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Abstract. An ungated inverse time-correlated single-photon counting system is
described. The excitation source is a cw-pumped, linear prism-pair-stabilized,
passive mode-locked femtosecond dye laser. The excitation pulse repetition rate
is 120 MHz. The sample emission is detected with a microchannel plate
photomultiplier tube. An iterative least-squares reconvolution method is applied to
the data analysis. The fluorescence lifetimes, the reorientation times and the
anisotropy factors of the dye solutions cresy! violet perchlorate and rhodamine 101

perchlorate in ethanol are determined.

1. Introduction

The determination of fluorescence decay curves by time-
correlated single-photon counting is well established ([1]
and references therein). High repetition rate flashlamps

with nanosecond and subnanosecond pulse durations

[2], subnanosecond pulsed radiation from synchrotrons
and storage rings [3], and picosecond lasers [4] are
widely used as excitation sources. Fast photodetectors
with low transit time jitter, such as side-on photomulti-
pliers [5], end-on photomultipliers [2, 6], crossed-field
photomultipliers [6], microchannel plate photomulti-
pliers [4, 7], and avalanche photodiodes [8], are applied
for single-photon signal detection. Powerful deconvol-
ution techniques such as the iterative least-squares recon-
volution method [1], the delta function convolution
method [9, 10], the instrument response mimic technique
[11], Fourier transform analysis [12, 13] and the full-fit
convolution method [ 14] have been developed to resolve
fluorescence lifetimes even if they are up to a factor of
ten times shorter than the instrument response time [1].
Fluorescence lifetimes down to a few picoseconds have
been determined [4, 7.8, 15].

The data acquisition rate of time-correlated single
photon counting systems is limited to about 150 kHz by
the conversion period of typically 7 us of the applied
time-to-amplitude converters (TAcs). The excitation rate

of the fluorescence sample has to be at least a factor of

100 higher than the detection rate of the single-photon
counting system in order to .be in the single-photon
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counting regime and to avoid pulse pilc-up effects [1].
For excitation rates above 150 kHg, inverse time corre-
lation is the appropriate single-photon counting tech-
nique [16], where a fluorescence single-photon signal
starts the TAC and a signal derived from the excitation
pulse stops the TAC.

For picosccond lascr excitation sources, synchron-
ously pumped and cavity dumped dye lasers are most
widely used [4.6,9, 11]. The cavity dumper reduces the
repetition rate. If the temporal pulse separation is made
a factor of five to ten times longer than the slowest
relaxation rate, then complete de-excitation occurs
between the excitation pulses. Generally multi-
exponential decay functions arc fitted to the fluorescence
decay curves in the deconvolutional process [1].

In some reports, the high repetition ratc of ¢w
synchronously pumped dyc lasers was applied dircctly
to the sample excitation [13,14,17-20]. Gating
techniques were applicd to reduce the trigger pulse
rate to the Tac [13,15,18,20,21]. Ungated operation
at high repetition ratec was reported in [15 17]. The
gating allows the inscrtion of time delays in the stop
line to reduce the start stop interference effects
[13,15,18,20,21]. If the temporal pulse scparation
becomes comparable to the slowest relaxation rate, then
fluorescence accumulation eflects have to be considered
in the data analysis [12 14].

In this paper, a ¢w pumped, lincar prism-pair stabil-
ized, passive mode-locked femtosecond dye laser with
the saturable absorber jet in the middle of the resonator



(colliding-pulse mode-locking position) [22] is used as
excitation source with its full repetition rate of 120 MHz.

This laser operates very stably. The single-photon count- -

ing system is operated in the ungated inversc time-
correlation mode. A microchannel plate photomultiplier
tube serves as a single-photon dctector. The fluorescence
contributions from previous cxcilation pulses are taken
into consideration in the fluorcscence fit functions. The
iterative least-squares reconvolution method is applied.
Before, only the Fourier transform analysis [12, 13] and
the full-fit convolution method [ 14] were applied to the
data analysis in the case of high repetition rate excitation.
The fluorescence lifetimes, molecular reorientation times,
and anisotropy factors of the dyes cresyl violet perchlor-
ate (oxazine 9) and rhodamine 101 perchlorate (rhoda-
mine 640) in cthanol are determined at room
temperature,

Instead of the linear colliding-pulse mode-locked
(crm) dye laser applied here [22], a conventional ring
cpm dye laser [23, 24] or a lincar antiresonant ring CPM
dyc laser [25, 26] could have been used as well. These
«w pumped, passive mode-locked, prism-pair stabilized
lasers are much less expensive and much simpler to
operate (no synchronization length adjustment between
active mode-locked pump laser and dye laser) than
synchronously pumped and cavity dumped picosecond
dyc lasers.

2. Experimental

A schematic diagram of the experimental sct-up is shown
in figure 1. Essentially, it consists of a femtosecond dye
laser, a femtosecond pulse diagnostics part, and a single-
photon counting arrangement with a trigger and signal
branch.

The femtosecond dye laser is pumped by a ¢w argon
ion laser (Spectra-Physics Model 2016 5 W laser, 3 W
multi-line pumping including 488 nm and 514.5 nm). A
detailed description of the dye laser is given in [22]. In
bricf, the dye laser has a linear resonator arrangement.
It is passive mode-locked and prism-pair stabilized. The
gain jet is positioned a quarter resonator distance away
from the output mirror for cqual amplification of the
counter-propagating pulses. The absorber jet is in the
middle of the resonator (the middle of the resonator is
the crm position of counter-circulating pulses). In the
case of exact positioning of the absorber jet in the middle
of the resonator, the counter-circulating pulses pass
twice per round-trip through the absorber jet and over-
lap cach time in the absorber jet. If the absorber jet is
detuned from the cpm position, the pulses overlap (col-
lide) only once per round-trip in the absorber jet. The
intra-cavity prism-pair is adjusted to the negative group
velocity dispersion regime where it causes a very stable
luser performance independent of an absorber jet detun-
g from the ¢pM position [22]. For this prism-pair
arrangement, the laser operates in the soliton-like pulse
formation regime [22,26 28] caused by the interaction
ol positive self-phase modulation [29, 30] and negative
group’ velocity dispersion. The active medium of the
luser is rhodamine 6G in cthylene glycol and the satur-
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. able absorber is DODCI in ethylene glycol. The laser
wavelength is 620 nm, the pulse duration is set to

approximately 150 fs by prism-pair positioning, and the
average output power is approximately S mW. The pulse
repetition rate is 120 MHz (resonator round-trip time
tg = 16.6 ns, pulse separation tg=1;/2 =83 ns). A half-
waveplate WP rotates the laser polarization to the
vertical direction.

For pulse diagnostics, a spectrograph SP1 together
with a vidicon system VID measures the laser spectrum,
and a rotating mirror intensity autocorrelator [31]
monitors the pulse duration.

Trigger pulses of the single-photon counting system
are formed by splitting off part of the excitation light.
An avalanche photodiode (apD) (Telefunken BPW28,
supply voltage 150V, gainx 150, pulse rise-
time & 200 ps, pulse width ~ 500 ps) is used as trigger
detector. The output is amplified in an RF-amplifier Al
(Mini-Circuits Model ZHL-1A, | dB flatness region from
2 MHz to 500 MHz, 1 W maximum output power, 16 dB
power amplification). The amplified pulses are shaped
to NIM pulses in a leading edge discriminator (LED)
(Tennelec Model TC454 with leading edge module). The
LED output pulse width is set to approximately 10 ns
thereby reducing the trigger pulse rate by a factor of
two to 60 MHz. Only one stop pulse occurs per round-
trip time. Therefore, a slight detuning of the absorber
jet of the dye laser out of the CPM position, which causes
a slight change of the pulse separation tg of the counter-
propagating pulses (round-trip time t; remains
unchanged; tg =tz /2 at the cpM position), has no influ-
ence on the time resolution of the single-photon counting
system. The pulses are properly delayed in a coaxial
cable delay box (Ortec Model 425A). The trigger pulses
stop the time-to-amplitude conversion after the
fluorescence detection branch has started the TaC.

In front of the sample S, the Glan polarizer (GP)
transmits vertically polarized light. An interference filter
(IF) and an aperture A clean the incident radiation. The
sample is filled with either a fluorescent dye for collecting
fluorescence decay data or a Rayleigh scattering medium
for recording the instrument response function. The
scattered light from sample S is collected by lens L1 and
directed to the spectrometer SP2 by lens L2. The dichro-
itic polarizer (DP) is oriented at a magic angle 0,, = 54.7°
relative to the vertical polarization of the input light for
the fluorescence lifetime determination [1,32]. It is
turned to the vertical direction and the horizontal direc-
tion for the determination of the molecular reorientation
time and the anisotropy factor. The spectrometer SP2
separates a wavelength region out of the fluorescence
spectrum. The single-photon events are amplified by a
factor of approximately 5 x 10° in a microchannel plate
photomultiplier (McP) tube (Hamamatsu R1564-01,
12 um microchannel diameter). The MCP photomultiplier
is separated some distance from the monochromator so
that the radiation fills the sensitive area of the detector.
The negative MCP photomultiplier output signals are
increased in two broadband amplifiers A2 and A3 (Mini
Circuits ZHL-1A) before they enter a constant fraction
discriminator (CFD) (Tennelec Model 454 with constant
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Figure 1. Experimental set-up. SP1, 25 cm grating spectrometer;
VID, vidicon; AC, intensity autocorrelator; WP, i/2-waveplate;
GP, Glan polarizer; DP, dichroitic polarizer; IF, interference
filter; A, aperture; S, sample; L1, L2, lenses (f= 10 cm); C,
cover tube; SP2, 25 cm grating monochromator (slit width -

0.1 mm for cresyl violet, and 0.3 mm for rhodamine 101); MCP,
microchannel plate photomultiplier; APD, avalanche photodiode;
A1-A3, broadband RF amplifiers; LED, leading edge
discriminator; CFD, constant fraction time discriminator; TAC,
time-to-amplitude converter; PHA-MCA, pulse height analyser—

multichannel analyser; PC, personal computer.

fraction module, attenuation factor f=0.2, maximum
repetition rate 200 MHz, internal signal delay set to
approximately 500 ps). The output pulses of the cFD
start the time-to-amplitude conversion in the biased
amplifier Tac (Ortec Model 457). The analogue output
voltage signals of the TAC are proportional to the start-
stop time interval. They are digitized and stored in a
pulse-height analyser multichannel analyser (PHA-McCA)
system (Ortec-Norland 5608, 100 MHz, 13 bit ADC,
8192 channels, 22° memory).

3. Data analysis

The experimental signal plots are transferred to back-
ground-free and modulation-corrected curves, appropri-
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ate fluorescence decay functions are introduced, and the
iterative least-squarcs rcconvolution method is applicd
to extract fluorescence decay parameters by deconvolu-
ting the background-free modulation-corrected fluor-
escence and instrument response Curves.

3.1. Background-free and modulation-corrected data

The experimental fluorescence decay curves I(t) represent
convolutions of the truc fluorescence curves G (t) with
the instrument responsc functions P(z). i.c.

I(t) = f P(t)G,(t —t')dt’.

The instrument responsc function P(t) for the fluor-



eseence measurement is unknown. It is approximated
by the signal curve Py(1 + ) of a Rayleigh scattering
sample. o is the channel shift increment which takes care
of the transit time diflerence between the fluorescence
signal and the Rayleigh scattering: signal [1]. In our
experiments, we used Ludox CL-X (colloidal silicon
dioxide in water from Du Pont, particle size 21 nm) as
scattering medium. The background signal I,(¢) (due to
thermally released electrons from the photocathode of
the mce photomultiplier) is measured separately (the
input light signal is blocked). It is subtracted from the
fluorescence curves I(t) and the instrument response
curves Pe(r) to yicld background-frec curves I,(t) and
P, (1). In addition, the signal modulation behaviour with
time | 2] is monitored by blocking the laser radiation to
the sample and exciting the Rayleigh scatterer with a
tungsten lamp. The tungsten lamp signal curve 1.(f)
would scatter statistically around a constant value in
the absence of amplification modulation. The back-
ground-free curves [1,(1) and Py(r) are corrected to
modulation-free  conditions by normalizing them to
1)y = 1ol /1.(t) and P,(1) = Po()T/1.(t) where T, is
the time-averaged value of 1.(1).

-A typical tungsten lamp curve I, is plotted against
channel number in figure 2(«), whilc in figure 2(b) an
instrument response function Py is shown without back-
ground subtraction and without modulation correction.

3.2. Fluorescence decay functions

The true fluorescence decay curves G(t) are approxi-
mated by lit functions G(r) of the form

]
G(1) = Z,I az; &(t/ayj) (D
i
where the parameters a,; ., give the contributions of
the functions g; to G, and the parameters a,; arc the
tme constants.

In our studies, single exponential fluorcscence decay
functions and single exponential molecular reorientation
functions are appropriate (give good fits). The three
situations of:

(1) magic angle detection,

(i) vertical excitation and  vertical  detection
polarization,

(i) vertical excitation and horizontal detection
polarization

are studied.

In our high repetition rate excitation experiments,
population accumulation cannot be neglected [12-14].
‘The single-pulse-excitation fluorescence decay functions
| 1. 33] change to the following expressions:

(1) magic angle arrangement

Gt = (™ z exp[- l*+kt'S] = (

ko0 Ty

_exp(=t/ty)
™1 — exp(—ty/1¢)
(2)

where 1y is the temporal separation of adjacent pulses
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Figure 2. (a) A typical tungsten lamp Rayleigh scattering
signal distribution / (/) used for modulation correction,
where i is the channel number and the accumulation
time =1200s. (b) A typical uncorrected instrument
response curve P(i). The Rayleigh scatterer is Ludox CL-
X; accumulation time = 800 s; time-calibration =

125 channels ns "*; instrument response time = 100 ps
(FWHM); total count rate =58 s ".

and g is the fluorescence lifetime. The fit parameters of
cquation (2) are a,,, and 1g, where a,,, is scaled to unity.
(ii) vertical-vertical arrangement

Gy(t)=ay, ,Eo {exp[—— s '“"]

Tf

1 1
+2ry exp[— (t+ ktk)(— + —):l}
Tg Tor

N Gal 747 )) eXP(—1/Terr) 3)
M1—exp(—tx/te) ' 1 —exp(—tg/Tur) b

where r, is the fluorescence anisotropy factor [1, 33], 1,
is the reorientation time of the excited molecules in the
S, state and 1. is given by 14 =17 ' + 1., '. The fit
parameters of equation (3) are a,,, a,,, and T (15 is
already known from magic angle measurements). r, and
T, 4re given by

@
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(iii) vertical-horizontal arrangement

&, t+ kt
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k=0 T

F .
1 1
—ro expl}— (t+ ktk)(— + ~)]}
TF Tor
exp(—t/tg) eXP(=/Tess)
=q + a 6
L exp(—tg/tx) ™ — eXp(—ty[Teer) ©
with
d2n
ro= — %28 7
0=~ (7)

where 7,, is given by equation (5). The fit parameters in
equation (6) are ayy, a,y, and 1.

The fluorescence anisotropy is defined by [1, 34]

_Li-=1.0) _ _ b
W= 0r2e °"p[ ] ®)

where I, is the fluorescence component polarized parallel
to the excitation light, and I, is the fluorescence compo-
nent polarized perpendicular to the excitation light. r,
is given by [1, 32, 34]

ro=%[3 cos?(9) — 1] 9

where 0 is the angle between the absorption and emission
transition dipoles. For parallel orientation of the absorp-
tion and emission transition dipole moments r, = 0.4,
while for perpendicular orientation of the dipoles
ro=—0.2.

3.3. Least-squares reconvolution method

The iterative least-squares reconvolution method with
channel shift [1] is applied to the determination of the
fit parameters of the fluorescence decay functions G(t).
The method is described in [1]. The data analysis is
carried out on a mainframe computer.

The accuracy of the fit is characterized by the reduced
chi-squared value y? and the weighted residual function
R(t;). Their definitions are given in [1].

For a good fit, 2 should be in the region between
0.8 and 1.2 [1]. xZ is improved by increasing the signal
count rate and the accumulation time. The weighted
residual function R(t) should scatter statistically around
zero [1].

4. Results

The described experimental system and the data analysis
procedure have been applied to study the fluorescence
relaxation kinetics of the organic dyes cresyl violet

perchlorate ([33 35] and references therein) and rhoda-
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mine 101 perchlorate ([35--37] and references thercin)
in the solvent ethanol at room temperature (20 "C).

The absorption and stimulated emission cross-
section spectra of the investigated dyes are shown in the
figures 3 and 4 (own measurement [38]). The structural
formulae of the dyes are included in the figures.

The fluorescence decay curves were measurcd under
the following conditions: the excitation wavelength was
620 nm, the detection wavelengths were 620 nm for
Ludox CL-X and cresyl violet, and 600 nm for rhoda-
mine 101. The dyc concentrations were kept low to
avoid fluorescence rcabsorption and delayed re-emission.
The cell length along the pump laser direction was | cm.
For cresyl violet (fluorescence maximum at 635 nm), the
cell thickness along the detection direction was | cm
and the transmission at 620 nm was T (1 cm) = (.84,
Rhodamine 101 was excited in the long-wavelength
absorption region. The cell thickness along the detection
direction was 2 mm and the transmission at 600 nm was
T (2 mm) = 0.94 (fluorescence peak at 595 nm).

The fluorescence decay curves of cresyl violet and
rhodamine 101 are shown in figures 5--7. The back-
ground-free and modulation-corrected fluorescence
signals I,(t) and the corresponding weighted residual
functions R(t) are displayed for the magic angle (figure 5).
the vertical-vertical (figure 6), and the vertical
horizontal arrangements (figure 7). The fit parameters
are listed in the figure captions. The fluorescence
accumulation by the [ast-repetition pulse excitation is
clearly seen by the fluorescence signal preceding the
step-like signal rise.

Weighted average values of ry and t,, arc calculated
from the vertical vertical (vv) and the vertical
horizontal (VH) measurements by

o bt = bl =1

2|Xl2‘.vv - ” ! + lez'.vh - ” -1

where b stands for r, and t,. The vertical -vertical
measurements are weighted by a factor of two since
their anisotropic fluorescence contribution is twice as
strong as the vertical -horizontal contributions (equa-
tions 3 and 6). The factors |y2 — 1] ' take care of the
fact that measurements with small (y2 —1) values arc
more reliable.

5. Discussion

The determined fluorescence lifetimes tg, reoricntation
times of the moleculcs in the S, state 7,,, and anisotropy
factors ry are collected in table 1. Our results agree
reasonably well with reported data ([33] for cresyl violct,
[37] for rthodamine 101). In [39], a rather long Huor-
escence lifetime of 7, =59 ns was reported for rhoda-
mine 101 in ethanol. t,, and r, of rhodamine 101
perchlorate in ethanol have not been determined pre-
viously. A discussion on thc deviation of ry from the
limiting values of r, = 0.4 for parallel orientation of the
absorption and emission transition dipole moments is
given in [33, 40, 41].



Table 1. Determined fluorescence spectroscopic data of
cresyl violet perchlorate (oxazine 9) and rhodamine 101
perchlorate (rhodamine 640) in ethanol at room

temperature.

Parameter Cresyl violet Rhodamine 101
t, (ns) 3.19+0.1 4254+0.2

i, (ps) 358 + 40 154 + 20

Ty 0.36 + 0.02 0.40 +0.03

Fluorescence decay studies

The magic-angle fluorescence decay curves fit
well to single-exponential decays. The time constants
are accurately determined to be 7 (cresyl violet)=
319+ 0.1 ns and 1tz (rhodamine 101)=4.25+0.2 ns.
Both dyes are well suited as standards in time-resolved
fluorescence decay measurements [42] (calibration of
streak cameras [43] and time-correlated single-photon
counting systems). They may be applied as reference
dyes in single-photon counting data analysis employing
the instrument response function mimic technique [11]
or the delta function convolution technique [9,10]
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Figure 3. Absorption and stimulated-emission cross-section spectra of cresyl
violet perchlorate in ethanol. The structural formula is included.
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Figure 4. Absorption and stimulated emission cross-section spectra of
rhodamine 101 perchlorate in ethanol. The structural formula is included.
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Figure 5. (a, c) background-free and modulation-corrected
fluorescence decay curves /,(t), and (b, d) corresponding
weighted residual functions R(t) under magic angle
excitation-detection conditions. (a, b) cresyl violet in
ethanol: accumulation time = 3000 s; fit parameter

7 = 3187.4 ps; x2 = 1.721; total count rate =270s~". (¢, d)
rhodamine 101 in ethanol: accumulation time = 4200 s;

fit parameter 1. = 4.247 ns; y2 = 2.476; total count

rate =330s7".

instead of the iterative least-squares reconvolution
method. These techniques require the fluorescence decay
curve of a reference dye having a single exponential
decay instead of the instrument response function.

Rhodamine 101 may be used as a fluorescence stan-
dard for excitation wavelengths <600 nm and fluor-
escence detection wavelengths between 600 nm and
720 nm (see figure 4). Cresyl violet may be used for
excitation wavelengths <630 nm and emission wave-
lengths between 620 and 760 nm (see figure 3).

6. Conclusions

An ungated inverse time-correlated single-photon count-
ing system with a 120 MHz femtosecond dye laser
excitation source was applied to the fluorescence lifetime,
the molecular S, state reorientation time, and the fluor-
escence anisotropy measurement of cresyl violet and
rhodamine 101 in ethanol. The iterative least-squares
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Figure 8. (a, ¢) /,(t) and (b, d) R(t) for the vertical-vertical
excitation-detection arrangement. (a, b) cresyl violet in
ethanol: accumulation time == 2400 s; fit parameters a,, -
0.00757, a,, = 0.00504, t,, = 291.3 ps, giving r, = 0.333, and
T, = 321 ps; x2 = 2.452; total count rate = 380s '. (c, d)
rhodamine 101 in ethanol: accumulation time == 4600 s;

fit parameters a,, = 0.00937, a,, = 0.00713, 7., = 166 ps.
giving r, = 0.38 and 1, = 173 ps; y2 = 2.04; total count
rate =245s .

reconvolution method was applied to the extraction of
the spectroscopic parameters, taking the fluorescence
accumulation effects into account. In the cxperiment,
fluorescence decay curves werc measured for magic
angle, vertical--vertical, and vertical - horizontal polariz-
ation arrangements. It would sufficc to use only a
vertical-vertical or a vertical -horizontal polarization
arrangement to extract the fluorescence lifetime ;.. the
orientation time t,,, and the anisotropy factor r, simul-
taneously by a double-exponential iterative least-squarcs
reconvolution fitting.

The present high repetition rate single-photon count-
ing system with an instrument response function half-
width ¢, = 100 ps and an excitation pulse separation of
tg = 8.3 ns is capable of measuring single-exponcntial
fluorescence lifetimes in the range between 5ps and
40-ns with high accuracy. This fact was checked by an
iterative least-squares reconvolution of artificial data [ 1 |
where the maximum counts were set to 5000 per channcl.
Fluorescence lifetimes down to t.=1ps should bc
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Figure 7. (a, ¢) /,(t) and (b, d) R(t) for the vertical-
horizontal excitation-detection arrangement. (a, b) cresyl
violet in ethanol: accumulation time = 3000 s; fit
parameters a,, = 0.00900, a,, = —0.00348, 7., = 356.9 ps,
giving r, = 0.386, and 1,,, = 402 ps; ¥’ = 1.861; total count
rate = 3238 . (c, d) rhodamine 101 in ethanol:
accumulation time = 6000 s; fit parameters a,, = 0.00875,
a,, = —0.00429, t,, = 54.1 ps, giving r, = 0.49, and

t,, = 55ps; y2=3.761; total count rate =222s ",

accurately measurable with the described system if a
state-of-the-art  microchannel plate photomultiplier
(Hamamatsu R2809 with 6 um channel diameters) were
uscd which gives instrument response function half-
widths below 30 ps (¢, = 28.1 ps (7], 25 ps [44], 10 ps
[45]). ‘

Besides  ungated inverse  time-correlated  single-
photon counting measurcments, gated inverse time-
correlated  single  photon  counting  studies  were
performed. In the latter case, an output signal derived
from the c¥D of the fluorescence detection branch was
applied to gate the fast comparator SP9687 [46] of the
LD of the trigger branch (an clectronic modification of
the gate channel of the Tennclec 454 quadrupole
discriminator was necessary for this purpose). The signal
modulation behaviour I (1) was somewhat worse for the
gated system. Otherwise, the performance data of the
gated version are similar to the performance data of the
ungated version. The ungated version has the advantage

Fluorescence decay studies

that no modifications of the commercial discriminator
are necessary.

In our experiments, the counting rate capability of
the system of 150 kHz was not exploited (our counting
rate was approximately 300 Hz) because of the small
average power of the femtosecond laser and the weak
light absorption in the fluorescence sample. The count
rate could have been increased by widening the spec-
trometer slit width and lowering the threshold level of
the constant fraction discriminator at the cost of slightly
broadening the halfwidth of the instrument response
function.

The experiments show that cw pumped femtosecond
laser (linear arrangement as used here [22], ring CPM
laser arrangements [23,24], or anti-resonant ring CPM
systems [25,26]) can be applied to time-correlated
single-photon counting measurements as well as the
much more expensive synchronously pumped and cavity
dumped laser systems. The excitation wavelength region
of the cw pumped femtosecond dye lasers may be
adjusted between approximately 490 nm and 900 nm by
application of various amplifying dye—saturable
absorber combinations (see [26, 47, 48] for reviews). CW
pumped, frequency tunable, mode-locked femtosecond
Ti:sapphire lasers may be applied in the near infrared
spectral region (730 nm to 990 nm) while their second-
harmonic light may be used in the blue spectral region
(365 nm to 495 nm) [49-51].

The femtosecond pulse durations of the excitation
lasers have not yet an advantage compared with the
excitation pulse duration of a few picoseconds of
synchronously pumped lasers as long as the transit time
jitter of the single photon counting detectors and the
timing jitter of the electronics are still in the tens of
picoseconds region [4, 7, 8, 44, 45].
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