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Single Photoelectron Time Spread 
Measurement of Fast Phot~multipliers 

Branko Leskovar, C. C. Lo 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 

Abstract 

Time spread measurements, using single photoelectrons 

of fast photomultipliers having dynodes with cesium

activated gallium-phosphide secondary emitting surfaces 

have b~en investigated. Measurements of the time spread, 

made by means of a specially developed measuring syste~ 

with improved time resolution capabilities, on several 

8850's and C31024'i are presented and discussed. Critical 

evaluation of the measuring system is given,·particularly 

concerning the influences of the light~pulse width and the 

constant fraction discriminator timing errors on ·the system 

time-resolution capabilities. The mea~uring system incor

porates a subnanosecond: light -p.~lse generator capable of 

operating at a repetition rate of 3 MHz with output light 

pulses having a full width at half-maximum of less than 
\ 

200 psec. rt· also incorporates a constant fraction 



'. 

discriminator which has a time walk less than ±35 psec over 

a range of input-pulse amplitudes from 3SmV to 8V. The 

optimum operating conditions of the photomultipliers have 

been determined for minimum time spread and relative collec

tion efficiency. The error of the time spread measurements, 

because of the finite width of the light pulse, •is discussed 

and determined for different pulse widths. 

Introduction 

Fast el~ctroopti~al devices, such as standard and 

microchannel photomultipliers and electron multipliers, 

offer the most sensitive and accurate means for recording 

the .collision of a photon, electron, atom, or energetic 

ion with a target surface. Consequently, these devices 

have gained wide acceptance in expetimental research, 

particularly in mass spectroscopy [1] and scintillation 

spectrometry [2]. Generally, the detection process begins 

at the photocathode, where primary photons produce photo

electrons, or at the dynode, where a primary p~rticle 

produces secondary electrons. Charge multiplication of 

photoelectrons or secondary electrons involves generation 

of secondary electron ca~cades betw~en dynodes in vacuum. 

Because of the statistical variations inherent in the 

conversion of photons to photoelectrons, and the statistical 

nature of the secondary emission process, the output signal 
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varies from one pulse to the next, even.for an equal number 

of incident photons or primary particles. Consequently, the 

resulting distribution in ou~put pulse heights limits not 

only the resolution, but may also affect the time resolution. 

The investigation of time-resolution capabilities is 

becoming incre~singly important in a multitude of research 

areas, such as atomic and molecular subnanosecond fluores-

cence decay time measurements, [3], nuclear research 

instrumentation [4], optical ranging experiments, [5], 

optical ~ommunication [6], and photon statistics 

experiments [7]. In this paper the,time capabilities of 

fast standard and microchannel type photomultipliers are 

of particular interest. Resolution capabilities in this 

case 'are· essentially determined by the random deviations 

in the transit time of electrons traveling from photocgthode 

to collector. 

The. electron transit time spread is mainly caused by 

fluctuations of individual times of flight of photoelettrons 

and secondary electrons due to their different trajectories 

and their.initial velocity differences. The factors that 

contribute to the transit time spread are differences in 

trajectory length and in electrical field strength for 

different portions of the photocathode-first dynode region, 

and betwe·en various dynode sections. Generally, the amount 

of transit time spread depends upon photomultiplier geometric 
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characteri~tics, its operating conditions, and the number 

of photoelectrons released from the photocathode. Since 

the t±me spread vaties approximately inversely as the square 

root of the number of photoelectrons, the time behavior 

information of single photoelectrons is particularly helpful 

in predicting the transit time spread for ,an arbitrary 

number of'photoelectrons. Furthermore, it is also helpful 

in the evaluation, selection and comparison of photomulti

pliers, as well as in determination of photomultiplier 

optimum operating conditions in critical applications. 

This is particularly important in areas of experimental 

research where single photoelectron detection and precise 

subnanosecond timing ar~ required, and where timing capa

bilities of a photomultiplier are the limitation to the 

precision of a measurement, [8]. Consequently, the best 

cha~acterization of the photomultiplier elec~ron transit 

time spread is given by the single photoelection time 

performance. 

Measurements of photomultiplier tharacteristic~, 

irtcludi~g the single photoelectron time spread, have 

previously been done for fast photomultipliers having 

dynodes with conventional secondary emitting surfaces [9], 

and for photomultipliers having dynodes with cesium

activated gallium-phosphide secondary emitting surfaces, 

[10]-[14]. Also, a special measuring system has been 
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developed for studying and optimizing the time resolution 

capabilities of fast standard and microchannel type 

ph6tomultipliers, [15]. However, our measurements have 

shown that contemporary fast high-gain photomultipliers 

have so small a time spread that the rise time and the 

width of the light p~lse, as well ~s discriminator timing 

errors, have significant influence on measured results 

with single photoelectrons. Furthermore, a critical 

evaluation of the measuring system has shown that the full 

width at half maximum of the light pulse presents a serious 

limitation to the time resolution that can be measured. 

Therefore, an improved measuring system has been developed 

with better system time resolution than previously available. 

With the improved sy~tem, a study has been made of the per

formance of contemporary photomultipliers having GaP(Cs) 

dynodes and the ways of optimizing this time performance. 

Electron Transit Ttme_ Spread Considerations 

The total electron transit time spread of an elettro

statically focused photomultiplier consists of the photo

electron transit time spread between the photocathode and 

the first dynode of the multiplier, the electron transit 

time spread in the electron multiplier, and that between 

the electron mul~iplier and the anode: The major causes 

of transit ~ime spreads are the distribution of initial 

emission velocitieS of photoelectrons and secondary 
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electrons, unequal electron path lengths between different 

electrodes and nonuniform electric fi~lds. Generally, the 

initial stages of·a photomultiplier contribute with the 

greatest weight to the total transit time spread. In the 

latter stages, the larger number of electrons in the pulse 

provide many samples of tr~nsit time through the stage and 

reduce the transit time spread of that stage in the manner 

of the standard error of mean value. The variance of the 

total single photoelectrori transit time, t~ , is approxi

m~tely given by the following equation [16]: 

(1) 

where 1s the variance of the photoelectron transit 

time between the photocathode and the first dynode, 2 
tDlD2 

is the variance of the electron transit time between the 

first and the second dynode, t~D is the variance of the 

electron transit time between two successive dynodes, 

gl ·is the gain of the first dynode, g is the gain of 

all other dynodes, 2 is the variance of the gain gcrl gl, 

and 2 is the variance of the gain gcr g. 

The relation (1) shows that the total transit time 

variance will be considerably reduced using dynodes with 

emitting surf~ces that have a high and uniform secondary 

emission yield. The total'single photoelectron transit 
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time spread, expressed by the full width at half maximum, 

is related to the standard deviati~n of the total transit 

time by the expression: 

(2) 

The c6ntribution to the transit time spread by ·the 

unequal electron path lengths between different electrodes 

and the nonuniformity of electric fields at the dynodes 

can be minimized by proper design of the input electron 

optics and the electron multiplier. This has been one of 

the goals of the photomultiplier manufacturers. Therefore, 

the ultimate limitation on time spread i? determined by 

initial velocity effects of photoelectrons and secondary 

electrons. Assuming a uniform electric field between the 

photocathode and the first dynode, and equal photocathode 

to first dynode electron path lengths, the time spread 

between a photoelectron emitted with zero initial velocity 

and a photoelectron w~th velocity 

given by the equation, [17] 

[',t 
n 

eV 

v · ·is approximately 
0 

(3) 

where 1 is the distance between the photocathode and the 

first dynode, V is the voltage between the photocathode 

and the first dynode, and e and m
0 

are the charge and 

mass of an electron, respe~tively. 
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It can be seen from this eq~ation that transit time 

spread resulting from the initial velocity distribution is 

decreased by increasing the voltage between the photocathode 

and the first dynode. Similar considerations are valid foi 

the secondary electron initial Velocity in an electron 

multiplier. 

The single photoelectron time spread and time response 

of photomultipliers have improved considerably within the 

last few years, due both to better electron optical design 

and to the application of new secondary emitters. Secondary 

emission limitations, which result from the short escape 

depth of electrons in conventional secondary emitters, are 

reduced substantially b~ the use of cesiu~-activated 

gallium~phosphide secondary emitters. In these emitters 

a reduction of the surface barrier and the bending of energy 

bands occur when the electropositive cesium is deposited on 

heavily doped p~type'crystals of gallium phosphide [18]. 

Under these conditions, electron affinity is smaller than 

the band gap of GaP. Electrons can p~ss through the bend

band re~ion with a small loss of energy, and they can 

escape from distances ~t least an order of magnitude 

greater than those in conventional secondary emitters. 

Therefore, such a configuration behaves as if it has a 

negative electron affinity and consequently has a high 

secondary emission yield. 

- 8 -

- ' 

.. 



·-

0 0 0 0 4 f 0 I 7 4 

Secondary emission yields of GaP(Cs) surfaces are 

considerably higher, typjcally between 30 and 50 at a 

primary electron energy of 600 eV, than those obtained 

with conventional dynode material~, where average dynode 

gains of 5 to 8 can be achieved [19], [20]. Due to the 

higher secondary emission yjeld, photomultiplier electron 

multipliers require a fewer numbers of dynode stages than 

conventional electron multipliers for the same gain. 

Computer simulation.of the time broadening effect 

on an electron pulse in an electrostatically-focused 

photomultiplier shows that each dynode broadens the electron 

pulse as it passes through the multiplier structu~e [21]. 

Consequently, a smaller number of dynodes results in less 

tim~ broadening and h~nce a faster time response of the 

photomultiplier. 

Single photoelectron time spread is reduced in 

photomultipliers having dy.nodes with GaP(Cs) secondary 

emitting surface, in comparison with conventional dynode 

emitter photomMltipliers, because ~f the higher gain of 

individual dynodes in the multiplier structure and the 

reduced influence of the electron initial velocity dif

ferences. The larger number of emitted secondary electrons 

from the first and second dynode reduces the electron 

transit time spread between the first dynode and the second 

dynode, as well as between the second and the third dynode. 
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As a result, more possible electron paths are sampled in 

each pulse, and time spread caused by geometrical path con

sideritians is reduced. Furthermore, secondary electrons 

from GaP(Cs) dynodes have a smaller spread in initial 

velocity, in comparison with conventional emitters. The 

remaining ~lectron initial velocity differences are reduced 

by employing a high potential gradient at the emitting 

surface. In this case.the electrdns are more quickly 

accelerat~d to their terminal velocity, and initial elec

tron velbcity has a reduced influence on the total transit 

time and its spread. The practical limit for a maximum 

value of interstage potential differences is determined 

by field emission from the elements and electroluminescence 

of insulating materials. Both of these processes can 

increase the amount of the photomultiplier dark current 

to an unacceptable level. 

Block Diagram of Me'asuring System 

The meastirements of the single photoelectron transit 

time spread and of the relative collection efficiency were 

done by th~ system shown in Fig. 1. The system consists of 

a subnanosecond light pulse generator, a constant-fraction 

discriminator, leading edge discriminatQrs, delay cables, 

a time-to-pulse amplitude converter, a multichannel analyzer, 

a pulse shaper, and a counter. 
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A reverse-biased electroluminescent diode, Ferranti 

type XP-23, driven by an avalanche transistor pulse generator, 
' ' 

~as· used as the source of accurately timed, subnanosecond 

light pulses. It was shown in an earlier published work [15] 

that under reverse-bi~sed conditions the XP-23 diode is 

capable of producing clean light pulses which have a full 

width at half maximum of less than 200 psec. The electro-

luminescent diode-photomultiplier spectra matching factors 

fo~ RCA photomultipliers 8850 and C31024, having a bialkali 

photocathode, were calculated to be 0.050 And 0.052, 

respectively. The reverse-biased electroluminescence in 

the XP-23 diode was associated with avalanche breakdown, 

giving a -clean subnanosecond light pulse with extremely 

short rise and.decay time. This is due to the fact that 

~he time constant for buildup of an avalanche process is 

extremely small, depending primarily upon carrier scattering 

time. When the current pulse .is turned off, the built-in 

junction field sweeps the carrier into the n- and p-region. 

There they are the majority carrier and cannot give rise 

to radiative recombination. Consequently, it can be con-

elusively said that the full width at half maximum of the 

emitted light pulse is· closely equal io the full width at 

half maximum of the diode current pulse. The electro-

luminescent diode required a current pulse of -1.33A 

- •11 -



having a width at FWHM of ZOO psec. The voltage across 

the diode was -20V. The diode bteakdown voltage was 

approximately lOV at a te'mperature of 300°K. 

The circuit designed to provide the operating sub

nanosecond current pulses for the diode consists of ~ft 

avalanche transistor pulse generator and a step recovery 

diode pulse-shaping unit to steepen the front edge of the 

electrical pulse. A separate standard type pulse generator, 

capable of supplying pulses with nanosecond risetimes and 

amplitudes between lV and SV, was required to operate the 

subnanosecond current-pulse generator. The subnanosecond 

light pulse generator was capable of operating at a 

repetition frequency of 3MHz. The high repetition frequency 

is particularly desirabl~, since it shortens the measuring 

time necessary to obtain the required statistics for 

studyin~ the single phoioelectron time spread. 

The light level of the subnan~second light pulse 

generator was adjusted to a low intensity necessary to 

cause the emission of predominantly single-photoelectron 

levels by means of an optical attenuator. The photo-

mu 1 t i p J ier single ,ph.otoe lect ron time spread me as u remen ts 

\vere made with a small 1. 6 mm diameter photocathode area 

and also with full photocathode illumination. For 

measurements with the 1.6 mm diameter area of.photocathode 

- '12 -
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illumination, a positioning disc with a 3.2 mm hole in the 

middle was at~ache4 to the photomultiplier window. Sub

nanos~cond light pulses were guided to the photocat~ode by 

means of a 12-inch long American Optical LG3 light guide to 

prevent the electromagnetic field of the light pulser from 

interfering with photomultiplier operation. For the 

measurements with full photocathode illumination, the 

positioning disc was removed. For measurements of photo

multipliei C31024 transit time spread, an auxiliary anode 

bias supply, a variable attenuator, and two wideband 

amplifiers, Hewlett Packard Type 8447F, were inserted 

at points a and b.· The auxiliary anode bias supply was 

necessary to obtain linear anode pulse currents of approxi

mately 75mA peak from the C31024 [17]. The photomultiplier 

outptit pulses were processed in a specially designed 

constant-fraction discriminator, which has a time walk 

less th~n ±35 ps~c over a 3SmV to 8V input-pulse amplitude 

variation. Since the measuring system time resolution 

depends almos~ entirely upon the constant-fraction dis

criminator time walk, the discriminator will be described 

later in this paper in considerable detail. The constant-

fraction discriminator output was applied to a time-to

height conv.erter via a discriminator-pulse shaper. The 

reference time pulse was obtained from the light pulser 
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and was passed- through a delay line and a discriminator. 

The discriminator was followed by the. time-to-height 

converter, whose output pulses were applied to a 400~channel 

pulse-height analyzer. For the relative collection effi-

ciency measurements, the pulse shaper and counter were ~sed 

to register the number of output pulses from the multichannel 

analyzer. 

During measurements, the 30 nsec tange of the time-

to-pulse hei~ht converter was used. The converter registered 

the photomultiplier dark-n6ise pulses that were in coincidence 

with signal pulses within this range. The registered dark

noise pulse rate allowed by this gating operation was 

approximately 3 X 10- 3 of the ungated noise rate in a worse 

case. The factor 3 X 10- 3 is the fractional time when the 

photomultiplier channel was effectively open. 

Measurements of Single Photoelectron Time 
Spread and Relative Collection Efficiency 

In measuring the single photoelectrort time spread the 

photocathode was exposed to subnanosecond light pulses from 

the light pulse generator of such low intensity that most 

of the light pulses produced no photoelectrons. In this 

case and for a given light pulse," the probability of 

producing n photoelectrons is approximately given by the 

Poisson distribution: P(n) = mn~xp(-m)/n!, where m is the 
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expected ntimber of photoelectrons per light pulse, and 

P(n) is the probability of obtaining n photoelectrons 

in a single light pulse. For values of m considerably 

below unity, P(l) ~ m, and the probability of producing 

more than a single photoelectron per light pulse is very 

small. Before the measurement, the ratio of the number of 

one-photoelectron events to two-photoelectron events was 

monitored with the pulse-height multichannel analyzer. 

Generally, a contamination of the single-photoelectron 

spectrum by multiple-photoelectron pulses was less than 1%. 

The difference between the time of arrival df a photomulti-

plier anode pulse resulting from a single photoelectron 

and the time of the reference pulse was measured, displayed, 

and recorded for a large number of light pulses. The 

single~photoelectron time spread of each of the spectra 

was calculated from th~ printout data, using the full 

width at half maximum (FWHM) points. The time spread was 

measured f~r 1.6 mm diameter· area and also full photo-

cathode illuminations. Generally, the amount o£ the 

single photoelectron time spread varies with the potential 

distribution in the input electron optics and the value of 

the supply voltage between the photomultiplier anode and 

cathode. The single photoelectron time spread was measured 

as a function of the Voltage ratio between the photocathode-

- 15 



focus in;g elect rode and photocathode-first dynode, 

(VC-VFE)/(VC-VD1), to determine the optimum photomultiplier 

operating conditions for minimum time.spread. The supply 

voltage between the photomultiplier anode and cathode was 

taken as a parameter. The results of measurements for the 

RCA 8850 are given in Figs. 2 and·3, both for a 1.6 mm

diameter area and for full photocathode illumination, 

respectively. Measurements were made ~sing the voltage 

divider n~twork suggested by the photomultiplier manu

facturer. The solid curves represent the typical single 

photoelectron time spread, FWHM, ob.tained by averaging the 

data for the four photomultipliers evaluated. 

The relative collection efficiency was also measured 

during the optimization of the single photoelectron time 

spread, using the same measuring system. The relative 

collection efficiency is defined as the ratio between the 

efficiency of counting light pulses at·any input electron 

lens potential and the efficiency of counting light pulses 

at optimum potential of the input electron optics. The 

collection efficiency varies with the potential distribu

tion in the input electron optics and its value can be 

Optimized for some photomultipliers~ However, a potential 

distributiori which maximizes relative collection efficiency 

does not necessarily minimize the single photoelectron time 
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spread. To determine the optimum photomultiplier operating 

conditions, the relative collection was measured as a func-

tion of the voltage ratio between ~he photocathode-focusing 

electrode and photoca~hode-first dynQde, with the supply 

voltage between the cathode and anode as a parameter. Using 

the pulse shaper and counter to register the n~mber of 

output pulses from the multichannel analyzer, the ~ount 

rate was measured as a function of the (VC-VFE)/(VC-VD1) 

ratio. The maximum amount of the count rate was used as 

the 100% relative collection efficiency point. The results 

of measurements for the RCA 8850 are given by dashed-line , 

curves in. Figs. 2 and 3, for 1.6 rom-diameter area and full 

photocathode area, respectively. For the C31024 the results 

of measurements are given in Figs. 4 ~nd 5. 

It can be seen from Fig. 2, that in the case of a 

1.6 rom-diameter area of phoiocathode illumination at the 

center of the photocathode, the single photoel~ctron time 

spread has a minimum value, FWHM, of 0.33 nsec for 

. (VC-VFE)/(VC-VD1) = 0.9 and a supply volta?e between anode 

and cathode of 3000V. Furthermore, the relative collection 

efficiency is 99% for the optimized value of single electron 

time spread. Consequently, in this particular case, the 

single photoelectron time spread can be easily optimized, 

almost without signifitant deterioration of the conditions 
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for maximum collection efficiency. Also, there is con

siderable decrease in the amount. of the. time spread when 

the anode supply voltage is increased from 2000V to 3000V, 

as has been explained in the previous section. 

Similarly, with full photocathode illumination of 

8850, the transit time spread has a minimum value FWHM of 

0.48 nsec for (VC~VFE)/(VC-vD 1 )_ = 0.95, and a supply 

voltage between the cathode and anode of 3000V. 

The minimums of the time spread c·urves when the full 

photocathode is illuminated have higher values in comparison 

with the case of a 1.6 mm-diameter area of photocathode 

illumination, as might be expected because of the difference 

in transit time between the p~otoelectrons leaving the 

center of the photocathode and the photoelectrons leaving 

the photocathode from some other point~ In the case of 

full photocathode illumination, single photoelectrons can 

be emitted from any point on the photocathode, thus con

tributing to the greater single-photoelectron time spread. 

Also, the mini!fiums of the transit time spread curves are 

not ~s ~harp a~ in the case of the 1.6 ~m~diameter area 

of photocathode illumination, and they are closer to the 

(VC-VFE)/(VC-VDl) = 1 point. 
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Maximum collection effic~ency was obtained wh~n 

(Vt-VFE)/(VC-VD1) = 1.0. The strong dependence of the 

amount of the time spread upon the value of the supply 

voltage is also evident. For example, at places where the 

curves have minimums, the time spread value is reduced 

from 0.63 psec to 0.48 psec if the supply voltage is 

increased from 2000V to 3000V. 

Finally, the ~ingle-electron time spread for a 

particular 8850 with a 1.6 rnm-diameter area of photocathode 

illumination and optimized (VC-VFE)/(VC-VD1) = 0.9 ratio, 

as obtained on the display section of the multichannel 

analyser, is shown in Fig. 4. 

The results of time spread measurements for the 

RCA C31024 are shown in Figs. 5 and 6 for a 1.6 rom

diameter area and alio for full photocathode illumination. 

Measurements were made using a voltage divider network 

which was modified from the original divider suggested by 
. . 

the photomultiplier manufacturer. The modified divider· 

gives considerably higher photocathode first dynode 

voltage,(i.e., llOOV at 4000V between the anode and 

cathode), compared with the original divider, (i.e., 

660V at 4000V between the anode and cathode) , resulting 

in a substantial decrease in the value'of the single 

photoelectron time spread~ As was the case for the 

- 19 -



8850 meastirements, the solid curves represent the typical 

single~photoelectron time sp~ead, FWHM, obtained by 

averaging data for four phot6multipliers. The results of 

the relative collection e£ficiency measurements a~e given 

in Figs. 5 and 6 by dashed-line curv~s. 

In the case of the 1.6 mm-diameter area illumination 

at the c~nter of the photocathode, the single photoelectron 

time spread has a minimum value, FWHM, of 0.3 nsec for 

(VC-VFE)/(VC-VD1) = 0.85 and a supply voltage between anode 

and cathode of ~OOOV. Furthermore, the relative collection 

efficien~y is 93% for the optimized value of the single

photoelectron time spread. For a supply voltage of 3000V, 

the .collection efficiency is 99%. Again, the time spread 

can be easily-optimized by changing the potential of the 

inppt electron optics, without seriously deteriorating the 

collection efficienty. Furthermo~e, there is a considerable 

decrease in the time spread value when th~ supply voltage 

between the an6de and cathode is increased from 3000V to 

4000V. 

For the full photocathode illumination, the transit 

time spread has a minimum value of 0.42 nsec for 

(VC7VFE)/(VC-vD1) = 0.8 and a supply voltage between the. 

ano4e and cathode of 40DOV. The value for the collection 

efficiency is 94%. The collection efficiency has a higher 

value, of 98%, for a supply voltage of 3000V. The minimum 
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of the time spread curves has a higher value, in comparison 

with a 1.6 mm-diameter area of photocathode illumination, 

due to the .different values of transit time for photoelectrons 

emitted from the center of the photocathode and those emitted 

from some other point of the photocathode. 

Finally, the sirigle-photoelectron time spread for a 

particular C31024 with a 1.6 mm-diameter area of photo-

cathode illumination is shown in Fig. 7, as obtained with 

the optimized ratio (VC-VFE)/(VC-VD1) = 0.85 and 

VC-VD1= llOOV; on the display section of the multichannel 

analyzer. 

In general; the behavior of the single-photoelectron 
4 

transit time spread, and the relative collection efficiency 

shown in Figs. 2, 3, 5, and 6, should be considered as 

typical for types 8850 and C31024 photomultipliers. Since 

the average data were presented for four photomultipliers 

of each type~ maximum absolute variations of ±8% for the 

position of the curve minimum along the (VC-VFE)/(VC-VD1) 

axis of a particular photomultiplier can be expected from 

the averaged data. Concernjng the value of the time spread, 

the maximum absol~te variations· are smaller than ±10% from 

the averaged data. 

Alth~ugh, in most cases where 8850 and C31024 photo-

~ultipliers are used, the operating conditions can be 

optimized for a minimum time spread without a significant 
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reduction in the relative collection efficiency value, it 

is suggested that for critical applications the optimization 

of the photomultiplier operating conditions should be done 

individually, following the method described above. 

All previous considerations are based,on the measured 

values of the single-photoelectron transit .time spread·. 

However, due to the finite width of the light pulse and 

its influence on the measured results, the measured values 

of the time spread are always larger than the true value 

of time spread in a fast photomultiplier, particularly 

when photomultiplier operating conditions' are optimized 

for the minimum time spread. Consequently, it is important 
I> 

to estimate the error of the time spread measurements because 

of the finite width of the light pulse. 

Influence of Finite Width of Light Pulse on 
Single Photoelectron t~~me Spread Measurements 

Modern high gain, fast photomultipliers have so small 

a value of the single-~lectron time spread that, in addi-

tion to the time walk and resolution characteristics of the 

timing discriminator of the ~easuring system, the finite 

width of the light pulse has significant influence on the 

measured results. As a matter of fact, the full width at 

half maximum of the light pulse presents a fundamental 

limitation of the measuring system time resolution. For 

an accurate measurement of time spread, the width of the 
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light pulse should be as small as possible in comparison 

with the value. of the electron ti~e spread. If this is not 

the case, the light-pulse width will contribute directly to 

the amount of the electron time spread, d~e to the fact 

that photoelectrons ca~ be emitted at any time during the 

existence of the light pulse. Because of the small value 

of time spread of contemporary photomuliipliers, particularly 

where operating conditions are optimized for a minimum time 

spread, light pulse widths from conventional sources are, 

in most cases, comparable to the device time spread. An 

exception is the application of ~ mode locked Nd:glass 

laser in the measuring system. The laser can generate 

ultrashort light pulses with widths smaller than 6 psec in 

a pulse train. Single picosecbnd pulses can be selected 

from the pulse traih with an electrooptical shutter. The 

pulse trains typically yield pulses. too close together and 

too variable in amplitude to be used conveniently in .the 

. transit time spread measuring systems. Furthermore, the 

pulse generation typically occurs at a very low repetition 

rate. The highest repetition rate presently reported is 

5 pulses per second, [23], [24]. Consequently, the applica

tion of a picosecond laser light pulser in the time'spread 

measuring system is a complex, e~pensive, and relatively 

time consuming method, in comparison with presently available 

electroluminescent diodes .. llowever, the laser application 
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in the measuring system is absolutely necessary when device 

transit-time spread measurements of ultimate accuracy are 

required, and when new, highly efficient photo- and secondary 

emitters with a longer electron emission time are explored. 

Since, in most measuring systems for transit-time 

spread investigation, the electroluminescent diode is 

ptesently used as a source of· subnanosecond light pulses, 

the dependence of measured values of device time_ spread 

upon finite width of the light pulse has.been.investigated 

in detail. Using a photo~ultiplier with optimized operating 

conditions for minimum single-photoelectron time spread, 

the time measurements were made as a function of width of 

the electroluminescent diode current pulse, with the ~upply 

voltage between the anode and cathode as a parameter. The 

results of measurements for the type 8850 are given in 

Figs. 8 and 9 for a 1~6 mm-diameter area and £or full 

photocathdde illumination, respectivelyi The curves repre-

. sent the typical time spread, FWHM, .obtained by averaging 

the data for four photomultipliers. During the measure

ments, an electroluminescent diode current pulse 200 psec 

wide was supplied by an avalanch~ transistor pulse generator 

in conjunction with a step recovery diode pulse-shaping 

unit. Electrical current pul~es longer th~n 200 psec were 

ob~ained by means of a·modified'Tektronix 110 pulse 

generator. The width of t~e diode current pulse was 
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determined by a chargirig line. The diode current was moni

tored by using a Tektronix P6Q34 probe connected across a 

current shunt iri series with the diode. The smallest width 

of th~ diode current pulse, expressed by FWHM, was 200 psec. 

For smaller widths than 200 psec the single-electron time 

spread curves were extrapolated to the 0.1 nsec point from 

experimental data obtained at larger diode current widths. 

It can be seen from Figs. 8 and 9 that the single-

electron time spread is a monotonically increasing function 

of the electrolvminescerit diode current pulse width. In· 

the case where the diode current pulse width is considerably 

shorter than the photomultipJier single-electron time 

spread, as for example when the supply voltage between the 

anode and cathode is 2000V, the time spread curves show 

practically no dependence ~pan the current puls~width. 

Consequently, the measured value of the single-photoelectron 

transit time spiead is practjcally equal to the true value 

of the time spread. Extrapolation shows that the error 

between the measured and the true value; taken at the 100 psec 

pulse current point, is approximately +6%, for a current 

pulse width of. 200 psec. If the current pulse width equals 

600 pses a typical value in measuring systems for transit 

time spread previously used by some researchers, the error 

between the measured and true value of the time spread is 

+26%. When the diode pulse,wjdth is 1 nsec, the error 
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is +106%. For didde pulse widths larger than 2 nsec, the 

measured time spread, FWHM, is approximately equal to the 

FWHM width of the diode current pulse. Consequently, when 

the diode pulse current ~idth is considerably larger than 

the single-electron time.spread, the measured value of the 

single electron time s~rea4 is, in fact, closely equal to 

the width of the current pulse, and the difference between 

the measured and tiue values of the time spread is enormous. 

As a matter of fact, under these conditidns, the time

correlated single-photoelectron counting technique was 

successfully applied to measure the decjy times of plastic 

scintilla tors,. [ 2] and in nanosecond fluorescence spec

troscopy of macromolecules, [3], because the light pulse 

shape is statistically sampled by the single photoelectrons. 

Generally, if th~ photomultiplier transit-time spread 

is considerably smaller than the width of the measured 

light pulse, the fueasured distributiori is very closely 

equal to the wave shape of the light pulse. Under these 

conditions, the measured emission probability of photo

electrons is proportional to the light intensity. Also, 

rneas~rernent error increases as photomul tipli·er time spread 

decreases, for a constant value of the current pulse width, 

as can be seen from Figs. 8 and 9, for supply voltages 

between the anode and cathode of 2SOOV and 3000V. For 

example, it can be seen fro;n Fig. 8 that for a supply 
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voltage of 3000V, the extrapolati6n, taken at the 100 psec 

pulse current width, shows an error between the measured 

and true time spread values of approximately +14%, at a 

pulse width of 200 psec. In such cases, the accuracy of 

the extrapolat.ion to.obtain the true value of the time 

spread is also decreased. It is assumed in these ·con

siderations that the light pulse shape closely follows 

the diode current pulse shape. 

Similar measurements were performe~ for photomultiplier 

C31024. The results are shown irt Figs. 10 and 11, for a 

1.6 mm-diameter area and for full photocathode illumination, 

resp~ctively. As in the previous case, the curves represent 

typical time ~pread FWHM, obtained by averaging the data 

for four multipliers. From the figures, and from a com-

parison with data which have been obtained for the 

type 8850, .it can be seen that the finite width of the diode 

current pulse has· a greater influence ort the time spread 

true value than for the 8850 photomultiplier. 

It can be seen from the figures and from comparison 

with the data obtained for the 8850 photomultiplier, that 

the finite width of the current pulse has a larger influence 

on the C31024 time spread true value thim for type 8850. 

" . This is due to the fact that the C31024 photomultiplier, 

with optimized operating conditions~ has a smaller value 
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of the single-photoele~tron transit ti~e spr~ad .. Comparison 

also shows that the C31024 time spread characteristics have 

a sharper knee than those of the 8850. 
. . 

It can be ~ontluded from the above consideration~ 

that, in applicatioris where a true value of the single-

photoelectron time spread is essentialJ the error of the 

measurements should be determined. This can be accomplished 

by an extrapolation of the data available in the transit 

time spread curves, such as those in Figs. 8-11. 

Description of the Constant 
Fr.act1on Discriminator .C1rcui t 

Timing erjor and resolution capabilities of the 

measuring· system for studying photomultiplier single~ 
I 

electron time spread are essentially determined, in addi-

tion to the finite Width of the light pulse, by the time 

walk and resolution characteristics of a timing discrimina-
I 

tor. Although a n'[Jmber of circuits have been devised for 

deriving timing signals from scintillation detectors, with 

reduced amplitude-dependent timing error [8], our analysis 

and measurements have shown that the fast crossover timing 

with a clipping stub technique, and the constant fraction

of -pulse -height timing, based on fast tunnel-diode circui,ts, 

are the two best methods for single-photoelectron timing [15]. 

A modified pedestal type constant fraction discriminator 
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~as developed with improved time walk and resolution 

characteristics, in which the photomultiplier signal is 

properly shapedby an attenuation~subtraction technique 

to produce a pulse with a zero-crossing point, and a 

pedestal added, allowing adjustment of the discriminator 

to. the zero-crossing point. The fast baseline crossover 

point of a: bipolar pulse is relatively independent of the 

pulse am'pl i tude' and it can be conveniently used to obtain 

the amplitude-independent timing information. Despite the 

amplitude-independent crossover point of a bipolar pulse, 

a leading edge 'detector being triggered at this point 

introduces a time walk, in the nanosecond region, when 

there is a large dynamic range of input pulse amplitude. 

To overcome this shortcoming, a pedestal is added to 

shift the bias up to the detector threshold at the right 

time. By doing this, the detector triggers as soon as 

the zero-crossing point of the bipolar pulse is reached, 

producing an almost amplitude-independent timing pulse. 

To increase the input amplitude dynamic range of the discrimi

nator, the bipolar pulse i~ addi~ionally amplified and peak 

limited before being applied to zero-cro~sing and threshold 

detectors. All essential functions responsible for time 

walk in the discriminator, such as threshold discrimination 

and fa~t pulse zero crossing detection, are performed 

exclusively by means of t~nnel diodes with backward diode 
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nonlinear load. Other less essential functions, such as 

limiting, amplification, comparison, and gating, are per

formed by hot· ~arrier diodes, fast transistors, an~ emitter 

coupled logic,· MECL III series. 

A schematic diagram of the tonstant fraction dis-

criminator is given in Fig. 12. Pertinent waVeforms at 

the specified points in the diagram and the sequence of 

operation of discriminator are given in •Fig. 13. Referring 

to. both figures simultaneously, the negative unipolar input 

anode signal, having an amplitude anywhere from 30mV to lOV, 
I 

enters the discriminator at point A, wheie it is split in 

two parts. The first part of the input signal _is delayed 

for time t 2 , by means of the delay line DLl, point B. 

The second part of the input signal is immediately 

attenuated, by a factor of 5, by means of an attenuator 

consisting of resistors 'R3 and R4, point C. The value of 

the resistor Rl is ·experimentally selected to obtain a 

discriminator input impedance as close as possible to 

50 ohms; this reduces the value of the reflected signal 

from the input of the distriminator. Due to the fact that 

the photomultiplier, as a signa~ source, usually is not 

back-terminated, any reflected signal would be 

re-reflected back to the input of the .discriminator. At 

high input signal levels, the re-reflected signal could 
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be high enough to be proc~ssed by the sensitive fast dis

criminator and the measuring system as ~ single-photoelectron 

photomultiplier signal, thus yielding. spurious data. The 

attenuated signal is inverted by means of a wideband trans

former which has a bandwidth greater than 400 MH.z. The 

delayed and the inverted signals are added together,. 

creating the bipolar signal at point D. An amplitude

limiting rietwork, consisting of the hot carrier diodes 

CRl and CR2, attenuates high amplitudes of the bipolar 

signal to a maximum of 400mV, to prevent damage ?nd to 

minimize the time walk due to the overloading of the following 

discriminator stages. After limitation, the bipolar signal 

is amplified by a factor of 3 and inverted by the microwave 

trans i s tor Q 1. (This is indicated by the wave shape at 

point E.) After amplification, the bipolar signal is again 

amplitude limited by means of diodes CR3 and CR4. 

At this point, the zero-crosso~er point of the 

bipolar signal is stable ~ithin ±15 psec through an input 

signal amplitude dynamic range from SOmV to 8V. This input 

signal amplitude dynamic range is effectively reduced to 

the 50mV-400mV range by the limiter-amplifier-limiter 

operation. The signals of the 50mV-400mV dynamic range 

are applied to the threshold tunnel-diode zero-crossing 

discriminator. 
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The positive portion of the bipolar pulse serves as 

a'trigger pulse for the tunnel diode CR7 thre5hold detector. 

the peak current of the diode CR7 is 4.7mA. The fast 

crossover slope provides better triggering for the leading 

edge threshold discriminator, resultingin a pedestal with 

less time· shift caused by wide dynamic range of the input 

signal pulse amplitude. Operating the leading edge 

threshold detector in this fashion, the pedestal time 

shift was found to be approximately 500 picoseconds better 

than the same detector triggering at the leading edge of 

the input signal pulse, over a dynamic· range of 30:1. The 

variable resistor Rl4 is the threshold adjustment of 

diode CR7. Inductor 15 and the backward diode CR8 serve 

as the nonlinear load for tunnel diode CR7. Operating a 

tunnel diode in this mode improves performance in sensitivity 

and reduces standby power dissipation, [22]. The output of 

this stage in turn triggers the tunnel diode CRlO, which is 

the pedestal generator. Diode CRlO has a peak current of 

lOrnA. A shorting stub is the load for this stage, which 

generates a 25 nanosecond-long pedestal (point G). While 

this is taking plice, the bipolar pulse is being delayed 

for time t 4 -t 5 , approximately 4 nano~econds, by the delay 

cable (point F), before appearing across tunnel diode CR12, 

the zero-crossing detector. Diode CR12 has a peak current 
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of lOrnA. Variable resistors R22 and· R17 are for bias 

adjustment of the tunnel diode CR12 and the pedestal 

generator diode CRlO, respectively; The bias pedestal is 

applied to the zero-crossing detector diode CRl~ through 

inductor 17 and resistor R20. 17 is used to suppress the 

overshoot at the leading edge of the pedestal. the 

pedestal is used t() raise the bias of GR12 nearly to its 

threshold level, to reduce trigger delay due to different 

slew rate~ of the zero-~rossjng pulses, any noise, or spike 

superimposed o:h the pedestal may trigger CR12, the zero-

crossing detector, producing spurio~s output pulses. The 

zero-crossing detector is a one-shot multivibrator;·using 

an inductor 16 and a backward diode CRll as a nonlinear 

load. 

The driver stage that follows uses tunnel diode CRlS, 

inductor 18, and the backward diode CR16 as its nonlinear 

load. Diode CRlS has a peak current of lOrnA. 
J 

Variable .. 
resistor R23 provid~s bias adjustment for CRlS .. 

The drive~ stage output signal, at the point I, is 

further delayed by the time t 6-t 7 of 5 nanoseconds. This 

is done to allow ~nough time for the gating signal generated 

by comparator M2, operating as a leading edge threshold 

discriminator, and the gate generator, tunnel diode CR19, 

to be properly applied to the reference input of comparator 



Ml through the entire signal amplitude range, before the 

driving pulse arrives at MI. Since the comparator M2 

operates in the leading edge trigger mode, the walk range 

of the gate signal, point M, is approximately 5 nanoseconds 

through a dynamic range of 35mV to lOV or 1 to 286. 

• In order to avoid the degradation of the time walk 

characteristics bf the discriminritor as a whole, the 

comparator M2 is used as the lower-level discriminator 
' . 

which inhibits output pulses below a certain input signal 

level. In this way, the threshold level of the tunnel 

diode CR7 is adjusted to obtain the best possible time walk 

characteristic throughout the entire input pulse amplitude 

dynamic range, and it stays fixed at that level. The varia-

ble resistor R47 is used to set the threshold level of the 

compara~or M2 through a voltage· range from 30mV to 1.6V. 

The output of comparator M2, point K, .is differentiated by 

the capacitor C32 and the resistor RSl. The tunnel diode 

CR19, normally biased <;~-t +SOOmV, prohibits comparator Ml 

from operating, since the maximum driver output signal at 

point J is approximately +4DOmV. However, with a recognized 

si~nal at the input~ the negat~ve-pulse, at point L, sets 
...... 

CR19 to its low state of approximately +lOOmV. The driving 

signal at point J, upon exceeding the +lOOmV threshold level, 

ttiggers the comparator Ml, yielding an output pulse at the 
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MECL logic levels, "0" being -1.9V, "1" being -0.8V. 

Transistors Q5 and Q6 are used to conveit the signal from 

the MECL logic levels back to.the Nuclear Instrument Module 

standard level, -0.8V a~ross SO ohms. Transistors Ql, Q3 

and Q4 are used to provid~ a positive output pulse. If 

necessary, the width of the positive output pulse can be 

lengthened by using a pulse standardizer or a retriggerable 

one shot multivibrator. 

Time Walk and Resolution Characteristics 
of the Const~nt Fraction Discriminator· 

The time walk and. resolution characteristics of the 

co.nstant fraction discriminator, as a function of the input 

pulse amplitu~e, were measured with the input pulse rise 

time and width as parameters. Measurements were made using 

the system de~cribed in reference [15]. Essentially, the 

source of the discriminator input pulses was a fast rise 

time pulse generator, combined with the integrator when 

pulses with different rise times were necessary. The 

triggerln~ signal from the pulse generator was applied to 

the exte~nal trigger terminal of a two channel sampling 

oscilloscope. The output pulses from the pulse generator 

(or integrator) were applied to the constant fraction dis

criminator via an 18 GHz attenuator, ~hich has a negligible 

time walk for different attenuation settings. Also, a 

part of the same generator output pulse was applied as a 

reference timing signal to one channel of the sampling 
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oscilloscope via a pick off piobe and a delay line. The 

output si~nal from the constant £taction discriminator was 

appli~d to the other channel of the oscilloicope .. The time 

walk characteristics of the discriminator were then found 

by comparing the SO% point of the amplitude of the leading 

edge of the reference pul5e and the SO% point of the amplitude 

of the leading edge of the discriminator output pulse. Using 

the 20 db attenuator setting as a ieference point, the 

time-walk characteristics of the discriminator were measured. 

The characteristics are shown in Fig. 14. The time-walk of 

the discriminator, at a repetition frequency of 100 KHz, in 

the best possible case has a value from -35 psec to +35 psec 

·for an· input pulse amplitude variation from 3SmV to 8V, and 

an input pulse rise time and width of tr = 2. 5 nsec, and 

tw = 10 nsec, respectively. The time walk is from -55 psec 

to +ss psec for the same input pulse amplitude variations 

as·in the previous case, where the input pulse rise tim~ 

and width are tr- 0.8 nsec and tw ~ 2 nsec, respect·ively. 

The discriminator time resolution was also measured, 

as a function of ~he input pulse amplitude, with·the input 

pulse rise time and width as parameters, by means of the 

measuring system described in Ref~ [15]. The measured' time 

resolution of the syste~ without the constant fraction 

discriminator was 15 psec FlVIIM. Results of the measurements 

are given in Fig. 15. It ~an be seen that the total sy~tem 
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time resolution, including the constartt·fraction ·discrimina-

tor, is 20 psec FWHM for an input pulse amplitude variation 

from 300mV to 8V and for a pulse rise time and width of 

0.8 nsec and 2 nsec, respectively. The time resolution 

is 78 psec and 130 psec for inptit rise times 6f 0.8 nsec 

and 2. 5 nsec, respectively. In general, the tota1 time 

resolution is practically determined at low values of input 

pulse amplitude by the time resolution of the constant 

fraction discriminator. 

Conclusions 

Sfngle-photoelectron transit time spread and relative 

collection efficiency measurements of fast photomultipliers, 

having dynodes with cesium-activated gallium-phosphide 

secondary emitting surfaces, have been presented and 

discussed. For the RCA &850 photomultiplier, measurements 

were made using the voltage divider network suggested by 

the photomultiplier manufacturer, with operating volt~ges 

of 2000V, 2500V, and 3000V. Measurements of transit time 

spread of the C31024 were made using a modified voltage 

divider that establishes a photocathode~first dynode 

voltage of llOOV. A description of the measuring system 

and measuring techniques was given in detail. Furthermore, 

a determination of photomultiplier optimum operating condi

tions, with regard to the single-photoelectron transit time 
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spread and the relative collection efficiency, showed that 

optimization for minimum time spread can·be accomplished 

without a significant reduction of the collection efficiency. 

Infltiertces of the finite width of the light pulse, 

and the time walk and resolution characteristics of the 

timing discriminator, on the timing error and resolution 

capabilities of the meastiring system have beeh investigated. 

Measurements of the dependence of the time spread on light 

pulses of different width have been presented in detail and 

discuss~d. Finally, a new subnanosecond constant fraction 

discriminator h~s been developed with better time walk and 

resolution characteristics than previously available. The 

discriminator has been employed in the improved measuring 

system with increased time resolution cap~bilities. The 

system and its critical individual devices can be easily 

modified for applications .in a number of prattical cases 

where very high time resolution in the ~ubn~nosecond 

region is required. 
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Figure Captions 

Fig. 1. Block diagram of the system for measuring the 

si~gle-photoelectron ~ime spread of fast photo-

multipliers. 

Fig. 2 Single-electron time spread and relative collection 

·. efficiency,as a function of the voltage ratio between 

th~ photocathode-focusing electrode ~nd photocathode-

first dynode for the RCA 8850 photomultiplier with 

a 1.6 rom-diameter area of photocathode illumination. 

Fig. 3. Single-electron time spread and relative collection 

efficiency, a~ a function of the voltage ratio 

between the photocathode-focusing electrode and the 

photocathode-first dynode for the RCA 8850 photo-

multiplier with full photocathode illumination. 

Fig. 4. Single-electron time spread of the RCA 8850 photo-

multiplier with a 1.6 mm~diameter area of phbto-

cathode illumination. 

Fig. 5. Single-electron time spread and relative collection 

efficiency as a function of the voltage ratio 

between the photocathode~focusing electrode and 

photocathode-first dynode for the RCA C31024 photo-

multiplier with a 1.6 rom-diameter are~ of 

photocathode illumination. 
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Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

Sirigle-electron time spread and relative collection 

efficiency, as a function of the voltage ratio 

between the photocathode-focusing electrode and 

photocathode-first dynode for the RCA C31024 

photomultiplier with full phot~cathode illumination. 

'Single-electron time spread of th~ RCA C31024 

·photomultiplier with a 1.6 mm-diameter area of 

photocathode illumination. 

Single-electron time spread of RCA 8850 as a 

function of the width of the electroluminescent 

diode current pulse for 1. 6 mm-diameter area of 

photocathode illumination, with supply voltage 

between the anode and cathode as the parameter. 

Single-electron time spread df RCA 8850 as a 

function of the width of the el~ctroluminescent 

diode current pulse for full photocathode illumina

ti6n, with supply voltage between anode and cathode 

as the parameteT. 

Fig. 10. Single-electron time spread of the RCA C31024 as 

a function of the width of the electroluminescent 

diode current pulse for the 1.6 mm-diameter area 

of photocathode illumination, with supply voltage 

between anode and cathode as the parameter. 

- 44 -:-

·-



-. 

.. 

0.' 0 
... 

0 0 

Fig. 11. Single-electron time spread of the RCA C31024 as 

Fig. 12. 

a funct·ion of the width of the electroluminescent 

diode current pulse for full photocathode illumina-

tion, with voltage ratio between the photocathode

focusing electrode and photocathode-first dynode 

as. the parameter. 

Schematic diagram of the constant fraction 

discriminator. 

Fig. 13. Waveforms at the particular points in the constant 

fraction discriminator schematic diagram of Fig. 12. 

;ig. 14. Time-walk characteristics of the constant fraction 

discriminator as a function of the amplitude of the 

input pulse, with input pulse rise time and width 

as parameters. 

Fig. 15. Discriminator time-resolution characteristics as 

a function of the input pulse amplitude, with 

input pulse rise time and width as parameters . 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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