
Chapter 1
Introduction to Multi-dimensional TCSPC

Wolfgang Becker

Abstract Classic time-correlated single photon counting (TCSPC) detects single
photons of a periodic optical signal, determines the times of the photons relative to a
reference pulse, and builds up the waveform of the signal from the detection times.
The technique achieves extremely high time resolution and near-ideal detection
efficiency. The modern implementation of TCSPC is multi-dimensional. For each
photon not only the time in the signal period is determined but also other parameters,
such as the wavelength of the photons, the time from the start of the experiment, the
time after a stimulation of the sample, the time within the period of an additional
modulation of the excitation light source, spatial coordinates within an image area, or
other parameters which can either vary randomly or are actively be modulated in the
external experiment setup. The recording process builds up a photon distribution over
these parameters. The result can be interpreted as a (usually large) number of optical
waveforms for different combination of the parameters. The advantage of multi-
dimensional TCSPC is that the recording process does not suppress any photons, and
that it works even when the parameters vary faster than the photon detection rate.
Typical multi-dimensional TCSPC implementations are multi-wavelength recording,
recording at different excitation wavelengths, time-series recording, combined fluo-
rescence and phosphorescence decay recording, fluorescence lifetime imaging, and
combinations of these techniques. Modern TCSPC also delivers parameter-tagged
data of the individual photons. These data can be used to build up fluorescence
correlation and cross-correlation spectra (FCS and FCCS), to record fluorescence data
from single molecules, or to record time-traces of photon bursts originating from
single molecules diffusing through a small detection volume. These data are used to
derive multi-dimensional histograms of the changes in the fluorescence signature of a
single molecules over time or over a large number of different molecules passing the
detection volume. The chapter describes the technical principles of the various
multi-dimensional TCSPC configurations and gives examples of typical applications.
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1.1 Time-Resolved Optical Detection at Low Light Intensity

When light propagates through matter it can interact with the molecules in various
ways. In the simplest case, the photons of the incident light may be reflected,
absorbed, or scatted. When photons are absorbed the molecules within a sample
enter an excited state from which they may return by emitting a photon of longer
wavelength. At high intensities several photons may interact with the molecules
simultaneously, resulting in nonlinear effects like multiphoton excitation, or second
second-harmonic generation. These interactions change the intensity, the spectral
properties, and the temporal properties of the light. Light transmitted trough,
scattered in, or otherwise emitted from a sample thus carries information on
molecular parameters. In other words, optical techniques can be used to probe
molecular parameters inside a sample.

Often the effects involved in the conversion of the light are extremely weak, or
the concentration of the molecules involved in the conversion processes is low.
Moreover, the light intensity tolerated by the sample may be limited. As a result, the
intensity of light signals to be detected may be very low. The situation is further
complicated when signals are recorded at high time resolution. Optical signals have
to be considered a stream of photons. At a given photon rate, the signal-to-noise
ratio decreases with the square root of the detection bandwidth. A typical situation
is shown in Fig. 1.1. An optical signal was detected by a photomultiplier tube at
bandwidth of approximately 350 MHz, or a time resolution of 1 ns. The detected
photon rate was approximately 107 photons/s. This is much higher than typically
obtained in molecular imaging experiments in live sciences. As can be seen from
Fig. 1.1, the signal is a random trace of extremely short pulses. The pulses represent
the detection of single photons of the light arriving at the detector.

Now consider the detection of a fast optical waveform, such as a fluorescence
decay excited by short laser pulses. The fluorescence decay time is on the order of a

Fig. 1.1 Optical signal
detected at a time resolution
of 1 ns. Detected photon rate
107 photons/s
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few nanoseconds. At first glance, it seems impossible to retrieve the signal shape
from the signal shown in Fig. 1.1. Nevertheless, there is a solution to the problem:
Repeat the experiment, in this case the excitation of the fluorescence decay, for a
large number of times, and average the signal detected within a given period of time
after the excitation pulses. There is a variety of signal averaging techniques that can
be used to recover signals hidden in noise. However, a weak optical signal is special
in that it is not a superposition of the signal itself and a noise background. Instead, it
is a sequence of individual photon detection events. The signal waveform can
therefore more efficiently be reconstructed by determining the arrival times of the
photons, and counting them in several time bins according to their times after the
excitation pulses.

1.2 Principle of Time-Correlated Single Photon Counting

Time-correlated single photon counting, or TCSPC, is based on the detection of
single photons of a periodic light signal, the measurement of the detection times,
and the reconstruction of the waveform from the individual time measurements [19,
117]. 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 [34], the first applications to spectroscopy of excited molecules were pub-
lished in the 1970s [50, 96, 97, 133, 151].

TCSPC makes use of the fact that for low-level, high-repetition rate signals the
light intensity is usually low enough that the probability to detect more than one
photon in one signal period is negligible. The situation is illustrated in Fig. 1.2.

Fluorescence of a sample is excited by a laser of 80 MHz pulse repetition rate
(a). The expected fluorescence waveform is (b). However, the detector signal, (as
measured by an oscilloscope) has no similarity with the expected fluorescence

100ns

Excitation pulse sequence, repetition rate 80 MHz

Fluorescence signal (expected)

Detector signal, oscillocope trace

(a)

(b)

(c)

Fig. 1.2 Detector signal for fluorescence detection at a pulse repetition rate of 80 MHz. Average
photon rate 107 s−1
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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. Of course, there is a simple explanation 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
signal. 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 permissible 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. 1.2c. 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 periods. Second, the detection
of a photon within a particular 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 period has to be considered. The build-up of
the photon distribution over the pulse period then becomes a relatively straight-
forward process. The principle is shown in Fig. 1.3.

When a photon is detected, the arrival time of the corresponding detector pulse
in the signal period is measured. The event is transferred into a digital memory by
adding a ‘1’ in a memory location proportional to the measured detection time
(Fig. 1.3a). The same is done for a second photon (Fig. 1.3b). The process is
continued until a large number of photons has been detected and accumulated in the
memory (Fig. 1.3c). The result is the distribution of the photons over the time after
the excitation pulses. The distribution 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. 1.2). The principle is similar to the ‘delayed coinci-
dence’ method used in nuclear physics to record the decay times of unstable nuclei.
TCSPC has, in fact, been derived form the techniques used there [34, 110].

Although the principle of TCSPC looks complicated at first glance, it has a
number of intriguing features. The first one is that the time resolution is better than
the width of the single-electron response (SER) of the detector. The explanation is
given in Fig. 1.4. 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
shorter than the single-photon response of the detector. The IRF is therefore much
narrower than the detector response. This is a considerable advantage over tech-
niques based on direct analog recording of the detector signal [19, 117].

The second advantage 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 counting
efficiency [83]. In particular, the efficiency is much higher than for recording
techniques that shift a time-gate over the optical waveform [19, 120].
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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 waveform. 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.

As a serious drawback of TCSPC it is often stated that the technique can record
only one photon 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. Pile-up was indeed a serious
problem in early TCPC experiments working at pulse repetition rates on the order
of 10 kHz. It is far less a problem in modern implementations which work at pulse
repetition rates on the order of 50–80 MHz. A derivation of the systematic error in
the detected fluorescence lifetime has been given in [19]. For detection rates not
exceeding 50 % of the excitation rate the measured intensity-weighted lifetime,
τmeani, of a single-exponential decay of the true lifetime τ can be approximated by

smeani � s 1� P=4ð Þ

P is the average number of photons per excitation period. The ratio of the recorded
lifetime, τmeani, and the true lifetime, τ, as a function of the average number of
photons, P, is shown in Fig. 1.5. The lifetime error induced by pile-up is surpris-
ingly small: Even for an average detection rate of 20 % of the excitation rate
(P = 0.2) the lifetime error is no larger than 5 %. For excitation with a Ti:Sa laser
(80 MHz) P = 0.2 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 available
acquisition speed—is rather limited by the photostability of the samples than by
pile-up effects [22]. This is especially the case in fluorescence lifetime microscopy
where the fluorescence comes from a pico- or femtoliter sample volume.

The real limitation of the classic TCSPC principle is that it is intrinsically one-
dimensional. That means, it records only the waveform of the signal. To record, for
instance, the fluorescence decay function for a range of wavelengths, or over the
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Fig. 1.5 Ratio of measured
intensity-weighted lifetime,
τmeani and the true lifetime, τ,
as a function of the number of
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pixels of an image area, the decay functions had to be recorded sequentially for a
series of wavelengths or for the individual pixels of the image.

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. The typical application is recording of
fluorescence decay curves. Examples are shown in Fig. 1.6. Figure 1.6, left, shows
fluorescence decay curves of quinine sulphate quenched by Cl− ions. The fluo-
rescence lifetime changes with the quencher concentration [92]. Figure 1.6, right
shows decay curves of DODCI (3,3′diethyloxadicarbocyanine iodide) for different
wavelength. The data were obtained by scanning the detection wavelength by a
monochromator and recording the decay curves sequentially.

The classic TCSPC principle is often used to record fluorescence anisotropy
decay times. A sample is excited by linearly polarised light, and the fluorescence
decay function measured in two directions of polarisation. An example is shown in
Fig. 1.7. 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 tð Þ ¼ Ipar tð Þ � Iperp tð Þ=Itot tð Þ

Itot(t) is the total intensity. For measurement in a 90° parallel-beam configuration it
is Itot(t) = Ipar(t) + 2 Iperp(t) [92, 144], for excitation and detection from the full half
space it approaches Itot(t) = Ipar(t) + Iperp(t) [22]. Please see also Chaps. 3 and 12.

The problem of anisotropy-decay measurement is that noise and systematic
errors in the difference Ipar(t) – Iperp(t) are much larger than in the signals them-
selves. Therefore, high-accuracy data are required which can only be obtained by
TCSPC. Please see Chap. 12 for details.

The advantage offluorescence-anisotropy experiments is that the anisotropy decay
time bears information on the size of the fluorophore molecule, possible binding to
other molecules, and on the viscosity of the molecular environment. It is therefore
used to investigate the configuration of fluorescence-labelled bio-molecules. Such

Fig. 1.6 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 wavelengths
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experiments and their interpretation can be real detective stories [93, 94, 114, 115,
132, 142].

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 [72]: The light is split in two detection
channels, and the detection events in one detector are used as a start, the ones in the

Fig. 1.7 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)

Fig. 1.8 Anti-bunching curve recorded at a diluted solution of fluorescein in a confocal
microscope. About 7 molecules are in the focus at a time
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other as a stop signal for TCSPC. The resulting curve has a dip at a time at which
the events coincide. Two examples are shown in Fig. 1.8.

Until today, some of these basic applications are performed by TCSPC setups
based on the classic NIM (Nuclear Instrumentation Module) architecture [117]. Of
course, modern TCSPC devices (see below) have the traditional recording modes
implemented as well. Even in simple applications as the ones shown above the
modern devices have advantages over NIM-based instruments: They 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.

1.3 Multi-dimensional TCSPC

1.3.1 Principle of Multi-dimensional Recording

Development of multi-dimensional TCSPC goes back to the realisation that TCSPC
records a photon distribution. In case of classic TCSPC, the distribution is over only
one parameter, which is the time after an excitation pulse. However, if, by any
means, additional parameters can be associated to the individual photons, the photon
distribution can be made multi-dimensional. Typical parameters are the wavelength
of the photons, the time from the start of an experiment, the distance along a one-
dimensional scan, or the spatial coordinates within an image area. The difference
between classic TCSPC and multi-dimensional TCSPC is illustrated in Fig. 1.9.

Depending on which and how many additional parameters are used, different
photon distributions are obtained. Three possibilities are shown in Fig. 1.10.
Wavelength-resolved fluorescence 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 (right) uses the spatial coordinates, x, y, within an image as
additional parameters.
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Fig. 1.9 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
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It is sometimes believed that the same results an also be obtained by classic
TCSPC if only the parameter of interest would be varied and a sequence of
waveforms be recorded. This is correct, 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
and the value of the additional 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 particular combination of parameters.
In other words, the rate at which the parameters are varying is decoupled from the
rate at which the photons are recorded.

Typical examples are the results shown in Fig. 1.10: The wavelength of the
photons in Fig. 1.10 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. 1.10, middle, is induced by repetitive stimulation of the sample.
The data were accumulated over a large number of stimulation periods. Thus, a high
signal-to noise ratio was obtained despite of the fact that the variation in the decay
curves was recorded at a resolution of 100 µs/curve. The lifetime image on the right
was recorded by scanning the sample with a pixel dwell time of one microsecond.
At an average 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 accu-
mulated over a large number of frames of the scan, an excellent accuracy of the
decay time is obtained.

Despite of its large potential the idea of multidimensional TCSPC has spread
only slowly. The introduction was hampered by the fact that the principles behind
TCSPC in general and multi-dimensional TCSPC in particular were not commonly
understood. The first patent dates back to 1998 [8], a paper at least partially related
to multidimensional TCSPC was published in 1991 [9], and two other patents
followed in 1993 [10, 11]. The first multidimensional-TCSPC devices on the

Fig. 1.10 Examples of photon distributions recorded by multidimensional TCSPC. Left to right
Wavelength resolved fluorescence decay, dynamic change of fluorescence decay after a stimulation
of the sample, fluorescence lifetime image obtained by fast confocal scanning
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market were the SPC-300 and SPC-330 boards of Becker & Hickl. These boards
had memory space for up to 128 waveforms. The SPC-430 boards introduced in
1994 already had space for up to 2048 waveforms, and had fast time-series
recording and parameter-tag functions for single-molecule spectroscopy [12, 121].
The first TCSPC module with imaging capability was the SPC-535 introduced in
1995. The final breakthrough came in 2001 with the introduction of TCSPC FLIM
into fluorescence laser scanning microscopy [13–16].

1.3.2 Architecture of TCSPC for Multidimensional
Data Acquisition

The general architecture of a TCSPC device with multi-dimensional data acquisi-
tion is shown in Fig. 1.11, left.

The core of the TCSPC device is the time measurement block. This block
receives 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.
Depending on the principle used in the timing electronics the time between start and
stop can be measured at an accuracy from about 20 ps (rms) down less than 3 ps
(rms). Please see [19] for technical details.

In early TCSPC applications the start pulse came from the light source, the stop
from the detector. When high-repetition rate lasers were introduced as light sources
start and stop has been reversed: The time measurement is started with the photon,
and stopped with a reference pulse from the light source. This ‘reversed start-stop’
principle has the advantage that the timing electronics need not work at the high
repetition rate of the light source but only at the much lower photon detection rate.
Please see [19] or [22] for technical details.

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 this point the function of the TCSPC device is identical with classic
TCSPC. The difference is, however, that the memory 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 information 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 was
detected by a multi-wavelength detector (see Sect. 1.4.1), or the number of one of
several multiplexed lasers or laser wavelengths (see Sect. 1.4.2). The external data
word is read into an the ‘Channel’ register in the moment when the corresponding
photon is detected.

Additional parts of the address can be generated by a ‘Sequencer’ block. The
sequencer generates 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.

Figure 1.11, left, the photon distributions are built up by on-board logics in the
memory of the TCSPC device. The advantage of this principle is that the acqui-
sition runs virtually without interaction of the measurement control software.

A second architecture is shown in Fig. 1.11, right. 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 external events, such as trigger pulses
from an experiment or synchronisation pulses from a scanner, 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 photon distributions, and that more complex data operations can be per-
formed. Because the principle in Fig. 1.11, right, uses a stream of data for photons
marked with detection times and other parameter it is also called ‘time tag’ or
‘parameter-tag’ mode.

1.4 Multidimensional TCSPC Implementations

The system architecture shown in Fig. 1.11 can be used for a wide variety of
recording tasks. Depending on the information fed into the TCSPC module photons
can be recorded versus the time after the excitation, detection wavelength, excitation
wavelength, distance along a line scan, coordinates in a scan area, excitation and
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detection positions multiplexed by a fibre switch, time from a stimulation of the
sample, or time within the period of an additional modulation of the excitation laser.
Photon distributions can be built up over almost any combination of these param-
eters. The photon data can be processed internally by the architecture shown in
Fig. 1.11, left, or externally by the architecture shown in Fig. 1.11, right. A com-
prehensive description of all combinations would be out of the framework of this
book. The sections below therefore concentrate on frequently used implementations.

1.4.1 Multi-detector and Multi-wavelength TCSPC

Multidimensional TCSPC is able to detect several optical signals simultaneously by
several detectors. Although the principle can be used to record any signals origi-
nating from the same excitation source the main application is multi-wavelength
TCSPC. The principle of multi-wavelength TCSPC is illustrated in Fig. 1.12. The
light is dispersed spectrally, and the spectrum is projected on an array of detectors.
The detector electronics determines the detector channel at which a particular
photon has arrived. The channel number thus represents the wavelength of the
photon. It is used as a second dimension of the photon distribution. The result is a
photon distribution over time and wavelength.

To understand why multi-wavelength detection works, please remember that the
average number of photons detected per signal period is far less than one, see
Fig. 1.3. It is therefore unlikely that several photons per signal period will be
detected. Now consider an array of detectors over which the same photons flux is
dispersed spectrally. Because it is unlikely that the complete array detects several
photons per period it is also unlikely that several detectors of the array will detect a
photon in one 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. Therefore, only single detection events in
one of the detector channels have to be considered. Consequently, the times of
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Measurement of
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time in signal period, t

over t and 

Wavelength

Photons

Fig. 1.12 Multi-wavelength TCSPC determines the wavelengths of the individual photons and
builds up a distribution over the arrival time in the signal period and the wavelength
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the photons detected in all detector channels can be measured by a single time-
measurement block [11, 19, 22].

The technical principle is illustrated in Fig. 1.13. The photons of four detectors
are combined into a common timing pulse line. Simultaneously, a ‘Channel’ 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 measure-
ment procedure of the TCSPC device. The detector number is used as a ‘channel’
signal for multi-dimensional TCSPC. Considered from the point of view of multi-
dimensional TCSPC the TCSPC device builds up a photon distribution over the
times of the photons after the excitation and the detector channel number. Because
the individual photons are routed into different memory blocks according to the
detector in which they were detected the technique has been called ‘routing’, and
the device that generates the channel number ‘router’.

Routing has already been used in classic NIM-based TCSPC setups [27, 140].
Each of the detectors had its own constant-fraction discriminator (CFD). The CFD
output pulses were combined into one common TAC stop signal, and simulta-
neously used to control one or two higher address bits of the multichannel analyser.
Because separate CFDs were used for the detectors, the number of detector chan-
nels was limited. The modern implementation uses a single CFD for all detector
channels, as shown in Fig. 1.13. The ‘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, see Fig. 1.13.

Routing is often used in time-resolved anisotropy decay measurements. An
advantage in this application is that the photons for parallel and perpendicular
polarisation are processed in the same timing electronics and are thus recorded at
exactly the same time scale. In other applications with no more than four channels
routing systems are more and more replaced with fully parallel TCSPC systems [21,
76]. Routing is used, however, to further extend parallel TCSPC systems and to
obtain large detection channel numbers with single TCSPC modules. Typical
applications are diffuse optical imaging by near-infrared spectroscopy (NIRS) and
multi-wavelength TCSPC. NIRS systems with up to four TCSPC channels and 32
detectors (8 for each TCSPC channel) are used [48, 49]. Multi-wavelength TCSPC
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with 16 spectral channels is used in tissue spectrometers (see below) and in fluo-
rescence lifetime imaging systems (see Sect. 1.4.5.2).

The architecture of a multi-wavelength TCSPC system is shown in Fig. 1.14.
A spectrum of the light to be recorded is projected on the photocathode of a

multi-anode PMT. The routing electronics and the multi-anode PMT are integrated
in a common housing. The combination of the photon pulses of all channels is
achieved by deriving the pulses from the last dynode of the PMT [19, 22].

The high counting efficiency and the elimination of any wavelength scanning
makes multi-wavelength TCSPC attractive to biological and biomedical applica-
tions. A typical setup of a multi-wavelength tissue lifetime spectrometer is shown in
Fig. 1.15. It consists of a picosecond diode laser, a fibre probe, a polychromator, a
16-anode PMT with routing electronics, and a TCSPC module. [19, 22]. Multi-
spectral fluorescence decay data of human skin obtained this way are shown in
Fig. 1.15, right.

A portable instrument of this type has been described by De Beule et al. [51]. It
uses two multiplexed ps lasers of 355 and 440 nm wavelength. Recording of the
multiplexed signals was obtained by the technique described in Sect. 1.4.2. The
results have 32 decay-curve channels for different combinations of excitation and
detection wavelength.
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Other non-scanning multi-wavelength TCSPC applications use a micro-spec-
trometric setup with a microscope and a confocal detection beam path to obtain
fluorescence from a specific location within a cell [40].

Most multi-wavelength applications target at the measurement of the metabolic
state of cells and tissue. Information is obtained from the fluorescence decay
functions of NADH and FAD, see Chaps. 13, 14 and 15. Extracting accurate decay
parameters is, however, difficult because both the excitation and the emission
spectra of NADH and FAD overlap. Spectrally resolved detection of decay
parameters therefore helps separate the individual decay components [40, 41, 46,
153]. An overview on multi-wavelength detection of NADH and FAD has been
given by Chorvat and Chorvatova [42]. Using a micro-spectrometry setup, Chorvat
et al. found changes in the decay signature during rejection of transplanted hearts in
human patients [43]. The effect of Ouabain on the metabolic oxidative state in
living cardiomyocytes was shown in [44], the effect of oxidative stress in [45].

De Beule et al. used a tissue spectrometer setup and demonstrated the applica-
bility of NADH and FAD multi-wavelength lifetime imaging to cancer detection
and diagnosis [51]. Using a similar optical setup Coda et al. found significant
differences in the fluorescence lifetime of normal and neoplastic tissue [47].

Multi-wavelength detection becomes even more attractive when its is combined
with fluorescence lifetime imaging microscopy [15, 19, 20, 22]. Please see
Sect. 1.4.5, and Chap. 2 of this book.

1.4.2 ExcitationWavelength Multiplexing

The routing capability of TCSPC can be used to multiplex several light signals and
record them quasi-simultaneously [9, 19]. The most common application of mul-
tiplexed TCSPC is recording of fluorescence signals excited by several multiplexed
lasers. Each laser is turned periodically for a short period of time, and a routing
signal is generated indicating which of the lasers is active at a given time. The
routing signal is used to identify the photons excited by different lasers, and to store
them in different waveform blocks of a common photon distribution. The principle
is shown in Fig. 1.16.

Excitation wavelength multiplexing is easy with picosecond diode lasers. Diode
lasers can be turned on and off electronically at a speed in the ns range. Multi-
plexing can also be implemented elegantly by using a super-continuum laser with
an acousto-optical filter (AOTF). The transition from one filter wavelength to
another takes only a few microseconds. All that is needed to multiplex several lasers
or filter wavelengths is a simple controller that generates the on/off selection signal
to the diode lasers or to the AOTF, and the routing signal to the TCSPC device.
Please see Chap. 18.

Laser wavelength multiplexing can be combined with operation of several
detectors at different detection wavelength, with multi-wavelength detection [51],
and with fluorescence lifetime imaging [19, 22], see Sect. 1.4.5.3.
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An example is shown in Fig. 1.17. A leaf was excited by two multiplexed diode
lasers of 405 and 650 nm wavelength. Fluorescence was detected by two detectors
at 510 and 700 nm and recorded in one TCSPC module via a router. The result are
three fluorescence decay curves for different combination of excitation and emis-
sion wavelength: 405/510, 405/700, and 650/700 nm. The forth combination (650/
510 nm, not shown) does not contain photons because the detection wavelength is
shorter than the excitation wavelength.

It should be noted here that multiplexing of lasers can also be obtained by ‘pulse-
interleaved excitation’, or PIE, see Sect. 1.4.5.3. In that case the lasers are multi-
plexed pulse by pulse. The multiplexing technique shown in Fig. 1.16 has,
however, a few advantages. The most important one is that it is free of crosstalk.
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Fig. 1.16 Multiplexed TCSPC operation. Several signals are actively multiplexed into the
detector, or several lasers are periodically switched. The destination in the TCSPC memory is
controlled by a multiplexing signal at the ‘channel’ input

Fig. 1.17 Laser wavelength multiplexing. Left Fluorescence decay of a plant leaf, multiplexed
excitation at 405 and 650 nm. Detection by two detectors at 510 and 700 nm
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The tail of the fluorescence decay excited by one laser does not show up in the
decay curve excited by the next one. Moreover, there is no mutual influence of the
signals via pile-up or counting-loss effects [22].

1.4.3 Spatial Multiplexing

The multiplexing technique shown in Fig. 1.16 is also used to multiplex spatial
excitation or detection locations at a sample. This principle is commonly used in
diffuse optical imaging of the human brain, see Fig. 1.18. A number of source fibres
and detection fibres is attached to the head. The injection of the laser(s) into the
source fibres is controlled by a fibre switch. The controller of the fibre switch
switches though subsequent source positions and sends a status signal to the
TCSPC module(s) indicating the current source position. This signal is used as a
multiplexing (or routing) signal in the TCSPC modules(s) to build up separate time-
of-flight distributions or fluorescence decay curves for the different source posi-
tions. The multiplexing of the source position can be combined with multiplexing
of several lasers. Because diffuse-optical imaging works at high count rates the
signals from the different detection positions are usually detected by individual
detectors and recorded by separate TCSPC modules.

To increase the number of detector positions the setup can be extended by
routers. Up to 32 detectors have been used which were connected to four TCSPC
channels via four routers [48, 49].

The setup is mainly used for dynamic brain imaging, i.e. for recording relative
changes in the concentration of oxy- and deoxyhemoglobin. In this case, the
TCSPC systems records a time series of data, see section below. The fibre switch
period is on the order of 10 ms, and the time per step of the time series is between
50 ms and a few seconds. Please see Chap. 17 of this book.
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to all
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Modules
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Fig. 1.18 Architecture of the 8-channel parallel DOT system described in [76]
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1.4.4 Time-Series Recording

When a time-series of TCSPC data is to be recorded the first idea of classic-TCSPC
users is normally to run a record-and-save procedure. The measurement would be
run for a defined acquisition time, the data be read from the TCSPC device, and
saved into a data file by the associated system computer. This procedure would be
continued until the desired number of time steps have been performed. A procedure
like this has the charm that the number of time steps is virtually unlimited. How-
ever, it has also disadvantages. An obvious one is that the speed of the sequence is
limited by readout and save times. Another one is that the signal-to noise ratio of
the subsequent recordings depends on the speed of the sequence. It is therefore
difficult, if not impossible, to record transient changes in the recorded waveforms at
millisecond or microsecond resolution.

The limitations of the record-and-save procedure can be avoided by multi-
dimensional recording. The principle is shown in Fig. 1.19. The memory of the
TCSPC device has space for a large number of waveforms. The number of the
waveform block into which the photons are recorded is controlled by the sequencer
logics of the TCSPC device. The recording starts with a user command or with an
external trigger. The sequencer starts recording into the first waveform block, and
then switches through the blocks in regular intervals of time.

At first glance, the principle shown in Fig. 1.19 may look like a record-and-save
procedure. It is, however, different in that it records subsequent waveforms into one
single photon distribution. There is no time needed to read and save the data. More
importantly, the complete distribution can be accumulated: The experiment, e.g. the
induction of a change in the fluorescence decay of a sample would be repeated, the
run of the sequencer through the waveform blocks triggered by the stimulation, and
the photons accumulated into a distribution according to their times after the
excitation pulse and their times after the stimulation. This way, the available speed
of the sequence gets entirely decoupled from the photon detection rate. It does no
longer depend on the time of the individual steps of the sequence but only on the
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total acquisition time. The procedure even works if the sequence is so fast that only
one (or less than one) photon is recorded per step. The recording would just be
continued until all time channels of all waveform blocks have been filled with a
reasonable amount of photons.

An example is shown in Fig. 1.20. A change in the lifetime of chlorophyll in a
plant [69] was initiated by turning on the excitation light. The recording procedure
steps through the curves at a rate of 50 µs/curve. Within this time, about 50 photons
are recorded. To obtain a reasonable signal-to-noise ratio the procedure was repe-
ated and the photons accumulated. The result has a high signal-to-noise ratio,
despite of the short time per curve.

The procedure shown above does, of course, not require that the data in each step
of the time series are only a single waveform. The data can be multi-dimensional
themselves. The steps of the sequence can contain multi-wavelength data, data
recorded with laser multiplexing, or combinations of both. Time-series recording can
even be combined with imaging, see Sect. 1.4.5.4, and Chap. 2, Sect. 2.4.4.

Time-Series With Memory Swapping

Modern TCSPC modules have space for hundreds if not thousands of waveforms in
their internal memories. A time series recorded by the principle shown in Fig. 1.19
can have a correspondingly large number of steps. However, there are applications
which require to record a time-series with step times in the millisecond range over a
period of time that can reach hours. Such data can be recorded by a memory
swapping procedure.

The principle is shown in Fig. 1.21. The memory of the TCSPC device is split in
two independent memory banks. When the measurement is started the sequencer
starts to record in the first waveform block of the first bank. After a defined
acquisition time it switches to the next waveform block until all blocks of the

Fig. 1.20 Photochemical transient of chlorophyll in a live plant. Time per curve 100 µs, 10,000
on/off cycles were accumulated. Time-series starts from the front
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memory bank are filled with data. Then the memory banks are swapped, and the
recording continues in the other memory bank. During the time the second bank is
filled with photons the system computer reads the data from the first bank and saves
them into a file. This way, a virtually unlimited sequence of waveforms can be
recorded without time gaps between the recordings. Also here, it is not required that
a single waveform data block contains only a single waveform. The data in the
subsequent blocks can be multi-wavelength data, laser multiplexing data, combi-
nations of such data, or even FLIM data.

The memory swapping technique (or ‘continuous flow mode’) was originally
developed for DNA analysis and single-molecule detection in a capillary gel elec-
trophoresis setup [12]. It has been used in conjunction with TCSPC FLIM to record
fast time series of chlorophyll transients [79]. It is commonly used for dynamic brain
imaging by diffuse optical tomography (DOT) techniques [76, 105–108, 111, 122],
see Chaps. 17 and 18 of this book. The memory swapping technique 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 accu-
mulation within one memory bank, and, after a defined number of accumulations,
pass to the next bank. With these options, the Continuous Flow mode provides fast
and efficient recording procedures for a large number of complex experiments.

1.4.5 Fluorescence Lifetime Imaging (FLIM)

The general architecture of a TCSPC FLIM system is shown in Fig. 1.22. A laser
scanning microscope (or another scanning device) scans the sample with a focused
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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, see Chap. 2, Sect. 2.2. 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. A system of counters (the scanning interface) counts the pixels within
each line and the lines within each frame. The counter outputs deliver the position
of the laser beam, x and y in the scan area.

The information, t, x, y, is 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 for consecutive times after the excitation pulse. In other words, the result is
an image that contains a fluorescence decay curve in each pixel [13, 14, 17, 19, 22].

The procedure described above does not require that the laser beam stays at the
same position until enough photons have been acquired in the decay curve of the
corresponding pixel. It is only necessary that the total pixel time, over a large
number of subsequent frames, is large enough to record a reasonable number of
photons per pixel. In other words, the signal-to-noise ratio depends on the total
acquisition time, not on the san rate. Thus, TCSPC FLIM works even at the highest
scan rates available in laser scanning microscopes. At 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 and the position of the laser
spot in the moment of detection.

In early TCSPC FLIM systems the photon distribution was built up directly in
the hardware of the TCSPC module (see Fig. 1.11, left). The advantage of hardware
accumulation is that the acquisition runs independently of the computer. It can
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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 record larger images is to use software accumulation, i.e. the con-
figuration shown in Fig. 1.11, right. 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 [22, 121]. However, the bus
transfer speed and the processing capabilities of the PCs of the 1990s were
insufficient for this kind of operation. At count rates above 100 kHz and pixel rates
on the order of 1 MHz, as they are routinely 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 exclusively software accumulation. Typical
images sizes with 32-bit operating systems were 512 × 512 pixels, with 256 time
channels per pixel [22]. With the introduction of Windows 7, 64 bit, and corre-
sponding 64-bit data acquisition software, the maximum image size increased to
2048 × 2048 pixels × 256 time channels and more [139]. Pixel numbers this large are
enough to record images of the maximum field of view even of the best microscope
lenses. 64-bit FLIM applications are therefore rarely limited by memory size.

FLIM results are normally displayed as pseudo-colour images. The brightness
represents the number of photons per pixel. The colour can be assigned to any
parameter of the decay profile: The lifetime of a single-exponential approximation
of the decay, the average lifetime of a multi-exponential decay, the lifetime or
amplitude of a decay component, or the ratio of such parameters [22]. An example
is shown in Fig. 1.23. The colour shows the amplitude-weighted mean lifetime of a
double-exponential decay. The image format is 512 × 512 pixels, every pixel
contains 256 time channels. Decay curves in two selected pixels are shown on the
right. Similar curves are contained in any pixel of the image.

FLIM systems of the architecture shown in Fig. 1.22 are used for a wide range of
applications. An overview is given in Chap. 3 of this book. The applications can
essentially be divided into three classes: Measurement of parameters of the local
molecular environment of the fluorophores (Chaps. 4 and 5), protein interaction
experiments by FRET (Förster Energy Transfer, Chaps. 7 and 8), and imaging of
metabolic parameters via the fluorescence lifetimes of endogenous fluorophores
(Chaps. 13, 14, and 15). Examples for the three classes of applications are shown in
Figs. 1.24 and 1.25.

Measurements of molecular environment parameters are based on changes in the
fluorescence lifetime of a fluorophore with its molecular environment [92].
A commonly know effect is fluorescence quenching: The fluorescence lifetime is
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proportional to the reciprocal concentration of the quencher, and can thus be used as
a probe function for the concentration of the quencher [65, 68, 77]. A fluorophore
may also have two forms of different fluorescence quantum efficiency and thus
different fluorescence lifetimes. The concentration ratio of the forms, and thus the
average fluorescence lifetime, may depend on the environment. Examples are Ca2+

sensors [88, 90, 92, 112] and pH sensors [73, 130]. There are also effects of local
viscosity [89], local refractive index [143], proximity to nanoparticles and metal

Fig. 1.23 Lifetime image of a BPAE cell, stained with Alexa 488. FLIM data 512 × 512 pixels,
256 time channels per pixel. Fluorescence decay shown for two selected pixels. Zeiss LSM 710
Intune system with Becker & Hickl Simple-Tau 150 FLIM system

Fig. 1.24 Left Barley root tip, stained with Oregon green. Courtesy of Feifei Wang, Zhonghua
Chen and Anya Salih, University of Confocal Bioimaging Facility, University of Western Sydney,
Australia. Leica SP5 MP with bh SPC-150 FLIM module. Right Cell containing a expressing a
GFP fusion protein (donor) and Cy3-labelled antibody (acceptor). Donor image, amplitude-
weighted lifetime of double-exponential decay model. Zeiss LSM 710 microscope with Becker &
Hickl Simple-Tau 152 FLIM system
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surfaces [66, 109, 113, 124], and aggregation of the fluorophore [80]. Please see
also [24, 26, 125], and Chap. 3 of this book.

The most frequent FLIM application is probably Förster resonance energy
transfer (FRET), see Chaps. 7 and 8 of this book. FRET experiments use the fact
that energy can be transferred from a donor to an acceptor molecule if the donor
emission spectrum overlaps the acceptor excitation spectrum [63, 64]. A condition
for FRET to occur is that the distance between donor and acceptor is on the order of
a few nm or less. FRET is therefore used as an indicator for protein interaction. The
advantage of FLIM-based FRET experiments is that the FRET efficiency is
obtained from a single fluorescence-lifetime image of the donor. The problems of
steady-state FRET measurements, such as directly excited acceptor fluorescence,
extension of the donor emission in the acceptor channel, and unknown concen-
tration ratio, are therefore avoided. Moreover, multi-exponential decay analysis can
be used to separate the interacting donor fraction from the non-interacting one
[17, 22]. There are hundreds of FRET papers based on TCSPC FLIM. An overview
on the FLIM FRET applications and the corresponding literature has been given in
[19, 22]. Please see also Chaps. 3, 7, and 8.

The third class of FLIM applications is the extraction of metabolic parameters
from the lifetimes of endogenous fluorophores. Most autofluorescence FLIM
applications use the fact that that the fluorescence lifetimes of NADH and FAD
depend on the binding to proteins [91, 119]. Bound and unbound fractions can
therefore be distinguised by double-exponential decay analysis and characterised by
the amplitudes and lifetimes of the decay components. The ratio of bound and
unbound NADH depends on the metabolic state [29, 40, 42, 56, 67, 137, 138].
FLIM data of NADH and FAD are therefore used to detect precancerous and
cancerous alterations [32, 78, 95, 128, 137, 138]. It has also been shown that the
fluorescence decay parameters of the NADH fluorescence change with maturation
of the cells, during apoptosis and necrosis, and in response to treatment with cancer
drugs [67, 86, 131, 146–148]. Autofluorescence FLIM is closely related to clinical
applications [59, 84, 85, 134–136]. Please see Chaps. 13, 14 and 15 of this book.

Fig. 1.25 FLIM of human salivary gland stem cells. Left Image of amplitude ratio, a1/a2, of fast
and slow decay component. Middle Image of amplitude-weighted lifetime, tm. Right Decay curves
in indicated pixels of image. Data courtesy of Aisada Uchugonova and Karsten König, Saarland
University, Saarbrücken

1 Introduction to Multi-dimensional TCSPC 25

http://dx.doi.org/10.1007/978-3-319-14929-5_3
http://dx.doi.org/10.1007/978-3-319-14929-5_7
http://dx.doi.org/10.1007/978-3-319-14929-5_8
http://dx.doi.org/10.1007/978-3-319-14929-5_3
http://dx.doi.org/10.1007/978-3-319-14929-5_7
http://dx.doi.org/10.1007/978-3-319-14929-5_8
http://dx.doi.org/10.1007/978-3-319-14929-5_13
http://dx.doi.org/10.1007/978-3-319-14929-5_14
http://dx.doi.org/10.1007/978-3-319-14929-5_15


1.4.5.1 FLIM in Parallel TCSPC Channels

A TCSPC FLIM system with a single detector detecting in a single wavelength
interval can be used for a wide range of applications, see examples above. The
reason that FLIM at a single wavelength works so well is that the fluorescence
lifetime is inherently ‘ratiometric’. The fluorescence lifetime can be considered an
intensity ratio in two time intervals of the decay curve. The result thus does not
depend on the concentration of the fluorophore.

The situation changes if several fluorophores with different lifetimes and dif-
ferent emission spectra are involved, or if fluorescence anisotropy decay data are to
be recorded. Images then have to be recorded simultaneously in different wave-
length intervals, or under 0° and 90° angles of polarisation. Early TCSPC FLIM
systems used routing to record these signals. Modern systems more and more use
fully parallel TCSPC channels.

The advantage of the parallel architecture is that the maximum count rate is
higher, and that the channels are fully independent. Even if one channel saturates or
a detector shuts down by overload the other channel(s) may still record correct data.
Systems with two channels are standard [6, 7, 22], systems with four channels are
easily possible [18], and systems with 8 parallel SPC-150 channels have been
demonstrated [21, 22]. FLIM data obtained by this system are shown in Fig. 1.26.

1.4.5.2 Multi-wavelength FLIM

Multi-wavelength FLIM (also called Multi-Spectral FLIM or spectral lifetime
imaging, SLIM) uses a combination of the basic FLIM technique shown in
Fig. 1.22 and the multi-wavelength detection technique shown in Fig. 1.14.

The architecture of multi-wavelength FLIM is shown in Fig. 1.27. A spectrum of
the fluorescence light is spread over an array of detector channels. For every
photon, the time in the laser pulse period, the wavelength-channel number in the
detector array, and the position, x, and y, of the laser spot in the scan area are
determined. These pieces of information are used to build up a photon distribution

Fig. 1.26 Eight-channel parallel FLIM of a drosophila eye. Autofluorescence. Excitation at
407 nm, detection wavelength from 480 to 620 nm. Left Mean Lifetime of double-exponential
decay. Right Relative amplitude of fast decay component. bh DCS-120 confocal scanning system
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over the arrival times of the photons in the fluorescence decay, the wavelength, and
the coordinates of the image [15, 19, 20, 22].

As for single-wavelength FLIM, the result of the recording process is an array of
pixels. However, the pixels of multi-wavelength FLIM contain several decay curves
for different wavelength. Each decay curve contains a large number of time
channels; the time channels contain photon numbers for consecutive times after the
excitation pulse. Multi-wavelength FLIM data can also be considered a set of
lifetime images for different wavelength. A result of a multi-wavelength FLIM
measurement is shown in Fig. 1.28.

Multi-wavelength FLIM requires a large amount of memory: For the data
shown in Fig. 1.28 memory space must be provided for 16 images, each with
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Fig. 1.27 Principle of multi-wavelength TCSPC FLIM

Fig. 1.28 Top Multi-wavelength FLIM of plant tissue, 16 wavelength intervals, 128 × 128 pixels,
256 time channels. Amplitude-weighted lifetime of double-exponential fit, normalised intensity.
Bottom Decay curves in selected pixels of 620, 656, and 710 nm images. Two-photon excitation at
850 nm, detection from 500 to 725 nm. Zeiss LSM 710, bh Simple-Tau 150 FLIM system [7]
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128 × 128 pixels, and 265 time channels per pixel. Multi-wavelength FLIM can
therefore performed at reasonable pixel numbers only by building up the photon
distribution in the computer memory. A significant progress has been made with the
introduction of 64 bit software. In the 64-bit environment, data with 16 wavelength
channels can be resolved into images of 512 × 512 pixels, and 256 time channels
[139]. This is about the maximum resolution achieved for a single FLIM image in a
32 bit environment. Examples are shown in Chap. 2, Figs. 2.25 and 2.26, and in
Chap. 3, Fig. 3.17.

Multi-wavelength FLIM is predominately used in applications where fluores-
cence signals of several fluorophores are present, and the emission of the fluoro-
phores cannot cleanly separated by filters, or there are just too many fluorophores to
get them separated by filters and dichroic beamsplitters.

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 [20]. Bird et al. demonstrated the technique for lifetime imaging of
stained kidney tissue samples [28]. Rück et al. used of multi-wavelength FLIM for
monitoring the conversion of photosensitisers for PDT and the generation of
photoproducts [126, 127]. FRET measurements by multi-wavelength FLIM were
described in [30, 31, 76].

The majority of multi-wavelength FLIM applications are in autofluorescence
imaging, especially imaging of the coenzymes NADH and FAD [42, 98, 128, 150].
Chorvatova and Chorvat worked out spectral unmixing techniques based on multi-
wavelength FLIM data and used them to determine metabolic parameters in cardio-
myocytes [40–46] and investigate their response to drugs and stress conditions.

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 components) in the cytosol and in the mitochondria, and changes induced
by variable concentration of deoxyglucose [98]. They also found changes in the
bound/unbound ratio when cells were exposed to sub-lethal concentrations of
cadmium [99, 150].

Using two-photon excitation and multi-wavelength FLIM Li et al. were able to
detect and characterise two-photon excited fluorescence from haemoglobin [154].
Multi-wavelength FLIM was used to discriminate the haemoglobin fluorescence
from fluorescence of other endogenous fluorophores. This way, haemoglobin
fluorescence was used for label-free imaging of microvasculature in live tissue
[103, 104].

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. [100].
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 sensitive 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 [101] and for
investigation of squamous intraepithelial neoplasia [81]. Simultaneous recording
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of tryptophane, SHG, NADH intensity images by the system has been described in
[141]. Other applications are autofluorescence lifetime imaging of leukocytes [152],
multi-modal label-free imaging of zebra fish [102], and skeletal muscle tissue [141].

Multi-wavelength FLIM in combination with multiphoton tomography of human
skin [84, 85, 125] was used by Dimitrow et al. [55]. The authors found changes in
the fluorescence spectra and shorter fluorescence lifetime in malignant melanoma
compared to normal skin.

1.4.5.3 FLIM with Excitation Wavelength Multiplexing

FLIM can be combined with excitation wavelength multiplexing. The general
principle of multiplexed TCSPC is shown in Fig. 1.16. The extension of the
principle to FLIM is shown in Fig. 1.29. Excitation at different wavelength is
achieved by multiplexing (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 exci-
tation 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.)

Different combinations of excitation and emission wavelengths can be obtained
by using several detectors and a router. Modern implementations normally use
several parallel TCSPC modules.

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. Details of the optical system are described in
Chap. 2, Sect. 2.2.7. An typical result is shown in Fig. 1.30.
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A similar effect can be obtained 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, see Fig. 1.31. The recorded waveform contains the fluorescence decay
excited by one laser followed by the decay excited by the other. The data of the two
excitation channels are selected by time-gating in the data analysis. Data for dif-
ferent 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. 1.32.

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. Please
see [22] for a comparison of PIE and laser multiplexing.

Fig. 1.30 FLIM by wavelength multiplexing, Supercontinuum laser with AOTF, two parallel
SPC-150 TCSPC modules. Left to right Excitation 500 nm emission 525 ± 50 nm, excitation
500 nm emission 620 ± 30 nm, excitation 580 nm emission 620 ± 30 nm. 256 × 256 pixels, 256
time channels, frame-by-frame multiplexing

Laser Laser2 Laser1 Laser2 Laser1

Fluorescence
blue channel

Fluorescence
green channel

pulses blue green blue green

Recorded Time Interval

Fig. 1.31 Principle of laser wavelength multiplexing by pulse-interleaved excitation
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1.4.5.4 FLIM Time-Series Recording

A time-series of FLIM images can be recorded by a simple record-and-save pro-
cedure. A FLIM image is recorded for a defined acquisition time or for a number of
frames of the scan, and saved to a file. The procedure is repeated until the desired
number of images—or steps of the time series—have been acquired [19]. The
procedure is simple and has the advantage that it does not require more memory
space for the photon distribution than a single FLIM recording. The disadvantage is
that the save operation takes time: At least one frame of the scan is lost during the
time the data are saved. A continuous sequence can be recorded by dual-memory
recording [19, 22, 79]. Memory blocks are provided for two photon distributions,
and the FLIM system records into one block while the data from the other one are
saved. However, the time per step cannot be made faster than the time needed for
saving, and the rate of the sequence is limited by the decrease of the signal-to-noise
ratio with decreasing acquisition time per step of the sequence. The fastest image
rate that can be achieved is 1–2 images per second, see Fig. 1.33.

A more efficient way of time-series FLIM has been provided by 64-bit data
acquisition software [139]. In the 64-bit environment, the available amount of
memory is so large that a large number of reasonable-size FLIM images can be
recorded into one and the same photon distribution. The technique is derived from
spatial ‘Mosaic’ or ‘Tile’ imaging. A FLIM mosaic is a data array (either one- or
two-dimensional) which has space for a large number of FLIM data sets. The
recording process starts to record FLIM data in the first mosaic element. After a
defined number of frames of the scan it switches to the next element. Thus, all

Fig. 1.32 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,
amplitude-weighted lifetime of double-exponential decay fit, time-gated intensity
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elements of the mosaic are filled with data one after another. The time per element
is determined by the frame time, and by the number of frames per element.

Mosaic time series recording has two advantages over the conventional record-
and-save procedure. First, the transition from one mosaic element to the next occurs
instantaneously. There are no time gaps between the steps of the sequence.
Therefore, very fast time series can be recorded. Second, mosaic time series data
can be accumulated: A lifetime change in a sample would be stimulated periodi-
cally, and the start of the mosaic recording be triggered by the stimulation. With
every new stimulation the recording procedure 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: The signal-to noise-ratio depends on the total acquisition time,
not on the speed of the sequence. Please see Chap. 2, Sect. 2.4, Mosaic FLIM.

1.4.6 FLITS

By the technique described above a FLIM time series can be recorded down to the
frame time of a fast 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 [22, 23, 25]. FLITS is based on building up a photon
distribution over the distance 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. 1.34.

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
form of photon numbers in subsequent time channels. The recoding 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 indicate the transition from the end of the line
back to the start. The procedure differs from FLIM in that the frame clock pulses
does 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.

Fig. 1.33 Time series recorded at a speed of 2 images per second. Chloroplasts in a moss leaf.
Dual-memory recording, images 128 × 128 pixels
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As long as the stimulation occurs only once the recording process is simple: The
sequencer of the TCSPC module [19, 22] starts to run with the stimulation, and puts
the photons in consecutive experiment-time channels along the T axis.

A FLITS recording is shown in Fig. 1.35, left. It shows the non-photochemical
lifetime transient of chlorophyll [69] recorded after the start of illumination. The
horizontal axis is the distance along the line scanned, the vertical axis (bottom to
top) is the experiment time, T, in this case the time from the start of the illumi-
nation. Decay curves for a selected pixel within the line are shown for T = 0.5, 7.5,
and 13.4 s.

The result shown in Fig. 1.35, left, 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 periodically, and the start of T triggered by the stimulation.
The recording then runs along the T axis periodically, and the photons are accu-
mulated 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 experiment 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 sufficiently 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 resonance
scanners and polygon scanners (see Chap. 2) the line time can be made even
shorter.

An example of an accumulated FLITS recording is shown in Fig. 1.35 right. It
shows the photochemical transient [69] of the chlorophyll in a plant. The result was
obtained by turning on and off the laser periodically, and recording the photons by
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Fig. 1.34 Principle of FLITS. A sample is scanned along a line. The TCSPC system builds up a
photon distribution 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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triggered accumulation. The T scale is from 0 to 200 ms. Decay curves are shown
for a selected pixel within the line for T = 3 and 191 ms into the laser-on phases.
The amplitude-weighted lifetime increases from 480 to 530 ps.

The application of FLITS to Ca2+ imaging in neurons is described in Chap. 5 of
this book.

1.4.7 Phosphorescence Lifetime Imaging (PLIM)

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 photon [92]. Both the S1-T1 transition and the T1-S0 transition
are ‘forbidden’ processes. The transition rates are therefore much smaller than for
the S1-S0 transition. That means that phosphorescence is a slow process, with
lifetimes on the order of microseconds or even milliseconds. The usual approach to
phosphorescence recording is to reduce the excitation pulse rate and extend the time
scale of decay recording to microseconds or milliseconds. Except for fluorophores
of high intersystem crossing rate, the results obtained this way are disappointing.

There are several reasons why simply decreasing the repetition rate does not
work well. Both are related to the low S1-T1 transition rate. The excitation energy
injected into the molecules is preferentially dissipated by the S1-S0 transition, and
not deposited in the T1 state. The T1 population therefore remains low, and so does
the phosphorescence intensity. Simply increasing the peak power of the excitation
pulse meets technical constraints, or causes nonlinear effects in the sample. The
second problem is that high excitation peak power also causes high peak intensity
of fluorescence. The fluorescence pulse not only leads to the detection of one or
several photons per excitation pulse and thus violates the rules of TCSPC detection.
It can become so strong that it causes temporary overload in the detector.

These problems can be solved by exciting phosphorescence with laser pulses
longer than the fluorescence lifetime. The long pulse width increases the population
of the triplet state without increasing the peak fluorescence intensity. Similarly,

Fig. 1.35 FLITs recordings of chlorophyll transients. Left Non-photochemical transient, vertical
time scale 0–14 s, decay curves shown for a selected pixel at T = 0.5, 7.5, and 13.4 s after turn-on
of the laser. Right Photochemical transient. Vertical time scale 0–200 ms, decay curves shown for
a selected pixel at T = 3 and 191 ms into the laser-on phases. The amplitude-weighted lifetime
increases from 480 to 530 ps
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a group of laser pulses instead of a single pulse can be used. The principle is shown
in Fig. 1.36.

A high-frequency pulsed laser is modulated on/off at a period several times
longer than the phosphorescence lifetime. The laser pulses within the ‘on’ phase of
the modulation period excite fluorescence and build up phosphorescence. The ‘off’
phase contains only phosphorescence. The advantage of this excitation principle is
not only that it can be used for multi-photon excitation but also that it can be used to
record fluorescence and phosphorescence decay data simultaneously. This is
achieved by assigning two times to every photon, one of which is the time in the
laser pulse period, t, the other the time in the laser modulation period, T. Two
separate photon distributions are built up, one over t, the other over T. The dis-
tribution over t is the fluorescence decay, the distribution over T the phosphores-
cence decay. The principle can be used both for single-curve recording and for
lifetime imaging [22].

The architecture of a combined FLIM and PLIM system is shown in Fig. 1.37.
The TCSPC module works in the parameter-tag mode. The times of the photons, t,

Laser ON

Phosphorescence Phosphorescence

Laser ON

ecnecseroulFecnecseroulF

t
T

FFOresaLFFOresaL
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within the laser pulse period are measured by the normal time-measurement block.
The ‘Event Identification’ block (see Fig. 1.11 right) determines absolute times,
Tphot, of the photons. Moreover, it receives a reference signal from the laser
modulation and clock pulses from the scanner. From these signals, it determines
absolute times for the modulation reference, Tmod, and for the scan clocks, Tpixel,
Tline, and Tframe. The values are put in a data stream together with the photon data.
From these data, the computer software determines the locations, x, y, of the
individual photons in the scan area, and the times of the photons within the
modulation period, T = Tphot – Tmod. The software builds up two photon distri-
butions, one over the scan coordinates and the times, t, and another over the scan
coordinates and the times, T. The first one is a fluorescence lifetime image during
the on-phase of the laser modulation period, the second one a phosphorescence
lifetime image.

An example of a FLIM/PLIM measurement is shown in Fig. 1.38. The figure
shows yeast cells stained with tris (2,2′-bipyridyl) dichlororuthenium (II) hexahy-
drate. The FLIM image is shown Fig. 1.38, left. It is dominated by autofluorescence
of the cells. PLIM is shown in Fig. 1.38, right. The phosphorescence comes from
the ruthenium dye. Decay curves in selected pixels are shown at the bottom. The
time scale of FLIM is 0–10 ns, the time scale of PLIM 0–6.5 µs.

PLIM applications aim at suppression of autofluorescence [4, 5], and, more
importantly, oxygen-concentration sensing. Phosphorescence from almost any
phosphorescing compound is strongly quenched by oxygen. The phosphorescence

Fig. 1.38 Combined FLIM/PLIM recording. Yeast cells stained with a ruthenium dye. FLIM (left)
shows autofluorescence, PLIM (right) phosphorescence of the Ruthenium dye
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lifetime can therefore be used to determine oxygen concentrations [53, 54, 129].
Combined FLIM/PLIM is especially promising because it is able to record meta-
bolic information via FLIM while monitoring the oxygen concentration via PLIM.
Please see Chap. 6 of this book.

1.4.8 Multi-dimensional Recording by Modulation
of Experiment Parameters

The lifetime imaging techniques described above scan the spatial location of the
fluorescence excitation and detection and record the shape of the optical signal as a
function of the scan coordinates. There are other TCSPC applications that aim on
recording optical signals as functions of parameters which are not necessarily
spatial ones. The task can be solved in a similar way as FLIM: Parameters in the
sample or in the experiment setup are modulated, the TCSPC process is syn-
chronised with the parameter modulation via scan clock pulses, and a photon
distribution is recorded over the parameters and the time in the optical signal. A
typical experiment of this class is used in plasma physics for the investigation of
barrier discharges.

Barrier discharges occur if the electric field between two isolator-coated elec-
trodes exceeds a critical value, see Fig. 1.39. The visible discharge phenomenon
consists of a large number of micro-discharges with nanosecond duration and kHz
frequency.

Barrier discharges are technically highly relevant: They are a degradation
mechanism of insulators in electrical systems, and they are used in a wide variety of
plasma applications, e.g. for cleanup of exhaust gases. The investigation of the
discharges is difficult: They 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. The principal setup is shown in Fig. 1.40.
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Fig. 1.39 Barrier discharge between dielectrically coated electrodes
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One output of a digital signal synthesizer (in the present case a bh GVD-120
scan controller) delivers a sinusoidal output voltage. The voltage is amplified,
transformed to a voltage in the 10 kV range, and applied across the discharge
gap. A second output of the synthesizer (the Y output of the scan controller) 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. Consequently, the
TCSPC module records a photon 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.

Figure 1.41, 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.

Figure 1.42 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. 1.43 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
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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.

Similar as the other multi-dimensional TCSPC applications, the principle shown
above has no inherent limitation of the rate at which an experiment parameter is
modulated. This is very important for barrier-discharge measurements: The

Fig. 1.41 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. 1.42 Intensity over time in discharge pulse and distance along the gap for four subsequent
phase intervals (quarter waves) in the gap voltage. Horizontal scale 0–50 ns. Data courtesy of
Ronny Brandenburg, INP Greifswald, Germany

Fig. 1.43 Intensity over time in the discharge pulse and phase in the gap voltage for four
subsequent distance intervals along the gap. Horizontal scale 0–50 ns. Data courtesy of Ronny
Brandenburg, INP Greifswald, Germany
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frequency of the gap voltage must be in the 10 kHz range, and matched to the
resonance frequency of the transformer-gap combination. Sequential recording of
the voltage-dependence—e.g. by keeping the voltage constant until enough dis-
charges 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. However, all are using the phase of the gap
voltage as a parameter of a multi-dimensional TCSPC process. Please see [37, 38,
71, 74, 75, 82, 87, 145] for technical details and for results.

1.5 Using Parameter-Tagged Single-Photon Data

The techniques described above transfer parameter-tagged single-photon data into
the system computer and build up photon distributions by software. 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. When the data are recorded it may
even not be clear how exactly they are to be processed. User-interaction during the
data processing may be required, or the processing may be so time-consuming that
it cannot be performed online. In these cases the single photon data may be saved
for later off-line processing. The general structure of parameter-tagged single-
photon data and the use of such data in a few typical applications will be described
below.

1.5.1 Structure of Parameter-Tagged Single-Photon Data

Parameter-tagged single-photon data contain information about the individual
photons detected by the TCSPC device [19, 22]. An example of the structure of
such data is shown in Fig. 1.44.
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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 of parameter-tagged data. Several
identifier bits mark a particular 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 on the order of few 10 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 words 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 overflows can either be attached to the photon data words or be put in
the data stream the same way as external events.

1.5.2 Calculation of FCS from Parameter-Tagged Data

Fluorescence Correlation Spectroscopy is based on recording fluorescence from a
limited number of fluorescing molecules in a small sample volume, and correlating
intensity fluctuations caused by the motion of the molecules [123]. The data pro-
cessing procedure for FCS is usually described by the correlation functions

GðsÞ ¼ lim
T!1

1
2T

ZþT

�T

IðtÞIðt þ sÞdt G12ðsÞ ¼ lim
T!1

1
2T

ZþT

�T

I1ðtÞI2ðt þ sÞdt

where G(τ) is the autocorrelation of a single signal, I(t), and G12(τ) the cross-
correlation function of two signals, I1(t) and I2(t).

For photon counts, N, in consecutive, discrete time channels G(τ) and G12(τ) can
be obtained by calculating

GðsÞ ¼
X

NðtÞ � Nðt þ sÞ and G12ðsÞ ¼
X

N1ðtÞ � N2ðt þ sÞ

The general behaviour of the auto- and cross-correlation functions is illustrated
in Fig. 1.45. For a randomly fluctuating signal, I(t), the autocorrelation function G
(τ) delivers high values only if the intensity values, I, at a given time, t, and at a later
time, t + τ are correlated. Uncorrelated fluctuations of I cancel over the integration
time of the experiment. Similarly, G12(τ) delivers high values if the fluctuations in
both signals, I1(t) and I2(t + τ), correlate with each other. The drop of G(τ) and
G12(τ) over the shift time, τ, shows over which length of time the fluctuations are
correlated.
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The equations shown above are based on the assumption that the intensity
waveforms are analog signals. However, TCSPC data are not a continuous wave-
form as those shown in Fig. 1.45. Instead, the data describe a random sequence of
individual detection events. In fact, the events can be (and usually are) so rare that
there is less than one photon within the range of τ over which the intensities are to
be correlated. The equations shown above are therefore inappropriate to calculate
correlation functions from parameter-tagged photon data recorded by TCSPC.

The general correlation procedure for parameter-tagged photon data is illustrated
in Fig. 1.46. In typical TCSPC data, the time-channel width, T, is the period of the
macro-time clock. It is shorter than the dead time of the detector/photon counter
combination. Therefore only one photon can be recorded in a particular macro time
period. Consequently, N(t) and N(t + τ) can only be 0 or 1. The calculation of the
autocorrelation function therefore becomes a simple shift, compare, and histo-
gramming procedure. The times of the individual photons are subsequently shifted
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G(   )

t

I1(t)

t

I2(t)

G12(    )

Fig. 1.45 General behaviour of the autocorrelation function, G(τ), of a signal I and the cross-
correlation function, G12(τ), of the signals I1 and I2
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Fig. 1.46 Calculation of the autocorrelation function from TCSPC time-tag data
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by one macro-time clock period, 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, τ. The
obtained G(τ) is the (un-normalised) autocorrelation function.

The cross-correlation function between two signals is obtained by a similar
procedure. However, the photon times of one detector channel are shifted versus the
photon times of the other channel.

To obtain intensity-independent correlation curves the results of the algorithm
shown in Fig. 1.46 need to be normalised. Normalisation can be considered the ratio
of the number of coincidences found in the recorded signal and the number of
coincidences expected for an uncorrelated signal of the same count rate. The nor-
malised autocorrelation and cross-correlation functions are

GnðsÞ ¼ GðsÞ nT
N2
P

with nT = total number of time intervals, Np = total number of photons, and

G12nðsÞ ¼ G12ðsÞ nt
NP1NP2

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. 1.46 yields G(τ) in equidistant τ channels. The
width of the τ channels is equal to the macro time clock period of the SPC module,
T. The algorithm is known as the ‘Linear-Tau’ algorithm. Unfortunately, for long
correlation times the algorithm results in an extremely large number of τ channels in
G(τ), and in intolerably long calculation times.

Therefore, the algorithm is usually modified by applying binning steps to the
photon data during the correlation procedure. The procedure is illustrated in
Fig. 1.47.

The procedure starts with a number of shift-and-compare steps as shown in
Fig. 1.46. After a number of steps the remaining photon data are binned. Then the
correlation procedure is continued on the binned data. The new time bins can
contain several photons. Therefore, the photon numbers in the original and the
shifted data have to be multiplied. After a number of shift steps the data are binned
again, and the procedure is continued. The procedure is called ‘Multi-Tau’ algo-
rithm. Despite of the binning operations, it yields shorter calculation times than the
Linear-Tau algorithm. It also delivers the logarithmic τ axis commonly used for
FCS curves.

The correlation procedures shown above can be used to calculate FCS curves on-
line. In this case, photons are constantly recorded, and the data transferred into the
system computer. In certain intervals, usually a few seconds, the software calculates
a correlation function (or several correlation functions if several detectors are
active) on the data that have arrived within this time. The coincidences for the
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subsequent intervals are summed up in a common histogram, see Figs. 1.46, and
1.47, right. Of course, the procedure requires that the recording-time intervals be
longer than the maximum time, τ, over which the photons are correlated. Moreover,
photons recorded in one interval must still be available in the next one to correlate
late photons in one interval with early photons in the next.

An example of FCS calculation from parameter-tagged data is shown in
Fig. 1.48. The data were recorded in a confocal microscope [6] from a diluted
solution of fluorescein. On average, about 0.4 molecules were in the detection
volume at a time. The average count rate was about 5000 photons/s.

Figure 1.48, top, shows an intensity trace of the recorded signals at time-bin
width of 10 µs, and over a time interval of 10 ms. Due to the low detection rate
there is no more than 1 photon per time bin, and there are about 50 photons over a
period of time of 10 ms.

The autocorrelation function is shown at the bottom of Fig. 1.48. Note that the τ
scale of the FCS curve is the same as the length of the time intervals of the intensity
trace on the left. However, the FCS curve was calculated over the complete acqui-
sition time of the measurement, in this case 120 s. It shows a clear correlation curve
of the intensity fluctuations caused by diffusion of the molecules. That a correlation
curve is obtained from the data shown in Fig. 1.48, top, may surprise at first glance. It
is a result of the fact that the data have been correlated over a period of 120 s, not
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Fig. 1.47 Correlation procedure with progressive binning
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only over the time intervals shown in the intensity trace in Fig. 1.48, top. This is
another example that the signal-to-noise ratio in single-photon counting experiments
depends on the total acquisition time, not on the time over which the photons are
correlated.

Most FCS applications aim at the estimation of the size of labelled biomolecules,
on the detection of interaction between biomolecules, and on the determination of
the number of fluorescent molecules attached to a special biomolecule. The size of
the molecules can be derived from the diffusion time, i.e. the point of the auto-
correlation 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 absorption and
emission spectra. The cross-correlation (FCCS) function of the two signals indicates
whether the constructs diffuse together or independently.

In terms of TCSPC, data acquisition FCS and FCCS are very simple applica-
tions. 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 detectors: 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.

Fig. 1.48 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 s
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The basic optical setup for a dual-colour FCS experiment is shown in Fig. 1.49.
Two diode lasers are used to excite fluorescence in the sample. The sample contains
two fluorophores, Atto 488 and Atto 647N, each of them excited by one of the
lasers. The fluorescence is detected by two detectors through different filters. The
detection (macro) times of the photons are recorded by two TCSPC channels. The
photons of the channels are auto-correlated and cross-correlated by the instrument
software. For the setup shown in Fig. 1.49 a bh DCS-120 confocal FLIM system
was used. The principle can, however, be implemented in almost any confocal laser
scanning microscope.

Auto- and cross-correlation functions of free Atto 488 and Atto 647N fluoro-
phores are shown in Fig. 1.50, left. There is autocorrelation for the signals from
both fluorophores (Red and blue curves) but no cross-correlation between the

Fig. 1.49 Dual-colour FCCS setup based on BDL-SMN lasers and DSC-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
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signals (green). Curves for a 40-base pair double-stranded DNA labelled with Alexa
488 and Cy5 are shown in Fig. 1.50, right. There is a significant cross-correlation
(green curve) showing that DNA strands labelled with different fluorophores are
partially linked to each other.

A third application of FCS—determination of the number of fluorophore mol-
ecules attached to a biomolecule—is used to obtain information on the structure and
conformation of the molecules. Special subunits of the biomolecule are labelled by
fluorescent antibodies or—more reliably—by expressing fluorescent proteins. From
the amplitude of the autocorrelation function and the number of counts the
brightness of the labelled biomolecule can be obtained. For a given fluorophore,
this is proportional to the number of fluorophores attached to it. Provided the
labelling or expression is complete it represents the number of subunits under
investigation. The technique has been used to determine the structure of CaMKII by
combined fluorescence anisotropy, and fluorescence correlation techniques [115].

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 [39]. The basic setup is shown
in Fig. 1.51, left. 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. A correlation function
recorded at a human forearm is shown in Fig. 1.51, right.

Fig. 1.50 Left Atto 488/7 nM Atto 647N, molecules not linked. Right Alexa 488 and Cy5
partially linked by double-stranded DNA. Blue and Red Autocorrelation. Green Cross-correlation

1 Introduction to Multi-dimensional TCSPC 47



1.5.2.1 Including 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 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. The fluorescence decay is helpful to identify problems,
such as contamination by autofluorescence or Raman scattering. Fluorescence
decay times can also be used to improve FCS analysis of correlation curves with
several components.

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 [22], or by excluding
photons with macro times outside a defined time window (Fig. 1.52). Time gating
can also be necessary when FCS is recorded with pulse-interleaved excitation (PIE).

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 [33, 62]. The technique can also be
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Fig. 1.51 Diffuse optical correlation. Left Basic experiment setup. Right Correlation curve
recorded at a human forearm, bh SPC-150 TCSPC module
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used to reject detector background signals, Raman scattering, or unwanted back-
ground 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 [2]. Assume there are several
fluorescing species of similar or nearly similar excitation and emission spectra.
These species diffuse at different 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
parameters, i.e. the fluorescence lifetimes, the component amplitudes, and the
diffusion times of the components are determined in a global fit [2, 3].

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 [60]. They
used two synchronised TCSPC modules in the setup shown in Fig. 1.53, left.
Fluorescence in a sample is excited 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 [19]. 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

Fig. 1.52 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
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obtained at a resolution of about 20 ps. The algorithm is described in [60], and
included in a single-molecule analysis software package of the University of
Düsseldorf [61].

At first glance, it may look surprising that this method works: The TCSPC
modules used in the setup determine the micro times by advanced TAC/ADC
principles. 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 to the signal from the external clock oscillator. They
are not correlated to the photons. The correlation of the photon data therefore
delivers correct results.

Applications of picosecond correlation to dye-exchange dynamics of R123 in
micellar solutions and supra-molecular cyclodextrin-pyronin complexes are
described in [116, 1]. Combined with FRET measurement, the method has been
used to study conformational changes in a yellow chameleon Ca+ sensor [36]. It has
also been used to study complexes of adamantane and cyclodextrin [70], and
micellar exchange dynamics [35].

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 correlator is shown in Fig. 1.54.

1.5.3 Single-Molecule Burst Analysis

Consider a solution of fluorescent molecules, excited by a focused laser beam
through a microscope lens, with the emitted photons being detected through a
confocal pinhole that transmits light only from a volume of diffraction limited size.
When the concentration of fluorescent molecules is small 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 detection signal consist of
bursts of photons caused by individual molecules. The photon bursts can be
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recorded in the parameter-tag mode of a TCSPC device. Photon bursts from an
Alexa 488 Dextrane construct are shown in Fig. 1.55.

The idea behind single-molecule burst analysis is to 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.
A demonstration of the technique has been given by Widengren et al. [149]. FRET
pairs were constructed by linking different fluorophores to a deoxyoligonucleotide.
A mixture of these constructs was investigated in a confocal optical setup. The
photons were detected simultaneously under 0° and 90° polarisation and in two
wavelength intervals, and recorded by TCSPC in the parameter-tag mode. Indi-
vidual bursts were identified in the parameter-tag data. Within the bursts, the
fluorescence intensities and the fluorescence lifetime in both wavelength channels
and the fluorescence anisotropy were determined. From these data, two-dimensional
histograms of the burst frequency were built up versus the intensity ratio in the two
wavelength channels, the fluorescence lifetime and the fluorescence anisotropy.
Donor-only constructs, donor-acceptor constructs, and donor-acceptor constructs of
different donor-acceptor distance could be clearly identified in the histograms, see
Fig. 1.56.

Fig. 1.54 Picosecond photon correlation by DPC-230 photon correlator
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A frequent application of burst analysis is the detection of conformational
changes in biomolecules by single-molecule FRET techniques. Please see Chap. 9
of this book.

The technique has been used to detect conformational changes in the sarcoen-
doplasmic 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. 1.57a). The other was labelled with
GFP in the N-domain and a TagRFP in the N-terminus (Fig. 1.57b). The molecules
were freely diffusing through the laser focus of a Leica SP5 two-photon micro-
scope. 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. 1.57c–f.

Figure 1.57c 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

Fig. 1.55 Photon bursts from single molecules in an intensity trace calculated from parameter-tag
data

Fig. 1.56 Frequency of photon 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
[149], by American Chemical Society
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analysis performed in the individual bursts. A histogram of the lifetimes obtained
over a large number of bursts is shown in Fig. 1.57d. Changes in the conformation
of the molecules result in different FRET efficiency and thus in different fluores-
cence lifetimes. The lifetimes were therefore translated into FRET efficiencies.
Histograms of the FRET efficiencies are shown in Fig. 1.57e, f. Four different
FRET states are visible in the figures. The FRET efficiencies were extracted by
fitting the distributions with four gaussian distributions. Figure 1.57g shows the
fluctuations of the FRET efficiency within a single burst. Also here, four different
FRET efficiencies can be identified. Figure 1.57h 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 pop-
ulations of these states oscillated with electrical pacing. Low-FRET states were

Fig. 1.57 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 horizontal 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 distribution of dwell times characterized by fast
(t1) and slow (t2) kinetics. With permission, from [118]
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most populated in the low-Ca phase (diastole), high-FRET states correlated with
high Ca (systole).

Burst recording and molecule FRET analysis has been used to detect confor-
mational changes [52, 57] also in F0F1-ATP synthase and even determine the step
size of its molecular rotor [58], see Chap. 9. EGFP was fused to the C terminus of
subunit α, and Alexa 568 attached to residue E2C at one of the c subunits, see Fig.
1.58, 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 calcu-
lating ratios of the count numbers. Bursts from constructs containing 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. 1.58, right.

There are two different models of the rotation of the C ring against the upper part
of the structure. 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. 1.59 was built up. It
shows the frequency of data pairs for subsequent FRET states (one distance versus
the subsequent one). The result is compatible with the prediction for 36° step size
(white line) but not with 120° step size (black line). Please see Chap. 9 for more
details.

Fig. 1.58 Left Model of E. coli F0F1-ATP synthase labelled with EGFP (donor, green, fused to
the C terminus of subunit α, 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. With permission, from [58]
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1.6 Summary

Multi-dimensional TCSPC builds up photon distributions over various parameters
of the photons. These can be inherent parameters of the photons, such as wave-
length, polarisation, or the location they are coming from, parameters describing the
state of the sample in the moment of the photon detection, or parameters actively
varied in the experiment setup. The advantage over classic approaches is that no
photons are suppressed in the recording process, and that the speed of the parameter
variation gets de-coupled from the photon detection rate. The signal-to-noise rate of
the results depends only on the total acquisition time, not on the time scale at which
individual parameters are resolved. Typical applications of multi-dimensional
TCSPC are multi-wavelength recording of fluorescence decay data, diffuse optical
imaging experiments, multi-spectral lifetime imaging of biological tissue, recording
of physiological changes in biological objects, fluorescence lifetime imaging
(FLIM), or combinations of these techniques like multi-wavelength FLIM, exci-
tation-wavelength multiplexed FLIM, time-series FLIM, recording of transient
changes in the fluorescence of a sample along a line (FLITS) or across a selected
area, and simultaneous fluorescence and phosphorescence lifetime imaging (FLIM/
PLIM). Moreover, data of the individual photons can be stored and used to build up
FCS and FCCS data or multi-dimensional histograms of single-molecule parame-
ters over a longer period of time or a large number of molecules. There are possible
TCSPC applications which have not finally been explored yet: TCSPC could be
combined with electro-physiology, with protein folding experiments, temperature-
jump techniques, and experiments that record changes in the metabolic state of cells
and tissue.

Fig. 1.59 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 [58]
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