ion sensor dyes [441, 676, 802, 1111, 1225, 1226] (e.g. 
MQAE  and Calcium Green) require short excitation wavelengths which can be hard to reach 
in normal scanning microscopes. Moreover, excitation may by required over relatively long 
periods of time, especially when Z stacks of tissue are taken [423, 454, 582] or electro-
physiology experiments are performed [150, 414], see also Fig. 104 and Fig. 108 in this book. 

 

NADH FLIM with Ultra-Fast Detectors 
The typical IRF for the GaAsP hybrid detectors is about 120 ps, FWHM [145, 146]. This is 
not much faster than the dominating decay time of the unbound NADH, which is about 300 to 
500 ps [196]. It can therefore be expected that faster detectors improve the accuracy of the 
fluorescence-decay analysis of NADH FLIM. A possible solution are the new Hamamatsu 
R10467-06 and -07 hybrid detectors with high-efficiency bi-alkali and multi-alkali cathodes. 
We have shown recently that the HPM-100-06 and -07 detectors (based on the R10467-06 
and -07) deliver an IRF width of less than 20 ps when operated with SPC-150N and SPC-
150NX TCSPC modules. It can therefore be expected data analysis of high-resolution NADH 
data delivers a better accuracy of the decay parameters. 

For recording the data shown below we used a Zeiss LSM 880 NLO multiphoton microscope 
with an HPM-100-06 and an HPM-100-07 attached to the NDD output via the usual Zeiss 
NDD T adapter. The signals were recorded by a Simple-Tau 152 system with two SPC-150N 
TCSPC modules. The system is able to record in two wavelength channels in parallel, the 
images shown here are from a wavelength channel from 440 nm to 480 nm. The excitation 
wavelength was 740 nm. The data were recorded with 512 x 512 pixels and 1024 time chan-
nels per pixel. The time channel width was 10 ps. 

A lifetime image of the amplitude-weighted lifetime of a double-exponential fit is shown in 
Fig. 509, left. Decay data in a selected spot of 9 x 9 pixels on the right. As expected, the time 
resolution of the detection system is excellent. The rise of the fluorescence occurs over less 
than two time channels, indicating that the IRF is indeed shorter than 20 ps. 
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Fig. 509: Left: NADH Lifetime image, amplitude-weighted lifetime of double-exponential fit. Right: Decay 
curve in selected spot, 9 x 9 pixel area. FLIM data format 512 x 512 pixels, 1024 time channels. Time-channel 

width 10ps. 

Images of the amplitude ratio, a1/a2 (unbound/bound ratio), and of the fast (t1, unbound 
NADH) and the slow decay component (t2, bound NADH) are shown in Fig. 510. Such im-
ages are normally noisy, and visibly contain fitting artefacts. Not so in the data recorded with 
the fast detectors and SPC modules. Due to the near-ideal temporal resolution the FLIM data 
analysis delivers the decay components at extremely high precision, and the images are free 
of fitting noise and fitting artefacts. 

     

Fig. 510: Left to right: Images of the amplitude ratio, a1/a2 (unbound/bound ratio), and of the fast (t1, unbound 
NADH) and the slow decay component (t2, bound NADH). FLIM data format 512 x 512 pixels, 1024 time chan-

nels. Time-channel width 10 ps.  

The results show that the ultra-fast HPM-100-06 and HPM-100-07 hybrid detectors in combi-
nation with the SPC-150N TCSPC modules improve the accuracy of NAD(P)H FLIM dra-
matically. The IRF is so fast that it does no longer interfere with the decay times of the fast 
fluorescence components. The deconvolution process in the data analysis therefore virtually 
becomes a simple curve fitting, and the decay parameters are obtained at unprecedented accu-
racy. Even the a1/a2 images and the t1 and t2 images are virtually free of noise or fitting arte-
facts. 
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Ultra-Fast FLIM of Biological Material  
The high time resolution of the bh multiphoton FLIM systems makes fluorescence-decay 
components visible which have never been detected before. Fig. 511 shows FLIM data of 
mushroom spores. From left to right, images of the fast decay component, t1, of the mean life-
time, tm, and of the amplitude of the fast component, a1, are shown. A decay curve at the cur-
sor position is shown on the right. t1 at the cursor position is 11 ps, and a1 is in the range from 
98 to 100%. Please see [161] for more data. 

Fig. 512. shows FLIM of Pollen grains. The FLIM system detects a component with 10 ps 
lifetime [162], see Fig. 512. The data shown here were detected with a DCS-120 MP system 
using a Femto Fibre Pro Toptica femtosecond fibre laser, an HPM-100-06 detector and SPC-
150NX TCSPC modules. Please see [120] for details. In principle, ultra-fast decay compo-
nents should be detectable also with bh FLIM systems on other multiphoton microscopes, 
provided the bh SPC-150NX or SPC-180NX TCSPC modules and HPM-100-06 detectors are 
used. 

    

Fig. 511: 2p FLIM of Mushroom Spores of Agaricus campestris. The fast component has a lifetime of t1 = 11 ps 

    

Fig. 512: 2p FLIM of Pollen Grains. The fast component has a lifetime of t1 = 10 ps 

 
 

Multispectral FLIM 

Confocal Multispectral FLIM 

Multispectral FLIM is based on the bh PML-SPEC or MW-FLIM multi-wavelength detection 
assemblies, see page 172. The assemblies contain a polychromator and a bh PML-16-C multi-
anode PMT module [57]. For each photon, the PML-16C delivers a single-photon pulse and a 
routing signal that indicates which of the channels has detected the photon. These signals are 
processed by multi-dimensional TCSPC, see Fig. 195, page 109. 

The input of the polychromator is a slit of about 1 mm width. The fluorescence light from the 
optical output of the microscope must be projected into this slit. For a confocal output this is 
relatively easy: The fluorescence light is either transferred into the polychromator input by an 
optical fibre or projected into the slit plane by a lens. 
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Multi-wavelength TCSPC-FLIM with fibre coupling has first been demonstrated in [131]. 
The system described used the fibre output from an LSM 510 NLO microscope, a bh PML-
SPEC assembly and an SPC-730 module. The application of the system to FRET measure-
ments was demonstrated in [192]. Rück et. al. used a similar system attached to a Zeiss 
LSM 410 microscope for tracking the metabolites of 5-ALA (5-aminolevulinic acid, an ap-
proved sensitizer for photodynamic therapy) in living cells [948, 949] and FRET experiments 
[950]. 

Fibre coupling usually causes optical reflections on the fibre. Also some coupling loss is in-
evitable. Loss and reflections can be avoided by projecting the light from a direct confocal 
output of the scan head directly into the input slit plane of the polychromator. The basic prin-
ciple is as shown in Fig. 552, middle. Spriet and Waharte used a direct-coupled spectrograph 
with a PML-16 detector and an SPC-710 at the X1 confocal port of a Leica SP2 multiphoton 
microscope [1072, 1073, 1198]. 

Direct coupling to a free beam confocal port can be impossible due to spatial restrictions. The 
multi-wavelength assembly can then be coupled to the port by a fibre bundle, as it is used for 
multiphoton NDD detection, see Fig. 514. Of course, this does not entirely avoid coupling 
loss and reflections but at least works without additional optics and alignment. Fig. 513 shows 
a multi-spectral lifetime image of a stained wood sample recorded this way by the bh 
DCS-120 system [61, 142]. The sample delivered a count rate of several MHz without notice-
able photobleaching. The image shown was therefore obtained within an acquisition time of 
only 20 seconds. 

 

Fig. 513: Multi-wavelength lifetime image of a stained wood sample. Wavelength channels from 400 nm to 
587 nm. bh DCS-120 confocal scanning FLIM system, bh MW-FLIM assembly with fibre bundle, SPC-830 
TCSPC module. Acquisition time 20 seconds. 

 

Multiphoton Multispectral NDD FLIM 

A multi-spectral FLIM system for two-photon microscopes with non-descanned detection was 
first described in [183]. A de-magnified image of the aperture of the microscope objective 
lens was projected on the input of a 1-mm multi-mode fibre. The fibre delivered the fluores-
cence light to the polychromator of a PML-SPEC assembly. The spectrum was recorded by a 
bh PML-16 detector, and the 16 wavelength channels were recorded simultaneously by a bh 
SPC-830 module. The problem of this approach is that a lens of short focal length is required 
for projection into the fibre. The diameter of the lens is thus limited (a microscope lens was 
used in [183]), resulting in sub-optimal light collection efficiency for deep-tissue imaging. 
Moreover, the light is focused into the fibre at high numerical aperture. The high NA results 
in noticeable (and possibly alignment-dependent) pulse dispersion in the multimode fibre 
[716]. The pulse dispersion has been reduced by using a photonic crystal fibre to transfer the 
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light into the polychromator [185]. However, the diameter of the fibre is too small to collect 
scattered photons efficiently. 

The bh MW-FLIM multiphoton multi-spectral NDD FLIM systems therefore use a fibre bun-
dle to transfer the light into the slit plane of the polychromator [57, 142]. The principle is 
shown in Fig. 514. 
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Fig. 514: Multi-spectral two-photon FLIM system with non-descanned detection 

A lens projects an image of the back aperture of the microscope lens on the input of a fibre 
bundle. The fibre bundle has a circular cross section at the input, and a rectangular cross sec-
tion at the output. The input has an area large enough to cover the whole area of the image of 
the microscope-lens aperture. The output of the fibre bundle is used as an input slit of the 
polychromator. More optical details are described in [87]. 

Due to the relatively large area of the fibre bundle input a field lens of large diameter can be 
used. The system thus yields high efficiency even for deep sample layers and highly scatter-
ing samples. Compared to the single-fibre system described in [183] the fibre bundle is used 
at a relatively moderate numerical aperture so that pulse dispersion is kept at a noticeably 
lower level. 

An example of a multiphoton NDD FLIM measurement is shown in Fig. 515. The figure 
shows an autofluorescence image of mouse kidney tissue. The data were recorded by a bh 
SPC-830 with a MW-FLIM assembly attached to the NDD switch box of a Zeiss 
LMM 510 NLO [64]. Two-photon excitation at 750 nm was used. The acquisition time was 
100 seconds. The signal-to-noise ratio of the data obtained in this time is sufficient to analyse 
the decay functions by double-exponential analysis, see Fig. 706, page 512. 

 

Fig. 515: Multi-spectral NDD FLIM of unstained mouse kidney tissue. Zeiss LSM 510 NLO, bh MW FLIM 
assembly, bh SPC 830. Two-photon excitation at 750 nm. 

Fig. 516 shows multi-spectral FLIM data of a plant sample. The data were recorded by a bh 
Simple-Tau 510 with bh multi-wavelength FLIM assembly connected to the non-descanned 
output of a Zeiss LSM 710 NLO [64, 87]. 
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Fig. 516: Multiphoton Multispectral NDD FLIM. LSM 710 NLO, bh MW FLIM detector. FLIM images for 
wavelength channels from 500 nm to 725 nm. Intensities normalised to the brightest pixels in the individual 

wavelength intervals. 

Recent Improvements 

A example of a multi-spectral FLIM result obtained with 64-bit software and the new PML-
16 GaAsP detector is shown in Fig. 517. The data were recorded in 16 wavelength channels at 
a resolution of 512 x 512 pixels and 256 time channels per pixel. The wavelength channel 
width was 12.5 nm, the centre wavelengths of the channels range from 490 nm to 690 nm. 
The file size of the entire multi-wavelength data is 2 GB. 

 

Fig. 517: Multi-wavelength FLIM with a bh MW-FLIM GaAsP 16-channel detector, DCS-120 system. 16 im-
ages with 512 x 512 pixels and 256 time channels were recorded simultaneously. Wavelength from upper left to 
lower right, 490 nm to 690 nm, 12.5 nm per image. 
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Fig. 518 demonstrates the true spatial resolution of the data. Images from two wavelength 
channels, 502 nm and 565 nm, of the data shown Fig. 517 are displayed at larger scale and 
with individually adjusted lifetime ranges. The spatial resolution is comparable with what 
previously could be reached for FLIM at a single wavelength. Nevertheless, the decay data 
are recorded at a temporal resolution of 256 time channels. Decay curves for an arbitrary se-
lected pixel of the images are shown in Fig. 519. 

        

Fig. 518: Two images from the array shown in Fig. 517, displayed in larger scale and with individually adjusted 
lifetime range. Wavelength channels 502 nm (left) and 565 nm (right). The images have 512 x 512 pixels and 
256 time channels.  

      

Fig. 519: Decay curves at selected pixel position in the images shown above. Blue dots: Photon numbers in the 
time channels. Red curve: Fit with a double-exponential model. 

 

Applications of Multi-Spectral FLIM 

Multi-wavelength FLIM was first demonstrated in 2002 by Becker et al. for recording decay 
data in the complete donor-acceptor wavelength range of a FRET experiment [131]. Bird et 
al. demonstrated the technique for lifetime imaging of stained kidney tissue samples [183]. 
Rück et al. used multi-wavelength FLIM for monitoring the conversion of photosensitizers for 
PDT and the generation of photoproducts [949, 950]. FRET measurements by multi-
wavelength FLIM were described in [193], and [194]. 

The majority of multi-wavelength FLIM applications are in autofluorescence imaging, espe-
cially imaging of the coenzymes NADH and FAD [266, 704, 951, 1243]. Chorvatova and 
Chorvat worked out spectral unmixing techniques based on multi-wavelength FLIM data and 
used them determine metabolic parameters in cardio-myocytes [263, 264, 266 267, 268, 269, 
270] and investigate their response to drugs and stress conditions. 
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Li et al. used multi-wavelength FLIM for NADH imaging. They found different 
bound/unbound ratios (represented by the a1/a2 ratio of the amplitudes of the lifetime compo-
nents) in the cytosol and in the mitochondria, and changes induced by variable concentration 
of deoxyglucose [704]. They also found changes in the bound/unbound ratio when cells were 
exposed to sub-lethal concentrations of cadmium [705, 1243]. 

Using two-photon excitation and multi-wavelength FLIM Li et al. were able to detect and 
characterise two-photon excited fluorescence from haemoglobin [1275]. Multi-wavelength 
FLIM was used to discriminate the haemoglobin fluorescence from fluorescence of other en-
dogenous fluorophores. This way, haemoglobin fluorescence was used for label-free imaging 
of microvasculature in live tissue [709, 710]. 

A multiphoton multi-colour excitation system with a Titanium Sapphire laser, super-
continuum-generation in a photonic crystal fibre and a Becker & Hickl PML-16 / SPC-150 
multi-wavelength FLIM system has been developed by Li et al. [706]. The system excites 
tryptophane and NADH simultaneously and separates the fluorescence of both compounds 
spectrally. The authors found that the ratio of NADH and tryptophane fluorescence is a sensi-
tive indicator of cell metabolism. The same instrument was used to record tryptophane and 
NADH lifetime images in combination with SHG images in different depth of epithelial tissue 
[707]. The principle was also used for investigation of squamous intraepithelial neoplasia 
[600]. Simultaneous recording of tryptophane, SHG, NADH intensity images by the system 
has been described in [1103]. Other applications are autofluorescence lifetime imaging of 
leukocytes [1265], multi-modal label-free imaging of zebra fish [708], and skeletal muscle 
tissue [1103]. 

Multi-wavelength FLIM in combination with multiphoton tomography of human skin [630, 
632, 935] was used by Dimitrow  et al. [343]. The authors found changes in the fluorescence 
spectra and shorter fluorescence lifetime in malignant melanoma compared to normal skin. 

 

 

Excitation-Wavelength Multiplexing 
Excitation wavelength multiplexing is used when the signals from two or more fluorophores 
are to be recorded, and these cannot be efficiently excited at only one excitation wavelength. 
It can also happen that the fluorophores can be excited at a single wavelength but the signals 
cannot be spectrally separated on the detection side. A possible solution is to run several 
measurements one after another with different lasers or with the laser tuned to different wave-
lengths. However, laser-induced changes in the sample or physiological effects can make the 
results difficult to compare. It is therefore desirable to multiplex the laser wavelengths, i.e. 
quickly switch back and forth between the laser wavelengths and record the signals quasi si-
multaneously. There are two ways to perform this kind of measurement: The lasers can be 
multiplexed (or interleaved) pulse by pulse or they can be multiplexed within a period longer 
than the pulse period. 

Multiplexing by Pulse-Interleaved Excitation, PIE 

Excitation wavelength multiplexing can be obtained by ‘Pulse-Interleaved Excitation’, or 
‘PIE’. The pulse trains of several (usually than two) lasers are interleaved pulse by pulse, and 
the fluorescence decay functions excited by both lasers are recorded into a single waveform, 
see Fig. 520. The recorded waveform contains the fluorescence decay excited by one laser 
followed by the decay excited by the other. The images from the two excitation channels are 
selected by time-gating in the SPCM display function or by time-gating in the data analysis. 
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Data for different combinations of excitation and emission wavelengths are recorded by using 
several parallel TCSPC channels or a single TCSPC channel with a router. A typical result is 
shown in Fig. 521. 

Laser Laser2 Laser1 Laser2 Laser1

Fluorescence
blue channel

Fluorescence
green channel

pulses blue green blue green

Recorded Time Interval  

Fig. 520: Principle of laser wavelength multiplexing by pulse-interleaved excitation 

 

   

 
Fig. 521: FLIM by PIE. Zeiss LSM 710 Intune laser (‘green laser’)  and 405 nm ps diode laser (‘blue laser’). 
Images recorded by two parallel SPC-150 TCSPC modules. Left: Blue laser, blue detection channel. Middle: 
Blue laser, green detection channel. Right: Green laser, green detection channel. Top: Decay curves in selected 
pixels. Bottom: FLIM images, analysed by SPCImage, time-gated intensity. 

PIE is the oldest technique of laser multiplexing, probably because it can easily be performed 
with classic TCSPC devices. An advantage of PIE is that it is applicable to lasers that cannot 
be on-off modulated at high speed. However, PIE has significant disadvantages. One of them 
is that PIE is not free of crosstalk. The tails of the fluorescence decay excited by one laser 
may extend into the decay excited by the other. Moreover, the effective Sync rate of the 
TCSPC device is reduced in proportion to the number of lasers. This brings the technique 
closer to the range where pile-up becomes noticeable. Moreover, there is intensity crosstalk 
due to counting loss, and mutual influence by detector afterpulsing. For a comparison of PIE 
and laser multiplexing please see ‘Multiplexing of Lasers’, page 287 . 

 

Multiplexing by On-Off Modulation of Lasers 

Multiplexing with on-off modulation of the lasers uses the multiplexing capability of multi-
dimensional TCSPC. The technical principle of multiplexed TCSPC FLIM is described in 
section ‘FLIM with Excitation Wavelength Multiplexing’, page 109. Several lasers or laser 
wavelengths are multiplexed synchronously with the pixels, lines, or frames of the scan. A 
routing signal is sent into the TCSPC module to indicate which laser or laser wavelength was 
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active in the moment when a photon was detected. The TCSPC module uses this information 
to direct the photons into different photon distributions. Multiplexing of two bh BDL-SMC, 
BDL-SMN, or BDS-SM ps diode lasers is integrated in the GVD-120 scan controller and the 
corresponding software panel. It is a standard function of the bh DCS-120 confocal and mul-
tiphoton scanning system [63]. The technical principle is illustrated in  Fig. 526, page 362. 

An example of wavelength-multiplexed FLIM is shown in Fig. 522. Two ps diode lasers, with 
wavelengths of 405 nm and 473 nm, were multiplexed synchronously with the frames of the 
scan. The two TCSPC channels of the DCS system recorded the images in two wavelength 
channels, 435 nm to 510 nm, and 510 nm to 550 nm. The sample was a mouse kidney section, 
stained with DAPI, Alexa 488 WGA, and Alexa 568 phalloidin. The combination of 405 nm 
excitation with detection at 435 nm to 510 nm shows the DAPI and the Alexa 488. Excitation 
at 405 nm and detection 510 nm to 550 nm shows a strong signals from the Alexa 488 and a 
weaker signal of the DAPI. Excitation at 473 nm and detection at 510 nm to 550 nm shows 
the Alexa 488 and the Alexa 568 but no trace of the DAPI. 

 

Fig. 522: Excitation wavelength multiplexing, 405 nm and 473 nm. Detection wavelength 435 nm to 510 nm and 
510 nm to 550 nm. Mouse kidney section, stained with Alexa 488 WGA, Alexa 568 phalloidin, and DAPI. 

Similar results can be obtained by multiplexing wavelengths selected from the emission of a 
super-continuum laser selected by an acousto-optical filter (AOTF). The AOTF wavelength 
can be controlled from the ‘Laser On’ outputs of the GVD scan controller. The AOTF re-
sponds within a time of a few microseconds. This is fast enough to run multiplexing on a line-
by-line or frame-by-frame basis. FLIM images of a BPAE cell stained with Alexa 488, Al-
exa 568,  and Mito Tracker red is shown in Fig. 523. 

 

Fig. 523: BPAE sample, image recorded by wavelength multiplexing. Fianium SC400 laser with AOTF. 

Another example is shown in Fig. 498, page 343. Multiplexing of 8 wavelengths in diffuse 
optical imaging is described in Chapter ‘Diffuse Optical Tomography: DOT, NIRS and 
fNIRS’. 
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Compared with PIE, multiplexing by on/off modulation of the lasers has several advantages. 
There is no overlap of the tails of the decay functions from the different excitation lasers. 
There is no decrease in the effective sync rate with the number of laser channels and, conse-
quently, no increase in pile-up. The principle therefore works up to the maximum count rate 
of the TCSPC module(s). Counting loss affects only the channel in which it occurs. It has no 
effect on the other laser channel(s). Two applications are described in the sections below. 
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Metabolic Imaging by Simultaneous FLIM of NADH and FAD 

Metabolic FLIM with One-Photon Excitation 

Fluorescence Decay Behaviour of NADH and FAD 

Metabolic FLIM is based on the recording of lifetime images of NAD(P)H (nicotinamide ade-
nine (pyridine) dinucleotide) and FAD (flavin adenine dinucleotide), see chapter 
'Autofluorescence FLIM of Cells and Tissue'. NAD(P)H and FAD have to be excited at dif-
ferent wavelengths. Considering  its relevance for cancer research and cancer diagnosis meta-
bolic FLIM is probably the most important application of excitation wavelength multiplexing. 

In biological systems both NADH and FAD exist in a protein-bound and in a free form. 
Bound and free forms have different decay times. For NAD(P)H the lifetime is long (a 
few ns) when it is bound and short (a few 100 ps) when it is free. For FAD the bound compo-
nent has a short lifetime and the free component a long one. The fluorescence behaviour of 
NADH and FAD is illustrated in Fig. 524. 
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Fig. 524: Fluorescence decay behaviour of NAD(P)H and FAD 

The resulting decay functions are double exponential, with the fast components originating 
from unbound NADH and from bound FAD. When the metabolism becomes more oxidative 
the amounts of bound NADH and of bound FAD increase, resulting in an increase in the am-
plitude of the slow decay component of NADH and of the fast decay component of FAD. 
When the metabolism becomes reductive the fast component of NADH and the slow compo-
nent of FAD increase. 

Excitation and Emission Spectra 

To record lifetime images of NAD(P)H and FAD the signals from both compounds have to be 
separated. Approximate excitation and emission spectra of NAD(P)H and FAD are shown in 
Fig. 525. The spectra were taken from [676] and [1003]. The figure shows that NAD(P)H 
needs an excitation wavelength shorter than 380 nm. FAD can be excited all the way up from 
350 nm to about 475 nm. That means, in principle, that NAD(P)H and FAD could be excited 
at the same wavelength, in the range from 350 to 380 nm. However, a look at the emission 
spectra shows that the emission signals cannot be separated in this case. 

Fig. 525 shows that a clean NAD(P)H signal can be detected from about 425 to 475 nm. 
Above 475 nm the NAD(P)H signal is overlaid by emission from FAD. FAD emission occurs 
from about 480 nm to more than 600 nm. However, there is a strong overlap from the 
NAD(P)H emission. A clean FAD signal can therefore only be detected if an excitation wave-
length above 400 nm is used, where the excitation of NAD(P)H is weak. In other words, the 
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signals from NAD(P)H and FAD can only be separated if different excitation wavelengths 
and different detection wavelengths are used. 
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Fig. 525: Excitation and emission spectra of NADH and FAD 

TCSPC FLIM Process with Laser Multiplexing 

It is desirable that the data for NAD(P)H and FAD be recorded quasi-simultaneously. This 
way, possible focus drift, image shift, and, importantly, changes in the metabolic state of the 
cells induced by the imaging process itself have the same influence on both recordings. 
Quasi-simultaneous measurement at two excitation wavelengths is achieved by dual-channel 
FLIM in combination with laser multiplexing. The system architecture is shown in Fig. 526. 

The FLIM system has two parallel TCSPC channels. One channel detects in the spectral range 
of NADH, the other in the range of FAD. Two ps diode lasers are multiplexed. The first one 
has a wavelength of 370 nm and excites NADH and (unavoidably) FAD. The second laser has 
a wavelengths of 410 nm and excites preferentially FAD. The excitation wavelengths were 
selected according to the available laser-diode wavelengths, and to the condition that the exci-
tation wavelength for FAD should not be within the detection interval for NADH. 
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Fig. 526: Principle of simultaneous NADH / FAD FLIM 
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The recording process generates lifetime images for four combinations of excitation and de-
tection wavelengths: 

 Excitation Emission Signal detected 
Image 1 375 nm 420 to 470 nm NAD(P)H 
Image 2 375 nm 490 to 600 nm FAD + NAD(P)H, not used 
Image 3 410 nm 420 to 470 nm not used 
Image 4 410 nm 490 to 600 nm FAD 

The data of interest are the ones in Image 1 (NAD(P)H) and in Image 4 (FAD). Please see 
[121] for more technical details. 
 
Results 

Metabolic-FLIM data were recorded with a DCS-120 confocal FLIM system in a ‘Metabolic 
FLIM’ configuration. Compared to the DCS-120 standard configuration the only difference is 
in the laser wavelengths: BDL-SMN lasers of 370 nm and 410 nm wavelength are used. Mul-
tiplexing of the lasers is controlled by the multiplexing functions of the GVD-120 scan con-
troller of the DCS-120 system. For user interface, parameter setup, and other technical details 
please see Handbook of the DCS-120 system [63]. Images for NADH and FAD are shown in 
Fig. 527, left and right. The decay curves show the expected shape. The FAD displays a 
shorter average lifetime, m, than the NADH, and has a shorter and more pronounced fast de-
cay component. Detailed results are described in [121, 158, 1105] and in chapter 
'Autofluorescence FLIM of Cells and Tissue'. 

        

        

Fig. 527: NADH FLIM image (left) and FAD FLIM image recorded simultaneously by excitation wavelength 
multiplexing and dual-channel recording. Bottom: Decay curves in arbitrary selected spot. Data analysis by 

SPCImage NG. 
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Metabolic FLIM with Two-Photon Excitation 

For metabolic imaging in deep tissue it is desirable to excite NADH and FAD by two-photon 
excitation. Two-photon excitation penetrates deep into tissue, and simultaneously avoids the 
complication of one-photon FLIM that the best FAD excitation wavelength is within the de-
tection wavelength interval of NADH. However, there is a problem when wavelength multi-
plexing is to be used. A system with two femtosecond lasers would be too expensive, and 
tuning a femtosecond laser periodically between NADH and FAD excitation is not fast 
enough. 

It has been attempted to solve the problem by dual-wavelength tuneable lasers, such as the 
Insight DS of Spectra Physics. The laser emits both at a fixed wavelength of 1041 nm and at a 
tuneable wavelength in the range from 680 nm to 1300 nm. NADH is excited normally at 
λ1=760 nm. FAD is excited by injecting both λ1=760 nm and λ2=1041 nm into the sample. 
The combined energy of the 760-nm and the 1041-nm photons is equivalent to two-photon 
excitation at a single wavelength of λν=878 nm [1090]. 878 nm is an efficient wavelength for 
FAD excitation. Multiplexing can be performed by periodically turning off and on the 1041-
nm beam via an AOM or EOM. 

Unfortunately, the principle has a flaw. When FAD is excited by the ‘virtual’ wavelength of 
λν=878 nm also the NADH excitation wavelength, λ1=760 nm, is active. That means also 
NADH is excited. The essential problem of FAD imaging (the overlap of the tail of the 
NADH emission band into the FAD band , see Fig. 525) is thus not solved, and a clean FAD 
signal is not obtained. 

Recently, Toptica GmbH (Munich, Germany) have developed the 'FemtoFibre Dichro', a pro-
totype of a dual-wavelength femtosecond fibre laser. The laser emits at 780 nm and at 
880 nm. It contains individual AOMs for the two wavelengths. The AOMs are controlled by 
digital on/off (beam blanking) signals and by analog intensity signals. The laser can be di-
rectly controlled by the outputs of the bh GVD-120 scan controller. It is thus a perfect match 
to the bh DCS-120 MP multiphoton FLIM system [63]. The combination of both makes an 
almost ideal two-photon metabolic FLIM system. A photo of the system is shown in Fig. 528, 
left. The control of the laser is fully integrated in the SPCM FLIM data acquisition software 
via the scan control panel, see Fig. 528, left. The two laser wavelengths, 780 nm and 880 nm, 
can be turned on or off independently by the blue buttons in the upper right of the panel. The 
intensities are controlled via the Power sliders. The wavelengths are multiplexed by the mul-
tiplexing function of the GVD-120 scan controller. In the panel shown in Fig. 528 both wave-
lengths are active, and multiplexed frame by frame. 

     

Fig. 528: DCS-120MP Metabolic FLIM System with Toptica FemtoFibre Dichro. Cover of beam path removed. 
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The images generated by the setup are: 

 Excitation Detection Signal detected 
Image 1 780 nm 420 to 470 nm NAD(P)H 
Image 2 780 nm 490 to 600 nm NAD(P)H + FAD, not used 
Image 3 880 nm 420 to 470 nm Collagen, SHG of 880 nm laser 
Image 4 880 nm 490 to 600 nm FAD 

Image 1 and image 4 are the desired NADH and FAD images. Image 3 contains the SHG sig-
nal from collagen, excited by 880 nm. The image provides supplementary information about 
connective-tissue structure, vascularisation, or skin ageing. 

Typical Results 

Typical results are shown in Fig. 529 through Fig. 532. Fig. 529 shows NADH and the FAD 
images of yeast cells recorded by the 2p metabolic FLIM system. 

       

        

Fig. 529: 2-Photon metabolic FLIM of yeast cells, Images and decay curves at cursor position. Left: NADH. 
Right: FAD. Data analysis by SPCImage NG. 

Fluorescence decay curves in a selected spot of 5 x 5 pixels are shown below the images. The 
amplitude-weighted lifetimes, tm, for the NAD(P)H and the FAD are 1619 ps and 1031 ps, 
respectively. As expected, the decay components for NAD(P)H have lifetimes of 512 ps and 
3119 ps. With 58%, the amplitude of the fast component is in the normal range (the cells were 
imaged under atmospheric pO2). The components for FAD are 270 ps and 2378 ps, with am-
plitudes of 64% and 36 %, respectively. 

Fig. 530 to Fig. 532 show 2-photon metabolic-FLIM images obtained from pig skin. Fig. 532 
is the image from the NADH channel. The decay curve shown lower right is from a 5 x 5 
pixel area around the cursor position. The decay function contains 67% of 432 ps and 33% of 
2820 ps, compatible with the known lifetimes of unbound and bound fractions of NADH. Fig. 
531 shows the image in the FAD channel. The decay components at the cursor position are 
62% of 431 ps and 38% of 2490 ps. These values are generally compatible with FAD. It 
should, however, be noted that other fluorophores, such as FMN (flavin mononucleotide), 
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melanin, or porhyrines may contribute to the decay function. Fig. 532 is the image in the SHG 
channel. The signal mainly comes from collagen, and thus marks the connective-tissue struc-
tures. SHG is an ultra-fast process, therefore the 'lifetime' of the SHG signal should be zero. 
However, a small contribution from fluorescence is present, visible as a low-amplitude tail in 
the decay curve. The effective tm averaged over the image is therefore not exactly zero, see 
lifetime histogram in the upper right. 

 

Fig. 530: 2p metabolic FLIM of Pig skin, tm image in the NADH channel 

 

Fig. 531: 2p metabolic FLIM of Pig skin, tm image in the FAD channel 

 

Fig. 532: 2p metabolic FLIM of Pig skin, image in the SHG channel 
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Near-Infrared FLIM 
Near-infrared dyes are used as contrast agents and as fluorophores in diffuse optical imaging 
applications [211, 597, 677, 719]. Diffuse optical imaging (or diffuse optical tomography, 
DOT) reconstructs internal structures and scattering and absorption parameters of tissue from 
diffusely transmitted photons. DOT uses the fact that the scattering and absorption coeffi-
cients decrease with increasing wavelength. By using wavelengths between 650 and 900 nm 
information about the tissue condition can therefore be obtained up to a depths of about 5 cm. 
For these applications it is important to have information about binding of the dyes to pro-
teins, DNA, collagen, and other cell constituents available. It is also important to know 
whether the dyes change their fluorescence lifetimes on binding, and whether these lifetime 
changes depend on the binding targets [166]. Possible lifetime changes may interfere with the 
reconstruction of the tissue structure and tissue parameters from time-resolved data, but may 
also be exploitable to gain additional biological information [27, 428]. Moreover, the penetra-
tion depth in the NIR - even for a confocal system - can be expected to be noticeably higher 
than for visible excitation and detection. 

 

Confocal NIR FLIM 

At first glance, FLIM at NIR wavelengths should neither be a problem on the detection nor on 
the excitation side: FLIM detection in the 700 to 900 nm range can be achieved by bh 
HPM-100-50 hybrid detectors or by PMC-100-20 PMT modules. Picosecond diode lasers for 
the red and near-infrared range are available with 640 nm, 685 nm, and 785 nm, the Intune of 
the Zeiss LSM 710 can be tuned up to 645 nm, and super-continuum lasers with acousto-
optical filters deliver any wavelength from the visible range to more than 1000 nm. Mul-
tiphoton microscopes have a Ti:Sapphire laser that works from about 700 nm to 1000 nm. The 
wavelengths available from these light sources are compatible with the (one-photon) excita-
tion spectra of a variety of NIR dyes. 

Unfortunately, there are a few pitfalls in the microscope optics: The internal beamsplitter of 
the scan head must reflect the excitation light towards the microscope lens, and transmit the 
fluorescence back from the lens to the detectors (Fig. 533, second right). Neither a normal 
confocal nor a multiphoton microscope has the right dichroic beamsplitter: The transition 
wavelengths of the beamsplitters of the confocals are too short (Fig. 533, left), and the trans-
mission range of the multiphoton beamsplitter is at the wrong side of the excitation wave-
length  (Fig. 533, second left). 
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Fig. 533: Main dichroic beamsplitter of normal confocal, of a multiphoton microscope, and dichroic beamsplitter 
required for NIR FLIM 
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The problem of the internal beamsplitter is avoided by using two-photon excitation and non-
descanned detection. In that case, the fluorescence is split off by a beamsplitter cube in the 
filter carousel directly behind the microscope lens. The cube in this place can easily be re-
placed and configured for the desired transition wavelength. Two-photon excitation of NIR 
dyes and FLIM detection by an SPC-730 FLIM module and a PMC-100-20 NIR detector has 
indeed been demonstrated [1254]. It requires, however, a laser or an OPO hat delivers wave-
lengths between 1000 and 1600 nm, see ‘NIR Multiphoton NDD FLIM with OPO Excitation’, 
page 371. 

The problems can easily be solved in confocal systems that have a wideband beamsplitter 
available, see Fig. 533, right. A wideband beamsplitter loses some light but works at any 
combination of laser and fluorescence wavelength, see also ‘Confocal FLIM with Tuneable-
Excitation’, page 341. Wideband beamsplitters are available in the bh DCS-120 system and in 
the Zeiss LSM 710 family microscopes. 

In the DCS-120 WB system NIR excitation is obtained by connecting a BDL-SMC 640nm, 
685nm, or 785nm ps diode laser to the scanner. Any other laser of suitable wavelength and 
with Point-Source compatible fibre output a can be used as well [62, 63]. A system with an 
Olympus FV1000, a bh BDL-SMC 785 nm laser, a bh PMC-100-20 detector and a bh SPC-
730 TCSPC FLIM module has been described in [838]. 

The Zeiss LSM 710 family microscopes have an 80/20 beam splitter in their main beam split-
ter wheel. There is also a near perfect solution to the excitation source: The LSM 710/780 
NLO multiphoton microscopes have a Ti:Sapphire laser that delivers tuneable pulsed excita-
tion in the NIR. The laser is used as a one-photon excitation source. The microscope must 
have a confocal output from the scan head to which an HPM-100-50 detector is attached [64]. 

 

Indocyanine Green (ICG) 

Indocyanine Green (ICG) has an absorption maximum around 780 nm. At concentrations 
higher than about 50 µm/l aggregates form which have an absorption maximum at 690 nm. 
The fluorescence is emitted around 820 nm [328]. 

Fig. 534 shows images of pig skin stained with ICG. The data were recorded by a 
DCS-120 WB system with a wideband beamsplitter. The small stokes shift between the ab-
sorption of the monomers and the emission makes it difficult to suppress scattered laser light 
and wideband spectral background of the laser. Fortunately, ICG has sufficient absorption 
down to 630 nm. We therefore used a 640 nm BDL-SMC ps diode laser for the experiments. 
This provides convenient spacing between the excitation and emission wavelengths, and 
avoids any filter leakage problems. 

The image shown in Fig. 534, left is from a focal plane about 20 µm below the top of the skin. 
The image on the right was taken from the back of the skin sample. Both images show the 
intensity-weighted lifetime of a double-exponential fit (ti in SPCImage, see page 870 of this 
handbook). 
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Fig. 534: Pig skin sample stained with ICG. Left: Image from the top of the skin, about 20 µm from the highest 
structures. Right: Image taken from the back of the skin sample. Fit with double-exponential model, intensity-

weighted lifetime. DCS-120 WB system, HPM-100-50 detector. 

There are surprisingly large changes in the fluorescence lifetime throughout the sample. It is 
known that ICG has a lifetime of about 200 ps in water, and about 600 ps when bound to se-
rum albumin. Typical fluorescence decay functions and the corresponding decay parameters 
are shown in Fig. 535. 

    

Fig. 535: Decay functions from selected 15 x 15 pixel areas of Fig. 534. Left: Short-lifetime areas (yellow or-
ange). Right: Long-lifetime areas (green) 

In the short-lifetime areas (yellow-orange in the images) the lifetimes of the decay compo-
nents are 231 ps and 576 ps. This is marginally compatible with a mixture of bound and un-
bound ICG. In the long-lifetime areas (green in the images) the fit delivers two decay compo-
nents, with lifetimes of 470 ps and 833 ps. This is clearly incompatible with a simple mixture 
of bound and unbound ICG. 

The results show that the assumption of an essentially invariable fluorescence lifetime (and 
thus quantum efficiency) of ICG in biological systems is not correct. The variability may have 
an impact on the reconstruction of tissue parameters in diffuse optical imaging experiments. 

Diethylthiatricarbocyanine (DTTCC) 

A pig skin sample stained with DTTCC (3,3’-diethylthiatricarbocyanine) is shown in Fig. 
536. The image was recorded by a Zeiss LSM 710 NLO system. The Ti:sapphire laser was 
used as a one-photon excitation source. The laser wavelength was 780 nm. The 80/20 beams-
plitter of the LSM 710 scan head was used, and the fluorescence selected by a 800 nm long-
pass filter in front of the HPM-100-50 detector. The general behaviour of the DTTCC is simi-
lar to that of  ICG: The lifetime is short where the tissue was exposed to high dye concentra-
tion, and longer inside the tissue. This may be due to aggregation of the dye. Even though the 
lifetime may not reflect any biologically relevant parameters the long excitation and detection 
wavelength results in high contrast images as they are not normally obtained by confocal de-
tection in thick tissue. 
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Fig. 536: Pig skin samples stained with DTTCC. Zeiss LSM 710 NLO, Ti:Sa laser used for one-photon excita-
tion. Excitation wavelength 780 nm, detection wavelength 800 nm to 900 nm. HPM-100-50 hybrid detector, 
Simple-Tau 152 FLIM system. Lateral size of the images 212 x 212 µm, depth about 30 µm from surface. Note 
the high contrast of the images. 

Methylene Blue 

Methylene Blue has an absorption band from 550 to 690 nm, with a maximum at 660 nm. 
Fluorescence is emitted from 650 nm to 750 nm, with a maximum at 680 nm. Methylene Blue 
is a biomedically interesting compound. It has anti-viral and anti-bacterial effects, and it has 
been used as a drug against malaria [979]. It has been used to induce apoptosis in cancer cells 
[1231], and to treat psoriatic skin lesions by photodynamic therapy [956]. The use to treat 
Alzheimer disease is under clinical trial [771]. Fig. 537, left, shows a pig skin sample stained 
with Methylene Blue. As can be seen from the lifetime image and from the decay curves (Fig. 
537, right) Methylene blue delivers distinctly different decay times depending on the tissue 
structures it binds to. Both the lifetimes of the decay components and the amplitudes change. 
The exact mechanism of the lifetime changes is not known. Methylene blue shows changes in 
its absorption spectrum on pH variation. It can be expected that these are accompanied by 
lifetime changes. More important, it is known that Methylene Blue is a redox indicator. It is 
thus possible that the changes originate from variation in the redox potential of the proteins. If 
this speculation is correct Methylene Blue could be a highly potent marker for the tissue state. 

       

Fig. 537: Pig skin stained with Methylene Blue. Left: Lifetime image, double-exponential model, amplitude-
weighted lifetime. Right: Decay curves in 3 x 3 pixel areas. Top: From red spots (fast decay). Bottom: From 

green areas (slow decay). DCS-120 WB system, 640 nm ps diode laser. 
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The absorption wavelength of Methylene Blue can be reached by the Zeiss LSM 710 Intune 
(tuneable excitation) system. Results obtained by this system are shown in Fig. 538. The Me-
thylene blue was excited at 645 nm, the fluorescence was detected from 660 to about 750 nm. 
The results confirm the lifetime variations seen in the DCS-120 images. 

The results show that even dyes known for decades may hold surprises when used for fluores-
cence lifetime imaging. New NIR fluorophores are constantly under development [166, 167, 
464]. These should be tested for environment-dependent lifetime changes and for use as pos-
sible probes for molecular environment parameters. 

         

Fig. 538: Pig skin stained with Methylene Blue. LSM 710 Intune system, excitation 645 nm, detection from 
660 nm up. Simple-Tau 152 FLIM system, HPM-100-50 hybrid detector. Image sizes 212 x 212µm (left) and 

90 x 90µm (right) 

 

 

NIR Multiphoton NDD FLIM with OPO Excitation 

The excitation wavelength range of multiphoton FLIM can be extended to wavelength longer 
than 1000 nm by using an optical parametric oscillator (OPO) as an excitation source. A suit-
able system based on the LSM 710/780/880 NLO microscope family is available from Zeiss 
[242].  

To explore the options of OPO FLIM we used this system in combination with the bh Simple- 
Tau 150 TCSPC FLIM system. To obtain sensitivity in a wavelength range up to 900 nm the 
HPM-100-40 GaAsP hybrid detector of the FLIM system was replaced with an HPM-100-50 
GaAs hybrid detector. The detector was attached to the NDD port of the microscope via a 
Zeiss T adapter [64]. To be able to detect fluorescence up to 900 nm we replaced the standard 
two-photon beamsplitter in the beam path at the back of the objective lens with a 980 nm di-
chroic mirror. The beamsplitter is not critical, an 80/20 wideband beamsplitter can be used as 
well. The standard 700 nm short pass (laser blocking) filter in the T adapter was replaced with 
a 980 nm short pass filter. The microscope objective lens was an x20/1.0 DIC VIS-IR Plan-
Apochromate for water immersion. 
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FLIM Images with Methylen Blue 

Methylene Blue has an absorption band from 550 to 690 nm, with a maximum at 660 nm. 
Fluorescence is emitted from 650 nm to 750 nm, with a maximum at 680 nm. It can thus be 
expected that two-photon excitation works well in the range from 1000 nm to 1200 nm. 

A FLIM image obtained from a pig skin sample stained with Methylene Blue is shown in Fig. 
539, left. The sample was excited at 1200 nm, the fluorescence was detected from 680 nm to 
780 nm. Excitation was surprisingly efficient. No more than 4 percent of the available OPO 
power were needed to obtain a count rate on the order of 1 MHz. Decay curves from charac-
teristic spots are shown in Fig. 539, right. The data obtained with 2-photon excitation are 
similar as the one-photon data shown above in Fig. 537. The decay profiles are multi-
exponential but can be reasonably fitted by a double-exponential decay model. The ampli-
tude-weighted lifetime in different parts of the tissue varies by almost a factor of two. 

 

Fig. 539: Pig skin stained with methylene Blue. Left: Lifetime image, double-exponential decay model, ampli-
tude-weighted lifetime. Two-photon excitation at 1200 nm, 512 x 512 pixels, 256 time channels. Right: Decay 

curves in characteristic spots of the image. 

 

Indocyanine Green (ICG) 

FLIM Images of a similar sample stained with ICG are shown in Fig. 540. The data were ana-
lysed by a double-exponential decay model. The lifetime shown is the amplitude-weighted 
average of the decay components. The fluorescence was excited at 1200 nm, fluorescence was 
detected from 780 nm to 850 nm. As for the Methylene Blue, about 3% of the available exci-
tation power was sufficient to obtain a count rate on the order of 1 MHz. 

The range of the lifetime and its variability is in agreement with FLIM data obtained by one-
photon excitation. Again, the results show that the common assumption of an essentially in-
variable fluorescence lifetime (and thus quantum efficiency) of ICG in biological systems is 
not correct. 
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Fig. 540: Pig skin stained with Indocyanin Green. Two-photon excitation at 1200 nm, detection from 780 to 
850 nm. Amplitude-weighted lifetime of double-exponential decay. Depth from top of tissue 10 µm (left) and 

40 µm (right). 512 x 512 pixels, 256 time channels. 

3,3’-Diethylthiatricarbocyanine (DTTCC) 

A FLIM image of a pig skin sample stained with DTTCC is shown in Fig. 541. The excitation 
wavelength was 1200 nm, the fluorescence was detected from 780 nm to 850 nm. The excita-
tion power was 2% of the available OPO power. The fluorescence lifetime is generally longer 
than for ICG. The general lifetime behaviour is the same as found for one-photon excitation. 
The lifetime is short where the tissue was exposed to high dye concentration. However, there 
is also variability inside the tissue. 

 

Fig. 541: Pig skin stained with DTTCC. Left: Lifetime image, amplitude-weighted lifetime of double-
exponential decay model, 512 x 512 pixels, 256 time channels. Right: Decay curves in selected spots of the 

image. 

FLIM Z Stacks 

 To explore the dependence of the fluorescence decay parameters on the staining conditions 
we recorded FLIM Z stacks for the samples shown above. The Z stacks were recorded by the 
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Mosaic Imaging function of the SPCM 64-bit software. Each Z stack contains 16 images from 
the surface of the tissue down to about 60 µm. The FLIM format for each individual Z plane 
is 152 x 512 pixels with 256 time channel per pixel. The results are shown in Fig. 542 through 
Fig. 544. 

 

Fig. 542: Pig skin stained with Methylene Blue. Z-stack recorded by Mosaic FLIM, 16 planes from 0 to 60 µm 
from top of sample, each plane 512 x 512 pixels, 256 time channels. Amplitude-weighted lifetime of double-

exponential decay. Plane 8 shown magnified on the right. 

 

Fig. 543: Pig skin stained with Indocyanin Green. Z-stack recorded by Mosaic FLIM, 16 planes from 0 to 60 µm 
from top of sample, each plane 512 x 512 pixels, 256 time channels. Amplitude-weighted lifetime of double-

exponential decay. Plane 8 shown magnified on the right. 
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Fig. 544: Pig skin stained with DTTCC.  FLIM Z stack, recorded by Mosaic FLIM, 16 planes, 0 to 60 um from 
top of tissue. Each element has 512 x 512 pixels and 256 time channels per pixel. Amplitude-weighted lifetime 

of double-exponential decay. Plane 8 shown magnified on the right. 

The Z stacks show that, in the samples investigated, the lifetime changes with the depth in the 
tissue. We used an incubation time of only 15 minutes. It is therefore likely that the change in 
with the depth in the sample is caused by concentration changes or different binding effi-
ciency due to incomplete incubation. 

Infrared FLIM 
Near-infrared FLIM by the optical principles described above can, in principle, be extended 
into the wavelength range beyond 1000 nm. Ti:Sa lasers work up to about 1000 nm, OPOs 
work at much longer wavelengths, and laser diodes exist for various wavelengths up to 
1550 nm. To test whether fluorescence lifetime imaging at excitation and emission wave-
lengths above 1000 nm is possible we used the setup is shown in Fig. 545. It consists of a 
Simple-Tau TCSPC system, a BDS-SM 1064 nm picosecond diode laser, a bh DCS-120 con-
focal scan head [63] attached to a Nikon TE 2000 microscope, and an id-220 InGaAs SPAD 
detector, see page 181 in the detector chapter of this book. The input face of an optical fibre 
(25 µm diameter) was placed in the focal plane of the first lens of the internal telescope of the 
DCS-120 scan head. 
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Fig. 545: Principle of FLIM setup 
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Technically, there was no problem to obtain a FLIM image at a detection wavelength of about 
1200 nm. A result is shown in Fig. 546. The image shows cellulose fibres stained with 
IR 1061 from Sigma Aldrich. The image format is 512 x 512 pixels, 256 time channels per 
pixel. An x20, NA=0.6 microscope lens was used. The detector count rate was kept below 
50 KHz to avoid saturation of the detector. The excitation power for this count rate was about 
30 µW in the sample plane. 

 

Fig. 546: Cellulose fibres, stained with IR1061 (Aldrich). Excitation 1064 nm, detection 1100 nm to 1400 nm. 
512 x 512 pixels, 256 time channels per pixel. Colour represents fluorescence lifetime, lifetime range from 0 to 

80 ps. 

A typical decay curve from a selected pixel together with the IRF (obtained from a reflection 
at the cover slip) are shown in Fig. 547. The fluorescence lifetimes are extremely short. The 
distribution of the amplitude-weighted lifetime over the pixels peaks at about 50 ps. Neverthe-
less, clear lifetime differences were resolved throughout the image. This shows that both the 
existing optical systems and the id 220 detector are applicable to IR FLIM. 

 

Fig. 547: Decay data (blue spots) and IRF (green) in a selected pixel 

The problem of infrared FLIM are the fluorophores. There are only a few organic compounds 
that are known to absorb and fluoresce above 1000 nm. The fluorescence lifetimes are very 
short, and the fluorescence quantum efficiencies are low. Moreover, most of the dyes are not 
soluble in water. This makes them difficult to use in the typical FLIM applications. 

Lifetime Imaging of Singlet-Oxygen Phosphorescence 
Imaging of singlet-oxygen phosphorescence is a hot topic in photodynamic therapy. In princi-
ple, the intensity and the decay time of the signal show how much singlet oxygen is generated  
and how much it interacts with the molecular environment. In other words, singlet oxygen 
phosphorescence is an indicator of the efficiency of the primary step of photodynamic ther-
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apy. The problems of singlet-oxygen detection are that the intensity is very low and that the 
emission occurs around 1300 nm. Good detectors for this wavelength are rare. IR PMTs with 
suitable cathodes have low efficiency and high dark count rate. InGAs SPADs have higher 
efficiency but the dark count rates are high, and afterpulsing interferes with the phosphores-
cence decay. Better performance can be expected from superconducting single (SSPD) NbN 
detectors. These detectors have high efficiency in the IR, extremely low dark count rate, and 
virtually no afterpulsing. The problem is the small size of the detectors, which makes it diffi-
cult to project the light on the active area. The situation is further complicated by the fact that 
the detector has to work at liquid-helium temperature. The only practicable solution is to cou-
ple the light into the detector by a single-mode optical fibre. This poses the problem of how to 
project the light from the excited spot within the sample into this fibre. 

Our solution is shown in Fig. 548. The basis of the system is a modified DCS-120 scan head. 
In normal operation, the scan head has two laser input ports with adjustable single-mode fibre 
manipulators. One of these ports is used to inject the excitation laser. The laser beam is fed 
through the usual dichroic beam splitter, deflected by two galvanometer mirrors, and pro-
jected down the beam path of a microscope via the scan lens. The light from the sample trav-
els back through the same beam path. Normally, it is separated from the excitation beam by 
the main dichroic beamsplitter and projected into the normal FLIM detectors. For singlet-
oxygen detection we replaced the main beamsplitter with a mirror. The light from the sample 
thus travels back toward the laser ports. The beam combiner, BC, is modified to let radiation 
above 1000 nm pass to the second laser port. An additional filter, F, blocks residual excitation 
light. Light emitted by singlet oxygen in the sample arrives at the laser port. It is coupled into 
a single mode fibre via a normal Qioptics single mode fibre coupler. Via this fibre, it is fed 
into a SCONTEL SSPD detector [108, 1032]. The setup thus works as a confocal system, 
with the detection fibre acting as a confocal pinhole. 

The recording principle is the same as described in section 'Simultaneous '. The excitation 
laser was on-off modulated synchronously with the pixel dwell times, and the distribution of 
the photons over the pixel position and the arrival time within the modulation period was built 
up. 

Galvamometer
Scan
lens

Main dichroic

mirrors

beamsplitter

BDL-SMC 405 nm or 640 nm
Picosecond diode laser

Single-Mode
Fibre

TRG Out

SYNC

CFD

TCSPC System

DCS-120 Scan Head, modified for optical output

Microscope

Collimator

Scanner control

Adjustable

SSPD

Collimator
Adjustable

Single-Mode
Fibre

To normal
detectors

via laser input port

SPC-150

Amplifier

BC

F

GVD-120 scan controller

 

Fig. 548: Experiment setup for singlet-oxygen lifetime imaging 

The system was tested with solutions of Ce6 and methylene blue, and with Ce6 in Hela cells 
[814]. In all cases, a weak signal of about 100 photon per second at 1300 nm was detected. 
The low intensity was not a problem, however, because the SSPD detector has a dark count 
rate of only a few counts per second. The acquisition time therefore could easily be extended 
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to 10 minutes and more to collect enough photons. A result for a solution of methylene-blue is 
shown in Fig. 549. For a detailed discussion of the results please see [814]. 

 

Fig. 549: Phosphorescence lifetime image of a methylene-blue solution. Colour coded image (left), waveform of 
the detected signal (middle) and distribution of the lifetime over the pixels of the image. 

 

High-Speed Parallel-Channel FLIM 
Most of the FLIM applications, such as FRET measurements [191], investigation of mem-
brane proteins [317], or autofluorescence imaging [630, 1053] have in common that the 
fluorophore concentration is low. Moreover, the excitation power has to be kept low to avoid 
lifetime changes by photobleaching [535]. The count rates available from the samples are 
therefore on the order of 104 s-1 to 105 s-1 only. This is one to two orders of magnitude lower 
than the counting capability of a single TCSPC FLIM device. Consequently, the acquisition 
time required to achieve a given lifetime accuracy is exclusively determined by the count rate 
obtained from the sample, not by the counting capability of the TCSPC module. Technical 
efforts to increase the counting capability of the TCSPC FLIM electronics do not result in 
shorter acquisition times in these applications. 

Count rates higher than the maximum count rate of a single TCSPC module can be obtained 
from demonstration samples commonly used by microscope manufacturers to demonstrate 
their microscopes. Although these samples produce beautiful FLIM images the results are not 
very meaningful. The high dye concentration normally leads to aggregation of the dyes, and 
the fixing procedures change the molecular environment of the fluorophores. Both effects 
change the lifetimes unpredictably. The results therefore do not tell much about molecular 
interactions between different fluorophores or a fluorophore and its environment. At best, the 
results reveal the distribution of the different fluorophores in the sample. 

There are, however, a few classes of FLIM experiments that can deliver high count rates. One 
of these is imaging of chlorophyll in plant tissue. Chlorophyll is highly photostable and emits 
strong fluorescence around 700 nm. The fluorescence lifetime of chlorophyll in live plants 
changes with the time of exposure [465]. Recording these changes requires fast FLIM [592]. 
Another potential application is, surprisingly, autofluorescence. Autofluorescence signals are 
usually weak, but exceptions do exist. Fig. 550 shows autofluorescence FLIM images of live 
yeast cells. The bright cells (probably apoptotic ones) are about 50 times brighter than the dim 
ones (visible in Fig. 550, right). Recording lifetimes for both types of cells in the same image 
requires the count rate of the bright cells to be kept below about 4 MHz. The count rate in the 
dim cells is then less than 100 kHz, resulting in long acquisition time. 
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Fig. 550: FLIM images of yeast cells. Left: Intensity scale 0 to 3000 counts per pixel. Right: Intensity scale 0 to 
300 counts per pixel. The bright cells are about 50 times brighter than the dim ones. Becker & Hickl DCS-120 
confocal scanning FLIM system, excitation at 407 nm. 

The count rate of TCSPC FLIM is limited by counting loss due to the dead time of the 
TCSPC electronics and the detector, and by pile-up effects, see ‘Pile-Up’, page 283. Counting 
loss could, in principle, be reduced by decreasing the dead time of the electronics. Pile-up-
effects could be reduced by recording more than one photon per signal period. Unfortunately, 
both approaches have detrimental effects on the recorded decay data. Reducing the dead time 
increases the background caused by the afterpulsing of the detector. Recording several pho-
tons per laser period leads to an overlap of subsequent single-photon pulses and thus causes 
count-rate-dependent distortions of the decay curves. 

A better way to increase the counting capability of TCSPC FLIM is therefore to use several 
parallel TCSPC channels. Currently used bh FLIM systems for the DCS-120 confocal system 
[63] or the Zeiss LSM 710 NLO [64] system have two parallel TCSPC channels. Both sys-
tems can reasonably be used up to a total (detected) count rate of about 10106 s-1, or a total 
detector count rates of 10106 s-1.Under these conditions FLIM images can be obtained in less 
than one second, see ‘Time-Series FLIM’, page 386. 

A recorded count rates of 20.106 s-1, or a detector count rate of 40106 s-1, can be reached with 
four-channel TCSPC systems [135]. FLIM data recorded with an SPC-144 are shown in Fig. 
551. The sample was a mouse-kidney section (Molecular Probes, F-24630) stained with Alexa 
Fluor 488 WGA, Alexa Fluor 568 phalloidin, and DAPI. Two photon excitation at 860 nm 
was used. The count rate was 14106 s-1, the acquisition time 10 s. A double-exponential fit 
was used to analyse the data. Fig. 551 shows the mean (amplitude-weighted) lifetime and the 
intensity coefficient for the fast component. 

                      

Fig. 551: FLIM recorded by a four-channel TCSPC system. Left: Colour represents the amplitude-weighted 
mean lifetime, blue to red = 0.7 to 1.7 ns. Right: Fraction of the fast lifetime component of double-exponential 
decay. The colour represents the amplitude of the fast lifetime component, blue to red = 0.1 to 0.9. bh SPC-144 
with four PMH-100 detectors, Zeiss LSM 510 NLO, NA of objective lens 1.3. From [135] 

It should be mentioned that the count rate of 14106 s-1 was the maximum that could be ob-
tained from the sample. The high excitation power required to reach this count rate already 
caused noticeable photobleaching and, consequently, changes in the observed lifetimes. De-
tails are described in [135, 140]. 
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The basic system components of an 8-channel parallel FLIM system [144] are shown in Fig. 
552. A bh DCS-120 confocal scanner with a Nikon TE 2000 microscope was used. An LOT 
MS 125 polychromator was attached to one confocal output of the DCS-120 scanner. The 
input slit of the polychromator was removed, and the light focused into the slit plane by a 
lens, see Fig. 552, middle. 
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Fig. 552: Eight-channel parallel FLIM system. Left: DCS-120 scanner. Middle: Principle of spectral dispersion. 
Right: 8-TCSPC electronics. 

The spectrum at the polychromator output was detected by a Hamamatsu R5900-L16-01 mul-
tichannel PMT. Only eight of the 16 channels of the R5900 were used; the remaining ones 
were terminated via 50  into ground. The electronics of the 8-channel FLIM system is 
shown in Fig. 552, right. The system uses eight SPC-150 TCSPC modules. The modules were 
inserted in two bus extension boxes holding four SPC-150 modules each, see Fig. 552, right. 

Fig. 553 shows wavelength-resolved autofluorescence lifetime images of a part of a droso-
phila eye, recorded in the setup shown above. The excitation wavelength was 407 nm, the 
detection wavelength was from 480 nm to 620 nm. The images show the mean lifetime (left) 
and the relative amplitude of the fast component of the double-exponential decay. The resolu-
tion of the FLIM data is 256 x 256 pixels x 256 time channels. 

    

Fig. 553: Eight-channel parallel FLIM of a drosophila eye. Autofluorescence. Excitation at 407 nm, detection 
wavelength from 480 nm to 620 nm. Left: Mean Lifetime of double-exponential decay. Right: Relative ampli-

tude of fast decay component. bh DCS-120 confocal scanning system. 

Fig. 554 shows a time-series of wavelength-resolved FLIM data recorded at a moss leaf. The   
excitation wavelength was 407 nm. The images were scanned and recorded at a resolution of 
256 x 256 pixels x 256 time channels. The scan rate was 4 frames per second. The detection 
wavelength range was from 580 nm to 720 nm. A time-series of FLIM data sets was recorded 
at an acquisition time of 5 seconds per step.  The data were recorded in the ‘FIFO imaging’ 
mode of the SPC-150 modules. Data analysis was performed by SPCImage, see page 795. A 
double-exponential model was used, the lifetime was colour-coded from 200 ps (blue) to 
600 ps (red). The lifetime shown is an amplitude-weighted average of the two lifetime com-
ponents of the double-exponential fit. The intensity scale of all images was normalised to the 
intensity of the brightest pixel. 
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Fig. 554: FLIM images obtained from a moss leaf. Each image is 256 x 256 pixels, 256 time channels. Left to 
right: Wavelength, from 580 nm to 720 nm. Top to bottom: First four steps of a time series, acquisition time 5 
seconds per step. Mean (amplitude weighted) lifetime of double-exponential decay. 
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Mosaic FLIM 
To record images larger than the maximum field diameter of the microscope lens laser scan-
ning microscopes use a ‘tile imaging’ function. The microscope scans an image at one posi-
tion of the sample, then offsets the sample by the size of the scan area, and scans a new im-
age. The process is repeated, and the images of the individual frames are stitched together. 
This way, a sample area larger than the field of view of the microscope lens is imaged. 

The large memory size available in the 64-bit environment allows tile imaging to be com-
bined with FLIM. In the memory of FLIM system, a two-dimensional mosaic of FLIM data 
blocks is defined. The number and arrangement of the data blocks is the same as for the tiles 
in the imaging procedure of the microscope. Moreover, for each element of the FLIM mosaic 
a number of frames is defined which is identical with the number of frames per tile defined in 
the microscope. When the microscope starts the scan the FLIM system starts to record an im-
age in the first mosaic element. It continues to do so until the defined number of frames has 
been completed, and then switches to the next mosaic element. This way, the FLIM system 
switches through all mosaic elements, filling all of them with data of the corresponding tiles. 
The procedure ends when the microscope has completed the last frame of the last tile. 

An example of Mosaic FLIM is shown in Fig. 555. The image was recorded by a Zeiss 
LSM 710 Intune (tuneable excitation) system in combination with a bh Simple-Tau 150 FLIM 
system. The mosaic has 4 x 4 elements, each element has 512 x 512 pixels with 256 time 
channels. The complete mosaic has thus 2048 x 2048 pixels, each pixel holding 256 time 
channels. The sample area covered by the mosaic is 2.5 mm x 2.5 mm. 

 

Fig. 555: Mosaic FLIM of a Convallaria sample. The mosaic has 4x4 elements, each element has 512 x 512 
pixels, each pixel has 256 time channels. Zeiss LSM 710 Intune system with bh Simple-Tau 150 FLIM system. 



Z Stack FLIM    383 

 

Z Stack FLIM 
The recording of Z stacks of images, or ‘Z scanning’ has 
been early introduced into confocal and multiphoton laser 
scanning microscopes [871]. The microscope scans one im-
age plane, saves the image data, changes the depth of the 
focus, and scans another plane. The process is continued 
until the desired number of planes have been scanned, see 
Fig. 556. Ideally, a sufficiently large number of closely 
spaced z planes would be scanned to allow the three-
dimensional structure of the sample to be reconstructed. 

Z stack recording faces two major problems. First, the 
maximum depth in the sample from which a reasonable im-
age can be obtained is limited by absorption, scattering, re-
fractive-index mismatch and refractive index inhomogene-
ity. Second, scanning a large number of planes exposes the 
sample to a high excitation dose. Photobleaching is therefore 
a severe limitation. Both problems are mitigated by using 
two-photon excitation. Absorption at NIR wavelengths is 
usually low, and scattered excitation light can be collected 
by non-descanned detection. Different than for one-photon 
excitation, photobleaching is restricted to the focal plane. 
Although two-photon excitation causes increased photo-
bleaching in the focal plane [349] the total amount of 
bleaching for a large number of Z planes is usually lower than for one-photon excitation 
[362]. 

Despite of these improvements, photobleaching has been a severe obstacle to the introduction 
of Z stack FLIM in the past 10 years. Although FLIM data are obtained from a given number 
of photons at the same accuracy as intensity data FLIM usually requires a larger number of 
photons per pixel [140]. Moreover, a moderate amount of photobleaching can usually be tol-
erated for the reconstruction of spatial structures. In FLIM, however, photobleaching can 
cause unpredictable lifetime changes, see Fig. 645, page 447. A breakthrough came with the 
HPM-100-40 hybrid detectors by bh in 2009. With this detector, FLIM data are obtained at a 
10 times lower sample emission rate than for the PMTs used before. Photobleaching is there-
fore no longer a severe problem. 

Another obstacle to Z stack FLIM has been the synchronisation with the Z stepping of the 
microscope. The FLIM acquisition within one plane is synchronised via pixel, line, and frame 
clock pulses delivered by the microscope. However, until recently, laser scanning micro-
scopes did not deliver a Z synchronisation pulse. Z scanning could therefore only be achieved 
by actively controlling the microscope from the FLIM system. This approach has been em-
ployed in the bh DCS-120 confocal scanning FLIM system [63] but cannot be used in other 
scanning microscopes because the Z control port is not accessible. 

Z Stack FLIM by Record-and-Save Procedure 

For the Zeiss LSM 710 the synchronisation problem has been solved by delivering a Z-plane 
trigger output to the FLIM system. The principle of the synchronisation is shown in Fig. 557. 

Z stack acquisition is achieved by using the experiment trigger and autosave functions of the 
bh FLIM system in combination with the Z stepping and frame accumulation function of the 

 

Fig. 556: Z stack of algae, recorded 
by bh FLIM system, intensity im-
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Zeiss LSM 710. The LSM 710 real-time computer sends a plane trigger to the bh SPC-150 
modules when it starts to scan a plane. Each plane is scanned repetitively, typically 4 to 16 
times. The number of frames per plane, the frame time, the z step width, and the number of Z 
planes to be scanned is defined in the ZEN software of the LSM 710. For each plane, the 
FLIM system acquires FLIM data for a defined ‘collection time’. The FLIM acquisition for 
the individual planes is synchronised the usual way via the frame clock, line clock, and pixel 
clock pulses. When the collection time is over the FLIM system stops the acquisition, saves 
the data into a file, and waits for the next plane trigger. The acquisition continues for a num-
ber of Z planes defined by the ‘cycles’ parameter in the SPCM software of the FLIM system. 
For details of system parameter setup please see [64]. 
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Fig. 557: Synchronisation of the FLIM system with the Z stepping 

Typical results are shown in Fig. 558 and Fig. 559. Images of an (unstained) pig skin sample 
were recorded by a dual-channel FLIM system in an LSM 710 NLO multiphoton microscope. 
HPM-100-40 hybrid detectors were used at the 0° and the 90° output of the NDD T-Adapter 
of the LSM 710. A beamsplitter was used to simultaneously record images below and above 
480 nm. The  excitation wavelength was 800 nm, the laser power 2.4 %. A water apochromate 
40 x, NA=1.1 was used; the scan area was 212 x 212 µm. The FLIM images of each plane 
were acquired at a resolution of 256 x 256 pixels and 256 time channels. The Z step interval 
chosen in the ZEN software was 5.09 µm. The total scan time per plane was 25 seconds. The 
collection time of the FLIM system was 20 seconds, i.e. 5 seconds were spared for saving the 
data and waiting for the next plane trigger. Fig. 558 shows the FLIM images in the wave-
length interval from 480 nm to 600 nm. The intensity of the images was normalised to the 
intensity of the brightest pixel. 

 

Fig. 558: FLIM Z stack recorded at a pig skin sample, Images from 5 µm to about 60µm below the surface. 
Intensity-weighted lifetime of a double-exponential fit. FLIM data format 256 x256 pixels, 256 time channels. 
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Fig. 559 shows data recorded in the wavelength interval below 480 nm. The data recorded in 
this interval contain both fluorescence and SHG. The SHG signal can be extracted from these 
data by selecting the signal component of infinitely short lifetime. Fig. 559 shows SHG im-
ages extracted from the FLIM data this way. The intensities were normalised to the intensity 
in the brightest pixel. 

 

Fig. 559: Z stack recorded at a pig skin sample, excitation at 800 nm, emission below 480 nm, SHG signal, ex-
tracted by selecting photons in an early time window. Z step width is 5.09 µm, scan area 212 x 212 µm. Images 

from 5 µm to 60 µm depth. 

 

 

 

Z Stack FLIM by Mosaic Recording 

A new way to record FLIM Z stacks is to use the Mosaic FLIM procedure implemented in the 
SPCM software in 2014. The principle of Mosaic FLIM is described in Section ‘Mosaic 
FLIM’, page 110. The number of mosaic elements is made identical with the number of Z 
planes the microscope scans. The number of frames per mosaic element is selected according 
to the number of frames per Z plane. Compared with a Z-stack FLIM procedure by a record-
and-save procedure  mosaic FLIM has the advantage that the synchronisation between the 
microscope and the FLIM system is easier, and no time has to be reserved for the saving ac-
tions. Moreover, the data of all z planes are recorded in one and the same photon distribution. 
The data analysis can therefore be run for the data of all Z planes together. This makes it eas-
ier to maintain exactly the same fit conditions and model parameters for all z planes, and to 
extract global parameters form the entire array. An example of a Z-stack recording by Mosaic 
FLIM is shown in Fig. 560. The sample is the same as shown in Fig. 543. To counteract the 
decrease in intensity with increasing depth the excitation power was increased with the depth 
by an automatic power-control function of the LSM 7 MP. 
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Fig. 560: Z stack recorded by Mosaic FLIM, SPCM 64-bit software. Pig skin stained with Indocyanin Green. 
Same sample as in Fig. 543 but excitation power increased with depth in the sample,  Zeiss LSM 7 MP OPO 
system, 16 planes from 0 to 60 µm from top of sample, each plane 512 x 512 pixels, 256 time channels. Ampli-
tude-weighted lifetime of double-exponential decay. Depth increases from upper left to lower right. 

 

Time-Series FLIM 

Record-and-Save Procedure 

Time-series FLIM is used to study the response of cells or organisms to irradiation, to a 
change in the chemical environment, to a temperature change, or to an electrical signal ap-
plied to it. An important application is observation of changes in the cell metabolism after 
induction of apoptosis or necrosis. In plant physiology chlorophyll transients can be observed 
and used as an indicator of the plant metabolism. 

With the bh FLIM systems time-series can be recorded by using the ‘Cycle’ and ‘Autosave’ 
functions of the SPCM software. Provided scanning is sufficiently fast time series down to 1 
or 2 seconds per image can be obtained this way. The individual steps of the measurement 
sequence can be triggered to obtain a ‘microscope controlled time series’ as described in [64]. 

Fig. 561 shows a time series of autofluorescence lifetime images of an amoeba. A DCS-120 
system was used to acquire the data, the scan format was 128 x 128 pixels at a frame rate of 4 
frames per second. The FLIM acquisition time was 0.5 second per image, i.e. two frames 
were accumulated into one FLIM data set. The FLIM image rate was 1 image per second, the 
FLIM data format 128 x 128 pixels x 64 time channels. 
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Fig. 561: Lifetime images of an amoeba, recorded at a rate of 1 image per second. Excitation 405 nm, autofluo-
rescence. DCS-120 confocal scanning FLIM system. 

Fig. 562 shows chloroplasts in moss leaf. A time series was started with the start of the illu-
mination, and recorded at a speed of one image every two seconds. Due to the Kautsky effect 
[465, 466, 589, 763] the fluorescence lifetime of the chloroplasts decreases with the time of 
exposure. The decrease of the fluorescence lifetime  can easily be seen in Fig. 562. 

 

Fig. 562: Time series of the non-photochemical chlorophyll transient in the chloroplasts of a moss leaf. Re-
corded by a DCS-120 system, 2 seconds per image. 

Relatively little has been published about applications of time-series FLIM, possibly because 
the possibility of obtaining fast image sequences is not commonly known. However, proce-
dures like the ones above have been used by Bosch et al. [207] to record a sequence of FRET 
images during re-organisation of postsynaptic substructures in neurons, and by Iwai et. al. 555 
during state transitions in the photosystem II in plant cells. 

Faster sequences than with the procedure shown above can be obtained by using the ‘Con-
tinuous Flow’ imaging capability of  the SPC-150 modules. In the Continuous Flow Imaging 
mode the memory of the SPC-150 is split into two halves or ‘banks’. While the recording runs 
in one bank of the memory the data of the other bank are read. After each cycle the memory 
banks are swapped and the process continues. Thus, images are obtained without any time 
gaps caused by the save operations between the recordings [592]. The disadvantage is that the 
image size is restricted to pixel number of less than 128 x 128. 

Temporal Mosaic FLIM 

Mosaic FLIM, introduced with the 64-bit version of the bh SPCM software, provides a new,  
extremely efficient way to record fast FLIM time series. The principle of Mosaic FLIM is 
described in Section Mosaic FLIM, page 110. The sample is scanned repetitively, and the 
photons of subsequent frames (or several frames averaged) are recorded in consecutive ele-
ments of the FLIM mosaic. The result is a time series, the time step of which is the frame time 
or a multiple of it. 

An example is shown in Fig. 563. The sample was a fresh moss leaf, the microscope a bh 
DCS-120 confocal FLIM system. The time runs from lower left to upper right. The excitation 
light causes a non-photochemical transient in the chlorophyll fluorescence [465, 466, 589], 
resulting in a decrease in the fluorescence lifetime with the time of exposure. 
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Fig. 563: Time series recorded by mosaic imaging. Non-photochemical transients in chloroplasts of a moss leaf. 
64 mosaic elements for consecutive times after turn-on of excitation light. Acquisition time per element 1 sec-
ond, total time of sequence 64 seconds, image size of each element 128 x 128 pixels, 256 time channels. Time 
runs from lower left to upper right. bh DCS-120 confocal FLIM system with SPC-150 TCSPC modules, SPCI-
mage data analysis software. 

Mosaic time-series recording has several advantages over the conventional record-and-save 
procedure. First, the transition from one mosaic element to the next occurs instantaneously. 
No time has to be reserved for saving the data of the individual steps of the series. Moreover, 
the result is not a sequence of files but single, large photon distribution. The data can thus be 
analysed by a singe data analysis run. This makes it easier to use fit procedures with global 
parameters. 

The most important advantage is, however, that mosaic time series data can be accumulated: 
A sample would be repeatedly stimulated by an external event, and the start of the mosaic 
recording be triggered by the stimulation. With every new stimulation the recording proce-
dure runs through all elements of the mosaic, and accumulates the photons. Accumulation 
allows data to be recorded without the need of trading photon number and lifetime accuracy 
against the speed of the time series. Consequently, the time per step (or mosaic element) is 
only limited by the minimum frame time of the scanner. For pixel numbers on the order of 
128x128 pixels and small scan areas galvanometer scanners reach frame times on the order of 
50 milliseconds. Resonance scanner are even faster. This brings the time-series resolution into 
the range where even lifetime changes induced by Ca2+ transients in neurons can be recorded. 

Fig. 564 shows a mosaic FLIM recording of the Ca2+ transient in cultured neurons after stimu-
lation with an electrical signal. Oregon Green was used as a Calcium sensor. A Zeiss LSM 
7 MP multiphoton microscope was used to scan the sample. The scan format was 64 x 64 pix-
els. With 64 x 64 pixels and a zoom factor of 5, the LSM 7 MP reaches a frame time of 38 ms. 
The FLIM data were recorded by a bh SPC-150 module. A FLIM mosaic size of 8 x 8 ele-
ments was defined. The stimulation period was 3 seconds. 150 milliseconds before every 
stimulation a recording through the entire 64-element mosaic was started. With the frame time 
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of 38 ms, the acquisition thus runs through the entire mosaic in 2.43 seconds. 100 such acqui-
sition runs were accumulated. The result shows clearly the increase of the fluorescence life-
time of the Ca2+ sensor in the mosaic elements 4 to 6, and a return to the resting state over the 
next 10 to 15 mosaic elements (380 to 570 ms). 

 

Fig. 564: Temporal mosaic FLIM of the Ca2+ transient in cultured neurons after stimulation with an electrical 
signal. The time per mosaic element is 38 milliseconds, the entire mosaic covers 2.43 seconds. Experiment time 
runs from upper left to lower right. Photons were accumulated over 100 stimulation periods. Recorded by Zeiss 
LSM 7 MP and bh SPC-150 TCSPC module. Data courtesy of Inna Slutsky and Samuel Frere, Tel Aviv Univer-
sity, Sackler Faculty of Medicine. 

 

 

FLITS: Fluorescence Lifetime-Transient Scanning 

Principle 

FLITS (Fluorescence Lifetime-Transient Scanning) records transient effects in the fluores-
cence lifetime of a sample with spatial resolution along a one-dimensional scan. The tech-
nique is based on building up a photon distribution over the distance along the scan, the ex-
periment time after a stimulation of the sample, and the arrival times of the photons after the 
excitation pulses. The maximum resolution at which lifetime changes can be recorded is given 
by the line scan time. With repetitive stimulation and triggered accumulation transient life-
time effects can be resolved at a resolution of about one millisecond. 

Fig. 565, left, shows the photon distribution built up by normal TCSPC FLIM. It is a distribu-
tion of photon numbers over x, y, and t. In Fig. 565, right, one spatial coordinate (y) has been 
replaced with an ‘experiment time’, T. Technically, this is achieved by constantly running the 
scanner along the same line, and recording the photon distribution over the position in the line 
and the number of the individual line scan period. The experiment time, T, is thus the time 
after a stimulation of the sample, expressed in units of the line scan time. X is the distance 
along a spatially one-dimensional scan. 
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Fig. 565: Left: Photon distribution built up by standard FLIM. Right: Photon distribution built up by fluores-
cence lifetime-transient scanning. 

As long as the stimulation occurs only once the recording process of FLITS is simple: The 
FLIM state machine of the TCSPC module starts to run with the stimulation, and puts the 
photons in consecutive time channels along the T axis. The result is equivalent to a time-
series of line scans. 

However, there is an important difference to a simple time series: The data of all lines are 
stored in a single data array. The data are still in the memory (either in the on-board memory 
of the TCSPC module or in the computer) when the sequence is completed. Thus, the re-
cording process can be made repetitive: The sample would be stimulated periodically, and the 
start of T triggered by the stimulation. The recording then runs along the T axis periodically, 
and the photons are accumulated into one and the same photon distribution. 

With this ‘triggered accumulation’ process, it is no longer necessary that each T step acquires 
enough photons to obtain a complete decay curve in each pixel and T channel. No matter 
when and from where a photon arrives, it is assigned to the right location in x, the right time 
T, and to the right arrival time, t, after the laser pulse. The signal-to noise ratio depends only 
on the total acquisition time, not on the line time. This behaviour is an equivalent of the capa-
bility of FLIM to deliver a signal-to-noise ratio independent of the pixel time if only the total 
acquisition time remains the same. Thus, the resolution at which FLITS resolves lifetime 
changes is limited only by the period of the line scan. This is about one millisecond for the 
galvanometer mirrors used in the DCS-120 scanner. 

Technical Solution 

Fluorescence lifetime-transient scanning (FLITS) can be performed in the commonly used 
FLIM modes of the bh TCSPC modules. That means, the SPC module records the fluores-
cence photons in the Scan Sync In or in the FIFO Imaging mode. The synchronisation with 
the scan is accomplished the usual way, via the pixel clock, line clock, and frame clock 
pulses. However, different than for x-y-t imaging, the frame clock for FLITS does not come 
from the scanner but from the stimulation of the sample. All that is needed to perform FLITS 
is a line scan, and a way to switch the frame clock source between the frame clock from scan 
controller and a trigger pulse from the source of stimulation. In the simplest case, this can be 
done by swapping the cable connector between the two sources. (A suitable cable is available 
from bh) 

FLITS procedure 

Before the FLITS recording is started it is recommended to run a normal FLIM acquisition to 
obtain an image of the sample. It is recommended to run the FLIM acquisition with the same 
line time that will be used for the subsequent FLITS recording. The result of the FLIM meas-
urement is an image as shown in Fig. 566, left. Then the scanner is switched into the line 
mode and the location of the line scan is selected within the image recorded before. The 
source of the frame clock is switched to the stimulation. 
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Then the FLITS recording is started, and the stimulation is started. The SPC module now re-
cords a photon distribution n (x, T, t) the coordinates of which are the distance, x, along the 
scanned line, the transient time, T,  after the event that stimulates the sample, and the time, t, 
of the photon after the laser pulses. The principle is illustrated in Fig. 566, right. The tran-
sient-time, T, is given in multiples of the line time. 

There is no need to synchronise the start of the recording with the start of the stimulation se-
quence: The recording in the TCSPC modules does not start until the first frame clock arrives. 
It is only required that the stimulation sequence be started after the start of the FLITS re-
cording. 
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Fig. 566: Principle of recording transient lifetime effects by line scanning 

The time scale of T can be varied either by varying the scan rate, or by defining ‘line clock 
divider’ values larger than one in the scan parameter section of the TCSPC system parame-
ters, see page 690 and page 702. When FLITS data have been recorded they can be analysed 
by standard SPCImage FLIM analysis procedures, see page 795 of this handbook. 

Chlorophyll Transients 

FLITS can be demonstrated most easily by recording the ‘chlorophyll transients’ that occur 
when a live plant is exposed to light [465, 466, 763]. Upon illumination, the fluorescence life-
time (and intensity) first increases. The increase happens within a few milliseconds or tens of 
milliseconds. It is attributed to the progressive saturation of photosynthesis channels, and a 
corresponding decrease in fluorescence quenching. The increase in the fluorescence quantum 
efficiency is therefore called ‘photochemical transient’. After a few seconds of exposure, the 
fluorescence lifetime starts to decrease again. At intensities comparable to sunlight, it reaches 
a steady-state level after a few tens of seconds. It is assumed that the decrease of the lifetime 
is a protection mechanism of the plant. The slow decrease is called ‘non-photochemical tran-
sient’. 

Non-Photochemical Transient 

Recording the non-photochemical transient is relatively easy: The transient is slow and can 
even be recorded by time-series FLIM, see page 386. Stimulation is obtained by turning on 
the excitation laser. 

An example is shown in Fig. 567. The sample was a fresh grass blade. The excitation inten-
sity during the initial FLIM recording was kept low so that no noticeable lifetime change was 
induced. The FLITS recording was started by manually generating a single frame clock pulse. 
The excitation laser was switched on 180 ms later. The result is shown in  Fig. 567. The hori-
zontal coordinate is the distance along the scanned line, the vertical coordinate is the time, T, 
after the frame clock. The line time was 60 ms, the number of lines along the T axis is 256. 
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Thus, the total time along the vertical axis is 15.4 seconds. It can clearly be seen that both the 
fluorescence intensity and the fluorescence lifetime decrease with the time of illumination. 

 

Fig. 567: FLITS image of non-photochemical chlorophyll transient. Horizontal: Distance along the line scanned. 
Vertical, bottom to top: Time, T, after the start of illumination. 256 pixels along the line, line time 60 ms, 256 
lines, total time interval recorded 15.36 seconds. Left: Intensity image. Right Lifetime image. Colour represents 
lifetime, blue to red corresponds to 200 ps to 1 ns. Amplitude-weighted lifetime of double-exponential decay. 
Bottom: Decay curve at cursor position. 

Photochemical Transient 

Recording the photochemical transient requires periodical stimulation and acquisition of the 
data over a longer period of time. Both the laser on-off signal [73] and the FLITS frame clock 
were therefore generated by a bh DDG-210 pulse generator card. (Any standard pulse genera-
tor works as well.) The on-off period was 1 second, the ‘on’ time within the period was 
200 ms. Each turn-on of the laser initiates a photochemical transient, i.e. a temporary increase 
in the fluorescence lifetime. In the laser-off period the leaf partially recovers, so that the next 
laser-on initiates a new transient. The total acquisition time was 40 seconds, i.e. 40 on-off 
periods were accumulated. 
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Fig. 568: Excitation sequence for recording the photochemical transient 

The result is shown in Fig. 569. The intensity image is shown on the left, the lifetime image 
on the right, and a decay curve at the cursor position at the bottom. The horizontal axis of the 
images is the distance along the line scanned. The vertical axis (bottom to top) is the time 
after the start of illumination. The line time was 1 ms, 256 lines, i.e. 256 ms in total, were 
recorded in T direction. The Laser was turned on at T = 0, and turned off at T = 200 ms. The 
lifetime image shows the amplitude-weighted lifetime obtained from a double-exponential fit. 
The lifetime range is from 450 ps (blue) to 650 ps (red). 
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Although the lifetime change is less pronounced than for the non-photochemical transient an 
increase can clearly be seen. Changes occur especially in the first 10 to 20 ms after the turn-
on of the laser, see bottom of the lifetime image. 

Despite of the small duty cycle of the laser the illumination necessarily also causes a non-
photochemical transient. When the photochemical transient is complete, activity essentially 
shuts down, and no non-photochemical transient is observed any more. Perfect recording of 
the non-photochemical transient therefore requires optimisation of the laser intensity, the laser 
duty cycle, and the total accumulation time. 

 

Fig. 569: FLITS image of photochemical chlorophyll transient. Horizontal: Distance along the line scanned. 
Vertical, bottom to top: Time, T, after the start of illumination. Line time 1 ms, 256 lines, total time interval 
recorded 256 ms. Laser turned on at T=0, laser-on time 200 ms. Left: Intensity image. Right Lifetime image. 
Colour represents lifetime, blue to red corresponds to 450 ps to 650 ps. Amplitude-weighted lifetime of double-
exponential fit. Bottom: Decay curve at cursor position. 

Decay curves and lifetimes for a selected pixel in the scan and for two points on the T axis are 
shown in Fig. 570. From T = 3 ms to T = 191 ms the amplitude-weighted lifetime of the dou-
ble-exponential fit increases from 480 ps to 530 ps. 

 

Fig. 570: Decay curves for a selected pixel (x=159) within the line for T = 3 ms and T = 191ms into the laser-on 
phases. Double-exponential fit. The amplitude-weighted lifetime increases from 480 ps to 530 ps 
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Ca2+ Transients in Neurons 

The application of FLITS to the recording of  Ca2+ transients (changes in the concentration of 
free Ca2+) in live neurons on electrical stimulation has been described in [150] and [414]. A 
typical result is shown in Fig. 571. Hippocamal cultures were prepared from newborn rats and 
kept under physiological conditions for 12 to 18 days. The cultures were then loaded with 
OGB-1 AM, see [414] for details. A Zeiss LSM 7 MP multiphoton microscope with a normal 
Simple-Tau 150 FLIM system was used to run the FLITS experiments. The cells were stimu-
lated synchronously with the line clock of the LSM 7 MP. To run the experiments, an inten-
sity image was taken by the LSM 7 MP, and an appropriate location for the line scan selected. 
Then the LSM 7 MP was switched into the line scanning mode. The data acquisition in the 
FLIM system, the scanning in the LSM 7 MP, and the stimulation were started. The stimula-
tion pulses of 1 ms duration were applied to the cell culture in intervals of 3 seconds [414]. 
Data acquisition was continued over about 300 seconds, i.e. photons from about 100 stimula-
tion periods were accumulated. The result is shown in Fig. 571, left. 

    

Fig. 571: FLITS of Ca2+ transients in live neurons. Left: FLITS image. Right: FLIM image taken after the FLITS 
recording. Red lines indicates position of FLITS scan. 

To verify that the FLITS experiment did not cause cell damage or photobleaching a FLIM 
image was recorded after the FLITS experiment. It is shown in Fig. 571, right. It does not 
show any cell damage or photobleaching effects along the scanned line. It also shows that the 
Ca2+ concentration returned to the resting level, compare bottom of FLITS image on the left. 
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Fast Online FLIM with Standard bh TCSPC Systems 
The techniques described above are aiming at the recording of fast dynamic effects in the 
fluorescence decay parameters, not at a fast sequential online display of lifetime images. 
Online display not only requires that the FLIM data are recorded within a short acquisition 
time but also that the fluorescence lifetime is calculated from the decay data in a similarly 
short period of time. The task is complicated by the fact that the signal-to-noise ratio of a 
FLIM recording cannot be higher than 

 NSNR               (1) 

where N is the number of photons in the pixels. The number of photons available within a 
given period of time (the photon count rate) is limited by the sample itself: Excitation power 
or fluorophore concentration above a certain level cause invasive effects to the sample. Count 
rates obtained in FLIM experiments are thus rarely higher than a few MHz. The speed of 
online-FLIM is therefore limited by the decrease of the signal-to-noise ratio with increasing 
image rate. The requirements for fast online FLIM are therefore: 

- The recording technique must record the photons in a way that the SNR comes close to the 
ideal value. That means the decay curve must be recorded in a sufficiently large number of 
time channels, with a negligible IRF width, and with negligible background from detector 
dark counts, detector afterpulsing, or daylight pickup [620]. TCSPC comes very close to the 
ideal conditions, and achieves a signal-to-noise ratio very close to the ideal value. 

- the calculation algorithm for the lifetime must not only be fast enough to analyse the images 
within a time shorter than the image period but also extract the lifetime from the recorded 
data at the ideal signal-to-noise ratio inherent to the TCSPC data. 

First-Moment Algorithm 

An almost ideal SNR from TCSPC data is obtained by calculating the lifetime via the first 
moment of the decay data [52]. The method has been suggested first by Z. Bay in 1950 for the 
determination of excited nuclear state lifetimes in coincidence experiments [52]. The first 
moment of a photon distribution is 

  )(
1

1 ttn
N

M                               (2) 

with N = total number of photons, t = time of individual time channels, n(t) = photon number 
in individual time channels 

The first moment can also be considered the average arrival time of all photons in the decay 
curve. For a single-exponential decay, it can easily be shown that the first moment delivers an 
ideal SNR: The standard deviation of the photon arrival time is , and the standard deviation 

of the average arrival time of a large number of photons is N/ . The relative standard de-

viation, or the SNR, is thus N/1 , and the signal-to-noise ratio is N . 

The fluorescence lifetime (of a single-exponential decay approximation) is the difference of 
the first moment of the fluorescence and the first moment of the IRF: 

 IRFcefluorescen MM 11                 (3) 

The relations are illustrated graphically in Fig. 572. The blue dots are the photon numbers in 
the time channels of the pixel, the green curve is the IRF. ‘M1 of Fluorescence’ is the first 
moment calculated according to (2), ‘M1 of IRF’ is the M1 of the IRF calculated by the same 
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formula. ‘Tau’ is the fluorescence lifetime calculated according to (3). The red curve is the 
convolution of a single-exponential function, f(t) = e-t/, with the IRF. 

 

Fig. 572: First-moment calculation of fluorescence lifetime. The lifetime is the difference of the first moment of 
the fluorescence and the first moment of the IRF. 

For a double-exponential decay, it can be shown that (3) delivers the intensity-weighted aver-
age of the lifetimes of the two components. The signal-to-noise ratio remains very close to 

N for a wide range of lifetime and intensity ratios of the components. 

To obtain correct lifetimes the first moment of the IRF has to be known. This is no problem 
for TCSPC FLIM. M1IRF can be obtained either by analysing a FLIM data file with SPCImage  
or from decay data of a fluorophore with known lifetime. In any case, the IRF can be recorded 
with a high N, its uncertainty therefore does not significantly contribute to the uncertainty of 
. 

Other requirements for the M1 calculation of lifetimes are that the background of the decay 
signal is negligible, and that the entire decay curve is recorded up to a time channel beyond 
which no more photons are recorded. Also this is no problem for fast online display. Due to 
the short acquisition time, background is low or even not detectable, and the decay function 
drops quickly to the point where later photons are unlikely to be detected. Examples can be 
seen in Fig. 573 and Fig. 574, middle. 

Binning of Decay Data 

Online FLIM at image rates faster than one image per second delivers very low photon num-
bers in the pixels. An example is shown in Fig. 573. The decay curve (shown left) is from a 
single pixel of a FLIM recording of 256x256 pixels, recorded at an acquisition time of 0.2 
seconds (5 frames per second). The entire curve contains about 45 photons. The correspond-
ing FLIM image is shown in Fig. 573, right. According to (1) the SNR of the fluorescence 
lifetime in the bright pixels of the image is about 7. The noise in the lifetime can easily be 
seen in Fig. 573. 

               

Fig. 573: Online FLIM with acquisition time 0.2 seconds (5 frames/second). 256x256 pixels, no binning. Left: 
Decay curve in brightest pixel, the photons are barely visible between t = 1ns ... 2ns. Right: Lifetime image 

calculated by M1 algorithm, red to blue = 1000 to 3000 ps. 



Fast Online FLIM with Standard bh TCSPC Systems    397 

 

A substantial improvement is obtained by binning the decay data for the lifetime analysis. The 
binning algorithm used in SPCM is the same as in SPCImage. For every pixel of the image, it 
uses not only the photons in this pixel but also the photons in the pixels around, see Fig. 574, 
left. On average, this yields a photon number 9 times larger than without binning (Fig. 574, 
middle), and a 3 times better SNR of the lifetime. The lifetime image is built up from the in-
tensity data of the unbinned pixels and the lifetime data from the binned pixels. The image 
calculated this way is shown in Fig. 574, right. 

centre
pixel

Decay data from 3x3 pixel
area, assigned to

       

Fig. 574: Online FLIM, parameters same as Fig. 573, but with binning of lifetime data, 3 x 3 pixels. Left: Decay 
curve in brightest pixel. Right: Lifetime image calculated by M1 algorithm, red to blue = 1000 to 3000 ps. 

The improvement in image quality is striking: The noise in the lifetime is much lower, but, 
surprisingly, there is no apparent reduction in image definition. This has two reasons. The 
first one is the way the human eye-brain combination processes images. Perception of image 
definition comes exclusively from the intensity, the colour is just an overlay on the intensity 
image. Since the intensity data have not been binned the apparent definition is not impaired 
by binning. The second one is the way images are recorded in microscopy. Usually, the im-
ages are oversampled, i.e. the Airy disc (or point-spread function) is imaged on an area of 
several pixels. Binning has, of course, little effect on data which are already smoothed by spa-
tial convolution with the Airy disc. 

Implementation in SPCM 

The Online-Lifetime display function is implemented in the SPCM software, version 9.72 or 
later. The function is activated in the 3D Trace parameter panel, see Fig. 575, left. The pa-
rameters of the calculation procedure are defined in the Display Parameters, see Fig. 575, 
right. For details please see page 749 in the software chapter of this handbook. 

             

Fig. 575: SPCM Definitions for online lifetime display 
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Results 

Fig. 576 shows 128x128-pixel images recorded with acquisition times of 0.1 s, 0.5 s, and 2 s. 
The upper row shows images without binning, the lower row images with 3 x 3 pixel binning 
of the decay data. The images show that lifetime images of reasonable quality are obtained 
even at an acquisition time of 100 ms, or an image rate of 10 per second. 

   

   

Fig. 576: 128x128-pixel images. Acquisition time 0.1s, 0.5s, 2s. Upper row: No binning. Lower row: Binning 
3 x 3 pixels 

Images recorded with 256 x 256 pixels are shown in Fig. 577. The acquisition time was 0.2 s, 
0.5 s, and 2 s.  Also here, binning reduces the lifetime noise substantially but does not cause 
noticeable blurring of the images. 

   

   

Fig. 577: 256 x 256-pixel images. Acquisition time 0.2 s, 0.5 s, 2 s. Upper row: No binning. Lower row: Binning 
3 x 3 pixels 
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Summary 

The results shown above demonstrate that fast online FLIM is feasible almost up to the maxi-
mum frame rate of the commonly used galvanometer scanners. Importantly, fast online FLIM 
does not require a decrease in the number of time channels per pixel. The function can thus be 
used during FLIM acquisition, without compromising later high-accuracy multi-exponential 
decay analysis. It should be noted, however, that the examples shown here were recorded with 
a convallaria sample. In this sample, the lifetime varies over a range of about 1:2.5. In real-
world FLIM samples the lifetime variation is often smaller. Selecting FRET-positive cells in a 
culture of donor-and-acceptor expressing cells requires a lifetime resolution of about 1:1.25. 
Obtaining images of similar quality as for the convallaria would require four times the photon 
number, and thus four times the acquisition time, see equation (1). This would be about 0.4 
seconds for a 128 x 128 pixel image with binning. This is still an acceptable image rate. Even 
in clinical FLIM applications, with metabolism-induced lifetime changes on the order of 1:1.1 
[578, 960] images can probably be displayed at rates faster than one image per second. 
 

Fast FLIM Recording by the bh FASTAC System 
Motivation 

There is currently a run towards faster and faster acquisition in fluorescence lifetime imaging 
[727]. Unfortunately, these developments usually ignore the fact that, in most instances, the 
limitations are in the sample rather than in the recording electronics. The fastest recording 
system cannot record fast if the sample is not able to deliver the photons needed to acquire the 
data at this speed [103]. Moreover, recording speed is usually obtained at the expense of time 
resolution or data complexity, such as the capability to record a fully resolved fluorescence 
decay function in each pixel. These are exactly the features needed in biological FLIM appli-
cations, such as metabolic imaging, protein interaction experiments, and other molecular im-
aging applications. Ignoring these needs by just recording a ‘lifetime’ in the pixels of the im-
age means reducing the fluorescence decay function to a simple contrast parameter. In other 
words, the commonly used ‘Fast FLIM’ techniques sacrifice the most important features of 
FLIM for a single parameter (recording speed) which, ironically, cannot be exploited in the 
typical applications. This section shows a way to record FLIM at short acquisition time with-
out compromises in time resolution or data complexity. 

Principle 

The bh FASTAC FLIM system uses one detector and four TCSPC modules. The photon 
pulses from the detector are distributed into the TCSPC modules by a module called ‘Photon 
Spinner’ [101, 102, 103]. The principle is shown in Fig. 578. As usual, the photon pulses from 
the detector are passing a constant-fraction discriminator, CFD. The output pulses of the CFD 
have a constant width and a time independent of the pulse amplitude of the detector pulses. 
The pulses from the CFD control a four-way switch that distributes the pulses to four TCSPC 
modules. Every photon pulse from the CFD rotates the switch by one position. The trick of 
the solution is that every photon sets the switch not for the next photon, but for itself. To do 
so, the photon pulses pass a delay line. Every photon arrives at the switch a short time after 
the switching action has been completed. This way, the ‘Photon Spinner’ avoids the influence 
of possible switching transients on the timing: Because every photon pulse arrives at the 
switch at a fixed time after the switching action the sum of the photon pulse and the switching 
transient is the same for all photons. It is also independent of the time of the photon in the 
laser pulse period. Therefore, the time resolution (IRF width) of the system and the differen-
tial nonlinearity of a bh FASTAC system is nearly the same as for a single-module system. 
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Fig. 578: Left: Principle of the bh FASTAC FLIM system. Right: Photo showing detector, photon spinner mod-
ule, and PC with the four TCSPC modules. 

The system features substantially smaller pile-up and counting loss than a single-channel sys-
tem. As the switch spins around with the photons arriving, each of the TCSPC modules re-
cords 1/4 of the photons. Counting loss (by detecting a photon in the dead time of a previous 
one) is thus substantially reduced. The improvement is larger than for a system with four 
separate detectors because the distribution device (the 'Photon Spinner’) regularises the pho-
ton arrival times. Short time intervals between the photons therefore become less likely. 

The second effect of the ‘Photon Spinner’ is a reduction of possible pile-up errors. The pile-
up reduction is larger than for a system with four detectors. If a new photon is detected in the 
same laser pulse period with a previous one it goes to the next TCSPC module. It thus does 
not cause any pile-up distortion. Only if more than four photons were detected within one and 
the same laser pulse period a pile-up error would occur. For the commonly used pulse repeti-
tion rates of 50 to 80 MHz the detection of more than four photons in the same signal period 
is extremely unlikely. 

Another advantage of the Photon Spinner is that it works independently of the TCSPC mod-
ules. No feedback or ‘ready’ signal from the TCSPC modules is necessary. The device can 
therefore be built as a simple extension box to a TCSPC four-module package. 

Time resolution 

Fig. 579, left, shows the electrical instrument response functions of four SPC 150N modules 
with the PHDIS-04 Photon Spinner. The IRF width of the individual modules is 6.7 to 6.9 ps, 
i.e. only insignificantly longer than the IRF of the modules themselves (typically 6.6 ps). 

   

Fig. 579: Electrical IRFs of the four SPC-150N modules. Before (left) and after delay alignment (middle). The 
combined IRF of the four SPC-150N is shown on the right. The FWHM of the combined IRF is 6.8 ps. 

Due to transit time differences in the Photon Spinner and in the connecting cables the IRFs of 
the four TCSPC channels appear slightly shifted, see Fig. 579, left. The shift can be corrected 
by using separate TAC offsets for the individual TCSPC modules. Fine alignment is achieved 
by tweaking the ‘Zero Cross’ levels of the CFDs of the modules. Different Zero Cross shifts 
the trigger point up and down the leading edge of the spinner output pulses, and thus acts as a 
delay fine adjustment. The variation in the Zero Cross has no influence on the IRF width be-
cause the output pulses of the Photon Spinner have no amplitude jitter. The IRFs of the SPC-
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150N modules after delay alignment are shown in Fig. 579, middle, the combined IRF of the 
four modules is shown in Fig. 579, right. The combined IRF still has 6.8 ps FWHM, much 
faster than the transit time spread of any commonly available photon detector. 

The optical IRF of the entire system with an HPM-100-06 detector is shown in Fig. 580. It 
was recorded with a Toptica Femto Erb femtosecond fibre laser in the test setup described in 
[114]. 

 

Fig. 580: Instrument response function of an SPC-154N four-module package with the Photon Spinner and an 
HPM-100-06 hybrid detector. FWHM is 22.6 ps. 

Results 

Fig. 591 shows FASTAC FLIM of a Convallaria sample. The data were recorded in combina-
tion with a bh DCS-120 confocal FLIM system, one-photon excitation by a ps diode laser was 
used. The acquisition time was 0.5 seconds, lifetime calculation and display of the image and 
the decay curve were performed by the online-display functions of SPCM. 

Fig. 592 shows 2-photon images recorded in combination with a Zeiss LSM 880 NLO, see  
[102] for details. The left image was recorded with an acquisition time of 0.6 seconds, the 
right image with an acquisition time of 4 seconds. Except for different signal-to-noise ratio, 
the lifetimes derived from the data are the same. 

Fig. 583 shows a1/a2 (amplitude ratio) images calculated from the same data by double-
exponential decay analysis. As can be seen from the images, reasonable a1/a2 data are even 
obtained from the data acquired within 0.6 seconds. 

 

Fig. 581: 1p FLIM recorded bh FASTAC system. Left: 512 x 512 pixel image, recorded within 0.5 seconds. 
Right: Decay function from a 10 x 10 pixel area in the centre of the image. DCS-120 confocal FLIM system. 

Image and decay curve displayed by online FLIM functions of SPCM. 
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Fig. 582: 2p FASTAC FLIM of a Convallaria sample, 512 x 512 pixels, 1024 time channels. Left: Acquisition 
time 0.6 seconds. Right: Acquisition time 4 seconds. Images calculated and displayed by online-FLIM algorithm 

of SPCM.  

   

Fig. 583: a1/a2 (amplitude ratio) images of the data shown above. Double-exponential decay analysis by SPCI-
mage NG, MLE algorithm, binning 4. 

In 2014 bh introduced ‘Megapixel FLIM’ with pixel formats of 1024 x 1024 and more, with-
out compromising the temporal resolution. Fig. 584 shows that Megapixel FLIM is also feasi-
ble with the FASTAC FLIM system. The figure shows a 1024 x 1024 pixel, 1024 time-
channel image of a BPAE (bovine pulmonary artery) cell sample (stained with DAPI, Alexa 
488 and Mito Tracker Red). Two-photon excitation at 800 nm was used, the image was re-
corded in 10 seconds. 
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Fig. 584: FASTAC FLIM of a BPAE sample, recorded in 10 seconds. 1024 x 1024 pixels, 1024 time channels 
per pixel. 2p excitation at 800 nm, acquisition time 10 seconds, Zeiss LSM 880 NLO. 

Summary 

The bh FASTAC system is able to record FLIM at high count rates and short acquisition 
times. Importantly, the system reaches high count rate and short acquisition time without any 
reduction in time resolution. FLIM data can still be recorded at sub-ps time channel width, 
and sub-25 ps IRF width, thus fully exploiting the time resolution of the bh TCSPC FLIM 
modules and ultra-fast hybrid detectors. The system is therefore equally suitable for fast 
FLIM and precision FLIM applications. It can be used in combination with the bh DCS-120 
confocal and multiphoton scanning systems [63], but also with laser scanning microscopes of 
other manufacturers [102]. 

 

DIC FLIM 
FLIM images are usually built up by using the number of photons per pixel as brightness, and 
the lifetimes or other parameters of the decay functions as colour. This is not necessarily the 
best way to present the data. FLIM applications usually exploit the fact that the lifetime in-
formation is inherently ‘ratiometric’, i.e. independent of the concentration of the dye. The 
brightness information, which depends on the concentration, is either discarded altogether, or 
only used to help display the spatial structure of the sample. It may therefore be reasonable to 
replace the brightness with an another optical parameter. An extremely useful parameter has 
been found refractive index variation. Refractive index variation can be recorded by differen-
tial interference contrast (DIC) imaging. For optical principle please see [871]. The procedure 
of recording a DIC-FLIM image is as follows: In the first step a normal FLIM recording is 
performed by confocal scanning. Then the DIC assembly is switched into the beam path, and 
a lamp in the transmission path is turned on. A DIC image of the sample is scanned by the 
FLIM system with scan parameters identical to those of the previous FLIM recording. Thus, 
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FLIM and DIC images are obtained at exactly the same image size, aspect ratio, and identical 
image distortion. The FLIM analysis software then overlays the DIC image with a colour re-
lated to the desired decay parameter of the FLIM data. 

An example is shown in Fig. 585. It shows a mouse kidney sample, Invitrogen / Molecular 
Probes F24630, stained with Alexa 488 WGA and Alexa 468 phalloidin. The images were 
recorded by a Becker & Hickl DCS-120 confocal scanning FLIM system attached to a Zeiss 
Axio Observer. The fluorescence intensity image extracted from the FLIM data is shown left. 
A normal FLIM image is shown second left. It is a combination of the intensity data with the 
fluorescence lifetime. The DIC image is shown second right. The combination of the DIC 
data with the lifetime data is shown on the right. 

    

Fig. 585: Left to right: Fluorescence intensity image, FLIM image, DIC image, and combination of DIC image 
with lifetime data. bh DCS-120 confocal scanning FLIM system. 

 

Lifetime-Intensity FLIM  
TCSPC FLIM at High Count Rate 

TCSPC FLIM images taken at high count rates often look unsightly, with less than ideal con-
trast and apparent loss in highlight detail. The source of the effect is not the 'pile-up' effect, as 
commonly believed. Pile-up would change the recorded lifetimes to lower values. However, a 
decrease of the recorded lifetime is not found in the data. This is understandable: The error in 
the recorded lifetime remains less than 5% up to a count rate of 20% of the excitation pulse 
frequency [140], see section Pile-Up, page 283. That means, for 80 MHz laser repetition rate 
count rates of more than 10 MHz can be used. Count rates that high are rarely encountered in 
FLIM measurements. 

It turns out that the reason of poor contrast at high count rate is counting loss by the dead time 
of the TCSPC process. Counting loss causes a nonlinearity in the intensity scale [140], see 
'Counting Loss', page 281. The function of the count number over intensity flattens out at high 
intensities, and eventually saturates. The effect is a loss in contrast in the bright parts of the 
image. This is exactly what is observed. 

For most FLIM applications the nonlinearity of the intensity scale is a purely aesthetic prob-
lem: Information is derived from the shape of the decay curves, not from the intensities in the 
pixels. Instrumental solutions which sacrifice time resolution or photon efficiency for low 
dead time are therefore not appropriate [727]. A possible way to obtain short dead time with-
out sacrificing temporal resolution is the bh FASTAC FLIM system [101]. However, the tech-
nical effort is high, and not normally justified to solve a purely aesthetic problem. 

Technical Solution 

A simple solution to the intensity-nonlinearity problem has been implemented in the bh SPC-
160 and, recently, in the SPC-180 TCSPC modules. These modules have got a parallel 
counter that bypasses the TCSPC timing electronics. It counts the pulses directly at the output 
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of the detector CFD, and puts the counter result for every pixel in the pixel clock entry in the 
parameter-tag data. The dead time of this counter is negligible - it is mainly determined by the 
detector and  CFD dead time. This is about 5 ns. The FLIM images are built up by using the 
counter results as pixel intensities, and the data from the TCSPC timing electronics as pixel 
decay curves. The new 'Lifetime/Intensity' mode is available for the SPC-160 and the new 
SPC-180 family TCSPC modules. 

Example 

An example of the image improvement is shown in Fig. 586. The images were recorded with 
a DCS-120 Confocal FLIM system using SPC-180NX TCSPC modules. The sample was a 
stained mouse kidney section (Invitrogen F24630). The excitation wavelength was 480 nm, 
the detection wavelength interval 500 to 680 nm. The images were recorded with 512 x 512 
pixels, and 1024 time channels per pixel. The recorded count rate averaged over the image 
was 5.6 MHz. The image on the left was created by the new Lifetime/Intensity mode, the im-
age on the right by the traditional FLIM mode. 

   

Fig. 586: FLIM images recorded from an Invitrogen F24630 Mouse kidney section. Left: New Life-
time/Intensity mode. Right: Traditional FLIM mode. 512 x 512 pixels, 1024 time channels, online-lifetime dis-
play function of SPCM software. Lifetime scale 2000 ps to 4000 ps. Average (recorded) count rate 5.5 MHz. 

 

Parameter Setup for Lifetime-Intensity FLIM 

The Lifetime/Intensity mode is available in the SPCM data acquisition software, Version 9.86 
of June 8, 2021 or later. The implementation in the user interface and the parameter setup are 
shown in Fig. 587 and Fig. 588. In the 'System Parameters', click on 'Configure' and enable 
'Intensity Image / Build Image'. This enables the parallel counter, puts the pixel intensities in 
the photon data stream, and instructs the software to build up an array of pixel intensities. 

 

Fig. 587: System parameters for intensity imaging via the parallel counter channel. SPCM builds up an array of 
the pixel intensities recorded by the parallel counter. 
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In the 3D Trace parameters (accessible via 'Parameters' or right mouse click in an image win-
dow), select 'Lifet+I' (Lifetime + Intensity) as a data type, see Fig. 588. You can select 
'Lifet+I' for one channel or for several channels simultaneously. In Fig. 588 it has been set for 
Display Window 1, Display Window 2 shows a 'normal' lifetime image created by the online-
lifetime function of SPCM [100], see 'Fast Online FLIM with Standard bh TCSPC Systems', 
page 395. The images for a second TCSPC module, M2, have been turned off. With the set-
tings shown, SPCM displays the two images shown in Fig. 586. 

 

Fig. 588: Enabling the buildup of a Lifetime/Intensity image using the intensity values from the parallel counter 

Analysis with SPCImage NG 

Analysis of Lifetime/Intensity data is implemented in SPCImage NG, Version 8.4 or later. 
Data analysis is performed the usual way, see chapter 'SPCImage NG Data Analysis Soft-
ware'. Right-click into the SPCM display window of interest, and select 'Send Data to SPCI-
mage', or click into 'Main' and 'Send Data to SPCImage'. SPCImage recognises that the data 
are Lifetime/Intensity data, and handles them accordingly. That means, the decay curves are 
taken from the normal FLIM data array, but the intensities come from the array of pixel pho-
ton numbers created by the parallel counter channel. To start the data analysis, select an ap-
propriate decay model, and start the procedure via 'Calculate', 'Decay Matrix'. The result for 
the data of Fig. 586, left, is shown in Fig. 589. 

 

Fig. 589: Analysis of Lifetime / Intensity data by SPCImage NG. Mean lifetime of double-exponential decay, tm, 
lifetime range from 1400 ps to 2500 ps. 
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Bi-Directional Scanning 
There are two different ways to raster-scan a sample in a laser scanning microscope. Unidi-
rectional scanning uses a linear forwards scan and a fast ‘flyback’. Data are recorded only 
during the forward scan. Bidirectional scanning uses a linear scan in both directions, and re-
cords data both during the forward and the backward scan. The differences are shown in Fig. 
590. 
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Fig. 590: Unidirectional scan (left) and bidirectional scan (right) 

At first glance, a bidirectional scanning appears far more efficient than a unidirectional one. 
No time has to be wasted for the flyback, the acceleration forces acting on the scan mirrors 
are lower, and there is no need to turn off the excitation laser during the beam flyback. How-
ever, these advantages come at a price. Due to dynamic effects, there is a lag (or phase shift) 
of the scanner position behind the scanner control voltage. The result is a horizontal shift of 
the image data between the forward scan and the backward scan. The size of the shift depends 
on the scan speed and is thus not easy to correct. Moreover, the horizontal scan must be linear 
(or at least symmetrical) within 0.1% of the image size to avoid a mismatch of the forward 
and backward scan data. This is not easy to achieve, especially if high scan rates are desired. 
A unidirectional scan does not have these problems. The scanner lag does not matter and a 
much larger nonlinearity can be tolerated. The beam flyback can be made much faster than 
the forward scan. Even for the fastest scan rates, it normally requires no more than 10% to 
20% of the line time. The speed advantage of a bidirectional scan is therefore smaller than 
commonly believed. Nevertheless, almost all laser scanning microscopes and a number of 
clinical scanning systems have a bidirectional scan implemented, or offer it at least as an op-
tion. A FLIM system attached to these systems should therefore be able to record data with a 
bidirectional scan. 

FLIM data recording in combination with bidirectional scanning has been implemented with 
Version 9.73 of the bh SPCM software. The data are recorded in the FIFO imaging mode, the 
synchronisation of the recording with the scanning is defined in the ‘More Parameters’ panel 
of the FIFO Imaging mode, see page 702. 

Bidirectional recording works for all bh TCSPC modules which have the FIFO Imaging 
(software accumulation) mode implemented. That means the function is available for all 
SPC-150, SPC-150N, SPC-150NX, SPC-160, and SPC-180 modules. It works also for 
SPC-830 modules manufactured later than May 2007 [59]. The structure of the recorded data 
is the same as for unidirectional scanning, and the same pixel numbers and time channel num-
bers can be achieved. The online intensity and lifetime image display functions of the SPCM 
software are available, and the recorded data can be analysed by bh SPCImage FLIM data 
analysis software as usual. 

FLIM data recorded by bidirectional scanning are shown in Fig. 591, left and right. The data 
were recorded by a bh Simple-Tau 152 FLIM system, with two SPC-150 TCSPC FLIM mod-
ules, in combination with a Zeiss LSM 880 [64]. The sample was excited by the 445 nm ps 
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diode laser of the LSM 880, the fluorescence was recorded via the confocal port of the scan 
head. The image on the left shows a convallaria sample scanned with 512 x 512 pixels, the 
image on the right a BPAE cell sample scanned with 1024 x1024 pixels. Both were calculated 
by the online-lifetime function of the SPCM software [100], see 'Fast Online FLIM', page 
395. No double structure or blurring of details is visible, showing that the data from the for-
ward scan perfectly match those from the backward scan. 

        

Fig. 591: Convallaria sample (left, 512 x 512 pixels) and BPAE Cell sample (right, 1024 x 1024 pixels), re-
corded with bidirectional scanning. SPC-150 TCSPC module, Zeiss LSM 880 in bidirectional scan mode. One-

photon excitation at 445 nm. Images by online-lifetime function of SPCM software. 

Fig. 592 shows the Convallaria data of Fig. 591, left, analysed by bh SPCImage FLIM data 
analysis software. No special adjustments were made, the data were analysed as described in 
Chapter 'SPCImage NG Data Analysis Software', page 795. 

 

Fig. 592: Convallaria sample data as in Fig. 91, left, analysed with SPCImage. Double-exponential decay model, 
intensity-weighted lifetime of decay components. 
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Simultaneous FLIM/PLIM 
There is a number of radiative relaxation mechanisms which occur on a much longer time 
scale than fluorescence. The commonly known one is phosphorescence, i.e. emission from the 
triplet state of organic dyes. Phosphorescence of organic dyes is usually weak at room tem-
perature but can be strong at low temperatures, or if the dyes are embedded in a solid matrix. 
Strong emission in the microsecond and millisecond range is obtained also for lanthanide 
complexes [251] and organic complexes of ruthenium [542, 676], platinum [400, 676, 686, 
955, 1063, 1064], terbium, and palladium [686]. Of special interest for live-cell imaging is 
that the luminescence of these complexes is strongly quenched by oxygen. The dyes are there-
fore used as oxygen sensors [446, 676, 686, 861, 862, 955, 1039]. Slow emission is also ob-
tained from a large number of inorganic compounds, quantum dots, nanoparticles, and semi-
conductors. There are possible applications of these substances as sensors for local molecular 
environment parameters and as FRET donors [251]. 

Principle 

The measurement of long-lifetime luminescence in laser scanning FLIM faces a number of 
problems. The first problem is related to the excitation of the luminophore. Obviously, the 
laser pulse period must be longer than the luminescence lifetime. For ruthenium dyes with 
phosphorescence lifetimes below 1 us the reduction in laser repetition rate is still feasible, and 
lifetime images can be recorded in the normal FLIM acquisition modes of the bh TCSPC 
FLIM modules, see Hosny et al. [542]. However, the lifetimes for Platinum and Palladium-
based dyes are on the order of 50 µs, and the lifetimes of  Europium and Terbium dyes can be 
in the millisecond range. FLIM with these dyes requires a laser repetition rate no faster than 
10 kHz, or a few 100 Hz, respectively. Generating such low repetition rates with pulsed lasers 
of a laser scanning microscopes is a problem. More important, reduction in repetition rate, for 
a given peak power, leads also to a reduction in average excitation power. Attempts to com-
pensate for the drop in average power by higher peak power are limited by the capabilities of 
the laser, and by nonlinear effects or even ionisation in the sample. Moreover, any sample that 
emits phosphorescence necessarily also emits fluorescence. Because fluorescence is fast the 
peak power of fluorescence becomes very high. This causes transient overload effects in the 
detectors preventing the detection of phosphorescence in the first microseconds after the laser 
pulse. A better way to obtain higher average power is therefore to use longer laser pulse 
width. However, this is not easily possible for most of the lasers. Moreover, long laser pulse 
width is incompatible with multiphoton excitation. 

Another problem is related to scanning. The time the scanner stays within the excited sample 
volume must be longer than the luminescence lifetime. If the scanner runs off the excited vol-
ume within the luminescence decay time photons in the tail of the decay function would be 
lost, and the recorded decay profile be distorted. Reasonable recording, even of pure intensity 
images, can thus only be obtained by very slow scanning. However, if both the pixel time and 
the pulse repetition period are long there are only a few excitation pulses within the pixel 
time. The number of excitation pulses in the pixels varies systematically. This induces Moiré 
effects in the images. The problem can be solved by synchronising the laser pulses and the 
pixel frequency, but there is usually no provision for this in a normal laser scanning micro-
scope. Without synchronisation, the pixel time had to be at least 100 times longer than the 
laser period. This leads to unacceptably long frame times. 
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Excitation Sequence 

The problems described above are avoided by the excitation principle shown in Fig. 593. A 
high-frequency pulsed laser is used. However, the laser does not run continuously. Instead, it 
is turned on only for a short period of time, ton, at the beginning of each pixel [96, 97, 147, 
955]. For the rest of the pixel time the laser is turned off. Within the on-time, ton, the laser 
excites fluorescence, and builds up phosphorescence. Within the rest of the pixel dwell time, 
toff, pure phosphorescence is obtained. 
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Fig. 593: Principle of Microsecond FLIM 

TCSPC Recording 

Lifetime images are built up by the process described in section ‘Dual Time-Base Recording’, 
page113. For each photon, the SPC module determines the time, t, within the laser pulse pe-
riod, and the time, T-T0, after the start of the modulation pulse. A fluorescence lifetime image 
is obtained by building up a photon distribution over the ‘micro times’, t, of the photons, and 
the scanner position, x,y, during the Ton periods. The phosphorescence lifetime image is ob-
tained by building up a distribution over the macro-time differences, T-T0, between the pho-
ton times, T, and the ‘laser on’ pulse edges, T0. The spatial coordinates come from the scanner 
position in the moment of the photon detection. Thus, fluorescence and phosphorescence life-
time images are obtained simultaneously, in the same scan, and from photons excited by the 
same laser pulses. Please see Fig. 202, page 114 for further technical details. For parameter 
setup please see ‘Microsecond Lifetime Imaging: MCS FLIM’, page 703. 

Laser On/Off control 

Laser on-off control for the bh DCS-120 confocal FLIM system is integrated in the GVD-120 
scan control card. Scan format and scan area definitions in the scanner control panel are the 
same as for standard FLIM. The differences are marked in Fig. 594. Both lasers are turned on. 
The second laser is disabled optically by turning the laser attenuator wheel at the scanner fully 
down. Laser multiplexing is set to ‘Pixel’. The fraction of the pixel time in which ‘Laser 1’ is 
on is defined in the field left of ‘% for 1st laser’. This is the time when the laser is running, 
and fluorescence is measured. For the rest of the pixel time the laser is off, and phosphores-
cence is measured. ‘Line Type’ is set to ‘Steps’. This prevents the scanner from running off 
the excited spot within the phosphorescence decay time. The ‘Auto’ button for the scan rate is 
disabled. The pixel time, Tpxl, must be few times longer than the expected phosphorescence 
decay time. For efficient recording, Tpxl should be a about the same as the ‘Time Range’ se-
lected in the Configure panel, see Fig. 594, right. Please see [63] for further details. 
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Fig. 594: DCS-120 PLIM. Left: Scan and laser control parameters. Right: PLIM timing parameters 

For other microscopes, such as the Zeiss LSM 710/780/880/980 family, a bh DDG-210 card is 
added to the FLIM system. The card triggers on the pixel clock of the LSM, and sends a ‘La-
ser On’ signal to the laser controller of the microscope. The principle is shown in Fig. 595. 
The pixel clock is split off from the scan synchronisation cable and connected into the trigger 
input of the DDG card. The ‘Laser On’ signal is connected into the Laser control module of 
the Zeiss LSM via a ‘PLIM’ input. Please note that this input is optional; it has to be ordered 
via an ‘INDIMO’ (individual modification) request. A PLIM macro has to be installed to ac-
tivate and de-activate the PLIM input. PLIM Laser control via the DDG-210 card has been 
integrated in the SPCM software, see Fig. 595, right. The laser-on time is defined on the left. 
The times on the right define a routing signal that is used to separate the photon from the la-
ser-on and the laser-off times in the SPC module. The routing signal can be delayed with re-
spect to the laser-modulation pulse to compensate for the delay in the AOM of the micro-
scope. Please see [64] for further details. 
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Fig. 595: Left: Principle of laser on/off control for the Zeiss LSMs. Right: Laser control panel. 

 

Examples 

Fluorescence and phosphorescence lifetime images of yeast cells stained with tris (2,2’-
bipyridyl) dichlororuthenium (II) hexahydrate are shown in Fig. 74, left and right. The data 
were acquired by a DCS-120 system with the parameters shown in Fig. 594. The excitation 
wavelength was 473 nm. 
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Fig. 596: FLIM and PLIM images of yeast cells stained with (2,2’-bipyridyl) dichlororuthenium (II) hexahy-
drate. Excitation 473 nm, 256x256 pixels. DCS-120 confocal FLIM system. 

Fig. 597 shows FLIM and PLIM images of a pig skin sample stained with the same ruthenium 
dye as the yeast cells. The FLIM image (Fig. 597, left) shows the autofluorescence of the 
skin. The PLIM image (Fig. 597, right) shows the phosphorescence of the ruthenium dye. 
There is a clear variation in the phosphorescence lifetime, most likely caused by variation in 
the oxygen concentration. 

                         

Fig. 597: Pig skin sample stained with ruthenium dye. Left: FLIM, autofluorescence. Right: PLIM 

Phosphorescence is also obtained from various inorganic materials. Fig. 598 shows PLIM 
data of zinc oxide nanoparticles. The decay function is multi-exponential, with average (in-
tensity-weighted) lifetimes up to 20 µs. The long lifetime can thus be used to track ZnO 
nanoparticles from sunscreens or cosmetic products in human skin [960]. 

              

Fig. 598: PLIM of zinc oxide nanoparticles. Left: Lifetime image, intensity weighted lifetime of double-
exponential fit. Right: Decay curve at cursor position. Zeiss LSM 710, two-photon excitation at 750 nm 
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Fig. 599 was obtained from an Autumit crystal (a uranium mineral). The phosphorescence 
lifetimes vary from about 100 us to 400 us. The lifetime image is shown on the left, decay 
curves of two selected spots on the right. The pixel time was 3.6 ms, the laser-on time 200 µs. 
The excitation wavelength was 405 nm, a 435 nm long-pass filter was used in the emission 
path. The Autumit phosphorescence was so strong that the laser power had to be reduced to 
the absolute minimum. 

 

Fig. 599: PLIM image of a uranium mineral. Decay curves if two arbitrary selected spots are shown on the right. 
256x256 pixels, 256 time channels, pixel time 3.6 ms, excitation 405 nm, emission filter long pass 435 nm. 

Applications to oxygen measurement in live systems are described under 'Oxygen Sensing by 
Phosphorescence Lifetime Measurement, page 517, singlet-oxygen lifetime measurements in 
section 'Lifetime Imaging of Singlet-Oxygen Phosphorescence', page 376. 
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FLIM with Special Scanning Techniques 

FLIM of Macroscopic Objects 

Imaging in the Primary Image Plane of a Scanner 

Macroscopic samples can be scanned in the primary image plane of a confocal scan head. The 
optical principle for the bh DCS-120 scan head is shown in Fig. 600, left, the complete in-
strument in Fig. 600, right. 
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Fig. 600: Scanning of a macroscopic sample in the primary image plane of the DCS-120 scanner 

 

The laser beam is scanned by two fast-moving galvanometer mirrors. The scan lens focuses 
the laser beam into an image plane shortly in front of the scanner. When the scanner is used 
with a microscope, the image plane of the scan lens coincides with the upper image plane of 
the microscope. For scanning large samples, the image plane of the scan lens is brought in 
coincidence with the sample surface. As the galvanometer mirrors change the beam angle the 
laser focus scans across the sample. Fluorescence light excited in the sample is collimated by 
the scan lens, de-scanned by the galvanometer mirrors, and separated from the excitation light 
by the main dichroic beamsplitter. The fluorescence beam is further split into two spectral or 
polarisation components, and focused into pinholes. Light passing the pinholes is sent to the 
detectors. The systems scans an image area of approximately 15 x15 mm. For imaging of ob-
jects larger than the scan area the system can be extended with a motorised sample stage. 
Please see [63] for further details. Applications to tumor detection in live mice are described 
in [1034]. 

 

Examples 

Fig. 601, Fig. 602 and Fig. 603 show a few examples. The samples were placed directly in the 
image plane in front of the scan lens of a bh DCS-120 scanner. Fig. 601 shows a leaf with a 
fungus infection. The fluorescence lifetimes in the infected areas is considerably longer than 
in the non-infected ones, see decay curves on the right. 
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Fig. 601: FLIM in the image plane of the of a DCS-120 MACRO scanner. Leaf with a fungus infection. 
DCS-120 MACRO system, excitation with 405 nm ps diode laser. Image 512 x 512 pixels, 256 time channels. 

Fig. 602 shows that good images can even be obtained from weakly fluorescence samples. 
The left image was recorded from a feather of a songbird, the image on the right from human 
skin. Both samples delivered about 100,000 counts per seconds when excited with the 405 nm 
laser. 

                 

Fig. 602: Left: A feather of a songbird. Right: Lifetime image of the author’s fingertip. The smudges of short 
lifetime are paper particles. 

The DCS-120 MACRO scanner can be equipped with a wideband beamsplitter and a super-
continuum laser with a tuneable acousto-optical filter. Example images are shown in Fig. 603. 

       

Fig. 603: Coccinella beetle, excited by supercontinuum laser with AOTF. Lifetime images and lifetime distribu-
tions over pixels. Excitation 480 nm (left) and 540 nm (right). 512 x 512 pixels, 256 time channels. Amplitude-

weighted lifetime of double-exponential decay model. 
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Image Area and Spatial Resolution 

The maximum diameter of the image area in the primary image plane of the scanner is about 
15 mm. Smaller areas can be scanned by using the ‘Zoom’ function of the scanner, see [63]. 
The size of the laser spot in the image plane is about 15 µm. The resolution in the detection 
path is even higher because the numerical aperture in the focus of the scan lens is larger than 
for the laser beam. That means, full-size images could, in principle, be reasonably scanned 
with at least 1024 x 1024 pixels, for moderate oversampling even with 2048 x 2048 pixels. A 
high-resolution image with 2048 x 2048 pixels is shown in Fig. 604. 

 

Fig. 604: High-resolution MACRO FLIM image with 2048 x 2048 pixels 

Collection efficiency 

The numerical aperture of the detection beam path is given by the beam path diameter (about 
3 mm) and the focal length of the scan lens (40 mm). The collection efficiency is thus consid-
erably lower than in combination with a microscope. However, macroscopic imaging can use 
much higher laser power, which compensates for low collection efficiency. Even weakly fluo-
rescent samples, such as human skin, or the feather shown in Fig. 602, easily deliver count 
rates on the order of several 100,000 counts per second. 

Acquisition Times 

The acquisition time depends on the number of pixels in the image and the requirements to 
the accuracy of the lifetimes. The images shown above were recorded within about one min-
ute. 
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Scanning through Endoscopes 

Scanning Through a Fibre Bundle 

The principle used in the DCS MACRO system can extended to endoscopy. The laser beam is 
scanned over the input face of a fibre bundle endoscope, see Fig. 605. The excitation spot at 
the input face of the bundle is transferred to the distal bundle face. The distal face is either 
brought in direct contact with the sample, or imaged into deeper sample layers by a transfer 
lens. The fluorescence excited in the sample is transferred back to the input face, and back 
through the confocal scanner to the detectors. The setup has optical sectioning capability: 
Light from a point not in contact with the distal bundle face (or, if a transfer lens is used, not 
conjugate with it) does not form a sharp spot on the fibre bundle face. It is thus not focused 
into the pinholes. 
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Fig. 605: Combination of a confocal scanner with a fibre bundle endoscope 

An instrument of this type has been described by Kennedy et al. [596]. Excitation pulses of 
488 nm wavelength were generated by frequency-doubled Ti:Sapphire laser. The excitation 
beam was scanned over the input face of a fibre bundle consisting of 30,000 single-mode fi-
bres. The FLIM data were recorded by a PMH-100-1 detector and an SPC-830 TCSPC FLIM 
module. By terminating the distal fibre end with a miniature objective lens images at a resolu-
tion of 1.4 µm were obtained. 

It should not be concealed, however, that the setup has also a few disadvantages: The effec-
tive numerical aperture of the detection channel is low, and the images get rastered by the 
fibre bundle structure. A significant problem is fluorescence from the fibre bundle itself, as 
our own experiments have painfully shown. With the commonly used image fibre bundles it is 
virtually impossible to record FLIM at excitation wavelengths shorter than 450 nm. The most 
important endogenous fluorophore, NADH, excites at wavelengths around 370 nm and is thus 
not accessible. 

 

Scanning Through a Rigid Endoscope 

Good results were obtained from a similar setup using a rigid periscope. The principle is 
shown in Fig. 606. L2 transfers the image plane scan lens into the plane of L3, L4 transfers 
the image in the plane of L3 into the plane of the object. L1 and L3 are field lenses: L1 forms 
an image of the scan lens on L3, L3 forms an image of L2 on L4. The lenses thus avoid that 
the field of view is obstructed by the transfer lenses, L2 and L4. The periscope is sealed with 
a glass plane at the distal end. The lenses in the periscope were achromatic doublets of 45 mm 
focal length and 8 mm diameter. The entire endoscope had a length of 38 cm and an outer 
diameter of 9 mm. The field of view has a maximum diameter of 6 mm. 
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Fig. 606: Scanning through a rigid endoscope (not to scale). L2 and L4 are transfer lenses, L1 and L3 are field 
lenses. 

Fig. 607 shows a lifetime image taken from a plant leaf. The scanned area is 5 x 5 mm, the 
image format is 512 x 512 pixels, 256 time channels per pixel. The excitation wavelength was 
473 nm, the detection wavelength from 560 nm to 690 nm. Fig. 607 shows that the optical 
resolution is not impaired by the endoscope optics. 

 

Fig. 607: Lifetime image of a leaf scanned through the endoscope. 512 x 512 pixels, 256 time channels. Ampli-
tude-weighted lifetime of double-exponential decay. Excitation 473 nm, detection 560 to 690 nm. 

Fig. 608 shows autofluorescence lifetime images of two lesions on human skin. The excitation 
wavelength was 405 nm. An area of 5 x 5 mm was scanned, the image format was 512 x 512 
pixel, 256 time channels. The total acquisition time was 10 seconds. 10 frames were accumu-
lated within this time. Although some blurring is caused by motion during the acquisition 
time the anatomical structure is still reasonably resolved. The images were recorded at an 
excitation power of 50 µW, measured in the sample plane. Note that this power was distrib-
uted over an area of 25 mm2, corresponding to an excitation power of 2 µW per square milli-
meter. This is far below the permissible exposure for human tissue. 
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Fig. 608: Basal cell papilloma (left) and a keratomic lesion (right), scanned in vivo through the endoscope. Im-
age size 5 x 5 mm, scanned with 512 x 512 pixels. Becker & Hickl DCS-120 confocal scanner and Simple-Tau 
152 TCSPC FLIM system. Amplitude-weighted lifetime of double-exponential decay, lifetime range 500 to 
2800 ps. Excitation wavelength 405 nm, detection wavelength 480 to 560 nm. Excitation power 50 µW, acquisi-
tion time 10 seconds. 

 

2-Photon FLIM Through an Endoscope 

It has been attempted to record 2-photon FLIM through an endoscope. The problem of endo-
scopic 2p FLIM is that reasonable excitation efficiency can only be obtained a high numerical 
aperture at the distal end of the endoscope. That means that either a large diameter of the en-
tire endoscope or a short focal length at the distal end is needed. However, a short focal length 
means high magnification and, consequently, small field of view. Nevertheless, we have 
shown that 2p FLIM through an endoscope is possible, see Fig. 609 and Fig. 610. The endo-
scope had a numerical aperture of 0.5 at the distal end, a diameter of 10 mm and a length of 
300 mm. The image shown was recorded with a DCS-120 MP system using bh SPC-150NX 
TCSPC/FLIM modules and HPM-100-40 hybrid detectors. The excitation wavelength was 
785 nm, the detection wavelength interval 420 nm to 470 nm. The laser power at the distal 
end was about 5 mW. 

 

Fig. 609: 2p FLIM through an endoscope. Stratum corneum of human skin, analysis with SPCImage NG 
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Fig. 610: 2p FLIM through an endoscope. Stratum corneum of human skin, images of decay components 

Combination of Beam Scanning with a Motorised Sample Stage 

Scanning in the primary image plane of a confocal scanner covers a sample area of about 
15 mm diameter. In principle, a larger scan area can be obtained by inserting a lens system (a 
reversed telescope) between the scanner and the sample. However, the numerical aperture in 
the plane of the sample would decrease with increasing de-magnification factor. This is no 
problem for the excitation beam path. In the detection beam path, however, the amount of 
collected light and thus the sensitivity would decrease in proportion with the reverse scan area 
diameter. In principle, the NA problem can be solved by galvanometer mirrors of larger size. 
Larger mirrors are also slower, and would require an entirely scanner design. 

The problem can be solved by placing the sample on a motor stage, and run a Mosaic FLIM 
recording over a larger sample area. The combination of the DCS-120 MACRO system with a 
motor stage is shown in Fig. 611, left. The operation of the motor stage has been implemented 
in the SPCM software, version 9.76 of July 2017. Please see software chapter, ‘Motor Stage’, 
page 793 for details. An example of a large-area mosaic scan is shown in Fig. 611, right. 

   

Fig. 611: Left: DCS-MACRO system with motor stage. Right: Large-area mosaic scan. 

 

Scanning of Well Plates 

In 2017 the bh DCS-120 confocal FLIM system has been upgraded by a software-controlled 
motor stage, see page 793. In this configuration, the system is able to scan well plates. The 
well plate is placed on the motor stage. A defined area within the first well is scanned by the 
optical scanner of the DCS system, then the operating software shifts the plate by the distance 
between the wells, and scans the next well. The advantage of confocal scanning is that data 
are obtained from a thin focal plane inside the wells. Therefore, the decay curves are not im-
paired by re-absorption and re-emission. Moreover, possible effects of rotational depolarisa-
tion are cancelled by the high NA of the microscope lens. The data are saved as a normal Mo-
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saic-FLIM file of the SPCM operating software. A preliminary lifetime image can be dis-
played during the acquisition by the fast online-display functions of the SPCM software. Pre-
cision multi-exponential lifetime analysis is performed by bh SPCImage data analysis soft-
ware.  

     

Fig. 612, left to right: Well plate on microscope stage, fluorescence-lifetime image, decay functions in wells 4 
and 5, lower row. 

FLIM of a Rotating Object 

Small-animal tomography techniques - no matter whether optical or non-optical - often use 
rotation of the measurement object to obtain data for different projection angles. Although 
such techniques are not normally focusing on fluorescence lifetime detection they can be fa-
vourably supplemented by recording time-resolved data, especially fluorescence lifetime im-
ages or time-resolved diffuse reflection images. The fluorescence lifetime delivers direct in-
formation on molecular parameters, and time-resolved diffuse reflection data deliver scatter-
ing and absorption parameters from different tissue layers. In this section we show how fluo-
rescence lifetime images of the entire circumferential surface of a rotating object can be ob-
tained. 

The optical principle is shown in Fig. 613. The object is placed on a table which rotates it 
around its vertical axis. Simultaneously, the object is scanned vertically by a fast galvanome-
ter mirror. A bh BDS-SM picosecond diode laser is used for exciting fluorescence in the ob-
ject. A lens, L1, focuses the laser beam into an intermediate image plane. A projection lens 
system, L2 and L3, projects this plane on the surface of the object. As the galvanometer mir-
ror is moving, the laser spot moves up and down the surface of the object. With the rotation of 
the table, the entire surface of the object is scanned by the laser spot. Fluorescence emitted at 
the object is projected back into the intermediate image plane and collimated by L1. It is sepa-
rated from the excitation light by a dichroic mirror. It then passes a long-pass or bandpass 
filter and is detected by a PMC-150 or HPM-100 detector. The imaging setup is shown in Fig. 
614. 
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Fig. 613: Principle of the optical system 
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Fig. 614: Imaging setup, with laser, TCSPC system, and optical system 

We tested the setup with the test object shown in Fig. 615, left. A lifetime image provided 
online by SPCM software is shown in Fig. 615, middle. The lifetime range is from 1000 ps 
(blue) to 3000 ps (red). A decay curve in a selected spot of the image is shown in Fig. 615, 
right. 

     

Fig. 615, left to right: Test object, lifetime image, decay curve in selected spot. 512 x 512 pixels, 1024 time 
channels per pixel. Image and decay curve created by online display functions of SPCM data acquisition soft-

ware. 

The data shown in Fig. 615 were recorded with a laser power of about 100 µW. The average 
count rate at this laser power was about 400,000 s-1 on average, and about 900,000 s-1 in the 
bright areas. The acquisition time was about one minute, i.e. photons from 12 rotations of the 
object were accumulated. 

The setup described above provides a relatively simple and inexpensive way to record life-
time images of the entire circumferential surface of a three-dimensional object. A few non-
ideal features should, however, be taken into regard. 

The first one is that the path length to the surface of the object and back varies with the sur-
face topography. One millimeter variation in surface topography causes 2 mm path length 
difference, and thus a difference of 6.6 ps in transit time. The transit time difference transfers 
directly into a shift in the measured fluorescence lifetime. The problem can, in principle, be 
solved by using a floating IRF in SPCImage. However, a floating IRF increases the noise in 
the calculated lifetime, especially for fast decay components in the range of the IRF width. 

Another feature is the low collection efficiency of the optics. For a given diameter of the gal-
vanometer mirror, there is a reciprocal relationship between the maximum diameter of the 
scan area and the numerical aperture of the light collection. The light collection efficiency is 
therefore lower than in a scanning system with a microscope. However, different than in mi-
croscopy, the excitation light is distributed over a large scan area. The excitation dose per area 
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unit is therefore much lower. Consequently, photobleaching and photodamage are far less a 
problem. The low collection efficiency can therefore partially be compensated by using 
higher excitation power. 

Polygon Scanners 
In-vivo imaging systems often use fast-rotating polygon scanners to obtain imaging at near 
video rate. If such systems have or can provide an input for a BDL-SMC laser and an output 
to a FLIM detector they can easily be combined with bh FLIM systems, see also ‘Ophthalmic 
FLIM’, page 536. The principle of a polygon scanner and its connection to a bh FLIM system 
are shown in Fig. 616. 
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Fig. 616: FLIM with a polygon scanner 

Polygon scanners achieve pixel rates on the order of 10 MHz. As long as the scanner provides 
correct scan clock pulses such pixel rates are no basic problem for multi-dimensional TCSPC. 
A problem can occur in the FIFO imaging mode with external pixel clock: The pixel clock 
rate can be so high that the transfer of pixel clocks alone saturates the computer bus. The 
problem can be solved by recording with internal pixel clock. Internal pixel clock does not 
cause the same inconveniencies as for galvanometer scanners because the polygon scanner 
runs at constant speed. A pixel clock is therefore not needed, and, in most instances, even not 
provided by the scanner. Fig. 617 and Fig. 618 show FLIM data obtained with a bh Simple-
Tau 150 and a ‘Vivascope’ system of Lucid, Rochester. 

      

Fig. 617: Convallaria sample, 512 x512 pixels, 256 time channels. Double-exponential analysis. 
bh BDL-473-SMC laser and Simple-Tau 150 with Lucid Vivascope. 
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Fig. 618: Magnified detail of the image shown in Fig. 617, left. No synchronisation problems were found. 

An important requirement to an optical system for time-resolved detection is that the beam 
path is free of optical reflections. Reflections show up as bumps in the recorded fluorescence 
decay profiles. No such artefacts have been found in the Vivascope, see Fig. 619. 

 

Fig. 619: Fluorescence decay in a selected spot of  Fig. 617. No optical reflections are visible. 

Fig. 620 shows an autofluorescence FLIM image of pig skin. A BDL-SMC-488 nm picosec-
ond diode laser was used for excitation, FLIM was recorded by a bh Simple-Tau 150 system. 

     

Fig. 620: Autofluorescence of Pig skin. Excitation BDL-SMC picosecond diode laser, 488 nm. Recorded by 
Simple-Tau 150 system with HPM-100-40 hybrid detector. Analysis by SPCImage, double-exponential decay 
model. Left: Amplitude-weighted lifetime, tm. Middle: Amplitude of fast decay component. Right fluorescence 
decay in a 5 x 5 pixel area in the centre of the image. Data courtesy of Michael Roberts, University Adelaide. 

Resolution and contrast at 488 nm excitation wavelength are excellent, and the decay data are 
clean, see Fig. 620, right. Sanchez et al. have therefore used a Vivascope with a bh 
BDL-SMC 488nm laser and a Simple-Tau 150 FLIM systems for in vivo FLIM of human 
skin [960]. 

A problem of the Vivascope optics is loss in efficiency and resolution at excitation wave-
length shorter than 450 nm: The objective lenses of the Vivascope are corrected for reflection 
imaging in the NIR. They cannot be expected to be free of aberrations at ultraviolet wave-
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lengths. In principle, it should be possible to replace the objective lens with one that is cor-
rected for the blue spectral range, and thus make the instrument better suitable for excitation 
at 405 nm or shorter. 

Multi-Beam Scanning Techniques 
Multi-beam scanning was developed to obtain multiphoton images at short acquisition times. 
Scanning with several beams not only reduces the time required to scan one frame but also 
reduces photobleaching. The reduction in photobleaching rate is due to the nonlinear depend-
ence of the photobleaching rate on the emission rate [349, 541, 867]. 

Typical multi-beam scanning microscopes split the excitation beam into an array of several 
beams, scan the sample simultaneously with this beam array, and record the image by a CCD 
camera. Lifetime imaging in combination with multi-beam and a gated image intensifier cam-
era has been demonstrated by Straub et al. [1088]. However, scanning a time gate over the 
fluorescence decay results in poor recording efficiency. The advantage of low photobleaching 
is thus lost. 

Kumar et al. therefore used multichannel TCSPC with a bh PML-16 detector connected to an 
SPC-830 TCSPC module [659]. 16 excitation beams were used, and the luminescent spots 
were projected on the 16 input stripes of the R5900-L16 tube of the PML-16. The data re-
corded require correction for the inhomogeneity in the sensitivity and the delay of the PMT 
channels. A result is shown in Fig. 621. 

 

Fig. 621: TCSPC FLIM images obtained by multi-beam scanning. Left: Intensity image. Middle: Lifetime im-
age, blue to red corresponds to 260 to 1700 ps. Right: 3-D FLIM rendering of a z stack of 250 scans in different 

depth of the sample. Colour scale from 260 to 1700 ps. With permission, from [659] 

 

Scanning Systems with Piezo Stages 
Optical System 

The scanning systems described above use beam scanning to move the laser spot over the 
sample. However, scanning can also be performed by moving the sample. The optical princi-
ple of a confocal system with sample scanning is shown in Fig. 622.  

The system shown on the left injects the laser beam into the microscope via the lamp port of 
the microscope. The beamsplitter and the emission filter are inserted in one of the standard 
microscope filter cubes in the filter carousel of the microscope. The detector is attached to a 
side port of the microscope. A pinhole in the upper image plane of the microscope suppresses 
out-of-focus light. The setup is easy to implement but has a few disadvantages: The lamp port 
cannot be used for a fluorescence lamp, and the laser beam diameter must be increased to 
match the size of the back aperture of the microscope lens. The most significant problem is 
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alignment. The laser must be focus in the sample must conjugate exactly with the pinhole. 
The angle of the dichroic mirror in the filter cube is therefore critical. Microscopy filter cubes 
are not designed for this level of precision. The setup is therefore not recommended for high-
resolution imaging. 
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Fig. 622: Optical principle of a sample scanning system with confocal detection. Left: Beamsplitter and emission 
filter in microscope beamsplitter cube, pinhole and detector attached to the side port of the microscope. Right: 
Beamsplitter filter, pinhole and detector in compact optical assembly attached to a side port of the microscope. 

The system on the right has the laser input, the dichroic, beamsplitter, the emission filter, the 
pinhole, and the detector integrated in a compact optical assembly. The entire assembly is 
attached to an optical port of the microscope. The setup makes it easier to maintain exact 
alignment of the laser and the pinhole. 

 

Synchronisation of the Scanner with the TCSPC Module 

Piezo scanning can be combined with multi-dimensional TCSPC the same way as beam scan-
ning: The recording is synchronised with the scanning by pixel clock, line clock, and frame 
clock pulses, see section ‘Fluorescence Lifetime Imaging (FLIM)’, page 107. The only differ-
ence is in the scan rate. Stage scanning is typically 100 times slower than beam scanning. As 
a consequence, piezo scan data are often acquired in a single frame whereas beam-scanning 
data are normally accumulated over many frames. In any case, the recording process is fully 
integrated in the hardware and software of state-of-the art TCSPC devices and does not re-
quire any user-specific software. 

One way to combine a piezo scanning with TCSPC FLIM is to run the piezo controller soft-
ware in parallel with the TCSPC FLIM software. The piezo controllers can usually be pro-
grammed to generate the clock synchronisation pulses required for TCSPC. 

A more elegant way of integrating a scan stage in a TCSPC system is via a bh GVD-120 scan 
controller card, see Fig. 353, page 230 for a cable diagram. The GVD-120 card is part of the 
bh DCS-120 confocal scanning system. It has analog outputs which are normally used to 
drive galvanometer scanners. The card can, however, be configured to run the slow scan 
ramps required for piezo stages. The control of the card is fully integrated in the bh SPCM 
data acquisition software. This way, the piezo stage gets fully integrated into the SPCM in-
strument software, see ‘Operation of Experiment Control Devices from the SPCM Software’, 
page 783. Different pixel numbers, scan formats, and scan speeds can be selected via the 
SPCM software. The scanner can be parked in a selected spot for FCS recording or single-
molecule spectroscopy. The scan controller also controls two ps diode lasers. The lasers can 
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be multiplexed synchronously with the pixels, lines, or frames of the scan, or be modulated 
for simultaneous FLIM/PLIM operation, see page 357 and page 409. 

Fig. 623 shows a typical lifetime image recorded in the setup of Fig. 622, right. A Nikon 
TE 2000 microscope with an 63x, NA = 1.3 oil immersion lens was used. A PI P733.3DD 
piezo stage with analog inputs was driven by a bh GVD-120 scan controller card. A bh 
BDL-488 SMN (488 nm) laser was used for excitation. The fluorescence was detected by a bh 
HPM-100-40 GaAsP hybrid detector, and recorded by a bh SPC-150 TCSPC FLIM module. 
The scanning and the recording was controlled by standard bh SPCM software. The data 
FLIM data were analysed by bh SPCImage software. 

The sample was a convallaria preparation as it is commonly used in microscope demonstra-
tions. The scanner was run at a line time of 3.33 seconds (including line flyback). The scan 
format was 512 x 512 pixels, resulting in a scan time of 1700 seconds for the entire image. 

 

Fig. 623: FLIM image obtained piezo-stage scanning. PI P733.3DD piezo stage controlled by bh GVD-120 scan 
controller. Recording by bh SPC-150 TCSPC FLIM module. Image size 30 µm x 30 µm, data format 512 x 512 
pixels, 256 time channels. Single scan, scan speed 5 lines per second. 

The advantage of stage scanning is that there are only a few optical elements in the beam 
path, and there are no moving elements. The excitation and detection beams remain on the 
optical axis for all locations in the image. This way, aberrations and transmission losses are 
kept at a minimum. However, these advantages come at a price: The scanning is painfully 
slow, acquisition speed is limited by the scanner, a fast preview function is not available, fo-
cusing into the desired image plane is a nightmare, and deliberately selecting an image area of 
interest is difficult. Moreover, the scanning exerts insertion forces to the sample. Imaging of 
live cells in a cell culture can be a problem because the cells are shaken around by the scan-
ning action. 

Stage scanning is traditionally used in NSOM microscopy, see page 433 and in STED mi-
croscopy (see page 429). In NSOM there is indeed no way around the piezo stage: The re-
quired resolution is on the order of a nanometer, and the sample has to be moved with respect 
to the tip. However, no technical reason to use scan stages for STED. A galvanometer scanner 
easily achieves the required accuracy and allows for much faster recording. Commercial 
STED implementations have therefore dome away with the piezo stages and use galvanome-
ter scanners. Please see section below. 
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Stimulated Emission Depletion Microscopy (STED) 
Stimulated Emission Depletion (STED) microscopy exploits the nonlinearity of stimulated 
emission to obtain optical super-resolution [521, 611]. The fluorescence excited by the excita-
tion beam in a scanning microscope is depleted by stimulated emission induced by a second 
(STED) laser beam. The wavefront of the STED beam is manipulated to obtain a diffraction 
pattern that either has doughnut shape laying in the x-y plane or a dumbbell shape oriented 
along the z axis. Fluorescence remains un-depleted in the centre part of the doughnut or the 
dumbbell. Because stimulated emission is highly nonlinear the un-depleted volume can be 
made considerably smaller than the point-spread function of the excitation beam. By scanning 
both beams together images with optical super-resolution are obtained. 

 

STED FLIM Implementations 

At first glance, it may appear impossible to combine STED with fluorescence lifetime imag-
ing, because the decay curves are distorted by stimulated emission. Nevertheless, Auxorius et 
al. have shown that FLIM in combination with STED is possible [33]. The authors used a 
femtosecond Ti:sapphire laser to generate the excitation beam and the STED beam. The exci-
tation beam was obtained by sending a part of the Ti:Sapphire laser emission through a micro-
structured optical fibre. The fibre generated a super-continuum from which the excitation 
wavelength was selected by a filter. For the STED the Ti:Sapphire pulses were broadened to 
300 ps by 100 m of single-mode fibre. The broad pulses prevent re-excitation and mul-
tiphoton excitation by the STED beam. FLIM was performed the usual way by recording the 
photons in the Scan Sync In mode of an SPC-730 TCSPC module. A typical result is shown 
in Fig. 624. 

 

Fig. 624: Confocal (a), STED lifetime images (b), and confocal and STED decay curves (c). From [33].  

The decay curves (Fig. 624, right) have a sharp peak around the time of the excitation maxi-
mum. It comes from the entire Airy disk of the excitation beam, before the outer parts are 
depleted by the STED beam. The decay after the STED peak has the correct decay profile as 
to be expected for the fluorophore used. The result shows that FLIM in combination with 
STED is possible. 

Bückers et al. used a super-continuum laser to generate two pairs of excitation and STED 
beams [225]. The optical principle is shown in Fig. 625, left. 
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Fig. 625: Dual wavelength STED with super-continuum laser. Left: Optical principle. Right: Confocal image 
and STED image, combined spectral and lifetime separation. Lamin and tubulin were stained with KK 114 and 
ATTO 647N, respectively, which were segregated by lifetime analysis. The clathrin was stained with ATTO 
590.The fluorescence of it was separated spectrally from those of the other dyes. From [225]. 

The pulses of the both beam pairs were offset in time by 40 ns. Both excitation / STED beams 
are used simultaneously to excite and deplete different fluorophores. The fluorescence signals 
were separated from the excitation and STED beams by a dichroic beam splitter, DC, split 
spectrally by a second dichroic beam splitter, and projected into confocal pinholes, PH. Light 
passing the pinholes was detected by Perkin Elmer SPC-AQR detectors. Scanning was per-
formed by moving the sample by a piezo scan stage. The photon pulses from the detectors 
were processed by a bh SPC-730 TCSPC FLIM module via a router. The TCSPC module re-
cords separate lifetime images for the two detection wavelengths. Each pixel of each lifetime 
image contains two subsequent decay curves for the two excitation pulse trains. From the re-
corded data, images for fluorophores of different lifetimes and excitation / emission wave-
lengths were extracted. 

Lesoine et al. [694] used the same basic optical setup. The photons were detected by an 
HPM-100-40 hybrid detector and the image recorded by an SPC-830 FLIM module. The au-
thors detected lifetime changes of Alexa Flour 594 phallioidine. They attributed these changes 
to electron transfer between the Alexa dye as an electron acceptor and tryptophane as an elec-
tron donor. 

 

Abberior STED System 

A commercially available STED FLIM system with FLIM function is available from Ab-
berior Systems, Göttingen, Germany. The system uses an SPC-150 module for FLIM re-
cording. In single images the fluorescence intensity and lifetime are mapped at a lateral reso-
lution of <30 nm. 3D FLIM stacks are recorded at a longitudinal and lateral resolution of 
<70 nm. Three-channel STED FLIM measurements are performed with a single depletion 
laser. An example of a STED FLIM image recorded by this system is shown in Fig. 626. 
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Fig. 626: Confocal (left) and STED FLIM image (right) recorded with Abberior Instruments STED FLIM sys-
tem and SPC-150. Mammalian cells labelled with tubulin/ Atto647N and vimentin/ Abberior STAR 635P. 

 

The Abberior system can be run with fully integrated FLIM or with an external bh FLIM sys-
tem. An image recorded with an external SPC-150 FLIM system is shown in Fig. 627. The 
image was generated by the online-lifetime function of the SPCM software. 

 

Fig. 627: STED FLIM image recorded with an Abberior STED microscope and an external SPC-150 FLIM 
system. Image created by the online-lifetime function of SPCM. 1024 x 1024 pixels, 256 time channels. Image 
recorded at 2nd Workshop on Advanced Time-Resolved Imaging Techniques at BioCev, Vestec near Prague , 
May 16-17, 2017. We thank Maria Olisova of BioCev for recording data of extraordinary quality. 

 

Time-Gated STED Images 

A fluorescence decay extracted from an Abberior / bh STED image is shown in Fig. 628. The 
shape of the decay is typical for STED. There is the initial peak of un-depleted fluorescence 
from the entire airy disc of the excitation laser, followed by the fluorescence decay function 
from the molecules in the ‘hole’ of the depletion disc. (A similar peak can be seen in Fig. 624, 
right) The contrast and resolution can therefore be improved if the fluorescence from the un-
depleted part of the decay function is suppressed by time-gating. 
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Fig. 628: Decay curve in selected spot of the STED FLIM image. The fluorescence intensity and the fluores-
cence decay time was derived from the time interval after the peak of the un-depleted fluorescence. 

Time-gating can be achieved by defining appropriate ‘Window Intervals’ in the SPCM soft-
ware and displaying images in the defined time windows. Time-gating acts both on online-
intensity images and online-lifetime images. Since the by FLIM system records a full set of 
FLIM data the gate position can even be adjusted after the acquisition. A comparison between 
a ungated image an a gated image is shown in Fig. 629. 

              

Fig. 629: Ungated (left) and gated online-FLIM image (right). Detail from the image in Fig. 627. 

 

Other Super-Resolution Techniques 

It should be mentioned here that optical super-resolution can also be obtained by techniques 
like PALM or STORM. These techniques are based on switchable fluorophores. The fluoro-
phores are optically controlled so that only a small fraction of molecules is fluorescing at a 
time. These molecules are localised at a precision higher than the optical resolution, and the 
image reconstructed from the positions of the individual molecules. Super-resolution FLIM 
by switchable fluorophores would require a wide-field FLIM technique. Such a technique 
does, in principle exists, see page 435 of this handbook. A bigger problem are the switchable 
fluorophores. Whether the lifetimes of these fluorophores react to the molecular environment, 
and whether possible changes report biologically interesting parameters is not known. STED 
FLIM is less restricted in the choice of the fluorophores. It is currently the best technique to 
combine optical super-resolution with molecular imaging by FLIM. 
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Time-Resolved Optical Near-Field Microscopy (NSOM) 
The scanning near-field optical microscope (SNOM or NSOM) combines the principles of the 
atomic force microscope and the laser scanning microscope [368]. A sharp tip is scanned over 
the sample and kept in a distance comparable to the diameter of a single molecule. The tip can 
be the end of a tapered fibre through which the laser is fed to the sample, see Fig. 630, left. 
Or, a metallic tip is illuminated by focusing the laser through the microscope objective on it. 
The evanescent field at the tip is used to probe the sample structure (Fig. 630, right). In both 
cases the fluorescence photons are collected through the microscope objective lens. Scanning 
is performed by a piezo-driven scan stage. 
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Fig. 630: Optical near-field microscope 

Because NSOM uses scanning it can easily be combined with TCSPC FLIM. Because the 
image is obtained in a single slow scan the fluorescence decay curves are often recorded and 
read out on a pixel-by-pixel basis. However, a better way to record NSOM FLIM is by the 
usual imaging procedure of multi-dimensional TCSPC. The advantage of using multidimen-
sional TCSPC is that no user-specific programming is necessary, that readout times during the 
acquisition are avoided, and that the data can be processed by standard TCSPC-FLIM analy-
sis software. Examples of NSOM FLIM are shown in Fig. 631 and Fig. 632. 

Fig. 631 shows nano islands of fluorescing material on a semiconductor surface. The AFM 
image is shown left, the FLIM image in the middle. The right image is a combination of the 
AFM data with the fluorescence lifetime data. The image was scanned with an AFM/NSOM 
system of Nanonics, Jerusalem. Optical excitation was performed by a bh BDL-SMN 480 nm 
ps diode laser, the photons were detected by an HPM-100-40 hybrid detector and recorded by 
an SPC-150 TCSPC FLIM mode in the FIFO imaging mode. Synchronisation with the scan-
ning was achieved by frame, line, and pixel clock pulses delivered by the Nanonics piezo 
stage controller. 

 
Fig. 631: NSOM FLIM of nano-islands on a semiconductor surface. Left: Topography from AFM system. Mid-
dle: FLIM. Right: Overlay of AFM topography image with lifetime from FLIM. Amplitude-weighted lifetime of 
double-exponential decay. 
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The images shown in Fig. 632 were recorded by a combination of a NTEGRA SPECTRA 
AFM/NSOM system of NT MDT, Moscow, and an SPC-150 TCSPC modules with a 
BDL-SMN 488nm ps diode laser and a HPM-100-40 detector. The FIFO imaging mode was 
used, with frame, line, and pixel clocks from the NTEGRA system. 

                   

Fig. 632: NSOM FLIM of a polymer. Recorded with NTEGRA SPECTRA of NT MDT, Moscow and bh 
SPC-150 TCSPC FLIM module. Left: AFM topography image, lateral size 20 x 20 µm, vertical scale shown on 
the right. Right: Overlay of FLIM data with AFM data. Amplitude-weighted lifetime of double-exponential 
decay. 

Although the combination of TCSPC FLIM with NSOM does not pose any substantial prob-
lems not many NSOM FLIM applications have been published yet. In [545, 784] an SPC-730 
module was used; [666] used a classic TCSPC setup based on NIM modules. SNOM lifetime 
images presented in early publications were not very impressive. It is not clear whether the 
reason was lack of photons, too much detector background, inefficient data analysis and im-
age-reconstruction software, or simply poor reproduction. 

Near-field FLIM Images of good quality were presented by Cadby et al. [233]. The authors 
used a Veeco Aurora SNOM system upgraded with an R3809U MCP PMT and an SPC-830 
TCSPC module. The system was used to investigate the nano-structure of blends of fluores-
cent and non-fluorescent polymers [233, 234] and to microcapillary cavities containing a fluo-
rescent dye [4]. 

Gokus et al. used tip-enhanced near-field excitation to identify single carbon nanotubes and 
measure their fluorescence lifetime. A titanium-sapphire laser was used to excite the sample 
at 760 nm. The fluorescence was detected by an MPD PDM 50 SPAD, and the decay curves 
were recorded by a bh SPC-140 TCSPC module. The instrument response width was 27 ps 
(!), so that fluorescence lifetimes of 4 to 36 ps could reliably be recorded [459]. 

Gaiduk et al. used the SNOM principle for combined optical and force spectroscopy of single 
labelled DNA molecules [430, 431]. When a DNA molecule is captured between the tip and 
the surface simultaneous force and fluorescence data are acquired. As the tip is moved up and 
down complete distance cycles are recorded. The force data are added as an additional dimen-
sion in MFD (multi-parameter fluorescence detection) analysis (see Multi-Parameter Single-
Molecule Burst Analysis, page 613). 

In all TCSPC NSOM applications it must be expected that he proximity of the tip changes the 
radiative and non-radiative decay rates of the fluorophores. Therefore the obtained lifetimes 
do not necessarily represent the lifetimes of the undisturbed sample. Nevertheless, recording 
the fluorescence lifetime may help separate the change of the fluorescence intensity by the 
evanescent field at the tip and the change of the fluorescence intensity by variations in the 
decay rates. 

The change of the lifetime of an emitter depending on its photonic environment has been ex-
ploited by Frimmer et al [415]. They used a spontaneous emitter attached to a scanning probe 
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and recorded the lifetime changes by a DPC-230 card. They applied the technique to record 
enhancement of optical states around metal nanowires. 

Wide-Field FLIM 
bh deliver a wide-field TCSPC FLIM system consisting of a position-sensitive MCP PMT of 
the delay-line type, three SPC-150N TCSPC modules, a bh BDS-SM picosecond diode laser, 
an inverted microscope, and optics that projects a fluorescence image on the active area of the 
detector. The operation of the system is fully integrated in the bh SPCM TCSPC software, 
data analysis is performed by bh SPCImage. The system is described in the following section, 
additional details are described in [113] and [157]. 

Detector 

The system uses Photek FGN 392-1000 Detector. The FGN 392-1000 is an MCP PMT with a 
position-sensitive readout structure at the anode, see Fig. 633. 
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Fig. 633: Principle of position-sensitive detector: The detector has a delay-line structure as an anode. The X 
position of a photon is proportional to the delay between X1 and X2. The Y position of a photon is proportional 
to the delay between Y1 and Y2. The time of the photon is derived from a signal from the low-side of the chan-
nel plate, t. 

The readout structure consists of two crossed delay lines. The x position of a photon is de-
rived from the time difference between the outputs of the x delay line, the y position from the 
time difference at the outputs of the y delay line. Timing information for the individual pho-
tons is derived from a pulse from the low-side of the microchannel plate.  

TCSPC System 

The TCSPC system consists of three parallel SPC-150N modules, see Fig. 634. The first 
module measures the times of the photons in the laser pulse period. The second and third 
module measure the times of the pulses at the outputs of the X and the Y delay lines. Delay 
cables in the stop lines guarantee that the start-stop times remain positive for all X and Y po-
sitions. The SPC modules are working in the FIFO (Parameter-TAG) mode. That means the 
detection events, i.e. the times, t, and the positions, x and y, are transferred into the computer 
photon by photon together with a ‘macro time’. The macro time is an absolute time from the 
start of the acquisition. It is used by the software to assign the t, x, and y data delivered by 
different modules to a particular photon. From these data the software builds up a photon dis-
tribution over the coordinates x, y, and the times, t. This is the usual photon distribution of 
FLIM: It is an array of pixels, each of which contains a fluorescence decay curve consisting 
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of photon numbers in consecutive time channels. To make this process possible the measure-
ment in all three modules must be started at exactly the same moment, and the macro-time 
clocks in the modules must be synchronised. This is achieved by the ‘Trigger Master’ and 
‘Clock Master’ functions of the SPC-150N modules (see page 730 of this handbook). 
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Fig. 634: TCSPC System 

Constant-Fraction Discriminators 

All bh SPC modules have constant fraction discriminators (CFDs) at their start and stop in-
puts. The CFDs not only reject noise and low-amplitude pulses but also prevent the amplitude 
jitter of the detector pulses from inducing timing jitter. For this purpose, the CFD circuitry 
shapes the detector pulses into a bipolar waveform. The zero-cross point of this pulse does not 
shift with the amplitude. A fast discriminator triggers on the zero-cross point and thus delivers 
the temporal position of the photon is independently of the pulse amplitude (see page 259 of 
this handbook). If the pulse shaping network is adapted to the rise and fall time of the detector 
pulses this principle works well for all commonly used detectors. It also works for the single 
photon pulses at the timing output of the Photek FGN 392-1000 detector, see Fig. 635, left. A 
normal CFD does not work, however, for the signals delivered by the position outputs of a 
delay-line detector. The signals at these outputs have nothing in common with normal single-
photon pulses, see Fig. 635, middle. They resemble of a burst of pulses rather than a single 
photon pulse. Trying to process a signal like this by a normal CFD is hopeless. 

The reason of the unusual signal shape is that the electron cloud of a single photoelectron si-
multaneously hits several parts of the delay line structure, see Fig. 633. Moreover, the subse-
quent steps of the delay line are electrically not perfectly de-coupled. The only way to obtain 
timing from the position outputs is to determine the centroid of the entire burst. This can be 
achieved by sending the signal through a low-pass filter (pulse shape shown in Fig. 635, 
right). 

     

Fig. 635: Single photon pulses delivered by the Photek detector. Left: Timing output. Middle: Position output 
X1. Right: Signal of position output X1 after passing through a 20 MHz low-pass filter. 



Wide-Field FLIM    437 

 

The required transformation of the pulse shape is performed in special CFD in the SPC-150N 
cards of the position channels. The CFDs have the filter function integrated in a way that the 
filter simultaneously works as a pulse shaping network of the zero-cross discriminator. The 
principle is described in [157]. 

Optical System 

The optical part of the wide-field FLIM system is shown in Fig. 636. It consists of an inverted 
microscope, a BDS-SM 488nm picosecond diode laser, and a Photek FGN 392-1000 detector. 
The BDS-SM laser  is used for excitation. A cleaning filter removes long-wavelength broad-
band emission from the laser beam. The light passing the filter is delivered into the micro-
scope by a single-mode fibre. A standard microscope beam-splitter cube reflects the laser to-
wards the microscope lens. The fibre output delivers a diverging beam of light into the back 
aperture of the microscope lens. The light is thus not focused into the sample, it illuminates 
the entire field of view. Due to the clean beam profile at the end of the single-mode fibre the 
illumination is homogeneous over the entire image area. 
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Fig. 636: Optical System 

Fluorescence excited in the sample passes the dichroic mirror of the beamsplitter cube and an 
emission filter. It is directed out of the microscope via one of the side ports. An achromatic 
negative lens a few cm in front of the image plane magnifies the image to match the active 
area of the detector. A shutter is placed behind the lens to protect the detector and conven-
iently block the light path when the microscope lamp is used. 

SPCM Software 

Data acquisition is performed by bh SPCM software. Fig. 637 shows the main panel for wide-
field FLIM. The image is shown on the left. The display parameter panel, the predefined setup 
panel, and the DCC-100 (detector, shutter, laser control) panel are open on the right. The dis-
play parameters define the colour, the intensity scale and the mode of the data that are dis-
played. Data can be displayed as intensity images, intensity images in several time gates, or as 
decay curves over selected areas of the image. For routine use we recommend the settings 
shown in Fig. 637. Please see SPCM software description in this handbook. 

The DCC-100 panel controls the intensity of the laser, operates the shutter and controls the 
operating voltage of the detector. 
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Fig. 637: Main panel of SPCM software, recommended configuration for wide-field FLIM. Image Invitrogen 
BPAE sample, acquisition time 1 minute. 

The count rates are displayed on the lower left. The count rates have different meaning de-
pending on which SPC module is selected in the ‘Select SPC’ panel. If module 1 is selected 
the Sync rate is the reference pulse frequency from the laser. The other bars are the photon 
rates in the at the CFD input, in the TAC, and in the ADC of the time-measurement module. 
For wide-field FLIM, we recommend not to exceed a photon rate of 1 MHz. This can cause 
detector saturation in bright parts of the image, or result in a large fraction of ‘unmatched 
events’ (unmatched time and position information) and, consequently, loss of photons. If M2 
or M3 are selected the Sync and CFD rates show the event rates in the X1 / X2 and Y1 / Y2 
position channels. All rates should be approximately the same as the CFD rate in M1. 

The SPCM system parameter panel with the recommended settings is shown in Fig. 638, left. 
Operation mode is ‘Wide-Field FLIM’. Stop T is not set - the measurement is started and 
stopped by the operator. ADC resolution is 1024. That means, decay curves of 1024 time 
channels are recorded in the pixels. 'Image pixels Y' and 'Image Pixels Y' is 512, correspond-
ing to an image of 512 x 512 pixels. The pixel number can be increased to 1024 x 1024 to 
obtain larger over-sampling factors  as they are commonly used in microscopy. 

To associate the events recorded in the three SPC-150N modules to the correct photons the 
modules must be started synchronously, and be operated from the same master clock. The 
definitions are shown in Fig. 638, right. 

           

Fig. 638: System Parameters (left) and definition of Trigger Master and Master Clock function (right) 

System-specific parameters are defined under ‘More Parameters’, see button in the system 
parameter panel, lower right. These parameters control the conversion of the times measured 
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between the X1 and X2, and the Y1 and Y2 signals into spatial information. We recommend 
not to change these settings. 

Data Analysis 

Although the recording process of wide-field FLIM is different from scanning FLIM the re-
corded photon distribution is similar. It is an array of pixels, each containing a fluorescence 
decay function in a large number of consecutive time channels.  

Data Analysis can therefore be performed by SPCImage in the usual way, see Fig. 639. An 
intensity image build up from the TCSPC data is shown left, a lifetime image is shown right. 
A decay curve for the pixel at the cursor position is shown at the bottom. The decay curve is 
clean, without optical or electrical reflections. The residuals (shown below the decay curve) 
confirm the good quality of the temporal data. 

 

Fig. 639: Data analysis by SPCImage. Same data as shown in Fig. 637, 512 x 512 pixels, 1024 time channels per 
pixel. Sample Invitrogen BPAE cells. 

Spatial and Temporal Resolution 

A lifetime image at larger scale is shown in Fig. 640, left. The image was recorded with 
512 x 512 pixels. This is more than the detector / TCSPC combination resolves. Fig. 640, 
right, shows a zoom into an area near the centre of the image. It can be estimated that the ef-
fective spatial resolution of the detector-TCSPC combination is about 250 x 250 pixels. The 
entire cathode of the detector has a diameter of 40 mm, one pixel thus corresponds to about 
160 µm on the cathode. 
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Fig. 640: Left: Wide-field FLIM image analysed with the parameters shown in Fig. 639. Right: Digital zoom 
into an area near the centre of the image. 

The temporal instrument response function (IRF) of the detection system for different spots at 
the photocathode is shown in Fig. 641. To avoid saturation of the channel plates by high local 
intensity the IRF measurement was performed at a count rate of no more than 70 kHz. 

 

Fig. 641: Temporal instrument response function (IRF) for different x positions on the photocathode 

The full-width at half-maximum (FWHM) is 187 to 233 ps. There is a slight change in the 
IRF shape and position with the position on the photocathode. The shift in the first moment of 
the IRF is about 75 ps. There are two reasons for this shift. The first one is that the timing 
signal is derived from only one point at the periphery of the microchannel plate. Therefore 
there is a non-zero propagation delay from the detection position to the output signal line. The 
second one is that there is a systematic variation in the shape of the electrical single-photon 
pulse with the detection position. The shape variation causes a shift of the zero-cross point in 
the CFD. Both effects result in a dependency of the IRF on the spatial position at which the 
photons are detected. A shift in the first moment of the IRF induces a shift of approximately 
the same size in the calculated fluorescence lifetimes. For the analysis of wide-field FLIM 
data we therefore use a floating IRF (see SPCImage chapter). 
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FLIM Background Knowledge 

What is Important to FLIM of Biological Objects? 
FLIM technique 

There is a wide variety of different FLIM techniques [149, 876] based on different data re-
cording principles. The techniques differ considerably in essential parameters, such as photon 
efficiency, i.e. in the number of photons required to achieve a given lifetime accuracy, time 
resolution, ability to resolve multi-exponential decay functions, multi-wavelength capability, 
acquisition time needed to reach a given lifetime accuracy, photon rate they are able to proc-
ess, compatibility with laser scanning, optical sectioning capability, or compatibility with 
single-molecule techniques. Especially, there is currently a run on techniques which are able 
to achieve short acquisition times [727] for samples which deliver extraordinarily high fluo-
rescence intensities. Often the development is purely technological: Techniques are concen-
trating on just one parameter of the recording process, while neglecting another. Therefore not 
all techniques are equally suitable for FLIM of biological objects. An attempt to compare dif-
ferent techniques has been made in [143] and [149]. The following paragraphs give a sum-
mary of the features that are important for FLIM of biological samples. 

Time Resolution 

It is sometimes believed that FLIM in cells or tissues does not require a particularly high time 
resolution. The argument is that the fluorescence lifetime of fluorescent dyes used in micros-
copy is normally on the order of a few nanoseconds. This is certainly correct. However, the 
recording of images of conventionally stained samples is not the main application of FLIM. 
Modern FLIM is a molecular imaging technique. That means it focuses on recording lifetime 
variations caused by different molecular environment of the fluorophores. Fluorescent probes 
for these applications do not always have long lifetimes. Moreover, the information is not in 
the average fluorescence lifetime of the probe but in the lifetimes and amplitudes of decay 
components. Examples are FRET experiments, where the interacting donor lifetime can be as 
short as 200 ps, and metabolic imaging experiments based on the fluorescence of NADH and 
FAD, where the lifetimes of the fast components are on the same order. Lifetimes of dye ag-
gregates in cells have been found as short as 50 ps [592], the lifetime of fluorophores bound 
to metallic nano-particles [438, 745] can be 100 ps and shorter, and SHG components are in-
finitely fast. Recently, fast TCSPC FLIM has shown that ultra-fast decay component with 
lifetimes in the 20-ps range are far more frequent than commonly believed [161, 162]. A good 
FLIM technique should therefore by able to record lifetimes down to 100 ps and below with-
out noticeable decrease in accuracy. Moreover, it should be able to resolve the components of 
complex decay profiles, see below. 

Fluorescence Decay Profiles of Biological Samples 

The fluorophore populations in biological specimens are usually not homogeneous. Several 
fluorophores may be present in the same pixel, or one fluorophore may exist in different bind-
ing states or different molecular environment. The fluorescence decay functions are therefore 
usually multi-exponential. A few typical decay profiles are shown in Fig. 642. Even without 
data analysis, it is clearly visible that the decay profiles are not single exponentials. 
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Fig. 642: Decay profiles of biological samples, total length of time axis 10 ns, logarithmic intensity scale. Left to 
right: CFP-YFP FRET in HEK cell at emission wavelength of CFP, autofluorescence of the stratum corneum of 

human skin, plant tissue sample 

There are certainly cases when fitting multi-exponential decay profiles by a single-
exponential decay is feasible. These may be pH imaging, oxygen quenching experiments, or 
ion concentration measurements. In most cases, however, describing the fluorescence of the 
sample by a single ‘Fluorescence Lifetime’ means discarding useful information or even leads 
to wrong results. The FLIM technique should therefore record a full fluorescence decay func-
tion in each pixel, not only a single ‘lifetime’ value. This is no problem for TCSPC FLIM - it 
records well-resolved decay profiles in the individual pixels. 

Multi-Parameter Recording 

Biological systems are multi-parameter systems. Moreover, the systems are dynamic. A FLIM 
technique for biological applications should be able to determine several parameters of a bio-
logical system simultaneously, and in their mutual dependence. This requires features like 
multi-exponential decay analysis, fast accumulation of time series, excitation-wavelength 
multiplexing, simultaneous recording in several emission wavelength intervals, or simultane-
ous FLIM/PLIM. In fact, only multi-dimensional TCSPC is able to meet these requirements. 

Photon Efficiency 

The accuracy of fluorescence lifetime detection is inevitably connected to the number of pho-
tons recorded. Under ideal conditions, the lifetime of a single-exponential decay can be ob-
tained from the recorded data with the same accuracy as the intensity [43, 447, 620]. In both 

cases the signal-to-noise ration, or reciprocal relative standard deviation is N , with N being 
the number of photons in the pixel considered. However, there is a significant difference: 
Conventional fluorescence imaging is aiming at resolving the spatial structure of a sample. 
This is easily possible on images of low signal-to-noise ratio: An intensity image with a stan-
dard deviation of 10%, or 100 photons per pixel, resolves the spatial structure of a sample 
very well. FLIM, however, is aiming at resolving molecular interactions. The lifetime changes 
induced by these effects are in the 10% range or below. Thus, a much lower standard devia-
tion, or higher signal-to noise ratio, is required for the lifetime in FLIM than for the intensity 
in spatial imaging. Consequently, more photons are needed. These are difficult to obtain from 
biological samples. Therefore, photon efficiency, becomes an extremely important parameter 
of FLIM. The FLIM technique should not only detect the photons as efficiently possible, it 
should also derive a maximum of information from them. This is no problem for TCSPC 
FLIM: The lifetime accuracy obtained from TCSPC FLIM data is very close to the theoretical 

maximum, N .  

Low-Intensity Imaging 

Recording many photons means either a high excitation intensity or a long acquisition time. 
Therefore photobleaching [349, 867] and photodamage [541, 621, 624] are important issues in 
precision FLIM experiments. Both effects are more troublesome for FLIM than for spatial 
imaging because they are likely to change the lifetimes [135, 535]. Photobleaching and photo-
damage are clearly nonlinear for two-photon excitation. A nonlinear component seems to be 
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present also for high intensities of one-photon excitation [175]. Thus, photobleaching can be 
reduced by recording at lower excitation power and correspondingly longer acquisition time. 
A good FLIM technique must not only make best use of the detected photons, it must also be 
able to work reliably at extremely low intensity. TCSPC FLIM works with single photons and 
thus delivers the best possible results at low intensities. 

Single-Photon Detection Capability 

Under conditions described above, the detector signal is a train of random pulses representing 
the detection of the single photons. A typical signal is shown in Fig. 643. The laser repetition 
rate is 80 MHz, the photon count rate is 10106 photons per second. The FLIM technique has 
to reconstruct the decay functions in the pixels of the image from the single-photon pulses of 
the detector. The logical consequence is that a TCSPC technique should be used [140, 153]. 

 

Fig. 643: Laser pulse sequence (top) and detector signal (bottom) in a typical FLIM application. Laser 80 MHz, 
count rate 10106 photons per second. 

Single-Molecule Detection Capabilities 

The detection volume of a laser scanning microscope is on the order of femtoliters. If the 
fluorophore concentration is not too high the detection volume contains only a limited number 
of molecules. The molecules show dynamic effects, such as diffusion, rotation, conforma-
tional changes, transition between the singlet and the triplet state, and blinking. The recording 
technique used should not only be able to record FLIM but also be able to deliver information 
about single-molecule dynamics. Again, TCSPC FLIM meets these requirements. 

Multi-Wavelength Detection 

In many cases FLIM images are taken in several emission wavelength intervals or under dif-
ferent angle of polarisation. It is important that both recordings be performed simultaneously. 
This not only reduces the sample exposure and the associated photobleaching, it also avoids 
that photobleaching during the first recording changes the results of the second one. Only if 
both recordings are done simultaneously the results are comparable. Multi-wavelength detec-
tion is a standard feature of TCSPC FLIM and can be used with all bh FLIM systems. 

Depth Resolution and Suppression of Lateral Scattering 

Another important issue is longitudinal resolution. Mixing the fluorescence lifetimes of dif-
ferent sample planes and pixels must be strictly avoided. The only technique that delivers 
depth resolution and suppression of lateral scattering without loss in photon efficiency is con-
focal or multiphoton laser scanning. Thus, the FLIM technique must take full advantage of the 
capabilities of confocal and two-photon laser scanning microscopes [140, 154]. TCSPC FLIM 
is perfectly compatible with these instruments. 

Compatibility with the Scanning Microscope 

Laser scanning microscopes with standard scanners scan the sample at pixel dwell times 
down to about 1 µs, systems with resonance scanners even faster. Photon rates obtained from 
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typical samples are usually an order of magnitude smaller. It is thus impossible to obtain 
enough photons for lifetime analysis within the time the beam is on one pixel. Consequently, 
the FLIM system must be able to acquire the photons from a large number of frames scanned 
at a pixel rate higher than the photon detection rate. TCSPC FLIM does exactly this. 

Fast Scanning 

The ability to work with fast scanning is mandatory also from a practical point of view. The 
operator must be able to position the sample under the microscope, find the desired focal 
plane, adjust the scan area, the laser power, and select the right imaging parameters. For bio-
logical samples, these activities must be completed within a limited period of time and with 
limited exposure to the excitation light. This is only possible if the imaging system has some 
kind of fast preview function. A fast preview is, of course, only possible if the sample is 
scanned at high frame rate, and if the imaging technique is compatible with this rate. TCSPC 
FLIM is independent of the scan rate. The results depend only on the photon rate delivered by 
the sample and the total acquisition time. 

Tolerance to Dynamic Effects in the Sample 

Fluorescence signals from live specimens cannot be expected to remain constant over the ac-
quisition time of the image. There may be motion in the shape of the cells, organelles may be 
moving, mitochondria are drifting around, or the cells may respond to variations in the oxy-
gen or CO2 concentration. There may even be fluctuations due to a variable number of fluoro-
phore molecules in the laser focus. Moreover, photobleaching is often not absolutely avoid-
able so that the fluorescence intensity and lifetime may change slightly over the acquisition 
time. Such changes should not induce direct artefacts, such as distortions in the decay curves, 
fluorescence spectra, or images recorded. Procedures like slow scanning of time gates or 
wavelength scanning must therefore be avoided. TCSPC does not use any gating in time or 
wavelength. Instead, it builds up a photon distribution. The photon distribution always repre-
sents an average of the fluorescence decay function over the acquisition time. 

Multiphoton Excitation and Non-Descanned Detection 

Lifetime microscopy extends more and more into experiments using life tissue, life animals, 
or even into clinical applications. The only way to obtain clear images from tissue layers 
deeper than a few 10 µm is two-photon excitation with non-descanned detection (NDD), see 
page 334 of this handbook. The FLIM system must be NDD-compatible. TCSPC FLIM has 
no problems with two-photon excitation, and works perfectly with non-descanned detection. 

Acquisition Time 

Of course, a good FLIM technique should deliver a result of a given signal-to-noise ratio in an 
acquisition time as short as possible. Under the conditions of live cell imaging, the photon 
rate that can be obtained is usually limited by the photostability of the sample. Short acquisi-
tion time is therefore inevitably connected to high photon efficiency. That means, surpris-
ingly, that TCSPC FLIM yields the shortest acquisition time under these conditions. Please 
see considerations below. 

Signal-to-Noise Ratio of FLIM 
From a single-exponential fluorescence decay recorded under ideal conditions the fluores-
cence lifetime can theoretically be obtained with a relative standard deviation or ‘coefficient 
of variation’, CV , and with a signal-to noise ration, SNR, of  
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with  N = number of recorded photons [43, 447, 159, 620]. In other words, the fluorescence 
lifetime can be obtained at the same accuracy as the intensity. Measurement under ideal con-
dition means the decay function is recorded  

- with an instrument response function that is short compared to the decay time 
- into a large number of time channels 
- within an observation-time interval several times longer than the decay time 
- with negligible background of environment light, detector dark counts, and detector after-

pulsing 

Under these conditions, the equation given above can easily be verified: The average arrival 
time of the photons after the excitation pulse is equal to the decay time, and the variance of 
the arrival time of the individual photons is equal to the decay time. The variance of the aver-
age arrival time for N photons decreases with N1/2. Consequently, the relative variance of the 
lifetime is N-1/2. Correctly recorded TCSPC FLIM data come very close to the theoretical 
limit [63, 64, 159]. 

The conclusion from (1) is that the main parameter that influences the signal-to-noise ratio of 
the lifetimes derived from FLIM data is the photon number in the pixels, N. There are various 
ways to maximise N. The first idea in this direction is often to use more laser power or to in-
crease the acquisition time. This is certainly correct, but the options are limited by the photo-
stability of the sample. Better ways to higher N is to use detectors of high efficiency, objec-
tive lenses of high NA, perfect alignment of the optical system, exact focusing, and correct 
binning in the data analysis [159]. 

Things become complicated when the fluorescence decay is no longer recorded under ideal 
conditions. An investigation of the signal-to-noise ratio under non-ideal conditions has been 
published by Köllner & Wolfrum [620]. It turns out that the factor impairing the lifetime ac-
curacy most dramatically is background. Also this can easily be explained: The arrival time of 
the background photons varies over the full recording time interval. This is usually 10 times 
longer than the fluorescence lifetime. That means background photons, on average, introduce 
10 times more timing variation than the fluorescence photons. There are also other factors 
which influence the efficiency of lifetime analysis, for example length and position of the 
observation-time interval, laser repetition rate, number of time channels, IRF width, and am-
plitude and lifetime ratio of the decay components of multiexponential decay functions. For a 
detailed discussion and experimental demonstration of the effects please see [159]. 

Why Does FLIM Need More Photons than ‘Normal’ Imaging? 
The fact that FLIM achieves the same signal-to-noise ratio as intensity imaging is in apparent 
contradiction with common experience: From the same sample imaged under similar excita-
tion conditions, intensity images are obtained in a far shorter acquisition time than FLIM im-
ages. Where is the mistake? 

The mistake is to implicitly assume that ‘intensity imaging’ (in the sense of spatial imaging) 
and FLIM are recording the same physical properties of the sample. This is wrong: Intensity 
imaging aims at resolving the spatial structure of the sample. To do so, it uses the fluores-
cence intensity of a fluorophore attached to the internal sample structures. In other words, 
intensity imaging records the spatial variation of the fluorophore concentration in the sample. 
Relative concentrations in stained and unstained structures of the sample can vary by 1:100 
and more. 

FLIM aims at resolving changes in the fluorescence lifetime, i.e. in the quantum efficiency of 
the fluorophore. Relative changes in these parameters are much smaller than the concentration 
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changes. Lifetime changes are usually in the 10% range. Consequently, a higher signal-to-
noise ratio, and a higher number of photons are needed, see equation above. 

The differences are illustrated in Fig. 644. The figure shows an intensity image (left) and a 
lifetime image (middle) derived from the same TCSPC FLIM data. The number of photons, 
N, in the bright pixels is about 80. The signal-to-noise ratio is about 9. However, the concen-
tration changes are much larger than this. The spatial structure of the sample is therefore re-
solved very well. The signal-to-noise ratio of the lifetime in the FLIM image is on the same 
order as the intensity noise in the intensity image. This can be proved by the lifetime histo-
gram on the right. (Note that the relative variance is about 1/4 of the full-width at half maxi-
mum.) However, the lifetime variation in the sample is at the limit of delectability. The reason 
is simply that the lifetime variation in the sample is much smaller than the concentration 
variation. 

       

Fig. 644: Intensity and lifetime images derived from the same TCSPC data. Left: Intensity image. Middle: Life-
time image. Right: Histogram of the lifetime over the pixels of the FLIM image. 

It should be noted that ‘intensity imaging’ may also be used to investigate molecular interac-
tions of the fluorophores with their environment. In that case, the aim is to record variation in 
the fluorescence quantum efficiency of the fluorophores. The quantum efficiency and the 
fluorescence lifetime are directly connected. Consequently, the relative intensity changes to 
be recorded are the same as for the lifetime in lifetime imaging. However, the intensity also 
depends on the concentration. The variation in concentration must be removed from the data 
by reference measurements. These introduce additional noise. A practical evaluation of FLIM 
versus intensity measurement for FRET applications has been published by Pelet et al. [872]. 
The authors found that FLIM indeed delivered a better SNR than intensity-based FRET meas-
urement. 

 

Photobleaching 
The problems described above are further complicated by photobleaching or even photodam-
age [175, 349, 541, 621, 867]. Moderate photobleaching has no effect on the spatial structure 
of a sample. Intensity measurements (in the sense of spatial imaging) can therefore be per-
formed at high excitation power. It may be expected that photobleaching has no effect on 
FLIM as well: FLIM is independent of the fluorophore concentration. Some loss in fluoro-
phore concentration by photobleaching therefore should not have an impact on the recorded 
lifetimes. Unfortunately, this is usually not the case [135, 535]. The reason is that biological 
samples normally contain several fluorophores, or a fluorophore in different states of interac-
tion with the molecular environment. Different fluorophores and different fluorophore frac-
tion bleach at different rate. Usually slow lifetime components bleach faster, the lifetime dis-
tribution changes toward shorter lifetimes, and the apparent lifetime decreases. It may also 
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happen that photobleaching products are fluorescent themselves. In these cases the lifetime 
changes may become entirely unpredictable. Moreover, photobleaching generates radicals, 
and these have a destructive effect on the proteins. Photobleaching may therefore not only 
change the fluorophores but also the molecular structure of the specimen itself. Caution is 
required especially in attempts to verify FLIM-FRET results by acceptor photobleaching. 

An example of photobleaching is shown in Fig. 645. A region around the centre was scanned 
by a 405 nm ps diode laser for 5 minutes at full power. Then a lifetime image of a larger area 
was recorded. The intensity image (Fig. 645, left) shows a photobleached region in the scan 
area of the 405 nm laser. The spatial structure of the sample is still perfectly preserved. The 
lifetime image of the intensity-weighted lifetime, ti, is shown on the right. It can clearly be 
seen that the photobleached region has a decreased lifetime. 

                     

Fig. 645: Photobleaching in a convallaria sample. The region around the centre has been scanned with the full 
power of the 405 nm diode laser. Intensity image (left) and lifetime image (right). 

The same problem exists, of course, for intensity-based measurements of molecular parame-
ters of the sample. The only difference to FLIM is that photobleaching artefacts are more dif-
ficult to identify. The problem therefore often remains unnoticed. 

It should be noted here that there is also another difference between FLIM and spatial imag-
ing. Samples for spatial imaging contain high concentrations of fluorophores. Examples are 
samples as the one shown in Fig. 645. FLIM samples (and samples for intensity-based mo-
lecular imaging) are different. They contain fluorophores linked to highly specific binding 
sites in the cells. That means that the fluorophore concentration is low. For a given emission 
rate, the molecules have to perform a higher number of absorption-emission cycles and, con-
sequently, photobleach faster. 

It is sometimes believed that two-photon excitation causes less photobleaching than one-
photon excitation. This is wrong. It is certainly correct that two-photon excitation does not 
cause photobleaching outside the focal plane [362]. It is also correct that NIR radiation causes 
considerably less photodamage in live tissue than UV radiation for the same excitation power 
[621]. However, if the photobleaching rates within the focal plane are compared for the same 
emission rate photobleaching has been found up to 20 time higher for two-photon excitation 
[349]. 

Photobleaching and photodamage are clearly nonlinear for two-photon excitation [349, 541 
621, 867], and a nonlinear component probably also exists for one-photon excitation [175]. 
Therefore, photobleaching can usually be reduced by decreasing the excitation power and 
compensating for the lower count rate by an increased acquisition time. 
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Giving general recommendations for adjusting the count rate is difficult. On the one hand, the 
concentration of the fluorophore and the photostability may vary by orders of magnitude; on 
the other hand, the tolerance of the users to possible artefacts may differ considerably. In pub-
lished FLIM results the count rates and the amount of photobleaching are rarely mentioned so 
that only a few examples can be given here: CFP-YFP FRET images of HEK cells presented 
in [134, 140] were recorded at 50103 s-1. CFP-YFP FRET in Caenorhabditis Elegans [221] 
was recorded at < 105 s-1. Two-photon autofluorescence of skin delivered about 60103 s-1 

[625, 626, 627]. These count rates are by a factor of 40 to 100 lower than the maximum count 
rate of the bh TCSPC devices used. It should be expected that much higher count rates are 
obtained from stained tissue. Nevertheless, imaging of the pH in skin tissue by BCECF was 
performed at an average photon rate of only 2106 s-1 [501], although the frequency-domain 
technique used was capable of processing much higher rates. 

 

Acquisition Time of TCSPC FLIM 
There is probably no parameter of FLIM which is discussed more controversially than the 
acquisition time. We have shown  that the signal-to-noise ratio of TCSPC FLIM comes very 
close to the theoretical limit of N1/2, [159] see also page 395 of this book. Therefore, it should 
be expected that TCSPC FLIM also reaches short acquisition times. Nevertheless, the techni-
cal literature is full of wrong estimations of the acquisition time needed to record a TCSPC 
FLIM image. The mistakes start with wrong assumptions on the size of the pile-up effect, and, 
consequently, the count rates that can be applied in FLIM measurements, and end with the 
assumption of unrealistic pixel numbers, wrong numbers of photons required per pixel, and 
neglection of the possibility of binning. 

Effect of Pixel Numbers and Binning 

The equation given at page 444 can be used to estimate the number of photons and the acqui-
sition time needed to record a fluorescence lifetime image. With N being the number of pho-
tons per pixel the relative standard deviation and the signal-to-noise ration of the lifetime is 
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With  N = p T / pxl    (p= photon rate, T= acquisition time, pxl=pixel number) the acquisition 
time is 
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The acquisition time as a function of the desired standard deviation for a count rate of 106 s-1 
and different pixel numbers is shown in Fig. 646, left. Even for an image of 512 x 512 pixels 
a relative lifetime accuracy of 0.1 (or 10%) is obtained within less than 30 seconds, for 
smaller pixel numbers the acquisition time is correspondingly shorter. However, an acquisi-
tion time of 2600 seconds (or 45 minutes) would be required to record lifetime image of 
512 x 512 pixels with a lifetime accuracy of 1 %. 

The acquisition time in the equations above and in Fig. 646, left refers to unbinned lifetime 
data. With binning in the lifetime analysis, and with the definition of the binning factor, n, 
used in SPCImage (see page 795 of this handbook) the effective number of pixels, pxleff, of an 
image with pxl pixels is 

 pxleff = pxl / (2n+1)2 
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The acquisition time then becomes 
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A diagram for 512 x 512 pixels and different binning is shown in Fig. 646. With a binning 
parameter of n=2 (appropriate for spatial oversampling factor 5, see 'Binning', page 851) the 
acquisition time for a lifetime accuracy of 1% (SNR of 100) becomes 100 seconds. For an 
accuracy of 10% it is only 1 second. 
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Fig. 646: Left: Acquisition time versus relative standard deviation and SNR versus pixel number for different 
pixel number. No binning used. Right: Acquisition time versus relative standard deviation and SNR versus pixel 

number for different binning in the data analysis. Count rate 106 s-1. 

The diagrams above show that FLIM with acquisition times on the order of a few seconds and 
below is well possible if the requirements to the lifetime accuracy are not too high. Please see 
[100] and 'Fast Online FLIM with Standard bh TCSPC Systems' page 395, for experimental 
demonstration. 

This doesn't men, however, that FLIM experiments should always be performed near the 
minimum of the acquisition time needed to obtain a desired accuracy. The accuracy required 
to resolve a particular biological effect is often not known in advance, and the accuracy ob-
tained in the lifetime analysis may be lower than N1/2. This is especially the case when multi-
exponential analysis is required, or when the data quality is impaired by non-ideal recording 
conditions [159]. 

Recording Conditions 

The relation SNR = N1/2 applies to FLIM data recorded under ideal conditions. In particular,  
the entire decay must be in the observation-time interval and there must be no background 
from environment light, detector afterpulsing, laser background or long-lifetime fluorescence. 
If this is not the case the required number of photons is increases, and so does the acquisition 
time for a given signal-to-noise ratio of the lifetime [159]. Moreover, it can happen that the 
optical system simply does not collect the number of photon it could. Frequently encountered 
mistakes are poor alignment of the optical system, inaccurate focusing, and the use of wrong 
microscope lenses. Examples and their influence on the lifetime accuracy are shown in [159].  

Carelessness in only one of these points may not influence the results by much. However, 
negligence in all of these details can reduce the lifetime accuracy by a factor of 30, see [159]. 
To compensate the loss in accuracy almost 1000 times more photons from the sample would 
be needed. In other words, the acquisition time to obtain a given SNR becomes 1000 times 
longer than under optimum conditions. 
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Multi-Exponential Decay Functions 

The required number of photons increases if double-exponential decay functions are to be 
resolved. However, the number of photons needed is commonly over-estimated. The miscon-
ception probably goes back to a paper of Köllner & Wolfrum [620]. They (correctly) calcu-
lated the number of photons required to resolve a double-exponential decay to be 
N = 400,000. The paper is therefore used as an argument that multi-exponential lifetime 
analysis in FLIM is impossible. However, Köllner & Wolfrum assumed a decay function with 
10% of 2 ns and 90% of 4 ns. This is an extremely unfavourable situation which indeed re-
quires an extremely high number of photons.  

Fortunately, the prospects of separating two lifetime components improve dramatically with 
the ratio of the two lifetimes and with the amplitude of the short lifetime component. Typical 
FLIM applications are metabolic FLIM, with separation of the decay components of bound 
and unbound NADH or of bound and unbound FAD, and FRET experiments, with separation 
of the interacting and non-interacting donor fraction. In these cases, the component lifetimes 
differ by a factor of 5 to 10, and the amplitude of the fast component is 50 to 90%. Under 
such conditions double-exponential analysis is feasible on no more than a few 1000 photons 
per pixel or per binning area. An example is shown in Fig. 647 and Fig. 648. 

 

Fig. 647: Decay curve with 1700 photons, double-exponential fit. Decay curve from cursor position in Fig. 648. 

   

Fig. 648: Left: NADH FLIM of live cells, 512 x 512 pixels, binning = 2, about 1700 photons in binning area. 
Right: Distribution of decay parameters tm, t1, and a1 in region of interest. 

The data show autofluorescence of live tumor cells. The sample was excited by 2-photon ex-
citation at 750 nm, the photons were detected from 440 nm to 475 nm, the acquisition time 
was about 40 seconds at a count rate of 500,000 photons per second. (Higher count rate 
caused damage to the cells) The fluorescence comes almost exclusively from NAD(P)H. Fig. 
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647 shows the decay curve at the cursor position of Fig. 648. The raw data contain about 70 
photons per pixel. Binning = 2 was applied to the data, the curve thus contains 1700 photons. 
The data were fitted by a double-exponential model, see red curve. The fit results, shown in 
the insert, are perfectly compatible with the decay components of NAD(P)H. 

Fig. 648, left, shows a lifetime image of the amplitude-weighted lifetime, tm, of the double-
exponential fit. Histograms of tm and of the lifetime, t1, and the amplitude, a1, of the fast decay 
component are shown in Fig. 648, right. With about 1700 photons per binning area the distri-
butions are not overwhelmingly narrow. But they are still scientifically meaningful. For ex-
ample, a1 peaks at 75%. In comparison, a normal cell has an a1 of about 65%. Clearly, the a1 
histogram is compatible with a tumor cell but not with a normal cell. Thus, the data are accu-
rate enough to distinguish between tumor cells and normal cells. 

 

Counting Loss and Pile-Up Effects 
TCSPC is based on the assumption that the light intensity at the detector is low enough so that 
the detection of several photons per signal period is unlikely [140, 153, 846]. If the count rate 
is too high ‘pile up’ occurs, and the recorded decay curves are distorted. Pile-up was indeed a 
problem in early TCSPC lifetime spectrometers working at pulse repetition rates in the kHz 
range [846]. For modern excitation sources the repetition rates are in the range of 50 to 
80 MHz so that pile-up is rarely a problem [140, 153]. Please see 'Pile-Up', page 283. Never-
theless, postulated limitations of the detection rate are often used as an argument against 
TCSPC FLIM. Some remarks about the behaviour of TCSPC FLIM at high count rates appear 
therefore indicated. 

For TCSPC at high signal repetition rate two instrumental effects have to be distinguished: 
The first one is the loss of a second photon detected within the signal processing time (‘dead 
time’) of a previous one, the second one is the loss of a second photon detected in the same 
signal period with a previous one. The first effect causes ‘Counting Loss’, i.e. a nonlinearity 
in the recorded intensities. The second one causes an error in the detected fluorescence life-
time. The dead time of the bh TCSPC modules are on the order of 100 ns, the signal period is 
on the order of 10 to 20 ns. Counting loss is therefore more likely than pile-up. (Please see 
page 281 and page 283 for a quantitative description of the effects.) 

Counting Loss 

Fig. 649, left shows oscilloscope traces of the laser pulses (80 MHz) and the single photon 
pulses of a PMC-100 detector (detection rate 10 MHz). As you can see, there is a non-zero 
probability that a photon falls into the dead time caused by a previously detected one. 
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Fig. 649: Left: Detection (and loss) of a photon within the dead time caused by a previous one. Right: Nonlin-
earity of recorded vs. detected count rate. 
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Consequently, a fraction of the photons is not detected. The result is a nonlinearity in the re-
corded count rate versus the detector count rate, i.e. a nonlinearity in the recorded intensity, 
see Fig. 649, right. 

For a single TCSPC module the nonlinearity becomes apparent at (average) count rates above 
about 1 MHz, see Fig. 650. Because the count rate in bright pixels is much higher than the 
average count rate these are recorded with a lower intensity than they actually have. The im-
ages start looking ‘flat’, as can be seen in Fig. 650, right. 

                  

Fig. 650: Intensity images taken at average count rates of 0.5 MHz, 1 MHz, and 4 MHz. Intensity normalised on 
brightest pixel. 

The counting loss could easily be corrected by using the curve shown in Fig. 649, right. An-
other way to obtain a linear intensity scale is to use intensity information from a counter that 
counts the detector pulses directly, without passing them through the timing electronics of the 
TCSPC module. The FLIM images are then constructed using pixel photon numbers from the 
counter and photon times from the timing electronics. The technique and the parameter setup 
are described in section 'Lifetime-Intensity FLIM', page 404. However, in the majority of 
FLIM applications the intensity is not used, and the nonlinearity of the intensity can be ig-
nored. 

Pile-Up 

‘Pile-up’ means the detection (and loss) of a second photon within the same laser period of a 
previous one. Pile-up causes a distortion in the recorded decay profiles. As can be seen from 
Fig. 649 pile-up is far less likely than counting loss. Moreover, the influence on the recorded 
decay time is far smaller than commonly believed. The change in the lifetime of a single-
exponential decay model is approximately 

  4/1 Pmeani   P = average number of photons per laser period, τ = fluorescence lifetime 

  meani = intensity-weighted lifetime of the measured decay profile 

Thus, even with 0.2 photons per laser period the lifetime error is only 5 %, see also page 283. 
A detailed derivation of the pile-up distortion is given in [140]. A curve of the ratio of the 
detected lifetime and true lifetime as a function of the number of photons per signal period is 
shown in Fig. 651. 
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Fig. 651: Ratio of detected lifetime and true lifetime as a function of the average number of photons per laser 
period. The pile-up error in the lifetime at 16 MHz detection rate and 80 MHz laser repetition rate is only 5%. 
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Two lifetime image taken at 4 MHz and 8 MHz average count rate and 50 MHz laser repeti-
tion rate are shown in Fig. 652, left and right. The images show the intensity-weighted life-
time of a double-exponential decay. The 8-MHz image shows clear indications of intensity 
nonlinearity by counting loss. But there are no visible differences in the measured lifetime. 
The lifetime determined in the brightest spot is 2244 ps for the 4-MHz image versus 2207 ps 
for the 8-MHz image. The difference is a mere 1.7%. This shows that pile up errors are far 
less severe than commonly believed. 

                     

Fig. 652: Lifetime image taken at 4 MHz (left) and 8 MHz (right) average count rate. Intensity-weighted lifetime 
of double-exponential analysis. The lifetimes in the brightest pixel are 2244 ps versus 2207 ps, a difference of 

merely 1.7%. DCS-120 system with SPC-160 and HPM-100-40 

Binning of Decay Data 
Correct binning of the decay information during lifetime analysis is key to good lifetime im-
ages. When an image is recorded by a scanning microscope the point-spread function of the 
microscope lens is usually ‘oversampled’ to obtain maximum spatial resolution. As a rule of 
thumb, the diameter of the central part of the Airy disc should be sampled by 5  5 pixels, see 
'Binning', page 851. In practice often higher oversampling factors are used unintentionally. 
The decay data in the pixels within one Airy-disc diameter are, of course, highly correlated. 
SPCImage data analysis [63, 64, 70] therefore uses a binning function. The lifetime images 
are built up from the unbinned intensity data and the binned decay data. Binning is controlled 
by a binning factor, n, see page 817 and page 851 in the data analysis chapter.  

By using the binning function of SPCImage in the data analysis, images can (and should be) 
recorded with correct spatial oversampling and the loss in photon number per pixel be com-
pensated by binning. The resulting images are much better than under-sampled images re-
corded with low pixel number. An example is shown in Fig. 1119, page 817. The optimum 
binning factor is about the radius of the point spread function, expressed in pixels. That 
means, for typical oversampling factors of 5 to 8 binning with n=2 or n=3 should be used. 
Higher binning factors are available and can be used to analyse images with low photon num-
bers, where a compromise between spatial resolution and lifetime accuracy must be made.  

Fig. 653 shows two lifetime images obtained from 256  256 pixel raw data. For the left im-
age, no binning was used (n=0), the right image was processed with binning of n=2. It can be 
seen that the image on the right has the same spatial resolution but a much better signal-to-
noise ratio of the fluorescence lifetime. 
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Fig. 653: Lifetime images obtained from 256 x 256 pixel data. Left Binning n=0, right Binning n=2 

Image Area 
The time needed to scan an image increases linearly with the number of pixels recorded. This 
statement may be considered trivial. Nevertheless, it is often ignored by microscope users. A 
laser scanning microscope scans the image area at a constant pixel dwell time, regardless 
whether or not the pixels contain useful information. Thus, you can decrease the acquisition 
time by excluding useless pixels from being recorded. The simplest way of achieving this is to 
zoom into the right area of the image, see Fig. 654. 

                          

Fig. 654: Image of a single cell. Left: Without zoom; the image contains only l5% pixels with useful informa-
tion. Right: After zooming into the correct region of interest 75% of the pixels are used. 

The cell shown on the left fills only 15% of the total scan area. In other words, only 15% of 
the acquisition time are spent on recording the image of the cell. 85% of the time are spent on 
recording dark pixels. After zooming into the an appropriate region of interest the cell fills 
75% of the scan area, and 75% of the acquisition time are used to image the cell. This is an 
improvement of a factor of 5 over the recording shown left. You may object that the zoomed 
image of the cell has also 5 times more pixels, and thus contains the same number of photons 
per pixel  than Fig. 654, left. This is correct. However, for the image on the right you can use 
binning in the lifetime analysis. You then obtain an image that shows the cell with a number 
of pixels as Fig. 654, right, but with the same number of photon per binning area as the image 
in  Fig. 654, left. 
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IRF Recording 
To determine the lifetimes from TCSPC FLIM data the data analysis needs the IRF of the 
system. It is therefore believed (and constantly teached) that it is necessary to record the IRF 
of the FLIM system. However, to say it bluntly, 50% of the recorded IRF are wrong. 

The following paragraphs therefore give an introduction on the role of the IRF in data analy-
sis, its general shape in the bh FLIM systems, the problems to measure it, how to avoid errors 
in IRF measurement, and, if possible, how to avoid IRF measurement altogether.  

What is the IRF? 

The fluorescence waveform the FLIM system records is the convolution of the true fluores-
cence decay profile with the instrument response function, or ‘IRF’. The IRF is the function 
the FLIM system would record for a sample with an infinitely short fluorescence lifetime. 
Decay parameters are derived from the recorded waveforms by convoluting the IRF with a 
model function of the fluorescence decay, and fitting the result to the data, see 'The Convolu-
tion Integral', page 852. Thus, at least an approximate IRF is needed to derive fluorescence 
decay parameters from the detected fluorescence waveforms. Measurement and optimisation 
of the IRF was an important issue in early fluorescence lifetime spectrometers [846]. There-
fore, users of FLIM are often concerned that inaccuracy in determining the IRF of the FLIM 
system might induce systematic errors in the lifetimes measured. 

IRF of bh FLIM Systems 

bh FLIM systems use HPM-100-06 and -40 hybrid PMTs to detect the photons. Typical IRFs 
for these detectors are shown in Fig. 655, left and middle. For comparison, Fig. 655, right, 
shows the IRF of an XP2020, which was commonly used in early lifetime spectrometers. It 
becomes obvious from these curves that the IRF of the hybrid detectors are much faster and 
cleaner than that of the XP2020. Consequently, the IRF has a far smaller influence on the 
analysis results than it had in the early lifetime spectrometers. 

       

Fig. 655: IRF of the HPM-100-06 (left) and HPM-100-40 (middle) compared to the XP-2020 used in lifetime 
spectrometers 20 years ago (right) 

Can We Measure the IRF of a FLIM System? 

Recording the IRF in a (confocal) laser scanning microscope may appear simple at first 
glance. The sample would be replaced with a scattering medium, and a TCSPC image or a 
single waveform would be recorded at the wavelength of the excitation laser. Unfortunately, 
this procedure has a flaw. The problem is shown in Fig. 656. In a confocal microscope the 
light returned from the sample is separated from the laser beam by a dichroic beamsplitter. 
The beamsplitter is designed to reflect the laser and to transmit the fluorescence. Conse-
quently, laser light returning from the sample is reflected toward to the laser, not toward the 
detector, see Fig. 656. 
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Fig. 656: Problem of recording an IRF in a confocal microscope. The laser light is reflected back to the laser, 
and does not reach the detector 

It is often attempt to use short-lifetime fluorescence to avoid the problem. However, the life-
time had to be shorter than 10 ps. Fluorophores with decay times this short and with reason-
able brightness do not exist. 

Another attempt is to use the fact that a dichroic mirror has a small amount of leakage at the 
laser wavelength. A small amount of light scattered back from the sample can therefore be 
recorded. However, the efficiency is much higher at longer wavelength, and the slightest 
amount of fluorescence from the target makes the IRF wrong. 

Microscopes that have a wideband beamsplitter do not have these problems. The 
DCS-120 WB version has an 40/60% beamsplitter instead of the main dichroic, and the Zeiss 
LSM 710/780/880/980 can switch between a dichroic an 80/20% mirror. However, also with 
a wide-band beamsplitter IRF recording is not free of problems. It can happen that multiple 
scattering in the target broadens the returned pulse shape, or that fluorescence of contamina-
tions is recorded together with the scattered light. Therefore, use a small pinhole, and select 
an area for IRF definition which does not show signs of fluorescence. An IRF which was 
measured with the DCS-120 WB and then imported into SPCImage NG is shown in Fig. 657. 

 

Fig. 657: IRF measured with the DCS-120 WB system. The scattering target was a ceramics plate 

In a two-photon microscope the measurement of the IRF is easier. There is a number of ultra-
fast processes that transfer the excitation wavelength into a wavelength that passes the beams-
plitters in the detection light path. The fast signal is then automatically separated from the 
laser light. It has been suggested to use hyper-Raman scattering from gold nanoparticles [485, 
1115]. Unfortunately these are expensive and cannot be stored for longer periods of time. We 
recommend to use second-harmonic generation (SHG). Strong SHG signals are obtained from 
urea crystals and sugar crystals [80]. But also the use of SHG holds a pitfall. SHG is emitted 
in forward direction, not back into the microscope lens. The detected signals has been scatter-
ing in the SHG material, reflected at the microscope slide or at the cover that protects the 
beam path from environment light. In the sub-20 ps range, transit time differences caused by 
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these effects have an influence on the signal shape. The detected signal may therefore not 
exactly represent the IRF. 

Synthetic IRF 

SPCImage NG avoids troublesome recording of an instrument response function (IRF) by IRF 
modelling. This is achieved by using a generic function which has the same general shape as 
the IRF of the FLIM system. The parameters of this function are determined to make it simi-
lar to the IRF. To obtain the IRF parameters, a fluorescence signal is recorded, and the convo-
lution integral of the IRF and the model function of the fluorescence is fitted to the data. The 
result is a synthetic IRF, which is the best possible approximation to the IRF the fluorescence 
was recorded with. For details please see 'Instrument Response Function' in chapter 
‘SPCImage NG Data Analysis Software’, page 863. 

A comparison of FLIM analysis with a synthetic IRF and with a (correctly) measured one is 
given in Fig. 658. As can be seen from the figure, the results are virtually undistinguishable. 
The lifetime images, the lifetime distribution, and even the parameters of the two decay com-
ponents are closely the same. The reason of the similarity becomes clear when the shape of 
the IRF (green curve in Fig. 658) is considered. Even if the IRFs are not absolutely identical, 
they have a width much shorter than the fluorescence lifetimes, and no low-amplitude tail. 
Under these conditions, the shape of the IRF has no influence on the shape of the measured 
decay function for times later than few 100 ps after the excitation maximum. Consequently, 
the lifetime analysis delivers the same results for both IRFs. The conclusion is that the syn-
thetic IRF should be used, and no effort be taken to use a measured IRF for standard FLIM 
applications. 

 

 

Fig. 658: Top: Analysis with synthetic IRF. Bottom: Analysis with measured IRF. The results are virtually un-
distinguishable. BPE cells, Alexa 488, 473 nm diode laser, 52525 nm filter. 
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Measuring the IRF in a Confocal Mmicroscope 

If you have to measure the IRF for whatever reasons or if you just can't resist the temptation 
to do so, please follow the instructions given in the paragraphs below. 

Make sure that you record the IRF under the same conditions as the FLIM data to be analysed 
with it. In particular, TCSPC system parameters affecting the timing and the time scale, such 
TAC, CFD, SYNC parameters and ADC Resolution, must be the same. Cable lengths, optical 
path length, delay box settings, DCC detector gain, and electrical laser power for ps diode 
lasers must be the same. We also recommend to use the same microscope lens because the 
optical path length may be slightly different for different lenses. Filters, laser attenuation, sec-
ondary beam splitters, and scan parameters can be different. They do not noticeably affect the 
IRF shape. 

In a confocal microscope, switch to a wideband beamsplitter. Use a bandpass filter for the 
laser wavelength in the detection beam path. Make sure there are no other filters in the light 
path that block the laser wavelength. In a dual-detector setup with external beamsplitters and 
filter you may need to remove or replace the beamsplitter cube of the beamsplitter module. 

Put a scattering target under the microscope. The target should scatter the excitation light 
back into the microscope beam path but should not emit noticeable fluorescence. Record am 
image of the scattering target. If the intensity is too high, use optical attenuation, or change 
the pinhole size. If this is not enough slightly defocus the sample. When the image is com-
plete send it to SPCImage and follow the instructions given at page 865. 

Measuring an IRF in a Two-Photon Microscope 

Put a sample of finely ground sugar or finely ground urea under the microscope. Use emission 
filters which transmit the SHG wavelength (1/2 of the laser wavelength). Cover the back of 
the sample by black paper or black cloth. This avoids that the SHG light reaches the conden-
sor lens and is back-reflected in the detection beam path. Run the imaging in the preview 
mode, focus into the right focal plane, and adjust the laser power until the count rate is in a 
reasonable range. Then record a FLIM image. An example is shown in Fig. 659. Send the data 
to SPCImage and follow the instructions under 'Measured IRF', page 865. 

 

Fig. 659: IRF recorded from SHG of sugar. DCS-120 MP system with HPM-100-06 detector. 

Sometimes it is possible to extract IRF data from FLIM data of the same sample of which you 
record the lifetime image. There is a number of SHG-active compounds in biological tissue. 
Often strong SHG signals from collagen or (in plant tissue) starch can be obtained by only 
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using an emission filter which transmits the SHG wavelength and selecting an the right spot 
in the image. An example is shown in Fig. 1199, page 869. 
 

Effect of Fluorescence Depolarisation on Measured Decay Curves 
Fluorescence decay profiles measured without special precautions contain a contribution from 
the rotational depolarisation. The effect is described in section ‘Fluorescence Depolarisation’, 
page 296. The laser preferentially excites molecules with dipoles oriented parallel to the po-
larisation of the laser. Immediately after the excitation pulse the fluorescence is therefore par-
tially polarised. Due to the random rotation of the molecules the anisotropy of the fluores-
cence decreases with time. For small molecules like Fluorescein or Alexa dyes dissolved in 
water the rotational relaxation time is on the order of a few 100 ps, for the GFPs it is several 
10 ns. In conventional lifetime spectrometers the rotational depolarisation is rejected from the 
decay profiles by placing a polariser under the ‘magic angle’ of 54.7° in the detection light 
path. 

It is therefore sometimes attempted to improve FLIM systems by placing a polariser under 
54° from the polarisation of the laser in the detection path. Unfortunately the polariser not 
only blocks a large fraction of the fluorescence light, it can actually increase the polarisation 
effects. The reason is that the spatial excitation and detection conditions under a microscope 
lens differ from that in a lifetime spectrometer. 

Fig. 660 shows the excitation (left) and the detection (right) of molecules in a parallel beam. 
The laser is polarised along the x axis. It excites molecules (A) oriented along the X axis, but 
not molecules oriented along the Y and Z axis (B and C). The fluorescence is detected from 
molecules oriented along X and Y (A and C) but not from molecules oriented along Z (B). 
Rotation of the molecules during the fluorescence lifetime leads to change in the detection 
efficiency and thus to a distortion of the measured fluorescence decay curve. 
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Fig. 660: Excitation (left) and detection (right) of molecules in a parallel beam of light 

Excitation and detection conditions under a microscope lens of high numerical aperture are 
shown in Fig. 661. It is obvious that the laser in the convergent beam not only excites mole-
cules oriented along X (A) but also molecules oriented along Z (B). Moreover, a detector 
looking at the sample through the microscope lens detects light from molecules of all orienta-
tions, A, B, and C. It is obvious that two spatial orientations instead of one are excited. More-
over, three orientations instead of two are detected. This reduces the polarisation effects dra-
matically. When the NA of the microscope lens approaches 1 light is detected from the com-
plete half-space under the lens. Thus, molecules of all orientations are excited and detected at 
the same efficiency, and depolarisation effects in the decay curves disappear. Please see [404, 
405, 638] for theory. 
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Fig. 661: Excitation (left) and detection (right) of molecules under a microscope lens 

Some examples are shown in Fig. 662. Fluorescence decay curves from a solution of fluo-
rescein in water-glycerol mixture were measured through lenses of different NA and with and 
without a 54.7° polariser. 

The upper row show curves measured with an NA=0.3 air lens (left) and an NA= 1.3 oil im-
mersion lens (right). It can be seen clearly that the measured decay profiles differ for detec-
tion with and without the 54.7° polariser. The difference between the curves with and without 
the polariser is about the same for both lenses. 

The panel shown lower left compares the decay measured through the NA=0.3 lens plus po-
lariser (red) with the decay measured through the NA=1.3 lens without polariser (blue). The 
curves are almost identical. 

The panel shown lower right compares the fluorescence decay measured through the NA=0.3 
lens and the  NA=1.3 lens, both with a 54.7° polariser. It can be seen that the curve for 
NA=1.3 is clearly above the NA=0.13 curve, i.e. the polarisation effect is overcompensated. 

              

              

     Fig. 662: Fluorescence decay of fluorescein in a water-glycerol mixture measured under different optical 
geometry. One-photon excitation at 473 nm. 
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The results presented in Fig. 662 show that the depolarisation effect on the fluorescence life-
times can be avoided by using microscope lenses of high NA. Under no circumstances a high-
NA lens should be combined with a 54.7° polariser. This would offset the lifetimes by the 
same amount as for an NA<<1 system without the polariser, but in reverse direction. 

Please note that detection through a high-NA lens cancels the depolarisation effect only for a 
detection system that has the same efficiency for both directions of polarisation. For a cor-
rectly designed and correctly used FLIM detection system this is normally the case. Different 
efficiency for different polarisation can be introduced by a main dichroic used at the edge of 
the spectral transmission curve, or by a conventional (partially reflecting) main beamsplitter. 
Also, surface-protected aluminium mirrors used under 45° can introduce some polarisation. 
However, the effect becomes noticeable only if several such mirrors are in the beam path. 

It should be mentioned that the influence of the depolarisation on the measured fluorescence 
lifetime is largest if the depolarisation time and the lifetime are of the same order of magni-
tude, as it was the case for the fluorescein solution used above. Green fluorescent proteins 
(GFPs) and their derivatives have lifetimes between 2 and 4 ns, and depolarisation times be-
tween 40 and 100 ns. The depolarisation effect on the GFP lifetime is therefore smaller than 
the effects shown in Fig. 662. 

The fact that a high-NA objective lens detects fluorescence from molecules of any orientation 
has an impact on anisotropy and anisotropy decay measurements. The total intensity for high-
NA detection is I(t) = IP(t) + IS(t), not  I(t) = IP(t) + 2IS(t) as in the case of parallel-beam de-
tection. Fig. 663 shows an example for the same fluorescein solution used for the curves 
shown above. The correct I(t) should be free of depolarisation, i.e. show a single-exponential 
decay. As can be seen from Fig. 663, Ip+Is is clearly closer to a single-exponential decay than 
Ip+2Is. 

 

Fig. 663: Fluorescence depolarisation for a solution of fluorescein in glycerol/water. Measured curves for Is and 
Ip, and curves for Ip+Is and Ip+2Is calculated from the measured data. NA=1.3 immersion lens, one-photon exci-

tation at 473 nm 

The fluorescence anisotropy for high-NA detection is thus 
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as in the parallel-beam case. If the wrong denominator is taken for r(t) the anisotropy is nor-
malised on a total intensity that is not free of the depolarisation effect. As a result, not only a 
wrong r(0) is obtained but also a wrong decay profile for r(t). Although r(0) can be corrected 
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by adjusting the G factor (which corrects for different sensitivity of Is and Ip detection, see 
page 315), this is not the case for the shape of r(t). 

 

Scan Rate 
For the bh TCSPC technique the scan rate has no direct influence on the intensity, the signal-
to-noise ratio, or the time-resolution of the images. A faster scan just runs more frames within 
a given acquisition time. The total acquisition time per pixel remains almost the same and so 
does the number of recorded photons. There is just the obvious fact that you cannot obtain an 
image within an acquisition time shorter than the frame time. However, even if ‘Collection 
Time’ shorter than the frame time is selected, the acquisition will run until the end of the 
frame. Nevertheless, there are some effects of the scan rate which will be discussed below. 

Triplet Accumulation 

When a fluorophore molecule is excited it transits into the first excited singlet, or ‘S1’ state. 
From there it returns to the ground, or ‘S0’, state either by emitting a photon, by converting 
the energy into heat, or be transferring the energy to the molecular environment. This is the 
normal process of fluorescence. The molecule may, however, also cross from the S1 state into 
the first excited triplet, or ‘T1’, state. The effect is called intersystem crossing, or ‘ISC’. The 
transition from T1 to S0 is ‘forbidden’. Thus, the lifetime in the T1 state is very long - at 
room temperature usually in the microsecond range. Molecules in the T1 state do not longer 
cycle between the S0 and the S1 state. That means, the effective number of fluorophore mole-
cules in the confocal volume is reduced and so is the fluorescence intensity. For high excita-
tion power the loss can be as large as 30%. 
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Fig. 664: Left: Intersystem crossing into the triplet state. Right: Reduction in triplet population by pixel times 
shorter than the triplet decay time. 

The relative triplet population can be reduced by using short pixel times. If the pixel time is 
shorter than the T1 lifetime the T1 population does not reach the steady state level until the 
scanner goes to the next pixel. The molecules in T1 have then time to return to the ground 
state before the laser beam comes back to the same pixel for the next frame. The result is a 
reduction in the average triplet population during the pixel time. 

Photobleaching 

Avoiding large triplet population is important also for another reason. Molecules in the T1 
state are chemically very reactive and therefore likely to create radicals. These, in turn, can 
cause photodamage and photobleaching [1066]. It may even happen that a molecule in T1 
absorbs a photon of the laser wavelength and transits into a higher triplet state. It is not en-
tirely understood what then happens, but it is likely that molecules returning from T2 trigger 
photochemical reactions. Fast scanning may therefore help reduce photobleaching. 
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Effect on Data Acquisition 

There is no direct effect of the scan rate on the FLIM data acquisition. When a photon is de-
tected the SPC module just determines its time in the fluorescence decay, its wavelength, and 
its XY position, and puts it into the right location of the data array recorded. That means, the 
recording process works at any scan rate and up to detector peak count rates of more than 
10 MHz per TCSPC module. 
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Biological FLIM Applications 

Why Use the Fluorescence Lifetime? 
Microscope users often consider the fluorescence lifetime just an additional parameter to 
separate the signals of different fluorophores. It is certainly correct that different fluorophores 
usually have different fluorescence lifetimes, and their signals can thus be separated by FLIM. 
However, discrimination of different fluorophores can be better and more easily achieved by 
spectrally resolved microscopy techniques. 

Typical FLIM applications are therefore not primarily aiming at separating signals of different 
fluorophores. Instead, FLIM is used to discriminate different fractions of the same fluoro-
phore in different states of interaction with its environment. This is achieved by using a basic 
property of the fluorescence lifetime: The fluorescence lifetime of a fluorophore depends on 
its molecular environment but, within reasonable limits, not on its concentration. Molecular 
effects can thus be investigated independently of the unknown and, usually, variable fluoro-
phore concentration [149, 168, 676, 935]. 

 

Ion Concentrations 

An excited molecule can dissipate the absorbed energy by interaction with other molecules. 
The effect is called fluorescence quenching. The fluorescence lifetime, , then becomes 
shorter than the normally observed fluorescence lifetime, 0, see Fig. 665, left. One quenching 
mechanism is ‘collisional’ quenching, i.e. the collision of the excited molecule with another 
molecule, atom, or ion. Typical quenchers are oxygen, halogens, heavy metal ions, and a vari-
ety of organic molecules. For fluorescence lifetime microscopy it is important that the rate 
constant of fluorescence quenching depends linearly on the concentration of the quencher. 
The concentration of the quencher can therefore be directly obtained from the decrease in the 
fluorescence lifetime. The classic example is quinine, the lifetime of which follows the recip-
rocal Cl- concentration over two orders of magnitude. A practical example is shown in Fig. 
665, right. A comprehensive overview about ion quenching can be found in [676]. 
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Fig. 665: Left: Fluorescence quenching. Right: Change of the fluorescence lifetime of quinine sulphate with the 
Cl- concentration. 

Of particular interest to cell biology are Ca++ and Cl-, both of which are important to the func-
tion of the neuronal system. Applications of Fluorescence-lifetime recording and FLIM to the 
measurement of Ca++ and Cl- concentrations can be found in  [150, 653, 1229] and [423, 454, 
582], respectively. 
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Oxygen 

Oxygen is an efficient fluorescence quencher for a large number of fluorophores [676], espe-
cially those of longer fluorescence lifetime. Strong effects are observed for pyrene, anthra-
cene, and coronene. Unfortunately these compounds absorb and emit in the UV. They are 
therefore of limited usefulness in microscopy. Strong oxygen quenching is also observed for 
the phosphorescence of organic ruthenium, europium, platinum and palladium compounds 
[446, 676, 686, 861, 862]. Unfortunately the phosphorescence lifetimes are so long - from 
hundreds of nanoseconds to many microseconds - that they are difficult to record in combina-
tion with the high laser pulse-repetition rates and fast scan rates used in modern laser scan-
ning microscopes. bh have therefore developed a phosphorescence lifetime imaging technique 
based on laser modulation and dual-time-base recording [147, 1033], see Dual Time-Base 
Recording, page 113, and 'Simultaneous FLIM/PLIM', page 409. 

Oxygen Effect on NADH and FAD Fluorescence 

Oxygen has a strong effect on the fluorescence of the endogenous fluorophores NADH and 
FAD. Chance et al. defined a ‘redox ratio’ that is a direct indicator of the amount of oxygen 
used in the mitochondria of the cells [247, 248]. Indirectly, oxygen has an influence on the 
ratio of bound and unbound NADH [451, 263, 266]. Effects of oxygen probably exist also for 
other endogenous fluorophores [1000, 1003]. Oxygen-induced changes of the decay profiles 
of endogenous fluorophores can be expected to become important with the introduction of 
FLIM into clinical applications. 

Binding to Proteins, Protein Configuration 

Many fluorescent molecules, including endogenous fluorophores, form complexes with other 
molecules, in particular proteins. The fluorescence spectra of these different conformations 
can be virtually identical, but the fluorescence lifetimes are often different. The exact mecha-
nism of the lifetime changes is not always clear. The most likely mechanism are fluorescence 
quenching, and a change in the configuration of the fluorophore which, in turn, changes the 
rate of internal non-radiative decay. In practice, for almost all dyes the fluorescence lifetime 
depends more or less on the binding to proteins, DNA or lipids [617, 676, 947, 1172]. When a 
fluorophore is bound to a protein also the protein configuration may have an influence on the 
fluorescence lifetime [165].  Fluorescence lifetimes of flavinols in plant cells recorded by 
TCSPC FLIM were found to be as short as 45 ps, probably due to extremely efficient quench-
ing [818]. A glucose sensor based on this mechanism has been described in [974]. An effect 
of target protein configuration has even been found for EGFP which had long believed to be 
insensitive to its environment [452]. Lifetime changes of diphenylhexatriene (DPH) depend-
ing on the cholesterol concentration were reported in [489]. Environment-dependent changes 
of fluorescence parameters have even been observed for quantum dots and nano-particles 
[243, 291, 443, 1268]. There is an enormous amount of fluorophores used in microscopy to-
day [508, 1099], and only a few of them have been tested for target-specific lifetime changes. 
The most promising ones are those of medium and low quantum efficiency. These are most 
likely to be influenced by the local molecular environment. FLIM users are encouraged to 
keep eyes on lifetime changes that may be suitable as probe functions, see also page 367 of 
this handbook. 

Endogenous Fluorophores, Effect of Metabolic State 

Most endogenous fluorophores are mixtures of slightly different compounds, with almost 
identical spectra but different fluorescence lifetimes [1003, 1006, 1007]. The composition of 
the mixture may vary, and thus induce a change in amplitudes of the decay components and in 
the apparent lifetime. Moreover, the lifetimes depend on the binding to proteins, on the oxy-
gen concentration [1000], or other metabolic parameters. The most interesting endogenous 
fluorophores are NADH and FAD. Both exist in a bound and in an unbound form. The life-
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time differences between the forms are substantial, and bound and unbound fractions can be 
easily distinguished by FLIM [675, 869]. Both the fluorescence lifetimes of the decay compo-
nents and the relative amplitudes have been found sensitive to the metabolic state of cells and 
tissue [184, 264, 266, 451, 1053, 1054]. 

Local Viscosity 

Local viscosity can be sensed by ‘molecular rotors’. These are fluorophores that have a high 
degree of internal flexibility. Rotation inside the fluorophore provides for a radiationless de-
cay path. The non-radiative decay rate changes with the viscosity of the solvent. Viscosity 
measurement by FLIM with a Bodipy-based molecular rotor has been demonstrated in [658, 
696, 543]. Please see page 474. In general, the fluorescence lifetime of any fluorophore of 
high molecular flexibility can be expected to depend on the viscosity of the environment. 
Lifetime variation of dialkyl-indocarbocyanines due to micro viscosity changes in cell mem-
branes has been used in [1113]. 

Influence of Local Refractive Index 

The radiative decay rate of a fluorophore depends on the local refractive index [1089]. The 
refractive index varies within biological cells and tissue. The lifetime changes induced by 
these variations can be used to gain structural information about biological specimens [1154, 
1155]. Pliss et al. [894] transfected cells with GFP and used the change of the lifetime by the 
refractive index as an indicator of the protein condensation. By the same technique, the au-
thors found periodic changes in the protein condensation in organelles of cell nuclei [895]. 

Proximity to Metal Surfaces, Binding to Nanoparticles 

Extremely strong effects on the decay rates are found for dye molecules bound to metal sur-
faces, especially to metallic nano-particles [235, 438, 711, 745, 904, 932]. Proximity to metal 
surfaces changes both the radiative and non-radiative decay rates. It can happen that the radia-
tive rate increases dramatically. The result is a decrease in the fluorescence lifetime without a 
decrease (or even with an increase) in intensity, accompanied by an increase in photostability. 
Similarly, yet less dramatic effects have been reported also for non-metallic nanoparticles. 
They are interesting when such particles are used as carriers of drug delivery. TCSPC meas-
urements on Cy3 encapsulated in calcium phosphate nanoparticles have shown reduced non-
radiative and increase radiative decay rates, resulting in a 20 fold increase in brightness [813, 
821].  The use of cyanine-loaded lipid nanoparticles was demonstrated in [1130], and im-
proved fluorescence efficiency was verified by TCSPC. Changes of the fluorescence lifetime 
depending on the substrate a protein construct is resting on were exploited in [546]. 

Solvent Polarity 

The molecular conformation of a fluorophore and thus its fluorescence behaviour is influ-
enced by the solvent properties [166, 676]. In particular, the fluorescence lifetimes of many 
fluorophores depend more or less on the solvent polarity [510, 700]. Moreover, when a mole-
cule enters the excited state the solvent molecules around it re-arrange. Consequently, energy 
is transferred to the solvent, with the result that the emission spectrum is red-shifted. Solvent 
(or spectral) relaxation in water happens on the time scale of a few ps. However, the relaxa-
tion times in viscous solvents and in dye-protein constructs can be of the same order as the 
fluorescence lifetime. The effects can be measured by TCSPC [902]; applications of spectral 
relaxation to cell imaging have not been reported yet. 

pH Sensors 

Many fluorescent molecules have a protonated and a deprotonated form. The equilibrium be-
tween both depends on the pH. If the protonated and deprotonated form have different life-
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times the apparent lifetime is an indicator of the pH. A typical representative of the pH-
sensitive dyes is 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) [20, 501, 
508, 676, 963]. An example is shown in the application part of this chapter. Medintz et al. 
presented a pH sensor based on a quantum-dot/dopamine conjugate [774]. They determined 
the mechanism of the lifetime change to be electron transfer within the conjugate. 

Ion Sensors 

There are fluorescence sensors for various ions. The sensors either undergo collisional 
quenching by the ions, or perform conformational changes which lead to a change in the fluo-
rescence quantum efficiency. Most of the changes are accompanied by a corresponding 
change in the fluorescence lifetime. Please see [195, 676, 1099] for an overview. The use of 
Ca2+ and Cl- sensors is described in section ‘Measurement of Local Environment Parameters’, 
page 471. 

Redox Potential 

There are fluorophores that change their fluorescence behaviour depending on the redox po-
tential of the local environment [863]. Sensors based on GFP variants are described in [502]. 
An improved redox sensor based on a modified GFP (roGFPiE) was developed by Avezov et 
al. Test results obtained in various cells by TCSPC FLIM are described in [34]. 

Aggregation of Fluorophores 

The radiative and non-radiative decay rates depend on possible aggregation of the dye mole-
cules. The electron systems of the individual molecules in aggregates are strongly coupled. 
Therefore the fluorescence behaviour of aggregates differs from that of the free molecules. 
Aggregation is influenced by the local environment; the associated lifetime changes can be 
used as a probe function. Lifetime heterogeneity due to aggregation was reported for 
E-Bodipy fluorophores, see [335]. Aggregation has also been used to observe the internalisa-
tion of dyes into cells [594]. Lifetime effects may also occur when dye-labelled proteins ag-
gregate. This has been used to observe HIV-1 internalisation into cells [471], and to observe 
oligomerisation of labelled proteins [503]. 

Förster Resonance Energy Transfer: FRET 

Förster resonance energy transfer (FRET) was first theoretically explained by Theodor Förster 
in 1946 [406, 407]. The effect is also called fluorescence resonance energy transfer or simply 
resonance energy transfer (RET). FRET is an interaction of two molecules in which the emis-
sion band of one molecule overlaps the absorption band of the other. In this case the energy 
from the first molecule, the donor, can transfer into the second one, the acceptor. FRET can 
result in an extremely efficient quenching of the donor fluorescence and, consequently, in a 
considerable decrease of the donor lifetime. The energy transfer rate from the donor to the 
acceptor decreases with the sixth power of the distance. Therefore it is noticeable only at dis-
tances shorter than 10 nm [676]. FRET is used as a tool to investigate protein-protein interac-
tion and protein conformation. In the first case, different proteins are labelled with the donor 
and the acceptor, and FRET is used as an indicator of the binding between these proteins. In 
the second case, donor and acceptor are attached to the same protein. The intensity of FRET is 
then an indicator of the protein conformation. FRET is the most frequent FLIM application. 
The number of FLIM-based FRET papers has literally exploded in the last couple of years. 
Please see ‘Förster Resonance Energy Transfer (FRET)’, page 477. 

Electron Transfer 

At distances smaller than about 1 nm between an (electron) donor and acceptor photo-induced 
electron transfer can occur [410, 676]. The excited molecule can either be the electron donor 
or the electron acceptor. The direction of the electron transfer is determined by the oxidation 
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potential of the donor and the reduction potential of the acceptor. Electron transfer delivers 
two radicals, both in the ground (S0) state. Both exited singlet states and triplet states can 
undergo electron transfer at high rates. In solution, the effective transfer rate is usually limited 
by diffusion. However, in ordered systems (e.g. complexes or adsorbates) the electron transfer 
rate may become extremely high. Electron transfer is a basic step in photosynthesis. It is also 
important to the development of organic photovoltaic devices and artificial photosynthesis 
systems [1062]. In biological imaging photo-induced electron transfer, and the radicals pro-
duced by it, are a source of photobleaching and photodamage. Electron transfer is a possible 
explanation of the fact that some fluorophores are highly photostable in solution, but rapidly 
photobleach when attached to proteins. It also explains why unstained cells survive high ex-
posure to light, while the same cells stained with exogenous fluorophores may not. Although 
electron transfer may be the basic mechanism of a number of quenching effects it is not ex-
plicitly used as a probing function. 

Second-Harmonic Generation 

Second-Harmonic Generation (SHG) is an ultra-fast nonlinear process that converts two pho-
tons of the incident light into one emitted photon. The wavelength of the emitted photon is 
exactly one half of the wavelength of the excitation photons. Second-harmonic generation has 
nothing to do with fluorescence but often shows up as ultrafast component in decay curves 
measured in multiphoton microscopes. Second harmonic components in FLIM data give addi-
tional information about the constitution of the tissue under investigation [761]. SHG emis-
sion requires some global organisation of the molecules. In biological system it mainly comes 
from connective tissue, especially from collagen in animal tissue and from cellulose and 
starch in plant tissue. The ratio of SHG and autofluorescence intensity in mammalian skin is 
an indicator of skin ageing [618]. SHG may also become important to localise nanoparticles 
in human skin. 
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Measurement of Local Environment Parameters 
FLIM can be used to measure local environment parameters, such as pH, oxygen concentra-
tion, concentration of physiologically important ions, binding to RNA, DNA, proteins or lip-
ids, local viscosity, and local refractive index. There is a wide range of fluorescent probes for 
these parameters [195, 676, 828, 1099]. Unless the environment dependence is caused by 
static quenching [676] the sensors display a lifetime change with the parameter they are sensi-
tive to. Compared with intensity-based methods fluorescence-lifetime detection has the ad-
vantage that the result gets de-coupled from the concentration of the sensor, possible absorp-
tion in the sample, intensity of the laser, focusing, detector gain and other instrumental ef-
fects. 

pH Imaging 

Microscopic pH imaging can be achieved by staining the sample with a pH-sensitive fluores-
cent probe. These probes usually have a protonated and a deprotonated form. There is an 
equilibrium between both forms that depends on the pH of the local environment. If both 
forms have different fluorescence lifetimes the average lifetime is a direct indicator of the pH 
[676]. A typical representative of the pH-sensitive dyes is 2',7'-bis-(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein (BCECF) [508]. In aqueous solution the lifetimes of the protonated 
form and the deprotonated form have been found 2.75 ns and 3.90 ns, respectively [501]. In 
the pH range from 4.5 to 8.5 both forms exist, and the fluorescence decay function is a mix-
ture of both decay components. Thus, the lifetime of a single-exponential fit can be used as an 
indicator of the pH. An example of pH imaging of skin tissue is shown in Fig. 666. A single-
exponential lifetime image is shown left, decay curves from different areas of the image are 
shown right. In areas of low pH fluorescence components of both protonated and deproto-
nated BCECF are found. The decay profile is therefore double-exponential. In areas of high 
pH essentially deprotonated BCECF is found, and the decay profile is single-exponential. It 
should be noted that the lifetimes of free BCECF differ from the lifetimes of BCECF bound in 
the tissue. The lifetime-pH relation must therefore be calibrated for bound BCECF. 

              

Fig. 666: Left: Lifetime image of skin tissue stained with BCECF. The lifetime is an indicator of the pH. Right: 
Fluorescence decay curves in an area of low pH (top) and high pH (bottom) 

There are certainly more fluorophores which change their fluorescence lifetime with the pH. 
However, not all of them are photostable and live-cell compatible. Aigner et. al. designed pH-
sensitive perylene bismide probes which surpass BCECF in brightness and photostability, 
allow for efficient staining of cells, and display a large lifetime change with the change in pH 
[9]. 
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Calcium Imaging 

Ca2+ ions are involved in a large number of cell functions, such as intracellular transport, 
membrane potential, muscle contraction, gene expression, and cell differentiation. There is a 
wide variety of Ca2+ sensors [674, 676, 802]. Most likely, the mechanism of the Ca2+-
dependent lifetime change is that the fluorophore has a Ca-bound and an Ca-unbound form of 
different fluorescence quantum efficiency and thus different fluorescence lifetimes. The fluo-
rescence lifetime of the bound form is higher than that of the unbound form. Consequently, 
the net fluorescence lifetime depends on the Ca2+ concentration. It can, however, happen that 
the lifetime and the quantum efficiency of the unbound form is so low that the corresponding 
lifetime component is no longer observed. In that case, an intensity change but no lifetime 
change is observed [676]. This is the case for the Fluo sensors, as has been shown for Fluo-4 
[150, 414]. However, the traditional Ca2+ dyes, such as calcium green and Oregon green, dis-
play large lifetime changes and work beautifully for lifetime-based Ca2+ measurement. Exam-
ples is shown in Fig. 667 and Fig. 668. 

 

Fig. 667: Barley root tip, stained with Oregon green. Courtesy of Feifei Wang, Zhonghua Chen & Anya Salih, 
University of Confocal Bioimaging Facility, University of Western Sydney, Australia. Leica SP5 MP with bh 

SPC-150 FLIM module 

 

Fig. 668: FLIM image of cultured neurons stained with Oregon green OGB-1 AM. Colour range from m = 
1200 ps (blue) to 2400 ps (red). Decay curves of regions with low Ca (top) and high Ca (bottom) shown on the 

right. Data courtesy of Inna Slutsky and Samuel Frere, Tel Aviv University, Sackler School of Medicine. 

The advantage of FLIM over intensity-based Ca2+ imaging is that absolute values of the Ca2+ 
concentration are obtained. This has been used to quantify calcium concentrations in astro-
cytes of live mice with cortical plaques  by multiphoton NDD FLIM [653].  

The Ca2+ concentration in cells can change within remarkably short periods of time. The Ca2+ 
response of live neurons to stimulation occurs within milliseconds. Nevertheless, the effects 
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can be measured by FLITS and Temporal Mosaic FLIM [150, 414]. An example is shown in 
Fig. 669. Please see Fig. 564, page 389 and Fig. 571, page 394. 

 

Fig. 669: Ca2+ transient in cultured neurons. Oregon Green Bapta, data recorded by temporal mosaic FLIM, 
38 ms per mosaic element. 

 

Chloride Imaging 

The chloride concentration is important to the function of the neuronal system. An overview 
is available in [195] and [441]. Measurements of the concentration of intracellular Cl- in ol-
factory sensory neurons by TCSPC FLIM were described in [582]. MQAE was used as a fluo-
rescent probe. MQAE is quenched by Cl- , and the concentration can be calculated from the 
lifetime change via the Stern-Volmer relation. A bh SPC-730 module was used in with two-
photon lease scanning. Because 2-photon excitation does not cause photobleaching and 
photodamage outside the focal plane the authors were able to obtain Z stacks of the Cl- con-
centration in dendrites over depth intervals up to 150 µm. Fig. 670 shows a spinal ganglion of 
a mouse stained with MQAE. Short lifetimes indicate high Cl- concentration and vice versa. 

 

Fig. 670: Spinal ganglion of a mouse stained with MQAE. Short lifetime indicates high Cl- concentration. Data 
courtesy of Thomas Gensch, Jülich Research Centre, Germany 

The same technique was applied to somatosensory neurons in dorsal root ganglia of newborn 
mice [454]. It could be shown that the somatosensory neurons undergo a transition of Cl- ho-
meostasis during the first three postnatal weeks. The modulation of chloride homeostasis by 
inflammatory mediators was investigated in [423]. 
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The influence of pH and Cl- concentration on the lifetime of GFP was studied in [29]. 
Measurements of the refractive index are described in [1097, 1098]. Although the refractive 
index is not directly related to biochemical parameters it can probably be used to study mem-
brane effects, e.g. the transition of a bacterium or a virus through a cell membrane. 

Local Viscosity 

Local viscosity has a large influence on the rates of biochemical reactions in a cell. Changes 
in viscosity on the sub-cellular level have been shown to accompany a wide range of cell mal-
functions. Changes in viscosity have been found for hematologic disorders, diabetes, Alz-
heimer disease, liver malfunction and cancer [1040]. 

Viscosity on the molecular scale can be determined by ‘molecular rotors’. These are fluoro-
phores which have two more or less rigid parts connected by a single bond. The two parts can 
rotate one against the other. Rotation is an additional relaxation pathway which competes 
with radiative relaxation. Ability of internal rotation therefore shortens the fluorescence life-
time. When the rotation is hindered by high viscosity of the molecular environment this re-
laxation pathway becomes less efficient, and the fluorescence lifetime increases. An example 
of a viscosity measurement by a Bodipy-based sensor is shown in Fig. 671. 

 

Fig. 671: Viscosity measurement by a Bodipy-based viscosity sensor. Long lifetime means high viscosity, and 
vice versa. Data courtesy of Marina Kuimova, Imperial College London. 

There is an increasing number of publication about viscosity sensors, viscosity measurements 
in cells and tissues, and applications. Vysniaukas et al. used a molecular rotor to obtain spa-
tially resolved viscosity maps of lipid photooxidation in giant unilamellar vesicles [1184]. 
Sherin et al. obtained microviscosity maps of the membranes of procine eye lens cells [1038]. 
Mika et al. measured the viscosity of plasma membranes of Escherichia coli [793]. The results 
showed a high degree of lipid ordering within their liquid-phase plasma membranes. Kubánk-
ová et al. studied the assembly of proteins, including amyloid-β peptide from their monomeric 
forms into highly organised fibrillar states [652]. Shimolina et al. used viscosity-FLIM both 
on the single-cell level and in the connecting tissues of subcutaneous tumors in mice. They 
found viscosity imaging a potential tool of the progress of tumor treatment [1040], and give a 
summary of possible applications. 

Ponjavic et al. studied the effect of pressure on the molecular viscosity of a solvent. They took 
measurements of a thin liquid film between a glass substrate and a small ball pressed against 
it. The observed a dependence of the viscosity on the pressure and spatial heterogeneity 
within the fluid film [897]. 
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The molecular rotors themselves and their reaction to viscosity, temperature, and other mo-
lecular parameters are subject of studies by A. Vyšniauskas et al. [1185, 1186]. Imaging of 
micro-bubbles and aerosol particles and their viscosity change upon hydration and chemical 
aging is described in [543, 544]. 

Other Environment Parameters 

FLIM of cellular Na+ with CoroNaGreen has been demonstrated by Meyer et al. [781]. The 
authors found differences in the Na+ concentration in the cytosol, the nucleus, and in the peri-
nuclear region. Saxl et al. presented a glucose sensor based on Baudan bound to a glu-
cose/galaktose-binding protein (GBP) [974]. It was concluded that Baudan fluoresces with 
short lifetime for the open form of the protein and with long lifetime for the closed form of 
the protein. The protein configuration changes at binding to glucose, and so does the average 
lifetime. Kirchberger et al. [607] found changes in the decay profile of Lucifer Yellow de-
pending on the conformation of the protein to which it was bound. Levitt et al. [700] used the 
fluorescence lifetime of Nile Red for measurements of the intracellular polarity. 

It has been shown by van Zandvoort et al. that the fluorescence lifetime of SYTO13 is differ-
ent when bound to DNA or RNA [1172]. The effect has been used to measure the RNA:DNA 
ratio in living bacteria cells and bacteria colonies [1199]. Douma et al. used the environment-
dependent lifetime of SYTO13 and SYTO41 to differentiate between different cells and cell 
structures in blood vessels [360]. Davey et al. found an increase of the fluorescence lifetime 
of dil-C18 and Alexa-488-labelled IgE in local membrane structures [317]. Garcia et al. used 
a fluorescently labelled ATP analog to detect actomyosin states in muscle sarcomeres [437]. 
An application of environment-dependent lifetime variation to the analysis of histological 
samples has been described in [285] and [388]. 

Kuchlyan et al [655] describe an Hg2+ sensor based on a rhodamine-spirolactam derivate. 
Normally, Hg is an efficient fluorescence quencher. However, when Hg2+ binds to the rhoda-
mine-based spirolactam the fluorescence intensity increases significantly, and the fluores-
cence lifetime increases. The authors recorded FCS and FLIM with a DCS-120 confocal 
scanning system to verify that the change is indeed an effect of binding to Hg2+. 

The exact mechanisms of the lifetime changes are not always known. The Cl- sensitivity of 
MQAE is almost certainly due to classic collisional quenching, as it is known for quinine sul-
phate [676], see Fig. 665. In other cases the reason may be a change in the internal flexibility 
of the molecule, and a corresponding change in the non-radiative decay rate. This mechanism 
is known for ‘molecular rotors’, such as Bodipy, which respond to the viscosity of the solvent 
[658], see page 474. Also the polarity of the environment has an influence on the conforma-
tion of the fluorophore molecule and thus on its fluorescence lifetime [166, 168]. For dyes 
forming aggregates, such as ICG, the environment influences the degree of aggregation. This, 
in turn, changes the fluorescence lifetime. Whatever the lifetime changes are caused by, envi-
ronment-dependent lifetime changes occur for a large number of fluorophores. Consequently, 
there is a large potential in finding lifetime-based reporters for biological environment pa-
rameters among commonly known fluorophores. 
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Förster Resonance Energy Transfer (FRET) 
Förster resonance energy transfer (FRET) is an interaction of two fluorophore molecules (or, 
more exactly a fluorophore and an absorber) that are arranged in close distance to each other. 
If the emission band of one dye overlaps the absorption band of the other energy from the first 
dye, the donor, can be transferred to the second one, the acceptor. The energy transfer itself 
does not involve any light emission and absorption, it is a direct coupling of the dipoles of the 
two molecules. The theory of the effect was developed by Theodor Förster and published in 
1948 [406, 407]. Förster resonance energy transfer (FRET), fluorescence resonance energy 
transfer, or resonance energy transfer (RET), are synonyms of the same effect. The energy 
transfer rate from the donor to the acceptor decreases with the sixth power of the distance. 
Therefore it is noticeable only at distances shorter than 10 nm [676]. FRET results in an ex-
tremely efficient quenching of the donor fluorescence and, consequently, decrease in the do-
nor lifetime. 
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Fig. 672: Fluorescence resonance energy transfer 

Because of its dependence on the distance FRET has become an important tool of cell biology 
[875, 876, 877, 1104]. Different proteins are labelled with a donor and an acceptor; FRET is 
then used to verify whether the proteins are physically linked and to determine distances on 
the nm scale. Donor and acceptor can also be linked to the same protein, the intensity of 
FRET is then an indicator of protein folding and protein conformation. 

FRET experiments can be (and are) performed by pure intensity measurements. However, 
there are a number of serious problems. The concentration of the donor and the acceptor var-
ies throughout the sample. A simple acceptor-intensity measurement therefore does not reflect 
the FRET energy transfer rate. The second problem is the stoechiometry. Not all donor pro-
teins may be labelled with the donor, and not all acceptor proteins may be labelled with the 
acceptor. Moreover, the emission spectrum of the donor extends into the emission spectrum 
of the acceptor, and there is fluorescence not only from FRET-excited acceptor molecules but 
also from directly excited ones. These effects - the ‘donor bleedthrough’ and the ‘acceptor 
bleedthrough’ make it impossible to determine the net energy transfer rate (the ‘FRET Effi-
ciency’) by a ratio measurement of the donor and acceptor intensities. Steady-state FRET 
techniques therefore require careful calibration, including measurements of samples contain-
ing only the donor and only the acceptor [462, 524]. These are dependent of the laser power, 
the detector gain, and the focus quality, which bears the risk of systematic errors. 

The calibration problems can partially be solved by the acceptor photobleaching technique. 
An image of the donor is taken, then the acceptor is destroyed by photobleaching, and another 
donor image is taken. The increase of the donor intensity is an indicator of FRET. The draw-
back is that this technique is invasive and destructive. Photobleaching creates radicals which 
can induce photochemical reactions in the sample. Moreover, once the acceptor has been 
bleached, the experiment cannot be repeated. The technique is also difficult to use in live cells 
because diffusion replenishes the photobleached acceptor. In fixed cells, however, the protein 
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structure is changed already by the fixation so that the results are not necessarily correct. The 
acceptor-bleaching technique is therefore not the gold standard it is often considered. 

Finally, there is another general problem of intensity-based FRET measurements. In all pro-
tein-interaction experiments, there is usually a mixture of interacting and non-interacting pro-
teins. Both the fraction of interacting proteins and the distance between the proteins influence 
the net FRET efficiency derived from the intensities. It therefore cannot be told whether a 
variation in FRET efficiency is due to a variation in the distance or a variation in the fraction 
of interacting proteins. 

 

Single-Exponential FLIM FRET 

The use of FLIM for FRET has the obvious benefit that the FRET intensity is obtained from a 
single lifetime image of the donor [37, 128, 134, 254, 367, 880, 952]. Donor bleedthrough and 
directly excited acceptor fluorescence therefore have no influence of FLIM-FRET measure-
ments. The only reference value needed is the donor lifetime in absence of the acceptor. It 
will be shown later that even this reference lifetime can be obtained from the FLIM-FRET 
data themselves. 

Fig. 673 shows a single-exponential lifetime image of a cultured HEK (human embryonic 
kidney) cell expressing two interacting proteins labelled with CFP and YFP. 

 

Fig. 673: FRET in an HEK cell. Interacting proteins were labelled with CFP (donor) and YFP (acceptor). Sin-
gle-exponential lifetime image of the donor fluorescence, blue to red corresponds to a lifetime range of 1.5 to 

2.2 ns. (Christoph Biskup, University Jena, Germany, LSM 510 NLO) 

Single-exponential lifetime images as the one shown in Fig. 673 are very useful to locate the 
areas in a cell where the labelled proteins interact. It has been shown that for a given effi-
ciency of the optical system and detector and a given excitation power FLIM-based FRET 
measurements give better accuracy than steady-state techniques [872]. Single-exponential 
decay measurements do, however, not solve the general problem of the FRET techniques that 
the total decrease in the donor fluorescence intensity or fluorescence lifetime depends both on 
the distance of donor and acceptor and the fraction of interacting donor molecules. In the sim-
plest case, a fraction of the donor molecules may not be linked to their targets, or not all of the 
acceptor targets may be labelled with an acceptor. This can happen especially in specimens 
with conventional antibody labelling [673]. But even if the labelling is complete by far not all 
of the labelled proteins in a cell are interacting, and the fraction of interacting protein pairs 
varies throughout the cell. 
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Double-Exponential FLIM FRET 

TCSPC FLIM solves the problem of interacting and non-interacting donor by double-
exponential lifetime analysis. The resulting donor decay functions can be approximated by a 
double exponential model, with a fast component from the interacting donor molecules and a 
slow lifetime component from the non-interacting donor molecules. There are several reasons 
why a donor does not interact. The protein may just not be linked to each other, an acceptor 
protein may not be labelled with the acceptor, or the orientation between the donor and the 
acceptor may be wrong. Orientation is usually considered random, an taken into account by 
the κ2 factor [676, 875, 876]. If the labelling is complete, as it can be expected if the cell is 
expressing fusion proteins of the GFP variants, the decay components represent the fractions 
of interacting and non-interacting donor molecules. Corrected by κ2, the amplitudes, a and b, 
then represent the fractions of interacting and non-interacting protein molecules. The compo-
sition of the donor decay function is illustrated in Fig. 674. 
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Fig. 674: Fluorescence decay components in FRET systems 

Double exponential decay analysis delivers the lifetimes, 0 and fret, and the intensity factors 
(amplitudes), a and b, of the two decay components. From these parameters can be derived 
the true FRET efficiency of the interacting donor, Efret [240], the ratio of the distance and the 
Förster radius, r/r0 , and the ratio of the number of interacting and non-interacting donor mole-
cules, Nfret / N0 : 
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Fig. 675 shows the fluorescence decay curves in a selected spot (array of 4 adjacent pixels, 
selected by the blue crosshair) of Fig. 673. 

 

Fig. 675: Fluorescence decay curve in a selected spot of  Fig. 673. The decay profile is clearly double-
exponential. 
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The fluorescence decay is indeed double-exponential, with a fast lifetime component, fret, of 
590 ps, and a slow lifetime component, 0, of 2.41 ns. 

Fig. 676 shows the result of a double-exponential analysis of the data. The left image shows 
the ratio of the lifetimes of the non-interacting and interacting donor fractions, 0/fret. The 
distribution of 0/fret in different regions is shown far left. The locations of the maxima differ 
by only 10%, corresponding to a distance variation of about 2%. However, the variation in the 
intensity coefficients, a/b, is about 10:1. 

The results show clearly that the variation in the single-exponential lifetime (Fig. 673) is al-
most entirely caused by a variation in the fraction of interacting proteins, not by a change in 
distance. In other words, interpreting variations in the single-exponential lifetime (or classic 
FRET efficiencies from steady-state experiments!) as distance variations leads to wrong re-
sults. 

 

Fig. 676: FRET results obtained by double exponential lifetime analysis. Left: 0/fret, Right: Nfret/N0 

Similar double exponential decay behaviour is commonly found in FRET experiments based 
on multi-dimensional TCSPC [37, 128, 133, 134, 191, 236, 367, 389, 880]. Double-
exponential decay profiles have also been confirmed by streak-camera measurements [189, 
190]. For many years, the double-exponential decay was discussed controversially. The dis-
cussion was enhanced by double-exponential decay behaviour found for some FRET donors 
themselves. Now there is no doubt any more that FRET induces a double-exponential donor 
decay, and that the components represent interacting and non-interacting donor fractions. 

The fact that the slow decay component comes from the non-interacting donor can be ex-
ploited for FRET analysis: The lifetime of the slow component is the reference lifetime for the 
FRET calculation. The advantage is that this lifetime comes from the same cell and from the 
same pixels, and that it was measured simultaneously with the lifetime of the interacting do-
nor. Possible variations by variable local environment have therefore no influence on the 
FRET result. Moreover, it can be expected that the slow lifetime does not vary noticeably 
throughout the cell. The slow lifetime can therefore often be used as a global parameter in the 
fit process. FLIM FRET data analysis based on this assumption is described in [45], for analy-
sis of FLIM FRET data by the bh SPCImage data analysis software, please see page 795 or 
this book or [63, 64, 70]. 

Although the double-exponential approach yields good results it should be noted that FRET 
experiments can be more complicated than described above. There is the problem that a pro-
tein can be expressing (or be labelled with) several donor or acceptor molecules. The effect of 
multi-labelling is energy migration between the donors, and an increase in the energy transfer 
rate due to the presence of several acceptors. For physical background and possible pitfalls 
please see [641, 642, 1178]. 
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It should also be mentioned here that double-exponential FRET measurement faces the prob-
lem that the fluorescence decay of the unquenched donor itself is often multi-exponential. 
This happens especially for the CFPs and its variant, Cerulean. Strong multi-exponential be-
haviour can also be induced by fixation procedures (see Fig. 683) and by excessive photo-
bleaching [535]. 

The situation can be complicated if the donor fluorescence is contaminated by autofluores-
cence [571]. The decay profiles of autofluorescence are multi-exponential, and can look very 
similar to the decay of the donor in a FRET system, see Fig. 684. Negative tests with unla-
beled cells and with donor-only cells are therefore mandatory. 

FRET results can also be biased by photobleaching or photoconversion of the fluorophores 
[535]. Even photo-induced changes in the protein conformation cannot entirely be excluded,  
see Fig. 685. Over the past 15 years, photo-induced artefacts have been greatly reduced by 
better efficiency of the detectors [146], better efficiency of the microscope optics, and by new 
fluorescent proteins with higher photostability [319, 320]. 

FLIM-FRET experiments need not necessarily be performed in single cells. The same data 
analysis principles can, of course, be applied to fluorescence decay data obtained from protein 
or cell suspensions in cuvettes or micro-cuvettes [206, 422, 484, 554]. The advantage of these 
measurements is that photobleaching is not a problem, the disadvantage is that only average 
FRET parameters over the whole volume of the cells and over a large number of cells are ob-
tained. Usually, not all cells express both the donor and the acceptor. Consequently, the result 
can be biased towards lower FRET efficiency, and a lower fraction of interacting proteins. 
 

Using Information from the Acceptor Decay Function 

There is constant discussion about the shape of the acceptor decay function, whether it can be 
used to improve the accuracy of FRET measurements, and whether FRET results can be de-
rived form an acceptor lifetime image. Fig. 677 shows how the acceptor decay function in an 
ideal FRET experiment should look like. Acceptor excitation occurs via the S1 state of the 
interacting donor molecules. The function of the number of interacting donor molecules in the 
S1 state over time is represented by the fast donor fluorescence component. Consequently, 
this component acts as an excitation pulse to the acceptor. In other words, the observed accep-
tor decay function is the convolution of the fast donor decay component with the natural de-
cay function of the acceptor. The acceptor fluorescence decay function should therefore have 
a slow rising edge with a time constant equal to the decay time of the interacting donor fluo-
rescence. 
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Fig. 677: Donor and acceptor decay functions expected in an ideal FRET experiment: The excitation of the ac-
ceptor comes from the interacting donor 

However, nothing like this is observed in practical FLIM FRET experiments. Fig. 678 shows 
a lifetime image of the acceptor of the HEK cell shown in Fig. 673. The mean lifetime is be-
tween 2.3 and 2.6 ns. The fluorescence decay from the region of strong FRET has lifetime 
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components of 2.2 ns and 3.2 ns. The shape is close to a single-exponential decay. There is 
neither a trace of a slow rise, nor is there a decay component with a negative amplitude. 

              

Fig. 678: Left: Acceptor lifetime image of the HEK cell shown in Fig. 673. Right: Acceptor decay function in 
region of strong FRET (right) 

The explanation of the observed donor decay profile is in the fluorescence spectra. There is a 
strong overlap of the donor emission into the acceptor emission. The observed acceptor decay 
is therefore a sum of the decay function of the FRET-excited acceptor, the donor emission 
overlapping into the acceptor spectrum, and a contribution from directly excited acceptor. 
This is in agreement with the decay components shown in Fig. 678: The lifetimes of the decay 
components are close to the average lifetime of the donor, CFP, and the typical lifetime of 
YFP.  

In CFP-YFP experiments the amount of donor fluorescence in the spectral range of the accep-
tor can be almost 50% of the observed acceptor fluorescence. As described above, the decay 
time of the fast donor component is exactly the rise time of the FRET-excited acceptor. Both 
effects cancel, and the result is a near-single-exponential decay function, as shown in Fig. 
679. 
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Fig. 679: The observed acceptor decay is a sum of FRET-excited acceptor fluorescence and donor fluorescence 
emitted in the spectral range of the acceptor. 

The prospects of using the acceptor decay functions in FLIM FRET are therefore not good. It 
has been attempted to obtain additional FRET information from the acceptor emission meas-
ured simultaneously with the donor emission in a dual-detector TCSPC system [548]. An at-
tempt was made in [135] to subtract the donor bleedthrough from the acceptor decay and to 
build up an acceptor lifetime image free of donor bleedthrough. The result showed indications 
of the slow-rising acceptor component but also a large amount of directly excited acceptor 
fluorescence. The slow rise of the acceptor fluorescence has been observed in [206] and 
[1091]. These measurements were performed in protein solutions in cuvettes. The reason that 
the slow rise of the acceptor fluorescence stands out more prominently than in the FLIM data 
is possibly that the cuvette experiments used more restrictive filtering: [206] detected through 
a 557 nm filter, [1091] in the 540 nm channel of a bh PML-16 multi-wavelength detector. 
Typical CFP / YFP beamsplitters used in microscopy split the signals at 510 to 520 nm and 
thus record more donor bleed-through. 

Even if the FRET-excited component of the acceptor fluorescence is correctly extracted from 
the decay data as shown in [1091], all these attempts are facing the same problems as inten-
sity FRET: It is not possible to record the FRET-excited acceptor fluorescence without accu-
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rate correction of the donor bleedthrough and the contribution from directly excited acceptor 
fluorescence. 

A more promising approach to the exploitation of the acceptor fluorescence is multi-
wavelength detection [131, 142]. Reference spectra of the donor and the acceptor would be 
recorded, and the FRET fluorescence would be fitted by a model containing these spectra and 
the unknown intensity coefficients and lifetimes of the donor and the acceptor. Thus, multi-
wavelength FLIM may lead to a combination of FLIM-based and sensitised-emission FRET 
techniques. A demonstration of the technique has been given in [192, 193, 194, 1091]. 

 

Dark Acceptors 

An exciting possibility to improve FLIM FRET results is to use a dark acceptor. The advan-
tage of this approach is that donor-acceptor pairs with almost ideal overlap of donor emission 
and acceptor absorption spectra can be selected. The FRET efficiency for a given donor-
acceptor distance is therefore higher than for conventional FRET pairs. 

The situation for a GFP-YFP pair is shown in Fig. 680. The figure shows that the pair would 
be almost impossible to be used for conventional FRET: The emission of the GFP and the 
YFP cannot be spectrally separated, and excitation of the GFP anywhere close to its absorp-
tion maximum would also excite a large amount of YFP. However, there is an excellent over-
lap between the GFP emission and the YFP absorption. With a dark YFP, the GFP emission 
can be detected, and the FRET efficiency determined by FLIM FRET. A dark YFP mutant 
(called resonance energy accepting chromoprotein, REACh) has indeed been developed, and 
the GFP- (dark)YFP pair been used for FRET experiments [426, 427, 826, 827, 877]. FRET 
between mRuby2 and dark mCherry is described in [830]. 
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Fig. 680: Absorption and emission spectral of GFP and YFP, after [299] 

An interesting approach has been used by Kuchlyan et al. [654] and Mackowski [741]. They 
used graphene as an acceptor. Graphene absorbs throughout the entire optical spectrum and 
can thus work as an acceptor for almost any fluorophore with emission in the visible spec-
trum. 

One argument against FRET experiments with a dark acceptor is that even a ‘dark’ acceptor is 
not entirely free of fluorescence - the fluorescence is only strongly quenched. The donor 
emission would therefore be contaminated by an unknown amount of acceptor fluorescence. 
Such contamination may indeed exist. What happens in detail depends on whether the fluo-
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rescence of the acceptor is quenched dynamically or statically [676]. The effect on the meas-
ured donor decay is shown in Fig. 681, left and right. Dynamic quenching results in an ex-
tremely short fluorescence lifetime of the acceptor. The decay function of the FRET-excited 
acceptor is then identical with the decay component the interacting donor. Contamination 
would result in a slight over-estimation of the amount of interacting donor, but not in an error 
in the determined FRET distance. Static quenching (if incomplete) would result in a weak 
acceptor fluorescence with the normal lifetime. The result would be contamination by a 
FRET-excited or directly excited acceptor decay, and thus an over-estimation of the non-
interacting donor fraction. The size of both effects can be determined by recording FLIM of 
acceptor-only samples. 
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Fig. 681: Contamination by ‘dark’ acceptor fluorescence. Left: Acceptor quenched dynamically. Right: Acceptor  
quenched statically. 

Another argument against dark-acceptor FRET is more serious: There is no way to prove that 
the cells are expressing the acceptor. If there is no acceptor a FRET signature in the donor 
decay will not occur, even if the donor proteins are perfectly labelled and interacting with the 
acceptor proteins. Consequently, the absence of a FRET signature in the donor decay function 
is no prove of the absence of protein interaction. 

 

FRET Between Endogenous Fluorophores 

There is a number of endogenous fluorophores. The emission and absorption spectra are over-
lapping. That means FRET may occur between the fluorophores, and make it possible to in-
vestigate interactions of the associated proteins. Serrano et al. used FRET from an amino acid 
(the donor) into tryptophane to detect structural heterogeneity [1023]. Tryptophane can also 
be used as a FRET donor. The problem of these experiments is that amino acids or tryptophan 
must be excited deep in the UV, around 250 nm. The optics of a normal microscope and of 
the scan heads of normal laser scanning microscopes is transparent only down to about 
360 nm. Li and Seeger therefore built a confocal UV microscope with 266 nm excitation 
wavelength, a PMH-100-6 detector and an SPC-630 TCSPC module. They were able to ob-
tain decay curves from tryptophane, and show that the fluorescence lifetime decreases on in-
teraction with other proteins [703]. There are currently attempts to reach tryptophane via 
three-photon excitation in multiphoton microscopes. The problem of this approach is that this 
wavelength excites NADH and FAD via two-photon excitation. At a given laser power, two-
photon excitation is far more efficient than three-photon excitation. It can easily kill the cells 
as we have found in our own test experiments. Nevertheless, it has turned out that three-
photon excitation of tryptophane - and the detection of its fluorescence - is possible. With 
UV-optimised optics in the detection beam path, hybrid detectors, and carefully adjusted laser 
power three-photon excited TCSPC FLIM images of tryptophane were obtained. Possible 
FRET would occur between the tryptophane and the bound component of the NADH. Indeed, 



Förster Resonance Energy Transfer (FRET)    485 

 

FLIM experiments have shown a decrease in the tryptophane lifetime with the bound-
unbound ratio of the NADH fluorescence [10, 240, 574, 877]. 

 

Homo FRET 

The FRET technique described above is based on resonance energy transfer between different 
fluorophores. It should be mentioned, that FRET is also possible between similar molecules. 
Resonance energy transfer between similar molecules is called homo-FRET. Homo-FRET 
leaves the fluorescence decay profiles unchanged: The energy transferred from the first mole-
cules to a second one is emitted by the second molecule, and the sum of the decay rates does 
not change. What changes, however, is the fluorescence anisotropy. Homo FRET has thus to 
be detected by comparing the intensities and decay profiles in two detection channels of per-
pendicular polarisation [833, 1179]. This is possible by using a polarising beamsplitter in the 
detection beam path. In most scanning microscopes these are not available as standard parts. 
Thaler et al. and Nguyen et al. therefore detected through the condenser beam path of an 
LSM 510 NLO. Their papers on structural arrangement and re-arrangement of CaMKII cata-
lytic domains is based on homo FRET and can be recommended as an amazing piece of scien-
tific detective work [1131, 833, 834]. 

Ultra-Fast Energy Transfer 

It is normally believed that the energy transfer rate between fluorescent proteins is limited by 
the geometry of the barrel structure of the molecules. However, Kim et al. found in homo-
FRET experiments that the limiting anisotropy of Venusa206 dimers is reproducibly lower than 
expected. They concluded that the dimers must behave more or less like a single emitter. 
They investigated the effect by spectral measurements, anisotropy-decay measurements, FSC, 
molecular-brightness measurements, and anti-bunching measurements. After exclusion of all 
other conceivable mechanisms, the results left coherent behaviour of the Venus molecules as 
the only possible explanation [602]. 

 

Practical Hints for FRET Measurements 

FRET in Diffraction-Limited Spots 

Problems may arise when FRET occurs in image details too small to be resolved by and opti-
cal microscope. To show up in the image at all, a sub-resolution structure must emit fluores-
cence at an intensity much higher than the environment. That means the fluorophore concen-
tration in the structure itself must be very high. High concentration bears the risk of interac-
tion of the donor molecules with several acceptors [642]. The FRET efficiency for a given 
donor-acceptor distance is then higher than expected. The second problem is on the detection 
side. The fluorescence decay function from a sub-diffraction structure will necessarily be con-
taminated by fluorescence from the closer environment. If there is no FRET in the environ-
ment (which is the purpose of the experiment) the FRET efficiency and the fraction of inter-
acting proteins may be under-estimated. 

Typical cases are cell membranes or synapses between neurons. A beautiful FLIM FRET im-
age of a live cultured neuron is shown in Fig. 682. FRET is expected to occur in synapses. As 
can be seen in the image on the left there are a large number of small spots with decreased 
lifetime. Magnified images of two typical details are displayed on the right. 
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Fig. 682: Live cultured neurons. FRET expected in synapses. Left: Full image, interesting candidates marked. 
Right: Magnified images of details marked. Zeiss LSM 7 MP microscope with Simple-Tau 152 FLIM system 

and HPM-100-40 hybrid detectors. Analysis by SPCImage, incomplete decay model with two exponential com-
ponents. Data courtesy of Inna Slutsky, University Tel Aviv. 

The interpretation of such data is far more difficult than in a cell like the one shown in Fig. 
676, page 480. The spots of decreased lifetime are hard to distinguish from photon-induced 
noise and from variation due to inhomogeneity of the local environment. Conclusions can 
only be made by correlating the spots of decreased lifetime with the morphology, by compar-
ing a large number of measurements, and including negative tests with acceptor-free samples. 

FLIM FRET in synaptic structures has been published by Bosch et al. and by Fogel et al. 
Bosch et al. were not only able to detect protein interaction, they could even follow the re-
organisation of post-synaptic substructures during long-term potentiation by time-series FLIM 
[207]. Fogel et. al. [408] used a combination of intensity FRET measurement, FLIM FRET 
measurement, and single-molecule imaging to show that the amyloid precursor protein homo-
dimer constitutes a resynaptic receptor that transduces a signal from amyloid-beta peptides to 
glutamate release. Aow et al., Dore et al. and Murokashi et al. performed FLIM-FRET ex-
periments in single dendritic spines [25, 357, 358, 826]. Zoltowska et al. used FRET to show 
that presenilin 1 and synaptotagmin 1 interaction modulates exocytosis and amyloid β produc-
tion [1281]. Superresolution FRET imaging in dendritic spines by STED-FLIM has been de-
scribed by Tardif et al. [1116]. The authors were able to discriminate different nanoclusters of 
synaptic proteins in different states of interaction with binding partners inside the spines. 

 

Multi-Exponential Decay of the Free Donor 

Double-exponential FRET measurements are faced with the problem that the fluorescence 
decay of the unquenched donor itself can be multi-exponential. This happens especially for 
the CFPs and, at a smaller extend, Cerulean. CFP has two lifetime component of about 1.3 ns 
and 2.9 ns with an amplitude of 20 to 40% and 60 to 80%, respectively [134]. Sarkar et al. 
[964] found an almost similar composition (60% of 3.7 ns and 40% of 1.5 ns ) for Cerulean 
excited at 405 nm. Interestingly, there is no trace of a second component in our own data from 
live cells, see Fig. 683, left. It is therefore possible that the composition of the decay depends 
on the molecular environment, or on the excitation wavelength. 

Fortunately, in FRET experiments the fast lifetime component in the donor decay is usually in 
the range of 400 to 800 ps. Under these conditions a double-exponential fit routine tends to 
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combine the 1.3 ns and the 2.9 ns component into one component of about 2.5 ns. Thus, the 
interacting and non-interacting donor fractions can still be distinguished. 

Almost ideal single-exponential decay profiles are obtained from GFP. GFP or EGFP are 
therefore increasingly being used as FRET donors. 

Please note that strong multi-exponential behaviour can be induced by fixation procedures. 
The frequent complaints about strongly multi-exponential donor decay probably result from 
measurements of fixed samples, see below. 

 

Live Samples versus Fixed Samples 

FRET measurements aim at measuring changes in the conformation and binding of proteins. 
That means, that the molecular structure of a sample must be preserved during sample prepa-
ration. In other words, FLIM measurements normally have to be performed on live cells or 
live tissue. Fig. 683 shows what can happen if this simple fact is ignored. Both images show 
cells of the same type, transfected with Cerulean only. The excitation wavelength was 
445 nm, the detection wavelength 48020 nm. The left image was obtained from a live cell, 
the right image from a fixed cell. Both cells were analysed by a double-exponential model. 

   

Fig. 683: Lifetime differences between a live cell (left) and a fixed cell (right). Colour-coded lifetime image, 
histogram of lifetimes over the pixels, decay curve in selected spot of the image, excitation 445 nm. Both cells 
are expressing Cerulean, without any FRET acceptor. Nevertheless, the fixed cell shows a decay profile typical 
for FRET. 

The live cell delivers two almost identical lifetime components. This is a clear indication that 
the decay is almost perfectly single-exponential. The lifetime is about 2.8 ns. This is exactly 
what one would expect for a cell expressing Cerulean alone. 

The fixed cell (Fig. 683, right) shows a strongly double-exponential decay profile, with 60% 
of 770 ps and 40% of 2.8 ns. The amplitude-weighted mean lifetime is around 1.56 ns. More-
over, the lifetime histogram shows a broad background of shorter lifetimes from the embed-
ding medium. No matter what kind of experiment this result would be used for, it would lead 
to significantly wrong results. Consider a FRET experiment: The decay profile of the fixed 
Cerulean cell is similar to the decay profile of a cell showing FRET, compare Fig. 675. An 
inexperienced user may interpret the decay profile as 60% of interacting proteins, with a 
FRET efficiency of 0.725. The average FRET efficiency would be 0.44. However, the cell 
does not contain an acceptor, and consequently, cannot do any FRET. 

Similarly wrong lifetimes and decay profiles are found also for other fluorescent proteins in 
fixed samples. It appears likely that the frequent complaints about strong multi-exponential 
decay of CFPs at large extend originate from measurements on fixed samples. 
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Autofluorescence 

A frequent pitfall of FRET experiments is autofluorescence. If the cells are not expressing the 
fluorophores as expected autofluorescence dominates the FLIM signals. In the spectral range 
of typical FRET experiments autofluorescence mainly comes from NAD(P)H and FAD. Con-
sequently, there is a fast and a slow decay component from the unbound and bound fraction of 
NADH, and from the bound and unbound fraction of FAD. The shape of autofluorescence 
decay functions can be very similar to those of FRET, see Fig. 684. FLIM can help to identify 
autofluorescence problems: If the slow decay component (circled) is not as expected for the 
free donor something must be wrong with the sample. However, even this is not sure. If auto-
fluorescence wants to fool you it will, as can be seen in Fig. 684, right. Negative tests with 
un-transfected cells and with acceptor-free cells are therefore mandatory for proving the rele-
vance of FRET results. 

  

Fig. 684: Fluorescence decay from the donor of a CFP-YFP FRET system (left) and fluorescence decay of auto-
fluorescence. The lifetime of the slow component is 2.55 ns for FRET, and 2.42 ns for autofluorescence. The 

difference is only 130 ps, well within the normal variation of FRET donor lifetimes. 

Photobleaching 

Photobleaching acts differently on the interacting and the non-interacting donor fraction. The 
non-interacting donor component photobleaches faster, so that the fraction of interacting do-
nor (and thus the conventional FRET efficiency) is biased towards higher values. It is also 
possible that the acceptor photobleaches. In that case, photobleaching decreases the fraction 
of interacting donor. Moreover, photobleaching can create photoproducts that are fluorescent. 
Emission from these compounds can change the composition of the decay profiles unpre-
dictably [535]. 

As a rule of thumb, the count rates should not decrease by more than 20% during the meas-
urement. If you notice excessive photobleaching, try with a lower laser power and a corre-
spondingly longer acquisition time. In one-photon systems, you may use a larger pinhole and 
thus trade count rate against depth resolution. Even if you have to sacrifice a number of cells 
for these experiments the higher number of photons obtained at less photobleaching pays off 
at the end. 

It should also be taken into regard that the exposure may induce real changes in the protein 
conformation in the cells. A possible example is shown in Fig. 685. The images shows a live-
cell sample expressing interacting proteins fused with CFP and YFP. 
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Fig. 685: Two FLIM FRET measurements of the same sample, lifetime images and lifetime histograms. Left: 
Initial recording, acquisition time 30 seconds. Right: Second recording, acquisition time 30 seconds, after 90 

seconds of total exposure. Insert: Amplitudes and lifetimes of the decay components. Analysis by bh SPCImage, 
incomplete decay model with two exponential components. 

Two-photon excitation at 860 nm was used, the laser power regulator of the microscope was 
set to 4%. This is a power commonly used in two-photon live cell imaging. Both images were 
recorded at the donor emission wavelength. After getting the sample into focus, a 30 seconds 
FLIM recording was taken. Then the scanning was continued for another 60 seconds, and 
another 30 second image was taken. As can be seen from the images, the lifetime (amplitude 
weighted lifetime, tm) in the second recording is significantly shorter. The shorter tm comes 
from a larger amplitude and a shorter lifetime of the fast decay component. The slow decay 
component remained virtually unchanged. This is exactly what should be expected if the pro-
tein interaction had become stronger. This interpretation may be a bit speculative, but is 
shows that real changes in the sample should be considered at least as a possibility. 

Photobleaching, and, possibly, photo-induced changes in the samples, has been a frequent 
problem of FRET measurements in early FLIM systems. These systems used PMTs with con-
ventional photocathodes and, in many cases, inefficient ports of the microscopes. In the last 
years the photobleaching problem has been reduced by hybrid detectors [146] and highly effi-
cient microscope optics. There is also a continuous development of new photostable fluores-
cent proteins which further reduce photobleaching artefacts [319, 320]. 

 

FRET Literature 

An enormous amount of FRET papers based on the bh FLIM technique has been published in 
the past 15 years. An overview on FRET techniques, their applications and the related pitfalls 
is given in [1178]. Liput et al. [698] give an overview on FLIM FRET in Neuroscience. A 
detailed description of a TCSPC-FLIM FRET system is given in [367]. The system was used 
for FRET between ECPF-EYFP and FM1-43 - FM4-64 in cultured neurones. A number of 
papers give a general characterisation of TCSPC-FLIM FRET for monitoring protein interac-
tions [191, 254, 255, 880, 1058]. A combined FLIM-FRET microscope / endoscope system is 
described in [418]. The system simultaneously scans FLIM images through the beam path of 
an inverted microscope and records fluorescence from the back of the sample through a fibre 
bundle. Superresolution FRET imaging by STED has been described by Tardif et al. [1116]. 
They were able to discriminate different nanoclusters of synaptic proteins in different states of 
interaction with binding partners inside dendritic spines. Elder et al. reviewed different meth-
ods of FRET signal normalization and verified them by TCSPC FLIM [387]. 

A comparison of the accuracy of FRET measurements by different techniques has been given 
by Pelet et al. [872]. The authors compared FLIM, spectral imaging, and two-channel inten-
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sity imaging with calibration of excitation and emission crosstalk. For the individual meas-
urements they used identical optical paths, comparable data acquisition times and comparable 
fluorescence intensities. It turned out that the FRET results obtained from the FLIM data had 
a three-times smaller standard deviation than those obtained from the dual-channel and spec-
tral measurements. Sun & Periasamy compared conventional FRET efficiencies obtained by 
filter-based FRET measurements with FRET efficiencies obtained by FLIM FRET [1102] and 
found that additional correction is needed for filter-based measurements. 

The construction of FRET standards and their verification by FLIM measurement are de-
scribed in [241, 1075]. Although FLIM FRET actually does not need calibration the standards 
are required to verify and compare the results obtained by different FRET techniques. 

There is a number of FRET applications which are directly related to clinical research [772]. 
Because FRET yields information about protein interaction it can be used to investigate the 
formation - and possible dissolution - of amyloid plaques of Alzheimer’s disease  [37, 38, 
169, 170, 171, 481, 523, 572, 725, 728, 1161]. Mechanisms of Huntington disease (a progres-
sive neuro-degenerative disorder) were investigated in [409] and [825]. 

FLIM FRET in synaptic structures has been published by Bosch et al., Fogel et al. and Ueda 
et al. [207, 408, 1159, 1160]. These experiments are difficult because FRET occurs in sub-
resolution volumes of the sample. The effects are therefore difficult to detect, see above, 
‘FRET in Diffraction-Limited Spots’. Bosch et al. were not only able to detect protein interac-
tion, they could even observe the re-organisation of post-synaptic substructures during long-
term potentiation by time-series FLIM [207]. Fogel used a combination of intensity FRET 
measurement, FLIM FRET measurement, and single-molecule imaging to show that the amy-
loid precursor protein homo-dimer constitutes a resynaptic receptor that transduces a signal 
from amyloid-beta peptides to glutamate release. 

Kelleher et al. demonstrated deep tissue FLIM FRET in cancer cells and animal models. Two-
photon excitation was used to obtain FRET images from layers as deep as 100 µm [595]. Kiu-
chi et al. [610] performed FLIM FRET between donor and acceptor labelled EGFR and 
ErbB4, and suggested it for clinical detection of breast cancer. Ahmed et al. studied the inter-
action of growth factor receptor-bound bound protein (Grb2) and Ras/mitogen-activated pro-
tein (MAP) and found a relation to normal versus oncogenic function of the cells [7]. 

Another potential FRET application is the investigation of infection mechanisms. The tech-
nique was demonstrated by Ghukasyan et al. for the infection of HeLa cells with enterovirus 
71 [450]. Jeshtadi et al. [568], Danquah et. al. [316] and Cheung et al. [260] used FRET to 
investigate interaction of virus proteins with proteins of the host cell. The FRET pair was 
GFP-DsRed. The spreading of viruses in plant cells was studies by Amari et al. [15], fungus 
infection of plant cells by Shen et al. [1036]. 

Almost all the FLIM-FRET applications are more or less related to interaction interactions of 
various proteins or to protein organisation [5, 6, 8, 17, 189, 191, 200, 210, 207, 357, 408, 416, 
417, 424, 442, 463, 559, 569, 584, 601, 616, 650, 662, 729, 730, 744, 748, 826, 845, 873, 911, 
928, 961, 991, 1024, 1025, 1076, 1138, 1183, 1258]. Monitoring HIV-1 protein 
oligomerization by FLIM FRET was described in [919]. Protein interaction studies include 
detection of enzymatic activity in neuronal micro-compartments by FRET [1248], Na+ chan-
nels [787], or intracellular transport mechanisms and membrane trafficking [318, 803, 920]. 
Rochel et al. used FRET to study the role of DNA in the spatial organisation of nuclear hor-
mone receptors (NHRs) [938]. Interactions between the PCK and NKB signalling pathways 
have been investigated in [815]. [1092] investigated the association of protein kinase C alpha 
(PKCα) with caveolin. FRET between GFP and RFP and FRET cascades from GFP via Cy3 
into Cy5 are demonstrated in [881 ] and [17]. The agglutination of red blood cells by mono-
clonal antibodies was studied using FRET between Alexa 488 and DiI [931]. Interaction of 
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the neuronal PDZ protein PSD-95 with the potassium channels and SHP-1-target interaction 
were studied in [189, 191]. Interaction of  αB-crystallin with focal adhesion kinase (FAK) 
was investigated  in by Pereira et al. [879] and shown to confer protection to FAK against 
calpain mediated proteolysis in cardio-myocytes. 

It has also been shown that conformational changes of proteins in cells can be monitored by 
FLIM FRET [236, 728]. Nanoscale Chromatin compaction was studied in [730] and [731]. 
Tynan et al. and Martin-Fernandez used FRET to gain insight into the structure of the human 
epidermal growth factor (EGFR) [754, 1157]. Mergenthaler et al. investigated the function of 
mitochondrial HKs in different states of metabolic deprivation during hypoxia and hypogly-
cemia [780]. Regulation effects during mitosis have been investigated by Hasegawa et al., 
Kalab et al. and Soderholm et al. [507, 577, 1060]. Kaye et al. used FLIM FRET to measure 
microtubule assembly [593]. 

A variety of papers is devoted to the conformation and interaction of SNARE proteins and 
mechanisms modulating their interactions [665, 772, 858, 920, 921, 922, 1057, 1173]. In 
[921] double-exponential FRET is used to distinguish interacting and non-interacting protein 
fractions. Studies of the interaction dynamics on the millisecond time scale are described in 
[922]. 

Ariola et al. used a Bodipy-cholesterol derivate (Bdp-Chol, donor) and Dil-C12 (acceptor) to 
probe fluidity and lipid order in cell membranes [28]. They found a reduction in lifetime of 
the Bdp-Chol in ordered domain which they attributed to FRET. The results were confirmed 
by anisotropy decay measurement. 

The influence of shear forces on protein conformation was investigated in [237, 250, 1266]. 
The authors used a micro-fluidic setup to induce dynamic forces on the cells. The setup was 
placed under a microscope and illuminated by a frequency-doubled Titanium-Sapphire laser. 
The donor fluorescence was detected by a bh PML-16 multi-wavelength detector with poly-
chromator, and recorded be an SPC-630 TCSPC module. A similar setup was used to study 
the influence of oxygen concentration [1264]. The Oxygen supply was turned on and off by 
starting and stopping the flow in the cell. The oxygen concentration was monitored via the 
emission intensity of a phosphorescence probe. 

FRET between ECFP and EYFP in plant cells was demonstrated in [205]. FRET measure-
ments in plant cells can be difficult because of the strong autofluorescence of the plant tissue. 
The authors showed that two-photon excitation can be used to keep the autofluorescence sig-
nal at a tolerable level. The autofluorescence problem has also been solved by using the GFP 
mutant TSapphire and the DsRed variant mOrange as FRET donor and acceptor, respectively 
[53]. Protein interactions upon intrusion of fungal pathogens into plant cells were investigated 
in [213, 177, 1036]. Interactions between Golgi tethering factors and small GTPases was stud-
ied by Osterrieder et al. [856]. 

FRET is the basis of many sensors for biological parameters. The mechanism is usually that a 
donor and an acceptor are attached to the ends of a protein or DNA construct. The construct is 
able to bind to a specific target. When it binds it changes its conformation, and the FRET in-
tensity changes. A new Ras sensor was developed and characterised by Oliveira and Yasuda 
[854]; Zlobovska et al. describe a far-red sensor for caspase-3 activity [1280]; and Strohhöfer 
et al. a sensor for Ca2+ [1091]. Burgstaller et al. presented a FRET-Based pH sensor [229], 
Currie et al. a sensor for crowding studies [309], and Penjweini et al. a sensor for oxygen 
[874]. A glucose sensor has been developed and evaluated by Diaz-Garcia et al. [332]. A re-
view on sensors for protease activity has been given by Goryashchenko et al. [461]. Miller et 
al. presented a FRET sensor for ionic strength measurents [795]. It uses mCerulean3 and 
mCitrine. The fluorophores are linked by charged α-helices and a flexible loop. The angle 
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between the helices changes with the ionic strength of the molecular environment, and so 
does the FRET efficiency. The readout is via the donor lifetime [795] or via the anisotropy of 
the acceptor fluorescence [26]. 

There is a continuing search for new FRET pairs with higher photostability, better overlap of 
donor emission with acceptor absorption bands, and (important for steady-state FRET tech-
niques) less donor and acceptor bleedthrough. Please see [53, 319, 320, 1101] for new fluo-
rescent proteins for FLIM FRET and their characterisation. An interesting approach is the use 
of a GFP as a donor and a dark YFP as an acceptor [426, 427]. 

Currently there is an increasing interest in FRET pairs with absorption and emission in the red 
and near-infrared region. The advantage of going to longer wavelengths is that it excites less 
autofluorescence and induces less direct photodamage to the systems investigated. Please see 
[945] and [830]. 

It is also attempted to use quantum dots or combinations of quantum dots (as donors) and 
fluorescent proteins [773] or quantum dots and organic dyes or metal-organic complexes [13, 
1087] as FRET partners. Spectroscopically, quantum dots make excellent FRET donors and 
acceptors. The photostability is excellent, and almost any absorption and emission wavelength 
can be obtained. The drawback is that quantum dots cannot be easily be linked to target pro-
teins by transfection techniques as fluorescent proteins can. 
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Autofluorescence FLIM of Cells and Tissues 
Biological tissue contains a wide variety of endogenous fluorophores [272, 453, 626, 927, 
672, 1000, 1048]. For many years, autofluorescence measurements of cells and tissue have 
mainly been performed by spectrally resolved imaging techniques. The problem of purely 
spectrally resolved techniques is that the emission and excitation spectra of the endogenous 
fluorophores are broad and poorly defined. Many of the fluorophores are mixtures of closely 
related compounds. The shape of the spectra can therefore vary. Moreover, absorbers present 
in the tissue may change the apparent fluorescence spectra. It is therefore difficult to disen-
tangle the fluorescence components by their emission spectra alone. The most serious draw-
back of purely spectral techniques is, however, that different molecular environment and 
binding of fluorophores to proteins cannot be distinguished. 

Fluorescence lifetime imaging improves the contrast of separation of the different fluoropho-
res. This has been demonstrated by Krasieva et al. [647] who used TCSPC FLIM and phasor 
plot analysis to separate the fluorescence components of different melanins, and the melanin 
fluorescence from the NADH fluorescence. Autofluorescence imaging has also benefits when 
the reaction of tissue to optical radiation is to be investigated, such as skin ageing [959] or 
photodamage and tumor induction by UV [621] and IR irradiation [629]. Such experiments 
forbid the use of exogenous fluorophores because energy or electron transfer between the 
fluorophores and the proteins can induce additional photodamage. Moreover, TCSPC FLIM is 
more and more introduced into clinical applications. In these applications ‘label-free’ imaging 
is needed because staining the tissue with  exogenous fluorophores is either not possible or 
not permitted. FLIM delivers a wealth of additional image information which often makes the 
use of exogenous fluorophores unnecessary [315, 626, 630, 631, 632, 935, 957, 959, 960, 
1000, 1003, 1005, 1028, 1029, 1048] or favourably supplements the information from exoge-
nous fluorophores [1210]. 

The most important argument for using lifetime imaging is, however, that the lifetimes of 
many endogenous fluorophores bear information on molecular parameters, such as pH, oxy-
gen saturation, ion concentrations, and, especially, on the binding to proteins. The most prom-
ising signals come from NAD(P)H (nicotinamide adenine (pyridine) dinucleotide) and FAD 
(flavin adenine dinucleotide). NAD(P)H and FAD are coenzymes involved in the cell metabo-
lism. NAD(P)H and FAD are unique in the sense that their fluorescence intensities and fluo-
rescence decay functions bears direct information on the metabolic state of the cells. There is 
an increasing number of papers about this subject [184, 196, 197, 198, 238, 262, 263, 283, 
361, 363, 504, 675, 676, 726, 734, 735, 804, 869, 893, 915, 916, 951, 957, 1002, 1003, 1028, 
1029, 1053, 1054, 1100, 1110, 1177, 1203, 1204, 1205, 1246, 1247]. The section below will 
discuss the use of the NDA(P)H and FAD fluorescence in detail. 

Metabolic Imaging by NAD(P)H and FAD FLIM 

Excitation and Emission Spectra 

The signals from NAD(P)H and FAD are not easy to separate. Failure to record metabolic 
effects in most instances results from incorrect excitation and detection wavelengths. Also the 
numerous inconsistent ‘tumor lifetimes’ reported in the past may result in part from using 
wrong wavelengths. 

Approximate excitation and emission spectra of NAD(P)H and FAD are shown in Fig. 686. 
The spectra were taken from [676] and [1003]. Both the excitation spectra and the emission 
spectra are overlapping. To obtain clean signals NAD(P)H must be excited in the range from 
330 to 370 nm, and detected from 425nm to no more than 475 nm. FAD could, in principle be 
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excited in the range from 410 to 469 nm. NAD(P)H excitation is then negligible, and a clean 
FAD signal can be obtained in the range from 500 to 600 nm. However, it is technically in-
convenient to have the FAD excitation wavelength within the detection range of NAD(P)H. In 
practice this limits the FAD excitation wavelength range to the interval from 410 to 425 nm. 
For two-photon excitation a technical limitation for the FAD excitation does not exist. 
NAD(P)H can therefore be excited at 750 to 780 nm, and FAD at 860 to 900 nm. 
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Fig. 686: Excitation and emission spectra of NADH and FAD. After [1003] and [676]. 

 

NAD(P)H and FAD Intensities 

Both NAD(P)H and FAD form redox pairs. NAD(P)H is fluorescent in its reduced form not 
when oxidised to NAD+. FAD is fluorescent when oxidised to FAD+, and loses fluorescence 
when reduced. The fluorescence intensity ratio of FAD and NAD(P)H therefore changes with 
the redox state of the tissue. The intensity ratio shows whether the metabolism in a cell is 
more oxidative (oxidative phosphorylation) or more reductive (glycolysis) [1056]. The redox 
ratio is closely related to the ‘Warburg Effect’: In normal cells oxidative phosphorylation 
dominates, in cancer cells reductive glycolysis [1212, 1213]. 

The influence of the redox state can be shown by recording FLIM from yeast cells. Fig. 687, 
left, shows yeast cells in a medium saturated with CO2 and virtually free of oxygen. Except 
for a few (probably apoptotic) cells the fluorescence is extremely week. When the sample has 
taken up oxygen from the air the fluorescence intensity increases, accompanied by a change 
in the lifetimes. 

                     

Fig. 687: FAD FLIM images of yeast cells in a cell dish saturated with CO2 (left) and saturated with O2 (right). 
Confocal FLIM, excitation 405 nm, detection by bh MW FLIM, 540 nm 

 

Fluorescence Decay Functions 

The fluorescence lifetimes of NAD(P)H and FAD depend on the binding to proteins [675, 
676, 869]. Unbound NAD(P)H has a fluorescence lifetime of about 0.3 to 0.5 ns. When 
NAD(P)H binds to proteins the lifetime typically increases to a few ns [238, 676]. For FAD 
the effect of binding is opposite: Bound FAD has a lifetime of a few 100 ps, unbound FAD of 
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a few ns. The resulting decay functions are thus double exponential. Typical decay functions 
of NAD(P)H and FAD in cells are shown in Fig. 688. 

      

Fig. 688: Typical decay functions of NAD(P)H (left) and FAD (right). The blue dots are the data points, the red 
curve is a fit with a double-exponential decay model. Recorded from human epithelium cells by bh metabolic 

FLIM system, see page 361. 

The decay components can be separated by double-exponential decay analysis. The ratio of 
the amplitudes of the decay components, a1/a2, often called ‘amplitude ratio’, directly repre-
sents the concentration ratio of unbound/bound NADH or bound/unbound FAD, see Fig. 689. 

The ratios of bound to unbound NAD(P)H and unbound to bound FAD depends on the type of 
the metabolism. A cell can run both a oxidative metabolism (oxidative phosphorylation) and a 
reductive one (glycolysis). A shift from oxidative phosphorylation to glycolysis is accompa-
nied by a decrease of the bound fractions of NAD(P)H and FAD. The resulting change in the 
a1/a2 ratio is shown schematically in Fig. 689, compare upper row and lower row. 
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Fig. 689: The composition of the decay functions of NAD(P)H and FAD and changes with the metabolic state. 
Effect of metabolic state on the decay curves exaggerated. 

The effects shown in Fig. 689, left are seen in many NAD(P)H FLIM recordings. A few ex-
amples are shown in Fig. 690. The figure shows FLIM images of the amplitude-weighted life-
times, tm, (upper row) and amplitudes of the fast decay component, a1, of various cells. The 
left three cells are tumor cells, the right two are normal ones. In agreement with Fig. 689, 
there is a clear trend in the tm and the a1 from the tumor cells to the normal ones. 
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Fig. 690: Images of amplitude-weighted lifetimes, tm, (upper row) and amplitudes, a1, of various cells. The left 
three cells are tumor cells, the right two are normal. 

FAD FLIM images comparing tumor cells and normal cells are still relatively rare. As shown 
in Fig. 689, the change in the lifetime and in the amplitudes for the FAD should go into the 
opposite direction as for the NAD(P)H. Although there is still some controversy about the 
direction of the effect, the opposite lifetime change is confirmed by results of the group of 
Melissa Skala at Vanderbilt University [1053] see Fig. 691. 

 

Fig. 691: Change in the mean (amplitude-weighted) lifetime of NADH and FAD with the state of the cells, from 
normal (oxidative phosphorylation) to high-grade tumor (glycolysis). With permission, from [1053]. 

The opposite changes in the decay curves of NAD(P)H and FAD are a possible explanation of 
numerous discrepancies in fluorescence lifetimes measured in tumors. There have been as 
many reports for decreased lifetime as for increased ones. The source of the discrepancies is 
probably that the measurements did not cleanly separate the signals from NADH and FAD. 
Depending on which fluorophore dominated the net decay function the result can indeed be a 
decrease or an increase of the lifetime in the tumor compared to normal tissue. 

A summary of the mechanisms affecting the NAD(P)H and FAD fluorescence is given in Fig. 
692. NAD(P)H is shown on the left, FAD on the right. Please note that the change in intensity 
is caused by the change in oxidised/reduced forms, not by the change in the apparent lifetime.  
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The second effect dominates, and the intensity does not (as might be expected) change in step 
with the lifetime. 
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Fig. 692: Response of NAD(P)H and FAD fluorescence parameters to type of metabolism 

 

NADH and FAD Decay Components 

The assumption that the NAD(P)H and the FAD fluorescence have just two decay compo-
nents is certainly a simplification. The fact that a double-exponential model fits the decay 
curves well does not mean that there are only two components. In fact, there is direct evidence 
that the ‘fast’ and the ‘slow’ decay components obtained by double-exponential analysis con-
sist of several sub-components. There are reports that the fluorescence of NAD(P)H in cells 
has at least three, if not four components [196, 393, 1246, 1247]. This is confirmed by data 
obtained with the bh ultra-fast hybrid detectors. Fig. 694 shows a 2-photon NAD(P)H image 
of live Ishakawa cells. A double-exponential fit in an area of 5x5 pixels delivers a good fit 
with component lifetimes of 356 ps and 2546 ps. A triple-exponential fit splits the slow com-
ponent into two, even though it does not yield a visibly better fit quality. The component life-
times are 290 ps, 1393 ps, and 5868 ps, see Fig. 694. 

 

Fig. 693: NAD(P)H FLIM with ultra-fast detector, IRF width <20 ps. A fit with a double-exponential model 
delivers component lifetimes of 356 ps and 2546 ps. 
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Fig. 694: NAD(P)H FLIM with ultra-fast detector, IRF width <20 ps. Triple-exponential analysis shows three  
decay components, with lifetimes of 290 ps, 1393 ps, and 5868 ps. 

Often additional components can only be identified in data from larger areas, either by 
binning pixels, or by defining regions of interest and combining the decay data of the pixels. 
However, the component lifetimes can also be different in different compartments of the cell, 
and even different in different mitochondria. An example is shown in Fig. 695. It shows an 
image of the slow (bound) component of NAD(P)H obtained from the usual double-
exponential fit. Similar differences can be found in the fast component, see 'NADH FLIM 
with Ultra-Fast Detectors', page 350. 

 

Fig. 695: Image of the lifetime of the slow component, t2, from the double-exponential model. Different mito-
chondria have different t2. 

Also for the FAD, there are indications that the decay functions contain more than two com-
ponents. More importantly, it seems that the signal recorded in the FAD channel does not 
always come from FAD (flavin adenine dinucleotide) alone but also from FMN (flavin mono-
nucleotide). Fig. 696 shows an FAD image of freshly excised human epithelial bladder cells, 
please see page 502 for details. The sample was imaged by laser-multiplexing and detection 
in an NADH channel and an FAD channel. According to the NADH images, the sample con-
tains mostly normal cells, but also a few (possibly tumorous) cells with an enhanced fraction 
of free NADH. 
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An ROI was chosen which contains only cells that qualify 'normal' in the NADH channel. The 
decay curve of the combined pixels within the ROI is shown on the right. Triple-exponential 
analysis clearly delivers a decay component of 4.8 ns, present with an amplitude of 3.9%. A 
lifetime of 4.8 ns cannot be attributed to FAD, but very well to FMN. 

Fig. 697 shows the same data, but the ROI was set on cells which are classified as 'low grade 
cancer' in the NADH image. The lifetime of the third component is 3.38 ns, not much differ-
ent than in Fig. 696. However, the amplitude has increased to 8.84%. 

The presence of a decay component from a different fluorophore may have implications to the 
use of FAD data for cancer diagnosis, especially if the amplitude ratio, a1/a2 or the FLIRR 
ratio are used (see section below). Certainly, an amplitude contribution of 3.8% or even 
8.84% does not render the (double-exponential) a1/a2 ratio of FAD or the FLIRR useless. It 
can, however, introduce unpredictable shifts in these parameters. The results can then no 
longer be considered quantitative. Kalinina et al. therefore suggested new definitions of the 
FLIRR based on triple-exponential analysis of the FAD [579]. 

 

Fig. 696: Left: FAD Image of human epithelial bladder cells. The region of interest includes healthy cells only. 
Right: Decay curve of combined pixels in ROI, and triple-exponential fit. The third component, with t3 = 4.83 ns 

and a3 = 3.88%, is compatible with FMN. 

 

Fig. 697: Same data as in Fig. 696, but ROI on cells which are probably tumor ells. The third component is t3 = 
4.38 ns and a3 = 8.84%. 
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Parameters Characterising the Cell Metabolism 

Redox Ratio 

The Redox Ratio was introduced by Chance et al. in 1976 [247, 248]. The redox ratio is de-
fined as 

 RR = IFAD / INAD(P)H  ,  

with IFAD and INAD(P)H being the fluorescence intensities of FAD and NAD(P)H. 

There is some inconsistency in the definition of the redox ratio. Sometimes it is defined as the 
intensity ratio of FAD/ NADH [735], and sometimes as the intensity ratio of FAD / NADH 
[1056]. Sometimes also the ratio of  FAD / (FAD + NADH) is used [393, 573]. Here we use 
the definition of Britton Chance (1979) [248], which is the intensity ratio of FAD / NADH. 
Moreover, the change in the redox ratio is often attributed to the change in the un-
bound / bound ratio. It is correct that the unbound / bound ratio has an influence on the redox 
ratio, but the dominating effect (and the one described by Chance 1978) is the change in the 
relative amounts of NAD(P)H / NAD+ and FAD+ / FAD. For practical applications please see 
[726,  734, 1027, 1055, 1056, 1202, 1206]. 

The problem of the redox ratio is that it depends on the ratio of the concentrations of  
NAD(P)H and FAD in the cells. The concentration ratio can hardly be considered to be the 
same for different cell types, or for normal and cancerous cells. 

Fluorescence Lifetimes 

The changes in the amplitudes, a1 and a2, induce changes in the (apparent) fluorescence life-
times of NAD(P)H and FAD. When the metabolism shifts from oxidative phosphorylation to 
glycolysis the apparent lifetime of NAD(P)H decreases, and the lifetime of FAD increases. 
Since the lifetimes (and the lifetime ratio of NAD(P)H and FAD) do not depend on the abso-
lute concentrations they are more robust parameters than the redox ratio. They are therefore 
frequently used as indicators of the metabolic state [1027, 1211]. 

However, some pitfalls remain. The component lifetimes of NAD(P)H and FAD depend on 
the mitochondrial-matrix pH [836, 976, 977], extracellular pH [982], and on a number of 
other cell parameters [1028]. They are clearly different in different compartments of a cell 
[916, 1247], see Fig. 510, page 351. Since the primary effect of the metabolic state is a 
change in the amplitudes the lifetimes of NAD(P)H and FAD or the NAD(P)H/FAD lifetime 
ratio are not absolute parameters to characterise the metabolism. Another source of confusion 
originates from the definition of the ‘lifetimes’. The decay functions of NAD(P)H and FAD 
are double-exponential. Therefore the apparent ‘lifetime’ depends on the way the components 
are averaged. 

OMI Index 

Skala and Walsh combined the normalised value of the redox ratio RR, the normalised ampli-
tude-weighted fluorescence lifetime, m NADH, and the normalised m FAD, of NAD(P)H and 
FAD into a single ‘Optical Molecular Imaging’, or OMI index. 

OMI = RR + m NADH - m FAD      (all parameters normalised to reference values) 

The OMI index turned out to be a robust parameter to characterise the metabolism of a cell. 
The authors use it successfully to check the response of human cancer cells from clinical bi-
opsies to various anti-cancer drugs [1029, 1202, 1203, 1204, 1205, 1206]. 

The OMI index is, however, not free of technical problems. The problem of variable 
NAD(P)H and FAD concentration has already been mentioned above. OMI values are there-
fore difficult to compare for different cell types. Moreover, the NAD(P)H and FAD intensities 
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have to be measured at different excitation wavelengths (see Fig. 686). That means that 
changes in the relative laser power, focusing errors or aberrations in the microscope lens can 
influence the result. 

Amplitude Ratios of NAD(P)H and FAD Decay Functions, a1/a2 

When the NADH and FAD data are fitted with a double-exponential model the amplitude 
ratios, a1/a2, represent the unbound/bound ratio of NADH) and bound/unbound ratio of FAD. 
The assumption that there are just two decay components may be a simplification but it rea-
sonable parameterises the shape of the decay functions. The a1/a2 ratios therefore directly rep-
resent the primary effect of the metabolic state on the fluorescence decays. Changes in the 
component lifetimes, possibly induced by different molecular environment or different 
NADH / NAD(P)H ratio, have no influence on the results. The a1/a2 ratio has been used on 
numerous occasions, see, for example [361, 504, 573, 735, 957] and [726] (by phasor analy-
sis). A problem of the amplitudes is that they can be difficult to extract from the decay data. 
Accurate amplitude values can only be obtained when the IRF of the FLIM system is at least 
4 times shorter than the lifetime of the fast decay component. This is not the case for the 
H7422 detectors which have been used for metabolic FLIM in the past. The accuracy is much 
better for HPM-100-40 hybrid detectors, and the problem has entirely been solved with the 
ultra-fast HPM-100-06 (see 'NADH FLIM with Ultra-Fast Detectors', page 350) in combina-
tion with the MLE algorithm of SPCImage NG, see chapter 'SPCImage NG Data Analysis 
Software'. 

Amplitude of the Fast Decay Component, a1 

The a1/a2 ratio directly represents the unbound/bound an bound/unbound ratio of NAD(P)H 
and FAD, respectively. It may appear attractive to describe the metabolic state. However, the 
a1/a2 has a disadvantage. Because a1 + a2 = 1, the a1/a2 ratio can also be expressed as 

a1/a2 = a1 / (1-a1) 

That means, the a1/a2 ratio is a nonlinear function of a1. This is no problem as long as a1 re-
mains in the range around 0.5 to 0.6. However, if a1 gets higher than 0.8 (which is often the 
case for FAD) the function becomes highly nonlinear. It is then hard to evaluate the pixel his-
tograms. These get more and more stretched toward larger a1/a2 values - please note that a1/a2 
goes to infinity for a1=1. We therefore find it more useful to base the evaluation of metabolic 
FLIM data on the amplitude coefficient of the fast component, a1. Of course, the amplitude of 
the slow component can be used as well because a1 + a2 = 1 [240]. 

FLIRR Ratio 

To navigate around the problems of the classic redox ratio Alam, Wallrabe and Periasamy 
defined a fluorescence-lifetime redox ratio (FLIRR) [10, 240, 1201]. It is the ratio of the frac-
tional amplitudes of the bound decay components of NAD(P)H, a2/(a1+a2)NADH, and FAD, 
a1/(a1+a2)FAD. 

 a2/(a1+a2)NADH 
FLIRR = -------------------- 
 a1/(a1+a2)FAD 

The authors have shown that the FLIRR is a robust parameter for evaluation of the cell status. 
The advantage of the FLIRR is that it does not depend on the relative amounts of NAD(P)H 
and FAD in the cells, and not on the laser power, the focus accuracy or focus quality, or other 
instrument parameters. It should be noted that the FLIRR is not the same as the redox ratio. 
The redox ratio describes the relative amounts of oxidised and reduced NAD(P)H and FAD, 
the a1FAD / a2NADH ratio the relative amounts of bound coenzymes in the cell. 
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Kalinina et al. [579] have extended the definition of the FLIRR ratio. They found that the 
FAD decay functions often contain a noticeable contribution from FMN, see above, 'NADH 
and FAD Decay Components'. FMN has a fluorescence lifetime of about 4.5 ns. This is dis-
tinctly longer than the lifetime of bound FAD. The authors therefore run triple-exponential 
decay on the data in the FAD channel. The FMN component then constitutes the slowest com-
ponent, a3 and 3, and a2 and 2 describe the true decay of unbound FAD. Based on the triple-
exponential decay parameters in the FAD channel and using the ratios a2NADH/a1FAD, 
a2NADH/a2FAD, and a2NADH/a3FAD the authors calculate three different FLIRR ratios.+ 

 

Mitochondrial-Cytoplasmic Ratio, MCR 

Evers et el. introduced the ratio of the NAD(P)H fluorescence intensity in the mitochondria 
and in the cytoplasm, MCR, as an indicator of the metabolism [393]: 

 INADHmitochondiral 
      MCR=  ------------------ 
 INADHcytoplasmic 

The MCR reflects changes in the NAD(P)H concentration in the different cellular compart-
ments. 

Metabolic Imaging of Excised Human Bladder Tissue 

The principles presented above were verified using the instrument described in section 
'Metabolic Imaging by Simultaneous FLIM of NADH and FAD', page 361. The instrument 
was placed in a hospital. FLIM data were obtained from human bladder cells excised during 
surgery. The patients had been diagnosed with bladder cancer or other suspicious lesions by 
classic endoscopy. Measurements on the excised material were performed immediately after 
surgery, before the material went to histology [1105]. Representative results are shown in Fig. 
699 through Fig. 701. 

Fig. 698 shows NAD(P)H images of the amplitude-weighted lifetime, tm. The left image 
shows normal cells, the right image tumor cells. It should be noted that the image of the 'nor-
mal' cells also contains some tumor cells, and the image of the 'tumor' cells some normal cells. 
This is unavoidable due to the procedure by which the cells were excised. Nevertheless, the 
behaviour is as expected - tm is shorter in the tumor sample. 

NAD(P)H images of the amplitude, a1, of the fast decay component are shown in Fig. 699. 
There is a clear difference in a1 between the normal cells and the tumor cells. The normal 
cells have an average a1 of about 0.65 (or 65% of the total amplitude). The cancer cells have 
an a1 between 75% and 80%. We find similar values consistently in data of different cells. 

FAD data are shown in Fig. 700. In general, also the FAD data show the expected trend. a1 
decreases for the cancer cells, indicating that they contain less bound FAD (note a1 is the 
bound component of FAD). However, some details are not entirely plausible. On the one 
hand, cells in the upper part of Fig. 700, right, have a significantly different a1 then the cells 
in the normal-cell sample (Fig. 700, left). On the other hand, in the NAD(P)H images the 
same cells have the same a1 as the cells in the 'normal' sample (compare Fig. 699, left and 
right). However, there is a possible explanation. The redox ratio in the tumor sample may be 
so low that the FAD intensity gets extremely weak. It is then possible that residual NAD(P)H 
fluorescence excited by the 410-nm laser is detected in the FAD channel. The fluorescence in 
the yellow cells in Fig. 700 may then be from NAD(P)H, not FAD. A inspection of the decay 
curves in the yellow areas shows indeed that the decay functions are more compatible with 
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NAD(P)H then with FAD. An improvement can probably be obtained by using a slightly 
longer excitation wavelength for FAD excitation. 

Fig. 701 shows the FLIRR calculated from the same data sets. As expected, the FLIRR shifts 
to lower values for the cancer cells. 

            

          

Fig. 698: NAD(P)H tm images for normal cells (left) and tumor cells (right). Lower row: Histograms of tm over 
the pixels of the images. As expected, tm is shorter in the tumor sample. 

            

            

Fig. 699: NAD(P)H a1 images for normal cells (left) and tumor cells (right). Lower row: Histograms of a1 over 
the pixels of the images. The histogram of the tumor sample is from lower half of the image because the upper 

half contains also normal cells. 
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Fig. 700: FAD a1 images for normal cells (left) and tumor cells (right). Lower row: Histograms of a1 over the 
pixels of the images. The histogram of the tumor sample is from lower half of the image because the upper half 

contains also normal cells. 

           

          

Fig. 701: FLIRR images of normal cells (left) and tumor cells (right). Lower row: Histograms of the FLIRR over 
the pixels of the images. The histogram of the tumor sample is from lower half of the image. 

 

Comparison of NAD(P)H FLIM and Histology Results for Clinical Diagnosis 

A comparison of the results of classic endoscopy, NAD(P)H FLIM, and histology is given in 
Fig. 702. FLIM data were obtained from the material from 7 patients [158, 1105]. Initial en-
doscopy had diagnosed two of them with non-cancer lesions, and 5 of them with cancer. 
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The a1 FLIM images showed normal a1 for patients 1 and 2, a suspiciously increased a1 for 
patients 3, an increased a1 for some of the cells from patient 6, and a massively increased a1 
in the entire sample from patient 7. By using a selection criterion of a1 = 0.71 as the tumor 
threshold, the FLIM-based diagnosis is as indicated in the figure. A threshold of a1 = 0.71 
may appear somewhat artificial but is supported by other NAD(P)H FLIM data [363, 735, 
1034]. 

Histology diagnosed the patients 1 and 2 as healthy, patients 2, 3, and 4 as inflammation, pa-
tient 6 as low-grade tumor, and patient 7 as high-grade tumor. The FLIM results were thus in 
perfect agreement with histology, and much better than the initial endoscopy results [1105]. 
We therefore believe that FLIM can favourably complement histology. In this respect, a sub-
stantial benefit of FLIM is that, in contrast to histology, the results are available within min-
utes after surgery. 

 

Fig. 702: Comparison of endoscopy, NAD(P)H FLIM, and histology results 

 

Using the FAD FLIM Data for Clinical Diagnosis 

Using the FAD data in combination with the NADH data turns out to be more difficult than 
expected. The possible problem of FMN contribution has already been mentioned above (see 
'NADH and FAD Decay Components'. 

Another problem is that the FAD signal can be extremely weak. Although the FLIM system is 
sensitive enough to detect images in these cases the decay data contain fluorescence of con-
taminations and residual fluorescence of NAD(P)H. Low FAD intensity was found especially 
in the data from cancer cells. Whether this is due to low FAD concentration or extremely low 
redox ratio is not known. 

If FAD data are to be used in combination with NADH data this should be done in a way 
which does not compromise the NADH data. A possible way is two-dimensional histogram-
ming of the amplitudes. A histogram of a1 of FAD (vertical axis) versus a1 of NADH (hori-
zontal axis) is calculated and displayed as shown in Fig. 703. Normal cells are characterised 
by low a1 of NADH and high a1 of FAD. They are expected to cluster in the upper left part on 
the histogram. Tumor cells have high a1 of NADH and low a1 of FAD. They are expected in 
the lower right part. If the FAD data are of poor quality the histogram just washes out verti-
cally, but horizontally the distribution remains conclusive. 
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An example of 2D histogramming is shown in Fig. 703. The data were taken from the images 
of the 'low-grade tumor' sample shown Fig. 702, second right. The histogram of the entire 
sample (Fig. 703, top) shows indeed indications of clustering. 

 

 

 

Fig. 703: Histograms of a1 of FAD (vertical) versus a1 of NADH (horizontal). tm images from the NADH chan-
nel shown on the right. Top: Histogram from entire image. Middle: Histogram from mostly healthy cells. Bot-

tom: Histogram from suspected tumor cell. 
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Fig. 703, middle, shows the histogram of cells in the upper left of the image. These cells are 
presumed normal or close to normal. Fig. 703, bottom shows the histogram from a suspected 
tumor cell. Interestingly, the difference in a1 of NADH (horizontal axis) between the normal 
cells and the tumor cells is not significant but the difference in a1 of FAD clearly is. This 
shows that 2D histogramming of the two a1 against one another is a possible way to combine 
the information from NADH and FAD data. 

Another possibility would be to display the FAD/NAD(P)H intensity ratio on the vertical 
axis. If low FAD intensity, either by low concentration or low redox ratio, is a cancer indica-
tor this would add important information to the NAD(P)H a1 data. In any case, further work 
appears necessary to make the FAD signal a reliable source of clinical information.  

 

Review of NAD(P)H / FAD FLIM Literature 

General Evaluation of NAD(P)H decay Parameters 

An overview on NADH / FAD fluorescence dynamics has been given by Chorvat and 
Chorvatova [266] and by Heikal [520]. Ghukasyan and Kao [451] have shown that the NADH 
decay parameters, in particular amplitudes of the fast and slow lifetime components, are indi-
cators of physiological and pathological states of the cells. Changes in the unbound-bound 
ratio of NADH with the shift from oxidative phosphorylation to glycolysis were confirmed by 
using FLIM and phasor plot analysis [678]. Differentiation between apoptosis and necrosis by 
the NADH lifetime components was described by Wang et al. [1208]. 

Early experiments of Skala et al. [1053, 1054] performed with two-photon excited autofluo-
rescence FLIM delivered lifetime images of NADH in normal and pre-cancerous epithelia. 
They found a significantly decreased lifetime of the slow decay component, of the bound 
NADH, in precancerous tissue. A significant decrease of the lifetime of the protein-bound 
FAD was detected in high-grade pre-cancers [1054]. Bird et al. used a similar approach for 
metabolic mapping of human breast cells [184]. Yu & Heikal found statistically relevant dif-
ferences in the free/bound NADH ratio in normal cells and breast cancer cells [1256].  

Heikal et al, Vishwasrao et al, and Yu et al. showed that independent information on the un-
bound/bound ration of NADH can be obtained by recording fluorescence anisotropy decay 
data  of intracellular NADH [284, 520, 1177, 1256]. 

 

Tumor Identification, Tumor Metabolism 

Kantelhardt et al. [583] and Leppert et al. [691] recorded two-photon excited lifetime images 
of glioma and the surrounding brain tissue. Surprisingly, they found a significantly increased 
mean (amplitude-weighted) lifetime for the glioma cells compared to the surrounding brain 
cells. 

Metabolic imaging of melanoma progression was performed by Pastore et al. [865]. They 
confirm a significant increase in the unbound / bound (a1/a2) ratio of NADH with the growth 
of a melanoma tumor, while the lifetimes of the decay components remained constant. 

Effects of a nanosecond-pulsed electric field in normal and cancer cells was investigated by 
Awasthi et al [35]. They found changes both in the intensity and the lifetime of NADH. The 
NADH FLIM signature shows that apoptosis was induced in the cancer cells. Based on these 
results, the authors suggest the application of pulsed electric fields for drug-free cancer ther-
apy. 
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Response to Chemotherapy 

NADH FLIM is closely related to effect of cancer drugs in chemotherapy. Skala and Walsh 
used NADH FLIM to evaluate the effect of different cancer drugs on cells from biopsies from 
patients, and to develop the best treatment strategy [455, 1030, 1202, 1203, 1204, 1205, 
1206]. The cells are cultured, the cell cultures are treated with the drugs, the cells are repeat-
edly imaged by FLIM. The OMI index is used as an indicator of the response to the drugs 
[1029, 1202, 1203, 1204, 1205, 1206]. Within a few days, the most efficient drug can be de-
termined and a treatment strategy for the patient be developed. If the technique can be trans-
ferred into clinical use it has the potential to revolutionise cancer treatment. 

Shah et al. [1027] investigated heterogeneity in the response to ctuximab and cisplastin. The 
aim of this work was to avoid that subpopulations of cells escape the anti-cancer treatment 
and later cause relapse in cancer patients. 

Stunz et al. [1094] studied the response of cultured rat astrocytes and neurons to manganese 
treatment. 

Shirmanova et. al. [1043] demonstrated the relationships between the intracellular pH and the 
metabolic state derived from NAD(P)H / FAD FLIM in response to treatment with cisplatin. 
They found a metabolic shift from glycolysis towards oxidative metabolism during cisplatin-
induced inhibition of cancer cell growth in vitro and in vivo. Lukina et al. report on experi-
ments with paxlitaxel [735]. 

Sergeeva et al. [1022] performed metabolic imaging of NAD(P)H and FAD, and simultane-
ously used the genetically encoded pH-indicator SypHer1 and the FRET-based mKate2-
DEVD-iRFP sensor for pH imaging and caspase-3 activity imaging. They found a relationship 
between the metabolic state derived from NAD(P)H FLIM, intracellular pH and caspase-2 
activation during apoptosis. Induction of apoptosis was accompanied by a switch to oxidative 
phosphorylation, cytosol acidification and caspase-3 activation. 

Response to Drugs 

The effect of Ouabain, a pharmaceutical drug, and of 4-hydroxynonenal on live cardio-
myocytes was studied by Chorvatova et al., see [268] and [269]. 

Infection and Infection Defence Mechanisms 

NADH FLIM can be used to show metabolic changes during infections. Szaszak et al. [1110] 
used the NADH fluorescence to track metabolic changes in the host and in the pathogen dur-
ing intracellular infectious by chlamydia trachomatis. Buryakina et al. showed changes during 
infection of HeLa cells with enterohemorrhagic escherichia coli [230]. Szulczewski et al. 
used NADH FLIM for metabolic imaging of macrophages in a tumor environment [1112]. 

T Cells and Macrophages 

Walsh et al. performed autofluorescence of T cells [1207]. They were able to classify the cells 
based on the m of NAD(P)H, the m of FAD, and the redox ratio. Heaster et al. [511, 512] 
used m of NADH and FAD in combination with the redox ratio to assess macrophage het-
erogeneity on the cell level. 

Wound Healing 

Gehlsen et al. [440] recorded NADH lifetimes and bound/unbound NADH ratios during 
wound healing of corneal epithelial cells. They compared the results to lifetimes obtained at 
different temperature, and during suppression of mitochondrial electron transport by Rote-
none. Other wound healing studies were performed by Deka et al. [323]. They showed that 
the 'metabolic rate' (revealed by the amplitude-weighted lifetime of NADH) increased after 
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injury, and then gradually decreased. Simultaneously, collagen built up (revealed by SHG 
signal). A FLIM study on the uptake and excretion of fluorescein in hepatic reperfusion injury 
was presented in [1136]. Alterations in NADH FLIM data of rat aorta induced by diabetes 
mellitus are described by Uherek et al. [1162]. Batista et al. report on combined NADH FLIM 
and SHG measurements of porcine cornea [51]. Jones et al. used the redox ration and the a1/a2 
ratio to compare wound healing diabetic and normal mice [573]. 

Metabolic FLIM of Oocytes 

Sanchez et al. have shown that 2-photon excited FLIM of NAD(P)H and FAD can be used to 
differentiate normal oocytes from those with metabolic dysfunctions [957]. The authors used 
the fluorescence intensities, the component lifetimes, 1 and 2, and the amplitudes of the 
bound component to quantify the metabolic state of mouse embryos. The authors also con-
ducted studies of the impact of the illumination on the blastocyst development rates. They did 
not find a measureable differences between embryos that has been exposed to the FLIM 
measurement and reference embryos which had not been illuminated. 

Liver Tissue 

Rodimova et al. studied the metabolic state of liver tissue during the regeneration process 
[943]. They found a significant increase of bound NAD(P)H during liver regeneration. This 
indicated a metabolic shift towards oxydative phosphorylation. In parallel, they used mass 
spectrometry to study the lipid and amino acid composition. During regeneration, mass spec-
trometry showed an increase in the triglyceride signals and cholesterol signals, and a decrease 
in amino acids and sphingomyelin. Another study from the same group compared double-
exponential and triple-exponential analysis approaches, and evaluated the influence of contri-
butions of FAD, collagen and elastin to the detected signals [942]. Moreover, the authors ex-
tensively studied the influence of the preservation conditions on the FLIM results. Only with 
preservation of liver tissue in 10% BSA [736] and storage on ice the metabolic state remained 
stable within an observation time of 3 hours. 

Barkanauskas et al. used nonlinear regression to estimate the lifetimes of unbound and bound 
forms of NAD(P)H and FAD, the amplitude ratio, a1/a2, and the fluorescence-lifetime redox 
ratio (FLIRR) [46]. They also examined the impact of image segmentation. Both the ampli-
tude ratio and the FLIRR were found useful for discrimination of diseased liver from healthy 
liver. These parameters provided a far better insight into the tissue state than the global mean 
fluorescence lifetime, tm. 

Brain Tissue 

Metabolic-FLIM for Brain tissue has produced inconsistent and often contradicting results. 
Kantelhardt et al. [583] and Leppert et al. [691] found a significantly increased mean (ampli-
tude-weighted) lifetime for the glioma cells compared to the surrounding brain cells. This is 
in contraction to the model that tumor cells have more free NAD(P)H and, consequently, a 
larger amplitude, a1, of the fast lifetime component. It could be suspected that the data were 
biased by inappropriate storing conditions or inappropriate filtering. However, more recent 
results show similar inconsistencies. Lukina et al. performed FLIM measurement of macro-
scopic brain samples by a bh DCA-120 MACRO system [737]. The excitation wavelength 
was 375 nm, the detection wavelength 435 nm to 475 nm. Both samples from rat brains and 
from human brains were investigated. The decay data were analysed by fitting with a double-
exponential model. In both cases, the lifetimes of the decay components were significantly 
higher than normally found for NAD(P)H in biological tissue. In the rat brains 1 = 0.78 to 
0.94 ns and 2 = 3.32 to 5.03 ns was found. The values for human brain samples were 1 = 1.6 



510      Biological FLIM Applications 

ns and 2 = 7.8 ns. These values suggest that the fluorescence does not come from NADH or 
NADPH alone.  

In rat glioblastoma tm in the tumor was found shorter than in the tumor-distant cortex and the 
tumor-distant white matter, and shorter than in the healthy brain. In glioma tm was only insig-
nificantly shorter than tm in the tumor-distant cortex and the tumor-distant white matter. It 
was, however, substantially shorter than in the healthy brain. tm in anaplastic astrocytoma 
followed the same trend. However, the a1/a2 ratios were inconclusive or even went in the un-
expected direction, i.e. a decrease of a1/a2 was found in the tumor. 

In human glioblastoma the tm in the tumor, in infiltrated white matter, and in non-infiltrated 
white matter did not differ significantly. However, the component lifetimes in non-infiltrated 
white matter were shorter. The amplitude of the fast component, a1, and the amplitude ratio, 
a1/a2 were lower in the tumor, i.e. went in the expected direction. Please see [737] for details. 

As can be seen from these results, the fluorescence decay behaviour of brain tumors still re-
sists explanation. Storing conditions are unlikely a source of the problem, as was carefully 
checked [736] by the authors. The clue may be in the unusual lifetimes of the decay compo-
nents. It appears likely that the components contain contributions from fluorophores other 
than NAD(P)H. The fast and slow decay component then cannot be attributed to free and 
bound NA(P)DH, and a1/a2 cannot be considered a free/bound ratio. Possible sources of addi-
tional decay components are discussed in [737]. NAD(P)H is certainly present but cannot 
account for the extremely long lifetimes found in the data. FMN can be excluded because it is 
not detected through the emission filter used. Other possible sources are collagens, myelin, 
cholesterol, and various phospholipids. There are several approaches to solve the problem. 
One of them is precision triple- and quadruple exponential decay analysis on combined pixel 
data. It could show whether 'normal' NAD(P)H decay functions are hidden behind the decay 
functions of unknown fluorophores. Also measurements at different excitation and emission 
wavelength with careful multiexponential decay analysis and multi-wavelength FLIM could 
help solve the mystery. 

Neurons 

Niederschweiberer et al. performed NADH FLIM measurements of neurons [836]. The au-
thors had found earlier that the NADH decay times depend on the pH in the mitochondrial 
matrix [976]. Therefore, they used two detection channels, one from 430 to 490 nm for the 
NADH and another for SypHer, a pH sensor. The NADH lifetimes were then corrected for the 
particular pH. It was found that the NADH lifetimes correlated with the overexpression 
strength of Alzheimer's disease-related proteins. 

Stem Cells 

Gou at al. used FLIM of the decay components of NADH to distinguish human mesenchymal 
stem cells from differentiated progenies [483]. Uchugonowa & König applied two-photon 
autofluorescence lifetime imaging to human and animal stem cells [632, 633]. They found 
significant changes in the fluorescence lifetimes on differentiation and maturation of the cells. 
An example is shown in Fig. 704. The differentiated cells have smaller a1/a2 ratios and longer 
mean lifetime, tm.  
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Fig. 704: FLIM of human salivary gland stem cells. Differentiated cells have significantly lower a1/a2 ratio and 
longer mean lifetime. Data courtesy of Aisada Uchugonova and Karsten König, Saarland University, Saar-

brücken. 

Meleshina et al. simultaneously tracked the redox ratio and the a1/a2 (unbound/bound) ratio 
during maturation of stem cells. For different stages of differentiation, they observed meta-
bolic shifts both in the direction to glycolysis and to oxidative phosphorylation [777, 778]. 

NADH / FAD FLIM with Tracking of the Cell Cycle 

Shirmanova et al. developed a new variant of the cell cycle indicator FUCCI (fluorescent 
ubiquitination-based cell cycle indicator) [1044]. The variant, FUCCI-Red, utilises two fluo-
rescent proteins, mCherry and mKate. Depending on the phase in the cell cycle, emission 
from one or the other fluorophore dominates the net fluorescence. Because the fluorescence 
lifetimes are different, the apparent lifetime is an indicator of the phase in the cell cycle. Dif-
ferent than for the original FUCCI, the fluorescence spectra of the two emission components 
of FUCCI-Red are closely the same. The signal can therefore be detected in a single spectral 
channel. Importantly, the emission is in the red region of the optical spectrum, and thus does 
not interfere with the emission from NADH and FAD. It is therefore possible to detect NADH 
FLIM, FAD FLIM, and FUCCI-Red FLIM simultaneously. As a result, the metabolic state of 
cells can be related to the phase in the cell cycle. The authors demonstrated the method on 
CT26 cancer cells. 

Unmixing NAD(P)H / FAD Fluorescence Components 

Additional information on the NAD(P)H / FAD fluorescence can be obtained by multi-
wavelength FLIM with the bh PML-16 C and PML-16 GaAsP detectors [57], see page 352. 
The separation of the signals from NAD(P)H and FAD can then be improved by spectral un-
mixing of the components, and distinct spectral components within the emission spectra of 
NAD(P)H and FAD can be determined [142, 256, 263, 264, 266 948, 949, 950]. Typical 
multi-wavelength autofluorescence data are shown in Fig. 705. Two-photon excitation at a 
wavelength of 750 nm was used. This wavelength excites both NAD(P)H and FAD. Each of 
the images covers a wavelength range of about 12.5 nm. The colour of the images represents 
the lifetime obtained from a single-exponential fit. 

Due to the different fluorophores present in the tissue, the lifetimes in the individual wave-
length intervals are different. The third left image contains a strong SHG component. SHG 
reveals itself as an infinitely short lifetime component, see the blue features in the third to left 
image. 
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Fig. 705: Multi-wavelength fluorescence lifetime images of a mouse kidney section. Two-photon excitation at 
750 nm. Images in subsequent wavelength intervals from 350 nm to 550 nm. (Christoph Biskup, University 

Jena, Germany. LSM 510 NLO with bh MW FLIM) 

Fig. 706 shows the fast lifetime component, the slow lifetime component, and the amplitude 
ratio of both for a wavelength interval from 430 to 480 nm. The fluorescence in this interval is 
dominated by NADH. The lifetime of NADH is known to depend on the binding to proteins 
[675, 676, 869]. The images can therefore be expected to represent different binding states of 
NADH. 

                

Fig. 706: Images of the lifetime components and amplitude ratio of a double exponential fit, 430 to 480 nm in-
terval 

An interesting application of multi-wavelength lifetime detection of NADH has been pub-
lished by Chorvat et al. [267]: The authors used the data to detect early stages in the metabo-
lism of isolated live cardio-myocytes in cases of rejection of transplanted hearts. 

An overview about autofluorescence multi-wavelength FLIM is given in [266]. Full exploita-
tion of multi-wavelength autofluorescence FLIM data requires a global fit with a suitable 
model that includes the effective spectra of the expected fluorophores. The task is extremely 
difficult because some of the endogenous fluorophores are in fact mixtures of slightly differ-
ent compounds, with different absorption and emission spectra [1003]. Moreover, there may 
be absorbers of unknown absorption spectra, inhomogeneous distribution, and unknown con-
centration in the tissue. Nevertheless, there is currently a number of approaches that are likely 
to solve at least a part of the problem [263, 264, 266, 899]. 

Two-Photon FLIM of Mammalian Skin 

A typical application of two-photon excited FLIM measurements of tissue autofluorescence is 
multiphoton optical tomography of skin [626, 923]. The technique has been developed to the 
stage of clinical application [315, 630, 631, 632, 866, 935, 959, 960]. Typical in-vivo images 
obtained at human skin are shown in Fig. 707. 
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Fig. 707: Time-resolved in-vivo autofluorescence images of human stratum corneum and stratum spinosum. Left 
to right: Fast lifetime component, 1, slow lifetime component, 2, ratio of the lifetime components, 1/2, and 
ratio of amplitudes, a1/a2. The indicated parameter range corresponds to a colour range from blue to red. Karsten 
König and Iris Riemann, Fraunhofer Institute of Biomedical Techniques, St. Ingbert, Germany. 

The upper row shows the stratum corneum (upper row, 5 µm deep), the lower row the stratum 
spinosum (lower row, 50 µm deep). Double-exponential decay analysis was applied to the 
data. The colour represents the fast lifetime component, 1, the slow lifetime component, 2, 
the ratio of lifetime components, 1/2, and the ratio of the amplitudes of the components, 
a1/a2. 

Lifetimes, lifetime components, and intensity ratios in several spectral channels have been 
used by Patalay et al. to derive signatures of skin lesions [866]. They recorded skin FLIM data 
in a Dermainspect system with a bh SPC-830 module, see page 533. From the data of individ-
ual cells in images of several patients they built up scatter plots of component lifetimes vs. the 
fractional intensities of the components (note this is q1 and q2 in SPCImage), and of the mean 
(amplitude-weighted) lifetimes versus intensity ratios in different channels. They found dif-
ferences in the distribution of the amplitude-weighted lifetimes for dysplastic nevi and nodu-
lar basal cell carcinoma. Differences also showed up in the scatter plots. The authors discuss 
whether the observed changes come from melanin or from NADH without coming to a final 
decision. 

NAD(P)H imaging of melanoma progression was performed by Pastore et al. [865]. They 
confirm a significant increase in the unbound / bound (a1/a2) ratio of NADH with the growth 
of a melanoma tumor, while the lifetimes of the decay components remained constant. 

FLIM measurements at human skin and the results obtained are supported by measurements 
with single-point tissue lifetime spectrometers [322, 1135], see page 312. An interesting result 
has been published by Pires et al. [893]. The authors excited human skin with two BDL-SMC 
ps diode lasers with wavelengths of 378 nm and 445 nm. The 378 nm predominately excites 
NADH, the 445 nm laser FAD. The fluorescence was detected at wavelengths of 440 nm 
(NADH) and 514 nm (FAD) and recorded by two SPC-150 channels. The decay curves were 
analysed with a double-exponential model. This delivered the fast and slow decay times, 1, 
and 2, of the NADH and the FAD decay curves. With these values they plotted the frequency 
of the values of 1FAD versus 2NADH obtained from a large number of samples. The results 
delivered a clear discrimination between normal skin and melanoma, see Fig. 708. 
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Fig. 708: Discrimination of normal skin and melanoma by a plot of 1FAD versus 2NADH. Adapted from [893] 

If these results can be confirmed  by FLIM experiments (they are in agreement with [10]) a 
similar discrimination for the individual pixels of the image, and thus of the of the tumor tis-
sue could be achieved. 

Earlier experiments of Teuchner et. al. [1129] and Eichhorn et al. [384] have shown that the 
fluorescence spectrum of melanin in malignant melanoma is red-shifted compared to normal 
skin. The result has been confirmed by Dimitrow et al. who used multiphoton multi-spectral 
FLIM [343]. Consequently, there is an increasing interest in lifetime imaging of melanin. 
FLIM of melanin fibrils by an LSM 510 with a bh Simple-Tau 150 FLIM system has been 
described by [770], lifetime imaging of melanin in human hair in [383]. Two-photon excita-
tion spectra of melanin are given in [220]. For an overview please see also [630, 632]. 

 

Combination with SHG 

Additional information about the constitution of tissue can be obtained from second-harmonic 
generation (SHG) signals. Second-Harmonic generation has nothing to do with fluorescence 
but often shows up as an ultrafast component in two-photon autofluorescence data. SHG 
emission requires some global organisation of the molecules [761]. In biological system it 
comes mainly from connective tissue, especially from collagen in animal tissue and from cel-
lulose and starch in plant tissue. The ratio of SHG and autofluorescence intensity in mammal-
ian skin is an indicator of skin ageing [618]. 

An example is shown in Fig. 709. The images show a pig skin sample exited by two-photon 
excitation at 800 nm. The left image shows the wavelength channel below 480 nm. This chan-
nel contains both fluorescence and SHG signals. The SHG fraction of the signal has been ex-
tracted from the FLIM data and displayed by colour. The right image is from the channel 
>480 nm. It contains only fluorescence, the colour corresponds amplitude-weighted mean 
lifetime. 
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Fig. 709: Two-photon FLIM of pig skin. LSM 710 NLO, excitation 800 nm, HPM-100-40, NDD. Left: Wave-
length channel <480 nm, colour shows  percentage of SHG in the recorded signal. Right: Wavelength channel 
>480 nm, colour shows amplitude-weighted mean lifetime. Same data as in [146]. 

 

Z Stacks of Autofluorescence FLIM 

Measurements as the ones described above can favourably be performed by Z stack FLIM, 
see page 383. Fig. 710 shows Z-stack FLIM data of a pig skin sample in the wavelength 
channel above 480 nm. The data were analysed by the batch-processing function of SPCI-
mage. The colour of images shows the average (intensity-weighted) lifetime of a double-
exponential fit to the decay data. The intensity of the images was normalised to the intensity 
of the brightest pixel. 

 

Fig. 710: FLIM Z stack recorded at a pig skin sample, excitation at 800 nm, emission above 480 nm. Z step 
width 5.09 µm, scan area 212 x 212 µm. Images from 5 µm to about 60 µm below the surface. Colour represents 
average (intensity-weighted) lifetime of a double-exponential fit. FLIM data format 256 x 256 pixels, 256 time 
channels. Normalised intensity. 

Fig. 711 shows the SHG intensity extracted from the FLIM data in the channel below 480 nm. 
Also here, intensity of the images was normalised to the intensity of the brightest pixel. 
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Fig. 711: Z stack recorded at a pig skin sample, excitation at 800 nm, emission below 480 nm, SHG signal, ex-
tracted by selecting photons in an early time window. Z step width is 5.09 µm, scan area 212 x 212 µm. Images 
from 5 µm to about 60 µm depth. Normalised intensity. 

In all autofluorescence lifetime experiments it is important that the metabolism of the tissue 
be not changed before or during the measurement. This is critical especially for ex-vivo sam-
ples. Sanchez et al. have therefore studied the degradation of skin samples over the storage 
time and under different storage conditions [958]. 

FLIM of Other Endogenous Fluorophores 

There are other endogenous fluorophores which can possibly be used for the identification of 
the tissue state and of cancerous and pre-cancerous situations. Melanin at its relationship to 
melanoma has been described above. The use of the tryptophane fluorescence, including 
FRET from tryptophane into NAD(P)H has been described in [10, 574, 877]. The problem of 
tryptophane is that it cannot easily be excited by wavelength available in one-photon and two-
photon laser microscopes. The authors therefore used three-photon excitation. FLIM with 
endogenous bilirubins has been described by Shen et al. [1037]. Bilirubin is present at high 
concentration in liver tissue. The authors excited it by two-photon excitation at 1230 nm. In 
differentiated hepatocellular carcinoma they found a fluorescence lifetime of 500 ps compared 
to 300 ps in non-tumor tissue. Endogenous fluorescence is also recorded from porhyrines. 
Porphyrines exhibit a strongly multi-exponential fluorescence decay which indicates that they 
are a mixture of slightly different compounds, different conformations, or, possibly, aggre-
gates of different size. The composition of these mixtures may depend on the tissue state. The 
composition of the decay function may therefore contain biological information. Other en-
dogenous fluorophores, such as lipofuscin or advanced glycation end products (AGEs) are 
important as indicators in ophthalmic FLIM, please see page 536. 

Diffusion of Nanoparticles in Skin 

An important issue in dermatology is diffusion of drugs and nano-particles through human 
skin. On the one hand, diffusion through the skin may be desirable as a pathway of drug de-
livery. On the other hand, nanoparticles contained in sunscreens or cosmetic products should 
not permeate through the stratum corneum of human skin. Moreover, it is important whether 
the nanoparticles cause changes in their molecular environment. The use of two-photon imag-
ing and FLIM to study these effects has been described in [448, 538, 689, 690, 723, 809, 900, 
935, 960, 1137, 1278]. 

Autofluorescence of the Ocular Fundus 

FLIM is being used in ophthalmic scanners, see page 536. The instruments have produced 
FLIM images of amazing quality. Clinical trials have show that FLIM is able to detect meta-
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bolic changes that are early indications of a number of eye diseases [371, 372, 373, 374, 1005, 
1006, 1007, 1010, 1011, 1012]. The resolution of an ophthalmic scanner is limited by the low 
NA and the poor optical quality of the lens of the human eye. Data delivered by ophthalmic 
scanners have therefore to be supported by FLIM microscopy of ex-vivo samples. 

Lifetime imaging of lipofuscin and melanin in retinal pigment epithelium cells has been de-
scribed by Sun et al. [1100]. An autofluorescence FLIM study of retinal pigment epithelium 
cells under oxidative stress has been published by Miura et al. [804]. 

A FLIM study of extra-macular drusen has been published by Schweitzer et al. [1009]. Based 
on the FLIM data, the authors were able to clearly discriminate the RPE from Bruch’s mem-
brane, drusen, and choroidal connective tissue. An example of a FLIM image of the RPE with 
hard drusen is shown in Fig. 712. The data were acquired with the MW FLIM multi-
wavelength detector. The figure shows the lifetime data in all combined wavelength channels. 
Triple-exponential decay analysis was used; the images show the fast decay component, the 
medium component, and the slow decay component. Interestingly, in the drusen and in the 
Bruch’s membrane an extremely slow component with about 8 ns decay time occurs. The 
lifetimes in the RPE are much shorter. 

               

Fig. 712: Autofluorescence FLIM image of a human fundus sample. Triple-exponential analysis, left to right: 
Lifetimes of the fast, medium, and slow decay component. Courtesy of Dietrich Schweitzer, Martin Hammer, 

Sven Peters, Christoph Biskup, University Jena, Germany.  

Spectrally resolved data are shown in Fig. 713. It shows single wavelength channels of the 
MW-FLIM detector from 450 nm to 575 nm. The lifetime shown is the amplitude weighted 
average of a triple-exponential decay model. The intensities were normalised to the brightest 
pixel. 

 

Fig. 713: Lifetime images of the amplitude-weighted lifetime, tm, for single wavelength channels from 450 nm to 
575 nm. The lifetime scale is blue to red, 0 to 2500 ps. 

Oxygen Sensing by Phosphorescence Lifetime Measurement 

Phosphorescence 

Phosphorescence occurs when an excited molecule transits from the first excited singlet state, 
S1, into the first triplet state, T1, and returns from there to the ground state by emitting a pho-
ton [676]. Both the S1-T1 transition and the T1-S0 transition are ‘forbidden’ processes. The 
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transition rates are therefore much smaller than for the S1-S0 transition. That means that 
phosphorescence is usually a weak and slow process, with low intensity and lifetimes on the 
order of microseconds or even milliseconds. Phosphorescence of organic dyes or endogenous 
fluorophores is extremely weak or even not detectable at room temperature. However, strong 
phosphorescence with lifetimes from the microsecond up to the millisecond range is obtained 
for lanthanide complexes [251] and organic complexes of ruthenium [676, 542], platinum 
[400, 676, 686, 955, 1063, 1064], terbium, palladium [686], and iridium [651, 807, 1267]. 
Early TCSPC PLIM applications used the long lifetime of phosphorescence to suppress en-
dogenous fluorescence of the sample [40, 41]. 

Of special interest for live-cell imaging is, however, that the phosphorescence of these com-
plexes is quenched by oxygen, see Fig. 714. Phosphorescent dyes are therefore excellent oxy-
gen sensors [446, 651, 676, 686, 807, 861, 862, 955, 1039].  Most PLIM applications are 
therefore aiming at the measurement of oxygen partial pressure (pO2) in biological objects. Of 
special interest is the correlation of changes in the oxygen concentration with the metabolism 
of the cells [578]. To reach this target it is necessary that PLIM and FLIM measurements are 
performed simultaneously [97, 147, 151, 153, 154, 1033], see 'Simultaneous ', page 409. The 
oxygen concentration is derived from the PLIM data, the metabolic information from the 
FLIM data, preferably from the NAD(P)H fluorescence. 

 

Fig. 714: Phosphorescence decay of a ruthenium dye for different oxygen concentration. Recorded with bh 
DPC-230 

 

Oxygen Sensing by PLIM 

Examples are shown in the figures below. Fig. 715 and Fig. 716 show cultured human embry-
onic kidney cells incubated with a palladium-based phosphorescence dye. Fig. 715 was re-
corded under atmospheric oxygen partial pressure. The maximum of the lifetime distribution 
over the pixels (upper right) is at 75 s. Fig. 716 was recorded under decreased oxygen partial 
pressure. As can be seen, the maximum of the lifetime distribution has shifted to 144 µs. 
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Fig. 715: HEK cells incubated with a palladium dye under atmospheric oxygen partial pressure. Recorded by bh 
DCS-120 confocal scanning system, data analysis by bh SPCImage. Lifetime scale 0 (red) to 300 µs (blue). 
Phosphorescence lifetime at the Cursor-Position 65 µs. The maximum of the lifetime distribution over the pixels 
is at 75 µs. 

 

Fig. 716: HEK cells incubated with a palladium dye under reduced oxygen partial pressure. Recorded by bh 
DCS-120 confocal scanning system, data analysis by bh SPCImage. Lifetime scale 0 (red) to 300 µs (blue). 
Phosphorescence lifetime at the Cursor-Position 212 µs. The maximum of the lifetime distribution over the pix-
els is at 144 µs. 

Simultaneous Recording of Oxygen and NAD(P)H Images 

Simultaneously recorded fluorescence and phosphorescence lifetime images of live cultured 
human embryonic kidney cells stained with 5,10,15,20-tatrakis(4-carboxyphenyl)porphyrin-
Pd(II) are shown in Fig. 717. The FLIM and PLIM images on the left were recorded under 
atmospheric oxygen concentration. The images on the right were recorded after adding so-
dium sulphite (Na2SO3). Na2SO3 binds oxygen. The oxygen concentration in therefore low. It 
can clearly be seen that the phosphorescence lifetime became longer, indicating there is in-
deed less oxygen (please note different colour scales). In the FLIM image, it can be seen that 
the amplitude-weighted lifetime, m, of the NADH has decreased. 
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Fig. 717: Simultaneous FLIM/PLIM of human embryonic kidney cells. Left: High (atmospheric oxygen concen-
tration). Right: Low oxygen concentration. Upper row FLIM and PLIM images, lower row decay curves in indi-
cated position. Lifetime-colour scale given underneath the images.  bh DCS-120 confocal scanning FLIM sys-
tem, excitation wavelength 375 nm. Adapted from Shcheslavskiy et al. [1033]. 

Delayed Fluorescence of PpIX 

Protoporphyrin IX (PpIX) is an endogenous porphyrin. PpIX emits delayed fluorescence in 
measurable amounts [791, 792]. Delayed fluorescence occurs when an excited molecule tran-
sits from the S1 state to the T1 state, and back to the S1 state. From there it emits through the 
normal S1-S0 relaxation process. Since the process goes through the triplet state the lifetime 
is long as in the case of phosphorescence. The triplet state interacts with oxygen, therefore the 
lifetime of delayed fluorescence has the same pO2 dependence as phosphorescence. PpIX is 
there a potential (and probably the only) endogenous oxygen sensor. 

Since the emission of delayed fluorescence occurs from S1 the emission spectrum is identical 
with that of prompt fluorescence. However, the intensity of delayed fluorescence is orders 
magnitude lower than that of prompt fluorescence. Delayed fluorescence is therefore difficult 
to record. The bh simultaneous FLIM/PLIM technique separates fluorescence and phospho-
rescence temporally, without the need of spectral separation. In principle, it is therefore able 
to record also delayed fluorescence. 

To confirm the existence of delayed fluorescence a solution of PpIX was put in a cell dish and 
scanned with the 405 nm laser. The data were recorded by a DCS-120 system by bh’s simul-
taneous FLIM/PLIM technique. A laser-on-off period of 412 µs was used, with a laser-on 
time of 95 µs. Fluorescence and phosphorescence (in this case delayed fluorescence) decay 
data of all pixels were combined in a singe fluorescence and delayed-fluorescence curve.  The 
result is shown in Fig. 718. The decay function of the prompt fluorescence is shown left. The 
decay is strongly multi-exponential, with a mean lifetime of about 9 ns. The luminescence in 
the 0 to 300 µs range is shown on the right. A long-lifetime signal was indeed detected in the 
laser-off phases. It has a lifetime of about 25 µs, which is in agreement with [791]. The life-
time increased when we decreased the oxygen concentration by adding Na2SO3 to the solu-
tion. We therefore believe that the signal is indeed delayed fluorescence from PpIX. However, 
the signal is extremely weak - almost 3 orders of magnitude weaker that the prompt fluores-
cence in the laser-on phases. 
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Fig. 718: Fluorescence (left) and delayed fluorescence of PpIX (right). DCS-120 system in FLIM/PLIM mode, 
excitation 405 nm, detection 600-700 nm. 

Imaging data of the same solution are shown in Fig. 719. The figure shows the SPCImage 
data analysis panel, with the intensity image, the lifetime image, the decay data in a selected 
area of the sample, and a lifetime histogram over the pixels. Delayed fluorescence is also see 
in the scan data. However, the intensity is uncomfortably low. For reasonable decay analysis 
we had to bin the data into 20 x 20 pixel areas. Within this binning area decay data of the de-
layed fluorescence are obtained as shown in the figure. (The prompt fluorescence is 3 orders 
of magnitude stronger, and out of the scale of Fig. 719). 

These results show that the delayed fluorescence of PpIX can be recorded. Most likely, it can 
be used for sensing the average pO2 in an entire sample or in reasonably large areas of a sam-
ple. However, it is probably too weak to image pO2 in individual compartments of a cell or in 
individual structures within a tissue sample. 

 

Fig. 719: Delayed fluorescence of PpIX, shown in scanning data. Total scan area 256 x 256 pixels, decay data 
from 20 x 20 pixel binning area. Lifetime histogram over the pixels shown upper right. 
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Applications 

There is an impressive amount of publications based on the bh FLIM/PLIM technique. The 
first publications concentrated on the characterisation of phosphorescence probes. In [353],  
[355] and [863] Dmitriev and Papkovski give a summary on available phosphorescent probes, 
their O2 sensitivity, brightness, phosphorescence lifetimes, cell-staining capability, and toxic-
ity. 

The problem of sensitivity of phosphorescent dyes to other cell parameters, such as pH, vis-
cosity, and oxygen diffusion time constant, is addressed by embedding the dyes in nanoparti-
cles and nanostructured cell substrates. Phosphorescent nanoparticles, nanostructured films, 
scaffolds and fibres as pO2-sensors are explored in [351, 354, 563, 564, 847, 853, 1142, 
1249]. Phosphorescent gold clusters as probes for lipid droplets were described in [637]. 

Oxygen imaging of neurospheres is described in [350]. Applications to Giant Umbrella Cells 
and to healthy and inflamed colon tissue are described in [1271] and [1273]. Changes in intra-
cellular oxygen concentration with the metabolic activity were observed by Zhdanov et al. 
[1272]. Jenkins et al. studied the function of SPCA ATPases in HCT116 cells. They found 
correlations of the expression of SPCA1 and SPCA2 with the O2 concentration [565]. 

Kuroki et al. [663] provided a detailed evaluation of TCSPC PLIM with Platinum(II) 
5,10,15,20-tatrakis-[4-carboxyphenyl)porphyrin. They tested the sensor with MKN45 cells, 
colon26 spheroids under different O2 concentration. They were able to correlate low pO2 re-
gions with mitochondria, to track the change in O2 concentration in Colon26 cells after addi-
tion of antimycin A, and to visualise the O2 change in MIN6 cells after glucose stimulation. 

Simultaneous measurements of NADH FLIM and PLIM and the correlation of metabolic pa-
rameters and O2 concentration were published first by Kalinina et al. [578]. The authors ob-
served changes in the NADH lifetime with the O2 concentration and after addition of antimy-
cin A. Changes of the NADH decay functions with the intracellular O2 concentration were 
also demonstrated by Shcheslavskiy et al. [1033]. 

Lukina et al. [734] used a fibre-based TCSPC system with implantable fibre tips (see page 
313 and page 568 of this book) to record NAD(P)H decay curves simultaneously with phos-
phorescence decay curves of an oxygen sensor in mouse tumors. The authors found character-
istic changes in the NADH decay parameters and the O2 concentration between healthy tissue 
and tumor tissue. 
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Plant Physiology 
The fluorescence of plant tissue is dominated by the emission of chlorophyll. Chlorophyll is 
excited at any wavelength throughout the visible spectrum. It emits strong fluorescence in the 
spectral range from 700 to 800 nm. The chlorophyll fluorescence is closely related to the effi-
ciency of photosynthesis. Energy used in the photosynthesis process is not emitted as fluores-
cence, and energy emitted by fluorescence does not contribute to photosynthesis. The quan-
tum efficiency of the chlorophyll fluorescence - and thus the fluorescence lifetime - is there-
fore an indicator of photosynthesis rate, and an indicator of plant health. 

Early chlorophyll lifetime measurements have been performed by Schneckenburger et al. 
[983-989] and applied to the detection of plant diseases, especially forest decline by environ-
ment contamination. 

Falkowski, Lin, and Gorbunov [394, 724] have measured the quantum yield of photochemis-
try and the fluorescence decay time of chlorophyll in phytoplankton. They collected 200,000 
data sets at various locations in five oceans. Night time (dark-adapted) lifetimes ranged from 
0.5 to 2.7 ns. From the data the authors calculated an average quantum yield of photochemis-
try of 0.35, and a average quantum yield of the fluorescence of 0.07. The remaining 58% of 
the absorbed energy is converted into heat. 

Pavlinska et al. examined the responsiveness of Dunalliela tertiolecta algea to Cadmium, 
Acidification, and laser-induced photobleaching [870]. They recorded FLIM in two channels, 
from 500 to 550 nm, and from 650 to 710 nm. Presence of cadmium caused an increase in the 
intensity in the 500-550-nm channel but no change in the fluorescence lifetime. Acidification 
caused an increase in the intensity accompanied by an increase in lifetime. An examination of 
the lifetimes of Chlorella sp. under different acidification [753] showed a decrease in inten-
sity and a decrease in the lifetime, 1, in the red channel with increasing acidity. Under severe 
acidification, also the lifetime, 2, in the green channel changed but the change went toward 
longer lifetime. 

In addition to chlorophyll, plant tissue contains an (often unknown) number of different 
fluorophores, namely carotinoids and flavinoids [1238, 1239]. Many of them are fluorescent 
but little is known about the fluorescence lifetimes and their dependence on environment con-
ditions. FLIM measurements of plant tissue with the bh DCS-120 MP system and ultra-fast 
detectors have shown multi-exponential decay functions with extremely fast decay compo-
nents, see Fig. 720. The fast decay component, t1, at the cursor position has a lifetime of 
33 ps, and it is present with 87% of the amplitude of the entire decay function! 

  

Fig. 720: Tissue in an anther of a green pine cone. Note the fast decay component, t1, with 33 ps decay time. The 
component constitutes 87% of the amplitude of the entire decay. 
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Due to the large number of fluorophores which have to be expected it can by useful to record 
multi-wavelength decay or multi-wavelength FLIM data. A multi-wavelength FLIM image of 
plant tissue (a moss leaf) is shown in Fig. 721. The fluorescence of chlorophyll is detected 
above 680 nm, at the red end of the spectrum. At wavelength below 650 nm fluorescence 
from other compounds, presumably from flavines, is detected. The intensity of the flavin fluo-
rescence is much lower than that of the chlorophyll fluorescence; the intensity in Fig. 721 had 
to be normalised to show the flavin images at all. The decay times in the flavin channels are 
generally short, and strongly multi-exponential. 

 

Fig. 721: Multi-spectral FLIM of plant tissue. Moss leaf, LSM 710 NLO, two-photon excitation at 850 nm. Am-
plitude-weighted mean lifetime of double-exponential fit. Intensity normalised to brightest pixel of each wave-

length interval. Decay curves displayed for indicated spot of the 620 nm, 665 nm, and 710 nm images. 

Chlorophyll Transients 

The fluorescence of chlorophyll competes with the energy transfer into the photosynthesis 
channels. The photosynthesis rate changes with the light intensity and the time of exposure. 
Therefore, the fluorescence lifetime of the chlorophyll in live plant tissue not only depends on 
the state of the plant but also on the light intensity, and the time of exposure. 

The changes in the fluorescence intensity of chlorophyll with the exposure to light have al-
ready been found 1931 by Kautsky and Hirsch [589]. The effects have been called fluores-
cence induction, fluorescence transients, or Kautsky effect [465, 466, 763]. When a dark-
adapted leaf is exposed to light the intensity of the chlorophyll fluorescence starts to increase. 
After a steep rise the intensity falls again and finally reaches a steady-state level. The rise 
time is on the range from a few milliseconds to a second, the fall time can be from several 
seconds to minutes. 

The initial rise of the fluorescence intensity is attributed to the progressive closing of reaction 
centres in the photosynthesis pathway. Therefore the quenching of the fluorescence by the 
photosynthesis decreases with the time of illumination, with a corresponding increase of the 
fluorescence intensity. The fluorescence quenching by the photosynthesis pathway is called 
‘photochemical quenching’, and the associated change in the fluorescence intensity ‘photo-
chemical transient’. The slow decrease of the fluorescence intensity at later times is termed 
‘non-photochemical quenching’. Both the photochemical and the non-photochemical transient 
are accompanied by a corresponding change in the fluorescence lifetime [16, 449, 798]. 

These light-induced changes in the fluorescence lifetime in live plants are often considered an 
obstacle for the use of the fluorescence lifetime in chlorophyll research. The effects make it 
necessary that measurements are performed under exactly defined illumination, and under 
steady-state conditions. Researchers in the chlorophyll field therefore often consider lifetime 
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measurements too difficult and resort to intensity measurements. However, the chlorophyll 
transients can well be recorded by advanced TCSPC technique. We believe that the amplitude 
and the speed of the chlorophyll transients are an even better indicator of the plant state than 
fluorescence intensity or decay measurements under steady-state conditions. 

 

Single-Point Measurement 

Both the photochemical and the non-photochemical quenching transients can be measured by 
time-series TCSPC. A dark-adapted leaf is put in a standard fluorescence-decay measurement 
setup. The laser is switched on, and a series of decay recordings is started. A non-
photochemical fluorescence transient of a leaf recorded this way is shown in Fig. 722. The 
time of the series runs from the back to the front. From left to right, the behaviour of a fresh 
leaf, a faded leaf, and a dried leaf is shown. The differences between leaves of different health 
state are striking. In fact, the amplitude and the speed of the non-photochemical transient are a 
much better indicator of the health state of the plant than the (average) lifetime itself. The 
figure also shows that a measurement of a single decay function of the chlorophyll fluores-
cence delivers unreliable results: Unless the measurement is performed under steady-state 
conditions, i.e. when the transient is complete, the measured decay curve would be just an 
average of decay profiles of an undefined time interval within the transient. Most likely, the 
results would depend on the acquisition time and the excitation power. More important, it 
would miss the most important effect, which is that the decay profile is changing, and that the 
change bears information of the health of the plant. 

 

Fig. 722: Sequences of fluorescence decay curves measured at a leaf after start of illumination. Left to right: 
Fresh leaf, faded leaf, dried leaf. Decay time axis 0 to 5 ns, time per curve 2 seconds, logarithmic intensity scale. 
The sequence starts from the back. 

The decay curves in Fig. 722 were recorded at speed of 2 seconds per curve. There is no prob-
lem to record enough photons for high accuracy decay analysis within this time. To record the 
‘photochemical transient’ a much faster recoding speed has to be used. The problem is that 
the acquisition time per curve becomes too short to record enough photons. The solution is 
triggered accumulation of the sequence: The light is periodically turned on and off, a se-
quence of decay curve is recorded over the time of the ‘ON’ phases, and the photons of many 
on/off periods are accumulated. Technical details are described at page 320 of this handbook. 

An example for the recording of a photochemical transient is shown in Fig. 723. The time per 
curve is 100 µs, 10,000 on/off periods were accumulated. The time of the sequence runs from 
the front to the back. It can clearly be seen how the fluorescence lifetime increases over the 
time into the laser-on period. 
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Fig. 723: Photochemical quenching transient of chlorophyll in a fresh leaf. The sequence starts at the front. Time 
per curve 100 us, transient-time scale 0 to 12.8 ms into laser-on periods. 10,000 on/off cycles accumulated. 

 

FLIM of the Non-Photochemical Transient 

The non-photochemical transient can be recorded by FLIM. Even with a conventional record-
and-save procedure a time series can be recorded at a speed of one image per second. An ex-
ample is shown in Fig. 724. The acquisition time per image was 1 second, the image size 
256 x 256 pixels x 64 time channels. It can clearly be seen that the fluorescence lifetime be-
comes shorter over the time of exposure. Other examples have been shown in [140, 555, 592]. 
Holub et al. have recorded a FLIM series of the non-photochemical transient by wide-field 
frequency domain FLIM [539] at a rate of a few seconds per image. With a reasonably fast 
scanner TCSPC FLIM reaches at least the same speed, with the advantage that depth resolu-
tion is available. 

 

Fig. 724: Change of the fluorescence lifetime of chlorophyll with time of exposure. Moss leaf, 1-photon excita-
tion at 445 nm, 256x256 pixels. SPC-150 autosave time-series, 1 image per second. Analysed by bh Optispec 

data analysis, intensity-weighted lifetime of double-exponential fit. 

Temporal Mosaic FLIM 

A more advanced way of recording time-series of non-photochemical chlorophyll transients is 
by temporal mosaic FLIM. Time series recording is performed over the elements of a mosaic 
of FLIM images. Because the entire mosaic is kept in the memory the sequence is not slowed 
down by save operations. Please see section ‘Temporal Mosaic FLIM’, page 387. A chloro-
phyll series recorded by mosaic FLIM is shown in Fig. 725. 
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Fig. 725: Non-photochemical transients in the chloroplasts of a moss leaf, recorded by temporal mosaic FLIM. 
Time runs from lower left to upper right. Red means long lifetime. DCS-120 confocal scanning system. 

The sequence contains 64 images (or 64 mosaic elements) for consecutive times after the 
turn-on of the excitation light. The acquisition time per element was 1 second, the total time 
of the sequence 64 seconds, the image size of each element 128 x 128 pixels, with 256 time 
channels per pixel. 

Recording the Chlorophyll Transients by FLITS 

A second way to record the chlorophyll transients with spatial resolution is by using the 
‘FLITS’ technique [148, 150]. FLITS records the changes in the decay profile of a sample 
over time and along a one-dimensional scan. For technical details please see page 389 of this 
handbook. Procedures to record FLITS are described in [63] and [64]. An example for the 
non-photochemical transient is shown in Fig. 726. It shows decay curves for one selected 
pixel within the line scan for times of 0.5 s, 7.5 s, and 13.4 s after the turn-on of the laser. The 
mean lifetimes, tm, obtained from a double-exponential fit are 560 ps, 385 ps, and 311 ps, re-
spectively. The changes in the decay profiles are clearly visible. 

 

Fig. 726: FLITS of chloroplasts in a plant leaf. Non-photochemical transient, decay curves for a selected pixel 
within the line for times of 0.5 s, 7.5 s, and 13.4 s after the turn-on of the laser. Lifetimes are amplitude-

weighted averaged of a double exponential fit to the decay data. The vertical stripes are the lifetime traces of 
individual chloroplasts over the transient-time. 
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With FLITS, a sequence fast enough for the photochemical transient can be recorded. To ob-
tain a sufficiently high number of photons per time interval accumulation over a larger num-
ber of on/off periods must be used. An example is shown in Fig. 727. 

 

Fig. 727:  FLITS of chloroplasts in a plant leaf. Photochemical transient, triggered accumulation, decay curves 
for a selected pixel within the line for times of 3 ms and 191 ms into the laser-on periods. Amplitude-weighted 

lifetime of double-exponential decay. 

Other Chlorophyll-Lifetime Applications 

The results presented above show that lifetime changes induced by physiological effects in 
plants can be recorded by various operating modes of the bh TCSPC modules. Nevertheless, 
very little has been published in this area. Broess recorded FLIM data of single chloroplasts 
[223]. Teplicky et al. [1128] recorded FLIM of Chlorella algae, aiming on a possible use of 
the chlorophyll lifetimes for environment monitoring. Gilmore et. al [449] showed the fluo-
rescence lifetime changes during the non-photochemical transient, Nozue at al. [840] recorded 
FLIM for different laser power, and the associated changes in the chlorophyll decay parame-
ters. Lambrev et al. [682] recorded spectrally resolved intensity changes during the transient. 
Miloslavina et al. [798] used TCSPC to record decay curves of dark-adapted cells, light-
adapted cells, and light-adapted cells under the influence of DCMU (3-(3’4’-dichlorphenyl)-
1,1-dimethylurea). Lifetime imaging of plant tissue during the non-photochemical transient 
was used by Holub et al. [539]. The authors used a wide-field frequency-domain technique 
that acquired images within 3.9-second intervals during the non-photochemical transient. Iwai 
et al. [555] used a bh SPC-830 TCSPC module at a Leica SP5 confocal laser scanning micro-
scope. By using SPCImage data analysis they showed that there are distinct peaks in the life-
time distribution that change their relative amplitudes during exposure to light. Other applica-
tions aim on the construction of chlorophyll-based light harvesting complexes with of higher 
absorption coefficients. Grayson et al. [468] designed a YFP-enhanced reaction centre, 
Szalkowski et al. [1109] used chlorophyll assemblies on nanowires. 
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Other FLIM Applications 
Internalisation and Conversion of Photosensitizers for PDT 

Cells incubated with photosensitizers used in photodynamic therapy (PDT) show significant 
changes of the fluorescence lifetime with the incubation time and the exposure time. The ef-
fects can be used to reveal the binding of the photosensitizer to different protein structures 
and to track the formation of photoproducts. An SPC-730 module in combination with a bh 
PML-SPEC system attached to a Zeiss LSM 410 microscope was used for tracking the me-
tabolites of 5-ALA (5-aminolevulinic acid, an approved sensitizer for photodynamic therapy) 
or Photofrin in living cells [948, 949, 950, 194]. In the cells 5-ALA converts into protopor-
phyrin-9, which causes clearly detectable changes in the fluorescence lifetime. 

Su et al. [1095] performed PDT by 5-ALA in cells and simultaneously recorded NADH life-
time images. They found that the NADH lifetime increased when the cells died through the 
apoptotic pathway. By contrast, the lifetime decreased when the cells dies though necrosis. 

Photothermal Therapy 

Rivas Aiello et al. explored the photothermal effect of HeLa cells loaded with 
poly(vinylpyrrolidone)-coated silver nanoplates and tracked the local temperature with Rho-
damine B [933]. 

Aggregation of Fluorophores, Oligomerisation 

Aggregation of fluorophore molecules has an influence on the fluorescence lifetimes. 
Changes are observed both for aggregation of the fluorophore molecules themselves and for 
aggregation of the proteins they are bound to. The effect has been used to investigate the in-
ternalisation of aggregated photosensitizers by tumor cells and the monomerisation of the 
aggregates inside the cells [594]. Lifetime heterogeneity due to aggregation was also reported 
for E-Bodipy fluorophores, see [335]. Greiner et al. used the effect of oligomerisation on the 
fluorescence lifetime of rhodamine in rhodamine-labelled Vpr(52-96) peptides to observe 
HIV-1 internalisation into cells in [471]. Changes in the lifetime of Rhodamine B linked to 
proteins was used be Haque et al. [503] to study oligomerisation. 

Detection of Special Endogenous Compounds 

Mueller-Harvey et al. recorded FLIM images of flavanols in plant cells [818]. Fluorescence 
lifetime of less than 45 ps were obtained by TCSPC FLIM with an SPC-830. Bisby et al., and 
Botchway et al. used a sub-picosecond laser of 630 nm to excited endogenous compound with 
absorption spectra in the UV. They obtained lifetime images of combretastatin [187], of pro-
pranolol [188] and of serotonin [209]. 

Characterisation and Use of Labels for Endogenous Compounds 

Shivalingam et al. [1049] developed small-molecule based sensor for G-quadruplexes and 
evaluated them by fluorescence decay measurements and FLIM. Okkelman et al. [852] used 
lifetime changes of a common nuclear stain, Hoechst 33342, to study cell proliferation, 
S phase progression over several division cycles, and effects of anti-proliferative drugs. Ab-
dollahi et al. [3] used Hoechst 34580 to visualise radiation-induced chromatin decondensa-
tion. Prions were instigated by Magnusson et al. by staining with PTAA and several structur-
ally related oligothiophenes [743]. Kuchlyan et al. [654] and Mackowski [741] used FLIM 
and FCS to study graphene oxide interactions with serum albumine, with the aim to develop 
new biosensors. Pliss et al. [894] transfected cells with GFP and used the change of the life-
time by the refractive index of the local environment as an indicator of the local protein con-
centration. 
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Diffusion of Exogenous Compounds through Skin 

There is currently an increasing amount of research related to the development of cosmetic 
products and sunscreens. The diffusion of anti-ageing products into the skin and the metabolic 
effect on the different layers of the skin must be tested. Coloration products and sunscreens 
must be proved to remain in the hair or in the epidermis. Because animal experiments are 
largely banned from these tests advanced microscopy techniques are increasingly used in the 
cosmetics industry. Related work on multiphoton lifetime imaging of human hair has been 
described in [383]. The migration of ZnO particles of sunscreens in skin  has been studied in 
[448, 723, 900]. 

FRAP 

FLIM has been used in combination with FRAP (fluorescence recovery after photobleaching) 
[549]. A region of the sample is photobleached, and then the diffusion of into that region is 
observed by time-series FLIM. Compared to intensity measurements FLIM has two advan-
tages: The FLIM data help distinguish a possible bound and an unbound fluorophore fraction, 
and may show possible damage to the tissue via changes in the autofluorescence lifetimes. 

Metabolisation of Exogenous Compounds 

Changes in the fluorescence lifetimes of exogenous fluorophores can be used to track meta-
bolic activity or transport phenomena. The transport and conversion of fluorescein in rat liver 
has been described in [934]. 

Temperature Measurement in Cells 

Okabe et al. designed a temperature probe that reports the local temperature in cell organelles 
via its fluorescence lifetime [851]. By using TCSPC FLIM they found temperature differences 
inside cells. The nucleus was, on average, warmer than the cytoplasm by 0.96 °C. They also 
found that the temperature difference depends on the cell cycle. The temperature was also 
increased in centrosomes, and in the mitochondria. The technique is especially interesting 
because it yields information about metabolic activity. It could complement metabolic imag-
ing via the NADH fluorescence. Viger et al. used the temperature-dependent lifetime of fluo-
rescein to monitor the temperature of water confined in drug-loaded nanoparticles on near-
infrared-induced heating. A lifetime change of 500 ps over a temperature range from 20 to 70 
Celsius was found [1176]. 

Hayashi et al. developed a temperature sensor based on a fluorescent polymer. The sensor 
yields a temperature resolution of 0.05 to 0.54 degrees, and works within a range from 28 to 
38 °C.  FLIM analysis in cells showed a temperature difference between the nucleus and the 
cytoplasm and heat production near the mitochondria [509]. 

Jenkins et al. [566] describe a sulforhodamine temperature sensor. The sensor is cell-
permeable, localises in the cytoplasm, and has a temperature response of 0.037 ns/K. They 
evaluated the sensor for temperature imaging in combination with pO2 imaging by PLIM. 

 

Discrimination of Unwanted Fluorescence Components 

In some cases, FLIM is just used to suppress unwanted fluorescence components by multi-
exponential decay analysis. This has been used in experiments of protein folding, dynamic 
protein interactions, and binding of dyes to DNA strands, in microfluidic channels. A problem 
of these experiments is often that a fraction of the fluorophore binds to the channel walls. The 
fluorescence lifetime of the bound fluorophore molecules is different from that of the mole-
cules in solution. FLIM is thus able to discriminate the two fractions via double-exponential 
decay analysis [882, 936]. 
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Imaging of Lignin in Wood 

Lignin in wood has technical importance because it gives the wood its mechanical strength. 
Lignin imaging has also a relation to bio-fuel production. Donaldson and Radotic used a 
Leica SP5 with a bh SPC-830 FLIM module to detect difference in lignin composition [356]. 

FLIM of Solid-State Materials 

FLIM of diamond has been described by Liaugaudas et al. [712, 713]. They used a Leica SP2 
laser scanning microscope with a 467 nm ps diode laser and an SPC-830 TCSPC FLIM mod-
ule. They found different lifetimes and decay profiles for different colour centres. Intensities 
were generally low, and FLIM required acquisition times of several ten minutes. Kalinushkin 
and Uvarov [580] used FLIM to map the charge-carrier lifetime in semiconductor materials. 

Other applications are related to photovoltaic devices and new semiconductor materials. In 
particular, there is currently an increase of research on perovskite and perovskite-like materi-
als. FLIM of Nb- and La-doped RsTiO3 substrates was reported by Rodenbücher et al. [939]. 
The same authors used FLIM in combination with AFM [940] and FLIM in combination with 
phase contrast and fluorescence-intensity microscopy [941] for the investigation of SrTiO3. 
Schultz et al. studied the influence of laser-based patterning on the carrier lifetimes in 
Cu(Inx,Ga1-x)Se2 films [992]. The optical emission from this material occurs around 1300 nm, 
therefore an id-200 InGaAs SPAD was used as a detector. Lifetime images were scanned with 
a modified DCS-120 scan head. 

Brovelli et. al. [224] used FLIM to investigated energy transfer in semi-conducting polymers.  
McNeil et al. [769] used bulk fluorescence decay measurements to investigate charge trans-
port in dye-sensitised nanoparticle films. Cadby et al. [233, 234] studied polymer blends by 
NSOM FLIM, see page 433. 

Luminescence lifetimes of inorganic materials can be very long, see FLIM images of zinc 
oxide particles, and of Autumit, page 413. It can therefore by useful to combine FLIM with 
PLIM, see page 409. 

 

FLIM with Quantum Dots 

Quantum dots are increasingly used as markers and sensors in fluorescence lifetime micros-
copy. Carlini and Nadeau [243] report on possible use of quantum dots as sensors of the mo-
lecular environment, and on the uptake and processing in the cells. Tu et al. [1156] used anti-
body conjugated silicon quantum dots with long fluorescence lifetime to discriminate fluores-
cence from organic fluorophores. Zhang et al. [1270] described quantum dots with specific 
fluorescence lifetimes and fluorescence spectra as markers for different for cell structures. 

 

Forensic FLIM Applications 

There are also possible FLIM applications in forensic science. Microscopy techniques are 
commonly used in forensics and any additional contrast parameter is welcome. The applica-
tion of FLIM to detection and identification of gunshot residue is described in [186]. Another 
application is the detection of drugs, poisons or coloration products in human hair. The sub-
stances may be enclosed in the keratin fibre structure of the hair [383] and remain there for a 
longer period of time, holding a record of the exposure of a person to different drugs or 
chemicals. 
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Combination with Micro MRI 

Stark et al. Combined two-photon excited autofluorescence and SHG imaging and autofluo-
rescence FLIM with MRI micro-imaging. The method was demonstrated on barley embryos 
[1077]. 
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Clinical Applications of FLIM 

Multiphoton Tomography of Human Skin 
Multiphoton tomography of human skin exploits the fact that by two-photon excitation in 
combination with non-descanned detection delivers optically sectioned images of tissue layers 
as deep as 100 µm. The tree-dimensional tissue structure can be reconstructed from the data at 
sub-cellular resolution. The technique goes back to the work of Gratton, König, Masters, So 
and Tromberg who showed that in-vivo two-photon imaging of cells and, especially, human 
skin is possible without impairing the viability [621, 624, 757, 758 ]. Please see also [759] for 
a selection of early multiphoton imaging papers. 

Dermainspect Instrument 

Of course, a normal laser scanning microscope is inconvenient or even impossible to use at a 
human patient. A commercial instrument for clinical skin inspection has therefore been de-
signed by Jenlab, Jena, Germany. The ‘Dermainspect’ is based on excitation by a Ti:Sapphire 
laser, a fast optical galvanometer scanner, and non-descanned detection. FLIM is integrated 
by a bh SPC-830 TCSPC module. FLIM is detected in three spectral channels by separate 
detectors, or in 16 channels by a bh MW FLIM detector. The instrument is shown in Fig. 728. 

 

Fig. 728: ‘Dermainspect’ system of Jenlab GmbH, Jena, Germany. Karsten Koenig and Peter So are demonstrat-
ing the instrument. 

An impressive number of papers is related to FLIM data obtained by this instrument and its 
successors, please see [315, 343, 448, 456, 538, 583, 626, 627, 628, 630, 631, 632, 689, 690, 
691, 723, 746, 865, 866, 900, 923, 934, 935, 958, 959, 960, 1047, 1048, 1045, 1136, 1137, 
1278]. A summary of clinical multiphoton tomography of skin is given in [630 and 960]. The 
combination with micro-endoscopes described in [631]. 

Earlier Dermainspects used a single SPC-830 TCSPC FLIM module with a router for three or 
four detector channels. To record at higher count rates (and thus achieve shorter acquisition 
times) the instruments can be upgraded with more recent SPC-153 (three-channel) or 
SPC-154 (four-channel) parallel TCSPC systems. The general principle is shown in Fig. 729. 
The principle is that of a multiphoton microscope with non-descanned detection, compare Fig. 
489, page 333. The fluorescence light collected by the microscope lens is split off by a di-
chroic mirror, split into three (or four) spectral components by dichroic mirrors, and detected 
by three or four detectors. The detector signals are recorded by parallel TCSPC channels. The 
TCSPC modules work in the normal FLIM acquisition mode, see section Fluorescence Life-



534      Clinical Applications of FLIM 

time Imaging (FLIM), page 107. An image recorded with this system is shown in Fig. 730. It 
shows the Stratum granulosum of a human volunteer. The excitation wavelength was 750 nm. 
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Fig. 729: Optical principle of the Dermainspect (upgraded with three parallel SPC-150 TCSPC channels) 

 

Fig. 730: FLIM of the stratum granulosum at the forearm of a human volunteer. Data courtesy of Washington 
Sanchez and Michael Roberts, University of Queensland, Brisbane, Australia. 

The Dermainspect has been used with the MW-FLIM multi-wavelength FLIM detector based 
on the PML-16 16-channel detector. Fig. 731 shows a typical result. Lifetime images were 
recorded simultaneously in eight wavelength intervals from 400 nm to 600 nm. Images of the 
mean (amplitude-weighted) lifetime of a double-exponential fit are shown left, images of the 
amplitude ratio right. The images were still recorded with the older PML-16-1 (multi-alkali) 
detector and 32 bit SPCM software. With the new PML-16 GaAsP and 64-bit software the 
resolution can be improved to the level of  Fig. 730. 

  

Fig. 731: Multi-wavelength multi-photon lifetime images of human skin. Wavelength from 400 to 600 nm. Left: 
Mean (amplitude-weighted) lifetime of double-exponential fit. Right: Ratio of the amplitudes of the decay com-

ponents. 
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MPT FLEX 

Recently, Jenlab has introduced the ‘MPT FLEX’ which has the scan head on a flexible arm. 
The instrument is show in Fig. 732, left. The MPT FLEX combines autofluorescence intensity 
imaging, SHG imaging, CARS, and FLIM [1217].  An intensity image and a lifetime image of 
human skin (both recorded by an SPC-830 module) are shown in Fig. 732, middle and right. It 
can clearly be seen that the FLIM image contains information not visible in the intensity im-
age. Please see also chapter ‘Autofluorescence FLIM of Cells and Tissue’, page 493. 

                 

Fig. 732: MPT FLEX system. Middle and Right: Intensity image and FLIM image of human skin. 

 

Comparison with NIR Reflection Imaging 

It should be mentioned that deep images of human skin can also be obtained by NIR reflec-
tion imaging. These systems scan the sample with a focused beam of NIR light, and detect the 
backscattered light through a confocal pinhole. 

Steven et al. compared the Dermainspect with a confocal system for reflection ophthalmic 
imaging [1084]. The general difference of the systems is that the Dermainspect (and the MPT 
FLEX) use fluorescence while the ophthalmic scanner uses reflected (or scattered) NIR light 
for imaging. Reflection imaging has, of course, the advantage that high-intensity signals are 
obtained. The acquisition times are therefore short. The authors point out correctly that mul-
tiphoton fluorescence imaging has the advantage of delivering information about metabolic 
processes, lifetime-based separation of fluorescent species, while the reflection system only 
delivers morphological information. 

The same differences should be noted for another reflection imaging system, the Vivascope of 
Lucid Inc. The Vivascope uses NIR lasers to obtain confocal reflection images of tissue in 
vivo [907]. The instrument delivers morphological information at excellent resolution at high 
image rate. However, the metabolic information contained in fluorescence or fluorescence 
lifetime data is not accessible. 

The lack of molecular information in reflection imaging data has initiated attempts to upgrade 
reflection scanning systems with fluorescence and fluorescence lifetime detection. Fluores-
cence lifetime images recorded with the Vivascope are shown in Fig. 617, page 424. 
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Ophthalmic FLIM 

Biomedical Background 

Reflection and fluorescence imaging of the ocular fundus is an established tool of diagnosing 
eye diseases [540, 732, 1061, 944]. Reflection imaging is performed at near-infrared wave-
length where the sensitivity of the retina is low. Therefore high signal intensities and high 
images rates are obtained. However, reflection imaging delivers only morphological informa-
tion. Autofluorescence intensity imaging yields additional information but is limited by the 
usual problems: The fluorescence signals contain components of several fluorophores which 
cannot be clearly separated in intensity images. Moreover, intensity variations by metabolic 
effects as oxygen quenching or different binding states cannot be distinguished from varia-
tions in the concentration of the fluorophores. 

Fluorescence lifetime imaging improves the situation considerably: Metabolic changes or 
pathological alterations in the tissue constitution induce changes in the fluorescence lifetimes. 
These are observed independently of the variable concentration of the fluorophores and of 
possible absorbers. Ophthalmic FLIM is therefore a potential technique of diagnosing eye 
diseases. However, FLIM of the human retina faces a number of problems. 

The most obvious one is that the excitation power must be very low. The maximum permitted 
excitation power is on the order of 100 µW. Compared to FLIM microscopy this may sound a 
lot. However, the numerical aperture at which the fluorescence is collected is limited by the 
lens of the eye and thus much smaller than in microscopy. Consequently, the collection effi-
ciency is much lower and so is the detected fluorescence intensity. 

The second problem is eye motion. It is impossible for the patient to keep the eye fixed at one 
point for longer than a few seconds. The imaging system must therefore track the eye motion 
and assign the detected photons to the right pixels. 

The third problem is the transmission of the ocular media. The transmission of the eye lens 
drops dramatically below 450 nm and is almost zero at 400 nm [1003, 1004]. The transmis-
sion curve shifts to longer wavelength with increasing age. In practice, the ocular transmis-
sion prevents excitation of NADH in the retina of an intact eye. Although indications of weak 
excitation of NADH at 450 nm have been found [1008], neither the ratio of bound and un-
bound NADH [1053, 1054] nor the redox ratio, i.e. the intensity ratio of NADH and FAD 
fluorescence [247, 248], can be used as an imaging parameter. 

Most of the observable fluorescence of the fundus comes from FAD and components of Lipo-
fuscin. Lipofuscin is a mixture of 10 slightly different fluorophores. The most relevant com-
ponent is A2E, a by-product of the visual cycle that accumulates in the retinal pigment epithe-
lium. However, there is also contribution from AGE (advanced glycation end products) and 
from the collagen and elastin in the connective tissue [1002, 1003, 1004, 1005, 1006, 1007, 
1010, 1011, 1012]. All these fluorophores exist in several configurations with different decay 
components. Some of these have very short lifetimes. The decay profiles are thus multi-
exponential. Lifetimes and amplitudes of the decay components for different fluorophores and 
tissue types are given in Table 1. 
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Substance  t1 (ps)  a1 (%)  t2 (ps)  a2 (%) 
Collagen 1  670  68  4,040  32 
Collagen 2  470  64  3,150  36 
Collagen 3  345  69  2,800  31 
Collagen 4  740  70  3,670  30 
Elastin  380  72  3,590  28 
A2E  170  98  1,120  2 
Lipofuscin  390  48  2,240  52 
Melanin  280  70  2,400  30 
FAD  330  18  2,810  82 
AGE  865  62  4,170  28 
NADH  387  73  3,650  27 
Ocular tissue 
Retina  260  90  2,790  10 
RPE  210  96  1,800  4 
Choroid  500  70  3,400  30 
Sclera  450  65  3,110  35 
Cornea  570  70  3,760  30 
Lens  490  69  3,600  31 

Table 1: Fluorescence lifetimes and amplitudes of decay components for endogenous fluorophores in the fundus 
and for various tissue types. From [1003], bi-exponential approximation of decay profiles 

To resolve these lifetime components the FLIM system must have high efficiency, high time 
resolution, and a clean and stable IRF. Moreover, it must be able to resolve multi-exponential 
decay profiles. The FLIM system has to work at the high scan rates used in ophthalmic scan-
ners. Multi-dimensional TCSPC is clearly the best FLIM technique for fluorescence lifetime 
imaging of the retina [996, 998, 1000, 1002, 1003]. 

System Architecture 

Ophthalmic imagers normally use a scanning technique with the pupil of the eye placed in the 
exit pupil of the scanning system [1035]. This reduces image distortion and blurring due to 
the poor optical quality of the lens of the eye. Moreover, confocal detection is used to sup-
press reflection, scattering, and fluorescence signals from the lens of the eye. A suitable in-
strument has been developed by Schweitzer and Hammer [138, 998, 1000, 1002]. The general 
principle of the instrument is shown in Fig. 733. 
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Fig. 733: Principle of an ophthalmic FLIM system [138, 1000] 

The instrument uses one or two SPC-830 or SPC-150 TCSPC modules in combination with a 
modified scanning ophthalmoscope. The scanner has optical fibres both for the input of the 
excitation light and the output of the light returned from the fundus. Thus, it can relatively 
easily be combined with different light sources and detectors. 
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The optical system is based on a modified CLSo ophthalmic scanner from Zeiss, Germany. A 
445 nm or a 473 nm picosecond diode laser is used for fluorescence excitation. Scanning in X 
is performed by a fast polygon scanner, scanning in Y deflection a galvanometer mirror. 

A lens, L1, forms a focus approximately in the middle of the polygon mirror and the galva-
nometer mirror. A second lens, L2, (the scan lens) sends a parallel beam of light into the eye. 
The beam wobbles with the scanning, with a virtual pivot point in the pupil of the eye. The 
lens of the eye focuses this beam on the retina. The light returned from the retina leaves the 
eye via the same beam path, travels back via the scan mirrors, and is separated from the laser 
light by a wideband splitter. It is focused into a pinhole by a third lens, L3, and transferred to 
the detectors by an optical fibre. 

The returned signal is split into three components. A reflection channel is used to co-record 
reflection images at high rate. 

The fluorescence component is split into two wavelength intervals [138]. The best transition 
wavelength has been found around 560 nm. The short-wavelength channel then records FAD 
and AGE, the long wavelength channel A2E. The photons are detected by two Hamamatsu 
R3809U MCP PMTs. The FLIM data are by an SPC-830 module with a router. 

The FLIM images are built up by a modified FIFO imaging process. The photons and the scan 
clock pulses are marked with their times in the fluorescence decay, the detector channel, and 
the time from the start of the recording. These data are transferred into the computer. The im-
aging procedure receives also the shift vector from the reflection channel. The lifetime images 
are built up over the scan coordinates corrected by the shift vector. 

The typical count rates obtained by this system were on the order of 1000 to 10,000 s-1. 
Therefore acquisition times of about 100 to 200 seconds were required to record useful data. 

Results 

A result obtained with the CLSo scanner is shown Fig. 734. The figure shows lifetime images 
of the amplitude-weighted average lifetime, av, of the fast lifetime component, 1, and of the 
slow lifetime component, 2. The fluorescence decay and the result of the fit for the pixel at 
the cursor position are shown in the lower part of the figure. 

       

 

Fig. 734: TCSPC lifetime images of the human ocular fundus Upper left: Average lifetime. Upper middle: Fast 
lifetime component. Upper right: Slow lifetime component. Lower part: Decay curve in the selected spot and fit 
results. From [140] and courtesy of Dietrich Schweitzer, Friedrich Schiller University Jena, Germany 
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Heidelberg Engineering FLIO System 

The weakness of the old Zeiss CLSo scanner optics was low optical efficiency. It resulted 
from the fact that it was not designed for fluorescence imaging. The system thus had consid-
erable losses both in the excitation and in the detection light path. 

An entirely new system was designed in cooperation of Heidelberg Engineering, the Univer-
sity of Jena, and Becker & Hickl. The instrument is based on the optics of a Heidelberg 
HRT III ophthalmic scanner. The scanner uses a fast resonance scanner for X, and a galva-
nometer mirror for Y deflection. The optical system is optimised for fluorescence detection. 
The main beamsplitter is a dichroic mirror, and all reflective surfaces have low-loss dielectric 
coatings. 

The fluorescence-detection part uses bh BDL-SMC and BDL-SMN ps diode lasers for FLIM 
excitation, two HPM-100-40 hybrid detectors for FLIM detection, and two SPC-150 or SPC-
160PCIE TCSPC FLIM modules for recording the FLIM data. With these improvements, the 
detected count rate increased by a factor of 50 to 100. 

Another advance is the eye-motion compensation system. Infrared reflection images are re-
corded frame by frame and analysed by the system computer. The analysis procedure delivers 
a shift vector that is transferred into the image-buildup procedure of the FLIM system. The 
FLIM uses the shift vector to assign the photons to the correct pixels, independently of the 
eye motion. As a result, the FLIM system records images which are not blurred by eye mo-
tion. The optical principle is shown in Fig. 735, a prototype of the new FLIO Spectralis in-
strument in Fig. 736.  
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Fig. 735: Principle of the FLIO system of Heidelberg Engineering 
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Fig. 736: FLIO-Spectralis ophthalmic FLIM system. Photo courtesy of Heidelberg Engineering. 

The Heidelberg Engineering FLIO instrument delivers fundus FLIM images of amazing qual-
ity. Fig. 737 shows a FLIM images of the author’s left eye. It shows more or less normal be-
haviour: The lifetime is long in the optic disc, and short and uniform in the macula. The FLIM 
image reveals some deposits along the blood vessels. These are not visible in the intensity 
image. 

            

Fig. 737: The author’s left eye. Left: Fluorescence intensity image. Right: FLIM image. SPCImage data analysis, 
amplitude-weighted lifetime, tm. 

 

Results and Applications 

Fig. 738  show images of a patient suffering from advanced AMD (age-related macula degen-
eration). The macula is almost entirely destroyed, and there is long lifetime almost anywhere 
in the active area of the ocular fundus. Fig. 739 shows images of the relative intensity contri-
butions, q1, q2, and q3, of the fast, medium, and slow decay component. 
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Fig. 738: Fundus FLIM image of a patient suffering from advanced AMD. SPCImage data analysis, amplitude-
weighted lifetime, tm. 

   

Fig. 739: Images of the intensity contributions of the fast, medium, and slow lifetime component. SPCImage 
data analysis, q1, q2, and q3 

Schweitzer et al. have shown that the the decay components components and intensity contri-
butions can be associated to different fluorophores and to different tissue layers [1003, 1004]. 
They could also show that the lifetimes are dependent on the oxygen saturation, as has been 
proved by oxygen breathing experiments [1000]. Most importantly, they found significant 
differences in the fast and slow lifetime components of the retina fluorescence for healthy 
volunteers and patients with age-related macular degeneration (AMD) [1000]. 

A review on FLIM ophthalmoscopy can be found in [374]. General clinical studies with the 
FLIO instrument are described in [371, 969, 967], pre-clinical studies on mice in [377, 372, 
1127]. Distinct signatures of the decay parameters were found for early and late AMD, for 
under-supplied regions after arterial branch occlusions, and for metabolic alterations due to 
diabetes mellitus [498, 993, 994, 1005, 1006, 1007, 1010, 1011, 1012, 1013]. Other publica-
tions report on FLIO of retinitis pigmentosa [19], stargard disease [373], arterial occlusion 
[375], retinal pigment atrophy [376],  central serous chorioretinopathy [378], mydriasis [668], 
glaucoma [908], macular telangiectasia [965], noneexudative AMD [966], macular holes 
[968], pigment epithelial detachments [970] and diabetic retinopathy [981]. Klemm et al. 
[614] investigated bleaching effect in the retina before and after irradiation with light of 3200 
cd/m2. Lifetime changes were less than 10% which is less than the changes found for patho-
logical processes. Lifetime changes after irradiation with strong laser pulses and during sub-
sequent wound healing were studied by Sonntag et al. and Hutfilz et al. [1065, 550]. 

An interesting application of ophthalmic FLIM is the possible detection of Alzheimer’s dis-
ease. Alzheimer’s disease is related to the expression of the phospho tau 181 protein. This 
protein is present in the eye and can be detected via its fluorescence. In the FLIO data it 
shows up as an increased intensity contribution of the medium lifetime component [567, 
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1011]. Sadda et al. performed a study on 28 eyes of 15 subjects 7 of which had Alzheimer's 
disease. They found longer m in the Alzheimer group than in the control group. 

Another way is to use a ligand that produces special fluorescent properties upon binding to 
Amyloid . Kerbage et al. described this approach and an instrument based on it [599]. The 
optical system is based on a BDS-SM ps diode laser of 473 nm wavelength, a galvanometer 
scanner that scans the lens of the eye, a SPAD detector, and an SPC-150 TCSPC module. A 
sufficiently accurate decay signature is obtained within an acquisition time of one second. The 
results of a clinical trial have demonstrated that the system is able to discriminate between 
healthy volunteers and patients with Alzheimer’s disease. 

 

Data Analysis 

Analysis of FLIO data is an extremely demanding task. Fundus lifetimes are on the order of a 
few 100 ps, with relevant decay components as short as 80 ps. Due to their extraordinary tim-
ing stability (see 'Timing Stability' page 2) the bh modules are well able to measure such life-
times, and SPCImage data analysis is able to extract them from the data. However, this is only 
possible if the shape and, especially, the temporal position of the system IRF are known, and 
if the decay model is correct [111]. Both prerequisites are not given for FLIO data. The prob-
lems are illustrated in Fig. 740 and Fig. 741. 

Shape of the IRF 

It has been attempted to improve FLIO analysis by recording a system IRF and using it for 
analysis of the decay data. However, the IRF has to be measured on a scattering target. Scat-
tering in the target tends to broaden the IRF. Moreover, the IRF has to be recorded through 
the optical system which is designed to block the laser wavelength. The slightest amount of 
fluorescence either from the target itself or from contaminations at its surface further broad-
ens the IRF. The measured shape of the IRF is therefore rarely correct. 

Variable Optical Path Length between the Scanner and the Fundus 

In FLIO measurement the optical path length from the scanner to the fundus and back is not 
constant. It depends on the patient's head profile and on the optical length of the eye. Differ-
ences of 1 cm in the distance (or 2 cm in the path length) are not unusual. This translates in a 
transit-time difference of 67 ps. The uncertainty in the transit time results in an uncertainty of 
the same size in the recorded lifetimes. That means lifetimes on the order of 100 ps cannot be 
determined without shifting the IRF into the correct temporal position. The data analysis rou-
tine has to estimate the position of the IRF before it starts the fit algorithm. 
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Fig. 740: The path length between the scanner and the eye varies (left). The data analysis has to correct for the 
associated transit time variation (right). 
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Model Function 

For many years, FLIO analysis used the commonly known triple-exponential model function 
in the form of 
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This model ignores the fact that the fluorescence from the fundus is overlaid by fluorescence 
from the lens of the eye. The lens fluorescence arrives 120 to 150 ps before the fundus fluo-
rescence. It not only adds an unwanted decay component to the net decay function in every 
pixel, it also causes a distortion in the rising edge of the fluorescence pulse (Fig. 741, left). 
The triple-exponential model is not able to describe the rising edge correctly (Fig. 741, right). 
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Fig. 741: Left: measured decay function in the presence of lens fluorescence. Right: The traditional model func-
tion is not able to describe the rising edge correctly. 

The inadequate modelling of the decay functions in combination with the inaccurately known 
IRF has several consequences. 

- The poor fit of the rising edge results in a broad χ2 minimum, ambiguity of the fit, and fit 
instability. 

- There is no clear χ2 minimum for different IRF positions. The fit routine is thus unable to 
find the correct IRF position. Moreover, the optimisation procedure tries to compensate for 
the distortion in the rising edge by modifying the IRF position. Thus, even if an IRF position 
with minimum χ2 is found it is not the correct one. 

- The shape of the rising edge depends on the relative amount of lens fluorescence detected. 
The shape has an influence on the IRF position obtained, and thus on the lifetime determina-
tion. As a result, the fundus lifetimes obtained from the fit tend to depend on the focusing, 
and on the quality of the patient's eye lens, in particular on the amount of astigmatism, and, 
importantly, on the fluorescence properties of the lens. In particular, there is a problem for 
cataract patients. These have extraordinarily high lens fluorescence. 

It has been attempted to solve these problems by excluding the rising edge from the fit, i.e. by 
fitting only the part of the decay functions after the maximum. This way, a good χ2 is obtained 
for the falling part of the decay functions. However, the results depend on the selection of the 
fit range and still contain an uncertainty from the ambiguity of the IRF position. Moreover, 
fast decay components are not obtained with the best possible accuracy. Information on these 
components is contained mainly in the early part of the decay functions, i.e. in the part which 
is excluded from the fit. All these attempts to get more reliable FLIO data were therefore in 
vain. For a detailed analysis of the problem, please see next section. 
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FLIO Analysis by SPCImage NG 

Synthetic IRF 

FLIO analysis has to accept the fact that it is virtually impossible to measure an accurate IRF 
for a FLIO system. SPCImage NG therefore provides a mathematical model for the IRF. Basis 
of the model is a function 

 f(t) = t/t0ꞏe
-t/t0 

A comparison of the real IRF of the IRF of a HPM-100-40 / SPC-150N combination and the 
function f(t) = t/t0ꞏe

-t/t0 is shown Fig. 742.  

         

Fig. 742: Comparison of the IRF of  the HPM-100-40 detector (left) and a function f(t) = t/t0ꞏe
-t/t0 (right) 

The function not only models the real IRF reasonably well, it is also characterised by one sin-
gle parameter, t0. A fit procedure therefore has to determine only this one parameter. 

The IRF is further refined by convoluting it with a function 

         2/ tltetf   

describing the shape of laser pulse. The width parameter, tl, is specific for the laser. It is given 
by design. Therefore a fixed value is used for it. 

To obtain the final IRF SPCImage NG fits the parameter t0 together with the selected model 
of the fluorescence decay to the measured data. The results are so good that a measurement of 
the IRF is no longer necessary. In fact, the synthetic IRF usually yields a better fit of the 
FLIO data than a measured one. Please see [160]. 

 

Shifted-Component Model 

The problems described above can only be solved by using a correct IRF and a correct model 
function [111]. SPCImage NG therefore provides a ‘shifted-component’ model. The tradi-
tional triple-exponential model function is extended with a parameter, td3, which describes a 
shift of one of the fluorescence components. The new model function is: 

 f(t) = a1 e
-t/1 + a2 e

-t/2 + a3 e
(-t+td3)/3 

a1, a2, a3, 1, 2, 3 are fit parameters. td3 is the transit time from the lens of the eye to the fun-
dus and back. A model like this has already been suggested by D. Schweitzer [1011]. Imple-
menting the model in FLIO data analysis was not successful, however, probably because the 
delay was used as a fit parameter. This caused instability of the fit. SPCImage NG therefore 
assumes that td3 is known and constant. In reality, it may vary slightly with the length of the 
eye. Our tests have shown, however, that the value of td3 is not critical. A td3 of 120 ps to 
150 ps works well for all adults. The priciple of data analysis with the shifted-component 
model is illustrated in Fig. 743. 
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Fig. 743: Modelling the eye fluorescence with the shifted-component model. 

A practical example of FLIO analysis with the shifted-component model and the synthetic 
IRF is shown in Fig. 744. The image was recorded with an ultra-fast HPM-100-06 detector. 
Due to the fast IRF the step in the rising edge of the fluorescence can clearly be seen. As also 
can be seen in Fig. 744, the model fits the step accurately. The χ2 distribution (shown below 
the decay curve) is virtually free of bumps in the vicinity of the rising edge of the fluores-
cence pulse. 

Importantly, fitting the data with the new model does not require any tweaking of fit condi-
tions or fit-interval boarders. The fit interval is just set to the beginning and the end of the 
recorded decay data. Small changes in the cursor positions have no visible influence on the 
results as long as the left cursor remains left of the rising edge and the right cursor in the re-
gion where the fluorescence has decayed to reasonably low intensities. 

 

Fig. 744: Test data recorded with ultra-fast hybrid detector. Analysis with shifted component model and syn-
thetic IRF. 

Suppression of lens decay component 

With the new model, the fit delivers two decay components, t1 and t2, from the fundus, and a 
third component, t3, from the lens. Thus, the shifted component model not only delivers an 
accurate fit of FLIO data with a correctly positioned IRF, it also allows us to remove the con-
tamination of the fundus data by the lens decay component. This is achieved by calculating an 
average (amplitude weighted) lifetime, tm12, only from the first two decay components, t1 and 
t2, and their amplitude factors, a1 and  a2: 
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The application of tm12 to FLIO data with strong lens fluorescence will be demonstrated be-
low. 
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Analysis FLIO Data of a Cataract Patient 

We applied the new analysis approach to data from a cataract patient. The patient obtained a 
cataract surgery, i.e. got an artificial lens implanted. The natural lens of a cataract eye is 
highly fluorescent, whereas the artificial one is not. FLIO data were recorded before and after 
the surgery. The results are shown in Fig. 745 through Fig. 749. All data are courtesy of Lydia 
Sauer, University of Utah. Fig. 745 though Fig. 747 are pre-surgery, Fig. 748 and Fig. 749 are 
post-surgery images. The images are from the short-wavelength channel, for the long-
wavelength channel please see [110]. All images are shown in normal FLIM style, i.e. with 
the fluorescence intensity as brightness the fluorescence lifetime as colour. Ophthalmology 
style is different in that only the lifetime information is shown. We used the normal FLIM 
style to give an impression of the contrast improvement obtained by the new model. 

Fig. 745 is a pre-surgery image showing the amplitude-weighted lifetime, tm, of the traditional 
triple-exponential model. As can be seen from the figure, the lifetime is entirely off range. 
The lifetimes are massively biased toward long times by the strong contribution from long-
lifetime lens fluorescence. 

Fig. 746 is a tm12 image from the same data set. tm12 contains only t1 and t2, i.e. decay compo-
nents from the fundus. tm12 is in the range of normal fundus data. Moreover, tm12 is very close 
to the tm  of the post-surgery image, Fig. 748. The similarity of the lifetimes indicates that tm12 
of the pre-surgery image is indeed associated to the fundus. Several small spots (barely visible 
in the tm image), show up clearly in the tm12 image. The spots have increased lifetime, a possi-
ble indication of beginning Stargard disease. 

Of course, the large contribution of lens fluorescence has also an effect on the pixel intensi-
ties. The lens fluorescence is spatially unspecific, and thus causes a decrease in image con-
trast. The contrast can be improved by using time-gated pixel intensities from the early part of 
the decay. This part is dominated by the fundus fluorescence and thus delivers higher contrast. 
The result is shown in Fig. 747. 

Fig. 748 shows a post-surgery image of the normal amplitude-weighted average lifetime for 
all three decay components. The tm lifetimes in the post-surgery images closely match the 
fundus lifetimes, tm12, in the pre-surgery image. That means the assumption that tm12 comes 
from the fundus is generally correct. Fig. 748 still shows a decay component, t3, that is associ-
ated to the front part of the eye. This is indicated by the kink in rising edge and the perfect it 
of it. The lifetime is 1.47 ns, compared to 3.64 ns in the pre-surgery data. The component 
probably comes from other anatomic structures in the front part of the eye. As shown for the 
lens fluorescence, the component can be rejected by using tm12 as imaging parameter. 

The result is shown in Fig. 749. It can be assumed that Fig. 749 is virtually free of fluores-
cence from the front end of the eye. The lifetime histogram has a maximum at about 200 ps. 
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Fig. 745: Pre-surgery tm image. The lifetime is entirely off range due to strong lens fluorescence 

 

Fig. 746, pre-surgery tm12 image: The lifetime is in the normal range, and close to the post-surgery value. 

 

Fig. 747, pre-surgery tm12 image, time-gated intensity: Increased contrast by rejecting most of the lens fluores-
cence 
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Fig. 748, post surgery tm image. The lifetime matches the pre-surgery t12 image. A shifted slow component, t3, is 
still detected. However, the amplitude is far smaller than in the pre-surgery image. 

 

Fig. 749, post surgery tm12 image. In tm12, the slow component, t3, is not included. Therefore tm12 is shorter than 
tm. It is also shorter than tm12 of the pre-surgery image. It is possible that the component is not present in the 

pre-surgery image, or that it is too weak to show up in the pre-surgery data. 

The results show that the problem of the lens fluorescence can be solved by the shifted-
component model. It should be noted however, that the technique works only if a correct IRF 
is used. It should therefore be used with the synthetic IRF. Convolution with a wrong IRF 
does not reproduce the rising edge of the fluorescence correctly, and a correct IRF position 
and a correct amplitude of the lens component are not obtained. This results is a wrong esti-
mation of the fundus decay components. Please see [160] for details. 

Analysis FLIO Data of a Normal Patient 

The results shown above indicate that the real fundus lifetimes may be offset by lens fluores-
cence also for normal eyes. This would mean that the real fundus lifetimes are shorter than 
previously assumed. This suspicion is indeed supported by FLIO data. Fig. 750 shows FLIO 
images of a 25-year old subject. At this age, the lens fluorescence is weak. Both images were 
analysed with the shifted-component model and a synthetic IRF. The fit is excellent, see the 
smooth residuals underneath the decay curve. Importantly, the rising edge of the fluorescence 
is fitted correctly. That means that the model fits the lens fluorescence correctly. A m image 
is shown on the left, a m12 image on the right. The maximum of the m histogram is at 250 ps, 
the maximum of the m12 histogram is at 180 ps. This is a difference of 28 %.  
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Fig. 750: FLIO images of a 25-year old subject. Analysed with shifted-component model. Left: m image, in-
cluding lens fluorescence. Right: m12 image, excluding lens fluorescence. The maximum of the lifetime histo-

gram shifts from 250 ps to 180 ps. 

The difference between the results should be kept in mind when FLIO images are compared. 
More importantly, it should be noted that the amount of lens fluorescence increases with age. 
There is a common believe that the fundus lifetime increases with the age of the subject. This 
effect may not be real after all. Instead, it may be induced by an increasing amount of lens 
fluorescence. Please see [160]. 

Other Attempts to Suppress the Lens Fluorescence 

It has been suggested to measure the decay function of the crystalline lens via an independent 
optical channel and include the lens decay data in the data analysis of the fundus fluorescence 
[613, 1001]. These methods are difficult, if not impossible, to implement in existing ophthal-
moscopes. Moreover, the lens-measurement channel delivers only the lifetime of the lens 
fluorescence, not its relative amplitude and time compared to the fundus decay components. 
The lens data are therefore difficult to include in the data analysis. 

The problem of lens fluorescence and its impact on the measured fundus lifetimes are dis-
cussed in detail by Lincke et al. [697]. The authors found that the change in measured life-
times scales with the degree of lens opacity. They attribute the change in the lifetimes mainly 
to lens opacity. This is most likely not correct and not supported by FLIO decay data. The 
results presented in [697] confirm, however, that the fundus lifetimes got back to the normal 
values after cataract surgery. The authors suggest a correction of the fundus lifetimes depend-
ing on the degree of lens opacity. The problem of such correction would be that it can be ap-
plied only to the mean lifetime, m, and not to the lifetimes and amplitudes of the decay com-
ponents. 

Brauer et al. adopted the shifted component model to their FLIMX data analysis software. In 
addition, they implemented models with four exponential components, one of them being 
shifted by the transit time between lend and fundus [217]. They tested the models on the data 
of several patients who had obtained cataract surgeries. They found that the 3-exponential 
model and one of the 4-exponential models (with the shift parameter in the 4th component) 
worked, yet not equally well for all subjects. 

We didn't encounter similar problems with SPCImage NG. One reason may be that Brauer et 
al. used a measured IRF. We found that most measured IRFs are too long, and the shifted-
component model works perfectly only with the correct IRF. Moreover, SPCImage NG uses 
MLE fitting, which has different properties than the WLS fit used by Brauer et al. There may 
also be a problem if the slowest fundus component becomes slower than the lens fluores-
cence. SPCImage has a mechanism that allows the slow component of the fundus, 2, to be-
come longer than the lens fluorescence, 3. However, we found that this only happens in the 
optical disc, not in the other parts of the fundus. 
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Phasor Plot 

Another way to solve the data analysis problem of FLIO is possibly to do away with the need 
of absolute determination of the lifetimes. If information is derived from the relative variation 
of the lifetime and lifetime components over the anatomical structures of the fundus the accu-
racy problem would be relaxed. A possible solution is the combination of time-domain analy-
sis with the phasor plot provided by the new SPCImage versions. With the new functions, 
different anatomical structures can be associated to different areas in the phasor plot. Diseases 
may then show up by the location of the phasors of suspicious spatial structure in the phasor 
plot. The requirement to obtain absolute lifetime values for decay components shorter than 
100 ps may then be relaxed. 

 

FLIO with Two-Photon Excitation 

The lens of the eye is intransparent at wavelengths shorter than 400 nm. This precludes the 
use of the metabolically and spectroscopically most relevant fluorophore, NAD(P)H. 

In principle, the problem can be solved by two-photon excitation. The excitation is than in the 
range of 750 to 780 nm, and easily passes the lens. However, there are a few problems. Effi-
cient two-photon excitation requires high NA, and perfect focus quality. The NA of the lens 
of the eye is on the order of 0.15. This is almost by a factor of 10 lower than the NA of the 
microscope lenses used for two-photon microscopy. Moreover, the optical quality of the fully 
dilatated eye lens is extremely poor. Nevertheless, it has been shown that two-photon excita-
tion of fluorescence in the fundus can be achieved if the aberrations of the eye are compen-
sated by adaptive optics [1031]. First FLIM results from animal experiments have been pre-
sented in [396]. Whether two-photon excitation can be safely used in clinical applications 
remains an open question. 
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Diffuse Optical Tomography: DOT, NIRS and fNIRS 

General Principle 
Diffuse optical tomography, or DOT, aims at the resolution of the spatial distribution of opti-
cal properties in highly scattering media. Near-Infrared Spectroscopy (NIRS) is a synonym 
for the same technique. NIRS used for functional imaging of brain activity is usually called 
Functional Near-Infrared Spectroscopy, fNIRS. Biomedical applications of DOT are based on 
illumination of thick tissue by NIR light, detection of diffusely transmitted or reflected light, 
or fluorescence of endogenous or exogenous fluorophores [257, 868, 1228]. Typical applica-
tions of DOT techniques are optical mammography, brain imaging, and non-invasive investi-
gations of drug effects in small animals. 

Scattering and Absorption in Biological Tissue 

Scattering in biological tissue is not isotropic. A considerably larger amount of light is scat-
tered forward rather than in reverse [808, 1228]. For describing the penetration of light into 
thick tissue it is, however, sufficient to assume isotropic scattering with a reduced scattering 
coefficient. The reduced scattering coefficient, µ´s, is 

 µ´s = µs (1 - g)   

with g being the average cosine of the scattering angle. For biological tissue g is typically in 
the range from 0.7 to 0.9 [303]. Reduced scattering coefficients for various types of tissue are 
given in [808]. 

Typical values of µ´s are around 10 cm-1. Consequently, there are practically no unscattered or 
‘ballistic’ photons for tissue thicker than 1 cm. Instead, the photons must be considered to 
diffuse through the tissue. Consequently, the spatial resolution of DOT images is extremely 
poor and cannot compete with positron emission, X ray and MRI techniques. 

The NIR absorption in tissue is dominated by oxy-haemoglobin, deoxy-haemoglobin, lipids, 
and water [303]. There is an absorption minimum from approximately 650 to 900 nm. There-
fore, NIR light can be transmitted and detected through tissue layers as thick as 10 cm. Ab-
sorption coefficients for various types of tissue are given in [808]. 

In spite of the poor spatial resolution, DOT in the NIR has the benefit that the measured ab-
sorption coefficients are related to the biochemical constitution of the tissue, such as haemo-
globin concentration and blood oxygenation [303, 768]. If exogenous markers are used, the 
absorption or fluorescence delivers additional information about blood flow, blood leakage, 
ion concentrations, or protein binding state. 

In images obtained by continuous illumination and detection it is difficult to distinguish be-
tween the effects of scattering and absorption. The situation is much better if pulsed or modu-
lated light is used to transilluminate the tissue and the pulse shape or the amplitude and phase 
of the transmitted light are recorded. The general effect of variations in the scattering and ab-
sorption on the shape of the transmitted pulses is shown in Fig. 751. 
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Fig. 751: Effect of scattering and absorption on the shape of a pulse transmitted through thick tissue 

Both increased scattering and increased absorption decrease the integral output intensity. 
However, increased scattering increases the pulse width, while increased absorption decreases 
it. Therefore, the shape of the ‘time-of-flight distribution’ of the photons in combination with 
the intensity can be used to distinguish between changes in scattering and absorption. 

Spatial Resolution 

DOT is targeting not only at recording scattering and absorption coefficients but also at re-
solving their spatial distribution. Of course, scattering acts as a spatial low-pass filter, and 
quickly smoothes out details with increasing depth in the tissue. Reconstruction of the internal 
tissue structure is normally limited to details no smaller than the depth in which they are lo-
cated. 

The options of reconstructing are improved by using temporal resolution: Photons arriving at 
early times have travelled a shorter distance in the tissue than later photons. On average, they 
have taken a more direct path through the tissue. Images built up from early photons therefore 
yield a noticeably better spatial resolution, see [687, 837, 1167, 1187].  

Moreover, in diffuse reflection experiments (i.e. with the source and the detectors at the same 
side of the tissue) the depth of scattering and absorption changes in the tissue can be derived 
from time-resolved data much better than from intensity data [513, 1079]. 

The computation of the spatial distribution of absorption and scattering can be considerably 
simplified by using the first and second moments, i.e. the mean time of flight and the variance 
of the time of flight [715, 718]. It has been shown that variations of the absorption and scat-
tering coefficients calculated from the moments are obtained from considerably larger depth 
than such calculated from the intensity. The situation is shown qualitatively in Fig. 752. 
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Fig. 752: Diffuse reflection experiment, depth in the tissue from which changes in the absorption and scattering 
coefficients are obtained. Left calculation from intensity data, middle calculation from M1 (mean time of flight), 
right calculation from M2 (variance of time of flight) 

The banana-shaped pattern shows the depth from which absorption and scattering changes are 
obtained. Please note that it does not represent anything like the mean path of the photons. 
For a detailed discussion and Monte-Carlo calculations please see Wabnitz et al. [1190]. 

The complete reconstruction of tissue structures and optical properties from time resolved 
data is extremely demanding and not entirely solved yet. A number of different approaches 
are used to solve the ‘inverse problem’ of DOT [30, 31, 259, 392, 395, 429, 844, 886, 1146, 
1187].  
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Instrumental Approaches 

All approaches use a large number of time-resolved detection channels of different wave-
lengths, source-detector distance, or different location or transillumination angle. The time-
channel width required to quantify absorption and reduced scattering coefficient is on the or-
der of 10 ps [844]. Moreover, low-noise data are required to reconstruct the tissue properties 
from the relatively small intensity and pulse shape changes. This requires to record a large 
number of photons. Because the illumination intensity and the measurement time for in vivo 
measurements are limited a high detection efficiency is essential. Detection efficiency be-
comes even more important if fluorescence is to be detected in combination with normal 
DOT. Therefore the instruments normally use simultaneous detection in many time-resolved 
channels. Two typical setups used in DOT are shown in Fig. 753. 
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Fig. 753: Source-detector setups for optical tomography. Left: Circular arrangement of sources and detectors. 
Right: Scanning setup with one source and several detectors. Source and detectors are scanned simultaneously 
across the sample. 

The traditional tomography setup is shown left. A large number of sources and detectors are 
arranged around the sample. The light sources are switched on one after another. For each 
source, time-of-flight distributions are recorded by all detectors [32, 433, 514, 842, 980]. The 
setup is used for breast imaging and infant brain imaging. Because the setup is compact, me-
chanically simple, and can be built from purely non-metallic materials it is also used for opti-
cal tomography in conjunction with MRI imaging [841, 843]. When the setup is used for adult 
brain imaging, the detectors opposite to the source do not detect reasonable signals. Therefore 
detectors and sources are arranged at only side of the head. The configuration can be consid-
ered a sub-set of the arrangement shown in Fig. 753, left. 

The right setup uses a scanning technique. Several lasers of different wavelength are multi-
plexed into a single optical source. The light source and the detector, or a number of detec-
tors, are scanned simultaneously across the sample. The scanning technique is successfully 
used for optical mammography [306, 473, 474, 476, 887, 930, 1117, 1118, 1145, 1146]. A 
scanning setup for small-animal imaging is described in [425]. The benefit of scanning is that 
it obtains a high spatial density of data points. Therefore the Nyquist condition is fulfilled for 
both spatial dimensions. However, problems can arise from edge effects. Not only can the 
detectors be damaged if the scan runs over the edge of the sample, but also the reconstruction 
of the sample properties has to cope with different photon migration near the edge. The prob-
lem can be solved by immersing the sample into a matching fluid [1188]. 

In both setups different wavelengths are multiplexed into the optical source channels. The 
wavelengths can be multiplexed on a pulse-by pulse basis and recorded in the same TAC in-
terval or in longer intervals and recorded in different memory blocks by using the multiplex-
ing capability of the SPC modules. The advantage of the second technique is that there is no 
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crosstalk between the wavelength channels and reduced signal distortion due to pile-up ef-
fects. Please see Multiplexing of Lasers, page 287. 

On the detection side, frequency domain instruments using modulation techniques are com-
peting with time-domain instruments using gated image intensifiers, and instruments based on 
TCSPC. An overview on TCSPC-based DOT techniques has been given in [140], an overview 
on frequency-domain DOT techniques can be found in [249]. It is now commonly believed 
that TCSPC instruments are more complex, but superior in terms of efficiency and sensitivity. 
The excellent results obtained with TCSPC-based instruments under clinical conditions 
clearly confirm the applicability of TCSPC to DOT [476, 477, 719, 930, 906, 1117, 1118]. 

Many TCSPC-based DOT instruments still use single lasers or several multiplexed lasers and 
record in a single SPC-330 or SPC-630 channel [301, 474, 475, 476, 477, 715, 888, 930, 
1145]. Multi-detector operation of up to eight detectors connected to a single SPC-330 or 
SPC-630 channel was used in [302, 305, 306, 842, 843, 1147]. A system with 32 fully parallel 
TCSPC channels based on conventional NIM modules was described in [980] and used for 
breast and brain imaging [514, 515, 517]. 

Recent TCSPC-based instruments use the bh SPC-134 or SPC-154 packages of four, in some 
cases eight parallel TCSPC devices [130, 575, 718, 719, 887, 889, 1117, 1118, 1146, 1174, 
1188, 1189]. The number of detector channels is often increased by routers, see for example 
[286]. 

Optical tomography techniques for human medicine are currently at the stage of clinical tests. 
This causes a data compatibility problem between the different instruments. Optical mammo-
graphs and brain imagers are complex instruments with their own data acquisition and data 
processing software. Even if the instruments are based on time-resolved detection by TCSPC 
they may not use exactly the same procedures and data processing algorithms. To keep the 
clinical data obtained by different instruments comparable exact protocols for quality assess-
ment have to be defined [890, 1191, 1192]. 

Scanning Mammography 
A recent overview on Time-Resolved Optical Mammography has been given by Quarto et al. 
[906]. The principle of a typical TCSPC-based scanning mammograph is shown in Fig. 754. 
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Fig. 754: General principle of a TCSPC scanning mammograph 

The breast is slightly compressed between two glass plates. Due to the high sensitivity of 
TCSPC compression to about 6 cm is sufficient to obtain enough signal at the detectors. 
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The laser light is delivered via a multi-mode fibre. The transmitted light is collected by four 
fibre bundles and fed into four detectors. Fibres and fibre bundles are certainly not a favour-
able solution in terms of pulse dispersion, timing stability and detection efficiency. However, 
they decouple the electrical part of the system from the patient. The fibres are therefore an 
important part of the system to satisfy safety regulations for medical instruments. 

Both the source fibre and the detection fibre bundles are assembled on a scanning stage. One 
scan typically contains 1000 to 5000 pixels, enough to avoid artefacts due to spatial under-
sampling. The scan amplitudes and the shape of the scanning area are different for different 
patients. To ensure that the detectors are not damaged by overload, the scanner must be pre-
vented from running beyond the edge of the breast. This is achieved by using preamplifiers 
with overload detection (see ‘Preamplifiers and Detector Control’, page 191). When the de-
tector currents exceed a reasonable limit the scan direction is reversed. 

The four detector signals are connected into individual channels of a four-module TCSPC 
system. In practice, variable neutral-density filters and long-pass filters are placed in front of 
the detectors to compensate for different intensity at different breast thickness and to reduce 
the daylight sensitivity. 

Usually several laser wavelengths are multiplexed into a single source fibre. Typical wave-
lengths used in mammography are between 685 and 785 nm. However, in the last few years 
more and more wavelengths have been added: 635 nm is used to obtain better general absorp-
tion contrast [1118]. Wavelengths from 905 nm to 975 nm deliver information about water 
and lipid contents [1117]. Recently even 1060 nm has been used to detect collagen in the 
breast tissue [1121, 1122]. An application to the identification of healthy subjects who are at 
risk to develop breast cancer was described in [1124]. 

The wavelengths can be multiplexed on a pulse-by pulse basis and recorded in the same TAC 
interval [476, 887, 930, 1117, 1118, 1145, 1146] or in intervals of 50 to 200 µs (2500 to 
10.000 pulses) and recorded in different memory blocks by using the routing capability of the 
SPC modules  (see Fig. 430, page 287). The benefit of the second technique is that there is no 
crosstalk between the wavelength channels, and signal distortion due to pile-up effects is re-
duced. 

The number of wavelength channels can be increased by generating a super-continuum in a 
photonic crystal fibre and TCSPC multi-wavelength detection [48, 49, 1070]. The technique 
delivers superior spectral data. As long as Titanium-Sapphire lasers had to be used to excite 
the super-continuum the technique was too expensive for routine application. Recently intro-
duced super-continuum sources based on fibre lasers have changed the situation. These light 
sources can be used in not only in combination with multi-wavelength TCSPC but also with 
wavelength multiplexing via tuneable acousto-optical filters, see section ‘Tissue Scanning 
System with Laser Wavelength Multiplexing’ in this chapter. 

The recording in the TCSPC channels can be synchronised with the scanning by software. In 
this case the time-of-flight distributions are read out from the TCSPC modules for each indi-
vidual pixel. The bh SPC-630 and SPC-130/134 modules can avoid devoting time to readout 
during the scan by using sequential recording in the Continuous Flow mode (see ‘Sequential 
Recording’ page 104). Another convenient mode is hardware-controlled scanning (see ‘Tissue 
Scanning System with Laser Wavelength Multiplexing’, page 569) and synchronisation of the 
data acquisition via the Frame, line and pixel clock pulses. In this mode the TCSPC modules 
hold the time-of-flight distributions of all pixels of a scan in their memories. The data are read 
out when the scan is completed. It must, however, be taken into account that the length of the 
lines of the scan varies since the return points of the scan are controlled by the detector over-
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load signals. Therefore, the scan software must store the positions of the return points and the 
number of pixels between. These positions are used later to adjust the lines horizontally. 

In the last few years it is increasingly attempted to use fluorescence of contrast agents in addi-
tion to diffuse reflectance or transmittance. A scanning system that records images of the 
time-resolved fluorescence, diffuse fluorescence, diffuse transmittance, and fluorescence from 
both sides of an object was described in [211]. The data in the four channels were recorded by 
an SPC-134 TCSPC system. The instrument was demonstrated on phantoms containing a 
fluorescent inclusion but is, in principle, be applicable also to breast imaging. 

If fluorescence is to be detected in combination with DOT, detection efficiency may become a 
crucial point. The detection efficiency increases with the total detection area and, therefore, 
with the number of detectors. It can therefore be advantageous to use more than the four de-
tectors shown in Fig. 754. In that case, several detectors are connected to one TCSPC chan-
nels via a router. 

Fig. 755, left, shows the time-of-flight distributions for four detectors detecting at different 
projection angles at a single pixel of a breast scan. The acquisition time was 100 ms per pixel. 
The source-detector geometry is shown at right. The time offsets between the curves are due 
to different delays in the fibre bundles, detectors, and TCSPC channels. Mammograms were 
calculated from the photons in the 8th of 10 equidistant time windows spread over the time-
of-flight distribution. The result [130] is shown in Fig. 756. 
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Fig. 755: Left: Time-of-flight distributions in one pixel of a breast scan. Different projection angels, acquisition 
time 100 ms per pixel. Right: Detector and source configuration. D1 is the direct detector, D2, D3 and D4 are 
offset by 2 cm. 

 

 

Fig. 756:  Mammograms of a healthy volunteer recorded simultaneously at four projection angles. The images 
were generated from photon counts in a late time window. The arrangement of the mammograms corresponds to 
that of the detectors D1-D4 in Fig. 755. From [130] 

Images in early and late time windows show qualitatively the scattering and the absorption in 
the tissue [300]. They can therefore be used to distinguish tumours in breast tissue. Most tu-
mours have increased absorption due to increased haemoglobin content and blood leakage. 
These tumours are therefore prominent in the late time window. Cysts have decreased scatter-
ing and are visible in early time windows [1117]. An additional benefit of the late time win-
dow is that the images are almost free of edge effects [474]. 

Breast imaging has also been performed in a two-dimensional modification of the classic to-
mography setup. A technical system based on an SPC-134 and fibre switches for the source 
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and detector position has been described by Gao et al. [1269], reconstruction algorithms was 
by Yang et al. [1245], a pilot study has been presented by Zhang et al. [433]. 

When quantitative data of the absorption and reduced scattering coefficients are needed this 
requires the application of an appropriate analytical model [259, 258, 1187]. The modelled 
distribution is convoluted with the IRF and fitted to the measured time-of-flight distributions 
in the individual pixels at several wavelengths [474, 476, 1069, 1146]. A comparison of the 
accuracy of scattering and absorption coefficients obtained by a time-window technique and 
by fitting a homogeneous diffusion model to the data is given in [300]. In-vivo applications 
and results of clinical studies were presented in [476, 477, 478, 479, 480, 488, 896, 906, 929, 
930, 1117, 1119, 1123, 1124]. 

Static Brain Imaging 
Structural tomography data of the brain are acquired in the traditional tomography setup, see 
Fig. 753, left. For each source position time-of-flight distributions are recorded for all laser 
wavelengths in all detector channels. Switching between the source positions is performed by 
fibre switches. The time-of-flight distributions at the detector positions can be recorded se-
quentially by another fibre switch as described by Gao et al. and Lu et al. [433, 733]. An im-
proved architecture that uses the four parallel TCSPC channels of an SPC-134 and multi-
plexes four signals into the detector of each channel by 4:1 fibre switches has been described 
in [432]. Both instruments have been used for phantoms but are basically capable of recording 
static brain images. Fibre switching is a cost-efficient way to record at many source and de-
tector positions. However, it makes the measurement slow and inefficient in terms of photon 
efficiency. The measurement can be made faster and the efficiency be increased by recording 
the time-of-fight distributions all detector positions in parallel. For static brain imaging this is 
usually performed by several TCSPC modules and routers, as shown in Fig. 757. 

A recent instrument of this type has been described by Cooper et al. [291]. Named 
‘MONSTIR II’, the instrument has 4 SPC-150 TCSPC modules, four HRT-81 routers, and 32 
detectors. 4 wavelengths of an SC450 Fianium supercontinuum laser are multiplexed via 
AOTFs. All in all, 128 signals for different combinations of laser wavelength and detector 
position are recorded for every source position. 
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Fig. 757: Connecting a 32-channel tomography setup to an SPC-134 for-channel TCSPC package 

In systems like the one shown above the count rates in the individual detector channels may 
differ over a wide range depending on the distance from the source. For channels directly ad-
jacent to the current source position, the count rate can be as high as several MHz. The PMTs 
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can even be driven into overload. On the other hand, channels opposite to the source position 
may not collect any reasonable number of photons at all. In a TCSPC system with routers, the 
overloaded detector may block the router to which it is connected and thus prevent other sig-
nals from being recorded. Therefore, if the count rate of a detector becomes too high, either 
this detector must be switched off or an automatic intensity regulator of some kind must be 
placed in front of the detectors. 

Typical time-of-flight distributions are shown in Fig. 758. The curves were recorded with a bh 
BHLP-700 diode laser of 2.5 mW power, 785 nm wavelength, and 50 MHz repetition rate. 
The detector was a bh PMC-100-20. The curves show the time-of-flight distribution for two 
different locations at the forehead together with the instrument response function. The source-
detector distance was 6 cm. The acquisition time was 20 s, the count rates were between 800 
kHz and 1 MHz. 

    

Fig. 758: Time-of-flight curves for two different source and detector positions at the forehead, and instrument 
response functions. Left linear scale, right logarithmic scale. Source-detector distance 6 cm, Laser 2.5 mW, 

785 nm, 50 MHz. Acquisition time 20 s, ADC resolution 4096 channels. 

The obtained count rates drop dramatically with increasing source-detector distance. With a 
laser power of a few mW, meaningful signals can be recorded diametrically through an infant 
head. For an adult head this is impossible. However, weak signals can be detected from tem-
ple to temple, as shown in Fig. 759. With a BHLP-700, 2.5 mW, 785 nm laser and a 
PMC-100-20 detector a total number of photons of 29,000 and 107,000 was acquired within 
an acquisition time of 60 s. 

 

Fig. 759: Time-of flight curves detected from temple to temple through an adult head. Slightly different source 
and detector positions. Laser power 2.5 mW, wavelength 785 nm, PMC-100-20 detector, acquisition time 60 s, 

ADC resolution 4096 channels. 
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Functional Brain Imaging 
Dynamic changes in the time-of-flight distributions are caused by the heart beat, variable oxy- 
and deoxyhemoglobin concentration induced by brain activity, and effects of associated 
physiological regulation. The haemodynamic response to brain stimulation is on the time 
scale of a few seconds [370, 411, 412, 1143, 1144]. 

Recently Liebert et al. have demonstrated that advanced TCSPC is able to record effects of 
brain activity with 50 ms time resolution, clear separation of scattering and absorption, and 
better depth resolution than CW or frequency-domain techniques. In particular, moment 
analysis and time-window analysis of TCSPC data provide a way to distinguish between per-
fusion changes in the brain and the scalp [290, 562, 714, 717, 718]. Please see [688, 719, 810, 
811, 905, 913, 962, 1081, 1082] for technical details, applications, and clinical results. An 
overview has been given in [722], a comprehensive review can be found in [1150]. 

Time-domain functional brain imaging instruments normally use bh SPC-154 or SPC-134 
four-channel TCSPC systems with four individual detectors and several multiplexed laser 
diode lasers. A fast sequence of time-of-flight distributions was recorded in consecutive time 
intervals of 50 to 100 ms. More results obtained with similar instruments are described in 
[740, 1080, 1191]. 

Quaresima et al. used a single SPC-630 channel and a multi-anode PMT to record sequences 
of time-of-flight curves in eight parallel channels [905]. The acquisition time per step of the 
sequence was 166 ms. The data of five steps were averaged. Values of µs’ and µa were calcu-
lated from the averaged data by using a standard model of diffusion theory. An improved in-
strument of this type used an SPC-134 package with HRT-41 four-channel routers connected 
to each TCSPC channel [289, 290]. Thus, simultaneous detection in 16 detector channels was 
achieved. Two lasers were multiplexed by pulse interleaving; 16 source positions were multi-
plexed by fibre switches. Applications to functional brain imaging are described in [231, 810, 
1149]. 

An instrument with 8 fully parallel TCSPC channels has been described in [575]. The setup 
uses two SPC-134 packages in one industrial computer. The optical architecture is shown in 
Fig. 760. 
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Fig. 760: Optical architecture of the 8-channel parallel DOT system described in [575] 

The DTOFS at both sides of the head are recorded simultaneously. For every source position 
the DTOFs are acquired for 95 ms. One switching cycle through all 9 source positions is com-
pleted within 0.9 seconds. Variations of the optical properties in the brain are derived from 
the intensity and the first and second moments of the time-of-flight distributions [715]. 
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An instrument that multiplexes also the lasers by fibre switches has been described by Re et 
al. [912]. The system avoids crosstalk of different laser wavelengths by reflections, pile-up, 
counting loss or detector afterpulsing, see page 287. An application to hemodynamics of the 
human brain is described by Aletti et al. [11]. The authors show how signal components 
caused by skin vasomotion and by cerebral perfusion can be separated. 

Fig. 761 shows how dynamic DOT data look like. Time-of flight curves of photons transmit-
ted through a forehead were recorded in the continuous flow mode of an SPC-134 system. 20 
subsequent time-of-flight curves from the continuous-flow sequence are shown in Fig. 761. 
The acquisition time was 100 ms per curve, the ADC resolution 1024 channels. The left se-
quence was detected at a source-detector distance of 5 cm, the right sequence at a distance of 
8 cm. The count rates were 1.8.105 s-1 and 4.5.106 s-1, respectively. 

     

Fig. 761: 20 steps of a TOF sequence recorded in the Continuous Flow mode of an SPC-134. Acquisition time 
100 ms per curve, ADC resolution 1024 channels. Left: Source-detector distance 5 cm, count rate 4.5.106 s-1. 
Right: source-detector distance 8 cm count rate 1.8.105 s-1 

It should be noted that a count rate of 4.5.106 s-1 is at the very limit of currently available 
TCSPC devices. Intensity measurements at rates this high require a correction for counting 
loss (see ‘Counting Loss’, page 281). The first and second moments of the time-of-flight dis-
tributions are not noticeably influenced by counting loss. This is another benefit of the mo-
ments technique developed by Liebert et. al. 

The standard deviation of the photon numbers and the first moments of the data in Fig. 761, 
left, is about 0.15 % and 800 fs, respectively. These values are substantially lower than the 
typical changes caused by the haemodynamic response. In principle, useful response curves 
could therefore be obtained by recording only a moderate number of stimulation events. How-
ever, in practice there is a strong variation in the data due to heart beat and respiration. The 
haemodynamic brain response can only be separated from these effects by recording a TOF 
sequence over a large number of stimulation events. Therefore, all the experiments mentioned 
above used the ‘continuous flow’ mode of the SPC-134 or SPC-630. 

Typical results of haemodynamic response measurements performed by Liebert et al. [714, 
718] are shown in Fig. 762. Visual stimulation was used. An annular black and white check-
erboard alternating at 8Hz on a computer screen was shown to the patient. During the rest 
period a dark grey screen was presented while fixation was maintained. The stimulation peri-
ods lasting 30s were repeated 20 times separated by 30s of rest. Signals from 20 stimulation 
periods were averaged. Three multiplexed laser wavelengths were used. The photons were 
detected by four R7400 PMTs at different source-detector positions. The TOF curves were 
recorded by an SPC-134 system in the continuous-flow mode. Fig. 762, left to right, shows 
the intensity change, the change in the mean time of flight, and the change in the variance of 
the time of flight over the stimulation period. Depth-resolved intra- and extra-cerebral 
changes of the oxy- and deoxyhemoglobin concentrations calculated from the data of the four 
detectors at the three wavelengths are shown in Fig. 763. 
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Fig. 762, Left to right: Intensity change, change in the mean time of flight, and change in the variance of the 
time of flight over the stimulation period. The horizontal bars indicate the periods of stimulation. From Liebert 
et. al., Proc. SPIE 5138. [714]. 

 

Fig. 763: Intra- and extra-cerebral changes of oxy- and deoxyhemoglobin concentrations during visual stimula-
tion obtained from DTOFs measured at 3 wavelengths and four source-detector separations. The horizontal bars 
indicate the stimulation period. From [714], Liebert et. al., Proc. SPIE 5138. 

Mackert et al. and Sander et al. combined time-resolved reflectance measurement with mag-
neto-encephalography [740, 962]. They used the setup described in [718]. This way, the vas-
cular response could exactly be correlated with the neuronal response. 
 

Perfusion Measurements by ICG Boli 
Exogenous absorbers can be used by detecting either their absorption or their fluorescence. 
The only NIR dye currently approved for use at human patients is indocyanine green (ICG) 
[328, 812]. Absorption spectra of ICG in water are shown in Fig. 764, left. 
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Fig. 764: Left: Absorption spectra for ICG in water, after [328]. Right: Fluorescence decay of ICG in water and 
ethanol, BHL-600-650 laser, PMC-100-20 detector and SPC-630 TCSPC module. 

ICG absorbs strongly between 650 and 820 nm. The absorption of ICG monomers peaks at 
about 780 nm. In water ICG tends to form aggregates which cause a second absorption band 
around 700nm. In blood ICG binds to the serum albumin. Aggregation is then largely sup-
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pressed, and the absorption around 780 nm dominates. Due to the binding to albumin ICG 
stays in the blood. It is therefore used as a contrast agent to mark blood vessels. 

Fluorescence decay curves of ICG are shown in Fig. 764, right. The fluorescence lifetime in 
Ethanol is about 580 ps. In water the lifetime is about 190 ps. In both cases the decay func-
tions are multi-exponential, probably due to the presence of monomeric and aggregated 
forms. The short lifetimes indicate that the fluorescence quantum efficiency is low. Values 
given in the literature are around 4% [328]. 

Absorption 

In brain imaging ICG can be used to detect blood-flow dynamics. Liebert et al. used the tech-
nique for bed-side assessment of cerebral perfusion in stroke patients [719]. A bolus of ICG 
was injected and the subsequent absorption changes in the tissue monitored. The instrument 
was essentially the same as used for motor-stimulation experiments [714, 718] (results see 
Fig. 763). Two multiplexed lasers and four detectors connected to the four TCSPC channels 
of an SPC-134 package were used. By using the Continuous Flow Mode of the SPC-134, 
time-of-flight distributions were recorded at a rate of 50 ms per curve. From the time-of-flight 
distributions the changes in the attenuation, in the mean time of flight, and in the variance of 
the time of flight were calculated. Fig. 765 shows results for two healthy volunteers, subject 1 
and subject 2, and two stroke patients, patient 1 and patient 2 [719]. The curves are sliding 
averages over 20 subsequent 50-ms recordings. The moments were scaled to a range from 0 to 
1 by subtracting the minimum value and normalising the result to its maximum value. 

 

 

 

Fig. 765: Changes of the normalised attenuation, -Anorm, the mean time of flight, <t>norm, and the variance of 
the time of flight, Vnorm for two healthy subjects and two stroke patients. The curves were scaled to a range 
from 0 to 1 by subtracting the minimum value and normalising the result to its maximum. From [719]. 
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For the healthy subjects the changes in the moments appear virtually simultaneously in both 
brain hemispheres. For the stroke patients the changes in the moments at the location of the 
stroke are delayed. The delay is most pronounced in the variance, Vnorm. A thrombolytic 
therapy of patient 1 resulted in normal perfusion after 30 hours. Patient two had a permanent 
occlusion. 

Absorption changes are not only caused by inflow dynamics of the ICG bolus but also by 
physiological effects like heart beat, breathing, and blood pressure variations. These effects 
can be seen as quasi-periodic oscillations in Fig. 765. The mechanisms of these effects and 
their impact on NIR tissue spectroscopy are discussed in [608]. 

Diop et al. [345, 346] used the ICG bolus technique to determine cerebral blood flow in pig-
lets under normocapnia, hypercapnia, and carotid occlusion. They compared time-resolved 
(TCSPC)  and CW data recorded under similar conditions. Although the general correlation of 
the TR and CW data was good the authors also found systematic differences. After discussing 
possible instrumental effects the authors conclude that the techniques deliver information 
from different depth in the brain. This is supported by the fact that in the time-resolved data 
the amplitude of the attenuation change during the bolus is larger for late-arriving photons. 

Recently, Liebert et al. described an instrument that records ICG concentration changes at 
extremely large source-detector distance [721]. By using high incident power from a Ti:Sa 
laser, and placing a detector directly at the surface of the tissue they were able to record at 
9 cm source-detector distance. The instrument was used both on phantoms and on human vol-
unteers. The phantom consists of a fish tank filled with a mixture of milk, water and an ab-
sorber. The tank contained a transparent flow-tube through which the same mixture was 
pumped. In ICG bolus was simulated by injecting ICG in the flow system. The authors 
showed that the ICG bolus was detectable down to a depth of 5 cm. Measurements at the hu-
man head confirmed this result in that they showed physiological effects expected in deep 
brain layers. 

 

Fluorescence 

For a given number of recorded photons, a fluorescence measurement in general yields a bet-
ter intrinsic SNR than an absorption measurement. The reason is that the dye concentration 
obtained via fluorescence is directly related to the number of detected photons, whereas the 
concentration derived from absorption or diffuse reflection is the difference of two photon 
numbers. However, compared to the diffusely transmitted or reflected intensity the fluores-
cence intensity is much lower. The SNR actually obtained depends on the efficiency of the 
optics and the detection system, the tissue thickness, the fluorophore concentration and quan-
tum yield, and the acceptable acquisition time. Milej et al. compared fluorescence and diffuse 
reflection measurements in phantom experiments. They used a phantom that had tubes for 
dynamic inflow of indocyanine green (ICG) inserted at different depths. They showed that the 
use of fluorescence signals delivered better sensitivity and signal-to-noise ratio compared to 
the use of diffuse reflectance data. A similar study for a fluorescent inclusion within non-
fluorescent and weakly fluorescent phantoms came to the same result [576]. 

Liebert et al. and Milej et al. have shown that the fluorescence of ICG can well be detected 
from inside the human brain [720, 796, 797]. They used two or four channels of an SPC-134 
package. One channel detected the diffusely reflected light, the other the fluorescence. Meas-
urements were performed at a rate of 10 s-1. A result is shown in Fig. 766. 
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Fig. 766: Normalised number of photons, NRnorm and NFnorm, changes in mean time of flight, <t>, and changes 
in variance of time of flight, V, after injection of an ICG bolus. Both hemispheres of brain. Gray curve: Diffuse 
reflection. Black curve: Fluorescence. From [720], copyright Elsevier Ltd. 

The shapes of the curves of the mean time of flight and the variance are significantly different 
for the fluorescence and the diffuse reflectance. The authors attribute these differences to the 
time differences of the inflow of the ICG in the intra- and extra-cerebral compartments. 

Intra- and extra-cerebral fluorescence components during an ICG bolus have been investi-
gated in detail by Jelzow et al. [561]. The authors present an algorithm to separate these com-
ponents based on the bolus function and on changes in the DTOFs over the bolus time. 

Gerega et al. [445] have demonstrated multi-wavelength fluorescence detection of ICG boli. 
The authors used a PML-SPEC (MW FLIM) 16-channel detector connected to an SPC-830 
TCSPC module. The light from the tissue was collected by a fibre bundle and transferred into 
the input slit of the PML-SPEC polychromator, see Fig. 767, left. A time-series of multi-
wavelength recordings was performed in the Scan Sync Out mode of the SPC-830 module. A 
result is shown in Fig. 767, right. The authors discuss the effects of absorption, re-absorption, 
ICG concentration, and depth in the tissue on the recorded data. Please see also a general in-
vestigation and discussion of the spectral and temporal fluorescence behaviour of ICG in 
simulated physiological environment by the same authors [444]. 
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Fig. 767: Setup for time- and wavelength-resolved bolus detection used by [445] 
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Perfusion Measurement by Diffuse Optical Correlation (DCS) 
Perfusion measurements in tissue are also possible by correlating intensity fluctuations of 
photons scattered in the tissue [261, 347, 1255, 1277]. A laser injects light into the tissue via a 
fibre. The light at a different spot is collected by another fibre and detected by a photon 
counting detector. An autocorrelation function of the intensity is calculated from the absolute 
times of the photons. To obtain a useful correlation function it is required that the laser have a 
coherence length longer than the average path length in the tissue, and that the fibres have 
diameters on the order of 20 µm or less. For a test of the principle we used the setup shown in 
Fig. 768. 
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Fig. 768: Test setup for diffuse correlation 

Long-coherence length light was delivered by a LASOS DPSS series 561 nm laser. It was 
injected into the tissue by a single-mode fibre. Diffusely scattered light was collected by a 
20 µm multi-mode fibre and detected by an HPM-100-50 hybrid detector. The photons were 
recorded by an SPC-150 card in the FIFO mode. An autocorrelation function was calculated 
by the online correlation function of the SPCM software (see page 586). A result is shown in 
Fig. 769. Because of the unfavourable laser wavelength (we had no long-coherence length 
laser of longer wavelength) we obtained a count rate of only 25 kHz at a source-detector dis-
tance of 3 mm. Nevertheless, there is a clear correlation in the data. The result shows that dif-
fuse correlation can, in principle, be recorded by equipment typically used in TCSPC time-
domain DOT. 

 

Fig. 769: Correlation curve obtained in the setup shown above. Human forearm, source-detector distance 3 mm, 
detected count rate 25 kHz. 

The setup can easily be extended to 8 detection channels by using a router in front of the 
SPC-150 card. Correlation can also be obtained by a bh DPC-230 correlator card as has been 
shown by Diop et al. [347]. In that case, autocorrelation in up to 16 channels can be obtained. 
An instrument composed of an SPC-134 TCSPC system and a DPC-230 card was used to 
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combine time-resolved NIRS and DCS for quantification of the cerebral metabolic rate of 
oxygen consumption [1174]. 

DOT Experiments at Small Source-Detector Distance 
An important parameter of a DOT system of the diffuse reflection type is the maximum depth 
at which tissue parameters or dynamic variations can be detected. The practical limitation is 
the rapidly increasing extinction of the optical signal with the path length in the tissue. Theo-
retically, the path length for a given depth can be reduced by reducing the source-detector 
distance. Unfortunately, reducing the source-detector system creates another problem: Most 
of the photons return to the detector after having travelled only a short way through the tissue. 
The signal intensity in the first few 100 ps after the laser pulse becomes extremely high. The 
intensity of the later part of the signal, i.e. of  the part that has travelled through deep tissue 
layers, is many orders of magnitude lower. Detecting these photons by the normal time-
resolved techniques is impossible: Even if the detector and the TCSPC system could deal with 
the enormous intensity ratio the photons would be lost in the tail of the IRF and in the after-
pulsing of the detector. 

It is therefore attempted to suppress the first part of the signal by gating the detector. Fast 
gating can be obtained in single-photon avalanche diodes (SPADs). However, the on-off ratio 
of the gating must be on the order of 105. Also, the detector must deliver a clean photon tim-
ing only a few 100 ps after the ‘gate-on’ transition. In particular, no electron-hole pairs from 
the ‘gate-off’ period must be trapped in the detector and cause avalanche breakdown in the 
‘gate-on’ period. Unfortunately, a lot of such carriers exist in the ‘diffusion tail’ of a SPAD. 
Gated detection for zero-distance measurement therefore required substantial improvements 
in the SPADs and in the quenching and gating circuitry. Other problems are caused by reflec-
tions and scattering in the optical system. Also scattered and reflected photons can arrive after 
the gate-off period and interfere with the ‘late photons’ returning from deep sample layers. 
Improvements in SPAD design, theoretical considerations and results of zero-distance DOT 
can be found are described in [310, 670, 764, 892, 1068, 1071, 1148, 1151]. Please see also 
‘Gated SPADs, page 180’ 

Fibre-Based DOT Endoscopes 
Laidevant et al. have designed a fibre-based tissue probe arranged around the ultrasound 
transducer of an endoscopic ultrasound probe [671]. The principle is shown in Fig. 770.  
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Fig. 770: Fibre based tissue probe with time-resolved detection 

6 source fibres and 4 detector fibres are arranged around the ultrasound transducer of the en-
doscope. The laser is switched periodically through the 6 source fibres. The signals returned 
through the detector fibres are detected by four PMC-100-20 detectors, and recorded by the 
four TCSPC modules of an SPC-134 package. The system was tested for fluorescence detec-
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tion. By using the temporal data of the four detection channels for the 6 laser positions spa-
tially resolved detection a small ICG inclusion in a scattering medium could be localised at 
good precision. The optical information is then used to complement the information from the 
ultrasound transducer. 

Tissue Spectrometers 
Application of diffuse optical tomography to clinical problems requires that the general opti-
cal parameters of different tissue types and their dependence on the wavelength be known. 
These parameters are determined by recording time-of-flight curves for different source-
detector distances at different wavelengths and fitting diffusion models to the results. Because 
there is no need to resolve fast physiological effects measurements at different source-detector 
distances and different wavelength are usually performed sequentially. The principle is shown 
in Fig. 771. 

Tuneable laser
Fibre

switch

Sample

SYNC

CFD

Detector

DTOFs

SPC-130 TCSPC Module

 

Fig. 771: Principle of a tissue spectrometer with a tuneable laser 

A tuneable laser provides light of selectable wavelength. Tissue spectrometers of this type use 
titanium-sapphire lasers, supercontinuum radiation generated by titanium-sapphire lasers in 
photonic crystal fibres, supercontinuum lasers with tuneable filters, or tuneable dye lasers 
pumped by Nd:YLF lasers. 

As second way of obtaining spectral information is to illuminate the sample with supercon-
tinuum radiation directly and detect the DTOFs by multi-wavelength TCSPC [48, 313, 457], 
see Fig. 772. 
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Fig. 772: Principle of a tissue spectrometer with wideband illumination and spectrally resolved detection 

Instruments and applications are described in [48, 50, 282, 313, 457, 889, 891, 1120, 1121, 
1122, 1107, 1108, 1122]. Gerega et al. used a multi-wavelength detection setup to determine 
the fluorescence dynamics of ICG in under simulated physiological conditions [442], and dis-
cuss the influence of absorption, re-absorption, scattering, and aggregation on the decay pro-
files at different excitation and emission wavelength. Tissue spectrometers have also been 
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used in non-medical applications, such as to determine the moisture content of wood, or the 
quality of food [312, 314, 835, 1141, 1282]. 

 

Fibre-Based System for Brain Activation Measurement in Mice 
Cui et al. used a fibre-based excitation and detection system to record brain activation in mice 
during complex tasks [307, 308]. The mice were kept in a compartment which had a food 
magazine and a lever on each side of the magazine to open it. To open the magazine, the mice 
had to touch either the left or the right lever. The animals expressed a genetically encoded 
Ca2+ indicator in the brain. The fluorescence of the Ca2+ indicator was excited and detected 
via fibres implanted in the brain. The principle of the fibre-based excitation and detection 
system is shown in Fig. 773. 
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Fig. 773: Principle of fibre excitation and detection system 

The excitation light must be transmitted into the brain by a single-mode fibre. A multi mode 
fibre would generate a speckle pattern the structure of which changes with bending of the 
fibres and thus induce motion artefacts. The detection fibres are multi-mode to increase the 
light-collection efficiency. Intensity changes by mode fluctuations do not occur on the detec-
tion side because the fluorescence signal is diffusely coupled and has a wide optical spectrum. 
Excitation and detection fibres (provided by bh) are shown in Fig. 774. The excitation and 
detection fibres are either separate (Fig. 774, left), or the fibres are mounted in a single excita-
tion/detection probe (Fig. 774, right). 

             

Fig. 774: Excitation and detection fibre (left), combined excitation/detection fibres (right) 

For in-vivo applications it is important that the excitation and detection system can be con-
nected and disconnected from the animal. This is achieved by small-size light-weight fibre 
connectors, Fig. 774, left, upper left. Details of the connectors are shown in Fig. 775. The 
total weight of the fibre connection is less than 2 g. 
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Fig. 775: Fibre mini connectors for excitation and detection fibres. Unconnected (left) and connected (right) 

The system was used to detect concurrent activation of the strial direct and indirect pathway 
during motor activation. The authors were able to record clear differences in the Ca2+ signal 
when the mouse operated either the left or the right lever. Amazingly, the signal was observed 
about 100 ms before the mouse started to move. That means it was related to the decision to 
use one or the other lever. Details are described in [307, 308]. 

Recently, bh have developed a fibre probe with a removable tip, see Fig. 776. the laser is de-
livered via a single-mode fibre, the fluorescence is detected through a multi-mode fibre. In the 
tip, both are combined into a short piece of multi-mode fibre. The advantage of this design is 
that, when the animal is de-coupled from the experiment only the tip remains in it. The disad-
vantage is possible fluorescence from the tip itself, and from contamination at the interface of 
the fibres with the tip. Both are transilluminated by the laser, and fluorescence excited in at 
the interface or in the tip is transferred to the detector. This is no problem for experiment with 
exogenous fluorophores. For autofluorescence it is, however, critical. By using special glass 
for the tip, the fluorescence has been kept at a level two orders of magnitude lower than auto-
fluorescence of mammalian tissue. The interface between the fibres and the tip has to be kept 
absolutely clean. A speck of dust, a single pollen grain, or a fingerprint of the surfaces can 
make autofluorescence detection impossible. A application has been described in [734]. 
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Fig. 776: Fibre probe with a removable tip 

 

Tissue Scanning System with Laser Wavelength Multiplexing 
Most TCSPC DOT data are under-sampled in space and in wavelength: The optical signals 
are collected by fibres or fibre bundles at a moderate number of spatial positions, and a few 
lasers (usually two) of different wavelength are multiplexed. Undersampling poses a signifi-
cant problem to spatial reconstruction. For small-animal imaging the problem has been par-
tially solved by moving the detector setup and the subject, see Fig. 781 and Fig. 782. 
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A setup for scanning stationary objects in space and wavelength has been built and tested in 
cooperation of bh and the Physikalische Bundesanstalt Berlin (PTB). We thank Michail 
Mazurenka and Heidrun Wabnitz for their cooperation. The principle is in Fig. 777. 

The measurement object is scanned by a laser beam via a fast galvanometer scanner. The 
scanner is driven by a bh GVD-120 scan controller the same way as in the bh confocal FLIM 
systems [63]. The light returning from the sample (diffuse scattering or fluorescence) is sepa-
rated from the excitation beam by a beam splitter. The light passes a filter and a pinhole, and 
is detected by an HPM-100-50 hybrid detector. The single-photon pulses from the detector are 
recorded by an SPC-150 TCSPC FLIM module. The pixel, line, and frame clock pulses for 
synchronisation with the scan are delivered by the GVD-120 scan controller. 

A supercontinuum laser delivers the pulsed excitation light. We used a Fianium SC400 laser 
(40 MHz version) with an AOTF-V1-HP tuneable acousto-optical filter (AOTF). The AOTF 
is able to select between eight programmable wavelengths by signals applied to the ‘MOD’ 
inputs of the AOTF controller. These signals are provided by a counter that is driven by the 
frame clock pulses of the scan controller. The result is that the AOTF cycles through the 8 
wavelengths for subsequent frames of the scans. Simultaneously, the routing inputs of the 
SPC-150 module are driven by signals from the counter outputs. Thus, the SPC module builds 
up separate images for the individual laser wavelengths. 
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Fig. 777: Scanning system with wavelength multiplexing 

The detector and the pinhole can either be made confocal with the laser spot in the sample 
plane, or offset by a few millimeters. A filter in front of the detector selects either diffusely 
scattered light or fluorescence. A typical result is shown in Fig. 778. 



Tissue Scanning System with Laser Wavelength Multiplexing    571 

 

 

Fig. 778: Diffuse-reflection scan of a human hand. Source-detector offset 4 mm, wavelengths indicated in the 
images. False colour, selected to indicate the different laser wavelength. 

Fig. 779 shows two images analysed by bh SPCImage FLIM analysis software. Both are from 
the 820-nm channel, and show the first moment, M1, coded in colour. The left image is for a 
source-detector distance of d = 0 mm, the right one for a distance of d = 4 mm. Both images 
show differences in M1 between the blood vessels and the surrounding tissue. As expected, 
the difference depends on the source-detector distance: For d = 0 it is only 3.5 ps, whereas it 
is almost 22 ps for d = 4 mm. 

     

Fig. 779: M1 images of the data in the 820-nm channel. d = 0 (left) and d = 4 mm (right). Analysis by bh SPCI-
mage FLIM analysis software. 

Fig. 779 shows also two problems of the setup. The first one is that the measurement object is 
not flat. Consequently, there are path length differences that show up in the M1 data. This 
problem can be solved by taking a reference scan at d = 0 and using it as a reference for scans 
at larger distances. The path-length can also be eliminated by using the second moment, M2. 
Another problem is reflection and scattering in the optical setup. The laser is scattered and 
reflected at any optical surface in the beam path. Because excitation and detection use the 
same beam path reflections show up in the time-resolved data, see bumps at late times in the 
DTOFs shown in Fig. 779. The reflections can only be minimised by carefully selecting the 
optical components, by using anti-reflection coatings, and by avoiding optical surfaces in 
planes conjugate with the pinholes. 

Another way to mitigate the influence of optical reflections is to use a time-gated SAPD (see 
Gated SPADs, page 180) as a detector. To explore the options of time-gated detection a sin-
gle-point (non-scanning) setup was built up and evaluated [764]. This setup was then up-
graded with scanning and multiplexing of two wavelengths [765] by the principles shown in 
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Fig. 777. Results were presented in [765] and [1194]. A characterisation of the system has 
been given in [348]. 

Optical reflections are not a problem when the scanner is used to detect fluorescence. They 
are then suppressed by the fluorescence filter. An example of fluorescence recording is shown 
in Fig. 780. Interestingly, the ICG lifetime is not constant, see also FLIM images in Fig. 534, 
page 369. 

    

Fig. 780: Left: Fluorescence images of ICG on paper. Excitation wavelengths from 701 nm (upper left) to 
780 nm (lower right). Fluorescence was detected from 800 nm to 850 nm. Right: Lifetime analysis with SPCI-

mage, excitation channel 770 nm. 

 

Muscle and Bone Studies 
Time-resolved DOT is sometimes used for optical biopsy of bone tissue, and to track heamo-
dynamics and oxygen kinetics in muscle tissue. Compared with instruments used for struc-
tural brain imaging the number of source and detection channels is normally considerably 
reduced. 

Instruments described in [302, 305, 1147] used two lasers multiplexed pulse-by-pulse and 
eight detection channels routed into a single SPC-630 channel. An instrument described in 
[48] used super-continuum generation in a photonic crystal fibre and a multi-wavelength 
TCSPC system based on a PML-16 and an SPC-630. Absorption and scattering coefficients 
were obtained at 16 wavelengths simultaneously. Binzoni et al. describe an instrument based 
on an SPC-130, a supercontinuum laser, and wavelength multiplexing by a rotating filter 
wheel. The instrument was used for characterisation of bone tissue phantoms [180]. 

An instrument for optical biopsy of bones based on a diode laser and a single SPC-330 
TCSPC channel was described in [379, 380]. Other instruments use a tuneable synchronously 
pumped dye laser and a Ti:Sapphire laser [888]. The lasers are switched into a single source 
fibre by a fibre switch. A single SPC-630 channel records the diffusely reflected light and a 
reference signal split off from the source fibre. 

 

Fluorescence Lifetime Detection in DOT 
The fluorescence lifetime of a fluorophore depends on its local environment. The lifetime of 
many fluorophores changes upon binding the protein and DNA. Extremely large changes can 
be obtained from FRET probes that contain a donor and an acceptor at the ends of a protein 
chain. The lifetime of the donor then depends on the folding of the protein chain. The folding 
changes upon binding to other proteins, and so does the lifetime of the donor. It is expected 
that such probes can be constructed to mark specific binding targets. 
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Fluorescence DOT as a diagnostic tool of human medicine is in an early stage, mainly be-
cause potential probes are not approved for the application to human patients. So far, only 
indocyanine green (ICG) can be used. ICG in water has a fluorescence quantum yield of about 
4% [328]. The fluorescence lifetime of ICG bound to human serum albumin (HSA) in water 
was determined to be double exponential, with contributions of 84% of 615 ps and 16% of 
190 ps [438, 745]. Please see also section ‘Near-Infrared FLIM’ page 367 in this book. The 
lifetime is clearly dependent on the solvent; for pure ICG in ethanol 550 to 650 ps are ob-
tained, see Fig. 764. Lifetimes this short are difficult to separate from the time-of-flight distri-
bution in thick, inhomogeneous tissue. It is therefore difficult to exploit possible lifetime 
changes of ICG for tissue characterisation. 

Another problem is the extraction of fluorescence lifetimes from DOT data. The extraction of 
pH-induced fluorescence lifetime variations from time-of-flight curves recorded by TCSPC 
was studied in [428]. The fluorescence of beads stained with IRD38 (Li-Cor, Inc.) embedded 
in agarose phantoms was recorded by TCSPC. A femtosecond titanium-sapphire laser was 
used for excitation, and a H7422-50 PMT module for detection. The decay curves were re-
corded by an SPC-730 TCSPC module. The authors show that the fluorescence decay can be 
separated from the instrument response function and the time-of-flight distribution of the bulk 
medium. 
 

Small-Animal Imaging 
Small-animal imaging is not limited by the strict constraints placed on DOT in human pa-
tients. Thus a large number of exogenous fluorophores can be used [1026]. Moreover, the 
typical tissue thickness is only a few millimeters, so that the excitation wavelength is not re-
stricted to the NIR only. Visible and UV excitation can be used to excite not only exogenous, 
but also a large number of endogenous fluorophores, including NADH, or GFP and its mu-
tants in transgenic organisms. The non-invasive character of DOT allows one to track the 
growth of a tumor, angiogenesis, invasion and metastasis, the progress of photodynamic ther-
apy, or the effect of drugs [304, 1026]. 

A complete time-resolved small-animal imager was available from ART Advanced Research 
Technologies Inc., Montreal, Canada. The animal (a mouse or a rat) was placed on a platform 
mounted on a translation stage. Scanning in the X direction was accomplished by moving the 
translation stage. In the Y direction the laser beam is scanned by a galvanometer mirror. The 
fluorescence light was collected by a lens, descanned by a second galvanometer mirror, and 
detected by a PMT. The signal was recorded by an SPC-130 TCSPC module. First results 
were presented by Gallant et al. [425]. Detection of a tumor in a mouse was demonstrated in 
[199]. A dye-labelled hexapeptide was used as a tumor marker. The marker accumulated in 
the tumor and the major excretion organs. In the tumor a fluorescence lifetime of 1.03 ns was 
found, compared to 800 ps in other tissue. Unfortunately, ART went out of business, and this 
wonderful instrument disappeared from the market. 

A system that records steady-state fluorescence images and time-resolved fluorescence data in 
single points by an SPC-130 card was described in [1166]. The authors used the instrument to 
observe the effect of vascular disruption agents on tumors in mice. 

A scanning system that records the images of the time-resolved fluorescence, diffuse fluores-
cence, diffuse transmittance, and fluorescence from both sides of a sample was described in 
[211]. The data in the four channels were recorded by an SPC-134 TCSPC system. The in-
strument was demonstrated on phantoms containing a fluorescent inclusion. 
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An instrument developed by Gao et al. uses the four parallel TCSPC channels of an SPC-134 
and multiplexes four signals into the detector of each channel by 4:1 fibre switches [432, 
738]. The laser was multiplexed into several source positions by another fibre switch. The 
instrument was demonstrated on small-animal-sized phantoms but was certainly capable of 
being used on the animals themselves. Image reconstruction procedures for the recording ge-
ometry used were described by Ma et al. [738] and Yang et al. [1245]. 

A small-animal system of the classic tomographic architecture has been built by Kepshire et 
al. [597, 598]. The principle of the system is shown in Fig. 781. 

The specimen is illuminated by a single laser beam. A gantry with five collection lenses is 
rotated around the specimen. The collected light is projected into optical fibres which transfer 
the light to the detectors. The light of each channel is split into a transmission and a fluores-
cence component. Both components of each channel are detected by H7422P-50 PMT mod-
ules. The PMT pulses are fed into three routers and processed by three TCSPC channels of 
the SPC-134 package. The forth TCSPC channel records a reference pulse from the laser. The 
signal is used to eliminate intensity variations and temporal drift. 
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Fig. 781: Small-animal fluorescence tomography system used by Kepshire et al. 

The system was used for tomographic imaging of a glioma tumor in a mouse. The authors 
exploited the fact that glioma tumors have increased concentration of protoporphyrin IX 
(PpIX). The concentration was further enhanced by administration of aminolevulinic acid 
(ALA). PpIX was excited at 635 nm and detected from 650 nm to 700 nm. The setup was sen-
sitive enough to detect a clear signal form the PpIX. The tumor image was reconstructed from 
the ratio of the fluorescence and transmission intensities. Because fluorescence and transmis-
sion data are acquired simultaneously this ratio is resistant to most calibration errors, distance 
changes, and tissue inhomogeneities. The data obtained this way were combined with mi-
cro CT data obtained from the same animal. Please see  [597, 598] for details. 

Another non-contact tomographic system with 7 fluorescence channels and 7 reflection chan-
nels has been built by Lapointe, Pichette, and Berube-Lauziere [677]. The basic optical archi-
tecture is shown in Fig. 782, left. The subject is placed on a shaft that can be rotated and 
shifted vertically. Fluorescence is excited by the beam of a Ti:Sapphire laser. Each optical 
detection channel contains a lens system that projects a small area of the subject on two 
PMC-100-20 detectors. One detector is used for fluorescence, the other for reflection. A di-
chroic beamsplitter in the beam path splits the light into a the two channels; filters are block-
ing unwanted spectral signal components. Adjustable irises in front of the detectors are used 
for regulation of the active detection area. The photon pulses from all 14 detectors are routed 
into the four TCSPC channels of an SPC-134 package. 
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Fig. 782: Fluorescence tomography setup of Lapointe, Pichette, and Berube-Lauziere. 7 detection channels con-
taining a fluorescence and a reflection detector each can be rotated around the sample. 

 

Mu, Pera and Niedre built a dual-channel multi-wavelength fluorescence and diffuse reflec-
tion imaging setup [817]. It consists of a supercontinuum laser, two nested motorized rotation 
stages, two PML-16-C multichannel detectors, and two SPC-130 TCSPC modules. The rota-
tion stages move both the sample and the detector positions so that tomographic imaging un-
der different projection angles is performed. From the laser, two illumination beams are de-
rived. The first one is used for fluorescence imaging, and has a spectrum from 630 to 680 nm. 
The second one is used for diffuse reflection imaging, and has a spectrum from 550 to 
850 nm. The principle is shown in Fig. 783, left, a photo of the setup is shown in Fig. 783, 
right. 

    

Fig. 783: Multi-wavelength fluorescence and diffuse reflection imaging setup of Mu, Pera and Niedre. Adapted 
from [817]. 

The authors verified the instrument and the data analysis algorithms with phantoms, and dem-
onstrated that they obtain homographic images for four fluorophores with 1 mm or better spa-
tial resolution. An similar setup with two SPAD detectors instead of the 16-channel PMTs is 
described in [816]. 

Technical Issues of DOT 

Pulse Dispersion in Optical Fibres 

Almost all devices for diffuse optical tomography are using fibres or fibre bundles to transmit 
the light from the lasers to the patient and to feed the diffusely transmitted or reflected light 
from the patient into the detectors. The fibres do not only simplify the optical setup but also 
decouple the patient electrically from the recording electronics. Unfortunately the temporal 
dispersion in the fibres noticeably impairs the time resolution. Moreover, the effective instru-
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ment response function (IRF) depends on the numerical aperture of the light cone coupled 
into the fibres. The effective aperture can be different for the recording of the IRF and the 
time-of-flight distribution at the patient, and severe errors in the determined optical properties 
can result [716]. A solution to the dispersion problem is to use a thin diffuser for IRF re-
cording. The diffuser is placed in front of the detector fibres and illuminates the fibre with the 
same aperture as the sample. Because a thin diffuser does not broaden the IRF noticeably the 
recorded IRF shape has been found very close to the correct one [716]. 

Any other optical elements that can change the effective numerical aperture at the entrance or 
exit if a fibre or fibre bundle have to be strictly avoided. Under no circumstances an iris 
should be used for intensity regulation. However, also absorptive and reflective neutral den-
sity filters yield different attenuation for rays of different obliquity. 

Changes of the effective NA can be particularly strong if a narrow-band interference filter is 
placed in the light cone in front of the fibre. The transmission wavelength of an interference 
filter shifts to shorter wavelength for oblique rays. With a narrow-band filter in a divergent or 
convergent beam, the outer part of the useful NA of the fibre can be entirely blocked by the 
filter. The correct solution is to put the filters into a collimated part of the beam. 

Collimation of the filter beam path is important also for fluorescence detection in a DOT 
setup. To separate the fluorescence from the much stronger excitation light, an extremely 
steep long-pass interference filter has to be used. If this filter is not used in a parallel beam, 
the filter transition broadens towards shorter wavelengths, with disastrous effect on the block-
ing of the excitation light. 

 

Laser Multiplexing 

Most of the currently existing DOT systems multiplex lasers pulse-by-pulse. This technique 
has a number of serious drawbacks: It reduces the effective stop rate of the TCSPC modules 
by the number of laser. This increases possible pile-up effects. Moreover, pile-up and count-
ing loss in the signal of one laser influences all signals later in the multiplexing period. The 
result is intensity crosstalk between the laser channels. There is also crosstalk by optical re-
flections on the fibres. A reflection from one laser channel normally shows up in the time in-
terval of another channel. The result is warp in the waveform recorded in this channel de-
pendent on the signal size of the channel that causes the reflection. Finally, thee is also 
crosstalk due to detector afterpulsing. The afterpulsing background is proportional to the total 
signal. However, the afterpulsing background of the detector is recorded in all laser channels. 
Consequently, there is also a crosstalk in the background. The effects are shown graphically 
in section ‘Multiplexing of Lasers’, page 287. 

A better way to record signals excited by several laser is to use the multiplexing capability of 
multi-dimensional TCSPC, see ‘Multiplexed TCSPC’, page 102 or ‘Multiplexing of Lasers’, 
page 287. The lasers are multiplexed in microsecond or millisecond intervals, and the routing 
signals are used to send the photons into separate memory blocks. The stop rate is the full 
laser repetition rate, and the TAC range needs not to be no longer than the signal duration. 
Pile-up, counting loss, reflections, and afterpulsing in one channel does not influence other 
channels. Another advantage is that that multiplexing on the microsecond or millisecond time 
scale can be used with the AOTFs of supercontinuum lasers, as shown in Fig. 777, page 570. 
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Detectors 

Time Resolution 

The typical width of the time-of-flight distributions recorded in DOT is on the order of a few 
ns. Therefore a detector IRF width of 150 to 300 ps is normally sufficient. Even longer detec-
tor IRFs are sometimes tolerated, especially if the pulse dispersion in long fibre bundles 
dominates the IRF width. It can, however, be expected that the stability of a curve fitting pro-
cedure and the standard deviation of the first and second moments of the recorded signal 
shape decrease dramatically when the IRF width reaches or exceeds the true width of the 
time-of-flight distribution. 

More important than the IRF width is the IRF stability. To reveal effects of brain activity, 
variations corresponding to changes in the first moment (M1) of a few ps must be reliably 
recorded. Maintaining a timing stability of a few ps over a wide range of count rates is any-
thing but simple. The most critical parts of the system are the PMT and its voltage divider. 

Extremely good timing stability has been obtained with the H5773, H5783 photosensor mod-
ules and, consequently, with the bh PMC-100 detectors that are based on these modules (see 
Fig. 242, page 156). Also the H7422 modules yields good timing stability [140]. 

Background 

Detector background has a detrimental effect on any time-resolved optical measurement. As 
an example, Fig. 784 shows a distribution of time-of-flight (DTOF) recorded with 1 % back-
ground. The influence of the background does not look dramatic, and one might presume that 
the effect can be ignored. 

 

Fig. 784: DTOF recording with a background of 1% of the peak intensity 

Now consider what happens when the first moment of the DTOF is calculated: The FWHM of 
the DTOF is 0.7 ns, and it contains approximately 3106 photons. The FWHM of the back-
ground is 10 ns. There are approximately 425,000 photons in the background. 

When the first moment is calculated the arrival times are added and divided by the number of 
photons. The absolute noise of the sum of the arrival times for the photons in the DTOF and 

in the background is about NFWHM . One might presume that the background does not 
add much noise because it contains far less photons than the DTOF. However, the FWHM of 
the background is 10 ns, whereas the FWHM of the DTOF is only 0.7 ns. The absolute noise 
contributions are thus 

   61037.0 ns = 1212 ns for the DTOF photons and 

   42500010ns = 1955 ns for the background photons 
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In other words, the timing noise contribution from the background is larger than the noise 
induced by the statistics of the DTOF photons! 

Subtraction of the background does not help because it does not reduce the contribution of the 
timing noise to M1. Keeping the recording (or calculation) time interval as small as possible 
may help a bit, but the only efficient way to obtain near-ideal signal-to-noise ratio of M1 is to 
reduce the frequency of background counts. 

Unfortunately, attempts to reduce the background by cooling the detectors are only partially 
successful: Most of the background in PMTs and SPADs comes from afterpulsing. The reason 
of afterpulsing in PMTs is ionisation of rest gas molecules, in SPADs it is trapping and diffu-
sion of electrons and holes of the previous avalanche breakdown. Although afterpulsing can 
be slightly reduced by optimising the detector operating voltages a dramatic improvement is 
only possibly by special detector design. 

The only large-area detector free of afterpulsing background known so far is the hybrid PMT. 
Fig. 785 shows a DTOF recording by a HPM-100-50 hybrid detector module (left) and by a 
R7400 PMT (right). The better dynamic range of the HPM recording is due to the absence of 
afterpulsing. 

       

Fig. 785: DTOF recorded with a bh HPM-100-50 hybrid detector module (left) and with an R7400 PMT (right). 
The DTOF is shown red, the IRF blue. 

Efficiency 

TCSPC-based DOT requires PMTs with a high efficiency in the NIR. Although the com-
monly used multi-alkali cathode works up to 820 nm, the efficiency above 750 nm is not sat-
isfactory. Reasonable sensitivity above 750 nm can be obtained from ‘extended-red’ multi-
alkali cathodes. PMTs with these cathodes work up to 850 nm. 

Recently, Hamamatsu has developed a ‘high efficiency extended red’ cathode, the NIR effi-
ciency of which comes close to that of the GaAs cathode. The new cathode is available in the 
H5773-20 and H5783-20 photosensor modules. The high timing stability, the short IRF, and 
the relatively low price of these modules make them the most useful single channel DOT de-
tectors currently available. However, reasonably low dark count rates can be obtained from 
these detectors only when they are cooled. Therefore, the bh PMC-100-20 detector module 
contains a thermoelectric cooler attached to an H5773-20 photosensor module. 

The most efficient cathodes in the wavelength range of DOT are GaAs cathodes. Although the 
cathode efficiency of different devices may differ considerably, a factor of 10 can be gained at 
800 nm compared to a conventional multi-alkali cathode. The GaAs PMT module most fre-
quently used in DOT is the H7422-50 [496]. 

The best DOT detector currently available is the bh HPM-100-50 hybrid detector module. It is 
based on the new Hamamatsu H10467-50. The detector has a GaAs cathode. Although direct 
comparisons have not been made yet the efficiency of the HPM-100-50 can be expected even 
a bit higher than for the H7422-50. Please see ‘HPM-100 Hybrid Detector’, page 161. 
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Detector Area 

In DOT experiments the light is diffusely emitted from a large area of the sample. Whatever 
optics are used, the intensity per area unit cannot be made higher than at the surface of the 
sample. That means good sensitivity can only be obtained with a detector of large active area. 
This is no problem for PMTs which have active areas of at least a few millimeters in diame-
ter. 

Active area is, however, a problem to SPADs. Fast SPADs have diameters of 50 to 100 µm 
[551, 785]. Compared with a PMT of 5 mm diameter the area is 2500 to 10,000 times smaller 
and so is the detected signal. Although SPADs have good quantum efficiencies in the NIR 
they cannot compete with PMTs in terms of sensitivity. 

Fig. 786 shows a comparison of an MPD PDM-50 SPAD with a HPM-100-50 hybrid detector 
module. The SPAD has an active diameter of 50 µm, the hybrid detector of 3 mm. The quan-
tum efficiencies are approximately the same. 

 

Fig. 786: Comparison of a 50µm SPAD with a hybrid PMT of 3mm active diameter. Phantom measurement, 
numbers indicate source-detector distance 

The comparison was done at a phantom with realistic optical properties. With the SPAD, rea-
sonable signals were obtained for source-detector distances of 2, 3 and 4 cm. With the hybrid 
detector good signals were obtained for 6, 7, and 8 cm. Shorter distances were not used be-
cause the signals caused overload in the detector. (Of course, signals at shorter distance can 
be recorded with ND filters.) The results are interesting in several respects. 

First, the results confirm a general rule of thumb of optical tomography: The intensity drops 
by about an order of magnitude for every centimetre increase in source-detector distance. 

Second, from the results it can be estimated that the HPM-100-50 detects about 10,000 times 
more photons than the SPAD. 

Third, this huge increase in sensitivity translates into an increase of the applicable source-
detector distance by a only factor of two. A factor of two may be a lot when penetration depth 
into tissue is considered but it is ridiculous considering a sensitivity ratio of four orders of 
magnitude. This should be kept in mind when different detectors are compared: Sensitivity 
differences have minuscule influence on the maximum source-detector distance unless they 
are larger than an order of magnitude. Even the SPADs with their tiny area deliver good re-
sults if the source-detector distance in no larger than 4 cm. 

The dependence of the intensity on the source-detector distance should be kept in mind also 
when laser power is considered. Compensating for intensity drop at increased source-detector 
distance by increased laser power soon leads to unrealistic power levels. 
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Picosecond Photon Correlation 
Classic light sources emit photons randomly, independent of each other. Typical examples are 
thermal sources or fluorescence from a large number of molecules. The distribution of the 
time intervals between successive photons drops exponentially for increasing time intervals. 

For light generated by nonlinear optical effects and fluorescence of single molecules [47], 
single quantum dots [783, 1134, 1257, 1283] or other semiconductor nano-structures this is 
not necessarily the case. A molecule cannot perform a new absorption-emission cycle before 
the previous one is completed. Similar effects are observed in semiconductor nanostructures. 
Thus the fluorescence photons are no longer independent of each other - the distribution of 
the photons drops at times shorter than the lifetime of the excited state. The opposite can hap-
pen by nonlinear optical effects in crystals. An example is parametric downconversion. Such 
effects can literally split one photon of the pump radiation into two, which are then highly 
correlated [788, 789, 790]. Investigation of all these effects requires the detection and correla-
tion of photons on the ps and ns scale. 

Picosecond photon correlation experiments have some similarities with fluorescence correla-
tion spectroscopy (FCS). FCS investigates the fluctuations of the fluorescence intensity of a 
small number of molecules confined in a small sample volume (see ‘Fluorescence Correlation 
Spectroscopy’, page 585). The intensity fluctuations are correlated on a time scale from mi-
croseconds to milliseconds. Therefore, FCS differs from typical picosecond correlation ex-
periments in the way the photons are correlated. Moreover, FCS effects are driven by diffu-
sion, intersystem crossing, conformational changes, or other sample-internal effects, while 
typical picosecond correlation effects are driven by the absorption of the photons of the exci-
tation light. 

Optically driven photon correlation experiments normally require confining the detection or 
the excitation to a sample volume on the order of femtoliters. This is achieved either by con-
focal detection or two-photon excitation in a microscope. The optical principles are the same 
as in confocal and two-photon laser scanning microscopes, see ‘Time-Resolved Laser Scan-
ning Microscopy’, page 331. However, most correlation experiments do not require fast scan-
ning and can be performed in relatively simple microscopes. 

The classic photon correlation experiment records a histogram of the time intervals between 
the photons of the investigated signal [47, 500]. Unfortunately, the detector dead time makes 
it impossible to detect the photons in a single detector and to measure the times between the 
photons on the ps time scale. Moreover, ringing in the detector, reflections in the detector 
signal, and afterpulsing preclude a reasonable correlation of the pulses from a single detector 
on a time scale below 100 ns. The problem of the detector dead time is avoided by the Han-
bury-Brown-Twiss setup [500]. This setup is the basis of almost all TCSPC photon correla-
tion experiments. 

The principle is shown  in Fig. 787. The investigated light signal is split by a 1:1 beam split-
ter, and the two light signals are fed into separate detectors. One detector delivers the start 
pulses, the other the stop pulses of a TCSPC device. The stop pulses are delayed by a few ns 
to place the coincidence point in the centre of the recorded time interval. The setup delivers a 
histogram of the time differences between the photons at both detectors. Because separate 
detectors are used for start and stop, there is no problem with the detector dead time. 
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Fig. 787: Dual-detector (Hanbury-Brown Twiss) photon correlation setup 

Antibunching 
In fluorescence experiments the Hanbury-Brown-Twiss setup can be used with continuous 
excitation or with excitation by picosecond pulses. Continuous excitation of a small number 
of fluorescent molecules delivers the typical ‘antibunching’ curve [47]. An example is shown 
in Fig. 788. The curve was recorded with two H7422-40 PMT modules (Hamamatsu) con-
nected to one channel of a bh SPC-134 TCSPC package. 

 

Fig. 788: Antibunching curve for Rhodamine 110, CW excitation, one SPC-134 channel, H7422-40 detectors, 
1 ns/div  

Similar TCSPC-based antibunching experiments have been used to investigate single photon 
emission from optically [1134, 1283] and single-photon emission from optically or electri-
cally [419, 1257] driven quantum dots. 

The setup shown in Fig. 787 is also used for experiments based on parametric downconver-
sion. A nonlinear crystal produces photon pairs the energy of which is equal to the energy of 
the pump photons. The measurement then delivers a correlation peak on a baseline of ran-
domly detected background photons. The effect can be used for tests of quantum mechanics 
and a number of metrological applications [216]. The measurement of absolute detector quan-
tum efficiencies by using photon pairs generated by parametric downconversion [667, 788, 
789, 790, 910, 1215] is shown in Fig. 865, page 637. 

Antibunching experiments with pulsed excitation are described in [397] and [1220]. The 
measurement delivers a number of correlation peaks spaced by the laser pulse interval. If the 
laser pulse width is much shorter than the fluorescence lifetime there is almost no chance that 
a single molecule is excited several times within one laser pulse. Consequently, the emission 
of a photon pair from a single molecule becomes extremely unlikely. The ratio of the height 
of the central coincidence peak to the adjacent peaks is therefore an indicator of the number of 
the molecules in the excited volume, see Fig. 789. 
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Fig. 789: Antibunching with pulsed excitation. The result is a train of correlation peaks spaced by the laser pulse 
period. The height of the central correlation peak depends on the number of molecules in the focus. 

Technical Aspects 
Because the correlation experiments described above are simple start-stop experiments they 
can be performed with any bh TCSPC module. For experiments with PMTs the SPC-x30 
modules should be preferred because these have identical CFDs in the start and the stop chan-
nel. 

The coincidence rate (the rate of complete start-stop events) of the Hanbury-Brown-Twiss 
experiment is normally very low. At the light intensity obtained from typical samples, it is 
relatively unlikely that two photons appear within a time interval of a few nanoseconds. Con-
sequently the coincidence rate depends on the square of both efficiency of the optical system 
and the detector efficiency. The design of the optical system and the selection of the detectors 
are therefore crucial points of photon correlation experiments. 

Most photon correlation experiments use single photon avalanche photodiodes (SPADs), es-
pecially the SPCM-AQR detectors of Perkin Elmer [884]. However, these detectors often 
experience timing shift and transit time jitter dependent on the wavelength and the count rate. 
Although the timing drift of both detectors of a Hanbury-Brown-Twiss experiment may par-
tially compensate, it is difficult to obtain a time resolution better than 0.5 ns or to investigate 
changes in the correlation function versus intensity. 

A troublesome effect of SPADs is light emission from the APD. When an avalanche is trig-
gered in the APD, a small amount of light is emitted. The effect and its implications for pho-
ton correlation experiments and quantum key distribution are described in detail in [1164] and 
[664]. If the detectors are not carefully optically decoupled, false coincidence peaks appear. 
The effect on TCSPC correlation measurements and the way to avoid artefacts are discussed 
in [140]. 

Timing instability and optical crosstalk can be avoided by using PMTs with high-efficiency 
GaAsP photocathodes, such as the Hamamatsu H7422-40 module [496]. The IRF of these has 
a width of 200 to 350 ps. The IRF is almost independent of the wavelength and remains stable 
up to count rates in the MHz range. The quantum efficiency reaches 40% around 500 nm, see 
Fig. 231, page 147. Better time resolution is obtained with hybrid detectors, please see page 
138 for principles. The bh HPM-100-40 module has an IRF width of about 120 ps, and a cath-
ode efficiency of almost 50%. Please see page 161. 
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Fluorescence Correlation Spectroscopy 

Principle 
Fluorescence correlation spectroscopy (FCS) is based on exciting a small number of mole-
cules in a femtoliter volume, detecting the fluorescence photons, and correlating the fluctua-
tions of the fluorescence intensity. The fluctuations are caused by diffusion, rotation, intersys-
tem crossing, conformational changes, or other random effects. The technique dates back to a 
work of Magde, Elson and Webb published in 1972 [742]. Theory and basic applications of 
FCS are described in [173, 924, 925, 926, 1015, 1016]. 

The required femtoliter detection can only be achieved in the focus of a high-NA microscope 
lens. That means FCS measurements must be performed in a microscope or a similar optical 
setup. Excitation and detection from a sufficiently small volume can be achieved by confocal 
detection or by two-photon excitation. The principle is the same as in a laser scanning micro-
scope, see ‘Time-Resolved Laser Scanning Microscopy’, page 331. 

In a confocal microscope a laser beam is focused into the sample through the microscope ob-
jective lens, see Fig. 790, left. The laser excites fluorescence by the conventional one-photon 
absorption process. The fluorescence light from the sample is collected back through the mi-
croscope lens, separated from the laser by a dichroic mirror, and fed through a pinhole in the 
upper image plane of the microscope lens. Fluorescence light from above or below the focal 
plane is not focused into the pinhole and therefore substantially suppressed. With a high-
aperture objective lens the effective sample volume is of the order of a femtoliter, with a 
depth of about 1 µm and a width of about 300 nm. 

A similarly small sample volume can be obtained by two-photon excitation, see Fig. 790, 
right. A femtosecond laser is used to achieve the required power density. Different than one-
photon excitation and confocal detection (which suppresses out-of focus detection) two-
photon excitation avoids out-of-focus excitation. The fluorescence light therefore need not be 
sent through a pinhole. It can be sent directly to a detector. 
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Fig. 790: Left: One-photon excitation and confocal detection. A pinhole in the upper focal plane of the micro-
scope suppresses light from outside the focal plane in the sample. Right: Two-photon excitation. Excitation 

occurs only in the focus of the laser. The fluorescence light is projected directly on the detector. 
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Instead of a single detector several detectors detecting in different wavelength intervals or 
under 0° and 90° of polarisation can be used. It is also possible to use two lasers simultane-
ously to excite different fluorophores. 

The single-photon pulses from the detector are recorded by a TCSPC Module in the parame-
ter-tag mode, Fig. 203, page 115. In setups with several detectors the photon pulses of the 
detectors are either connected to a single TCSP module via a router or to separate TCSPC 
modules. The router setup is used for system which are primarily used for FCS. The limited 
count rate of a single TCSPC channel is then not a problem. Systems which are used for 
FLIM and FCS normally use a parallel-channel architecture. In these systems the detectors 
are connected to separate TCSPC modules. 

Calculation of FCS curves from the TCSPC data 

The (un-normalised) autocorrelation function G() of an analog signal I(t) and the cross-
correlation function, G12(), of two signals I1(t) and I2(t) are 

 

For photon counts, N, in consecutive, discrete time channels G() and G12() can be obtained 
by calculating 

   )()()(  tNtNG    )()()( 2112  tNtNG  

For a randomly fluctuating signal, I(t), the autocorrelation function G() assumes high values 
only if the intensity values, I, at a given time, t, and at a later time, t+ are correlated. Uncor-
related fluctuations of I cancel over the integration time interval. Similarly, G12() assumes 
high values if the fluctuations in both signals, I1(t) and I2(t+), correlate with each other. The 
drop of G() and G12() over the shift time, , shows how far the fluctuations are correlated in 
time. The general behaviour of the auto- and cross-correlation functions is illustrated in Fig. 
791. 
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Fig. 791: General behaviour of the autocorrelation function, G(),of a signal I and the cross-correlation function, 
G12(), of  the signals I1 and I2 

The autocorrelation (shown left) has a sharp peak at  = 0. (The function correlates perfectly 
with itself). The slow fluctuations in I(t) represent themselves in a high correlation at medium 
. For   longer than the typical time of the slow fluctuations G() drops to very low values. 
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The cross-correlation function of the two signals, I1 and I2, is shown right. The slow fluctua-
tions in I1 and I2 have the same general appearance. However, the noise in I1 and I2 is differ-
ent. Therefore only the fluctuations correlate and give a noticeable contribution to G12(). 

The equations shown above are appropriate to calculate correlation functions from analog 
signals. They do, however, not well apply to time-tagged photon counting data recorded by 
TCSPC. Such data do not display a continuous waveform as shown in Fig. 791 but are rather 
a random sequence of individual detection events. 

The general correlation procedure for parameter-tagged photon data is illustrated in Fig. 792. 
In typical TCSPC data, the time-channel width, T, is shorter than the dead time of the detec-
tor/photon counter combination. Therefore only one photon can be recorded in a particular 
time channel. Consequently, N(t) and N(t + ) can only be 0 or 1. The calculation of the auto-
correlation function therefore becomes a simple shift, compare, and histogramming proce-
dure. The times of the individual photons are subsequently shifted by one time-channel inter-
val, T, and compared with the original detection times. The coincidences found between the 
shifted and the unshifted data are transferred into a histogram of the number of coincidences, 
G, versus the shift time, . The obtained G() is the (un-normalised) autocorrelation function. 
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Fig. 792: Calculation of the autocorrelation function from TCSPC time-tag data 

The cross-correlation function between two signals is obtained by a similar procedure. How-
ever, the photon times of one detector channel are shifted versus the photon times of another 
channel. 

The result of the shift-and-compare procedure is not normalised. Normalisation can be inter-
preted as the ratio of the number of coincidences found in the recorded signal to the number 
of coincidences expected for an uncorrelated signal of the same count rate. The normalised 
autocorrelation and cross-correlation functions are 
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with nT = total number of time intervals, Np1 = total number of photons in signal 1, Np2 = total 
number of photons in signal 2. 

The procedure illustrated in Fig. 792 yields G() in equidistant  channels. The width of the  
channels is equal to the macro time clock period of the SPC module, T. The algorithm is 
known as the ‘Linear Tau’ algorithm. The equidistant  channels result in an easily predict-
able statistics. This is a benefit if a model function is to be fitted to the correlation function. 
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Unfortunately, for long correlation times the algorithm would result in an extremely large 
number of   channels in G(), and in intolerably long calculation times. 

The SPCM operating software of the SPC module therefore applies binning steps to the pho-
ton data during the correlation procedure. The general procedure is illustrated in Fig. 793. 

t

t+T

Histogram of coincidences

photon data

shifted photon data

t+2T

shifted photon data

photon data

Binning 3:1

shifted photon data

shifted photon data

Histogram of coincidences

photon data

n(t1)n(t2)

after

steps:

k

 

Fig. 793: Correlation procedure with progressive binning 

The procedure starts with a number of shift-and-compare operations as shown in Fig. 792. 
However, after a number, k, of shift-and-compare operations the remaining photon data are 
binned by a factor of three. (The factor of three is used to keep the new time intervals centred 
at multiples of the original time channel width, T.) Then the shift-and-compare operation is 
continued on the binned data. After every k operations a new binning step is performed. 
Thus, the width of the  channels increases progressively. The progression is the faster the 
smaller the progression parameter, k is chosen. The procedure shown in Fig. 793 delivers 
similar results as the ‘multi- algorithm’ commonly used in conventional correlators [619]. 
The results have the typical logarithmic scale of the correlation time and the typical signal-to-
noise behaviour caused by the progressive binning, see Fig. 794. 

 

Fig. 794: FCS curve obtained by the progressive-binning algorithm. Data recorded by SPC-150 module and 
HPM-100-40 hybrid detector, FCS curve calculated online. The red curve is a fit with a two-component diffu-

sion model. 

The calculation of FCS by the algorithms shown above are based exclusively on the macro 
times of the photons. FCS and Cross-FCS can therefore also be obtained by excitation with 
CW lasers. There is only one technical requirement: The TCSPC module needs a pulse at its 
Sync input after each photon to complete the TAC-ADC time conversion cycle. The sync 
pulse can come from an LSG-02 auxiliary Sync generator module or from a pulsed laser of 



Using Micro-Time Information in Combination with FCS    589 

 

the microscope system that is electrically active but optically turned off. Please see Fig. 826, 
page 605. 

Applications of FCS aim at the estimation of the size of labelled biomolecules, on the detec-
tion of interaction between biomolecules, and on the determination of the number of fluores-
cent molecules linked to a special biomolecule. The size of the biomolecules can be derived 
from the diffusion time, i.e. the point of the autocorrelation function at which drops to 50 % 
of its maximum. More accurately, the diffusion time is obtained by fitting the autocorrelation 
function with an appropriate model. Interaction of molecules is derived from the cross-
correlation functions. Different biomolecules are labelled with fluorophores of different ab-
sorption and emission spectra. The cross-correlation (FCCS) function of the two signals indi-
cates whether the constructs diffuse together or independently. The number of emitters in a 
biomolecule is obtained via its ‘molecular brightness’, i.e. the photon rate divided by the 
number of molecules in the detection volume. Please see [391, 821, 822, 855, 1019, 1020, 
1219, 1219, 1221] for applications in conjunction with TCSPC. 
 

Using Micro-Time Information in Combination with FCS 
If the fluorescence is excited by pulsed lasers the micro time of the photons can be used in 
several ways. 

Simultaneous Recording of FCS and Fluorescence Decay Functions 

Obviously, fluorescence decay curves can be obtained in parallel with the FCS or FCCS 
measurement. All that is necessary is to build up a photon distribution over the micro times of 
the photons, see Fig. 795.  

    

Fig. 795: Combined FCS and Fluorescence Decay recording. Left: Free Na-fluorescein in water. Right: Dex-
trane labelled with Alexa 488 in water. The fluorescein has a longer decay time than the Alexa but diffuses 

much faster than the large dextrane-alexa constructs. 

A typical application is the study of protein structure, where the donor lifetime of a FRET pair 
attached to the protein delivers the folding state and the diffusion time the overall size of the 
molecule [855, 1219]. FCS in combination with decay measurement in two polarisation chan-
nels is used to combine FCS with fluorescence anisotropy and anisotropy decay measurement. 
FCS delivers the diffusion time and the molecular brightness. These values deliver informa-
tion on the size of the molecule, on possible protein aggregation, and on the number fluoro-
phore molecules linked to the protein. The anisotropy and the anisotropy decay show homo-
FRET between the fluorophore molecules and thus deliver structural information [646, 833, 
1131]. Even if the fluorescence decay functions are not used to derive information on the 
molecules investigated they can helpful to identify problems, such as contamination by fluo-
rescent contamination, autofluorescence, or Raman scattering. 
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Time Gating of FCS 

FCS signals are sometimes contaminated by Raman scattering. Raman light shows up as a 
sharp peak at the beginning of the fluorescence decay. The Raman light can be suppressed by 
time-gating. Time gating can be achieved either by setting a time gate in the TAC parameters 
of the TCSPC hardware, or by excluding photons with macro times outside a selectable time 
window in the FCS calculation. Time gating can also be necessary when FCS is recorded with 
pulse-interleaved excitation (PIE). 

     

Fig. 796: Gated FCS, detected light contains Raman scattering. Left: Fluorescence decay with Raman peak, FCS 
curve calculated from entire signal. Right: Raman peak gated out, FCS calculated inside selected time window. 
Note the increased FCS amplitude. Zeiss Intune system, Becker & Hickl SPC-150 TCSPC-FLIM module with 

HPM-100-40 hybrid detectors. 

Filtered FCS 

Micro times can be used to separate FCS signals of fluorophores of different fluorescence 
decay times. In that case, the photons are weighted with a coefficient derived from the micro 
time via a filter function [201, 399]. The technique can also be used to reject detector back-
ground signals, Raman scattering, or unwanted background fluorescence. 

Global Fit of FCS and Decay Data 

Another way to improve the separation of several diffusion components in FCS analysis has 
been developed by Anthony and Berland [21, 22]. Assume there are several fluorescing spe-
cies of similar or nearly similar excitation and emission spectra. These species diffuse at dif-
ferent speed. In principle, the two diffusion components can be separated by fitting the FCS 
data with a model that contains two diffusion components. The problem is that, unless the 
diffusion times are very different, the components can be separated only at limited accuracy. 
However, if the two species have different fluorescence lifetimes the relative amplitudes can 
be obtained via double-exponential decay analysis. The amplitudes can then be used in the 
FCS analysis to obtain a more reliable fit. An even more robust fit is obtained if all parame-
ters, i.e. the fluorescence lifetimes, the component amplitudes, and the diffusion times of the 
components are determined by a global fit [21, 22]. 

FCS Down to the Picosecond Time Scale 

A single TCSPC channel is able to deliver FCS data down to a correlation time of the module 
dead time, i.e. about 100 to 125 ns. Cross correlation is obtained down to the macro time reso-
lution, i.e. 25 to 50 ns, depending on the SPC module type. 

By including the micro times, photons can be correlated down to the picosecond time scale. 
The principles has been introduced by Felekyan et. al. in 2005 [397]. They used two synchro-
nised TCSPC modules in the setup shown in Fig. 797, left. Fluorescence in the sample is ex-
cited by a CW laser in a femtoliter sample volume. The fluorescence light is split into two 
detectors, the signals of which are recorded by two TCSPC modules. The stop pulses for the 
time measurement come from an external 80 MHz clock generator. The internal macro time 
clock is synchronised to the signal at the stop inputs of the TCSPC modules [140]. The 
TCSPC modules work in the parameter-tag-mode; the single-photon data are constantly read 
by the system computer. By using both the micro times and the macro times FCS data were 
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obtained at a resolution of about 20 ps. The algorithm is described in [397], and included in a 
single-molecule analysis software package of the University of Düsseldorf [398]. 
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Fig. 797: Picosecond fluorescence correlation with two synchronised TCSPC modules. Courtesy of  S. Felekyan, 
R. Kühnemuth, V. Kudryavtsev, C. Sandhagen, and C.A.M. Seidel, University Düsseldorf 

At first glance, it may look surprising that this method works: The TCSPC modules used in 
the setup determine the micro times by an advanced TAC/ADC principle. This delivers high 
resolution micro times at excellent stability. However, the time scales of the micro time and 
the macro time are not strictly comparable, and there may be minor overlaps or gaps in the 
two time scales. It can also happen that photons with arrival times too close to a stop pulse are 
not recorded. However, all these effects are correlated with the signal from the external clock 
oscillator. They are not correlated with the photons. The correlation of the photon data there-
fore delivers correct results. 

Applications of picosecond correlation to dye-exchange dynamics of R123 in micellar solu-
tions and supra-molecular cyclodextrin-pyronin complexes are described in [839] and [14]. 
Combined with FRET measurement, the method has been used to study conformational 
changes in a yellow chameleon Ca+ sensor [206]. It has also been used to study complexes of 
adamantane and cyclodextrin [467], and micellar exchange dynamics [204]. 

Picosecond correlation is easy with TCSPC devices using direct time-to-digital conversion by 
TDC chips, especially if the chips contain several channels operated by the same internal 
clock. A picosecond correlation curve recorded by a Becker & Hickl DPC-230 photon corre-
lator is shown in Fig. 798. 

 

Fig. 798: Picosecond photon correlation by DPC-230 photon correlator 

FCS System Parameter Setup 
Typical system setup parameters for FCS measurements with the bh SPC-150 and SPC-830 
modules are shown in Fig. 799 through Fig. 802. The parameters may slightly differ for dif-
ferent TCSPC module types, but the general features are the same. 
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Measurement Control Parameters 

The measurement control part of the System Parameters is shown in Fig. 799. ‘Operation 
Mode’ is set to ‘FIFO’. The settings shown on the left calculate and display decay curves, 
FCS curves, and an MCS (intensity) trace online. The time-tag data are not saved. The set-
tings shown on the right calculate the curves online, but simultaneously save the time-tag data 
into a file ‘fluorescein-a.spc’. The maximum file size is 100 MB. The measurement stops 
when this file size is reached. The measurement can also be stopped after a defined acquisi-
tion time. Please activate the ‘Stop T’ button if you want to stop after a specified time. 

‘Max Buffer Size’ defines a buffer in the RAM of the computer. If enough RAM is available 
the buffer size should be as large as or larger than the specified file size. The SPCM software 
then stores the time-tag data into the RAM before it writes them on the hard disc. The data 
readout is then not slowed down by hard disc operations. 

The experiment trigger is not used; the setting is ‘None’. You may use the experiment trigger 
if you want to start the recording synchronously with an external event. Please note that you 
have to use the trigger if you want to cross-correlate photons recorded in different SPC-830 
modules of a two-module system. For a dual-SPC-150 (SPC-152) system this is not neces-
sary. The start of the recording in both modules is synchronised via a signal line on the fan 
assembly board. 

                   

Fig. 799: FCS: Measurement control part of the ‘System Parameters’ panel. Left without, right with saving of 
the single-photon data. 

‘Collection Time’ defines the acquisition time for the ‘Stop T’ option. ‘Display Time’ is the 
update interval for the online display. 

The online calculation of FCS is configured via the configure panel shown in Fig. 802. With 
the settings shown, decay curves, FCS curves, and an MCS (intensity) trace are shown. FCS 
curves are calculated by a multi-tau algorithm, and within a correlation time window of 
10 ms. The MCS trace is displayed at a resolution of 1 ms per point. 

TCSPC System Parameters 

The TCSPC parameter section of the system parameters is shown in Fig. 800. The left panel 
shows a setup for an SPC-150 (single-channel) or an SPC-152 (dual-channel) system. The 
number of routing channels is 1, because there is only one detector per module. The right 
panel is for an SPC-830 that has two detector connected via a router. The number of routing 
channels is therefore two. Please note that the FIFO mode always records with 4096 time 
channels. ‘ADC Resolution’ is therefore disabled. 
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Fig. 800: TCSPC parameter section of the system parameters. Left: SPC-150 or SPC-152, one detector per SPC 
module. Right: SPC-830, two detectors connected 

Source of Macro Time Clock 

For FCS experiments with pulsed lasers it is recommended to use the SYNC frequency from 
the laser as a macro time clock. This avoids artefacts by aliasing of the laser repetition fre-
quency with the internal macro time clock. The macro time source is defined under ‘More 
Parameters’ in the System Parameters panel. 

 

Fig. 801: Definition of the laser frequency as a macro time source 

FCS FIT 

The SPCM software is able to run a fit on the calculated FCS data. The setting shown in Fig. 
802, left, are without, the settings shown right with an FCS fit. The model contains two diffu-
sion times, tau1 and tau2, and a triplet time, tau trip. F is the relative triplet population, N the 
number of molecules in the detection volume, and Y the relative amplitude of the slow diffu-
sion component. For the online fit we recommend to use a simple model, preferably one dif-
fusion time and a triplet time. The start values of the fit procedure are defined on the right of 
the ‘Configure’ panel. 

    

Fig. 802: Configuration of the online display. Decay curves, FCS curves, and an MCS trace are displayed. The 
left setup is without, the right setup with an FCS fit. 
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SPCM Main Panel 

Panel Configuration 

With the online display configured for decay, FCS, and MCS the main panel of the SPCM 
software assumes a configuration as shown in Fig. 803. The window sizes may be different 
when the panel is configured the first time, but can be resized according to the requirements 
of the user. We recommend to switch on ‘Scale Contents on Resize’ option under ‘Display’. 

 

Fig. 803: Main panel with decay curve, FCS, and MCS trace windows. 

Trace Parameters 

The curves to be displayed in the three curve windows are defined under ‘Trace Parameters’. 
Each curve window has its own trace parameters. To open the trace parameters, click on ‘Dis-
play’, ‘Trace Parameters’. A click into one of the curve windows selects the corresponding 
trace parameter set. The panels for the decay curve window and the FCS window are shown 
in Fig. 804, left and right. The panels show the simple case that the decay curve of one detec-
tor, and the autocorrelation and the fit for the same detector are to be displayed. 

    

Fig. 804: Trace parameters. Left for decay window, right for FCS window. One detector channel, autocorrela-
tion. 

The FCS trace parameters for cross-correlation is shown in Fig. 805. The left setup is typical 
of an SPC-152 system. It has two parallel TCSPC modules. The trace parameters define cor-
relation of the data of Module 1 with those of Module 1, and correlation of the data of Module 
2 with those of Module 2. These are the autocorrelation curves. The third curve is correlation 
of Module 1 versus Module 2. This is the cross-correlation. The fit is run on the cross-
correlation data. 
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Fig. 805: Trace parameters for dual-channel system. Left: Dual-module system. Right: Single-module system 
with routing. Both parameters sets define autocorrelation of both channels, cross-correlation between both chan-

nels, and a fit of the cross-correlation data. 

The setup shown in Fig. 805, right, is for a single-TCSPC system with routing. It calculates 
autocorrelation of Detector 1 (Curve 1 vs. Curve1), autocorrelation of detector 2 (Curve 2 vs. 
Curve 2), and cross-correlation (Curve 1 vs. Curve 2). The fit is run on the cross-correlation 
data. 

Synchronous Start of Several TCSPC Modules 

For cross-correlation of photons recorded in different TCSPC modules it is required that these 
not only work on the same macro-time clock period but also start their recordings synchro-
nously. Identical macro time clock periods can be achieved by using the laser sync, see Fig. 
801. Simultaneous starting of several SPC-150 modules is achieved by declaring one module 
as a ‘Trigger Master’, see Fig. 806, left. Cross-correlation of several SPC-830 channels re-
quires the modules to started via the ‘Experiment Trigger’, see Fig. 806, right. 

               

Fig. 806: Left: Synchronous start of several SPC-150 modules via the trigger master function. Right: Synchro-
nous start of SPC-830 modules by the experiment trigger. 

Display Parameters 

The display scale (linear or logarithmic) and the curve style (curves, points, connected points) 
are defined in the ‘Display Parameters’. As for the trace parameters, every display window 
has its own display parameters. The display parameter panels for the decay and the FCS win-
dow are shown in Fig. 807. 

                  

Fig. 807: Display parameters. Left for decay window, right for FCS window  
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Gated FCS 
Time-gating of FCS can either be achieved offline by bh Burst Analyzer software or online by 
using the TCSPC hardware gating function. Hardware gating was achieved by defining ap-
propriate values for ‘TAC Limit Low’ and ‘TAC Limit High’ parameters as shown in Fig. 
808. By reducing ‘TAC Limit High’ photons within the Raman peak were excluded from be-
ing recorded, see  Fig. 809, right. Similarly, ‘TAC Limit Low’ can be used to suppress late 
photons that are caused by detector background. 

        

Fig. 808: Suppression of a Raman peak by the parameter ‘TAC Limit High’. 

  

Fig. 809: Left: Un-gated FCS recording. The sharp peak in the decay curve is caused by Raman scattering. 
Right: Gated FCS recording. The Raman peak is suppressed, with a corresponding increase of the correlation 

coefficient. 

Fig. 809, left, shows the un-gated signal. The Raman signal is visible as a sharp peak at the 
beginning of the fluorescence decay. In Fig. 809, right, the Raman peak has been gated off. 
The correlation amplitude is clearly higher than in the un-gated case. 

FCS with Laser Scanning Microscopes 
FCS can be obtained in any confocal or two-photon laser scanning microscope that has a bh 
FLIM system with SPC-830, SPC-150, or SPC-160 TCSPC modules. It is, however, required 
that the laser scanning microscope is able to stop its scan in a spot of interest and keep the 
beam position stable without noticeable spatial jitter. Beam jitter was the weak point of older 
laser scanning microscope. Some of them had a ‘Spot’ mode which in fact did not stop the 
scan but only reduced the scan area to the minimum possible value. The scan amplitude was 
usually larger than the Airy disc diameter of the microscope lens. The result was that decay 
data were recorded but no correlation showed up in the FCS data. Another reason of failure to 
record FCS is misalignment of the optics. If the pinhole of a confocal microscope does not 
correctly coincide with the focus of the laser the sensitivity goes dramatically down, the effec-
tive confocal volume increases, and the FCS signal is lost. The FCS performance of a few 
typical laser scanning microscopes is demonstrated below. 
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FCS with the LSM 510 

Unfortunately neither the NDD nor the confocal detection path of the LSM 510 was perfectly 
suitable for FCS detection. The confocal output from earlier 510s was an optical fibre. The 
efficiency was low, and no signals were recorded from samples with FCS-typical concentra-
tions. Late LSM 510s had a direct-beam output from the scan head. This output had good ef-
ficiency. However, it was difficult, if not impossible, to connect additional lasers to the 
LSM 510. FCS could therefore by recorded only with the internal CW lasers. 

The LSM 510 multiphoton systems could be used for FCS. The fluorescence was excited by 
two-photon excitation and detected by H7422-P40 detectors at the two of the Zeiss NDD 
(non-descanned detection) module. A typical result is shown in Fig. 810. 

        

Fig. 810: FCS functions measured in an LSM 510 NLO multiphoton microscope. SPC-830 FLIM module, HRt-
41 router, two H7422P-40 detectors. Two-photon excitation at 860 nm, detectors attached to the Zeiss NDD 

module. Left: Autocorrelation of one detector. Right: Cross-correlation between both detectors. 

 

Zeiss LSM 710/780/880/980 

The LSM 710/780/880/980 microscopes have excellent efficiency both for the confocal detec-
tion path and the NDD path. The LSM 710 can thus be used both for confocal (one-photon) 
FCS and for two-photon FCS. FCS applications of the LSM 710 FLIM systems especially 
benefit from the superior performance of the HPM-100-40 detectors [146]. 

ZEN Software Setup 

FCS requires that the laser beam is pointed to a defined spot in the sample and kept there for 
the time FCS data are acquired. The laser must be turned on for the same period of time. The 
ZEN software has no special mode for this kind of operation. FCS recording can, however, be 
obtained with the setup shown in Fig. 811. 
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Fig. 811: General setup of the LSM 710 ZEN software for FCS recording 

The Scan Mode in the Acquisition Mode Windows is set on ‘Spot’ as shown in Fig. 811, left. 
The ‘Scan Speed’ is reduced to values of 6 or less. It has no influence on the position of the 
beam, it only influences the period of time the laser remains turned on after the experiment 
has been started. To achieve a sufficiently long laser-on time a ‘Time Series’ with a large 
number of ‘Images’ is defined, see Fig. 811, right. The laser is turned on by clicking on the 
‘Start Experiment’ button. 

FCS with the LSM 710/780 InTune Laser 

The LSM 710 Intune FLIM system is an excellent instrument for FCS measurement. Tune-
ability of the excitation wavelength, abundance of laser power, excellent optical efficiency, 
high efficiency and absence of afterpulsing for the HPM-100-40 hybrid detector result in un-
precedented speed and data quality. An example is shown in Fig. 812. An Alexa 488 solution 
was excited at 490 nm, at a laser power of 5%. The objective lens was an x 63, NA = 1.2 wa-
ter ‘C Apochromate’. No emission filter was used when the data were recorded. 

 

Fig. 812: FCS with the LSM 710 Intune system. Un-gated FCS, the signal contains Raman light. Alexa 488 in 
water, excitation 490 nm, laser power 8%, HPM-100-40 detector. 

The decay function (shown left) contains a substantial amount of Raman light from the water. 
The Raman signal has no intensity fluctuations. The FCS function of the combined fluores-
cence and Raman signal shows the correct diffusion time, but a reduced correlation ampli-
tude. In the recording shown in Fig. 813 the Raman peak was gated off by the ‘TAC Limit 
High’ parameter of the SPC-150 module. (Please note different intensity scale of decay win-
dow.) The gated recording contains only fluorescence photons and thus shows the correct 
FCS curve, with an amplitude of about 4.5 compared to 2 in the un-gated recording. 
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Fig. 813: Gated FCS, the Raman peak has been gated off. Same sample as in Fig. 812. Note the increase in cor-
relation amplitude compared to the un-gated recording. 

Gating is very effective with the HPM-100-40 and the Intune system: The detector response is 
fast, without any bumps or tails, and the laser pulse width does not broaden the system IRF. 
Consequently, only a negligible part of the fluorescence is lost if the Raman peak is gated off. 
In cases where the fluorescence overlaps with a strong Raman line gating may therefore be 
more efficient than spectral filtering. 

The available laser power in the Intune system is so high that saturation can occur. This is 
shown in Fig. 814. The left recording was taken at a laser power of 8%. If the power is in-
creased above 10% the fluorescence starts to saturate. The central part of the Airy disc gets 
depleted of active fluorophore: Most of the molecules are in the triplet state. The effective 
confocal volume gets larger, the FCS amplitude decreases, and the apparent diffusion time 
gets longer. These effects can clearly be seen in Fig. 814, right, taken at a laser power of 30%. 

       

Fig. 814: FCS of an Alexa 488 solution, excitation at 490 nm. Left: Laser power 8%. Right: Laser power 30%. 
NA=1.2 Water C Apochromate, HPM-100-40 detector. 

FCS with the ps Diode Laser 

Good FCS results are obtained also with the ps diode lasers of the LSM 710/780 family. The 
setup parameters are identical with these used with the Intune laser. An example is shown in 
Fig. 815. 
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Fig. 815: FCS recorded with a ps diode laser. Fluorescein in water, HPM-100-40 detector, NA=1.2 Water 
C-Apochromate. 

FCS with LSM 710/780/880 CW Lasers 

The available wavelengths of the picosecond diode lasers may not always match the excita-
tion maxima of the fluorophores commonly used for FCS. In such cases a CW lasers of the 
LSM 710 can be used for excitation. Because the SPC module needs a sync (stop) pulse to 
complete its recording cycle an artificial sync signal (‘pseudo sync’ signal) is required. The 
pseudo sync can usually be obtained from one of the pulsed lasers. The laser is turned on elec-
trically, but its optical output is not used. 

An example is shown in Fig. 816. A Rhodamine 123 solution was excited by a CW laser at 
488 nm. The laser power was 5 mW. A 40x NA=1.2 water C-Apochromate lens was used; the 
acquisition time was 160 seconds. 

 

Fig. 816: FCS of Rhodamine 123. NA = 1.2 Water C Apochromate, CW excitation 488 nm 5 mW, acquisition 
time 150 s. The blue curve shows the FCS data, the red curve is a fit with two diffusion times and a triplet time. 

Of course, FCS measurements with CW lasers do not deliver fluorescence decay data. Thus, 
gated FCS is not available. Possible Raman signals have to be suppresses by optical filters. 

 

Two-Photon FCS via NDD detectors 

Two-photon excited FCS via the non-descanned detection path is shown in Fig. 817. An Al-
exa 488 solution was excited at 900 nm, with 30% of the available laser power. 
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Fig. 817: Two-photon FCS of an Alexa 488 solution. Excitation at 900 nm, laser power 30%. HPM-100-40 
hybrid detector, non-descanned detection, Water C-Apochromate, x 63, NA = 1.2 

Two-photon excitation with some of the commonly used FCS dyes may face the problem that 
the excitation maximum is too far in the IR. This is even the case for Alexa 488, which has its 
2p excitation maximum around 1100 nm. Nevertheless, useful excitation can often be ob-
tained at shorter wavelengths, as the curves in Fig. 817 show. The higher laser power required 
at wavelengths outside the excitation maximum usually does not cause increased photo-
bleaching or photodamage because it is not absorbed. An overview about two-photon excita-
tion spectra is given in [176]. 

Zeiss LSM 880 

We have tested the new Zeiss LSM 880 for FCS. The LSM 880 has the same scan head as the 
LSM 710/780. The difference is that most of the 880s have the Zeiss ‘Airy Scan’ detector 
attached to the scan head. Zeiss has a beam switch that can be inserted between the scan head 
and the Airy Scan detector. The beam switch diverts the output beam from the Airy Scan de-
tector the a bh HPM-100 hybrid detector, to a dual HPM detector/beamsplitter assembly, or to 
a Zeiss ‘BIG-2’ detector, see Fig. 83, page 42. 

FCS results recorded with the BIG-2 detector were excellent. Fig. 818 shows decay curves 
and FCS curves of Atto 425 excited with the 405 nm ps diode laser, Fig. 819 an FCS curve of 
Rhodamine 110, excited by the 488 nm CW laser. 

 

Fig. 818: Fluorescence decay functions and FCS curves detected in the two channels of the BIG-2 detector. 
Atto 425, excitation by 405 nm ps diode laser. Simple-Tau 152 dual-channel FLIM system. The red cure is a fit 

with two diffusion terms and a triplet term. 
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Fig. 819: FCS of Alexa 488 excited by 488 nm CW laser. Blue: FCS data. Red: Fit with two diffusion terms and 
a triplet term. 

 

FCS with the DCS-120 confocal FLIM System 

System Parameter Setup 

FCS measurements are performed in the ‘FIFO’ mode of the SPC module(s) and in the ‘Beam 
Park’ mode of the DCS-120 scanner. Typical TCSPC system setup parameters are shown un-
der ‘FCS System Parameter Setup’, page 591. For the scanner setup parameter parameters  
please see Fig. 1058, page 786. The beam-park position can also be selected in an image re-
corded before, see Fig. 1059, page 786. 

Two examples of FCS recordings are shown in Fig. 820. FCS of fluorescein in water is shown 
left. For comparison, Fig. 820, right, shows an FCS recording of dextrane labelled with Alexa 
488. Please note the long diffusion time of the macro-molecules compared to the small fluo-
rescein molecules. 

    

Fig. 820: DCS-120 FCS. Left: Fluorescein in water. Right: Dextrane labelled with Alexa 488 in water 

Two-Colour FCS 

The basic optical setup for a dual-colour FCS experiment with the DCS-120 is shown in Fig. 
821. Two BDL-SMC diode lasers, 488 and 647 nm, were used to excite fluorescence in the 
sample. Both lasers were operated in the CW mode. The sample contained two fluorophores, 
Atto 488 and Atto 647N, each of them excited by one of the lasers. The scanner was put in the 
‘park beam’ mode with the beam in the middle of the field of view. The fluorescence was 
detected by two HPM-100-40 detectors at the outputs of the DCS-120 scanner through differ-
ent filters. The detection (macro) times of the photons were recorded by two TCSPC chan-
nels. The photons of the channels were auto-correlated and cross-correlated by the SPCM 
software. 
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Fig. 821: Dual-colour FCCS setup based on BDL-SMN lasers and DCS-120 confocal FLIM system. L1, L2: 
BDL-SMN picosecond/CW diode laser, operated in CW mode. BC: beam combiner. MDM: Dual-wavelength 
dichroic mirror, 488/647 nm. SL: scan lens of DCS-120 scan head. TL: tube lens of microscope. O: Microscope 
objective lens. TL1, TL2: Lenses, forming a telscope projecting the beam into comfocal pinholes. DM: Dichroic 
mirror, splits the light of the two fluorophores. LPF1, LPF2: Long-pass filters. BPF1 and  BPF2 band-pass 
filters. DL: Lens centering the light on the detectors. 

Auto- and cross-correlation functions of free Atto 488 and Atto 647N fluorophores are shown 
in Fig. 822, left. There is autocorrelation for the signals from both fluorophores (Red and blue 
curves) but no cross-correlation between the signals (green). Curves for a 40-base pair 
double-stranded DNA labelled with Alexa 488 and Cy5 are shown in Fig. 822, right. There is 
a significant cross-correlation (green curve) showing that DNA strands labelled with different 
fluorophores are partially linked to each other. 

        

Fig. 822: Left: Atto 488 and Atto 647N, molecules not linked. Right: Alexa 488 and Cy5 partially linked by 
double-stranded DNA. Blue and Red: Autocorrelation. Green: Cross-correlation. 

 

Picosecond FCS 

With the highly efficient HPM-100-40 detectors the DCS-120 can be used for picosecond 
correlation. The laser is switched into the CW mode, and the photons in both detection chan-
nels are cross-correlated. Cross-correlation is either be calculated between the data of the two 
SPC-150 channels [397, 398], or a DPC-230 correlator module is connected in parallel with 
the SPC-150 modules [72]. Fig. 823 was recorded by a DPC-230. 
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Fig. 823: Picosecond FCS with the DCS-120 system. Two HPM-100-40 detectors, DPC-230 correlator module. 

FCS in Live Cells 

FCS in cells is much more difficult than in solution. There is background fluorescence from 
endogenous fluorophores, the concentration of the fluorophore for FCS cannot be accurately 
controlled, and there is motion in the cell. The results therefore usually have low correlation 
amplitude and poor signal to noise ratio. 

Fig. 824  shows FSC recorded from a cell by an SPC-830 module and a custom made two-
photon laser scanning microscope [137, 139]. The detector was a Perkin Elmer SPCM-AQR. 
The FLIM image o the left was obtained in the Scan Sync In mode. After the FLIM recording 
the laser beam was pointed into the marked spot, and an FCS recording in the parameter-tag 
(FIFO) mode started. The acquisition time for the data shown was 130 s, the average count 
rate 15103 s-1. A fluorescence decay curve and an FCS curve in a selected spot are shown in 
the middle and at right. Please note the small amplitude of the FCS curve. The correlation 
amplitude is only 0.016, compared to 1.2 for a GFP solution recorded in the same setup, see 
Fig. 825. 

          

Fig. 824: FLIM image (left), decay curve (middle) and FCS curve (right) recorded in a selected spot (1). Home-
made laser scanning microscope, two-photon excitation, SPCM-AQR detector, SPC-830 TCSPC module. [137] 
and courtesy of Zdenek Petrasek and Petra Schwille, Biotec TU Dresden. 

            

Fig. 825: Fluorescence decay curve over three laser pulse periods (left) and FCS curve (right) of a GFP solution, 
recorded in the same setup as Fig. 824. Count rate 5 to 7 kHz, acquisition time 980 s. From [137, 140]. 
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Practical Tips 
TCSPC-FCS with CW Excitation 

When FCS is recorded with a CW laser the TCSPC module needs a synchronisation pulse at 
its SYNC input to finish the recording cycle for each photon. In laser scanning microscopes 
that have a ps diode laser or a Ti:sapphire laser this is no problem: The ps laser is used to gen-
erate the SYNC signal, while the sample is excited by one of the CW lasers of the micro-
scope, see Fig. 826, left. If there is no pulsed laser in the system a SYNC signal can be gener-
ated by a pulse generator. e.g. a LSG-02 module. See Fig. 826, middle. 

It is also possible to split the detector signal electrically and use one part for the CFD, the 
other for the SYNC input of the SPC module (Fig. 826, right). Note that the macro-time clock 
source in the TCSPC system parameters must be ‘internal’ in this case. If several modules are 
used these must be synchronised via the ‘Master Clock’ option in the ‘Parameters’ menu. 
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Fig. 826: Stop pulse generation for TCSPC-FCS with a continuous laser 

 

Interference of the Laser Period with the Recording Clock 

If FCS experiments are excited by a pulsed laser the laser pulse repetition frequency can inter-
fere with the macro time clock frequency. The result is a periodical variation of the number of 
laser pulses per macro-time period. The same period shows up in the correlated intensity. Pe-
riodicity can appear on any time scale, depending on the difference of the laser and macro-
time clock frequencies or their harmonics. The problem is most pronounced if both frequen-
cies are almost identical. In the bh SPC-830, SPC-130/134, SPC-140/144 and SPC-150/154 
modules the problem has been solved by providing an optional clock path from the timing 
reference (SYNC) input to the macro time clock, see ‘FIFO Mode’, page 706. The macro time 
clock can then be synchronised with the laser pulse repetition rate, which removes the prob-
lem entirely. Moreover, using the SYNC signal as a macro time clock is a simple way to syn-
chronise several TCSPC channels of a multi-module system. Of course, using the Sync input 
as a clock source for FCS requires that the SYNC signal is free of glitches. 

Detectors 

Compared to fluorescence decay measurements, the efficiency of FCS measurements is rela-
tively low. For a given number of photons, N, the SNR of a fluorescence decay measurement 
is proportional to N1/2, whereas the SNR of FCS is proportional to N itself. This somewhat 
surprising behaviour results from the fact that two photons are needed to obtain one macro-
time coincidence in the correlation histogram. The strong dependence of the SNR on the 
count rate makes detection efficiency an important issue in FCS. 

Most FCS setups therefore use single photon avalanche photodiodes [702, 914], usually 
SPCM-AQR detectors from Perkin Elmer [884]. The SPCM-AQRs have a quantum efficiency 
that reaches almost 80% at 800 nm. However, the SPCM-AQRs often have a timing delay 
dependent on wavelength and count rate. The changes can be of the order of 1 ns, see Fig. 
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278, page 176. Recording a fluorescence decay curve with a detector this unstable delivers 
questionable results. 

Better timing stability can be achieved with SPADs manufactured in epitaxial processes, such 
as the id 100-20 of id Quantique [551] and the PDM 50 CT of Micro Photon Devices [785]. 
The quantum efficiency up to 550 nm is comparable, above 650 nm lower than for the SPCM-
AQR. 

Timing problems are also avoided by using PMTs with high-efficiency GaAsP photocathodes, 
such as the Hamamatsu H7422-40 module [496]. The modules have a stable and almost wave-
length-independent transit time spread of about 300 ps duration. The quantum efficiency 
reaches 40% at 550 nm, see Fig. 231, page 147. 

The best solution to the detector problem is the hybrid PMT. Hybrid PMTs are vacuum de-
vices that accelerate the photoelectrons from a photocathode into an avalanche photodiode 
[420]. There is virtually no loss of photoelectrons in these devices. The Hamamatsu 
R10467-40 uses a GaAsP photocathode and thus reaches an unprecedented counting effi-
ciency. The transit time spread is about 100 ps. Amazingly, the R10467-40 is virtually free of 
afterpulsing, see Fig. 829. Please see also page 161, ‘HPM-100 Hybrid Detector’. 

 

Afterpulsing of Detectors 

All conventional PMTs and the commonly used SPADs show a more or less pronounced af-
terpulsing (see ‘Afterpulsing’, page 149). Afterpulsing causes a steep rise of the autocorrela-
tion function towards short times in the range below one microsecond. 

The absolute amount of afterpulsing in PMTs increases with the gain. Reducing the operating 
voltage of a PMT while increasing the preamplifier gain therefore helps, but does not remove 
the problem entirely. Moreover, the height of the afterpulsing peak in the autocorrelation 
function is proportional to the reciprocal count rate. The reason is that the probability of de-
tecting an afterpulse of a previously detected photon is constant, whereas the probability of 
detecting another photon increases with the count rate. The effect of the count rate on the af-
terpulsing peak in the correlation function is shown in Fig. 827. 

                

Fig. 827: Effect of the count rate on the height of the afterpulsing peak. H74222-40 detector, count rate 10 kHz 
(left) and 100 kHz (right)  

Afterpulsing can be almost entirely rejected from FCS results by cross-correlation. The light 
is split into two equal beams that are detected by individual detectors. Afterpulses in one de-
tector are not correlated with any counts in a second detector and therefore do not noticeably 
change the cross-correlation function. An example for two H7422-40 detectors is shown in 
Fig. 828. Curves a and b are the autocorrelation curves of the individual detectors. Curves c 
and d are cross-correlation curves of the signals of detector 1 against detector 2 and vice 
versa. The afterpulsing is almost entirely removed in the cross-correlation. 
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Fig. 828: Rejection of detector afterpulsing by cross correlation. GFP solution, two H7422-40 detectors, 
2-photon excitation, LSM 510 NLO microscope in beam-stop mode. Curves a and b: Autocorrelation of the 
signals of the two detectors. Curves c and d: Cross-correlation detector 1 against detector 2 and vice versa. 

Until recently, the only detectors that were free of afterpulsing have been NbN detectors 
based on superconduction [794, 1085, 1086]. This seems to have changed with the introduc-
tion of the Hamamatsu R10467-40 hybrid PMTs [420, 497] and the bh HPM-100-40 hybrid 
detector modules based on them. Our tests have shown that the detectors are virtually free of 
afterpulsing down to a time scale of 100 ns. The autocorrelation function for a conventional 
light signal at a count rate is shown in Fig. 829, left. Except for the noise, the curve is flat 
down to 100 ns. Fig. 829, right shows the autocorrelation function obtained from a fluorescein 
solution. Because there is no afterpulsing peak the data from a single detector can be used to 
obtain both the triplet lifetime and population, and the diffusion time. 

   

Fig. 829: R10467-40 hybrid PMT. Left: Autocorrelation function of an uncorrelated signal. Right: Autocorrela-
tion function of fluorescein solution (blue) and fit with a model containing the triplet transition and diffusion 

time. Fit: bh SPCM TCSPC operating software. Optics: bh DCS-120 confocal scanning FLIM system. 

Autocorrelation of photons detected in a single detector has a significant advantage: Com-
pared with a system that splits the signal into two channels and cross-correlates the photons 
the number of correlations increases by a factor of four. That means, either a given signal-to 
noise ratio is obtained in a four-times shorter acquisition time, or the signal-to-noise ratio is 
two times better for a given acquisition time. Moreover, the relative number of dark counts is 
lower for the single-detector correlation. Thus, also the influence of the dark counts on the 
FCS amplitude is smaller. A comparison of autocorrelatation and cross-correlation of the 
same signal is shown in Fig. 830. Autocorrelation is shown left. Cross-correlation of the com-
ponents of the same signal split on two detectors is shown right. The higher signal-to-noise 
ration and the higher amplitude of the autocorrelation is clearly visible. 
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Fig. 830: FCS with the HPM-100-40. Left: Single detector, autocorrelation. Right: Light split on two 
HPM-100-40 detectors, cross correlation. Note the higher SNR and higher correlation amplitude for autocorrela-

tion. 

Background Signals 

Background signals are a frequent source of failure in attempts to record FCS curves. Back-
ground signals may result from detector background, leakage of daylight, leakage of excita-
tion light, emission of LEDs within the microscope, spurious laser emission at different wave-
lengths, or long-lifetime fluorescence of lenses or filters. The background reduces the appar-
ent correlation coefficient or even makes the fluorescence correlation entirely undetectable. 

It is often difficult to identify the sources of the background. In pulsed excitation systems, the 
amount of background can easily be estimated from the recorded fluorescence decay: Any 
intensity that remains after the fluorescence has decayed is caused by background effects. 
Leakage from room lights has a strong correlation at the line frequency. The light can there-
fore be identified by checking the autocorrelation function in the 20-ms range. Other sources 
of background light can often be removed by bandpass filters in the excitation and detection 
beam path. In two-photon systems background light can often be reduced by using a pinhole 
in a conjugate focal plane. Although the pinhole is not required for two-photon FCS it sup-
presses background signals which do not come from the excited sample volume. 

Beam Jitter 

Instability of the beam position results in a distortion of the FCS curves or, in most cases, in a 
de-correlation of the fluorescence signal. Complete de-correlation occurs if the beam jitters is 
larger than the airy disc diameter and faster than the average photon count rate. Subsequent 
photons then come from different molecules and are no longer correlated. Beam jitter was a 
problem in early laser scanning microscopes but has virtually been eliminated in modern 
scanning systems. 

Sample Volume 

Fluorescence correlation functions can, of course, only be obtained if the focal volume is 
small enough. For two-photon excitation through a good microscope lens this is achieved (al-
most) automatically. For one-photon excitation a pinhole must be placed in a plane conjugate 
with the focus in the sample. The diameter of the pinhole depends on the magnification on the 
way from the sample to the pinhole. High-end microscopes have objective lenses corrected 
for infinite conjugate ratio, i.e. the fluorescence light leaves the back aperture of the lens in a 
parallel beam. The light is focused into the eyepiece plane by a tube lens. A pinhole placed in 
this plane should have a diameter that is approximately the Airy disc diameter multiplied by 
the magnification power of the objective lens. 

Optical Aberrations 

It should be noted here that FCS recording requires a near-perfectly working optical system. 
FCS works only if the detection volume is reduced to less than one femtoliter. A focal volume 
this small is obtained only with a high NA objective lens and correct matching of the refrac-
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tive indices. Because FCS is done in aqueous solutions or living cells normally a water im-
mersion lens is required. The lens must be corrected both for the excitation and the detection 
wavelength. For FCS recording with the Zeiss LSM microscopes and with the DCS-120 at-
tached to a Zeiss Axio Observer we recommend the NA=1.2 ‘C-Apochromate’ water immer-
sion lens. 

FCS measurements in solution are sometimes attempted in the setup shown in Fig. 831, left. 
A cover slip is placed directly on top of the microscope lens of an inverted microscope. A 
droplet of a diluted dye solution is placed on the cover slip. We discourage to use this setup 
for several reasons. First, the dye solution can easily spoil the microscope lens. Second, the 
optimum resolution of the microscope lens may not be reached. The lens is corrected for a 
beam path that has a space (the ‘working distance’) between the lens and the cover slip, see 
Fig. 831, right. This gap is filled with the immersion fluid. In the setup of Fig. 831, left, how-
ever, the working distance is above the cover slip, i.e. in the dye solution. The dye is normally 
dissolved in water, or a solvent of similar index of refraction. The setup of Fig. 831, left, 
therefore works only for a water immersion lens. For an oil immersion lens the mismatch of 
the refractive index is so severe that a reasonably small focal volume is not obtained. Conse-
quently, a TCSPC FIFO measurement shows a fluorescence decay curve, but no fluorescence 
correlation. 
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Fig. 831: FCS measurement of a dye solution. Left: Cover slip placed directly on microscope lens, sample solu-
tion placed on cover slip. A large part of the beam path is in the sample. Right: Correct optical configuration, the 
beam path is in the immersion fluid. 

A correct setup is shown in Fig. 831, right. One of the commonly used cell dishes contains the 
dye solution. Use a cell dish with a glass bottom of the thickness your microscope lens is 
specified for. The space between the microscope lens must be filled with the immersion fluid. 
Unless you go deeper into the solution than a few µm the setup works reasonably well even 
with an oil immersion lens. 

FCS measurements in solution are often attempted in well plates, as shown in Fig. 832, left. 
Unfortunately these plates often have poor optical quality, wrong bottom thickness, or wrong 
refractive index. We obtained better results in cell dishes with glass bottom, see Fig. 832, 
right. 

     

Fig. 832: Well plate (left) and cell dish (right) for fluorescence measurement in solution 
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Time-Resolved Single-Molecule Spectroscopy 
The techniques described under ‘Picosecond Photon Correlation’ and ‘Fluorescence Correla-
tion Spectroscopy’ exploit the correlation between the photons emitted by single molecules or 
by a small number of molecules. Picosecond photon correlation techniques investigate effects 
driven by the absorption of a single photon of the excitation light. The effects investigated by 
FCS are driven by Brownian motion, rotation, diffusion effects, intersystem crossing, or con-
formational changes. Because of these random and essentially sample-internal stimulation 
mechanisms, correlation techniques do not necessarily depend on a pulsed laser. 

A second way to obtain information about single molecules is time-resolved spectroscopy 
with pulsed excitation at high repetition rate. The borderline between correlation techniques 
and time-resolved single-molecule spectroscopy is flowing and somewhat artificial. In gen-
eral, time-resolved single-molecule spectroscopy delivers spectroscopic information about 
individual molecules by recording the fluorescence in a short period of time. Photon correla-
tion techniques normally derive average molecular properties from the observation of differ-
ent molecules over a longer period of time. 

The optical systems used for both techniques are essentially the same. A small sample volume 
is obtained by confocal detection or two-photon excitation in a microscope. Several detectors 
are used to detect the fluorescence in different spectral ranges or under different angles of 
polarisation. Therefore correlation techniques can be combined with fluorescence lifetime 
detection, and the typical time-resolved single-molecule techniques may use correlation of the 
photon data. This paragraph focuses on single-molecule experiments that not only use, but are 
primarily based on pulsed excitation and time-resolved detection. An overview of time-
resolved single-molecule spectroscopy is given in [140]. 

Burst-Integrated Fluorescence Lifetime (BIFL) Techniques 
Molecules diffusing in a solution or travelling through a capillary are in the focus of a micro-
scope lens for a time of a few hundred microseconds to a few milliseconds. Immobilised 
molecules under high excitation power cycle between the S0/S1 (singlet) states and the non-
fluorescent triplet state. The fluorescence signal therefore consists of random bursts corre-
sponding to the transit of individual molecules through the focus or to the dwell time in the 
singlet state. Under typical conditions, from a highly fluorescent molecule a few hundred pho-
tons are detected within a single burst. The idea behind burst-integrated fluorescence lifetime 
detection, or BIFL, is to identify the bursts of the molecules, obtain spectroscopic information 
within the bursts, and thus characterise the individual molecules. 

BIFL by Sequential Recording 

Lifetime detection within individual bursts was accomplished even with early PC-based 
TCSPC modules, such as the SPC-300 and SPC-330 [820, 1259]. Software-controlled se-
quencing or an external counter connected to the routing inputs was used to record a sequence 
of fluorescence decay curves. The time per curve was typically 10 ms, the number of curves 
per sequence 128. Of course, a resolution of 10 ms per curve did not yield reliable informa-
tion about the burst duration and the burst size. Therefore, often intensity tracing and FCS 
recording were performed in parallel by a multi-channel scaler (MCS) and a correlator [1260]. 
The technique was applied to single-molecule identification in a capillary [1260] and to the 
identification of antigen molecules in human serum [975]. 

Far better burst resolution was obtained by bh TCSPC modules with an internal sequencer. In 
particular, sequencing in combination with memory swapping (the ‘continuous flow’ mode) 
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was used to record a virtually infinite sequence of decay curves in time intervals of 100 µs 
and shorter  [127, 1139]. A part of a sequence recorded this way is shown in Fig. 833. 

 

Fig. 833: Bursts of single molecules. Part of a longer sequence recorded by sequencer-controlled memory swap-
ping. 1 ms per step of the sequence, 64 ADC channels. 

A burst is identified by detecting more than a defined number of photons in several successive 
steps of the sequence. For fluorescence-lifetime calculation, the photon distributions of all 
time-steps within the burst are accumulated and the lifetime is obtained by a maximum-
likelihood algorithm [288, 617, 620, 978]. A histogram of the lifetimes obtained in a large 
number of bursts yields information about the homogeneity of the molecules and their local 
environment. Information about the quantum efficiency or ‘molecular brightness’ is obtained 
by building up a histogram of the burst size. For freely diffusing molecules the diffusion time 
constant can be estimated from a histogram of the burst duration. In a capillary the histogram 
of the burst duration is an indicator of the speed of the molecules. 

Burst-recording in the continuous-flow mode can be combined with multi-detector operation. 
The detectors can be used to record the fluorescence in different wavelength intervals or un-
der different angles of polarisation. This ‘multi-parameter’ detection technique delivers the 
lifetime, the angle of polarisation, the fluorescence anisotropy, and the emission wavelength 
within the individual bursts [978, 1139]. 

For a burst resolution around 1 ms, detection by the continuous flow mode is relatively effi-
cient in terms of data size. The drawback of the continuous-flow mode is that the burst resolu-
tion is limited by the increase of the data size and, and consequently, by the available data 
readout rate [140]. 

BIFL by Time-Tag Recording 

BIFL results with a burst resolution down to the laser pulse period can be obtained by re-
cording the photons in the ‘FIFO’ or ‘time-tag’ mode of TCSPC, see ‘Recording Parameter-
Tagged ’, page 115. Because the full information about all photons is recorded time-tag data 
are extremely flexible. Conformational dynamics, rotational relaxation, and intersystem cross-
ing can be investigated at almost any time scale [381, 382, 657, 1139]. 

An early impressive demonstration of the technique was given in [902]. A frequency-doubled 
mode-locked Nd-YAG laser delivers pulses of 532 nm wavelength, 150 fs pulse width, and 64 
MHz repetition rate. The laser is coupled into the beam path of a microscope and focused into 
the sample. The sample is mounted on a piezo-driven sample stage. The fluorescence light 
from the sample is collected by the microscope lens and separated from the excitation light by 
a dichroic mirror and a notch filter. The light is split into its 0° and a 90° components. The 0° 
component is further split into a short-wavelength and a long-wavelength component. The 
signals are detected by SPAD modules and recorded by a single bh SPC-431 TCSPC module 
via a router. The TCSPC module records the photons in the FIFO mode. 

The molecules to be investigated were embedded in polymethylmethacrylate (PMMA). An 
image of the sample was obtained by scanning and assigning the photons to the individual 
pixels by their macro times. Based on this image, appropriate molecules were selected for 
further investigation. 
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These molecules were then brought into the focus and time-tag data were acquired. By ana-
lysing these data a surprisingly large number of spectroscopic parameters can be determined. 
The intersystem crossing yield is obtained from a histogram of the number of photons in the 
bright periods. The histogram of the dark periods reflects the triplet decay and delivers the 
triplet lifetime. The fluorescence lifetime is obtained by building up the fluorescence decay 
functions from the micro times. 

The polarisation of the fluorescence is obtained by comparing the counts in the SPAD detect-
ing under 0° polarisation with the counts in both SPADs detecting the 90°. The anisotropy 
decay can be calculated from the micro times of the photons in these detector channels. The 
authors showed that there is some rotational relaxation, in spite of the solid matrix in which 
the molecules are embedded. They derived the initial and final anisotropy, the angle of the 
cone of wobbling, and the rotational correlation time. 

The authors managed even to observe the spectral relaxation of single molecules. They  
placed a dichroic mirror between two SPADs, with a transition in the centre of the fluores-
cence band of the molecule being investigated. The spectral relaxation is obtained from the 
ratio of the counts of these detectors in the individual time channels. For the spectral relaxa-
tion of an Alexa 546 molecule conjugated to a single protein a spectral shift of 4 nm and a 
spectral relaxation time of 0.3 ns was found [902]. 

The same instrument was used to monitor conformational changes in the citrate carrier CitS 
[585]. A version of the instrument uses an annular aperture stop in the beam path of the mi-
croscope. With this stop, different Airy disks are obtained for different orientation of the di-
poles of the molecules [1050, 1051]. Comparing the observed intensity patterns of the mole-
cules with calculated diffraction patterns makes it possible to derive the 3D orientation of the 
molecules. In [649] the lifetime of DiI molecules in a 20 nm polymer film at a glass surface is 
investigated by this technique. The lifetime varied between 4.70.7 ns and 2.110.1 ns, de-
pending on the orientation of the molecules to the surface. 

Fiore et al. used four parallel channels of an SPC-134 system. Four SPCM-AQR SPADs were 
used to detect 0° and 90° polarisation in two wavelength channels. Single-molecule studies of 
freely diffusion RNA constructs are described in [401] and [529]. 

Multi-Parameter Single-Molecule Burst Analysis 
The idea behind Multi-Parameter Fluorescence Detection, or MFD, is to simultaneously re-
cord several parameters of the fluorescence of a sample, take a large number of measure-
ments, and build up two-dimensional or multi-dimensional histograms of the frequency of the 
results versus the fluorescence parameters [382, 656, 657, 1222]. The parameters used are 
normally intensity ratios in different spectral intervals, the  fluorescence lifetime in different 
spectral intervals, and the fluorescence anisotropy. The technique differs from the method 
[902] described in the previous paragraphs in that it not only records several parameters of the 
fluorescence simultaneously but also analyses the fluorescence data in a multi-dimensional 
parameter space. 

The principle is illustrated in Fig. 834. Consider a series of measurements taken from a sam-
ple. Each measurement delivers fluorescence intensities and fluorescence lifetimes at two 
wavelengths, λ1 and  λ2. A TCSPC measurement like this can easily be performed by four 
detectors, a dichroic beamsplitter, and two polarising beamsplitters. The results from these 
measurements are used to build up a histogram of the intensity ratio λ1 and  λ2 versus the life-
time at λ1, a histograms of the intensity at λ1 versus the intensity λ2, and the lifetime at λ1 ver-
sus the lifetime at  λ2. It is obvious that the histograms would represent a signature of the 
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fluorophore in sample. Moreover, because the measurement results are obtained by photon 
counting, the standard deviation of the parameters obtained is predictable. Any wider distribu-
tion found in the histograms indicates that there were fluctuations in the sample within the 
measurement time [23] (see also ‘Photon Counting Histograms’, page 621). 

Series of Measurements

Intensity at 1

Intensity at 2

Lifetime at 1

Lifetime at 2

Lifetime at 1 Intensity at 1 Lifetime at 1

 

Fig. 834: Principle of multi-parameter fluorescence detection and analysis 

The selectivity can be further improved by selecting measurements within a special pattern in 
one histogram, and using only these measurement for other histograms. 

Multiparameter detection and analysis was originally developed for burst-integrated fluores-
cence lifetime measurement at single molecules. In that case, the fluorescence data are re-
corded by time-tag TCSPC, and the individual measurements shown in Fig. 834 represent the 
photon bursts of the individual molecules. If the fluorophore concentration is such that only a 
single molecule is in the detection volume at a time molecules with different fluorescence 
signature would produce different spots in the histograms. For instance, with the parameter 
used in Fig. 834 FRET effects would be likely to show up. Obviously, the interacting donor 
molecules would display different signatures than free donor or free acceptor  molecules. 

Molecules in Solution 

An impressive demonstration of the capabilities of MFD for single-molecule FRET has been 
given by Widengren et al. [1222]. The principle of the experiment is shown in Fig. 835. 
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Fig. 835: Principle of MFD experiment 

The typical confocal setup is used. The excitation laser is reflected down the beam path via a 
dichroic mirror. The confocal volume is confined by a pinhole in the upper focal plane of the 
microscope. The fluorescence light is split into 0° and 90° components of polarisation. Both 
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polarisation components are split into two wavelength intervals by dichroic mirrors and fil-
ters. The two wavelength intervals were selected to detect the donor and the acceptor of the 
FRET constructs to be investigated. Four detectors, in this case SPCM-AQRs, received the 
light signals. The output pulses of the detectors were connected to a single bh TCSPC module 
via an HRT-82 router. The router / TCSPC combination could, in principle, be replaced with a 
four-channel TCSPC package. However, the higher counting capability of the four-channel 
system would pay off only for burst count rates exceeding 1 MHz which are rarely obtained. 

The FIFO mode (parameter-tag) data delivered by the TCSPC module are first analysed to 
identify the bursts of the molecules diffusing through the confocal volume. Once a burst is 
identified the analysis software determines 

- average count rates in the donor (green) and acceptor (red) channels over the burst dura-
tion 

- the anisotropies in the donor (green) and acceptor (red) channel 
- the fluorescence lifetimes in the donor and acceptor channel 

To demonstrate their MFD technique Widengren et al. used a deoxyoligonucleotide contain-
ing 27 nucleo bases in a random sequence [1222]. The 5’-d of the deoxyoligonucleotide was 
labelled via a C6 amino link with a FRET donor. Either Cy3 or Rh6G were used. The FRET 
acceptor was linked to a defined position on a complementary deoxyoligonucleotide. Either 
Cy5 or BP650/656 were used. The data analysis steps were as follows: 

A histogram of the frequency of bursts versus the lifetime and the anisotropy in the donor 
channel was calculated, see Fig. 836. Both CY3 and Rh6G have high anisotropy when they 
are linked to the oligonucleotide. However, there is a number of bursts with low anisotropy. 
These come either from free donor molecules or from impurities. Bursts below the red line in 
Fig. 836 were therefore excluded from further analysis. 

 

Fig. 836: Histogram of burst frequency in a histogram of donor anisotropy versus donor lifetime. With permis-
sion, from [1222] 

From the remaining bursts data donor/acceptor-intensity ratio versus donor-lifetime histo-
grams were built up, see Fig. 837. For a single FRET pair, these showed clearly the popula-
tions of donor-only constructs (black ellipses) and donor-acceptor constructs (yellow ellip-
ses). The location of the donor-acceptor pattern varied clearly with the donor-acceptor dis-
tance, compare location of donor-acceptor events, left to right. 
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Fig. 837: Frequency of bursts in a histogram of the donor/acceptor intensity ratio versus the donor lifetime. The 
black ellipses mark donor-only events, the yellow ellipses donor-acceptor events. Left to right: Donor-acceptor 
distance 17, 13, and 9 base pairs. With permission, from [1222]. 

Mixtures of oligonucleotide labelled with different donors and acceptors were separated by 
plotting the frequency of bursts in donor/acceptor-intensity versus donor-lifetime histograms, 
see Fig. 838, left. Further analysis by using a donor/acceptor-intensity versus acceptor-
lifetime histogram separated also constructs with different acceptors, see Fig. 838, right, A 
and B. 

        

Fig. 838. Left: Frequency of bursts in a histogram of the donor/acceptor intensity ratio versus the donor lifetime. 
The red line shows the separation between the oligonucleotides labelled with Cy3 and Rh6G donors. Right: 
Frequency of bursts in a histogram of the donor/acceptor intensity ratio versus the acceptor lifetime, after separa-
tion of the different donors. A: Donor Cy3, green ellipses Cy3-Cy5, red ellipses C3-BP650/656, black Cy3 only. 
B: Donor Rh6G, yellow ellipses Rh6G-Cy5, pink ellipses Rh6G- BP650/656, black Rh6G only. With permis-
sion, from [1222]. 

Applications of the MFD technique to single-molecule FRET experiments are described in 
[23, 1232]. A combination of picosecond fluorescence correlation [397] and MFD was used to 
investigate dye-exchange dynamics in micellar solutions of Rhodamine 123 [839]. Orienta-
tional and dynamical heterogeneity of Rhodamine 6G attached to DNA was investigated in 
[832]. Stefani et al. used a similar histogramming technique to study changes of singlet and 
triplet decay rates of single molecules induced by a nearby gold film [1078]. 

The University of Düsseldorf provides a data analysis package for MFD analysis of bh SPC 
FIFO mode data. For details please see [398]. 

Cell Imaging 

The principle of MFD analysis can, of course, be applied to any kind of multiple-
measurement data. These may be single, dual- or multi-wavelength FLIM data recorded in the 
Scan Sync In mode, time-tag FLIM data recorded in the FIFO Imaging mode, sequential 
FLIM data recorded by Continuous-Flow FLIM, single-point time-tag data, or single-point 
Continuous-Flow data. 
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Kudryavtsev et al. used MFD for live cell imaging [656]. They combined the setup shown in 
Fig. 835 with a piezo-scan stage. The image data were acquired in a single slow scan. The 
spectral range detected was 510 to 556 nm  for the green channel and 660 to 800 nm  for the 
red channel. TCSPC time-tag data of the photons and the scan clocks were acquired by two 
bh SPC-130 modules via routers. (Please note that the SPC-130 has not been designed for 
FLIM. The synchronisation with the scanner is considerably easier with SPC-830, SPC-150 or 
SPC-160 modules!) The pixel dwell times were from 20 ms to 300 ms, large enough to obtain 
fluorescence anisotropy, fluorescence lifetime, and FCS amplitudes and times in the individ-
ual pixels. Fig. 839 shows Schizosaccharomyces pombe yeast cells expressing Mal3-pk-GFP 
fusion proteins. The cells were excited at 1.7 µW; The integration time per pixel was 20 ms. 
The images show the fluorescence intensity in the green channel, the fluorescence intensity in 
the red channel, and the fluorescence lifetime and fluorescence correlation amplitude in the 
green channel (left to right). 

 

Fig. 839: MFD imaging of Mal3-pk-GFP proteins in Schizosaccharomyces pombe yeast cells. a) Intensity image 
of a the green signal, SG. b) Intensity image of the red signal, the red signal, SR. c) green fluorescence lifetime, 
τG. d) correlation amplitude. From [656], copyright Springer. 

Multi-parameter analysis [398] of the data is shown in Fig. 840. A 2-D histogram of the pixels 
frequency versus the lifetime in the green channel and the green/red intensity ration is shown 
on the left. The red box selects pixels of short lifetime, τG, and low green-to-red intensity ra-
tio, SG/SR. The corresponding pixels are highlighted red in the intensity image of the green 
channel (second left). A 2D histogram of the pixels frequency versus  correlation time and 
amplitude is shown second left. The red box selects pixels of high correlation amplitude. An 
intensity image of the green channel with the corresponding pixels highlighted is shown on 
the right. 

 

Fig. 840: MFD selection of subspecies according to their MFD parameters. a) Selection of short lifetime, τG, low 
green-to-red intensity ratio, SG/SR, in a 2-D histogram (red box). b) The corresponding pixels are highlighted 
red in the intensity image of the green channel. c) Selection of high correlation amplitude. d) The corresponding 
pixels are highlighted in the intensity image of the green channel. From [656], copyright Springer. 

Applications to detecting heterogeneity of diffusion of Rhodamine 110 in sepharose beads 
and to protein interaction studies in HEK cells and plant cells are described in [1216]. Both 
stage scanning by a piezo stage and beam scanning by the bh DCS-120 system were used. 
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Single-Molecule FRET Experiments 
An important application of burst analysis is the detection of conformational changes in bio-
molecules by single-molecule FRET techniques [336, 364, 365, 560, 570,  751, 857, 1261, 
1262]. Two representative applications of the technique will be described below. 

Pallikuth et al. [857] used the technique to detect conformational changes in the sarcoendo-
plasmic reticulum of calcium ATPase (SERCA). Two constructs were used. One was had 
Cerulean at the N-terminus and an EYFP intra-sequence tag in the nucleotide-binding domain 
(CY-CERCA, Fig. 841, A). The other was labelled with GFP in the N-domain and a TagRFP  
in the N-terminus (Fig. 841, B). The molecules were freely diffusing through the laser focus 
of a Leica SP5 two-photon microscope. Fluorescence was detected simultaneously in two 
emission wavelength intervals corresponding to the emission spectra of Cerulean and GFP. 
The photons were recorded by a bh SPC-830 TCSPC module via a router. Parameter-tag data 
were recorded and analysed as shown in Fig. 841, C to F. 

         

 

Fig. 841:  Single-molecule FRET of SERCA. A: CY-SERCA comprises a Cerulean FRET donor fused to the N-
terminus of SERCA (grey) in the actuator, or A-domain, and an intrasequence FP inserted in the nucleotide-
binding, or N-domain. B: RG-SERCA is an analogous construct composed of a TagRFP acceptor fused to the N-
terminus in the A-domain and GFP (green) donor inserted in the N-domain. C: Time-trace of fluorescence bursts 
from single molecules. D: Histogram of the fluorescence lifetimes obtained from RG-SERCA(red) or control 
GFP-SERCA (black). E: Histogram of the FRET efficiency calculated from the lifetime measurements shown in 
panel D. A Gaussian fit reveals subpopulations consistent with four discrete conformations of SERCA. F: CY-
SERCA also exhibited four discrete RET states. The reduced FRET efficiency of these states (compared to panel 
E) was consistent with a larger Förster radius. G: RG-SERCA single-molecule FRET time trajectory. The hori-
zontal lines indicate States I–IV (orange through green) identified by Gaussian analysis of the distributions of 
the FRET efficiency. H: Analysis of the dwell time for SERCA-sampling States I–IV revealed a biphasic distri-
bution of dwell times characterized by fast (t1) and slow (t2) kinetics. With permission, from [857]. 

Fig. 841, C, shows the intensity bursts caused by the transition of the molecules through the 
laser focus. The bursts were identified in the data stream and a lifetime analysis performed in 
the individual bursts. A histogram of the lifetimes obtained over a large number of bursts is 
shown in Fig. 841, D. Changes in the conformation of the molecules results in different FRET 
efficiency and thus in different fluorescence lifetimes. The lifetimes were therefore translated 
into FRET efficiencies. Histograms of the FRET efficiencies are shown in Fig. 841, E and F. 
Four different FRET states are visible in the figures. The FRET efficiencies were extracted by 
fitting the distributions with four Gaussian distributions. Fig. 841, G shows the fluctuations of 
the FRET efficiency within a single burst. Also here, four different FRET efficiencies can be 
identified. 
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Fig. 841, H shows a distribution of the duration the molecules spent in each FRET state. The 
distribution was fitted with a bi-exponential model. This revealed two characteristic times, t1 
and t2, the system stayed in the individual FRET states. 

The experiments were extended to SERCA-expressing cultured rabbit cardio myocytes. Also 
here, four discrete structural states were found. The relative populations of these states oscil-
lated with electrical pacing. Low-FRET states were most populated in the low-Ca phase (dias-
tole), high-FRET states correlated with high Ca (systole). 

Burst analysis of single-molecule FRET data has also been used for detecting conformational 
changes also in F0F1-ATP synthase. Early experiments based on a bh PMS-300 card had 
shown different conformations of F0F1-ATP synthase via variations in the FRET intensity 
[1279]. Later approaches used SPC-150 TCSPC modules [1261] and Hidden Markov Models 
to identify conformational states [1262, 1263] of the molecule. These experiments gave a de-
tailed picture of the function of the molecular rotor of F0F1-ATP synthase [364, 365, 1052]. 

The principle of these experiments is shown in Fig. 842. EGFP was fused to the C terminus of 
subunit , and Alexa 568 attached to residue E2C at one of the c subunits, see Fig. 842, left. 
FRET occurs between the EGFP and the Alexa 568. The entire C ring (blue) rotates against 
the upper part of the structure. This causes a change in the distance between the EGFP and the 
Alexa 568 and, consequently, a change in the FRET efficiency. The FRET efficiency was 
determined by recording fluorescence in a red (acceptor, Alexa) and a green (donor (EGFP) 
detection channel and calculating ratios of the count numbers. Bursts from constructs contain-
ing both the donor and the acceptor were selected by wavelength-multiplexed excitation and 
analysing the count numbers in both channels. Intensity traces and FRET distances for two 
selected bursts are shown in Fig. 842, right. 

                      

Fig. 842: Left: Model of E. coli F0F1-ATP synthase labelled with EGFP (donor, green, fused to the C terminus 
of subunit , orange) and Alexa 568 (acceptor, red, at residue E2C at one of the c subunits (blue). Right: Counts 
in green (donor) and red (acceptor) detection channel (bottom) and donor-acceptor distances derived from FRET 
intensities for two selected photon bursts. The arrows mark steps in the FRET distance. From [365]. 

There are two different models of the rotation of the C ring against the upper part of the struc-
ture. One model predicts a step size of the rotation of 120°, the other a step size of 36°. To 
decide between the two models the distances of subsequent FRET states were identified in the 
data. The distances for subsequent states were determined, and the density plot of distances 
shown in Fig. 843 was built up. It shows the frequency of data pairs for subsequent FRET 
states (one distance versus the subsequent one). The results is compatible with the prediction 
for 36° step size (white line) but not with 120° step size (black line). Please see [202] for 
more details. 
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Fig. 843: FRET transition density plot. Distance pairs for subsequent FRET states, distance 1 and distance 2. 
The result is compatible with the prediction for 36° step size (white line) but not with 120° (black line). With 

permission, from [365]. 

 

Identification of Single Molecules 
Identification of single molecules has relevance for spectroscopic DNA sequencing and drug 
screening. Molecules can be identified by using the fluorescence lifetime, the fluorescence 
anisotropy, the lifetime in conjunction with the emission wavelength, and the burst size and 
duration. 

Identification purely based on the fluorescence lifetime is described in [390]. The true shape 
of the signal, i.e. the convolution of the IRF with the expected decay function, is pre-
calculated for different molecules. The photon distributions in the individual bursts are then 
compared with these pre-calculated functions. The Rhodamine derivatives JF9, JA67, and 
JA53 were identified with an error rate between 0.1 and 0.01.  

The problem of pure lifetime identification is that the lifetime differences are often relatively 
small. Moreover, there may be some variation in the lifetime of a single type of molecule due 
to different local environments. It is therefore useful to add more parameters to the identifica-
tion algorithm. By using the fluorescence anisotropy, Rhodamine 133 and EYFP were identi-
fied with only 1% misclassification [978]. 

Prummer et al. used the lifetime and the emission wavelength for on-line classification of 
molecules [901]. A dichroic mirror splitted the fluorescence into two wavelength intervals, 
which were detected by two SPAD modules (SPQ141, EG&G). The pulses of the APDs were 
connected into a bh SPC-402 module via an HRT-82 router. Classification was performed 
online in the incoming FIFO data stream. The procedure uses a lookup table that returns the 
probability that a photon originates from a particular type of molecule as a function of the 
micro time and the wavelength channel. The identification procedure starts when the time lag 
between 50 consecutive counts is below 2 ms. The probabilities are accumulated for succes-
sive photons until the molecule is identified or the time lag between 50 consecutive counts 
exceeds 2 ms. The technique was demonstrated for the dyes Rhodamine 6G (R6G), sulforho-
damine B (SRB), dibenzanthranthene (DBATT), and 1,1´-dioctadecyl-3,3,3´,3´,-tetramethyl-
indocarbocyanine perchlorate (DiI). Identification required less than 300 photons per mole-
cule. 

Correlation of Lifetime Fluctuations 
Spontaneous conformational fluctuations of biomolecules are closely related to fluctuations in 
the enzymatic rate constant and have therefore become subject of a large number of single-
molecule experiments. The fluctuations occur in a wide range of time scales from microsec-
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onds to hundreds of seconds. Conformational changes can be investigated by single-molecule 
FRET techniques or by optically induced electron transfer between an electron donor and an 
electron acceptor within the same biomolecule. The corresponding changes in the fluores-
cence can be investigated by BIFL techniques, FCS, or by recording photon counting histo-
grams within different sampling time intervals. Direct information about the rate of the fluc-
tuations can be obtained by correlating fluorescence lifetimes obtained from single molecules 
within millisecond sampling time intervals. The technique was demonstrated by Yang et al. 
[1244].  The lifetime changes were attributed to electron transfer between FAD and nearby 
residues, such as Trp and Tyr. For every 100 photons a fluorescence lifetime was obtained by 
a maximum likelihood estimation. The lifetimes were converted into electron transfer rates 
and distances, which were correlated subsequently. A similar experiment with electron trans-
fer in a fluorescein-tyrosine pair within a single protein complex was described in [799]. 

Photon Counting Histograms 
The photon counting histogram (PCH) of an optical signal is obtained by recording the pho-
tons within successive sampling-time intervals and building up the distribution of the fre-
quency of the measured counts versus the count numbers. For a light signal of constant inten-
sity the PCH is a Poisson distribution. If the light fluctuates, e.g. by fluctuations of the num-
ber of fluorescent molecules in the focus of a laser, the PCH is broader than the Poisson dis-
tribution. A characterisation of the PHC was given in 1990 by Qian and Elson [903]. The 
technique is also called fluorescence intensity distribution analysis, or FIDA. The principle is 
explained in Fig. 844. 
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Fig. 844: Photon counting histogram. Left: Photons counted in successive sampling time intervals. Right: Histo-
gram of the number of time intervals containing N photons 

The optical setup for PCH experiments is the same as for BIFL, MFD, or one-photon or two-
photon FCS. The sample is excited by a laser through a microscope objective lens. The effec-
tive sample volume is confined to a few femtoliters by two-photon excitation or by confocal 
detection. PCH recording requires a high-efficiency detector and a multichannel scaler that 
records either the photon counts in successive time bins or the time-tag data for the photons. 

The optimum sampling time interval depends on the time-scale of the fluctuations and is usu-
ally in the 10 µs to 1 ms range. Recording directly into fixed time bins yields relatively com-
pact data sets. Time-tag recording yields more flexibility and is usually preferred. Time-tag 
data can be used to calculate several PCHs in different sampling time intervals, and to calcu-
late FCS curves and PCHs from the same data. A photon counting device for PCH measure-
ment is described in [385]. 

The PCH delivers the average number of molecules in the focus and their molecular bright-
ness. Several molecules of different brightness can be distinguished by fitting a model con-
taining the relative brightness and the concentration ratio of the molecules to the measured 
PCH. The technique is also called ‘fluorescence intensity distribution analysis’, or FIDA. The 
theoretical background is described in [252, 253, 586, 588, 819, 859, 860, 903]. 
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The PCH/FIDA technique can be extended for two-dimensional histograms of the intensity 
recorded by two detectors in different wavelength intervals or under different polarisation. 
2D FIDA  delivers a substantially improved resolution of different fluorophores [587, 588]. 
Further improvement is achieved by using pulsed excitation and using the fluorescence life-
time as an additional dimension of the histogram. The techniques is termed ‘Fluorescence 
Intensity and Lifetime Distribution Analysis’ or FILDA [588, 859]. Of course, accurate life-
times cannot be obtained from the small number of photons within the individual sampling 
time intervals. However, useful lifetime information may be obtained from the photon arrival 
times in the laser period averaged over the sampling time interval. The average arrival time is 
directly related to the first moment of the decay function and therefore to the fluorescence 
lifetime. 

FIDA, 2D-FIDA and FILDA do not directly deliver information about the diffusion times of 
the fluorescent species. Diffusion times can, however, be obtained by calculating the PCHs in 
different sampling time intervals and fitting the result with a model that contains both the mo-
lecular brightness and the diffusion time [588]. 

In principle, FIDA, 2D-FIDA, and FILDA are possible by using any bh TCSPC module that 
has the FIFO mode implemented. The data recorded in the FIFO mode contain the individual 
arrival time of each photon in the laser pulse sequence, the time from the start of the experi-
ment, and the number of the detector that detected the photon. Thus, both decay curves, FCS 
curves and PCHs can be calculated from these data. The PCHs can obtained for each individ-
ual detector and for virtually any sampling-time interval. Data measured at a solution of Rho-
damine 6G molecules attached to a protein are shown in Fig. 845. 

 

Fig. 845: Decay curve, intensity (MCS) trace, FCS curve, photon counting histogram and lifetime histogram for 
a Rhodamine 6G solution. Sampling times for photon counting and lifetime histograms 1 ms, time per channel 
of MCS trace 1 ms. Two-photon excitation, SPC-830 TCSPC module with SPCM software, acquisition time 
490 s, count rate 28103 s-1. 

Fig. 846 shows distributions of the average photon arrival time for different sampling time 
intervals. The average arrival time is identical with the first moment of the photon distribution 
and, except for a constant offset, represents the fluorescence decay time. The width of the 
distribution contains both the statistical variance of the arrival time and the real inhomogene-
ity of the lifetimes of the molecules. If the sampling time is reduced, the number of photons 
per time interval decreases, and distribution of the arrival time becomes wider. For very small 
sampling time intervals most of the time intervals contain either no photon or one photon. The 
distribution of the arrival time then converges into the fluorescence decay curve. Multi-
exponential analysis of the decay curve is, in principle, a second way to reveal inhomogeneity 
of the lifetimes. 
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Fig. 846: Distribution of the first moment, M1, of the photon arrival times, calculated from TCSPC time-tag 
data. Sampling time interval 100 µs, 1 ms, and 10 ms. SPC-830 TCSPC module, count rate 3000 photons per 

second.  

Although TCSPC is used successfully for BIFL experiments, little has been published about 
applications for FIDA. The reason is probably that the dead time of TCSPC is considered a 
drawback. However, a simple consideration shows that the detectable burst rate is not sub-
stantially reduced by the dead time of the TCSPC device. The commonly used detectors lose 
50% of the photons at an input rate of about 16106 s-1 [884], fast TCSPC modules 
(SPC-140/144) at 10106 s-1. This means the dead time of the TCSPC module is only slightly 
shorter than the dead time of the detector. The use of TCSPC for PCH experiments therefore 
does not result in a considerable increase of dead-time-related errors. Moreover, BIFL appli-
cations have shown that the burst count rates are well within the counting capability of 
TCSPC. 
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Other TCSPC Applications 

Two-Photon Excitation by Picosecond Diode Lasers 
Two-photon excitation has become a standard technique in laser-scanning microscopy and 
fluorescence correlation spectroscopy. The excitation wavelength is twice the absorption 
wavelength of the molecules to be excited. Because two photons of the excitation light must 
be absorbed simultaneously, the excitation efficiency increases with the square of the excita-
tion power density. The technique requires pulsed excitation with high peak power, i.e. fem-
tosecond pulses, and focusing into a diffraction limited volume within the sample. In most 
cases Ti:Sapphire lasers are used for two-photon excitation [324, 1181, 1182]. 

Two-photon fluorescence excitation with a picosecond diode laser cannot be expected to work 
with the same efficiency. The average intensity is only a few mW. Moreover, the pulse dura-
tion is of the order of 100 ps, so that the peak power is many orders of magnitude lower than 
for a femtosecond Ti:Sapphire laser. The question whether two-photon excitation at a notice-
able level can be obtained by a picosecond diode laser may therefore appear a bit academic. 
However, two-photon excitation by a diode laser may be reasonable, e.g. for fluorescence 
excitation deeply within a highly absorbent sample. 

It can indeed be demonstrated that two-photon excitation by a picosecond diode laser delivers 
fluorescence signals that can easily be detected by TCSPC [140]. A result is shown in Fig. 
847. 

A bh BHLP-700 laser was used for excitation. The laser emits at a wavelength of 785 nm. The 
average power of the laser was adjusted to approximately 10 mW. The pulse width at this 
power was about 300 ps FWHM. The laser beam was focused into a 1-mm sample cuvette by 
a microscope objective (NA = 0.4). The relatively low NA was used to obtain a convenient 
working distance to the sample cuvette. The fluorescence light was detected from the back of 
the cuvette. 6 mm of Schott BG39 filter glass was used to block the laser light from the detec-
tor. The fluorescence light was detected by a Hamamatsu H7422P-40 photomultiplier module 
connected to a bh SPC-730 TCSPC module. 

  

Fig. 847: Fluorescence decay curves obtained by two-photon excitation. 1) Rhodamine 6G, 10-3 mol/l in ethanol, 
2) Rhodamine 6G 10-4 mol/l in ethanol, 3) Fluorescein Na 10-3 mol/l in pH 7.4 buffer,  4) Fluorescein Na 
10-4 mol/l in pH 7.4 buffer, 5) Laser pulse  

Curves 1, 2, 3 and 4 are the recorded decay functions of Rhodamine 6G, 10-3 mol/l, Rhoda-
mine 6G 10-4 mol/l, Fluorescein 10-3 mol/l and Fluorescein 10-4 mol/l. Curve 5 is the laser 
pulse, detected through ND filters without the NIR blocking filters. The count rates were 
4500 s-1, 900 s-1, 3000 s-1 and 400 s-1, respectively. The overall acquisition time was 3000 s 
each. The fluorescence lifetimes are 5.4 ns and 7.9 ns for the 10-4 mol/l and 10-3 mol/l Rho-
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damine 6G solutions, and 4.7 ns and 5.6 ns for the 10-4 mol/l and 10-3 mol/l Fluorescein solu-
tions. The increase of the lifetime with the concentration can be explained by re-absorption. 
Re-absorption is more critical for two-photon than for one-photon excitation, because loca-
tions much deeper in the sample can be excited. 

The efficiency can certainly be improved by using a lens of higher NA, by using a low-pass 
filter with a steeper transition than the BG 39, and by matching of the laser wavelength and 
the absorption maximum of the fluorophores. All in all, an improvement in the detected count 
rate by a factor of 102 to 103 appears feasible. If this is correct, two-photon diode-laser-
excited fluorescence can be detected from a large number of marker dyes in biologically rele-
vant concentrations. 

 

Measuring the Laser-Pulse Duration in Two-Photon Microscopes 
For constant average power, the efficiency of two-photon excitation is proportional to the 
reciprocal square of laser pulse duration. The pulse duration is normally measured by a fs 
correlator, a device which overlays two fractions of the laser beam with variable optical decay 
and monitors the intensity of an SHG signal generated in a nonlinear crystal. The problem is 
that it is difficult, if not impossible, to pick up light from the focal plane of the microscope 
and feed it back into the correlator. The correlator therefore delivers the pulse width at the 
input of the scanner. The result does not reflect the pulse width in the sample plane. Kim & 
Vogel therefore developed a technique which is based on an SHG signal generated directly in 
the focal plane and its detection via the FLIM detectors [603]. The principle is shown sche-
matically in Fig. 848. 

 

Fig. 848: Measurement of pulse duration in a two-photon microscope. BS beam splitter, HWP half-wave plate, L 
lens, LP linear polariser, DL delay line, D FLIM detector, PD reference photodiode, BC beam combiner, OL 

objective lens, DM dichroic mirror, BD beam dump. From [603]. 

The laser beam is split in two parts, marked 'Static laser pulses' and 'Temporally offset laser 
pulses'. Both are combined by a beam combiner, BC. The combined beam excites SHG in the 
sample. The SHG signal is detected back through the microscope objective lens, OL, and fed 
to the FLIM detector, D. The signal is detected by the TCSPC device. For each part of the 
laser beam, the waveform of the detected signal is the IRF of the detector / TCSPC combina-
tion. When the delay line, DL, is set for the two pulses to overlap the IRFs of the two chan-
nels overlap. When the delay is within the laser pulse duration, the intensity of the detected 
signal increases. Course adjustment (down to a 10 ps) can easily be obtained by watching the 
detected pulse shape. By synchronising the shift of the delay with a TCSPC recording in the 
f(t,T) or f(t, ext) mode, a photon distribution over the TCSPC time and the delay time is re-
corded. The cross section in 'Delay' direction is the autocorrelation of the laser pulse shape, 
see Fig. 849. In the raw data it is overlaid by an interference pattern, which is removed by 
fitting the data with a Gaussian function. 
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Fig. 849: (a) Time-resolved SHG curves over delay time. (b) Autocorrelation function with Gaussian fit (red 
curve). From [603]. 

 

 

Barrier Discharges 
The study of barrier discharges (also referred to as dielectric barrier discharges or silent dis-
charges) is important for understanding mechanisms of degradation and breakdown of insula-
tors as well as the reactions in the gas of the discharge. A barrier discharge consists of a large 
number of micro-discharges of nanosecond duration. The investigation of the discharges is 
difficult: The individual discharges occur at random times, the duration of the light pulses is 
on the order of a few nanoseconds, and the intensity is low. Ideally, it would be desirable to 
record the shapes of the optical pulses as a function of the gap voltage and the distance along 
the gap for selectable wavelength. Exactly this task can be solved by multi-dimensional 
TCSPC. 

Principle 

The general principle of a barrier-discharge experiment [212, 530, 615, 643, 644, 645, 1195, 
1196, 1197] is shown in Fig. 850. The barrier discharge occurs between two glass-coated 
electrodes. The electrical field between the electrodes is driven by a high-voltage transformer. 
The input signal of the transformer is generated by a digital waveform generator, in this case a 
bh PPG-100. 

Stop PMT
Start PMT

Delay
Line

Routing

SYNC
CFD

high voltage
Analog Out

Digital Out

Mono-
chromator

Discharge

Insulator

PPG-100

TCSPC module

sine wave

SPC-530, -730, or -830Electrode

Lens
Fibre

scan

Electrode

 

Fig. 850: Detection of barrier discharges. The pulse shape is recorded as a function of the voltage across the 
discharge gap, the wavelength, and the location in the discharge gap 
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Because the discharges occur at random times the stop signal for the TCSPC module is gener-
ated from the light pulses themselves. The stop detector is a bh PMH-100 module operated at 
a gain below the single-photon detection level. It delivers a timing reference signal of rela-
tively low jitter (see ‘Synchronisation to Random Signals’, page 209). The pulses of the stop 
PMT are delayed and fed into the SYNC (stop) input of the TCSPC module. 

The light from the other side of the discharge gap is focused on the input of an optical fibre 
and fed into a monochromator. The light of the selected wavelength is detected by the start 
PMT. Due to the low numerical aperture and narrow wavelength interval transmitted by the 
monochromator, the light intensity at the detector is much lower than at the stop detector. 
Therefore the start PMT detects single photons at a rate considerably lower than the average 
rate of the discharge pulses. The single-photon pulses are used as start pulses of the TCSPC 
module and processed in the ordinary way. 

The waveform generator feeds a digital equivalent of the sine-wave voltage into the routing 
input of the TCSPC module. When a photon is detected, it is written into in a memory block 
corresponding to the momentary voltage and into a time channel corresponding to its time 
referred to the stop pulse. Therefore the TCSPC module records the photon distribution over 
the voltage across the discharge gap and the time within the discharge duration. A large num-
ber of such distributions are obtained sequentially by scanning the monochromator wave-
length or the fibre position along the discharge gap. 

An overview of typical results is given in [140]. The setup shown Fig. 850 is in use for more 
than 15 years, and, to our knowledge, still producing good results, please see [212, 530, 615, 
643, 644, 645, 1195, 1196, 1197]. Understandably, many of the components shown in Fig. 
850 have become obsolete in 15 years. 

Scanning with Galvanometer Mirror 

A recent implementation of the barrier discharge system is in Fig. 851. The system contains a 
GVD-120 scan controller card, an SPC-150 TCSPC FLIM module and a DCC-100 detector 
controller card (not shown). 
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Fig. 851: Modern implementation of the barrier discharge setup. The discharge voltage is generated by a 
GVD-120 scan controller that also drives a galvanometer mirror. The SPC-150 FLIM module records a photon 
distribution over the voltage across the discharge gap, the distance along the gap, and the times of the photons 
within the optical pulses. 
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The X output of  GVD-120 card delivers a sinusoidal output voltage. The voltage is ampli-
fied, transformed to a voltage in the 10 kV range, and applied across the discharge gap. The Y 
output of the GVD-120 drives a galvanometer mirror. The galvanometer mirror periodically 
scans the spot from which the light is detected along the discharge gap. A monochromator 
selects the desired detection wavelength. Single photons of the selected signal are detected by 
a PMT module. The photon pulses are connected to the start input of an SPC-150 TCSPC 
module. 

The stop input for the TCSPC module comes from a second PMT. This PMT detects light 
from the entire discharge gap in a wide spectral range. For every discharge, it detects about 
1000 photons. Operated at a relatively low gain, it delivers a timing reference for the TCSPC 
module. The recording process is synchronised with the operation of the scan controller via 
scan clock pulses from the scan controller. Consequently, the TCSPC module records a pho-
ton distribution over the phase of the gap voltage (X), the distance along the discharge gap 
(Y), and the times of the photons in the optical pulses generated by the discharges. 

Fig. 852, left and right, shows the waveform of the optical pulses as a function of the distance 
over the gap integrated over the positive and the negative half-waves of the gap voltage. It can 
be seen that the optical pulse varies along the gap. It also differs between the positive and the 
negative half-wave of the gap voltage. 

   
Fig. 852: Waveform of optical pulses for different distance along the gap for positive (left) and negative (right) 

half-wave of the gap voltage. Data courtesy of Ronny Brandenburg, INP Greifswald, Germany 

Fig. 853 shows the intensity over the time in the optical pulse and the distance along the gap 
for four different phases in the gap voltage, Fig. 854 the intensity over the time in the pulse 
and the phase in the gap voltage for four subsequent distance intervals along the gap. The 
images reveal a complex behaviour of the light pulses. The shape varies both with the location 
in the gap and with the gap voltage at which the discharges occur. There are also pre-pulses 
that occur some 10 ns before the main pulse. 

 

Fig. 853: Intensity over time in discharge pulse and distance along the gap for four subsequent phase intervals 
(quarter waves) in the gap voltage. Horizontal scale 0 to 50 ns. Data courtesy of Ronny Brandenburg, INP Greif-
swald, Germany 
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Fig. 854: Intensity over time in the discharge pulse and phase in the gap voltage for four subsequent distance 
intervals along the gap. Horizontal scale 0 to 50 ns. Data courtesy of Ronny Brandenburg, INP Greifswald, Ger-
many 

Similar as the other multi-dimensional TCSPC applications, the principle shown above has no 
inherent limitation of the rate at which an experiment parameter are modulated. This is very 
important for barrier-discharge measurements: The frequency of the gap voltage must be in 
the 10 kHz range, and matched to the resonance frequency of the transformer-gap combina-
tion. Sequential recording of the voltage-dependence - e.g. by keeping the voltage constant 
until enough discharges have occurred and enough photons been recorded - is therefore not an 
option. 

Barrier-discharge systems exist in several variants. Some are using sub-sets of the principle 
shown above, e.g. point measurements at selected location in the gap, or slow scanning along 
the gap distance. Other are using two parallel TCSPC and detector channels. However, all are 
using the phase of the gap voltage as a parameter of a multi-dimensional TCSPC process. 
Please see [214, 215, 472, 531, 532, 615, 643, 644, 645, 831, 1195, 1196, 1197] for technical 
details and for results. 

 

 

 

Positron Lifetime Measurements 
Positron lifetime measurements can be used to investigate the type and the density of lattice 
defects in crystals [648]. In solid materials positrons have a typical lifetime of 300 to 500 ps 
until they annihilate with an electron. When positrons diffuse through a crystal they may be 
trapped in crystal imperfections. Since the electron density in these locations is different from 
the density in a defect-free crystal the positron lifetime depends on the type and the density of 
the crystal defects. 

The positrons for the lifetime measurement are conveniently obtained from the + decay of 
22Na. In 22Na a 1.27 MeV  quantum appears simultaneously with the positrons. This 
1.27 MeV quantum is used as a timing reference for the positron lifetime measurement. 

When a positron annihilates with an electron two  quanta of 511 keV are emitted. The  
quanta can easily be detected by a PMT and a scintillator. The general experimental setup is 
shown in Fig. 855. 
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Fig. 855: Positron lifetime experiment 

The 22Na source is placed between two identical samples. Two XP 2020 photomultipliers 
equipped with scintillators are attached directly to the two samples. The pulses from the pho-
tomultipliers are used as start and stop pulses for the bh TCSPC module. The pulses from 
PMT 2 are delayed by a few ns so that a stop pulse arrives after the corresponding start pulse. 
The TCSPC module can be any SPC-x30, i.e. a module with a discriminator threshold in the 
SYNC channel. The amplitudes of the photomultiplier pulses are proportional to the energy of 
the particle that caused the scintillation. The discriminator thresholds for start and stop are 
adjusted in a way that the stop channel detects all, the start channel only the larger 22Na 
pulses. The rate of the 22Na events is on the order of a few kHz or below. Therefore it is 
unlikely that a time measurement is started and stopped by two subsequent 22Na events. The 
by far most likely event is the detection of a 22Na decay in the start PMT followed by the de-
tection of a positron in the stop PMT. The distribution of these events gives the desired posi-
tron lifetime distribution. A typical result is shown in Fig. 856. 

 

Fig. 856: Result of a positron lifetime measurement. TCSPC Module SPC-630, PMTs XP2020. Acquisition time 
20 minutes 
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Ranging Systems 
The high time resolution of the bh SPC modules in conjunction with fast detectors can be 
used to build up high-resolution ranging or three-dimensional imaging systems. The system 
described in [228, 755, 756, 1200] uses a 20 ps diode laser, an actively quenched avalanche 
photodiode [297] and a bh SPC-300 TCSPC module. The photons reflected from the target 
and a reference pulse are recorded within the same TAC range. A slow scanning procedure is 
employed, i.e. the photons for one pixel of the image are collected, the time-of-flight distribu-
tion is read out from the SPC module, and the next pixel is scanned. 

The system achieves a distance repeatability of 10 µm and 30 µm for a 1 m and 25 m stand-
off, respectively. The distance accuracy corresponds to a time accuracy of 33 fs to 100 fs. The 
authors use a fitting algorithm [1165] which gives a better timing accuracy than the usual cen-
troid estimation. The surprisingly high resolution can be explained by the fact that the average 
timing jitter of a large number of detected photons decreases with the square root of the pho-
ton number. Of course, an accuracy this good can only be achieved with short laser pulses, a 
detector of low transit time spread, efficient cancellation of system drifts, and with a TCSPC 
time-channel width short enough to sample the IRF adequately. 

TCSPC can also be used for ranging systems for longer distances. The application to distrib-
uted ‘non-cooperative’ targets are described in [227, 228, 1214]. The authors used JMCMC 
(Jump Markov Chain Monte Carlo) processing of the data. They were able to identify multi-
ple targets within the instrument response function, and reflections from targets hidden below 
the background count level. 

It should be mentioned that the SPC-300 and SPC-600 modules used in these applications are 
not the most appropriate ones in terms of acquisition speed. More advanced SPC modules, 
such as the SPC-130, SPC-830 or SPC-150 can be used to readout the module during the 
measurement or to acquire complete images at a fast scan rate. 

Remote Sensing 
With a suitable optical system TCSPC is able to record fluorescence decay or diffusely re-
flected laser signals over remarkable distances. The setup shown in Fig. 857 records the fluo-
rescence of chlorophyll in plants over a distance of several 100 meters. 
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Fig. 857: Fluorescence measurement over large distance 

A bh BHL-600 laser sends a beam of ps pulses to the target. The repetition rate of the laser 
pulses is 50 MHz, the average power 0.5 mW. An 8-inch telescope (Meade LX90 EMC) is 
used to collect the photons from the target. The fluorescence and the reflected light are sepa-
rated by a dichroic mirror and a 70015 nm bandpass filter and detected simultaneously by 
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two PMH-100 detectors. Consequently, detector 1 detects the diffusely reflected laser, detec-
tor 2 the fluorescence of the leaves. Despite of the low laser power chlorophyll fluorescence is 
detected over a distance of several 100 meters, with count rates on the order of 1000 photons 
per second. At a count rate this low the background signal is an important issue, which im-
plies that reasonable results can only be obtained at night. A typical result is shown in Fig. 
858. 

 

Fig. 858: Fluorescence and reflectance of leaves in a forest 300 meter away 

The telescope and the laser were pointed into a forest approximately 300 m away. The red 
curve is the detected fluorescence, the blue curve the reflected laser. It is almost impossible to 
hit only one leaf over a distance this long. Therefore the signals from several leaves in differ-
ent distances are detected. Moreover, the signal intensity fluctuates considerably at the scale 
of seconds, due to the motion of the leaves in the wind. However, because the reflectance and 
the fluorescence signals are detected simultaneously, the reflectance can be used as an ap-
proximation of the instrument response function to analyse the fluorescence data. This ap-
proach is not absolutely correct because the reflected photons can come from non-fluorescent 
target components too. It does, however, deliver fluorescence decay times of reasonable accu-
racy [140]. 
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Characterisation of Detectors 

Spatially Resolved Characterisation of SPADs 

SPAD detectors are increasingly used in TCSPC applications because they have high detec-
tion quantum efficiency and low transit time spread. However, the typical diameter of the 
active are is on the order of 20 µm to 100 µm only. The full performance of a SPAD can 
therefore only be exploited if the light is focused on an extremely small area. In practice, the 
size and the location of the focused spot on the diode chip may change due to alignment er-
rors, variation of optical properties of the sample, or pinhole size and scanner position in a 
confocal scanning system. It is therefore important to know by how much the sensitivity and 
the IRF shape of a SPAD vary across the active area. 

Experiment Setup 

A setup for spatially resolved characterising SPAD detectors is shown in Fig. 859. The setup 
uses the bh DCS-120 confocal scanning FLIM system [63], see page 26 of this handbook.  
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Fig. 859: Experiment setup. The SPAD is placed in the focal plane of a DCS-120 confocal scanning FLIM sys-
tem. The laser beam scans the active area of the SPAD. One FLIM detector is disconnected from its TCSPC 
module, and the SPAD is connected instead of it. The TCSPC module thus records an image of the active area of 
the SPAD via the SPAD’s own output. The image contains an IRF for each pixel of the image. 

The SPAD chip is scanned by the focused ps diode-laser beam of the DCS-120 system. One 
of the two detectors of the DCS system is disconnected from its TCSPC module. Instead, the 
output of the SPAD is connected to this module. The corresponding FLIM channel thus re-
cords an image of the active area of the SPAD via the SPAD’s own output. The images ob-
tained this way contain the local IRF of the SPAD at the pixel position. 

For the experiments described here we used the 473 nm laser of the DCS system. Of course, 
the intensity of the laser is far too high to be directly detected by a SPAD. An additional ND 
filter must therefore placed in the input collimator of the laser fibre. 

Spatial Distribution of Sensitivity and IRF Shape 

An image of the active area of an id-100-50  epitaxial SPAD (50-µm, id Quantique) is shown 
in Fig. 860. The brightness of the pixels corresponds to the number of photons detected, the 
colour shows the first moment of the IRF. 
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Fig. 860: Active area of a 50 µm epitaxial SPAD. The colour shows the first moment (M1) of IRF, the intensity 
shows the number of detected photons. The distribution on the right is the frequency of pixels of a given M1, 

multiplied by the corresponding photon numbers. 

The sensitivity is surprisingly uniform within the entire active area. The temporal response is 
less stable. The first moment of the IRF is uniform up to a radius of 90% from the centre but 
changes by about 40 ps in the outer parts of the area. 

More detailed diagrams are shown in Fig. 861. The intensity plot (shown left) confirms the 
uniformity of the sensitivity over the active area. The IRF plots (middle and right) show that 
the IRF shape is indeed stable up to the last 10% to the rim. Then it gets broader and shifts to 
later times. There is also some sensitivity entirely outside the active area, probably due to 
scattered light. 

   

Fig. 861: Left: Sensitivity for lower half of the active area. Middle and right: IRFs over a stripe 8 pixels wide, 
going from the front of the scan area to the centre of active area. Displayed time interval 1 ns wide. Middle lin-

ear scale,  right logarithmic scale. 

 

Light Emission from SPADs 

SPADs are known to emit light during the avalanche breakdown. This ‘breakdown flash’ can 
be a problem in correlation experiments [140], and is a potential weakness of quantum cryp-
tography systems [664, 1164]. The intensity and duration of the light emission is therefore 
another parameter that should be known. 

Light emission can be measured in a start-stop setup as shown in Fig. 862. The SPAD is illu-
minated by an attenuated laser beam. Emission from the SPAD is reflected towards a PMT 
module via a dichroic (or partially reflecting) beamsplitter. Scattered laser light is blocked 
from the PMT module by a long-pass filter. The SPAD pulses are used as stop (SYNC) pulses 
for the SPC module. The setup thus records the waveform of the breakdown emission of the 
SPAD, see Fig. 862, right. 
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Fig. 862: Measurement of breakdown emission from a SPAD. Left: TCSPC setup. Right: Breakdown emission 
from an SPCM-AQR SPAD. Logarithmic intensity scale, Time scale 500 ps / div. 

 

Light emission from a SPAD can also be measured in the scanning setup shown in the para-
graph above, see Fig. 859. The active area of the SPAD is scanned by an attenuated laser 
beam, and an image is taken through one of the confocal detectors of the DCS-120 system. 
Results for an id-100-50 SPAD are shown in Fig. 863. The confocal images were taken 
through a 600 - 660 nm bandpass filter. The left two images were recorded with the SPAD 
being turned on, the two right images with the SPAD turned off. 

       

Fig. 863: Light emission from SPAD. Left two images: SPAD turned on, image delivered by SPAD, and image 
delivered by confocal detector. Right two images: SPAD turned off. Count rate of SPAD 4 MHz, acquisition 

time 180 seconds. 

The fact that the confocal detector detected a signal from the active SPAD, but no signal from 
the inactive one indicates that there was indeed breakdown emission. However, it was surpris-
ingly weak. Although the SPAD was operated near its maximum count rate, an average of 
only 40 photons per pixel was recorded within an acquisition time of 180 seconds. The emis-
sion was thus far weaker than reported for an SPCM-AQR deep-junction SPAD [664]. The 
reason may be the thinner depletion layer and faster quenching of the epitaxial SPAD. It 
should also be noted that we recorded the emission through a diffraction-limited pinhole, i.e. 
from the illuminated spot only. It is not known how far the breakdown avalanche spreads out 
laterally. It is possible that the avalanche region is larger than the region from which the light 
passes the pinhole. 

The temporal shape of the breakdown emission is shown in Fig. 864. The duration is much 
shorter than for the SPCM-AQR (less than 500 ps). The first moment, M1, of the pulse is rela-
tively uniform over the active area. 
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Fig. 864: Light emission from id-100-50 SPAD. Intensity image, M1 image, and waveform at the cursor posi-
tion. 

 

Measurement of Absolute Detector Quantum Efficiency 

A technique for measuring the quantum efficiency of a photon counting detector without a 
calibrated reference detector was described in [667, 788, 789, 790, 910, 1215]. The technique 
is based on the generation of photon pairs by parametric downconversion. The principle is 
shown in Fig. 865. 
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Fig. 865: Absolute measurement of the detector quantum efficiency by parametric down-conversion 

A NUV laser pumps a KDP (potassium dihydrogen phosphate) crystal. Down-conversion in 
the crystal generates photon pairs with a total energy equal to the energy of the pump photons. 
The photons of a pair leave the crystal in slightly different directions and can therefore be 
separated spatially. One photon is sent to the detector being tested, the other photon to a tim-
ing reference detector. A photon pulse from the reference detector indicates that a photon pair 
has been produced. The quantum efficiency of the detector being tested is the probability that 
it detects the other photon of the pair. The result does not depend on the efficiency of the ref-
erence detector. 

Scattered pump light is blocked by interference filters in front of the detectors. These filters 
are the only parts of the system that need calibration. Because the transmission is in the 10 to 
90% range, a highly accurate calibration is possible. Errors due to detector background and 
possible filter leakage are avoided by using the pulses of the detectors as the start and stop of 
a TCSPC device. The result is a coincidence curve that can be clearly separated from uncorre-
lated background signals. 
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Photon-Number Sensitive TCSPC 
Principle 

There is a number of TCSPC applications which would benefit from the ability to determine 
whether a detection event has been caused by a single photon, or by two or more photons. 
Typical examples are basic research on entangled photons, quantum key distribution, and de-
velopment of single-photon light sources. The ability to distinguish between one or several 
simultaneously detected photons may also help suppress background in LIDAR experiments. 

In principle, the amplitude of the output pulses of a (linear) high-gain detector bears informa-
tion on the number of photons that caused a particular pulse. Several photons detected at the 
same time generate several photoelectrons, which, in turn, cause a larger output pulse. Unfor-
tunately, classic PMTs and MCP PMTs deliver a single-photon pulse amplitude spectrum 
much wider than 1:2. That means, the amplitude of a single pulse cannot be used to determine 
the number of photons. 

The options to distinguish multiphoton detection events are much better for hybrid detectors. 
The pulse-amplitude spectrum of the output pulses is much narrower than for a classic PMT 
(see Fig. 319, page 208). Output pulses for one, two, three or even more simultaneously de-
tected photons stand out clearly in the amplitude spectrum [685]. Hybrid detectors are there-
fore promising candidates as detectors for photon-number-sensitive TCSPC. 

Routing by Photon Number 

To obtain photon-number-sensitive TCSPC the ‘Routing’ technology described at page 99 of 
this book is used. However, the router is modified so that the destination of the photons is not 
determined by the source channel of the individual photon pulses but by their amplitude. The 
principle of a ‘photon-number router’ is shown in Fig. 866. The router splits off a part of the 
detector signal, amplifies it, and feeds it into several discriminators, D1 to D4. The discrimi-
nators are operated at different reference voltages. The voltages are adjusted in a way that D1 
responds if the input amplitude corresponds to one photon, D2 if the amplitude corresponds to 
two photons, and so on. The discriminators are very fast (<1 ns) so that several photons de-
tected in intervals of a few ns are not interpreted as multi-photon events. The discriminator 
outputs are encoded to form a routing signal that indicates how many photons a particular 
detection event contained. 
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Fig. 866: Principle of Photon-number-sensitive routing 

Test Result 

A BDS-405 ps diode laser, an HPM-100-07 hybrid detector, a routing device of the principle 
shown in Fig. 866, and an SPC-150N TCSPC module were used to test the principle. The de-
tector gain was changed to obtain different pulse amplitudes, simulating the simultaneous 
detection of one, two, three, and four photons. The result is shown in Fig. 867. The detector 
pulse amplitude increases from top to bottom, the routing channel increases from left to right. 
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Fig. 867: Test results obtained with bh HPM-100 hybrid detector and SPC-150N TCSPC module. Detector gain 
changed to simulate different photon number. The detector pulse amplitude increases from top to bottom, the 

routing channel increases from left to right. Light pulses from BDS-405 nm picosecond diode laser. 

It can be seen that the detected pulse shifts through consecutive routing channels with increas-
ing amplitude of the photon pulses. The results show that photon-number-sensitive routing is 
able to distinguish between detector pulses with amplitudes corresponding to one, two, three, 
and four photons. So far, we had no chance to test the device with real photon pairs or other 
multiphoton events of known photon number. Since it is known that the hybrid detector trans-
lates photon number into pulse amplitude, there is no doubt that real multiphoton-detection 
events can be identified by the device. It should be noted, however, that identifying mul-
tiphoton detection events is not the same as identifying photon multiples in the light signal. 
The detection efficiency for every photon is less than one. Currently, it is about 50% for the 
best photocathodes (GaAsP). That means the probability to correctly distinguish a photon pair 
from a single photon in the incoming light is 50% at best. Therefore some calibration of the 
system may be required to quantitatively determine the true fraction of photon multiples. 
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Optical Oscilloscope 
At a count rate of 105 to 106 photons per second a reasonably accurate waveform is recorded 
within less than 100 ms. All bh TCSPC modules can therefore be used as optical oscillo-
scopes. A repetitive measurement cycle is performed in short intervals and the recorded pho-
ton distribution versus time is displayed. Even with a low-cost PMT module, e.g. the 
Hamamatsu H5783, an IRF width of about 150 ps is achieved; SPADs yield an IRF width of 
about 40 ps. These IRF widths correspond to signal bandwidths of about 2 GHz and 9 GHz, 
respectively. The time channel width can be made as short as a picosecond, which results in 
an equivalent sample rate of 1000 GS/s. 

Fig. 868 shows an example of a TCSPC oscilloscope measurement. The fluorescence of chlo-
rophyll in a leaf was recorded at a count rate of 4106 photons per second and an acquisition 
time of 100 ms. Two successive traces were overlaid to reproduce the visual impression. 

 

Fig. 868: Fluorescence signal recorded in the oscilloscope mode. SPC-140 module in a ‘Simple-Tau’ system, 
detector count rate 6 MHz, recorded count rate 4 MHz, 1024 time bins per curve, acquisition time and screen 
update rate 100 ms. To reproduce the visual impression, two successive traces were overlaid. 

Convenient detectors for oscilloscope application are the Hamamatsu H5783 or H5773 mod-
ules, or the bh PMC-100 detector heads based on these modules. The modules have a built-in 
high-voltage generator so that any handling of high voltage is avoided. This is an important 
feature for practical use. 

Recently fast and relatively inexpensive SPAD modules have become available, such as the 
id-100-20 of id Quantique [551], the PDM 50 CT of Micro Photon Devices [785]. The detec-
tors have an active area of 20 to 100 µm diameter and are overload-proof. The IRF width is 
about 40 ps, resulting in an equivalent signal bandwidth of about 9 GHz. Although the small 
active area can cause some alignment problems, these detectors are excellently suitable for 
TCSPC oscilloscopes. 

The oscilloscope mode has become an indispensable tool for a large number of technical jobs. 
Alignment and optimisation of optical systems often requires not only maximising the effi-
ciency but also localising and removing optical reflections, leakage of excitation light, or 
pulse dispersion. The oscilloscope mode is also used to optimise the operation conditions of 
detectors and the driving conditions of picosecond diode lasers. Furthermore, the oscilloscope 
mode is a convenient way to optimise TCSPC system parameters, such as signal delay, CFD 
zero cross and threshold, and TAC parameters. 
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SPCM Software 

Overview 
The bh TCSPC modules come with the ‘Multi SPC Software’, SPCM, a software package that 
allows the user to operate up to four bh TCSPC / FLIM modules. SPCM also operates the 
DPC-230 16-channel photon correlator, and a variety of experiment control devices. 

SPCM runs the data acquisition in the various operation modes of the SPC modules while 
controlling peripheral devices, such as detectors, lasers, scanners, or motor stages. Operation 
modes are available for almost any conceivable TCSPC application. There are modes for fluo-
rescence and phosphorescence decay recording, multi-wavelength decay recording, laser-
wavelength multiplexing, recording of time series, FCS and photon counting histograms, and 
there are modes for FLIM, multi-wavelength FLIM, Mosaic FLIM, time-series FLIM, Z stack 
FLIM, and simultaneous FLIM/PLIM. Since July 2019 SPCM comes with extended multi-
threading capabilities, greatly improving the throughput rate even in case of complex online 
data and display operations. 

 

Fig. 869: Example of SPCM Main panel. Other examples see Fig. 870. 

SPCM includes the management of the measurement and measurement control parameters, 
user-interface configuration parameters, and parameters for online data visualisation. Load 
and save functions are provided to handle measurement and setup data. A large part of SPCM 
provides display functions for multi-dimensional data. There are display functions for decay 
curves, series and arrays of decay curves, images, and arrays of images. Different projections 
can be used to create images from selected planes within a multi-dimensional data array. Dis-
play functions also contain online calculation and display of pseudo-colour fluorescence-
lifetime images and display of decay curves from ROIs within lifetime images. A direct link 
is provided for communication with SPCImage NG FLIM analysis software. 

The user interface of SPCM is configurable by the user. Different configurations can thus be 
created for different applications and measurement tasks. The configurations can be stored in 
a Predefined Setup panel and recalled on demand by a single mouse click. 

SPCM runs under Windows 7 and Windows 10. SPCM is a true 64-bit application. Provided 
the computer has enough memory there is virtually no limitation in the data size of TCSPC-
FLIM results. SPCM thus records 'Megapixel' FLIM data with unprecedented pixel numbers. 
Moreover, SPCM records data of high complexity, such as multi-wavelength or multi-
excitation wavelength FLIM data, dynamically variable FLIM data, spatial FLIM mosaics, or 
data scanned with a combination of an optical scanner and a motor stage. 
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SPCM Main Panel 

Examples of typical SPCM Main Panel configurations are shown in  Fig. 870. 

   

   

   

   

Fig. 870: Main panel of the SPCM software, examples of different configurations. Upper row measurement of 
single and multi-wavelength decay curves; Second row multi-detector or sequential measurements, three dimen-
sional display, third row Fluorescence lifetime imaging, lower row single molecule spectroscopy, with decay 
curves, FCS curves, photon counting histograms and intensity (MCS) traces. 

The upper row shows configurations typically used for traditional fluorescence decay meas-
urements. For a single-detector setup often a display window is used that fills the upper part 
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of the main window entirely (upper row, left). The curves displayed are the instrument re-
sponse function and one or several fluorescence measurements. The displayed traces are de-
fined in the ‘Trace Parameters’ which are accessible via the menu bar. 

Often several measurements are performed one after another in subsequent memory pages, or 
a number of decay curves are recorded simultaneously by using the multi-detector capability 
of the SPC modules. It may then be convenient to have the trace definitions directly available 
(upper row, right).  The display window has therefore been reduced in size, and the ‘Trace 
Parameter’ panel is kept open and placed right of the display window. The FWHM, the 
maximum and total counts, and the first moments of the curves are displayed by keeping the 
'Trace Statistics' open. 

The second row shows typical configurations for multi-wavelength measurements. The left 
panel shows a three-dimensional graph of the decay curves in the subsequent wavelength 
channels. The graph is controlled by the ‘Display Parameters’ which are kept open in the right 
part of the main panel. Other options are shown in the main panel configuration on the right. 
Four display windows are defined. The same data set is shown in linear and logarithmic scale, 
and as a three-dimensional curve and a colour-intensity plot. Similar panel configurations can 
be used for sequential measurements. 

The configurations shown in the third row are typical of FLIM measurements. The configura-
tion shown left uses one display window. To change between images in different time win-
dows or different detector channels, the ‘Display Parameter’ panel is kept open; different 
TCSPC channels of a multi-module system can be selected by the ‘Select SPC’ panel. The 
main panel configuration shown right is used for multi-wavelength FLIM. Eight display win-
dows are used to display images in subsequent wavelength intervals. The same configuration 
can be used to display subsequent images of page-stepping sequence. 

The last row shows configurations for single-molecule spectroscopy. The left panel displays 
the decay function, the FCS curve, a photon counting histogram and a curve of the recorded 
intensity over a selected time interval of the measurement. Photon counting lifetime histo-
grams can be displayed as well, see lower row right, lower right curve. 

A wide variety of user interface configurations can be defined, for examples see [63, 64]. The 
configuration data are stored in the setup and data files of the SPCM software. Different user 
interface configurations can be loaded by recalling them from a list of ‘predefines setups’, or 
by loading setup or data files. 

 

Changing Between Different Instrument Configurations 

The complete instrument configuration is saved together with the data or setup files. Thus, the 
main panel configuration used for a particular experiment is restored when the corresponding 
measurement or setup data are loaded. To simplify switching between different configurations 
you can put the data or setup files into a list of ‘Predefined Setups’, see Fig. 871. To open the 
predefined-setup panel, click on ‘Main’, ‘Load Predefined Setups’. For creation of the panel 
please see page 659. 
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Fig. 871: Predefined-Setup panel. You can change between different instrument configurations by a single 
mouse click 

With the Predefined-Setup panel switching between different instrument configurations is 
merely a matter of a mouse click, see Fig. 872. 

 

Fig. 872: Example of using the predefined setup panel: The instrument switches from a FLIM configuration into 
an FCS configuration by a simple mouse click 

 

Measurement Functions 

Measurement functions provided by SPCM range from the traditional recording of fluores-
cence decay curves or other optical waveforms, phosphorescence decay curves, FCS curves, 
time series or other sequences of decay curves, multi-detector or multi-wavelength data, to the 
acquisition of FLIM or other time-resolved images, multi-wavelength images, arrays of im-
ages, time series or Z stacks of images, and simultaneously recorded FLIM/PLIM images. 
The measurement functions are provided by the general operation modes in combination with 
various online data processing operations and experiment control functions. 

Fig. 873 shows measurement results for a few frequently used SPCM measurement functions. 
The upper row shows results of fluorescence decay measurement, multi-wavelength fluores-
cence decay measurement, and fast accumulation of time series. The second row shows FCS, 
phosphorescence decay, and an intensity trace from single molecules. The third row shows 
FLIM, Mosaic FLIM, and PLIM. There are many other possibilities, please see 'System Pa-
rameters' for details and system setup. 
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Fig. 873: Examples of frequently used measurement functions. Upper row: Fluorescence decay, Multi-
wavelength fluorescence decay, fast accumulated time series. Middle row: FCS, phosphorescence decay, inten-

sity trace (from single molecules). Lower row: FLIM, Mosaic FLIM, PLIM. 

 

Display of TCSPC Data 

SPCM has various display functions to display the results of TCSPC measurements. The three 
basic display modes are illustrated in Fig. 874. The 2D display function shows up to 16 decay 
curves (or other optical waveforms) in the same diagram. The 3D curve display function dis-
plays 3D patterns of curves, such as multi-wavelength decay data or results of sequential me-
asurements. The 3D image display function displays intensity images of FLIM data or colour-
coded lifetime images as shown in Fig. 874, right. Please see 'Display Functions', page 731. 



646      SPCM Software 

    

Fig. 874: Three basic display modes of SPCM: Curves in a common diagram, 3D pattern of curves, lifetime 
image. 

Images and other multidimensional data can be displayed in different projections. These pro-
jections represent images within a selected time interval (time-gated images), decay curves 
along a vertical or horizontal stripe of an image, or images within a selected wavelength in-
terval of multi-wavelength FLIM data. Data from different SPC modules, from different rout-
ing channels, or different representations of the same data can be displayed in parallel in up to 
eight display windows. The display functions of SPCM are controlled by the Trace Parame-
ters, Display Parameters, and Windows parameters. An overview is given in the section be-
low, for detailed information please see chapter 'Display Functions' page 731. 

Display, Trace Parameters and Window Parameters 

The display windows of the main panel are configured by the ‘Display Parameters’ the ‘2D 
Trace Parameters’, and the ‘3D Trace Parameters’. The corresponding panels are shown in 
Fig. 875. 

   

Fig. 875: Left to right: Display parameters, 2D Trace parameters, and 3D Trace Parameters 

The Display Parameters (shown left) allow you to define how your results will be displayed. 
The range of the count numbers to be displayed can be defined upper left. The style of the 
curves displayed can be defined under ‘Trace’ and ‘2D display’. The lower part of the Display 
Parameters applies mainly to multi-dimensional data sets as they are obtained in the imaging 
and sequencing modes. A 3D curve mode and a colour-intensity mode are available. Sub-sets 
of multi-dimensional data sets can be selected in the lower right part of the panel. For details, 
please see ‘Display ’, page 731. 

As shown in Fig. 870, the main panel may have several display windows open. The windows 
have separate Display and 2D Trace Parameters. To select the right set of display parameters, 
click into the top bar of the particular display window. 

The 2D Trace Parameters define the curves displayed by the 2-dimensional display modes. 
Curves from different modules of a multi-module TCSPC system (‘Module’), individual 
curves from a multi-detector measurement (‘Curve’), and from different measurements or 
steps of a measurement sequence (‘Frame’ or ‘Page’) can be selected. A curve may also con-
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tain accumulated data of several detector channels or measurement steps. Please see ‘2D 
Trace Parameters’, page 765. 

The 3D Display Parameters define up to eight display windows for multi-dimensional meas-
urements. For each window, the display mode can be defined individually. Thus, images in 
time windows, sequences of curves in spatial windows of an image, or in windows of the de-
tector number can be defined. Each window has separate display parameters. Thus, windows 
showing results in the curve and colour intensity mode and in different display scale can be 
created. For details, please see ‘3D Trace Parameters’, page 770. 

The Window Parameters are used to define and display subsets of multi-dimensional TCSPC 
data. Data can be displayed in selectable time windows (of the TCSPC time), routing (usually 
wavelength) windows, MCS time windows (time in a phosphorescence decay) and over se-
lectable X and Y windows (stripes of an image). Please see 'Display Functions' page 731. 

 

Fig. 876: Window Parameters, used for defining subsets of multidimensional data for display. 

Cursors in the Display Windows of the Main Panel 

Cursors in the display windows of the main panel are enabled by clicking into the window 
with the right mouse key. This opens a small panel in which the cursors functions can be en-
abled or disabled, see Fig. 877, left. A display window with cursors is shown in Fig. 877, 
middle. Two cursors and a ‘data point’ are available. 

When the cursors are enabled a window with the cursor settings is displayed, see Fig. 877, 
right. The cursor settings window can be placed anywhere in the screen area. It can be closed 
by clicking on the ‘close’ symbol in the upper right corner, and re-opened by a right mouse 
click into the display window and selecting ‘Cursor Settings’. 

    

Fig. 877: Cursors in the display windows of the main panel 

The cursors and the data point can be shifted by the mouse cursor, or by changing the cursor 
positions in the cursor settings window. Furthermore, the style and the colour of the cursors 
can be changed and a zoom function is available. The function is the same as for the cursors 
in the 2D and 3D Display, see 'Display Functions' page 731. 
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The cursors in the main window interact with the parameters of the DCS-120 scanner. A re-
gion in a previously recorded image is selected by the cursors, and the scan parameters are 
automatically adjusted to scan this area. Please see Scanner Control, page 783. 

 

Fig. 878: Interactive scanner control 

Trace Statistics 

Clicking on the 'Trace Statistics' button opens a window which displays information about the 
data shown in the curve windows. For decay curves or other waveforms the FWHM values, 
the peak counts, the total counts and the first moment of the photon distribution are displayed, 
see Fig. 879, left. For an FCS window the trace statistics window displays the results of the 
fit, see Fig. 879, right. 

            

Fig. 879: Trace statistics panel. Left for a waveform window, right for an FCS window 

The window can be placed anywhere in the screen area. Please note that the trace statistics 
window works also in the oscilloscope mode. The window is thus an efficient tool to adjust 
the system for best time resolution, correct signal transit time, counting efficiency, or IRF 
stability. 

System Parameters 

Parameters controlling the TCSPC hardware and the measurement procedures are accessible 
through the 'System Parameters' panel. To open the panel, click in into 'Parameters' of the top 
bar and select 'System Parameters'. The System Parameter panel is slightly different for dif-
ferent operation modes. Two examples are shown in Fig. 880. For details please see chapter 
'System Parameters', page 667. 

      

Fig. 880: System parameter panel. 'Single' mode (left) and FIFO Imaging mode (right). 
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System Parameter Settings from the Main Panel 

To simplify on-line adjustments the essential hardware and measurement control parameters 
are accessible directly from the main panel, see Fig. 881. The complete system parameter set 
is accessible under ‘System Parameters’, see ‘System Parameters’, page 667. 

             

Fig. 881: Access to system and control parameters from main panel 

Parameters directly accessible are: 

- Time:  Collection Time, Display Time, Repeat Time 
- TAC:   Range, Gain, Offset, Limit Low, Limit High 
- CFD:    ZC Level, Hold, Limit Low, Limit High (SPC-x00 only) 
- SYNC:  Freq Divider, ZC Level, Holdoff, Threshold (SPC-x30 only) 
- Ovfl Control: None, Stop on Overflow, Correct Overflow 
- Page:  Memory area (destination) for measurement data 
- Repeat:  Repeat measurement 
- Stop T:  Stop after Collection Time 

Module Select (Multi-SPC Systems) 

The SPCM Software is able to control up to four TCSPC modules. Many (though not all) sys-
tem parameters can be set differently in the individual modules. The parameters shown in the 
‘Main Panel’ and in the ‘System Parameters’ panel belong to the modules that is selected in 
the ‘Select SPC’ panel, see figure below. This small panel can be placed anywhere in the 
screen area. 

 
 

Status Information 

Count Rate Display 

The rate display informs about the count rates the CFD, the SYNC rate, the TAC rate and the 
ADC rate. The CFD rate represents all pulses with an amplitude greater than 'CFD Limit 
Low'. The TAC rate is the working rate of the TAC. It can be slightly smaller than the CFD 
rate because the TAC is not started by photon pulses within the dead time of a previously de-
tected photon. 'ADC Rate' is the conversion rate of the ADC. It represents the events inside 
the selected TAC window and, in case of FLIM, inside the selected scan area. 
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Count Rate Display 

Device State 

'Device state' informs about the status of the device, see Fig. 882. 

 

Fig. 882: Device status information 

The most  important  status  messages are 

Collecting Data: Measurement running 
Displaying Data: Measurement finished, final result is displayed 
Displaying data from file: Displaying data loaded from an SPC data file 
No SYNC: No synchronisation signal detected 
SYNC OK: Synchronisation signal present 
SYNC Overload: Synchronisation amplitude too high 
FIFO Overflow: The FIFO has run full, not all photons could be recorded 
Waiting for Trigger: Measurement started, waiting for experiment trigger 
Waiting for Scan Signals: Scan measurement started. Waiting for next frame clock to start or to stop 

the measurement 

Status of the Scan Control Signals 

When the SPC-730, SPC-830, SPC-150 and SPC-160 modules are operated in the ‘Scan Sync 
In’ or the 'FIFO Imaging' mode the status of the scan control signals - frame clock, line clock 
and pixel clock - is displayed, see Fig. 883. 

 

Fig. 883: Status of the scan clocks 

The ‘Scan Clocks’ lamp turns on when all used scan control pulses - i.e. Frame and Line 
Clock for internal pixel clock and Frame, Line and Pixel Clock for external pixel clock - are 
present. To display the state of the individual clocks, move the mouse cursor on the ‘Scan 
Clocks’ lamp. This opens a window with indicators for the individual clocks. 

Important: The lamps indicate only whether the signals are pulsing or not. They do not indi-
cate that the frequency of the clocks is correct. Furthermore, the state is read once per second. 
Therefore the ‘Scan Clock’ and the ‘Frame’ pulse indicator may flash if the frame clock is 
slower than one pulse per second. 

 

Application Options 

Additional configuration data can be defined in the Application Options panel, see Fig. 884. 
In the left part you can define which control panels should open automatically when the 
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SPCM application is started. Please note that there is an option to start the DCC-100 detector 
controller automatically. The fields for the TAC, CFD and SYNC parameters in the SPCM 
main panel can be enabled or disabled. The upper right part defines features of the DCS-120 
scanner control: The measurement can be started and stopped with scanning, and scanning 
can be started and stopped with the measurement. Scanning can also be stopped if no meas-
urement has been running for a given period of time. 

 

Fig. 884: Application options 

Other options are for loading saving files. The load options are important especially for 
changing the instrument configuration: In a DCS-120 system it may be important that the 
scanner beam park position or the scan area be maintained when new system setup parameters 
are loaded. It may also be desired to maintain the display panel positions or display colours. 

Since 2011 there is an option to save compressed data files in the FIFO imaging mode. Saving 
compressed files is the default option. You can turn it off to keep files compatible with earlier 
versions, or to increase the speed of the saving operation. 

Different options can also be used for sending decay curves or FLIM data to SPCImage. Data 
can be sent automatically at the end of each measurement. and data can be sent from all dis-
play windows or only from a selected one. 

Important: The application options are stored in the Registry of Windows, not in the SPCM 
data files. 
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Software Start 
Normal SPCM Start 

When the SPCM software starts it displays the initialisation status window shown in Fig. 885. 
It shows the SPC modules found by SPCM and displays them with their type and serial num-
ber. Simply click 'OK' in this situation to proceed to the SPCM main panel. 

        

Fig. 885: Initialisation panel. Two SPC modules (left) and four SPC modules (right) 

De-Selection of Modules 

You can de-select modules from the panel if you do not want to use them. This can be desired 
if one or several modules are not connected to the Sync or Scan clock signals, or if there are 
modules of different types in the system. Examples are shown in Fig. 886. De-select the un-
used module(s) as shown and proceed with 'OK'. 

        

Fig. 886: De-selecting modules from the initialisation panel 

Device Already in Use 

In the case of a software crash or when a second SPCM application is started accidentally it 
can happen that SPCM finds that the SPM modules are already being used by another applica-
tion. The initialisation panel then comes up as shown in Fig. 887, left. In most cases, you can 
continue by clicking on the 'In Use' buttons and 'OK'. The modules will then be enabled for 
the SPCM instance being opened and disabled for other applications or SPCM instances. 

Hardware Error 

SPCM runs a brief hardware test of the digital building block on start-up. In case it detects a 
hardware error it comes up as shown in Fig. 887, right. You can try to continue by clicking 
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the 'In Use' and the 'OK' button. If the error is non-fatal the software will proceed. However, 
please be aware of the possibility that the module will not work correctly. 

       

Fig. 887: Initialisation panel in case of errors. Left: Module used by other windows application. Right: Hardware 
error 

 

Emulation Mode 

Without an SPC module the software starts in the ‘Emulation Mode’, see Fig. 885. You can 
use the emulation mode to load, display, or manipulate data in a computer without SPC hard-
ware. Select the type and the number of SPC modules you want to emulate and start with 'Ap-
ply' and 'OK'. 

    

Fig. 888: Initialisation panel for emulation mode. One module (left) and two modules (right) 
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Main 
The functions for loading, saving and converting data and the print functions are available 
under ‘Main’. 

Load Panel 

The ‘Load’ menu is shown in Fig. 889. It contains fields to select different file types, to spec-
ify a file, to display information about the file selected, and to select different load options. 

 

Fig. 889: Load panel 

File Format 

You can chose between ‘SPC Data’ and ‘SPC Setup’. The selection refers to different file 
types. With ‘SPC Data’, .sdt files are loaded. These files contain both measurement data and 
system parameters. Thus the load operation restores the complete system state as it was in the 
moment when the file was saved. 

If you chose ‘SPC Setup’, .set files are loaded. These files contain the system parameters 
only. The load operation sets the system parameters, but the actual measurement data are not 
influenced. 

Note: Measurements in the ‘FIFO’ (time tag) mode deliver an .spc file that contains the micro 
time, the macro time, and the detector channel for each individual photon. These files are 
loaded by using the ‘Convert’ routines, see ‘Converting FIFO Files’, page 661. 

File Name / Select File 

The file to be loaded can is selected in ‘File Name’ field. ‘Select File’ opens a dialog box that 
displays the available files. These are ‘.sdt’ files or ‘.set’ files depending on the selected file 
format. A history of previously loaded files is available by clicking on the  button. 

File Info 

The file info window displays information about the file selected. The first three lines of the 
file info are inserted automatically when a file is saved. The last three items can be typed in 
by the operator, see ‘Save Panel’. 

Block Info 

Activating a data block in the ‘Block Number in File’ field enables a ‘Block Info Button’. 
Clicking on this button opens a list that contains the device number of the SPC modules by 
which the data were recorded, the time and data of the recording, and all system parameters, 
see Fig. 890. At the end of the block information the minimum and maximum count rates of 
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the corresponding measurement are shown (see Fig. 890, right). The block info often helps to 
recover the exact recording conditions of an older measurement. 

            

Fig. 890: Block info window of the load panel 

Load Options 

Under ‘What to Load’ the options ‘All data blocks & setup’, ‘Selected data blocks without 
setup’ or ‘Setup only’ are available. The default setting is ‘All data blocks & setup’, which 
loads the complete information from a previously saved data file. Except for special cases 
(see below) we recommend to use the ‘All data blocks & setup’ option. 

Loading selected Parts of a Data File 

‘Setup only’ loads the setup data only, the measurement data in the SPC memory remains 
unchanged. 

With ‘Selected data blocks without setup’ a number of selected curves or data sets out of a 
larger .sdt file can be loaded. A data set is a number of curves measured with identical hard-
ware parameters, e.g. a decay curve stored on one ‘page’ of a ‘Single Mode’ measurement, or 
the decay curves of all pixels of a ‘Scan’ mode measurement. 

For ‘Selected data blocks without setup’ the lower part of the ‘Load’ menu changes as shown 
in Fig. 891. 

 

Fig. 891: Selecting data blocks to be loaded from a larger data set 

The list ‘Block no in the file’ shows the curves (or data sets) available in the file. Under 
‘Block no in the memory’ the destination of the data blocks (curves or sets of curves) in the 
memory is shown. With ‘Set all to file numbers’ the destination in the memory can be set to 
the same block numbers as in the file. To set the destination of the data to locations different 
from the block numbers in the file, click on the a block number in the ‘Block no in the mem-
ory’ list and change the number in the ‘Enter Number’ field. ‘Clear all’ clears the ‘Block no in 
the memory’ list. 

For the SPC-134, SPC-144, or other multi-SPC systems operated by the Multi-SPC Software, 
the block designator contains the module number and a curve number (module_curve). 
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‘Apply offset to all’ loads data with a constant offset referred to the file block numbers. It can 
be used to conveniently load large data blocks to a memory location different from the loca-
tion in the file.  

A sequence of blocks can be selected by pressing the ‘Shift’ key and clicking on the start and 
stop number. 

Creating the ‘Block No’ list can take some time, especially on slow computers. Therefore, for 
high number of blocks the list is created on demand by clicking on the ‘Detail’ button. When 
the list is switched on, a menu can be opened from which the location in the block number list 
can be selected in groups of 1024 blocks. 

 

‘Block Info’ opens a new window which gives information about the data in a selected data 
block. An example for the block information window is given in the section ‘Trace Parame-
ters’. 

Loading Files from older Software Versions 

Older software versions may contain less system parameters than newer ones. Therefore, 
loading older files into a newer software (or vice versa) can cause warnings of missing or un-
known parameters. To load the file, click on the ‘Continue’ button until the file is loaded. 
Unknown parameters are ignored, and missing parameters are replaced with default values. 
To avoid further problems with such a file, we recommend to save it in the current software 
version (Use option ‘All used data blocks’, see ‘Save Panel’). 

Save Panel 

The ‘Save’ menu is shown in Fig. 892. It contains fields to select different file types, to select 
or specify a file, to display information about existing file, and to select between different 
save options. 

 

Fig. 892: Save panel 
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File Format 

You can chose between ‘SPC Data’ and ‘SPC Setup’. The selection refers to different file 
types. With ‘SPC Data’ files are created which contain both measurement data and system 
parameters. When this file is loaded not only the measurement data are restored but also the 
complete system setup. With ‘SPC Setup’ files are created that contain the system parameters 
only. When such files are loaded the system setup is restored, but no data are loaded. Files 
created by ‘SPC Data’ have the extension ‘.sdt’, files created by ‘SPC Setup’ have the exten-
sion ‘.set’. 

File Name / Select File 

A file name can be written into the ‘File Name’ field. ‘Select File’ opens a dialog box that 
allows you to change or create directories. Moreover, it shows the names of existing files. 
These are ‘.sdt’ files or ‘.set’ files, depending on the selected file format. If you want to over-
write an existing file you can select it in the ‘File Name’ field. A history of previously saved 
files is available by clicking on the  button. 

File Info 

After selecting the file text can be written into the ‘Author’, ‘Company’ and ‘Contents’ fields. 
Both for ‘SPC data’ and ‘SPC setup’ the file information is saved in the file. The file informa-
tion helps considerably to later identify a particular measurement among a large number of 
data files. We therefore strongly recommend to spend a few seconds on typing in a reasonable 
file information. 

If you have selected an existing file the file information contained in it is displayed in the  
‘File info window’. If you want to overwrite this file you can edit the existing file informa-
tion. 

Selecting the data to be saved 

Under ‘What to Save’ the options ‘All used data sets’, ‘Only measured data sets’ or ‘Selected 
data blocks’ are available. Furthermore, for the SPC-134 or other systems operated by the 
Multi-SPC software a module can be selected the data of which is to be saved. 

                

 The default setting is ‘All used data sets’ and ‘All used Modules’, which saves all valid data 
available in the memory of the SPC modules. These can be measured data, calculated data or 
data loaded from another file. Except for special cases (see below) we recommend to use the 
‘All used data sets’ and ‘All used Modules’ option. 

‘All used data sets’ and ‘Only measured data sets’ 

A ‘Data Set’ is the result of a single measurement, e.g. 

- a decay curve measured by a single detector in the ‘Single’ mode 
- the decay curves measured in a multi-detector configuration in the ‘Single’ or f(t,x,y) mode  
- a sequence of decay curves measured in the f(t,T) or f(t,ext) mode 
- the time-resolved spectra obtained for the 8 time windows of the fi(T) or fi(ext) mode 
- the decay curves for the pixels of an image recorded in the ‘Scan’ modes 

‘All used data sets’ saves all data obtained in the current session, data loaded from a file, and 
results of the 2D and 3D data operations. ‘Only measured data sets’ saves only the data which 
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was obtained by measurements in the current session. Data loaded from files or results of data 
operations are not saved. 

Compressed Data Files 

Since 2011 SPCM saves compressed data files of the FIFO imaging mode. This had to be 
done because the images had become so large that the data file size had become a problem. 
File compression can be turned on or off in the Application Options panel, see Fig. 884, page 
651. 

Data Set Info 

The save routine saves device number of the SPC modules by which the data were recorded, 
the time and data of the recording, and the system parameters for individual data sets. The 
start curve numbers of the available data sets are shown in the lower part of the ‘Save’ panel, 
see figure right. For the SPC-134 or other multi-SPC systems operated by the Multi-SPC 
Software, the data set designator contains the module number and the start curve of the data 
set. 

 

Activating a data set enables the ‘Set Info’ button. Clicking on this button opens a list that 
contains the device number of the SPC modules by which the data were recorded, the time 
and data of the recording, and all system parameters, see Fig. 890. At the end of the block 
information the minimum and maximum count rates of the corresponding measurement are 
shown (see Fig. 890, right). 

Saving Selected Data Blocks 

With ‘Selected data blocks’ a single curve or number of selected curves can be saved. This 
option is used to create files of selected curves from larger data sets, e.g. to save selected 
curves of a ‘Scan’ measurement for processing by an external data analysis program. 

The list ‘Block No’ shows the individual curves which are available in the memory. The de-
sired curves are selected (or deselected) from this list by a mouse click into the marked area. 
‘Mark all’ selects all curves, ‘Unmark all’ deselects all curves. 

        
Selecting Data Blocks. Left: SPC-6 through -8. Right: SPC-134 or SPC-154 

For the SPC-134 or other multi-SPC systems the block designator contains the module num-
ber and a curve number. A sequence of blocks can be selected by pressing the ‘Shift’ key and 
clicking on the start and stop number. 

 

Creating the ‘Block No’ list can take some time, especially for modules with large memories 
in slow computers. Therefore, for high number of blocks the list is created by clicking on the 
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‘Detail’ button. When the list is switched on, a menu can be opened from which the location 
in the block number list can be selected in groups of 1024 blocks. 

Predefined Setups 

Setups of frequently used system configurations can be added to a list of ‘Predefined Setups’. 
Changing between these setups then requires only a mouse click. 

To use the predefined setup option, click on ‘Main’, ‘Load Predefined Setups’. This opens the 
panel shown right. A setup is loaded by clicking on the button left of the name of the setup. 

 

To add or delete setups to or from the list, or to change the names of the setups, click into one 
of the name fields with the right mouse key. This opens the panel shown in Fig. 893. 

To add a setup, click on the disc symbol right of the ‘File Name’ filed and select a ‘.set’ file. 
Default setups coming with the SPCM software are in the ‘default setups’ folder of the work-
ing directory defined during the software installation. Please note that there may by sub-
directories for different classes of applications. Select the files you want to put into the list of 
predefined setups, and click on the ‘Add’ button. Every setup has a user-defined ‘nickname’. 
The default nickname is the file name of the .set file. To change the nickname, click into the 
nickname filed and edit the name. Then click on ‘Replace’. 

 

Fig. 893: Editing the list of predefined setups 

To create your own predefined setups, first save a setup file of the system configuration you 
want to add the list. Use the ‘Save’ panel, option ‘setup’ as described under ‘Save’. Then add 
the file to the setup list as described above. 

You can also add an ‘.sdt’ file to the setup list. The .sdt file contains not only the system set-
ting but also measurement data. You can define whether the file is loaded with or without the 
data by clicking on the ‘load with data’ marker. Please note that loading files with data can 
take a longer time than without, especially for data recorded in the scan modes of the FIFO 
Imaging Mode. 
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Multi-File View 

Measurements with page stepping or autosave, and measurements in the continuous flow 
mode can produce a large number of subsequent data files. Loading  these data one after an-
other by the ‘Load’ procedure and comparing them by the standard display routine may be too 
time-consuming. Moreover, it may be desirable to see the results of a sequential measurement 
in form of a time-sequence, i.e. as the data were recorded. Therefore SPCM provides a 
‘Multi File View’ function. The function is accessed by clicking into ‘Main’, ‘Multi File 
View’, see Fig. 894, left. The multi-file view panel itself is shown in Fig. 894, right. 

         

Fig. 894: Control panel of the Multi-File View function 

The names of the files to be displayed are specified in a window on the left. Use the ‘Add 
File’ or ‘Remove File’ buttons to add or remove files. The cursor in the list can be moved up 
and down by the ‘Move UP’ and ‘Move Down’ buttons, or by a mouse click on a file name. A 
list of file names can be imported from a .txt file, or exported to a .txt file. 

The display of data in the subsequent files can be advanced by an operator command or auto-
matically in defined intervals. The shortest available interval is 0.1 seconds. For large files, 
e.g. data of the TCSPC imaging modes loading may take longer than 0.1 s; the view may then 
advance slower than specified. 

The file show can be run only once, or be repeated in a loop (‘Repeat’ on). It may happen that 
the subsequent files have different trace or display parameters. In this case activate the ‘Load 
w/o display & traces setup’ button. It may also be indicated to switch off possible load warn-
ings, i.e. when data from older software versions are loaded, or the data were measured in a 
different SPC module. 

Data Export and Import: Convert Functions 

The ‘Convert’ functions are used to convert the .sdt data files of the Multi SPC Software into 
ASCII files or into the files for the Edinburgh Instruments data analysis software. Further-
more, FIFO mode files can be converted into .sdt files containing decay, FCS, PCH, and mul-
tichannel scaler data. FIFO mode data can also be converted into ‘Continuous Flow’ mode 
files. The Convert panel opens by clicking into ‘Main’, ‘Convert’, see Fig. 895, right, left. 

Converting .sdt Files 

The panel for converting .sdt files is shown in Fig. 895, right. The source file name is selected 
in a field on top of the Convert panel. After selecting the source file, the corresponding file 
information text is displayed. The first part of this text was created automatically by the 
‘Save’ function; the last part was written by the operator when the file was saved. 
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Fig. 895: Conversion of .sdt data into ASCII data 

By ‘Select blocks to convert’ specified blocks (curves) from the source file can be selected for 
conversion. At the beginning all curves of the source file are marked. Thus, no selection is 
required if all blocks of the source file are to be converted. 

The output file format can be ‘ASCII’, ‘ASCII with Setup’ or ‘EI’. ‘ASCII’ converts the 
measurement data only. ‘ASCII with Setup’ converts the SPC system parameters and the 
measurement data. For the measurement data part the number of  data values per line can be 
specified. ‘EI’ converts into the format of the Edinburgh Instruments data analysis software. 

The entering of the destination file name is optional. If no destination file name is entered the 
source file name is used with the extension ‘.asc’. 

Converting FIFO Files  

Measurements in the ‘FIFO’ (time tag) mode deliver an .spc file that contains the micro time, 
the macro time, and the detector channel for each individual photon. During a FIFO meas-
urement normally decay curves, FCS curves, or photon counting histograms are calculated 
on-line. These data are saved in normal .sdt files. However, it may happen that not all of the 
desired functions were calculated during the measurement, or that the calculation was not 
done with the optimal binning parameters or sampling time intervals. Moreover, on-line data 
analysis may have not been used altogether to increase the data throughput rate. In these 
cases, the ‘Convert FIFO File’ function allows you to read the data from the FIFO (.spc) file 
created during the measurement and calculate the desired correlation functions or histograms. 
The Convert FIFO panel is shown in  Fig. 896.  
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Fig. 896: Conversion of FIFO data into .sdt data 

Each FIFO mode measurement creates a setup (.set) file which has the same name as the .spc 
file (or the last .spc file if several are recorded sequentially). The name of this setup file must 
be specified under ‘Setup file name’. As in the load and save panels, the file is specified in 
file name field. Clicking on the disc symbol opens a dialog box that displays the available 
files. A history of previously used setup files is available by clicking on the  button. The 
‘File Info’ displays information about the corresponding measurement. 

The FIFO (.spc) file is specified under ‘Source file Name’. A FIFO measurement may pro-
duce several .spc files. The data of all these files are combined by activating the ‘Use Stream 
of files’ button. ‘Overall measurement time’ informs about the total time over which the 
measurement has been run. 

The lower part specifies the .sdt file to be created. The file name is specified under ‘Destina-
tion file name’. The conversion routine suggests a file with the same name as the .spc file. 

The ‘Convert FIFO’ routine allows you to convert .spc files into different destination file 
types. The destination file type is specified in the ‘File Format’ field in the lower part of the 
Convert panel. The most frequently used conversion is into .sdt files of the FIFO mode, see 
Fig. 897. 

       

Fig. 897: Conversion of .spc files into .sdt files of the FIFO mode. Left: Configuration of destination data. Right: 
Selection of the functions to be calculated and calculation parameters. 

The functions to be calculated are defined in the ‘Select & configure histograms’ field. A 
click into this field opens the panel shown in Fig. 897, right. It is the same panel used to con-
figure the online display of the FIFO mode, see page 706. You can specify the calculation of 
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decay curves, FCS functions, photon counting histograms (FIDA), photon counting lifetime 
histograms (FILDA), and FCS traces. 

A FIFO measurement may have been run over a long acquisition time and contain data from 
several routing channels (detectors). Therefore, parameters are provided to control the struc-
ture of the calculated data. With ‘Time Interval’ and ‘Starting from time’ a time interval 
within the ‘Overall measurement time’ of the FIFO measurement can be selected. Moreover, 
if the .spc data were recorded in several detector channels the full routing information may be 
used, only a specified range of channels may be converted, or the routing information may be 
ignored altogether, i.e. all detector channels merged. 

The results to be calculated from the .spc data are specified under ‘Select & configure histo-
grams’, see Fig. 897, right. The panel opens by clicking into the ‘Select & configure histo-
grams’ field. The options are the same as in the ‘Configure’ menu of the System Parameter 
panel in the FIFO mode: Decay curves, FCS curves, photon counting histograms and MCS 
traces can be calculated. 

FIFO data can also be converted into data of the Continuous Flow mode, see Fig. 898. 

 

Fig. 898: Conversion of .spc files into .sdt files of the continuous flow mode 

With ‘Time Interval’ and ‘Starting from time’ a time interval within the ‘Overall measure-
ment time’ of the FIFO measurement can be selected. This time interval can be divided into a 
number of subsequent curves by ‘Divide Time Interval of each Routing Channel into ... 
Curves’. If only one routing channel (one detector) was used  this gives a data file which can 
be displayed in the ‘Continuous Flow’ or f(t,T) mode of the SPC Standard Software. As for 
conversion into FIFO mode data, the routing information can be used, ignored, or a specified 
range of detector channel ranges can be converted. 

Fig. 899 shows how .sdt data are converted into ASCII data. Several options are available. 
The macro time in the destination file may be absolute, or the macro-time differences between 
subsequent photons may be generated. The micro times, the routing channels, and the ‘inva-
lid’ and ‘overrun’ flags may or not be included in the destination file.  

 

Fig. 899: Conversion of .spc files into ASCII data 
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Link to SPCImage Data Analysis 

There is a direct link to the SPCImage data analysis for single point and fluorescence lifetime 
imaging decay data, see page 795 of this handbook. Data are sent by clicking on ‘Send Data 
to SPCImage’, see Fig. 900. middle. This opens the data analysis panel shown on the right. 

For a number of instrument configurations several data sets may have been recorded. In the 
‘Application Options’ (see page 650) you can select whether you want to send the data of all 
display windows to SPCImage or only the data of a selected one. For sending selected data 
click on the display window that shows the data to be analysed before clicking on ‘Send Data 
to SPCImage’, see Fig. 900, left. 

     

Fig. 900: Sending data to the data analysis. Click on data set to be sent (left), click on ‘send data to SPCImage’ 
(middle), SPCImage opens with the data selected (right) 

The Application Options also allow you so send the data to SPCImage automatically at the 
end of each measurement. However, not every measurement produces useful data. Opening 
the analysis window automatically may cause frustration in these cases. 

Print 

The ‘Print’ function sends the current screen pattern to a printer. You can print either the 
whole panel or the visible part only. ‘Portrait’ or ‘Landscape’ selects the orientation on the 
sheet. The dimensions are set by ‘Autoscale’, ‘Full Size’ or ‘Size X’ and ‘Size Y’. 

 

Fig. 901: Print panel 

If you want to create a printer file of a screen pattern you can use the ‘Print to file’ option. If 
you select a postscript-compatible printer the result is a postscript file which can be loaded 
into many text and image processing programs. 

However, another (often more convenient) option to save a screen pattern is the ‘print screen’ 
key. When this key is pressed, Windows stores the screen pattern to the clipboard from where 
it can be loaded into an image processing program (Photo Paint, PhotoShop etc.). 

Sleep policy 

Windows is a multi-task operating systems. However, different applications are not really 
running simultaneously; the operating system cycles between different applications. The 
amount of attention the SPCM software gets from the operating system can be changed by 
setting the ‘Sleep Policy’, see Fig. 902. 
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Fig. 902: Sleep policy 

The highest level is ‘Never be put to sleep’. On this level the SPCM software claims almost 
the full power of the CPU. The advantage is short reaction time to any request from the SPC 
module. The downside is that other applications may be extremely slowed down. 

The lowest level is ‘Be put to sleep for a longer period’. It means that the SPCM software 
claims only a minimum of attention from the CPU. The result are long reaction times. The 
SPCM software allows you to set different sleep policy during a running measurement and 
outside a measurement. We recommend to use the settings shown in Fig. 902. The best set-
tings may, however, depend on your operating system and on other applications possibly run-
ning in parallel with the SPCM software. 

It should be noted here that the data acquisition in the photon distribution (histogram) modes 
of the bh SPC modules is performed by pure hardware functions. Software activities are only 
required to read out the data, to initiate the next step of a page stepping sequence, to display 
status messages, and for operator interactions. Long reaction times of the SPCM software in 
the ‘Put to sleep’ configurations are therefore rarely a problem. 
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System Parameters 
The ‘System Parameters’ contain all parameters defining the internal functions of the SPC 
module hardware and the data transfer between the hardware and the software. The system 
parameter define the operation mode, including the control of sequential measurements, page 
stepping, repeat, accumulation and autosave functions. Furthermore, the system parameters 
control the settings of the CFD, SYNC, TAC and ADC parameters as well as the routing and 
scanning parameters. Because not all parameters may be applicable to all operation modes 
and SPC modules some details of the system parameter panel change with the operation mode 
and module type. The typical system parameter panel of the Multi SPC Software is shown 
Fig. 903. 

 

Fig. 903: System parameter panel 

The panel contains a measurement control part that allows you to set the operation mode, to 
configure the measurement procedure by defining page stepping, cycle, accumulate and auto-
save functions, and to define the action of the experiment trigger. Due to different hardware in 
different SPC modules the measurement control part of the panel changes with the module 
type and with the operation mode selected. 

The collection time, repeat time, and display time are defined in the ‘Time’ section below the 
measurement control parameters. 

Under ‘Data Format’ and ‘Page Control’ the ADC resolution and the ADC error correction 
parameter, the number of detector channels, the number of the pixels of a scan, and the mem-
ory page in which a measurement is started are defined. The CFD, SYNC, and TAC parame-
ters are arranged in upper right. 

‘More Parameters’ opens an additional panel that contains hardware parameters which are 
specific for the particular operation mode. 

Operation Modes 

When the bh SPC modules are operated via the SPCM software a wide variety of operation 
modes is available, see Fig. 904. 
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 SPC-130/134 SPC-150/154 SPC150/154N SPC-160/164 SPC-630 SPC-730 SPC-830 

Fig. 904: Operation modes available in different SPC modules 

An overview of the operation modes available in different SPC modules is given below. 
Mode available for SPC 130, 134 150 150N, NX 160, 180 630  730  830 Typical Application 
Single  x x x x x x x Classic fluorescence lifetime 
Oscilloscope x x x x x x x System adjustment and optimisation 
f(t,x,y)  x x x x x x x Multi-wavelength fluorescence decay 
f(t,T)  x x x x x x x Time-series recording 
f(t,EXT)  x x x x x x x Fluoresc. lifetime with  scanning 
fi(T)  x x x x x x x Time-gated intensity curves 
fi(ext)  x x x x x x x Time-gated fluorescence spectra 
Continuous Flow x x x x x   Fast Time series 
Scan Sync In  x x x  x x Imaging, laser scanning microscopy 
Scan Sync In / Cont. Flow   x x    Fast imaging time series 
Scan Sync Out  x x x  x x Imaging, time series of curves 
Scan XY Out      x  Imaging with piezo stages 
FIFO  x x x x x  x FCS, single-molecule spectroscopy 
FIFO Imaging   x x   x1) FLIM, large images, complex data 
Wide-Field FLIM   x x    FLIM with delay-line MCP 
 
 
1) Available for modules from Ser. No. 3D0178 (May 2007). Modules with serial numbers 3D0098 (May 2005) or later can be upgraded. 
 
 

‘Single’ Mode 

The measurement control parameters for the ‘Single’ mode are shown below. With the set-
tings shown a single measurement cycle is performed. Several curves can be measured simul-
taneously if several detectors and a router are used. Up to eight curves can be displayed si-
multaneously. The displayed curves are selected in the ‘2D Trace Parameters’, see page 765. 

 

The photon collection is controlled by the parameters ‘Stop T’, ‘Repeat’ and the options un-
der ‘Overflow’. The measurement stops 

- at the end of ‘Collection Time’ if  ‘Stop T’ is set 
- at the first overflow if ‘Stop Ovfl’ is set 

If both stop conditions are set the measurement stops in both cases. Without any stop condi-
tion the measurement runs until it is stopped by the operator. If the results run out of the data 
range (65535 counts per time channel) the overflowing parts are clipped. 
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To collect more than 65535 photons per time channel a ‘Correct Overflow’ function is pro-
vided. With ‘Correct Overflow’, the measurement data are transferred to the PC memory at 
each overflow and accumulated. The measurement data memory is cleared after each over-
flow and the measurement is restarted. When the collection time is over the result is divided 
by the number of overflows and written back to the measurement memory. The result has 
16 bit resolution and a maximum count number of 65535. However, because several re-
cordings were averaged the standard deviation is reduced by the square root of the number of 
overflows. The ‘Correct Overflow’ function is available in the ‘Single’ mode only. 

During the measurement intermediate results are shown on the screen in intervals of ‘Display 
Time’. Up to eight curves can be displayed. The curves are specified in the ‘Trace Parame-
ters’, see page 765. 

Stepping through Pages 

A ‘Single’ measurement can be repeated in intervals of ‘Repeat Time’ and the results be writ-
ten into subsequent ‘Pages’ of the memory. The number of subsequent measurements is de-
fined by ‘Steps’. The measurement starts in the ‘Measured Page’ defined in the main panel. 
The stepping function can be combined with routing, i.e. several detector channels can be 
measured in each step. 

Cycles and Autosave 

A stepping sequence (or, if ‘Steps’ = 1, one ‘Single’  measurement) can be repeated for a de-
fined number of ‘Cycles’. 

 

The results of subsequent cycles can be written to the hard disk by using the ‘Autosave’ func-
tion. To activate ‘Autosave’ for each cycle, click on ‘Autosave’, ‘Each Cycle’. 

‘Autosave’ can also be initiated at the end of the measurement, i.e. after the last cycle only.  

Repeat 

After pushing the ‘Repeat’ button the complete measurement cycle repeats until the meas-
urement is stopped by the operator.  

Trigger 

Either the ‘Steps’ or the ‘Cycles’ of a page-stepping sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as ‘Trigger Condition’, see figure 
below.  

 

Multi-Detector Operation 

Several curves can be measured simultaneously if a multi-channel detector module or several 
detectors and a router are used. The number of detector channels are defined under ‘Page 
Control’, ‘Routing Channels X’ or ‘Routing Channels Y’, see page 725. Up to eight curves 
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can be displayed simultaneously during a Single-Mode measurement. The displayed curves 
are selected in the ‘Trace Parameters’. 

Oscilloscope Mode 

In the ‘Oscilloscope Mode’ the measurement is repeated automatically at the maximum avail-
able speed. The photon collection is controlled by the parameters ‘Collection Time’, ‘Stop T’, 
and the stop condition defined under ‘Overflow’. 

 

The measurement cycles are finished 

- at the end of ‘Collection Time’ if ‘Stop T’ is set 
- at the first overflow if ‘Stop Ovfl’ is set 

The result is displayed on the screen at the end of each measurement cycle. Please note that at 
least one stop condition must be set to complete the measurement cycle and to display the 
data. 

Experiment Trigger  

The cycles of an ‘Oscilloscope’ measurement can be triggered. To activate the trigger, select 
‘rising edge’ or ‘falling edge’ as a Trigger Condition, see figure below. 

 

Multi-Detector Oscilloscope Operation 

Several curves can be measured simultaneously if a multi-channel detector module or several 
detectors and a router are used. The number of detector channels are defined under ‘Page 
Control’, ‘Routing Channels X’ or ‘Routing Channels Y’, see page 725. Up to eight curves 
can be displayed simultaneously during an Oscilloscope-Mode measurement. The displayed 
curves are selected in the ‘Trace Parameters’. 

f(txy) Mode 

The f(txy) mode is used for measurements with a multichannel detector module, such as the 
PML-16, with a large number of individual detectors, and for other applications that control 
the destination of the photons in the memory via the routing signal inputs. These may be 
multi-dimensional measurements (page 627), multispectral measurements (page 310), or ap-
plications that multiplex a large number of light sources (page 557). In terms of signal acqui-
sition the f(txy) mode is identical with the ‘Single’ mode. The only difference is that the 
f(txy) mode interprets the data as a one-dimensional or two-dimensional array of waveform 
recordings. These are displayed in the 3-D display modes of the SPCM software. 
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The number of detector channels is defined under ‘Page Control’ (figure below, see also 
‘Page Control’, page 725). The measurement simultaneously records an array of decay curves 
defined by ‘Routing Channels X’ and ‘Routing Channels Y’. The maximum number of curves 
depends on the module type and on the ADC resolution. The photon collection is controlled 
by the parameters under ‘Measurement Control’. 

                         

The measurement stops 

- at the end of ‘Collection Time’ if  ‘Stop T’ is set 
- at the first overflow if ‘Stop Ovfl’ is set as overflow option. 

If both stop conditions are set the measurement stops in either case. Without any stop condi-
tion the measurement runs until it is stopped by the operator. If the results run out of the data 
range (65535 counts per time channel) the overflowing parts are clipped. 

Stepping through Pages 

A ‘f(txy)’ measurement can be repeated in intervals of ‘Repeat Time’ and the results be writ-
ten into subsequent ‘Pages’ of the memory. The number of subsequent measurements is de-
fined by ‘Steps’. The available number of steps depends on the memory size, i.e. on the mod-
ule type, on ‘Routing Channels X’ and ‘Routing Channels Y’, and on the ADC resolution. 

Due to the available memory size, there is a cross-dependence of ‘Routing Channels X’, 
‘Routing Channels Y’, ‘Steps’ through subsequent pages, and ‘ADC Resolution’. If one of 
these parameters is changed beyond the limit set by memory size the software automatically 
limits it to the maximum possible value. 

Cycles and Autosave 

A stepping sequence (or, if ‘Steps’ = 1, a single f(txy) measurement) can be repeated for a 
defined number of ‘Cycles’. 

To write the results of subsequent cycles to the hard disk the ‘Autosave’ function is used. To 
activate Autosave for each cycle, click on ‘Autosave’, ‘Each Cycle’. 

 

 ‘Autosave’ can also be initiated at the end of the measurement, i.e. after the last cycle only. 
This is reasonable if the cycling function is used in conjunction with ‘Accumulate’. 

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’. It is often used to dis-
play intermediate results of a multi-dimensional measurement. After each cycle of the meas-
urement is stopped, and the results are read from the SPC memory and displayed. Then the 
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measurement is continued. The results of all cycles are accumulated.  If you want to save the 
results automatically at the end of the accumulation, use ‘Autosave’, ‘End of Measurement’. 

Repeat 

After pushing the ‘Repeat’ button the complete measurement sequence repeats until the meas-
urement is stopped by the operator. 

Trigger 

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as ‘Trigger Condition’. 

 

f(txy) Display 

The results of an f(txy) measurement are displayed as a three-dimensional figure. The display 
style (multiple curve plot or colour intensity plot) is defined in the ‘Display Parameters’. Up 
to eight display windows can be defined to display the data of different detector or multiplex-
ing channels, data in different time channels, or different sub-sections of a multi-dimensional 
data set. Please see ‘Display ’, page 731, ‘3D Trace Parameters’, page 770, and ‘Window In-
tervals’, page 773. 

During the individual measurement steps intermediate results are displayed in intervals of 
‘Display Time’. Furthermore, the result can be displayed after each step and after each cycle 
by switching on ‘Display after each Step’ and ‘Display after each Cycle’. However, display-
ing intermediate results requires some time. The ‘Display Time’ and ‘Display after each Step’ 
options should be used for collection times longer than a few seconds only. 

If both ‘Routing Channels X’ and ‘Routing Channels Y’ are greater than one, or if page step-
ping is used the results are three- or four-dimensional data arrays.  Therefore different 3D 
display modes are possible, e.g. 

- an f(t,x) display within a selectable ‘Routing y Window’ 
- an f(t,y) display within a selectable ‘Routing x Window’ 
- an f(x,y) display within a selectable ‘Time Window’ 

Furthermore, a ‘Display Page’ can be defined to display a particular step of a stepping se-
quence. The 3D display plane and the ‘Display Page’ are selected in the ‘Display parameters’, 
see figure below. For details, please see ‘Display ’, page 731. 

 

f(t,T) Mode 

In the f(t,T) mode the measurement of a single curve is repeated in intervals of ‘Repeat Time’, 
and the results are written into subsequent pages of the memory. 
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The number of subsequent measurements is defined by ‘Steps’. The measurement starts in the 
‘Measured Page’ defined in main panel. The stepping function can be combined with routing, 
i.e. several detector channels can be simultaneously measured in each step. The measurement 
sequence is similar to a ‘Single’ measurement with stepping through a number of pages. How-
ever, the data are interpreted as a sequence of data blocks and displayed by the 3D display 
routines of the SPCM software. 

Steps 

The number of subsequent measurements is defined by ‘Steps’. The measurement starts in the 
‘Measured Page’ defined in the main panel.  

The photon collection for each step is controlled by ‘Stop T’ and the options under ‘Over-
flow’. The measurement of each particular step stops 

- at the end of ‘Collection Time’ if  ‘Stop T’ is set 
- at the first overflow if ‘Stop Ovfl’ is set 

If both stop conditions are set the measurement stops in both cases. If the results run out of 
the data range 0...65535 the overflowing parts are clipped. Please note that at least one stop 
condition - usually Stop T - must be set to achieve reasonable operation. 

Cycles and Autosave 

A stepping sequence can be repeated for a defined number of ‘Cycles’. To write the results of 
subsequent cycles to the hard disk the ‘Autosave’ function can be used. To activate ‘Auto-
save’ for each cycle, click on ‘Autosave’, ‘Each Cycle’. 

 

‘Autosave’ can also be initiated at the end of the measurement, i.e. after the last cycle only. 
‘End of Measurement’ is normally used in conjunction with ‘Accumulate’. 

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’, i.e. several f(t,T) se-
quences. If you want to save the results automatically at the end of the accumulation, activate 
‘Autosave’, ‘End of Measurement’. 

Repeat 

By pushing the ‘Repeat’ button the complete measurement sequence can be repeated until the 
measurement is stopped by the operator. 
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Trigger  

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as Trigger Condition. 

 

f(t,T) Multidetector Operation 

The f(t,T) mode can be combined with multi-detector operation or multiplexing. In this case 
separate curve sequences are obtained for the individual detector or multiplexing channels, 
see Fig. 905 

Array of  detector channels

Point X = 4, Points Y = 1

The f(t,T) mode records one waveform sequence for each detector channel

t(ps)

T(s)

1 2 3 4

 

Fig. 905: f(t,T) mode, multi-detector operation 

The number of detector channels is defined under ‘Page Control’, ‘Routing Channels X’ or 
‘Routing Channels Y’, see page 725. 

Due to the available memory size, there is a cross dependence of ‘Routing Channels X’, 
‘Routing Channels Y’, ‘Steps’ through subsequent pages, and ‘ADC Resolution’. If one of 
these parameters is changed beyond the limit set by memory size the software automatically 
limits it to the maximum possible value. Some combinations are given in the table below. 

Module ADC Routing  Steps Module ADC Routing  Steps Module  ADC  Routing  Steps Module  ADC  Routing  Steps 
Type Resol. Channels  Type Resol. Channels  Type Resol. Channels  Type Resol. Channels 

SPC-8 4096 1 4096 SPC-7 4096 1 1024 SPC-6 4096 1 64 SPC-134 4096 1 32 
 4096 8 512 SPC-144 4096 8 128  4096 8 8  4096 8 4 
 256 1 65536  256 1 16384  256 1 1024  256 1 512 
 256 8 8192  256 8 2048  256 8 128  256 8 64 
 64 1 262144  64 1 65636  64 1 4096  64 1 2048 
 64 8 32768  64 8 8192  64 8 512  64 8 256 

   
 
f(t,T) Display 

The results of an f(t,T) measurement are displayed as a three-dimensional figure. The display 
style (multiple-curve plot or colour intensity plot) is defined in the ‘Display Parameters’, see 
figure below. 
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Up to eight display windows can be defined to display the data of different detector or multi-
plexing channels. Please see ‘Display ’, page 731, ‘3D Trace Parameters’, page 770, and 
‘Window Intervals’, page 773. 

An f(t,T) measurement can contain a large number of subsequent curves. If the display is in 
the ‘3D Curve’ mode the finite screen resolution limits the number of curves to 128 curves. 
To see later parts of a longer sequence, change ‘Display Page’ in the display parameters or in 
the main panel. 

During the individual measurement steps intermediate results can be displayed in intervals of 
‘Display Time’. Furthermore, the result can be displayed after each step and after each cycle. 
However, displaying intermediate results requires some time. The ‘Display Time’ and ‘Dis-
play after each Step’ options should be used for collection times longer than a several seconds 
per step only. 

 

f(t,EXT) Mode  

The measurement of a single curve is repeated in intervals of ‘Repeat Time’. The results are 
written into subsequent pages of the memory.  

 

Simultaneously with the page stepping an external parameter in the measurement setup is 
varied. The external parameter can be the wavelength of a monochromator or the position of 
the detector. To control the external parameter the stepping motor controller STP-340 can be 
used (see data sheet or www.becker-hickl.com). The STP-340 is an additional PC module 
which is controlled directly by the SPC software. The device is configured by the file 
STP.CFG which includes minimum and maximum values for the position, step width, motor 
speed, the unit of the controlled parameter etc. (see STP-340 description). The f(t,ext) mode 
can also be used to record a sequence of IRF functions for different values of the CFD thresh-
old or the CFD zero cross level. 

Steps 

The number of subsequent measurements is defined by ‘Steps’. The measurement starts in the 
‘Measured Page’ defined in the main panel. The stepping function can be combined with rout-
ing, i.e. several detector channels can be measured in each step.  

The photon collection for each step is controlled by ‘Stop T’ and the options under ‘Over-
flow’. The measurement of each step stops 
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- at the end of ‘Collection Time’ if  ‘Stop T’ is set 
- at the first overflow if ‘Stop Ovfl’ is set 

If both stop conditions are set the measurement stops in both cases. If the results run out of 
the data range 0...65535 the overflowing parts are clipped. Please note that at least one stop 
condition - usually Stop T - must be set for reasonable operation. 

Cycles and Autosave 

The stepping sequence can be repeated for a defined number of ‘Cycles’. To write the results 
of subsequent cycles to the hard disk the ‘Autosave’ function is provided. To activate Auto-
save for each cycle, click on ‘Autosave’, ‘Each Cycle’. ‘Autosave’ can also be initiated at the 
end of the measurement, i.e. after the last cycle only. ‘End of Measurement’ is normally used 
in conjunction with ‘Accumulate’. 

 

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’, i.e. several f(t,ext) 
sequences. It is often used for triggered sequences to acquire more photons than in a single 
shot. If you want to save the results automatically at the end of the accumulation, use ‘Auto-
save’, ‘End of Measurement’. 

Repeat 

By pushing the ‘Repeat’ button the complete measurement sequence can be repeated until the 
measurement is stopped by the operator. 

Trigger  

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as a Trigger Condition. 

 

f(t,EXT) Multi-Detector Operation 

As in the f(t,T) mode, multi-detector operation or multiplexing can be used to record several 
signals in each step of the f(t,EXT), see Fig. 906. 

Array of  detector channels

Point X = 4, Points Y = 1

The f(t,ext) mode records one waveform sequence for each detector channel

t(ps)

ext

1 2 3 4

 

Fig. 906: f(t,EXT) mode, multi-detector operation 

The number of detector channels are defined under ‘Page Control’, ‘Routing Channels X’ or 
‘Routing Channels Y’, see page 725. 
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Due to the available memory size, there is a cross dependence of ‘Routing Channels X’, 
‘Routing Channels Y’, ‘Steps’ through subsequent pages, and ‘ADC Resolution’. If one of 
these parameters is changed beyond the limit set by memory size the software automatically 
limits it to the maximum possible value. Some combinations are given in the table below. 

Module ADC Routing  Steps Module ADC Routing  Steps Module  ADC  Routing  Steps Module  ADC  Routing  Steps 
Type Resol. Channels  Type Resol. Channels  Type Resol. Channels  Type Resol. Channels 

SPC-8 4096 1 4096 SPC-7 4096 1 1024 SPC-6 4096 1 64 SPC-134 4096 1 32 
 4096 8 512 SPC-144 4096 8 128  4096 8 8  4096 8 4 
 256 1 65536  256 1 16384  256 1 1024  256 1 512 
 256 8 8192  256 8 2048  256 8 128  256 8 64 
 64 1 262144  64 1 65636  64 1 4096  64 1 2048 
 64 8 32768  64 8 8192  64 8 512  64 8 256 

   
f(t,EXT) Display 

The results of an f(t,ext) measurement are displayed as a three-dimensional figure. The dis-
play style (multiple curve plot or colour intensity plot) is defined in the ‘Display Parameters’, 
see figure below. 

 

Up to eight display windows can be defined to display the data of different detector or multi-
plexing channels. Please see ‘Display ’, page 731, ‘3D Trace Parameters’, page 770, and 
‘Window Intervals’, page 773. 

An f(t,EXT) measurement can contain a large number of subsequent curves. If the display is 
in the ‘3D Curve’ mode the finite screen resolution limits the number of curves to 128 curves. 
To see later parts of a longer sequence, change ‘Display Page’ in the Display Parameters or in 
the main panel. 

During the individual measurement steps intermediate results can be displayed in intervals of 
‘Display Time’. Furthermore, the result can be displayed ‘after each step’ and ‘after each cy-
cle’. Please note that displaying intermediate results requires some time. The ‘Display Time’ 
and ‘Display after each Step’ options should be used for collection times longer than a several 
seconds per step only. 

fi(T) Mode 

The ‘fi’ modes are intended for recording time resolved spectra. A waveform measurement is 
repeated in intervals of ‘Repeat Time’. The counts in the channels of each curve are averaged 
within selectable time intervals (see ‘Window Intervals’, page 773). The results of this aver-
aging procedure represent the intensities in the selected time windows. The fi(T) mode re-
cords a time-controlled sequence of these intensity values, see Fig. 907. Up to eight spectra in 
different time windows are obtained for each detector channel. 
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Fig. 907: fi(T) mode. Intensities within selectable time windows are calculated and displayed as functions of the 
time from the start of the experiment. 

Steps 

The number of subsequent intensity values is defined by ‘Steps’. The stepping function can be 
combined with routing, i.e. several detector channels can be measured in each step. 

 

The photon collection for each step is controlled by the parameters ‘Stop T’ and the options 
under ‘Overflow’. The measurement of each step stops 

- at the end of ‘Collection Time’ if  ‘Stop T’ is set 
- at the first overflow if ‘Stop Ovfl’ is set 

If both stop conditions are set the measurement stops in both cases. If the results run out of 
the data range 0...65535 the overflowing parts are clipped. Please note that ‘Stop T’ must be 
set for reasonable operation of the fi(T) mode. 

Cycles and Autosave 

The sequence described above can be repeated for a defined number of ‘Cycles’. The ‘Auto-
save’ function can be used to write the results of subsequent cycles to the hard disk. To acti-
vate Autosave for each cycle, click on ‘Autosave’, ‘Each Cycle’. ‘Autosave’ can also be initi-
ated at the end of the measurement, i.e. after the last cycle only. ‘End of Measurement’ is 
normally used only in conjunction with ‘Accumulate’. 

 

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’, i.e. several intensity 
sequences. If you want to save the accumulated results automatically at the end of the meas-
urement, use ‘Autosave’, ‘End of Measurement’. 
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Trigger 

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as  a Trigger Condition. 

 

Repeat 

By pushing the ‘Repeat’ button the complete measurement sequence can be repeated until the 
measurement is stopped by the operator. 

fi(T) Multi-Detector Operation 

The fi(T) mode can be used in combination with multi-detector operation or multiplexing. In 
these cases individual spectra are obtained for the individual detector or multiplexing chan-
nels, see Fig. 908. 
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Fig. 908: fi(T) mode, multi-detector operation 

The number of detector channels is defined under ‘Page Control’, ‘Routing Channels X’ or 
‘Routing Channels Y’, see page 725. The maximum number of detector channels for an fi(T) 
measurement depends on the module type, the ADC Resolution, the number of Time Win-
dows and the number of routing channels used. 

fi(T) Display 

The display of the results is controlled by the ‘Trace Parameters’, see page 765. You can de-
fine traces for spectra in different time windows, measurement pages and recorded by differ-
ent SPC modules and detectors. Two examples are shown in Fig. 909. 
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Fig. 909: Trace parameters for the fi modes. Left: Spectra of detector 1 in subsequent time windows. Right: 
Spectra in time window 1 for different detectors 

Intermediate results can be displayed after each step and after each cycle by switching on  
‘Display after each Step’ and ‘Display after each Cycle’. However, displaying intermediate 
results requires some time. The ‘Display after each Step’ option and should only be used for 
collection times longer than a few seconds. 

fi(EXT) Mode 

The measurement of a single waveform is repeated in intervals of ‘Repeat Time’ and for dif-
ferent settings of an externally variable parameter, typically for variable wavelength. The 
counts in the channels of each curve are averaged within selectable time intervals (see 
‘Window Intervals’, page 773). The results of the averaging procedure represent the intensi-
ties in the selected time windows. The fi(EXT) mode records of these intensity values versus 
the external parameter, see Fig. 910. Up to eight time intervals can be defined. Consequently,  
to eight spectra are obtained for each detector channel. 
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Fig. 910: fi(EXT) mode. Intensities within selectable time windows are calculated and displayed as functions of 
an external parameter. 

Steps 

The number of subsequent intensity values is defined by ‘Steps’. The stepping function can be 
combined with routing, i.e. several detector channels can be measured in each step. 

 

The photon collection for each step is controlled by the parameters ‘Stop T’ and the options 
under ‘Overflow’. The measurement of each step stops 



System Parameters    681 

 

- at the end of ‘Collection Time’ if  ‘Stop T’ is set 
- at the first overflow if ‘Stop Ovfl’ is set 

If both stop conditions are set the measurement stops in both cases. If the results run out of 
the data range 0...65535 the overflowing parts are clipped. Please note that ‘Stop T’ must be 
set for reasonable operation of the fi(ext) mode. 

Cycles and Autosave 

The sequence described above can be repeated for a defined number of ‘Cycles’. The ‘Auto-
save’ function can be used to write the results of subsequent cycles on the hard disc. To acti-
vate Autosave for each cycle, click on ‘Autosave’, ‘Each Cycle’. ‘Autosave’ can also be used 
at the end of the measurement, i.e. after the last cycle only. The ‘End of Measurement’ option 
is normally used  in conjunction with ‘Accumulate’. 

 

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’, i.e. several intensity 
sequences. If you want to save the results automatically at the end of the accumulation, use 
‘Autosave’, ‘End of Measurement’. 

Trigger  

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as a Trigger Condition. 

 

Repeat 

By pushing the ‘Repeat’ button the complete measurement sequence can be repeated until the 
measurement is stopped by the operator. 

fi(EXT) Multidetector Operation 

The fi(T) mode can be used in combination with multi-detector operation or multiplexing. In 
these cases individual spectra are obtained for the individual detector or multiplexing chan-
nels, see Fig. 911. 
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Fig. 911: fi(EXT mode, multi-detector operation 

The number of detector channels is defined under ‘Page Control’, ‘Routing Channels X’ or 
‘Routing Channels Y’, see page 725. The maximum number of detector channels for an 
fi(EXT) measurement depends on the module type, the ADC Resolution, the number of Time 
Windows and the number of Routing Channels used. 

fi(EXT) Display 

The display of the results is controlled by the ‘Trace Parameters’. You can select spectra ob-
tained in different time windows and recorded by different detectors of a multi-detector ar-
rangement. Two typical settings are shown in Fig. 912. 

   

Fig. 912: Trace parameters for the fi modes. Left: Spectra of detector 1 in subsequent time windows. Right: 
Spectra in time window 1 for different detectors 

Intermediate results can be displayed after each step and after each cycle by switching on  
‘Display after each Step’ and ‘Display after each Cycle’. However, displaying intermediate 
results requires some time. The ‘Display after each Step’ option and should be used for col-
lection times longer than a one second only. 

Continuous Flow Mode 

The 'Continuous Flow' mode records a sequence of decay curves or other waveforms. Unlike 
f(t,T), the ‘Continuous Flow’ mode is strictly hardware-controlled and thus provides an ex-
tremely accurate recording sequence. Moreover, sequential recording can be combined with 
memory swapping so that virtually unlimited sequences can be recorded, see ‘Sequential Re-
cording’, page 104. The Continuous Flow mode can also be used to accumulate fast, triggered 
sequences with stepping times down to a few microseconds. ‘Continuous Flow’ operation 
requires that the TCSPC module has two independent memory banks. Thus, the mode is 
available for the SPC-630, SPC-130/134, SPC-150, SPC-160 and SPC-180 modules only. 
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Fig. 913: Measurement control parameters of the Continuous Flow mode 

The principle of the mode is shown in Fig. 193, page 106. Decay curves are measured in time 
intervals of ‘Collection Time’. The measurement is repeated while the measurement system 
switches through all memory pages of both memory banks of the TCSPC module. While the 
measurement is running in one memory bank, the results of the other bank are read and stored 
on the hard disk. Thus, a virtually unlimited number of decay curves (or other photon distri-
butions) can be recorded without any time gaps between subsequent recordings. In the 
SPC-150/154 modules continuous flow can even be combined with imaging, see page 694. 
The measurement control parameters are shown in Fig. 913. 

Banks and Steps 

‘Banks’ defines the number of memory banks to be recorded. The number recording steps - or 
curves - in each memory bank depends on the selected ADC resolution, on the number of de-
tector channels used, and on the module type. Some typical combinations are given in the 
table below. 
  SPC-630   SPC-130  SPC-130EM/134EM, SPC-150/154 
     SPC-134   SPC-160, SPC-180 
 ADC  Routing  Steps per ADC  Routing  Steps per ADC Routing Steps per 
 Resolution Channels Bank Resolution Channels Bank Resolution Channels Bank 
 4096 1 64 4096 1 32 4096 1 512 
 4096 8 8 4096 8 4 4096 8 128 
 1024 1 256 1024 1 128 1024 1 2048 
 1024 8 32 1024 8 16 1024 8 512 
 256 1 1024 256 1 512 256 1 16384 
 256 8 128 256 8 64 256 8 2048 
 64 1 4096 64 1 2048 64 1 65536 
 64 8 512 64 8 256 64 8 8192 

 

Collection Time 

The photon collection for each step is controlled by ‘Collection Time’. ‘Repeat Time’ and 
‘Stop Condition’ are not used in the Continuous Flow mode. ‘Display after each Step’, ‘Ac-
cumulate’ and ‘Repeat’ are not available. 

Autosave 

Normally the ‘Continuous Flow’ mode is used with ‘Autosave’, ‘Each Bank’. That means, 
while the measurement is running in one memory bank, the results of the other bank are read 
and saved into an individual data file. The file name is specified under ‘Spec data file’. The 
software extends the file name with a number that counts up for the subsequent banks. A list 
of previously used data file names is available by clicking on the  symbol. Important: Be-
fore starting a new measurement define a new file name for the continuous flow data. If you 
don’t do so you are in danger to overwrite the data of an earlier measurement. 

‘Autosave’ in combination with ‘End of Measurement’ is normally used for automatic saving 
of accumulated sequences, see below. 
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Accumulate 

The ‘Accumulate’ function accumulates the results of repetitive sweeps through one ‘Bank’. 
It is normally used for fast triggered sequences. If the time per curve is less than a few milli-
seconds not enough photons are acquired to obtain a reasonable photon distribution in a single 
sweep. Thus, the stimulation of the experiment is repeated, the start of the sequencer sweep is 
triggered with the stimulation, and a large number of sweeps are accumulated. For accumulat-
ing fast triggered sequences set the trigger to ‘Start of Sequence’, activate the ‘Accumulate’ 
button, and set ‘Steps’ to a number smaller than the number of curves per memory bank. If 
you want to save the results automatically at the end of the accumulation, activate ‘Autosave’, 
‘End of Measurement’. 

Trigger 

Either ‘Each Curve’, ‘Each Bank’ or the ‘Start of the Sequence’ can be triggered in the Con-
tinuous Flow mode. To activate the trigger, select ‘rising edge’ or ‘falling edge’ as trigger 
condition. 

 

The trigger functions in the Continuous Flow mode can be used to create extremely powerful 
measurement procedures. As described above, triggering the ‘start of the sequence’ in combi-
nation with ‘accumulate’ can be used to record extremely fast sequences of decay curves, see 
‘Transient Fluorescence Phenomena’, page 320. 

Fast transient effects can also be recorded by triggering ‘Each bank’. In this case, the re-
cording runs through the current memory bank, and stops. Recording in the next bank is 
started with the next trigger. Thus the individual sequences are recorded in subsequent banks 
and stored in subsequent data files. ‘Each bank’ can also be used to synchronise the recording 
with a two-dimensional scanner. A new bank is triggered at the beginning of each line. The 
subsequent banks then represent the lines of the scan, the curves within each bank the pixels 
within the line. 

‘Each curve’ triggering can be used to synchronise the recording with the steps of a one-
dimensional scan. 

Continuous Flow Multidetector Operation 

The Continuous Flow mode can be used with multi-detector operation or multiplexing, see 
Fig. 914. 
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Fig. 914: Continuous Flow mode, multi-detector operation 

The number of detector channels is defined under ‘Page Control’, ‘Routing Channels X’ or 
‘Routing Channels Y’, see page 725. Due to the available memory size, there is a cross de-
pendence of ‘Routing Channels X’, ‘Routing Channels Y’, ‘ADC Resolution’ and ‘Steps’ in 
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one memory page. If one of these parameters is changed beyond the limit set by the memory 
size the software automatically limits it to the maximum possible value. With increasing 
number of detector channels the number of subsequent recordings per memory bank and con-
sequently the maximum gap-free stepping speed decreases. 

Continuous Flow Display 

A continuous-flow measurement is usually run through a large number of memory banks, and 
the results are saved in subsequent files. Only the last memory bank is displayed at the end of 
the measurement. To display the subsequent files produced by a continuous flow measure-
ment, use the ‘Multi-File View’ function, see page 660. 

The results of a continuous-flow measurement are displayed as three-dimensional figures. The 
display style (multiple curve plot or colour intensity plot) is defined in the ‘Display Parame-
ters’, see figure below. Up to eight display windows can be defined to display the data of dif-
ferent detector or multiplexing channels. Please see ‘Display ’, page 731, ‘3D Trace Parame-
ters’, page 770, and ‘Window Intervals’, page 773. 

 
Display Parameters 

On bank (or one file) of a continuous-flow measurement can contain a large number of subse-
quent curves. If the display is in the ‘3D Curve Mode’ a maximum of 128 curves can be dis-
played due to the finite screen resolution. To see later parts of the sequence, change ‘Display 
Page’ in the Display parameters or in the Main Panel. 

Intermediate results can be displayed after each bank. Displaying intermediate results requires 
some time and should not be used for time-critical recordings. If the display is not ready to 
read the data before the recording in this bank is started a gap in the recording sequence ap-
pears. 
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Scan Sync Out Mode 

The ‘Scan Sync Out’ mode is used to record time resolved images by sending synchronisation 
pulses to an external scanner. The mode is implemented in the SPC-830, SPC-700/730, and 
the SPC-140/144 modules. The principle is shown in Fig. 915. 
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Fig. 915: Scan Sync Out mode (routing not shown) 

 In the ‘Scan Sync Out’ mode the SPC module controls the destination curve number and de-
livers synchronisation pulses to an external scanning device. For each pixel of the scanned 
image a complete waveform is recorded. The ‘Scan Sync Out’ mode can be combined with 
routing, i.e. the photons in several detector channels can be recorded simultaneously. The 
dwell time for each pixel is ‘Collection Time’. The maximum number of pixels depends on 
the ADC resolution selected: 
ADC Resolution 1 4 16 64 256 1024 4096 
No of Pixels (SPC-7) n.a. n.a. n.a. 65536 16384 4096 1024 
No. of Pixels (SPC-8) 16 M 4 M 1 M 262144 65536 16385 4096 
No of Pixels (SPC-144)* 4 M 1 M 262144 65536 16384 4096 1024 
No of Pixels (SPC-154)* 4 M 1 M 262144 65536 16384 4096 1024 

* per module 
 

The scan can be either one-dimensional or two-dimensional. The number of steps in X- and 
Y-direction is specified by the parameters ‘Scan Pixels X’ and ‘Scan Pixels Y’ in the ‘Page 
Control’ Part of the System Parameters. The definitions for the essential parameters are 
shown in the figures below. 

                     
 
The scanning parameters are defined under ‘More Parameters’. The meaning of the scanning 
parameters is as listed below: 

X Sync Polarity:  Polarity of X Sync Pulses, (H/L or L/H) 
YSync Polarity:  Polarity of Y Sync Pulses, (H/L or L/H) 
Pixel Clock Polarity:  Polarity of Pixel Clock Pulses, (H/L or L/H) 
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Line Predivider: Values >1 combine several lines of the scanner into 1 line of the result 
Flyback X:  Flyback time of the scanner for the X axis, in multiples of ‘Collection Time’. 
Flyback Y:  Flyback time of the scanner for the Y axis, in multiples of ‘Collection Time’. 

 

Stepping through Pages 

A ‘Scan Sync Out’ measurement can be repeated after a scan is completed and the results 
written into subsequent ‘Pages’ of the memory. The number of subsequent measurements is 
defined by ‘Steps’. The stepping function can be combined with routing, i.e. several detector 
channels can be simultaneously measured in each step. The available number of steps depends 
on the memory size, i.e. on the module type, on 'Routing Channels X' and 'Rout-
ing Channels Y', and on the ADC resolution. 

Cycles and Autosave 

A stepping sequence (or, if ‘Steps’ = 1, a single ‘Scan Sync Out’ measurement) can be re-
peated for a defined number of ‘Cycles’. 

To write the results of subsequent cycles to the hard disk the ‘Autosave’ function is used. To 
activate ‘Autosave’ for each cycle, click on ‘Autosave’, ‘Each Cycle’. 

‘Autosave’ can also be initiated at the end of the measurement, i.e. after the last cycle only. 
This is reasonable if the cycling function is used in conjunction with accumulate. 

                        

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’. It is used to accumu-
late subsequent scans or to accumulate the results of a triggered stepping sequence. If you 
want to save the results automatically at the end of the accumulation, use ‘Autosave’, ‘End of 
Measurement’. 

Trigger 

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as Trigger Condition. 

 

Repeat 

By pushing the ‘Repeat’ button the complete measurement sequence can be repeated until the 
measurement is stopped by the operator. 
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Multi-Detector Operation 

Multi-detector operation and multiplexing is also available in the Scan Sync Out mode. The 
principles is shown in Fig. 916. For each PMT pulse, i.e. for each photon, the SPC module 
determines the time of the photon in the laser pulse sequence, t, and the beam location in the 
scanning area, X and Y. Furthermore, the detector channel number, n, for the current photon 
is read into the detector channel register. The obtained values of t, x, y and n are used to ad-
dress the histogram memory. Thus, in the memory the distribution of the photons over the 
time, the image coordinates and the detector number builds up. For each detector channel a 
stack of images for subsequent time channels in the fluorescence decay curve exists. 

It should be pointed out that ‘Scan Sync Out’ multi-detector operation does not involve any 
time gating or wavelength scanning. Therefore, the method yields a near-perfect counting 
efficiency and a maximum signal to noise ratio for a given acquisition time. 

Measurement

Frame Sync

Line Sync

Pixel Clock

Start

Stop

x

CFD

TAC ADC

CFD

from Laser

Time

Detector
channel 2

Detector
channel .....

Detector
channel n

Location within scanning area

y
Image from
Detector
channel 1

Time within decay curvet

Detector Channel

from Detector

from Router

Scanning
 Interface

Image from Image from Image from

 

Fig. 916: Scan Sync Out mode, multidetector operation 

The number of detector channels are defined under ‘Page Control’, ‘Routing Channels X’ or 
‘Routing Channels Y’, see figure below. 

 

Due to the available memory size, there is a cross dependence of Routing Channels X, Rout-
ing Channels Y, Steps through subsequent pages, Scan Pixels X, Scan Pixels Y and ADC 
Resolution. If one of these parameters is changed beyond the limit set by memory size the 
software automatically limits it to the maximum possible value. Without stepping through 
pages the maximum number of pixels is: 
ADC Resolution, Channels 1 4 16 64 256 1024 4096 

No of Pixels SPC-7, 1 detector n.a. n.a. n.a. 65536 16384 4096 1024 
 SPC-7, 4 detectors n.a. n.a. n.a. 16384 4096  1024 256 
 SPC-7, 16 detectors n.a. n.a. n.a. 4096 1024  256 64 
 
No. of Pixels SPC-8, 1 detector 16 M 4 M 1 M 262144 65536 16385 4096 
 SPC-8, 4 detectors 4 M 1 M 262144 65536 16385 4096 1024 
 SPC-8, 16 detectors 1M 262144 65536 16385 4096 1024 256 
 

Sequential Recording in the Scan Sync Out mode 

Scanning in the scan sync out mode is fully hardware-controlled. The SPC module uses a se-
quencer that steps through the memory blocks of the subsequent pixels in accurately defined 
time intervals. Therefore the Scan Sync Out mode can also be used for sequential recording. 
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The stepping time can be as short as 100 ns, the start of the sequence can be triggered, and an 
extremely large number of waveform blocks is available. Thus, the Scan Sync Out mode can 
be used both for recording single sequences and fast triggered accumulation of sequences. 

To record a sequence in the scan sync out mode, define an ‘image’ of one line, with a number 
of ‘Scan pixels’ corresponding to the desired number of steps. The Page-Control parameters 
shown below give an example of a sequence of 1024 steps and four detector channels. An 
SPC-830 allows you to use no less than 4096 time channels under these conditions. 

 

The time per step of the sequence is ‘Collection Time’. To record a fast triggered sequence, 
set a trigger condition different from ‘None’, ‘Accumulate’, and the desired number of ‘Cy-
cles’. 

Scan Sync In Mode 

The ‘Scan Sync In’ mode records images in combination with scanners that deliver synchro-
nisation pulses to the SPC module. 'Scan Sync In' is able to work at extremely high pixel 
rates. It can be used for the fast galvanometer scanner typically used in laser scanning micro-
scopes. It works even with the polygon scanners and resonance scanners used in high-speed 
tissue imaging systems. The mode is available in the SPC-700/730, SPC-830, SPC-140/144 
and SPC-150/154 modules. The principle of the ‘Scan Sync In’ mode is shown in Fig. 917. 
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Fig. 917: Module configuration in the 'Scan Sync In' mode 

In the ‘Scan Sync In’ mode  the SPC module receives synchronisation pulses from the scan-
ner to control its internal destination curve number. For each PMT pulse, i.e. for each photon, 
the SPC module determines the time of the photon in the laser pulse sequence and the beam 
location in the scanning area. These values are used to address the histogram memory in 
which the events are accumulated. Thus, in the memory the distribution of the photon density 
over X, Y, and the time within the fluorescence decay function builds up. 

The data acquisition works at any scanning rate of a laser scanning microscope. The acquisi-
tion can be run over as many frame scans as necessary to collect enough photons. Due to the 
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synchronisation via the scan synchronisation pulses, the zoom functions of a scanning micro-
scope automatically act also on the TCSPC recording and can be used in the normal way. 

The parameter ‘Collection Time’ defines the overall image recording time. When the meas-
urement is started the recording starts with the next frame sync pulse, i.e. at the beginning of 
the next frame. When the collection time is over the measurement stops with the next frame 
sync pulse, i.e. when the current frame is completed. 

 
Image Format 

The number of pixels in X- and Y-direction is specified by the parameters ‘Scan Pixels X’ 
and ‘Scan Pixels Y’ in the ‘Page Control’ Part of the system parameters, see figure below. 

 

The maximum number of pixels depends on the used ADC resolution. For a single detector 
measurement without stepping the maximum number of pixels per image is: 
ADC Resolution 1 4 16 64 256 1024 4096 

No of Pixels (SPC-7) n.a. n.a. n.a. 65536 16384 4096 1024 
No of Pixels (SPC-150) 4 M 1 M 262144 65536 16384 4096 1024 
No of Pixels (SPC-160) 4 M 1 M 262144 65536 16384 4096 1024 
No. of Pixels (SPC-8) 16 M 4 M 1 M 262144 65536 16385 4096 
 

Scan Synchronisation Parameters 

The synchronisation of the recording process in the SPC module with the operation of the 
scanner requires a number of hardware parameters to be defined. To define these parameters, 
click on ‘More Parameters’. This opens the panel shown in Fig. 918. The configuration of the 
panel changes with the definition of the pixel clock source, compare Fig. 918 left and right. 

                               

Fig. 918: Scanning parameters of the Scan Sync In mode. Left: External pixel clock. Right: Internal pixel clock. 

The meaning of the scanning parameters is as shown below: 

X Sync Polarity:  Polarity of X Sync Pulses, (H/L or L/H) 
YSync Polarity:  Polarity of Y Sync Pulses, (H/L or L/H) 
Pixel Clock Polarity:  Polarity of Pixel Clock Pulses, (H/L or L/H) 
Line Predivider: Predivider for X Sync. Values >1 merge several lines of the scanner into one line of 

the result. 
Pixel Clock Divider: Divider for ‘Pixel Clock External’, values >1 merge several pixels of the scanner into 

1 pixel of the result. 
Pixel Time: For ‘Pixel Clock Internal’ only. Dwell Time per pixel for ‘Pixel Clock Internal’ 

Within one line, the pixel number is counted up in fixed time intervals set by ‘Pixel 
Time’.  



System Parameters    691 

 

Pixel Clock Predivider: For ‘Pixel Clock External’ only. For Predivider > 1 several subsequent pixels of the 
scanner are combined into one result pixel. 

Upper Border: Number of lines which are not recorded at the start of each frame. Used to zoom into 
the image without changing the scanner operation. 

Left Border: Number of pixels which are not recorded at the start of each line. Used to zoom into 
the image without changing the scanner operation. 

Pixel Clock: The source of the pixel clock can be external (from the scanner) or internal. The inter-
nal pixel clock is derived from the system clock of the SPC board. Internal pixel clock 
requires that the Xsync frequency from the scanner be constant and stable. 

 
 
For scanners which deliver a pixel clock the setup of the scan parameters is straightforward. 
Set the line and pixel clock dividers according to the ratios of the pixel numbers of the scan-
ner and the pixel numbers of the TCSPC image (Scan pixels X and Scan Pixels Y). Possible 
image shift can be corrected by using the ‘boarder parameters’, see also Fig. 385, page 252. A 
few combinations of time channel, routing channel, and pixel numbers are shown in Fig. 919. 
The parameters refer to an LSM scan of 512 x 512 pixels. 

        

       
128 x 128 pixels 128 x128 pixels 256 x 256 pixels 256 x 256 pixels 512 x 512 pixels 
1024 time channels 256 time channels 256 time channels 64 time channels 64 time channels 
1 detector 2 detectors, routing 1 detector 2 detectors, routing 1 detector 

Fig. 919: Scan parameters in Scan Sync In mode, external pixel clock. Pixel and time channel numbers for SPC-
830.  For the SPC-150 or the SPC-730 divide the time channels by four or the pixels numbers by two. The LSM 
scan is 512 x 512 pixels. 
 

For scanners that do not deliver a pixel clock (e.g. the Leica SP2) the internal pixel clock 
must be used. The pixel time must then be defined correctly. This may be difficult if the speed 
of the scanner is not known. We suggest to start with an approximate pixel time and then cor-
rect the setting by try and error, see Fig. 385, page 252. For video-compatible scanning (64 µs 
per line) the number of recorded pixels per line is 

 Pixel Time ns  400 800 1600 3200 
 Pixels / Line  160  80   40   20 

The number of lines in the recorded image is: 

 Line Predivider   1   2  4  8 
 Lines / Frame 256 128 64 32 
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Stepping through Pages 

A ‘Scan Sync In’ measurement can be repeated after a scan is completed and the results be 
written into subsequent ‘Pages’ of the memory. The number of subsequent measurements is 
defined by ‘Steps’. The stepping function can be combined with routing, i.e. several detector 
channels can be measured in each step. The available number of steps depends on the memory 
size, i.e. on the module type, on 'Routing Channels X' and 'Routing Channels Y', and on the 
ADC resolution. 

Cycles and Autosave 

A stepping sequence (or, if ‘Steps’ = 1, a single ‘Scan Sync In’ measurement) can be repeated 
for a defined number of ‘Cycles’. 

To write the results of subsequent cycles to the hard disk the ‘Autosave’ function is provided. 
To activate ‘Autosave’ for each cycle, click on ‘Autosave’, ‘Each Cycle’.  

 ‘Autosave’ can also be initiated at the end of the measurement, i.e. after the last cycle only. 
This is reasonable if the cycling function is used in conjunction with accumulate. 

                
Definitions for Page Stepping, Cycles, and Autosave 

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’. It is used to accumu-
late subsequent scans or to accumulate the results of a triggered stepping sequence. If you 
want to save the results automatically at the end of the accumulation, use ‘Autosave’, ‘End of 
Measurement’. 

‘Accumulate’ can be used to obtain on-line display during the image acquisition: Define a 
‘Collection Time’ of about 10 seconds. Specify a large number of ‘Cycles’. Switch on ‘Ac-
cumulate’ and ‘Display each Cycle’. The SPC module will run subsequent acquisition cycles 
with the specified collection time, accumulate the photons of the cycles, and display the ac-
cumulated image. 

Trigger 

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as Trigger Condition. 
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Repeat 

With ‘Repeat’ the complete measurement or measurement sequence is repeated until the 
measurement is stopped by the operator. 

 

Multi-Detector Operation 

The Scan Sync In mode can be used in combination with multi-detector operation or laser 
multiplexing. The principle is shown in Fig. 920. For each PMT pulse, i.e. for each photon, 
the SPC module determines the time of the photon in the laser pulse sequence, t, and the beam 
location in the scanning area, X and Y. Furthermore, the detector channel number, n, for the 
current photon is read into the detector channel register. The obtained values of t, x, y and n 
are used to address the histogram memory. Thus, in the memory the distribution of the pho-
tons over the time, the image coordinates and the detector number builds up. The result can be 
interpreted as a number of data sets for the individual detectors. Each data set contains a large 
number of images for consecutive times in the fluorescence decay. 
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Fig. 920: Scan Sync In mode, multidetector operation 

The number of detector channels are defined under ‘Page Control’, ‘Routing Channels X’ or 
‘Routing Channels Y’, see figure below. 

 

Due to the size limitation of the on-board memory, there is a cross dependence of Routing 
Channels X, Routing Channels Y, steps through subsequent pages, Scan Pixels X, Scan Pix-
els Y, and ADC Resolution. If one of these parameters is changed beyond the limit set by 
memory size the software automatically limits it to the maximum possible value. Without 
stepping through pages the maximum number of pixels is: 
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   ADC Resolution, Channels 

Module, no. of detectors 1 4 16 64 256 1024 4096 

SPC-730 
 1 detector n.a. n.a. n.a. 65536 16384 4096 1024 
 4 detectors n.a. n.a. n.a. 16384 4096  1024 256 
 16 detectors n.a. n.a. n.a. 4096 1024  256 64 

SPC-830 
 1 detector 16 M 4 M 1 M 262144 65536 16385 4096 
 4 detectors 4 M 1 M 262144 65536 16385 4096 1024 
 16 detectors 1M 262144 65536 16385 4096 1024 256 

SPC-150 
 1 detector/channel 4 M 1 M 262144 65536 16384 4096 1024 
  4 detectors/channel 1 M 262144 65536 16384 4096  1024 256 
 16 detectors/channel 262144 65536 16384 4096 1024  256 64 

SPC-154 
 4 detectors 4M  1 M 262144 65536 16385 4096 1024 

SPC-160, SPC-180 
 1 detector/channel 4 M 1 M 262144 65536 16384 4096 1024 
  4 detectors/channel 1 M 262144 65536 16384 4096  1024 256 
 16 detectors/channel 262144 65536 16384 4096 1024  256 64 

SPC-164 
 4 detectors 4M  1 M 262144 65536 16385 4096 1024 

 

Scan Sync In, Continuous Flow Imaging 

In the SPC-150/154 modules imaging in the Scan Sync In mode can be combined with ‘con-
tinuous flow’ operation. The device memory is split into two memory banks. The banks are 
used by turns. While the measurement is running in one bank the data of the other bank are 
read, and vice versa. Thus, an infinite sequence of images is recorded, without gaps between 
the recordings. The procedure is similar to the ‘continuous flow mode’ for sequences of  
curves, see page 682. The measurement and page control parameters are shown in Fig. 921. 

                     

Fig. 921: Control parameters for continuous flow imaging. Left: Measurement control parameters. Right: ADC 
and page control parameters 

Continuous flow operation of Scan Sync In is activated by clicking on the ‘Cont. Flow’ button 
in the measurement control parameters. 

‘Banks’ defines the number of memory banks to be recorded. The recording in each bank 
starts with the next frame clock pulse, and continues until the first frame clock pulse after the 
end of the ‘collection time’. The data of each bank are saved into a separate data file. The 
name of the files is specified under ‘Spec data file’. The software extends the file name with a 
number that counts up for the subsequent banks. A list of previously used data file names is 
available by clicking on the  symbol. Important: Before starting a new measurement define 
a new file name for the continuous flow data. If you don’t do so you are in danger to over-
write the data of an earlier measurement. 
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To see the results of the individual measurement steps you may activate the ‘Display each 
bank’ button. However, please remember that the build-up of the images takes time and com-
puting power. It may therefore reduce the speed at which the image sequence can be recorded. 

Continuous-flow operation can be used in combination with the experiment trigger. Either the 
start of the sequence or the starts of the measurements in the individual memory banks can be 
triggered. 

The ADC and page control parameters are shown in Fig. 921, right. The numbers of time 
channels, detectors, and pixels are defined as in the standard Scan-Sync-In mode. Because the 
device memory of the TCSPC module is split in two banks the maximum images size or the 
ADC resolution is only 50% of the size in the Scan Sync In mode without continuous flow. 
This may be considered a drawback. However, continuous-flow operation aims at very fast 
recording sequences on the order of one second and below. The low photon numbers accumu-
lated within a collection time this short by itself requires a reduction of the pixel number. (For 
collection times longer than a few seconds you may use the standard Scan-Sync-In mode with 
autosave.) 

To display the subsequent files produced by a continuous flow measurement, use the ‘Multi-
File View’ function, see page 660. 

 

Display of Scan Sync In Data 

The display of Scan Sync In data is controlled by the Display Parameters, the 3D Trace Pa-
rameters, and the Window Parameters of the SPCM software. Please see ‘Display of FLIM 
Data’, page 740. 
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Scan XY Out Mode (SPC-700/730 only) 

The SPC-700/730 modules have a ‘Scan XY Out’ mode that sends digital X-Y signals to an 
external scanner. The mode can also be used to record fast hardware-controlled time series of 
single-point measurements. The principle is shown in Fig. 922. 
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Fig. 922: Module configuration in the Scan XY Out mode 

 
In the ‘Scan XY Out’ mode the SPC-700 and -730 modules control the destination curve 
number internally and deliver digital X and Y position signals to an external scanning device.  

The XY position is available at the routing connector of the module. Thus, the maximum 
number of XY bits is 14, and the maximum number of pixels is 16384. Since the routing lines 
of the SPC modules are used for XY output the ‘Scan XY Out’ mode cannot be used with 
routing. 

For each pixel of the image a complete waveform is recorded. The dwell time for each pixel is 
‘Collection Time’. The maximum number of pixels depends on the selected ADC resolution: 

 ADC Resolution    64   256  1024 4096 
 No of Pixels 16384 16384  4096 1024 

The definitions for the XY Out mode are shown below. The scan can be either one-
dimensional or two-dimensional. The number of steps in X- and Y-direction is specified by 
the parameters ‘Scan Pixels X’ and ‘Scan Pixels Y’ in the ‘Page Control’ Part of the System 
Parameters. 

         

The scanning parameters are defined under ‘More Parameters’. The meaning of the scanning 
parameters is listed below: 

Flyback X:  Flyback time of the scanner for the X axis, defined as multiples of ‘Collection Time’. After the X 
position signal has switched back to the ‘0’ position the operation is suspended for the ‘Flyback 
X’ time to give the scanner mirror time to settle.  
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Flyback Y:  Flyback time of the scanner for the Y axis, defined as multiples of ‘Collection Time’. After the Y 
position signal has switched back to the ‘0’ position the operation is suspended for the ‘Flyback 
Y’ time to give the scanner mirror time to settle. 

 
Stepping through Pages 

A ‘Scan XY Out’ measurement can be repeated after a scan is completed and the results be 
written into subsequent ‘Pages’ of the memory. The number of subsequent measurements is 
defined by ‘Steps’. The available number of steps depends on the memory size, i.e. on the 
module type, on 'Routing Channels X' and 'Routing Channels Y', and on the ADC resolution. 

Cycles and Autosave 

A stepping sequence (or, if ‘Steps’ = 1, a single ‘Scan XY Out’ measurement) can be repeated 
for a defined number of ‘Cycles’. 

To write the results of subsequent cycles to the hard disk the ‘Autosave’ function is used. To 
activate ‘Autosave’ for each cycle, click on ‘Autosave’, ‘Each Cycle’. 

 ‘Autosave’ can also be initiated at the end of the measurement, i.e. after the last cycle only. 
This is reasonable if the cycling function is used in conjunction with accumulate. 

                  

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’. It is used to accumu-
late subsequent scans or to accumulate the results of a triggered stepping sequence. If you 
want to save the results automatically at the end of the accumulation, use ‘Autosave’, ‘End of 
Measurement’. 

Trigger  

Either the ‘Steps’ or the ‘Cycles’ of the measurement sequence can be triggered. To activate 
the trigger, select ‘rising edge’ or ‘falling edge’ as ‘Trigger Condition’. 

 

Repeat 

By pushing the ‘Repeat’ button the complete measurement sequence can be repeated until the 
measurement is stopped by the operator. 
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FIFO Imaging Mode 

All SPC-150/152/154, SPC-160/162/164, SPC-180 modules, and SPC-830 modules manufac-
tured later than May 2007 have a ‘FIFO Imaging’ mode built in. The mode records fluores-
cence lifetime images with pixel numbers or time-channel numbers beyond the limit set by 
the memory of the SPC module. Moreover, it is able to record MCS lifetime images on the 
microsecond or millisecond time scale. In terms of photon recording the FIFO Imaging mode 
is similar to the standard FIFO mode, i.e. it records parameter-tagged data of the individual 
photons and transfers them into the computer for further processing. However, the FIFO im-
aging mode also records synchronisation pulses from a scanner via the event marker inputs of 
the SPC module and builds up FLIM images, PLIM images, combined fluorescence and 
phosphorescence lifetime (FLIM/PLIM) images, and intensity images from the parallel 
counter channel of the SPC-160. 

Configuration of different image data types 

The types of images to be built up are defined in a panel ‘Select & Configure Histograms’, 
see Fig. 923 right. It opens by a click on the ‘Configure’ button in the measurement control 
part of the system parameter panel, see Fig. 923, left. 

     

Fig. 923: Configuring the types of images to be built up in the FIFO Imaging mode. 

The ‘Picosecond FLIM’ button selects normal FLIM. ‘Intensity Image’ selects the build-up of 
an intensity image from the parallel counter channel of the SPC-160, see page 404. The MCS 
FLIM button activates a multi-channel scaler (MCS) imaging mode. Instead of the TAC times 
it uses macro-time differences of the photons to a reference pulse at one of the marker inputs. 
In laser scanning microscopes the MCS FLIM mode is used to record PLIM by the procedure 
described in section ‘Simultaneous ’, page 409. All three functions can be activated simulta-
neously, as shown in Fig. 923. 

Display of different image types 

Images of different data types are recorded simultaneously and can be displayed simultane-
ously. Display windows for the images are activated in the ‘3D Trace Parameters’, please see 
‘Display’, page 740. 

Measurement Control 

The general measurement control parameters of the FIFO Imaging mode are the same as for 
the basic FIFO mode. 

The basic setup for FIFO imaging is shown in Fig. 924, left. The operation mode is ‘FIFO 
Imaging’, the cycle, repeat, and autosave functions are turned off. The .spc (parameter-tagged 
photon data) are not saved. Instead, the SPCM software analyses the FIFO data online. What 
the software does with the data is defined in the ‘Configure’ menu, as described above. Stop T 
is not set, the measurement is stopped by the operator when an appropriate image quality has 
been reached. The collection time, display time, and repeat time parameters have the same 
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effects as in the other operation modes. The Display Time defines how often intermediate 
images are displayed. 

From the point of view of the user the measurement procedure is virtually the same as in the 
Scan Sync In mode, except for the fact that larger images, more time channels, other types of 
images, or more detector channels are available. The display parameters, window intervals, 
and 3D Trace parameters are the same as for the Scan sync In mode (see Display, page 740). 

                                         

Fig. 924: Measurement control parameters for FIFO Imaging. Left without, right with saving of time-tag data. 

For special data analysis procedures it may be desirable to save not only the final FLIM im-
ages but also the parameter-tagged photon data. A measurement control parameter setup with 
saving of the time-tag data is shown in Fig. 924, right. Because time-tag data can be ex-
tremely voluminous the file size is limited by ‘Limit .SPC File Size’. When this file size is 
reached the recording stops. The name of the FIFO data file is specified in the ‘Spec Data 
File’ field. To change the file name, click on the disc symbol right of the name field. A list of 
previously used data file names is available by clicking on the  symbol. Important: Before 
starting a new measurement define a new file name for the FIFO data. If you don’t do so you 
are in danger of overwriting the FIFO data of an earlier measurement. 

Before the data are written to the hard disk they are buffered in the main memory of the com-
puter. The buffer size is defined by ‘Max Buffer Size’. The SPCM software checks whether 
enough memory is available; buffers sizes too large are rejected. 

Every time the buffer is filled the data are stored on the hard disc. If possible, the buffer size 
should therefore be large enough to buffer the data of the entire measurement. If not enough 
buffer is available the computer has to periodically transfer the buffered data on the hard disc. 
The hard-disk actions may slow down the readout from the FIFO memory of the TCSPC 
module. It may then happen that the FIFO memory of the TCSPC module overflows. If this 
happens it may be better to reduce ‘Max Buffer Size’ to a few Megabyte. The data are then 
written in smaller portions, and within time intervals that are buffered by the FIFO. The better 
solution is, however, to upgrade your computer with more memory. 

Both the start and the stop of a FIFO imaging measurement are synchronised with the frame 
clock. This avoids intensity steps in the images by recording incomplete frames. An uncondi-
tional stop of the measurement can be forced by a click on the stop-measurement button fol-
lowed by a second click. 
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Image Format in 32 bit SPCM Software 

The number of time channels, number of routing channels, and the number of pixels are de-
fined in the Data Format and Page Control section of the system parameters. Examples for the 
32-bit version of SPCM are shown in Fig. 925. 

     
256 x 256 pixels 512 x 512 pixels 1024 x 1024 pixels 128 x 128 pixels 256 x 256 pixels 
1024 time channels 256 time channels 64 time channels 256 time channels 64 time channels 
1 detector 1 detector 1 detector 16 detector channels 16 detector channels 

Fig. 925: Time-channel, pixel, and detector channel number of typical FLIM data formats. 32-bit SPCM soft-
ware. 

Image Format in 64-bit SPCM Software 

The 64-bit version of the SPCM software achieves much larger image formats than the 32-bit 
version. The available image size depends on the amount of memory installed in the com-
puter. Combinations of pixels numbers, time-channel numbers, and numbers of routing chan-
nels are shown in Fig. 926. Images with up to 2048 x 2048 pixels can be recorded while main-
taining the FLIM-typical ADC resolution of 256 time channels. 

     

Fig. 926: Time-channel, pixel, and detector channel number of typical FLIM data formats. 64-bit SPCM soft-
ware. 

When SPCM starts it does not automatically allocate memory for the maximum possible im-
age size. The amount of memory Windows reserves for SPCM can be changed manually by 
clicking on Max Image Size in the Data Format definition. This opens the panel shown in Fig. 
927. 
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Fig. 927: Definition of maximum amount of memory reserved for image recording 

 

Mosaic Imaging Function 

SPCM 64 bit has a ‘Mosaic Imaging’ function to record arrays of lifetime images. The array 
can represent a spatial array of images scanned with the ‘Tile Imaging’ function of a laser 
scanning microscope, images in different depth of a sample, or a time-series of images. Please 
see page 110 and page 382 for details. The mosaic can also represent images of different 
wavelength recorded by multi-wavelength FLIM. The definition of the mosaic FLIM parame-
ters is shown in Fig. 928. Every element of the mosaic has the format defined in the Data 
Format section, see Fig. 926. With the parameters shown in Fig. 928 an array of 64 images of 
256 x 256 pixels would be recorded, see Fig. 928, right. Mosaic data can be accumulated to 
record fast time series for repeatable processes. The restart of the mosaic recording can be 
triggered by a signal at the trigger input of the TCSPC module or by a pulse edge at the 
Marker 3 input. 

 

Fig. 928: Definition of a FLIM mosaic 
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Scan Synchronisation Parameters 

The hardware parameters controlling the synchronisation with the scanner are defined under 
‘More Parameters’. The setup panel is shown in Fig. 929. 

                  

Fig. 929: Scan synchronisation parameters of the FIFO Imaging mode. Left and second left: External pixel 
clock, Synchronisation by frame, line and pixel clock, pixel binning 1:1 and 2:1. Right: Internal pixel clock, 

Synchronisation by frame and line clock only. Pixel binning 1:1 and 2:1 

In most FLIM applications recording in the SPC module is synchronised with the scanner via 
Frame Clock (Y Sync), Line Clock (X Sync) and Pixel Clock pulses. The corresponding scan-
parameter setup is shown in Fig. 929, left and second left. The panel allows you to define the 
polarity (active edge) of the synchronisation pulses pixel and line binning factors, (line and 
pixel clock predividers), and a shift of the left and upper border of the recorded image area 
against the line and frame clock. Please see Fig. 385, page 252 for the effect on the recorded 
images. 

You can define operation with unidirectional (Scan type unidirectional) and bidirectional 
scanning (Scan type bidirectional). Scanners running in the bidirectional mode normally de-
liver a line clock at the beginning of the forward scan and at the beginning of the backward 
scan. 'Second Line Clock' must be set to 'Use'. Scanners running in the unidirectional mode 
may deliver a line clock at the beginning of each line or at the beginning and at the end of 
each line. In the second case 'Second Line Clock' must be set to 'Skip' to avoid the recording 
of ghost images during the beam flyback. 

For scanners which do not deliver a pixel clock an internal pixel clock can be used, see Fig. 
929, right. The SPCM software then calculates the position of the current photon within a line 
from the macro time difference between the photon and the previous line clock. The disadvan-
tage of using an internal pixel clock is that the pixel time has to be individually selected for 
different scanner speed. Moreover, intensity imaging via the parallel counter channel of the 
SPC-160 does not work: The counting result of the individual pixels is transferred with the 
external pixel clock. Without the external pixel clock no counter result is transferred. PLIM 
by the technique described at page 409 does not work as well: The laser modulation for PLIM 
must be synchronised with the pixel clock. This is not externally available if the internal pixel 
clock is used. 

Event Markers 

The scan clock pulses are detected via the ‘Event Marker’ inputs of the SPC-150 and 
SPC-830 modules. Normally, Marker 0, 1, and 2 are used for pixel, line, and frame clock, 
respectively. They are enabled automatically. The fourth marker input (Marker 3) is not nor-
mally used for FLIM and therefore not enabled, see Fig. 929. It can, however, be used for 
FLITS (see page 389). FLITS requires that the source of the frame clock be switched from the 
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scanner to the stimulation source. This can be conveniently achieved by connecting the scan-
ner frame clock and the FLITS trigger to Marker 2 and Marker 3, respectively, and selecting 
between both via the ‘Y Sync (Frame)’ source parameter in the scan synchronisation panel. 
Switching from FLIM to FLITS is then only a matter of loading the appropriate predefined 
setup. 

Cycle, Repeat, and Autosave Functions 

A FIFO measurement can be repeated for a defined number of cycles, and the results saved 
into individual data files. For using these functions, please set Stop T to stop the individual 
cycles after the defined collection time. 

Routing 

Routing works the same way as in the photon-distribution modes. The number of routing 
channels and the routing delay are defined in the system parameter panel under ‘Page Con-
trol’, see Fig. 930. 

 

Fig. 930: Definition of routing in the FIFO Imaging mode 

Microsecond Lifetime Imaging: MCS FLIM 

Starting form version 9.0 the SPCM software has a ‘Triggered Accumulation MCS’ option in 
the FIFO mode. It is available for all SPC-150 modules, all SPC-160 modules, and SPC-830 
modules manufactured later than May 2007. The MCS mode uses the macro times of the pho-
tons to record decay data at the microsecond or millisecond time scale. The timing reference 
for the photons is a pulse at one of the ‘Marker’ inputs of the SPC card. The triggered MCS 
procedure can also be used to record microsecond or millisecond lifetime images in the FIFO 
Imaging mode. ‘MCS FLIM’ is defined in the lower part of the runtime definition panel, see 
Fig. 931. 

‘Trigger’ defines which of the marker inputs is used as a timing reference. It is usually 
Marker 3 because Markers 0, 1, and 2 are used for the scan clocks. However, often the excita-
tion pulses are synchronous with the pixels. ‘Trigger’ can then be identical with the pixel 
clock, i.e. Marker 0. Please make sure that the marker input used for trigger is enabled in the 
‘More Parameters’ panel of the 'System Parameters', see, Fig. 931 right. 

The time channel width (Time per point) can be any multiple of the macro time clock period. 
It is defined by a number of Macro Time units. The number of points of the curves is defined 
by ‘Points No.’. The time range of the curves recorded is then given by the product of Time 
per Point and Points No. It is displayed under ‘Time range’. The recording can be shifted by 
applying and ‘Offset’ to the photon times. Both positive and negative offsets are possible. 
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Fig. 931: Left: Definition of MCS FLIM parameters. Right: Definition of the macro time clock source and the 
marker clock edge 

Normally MCS FLIM recording is done with the internal macro time clock. However, for 
special applications the SYNC frequency can be used. Using the SYNC frequency does, of 
course, require that the SYNC signal has a constant period, and is continuously present. 

MCS FLIM works in combination with normal FLIM recording, see option ‘ps FLIM’ in the 
configuration panel. The combination of both requires that a high-frequency pulsed laser is 
turned on and off at a period in µs or ms range. Please see ‘‘Dual Time-Base Recording’, 
page 113, or ‘Simultaneous FLIM/PLIM’, page 409. Examples are shown in the applications 
part of this handbook, please see page 409. MCS FLIM works also in combination with rout-
ing. 

 

 

 

 

 

 

 

 

Delay Correction for 16-Channel Detectors 

The individual channels of the multi-anode PMTs of the PML-16 detectors have slightly dif-
ferent transit times. These transit time variations are no problem for conventional multi-
wavelength fluorescence decay and FLIM measurements. The bh SPCImage data analysis 
software calculates a synthetic IRF for each channel. The result is then independent of the 
delay variation. Problems can, however, occur when global analysis is applied to multi-
wavelength data, or when multi-wavelength FLIM by the Mosaic function of the SPCM soft-
ware is used. SPCM versions later than August 2015 therefore have a channel-delay correc-
tion implemented. The feature is available in the FIFO and FIFO Imaging mode. It is reached 
via the ‘Channel Correction’ button in the page control section of the system parameters, see 
Fig. 932, left. The detector correction panel itself is shown in Fig. 932, right. For each chan-
nel, a correction value (in picoseconds) can be typed in. For multi-modules systems with sev-
eral PML detectors the number of the SPC module (M1, M2, M3, M4) can be selected. The 
correction data can be saved into a text file. The correction data are local to the SPC system; 
they are not stored in the sdt files. 
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Fig. 932: Correction of the delay variation of the PML-16 channels. Left: Page control section of the SPCM 
system parameters, the delay correction is reached via the ‘Channel Correction’ button. Right: Detector correc-

tion panel. The delay correction values for channel 1 to 16 are entered in picoseconds. 

The effect of the delay compensation on the IRFs of the channels of a PML-16 GaAsP is 
shown in Fig. 933. The left figure is without, the right figure with delay compensation. 

     

Fig. 933: Effect of channel-delay compensation. Left without, right with delay compensation. Curves were 
smoothed by smooth function of 2D data operations. 
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FIFO Mode 

The 'FIFO' mode records ‘Parameter Tagged’ data of the detected photons. It differs from the 
other modes in that it does not build up any histograms of the photon detection times. Instead, 
the detection time of each individual photon in the laser pulse sequence is stored together with 
the time from the start of the experiment and the detector channel number. 
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Fig. 934: Recording in the FIFO Mode 

The memory is configured as a FIFO (First In First Out) buffer. It receives the photon data at 
the input and is continuously read at the output. Therefore, the FIFO mode produces a con-
tinuous stream of photon data which is stored on the hard disk or processed on-line (see also 
‘Recording Parameter-Tagged ’ page 115). 

The 'FIFO' mode is available in the SPC-600/630, SPC-830, SPC-130 / 134, 
SPC-130 / 134EM, SPC-140 / 144, SPC-150 / 154 and SPC-160/164 modules. 

FIFO (parameter-tag) data can be used for a wide variety of fluorescence analysis techniques 
(see ‘Fluorescence Correlation Spectroscopy’, page 585, and ‘Time-Resolved Single-
Molecule Spectroscopy’, page 611. 

By calculating a histogram of  the ‘Micro Times’, i.e. the times of the photons in the laser 
pulse sequence, the fluorescence decay functions for the individual detectors are obtained. 
FCS curves are obtained by calculating the autocorrelation functions of the ‘Macro Times’, 
i.e. the times from the start of the experiment. Cross correlation curves of different detector 
channels are obtained by calculating the cross-correlation functions. The data can also be used 
to calculate photon counting histograms, lifetime histograms, and intensity traces. The SPCM 
software calculates these functions either on-line from the stream of photon data and off-line 
from the generated FIFO data files. 
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System Parameter Setup 

FIFO Measurement Control 

The measurement control section of the System Parameters for the FIFO mode is shown in 
Fig. 935. ‘Operation Mode’ is set to ‘FIFO’. The settings shown on the left calculate and dis-
play decay curves, FCS curves, and an MCS (intensity) trace online. The time-tag data are not 
saved. 

The settings shown in Fig. 935, right, calculate the curves online, but simultaneously save the 
time-tag data into a file. The name of the FIFO data file is specified in the ‘Spec Data File’ 
field. To change the file name, click on the disc symbol right of the name field. A list of pre-
viously used data file names is available by clicking on the  symbol. Important: Before 
starting a new measurement define a new file name for the FIFO data. If you don’t do so you 
are in danger to overwrite the FIFO data of an earlier measurement. 

The measurement data can be stored into several subsequent data files. The file names are 
then automatically extended with a 3-digit number that is automatically incremented for each 
subsequent file. 

                   

Fig. 935: Measurement control parameters of the FIFO mode. Left without, right with saving of parameter-tag 
data 

Under ‘Limit disk space of .spc File’ you can define a maximum file size for the time-tag 
data. The measurement stops when this file size is reached. The measurement can also be 
stopped after a defined acquisition time. Activate the ‘Stop T’ button if you want to stop after 
a specified time. 

‘Max Buffer Size’ defines a buffer in the RAM of the computer. If enough RAM is available 
the buffer size should be as large as or larger than the specified file size.  

The buffer stores the data before they are saved to the hard disk. If possible, the buffer should 
be large enough to buffer the FIFO data of the complete measurement. The SPCM software 
then stores the time-tag data into the RAM before it writes them on the hard disc so that there 
are no hard disc actions during the measurement. Usually, the buffer size can be as large as 
200 to 300 MB for a computer with 1 GB of RAM. Under no circumstances a buffer size lar-
ger than the available memory space of the computer should be used. Windows may then at-
tempt to provide virtual memory, i.e. to swap memory space with the hard disc. This makes 
the computer extremely slow and almost certainly causes problems with the data transfer from 
the SPC module. 
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If a sufficiently large buffer is not available use a buffer smaller than the value specified un-
der ‘limit disk space’. Of course, the SPCM software writes to the hard disk when the buffer 
is full. Although this may slow down the data transfer from the SPC module the loss is by far 
smaller than for memory swapping. 

‘Trigger’ defines whether or not the measurement is started by an experiment trigger. In the 
examples shown in Fig. 935 the experiment trigger is not used; the setting is ‘none’. The ac-
quisition then starts by a click on the ‘Start’ button of the SPCM software. Please note that the 
software does not necessarily start several SPC modules synchronously. For synchronous start 
either an external trigger or the ‘Trigger Master’ function (see page 730) must be used. 

‘Collection time’ defines the acquisition time for the ‘Stop T option. ‘Display Time’ is the 
update interval for the online display. 

Cycle, Autosave Functions 

A FIFO measurement can be repeated for a defined number of cycles, and the results saved 
into individual data files. For using these functions, please set Stop T to stop the individual 
cycles after the defined collection time. 

Source of the Macro Time Clock 

FIFO mode measurements can be performed with an internal or with an external macro-time 
clock. FCS experiments with CW lasers are performed with the internal macro time clock. 
Also MCS and triggered MCS measurements (see page 711) are usually run with the internal 
macro time clock. 

FCS experiments with pulsed lasers are performed with an external macro time clock. The 
clock then comes from the SYNC input of the SPC module. The SYNC-synchronous macro 
time clock prevents that the laser pulse frequency interferes with the macro time clock fre-
quency. The result would be a periodical variation of the number of laser pulses per macro-
time period and a periodic ripple in the correlation data. The bh SPC-830, SPC-130/134, 
SPC-140/144 and SPC-150/154 therefore provide a clock path from the SYNC input to the 
macro time clock. 

The source of the macro time clock is selected via the ‘More Parameters’ button. Clicking on 
this button opens the panel shown in Fig. 936. The options for the SPC-830, the 
SPC-130/134, and the SPC-150/154 are shown left to right. 

     

Fig. 936: Selection of the macro time clock source. Left to right: SPC-830, SPC-130/134, SPC-130/130EM, 
SPC-150/154 and  

Event Markers 

The SPC-150 and the SPC-830 modules are able to detect external events at four TTL input 
lines of their 15-pin connectors, and put these in the data stream of the photons. The markers 
can be defined under ‘More Parameters’. Event markers are used as a timing reference of the 
triggered MCS function (see Fig. 942), and for the scan clocks of the FIFO Imaging mode. 
The markers can be enabled or disabled, and the active edge of the signal can be selected. 
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Marker 0:     Pin 12, same as pxl clk

Marker pin assignement, 15-pin connector

Marker 1:     Pin 9, same as line clk

Marker 2:     Pin 8, same as frame clk

Marker 3:     Pin 11

 

Fig. 937: Definition of event markers 

 

Routing 

Routing works the same way as in the photon-distribution modes. The number of routing 
channels and the routing delay are defined in the system parameter panel under ‘Page Con-
trol’, see Fig. 938. 

 

Fig. 938: Definition of routing in the FIFO mode 

Trigger 

As in all operation modes, the start of a FIFO measurement can be triggered by a TTL or 
CMOS signal. To activate the trigger, set the trigger condition to ‘rising edge’ or 

‘falling edge’. Triggering is important for parallel FIFO measurements in several SPC 
modules with synchronised macro time clocks. To obtain comparable macro times all chan-
nels must either be started simultaneously by the trigger, or the ‘Trigger Master’ option (page 
730, SPC-150 only) must be used. 

 

Device State 

During a FIFO measurement the device state panel of the main window shows the number of 
collected photons and the amount of used FIFO buffer space, see Fig. 939. 

 

Fig. 939: Device state during the FIFO mode 

FIFO overflow is indicated by a yellow light above FIFO usage bar. FIFO overflow must be 
avoided in measurements that require absolute photon times over the complete acquisition 
time period. If you see that the FIFO runs full check whether you can work without some of 
the functions of the online display, or with a longer Display Time. Please check also the 
‘Sleep Policy’, see page 664. It should be set to ‘Never sleep during measurement’. 

When you stop a FIFO measurement (by clicking on the ‘Stop’ button of the main panel) 
there may still be photon data in the FIFO buffer of the SPC module. You have the option to 
discard these photons or to continue the readout and the on-line calculation until all photons 
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have been stored and processed. Please note that this can take some time (the SPC 830 buffers 
up to 8 million photons!). 

 

FIFO Mode Run-Time Calculations 

Calculation of Decay Curves, FCS, Photon Counting Histograms, and MCS traces 

The functions calculated on-line are shown in the field under ‘Run Time Display’. The run 
time display can be configured by clicking on the ‘Configure’ button. This opens the panel 
shown in Fig. 940. 

    

Fig. 940: Configuration of the runtime display. Left without, right with fitting of FCS data 

The available on-line functions are 

- Calculation of decay curves for the individual detectors 
- FCS by a linear- algorithm with subsequent binning or FCS by a multi- algorithm. The 

maximum time up to which the correlation is calculated is defined by ‘Correlation Time’. 
On online fit for FCS data is available, see Fig. 940, right. 

- Fluorescence cross correlation between different detectors. (Use the 2D Trace parameters 
to define the detector channels to be correlated) 

- Calculation of photon counting histograms for the individual detectors (‘FIDA’). The 
sampling time interval is specified on the right. 

- Calculation of lifetime histograms (FILDA) for all detectors. The sampling time interval 
is specified on the right. 

- Intensity traces (MCS) for the individual detectors. 

For all functions individual display windows are provided in the main panel, see Fig. 870, 
page 642. For details of FCS display, please see also ‘FCS System Parameter Setup’, page 
591. 

For definition of correlation and cross correlation, configure the ‘Trace Parameters’ to display 
the appropriate ‘Curves’ as shown in Fig. 941. ‘Curve’ defines the detector numbers of decay 
functions to be displayed. ‘Cross-FCS Curve’ defines the detector number to correlate with. If 
‘Curve’ and ‘Cross-FCS Curve’ are the same the autocorrelation is calculated. For different 
numbers the cross-correlation of the corresponding detectors is calculated. The configuration 
shown in Fig. 941, left calculates the decay functions (histograms) of detector 1 and 2, the 
autocorrelation of  detector 1 and 2, and the cross-correlation of detector 1 and 2. 

The configuration shown in Fig. 941, right, calculates the autocorrelation of detector 1, the 
cross correlation of detector one versus detector 2, and the fit to the cross correlation of detec-
tor one versus detector two. 
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Fig. 941: Trace Parameters for the FCS display of FIFO mode 

On-line calculation and online fit of correlation functions requires a considerable amount of 
computing power. This can slow down the display sequence below the specified ‘Display 
Time’ period. Moreover, the run-time calculations may dramatically reduce the readout rate 
from the SPC module. This is not really a problem for the modules with large FIFO size and 
fast bus interface, such as the SPC-830 and SPC-150/154. However, for the SPC-630 and the 
SPC-134 the on-line display can limit the count rates to 30 to 50 kHz. Therefore, do not de-
fine more online-calculations than necessary, and make sure that the FIFO does not overflow 
when you use the on-line display. 

For the same reason, the software calculates only one correlation function per detector chan-
nel online. If the Trace Parameters define several correlation functions for one channel, e.g. 
an autocorrelation and a cross-correlation with another channel, only the first correlation is 
calculated during the measurement. The other ones are calculated and displayed when the 
measurement is completed. 

Multichannel Scaler, Triggered Accumulation 

Starting form version 9.0 the SPCM software has a ‘Triggered Accumulation MCS’ option in 
the FIFO mode. It is available for SPC-150 modules and SPC-830 modules manufactured 
later than May 2007. ‘Triggered Accumulation MCS’ uses the macro times of the photons to 
record decay curves on the microsecond or millisecond time scale. The timing reference for 
the photons is a pulse at one of the ‘Marker’ inputs of the SPC card, see Fig. 942. 

Marker pulse

Photon times

Photon distribution

Photon

Macro time

Photon

 

Fig. 942: Principle of Triggered Accumulation MCS 

Triggered accumulation MCS is defined in the lower part of the runtime configuration panel, 
see Fig. 943, left. ‘Trigger’ defines which of the marker inputs are used as a timing reference. 
Please make sure that the marker input used is enabled in the ‘More Parameters’ panel of the 
System Parameters, see Fig. 943, right. The time channel  width (Time per point) can be any 
multiples of the macro time clock period. It is defined by a number of macro-time units. The 
number of points of the curves is defined by ‘Points No.’. The time range of the curves re-
corded is then given by the product of Time per Point and Points No. It is displayed under 
‘Time range’. The recording can be shifted by applying and ‘Offset’ to the photon times. Both 
positive and negative offsets are possible. 
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Fig. 943: Left: Definitions for triggered accumulation multiscaler mode, runtime configuration panel. Right: The 
marker used as timing reference must be enabled in the ‘More Parameters’ panel. 

Normally triggered accumulation MCS recording is performed with the internal macro time 
clock. However, for special applications the SYNC frequency can be used. Using the SYNC 
frequency does, of course, require that the SYNC signal has a constant period, and is continu-
ously present. 

Triggered accumulation MCS works in combination with ‘Decay’ recording, see Fig. 940. It 
works also in combination with routing. Please see ‘Simultaneous Measurement of Fluores-
cence and Phosphorescence Decay’, page 327. 

Calculating Correlation Functions After the Measurement 

If additional correlation functions are specified immediately after a measurement, i.e. before 
closing the SPCM application, they are calculated when the corresponding traces are acti-
vated. If the SPCM application has been closed in the meantime, the FIFO file has to be re-
loaded by using the ‘Convert’ function, see ‘Converting FIFO Files’, page 661. 

 

FIFO Data Format 

For the SPC-600/630 two different data formats are available, see figure below, ‘FIFO frame 
length’. You can chose between 4096 time channels plus 256 detector channels or 256 time 
channels plus 8 detector channels. 

 

Due to the smaller number of bytes per photon the maximum continuous count rate is slightly 
higher for the second format. For the  SPC-134 the data format is fixed to 4096 time channels 
and 8 detector channels. The formats are shown in the table below. 
 FIFO Frame Length Bytes/Photon ADC Resolution Macro Time Resol. Routing 
 byte  channels bit channels 

SPC-6 48 6 4096 24 256 
SPC-6 32 4 256 16 8 
SPC-830 32 4 4096 12 16 
SPC-134**  32* 4 4096 12     8** 
SPC-144  32* 4 4096 12 16 
SPC-154 32* 4 4096 12 16 

* Each of the four TCSPC channels delivers its own data file 
** Routing requires 8m cable between router and CFD input 

A detailed description of the FIFO file format is given under ‘FIFO Files’, page 883. 
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Wide-Field FLIM  

Principle 

The wide-field FLIM mode records fluorescence lifetime images with a position-sensitive 
detector. For every photon, the detector delivers 5 output pulses, a timing pulse, and two pairs 
of position pulses. The time of the first pulse determines the time, t, of the photon in the fluo-
rescence decay. The time difference between the pulses of each pair of position pulses, x2-x1, 
and y2-y1, determines the location of the photon, x and y, within the image area. The time, t, 
the x and the y values are measured by separate TCSPC modules. From the information deliv-
ered by the individual modules the software builds up the FLIM photon distribution, see Fig. 
944. 
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Fig. 944: TCSPC System for wide-field FLIM 

System Parameters 

The SPCM system parameter panel for wide-field FLIM is shown in Fig. 945. Operation 
mode is ‘Wide-Field FLIM’. Stop T is not set - the measurement is started and stopped by the 
operator. ADC resolution is 1024. That means, the time-measurement channel decay delivers 
curves of 1024 time channels. Image pixels x and Image pixels y is 512. The recording soft-
ware bins the data of the position channels down to this value. The pixel number can be in-
creased up to the same value as ‘ADC resolution’. The three TCSPC modules have separate 
system parameters (the ‘separate’ button is active). This is necessary because the timing and 
the position SPCs have different discriminators, and the pulse amplitudes at the t, x, and y 
outputs of the detector are different. The modules therefore need different CFD and SYNC 
parameters. 

 

Fig. 945: System Parameters for wide-field FLIM.  
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Trigger Master and Master Clock 

To associate the events recorded in the three SPC-150N modules to the correct photons the 
modules must be started synchronously, and be operated from the same master clock. The 
definitions are shown in Fig. 946, left and right. 

               

Fig. 946: Trigger master and master clock must be set to guarantee synchronous operation of the three SPC 
modules 

More Parameters 

System-specific parameters are defined under ‘More Parameters’, see button in the system 
parameter panel, lower right. These parameters control the conversion of the times measured 
between the X1 and X2, and the Y1 and Y2 signals into spatial information. The More Pa-
rameter panel is shown in Fig. 947. 

 

Fig. 947: More Parameters for wide-field FLIM 

Macro time clock is internal, 25 ns. Markers are not used. The individual modules can be 
freely associated to the T, X, and Y channel. In Fig. 947 M1 is the T channel, M2 the X chan-
nel, and M3 the Y channel. The ‘Matching Intervals’ help associate the information from the 
T, X, and Y channel to the individual photons. The pulses from the position channels arrive 
later than the pulses from the T channel. For the Photek FGN 392-1000 detector the time dif-
ference can be up to 100 ns. Therefore, position pulses arriving within a macro time interval 
of 100 ns (4 macro time clocks) of the macro time of a photon in the T channel are associated 
to one photon. 

The TAC range and TAC gain of the X and Y modules differ from the values in the T module. 
(They determine the X and Y scale, not the time scale of the decay curves). The values are 
defined at the bottom of the more parameters panel. They are specific of the used detector. 
The values in Fig. 947 are for the Photek FGN 392-1000 detector. 

Display Parameters, Trace and Window Parameters 

The display parameters, the 2D Trace Parameters, and the Window parameters are the same 
as for single-channel FIFO Imaging, see Fig. 983, page 744. 
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Control Parameters (Photon Distribution Modes) 

 
The measurement control parameter section of the system parameter panel is shown in the 
figure below. The effect and availability of the measurement control parameters depend on 
the module type and the  operation mode selected. Therefore the control parameters are de-
scribed in conjunction with the operation modes in the previous section. The description 
given here should be considered an overview. For details, please see ‘Operation Modes’. 

 

The FIFO (time-tag) mode has entirely different control parameters. Please see FIFO Mode, 
page 706. 

Stop Condition and Overflow Handling 

Stop T 

With 'Stop T' the measurement (or the current measurement step) is stopped at the end of 'Col-
lection Time'. ‘Stop T’ can be used together with ‘Stop Overflow’ to stop the measurement 
either after a defined collection time or at the first overflow. 

Stop Ovfl 

With 'Stop Ovfl' a ‘Single’, ‘Oscilloscope’ or ‘f(txy)’ measurement stops at the first overflow 
in the measurement system. Overflow means the count number in one of the time channels 
exceeds 65635. Please note that the count number is not necessarily the number of photons. 
There is a parameter ‘Count Increment’ in the ‘Data Format’ section of the system parame-
ters. This parameter allows you to add any number from 1 to 255 at the detection of one pho-
ton. You can use this parameter to get a ‘stop on overflow’ for photon numbers as low as 257. 
With the measurement being stopped on overflow different recordings are normalised to their 
peak count numbers. 

If page stepping is active or one of the f(t,T), f(t,EXT), fi(T) or fi(EXT) is used a ‘stop on 
overflow’ stops the acquisition for the current step of the sequence. The sequence itself con-
tinues as specified by the measurement control parameters. 

For multi-detector operation an overflow in any of the detector channels stops the acquisition 
for all detectors. 

‘Stop Overflow’ and ‘Stop T’ can be combined to stop the measurement either after a defined 
collection time or at the first overflow. 

Corr Ovfl 

The 'Correct Overflow' function is used in the ‘Single’ mode to record data with more than 
65535 photons per channel. The measurement is stopped when an overflow occurs, and the 
data are transferred into the main memory of the computer. Then the memory of the SPC 
module is cleared and the measurement is restarted. The data of many such cycles are accu-
mulated in the computer memory. When the collection time is over the result is divided by the 
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number of overflows and written back into the measurement memory. Although the result has 
16 bits again, the standard deviation of the data is reduced by the square root of the number of 
overflows. The 'Correct Overflow' function is available in the 'Single' mode only. It acts only 
on the active traces. 

Steps 

In most of the operation modes the measurement can be repeated and the results written into 
subsequent ‘Pages’ of the memory. The number of subsequent measurements is defined by 
‘Steps’. The available number of steps depends on the operation mode, on 'Routing Channels 
X' and 'Routing Channels Y', the ADC resolution and the module type. 

In the f(t,T), f(t,Ext) modes 'Steps' is the number of subsequently measured curves. In the 
fi(T) and fi(Ext) modes ‘Steps’ is the number of intensity values. Please refer to paragraph 
‘Operation Modes’. 

Cycles and Autosave 

A stepping sequence (or, if ‘Steps’ = 1, a single  measurement in the selected operation mode) 
can be repeated for a defined number of ‘Cycles’. To write the results of subsequent cycles to 
the hard disk an ‘Autosave’ function is provided. In most cases ‘Autosave’ is used for ‘Each 
cycle’ of a measurement. However, ‘Autosave’ can also be initiated at the ‘End of measure-
ment’, i.e. after the last cycle only. This option is used in combination with ‘Accumulate’. 

 

Accumulate 

The ‘Accumulate’ function accumulates the results of several ‘Cycles’. If you want to save 
the results automatically at the end of the accumulation, use ‘Autosave’, ‘End of measure-
ment’. 

Repeat 

After pushing the ‘Repeat’ button the complete measurement cycle repeats until the meas-
urement is stopped by the operator. The repeat function is often used to run subsequent meas-
urements and display the results in short intervals. The repeat function is an efficient way to 
obtain online display in multi-dimensional modes, like f(xyt) or Scan Sync In. For the single-
curve recording online display can be obtained more efficiently in the ‘Oscilloscope’ mode. In 
all cases ‘Repeat’ can be used in conjunction with ‘Autosave’. 

Trigger 

Any single measurement, or the ‘Steps’ or ‘Cycles’ of a measurement sequence can be trig-
gered by the experiment trigger input (see ‘Using the Experiment Trigger’, page 219). 

 

The function of the trigger for the particular mode is described  under ‘Operation Modes’. The 
trigger condition can be set to ‘rising edge’, ‘falling edge’ or ‘None’. ‘None’ means 
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the measurement is started immediately, without waiting for any trigger signal. The trigger 
input shared the same line with the ‘Add/Sub’ line used for lock-in-SPC, see ‘External Con-
trol Signals’, page 891. Therefore, the trigger is not available when the Add/Sub signal is 
used and vice versa. 

Trigger Synchronisation in Multi-Module Systems 

To start the acquisition in a multi-module TCSPC system by an external event a trigger signal 
must be applied to all modules of the system. This is not only inconvenient, it is also not guar-
anteed that all SPC module will see the trigger pulse in exactly the same SYNC period. 
Therefore, the SPC-150 and SPC-130EM modules have a ‘Trigger Master’ function. The trig-
ger is applied to only one module (the master), but all modules are started simultaneously via 
an internal trigger synchronisation logics. The trigger master option can be set by clicking 
into ‘Parameters’, ‘Trigger Master’, see page 730. 

Display After Each Step and Each Cycle 

During the individual measurement steps intermediate results can be displayed ‘after each 
step’ and ‘after each cycle’. Displaying the results of large multi-dimensional measurement 
results can take some seconds. Therefore, these online display options should not used for fast 
sequential recording or other high-throughput applications. 

In some operation modes intermediate results can also be displayed in intervals of a specified 
‘Display Time’, see ‘Measurement Timing Control Parameters’. 

Add/Sub Signal 

The ‘Add/Sub’ signal is used for Lock-in SPC, i.e. to externally control whether a photon is 
added or subtracted. The Add / Sub signal shares one pin of the control signal connector with 
the ‘Measurement Trigger’ signal, see ‘External Control Signals’, page 891. Therefore, the 
Add/Sub signal is not available when the trigger is used and vice versa. Add/Sub should be 
set to ‘Add Only’ when it is not used. 

Measurement Timing Control Parameters 

Collection Time 

In most operation modes 'Collection Time' is the acquisition time of a measurement, a step of 
a page stepping sequence, or a ‘cycle’ of a repetitive measurement. 

 

The Collection Time can be ‘dead-time compensated’. With dead-time compensation the col-
lection time automatically increases by the time the system is 'blind' due to the processing of 
the detected photons, see ‘Dead-Time Compensation’, page 282. The dead time compensation 
can be switched on and off. Dead-time compensation is available in the Single, Oscilloscope, 
f(xyt), f(t,T), f(t,EXT), fi(T) and fi(EXT) modes. If sequential modes are used with dead time 
compensation, or if page stepping or cycling is used, please use a ‘Repeat’ time longer than 
‘Collection Time’ to provide some margin for the SPC hardware to extend the effective col-
lection time interval. 
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In the Scan Sync Out and Scan XY Out modes ‘Collection Time’ is the time to acquire one 
pixel of the image, in the Scan Sync In mode the total acquisition time of an image. 

Repeat Time 

 
The ‘Repeat Time’ controls the repetition of a measurement in the ‘Single’, f(txy), f(t,T), 
f(t,EXT), fi(T) and fi(EXT) modes. 

 

The measurement is repeated in intervals of 'Repeat Time'. If page stepping or cycling is ac-
tive, or if a sequential mode is used the complete sequence is repeated. 

Values smaller than 'Collection time' are rejected by the software to avoid conflicts of the 
acquisition time with the repeat time. However, if ‘dead time compensation’ is used the effec-
tive acquisition time may be longer than the specified ‘collection time’. If the current meas-
urement step or cycle is not finished when 'Repeat Time' is over the next measurement step 
starts when the current step is complete. If an exact stepping time is important, please use a 
‘Repeat’ time longer than ‘Collection Time’ to provide some margin for the SPC hardware to 
extend the effective collection time interval. 

Display Time 

Photon Distribution Modes 

In the 'Single', f(t,x,y)’, f(t,T), f(t,EXT), fi(T) and fi(EXT) modes intermediate results are dis-
played in intervals of 'Display Time'. The measurement is stopped, the memory of the SPC 
module is read, the measurement is continued, and the results are displayed. 

 

Readout and display takes time, especially for multi-dimensional data and 3D display modes. 
This can slow down the measurement or the time intervals of a page stepping sequence. 
Therefore unnecessarily short display times should be avoided. 

FIFO Mode 

In the FIFO mode intermediate results can be are calculated and displayed on-line. The soft-
ware analyses the photon data when it transfers the FIFO data into the computer memory, 
continuously builds up histograms and correlation functions, and displays the results (see 
‘FIFO Mode’, page 706). Online calculation may consume a substantial amount of computa-
tion power, especially for FCS functions of long correlation time. Thus, the actual display rate 
may be lower than defined by the display time. More important, on-line calculation may slow 
down the data transfer from the SPC module into the computer. Therefore, please check the 
FIFO filling status during the measurement if you use the online display features. 

On-line results are calculated only if  'Display Time' is set > 1 s. Thus, you can switch off the 
online display by defining a display time smaller than 1 second. 
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Dead Time Compensation 

The ‘Dead Time Compensation’ function increases the collection time intervals by the sum of 
the dead time caused by the processing of all recorded photons. Thus, a linear intensity scale 
is achieved up to extremely high count rates. Please note that dead time compensation results 
in an effective acquisition time longer than the specified ‘collection time’. The ‘Dead Time 
Compensation’ is not available in the FIFO mode, the Continuous Flow mode, and in the Scan 
modes. 

CFD Parameters 

The bh SPC modules use constant-fraction discriminators (CFDs) both in the detector and at 
the reference (Sync) input. A CFD triggers at a constant fraction of the pulse amplitude, thus 
avoiding pulse-height-induced timing jitter. In practice constant-fraction triggering is 
achieved by triggering on the zero cross point of the sum of the input pulse and the delayed 
and inverted input pulse, see Fig. 210, page 123. Furthermore, the CFD contains a discrimina-
tor that enables the zero-cross trigger only for input pulses larger than a defined discriminator 
threshold. The CFD threshold is adjusted to reject noise from the environment, noise from 
preamplifiers or small background pulses from the detector, see ‘CFD and SYNC Inputs’, 
page 259. 

Limit Low 

'Limit Low' is the lower discriminator threshold, the ‘CFD threshold’. Pulses with amplitudes 
smaller than 'Limit Low' are not counted. The parameter range for 'Limit Low' is 5 mV to 
80 mV for SPC-x00 modules and 0 to -500 mV for SPC-x30 modules. 

Limit High (SPC-x00 only) 

'Limit High' is the upper discriminator threshold of the -00 SPC versions. Pulses with ampli-
tudes greater than 'Limit High' are not counted. They do, however contribute to the displayed 
CFD count rate due to the structure of the CFD (see 'Constant Fraction Discriminator'). The 
range for 'Limit High' is 5 mV to 80 mV. 

ZC Level 

'ZC Level' is the reference level of the zero cross trigger in the CFD. The value has a range of 
-10 mV to +10 mV for the SPC-x00 modules and -100 mV to +100 mV for the SPC-x30 
modules. 

 

CFD Parameters. Limit High and Hold are available in older SPC-300 and -400 modules only. 

Hold (SPC-x00 only) 

When the CFD has detected a pulse within the window 'Limit Low' to 'Limit High' this infor-
mation is valid for the selected 'Hold' time only. The parameter is normally set to 5 ns. Longer 
values may be useful for detectors with rise times greater than 5 ns. 'Hold' is available for the 
SPC-x00 modules only. 
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SYNC Parameters 

The bh SPC modules use constant-fraction discriminators (CFDs) both in the detector and at 
the reference (SYNC) input. A CFD triggers at a constant fraction of the pulse amplitude, thus 
avoiding pulse-height-induced timing jitter. In practice constant-fraction triggering is 
achieved by triggering on the zero cross point of the sum of the input pulse and the delayed 
and inverted input pulse, see Fig. 210, page 123. 

ZC Level 

'ZC Level' is the reference level of the zero cross trigger in the SYNC channel. The value has 
a range of -10 mV to +10 mV for the SPC-x00 modules and -100 mV to +100 mV for the 
SPC-x30 modules. 

Holdoff 

When the SYNC has triggered the detection of an new trigger pulse is rejected for the 
'Holdoff' time. 'Holdoff' is used to avoid multiple triggering by pulse ringing or reflections. 
The 'Holdoff' range is from 4 ns to 16 ns. Please make sure that you don’t set ‘Holdoff’ longer 
than the period of your SYNC signal. This can produce non-equidistant internal synchronisa-
tion signals with correspondingly wrong measurement results. 

Threshold (SPC-x30 only) 

Input pulses with amplitudes smaller than the selected 'Threshold' are rejected by the SPC-x30 
SYNC circuits. The range is from -20 mV to -500 mV. The parameter is available for 
SPC-x30 modules only. 

Freq Div 

'Freq Div' is the frequency divider ratio in the SYNC channel. The setting determines the 
number of signal periods recorded, see ‘SYNC Parameters’, page 269. Important: ‘Freq Div’ 
must be set to 1 for measurements at low repetition rates and for non-reversed start-stop 
measurements. 

            

Sync parameters. Left: SPC-x30 modules. Right: Older SPC-0x00 modules 

TAC Parameters 
The TAC measures the times of the photons from the moment of the detection to the next syn-
chronisation pulse. The core of the TAC is a linear ramp generator. The ramp is started when 
a photon pulse triggers the CFD of the detector channel and stopped when the next pulse in 
the reference (SYNC) channel is detected. The output voltage of the ramp generator is ampli-
fied by a biased amplifier. The amplifier is used to select a time interval within the range of 
the ramp generator and stretch it over the full output voltage range. Moreover, the TACs of 
the SPC-6, -7 and -8 modules have discriminators to reject photons outside a selectable ampli-
tude window of the TAC output signal. The SPC-1 modules have no such discriminators but 
achieve a similar effect by digital comparators in the ADC data path. The details of the TAC 
are described under ‘Time-to-Amplitude Converter’, page 132. The optimisation of the TAC 
parameters is described under ‘TAC Parameters’, page 272. The TAC parameter panel is 
shown in the figure below. 
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TAC Parameters 

Range 

‘Range’ is the maximum start-stop time of the linear-ramp generator, i.e. the total time inter-
val in which photons can be measured. TAC ranges from 50 ns to 2 µs are available. Inter-
nally the setting is accomplished in five steps, in conjunction with a 12-bit fine adjustment 
within the steps. Therefore virtually any TAC range between 50 ns and 2 us is available. 

Gain 

'Gain' is the gain of the biased amplifier of the TAC. ‘Gain’ stretches the time scale of the 
TAC, see ‘TAC Parameters’, page 272. Values from 1 to 15 are available. 

Offset 

With 'Offset' the displayed time range is shifted on the TAC characteristic, see ‘TAC Parame-
ters’, page 272. The result is shifted in X direction on the screen. 'Offset' can be set to 
0...100 % of the overall TAC range. However, the remaining part of the TAC characteristic 
(from ‘Offset’ to 100%) should be long enough to fill the display window for the selected 
TAC Gain. The resolution of ‘TAC Offset’ is 12 bit for the SPC-6, -7, and -8 modules, and 
8 bit for the SPC-1 modules. 

Limit Low 

The TAC contains a window discriminator to suppress events outside a selected time interval. 
'Limit Low' sets the lower limit of this interval. 'Limit Low' can be set from 0% to 100% of 
the display window, but not higher than ‘Limit High’. Typical limit-low values are from 3 to 
10%. 

Limit High 

The TAC contains a window discriminator to suppress events outside a selected time interval. 
'Limit High' sets the upper limit of this interval. 'Limit High' can be selected from 0% to 
100% of the display window, but not lower than ‘Limit Low’. Typical values are 90 to 97%. 

Time/Channel 

‘Time/Channel’ is the width of one time channel in the recorded photon distribution. It is 

ionADCresolutGain

Range
ChannelTime


/  

‘Time/Channel’ is calculated from the given values of TAC Range, TAC Gain and ADC 
Resolution (in channels) and displayed for information only. The minimum ‘Time/Channel’ is 
815 femtoseconds. 

Time/Div 

This value is the time per division. It is displayed for information only. It is calculated from 
the settings of TAC Range, TAC Gain, ADC Resolution and, for the SPC-830, ADC Zoom. 
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Data Format 
ADC Resolution and ADC Zoom (Photon Distribution Modes) 

'ADC Resolution' defines the number of time channels per curve of a waveform recording. 
For the SPC-6 and -7 modules and the SPC-134 an ADC Resolution of 64, 256, 1024 or 4096 
time channels can be selected, see Fig. 948. 

                  

Fig. 948: Data Format panel for the SPC-6, -7, -130/134 (left) and the SPC-830 and SPC-140/144(right) 

For SPC-830 and the SPC-140/144 an ADC resolution of 1, 4, 16, 64, 256, 1024 or 4096 time 
channels is available. Moreover, the SPC-830 and the SPC-140/144 have an ‘ADC Zoom’ 
function to stretch a part of the ADC range over the full display scale. Only the stretched part 
of the data is recorded. The ADC Zoom function is mainly used to record large images or 
other multi-curve data simultaneously with a high number of pixels or curves and high time 
resolution. Please see also ‘ADC Zoom’, page 136. Fig. 949 explains the ADC Zoom feature 
for an ADC resolution of 256 channels. 

zoom into 7th sixteenth of ADC range

Full ADC Range, 4096 channels

1/16 of ADC range (256 channels) recorded with full ADC resulution

zoom into 12th sixteenth of ADC range

1/16 of ADC range (256 channels) recorded with full ADC resulution

 

Fig. 949: ADC Zoom function of the SPC-830 and SPC-140/144 

Originally the ADC converts the complete TAC interval (TAC Range / TAC Gain) into 4096 
time channels. The zoom function selects 1/16th of the ADC range, i.e. 256 channels. Any 
16th part of the ADC range can be selected, and only the selected part is displayed and re-
corded. The ADC zoom is a powerful function to record ultra-fast signals in high pixel resolu-
tion imaging applications. 

For single-curve measurements normally an ADC resolution of 4096 or 1024 time channels 
per curve is used. For sequential measurements, stepping through pages, ‘Continuous Flow’ 
measurements and scanning often a trade-off between ADC resolution and number of curves 
and pages or pixel number must be made. The maximum number of curves for a single detec-
tor setup is given below. 
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 SPC-130/134 
ADC Resolution  64   256 1024 4096 
No of Curves 8192 2048 256 64 
No of curves addressed by external routing signal 128 128 128 64 
min. time channel width 52ps 3.26ps 3.26ps 815fs 
 
SPC-130EM/134EM, SPC-140/144, SPC-150/154 
ADC Resolution 1 4 16 64   256 1024 4096 
No of Curves (f(t,T, Scan Sync IN/Out) 16 M 4 M 1 M 65536 16384 4096 1024 
No of curves addressed by external routing signal 128 128 128 128 128 128 128 
min. time channel width 3.34ns 834ps 209ps 52ps 3.26ps 3.26ps 815fs 
min. time channel width, with ADC zoom  52ps 13ps 3.26ps 815fs 815fs  
ADC zoom factor  16 16 16 16 4 
 
SPC-600/630 
ADC Resolution  64   256 1024 4096 
No of Curves 8192 2048 256 64 
No of curves addressed by external routing signal 128 128 128 64 
min. time channel width 52ps 3.26ps 3.26ps 815fs 
 
SPC-700/730 
ADC Resolution  64   256 1024 4096 
No of Curves (f(t,T, Scan Sync IN/Out) 65536 16384 4096 1024 
No of curves addressed by external routing signal 16384 16384 4096 1024 
min. time channel width 52ps 3.26ps 3.26ps 815fs 
 
SPC-830 
ADC Resolution 1 4 16 64  256 1024 4096 
No of Curves (f(t,T, Scan Sync IN/Out) 16 M 4 M 1 M 262144 65536 16384 4096 
No of curves addressed by ext. routing signal 16384 16384 16384 16384 16384 16384 4096 
min. time channel width, without ADC zoom 3.34ns 834ps 209ps 52ps 13ps 3.26ps 815fs 
min. time channel width, with ADC zoom  52ps 13ps 3.26ps 815fs 815fs  
ADC zoom factor  16 16 16 16 4 

For multi-detector experiments or measurements with page stepping the memory is shared 
between the individual detection channels and pages so that the available number of curves is  
reduced. Please see ‘Operation Modes’, page 667. 

ADC Resolution (FIFO Modes) 

The ‘Data Format’ section of the system parameters for the FIFO mode is shown in Fig. 950. 

                         

Fig. 950: ADC Resolution in the FIFO mode for the SPC-630 for ‘Frame Length’ 48 and 32 and for the SPC-134, SPC-830 
and SPC-140/144 (right) 

For the SPC-600/630 modules the ADC resolution depends on the ‘Frame Length’, i.e. on the 
number of bits per photon saved in the FIFO data file. For the SPC-830, the SPC-130/134 and 
the SPC-140/144 the frame length and consequently the ADC Resolution are fixed to 32 and 
4096, respectively. 

Memory Offset 

When the Lock-in capability of the bh SPC modules is used the light is modulated by a chop-
per or via on-off modulation of a ps diode laser. The photons in the ‘On’ phases are added and 
the photons in the ‘Off’ phases subtracted. Consequently, negative photon numbers can occur 
in the memory. By using a 'Memory Offset' greater then zero the baseline of the recording can 
be shifted to positive values. 

Dither Range 

'Dither Range' controls the ADC error correction of the bh TCSPC modules. The principle of 
the error correction is described under ADC Error Correction, page 134. The technique is 
based on adding an auxiliary signal to the ADC input voltage. The digital equivalent of the 
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signal is subtracted from the ADC output words. Thus, the TAC output voltage is periodically 
shifted up and down the ADC characteristic. The result is that the non-uniformity of the ADC 
channels is averaged out. ‘Dither Range’ controls the amplitude of the shift signal. It is de-
fined as a fraction of the total ADC input range. 

Larger values of 'Dither Range' improve the differential nonlinearity. However, the sum of the 
TAC signal and the shift signal is limited to the available ADC input voltage range. Therefore 
the first and last parts of the ADC characteristic cannot be used for conversion. The effect of 
‘Dither Range’ on a recorded curve is shown in Fig. 951, left. 

 

 0 (off) 

  1/16 

 1/8

   

 1/8 1/160 (off)

 FWHM=7.5ps  FWHM=7.6ps
 FWHM=
    8.2ps

 

Fig. 951: ADC error correction. Left: Unmodulated light recorded without error correction, and with ‘Dither 
Width’ 1/16 and 1/8. right: Corresponding instrument response function for an electrical test signal. SPC-134 

It should be pointed out that large values of 'Dither Range' do not impair the time resolution, 
see  Fig. 951, right. Therefore, use a 'Dither Range' as large as possible. Under normal condi-
tions  1/8 or 1/16 is adequate. Dither Range = 0 switches the error correction off. It is in-
tended for test purposes, not for measurement application. 

Count Increment 

'Count Increment' is the value which is added in the memory at the detection of each photon. 
The parameter may look unusual at first glance, especially if you are familiar with conven-
tional NIM TCSPC systems. Of course, a ‘Count Increment’ greater than one does not yield 
any improvement in accuracy for a given number of photons. It is, however, a convenient 
means to make the measurement control more flexible. 

In ‘Single’ and ‘Oscilloscope’ measurements a Count Increment greater than 1 can be used to 
reduce the time required to reach the overflow level for a given count rate. If ‘Stop Overflow’ 
is set instead of ‘Stop T’, a measurement is stopped when the maximum of the curve reaches 
65535. Thus, the measured curves are normalised to the same height independently of the 
pulse shape and the count rate. This normalisation helps to compare different curves in terms 
of pulse shape or width. 

If you run a fitting procedure on SPC data recorded with a Count Increment greater than one, 
please don’t be surprised by the large value of 2. To get the true 2 you have to divide the 
value by the Count Increment. 

In earlier SPCM versions a Count Increment greater than one had to be used to avoid round-
ing effects in the display of images. In later versions the pixel intensities are calculated by 
floating point arithmetics. An increased count increment is therefore not longer needed. 

FIFO Frame Length (FIFO Mode) 

This parameter sets the data format for the SPC-600/630 in the FIFO Mode.  For the SPC-
830, SPC-134, SPC-144, SPC-160, and SPC-180 modules the FIFO frame length is fixed. 
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 FIFO Frame Length Bytes/Photon ADC Resolution Macro Time Resol. Routing 
 byte  channels bit channels 
SPC-6 48 6 4096 24 256 
SPC-6 32 4 256 16 8 
SPC-150, 160, 180 32 4 4096 12 16 
SPC-134  32* 4 4096 12     8** 
SPC-144  32* 4 4096 12 16 
SPC-154  32* 4 4096 12 16 
SPC-830 32 4 4096 12 16 

* Each of the four TCSPC channels delivers its own data file 
** Routing with the SPC-134 requires 8 m cable between the router and the CFD input 

For the SPC-600/630 the ‘FIFO Frame Length’ determines also the ADC resolution. Please 
see ‘ADC Resolution (FIFO Modes)’. 

Page Control 

The Page Control section of the system parameters defines the number and the arrangement of 
the detector channels, the number of pixels in the scan modes, and the memory page in which 
a measurement starts. 

 

Page Control Parameters 

The Page Control parameters are used to define the number and the spatial arrangement of the 
detector channels or the number and arrangement of the pixels of an image in the SPC-7, 
SPC-8, SPC-150 and SPC-160 Scan modes. If the number of curves per measurement is less 
than 50% of the module memory size the memory can hold the results of several measure-
ments. A ‘Page’ is a memory segment that holds the curves (photon distributions) for all de-
tectors and - in the ‘Scan’ modes of the SPC-7 and SPC-8 modules - pixels of one measure-
ment or measurement step. 

The number of available ‘Pages’ depends on the used ‘ADC Resolution’, ‘Routing Chan-
nels X’, ‘Routing Channels Y’ and, in the ‘Scan’ modes, on ‘Scan Pixels X’ and ‘Scan Pix-
els Y’. If one of these parameters is changed beyond the limit set by memory size the software 
automatically limits it to the maximum possible value. 

Delay (Not for SPC-130/134) 

‘Delay’ determines the moment when the routing and control signals for multidetector meas-
urements are read. The delay is referred to the pulse at the CFD input. For the bh routers and 
the bh PML-16 multichannel detector the optimum ‘Delay’ is 0 to 30 ns. 

For other applications a 'Delay' in the range from 0 to 60 ns can be used. Please note that an 
internal delay of the data latch of 5 to 10 ns and the cable transit times must be taken into ac-
count. 

The ‘Delay’ parameter is not available for the SPC-130/134. If you want to use an SPC-134 
with a bh router, please connect 7 to 8 m cable between the router and the CFD input of the 
SPC module. The cable delays the photon pulse. Thus, the routing signal is valid when the 
photon pulse arrives at the CFD input, and the correct detector number is written into the 
channel register. 
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Routing Channels X, Routing Channels Y 

‘Routing Channels X' and 'Routing Channels Y' are the number of rows and columns of a 
two-dimensional array of detector channels.  Some examples are in Fig. 952. 

    
 Single-detector measurement Multidetector measurement Multidetector measurement 
  8 Detectors, linear arrangement 16 detectors, 4x4 arrangement 

Fig. 952: Definition of the number of routing channels 

Measured Page 

A ‘Page’ is a memory segment that holds the curves (waveforms) for all detectors. If the num-
ber of curves per measurement is less than 50% of capacity of the module memory several 
pages can be defined. Each page holds the data of a complete measurement or step of a page 
stepping sequence.  In the ‘Scan’ modes a page contains the waveforms of all pixels of the 
image. 

For a single-step measurement, ‘Measured Page’ is the memory page in which the result of 
the measurement is stored. For a measurement with page stepping the measurement starts in 
‘Measured Page’ and steps through subsequent pages. 

Scan Pixels X, Scan Pixels Y 

These parameters are used for the ‘Scan’ modes of the SPC-830, SPC-700/730 and SPC-
140/144 modules. ‘Scan Pixels X’ and ‘Scan Pixels Y’ are the number pixels per line and the 
number of lines per frame in the recorded image. 

The ‘Scan’ modes can be used in conjunction with multidetector operation. Therefore a con-
figuration with ‘Scan Pixels X’ and ‘Scan Pixels Y’ greater than one can be used with ‘Rout-
ing Channels X' and 'Routing Channels Y' greater than one. Some examples are shown below. 

         
 Image of 256 x 256 pixels Image of 128 x 128 pixels Image of 64 x 64 pixels 
 Single detector measurement Single detector measurement 16 detector channels 
 1 page available for ADC Res = 64 4 pages available for ADC Res = 64 1 page available for ADC Res = 64 
  1 page available for ADC Res = 256 

Memory Bank (SPC-600/630, SPC-130, -150, -160) 

The SPC-600/630 and the SPC-134 have a dual memory, i.e. two memory banks of the same 
size and configuration. Normally the banks are used for unlimited sequential recording in the 
‘Continuous Flow’ mode. You can, however, use the banks to hold the results of  two meas-
urements in the SPC memory. 'Memory Bank' = 0 or 1 switches between the two memory 
banks. 
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‘More’ Parameters 

Depending on the module type and the operation mode special parameters (e.g. to control a 
scanner) are available. These parameters are described under the ‘Operation Modes’ for these 
modules. 
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Adjust Parameters 
Most of the required hardware adjustments in the SPC modules are done via the SPCM soft-
ware. The adjust values are stored in an EEPROM on the SPC module. The SPCM software 
reads the EEPROM, corrects the setup parameters according to the adjust values, and sends 
the corrected setup data to the SPC module.   

The adjust values are accessible via the adjust parameters menu. To change the adjust pa-
rameters a certain knowledge about the SPC hardware is required. Wrong inputs may seri-
ously de-adjust the module. Therefore you can change the adjust parameters, but not save 
them to the EEPROM. The changed adjust values are used by the device, but they will be 
replaced with the original values after restarting the SPC software. 

The Adjust Parameters for the SPC-630, 730, -830 and the SPC-130/134 and -140/144 mod-
ules are shown in Fig. 953. 

   

Fig. 953: Adjust parameters for SPC-6, -7, -8 modules (left) and for SPC-134 and -144 modules (right) 

Production Data 

This area contains manufacturing information about the particular module: The module type, 
the serial number, and the manufacturing data. The information is used by the software to 
recognise different module versions. Please do not change these parameters. 

Module Adjust Parameters 

VRT1...VRT3 (Voltage of Resistor Tap, SPC-6, -7, -8) 

These parameters adjust the large-scale linearity of the ADC. Imagine the ADC characteristic 
as a rubber band that is fixed at the zero point and the full scale point. At 1/4, 1/2 and 3/4 of 
this band other bands are fixed which pull the ADC characteristic up or down. The default 
values are VRT1=64, VRT2=128 and VRT3=192. 

Dither Gain 

‘Dither Gain’ changes the gain of the DAC in the error correction part of the ADC (see ‘ADC 
Error Correction’, page 134). To adjust the parameter, a short pulse is measured in a slow 
TAC range with the maximum value of ‘Dither Width’. ‘Dither Gain’ is adjusted to get a 
minimum pulse width. The range of the parameter is from 0 to 255, the default setting is 128. 

Gain1, Gain2, Gain4, Gain8 

These parameters correct the time scale of the TAC for different values of ‘TAC Gain’. The 
correction is done by slightly changing the effective TAC range, see below. 

Internally the ‘TAC Gain’ is set by a combination of four binary graded resistors. Therefore, 
only four parameters are required to set all 15 gain steps. ‘Gain1’ corrects for errors in the 
value of TAC Gain = 1, ‘Gain2’ corrects for errors of TAC Gain = 2, and so on. If the gain is 
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correct for 1, 2, 4, and 8 also the other values are correct (dynamic errors neglected). The de-
fault values are 1, greater values increase the effective TAC Gain, smaller values decrease it. 

TAC_R0 toTAC_R8 

These adjust values correct the 'TAC Range' parameter. The adjust parameters act on the fol-
lowing TAC Ranges: 

  SPC-130, 140, 150, 150N, 160, 180N SPC-150NX, 180NX SPC-150NXX, 180NXX 
 TAC_R0        TAC Range = 50 ns  to  < 100 ns 25 ns to < 50 ns 12.5 ns to 25 ns 
 TAC_R1        TAC Range = 1000 ns to < 2000 ns 500 ns to 1000 ns - 
 TAC_R2        TAC Range = 500 ns  to < 1000 ns 250 ns to 500 ns - 
 TAC_R4        TAC Range = 200 ns  to  < 500 ns 100 ns to 250 ns 50 ns to 125 ns 
 TAC_R8        TAC Range = 100 ns  to  < 200 ns 50 ns to 100 ns 25 ns to 50 ns 

The default setting is 1. Values >1 increase TAC Range, i.e. decrease the width of a signal 
recorded, values <1 decrease TAC Range, i.e. increase the with of a signal. Values from 0.9 to 
1.1 are accepted. 

SYNC Predivider (SPC-130/134 SPC-140/144, SPC-150/154, SPC-180) 

In the SPC-134 and SPC-144 modules the internal SYNC frequency is divided by 2 or by 4 
before it is fed into the SYNC-Rate Counter. The divider ratio is set by a jumper on the board, 
see Fig. 954. To obtain correct SYNC-rate display ‘SYNC Predivider’ must correspond to the 
jumper setting. 

 4  2

 

Fig. 954: SPC-130, -140: Jumpers for SYNC- predivider ratio 
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Parameter Management for Multi-Module SPC Systems 

Module Selection 

In multi-module SPC systems each module has its own system parameters, and the currently 
displayed System Parameter panel refers to one of the modules only. To specify the module to 
which the parameters refer a small ‘Select SPC’ panel is displayed, see figure right. It can be 
conveniently placed anywhere in the screen area. 

                            

Furthermore, you can decide whether parameter changes apply to all modules or to the speci-
fied module only. Use the 'Common/Separate' button in the lower right part of the system pa-
rameter panel. 

If a parameter has different values in different modules it is highlighted by a different colour 
in the system parameter panel. If you want to set the equal system parameters for all modules, 
click on the ‘Equalize’ button. The parameters for the current module are then transferred into 
the system parameters of all other modules. 

Trigger Master and Clock Master Function 

These functions allow several SPC-150 modules to start synchronously, and to run on a com-
mon (internal) macro time clock. The parameters are selected via the ‘Parameters’ menu.  

With the settings shown in Fig. 955 module 1 is the trigger master. A start in this module 
starts the other ones synchronously. (That means if an experiment trigger is used it must be 
connected to module 1.) All modules are using a common clock which comes from module 1. 

              

Fig. 955: Trigger master and clock master definitions 

Trigger master and clock master operation is important if data from different modules are to 
be cross-correlated, e.g. for Cross-FCS with the detectors connected to different modules. 
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Display Functions 
The bh TCSPC modules record multi-dimensional data. In the simplest case, the result of a 
measurement may just be a single fluorescence decay curve or a single waveform of another 
optical signal. However, a measurement can also produce several curves simultaneously. The 
curves can represent data recorded by several SPC modules, data recorded by several detec-
tors connected to a single module, by several channels of a bh multi-wavelength detector, by 
several multiplexed lasers, or by the steps of a time-series recording procedure. Several such 
data sets can by recorded in different memory pages. Moreover, the curves may not represent 
waveforms of light signals at all but FCS curves, photon coining histograms, or time-resolved 
spectra. A few examples of the display of TCSPC curves are shown in Fig. 956. 

 

     

    

Fig. 956: Curve display in SPCM. Upper row: 2D curve display. Lower row: 3D curve display. 

 

The structure of TCSPC data becomes even be more complex when the SPC modules are used 
in the imaging modes. A single TCSPC image is an array of pixels, with each pixel containing 
a decay curve in the form of photon numbers in consecutive time channels. Several such 
structures may exist if a multi-wavelength detector is used, or if the measurement system is 
using routing or laser multiplexing. Mosaic imaging delivers a two-dimensional array of 
TCSPC images. Data with more than two dimensions cannot easily be displayed by a two-
dimensional display device or printer. The data must be projected in a single plane, and the 
way this projection is performed must be suitably selected. Examples are shown in Fig. 957. 
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Fig. 957: Examples of SPCM image display. Upper row: Intensity image, gated intensity image (of late pho-
tons), lifetime image. Middle row: Mosaic FLIM image, Image from combined 4 channels of FASTAC system, 

Image from multi-wavelength FLIM data, channel 9-14 selected by routing window. Lower row: Multi-
wavelength intensity image in 8 routing windows selecting 2 adjacent channels each, colours adjusted to real 

emission wavelengths, multi-wavelength image, colour-coded lifetime. 

Display of 2D Data 

Decay curves recorded by a single or by several SPC modules, data recorded by several detec-
tors, by several channels of a bh multi-wavelength detector, by several multiplexed lasers, or 
data from the steps of a time-series recording procedure can be displayed by the 2D display 
functions of the SPCM software. The 2D function puts the curves in a single t-y diagram, as 
shown in Fig. 956. The display of 2D data is controlled by the 2D Trace Parameters in com-
bination with the Display Parameters. The 2D Trace Parameters determine which data are 
displayed, the Display Parameters determine how they are displayed. The parameters act both 
on the display of data in the SPCM main window and on the '2D Curve' routine under 'Dis-
play' in the top task bar of SPCM. 

Selection of the Data to be Displayed 

The data to be displayed are selected in the 'Trace Parameter' panel. Up to 16 Traces (curves) 
can be defined. The traces can be curves from different memory pages into which the data 
have been recorded ('Pages'), curves from different routing channels of an SPC module 
('Curves'), or curves from different SPC modules ('Module'). Three representative examples 
are shown in Fig. 958. Different combinations, such as selected curves from a particular page 
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of a particular module can be selected. The 'Active' button defines whether a curve is dis-
played or not. 

   
Fig. 958: Examples of trace parameter definitions. Subsequent measurement pages (left), curves from subse-

quent routing channels (middle), and curves from subsequent SPC modules (right). 

Display Range and Curve Sstyle 

The display range, linear or logarithmic scale, and the style of the curves is defined in the 
Display Parameters. Examples are shown in the figures below. The display parameters also 
allow the user to define a grid for the display. The autoscale button automatically adjusts the 
display range to the maximum of the largest curve in the display. 

  

Fig. 959: Curve display for various display-parameter settings. Linear and logarithmic scale. 

  

Fig. 960: Curve display for various display-parameter settings. Linear and logarithmic grid. 
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Fig. 961: Curve display for various display-parameter settings. Curve style '^Connected Points', different point 
frequency. 

  

Fig. 962: 2D display for different display-parameters. Different background colours. 

 

Cursors 

Cursors in the SPCM main window are activated by a right mouse click and selecting Enable 
Cursors. The cursors are shifted by grabbing the cursor lines with the mouse and shifting it 
over the display. A cursor panel displays the exact location of the cursors see Fig. 963, left. A 
'Data Point' indicator is available to show the contents of individual data points.  'Zoom' mag-
nifies the area enclosed by the cursors to the full display size, see Fig. 963, right. 

    

Fig. 963: Cursors in the SPCM main window. Selection of a t-y parameter range by the cursors (left) and zoom 
into the corresponding parameter range. 
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2D Curve Routine 

In addition to the curve display in the main panel SPCM has a special '2D Curve' routine. It is 
similar to the 2D display function of the SPCM main window but contains a few additional 
functions. The 2D Curve panel opens by a click on 'Display' in the top bar of the main win-
dow, and selecting '2D Curve'. The panel is shown in Fig. 964. In the example shown below 
five curves are displayed. The corresponding trace parameters are shown on the right. 

 

Fig. 964: 2D Curve routine 

2D Data Processing 

In addition to the normal curve display functions the 2D Curve routine has a data-processing 
function, see button in Fig. 964, lower right. Available data operations are: Clear outside cur-
sors, Reject outliers, Shift in X, Shift in Y, Smooth, Copy, Reverse time axis, Plus, Minus, 
Multiply, and Divide. A scale factor can be defined to keep the results within reasonable lim-
its. An example is shown in Fig. 965. The curves in page 2 and page 3 were selected to be 
added and the result to be written into page 10. Fig. 963 shows the panel after executing the 
command. 

 

Fig. 965: 2D data processing. The two curves shown in the upper part of the figure have been selected to be 
added. The result is shown in the next figure. 
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Fig. 966: Result after executing the data processing command. Curve 2 and Curve 3 were added into Curve 10. 

A practical example of a data processing operation to rescue distorted data is shown in Fig. 
967. The decay curve, A, shown left, is badly distorted by an optical reflection. The amplitude 
of the reflection is about 5.2%, the delay 0.467 ns. An approximate waveform of the reflected 
part of the signal can be obtained by shifting the curve by 0.467 ns, and multiplying it with 
0.052 (use ‘add’ with the original curve for both operands, and a scaling factor of 0.026). The 
result is curve B. Curve B is then subtracted from curve A. The result is curve C, which is 
almost free of the reflection. 

         

Fig. 967: Using 2D data processing to remove an optical reflection from a decay curve 

 

Block Mode of the 2D Display 

In the 'Block Mode' the 2D Curve function combines several curves from different routing 
channels. The Block Mode is turned on in the Display Parameters, the curves to be combined 
are selected by the Window Parameters in combination with the Trace Parameters. An exam-
ple is given in Fig. 968. The upper part of the figure shows data from a PML-GaAsP multi-
wavelength detector in the curve mode. There are 16 decay curves, all of them are enabled by 
the Trace Parameters. The lower part of the figure shows the display in the Block mode. The 
block mode has been selected in the Display Parameters, lower right. The Window Parameters 
(middle right) define two routing windows. One window contains curves 8 and 9, the other 
window contains curves 11 to 15. The Trace Parameters (top right) enable two traces for dis-
play. One trace contains the data from routing window 1, the other the data from routing win-
dow 2. The result are the two curves displayed on the left. 
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Fig. 968: 2D Curve display in the curve mode (top) and in the block mode (bottom). The parameters are config-
ures to combine the curves 8 to 9 and 11 to 15 in routing windows 1 and 2, respectively, and to display the com-

bined data as traces 1 and 2. 

 

Display of 3D Data 

The 3D display function is used to display data from multi-detector measurements or multi-
wavelength measurements, from sequential measurements, or from combinations of these. As 
the 2D display, the 3D functions are available both in the main window of SPCM and in a 
special 3D-Display routine. 

Configuration of the Display 

The corresponding photon distributions may be built up versus several variables, such as an 
externally varied parameter, the time in a fluorescence decay, the time in a sequence of decay 
curves, or the wavelength. An example is shown in Fig. 969. It shows a sequence of curves 
recorded by scanning the detection wavelength with a monochromator. The data can be dis-
played both as an array of curves (curve mode, shown left) and as an image in which the 
brightness and the colour represent the photon numbers (colour-intensity mode, shown right.) 
The display style is controlled by the settings in the lower part of the Display Parameter 
panel. The parameters corresponding to the configurations of Fig. 969 are shown in Fig. 970. 
Display mode is 3D Curves (left) and Colour Intensity (right). The third coordinate is the 
wavelength in the monochromator scan, therefore 'f(x,y,param)' has to be selected in the lower 
right of the display parameters.  
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Fig. 969: Result of f(t,ext) measurement, wavelength scan by monochromator. Left curve mode, right colour 
intensity mode 

        

Fig. 970: Display parameters, 3D section. Left: Curve mode. Right: Colour-intensity mode. 

Fig. 972 shows data recorded with a 16-channel PML-GaAsP detector. The way the data are 
displayed is similar as for the data in the figure above. However, now the third coordinate is 
the number of the routing channel, x. Therefore f(t,x) has been selected in the display parame-
ters, see Fig. 972. 

     

Fig. 971: Result of f(t,x) multi-wavelength measurement with the PML-16 GaAsP detector. Left Curve Mode, 
right colour intensity mode 

      

Fig. 972: Display parameters for the data shown above, 3D section. Left: Curve mode. Right: Colour-intensity 
mode. 

Cursors  

Cursors are available the same way as in the 2D display. Click into the display window by the 
right mouse key and select Enable Cursors. Cursors can be used both in the 3D Curve display 
and in the 3D Colour-Intensity display. Using cursors in the 3D Curve mode is difficult, 
therefore we recommend to switch into the Colour-Intensity mode when cursors are used. An 
example is shown in Fig. 973. 
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Fig. 973: Cursors in the 3D display. Left: Cursor panel opened by right mouse click. Right: Zoom into area in-
side the cursors. 

3D Curve Routine 

SPCM contains a special '3D Curve' display routine. It is accessible via 'Display' in the top 
bar, and selecting '3D Curve'. The 3D Curve panel is shown in Fig. 974. It directly contains 
the cursor and zoom functions. 

    

Fig. 974: 3D Display. Left: 3D Curve mode. Right: Colour-intensity mode 

The main difference to the 3D display functions of the main panel is that the 3D Curve rou-
tine has a data processing function. 

 

3D Data Processing 

The ‘3D Data Processing’ panel is opened by clicking on the ‘Data Processing’ button or by 
clicking into ‘Display’ in the menu bar and selecting '3D Data Processing'. The 3D data proc-
essing panel is shown in Fig. 975. 

  

Fig. 975: 3D Data Processing panel (left) and available operations (right) 

All operations are performed in the parameter range defined by the cursors. During the opera-
tion the original data is replaced with the result. Therefore, we recommend to store the origi-
nal data to a file before starting a data processing operation. 
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Display of FLIM Data 

The results of a FLIM measurement are multi-dimensional data arrays. In the simplest case, 
the dimensions are the two coordinates of the scanning area, X and Y, and the time in a fluo-
rescence of phosphorescence decay, t. However, FLIM data can be more complex. There may 
be additional coordinates, such as the detector-channel number in multi-wavelength FLIM 
data, the time step within a series of recordings, or other parameters which were assigned to 
the photons in the recording process. It may be necessary to display the data in different pa-
rameter spaces, e.g. as pure intensity images, as time-gated images, or as colour-coded fluo-
rescence lifetime images. It may even be desired to display the data not as images but as se-
quences of decay curves integrated over selected spatial windows within the images. The 
SPCM software allows the user to define up to eight display windows for data of different 
source, different data type or different projection within the data parameter space. The display 
of the data is controlled by the ‘3D Trace Parameters’, the ‘Window Parameters’ and the ‘Dis-
play Parameters’. This section explains the parameters setup for the display of FLIM data for 
typical FIFO Imaging measurements and demonstrates it at typical examples. 

 

Definition of the Display Windows 

3D Trace Parameters 

The 3D trace parameters define how many display windows are opened in the SPCM main 
panel, which kind of data they are showing, from which TCSPC module or routing channel 
they are taken, and in which way multidimensional data are projected into the individual dis-
play windows. Examples are shown in Fig. 976 and Fig. 979. 

Fig. 976 shows a 3D trace parameter setup for displaying images of different data type. The 
first two windows, W1 and W2, display intensity data of ps FLIM data from two TCSPC 
modules, M1 and M2. The next two windows, W3 and W4, display the same data as lifetime 
images. W5 and W 6 display MCS mode (PLIM) images from M1 and M2. Finally, W7 and 
W8 display intensity images from the direct counter channels of two SPC-160 modules. 

 

Fig. 976: 3D Trace parameters for the display of FLIM intensity images, FLIM lifetime images, MCS (PLIM) 
images, and intensity images from the fast counter channels of two SPC-160 modules 

For all definitions shown in Fig. 976 the ‘Display mode’ is F(x,y). That means, the data 
shown in the individual display windows are intensity distributions over the two spatial coor-
dinates, x and y. 

However, this is not the only way the data can be displayed. FLIM data are three-dimensional 
x-y-t arrays. That means, when the FLIM results are displayed different projections of the 
data can be used. The way the data are projected is selected by ‘Display Mode’. The principle 
is shown in Fig. 977. 



Display Functions    741 

 

x

y

t

x

y

t

x

y

t

f(x,y):

in t window
 x-y projection

f(t,x):

in y window
 t-x projection

f(t,y):

in x window
t-y projection

 

Fig. 977: Different projections of FLIM data 

F(x,y) projects the intensities (photon numbers) of a selected time window in the x-y plane. 
The result is a time-gated image, or, if the time window covers the entire t axis, an intensity 
image of the sample. 

F(t,x) projects the photon numbers of a selected y window into a t-x plane. The result displays 
the intensity decay along the t axis versus the location in x for a selected window in y. F(t,y) 
projects the photon numbers of a selected x window into the t-y plane. The result displays the 
intensity along the t axis versus the location in x for a selected window in y. In both cases, the 
spatial window can also cover the entire x or y coordinate. Examples of trace parameters with 
different projection are shown in Fig. 979. 

A special case is the direct display of the fluorescence lifetime. In this case, the display rou-
tine calculates the first moment of the decay data along the t axis of the individual pixels, 
converts it into the fluorescence lifetime. When ‘Lifetime Display’ is selected (W3 and W4 in 
Fig. 976) the colour of the image represents the lifetime, the brightness the total or gated in-
tensity. 

So far, things are still relatively straightforward. However, TCSPC data can easily become 
four-dimensional. This happens especially when the routing function is used. Data in the indi-
vidual routing channels then represent different detection wavelengths, different excitation 
wavelengths, or different states of an external signal acting on the sample. The ‘Routing Win-
dow’ defines a range of routing channels the data of which are projected into individual x-y, 
t-x, or t-y planes and displayed as described above. Trace-parameter examples for these situa-
tions are shown in Fig. 978 and Fig. 979. Please note that time windows cannot be defined for 
intensity image from the SPC-160 counters and for lifetime display because the counter data 
do not contain temporal information. 

 

Fig. 978: 3D Trace parameters for the display of decay functions over one spatial and one temporal coordinate 
of spatially two-dimensional data. Displayed are functions f(t,y) within different X Windows. 
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Fig. 979: Same as figure above but functions f(t,x) within different Y Windows displayed. 

 

Window Parameters 

The window parameters define time windows for FLIM, routing windows, time windows for 
PLIM (MCS windows) and spatial windows in X and Y for displaying multi-dimensional 
data. Fig. 980 shows definitions for 8 windows along each coordinate. 

 

Fig. 980: Window Parameters. Definitions shown for 8 FLIM time windows, 8 routing windows, 8 PLIM time 
windows, and 8 windows in x and y. 

Basic FLIM and PLIM images are often displayed without the gating functions of the SPCM 
display routines. In that case, it is enough to define just one windows along each coordinate, 
covering the entire time axis, all routing channels, and the entire image in x and y. Definitions 
for data of 256 FLIM time channels, 256 PLIM time channels, and 256 x 256 pixels without 
routing are shown in Fig. 981. 

 

Fig. 981: Window parameter definitions for 256 FLIM and PLIM time channels 256 x 256 pixels for FLIM and 
PLIM display without gating functions. 

 

Display Parameters  

The display parameters define how the data are displayed in the individual display windows 
of the SPCM software. Every display window has its own set of display parameters. The pa-
rameters define the display range, the colours, the display style (curves or colour-intensity 
plot), the display mode (f(x,y), f(t,x or f(t,y), and the t, x and y windows in which the data are 
displayed. Examples are for three different display configurations are shown in Fig. 982. 
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Fig. 982: Influence of display parameters on the FLIM data display. Left: Image displayed in a selectable time 
window. Middle: Decay functions over x coordinate in a selectable y window displayed in colour-intensity 

mode, Right: Decay functions over x coordinate in a selectable y window displayed in curve mode 

Examples of the display setup for a number of frequently used FLIM configurations are de-
scribed below. 

 

Intensity Images from FLIM Data 

One Image from One SPC Module 

Fig. 983 shows the parameters for displaying an intensity image from the combined photon 
numbers in all time channels of a single FLIM image. In the 3D Trace parameters, only one 
display window (W1) is enabled. The data type to be displayed is ps FLIM, the data come 
from TCSPC module M1, and the display mode is F(x,y). The Window parameters (bottom 
left) define a single Time Window, from time channel 1 to 256, and two spatial windows, 
both from pixel 1 to pixel 1024. In other words, the windows incorporate the entire FLIM data 
array. 

The Display Parameters, Fig. 984, define a colour-intensity image with linear intensity scale. 
The intensity is coded by colour, the colour scale goes from black over red to white. The im-
age is displayed for Time Window 1 - this is the only time windows defined (see Window 
Intervals, Fig. 983). It contains the photons of all time channels (from 1 to 256). The SPC 
Main panel with an image defined by these parameters is shown in Fig. 985. 
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Fig. 983: 3D Trace parameters and Window Parameters for the display of a single image 

 

Fig. 984: Display parameters  

 

Fig. 985: SPCM Main panel with the image defined by the parameters shown above 

 

Images from Two SPC Modules 

The parameter setup for the display of two images from separate SPC modules is shown in 
Fig. 986. The Trace Parameters define two display windows. They contain data from two SPC 
modules, M1, and M2. The window parameters are the same as for a single image - there is 
only one time window, containing the photons of all TCSPC time channels from 1 to 256. 
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Fig. 986: 3D Trace parameters and Window parameters for the display of the images from two SPC modules, 
M1 and M2 

The two images are displayed with separate display parameters, see Fig. 987. The SPCM 
main panel with the two images is shown in Fig. 988. 

                         

Fig. 987: Display parameters for the two images defined by the parameters in Fig. 986 

 

Fig. 988 SPCM Main panel. Two images for separate SPC modules. 

 

Intensity Images from Routing Channels 

Images from several routing channels are displayed as shown in Fig. 989. The 3D Trace Pa-
rameters define several display windows for different routing channels. The data in these 
channels can come from different detectors connected to the SPC module via a router, or from 
several multiplexed lasers. The 3D trace parameters define the number of display windows 
used, and the information to be displayed in the windows. The Window parameters define 
which routing channels or groups of routing channels are displayed in the windows. 
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Fig. 989: Two images from a dual-channel wavelength-multiplexing system, intensity display. 3D trace parame-
ters and Window parameters shown at the bottom. Four combination of excitation and emission wavelength 

exist, two of them are switched active in the 3D trace parameters. 

Multi-Wavelength Intensity Images 

The display of multi-wavelength FLIM data from a 16-channel detector is shown in Fig. 990 
trough Fig. 992. The trace parameters define eight display windows. Data type is ps FLIM. 
The individual images in the display windows are derived from subsequent ‘Routing Win-
dows’. Each routing window contains the data of two subsequent routing channels, see Win-
dow Parameters. This way, data of every two wavelength channels are combined in one im-
age. 

 

 

Fig. 990: 3D Trace Parameters and Window Parameters for multi-wavelength FLIM 
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As usual, the individual images have separate display parameters. The display parameters for 
the first three images are shown in Fig. 991. They contain the colour definition for the indi-
vidual images, and the routing window. Since the intensities in different wavelength channels 
can vary over a wide range Autoscale is turned on for all images. The main panel of SPCM 
with the eight images is shown in Fig. 992. 

         

Fig. 991: Display parameters in the first three display channels of a multi-wavelength measurement 

 

Fig. 992: SPCM main panel for multi-wavelength FLIM 

Intensity Images from Combined Channels of FASTAC System 

The SPCM 3D display function is able to combine intensity images, time-gated images, or 
colour-coded lifetime images from several combined TCSPC channels into a single image. 
Main application is the bh FASTAC system with its four parallel TCSPC channels. The Trace 
Parameters are shown in Fig. 993. The result is a main panel as shown in Fig. 994, with an 
image showing an intensity image of the combined data of SPC modules, M1 to M4. In addi-
tion to the combined data, it is possible to display also the data of the individual channels. To 
do so, activate the ‘active’ buttons for the individual TCSPC modules, M1, M2, M3, M4, in 
the 3D Trace definitions. 

 

Fig. 993: Trace parameters for FASTAC system. The data of four TCSPC channels, 1-4, are combined. 
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Fig. 994: Main panel, display of the combined data of four TCSPC FLIM Channels 

 

Time-Gated Intensity Images 

Fig. 995 shows the parameters for the display of four gated images of one TCSPC channel. 
The 3D trace parameters define four display windows for the data of module M1 in four time 
windows, 1 to 4. The window parameters define the start and the end channels for the indi-
vidual time windows. 

 

 

Fig. 995: 3D Trace parameters and Window parameters for the display of four time-gated images of SPC mod-
ule M1. 

The individual images have separate display parameters, see Fig. 996. The SPCM main panel 
with the four gated images is shown in Fig. 997. 
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Fig. 996: Display parameters for the four gated images 

 

Fig. 997: Four gated images in the main panel of SPCM 

 

Colour-Coded Lifetime Images 

Parallel-Channel Systems 

The online-lifetime display mode is enabled in the 3D trace parameters. 'Type' defines the 
type of images to be displayed. 'Type' for online-lifetime display is 'LIFET'. Fig. 998 shows 
the definition of the parameters for run-time lifetime display for a one-channel, a  two-
channel, and a four-channel TCSPC system. Under 'Name', you can assign clear-text names to 
the individual channels. The name the appears then appears in the top line of the images. 

 

 

 

Fig. 998: 3D trace parameters for run-time display of lifetime images. Top to Bottom: One SPC module, two 
SPC modules, four SPC modules. 
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The 'Type' definition need not be identical in all channels. For example, you can display a 
lifetime in one channel together with an intensity image in the same channel or in another 
channels, and switch the images 'Active' or inactive on demand. 

The display of lifetime-image display requires more parameters than the display of intensity 
images. The online-lifetime function calculates the first moment of the decay data in the pix-
els, and subtracts the first moment (the centroid) of the IRF from it. Therefore the temporal 
location of the IRF must be known. Moreover, the display range for the lifetime, the direction 
of the colour scale must be known. These parameters are defined in the Display Parameters, 
see Fig. 999. As usual, there is a separate set of display parameters for each image. In the 
lower part of the panels the lifetime range, the direction of the colour bar, the brightness and 
the contrast, and the reference moment for the IRF is defined. The reference moment can be 
determined with SPCImage (see SPCImage NG Data Analysis Software, page 795) or calcu-
lated from a reference FLIM file of a sample with known fluorescence lifetime. For principle 
of run-time lifetime calculation please see ‘Fast Online FLIM’, page 395. The main panel of 
the SPCM software with the lifetime images of two SPC channels is shown in Fig. 1000. 

                  

Fig. 999: Display parameters for run-time lifetime display 

 

Fig. 1000: SPCM main panel with run-time lifetime calculation 

Routing and Multiplexing Systems 

Routing is used for excitation-wavelength multiplexing and for multi-wavelength detection. 
Online-lifetime display is available also for these systems. The channel assignment is the 
same as for intensity images: Display windows for the routing channels are defined in the 3D 
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Trace parameters, and routing channels or groups of routing channels are assigned to the dis-
play windows by the Window Parameters. Examples of a 2-channel wavelength multiplexing 
system and for a multi-wavelength system are shown in Fig. 1001 and Fig. 1003. 

 

 

Fig. 1001: Two images from a dual-channel wavelength-multiplexing system, online-lifetime display. 3D trace 
parameters and window parameters shown at the bottom. Four combination of excitation and emission wave-

length exist, two of them are switched active in the 3D trace parameters. 

 

Fig. 1002: Multi-wavelength lifetime-image display. 16-channel detector, 8 images of different wavelength 
displayed, each image contains 2 combined channels. 
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Fig. 1003: Trace parameters and window intervals for Multi-wavelength lifetime-image display. 16-channel 
detector, 8 images of different wavelength displayed, each image contains 2 combined channels. 

FASTAC System 

Lifetime display works also for the combined channels of a FASTAC system. The trace pa-
rameters are shown in Fig. 1004, the corresponding main panel in Fig. 1005. The Display Pa-
rameter panel is open on the right. In its lower part it contains the definitions for the lifetime 
range, the reference lifetime, binning, and brightness and contrast settings. 

 

Fig. 1004: Trace parameters for lifetime display for the combined channels of a FASTAC system. 'Lifetime' is 
selected as display data type. The data of four SPC modules, M1-M4, are combined, and displayed in main-

panel window W1. 

 

Fig. 1005: SPCM Main panel with lifetime display of combined channels. Colour-coded lifetime image on the 
left, display parameters on the right. 
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Images from Lifetime-Intensity Mode 

To improve the image contrast at high count rates the SPC-160 and SPC-180 family modules 
have a fast counter in parallel with the TCSPC timing electronics. The 'Lifetime/Intensity' 
display mode of bh's SPCM software builds up FLIM images by using pixel intensities from 
the parallel counter and pixel decay data from the timing electronics. For technical details and 
for system parameter setup please see section 'Lifetime-Intensity FLIM' page 404. The display 
type for lifetime-intensity images is 'LIFET+I' see trace parameters in Fig. 1006, bottom. 

      

 

Fig. 1006: Top: Lifetime/Intensity mode image and normal lifetime image. Bottom: 3D trace parameters. 

 

Simultaneous FLIM/PLIM Images 

Simultaneous FLIM/PLIM is based on on-off modulation of a pulsed excitation laser. FLIM is 
recorded in the laser-on phases by the normal FIFO Imaging procedure. PLIM is recorded in 
the laser-off phases by ‘MCS’ recording, for details please see ‘Simultaneous ’, page 409. To 
better separate the photons from the laser-on and laser-off phases a routing signal from the 
laser modulation is sent into the SPC module. Laser-on photons are stored into routing chan-
nel 1, laser-off photons into routing channel 2. 

Fig. 1007 shows the trace and window parameter setup. The 3D Trace Parameters define three 
display windows. The first one is the FLIM window, the second and the third one are PLIM 
windows. Data type for the first window is ps FLIM, for the second and third windows it is 
MCS imaging. The window intervals define three routing windows. The first one contains the 
photons from the laser-on phases, the second one the photons from the laser-off phases. The 
third routing window contains the photons from both phases. 
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Fig. 1007: 3D Trace Parameters and Window Parameters for simultaneous FLIM / PLIM 

The display parameters for the three windows are shown in Fig. 1008. The parameters for W1 
display an intensity image for the FLIM data. Colour goes from black over green to white, 
autoscale is set, intensity scale is linear.  

The parameters for W2 display an intensity image of the phosphorescence in the laser off 
phases. Routing window is 2 (laser off), the colour goes from black over red to white. Win-
dow W3 displays the entire signal in both phases of the laser modulation, therefore ‘Routing 
window’ is 3. Unlike W1 and W2, W3 does not display an image. Instead, it displays a series 
of phosphorescence decay curves over the horizontal axis of the image. Therefore, display 
mode is ‘3D Curves’ and F(t,x), the scale is logarithmic. The curve window helps the user set 
the correct time scale for PLIM recording. Phosphorescence decay times can vary over orders 
of magnitude, and the best recording time scale is not a priori known. 

       

Fig. 1008: Display parameters for fluorescence image, phosphorescence image, and phosphorescence decay 
curves 

The SPCM main panel with these setup parameters is shown in Fig. 1009. The fluorescence 
image is displayed on the left, the phosphorescence image in the middle, and the window with 
the phosphorescence decay curves on the right. 

Several modifications are possible to this setup. Often the fluorescence and the phosphores-
cence are recorded at different wavelength, and by different SPC modules. This can be ac-
counted for by changing the Module from M1 to M2 in the trace parameters. It is also possi-
ble to activate the run-time lifetime display for the fluorescence and for the phosphorescence. 
Just change to ‘Lifetime’ in the trace parameters, and set an appropriate lifetime range and 
IRF moment in the display parameters. 
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Fig. 1009: SPCM main panel for simultaneous FLIM/PLIM 

 

Display of Decay Data in Point or Region of Interest 

A right-mouse click into one of the image in the SPCM main panel opens a small menu from 
where you can access the image cursors, the display parameters, trace parameters, window 
parameters, etc. A click into ‘Show Decays’ opens a decay-curve window as shown in Fig. 
1010, right. 

 

Fig. 1010: A right mouse click into an image and a click on ‘Show Decays’ opens the decay curve panel shown 
on the right 

The SPCM main panel with the decay curve window is shown in Fig. 1011. The curves can be 
displayed for all active image windows, and for individual regions or points of interest (ROIs 
or POIs). The ROIs are defined by the image cursors, the POI by the ‘Data Point’. A right 
mouse click into the decay window opens a panel with the Trace Parameters for the individual 
curves. The panel can be seen in Fig. 1011, lower right. You can add or remove curves, acti-
vate or de-activate curves, define colours for the curves, define whether a curve is from an 
ROI or a POI, and from which image display window the curve comes. The coordinates of the 
POI and of the ROI cursors are displayed on the right. As an example, Fig. 1011 displays a 
lifetime image of the combined channels of a four-channel-fast acquisition system (large im-
age), the lifetime images of the individual channels (small images), and the decay data in an 
ROI of the combined channels and the individual channels. 



756      SPCM Software 

 

Fig. 1011: SPCM Main Panel with lifetime images and decay curve window 

The decay-curve display works for all images that contain decay data in their pixels. These 
can be intensity images, time-gated intensity images, lifetime images, combined images from 
several TCSPC modules, or images from different routing channels of a TCSPC module. 

The display of the decay curves itself is controlled by the Display Parameters the same way as 
for decay curves recorded in the Single, Oscilloscope, or FIFO mode. The display scale can 
be linear or logarithmic, an autoscale function is available, and the curves can be displayed as 
individual data points, lines, or data points connected by lines. Please see 'Display of 2D 
Data'. 

 

Resizing and Positioning the Display Windows 

Display windows can be shifted and re-sizes as usual in Windows applications. To resize a 
window, seize the edge of the window with the mouse cursor and drag the panel to the desired 
size. To shift a window, seize the top bar of the window and shift it into the desired position, 
see Fig. 1012. 

                  

Fig. 1012: Resizing and shifting windows of the main panel 

SPCM has a few options for modification of the display windows. Clicking into a display 
window area by the right mouse key opens the select panel shown in Fig. 1013. ‘Proportional 
Graph’ sets the display proportions according to the ‘Scan Pixels X’ and ‘Scan Pixels Y’ of a 
Scan measurement. ‘Full Size Graph’ spreads the display window over the maximum avail-
able area. 
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Fig. 1013: Select panel for display size, cursor display, and display and trace parameters 

It can happen that a display window has disappeared behind the edge of the screen or other-
wise got out of control. (This can happen if a file from a dual-screen system is loaded in a 
computer with only one screen.) In that case, click into ‘Display’, and ‘Default Size and Posi-
tion’. When the window is back, set it back to ‘Scale Contents on Resize’. 

   

Fig. 1014: Left: Setting window sizes and positions to default. Right: Window sizes user-definable  
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Display Parameters 
SPCM can be configured to show data in several display windows. The ‘Display Parameters’ 
define in which style (curves, 3D figures, images) the data in these windows are displayed, 
which display scale is used (linear, logarithmic, minimum, maximum), which parameter is 
displayed along a particular axis, and in which way sub-sets of multidimensional data are pro-
jected into the display plane. Each of the display windows has its own set of Display Parame-
ters. Typical display parameter panels for 2D and 3D display modes are shown in Fig. 1015 
and Fig. 1016. Other examples of display parameters in conjunction with the corresponding 
display windows are shown in section 'Display Functions'. 

                   

Fig. 1015: Examples of Display Parameters for 2D display modes. Left to right: Linear scale, logarithmic scale, 
block mode. 

   

Fig. 1016: Examples of Display Parameters for 3D modes. Left to right: 3D curve figure, intensity image, life-
time image. 

General Display Parameters 

Scale Y 

Under 'Scale Y' you can switch between a linear or a logarithmic scale and set the display 
range of the photon count number. 

Linear / Logarithmic: Linear or logarithmic Y-scale 
Max Count: Upper limit of the display range for linear and logarithmic scale 
Baseline: Lower limit of the display range for linear scale 
Log Baseline: Lower limit of the display range for logarithmic scale 

Trace 

Bkgcolor: Background colour of the display window to which the display parameters apply. 
Style: Display style of the curves. The styles 'Line', 'Points Only' and 'Connected Points' are 
available. 
Point Freq: At values >1 each nth point is displayed only. 'Point Freq' has no influence if 
'Line' is selected. 

Point Style: Style how data points are displayed. Dot, solid square, empty square, circle, etc. 
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Autoscale: Normalises the display range to the maximum count number found in the dis-
played data. Autoscale works both for 2D display modes (curves) and 3D display modes (im-
ages or sequences of curves). 

Reverse: Reversing one or both axis of the display can be achieved by the two buttons ‘X 
scale’ and ‘Y scale’. It is often used in the in the ‘Scan’ modes to swap an image into the right 
orientation. ‘Reverse’ works in all display modes. It acts on the display only, not on the data 
in the memory. 

2D Display Parameters 

Grid Color: Grid colour, only if a grid is defined. 
Grid X, Grid Y: Different grid sized can be defined by using ‘major’ or ‘minor’. ‘None’ 
switches the grid off. 
Curve Mode: Each curve (trace) on the screen is related to one curve in the memory which is 
set by the 'Trace Parameters'. 

Block Mode: Each curve (trace) on the screen is the average of several curves in the memory. 
The relation is set by the 'Trace Parameters' and the 'Window Intervals'. The block mode of 
the display is used to display multichannel measurements in the 2D display mode. 

The parameters ‘Curve Mode’ and ‘Block Mode’ are not available in the FIFO Mode.  

3D Display Parameters 

To display results obtained in the f(t,x,y), f(t,ext), f(t,T) or Scan modes different three-
dimensional display modes are provided. Examples of the three display modes are given in 
Fig. 1017. 

The ‘3D Curves’ mode (shown left) displays the results as a set of curves. The Z axis repre-
sents the number of photons, the X and Y axis two of the parameters x, y, t or EXT. 

The ‘Colour Intensity’ mode (Fig. 1017, middle) transforms the light intensity into a grey 
scale or colour scale. The X and Y axis represents two of  the parameters x, y, t or EXT. Cou-
lor Intensity is also used for the display of scan images, see (Fig. 1017, right) 

     

Fig. 1017: 3D display modes. Left: Curve mode. Decay curves along a wavelength axis. Middle: Colour inten-
sity mode, same data as shown left, intensity versus wavelength and time in the fluorescence decay. Right: Im-

age, intensity versus image coordinates, x, y. 

3D Curve Mode Parameters 

The ‘3D Display’ part of the display parameter menu changes with the display mode selected. 
When the 3 D display is switched to ‘3D Curves’ the display parameters are as shown in Fig. 
1018. 
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Fig. 1018: Left: 3D display parameters for the ‘Curve Mode’. Right: Data displayed in 3D curve mode 

Offset X, Offset Y, Inclination X, Curve Color, and Body Color define the layout of the dis-
played curve sequence. The effect of these parameters is shown in Fig. 1019.  

Inclination X Offset Y

Offset X

Body Colour

Background Colour Curve Colour

 

Fig. 1019: Parameters controlling the layout of the 3D curve display 

In the ‘Detailed Display’ mode all points of the result curves are displayed. For a high number 
of curves and high ADC resolution this can be time-consuming. Moreover, for signals con-
taining a large amount of noise the result may be not satisfactory. Therefore, a compressed 
display style is available by switching off the ‘Detailed Display’ function. 

The ‘Autoscale’ function automatically changes ‘max count’ to fit the data into the display 
range. 

To display subsets of multi-dimensional data arrays different modes, ‘Routing Windows’, 
‘Scan Windows’ and a ‘t Window’ can be selected. Please see ‘Displaying Subsets of Multi-
dimensional Data’, page 762, and ‘Window Intervals', page 773. 

3D Colour-Intensity Mode Parameters 

In the colour-intensity mode the photon counts are represented by a colour scale. The corre-
sponding display parameters are shown in Fig. 1020, left.  

     

Fig. 1020: Left: Display parameters in the colour-intensity display mode. Right: Selecting the colours for the 
colour-intensity mode 

The colours are selected by clicking on the exaggerated fields in the colour bar. This opens a 
colour table from which the colours can be selected, see Fig. 1020, right. 

For image areas with photon numbers exceeding the range defined by ‘Max Count’ ‘HiColor’ 
is used.  The colour can be defined by clicking on the ‘HiColor’ button. 

The ‘Interpolate’ function is used to deliver intermediate colours (‘Interpolate Color’ button) 
and to interpolate the images between the pixels (‘Interpolate Pixels’ button). 
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To display subsets of multi-dimensional different display plane within the data (f(x,y), f(x,t), 
etc, and different ‘Routing Windows’, ‘Scan Windows’ and ‘T Windows’ can be defined. 
Please see below, ‘Displaying Subsets of Multidimensional Data’ and ‘Window Intervals’ 
page 773. 

Displaying Subsets of Multidimensional Data 

The  sequential modes, the f(txy) mode and the scan modes deliver multi-dimensional data 
arrays versus time, the coordinates of a scanning area, and the detector number. To display 
these results subsets of the data in selectable ‘Routing Windows’, ‘Scan Windows’ and 
‘t Windows’ can be defined. The windows are selected in the right part of the 3D display pa-
rameter section and defined in the ‘Window Intervals’ panel. (Please see ‘Window Intervals’ 
page 773) 

Mode Selection 

The photon density can be displayed versus different coordinates. The corresponding part of 
the display parameters and the effect on the display are shown in Fig. 1021. 
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Fig. 1021: Display versus different coordinates of multi-dimensional data. Upper row colour-intensity display, 
lower row multi-curve display. Left to right: Intensity versus image coordinates, intensity versus time and x 
coordinate, intensity versus time and y coordinate, Intensity versus time in decay curve and time from start of 
experiment or external parameter. Far right: Display parameters selecting the display coordinates. 

The f(x,y) mode displays the intensity versus the image coordinates, x and y. The intensity is 
calculated within a window of routing channels, time channels and possibly different memory 
pages. The result for a FLIM data set is shown in the left column of Fig. 1021. 
The same data can be displayed versus the time in the fluorescence decay. Two such displays 
exist. The intensity can be displayed versus the time, t, and the x coordinate, x, within a ‘Scan 
Y window’ f(t,x) or versus the time, t, and the y coordinate, y, within a ‘Scan X window’ 
(f(t,y). If several detector channels were used also a window of routing channels can be de-
fined. 
The right column shows data measured in a sequential recording mode. The data are dis-
played versus the time in the fluorescence decay and a second parameter. This may be the 
time from the start of the experiment or an externally varied parameter, such as the wave-
length of a monochromator. Also here several such patterns may exist for different windows 
of routing channels. 
 
Selection of Routing, Scan, and Time Windows 

Depending on the used mode option, ‘Routing Windows’, ‘Scan Windows’ and a ‘t Window’ 
can be selected. The count numbers displayed are calculated within these windows. Further-
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more, different ‘Display Pages’ of a multistep measurement can be selected. Depending on 
the operation mode, the spatial arrangement of the detector channels, possible sequencing or 
page stepping actions, or scanning multi-dimensional data versus different coordinates are 
obtained. The effect of the windows for f(txy) mode data is shown in Fig. 1022. 
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Fig. 1022: 3D display options for f(t,x,y) mode data 

For the ‘Scan’ modes not only ‘Routing Windows’ but also windows over the scan coordi-
nates exist. The options are shown in Fig. 1023. 
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Fig. 1023: 3D Display options for ‘Scan’ mode data 

Display Parameters for Different Display Windows 

Several display windows can be defined in the main panel of the SPCM software (see ‘SPCM 
Main Panel’, page 642. The display windows have separate display parameters. Thus, the 
windows can be used to display different detector channels, different steps of a page stepping 
measurements, or different subsets of multi-dimensional data. Moreover, the results can be 
displayed in the curve mode, the colour-intensity mode, or in linear or logarithmic scale. An 
example is given in Fig. 1024. The display parameters of the individual display windows are 
reached by placing the mouse cursor in the display window and clicking on the right mouse 
key. If a display parameter panel is already open, click into the display window by the left 
mouse key to get the corresponding parameters displayed. 
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Fig. 1024: The display windows of the main panel have separate display parameters 
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2D Trace Parameters 
The 2D trace parameters control the display of curves. These can be fluorescence decay 
curves, other optical waveforms, or time-resolved spectral measured in the ‘fi’ modes. Up to 
16 curves can be displayed simultaneously. The 2D trace parameters control which curves are 
displayed, from which module, memory page or routing channel the curves come, and in 
which colour they are displayed. Please see 'Display Functions', page 731, for examples. In 
the Block Mode of the display the 2D trace parameters also define from which routing win-
dow or image window the data are taken, see 'Block Mode of the 2D Display', page 736 and 
‘Window Intervals’, page 773. 

Trace Parameters for 2D Curve Mode 

The 2D Trace Parameter panel depends on the number of active SPC modules, on the module 
type, on the operation mode, and on the 2D display mode set in the ‘Display Parameters’. Fig. 
1025 shows the trace parameters of a single SPC module (left) and of a multi-module SPC 
system (right). 

                     

Fig. 1025: Left: Trace parameters for a single SPC module. Right: Trace parameters for a multi-modules system. 

The panel contains the definitions for up to 16 traces. For each trace the display can be 
switched on and off by the ‘Active’ button, and different colours can be defined.  

‘Curve’ is used to select a single decay curve from a larger data set. For a ‘Single’, f(xyt), 
f(t,T), f(t,EXT), fi(T) or fi(Ext) and ‘Continuous Flow’ measurements ‘Curve’ is the number 
of the detector channel in a multidetector setup. In a ‘Scan’ measurement, ‘Curve’ is the num-
ber of the decay curve in the image, i.e. the number of the pixel in the scan. 

‘Module’ selects an SPC module of a multi-SPC setup, see Fig. 1025, right. For each of the 
modules individual frames, pages or time windows may exist. 

‘Frame’ is used to select decay curves from the ‘Scan mode’ recorded in a multidetector 
setup. In this case each pixel of the image contains decay curves from several detectors, i.e. 
the data array is a stack of images for the individual detectors. ‘Frame’ selects the data from 
one of the detectors. 

‘Page’ defines a step of a page stepping sequence, a step of sequence recorded in one of the 
sequencer modes, or one of several measurements that were performed in different memory 
pages. 

For the ‘fi’ spectrum scan modes the trace parameters also contain a ‘Time Window’. The 
‘Time Window’ is used to select the spectra (i.e. a sequence of intensity values) obtained in 
different time windows of the decay curve. (Please see also ‘Window Intervals’). 

If a curve is activated that has not been used before it may contain random data. The curve is 
cleared when a measurement is started in the corresponding memory page. The memory can 
also be cleared by clicking into ‘Main’, ‘Clear TCSPC Memory’. 
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Some typical examples of the application of the trace parameters are given in Fig. 1026 to 
Fig. 1029. 

The settings shown in Fig. 1026 are normally used for single-detector measurements. The 
eight pages contain the results of eight individual measurements or eight steps of a page step-
ping measurement. More pages may exist depending on the module type and the used ADC 
resolution. 

 

Fig. 1026: Trace Parameters for a single-detector measurement 

Fig. 1027 shows trace parameters as they are normally used for multi-detector measurements 
in the ‘Single’ or ‘Oscilloscope’ mode. The 2D Display shows the first eight detector chan-
nels of the first memory page. Other curve numbers can be used within the number of existing 
detector channels. Different measurements or steps of a page stepping measurement can be 
displayed by selecting another ‘Page’. 

 

Fig. 1027: Trace parameters for a multi-detector measurement 

The Trace Parameters are also used to display time-resolved spectra recorded by the ‘Spec-
trum’ modes fi(T) and fi(ext). These modes record spectra in the 8 ‘T Windows’ of each de-
tector channel, see ‘Operation Modes’, page 667 and ‘Window Intervals’, page 773. With the 
setting shown in Fig. 1028, the spectra recorded in the T Windows 1 to 8 are displayed for the 
detector channel defined by ‘Curve’. Different pages containing different measurements or 
steps of a page stepping measurement can be selected by selecting another ‘Page’. Different 
detector channels of a multidetector setup are be selected by ‘Curve’. 

 

Fig. 1028: Trace Parameters for an fi(T) or fi(EXT) measurement 
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The trace parameters for the FCS display window of the FIFO mode are shown in Fig. 1029. 
‘Curve’ defines a detector number. ‘Cross-FCS Curve’ defines the number of the detector to 
which the photons of the first one are to be correlated.  If the detector numbers of ‘Curve’ and 
‘Cross-FCS Curve’ are identical an autocorrelation function is calculated. If the numbers are 
different the result is a cross-correlation function. The configuration shown right calculates 
the autocorrelation functions of detector 1 and 2, and the cross correlation function of detector 
1 and 2. Trace 4 displays the fit result of the autocorrelation of detector 1. 

 

Fig. 1029: Trace Parameters for the FCS display window of a FIFO mode measurement 

For reasons of computation speed, the SPCM software calculates only one correlation func-
tion per detector channel on-line. If the trace parameters define several correlation functions 
for one channel, e.g. an autocorrelation and a cross-correlation with another channel, only the 
first correlation is calculated during the measurement. All other correlation functions are cal-
culated when the measurement is finished. 

Trace Parameters for 2D Block Mode 

In the ‘Block Mode’ of the 2D display the displayed curves are data from several combined 
detector channels of a multidetector measurement or from several combined pixels of a ‘Scan’ 
measurement. The Trace Parameter panel in the ‘Block Mode’ of the 2D Display is shown in 
Fig. 1030. 

 

Fig. 1030: 2D Trace Parameters for a system with two SPC modules, Block Mode. 

The left part of the panel is the same as for the 2D curve mode. ‘Module’ selects an SPC 
channel from a multi-module system. If ‘Stepping through Pages’ was used ‘Page’ selects a 
particular measurement step. If individual measurements were performed in different memory 
pages ‘Page’ selects the data set of one of these measurements. 

The right part of the panel contains the windows from which combined data are calculated. 
The 'Routing X Windows' and ‘Routing Y Windows’ are used to define a detector channel 
range in ‘f(t,x,y)’, f(t,T), f(t,ext), fi(T), fi(ext) or Continuous Flow data. For the ‘Scan Sync 
In’ mode data the ‘Routing Windows’ select images or combined images from different detec-
tor channel ranges. Data can also be derived from different image areas. The data of the decay 
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curves are combined within the ‘Scan X’ and Scan Y’ windows and assigned to the selected 
trace. Please see also ‘Window Intervals’, page 773. 

Two examples of trace parameters in the ‘Block Mode’ of the 2D display are shown in Fig. 
1031. 

   

Fig. 1031: Left: Trace Parameters for the ‘Single’, ‘Oscilloscope’, or f(xyt) mode. Different routing windows are 
selected. Right: Trace parameters for the ‘Scan’ mode. Different image areas are selected. 

Fig. 1031, left, shows the selection of a range of routing channels in a f(xyt) measurement or a 
‘Single’ or ‘Oscilloscope’ measurement. The routing channels to be combined are defined in 
the Window Parameters (see page 773). Different combinations of routing channels are se-
lected via ‘Routing X’ and the ‘Routing Y’ window. 

Fig. 1031, right, shows the selection of a region of pixels from a ‘Scan Sync In’ measurement. 
In the Window parameters several windows (image areas) within a scan image have been de-
fined. These windows are selected by ‘Scan X’ and the ‘Scan Y’ window. 

 

Block Info 

The ‘Block Info’ button opens a window containing detailed information about a selected data 
block. The information includes the type and the number of the modules used to measure 
these data and the corresponding system parameters. The block-info window is shown in Fig. 
1032. The block info in the trace parameters is identical with the block info in the load panel, 
see Fig. 890, page 655. 

 

Fig. 1032: Block information panel of the trace parameters 

Export of Trace Data 

The measurement data contained in a selected trace can be exported into an ASCII file. A 
click on the ‘Export Trace Data’ button opens dialog box. In this box you can choose a file 
name and start the conversion. 
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Exporting trace data is also possible in the ‘Block Mode’ of the display. In this case the trace 
data are calculated by averaging the set of curves selected for this trace. 

Exporting trace data is convenient if selected parts of a ‘Scan’ or ‘Multichannel’ measurement 
are to be processed by an external data analysis program. For exporting larger data sets, 
please see ‘Convert’. 
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3D Trace Parameters 
The 3D Trace Parameters organise the display of multi-dimensional TCSPC data in up to 
eight independent display windows for images and other multi-dimensional data. The parame-
ters define how many display windows are active, from which SPC module they come, of 
which type the data are, in which display mode they are shown, and from which routing and 
image windows they come. The 3D trance parameters work in combination with the Display 
Parameters, see page 759, and the Window Parameters, see page 773. The 3D trace parameter 
panel is shown in Fig. 1033. 

 

Fig. 1033: 3D Trace parameter panel (parameters are for multi-wavelength FLIM) 

The panel defines up to eight display windows, W1 through W8. The windows are activated 
by the ‘Active’ buttons. ‘Type’ defines the data type to be displayed, ‘Module’ identifies a 
module of a multi-SPC system. The ‘Display Mode’ fields right of the buttons provide a 
shortcut to the ‘Mode’ (F(x,y), F(x,t), F(y,t)) in the display parameters. Each window can dis-
play data in a specified page (‘Display page’), a specified routing window (‘Rout W Wind’ 
and ‘Y Wind’), a specified time window of the decay curves (‘T Wind’) or specified spatial 
windows in an image (‘X Wind’ and ‘Y Wind’). For the definition of the windows, please see 
‘Window Intervals’, page 773. 

 

Data Type 

‘Type’ can be 'PS' (Intensity from ps FLIM)), ‘LIFET’ (Lifetime), 'LIFET+I' (Lifetime-
Intensity), or 'MCS' (Multichannel Scaler, or phosphorescence) imaging. Examples are shown 
in Fig. 1034. The upper row shows intensity images from picosecond FLIM data of the SPC 
modules, M1 and M2, of a two-channel FLIM system. The second row shows the same im-
ages displayed with ‘LIFET’ in the data type field. The third row shows 'Lifetime - Intensity' 
display. The image is a combination of an intensity image from the fast counter channels and 
the decay functions from the TCSPC channels of two SPC-160 or SPC-180 modules. The 
lower row shows phosphorescence data, ‘Type’ is ‘MCS’. The left window is an image of the 
phosphorescence intensity, the right window shows the decay curves of the combined lines of 
the scan over the horizontal axis of the image. 
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Fig. 1034: Images of different data 'Type’ in the 3D Trace parameters. Top to bottom: Intensity images of ps 
FLIM, lifetime images, lifetime-intensity images (2 channels), MCS Image, Phosphorescence image and decay 

curves of the one channel. 

Display Mode 

‘Disp Mode’ defines subsets of multidimensional data. These may by intensities in specified 
time windows, the decay function in specified areas of a scan, or decay functions for different 
time after the start of the experiment. Please see ‘Displaying Subsets of Multidimensional 
Data’, page 762. 

Some examples of 3D trace parameter settings and the resulting display windows are shown 
in Fig. 1035. Multi-detector scan mode data are displayed with different 3D trace and display 
parameters. The upper row shows images in subsequent routing (spectral) windows and the 
corresponding 3D trace parameters. Images in subsequent time windows within the fluores-
cence decay are displayed in the middle row. The lower row shows decay curves over the x 
coordinate for subsequent horizontal stripes (defined by the Y windows) of the image. 
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Fig. 1035: Multi-wavelength FLIM data displayed with different 3D trace and display parameters. Top: Images 
in subsequent routing (spectral) windows. Middle: Images in subsequent time windows of spectral Window 4. 
Bottom: Decay curves in spectral window 4, over the x coordinate for subsequent horizontal stripes (or Y win-
dows) of the image 

 

Window Sizes and Positions 

The buttons in the lower part of the 3D trace parameter panel simplify the configuration of the 
display windows in the main panel. ‘Arrange’ opens the panel shown right. It helps you ar-
range to display windows in the main panel. You can also select one of the windows by click-
ing on the W1 to W8 buttons. You can then equalise the sizes of all other windows to the size 
of the selected one. Display parameters not shown in the 3D trace parameter panel (such as 
display scales) can be made equal by clicking on ‘Other Display Parameters’, Equalize to 
selected Window’. 

 

Fig. 1036: Arrangement of the display windows in the Main panel 
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Window Intervals 
The display routines of the SPCM software display subsets of multi-dimensional data arrays. 
These can be images within specified time windows or ranges of detector channels, decay 
curves along one coordinate within a spatial interval of another, time-controlled sequences of 
waveforms within a range of detector channels, or intensity values along a one-dimensional 
scan within specified time windows. The required window definitions are provided by the 
‘Window Intervals’. The Window Interval panel for 2D modes is shown in Fig. 1037. It con-
tains Time Windows, Routing X Windows and Routing Y Windows. The windows are used 
for the 2D display in the ‘Block Mode’, and for the fi(T) and fi(EXT) spectrum modes. 

 

Fig. 1037: Window Interval panel for 2D modes 

For the imaging modes ‘Window Interval’ panel contains also a ‘Scan X’ and a ‘Scan Y’ win-
dow, see Fig. 1038. 

 

Fig. 1038: Window Interval panel for imaging modes 

Time Windows 

The ‘Time Windows’ are used for calculating integral photon numbers in selected time inter-
vals of decay curves or other waveforms. The time windows are used by the 3D display 
modes and by the spectrum modes fi(ext) and fi(t). 

f(xyt) Mode Data 

The f(txy) mode delivers a data array for a one- or two-dimensional array of detector chan-
nels. For each detector an individual decay curve is obtained. The results are three-
dimensional data cubes of photon numbers over the coordinates x, y, and t. To display these 
data, one of the variables x, y, t is fixed and data are displayed as a function of the other two 
variables. For the f(x,y) mode of the 3 D display, the ‘Time Windows’ define intervals in 
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which integral photon numbers are calculated and displayed as a function of x and y. Fig. 
1039 shows how a 4 x 8 pixel intensity pattern is derived from the array 4 x 8 waveforms. 
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Fig. 1039: Calculating integral photon numbers within time windows of an f(txy) measurement 

 

Scan Mode Data 

Images obtained in the ‘Scan’ modes can be five-dimensional data arrays. The coordinates are 
the time t in the decay curve, the image coordinates X and Y, and the routing channels of a 
two-dimensional detector array, e.g. an 8 by 2 array for wavelength and polarisation. The im-
ages are usually displayed by the f(xy) option of the ‘Colour Intensity’ display mode. The t 
windows are used to calculate integral photon numbers in selectable time intervals for the 
individual pixels of the image. The method is the same as for the f(xyt) mode above except 
that x and y are the coordinates of the pixels in the image. 
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Fig. 1040: Calculating integral photon numbers within time intervals of a scan mode measurement 

 
fi Mode Data 

In the ‘fi’ (spectrum) modes the measurement of a single waveform is repeated in intervals of 
'Repeat Time' for different settings of an external parameter. From the waveform of each 
measurement step integral photon numbers are calculated within the ‘T Windows’. The re-
sults (i.e. the intensities) are displayed as functions of the time from the start of the measure-
ment or as a function of an external parameter (e.g. wavelength). Up to eight time intervals 
can be defined. Thus, up to eight spectra can be generated up for each detector channel. The 
principle is shown in Fig. 1041. 

The spectrum modes can be used with routing. In this case individual sets of spectra with dif-
ferent T Windows are calculated for the individual channels or selected ranges of detector 
channels. Please see also ‘fi(T) Mode’, page 677. 
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Fig. 1041: A sequence of decay curve is recorded during a wavelength scan. For each decay curve integral pho-
ton numbers are calculated within defined time windows and displayed as functions of the wavelength 

Routing X and Y Windows 

The 'Routing X Windows' and ‘Routing Y Windows’ are used to define detector channels or 
ranges of detector channels in which integral decay curves are calculated and displayed. Some 
examples are described below. 

f(txy) Mode Data 

In Fig. 1042 horizontal stripes of detector channels are selected from a 8 x 8 pixel array of an 
‘f(t,x,y)’ mode measurement. The stripes are defined by the ‘Routing Y Windows’. The wave-
forms are displayed as functions of t and x in the f(t,x) display mode. Depending on the 
‘Routing Y Window’ settings up to 8 of these waveform patterns can exist. 
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Fig. 1042: Selection of horizontal stripes of detector channels from a two-dimensional array, calculation of inte-
gral decay curves over the width of the stripe, and display of decay curves as a function of x 

In Fig. 1043 two vertical stripes are selected from the same 8 x 8 pixel array. The waveforms 
are displayed as functions of t and y. The stripes are defined by the ‘Routing X Windows’. 
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Fig. 1043: Selection of vertical stripes of detector channels from a two-dimensional array, calculation of integral 
decay curves over the width of the stripe, and display of decay curves as a function of y 
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Scan Mode Data 

In ‘Scan’ mode data the ‘Routing Windows’ select different detector channels or ranges of 
detector channels of a multidetector setup. If the routing window is a single detector channel 
it defines an image that contains a decay curve of this detector in each pixel. If the window 
covers several detector channels it defines an image that contains decay curves accumulated 
for all these detectors. 

In most scanning applications the detector channel array is one-dimensional, e.g. for multi-
wavelength systems. In these cases only ‘Routing X Windows’ exist. However, also two-
dimensional arrays are possible, e.g. 8 wavelength channels for both directions of polarisa-
tion. An example for the f(xy) option of the Colour Intensity display mode is in Fig. 1044.  
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Chan-
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Fig. 1044: Selection of detector channels or ranges of detector channels from multi-detector scan mode data 

 
Data Recorded by Sequential Modes 

In data recorded in the sequential modes and spectrum modes the routing windows select dif-
ferent detector channels or ranges of detector channels. If the routing window is a single de-
tector channel it defines a sequence that contains a decay curve of this detector in each step. If 
the routing window covers several detector channels it defines a sequence that contains curves 
that are sums of the decay curves of all these detectors. 

In most sequencing applications the detector channel array is one-dimensional, e.g. for multi-
wavelength systems. In these cases only ‘Routing X Windows’ exist. The selection of a data 
subset from a sequential measurement with a linear array of 8 detectors is shown in Fig. 1045. 

t (ps)

Routing X Wind. 2

t (ps)

Waveforms in Routing X Window 1, summed up

Waveforms in Routing X Window 2, summed up

3D display, f(t,param) mode

X Wind. 1

Detector Channel

Time
in

sequence

Routing

Time
in

sequence

Time
in

sequence
or ext. par.

or ext. par.

 

Fig. 1045: Selection of routing channels from sequential multi-detector data, one-dimensional detector array  

For a 2-dimensional detector array, a data subset is displayed for the detector channels which 
are both inside the X Window and the Y Window, see Fig. 1046. 
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Fig. 1046: Selection of routing channels from sequential multi-detector data, two-dimensional detector array 

 

fi Mode Data 

The function of the Routing Windows in the fi (spectrum scan) modes are similar as for the 
sequential modes. However, instead of integral decay curves integral photon numbers within 
time windows are calculated. The influence of the X and Y Windows on an fi(T) or fi(ext) 
measurement is shown in Fig. 1047. The routing windows define either single detector chan-
nels or ranges of detector channels. For each routing window and time window a separate 
spectrum is calculated. 
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Fig. 1047: Routing Windows in the fi modes. For each routing window and time window a separate spectrum is 
calculated 

2D block mode display  

The 2D display of the SPCM software is used to display decay curves in selected ranges of 
detector channels. Up to eight independent areas can be defined by the Routing X and Rout-
ing Y windows. The decay curves in the detector channels of the selected range are summed 
up and displayed as a trace in the 2D display, see ‘Trace Parameters for 2D Block Mode’, 
page 767. The principle is shown in Fig. 1048. In scan images the Routing X and Y windows 
work in conjunction with the Scan X and Scan Y windows, see Fig. 1051. 
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Fig. 1048: Selection of a range of detector channels for the block mode of the 2D display. The decay curves of 
the detector channels within the selected range are summed up and displayed as a single trace. 

Scan X and Y Windows 

3D Display of Scan Mode Results 

The 'Scan X Windows' and ‘Scan Y Windows’ are used to define spatial (x,y) areas in ‘Scan’ 
mode results. The effect is very similar as for the Routing X and Y windows in the f(xyt) 
mode.   The 'Scan X Windows' and ‘Scan Y Windows’ are used for the f(t,x) and f(t,y) op-
tions of the 3D display and for the 2D display block mode. Fig. 1049 shows how different 
horizontal stripes are defined in a two-dimensional scan. The results are displayed as a se-
quence of decay curves versus X. 

t (ps)

Y Wind. 1

Y Wind. 2

t (ps)

 X

 X

Waveforms in Scan Y Window 1, summed up

Waveforms in Scan Y Window 2, summed up

x

y

3D display, f(t,x) mode
3D display, f(x,y) mode

Scan

Scan

Array of pixels

 

Fig. 1049: Selection of horizontal stripes of pixels from a two-dimensional scan, calculation of integral decay 
curves over the width of the stripe, and display of decay curves as a function of x 

In Fig. 1043 two vertical stripes are selected from the same pixel array. The stripes are de-
fined by the ‘Scan X Windows’; the waveforms are displayed as functions of t and y.  
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Fig. 1050: Selection of vertical stripes of pixels from a two-dimensional scan, calculation of integral decay 
curves over the width of the stripe, and display of decay curves as a function of y 
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2D Block Mode Display  

The 2D display of the SPCM software can be used to display decay curves in selected areas of 
a scan. Up to eight independent areas can be defined by the Scan X and Scan Y windows. The 
decay curves in the pixels of the selected area are summed up and displayed as a trace in the 
2D display, see ‘Trace Parameters for 2D Block Mode’, page 767. The principle is shown in 
Fig. 1051. The Scan X and Scan Y windows work in conjunction with the Routing X and 
Routing Y windows, see Fig. 1048. 
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Fig. 1051: Selection of an area within a scan for the block mode of the 2D display. The decay curves of the 
pixels within the selected area are summed up and displayed as a single trace. 

Auto Set Functions 

For all window parameters up to eight independent intervals can be defined. The intervals can 
be defined manually or set automatically by the 'Auto Set' function. To control 'Auto Set' the 
following options are provided. 

Equidistant: The available window range is divided into eight equal intervals. 
 If the number of points cannot divided by 8 (this can happen for X and Y) 

the last window can be wider than the windows 1 to 7. 
Non Equidistant: The start values of the intervals are set by the operator. The end values are 

set by the autoset function in a way that the intervals fit closely together. 
No of Windows: Number of windows to be set by the autoset function. 

After a change in the ADC resolution, the number of detector channels, or the number of pix-
els of a scan the window intervals are re-calculated automatically. 
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Starting and Stopping a Measurement 

Start 

The 'Start' button in the menu bar starts the measurement in the selected operation mode. 
Please note that the measurement may not start immediately. If a trigger condition different 
from ‘None’ is defined the SPC module waits for an active trigger edge to start the measure-
ment. In the Scan Sync In mode an in the FIFO Imaging mode the module waits until a frame 
clock indicates the beginning of the next frame. 

If the autosave function is active or a mode with automatic writing to the hard disk is used 
(e.g. FIFO or Continuous Flow) the SPCM software may ask for permission to overwrite the 
data file specified in the system parameters. Please make sure that this file does not contain 
valid data of a previous measurement. 

During the measurement the main menu remains active and the results are shown in the dis-
play window. The rate display gives information about the count rates in the CFD, the TAC 
and the ADC. The CFD rate represents all pulses with an amplitude greater than 'CFD Limit 
Low'. The TAC rate is the working rate of the TAC. It is slightly smaller than the CFD rate 
because the TAC is not started by pulses exceeding the 'CFD Limit High'. 'ADC Rate' is the 
conversion rate of the ADC. It represents all events inside the selected TAC window. 

When a measurement is run in the FIFO mode one or more data files are written which con-
tain the data of the subsequently recorded photons. These measurement data files have the 
extension ‘.spc’. At the end of the measurement, a setup data file is generated which contains 
the hardware and software parameter used. The setup data file has the same name as the last 
measurement data file and has the extension ‘.set’. 

Most (though not all) system and display parameters can be changed during the measurement. 
The effect becomes visible with the display of the next result. 

Interrupt 

'Interrupt' interrupts a running measurement so that the measurement sequence goes into a 
‘hold’ state. 'Interrupt' can be used when the system parameters or an external set-up require 
re-adjustment. When the measurement is in the ‘hold’ state it can be restarted from the current 
state by clicking on the 'Start' button. Of course, ‘interrupt’ cannot be used within a sequential 
measurement, a FIFO measurement or any other recording procedure that requires accurate 
timing. 

Stop 

'Stop' aborts a running measurement. After stopping the results are displayed as they were in 
the moment of stopping. Please note that a sequential measurement or a page stepping se-
quence may be incomplete. Please note also that the measurement cannot be re-started from 
the current state after a 'Stop' command. 

In some operation modes the measurement may not stop immediately with the stop command. 
In the Scan Sync In mode and in the FIFO Imaging mode the recording continues until the 
current frame is complete. When a FIFO mode measurement is stopped the FIFO may still 
contain valid photon data. The SPCM software then asks you whether these photons are to be 
processed by the online-calculation and saved in the current data file. Please note also that a 
FIFO measurement writes a setup file at the end of the measurement. This file contains the 
hardware and software parameter used. The setup data file has the same name as the FIFO 
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data file but the extension ‘.set’. Please do not delete this file. It is needed for possible off-line 
analysis of the FIFO data. 

Exit 
The SPC software is left by 'Exit'. When the program is left, the system and configuration 
parameters are saved in a setup file 'auto.set'. This file is automatically loaded at the next pro-
gram start. Thus, at the next start the SPCM software system will come up with the same 
hardware and software parameters. If you do not want to save the last settings you can reject 
the writing of a new auto.set file by switching off the 'Save data on exit' button, see Fig. 1052. 

 

Fig. 1052: Exit panel 
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Operation of Experiment Control Devices from the SPCM Software 

Scanner Control via the GVD-120 Card 

The GVD-120 is used to control the scanner of the bh DCS-120 Confocal Scanning FLIM 
System [63]. However, with appropriate configuration the GVD-120 is able to control also 
other galvanometer scanners, or piezo scan stages with analog input. 

To open the scanner control panel, click on ‘Parameters’ and ‘B&H Galvano Scanner’. The 
panel allows you to define the number of pixels of the scan, the scan rate, the size and loca-
tion of a zoom area, or the location where to park the laser beam. Moreover, you can start and 
stop the scan, run a fast preview, turn on and off the lasers, control the laser power, and define 
how two lasers are multiplexed. The scanner control panel is shown in Fig. 1053. 

 

Fig. 1053: DCS-120 scanner control panel of the SPCM software 

The scanning is started by clicking on the ‘Start’ button and stopped by clicking on the ‘Stop 
button. The measurement can be started and stopped with the scan by setting the correspond-
ing buttons in the 'Application Options', see page 650. 

General Scan Parameters 

Frame Size 

The frame size can be defined from 16 x 16 pixels up to 2048 x 2048 pixels. Please note that 
the ‘Scan Pixels X’ and ‘Scan Pixels Y’ in the TCSPC System Parameters should correspond 
to the selected image size. 

For normal FLIM acquisition the scan format is ‘Frame’. Line scans can be performed by 
setting ‘Scan’ to ‘Line’. After being started, scanning is normally continuously repeated (Re-
peat = ‘Continuous’. If necessary, the scan can be stopped after a defined number of frames. 

‘Total Time’ is the time to scan one frame. It depends on the used frame size and scan rate. 
The times of the line and frame flyback are included in the total time. 

Normally, the scanner runs along the line continuously. This allows the galvanometer motors 
to be operated at maximum speed. However, there are applications which require a slow step-
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by-step scan along the lines. The operation mode can be changes by setting Line Type to 
‘Continuous’ or ‘Steps. 

Scan Rate 

The scan rate is defined by moving the scan rate slider or be specifying a line time. Please 
note that the available rates apply to the fast galvanometer scanner of the bh DC-120 scanning 
system. For other scanners the range of the line and frame times, and the flyback times require 
to be re-configured, see below, ‘Scanner Configuration’. Please note that for all scanners the 
applicable scan rate depends on the image size and the zoom state. Therefore the scan rate 
may change if you change one of these parameters. 

If you want to run a fast scan without taking care of these relationships you may activate the 
‘Auto’ button. The software then automatically selects the fastest scan rate for the selected 
frame size, line type, and zoom. The shortest pixel and frame times for the DCS-120 system 
are shown in Table 2 and Table 3. 

 Image Size Zoom = 1 Zoom = 2 Zoom = 4 Zoom = 8 
 128 x128 12.8 µs 6.4 µs 4.8 µs 3.2 µs 
 256 x 256 6.4 µs 3.2 µs 2.4 µs 1.6 µs 
 512 x 512 3.2 µs 1.6 µs 1.2 µs 0.8 µs 
 1024 x 1024 1.6 µs 1.2 µs 0.8 µs 0.6 µs 

 Table 2: Minimum pixel time for different image size and zoom 

 
 Image Size Zoom = 1 Zoom = 2 Zoom = 4 Zoom = 8 
 128 x128 0.367 s 0.184 s 0.120 s 0.074 s 
 256 x 256 0.640 s 0.643 s 0.259 s 0.173 s 
 512 x 512 1.24 s 0.636 s 0.480 s 0.320 s 
 1024 x 1024 2.6 s 2.0 s 1.2 s 1.0 s 

 Table 3: Minimum frame time for different image size and zoom 

Control of Lasers 

Two bh BDL-SMC diode lasers can be controlled from the scan control panel. The lasers can 
be switched on and off via the ‘Laser 1’ and Laser 2’ buttons. The power can be controlled by 
the ‘Power’ sliders. Important: The power sliders control the electrical driving power of the 
laser diode. Therefore also the shape of the laser pulse changes. The power sliders should 
therefore not be changed within a series of comparable measurements. 

For FLIM operation the bh diode lasers can (and should be) used with beam blanking. That 
means, the lasers are turned off when the system is not scanning and during the line and frame 
flyback. Please note that beam blanking has to be turned off in the ‘Park Beam’ mode. 

If two lasers are operated simultaneously they can be multiplexed within one pixel, or on a 
line-by-line, or frame-by-frame basis. If only one laser is used ‘multiplexing’ must be ‘off’. 
Laser multiplexing is also used for phosphorescence lifetime imaging (PLIM). In that case, 
one of the lasers is turned off optically, and the multiplexing function is used to on-off modu-
late the other laser [63]. 

Preview Function 

The ‘Preview’ function is used to adjust the focal plane, find the right spot in the sample, 
identify objects for further investigation, and adjust the zoom and the scan area. Clicking on 
the ‘Preview’ button starts a fast scan at a resolution of 128 x 128 pixels.  Simultaneously a 
measurement is started, and the results are displayed in one-second intervals. The measure-
ment runs with the defined number of detector channels but with only one time channel.  
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Fig. 1054: Scanner panel in the ‘Preview’ mode 

Scan Area 

The scan area can be changed by the parameters under ‘Scan Area Definition’. ‘Zoom’ deter-
mines the size of the scan, ‘Offset’ the centre position, see Fig. 1055. The approximate loca-
tion of the selected area within the maximum scan area is shown in a graph on the right. You 
can shift the area with the mouse cursor. ‘Reset’ resets the scanner to the maximum scan area. 

 

Fig. 1055: Selecting a scan area in the scan control panel 

After a preliminary image has been recorded the scan area can be selected from the display 
window. Enable the cursors in the image by a right-mouse click into the display window, see 
Fig. 1056, left. Select an image area with the cursors, see Fig. 1056, middle. Then click on 
‘Cursors’ in the area definition part of the scan control panel, see Fig. 1056, right. 

        

Fig. 1056: Defining a scan area from the display window. Enable cursors (left), select image area (middle), and 
click on ‘Cursors’ in the scan area select part of the scanner control panel. 

The software then selects the closest possible scan area around the image area selected by the 
cursors. You can change the scan are even when the scanner is running, as illustrated in Fig. 
1057. 
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Fig. 1057: The scan are can be adjusted to the area between the cursors even when the scanner is running 

Park Beam Function 

‘Park Beam’ places the laser beam in a defined spot of the scan area. Please note that the 
beam blanking of the laser must be switched off to run a measurement in the beam park mode. 
In the scanner panel, the location can be set either by changing the 'Offset X' and 'Offset Y' of 
the park position, or by moving the yellow spot in the image area by the mouse cursor. Please 
see Fig. 1058. 

 

Fig. 1058: Defining the beam position in the Beam Park mode 

The beam-park position can also be selected in an image recorded before, see Fig. 1059. Acti-
vate the cursors by a right mouse-click into the display window (Fig. 1059, left). Set the ‘Data 
Point’ to the desired beam-park position (Fig. 1059, middle). Then click on ‘To Data Point’ in 
the area-select part of the scanner panel, see Fig. 1059, right. 

    

Fig. 1059: Selecting the beam-park position in the display window 

 

Scanner Configuration 

The fastest line time and the optimum line flyback time depend on the zoom factor used. 
Moreover, at high scan rate the scanner lags behind the control voltage ramp. To avoid that a 
change in the scan rate results in large image shifts the lag is compensated by shifting the line 
sync pulse that the scan controller sends to the SPC card. All three parameters are calculated 
automatically from the current zoom factor and line time. The calculation parameters are ac-
cessible via the ‘Modify’ button. The button opens the panel shown in Fig. 1060. 
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Fig. 1060: Panel for adjusting the details of the scanner control 

The parameters are mainly intended for adjusting the GVD-120 scan controller for different 
scanners. For the DCS-120 system we discourage to change anything but the 
‘Max Line Time’. ‘Max Line Time’ determines the range of the scan rate slider (Fig. 1053). 
Changes may be required if the DCS-120 is to be used for extremely slow scans, or if the 
GVD-120 scan controller is used in combination with piezo scan stages. 

Assigning Names to the Laser Buttons 

The laser buttons (in ‘Laser 1’ and ‘Laser 2’ in Fig. 1053) can be assigned user-defined 
names. The names are defined under ‘GVD EEPROM’, see Fig. 1061. 

             

Fig. 1061: Assigning user-defined names to the ‘Laser’ buttons 
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DCC-100 Detector Controller Card 

Control Panel 

The DCC-100 card is used to control the detectors of bh TCSPC systems. It is able to control 
the BDL-SMC, BDL-SMN, and BDS-SM ps diode lasers, and to control electro-mechanical 
shutters. Please see page 192 for technical details. The software panel of the DCC-100 is 
shown in Fig. 1062. 

              

Fig. 1062: Detector control panel. Left: Control of two detectors. Right: Control of one laser and one detector. 

Enable Outputs Button 

After the start of the DCC-100 software the outputs of the DCC-100 are disabled. Please note 
that this is a safety function. It avoids unintentionally switching on the output voltage of a 
high-voltage power supply or unintentional activation of lasers or detectors. Please note: The 
DCC software can be configured to turn on the outputs automatically (Option ‘Enable Out-
puts on Startup’). This option is not intended for operation of PMTs, and should not be used 
in conjunction with lasers. 

Power Supply of Detectors 

The power supply of the PMC-100, PMC-150, H7422P-40, HPM-100 and PML-16-C detec-
tors is provided by the DCC-100. The DCC also delivers the power to the bh HVM-3000 high 
voltage module for MCP PMTs. To operate these detectors the corresponding power supply 
buttons have to be activated. The PMC-100, PMC-150, and the H7422P-40 have internal 
coolers. If you use these detectors, activate the cooling by clicking on the ‘Cooling On’ and 
set a cooling current of 0.5 to 1 A. Set the cooling voltage to maximum (5 V). The DCC can 
be configured to cool either one or both detectors, please see page 75. 

Gain of Detectors 

The gain of the detectors is set by the sliders under ‘Connector 1’ and Connector 2’. When 
changing the detector gain, please remember that the detectors work in the photon counting 
mode. In other words, the detector delivers a pulse for every photon detected. The data acqui-
sition system counts these single-photon pulses. The light intensity is proportional to the num-
ber of pulses per time interval. A change in detector gain changes the amplitude of the single-
photon pulses, not their frequency. The detector gain is adjusted in order to obtain a single-
photon pulse amplitude well above the threshold of the input discriminator of the TCSPC card 
(the CFD threshold). With the right combination of CFD threshold and detector gain the count 
rate (and thus the intensity of the image recorded) becomes almost independent of the detector 
gain. Please see page ‘Detector ’, page 259. 
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Lock Detector Setup Parameters 

Once the correct detector gain has been determined, we recommend to lock the detector pa-
rameters, see Fig. 1063. This avoids unintentional changes of the detector gain.  

 

Fig. 1063: Locking the detector setup 

Shutters 

The shutters of bh detector/shutter assemblies are controlled by the ‘Dig. Out’ buttons. In case 
of overload shutdown the shutters are closed and must be opened by clicking on the Dig. Out 
buttons. 

Overload Shutdown 

If the light intensity at one or both detectors is too high the DCC-100 shuts down the gain and 
the +12 V supply voltage, and closes the shutters. In extreme cases this may happen at a gain 
far below the single-photon detection level, i.e. before the SPC module displays a CFD count 
rate. The DCC-100 panel after an overload shutdown is shown in Fig. 1064. If an overload 
shutdown has occurred, first remove the source of the overload. Then click on the ‘Reset’ 
button and open the shutters. The detector then resumes normal operation. 

 

Fig. 1064: DCC-100 panel after an overload shutdown 

Maximum Values of Detector Gain 

Maximum values of the gain can be defined in the ‘Adjust Parameters’ panel of the DCC-100. 
The panel is shown in Fig. 1065. The values are defined under ‘C1 Gain HV Limit’ and ‘C3 
Gain HV Limit’. They are automatically saved in a non-volatile memory on the DCC board. 

 

Fig. 1065: DCC-100 Production and adjust data panel, setting maximum values of the detector gain 
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Control of the Zeiss Axio Observer Z1 

The SPCM software is able to control a Zeiss Axio Observer Z1 microscope via a USB bus 
interface. The function is used for Z-stack FLIM with the DCS-120 system [63]. The Axio 
Observer control panel is opened by clicking into ‘Parameters’, ‘Zeiss Axio Observer’, see 
Fig. 1066, left. 

         

Fig. 1066: Left: Starting the Axio Observer control. Right: Axio Observer Z control panel 

The control panel shows the current Z position. The position can be changed by typing in a 
new position, by clicking on the  symbols, by clicking on the Step Up or Step Down buttons, 
or by turning the focusing knob at the microscope. A click on  defines the current posi-
tion as a start position of the Z scan. ‘Step width’ an ‘No of Z planes’ define the distance and 
the number of Z steps. ‘No of Z planes’ is automatically connected to the ‘Cycles’ in the sys-
tem parameters. Please see [63] for details. 

Z stack FLIM can be performed both in the Scan Sync In and in the FIFO Imaging mode in 
combination with the cycle and autosave function. To run a Z scan sequence, first run a fast 
repetitive scan in the ‘Preview’ mode. Select a Z position to start with. You can do this by 
turning the focusing knob at the microscope, or by changing the position via the Z control 
panel. When you have found the right position, define it as a start position and switch off the 
Preview. Start the ordinary scan, and start the measurement. The SPCM software will record 
images for the defined number of cycles at subsequent Z positions and save them into con-
secutive files. 
 

DB-32 SYNC Delay Box 

The DB-32 is a USB controlled passive delay box. It is used to adapt the signal transit time in 
the SYNC path of a TCSPC system to different detectors or optical configurations. The 
SSYNC-Delay Box is shown in Fig. 1067. 

 

Fig. 1067: Sync Delay Box 

Clicking into ‘Devices’, ‘BH Sync delay’ of the SPCM software opens a selection panel in 
which the connection to the delay box is established. In multi-module TCSPC systems on or 
several delay boxes can be associated to different SPC modules, see Fig. 1068. Once the delay 
box has been assigned it is detected automatically at the startup of the SPCM software. The 
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delay can then be set via a ‘Delay’ parameter in the SYNC parameter part of the System Pa-
rameters, or directly via the SYNC field in the main panel, see Fig. 1069. For delay boxes 
with two inputs (all newer boxes have two) the active input can be defined in the system pa-
rameters. 

                  

Fig. 1068: Control of DB-32 SYNC delay box 

                   

Fig. 1069: Delay setting in the system parameters (left) and in the SYNC field of the main panel (right) 

 

DDG-210 Pulse Generator Card 

The DDG-210 pulse generator card is used to on-off modulate lasers for phosphorescence 
decay measurements and phosphorescence lifetime imaging. The control panel is started as 
shown in Fig. 1070, left. The DDG-210 panel is shown on the right. The card generates pulses 
to the laser or to an AOM of a laser, and a routing signal to the SPC module. The pulses can 
be generated in a free-running mode, or be triggered by the pixel clock of a scanner. The 
DDG-210 is part of the bh FLIM systems for the Zeiss LSM 710 family microscopes [64]. 
Please see page 327 and page 409 for further technical details. 

      

Fig. 1070: Left: Starting the DDG-210 control. Right: DDG-210 control panel 
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Ti:Sa Laser and AOM Control 

The SPCM software is able to control a Ti:Sa laser and an AOM. The control panel opens by 
a click into ‘Devices’, Ti:Sa laser & AOM Control’. The control panel is shown in Fig. 1071 

                   

Fig. 1071: Left: Ti:Sa laser and AOM control panel. Right: Coherent Chameleon laser and bh AOM 

The laser is controlled in the upper part of the panel. The type of Ti:Sa laser must be selected 
under ‘Laser’, ‘Type’. The system computer connects to the laser via a USB interface. If it 
does not connect automatically you can force the connection by clicking on ‘Refresh’. The 
laser panel controls the shutter of the laser and the wavelength, and displays the status of the 
laser. 

The lower part of the panel controls the bh AOM. Since an AOM is wavelength-dependent 
the AOM controller has to know the wavelength selected for the laser. If both the laser and 
the AOM are controlled from the panel shown in Fig. 1071 the wavelengths for the laser and 
the AOM are automatically coupled. 

The reason why an AOM needs to by tuned to the wavelength of the laser is shown in Fig. 
1072. An acoustic wave is excited in the AOM crystal electrically by a high-frequency signal. 
The wave acts like a grating, and diffracts away a part of the laser light. The amount of dif-
fracted light depends on the amplitude of the high-frequency signal. The angle at which the 
light is diffracted depends on the frequency and on the wavelength of the light. To obtain a 
constant diffraction angle the frequency of the electrical signal must be adjusted to the wave-
length to maintain a constant angle of the output beam. 

Beam Dump

AOM Crystal

High 
Frequency

Laser

Input
Output Diffracted

Beam

Controller

 

Fig. 1072: Principle of the AOM 

Maintaining a constant output beam angle is important especially in multiphoton laser scan-
ning microscopes. If the angle is not constant the laser beam moves out of the optical axis of 
the scanner and the microscope lens. The result is loss in optical resolution, excitation effi-
ciency, or even failure to record an image at all. Therefore, if you use an AOM with a laser 
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that is not controlled by SPCM software, you have to type the correct laser wavelength into 
the AOM control panel. 

Motor Stage 

Starting from version 9.76, SPCM is able to control a motorised sample stage. So far, the 
ES 111 motor stages with the ES 11 and Pro Scan III controllers of Prior are integrated but 
other will possibly follow. The stage can be used to control the position of a sample manually 
or to record mosaics of images in cooperation with the GVD-120 scan controller of the bh 
DCS-120 system. A photo of a DCS-120 MACRO system with the motor stage is shown in 
Fig. 1073. 

 

Fig. 1073: DCS-120 MACRO scanner with motor stage 

The motor stage control panel is shown in Fig. 1074. The panel shown left has Tile Imaging 
disabled, i.e. the stage can be controlled manually but does not interact with the DCS-120 
scanner. When a DCS scan is started the system records a normal FLIM image in the selected 
place of the sample.  The panel on the right has Tile Imaging enabled. The motor stage inter-
acts with the scanner, and, in cooperation with the DCS scanner, a spatial mosaic of images is 
recorded. 

                     

Fig. 1074: Control panel for motor stage. Left: Tile imaging disabled. Normal scanning, manual control of motor 
stage. Right: Tile imaging enabled. Spatial mosaic scanning and manual control of stage. 

Fig. 1075 shows how the optical scanner interacts with the motor stage. When Tile Imaging is 
enabled the step width of the motor stage automatically adjusts to the scan area (Zoom factor) 
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selected in the DCS scanner panel. When the measurement is started the SPC system records 
a mosaic of FLIM images the elements of which have the same x and y size as the step width 
of the motor stage. The result is a large image consisting of individual scans offset by the mo-
tor-stage step width. The data of the individual elements of the mosaic (or tiles) can be accu-
mulated over a selectable number of frames (20 in Fig. 1075). The number of frames per tile 
can be selected both in the motor stage panel and in the scanner panel. It is automatically ad-
justed to the same value. 

 

Fig. 1075: Interaction of the motor stage with the DCS-120 scanner 

The size of the DCS scan area differs for different optical systems and for different micro-
scope lenses. To guarantee that the individual tiles fit together seamlessly the step width of 
the motor stage can be calibrated. The calibration panel is shown in Fig. 1076. The calibration 
table contains the size, X and Y, of the field of view (scan area) of the optical scanner for 
Zoom = 1. The calibration factors can (but need not) be made different in x and y to account 
for possible tolerances in the drivers of the galvanometer mirrors. Up to six calibration values 
can be defined for different microscope configurations or objective lenses. The calibration 
values are stored in a file. They are local to the particular TCSPC system, and not stored in 
the sdt files of the measurement data. 

 

Fig. 1076: Calibration of the motor stage 
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SPCImage NG Data Analysis Software 

Overview 

General Functions 

SPCImage NG is a new generation of bh's TCSPC-FLIM data analysis software. It combines 
time-domain and frequency-domain analysis, uses a maximum-likelihood algorithm to calcu-
late the parameters of the decay functions in the individual pixels, and accelerates the analysis 
procedure by GPU processing. In addition to FLIM data, SPCImage NG processes single-
curve decay data, multi-wavelength data, excitation-multiplexed data, PLIM data, mosaic 
FLIM data, and other multi-dimensional TCSPC data sets. SPCImage NG provides decay 
models with one, two, or three exponential components, incomplete-decay models, and a 
shifted-component model. Another important feature is advanced IRF modelling, making it 
unnecessary to record IRFs for the individual FLIM data sets. 1D and 2D parameter histo-
grams are available to display the distribution of the decay parameters over the pixels of the 
image or over selectable ROIs. Image segmentation can be performed via the phasor plot or 
the 2D parameter histograms. Pixels with similar phasor or 2D parameter signature can be 
combined for high-accuracy time-domain analysis, resulting in photon numbers known only 
from cuvette-based lifetime experiments. The main panel of SPCImage in its basic configura-
tion is shown in Fig. 1077. 

 

Fig. 1077: Main panel of SPCImage NG 

Phasor Plot 

SPCImage FLIM analysis software combines time-domain multi-exponential decay analysis 
with phasor analysis. Phasor analysis expresses the decay data in the individual pixels as 
phase and amplitude values in a polar diagram, the 'Phasor Plot'. Pixels with similar decay 
signature form distinct clusters in the phasor plot. Clusters of interest can be selected and 
back-annotated in the lifetime image for further processing or for combination of pixel data. 
An example is shown in Fig. 1078. 
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Fig. 1078: Combination of time-domain analysis (left and lower right) and phasor plot (upper right) 

Images of Decay Parameters 

SPCImage NG produces images of fluorescence lifetimes and other fluorescence decay pa-
rameters from TCSPC FLIM data. It runs an iterative fit and de-convolution procedure on the 
decay data of the individual pixels of the FLIM images. In the simplest case, the result is the 
lifetime of the decay functions in the individual pixels. For complex decay functions the fit 
procedure delivers the lifetimes and amplitudes of the decay components. SPCImage then 
creates colour-coded images of the amplitude- or intensity-weighted lifetimes in the pixels, 
images of the lifetimes or amplitudes of the decay components, images of lifetime or ampli-
tude ratios, and images of other combinations of decay parameters, such as FRET intensities, 
FRET distances, bound-unbound ratios, or the fluorescence-lifetime redox ratio, FLIRR. A 
few examples are shown in Fig. 1079 through Fig. 1082.  

 

Fig. 1079: Image of the amplitude-weighted lifetime, tm, of a double-exponential decay. Right: Fluorescence 
decay curves in selected pixels. 
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Fig. 1080: Upper row: Images of the lifetimes of the fast component, t1, and the slow component, t2, of a double-
exponential decay. Lower Row: Images of the amplitude ratio, a1/a2, and the lifetime ratio, t1/t2, of the fast and 

the slow decay component. 

     

Fig. 1081: Cell with interacting proteins, labelled with a FRET donor and a FRET acceptor. Left to right: Classic 
FRET efficiency, FRET efficiency of interacting donor fraction, FRET distance 
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Fig. 1082: Metabolic FLIM. Bound-unbound ratio of NADH, Bound/unbound ratio of FAD, Fluorescence-
Lifetime Redox Ratio, FLIRR. 

In addition to the functions described above SPCImage NG analyses single fluorescence de-
cay curves, data from excitation-multiplexed FLIM. multi-wavelength FLIM, spatial and tem-
poral mosaic FLIM, and simultaneously recorded FLIM/PLIM. It can extract phosphores-
cence intensities from normal FLIM data, extract SHG signals, and distinguish regions with 
single-exponential decay from regions where the decay is multi-exponential. Moreover, 
SPCImage is able to display time-gated images, e.g. to enhance SHG signals in FLIM images, 
or to reject un-depleted fluorescence in STED-FLIM images [104]. A batch-processing func-
tion and a batch export function are available for analysing a large number of FLIM data sets 
automatically and to convert them into bmp or tiff images. 

Maximum-Likelihood Algorithm 

Different than previous versions, SPCImage NG uses a maximum-likelihood estimation 
(MLE) process to determine the decay parameters in the pixels. In contrast to the frequently-
used weighted least-square (WLS) fit, MLE is based on calculating the probability that the 
values of the model function correctly represent the data points of the decay function. Com-
pared to the least-square method, the fit accuracy is improved especially for low photon num-
bers, and there is no bias toward shorter lifetime as it is unavoidable for the least-square fit. 
Please see 'Fit Procedures', page 857. 

 

Modelling of the Instrument-Response Function 

Recording the 'Instrument Response Function' (IRF) is a permanent problem of time-resolved 
fluorescence spectroscopy. Recording the IRF in a FLIM system is difficult, and often impos-
sible. As a result, there is rarely an IRF that was recorded in a FLIM system and represents 
the temporal behaviour of the system correctly. Therefore, SPCImage NG does away with 
IRF recording altogether. Instead, the IRF is extracted from the FLIM data themselves. Ear-
lier SPCImage versions had an 'Auto IRF', which was derived from the rising edge of the 
fluorescence decay function. The Auto IRF has been used successfully for more than 20 
years. It works well for decay functions which are not too far from a single-exponential func-
tion but has deficiencies if very fast decay components are present. A new approach intro-
duced by SPCImage NG is the 'Synthetic IRF'. It is created by modelling the IRF with a ge-
neric function. The exact parameters of this function are determined by fitting it to the FLIM 
data together with the selected decay model, see 'Model Functions', page 809. The results of 
this procedure are so good that an accurate IRF is obtained even for decay functions contain-
ing ultra-fast components, see Fig. 162. 
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Fig. 1083: Analysis with synthetic IRF. Left: Fluorescence excited by diode laser. Right: Ti:Sa laser, sample 
with extremely fast decay component. Green curve IRF, blue dots data points, red curve fit with triple-

exponential decay model. 

Decay Models 

Decay Models 

SPCImage NG provides single-, double-, and triple-exponential decay models. An ‘Incom-
plete Decay’ option is available to determine long fluorescence lifetimes within the short 
pulse period of the Ti:Sa laser of a multiphoton system. SPCImage NG provides also a 
'Shifted-Component' model. In this model, the decay components of a multi-exponential 
model functions can be shifted in time by predefined values. The model is used for ophthal-
mic FLIM, where different decay components come from different depth within the eye. For 
details please see 'FLIO Analysis by SPCImage NG', page 544. 

GPU Processing 

Data recorded with bh FLIM systems can contain an enormous number of pixels and time 
channels. Images with 1024 x 1024 or even 2048 x 2048 pixels are not uncommon, and time-
channel numbers of 1024 are routinely used in combination with fast HPM detectors [114]. 
An example is shown in Fig. 1084.  

 

Fig. 1084: A lifetime image with 1024 x 1024 pixels and 1024 time channel per pixel. The image was calculated 
on an NVIDIA GPU in 5 seconds. 
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Processing such amounts of data by the CPU of even a fast computer takes tens of minutes. 
SPCImage NG therefore runs the data analysis on a GPU (Graphics Processor Unit). The im-
age data are transferred into the GPU, which then runs the de-convolution and fit procedure 
for a large number of pixels in parallel. Data processing times are thus massively reduced. 
The image shown in Fig. 1084 was calculated on an NVIDIA GPU within five seconds. Con-
ventional data analysis of this image takes about 10 minutes. 

Parameter Histograms 

SPCImage has histogram functions for the decay parameters. The histogram shows how often 
pixels of a given parameter value occur in the lifetime image. The histogram refers either to a 
selected region of interest or, if no ROI was defined, to the entire lifetime image. Together 
with the various options to select decay parameters and combinations of decay parameters a 
wide variety parameter histograms can be obtained. Two examples are shown in Fig. 1085. 

       

Fig. 1085: Histograms of the mean (amplitude weighted) lifetime of double-exponential fit (left) and of the am-
plitude of the fast decay component, a1 (right) 

2-D Histograms 

2D histograms present density plots of the pixels over two selectable decay parameters. The 
decay parameters can be lifetimes, t1, t2, t3, or amplitudes, a1, a2, a3, of decay components, 
amplitude or intensity-weighted lifetimes, tm or ti, or arithmetic conjunctions of these parame-
ters. An example is shown in Fig. 1086. A histogram of the amplitude, a1, of the fast decay 
component versus the amplitude-weighted lifetime, tm, has been created. Cursors in the histo-
gram are available to select special parameter combinations and back-annotate the corre-
sponding pixels in the lifetime image. 

 

Fig. 1086: 2-D histogram showing density plot of pixels over amplitude-weighted lifetime, tm, and amplitude of 
fast component, a1. 
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ROIs 

SPCImage NG allows the user to define ROIs in the images. Both rectangular and polygonal 
ROIs can be defined. Parameter histograms are displayed for the selected ROI, see Fig. 1087. 

   

Fig. 1087: ROI Definition. Left: Rectangular ROI. Right: Polygonal ROI 

Several polygonal ROIs can be defined, and the corresponding parameter histograms be se-
lected via the buttons on top of the histogram window. Please see Fig. 1088. 

       

Fig. 1088: Multiple ROIs, with selection of parameter histogram. 

Image Segmentation 

Images taken at high pixel numbers and Mosaic FLIM images can contain a large number of 
cells. In these cases, it is time-consuming, if not impossible, to manually select regions of 
interest for each of the cells in the image. SPCImage NG therefore provides automatic image 
segmentation functions via the phasor plot and the 2D histograms. Areas with different decay 
signature form separate clusters in these presentations. Interesting clusters can be selected and 
back-annotated in the images. An example is shown in Fig. 1089. The image area contains a 
large number of cells. A phasor plot of the image was calculated, and the phasor range of the 
cell nuclei selected. The decay data of the corresponding pixels are combined. The result is 
single decay curve, containing an enormous number of photons. This curve can be analysed at 
high precision with double- and triple-exponential decay models, see Fig. 1089, bottom right. 
For details please see 'Phasor Plot', page 832. 
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Fig. 1089: The phasor range of the nuclei of the cells has been selected by the 'Select Cluster' Function. The 
decay-parameter histogram (shown right) refers to the selected pixels. A combined decay curve for the selected 

pixels is displayed by the 'Sum up decay curves' function. 
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Analysing FLIM Data with SPCImage 

SPCImage Software Panel 

The main panel of the SPCImage data analysis software is shown in Fig. 1090. The panel 
shows an intensity image (upper left), a lifetime image (upper middle), a lifetime distribution 
over the whole image or a region of interest (upper right), and the fluorescence decay curve in 
a selected spot of the image. The decay parameters for a selected spot in the image are shown 
lower right. 

 

Fig. 1090: Main panel of SPCImage 

Since Version 5.4 of February 2016 SPCImage takes advantage of the new wide-screen moni-
tor formats to better display lifetime images of high pixel numbers. Two main panel configu-
rations for wide-screen formats are shown in Fig. 1091 and Fig. 1092. The screen configura-
tions are switched by the 'Layout' button in the ‘Preferences’ panel, see Fig. 1151, page 837. 

 

Fig. 1091: SPCImage main panel for wide-screen formats 
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Fig. 1092: SPCImage main panel for wide-screen formats, lifetime image and intensity image displayed 

SPCImage NG version 8.5 or later can display images from two emission or excitation wave-
length channels simultaneously, see Fig. 1093. The images can come from two SPC modules 
or from two routing channels. Simultaneous display of two images is enabled under 'Options', 
'Channels'. This opens the 'Channels' selection panel shown lower left in Fig. 1093. The chan-
nels to be displayed can be selected from this panel. 

 

Fig. 1093: SPCImage NG main panel with images from two excitation or detection wavelength channels 

General Procedure 

Loading the FLIM Data 

There are several ways to load FLIM data into SPCImage. You can use the ‘Send Data to 
SPCImage’ function of the SPCM software, import a .sdt TCSPC data file, or load .img data 
previously analysed by SPCImage. 

Loading of SPCImage Files 

Data previously analysed and saved by SPCImage data analysis (.img files) are loaded via the 
‘Open’ function. Click into ‘Main’, ‘Open’ as shown in Fig. 1094. 



Analysing FLIM Data with SPCImage    805 

 

 

Fig. 1094: Opening .img files generated by SPCImage 

After loading the data SPCImage will come up in a configuration as shown in Fig. 1090, Fig. 
1091, or Fig. 1092. 

 

Importing Data From SPCM by Send Data Function 

Raw data can be send directly from SPCM to SPCImage. The ‘Send Data to SPCImage’ func-
tion of the SPCM software is illustrated in Fig. 1095. The function automatically opens 
SPCImage and transfers the data. In the ‘application options’ of the SPCM software you can 
select whether you want to transfer the data of all active display windows or only the data of 
the selected one. To select a display window, first click into the image that you want to ana-
lyse, see Fig. 1095, left. Then transfer the data by clicking into ‘Main’, ‘Send data to SPCI-
mage’, see Fig. 1095, right. 

   

Fig. 1095: Sending data from SPCImage into SPCImage. Left: Selection of the data to be analysed. Right: Send-
ing the selected part of the data to SPCImage 

 

Import of .sdt Files 

Files from SPCM (.sdt format) are loaded via the 'Import' function. A click into ‘Main’, ‘Im-
port’, (see Fig. 1096, left) opens a file selection panel see, Fig. 1096, middle. Select the de-
sired file from this panel and click on 'Open'. This opens the Import Options panel shown in 
Fig. 1096, right. For standard import operations, SPCImage detects the number of SPC mod-
ules and the number of routing channels and suggests import options which load all combina-
tions of modules and routing channels. You can just click 'OK' and import the data. 
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Fig. 1096: Loading of FLIM data. Left: Import of an .sdt file via ‘File’, ‘Import’. Middle: File selection panel. 
Right: Import options panel. 

It can happen, however, that the .sdt data contain combinations of modules, routing channels 
and page numbers which you do not want to import. In that case, you can disable or enable 
modules, and select ranges of routing channels which you want to import. There is also an 
option to combine the data of all modules and channels, or to add or subtract data from the 
current data set. These options should be handled with care. They require that all data are re-
corded with the same IRF position and IRF shape. They are mainly used in emergency situa-
tions, and to rescue data which were recorded with wrong SPCM system parameters. 

SPCM Panel after Import of Data 

After importing .sdt data into SPCImage it comes up as shown in Fig. 1097. An intensity im-
age is shown left, a decay curve at the cursor position bottom right. The image does not con-
tain colour-coded lifetimes because these have not been calculated yet. A decay-parameter 
histogram is shown upper right. It is empty because no decay analysis has been performed 
yet. In the upper right, the decay model can be specified. After loading new data the model 
function is single exponential (Components=1), which is the default. 

 

Fig. 1097: SPCImage panel after importing raw data 
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Initial Check of Decay Data 

After importing or loading data you should give the decay data a brief check for integrity. The 
decay curve should be correctly placed in the decay window (the observation-time interval), 
as shown in Fig. 1097. The rising edge must be in the decay window, and there should be a 
few (5 to 10%) of the time channels left of the rising edge. Some situations which require 
correction in the measurement procedure, the measurement setup or the measurement parame-
ters are shown in Fig. 1098 and Fig. 1099. 

In Fig. 1098, left, the decay curve does not contain enough photons. The signal-to-noise ratio 
of lifetimes obtained from such data is low, and usually not sufficient for the intended appli-
cation. Increase binning, or record new data with more photons. The decay curve shown in the 
Fig. 1098, middle, contains large background. SPCImage will extract correct decay parame-
ters from such data, but the signal-to-noise ratio will be sub-optimal [159]. Therefore, find 
and remove the source of the background. The curve shown in Fig. 1098, right, is not placed 
well in the observation-time interval. Also here, data analysis will deliver correct data, but 
with a signal-to-noise ratio below the theoretical limit [159]. Therefore the curve should be 
shifted in the correct position by changing the TCSPC parameters or the SYNC delay. Please 
see 'Adjusting the SYNC and CFD Signal Path Length' and 'TAC Parameters'. 

The situations shown in Fig. 1099 are more serious or even fatal. In Fig. 1099, left, the decay 
curve is clipped at the left end, and the rising edge is not in the observation time interval. 
SPCImage may deliver a reasonable single-exponential lifetime in this case, but multi-
exponential decay parameters derived from such data will be entirely wrong. There is no way 
around taking another measurement with corrected TCSPC system parameters. In Fig. 1099, 
right, the decay curve does not contain any reasonable decay data at all. The source of the 
problem is usually that wrong filters had been used, and the FLIM system is detecting scat-
tered laser light. 

   

Fig. 1098: Situations where correction is indicated. Left: Not enough photons. Middle: High background. Right: 
Decay curve shifted in observation-time interval. 

          

Fig. 1099: Situations which are fatal to FLIM analysis. Left: Decay data clipped at left and, rise of fluorescence 
not recorded. Right: The recorded signal is scattered laser light. 
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Calculating the Lifetime Image 

Starting the Calculation 

In principle, you can start a lifetime analysis immediately from the state shown in Fig. 1097. 
(There is even an option to do this automatically, see Preferences, page 836.) To start the 
analysis, click into ‘Calculate’, ‘Decay Matrix’, 'Selected channel' or, if you have loaded data 
with several channels 'all channels'. This starts the fit process. A progress bar shows the ad-
vance of the calculation as the procedure runs through the pixels. If there is a GPU in the 
computer the calculation will complete within a few seconds, if there is no GPU it can take 
several minutes. What you get is a colour-coded lifetime image calculated with default pa-
rameters of SPCImage.  The decay model will be single-exponential, the IRF will be 'Auto', 
and the lifetime and intensity ranges will be set automatically. 

             

Fig. 1100: Starting the fit procedure for all pixels of the image 

Single-Exponential Analysis 

The number of decay components used in the analysis is defined in the upper right of the 
SPCImage panel. FLIM analysis with a single-exponential model (or with default parameters) 
is shown in Fig. 1101. Number of 'Components' is 1. The procedure delivers a single lifetime, 
t1. This lifetime is used for colour-coding the image. The lifetimes in the pixels will be correct 
and reasonably accurate. However, the fluorescence decay in biological objects is rarely sin-
gle-exponential. Normally there are several decay components in each pixel, either from dif-
ferent fluorophores, or from one fluorophore in different molecular environment. Often the 
information is in the composition of the decay rather than in an average ('apparent') lifetime. 
Single-exponential analysis is therefore unlikely to deliver the maximum of information you 
can obtain from your raw data. 

 

Fig. 1101: SPCImage panel after calculating the lifetime image with the default settings 

Multi-Exponential Analysis 

Multi-exponential decay analysis is shown in Fig. 1102. In the upper right, analysis with three 
exponential components has been selected. For every pixel, the analysis procedure delivers 
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three lifetimes, t1, t2, t3, and three amplitudes, a1, a2, a3, for the three decay components. The 
display routine of SPCImage can display each of these parameters, ratios of the parameters, 
and intensity- or amplitude-weighted averages of the component lifetimes. The default is the 
amplitude-weighted mean lifetime, tm. The display routine has functions to further refine the 
images, for example by manually adjusting the colour scale and the intensity scale, or by cre-
ating time-gated images. Please see page 'Display of FLIM Image Data'. 

Also the model function can be further refined, such as by the 'Incomplete Decay' or the 
'Shifted Component' option. It is also possible to fix one or two of the decay components to 
values which are a priori known. For details please see 'Model Functions', page 809 and 
'Model Parameters', page 835. 

 

Fig. 1102: Triple-exponential decay analysis. Model selection and decay parameters at cursor position shown in 
the upper right. Analysis with three exponential components has been selected, the amplitude-weighted lifetime, 

tm, is shown. 

Parameter Histogram 

A histogram of the selected decay parameter over the pixels of the image is shown above the 
decay-curve window. It shows how frequent a given value of the parameter appears in the 
image. The parameter is the same that was selected for colour-coding the image. It can be the 
amplitude-weighted lifetime (as in Fig. 1102), the intensity-weighted lifetime, a component 
lifetime, a component amplitude, or a ratio of two of these parameters. The parameter histo-
gram can be displayed for selected regions of interest, please see 'Decay-Parameter Histo-
grams in ROIs', page 829. The parameter histogram has two cursors, which interact with the 
display function (see 'Interaction with the Colour Parameters', page 825). In combination with 
the , , and  buttons a desired parameter range can be selected, and the colour scale ad-
justed accordingly. Please see 'Parameter Histogram', page 825. 

Model Functions 

Basic Decay Models 

The fluorescence decay function obtained from a homogeneous population of molecules in 
the same environment is a single exponential. Decay functions of mixtures of different mole-
cules or of molecules in inhomogeneous environment are sums of exponential functions of 
different decay time. The basic model functions used in SPCImage are therefore sums of ex-
ponential terms: 

Single-exponential model: /)( tetf   
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Double-exponential model: 21 /
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Triple-exponential model: 321 /
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The models are characterised by the lifetimes of the exponential components, , and the am-
plitudes of the exponential components, a. In principle, models with any number of exponen-
tial components could be defined. However, higher-order models become so similar in curve 
shape that the amplitudes and lifetimes cannot be obtained at any reasonable certainty. There-
fore, SPCImage NG FLIM analysis does not provide model functions with more than three 
components. 

Single, double, and triple-exponential models are selected via the decay-parameter panel on 
the right of the decay-curve window, see Fig. 1103. 

                             

Fig. 1103: Selection of basic single, double, and triple exponential models 

   

Fig. 1104: Left to right: Fit with sSingle-, double-, and triple-exponential models. The blue dots are the data in 
the time channels, the red curve is the model function. The decay parameters are shown upper right. 

The lifetimes of the individual decay components can be fixed to known values. (Check the 
'Fix' boxes) Please be cautious when using this option - lifetimes of most fluorophores vary 
with the molecular environment. 

A shift parameter can be included in the fit procedure. However, this decreases the lifetime 
accuracy and increases the calculation time. We recommend to fix the 'Shift' parameter before 
starting the analysis, or let the analysis procedure fix it automatically when it starts the calcu-
lation. Please see Model Parameters, Fig. 1150. 

Typical examples of fits with different models are shown in Fig. 1105. The single exponential 
model (left) does not fit the data. The double-exponential model (middle) fits well, the triple-
exponential reveals a weak third component of long lifetime. However, the residuals (the 
curve below the decay function see 'Fit Quality Indicators', page 818) do not show a substan-
tially improved fit quality. The decay parameters derived by the triple-exponential fit may 
therefore not exactly represent the real composition of the decay curve. 
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Fig. 1105: Fit of decay data with a single, double, and triple-exponential model. 

Incomplete-Decay Model 

The basic decay models can be combined with model options provided by the 'Model' pa-
rameters, see page 835. The 'Incomplete Multiexponentials' option is used to account for re-
sidual fluorescence from previous laser pulses. The corresponding section of the Model Pa-
rameters is shown in Fig. 1106. The incomplete decay model needs the period of the excita-
tion pulses, which must be specified in the upper right. 

 

Fig. 1106: Incomplete-decay option in the model parameters. 

Fig. 1107 gives a comparison of the ordinary multi-exponential model (left) and the incom-
plete-decay model (right). The ordinary model interprets the intensity left of the rising edge of 
the decay curve as offset, the incomplete-decay model fits it correctly with fluorescence from 
the previous pulses. 

    

Fig. 1107: Fit of the fluorescence decay of a Calcium sensor, lifetime 2.29 ns, excitation with Ti:Sa laser at 
80 MHz. Left: ordinary double-exponential model. Right: Incomplete decay model. 

The result is a different lifetime, tm. The difference is not large as long as the lifetime is short 
compared to the laser pulse period. The difference can, however, be substantial if the decay 
time is longer. Fig. 1108 shows an example for a 5.95-ns decay measured with the 12.5 ns 
repetition time of a Ti:Sa laser. A fit with the conventional model is shown left. The fit deliv-
ers a lifetime of 4.05 ns. The large residuals indicate that the model is not able to fit the data 
correctly. The fit with the incomplete-decay model is shown on the right. The model delivers 
a perfect fit, and a lifetime of 5.95 ns. The example shows that the use of the incomplete-
decay option is mandatory for lifetimes larger than 25% of the laser repetition time. 



812      SPCImage NG Data Analysis Software 

          

Fig. 1108: A 5.95-ns decay recorded in a two-photon microscope. Laser repetition rate 80 MHz. Left: Fit with 
conventional model. It does not fit the data correctly. Right: Fit with incomplete-decay model. The incomplete-

decay model not only fits the data perfectly but also delivers the correct decay time. 

Shifted-Component Model 

In clinical FLIM it happens that one or several decay components are shifted in time. A typi-
cal example is ophthalmic FLIM (FLIO) where fluorescence from the lens of the eye inter-
feres with fluorescence of the fundus. The lens fluorescence appears about 150 ps before the 
fundus fluorescence. The shifted-component model takes this shift into account [110, 111]. 

A demonstration is given in Fig. 1109 and Fig. 1110. A FLIO decay curve together with the 
model definition is shown in Fig. 1109. A triple-exponential model is used; the lens compo-
nent is modelled by the third decay component and shifted 150 ps towards earlier times. As a 
result, the model fits the lens component correctly, including the kink in the rising edge 
caused by the early arrival of the lens fluorescence. 

   

Fig. 1109: Decay curve from FLIO data. Fit with shifted-component model, third decay component shifted by 
150 ps to earlier time. 

FLIO lifetime images obtained by the ordinary multi-exponential model and by the shifted-
component model are compared in Fig. 1110. For the ordinary model, the lens fluorescence 
causes a substantial shift of the mean lifetime, tm, to longer values. The shifted-component 
model is able to deliver an image which contains only the fundus fluorescence, modelled by 
the components t1 and t2. The corresponding image of the lifetime tm12 is shown in Fig. 1110, 
right. It shows the correct lifetime of the fundus of the eye [110, 111]. 
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Fig. 1110: Comparison of FLIO analysis with the ordinary 3-component model (left) and with the shifted-
component model (right). Due to the contribution of the lens fluorescence, the ordinary image is biased towards 

long lifetime. The delayed-component model delivers an image that does not contain the lens fluorescence, 
showing the correct lifetime of the fundus of the eye. 

 

IRF Options 

The fluorescence waveform the FLIM system records is the convolution of the true fluores-
cence decay profile with the instrument response function, or ‘IRF’. The IRF is the function 
the FLIM system would record when it detected the laser pulse directly. Decay parameters are 
derived from the recorded waveforms by convoluting a model function with the IRF, and fit-
ting the result to the data, see 'The Convolution Integral', page 852. Thus, at least an approxi-
mate IRF is needed to derive fluorescence decay parameters from the detected fluorescence 
waveforms. It is often believed that the IRF has to be measured before data can be analysed. 
However, in a FLIM system this can be difficult or even impossible. SPCImage therefore of-
fers several options to generate an IRF from the FLIM data themselves.  

Selection of IRF Type 

The different IRF types are defined by clicking into 'IRF' in the top bar, and selecting the de-
sired option, see Fig. 1111. The effect of the different options is shown in Fig. 1112. 

     

Fig. 1111: Options to generate the IRF 

     

Fig. 1112: Effect of the IRF options. Left to right: Auto IRF, IRF from Clipboard, IRF copied from recorded 
data, rectangular IRF, IRF of type irf(t) = t/t0 e

-t/t0. 
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'Auto' calculates an IRF from the rising edge of the decay data. The calculation is performed 
on data from an area around the brightest spot in the image. When 'Auto' has been set the IRF 
calculation is done automatically after loading data. 

'Paste from clipboard' recalls an IRF which has been copied by 'Copy to Clipboard' before. 

'Copy from decay data' uses decay data from a selected spot in an image as an IRF. The se-
lected spot can either be a spot in the current image where the decay function is dominated by 
SHG, or an image that contains only SHG or fast scattering data. The IRF is generated from 
the data inside the decay cursor interval. Data points outside this interval are set to zero. To 
transfer the data into a different measurement data set, use 'Copy to clipboard' and, after load-
ing the measurement data file, 'Paste from clipboard'. You can save the IRF by 'Save IRF' in 
the model parameter panel. 

'Set to rectangle' sets a rectangular IRF. Width and location are determined by the cursors in 
the decay window. The function is often used for PLIM, where the IRF is close to a rectangle. 

'Set to x exp (-x)' sets an IRF to a function of the type irf(t) = t/t0 e
-t/t0. The width and the loca-

tion are selected by the cursors in the decay window, see Fig. 1112, right. You can declare 
this IRF a permanent one in the 'Model' parameters, and further refine it by an automatic op-
timisation procedure, see page 864. 

Modelling of the Synthetic IRF 

Defining a synthetic IRF only by the cursors of the decay window is not quantitative, and 
leaves room for subjective judgement. SPCImage NG therefore has a function to model the 
synthetic IRF by fitting it to the recorded decay data. The procedure is described in detail in 
section 'Instrument Response Function' page 863. Briefly, the width parameter, t0,  of the ge-
neric IRF function, irf(t) = t/t0 e

-t/t0 is optimised until the best fit of the convolution integral of 
the IRF with the selected model to the recorded fluorescence data is obtained. The adjust pro-
cedure for the width parameters is accessed under 'Model', section 'IRF & Shift'. A click on 
the upper 'Adjust' button, Fig. 1113, left, starts the procedure. 

  

Fig. 1113: IRF Adjust for width (left) and position of IRF (right) 

The result of the operation is an IRF with a correct shape, but not necessarily in the correct 
temporal position. To get the IRF in the correct position, click on the Adjust button for 'Posi-
tion of IRF', see Fig. 1113, right. The effect of the two adjust operations is demonstrated in 
Fig. 1114. 

Both adjust operations should be performed with a reasonably selected decay model. The rea-
son is obvious: If the model is not able to fit the decay data correctly the IRF adjust procedure 
compensates for the deficiencies of the model with a change in the IRF. The result may be a 
reasonably good fit of the decay data but with wrong decay parameters. 
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Fig. 1114: Left to right: IRF (green curve) before adjust, after width adjust, and after position adjust. 

Permanent IRF 

A synthetic IRF, once created, can (and should) be declared 'permanent', see Fig. 1115. The 
IRF parameters are then taken over in the default parameters of SPCImage, and can then be 
used for other data recorded with the same FLIM system. 

 

Fig. 1115: Declaring a synthetic IRF 'Permanent' 

Saving and Loading IRFs 

A synthetic IRF can be saved for future use in a file, and loaded from this file when needed. 
The function is initiated via the 'Save IRF' and 'Load IRF' buttons (see Fig. 1115). This opens 
a file selection panel in which the name of a new IRF can be defined or from which an exist-
ing IRF can be selected. Please see Fig. 1116. 

  

Fig. 1116: File selection panel for saving (left) and loading IRFs (right) 

Fit Algorithm 

SPCImage NG has three different fit algorithms. 'Weighted Least Squares' (WLS) is the con-
ventional algorithm, based on a minimisation of the sum of the squared differences between 
the data points and the points of the model function. 'Weighted' means that the differences are 
weighted with the reciprocal photon number, 1/(n+1). WLS works well for high photon num-
bers but has deficiencies when the photon number is low. 
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'Moment' (MOM) is a calculation based on the first moment of the decay curve. MOM is a 
simple calculation, not a fit algorithm. It is fast and delivers the maximum possible lifetime 
accuracy. However, it delivers only a single-exponential approximation of the lifetime, and 
the lifetimes become systematically biased when the tail of the decay function is not entirely 
in the observation time interval or the data contain background counts [159]. 

'Maximum-Likelihood Estimation' (MLE) is based on calculating the probability that the val-
ues of the model function correctly represent the data points of the decay function. Compared 
to the least-square method, the fit accuracy is improved especially for low photon numbers, 
and there is no bias toward shorter lifetime as it is unavoidable for the WLS fit. MLE uses 
GPU processing, which makes the calculation by a factor of 10 to 100 faster than by WLS. 
For a detailed description of the algorithms please see 'Fit Procedures', page 857 in section 
'Supporting Information'. 

The algorithm is selected in the 'Model' parameters, see Fig. 1117, left. The default algorithm 
is MLE. 

 

Fig. 1117: Selection of the fit algorithm in the Model Parameters 

Fit Control Parameters 

Fit Interval 

The fit of the decay data is performed in the interval between the cursors in the decay win-
dow. Normally, the fit should be performed over the entire interval where the decay function 
has valid data, i.e. the cursors should be placed on the first and the last data point, see  Fig. 
1118, left. After importing data SPCImage runs a check on the data and suggests reasonable 
cursor positions. 

  

Fig. 1118: Effect of cursors in the decay window. Left: Fit within entire range of valid temporal data. Right: Fit 
of late part of decay data only. The fast decay component is not correctly reproduced. 

The fit can be restricted to a part of the data if necessary, as shown in Fig. 1118, right. How-
ever, this should be done only as an emergency solution, e.g. if the decay data contain arte-
facts. In fact, restricting the fit to the later part of the fluorescence is common practice to 
solve the problem of a wrong IRF. A wrong IRF leads to large residuals in the vicinity of the 
maximum of the curve. It is therefore attempted to exclude this part from the fit. However, 
excluding the first part of the curve does not make the result any better. On the contrary, the 



Analysing FLIM Data with SPCImage    817 

 

analysis routine is likely to miss fast decay components which may be contained in the data. 
An example is shown in see Fig. 1118, right. The fit perfectly reproduces the later part of the 
decay curve but entirely misses the fast decay component. Another problem of the 'Tail Fit' is 
that the 'Shift' parameter cannot be reliably determined. The reason is that the shape of later 
part of the curve is virtually independent of the temporal location of the IRF. Therefore, a tail 
fit, if ever necessary, must be performed with fixed shift. 

Binning 

Correct spatial binning is key to good lifetime images. Microscopy images are over-sampled 
to obtain maximum spatial resolution. Oversampling means that the point spread function is 
sampled by several pixels in x and y. Typical (linear) oversampling factors are around 5, that 
means the point-spread function is sampled by about 25 pixels. Of course, these pixels contain 
virtually identical lifetime information. Analysing them individually would result in low pho-
ton number per pixel, and in unnecessarily high noise in the decay parameters. 

The solution to the problem is binning. In SPCImage binning is performed by combining the 
decay data from a defined binning area and assigning the net decay curve to the central pixel. 
The process is executed for all pixels of the original image. That means the binning areas 
overlap, and there is no reduction in the number of effective pixels. For details please see 
'Binning' in section 'Supporting Information'. 

Binning is controlled by the 'Bin' parameter on top of the decay-curve window. The parameter 
should be matched approximately to the radius of the point-spread function, expressed in pix-
els. An example is shown in Fig. 1119. Two images were recorded with the same count rate 
and acquisition time. The left image was recorded with 128 x 128 pixels and analysed with 
bin=0. The right image was recorded with 512 x 512 pixels, and analysed with bin = 3. Due to 
the binning, the right image has the same number of photons per pixel and the same lifetime 
accuracy. However, the image definition of the image on the right is much better. 

     

      

Fig. 1119: Effect of spatial binning. Left: 128 x 128 pixels, bin=0, Right: 512 x 512 pixels, bin=3 
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The conclusion is that FLIM images should be recorded at sufficiently high pixel numbers to 
provide spatial resolution, and the corresponding reduction in photon numbers per pixel be 
compensated by binning. 

Threshold 

The 'Threshold' parameter is used to suppress the analysis of dark pixels. It is located on top 
of the decay-curve windows, see Fig. 1120. Pixels with photon numbers lower than 'Thresh-
old' are not analysed by the fitting procedure, and do not get a colour assigned in the image. 
This not only accelerates the calculation process, it also avoids that the parameter histogram is 
distorted by invalid values from dark pixels. (see ‘Parameter Histogram’, page 829). The 
'Threshold' value either refers to the maximum of the decay curve or to the total number of 
photons in it. A selection can be made in the 'Algorithmic Settings' part of the 'Model' panel, 
see Fig. 1150, page 835. 

 

Fig. 1120: Threshold parameter 

 

Fit Quality Indicators 

Residuals 

The residuals are the differences between the values of the model function (convoluted with 
the IRF), fmod(t) and the data points of the recorded decay curve, n(t) divided by the square 
root of fmod(t): 

      
 tf
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The background of this expression is as follows. Provided the model function reproduces the 
shape of decay function properly the differences between fmod(t) and n(t) can be considered 
the 'noise' in the data. The noise comes from the photon statistics. The average noise ampli-

tude is statistically defined and is n . If the model function is correct the denominator of R(t) 
is equal to the expectation value of the photon number, n(t). That means the residuals should 
not depend on the photon number in the respective time channel of the decay function, and 
vary randomly with a 'Sigma' of one. That means most of the R(t) values are expected within 
the range from -1 to +1, and virtually all values should be within -5 to +5 (5 Sigma). Any de-
viation of the convoluted model function fmod(t) from the photon data, n(t) causes systematic 
wobble in the residuals. The deviation can come from an inappropriate model, from  a wrong 
IRF, or from optical reflections in the beam path. 

The residuals of the fit are displayed in the decay-curve windows directly under the decay 
curve.  Fig. 1121 shows an example of residuals for a near-ideal fit, a fit with a wrong IRF, 
and a fit with an inappropriate model function. 
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Fig. 1121: To bottom: Residuals for a near-ideal fit, for a fit with a wrong IRF, and a fit with a wrong decay 
model. 

There is a feature of the residuals which sometimes causes confusion. When the photon num-
ber gets very large the random variation remains in the range of -5 to +5. However, the sys-
tematic wobble increases. The reason is that the amplitude of systematic variations increases 

linearly with the photon number, n, whereas the random variations increase only with n . 
The result is that residuals for decay data with a high number of photons can look ugly even 
though the quality of the data is good. Please remember this when you combine pixel data via 
the phasor plot or via the 'lock' function of SPCImage. 

 

Reduced Chi-Square (2)  

The 2 parameter is another indicator of the fit quality. It is calculated by 
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fmod(t) is the (convoluted) model function, n(t) is the photon number in the time channel t, and 
k is the number of time channels. The background of the formula is similar as for the residu-
als. The numerator is the square of the difference between the model function and the photon 
number in the corresponding time channel. For large n, the denominator, n+1, is the square of 
the expected noise in the photon number. Consequently, an ideal fit should deliver a 2 of 
approximately one. 

Unfortunately, the 2 has a two unpleasant features. The first one comes from the term n+1 in 
the denominator. In fact, the correct term to describe the expected noise would be the photon 
number, n. However, n+1 must be used to avoid a singularity for n=0. The result is that 2 
drops below one when the decay data contain time channels with low photon number or chan-
nels with n=0. The other confusing feature is that 2 increases for large photon numbers. The 



820      SPCImage NG Data Analysis Software 

reason is the same as for the residuals: The amplitude of systematic variations increases line-

arly with the photon number, n, whereas the random variations increase only with n . The 
effect in SPCImage is that 2 increases with increased binning. This has led to the misconcep-
tion that binning has a detrimental effect on the accuracy. This is, of course, not the case. 2 is 
simply not independent of n. It can be used to compare the fit quality for different models and 
different fit parameters for a given decay data set, but not to compare the quality of decay data 
which have different photon numbers. 

 

Display of Decay Data 

Decay Curve Window 

The decay curve window of SPCImage displays the decay data (the photons in the subsequent 
TCSPC time channels) for a single pixel, a selected spot, a region of interest, or an area de-
fined by image segmentation. The decay-curve window with decay data is shown in Fig. 
1122. The blue dots are the photon numbers in the subsequent time channels, the green curve 
is the IRF (Instrument-Response Function, see page 863). The red curve is a fit with the 
model function, the numbers on the right show the fit results for the data in the decay win-
dow. The curve at the bottom are the residuals - the deviations of the fit from the real data. 

 

Fig. 1122: Decay curve window of SPCImage 

The data in the decay window are from the spot in the image which has been selected by the 
blue cursor in the image window. The curve can contain decay data of a single pixel or from 
pixels of an area around the cursor position defined by ‘Binning’, see page 851. 

 

Decay Curve from an ROI 

A decay curve can also be displayed for an entire ROI, both for a rectangular one or a po-
lygonal one. To combine the decay data of an ROI into a single decay curve, click on the 
‘Lock’ symbol on the left of the SPCImage main panel, see Fig. 1123. A similar combination 
can be obtained via the phasor plot, see page 875. The result is a curve with a substantially 
larger number of photons than in a single pixel. Please don’t get frightened by the residuals - 
they are normalised to the noise (see 'Fit Quality Indicators', page 818). The noise is small in 
the combined data, so that even minuscule systematic deviations stand out prominently. 
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Fig. 1123: Combination of the data of an ROI into a single decay curve 

In combined decay data it can happen that the result of the combination exceeds the default Y 
scale of the decay window. In that case, you can change the scale by a right mouse click into 
the decay window, and select ‘Scale’. This opens a panel in which you can change the x and y 
scale, as shown in Fig. 1124. 

 

Fig. 1124: Changing the scale of the decay window 

 

Changing the Window Size 

The size of the decay-curve window is variable. For FLIM analysis, the decay curve window 
is normally located under the parameter or intensity histogram and the fit parameter panel. To 
leave space for these items it is low and wide, as shown in the previous figures. It can, how-
ever, be resized to any size within the boarders of the SPCImage panel. An example where the 
decay curve window fills the entire SPCImage panel is shown in Fig. 1125. 

 

Fig. 1125: Decay curve window, sized up to the entire area of the SPCImage software panel. 
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Display of FLIM Image Data 

When the calculation of a lifetime image has been completed a colour-coded image appears in 
the display window of SPCImage, see, for example, Fig. 1090 to Fig. 1092. The display of the 
lifetime image is controlled by the 'Intensity' parameters and the 'Colour' parameters. Both are 
accessible via the top bar of the main panel. 

Intensity Parameters 

The intensity parameters contain sliders for contrast and brightness, an intensity overlay func-
tion, an autoscale function, parameters for reversing the image coordinates, and a time-gating 
function. Commonly  used settings can be seen in Fig. 1126. 

 

Fig. 1126: Lifetime image with commonly used settings of the intensity parameters 

Most of settings can be used more or less intuitively. Normally the images should be dis-
played with autoscaling. The intensity scale then automatically adjusts to the photon number 
in the brightest pixel. The autoscaling may fail if there are overexposed spots in the image, 
such as specks of fluorescent dirt. In that case, turn off autoscaling and set a better intensity 
range manually. 

An example for time-gating of the intensity is shown in Fig. 1127. The time gate is defined by 
the cursors in the decay window, see Fig. 1127, right. A late time window has been used for 
gating, therefore pixels with short lifetime appear dark. 

   

Fig. 1127: Lifetime image with time-gated intensity. The time gate is defined in the decay curve window, shown 
on the right. 
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Colour Parameters 

Colour Coding of Selected Decay Parameters 

The 'Colour' parameters define the colour range into which the value of a selected decay pa-
rameter is converted. Three examples are shown in Fig. 1128. The figure shows lifetime im-
ages of the mean lifetime, tm, for different settings of the colour parameters. The left and mid-
dle image have a colour scale from tm = 200 to 1000 ps, and a continuous colour scale. The 
direction of the colour scale is red-green-blue (left) and blue-green-red (middle). The image 
on the right has a discrete colour scale. The ranges for blue, green, and red are shown in the 
right part of the colour parameter panel. 

 

Fig. 1128: Images of the mean lifetime, tm. Lifetime range 200 to 1000 ps. Left: continuous scale, red-green 
blue. Middle: continuous scale, blue-green-red. Right: Discrete colour scale. 

Selection of Parameter for Colour-Coding 

'Coding of' in the lower part of the colour panel selects the parameter to be colour-coded in 
the image. Available parameters are: 

tm  amplitude-weighted lifetime of all decay components enabled in general model parameters 
tm12 amplitude-weighted lifetime of the first two decay components of a triple-exponential decay. Used 

for FLIO analysis. 
ti intensity-weighted lifetime of all decay components enabled in general model parameters 
t1, t2, t3 Lifetimes of the individual decay components 
a1, a2, a3 Amplitudes of the decay components. a1+a2+a3=1 
q1, q2, q3 Relative intensity contributions of the decay components. Products of component amplitudes and 

lifetimes. 
Chi2 2 in the individual pixels 
Sca Amount of scattering or SHG, if scatter enabled in general model parameters 
Shift Shift parameter (if left floating in general model parameters) 
Eint FRET efficiency of interacting donor fraction, Eint = 1 - t1/t2 
Eclass Classic FRET efficiency. Eclass = 1 - tm/t2 
Offset Offset parameter, see general model parameters 
 
Three examples are shown in Fig. 1129. The figure shows images of the fast decay compo-
nent, t1, of the slow decay component, t2, and the amplitude of the fast component, a1, ob-
tained by double-exponential analysis. 
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Fig. 1129: Colour coding of t1, t2, and a1. Parameter ranges 0-2ns, 0-2ns, 0.5-1, respectively. Lower part of col-
our parameters shown only. 

Arithmetic Expressions of two Parameters 

Colour coding can be performed either by the parameters themselves or by arithmetic expres-
sions of different parameters. Examples are shown in Fig. 1130. It shows the ratios, a1/a2, t1/t2, 
and q1/q2. 

   

Fig. 1130: colour coding of a1/a2, t1/t2, q1/q2. Parameter ranges 1-20, 0.1-0,5, 1-5, respectively. Lower part of 
colour parameters shown only. 

Linking Parameters from Different Images 

If a FLIM data file contains images from two or more detection channels arithmetic expres-
sions of parameters from different channels can be calculated and displayed. An example is 
shown in Fig. 1131. The FLIM data set contains images from two TCSPC channels, indicated 
by the tabs below the decay curve window. With the Colour parameters shown SPCImage 
calculates a2 from the selected image channel (Channel 2) divided by a1 of Channel 1. The 
result is used as colour coding of the selected image channel (Channel 2). 

In the example shown Channel 1 contains FAD data and Channel 2 NADH data. The selected 
expression represents the Fluorescence Lifetime Redox Ratio, 

 FLIRR = a2NADH / a1FAD 

Please see 'Metabolic Imaging by NAD(P)H and FAD FLIM' page 493. 
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Fig. 1131: Linking parameters from two image channels. The example calculates a2channel2 divided by a1channel1 

Parameter Histogram 

SPCImage displays a histogram for the decay parameter selected for colour-coding the life-
time image. The histogram shows how often pixels of a given parameter value occur in the 
lifetime image. Depending on the settings in ‘Preferences’, the histogram either displays the 
pure pixel frequency or the pixel frequency weighted with the pixel intensity, see 
'Preferences', Fig. 1151, upper right. The parameter histogram serves two different purposes. 

Interaction with the Colour Parameters 

The parameter histogram helps the user to conveniently set an appropriate range of the colour 
parameters of the image. The histogram has two cursors, one for the upper end of the parame-
ter range and one for the lower end, see Fig. 1132. A change in the cursor positions in the 
histogram (middle) automatically changes the range in the colour parameters (right) and, con-
sequently, the colour coding of the image. 

 

 

Fig. 1132: Interaction of cursors in the parameter histogram (middle) with colour parameters (right) and colour-
coding of the image. 
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The buttons underneath the histogram help the user define the parameter range. The  button 
zooms the distribution into the selected parameter range,  zooms out. The  button sets the 
parameter range automatically. 

Estimation of Decay Parameter Values 

The parameter histogram shows the distribution of the selected decay parameter in the image. 
Information from the histogram is therefore more informative than numerical parameter val-
ues from a selected spot of the image. By giving a graphical overview, the histogram shows 
what the most frequent value is, how broad the distribution is, and what the shape of the dis-
tribution is. The parameter histogram is thus an excellent tool to compare the results of differ-
ent FLIM measurements. An example is shown in Fig. 1133. The images shows four FLIM 
data sets obtained from mushroom spores [161]. The images and histograms show the lifetime 
of the fast decay component, t1, of triple-exponential decay analysis. The data are for different 
spore colour, from light brown (upper left) to black (lower right). Although lifetimes in the 
range of 20 ps (note the colour scale!) are necessarily a bit uncertain the histograms show a 
clear trend with the spore colour. 

       

       

Fig. 1133: t1 images and t1 histograms for mushroom spores of different colour. The histograms show a clear 
trend from upper left to lower right. 

Intensity Histogram 

Instead of the parameter histogram, SPCImage NG can also display an intensity histogram. 
The histogram type is switched by a right-mouse click into the image window. This opens a 
selection panel, from which either 'Parameter Histogram' or 'Intensity Histogram' can be se-
lected, see Fig. 1134. The parameter histogram is shown on the right in Fig. 1134. 

The intensity histogram interacts directly with the Intensity Parameters of the image display. 
The histogram therefore has two cursors by which a suitable intensity range can be selected. 
An example is shown in Fig. 1134 and . The image includes a number of extremely bright 
objects, which are probably dead cells. The normal autoscale procedure (see 'Intensity Pa-
rameters', page 822) normalises the image brightness on these cells. The good cells are much 
dimmer and are therefore displayed at low brightness and contrast. The solution would be to 
open the Intensity Parameter panel, turn off autoscale, and type in a new 'Max Intensity' 
value. 
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Fig. 1134: Switching from the Parameter Histogram to the Intensity Histogram. Histogram shown on the right. 

With the intensity histogram, the intensity range can be adjusted much more easily and quan-
titatively. Different features form different peaks in the histogram. It is thus easy to identify 
the peaks of different features, and adjust the intensity range to display them optimally. In 
Fig. 1136, left, the right cursor has been set just above the peak that corresponds to the good 
cells. The result is that the cells are displayed at a much more favourable brightness. 

With the adapted intensity range, it becomes obvious that the background of the image is not 
entirely dark. The reason in this case is that the image was recorded by simultaneous 
FLIM/PLIM, and the PLIM signal leaks in the FLIM recording. In Fig. 1136, right, the back-
ground has been suppressed by pulling up the left histogram cursor. The image adjusted this 
way has a much more favourable appearance than the original image, compare Fig. 1134. 

  

Fig. 1135: Image brightness scale adjusted by histogram cursors. High-Intensity cursor adjusted to brightness 
peak of good cells. 

 

Fig. 1136: Image brightness scale adjusted by histogram cursors. Low-Intensity cursor adjusted to brightness 
peak of good cells. 
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ROI Selection 

SPCImage has several options to define ROIs. When an ROI is defined the parameter histo-
grams are created from the pixels inside the ROI only. An ROI selection can therefore be used 
to obtain (and compare) lifetime histograms from different regions of the image. Moreover, 
decay data from all pixels inside an ROI can be combined into a single decay curve. 

Rectangular ROI 

The image window of SPCImage contains three cursors. The blue cursor is used to select a 
spot in the image for which a fluorescence decay curve is displayed. The white cursors are 
used for region-of-interest (ROI) definition. To define an ROI by the image cursors move the 
cursors in the desired position, see Fig. 1137. The area between the cursors is the ROI. You 
can zoom into the selected area by the zoom button on the left of the SPCImage main panel. 

 

Fig. 1137: Rectangular ROI, definition by image cursors 

Polygonal ROI 

A polygonal ROI can be defined after clicking on the   ('Create ROI') button on the left of 
the image window. You can also chose 'Mask' in the top bar and select 'Define'. The ROI is 
created by shifting the red cross as shown in Fig. 1138, left. Every mouse click adds a new 
point to the polygon in the spot where the cross has been placed. You can define several 
ROIs. To do so, click on the 'Create ROI' button again. This opens a new ROI, see Fig. 1138, 
middle. To modify an ROI click on 'Mask' in the top bar and select 'Select/Modify'. Click on 
the ROI you want to modify and shift the points into the desired position, see Fig. 1138, right. 

   

Fig. 1138: Definition of a polygonal ROI. Left: Single ROI. Middle: Several ROIs, every click on the ROI sym-
bol on the left opens a new ROI. Right Modification of an ROI. 
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Lines of Interest 

SPCImage can define ‘Lines of Interest’. Click on ‘Mask’, and select ‘Line Mode’ instead of 
‘Area Mode’. Instead of an Area, the ‘Define’ function then defines a line, e.g. along a cell 
membrane. Also in the ‘Line’ mode you can make several definitions, select individual histo-
grams for the lines, and combine the decay data of each line in a single decay curve.  

Decay-Parameter Histograms in ROIs 

If an ROI has been defined or selected the parameter histogram refers to the ROI. An example 
for two different ROI definitions is shown in Fig. 1139. If multiple ROIs have been defined 
the desired ROI is selected after opening 'Mask' in the top bar and selecting 'Select/Modify'.  
The ROI is selected either by clicking on the red dot in the centre of it or on one of the tabs on 
top of the histogram window, see Fig. 1140. 

 

 

Fig. 1139: Parameter histograms for different definition of the ROI 

  

Fig. 1140: Selection of one of several ROIs for display of the parameter histogram 

Combination of Pixel Data into Single Decay Curve 

The  (lock) button in the task bar left of the lifetime image combines the decay data of all 
pixels within an ROI in a single decay curve. A decay curve for the ROI selected in Fig. 1140, 
left, is shown in Fig. 1141. 

 

Fig. 1141: Decay curve of combined pixels within ROI of Fig. 1140, left 
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2D Histograms 

SPCImage has a two-dimensional histogram function. It displays a density plot of the pixels 
over two selectable decay parameters. These can be tm, ti, t1, t2, t3, a1, a2, a3, and arithmetic 
expressions of these parameters. The 2D histogram plot is opened via '2D Correlation' in the 
top bar. An example is shown in Fig. 1142. The plot has been configured to show the values 
of t2 over the values of t1, see upper part of the 2D histogram panel. 

 

Fig. 1142: 2D histogram of t2 over t1 

Image Segmentation by 2D Histogram 

Cursors in the 2D histogram can be used to select a specific decay signature and back-
annotate them in the image. Pixels with a decay signature within the selected histogram area 
are shown in the image window, pixels outside the area are displayed without colour, see Fig. 
1143. The selection also acts on the 1D parameter histogram. It is build up for pixels selected 
in the 2D histogram only. 

 

Fig. 1143: Selection of pixels with a specific decay signature in the 2D histogram 
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Combination of Decay Data within ROI 

The decay data of the pixels within the selected pixels can by combined into a single decay 
curve. Click on the  (lock) button in the task bar left of the lifetime image. The decay curve 
of the combined pixels of the image features selected in Fig. 1143 is shown in Fig. 1144. 

 

Fig. 1144: Combined decay data from image features selected in Fig. 1143 
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Phasor Plot 

A click on ‘Phasor Plot’ in the top bar of SPCImage opens the phasor plot panel, see Fig. 
1145, right. Every pixel in the FLIM image (Fig. 1145, left) is represented by a dot in the 
phasor plot (right). The location of the pixel in the phasor plot depends on the amplitude and 
phase of the decay function in the phasor space. To make the correspondence between the 
image and the phasor plot clearly visible SPCImage can assign the colours of the FLIM image 
to the dots in the phasor plot. This function is activated by selecting the ‘Combine with FLIM 
analysis’ option in the phasor plot panel, see Fig. 1145, right. 

 

Fig. 1145: Left: Lifetime image (left) and phasor plot (right) 

A specific area in the phasor plot can be selected by a selection tool, see red ellipse in Fig. 
1145. By 'Select Custer' the corresponding pixels are back-annotated in the FLIM image. Pix-
els outside the selected phasor range are displayed without colour, see Fig. 1146. 

 

Fig. 1146: Selection of a phasor range and back-annotation of the corresponding pixels in the image 

Activation of 'Sum up decay curve' in the phasor plot combines the decay data of all selected 
pixels in a single decay curve, see Fig. 1147. It represents an average decay curve of all pixels 
with a phasor signature inside the red ellipse. The curve can contain an enormously high num-
ber of photons (almost 89 million in the example, see 'Photons in trace' below decay curve 
window). It can thus be analysed at extremely high precision. 
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Fig. 1147: Combination of the decay data of all pixels selected in the phasor plot in a single decay curve 

Image Segmentation 

Selecting a phasor range in the phasor plot and back-annotating the pixels in the FLIM image 
can be used as an automatic image segmentation function. It is equivalent to a manual ROI 
selection yet works with far less personal effort. Consider an image as the one shown in Fig. 
1148. You want perform a heterogeneity study on the nuclei of the cells. Creating appropriate 
regions of interest around all the nuclei manually is almost impossible. But selecting the nu-
clei in the phasor plot is easy. The result of the selection is a histogram of the lifetime, tm, of 
the nuclei, shown in the upper right are of the SPCImage panel. 

 

Fig. 1148: Image segmentation by phasor plot.  

Analysis of Moving Objects 

Biological objects can move during the FLIM acquisition. The images, and, consequently, the 
fluorescence-decay information, is then smeared out over the a distance the object has moved 
during the acquisition time. A solution is provided by the Mosaic FLIM mode of the bh 
TCSPC modules. A large number of fast scans is performed, and the images are written in a 
Mosaic FLIM data array. Of course, the number of photons in the individual mosaic elements 
is too low to obtain precise lifetime information from it. The solution is image segmentation. 
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An example is shown in Fig. 1149. The mosaic elements are 0.5-second scans of part of a 
water flee. The interesting detail is the leg (yellow in the FLIM image). The leg is moving, 
and thus appears in different locations in the individual images. The number of photons con-
tained in a single mosaic element is not enough for precise decay analysis, see decay curve in 
Fig. 1149, top. To obtain precise fluorescence-decay information form the leg, load the mo-
saic in the phasor plot, and select a phasor range corresponds to the decay signature of the leg, 
see Fig. 1149, top. Then select 'Select Cluster' and 'Sum up decay curve', see Fig. 1149, bot-
tom. The result is a single decay curve containing an enormous number of photons. It can be 
analysed at high precision with a multi-exponential decay modes, as shown in the decay pa-
rameters in Fig. 1149, bottom. 

 

 

Fig. 1149: Analysis of a moving object by Mosaic FLIM and image segmentation 
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Model Parameters 

Details of the model functions, details of the algorithms, parameter constraints, and IRF defi-
nitions are defined in the Model-Parameters panel. The panel differs slightly for the least-
square fit and for the MLE fit, see Fig. 1150 left and right. 

              

Fig. 1150: Model parameters. Left: Weighted-least-square fit. Right: MLE. 

'Multiexponential Decay' and 'Incomplete Multiexponentials' select the model functions for 
single, double, and triple-exponential models without and with the residual fluorescence from 
previous excitation periods. 

'Laser Repetition Time' is required for the calculation of incomplete decay and for the phasor 
plot. 'Laser Width' is the width of the laser pulse. It is used in the determination of the syn-
thetic IRF. 

'Parameter Constraints' are used to prevent the algorithm from running into irrelevant parame-
ter ranges. 

'Offset' is used for WLS only. It allows the user manually define a time interval where the 
counts represent the real counting background. If 'Manual' is not set the offset is determined 
from the time interval left from the rise of the fluorescence. 'Offset' is irrelevant for MLE be-
cause it handles the baseline offset as a real fit parameter. 

'Algorithmic Settings' define parameters concerning the fit algorithm. 'Spatial Binning' defines 
the shape of the area of pixel binning (when used). It can be 'Square' or 'Circle'. 'Threshold' 
defines whether the 'Threshold' parameter in the decay-curve window is the photon number at  
the peak of the fluorescence or the total number of photons in the decay function.  

'Fit Method' can be 'WLS' (weighted least squares), 'MLE' (maximum likelihood estimation), 
or MOM (first Moment). Note that only MLE uses GPU processing. 
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'Iterations' is the maximum number of iterations performed by the fit algorithm. Please not 
that it is the maximum. The procedure may finish the fit process earlier if no further im-
provement is obtained. Chi2(max) is a maximum of the 2 allowed for the WLS algorithm. 

'Combine Channels' and 'Add Constant' can be used to tweak the performance of the WLS fit 
for data with low photon number. Normally 'Combine Channels' is used, i.e. the algorithm 
uses progressive binning of time channels when the average photon counts per channel ap-
proach zero. 'Add Constant' does not bin time channels but adds a 'Minimum Variance' to the 
least square. The traditional value is '1' but higher values can be used to reduce lifetime bias at 
low photon number. 

The parameters under 'IRF & Shift' define the IRF and its use in the calculation of the decay 
functions. We recommend to 'Fix the shift before calculation'. The temporal location of the 
IRF is then shifted into an optimum position before the calculation starts, but not changed any 
more during the calculation of the entire image. The shift before the calculation is limited by 
'Shift variation'. In case the fit does not produce reasonable result, please check that 'Shift 
variation' is large enough. 

'Permanently set IRF to x exp(-x)' and the parameter right of it define the synthetic IRF. The 
'Adjust' button on the right starts an optimisation procedure for the synthetic IRF. Please see 
'Instrument Response Function', page 863. The 'FWHM' of the IRF is displayed for informa-
tion only. It includes the function the parameter of the IRF model function t/t0 e

-t/t0 and the 
width of the laser pulse defined by 'Laser Width'. 

The 'Delay' parameters are used for the shifted-component model. t1, t2, t3, are applied as 
shifts to the corresponding decay components. Negative values shift the component to the left, 
positive values to the right. 

'Other Settings' concern a 'Tail-Enhanced Fit' to better determine weak slow decay compo-
nents, automatic setting of the left cursor of the decay function, and multi-threading. Please 
note that multi-threading is irrelevant for MLE with GPU processing - the GPU processing is 
parallel by definition. 'Collection Time' and 'Dead Time' are used only to determine pile-up 
corrected lifetimes. The parameters are not needed under normal conditions. 

Preferences 

The ‘Preferences’ panel defines general options of SPCImage. The panel is shown in  Fig. 
1151. 

Lifetime Windows 

‘Intensity Overlay’ refers to main panel configurations with display windows which show 
both intensity and lifetime images. If ‘Intensity Overlay’ is off these windows remain empty 
until lifetime images have been calculated. With ‘Intensity Overlay’ turned on the window 
shows intensity images first, which are overlaid be colour-coded lifetime values when these 
have been calculated. 

‘Zoom in Lifetime Windows only’ restricts zoom operations performed in a lifetime window 
to this window. If the option is not set a zoom in the lifetime window zooms also the image in 
an intensity window (if one is displayed). 

‘Centre ROI to selected pixel’ couples a rectangular ROI (selected by the white image cur-
sors) with the blue image cursor. You can shift the selected area around with the cursor and 
examine the pixel-parameter histograms for the different areas. 
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Distribution Windows 

Pixel parameter histograms can be weighted with the pixel intensity or just represent the num-
ber of pixels in which a particular parameter value is present. The histograms can be calcu-
lated over the full range of the parameter values or only in the parameter range selected in the 
‘Colour’ options panel. 

Instrumental Response 

The IRF can either be displayed or not displayed in the decay curve window. The calculation 
of an IRF can be performed at the brightest pixel or at a selected cursor position. 

Layout 

This part of the preferences defines the style of the SPCImage main panel. Definitions for the 
traditional and for the wide-screen adapted main panel (see page 803, Fig. 1090 and Fig. 
1091) are shown in Fig. 1151, left and right. 

When Receiving Data from SPCM 

When data from SPCM are sent to SPCImage a preliminary calculation by the first-moment 
model (see ‘Lifetime Calculation by First-Moment' page 858 ) can be started automatically. 
The option helps the user get a quick overview on the general lifetime distribution in an im-
age. However, we do not recommend it for megapixel images: The calculation then can take 
some 10 seconds, which can frustrating if a preview image is not absolutely needed. 

When SPCImage contains data and a new data transfer from SPCM is started a new instance 
of SPCImage can be started or previous data can be overwritten. Starting new instances helps 
the user compare different data. However, old instances should be closed from time to time. 

 

Fig. 1151: Preferences options of SPCImage. Recommended settings. 

Other Settings 

 ‘Individual channel settings’ means that the binning factor and the cursor position for IRF 
calculation are individual for several images (from different SPC modules or from different 
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routing channels) loaded into SPCImage. Otherwise the same binning and the same positions 
for IRF calculations are used. 

'Automatic Export' exports data according to the options in the Export panel when the calcula-
tion is finished. 

'Ignore GPU' prevents SPCImage from using a GPU. (The type of the GPU is shown on the 
right). There is no need to use this option unless a GPU in the system is causing trouble. 

'Default Method' defines whether SPCImage should use maximum-likelihood estimation or 
weighted least-square fit for lifetime calculation as the default method. You can change the fit 
method also later in the 'Model Parameters'. Please not that only MLE is using GPU process-
ing. 



Analysing FLIM Data with SPCImage    839 

 

Analysis of Special Data Types 

Single-Curve Data 

Data from Cuvette Experiments 

Decay data recorded in traditional cuvette-based setups can be imported into SPCImage and 
analysed with the normal set of models and model options. There are two ways to import the 
data into SPCImage. Import via the normal import function of SPCImage is shown in Fig. 
1152. 

 

Fig. 1152: Import of single-curve data via the import function of SPCImage 

Select 'Single Curve, select the SPC module from which you want to import data, select a 
range of 'Pages' (see SPCM software) and click OK to import the decay curves. 

Data can also be transferred to SPCImage by the 'Send Data' of SPCM. Click into ‘Main’, 
‘Send Data to SPCImage’. This opens a select panel in the SPCM curve window, see Fig. 
1153. It contains the numbers of pages (traces) which are active in the '2D Trace Parameters'. 
Select the curves you want to send, and click on ‘OK’. 

     

Fig. 1153: Sending single curves from SPCM to SPCImage 

The result of the data import is a decay curve window as shown in Fig. 1154. With the 'Chan-
nel' tabs bottom left you can switch between the individual curves (pages in SPCM) which 
you have imported before. In the example there are three of them. If one of the curves con-
tains an IRF which you want to use for the analysis, select the corresponding 'Channel'. In 
Fig. 1154 it is in 'Channel 1', and 'Channel 1' has been selected. 



840      SPCImage NG Data Analysis Software 

 

Fig. 1154: Decay window after import of data. If there are several curves the desired one can be selected by the 
'Channel' tabs. In the example shown Channel 1 is an IRF. 

Enclose the signal peak with the cursors, see Fig. 1155. Then declare it an IRF. Either click 
'Copy from Decay Data' under 'IRF' or  (data to IRF) in vertical bar on the left. 

       

Fig. 1155: Signal peak enclosed by cursors for IRF definition. Right: Decay the selected signal part an IRF. 

The result is shown in Fig. 1156, left. The green curve is the IRF. Use 'IRF', 'Copy to clip-
board' to have the IRF available for the analysis of decay curves in other channels. 

       

Fig. 1156: The signal peak in Channel 1 has been declared an IRF. Right: 'Copy to clipboard' makes the IRF 
available for analysis of the decay curves in other 'Channels'. 

Then click on a 'Channel' which contains a decay curve to be analysed. The curve is still 
shown with the 'Auto IRF', as shown in Fig. 1157. To show it with the measured IRF click 
'IRF', 'Paste from Clipboard'. The result is shown in Fig. 1158. 

       

Fig. 1157: 'Channel 3' has been selected by the tab bottom left. It contains a decay curve. It is still shown with 
the 'Auto' IRF. 

        

Fig. 1158: 'Paste from clipboard' has been executed to analyse the data in channel 3 with the real IRF. 
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Single-Curve Data from Scanning Experiments 

Single-curve data can also be obtained in a FLIM system. A dish with a solution of the dye to 
be investigated is placed on the microscope stage, and FLIM data of the solution are recorded. 
To analyse such data, import them into SPCImage by the normal import procedure for FLIM 
data. Click the  (lock) button to combine the decay data of the entire image area (or of an 
area selected by the image cursors) into a single decay curve. Select the desired decay model 
parameters and fit parameters, and choose or create an IRF. The fit process starts instantly (no 
need to start 'Calculate'), and the decay parameters are shown in the upper right of the SPCI-
mage panel. A result is shown in Fig. 1159. 

 

Fig. 1159: Combination of decay data from an image area into a single curve, and data analysis with triple-
exponential model. NADH solution, DCS-120 MP system with HPM-100-06 detector. 

 

 

Pseudo-Global Analysis 

SPCImage allows you to fix one or several of the lifetime components. A typical example is 
the donor fluorescence in FRET experiments. Theoretically, the slow lifetime component 
comes from non-interacting donor molecules. In first approximation, it should therefore be 
constant throughout the image. Another example is autofluorescence FLIM. The variation the 
mean lifetime is essentially (but not entirely!) caused variation in the amplitudes of the com-
ponents. 

To use fixed lifetimes of the components, first run a double- or triple-exponential analysis 
with all lifetimes defined as free fit parameters. Take a look at the lifetime histograms of the 
lifetimes of the components. Then fix the lifetimes to the most frequent values found in the 
histograms, and run a new analysis. 

An example for autofluorescence data is shown in Fig. 1160. Fig. 1160, left, shows the result 
of an analysis with 1, 2, and 3 free. Fig. 1160, left, shows the result of an analysis with 1, 
2, and 3 fixed to the maxima of their distributions. The image of the mean lifetime (tm) is the 
same. However, the analysis with fixed lifetimes delivers amplitudes at better signal-to-noise 
ratio. 
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Fig. 1160: Left: Analysis with free 1, 2, 3. Right: Analysis with  1, 2, 3 fixed to the maxima of their dis-
tributions. The result is the same. However, the amplitudes are obtained at higher accuracy. 

This does not mean that the systematic errors are similarly low. For all lifetime components 
there are usually subtle lifetime variations, induced by variation in the local environment or 
the refractive index [139, 1154]. If a lifetime used as a global parameter is not really constant 
the fit procedure compensates for the variation by large changes in the amplitudes or in the 
lifetimes of other decay components. The result can be large systematic errors in these pa-
rameters. 

Multi-Wavelength Lifetime Images 

SPCImage versions later than June 2009 have an ‘Analyse all’ function. The function runs the 
decay fit procedure in all wavelength intervals of a multi-wavelength FLIM data set. To use 
the ‘Analyse all’ function, import .sdt multi-wavelength FLIM data as shown in Fig. 1096 
left, or load a previously generated .img file via the ‘Load’ function, as shown in Fig. 1094. 
SPCImage loads the data of all wavelength channels. Individual channels can be selected via 
the ‘Ch1’ through ‘Ch16’ labels at the bottom of the panel, see Fig. 1161. 

 

Fig. 1161: Selection of wavelength channels of a multi-wavelength FLIM data set 

The wavelength channels have separate fit parameters. Before starting the analysis, it is rec-
ommended to switch through all wavelength channels and set appropriate fit parameters and 
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fit conditions. When this is done, click on ‘Calculate’, ‘Analyse all’. This starts the analysis of 
the images in all wavelength channels. 

Mosaic FLIM Data 

Mosaic FLIM data contain an array of images in a single FLIM data file. The data can repre-
sent a spatial mosaic of images, a Z stack of images, time-series images, or multi-wavelength 
data. Mosaic FLIM data have the same data structure as a single, large FLIM image. Conse-
quently, Mosaic FLIM data can be loaded into SPCImage the usual way, and analysed in a 
single analysis run. An example is shown in Fig. 1162. The mosaic shows 64 images of a leg 
of a live water flee, recorded with an acquisition time of 0.5 seconds each. Each element of 
the Mosaic has 252 x 256 pixels, hence the entire mosaic has 2048 x 2048 pixels. The array 
was analysed by the MLE algorithm, with a double-exponential model. For further processing 
see 'Calculating the Lifetime Image', page 808. 

 

Fig. 1162: Mosaic FLIM of  the leg of a water flee, 64 images of 0.5 s acquisition time. 

When the data are analysed the traditional way the large image size of a mosaic array may 
result in very long calculation times. We therefore recommend to run the calculation on a 
GPU and use the MLE algorithm. The calculation time is then reduced to about 10 seconds. 

If there is no GPU in the system we recommend to try an analysis of a small part of the Mo-
saic image first (e.g. of a single mosaic element). Check the results and make sure that the 
correct model function and the correct model parameters are selected. When you are satisfied 
with the result start the analysis of the entire mosaic. 

 

INT FLIM Data 

INT FLIM ('Intensity-FLIM') is used to obtain a linear intensity scale of FLIM at high count 
rates. The data are a combination of normal TCSPC FLIM data and pixel intensity data from a 
fast counter. Images are created by using the fluorescence-decay curves in the pixels from the 
TCSPC channel and the intensities from the counter channel. Please see Lifetime-Intensity 
FLIM, page 404 for technical details. 

INT FLIM data are transferred from SPCM to SPCImage by the 'Send Data' command. SPCM 
sends both the FLIM data and the intensity data, and SPCImage loads the intensity data as 
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'Additional Intensity Data', see Intensity Parameters. The corresponding function is activated 
automatically, see Fig. 1163. Once loaded into SPCIMage, INT FLIM data are processed like 
standard FLIM data, see Fig. 1164. 

    

Fig. 1163: Transfer of INT FLIM data to SPCImage. Left: Send Data command in SPCM. Right: SPCImage 
automatically uses the fast-counter data as 'additional intensity data'. 

 

Fig. 1164: SPCImage with INT-FLIM data 
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Phosphorescence Lifetime Images 

Analysis of phosphorescence lifetime images, in principle, works the same way as FLIM 
analysis. A few differences, do, however, exist. 

Sending PLIM Data to SPCImage 

The SPCM main panel of a typical FLIM/PLIM setup is shown in Fig. 1165. From left to 
right, there is a FLIM window, a PLIM window containing only photons in the ‘laser-off’ 
periods, and a PLIM window containing the photons both from the laser-on and the laser-off 
phases, see waveforms above the display windows.  

 

Fig. 1165: Main panel of SPCM, configured to show intensity images of FLIM data, of pure PLIM data in the 
laser-off intervals, and of FLIM and PLIM data in the complete laser-on-off (pixel time) period. Above: Wave-

forms seen after sending the data to SPCImage 

Because the FLIM and the PLIM data have totally different time scales they cannot be simul-
taneously loaded into SPCImage. To use the ‘Send Data’ function of SPCM, select ‘Selected 
Window’ in the SPCM Application Options. For sending data, click on the SPCM window 
you want to analyse, and then transfer it to SPCImage by the ‘Send Data’ command. Note that 
you can send data from a FLIM window or from a PLIM window, but not both together. The 
waveforms you see after sending the data of the windows to SPCImage are shown above the 
SPCM panel in Fig. 1165. 
 

IRF of PLIM 

For PLIM data acquired from samples with pure phosphorescence usually the synthetic IRF 
generated by SPCImage can be used, see page 863. An example can be seen in the PLIM im-
age of an Autumit crystal shown in Fig. 1166. 
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Fig. 1166: Analysis of PLIM data from an Autumit crystal. Synthetic IRF, single-exponential decay model. 

If a sample emits also fluorescence, and FLIM is to be measured simultaneously with PLIM 
the situation can be different. In that case a much longer laser-on phase (extending over a sub-
stantial part of the pixel) is used. The IRF of the phosphorescence signal is then no longer a 
short pulse, and it may not correctly be reproduced by the automatic IRF generation. 

There are several ways to obtain an IRF in these cases. One of them is to use the fluorescence 
pulse present in the data. Phosphorescence is an emission from the triplet state. The triplet 
state is populated by intersystem crossing from the first singlet state, S1. This is the state from 
where fluorescence is emitted. Strictly seen, the IRF of fluorescence is therefore the fluores-
cence pulse. The fluorescence pulse during the laser-on phases can usually be identified in 
PLIM data. The IRF is then generated by placing the cursors at the beginning and the end of 
the fluorescence and clicking the ‘curve to IRF’ button. An example is shown in Fig. 1167. 

 

Fig. 1167: IRF from the fluorescence pulse during the laser-on phase. The fluorescence pulse has been selected 
by the cursors in the curve window, and declared an IRF via the ‘Curve to IRF’ button. The green curve is the 

IRF. 

The procedure shown above works well if the laser-on period is dominated by fluorescence. 
However, if the dominating signals component in the laser-on phase is phosphorescence (this 
can happen for phosphorescence labels based on rare-earth chelates) the waveform does not 
represent the effective IRF. In that case, an IRF can be recorded from a sample showing only 
fluorescence. 

A third way is to set the cursors in the curve window to the beginning and the end of the  ‘La-
ser-on’ phase, and define a rectangular IRF by the  (Rectangular IRF) button. Although the 
generated IRF ignores possible ringing or distortion in the laser-on modulation waveform it 
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usually works reasonably well. A fourth way to deal with the phosphorescence IRF is to ig-
nore it altogether and fit only the phosphorescence data in the laser-off periods, see paragraph 
below. 

 

Fit Procedure 

PLIM from samples that emit predominately phosphorescence are analysed in analogy to 
FLIM. The only difference is the time scale, which may require to increase the maximum life-
time in the model parameter panel (see page 835). An example has been shown in Fig. 1166. 
The automatic IRF was used, and the decay profile was fitted by a single-exponential model. 

PLIM data containing also fluorescence pose a bigger challenge to data analysis. To fit both 
the fluorescence and the phosphorescence the waveforms had to be fitted with a model that 
contains a component with the shape of the IRF for the fluorescence and one or several decay 
components for the phosphorescence. A model that takes these components into account is, in 
principle, available in SPCImage: It is a multi-exponential decay model with ‘Scatter’. The 
problem of this model is that it is (because of the ‘scatter’) extremely sensitive to the IRF 
shape. The IRF shape is, however, not accurately known. A better way to fit the data is there-
fore to restrict the fit to the laser-off phase where the signal does not contain fluorescence. 

An example is shown in Fig. 1168. The data from the complete pixel period were sent to 
SPCImage. The IRF was taken from the fluorescence pulse during the laser-on phase. The 
phosphorescence data were fitted only in the decaying part of the curve, selected by the cur-
sors in curve window. The intensity options for the lifetime image were set to ‘Gated Inten-
sity’, see 'Intensity Parameters', page 822. The intensity data are therefore only from the inter-
val between the cursors, i.e. from the phosphorescence. 

 

Fig. 1168: Analysis of PLIM data from yeast cells stained with ruthenium dye 
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FLIM Data Acquired Simultaneously with PLIM 

FLIM data acquired simultaneously with PLIM are analysed as normal FLIM data. Send the 
FLIM data from the FLIM windows of SPCM to SPCImage by the 'Send Data' function. Se-
lect the desired model function and model parameters, and start the calculation with 'Calculate 
Decay Matrix'. It can happen that the FLIM data contain a large counting background. The 
background can originate from phosphorescence bleedthrough in the fluorescence channel. If 
fluorescence and phosphorescence were recorded in different TCSPC channels with different 
detectors the background can often be minimised by using the right filters. However, if the 
spectral overlap of the signals is large, or if fluorescence and phosphorescence were recorded 
in the same TCSPC channel some background can be unavoidable. In that case, leave the 
'Offset' in the fit conditions floating and use MLE analysis. MLE is less susceptible to high 
background than WLS. An example is shown in Fig. 1169. 

 

Fig. 1169: FLIM data from simultaneous FLIM/PLIM experiment 
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Batch Processing 

The Batch Processing function allows the user to process a large number of similar FLIM data 
files automatically. The function is reached via 'Calculate' and 'Batch Processing'. Before you 
start the function import one of the sdt files you want to analyse and calculate a lifetime im-
age from it. Make sure that you have set all model parameters and colour parameters cor-
rectly. When you are satisfied by the result proceed by clicking on 'Batch Processing'. This 
opens a file selection window as shown in Fig. 1170, upper right. Select the files to be proc-
essed. 

 

Fig. 1170: Batch Processing, selection of the .sdt files to be processed 

 

Batch processing starts when you click the 'Open File' button in the selection window. One 
after another, SPCImage loads the selected files, analyses them, and writes the results into 
.img files. Current results are displayed in the status window in the upper right, see Fig. 1171. 

 

Fig. 1171: Batch Processing in progress. Subsequent files are loaded, analysed, and saved. 
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Saving SPCImage Data 

The analysed data are saved as shown in Fig. 1172. The data file extension is ‘.img’. The img 
files contain not only the decay parameters of the individual pixels but also the raw data. 
Therefore, an img file can be loaded, and the data can be re-analysed with a different model 
or with different fit parameters. 

             

Fig. 1172: Saving the data analysed by SPCImage 

 

Export of Data 

FLIM data can be exported into other data formats via the ‘Export’ panel, see Fig. 1173. The 
options under ‘Matrix’ produce ASCII files of the decay parameters in the pixels of the im-
age. ‘Traces’ generates ASCCII files of the curves displayed in the curve window.  ‘Image’ 
produces BMP or TIFF files of the intensity or lifetime image. SPCImage versions later than 
August 2012 have a batch export function. It is used to export data of a series of .img files 
that have been generated by the Batch Processing function (see page 809). The file selection 
panel is shown in Fig. 1173, right. 

  

Fig. 1173: Left: Export Options of SPCImage. Right: File selection for Batch Export. 
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Supporting Information 

Binning 

When an image is recorded by a scanning microscope the point-spread function of the micro-
scope lens is usually ‘oversampled’ to obtain best spatial resolution. As a rule of thumb, the 
diameter of the central part of the Airy disc should be sampled by 5  5 pixels, see Fig. 1174, 
left. In practice even higher oversampling factors often occur unintentionally. Under these 
conditions lifetime data should be calculated from several binned pixels. When the binning 
function of SPCImage is used the lifetime images are built up from the unbinned intensity 
pixels and the binned lifetime pixels. This yields substantially improved lifetime accuracy 
without noticeable loss in spatial resolution. Sampling artefacts are largely avoided by over-
lapping binning, see Fig. 1174, right. 

Oversampled Point-spread function Binning of lifetime data    

Pixels of intensity image

Area decay data
are taken from  

Fig. 1174: Left: Oversampling of the Airy disc in the intensity image and binned pixels for lifetime calculation. 
Right: Overlapping binning of pixels for lifetime calculation. 

The binning is controlled by the ‘Bin’ parameter above the decay curve window. The function 
of the parameter is shown in Fig. 1175. ‘Bin’ defines the number of pixels around the current 
pixel position. Please note that the number of pixels of the lifetime image is not reduced. Only 
the lifetimes are calculated from the combined pixels, the intensities remain unbinned. 
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Fig. 1175: Function of the binning parameter, n. Binning 'Square' (left) and 'Circular' (right). 

Fig. 1176 shows lifetime images obtained from 256  256 pixel raw data. The binning pa-
rameter is 0, 2, and 4 (left to right). The upper row was calculated by the WLS fit, the lower 
row by MLE. It can be seen from these images that the binning causes no loss in image defi-
nition and negligible loss in lifetime detail. However, the binning considerably reduces the 
noise in the lifetime data. The WLS images show a slight bias toward shorter lifetime for 
binning 0. This is due to the inability of the WLS to weight the photon numbers correctly. As 
expected, no such effect is seen in the MLE images. 
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Fig. 1176: Lifetime images of a convallaria sample, 256 x 256 pixels, 256 time channels. Left to right: Binning 
0, 2, and 4. Upper row: WLS fit. Lower row: MLE fit. Double-exponential fit, amplitude-weighted lifetime, tm. 

Lifetime range from 200 ps (blue) to 600 ps (red) 

 

 

 

 

 

 

The Convolution Integral 

In a real FLIM system the fluorescence is excited by laser pulses of non-zero width, and de-
tected by a detector that has a temporal response of non-zero width. The effect on the tempo-
ral shape of the fluorescence and of the recorded signal are shown graphically in Fig. 1177. 
The laser pulse can be thought to be broken down into a sequence of (infinitely) narrow 
pulses of different amplitude (Fig. 1177, left). Each of these sub-pulses produces a fluores-
cence decay of an amplitude proportional to the amplitude of the sub-pulse, and starting at the 
time of the sub-pulse. The sum of all these decay functions is the real optical waveform of the 
fluorescence signal, see bottom of Fig. 1177, left. 

The real fluorescence signal is measured by a detector the temporal response of which has 
non-zero width, see Fig. 1177, middle. Again, the detector response can be thought to consist 
of a sequence of infinitely short pulses. Also here, the measured waveform is the sum of 
shifted signal components of different amplitude. 
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Fig. 1177: Left: Convolution of the laser pulse with the fluorescence decay. Middle: Convolution of the real 
fluorescence waveform with the detector response. Right: Laser pulse and detector response combined into IRF 

pulse, convolution of fluorescence decay with IRF. 

The transformation of the signal waveforms shown above is called ‘convolution’. In a linear 
system, the convolution of signal waveforms is a commutative operation. The laser pulse 
shape and the detector response can therefore be combined in a single ‘instrument response 
function’, or IRF, see Fig. 1177, right. The IRF is the convolution of the laser pulse shape 
with the detector response, or the pulse shape the system would record if it directly detected 
the laser. The convolution of the fluorescence decay function with this IRF delivers the same 
result as the two subsequent convolution steps shown in Fig. 1177, left and middle. 

Mathematically, the convolution of the fluorescence decay with the IRF can be expressed by 
the convolution integral 

 



t

m dtIRFftf
0
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with fm(t) = measured fluorescence function,  f(t) = true fluorescence decay function. 

The convolution integral cannot be reversed, i.e. there is no analytical expression of f(t) for a 
given fm(t) and IRF(t). There is also another implication: The measured data contain noise 
from the statistics of the photons, i.e.  fm(t) itself is not accurately known. Any attempt to di-
rectly calculate f(t) from the recorded data is therefore in vain. The standard approach to solve 
the de-convolution problem is to use a fit procedure: A model function of the fluorescence 
decay function is defined, the convolution integral of the model function and the IRF is calcu-
lated, and the result is compared with the measured data. Then the parameters of the model 
function are varied until the best fit with the measured data is obtained [846]. This operation 
is repeated for all pixels of the image. 
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Decay Models 

Basic Multi-Exponential Decay Model 

The basic model functions used in SPCImage are sums of exponential terms: 

Single-exponential model: /)( tetf   

Double-exponential model: 21 /
2

/
1)(  tt eaeatf      with      a1 + a2 = 1 

Triple-exponential model: 321 /
3

/
2

/
1)(  ttt eaeaeatf     with a1 + a2 + a3 = 1 

The models are characterised by the lifetimes of the exponential components, , and the am-
plitudes of the exponential components, a. In principle, models with any number of exponen-
tial components can be defined. However, higher-order models become so similar in curve 
shape that the amplitudes and lifetimes of the components cannot be obtained at any reason-
able certainty. Therefore, FLIM analysis does not use model functions with more than three 
components.  

To account for possible detector background or daylight pickup the models used in SPCImage 
includes an Offset parameter in the models. The composition of the three basic model func-
tions is illustrated in Fig. 1178. 

Offset

exp (-t/tau)

exp (-t/tau) + offset

Offset

a1 exp (-t/tau1)

+ a2 exp (-t/tau2)
a1 exp (-t/tau1)

+Offset

a2 exp (-t/tau2)

Offset

+ a2 exp (-t/tau2)
a1 exp (-t/tau1)

+Offset

a3 exp (-t/tau3)

a1 exp (-t/tau1)

+ a3 exp (-t/tau3)

a2 exp (-t/tau2)

 

Fig. 1178: Single, double, and triple-exponential decay models 

The basic decay models can be combined with a number of options, see below. 

 

Incomplete-Decay Model 

The incomplete-decay model includes the fluorescence remaining from the previous laser 
pulses in the model function, see Fig. 1179. 

Fluorescence

exp (-t/tau)

exp (-t/tau) + fluores. from

from previous pulses

prev. pulses

 

Fig. 1179: Incomplete decay model. Red: Decay function. Orange: Residual fluorescence from previous laser 
pulses. Black: Sum of decay function and fluorescence from previous laser pulses. Shown for single-exponential 
decay. Similar models exist for double- and triple-exponential decay functions. 

A comparison of the standard decay model and the incomplete decay model is given in Fig. 
1180. A single-exponential decay was recorded at 80 MHz repetition rate. The fluorescence 
lifetime was 4 ns. Consequently, there is a noticeable contribution from fluorescence excited 
by the previous laser pulses. It can be seen left of the rising edge of the fluorescence pulse. 
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The standard decay model interprets this signal as an offset, see Fig. 1180, top. As a result, an 
imperfect fit of the fluorescence is obtained. The fluorescence lifetime is determined too short 
because a fraction of the fluorescence photons in the tail of the decay is interpreted as back-
ground signal. 

The Incomplete-Decay model interprets the signal correctly. It obtains a near-perfect fit of the 
decay curve, and delivers the correct lifetime, see Fig. 1180, bottom. The incomplete model 
also has advantages when a multi-exponential decay has slow lifetime components. Accord-
ing to our own experience, it not only delivers these components with their correct amplitudes 
and lifetimes but also delivers a more pronounced χ2 minimum. This is especially the case if 
the part left of the rising edge of the fluorescence pulses is included in the fit. 

 

 

Fig. 1180: Fit of a 4-ns-decay excited at 80 MHz by a standard decay model (top) and an incomplete-decay 
model (bottom). The incomplete decay model interprets the signal left of the rising edge correctly, and thus 
obtains a better fit. 

Difficulties can arise if the data contain both an offset and a contribution from incomplete 
decay. The influence on the shape of the model functions is very similar, especially if the in-
complete decay is caused by very slow decay components. The advantages of the incomplete 
decay model can therefore be fully exploited only if there is negligible offset (from daylight, 
detector dark counts or afterpulses) in the decay signals. The ‘Offset’ should then be set to 
zero and fixed. The incomplete decay option is available in SPCImage since 2003. A theoreti-
cal evaluation has been published recently by Leung  et al. [695]. 
 

Shifted-Component Model 

The shifted-component model has been developed for analysis of fluorescence-lifetime-
ophthalmoscopy (FLIO) data. In FLIO data, the fluorescence of the fundus of the eye is over-
laid by fluorescence from the front parts of the eye, especially from the crystalline lens. The  
lens fluorescence causes unpredictable changes in the detected fundus lifetimes. Moreover, 
the lens fluorescence causes a distortion in the rising edge of the fluorescence signal. This 
makes it difficult to shift the IRF in the correct position. SPCImage NG therefore has a 
shifted-component model of the form 

f(t) = a1 e
(-t+td1)/1 + a2 e

(-t+td2)/2 + a3 e
(-t+td3)/3 
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where td1, td2, td3 are temporal shifts of the corresponding decay components. The td parame-
ters are fixed parameters which are given by the geometry of the measurement object, in this 
case the eye. 

It turned out that the lens fluorescence in the FLIO data is almost entirely represented by the 
slow decay component, e(-t+td3)/3. For geometric reasons the lens component arrives about 
150 ps before the fundus fluorescence. The data are thus analysed with td1 = td2 = 0 and  
td3 = -150 ps. The shifted-component model massively improved the reliability of FLIO analy-
sis. It even made it possible to separate the signals from the fundus form that of the crystalline 
lens. Please see 'Ophthalmic FLIM', page 536. 

 

Multi-Exponential Models with Fixed Decay Times 

Multi-exponential decay analysis, both with the basic models and with the incomplete-decay 
and shifted-component options,  can be performed with fixed decay times of the components. 
The idea behind this is that the fluorescence lifetimes are often known, or can be determined 
by independent measurements. Fixing one or several decay times does, of course, result in a 
substantial increase in accuracy for other decay parameters. Conceivable applications are 
FRET, where the fluorescence lifetime of the non-interacting donor is suggested to be fixed, 
and NADH and FAD FLIM, where the lifetimes of the unbound components are fixed to 
known values. 

Unfortunately the idea has a flaw. Except for a few fluorophores with extremely rigid molecu-
lar structure fluorescence lifetimes depend on the molecular environment. They can therefore 
not a priori be considered to be constant. However, if the decay time that has been fixed is not 
correct and constant throughout the sample large systematic errors in the other decay parame-
ters can result. Fixed decay times should therefore used consciously and carefully, and the 
results be checked versus analysis with free parameters. Please see 'Pseudo-Global Analysis', 
page 841. 

 

Fixing Shift, Scatter and Offset 

Shift, scatter and offset can be fixed in the basic model parameters, see 'Model Functions', 
page 809. There is no objection against fixing scatter and offset to zero if a look at the decay 
functions show that their contribution is negligible. 

Fixing the 'Shift' can be more problematic. 'Shift' is a temporal offset of the data referred to 
the IRF. On the one hand, the analysis runs faster and more accurate with fixed shift. On the 
other hand, a wrong shift directly offsets the obtained decay times. We therefore recommend 
to leave the shift unfixed but set the option 'Fix shift before calculating image' in the model 
parameters, see Fig. 1150, page 835. The analysis procedure then determines the optimum 
shift first, then fixes it to the determined value, and after that performs the decay analysis with 
the fixed shift. 
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Fit Procedures 

Weighted Least Squares 

The principle of the traditional least-square fit is shown in Fig. 1181. The differences, delta(t), 
between the points of the model function, fmod(t), and the data points, n(t), are calculated. In 
principle, the squares of the differences, delta(t)2, could be calculated, summed up, and this 
sum be used as an optimisation parameter. 

Data points, n(t)
Photons in Channel t

Model Function
fmod (t)

t

n(t)

n

Points of 

fmod (t)

delta (t) =
fmod(t) - n(t)

delta(t)   => min
2

 

Fig. 1181: Least-square fit 

For fluorescence decay curves, this procedure has a flaw. The photon numbers, n(t), are Pois-
son-distributed. That means the noise is larger in channels with higher photon number: The 
noise in n(t) is n(t)1/2. Therefore, the squares of the differences must be weighted with the re-
ciprocal of the expected value of the noise. 

The required weighting of the delta-squares is the problem of the least-square fit. The correct 
weight according to the Poisson distribution would be 1/n(t). This is, of course, not possible 
because there are time channels with n(t)=0. The weight of these channels would be infinite, 
which is a practical impossibility. The commonly used solution is to use a weight of 
1/(n(t)+1): 

   



1

)( 2

tn

t
S  

The weighting with 1/n(t)+1 avoids the singularity problem for n(t)=0, but, of course, does 
not weight the deltas in channels with low n(t) or n(t)=0 correctly. The result is a bias towards 
shorter lifetimes for decay data of low photon number. 

 

Maximum-Likelihood Estimation 

MLE is based on calculating the probability that the values of the model function correctly 
represent the data points of the decay function. The principle is illustrated in Fig. 1182. To 
each point of the model function, fmod(t), a Poissonian distribution, 
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with an expectation value equal to E=fmod(t), is associated, Fig. 1182, right. From this distri-
bution, the probability p(n(t), is calculated, that a data point with the photon number, n(t), 
appears in the corresponding time channel of the measurement data. The probability, p(n(t), is 
a measure of how likely it is that the point of the model function is a correct representation of 
the data. p(n(t) is calculated for all time channels, i.e. for pairs of data points and model-
function points. The product of these probabilities is the probability that the model function 
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represents the data. The parameters of the model functions are then optimised until the maxi-
mum probability,    tnp , is obtained. 

Data points, n(t)
Photons in Channel t

Model Function

Expectation
Value

p(n(t))

fmod (t)

n

p(n)

Poisson
Distribution

t

n(t)

n

Points of 

 

Fig. 1182: Principle of MLE fit. For each point of the model function, fmod(t), a Poissonian distribution is associ-
ated. The function delivers a probability p(n(t)), that a given data point, n(t) fits to the corresponding point of the 
model function. The product of p(n(t)) over all time channels is used for optimising the parameters of the model 

function. 

The MLE fit has no problem with data points with low photon number or even with a photon 
number of zero. The Poissonian distribution associates correct probabilities to all these situa-
tions, and the product of these probabilities correctly describes the quality of the fit. Conse-
quently, there is no bias toward shorter lifetime, as it occurs in the weighted least square fit. 

 

Lifetime Calculation by First-Moment 

The first moment of a photon distribution is the average arrival time of the photons. There is a 
simple relation between the first moment and the fluorescence lifetime: The lifetime is the 
difference of the first moments of the decay curve and the IRF, see Fig. 1183. The advantage 
of first-model calculation is that the lifetime is obtained at ideal accuracy. There is no error 
contribution from numerical effects or fit uncertainty. 

The disadvantage is that the first moment is correct only if the decay data are free of back-
ground and if the entire decay curve is included in the calculation. Moreover, first-moment 
calculation also does not resolve multi-exponential decay functions into their components. 
When first-moment calculation is applied to multi-exponential data the result is an ‘apparent 
lifetime’ which is close to the lifetime obtained by a single-exponential fit. 

exp (-t/tau)

M1 IFR M1 decay

Decay

tau = M1 decay - M1 IRF

 

Fig. 1183: First-moment calculation of fluorescence lifetime. The lifetime is the different of the first moments of 
the decay curve and the IRF. 

Two examples of lifetime calculation via the first moment are shown in Fig. 1184. The calcu-
lation interval (cursor range) in Fig. 1184, top, includes all photons of the decay data. The 
lifetime obtained from first-moment calculation is correct. In Fig. 1184, bottom a calculation 
interval was selected that does not include the later part of the decay function. Consequently, 
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the first moment calculated in the range selected is too small, and the lifetime is determined 
too short. 

 

 

Fig. 1184: Lifetime calculation via the first moment. Top: All photons of the decay function have been included 
in the moment calculation. The obtained (single-exponential) lifetime is correct. Bottom: If the late photons are 

not included in the calculation the lifetime is determined too short.  

 

How Many Exponential Components Are Needed? 

Users are often uncertain which model, in particular which number of exponential compo-
nents, they should use to fit the data. In most cases the answer is simple: Use a number of 
decay components equal to the number of fluorophores or fluorophore fractions you expect to 
contribute to the fluorescence of the sample. 

If there is no a priori knowledge about the fluorescence mechanisms in the sample the model 
can be found by try and error. Select a characteristic spot of the sample. Increase the binning 
factor until you see a clean fluorescence decay function. Then change the number of compo-
nents and check the displayed 2 and the curve of the residuals. A good fit is characterised by 
a 2 close to one, and residuals showing no noticeable systematic variations. Often you see a 
poor fit already by comparing the fitted curve (red) with the photon data (blue) in the decay 
window. 

In most cases your decay curves will be fitted adequately by a single- or double-exponential 
model. If you define more exponential components than needed you normally obtain two 
components of almost identical lifetime, or an additional lifetime component of very long 
lifetime and low amplitude. 

An example is shown in Fig. 1185. Fitting the data with only one component (Fig. 1185, top) 
delivers a large 2 and clearly visible systematic variation in the residuals. With some experi-
ence, you may also spot systematic deviations between the decay data and the red curve cal-
culated by the fitting procedure. 

Fitting the data with two components delivers a perfect 2 and removes any systematic devia-
tions in the residuals. This is an indication that the fit cannot be improved by adding more 
exponential components. 

An attempt to fit the data with three components (Fig. 1185, bottom) indeed does not deliver 
any improvement. Instead, it delivers a third lifetime component almost identical with the 
second one. This is a clear indication that the double-exponential model is the right one. 
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Fig. 1185: Top to bottom: Fitting a decay profile with one, two, and three exponential components 

 

Over-Determined Models 

The statistical errors of the fluorescence parameters are, of course, smallest if the correct 
model function is used. However, the parameters used in the model should be restricted to 
those actually needed to describe the measured fluorescence waveform. If more parameters 
are used the fit may achieve a slightly better χ2 but the individual parameters may vary wildly. 
This is especially the case if parameters are used that have an almost identical influence on 
the model function. A few typical cases of over-determined models are described below. 

Single-Exponential Decay Fitted with Double-Exponential Model 

If a single-exponential decay function is fitted with a double-exponential model the fit proce-
dure delivers two decay components of nearly identical lifetimes. The lifetimes are correct, 
and an amplitude or intensity-weighted lifetime (tm or ti) derived from the components will be 
correct as well. However, the amplitudes of the two components have no influence on the 
model function. The amplitudes will thus remain undetermined, and may fluctuate strongly. 
An example is shown in Fig. 1186. FLIM data of a rhodamine 110 solution were recorded and 
analysed by a single- and a double-exponential model. The average photon number per pixel 
is 2700. Rhodamine 110 in water delivers a near-perfect single-exponential decay. Fig. 1186, 
left shows the result of a single-exponential fit. The lifetime image is nicely homogenous. The 
lifetime distribution shows a relative variance of about 0.019. This is the theoretical value: 

The expected relative variance for a photon number N is N/1 , i.e. 0.019 for 2700 photons. 
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The lifetime image and the distribution obtained by a double-exponential model are shown in 
Fig. 1186, middle. The lifetime distribution has a relative variance of 0.026. This is more than 
the theoretical value but still reasonably good. However, the amplitudes, a1 and a2, are fluctu-
ating strongly because they have no influence on the shape of a double-exponential model 
with two almost equal lifetimes. 

     

Fig. 1186: Comparison of single-exponential and double exponential model applied to single-exponential decay. 
Rhodamine 110 solution. Left: Fit with single-exponential model, lifetime image and lifetime distribution. Mid-
dle: Double-exponential model, intensity-weighted lifetime. Right: Double-exponential model, amplitude ratio, 
a1/a2. 

The situation is similarly difficult for real double-exponential decay profiles with component 
lifetimes that very close to one another [620]. Also here, reasonably accurate values are ob-
tained for the mean and average lifetime, tm and ti, but not necessarily for the lifetimes and 
amplitudes of the individual components. 

Shift Parameter and Extremely Short Lifetime Component 

The convolution integral of a lifetime shorter than the width of the IRF is very similar to a 
shift of the curve, see Fig. 1187. The shift parameter may thus conflict with a short decay 
component: A slightly shorter lifetime and a slightly larger shift and vice versa deliver almost 
similar shapes of the model function. The effect is variation of the lifetime and the shift in 
opposite directions. Therefore, the shift parameter must be fixed when lifetimes on the order 
of the IRF width or shorter are to be determined. 

 

Fig. 1187: The result of a convolution of the IRF with a fast decay function is very similar to a shift. Simulated 
data, IRF width 25 ps FWHM 

Scatter Parameter and an Extremely Short Lifetime 

Similar problems can occur if the signal contains SHG components and extremely fast life-
time components. Also here, a change in the amplitude of the fast decay component can be 
compensated by an opposite change in the scatter. The best advice is record the fluorescence 
and the SHG signal independently through different filters. 
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Offset Parameter and Long Lifetime 

Long lifetimes are difficult to distinguish from an offset in the signal. This is especially the 
case when the fluorescence does not fully decay within the recorded time interval or within 
the excitation pulse period. The situation is further complicated by the fact that an apparent 
offset can have different reasons: It can be a real offset caused by daylight pickup or after-
pulsing of the detector, or it can be residual fluorescence from the previous pulses. An exam-
ple is shown in Fig. 1188. 

In Fig. 1188, left, the apparent offset left of the rising edge of the fluorescence pulse was fit-
ted by the ‘Offset’ parameter of SPCImage. The fit quality looks good, although subtle devia-
tions can be seen in the tail of the decay curve. In Fig. 1188, middle, the offset was fixed to 
zero. The signal part left of the rising edge is not fitted. Nevertheless, the fit of the tail looks 
better than Fig. 1188, left. The lifetime is determined more than 12% longer than in Fig. 1188, 
left. 

The reason becomes clear when the data are fitted by the ‘Incomplete Decay’ model, see Fig. 
1188, right. The ‘Offset’ parameter was fixed to zero. The fit is good, and also the signal left 
of the rising edge fits correctly. The result shows that the apparent offset is fluorescence from 
the previous pulses that has not completely decayed. Interpreting it as an offset due to back-
ground signals (Fig. 1188, left) is wrong and leads to the wrong lifetime. 

   

   

Fig. 1188: Left: ‘Offset’ parameter used to fit the signal left of the rising edge of the fluorescence pulse. Middle: 
Offset parameter fixed to zero, signal left of rising edge not fitted. Right: Offset parameter fixed to zero, signal 

left of rising edge fitted by ‘Incomplete Decay’ model. 

Wrong interpretation of the offset is a frequent source of obtaining ‘wrong’ lifetimes in two-
photon microscopes. ‘Lifetime standards’, such as fluorescein, have lifetimes on the order of 
3 to 5 ns. At 80 MHz repetition rate, the fluorescence does not completely decay between the 
excitation pulses, causing the problems described above. 

To avoid the offset problem we recommend to strictly avoid daylight pickup. If there is still 
an offset in the signal, check whether it is fitted by the incomplete decay model. In that case, 
do not forget to set the correct repetition rate in the Model Parameter Options, see Fig. 1150, 
page 835, and fix the ‘Offset’ to zero. If the signal part left of the rising edge is fitted cor-
rectly by the incomplete decay model the apparent offset is residual fluorescence. 
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Instrument Response Function 

Automatic IRF: Calculating an IRF from Fluorescence Decay Data 

SPCImage NG has functions to derive the IRF from recorded FLIM data. The calculation of 
the 'Auto IRF' is based on the assumption that the fluorescence lifetime is long compared to 
the width of the IRF. In that case, the rising edge of the fluorescence signal is (almost) the 
integral of the IRF. The IRF can therefore be obtained from the fluorescence signal: The cal-
culation procedure fits the rising edge of the fluorescence signal with a suitable function, 
rise(t). The differentiated function, d Rise(t) / dt, is the IRF. Fig. 1189, left, shows how this 
works. A typical result is shown on the right. 

Fluorescence

Fit of rising edge: Rise(t)

IRF(t) = d Rise(t) / dt

t

    

Fig. 1189: Calculation of IRF from fluorescence data. Principle shown left, typical result shown right. 

The calculation of the Auto IRF is performed automatically every time raw data are loaded. It 
is run on combined decay curves from pixels of an area centred around the ‘Hot Spot’, i.e. 
from the brightest part of the image. Occasionally, it happens that the hot spot does not con-
tain valid decay curves, e.g. if it is a speck of dust or another contamination. In that case, dis-
able 'Always calculate at brightest pixel' in the preferences panel (see Fig. 1151, page 837), 
select a better position by the blue image cursor, and click on 'IRF', 'Auto'. 

The IRFs from the procedure above yield surprisingly precise fit results. An example of FLIM 
analysis with an automatic IRF is shown in Fig. 1190. 

 

Fig. 1190: Plant tissue FLIM data analysed with automatic IRF. Amplitude-weighted lifetime of triple-
exponential decay model. Autofluorescence, emission wavelength 500 to 550 nm. The result is virtually identi-

cal with the result of an analysis with the real IRF, see Fig. 1197. 
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Analysis with the automatic IRF delivers a reasonably good fit and a colour-coded m image 
virtually identical with an image obtained with the real IRF, compare Fig. 1197, page 868. 
The m in the selected spot is nearly the same. Even the lifetimes and amplitudes of the decay 
components do not differ by more than 10%. This is the more surprising as the fastest decay 
component has a lifetime of only 400 ps, which is not far from the width of the instrument 
response function. 

Nevertheless, there may be cases when the IRF calculation does not deliver the correct result. 
This can happen when the decay curves contain lifetime components with decay times close 
to the IRF width, or contribution from SHG. The rising edge is then faster than the integral of 
the true IRF. Consequently, the IRF is calculated too short. This may bias fast lifetimes to-
wards longer values, and make it difficult to extract an SHG contribution from the FLIM data. 

 

Fully Synthetic IRF of the Type x exp (-x)  

The idea behind the fully synthetic IRF is to model the IRF by  a function of the type 

irf(t) = t/t0 e
-t/t0 

The function has only one parameter, t0, which determines the width. The function has a steep 
rise, and a slow, almost single-exponential tail. It closely resembles the IRF of a GaAsP hy-
brid detector. 

         

Fig. 1191: IRF of a TCSPC system with HPM-100-40 hybrid detector (left) and shape of the function 
irf(t) = t/t0 e

-t/t0 (right) 

The function is also a good approximation to the IRFs of normal PMTs and most single-
photon avalanche photodiodes. To account for possible influence of the laser pulse shape the 
function is convoluted with a Gaussian curve of the (known) laser pulse width, tl. 

                        2/ tltetf   

The advantage of the fully synthetic IRF is that it works also for short decay times, in pres-
ence of ultra-fast components, and in combination with the shifted-component model. 

The parameter t0 can further be refined by an automatic optimisation procedure. The principle 
is illustrated in Fig. 1192, left. The procedure runs a fit of the fluorescence model parameters 
together with the parameter t0 to the decay data. The IRF in subsequent steps of the procedure 
is shown in Fig. 1192, right. Provided a correct model function is used the result is an opti-
mised IRF function, with the correct width parameter, t0. The optimisation procedure is acces-
sible via the 'Model' parameters panel, see page 835. Make sure that 'Permanent IRF' is set 
and that the left decay-window cursor  is left of the rising edge of the decay curve. 
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Fluorescence

IRF(t) = t/t0 exp (-t/t0),

t

Fit with IRF(t) of different t0

different t0

   

Fig. 1192: Left: IRF optimisation procedure. Right: IRF shape in subsequent steps of the procedure. 

For successful IRF optimisation it is important that a reasonable model of the fluorescence 
decay function is used. If the decay model does not have enough components the IRF optimi-
sation may compensate the imperfection of the decay model with a wrong IRF. On the other 
hand, if the model is too flexible, the combination of the decay model and the IRF model can 
become 'over-determined'. The procedure can then fit the data with a small IRF width, t0, and 
a large lifetime of the fast decay component, t1, or vice versa. The situation occurs sometimes 
for triple-exponential decay models with low amplitude of the third component. If this hap-
pens, go back to a double-exponential model for IRF optimisation, and then switch to a triple-
exponential model for decay analysis. 

 

Measured IRF 

Principle 

Although this is not recommended for standard use SPCImage NG can process the data with a 
measured IRF. IRF measurement and the associated pitfalls are described in section 'IRF Re-
cording', page 455. 

The IRF is obtained from scattering or SHG data. The data must be reasonably free of fluo-
rescence, reflections, and background. It is important that the IRF data be recorded under the 
same conditions as the FLIM data to be analysed. In particular, TCSPC system parameters 
affecting the timing and the time scale, such TAC, CFD, SYNC parameters and ADC Resolu-
tion, must be the same. Cable lengths, optical path length, delay box settings, DCC detector 
gain, and electrical laser power (in the scan control panel) must be the same. Needless to say, 
IRF data must be from the same detector channel as the data to be analysed. 

A frequent source of errors in IRF acquisition is baseline shift due to counting background. 
Surprisingly, the problem is rarely mentioned in the TCSPC literature. If the IRF data contain 
background - either from room light pickup or from afterpulsing of detectors - the fit of the 
convoluted model to the fluorescence data delivers wrong lifetimes. 

The effect of IRF background is illustrated in Fig. 1193. The convolution of the model func-
tion with the true (background-free) IRF yields a waveform that represents the measured fluo-
rescence decay function. Convolution of the model function with a continuous background 
yields an integral term, see Fig. 1193 middle right. Convolution with an IRF containing back-
ground delivers the curve shown in Fig. 1193, lower right. It does not fit the waveform of the 
fluorescence data. Even a small IRF background level can affect the fit results noticeably: The 
background extends over far more time channels than the true IRF and thus has a large influ-
ence on the convolution integral. 
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Fig. 1193: Effect of background in a recorded IRF on the result of the convolution with the decay model 

Background correction of recorded IRF data is therefore essential. In principle, background 
could be subtracted from the data. However, the background contains noise. Subtracting the 
average background from all time channels does not fully clean up the data. Therefore SPCI-
mage allows you to cut off the signal portions outside the valid part of the IRF. 

Loading a Measured IRF 

 To generate an IRF from measured data proceed as follows: 

- Import or load an .sdt or .img data FLIM file that contains IRF data. 
- Use the blue image cursor to select a region that contains good data. Keep away from 

fluorescent inclusions or suspicious contaminations. Increase the binning until you see a 
clean waveform in the curve window. 

- Place the cursors in the decay-curve window at the beginning and the end of the valid part 
of the IRF. 

- Click on the  (Curve to IRF) button. This declares the selected part of the curve an IRF. 
- Click on the  (Store Conditions) button. This saves the IRF you generated. It will stay 

in the 'Fit Conditions' until you save them again with a different IRF. 
- To retrieve the IRF after loading new FLIM data click on  or ‘Load fit conditions’. 
- Alternatively, you can use 'IRF', 'Copy to clipboard', and 'Paste from clipboard'. This 

saves/retrieves the IRF for the current session. 

One-Photon IRF 

Fig. 1194 through Fig. 1197 give an example of analysing one-photon FLIM data with an IRF 
obtained from scattering data. 

Fig. 1194, left, is a scattering image obtained from aluminium oxide ceramics. The image was 
recorded following the instructions under ‘IRF Recording’, page 455. No laser blocking filter 
was used. To reduce possible fluorescence from contaminations or laser background at longer 
wavelengths a 46020 nm bandpass filter was inserted in the detection beam path. The image 
therefore contains mostly scattered laser light. 

A suitable spot was selected in the image (Fig. 1194, left) and the binning factor increased 
until about 10,000 photons were in the curve. The waveform obtained this way is shown in 
(Fig. 1194, middle). A click on the   (Curve to IRF) button declares the data points within 
the cursor interval an IRF. See green curve in Fig. 1194, right. The generated IRF can be sav-
ved and recalled by 'Save IRF' and 'Load IRF' in the model parameter panel. Within the same 
SPCImage session, the IRF can be temporarily saved and recalled by 'Copy to Clipboard' and 
'Paste from Clipboard' under 'IRF' in the top bar. 
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Fig. 1194: Left: Scattering image recorded from Al2O3 ceramics. Middle: Waveform in selected spot of the im-
age. Large binning used, cursors pulled to the beginning and the end of the pulse. Right: IRF after clicking the 

‘Curve to IRF’ button. The result is saved by the ‘Save IRF’ button in the Model Parameters. 

Analysis of FLIM data with the IRF generated above is shown in Fig. 1195 through Fig. 
1197. The SPCImage main panel after loading the FLIM data is shown in Fig. 1195, left. The 
IRF is still the Auto IRF or the synthetic IRF. Then the measured IRF is loaded by the ‘Load 
IRF’ command. The result is shown in Fig. 1195, right. Note that it contains the measured 
IRF. 

    

Fig. 1195: Data to be analysed with the measured IRF. Left: After loading the data. Right: After loading the real 
IRF via the ‘Load fit conditions’ command. IRF indicated by green pointer. 

After the IRF has been loaded the decay model and the fit control parameters are selected as 
usual, see Fig. 1196. A triple-exponential model with the incomplete decay option was se-
lected. The FLIM image analysed with the selected parameters is shown in Fig. 1197, right. 

             

Fig. 1196: Model parameters used to analyse the data of Fig. 1195 
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Fig. 1197: Data analysed with measured IRF. Plant tissue, autofluorescence, emission wavelength 500 to 
550 nm. Compare with result of analysis with synthetic IRF, Fig. 1190 

Two-Photon IRF from SHG Data 

In two-photon microscopes a measured IRF is usually obtained from SHG data. Good SHG 
signals are obtained from crystalline urea or sugar, see 'IRF Recording', page 455. The proce-
dure to generate an IRF from the FLIM data is the same as described for one-photon excita-
tion. Load the data into SPCImage, select a time interval around the signal peak, and declare 
the data within the cursor interval an IRF. An IRF from SHG of sugar is shown in Fig. 1198. 

  

Fig. 1198: IRF from SHG of sugar. DCS-120 MP multiphoton FLIM system, HPM-100-06 detector 

Often an IRF can be derived directly from the sample investigated, without data from an ex-
ternal IRF measurement. This is the case when the sample contains collagen, starch or other 
SHG-active compounds. A spot with a dominating SHG signal can then be selected in the 
FLIM image and the corresponding waveform declared an IRF. 

An example is shown in Fig. 1199. A collagen structure was selected in the intensity image, 
see Fig. 1199, left. The data shown in the curve window confirm that the selected spot is 
dominated by an ultra-fast signal, see Fig. 1199, middle. However, the signal is not entirely 
free of fluorescence, see the tail in the recorded waveform. However, the amplitude of the tail 
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is three orders of magnitude below the peak of the SHG pulse. Consequently, a reasonable 
IRF is obtained by just deleting the signal outside the SHG pulse. To do so, the SHG pulse is 
enclosed the signal peak by the decay cursors and declared the selected part an IRF, see green 
curve in Fig. 1199, right. 

            

Fig. 1199: Generating an IRF from the SHG signal from collagen in a tissue sample. Left to right: Select a colla-
gen structure in the intensity image, set the cursors in the curve window to the beginning and the end of the SHG 
pulse, and declare the selected part of the curve an IRF. The IRF is the green curve shown right. 

The IRF is then used to analyse the image from which it was extracted. A result is shown in 
Fig. 1200. 

 

Fig. 1200: Analysis with the IRF derived from SHG in the same image 
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Parameters of the Decay Functions and their Use in SPCImage 

Amplitude-Weighted Mean Lifetime, tm 

The mean lifetime, m, is an average of the lifetimes of the components of a multi-exponential 
decay weighted by their amplitude coefficients. It is 

for a single-exponential decay:  m  

for a double-exponential decay: 2211  aam    with  121  aa  

for a triple-exponential decay: 332211  aaam    with  1321  aaa  

If a decay function deviates from a single exponential function the mean lifetime m, is not the 
same as the ‘apparent’ lifetime obtained from a single-exponential fit or from a first-moment 
analysis. To obtain an equivalent of the apparent lifetime the lifetimes of the decay compo-
nents had to be weighted by their integral intensities, see ‘average lifetime’. Calculating a 
mean lifetime from a multi-exponential decay is therefore often considered incorrect. How-
ever, the mean lifetime has a real physical meaning: 

The terms ann in the calculation of the mean lifetime are proportional to the intensities con-
tained in the individual decay components. Thus, the mean lifetime is proportional to the total 
fluorescence quantum efficiency of the emitting species [676]. The mean lifetime is therefore 
the correct value to calculate classic FRET efficiencies from a multi-exponential decay. Thus, 
if you use TCSPC FLIM to verify steady-state FLIM results you have to use the mean life-
time. Please note, however, that the FRET efficiency obtained this way averages the emission 
of all donor molecules, no matter whether they are linked to an acceptor or not. The classic 
FRET efficiency therefore does not necessarily deliver the correct distance, see ‘Förster 
Resonance Energy Transfer (FRET)’, page 477. 

 

Mean Lifetime of the First Two Components, tm12 

tm12 is the amplitude-weighted lifetime of the first two decay components of a triple-
exponential decay: 

 )/()( 21221112 aaaam    

It is used to display fundus images in FLIO analysis. 

 

Intensity-Weighted Average Lifetime, ti 

The average lifetime, ti, is the average of the lifetimes of the decay components weighted by 
their integral intensities. The integral intensity of a lifetime component is the product of its 
lifetime and its amplitude. The intensity-weighted lifetime, ti, is thus 

for a single-exponential decay  i  

for a double-exponential decay 
2211
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for a triple-exponential decay 
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For a mono-exponential decay, the average lifetime is, of course, identical with the lifetime of 
the decay. For multi-exponential decay functions the average lifetime comes close to lifetimes 
obtained by single-exponential analysis or by modulation techniques. ti is therefore also called 
‘apparent lifetime’. The average lifetime should therefore be used if a decay profile is not 
truly single exponential but its lifetime has to be compared with a single ‘decay time’ given in 
the literature. Please note also that the average lifetime, ti, is more sensitive to changes in the 
slow lifetime component while the mean lifetime, tm, is more sensitive to changes in the fast 
component. 

A practical example is shown in Fig. 1201. The sample has a pronounced double-exponential 
decay. From left to right, the figure shows the amplitude-weighted lifetime, tm, the intensity 
weighted lifetime, ti, (both from a double exponential fit), and the lifetime of a single-
exponential fit. Differences are clearly visible. 

                

Fig. 1201: Left to right: Lifetime images of the mean (amplitude-weighted) lifetime, the average (intensity-
weighted) and the lifetime of a single-exponential fit. Convallaria sample, the decay profiles deviate strongly 

from single-exponential functions. 

 

Lifetimes of the Decay Components, t1, t2, t3 

For a multi-exponential decay model the lifetimes of the individual components, t1, t2, or t3, 
can be selected and used as colour of the lifetime image. The lifetimes are often used to dis-
tinguish several fluorophores or different binding states of a single fluorophore present in the 
same pixel. For example, in FRET measurements there is usually an interacting and a non-
interacting donor fraction. In this case t1 is the lifetime of the interacting fraction, t2 is the 
lifetime of the non-interacting one. In autofluorescence measurements t1 and t2 are the life-
times of unbound and bound NADH fractions [1053, 266]. 

                          

Fig. 1202: Lifetimes of the components of a double-exponential decay. Same data as in Fig. 1201. 
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Amplitudes of the Decay Components, a1, a2, a3 

The colour of the image can be assigned to one of the amplitudes, a1, a2, or a3, of a multi-
exponential decay. Amplitude images are used to show the relative concentration of similar 
fluorophore molecules in different local environment, different binding states, or different 
states of FRET. Amplitudes of the decay components are often surprisingly stable, with no-
ticeably higher signal-to-noise ratio than the lifetimes. 

                   

Fig. 1203: Amplitudes of the components of a double-exponential decay. Same data as in Fig. 1201. 

 

Ratios of Lifetimes of Decay Components 

SPCImage can display ratios of the lifetimes of different decay components. The lifetime ra-
tion of two decay components is particularly useful for FRET. The fast component, t1, is the 
lifetime of the interacting donor fraction. The lifetime of the slow component, t2, is the life-
time of the non-interacting donor. The ratio of both is directly related to the distance of donor 
and acceptor. The charm of this approach is that it is calibration-free: The reference lifetime is 
the non-interacting donor lifetime, t2. t2 is derived from the same specimen, the same cell, and 
the same pixels as the interacting-donor lifetime t2. Variations in t2, e.g. by variation in the 
refractive index or in the ph, have no influence on the distance calculation. Please see ‘Förster 
Resonance Energy Transfer (FRET)’, page 477. 

 

FRET Efficiency of Interacting Donor Fraction 

The decay components of the interacting and non-interacting donor fraction can be used to 
calculate the FRET efficiency of the interacting donor fraction. The FRET efficiency is 

 
2

1
int 1




E  

1 and 2 are the lifetime components from the interacting and non interacting donor, respec-
tively. Please note that Eint is significantly higher than the classic FRET efficiency because it 
does not include a contribution from the non-interacting donor fraction. Of course, Eint can be 
used only if the decay has been analysed by a double-exponential model and the components 
of the double-exponential decay are clearly resolved. 

 

Classic FRET Efficiency 

An image of the classic FRET efficiency, Eclass, can be obtained by calculating 
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from an analysis of a donor image with a double-exponential model. A corresponding term is 
available in the ‘Colour’ panel under ‘Coding of’. 

 

Ratios of Amplitudes 

Ratios of amplitudes can be used the same way as the amplitudes themselves. For example, 
the ratio a1/a2 of a FRET decay is the concentration ratio of the interacting and non-interacting 
donor fraction. As images of single amplitudes, amplitude ratio images often have a surpris-
ingly high signal-to-noise ratio. An amplitude ratio image of a FRET measurement is shown 
in Fig. 676, page 480. In metabolic FLIM a1/a2 of NADH and FAD represents the un-
bound/bound and the bound/unbound ratio, see chapter 'Autofluorescence FLIM of Cells and 
Tissue', page 493. 

 

Relative Intensity Contribution, q1, q2, q3 

q1, q2, and q3 are the relative intensity contributions of the decay components. The q values 
are the products of the lifetimes with their amplitude factors. The q values can be useful to 
visualise the distribution of different fluorophores in autofluorescence images. The q values 
are especially sensitive to slow lifetime components. 

 

Scatter 

The scatter is the amount of light emitted as a prompt response to the laser pulse. Except for 
directly scattered laser light leaking through improperly selected filters, the source may be 
Raman scattering, or, in two-photon excitation systems, second-harmonic generation (SHG). 
An image with the scatter parameter used as colour shows SHG or other prompt effects 
clearly, see Fig. 1204. A possible fluorescence background can be reduced by using time-
gating of the intensity. Please note that exact scatter determination requires the use of the real 
instrument-response function. 

               

Fig. 1204: Extraction of SHG signals from FLIM data. Left: Intensity image. Middle: Image with colour repre-
senting the amount of prompt response. Right: Further suppression of fluorescence background by time-gating 

the intensity. 
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Accuracy of the Fit: 2 

The 2 parameter indicates the quality of the fit. A 2 image may be used to check whether the 
used model is appropriate in all areas of the image. An interesting application of the 2 image 
has been described in [571]: The decay data in a lifetime image are expected to be mono-
exponential or close to mono-exponential. The data are therefore analysed by a single-
exponential model. An increased 2 indicates that the corresponding pixels are contaminated 
by another fluorophore of different lifetime, usually autofluorescence. Autofluorescence by 
itself deviates so strongly from a single-exponential decay that it shows up clearly in a 2 im-
age. 

An example of a 2 image from a single-exponential analysis is shown in Fig. 1205, left. An 
a1/a2 image of a double-exponential analysis is shown right. It can clearly be seen that large 2 
corresponds with large a1/a2, i.e. with strong deviation from the single-exponential decay. 

                 

Fig. 1205: 2 image (left) of a single-exponential analysis and a1/a2 image (right) or a double-exponential analy-
sis. 2 is largest where a1/a2 is large, i.e. where the decay profile has the strongest deviations from a single-
exponential function. 

Offset 

The offset in the decay data can be used as a colour parameter. This may be considered use-
less because an offset usually originates from daylight pickup or from detector background. 
However, an offset may also be phosphorescence. Phosphorescence lifetimes are much longer 
than the laser pulse period normally used for FLIM. The phosphorescence signal than piles up 
over many signal periods and causes an baseline offset in the decay data. This can be used to 
identify phosphorescence, i.e. from Lanthanide dyes or from various nanoparticles. An exam-
ple is shown in Fig. 1206. 

 

Fig. 1206: Amount of phosphorescence derived from offset in decay data. Yeast cells stained with ruthenium 
dye. 
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Phasor Plot 

Principle 

The phasor plot is based an the analysis of the decay data in the frequency domain. A trans-
formation of the decay data, n(t), into the frequency domain delivers a complex function of 
frequency, G() + iS () with 

  )()cos(
1

)( tnt
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G      and     )()sin(
1

)( tnt
N

S   

As it turns out, a good representation of the decay function is obtained already if only G and S 
at the fundamental repetition frequency (the first Fourier component) are used. The decay 
function is then described by just two numbers, G and S,  for =2/T, where T is signal pe-
riod of the fluorescence signal. Because G and S are no longer functions of  in this case they 
can also be considered weighted moments of the decay functions, n(t), where the weight func-
tions are cosine and sine functions. 
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The data points G + iS, can also be expressed by the magnitude, M, and the phase, , in the 
plane of complex numbers: 

 22 SGM          = arctan S / G 

For analysis of real measurement data still the IRF has to be included in the calculation. In the 
complex Fourier data plane the convolution integral transforms into a multiplication i.e. 

 G+iS = (Gfl + Sfl)  (Girf + iSirf)     or 

 (Gfl + iSfl) = (G+iS) / (Girf + iSirf) 

which can also be written as 
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In this form, the representation of a decay curve is called a 'phasor', and a density plot of the 
phasors of all pixels of an image or an image area is called a 'phasor plot' [341, 342]. 

The relationship between different decay curves and their phasors is illustrated in Fig. 1207. 
The phasors of single-exponential decays are located on a semi circle in the G-S plane. The 
phasor of a fast decay (a) is located on the right, at low phase and large amplitude. The phasor 
of a slow decay (b) in located farther left, at larger phase and lower amplitude. The phasor of 
a double-exponential decay (c) is a linear combination of the phasors of the decay compo-
nents. It is located inside the semicircle. 
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Fig. 1207: Relationship between decay functions in the time domain (left) and phasors in the frequency domain 
(right) 

A fluorescence-lifetime image and the corresponding phasor plot are shown in Fig. 1208. The 
pixels of objects with different decay functions in the FLIM image (left) form clusters in the 
phasor plot (right). 

       

Fig. 1208: Lifetime image (left) and phasor plot (right). Pixels with similar decay profiles form clusters in the 
phasor plot. 

Different phasor clusters can be selected see Fig. 1210, left, and the corresponding pixels 
back-annotated in the time-domain FLIM images, see Fig. 1210, right. SPCImage is able to 
calculate combined decay curves over the selected areas (Fig. 1210), or create decay parame-
ter histograms over the selected areas. 

       

Fig. 1209: Left: Selecting a cluster of phasors in the phasor plot. Middle: Combination of the decay data of the 
corresponding pixels in a single decay curve. Right: Display of the pixels corresponding to the selected cluster in 
the phasor plot. 



Supporting Information    877 

 

     

     

Fig. 1210: As figure above but other phasor clusters selected 

Truncation Effects 

As all moment-based lifetime techniques, phasor analysis is sensitive to truncation effects. If 
the signal is not recorded over the full signal period, photons at the end of the period may be 
not included in the phasor calculation, with the result that the phasor is not correct. Recording 
intervals shorter than the signal period is a common situation in TCSPC FLIM. The time 
measurement principle covers just a bit less than one signal period, and recording two signal 
periods and extracting just one period from the data would dramatically decrease the photon 
efficiency. Moreover, TCSPC decay functions are usually analysed by fit procedures in the 
time domain. Recording the full signal period is not necessary in this case. It is more impor-
tant that the photons are recorded into sufficiently small time channels, especially when fast 
decay components are present. 

The effect of recording an incomplete signal period is illustrated in Fig. 1211. As long as the 
fluorescence decays completely in the observation time interval (Fig. 1211, left) there are no 
photons in the last (un-recorded) part of the signal period. Phasors calculated from the data 
are correct. If the fluorescence does not fully decay within the observation time photons in the 
last part of the signal period are not included in the calculation of the phasor (Fig. 1211, 
right). Both G and S become larger (note that the weight function for S is negative in the trun-
cated part), therefore the phasor shifts to left and (to a lesser extend) up in the phasor diagram. 

included in phasor

Photons not

Observation Time Interval

a) b)

Signal Period, T Signal Period, T

Observation Time Interval

cos wt sin wt cos wt sin wt

Weight Functions for Weight Functions  for

G: S: G: S:

 

Fig. 1211: Systematic errors can occur if the fluorescence does not entirely decay in the observation time inter-
val 
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In practice, truncation effects have little influence on the performance of the phasor plot in 
SPCImage. SPCImage uses the phasor plot mainly for image segmentation. Decay parameters 
are derived from MLE processing in the time domain. Lifetimes and amplitudes are therefore 
correct even in presence of truncation effects. 

When the phasor plot is used in combination with the incomplete-decay model SPCImage 
detects possible truncation situations. It then fills the missing part of the decay data by data 
points from the fitted model function, see Fig. 1212. Of course, this substitution works pre-
cisely only if the correct model function is used and a time-domain analysis has been per-
formed before the phasor plot is calculated. 

Extrapolation

by parameters of fit

function

Signal Period

 

Fig. 1212: Filling of the missing part of the decay data by data points from the fitted model function. 

Ambiguity of the Phasor Representation 

Another rarely described feature is the ambiguity of the phasor representation. Unless a 
phasor is located directly on the semicircle (i.e. the decay function is single-exponential) it 
does not  unambiguously represent a particular decay profile. As shown schematically in Fig. 
1213, a given phasor can be obtained for different combinations of component lifetimes and 
amplitudes. 

Phasor Tau1

Tau4

Tau3

Tau2
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t  

Fig. 1213: Ambiguity of the phasor representation. A given phasor within the semicircle can represent different 
decay profiles. 

Possible ambiguity should be taken into consideration if pixels of similar phasor signature are 
combined into a single decay curve. The combined curve can, in principle, contain decay 
components from different decay curves with the same phasor. It need not strictly represent 
the decay profile of every individual pixel within the selected image area. 
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TCSPC Data file Structure 

Data of the Photon Distribution Modes 
The ‘Save’ functions of the SPCM software generate both setup and data files. Setup files 
have the extension .set and contain the system and software setup parameters. Data files have 
the extension .sdt and contain the parameters and the measurement data.  Both file types have 
the same general structure. They only differ in that the SET-files do not contain any meas-
urement data. 

Files generates by the ‘Autosave’ functions of the measurement routines are .sdt files. The 
structure is identical with that of the .sdt files generates by the ‘Save’ routine. 

Photon files generated by the FIFO modes have a different file format. For these files, please 
see ‘FIFO Files’, page 883. 

With the introduction of the SPC-134 and the combined scanning and routing in the SPC-
700/730 a modification of the file structure became necessary. The changes were required to 
identify  the individual modules of a multi-SPC system and to save more than 65565 curves of 
a scan measurement. Older files of the SPC Standard Software for Windows, versions 2.0 to 
6.9, are generally compatible with the new structure. However, loading files of version 7.0 or 
later into old software versions can (but need not) cause problems. 

The data files consist of 

- a file header containing structural data which are used to find the other parts of the file 
- the file information which was typed in when the file was saved 
- the system setup data for hardware and software 
- one or more measurement description blocks which contain the system parameters corre-

sponding to the particular data blocks 
- data blocks containing sets of curves generated by one measurement. 
 

File Header 

Data recorded by the bh SPC modules may contain a large number of data blocks for different 
measurement steps, pixels of a scan, and detector channels. A SPCM data file may even con-
tain several measurements, with possibly different system parameters. Therefore the SPCM 
data files start with a binary file header which contains general information about the location 
of the setup and measurement data within the file. An example of a file header is given below. 
short  revision software revision number  (lower 4 bits = 11(decimal))  
long info offset offset of the info part which contains general information (Title, date, time, contents etc.) 
short  info length length of the info part  
long  setup_offs offset of the setup data (system parameters, display parameters, trace parameters etc.) 
short  setup_length length of the setup data 
long data_block_offset offset of the first data block  
short no_of_data_blocks no_of_data_blocks valid only when in 0 .. 0x7ffe range, 
  if equal to 0x7fff  the  field ‘reserved1’ contains valid no_of_data_blocks 
long data_block_length length of the longest data block in the file 
long meas_desc_block_offset offset to 1st. measurement description block (system parameters connected to data blocks)  
short no_of_meas_desc_blocks number of measurement description blocks 
short meas_desc_block_length length of the measurement description blocks 
unsigned short header_valid valid: 0x5555, not valid: 0x1111 
unsigned long  reserved1 reserved1 now contains no_of_data_blocks 
unsigned short reserved2 
unsigned short  chksum checksum of file header 
 

The exact definition of the header is available from the file ‘spc_data_file_structure.h’. The 
installation procedure writes an spc_data_file_structure.h file into the same directory as the 
SPCM application. 
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File Information 

The File Information part contains the general information written into the file info field dur-
ing the ‘Save’ procedure (see ‘Save Panel’, page 656). The info part is stored in ASCII for-
mat. An example is given below. 
*IDENTIFICATION 
 ID : _SPC Setup & Data File_ 
 Title : startup 
 Version : 007 
 Revision   : 1 
 Date : 10-10-2004 
 Time : 12:29:01 
 Author : Bond, James 
 Company : Unknown 
 Contents   : Tissue sample from Dr. No, 2p excitation at 750 nm 
*END 
 

Setup 

The setup block contains all system parameters, display parameters, trace parameters, etc. It is 
used to set the SPC system (hardware and software) into the state in which it was when the 
data file was stored. All parameter values are stored together with an identifier. This method 
allows to maintain compatibility between different SPC versions. If a parameter is missing in 
the setup part, i.e. if a file from an older software version is loaded, a default value is used 
when the file is loaded. A typical setup part is shown in Fig. 1214. The list is for information 
only; new parameters may be added in future software versions. For multi-SPC systems the 
system parameters section contains separate subsections for module parameters of the indi-
vidual modules. 

 

Fig. 1214: Setup parameters 

Measurement Description Blocks  

The SPCM software allows you to run several measurements in different memory pages and 
to store the results in a single data file. These measurements may be done with different sys-
tem parameters. Therefore, each data block can (but need not) have its own set of system  
parameters. These parameters may differ from the general setup parameters. 
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The system parameters of the individual measurements are stored in the measurement descrip-
tion blocks. The number of measurement description blocks can vary from one (if all stored 
data blocks have the same system parameters) to the overall number of saved data blocks (if 
all blocks were measured with different hardware parameters). 

In the block header of each data block a corresponding measurement description block is 
specified. The number of measurement description blocks, and the length and the location of 
the measurement description blocks are stored in the file header at the beginning of the .sdt 
file. 

The information in the measurement description blocks is used for the ‘Block Info’ or ‘Set 
Info’ function of the Load, Save and Trace Parameter panels. If the button ‘Use System Pa-
rameters from the Selected Block’ is pressed, the system parameters are replaced with the 
data in the measurement description block. 

The measurement description blocks are stored in a binary format. The structure is shown in 
Fig. 1215. Fig. 1215 should be considered an example; more parameters may be added for 
new software versions or new TCSPC modules. For details of the current structure defini-
tions, please see SPC_data_file_structure.h file of the DLL library. 

 

Fig. 1215: Measurement description block 

Data Blocks 

Each data block starts with a data block header which describes the length of the data block, 
the type of the data, and the measurement description block related to the data block. 

With the software version 7.0  the data block header was changed to make a higher number of 
data blocks and a variable block size possible. Each data block can now contain a ‘Data Set’ 
i.e. the data of several curves which were obtained in one measurement. The structure of the 
block header is shown in Fig. 1216. 
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 short  block_no number of the block in the file, valid only when in 0 .. 0x7ffe range, 
   if equal to 0x7fff block_no (old software version  - reserved1 ) field contains valid  
   number of the block in the file 
 long data_offs offset of the data block from the beginning of the file 
 long next_block_offs offset to the data block header of the next data block 
 unsigned short block_type 0: unused 1: measured block 2: flow data 3: data block from file 4: calculated data block  
   5: simulated data block,  
   11(hex): measured data set  13(hex): data set from file 14(hex): calculated data set  
   15(hex): simulated data set, 
 short meas_desc_block_no Number of the measurement description block corresponding to this data block 
 unsigned long lblock_no  reserved1 now contains number of the block in the file* 
 unsigned long block_length  reserved2 now contains block(set) length in bytes 
 
* The field ‘lblock_no’ contains the data block / data set number in the bits 0 to 23 and the module number (0 to 3) in the bits 24 to 25. 

Fig. 1216: Structure of the data block header 

The data of the set specified by the block header are stored as shown below. It follows di-
rectly after the data block header: 
 unsigned short curvepoint[0][0] 
 unsigned short curvepoint[0] [1] 
 . . 
 . curvepoint[0] [adc_re -1]  
 unsigned short curvepoint[1][0] 
 unsigned short curvepoint[1] [1] 
 . . 
 . curvepoint[1] [adc_re -1]  
 . 
 unsigned short curvepoint[n][0] 
 unsigned short curvepoint[n] [1] 
 . . 
 . curvepoint[n] [adc_re -1]  
 

The photon numbers in each curve point are unsigned short integers, i.e. values from 0 to 
65,535. The number of curves in the data set depends on the measurement parameters, e.g. 
measurement mode, no of routing bits etc. The number of curves in the block is equal to 
‘block_length’ (from the block header) divided by adc_resolution (from the corresponding 
measurement description block). 
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FIFO Files 
Measurements in the FIFO mode generate one or several a photon data file files containing 
the micro times, the macro times, and the detector channel numbers of the individual photons. 
Moreover, a FIFO measurement generates a setup file that contains the hardware and software 
setup parameters used. 
The file structure is described in the paragraphs below. Please note that new features may be 
added in new software versions and new SPC modules. Therefore, please see also 
‘spc_data_file_structure.h’. The installation procedure writes this definition file into the same 
directory as the SPCM application. 

Setup Files 

The setup files consist of 

- the file header which contains structural data used to find the other parts of the file 
- the file information which was typed in when the file was saved 
- the system setup data for hardware and software 

The structure of the setup file is the same as for the .set files of the photon distribution modes, 
see above. 
 

FIFO Data Files (SPC-600/630, 4096 Channel Mode) 

The information about the subsequent photons is stored one after another in the measurement 
data file. For each photon 6 bytes are used. The structure of these data is shown in the table 
below. 

  Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 

Byte 0 ADC[7] ADC[6] ADC[5] ADC[4] ADC[3] ADC[2] ADC[1] ADC[0] 
Byte 1 0 GAP MTOV INVALID ADC[11] ADC[10] ADC[9] ADC[8] 
Byte 2 MT[23] MT[22] MT[21] MT[20] MT[19] MT[18] MT[17] MT[16] 
Byte 3 R[7] R[6] R[5] R[4] R[3] R[2] R[1] R[0] 
Byte 4 MT[7] MT[6] MT[5] MT[4] MT[3] MT[2] MT[1] MT[0] 
Byte 5 MT[15] MT[14] MT[13] MT[12] MT[11] MT[10] MT[9] MT[8] 

ADC[11:0] ADC Data. The micro time is 

 
 

4096

4095





TACGain

TACRangeADC
MicroTime  

R [7:0] Routing Signals (inverted) 
MT[23:0] Macro Time [in 50ns intervals] 
GAP 1 = Possible recording gap due to FIFO Full. There may be (and most likely is) a gap in the re-

cording preceding this photon. 
MTOV 1 = Macro Timer Overflow. Since the capacity of the macro timer is limited to 24 bit it will over-

flow every 224  50 ns. The software which processes the data file has to add these 224  50 ns to its 
internal macro time value on each MTOV =1. 

INVALID 1 = Data Invalid. All data for this photon except the MTOV bit are invalid. The INVALID bit is 
used to mark photons for which no correct detector channel number, micro time, or macro time 
could be determined. This happens if several detectors in a multi-detector system detected photons 
within the response time of the routing electronics, the sum of the TAC output and the dither sig-
nal was outside the conversion range of the ADC, or in the (very unlikely) case that a photon ap-
pears within the generation of a macro time overflow entry. 

The first 6 bytes in the .spc file are added by the software and contain information about the 
Macro Time clock and the number of routing channels used during the measurement: 
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byte 1 : bit 4 = 1 ( Invalid photon ),  bits 3-0 = number of routing bits 
byte 2 and 3  = macro time clock in 0.1 ns units ( for 50ns value 500 is set ) 
 

FIFO Data Files (SPC-600/630 256 Channel Mode) 

Photon Data 

The information about the subsequent photons is stored one after another in the measurement 
data file. For each photon 4 bytes are used. The structure of these data is shown in the table 
below. 

 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 

Byte 0 ADC[7] ADC[6] ADC[5] ADC[4] ADC[3] ADC[2] ADC[1] ADC[0] 
Byte 1 MT[7] MT[6] MT[5] MT[4] MT[3] MT[2] MT[1] MT[0] 
Byte 2 MT[15] MT[14] MT[13] MT[12] MT[11] MT[10] MT[9] MT[8] 
Byte 3 INVALID MTOV GAP 0 R[2] R[1] R[0] MT[16] 

ADC[7:0] ADC Data. The micro time is 

 
 

256

255





TACGain

TACRangeADC
MicroTime  

R [2:0] Routing Signals (inverted) 
MT[16:0] Macro Time [in 50 ns intervals] 
GAP 1 = Possible recording gap due to FIFO Full. There may be (and most likely is) a gap in the re-

cording preceding this photon. 
MTOV 1 = Macro Timer Overflow. A single macro timer overflow has occurred between this photon and 

the last recorded one. Since the capacity of the macro timer is limited to 17 bit it will overflow 
each 217  50 ns. The software which processes the data file has to add these 217  50 ns to its inter-
nal macro time value on each MTOV =1. 

INVALID 1 = Data Invalid. All data for this photon except for the MTOV bit are invalid. The INVALID bit 
is used to mark photons for which no correct detector channel number, micro time, or macro time 
could be determined. This happens if several detectors in a multi-detector system detected photons 
within the response time of the routing electronics, the sum of the TAC output and the dither sig-
nal was outside the conversion range of the ADC, or in the (very unlikely) case that a photon ap-
pears within the generation of a macro time overflow entry (see below). 

The first 4 bytes in the .spc file are added by the software and contain information about the 
Macro Time clock and the number of routing channels used during the measurement: 

Bytes 0, 1, 2: macro time clock in 0.1 ns units (‘500’ for 50 ns macro time clock)  
Byte 3 :  bits 0-2 reserved,  bits 3 to 6 = number of routing bits, bit 7 = 1 (‘Data invalid’ ) 
 

Macro Time Overflows 

Due to the high macro time resolution and the limited number of macro time bits a macro time 
overflow occurs every 6.5536 ms. In most cases a photon will be recorded within this time. 
The occurrence of  a single macro time overflow is then marked by the ‘MTOV’ bit of the 
next valid photon. However, for low count rates it may happen that several macro time over-
flows occur between subsequent photons. In this case an entry in the FIFO file is generated 
that contains the number of overflows since the last photon was recorded. This entry is 
marked by ‘MTOV = 1’ and ‘INVALID = 1’. The structure of  this entry is shown below. 

 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 

Byte 0 CNT[7] CNT[6] CNT[5] CNT[4] CNT[3] CNT[2] CNT[1] CNT[0] 
Byte 1 CNT[15] CNT[14] CNT[13] CNT[12] CNT[11] CNT[10] CNT[9] CNT[8] 

Byte 2 CNT[23] CNT[22] CNT[21] CNT[20] CNT[19] CNT[18] CNT[17] CNT[16] 

Byte 3 INVALID(1) MTOV(1) -- 0 CNT[27] CNT[26] CNT[25] CNT[24] 

CNT[27:0] Number of macro time overflows which occurred without recording photons 
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FIFO Data Files (SPC-130, SPC-140, SPC-150, SPC-160, SPC-830) 

Photon Data 

The information about the photons is stored one after another in the measurement data file. 
For each photon 2 words (4 bytes) are used. The structure of these data is shown in the table 
below. 

 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 

Byte 0 MT[7] MT[6] MT[5] MT[4] MT[3] MT[2] MT[1] MT[0] 
Byte 1 ROUT[3]* ROUT[2] ROUT[1] ROUT[0] MT[11] MT[10] MT[9] MT[8] 
Byte 2 ADC[7] ADC[6] ADC[5] ADC[4] ADC[3] ADC[2] ADC[1] ADC[0] 
Byte 3 INVALID MTOV GAP MARK ADC[11] ADC[10] ADC[9] ADC[8] 

 

ADC[11:0] ADC Data. The micro time is 

 
 

4096

4095





TACGain

TACRangeADC
MiroTime  

ROUT[3:0] Routing signals (inverted). Bit 3 is not available for early SPC-130/134 modules 
MT[11:0] Macro Time (25 ns intervals for internal Macro time oscillator. For Sync clock see below)] 
MARK SPC-150/154 and SPC-140/144 only. If MARK = 1 the event is an edge transition of a scan clock 

pulse, or some kind of other marker pulse connected to the scan clock lines. ROUT[0], ROUT[1] and 
ROUT[2] are ‘Pixel’, ‘Line’, and ‘Frame’, respectively. ROUT[3] = 0. ADC[0] ADC[11] are invalid. 

GAP 1 = Possible recording gap due to ‘FIFO Full’. There may be (and most likely is) a gap in the 
recording preceding this photon. 

MTOV 1 = Macro Timer Overflow. Since the capacity of the macro timer is limited to 12 bit it will over-
flow at each 212 th macro time period. For the internal macro time clock of 50 ns overflows occur 
every 204.8 µs. For synchronisation of the macro-time clock with the SYNC signal this interval 
may even be shorter. Therefore there may even be multiple overflows without any photons de-
tected (see below). The software which processes the data file has to add the times between over-
flows to its internal macro time value on each MTOV =1. 

INVALID 1 = Data Invalid. The INVALID bit is used to mark photons for which no correct detector channel 
number, micro time, or macro time could be determined. This happens if several detectors in a 
multi-detector system detected photons within the response time of the routing electronics, the 
sum of the TAC output and the dither signal was outside the conversion range of the ADC, or in 
the (very unlikely) case that a photon appears within the generation of a macro time overflow en-
try (see below).  

The first 4 bytes in the .spc file are added by the software and contain information about the 
Macro Time clock and the number of routing channels used during the measurement: 

Bytes 0, 1, 2: macro time clock in 0.1 ns units (‘500’ for 50 ns macro time clock)  
Byte 3 :  bits 0-2 reserved,  bits 3 to 6 = number of routing bits, bit 7 = 1 (‘Data invalid’ ) 
 
Macro Time Overflows 

Since the capacity of the macro timer is limited to 12 bit it will overflow at each 212-th macro 
time period. In most cases the overflow is marked by the ‘MTOV’ bit of the next valid pho-
ton. However, the internal macro-time clock of 50 ns overflows occur every 204.8 µs. For 
synchronisation of the macro-time clock with the SYNC signal this interval may even be 
shorter. Therefore, it can happen that no valid photon is recorded between two subsequent 
macro time overflows. To enable the processing software to maintain a correct macro time for 
the rest of the measurement an entry in the measurement data file is written if several over-
flows occurred between two subsequent photons. This entry is marked by ‘MTOV = 1’ and 
‘INVALID = 1’ and contains the number of macro time overflows which occurred since the 
last photon was recorded. The structure of this entry is shown below. 
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 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 

Byte 0 CNT[7] CNT[6] CNT[5] CNT[4] CNT[3] CNT[2] CNT[1] CNT[0] 
Byte 1 CNT[15] CNT[14] CNT[13] CNT[12] CNT[11] CNT[10] CNT[9] CNT[8] 

Byte 2 CNT[23] CNT[22] CNT[21] CNT[20] CNT[19] CNT[18] CNT[17] CNT[16] 

Byte 3 INVALID(1) MTOV(1) -- 0 CNT[27] CNT[26] CNT[25] CNT[24] 

CNT[27:0] Number of macro time overflows which occurred without recording photons 
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Test Procedures 

Testing the Module by the SPC Test Program 
If you suppose any problems with the bus interface, the memory, or the timing and control 
circuits of an SPC module, run the ‘SPC Test’ program delivered with the SPCM Software. 
The main panel of this program is in Fig. 1217. 

 

Fig. 1217: Panel of the SPC test software 

Switch on ‘All Parts’, ‘Repeat’ and ‘Break on Error’ and start the test. If the program per-
forms several test loops (indicated by ‘Test Count’) without indicating an error you may be 
sure that the bus interface, the timing and control circuits and the memory of the module work 
correctly. Depending on the type of the SPC module and the speed of the computer, it can 
take some minutes to run one test loop. 

Test for General Function and for Differential Nonlinearity 
This test requires two pulse generators with a pulse width of  1 to 4 ns and a repetition rate of  
16 MHz and 1 MHz respectively. Do not use a diode laser controller as a test signal source 
unless you are absolutely sure that it does not radiate noise. The test setup is shown in Fig. 
1218. 

It is important that the two pulse generators be really independent. Therefore, keep the gen-
erators and the cables well apart. Ideally (without any differential nonlinearity) the result is a 
horizontal line, with a signal-to-noise ratio given be the square root of the photon number per 
channel. Differential nonlinearity shows up as systematic ripple in the curve. 

to CFD to SYNC

SPC-x3x: -50mV

SPC-x0x: -250mV

SPC-x3x: -50mV

SPC-x0x: -250mV

Rep.Rate 1 MHz (1us)

Width 1 to 4ns

Rep.Rate 16 MHz (60ns)

Width 1 to 4ns

Pulse Generator

1 MHz, Pulse Width 1..4ns

Pulse Generator

16 MHz, Pulse Width 1..4ns

 

Fig. 1218: Test for general function and test of DNL 
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Test of Time Resolution 
The time resolution of  the SPC modules is tested in the setup shown in Fig. 1219. 

Pulse Generator

1 MHz, Pulse Width 1..4ns

to CFD

to SYNC

SPC-x3x: -100..150mV

SPC-x0x: -500..800mV

Rep.Rate 1 MHz (1us)

Width 1ns to 4ns

Power Splitter

Rise Time < 0.5ns

1m

2.2m

 

Fig. 1219: Test of electronic time resolution 

A pulse generator delivers pulses of about 1 MHz repetition rate. The width of the pulses 
should be in the range of 1 to 4 ns, the rise time shorter than 500 ps. The signal is split into a 
SYNC and a CFD signal by a passive power splitter. The pulses in the SYNC path are de-
layed by about 1.2 m of additional cable length. Thus, the SPC module receives start and stop 
pulses spaced by the delay in the SYNC path. A measurement in the ‘Single’ or ‘Oscillo-
scope’ mode displays a sharp peak. The peak represents the instrument response function of 
the SPC module. With a TAC range of 50 ns, a TAC gain of 15, and an ADC resolution of 
4096 the width of the peak is shorter than 10 ps. 
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Assistance through bh 
Software updates, new manual versions and application notes about new applications are 
available from the bh web site, www.becker-hickl.com. Furthermore, we are pleased to sup-
port you in all problems concerning the measurement of fast electrical or optical signals. This 
includes discussions of new applications, the installation of the SPC modules, their applica-
tion to your measurement problem, the technical environment and physical problems related 
to short time measurement techniques. Simply call us or send us an email. 

Should there be a problem with your SPC module, please contact us. To fix the problem we 
ask you to send us a data file (.sdt) of the questionable measurement or (if a measurement is 
not possible) a setup file (.set) with your system settings. Furthermore, please add the follow-
ing information: 

Description of the Problem 
SPC Module Type and Serial Number 
Software Version 
Detector type, Operating voltage of the detector, PMT Cathode type 
Preamplifier type, Gain, Bandwidth etc. 
Laser System: Type, Repetition Rate, Wavelength, Power 
SYNC Signal Generation: Photodiode, Amplitude, Rise Time 
Optical System: Basic Setup, Sample, Monochromator 
System Connections: Cable Lengths, Ground Connections.  Add a drawing if necessary. 
Environment: Possible Noise Sources 
Your personal data: E-mail, Telephone Number, Postal Address 
 
The fastest way is to send us an email with the data file(s) attached. We will check your sys-
tem settings and – if necessary – reproduce your problem in our lab. We will send you an an-
swer within one or two days. 

 

Becker & Hickl GmbH 
Nunsdorfer Ring 7-9 
12277 Berlin 
Tel. +49 / 30 / 212 800 2-0 
FAX +49 / 30 / 212 800 2-13 
http://www.becker-hickl.de 
email: info@becker-hickl.com 
or becker@becker-hickl.com 
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External Control Signals 
SPC-630, -730, -830, -130, -150, and -160 modules have one or two 3-row 15 pin Sub-D con-
nectors to connect routing, control signals, and scan control signals to the modules. The 
SPC-180 and SPC-130IM modules have 2-row micro SuB-D connectors. In any case, the con-
nectors also provide +5 V and +12 V power supply to external amplifiers, routers, PMT heads 
and photodiodes. 

The routing and control signals are the key to the multi-dimensional TCSPC features imple-
mented in the bh SPC modules, see ‘Multi-Dimensional TCSPC’, page 95. The functions can 
be used for complex experiments that require to synchronise a measurement with an exter-
nally varied parameter, such as sample position, wavelength, temperature or pressure, to re-
cord a sequence of measurements for different orientation of a polariser, or to multiplex dif-
ferent light sources or source intensities. 

The signals applied to the connectors are key to a wide variety of recording and experiment-
synchronisation functions. Admittedly, experiment control functions can also be accom-
plished by using the SPC DLL or the SPC LabView drivers, i.e. by writing a special windows 
application. There is certainly no objection against designing special software for complex 
instruments dedicated to special applications. However, in many (if not in most) cases soft-
ware control is only used because the multi-dimensional features of the modules are not un-
derstood. In other words, the SPC module is used as a software-controlled classic TCSPC 
device. Software control then not only causes unnecessary development effort but also results 
in slow and often inefficient data acquisition. Moreover, problems can arise from undefined 
processing times due to interrupts, hard disk actions, or other applications running on the 
same computer. Therefore, please check whether you can solve your control problem by using 
the multi-dimensional features of the SPC modules. Do not hesitate to contact bh for advice. 

The paragraphs below describe the control signals of the individual SPC modules. Examples 
of using of the signals are given under ‘Non-Scanning TCSPC Applications’ page 299. 

Please be careful not to connect a device to the control connectors which is not intended 
for this purpose. This could damage the connected device or the SPC board. 

SPC-600/630 
 1   +5 V  (Load max. 100mA, Rout = 1) 
 2   Routing Signal, /R 0 
 3   Routing Signal, /R 1 
 4   Routing Signal, /R 2 
 5   Ground 
 6   -5 V  (Load max. 100mA, Rout = 1) 
 7   Routing Signal, /R 3 
 8   Routing Signal, /R 4 
 9   Routing Signal, /R 5 
  10   +12 V (Load max. 60mA) 
  11   -12 V (Load max. 60mA) 
  12   Routing Signal, /R 6 
  13   ADD or TRIGGER1 or /R72 
  14   CNTE 
  15   Ground 
 

1.  If ‘Trigger Condition’ other than ‘none’ 
2.  In the FIFO Mode only 

 
/R0 .. /R13:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R13 = ‘high’ will address 

curve 0. The open input represents a ‘high’ value. 

ADD: The ADD signal is used for the lock-in SPC method. At ADD = 1 the events are 
added, at ADD = 0 the events are subtracted in the memory. Open inputs repre-



892      External Control Signals 

sent a logical ‘1’ value. The ADD input is shared with the TRIGGER input. The 
ADD function is activated if  the trigger condition is set to ‘none’ (please see 
‘System Parameters’, ‘More Parameters’). Thus, the trigger cannot be used when 
the ADD/SUB function is used. 

TRIGGER : If a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) the 
measurement starts when a L/H or H/L transition at the TRIGGER Input is de-
tected. The TRIGGER input is shared with the ADD input. The TRIGGER func-
tion is activated if  a trigger condition is set to ‘rising edge’ or ‘falling 
edge’ (please see ‘System Parameters’, ‘More Parameters’). Therefore, the 
ADD/SUB function cannot be used when the trigger is used. 

CNTE: CNTE=L suppresses the storing of the current photon in the SPC memory. In 
conjunction with a router, the signal is used to reject misrouted events. The open 
input represents a logical ‘1’ value. 

All signals (except the trigger) are read with a selectable ‘Latch Delay’ after a valid photon 
pulse at the CFD input has been detected (see 'System Parameters', 'Latch Delay'). 

 

SPC-700/730 and SPC-830 

 

The function of the control bits depend on the operation mode:  

1. ‘Scan Sync In’ Mode 
2. ‘Scan Sync Out’ Mode 
3.  Used if ‘Trigger Condition’ other than ‘none’ only 
 

Single, Oscilloscope, F(t,x,y), F(t,T), F(t,ext), Fi(T), Fi(ext) 

/R0 .. /R13:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R13 = 1 (or open) will ad-
dress curve 0. 

ADD: The ADD signal is used for the lock-in SPC method. At ADD = 1 the events are 
added, at ADD = 0 the events are subtracted in the memory. Open inputs repre-
sent a logical ‘1’ value. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) the 
measurement starts when a L/H or H/L transition at the TRIGGER Input is de-
tected. 

Connector 1 (lower connector) 

1   +5 V  (max. 100mA) 
2   Routing Signal, /R 0 
3   Routing Signal, /R 1 
4   Routing Signal, /R 2 
5   Ground 
6   -5 V  (max. 100mA) 
7   Routing Signal, /R 3 
8   Routing Signal, /R 4 
9   Routing Signal, /R 5 
10   +12 V (max. 60mA) 
11   -12 V (max. 60mA) 
12   Routing Signal, /R 6 
13   ADD or Marker 3 (SPC-830) 
14   CNTE1  (CNTE=CNTE1&CNTE2) 
15   Ground 

Connector 2 (upper connector) 

1   +5 V  (max. 100mA) 
2   Routing Signal, /R 7 or ARMED2 
3   Routing Signal, /R 8 or TRGD2 
4   Routing Signal, /R 9 or MEASURE2 
5   Ground 
6   -5 V  (max. 100mA) 
7   Routing Signal, /R 10 or ‘Do not Connect’2 
8   Routing Signal, /R 11 or YSYNC1 or FBY2 or Marker 2 (SPC-830) 
9   Routing Signal, /R 12 or XSYNC1 or FBX2 or Marker 1 (SPC-830) 
10   +12 V (max. 60mA) 
11   -12 V (max. 60mA) 
12   Routing Signal, /R 13 or PxlClk1,2 or Marker 0 (SPC-830) 
13   TRIGGER3 
14   CNTE2  (CNTE=CNTE1&CNTE2) 
15   Ground 
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CNTE1, 2: CNTE=L suppresses the storing of the current photon in the SPC memory. Both 
CNTE signals are AND connected, i.e. a photon is suppressed when one or both 
CNTEs are L. In conjunction with a router, the signal is used to reject misrouted 
events. 

All signals (except the trigger) are read with a selectable ‘Latch Delay’ after a valid photon 
pulse at the CFD input has been detected (see 'System Parameters', 'Latch Delay'). 

Scan Sync In 

The ‘Scan Sync In’ mode is  used for image recording. The recording procedure is controlled 
by the scanning device via the ‘XSync’, ‘YSync’ and ‘Pixel Clock’ pulses. The control sig-
nals for the ‘Scan Sync In’ mode are listed below. 

/R0 .. /R10:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R6 = 1 (or open) will 
address curve 0. The count enable signals CNTE1 and CNTE2 must be 
both ‘1’ to enable the storing of the currently detected photon. In conjunc-
tion with a router, the signal is used to reject misrouted events. 

XSync (Input):  X synchronisation pulse. XSync forces the start of the next line. 
YSync (Input):  Y synchronisation Pulse. YSync forces the start of the next frame. 
PxlClk (Input): External Pixel Clock. If the source of  the pixel clock is set to ‘external’ 

the signal starts the measurement of the next Pixel. 
CNTE1, CNTE2: CNTE=L suppresses the storing of the current photon in the SPC memory. 

Both CNTE signals are AND connected, i.e. a photon is suppressed when 
one or both CNTEs are L. 

ADD:  The ADD signal is used for lock-in SPC measurements. At ADD = 1 the 
events are added, at ADD = 0 the events are subtracted in the memory. 
Open inputs represent a logical 1 (add) value. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) 
the measurement starts when a L/H or H/L transition at the TRIGGER in-
put is detected. Once triggered, the measurement runs until it is stopped  
by the collection timer, by an overflow or by the user. After a stop com-
mand the measurement stops after the next Ysync pulse. If the ‘Repeat’ of 
‘Accumulate’ functions are used, a trigger pulse is required to start each 
repetition or accumulation cycle. 

Scan Sync Out 

The ‘Scan Sync Out’ mode is used for image recording. The recording procedure is controlled 
by the SPC module via the ‘Flyback X’, ‘Flyback X’ and ‘Pixel Clock’ pulses. The control 
signals for the ‘Scan Sync Out’ mode are listed below.   

/R0 .. /R6:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R6 = 1 (or open) will 
address curve 0. The count enable signals CNTE1 and CNTE2 must be both 
‘1’ to enable the storing of the currently detected photon. In conjunction 
with a router, the signal is used to reject misrouted events. 

PxlClk (Output):  ‘Pixel Clock’, indicates the start of the measurement of the next pixel. 
PIXEL is a 50 ns TTT H pulse. The duration of the measurement of each 
pixel is set by ‘Collection Time’, the number of points in X and Y direction 
by ‘Scan Pixels X’ and ‘Scan Pixels Y’ (see SPC system parameters). 

FBX (Output): ‘Flyback X’, controls the X flyback phase of the scanner. For polarity and 
duration please see ‘System Parameters’ 

FBY (Output): ‘Flyback Y’, controls the Y flyback phase of the scanner. For polarity and 
duration please see ‘System Parameters’ 
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CNTE1, 2: CNTE=L suppresses the storing of the current photon in the SPC memory. 
Both CNTE signals are AND connected, i.e. a photon is suppressed when 
one or both CNTEs are L. 

ADD:  The ADD signal is used for lock-in SPC measurements. At ADD = 1 the 
events are added, at ADD = 0 the events are subtracted in the memory. 
Open inputs represent a logical 1 (add) value. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) 
the measurement starts when a L/H or H/L transition at the TRIGGER input 
is detected. Once triggered, the measurement runs until it is stopped  by the 
collection timer, by an overflow or by the user. After a command the meas-
urement stops after the next Ysync pulse. If the ‘Repeat’ of ‘Accumulate’ 
functions are used, a trigger pulse is required to start each repetition or ac-
cumulation cycle. 

The function of the PxlClk, FBX and FBY signals for a simple 8 x 4 matrix is shown in Fig. 
1220. 

Line1 Line2 Line3 Line4 Line1
PxlClk

FBX

FBY

Line1

Line2

Line3

Line4

Pixel
1 2 3 4 5 6 7 8

Scanning of a 8x4 matrix: PointsX=8, PointsY=4, Flyback=4

Collection Time

 

Fig. 1220: Scan clock signals in the Scan Sync Out mode 

 

Scan XY Out (SPC-700/730 only) 

The ‘Scan XY Out’ mode is  used for image recording. The recording procedure is controlled 
by the SPC module via the position signals /R0 through /R13. /R0 through /R13 are outputs 
and indicate the actual scan position. 

/R0 .. /R13:  Scan Position Outputs. Polarity is ‘active low’, i.e. /R0 ... /R13 = 1 sets the scan-
ner position to X=Y=0 and addresses curve 0 in the SPC memory. 

ADD: The ADD signal is used for the lock-in SPC method. At ADD = 1 the events are 
added, at ADD = 0 the events are subtracted in the memory. Open inputs repre-
sent a logical ‘1’ value. All signals are read with a selectable ‘Latch Delay’ after 
a valid photon pulse at the CFD input has been detected (see 'System Parame-
ters', 'Latch Delay'). 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) the 
measurement starts when a L/H or H/L transition at the TRIGGER Input is de-
tected. It stops when the scan of the frame is complete. If the ‘Repeat’ or ‘Ac-
cumulate’ functions are used, a trigger pulse is required to start each repetition 
or accumulation cycle. 
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CNTE1, 2: CNTE=L suppresses the storing of the current photon in the SPC memory. Both 
CNTE signals are AND connected, i.e. a photon is suppressed when one or both 
CNTEs are L. In conjunction with a router, the signal is used to reject misrouted 
events. 
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SPC-130, SPC-134 
 1   +5 V  (Load max. 100mA, Rout = 1) 
 2   Routing Signal, /R 0 
 3   Routing Signal, /R 1 
 4   Routing Signal, /R 2 
 5   Ground 
 6   -5 V  (Load max. 100mA, Rout = 1) 
 7   Routing Signal, /R 3 
 8   Routing Signal, /R 4 
 9   Routing Signal, /R 5 
  10   +12 V (Load max. 60mA) 
  11   -12 V (Load max. 60mA) 
  12   Routing Signal, /R 6 
  13   ADD or TRIGGER 
  14   CNTE 
  15   Ground      

 
/R0 .. /R2:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R13 = ‘high’ will address 

curve 0. The open input represents a ‘high’ value. 

ADD: The ADD signal is used for the lock-in SPC method. At ADD = 1 the events are 
added, at ADD = 0 the events are subtracted in the memory. Open inputs repre-
sent a logical ‘1’ value. The ADD input is shared with the TRIGGER input. The 
ADD function is activated if  the trigger condition is set to ‘none’ (please see 
‘System Parameters’, ‘More Parameters’). Thus, the trigger cannot be used when 
the ADD/SUB function is used and vice versa. 

TRIGGER:  If a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) the 
measurement starts when a L/H or H/L transition at the TRIGGER Input is de-
tected. The TRIGGER input is shared with the ADD input. The TRIGGER func-
tion is activated if  a trigger condition is set to ‘rising edge’ or ‘falling edge’ 
(please see ‘System Parameters’, ‘More Parameters’). Therefore, the ADD/SUB 
function cannot be used when the trigger is used. 

CNTE: CNTE=L suppresses the storing of the current photon in the SPC memory. In 
conjunction with a router, the signal is used to reject misrouted events. The open 
input represents a logical ‘1’ value. 

The /R0, /R1, /R2, ADD and CNTE signals are read approximately 10ns after a valid photon 
pulse at the CFD input has been detected. There is no 'Latch Delay' as in the other SPC mod-
ules. If the SPC-134 has to be used for multidetector operation 6 to 9 m 50  cable has to be 
inserted from the timing output of the HRT-41, -81, and -82 router to the corresponding CFD 
input. 
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SPC-130EM, SPC-130EMN, SPC-150, SPC-150N, SPC-160 
Applies also for SPC-130EMN, SPC-150NX and SPC-150NXX modules 
 
1   +5 V  (max. 100mA) 
2   Routing Signal, /R 0 
3   Routing Signal, /R 1 
4   Routing Signal, /R 2 
5   Ground 
6   -5 V  (max. 100mA) 
7   Routing Signal, /R 3 
8   YSYNC 1) or FBY 2), or routing signal, /R 4, or Marker 2 3) 
9   XSYNC 1) or FBX 2), or routing signal, /R 5, or Marker 1 3) 
10   +12 V (max. 60mA) 
11   ADD, or Marker 3 1,3) 
12   PxlClk1), or routing signal,/R 6, or Marker 0 3)  
13   TRIGGER4), or routing signal, /R 7 
14   CNTE 
15   Ground 
 
1. Scan Sync In Mode and FIFO Imaging Mode 
2. Scan Sync Out Mode 
3. FIFO Mode 
4. If ‘Trigger Condition’ other  than ‘None’ 

 

The function of the control bits depends on the operation mode:  

Single, Oscilloscope, F(t,x,y), F(t,T), F(t,ext), Fi(T), Fi(ext) 

/R0 .. /R7:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /7 = 1 (or open) addresses 
curve 0. 

ADD: The ADD signal is used for the lock-in SPC method. At ADD = 1 the events are 
added, at ADD = 0 the events are subtracted in the memory. Open inputs repre-
sent a logical ‘1’ value. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) the 
measurement starts when a L/H or H/L transition at the TRIGGER Input is de-
tected. 

CNTE: CNTE=L suppresses the storing of the current photon in the SPC memory. In 
conjunction with a router, the signal is used to reject multi-photon events. 

All signals (except the trigger) are read with a selectable ‘Latch Delay’ after a valid photon 
pulse at the CFD input has been detected (see 'System Parameters', 'Latch Delay'). 

Scan Sync In 

The ‘Scan Sync In’ mode is  used for image recording. The recording procedure is controlled 
by the scanning device via the ‘XSync’, ‘YSync’ and ‘Pixel Clock’ pulses. The control sig-
nals for the ‘Scan Sync In’ mode are listed below. 

/R0 .. /R3:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R3 = 1 (or open) ad-
dresses curve 0. The count enable signal CNTE must be ‘1’ to enable the 
storing of the currently detected photon. In conjunction with a router, the 
signal is used to reject multi-photon events. 

XSync (Input):  X synchronisation pulse. XSync forces the start of the next line. 
YSync (Input):  Y synchronisation Pulse. YSync forces the start of the next frame. 
PxlClk (Input): External Pixel Clock. If the source of  the pixel clock is set to ‘external’ 

the signal starts the measurement of the next Pixel. 
CNTE: CNTE=L suppresses the storing of the current photon in the SPC memory.  
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ADD:  The ADD signal is used for lock-in SPC measurements. At ADD = 1 the 
events are added, at ADD = 0 the events are subtracted in the memory. 
Open inputs represent a logical 1 (add) value. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) 
the measurement starts when a L/H or H/L transition at the TRIGGER in-
put is detected. Once triggered, the measurement runs until it is stopped  
by the collection timer, by an overflow or by the user.  After a stop com-
mand in the in the Scan Sync In mode, the measurement stops after the 
next Ysync pulse. If the ‘Repeat’ of ‘Accumulate’ functions are used, a 
trigger pulse is required to start each repetition or accumulation cycle. 

Scan Sync Out 

The ‘Scan Sync Out’ mode is used for image recording. The recording procedure is controlled 
by the SPC module via the ‘Flyback X’, ‘Flyback X’ and ‘Pixel Clock’ pulses. The control 
signals for the ‘Scan Sync Out’ mode are listed below.   

/R0 .. /R3:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R6 = 1 (or open) will 
address curve 0. The count enable signal CNTE must be ‘1’ to enable the 
storing of the currently detected photon. In conjunction with a router, the 
signal is used to reject multi-photon events. 

PxlClk (Output):  ‘Pixel Clock’ indicates the start of the measurement of the next pixel. 
PIXEL is a 50 ns TTT H pulse. The duration of the measurement of each 
pixel is set by ‘Collection Time’, the number of points in X and Y direction 
by ‘Scan Pixels X’ and ‘Scan Pixels Y’ (see SPC system parameters). 

FBX (Output): ‘Flyback X’, controls the X flyback phase of the scanner. For polarity and 
duration please see ‘System Parameters’ 

FBY (Output): ‘Flyback Y’, controls the Y flyback phase of the scanner. For polarity and 
duration please see ‘System Parameters’ 

CNTE: CNTE=L suppresses the storing of the current photon in the SPC memory.  
ADD:  The ADD signal is used for lock-in SPC measurements. At ADD = 1 the 

events are added, at ADD = 0 the events are subtracted in the memory. 
Open inputs represent a logical 1 (add) value. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) 
the measurement starts when a L/H or H/L transition at the TRIGGER input 
is detected. Once triggered, the measurement runs until it is stopped  by the 
collection timer, by an overflow, or by the user. After a stop command in 
the in the Scan Sync Out mode, the measurement stops after the next Ysync 
pulse. If the ‘Repeat’ of ‘Accumulate’ functions are used, a trigger pulse is 
required to start each repetition or accumulation cycle. 

FIFO Mode and FIFO Imaging Mode 

The ‘FIFO Imaging’ mode is used for image recording. The recording procedure is controlled 
by the scanning device via the ‘XSync’, ‘YSync’ and ‘Pixel Clock’ pulses. The control sig-
nals are listed below. 

/R0 .. /R3:  Routing Inputs. Polarity is ‘active low’, i.e. /R0 ... /R3 = 1 (or open) ad-
dresses curve 0. The count enable signal CNTE must be ‘1’ to enable the 
storing of the currently detected photon. In conjunction with a router, the 
signal is used to reject multi-photon events. 

XSync (Marker1):  FIFO mode: General purpose marker input. FIFO Imaging Mode: X syn-
chronisation pulse (line clock) pulse.  
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YSync (Marker2):  FIFO mode: General purpose marker input. FIFO Imaging mode:Y syn-
chronisation (frame clock) pulse. 

PxlClk (Marker0): FIFO mode: General purpose marker input. FIFO Imaging mode:pixel 
clock pulse. 

CNTE: Count Enable signal. CNTE=L suppresses the storing of the current photon 
in the SPC memory.  

Marker 3: General purpose marker input. Can be used as an alternative frame clock 
input in FIFO Imaging mode. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) 
the measurement starts when a L/H or H/L transition at the TRIGGER in-
put is detected. 

FIFO Mode 

The ‘FIFO’ mode records parameter-tagged photon data. The control signals are listed below. 

/R0 .. /R3:  Routing Inputs. The status of /R0...R3 is attached to the micro- and macro-
time data word of the current photon. 

Marker0...3:  FIFO mode: General purpose marker inputs. L/H or H/L transitions are 
included in the data stream as individual entries. 

CNTE: Marks the currently detected photon as 'invalid'. The status is attached to 
the data word of the current photon. 

TRIGGER:  If  a trigger condition is set (see ‘System Parameters’, ‘More Parameters’) 
the measurement starts when a L/H or H/L transition at the TRIGGER in-
put is detected. 
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SPC-180N, SPC-180NX, SPC-180NXX, SPC-130IN, SPC-130INX 
Different than the SPC-150 and SPC150N family modules which have 3-row sub-D connec-
tors, the SPC-180N and SPC-130IN modules have 2-row micro connectors. Starting from 
September 2021 the modules have two such connectors, the signals of which are OR-wired. 
This simplifies the cable connections if both scan clocks and routing signals are connected. 

Please note that the pin numbers are not the same as for the SPC-150 and SPC-160. 
 
1   +5 V  (max. 100mA) 
2   Routing Signal, /R 0 
3   Routing Signal, /R 1 
4   Routing Signal, /R 2 
5   Ground 
6   -5 V  (max. 100mA) 
7   Routing Signal, /R 3 
8   YSYNC 1) or FBY 2), or routing signal, /R 4, or Marker 2 3) 
9   XSYNC 1) or FBX 2), or routing signal, /R 5, or Marker 1 3) 
10   ADD, or Marker 3 1,3) 
11   +12 V (max. 60mA) 
12   PxlClk1), or routing signal,/R 6, or Marker 0 3)  
13   TRIGGER4), or routing signal, /R 7 
14   CNTE 
15   Ground 
 
1. Scan Sync In Mode and FIFO Imaging Mode 
2. Scan Sync Out Mode 
3. FIFO Mode 
4. If ‘Trigger Condition’ other  than ‘none’ 
 

 

The function of the signals is the same as for the SPC-130EMN, the SPC-150 and the SPC-
160. Please see page 897. 
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GVD-120 Scan Controller 
15-Pin Sub-D Connector 
 1 + 5 V  
 2 Laser-Routing 
 3 Laser 1 On 
 4 Laser 2 On 
 5 GND 
 6 - do not connect - 
 7 - do not connect - 
 8 Frame Clock Out 
 9 Line Clock Out 
 10 Laser 1 Power Control, 0...10V 
 11 Laser 2 Power Control, 0...10V 
 12 Pixel Clock Out 
 13 - do not connect - 
 14 - do not connect - 
 15 GND 
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DCC-100 Detector Controller 
Connector 1 

1 +5 V out switchable 
2 Peltier + 
3 Peltier + 
4 Peltier + 
5 GND 
6 -5 V out switchable 
7 Peltier - 
8 Peltier - 
9 Peltier - 
10 +12 V out switchable, ovld sdwn 
11 -12 V out 
12 0...+10V HV/gain control signal, shuts down on overload 
13 0...+0.9V HV/gain control signal, shuts down on overload 
14 /OVLD1 input 
15 GND  
 

Connector 2 
1 +5 V out switchable 
2 Bit0 open drain out 
3 Bit1 open drain out 
4 Bit2 open drain out 
5 GND 
6 -5 V out switchable 
7 Bit3 open drain out 
8 Bit4 open drain out 
9 Bit5 open drain out 
10 +12 V out switchable 
11 -12 V out 
12 Bit6 open drain out 
13 Bit7 open drain out  
14  
15 GND  
 

Connector 3 
1 +5 V out switchable 
2 Peltier + 
3 Peltier + 
4 Peltier + 
5 GND 
6 -5 V out switchable 
7 Peltier - 
8 Peltier - 
9 Peltier - 
10 +12 V out, switchable, shuts down on overload 
11 -12 V out 
12 0...+10V HV/gain control signal, shuts down on overload 
13 0...+0.9V HV/gain control signal, shuts down on overload 
14 /OVLD3 input 
15 GND  
 

DCC-100 modules manufactured before 2014 had only one Peltier cooler supply for connec-
tor 1 and connector 3. The corresponding outputs were connected in series. If no cooler was 
connected to one of the connectors, the corresponding cooler output had to be bridged by a 
jumper on the DCC board or by a bridge in a blind connector. DCC-100 modules manufac-
tured 2014 or later have two independent cooler supplies. No jumpers or blind connectors are 
needed for these modules. 
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Specifications 
Due to space limitations the specifications of the SPC modules have been omitted from the 
current version of the TCSPC Handbook. Please refer to the data sheets on 
https://www.becker-hickl.com. 

 

 

Absolute Maximum Ratings (for all SPC modules) 
Current into the SYNC and CFD inputs ±50 mA (DC) 
 ±200 mA  (pulse, <1us) 
Voltage at the routing and control inputs / outputs -0.5 V ... +5.5 V 
Current drawn from the 
 +5 V output 200 mA 
 -5 V output 200 mA 
 +12 V output 100 mA 
 -12 V output 100 mA 
Supply Voltages at the PCI or PCI-Express Connector 
 Vcc (+5 V) -0.5 ... +5.5 V 
 Vpp (+12 V) -0.5 ... +13 V 
Signal Voltages at the PCI connector -0.5 ... +5.5 V 
Signal Voltages at the PCI-Express connector -0.3 ... +1.3 V 
Ambient temperature        0°C ... +40°C 
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Index 
2D Curve Routine  735 
2D Data Processing  735 
2D Display Parameters  760 
2D FIDA  622 
2D histograms  830 
2D histograms of single-molecule burst parameters  615 
3D Curve Display, display parameters  760 
3D curve mode  760 
3D Data Processing  739 
3D Display  737 
3D Display Parameters  760 
3D display parameters, mode selection  762 
3D display parameters, window selection  762 
3D trace parameters  254, 740, 770 
Abberior STED microscopes  59 
Absorption coefficient  557 
Absorption of biological tissue  551 
Acceptor, of FRET  477 
Accumulate function  671, 673, 676, 678, 681, 684, 687, 
692, 697, 716 
Accumulation 

 of FLIM data, by hardware  108 
 of FLIM data, by software  108 
 of FLITS data  113 
 of temporal mosaic FLIM data  388 

Acousto-optical modulator, see AOM  68 
Acquisition time 

 dynamic brain imaging  559 
 FASTAC FLIM system  401 
 of FLIM  45, 113, 419, 428, 444, 448, 454 
 of TCSPC  89, 113 
 ophthalmic FLIM  538 
 scanning mammography  556 
 static brain imaging  558 

Active quenching of SPAD  141 
Adapters 

 A-PPI-D  79 
 beamsplitter assemblies  74 
 detector/shutter assemblies  74 
 electrical  79 
 fibre adapter of laser  63 
 FV-1000 confocal  56 
 FV1000 NDD  57 
 FV300 NDD  57 
 HPM detector  70 
 LSM 710/780/880 confocal  42 
 LSM 710/780/880 NDD  42 

ADC  91, 124, 134 
 dither range  124, 134, 723 
 dithering  124, 133, 134, 723 
 error correction  134 
 Resolution  135, 722 
 zoom function  136, 722 

Add / Sub Signal  717 
Adjust Parameters  728 
Afterpulsing  149, 165, 606 
Afterpulsing background  150, 267, 287 
Aggregates  468, 529 
Amplifiers 

 biased, in TAC  91 
 for detector signals  191 
 preamplifers  76, 191 

Amplitude distribution 

 of single photon pulses  143, 261 
Amplitude jitter, of detector pulses  130 
Amplitudes of decay components  872 

 autofluorescence  513 
 FAD  351, 494 
 FRET  479 
 NADH  351, 494 

Analog-to-digital conversion  134 
Analog-to-digital converter  91 
Anisotropy 

 anisotropy decay  296, 507 
 fluorescence, at high NA  297, 459 
 of fluorescence  296, 315, 459 

Anisotropy decay  302 
Anode luminous sensitivity  146 
Anti-bunching  93, 581 

 by CW excitation  582 
 by pulsed excitation  582 
 technical aspects  583 

AOM  68, 792 
 control from SPCM software  792 
 control panel  792 
 principle  792 

APD  583, 605 
 gain  140 
 geiger mode  140 
 light emission from  141 
 quenching  141 
 single-photon  140 

Aperture Stops  294 
Apparent lifetime  870 
A-PPI-D pulse inverter  79, 211, 214 
Application options  241, 650, 664, 805 
Assistance through bh  889 
ATP synthase  618 

 conformational changes, by lifetime  618 
 conformational changes, by single-molecule FRET  
618, 619 
 c-ring rotation  619 
 in cardiac myocytes  619 

Autocorrelation function  117, 586 
 calculation from TCSPC FIFO data  587 
 diffuse optical correlation  565 
 efficiency, autocorrelation vs. crosscorrelation  607 
 normalisation  587 

Autofluorescence  493 
 fluorophores  536 
 lifetime imaging  533 
 lifetimes  494, 495, 497, 523, 536 
 metabolic imaging  361, 493 
 multi-wavelength FLIM  511 
 multi-wavelength measurement  312 
 NADH/FAD  361, 493 
 of ocular fundus  516 
 of plant tissue  523 
 of skin  512, 533 
 of stem cells  510 
 ophthalmic FLIM  536 
 single-point measurement  312 
 tissue spectrometer  312 
 two-photon excitation  533 
 z-stack FLIM  515 
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Autosave  716 
 (f(t,T) mode  673 
 continuous flow mode  683 
 f(t,EXT) mode  676 
 f(txy) mode  671 
 fi modes  678, 681 
 FIFO imaging mode  703 
 FIFO mode  708 
 scan sync in mode  692 
 scan sync out mode  687 
 scan xy out mode  697 
 single mode  669 

Autoscale function 
 of display parameters  733, 747, 760, 761 
 of print function  664 
 of SPCImage  822 
 of SPCM  733, 747, 760, 761 

Avalanche Photodiodes  176 
Average lifetime, ti  870 
Axio Observer  790 
Background suppression  319 
Background, caused by afterpulsing  150, 267, 287 
Baffles  294 
Ballistic photons  551 
Banks, of memory  106, 128, 683, 694 
Barrier discharges  627 
BCECF  471 
BDL-SMN ps diode lasers  63, 64 

 control by DDG-210 card  218, 791 
 control by GVD-120 card  410, 784 
 excitation of fluorescent proteins  337 
 fibre coupling  63 
 in DCS-120 system  231 
 in FLIM systems  231, 340 
 in phosphorescence systems  218, 791 
 PLIM  410 

BDS-MM ps diode lasers  66 
BDS-SM ps diode lasers  65 
Beam blanking  784 
Beam combiner for lasers  67 
Beam park function  786 
Beam scanning  28, 231 
Beamsplitters, dichroic  303, 585, 614 
Biased amplifier  91 
Bidirectional scanning  46, 407 
BIFL  611 
Binning 

 pixels, during image acquisition  690, 702 
 pixels, effect on acquisition time  448 
 pixels, in lifetime analysis  448, 453, 817, 851 

Block Info  654, 768 
Block mode, of 2D display  736, 760, 767 
BOB-101 box  79, 220 
BOB-104 box  79, 220 
Brain activation measurement, in mice  568 
Brain imaging  551 
Brain imaging, dynamic  559 
Brain imaging, static  557 
Breakdown flash of SPADs  179, 635 
Broken cables, electrical shock  195 
Burst analyser  84 
Burst analysis  119, 618 
Ca2+ imaging  472 
Ca2+ transients  54, 388, 394, 472 
Cardiac myocytes 

 single-molecule FRET of ATP  619 
Cathode luminous sensitivity  146 

Cathode quantum efficiency  147, 166, 169, 174 
Cathode radiant sensitivity  146 
Cerulean  487 
CFD  130 

 amplitude jitter  130 
 CFD cable length  269 
 configuration  259 
 for wide-field FLIM  436 
 hold  719 
 limit high  719 
 limit low  719 
 of SPC-130 and SPC-150  131 
 of SPC-160, SPC-150N, SPC-150NX  132 
 pactical implementation  131 
 parameters  719 
 principle  131 
 threshold  131, 259, 719 
 zero cross level  131, 264, 719 

CFD and SYNC circuits  123 
Change Modes  44 
Channel delay correction for 16 channel detector  704 
Channel PMT  138 
Channel register  125 
Channel Uniformity 

 of ADC channels  124 
 transit time of multi-anode PMT  173, 704 

Chi square  819, 859, 874 
Chlorophyll  320, 391, 523, 632 
Chlorophyll transients  387, 391, 524 
Cl- ion concentration  473 
Classic TCSPC  90 

 acquisition time  89 
 applications  92 
 architecture  90 
 count rate  89 
 implementation with SPC modules  205 
 IRF  87 
 lifetime spectrometer  300, 307 
 photon distribution  86 
 photon efficiency  88 
 principle  86, 90 
 reversed start-stop  91 
 SNR  88 
 time resolution  87, 301 

Clock master function  730 
Clock signals, from scanner  107 
Collection time  667, 717 

 continuous flow mode  683 
 dead time compensation  282 
 f(t,EXT) mode  676 
 f(t,T) mode  673 
 f(txy) mode  671 
 FCS  592 
 fi modes  678, 681 
 FIFO imaging  698 
 FIFO mode  703, 708 
 oscilloscope mode  670 
 scan sync in mode  690 
 scan sync out mode  686, 893 
 scan xy out mode  696 
 single mode  668 
 triggered sequence  689 

Colour coding of decay parameters  870 
Colour intensity mode  760, 761 
Configuration of SPCM software  80, 642 
Confocal detection 
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 1p excitation  333 
 DCS-120 scan head  27, 231 
 ophthalmic scanner  537 
 piezo stages  426 
 sample scanning  426 
 single-molecule detection  614 
 STED  430 

Confocal FLIM systems 
 8 channel parallel FLIM  380 
 DCS-120 system  26, 231 
 DIC FLIM  403 
 endoscopes  418 
 FV1000  56 
 IRF measurement  455 
 LSM 710/780/880 inverted  40 
 LSM 710/780/880 upright  41 
 macroscopic FLIM  415 
 multispectral  352 
 NIR FLIM  367 
 optical principle  333 
 polygon scanners  424 
 tuneable excitation  341 
 wideband beamsplitter  341 
 with ps diode lasers  340 
 with supercontinuum laser  341 
 with synchrotron radiation  341 
 Zeiss Intune system  343 
 Zeiss LSM 710/780/880/980 family  40 

Confocal microscope  331, 332 
Conformational changes  618 

 ATP synthase  618 
 full correlation  591 

Connectors, pin assignment 
 DCC-100  902 
 GVD-120  901 
 SPC-130  896 
 SPC-130EM  897 
 SPC-130EMN  897 
 SPC-130IN  900 
 SPC-150  897 
 SPC-150N  897 
 SPC-160  897 
 SPC-180  900 
 SPC-630  891 
 SPC-730, 830  892 

Constant Fraction Discriminator, see CFD  130 
Continuous flow mode  128 

 accumulate  684 
 Banks and Autosave  683 
 curves  682 
 display  685 
 imaging  694 
 in DOT  560 
 in scan sync in mode  107, 387, 694 
 multidetector operation  684 
 principle  106 
 recording of chlorophyll transients  322 
 single molecule detection  611 
 stopped flow  324 
 system setup parameters  682 
 trigger  684 

Control Parameters, in SPCM software  715 
Control signals of SPC modules  891 
Convert 

 FIFO files  661 
 into ASCII  660 
 into EI format  660 
 single traces  768 

Convolution integral  852 
Cooling, of PMT  289 
Corr Ovfl  715 
Correlation 

 diffuse optical correlation  565 
 down to picosonds  603 
 FCS  116, 585 
 Hanbury-Brown-Twiss  581 
 of detector afterpulsing  149 
 of fluorescence lifetimes  620 
 online calculation  710 

Count Increment  724 
Count rate 

 background by afterpulsing  149, 150, 165, 266, 
267, 287, 606 
 count rate display  649 
 counting loss  281 
 dark count rate of PMTs  148 
 dependence on CFD threshold  261 
 DOT  557, 560 
 influence on IRF of H5773  156 
 influence on IRF of R3809  153 
 influence on pile-up error  284 
 maximum  282 
 maximum count rate of detector  264 
 maximum useful  281 
 of MCP-PMT  153 
 of multi-detector TCSPC  102 
 of multi-module FLIM  4 
 of multi-module systems  121 
 of SPADs  141 
 of TCSPC  89 
 of TCSPC in FIFO mode  130 
 ophthalmic FLIM  538 
 pile-up effects  283 
 recorded vs. detected  281 
 SPC modules  4 

Count rates  448, 452, 453 
Counting efficiency  281 

 of multi-detector TCSPC  101 
Counting loss  269, 281, 451 
Cross-correlation function  586 

 calculation from TCSPC FIFO data  587 
 normalisation  587 

Cursors 
 during measurement  647 
 in 2D display  734 
 in 3D display  738 
 in lifetime analysis  828 
 in the display window  647 
 interaction with scanner  785 

Curve mode, of 2D display  760, 765 
Curve mode, of 3D display  760 
Cycles of measurement  669, 671, 673, 676, 678, 681, 
716 
Damage 

 by charged cables  195 
 via routing connector  891 

Dark count rate  148, 289 
Data Analysis 
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 Burst analyser  84 
 of Scan mode data  81, 664 
 of Single-molecule burst data  84 
 SPCImage  81, 664 

Data and Setup File Formats  654, 657 
Data Blocks  881 
Data file structure  879 

 data blocks  881 
 FIFO mode  883 
 file header  879 
 file info  880 
 measurement description blocks  880 
 multi-SPC software  879 
 setup section  880 

Data Format 
 FIFO Files SPC-130/134  885 
 FIFO Files SPC-140/144  885 
 FIFO Files SPC-150/154  885 
 FIFO Files SPC-160/144  885 
 FIFO Files SPC-600/630  883 
 FIFO Files SPC-830  885 

Data Point 
 interaction with scanner  786 

Data Processing 
 Burst analyser software  84 
 Online lifetime display  395 
 SPCImage software  81 
 SPCM software, 3D processing  739 

DB-32 SYNC delay box  78, 270 
 control by SPCM software  790 

DCC-100  75, 192, 226 
 control of H7422  212 
 control of PMC-100  211, 215 
 control of R3809  213, 215 
 Cooler Control  194 
 cooling current  194 
 cooling voltage  194 
 detector gain  788 
 detector gain control  193 
 detector gain, maximum  789 
 detector overload shutdown  193, 789 
 detector power supply  788 
 high-current switches  193 
 lock detector setup  789 
 peltier current  194 
 peltier voltage  194 
 shutter control  193, 789 

DCS-120  34, 230, 253, 255 
 beam park function  786 
 configurations  232 
 confocal scanning FLIM system  26 
 DCS box  233 
 examples of FLIM images  340, 353, 380, 386 
 fast scanning  28 
 FCS  39, 602 
 FLITS  39 
 integrated scanner control  32 
 laser control  784 
 Laser Wavelength Multiplexing  34 
 macroscopic objects  38 
 main panel  232 
 Megapixel FLIM  29 
 metabolic FLIM  34 
 motor stage  38 
 multiphoton FLIM system  26 

 multiphoton system  36 
 multi-wavelength FLIM  30 
 near-infrared FLIM  37 
 Online Lifetime Display  33 
 optical principle  231 
 preview function  33, 35, 784 
 ps FCS  603 
 scan control panel  253 
 scan rate  784 
 scanner control  78, 783 
 simultaneous FLIM/PLIM  38 
 system architecture  231 
 system connections  233 
 Time-series FLIM  35 
 ultra-fast decay  36 
 wideband system  341 
 Z stack FLIM  35 
 Z stack recording  790 

DCS-120 confocal FLIM system  427 
DCU-400 detector controller  75 
DDG-210  78 

 control by SPCM software  791 
 for laser modulation  218, 229, 328, 411 
 for PLIM laser control  229, 411 
 phosphorescence decay recording  218, 229, 328, 
411 

DDG-210 module  410 
Dead time  269, 279, 451 
Dead time compensation  133, 282, 719 
Decay function 

 amplitudes of components  872 
 amplitude-weighted lifetime  870 
 average lifetime  870 
 decay components  871, 872 
 display in SPCImage  820 
 intensity-weighted lifetime  870 
 lifetimes of components  871 
 mean lifetime  870 
 model definition  854 
 over-determined models  860 
 recorded by  FLIM system  305 
 relative intensity of components  873 

Decay models  809 
Delay 

 channel correction for multi-anode PMT  704 
 delay lines, for SYNC and CFD  260 
 delay of stop signal  271 
 delay switch box  78, 270 
 of stop signal  208 
 routing signals)  725 

Delayed coincidence method  86 
Delayed fluorescence of PpIX  520 
Delayed start-stop operation  208, 271 
Depolarisation of fluorescence  296, 302, 315, 459 
Depth resolution 

 by confocal detection  332, 334 
 by two-photon excitation  334 
 effect on fluorescence decay data  443 
 in DOT  552 

Dermainspect system  533 
Descanned detection  333, 336 
Detector Control  75, 192 
Detector signal  85, 211, 443 
Detector, shielding  276 
Detectors 

 16 channel  71, 172 
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 8-channel SPAD  73 
 afterpulsing  149, 606 
 cathode efficiency  146 
 dark count rate  148 
 detector control  192 
 detector principles  137 
 eight-channel SPAD  179 
 for DOT  577 
 for FCS  605 
 for FLIM  338 
 for photon correlation  583 
 for TCSPC  137 
 gain  142, 788, 789 
 gated SPAD  180 
 H10467  161 
 H10720 / H10721  156 
 H11900 / H11901  156 
 H15620 IR PMT  160 
 H5773, H5783  155 
 H7421  160 
 H7422  159 
 H8632  159 
 HPM-100  70, 161, 263, 339, 578, 579, 607 
 HVM-100 module  70 
 hybrid detectors  70, 138, 161, 263, 339, 428, 578, 
579, 606, 607 
 InGaAs SPAD  73, 181, 183, 375 
 MCP PMTs  70, 152 
 microchannel PMTs  138 
 NbN, SCONTEL  187 
 NbN, single nanowire  188 
 NbN, superconducting  74, 185, 187, 188 
 overload shutdown  789 
 PMC-100  157 
 PMC-150  158 
 PMH-100  157 
 PMH-150  158 
 PML-16  71 
 PML-16 GaAsP  72, 172 
 PML-16C  172 
 PML-SPEC  71 
 PML-SPEC GaAsP  72 
 PMTs  69, 137 
 PMZ-100  157 
 power supply  788 
 preamplifiers  191 
 pulse height distribution  143 
 quantum efficiency  146 
 R10467  160, 607 
 R11322  160 
 R3809U  152 
 R5600, R7400  154 
 safety advice  194 
 SER  143, 207 
 shielding  274 
 shutter assemblies  74 
 side-window PMT  168 
 SPADs  72, 140, 176 
 SSPDs  142, 185 
 superconducting  185, 188 
 transit time  145 
 Transit time spread  145 
 TTS  145 

 ultrafast HPMs  164, 350 
Device State  650, 709 
DIC FLIM  403 
Dichroic beamsplitters  303, 585, 614 
Diethylthiatricarbocyanine  369 
Differential Nonlinearity  277 
Diffuse correlation  565 
Diode laser 

 BDL-SMN ps diode lasers  63, 64 
 BDS-MM ps diode lasers  66 
 BDS-SM ps diode lasers  65 
 connection to SPC  211, 215 
 fast switching  322 
 in DOT systems  558, 559 
 in FLIM systems  231, 340 
 in lifetime spectrometer  300 
 laser multiplexing  63, 357 
 laser switch box  66 
 multiplexing  427 
 pulse-interleaved operation  110, 357 
 two-photon excitation  625 

Diode-Laser FLIM  340 
Direct detection  335, 345, 353 
Display 

 3D colour-intensity mode  760 
 3D curve mode  760 
 3D display parameters  762 
 3D display parameters, mode selection  762 
 3D display parameters, window selection  762 
 after display time  718 
 after each cycle  717 
 after each step  717 
 amplitudes of decay components  872 
 autoscale  760 
 colour intensity mode  760, 761 
 curve style  759 
 display time  718 
 display windows in main panel  642 
 during measurement  717 
 FCS, off-line  712 
 FCS, on-line  710 
 FRET efficiency of interacting donor  872 
 grid colour  760 
 in scan modes  740 
 intensity contribution of decay components  873 
 lifetime images, SPCM  743 
 lifetime of decay components  871 
 lifetime ratio of decay components  872 
 multidimensional data  762 
 multi-file show  660 
 of average lifetime  870 
 of Chi square  874 
 of curve maximum  648 
 of first moment  648 
 of FWHM  648 
 of gated images, SPCM  873 
 of mean lifetime  870 
 of scatter contribution  873 
 of total counts  648 
 parameters for different windows  763 
 parameters, 3D  760 
 parameters, 3D curve mode  760 
 Parameters, colour intensity mode  761 
 photon counting histograms, on-line  710 
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 ratio of decay amplitudes  873 
 resizing of display window  756 
 reverse axis  760 

Display functions  731 
 2D Curve Routine  735 
 2D data processing  735 
 2D display  732 
 3D curve mode  737 
 3D display  737 
 3D display, configuration  737 
 block mode  760 
 block mode of 2D display  736 
 colour intensity mode  737 
 cursors, 2D display  734 
 cursors, 3D display  738 
 parameters, 2D  760 

Display parameters  646, 742 
 background colour  759 
 f(xyt) mode  247 
 FIFO imaging mode  255, 743, 745, 747, 748, 750 
 FIFO imaging mode, PLIM  754 
 runtime lifetime display  750 
 scale  759 

Display time  667 
Distance Measurement  632 
Dither gain  728 
Dither width  134, 135 
Dither witdth  723 
Dithering  124, 133, 134 
DNA-RNA ratio  475 
DNL  277 
Donor, of FRET  477 
DOT  551 

 absorption  551 
 cerebral blood flow  562 
 count rates  557 
 detector area  579 
 detector background  577 
 detector efficiency  578 
 detectors  577 
 diffuse correlation  565 
 dynamic brain imaging  559 
 endoscopes  566 
 fluorescence  563 
 fluorescence lifetime  572 
 haemodynamic response  560 
 hybrid detector  578, 579 
 ICG absorption  561 
 ICG bolus  561 
 ICG fluorescence  561 
 moments of time-of-flight  560 
 of muscles and bones  572 
 optical fibres  575 
 perfusion measurement  561 
 pulses shapes  551 
 scanning mammography  554 
 scanning systems  569 
 scattering coefficient  551 
 small animals  573 
 small distance  566 
 SPAD detector  579 
 spatial resolution  552 
 static brain imaging  557 
 supercontinuum laser  569 
 technical aspects  575 

 time resolution  577 
 time-of-flight distribution  556, 558 
 timing stability  577 
 tissue scanning  569 
 tissue spectrometers  567 
 tomographic fluorescence systems  573 
 wavelength multiplexing  569 

DPC-230 16-channel photon correlator  13, 602, 603 
DTTCC  369 
Dual-module FLIM systems  47 

 FCS system parameters  592 
 FCS, cross correlation  594 
 synchronous start  592 

EEPROM Parameters  728 
Efficiency 

 cathode efficiciency  146 
 comparison of detectors  169 
 comparison of PML-16 C and PML-16 GaAsP  
174 
 counting efficiency  281 
 of FLIM systems  442 
 of multi-detector TCSPC  101 

Electrical shock, by broken cables,  195 
Electron transfer  468 
Emulation Mode  204 
Endogenous fluorophores  493, 516 
Endoscopes 

 2p FLIM  420 
 DOT  566 
 fibre bundle  418 
 FLIM  418 
 optical principle  418 
 rigid  418 
 single-point multi-wavelength  312 

Error correction, ADC  134 
Event markers  702, 703, 708 
Excitation power 

 endoscopic FLIM 1p  419 
 endoscopic FLIM 2p  420 
 fibre laser 2p FLIM  338 

Excitation spectra 
 FAD  337 
 fluorescent proteins  337 
 NADH  337 

Excitation wavelength multiplexing  21, 109, 323, 357 
Exit, the SPC software  782 
Experiment trigger  105, 107, 219, 687, 692, 697, 709, 
716, 892, 896, 897 
Export 

 FIFO files  661 
 into ASCII  660 
 into EI format  660 
 single traces  768 
 SPCImage data  850 

External Control of SPC modules  891 
External photoeffect  140 
f(t,EXT) mode  675 

 accumulate  676 
 autosave  676 
 cycles  676 
 display  677 
 multidetector operation  676 
 repeat  676 
 steps  675 
 trigger  676 

f(t,T) mode  672 
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 accumulate  673 
 autosave  673 
 cycles and autosave  673 
 display  674 
 multidetector operation  674 
 Repeat  673 
 steps  673 
 trigger  674 

f(txy) mode  670 
 accumulate  671 
 autosave  671 
 cycles  671 
 display  672 
 repeat  672 
 stepping through pages  671 
 trigger  672 

f(xyt) mode  246 
FAD  356, 466 

 decay function  361, 494 
 metabolic FLIM  361, 362 
 redox ratio  494, 500 
 spectra  361, 493 
 unmixing components  511 

FAD  361 
FAD FLIM  361, 494 
Fast Counter Channel  404 
Fast preview  44 
FASTAC FLIM system  61, 399 

 acquisition time  401 
 images  401 
 principle  399 
 time resolution  400 

FBX  893, 898 
FBY  893, 898 
FCS  39, 54, 116, 585 

 afterpulsing of detectors  606 
 autocorrelation function  117, 586 
 background signals  608 
 beam jitter  608 
 calculation from TCSPC FIFO data  116, 586, 587 
 clock from SYNC input  605 
 cross correlation  606 
 cross-correlation function  586 
 CW operation, stop pulse for  605 
 DCS-120  602 
 detectors  605 
 display of fit results  648 
 display parameters  595 
 efficiency, autocorrelation vs. crosscorrelation  607 
 FCS down to picosecond times  119, 590 
 from parameter-tag data  116, 586 
 full correlation  119, 590 
 gated FCS  598 
 global fit with decay data  118, 590 
 in cells  604 
 lifetime-filtered  118, 590 
 linear-tau algorithm  587 
 LSM 510  597 
 LSM 710  597 
 macro time clock source  593, 605 
 main panel configuration  594, 643 
 matching of refractive index  608 
 multi-tau algorithm  588 
 normalisation  587 

 off-line display  712 
 online display  592, 710 
 online fit  593, 710 
 optical aberrations  608 
 ps correlation  603 
 sample setup  609 
 sample volume  608 
 saturation  599 
 saving time-tag data  592 
 synchonous start of modules  595 
 system parameters  707 
 time gating  118, 590 
 trace parameters  594 
 trigger master  595 
 two-photon  585 
 two-photon FCS  600 
 using micro times of photons  118 
 with CW laser  600 
 with hybrid detector  598, 600, 602, 603, 607 
 with Intune laser  598 
 with laser scanning microscopes  596 
 with ps diode laser  599 
 ZEN software setup for FCS  597 

fi(EXT) mode  680 
 accumulate  681 
 autosave  681 
 cycles  681 
 display  682 
 multidetector operation  681 
 repeat  681 
 steps  680 
 trigger  681 

fi(T) mode  677 
 accumulate  678 
 autosave  678 
 cycles  678 
 display  679 
 multidetector operation  679 
 repeat  679 
 steps  678 
 trigger  679 

Fibres  294, 555 
 coupling into SSPD detector  377 
 fibre based TCSPC systems  313, 568 
 fibre switches  557, 559, 567 
 fibre system with implantable tip  569 
 in DOT applications  555 
 laser output  63 
 multi-mode  294 
 principle of light transmission  294 
 pulse dispersion  294 
 single mode  63, 294 

Fibres, optical  557, 559, 567, 568 
FIDA  621 
FIFO  115 

 buffer size  130 
 FIFO files  661 
 FIFO imaging mode  20, 698 
 FIFO mode  115, 129, 622 
 frame length  724 
 Overflow  650 

FIFO data, setup files  662 
FIFO Files 

 SPC-130/134  885 
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 SPC-140/144  885 
 SPC-150/154  885 
 SPC-160/164  885 
 SPC-600/630  883 
 SPC-830  885 

FIFO imaging  698 
FIFO imaging mode  698 

 autosave  703 
 display of images  740 
 event markers  702 
 image format 32bit software  700 
 image format 64bit software  700 
 image format parameters  700 
 measurement control parameters  698 
 microsecond lifetime  113, 409, 703 
 mosaic FLIM  701 
 parameter setup  698 
 routing  703 
 scan clock pulses  702 
 synchronisation with scanners  702 

FIFO mode  115, 706 
 autosave  708 
 buffer size  130 
 calculation of FCS  586 
 count rate, burst  130 
 count rate, continuous  130 
 cycle function  703, 708 
 data file  707 
 data format selection  712 
 disk space  707 
 event markers  708 
 FCS fit  710 
 FIFO data, setup files  883 
 FIFO Files  883 
 FIFO imaging mode  698 
 file structure  883 
 frame length  724 
 microsecond decay  711 
 off-line display  712 
 online display  710 
 routing  709 
 software buffer  707 
 source of macro-time clock  605, 708 
 trigger  709 
 triggered MCS mode  711 

FILDA  622 
File Formats, Data and Setup  654, 657 
File Header (data files)  879 
File Info  654, 657 
File Info (data files)  880 
Files 

 conversion of FIFO files  661 
 convert into ASCII  660 
 exporting traces  768 
 FIFO  661, 883 
 loading of  654 
 multi-SPC software  879 
 of screen pattern  664 
 saving of  656 

Filters 
 absorptive  292 
 in IRF recording  458 
 interference  292 
 reflections  292 

First moment 

 display of  648 
 for online lifetime display  395 
 of IRF  577 
 of time-of-flight distribution  552 
 SPCImage  858 

Fit of FCS data  593 
Fixed decay parameters  841, 856 
FLIM  331 

 1000nm and beyond  375 
 acquisition time  45, 113, 419, 428, 444, 448, 454 
 aggregates  529 
 applications  465 
 autofluorescence  493 
 autofluorescence of tissue  533 
 beam scanning  28, 231 
 Ca2+ imaging  472 
 Ca2+ transients  472 
 Chloride ions  473 
 chlorophyll  523 
 chlorophyll transients  526 
 confocal  340 
 count rate  448, 452, 453 
 counting loss  451 
 DCC-100 detector controller  226 
 Dermainspect  533 
 DIC  403 
 diode laser excitation  340 
 dual-wavelength FLIM  223, 232, 348 
 efficiency  442 
 endocopes  418 
 endogenous fluorophores  493, 516 
 excitation wavelength multiplexing  109, 427 
 Excitation wavelength multiplexing  357 
 FASTAC system  61, 399 
 FIFO imaging  698 
 FLIO system  539 
 FLITS  112, 389 
 fluorescence quenching  471 
 FRET measurements  477 
 high resolution  46 
 high speed  378 
 image size  108, 109, 454 
 in NSOMs  433 
 influence of anisotropy decay  459 
 Intune laser  343 
 ion concentrations  471 
 laser multiplexing  357 
 Laser multiplexing  362 
 Lifetime-intensity mode  404 
 line scanning  112 
 macroscopic  415 
 macroscopic objects  38 
 main panel configuration  643 
 MCS FLIM  113, 409, 703 
 megapixel FLIM  46 
 Megapixel FLIM  29 
 metabolic FLIM  361, 493 
 microsecond decay  409 
 microsecond FLIM  113, 409 
 mosaic FLIM  382 
 MPT Flex  535 
 multi-beam scanning  426 
 multi-dimensional TCSPC  107 
 multiphoton  36, 47, 345 
 multispectral confocal  352 
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 multispectral multiphoton  353 
 multi-wavelength  108, 511 
 multi-wavelength FLIM  30 
 NDD  40, 57, 226, 335, 345, 353 
 NIR dyes  367 
 non-descanned detection  40, 57, 226, 335, 345, 
353 
 NSOM  433 
 of rotating object  422 
 ophthalmic FLIM  536 
 ophthalmic imaging  536 
 OPO excitation  371 
 parallel channel  380 
 pH imaging  471 
 photobleaching  446 
 photon number  445 
 photosensitisers  529 
 pile-up  451 
 PLIM combined with FLIM  113 
 polygon scanners  424 
 preview function  44 
 pulse-interleaved excitation  110, 357 
 scan rate  462 
 SHG  511 
 shutter control  226 
 signal-to-noise ratio  444 
 single PMC-100 detector  226 
 skin  419 
 STED FLIM  429 
 supercontinuum laser  341 
 synchrotron radiation  341 
 system architecture  107 
 system parameters  689 
 Temperature measurement  530 
 time resolution  441 
 time series  526 
 time-series  386 
 triggered accumulation  113 
 tuneable excitation  36, 49 
 tuneable excitation confocal  341 
 ultra-fast decay  36, 48 
 upgrading laser scanning microscopes  223 
 viscosity  474 
 well plates  421 
 wideband beamsplitter  341 
 wide-field FLIM  25, 435, 713 
 wiring diagrams of FLIM systems  226 
 Z scanning  21, 35, 51, 373, 383 
 Z stacks  373 
 Z-stack recording  515 

FLIO 
 2p excitation  550 
 analysis, cataract  546, 548 
 data analysis  542 
 FLIO system  539 
 images  540 
 IRF position  542 
 IRF shape  542 
 IRF, synthetic  544 
 model function  543, 544 
 shifted component model  544 
 suppresion of lens component  545 
 system architecture  539 

FLIRR  501, 824 
FLITS  23, 39, 54, 112, 389 

 chlorophyll transients  391, 527 
 frame clock  390, 391 
 photon distribution  112, 389 
 principle  112 
 procedure  390 
 recording speed  113 
 triggered accumulation  113, 390 

Fluorescence 
 anisotropy  296, 315, 459 
 anisotropy decay  296, 302, 459, 507 
 chlorophyll  391 
 decay functions  92, 441 
 decay measured by  FLIM system  305 
 decay models  854 
 depolarisation  296, 302, 315, 459 
 electron transfer  468 
 fluorescence correlation, ps  581 
 fluorescence decay  299 
 fluorophores bound to proteins  466 
 FRET  340, 349, 468, 477 
 FRET donors  336 
 ion concentrations  465 
 Kautsky effect  320 
 lifetime  92, 118, 590 
 lifetime spectrometers  299 
 lifetime, donor of FRET  477 
 local refractive index  467 
 local viscosity  467 
 metal surfaces  467 
 of aggregates  468 
 of chlorophyll  320 
 of protonated and deprotonated forms  467 
 oxygen concentration  466 
 oxygen effect on NADH  466 
 pH sensors  467 
 protonation  467 
 quenching  465, 471 
 re-absorption  297 
 resonance energy transfer  468, 477 
 solvent effects  467 
 transient effects  389 
 transient phenomena  320 
 transients, of chlorophyll  320 
 ultra-fast decay  36, 48 

Fluorescence correlation spectroscopy, see FCS  585 
Flyback X  687, 696, 893, 898 
Flyback Y  687, 697, 893, 898 
Forensic FLIM applications  531 
Förster resonance energy transfer, see FRET  468, 477 
Frame clock  107, 113, 427 
FRAP  530 
Freq Div (SYNC)  720 
FRET  477 

 acceptor decay function  481 
 acceptor photobleaching  477 
 Alzheimer desease  490 
 amplitudes of decay components  479 
 basics  468 
 by double-exponential lifetime analysis  479, 872 
 by MFD  614 
 by multi-wavelength FLIM  483 
 by single-exponential lifetime  478 
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 classic FRET efficiency  870, 872 
 contamination by autofluorescence  488 
 dark acceptors  483 
 decay function of CFP  481, 486 
 diffraction limited spots  485 
 donor decay function  479 
 examples  340, 349, 480 
 fixed samples  487 
 for infection mechanisms  490 
 FRET efficiency by mean lifetime  870 
 FRET efficiency of interacting donor  872 
 homo FRET  485 
 Huntington desease  490 
 lifetimes of decay components  479 
 literature  489 
 multi-exponential donor decay  486 
 photobleaching  488 
 photo-induced changes  488 
 plant cells  491 
 protein interaction  468, 478, 480 
 samples  487 
 shear forces  491 
 single molecule FRET  614, 618 
 SNARE proteins  491 
 tryptophan to NADH  484 
 ultra-fast  485 

FWHM, display of  648 
G factor  316 
Gain 

 detector gain, optimisation  259 
 of APDs  140 
 of PMTs  142, 259 
 TAC gain  721 

Galvanometer scanner  113 
Geiger mode  140 
GPU processing  83, 799 
Ground loops  275 
Grounding  274 
GVD-120 scan controller  78 

 beam blanking  784 
 beam park function  786 
 configuration for different scanners  786 
 control by SPCM software  783 
 control of lasers  784 
 control panel  783 
 cooperation with motor stage  793 
 DOT scanner  570 
 driving piezo stages  427 
 frame size  783 
 laser multiplexing  784 
 operation from SPCM software  783 
 preview function  784 
 scan rate  784 
 scan waveform  78 
 zoom function  785 

H10720 / H10721  156 
H11900 / H11901  156 
H15620  160 
H5773  145, 155 
H5773, high count rates  156 
H5773, IRF  155 
H5783  155, 640 
H5783, high count rates  156 
H5783, IRF  155 
H7421  160 
H7422  144, 145, 159, 583, 605 

H7422, connection to SPC  212 
H8632  159 
Hanbury-Brown-Twiss experiment  581 
Hardware Test  202 
HFAC series preamplifiers  76, 191 
HFAH series preamplifiers  76, 191 
High resolution FLIM  46 
High voltage module, for PMT  70 
High voltage, for PMT  145, 194 
High-current switches of DCC100  193 
Histogram 

 2D histogram  800 
 decay parameters  800, 825, 829 
 decay parameters in ROI  800 
 intensity histogram  826 

Hold (CFD)  719 
Holdoff (SYNC)  720 
HPM-100 hybrid detector  161, 263, 339, 578, 579, 607 
HPM-100, sensitivity comparison  169 
HPM-100-06  162, 164, 350 
HPM-100-07  162, 164, 350 
HPM-100-40  162 
HPM-100-41  162 
HPM-100-50  162, 163 
HRT series routers  76 

 cable diagrams  215 
 principle  100 

HVM-100 high voltage module  70 
Hybrid detector  428 
Hybrid detectors  138, 161, 263, 339, 578, 579, 606, 607 
Hydrant  266 
ICG  368, 561, 563 
Id 220  181 
Id 230  183 
Image Format 

 FIFO Imaging  700 
 Scan Sync In  693 
 Scan Sync Out  688 
 Scan XY Out  696 

Image segmentation by phasor plot  833 
Image size  454, 783 
Imaging  107, 331 

 advantage of scanning  332 
 beam scanning  225 
 clinical FLIM  533 
 control Signals  893, 897 
 FIFO imaging mode  698 
 FLIM systems  223 
 imaging modes  686 
 microsecond decay  113, 703 
 Ophthalmic FLIM  536 
 scanning vs. wide field  332 
 wide field FLIM  435 
 with scanning microscope  331 

Import, FLIM data into SPCImage  804 
Incomplete decay model  811, 854 
Indocyanine green  368, 561, 563 
InGaAs SPAD  73 
Initialisation Panel  202 
Input signals of SPC modules  205, 211 
Installation  197 

 DLL  198 
 hardware  200 
 hardware, multi module systems  201 
 hardware, PCI express modules  200 
 hardware, PCI modules  200 
 module test  203 
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 multi-module systems  201 
 problems  203 
 requirements to computer  197 
 setup service  239 
 single SPC module  200 
 Software  197 
 software update  198 
 uninstall  200 
 View Library  198 

Intensity contribution of decay components  873 
Intensity gating in SPCImage  822 
Intensity images 

 intensity histogram  826 
 SPCImage  803 
 SPCM, gated images  742 
 SPCM, trace parameters  740 
 SPCM, window parameters  742 

Internal photoeffect  140 
Interrupt, a measurement  781 
Intune laser FLIM  49 
Inverters, APPI, for pulses  79 
Ion concentrations  465, 471 
IRF  288 

 auto IRF from data  863 
 from recorded data  865 
 from scattering data  866 
 from SHG data  868 
 H5773  155 
 H5773, H5783  156 
 H5783  155 
 HPM-100 hybrid detector  162 
 HPM-100-06 and -07  164 
 illuminated detector area  289 
 IRF modelling  798, 813 
 measuring an IRF, one-photon  455 
 measuring an IRF, procedure  458 
 measuring an IRF, two-photon  458 
 of bh FLIM systems  455 
 of FLIM systems  863 
 of PLIM  845 
 one-photon  866 
 photosensor modules  155 
 R3809U  152 
 R5600  154 
 R7400  154 
 side-window PMTs  168 
 stability vs. count rate  156 
 synthetic IRF  82, 457, 798, 813, 864 
 synthetic vs. measured  457 
 TO-8 PMTs  154 
 two-photon  868 
 ultrafast HPMs  164 
 use in data analysis  863 
 voltage divider  288 

Jitter 
 amplitude, detector pulses  130 
 of detector transit time  145 
 of pulse period  270 
 of SER amplitude  143, 261, 290 

Kautsky effect  320, 524 
Laser 

 BDL-SMC and SMN series  63, 64 
 BDS-MM series  66 
 BDS-SM series  65 

 beam blanking  784 
 beam combiner  67 
 control from GVD-120  69 
 control via DCS-120 panel  784 
 diode lasers  63 
 femtosecond fibre lasers  338 
 fibre coupling  63 
 Intune laser  343 
 LHB-104 Laser Hub  67 
 LSB laser switch boxes  66 
 modulation, for PLIM  410 
 multiplexed TCSPC  102 
 multiplexing  47 
 multiplexing  68 
 multiplexing  287 
 multiplexing  323 
 multiplexing  576 
 multiplexing, in DOT  553 
 multiplexing, in FLIM  357, 555, 784 
 power control  784 
 ps diode lasers  340 
 supercontinuum laser  313, 341, 429, 567, 569, 570 
 TiSa, 1-photon excitation  368 
 TiSa, 2-photon excitation  334, 337 
 TiSa, control from SPCM software  792 
 tuneable fibre laser  343 

Laser multiplexing  362 
 BDL-SMC laser  63 
 by DCS-120 system  357, 784 
 chlorophyll fluorescence  323 
 DCS-120  34 
 DDG-210 card  68 
 in DOT  553, 555, 560, 569, 576 
 in FLIM  34, 343, 357 
 metabolic FLIM  361 
 multiplexed TCSPC operation  98, 102 
 pulse by pulse vs. pulse group  287 
 supercontinuum laser  343, 569 

Laser scanning microscopes 
 A1  58 
 C1  58 
 confocal  332, 333 
 DCS-120  26 
 detectors for FLIM  338 
 excitation lasers  336 
 femtosecond fibre lasers  338 
 FLIM upgrade  223 
 FV 1000  56 
 FV 300  56 
 multiphoton  334 
 principle  333 
 ps diode lasers  336 
 supercontinuum lasers  337 
 Sutter MOM  59 
 TiSa lasers  337 
 Zeiss LSM 710/780/880/980 family  40 

Laser scanning microscopes, see also FLIM  333 
Leica SP2  56 
Leica SP5  56 
Leica SP8  56 
Lens 

 NDD transfer lens  345, 346 
 objective lens  333, 335, 345 
 scan lens  333, 418 
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Lenses  292 
LHB-104 Laser Hub  42, 47, 67, 232 
Lifetime 

 amplitudes of decay components  872 
 apparent lifetime  870 
 average lifetime, ti  870 
 Chi square  874 
 FRET efficiency of interacting donor  872 
 histograms for single molecules  618 
 intensity contibution of components  873 
 lifetime ratios of decay components  872 
 mean lifetime, tm  870 
 of decay components  871 
 pile-up error  452 
 ratios of amplitudes  873 
 scatter contribution  873 

Lifetime images 
 calculation of  842 

Lifetime Imaging, applications  465 
Lifetime spectrometers  299 

 anisotropy  315 
 fibre-based systems  313 
 filter-based  300 
 implantable fibres  313 
 micro spectrometers  314 
 micro spectrometers, multi-wavelength  315 
 monochromators  307 
 multi-wavelength  310 
 polarisation  302 
 time resolution  301 
 time-resolved spectra  309 
 tissue, multi-wavelength  312 
 use of FLIM systems  305 

Lifetime-intensity mode  404, 843 
Lifetimes of decay components 

 autofluorescence  513 
 FRET  479 
 SPCImage  796, 870 

Light emission from SPADs  635 
Limit High (CFD)  719 
Limit High (TAC)  721 
Limit Low (TAC)  721 
Limit Low, CFD  719 
Line clock  107, 113, 427 
Load  654 

 data files, SPCImage  804 
 data files, SPCM  654 
 FIFO files  661 
 File Formats  654 
 files from older software versions  656 
 predefined setups  643, 659 
 selected parts of a file  655 
 setup files, SPCM  654 

Loading of FLIM data into SPCImage  804 
Lock detector setup  789 
Lock-in SPC  318, 717 
Luminescence decay  299 
Luminous sensitivity  146 
Macro time clock  593 
Macro-time clock, synchronisation of  605, 708 
Magic angle  297, 459 
Magnetic field, infuence on detector  170 
Main (in menue bar)  654 
Main Panel  641 

 configuration of  642 
 count rate display  649 

 cursors  647 
 device state  650 
 dual-channel FLIM  745 
 examples  642 
 F(xyt) mode  246 
 FCS  594 
 FLIM/PLIM  754 
 gated images  748 
 module select  649 
 mosaic FLIM  255 
 multi-wavelength FLIM  253, 747 
 multi-wavelength fluorescence lifetime  245 
 one-channel FLIM  743 
 runtime FLIM  750 
 scanning systems  249 
 single-channel fluorescence lifetime  240 
 trace statistics  648 

Mammography, optical  551 
Markers  702, 703, 708 
Maximum Ratings of SPC modules  903 
MCP  289 
MCP PMT  70 

 comparison with HPM-100-40  162 
 comparison with SPADs  177 
 detector assemblies  74 
 FV-1000  56 
 in laser scanning microscopes  339 
 IRF  152 
 IRF with SPC-150NX  152 
 position-sensitive  435 
 principle  138 
 R3809U  152 

MCS FLIM  703 
Mean lifetime, tm  870 
Mean lifetime, tm12  870 
Measurement 

 dead time compensation  719 
 display during measurement  717, 718 
 imaging modes  726 
 lock-in TCSPC  318 
 multi-detector  726 
 normalisation to maximum  724 
 repeat  718 
 Stop T  668, 671, 673, 676, 678, 681, 715, 717 

Measurement Description Blocks  880 
Measurement modes  667 

 continuous flow mode, curves  682 
 continuous flow mode, images  694 
 f(t,EXT) mode  675 
 f(t,T) mode  672 
 f(txy) Mode  670 
 fi(EXT) mode  680 
 fi(T) mode  677 
 FIFO imaging mode  698 
 FIFO mode  706 
 MCS FLIM  703 
 mosaic FLIM  701 
 oscilloscope mode  670 
 Overview  14 
 Scan Sync In continuous flow mode  694 
 Scan Sync In mode  689 
 Scan Sync Out mode  686 
 Scan XY Out mode  696 
 single mode  668 
 Triggered accumulation MCS  711 
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 wide-field FLIM  713 
Measurement System  123 
Megapixel FLIM  29, 46, 382 
Melanoma 

 FLIM  357 
Memory Banks  106, 128, 683, 694, 726 
Memory control  125 

 Add/Sub  129 
 Count Enable  129 

Memory Offset  723 
Memory Page  725 
Memory swapping in TCSPC  106 
Metabolic FLIM 

 amplitude ratios, a1/a2  501 
 amplitude, a1  501 
 combination with SHG  514 
 comparison with histology  504 
 examples  502 
 FAD data  505 
 FLIRR  501 
 laser multiplexing  361, 362, 364 
 lifetimes  500 
 MCR  502 
 NADH/FAD amplitude histogram  505 
 OMI index  500 
 one-photon  361 
 oocytes  509 
 redox ratio  500 
 response to chemotherapy  508 
 tumor identification  504 
 two-photon  364 

Methylene blue  370 
MFD  434, 613 

 data analsyis  615, 616 
 imaging  616 
 in cells  617 
 molecules in solution  614 
 optical principle  614 

Microchannel PMT  138 
Microfluidic channels  530 
Microscope, confocal  331 
Microscope, multiphoton  334 
Microsecond decay  18, 328, 711 
Microsecond lifetime imaging  113, 409, 703 
Mixing techniques  325 
MLE fit  857 
Model function  854 

 1,2,3-exponential models  809 
 fixed decay parameters  841, 856 
 incomplete decay model  854 
 number of components  859 
 over-determined models  860 
 pseudo-global analysis  841 
 shifted-component model  812 

Model parameters  860 
Module Test  203 
Module types 

 DCC module  75, 192 
 DDG module  68, 78 
 DPC modules  13 
 GVD module  78 
 other photon counters  13 
 power-tau systems  12 
 Simple-Tau systems  11 
 SPC modules  6 

Molecular brightness  621 
Molecular environment 

 Ca2+ imaging  472 
 Ca2+ transients  472 
 Chloride ions  473 
 Hg2+  475 
 Na+ concentraion  475 
 pH imaging  471 
 viscosity  474 

Moments 
 display of M1  648 
 in DOT  552 
 of time-of-flight distribution  552 
 online-lifetime calculation  395 

Monochromators  293, 307 
More Parameters  727 
Mosaic FLIM  22, 52, 110, 382, 701 

 data processing  843 
 lateral  52, 110, 382 
 moving objects  833 
 parameter setup  701 
 spatial  110, 382 
 SPCImage  843 
 temporal  35, 52, 111, 387 
 temporal, accumulation  388 
 z-stack  111, 373, 385 

Motor stage  421, 793 
 calibration  794 
 cooperation with optical scanner  421, 793 
 in DCS-120 systems  421, 793 

Moving objects, decay analysis  833 
MPT Flex  535 
Multi SPC systems 

 equalize parameters  730 
 installation  201 
 module select  649 
 Module Select  730 
 Parameters  730 
 setup  217 

Multi-beam scanning FLIM  426 
Multichannel System, pile-up  286 
Multi-detector operation 

 continuous flow mode  684 
 data display  742 
 efficiency  101 
 f(t,T) mode  674, 676 
 fi modes  679, 681 
 FIFO imaging mode  703 
 FIFO mode  709 
 in DOT  567, 574 
 of TCSPC  98, 99 
 oscilloscope mode  670 
 principle  99 
 scan modes  688, 693 
 single mode  669 

Multidimensional data, display of subsets  762 
Multi-dimensional TCSPC  95 

 architecture  96 
 excitation multiplexed FLIM  109 
 FLIM  107 
 FLITS  112, 389 
 hardware accumulation  97 
 mosaic FLIM  110 
 multiplexing  102 
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 multi-wavelegth FLIM  108 
 multi-wavelength  99 
 PLIM combined with FLIM  113 
 principle of data acquisition  95 
 sequential recording  104 
 software accumulation  97 
 spatial multiplexing  104 

Multi-file view  660 
Multi-module TCSPC systems  120, 730 

 8-channel FLIM  380 
 DCS-120  232, 340 
 DOT  555, 559 
 FLIM  223, 378 
 installation  201 
 multiphoton FLIM  345 
 principle  120 
 Simple-tau systems  120 
 Trigger synchronisation  717, 730 
 wiring diagrams  230 

Multi-parameter fluorescence detection  434, 613 
Multi-parameter TCSPC  98, 628 
Multi-photon detection  268 
Multiphoton excitation  334 

 non-descanned detection  335, 345, 353 
Multiphoton FLIM systems  47 
Multiphoton tomography of human skin  357 
Multiplexed TCSPC  102, 127, 287, 555, 576 
Multiplexing 

 excitation wavelength  109 
 in TCSPC  98 
 of lasers  287, 555, 576 

Multi-spectral FLIM, see multi-wavelength FLIM  352 
Multi-spectral TCSPC  99 
Multi-wavelength FLIM  21, 30, 352 

 3D trace parameters  254 
 64-bit software  355 
 applications  356 
 confocal  352 
 large images  30 
 mosaic FLIM function  255 
 NDD  353 
 system parameters  253 
 TCSPC principle  108 
 window parameters  254 

Multi-wavelength NDD FLIM  51 
Multi-wavelength operation  99, 312 

 in DOT  567 
 Scan Sync In FLIM  108 
 single-point tissue fluorescence  312 

MW FLIM GaAsP system  72 
MW FLIM system  57, 72, 174, 352, 353, 354 

 autofluorescence detection  511 
 unmixing  511 

NADH  356, 357, 361, 466, 512 
 decay function  361, 494, 497 
 metabolic FLIM  361, 362 
 redox ratio  494, 500 
 spectra  361, 493 
 unmixing components  511 

NADH FLIM  361, 493 
 a1/a2 ratio  351, 494 
 combination with SHG  514 
 decay funtions  351, 494 
 examples  495 
 FLIRR  501 
 infection mechanisms  508 

 literature  507 
 metabolic FLIM  361 
 OMI index  500 
 oocytes  509 
 response to chemotherapy  508 
 stem cells  510 
 tumor identification  507 
 with ultrafast detectors  350 
 wound healing  508 

Nanoparticles  469 
 detection in skin  516 

NbN detectors  74 
 IRF  185 
 IRF  74, 185 
 IRF  187 
 IRF  187 
 IRF  188 
 recording of fluorescence decay  188 
 single nanowire  188 
 test setup  185, 188 

NDD 
 beamsplitters  346 
 examples of FLIM images  47, 348 
 multi-wavelength detection  353 
 NDD detectors  353 
 principle  335 
 Principle  345 
 principle of beam path  345 

Near-Field Microscope  433 
Nikon A1  58 
Nikon A1 integrated FLIM  58 
Nikon C1  58 
NIM modules  92 
NIR dyes 

 DTTCC  369 
 FLIM  367 
 ICG  368, 561, 563, 572 
 methylene blue  370 

NIR FLIM  367 
 1000nm and beyond  375 
 2-photon, with OPO  371 
 confocal  367 
 diode laser  368 
 DTTCC  369 
 ICG  368 
 Intune laser  371 
 methylene blue  370 
 TiSa laser, one-photon excitation  368 
 wideband beamsplitter  368 

Noise 
 electromagnetic shielding  274 
 ground loops  275 
 in multi-detector systems  101 
 signal-to-noise ratio of FLIM  444 

Non-descanned detection, see NDD  335, 345, 353 
NSOM  433 
OEM TCSPC boards  6, 9 
Offset 

 counting background  265 
 DOT, effect on accuracy  577 
 in SPCImage  835, 854, 874 
 MCS mode  703, 711 
 TAC offset  721 

Olympus FV1000  56 
Olympus FV300  56 
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OMI index  500 
Online FLIM  45 
Online Lifetime Display  33, 395 
Operating voltage, of PMT  145 
Operation Modes  667 

 continuous flow mode, curves  682 
 continuous flow mode, images  694 
 f(t,EXT) mode  675 
 f(t,T) mode  672 
 f(txy) Mode  670 
 fi(EXT) mode  680 
 fi(T) mode  677 
 FIFO imaging mode  698 
 FIFO Mode  706 
 MCS FLIM  703 
 MCS, triggered accumulation  711 
 oscilloscope mode  670 
 overview  14, 667 
 Scan Sync In mode  689 
 Scan Sync Out mode  686 
 Scan XY Out mode  696 
 single mode  668 
 wide-field FLIM  713 

Ophthalmic FLIM  536 
 2p excitation  550 
 background  536 
 data analysis  542 
 FLIO system  539 
 fluorophores  536 
 shifted-component model  544 
 suppresion of lens component  545 
 system architecture  537 

OPO  371 
Optical fibres  294, 555, 557, 559, 567, 568, 575 
Optical fibres, single mode  63, 294 
Optical oscilloscope  640 
Optical reflections  287, 295 
Optical sectioning 

 by confocal detection  332 
 by multiphoton excitation  332 

Optical System  291 
Optical System, influence on system response  291 
Optical tomography see DOT  551 
Optimising the CFD Parameters  259 
Optimising the SYNC Parameters  269 
Optimising the TAC parameters  272 
Oscilloscope Mode  259, 265, 670 

 application  640 
 detectors  640 
 multidetector operation  670 
 trigger  670 

Over-determined models  860 
Overflow 

 correct overflow option  715 
 overflow handling  715 
 Stop on overflow option  668, 671, 673, 676, 678, 
681, 715 

Overload Flip-Flop of DCC-100  193 
Overload shutdown  193, 789 
Overload Signal  193 
Overload, of PMT  290 
Oxygen sensing  517 
P box  226 
Page Control  725 
Page in memory  726 

Page stepping  669, 671, 687, 692, 697, 716 
Parameter histogram  829 
Parameter-tag data 

 Burst analyser software  84 
 calculation of FCS  586 
 conversion into sdt files  661 
 export and import  661 
 file structure  883 
 saving into file  699, 707 

Parameter-tag mode  97, 115 
 buffer size  130 
 burst analysis  119 
 calculation of FCS  116, 586 
 configure online display  710 
 data structure  115 
 FCS fit  710 
 FIDA  622 
 FIFO imaging  698 
 FIFO mode  706 
 MCS trace  710 
 memory control  129 
 PCH  622 
 principle  115 
 system parameter setup  706 
 TCSPC architecture  115 

Parametric downconversion, for QE measurement  637 
Passive quenching, of SPAD  141 
PCH  621 
PDT  529 
Peltier Control  194 
pH imaging  471 
pH sensors  467 
Phasor plot  83 

 ambiguity of phasor representation  878 
 cluster selection  832, 876 
 combine decay curves  832, 876 
 correction of truncation effects  878 
 equations  875 
 FLIO  550 
 image segmentation  801 
 in SPCImage  795, 832 
 principle  875 
 truncation effects  877 

Phosphorescence  409, 517 
 data analysis  845 
 decay  409 
 IRF  845 
 phosphorescenc decay  113, 327, 328 
 phosphorescence decay  18 
 phosphorescence decay imaging  409 
 PpIX  520 
 quenching by oxygen  409, 518 
 singlet oxygen  376 

Phosphorescence Lifetime Imaging, see PLIM  409 
Photobleaching  442, 446, 462 
Photodiode Modules  76, 195, 206 
Photodynamic therapy  529 
Photomultiplier Tubes  137 
Photon 

 detection  85, 137 
 distribution  1, 86, 95, 99, 101, 104, 105, 107, 108, 
112, 114 
 efficiency  88 
 pulses  85, 86, 130, 143, 207 
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 timing  1, 87, 130 
Photon correlation 

 anti-bunching  581 
 detectors  583 
 Hanbury-Brown-Twiss experiment  581 
 start-stop experiment  581 

Photon Counting Histograms  621 
Photon distribution 

 built up in computer  97 
 built up in TCSPC device  97 
 classic TCSPC  86 
 FLITS  112 

Photon migration, see DOT  551 
Photon-number sensitive TCSPC  638 
Photosensor modules  155 
PIE  357 
Piezo scan stages  787 
Piezo stage scanning systems  229 
Piezo stages  229, 426 

 combination with TCSPC  60, 427 
 control from FLIM system  427 
 GVD-120 scan controller  427 
 PZ-FLIM-110 system  60 
 STED FLIM  430 

Pile-up  89, 283, 452 
 at high rep rate  287 
 for laser multiplexing  287 
 in FLIM  451 
 in multi-detector systems  286 
 in multi-module systems  286 
 influence on recorded lifetime  284 
 inter-pulse  284 

Pin assignment, of connectors 
 DCC-100  902 
 GVD-120  901 
 SPC-130  896 
 SPC-130EM  897 
 SPC-130EMN  897 
 SPC-130IN  900 
 SPC-150  897 
 SPC-150N  897 
 SPC-160  897 
 SPC-180  900 
 SPC-630  891 
 SPC-730, 830  892 

Pinhole  231, 333, 334, 426, 614 
Pixel clock  107, 113, 427, 893, 897, 898 
Pixels 

 binning, effect on acquisition time  448 
 FIFO imaging mode  700 
 max. pixel numbers  690, 700 
 number of, effect on acquisition time  448 
 pixel binning during image acquisition  690 
 Scan Sync In mode  690, 702 

Plant physiology  523 
PLIM  24, 38, 53, 409 

 applications  522 
 data analysis  845 
 DCS-120  410 
 DDG-210 module  410 
 delayed fluorescence of PpIX  520 
 display setup  753 
 examples  411 
 fit proccedure  847 
 IRF  845 

 laser control  410 
 laser modulation  410 
 oxygen imaging  518, 519 
 photon timing  410 
 principle  113, 409 
 recording process  410 
 send data to SPCImage  845 
 simultaneos O2 and NADH imaging  519 
 simultaneous FLIM/PLIM  24, 38, 53 
 singlet oxygen detection  376 
 TCSPC process  113 

PMC-100 detector  157 
 connection to SPC  211, 215, 226, 234 

PMC-150 detector  158 
PMH-100 detector  157 
PMH-100, connection to SPC  211 
PMH-150 detector  158 
PML-16 detector  71 
PML-16 GaAsP detector  72, 172 
PML-16C detector  172 
PML-SPEC detector  174 
PMT 

 afterpulsing  149, 165, 606 
 anode luminous sensitivity  146 
 cathode luminous sensitivity  146 
 cathode quantum efficiency  147 
 cathode radiant sensitivity  146 
 cooling  194, 289 
 dark count rate  148 
 focusing voltages  288 
 gain  142 
 H5773, H5783  155 
 H7422  159 
 illuminated area  289 
 measurement of quantum efficiency  637 
 measurement of SER  290 
 operating voltage  145, 194 
 optimisation  288 
 overload  290 
 PMC-100 PMT Module  157 
 PMC-150 PMT Module  158 
 PML-16 GaAsP  172 
 PML-16C  172 
 PMZ-100 PMT Module  157 
 pre-pulses  150, 155 
 principle  137 
 pulse amplitude distribution  143, 261 
 quick test  291 
 R3809U MCP PMT  152 
 R5600, R7400  154 
 recovery after overload  290 
 Safety  194 
 SER  143, 207 
 shielding  276 
 side-window  168 
 single electron response  143, 207 
 single-photon pulses  85, 143, 207 
 timing stability  156 
 transit time  145 
 transit time spread  145 
 treatment for bad  266 
 TTS  145 
 voltage divider  288 

PMZ-100 detector  157 
Polarisation  302 
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Polarisation, of fluorescence  315 
Polariser 

 in detection path  297, 459 
 magic angle  297, 459 
 rotating  318 

Polychromators  293, 310 
Positron Lifetime  630 
Power splitters  79 
Power Supply to external units  891 
Power-Tau TCSPC systems  12 
PpIX, delayed fluorescence  520 
Preamplifiers  191 

 HFAC series  76, 191 
 HFAH series  76, 191 

Predefined setups  643, 659 
 definition of  659 
 switching instrument configuration  44, 643 

Pre-pulses, of PMT  150 
Preview function  33, 44 
Preview function of scanner  784 
Print function  664 
Printing, into files  664 
Production Parameters  728 
Protein interaction  468, 478, 480 
ps FCS  603 
Pseudo-global analysis  841 
Pulse amplitude distribution, of SER pulses  143, 261 
Pulse period jitter  270 
Pulse-interleaved excitation  110, 357 
PxlClk  893, 897, 899 
Quantum efficiency 

 comparison of detectors  169 
 of detectors  147, 166, 174 
 of photocathodes, measurement  637 

Quenching 
 fluorescence quenching  320, 465, 471, 524 
 of SPAD  141 
 phosphorescence quenching  409, 518 

R10467  160, 161 
R11322  160 
R3809U  152 

 connection to SPC  213, 215 
 HVM-100 power supply modue  70 
 IRF  152 
 IRF with SPC-150NX  152 
 routing  215 
 transit time  145 

R5600  144, 145, 154 
R7400  145, 154 
R928  145 
Radiant sensitivity, of photocathodes  146 
Random signals detected by TCSPC  209 
Range (TAC)  721 
Ranging Systems  632 
Rates  649 
Ratio of component amplitudes  873 
Ratio of component lifetimes  872 
Re-absorption  297 
Redox ratio  494, 500 
Reference Photodiodes  76, 206 
Reference signal 

 delay  271 
 for reversed start-stop  270 
 from laser  205 
 from photodiodes  206 

Reflections 

 in optical systems  295 
 on SYNC line  269 

Refractive index imaging  474 
Repeat  669, 672, 673, 676, 679, 681, 687, 693, 716 
Repeat time  667, 718 
Repetition Rate, measurement at low  208 
Residuals  818 
Resizing Panels  756 
Resolution 

 ADC  135, 722 
 time resolution of TCSPC  87, 145 
 TTS of detectors  87, 145 

Reversed start-stop 
 at low repetition rate  271 
 delayed stop operation  272, 730 
 effect of SYNC delay  270 
 principle  91 
 reference signal  270 
 SYNC delay  271 
 TAC operation  124, 272 

RF noise  275 
RNA-DNA ratio  475 
ROI  828, 829 

 combination into single curve  829 
 parameter histogram of  800 
 polygonal  828 

Rotational relaxation  296, 315, 459 
Router 

 cable diagrams  215 
 for multi-anode PMTs  101 
 noise accumulation  101 
 principle  100 
 routing devices  76 

Routing  99 
 by photon number  638 
 efficiency  101 
 FIFO mode  709 
 FIFOimaging  mode  703 
 multiplexing  102 
 multi-wavelength detection  101 
 multi-wavelength FLIM  108 
 principle  100 
 Routing Channels X  726 
 Routing Channels Y  726 
 routing delay  725 
 routing devices  76 
 routing signals  891 
 routing windows  741 
 Routing XY windows  775 

Runtime FLIM  45 
Runtime Lifetime Display  33, 395, 397 
Safety Recommendations  194 
Sample rate  640 
Save  656 

 autosave function, see autosave  716 
 calibration of motor stage  794 
 calibration of PML-16 channel delay  704 
 data files, SPCImage  850 
 data files, SPCM  657 
 file formats  657 
 options  657 
 selected data blocks  658 
 setup files  657 

Save, on exit  203 
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Save, screen pattern  664 
Scan 

 frame size  783 
 frame time  783 
 line scan  783 
 line type  783 
 park beam  786 
 pixel time  784 
 scan area  785 
 scan controller  78 
 scan parameters  783 
 scan rate  462, 784 
 scan waveform  78 
 scanner control panel  783 
 Z scan  21, 35, 383, 790 
 Z scan control panel  790 
 Z step width  790 
 Z steps  790 
 zoom  785 

Scan clock pulses  107, 113, 115, 226, 427, 690, 702 
Scan Controller  78, 570, 783 
Scan head, DCS-120  26, 231 
Scan lens  418 
Scan Modes  726 
Scan parameters  783 
Scan Pixels X  686, 690, 696, 726 
Scan Pixels Y  686, 690, 696, 726 
Scan rate  428, 462 
Scan stages  229 
Scan Sync In mode  689, 893, 897 

 accumulate  692 
 autosave  692 
 continuos flow operation  694 
 cycles  692 
 display  740 
 multidetector operation  693 
 stepping through pages  692 
 trigger  692 

Scan Sync Out mode  686, 893, 898 
 accumulate  687 
 autosave  687 
 cycles  687 
 display  740 
 multidetector operation  688 
 repeat  687, 693 
 stepping through pages  687 
 trigger  687 
 use for fast sequential recording  688 

Scan XY Out mode  696, 894 
 accumulate  697 
 autosave  697 
 cycles  697 
 display  740 
 repeat function  697 
 stepping through pages  697 
 trigger  697 

Scan XY windows  778 
Scanning  555 

 advantages over wide-field imaging  332 
 bidirectional  407 
 by galvanometer mirrors  231 
 confocal  333 
 DCS-120  26 
 DCS-120 scanner  783 
 in DOT  554, 569 

 laser scanning microscope  333 
 measurement of barrier discharges  629 
 multi-beam  426 
 multiphoton  334 
 near-infrared FLIM  367 
 non-descanned detection  335 
 out-of focus suppression  332 
 scan rate  428 
 scanning interface  107 
 scanning mammography  554 
 scanning microscopes  26, 56, 333 
 scanning techniques for TCSPC  107 
 suppression of scattered light  332 
 with multidimensional TCSPC  98, 107 

Scanning microscope, see laser scanning microscope  331 
Scatter  873 
Scattering coefficient  551, 557 
Secondary emission  142 
Second-Harmonic Generation, see SHG  469, 514 
Selection of fit model  854 
Select-SPC Panel  649 
Send data to SPCImage  804, 845 
Sequencer  125 
Sequential recording  98, 104, 127, 309, 320 

 chlorophyll transients  322 
 in DOT  560 
 in FLIM  380, 386 
 in single molecule spectroscopy  611 
 phosphorescence decay  327 
 stopped flow  324 

SER  143, 207 
 amplitude jitter  143, 261, 290 
 measurement of  290 
 of PMT  290 

Setup (data files)  880 
Setup of FLIM system 

 setup service  239 
SHG  357, 469 

 for IRF recording  868 
 in tissue  348, 385, 469 

SHG imaging  514 
Shielding  274 

 detectors  276 
 ground loops  275 

Shifted-component model  812, 855 
Shifting the Signal by cable length  269 
Shutdown, of detectors  193 
Shutter  74, 789 

 control by DCC100  193, 226 
 wiring diagrams  226, 230 

Signal bandwidth  640 
Simple-Tau II TCSPC systems  11 
Simple-Tau TCSPC systems  11 
Single Electron Response  143, 207 
Single Mode  668 

 cycles and autosave  669 
 multidetector operation  669 
 repeat  669 
 stepping through pages  669 
 trigger  669 

Single molecule detection  581 
Single molecule FRET  614, 618 
Single molecule spectroscopy  611 

 BIFL  611 
 burst analysis  119 
 correlation of lifetimes  620 
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 diffusing molecules  119 
 FRET  618 
 FRET density plot  619 
 identification of molecules  620 
 lifetime histogram  621 
 multi-parameter detection  119 
 photon counting histogram  621 

Single-photon APD, see SPAD  140 
Single-photon pulses  290 
Singlet oxygen detection  376 
Skin 

 Dermainspect  533 
 FLIM and SHG of pig skin  514 
 FLIM of human skin  512 
 FLIM of human skin in vivo  534 
 FLIM of papilloma  419 
 FLIM of pig skin with NIR dye  37 
 FLIM through periscope  419 
 MPT Flex  535 
 Multiphoton tomography  533 
 Multi-wavelength FLIM  534 
 z-stack  515 

Sleep policy  664 
SLIM  108 
Small animal imaging  573 
Small distance DOT  566 
SNOM  433 
SNR of FLIM data  444 
Software  641 

 2d trace parameters  765 
 3D trace parameters  254, 770 
 application options  650 
 autosave function  526 
 Axio Observer control  790 
 changing between instrument configurations  643 
 control of DB-32 SYNC delay box  790 
 control of TiSa laser  792 
 conversion of files  660 
 data file structures  879 
 DDG-210 control  791 
 display functions  731 
 emulation mode  204 
 export and import  660 
 GVD-120 control  783 
 Installation  197 
 Loading of files  654 
 Main  654 
 Main panel  641 
 main panel configuration  246, 253, 255 
 operation modes  667 
 predefined setups  44, 643, 659 
 preview function  44 
 print function  664 
 resizing panels  756 
 Saving of files  656 
 Scanner control  783 
 send data to SPCImage  664 
 sleep policy  664 
 start  202 
 start without module  204 
 status infornation  649 
 system parameters  667 
 trace statistics  648 
 Update  198 

 Window intervals  773 
 window parameters  254 

SPAD-8 detector  179 
SPADs  140, 583, 605 

 8-channel  73 
 8-channel SADP module  179 
 breakdown flash  179, 635 
 diffusion tail  178 
 gated SPAD  180 
 id100-20  72, 176 
 in DOT, comparison with HPM  579 
 InGaAs  181, 183, 375 
 light emission from  141, 635 
 PDM 50CT  176 
 principle  140 
 quenching  141 
 spatially resolved characterisation  634 
 SPCM-AQR  176 
 wavelength dependence of IRF  178 

SPC modules 
 maximum ratings  903 

SPC modules 
 12-channel systems  11 
 connection to diode laser  211, 215 
 control signals  891 
 delayed stop operation  208 
 detector signal  211 
 experiment trigger  219 
 FLIM systems  223 
 input signals  205 
 installation  197 
 low repetition rates  208 
 module types  6 
 multi-module packages  8 
 multi-module systems  730 
 OEM boards  6, 8, 9 
 panel configuration for startup  240 
 random signals  209 
 routing signals  891 
 setup for H7422  212 
 setup for phosphorescence systems  218 
 setup for PMC-100  211 
 setup for PMH-100  211 
 setup for R3809  213 
 setup for several detectors  215 
 setup for several PMC-100  215 
 setup for several R3809  215 
 setup for several SPC modules  217 
 setup for single detector  211 
 setup for SPCM-AQR  214, 216 
 setup of FLIM systems  226 
 Simple-tau II systems  11 
 Simple-Tau systems  11 
 SPC-130  8 
 SPC-130EM  9 
 SPC-130EMN  8 
 SPC-150  9 
 SPC-150N  6 
 SPC-150NX  6 
 SPC-150NXX  6, 188 
 SPC-160  7 
 SPC-160pcie  7 
 SPC-180N  7 
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 SPC-180NI  8 
 SPC-180NX  7 
 SPC-630  10 
 SPC-730  10 
 SPC-830  9 
 stand-alone systems  11 
 startup of TCSPC systems  239 
 SYNC signal  205 
 system parameters for startup  239 

SPC-130  8 
SPC-130EM  9 
SPC-130EMN  8 
SPC-150  9 
SPC-150N  6 
SPC-150NX  6 
SPC-150NXX  6, 188 
SPC-160  7 
SPC-160pcie  7 
SPC-180N  7 
SPC-180NI  8 
SPC-180NX  7 
SPC-630  10 
SPC-730  10 
SPC-830  9 
SPCImage  81, 795 

 2D histograms  800, 830 
 analyse-all function  842 
 analysis of PLIM data  845 
 auto IRF  863 
 Batch processing  849 
 binning  817 
 binning of pixels  851 
 calculating the lifetime image  808 
 Chi square  819 
 colour coding of decay parameters  823, 870 
 colour parameters  823 
 combination into single curve  829, 831, 832 
 convolution integral  852 
 decay model  809, 854 
 decay models  799 
 decay parameters  823 
 decay-curve window  820 
 export of data  850 
 first-moment calculation  858 
 fit control parameters  816 
 fit interval  816 
 fixed decay parameters  856 
 FLIRR  824 
 gated intensity  822 
 GPU processing  83, 799 
 image cursors  828 
 image segmentation  830 
 image segmentation by phasor plot  801, 833 
 images of decay parameters  796 
 import of data  804 
 incomplete decay model  811, 854 
 intensity gating  822 
 intensity histogram  826 
 intensity parameters  822 
 IRF  863 
 IRF auto  814 
 IRF copy from decay data  814 
 IRF from recorded data  865 
 IRF modelling  798, 813 
 IRF of PLIM  845 

 IRF options  813 
 IRF rectangular  814 
 IRF xe-x  814, 864 
 lifetime-image window  822 
 Lifetime-intensity data  843 
 lines of interest  829 
 linking parameters from different images  824 
 load/save IRF  815 
 MLE algorithm  798 
 MLE fit  857 
 model definition  854, 859 
 model functions  809 
 model parameters  809, 835, 854 
 mosaic FLIM data  843 
 moving objects  833 
 multi-exponential decay model  854 
 multiple ROIs  829 
 multi-wavelength FLIM data  842 
 offset, as an image parameter  874 
 over-determined models  860 
 overview  795 
 parameter histograms  800, 825, 829 
 phasor analysis  795, 832 
 phasor plot  83, 832, 875 
 polygonal ROI  828 
 preferences  836 
 pseudo-global analysis  841 
 rectangular ROI  828 
 residuals  818 
 ROIs  801, 828, 829 
 saving data  850 
 screen configurations  803 
 selection of fit model  859 
 send data to SPCImage  664, 804 
 send PLIM data to SPCImage  845 
 shifted-component model  812, 855 
 single-curve analysis  83 
 single-curve data  839 
 software panel  803 
 synthetic IRF  798, 814, 864 
 threshold  818 
 WLS fit  857 

SPCM main panel configuration 
 examples  642 
 f(xyt) mode  246 
 FIFO imaging mode  253 
 FLIM, gated images  748 
 FLIM, multi-wavelength  747 
 FLIM, one detector  743 
 FLIM, runtime lifetime images  750 
 FLIM, two parallel channels  745 
 FLIM/PLIM  754 
 mosaic FLIM function  255 
 multi-wavelength  245 
 multi-wavelength FLIM  253 
 scanning systems  249 

SPCM software, see software  80, 641 
SPCM-AQR  176, 583, 605 

 several, connection to SPC  216 
 single, connection to SPC  214 

Spectra, recording in fi Modes  680 
Spectral lifetime imaging  108 
Spectrum modes  677 
SSPD  142, 185 

 IRF  185, 187, 188 
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 principle  142 
 single nanowire  188 
 singlet oxygen detection  376 

Stage scanning systems  229 
Stand-alone TCSPC systems  11 
Start, a measurement, see also experiment trigger  781 
Start-Stop Time  279 
Start-stop, reversed  124 
Startup 

 initialisation panel  202 
 panel configuration for  240 
 system parameters for  239 

STED FLIM  59, 429 
 dual-wavelength  429 
 gated images  431 
 principle of STED  429 
 with Abberior system  430 
 with runtime lifetime display  431 
 with supercontinuum laser  429 
 with TiSa laser  429 

Stem cells  510 
Stepping through Pages  669, 671, 687, 692, 697, 716 
Steps  716 
Stop Condition  715 
Stop Ovfl  668, 671, 673, 676, 678, 681, 715 
Stop pulse, for CW FCS  605 
Stop signal 

 delay of stop pulses  271 
 for reversed start-stop  270 
 from photodiode modules  76, 206 
 from PMT  209, 581, 627, 630 
 stop pulse from correct pulse period  271 

Stop T  592, 668, 671, 673, 676, 678, 681, 715 
Stop, a measurement  781 
Stop, after collection time  668, 671, 673, 676, 678, 681, 
715, 717 
Stop, on overflow  668, 671, 673, 676, 678, 681, 715 
Stopped flow techniques  324 
Sub-D connector  891 
Superconducting detectors  185 

 IRF  185 
 principle  142 
 single nanowire  188 

Superconducting detectors, IRF  187 
Supercontinuum laser  313, 341, 357, 567, 570 
Superresolution  429 
Sutter MOM microscope  59 
Switch Modes  44 
SYNC 

 configuration  259 
 delay  271 
 for reversed start-stop  270 
 frequency divider  124, 720 
 generation of signal  205 
 Holdoff  720 
 No SYNC  650 
 parameters  720 
 setting the SYNC parameters  269 
 SYNC cable length  269 
 SYNC OK  650 
 SYNC overload  650 
 threshold  720 
 ZC level  720 

SYNC delay box, DB-32  78, 270 
Synchronisation 

 PLIM, with laser modulation  410 
Synchronisation signal, see SYNC  205, 273 
Synchronous start of modules  595, 717, 730 
Synchrotron radiation  341 
Synthetic IRF  82, 544, 798, 813, 814 
System Parameters  667 
System Response, Influence of optical system  291 
System Response, PMT  288 
System setup 

 hardware installation  200 
 multi-wavelength FLIM systems  253 
 multi-wavelength systems  245 
 scanning systems  248 
 setup service  239 
 single-detector systems  239 
 software installation  197 

SYTO13  475 
T Geometry  317 
TAC  91, 124, 132 

 architecture  132 
 biased amplifier  91 
 dead time  279 
 dead time compensation  133, 282 
 DNL  277 
 linearity  277 
 optimising the TAC parameters  272 
 overrange reset  133 
 recovery time  279 
 reset time  279 
 start-stop sime  279 
 TAC Gain  273, 721 
 TAC Limit High  721 
 TAC Limit Low  721 
 TAC Offset  272, 721 
 TAC Range  273, 721 
 TAC Window  133 
 timing diagram  279 

Tail matching  316 
TCSPC  85 

 architecture of bh SPC modules  123 
 channel register  125 
 classic architecture  90 
 continuous flow mode  106, 128, 611 
 count rate  89 
 counting efficiency  281 
 counting loss  451 
 dead time  451 
 delayed stop  208 
 detectors  137 
 excitation wavelength multiplexing  109 
 FIFO mode  129, 602 
 FLIM  107 
 general principle  86 
 hardware accumulation  97 
 Lock-in SPC  318 
 memory control  125 
 memory swapping  106 
 mosaic FLIM  110 
 multi-detector operation  98, 99, 126, 215 
 multi-dimensional  95, 107 
 multi-module  120 
 multi-module operation  217 
 multi-parameter  98, 628 
 multiplexed  98, 102, 127, 555 
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 multiplexing  323 
 multi-spectral  99 
 multi-wavelength  310, 443 
 parameter-tag mode  97, 115 
 phosphorescence systems  218 
 photon distribution  86, 112 
 photon-number sensitive  638 
 pile-up effect  452 
 pulse-interleaved excitation  110, 357 
 random signals  209 
 reversed start-stop  91 
 router  100 
 routing  99 
 scanning techniques  98, 107, 128, 555 
 sequencer  125 
 sequential recording  98, 104, 127, 320 
 single molecule detection  581 
 software accumulation  97 
 spatial multiplexing  104 
 time resolution  87 
 time-tag mode  97, 115, 129, 602 

TCSPC Imaging  331 
TCSPC system parameters 

 channel delay correction  256, 704 
 display parameters  247, 255 
 f(xyt) mode  246, 247 
 FIFO imaging mode  253 
 mosaic FLIM function  255, 256 

TCSPC, Laser Scanning Microscope  331 
Telescope, measurement through  632 
Temperature measurement  530 
Test 

 by test program  887 
 for basic function  887 
 for differential nonlinearity  887 
 for time resolution  888 
 of a PMT  291 

Thermoelectric cooling  194 
Threshold 

 CFD threshold  124, 259, 719, 788 
Threshold, SYNC  124, 720 
Time gating 

 in SPCImage  873 
 in SPCM  741, 748 
 of lifetime images  748 
 of PIE recordings  358 
 STED images  431 

Time per Channel  721, 722 
Time per Division  721 
Time resolution of TCSPC  87, 145 
Time windows  773 
Time-correlated single photon counting, see TCSPC  85 
Time-of-flight distribution, in DOT  556, 558 
Time-resolved spectra  309 
Time-series FLIM  35, 51, 526 

 by record and save procedure  386 
 by temporal mosaic FLIM  111, 387 
 by temporal mosaic FLIM, accumulation  388 
 of Ca2+ transient FLIM  389, 472 
 of chlorophyll transients  526 

Time-tag data, see parameter-tag mode  592 
Time-tag mode, see parameter-tag mode  97, 115, 706 
Time-to-amplitude converter  91, 132 
Timing 

 CFD parameters  719 
 SYNC parameters  720 

 TAC parameters  720 
 time-tagged data  587 
 timing control parameters  717 

Timing stability 
 electrically  2 
 H5773, H5783  156 
 magnetic field  170 

TiSa laser 
 control from SPCM software  792 
 multiphoton excitation  337 
 on-photon excitation for NIR FLIM  368 

Tissue spectrometers  567 
Tomography, optical  551 
Trace parameters  646, 765 

 2D  646, 765 
 3D  647, 770 
 3D, data type  770 
 3D, display mode  771 
 3D, display of FLIM data  740 
 3D, window sizes and positions  772 
 block info  768 
 block mode  767 
 curve mode  765 
 export of traces  768 

Trace Statistics  648 
Traces  765 
Traces, export of  768 
Transit time of PMTs  145 
Transit time spread  145 
Trigger 

 continuous flow sequence  107, 684 
 experiment trigger  716 
 FIFO mode  709 
 for FLITS  113, 390, 391, 392 
 from experiment  97 
 MCS trigger  328, 711 
 of recording sequence  105 
 oscilloscope mode  670 
 page stepping  669, 672, 674, 676, 679, 681, 687, 
692, 697 
 recording cycles  669, 672, 674, 676, 679, 681, 
687, 692 
 scan sync in mode  692 
 SPC-130  896 
 SPC-150  897 
 SPC-160  897 
 SPC-630  892 
 SPC-730  892 
 Synchronous start of modules  717, 730 
 to start a measurement  897 
 Trigger Condition  716 
 trigger master function  595, 717, 730 
 Trigger synchronisation  717, 730 

Trigger master  595, 717, 730 
Trigger synchronisation  717, 730 
Triggered accumulation  390, 392 

 chlorophyll transient  321 
 fast time series  304 
 FLITS  390, 392 
 MCS imaging mode  703 
 MCS mode  18, 328, 711 
 multiwavelength time series  311 
 of recording sequence  105 
 of sequence  105 
 temporal mosaic FLIM  52, 112, 388 
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Triggered accumulation MCS mode  711 
Triggered sequential recording  105 
Triplet accumulation  462 
Trouble Shooting 

 assistance through bh  889 
 by test program  887 

Tryptophane  357 
TTS  145 
Tuneable excitation FLIM  36, 49, 341 
Tuneable fibre laser  343 
Two-photon absorption  334 
Two-photon excitation  334, 625 

 descanned detection  336 
 examples of images  345, 353, 384 
 NDD principle  345 
 non-descanned detection  335, 345, 353 
 two-photon FCS  585, 600 
 Z stack recording  383 

Two-photon microscope  331 
Uninstall SPC Software  200 
Viscosity  474 
Viscosity sensors  467 
Warburg effect  494 
Wavelength multiplexing 

 PIE  110, 357 
 pulse-group multiplexing  109 

Weighted least squares  857 
Well plates  421 
Wide-field FLIM  25, 435, 713 

 CFDs  436 
 data analysis  439 
 detector  435 
 implementation in SPCM  437 
 optical system  437 
 principle  435, 713 
 resolution  439 
 system parameters  713 
 TCSPC system  435 

Window intervals  773 
 auto set function  779 
 routing XY windows  775 
 scan XY windows  778 
 time windows  773 

Window parameters  254, 742 
WLS fit  857 
XP2020  145 

XSync  893, 897, 898, 899 
YSync  893, 897, 899 
Z scan  21, 35, 51, 383, 790 
Z stack FLIM  21, 35, 373, 383 
Zeiss LSM 710/780/880/980  40 

 beamsplitter, NDD ports  346 
 bidirectional scanning  46 
 dual-channel FLIM  47 
 FCS  54, 597 
 FLIM detectors  42 
 FLIM lasers  42 
 FLIM systems  40 
 FLITS  54 
 Intune FLIM  343, 371 
 laser multiplexing  47 
 Meagapixel FLIM  46 
 Mosaic FLIM  52 
 multiphoton FLIM  47 
 multi-wavelength FLIM  354 
 Multi-wavelength NDD FLIM  51 
 NDD FLIM  348 
 near-infrared FLIM  52 
 NIR FLIM  369 
 online FLIM  45 
 PLIM  411, 791 
 simultaneous FLIM/PLIM  53 
 time-series FLIM  51 
 ultra-fast FLIM  48 
 Z-stack FLIM  51, 383 

ZEN software setup for FCS  597 
Zero cross level, CFD  264, 719 
Zero cross level, SYNC  720 
Zero-distance DOT  566 
Zoom 

 ADC  136, 722 
 by scan parameters  785 
 during preview  785 
 in FLIM recording  454 
 in SPCImage  46, 828 
 into parameter histograms  826 

Z-Stack FLIM  51, 515 
 by mosaic FLIM  111, 373, 385 
 by record and save procedure  383 
 NIR dyes  373 
 pig skin  515 

 

 


