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ABSfRACI

A ganma-gãnma coincidence and 11-position

engulan correlation spectnometer capable of automatic op-

er.ation is described and tested. In the decay of Se75,

garana spectna ln coincidence with the 122 kev and the weak

199 l¿"ev gaÌnna rays trave been investigated by a fast-slor^r

coincldence te chnique (2¿ = 70 nanoseconds). A garuna-

garnma angulan correlatlon run is per.forrned on the 199-66

kev cascade and the value of $ for the spin of the 199 kev

level in ¡"75 i" substantiateat. Fina1ly, some features

of the higþ-energy ( > h02 kev) region are described.
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Ci,"pte:_l_:-

INTR0DUCTToN

A fundamental purposo of nuclear. physiòs studies
is the obtaining of i.nformatlon which wil1 make it posslble
to undorstand the elemental basis of nuclear. structurèo
Such an understanding is absolutely necessary if man desLnes
to util-1ze fulry the potentialities of tho atomic nucleus,
eithor as ar¡ energy source ola as a means for providing
knowledge that r¡i.r-l contributc to thc onrichment of human

life.
A theoretical treatment of nuclear structure

is considerably more complex than a corrnesponding treat_
ment of atomic stnucture, pnimarily because the basic lar¡
of nuclear force still remains, to a gr:eat part, a mystery.
l,rli th the advancement of thc quantum thcony c alne aÌt ess_
entially comploto soluüion to the atomic problem sinco tho
only difficulties met 1ay in the application of quantum

mechanics to systems governed entirely by tho well known
la¡,¡s of electrodynamics. However, v,re have only the very
bar"est phenomonological picture of the forces acting b€t_
ween nucleons. Tn fact, there is even d.oubt as to whether
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r,Ie ca^n Justiftably regard the nucleons as eLement,ary part-
icles. Consequently, althougþ t}.ere has been gatherod, an

abundance of data a.r¡d facts about nuclei, wo have as yet
been unsuccessful in our attempts to unite the facts into
a consistent theory of the nucLeus. fJe can merely describe

various approaches to the problem, indicato the extent to
which they have been successful, and also point out where

fhey have broken down.

Historically, Becquei:elrs discovery of nat-
ural radioactivity in 1896, an indirect consequence of
Roentgenrs discovery of x-rays several months earlien,
marked the birth of nuclear physics. Subsequent invest-
igations divided the radiation into three distinct types
now known as alpha, beta and gâïma rays. In 191 1 Ernest

Rutherford laid the foundation of the modenn theory of
atomio structur:e with his classical papêr in which he pos-

tulated that the atom consi_sts not of a unifor.m sptrere of
positive charge (J. J. Thomsonrs plum-pudding mod€l), but
that all positl"ve charge is concentrated in a relatively
sma1l region at the centre of the atom. This region was

later calted the nucleus of the atom. fn 1919 Lord Ruth-

êrford br.oko up centain of these atomic nuclei and 1n 1934

Joliet and Curiê shoüred that some of these artlficial



nuclei r^rere thêmselves radioactive, thus initlating an ent-
irely new branch of researcLr. Further studies have stnongly
pointed to tho existence of energy level-s r^¡ithin the nucleus
itself, just as spectroscopic investigations showed the exis-
tence of atomic energy leve1s. This thesis ,will be con-

cerned with a brsnch of nucl_ear spectroscopy, which is gen_

erally concenned with systemati.c arrangement and identifi-
catlon of the aforementioned nuclean energy 1evel_s.

In particular, r{e consider geïnra ray spectros-
copy. Gsmma rays eÍe electnomagnotic radlation emitted from

certain atomic nuclei due to somê type of re amangemenü wÍth-
in ùhe nucLei leading to a l_ower ênergy content. Unde¡: the

suppositÍons that there ar:e a number of discrete onergy
levers within the nuclêus and that o'drnarily a nucleus is in
the ground state, we consider the cincumstances which must
prevâil i.n onden for a nucleus to exj.sù in an excibod state.
Experimental-1y, we find that alpha emitters exhlbiting dls-
creto alpha spectra are also gamma emitters, and. similarly
beta emitters are often gamma emitters. Subsequent energy

measurements of the various radiations, togethen with the
theory of beta decay¡ indicated that gamma emission is a

result of a product nucleus being left in an exolted state,
i.e. ¿ nucleus in its ground stato cannot emit any gcútma



radiation, so gamma decay occurs only as â consequence of 
l+'

those instances of alpha or beta emission, or electron cap-

ture, where the product nucleus is lefü i.n err excited state.

A nucleus can also be excited in a scattening experi-ment, in
which case it will emit g arnma rays if the degnee of excit-
ation is insufficient for it to emit a particle. This im-

plies that the last stages of most nuclear reactions involve

gamma emissions.

Gernma ray spectroscopy provides a maJor source

of know]-edge of lovJ-lylng nuclean ener,gy leveLs. This follows
from the fact that gamma. rays carry âway angular momentum

and- explain changes in angular momentum, parity, and onor:gy

betr¿een bhe excited levefs of a nucleus. Var"ious specialized

experimental techniques involve variations of what is refer-
red to as th.e coincidence method, first introduced by Bothe

end Geiger ín 1925. One obser:ves two or more ionizing events

as cletected by two or more respective detectons, which events

have taken place within a predetermined time lnterval . In
particul-ar, r^¡e shall apply the coincidence method to gamma-

gsnìna angular correlation studies lrherein we shal1 record the

coincid.ence counting rate of two stì.ccessive gamma nays as a

function of the angle between the propagatíon vectors of the

gannna rays. Such a measurement enables one to calcuLate,
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wrder favorable circumstances, the angul a:: momenta of th" ""í-
evant energy levels.

.A paÍn of NaI(TI) scintillation spectr.ometers

served as the detectors in the coincLdence and angular cor_

relation r¡ork. lt¡e sclntillation counùer is discussed in
the followlng chapter.
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Chapter 2.

Gamma ray spectnoscopy is vitally dependent on
accurate deùe¡minations of the gamma energies. However, one
cannot, in genenal, use the seme princíples ln gamma energy
determinations as ar.e used in energy determinatlons of charged
partlcles. In the f!.r,st placer g alüna photons ane uncharged,
thus ruling out magnetlc spectr.ometer met¡Ìods. Secondly, the
absorptlon of gsÌnma nays by matter. tales place not in a con_
tinuous fashion as does absorption of charged particles, but
rather fn a ryes _ nor process Ln whlch aborption and scat_
tering occur" in single events. This implies that in observ_
ing a well collimated. beam of ganma trays incident on some ab-
sorber, the colli.mated gamrna rays which nemaLn unaùtenuated
have experienced vL¡:tually no absorption nor: scattering, and
conversely, any ganÌìa nays which have expenÍenced elther ab-
sorpti.on or scattering will be removed from the beam. i.e.
Thene Ls eithen complete attenuation or none at all. Obvious_
1y this nuLes out energy detenminations based on range meas_
ulrêment s .

Te chnique s

be based on interactions
in gamma energy deter¡ninations must
betr^¡een ga¡ma rays and måtter and 1t
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is found that the most slgniflcant of the possible inte¡ractions
are ì;he photo-electnic effect, the Compton effect, ånd. pai¡l
production. Itre deflnltions and discussions of these inte¡¡-
actions can be found in many books on nuclear physics srid in
many theses (1), (2), (3), (l+).

Since the end. of ldor1d hrar fI there have been

many notable ad.vancements in one of the eanliest techniques of
partiole detectlon: This technlque depends on the fact that
certaLn materlals scintillate on exposurê to nuclear" nadiations.
fn pa::ticu1ar, if a ganma r" ay is lncident upon eertain crystals,
a rathen complex process takes p1ace, involving the inltial for-
mation o{ a¡l excited electnonic state of a small reglon of the

crystal . TLrLs excess energy ls pr.omptly emitted as a very small

flash of 1ight, a scintlllatlön.
Befone rhe .t93ors nuclear physlcists h"d 

"ål++ï3ü:
um-tube ci:rcuits to sinplify the counting of electrical pulses,

and the scintiLlatlon method, involving wearisome visual oount-

ing and rêconding, was the sole mêthod of alpha pantícle study.
i{ith the advênt of vacuum-tube clrcuits and the Oeige$TÏüe, tt¡e
scíntillation method felL lnto disuse, but two developments

in the rnid-191¡0ts halled lt back into popula:rity where it has

remaLned. even since. FLrst came the discovery of rrphosptrorsrr

which not only scintittated on êxposure to nadiatlon, but which
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rdere transpsrent to the light given off. Thls meant that one

could use large volumes of these rrphosphorsrt and thus enJoy an

absorption effiolency far higlrer than over befor.e possible. A

second obstacle to be ovencome was the fact that a single scin-
tillation ls too feeble to be measured d.irectly. The develop-

ment of sensitive, efficlent, htgþ gain photonultiplier tubos

(f. ¡t. tubes) solved this pnoblem.

Currsrr and þeker (5) in 19$4 used a ZnS screen

and en RCA 1P21 P. M. tube, connected to an oscLlloscope, and

detected 2 Mev alpha particles. Marshall and Coltman (6), (Z),
(B), tn 191+7-l+B used a P. M. scintil-latlon detêctor r,¡l th a

well-designed optical system to detect and count alpha pant-
icIes, protons, fast el-ecürons, gsnna rays, x-rays, and neut-
rons. fhe maLn incentive to the scintltlation method r^ras pro-

vided. in 19\7 bV H. Ka}lmann(p), who used a Ia:rge clear crys-
tal- of ney'ùhalene as a sclntlllator, and detected scintlIla-
tions by beta and ganma rays r.¡ith a P . M. tube . In 1 glr8 Belt
(10) found thaù c¡rystalline anthracene is even better than nap-

thalene, giving pulses flve tlmes as great. ft was then dls-
cover:ed (11) that there exists a class of scintlllator"s, i.n-

organic substances, r,¡hi ch do not scintillate in the pure state
buË which scintil-l-ate strongly when rractivatedl with a certain

substance. In particulen' Hofstadter (11) used thalllu¡a-ac-
tivated sodlum iodide crystals which produced pulses even
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greater than sr¡thracsne, and the presence of ùhe heavy elernent

iod.ine ¡nade NaI(TI) onystals especfatly useful for gamma nay

detectíon. This foll-ows bêcause the higtr density NaI l¡as a

rer ari.very hish s roppins power r.å"ÈHJ'llfi*1";tïi;f ï,ffÍTii"
a higþ absonption efflclency. A 1950 report by Mcrntyre and.

Hofstadter (12) succeeded Ln establishing the NaI(Tl) scin_
tiLlation spectnometer as an ind.lspenslbLe tool in gamma nay

spe ctrometry.

Briefly ctescribing the openatlon of a typical
scinüiI1ation spectnometer, r^re have finst the production of a

scintlllation descrLbed earlier ( p. Z), fol1or^red. by a photo-
electric ernission f:rom the cathodê of the p. M. as the feeble
flash of light inplnges on it, and finally the multiplication
of the photoelectrons by second.a:ry emission in successlve

stages until a measurable cunrent is prod.uced..

0n examination of the output pulse fnom NaI(T1 ),
it Ls found that lts slze is very neanly in dlrect proport{on
to the ene¡rgy of the incldent gaïmìa ray. It ls intenesting
to look back and see Ìror¡ this question of 1Ínean5.ty was fln-
ally settled. tn 1950 pningle and Standil (11) published a
paper in whlch they rêported, almost as an afterthought, a

small degree of non-linearity in the scintillation response

as a functíon of lncident gamma energy, for Er41!O kevl The

nature
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of the deviation was such that if E, is the abscissa, then the

slope of the cur"ve increased slightly end gradually frorn Er..-,

1lO kev to E¡0. Theie arose an inmediate storm of nefuta-
tions fr.om dLffer"ent research groups (11+), (15), (16) , (17),
(18), v¡ho all claÍmed to have obse¡ved absolute linear:lty at
least d.own to 1 kev, thus suggesting that the reported non-
lineanity (13) was due not to the cnystal but rather to the

accompanylng electrónlcs.

Since that tlme however, tlre result of pringle
and Standll has been confirmed by msny researchers (i9), (20),
(21 ), a¡d in fact the author has observed the effect, about
which mone will be sald laten.
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Chapter 3.

THEORETIqAI, C 0NSIDERATIONS

3.1 Emission of Gamna Rays

Multlpoles:

Details of this can be found in Seg¡:e (22).

The electric and magnet,tc fteld vectors g and g can be shown

(23) to be expnessibl-e as an expansion in terms of multtpole
components fo:r outgolng r^raves. perfonming ùhis expansion

yields two distlnctly d.ifferent types of terms, called. eJ-ec-

trlc and nagnetlc multipole components. Classically this
cornespond.s to separating the nadiation from s ome systern of
charges and cunrents lnto dlstincü types, depending on theln
angulan distributions. euentum mechenically, f.t cor:responds

to c3.assifying the ernltted gannna rays accondlng to the am-

ount of angulan momentum I;h they carry off. Sevenal differ-
ent angular momenta lih may be possible fon a given gamîa en-
ergy. L, can ta}6 on only posltive integnal values, antt L=0

is for.bidden due to the transvorse nature of electromagnetlc
waves. Ihe component multipoles ar¡e specified by their ord.er,

2L, so that L=1 cornespond.s to a 21 -poIe, f.e. a dipole. Fur.-

ther, if the parlty happens to be odd, then the radiation is
refer.red to as E1 radiation, electric dlpole radiation. If
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the parity is even, then the radiatLon is denoted by Ml , mag-

neùic dipole radlation. fn gener.al, it is found ühat the pa.r-

ity change atlor¡ed equals the pa:rity of the magnetic field, so

E(L) tre¡sttLons cor"respond with par'ity change s (-1 )L and M(L)

tr"ansitions corr.espond with parity chengês (-t ¡L+t. This nule
negardlng the perlty cl'enges is a consequence of the fact that
the paríty of the wave functlon of the entlre system, vrhich

inolude s radiation as well as nucleus, must be conserved.

Selection Rules !

If Ji and. Jf are total nuclear angul al, momentum

vecùons of inltial and final states respectivel¡rr and lf L ls
the angular momentum car"ried off by the gannna quantum, then
conservation of angular momentum demand.s that

lJi-Jrl< r., < Ji+Jf .

The rules regarding the pa:rities of the states
cen be written as

Ír'fr = (-1 )L fon an E(L) poler

"¡ra 
f ¿'Ír = (-l )L+1 for an M(r,) poler

where f = +1 corresponds to a state of even panlty and f = -1
connespond.s to a staùe of odd pa:rity. Hence Ír.fiþ = -1 1n-
lies a panity change ln the trensition.

ln considening tra:rsitÍon probabllities, lf it
is assumed that the nucleâr radius R is much smallen tha¡ the
de Broglie wavelength ?[ of the e¡nitted gamma photon (i.e. E<i),

1
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then it tur"ns out that only the multipole components of lo¡¡e st
order w111 contribute appr.eciably. The assumption is good for
most cases considered, so ft is usually sufficient to oonsider

only the lowest multipole ot'der of each kind of radiation.
Mone explicitly, tf fi.ff = 1-1 ¡Jt-Jf, then only

E( lJf-Jft ) an¿ u( [¡i-¡cl +1 ) nadiatlon need be considered., where-

as if 1|i'fr = (-1 ¡Ji-J3+1 , rh"r, only M( lJi-¡¡[ ) en¿ n( þ1-.r¡[ +t)
radíation ane likely to be lrrportan!. Furthermore, ln the fon-
mer case, r,¡he¡:e the electric component is of lor¡¡er order than

the magnetlc componenü, the electnic nadLation generally ec-
lipses the magnetic contrLbution. Such a transltion is label-
1ed a rtparity-f avored transitiontr, s¡hi1e in a rrpanit¡r-unf avored

t¡ransl-tionrr the magnetic component is of lower ond.er than the

electnic and the magne tÍc contribution 1s usualJ-y at least as

impontant as ls the electnlc.

3.2 Garnna-Gerûma Angqlar Corlrelation

Ge¡¿na-Garulra Directf onal Correlations :

A considerably more general and exhaustive treat-
ment of angul ar correlatLon of nucle a:: rad.iations is presented

by Bledenharn and Rose (21+), and in Siegbahn (25) an¿ Segne (22).

Only the basic pninciples involved and the majon nesults re-
quÍred. to intonpret ùhe ore ticaì.Iy the particula:r ar¡gular cor-
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relation wor.k ca::rLed out by the author 'w¡lI be presentod h€re.

The term rrangulan correlatlonrr refers in genenal

to both directional oorr€latLon and polarization correlation.
The former allor.rs determlnation of only ( sorne of) the engul ar

momêhta of the pertinent nucLean energy levels s¡¡d that of the

emitted radiatlons, while the latter. also enabLes one to deter-
mine the nelative panities of the leveLs ÍnvoLved. This thesís
wtIl be concenned strictly with dinectional conreLation in

3ha1+ furÈher re st +s-+e-4.i+€+tion-då+ee*,Èen

double cascades on ly.

Considen a simple d.ouble cascade, as illustrated
below, where the initlal state has angular momentum J4, the

lnter"mediate state Jp r and the final state Jr. Also, let the
f irs t qualtum cany off angul ar momentum L., and tho sê cond

quantum Lu. Then, from the selectlon :ruIes, it can be said
q

Jç

JY

0f special intenest hene ís the nelative prob-
abillty w(e)dfl that quaritwn d enter.s a solid angle dO at an

angle ê with respect to guanturn ç. Erperimenüal1y, it ls the
detectors which each subtend a solld angle dfL at the centnal-
Iy located source, and the detectors e¡e at an angle e one

ld -¡ol < L( < Jd +JÞ

e¡d l¡s -¡rl < Ld < Je +Jü
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from another, W(e) is the correlation function. Ideal1y W(€)

represents the coincidence nate between quanta ( r"d d for
the angle ê. HoÍrever, the source is not a point and. the sol_1d

angles are not inflnitesirnal, and thus thê experimental coin-
cLdence nates are merely averages of W(e) oven angles 0 vary-
3.ng about tlre angle between the axes of the two detectons. fkre

necessary oor.rections .will be mentloned later.
' FoLlowing Segne (22), aften considerable man-

ipulatlon and simplifLcation the resul-t obtalned for the the-
onetical connelation function is

w(e) = Ëi o.*tr"(cos€) wlth Ao=J

= const. ff rrrr"o""a with Bo=1

wher.e P2r, is the Legendre polynomlal
L

p2r, (cos€ ) = l*[_l =yzrro (e)
\triTî/

and. nm* is the smallest of the numbers Jg, Lj, L, (if JU is
half intege:r, neplace it by JU -å). The coefflcients a:re given

by

A2n = F2¡¡ ( LU Jo Jn )F2r, (to .lo .lu )

where tr'2¡ srâe expresslble by Clebsch-Gondan coefficients 8l¡d

Racah coefflclents and are tabulated in Segre (22), pp. 380-383.
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GeometnLcal Conne ctions :

The conrections employed to a1low for the finlte
length of the source and for the finite solid angles subtended.

by the detectors are essentially those devêloped by FeingoÌd.

end Frankel (26) tn the section headed rrAxLal Sour:ce Corrêc-

tions for Cincular Detectorsrr. For corr.ections due to the fin-
ite radlus of the source the r.eader ls r"efer,red. to Manning and

Bartholo¡ner¡ (2?). They claim that to a flrst approxirnatlon the

flnite nadius intr.oduces a sma1l negative P2(cosê) terrn into
the observed conrelatLon function. Specifically, for a source

one lnch l-n dLemeter and four inches from the detector, the co-

efficient A2 ls replaced by (Ae-O.02) for a distnLbution nor-
malized to unity at 9Oo. For a source one half inch ín diam-

êtêr and four inches from the detector, A2 is replaced by

(Ae-0.005). fn gene:ral it is found that the correctlon depends

on ùhe squar€ of the radius of the source. Thê author used

sources only 0.08 inches in r.adiuÊ, (1.e. about 0.16 inches ln
diameter.) and a sour:ce -to - crys tal distance of about four inches.

Tlre error invoÌved was thus extrernely smeìLl ând in fact quite
negligible as compared with the solid angle anct finlte length
corre ctlons .

Íhe following ls a bnief outline of the flnlte
souro€ and solid angle corrections based on reference (26).
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Later, in sec. !.14, the conrections I will be applied to a par-
tLoular experLment .

Let êo be th6 Length of the line sounce and 1et

ro be the distanoe fr"om the cent¡re of this axlally pLaced source

to ttre centre of the cLrcula¡ crystal face. Also, suppose the

crystal has diameter rra'r.

1lhe artiole (26) gives the true point-point cor-
¡relatlon as

w(ê') = Ery a1p1(coso,) ............. (1)

whioh, aside from a factor [!., i" ldentical with the êxpres-
â6

sion for the correlation given ea:rllen in this sectíon, whene

A, = $ a2 and A4 = 9al+ . The experimental oornelatlon iE then
âo

given as

ir(€) = rE ffi hrPl(cose) ...... ,. (2)

ÌÍhêre ht = Lbl"l = 1br2, since bl = "1 
for two ldentlcal d.e-

tectors, the Legendre coefficients descrlbing the effioiency
functions of each detector. In terms of Arrrrsr equations (1)

and (2) become re spectively

w(e') = 1+Azp2(cose') +a[tO(coser) ...... (3)

aO

and

r.¡(0) = t . (þJ2 rrprt"o"e, . (*)'AUp'(cose) .... (r+).



llo obtaln

give s

bI

where {

in tabLe

19.

the geometrical correction factons the article (26)

= ro(2 {r * rr( .\' * qyz) * rr(n4 * 
}rn 

. ,n'tlJ
= L, Y =fo, end the coefficient" F1 , F2, as llstedZto 2ro

V of ¡reference (26), are:

F1 Fe

bo -3/,t+ 5/S

b1 -1 1

bz -3/2 15/e

b3 -el+ T /2
b[ -13/L+ 25/4

b5 -e/z B5/B

b6 -6 6e/u



19.
Chapter l+.

THE APPARATIIS

I!. 1 General Descrlption ¡

A schematic diagnam of our spectnometer for
garuna-ganîna coincidence and a¡gu1ar co::relation work is shoh¡n

in ftg. 1. A gamna ray entering one of the cr.ystals results
5.n a pulse emitted from the P.M. tube, which pulse then pas-

ses through a pr:eampllfien (not shown). The preampl-ifier em-

its negative pulses, and since the pulse r.¡ifl eventually en-

ter a gated biased ampllfier (lf certain conditions ere sat-

isfled) whl ch accepts only positive pulses, Lt must be 1n-

verted. flrls ls accompllshed by the llnear ampLlfien (L.4.)

vlhi oh also shapes it into a double delay line pulse (for co-

lncidence purposes) and amplifies it according to the d.esir"ed

gain (see D.D.A. in ftg. 1). fhe L.A. has two outputs, pnompt

and delayed, the latter being delayed by two microseconds.

The prompt pulsê must then satlsfy pred.eternined upper and

lower Ii¡nits imposed by a fast speed d.iscriminator and single
channel analyzer" (F.S.D. and S.C.A. ) which each a-r"e patched

into a fast/s1ow coincid.enoe base unit. ff a prompt pulse

from the other F.S.D. and S.C.A. should happen to be Ln so-

incLdence wÍth the former prompt pulse, as well as satlsfying


