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ABSTRACT

A sing1e-photon timing system is described which is capdb]e of
resolving f]uorescehce lifetimes as short as 25 ps. The system.is an
improved version of an earlier apparatus. The new system uses a
synchronously pumped, mode-locked dye laser with 10 ps pulses operating at
82 MHz repetition rate. A fast photodetector and a leading-edge
discriminqtor“were developed to use:-with this light source. Also, a
special rate reduction circuit was'built to eliminate large oscillations
in fluorescence deéay spectra due to the exkessiae~stop rates that

overload commercial time-to-amplitude converters.
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INTRODUCTION

| ‘The single-photon system described in this article was set up to
study the very fast fluorescence decay kinetics present in photosynthetic
s,yst:ems.l’2 The new system is a modification of our previous single-

3,4 to include a synchronously pumped mode-locked dye

photon timing system
laser. The output pﬁ]ses of this laser have a full-width half maximum
(FWHM) of about 10vps;‘with these pulses we can push single-photon timing
closer to the limit of its resolution capabilities. The new system is
capable ofiresolving fluorescence lifetimes as short as 25 ps.1
The fluorescence decay kinetics of spinach rhloroplasts at room
temperature can be characterized by three eXponentia]s. A typical decay

(see Fig. 1) is comprised of a slow component of 1 or 2 ns and two faster

~components of 350 to 750 ps and 50 to 100 ps, respect1ve1y. The exact

“value of each component and: the relative yields depend on the condition of

the ch10r0p1asts.1’2

To ach1eve the high resolution requ1red by the fastest portion of ‘the
decay k1net1cs, each system component had to be optimized and its contri-
bution regarding no1$e and time drift evaluated. A particular problem
discussed in.this paper,fs the elimination of oscf]]ations in the measured
fluorescence decay (see Fig. 2) which were present in early versions of
thec;ystem. These oscillations were due to the very high repetition rate
(82 MHz) of the laser pulse. A special discriminator and circuits for |
elimination of these oscillations were built. These modifications
e]ihinated the need to employ an expensive cavity dumper normally used to
decrease iaser pulse rates.

The major components of this single-photon timing system are the

pulsed laser light sources, the fluorescence detection and the excitation
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pulse réference channe]é, the photodetectors, the analog signal processing

| electronics (photodetector pu];e discrimination, time-to-amplitude conver-

sion and amplitude-to-digital conversion) and the digital processor. The

new components, their charactefistjcs and the problems inherent in

‘picosecond fluorescence 1ifetime measurement abp1ications are discussed in ~
this paper. 9
I. SYSTEM DESCRIPTION-

This new system evolved from an earlier sing]e-photon detection
apparatus.3’4 Introduction of the synchronous]y pumped, mode-locked dye
laser with itsvhigh repetition, picosecond light pulses called fpr some
modi%ications of . existing photodetection channels. Major additions
des;ribed below were the design of new photodetectof circuitry, a fast
discriminator, ana a new rate reduction circuit. The rate reduction
curcuit was required to eliminate oscillations in the measured
fluorescénce decay. _ ,

A block diagram of the system is shown in Fig. 3. The light source
consists of a Spectba Physics SP 171 argon ion laser mode-locked with 2
Spectra Physics SP 362 Ultrastable Mode Locker driving an acousto-nptical
mode-locking crystal. A modified Spectra Physics SP 375 dye laser, pumpedv
by the mode-locked argon laser, produces light pu]seé’of-lo ps FWHM1 at an
82 MHz repetition rate.

The laser pulses illuminate samples in the single-photon detection ~

3,4 An RCA C31034A photomultiplier detects the fluorescence r

_apparatus.
photons.  The constant fraction.discriminator4 shapes the single photon
pulses generated by the photomultiplier. The original constant fraction

discriminator needed no modification. A fast diode photodetector picks up
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the excitation 1ight from a bg@m splitter, producing subnanosecond pulses
at a repetition rate of 82 'MHz. A tunnel diode leading edge discriminator
shapes the diode photodetector output into.a series of unifofm, 4 ns-wide
standard NIM pulses.

Conventional single-photon timing systems start a voltage ramp in the

time-to-amplitude converter (TAC) upon each excitation pulse and stop the .

5

voltage ramp when a fluorescence photon is detected.” Because the 82 MHz

repetition rate of the laser pulse is too high for the TAC to trigger a
ramp on each pulse, we have adopted a reverse single-photon timing scheme.

We start the TAC with the output of the constant fraction discriminator

(fluorescence photon) and stop the TAC with the next pulse from the fast

discriminator i.e., with the next laser pulse. However, the very high
stop rates present at the TAC input resulted in poor performance of two
different commertia] time-to-amplitude converters. A rate reduction
circuit was built to.e11minaté this problem. This rate reducer gates out
all of the stop pulses except the one immediately following the
fluorescence photon start pulse. The converter thus never gets a stop
pulse béfore-the start pulse is first accepted. Normally, this will
result in oscillation free performénce of the TAC.

| The proper timing of the inputs to the TAC can be adjusted by
individual variable delay lines. The amplitude of the TAC's output is
proportional to the time interval for the start-stop pulse pair at its
ihputs. The next three blocks in Fig. 3 are a 1024 channel amplitude-to-
digital converter, a mu]fichannel'pulse height analyzer (Northern
Scientific Model NS622) and a NA 636 digital signal analyzer. The
analyzer is interfaced with a computing system (VAX 11/780). The

description of the numerical analysis of the data is given in Ref. 1.



II. FAST DISCRIMINATOR

The 82 MHz light pulse is brought onto a fast photodector by a beam
splitter. The detector is a Texas Instruments TIED photodiode that has_
been mountéd in a fashion similar to that described by Steinmetz.6 The
typical diode output is +2.5V pulses of 0.5 ns FWHM into a 50 ohm load at "
the input of a samp]ing'oscilloscope. The diode bias is +160V. o

A fast tunnel diode discriminator was built and directly attachedvas
an extension of the detector output connector. The losses and prob]ems
associated with transmission of such short pulses by a cable between the
photodiode and a remote discriminator are thus eliminated. . The
discriminatorvcircuit is ghown in Fig. 4. The photodiode-generated
current pulses add to the‘tunnel diode bias. The tunnel diode fires when |
its 10 mA current peak is exceeded. The voltage level across- the tunnel
diode is sensed by a fast-switchjng transistor pair. The load on the
tunnel diode otherwise caused by the pair is decoupled by a small choke
(L1, two turns, 3 mm in diameter, made of bus wire). A small inductor
(L1, two turns, 3 mm in diameter) decreases the tunneT diode loading by
the 5witchiﬁg pair. Another choke (L2) in series with L1 defines the
pulse width generated by the discriiiinator. The value of L2 is selected.
experimentaily to give a pulse width of about 4 ns, afier thch the tunnel
diode flips back to its lTower state, Sufficient time is then left for the
discriminator to recover before the next pulse, which occurs 12 ns later.
The discriminator threshold can be adjusted with a potentiometer which
changes the tunnel diode bias. The output of fhe mode-locked dye laser
can vary due to a change in the alignment. The discriminator threshold
level should be adjusted so as to accommodate variations in the

photodetector output.
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The signal from the collector of the switching pair is translated
into a negative current pulse at the discriminatbr output by a fast P-N-P
transistor. A very short propagation delay is thus achieved. It is
important to keep any drift of this propagation delay at a minimum, Poor
tracking would cause an output drift in the time-to-amplitude converter.
This drift is neg]igib]é if the time for taking a typical f]dorescence
decay spectrum is kept reasonably short.

Time jitter of the discriminator is difficult to separate from the
jitter contributed by the laser and the photodetector. The overall jitter

of the time between two adjacent laser pulses was estimated to be less

~than 5 ps.

IIT. RATE REDUCER ' ' ‘

In conventional single-photon systems time-to-amplitude converter
inputs are normally controlled directly by the discriminators. - In our
case,'the discriminatbr outputs éfe as follows: a single-photon start rate
usually less than 20 kHz and an extremely high stop rate of 82 MHz. Two
different TACs were tried (ORTEC, Inc. Model 457 Biased Time-To-Pulse-
Height Converter and Canberra Industries, Inc. Model 2043 Time Analyzer).
Both converters shdw 1arge_osci]1ations in the measured fluorescence decay
curve (F(t) in Fig. 2). The period of the oscillaticn was about 2 ns.

Apparently the 82 MHz stop pulse train continually present at the stop

:input of the TAC interfered with the start input. The crosstalk causes

. ringing at a frequency of about 500 MHz, which modulates the threshold of

the start input. The result is an oscillation in the measured decay

profile.



This problem cou]d_be'minimized in some cases by shifting the start
and stop pulses from one another by a fixed de]ay/and away from the
crosstalk region. However, this was not possible in this case because the

’Separation between the stop pulse is only 12 ns, limiting the useful time
range to less than 10 ns.

A stop rate reduction circuit was built (Fig}'5), which gates out all
of the stop pulses prior to the arrival of the single-photon pulse from
the: constant-fraction discriminator. The. reducer is placed between thé
discriminators and the TAC (Fig. 3). Each photon pulse from the constant-
fraction discriminator then first starts the rate reducer and is passed
on, after a small system delay, to the start input of the TAC. A latch is
set in the reducer by the same start pu]se; opéning a gate which then
passes the next stop pulse from the fast discriminator to the stop input
of the TAC. The stop output internally clears the latch and also
paralyzes the start input gate for a period of about 100 ns, This
prevents any new output from the rate reducer during that period. Only
one stop is thus generated after each single-photon count, eliminating
crosstalk in the TAC. The oscillations inbthe fluorescence decay spectrum
are thus virtually eliminated (Fig. 1).

As an a!ternative operation, the constant-fraction discriminator can
be used. for-driving both the start of the TAC and the rate reducer. The
reducer drives the sfop of the TAC as before. Some crosstalk that may be
otherwise caused by the reducer is thus eliminated. Propagation delays of
the start and stop pulses through the rate reducer circuit are matched,
and their thermal tracking is very good.

The Canberra Model 2043 Time Analyzer was used because of the shorter

deadtime (permitting higher processing rates) and superior immunity to

-

1



crosstalk oscillations. The analyzer had to be modified slightly. A bias
circuit was added which subtracts a pedestal from the analog output

signal. The amount of this offset is adjustable with a helipot and covers

~ about half of the output pulse height range. Only the desired portfbn of

the time range is thus brought to the ADC and éna]yzed.- Also, a 5-stop
attenuator between the TC and ADC was used for the change of gain (i.e.,

time calibration) of the overall time-to-digital conversion.

IV. CONCLUSION

Our picosecond fluorimeter has been used extensively to study fluor-

1,2

escence decay kinetics in photosynthetic systems. A typical result

- from spinach chloroplaéts is shown in Fig. 1. ‘Oscillation-free perform- ' e

e

ance iS’possiblewonTy by using some fonn-of rate.reduétion. We have
reduced_the rate Bf discriminator pulses reaching the TAC and thus were
ab]e to avoid.the necessity'of'reducjng the']aser pulse rate with a cavify_
dumper. | } o

In F1g. 1, F(t) is the measured fluorescence decay curve upon wh1ch
the smooth three-exponent1a1 best fit is <uper1mposed The ]1fet1me ‘Tl)
and re1§t1ve yield (¢1) of_the shortest component are 100 ps anc 1N%
respettiVe]y. This componeht was not resolved in prévious single-photon
timing studies.

The lower curves are the deviations between the best two- and three-

~exponential fits and the measured fluorescence data. The random-noise

~character of the bottom deviation p]ot'could not be obtained even with a

larger number of exponential decay components if system oscillations were

present in the measured fluorescence decay response.
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,VII. FIGURE LEGENDS

Fig.

" Fig.

“Fig.

Fig.

1.

2.

4.

5.

Typical experimental fluorescence decay data (of spinach
ch1obop1asts) measured by the system. E(T) is the extitation

profi]e (310 ps FWHM), F(t) is the fluorescence decay curve

(with the best three-exponential fit superimposed). The
‘lifetimes, 1, and yields, ¢, of the three .components are

.Specified. The lower curves are differenes between the two- and

three-exponential fits and the fluorescence data.

‘Fluorescence decay curve showing‘osci11ation due to high stop

~rate interference in the time-to-digital converter.

- Picosecond'fluorescence lifetime system block diagram.

Fastvphotodetector and tunnel diode discriminator circuit

diagram,

nate reducer circuit diagram.
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