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ABSTRACT

Time-correlated single photon counting (TCSPC) is based on the detection of single photons of a periodic light signal,
measurement of the detection time of the photons, and the build-up of the photon distribution versus the time in the
signal period. TCSPC achieves a near ideal counting efficiency and transit-time-spread-limited time resolution for a
given detector. The drawback of traditional TCSPC is the low count rate, long acquisition time, and the fact that the
technique is one-dimensional, i.e. limited to the recording of the pulse shape of light signals. We present an advanced
TCSPC technique featuring multi-dimensional photon acquisition and a count rate close to the capability of currently
available detectors. The technique is able to acquire photon distributions versus wavelength, spatia coordinates, and the
time on the ps scale, and to record fast changes in the fluorescence lifetime and fluorescence intensity of a sample.
Biomedical applications of advanced TCSPC techniques are time-domain optical tomography, recording of transient
phenomena in biological systems, spectrally resolved fluorescence lifetime imaging, FRET experiments in living cells,
and the investigation of dye-protein complexes by fluorescence correlation spectroscopy. We demonstrate the potential
of the technique for selected applications.
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1. INTRODUCTION

Optical spectroscopy techniques have found a wide range of applications in biomedical imaging and sensing because
they are non-destructive and deliver biochemically relevant information about the systems investigated [33, 47].

Typical applications are one- and two-photon fluorescence laser scanning microscopy [35, 46], fluorescence imaging of
tissue [25], in-vivo drug screening [26], motoring of the photoconversion of sensitizers in photodynamic therapy [41],
dynamics of protein-dye complexes on the single molecule level [15, 16, 39], chlorophyll fluorescence dynamics [20,
32], and diffuse optical tomography (DOT) of thick tissue[21, 22, 30].

Although the techniques and instruments used in these applications may differ in the detail, they have a number of
features in common: Information is obtained both from spectral and from temporal resolution of the optical signals.
Fluorescence spectroscopy records the fluorescence spectrum and the fluorescence decay function, diffuse optical
tomography the absorption spectrum and the time-of flight distribution of the photons through the tissue.

Optical techniques applied to biological objects are faced with the problem that only a limited number of photons is
available from the sample. The reason may be a limited photostability of the sample, a limited excitation dose or
excitation power due to sample stability or safety regulations, or a limited acquisition time. The efficiency (or photon
economy) of a measurement technique is therefore important [19, 24].

Moreover, biological systems often show dynamic changes in their fluorescence, absorption or scattering behavior.
Examples are chlorophyll transients in living plants [20, 32], transport mechanisms in living cells [36], diffusion or
conformational changes of labeled proteins [7, 15, 16, 39], internalization [23] or photoconversion [41] of
photosensitizes, or haemodynamic changes in tissue [17, 30]. Distortion of the recorded data by such effects either must
be avoided, or the changes themselves are to be recorded. This not only sets additional constraints to the acquisition time
but also requires spectral and temporal information to be recorded simultaneously.

The time resolution needed in biomedical spectroscopy ranges over many orders of magnitude. Chlorophyll transients
effects occur on a time scale from milliseconds to seconds, diffusion effects and conformational changes of proteins are
found on the microsecond and millisecond scale, and haemodynamic changes occur at a time scale of a few seconds.
Simultaneoudly with these effects the fluorescence decay or the time-of-flight distribution of the photons through thick
tissue has to be recorded. The width of time-of-flight distributionsin DOT is on the order of 1 ns[21, 30]. Fluorescence
decay times of the commonly used fluorophores are on the same order of magnitude [29]. However, the fluorescence
lifetimes in presence of fluorescence quenching, the lifetime of the interacting donor fraction in FRET experiments [4],
and the lifetimes of short autofluorescence components can be as short as 100 ps [7, 25]. Lifetimes down to 50 ps are
found in dye aggregates [23] and complexes of dyes and metallic nano-particles [18, 31]. Due to the mixture of different
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fluorophores or non-uniform quenching the fluorescence decay functions found in cells and tissue are normally multi-
exponential. Recording these effects simultaneously with slower changes in the investigated objects not only requires a
high time resolution but also some kind of ‘double-kinetic’ capability, i.e. fast sequentia recording of fluorescence
decay functions or time-of-flight functions.

There are a number of additional requirements to the detection techniques, such as depth resolution in the specimen,
excitation in and detection from femtoliter volumes, fluorescence excitation in and detection from deep tissue layers,
compatibility with existing optical instruments, etc.

Time-resolved optical recording techniques are normally classified into frequency domain techniques, and time-domain
techniques. Frequency domain techniques measure the phase shift between the high-frequency modulated or pulsed
excitation and the fluorescence signal at the fundamental modulation frequency or its harmonics. Time-domain
techniques record the waveform of the investigated signals directly.

Frequency domain techniques are based on modulated image intensifiers [28], on modulated photomultiplier tubes
(PMTs), or on photomultiplier tubes with subsequent electronic mixers [13]. Time domain techniques use gated image
intensifiers [43, 44], streak cameras [27], gated photon counting within several parallel time-gates [12, 45], or time-
correlated single photon counting (TCSPC) [4, 5, 34].

Although the frequency-domain and the time domain are mathematically equivalent, the corresponding signal recording
techniques and, in a higher degree, the corresponding instruments, may differ considerably in efficiency, i.e. in the
accuracy of the obtained signal parameters for a given number of detected photons[38].

2. TIME-CORRELATED SINGLE PHOTON COUNTING

It has been shown, that, among al time-resolved optical detection techniques, TCSPC yields the highest recording
efficiency and the highest time resolution for a given detector [2, 24]. Time-Correlated Single Photon Counting [34] is
based on the detection of single photons of a periodical light signal, the measurement of the detection times of the
individual photons within the signal period, and the reconstruction of the waveform from the individual time
measurements. The TCSPC technique makes use of the fact that for low level, high repetition rate signal's the probability
of detecting one photon per signal period is much smaller than one. The situation isillustrated in Fig. 1.
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Fig. 1: Upper trace: Pulse train of a80 MHz Ti:Sapphire laser. Lower Trace: Output signal of aPMT detecting a fluorescence signal
excited by the same laser.

The figure shows the 80-MHz pulse train of a Ti:Sapphire laser (upper trace), and the output signal of a photomultiplier
tube (PMT) detecting a fluorescence signal excited by the laser. One might expect that the PMT signal resembles a train
of fluorescence decay functions, with each laser pulse initiating a new decay. Instead, the PMT signal is a random
sequence of extremely short pulses. The signal shape, is, however, easily explained: On the one hand, the gain of the
PMT is so high that the detection of each individual photon causes a distinct output pulse. On the other hand, the photon
flux is so low that, on average, far less than one photon is detected per laser period. Thus, the distribution of the PMT
pulses within the laser pulse period - not the shape of the pulses - resembles the optical waveform of the detected signal.
Exactly thisdistribution is built up by TCSPC. The principle of classic TCSPC is shown in Fig. 2.
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Fig. 2: Principle of classic time-correlated single-photon counting

There are many signal periods without photons, other signal periods contain one photon pulse. Periods with more than
one photons are very rare. When a photon is detected, the time of the corresponding detector pulse in the laser pulse
period is measured. The times are used to build up the distribution of the photon numbers over the time in the pulse
period. After many photons, the waveform of the optical pulse isrecovered.

The TCSPC technique does not use any time-gating and therefore, as long as the light intensity is not too high, reaches a
counting efficiency close to one. The time resolution is limited by the transit time spread in the detector. With fast
detectors a width of the instrument response function (IRF) of 25 ps can be achieved. Moreover, the width of the time
channels of the recorded photon distribution can be made as small as 1 ps. The small time-channel width in conjunction
with the high number of time channels available makes it possible to sample the signal shape adequately according to
the Nyquist theory. Therefore standard deconvolution techniques can be used to determine fluorescence lifetimes (or
other signal parameters) much shorter than the IRF width and to resolve the components of multi-exponential decay
functions.

The drawback of classic TCSPC instruments was that their counting capability was very limited, i.e. they were restricted
to very low light intensities, which resulted in extremely long acquisition times. More important, the technique was
intrinsically one-dimensional, i.e. only the waveform of the light signal in one spot of a sample and at one wavelength
was recorded at atime.

3. MULTI-DIMENSIONAL TCSPC

Advanced TCSPC techniques are able to record photon distributions not only versus the time in the signal period, but
also versus the wavelength, the time from the start of an experiment, or the coordinates of a scanning area [5].
Moreover, the applicable count rates have been increased by two orders of magnitude [3], with a corresponding
reduction in acquisition time.

M ulti-Wavelength TCSPC

The photon detection rate in Fig. 1 was about 10’ s™. Intensities this high already cause overload in detectors and
photobleaching in most biological samples. Nevertheless, even at an intensity this high the detection of severa photons
per laser pulse period is a relatively unlikely event. Classic TCSPC makes use of this fact in that is considers only one
photon to be detected per laser pulse period. The distortion of the recorded waveform by the possible loss of a second
photon is surprisingly small. It remains undetectable for detection probabilities less than P =0.01 photons per laser
period [34] and istolerableup to P=0.1t0 0.2 [5].

Now consider an array of PMT channels over which the same photons flux is spread. Because it is unlikely that the
complete array detects several photons per period it is aso unlikely that several channels of the array will detect a
photon in one signal period. This is the basic idea behind multi-dimensional TCSPC. Although several detectors are
active simultaneously they are unlikely to detect a photon in the same signal period. The times of the photons detected in
al detectors of the array can therefore be determined in by single TCSPC channel. To obtain multi-wavelength
fluorescence decay datais sufficient to spread a spectrum of the fluorescence light over an array of detector channels, to
determine the detection times and the channel number in the detector array for the individual photons, and to build up
the photon distribution over these parameters. The principle of the recording electronicsis shown in Fig. 3.
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Fig. 3: Multi-wavelength TCSPC

At the input of the detection system are a number of photomultipliers (PMTs), or a multi-anode PMT with 16 or 32
detection channels. Typicaly, the PMTs or PMT channels are detecting in different wavelength intervals. In the
subsequent ‘router’ the photon pulses of the PMTs are combined into a common timing pulse line. This combination is
possible because the pulses are unlikely to overlap. Moreover, for each photon, the router delivers the number of the
PMT channel in which the photon was detected.

The timing pulse is sent through the norma time-measurement block of the TCSPC device. Two constant fraction
discriminators, CFD, are receiving the photon pulses and the reference pulses from the light source. A time-to-amplitude
converter, TAC, is started with the photon pulse and stopped by the next reference pulse. A subsequent analog-to-digital
converter delivers the digital equivalent of the photon time. Except for a different ADC principle [3, 5] the architecture
of the time-measurement channel is similar to that of classic TCSPC device [34]. Multi-wavelength TCSPC, however,
uses the detector channel numbers of the photons as a second dimension of the photon distribution [5]. The result is a
photon distribution over the time in the fluorescence decay and the wavelength, asindicated in Fig. 3.

An example of a multi-wavelength measurement is shown in Fig. 4. Luminescence of human skin was excited by a
405 nm picosecond diode laser. The fluorescent spot was projected on the entrance dlit of a Becker & Hickl PML-SPEC
multi-wavelength detection assembly [6]. The assembly contains an LOT MS 125-8M Polychromator, a Hamamatsu
R5900-L16 multianode PMT and the routing electronics. The signals were recorded by a Becker & Hickl SPC-830
TCSPC module [6].

600 nm

0Ons 15ns 4100mM
Fig. 4: Fluorescence of human skin, measured by multi-wavelength TCSPC. Excitation wavelength 405 nm, excitation power 60 pW,
acquisitiontime5s.

Compared to a setup that scans the spectrum by a monochromator the efficiency of the measurement is largely
improved. The result shown in Fig. 4 was obtained at an excitation power of about 60 uW, and within an acquisition
time of 5 seconds.

Sequential Recording

A third dimension of the photon distribution can be obtained from a counter that delivers the time from the start of an
experiment, see Fig. 5.
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Fig. 5: Sequential recording

The result is a photon distribution over the time in the signal period, the wavelength, and the time from the start of the
experiment. The result is a number of recordings for subsequent time intervals, each containing a number of optical
waveform (e.g. afluorescence decay curve) for different wavelengths.

Fig. 6 and Fig. 7 demonstrate the technique at the example of the ‘fluorescence transients' of chlorophyll in living
plants [20, 32]. When a dark-adapted leaf is exposed to light the intensity of the chlorophyll fluorescence changes. At
the beginning the intensity rises steeply. Then the intensity drops slowly and finally reaches a steady-state level. Therise
time is of the order of a few milliseconds to a second, the fall time can be from several seconds to minutes. The initial
rise of the fluorescence intensity is attributed to the progressive closing of reaction centers in the photosynthesis
pathway. Therefore the quenching of the fluorescence by the photosynthesis decreases with the time of illumination,
with a corresponding increase in the fluorescence intensity. The fluorescence quenching by the photosynthesis pathway
is termed ‘photochemical quenching’. The slow decrease of the fluorescence intensity at later times is termed ‘non-
photochemical quenching’. The intensity change is, of course, accompanied by a change in the fluorescence lifetime.
Recording the change in the shape of the fluorescence profiles allows one to decide whether the intensity changes are
due to a change in the quenching efficiency or to a change in the number of fluorescing molecules.

Fig. 6 shows the non-photochemical-quenching fluorescence transients of a leaf after exposure to the excitation light.
The same 16-channel detection electronics as for Fig. 4 was used. The data of the individual wavelength channels were
combined into in four wavelength intervals (Fig. 6, left to right). The fluorescence was excited by a Becker & Hickl
BDL-405SM (405 nm) picosecond diode laser. This laser can electronically be switched on and off within about 1 ps.
An external control signal was used to both switch on the laser and start the recording sequence in the TCSPC module.

Fig. 6 shows a sequence of fluorescence decay curves recorded at an acquisition time of 2 s per curve. For better display
the sequence starts from the back. The decrease of the fluorescence lifetime with the time of exposure is clearly seen.
Moreover, Fig. 6 does not show any significant change in the peak intensity of the decay curves. This indicates that the
decrease in fluorescence intensity is due to an increase in quenching efficiency, not to a decrease in the number of
functional chlorophyll molecules.

Fig. 6: Non-photochemical quenching of chlorophyll in aleaf, excited at 405 nm. Fluorescence decay curvesin different wavelength
channels versus time of exposure. 2 s per curve, sequence starts from the back.
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The photochemical quenching transients are much faster. Recording these transients requires a resolution of less than
100 ps per step of the sequence. Of course, the number of photons detected in a time this short is too small to build up a
reasonable decay curve. Photochemical quenching transients must therefore be recorded by triggered sequential
recording: The excitation laser is periodicaly switched on an off. Each ‘laser on’ period initiates a photochemical
guenching transient in the leaf; each ‘laser off’ period lets the leaf recover. Within each ‘laser on’ phase a fast sequence
of decay curvesis recorded in the TCSPC module. Excessive non-photochemical quenching during the measurement is
avoided by keeping the duty cycle of the ‘laser on’ periods low. The measurement is continued for a large number of
such on-off cycles, and the results are accumulated. A result is shown in Fig. 7.

Fig. 7: Photochemical quenching of chlorophyll in aleaf. Fluorescence decay curvesin different wavel ength channels versus time of
exposure. Triggered sequential recording, 50 ps per curve, 20,000 on-off cycles accumulated. The sequence starts from the front.

Scanning

Multidimensional TCSPC can be combined with laser scanning. The combination of TCSPC with scanning a laser spot
has been suggested earlier [10, 11]. These applications used classic TCSPC. The photons were acquired for one pixel,
the results were read from the TCSPC device, and then the photons for the next pixel were recorded. The technique was
therefore restricted to slow scanning. The combination of scanning with multi-dimensional TCSPC has no such
limitations. The principleis shown in Fig. 8.
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Fig. 8: Combination of multi-dimensional TCSPC with scanning

The counter used Fig. 5 is replaced with a scanning interface. In modern TCSPC modules such configuration changes
can be performed by a software commend [6]. The interface consists of two connected counters that count the pixels
within the lines and the lines within the frames of a scan. The counters deliver the coordinates of the excitation laser spot
within the scan area at any time within the scan. The coordinates are used as dimensions of the recording process. Thus,
the recording process builds up the photon distribution over the time in the fluorescence decay, the wavelength, and the
scanning coordinates. The result can be interpreted as a number of data blocks for the individual wavelength intervals,
each containing alarge number of images for consecutive times in the fluorescence decay.
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The principle shown in Fig. 8 has become a standard fluorescence lifetime imaging (FLIM) technique in confocal and
two-photon laser scanning microscopes[1, 4, 5, 7, 8, 14, 23, 25, 41]. These microscopes use optical beam scanning with
pixel dwell times in the microsecond range and below [35, 46]. The pixel rate is then higher than the photon count rate.
This makes the recording process more or less random. In other words, when a photon is detected the TCSPC device
measures the time of the photon in the laser pulse period, t, and determines the detector channel number, n, (i.e. the
wavelength, A, of the photon) and the current beam position, x and y, in the scanning area. These data are used to build
up the photon distribution over t, A, x, and y. The recording is continued over as many frames as necessary to obtain the
desired number of photons per pixel.

Because the technique does not use any time-gating or wavelength scanning the counting efficiency is close to one. The
high efficiency in combination with the high time resolution makes the technique especially attractive for FRET
experiments in living cells [1, 4, 8, 9, 14, 37] and autofluorescence imaging of living tissue [25, 26]. For the same
reasons, the technique has found application in ophthalmic imaging [42].

Fig. 9 shows multi-wavelength autofluorescence lifetime images of a mouse kidney section. The sample was scanned by
a Zeiss LSM 510 NLO multiphoton microscope. Two-photon excitation at 750 nm was used to excite the fluorescence.
The same detecting and recording electronics as for Fig. 4, Fig. 6, and Fig. 7 were used.

The colors of the images represent the fluorescence lifetime obtained by a single-exponential fit to the photon numbers
in the time channels of each pixel. Due to the various endogenous fluorophores present in the tissue the lifetimes in the
individual wavelength intervals are different. The image of the 375 nm channel contains also light generated by SHG
(second harmonic generation). SHG reveals itself as an infinitely short lifetime component, see the blue features in the

image of the 375 nm channel.

350nm Wavelength 550nm
1ns Fluorescence lifetime 24ns
I | |

Fig. 9: Multi-wavelength autofluorescence image of mouse kidney tissue

Time-Tag Recording

For single-molecule spectroscopy or similar experiments it is desirable to have the information of each individual
photon available. Modern TCSPC devices therefore have a ‘Time-Tag' or ‘FIFO’ mode that does not build up photon
distributions but stores information about each individual photon. The configuration can be changed by a software
command so that both photon distribution modes and the time-tag mode are available [6]. The structure of a TCSPC
device in the time-tag mode is shown in Fig. 10.
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Fig. 10: TCSPC in time-tag mode
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For each photon, the time in the signal period, the channel data word, and the time from the start of the experiment, or
‘macro time,” is stored in a first-in-first-out (FIFO) buffer. During the measurement the FIFO is continuously read, and
the photon data are stored in the main memory or on the hard disc of a computer.

In principle, many of the multi-dimensional recording problems described above can also be solved in the time-tag
mode. Synchronization with the experiment, e.g. with a scanner, can be accomplished via the experiment trigger, the
macro time clock, and additional experiment control bits read into the channel register and stored in the photon data
stream. The drawback of the time-tag mode is the large amount of data that has to be transferred into the computer and
processed or stored. A single experiment may deliver 10° to 10° photons and thus generate several gigabytes of data. At
high count rates the bus transfer rate into the computer may still be sufficient, but the computer may be unable to
process the data on-line or to write them to the hard disc. The transfer rate problem is even more severe in systems
operating several TCSPC modulesin one computer.

The benefit of the time-tag mode is that it delivers absolute photon times. The time-tag mode has therefore become a
standard tool of single-molecule spectroscopy. From the time-tag data of a single experiment, fluorescence correlation
and cross correlation (FCS and FCCS) data [40], combined FCS/FCCS and fluorescence lifetime data [7], fluorescence
intensity distribution (FIDA) and lifetime data, or burst-integrated fluorescence lifetime (BIFL) data [15, 16, 39] can be
calculated. Thus, different techniques can be applied to the same sample, the same spot of a sample, and even to the
same molecules of a sample.

FCS, FIDA and BIFL experiments require a femtoliter sample volume. A volume this small can is achieved in a
microscope in combination with confocal detection or two-photon excitation. Laser scanning microscopes, do, in
principle, meet these requirements. A modern TCSPC module connected to alaser scanning microscope can therefore be
used both for fluorescence lifetime imaging and FCS, FIDA, and BIFL experiments [7]. FCS curves recorded in a Zeiss
LSM 510 NLO multiphoton microscope is shown in Fig. 11. Two Hamamatsu H7422P-40 detectors were used; the
signals were recorded in a Becker & Hickl SPC-830 TCSPC module.
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Fig. 11: FCS curves measured in a Zeiss LSM 510 NLO multiphoton microscope. SPC-830 FLIM module, two H7422P-40 detectors
attached to the NDD module of the LSM 510 NLO. Left: Autocorrelation of one detector. Right: Cross-correl ation between both
detectors.

4. CONCLUSIONS

Time-correlated single photon counting has developed from a slow and intrinsically one-dimensional fluorescence
lifetime technique into a fast multi-dimensional optical recording technique. The photon distribution can be recorded
simultaneously over the time within the excitation pulse sequence, the wavelength, the time from the start of an
experiment, and over the coordinates of a scanning area. The multi-dimensional recording process does not use any
time-gating or wavelength scanning and therefore works at near-ideal efficiency. This makes the technique suitable for a
large number of biomedical spectroscopy applications, such as autofluorescence detection, diffuse optical tomography,
and fluorescence lifetime microscopy, and single-molecul e spectroscopy.
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