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ABSTRACT

. A pulse shape dlscriminator was used ln conJunction

wlth a NaI(T1) sclntlllator in an atternpt to ld.entlfy the

radlatlon responslble for the scintillatlon. The response

of the d.iscrirnlnator to alpha- and. garnrca-lnd.uced pulses was

2t+r 56
d.eterulned. uslng-an Am-'- alpha source and a Co- Sanrma

source. Ail attempt was also mad-e to d.lstlngulsh between

neutron- and gamma-1nd-uced. pulses, but this l'ras not success-

ful. The thesls contalns a dlscusslon of the technlcal

problems invoJved ln pulse shape dlscrlminatlon wlth NaI(T1).
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CHAPTBR T

TNTRODUCTION

fn many nuclear physics experlments different

reactlons occur simultaneously, often resultlng in nlxed

spectra of more tha¡ one type of .particLe. To lnterpret

these complex Spec+-ra often requlres using a detection

system whlch not only neasures energy, but also ldentlfles

the different Particles.
Charged partlcle identlflcatlon systens d-epend-

on d.lfferences ln the rates of energy l-oss in an absorber

for different partlcles with the same energy. Information

on the rate of energy loss ls contalned. 1n the pulse shape

from most d.etectors; orr alternatlvely' thls infornation

can be obtalned by lntrod-ucing a thin counter in front

of the maln countgr ln a telescope arrangement.

The varlcus meÈhod.s whlch have been used- to ex-

tract this lnfonnatlon from sclntillatlon pulses, and

ldentify the particle,are dlscussed. ln thls chapter.

1.1 Two Counter Methods

A thln transmlsslon partlcle d.etector (ffi 
"o.rrttter)

placed. ln front of a thick d.etector (E co¿nter) a]lows the

slmultaneous deternlnatlon of both the rate of energy loss

and. the total energy" l¡lith sultable e1eôtronlc processlng

of these tlo pulses, the lncident partlcle can be ldentl-

fled. Two processlng technlques have been wld.ely used.
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1.1-.1 Sl-ow Energy Dependence of E. dE

For non-rel-ativistic charged- partlcles, the rate

of energy loss ln an absorber 1s glven by the Bebhe formula

2
dE a, 1{Z
ãT=nL-l 1nK

where K1 and, K2ane constants; and E, M, Z are the energy'

mass, and- charge number of the particle'

Slnce the logarithmlc term varles slowly with energy thls

equatlon maY be rewritten

E'*+ o w3v'z.

In the early partlcle ld.entlfiers ' such as N|¡at descrlbed

by l,lol-fe, Silvernan, and. DeWire (Ig55), E and- $ ""t"
measured. separately and electronlcally nultlplied-, thus

d-eter.g1lning the value of !IZ? anÔ' ldentlfylng the partlcl-e'

However, this method has at least two flnltations. Firstly,

the varlatlon of the logarithnl,c term 1s neglected- ancl'

secondly, 1t has been assumed. that tfre $$ counter absorbs

only a very snall- rractlon of the total energy of the

partlc1e.

Desplte these linitations, ld.entlflers based. on

the slow energy d-epend.ence of the prod.uct E.$+ were qulte

useful over Llnlted. energy ranges. Various methods have

been used to partially correct for these llmltations, but

they are at best a poor approximation.

E
2,Ít
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j-o]*oZ hlne J Ïnvarianee ÕÍ'( E -þ ATt )F -riF for a glven t c o:f

Partie-t.e ,

A better niethod of par'Licl"e identj.fj-cation, i.nl;ro_

duced by Goul.d.ingu LanrLl"s, Cernyu and_ pehl (1g6U), is ì:ased on

the obse.r'va.tj-oir tlnat the range*energy relationship foy chargecr
particl.es with eirergies from 10Mev" tcl l-0Olvlev, can be represent,*
ed cluite closely by a por.rer l_av¡ of the forr¡r

R= I __ Fr
-u.;Ë

where p <.1.f , d.epend.ing on the absorbing mater,-lal , a"rtd, kæ¡tF-'122.
For a charged particle passlng through a. thin deteetor (AE detector)
of thiekness T anö- then comÍ-ng to rest a d.lstance x inside a si.mifar.
tkrlck E detector,

(r+x)= 1 (E + AE) ts
k ,

whlle for the E detector alone,

I EFk

Combinlng these tv¡o equations,

Tk = (n + AE)F E þ P

Thus, within the limlts of the power 1an approxlmatlon, p is
dependent only on the thiekness of the.aB d.etector and. the type
of particleo

The crltical part of a system for er_ectronicalJ-y
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measurlng the quantlty P is ln deslgnlng appropriate fast,

accurate function generators. The funcLion generators used

by Gouldlng, Land-is, Cerny, and. Pehl (lg6t+) and. by Chanlnade,

Falvre, and. Pain (1967 ) were based- ou the use of logarlth-

mlc funetion generators. Thls method. lnvolves generating

the logarlthm, nultlplying electronicaily by F, and. gener-

atlng the antl-logarlth¡n of the pulse. Becently, Turos and.

ZlenlnskI (Lg66) have d.eslgned. a slrnpler diod.e function

generator, whose output is proportlonal to the lnput ralsed.

to a certaln power.

Thls type of particl-e id-entlflcation systen wlth

two counters ls useful only for clrarged partlcles; lt cannot

be used. to identify neutral partlcles.

J-.2 Pulse Shape Discrlnlnation

Many sclntillators exhlblt d.lfferences in pulse

shapes corresponding to d.lfferent lonizlng parülcles, whl1e

the shapes of these pulses are nearly lnd.epend.ent of energy.

Some of the better knov¡n pulse shapes are shown 1n Fig. 1.

. For most organlc scintll-lators, a Compton or pair-

prod.uctlon electron sclnùll1-atlon d.iffers from a proton

recoll scintlllatlon in þlnat 1t contalns relatlvely nore

11ght ln the fast component (decay tlnes ^.(10 nsec. ), and

less llght ln the slow component (d.ecay tlnes VIO) nsec' ).

lllth alkall-halld-e sclnt1llators the reverse occurs.

A ganma-lnduced. scint1llat1on and. an alpha-lnduced. sclnt1-

llatlon d.lffer ln thaü the ganrna-sclntll}atlon contalns

relatlvely less l1ght ln the fast components, and. nore
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l1ght in the sloi.rer components " P::'c,'ton'-inciu,cecl scintil*

lations a.¡r€) inte.r'Lnecl-L¿r,[,e" C.sI(T.] ) c;thi'b) ls largc¡ cÌi.ffer'-

ences in pglse shâpes than IiaI(Tl) and:ì.s also betbe:r for

ene T"gy rfr el-ì.srì:ll€.ln en t 
"

T¡ro CLiff'e::ent technic¡u-es have been der¡elopecl to urake:

use of this ii'tforio¿rtj.on to cl iiscL:i.roi n¿.:.Ùe be l,vlerern particles.

1, 2,1 Chai:qe*Con'9a.ri.sorl 14et;irods

Br"ooi(s (1956) ca1cu.lat.ecl Lha"E a compa.rison of the peak

height'v¡ith lhe 'bo[a.l àr'e,a of Lhe pu-lse coulc] be used to dis-

criminate between neutr-'on*'incluoed a.nd ga.mrna*inducecL pul-.ses :i-n ân

organic sci.n t i ll-atoli.
' In the circui. t usecl by Brooks , Pri.n¡31e, an.d. Fun-r, (f 960 )

(fig. 2(¿L)), the fasL conponenl, i.s sampl-ecl at the anode with

ti.me constant RtCt; thc capa.c-i.tor Ct is oha.r:ged until. the photo*

tube cu:rrent st¿rrts to fall off , thus prod.u.c,ing a- srnal-l-er

voltage across B1 than acros" Cl_. The dj-ocÌe Dt then cuts off

ancl- the decay of C, is delerrnined by the combined shu-nt re-

sistance. Sirnilerr'ly, a longer time sample of the pu-lse, of

opposite sign, is talieyl at the last dyirode v¡i th ti.rne constartt

Rzc z'
In the phol;omul.Liplier output ci::cuit of f ig. 2(a)

the anocle tine constant was I0 n-sec. r anri so the ampli.tr-ic1e of

the negaiive pulse Eetleïated- actoss tìre anocle loac1 lvas appi:cxl-

mately proportional to the anount of fast component in the

scinLill-ation pulse. At the last clynocle lhe tirne constant lvas

app::ox-lrnaie-Ly '100 nscc", and so the positive ptr.lse a-mplitude

proclucerl, lv¿:s a.poroximaLely p::oporfi.ona.l io the sum of the

amounts of fast a-nc1 slc¡w components. The anode a.ncl- dynocle
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B.

pulses were stretched. and. passed. through variable attenuators

B, and. BU üo the output ter"mlnal- where they were mlxedn The

outputs for neutron a.nd gamma sclntL1lat1ons are shown ln

Flg. 2(a).

The d.lfficultles assoclated. wlth thls system were those

of preelsely balanclng the time constants. This ls particularly

d.lfflcult lf the potentials across the dlod.es are snall d'ue to

the large storage capacltors C, and. Cr. fnproper ad.Justnent

results in posltlve overshoot 1n the output pulse for an

electron sclntillatlon (see flg. Z(a)), Some lmpr.'ovement 1s

obtained" lf the posltive swlng at the output ls requlred ' by

a colncld.ence gate, to arrlve withln a 1l¡olted. time fron the

start of the sclntlllatlon puIse. Thls technlque has been used.

by Batchelor, Purnell, and- Torvle (1960)r and. by Brooks, Prlngle,

and F\rnt ( 1960 ) .

In the clrcult given by Jones (1968), one lnput pulse

ls sa^npled. by both an lntegratlng ampllfler and. a stretchlng

anp]lfler, anfl ühe outputs are analysed. by a d.lfference arop-

llfler to d.eterrnlne the relatlve amounts of charge ln the fast

and. slow coûpofl€rrtse AdJustnents ln thls clrcuit are not

crltical, and. the problern of posltlve overshoot is avolded by

resettlng the ampllflers once the outpuü of the d.lfference

amp11f1er'has been measured., thus ellnlnatlng the necesslty

of balanclng exactly the long decay times of the lntegrating

and. stretchlng a^nP11flers.

Owen (1958) ftrst suggested. uslng space charge effects

1n the photonultlpller as a means of partlcLe ldentiflcatlon.
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A slnrple circuit given by Owen (L962) Is shown ln Flg. 2(b).

The anod-e of the phototube 1s malntained. at very nearly the

potentlal of the last d.ynod.e. Space charge accunul-ation at

the peak of the pulse prevents the l-ast d.ynod.e from operatlng

untll- the later sta.ges of the pulse. The anode potential VR

ls ad.justed. until a positlve overswlng is obtalned" only on

the pulse wlth the longer d.ecay tlme. This method can be

furtþer lmproved. lf the positlve swlng, nhlch may occur for

hlgher energy gamma-raysr.1s required. by a coincld.errce gate

to arrive withln a l-lnlted. üime from the start of the

sclnülllation pulse (Batchelor, Gilboy, and Towle (f960);

and Hlramoto, Noda, and. Mlzutànl (]196?)), Hlranoto, Nod.a t

and. Mizutani (:-;96?) and Hlramoto and. Nohara (1968) have de-

scrlbed. the effect of lncl.uding a shunt capacitor across the

last d-ynod.e resistor. lllth these ad-d1tJ.ons, good. d.1scrlm-

lnation can be obtalned. between neutrons and ganma-rays

uslng suitable organlc sclntll-l-ators. Horrever, tliis nethod.

ls not wel] sulted. for use wlth alkali halid-e crystals slnce

lt preferentlally selects the longer decay tlne pulses 
'

whlch are the garnma-ray pulses ln alka.li halides, and. these

are not usually the pulses requlred.. .

There are a number of other method.s of selecting

the early part of the pulse and. comparing lt wlth the later
part of the puIse. Delay llne cLlpping has been used by

Forte (I959), while a method. using dlfferentlatlng CR clrcults

has been d"escrlbed by Forte, Konsta, and. Maranzana (1961).
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an accurate pul-se shape d.lscrlmlnator with a wicle

d.ynamlc range has been d.eseribed by Sabbah and Suhami (1968)'

The posltive lnput pulse ts spli.t by an LCR shaplng network

and. two sampl-es are taken, raixed., and integrated to glve an

output. Pulses from an organlc sclntillator Save a posltlve

output for neutron-lnd.uced. pul-ses and- a negatlve output
¿

for gamma-lnd.uced. Pulses.'

The clrcults descrlbed by Hiramoto and' Nohara (1968)

an¿ by. Sabbah an¿ Suhaml (1968) have given good. d.lscrlminatlon

between neutron- and. gamma-lnd-uced. pulses over a vrld.e d.ynamlc

range, l{lth these clrcuits it has apparentl-y not been

posslble to d.Iscrtmlnate satisfactorily between other par-

tlcles where the.d.tfferences ln pulse shapes are mlnimal-'

The clrcult glven by Jones (;-968) (nentloned. above ) should be

capable of d.lscriminating between pulse shapes where the

d.lfferences ùTe qulte snall-.

I.2,2 Zeio-crosslnq Methods.

a nethod naklng efflclent use of ùhe lnformation

avallable ln the pulse shape was flrst used by ivlátné an¿

Schlenk (lgø+) an¿ lnd.epend.ently by Roush, Wilson, and

Hornya¡ (f964). If the current pulse flowlng ln the photo-

nultlpl1er. ls lntegrated. at the anod-e, the rlsetlme of the

output pulse d.epends on the lntegrating tlme constant and on

the shape of the current pulse. In this wâIr the risetl¡ne of

t The unlt is manufactr.rred- by Elron Electronlc Ind-ustrles 
'

Halfa, Israel.

.|
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the i.ntegrat,ecl oi-r.Ì.pu'L c:ontains informa.'l;ion on Lhe type of

par''t,iol-e irirìu,cin¡5 the sci.nbi..ì laLion, a-nrj- Inûìas1lrerten.b of ihr,l

rj.setirne of' the pul ses cìeterni nes the 1d-entlty of the pa.r.i;i.cl-e.

'jlhe ra.te of cmission of t.ire phoi;ons front a.n exciberj.

scjnti-lLatc¡r can be described by a conibina.ti <:n of exponential

tenns , ea.eYr corresponcll-ng lo d.ecay froni ei-ther ¡¡. meta.stable

or rad.iati.ve sLa.te" The raLe of eroission of photoirs fr:onl

cominericall l\faI(Tl ) at l:oom terrtperatule fol..lolring galnmå.-

exoitatiori c.ail best be descr:i-tre<,:l by fou:: exponent:i.al. terms

(l"Ja11. and Ììou1s t,on (1964 ) )" The ti.me clist.r'ibu'bion function

for emittecl phol,ons (erci-ta'bion a'v t.=0) j-s

I+t
n(t) = .ã. A: exp(- 'ü. )i=l '' r

vrhere the Ai (AI = 600, AZ = 15, A3 = *300, A4 = *315) cleter-

mine the relative a.rnplitucles of ea.ch colnponent a.nd the

tr(tt = 200 nsec., T2 = B0O nsece ¡ É) = 6J nsec,, ÍU -= I nsec., )

are d.ecay coïìstartLs of excited s tates i.n t,he cr:ystal'. Al

and A4 are nega."t,ive, anð effect a f init-.e risetime itr the

photon emissi.on cul:ve. Assu.mi-ng eae.h sr:int:il lation cor-¡tains

a large nrr-rnber of phoLons so Lhat, sbatist,ical flu.ctu-ations

are smaf 1n a.ncl. negl ecting tj.rne-of-fl.i¡lht va.riation.s fo-r

el-ectrons in the photomultipl.ler:, the cu.rrenL flolving 1n the

phoi;omu1i1p1"1er and arriving; a.l' the anode is given by

l+

r(N) t\__,ri'
á
A B¡ exp (-
i=l-



T2,

The total charge contalned ln the current pulse is
0000 Af

1=1 voa- I I(t) ci.t = 81 exp( t
t1 )dr= h(81t1 )=åel

o

th
where Ql ls the charge contalneci- in the I

Thus ,

component,

I(t) =
4
ã
1=l-

RC11
T"i---ry17

al-,t
6 "*o(- q

Ab the anod-e, thls curren.t ls lntegrated. with time cons|,ant

RtCt, where Rl is the load. reslstor at the anode and C1 ls the

total- stray capacltance of the photomultlpller and the d-ynod-e

cha1n. The voltage pulse appearing at the anocLe 1s glven by

v(t) =
4
ã
1=1ui

a.
1 [""ot- äl - exp(- t/n1c1lJ

ln the case where (1 / Ecr, i = lrroe r ¡4¡

V(t) may be wrltten as the product of an amplltude anð. a

shape factort

v(t) = q v(t) = ve ' v(t)

Substitution glves

v(t) =
IJ

ä
1=1

1
R-C. ?l_r I'(q 
-- . R'cJ L t- äl - exp(- t/Rrcr)]a

a
exp
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Thus, lf the pulse shape ls lndependent of energy, the rise-

tlne of the voJ-tage pulse depends on both the integrating time

constant RtCt and on the rel-atlve amount of charge ln each of

the conponents.

For alkal1 hallde scintil-l-ators, vol tage pulses

correspondlng to gamma-induced. sclntill-atlons exhlblt longer

rlseti¡nes than pulses correspond.lng to alpha-lnduced scln-

tlLlatlons (fle, 3b)), whil-e photon pulses are lntermediate.

However, the risetlmes are practically ind.ependent of enelîgy,

and. are characteristlc of the partlcle lnd.ucing the sc1nt11-

lation.

The risetlme of the lntegrated voltage pulses can

be deter¡rined by"measurement of their zero-crosslng tlne

after RC dlfferentlation. The shape of the voltage pulse

after RC dlfferentiatlon wlth tlne constant RZCZ 1s glven by

*þl=L Y

exp (- tq exp(-;t¡-)
t'2" 

2V¿(t) = RIClRzC2 (ti-R2c2 ) (ti-R1c1) (Rzcz-RrCr ) (R}c2-tL)

exp(- fnr
(Rzcz-Rrci Xq:EtTl)

provld.ed. none of Þhe tl¡re constant" l_...14, RtCt, RZCZ,

are equa1. Thus, the zero-crosslng tlne depends on both the

lntegratlng and d.lfferentlatlng tlme constants as well as
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$0 nsee* TÞ:e genlne pulse shapes were obteåned. by ea3-*

euletåon umlng d"eta gf"ven by I,rlæ11 and. Rouleton (196fi),

Tlre alphæ pulse shapeæ åre epproxlmøtço
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on the shape of the scintllLation pulse. Pulses whlch have

dlfferent rlsetimes after lntegraùion wll-l have dlfferent

zero-crosslng tines after d if f erentiatio.n , (Fis, 3 (b ) ).

. Calcul-ations have been performed by Roush' IrJllsont

and Hornyak (196+ ) and. by FüIIe , vâtn6, and Netzband. Q965)

to lnvestlgate the effect of the RC tlme constants for

lntegratlon and- d.lfferenülatlon of the detector pulses. To

obtain, ad.equate performance of the pulse shape dlscrlminatlon

clrcuit over a wide range of pulse anplitud.es requlres care-

ful consid.eration of smalL pulses. The grad.ual slope of the

smaIl pulses as they cross zero enhances the spread. of zero-

crossing tlmes due to s.tatistica] fluctuations ln the ta1l

of the pulse. If T, and T, represent the zero-crosslng tlnes

for pulses correspond.lng to two types of lnc.ident particles'

then the abillty to separate the two types of pulse d.epend.s

on the nagnltud.e of (Te-Tf) as well as on the nagnltud"e of

the slope of the d.ifferentiated. pulses at the zero-crosslng

polnts. .

Roush, Wllson, and. Eornyak (l964) have d.efined. a

flgure-of-¡rerlt fot a partlcular set of paraneters as belng

the product of (Te-Tf) with the snall-er of the slopes of the

d.lfferentlaied. pulses evaluated at T, and Tl. Thelr caI-

culatlons, assuming two exponentlal components for NaI(T1)

(see fig. 4(b) ), Slve essentially the same results, as ühe

calculations and. experlmental resul-ts of f'titte , I4âtlnae,, and

Netzband- (1965), Zero-crosslng tlmes of gamma-pulses, cal-

culated. by the author using the four exponentlal conponents
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glven by hlall an¿ Roul-ston (1968), (see f18. 4(a))' do not

d-iffer appreclably from the resrÌlts of Boush, Wilson, and

Hornyak (1964), slnce the relatlve ampl-itud-es of the tvro

ad.dltional components aTe small

Calculatlons and. experlnents with oüher scintlllators

have shor¡¡n their ab111ty to d.lscrirninate belween dlfferent

particles, although bhe optfuìum values of tlme constants are

usually somewhat shorter ln the case of organic scintlll-ators.

(Roush, Idilson, and Hornyak (1964)t Legler, Attwen8êIr l{ay,

and eulttner (1965)¡ SouÚek and. Chase (1967)t Nad.av and-

Kaufnan (Lg65)),

Legler, Attwenger, May and Quittner (1965) have ob-

tained good- ¿iserimination belween ganma- and. neutroll-lnducecl
6

pulses by using this nethod. wlth a LiF( ZnS) scintlllation

counter, In thls case, the dlfferentlated pulses show large

dlfferences 1n zêro-c1'ossing tines, whlch facllltates thelr

electronic separation' A Schmitb trigger with a small

hysteresis was used. as a d.lscrlmlnator, glving rectangular

output pulses with a length correspond.lng to the length of

the lnput pulse at the d.iscrimination 1evel. Neutron-lnd-uced-

pulses usually gave longer output pulses from the schmltf

trlgger. However, al a glven d"lscriminatlon 1evel, there

were gamma-1nd.uced. pulses whlch were large enough to glve

longer output pulses than smal-I neutron-1nd.uced- pulses. By

means of a pulse length discrinlnator, all pulses shorter ühan

a glven length T{ere suppressed-, so t]nat only neutron-1nd.uced.

pulses were counted.
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Uslng scintlllators r,rhe::e differences ln pulse rlse..

tlmes are ninimal requires the use of more accurate electronlc

analysls. Roush, Wllson, and- Hornyak (1964) ampllfied. the

dlfferentiated. pulses and. applled- the slgnals to a tunnel-

d.lod.e, which was lmmed.1ately driven lnto lts hlgh voltage

state and. remalned in thls state untll- Just before the zero-

crosslng polnt of the pulse. The tunnel diod.e provlded" a

very stable base-llne along whlch to measure the pulse length;

thls base-line was, however, maintained at a small negative

voltage, glvlng rlse to some spread- in measured zero-crosslng

t1nes, especial-ly f or small pulses.

Bass, Kessel, and. MaJoni (l-964) have d.eslgnecL a pulse

shape d.lscrimlnalor fcr use in conjunctlon with a doubl-e d"el-ay-

llne clipped amplifier, The blpolar output pulses of the

ampllfler a.Te analysed. ln two channels! one for the positive

part of the pulse, another for the negative part. ¡otfi

channels have d,lscrimlnators which are set so that the errors

lntrod.uced by the finlte trlggering levels tend. to cancel.

The finlte triggerlng levels el-l¡rinate small- spurious pulses,

A variable d.elay with hish resolution ln the first channel

brlngs the two output pulses to coincid.ence for a certaln

rlsetime of the detector pulses, Appreclable d.lscrimlnatlon

between (nrp) aira (nrd) reactlons prod.uced. by neutrons ln

NaI(T1) and Kf(Tl) crystals has been obtalned. The measured

zero-crosslng time changes somewhat wlth pulse anplltudet

especlally for srnall pulses, llthough ùhis problem ls not as

serlous as wlth the clrcult of Boush, Wilson and Hornyak (1964),
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The meùhod. of Flille, Yéttné, and Netzband. (f965) f s

essentially the sane as thal. of Bass, Kessel, and. Majoni (L96t+)l

except that the outputs from the two channels are fed to a time-

to-ampl-ltud.e converter mad.e up from an overla,pping stage and.

an lntegratlng anpllfier.
A clrcuit using the sane princlple as that used- by

Roush, Wilson, and. Hornyak (f964) has .been used. by Nadav and.

Kaufman (1965). However, thls circult is electronically

much faster, and is probably capable of better separation.

The performance of the above clrcuits 1s lmpalred by

the shlft 1n measured zero-crosslng tlmes for small pulses.

Thls ls d.ue to the tact tlnat the zero-crosslng time is

measured along a d.lscrlnlnation l-eve1 whlch ls set at a snall

voltage. Souðek and. Chase (196? ) have d.eslgned. a. clrcuit to

red.uce thls Source of error. The clrcuit lncorporates three

tunnel d.iod.e d.iscrininators ' one for settlng an energy

threshold , one for marklng the lead ing ed.ge of the input

slgnals, anti. one for narking the zero-crossing point. The

first d.lscrimlnator 1s used to reject pulses of small

anplltude which could not be measured accurately' The second

and. thlrd. discrlnlnators flre on the lead.ing ed.ges and. the

zero-crosslng points of the pulses, and. thelr outputs are

connected. to a simple tine-to-amplltude converter. Thls

arrangement has the .ad.vantage that the second. and. third d.iod.es

are normally biased. off, They are unblased. to the sensitlve_

state, very near to the peak cument point, only a few

nanoseconds before recelving signals whose tinlng inform-

atlon ls to be extracted.. Good" dlscrlmlnatlon has been

l



obtalned. with thls'circuit used ln conjunction with some

organlc sc lntil-l-ators,

Johrrson (fg6g) has designed". a clrcuit havlng.two

ark the leading edge

and. the zero-crossing points. The outputs from these d,1s-

crimlna.tors were fed" to a time-to-pu1se-height converter.

The clrcuit was ad justed to operate v¡lth a threshold of 20rnv.,

and gave very good. discrimination wiùh pulses from a stilbene

sclnt1ll. ator,

L 2,3 Limltations of Pulse Sha.pe Discrimlnation.

Sabbah and. Suhami (tg6A ) have shown that, statisti-
call¡i the charge comparlson method is superlor to the zero-

crosslng nethod. below about 6OO kev,, because the zero-crosslng

dlscriminator has a finite ühreshold. Above, 600 kev. Lhe

two nethod.s are approximately equivalent. Thelr abl11ty to
d.iscriminate between two particles is l-irnited. by statistical
variations in pulse shape, bI variations of pulse shape due

to the superposltlon of sroall nolse pulses, and by el_ectronlc

varlations 1n the clrcuitry.
Howeverr the zero-crossing nethod ls slmpler tc use,

especlally when there are more than two dlfferent types of

partlcles present, slnce a slnple time-to-anplltude converter

can be used. to gene.rate an output pulse whose helght indlcates

the type of particle. Wlth charge comparlson clrcults, the

ouüput ls not constant with energy for a given type of

partlcle, and complex clrcuttry ls required at the output to

slgna1 unlquely the type of particle reglstered.
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The various neutroir orossl s,;ect:rous of Na. ¡rn,1 -[ can

be clirec'Ll-y stucliecl by using a l,ta.I(ifl.) scinlillabion crystal

as a tar:¡:;ci; for the incjcienb ne'.r.L,rons" Slnr:e njany diffeL:en'l;

reactions rnay occlrr sirnul.La.neous-1.y, the stucly of a. pa.r'ticts,l.ar

Tea.cij.on requ:i-.r:es a sys'cein whi-ch l'¡i.-l-l c'tisc::ininale be i;t¡¡een

d-iffei:ent; rea.ction,ol:od.ucis. fb i'¡¿r-.r hopecl io ccnsl;:r:ucL an

ef f icí ent pu1.se shape cl iscr:i-ninati on systorrt f or Ì{al. (T1 )

sc j-ntil-l,atol's, erttcì, €rlrentt-la.l I )¡ to ì.rsie 1;he avail al¡-le 1a-rge

9 7./2" by B )/)'r" llar (it'-ì. ) crysta-ì" f o:: studie s ¿'rt rreu'bron

energ3-es rrp Lo 45 tiev. ilor¡;ever, thj-s r^Jås noi ackrieved fo:r'

reasons ma.de otlvions belor,t.

2,I -lnstrurnenfation"

A 1." by I I/2" Harshar\' t{al(Tl. ) crysùa.l was lnou-nted

on an BC/\ 6 /+Ztt, photomu.l tipl.ier operated vriLh a non..1j-near

d-ynode chain and a singJ-e stage emitter foll ot,'er (see fig," 5),

The pulse shape d.i-,scri mina.'cion ci.rcu-'Lts usecl by

Johnson (L96e) and. by Souðek a.ncl-Cihase (796?) ge.ve accura.te

measlrr:ernenL of the zero-crossing time of differentl.a'cecl pulses

from organic scintil I abors. l,'ihen these cir'cui ts a::e usecJ-

with allcal.i ha-l icle scinti"ì la-t,ors o the lrta-ì.k due to the f inj.te

t,ri.gger:-ing 1eve1s of the tr¿nnef d-iode cliscrirnina.tors becomes

a serious pr"oblem, because of the sl-olver rise ancl clecay of the

scin ì; j.l-lation pulses.

The cj-rcuit siven by Souðelc anc.l Chase (1967), de-

scrj.becl in the pr'evi.ou.s cha,pler, seerried to be nore suitable
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for use wlth a NaI(T1) crystal-., since |t lncorporates an

ad.d.ltionaÌ d.lscriminator to set the threshol-d. requlrenent.

The clrcult diagram. 1s shown ln fig. 6,

From fig. 4(b)r the optlmunt value of both the ln-

tegratlng and. d j-fferentiatlng time constants ls about 0,5

fsecr However, wlth these time constants the s,lope of the

d-lfferentlated. pulses was small- at the zero-crosslng polnf 
'

and wal-k ln the measured. zeTo.,cl:osslng tine severely 1lmlted

the d.ynamlc range of the unlt. It was n(?cessary to lncrease

the slope of the zero-crosslng polnt anð. at the l.ead.lng

ed.ge by d.ecreaslng the value of 'l¡oth tlne constants. The

clrcult was flna}]y used. l¡1th an lntegratlng tlme consLant

of 2J0 nsec. at the anod.e, and a differentlatlng time constarrt

of less than J0 nsec. ln the pui"u shape d.lscriminator.

In order to callbrate the pulse shape dlscriminator,

"n A*241 alpha source was mounted direct-l-y over a ;- 16" hole
r/

drll]ed. ln the crystal câsl.ng and. a Co)o gaürna source was

placed- near the crystal. The mlxed. energy spectrun of the

sources ls shown ln fi.g. /. The detector pulses were taken

to a slngle channel analyser (SCA) and. the pulse shape d-ls-

crlmlnator (PSD). The PSD output, gated by the SCA output,

was taken Eo a multlchannel analyser. Flg. B shows the

output of the pulse _shape d.lscrlmlnator for alpha and. Sanma

lnput pulses of glven pulse height. The output ls shown

as a functlon of pulse helght rather than energy, slnce the

changes ln the measured zeTo-crosslng tlne at 1ow and. aL

hlgh pulse helghts are lnstrumental, and are not d'ue to
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g;ctval changes ln pulse shape.. The change in output above pulse

heights of about 5 volts ls d.ue to l-imlting ln the translstor

ampllfier T-1 preced-lng the d-lfferentiator. The change ln out-

put for pulse heights below L5 vol-ts 1s caused. partly by

d.elayed- and. uncertain firing of the threshold Èunnel diod-e

¿lscrlminator as the pulse heights tencl toward. the threshold

pulse height.. This causes a d.elay ln the firlng of the tunnel

d.locle d.lscrirnlnator narking the lead.ing eclge of the Þu1ser

I hlhen the hlgh 'voltage applied. to the phototube was

lncreased. or d.ecreased., pulses wlth the same pulse height

but correspond.lng to a d"lfferent energy, Save the sane output,

except that the full- wid.th at hal-f maxlmum was small-er for the

hlgher energy pul.ses, since statlstical fluctuations in the

pulse shape become less lmportant. In thls wâXr no slgnif-

lcant change ln the sclntillation pulse shape was observed

wlth energy, although the zeTo-cTosslng tines of hlgher

energy pulses appeared- to be conslstently, but not slgnif-

lcantly shorter than lower energy pulses with the sane

amplttud.e. Suctt a change ln pulse shape' lf lt exists'

would. be consistent wlth the mod.el of l,lall- and. Roulston (1968).

A block d-iagram of a spectrometer lncorporatlng the

pulse shape discrlnlnator ls shom ln flg. p. The PSD out-

put 1s gated by the output from a SCA in paraLlel' allowlng

selectlon of P.SD outputs "o"tu"pond.ing 
Eo a given range of

lnput pulse helghts, fn thls wây, all lnput pulses äre

recelved by the pulse shape d.lscri¡olnator, but with as lltt1e

d.lstortlon as posslble. The second SCA was used to select
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the ran1e of PSD outputs correspondlng to a glven type o-f

partlcle. A nultlchannel analyser was gated. by the output

from the second scA, and coul-d. thus be used to obtaln the

spectrurn of one type. of particl-e in the presence of other

particles.

2,2 er1¡nental Results

From fig. B, the pulse shape d.lscrirnlnator output

for a glven type of. pa::tic1e 1s constant 1tr the pulse helght

range 1.6 to 4.6 vol-ts. 'Thls glves a dynarnlc range of 3 to 1'

Accord.lng1v, the flrst scA of the spectrometer arrangement

({re.9)wassettoacceptpulseslnthisrange.Dlfferent
parts of the enel.gy spectrum ÏIere analysed. by varylng the

hleh voltage applled- to the phototube'

Flg. 10(r ) shows the d.irecl PSD spectrum obüai.ned.

wlth trre em241 and co56 sources. The hlgh voltage was such

that the pulse helght ran8e accepted. correspond-ed- to the

energy range 0.8 to 2,2 ,\ev, If the second. scA sel-ected

all pulses wlt?r a measured. zero-cl'osslng tlme less than

210 nsec. âs belng alpha-1nd.uced. pulses, thls would' resul-t

ln a g?% aceeptance of actual alpha pulses with a ganma re-

Jectlon of gg,31", At hlgher energles the resolution of the

two peaks lmproves, slnce statistlcal- fluctuatlons ln pulse

shape are less, and. better dlscrimlnatlon is achleved. between

alpha- and gamma-lnd-uced pulses'

Fi8.. 10(b) shows a portlon of the ungated' 4n241

spectrum, and the gated spectra obtained, wlth elther an
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alpha oy a ganma identifyit'rg slgnal-n In this case, al"l pulsc-:s

with measlrrecl zero*crossing times less than 2L6 nseeo r;vere

id-entified as al-pha*i-nduced pulses, and all pul-ses with

measured" zero*crossi.trg times greater than 2ì6 nsec. r^rere

lclentif ied. as gamrna-ind.ueecl pulses " Not all alpha- ind,riced.

pulses were suppressed in the energy spectrum obtained- with

the multicha.nnel anr,r.lyser gated by a gamma^id.enti.fying

signal, Due to sta.tlsùlcal fluetuations, nore than l/. of the

alpha'pul-ses have neasu::ecl zero--crossing tlnes greater than

2]-6 nsec,

Irlg" 1.1(a) sholvs the direct PSD spectrum of a l,Tn
54

gamrna source" The peak at J00 nsec. j-s pulse dlstortion d.ue

to pile".up, Decreasing the countlng rate caused a. relatlvely
greater red.uctj.on of tina.E peak compared- wlth the .tru.e gamma

peak at 230 nsec.

Fig. ll(b) shows the 0.84 Mev. gamma peak froin 4qn54,

together wlth the energy spectra o'bta.lned with the arralyser

acceptlng only pulses wlth zero-crosslng times either longer

or shorter than 272'nsec. the pile-up pulses have a broad

peak at a hf-glrer energy tlna.n the main peak. rn thls case,

onl.y about BJ/" of the und"ist,orted gamma puJ-ses are accepted

by the system, due to dead-time effects in the slngle channel

analysers.

F1g..12 shorn¡s the neutron cross seetions for the
(nrd ), (n, t), and (n,p) reacllons o' Nr23 rr',c rI27. No data

weï'e found on the cross sectlons for the rr27 (n,d) and

rL27 (n,p) reacüions at. neutron energies beLow 12 Mev. rr.,u

cross sec.tions for lnelastic scatterlng of neutrons are not
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shown. Other posslble reactions are reactlons ylel-dlng more

than one partlcle, whlch general-Iy have high threshold.s and.

Snall cross sectlons at neutron energles below 20 Mev. (for

example, the ur23 (no nd) reactlon).

The neu-tron souree avail-able was u ct252 flsslon

source emlttlng a total of 4.1-03 neutrons per seeond.. FiS l-3(a)

shows the neutron energy spectrum front Cf252, It was calculated-

that the source, placed axially 2 lnches from the cyllnd.rical

NaI(Tl) crystal, would. glve aPproximately four Wr23(n,o() and.

three ¡¡u23(nrp) reactions per second.

the energy spectrum of alpha partlcles from N^23(n,d)

and- rI27 (nrc() reactlons for 14 Mev. neutrons has been glven

by B1-zzeEI, BizzetT-Sona, and. Bocciolinl (1962), The alpha

spectrum exhl.blts a lairly broad" peak at about 4 Mev. From

these results, the alpha spectrum from the Wu23(n,d) reactlon

wlth neutrons fron the Cf252 source shoul-d have .a peak below

1 Mev. However, attempts to obtaln dlrect PSD spectra show-

lng the presence of alpha-lnduced. scintlllatlons 1n fhe energy

range 0.4 to 1.0 Mev. were unsuccessful. Althoug6 a one inch

thlckness of lead was placed between the source and the erystal

to absorb garnna-rays eTltted fron the source, the PSD spectrum

(see flg. 13(b) ) conslsted. of a single peak at 233nsec',

1nd.lcat1ng the presence of a large number of gamma-lnduced.

sclntlllations (from lne1astlc scatterlng and. (nrÜ) reactlons)..

Thls peak was broad. (¿ue to the large statlstlcal fluctuatlons

ln the pulse shape at low energy) and would, conpletely nask

the presence of the relatlvely snall alpha peak expected from

our calculations, lf lndeed such a peak were present. No
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slgnificant peak corresponding to alpÌra-ind.uced puls.es was

found. in PSD spectra for energy ranges up to J Mev.

Fig. f3(e) sh.ows the PSD spectrum obtalned in the

gaûi:rra-energy range 3 to B lvlev. The small peak at 20p nsec. was

not red.uced by placlng one inch of Jead. between the source and

the erystal, while 'the ganma peak at 233 nsec¡ Ï'Iâs red-uced. by

a factor of two. The peak at 209 nsec. is probably drte to

proton-1nd.uced. seintlllations arising frorn the Il27 (nrp)

reacti'ôn (Q = +0.1 l4ev. ) whlch would. be expectecL to yleId.

protons 1n tlnat energy range. The very l-ow countlng rate macì.e

lt lmpractical to obtaln an energy specü{um of the pulses v¡ith

measured. zero-crosslng tlrnes less than 215 nsecr

An alternativê source of neutrons was the large neutron

flux prod.uced. in and. around- the (p,2p) expe:'imental- chamber dur-

1ng operation of t;he J0 ivlev. proton cyclotron at the Universlty

of irfanltoba, However, direct PSD spectra obtalned. ln energy

Tanges up to 20 l4ev. gave only the characterlstic gamma peak

and. falled to shovr any signlflcant pealrs comespondlng to

elther alpha- or proton-lnduced scintillations. thls 1s

attributed. to the large fl-ux of hlgh energy gamma-rays from a1l-

dlrectlons, and to t!" presence of large numbers of neutrons wlth

energies below 5 l{ev. belng inelast1cally seattered or givlng

rise to (nrY) reactions ot N"23 and. fI27,
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CHAPTER TIT

CONCLUSTONS.

The maln problem which arises ln pulse shape dls-

crlmlnators of the zero-crossing type, used. with alkall ha]ld-e

sclntlllators, is the walk with anplltud-e due to the flnite
threshold of the lead-ing edge and. zero-crosslng discriminaùors,

Thls walk oecurs with a.l-l puþllshed cLrcuits, but does not

lead lo serlous d.ifflculties wlth most organlc and some in-
organic sc1nt1llator puJ-ses, whleh generally have fast rise

and decay times and conslderable dlfferences in pulse shapes

for d.lfferent lncident partlcles" l¡lith alkal1 hal1de scln-

tlllators, the dlfferences ln pulse shape for different in-

cldent particles ar.'e much less, and. to make the nost efflcient
use of thls lnforrr¿rtlon requires the use of long integratlng

and dlfferentlatlng tlme constants. The d.lfferentlated pulses

then har¡e small-er slopes at the zero-crosslng point whlch not

only lead.s. to uncertain flring of the tunnel d.lod.e, but also

means that a snall- change 1n amplf-tude produces a large walk

ln the measured. zero-erosslng polnt. Thls ls a serlous

problem r¡rlth small pulses; with large pulses thls walk ean be

offset to some extent by walk ln the leadlng edge d.lscrlmlnator.

In clrcuits wlth Just the leadlng edge and zero-cross-

lng dlscrlmlnators, the threshol-d. settlngs of these d-iscrimln-

ators can be üsed to ellnlnate nolse pulses. Howeve.r, snall
pulses Just above the threshold v.r111 trlgger the d.lscrlminators.

Usual,ly the zero-crosslng tlmes of such pulses are lnaccurately

measured, d.ue to uncerüaln and. delayed flrlng of the tunnel

d.1od.es.



The clrcurt gtven by souðek and chase e.g6? ) tncludes
an addltlonal amplitude d.iscrtrninator to reject smal] pulses.

The leadlng ed.ge ancì- zero-crosslng dlscrimlnators are normall_y

blased off, and. are unbiased by a slgnal. derlved. fron the

ampllbud.e dlscriminator. However, with the clrcuit used. ln
the present stud.y, -it has been found. necessary to set the

threshol-d of the leading edge and zero-crossing d-iscri¡linators
at over 1Oonv., thus d.estroylng the advantages ofthis arrange-

ment. The hlgh threshol-d settings are necessary because of
the dc coupling betvreen ùhe tunne] d.iod.es. souúek and. chase

(1967 ) do not state the threshold. settlngs used. with thelr
unlü. However, threshold. settlngs up to J0onv. would not
serlously affect measurement of the zêro-crossLng tlmes of
pulses wlth fast rlse and. cì.ecay.

The clrcuit glven by Johnson (]?68) has only Iead.lng

edge and zero-crosslng discrlmlnators, whose threshold.s could-

be set at 2omv. This would. appear to be as low as ls practlcal
¡rtth tunnel diod.e discrlmlnators. Thls cireuit would" probably
glve very good- dlscrlnlnation with pulses; from a Nar(T1)

sclntillator 1f the dlfferentiated. pulses were anpllfred so

that the slopes at the lead.lng edge and zero-crossing polnts
?rere considerably increased.. rt d.oes not, matter lf thls
atnpllfied purse ls al]owed. to llmit, as with the c1¡cult of
Roush, !'lllson, and Hornyak (1964), Snall pulses could best
be ellninated by a d-iode gate at the lnput of the pulse shape.

d.lscrlninator, contro]led. by a dlscrlmlnator ln para11e1 wlth
the l1mit1ng anpllfier (see flg. 14). Thls arrangement would.
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be more sultat¡le than the clrcuit given by Sou8ek. and. Chase

(tg6Z ) because lnteractlon between the tunnel d"iod.es ls re-

duced to a mlnimum, and lt woul-cL practlcai.ly eliminate the

tine-slewing with amplltud"e d-ue to the finlte trlgger leve}.s

of the d.lscri¡rlnators. fn addltion, the llmj.tlng araplifler
would a1low the use of longer integratlng and ci.lffe::entiatlng

tlme constants ùo optinlze the dlscrl¡rlnatlon avallable

wlth a NaI(T1) scintillator.
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