RAa%00352/

CRN/PN 91-09

SYRASBOURG

Comparative study of new 130 mm diameter

fast photomultipliers for neutron detectors

M. MOSZYNSKI, G. COSTA, G. GUILLAUME, B. HEUSCH,
A. HUCK and S. MOUATASSIM

Centre de Recherches Nucléaires, IN2P3-CNRS/Université Louis Pasteur

B.P. 20, F-67037 STRASBOURG CEDEX, France

NIM (1991), to be published
¢4 000

CENTRE DE RECHERCHES NUCLEAIRES
STRASBOURG

IN2P3 UNIVERSITE
CNRS LOUIS PASTEUR



COMPARATIVE STUDY OF NEW 130mm DIAMETER FAST
PHOTOMULTIPLIERS FOR NEUTRON DETECTORS

M. MOSZYIGSKI*), G.J. COSTA, G. GUILLAUME, B. HEUSCH, A. HUCK and
S. MOUATASSIM

Centre de Recherches Nucléaires, IN2P3— CNRS/Université Louis Pasteur
B.P. 20, F-67037 STRASBOURG CEDEX, France

Abstract :

The present paper is a summary of the test measurements carricd out using
new 130 mm diameter fast photomultiplier tubes manufactured by Philips
(Francc), EMI (England) and Hamamatsu (Japan), along with a comparison
to the results obtained with the well known XP 2041 Philips model. These
tubes will be used in large size neutron detectors.

1. INTRODUCTION

In a french-belgian multidetector, called DEMON**, 96 individual large size ncutron
detectors will be available[1]. These detectors consist of 16 cm in diameter and 20 cm in
length liquid scintillator cells cach associated to 130mm diamecter photomultiplier tube. For
ncutron detection, cmploving liquid scintillators with pulse shapc discrimination, fast
photomultiplicrs with a high lincarity of thc output current pulse arc preferable. In the past an
XP2041 photomultiplicr was the choice [2.3]. At present, a number of new photomultiplicrs
have cntered on the market based on a new technology, mainly associated with new dynode

material and structure.
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Table 1 shows the basic parameters of the new photomultipliers proposed recently by
Philips, Hamamatsu and EMI, gathered from their data sheets, in comparison to those of the
XP2041. Due to a new dynode material high gain of the photomultipliers is achieved with a
lower number of stages, typically with 10 dynodes instead of 14, as is the case for XP2041.
Moreover a high gain first dynodes are applied too. This improves the stability of the
photomultipliers and can increase accuracy in time and energy measurements. Note the
newest XP4512B photomultiplier developed recently by Philips for the DEMON array.
According to the manufacturer the ecfficiency of photoelectron collection in this
photomultiplier was improved over the parent XP4502B type. In tumn three samples of the
EMI D658B photomultiplicr were tested. In the first one the serious prepulse effect was
obszrved. The next two samples redesigned by the manufacturer were free of this effect.
Howcver, thay exhibited very high noise levels and the other characteristics were rather poor.

The effectivness of particle identification due to the pulse shape discrimination
technique depends strongly on the quality of the photomultiplier used. The method being
based on the analysis of the pulse shape from the scintillator, the distortion introduced by the
photomultiplier should be limited. Thus the speed of the photomultiplier reflected in the risc
time of the output pulse and its time jitter are of grcat importance.

The effectiveness with which diffcrent kind of particles can be scparated depends on
the statistical fluctuations of the slow component of the scintillation pulsc. Note that its
intensity for neutrons is of the order of 10 to 20 % of the total light pulse [4). Thus high
quantum cfficiency and good photoclectron collection at the first dynode arc the critical
parameters. The latter quantity is very rarcly specificd by the photomultiplicr manufacturers.

In modern experiments using large arrays of counters a large dynamic range of particle
cnergics of the order of 100 is of importance. This can be limited by the lincarity and dynamic
range of the output current pulse of the photomultiplier used.

With the large dynamic range of particle cnergies the perturbing cffect of prepulscs

and afterpulses on the timing and pulse shape discrimination is increased. Thus in this respect



the precise inspection of the photomultiplier output signal is of importance before final
acceptation of a given photomultiplier.

The aim of this work was to make a comparative study of the new photomultipliers
delivered to us as test samples. Special attention was focussed on the items discussed above
because some of these photomultiplier parameters are not specified by the manufacturers. In
particular the photoelectron yield for a large liquid scintillator and that for a smaller one
coupled to the center of the photocathode and at its edges were measured. The time jitter of
the photomultipliers was determined using Cherenkov radiation produced in the glass window
of the photomultiplier by Compton electrons generated by y-rays. Finally each
photomultiplier was tested by a timing study with 60Co source and by measurements of n-y
discrimination carried out by means of digital charge comparison method {4] with an Am +
Be source.

Although the reported measurements were addressed to the future application of the
photomultipliers in the ncutron detectors the conclusions concerning the capabilities of the
new photomultipliers are more gencral and they can be taken into account in projects of any
future experimental arrangement.

Morcover, in spite of the fact that this study was carricd out with the testing samples of
each type of photomultiplier they can be considercd as being representative. In general only
two parameters are varied within different photomultipliers of the same type, i.e.
photocathode sensitivity and gain. Both these quantities of the tested photomultipliers were
"typical” according to data quoted by the manufacturers. Other paramcters as for example
photoelectron collection efficiency or time jitter, depend on the design of the photomultiplier
and should vary very weakly. This is correct in the measurc that all the tested photomultiplicss
arc still in the dcvclopment phasc. Thus onc can expect further improvemicnts of their

parameters and this is certainly truc for EMI photomultiplier.



2. Experimental details
2.1. Scintillators

The main part of the study was carried-out with a large BC501 liquid scintillator 16
cm in diameter and 20 cm in depth designated to be used in the "DEMON" arrangement. The
liquid scintillator, delivered by Bicron Co., was encapsulated in a "bulb free" aluminum can
with the white reflecting paint applied inside.This scintillator was used to measure the
photoelectron yield of the photomultipliers, to check time resolution of the counters with 60Co
source and finally to observe the quality of n-y discrimination with an Am + Be neutron
source.

To test the photoelectron collection efficiency at the edges of the photocathode a small

2.5 cm diameter and 1 cm thick Pilot U plastic scintillator was chosen. The polished plastic,

coated with a teflon tape, was used in the measurements.

2.2. Photomultipliers

All the photomultipliers except for the XP4502B type were studied with the voltage
dividers reccommended by the manufacturers with the last dynodes operated at progressively
increasing voltages. This ensures good linearity of the current pulse at the anode.

In the case of the XP4502B photomultiplier the focalisation voltages was greatly
modified to improve efficiency of photoelcctron collection and the shape of single
photoelectron pulse height spectrum. The new voltage distribution at the focalisation system
of the XP4502B is shown on Fig. 1.

The photocathode - first dynode voltage was incrcased from 4 Vg to 6 Vo and the
voltage at the accelerating electrode G, was increased from that of D6 to that of D8. Morcover
the optimum G, potential found experimentally dcviated strongly from that reccommended by
the manufacturer. The adjustment of D;-D, and D,-D; voltages was found to be critical as

they affect the shapc of the singlc photoclcctron spectrum.



Note that for the newest XP4512B photomultiplier in Philips recommendation the
photocathode - first dynode voltage was increased even up to 10 V. The critical adjustement

of D;-D; and D,~-Dj; voltages was not observed too.

3. Results
3.1. Photoelectron yield and efficiency of photoelectron collection

The photomultiplier photoelectron yield for a given scintillator depends on quantum
efficiency of the photocathode and photoclectron collection efficiency. As for all the studied
photomultipliers quantum efficiency is comparable, the photoelectron collection is the critical
parameter as the liquid scintillators designated to be used in the final DEMON array have a
larger diameter than that of the photocathode. A serious reduction of the photoelectron
collection from the edges of the photocathode may thus be troublesome.

The measurement of the photoclectron yield was carried out first with the BC501
liquid scintillator. The measurcd numbers represent the mean photoelectron yield of the
photomultiplicrs as it depends on both the quantum efficiency of the photocathode and the
efficiency of photoclectron collection. The next series of measurements was performed with
the small Pilot U plastic scintillater coupled to the center of the photocathode. In this case it
was assumed that thc mecasured number of photoclectrons is not affected by limited
photoelectron collection. Then moving this small scintillator around the cdges of the
photocathode one can determinc the efficiency of photoelectron collection in these critical
conditions.

Measurcments of the photoelectron yicld were made using the method described by
Bertolaccini et al. [5] and applicd further in Ref. 6 for cxample. The number of photoclectrons
per energy unit lost by y-rays in the scintillator is mcasured directly by comparing the mean
value of the peak position of the single photoclectron pulse height spectrum, which
detecrmines the gain of the photomultiplicr, with the characteristic point of the cnergy

spectrum of detected y-rays. The edge of Compton spectrum of 662 keV y-rays from 137Cs



source was used. The linearity of the photomultiplier response was checked by means of 22Na
y-lines.

Fig. 2a presents the example of the single photoelectron pulse height spectrum as
measured with an XP4512B photomultiplier. Note a very well defined peak in the spectrum
reflecting a high gain of the first dynode. Fig. 2b represents the corresponding spectrum of y-
rays from 137Cs source measured with the gain of the amplifier reduced by factor of 200. The
Compton edge used to calculate the photoelectron number is defined at 66 % of the trailing-
edge of the Compton peak, following Ref. 5.

The results of the photoelectron yield measurements are collected in Tablc 2 for both
the scintillators. The highest photoelectron yield was measured for XP4512B and EMI D658B
photomultipliers. All the others photomultipliers show comparable photoelectron yield within
* 5 % accuracy, as measurcd with the BCS501 scintillator. The photoelectron number
measured for the small Pilot U plastic coupled to the middle of the photocathode follows
mainly photocathode sensitivity except for the XP4512B photomultiplier which showed about
20 % higher photoelectron yield.

Fig. 3 shows the positions of the small Pilot U scintillator coupled to the edge of the
photocathode with respect to the dynmode planc. The numbers quoted at each position
represents the relative photoelectron yicld measurcd with the XP4512B photomultiplier in
i*/1ion to that in the central position of the photocathode where it is assumed to be equal to
100 %. Fig. 3 reflects the scrious non-uniformity of the collcction efficiency for differcnt
positions around the photocathode which are so characteristic for the lincar focused dynode
structurc. This affccts pulsc height resolution and it stresses th~t a diffused reflector for the
scintillator is of the great importance in the mecasurcment of encrgy spectra. In this respect the
best is the EMI D658B photomultiplicr which showed variation of the collection cfficiency in
the external region of the photocathode within + 9 % only.

The mecan valuecs of the photoclectron collection cfficiency for the tested
photomultipliers arc collected in Table 2. The mean cfficiency varied from ~ 60 % for the

XP4502B to ~ 76 % for thc XP2041 photomultipliers. These numbers scem to be rcasonable



compared to the photoelectron collection efficiency observed for smaller diameter
photomultipliers [7, 8] and which are equal to about 70 %.

In the last column of the Table 2 the ratio of the photoelectron yield measured with the
BC501 scintillator to that of the Pilot U and divided by the photoclectron collection
efficiency, € was calculated. This quantity depending mainly on the ratio of the light yicld of
both the scintillators should be constant, independent of the tested photomultiplier, if the
measured photoelectron collection efficiency from the extemal part of the photocathode is a
reliable parameter of the photomultipliers. The data presented in Table 2 seem to confirme
well the above statement. The larger value of this quantity found for R4144 photomultiplier
reflects the bigger diameter of the photocathode which covers about 20 % more of the BC501
scintillator exit than the othcr tested photomultiplicrs.

In the Table 3 the photoelectron numbers measured with the small Pilot U scintillator
are compared to the so called "bluc” scnsitivity of the tested photomultiplicrs. The blue
photocathode sensitivity is measured with a tungsten filament lamp with a colour temperature
of 2856 + 5° K. Light is transmitted through a blue filter, Corning CS N° 5-58, polishcd to
half stock thickness. ‘This mcasurement of the photocathode sensitivity corresponds very well
to the emission spectra of typical scintillators. In third column of Table 3 the photoelcctron
yield normalised to the blue photocathode sensitivity is listed. This quantity decpends mainly
on the photoclectron collection efficiency from thc central part of the photocathode, in
general, assumed to be close to 100 %. The calculated numbers do not confirm this
assumption.

Taking arbitrarly that for the XP4512B 100 % of the pho*oclectrons arc collected, the
cfficiency of photoclectron collection in the other tested photomultiplicrs is only about 80 %.
This indicates a very important advantage of the XP4512B photomuttiplicr.

The observed effect again confirms conclusions of carlier works [7,9] that it is not
cnough to characterisc photomultiplicrs by their photocathode scnsitivity. The cfficiency of
the photoclectron collection has to be specified too. Morcover this measurcment showed that

cven in the most favorable conditions when light strikes the photocathode centrally one



observes a reduction of the photoelectron collection. It means that the focalisation system of
photomultiplier is not able to collcct all the photoelectrons emitted at different angles from

any point at the photocathode. This cffect has to be taken into account by designers of modern

fast photomultipliers.

3.2. Linearity of the anode current pulse

Although the parameter describing the lincarity of the photomultipliers is given by the
manufacturer, (see Table 1), it was considered uscful to recheck these data in well controlled
conditions. Note that the lincarity range of the photomultiplier depends on a high voltage at
the photomultiplier or more preciscly on the voltages at the last dynodes. Therefore one will
observe a different linearity range for let us say 1 MeV, 10 MeV or 100 MeV detected
radiation energy as they need different gains to reach a full pulse height.

The linearity range was dectermined for 0Co y-rays detected in a BCS501 liquid
scintillator. This corresponds to about 1000 photoclectrons in the integral of the photocathode
current pulse. Fig. 4 shows, in turn, the shape of the anode current pulse from the XP4502B
photomultiplicr observed with the large bandwidth Tektronix 2467B scope. Note that this
rclatively slow pulse is mainly duc to the slowing-down process occuring in the light
collection process in such a large scintillator. As the FWHM of single photoclectron pulse is
equal to 3 ns, the scintillator pulsc is weakly affected by the photomultiplicr bandwidth.

The criterion of the lincarity range was defined as that for which the signal due to y-
rays from 60Co sourcc is still lincar within = 10 % (cstimated accuracy from the scope
measurements for continous cnergy spectrum).

Experimentally the lincarity measurement was done by obscrving the height of the
curreni pulses duc to y-rays from 6'Co and 137Cs sources. Independently the energy spectra of
integrated current pulses were mcasured by means of a multichannel analyser. The ratio of the
pulse heights and that of the positions of Compton edges at the multichannel analvser were
compared to the theorctical ratio of Compton edges i ¢. 2.18. For 6°Co y~rays the mean valuc

of thc Compton cdge duc to 1.175 McV and 1.332 McV y—quanta was adopted.



In Table 4 the maximal linear current pulscs for the Compton cdge of 60Co y-rays and
the corresponding high voltages are listed for all the photomultipliers. The measurements
showed a poor linearity range for the EMID658B photomultiplicr which can limit seriously its
application in measurements with a wide dynamic range of particle energics. In turn the
linearity range of the XP4502B and XP4512B seems to be much better than that quoted by the
manufacturer, however, given with higher accuracy. The mcasured linearity rangc of the
R4144 photomultiplier for ©Co y-rays was limited by thc low gain of this 8 stage

photomultiplier at the maximum high voltage.

3.3. Time jitter of the photomultipliers

The timc jitter of fast photomultiplicrs is determined expcrimentally by the
measurcment of the single photoclectron time distribution spectrum. To obtain a measurcment
of the time jitter accuratcly enough nceds a light pulse of a very short duration. Therefore,
very often, Cherenkov light generated by Compton clectrons in the glass window of the
photomultiplicr is used [7, 10 - 13].

This method was applicd in this study. This was carricd out with a &0Co source placed
on the axis of the studicd photomultiplicr at 10 cm from the photocathode to ensure uniform
production of Cherenkov light over the whole photocathode. The time spectra of coincidences
between Cherenkov cvents under the single photoclectron peak and y-rays detected in the
reference counter were recorded. The reference <ounter consisted of the 2.5 cm diameter and
2.5 cm thick Pilot U plastic coupled to a XP2)2(0) photomultiplicr. The anode pulsc of this
counter was scnt to a constant fraction discriminator ORTEC 934 and the upper 30 % of the
Compton spectrum was accepted by the discriminator threshold to insure that the time
resolution of the counter to be better than 150 ps. The anode signal of the studicd
photomultiplicr was amplificd using a Phillips 777 fast amplificr and sent to ORTEC 934
constant fraction discriminators. In the parallel side channel the peak of single photoclectrons

was sclected to reject the contribution of multiphotoelectron Cherenkov events.
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Fig. 5 shows the time spectrum measurcd with the R4144 photomultipliers. In Table 5
the collected results of the time jitter measurcments are represented by FWHM and FWTM of
the time spectra.

Table S shows that the new generation of timing photomultipliers proposcd by Philips
and Hamamatsu have a lower time jitter than the former best XP2041. Thesc good results are
correlated with the lower number of dynodes and the high gain of the first one in these
modern photomultipliers. Note that there is no a recal difference in the advanced focalisation
system of the XP4512B, XP4502B and that of the XP2041.

The best FWHM of the single photoclectron time spectrum measured with the
XP4512B confirms an excellent focalisation system of this photomultiplicr. In turn the best
FWTM of the time spectrum measured with the R4144 may reflect the reduced photoelectron
collection observed in sect. 3.1 for this photomultiplicr. Ji may suggest that "delayed"
photoelectrons are rejected by the focalisation system.

Time jitter of the EMI D658B photomultiplicr is larger by a factor of 3 than thosc of
the XP4502B, XP4512B and R4144 which again limits its application in experiments

involving timing,.
3.4. Time resolution study with 6¢Co source

All the timing studies for y-rays from 60Co source were carried out with the BC501
liquid scintillator coupled to the tested photomultiplicrs. Mcasurements were done using the
coincidence experiment method described in sec. 3.3. but with the 0Co source placed at
20 cm from the scintillator. The clectronic sctup was also similar. using an ORTEC 467 time-
to—pulse height converter for coincidence time~spectra. For the tested counters the threshold
of the CFD was sct at 100 keV and at 20 keV. The first mcasurement represents the standard
timing test for a typical spectroscopy range where timing weakly depends on adjustment of
CFD. The other mcasurcments with the threshold sct at 20 keV was considered as that
representing limitation in timing with a very large dvnamic range of cnergy. In this case the

walk adjustment of the CFD was found to be critical.
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Fig. 6 present the time spectrum measured with R4144 p. otomultiplicrs for the cnergy
threshold set at 20 keV. Notc thc good time resolution FWHM = 1.15 ns and
FWTM = 3.12 ns for such a large dynamic range of ecnergy measured with the BC501 liquid

scintillator 16 cm in diameter and 20 cm in depth.

The results of timing studies with the XP2041, XP4502B, XP4512B and R4144
photomultipliers arc collected in Table 6. It shcws comparable time resolution for all the
testeC photomultiplicrs. This result is understandable taking into account that the dominant
source of the time jitter in the studied scintillation counters is the time spread of the light
collection process in such large scintillators [10,14]. Sumewhat worsc time resolution
measured with the XP2041 photomultiplicr is probably associated with the old 14 stages

dynode structure.

3.5. n—y discrimination

The final comparative test of all the studicd photomultiplicrs were done observing n-y
discrimination spectra measured with an Am + Be ncutron source by mcans of the charge
comparison mcthod [4, 15]. Thc measurcments were carricd out with the BC301 iiquid
scintillator. The block scheme of the experimental arrangement is shown on Fig. 7. The anode
signal from photomultiplicr is split and sent to an ORTEC 934 constant fraction discriminator
and to a two-fold charge-to-voltage converter [16]. The QV converters arc gated by the
reshaped signals from thc CFD to intcgratc the total charge and that duc to thc slow
component of the scintillation pulse. Both the output signals from thc QV converters arc send
to the ADC's of thc two—parametric data acquisition system. Adi the details of the method and
arrangement are given in Ref. 4.

Fig. 8 presents the comparison of two-dimensional spectra of the charge under the
slow component versus the total charge measured with the XP2041, XP4502B, XP4512B and
R4144 photomultiplicrs. A very good scparation of ncutron and y-cvents is achicved with the
applicd mcthod. 1t indicates also the high quality of the tested scintillation counters. The best

discrimination is obscrved with the XP4512B photomultiplicr duc to the sharpness of the y-



component. Somewhat poorer separation was obtained with the XP2041. Fig 9, in tumn, shows
a comparison of the n—y discrimination spectra for energy gates corresponding to 300 keV
recoil electron energy. To quantify of the n-y discrimination at a given cnergy the figure of

merit, M, was used as proposed in ref. 17 :

M= (pcak scparation) )
y peak width) + (n peak width
p p

According to the cq (1) the quality of the scparation, expressed by the figure of merit
M, relates inversely to the pulse height resolution of the signals due to the slow components of
both neutron and y light pulscs. Thus thc photoclectron yicld of the counter and the

contribution to the pulse height resolution coming from the electron multiplier structure are

cssential.

This is reflected in Tablc 7 where the figure of merits, M, determined for all the
studied photomultiplicrs at 300 keV and 1 McV recoil electron cnergy arc listed. This
confirms quantitatively that the best n—y discrimination is achieved with the XP4512B
photomultiplier becausc of its highest photoclectron yicld, sce scct. 3. 1.. A similar good
scparation is obscrved with the first photomultipliecr of the D658B type, however, the
scparation was destroyied for high energy cvents by scrious prepulses, sce sect. 3. 6.. The next
photomultipliers delivered by EMI were frec of prepulses, however, much poorer n-y
separation was mcasurcd, sce Table 7. A worse scparation observed with the XP2041 is
certainly associated with a larger gain dispersion of the old dynode structure as the
photoclectron yicld of this photomultiplicr was comparable to thosc of XP1502B and R4144,

sce Table 2.
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3.6. Prepulses and afterpulses

The application of the photomultipliers in experiments with the wide encrgy range
involving timing and analysis of the scintillation pulsc shape makes it imperative to check
photomultipliers for prepulses and afterpulscs.

Moreover, this study was prompted by the strange effect observed in the two-
dimensional spectrum of n—y discrimination measured with the D658B photomultiplier, see
fig. 10. A serious discontinuity in the y-ray component corresponding to increased charge
under the slow component is scen for high encrgy cvents. Carcful tests excluded effects

associated with the clectronic arrangement.

3.6.1. Prepulses

To understand the effect observed with the D658B photomultiplicr a ca—=zfull
inspection of the anode pulse corresponding to neutron and y-rays from Am + Be source was
carried out by mecans of a scope. The anode pulse is sketched in Fig. 11. The pulscs due to
high energy events are preceded by a sort of pedestal about 15 ns to carly. The height of the
pedestal corresponds to ~ 2 % of the anode pulse.

This form of the anode pulse with the preceding pedestal helps us to understand the
distortion of n—-y discrimination seen on fig. 10. The pedestal at the anode pulsc triggers
carlier the constant fraction discriminator for the cvents above a certain threshold. Thus the
gate for the slow component is advanced in time. The result is that the gate overlaps a tail of
the fast component and an cxcess of charge is intcgrated (see time rclation in Fig. 7). This is
reflected in the jump of pulsc height due to the slow component scen on Fig.10.

The above discussion suggcests strongly that these prepulses arc produced by a direct
interaction of the light from scintillator with the first dynode. The pedestal character of the
prcceding part of the anode pulsce can be understand taking into account the large width of the
anodc pulse which is cqual to 17 ns. Thus there is no separation in time between prepulse and

thc main componcnt of the anode pulsc.
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This conclusion seems to be confirmed by the measurement done within the time jitter
study of the D658B photomultiplicr (sec sec. 3.3.). The timc spectrum mecasured in
coincidence with all thc Chercnkov cvents, gencrated in the photocathode glass window,
showed an earlier spike shifted by 15.6 ns (sce Fig. 12). Notc the good agrecement for the shift
with that estimated from the scope (Fig. 11). The FWHM of the spike (equal to 2.2 ns} is
much better than that of the main component of the time spectrum. This is understable as the
prepulses generated at the first dynode by the direct interaction of the light are not affected by
the dominant component of the photomultiplier time jitter arising from the transit time
dispersion between a photocathode and a first dynode.

The intensity of the earlicr spike which is equal to 2.2 % of the main time spectrum is
rather low. However, Cherenkov events produced by 60Co y-rays in the photomultiplier glass
window are distributed only to about 30 photoclectrons [18]. Thus for the high cnergy v-rays
this effect starts to be of great importance as it can be scen on Fig.10.

It has to be pointed out that the observed prepulses in the first D658B photomultiplier
were eliminated in the next tubes delivred by the manufacturer. However, a very high noise
level and the rather poor other characteristics of thc new photomultiplicrs (see Table 7 for
cxample) suggest that this photomultiplicr is still in an carly phasc of development.

A similar careful inspection of the other fested photomultiplicrs did not show any
cxistence of prepulscs. Thercfore the cffect presented above scems to be a very good cxample
of the real discovery of prepulscs in the photomultiplicr. Fortunately, in fact, this is a very rare

cffect in modern photomultiplicrs.

3.6.2. Afterpulses

A closc look at the anode pulses done by mcans of Tektronix 2467B scope with a high
brightncss permitted us to obscrve directly afterpulses in R4144 and D658B photomultiplicrs.
Philips photomultiplicrs XP2041, XP4512B and XP4502B were found to be frec of this cffect

at lcast within the accuracy of the inspcction.
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The photomultipliers with the BCS01 liquid scintillator were tested by means of y-rays
from a 60Co sourcc and then with y and ncutron radiation from an Am + Be source. In the
casc of Hamamatsu R4144 two groups of aftcipulses delayed by about 800 ns and 1.5 us are
distributed over about 50 ns and 100 ns respectively. The height of pulses in both groups was
about 5 % of that of primary anode pulse observed with a 60Co sourcc. Taking into account
that FWHM of afterpulses is lower than that of scintillator pulse, thus it corresponds to about
10 - 20 photoelectrons or 10 ~ 20 keV recoil clectron energy. It is interesting and important to
note that the pulsc height of thic aftcrpulses in both groups was independent of the cnergy of
primary radiation. This was checked with thc Am - Be source which emits hard y rays with
cnergy up to about 4 MeV.

The origin of afterpulses in photomultiplicrs is cxplained [19] by the interaction of the
primary clectron beam with remaining traccs of molccules of different gascs. It suggests that
the height of the afterpulsc in the group corresponds to that produced at the photocathode by a
single ion of gas. The larger cnergy of primary radiation detccted in the counter may only
incrcasc the probability of interaction with gas molccules and thus incrcasc the probability of
occurrcnce of the afterpulses. This was cstimated to be below 10 % for 00Co source y-rays.

A similar effect of the afterpulscs was scen in the D658B photomultiplicr cxcept that
only onc group of afterpulscs was observed with a delay 2.3 us. This may suggest that they
arc duc to traces of hcavicr molccules.

The appcarance of aftcrpulscs is not bothersome. The pulsc height of afterpulses in the
groups is bclow 20 keV clectron recoil encrgy, thus it is well below the expected cnergy
threshold in most of the predicted cxperiments with the DEMON array. The cstimated
probability of occurrence of afterpulses showed that it will not increcase significantly the noise

level of the scintillation counters.
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4. Conclusions

The comparative study of 130 mm diameter photomultiplicrs showed that for
experiments involving timing or pulse shape discrimination techniques two photomultipliers
are recommended Philips XP4512B and Hamamatsu R4144.

The Philips XP4512B ensurcs the best photoelectron collection efficiency about 20 %
larger than the other tested photomultipliers. This is of great importancc for n~y
discrimination as the quality of separation depends on the statistical fluctuation of the number
of photoelectrons in the slow component of the scintillating pulse. This feature as well as
good gain makes it a choice for low and moderate cnergy experiments. There is no doubt that
the XP4512B will replace the parent XP4502B photomultiplier.

The Hamamatsu R4144 photomultiplier is preferable in the experiments with high
energy radiation becausc of its lower gain and good timing propertics.

All the modern photomultiplicrs arc significatly better than the old XP2041. This is
reflected in the better timing and higher precision of the pulsc height measurements. This
confirms the improved quality of the dynode structure in the modern photomultiplicrs, mainly
associated with the high gain first dynode.

The EMI D658B photomultiplicr is still in the development phase. The first D658B
photomultiplier tested was exccllent for general purposc nuclear spectroscopy due to high
quantum cfficicncy and a good and most uniform photoclectron collection from cxternal
regions of the photocathode. However its application in timing and pulsc shape discrimination
was seriously limitcd by prepulses. More recent versions of the D658B photomultiplicr were
free of prepulscs but they proved to have poor performances.

The studics of the photoclectron yield and the photoclectron collection cfficiency
suggest that more attention should be paided to the last problem. The photoclectron collection
cfficicncy in the XP4512B was improved by about 20 % over the parent XP4502B and the
other tested photomultipliers. This shows again that this is not cnough to qualify
photomultiplicrs by their photocathode scnsitivity only. The photoclectron collection

cfficicney should also be quoted by the manufacturers.
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The afterpulses observed in R4144 and D658B photomultipliers have, in general,
negligible consequence in typical experiments. Their pulse height estimated to be about 10 +
20 photoelcctrons is independent of the energy of detected radiation. They occur with an
estimated probability of less than 10 % for 60Co y-rays.

Finally the spectacular effect in the first tested D658B photomultiplier is a nice

demonstration of prepulses. Fortunately, in fact, this is not commonly observed in the modern

photomultipliers.
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Figure Captions

The modified voltage distribution at the focalisation system of the XP4502B

photomultiplier used in the experiments.

The single photoelectron pulse height spectrum measured with the XP4512B
photomultiplier (a) and the 137Cs y-rays spectrum measured with the BC501
liquid scintillator (b). Note that the gain of the amplifier was lowered by factor of

200 to observe the y-spectrum.

The positions of the small Pilot U plastic scintillator at the photocathode used to
measure the photoelectron collection efficiency. The positions of the Pilot U are
oriented iowards the dynode plan. The numbers quoted at every position
correspond to the collection efficiency determined in relation to the central

position of the Pilot U as measured with the XP4512B photomultiplier.

The anode current pulse observed with the BC501 liquid scintillator coupled to

the XP4502B photomultiplicr for €Co y-rays.

Single photoelectron time spectrum measured with the Cherenkov light produced

by y-rays from 60Co source in the glass window of the R4144 photomultiplier.

Time calibration : 1 ch = 90 ps.

Time spectrum of coincidences measured for y-rays from 6Co source with the
BC501 liquid scintillator coupled to thc R4144 photomultiplicr. The energy

threshold was set at 20 keV. Time calibration : 1 ch = 65 ps.



Fig. 7:

Fig. 8:

Fig. 9:

Fig. 10:

Fig. 11:

Fig. 12:

Block scheme of the expecrimental arrangement used to measure the n-y
discrimination by the charge comparison method. Time relations bciween gates
and photomultiplicr pulse at the inputs of QV converters are presented in the

lower part of the figure.

Two~dimensional spectra of charge in the slow component vs total charge
measured with the BC501 liquid scintillator coupled to the XP2041, XP4502B,
XP4512B and R4144 photomultipliers respectively. Measurements were carried-

out with Am-Be necutron source.

n-y discrimination spectra mcasured at 300 keV energy of recoil electrons for

XP2041, D658B, XP4512B and R4144 photomultiplicrs.

The same as fig. 8 mcasurcd with the first tested D658B photomultiplicr. Note the

strange distortion of the spectrum due to prepulses.

Sketch of anodc pulse from the BCS501 liquid scintillator coupled to the EMI
photomultiplier observed with Am-Be source (a). The same extended to show the

pedestal proceeding the pulsc interpreted as prepulses (b).

Time spectrum of coincidences measured with Cherenkov light produced in the
photocathode glass window of the D658B photomultiplier by 60Co y-rays (a). The
samc extcnded (b). Notc an carlicr spike at the time spectrum shifted by 15.6 ns

which represents the cffect of prepulses. Time calibration : 1 ch = 0.44 ns.
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TABLE 4

LINEARITY RANGE OF THE ANODE PULSE 2)

Photomuliiplier Linearity range b) High voltage ©)
[mA] vl
XP2041 300 2350
XP4502B 200 2000
XP4512B 240 2080
R4144 200 3000
D658B 80 1850

a) for60Co y - rays detected in BC 501 liquid scintillator.
b) measured with the fast scope. The accuracy of the linearity is + 10%

c) high voltage applied to the photomultiplier.



TABLE 5

TIME JITTER?) OF THE PHOTOMULTIPLIERS

PHOTOMULTIPLIER Time jitter
FWHM FWTM
(ns] (ns]

XP2041 20+01 43+02
XP4502B 1.56 + 0.08 4102
XP4512B 1.38 £ 0.07 39+0.2
R4144 1.53 £ 0.08 29+0.15
D658B 51+0.25 9505

a) measured with single photoclectrons due to Cherenkov radiation. Whole photocathode was irradiated by
60Co y - rays from 10cm distance.
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