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9.5 hour Hg;L95 and &0 hour Hg195m nas been carrled out uslng

sodlum lodld.e sclntl11atlon detectors and- hlgh resolutlon solld.

state detectors operating ln both slngles and" colneldence

mod.es. Emphasls has been placed on the propertles of the

levels and- lsomerlc transitlons ln the daughter nucleus 4u195.

the level structure of 
^uL95 

suggested ln the recent

llterature ls conflrmed-, wh1le three new levels at 653 keV, '

L?50 keV and L6O5 keV excltatlon and some lJ new Sa1nma rays

are sugeested. the relatlve photon lntensltles of the new and-

of the prevlously accepted transltlons have been accurately

measured wlth four separate Ge(Ll) spectrometers. On the basls

of absolute K- and L- shell lnternal converslon coefflclents

as measured 1n a so1ld. state spectrometer the nultlpolarltles

of 22 gamma rays ranglng ln energy up to 1240 kev have been

asslgned. Electron capture branchlng ratlos and 1og ft val-ues

have been lnferred. from the gamma ray and. conversion

coefficlent d.ata. In addltlon to the prevlously accepted-

splns and parlties of leveIs tn ¿.u195 flve ad-d-ltlonal asslgn-

ments have been made z 242 keV level l+, 525 ìxeY leve1 !-'
Bg4 kev 1evel !-, 1OB3 keV 1evertr*, 1111 keV leve1 å+" The

parltles of most of the remalnlng leveIs have been flxed" and'

narroll ranges of posslble splns have been asslgned to rnany of

them.

An experlnental stud.y of the electron capture decay of
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It ls shown that the lowest lylng states ln 4u195 ejre

d.escrlbed by the core excltatlon model of d.e-shallt whl1e the

posslbl-11ty of extendlng the model to levels of hlgher

excltatlon 1s dlscussed,
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the study of radlatlons fro¡r the atomlc nucleus has long
been a powerful tool foi examlnlng nucrear struciure, bei_ng

matched ln lmportance only by nuclear reactlon experlrnents

1nvo1vlng charged partlcle aecelerators and neutron fluxes from

atomlc p1les" The observatlon of the dlserete electromagnetic

spectrum of nuc1e1 was the flrst lndlcatlon of a nuciear energy.

level structure and. has enabled a. systematlc classlflcation of
nuclear levers as to 1lfetime, sp1-n and parlty" Fundanental

changes 1n our concepts of strong and weak lnteracticns have

erlsen fron the study of nucl-ear B-dlslntegration, and lt ls
safe to say that the exlstlng mod.els of nu-cIear stz'ucture c¿¡n

be tested most severely through the constructlon and analysis

of nuclear d.ecay scheaes. 
.

A revolutlon ln the lnstru¡nentatlon avall-abIe to the

nuel-ear spectroscoplst has occured 1n the last slx or seven

years" It has resulted from the merglng of the most recent

d.evelopments in fast, accuratá aat,a acqul-sltlon r¡ith the

lnventlon of hlgh resolutlon so1ld state detectors. The full
potentlal of such solid state detectors v¡hen used. ln conjunctlon

wlth the dlgltal coinputer ls just now 'oeing reaIlzed.. fn this
thesls several such hlgh resolutlon d.evlces are clescrlbecl and

applled Lo the probler:n of declpherlng the leve1 structure of
guL95 by examlnlng ihe electron capture decay of Hgi95 and

ggl9Jn. The flrst trvo chapters are concerned purely wlth
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lnstrumentatlon. Tn chapter f the Ge(if ) garnna spectroneter

ln 1ts slngles and colncldence conflguratlons 1s dlseussed

as well as a gamma-ganna angu1ar "o""år "tlon table enploylng

a Ge (Li ) d.etector and" three f lxed NaI d.etectors. Chapter If

concerns ltself vrlth the deslgn and. performance of a soiicl

süafe ilrternal converslon coefflclent spectroneter. The

experlments on LuL95, thelr results and lnterpreiatlon are

descrlbed. ln chapters III and- IV"

Igal Ta1¡al has emphaslzed the lmporlance of being able

to extract froir the shell model lts essentlal features--

general rules ç-hlch must be obeyed. lndeF,endently of the detal-led

assumptlons about nucleon interactlons, Thus, for exarnple,

ln the extend.ed slngle partlcle nodel witÌr resldual tvio-body

forces, the fundamental ldea 1s that the nucleons ln closed

"t utt" tove ln a spherlcally s)'rnmetric potentl-al independ'ently

of one another ano that the energy degeneracies of partlaliy

fllled orb1ta.1s are removed, to flrst order, by resldual two-

body lnteractlons bei¡¡een the- nucl-eons occupylng unfllled

shells. If one assumes an expliclt forn for the resldrr.al forc.e

and- chooses some conflguratlon Space conslsilng of nucleon

conflguratlons expected to contrlbute to the observed 1eve1

structure, then lt ls often not clear r.¡hether a poor agreenent

wlth experlment can be attrlbuted to an lncorrect resldua.l

force r ày! lncorrect cholce of nucleon conflguratlons, or a

faliure of the rnoclel as a r-ho1e. thus a test of the val1d1ty

of the model ltself should. lnvolve conrparison wlth experiment



111

of only the general relatlons whlch fol-l-ow from lts baslc

assumpþl.oï1sr the weak cou.pllng plcture as d.eveloped by Amos

de Shallt ln h1s "core excltatlon" nod.el 1s ln thls splrlt.

The essential assunptlon 1s that an even-even core of nueleons

wlth a bound. energy leve1 spectrum generated by some completely

unspeclfled. lnternal motlon, ls weakly coupled to a slngle

nucleon ln 1ts lolvest availab1e jJ-coupling shell- model orbltal

by a force whlch is, aga1n, conpletely unspeclfled. The core

excltatlon model 1s d.lscussed extenslvely ln chapter V of thls

thesls. The equatlons d.erived from 1t for comparlson wlih the

observatlons on Ru195 are valld (a) 1f the mod.el 1s a gooo

approxlmatlon of reallty and (b) lf the core-partlcle

conflguratlons chosen are correctn tr'Ie shall see that, àL

least for the level-s of loltest exc1iatlon, Uí95 does indeed

sêem to be d,escrlbed by thls mod.eI"



GAI'IMA RADIATION SPECTEO}ÍETEPS

(1) Ge(Ll) Deteeiors

Llthlum drlfted germanlum gamma ray detectors I^Iere used

extenslvely ln the expellments d.escrlbed ln tirls r¿Io3k¡

Conventlonal pul se helght analysls vras ernployed to deterrnlne

photon energles and lntens1t1es, whlie colncldence and

dlrectlonal correlaiion experlments ald.ed. the placlng of levels

and- the asslgnrnent of splns and paritles.

The ad.vantages of germaniurn d-etect',oz's over the older

sclntlllatlon, dlffraction, and- electron converslon technlques

are now well knor'rn and. wlll- not be gone lnto here. lnle shal1

conflne the dlscussion to the perforinance of the detectors

used., ihe rnethods of energy and efficiency callbrat1-on, and.

thelr behavlour ln colncld.ence and d.lrecflonal correlatlon

arrangenents,

Table 1.1 llsts the fo¡¡r Ge(L1 ) spectrometers lnvolved.

ln thls study, along wlth thel-r operatlng characteristlcs as

observed. ln our laboratorY.

The tv¡o Ortec detectors and the irTuclear Dlod.es d-etector

employed- charge sensltlve preanpllflers with cooLed FET flrst

stages. (ORTEC rnodel #It6 r¡¡lbh the Ortec detectors, and

Tennelec l1t)s vilth the ìduclear Dlod.es deiector) Tne

Prlnceton Gamrna Tech detector v¡as coupled to a eonr¡ent1onal

CI{AFîEB I



HANUFAClURER

OEÎEC

OBÎEC

NUCÏ,EAB DTODES

PRTNCETON GAÞII'IA
TECH

.A,CTIVE I.JINDOW
VOLUME

TABLE 1.1 Ge(Ll) nnrncrons

o,25 cc

35 cc

0,5 cc

20 cc

f teld. eff ect prearupllfler supplled, by Conuclear Ltd". n tflnnlpeg"

The reeolutlons reported. 1n lable 1.1 were obtalned. uelng a

Tennelec TC200 llnear amplifler wlth t'he pulse shaplng tlne
constants reeor¡mended. by the manufactìrrer" Cryostat vasuum $râs

maLntalned. ln all cases by neano of eryosorptlon pumplng.

0.25 mm Be

0"5 nn å.1

0.020' A1*'

0.020 " å.1

+.A,lso encapsulated. 1n 0.020" A1

RESOLUTIOI{ ( PHO?ON ENERGT )

0"5 kev (14"11 keV) c o.? kev (too xev

2.g kev (L333)

z"l+ kev (662)

5 kev (1333

(11) Fu1sg Hetglrt Analys:ls

The hlgh resolutlon and. hlsh countlng rates obüaLnable

wlth the spectrometers d.eserlbeú above requlre very sophlstleated

pulse helght analysi.s syetema" Analogue to d.lglÈal converters

wlth hlgh 11nearlty and. a rsnge of at leasi 1000 channals are

lnd.lspensablen Îtsro unlts î{ere useö tfrrolghout the present çrork¡

- A Nuclear Ðata 160 anallzer wlth a tO24 channeL d.ual ADC

eapable of 2-parameter analysls and a 4O96 ehannel nemory.

- A Nuclear Ðata 22OO analyzerrrlüh three 4O96 channel .A.DC I s

lnterfaced. to a 4096 channel menory vLa a dlglpLex untto

thLs lnstrunent could. be ueed. eltb.er as I e1ngLe 40g6

¿



channel anaJ.yzer otr as 2 ar 3 lndependent analyzers of

snaller conversl.on ga1n.

.A typlcal eountlng conf lguratlon 1s showr ln F!-9" 1"1,

(rfl) Ca11ÞnetLog

A countLng set up such ae that eholû? 1n f'19. L,1. san¡rot

of course be ueed. to measure X.n an absolute sense the energles

of X-rays and. /-Ts'yB. one must resort to a comparlson of the

pulse he1ght dlsirlbutlone of the unlcnoçrn radlatlons rllth those

of certaln stand-ard. radlatlons +rhose energles have been

meegured. by oÈher lnd.ependent means (for exampLe from connerslon

electron d.ata or from crystal dtffreetlon meesur€utente ) n TTie

rel.labliLty of eonparlson d.epend.s baslcalJ-y on the ì.inearlty
and. stabl11ty of the systera as a r¡hole, from d.etector to AÐCo

elnee the conparlson usually lnvolves lnterpolatlon bets¡een t;so

or nore polnts on an energy vae chan¡rel nunber ploto Varlous

d.egrees of sophlstlcatlon have bsen eruployed to l-ocete the full
energy Ilne or photopeak eorrespond.lng to a ücnoenergetlc T-Tay

ln Ge(Ll) spectra and, energtes hase been reported to an

accuîacy of 3 O"OZ kevl. llowever, lf the nunber of rad.laÈlons

ts Large and. 1f nany of Èhen are of Io¡s lntenslÈyo elaborate

technlques become prohLb1t1ye" In the presenË nork the d.eslred

end. ls to const¡rrct a d.ecay schene and. to nake some comparlson

wlth exlstlng theorlee of nuelear etruetureo llo attenpt has

been mad.e to rueasure photon energLes to better than about t0"3
keV--an accì¡recy ad.equate to these end.s o
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Brlefly, the technlque used |s that of "mlxed Sources"'

The unknorqn spectrum and. that of several convenlently chosen

sband.ard. soì-lrces are accumulated. slmultaneously. In thls wâ}rr

any galn drlfts or loss of resolutlon d-ue to electronlcs'

countlng ]:af,e, etc. w111 be shared eqr;ally by both lano-'^m and

unlc11o'wyr ]lnes" From the observed posltl-on of lhe siand-ard.

llnes a stralght l|ne callbratlon and- "llnearlty plot" can be

obtalned. for that partlcular experimellt. Flg. I,2 shows a

llnearlty plot for the Nuclear Dlod.es d.etector ano ND2200

ana-¡yzer, ThlS curve l'Ias obtalned- by esiabllshing the channel

numbers of the fu11 ener8y peaks of various energy stand-ards

then calculatlng the equatlon of the stralght l|ne through two

lntermedlate points. These polnts correspond to stand-ard

photopeaks located-.ln reglons of the dlsplay where one might

expect good 11near1ty--l-.€. away frorn the first few hundred

channels" Fron the equatlon the devlatlon ln energy frorn the

stralght Ilne as a funcilon of channel number 1s obtalned'

thls d.evlatlon ls the quantlty plobted ln Flg. 1"2 vs' channel

nurnber. wlth the ald of the 1lnearlty plot the energles of the

promlnent rad.latlons from the unknolv-n sample can be determined'

ïnterpolatlon fron these slrong lines can then be used' 1n spectra

of the i+eak llnes.

fab}e1"21lststhestand.ard.sused.lnthls'¡ayandthelr

aecepted energles as tabulated by Lederer et al"2'

The four Ce(f,t) detectors were calibrate¿ for absolute
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TABLE 1" 2 GA}ÍIYIA RÂÏ ENERGÏ ST.â}TDARDS

SOURCE

An241

co57

cell+1

cet39

Eszo3

Na22

ENERCT ( kel, )

ceL37

Mn54

co60

59.543

Lzl,g7

L36 "33
t45 "43
L65,84

279,.t7

511 .01

t271+ 
" 53

66L,60

831+.85

1t73.23

t332,48

photopeak efflcX.ency wlëh stend.ard.s obtalned. fron the fnÈer-

natLonal Atonlc Energy Agencyo Vlennan The aources used., along

wlth the relevant lntenslty d-ata are llsted- 1n Table L.3"

A typlcal photopeak eff lclency curve le sho'¿Ín 1n F1g. L,3

for the Nucl-ear Dlod.es.detector. The tlio large volume detectors

exhlblted. slmLlar characterlstlcs" The snalleet Ge(l,t ) d.etector

(O.25 cc) was sensltLve to energles d.o"¡m to a few keV and. lÈs

efflclency curve Le show'fl 1n Flgo 1"4n

(fv) Â So1ld State Col-ncld,ence speetroaeter

7

lIhLle the superlorlty orer other technlques of so1ld state
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d.etectors 1n the accumulatlon of slngle gaì?rirâ ray spectra ls

nanlfest, d-1-fflcultles soon ar3.se vrhen one attempts to use two

such devlces to d-eiect, garnma rays ln colncldenee" AB l"s well

lerown the ¡aaln probS-ens &re l-os d.eteetLon efflclency and rather

long charge collectlon tlmes rshlch vary accordlng to the posltLon

of the lonlzlng er¡ents ln the crystal and, the energy of the

rad.latlono The for¡cer glves rlse to Iow colncldence countlng

rates and the latter to poor tlne resolutlono lvlony ¡corkers

have attenpted. to clrsumvent pertlalLy these drawbaeks by uslng

hybrl-ô systens employlng one Ge(l,t) d.etector and one NaI crystal

and. have met wlth consLd.erable suceesso Even relatlvely snall

Ge(lr) d.etectors can be used. ln thl.c **y3,

The d.evelopnent and perfectlon of the axla1 ðrlft nethod.

of Llthluin coapensatlon hae led. recentLy to extremely large

Ge(¡,1.) d.et,ecÈors wlth actlve volumes up to 40 cc snd. hlgher,

lllth such large sol"une crystale eomplete solLd. state colneldenee

eyatems become qu1Èe feaslble" Motreover lnprovenents ln

developtns fast tlnlng pulses fron eharge sensltlve prearapllflers

have greatly enhaneed. the ti-me resoluti.on capabll1tles of so11d

state d.etectorso Gerrnanlurn end. slllcon detectors cannoÈ of

course conpete ln tlne resolutlon wlth ldaI and, plastle

eclaÈllle.tors, but certalnly much stronger sourcea ean now be

used. ln conventlonal colncld.ence experLments for d.ecay scheme

anal-yses as a consequence of, thls lmprovement"

The 35 cc an¿ 20 cc Ge(Ll) eounters dlscussed earll-er



ln thls chapter ìeere used. as the basj_s of a gamme-gahna

colncl-dence epeetroneter 1n the ESt95 d-ecay stud.les ¡rh1eh follo+¡.
Flg" t,5 ls a bloek dlagran of the faet-sro'rs colncld.ence

system used o also ehowlng the geometry" The source (vacuun

sub11ned. or drop evaporated) te mounted betrseen tr¡o d.lsks of
1 thou alumlnum foll suspended. es shoÌsn ln an antl-scetterLng
ehleLd of 0.6 cm lead. sand.w1ched. between tno 0.2 cm thlck
copper plateso The lead.-copper ehleld effectl-ve1y elLnlnated
conpton scatterlng from one crystal to the other, sueh scatterlng
haslng the und.esLrable effecÈ of produclng spurLous peaks 1n the
colneld.ence spectra' Fast tlmlng pulsee are derlved. fro¡n the
unshaped. preanplLfler pulses wj.th t¡ro lead.Lng ed.ge tlne plck*
off unlts (moael cIZgÃ+). The tlnlng puJ.se ls trlggered. when_

ever the preampllfler output volta8e rlses above a certsln
preset d.lscrlnLnator level rvhl.eh ls ueual-1y eet Just above noLse.

The dLfference Ln arrlval tLne of any palr of such pulses fron
-the t¡ro d.etectore Ls converted lnto an ane.logue voltage puLee

by a c111+ tlne anelyzer (nornally set for a range of 1 psec) n

Thle *tlme spectrun' as observed aú ternlnal A can then be fed
d.lrectly lnto a nultl-ehannel analyzer and. the resultlng pulse

helght d.lstr1butLon g;lves an 1nd.1catlon of the performance of
the system" rf the d.etecÈors are seneltlve to coLncldent
radlatlons the tlne spectrua w111 show a "pronpt colncldence'
peak, An exarnple of thj-s 1s shovm ln F1B" 1.6(a)o for a na22

12

*Conuelear 
Ltd." s ÞI1nnlpego ManLtoba
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gamma source, The wldth of the colncldence peak ls llnlted by

the fluctuatlons ln rlse tlme of the pre-amp pulses golng lnio

the tlme plck-off unlts. These fluctuatlons have two rneln

causes:

(1 ) Irregular charge collectlon tlme of the crystal, Thls

1s a geometrlcal effect, resulting from non-unlformltles ln the

electrlc f1eld 1n the depletlon reglon of the detector and from

the dlfferlng mobllity of holes and electrons ln that reglon.

(?) Amount of charge collected. Because of the Conpton

effect, the detectors produce a contlnuun of charge pulses

ranglng up to the fu1l energy of the ga-mma râfr Sl-nce the

d.lscrinlnator 1eve1s on the tlme plck-offs are set at flxed

values, Ïie wou'ld expect the tlme of generatlon of fasi tlnlng

pulses to be depend-ent on the slze of the preampllfler voltage

pulses. ..

The second 11nltatlon can be clrcumvented at Least

partialLy wlth the use of "sld.e cirannels" or slngl-e channe]

analyzers (S.C.A. ) r.rhleh put energy restrlctlons on the fast

colncLdence pulses. fn Fig. 1.J the output of the tlme analyzer

ls passed through a slow colncld.ence llnear gate (C113+) which

1s opened only ¡chen the energy reqr-rlrement set by two single

channeL anaLyzets ls met. If at least one of these wlndo'¡¡s

ls set on a narrow energy range--for exarnple on a ful1 energy

*Conuclear Ltd.., l,trlnnlpeg, Irianltoba
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Ilne--the effeeù ls to sharpen up the prompt colncldence peak

and he¡rce lmprove the resolvlng tlne of the systeno The effecü

ls shown 1n F1g, 1.ó(b). A thlrd SC.A, on the output of the

tlme analyzer can then be eet on thts Lmproved colncldence peak

to any r+ld.th (resolvlng tlne) deslred, ln thls way e13.n1nat1ng

all random colncldence pulses ercept those falllng +¡lthln ühLs

lrlnd.ow. The output pulses fron the 11near gate are then used

to open a eecond. Il.near gate ivhlch a.llows the delaledt shaped

energy pulses from one of t,he deteetors through to the rnultl-

channel analyzer.

As can be seen from Flg, 1.6(b) typlcal colncldence

resolvlng Èlnes obtalnable wlth thLs system rrere of the ord-er

of 2O-3O nanoseconds, As a matter of lnteresËr one of the

Ge(L1) detectore (t¡re 20 cc one) wes examlned. olone for LÈs

optlmun tlm1ng charaeterlsti-cs uslng the s&me fast-s1o'¡¡

soLncldence system d.eecrlbed. above, In Èhls test the tl-me

analyzer was started l¡tth Wa22 posltron pulses generated 1n

M8102 plastlc sclntlllator, and stopped, by the resultlng

annlhllatlon radlatlon deieeted. 1n the Ge(t,t) crystal. The

ttme spectrum ls shorrn ln Flg , ! o?o Quj.te narroiir sld.e channels

were set on the Ssrnrns stt¿ B-specira. The besc resoluÈton

obtalnabLe ls Seen to be 11 nânoseconds FWHIvi' The asyrnmetry

1n the peak shape can be attrlbuüed to the lrreg:ular charge

collectlon tlne of the erystal as dlscussed. aboveo

As an example of the performanrce of the eolncldence
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system ln practlce, Flg. 1,8 shows a Co60 gamma-gamma colncldence

spectrum as observed. ln the 20 cc Ge(f,f ) detector. The slde

channel on the 35 cc d-etector ls shown 1n Flg . !,9 set on the

L333 keV l|ne rvhlch ls 1n cascade wlth the LL72 keV l1ne. The

sld.e channel on the 20 cc detector was left effectlvely w1d.e

open. the. presence of the LT3 keV ]lne ln F1g, L,9 1s d.ue to

random colncldence pulses fa11lng wlthln the preset wlndow on

the tlme analyzer. Its lntenslty lndlcates a true to random

event ratlo of about 40 to 1. . - :

In most of the colncldence spectra reported ln thls work,

the nagow slde channel ls set on the 35 cc detector. Thls 1s

d.one to take full ad.vantage of lts excellent peak to Compton

ratlo (t6zL und.er ldeal cond"ltlons). Compton pulses from

hlgher energy gamma rays tlnat fal-} wlthln the selected. energy

wln¿ow can greatly compllcate the resultlng colncldence spectrum

and- hence should. be avold"ed. as much as posslble.

(v) InstluryntatlgIr for Dlre,ctlonal Cogelatlon MeaÊurements

Gamma-gamma d-lrectlonal correlatlon experlments 1l¡ere

performed ln thts stud.y to ald ln angular momentum asslgnments

for levels 1n 4u195. l.fe shall conclud.e thls chapter on gamma

ray d,etectors wlth a d.lscuss.lon of the d.eslgn and performance

of the angular correlatlon table used. (The theory and method-

of lnterpretatlon of gamma ray d.lrectlonal- correlatlons are

presented ln ChaPter IV).



Figure 1,I

"ço60 slngles spectru.ra rrrith Ortee 35 cc d.e'LecT,oT, sholulng sid-e

channel positlQn * o'
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A d,lagran of the countlng apparatu$ ls presented. ln

Flg. 1.10. The source ls nounüed centrally ln a 75,8 cm d.lameter

alumlnum rc&n'nhlch forns the base of a cryostaü for a Sl(tl)

eleeËron detector when the system 1s used. for electron-garlma
I

dlrecèlonaI correLatlon measureaentsn The source shown ln the

dlagralo can be drop evaporated. or vacuum subllned. and. ls

eupported by a thln alunlnun backlng. If a llquld. source 1s

preferred., a hollor* perspex tube, also mounted. centrally carl

be used.. One of the tl¡o radlatlons lnvolved. ln the correlatlon

ls detected- 1n the 35 cc Ge(tl) d.etector and. the l1ne Joln}ng'

the center of thLs d.etector and. the source deflnes the go

. . t ---r-r --1 ^ll 
âx lr^T .5¡e¡¡*.a*¡ ^n¡rla't1rr

seLected to heve c}oeely the sane efflciency and' resolutlon

d,eflne the 90o, L35o, and. 1800 angleeo The NaI d-etector-

photonulttpLler assemblles are coupled t,o Ct+02 probes+ d.eslGned

to prod.uee slnultaneously pulses sultabl-e for energy anelysls

and. tlnlng appllcailonen Eaeh probe contalne two sectlons, a

charge sensltlve preanpllfler and. a tlnlng sectlon. the pre-

ampllfler lntegratee the photonultlpLler output and. produces an

energy proportlonal slgnal, whlle the tlrnlng sectlon produces

both fast and slors standerd Loglc pulses that correspond to the

lead.lng ed.ge of the photonulËtpLler pulsen The photonultlpller

tubes employed. wlth the probes are supplled r+lth hlgh voltage

*conucl-ear Ltd..

+Reported. bY D.
Reglna, Sasko

, Wlrrnlpeg, Þlanltoba

L. Salle, i^iestern Reglonal Nuclear Conf erence,
qy968).
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from a slngle Fluke 4058 2.5 kV pov¡er supply. The three

probes are posltloned equldlstant from the source and are

shleld-ed- from each other by lead cones whlch deflne a préclse

half angle of 7,)5o at the source for a source to detector

d,l stance of 1 O . 50 crt r

A fast-s1ow colncldence 1og1c system deslgned to enable

the accunulatlon of d.ata al al]- three angles slmultaneously 1s

presented ln Flg. 1.11. The energy proportlonal pulses from

the three NaT preampllflers are passed vla an adder ampIlfler

(ADD I ) whlch ls equlpped wlth flne galn ad.Justments for galn

matchlng, As the pulses from the three iVa,I d.etectors are not

colncld.ent the ad.d.er merely passes the slgnals wlthout dlstortlon

to the llnear ampllfler where the pulses are shaped. and

ernpllfted and passed on to a slngle channel ana1yzet (SCA 2)"

The energy wlndows on the IrIaI spectra are ühus set slmultaneously

wlth one SCA. The fast tlmlng pulses frorn the NaI d-etectors

are fed. lnto a 1og1c OB gate v¡h1ch produces an output pulse

nhenever a tlmlng pulse from any NaI detector appears at lts

1nput, Thls pulse ls used- to start the tlme analyzet. The

tlme analyzer ls stopped with the fast tlme pulses from the

Ge(Ll) d.etector as prod-uced Ln'a leadlng edge tlme plck-off

(TPO), Llnear, shaped energy pulses from the Ce(Ll) detector

are fed- lnto another SCA (SCA 3)" SCA 2 and SCA 3 control a slow

colncldence llnear gate through v¡hlch the fast colncldence

pulses from the tlme ana1yzer are fed. these two SCA's act as
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sld.e channele ln the s&lre nanner es ln ttre 7- ycolneldenee

system dlscuesed 1n part ( fv) of tlrls cheptern They setrve to

sharpen up the prompt eol¡rcldeRce peak fron the tlne analyzer"

SCA 1 ls set on thls pronpt colneld.ence peak and Lts wlndow

¡rld,th d.etermlnes the resolvtng ülne of the experlnent,

In ord.er to und.erstsnd. ühe operatlon of the rest of tire

systen, lt ls perhaps slmplest to consld.er an eãEmple. Suppose

colncld.ent radlatlong are d.etected. Ln NaI 2 and the Ge(tl)
d.ebectoru and. suppoee further that the correspondlng energy

pulses are ¡slthl-n Èhe Brlnd.ows set by SCA 2 and SCA J. Then a
*fast-s1oTr" colncldence logle pulse ¡slltr appear at the output

of the slow colneldence l"Lnear gate and be presented

slmultaneously to three "and" gateg (aNO 1o AND 2o ÂlrÐ 3), At

the saue t1me, a 1ogle pulse fron SC.ô.2le presented. to the

3 "and." gatesn and a loglc tlnlng pulse fron Naf 21e presente,C.

to.å.ND 2" Thus, AÌ{D 2 alone wllL produce an output whleh ls
fed. vla a second. adder anpllfler (.{DD 2) to the T lnput of a

Ëwo parameter analyzer, Thls rouilng pulse also flres a lo¡t

Leyel d.lscrinlnator whlch opens the colncldence gaÈes to both

lnpute of the analyzero The delayed. energy pulse fron the

Ge(lf) d.etector 1s then accepted. and. stored.1n a eectLon of the

menory conürolled. by the anplltude of the routlng pulee fron
AND 2. In thls experlment the d.uaL ADC Þras run ln the

4 x 1024 chenneL node and. the routlng pulses fron the 3 'ând'
gates chosen so as to put the 3 colncLdence spectra lnto
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channels 7025-2048, 2049-30?2, and. )0?3-4096 respectlvely.

Channels t-t}zl+ were reserved- for monltorlng slngles spectra

from the varlous deùectors d-uelng the run.

Because of lts abll1ty to collect ð.ata at "11 angles

slmultaneously thls system has ar7 obvlous advantage over 2-

counter sy.stems when short Ilved- sources are stud-1ed slnce no

Source d-ecay correctlons are necessary. In the case of

Hsl95rt95m whlch does not have a slnp1e exponentlal decay such

correctlons would- have been d.lff lcu1t lnd"eed. The *ttt - _= i

d lsad,vantage of the system (apari- frorn the eomparatlvely poor

resolublon of NaI detectors) ls the strlngent requlrement that

the galn and resolutlon of the three NaI d,etectors ì:e matched-'

and_ remaln so throughout the experlment. In all the runs

reported. ln the present work the slngles spectra from the

three NaI d.etectors as well as the gated. slngles counting rate

as observed. at the output of scA 2 were regularly monltored.

Thls 1s d.one by removlng all but the approprlate lnput to ADD 1 '

The gated- slngles rates at each angle were used- to norrnalLze

the three colncld-ence spectra, and- never dlffered-, from angle

to angle, bY more than one Percent.

In order to test the rellabll-lty of thls system a

d.lrect1onal correlatlon. experlment on the gamma rays of co60

r^ras performed. The d,ecay of thls lsotope ls we]l knou.n and the

pertlnent parts are shown ln Flg. L,LZ'

The slngle channel anal-yzet common to the three NaI

d.etectors (SCA 2) was set on the fu1l energy ]lne of the
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t332 keV gavnma râJfo The Ge(tf ) sld.e charutel (SCÀ 3) was set

to recelve eI1 energy pulses above about 1 HeV, Data was

accunulated. for 18$ hours. The nunber of counts ln the tt?3 lxeV

colncldence peake observed at each angle was approxlnately

9000. The rand.om colncldence rate was estl.nated fron the

relatlve lntenslty of the t332 keV Ilne ln the 3 colncldence

epectra and. r+as about tfl oî the true colncld.ence rate, After
subtractlon of randon and. compton background., and. nor¡iraLlzatlon

to the slngles countlng rate at each angle the angular

correlatlon coefflelents 1n the theoretlcal expressl.on

W(0) = ! + aZpZ (coeO ) + a¡¡p4 (cos8 )

Here d.eternlned a.ecordlng to the method. of Hhlte4, (fhte

uethod ls outllned. 1n Appendlx II, as ls the nethod. of f1n1te

soIld. angLe correctlono )

The resulËs are àZ = 0.106 t 0.012

a,4=0.005t0"013
Thererror here ls statlstlcal-.
.å,fter correetlon for the f1nLte sol1d angles of the four

d,etectors the coefflclents becsme

&z= 0.111 to"atz
al+=0.006to"o13

Tt¡ese coefflclents atre ln agreernent wlth the acceptea5 values of

&2 = 0"1020

a4 = 0.0091

ft was coneluded. fron thls result that the angular

correlatlon system was perfornlng satlsfactorlLy"
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Ä SOLID SîATE TNîEBNAL CONVERSIO}¡ COEFFTCIENT SPECTBOI,IETER

(1)

. 4, eolld. state lnternal converslon spectromeber slmlLsr

to that descrlbed by Holland.erl was construeted. ln thLs

laboraüory" F1g. 2.L ls a block dlagraro of the experlmental

arrangement" A S1(tl) el"ectron d.etector snd a Ge(Ll)

deüector face each other ln flxed. geonetry" Rad.loactlve sources

on stand.ardLzed source rnounts are plaeed bet¡¡een the two

d.etectors ln a ¡seLl deflnedo reproductble pos1t1on. The gamna

ray epectrum and. assoclated converslon electron spectrum are

accurnulated elnultaneously ln t¡ro essentlally 1nd.ependent

pulse helght analyzers for a conlrenlent perlod. of tlneo In
thls ¡oork iwo anelogue to d.1g1tel converters shared. a s1ng1e

tneürory by neans of a dlg1p1ex eystem. The tlro solld state
deteetors are callbrated, for full- energy peak efflclency, and

lnternal converslon coefflcLents are obtelned. slnpLy by taklng
approprtrate ratlos of fulL enersy'peak lntensltlesu

The lnternal converslon coeffLclent for electrons 1n the

loth subshell correspondlng to an Lsomerlc nuclear trensltlon
of energy E ls deflned as

General Prlncl-ples

CEå,PTER TI

f,

o1 =Nel (E-Hf)

N7 (E)

(1)
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where N"f(E) ls the number of l-shell electrons enltted per unlt

tlrne wlth energy E, N (E) ls the number of gammas enltted per

unlt tlme wlth energy E 1n the same transltlon, and' I¡i1 ls the

l-shell blndlng energy. Thus, experlmentally'

fìo. = number of l-shell electron fu1] energy pulses d-etected'
e1

d.urlng d-ata accumulatlon tlme

al = þ. .fE)
ny <. ( E-W1 )

n7(E) = number of y-ray fuIl energy pulses detected havlng energy E

,T(E) - gamrna d-etector photopeak efflclency at energy E

t"(g),= electron detector efflclency at energy E

Equatlon(2)lsnotexactlycorrectiftherealTe

signlflcantd.ea.dtlmelosseslntheADC'snlfthlslsthe

caseo the actual tlmes for whlch the two detector systems are

sensltlve to lncld-ent rad.1atl01,}--1.ê. the "llve tlmes"--wl11

notlngenera]-beequal.Thlswlllofcoursed-epend.onthe

cholce of source to d-etector d.lstances and on the nature and

strength of the source. In ord.er to correct for thls effect a

pulser (see Flg. 2,t) has been lnclud-ed- ln the experlmental

arrangement" The pulser ls Îed. lnto the test lnputs of both

preampllflers and. the pulser peaks are accumul-ated along wlth

thespectra.Ifthehalf-llfeoftheSourcelsoftheord.er

of or shorter than the accumulatlon tlme I the pulser should' be

left on throughout the run' as the ratlo of dead tlmes of the

two ADC's w111 not be constant. otherwlse it need- only be

(2)
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turned- on for a short tlme at the beglnnlng or end of the 1üIlr

If Ps and P, are the number of counts 1n the pulser peaks 1n

the electron and. gamma spectra respectlvely, the corrected

verslon of (2) is

, As 'we shal1 see ln the followlng paragraphs o thls

technlque can be expected. to give ií- and L- shel-l converslon

coefflclents to lvtthln f 1 O/" lor sources of sufflclently hlgh

Z for whlch the electron l1nes of lnterest w1l-l be resolved.

ïlhlle the s11lcon d.etector does not possess the resolutlon of

large magnetlc spectrometers' thls d-egree of accuracy ln the

determlnation of al ls typlcal of tnat curyently appearlng ln

the llterature uslng other technlclues and ls qulte good enough

to d.etermlne the multlpolarlty of a glven transltlon"

a1 = nu1 e^¡(E) Pf
nT €s ( E-l'.¡t ) Pe

Moreover thls system enables dai-a on a large number of transltlons

to be collected simultáneously. The r¡ethod ls therefore well

sulte¿ to the stud.y of shorù llved. actlvlüles ' Such actlvitles

can be hand.led. only wlth d.lfflculty by more conventlonal

lnstruments whlch collect d'aþa on a polnt by polnt basls'

( 11)

(?',)

A dlagram of the electron d-etector cryostat and vacuum

chamber ls shovrn ln Flg o 2,2. the s1(L1) detector (rnod-eI No.

A-80-3) was obtalned. from Kevex corpor*1on, Cal1forn1a. Its

The Electron Detector
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sensltlve area was B0 ¡nmZ r,¡lth a depletlon depüh of j mm. The

senslt.lve reglon was further restrlcted. to 56,5 mrnz by a
0,t25 lnch thlck alurnlnum mask. Thls was done to rmprove the

full energy llne shape by ellmlnating posslble ed"ge effects 1n

the 51(Ll) crystal" The detector was malntalned at ??oK by

means of a brass "co1d flngerl! attached üo a smal-l_ llquld
nltrogen cryostat. Thls latter was suspended from the top of
ühe vacuum system by a stalnless steel cyllnder with 0,005 lnch
thlck walls. the leve1 of 1lquld. nltrogen was malntalned ln
the cryostat with a Llnde CR-L0 gravlty feed cold trap reservolr
(not shown), ilhen the system was cooled down, a pressure of
L^r-'.'^^F ,n-6 ^q¡ 'ln-2 ** rr- ^^..rJ L^ *^r.^!-¡-^--ì --'!-1- ô I.r tvL7 t/rrsç1r r v a¡lLL ¿ v r rliu¡ f1ë, UvLti-Lr úC tr.a.LlLv¿ai-rleo wJ- ùIf AlL o LlVle/

sec lon pump (Varlan Assoclates ). Sources enter the maln

.vacuum chamber v1a a vacuum lock whlch can be roughed d.own

to about 10 ¡alcrons Hg. The source posltlon ls deflned by an

alumlnum stop fastened to the shaft of the source holder. In

thls geomeüry the source to electron d-etector dlstance was 0.60

lnches. Detalls of the source hol-der and source mount a,Te

shown ln Flg. 2,3r

. The manufacturers of thls detector recommended. that its
surface not be touched under any clrcumstances because lt was

covered wlth a very thln exposed layer of evaporated go1d"

Occaslonally small o11 d.roplets hrere vlslb1e on thls surface,

presumably due to the vacu.um l-ock belng repeatedly opened.

Such conbaminatlons, when they occurred , hrere effecllvely
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renoved. by decoupllng the detector fro¡n the co1d. flngero placlng

lt on the floor of the naln vâcuum chamber and. pumplng the

systen dop¡n to operattng pressure for a perLod of one or tyro

d.aye wlth the eold f Lnger at llquld nltrogen temperature .

A nodlfled verslon of a Tennelee TCX35H preanpllfler
vrae used to colLect pulses of charge from the d.eteetor. The

nod.lflcatl-on, performed" Ln our Laboratory, conalsùed. of
renovlng the flrst stage of preampllfleatlon and. pLeclng 1t
lnsld.e the vacuum systern lrlth the fleld effect translstor
mounted. on the cold flnger, d.1rect1y behlnd, the detector"

As can be seen, eonslderabl-e care Ìras taken ¡vlth the

e].ectrond.etector1.nord'ertoopt1n1.zo1teenergyreso1ut1on.

fÈ 'rsas feLt that the suceess of the system would d.epend. crltLcally
on the perfornence of the elecÈron detecüoro SLnce converslon

electron speotra ln whleh K, L and FI l-lnes are separated. are

1n effect three tlroes ae conplex as the corÌ'espond.lng gamna

spectrae a poor electron resporlae frrnctlon r¡ou1d l1m1t the

lnternaL eonverslon spectroneterrs appLlcatlon to very slnple
decay schemes. The actual perform'ance of the el-eetron slde of
the spectrometer ls dlscussed ln sec.Elon (iv¡.

(fff) lbe Gamma DeÈector

A eommerclal deteetor-cryostat-preanpllf1er str'stem nas

used. for ga"nma d.etectlon" Thls Lnstrument, obtalned. from

Nuclear Ðlod.es Inc" had. e d.epletlon d.epth of 4 nm wlth an actlve
(pLanar) volurne of 0.5 cm3" The deslgn 1s eonventlonal an¿ Ls
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Bhogn sche4atlcally ln Flg o 2.11" The preanpllfler (not shom)

was e Tennelec noitel TC130r agaln wlth cooled' flrst stage"

The front wal1 of the vacuun chamber for the electron d.etector

Eas deslgned to accept the Ge(Ll) detector cryostat wlth only

a fen thor:sandths of an lnch clearancen Thls effectlvely

d.eflned. the poeltlon of the Bamrna deteetor, lnsld.e lts cryostatt

as 1oO lnches fron the sourceo

( rv)

The nethod. of callbratlon of Ge(Ll) gaEma detectors

used. Ln the present stud.les rsas dlscussed. 1n Chapter f . fn

F1g" 2,5 la plotted en absolute photopeek efflclency curve for

the 4 ua Ge(tl ) d.etector. The cellbratlo::. e=tenås frorn 6O XeV

üo 2.6 Ì\eV and. may be .conslcl.ered. as rellable to * 5fr ovet þlre

r4nge 0n1 to 1.4 I'leV whlch lncluoes the ¡naln reglon of lnterest

llr the present studles" Bêcause of the experlnental dlfflculty

1n posltlonlng the stand.ard. ganna sources lnsld.e the elecÈron

¿etector vacuurn che.nber, the Ge(lr1) deÈector was callbrated-

separately and Ln a geometry only.roughly -equlvalent to that

of the converslon coefflclent specüroneter. Slnce one 1s Just

comparlng unknoinn converslon eoefflclents wlth those of,

standar¿ sourceso only the shapes of the two detector efflclency

Curves need- be hrown--le€c relatlve efflclences Ys" energy--

for then they can be nornallzed. to each other vla Èhe lnternsl

converslon coefflclent of a slngle stand.ard.. Thus no great

care need. be taken ln reprod.uclng the spectrometer geonetry of

Cal l brat 1 on and. Perf oIP-849 e-qflbg--Êpe clfoqeiel
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F1g. 2,2"when cellbratLng the gemma detectoro Eow@ver eLnce

the callbratlon geonetry was close to the conversLon

spectroneter geometry we shall contlnue to refer to "absolute"

d.etector efflclencles. Allowanxee ¡ras made ln the gantna ray

callbratlon for the ihlekness of the wlndo¡E of the electron

detector cryostat rshlch conststed. of 0"010" A1u The correctlon

ls negllglble above 60 kev.

A fuLl energy peak efflelency curve for the Sl(tl)
electron d.etector was obtalned. from thls garnna efflelency
curva ln the energy range 60 keV-1100 keV by neans of the

stand.ard.e llsted. Ln Table 2,L.

TABLE 2.1 STA$D'tBDS FOB IoC"Cu CALIBRAîION

Es(kev) souBcE

62, z

1o3.4

t26,9

328.7

624,2

7t06.5

cdl og

g.141

eeL39

Au19B

ceL37

zn65

eK (n¡¡'. 1)

11,0 * 0"3

0,379 l: 0,004

o .2Lt+2 J 0, 0015

0,0302 f 0.0003

O.OBgl+ J 0.0010

0.0001 66t+ 7 0,0000066

The table elso lndlcates the nethod of source

preparatlon" The detaLls of procluetlon of våeuum subllneC.

sources are d.lscueeed. ln Chapter TII, trn all casea rrhere

drop aources ?rero ueed.e they Here of hLgh quallty and. showed

the mlnlmum of eolld. d.epos1tlon"

NAÎURE OF SCURCE

Vaeuum subllmed

Drop evaporated

Drop evsporated

Vacuum subllmed.

Drop evaporated.

Vacuum subllned
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Table 2.2 gummarlzes the efflclency dat,a obtalned fron
these stand.ards, In the table N6r/N, 1s the measured ratLo of
the number of counts ln the K-electron fulI energy peak to the
correspondlng Samma phot,opeako colìected for relatlve dead. tlme
loeses as d.lscussed abor,'e" The efflclencles Ilsted ln the
last column are obtalnecì fron the relatlon

Eff6 = crK Effy-..=.- /

,*"/*t '

and the effors quoted. are ihe Bl{S devlatlons obtalned fron the
fraetlonal emors ln the quantltles aK, tÍe/N/ and Effr.

TAELE 2r? ELECTRoN EFFICIBNCT

E*(keV)

62.z

103. ¿Þ

126,9

328'-"/

6zl+,2

L!O6,5

Ne,/N/

5?.j5 * 5% I z¡ x 10-3 t ro%l o.oro9 å 0"00L5

3,66 t 5% lr,o? x Lo-1 t S% | o.orol t o.0o8

j,tg t 4fr la.o x 10-4 * sfr lo.orzo t 0.001

Elf ,/

3.48 ! z% I r"o3 x 10-4 t 5%l o.orr9 t 0.000?

As an exanple of the deter¡nlnatlon of lte/Nr let us

consld.er the case of eul98 (Ee = 3zB.? kev). slx separate

callbraÈlon runs are takenn BeÈ¡ceen each run the source hold,er

Ls fully removed from the vacuum systen, and the alumlnum rlng
that serves as a base for the.srource backlng ls rotated
arbltrarlly ln the Êource hold.er tlp, The eouîce 1s then

l,0.26 t 5%l l,æ x LO-5 t 5ft | o.ore3 r 0.0009

0.14r+ t 6fr1t.EZ x LA-S * sfr | O,O1 23 * o,00to

Effe
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re-lnserted lnto pos1t1on. The gamma d.etector 1s llkewlse

removed- fron lts geometry and. replaced.. In thls way the

reproduclblllty of the geometry was severely tested durlng

ca1lbratlon. In Flg, 2,6 ls shol^m the gamma and electron fu1l

energy peaks for one of these callbratlon runs and the assumed

backgrounds. As can be seen the resolutlon (3.0 keV Fl'lHl'{ at

1,¡g keV) and. line shape of the electron d.etector ls excellent.

Tegl,n Z"'ì_ Rul98 CAi,tenRttONl (2000 sec COUI{TIITG flt'lE)

RUN ll.

1

2

3

I+

5

6

84'

81 
'

BO,

66,

66,

5L,

265

t7L

)46

7LO

L75

Pe

L20,

!20,
L20,

L20,

r2o I

L20,

318

203

622

795

629

452

:' The quantltY ln the last column ls

Ne/my (corr. ) = (Ns/Ny) x Pr/P.

The mean of the 6 runs ls 3'48 ;! o'0?' 1'€' an error of '2%'

Stockend a7-Z :':las measured the relatlve lntensltles of

proärlnent electron l-lnes ln 81206 ',¡11yt a magnetlc electron

spectrometer. Hls results are recommended- ln the decay scheme

tabulatlons of Led.erer et aln (see refn 2 Chapter Ï) as useful

for ca]lbratl0n of slllcon electron d.etectors. It was declded

to check the general shape of the efflclency curve obtalned

from the l.c.c. standards of Tabl-e 2,L by maklng use of thls

N7

2?, 566

28, 1oo

27, 100

20, t3)
20, 863

T5, B1B01

Py

L36, 2?3

136, 2Oo

L36, Lt+6

L33, L26

L32, 9BB

L30, O79

N./IT), I Py/P e

3,05

2,Bg

2.gB

3,3r

3,L7

3.23

!.L3

T,L3

L,73

1 .10

1.10

L .0B

Np,/N7( CoRB )

3,46

3.1+o

3,38

3,65

3.50

3,48
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lsotope 
"

An actlve source of 6.2lld 31206 e¡as produced. Ln the

lnternal beam of the Unlverslty of, Manltoba cyclotron. The

technlquee used were essentlally the same as those for
productlon of Hg195 aources and. the read.er ls referred to

Chapter III for d.etalls of target maklnge vecuum subllnatlon

of the actlvltyo etco

. The target eonslsted. of about l+OO ng of natural' lead

foll ( 20 thousend.ths of an lneh thlek). the proüon bombard.lng

energy lras L7.5 MeV, the beam current as measured. on the target

holder about 3¡rAmps, and. the ËotaI lrrsdletlon tLme was two

hours" The three rnaJor lsotoplc constltuents of lead arer
pb206 23.6%

pt.zo? 22"6fr

p¡Zo8 jz"3%

The threshold for (Þ, 2n) reactlons on these nuclel 1s abouÈ

11 ivleV so at L?"5 I'feV one expeets to exclte L5.3d BL2O5 from

p¡206 s¡,r6 6.ZL+a g1206 from p¡2}?" The other actlvltles
aceesslble from (pn 2n) or (p, n) reactlons are too long-Ilved

to be exclted.ln so short en lrradletlon tlme to any appreclable

extent o

fn fact a rather pure 81206 souree was obtalned

lndlcatl-ng the d.omlnance of the reactlon
plozo? (Þ, Zn) BL2o6 st thls energ¡¡.

45
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An electron spectrum of thls actlvlty ls show? ln Flg " z.?. The

K-corrverslon l1nes ldentlfled- In the flgure are those used. ss

the relatlve lntenslty standards, Other llnes .¡{ere ava11ab1e,

but ¡rere not made use of elther beeause of lncomplete resolutlon
from nelghbourlng llnes or lnterferenee from BLãOS conta.mlnant,

lab1e 2'4 summarlzes the efficlency data obtalned. from
eLx llnes ln 81206" The efflclencles have been nornalLzed to
the graph of the.d.at,a of Table j.Z far comparlson and. it wfft
be seen that the nornallzed efflcl-encles obtalned fron
stockend.alos data are ln good. agreement wlth rable z,z,

TABIE 2.4 eJ206_e¡rtqIEt{cy pAî4

E* (keV)

255,4

3IO.!

4og "t
428.r

4t+9. s

7t5.3

Is (Siockendal)

ïn Flg" 2"8 ls shom the flna1 efflclency curve for the
s1(Ll) d.etector. The clrcles lndlcate polnüs obtalned from

the r.cnco stand.ard.s and the squares the 81206 daÈa" There

would appear to be a sllghi d.ecrease 1n efflei-ency below about
100 kev. Thl-s may merely reflect the uncertatnty of the Ge(Ll)
ce,Ilbratlon curve ln t,hls energy reglon, rn a,11 the r.coc.

760

2to

170

250

28O

100

Eff (normallzed.)

L,34 x 10-2

1.26 x Lo-?

tA22 x 10-2

!.24 x LO-Z

L.2g x 10-2

!.23 x 10-2

x

x
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Beasurements made ln thls ¡rork a S1(Ll) deteetor efflclency of

tr23 x 10-2 t sft has been aesumed. îhese aeasure&ents lnvolve

electron llnes from 100 to 1200 keV, but only three of then

(Ilnes ln ne195) rart belo¡q 200 keV"

(v) Sone Absolqle I"C.C" I'feesurenenls

Ae a flnaI check on the reIlablllty of thls spectrometer,

o ¡, and cL meaaurements were made ott 31206 anC. BL 2O7 ,

Stockend airl, ln ad.d.1t1on to meesurlng electron relatlve
lntensltleso obtalned. o6 for 11 promlnent transltlons followlng

Èhe decay oî BÚCI6 by the lnternal-externel converslon methoú.

Seven of these were measured ln the present ¡cork and. are

eonpared- wlÈh Stoekendsl's values ln Teble 2.5. The agreement

le well w1thln quoted. experlmental errors l-n all cases! '

ÎABLE 2"5 aK I4EASUREI{E¡IÎS Ii,T 81206

E f (keV)

343

398

Lv97

5L6

537

803

101.8

Present llork

0.24 J 0.02

0.16 j o.02

0"090 + 0.01

0.0r+7 + 0.005

a,073 j 0.007

0.0080 t 0,0008

Stockendal et al"

0,0L33 ! 0,001

o.25 3 0.03

0,18 j 0.02

0.081 3 0.015

o,o4? 3 0.005

0.070 + 0"008

0"0086 t 0,ooog

0.016 t o.oo8

+

+
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K and L shell lnternal conversl0n coefflclents were

neasured. for tl:e tv¡o strong llnes ln Bt20? at 5?O keV and'

1061+ keV. The resulüs are presented ln Table 2.6 where they

are compared wlth the theoretLcal values of sllv and Band and

of Eager and Seltzer ae vfe1l as wlth the results of two recent

experlmental d eterrnlnatlons.

TABLE 2,6 ÏoC.C. I{EASUREI{ENTS IN Biz

E=
a6
aL

/. E =

PBESENT WOBK

5?o kev (82)

0.016L t o,oo16
0.0045 t 0.005

1064 trev (t44)

0.096 J 0"01
0"02ll I 0,002

a6
aL

l,sBepy(a) ¡ Ts¡ssv(b)¡ EXPEBTÞIrN1(c)

(a) Sllv and. Band', ref . 2 Chapter Iv

(b) Eager and Seltzer¡ Tef" 3 ChapÈer IV

(c) Ref. 3

(d) Bef . 4

o.oL59
0.0045

o.095
0.024

Hereagalntherelsgood"agreementwlthprevlous

measurementsn The theoretlcal values Ì{ere obtalned" assumlng

þ',e 5?A keV transltlon to be pure E2 and the 1064 transltlon

to be pure M4. The present r¡ork woul¿ seem to conflrm such

an aselgnment. (Sen (ref ' 3) 'suggests t'hat thelr value for

oK(ro64keV),whlchlssomewhatlonlerthanthepresent

measurement, mlght suggest à smalf E5 admlxture')

o.0158
0.001t.5

o. o9B
0,025

0"016 + 0.001
o.oo49 J o.ooo5

EXPERTI4ENT(d

0.085
c.o23

0.015ó
o. oo45

0,005
0"002

t 0€Û
t 0{c



1n J, M. Hollander, ln proceedlngs of rnternatlonal conferenceon the rnternal converslon Frócessr Ed. J. H. Harallton,Academlc Fress, L965. '

R. stockendal and s. Hultberg, Ark. Fys. !J, i3 og5g).
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vo Andersen and cn J. chrlstensen, Nuclear physlcs ¡!!g,81 (L968),
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Introd.uct 1on

The presently accepted level schene of Ru195 I 1" shown

ln Flg.3,L. Thls scherne ls based pr1mar1]y on the work of

Brunner et al-,Z and. Joly et a1,3 who examlned the decay of

gSI95 and Hg19Jm wlth magnetlc elee-r,ron spectrometers,and Naf

gamma specironeters ln both slngles and. colncldence conflguratlons.

More recently Frank4 examlned the Samma spectrum wlth a Ce(Ll)

detector and. pos'i;ulated tirree new transltlons |n 4u195,

ThLs chapter d-escrlbes the ganmâ ray measurements 
ì

lntended to check the valldlty of thls d.ecay scheme and, v¡here

necessary, to extend or amend. 1t. Because of the contlnued.

ltoprovemenü ln resolutlon.and efflclency of Ge(L1) detectors

and havlng regard. to the compllcated nature of the d-ecay, w€

rolght reasoirably expect some new lnf ormatlon, and certalnly

better values for gamma l-ntenslbles and. electron capture

branchlng ratlos.

THE GAMT4A SpEcTRUIq OF Hs195,L95n

CEAPÎEB IIÏ

( f ) Source_Bre-pg.ra!.1-o'û

Actlve sources of g.5 hr HSl95 and 40 hr Hg195n were

prepared by proton irradlatl-on of targets 1n the lnternal beam

of the Unlverslty of Manitoba cyclotron' This accelerator

produces a maxlmum proton energy of 50 I'ieV wlth an lnternal

beam current (H- lons) of , typlcally, a few PAmps. Natural
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go1d, targets (>99ft pu.re ) tn the f orrn of thln wlre l.irapped ln
alumlnum fol1 envelopes were used. slnce gold is monolsotoplc
(A=19?), the reactlon of lnterest ls

Tab1e 3,I 11sts threshold

¿u197 as calculated. froru

BEACTTON

tul97 (F, 3n) Hs195 'L95r,

'P, n

.P, 2n

,'Þ, )n

Ëo 4n

T¡.BLE 3,L REACTIOì\T TIIHESI{OLDS

TIIBESHOLD ENEBGY (I'ÍCV)

energles for (p,

the mass tables of

Beactions of the type (p, p:ar) produce gold actlvltles
(especlally 6"18d. AuI96) whlch are ellminated. ln source

preparatlon by the subllnatlon process (descrlbed below). The

(F, a ) reactlon produces stable Pt194.

t.5+

B.18

17.00

24,30

Most of the lrradlatlons liere d-one at 25 þIeY slnce the
(it' 3n) cross sectlon ls expected to be large at thls energy.

Degradatlon of the proton bean energy ln the gold l¡lre (about

0.01+0" ln dlameter) resulted ln the productlon of some Hg!97,

Ïlowever ihe decay of ihls lsotope has been well st¡dled and ls
falrl.y slmple so thls contamlnatlon d1d. not prove an lnconvenlence.

Actlve sources r,slth strengths of the order of a ferv ¡rCur

were prepared by subllnatlon in vacuum onto thln alumlnum

backlngs ( 0.001 " thlck ) . Besld-es prod-uclng very thln sources

xn) reactlons on

lJapstra et al-.5,

PROD1JCI NUCLTDB

65 nr HsL97, 24 hr Hsl97m

'TABLE 
Hsr96

9"5 hr Hel95, 4o hr Hs195m

L.g Y Hs194
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sultable for both gamma ray and electron studles o thls method

also effectlvely separated the Hg actll,,lty from the Au carrler,
the mercury belng dlstll-1ed off at a rel-atlvely Iow tenperature.
whlIe conslderable 4u196 contamlnatlon rças evld.ent ln the

lrrad.tated gold targetsr rlo trace of thls actlvlty was found.

ln the subllmed sources. Flg. J"2 sho'ss the subltmatlon

apparatus. The fllament ls a strtp of 0,005" thlck tantalunn

The source slze Ls deflned. by an alumlnum mask wlüh a,centrsl
hole 3 rnm 1n dlameter.

Beeause of lts hlgh vapour pressu.re e nercury has tÌre
unpleasant hablt of dlffusl-ng und.er hlgh vacuurn at room

temperatìr.r€r To avold contaminatlon of the electron detect,or

and- erroneous values for lnternal conversl-on coefflctents
whlch would. result lt was necessary to cover all sublimed

electron sources wlth vYIús fll¡n (about ?0 psm/cmz thlckness),
Fortunately no deterloratlon 1n electron I1ne shape resulted.,
even d-own to 50 keV energy, ancL the mercury sources were

rend.ered lmmoblle,

(11) The Gamma Ray Spectrum

The Bammâ spectrum of Hg195,I95n ls a rlch one, as can

be seen from Flg, 3.3. Thls spectrum was taken wlth the j5 cc

Ge(t,f) aetector from a subllned source, 94 hours after lrradlaclon
wlth 25 Þiev protons, The countlng tlme v¡as 10J mlnutes. of

the 11nes seen 1n thls spect:'um, the folloivlng ones can be

lndentifled as lmpurltles from their energles and-/or decay

propertles r
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134 kev fol-lowlng the deeay of Hs197m

L66 keV foll-owlng the decay of Hg197m

LgL,6 keV followlng the decay of Hg;197

2?g,J keV followlng the decay of HS197*

tLgO keV orlgln unknorm.

Of the remalnlng llnes, all of whlch were observed to decay

at a rate conslstent rvlth that of known radlatlons from HeL95rL95n

twenty-three have been hltherto unreported ¡ zt+L,6, 338, 4OO,

41g,440.4, stg, 543, 550,627,666,693, ?2?, ?50, ?92,-84?,

B?0, 89g, 9LL, 10OB , LO}B, LO¡g, 1OB3 and 12JO key. The

exlstence of radlatlons at 698, ?54, and 853 lxeV flrst reported

by Frank4 ls conflrmed ln the present work although the flrst
two of these.gamma rays are actually seen üo be members of 2

partlally resolved doublets.

F1g. 3.4 dlsplays the low energy part of the gamma

spectrum as observed r^rlth the 0,25 "*3 Bu-window d.etector.

A bombard.lng energy of 40 MeV was chosen so as to ellmlnate as

much as posslble the HgI97 '197m lmpurltles. The L and K X-rays

of mercury and gold are clearly v1s1b1e, The strong 134 kev

transltlon from He197m 1s stlll- evident although consld.erably

reduced- ln lntenslty relatlve to the HgL95 gamma rays. the

1lnes labelled "I" Inlere ldentlfled as impurlties elther from

59

bhelr decay rates when found to be lnconslstent wlth a HgL95rL95n

asslgnment or because of thelr absence from slmllar spectra
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from lower energy lrradlatlons. Thelr orlgln remalns unkno'¡¡n.

other obvlous lnpurltles are ldentlfled ln the flgure. of the

remalnlng llnes, ihose hitherto unreporied. whlch may be

cand.ld-ates for the 4u195 lever scheme are the followlngr 58,g,

LZB,4, L3? "6, and 1 j9 ,3 keV.

Not only ls the spectrum of thls lsotope cornplex, but

so 1s lts mode of decay. In F1g. 3.I lt ls seen that the 40

hour state decays through two cornpetlng channels--lsonerlc

cascades to the ground state follolued. by electron capture

transltlons bo exclted. states tn 4u195, or d.lreet electron

capture decay to states ln 4u195. Slnce the spln of the

lsomerlc state differs so greatly from that of tire ground state,
1t 1s expected lhat those eleciron captr;re decays depopulatlng

the p.5 hour grouncl state w111 feed levels of 1ow spln ln 4u195,

v¡hl1e slmllar decays depopulatlng the 40 hour lsomerlc staie
v¡111 feed levels of hlgh sp1n. Moreover, because of the gamna

transltlon selectlon rulesr w€ nlght expect a mlnlmum of

lnterference beiween the two resultlng sets of transltlons ln
eu195, To put 1t another wayr wê expect most of the ¡.u195 gamma

rays to decay at the same rate as Hg195¡0 whlch has a slmple

þ0 hour half llfe, or at the same rate as HSL95 whleh 1s 1n

translent equlltbrlum wlth the lsomerlc state.
The sl-tuatlon ls lllustrated ln F1g. 3,5 where the

lntensltles of three promlneni gamna râys are plotted vs, t1me.

Thelr lntensltles have all been norrnallzed at t =0 (v¡hlch
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actually corresponded to ?5 mlnutes after lrradlatlon) " Tt ls

ev,l-d.ent that, 1f the d-ecay scheme of Flg, 3oI Is correct, the

560 keV photopeak must follow the electron capture d.ecay of the

l+0 hour lsomerlc state only and hence have a slmple exponentlal

d.ecay. Thls |s ln fact observed-. Sirnllarly.the 7BO keV llne

should, follow the d-ecay of the Hg195 ground state and- lts

behavl0ur ls seen to be conslstent wlth th1s. rnd.eed almost

all the gamma rays had d.ecay curves wlth the same shape as one

or the other of these two representatlves and, dependlng upon

whlch shape they exhlblted., had- thelr relatlve lntensltles

normallzed to elther the 560 keV'.11ne or the 780 keV llne' fn

thl-s ura¡f r'ne two ci-eoay trruùvS coaid. be t;'catcd cffcctl-""ef¡I

lndepentient of one another for the purpose of worklng out

population balances and branching ratloso

The only conpllcation to thls method. of analysls'arlses

when one conslders gamma rays depopulatlng the Z6Z 15eV 1evel.

It ls clear from Flg" 3.1 that thls l-evel ls populated-

appreclably by ganma rays ivhlch follo'r'r the d.ecay of both

parent states, and posstbly even by d.lrect electron capture

from the HeL95 ground. stateo lIence t¡,e 261 .? and 200.5 keV

ltnes should exhlbl-t a behaviour lntermed. Late between the tt^ro

representatlve cases d.lscussed above. Thls effect i-s shoiqn |n

Flg" ).5 for the 25L,f keV llne. The cluestlon noTI arlses¡

at a glven tlme after irrad-iatlon, what fractlon of 26L"7 keV

(or 200,5 keV) ganmas follorvs the decay of HSL95 as opposed- to
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nel9lnz Thls problem l-s d.lscussed. ln detall ln Appendlx I of

thls thesls where a s1mp1e Least squares conparlson of the

shapes of the decay curves lnvolved. ls used to compute the

relatlve contrtbutlons of the two decays at a glven time,

The results a?e as followsr At t = C (75 mtnutes after

lrradtatlon) 04 ! 2)% of the 26L.7 keV sammas and (LZ ! Ls)fr

of the 2O0,J keV gammas resulted. from parent ground. state

decays" T'Ìle large error for the 200.5 keV transitlon 1s due

to the fact that the spectrometer used. vras not able to resoLve

completely that gâmmâ ray fron the 207 k'e\T llne. Slnce lts

lntensLty 1s relatively snall, thls error d1d. not serlously

affect the decay scheme ca1cu1at1ons, I'ioreover' slnce the

two llnes d-epopulate the sâme leve1, the a.dmlxtures should be

ldentlcal and uere taken as suchn

(rrr)
The technlques of energy and efficlency callbratlon used

1n thls study were d.lscussed. ln d.etal1 ln Chapter I. Gamma

Ta:y energy and. lntenslty measure;nents lrlere made wlth all four

ava11ab1e gammà =p""È"o*eters and the results are p:'esented ln

Table 3,?, îhls üab1e 1lsts all the gamma rays whlch have been

placed' (tentatlvely or l¡lth confld.ence) ln the electron capture

Enerqy and Relatlve Intenslty Ì'Ïeasurements

d.ecay scheme of ug195 ']-95m grouped, accord.lng to thelr d-ecay

charaeterlstlcs as dlscussed ln sectlon (ff). The

(colur¡n 1) quoted to 0.1 keV are belleved. accurate

and those llsted. to 1 keV are accurate to I 1 keV.

energles

to + 0"J keV

The subsequent
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t28,4
139.3
180, þ
2O0,5
2O7.2
2+t ,6
26t.7

RUN 1 RU}f 2

TAELE 3,2 RELATIVE PHOIOI{ TITTENSITIES

30,6

33,0
1.0

29 "626,3
100

3,!
7,2

4,2

585,2
599.8
780.2
B?'l ,2
94L,2
9Lt
93]-.6

- 9BB
1 008
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I
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4o þr
L7?"5
200,5
26t,7
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3,0
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u.b
),D

RUN 4

3C t9
0.6i a
3L"5

z5(a)

))")
26.2

100
3"0
7,8

6.5

BUN 5 RUN 6

29,r

26.8

RUlr 7

17.8
20,3

100

RUN 8

27,9
27,3

100
3,4
8"1

6,3

1"1
t6,g
L7,6

29,4

29.4
!.2

84,7

28.l+

BUN 9

0.7
6,?

30,9
25.5

100
2<
)t)
8.2

6"?

21,2
c.> 1
LLtL

64

RUN 10

466,9
526,r
560.4
575
6zz
oo)
693
698
68L "t
727

o,3
L"3

2t,o
2t,2

100

MEAN

5.2
31+.2

l.Õ
'Q)t\)
t)nJ

100
I+,9

t6.g
!7 "t

100

B5y

28,9+2,6
0.6+õ" i
29,7+z"z
1 .2+0.1
25+3,5

29.9+2.0
25,7!0,g
100
3,2+0,2
?,7i0 "40.7+0 

" 
1

ó.oTo"9
0,2t0,1
0 

" 3_+0,1
Ò ôan ')L¿7'w.J
0, 3+0.1
L ,2+0,!
lB.q+L "g19 "2+2"!0.2+0,1

0,7j0.4
13.3¿'! ,?
+a 516e

0.2+0"1
4,gf.o ,?
3L,t+1. "92, J+6 "23"7+0"7
6,770.t+
100
4,9+o 

" 50.5!0,2
o,?jo"j
0,7 jo "31.0+0.5
2,9+0,3
0 .'7 +0 rl

26"5
100

!7.7
16,8

1.1

'AAL00

L00

4,9
29,2
tnea l
2.9
?.3

100

Orz
0.3
ca

2,7

00

J,D
30,5
2.2
4.9
6"9

100

o"7

á¡y
0"2
1.1

20 "l+

0,2

215

100

0.2

100 100

0.5
or6
O,7
1.1

0,6

100

0,7

0.9

0"8



752
754
853
B9B
g6L.g

1 028
L240,t

RUN 1 BUN 2

(a) As obtalned

(b) Doublet

2.4

?,1

RUN 3

3.4

)nL

7,4

TABI,E 3,,? ( CONTINUED )

4 mn Nuclear Dlod.es detector Buns

O,Z5 cc ORTEC d.etector Run B

RUN 4

25 cc Princeton Geama lech d.etecior Buns 2, 3,

35 cc ORTEC det,eetor Runs 9, 10

RUN 5

O17
4.1

3"0

from

BUN 6 lp.UU 7

least squares analysls, Append.lx II

B.l+ I B .1

3.0

a.)

RUJ\I B RUN 9

o.3
o.9

0.8
3.o
l.o

!', 5r 6,7

65

RUIV 10 }iEATT

o"g

0.8
3"L
L.6

0.3j0,1
0"9+0"1
3"8+0.4
0.8+0.1
2,9+O "2I .6T0. z
? .5þ "?



EU (kev)

9.5 hrtu
6L.4

180.4
2OO"5
207,2
24t.6

':'.26L 
"7

585.2
599,8
78A,2
BzL "2But ,2
9tL
937,6
9BB

1 008
t022,4
1 o4g
1oB3

ñIIIUOÕ
1L72,9
t25O

40 ht
:: t72;5

2O0.5
26L.7
368.Ì+
387,g
452,2
It.66.B
5?6,1
560,Ll
575
627
66s
693
6ga
681 ,1
727
752
754
853
89B
961.9

LO2B
t240

TABLE 3,3 COI'IPARISON i.iITI{ PREVIOUS I^IORK

I, PATSENT 1.¡0RK

B5+g
2gl9 +z 

" 
6

o . ó+õ.1
zg ,7 +z, z
1,2+Ð,t
25t3,5
29,9+2.0
25.7!û,9
100
3,2+o ,2
7 "7lJ '40.2+0.1
6.030.9
0. 2+0. L
0 

" 3jo.1
2,9:p.)
0,3j0.1
1.2+0,i
r 

^ 
ñ .¡I(]oÕ-r!oY

L9.2!2,1,
0 

" 
2+0.1

0..7j0,4
!3.3+!,7
48 5+68
4,9þ .?
3t,I!r,g2.sfl,?
3,7 +O .7
6 "?þ,4100
4,9+o ,5
0.sfl.2
o,7!fr,3
0.7lp,3
1 

" 
0+0.5

2.gfl.3
O,7+O.!
0 

" 3jo.1
o .9:tq ,1
3.8+0"4
0.8+o,1
2,9+O.2
! .640.2
? ,570.?

ï), FRANK

66

B6
33
0,7
28,5

28,5
37.7
?8,6
100
4.8
tL ,5

6,5

3.0

L8,2
L6,g

< 6.0
g.B
392
7,6
27
4.9
B,g
4,t
100
9,0

2,7

1,7
5.0
¡ôl¡()

7.0
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columns sholv the relatlve photopeak lntensltles as obtalned- ln

1O lndepend.ent runs and norma]lzed to the ?80 keV photopeak

or the 560 keV photopeak d-ependlng on thelr decay propertles.

The last column glves the rnean of the varlous runs, along wlth

the estlmated error, tr{here more than three runs are avallable

for comparlson the errors are BMS deviations. Otherwlse an

error of *_ LOfl was asslgned l_f the photopeak was well deflned.

statlstlcally (eog. the 6!.4 kev peak) and. + 50fr 1t 1f was

not.

Table 3"? summarlzes the rela-r,lve photon lntenslty

d.ate and. compares lt wlth the resuLts of Frank4 whose i'rork

constltutes the only prevlous extenslve measurements of

phoÈon lntensltles ln thls d.ecay'

(rv) Gamna-Gamr,ia Colncld.ence Stu-d leq

(a)

before

(b)

colncldence v¡ork was und-ertaken f or two reasons I

To verlfy the general 1evel structure of F1g' 3't

und.ertaklng spln-parlty asslgnments and mod.el conparlsorle

To ald ln the placlng of.newly dlscovered gamma rays.

The solld state gamma-gamma colncld.ence specÈrometer

descrlberl |n the flrst chapter was used. for thls purposer

Vacuum sub]lmed, sources ?¡ere prepared ln the usual way and the

countlng geometry lvas essen-r,lal1y that of Flg" t.5' The energy

wlndorrs selected. for colncldence study are shown superlmpcsed

on the 35 cc Ge(Ll) gammâ speetrum of F18, 3,6. As can be

seen, wherever posslble a colncldence spectrum gated. by the
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compton contlnuun dlrectly above each chosen photopeak was

also run, so as to be able to dlstlngulsh between true
colncldence llnes and those d.ue to the und.erlylng compton

background. No attempt was made at quantltatlve conparlson of
two such speetra because the varlous experlments were run
sequentially and the cornplleated nature cf the d.ecay (dlscussed_

earller 1n thls chapÈer) precluded_ any such comparlsons.
Nevertheless the sought for lnfornatlon was obtalned. by scannlng
the spectra obtalned.

fn Flgures 3.7(a)-j,?(t) are p:.esented. the varlous
colncldence spectra, rn ord.er to lnd.lcate how they were
analyzed-' }¡e shall dlscuss the lnterpretatlon of Flg, j,?(a)
and afterwards merel-y present the concluslons drar,¡-n from
succeedlng spectra wlthout go1n6 lnto detalls. rn thls flgure
we see dlsplayed the spectrum of garnrn¿ rays ln colncldence wlth
t'he 180 kev photopeak, Thi-s flgure should. be compared. v¡1th

F1g. 3.7(c) whlch correspond.s to a I'rlndow set on the conpton
contlnuun above zo? lxetl " slnce there 1s no reason to expect
the exlstence of another 180 keV gamxûa ray ln colncld.ence wlth
the one depopulatlng the 24? uev level rqe can attrlbute lts
presence ln F1g, ).7(a) to compüon events '¡rlthln the pre_set
¡¡lnd-ow. rnd.eed both the 180 kev and zo7 ke\,¡ l1nes dominate
the compton colncldeirce spectrum of F1g, j,?(c) (and ar_1

subsequent compton colncldence spectra) " The lntenslty of the
180 kev llne may therefore be taken as å. rough means of
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Figure 3 ^?

{h) Wlfh eonptcr:- eoni:inu.u"n aÌ:*ve 388 keV peak
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Figure 3,?

( i ) 'å,Íith 56Õ ket/ photopeak
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normallzatlon of the two spectra" It may at flrst appear

surprlslng that several 1lnes appear ln Flg, 3,7(e) whlch are

absent ln Flg, 3,7(a), Thls can be attrlbuted. slmply to the

fact that a conslderably longer countlng tlme was requlred. ln

the case of the compton colnclclence spectrum to obtaln adequate

statlstlcs r so that very weak l-ines due purely to compton

colncldences are able to make thelr presence known" The t34

and. ?80 keV llnes ln F1g. 3.?(a) are due to random colncldence

events, (The absence of the 134 kev llne ln Flg,3,7(c) ls due

þo a hlgher threshold settlng on one of the slngle channel

analyzers. ) There 1s no d.lfflculty ln ld,entlfylng the llnes at

180, 20?, 262, 279, 368,388, 44O, 452, 46?, 560, and 585

keV ln F1g, 3,?(a) as compton colncld.ences. The 262 ]g!e:f llne

lt may be argued ls enhanced" relatlve to the 180 keV l-lne but

thls ls probably d-ue üo lts anomalous d.ecay rate" (See Flg.

3.il hle can conclude then t]nat the 600, 841 , 93t and 1008

keV Llnes are ln colncld.ence wlth the 180 keV gamma Tgy. It

It¡as lnteresting to note that the 84L keV llne ln the colncldence

spectrum d.1d not bear the sâme lntenslty ratlo to the 6OO keV

llne as had. been observed ln prevlous slngles spectra, but was

red-uced- by approxlmately a factor of two" Thls was taken as

evldence þlnat this gamma ray is actually a doriblet' conslstlng

of the ground state transltlon from the 842 t<eV level, and. a

gamma ray feed.ing the 242 lxeV level. The relatlve lntensltles

of these two components as calculated from the cotircld.ence

d.atan and. norrnallzed- to a ?80 keV llne lntenslty of 1OO/" wete

as follows ¡

79



slmllar analyses of the other colncld-ence spectra are summarlzed

ln Table 3.1+, I{ere the establlshed colncld.ences are reportedt

along wlth thelr asslgneo posltlons ln ttre ¿u195 1eve1 scher¡.e.

It w111 be noted- that the 2?g keV gamma ray bears a very marked

and qulte conslsteni eolncldence rel-atlonshLp to many'

transltlons ln 4u195 lndlcatlng that, beneath the strong HeL9?t¡

lnpurtty 1lne of the same energy, there lles another Samma raJ¡

belopglng to the gu19-5 level scheme. It has been placedr es

the table lndlcates, between the levels at L55g and L28O keV"

One ad-d.ltlonal colncldence experiment was perforned thls

tlme usin8 the 35 cc Ge(Ll ) d.etector and- the o,25 cc Be-

wlnd.orv Ge(Ll ) d.etector, The latter r+as used to select the

6t keV photopeak and. the ganna ray spectrum 1n colncldence

wlth thls llne ls shovrn ln Fig. 3.8. îhls spectrum was of use

prlmarlly ln verlfylng the posltlon of the lntense 1111 keV

gamma ray whlch eould de-exclte elther the LtTt keV state or

the 1111 keV state. The relatlve lntenslty of the 1111 keV

photopeak in thls coincldence spectru-m, normalTzed to TTBO =

1oo'wasfound.tobeltrtt=!6oASthlslslnagreement

¡¡1th the relatlve lntenslty observed- ln the slngles spectra

(ta¡1e 3.2) lt was concluded. ihat the 1111 keV ganma ray

de-excltes the tL?) keV state on1y. A:'t upper lntenslty l1mlt

the concluslons of the precedlng paragraph and of

Populatlng the ground. state

Populatlng the 2L+2 keV state

4 ,6%

3,L%

BO



SELECTED
PHOîOFEAK

180 keV

TABLE J,N T -/ COIiTCIDEI\ICE RESULTS

ASSUI,lED
POS ITTO.t\Ï

207 keV

242 6t

525 3tB

COINCIDEI{T
RADIATTONS

262 lKev

6oo kev
841 keV
93t keV

1008 keV

2?9 keV

262-0

368 kev
$JZ r'ev
585 kev
667 uev
?25 kev
7 55 lr'ev

ASSÏGI.ÏIVIENT

3BB keV]
386 u.ev I

L55g t28o

842 - 242
1oB3 242
LL?3 242
r25A 242

262 lKev ?
452 xev
585 kev?
BZt keV
853 lg3v
gtL keV
368 kev
386 aev
57 5 kev
7 55 lxev
962 t<ev

t72 k-eV
z6z uev
279 keV
368 kev
46? kev
526 uev
JIJ kev .

682 keV
700 keV
853 kev
900 keV

386 t<ev
46? kev
J26 IreY
68r kev
725 kev
853'kev

B1

706 318ì
72BO Bgt+ J

Bgtl - 525L3t+6 Bg4
1111 525t559 894

7'
L2B0 - 525

525 262?
L346 894
1111 5251oB3 262

?
rL?3 - 262
894 - 525
LaEO B9t+
894 - j1B
1 2Bo 52512Bo 318

560 kev 879 318

879
262
t 559
894 -
!346 -
r4o5
89+ -
7 559
t$o5
t 559
t6o 5

?06
0?

1 280
525

894
879

3tB
879
?06
?06
706

879
879
879
879

L346
r+o5
t 559
L6o5

?

;





O to r{
W

IT
 H

 6
l k

eV

T v, Þ z. 3 o (J

C
H

A
N

N
E

L-
.-

+

O ro
 rr

r
r^

10 r.
r\

r{ .-
{

r-
l

-1
cq c- Å r{



e3

of -2 (on the same lntenslty scale) can be placed on any

posslble ground. state transltlon from the 1111 keV state.

The leve1 structure lnd.lcated- by these lnvestlgatlons ls

presented. 1n Flg. 4.9 ln the next chapter. Transi-tlons d.rawn

on the left hand slde follov¡ the decay of Hg195n and those

d.ralm on the rlght follow the decay of the I{g195 ground state.

The prevlously accepted. decay scheme ls conflrmed. and three

ad.d1tlona1 1eve1s are suggested--at 653 UeV, t25O keV and.

L6O5 keV. The flrst of these (6Sl keV) |s somewhat doubtful*

plthough tt accounts for four unplaced. Baama rays I the only

known d.e-excltlng gamma Tay (128 keV) has an lntenslty whlch

decays aE the same rate as the Hg195 ground. state, wh1le the

three j-ncoming iransltlons depopulate levels ln equ11lbrLum

wlth HeI9Srl. Thls anomaly nay be due to as yet und.etected

feeds fron the HeL95 ground state, Exelud.lng thls leve] and

lts assoclated- ganmasn a total of 15 new transltlons hsve been

placed. ln 4u195. The galûma rays stil-l remalnlng unaccounied

for are the fo11owlng: 33Br 4Oo' i+tg, 4b0.4, Jt9, 543, 55o,

66.6, ?gt, Bt+?, B?0, 73?,6 tev. rt w111 be noted- 1n Flgo 4,9

that, 1ñ ad.d.ltlon to the Z6Z UeV leveln the levels at 6I keV,

318 keV, 525 keV and., perhapso 6JJ xeY are populated- lndlrectly

from both HSL95 and- äg195m. I{o-vsever, as was 1nd.1cated. earller

ln thls ehapter, the contrlbutlons from each parent state

lnterfere slgnlflcantly only ln the case of the Z6Z teV 1eve1.

It Ls only for thls state trrat the effect need þ.e taken



8¿l'

account of ln the treatment of populatlon balances, The

dlscusslon of populatlon balances and electron capture branchlng

ratlosr very lrnportant 1n conflrmlng the decay scheme, wl1r be

reserved to the next chapter rvhere the measurements on converslon
coefflcients are presented..
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SPIN AND PARITY ASSIGN}1E}ITS IN "ê,u195

INIRODUCTIOi.T

We begln, lyr seetlon (f ), *rtr-th a brlef dlseusslon of

lnüernal converslon coet'fleLents and theLr use ln ganme ray

nultlpolarlty aeasurements folio¡ied by an outllne of the

for¡aaIlsm of gamrna-gamna d.lrectlonal correlatlons" Sectlon (11)

presents the erperLuenÈa1 reeufts of Èhe conversLon coefflclent

and. d.lrectLonai correlatlon datao and sectlon (f f f ) :-nterprets

the 1erel scheme ln the }tght of these results" Flna11y, ln

eectlon (fv) the relatlve photon lnÈenel-Èles and measured.

conrrerslon coefflclents are used to calculate populat'1on

balancee for the exclted sÈates of ¿u195 and electron capture

branchlng rati.os and. 1og ft vsluee are estl-mated o

CHAPTER TV

( I ) Thgoåetlce-1--Ççn€.1-Ëerat l gEg

In ChaPter II we d.eflned the

coefflelent as the ratlo
dl-Nj

N),

of the number of l-shell eleetrons converted ln a glven lsonerLc

transltlon to the nunber of photons enltted." Physlcally' one

expects orblÈaL electron enlsslon to compeie wlth garnma

emlsslon as a aearls of rad.1at1n6 nuelear energy for the

l-shell lnternal converslon



f ollorclng reason ¡ rf the nuclesr transltlon occurs bet'*een

nuclear multlpoles of ord.er hlgher than 0, the orbltlng electrons
experLence acceleratlons due to the sud.den changes 1n these

multlpoles, e.nd ln partlcular, one of thero may acqulre sufflclent
energy to leave the atom*. Thls semlclasslcal argument can be

put on a quantun mechanlcal footlng by d.eflnlng an 1n1ù1a1

state conslstlng of the exclted. nucleus and. atonlc electrons,
the latter belng ln thelr ground state confL6uratlon, and. a

flnal state conslstlng of the de-exclted nucleus, the atomlc

eleetrons wlth an l-shell vaeâncy, and. an electron üravelllng
eway from the nucleus possesslng the nuclear transltlon energy

less the 1-she}1 blnd.lng energy. These tr*o statee are connected

by a Ha¡nlltonlan H1¡11, r¡h1ch ls the energy of lnteraetlon betrqeen

the nucleus and orbltal electronso It turns out tirat to flrst
order ln H1ç1 lnsofar as the penetratton of the nucleus by the

electronf.c ¡.¡ave functlon can be negleeted, the lnternal
converslon electron enlsslon rate ls governed by the saae

reduced. transltlon probabillty as that for gamma emlsslono

slnce lt ls the reduced. ¡natrlx elenents t]nat possess aL1 the

nuclear structure lnfornatlon and. slnee the cl are d.eflned. as

ratlos of electron üo gamms. emlsslon rates, the lnternal

B7

+If the nucleus de-excLtes by a monopole translt j.on (i. e. a clrange
ln average radLus of the nuclear eharge dletrlbutlon) lnternal
converslon can stl1l oceur and ls ln facl the only means of
emlsslon posslble l-n 0+*0+ nuclear transltlons" Thj-s 1s becsuse
photone must carry avray at least one unlt of angular momentuu,Electrons ln an S-shell on the other hand have ?¡ave functlons¡shlch penetrate tire flnlte nuclear rad.lus anrl so ean be ln-fluenced by a monopole de-excltatLon of the nucl*,r*.



BB

converslon coefflclents Tr111 convey lnformatlon only about

gross features of the transltlon--1-e€c energy and nultlpolarlty,
.4. nunber of detall-ed calculatlons of lnternal converslon

coeffíclents as a functLon of energy, roultlpoIar1-ty and, nuclear

charge whlch treat the electron relatlvlstically and Lnclude

tnportant correctlons for flnlte nuclear s1-ze have been

performed and. the results tabulatedl ,213. It ls through

comparlson of theee theoretlcal vaLues wlth Ëhe measured al's
thaÈ inultlpolarlÈles may be asslgned

.Turnlng now to the problem of dlrectlonal sorreLatl-ons

ln nueLear gamma rad-latl-on, consLder the ganma-Tay cascade of

F1g. 4.1 n The nucleus 1n lnltlal exclted staüe wlth spln Jf

d.eeays through an lntermed.late stste of spln J to a flnal state

of spln JZ, The eleetrlc or nagnetlc character of the tlio
gahaa-rÂys and. thelr nu1tlpole orcler L (angular momentum of

emltted. photon) are d.eternlned by the splns and. parLt1-es of

the lesels lnvolved ln the turo successlve transltlons through

the selectlon rules

lJr Jrt s L5Jr'+Jr
7rL = oTnf

lrhlch reflect the eonservatlon of angular nomentum and parlty

ln the electromagnetlc lnteractlonu Eere Jf (tf) ls the spln

(parlt,y) of the lnlt1al state (1.e" J1 or i) and. Jf (of) ls the

spln (parlÈy) of the f lnal state (l-"e. J or 3Z). r^¡Ls the
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parlty of the enltted. photon. The expanslon of the lnteractlon

ln terms of multipole fleld.s (electrornagnetlc fle.lds of d-eflnlte

spln and parlty) ts such that at most only the lowest two

aLlowed nultLpol-e ord.ers contrlbute slgnlflcantly to the

rad.latlon, The poeslblllty of such ad.nlxÈures 1s allo-$ed. for
ln Flgo 4.1.

At elevated temperatures (ego room tenperaÈure) the

nu.e1eL ln a glven sample popuLate equally the d.egenerat,e

¡2h + 1) magnetlc substates of the lnltlal level" (In classlesl
language the ni¡clel are randonly orlenÈed.)" Hence the flrst
rad.latlon (Tt) 1s lsotroplc relatlve to the fl-xed. e,rle of
quanÈi.zatlono In a conveÌ1tlonal d.lrectlonal- correlatlon
experlment the flrst rad.latlon ls observed. only ln a flxed

d.lrectLon d.eflned by the unlt vecÈor þ relstlve to thls ax1s.

The populatlon af the rnagnetLc snbstates of the lnteriaedlate

level by nuelel for whlch /1 has been observed 1s no longer

randon. Indeed. the d.enslty matrlx ¡¡hlch descrlbes Èhe Lnter-

nedlate state J ls a functlon of k1" If the lnternedlaie
state l-s of sufflclentLy short Ilfetlme so that extrgnuelear

fleld.s do noü alter thls populatLon balance before enlssLon of

the second gañrma ray (/2)o then the probablllty of emlsslon of

TZ ln the d.lreetlon EZ w111 be functlonalIy related to the

dlrectlon of observatlon þ of T1n Speclflca1lyo tf cos0 =

h n RZ lt ean be shown that
!r(g) = f Ak(1)' Rn(z¡' p¡ (cosg )k even

(1)
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[f(8) ls the probablllty per unlt so1Ld. angle for observatlon

of /2 havl"ng prevlcusly observed /1 , and the P¡'s are Legend.re

polynorolalg, The lO(z)' are of the form

Âo(z)' - F¡ (Lu, Lr, Ju, J) + 2s, Fk (Luo Lv. * !, Ju, J)

+ 6y2 Fk (L, + 1, Lu + !, Luo J)

v = tc ?

The summa*ulon over k runs from zero to the least of 2J,

Z(Lt + 1), ?(Lz + 1)" The F¡ are geometrlcal factors expresslble

ln terms of the 3J and. 6¡ symbols and. sre d.eflned. and tabulated

by Ferentz and Bosenz',{e1g&.

The'mlxlng raito" I 21s the ratl.o of the lntenslty of

thre L, + 1 radletlon to E]ne L, rsdi.stlon ln the vtþ.lt transltlon
of the casead.en l,lore speclflcally, lf we conslder the translllon

Là lk zrr
Jt tl -¿ À Ä- J m

lnduced. by soae scal-ar lnteractlon Hanlltonlan Ho the transltLon

matrlx element ts
(J m L1

where lJm'L1 M1 zr1)

the unporturbed HamlltonLen of the nucleus and. the eLectro-

nagnetlc field and. lJ1 m1) = lJf mf ) l0) ls the lnttlal state.

Thlnklng of I f,f H1 zr 1 ) ae the t,11 'th conponent of an lrreduclble

teneor of rank \ we can apply the !13-gner-Eekart theoren to

factor out a reduced (Eeometry lndependent) natrlx element

fron the transltlo¡r matrlx element--vlz"

(J fn Ll t41r1 lHlJlm.r) = (Jm L1 l{1 lJ1 m,l )(Jll L1 rr1¡ Jr)

l{1 zr1 lHl Jt *.t)

lJ m > I Ll M1 zr1) le the flnal state of



A slnllar erpresslon holds for the

ls deflned as the ratLo of the tr¡o

The ratlo of the lntenslty of the L¡ + 1 radlatlon to that of
the L1 rad.latlon ls then 8L2" 1.e. the requLred ratlo 1s the
rstlo of the squares of the transltlon matrlx elements summed

over flnal and averaged over lnttlal nagnetLc substates.

QJL + 1)-r,nãr l <J m l,r + 1 tI1 zr1 l H l Jl m1) 1 
2

r=-(Jll Lr +1,71 ll

(J ll le''zt ll Jr)

Ly + 1 radlatlon, and 81

reduced natrLx elenentsn

Jr)

(zh + 1)-t *ã, I <¡

=l<ltt la *l.r¡Jr)l

¡shere v¡e have used. the orthogonai-1ty propertles of the Clelsch-
Gord.an coeff lcl-ents end. the f ø.eE that l,l1 = m - ml, slmllar
equaflons of course hold. for the second. transltLan T2,

In the present lnvestlgatlons the maxlmum vaLue of k was

lfo the normallzed. theoretleal coeffLcienËs .A,2 and A4 1n the
expresslon

l<:tt \rru Jrll 2

a2

mL1
¿

rtere deter¡n1¡led. by flttlng a slmllar express5.on to the d.at,a

coll-ected at three angles and comectLng the coefflcients so

obtalned. for flnlte sol1d angleo The methori of extraetlng
theee coeffleLents fron the experilnental d.ata as well as t]ne

fln1te d.eÈeetor so1ld angle co='rectlon 1e dlseussed ln Appendlx

fI, The Ag of equatlon (Z) are related to Èhe A¡(z).' of

Nrrz-llHlJl'.1 ) 12

8LZ

t¡(O)th = ! + A2P2 (eoe 0 ) + Â4pl+ (cos g ¡ (2)



equatlon (1 ) by

Ak = 1¿r(1)'\/¡,otzl'\
\4"(t)' l\eo( ù' I

and lf v¡e nake

Fo

Fo

Ak

use of .the relatlons
(L, L, J'', J) = t

Arne and tfeld.enbeck5 have presented. graphs of the quantltles

A¡(v ) *" a functLon of the rolxlng ratlo I 2 ( or rather as a

funstlonof a =$ 2 ) whlchfaellltatethedeternl-natlon

(L, L+1 r J', J) = 0 r¡e obtaln

= 4o(1) Aiitr-, = f^k(:Ll \ f g,- \
\r + EL? I \r o a22 /

of the m3-xlng ratlo of one transltLon v¡hen that of the other

ls kno-wnn Use has been mad.e of these graphs 1n the analysls

to follou.

( rr ) EEperlrnental FesqILg

t+8Zz

K and. L-she11 lnternal converelon coefflclents were

measured wlth the so11d. staÈe converslon coefflclent

spectrometer dlscussed. ln Chapber II. Subl-Lmed, ES1-95rL95n

sources T{ere prepared and. covered. wj.Èh VTNS flIn to prevent

evaporatlon ln the manner descrlbed. ln Chapter IIf" the

observed. eiecÈron spectrum 1s shor'¡¡r ln F1g. l+,2o In thl-s

partlcular run, data was aecumul-ated. for a perlod of 4l+ hoursn

startlng 12 hours after l,rradlatlon nlth 25 lLeV protons" As

93
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can be seen the electron spectrum ls qulte conpllcated.o In

nany cases lnterference betv¡een electron groups prevented.

calculatlon of converslon coefflclents of tnterest, In allr
flve rune were takenr.gpaced over a perlod. of several nonths,

and. the measured. 06 and a¡ values are presented. ln lab1e ll,1o

Some of the numbere ln Table 4.1 requlre speclal nentlon. In

the case of the 3L8, 575, 698, 727, 898 and 1022 lreY tra¡rsltlons'

K-converslon coefflclents were calculated uslng relatlve gamrna

lntensltles from the 35 cc Ge(tl)' d.etector after nornaLlzatlon

to the lntenslty of the 560 keV llne as observed. ln the

converslon coefflclent spectrometer" The low lntenslty or

unresoLved. nature of theee li-nes dld not pernlt dlreot

observat,lon 1n the spectronet'ero lltus for these slx

transltlona an addltl-onaL efflclency callbratlon eurve had- to

be used,o that of the 35 cc detector, so the measuredcK values

are somewhat less rell-able than ühe others. Also lt may be

noted. from Flgo l+.? t1na9 the KS4L e1ectron }lne ls cornpletely

nasked. by the L?80 llne. Eowever 1f the result of Brunner et

a1"6 that the K841 and K821 l1nes aTe of equal lntenslty ls
accepted ç &rL estlnate of a6 (841 keV) and cL (ZgO keV) 1s

posslble, the numbers ln Table 4.1 for these two quantltles

were obtalned. wlth thls assuroptlon" Evld.ence was presented

ln Chapter III that the 841 keV l1-ne Ls ln fact a doublet

comprlsed of the ground. state d.e-excltatlon of the Bþl: keV

levol and. a de-excltatlon of the 1083 keV level (Ffsn 3.1 ) "

1

95



Ef (kev)

TABLE 4'"1 INTER}TAL CONVEBSÎON COEFFICIENTS

180

RUN

207

3

4

5

þ

5

1

2

3

4

5

4

4

1

2

3

Lþ

4

J+

2

4

1

2

3

a6

262

0.90

0.98

0.99

ûL

3LB

368

384(u)

0.288

a "2?B

0.275

o,2gl

0.299

6,5fe )

0 "11
o"oB4

0.082

0.082

o. oB3

0"16

0,10

0u10

0.056

0.051

0"049

0.050

0"056

K/t

96

6.2

t+Sz

467

526

5,r

5,4

5,6

5,8

)'Y

560

0"021

0,062

o "o6lp

0,051

0"049

0,045

É.<).)

0,021+

0.013

0,0082

o. 0081

0 
" 
0070

6,2

6"0

6,5



Ey (keV)

575

;585

RUN

ÎABLE 4"1 (CONTITfUEÐ)

4

4

t
2

4

1

2

L+

4

4

4

L

2

4

2

I+

2

4

4

2

l+

4

4

t- t.l\

óoo

0.050

0.0&(a)

0.011

o "oL?
0"011

o,047

o,o3g

o "042
681

698

727

780

cL

0.0082

0 
" 
0028

0 
" 
0028

K/L

6"2

821

o"og2.a)

0.065(a)

0,020

0"c20.

0"021

0,02?

0.021

0.011(u)

o.oog(b)

o.o3$(a)

Q.OA76

0 
" 
0082

o.oL5

o.oo77(a)

97

0 
" 
0082

0,0497

o.0052

841

4,3

3,9

89B

93?.

4"9

4"4

962

to22

0.0038(c)

0,0o3B

o,ool9(u)

5,5

5.3



E y (kev)

Lt73

T.å,BLE 4.1 (CONTINUED)

]-240

2

L+

,

4

4

(a) Gâmma lntensl-tles from 35 ee Ge(t1) de"¿ecÈor

(b) Unfesolved d"oublet

(c) Assurnlng KBZL and K841 are of equal lntenslty

0.0094

0.0090

o, 006g

o.a073

0. 001

9B
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Hence the neasured a ¡ç and a¡ canrot be taken as d.ef lnlte
evld.ence of an Ml n Ez character for elther radlatlon. other

d.e-excltatlons however restrlct the spLn of the B4l kev Ievel
to (t/Z+r 3/Z+) and. of the 1083 keV 1evel to j/Z+, Hence both

841 kev rad.latlons must be Ml or M1 o EZe a requlrenent whLch

ls of cours€ conelstent wlth the observed. a¡1 and oL"

The low energy reglon of the eLectron speetrun (Flg " 4,2)

1s seen to be rather compllcated by the Hg197h lrpnrltyo
Flgo l+ð shows the low energy reglon of the electron epectrum

taken fron a target lrrad.lated at 4O MeVo !ühlle conslderably

reduced- ln lntenslt¡ru ng19?m converslon 1Lnes are stlIl
--^^-..^--! 

Ft-¡ -. ---..-.f,,---.--|,rI-EÈrÇIlLo .tJr¿Èt rtlrtUuJ-'l¡lo w¿/,t5 lJl use lrr (Jl.)E¿tfff]ng (I'K tfOU t{eV,?

a¡ (fgO keV) and. oL (2O7 keV) (run 5ln Tab1e 4"1)e

the error asslgnments r^rere somewhat arbltraryn the

agreement of the FlyZAín 81207 meaeurements wlth prevlous'

values (see Chapter II) uslng thls arrangement j-ndl-cated. a

probable error of ! tOfi tn a6 and o¡" Thls lnd.eed. ls the

uncertalnty reported by Haverfleld et al" (ref" 1 ìChapter II)
ln thelr r.rork wlth a slnllar systemo tdhen electron and/or

gamna 1lnes were lncompLetely resolved so that background

subtractlon was uncertalnn or when fu1l energy llnes were

poorly deflned" statlstlcallyo thls error ¡¡ras lncreased to

* 20fi (or to t 50% Ln the caae of c, (4SZ keV) ¡rhere both

these effects contrlbute ).
The ¡reans of the varloua runs along v¡lth thelr assumed.

a-,
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errors and the asslgned nultlpolarltles are sumrnarl"zed 1n

Table ¿+,?o comparlson 1s also made rn thls table wlth the
results of, FrankTe who used hle gamma ray lntenslty data and_ the
converslon electron d.ata of Brunner et a1.6 and Joly et al.B to
calculate lnternal converslon coefflelents for a large number

of transltlons 1n ¡,u195" The agreenent between the present work

and.that of Frank ls poor.

In Flgures 4.nþ and 4,5 are presented graphlca.lly the
.c6 and ctr measürenentso The theoretlcal values (solld l1nes)
plotted on these graphs were obtalned from the tabrr.laëed" values

of Eager and. SeLtzer3.

The nul-tLpo1ari.ty assl-gnments ln colurnn J of Table 4.2
are lnterpz:eted as follows¡ The asslgnment "l,lj, (Ez),, lndlcates
that the experlmental polnt farlso wlthln qu.oted error, on the
theoretlaal curve for pure M1 trsnsltlonse Because of the z.ather

large errorr the posslblllty of EZ admlxt,ures can of course never
be ruled out. The asslgnment "M1, EZ" (1.e, wlthout parentheses)

lnd.Lcates a probable E2 ad¡alxture, whenever the aK aylð./or a¡
meåsurenents dl-d- not rule out the posslblllty of El (or M2, E3)

transltlons thls ls lndlcated by appendlng ,,8)?,,n The E2

asslgnment for the 2A7 lgeY transltlcn ls based on the measurement

of Jung et a1.9. The present measurement of aL 1s conslstent
rrlth thelr lnterpretatlon.

Before turnlng to the angular eorrelatlon resulte we

can mske uge of sone of the above conr¡erslon coeffl-elents to



Er (kev)

TABI.E 4" 2 I'IULîTPOLARTTT ASSTGNMENTS

207

585

6oo

780

B2T

84t (a)

932

!022

1 111

TL?2

4o rrr
ø

z6z

318

368

3ea(a)

452

t+67

526

560

575

6BL

l--

PRESENT T'IOBK
oK

o "96

0"011

o "ol+J

0.020

0.021

0"0L0

0 
" 
00?g

O,QQ??

o "0092
0 

" 
0071

J 0.1

+

+

+

+

+

+

+

+

+

0.001

o. oo4

0.002

0.002

0,002

0 
" 
0008

0. 001 6

0"001

0"00L4

o"t6

0.10

0 
" 
0028

0 
" 
o0B9

0 
" 
oo38

o, oo38

0 
" 
00L9

aL

+

+

+

+

t
t
+

0.03

0.02

0.0003

0"002

0,0008

o 
" 

ooo¿t

0. 0002

aK
FBANK

o. 85

L02

o 
" 
0047

0.018

o. oo96

0"009

o 
" 
ool+

0. 014

o,0og

0.005

o "oo4?

0.19

0.001 2

0"003

o,0022

ÂSSIGN}ÍENi

o "29
6,5

0 "11

Ml, E2

EZ9

El , trz

Ml(82)

Ml (Ez )

Ml (Ez )

Ml, E2

Mln E2

M1, E2

m (82)

Ml (E? ) E3:

t o"o3

r1
J 0.01

0 "052

0"063

o"o4g

0"01þ

0,02L

t 0.0005

+

+

+

0"006

0,005

0.01

0 ,001

>0.15

0 "35

0"024

0.013

J 0.001+

f
+

0001

o "02

0 "0079 J

0 0042

0 "024
0.024

o "023
0.04

o. o5B

o.oo52 !

0.0L

M1, E2

tq4

Mlo E2

0 
" 
0008

o. oo48

0,0c05

0,008

0.015

0.007

Ml? :

r{1(82)

rrl (Ez)

ur (n2 )

M1 (82 ) Wi
Ml. (82 )



Ey (kev)

698

727

89B

962

1240

TABLE ¿1.2 (COmtrNU¡O)

PBESENT I'IORK
clL

0,092

0.o65

0,036

0. 015

! o.az

J 0"012

J 0.008

J 0.002

(a) Unresolved d.oublet

(b) Jung and Svedberg, Ref. 9

0.0013 t 0"0002

FRA}IK

103

0 "006?
0.0034

ASSIGNMEN1
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estlüate nlxlng ratlos 62 for some transltlons of lnteresto

Becall that 8? ls thre ratl"o of t.he Lntsnslty of the 2L+L-po1e

radlatlon to that of the 2l-po1e radlatLon ln a rnl-xed. transltlon.

If oEl ls the experlnental l-sheIl converslon coefflclent, lt Is

relaÈed to the theoretlcal l-shell converslon coefflclents
o't l (t) and. o1hl (L + 1) by

Knorrledge of the 3 s's l-n thl-s equatlon permlts the caleulatlon

af 82._ In Tsble 4.J the mlxlng rstlos of aome transltl-ons are

presented * fhe errors refJect the orlglnal- error estl-nate i.n

oE1 = 1

a-1Ee

L+A?

ENEBGY (kev)

othl (t) +

180

82

L06

1+82

TÂBLE I+,3 T{IXING RATTOS

585

6oo

93t

o1rrl ( ¡'+r )

The d.lrectlonal correlatlon neasurements e¡lployed

the lnstrurnentatlon descrlbed- ln ChepÈer T seetlon (v'), A

strong llquld source of Hg195rt95ñ luas prepared. as follovrs¡

.â.fter vacuum subllnaÈlon of the mercury aet1vlty onto s 0o001"

elnmlnum backlngn the exposed.o or actlve area of the backl-ng

o ,24 S: i8

o.65 13:3

gZ

o.065 J 0.02

< 0.11

1 ,5 lå:e

e = E2/(r+s2¡

o"1e lB:16

o,39 +

0,061 j 0"03

< 0"09

o.6 fr:I\

0"L
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was cut awary and. dlssolved. ln aqua regla. A few drops of thls

sol-utlon was transferred to a perspex tube (outer d-la¡neter 5 mm,

lnner dlameter 3 mn). Thls source was then located centrally

ln the angular correlation apparatus of Flg. 1,10.

Only one d-lrectlonal- correlatlon experlment was

performed. It lnvolved. three cascades--the 585 ke[-207 keV,

6OO keV-180 keV, and 932 ke\f-180 keV. The NaI energy wlndoul

(SCA 2 of Flg,1"11) was set on the spectral reglon lnc1ud1ng

the 20? and L80 kev photopeaks. The 585, 600, and, 932 keV gamma

rays ïrere observed- ln the 35 cc Ge(Ll ) d.etector ln colncldence

wlth each of the three ÌrTaI detectors ln the manner d.escrlbed ln

Chapter ï.

In hls cholce of posslble cascades to stud.y by thls

technlque the author was limlted. by the follor^ring conslderatlons:

(1) Resolutlon of the NTaI d.etectors. The relatlvely poor

resolutlon of lrla] crystals proved. a hlndrance when settlng

accurate energy wlndows. ft was lmposs1b1e, for example, to gate

selectlvely on the L80 keV and. 2O7 keV peaks slnce they were not

resolved-.

(2) Photopeak lntensitles. iulany of the cascad.es ln the

decay of Ugl95rL95t *f,ich mlght glve useful lnformatlon about

1eve1 sptns lnvolve gamma rays which are too weak to be studled-

ln thls waYc

(3) Prlor knowled.ge of splns and. mlxlng ratios. A gamma-

gamma ¿lrectlonal correlatlon experlment can only glve absolute
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lnformatlon about level splns 1f the spln of at least one level-

ls known beforehand.. Moreover, lf the knom spln 1s hlgh, the

number of spln comblnatlons for the other two levels whtch are

conslstent wlth the experlmental values of the correlatlon

coefflclents 1s often 1arge. If ln addltlon the mlxlng ratlos

of the gamma rays lnvolved. are not accurately known, the

uncertalnty ln spln asslgnment ls lncreased because theoretlcal

correlatlon coefflclents are very sensltlve to these ratlos.

Thls consld.eratlon preclud.ed the study of cascades lnvolvlng t,he

lntense 560 keV llne, whlch feeds a level of J = !I/2-,
(&) Spln of lnternedlate state. Angular correlatlons of

gamma rays ln cascad"e wlth the 61, keV gamm a ray w111 not yield

lnformatlon about the spln of the initiol level-, slnce the

lntermed-ia-ùe state (6L keV) has JT = b+, All such correlatlons

are necessarlly lsotroplc.

The above llmitatlons effectlvely restrlcted- study to

the three cascades mentloned. above. Even these cascades presented

serlous experlnental d1ff1culù1es. The lntense 7BO keV 11ne

produces compton backscatter rad.iatlon at about 190 keV. Slnce

the NaI wlnd-ow ls set on that energy region, the Ge(Ll ) spectrum

ln colncld.ence wlth the 1B0o NaI d.etector (NaI, No. Iln Flg.

1,10) w111 show a spurlous full energy peak at 780 keV-1!0 keV

= 590 keV. Thls w111 lnterfere wlth the 585 and. 6OO teV
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colnctdenees åt that angIe, fhls effect was ellnlnated by

placlng a 3,?L gm/cm? lead. absorber l-n front of the Ge(tl)

det,ecüor. The sensltlvlty of ùhe detector -r,o the 585, 600 and

932 ir.eY rad.latlons was not slgnlflcantly affected, whlle

backseatter radlablon from lts sensltlve volu.me whlch would.

otherwlse have resched the 1B0o NaI d.etector v¡as absorbed.

To take full advantage of the source strength avaL1ab1e,

the experlment was done ln tr¡o part,s. The flrst partr, comprlsing

a countlng tlme of 30 hours, tras run r,rL-r,h a source to NaI

deteetor d.lsiance of I3,O cm and. a source to Ce(L1) detector

dlstance of ).2 crrlr The sLngles countlng raies aÈ each angle

were peri.od.lca1Iy monltored throughout thls countlng perlod-"
l

After J0 hours the source had d.eeayed sufflclently to aI1ow the

source to t'iaI d,etector d.lsrlance to be decreased to 10"J crlr At

the same tlme the three NaI d.etectors ïrere pernuted. once cyc1lca1ly

--1nê, ln F1g. 1.10 NaI Noo L assumes the 1B0o posltlon, IrIo, 2

the 90o poeltlon and No" 3 the L)5o positlon. thls rearrangernent

nould brl-ng out any posslble systenatl-c error ln the observed

comelatlon pattern d.ue to sna1l dlfferences ln resolutlon of

the NaI detectors, The eountlng tlne for the second run was

36 hours" The data fron the two parts v¡ere compared after

normallzalLon to the slngles rates at each angle _and

subtractlon of rand.om colncldences" (The latter contrlbutl-on rvas

estl¡nated from the observed. lntenslty of the 780 keV Ilne at

each angle whose presence can be attrlbuted purely to accldentals.
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The contrlbutlon þ¡as less than one per cent of the true

co1nc1d.eñcês" ) The observed correlatlon patÈerns for the

585 ReY-20? keV cascade for the two parts are shown 1-n Flgo I+o6,

Eavlng regard to the statlstleal erl'ors at each angler the

tr¡o runs can be taken as "orr"rstent. [hls tras also the case

¡vlth tire other two cascad.es. The data fron the two parts were

therefore comblned. prlor to the extraetlon of the coefflclents

A2 and. Aþ, The so11d lLne in F16" 4"6 correspond.s to these

extracted. valueso The results, uncorrecied. for solld. ang1e, are!

585-207 cascade

600-L Bo cascad.e

93L-180 eascad.e

experlment the finlte solld. angle correctlor:s are about L+%

for A2 and. 1 Jfi for A4, These correctlona âre clearly of lltfle
slgnlflcance conpared. to the statlstlcal errors 1n these

quanùlÈles 1nd1ca'r"ed.. aboven The A2 and A4 values are used. in the

next sectlon to eonfirn a nurnber of pararneters in the deca! scile¡ne.
( rrr ) InÇerprg-te.'trlqn gf B-e-Ê-q]-Lg

The spln of the ground state of Hg195 and. of 1ts

netastable (40 hour ) 1eve1 at t76 UeV have been shorm to be

t/2 anö- t3/2 respectlvely by measurement of the nuclear lsomer

shlft ln the optlcal spectrumll, If one attri-butes the gr:ound

For the souree to detector d.lstances used. ln thls

Az=+0"06J0'016
A4=-0.01+0,017
AZ = +Ð,1? ! 0.023

A4=+0,002+O"025

Az=0.22 lo.o5
A4=o,o5Jo"oó
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state spln as d.ue to the slngle odd nucleon (neutron) occupylng

the 3 er, she1I then the parlty ls negatlve. The accurately
measured multlpolarltles of the gamma ï'ays depopula*,lng the

lsornerlc state9 then deternlne the parlty of that state to be

pos1t1ve. The ground s+.ate spln of nu195 has been neasured by

the atonle beam rcagnetlc resorlance technlque and- found to be

3/zLz, The very pl-auslble she11 rnodel proton cor:figuratlon
rvlth thls spln 1s (2 a3¡2)3 tr,,r" ind-lcatlng a positl.,re, parlty.
The exlstence of the 3L second. lsomer.1c state in g.u195 at

318 keV excltatlon t^Ias flrst noted by Huber et a)-.!3, Thls

level de-excites by a cross-over ground" state transitlon
rr.'t r¡ b^'l ^qi !-. ¡r!,6 ¡qÀ ^ <1 r7 r-^\¡ rr2 r-rÃiÄu-!r,r}/ura¿ r uJ ¡¿T @rru a )v. t ¡LÇ y Þ) ,.rorìsitlon to a 2/'J2 kev

exclted state.6r9u Thls suggests a 5/z+ assrgnment to the

Z6Z UeV level and an 1L/2- asslgnnent to the lltg keV 1er,'e1.

These asslgnrnents are further confirmed by conparison in,lth

the tt+o nelgirbourlng oCd-A go1d. lsotopes, 4u193 a.nd AuL97,

whlch exhiblt preclsel)' the sane structure. (see reference !,
Chapter III ),
' The flrst exclted state 1n 4u195 (at 6t kev) decays to

grou-nd. by an i[l , EZ transltlon6 and sc may have JT = L+,

3/2+ or 5/2+. i{oryer,'er J7= }+ ls roost probable 1n vley¡ of

the apparent E2 nature6 of the 200,5 kev geama ray whlch Jolns
the 262 uev level wlth the 6t kev level. Agaln thls latter

+See Flg. 3 ,L
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ass18nüent ls conslstent ¡vlth the observed structure of the
two nelghbourlng odd.-A go1d. lsotopes. F1na11y, the presence

of a srnatl E2 adrnlxtureór8 ln the l,l1 transltlon bet¡¡een the
242 kev level and the 6t kev Ievel probably lndtcates a 3/z+
charaeter for the formero

fn the spln and parlty asslgnnents to foltoÌ{ }re shalI
take as a bsslc frame¡¡ork the Jz values for the ground. state
and- flrst four exelted. st,ates mentloned. above, namelyr ground.

sfate 3/z+, 6r kev 1evel L/?+, z4z xev tevel 3/z+, z6z xev
level 5/z+, and 318 kev leve1 tL/z-. Thls, tt w111 be noüed,

Ls preelsely the sequence observed 1n .4.u19? wrriclt Ls the best
]cnov¡n of the odd.-A gold. lsotopes. rt w111 also be noted (see

Tabre 4"2) that the converslon coefflclent measure¡sents

performed ln the present rrork sonflrm the Ml , EZ character of
the 180 keV and Z6Z l<eV transltlons e.nd the FI4 character of the
318 keV transltlon and. so are conslstent wlth thls framerçork.

Let us norc restrlct d.lecusslon to those levele whlch
e,re 1n equ1l1brlum rultlr the t/2- Hel95 ground state. These

levels comprlse the rrght hand. half of the ïevel scheme of
FIg. .î+.9 anô. nay be expected- to have rather snal1 angular
monent8"

Tlae 5?5 1reV leve1 ¡ -
Thls leve1 1s depopulaied by an EZ gamma ray9 whlch

feed-s the 1L/2- level at jrï kev and so nay have epln z/z-
or 15/z-o The fact that the leve] ls populated., at least
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lnd.1rect1y, fron the llg195 ground state, alloivs us to d.lsregard-

the second r-,osslbillty and take JT = ?/2'.
The 10Bl keV lerrel¡-

Thls level cle-excites to the 262 keV 1evel (5/2+) v1a

an l,i1 , EZ transltion (821 keV) and io the 6t keV leve1 (å+)

vla an I'11 , E2 transltlon (LOz? keV)n Therefore JT = 3/2+,

The nultlpolarity of the 84L keV de-excltation of this 1eve1

ls therefore l{1 or }il , E? as wes rnentloned. 1n the prevlous

sectlon"

The LLLL keV 1eveI:-

The pr'lrnary mode of de-excltatlon of thls leve1 ls e

JBJ keV E1, M2 ganma ray to the 525 keV level (7/2-),

(ta¡le 4,2) The posslble splns are therefore 5/2+, 7/2+, g/2+,

Hov¡ever'lt w111 be shoi.rn ln the next section that li ls fed

falrly strongly by electron capture from the t/?- ground state

of He195 r so JT = 5/Z+ ts indlcated.

the d1-rectlonal comelatlon resuLt for the 585 ke\f-ZA|

keV cascade, wh1Ie conslstent wlt,h Jî = 5/2+, d.oes not rule oub

tl're other two possiblllties, However 1t does glve an lnterestlng

conflrmatlon of the presence of an M2 admlxture ln the 5g5 ixe:V

gamma ralr 1nd-1cated. ln the Oy. and. G¡ measurernents. We har¡e

(see section (f) of thls chapter)

A2 = ¿r(t) þ,2(2)

where the superscript (1 ) refers to the 585 keV photon and. (2)

to the 207 keV photon. laklng the tabulated. value ot AZ(2) for
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a pure E2 transltlon betr^reen an lnltlal state of spln ?/z and

a final state of spin 7t/2,

A2(2) = -o '.LB
and the experlmental val_ue for Ã2,

A2Bxp=+0,06+0"016

we obt,aln

nz(l¿xp + -*c.28 j 0.07

The theoreilcal values of A2(i)are plotted a,s a functlon of

Q 1n F1g. 4"? for the three posslble va.lues of the spin of the

1111 keV 1eve1. In all three cases lt ls seen that the observed

A2(L) value requires a small ir12 adnlxtureo In partlcular, lf
we lake the value lndlea.ted by theB-branching Eeasurements,

JT = 5/Z+, T.re obtaln

QnXp = 0.10 + 0.02 or

62nXp=0.11 JO.O3
cornpared to the result fro¡r the converslon coefflcient
measrìrenents of

Agaln, for JT = J/2+ and Q = 0.10, the iheoretlcal valu.e of Aþ

ls -0.0001 , conslstent lç1th the mea-eured rralue

A4nxp=-0.01+0.017

The 842 keV level-: -
Two relatively strong €çam¡ûa rays de-exclte thls state.

The 6OO keV tra.nsltion 1s li1 (82) and. feeds the Z4Z ]r*eV Ievel
(3/2+), and the ?80 ks,V transltion, also 1i,.1(F,2) feeds the 6t keV

62nxp = o. o6J + o.o3 (ta¡Ie 4,3)
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1evel (t/2+) (see lab1e L+"2). Thus J7 1s restrlcted to
1/2+ or 3/2+. The d-Lrectlonal correlati.on measurements on

ühe óoo-r80 kev cascade do not d.1st,lngutsh between the two
posslblIltles, nalnly because of the uncertalnty Ln the nLxlng
ratlo of the 180 kev transltlonn The possLblllty of the
242 k.ev Ieve1 beLng L/z+ ts ellmlnated for Èhe correlatton 1s

not lsotroplc. Thls conflrms prevloue assunptloÐs¡

some lnfornatlon 11nk1ng the slgn of the mlxlng ratlo
for the 180 kev Banma ray wl-th the spln of the gbz kev 1evel
can also be derLved from t.he correlatlon work" startlng aga3-n

from

AZ ,= A2(f ¡

where no¡+ (1) refers to the 6OO

180 keV tz'ansltlon, and. taki.ng

e(Z) from Table 4,3, ¡ve have5

A2(2) = 1.oo

or =-0"38
Hence usLng the measured value

AZnXp = Q.L|

¡¡e have

¡^(t )f.Z,- rEXp = *e.t7 t 0.03 S(Z). 0

or = -0.5 *?"? S(e) r 0-0'5 \''l
These ty¡o values of A2(1)u*, are compared., 1n Flg" 4"8,

wlth the theoretlcal values pi,oÈüed aa s functLon of a(r) =

q(6oo kev) for the two posstble spln values of the B4z rev

Ã2\1)

keV translÈlon, and (Z) to the

the observed. value of e(180 keV)

+0"0
-0.09 81 z). A

+o,27
-0.20 S(e) t 0

! o,o23
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l-evel. Slnce experimentally A(1) S 0.09 (Ta¡le 4,3) Þre can

conclud.e fron thls flgure thai rf 6(2)a6, JT=** anð. lf e (2)> O,

J'= *+, In elther case A4ti:nOR = 0, j-s conslstent wlth

experiment.

The n?3 keV level¡-
g41n referring to Table 4,2, :.lne IL73 keV level ì

1s seen to de-exclte vla a ))2 keV l,iL, EZ transitlon to the

242 tç.eY level (3/2-), a 11"11 kev I'il (82) transltion to the 6t keV

level ß/2+), and. a IL?3 ixe.V I"11 (82) N::ansltion to the grou-nd-

sta.te (3/2+). The posslble values of JT aye therefore 7/2+

and. 3/2+, Once agaln the direcilonal co:'relation ¡teasurements

(on the 932-tBA keV ea.scacle) do noi declde betr^reen these two

alternatlves. However, a slmllar a.nalys1s of the angular

correl-atlon data and. measured Q vel-ues to the one just

performed. for the 842 teV.level enables the foll-ovring

statenents¡ If E<O J1r = L/2+

If 6>0 Jir = L/2+ or 3/?+

Slnce ß(Ð=6(180 keV) ls a common parameter to both

the analyses fr.-li' l;ile nl+Z ¡:e'.Ï ae-t i-t?-3 he -,1 I r;vc:.ì s r w€ can

make some addltlonal remarks on the splns and, parltles of

those level-s, namel-y:

rf Jlr (n?3) = 3/z+ then Jlr (B4z) = 3/z+

rf J1r (842) = 3/?+ then Jo(tt?3) = L/2+ or 3/2+

If J1r (BI+2) = L/?.+ then .T (n?3) = t/2+

Next v¡e shall consider brlefl¡r ¡¡s "h1gh sp1n" siates--

le"'those ln equlllbrlum wlth the 4O hour lsomer'lc state of
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frs195 r+1th JT = ti/z+" These states are grouped on the left
hand slde of Flg.ll.9 rn most cases rin.i,que spln asslgnnents

cannot be made to these levels unless one relles rather heavlly
on eleetron capture 1og ft valuesn estlmates of whl_ch wlIl be

presented ln the next sectlon" Arguments based on log ft
values are not partl-cu1arly convlnclng because of the overlap
of representatlve values for dlfferent degrees of forbld.dennessG

rn thls partlcular lsotope, parlty conslcleratlons assl_st tn
thl-s Lnterpretatlon as llLLl be seen Iater"

One general concluslon ean be drarm from the rnultlpolarlty
asslgnments of rabre 4.3, thaù wlth the posslble exeeptlon of
the 1605 kev level all the "hlgh spln" states have negatlve 

,

parlty" A spln and parlty of g/Z- nay be unamblguously

assl-gned to the 894 keV ler¡el on the bssLs of the nultlpolarltles
of the 368 kev transltlon (l'r1 , Ez populatlng a ?/z- staüe) and.

of the 57 5 ]xev transt ti.on ( Mr (ge ) populatLng an 1t /z- state ) .

The posslble splns of the remalnlng levels conslstent wlth
the measured mu1tlpo1ar1tles are l-ndlcated on the decay scheme

dlagram of Flg. 4,9 of the next sectlonn

(fv¡ Branching-Be'Þlos and. the Fltal DecaL-rqgheln.e

The onl-y emltted radlatLons follov¡lng the electron
capture process (aslde from neutn¡:oe) are the atomlc x-rays
and Auger electrons whleh result fron the re-adJustnent of
the orbltal electrons after one of thelr number has been

removed.. Hhlle the study of these rad.letlons +¡i11 yleld
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lnfornatlon about the eleetron eapture decay, such as ratlos
of capture raÈes from the K and. L shells, one nust resort to
lndlrect lneang to measure the overall branchlng ratlo from

the parent nucleus to the varlous exclted states of the
d.aughter u

If Iy ls the lntenslty of ernltted gamma rays 1n a
nuclear transltlon, and o1 the total lnternal converslon

coefflclent, then lre may deflne the total transltlon lntenslty
s.8

Total l-nternal conversion coefflclents have been

calculated or estlmated for the transltl-ons tn ¡.u195 r¡1th the
ald of the a6 Ð.nd û¡ E€asì.rrements presented ln sectlon (rr)
of thls chapter and ihe l,-subshell ratlos reported by Ju_ng et
a!.9 and by Brunner et alo6o The vslues of c1 and

correspondlng values of r are dlsp1_ayed j_n Table 4,4 for the
transLtlons that folIow the deeay of the Hg195 ground state.

ïn fhe last column of, the table, the transltlon
lnfensltles have been expressed as transltlons per parent

dlsLntegratlon r/Ín, Here rp ls the total number of d.1s-

lntegratlons of the parent based on the scale rT (?Bo kev) =

100 ercludlng d.lrect electron capture decay tc the ground staten

IÐ = I(61 keV) + r(z6z Nev) + r(g+r kev) + r(1083 kev)

I(2+2 kev) + I(Lt73 keV) + r(L250 kev)

I = Iy(l + a1)



E y (keV)

6L,4

180"þ

200.5

207.?

zvr.6

26r,7

585.2

5gg "B

780,?

82L .2

Bl+1 . z

9Lt

93L,6

9BB

LÐ22

1 008

1 o4g

1 oB3

111 0. B

tL??"7

L250

TABLE 4

T.Y

4 rRR¡isrrrom turEusrrles (9"s

94,7

?8,9

Or6

29 "7
'l .)
^aê

25

29.g

25 "7
100

3,2
lL <(e)
Jlí(r)
Or7

6"o

o.?

219

o.3

o"3

L,2

1B"B

L9,2

o.2

eT

rz (a)

*I.2 (c)

o.3? (b)

o.33 (b)

O.6 (c)

0.34 (c)

0"01+(c)

o 
" 
o5!.(c )

o"oe4(c)

o "oz5(c)
-0n01

(d)

o.oo9(c)

(d)

o.c1 (c)

(d)

(d)

(d)

0,01 (c)

o"oo7(c)

(d)

1018

t/ro

6j"B I o,oí9z

0.945

frr )

o"B I 0.ooo7

)9,5 | o"o36o

1,9 I 0,0018

L22

33.3 | 0,0309

30"3 I 0"0281

27 "0 | 0,025t

to?,4 I 0 "og5t
3,3 I 0.0031
4"6 I o"oo43
3,! lo.ooeg

(a) After Jung et aL.9

(b) After Brunner et a1,ó

(c) Present work

(d) Not neasured

o"7 |l0"0007

6.0 I 0,0056

0"2 I 0"0002

2,9 I 0 "0027
0"3 10"0003

0.3 10.0003

1.2 I 0"0011

i9"o I o,ot?6

L9,3 | O.OL7g

0,2 |'0"0002



(e) De-excltlng 842 keV state

(f) De-excttlng 10Bl keV state

Fron the appropriate numbers ln column þ of the tabLe we flnd
' Ip = 1018 + 33,3 + 4.6 + !.2 + !.9 + t9.3 + O"? = LA?9

The electron capture branchlng ratlo to a partlcular level csn

now be calculated as the dlfference betlceen the total transitlons

out of the 1evel and the total transitlons in. The branchlng

ratlos ancl 1og ft values are given in Table l+.5,

TABLE 4.5 ELECTBOI.] CAFTL1RE BRAiiICHI}TG E4Tf!Þ- (9,5

LEVEL

6t kev

242 ]Kev

z6z uev

Jzj xev

B4Z lceV

1083 kev

1111 keV

tI73 :xeY

L25O keV

BRAi{crin{G RATÏO I IOC ¡¡ (a )

o,?69

0.o24

zQ

0"01

0.t24

0.010

0.028

o,oI+2

0.001

t23

6,+

( øo

(a) Present r¡ork

(b) FrankT

i,cc rt(b)

B

6"5

7,?

6,9

6,5
f)o
I r./

The log ft values ln Table 4,5 were

f ollows ¡ Flrsi of all lt $¡as assunted tlnaL

to the grounct state was sna11 corapared- to

6,3
ðrì( t7

hr. )

6.5

6.9

6"6

6.4

calculated as

the branchlng ratlo

the eornbined branchlng



L24

ratlo to the exclted states. FrankT places an upper llmlt
of L4% on the ground state feed, based. upon hls gamna ray
lntensltles and the data of Jung et a1.9 The electron capture

branehlng ratlo to the ground etate of púgs from the decay

of ¡.u195 whlch lnvolves the same spln and parlty change as

the deca¡" 1n questl.on ls about 3frLsn Secondly a t,otal
dlslntegratlon energy of QEc = 1500 kev was assumed (see Bef"5

Chapter III). The K-eapture branchlng ratlo for each feed. rqas

then evaluated. frour the theoretlcal expresslons for ratlos of
electron capture ratee from the varlous subsherls. rf Ex

represents the capture rate to soae state of the daughter

nucllde from the X'th atomlc subshell, then

EK = "/3 
+ Ei( r' +EM + "". )1'-l'

E¡ç E¡

where E = EK + EL + E¡4 + .r.
For a11or¡ed transltLons, I.Iapst,ra et al.14 glve,

EL = LLr /nrr,)t ( ,^, * rrtt)
E5 t" (;l \ LLï /

nhere q¡ ls the dlfferenee between the total d.ecay energy and.

the X-shetl bLndlng energy BX

1n€" eX = QEC B¡

The quantLtles L¡ are te.bulated. es a functlon of nuclear charge,

aa ls Eg + ro. iI+

E¡

the equlvalent expresslons for flrst forbldden decays glve



essentlally the same numerlcal resulte.
Havlng Èhus obtalned E6n stand.ard, nomographsl4 weru

used to caleulate the K-capture Log ft values tabul-ated. above.

A slmlLar analysls was carrl_ed out for the levels ln
equl1Lbr1un wlth the 40 hour leomerlc state of Hg195. The

transltlon lntensltles are shorm ln Tab1e 4"6 and the

correspondlng eleetron capture branchlng ratlo and 1og ft values

1n lable 4o7, Âccount nust be taken of the fact that the

leomerlc state can decay by garnnâ emlsslon as rce1l as electron
capture when conput,Lng partlal half llves and 1og ft values.

The branchlng ratLo of electron capture to lsomerlc decay of
l+O hour Us195.m ts easL1y calculated" Becall that the total
number of dlslntegrattons of the Hs195 ground. state per hundred

780 keV gamma rays was

rP(ns1P5 ) = Io?9

He can obtaln slnllarlyo from Table 4.6, the nunber of dj.s-

lntegratLone of HS195.m per hundred J60 keV gamma, rays

ID(Eg1 95n¡ = 6?t

L25

These two numbers were compared. by maklng use

slngles spectrum accumulated elghÈ d.aye after
lnêo anple tlne for the rshole decay system to

equlllbrlum wlth the l+O hour Hg1lJm l-evelo It
thle spectrum, that

I /{7Bo kev) = 0.602

rr (560 kev)

of a ganma ray

target lrrad.latlon--

come to

was found o from



E y (kev)

L72" 5

2A0,5

z6L,T

279

3L8

368.4

386 I
3BB t

452.2

1166. B

5?.6.1

560.4

575

6zz

665

693

6ge

681.1

727

752

7 5t+

853

898

TABLE 4.6 rne¡lsrrroltr

T' '/
o.7

L3.3

485

(b)

o"2

4,9

r3.þ(e)

oT

0.6 (a

0.37(b)

0.34( c )

INTE}TSTTTES

9.7(s)
2.5

3.7

6.? ,

100

4,g

Q"5

0.7

Q.7

100

2,9

O17

0.3

o"g

3.8

0.8

L.t
18"2

650

12,5 (e)

0.14( c )

o,r7(d)

o"o5(a)

o"tt (d )

o"1o( c)

o.o7(c)

0.06(e)

o"o5(c)

(e)

(e)

(e)

o"tt (r)

o"04(e)

o"og(f)
(e)

(e)

(e)

o.05(f)

1&o nr)

t/rn
o, oo16

o.027L

o,969

?,7

5,6

t5"7

18.6

2,8

l+ 
"L

7.?

ro6

5'r
Q"5

o,?

0.7

TOL

3.0

0.8

0.3

o'9

3"8

0"8

L26

0 
" 
0040

o 
" 
0083

0,0234

0.0277

o, oo41

o. 0061

0.01 07

o"t58

o.oo?6

o 
" 
ooo8

0"0010

0.0010

0. 001 6

0. 00¿+5

0"0012

o. ooo4

0,001 3

o 
" 
0056

0,001 2



Ef(kev)
g6L 

"g
1028

I2l+O "L

(a) rf pure E2

(b) After Bru.nner et a1.6

(c) Present work

(d) If pure M1

(e) Not measured.

( f ) ff pure t{2
(e) After FrankT

TABI,E 4.6 (gONTTNUED)

2.9

r.6
7"5

o"oz(c)
(e)

0.01(c)

3"0

t"6

?"6

t/ro

L27

0.00¿15

0 
" 
002þ

0. 0113



LEVEL

(rlo hr)

318 keV

653 tuv

2o6 rev

879 aev

89þ kev

1280 keV

1J&6 tev

1t'05 kev

7559 Yev

x6o5 kev

BRAI,üCHING RATTO

o.7BB

a'r Q

o.ot?

0.t37

'.vQ

0"030

0"0L4

0"013

0.a22

0,002

Loc rt(a)
7,3

(a) Present work

(b) Frank?

(c) L-capture only

9,6

7,4

i,oc rt(b)

t28

7.6

7.9

7.8

7"Q

(c)

7.2

B,g

7.5

7.6

7,5

7.7

6,6
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Thus the number of dlslntegratlons of the He1.95 ground. state
per hundred. JBO keV gammas ls

Ip (Hgr95) = 1O?9 x 0"602 = 642

We can conclude ihat 49ft of the Ug195m decays go by lsomerle
transltlons to the ground. state, and. Stfi bv electron capture

to states ln 4u195. Thls branchlng ratlo 1s ln agreement r¡lth
that of Frank? and ¡rras used. ln the computatlon of the 1og ft
values of Table 4n7. ,

Begardlng the 1og ft values for electron capture from

40 hour ue195m ft should. be polntecl out that a "flrst forbld.den'
character 1s very strongly lndlcated. rt nay be argued that
these values d.o not rlgoir.,ous1y exclude ej.ther sllowed or
second forbl-dd.en transltlonsu Hoi.vever, as waa lndlcated
earl-Ler, the parlties of the states fed by the gg195nt 1eve1

(wlth t,he posslble exceptlon of the L6o5 kev state) are

always negatlve. lherefore the electron capture transltlons,
beglnnlnB es they do on a stete r,ilth JT = rj/z+ aluraye lnvolve
a parlty changeo thus excludlng an allor¡ed or second. forbldden
charactero Thlrd forbldd-en transitlons h¿rve log ft values of
about 1"8 and s.re also clearly excluded, lhe spln selectlon
rules for flrst forbldden transltLong are

AJ = 6, 1, z

so we are Justlfled tn settlirg a lorser l-l¡nlt of g/z on the

splns of the states ln 4u195 populated by electron capture

from Hg195rn.



t3c
The f1nal d.ecay scherne lndlcated by the experlments and

calculatlons outltned ln thls thesis Ls shovrn ln Flg, U,9,

The baslc level struc-r,ure proposed. by prevlous workers l-s

conflrraed as are the splns and. parltles of the levet s at 6t keV,

262 keY and )tB kev reported ln the literature. fn ad.d1t1on,

three neiv levels are proposed (excitation energy 653 uev, Lzso

kev, and 1605 lcev) a.nd some rJ new gamna rays are placed,
Unamblguous splns and parltles have been asslgned to the levels
at 242 trev, 525 kev, 8!4 kev, ro}3 kev and, 1111 kev. The

parltles of nost of the remalnlng l_evel-s have been flxed a.nd

falrly narrow ranges of posslble spins have been su.ggesled 
"
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Introductl on

The nucleus ml95 probabl-y lles withln the reglon of
spherl cal nuele 11 . Iïowever the neutron nuinber ( N=1 16 ) 1s

rather far from the nearest closed. she11 of lï=126. Hence one

would not expect to predlct successfully characteristlcs of
the low-lying exclted states withln the framerçork of the

slmple slng] s particl-e mod,el or the extended- shelI mod.el_ with
residual two-body forces. Bather lt 1s llkely t]nat these

excltations ha-¡e â. collectlve nature arlslng fron the

coorcLlnated. motlon of many nucleons, A genei'al theory of
excitatj.ons ln odd-A spherical nuclel has been developed by

Klssì-inger and. sorensen2 anð. app-l-led to nuclei slnllar to
aul95" rn Lg6L cle-Shali¡3 proposed a very s1np1e moclel to
descrlbe a restricted nu¡aber of odd.-A nuclel 1n v¡hich a]1 the

col-lect1ve propertles are attrlbuted to the even-even core

and are not speclfied in detail, The only assumptlon mad.e ls
that the lnteractlon betv¡een the core and the l-ast odd nucleon

ls weaiç so that flrst ord-er perturbation theory may be applled..

ït ls possible, uslng this model, to express a large nu¡nber. of

experlmental quantltles ln terns of relatlvely few parameters

and thereb¡r examlne the extent to v¡hlch the propertles of the

odd-A nucleus are conslstent wltir the weak coupllng assumptton"

CEAPTER V

DISCUSSION



Insofar as the mod-eL rnay be conslderecl ,r"trd, t study of ,n:3U

excltatlons of an od,d-A nucleus may glve new lnformatlon about

the nature of coll-ecttve exeltatlons ln nelghbourlng even-even

muclel, slnce tirese nuclel should be very stmllar ln structure

to the core of the odri.-A nucleus .

The lsotope 4u197 has been tfre most thoroughly studled

of the odd-A go1d. nuclel, and- the r¡ealç coupllng model (or

"core excltatlon" rnoC.el) has beetr applled to lt wlth conslderable

"o"""""4 
r516, The raod.el of Klsslinger atrd. Sorensen on the

other hand fails to explaln several essentlal feaiures of that

nucleus (such as the equallty of B(82) values for transltlons

to the ground. state from three of the lol+-lylng exclted" siates, )

It ls reasonabl-e to assuine that fhe core excltatlon ¡rod.e} will

be equally successful iqhen applled to 4u195 walch has, as T^Ie

have seen, great slrullarltles ln l-evel structu::e to Au1g?. In

thls clrapter we examllre the applicabllity of tiie model fo luL95

ln the light of tire present work and of prevlous experlmental

data. It should be polnted. out ai ihe oul,set that' r+hile some

concluslons can be drai'rn, the available da-va on ¡u195 falls

fat short of belng sufficlent for an ad-equate test of the model.

In section ( i ) the formallsm of the coï'e excltatlon

mod.e1 ls developed. fn sectlon (if ) the energles, statlc

moments, and clecay ra.bes f or the f lrst core excliatlon band,

Ln luL95 a-re dlseussed., and ln sectlon (ffl) an atLempt ls

mad.e to ertend the mod.el to sone states of hlgher excltatlon"



(t ) The Core Excltailon l'îodel

As lndlcated In the lntroductlon thls mod.el assuaes a

weak.coupllng between the last od-d nucleon and. the even-even

core. The zeroth-crder wave functlons havlng Cefinlte total
angular nomentum are

The states lJcJ JI'f) constltute an orthonorrnal basls ln whlch

the l{am1l-tonlan d.escrlblng the core and. part1cle, trr the absence

of an lnteractlon between them, ls dlagonai, They are forned_

by vector coupllng the s1ngle particle staies lJm) representing

the last od.d nucleon ln a J J-coupllng orbltal t.o the collectlve
core states lJcl\ic) . The coefflcl-ents A(Jcj) are lnt,roduced

to alIo,¡ for the posslblllty of admlxture of states wlth the

same Jltl bu'" arlslng fron dlfferent core-parttcle conflgurations.

ïf the model ls to retaln a slmple lntultlye meaning al-l but

one of the terrns ln the summatlon of equatlon (1 ) should be

small--lne. one A should be close to unlty and all- the others

zero or nearly soc

The shlft 1n energy A E(J) of the sta-r,e lJ) (dropplng

the nagnetlc quanturn number I'i for convenlence) from i-ts

unpertui'bed zeroLh-order energy can be calculated. by notl-ng

that the lnteractlon Hamlltonlan betr^ieen the nucleon and the

core 1s a scalar, and hence nay be expandeo as a sum of scalar

products of two tensor operatols of rank k, f(t)(c) and.

lJÌ,1) = I A (Jcj) lJcj Jt4)
Jcj

t35

(1)



t(k)(p), whlch operate separately on the core and partlcle
varlables, respectlvel_y" thus,

^E(J) 
= (Jl : (r(k) (c) " T(k)(p))t.r>

l(

= I 1- ¡Jg+J 
I +J

JcJJc'J'k
(Jc'¡¡T(k)(")lt,¡"> " (J'¡T(k)(p)llj>

(2)

Although the sum over k ls extend.ed from zero to o, the eondltlons
lmposed. on k by the 6-¡ symbols r-1rn1t 1ì tc onl-y a fer.¡ terms"

F or the nonopole-nonopole lnteraetlon (k=0) tne 6-i symbol

does not depead, on J and vanlshes lf Jc * Jc, and./or ¡ * J,"
If this tern does not vani.sh the whol-e mul-tlplet will be shlfied;
by the sane energyÂE6. ff all the states lJ) of the

nult1p1et àTe "pure" states, 1.e, lf only one value of A for
each stabe 1s d.lffereni from zero and. equal to 1r Hê can obtaln
from (?) the result

A(rc, J ) A(rc" J' ){j"'j;il}

L Q¡ + 1) Aek(.]
J

Fork=0,
AEo = ,JeilT(-0)(")[J")

2
( e.r"+1 ¡

t36

where lve have used. the algebralc expresslon for the 6-l symbol

fJcJ JÌ. It was polnted out by de-Shallt tn his orlg1na1
t J Jcoj

paper3 that under eertaln clrcumstances

) =0 fork*0. (3)
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(JcilT(o)(c)ilJc) (. (2.t"+r)b (4)

so that Eg would be lndependent of Jc. fn such cases the

separatlon between the "cenüers of mass" of two multlplets
constructed on d.lfferent core states Js r^rlth the same slngle
partlcl-e state J should be equal to the separatlon betv¡een the

unperturbed- multlplets, That is, the center of mass energy

of a muItlplet ls deftned. by

Ecu -- I (e¡*r ) u(.r)

i 'l:

J

But E(J) = E0 + I AE¡ +ÂEO
k=1

where En ls the zeroth-order energy of the mulülpLeto Therefore,

from (3) we see that

Thus 1f AEg ls

If, furt,her, the core states 1n the od-d-A nucleus are ldentlcal
wlth those 1n a nelghbourlng even-even nucleus, the multlpletst
unperturbed. energy separatlon ought to be ldentlcal wlth the

separatlon betv¡een correspond.lng states ln the even-even nucleus,

Thls ls the "center of gravlty theorem" of Lawson and. Uret zky?,

ft nlght be lnterestlng to examlne how (¿l) can arlse, slnce

the center of gravlty theorem seems to be obeyed falrly closely

ln the case of Au19? when compared wlth PLL96, fn Appendlx III
1t ls shown that lf the core stale Jc 1s prod.uced by partlcles

ECM = EO +AEg

lndepend.ent of Js,

Ecu (J"') Eg¡a(Js) = Eo(.r"') Eg(Js)
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ln one orblü only (tne othor shells belng presumed. cl_osed.and.

not contrlbutlng to the state) and lf T(0)1") fs expand_lbIe

as a sum of s1ng1e partlcle operators, then (þ) ls satlsfled¡
It 1s also satlsfled. 1f the Js values arlse from a collectlve
notlon superlmposed. on the sane lntrlnslc structure provlded

1(0)1¿¡ d.epend-s on the lntrlnslc structure.only3.
' The lnteractlon of the charge and eurrent dlstrlbutlon

of the nucleus wlth the electromagnetlc fleld can be expanded.

ln terms of nultlpole operators f¿(h) (spherlcal tensors) and

the emlsslon rate correspondlng to a glven mu1t1pole operator
ls glven by

where l and. f stand for lnltlal and flnaL states, Jl ls t,he

angurar monenüum of the lnltlal stateo E ls the transltlon
energyo and o¡ 1s a constanto To calculate (f llCI,(f )tl f) the
operator.f¿(k)ls wrltten as a sum of two tensor operators of the
same rank kr operatlng separately on core and nucleon varlables"

Ti-í = ( 2J:.+1 )-1 g2k+1 tk l(f ll .g(t<)ll 1) I 2

The reduced

(filf¿(k)lt r) =

= r"|r"' ¡' (-)J+J+k A(Jc, J )A(Jc', J' )[ (z,t+1)(z¡'+r )]å
. l{j"'jtl}^r",¡¡g(k)1c¡rr.rs) BJJ, + (-)r'-r{j' j,}J

x (J,¡.f¿(k)(p)lt J> sJcJc,]

g(t) = f,¿(k)(c) + f,¿(x)(p)

fransltlon amplltude 1s then

t
JcJJc' J '

A(JcJ )A(Jc' J ' ) (Jc' J 'J'llf,¿( k ) 1s 1+f¿(k) ( p )tr"J.r)

I <l

(6)
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where the "unprlmed." and "prlned." arguments d,enote lnttlal and.

flnaI statesr respectlvely.

For the statlc electromagnetlc rnoments the same

expresslon for the reduced matrlx el-ement may be used. except

that ïre now set J=J'n everythlng else remalnlng the sane,

Thus the statlc moment ls glven by

the reduced matrix el-ement belng obtalned from ( 6 ) .

(f f ) the 2+ CgIe Ð:cita+--þp llu.l-tlpl-eq

(r r4=r tflb)t r r,i=r) 1j ä j) (rr f¿(k)n,r>

In F1g . 5.L the lornr

wlth those of the two neLgh

and. Aul97. Also shown are

even-even nuclel ptl9Zn pt1

latter nuc1e1 for cornparlso

nuclel is rather arbitraz'y"

even-A isotopes of Hg ( obta

correspondlng odd-A goid. nu

nuc1e1 for the one partlcle
âd¿ one hole conflguratlon oJ
2

tiowever, more experlmenial

of the Pt isotopes, particu

make comparlsons wlth those

state proton conflguratlon

lylng levels of 4u195 are coupared

bourlng odd-A gold isotopes 4u193

th'e first exclted stabes of the

94, and Pú96o The cholce of these

n with the "cores" of the go1d.

One nlght equally well choose

lned by ad.dlng a p:'oton to the

cleus ) or 0s (which are the core

configuration conjugate to the

f the odd--A go1d. lsotopes ) .

lnforrnati.on ls available ln the case

1arly P*94, so lt l-s convenlent to

nucIeL. The s1ngle partlcle grou.nd

f or the gold nucl-ei ls, very probably,

(7)

(r hl )12 ( z ¿g )3 (3 så)o22



Figure 5"!
Energy level systematLcs of od-d-*A gold isotopes

140



E 60
0

40
0

20
0

+
7/

?

P
i-1

92

n/
2

5/
2+

ot
A

u-
 1

93

t/?
*

ttf

T
rz

n

P
r-

t9
4

|/?
!

5/
2'

zt
f

I I ' I Ì, i I i I I i I I ; I I : ! . i ! I I i I I I I : I I l I I I i I I I I I I I I ì I I ¡ I I I i ì I I t I i I I I

A
u-

 1
95

r/
z*

3/
z+

n/
2

c LO

P
t-

t9
6

5/
2'

A
u-

19
7



TT+L

wlth three aore protons belng requlred to complete a maJor

shell of Z = BZ. The lsomerlc states JT = V- can be generated.

qulte plauslbly on the s1ng1e partlcle scheme by elevating a

proton from the h* orbltal to conplete the d. orbltal- leavlng

a hole wlth JT = t , In a slnllar i+ay we mlght account for

the flrst exclted state JT = å+ "" the loi,test energy state of

the conflguratlon
( r n,*)t' (z d:¡z (3 

"å)1
Eowever the measured magnetlc moment of thls state Ln AuL97

ïs p(å+l = O,3g nm8 which falls v¡ell below the Schmldt value

for a slng1e så proton and- ls extremely hard. to explaln on the

basls of any slng1e partlcle excltatlon. ïn the core excltatlon

plcture one assumes that the energy necessary to exclte the

flrst 2* state of the even-even core ts smaller than that requlred

to change the proton conflguratlon. Then the |+ exclted" state

ls lnterpreted as the flrst member of a quad.ruplet resultlng

from the coupllng of the d.¿ hole to the exclted 2* coye state.

The single partlcle $+ state must then be sought at hlgher

excltatlon. The other members of the quadruplet have

Jo = t+, !+ and 8.*. auL97 (Fls, 5,L) ts seen to flt very

nlcely lnto thls scheme, even to the extent that the zeroth-

order energy of the multIplet (EO = 3ó5 XeV) fs very close to

the energy of the flrst exclted state \n PtL96, The anomalouslf

1ow value of p(å+) has been shor,m to be completely conslstent

wlth the modeI ,4r5 Ind.eed an lmpresslve amount of experlmental-



data on Èu197 ca.n be expressed

relatlvely few core excltatlon

Enersy Levels of i;uL95

Let us then concentrate on ¡.u195

lt ln a slmllar manner. The absenee of

ln the observed leve] spectrum need not

the {+ state ln ¿u197 ls noü popu}ated-

decay of He;L97 'L97m and. ls observed only ln coulomb exclLat1on.

Indeed electron capture from elùher of the parent states 1rr

Hsl95 to a $+ state ln 4u195 would lnvolve à spln change of
? orrÄ on lra hlghl-.¡ fOfbl-dd.en. If we ãssume the centef ofJ stlv ¿ -'r- !'::-!-

gravlty theorem (sectlon (i)) to holdr âs seems to be the case

îoy LuI97, the $+ sl-ate should. be at about t+BZ keV ln 4u195

and at about 475 t<ev ln .4u193 (see F18. 5.L) "

Follov¡lng d"e-Shallt's method 5 we take the lvave functlons

of the ground. state and flrst three members of the 2+ core

excltatlon multlplet to be

rå>o = Al oz2> + JL-:p Êi&>
lå) = tztÈ>
tl2t = a' tz Zl> - JLæ to$.Z>

I Z> = t2'+ Z>

l^le have alloived. for mlxlng between the two å+ states and have

chosen the mlxlng parameter A such that all states are normallzed

and orthogonal.

The energy spllttlngs for the multlplet, ln the

approxlmatlon A = 1, a:re glven by (see sectlon (1))

conslstently 1n terms of

model paramete"".5

I

and attempt to

a low ly1ng f+
greatly concern

ln the electron

L42

treat
state

us.

capture



where aE¡(r) = <zttr(k)1c)uz><årrt(k)(p)nÊ> 
¡z i *¡

3

AE(J) = t an¡(t)
þ=1

the sum ls restrlctecl to kS3 by the trlangulatlon cond-ltions

lmpllclt ln the 6J-synbol and the k=0 term has been absorbed

lnto^E(J). If we replace the prod-uct of the reduced matrlx

elements by ck we obtaln
3

^ 
E(J, = 

nÐ,. "n {?1 {,1

If we now assume t]¡aþ the unperturbed. energy corresponds -þo ,

the flrst exctte¿ state in pt194 (E = 329 keV) we can use the

three knourn ç¡e1g1-es of the quadruplet to calculate the ck'

The results are shown ln F1e, 5,2 and are compared- v¡lth the

results of slnllar calculatlons for 4u193 ana mL97. The

dlpole-dlpole term (k = 1) seems to domlnate, as has been noted

prevl ous 1y . 5

The Ground State and First Exclled State

L43

The most stringent tests of the core-excltaü1on model

lnvolve electromagnetlc transltlÒn probab11lt1es and statlc

moments. Unfortunately few such quantltles have been measured

to d.ate for 4u195. Onl-y one statlc moment--the dlpole moment

of the ground state8 and o.ne llfetlrne--that of the 6t keV level-9

have been determlned- experlmentally. fn Appendlx IV the reduced.

Ml transltlon probablllty for the decay of the flrst exclted-

state (JT = å+) an¿ the magnetlc moment p(å*)O of the ground

state aTe related. to the g-factors g" and 8p of the 2* core state
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and. of the d¿ protono The results arer

B(1,r1 ) = ri-r SJ = j(r_A,2) (ec _ ep)2al nj

r($+)o =åep * 8(L-a,z)(ec
The quantltles on the left are knorrn

slng1e partlcle estlmate gp = 0.083

for gs we obtaln

l'ì

8c=8P+

Experlmentally, F(|+) ç

BfMl) = 1= 1 O,6gj =0.0L? + 0"003æ w r-Ð@T
where Tå = 3"9 x to-g sec and. 62 and c1 ÌJerê calculated fron
the L-su.bshell measurements of Jung et a1" (ref , 9 chapter rv).
If E ls ln MeV

aL = 4" Z x t¡l? MeV-3 sec-l
The eryor ln B(Ml ) reflects the uncertalnty 1n aT, 62 and Tå.

For ts(å+)O = + 0.15 nm, Bc = + 0,36 and. A2 = + O,9j
For lt (ån)O = - 0"1J nm, gc = +::0"058 and. A2 = - 18

clearly only the flrst set of values ls acceptable wlthln the
framework of the model and. a neasurement of the slgn of p(å*)o
would constltute a good test of the nod.el! . valldlty. The

results for ¡t (å+)or0 are encouraglng for the value of gc ls
qulte close to the measured value of the g-factor of the 329 lxev

2* state 1n pt194 l-0r11, Moreover a.2 = 0,93 ls preclsely that
value of the mlxlng parameter whlch glves ühe best flt to the

2nq l-)

tL(

=

8p)

experlmentally anù the

may be assumed."5 Solvlng

0- 8p

+ 0"15 nn8

ttJ5

(1)

(2)

ß)
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core excltatlon mod.ei of avallable data on the Ãu197 nucleusn

( ft should- be polnted out that the agreement nay be partly

fortultous. The second term ln equatlon (3) tends to lnflnliy

as ¡2 tends to unltyr so Bc 1s rather sensltlve to the

experlmental value of lL(åt)0" )

One strlklng conseqlrence of the core excltatlon mod.el,

noted. earllern 1s that red-uced E2 transltion probabllltles

from the quad.ruplet states to the ground state should. ,a11 be

equal (except for de-excltatlons from the +l* state rvhere

lnterference terrns occur. ) and should. compare closely wlth

correspondlng B(EZ) values ln nelghbourlng even-even nuclel.

Thls resuli follolvs very slmply from equatlon (6) of sectlon

(t). The effect 1s seen very clearly ln the LuLg? nucleus and.

constltutes probably the most convlncing evld.ence l-n favour of

the model. The best we can do wlth the existlng d.ata on 4u195

ls to compare the B(EZ) va'lue for the l|+¡-lå*)O transition

wlth that for the d.e-excltatlon of íne 329 keV state in pt194.

We obtaln for the former,

B(E2)[eur951 = .&=C!3]- =
oz E5

wh1le for the latter'

B(Ez)lrtr9a1 = o" 35Lz

Here a2 = 1.23 x to13 líev-5 sec-1 lf
agreement Ls a good. configmaiion of

ozø5
62 0,69i
t+Ez îf+Þ
= 0n27 + 0"06

(no error quoted,)

E 1s 1n I'TeV. Agaln the

the neak coupllng hypothesls,
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The lack of lnfor¡nation on the half llves of the renalnlng

members of the first core excllatlon nu1tlp1et ln Au195 restrlcts
further cornparlson of model and experlment to ¡nixlng and branchlng
ratLos--1,ê. quantlties lndependent of ryz" conslder the
nlxlng ratio 82 for the transitlon I!)1- l"r), It ls rea¿lly
seen that

8? = "'4 li$iffil+Bl 'z 1n -,,he notatlon or equatron

(5) sectlon

are derlved

appencLlx,

(f¡.f¿( 2 ) lt i> =%(f ll.0l L Jll 1)

(t). The red.uced rqatrlx elements for the transltlon
ln Append.lx IV. From equatlons (3) and (4) ln the

rf the reduced matrrx er-enents ln thls exprîess'ion can be

estluated, we can predLct not only s2 but the sLgn of g as +.re11,

thls 1n turn w111 a1d ln rehovlng the amblgulties ln the lnte¡-
pretatlon of the angular corueratlon resu'r ts of chapter rv.
fn obtaining thls slgn care must be taken tna-v the d.eflnltlon
of 6 used. in the lnterpretatlon of the experlmental data is
conslstent with that used ln the nod.el. This has been

emphasized by Bledenharn ancl 3.ose.13 According to the c1eflnltion
of E tn chapter rv, for the segond, tr.ansitlon ln a two gamna ray
cascad.e,

L--=. ( l
5/6 t (sc-sp)

- L Ææ" (zliQjz)-LyJrllol-
SUJ A Tsc_Ð-

6 = (illl,+l I 7ll l2I(jlll-'T ll j2¡

(4)

(5)
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where j is the spln of the ln1t1a1 (lntermediate) s|ate and

JZ thai of the flnal state. In equation (4) the roles of lnr_¿,r.*1

and final states are therefoi'e reversed from equatlon (5).
IIence we are more correctly interested_ ln the sign of

the reduced matrlx elements sat1sfy14

(ltl,0(k)rt r> ( zJç+!)å = (-),Tr-Jr+lc(ntf¿(k)ttr) o (zJt+l )å

rherefor* ¡i1ç!:¡1¡I = (-t)? <jlclzìrr r)_" = - l_1eßìt!_Ð_ãiõIï¡rt T:iI1 çr tlõîifjiÐ " €¡jttl'ï Ð

uslng the reallty of the reduced- natrlx el-enents. Thus we

conc'luC.e that 6 1s poslttve (negative) lf {filf¿(2)tiÐ / <fllf¿(1)¡¡r>

1s negatlrre ( positlr'e ) ,

the matrtx element <$ur¿(z)(p)llÊ) 1s related to the
quadrupole rnoment of a single proton 1n a ds orbltal_ by the
definlng equatlon

the single partlcle estlmatel for
Qsp(barns) = -(12) Il-¡

2J+1

lf we talce r = 1 t25Ãh f* r" the avera8e radlus of the proton ln
1ts 2 da she11.5 rn 4u195 wu are concerned ¡+ith the con-

2
flguratlon d3. whlch is the conjugate hole conflguratlon to

ë
that of a slngIe d¿ Þroton" slnce the statle nomen'b under

consld.eratlon is of even ord.er¡ wÊ must reverse the slgn of

a de prolon i_s
2

= -0.21



the slngIe partlcle estlmatel5 thus obtalning

de-Sha11t5 has caleulated the quadrupole monent of the 2* core

state ln Au1-g? as 1.2 barns. ff we take thls to be the value

for the 4u195 core

(2¡f)(2)(c)¡2) x +L,6

Flnally, from the B(î2) value obtalned prevlously for the

<ålO(2)¡o¡il!) = +o,jo

2+*0* core transltlon In Aul95,

{o[,f¿(z)(c)tl 2) = -r 1.16

Uslng these estlmates and the values of Bcr Bp and.

obtalned )

on whetherA(Oil.ç¿( Z ) ( c )lt 2) 1s posltlve or negatlve. In elther

case 6<0 and., referrlng back to the angular correlatlon results

of chapter IV we see trrat a spln of È ls lnd.lcated- for the

B4Z UeV level and also for the tL73 keV level. If the spln of

these tr¡o level-s ls lndeed 21 rather than f thls vroukì. account

for the observed absence oi tt branchlng froio then to the 262

keV le.¡el llT = |+) whlch would- otherwlse be expected, on the

basls of the nodel. Uslng the above flguresr w€ calculate

the mlxlng retlo to be

r49

= 1 . O? or t "66 depenrì lng

O.26 lf A (0ü.f¿( z) ( c)nz> < 0

both of whlch are conslstent wlth the erperlnental value ln

table 4,3.

A2 alread.y

62 = 0.11 lf A(çilCI,( 2) (c)uz> > o
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Two rnod.es of electrlc quadrupole de-excltatlon have been

obeerved for the Z6Z U.eV state ln 4u195, namely the 200,5 keV

E2 transttlon'to ühe 6t keV state and atr E2 admlxture ln t'he

Z6L,? keV ground state transltlon. The branchlng ratlo betr^¡een

these two mod.es ls Just

ätËåÌ[å] 
= q(r) 

+{#
v¡here superscrlpts (1) and (2) refer to the 26t,? and 200"5 keV

transltlons respectlvely, Q = s2/(L+sZ¡, ancL l(r)1s the

gamma ray lntenslty of the lrth transltlon. From ühe

experlmenral ""r""i,i;riï": 
ï:;rï;"" 

(chaprers rrr and rv)

Fm(2) -;-

whlle from equatlon (5) sectlon (f) and. equatlons (J) and (6)

Append-lx fV,

.\ l--.

= (89|)' 50ÍtLr;

11821 (1 ) =
FI.BZI( 2 )

a<ottg(2)(c)ll

substltutlng the prevlous estfinates for the red.uced matrlx

eLements lnto thls expresslont

r(82)(1) = 24 lf
ilEZT( 2)

= 69 lf

The agreement wlth exPerlment 1s

value of A(0ilú2( 2) 1c)llù and qulte

{< 
zun( z I

tnß)t5 r (rilf¿(2)rrr>(11t2 c

\ Ef-uli I îr'ilfTiznrT ( z ) t

( c ) tt z) +"$ (ÉilCI,( 2) b)ilå)] 2

z¡ + ^/t- t' þrLun( 
z ) 1 p ¡¡¡!¡

A(OilCI,(2)(c)lt z> > o

a (orr.q( 2) 1c ) tl z, ) < o

thus good. for the Posltlve
poor for the negatlve value.

..' ; ':d';' 
"

(2üe,( 2) (c)il z)]



The calculatlons

sectlon are summarlzed

TABLE 5 "L CORE

QUANTTTY

¡2

8e

B( Ez l [z+-o{
sz!ti-)1*tå)]

.olÍteÏALUE

and conparlsons dlscussed ln thls
1n table 5.t o

I

r(r,2¡í) ¡'¡(nz ){e)

0,93

0,36

EXCITATION I4ODEL CALCULATIONS

MEAS. VALUE
ÃuL95

(f f f ) Other Core_Excttatlon Multlplets ln ¡u]95

0.11

<o

2t+

In contrast to AuIg?, levels in Au195 ï.roou been observecl

wlüh energles extendlng well above the flrst core excltatlon
nu1tlp1et (see Flg" l+.9) n I,Je sha1l examlne 1n thls sectlon the
exüent to whlch the slmpIe weak coupllng plcture ls conslstent
wlth the properüles of these levels.

Flrst a brlef rvord about the negatlve parlty, hlgh spln
states populated by the 40 hour lsomer HS195n. The !- state at
3LB kev ls probably a slngle hole excltatlon as lndlcated ln
sectlon (11) and. so could be represented- by the core excltatlon
nod.eI wave functlon 10"åå) " rt 1s not unreasonable then to
couple thls {- hol-e state to the flrst z* coye state to produce

wave functtons of the type lZ t[ I ) havlng JT = L-, E-, L=, F
and f-. Thls nay well acount for Elne $- level at JZJ lxe\l and.

O,?7 + 0"06

o,z4 i:ffl

I{EAS. YALUE I CALC. VALUE
Pú94 I ¡,,1197

0.2-Q,)

0,35

Lg,5 + 5

t5t

o.933

o "64

IviEAS. \TALU,
nul97

0"05

0,22

0.33 !
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for some of the other hlgh spln states observed, Obvlously more

lnformatlon ls requlred- on the splns before thls ldea can be

persued much further. lJe can however predlcb, the half llfe of
the 525 keV 1evel ¡¡ith the assumptlon that lts rvave functlon
ls lndeed 12 +8> " Thls state de-excltes via a slngle Ez

transltlon (ET = 207 ke\') to the $- state at ].IB kev. Equaùlons

(5) and (6) of sectlon (f) may be used to evaluate the

transltlon rateo lle obtaln ,

Tl-f = 
-!- 

QZ E5
2J L+t

correspond.lng to a helf l1fe of

A d-lrect measurernent of the half 1lfe of thls state would thus

be of lnteresto

The splns of the posltive parlty states at hlgher
excltatlons are knotm somerrhat bettero They are sho-r^m ln Fig"

5,3, (As was ]-nd.lcated in seetlon (ff ) the st-gn of 6(18O keV)

calculated. t¡lth the wave funcil-ons of the flrst core excltatLon

multlplet taken ln conjunctlon wlth the angular correlatlon
d.ata of chapter IV polnts to a spln of å for both the B4Z

and LI?3 keV levels ), Also shor.m ln the f lgur.e are the f lrst
two exclted states of PtL94 havlng, lt w111 be notlced,, the

same spln and parlty. It ls tenpting to talce the B4Z, 1083

and 1111 keV states as be]onglng þo a second, quadruplet bullt

Tå = 91523__ = 4no x 1o-10 sec for c, = 0,33

Bl(ollfl(2)ic)ilz>l 2 =LZ.6x rdsec.
5

on the seconrì 2+ cof'e sta'ue and. to assume agaln that the nlsslng
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t' menber ls not populated due to ß-d.ecay selectlon rules.

It ls evldent howevei' thaa; t-;tsoí¿rr as Pt194 nay be consldered.

equlvalent to the f;í95 core the center of gravlty theorem ls

falllng rather badly for thls nultlplet. Staylng wlthln the

framer^¡ork of the slmple v¡eali coupllng model tqe rnlght accounb

for thls large shlft 1n the center of gravlty by allowlng for

substantlal ad.mlxtures of other core-partlcle conflguratlons

ln the wave functlons of these levels. Another such con-

flguratlon wl1l ln fact 81ve rlse to the level structure of

Flg. 5.3, The 842 feV state rnlght be attrlbuted. to the slngLe

partlcle proton conflguratlon
(z a-)2 (i sl)1'2

The 1083 and 1111 keV states could then be a d.oublet formed.

by coup,llng the så ploton wlth the f l}'s! 2* core state. If we

allow for arbltrary nrlxlng between both these core partlcle

conflguratlons, a posslble sei of rvave functlons ls ¡

B4z kev state E lo + å) + ,Gzlz* t b>

1083 kev state clz b Z> + "qæ12" Z 1>

1111 keV state Dlz å å) + 'rÑzl2+? I z>

Lt?3 kev srare Elz"z b> - "ÇÃzto + å)

The asterlsk denotes a state bullt on the second 2* core state'

I,lo llfetlme rßeasurenents exlst for thesé four levels

and most of the lntense ganma rays depopulatlng thern are

pred.omlnantly i"il . Hence the only good experlnental data

avallabIe wlth whlch to test the valld.lty of the above wave



t55

functlons âre lql branchlng ratlos. conslder then the Bb2 tev
1evel. Three t41 decay channels are avallable--to the ground

state and- to the flrst two exclted states ai 6t kev and z4z :xev,
(mr transrtlons to the z6z uev revel f .ir = !+) are of course
forbldden" ) Reduced Ml transltlon matrlx el-ements are read.l1y
calculated wlth the above wave functionse (See the derlvatlon
of equatlon (7) ln Appendlx IV) The results are!
To the ground s-r,ate (ET = 842 kev)

To the 6t kev state (87 = IBO keV)

(f llf/ 1 )tt i> =

To the 242 lr'eV state (ET = 6OO keV)

(fil.ç¿(l)rrr> = ¡.,ÇÇf,¡ lr+ (zllç¿(r)(c)il2¿E) - "5 *pl (3)
Jto

where (211f,¿(1)1c)lI2'*> is the reduced If1 transltlon mairlx element
connectlng the two 2t core states, the II1 branchlng ratlos f¡om
the 842 tev level are thus lnd.ependent of B (provlded B + 1 )

and- the branchlng ratlo betr¡een tlae ground st,ate and the ZUZ ker
state ls a. function of A,2 only

ffi = (ffi)' #= o,z! ror A2 = o.sj

Experlmentally T(i'r1 ) flb2 kev) < 0.18 (see chapter III)
1(lí1 ) (óoo kevf

The upper 1lmit obtalris only lf the B4Z t<eV transltlon ls prtre

Ml. The m1x1ng ratlo of thls gamna ray could not be measured.

due to lnterference from another gåmna ray of the same energy.

ïn order ro caleulate T(Ir1 ) (ZAO keV) /T(tn ) (6OO keV)

(rro,(1 )u r> = .ñãæf<zrrç¿(1 )(c)il e-*> -.@ *rl (2)
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Tre must conslder the natrlx elenent (zllf?(f ) (c)llZ">. ft should

ln fact be qulte snall. rf the flrst and second z* core

states are, respectlvel¡r, one and. two quadrupole phonon

excltatlons, then (2ilCI,(r)1c)llzx) = 0 because ihe magnetl-c

d.lpole operator (a tensor of rank 1 ) cannot annlhllate a

quadrupole phonon" c1ass1ca11y, the nucleus 1n its exclted
state 1s performlng o.uadrupole osclllations about a spherlcal
equllibrlun distrlbution and therefore r'r111 de-exc1t" þy
emlttlng quadrupole rad.lation. Butt et ar,16 place an upper

l1nlt of t/o an any posslble t'iL ad-mlxture ln -r,he decay of the
6zz l<etl state 1n p*94 to ihe 3zg kev state, Thj.s corresponds

to an upper llmlt of 0.06 on the magr:ltud.e of the reduced

matrix eleinent. l.Ie shal-l theref ore neglect (zllf¿( 1 ) ( c ) il Z")

ln comparlson tolþsp an|.f; Sp (see equations(2) and (3)

Witfr this assumptlonu

t(iq1 )-!Z8O lrev) = ¡ZP,A t3 t = O,5g for A2 = O,9j
T(l:1 ) (ó00 kev) \ ó00 I Utz

Experlnentally 
ffi 

= 4"0 j 0.5 (see chapter III)

The agreement wlth experlnent ls'thus rather poor" The hlgh
branchlng ratlo to the 6i kev st.ate ialght be due to a small

amount of mlxLng between the 6t and- Bþ2 t eV states. The red.uced

t41 natrlx elemeni for the 780 kev t.ransltlon r¡ould then

lnvolve the parameter (å-ilf,¿(1)(p)llå) = 6,85 (s1ngle partlcle
value ) '¿hlch ls mucir larger than the matrix ele¡rents we have

been concerned with up to now, The branching ratlo would then
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be serlously affected even for snall ad.r¡lxtures of thls type.
However the lntrod.uctlon of another mlxlng paraneter preclud.es

further quantltatlve comparlson wlth experlment and so r¡111 not
be dealt with herer

The L1?3 kev state, to v¡h1ch r+e have asslgned ihe rrave

functlon conjugate to thaü of the B4z lcev state, also decays

by strong..l'Í1 transltlons to the lorvest J states of Au19.5. The

predlcted 111 branchlng ratlos to these three states a¡e

essentlally the same as for the B4Z ,*e{ 1evel (aside fron the
EJ factor). The agreenent r¡lth experlnent ls agaln qul-tç_poorr

The results for bobh the 842 and. t173 keV Ier¡els are sumnarlzecl

ln table 5,2.
TAtsLE

LE\TdL

BþZ teV

tsAA\ICHT}IG I?ATIO I CALCULATEÐ '/ALUE

'¡lr,:1 \(8112

tL73 y'ev

r.(iiL ) (óoo )

T(r,;1 ) (780)
tr(l.'il nmõ-j-

r(iíl ui171_
T(l:1 ) (9)L)

(fv¡ congl.r-:.sicns

The calculatlons and conparlsons

(ff) lndlcate that, ât leasü as far as

concerned, the lovr lylng exclted. states

descrlbed by the core excltatlon model.

T(r,T1 ) (rlri)r-ÕffiTl-

2 keV AIID 11

o,2L

o.59

o,L5

E]{FERI}IEiTTAL VALUE

keV L51¡!LS

s 0.18

l+.0 + 0.5

, B +þ

0,46

carrled out 1n sectlon

the avallable data are

of AuL95 can be
7

Cons lclerably more

B+lt
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experlmental data, partlcu.Iarly accurate half-llfe measurenents,

are required. before the model can be tested aclequately. Also

needed 1s a search for a low 1¡'1ng J+ state lvlth excltatlon
*O.5lieV since tts exlstence ls predlcted by and ls essenllal

to the weak coupllng hypothesls. The energles ancl'sp1ns of

some states al hlgher excltatlon appear, at least qual liuailve1y,

to exhlblt core-part1c1e ¡nulttplet structure. Ilotvever as shown

1n sectlon (iff) tne slnple wave functlons of the core

excltatlon mod-el do not explai-n adequately the gamma ray

branchlng ratlos from these states. ' 1 :
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Both the p.J hour ground state and 40 hour lsomerlc state
of'Hg195 ur" populated by the (p, 3n) reactlon on Au19Z, ïf
t 1s the elapsed. tl¡ne after lrradlation, the popuiation of the

He195 ground state ls glven by

N = a1 ["-Xrt u-Àet] * az u-Xzt

where À1 and. À2 are the decay probabllitles for the lsomerlc
and ground states respectlr¡eIy and al s.nd az are constantsn

Any garuna. transltlon, TL, whlch follor¡¡s only the electron
capture d-ecay of the Ug1'95 ground. staüe w111 ther.efore have an

lntenslty 11 whlch exhlblts the same time dependence.

Thus 11 = Kl { ", tu-\1t e-Àzt ) + az u-\zt} (1 )

¡ihere K1 ls a constant characterlstlc of the 1'th gamma-ray.

Ilowever the 40 hour lsomerlc state also has a subs-r.antlal

electron capture branchl-ng ratlo dlrect to l-evels tn e¿195 and,

as was polnted out ln chapter III r the Z6Z UeV 1eve1 ls populated.

substanilal-1y from both parent levels" rf r¡e let 1= 1 refer
to a partlcular gamma de-excltlng the 262 xev 1evelr lts
lntensl'uy (settlng K1 = 1) 1s glven by

ï1 = â1 (s-x1t 
"-xzt ) + az u-\zt u ^j u-x1t (z)

At t = 0, 11 = àZ + a3 and the fractlon of the lntenslty at
tÞls-t.tgg due to populatlon of the z6z uev r-evel frorn the He195

ground state ls Just

DE-BXCIÎATTOIVS OF îi{E Z6Z I<CV T.EVEL T}T AUX95

APPENDTX I



B = , ,-e?_a2+^j
We can rewrlte equatlon (2) as

11 = A1 e-Àtt + AZ e-Àzt

rshere

. Letl
of the Hs195

raY). Then

¡lt =â-1 +4")¡ r rl
(

AZ=aZ aL)

= 2 refer to a garnaa ray whlch

ground. state only (for exampl-e

or

where

Íz = Kz aL u-xit + Kz (az at ) "-Àet
rz = 81 u-Xtt + Bz u-Àzit

81 = KzaL l
Bz = Kz(az - a1) )

Equatlons (¿l) and (6) can be solved to glve

B=gD___=t+Ðt/Ez
a2+a3 

-+'tL7É

from (1 )

The coefflcients A1 and B1 1=1, 2 are obtalned by a least

squares flt of equatlons (3) and (5) to the experlmentally

measured 1lne lntensibles 11 and 12 as a functlon of tlme.

(Àf and ÀZ are of course known beforehend.) In faci, four

tlned- runs were used for thls purpose and. þ = (rrrhich is of

course arbltrary) was chosen to coinclde wlth ihe flrst tl-med

l.llïlc The calculations l{ere perforned. or an IBM 360 computer

and the results for the iwo knor..'n de-excltatlons of the 262 keV

leve1 are as follov¡s "

161

follows

the 780

ß)

(4)

ihe d.eca3'

keV gamma

(5)

(6)



11 = 262 hev

11 = 200 keV

As a check on the valld lty of the ¡aethod R was also calculated
for the ?BO keV l1ne. Slnce 1t follorvs the H5195 ground

state decay only r+e expect R = l.ooo. The resurt of the
conputatlon was

11 = ?BO keV IZ = 1111 keV R(t=g) = 1"01 -{- 0.,20

These val_ues of R are of course valld ont y f o:, the
flrst tlmed run and lt l-s thls spectrum which ls used. to
calculate the norrnal-lzed. lntensltles shown ln column 4 of
table 3.8.

T2 = lB0 keV

12 = 1111 keV

12 = /80 keV

R(t=O)=0.1þO+0.A22

R(t=0) = 0,138 + 0.01?

R(t=0) = 0.LZ !O,!5

t62
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subtendlng

cascadlng

ANGULAR CCÊBELATIO}I ANALYSIS

¡nethod of analysls of angular correlatlon d.ata

here ls due to D. I{. lfhlte (reference 4, chapter I).
the ldeal- geonetry llnlt (polnt source and detectors

zero solld angle ) trle correlatl0n functl0n f or tv¿-o

gamma-rays may be r^lrltten ,

rI6
bI(O ) = f An Pn( cosg )

n=O r2r.,,

APPENDIX II

where the P¡1 are Legendre polynorulals" fn the cascades

consld.ered ln the present work nm s 4 sor lf Ag ls norrnallzed

to unlty,

!¡(9) = t + 
^ZP? 

(cos0 ) + A4P4 (cosg )

A mlnl¡lum of three colncld.ence measurements at three dlfferent
angles are therefore sufflclent to determlne A2 and 44" The

countlng statlstlcs, from an examlnatlon of the for¡n of the

Legendre polynom1a1s, are usually optlrnum for the three angres

Q = )Qo,135o, 1800. The colncld-ence counts at a glven angle,

eorrectly normal Lzeð. to the slngles vate at that angl-e and wlth
background. subtracted, can be wrltten

^ f o' pn (cosBve - ,*orzr4
(ryre lndex B denotes a dlscrete value of the

lnvertlng the matrlx Prr6 we obtaln

) =I cnPng

angle) and



The experlmental values of A' are then glven by
An = ff. h{ Ert* f '',,e-t nor-t(ffX'}r

the quantlty ln braces 1s the statlstlcal error. The expresslon
cr+ refers to the normallzed. colnerdence counts without back-
ground subtracted. Afùer evaluatlng tkre ¡natrlx prrdl c wê obtaln
A2= 

ä."!rõ ['$o(to +42æ)'*c{35(+o tu#,),

dn = Er"e-t c0

A4=-&: 1- [cå^l+eag 10Jag L /'\

where

oo = 1- (42 cgo + 56 %35 + ? crAo )Lo5

dz = +=,- (-go cgo + 40 %35 + 50 crgo)
to5

a4 = 1.== (¿lB cgo 96 %35 + 48 crao)
Lo5

For the case of ax1a11y synmetrtc detectors (as used ln
these lnvestlgations ) ttre measured. values of Arl are attenuated
bv1 Irl+l .]czl where the functlons J¡ depend upon the geonerrlesrolr-l rotÐ
of detectors r and 2 (1'e. the two detectors lnvolve. ln the
measurenent of colncldences at a glven angle)" These quantltles
Jn/Jo have been evaluated for several slzes of r,rar and Ge(Ll)

r64
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detectors. rn thls work the tabulatlons of Yatesz were used

for the Nar aitenuatlon factor and those of Black et a].3 for
the Ge(L1 ) attenuatlon factor.

( Correctlons for flnlt,e source s1ze were not expected to

be slgnlflcant ln the present work havlng regard to the sma11

d.lmenslons of sources used and so rvlI1 not be d.lscussed.) ?he

correctlon ferm nay be applled uslng the relatlon
A¡ (corr. ) = An (neas ,) / ¡nl t1 .rn[21/ Jglll JoLzl
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Let *(0)1c) represent a scal.ar operator operatlng on

the even-even core of a-n odd-A nucleus. Accordlng to the
lllgner-Eckart theorem 1ts d.lagonal matrix elements are glven

by

L'VALUATTOIT OF ( JcltT( 0 ) ( c )ll.r")

(Jcr,lclr(0)(")tJcr4c) = (-r¡Jc-i't", Jc 0 Jc\(Jc¡
\-M" o I{,c J

= (z¡.+t)-b (Jc¡T(O)(c)tt .r

If the rnatz'ix element 1s J-ndependent of Jç we ob

(4) of chapter V, namely

(JcllT(o) ( c)llJc),- (zl.¡y7L

APPENDTX III

Thls ls ln fact the case lf Jç arlses frcro the coupllng of the
nucleons ln one orbltal- only and 1f T(0)(") nay be erpressed as

a sum of slngle partlcle operators for the nucleons Ln the
orb1ta1, 1 , ê,

lJ"M") = ljcn Jc lic) , anülsyrnmetric in the n nuc'resr.s,

r'(o)1e) = f tr(o)(").
l=1

n belng the number of nucleons in the orbltal, and. Jc the

angule.r monentum of the orblt ln quesilono Slnce all the slngle
partlcle operators ft(0)1c¡ are equlvaleni and slnce the matrix
element on the LHS of (1) lnvolves the produet of tr¡o antl-
symmetrlc ''¡rave functlons, all the slngle partlcle operators

contrlbute equally and r¡e can wrlte

r(0)

c)

taln

( c )llJe )

(t)
equatlon
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(Jct,lslT(0)(")tJsMg) = n{jcn Jc M"lTÁo)(")tJn Jc }rc) (z)

We can now spilt off the nrth nucleon from the antl-symmetrlzed

wave fu-nctlon by maklng use of the coefficlents of frectlonal
parentage as deflned by d.e shallt and ralrnl. (Nuclear shelr
Theoz'y, Academlc Press, L963, p, Z?j)

lJ"n J" Mc) = I I j"tr-r (.ir ) jc' Js l] jcn J"] ljon-tJl jcnJc
J1

(3)
where

lJot-1 J1 Jc¡ JsM¿) = I" (J1i,r1 Jc¡ mnrJcr4c) rJä-1J1li1) rjc¡n¡)mn*l 
(4)

Substl.tutlon of (3) lnto (Z) yleld.s
(Jcttc I T( o ) ( 

" ) t Jci,íc)

= 11 ,F,, IJ"r,-r (Jr )Jcn Jc'B J"r J"]t¡ä-1(Jí ) jcn Jc l] Jcn Jc]
J 1Jl

. (J"t-l J1 Jrr. J"rvt"lrrr(o) (") I j".-1 Jí Jcn Jci{c}
ff the expanslon (4) 1s then substltuted lnto thls last equatlon,
the orthogonallty of the lJ"t-1 J1141) lntz'oducesa 6;1¡.f .

Sf,iftnií wh1le the scalar nalure of trr(O)1"¡ lntroduces e
6*rrrrf . The orthogonallty proper-tles of the coefflclents of
fractlonal parentage ca;r then be used to obtalno flna11y,

(,Iet{ctr(0)(")lJsi'rs} = n(jc¡¡ lTn(o)1c) I jcn)

lndependent of J" as requlredn



SOME COBE EXCITATION MOÐEL CALCULATIONS FOB 4u195

To calculate

the transltlon lå) -
whlch becomes

T1-l = t l<,
ara,3

t*.

APPENDIX TV

where

the reduced. M1

l3lz)g we start

o tlS¿(1)tt '¿ \2

Therefore

tl rrn(1)u år ='2 U"ù¿

The ftrst term ls

equatlon (6) or1 pa

fron equatlon (ó)o

<z Êfrr g( t)nz â È>

lÐo = A I o8 7> +.ÃÃ2 t22Z>

tt>

transltlon probablllty for
wlth equatlon (5) on po

t2â+2>

A(o!lrrfi(1)tt 2',2 +> +'m2 <1Zt¡¡ g(1)¡¡ 2 Z+>
proportlonal to 

{ Slil 
as can be seen from

138 and..,'hence vanlshes ldentlca11yn Alsou

The magnetlc moment of a systen ln a state

,J ls glven by

p(J) = I J = l-i--l Þ1 (iilf¿(l)ili>
L(2J+1 )(j+1-)J

where g ls the "g-factor" of the stateo Thus

= -,"rz l (ztto,(r ) 1c )uz> 
72

- < årrç¿(r ) (p)lå, fr I îl

8
¿

l

of

it

angular momentum



Uslng the

we obtaln

(2¡f¿(r)(c)

<ånnr1)(B)

ldentlty ¡t t zl =ì'å 8 rl

<z | Érrs¿(1)nz Ê +>

Therefore

ll 2> =
il É) =

^Æ rztå

consld.er now the magnetlc moment cf the ground" state,

lt'($+)0, From equatton (?) on p" t3s , f ($+)o = (B ãf gf t )lt Z> o

= L- itii ç( t )iiå) 
o

Z"'TS

"õõ Bc

.,F5 sp

-l 3.2 2t?tÌ

r^gg( M2 = 3g-az ) (e"-ep ) 
2

TãT-Lu¿

and- the reduced matrlx

e2(o åårr¡Z(1)u o å å> +

= t+,Æ ¡ztã
= -24 (u, - B")

The cross product terms

Al-so r

(o å trrç¿tt h o å Ë) =

<2 8 t¡f¿( 1 )n z tï> =

3ãr2 2l
?LT

L70

(so - ss)

element ls
A/Læ[<o å I rr szr L)nz

+ (1-A2)

are proportlonal to

Evaluatlng the

elements by the

(1)

þ 
{å

'fta

22tä> +

<z $ $uSL

{iãÊ}

å rr (fugtt)tnlttg>
10r2'

6¡ coefflclents

correspondlng

Èår <2ilr¿(r ) çc)u z)ztt
+ {Ê Z ?VALto( 

1 ) lo uå>],1ärl
and replaclng the reduced. matrlx

g-factors we obtaln, after some

<28.a¿ilf¿(l)rr o¡¿,
(1)rr z å å)

=Q



L?t

algebra,

ts(!+)s = å[orun + ! r-Ê) sc + å( t-tzl *oJ

whlch slmpllfles üo

r(Z+)o=tsp+$(r-sz)(s" sp) Q)
Let us next caleulate reduceri matrlx elements for i{1 and

E2 transltlons between Èhe f+ and |+ members of the flrst core

excltaflon multlpleto The wave functions are¡

r1) = tl>t =Atz78> -^Ftz loSZ>

tr) = tå.) = tzàb>
For E2 transltlons,
( r ilf,¿('1 "' : :'ï: 

^iti' l" r'r'l'li'';'T'':': 
rr{{ 

r'rl 
i:-1 :;' r ) ã> l

+ Z,E \Æ-a2 r? 0 ?-t 12¡¡f,}( 2 ) ( 
" )lt 

o>

tå ', ÈÌ

orr

(rtrf¿( 2)ll r) = - +oVTrz¡CI,( z) qc¡¡z> * 
^f2<Znn 

( z) 1p¡¡;¡]

+ .vtr9 "tGLz (z¡CI,(2 ) ( 
" )rt 

o> (3)
)

For I'fl transltlons , .

(nrf¿(l)rr r> = A12 å +ltr¿(t)uztÊ> - "ffizaz Ê årrr¿(1)noåå>

= z,Æ ^[{í î i} 
(züo(1) (c)l z> 

tÊ| L}r+ilo(11rpllå>]

orr

{rltç¿(1)np =Ã^6 (sp-s") (4)

Equatlons (3) and. (4) are used.ln the text to evaluate the
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nlxlng ratlo of the 180 keV transltlon.
Now we shaLl calculat'e reduced matrlx elements for E2

transltlons from the !+ nenber of the frrst core excltatlon
nultlplet to the |+ nember and to the ground. state. For the
former,

tl) = lztS)
lf) = lZ+ ,L>

Therefore

(rrrr¿(2)rr r> = zß t ß ç, îjrrrf¿( 
2) (c)n z, . 

{È"2 ;¡ < ålr,nl z) (p)ilã) j

oI¡

(rilr¿(2)u i> = q i<zrrrz( 
2) (c)nz> -^Æ <åuot2) (p)ilå) ] (5)

and, for the lattero

lr) = tzÊE>

lf) =Aloåå) +,î-tz tzSt)
Therefore

(fnJz( e)tt r> =*2,ß19" î ljro¡f¿( 
2) 1c 1¡¡z>

+ fi¡z ,a[G 
î îl 

<2ufi,( át(:)uz> - 
{ÊÊf 2¡<tua( 

2) 1n)så)]

orr
(rilf¿(z)lt r) =^Æ a<orrg( 2)(")ile> * ß ^tmz[<åtrzt2)(p)rå)

- L <znn(z) (clrr z>] (6)
^trE

F1na11y we present a sample calculatlon of reduced M1

matrlx elemenls lnvolvlng the B4z tev state Þrave functlons
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(p. Is+ 1n text). Conslder the t{1 red.uced. amplltude {fllç¿(l)tl i>

for the ground, state decay.

The cross product terms ln (fllCI,(1)tt r>

equatlon (6) pn l3B o The term tn AB

tt) =Bl0 bb> +r-t-szÊ"&. å)

matrlx element < åfS¿(1 ) ( p )tt å> whlch must also vanlsh ld enttcal1y.

lf) = AIA ?, ?z> +aÇ6212 9, å)

Thls can be seen by notlng that the slngle partlcle state

ls meant to deslgnate a d¡_ proton and hence ls more fu1ly wrltten
2

11 s J) = 12 i*>
Slmllarly lå) represents an s$ proton and should be wrlt,ten

rhus (å,rf,¿(l) (pÏr; :' ,;;nlir,ii)(p)rro 
"L 

È>

The magnetlc dlpole operator for the proton, ln unlts of the

nuclear magneton, ls Just

O(1)1n) = I + ss g

where gs ls the protonts gyronagnetlc ratlon But

(1 = 2 å tltllll = 0 b å) = o slnce a vector operator cannot

connect states d-lfferlng by two units of angular momentum.

The algebra of lrreduclbLe tensors llkevrlse requlres that

<2 å ått=ttO È å) =0 (see de Sha]lt and Talml , Nuclear Shell

Theory, p. L3l+). The only non vanlshlng term ln the matrlx

element ls thus

vanlsh ldentlcally fron

ls proportlonal- to the



2¡z 
"naz JÆr[- 

{?, î
oTr

1¡¡¡ç¿(1)¡¡ i¡ =ffi¡¡ Lñ
Other l(1 transltlon anplltudes are

r 
1< 

zilO( t ) 1s ¡¡¡ 2"¡ +

174

{l l1r}<årrrl( 
1 ) i n )uå> ]

(2llf¿(1)(c)llz':,> -6 un1 (?)

cal-eulated slm1lar1y,


