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ABSTRACT 

A single-photon timing system is described which is capable of 

resolving fluorescence 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 pul ses operati ng at 

82 MHz re~etition rate. A fast photod~tector and a leading-edge 

discriminator were developed to use with this light source. Also, a 

special rate reduction circuit was built to eliminate large oscillations 

in fluorescence decay spectra due to the excessiJe "stop rates that 

overlo"ad 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 

systems.1•2 The new system is a modification of our previous single

photon timi ng system3,4 to i ncl ude ~ synchronously pumped mode- i ocked dye 

laser. The output pulses of this laser have a full-width half maximum 

(FWHM) of about 10 ps; with these pulses we can push single-photon timing 

closer to the limit of its resolution capabilities. The new system is 

capable of resolving fluorescence lifetimes as short as 25 ps.l 

The fluorescence decay kinetics of spinach r.h1orop1asts at room 

temperature can be characteri zed by three exponential $. A typi ca 1 decay 

(see Fi g. 1) is compri sed of a slow component of 1 or 2 ns and two faster 

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

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

the ch1orop1asts. 1,2 

To achieve the high resolution required by the fastest portion of the 

decay kinetics, each system component had to be optimized and its contri

bution reg~rding noise and time drift evaluated. A particular problem 

discu~sed in this paper is the elimination of oscillations in the meJsured 

f1uorescen~~ decay (see Fig. 2) which were present in early versiorls of 
o 

the system. 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 

~ eliminated the need to employ an expensive cavity dumper normally used to 

decrease laser pulse rates. 

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

pulsed laser light sources, the fluorescence detection and the excitation 



4 

pulse reference channels, the photodetectors, the ~nalog signal processing 

electronics (photodetector pulse discrimination, time-to-amplitude conver

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

new components, their characteristics and the problems inherent in 

picosecond fluorescence lifetime measurement applications are discussed in 

thi s paper. 

1. SYSTEM DESCRIPTION· 

This new system evolved from an earlier single-photon detection 

apparatus. 3,4 Introduction of the synchronously pumped, mode-locked dye 

laser with its high repetition, picosecond light pulses called for some 

modifications of. existing photodetection channels. Major additions 

described belo~ were the design of new photodetector circuitry, a fast 

discriminator, and a new rate reduction circuit. The rate reduction 

curcuit was required to eliminate oscillations in the measured 

fluorescence decay. 
J 

A block diagram of the system is shown in Fig. 3. The light source 

consists of a Spectra PhysicsSP 171 argon ion laser mode-locked with ~ 

Spectra Physics SP 362 Ultrastable Mode Locker driving an acoust0-~ptical 

mode-locking crystal. A modified Spectra Physics SP 375 dye laser, ptlmped 

by the mode-locked argon laser, produces light pulses of 10 ps FWHM I at an 

82 MHz repetition rate. 

The laser pulses illuminate samples in the single-photon detection 

apparatus. 3,4 An RCA C3l034A photomultiplier detects the fluorescence 

photons. The constant fractiondiscriminator4 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 light from a beam 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 uniform, 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 

voltage ramp when a fluorescence photon is detected. 5 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 \'Iith the output of the constant fraction discriminator 

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

di scrimi nator i.e., with the n'ext 1 aser pul see However, the very hi gh 

stop rates presen~ at the TAC input resul ted in poor performance of two 

different commercial time-to-ampl itude converters. A rate reduction 

circuit was built to eliminate this problem. This rate reducer gates out 

all of the stop pulses except the one inmediately following the 

fluorescence photon start pulse. The converter thus never gets a stop 

pulse before the start pulse is first accepted. Normally, this will 

result in oscillation free performance 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 pul se pair at its 

inputs. The next three blocks in Fig. 3 are a 1024 channel amplitude~to-

digital converter, a multichannel pulse height analyzer (Northern 

Scientific ~10del 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. 
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II. FAsT DISCRIMINATOR 

The 82 MHz light pulse is brought.onto a fast photodector by a beam 

spl i tter. The detector is a Texas Instruments TIED photodi ode that has 

been mounted 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 sampling oscilloscope. The diode bias is+l60V. 

A fast tunnel diode discriminator was built and directly attached a~ 

an extens; on of the detector output connector. The los'ses and problems 

associated with transmission of such short pulses by a cable between the 

photodiode and a remote discriminator are thus el iminated. The 

discriminator circuit is~hown in Fig. 4. The photodiode-generated 

current pulses add to the tunnel diode bias. The tunnel diode fires when 

its 10 rnA current peak is exceeded. The voltage level across the tunnel 

diode is sensed by a fast-switching transistor pair. The load on the 

tunnel di ode otherwi se caused by the pai r is decoupl ed by a small choke 

(Ll, two turns, 3 mm in diameter, made of bus wire). A small inductor 

(Ll, two turns, 3 mm in diameter) decre-ases the tunnel diode loading by 

the switchirlg pair. Another choke (L2) ill series with Ll defines the 

pulse width generated by the discr1niinator. The value of L2 is selected 

experimcntal~y to give a pulse width of about 4 ns, af~er which the tunnel 

diode flips back to its lower 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 the 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 frOO1 the collector of the switching pair is translated 

into a negative current pulse at the discriminator 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 negligible if the time for taking a typical fluorescence 

decay spectr~m 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. 

III. RATE REDUCER 

In conventional Single-photon systems time-to-amplitude converter 

inputs a.re normally controlled directly by the discriminators. In our 

case, the discriminator outputs are 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 tri ed (ORTEC, Inc. Model 457 Bi ased Time-To-Pul se

Height Converter and Canberra Industries, Inc. Model 2043 Time Analyzer). 

Both convert~rs show large oscillations in the measurEd fluorescence decay 

curve (F(t) in Fig. 2). The period of the oscillation 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 

profil e. 

-- .~~ 

" ~' 
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This problem could be minimized in sane cases by shifting the start 

and stop pulses from one another by a fixed delay 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 the 

discriminators a.nd the TAC (Fig. 3). Each photon pulse from the constant-

fraction discriminator then fi rst starts the rate reducer and is passed 

on, after a small system delay, to the start i~put of the TAC. A latch is 

set in the reducer by the same start pul se, openi ng a gate which then 

passes the next stop pul se from the fast discriminator to the stop input 

of the TAC. The stop output internally clears the latch and al so 

paralyzes the start input gate for a period of about 100 ns~ This 

prevents any ne~ output from the rate reducer during that period. Only 

one stop is'thus generated after each single-photon count, eliminating 

crosstalk i\l the TAC. The oscillations in the fl uorescence decay spectrum 

are thus virtually eliminated (Fig. 1). 

As an alternati~e operation, the constant-fraction discriminator can 

be used for drivi ng both the start of the TAC and the rate reducer. The 

reducer drives the stop 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 

it' 
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crosstalk oscillations. The analyzer had to be modified slightly. A bias 
. 

circu'it was added which subtracts a pedestal from the analog output 

signal. The amount of this offset is adjustable with a he1ipot and covers 
) 

about half of the output pulse height range. Only the desired portfon of 

, the time range is thus brought to the ADC and analyzed. Also, a 5-stop 

attenuator between the TC and ADC was used for the change of gai n (i.e., 

time calibration) of the overall time-to-digita1 conversion. 

IV. CONCLUSION 

Our picoseconrl fluorimeter has been used extensively to study fluor

escence decay kinetics in photosynthetic systems. 1,2 A typical result 

from spinach chloroplasts is shown in Fig. 1. Oscillation-free perform

ance is possible only by using sane form of rate reduction. We have 

reduced the rate of discriminator pulses reaching the TAC and thus were 

able to avoid the necessity of reducing the laser pulse rate with a cavity 

dumper. 

In Fig. 1,F(t) is the measured fluorescence decay curve upon which 

the sm06th three-exponential best fit is superimposed. The lifetime (~l) 

and relative yield (<PI) of the shortest component are 100 ps anc' lO% 

respectively. This component was not resolved in previous 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 

l!:i character of the bottom deviation plot could not be obtained even with a 

larger number of exponential decay components if system oscillations were 

present in the measured fluorescence decay response. 

."r 
'" .':"'1 
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VII. FIGURE LEGENDS 

Fig. 1. Typical experimental fluorescence decay data (of spinach 

chloroplasts) measured by the system. E(T) is the excitation 

profile (310 ps FWHM), F(t) is the fluorescence decay curve 

(with the best three-exponenti al fit superimposed). The 

lHetimes, 1", and yields, <1>, of the three components are 

specified. The lower curves are differenes between the two~ and 

three-exponential fits and the fluorescence data. 

Fig. 2. "Fluorescence decay curve showing oscillation due to high stop 

rate interfe·rencein the time-to-digital converter. 

Fig. 3. Picosecond fluorescence lifetime sy~tem block diagram. 

-Fig. 4. Fast photodetector and tunnel diode discriminator circuit 

diagram. 

Fig. 5. f,ate reducer ci rcuitdiagram. 

" .~.:, 
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