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ABSTRACT

A puise Shape discriminator was used in conjunction
with a NaI(Tl) scintillator in an attempt to identify the
radiation responsible forlthe scintillation. The response
of the diécriminator ﬁo alpha-‘and gamna-induced pulses was
~determined using.an Amzul alpha source and a 0056 gamma
source., An attempt was also made to distinguish between
neutron- and gamma-induced pulses, but this was not success~

ful., The thesis contains a discussion of the technical

problems involved in pulse shape discrimination with NaI(T1l).
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CHAPTER I.

. "INTRODUCTION

In many nuclear physics experiments different
reactions occur simultaneously, often resulting in mixed
spectra of more than one type of partic1e. To interpret
these complex spectra often requires using a detection
system which not only measures energy, but also identifies
the different particles.

' Charged particle'identification systems depend
on differences in the rates.of energy loss in an absorber
for different particles with the same energy.. Information_
-on the rate of gpergy’lqss is coﬁtained in the pulse shape
from most detectors; or, alternatively, this information
can be obtained by introducing a thin counter in front
of the main counter in a telescope arrangement.

The varicus methods which have been used to ex-
tract this information from scintillation'pulses,and

identify the particle,are discussed in this chapter.

l.1 Two Cdunter Methods

-

A thin transmission particle detector (%% counter)
placed in front of a thick detector (E counter) allows the
simultaneous determination of both the rate of energy loss
and the total energy. With suitable electronic processing

of these two pulses, the incident particle can be identi-

fied. Two prdcessing techniques'ﬁave been widely used.




l1.1.1 Slow Energy Dependence of E.%%

For non-relativistic charged particles, the rate

of energy loss in an absorber is given by the Bethe forﬁula

aE MZZ )

ﬁ = Ky —F in KZ'F’I
where K,y and K, are constants; and E, M, Z are the energy,
mass, and charge number of the'particle.
Since the logarithmic term varies slowly with energy this
- equation may be rewritten

B4 ~ Kghz? .
In the early.particle identifiers; suchvas that described
-by Wdlfe, Silverman, and DeWire (1955), E and %% were
measured séparately and electronically multiplied, thus
determining the value of MZ2 and identifying the particle.
However, this method has at least’two limitations. Firstly,
the variation of the logarithmic term is neglected and,
secondly, it has been assumed that the %% counter absorbs
only a very small fraction of the total energy of the
particle,

Deépite these limitations, identifiers based on

the slow energy dependence of the product E.%% were quite
useful over limited energy ranges. Various methods have

been used to partially correct for these limitations, but

they are ét best a poor approximation.
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1.1.2 Energy Invariance of (E + Aﬂ)p'mh Tor a given type of

mp a“,Fﬁé_ilﬁ @

A better method of particle idemtification,intro«
duced by Goulding, Landis, Cerny, and Pehl (1964), is based on
the observation that the range-~energy relationship for charged
particles with energies from 10Mev. to 100Mev., can be represente-

ed quite closely by a power law of the Torum

R:%EN ,

-1 2
where pxl.7, depending on the absorbing material, and koQMH Z..
For a charged particle passing through a thin detector (A% detector),

of thickness T and then coming to rest a dlistance X inside a similar

thick E detector,

(T+x) =& 5+ m),

while for the E detector alone,

g

b
i
=i

Combining these two equations,

™ = (B + 6B - Y = p,

Thus, within the limits of the power law approximation, P is
dependent only on the thickness of the AE detector and the type
of particle,

The critical part of a system for electronically
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measuring the quantity P is in designing appropriate fast,
accurate function generators. The function generators used
by Goulding; Landis, Cerny, and Pehl (19645 and by Chaminade,
Faivre, and Pain (1967) were based on the use of logarith-
nmic function generators. This method involves generating
the logarithm, multiplying electronically by P; and gener-
ating the anti-logarithm of the pulse. BRecently, Turos and
Zieminski (1966) have designed a simpler diode function
.generatdr, whose output is proportional to the input raised
to a certain power. v

This type of particle identification system with
two countérs is useful only for charged particles; 1t cannot

‘be used to identify neutral particles.,

1.2 Pulse Shape Discrimination

Many scintillators exhibit differences in pulse
shapes corresponding to different ionizing particles, while
the shapes of these pulsés are nearly indépendent of energy.
Some of the better known pulsé shapes are shown in Fig. 1.

For mbst organic scintillators, a Compton or pair-
production electron scintillation differs from a proton
recoil scintillation in that it contains relatively more
light in the fast component (decay times £10 nsec.), and
less light in the slow component (decay times 2100 nsec. ).

With alkali-halide scinﬁillators the reverse occurs.
A gamma-induced scintiilation and an alpha-induced scinti-
llation differ in that the.gamma—scintillation contains

relatively less light in the fast components, and more
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light in the slower components. Proton-induced scintil-
lations are intermediate. CsI(T1) exhibits larger differ-
ences in pulse ghapes than Nal(Tl) and is also better for
energy measurement,

Two different techniques have been developed to make

use of this information to discriminate between particles.

1.2.1 Charge-Comoarison Methods

Brooks (1956) calcuvlated that a comparison of the peak
height'with the total area of the pﬁlse could be used to dis-
criminate between neutron-induced and gamma-induced pulses in an
organic scintillator.

In the circuit used by Bfooks, Pringle, and Funt (1960)
(fig. 2(a)), the fast component is sampled at the anode with |
time congtant RlClg the capaclitor Cl is charged until the photo-
tube current starts to fall off, thus producing a smaller
voltage across Ry than across Cl‘ The diode D1 then cuts orf
and the decay of Cl is determined by the combined shunt re-
sistance., Similarly, a longer time sample of the pulse, of
opposite sign, 1g taken at the last dynode with time constant
ByCoe

In the photomultiplier output circuit of fig. 2(a)
the anode time constant was 10 nsec., and so the amplitude of
the negative pulse generated across the anode load was approxi-
mately proportional to thé amountvof fast component in the
scintillation pulse. At the last dynode the time coﬁstant was.
approximately 100 nsec.; and so the positive pulse amplitude

produced was approximately proportional to the sum of the

amounts of fast and slow components. The anode and dynode




(a) Cirouit given by Brooks, Fringle, and Funt (1960),

showing oubputs for neutron and gamms pulses.

(b) Spmee charge discrimination cirenit given by Owen

{1962),
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pﬁlses wére stretched and passed through variable attenuators
R3 and 34.t° the output terminal where they were mixed. The
outputs for neutron and gamma scintillations are shown in
Fig. 2(a).
The difficulties associated with this system were those

of precisely balancing the time constants. This is particularly

difficult if the potentials across the diodes are small due to
the large étorage capacitors Cl and Cz. Improper adjustment
results in positive overshooﬁ in»the output pulse for an
electron scintillation (see fig. 2(a)). Some improvement is

- obtained if the positive swing at the output is required, by

a coincidence gate, to arrive within a limited time from the

- start of the scintillation pulse. This technique has been used
by Batchelor, Purnell, and Towle (1960), and by Brooks, Pringle,
and Funt (1960). |

In the circuit given by Jones (1968), one input pulse
is sampled by both an integrating amplifier and a stretching
amplifier, and the outputs are analysed by a difference amp-
lifier to determine the relative amounts of charge in the fast
and slow components. Adjustments'in this circuit are not
eritical, and the problem of positive overshoot is avoided by
resetting the amplifiers once the output of the difference
amplifier‘has been measured, thus eliminating the necessity
of balancing exactly the long decay times of the integrating
and stretching amplifiers.
Owen (1958) first.suggested using space charge effects

in the photomultiplier as a means of particle identification.
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A simple circuit given by Oweh (1962) is shown in Fig. 2(b).
The anode'of the phototube is maintained at very nearly the
potential of the iast dynode. Space éharge accunulation at
the'peak of the pulse’preVents the last dynode from operating
until the later stages of the pulse. The anode potential V

A
is adjusted until a positive overswing is obtained only on

the'pulse with the longer decay time. This method can be

further imppoved if the positive swing, which may occur for
'highef energy gamma-rays, ls required by a coincidernce gate
to arrive within a limited time from the start of the
scintillation pulse (Batchelor, Gilboy, and Towle (1960);
and Hiremoto, Noda, and Mizutani (1967)). Hiramcto, Noda,
and Mizutani (1957) and Hiramoto and Nohara (1968) have de-
scribed the effect of including a shunt capacitor across the
last dynode resistor. With these addiﬁions, good discrim-
ination can be obtained between neutrons and gamma-rayé
using suitable organic séintillators. However, this method
is not well suited for use with alkali halide crystals since
it‘preferentiaily selects the longer decay time pulses,
which are the gamma-ray pulses in alkalil halides, and these .
are not usually‘the pulses required.

There aré a numbér of other methodsvof selecting’
the early part of the pulse and comparing it with the later
part'of the puise.' Deiay line clipping has been used by
Forte (1959), while a method using differentiating CR circuits

has been described by'Forte, Konsta, and Maranzana (1961).
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An accurate pulse shape discriminator with a wide

dyﬁamic rénge has been described bvaabbah and Suhami (1968).
The positive input pulse is split by an LCR shaping network
and two samplés are taken, mixed, and integrated to give an
output. Pulses from an organic scintillator gave a positive
output for neutronuinduced pulses and a negative output
for gamma-induced pulses.

| Thévcircuits described by Hiramoto and Nohara (1968)
and byvéabbah and Suhami (1968) have given good discrimination
between neutron- and gamma-induced pulses over a wide dynamic
range. With these circuits it has apparently not been
possible to discriminate éatisfactorily between other parQ
ticles where the'differences in pulse shapes are minimal,
The éircuit given by Jones (1968) (mentioned above) should be
-capable of discriminating between pulse'shapes whére the

differences are quite small.

1.2.2 Zero-crossing Mefhods.

‘ A method making efficient use of the information
available in the pulse shape was first used by Mdthé and
Sghlenk (1964) and independently by Roush, Wilson, and
Hornyak (1964).» If‘thé current pulse flowing in the photo-
multiplier is integrated at the anode, the risetime of the
output puise depends on the integrating time constant and on

the shape of the‘curfent pulse. In this way, the risetime of

-‘.

The unit is manufactured by Elron Electronic Industries,

Haifa, Israel.
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the integrated output contains information on the type of
particle inducing the scintillation, and measurement of the
risetime of the pulses determines tne identity of the particle.

The rate of emission df_the photons from an excited
secintillator can be described by a combination of exponential
terms, each corresponding to decay from either a metastable
or radiative state., The rate of emission of photons from
commerical Nal(Tl) at room temperature following gamma.
excitgtion can best be described by four exponential terms
(Wall and Roulston {(1968)). The time distribution function
for emitted photcns (excitation at t=0) ie

L t
n(t) = g] Ay exp(~ F7)

4

where the A; (Ay = 6OQ, Ap = 15, Ay = ~300, Ay = -~315) deter-
mine the relative amplitudes of each component and the

'Ti(ti = 200 nsec., Té = 800 nsec.; tb = 65 nsec., Tﬁ = 1 nsec,, )
are decay constants of exoiﬁed states in the orystal; AB

and A) are negative, and effect a finite risetime in the

photon emission curve. Assuming each scintlillation contains

a large number of photons so that statistical fluctuations

are small, énd neglecting time-of-flight variations for
electrons in the photomultiplier, the current {lowing in thé

photomultiplier and arriving at the anode 1s given by

(t) : L% ')
I(t) = B. e3 L
i§ ; exp ( T
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The total charge éontained in the current pulse is

® ®
—— = - t = =
Q= fl(t), s 1:1[B1 expl- g7) av = 1%1 Brh) = 2 %

(o]

th
where Qi is the charge contained in the 1 component,

Thus,

O

I(t) = éé = exp(~ &-)
i=] U T

At the anode, this current is integrated with time constant

Rlcl, where Rl is the load resistor at the anode and Cy is the

total stray capacitance of the photomultiplier and the dynode

chain. The voltage'pulse appearing at the anode is given by

b Yy ! t .
V(t) = §§1UI C BT T RCL) [exp(— f{) - exp(- t/RlCl)]

in the case where tﬁ # Ricl, i= 1"°f"4'
‘V(t) may be written as the product of an amplitude and a

shape factor,

V(t) = %I v(t) = Vo * v(t)

Substitution gives

Y BC t
V(t) = 1%1 —Q——- '(W [exp ("' f{)- exp(— t/Rlcl)]
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Thus, 1f the pulsé shape 1s independent of energy, the rise-
time of the voltage pulse depends on both the integrating time
constant BlCi and on the relative amount of charge in each of‘
the components. |
For alkali halide scintillators, voltage pulses
corresponding to gamma-induced scintillations exhibit longer
risetimes than pulses corresponding to alpha-induced scin-
tillations (fig. 3(a)), while photon pulses are intermediate.
‘However, the risetimes are practically independent of energy,
~and are characteristic of the particle inducing the scintil-
lation. |
The risetime of the integrated voltage pulses can
be-defermined by measurement of their zero-crossing time
after RBRC differentiation. The shape of the voltage pulse
after RC differentiation with time constant RyC, is given by

t t
exp(- =) exp(- % .
Q, P’ p{ 3202)

s 1 - - E
Va(t) = 2 g BiC1RCo [ (T3-RBoCo) (T3-R1Cy) 7 (RpCo-RyCy ) (HRCo-Ty)

t
exp(- ——) ,
) F ]
(RpC2-R1C1)(T3~R1Cy)

provided none of the time constants1i...Th, R1Cy, R2Co,
are equal. Thus, the zero-crossing time depends on both the

1ntegrating and differentiating time constants as well as
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(b)

PIGURE 5,

Integrated pulse shapes for alpha and gamme scintillations
in NaI(Tl), Integrating time constant ig 250 nsec,
Differentiated pulse shapes for alpha and gamms
seintillations in NaI(Tl)., The integrating time constant
is 250 nsec, and the differentiating time constant is

50 nsec., The gamma pulse shapes were obtalned by cal-

culation using data given by Wall and Roulston (1968).

The alpha pulseJShapes are approximate,




TIME (nsec.)

(a)

© 500
TIME (nséc.)

——
— ¥

(b)

1000




15

voﬁ the shape of the scintillation pulse. Pulses which have
different risetimes after integration will have different
zero-crossingvtimes after differentiation ,(Fig. 3(b)).
Calculations have been performediby Roush, Wilson,
and Hornyak (1964) and by Flille, Mathé, and Netzband (1965)
to investigate the effect of the RC time constants for
inﬁegration and differentiation of the detector pulses. Tb

obtain adequate performance of the pulse shape discrimination

~circuit over a wide range-of pulse amplitudes requires care-
ful considerationvof small pulses, The gradual slope df the
small pulses as they cross zero enhances the spread of zero-
crossing times due tb statisticél fluctuations in the tail
of the pulse. If Tl ana Tz represent the zero-crossing times
for pulses corresponding to two types of incident particles,
then the ability to separate the two types of pulse depehds
on the magnitude of (Tz-Il) as well as 6n the maénitude of
the slope of the differentiated pulses at the zero-crossing
points.,

| Roﬁsh, Wilson,.and Hornyak (1964) have defined a
figure-of—meriﬁ for a ﬁarticular set of parameters as being
the product of (TZ-Tl) with the smaller of the slopes of the
differentiated pulses evaluated at T2 and Tl. Their cal-
culations,assuminé two exponential components for NaI{(T1)
(see fig. 4(b)) give essentially the same results as the
calculations and experimental results of Fulle, MAth&, and

Netzband (1965). Zero-crossing times of gamma-pulses, cél-

culated by the author using the four exponential components




*((#961) Aewduroy

pue uosTIM ‘usnoy) sesTnd vuwe® Lo0J SewmTy BUTSH0IO

~0I9Z POLBTROTBO Ul MOUS 88Ul peuser °(TI)Iey woxd

gesTnd esTou pue wuwed eqwvredss 03 wwﬁw&ma ® 3o £317119%
IB0TIeI08YS Ul FUTIBOTPUT SsuTsA 3TI0UW~JO~9INET] (q)

s(zoygne eyl £g POVINOTVY) BJUSISUCD

ouTa mﬁ«wﬁﬁwﬁﬁhwm%w@ pue Fugasilesul JO uoTloung ®

#e (T1)IeN woxg wwaaﬁm gomwed J07 w%ﬁa@ FULBHOIO~0LBT A%v

4 WHADIA




( psec.)

CONSTANT

INTEGRATING  TIME

10
DIFFERENTIATING ~ TIME  CONSTANT  (psec)

(a)

4

T rrri1irg

10

R&

{nsec)

TV TTTTI0m]

0%

LR BLLLAALS

L b1 X L EY Lol lllllll[ SRR EYLE]

10 j0? 10® . i0*
R,Cln sec)

(b)




given by Wall andARoulston (1968), (see fig. 4(a)), do not
differ appreciably from the results of RBoush, Wilson, and
Hornyak (1964), since the relative amplitudes of the two
additional components are small.

Calculations and experiments with other scintillators
have shown their ability to discriminate between different
particles, although the optimum values'of time constants are
usually somewhat shorter in the case of organic scintillators.
(Roush, Wilson, and Hornyak (1964)3 Legler, Attwenger, MNay,
and Quittner (1965); Soufek and Chase (1967); Nadav and
Kaufman (1965)). -

Legler, Attwenger, May and Quittner (1965) have‘obu‘
tained good discfimination between gamma- and neutron-induced
pulses by using this method with a 6LiF(ZnS) scintillation
counter. In>this case, the differentiated pulses show large
differenées in zero-crosgsing times, which facilitates their
electronic separation. A schmitﬁ trigger'with a small
’hysteresis was used as a discriminator, giving rectangular
- output pulses with a length corresponding to the length of
the input pulse at the discrimination level., Neutron-induced
pulses usuaily gave longer output pulses from the Schmitt
trigger. However, at a given discrimination level, there
were éamma~induced pulses which were large enough to give
longer output‘pulseé than small ﬁeutron-induced pulses. By
means of a pulse length discriminator, all pulses shorter than
avgiven length were suppreésed, so that only neutron-induced

pulses were counted.
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Using scintillators where differences in pulse rise-
times aré minimal requires the use of more accurate electronic
analysis. Roush, Wilson, and Hornyak (1964) amplified the
differentiated pulses and applied the signéls to a tunnel
diode, which was immediately driven into its high voltage
state and remained in this state until just before the zero-
crossing point of the pulse. The tunnei diode provided a |
very stable base-~line along which to measure the pulse length;
this bése—line was, however, maintained at a small negative
voltage, giving rise to some spread in measured zero-crossing
times, especiaily for small pulses.

Bass, Kessel, and Majoni (1964) have designed a pulse
Shapé discriminator for use in conjunétion with a double delay-
line clipped amplifier., The bipolar output pulses of the
amplifier are analysed in two channels: one for the positive
part of the pulse, another for the negative part. Both
Qhannels‘have discriminators which are set so that the errors
introduced by the finite triggering levels tend to cancel.

The finite triggering levels eliminate small spurious pulses.
A variable delay with high resolution in the first channel
brings the two output pulses to coincidence for a certain
risetime of the detector pulses. Appreciable discrimination
between (n,p) éhdﬁ(n,d)'reactions produced by neutrons in
NaI(T1l) and KI(T1l) crystals has been obtained. The measured
zero-cfoséing time changes somewhat with pulse amﬁlitude,
especially for small pulses; although this problem 1is not as

serious as with the circuit of Roush, Wilson and Hornyak (1964),
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The method of Fillle, N4thé, and Netzband (1965) is
essentially the same as that of Bass, Kessel, and Majoni (1964),
except that ihe outpﬁts from thé two channels are fed to a time-
to-amplitude converter made up from an overlapping stage and
an.integrating amplifier,

A circuit using the sane pringiple as that ﬁsed by

Roush, Wilson, and Hornyak (1964) has been used by Nadav and

Kaufman (1965). However, this circuit is electronically
much faster, and is probably capable of better separation.
| The performance 5f the above circuits is impaired by
the shift in measured.zero-crossing times for small pulses.
This is due to the fact that the zero-crossing time is
measﬁred along a discrimination levei Which is set at a small
voltage. Soudek and Chase (1967) have‘designed a clrcuit to
reduce this source of error. The Qircuit incorporates three
tunnel diode discriminators, one forvsetting an energy
threshold, ohe for mafking the leading edge of the input
signals, ahd one for marking the zero-crossing point. The
first‘discriminator is used to reject pulses of small
amplitude which dould not be measured accurately, The second
and third discriminators fire on the leading edges and the
zero-crossing points of the pulses, and their outputs are
connected to a simple time-~to-amplitude converter, This
arrangement hasvfhé advaﬂtage that the second and third diodes ;
are normally biased off. They are unblased to the sensitive
state, very near to the peak current point, only a few (
nanoseconds before receiving signals whose timing inform-

ation is to be extracted. Good discrimination has been

i
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obtained with this circuit used in conjunétion with some .
'ofganic.scintillators.

| _Johﬂsoﬁ (19685 has designed a circuit having- two

tﬁnnel diode‘discriminator circults to mark the leéding edge
and the-zeroncrossing_points. 'The outputs from these dis~
crimihators were fed to a time~to~pulse~héight cénvertef.

The circuit was adjusted to operate ﬁith a threshold of 20mv.,
and gave Very géod diScriminafion with.palses from a stilbene

sointillator.

l1.2.3 Limitations of Pulse Shape Discrimination,

Sabbah and Suhami (1968) have shown that,statisti—
cally, the charge comparison method is superior to the zero-
crossing method below abou£ 600 kév., because the zero-crossing
. discriminator has a finite threshold. Above 600 kev. the_‘
two methods are approximétely equivalent. Their ability to
discriminate between two particles is limited by'statisfical
variations in pulse shape, by Variations of pulse shape due
to the supérposition of small noise pulses, and by electronic
variations in the'éircuitry.

However, the Zero—crossing method is simpler tc use,
especially when there are more than two different types of
particles presenp, since a simple time-to-amplitude converter
can be used to generate an output pulse whose height indicates
the type of parﬁicle. IWiﬁh chargé compar;son circuits, the
output 1is not constént_with energy for a given tybe of

parﬁicle, and complex circuitry is required at the output to

Signal uniquely the type of particle registered.
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The various neutron cross sections of Na and T can
be directly Studiedvby using a Nal(Tl) scintillation crystal
as a target for the incident neuvutrons. Since many different
reactions may occur simultaneocusly, the study of a particular

reaction requires a gystem which will discriminate between

different reaction products. It was hoped'to cengtruct an
efficient pulse shape discrimination system for Nal{T1)
scintillators, and eventually to use the avallable large

9 1/2" by 8 3/4” NaI(Tl) erystal for studies at neutron
energies up.to Lg Mev, However, this was not achieved for

reasons made obviougs below.

2.1 Tngtrumentation.

A 1" by 1 1/2" Harshaw NaI(Tl) crystal was mounted
on an RCA 63424 photdmuitiplier operated with a non-linear
dynode chaln and a single stage emltter follower (see fig. 5).

The pulse shape discrimination circuits used by
Johnson (1968) and by Soufek andChase (1967) gave accurate
measurenent of the zero-~crossing time of differentiated pulses
from organic scintillators. When these circuits are used
with alkalivhalide scintillators, the walk due to the finite
triggering levels of the tunnel diode discriminators becomes
a serious problem, because of the slower rise and decay of the

| scintillation pulses 

The circuit given by Soudek and Chase (1967), de-

vt gseribed in the previous chapter, seemed to be more suitable




Cireult disgram for the dynode chain and emitter follower,
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for use with a NaI(Tl) crystal, since it incorporateé an.
additional discriminator to set the threshold requirement.
The circuit diagram is shown in fig. 6.

From fig. ﬁ(b), the optimum value of both the in-
,tégrating and differentiating'time constants is about 0.5
psec.b However, with these time constanﬁs the slope of the
differentiated pulses was small at the zero-crossing point,
and walk in the measured zero~crossing'time>séverely limited
_the dynamic range of the unit., It was necessary to increase
the slope of the zero—croésing point aﬁd at the leading
" edge by decreasing the value of both time coﬁstants. The
circult was finally used with an integrating time constant
of 250 nsec., at the anode, and a differentiating time constant
of less than 50 nsec., in tﬁe puise shape discrimiﬁator.

‘ In ordef to calibrate the pulse shape discriminator,
an Am%1 alpha source was mounted directly over a 1/16" hole

56

drilled in the crystal casing and a Co gamma sourée was
placed near the crystal. The mixed‘energy spectrum of the
sources is_shoWn-in.fig. 7. The detector pulses were taken
to a single chanhel analyser (SCA) and the pulse shape dis-
criminator (PSD).' The PSD output, gated by the SCA output,
was taken to a multichannel analyser. Fig. 8 shows the
output of the pulse shape discriminator for alpha and gamma
input pulses of given pulse height. The output 1s shown

as a function ofvﬁulse height rather than energy, since the

changés in the measured zero~crossing time at low and at-

high pulse helghts are instrumental; and are not due to

i




Ciroult dlagram for the pulse shape

9 & b4 7 ’
disorininater {(Prom Soucek and Chase

Values of the varisble componente

gsed in our clircult were:y

-1 not used L1 100gH
Cw2  50pF - I-2  100pH
Ce3 b70pF L3 100pH
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FIGURE 7.

' , 281, 56
Mixed energy spectrum of the Am and Co BOUTCES,
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FIGURE 8,

: Qﬁtput from the time-to-amplitude converter
 0f»the pulse ghape discriminator for alpha-
and gamma-induced pulses from NaI(Tl), The
bers show the full width at half maximum for

input pulses with given pulse height.
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actual changes in pulse shape._ The change in output‘abgve pulse
heights of about 5 vqlts is due to limiting in the transistor
amplifief T-1 preceding the differentiator. The change in out-
put for pulse heights below 1.5 volts is caused partly by
delayed and uncertain firing of the threshold tunnel diode
discriminator as the pulse heights tend toward the threshold

pulse height. This causes a delay in the firing of the tunnel

diode discriminator_marking the leading edge'df the pulse,
When the high ‘voltage appiied to the phototube was

increased or deéreased, pﬁlses with the same pulse héight,
but corresponding to a different energy, gave the same output,
except that the full width at half maximum was smaller for the
higher energy puises, since.statistical fluctuations in the

'~ pulse shape become~1ess important. In this way, no signif-
jcant change in the scintillation puléé shape was observed
with energy; althbugh the zero-crossing times of higher

energy pulses appeared to be consistently, but not signif-

icantly shérter than lower energy pulses with the same
amplitude., Such a change in pulse shape, if it exists,
would be consistent with the model of Wall and Roulston (1968).
A biock diagram of a spectrometer incorporating'the
pulse shape discfiminator is shown in fig. 9. The PSD out-
put is gated by the output from a SCA in parallel, allowing
selection of PSD outputs Eorrespohding to a given range of
input pulse heights, In this way, all input pulses are
receivéd by the pulse shape discriminator, but with as littlé

distortion as possible., The second SCA was used to select




- FIGURE 9,

Block diagram of the spectrometer arrengement
used té obtain an en@rgy gpectrum of pulses

with given measured zero-crossing times,
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the rangevof PSD outputs corresponding to a given.t&pe of
particle. A multichanrel analyser was gated by the output
from thevsecond SCA, and could thus be used to obtain the
spectrum of one type of particle in the presence of other

particles.,

2.2 Experimental Results

From fig. 8; the pulse shape'discriminator output
for a given type oprarticle is constant in the pulse height
range 1.6 to 4.6 volts. ‘This gives a dyﬁamio rénge of 3 to 1.
Accordingly, the first SCA of the spectrometer arrangement
(fig. 9) was set to accept pulses in this range. Different
‘parts of the>energy spectrum were analysedvby varying the
high voltage applied to the phototube. |

Fig. 10(a) shows the direct PSD spectrum obtained

ML L cod®

with the An sources. The high voltage was such
that the pulse height range accepted corresponded to the
energy range O.8ito 2,2 Mev., If the second SCA selected

all pulses with a measured zero-crossing time less than

210 nsec. és being alpha-induced pulses, this would result

in a 97% acceptance of actual alpha pulses with a gamma Tre-
Jjection of 99.3%. At higher energiles the resolution of the
two peaks lmproves, since statistical fluctuations in pulse
shape are leés, and better discrimination ig achieved between
alpha- and gémma-induced pulses.

Fig., 10(b) shows a portion of the ungated AmZLFl

spectrum, and the gated spectra obtained with either an
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alpha or a gamma ldentifying signal., In this case, all pulses

‘with measured zero-crossing times less than 216 nsec., were
identified as alpha-induced pulses, and all pulseg with
measured zero-crossing times greater than 216 nsec. were

identified as gamma-induced pulses, Not all alpha-induced

pulses were suppressed in the energy spectrum obtained with
the multichannel anzalyser gated by a gamna-ldentifying
signal. Due to statistical fluctuations, more than 1% of the
alpha’'pulses have measured zero-crossing times greater than
élé nsec.

Fig. 11(a) shows the direct PSD spectrum of a Mn5'
gamma source. The peak at 300 nsec. is pulse distortion due
to pile-up. Decreasing the counting rate caused = relatively’
greater reduction nf that peak compared with the true gamma
peak at 230 nsec,

Fig. 11{(b) shows the 0.84 Mev. gamma peak from Mn54.
together with the energy spectra obtained with the analyser
accepting only pulses with zero-crossing times either longer
or shorter than 272 nsec., The pile~up pulses have a brocad
peak at a higher energy than the main peak. In this case,
only about 85% of the undistorted gamma pulses are accepted
by the system, due to dead-time effects in the single channél

analysers.

Fig. 12 shows the neutron cross sections for the

127

2 .
(nyet), (n,¥), and (n,p) reactions on Na 3 and I . No data

were found on the cross sections for the 1127(n,&) and
127 . . ) ’
I (n,p) reactions at neutron energles below 12 Mev, The

cross sections for inelastic scattering of neutrons are not

H c e .
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P3D spectrum of ﬁn5& at & high counting rate,
Ungated energy spectrum showing the 0, 8 Hev.
gemma peak from %ﬁﬁa, t@gath@r with the gated

gspectrum obiained in coincidence with a ga

S Bl

‘ia@ntifyimg signal, Also shown is th@ spectrum

| of the rejected pulses.
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shown. Other possible reactions are reactions yielding more
than one particle, which generally have high thresholds and

small cross‘sections at neutron energies below 20 Mev. (for

example, the Na23 (n,. nd) reaction).

252

The neutron source avallable was a Cf fission

source emitting'a total of Lt.lO3 neutrons per second. Fig 13(a)
shows the neutron energy spectrum from Cf252. It was calculated
that the source,'plaoed axially 2 inches from the cylindrical
NaI(Tl) crystal, would give approximately four Na23(n,d) and
three Na23(n,p) reactioné per second.

The energy spectrum of alpha particles from NézB(n,d)
and 1127(n¢x) reactions for 14 Mev. neutrons has been given
by Bizzeti, Bizzeti—Sona, and Bocciolini (1962). The alpha
spectrum exhibits a fairly broad peak at about 4 Mev. Fromb
these results, the alpha spectrum from the NazB(n,d) reaction
with neutrons from the Cf252 source should have a peak below
1 Mev. However, attempts to obtain direct PSD spectra show-
ing the presence of alpha-induced scintillations in the energy
range 0.4 to 1.0 Mev. were unsuccessful. Although a one inch
thickness of lead wés placed between the source and the crystal
to abéorb gamma~raysbemitted from the source, the PSD spectrum
(see fig. 13(b)) consisted of a single peak at 233nsec.,
indicating the presence of allarge number of ganma-induced
scintillations (from inelastic scattering and (n, ¥) reactions).
This peak was broad (due to the large statistical fluctuations.
in the pulse shape at low energy) and would completely mask

the presence of the relatively small alpha peak expected from

our calculations, if indeed such a peak were present. No
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significant peak corresponding to alpha~induced-pu1§es was
found in PSD spectra for energy>ranges up to 3 Mev,

| Fig. 13(c) shows the PSD spectrum obtained in the
gamma-energy range 3 to 8 Mev., The small peak at 209 nsec. was
not reduced by placing one inch of lead between the source and
the crystal, while the gamma peak at 233 nsec. was reduced by
a factor of two. The peak at 209 nsec. is probably due to

127 (n

-proton-induced scintillations arising from the I yP)

reaction (Q = +0.1 Mev.) Which would be expected to yield
protons in that energy range. The very low counting rate made
it impractical ﬁo obtain an energy spectrum of the pulses with
" measured zero-crossing times less than 215 nsec,

An alternative source of neutrons was the large neutron
flux produced in and around the (p,2p) experimental chamber dur-
ing operation of the 50 Mev., proton cyclotron at the University
of Manitoba. However, direct PSD spectra obtained in energy
ranges up to 20 Mev. gave only the characteristic gamma peak
'and failedito show any significant peaks corresponding to
either alpha- or proton—ihduced scintillations. This is
attributed to the largé flux of high energy gamma-rays from all

directions, and to the presence of large numbers of neutrons with

energies below 5 Mev. being inelastically scattered or giving

and 1127.

23

rise to (n,¥) reactions on Na
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CHAPTER III

- CONCLUSIONS.

The main problem which arises in pulse shape dis-

criminators of the zero-crossing type, used with alkall halide
scintillators, is the walk with amplitude due to the fiﬁite
threshold 6f the 1éading edge and zero-crossing discriminators.
This walk occurs with all puvlished circuits, but does not
lead to serious difficulties with most organic and some in-
organic scintillator pulses, which generally have fast rise
and decay times and considerable differences in pulse shapes
for different incident particles. With alkall halidé scin-
tiilators, the differences in pulse shape for different in-
cident particles are much lesé, and to make the most efficient
use of this inforration requires the use of long integrating
and differentiating time constants. The differentiated pulses
then have smaller slopes at the zero-crossing point which not
only leads‘fo uncertain firing of the tunnel diode, but also
means that a small change in amplitude produces a large walk
in the meésured zero;crossing point. This 1s a serious
problem with small pulses; with large pulses this walk can be
offset‘to some extenﬁ by walk in the leading edge discriminator.
In circuits with Jjust the leading edge and zero-cross-
ing discriminators, the threshold settings of these discrimin-
ators can be used to eliminate noise pulses. Howevgr, small
pulses just above the threshcld will trigger the discriminators.
Usually the zéro-crossing times of such pulses are inaccurately
measured, due to uncerfaih and delayed firing of the tunnel

diodes.

13




‘Thé circuit given by Soufek and Chase (1967) includes
an additional amplitude discriminator to reject small pulsesg,
The leading edge and zero-crossing discriminators are normally

biased off, and are unbiased by a signal derived from the

amplitude discriminator. However, with the circuit used in
the present study, -it has been found necessary to set the
threshold of the leading edge and zero-crossing discriminators
at over 100mv., thus destroying the advantages of this arrange;
nent. - The high threshold settings are necessary because of
. the dc coupling Between tﬁe tunnel diodes. Sou¥ek and Chase
(1967) do not state the threshold settings used with their
Aunit. However, threshold settings up to 100mv. would not
seriously afféct measurement of the zero-crossing times of
pulses with fast rise and decay.

The circuit given by Johnson (1968) has only leading
edge and zero-crossing discriminators, whose thresholds could
be set at 20mv, This would appear to be as low as is practical
‘with tunnel diode discriminators., This circuit would probably
glve very good discr;mination with pulses from a NaI(Tl)
scintillator if the differentiated pulses were amplified so
that the slopes at the leading edge and zero-crossing poinﬁs
were considerably inéreased. It does not matter if this
amplified pulse is allowed to limit, as with the circuit of
Roush, Wilson, and Hornyak (1964)., Small pulses could best
be eliminated by a diode gate at the input of the pulse shape
discriminator, controlled by a discriminator in parallel with

the limiting amplifier (see fig. 14). This arrangement would
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be more suitable than the circuit given by Sougek‘and Chase
(1967) because interaction between the tunnel diodes is re-
ducéd to a minimum, énd it would practically eliminate the

time~slewing with amplitude due to the finlte trigger levels

of the discriminators. In addition, the limiting aunplifier

would allow the use of longer integrating and differentiating

time constants to optimize the discrimination available

with a2 NaI(71l) scintillator.
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