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.AJJSTN¡,C.I'

À¡l e>.perin,e¡rtal- deterri,i¡,aLiol.r of tiru c.ucays of
23t -- 23r -. ., 235---'Par '"'TIl a¡rcl ---L' Ìrâs becn carrÍcci out, usj-r.g r:Ligrr

resol-ution semi-coniuctor ciarîrna r av cctccl-o::s.

Due to ti're s6¡"p1erì-ty of Liie qarìnìa. spÈci:re

observecl , a conpuLer prograrìrrte \.ras c-,,.:velopec, to at:aiyse:

them nunerically. Thc prograr'!-e, coc.'c nancc. CUTII'Il ,

ut,ilizes a nunierical seconi c.if f erer-cc ne i:rroc for

automati.c pcak searcliing o and a t-oti-1i1,,.:ar,

multiparariLeter, iterative least squares f ittir-g
procedure for peak fitt.ir.E. Two cìioice s of pcai-: anc

background sliapes are availal-.,1-c, arLó l-ìre pr-'ograrr;e carr

resolve overlapping pea-i:s co¡rtair.ii:g l.,o nol:c t-,¡.ar: si:l

corrporìeni:s.

¡- total of 73 çarr,a rays l,^;eïc oì,scr',¡ec, in tì¡c231Pt

decay. All i¡ttt tilree hac;' been repcrtccì rcceitlly" The

tÌrree ner'¡ transitions (161"0, 228"0 a¡:c. U?.7"û J..eV) v.'<rre

observed in tlre present rvorli on11, in coir:cicrcncc

experinìents. Conversiorr electrons rn'ÈÍe e>rar¡i¡:cc^ usiilg a

trochoicial- spectromeLcr" Tiio li c<-::rvctsioli cocf ficicr;ts

of 1 1 trar:sitj-orls v/el:c clet.crniiner, " Of trlcsG, tvro ( t-¡.c

crK of the 243.15 ancì 255.10 kcV L¡'a¡:sj-tions) ltacÌ tìot,

been roportecl pr:eviously" Tilc cocfficic¡:i;s for: 't-.rre: two

tr:ansit.ions v/ere CeLel-nri¡:ccl to bc C. 5¿t t 0. 1 ll .rnc,



0.21 i 0.05 respectivcly" All i-¡tt one of tÌ;e 73 gaml'ìa

rayS ol,¡served v/ere placeci in tirc cecay scìierrrc" Three

nev/ level-s at 429.6, 457"7 anc.t 64i"0 keV are suggestec.

based on the present j-rrvestigation"

Itro net.¿ cfarnma rays werc obse::ved in tÌie singles

garûna ray spectra foltovrirg the beta decay of "tTlI'
seven transitions \vere oì:servec irowever, in ti"re

gamna-gamm.a coinciöence nìeasurerents. Their encrgies

were d.etermineC to be 4q"20 45.8, 47.2, 71"8, 73.23'

104.1 a¡id 1i5.9 keV" A total of 4A garuna rays were

observed, ancl all but tç-o (45.8 anð 114"8 keV) \^.lere

placed in the clecay scirerne. O¡ly orlc ne\'¡ lcvel is

suggesteci, viz tirat at 2g4.5 keV"

The eriergiies of tire Eamra rays en',ittei as a result

of tire <1ecay of 23su have beert very carefuil:z neasurei;:

sori".e cf the nore intense lir:es have been calii:ratec to

witþin 10 eV. A total of 23 garuna rays v/ere observeci n

anC only 17 of them haö l¡een prerriously reporteir"

Eleven new transitions (31.50' 41"70, 41.96, 51-2C,

96.09, 215"76, 275"35, ?-91.59n 345.84, 3e7.79 ancl

390"27 }-,eV) are reportecì in tliis v¡ork for the first

ti¡ne, and all Lire 28 gamna rays obscrveci nc:re placei in

tire decay schente. Threc riel'r levels (390 "27, 317 "42 ano

240"8¿ IleV) are suggestei, l-.,asci on tilc rcsi-rit of 1-lie

ilrescnt stuclies "
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PRir[ ÀC]-

The investj-gation of tlrc actiniur.,. serics iras been

a project persuci in this lairoratorl' fcr: tllc last tren

years, and the pfesent \'7OIi; Cr:c,carzOU::S tO irrVestiçJal*e

the decay of the first tllr:ee nìer",bers of tlris series

(nanrely, "tu, tttTl-, ar:c t"P.).

The first nienber of the actiniun seriesl is 23su

which is an alpha enitter r.¡itil a half -Ìi f e of

7 .13 x 1 08 years. The inmeitiate oecay prociuct of 23sU

is ti¡e 25"52 hour "tTh. rL is a beta e¡¡ritter whose

decal' scheme has been knov¿¡r to be com.plex since the

early fifties. This isotope <ìecays to '3tPa v.'l¡icìr has cì.

half-life of 3"25 x 104 years. The alpha spectrum of
t"Po i" J,:nov,"n to be very corriplcllr âs is its ganrrna ray

spectrum.

Investigations of the raiiations frori' tl,e ðeca1' of

these isotopes2 began as soon as tirey wel:c cl,ccovcreci..

The earÌ1, investigations cjernonstratec, tlrat their ciccay

schenles we¡:e cornplex, altliougir tlie information obtair:oc,

v/as f ar from being comple te, c'uc largely to tlle poor

resolut.ion of tlre spectronretcrs available trrelj. IVitìr

the introduction of high resoluLi<.:n senri-coniuctor

detectors, large nenror:y rnul-ti-cha¡ilreL anaJ-yscrs ¿rncì



high speecl. cot-ipttters o n.ucir I,ìore accurat¡: iltforriiatiorl

can be obtaineð novra<jays. It is in t-t:e ligltt of

obtaining Cefj-nitive cìecay scite:r.es of t-ìlesc isotopes

that tire present worJ, is bcir:ç; carriec out.

Like most heavy

enissiorr, tlie garüra

and '3'Pa are expected

For the case of "tTh
e¡¡ission ¡ the beta

Thus for all the three

all the ganma rays are

nuclei v¡hi cii cecay by alPha

raiiatiorrs frorir tiie iccay of 23sU

to be lov¡ in "".tgy3 
( ' 0.5 tieV)

, it cecays to 23lPa by bcta

encl point eneïgy being 3S0 keV"

isotopes unCe:: investigation,

lorv irt energy.

All the tltree nuclei are ieformec, ânü exhibit

rotat-icnal bancls " The Ceformatiorl in a nucleus is

brought about by the aCclitÍo¡ra1 nucleorts partially

filling a slielt outsice the closeC shell. As a result,

the nucleus assur:es an ellipsoicìal sirape r âs shov¡n

R



usuarlyrl, 2 anci 3 are il:e tirrcc axe.s of a rcfercncc fra¡-.e
fixed to the nuclcus, ani for convcniü¡lce, tlir: 3_axis
is cltosen to lie on tiie lonq a>:is of tirc ellipsoic as
sho¡çn" (x;yrz) cefines tirc labor:a,cory fi:rec. refe¡-cr-cc
frarce' only thé 3 anct z-axes are shorirn, Trre cretailec-.
calculaf:ion has appearec in tile ritcratrr.f a¡:ci v.,irl
rrot be repeatei here. In GSSGr)ct), ti,e energy spect::un
E='due to tire rotation of trlc nuclcus is gi.reri Jry

,5,t (r+1) zx27

v¡here T is the totar- anguiar ríìonerri-ur¡. cf tire nucleus 
"K is the projectiorr of I orr thc 3_ælis, ard

J is the rnonent of inertia about t¡re r or 2 axis"
For the special cese where Ì( is zera|

12

# rt (r+1) i "

rn pr:actice, trrere is a syster,-.atic cic¡¡iation from
this relation cue to trre coupÌirrg Letv."ee' tlrc
rotaticnal nrotioll ancì otiicr r¡ocjes of motiorr
(vibrational, for exarr.ple). Sucli a ueviation coulc' ]_¡e

correcr-ed for by the accritio¡: of a tern proportional to
F ra
llt(r+1I'- ' Thtls t'lre enc):(Jy levels of a rotationar bancì
can Le app::oxin,atccì l-¡y tire ::elatioli:

aa

T
E.o +

E, = tro +

I
+ 

^(I(I+l)) 
-r ¡(r(.T+1))2



ire-re LJer A anc=. lJ erc left as parar.ìci:eï$ to Jrc'acrjustcc..
Iior the case whcre 1=1/2., tiic rotatior,al J;ar:i can l;c

descrii-¡eC i;y the cquatiorjq

Eo + A(r (r+1) ) ô*,na (-1)'-t r+1/2)

r.¡here a is the cìecoupling para.et.r.E*,r.i" the I(ronecker cielta"

In the present worll r rto atter,ipt tîas niadc to
Iìeasure tire spins cf the various levels " sir:ce the
sources available were too v¡eal< to perm.i t. any

gAfiUria-gä.f:rri1.â anguJ-ar correl-a tion er:periraeïrts to be

carried out" Ilov¡ever, fron the fair:I¡, reliably measurcú
garuìla energies and coincic'rence catao it is possibJ-e' to
deterrnine the energies of tire rzarious revers, ancr. a

brief cliscussion is girzen at t.ìre e¡rd of eaci:

cìrapters rrr, rv anc v o¡l tire rot.ational_ structure of
the nucl-eu.s uncler ínvestigation.

+



CI.[APTi'R I

I.1 f NTF,OL,UCTIOt']

In this chapl-er, a discus;sion of thc ec¡uipr',ent

useC, tìrroughout tþis v¡ork is presertt.cr. . Iligþ

resolution senii-conductor cjctectors rvill be Cescribei,

but el¡rpilasis v¡i11 not be placeo on tlie Fhl'sicaf

response or manufacturiltg ietails of sucjr detectors"

Rather, the paraneters of these, {etectors relevant to
.l _: 

:' :' '-'

the experj-rlerrtal '.vol:k, vrill be presenteC. These

include resolution, detectio¡r efficiencies and

caLibration. I"trhere the equipment a¡rd its configuratiolr

is coritzcntional, the descr.i-ptj-on given v:i11 be brief " À

gamma-garnna coinciCerrce circuit is al-so preserrtei anc

cliscussed "

T "2 SE¡JT-CONDUCTOR DETECTORS

Ever since tireir invention, serni-coliiucLor

detectorsl have beconre very porverful tool-s to nuclear

spectr:oscopists, Tire aivantaEe of t.ilese detcctors over

the corìventional ones (such as NaI (TI) sci¡il-il-lators

and proport,io¡raL counl-ers) lies in ti¡eir higli

resolution2'3. This rneans that spcctra tal-.cr: with sucn

detectors yielo mucir better Cetail-:- pnotopcaj'.s Ljtat arc

Closr,: t,ogether are ¡tore reac)ily oi:ser:val,J-e afi they Are
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not nìasked or overlappecl by tÌre neiclhbour:inq stror)ger

ones" À1so, a photopeaÌ'. occupies orrly a s¡rall- ::eçiol;

of the spectrurn take¡r r¿ith iiiqll rcsol-ution cJet-ecLo::s,

anô r:elatir,'el)' sirnple r;rel,lioos can be cr:\'isec so tiiat

spectral analysis (narnely, the determinatio¡' of tirc

energies and intcnsit.ies c'f tìre

perforrneC i-ry a cornputer. This v¡ilI

cletail in Chapter II"

In the present work, trvo

semi-conductor detectors are rrseo"

photopeai;s) can be

l¡e efaì;oratec in

colr:rnori typcs of

They are litiriunt

drifted silicon detectors Si(Li) and litì¡ir:¡ir Criftec,

germaniurn detectors Ge (Li) . Si (Li) CetecLors are

excelle¡rt for examirring garryna rays wirosc euergies lie

below 40 keV. Above 40 };eV, their: detectiorr efficiency

drops .otf. very rapicìly, Ilorr'e\¡er, tirey co have

excelle¡lt . resoluticn as v.rel-l- as a large peali to

bacllgr:ound ::atio" Above 4ù IieV, Ge (Li) cletectors

Ï:econe incespensiÌ.lIe" ilotn Si(Li) ancì Ge(Li) ceLcctors

ar:e superior to the NaI (Tl-) scintill-ator cr,etectors iri

tl¡at they have muclr bettcr resolution n but are i¡rferior

in terms of efficiency. Even tlre larqe volume Ge(Li)

detectors are selCo¡rt more l-nan 10f" as ef ficicnt as a

3"x3" NaI (Tl) detector, ancl iri ttte case of Si (Li)

Cetectors, the efficicncy is evcn lot'.'er. Ta].rIe Ï-1

shov¡s the various detcctors usecì, toçrctirc.:r witÌ¡ their



Fiqui:e I-I

.A Ge (Li) gamiËa ra-y detector sysÈem
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relevant parameLers.

I " 3 AS,SOCIAT]JD ELiJCTFOiITCS

To use serri-conciuctor cetcctors as spcctrontetcrs

n:eaningfulliz, suitabLe pieces of electronic equipnrent

are required. À t.rzpical arrançfemerit is sllotvn in

Figure I-1. The outpuL of L¡re cietcctor is fec into a

pre-amplifier (PA) attacirei to tire cr1'ostat, and tìre

signal is further magnif iecì L'Y the nain anpli f ier

(zure¡. The amplifier output pulses, typically unier: 10

volts¡ ârê fed into a r¡ulti-cliannel a,nalyser: (riCA). In

this rqork ¡ the pre-anplif iers are nor:r,ra1J-y suppliec

v¡it,h the detectors for the follor+inc¡ reason. The

inherent p::oblem in any elcctronic system is noise;

mairrtaining the noise lerrel at a rrinin,u.rn in tlre

pre-anrplif ier stage Ís especiallf in'portar:t, since tiie

noise is anrplifiecl alorrg wiLir tiie real signals by t.ire

main ariplif ier, ancì hence clegraccs i-ire resoltrtiott. f n

r.ost cletectors marrufacturccl nor'racÌa1'sr a ficic., cf fect

transito:: (FuT) is uscd in tÌrc first stage of tÌle:

pr:e-amplifier, ani in order to r.iininizc rroise, tlte FET

is cooleC to liquid nitrogen t-eniperature" I'ur:thcr, itl

orcler to attain tire J¡est resolution, the capaciLat:ce

at tire pre-am¡tlj-fier shoulci i¡e kcpt rníninial l-')t Ì:eepirig

tlrc cal-rle connecLion betrvecrt the cletcctor artd the

pr:e-ar:,plifier as slror:t as possil-r1c" Ilor: tltese reasonst



tìlc pre-anrplificr is lr.ot:rltcc' orì Lirc c:'yostat- casir; o âIr(.

is supplieo rvith tÌrc dctector"

Trvo rrakcs of an:p1i f j-r-l:s arc usec i:iirouc;irout Lirr s

worJ-, " they ar:e

(i) Tennelec TC2CA

(ii) CanJ-¡erra 1417],;.

The l-atter has the acvantacle trlat ttrcre is a ]-uilt in

poJe- zeyo acl j ustnrent arrangernent so that one can

rninir'lize pulse overshoot v¡itrr ease.

The tv.'o multi-cirannel- analysers usec-] are:

(í) a Nuclear Data 160 dual .ADC analyser v¿itir 1024

channels. Tv.¡o parameter ana11'sis is possibl-e witì-i tìris

analyser.

(ii) a l.luclear Data 2200 analyse:: v¡j tn th:'ee 4C96

chanrrel ¡\DC I s intcr:f acci to a 4()96 cirar;rie1 menìory.

This unit can be use<l as onertv¡o ol: tlj,rùo analyss¡s.

I. 4 CALÏBP.ÀTIOI']

f n orcier to use serri-cotrciuctor ¿etector:s as

spectron:eters, they nust be calii:ratcc. so t¡rat the

energies ancl intensitics of tl¡e plrotopca)<s can be

deternrined,

( a) Iinergy calibratior; :

ilnel:çfy cal-ibration is carr:iec,' ottt by collectilig

the spectrun of tlle isoto¡re unricr: stuc'ly toç1el-her- witir

TO
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ISOTOPE IiALF-LÏI'iJ Ey (l(eV)

24t-l\fil 458 ycars 59. s36 r 0.001
<a''Co 268 crays 122"0€,1 t 0.010

136.1t71 r 0.01C
ttoca

1 4 0 cìays 165.ri53 r 0"007
203. .

11g 47 days 279"190 I 0.006
22iva 2"6 years 511"006 r 0.002

1274"s5 t 0"04
t37cs 30 years 661"635 t 0.076
sal.in 31 4 days 834"81 r 0"03
88Y 108 ciays 89B" 04 r 0. C4

1836.13 r 0"04

óoco 5.2.6 years 1173"23 r 0" 04

1332"1+9 t 0" 04
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TSOTOPL iiALF-LIFU Ðy ( riev)

r82Ta 1 1 5 ia1's 67.750

84.6û0

100.105

113"673

116 " 413

152"1{31!

aF. ^t1.-lf,b"Jcl

1 79.393

i98"356

221 " 110

229.322

264. A72

r 0.001

t 0" 00?.

I 0.001

t 0.002

I 0.002

t 0" 002

r 0"002

r 0.003

r 0.0û4

t 0" 0c3

t 0"006

r 0.006

Tsse 120 days 96"732 r 0"007

1?.1"113 r 0.010

135.998 r 0"010

198"600 r 0.02tì

2(,4"651 t 0"015

279"525 ! 0"012

303"895 t 0"020

400"640 r 0.0i5
tt3.,J a 7 2 yea::s 80"998 t 0"008

276"397 ! 0" 012

302.851 t 0.015

356.005 t 0" 01 7

363. Bs 1 t 0. 020



tlte spcctrtrrn of 1-lre encrg)' caliì,ra Lio:r stal,r.arcj

soufces. These star:Carc-'s af e r--:eD.Ircl s of a set of

r:adioactive nucl-icìes rvhosc gar u¡a ray er,c:.g j-es arc

accuratcly linov¡rr 5-? Thc errc::gics cf t¡,rj ur¡kl-rowri

pl:otopcalls can tÌreri J¡e inf erred )rf interpolatirrg betv,,eer:

tire calibratiori lines" TaLle r-2 l-ists tlle set of
stanclarcs useo- " This set is ol:tainecì f rom ILAE ,

Vienna"

It was soon

calibration, such a

adequate. /r secorri

therefore adoptecì "

75 se, i338. an<1l82 Ta.

had been carefully
'T'abIe I-3.

founcl tliat for accurate energy

set of staricarCs was far froni being

set of secondary stanc-rar:ðs tvas

They consist of tirc gemr.la rays of
The energies of tlreir g,aruna rays

neasured8-lro ancì are listed in

In adciition, ti:e rvcl1 }il:ov;rr" ciraracteristic il-rays
of various elenrer:ts \.rere usei, to calibrate the low

energy portion. of tire bpect::uril. The X-rays rûay Jte

produced in a radioactive decalrr or as a result. of
eLectron capture, or by ffuo::esceuce. rnì. ^

characteristic x-rays rrìay be prociucecr ]:y fluoresccnce

by creal-ing a vacancy in oncr of its elcctron srrer-is

using cha::ged. particles, other )í-rays or ganriia ralzs. In
thrc present rvorJi, qanrn.ìa Iâ125 vJcrc c:iclusively usccì. In
al-1 cases, thc spectra of ttrc ).-::a1's are f air-11, r,.'e1l

13
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TaT:le i.*4

eoro¡:onenEs of g--rays

used. as energy standards



DESIGI.]AT TOT.] ORTGIII ENERGY (KeV)

L
o

L¡,r - 11, 2 " 633'7

L
v2

L,,, - l'1rv 2"97821

L
gr

L,il - Itv 2.98431

a\
a)

i( - L,, 21.9903

0r
K _ L,,,



Ì',nown " l.igure I-2 shov,¡s an L X-ra1' sDcctruln of i.Ip,

pr:oclucci. by internal corrversiorì as a resulL of tric

alpha c-lecay r-¡f 2ul Arr i¡lLo 237¡1pn ta]ler: ,,./itjr a iieve>.

Si(Li) ):-ray detecLor having a resol-ution of 2qO eV at
6.5 ke\¡" Iiigure I-3 sirovrs a typicai K X-ray spectrurn

of Ag produceo.by fluorescencc, Ll' irraiiating a silver
foil v¡itn the 60 kev ganirna ray from 24lAo:. rrrolr tne

apparent coniple>:ity of tile X-ray specLra, it is evic--,er,t

that only somel of tlre cornpcnents alîe suit.aÌ¡le as encrgy

calibration lines" They are listei in Tal¡le r-4. The

enerEies quoted are tìrose of silver x-rays. rt sliourc

be noteü t'hat cnly the L X-rays of Ll.e heav¡' elen-,ents

are suita-ble as calib::ation stanciar:is sirrce tne L

X-rays of tiie lig;rt elenrents are Loc lov; i¡r ericrgy to
be of any pracLical y=.. Tlre energies of tire r¡arious

cornponents of the X-rays of different elerncnts ]lac j.recli

carefully nieasurec usirrg bent crystar spectronìeteïs I:y
- lìBearden - -, anc' llis values are acroptec tlrrougirout tire

course of this rçork.

(b) ìrlon-linearity corrections:

fcìeal11', a pulse heigìrt anatysis systerii as sirown

in !'igure I-1 should have a lincar rcsrJonse, naniely

the position of a pÌioto¡real: in a specL::unr siroujr: Ì..¡e

directly proportional- to j-ts cncrgy r alici tj.re:

encrgy-clra¡rncl ¡:urnber graptì shoulcj bt: a straig'ìrt ri¡¡c.

t7



ïn 1:racl-ice, trre line ariti' of r;ìrclÌ a systcr: is or;r1z

fair-, v,'i{:li ieviat,io¡ls frori l_i¡rr:arit1, i;ciltc; most scvet.e
at l0w energies. correcl-ions t¡,er:cfore: iras to j-re rTra(.ù

if verr/ accuraLc cncrgy caiibratior: i-s desi::abrc. This
can be clone T"y neans of a non-lirrearity curv.'
constructec. in tne foll-or.,'inE manner:. A set of sources
v¿hose photopeak eriergies are well ilrrown is put in front.
of the cletector, and a spectrun is corr-cctec:. Trvo

suitabLe peal;s are cf¡osen, ancj a ]inear funci_ion of
enellgy \¡el:sus chanrtel nnrnber is cefineci fron tlrcir
energies ancl positions" The ener:gies of tjre otirc::
lines are carculatec fron tÌ:eir positions, usir:q tlris
function, ancl pire deviations 6 fronr tireir actual
errergies are plottecl versus theír positions (cirannel
nu¡nl-;ers) " Such a grapìi is referei to as ihe
non-Iir:earity curve" .¡\ typical non-linearity curve is
slror¿n in Figure r-4. rt carì Le seen tjlat tire cieviai:iol:
i--s rnost severe Lrelorv ciianlicl 200. In ger:er:al, tì:e
nc¡r-li rrearit,y depencls on i-lie cletector usei, Lì:e

pre-arìprifier, tlre nrain arnprificr anc to a grcater
extcnd r orr tlle multi-cÌ,arinel anaryser ¿ so that a

non-l-inearity curve rnust be constructea for eaclr

detector-an aì-1'ssr combj_nation.

-t\n alte::native ( ancì sinprcr) nlctìroi of account incJ

for: tire systcr,r non-rir:ear:; ty is to por:forlrr a po l)r¡iomial

TB
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Enerqåes of qemruna ravs frorl
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]]CI DY CLIIlljj lJonliriear

curvc

Þn'l r;rr rrr '-i r I

Irit

75"28 ! 0.0i

86.59 I 0"01

103.86 t 0.02

27'l ,It9 t 0" 0B

300"12 r 0"03

311"99 t 0.03

340"50 t 0.04

375.45 t 0" 04

398"62 t 0"08

415.76 t 0.04

103.664

271 "58

300. 24

t0. 010

I 0" 04

t0"010

340. 47

37s.40

3!)8.49

¿ii5"7B

r0 " 020

t 0.05

r 0" 02

{ 
^ 

(t'-t
: V. \-t¿-

75 "28 !

86.59 t

1 03 " 365r

271 "53 r

30c" 10 t

311" 88 r

340" 45 t

375. 35 t

398"57 I
tt 4 -¿+ tl" /o 3

0" c1

n ñl

0" 00s

0" 03

0"01c

0"01

0. 01

0.02

0. 05

0" 06

75"26

Íi6.53

1l'ì ? a1 +I VJ. U, :

300" 14

311.92

340" 49

375. 39

398.36

tt a -.t | f, " uJ

UI0"



Tahl.r T*6

Ti:lÂij ef f j"cå*nitry ca"1. j-i::r'a-i.ir:::

standard.s



Isoto¡',c ¡ ^¡ i *'.i .l-.'¡rv ur v ¿ uì/

(Pc)

1,'

(Ì(eV)

Photolis ¡rer

100 Dis;ilrt"

241 
=.l\m 10.35 t 0"6ií 11.9

13.9

17. E

20. B

¿o. J

59.5

0"6 t 0.1

13"s r 0.3

1E.ll t 0.4

5.0 t 0"1

¿"> = u"¿

35"9 t 0"6

sTco 11.3 t 0.9% 14.

122 "

136 "

4

lr{

9.5 t 0"03

85"0 ! 1"7

11"4 r 1.3

zotüg 21 "02 ! 1"0f' 72"8

82. 5

279 "2

9"7 t 0"5

2"8 r 0"2

B1.5sr 0.15
1¿.. -NA 9.98 ! 0"9% s11.0

127 4 .6

179"7 r 0"8

99"951 0"02

137/, ^\- :i 1i"04 ! 1.37; bb t" b 85"1 r 0.q

tou¡r 11,09 r 0"7ï! B3¿i. B 100.

ooco 11"13 t 0"6;i 1173"2

1 333, 5

99"7 4t0" 05

99" B5r 0" 03

ttY
1 0.75 t 0.9% 511,0

B9B.O

1836" 1

2734"2

0.4 r 0.02

91"4 l 0"7

99"4 t 0.1

0.62i-1.04
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Absol-ute efficiencY
t{uclear Diode 50 cc

Source to I'Íindow

distance = 6"0 crt.

Aprj.l o 1970

/-o'l\
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\ \\nr.

)
71

I
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o

ï
f
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)ï
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n
(

xCI
100t0

ENERGY (keV)
1C 00



wi¡rclov¡ at tÌre sour:cc). Iicrr cc; d s ct of- cali brat iorr

sources j-s rcquircc' , atrcl cacll crcLccl-or lia:; to j.r,

caliJ:::atec, scpal:atel\¡ sinc.: tìlc acti-ve vol-ul:tcs of tv;o

detectors I al:e selcion n íf evel^, iccntical. TÌ-rc sct of

ef f j-cietrcl' caliÌ.lrati ort st¿rnclaro,s issueci tJy fllÄli is

shov¿n i¡r laiJre f -6. 'Jirese stairc-r arcls are laclioacti¡¡e

nucl-iCes r',¡hose source str:cngtìt i.a<,'ì- J:een care f ul 'l v

measured so that at any given rrorcent, tire aLsolute

nuniber of photons er,ritteC c¿ìn t-.re calculated.

In an ef f ici ency ca.liì:ration process ,

calibration source is put in front of ti:e Cetector to

l:e cal-ibrateä at rlre scri oeci oistancc frorn tii.:

detector wind.ov¿. Tlre nunrber of counts in tÌrc pirotopcaì'.

is Ceterra-i.neci and is diviciecl by the col-lectiori ti¡,e to

yielo tlie rate N. This is thcti cor.par:ccr io Lire krto!''n

number of pirotons ernittecr: per: scconi (i{") b)t tilc ,source

naterial-, tire::eby ]'icf iiing the ef ficicrrcy e (I;) at tirc

enercJy (E ) of the incicient ¡:lioi-on " Thi s proce s s i s

repeated for phototrs of various encrc¡ies" /r plot of

the efficiencl' vel:sus eìnergy gives an cf ficictLcy curve

f or that çieon etry " Orte sucit curve is sirorvn j-¡l

I'igure I-5. Subsec¡ucntly, thc intcusitl' of ;r pltol-opcah

in an unknorvn spectrum ntay be obl-ainecÌ by taki-ng tìle

spectrum uncler the senìe geonet::ic¡rl conciitions ancì-

dividing tlle nunl'rcr of counts unLicr t.l¡e plioLopcai' Ðy

)2
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Al¡s;olute e: f f j. c icncy

O¡:tec (.;e (Lj )

V-r¡r¡ rl¿¡{.r'r'l-nr_

Source Lo rvindow

distance = 1.0 cm

January, L972
-2lo

-3l0

L*.t- t-'\
\

\

rJ-L' t 'l

\

t.-..-J-.Ì- ',J*lJro0 1000

ENTRGY (keV)

-4to
lo



the efficicncy (obtaillccr };y iritc:rpolaL.ion fror¡r t-ilc

rrf f i ni r.rr¡r¡ -llYi'^\ =+ +'Ìrr'--r- vt: I crL Lrrrj ¡âIiì€ eìrcìl'gy. T'or tilc Saj.c of

conplclteness , t)te ef f ic j.cr.ci' clr.l:vc of trir: Ori:ec Gc (Li)

.T-ray detecl-or is slìov.¡n ili f igure I-6.

I t shou1C be noted titat i¡i i:otlr errel-cly arìc.

ef f iciency cal-ibration, tilc positiolrs anc areas of 1-ilc

photopeaks are requirecl. A nruner:j-cal- metllocì to oi-itaj-n

these quantities f ro¡'r a spectrlrlrr \.ii ll- Ì:e givcr, in

Chapt,er Iï.

T" 5 A COI}¡C.IDENCJ' SYSTL}'1 USI}]G SiJI'iI-COI.IDUCTOP, D]JTICTOIIS

Semi-conductor detectors usec. in pairs can be n'.acìc

to yielci inforn,ation bevoni the ganrta vay energies ancl

intensitiest5 A 1:ai r of semi-conCuctor ietector:s ,

together: rvith the necess;ar:' eleccronics, can l-;e useii to

determine the gamJlra rays tlrat are in co-i-nciclenco r,¡itir

each other" Such a mocle of operation is qericr:a}ly

refered to as ganìnìa-gantna coincíCetìco, alìc provicles a.

very porverful teclinique in stuoyir:r; tlit: clecay sci;c:¡'e of

a raCioactive nuclicie" fn essencer one uses a cletector:

to gate on a particul-ar ganìnìa ray of itttt:rcst, atti. uscs

tire other detector to lool'i for coincicìcttt radiatiotis.

For sirnplicity, the el-ectrcliics associatcc'. rvitli tirc

gating ceteci:or wil-l J:e refcred to as chanltol 1, witil-c

tlrose associated tvitlr tlle otlter: cctcctor v;i11 be

clesignatcd as chan¡lcl- 2"



Tlicr¡;¡",r T*7

,A si-nrpi"e tclj-ncidenfie úírcu{ e
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'Ð,ro;o semí-ctr:¡duc ber d.etecÈgrs
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i;'igu::e r-z srrov¡s a coi'cirìcr:cc circuit. tirat is
ruclinrel,La::y but v,,orliaLrc. r.tcre, cìel-cctor i is r-irc

gating dctecLor. TÌ:e si'glc ciraLilrcl anaì.1,ser: (scÄ) is
inser:tercl after tjrc ¡rrain ar:rplifier (¡-¡.jp) in c;iar,r.cJ- 1.
rf thc arnprifier output ¡:ulses satisfy tiie e.rirgi¡
requircments (that i=, the1, corrcsponc to t¡e gânr,rä ralz
one is gatirig oñ¡ using trre scA) ¡ à logic pnlse i-s
generateo by the SCA to open ilre li:rear qatc (f.C¡,
tÌrereby pernÍtting t5e arnplifier pulses from cr,ârr'Cl_ 2

to pass through. A dela1, a:nplifie¡:(I;Ã) is inseri:eC. in
chanirel 2 to all-or¿ for ti¡e dela1r i¡ the SCÀ. On11, the
pulses corresponding to the garu:a ralzs in cascac,e b,itli
the gate isilI be arJ-owec to pass tìirougli the gate,
consitituting the true coinciient eveÌ1t.s" Dr.it because
of the finite resolvíng tinre of ti¡e systern, purse.s
l¡hich <io 'ot satisfy trre energ)' rcquircment.s. rrrê! ars<>

pass througii tire gate Ì:y clience, , cor:stitutir:E tirc
ranc-lorn events" Tire ratio of true to ran(:onì events is a

neasure of the per:forrnancc of tÌr.: coincicÌe¡lce systcrr.
rt should. I-¡e not.ec tirat tÌre rel-ative inte¡:sities of t¡:e
gamnla rays collectec clue to ranionr ever:i_s are in tìrc
sanre r:atio as that i¡r thc singles spectrui.n, artr:ougì¡
they are rnucll recuccci i¡r ir,tcrsÍty. I.ilre¡r pulscs are
co1Ic:cted in t.Ìie n,ultj_-cìran¡le1 arraJ_1,ser, onc obtai:¡s a

pulsc Ìreiqht spectrurn collsistinq of ranoo¡Ìt evc_lrrr,s

¿tJ
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superifnposed cn tlrc stronqlr.' enjta¡rccc.,

ccurìl-s. 
^ 

spcct rurl col1t: c1_cc i¡i

analyser tlri.s v.'ay is çrcncra1i1"'

coi¡rcicerrcc spectrunt.

À.s nentionc<-r aÌ-¡ovc, tiri s circriit .is v¡ol:kaI-,1-e , i..¡ut

is not vcry satisfaciorl', ì-.,ecause of t¡lc folloi.iing
reason: Tr'.io ('an',nìa rar¡s appear irr coirrciicnce if ol:e of
thern is e¡nittecl v¡itirin a short tirr:e of eacli ot.icr. rf
a coincidence circuit is to furrctior propcrrlz, tne true
coinciient events rlust tal:e place v¡itr¡iri tìre tilne
resolution of tÌre systcm" rn short, in acìoition {:o ar¿

energy requírement nientioned above, a time requirenent
is also rreeciec" To Ínrpose sucrr a requirener-.t, a rfasl:

circuitr Ís inserteol6as sìior¿n in [igure ï-g. Tirning can

be effcctuat.ecl by using a pai:: of tine-picii-off uniLs
(TPO) on eaci: c;¡anne1. Eaci. time a f ast risiirg
pre-arrrplifier rrulse enÈers ti¡e TFo, a fast logic putse

is oenerated ancJ apÞears at tlrc output of the Tpo.

These pulses are fed into thc start anci stop inputs of
a tinrc-a:ralorlue-ccnvertcr (T^c) " The TAC output
corrsísts of puJ.ses whose heiqht is proportior¡al to tlle
tine difference betv;een tlic star:t anc stoÞ pul-ses. A

pulse ìreight s;¡>ectrur.r yielcìs a tinrc spectr:uril" rn tue
present tr'"or]'., the TAC Ìlas a j;uilL*in scA so tìrat_ on.j

can r-cjcc1- an\i ti.r:iing evcnts tlrat tal<e pracc oul-sic.rc:

/ >i



Fiçrure I-9

eircu,{t used for

measurångr'eåme resol"utj"on
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tlic resolving tj-r're of tlrc' systen,. À furi_ìrcr cisussior:
on t.jle tinl<¡ rcsol-ution l.¡iÌl_ I_,e g'ivcli 1a1-er in l_.iis

chaÞter

The TAc and scÀ output v;ill- gencrate a logic pursc

if tÌley a.rrirre at tire fast coincic.ence (FCo) at tl-re

sârrrc timer ânc]- tl:c l,co output is usercl to oÌ:en t.1e

linear gate. Only tllosc arnpJ_ifier pulses froni c.uâ.nr:c.l- 2

whicii satisfy ):oi:h tr:e tin'c ani er,ergl' requirenìent can

pass througÌr the linear gate. sucir a co¡lvenl_ional_

fast-slorr type coincicence circuit is aciop:tec1 througir
the course of tire present i.¡ork" The time reso]ution of
such a system is of tlie o::der of 50 nar'ìosecorlis, âricì a

truc to rar¡<iom ratio of 40 to 'l car: be achieved, as i¡r

tlie present case"

:L'o measìure tne t-ime resol-ution of t.irc systerâr tlre

circuit usec. is âs shov¡n in Figu::e r-9. A radioactive
isotope knorr¡n to have a ver:)¡ short livccl statc anc rvell
isolated çiarr.uîa ralzs populatrnq ani cie-excj-ting -tjris
state is usec. TÌre scA in tiranr,el- 1 is usecl to gate on

tl:e garima ray populating tiiis state rvhile the output of
the TPo in tire sAìte channel is usec, to start tìic TÀc.

The scA in channer 2 is usec to gatc on tjre oilrer garnn-ra

ray de-populating 't-irc: sar¡.c statco vrl:ì Ic tire Tpo output
in this cha¡rricl is uscc to s1.op ti:e T^c. The scÀ

pulscs in J,,otji ciranncls, t..rhen rcaclliricl Llic FCo at 1-Ì:c'

'\ rì
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sar'..e tine, opellsj tÌie LG to lct tiìo 'i'1ìC ¡rulscs pass

tlr::ouc;l;,. A Lir,e spectrur¡ ca.n i>c colli¡cLt:c', iIl []rrc li(l¡.t

anci Llre posit j-orÌ and tlie fiiltlf ( in cìralr¡re f s) of tirc tilne

peaii is ¡lot(r.:cl " A ]lnol','n cr'e]af is i¡rLroc'.ticcri irr tirc stolr

signal into tÌre TÀC, tire i:eby siriltir,g tjre lrosition of

tire tirne peak" Tlie processi cal'ì l-.,e repeatcc. , anc a

plot of tire öelay introciucect vel:sus tÌ:e positiori of t.i;e

time ¡:eak ( in cira¡tnels) givcls a st raic¡irt -l-ine ( sec

I'igure I-10) and. fron ti;e slope r one oÌ:'tains tjre

conversiorl f actor in Celay per ciiannel " The tinte

resolution is simply t,he fulI wiätiì at half nlaximunt

(Flfli¡I) of the tirne peak exprcsseci in unit's of tirn'e,

obtainecj L-y multiptl,i¡g 1-l:e Trliilt'l (in cliannels) L,Y 'tiie

conversiorr factor"

It is l.r'ov¿n tirat irrcgular charge collection ti¡ne

in LLre c-retector- crystal calì affect. Lile tinc resolution

of tire systenJT Tiris eJ:fect is stroncly geonetr:1r

depenilr:nt. 1-o illustr:ate tiris , a coincicle l,cc systcl".

v/as set up usinq t\^,'o Ce (Li) clctcctors " Tire sìourcc

cilc.,sen \ras 75 Seo ancl tþe rel-evant part- of tlle c;ecay

scirer¡e is shov¿n in Figur:e I-11. 'r'iìe gates v/ere seL on

the 135.998 and 26Ll "65'l ke\¡ garnnra rays" 'lile l-ifeLilne

of tire level populatcci by tlrc i35.998 kcv cJarnrna ray is

krrown to be 10,9 picoscconcislr8 arri as far as tìic ¡rrcsct,t

Syst.ent is Concerned, it nay f-)e con¡;ic-rerecl aS prorn¡rt"
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iri.c,;i.:;:e T*14

(a) 5e3-f gattr.ì si-r:.q3-.r':l-l ,: i Ì'5st

{1r} Coån*j-clencÉ sjr-'::clt{r¡-': r,¡:'tl: 'ct:e ij64"f:51 keV

E&Tì1ðf1èn fA}"

{c} Coi-ncidenÕÊ spectv*** v¡i-fh tb¿e l-35.998 keV
garíffia rð.y
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Tlrc ae ome't-ry iras rlcf ibcr ¿rtcly nraclc tu',satif actorl' l-'Y

il¿;r¡ing the lotrci ¿r:lis of Liic c ct-ccLol::; iricli¡lc<r at arì

angJ-e of 135 dcgr:ccs t-o c¡,ci) ot-Ìrci:, anci tlic sotlr(;c ivas

put in a posit j-o¡r asi s.itor'.¡r) in I' j-clurc I- 1 2ir. Tlte

resultanl- tine resolutiorr vJas ietrll:rrìinec, to l:,e B 5

nanoseconds, ancl tlie sha¡:c of the tire pcak r',ras far

fror.: being satisÍacùory (See Figure I-134). Tlt,¿

geor'ìetl:y was then re-arrangec so t.¡¡aL tiie long axis of

the tv¡o detectors as well- as the <ieontetric centre of

the source o all Lie in tlre sanìe st::aight line.

I'urtÌre::, collj-nators v;ere used so tilat. only tiie centre

parts of tlre delectors v.7ere useC. ilere, ttie titte

resol-ution v.ras found to l:e 65 nanoseco:tc-so and a much

better shaped tj.ne peak was obtainei r âs shot¿n in

Figure I-1 3.11. Tirus, in ¿r11 tirc coincidence r'¡o::ks

^{-{.a-,n{-^,i i'. *-ì'^ +- ìrrtz,:cl-i¡r=f inr'. -¡nnl ,¡<:icqLuç¡...r,eÇv !¡¡ tlle p::escnt ir.v.:stiç;at.ion, cnpilasi-s \vas

placec1, whene\zer 1,ossil,'le ' on naintainitrg çooci geor:et::1'

to optimize ihc t,ir,re resofution"

To ensurc tirat tire s)'stcr,r worl:s prope::11', tlic

coinci, jc¡rce systcrn was tcstei r.rsitrg 75 Se. si-ticc its

decay sclrerle is very v.'eI1 llnol:n" Gatcs l./el:e sel-ectec

¿rt 264.65I ar)d 135.998 keV gailmra ra1u5, ano tile respcctive

coinciclencc s¡:ectra, togetìtcr r,ritir f-iic self gatcc.:

sinç¡1es spectrunt, is shor,¡n in Figure I-1ll " It v/as

imnrediatcly obvious that only tliose gamnìa rays i¡i
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cascacje with the gate (G) were enhanced (x) ' indicating

that the system usecl is j:r good worki;ng order"

The coinciclence spectra obtained in the present

work (See Chapters III' IV ano V) are all a¡ralyseci in the

conventional manner. The urethod consists of comparing a

coincicrence spectrum rr¡ith a self gaterì singles spectrurn

obtainecl with the sarne ampJ-ifier gain" As rnentioneg

earlier ¡ the ganìma rays that appear due to ranCom events

are in tire sarne intensity ratio as ti:ey r,¡oulcr aÃ)pear in the

singles spectrum. Thus o l:y norrnalizing ttre areas of the

gaIpma reys in the self gated. singles to a garllta ray knovrn

to occur d.ue entirely to ra¡rclorn events i¡r tlle coincidence

spectru.Irr¡ the rar¡dom events ca¡ be subtraeted'

fn all the coincidence shov¡n in the subsequent

chapters, the randoms lrave not been subtracted. Also',

self gateê. singles specËra will not be provioed.o

Jö



CitAPTI:R I I

DATÀ IiA}JDLII]C ÀiJIJ. lrTJ/IL)iSIS

TÏ. 1. II.ITNODUCTÌOìí

It is unqucstional-,Ic i-hat ttrc usc of conÐutel-s j_l^

data acquisition anci analr'sis lras i¡ecoine a r:cccssity
norvadâysr J:ecause of tireir Ì,igìr sp-eed anc] accurac),', In
the present v¡oriçr ân IBl,f 36A/65 cor.ìput.cr \,jas usei to
perform the data analysis, ani a sl-ower: f DI.l 1C2O

conputer was usc:C to proCuce cards f ro¡n papt-,l r tapes " A

PDP-15 con.putel:, locateo in tlte Universit)r oi llanii:oba

Cyclotron co¡rtrc;I room, \./as occasionally usec for caÉa

manipul¿:,-i on. A tc,letypcr.,,rit¡:r tcr-¡ninal'æ i¡rstalrec-. irr
the laboratory to provicìe access to tire rïll't 360/a5

conputer, lfo clo Lhis, it is neccssaÌ:)¡ to use a co¡,rr:utcr

pl:ocÍraÌriii{.: called Ì'iu¡/r r lHanito}:a Lni-r¡er:sity Ì,fonítor)

CetzelopeC at tiri:,; Unirrersity.

II.2 D.ATA iiÀÌtrDI.fl'lc

Tilroughout the course

data is accumulatecr i¡r

of tiri s worll , expet:iriellt.al

nrul-t.i-charinr:1 ernaJ-1r5s¡s as

aria11'ser outpuLs arc of t\'.'oCescribecì in Ciraptcr I. Tire

fornrs:

( a) Grapìrical: tltc clralr¡rel

39
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can J:c c),isp1¿ì)/cc1 on a CIìT or ¡rfst,1-ùcì oJì papcr, us-ilg

liosc1c1, i:-Y ploL.Lc::"

(l.¡) ìtrunc::ical: t-lie cilar,rtcl corrtcnt.'ì can )Lc ej-t,-cr l-ypccl

ouL ot-r an ILtl Scl-ectric tynct'ri tct: or TtluicÌ.cr- oul- orì a

paper: tape usirrc{ a TaiJ-y pul'ìcii.

Of al-l- tllcse outputsi, on11' tl:g clata put,circc on paT)er

tapes provicte a convenicnt f or¡n for r.umerical analysis "

To corivey tlre claLa to thc cor.iput,e r, t'';ie follor'ritig

methocäs are adoptecl:

(1) If tiie amount of data j-s sntal-l, say tirc corrLefiLs of

a few hunclr:ed channel-s, the teletyp.:rrril-er is usec to

reacì the data on the paper tape, ani senus it to tìru

cortputer over a phonc line (see l-ater sectioti) " But

this metirod is incfficient l-¡ecausc titc speeo of i-ìic

tape rcacier on tl-rrr teleLypcv¡ritc:^ is quite fo",¡.

(2) If tiie anou¡lt of C¿rj.a is lar:ge, tire papel: ta¡.e15

containino thc il¿ri.a are reacl into tlie PDP*i5 cotlpute::,

anc the data is then transmittcci to thc Ï¡l''i 36 C

r.ôrr;rlììtr\i^ r¡i a a d.ata l-inl.: bctr.¡ecn tire conrputer ccntrev\/¡. i/

and tile PDP-15"

(3) t{ore often, tìrc paper tapes are carrieci to the

coniputer centre, fecì i¡rto IDt'1 1Ct20 cor:;pul-cr, alrd tìle

data is punclre<ì on carcjs, rviricìt are tì.ren fccj int.o tlru

IBl4 360 compui-er"

In aIl- the a)Jove mcntiolrc:cì n',etltoCs, <rata

/lu

fir st



Fi-gure Ii - I

Schematic diagram of teletype termínaL

with ecoustic cou,oler
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stored on

iiacir scl- of
{:^- l.--,1.¿ v I ¿JO L,.-\ L,tIJ

a nrac¡rictic o_issi-- ¡rrior: to actual analysis.

Cata i-s also r.¡rit.tcrr or¡1_o a r,agne tic 1-apc

storacJe ?

II. 3 ì'IAÌiITOBÂ tn]I\4jF.SITY IiOiJITOR (t:1,t.) 
_

Thc teletypcv.'riter tc::rii ¡ra.'l is acou¡tical_ry
couplecl to ii-,e L;r,iversit)¡ r3li 360/65 co¡.puter using eli

Anderson Jacoi:son ADC260 auc,-i o-coupler. .A. sclicr.-.atic

diagrar,rne is sìrown in i..igure rr-1. Tìre couplc:: reccives
infornatio¡r fro¡n tlie teletlzper,,rriter, Lranslates it i¡lto
signals at audio f requencies. ar:c sencs tiiern ovcr tirc
telepirone to tile cor,rputer " At tjre con-:purer roor¡,

similar units decode tj+e aucjÍo signals into inforn,.ation
again " rnfornation can be transrriittcc'l eitircr wa'., i¡r
tiris nanr;er, ancl tlre telc:typertril-ci is, in ef fect , a

conputer "tcr¡iinal".
rt r¡ust be nlentioncc that such an acoust,ic

coupling does ¡rot constitutc a cirect access to the

conputer. In fact., the terr¡.ina1 is indirectllr 1il:j:ec; to
tire corrpute:: tirrougli a rer.oLc terniinal progranrrne callec,

I'ii.lM (sjlort for l.lanitoL¡a Lniversity l.tonil-or), rr.'liicìr acts
as an interface betrr,ce¡r tlie tenrinal and tlre corrìputer.

.A de';ailecl description oÍ- l.tLl,l Las al::eaci1, appearecj j_¡i

tlie literatur:el. rn tlrc ¡;rcsent v;orll, Lire f requc:ri:J-y

used progl:anu¡ìcs arÊ-' storcd on r,ìagn,.'i:ic cìisJ.-,s, as is tir¿

data. 1'hus 1-h::r>ugh l:tul.i data anarl'sis call j-c illi tial-e cl

^1



in thc 1al-.,oratory usir:g tjrc teJ-ctypervr:itcr "3

II.4 CL¡TTPT]J

A riunlber of prograr.Jres have l¡ce¡r cler¡clorrcc. 1-o

assist in data analysis" Tlre! are rrostl_]' ,,stat.rctarcl',

progranunes, like polynonrial fittirrg. Ã verlz frequcr,t-ly

used prog'rarrJne <ìevclopec lry tire v¡riter i¡r ti'ii s

laboratory is carLeci currPrn, anrr ti¡e rest of tire

cl:apter will be oevotecl to ciescribing it"
currPrE is clesignecl to determine tlie positi-ons anc

areas (energies and intensitics) of pi:otopeaks in a

gan'rrìa ray spectrum" rL is ceveJ-opeci r,vith tÌ:e follorting
consicterations i-n mind:

(a) 1ÌraL it. sÌ;ruld have a peal; searcii rouLine to clet.ect

pealis v,'íth srrf f icier,l- relia,bility" To clo t.ì:is, tiris
routine must êl:,;,1s1, sor¡e sort of smoothing procecìu::c,

so that it, will not I'Cctcct" _epurious 1:eaÌ;s rvhen

statisti-cs are poorc

(b) Ti:at it shouri have a fittirig proceclure fron r.¡Ìr-icir

the desir:ed paranieters n'.ay I:e oltaineC
(c) That tlie autoi:latj-c analysis can l,e overriiclc¡: so

that one ca¡r direct CUTIPïE 'ùo j.nallrss portions of tl:e
spectl:um as desirecj.

(d) TìraL the irrput

j/et tiic lrrogl:anrìe nrust

. Beforc goinq int-o

inl'or¡lation ntust be a miltintul,i ar,ci

l-:e suf f icienl-1r' reliable.
tlre CcLailcc: ciiscu:;siorr oÍ

43
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progrâr,,firG, it sþould be pointccr. out. tirat clata C>J,i-ai¡lec,

wi-tll senìi-con('juctol:' dcl-cc'uo::s al:c rclativcJ.i' easicl- i-o

arralyse tlra¡r tÌlose oJ¡t.rinccl r.;i1-Ìi ilal (Tl-) .';cjiitil-lat-io¡r

cletcct<-¡rs. Sc¡ili-conCiuctor <ictcctor-s iiavc lilucll i-'eLl-cr

resolutior¡, so tltat plrot-opca.l.:s cxlribit 1-rlq]ìiìselvcs as

sha::¡r peaks sitting olr a rclatir¡ely fl-at. ì:acìic;rour'cu

anci Lhey are well- isolatcd front eacir otrler" Usuall¡r,

the features of intcrest in a gian,ma-ray spectrur¡ arc

photopeaks tìreniselves, hencer otle neeðs to at-:a11'sc or;ly

a srn¿rlL region of the spectrum, nanely tirc vícir:it1' of

ttre inclividual photopeaks" Sinple anal1r¡js¿1 functiorts

can Ì:e chos;en to clc,. ,-;::ilie tlie shapes of tite peaks'

\^/ithout iraving to ktiov¡ a prio::í, tìre det¿/ilec-: respotlsc

of the i.etcctiorr systerit. In facL¡ l-ii<': fu¡ctio¡.r cl;oseli

to clescribe 'bhe peaÌ'- si:ape cloe:s not even Ìravc to Lc:

ph)'sic;aIIy meaningful ( see Ref . r7 ) " As tn exalnple '
Rol¡inson* has dcscriJiei tÌrc shape of a pìrotopeal' as

consj.sting of trvo gaussiatt ciistrii-rutiol,s orì a

baclccìr:ouilcl corisisting of ar] a:r:cianqctrt funct-iot: pIt'ls a

quadratic funci..ion. Tlius, Lire::c is sorri<: arbit::ariitcss

in the cltoice of ¿ì functiotr dcscriJ:ing tÌie pcaìt sltape,

and a further arbitrarirtess in 1-]lc c.tioic¿ of bacJ:c-¡rounci

shape. rtov,'fivcr, provi.dcC a rcascl,¿:blc clloicc is niacet

anci applied collsistent,ly, satisfac'cor:y results Irìâ)¡ be

obtained. Consistctrcy Ìicrc nlc¿ìl-ìs using I'ilc salrìc

tl rl
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a1,- c l- óll

thr:ougì'rout

The advantage of

its simplicity --- one does

cu"r Dersome SUCCCSSIVG

c\ren f or ca.l iJ;r¿rt-.i.¡,c.; tiic

this anaì-ysi s is
away with the

strippinçl r.^+-,1^/¡r'ULlit/l

in

SO

clraracteristic of scintif l-atiol- spcctruri anaJ-1'sis " A

number of prograrxrcs r"hici¡ perforrLi spectral atral1'sis
q-ì ô

iras been reportecÌ' -.- fn n:ost cases, the least squarcs

fit,Ling tecìrnique is used" Gaussian funcLions fittcci i-o

photopeaks bl' the nretìroC of n'.a>rimunr lilielj-ìroocl i¡ave

heron rr.nnrtr.r-l ì¡¡,2 Cl i anrni and Dadc'l i 11" À nunLer of

smoothinE proceoures har¡e afso been ::e1>ortecì 12-15

LogicalIy, CLiIIPTE has three n,ain parts" They arp:

( a) Input-ou1:p¿¡ routinc.
(b) Peak searciring routine
(c) Peali fittinc¡ r<¡utir,c

(a) rr'rPUT/ourPUT r{oiiril..if,

Tiris routine manipulates infornation into ar,c out of

the conputer" i3eing a triviaL arrd stanc.larcr proceCure,

tliis routint: r"ilI not be iescril-recì in detail- licrc.
(b) PiiAK SEhFCiifi\G ROUTIII]j

This procec:ure searcìres for pliotopcaì;s iu a spectrur't

autonratically, anC tllc I¡asic principle is quite simplc.

Consicier a s,:¡r.rl1 ¡rorLion of a spr:ci-rurt. It cerr crrtc-cl1t

Ì:e dcscrilred by Lhe fu¡rctj-o¡: f (x) , tlrus
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IC(>r) if l-irerc
t(i:) = .r>: * ¡: * 

|

L o i¡ tìrcrc

¡:,caI.-

l')call

g" (x) if tirerc is a peak

O if th<:ro is no ¡real:
can bc verificcl t.o bc

- 2 2- 4(>r)to -(>;-cr) j/(o )

] S a

l.S lìo

rr lJ-A_I

t-l--J

11 A,La--î

wherc

x is charrneL number

a>';*b is a straight lir,c Ccscr-iJr-i-ng L¡,e bacÌ.clroulìc-

g(x) is a gaussian distriJ-,utiot'r clescril,.ring a pilotopeal'i,

and is given by

9 (x) = c ex¡r{ - (:< - ô)2 /2Õ2 } tt-z
where C is tþe height of tllc gaussian ciistriirutior;

about. cl witl) standariÌ deviatiorì o . Thus

Tf"(x) = |
IL

..r^^.^^ ,*lt /..\w¡¡(:rç !J \¡¡,

g"(x) = g

The behaviour of g" (x) is in'¡ieiiate ly oi;vious: if

(>l-o) >) clu g" (x) tr-:rläs to zcro fo:: tire e>iJ)otierrtial tr:rtlt

preCorninaLes. As x app::oacties d, g'" (x) is f irsi

ncAativc, tiren posit-ì-ve, at'lcr as )' J)asses cl , ç¡t' , ;l)

Ìrecones rregative again. I'url-ire::, g" (>r) is zel:o at

(x C) = t o and is ua>;.imur¡ at x = d" llence, i-ite

deviation of g" (x) front zcro inclicatcs tiie presel¡cc of

a photopeak" Al-son tlre posil-ivc por:tion of g" (x) cal)

be used to c:;tirnate tlle petrll Positicn" fn tilis v,'ork,

the position cl is given l:y l-l¡e i:tJuatioli:
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J-o

lic¡:cc, a pcali scarcìrinq

tile scconcl clcr:iv¿rti-vc

.6I
t
I
I
I-Í

rou

rttt (:, \

r_J " (il ) ri;< l

ti¡-lc r,-:<-l uct:s;

>l) at cacrr

valucs of

II-J

Lo calcrilati-tig

e r:iti-lì t: .L , ¿ìfl c.

.tll /r'\ t/crr,'
Y \JIl \JçU

l--L-o

looìiirrc¡ for t1()rr- z(ll-o

I igrrre II-2) .

liris rûetÌìoc1 can Jte aopliccl to spcctrai c;atA,

except ti-.at tlle secctnci C.er-i-rrativù rnust be rùL-l-acec i,Y

the seconcl Ci f f ere¡lces ' sirtce tìre c ata is c;iscre t-e

ral-irer tiran contilìu()us, Moreor¡cr, tlie peaii i-s not

synmetric"(i.e. , is noL a sinrple gaussian) ani so in

practice the position of Lhe ce¡rtroid woulcì only i;e

approximate "

A rrume::ical seconcl c'lifferelrcc Ccri

can i¡e expressed as:

^4 ciianlie 1

ddi

cefininq (2k+1) multipliers .j
1,

I
f--.'

-r-ri_I+ 2nj. - ni+l_ = ) cin; --¡r_Tr_ 
/ ,t 

rrJ

J --r
where

c-l=cl=-1 eo-L

To inprovc on tliis, anC to itrcor¡:olaLc sonìc sriootiitncl

to mininize sLatistical- fluctuation, a qeneralizcc,

seconci dif fcre¡rce ntethocl cìue to llar:iscotLi- to fÞ

acioptccl. In esserrce , jìc¡uaiion II- 6 is gctierali zeo Dy

qrr¿.ìr l-ìrrJ-
t u qv¡¡

ddi

and the standard clcviatj-o¡r sdi

fì
fi"i+t
i=-ì¡

4B
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r/2

sd.
l-

(- ltI f--ì ,,

= | ) c:
t/l
| / ,-
l- .:- ì,

ìì.1+l

c1G2 - j2 )/ o\

L-L-'()

ci(jtect asi

, t¡ìËy at:ll

.,^.-.; --,o yoLtr.)ì)-Lqlr

... ---,-. ì .,I r éri,g IJ t

11- v

Tirc cc-,ef ficicnLs; c, silculcL b,: so cirosict; ¿ìs to
J

smal-I a peaì: as possiLrlc. It' Lric l-ìreseirt wor;.

choscn to I¡e tirc sccotrcl oe rivai:i vc of.
'7

Cistril¡ution, followirrg Iioutti's sugqestiotr,

-l

wlier:e

Gj = exP( * j2 /zo2 )

k is ci-rosc'n so tilat:

l"x*rl ' o'olco

In this \\'orl:, tl-,c'generalizcc.i s-;ecol,i ciffcrcnce ssi

cirannei- i (i"e", the seconi Cifferelrcc e:lpressecì

units of sLanciard deviation) is c'.:fincC to be:

SSi ddl / sdi A I-IU

the c¡uairtity ssi as defi¡recl, irr Lquation rr-10 calì i,c

usei to locatc photol:ealis in a spcctrutn" Fiqure II-3

shows a portion of a spcctrunr in wlticii a piroto¡reas j-s

present. lri::ectllz belov'r is plottcd Llie gerrerali zcc

seconcJ oifferenccs ssi In Ehe rcgion cìevoici of ti:c

plroi-opeall, t=i is zero or very close to zero. Äs olÌe

anrrroar:lros t-he photopeaì<, ss. be.rravcrt; 1il.c gtt (>l) in*t.'! ^

Uc¡uat.iorr II-3 as d j-scusscd aÌ:or¡e. 'Ih,.: assytlrrlc:tr:y of

âT

]-II

3U



ssi about tÌre ccntroid <:f. tl¡t: pjtoto'¡real< rcflcct-:; l-¡ic

ass¡zrnr,rctr:y of tire Pirotofrc¿rJ':. Furttrc::¡ Lilc appro>'ir,a1*u

positiotr of tile pea.k can J;e c";tirlati:c l;y dutcl-Iilirìincl

the ce¡rtr:oid of ti¡c positivc vaiucs of ss
I

l.iathenatical l.¿ :

peak posi"t"" 
{E==l /[E', ) ror ar]- ss1> o

In general, if no photopeak is present, the val-ues of

sq are cluite small ancl arc distrj-l:uteci rancrorr.Il' about

zeyo. By trial a¡d error, it is founc tilat ssi t 3"0

gives a fairly gooC inclicatiorr of tiie prcsence of a

photopeak. ?he ¡rcrforr,rancc of suc¡: a ntethocr wil-I l:c

presented at the enci of tlris chapter. A rr.ore cletailec.

discussion of Lhc generalizcC secoticl cjj-f fer,:ncc rrctÌtoo

for pc:ali searching arrd iata sn-tootìring jras alreacly

appearccl j-u tire literatut" t' t u.

(c) PEhì( FITTIiJG IìOUTfil]j

Once Lhe set of peaÌls arc J-ocai-ec1 Ly tiie pcai; scarcÌr

rc)utine, tjre progranuile re-e><arnincs cacil ¡>e ai'-,

cleterrrtines tìre region aLout 'tire pcak to Ìro f itLccl r âllc.

the nurrrber of peaJis tl:at are to l-.¡e fittcc, togcLi-.rer, arlc.

the fitting routinc is callcd for"

Tire rnethocl useil for L.irc:

17Gauss-ScideI ntc b.lloci "- 
'

non-lirrcar, multi-paran:ctcr

f i l-t inrl.i s J-ìlc v;e11 ]lnol.iu!¿ u 9¡¿^\-)

I:q<iênti al lr' it, is a

i t.cr¿rtivc t)¡pe o f Ie- a st

5-L
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sqLral:es fitting procecìu::c. 1'lic Liieor:1' of- tì:is nìetiroc,: is

v,'ef I krrot¡tl , âDCl v¡i11 rrot be claLoratccl ilcrc " lJcit:c; of

tlre itcrativc typc ' arr i¡ritial cst-i liiat-e of t.itr:

pararrìeters is recÍuircc']. to start t.lre fittirig proccss.

The init.ial estirnatcs, e ><ccpt the f ul-1 wiciLiì at naif

nraximun ( Fl/ll}l) , are gerrcrate cr interrral-ll' I;y tÌic

programnìe, and so neecl rtot l-¡e suppliec.i Lut tiic

approxin'ate value of b.ire [i]tl¡,I r.,ust i-¡e supplicc.

One assumption was rnacle v,'herÌ coding CUTfPIL: All

peaks overlapping in a given region of the spectrurn are

assumed Lo have the sârrrê v¿idth. For ganna ray specLra,

tLris is not an unreas.jonable assur:ption, siirce ti:e peaÌ<

rvicrth is a slowly varying function of enelrg]¡, atio as

the pealis overl-ap' tliey al:c close in encrgy" frr rziev¡

of thi'; assuntþtion, CUTIPfii is cod-e<J to LIL\','râÞ up 1:o a

ma:,.imum of sÍx overlappitrg peaÌ<s. Tlie choicc of six is

quite arbitrarl', but is ac1eguate iri rnost situatiorls.

ilefore cliscussing the functio¡' rvliich rcpresel)ts

the shape u.secl in fittinq tiic pe;:ii, it is wortirwhifc to

oiqress at this point to Ciscuss the i:acÌ'grounc. sita¡ìs"

Tire ciots in Figurc II-4 shor'¡ tire e>lperirnerrtal points of

a portion of an isolal-eC galiilrìa ralz spectrum. TÌre.m,ost

marked feature is tlle presence of a rcJ-ati-vely flat

plateau on tlre lov¡ energy sicÌe, tr'ltich is higircr thart

tirat on tire high encrgy side. Tlicre is no qucsLion tliat
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thc prcscnce of tiris hj-qir ¡:1a t-c.ru is cruc t<¡ t,l.:

pÌ escrrce of tlrc cJârirLâ ray. Tlrc: c{ucstioll relrrail-.s; as 1-r>

r,¿hctrrer or not- orrc: shoul-i inclilcì c tilis platcau ¿ìsi fiar:l-

r,F l-ìr¿¡ nlrnJ-rrn^-1- 'i r -:^..-, itC.l',.t I'Llülr Of it(-)I LtI(; l.rllLJL(JIlUC(J\ c-trl:JCtt û.rt\l ¿! \rlr(; uv!i;),

siioulcl I¡e 1¡1çlucìec.ì"
ìtì

I t has i:ee¡l s uqgcs tcc - - t-lrat tìle f ollor;ing

analys js be adopteci as a reasonable one 3 The bac';.grounc

is assured horizontal- ar¡d a portiot-ì of Lire plaLeaur salr

2"5 Fl.lli}.l wioc, measure(l from ti¡c centroicì to the forv

enerçf)z side, be incluclecr. ir: tlie peaii arear âs iuc.icatec,

by the solid Ij-ne in Figure II*li" This rnetiioiì iias tvro

main objections:

( a) The clloice of tiie f actor 2 " 5 is quj-te ariij.Lrar)¡ '
and is irurely a tìâ1-tr- ï of persrorial preilcrer,ce"

(b) lthen overla-pping pcaÌ;s are errc()unLet'cci, tiie

analysis becontcs very tirnc consun-ring ancì il¡accu::atc"

Successive strippirrg l:ec<¡nrcs u.Iravoiûaole, anc tlris

stripping metiroo is liÌ<e11' to irrtroduce el:rors 1arç¡er

+1r¡n .r-i'. -^ '.¡6¡l¡1¡.¡r¡'l Ìrv ¡n altCrrratiVC lnetirOc.i (--ef=,CfibCC.Llr(a¡t Llr()Þg Irrv\.{uuçv. tJ! q¡¡

l>e low- "

Ãnotirer atrt¡roach is to select trvo co¡iver:ienL

points on eithcr sidc of tire pìtotopeal<, anci fii: J:ctv¡ecn

thcrn a str;rigiit lirre to applo::ir':ate t.he backgrourid' as

slrown by ti:e clas;h l-irre iri I",qure Í.T-4. Effectivell-, tire

Ìrighcr plateau is igtrorcri. TIris aua11,'5is Ìias t¡rc salrc

)/l
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rlisacvantaqc as tÌ¡e prcvious onc in tirat tric ciioicc of
the tv¡o poi'ts is c¡uiLe arbitrary, uur- lras tire
aclvant'age trrat r.¡irer over:1ap¡:i'rg peaÌ..s are ericountcïeo,
the successive strip¡ri-ng rrrethoci can be a'oi.<iec, sincc
tìle one backcirou¡rcl serves for all ti¡e conìporre¡ìis.

ït must be rearisec tiiat 
'eitirer of trre anaryses

mentioneci above is wrorrg" Ther:c is no i^¡ay to justify
the correctness of or¡o over tire otte::, since no one can
tel1 rr'ith certainLy rvhat tiie backqrounc shoul-c. look
like, and he¡rce its ci¡oice becor:es a nìatter of personal
preference" The only releva't poi't is that v¿hatever
meth.d adopLecì, tire a'alysis li*-rst L¡c consisterri.
throughout: IChen detectors ar:e caliltr:ateci for
efficíency, the same analysis must j:e useu

. ïn CUTf pIE, tÌre Lat-ter ¡¡Letr:.oC of bacLqrour:o
Ëreatnent is adopteo r l¡ut insteacl of a straigiit
liner â functioJu 

",r) 
is chose¡r to pass .t.irrough the

plateaux on eitrrer sice of tlie photopeak, as siror..,n i¡r
Figure rr-s. sucr: a backg::ounc.i shape is nore reaso¡lar-:re
irr tirat it is continuous and smootìr'y varying. The
functj.ol: B (i) iias the form:

I3(i) = .t * a, /{ l.O + exp( (i_p),/t^l) }

wherc

ä1ra2 âl:€ paranretcrs tO Lle

56
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procecrurc,

is tlrc cllat:¡rci t)ttr::L,c)t ¡

j) is tlre cenLr:oicr. of tlle piroto¡rc¿rl; (anci for: t.ilc ca:-;c

clf overlapping peal,s, t.lie ccntroicl of tirc r'¡Lrolc colìÌrl-cii

peaks is used instcail) ,

i¡ is cÌrosen to be 0" 75 Fl.'lilÎ" iì value ruiiicil is

determineo Lry experierrce as Eivir:g tiie best fit" This

fornula resenibles the nuclear charge iensity formula

cìue to Ilofstaclter et -f30 Tire clroice of sucn a

backgrouncl is quite artificial, atrd like all oti-ier

ciroices, there is no pirysical significance to justifl'

it, but it, docs of fer a sliape that is reasoriable"

The function used tc; l:epresent tl.e siiapc of tire

photopetrl< is decluce/' in the follor'¡ing rî¿ìnrier. Usua-1 11' a

photo¡rei;k rr:irertib]-es a s];.cwccl glaLÌsai."-t2ol uo a ¡:itotopeai;.

can ]:re represent.ed Ì:y a gaurlsiau cl.istribution, i;ut at

some point at tìre lov¡ ettct:qy sidc, tlte gaussiar,

clistribution is rcplacccì Iry an expotlc:trtia.1 func'Liou t-o

simulate the "tai1i¡rcI". TÌ¡e Lwo f unci-ions r oiti

srrroot-ìrIy at tiiis point, r'lhiclt is lcft as a paranietcr: to

l:e deter:minecì by t:lc fitting proccss. This is 1-l:c slìape

acìoptuo i¡r CUTIPIIj" I'iatlrenraticalÌy, it is given by:

\-r) p+ (i)
/ ,'
j=1

\{}ìe re

f (i) ri(i)
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s the llumJ:er of ovcrJ-ap¡,rinç pcaÌ:s

cr^¡ anc is ¡ro r;rcatcr l-ir¿rll 6,

sl as crefilrt:ci earlic:r,

s tlre 3 tii peai; to bc f i i:tcc' ,

ñrôcc i nn .
l,¿vur¿v.¡.

l' .r-,*r"r,;:{ -a3 (i - arr*u ) 
2 }

I(r) È (
I

I or1*ru*p{ a3a4 Qi - az¡++ + a4) }

\

\l .i¡r I

È nrrr: l- Ì r

rr l.i I 'i
¡- \J./

'D/i\ i..,\.r /l
tile e:;

P

tto rc fitl-cc

)t:¡l ìq rrittr.tr l)- . *" itY

for i> ô

for i<

the height of the jtlt peak'

the centroid of tirc gaussiaír' talierr to

of thc j tÌi pe ak,

the clistance botl'ieen tilc joining po.ini:

positicnr âncl is reiated to ô bY

be tìre

ancl, tì'ie

where

azj+g 1s

ê^:, iS
ZJT4

positicrì

ais
¿+

:¿ì- ^^ - ì-J¡-¿r f-¡r:qJL

0 = a2j++-ak
o3 is related to tlie FIJLII b1z tire rclatior'

cr.^ = 2.7726/(FI^ttiI.l)

i is the clrannel nun-rl:er"

Ijigure rf - 5 shov¡s a t1'pica1 f it o'F an isol-atet,

nlrn't-nrr,..¡l< - 'tlle expoÐcritial tail seelÌis to accoul:t for

the ass¡zmmcl-ry, ancl tlre bacl:grounci looj:s reasotraLlt, as

rve11" tVhen t.ìie statistics of tile data are poor o or \.''ilcli

ttie nurnl-rer of clla¡trref s uricÌer tlrc pca): i s slrall ¡ trìc

i-.rr-:ak shape is nol- v¡elL cicfinccr. In t)lis ccìsc' a simplcr:

funct- j.o¡r is useci in CLITIPIIj " It consiists of a sitriplc
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gaussian Cistributio¡r for
whilc a straigìrt tine is
bacirgrouncì. líabìrer¡atically,

form:

f(i) = a-j. + a +t2

tric sliapc of tilc prro{-o¡rcaJ.,

usccì 1-o a¡--pro:,,ir.:atc t.itú

tìic f u¡r ctio¡t f ( i) Ì¡âs ti:c

ç-ttt\-
) âru-.or,P{-a" (i-a. 

",,,)2}/ t LJrr J ZJ++
j =l-v¿here i and itr irave t,he sanie irrtor,¡rretation as ¡eforc.

This shape is most usefur Í¡l fittinç¡ p'otopeai;s ir:
coi¡lcicence spectra i' whicìr tiie peaii siiapc is
Eenerally ¡:ot very v¡err cefinec. Tr¡is simprer sì:ai-.e is
incl.uoeC in the programme.

The perf ormance of CUTIpIE t.,as

followi¡ìg ways:

(i) The prograrune \,/as usecì to anaiyse t.r:c alpì:a
conìpoiients (K-L,, ,l(-f,,,r) of the ti X-ralrs of various
elenents" A ty'pical resuit is shor.,n in Fig'rc rr-6. Tire

thorium X-rays were prcrcÌuced follor.;ing tile alpha cecay

of 2 3 5u into 2 3l 1¡ , whi le the uraniurn x-rairs vjer-c

produced lry fluorescence in tire source material_. The

nor/n o, rat j.o obtainecr. in tìrj-s anal_ysis are iri
exceL l-ent agireerncnt r.¡itir ilrc previouslir repor:tcC

22.23values. ?r1so, using Ii.,t of thoriun ä-ray anc-i

of ura¡rium X-ray, the enerclies of tire Ko, of t.jroriu¡r
and Xo., of uranium tùere cictc.:rr::ilrccl. The resul_t
ob1-ai¡rccl r',¡as irr goocì aqrccriìcnL wiLÌr tlrc lr:easurerj rot,.r"Ja
as shor..,rr i¡r TaL.,]e II-1"
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(ii) À mol:c exiìausti\rc tcst r'/aÍ-; car¡:iccr out i.,y

¿rrLificially gcneratincl a conpÌicai_cc.i garrilna ra),

spccL,rurn using i;he plicLopcal-,s of l33Da, ttu. , rrr-Tu alìL
tt co. These isotopes are cal-i j.¡ration staniarc:s a¡:cì

tlreir gannra-ray encrgi.es a¡icì intcnsit.ies;25 .r" ver).
well ]lnorvn. The el:erqies of the gamnìa rays of 75 se rras

determined using Lhose of I 3 t ,o, I 8, T* anci u, co as

stan<iarcis. A portion of ttiis con,ple>r sPectrun is sìror¡¡l

in Figure rr-7. Frorn tliis spectrunì, tire r:nergies ar:G

the relative intensities of tlre ganìma rays of tts" ,r*r"
deternined, as shov¡n in .fable rr-2" The ag,reenìerìt. r+itji
the reportecl values is vcry good25.

The prograrnne ita.s i:een succesfulliz used to ar:ailzss

a number of garnma ray spectra. Figure rr-B shov,'s a

portioir cf a garìrììe ray spectrum of 231Th, taken rvitÌr tlre
Ge (ri) detector havi'g a resolutio' of zgc ev a_t

5'9 l'"eV. A snral-r anount of stai-ric bisnutìr is preser;t
in the source material anä its )i-rays are prccucei by

fluorescence" The result of tire analirsj_5 is shown in
Table rr-3, and is ir: goocì agree¡ìer){: witìi tliat rei:ortec
by llrowrr'u . The successful unfor-cring of a group of five
lines at about channel '1q00 si:ot:lcl' be notcc.

rt must be nlentioned .rt tiris poi-nt tirat t..ire

nunericar second differcncc rrretiro<i usecì in tilc pcaJi

searchirrg routine¡ is nìorc sellsj_tivc in locat_inq vJ<:aJ(
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isolai-ed plrotopealls tÌian 1ocal-itrg aLI 1,lre conìpolIcIìts alì

a group of overlapping pe aì:s " General11:, tite ¡rcak

searcit lroutine can not diffcrcntiatc Lr,;o pcai's ti¡at arc

less thau 0.5 ITvlrlll'f apart if olìe of 1-irer.l is verl/ wea}:.

Figure II-9¡\ shows a t}'pical situation in r.'hicit

analysis vtas carriecì out, Lut a r'¡eal. cor,Ìlonellt iracl beeli

¡ overlooliecl ¡ . This is a port ion of a garrJìa ray

spectrum of 23lTh ta]:e¡ v¡ith the 50 cc Ge(r,i) cletcct-or

rvhose resolution is 2.0 keV at 1"33 I'ieV" The fíL, as

shown by the solið lirie , is obviousll' poor¡ ârr(ì thc

resi-clual- shows a definite non-randon', oistrii¡ution" A

refit v¡itþ the prcpcr nunber of components yielos a

muclr better fit (Figure II-98) as inciicate:cl L'y tìie

randomly distributeC rcsiouals "
A qrll lseour.Ì^; tvs,Jvv-j\+v-.

re-exarnination of tlre sarrre regir:¡ v¡ittr a þigrr

resolution Cìe(Li) x-ray detcctor cortfirtits Lhc e>'istcncc

of tire 136"72 liev galrìfrìa llâlr, as siloi,vti in tÌic irrser:t in

I'igure II-9. A subroutine Ìras tirere for:e J:celt ilrciuclcc,r

in CUTIPIIi to examinc' tiie resiCuai-s aftcr eacir fit"

Should the: residuals inciicat.e tÌrat a componc-:trt lias-- becr.

missecr, the approxinrate positiorl of ti.ic rnissec ¡:eaì': is

calculatecì, and a refit j-s auto¡¡;aticalÌy callei fo::"

TÌtis subroutine iras l¡ecn sho\n'n 1-o v¿orlt very welln

thercby corÌlpensa.ting for tire slight i¡¡¿oerJuacy of f-ile

pcal< searching proceiìure "

6u



Figure II-t0

/t CUTIPIE fit, to the

K conversion electron Iine
of

2O3sp
'-o
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r':i-qure I1^_Ll-

!-j-t to a- tiine spectrurn
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In co¡lclusiort " CUTIPIIj lias i.rcerr uscc-; r-¡ui t-c

SucceSsfrrlly in tilis lal;oratorl'" Ii Ìias also Ì-tJeIì trsc(:

by son',c rr.,eni)ers of tire CycloLror, Grcru¡r arir-i l-,y rÌìclìi:crÍj

of Tr:ace Llement /'.r:alysis; Group of 1*,iis; i,nivcrs;it¡,'. Tþe

sêrfiÉl proc1rarnme lvas useil to fit a convc::sio¡r clecLl:orr

liner âs sho\'rn in Iigure II-10" The fit is rcâsor,âi:J-)'

acceptable, except at tìte extrcme tail ol-ì tlre fov;'

energy si<le. I,iodifieo vers;iori of CUTIPIL jias bec¡r usec

with success iu fast timinq spectroscopyÍ' Figure II-11

shows a pronrpt tiriie peak obtained using fast plastic

scintillaLors. The dots are ti:e actual ciata poiuts

whiJ-e t,he continuous l-ine replesents thc resul-t of t-iie

fit" The fit. is excel-ler,L"

7L



CiI.ãI'TLiì I II

TIIE DuCAY oF ,''Po

TTT " 1 Ii.JTROIJUCTION

231
Pa is found in all nineral-s containing uraniurn.

It, is an alpha er,ittcr rvith a lralf-Iife of
_ 4 I 2"13"25 X i0 years . The alpha groups erni'¿teC by -"'Pa

hacl. been st,uc-liecl as far back as 1g4g2 o âltC are knor,¡n to

be quite comple>:3,5 irfeitner 6 f irst cxar¡ined tire

conversion electron spectra, and lrer resul1- \.Jas later

confirmed by !laggstr:on:/ Scharff-Goldl,aJ-,¡er ani lr{c}:eoirf.

Since 1952, enormous acivances i¡r the unoerstancling of
this isotope Ìrave been reportec,ls-lr2 but even tiiougir n..uch

work hacl becr: cione, tlre level- sci:cmc s¡ 227nç is still
not complete. ljore recent r,vork on tiiis isotope irao

13 lt{Lange et aI, Iiarnett et aI,been reporteC 'by

iiagee "t .rlrs Leang 
16 and pinìro ct .r1t There are

variations betv¡een their worJ;s, anc.i it one of the

purposes of the presenl- v,¡orll to clarify tne

cìiscrepancies.

ï II " 2 SOUITCD PRiiPÌrRÀTIOii
231.-Pa v¿as purcÌrasecl froni Llre

Ãnersltarn, IìngIand. Tire siriprner,t,

Raclioclrcnical centre,

in clrl-oridc for:¡;r ¿ v.ras

t¿



found by exarnination of tìie spec.runì, to cont..r.i¡:
ir,rpurities, mainry "'Ti, ( ancì r¿c'cc "'rr") r¿Jric¿r are
daughter procìucts, tire ieca¡, clrain Ì:,eing , ,t lpr3.2s f!,

"'Oa 2lqnr) "'Th rg.zd , 223,.- rr.a3 d .-., r- ì {.-^-rnu .t- o l(a +slrorL 1ivccj c:auç¡.liters.
other inert inpurities $rere preserìt as rcvearcc. by
their fruor:escent x-rays. Thus tÌ:e sourcc ¡ieccec¿

cher,:ical purification before it courci be usei, anc.l it
l-s necessary to re-puri iy 231Pa i:o renìove tì:e unrvanter-
actj-vities every two raontirs,

PurifÍcation was perfo*nec1 in tiie forloi.;ing \.,,ä.f o

9¡{ Hcl- and 0" 1r.t }iF v¡as accred to trre 23lpa sor-ution anc
extracted rvith tr,¡o equal volumes of di-isopropyl ketol.:e
(DIPK) to roriove po, Fe a¡rc oLìrer i'purities, r¡itii o'ry
Pa remaining in the agueous pÌr-=o23 Boric acici v,,as

added, and two successive extractio¡:s v¡itìt fresir Lïpli
was rnacie r â¡rd pa rvas transferec to i,rre orgar.ic solvent
(eg- IJTPIi) . The soh¡ent was tìren treatcc t¡lree time.s
rvith smal.l r¡orunres of 9II licl to rerírove any impurities
tl:at may be stilr prese't, pa r./as recovereii from tire
solvent by tre;:;ting with equal- volur.re of 2I.j iicr. At

thi-s acicit¿ pa v¡as dissorvecr in ulc Ìrycrocirloric acicìn
v¡hich was the¡r evaporatei to a smarr vorune ani \,vas

tìren rcaoy for counl_inr,

For trle pcriocìic rcrnoval of racìioactivc craugilter
prociucts, the purification proccss cor:sirìtcc. of clrcfirq

t5



Fígu"re TrT*3,

L*w energ:¡ speí:tr?-]¡:r- cf 23lrra rlecay,

tai;en ","¡ith a Så {ti} d.e'L,ectnr
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P.r }-retv¡een 9l"l licl ' I)IPii .lncl

roul-ilrc proceciur.: .

2l.i ticl, attcl I-,e:car'ie

IIf "3 SIiJGLIIS GAl.r¡,lA 1ì Y SPI:CTiìA

A very inte rcs t-ir:g f cature of tì1.: gaärna retlz

. -231specl-rum of --- Pa clecay is tirat it is very ricìr in ganrnia

rays. f'Urther, tlre garüla rays seem to J¡e presellt i¡

tv/o groups (20 to 100 keV ani 240 to 600 keV), r^rii:it a

relatively empty regj_o¡, cxtencìirrg fron 100 to 240 ÌleV,

betrveen tirem. A total of 73 gamma rays v/ere ol:servci in

t,ire present wori<, and ihis shoulc, give sonle i¡lij-cal-ion

nF r-ire ñ^mnloXity Of tne OeCay"vv¿r(¡/ * e'-¿ eJ

Figure III-1 sirows a portion of trte lor'¡ erìcrqy

gar¡ma ray spectr¡tTì, front â|-,,i¡sti!¡.atè1y 2 to 28 keV,

taken t.'ith a Si(Li) X-ray de'tcctor v¡hose resolul-ion tr¡as

240 eV at 6 " 5 IieV. Iire rvealc pc:aii at I " 6 lieV is tri.l

K X-ray of zfi o whicir is ¡trcsent in trie source as air

inrpurj-ty. Tlie lines at 24 .5 ¡ 25 " 36 ancr 27 " 3 8 ileV aIe

1-he cJanr.ia rays continq f ror'.i 23lPa cecay, tiie l-ast olio

(27 "38 l<e\,,') being tlre strollgcst transit-iot' in tirc

enti::e decay. '.lrans;itions of encrgies 11"0î 1t+"1t

16.5, 1iJ.2, 1g.0, 19.G a¡r¿ ?.2.7 ];cV llai beci-r re¡rorLec'4't7'rB

front conversiori elccLron sl-uclies, but ti.e plrotopca)ls aL

tlte,se clrergies at:e not o):scrve<i in Llic Ðrcsclìt r"'o::1.



Figure f I:f -ä

enerqy sçectruri Ç{ Liipa cìeca1r.

taken w-thh a Gei]-i) d.et*etor
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Fågnre ff3"-3

Garma" re_'* .s'Ðeçtrrlin cf 23iFõ i!.eca¡r

ij,0 -' .î"1.ù .l;e\¡)
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cithcr because thcy are n,asl.ei by l-¡tc intense L X-ra1's

or thel' at:e so strot;r;11¡ corrvertec t.il¿.tt f-rruy c¿lìl j-.,c

ol¡served onÌ12 frot,t tlte Lor'r cnergy. co¡rve::siol¡ eiùctron

studies "

IiEure III-2 shows thc spectrurir iri the sanìe elt:rqy

region, bu'L taken wittr a Ce(Li) X-r;ry Ceteci:or t'.'l:ose

resolution is 2gO c\¡ at 5.9 lceV" iJote tÌrat. apart fron:

the fact tl:at the detector l.as a [)oorer resolutiorr, t¡e

Ge X-ray escape peaks are preseirt j-n thc spectrun, ârri

these escape peaJ<s tencl to obscure portions of titc

spectrun" Tiris de¡nonstrates tira't- for very lotv etrergy

work, there is incleecl a distinct advantaqe in usirrg

Si (Li) as opposed to Ge (Li) >:-ray detcctors, even tì:ougrr

the oetect.;.on efficie:)cy nra-\' Ì:e loi'¿er.

Figure III-3 slìo\,'s a portio¡r of t.ì:e spccì:rum fron',

10 to 110 kc\tr taken with l-hc Cc(Li) X-ray oetccl-or. It

is obvious tirat ti:is. regicn is ver:/ ricl: in gan,nta rays.

Tire goJ-cl X-rays are produceC l:y f luo resccncè, d.ue tcr

tÌre presence of a la1rs¡ o¡ of golcì ¿ri;out 50 å Llick,

evaporatecì onto Èl:e f ront of tire ietector in

manufactu::e. Tire only unusttal aspect of this portiou

of the spectrum is tlrat L'ot.h PinliolTanC r.ean.J6::eportec;

having observed ¡rhotcpcaks at 100"5 and 102.6 kcV. The

intcnsities

Iì (283" 65) =

of tìlese l-incs / -^ I - ¡. .i .'^\IUIC¿LIvg
!.\
LtJ

1 0 0. 0) arc aivcrt i¡r ti:o tal-;1c J-rcIoi¡. Tìlc

?(ì
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1 00. 5 l',cV qanìnìa ray is prcsunraÌ--rly i-rr;¡ t- of cilcrq)/

100"77 l<cV as slrov¿¡r in liigurc III-3' (sce l-.,c1oi';) " It is

not imnlcdiately oi:vious; ttraL a q¿lIrûla ray al- 102.6 l:eV

exists, since it (if prcserlt) r';oulc- l,e maskec )tY tirc

actiniun )'i-rays. OnIy an uppcr lirrit of 0. B call i:c

qiven to this transition"

Pinho i,eanq Preseiit', lorll
t00. 5

l-u¿ -\)

a 
^l U. 1 5

¿. t5
bb

<0.8

On account of tire cornplc>;it1' of tl're X-ray grollps,

it, \^rouLd. be impractical to try numerical unrr'rappingo

since the error associated v¡itl-i sucil a process woulc be

trernendous" InsteaC, a set of tnc K X-rays of Ac is

generatccì in the foll-owing nìanlìcr. I'roni tlre arlalysis

of tile gamma réì1zs and tire K¡r2 ¡Kc¿1 )(-ra1's, tlic r'ri-itiis of

the other )t-ray cor,rponents are oLt,aiueo Ly

inter¡:olation" The relative ir:tcnsit.ies of the verious

components ( relative to tìie Koi ) are oLtainecr Ì,1r

interpolation from ScoÍicl-cl's AatJ.O The rcsul-t of Lirc

simulation is slrotr¡n in l¡igu::e IIT-44. The The

expe::imental data is plottecì inl'igurc If I-4I1. I'lþer¡ tì'te

simulaLion is superposeC oIì the c>ipcrinìcntal- Cat'a, it

is clear t'llat tire 100"5 ]iev qatrrrna ralr report-co by Pinho

ancl Leang is tlle 100.77 keV tr¿tnsition in 1-ìtc prcscnl-

r.¡ork (se c Tab]e III-1) , but tire 1 02.6 lieV li¡c rc¡r<>rtcc.i

by tite¡tr is not prescnt" This a¡raI)¡sis does not cxcl-ucie:

BO
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Present I'J<¡r:)l ÌJa ranov

2s.36 r
11 ?O ¿1l 6 JV :

30" 01 r

30" B7 r

31.55 r

35"86 t
38"19 r

39.73 t
40.00 t
42. 41 r

43.08 t
44.13 I
46 "32 r

50" 6B t
52"66 !
54.56 r

5C,"79 !
57 .19 !
60" 49 I

63"60 r

70.45 t

0" 0B

n rl?

n n?

0" 04

0. 05

0" 04

0" 02

0" 03

ñ n?

0.04

0" 04

0" 02

0" 02

0" 06

0.03

0" 03

0" 04

0. 03

0" 0B

0" 04

0" 0B

14"1

16.s

19

25.s4

27"35

29"95

30" 00

J | " )4

35" B2

38.20

39"57

39.97

I+2. t|8

.+J" U:)

44"16

46"37

qn oa

52"74

)rt"b I

56"76

57 "19

60.50

63.67

70.50

71"9

t¿"J

74.18

I 0" 06

r 0.02

t 0.02

+ n nfi
; vô vJ

! 0,05

r 0" 03

r 0" 02

r 0" 04

t 0.02

r 0" 05

t 0" 05

r 0" 02

t 0" 02

r 0" 05

¿ rì na! WÒW1

+ 
^ 

rl')J WéWL

r 0"04

¿ 
^ ^?J Vo VJ

r 0" 03

r 0" 3

r 0"05

t 0.1

r 0" 1

25 "?-

27 "3
10 cì

?( o

38. 1

t 0.1

t 0.1

+

4"2

^)
0" 2

44. 1

+o"¿

54"5

t:1 at

60"2

63"5

n?

(\)

0"2

^)

ô1

v"¿

0"2

0"2

n?

0"2

t

t

I

I

t
t
?

t
T

+

72"78 !

74.08 r

0" 0B

0" 06

l'j.i nl)o il aos6

27 .3

?n 1

1C"5

1c¡ L

25.4

¿t-q

?cr ll

35. s

38. 0

39" 6

52"4

54"8

q? n

q7 n

74"1 +^?



Pl-cseni- I'v'ork P.i rrlro T,¡:,.rrlrr Il¡arrn Lr¿¡ranor.¡

77.30 t 0" 0rr

96.80 r 0.03

100.77 ! 0.04

124"56 r 0.08

144.33 r 0"8

161"0 I 1.0

198"89 3 0"i0

228.0 t 1.0

242"16 r 0.08

243"15 t 0" 09

245"77 t 0,09

246"05 r 0"09

255"76 I 0.08

258"54 r 0"15

260"23 r 0"08

273.15 r 0"09

277 "10 t 0" 09

283. 65 r 0" 05

286"60 t 0"10

300"02 r 0"05

302"65 t 0.15

i10"0

312.94 r 0"05

327 "26

330 " 06

3rt0.77

J 0. 10

t 0.05

r 0"06

--ll"JtJ

96. BB

i00.92

102.6

i2lt"6

144.5

r 0" 03

r 0" 03

I U. ¿+

f u. I

t 0" 1

199 ?

¿L+ ¿. ¿

243.0

245"4

246"0

255 "7 B

258"/+

260"14

273.08

27 6.00

283"56

') Qt:, q (

299" 94

302 "52

310.0

312" BB

r 0,1

r 0" 1

r 0" 5

t 0" 2

r 0" 07

t 0" 1

r 0" 0B

r 0.09

t 0" 09

r 0" 06

t 0" 10

r 0.6

r 0.6

t 0" 1

t 0" 0B

327 " 02.

329. B9

3l{ 0. 61

fU

r0
10

06

07U

77.2 r 0"2

ol: 1

100.5 r 0.5

102.5 t 0"lt

12rt"4 t 0.5

1u4.4 r 0.5

198"7 t 0"6

2112"9 I 0"¿l

245"3 t 0"5

2s5"9 t 0"3

260 "2

¿ tJ.¿

277 "2

283.7

¿rì?

r 0.3

+l^,?

300.10 r 0.c2

302"7 r 0" 2

312.9

318"1

327 .2

330" 0

+n?

t 0" It

+n)

3q0.8 I 0.2

77 " 1

TU¿.)

243. A

256"1

260"2

273"s

277.7

283" 9

'ìnn q

303"2

JIJ"U

330.2

3lt 1 .0

96. 0o? n

10?.

1?.6

L:
J

o(j

¿ov" 5

2S5

300.

303.



Prcseni- l'lorlr r) i.nllo Lcanq I I:rr..>n li al: an ov

351.6

354. 5 7

J) I " ¿ |

¿(u ,\
¿J r 6 I J

363 " 93

375. 0 1

379.41

384 "7

+^1

t 0" 0B

I 0.06

t 0" 10

r 0" 10

r 0" 10

t 0" 06

t 0"10

391.67 r 0"09

395.49 t 0"10

398.19 I 0"09

407"80 t 0.05

410.1 r 0"10

427.0

435"0 r 0"10

438.1 J r)"09

438"8 ! 0.2

s01 .0 I
510"0 r

516" 1 r

536"6 r
546"6 !
571" 0 t
sB3.

609

1.0

1"0

t"u

1"0

1"0

1"0

351 . ¿l

354 " 38

?qri a/:

?cìa )r,

363 .7 4

374"9

379.09

3E4.7

387.0

391" s

395"5

398" 10

407 "71

410.5

l 0.1

t 0" 0B

+ 0.10

0.10

u. I

T

+

r 0.1

r 0.1

t 0.1

r 0.1

r 0" 08

r 0" 06

r 0.1

435.1

437 "9

438.7

491.0

)U l" t)

50 9.

516"2

OJ]" J

)rtu.u

572"1

I

t

t

t

t

t

t
t

0.1

Uo I

u" I

u" u

ôr.

1"

0" 6

0.7

0"7

0" B

t
+

354.6

2r:? ')

35ti.6 t
1î.4 o +JV J. J :

371t"9 r

319"2 l

384" B r

0.4

0. ll

0.4

n?

0.3

?cl 1 7 +

?oÃ ')

398,1 t
407 "7 r

410.3 r

0

0" 3

0" 3

0.1

434

L+J I

9

9

nç

0. B+

491.

)L; | 
"

)ru.

) rb"

! 2"

t 1.

= t"

+1

sB3"

609 t

2.

.)

356"6

364 "2

379"s

392 "5

398.4

408.1

t+10.5

437 "9

5t¿"¿

516.2

35¿r

380.



the existencc of a weaL ¡rltotr>peall at tilis cncl:gy, sincc

the conversiorr lirres of tl¡i-s 1-ransitioti rrâvê Ì:ccit

oJ_;served ]:ef oret*;i B iiov;ever, i t clc¡cs sìlotr¡ 1-;taL Lir;

intensit¡z of tlle 102.6 kev lí¡,e is quitc srnaÌI, aric i¡i

tlre prcsent worh, a value of 0"8 (rclative to

I.,( (283.65) =100.0) is estinatecr Lo l:e tire upper l-ir,iit of

the intensity of tiris galnma ray. This seems; to agree

better with the value of 1.25 reportecl by PinÌro tltan

that rePorted bY Leang.

Tire region l¡etweerr 12A bo ?-00 kev (not shor'¿¡r) is

rather uninterest.i¡g in ti¡at it contains onl1' tþree

very weak lines whose energies are 12U.56 ! 0.0B'

144.33 t 0.08 and 198"89 t 0"10 keV" The r:est of t¡re

ganma ray spectrurn fron tire ciecay of 23IP. is shov¡n in

Fignre III-5" Tire line at 236"0 kev is tire strct'rgest

gan-maray26con'ilrgfrorrr{-iiedeca1,ot.227'I.nrrvhicÌ,istÌte

immeciiate c:e cay prodl,ct- of 227 I\c. Ir: tire ¡rrcsent vrorj<,

the presence of this gamllra ray is the signal tìlat tirc

source (2 3lpa) requires puri f icatio¡ , t-¡e gannìa rays

emittec in the cleca1' o¡227¡" being of row encrgies aucl

intensities" The lrighest cticrgy ganÙ¡a l:ay occurs a1-

571 . O ]<eV¡ ancl ganm,a rays of higircr encrgies vrerc

searclrecl f or l:ut none coulcl l)e ati-ributccl to 2 3l p¿

decalr. A tist of gan-ma ray cncrgics is shor^¡n i'

Ta)-rle III-1. À1so tistcð fOr contpar:i-sou are tirosc

B3



Table frÏ*ä

Re}åtÈve i"ntensåtåes of ëi¿e

gianrina rayg

of

23lpéå decay

(relat,Íve to f, (2e3"65)*10û" )

( C) Observed in coincidence only

s4



E 
"(I(eV)

IY

Prescnt f';or],1 Pi¡rhcr

¿L+ . t;)

¿J. J?)

27.38

30. 01

30. B7

31"55

35. B6

38, 1 9

39" 73

40" 00

42 " t+1

43" 0B

44,13

46"32

50.68

52"66

54.56

56"79

57 "19

60" 47

63.60

70.45

72"78

74" 0B

77 "30

96.80

^1

Áo

6110 "

6" 5

0" 5

u. r+ /

0.94

9.4

0"14

1"22

0.3

0" 41

3 "7-1

12"97

0.08

4. B5

4"33

0"27

2"54

U. J

¿" I

0.6

0.2

1"24

4"3 ¡

5"62

r 0" 3

r 1"0

i50

I 0" 5

r 0" 1

t 0.04

+ n ôq

r 0" 5

i 0.01

r 0,06

r 0" 1

r 0"11

r 0.40

r 0" 64

t 0" 04

r 0" 34

r 0.35

t 0" 04

t 0.26

t 0.1

t 0.3

+ n)

r 0" 1

r 0"20

I 0"20

r 0"28

0" 6

q,o

'¿92 " !28.

5.9 I 0"3

0.59t 0.15

0"411 0"14

1"06r 0"17

9"¿t6r 1"39

0" 09r 0" 05

0"77 t 0" 15

0.351 0.07

0.41t 0.02

3.Bsr 0"60

13.25t 0"63

0" 09r 0" 04

5.38t 0.78

5"i4r 0.71

0" 36t 0.08

2"49r 0.35

0.41t 0.08

3"2 t 0"4

0.411 0.08

o"24t 0.13

1,6 t 0"3

4 "32J 0.20

5"621 0" B6



Prcscrrt

1.6q f 0"25

¿nP

0.29 r

0" 64 !
(c)

0" 23 r
I r,\

0" 5 r

2"97 t
0" 58 t
0.01 t
6.34 t
0" 15 t

11" 39 r
? tlO +Jo Tg ¿

3" BB t

100.0

0"8 t

149,6 r

150"4 t

0.07 t

7"05 t
1)'1 +

81" 9 r
'r0"9 t

0" 15 t

0.09

0. 30

0" 10

0"2

0"24

0.15

0" 00s

0"41

0"0s

0"s7

o"24

0" 25

0"3

'I 
"5

8"0

0" 03

0" 56

N ?R

6.5

1,3

0.06

Ey (licv)

Pinlro

2"011 0" 40

1"i8

0.29r 0"13

0.77! 0.27

0" 36+ 0, 14

0.531

2.19t

0.471

0.6

6.4sr

0" 15r

11.011

3"67!

t+.26!

100.

0.59r

1 tt Ll. 4t

'i49.1i

0" 09r

6" 03r

1.89t

82. B t

10.531

0"',121

0" 0B

0.28

0" 08

0. 66

0.04

1 .17

0" 35

0.4q

0" 09

15" 0

1s" 3

0" 03

0"64

1"27

ô^(.]óu

I n?

0.03

100"77

102.6

4 
^ 

tt r alz¡+.f,o

144.33

161.0

1 gB, B9

228 "

242 " 16

2U3 .1 5

245.77

246 " 05

255"76

258 "54

260 "23

273"15

277.10

283.65

286"60

300 " 02

302.65

310"0

312.94
.rôT 

^aJ¿t"¿\)

330.06

340" 77

J)t"o



uY (I(cv) I
Y

Preserr t l,lork Piniio

35ti.57

357 "'¿1

J59.75

363" 93

375.61

37 9. 41

384. 7

387" 0

391 "67

395.49

?qa 10

lt07. B0

410" 1

427 "0

435"0

438.1

438. B

486" B

491

501 .0

510.0

516.1

536.6

546.6

571"0

s"07 I 0"56

9"67 ! 0"92

0"41 r 0.18

0"42 r 0"15

0"2t+ r 0.10

2"89 r 0"23

0"18 t 0.04

not seerr

0.52 t 0.08

0"1i r 0.02

0.49 r 0"09

2"13 r 0"18

0.19 r 0"04

(c)

0.12 t 0"03

0"20 t 0.06

0.07 t 0" 02

0.15 t 0.0s

not seert

0"05 r 0"02

0" 05 t 0.02

0" 06 t 0.02

0.05 f 0" 02

0" 04

0.04

6" 03r 0" 64

11"071 1"11

0" 57t 0" 07

0" ¿r7t 0.06

0.29 r 0" 0rl

3" 14r 0" 3B

0"26 t 0" 0¿t

0" 03t 0" 01

0.431 0. c6

0"171 0"03

0.59r 0"13

2"31r 0.29

0" 121 0" 02

^ 
', 1LvoL t!

0"26r

ñ ôq+

0" 11r

0" 03

0" 0ltt

0.0qt

0"011

^ 
frl+

0.04r

0.03r

U"UJ

0" 0li

0" 03

ñ n?

0"02

0"02

0.003

0. 01

rì rì?

0. 01
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rcporLcci l:y Piniro)Tiragerl ãr,,ì Lcarrgl,l' 'lai,I<: rrr-2 silor,'ls

thc r:elatir¡c inte¡isitics r nol:r.ìalisc:<' to

\, (2iJ3.65) = 100" 0 . A-Ls;o listccl arc tirc rcf aL.ivc
I

interrsities (nor:rnaliseC. to ti'ic sar,ìe iinc) as rcpor:tcc
l7Dy Yl-frllo.

III " 4 COI'IV]JIìSIOi\l ULtrCTlìOìJ SPECTRA

Tl¡e cont¡ersion elect-roris have been exan',inei usin<¡

a trochoidal- spectrorretcr rvhicli rvas ocsignci anii built

at this U¡riversity. The pri:rciple and operation of

this spectrometer iras L¡een cìiscussecr ef sev;irer "" , anc

will not be given i¡r cietail- here " Llssentially,

conve::sion eLectrons errrittc:d bv 'tire source are

sp.irallecl aJ-ong tlle fringing fieLci <¡f an eiectro-nagrìeL

having circular pole f aces, ancL travel ilr a troctroi cal

n¡J-lr rrnl- i I J-lrort ârÉr 'i ¡J- +'r'nr.nl-r'rì ìrr¡ = SUf f aCt: l,af f ief9¡¡\-J

electron cietecLor placcc i¡r tlre sp.:ci-::on'Leter r âs s.horçri

in I"igurc III-6" The alpÌra particles, cnriLicc: ¿rs a

result of the decay of 231Pr, cìrif t. i¡t Ll're oppositc:

directiorr since they have a cìrarge o¡rposite to tìrat of

the elcctrons, ancl hence ¿ìrc not cletecl-ec'r. Thus tìrc

radiatj-on dama<Te of the elect.ron detector ciue to trre

alpha pa:.ticle:; is avoided.

It sliou,ìd be pointcd out tìrai: a great advantage of

usirrg this spectro:,,c1-cr is tl¡at prarcticaJ-Iy al-l- t.hc

electroris emitted ( irrespcct- j.ve of Lire clj-reci-ion of

tJ6
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emission) arrive at tlle dctcctor:"

i s r'ì oi- rêr.rl r i rcci 
"

Tilus a stror'c¡ sourcc

Tlrc sourcc mount fo:: tliis; sÌrcc1-ronlctcl col:sists of

a VYIJS filni" rnountec on a rcct¿rngular aluminiun frarlre:

v¿hose externaf clirrensions are Ii.5 cnl bv 4"7 crn. À tiliri

layer of goLo is evaporated or'. tlie VYNS filnr, ancr a

drop of 231p¿ in iicl is di:op¡>ec1 onto Lire geonetric

centre of ti:e film, and evaporatec. to c.rr1'ncss" Tlirec

different sources were prer:areo ín tiris r.anner ar'¡ci four

ciif fere¡it runs were made"

A typical conversion electron spcct::um of 22Ac is

sfrown in I'igure fII-7. The energy resolution is 6"0 keV

at 300.0 keV; this is deen''eci satisfactory in viev¡ of

the fact tirat ciroppeci sources b/ere useC. The spectrun:r

is very complicatecl , as e;:pectccl ¡ ârrd r¡umorclts

untvrapping proceCures are requireii. Sucli unv/rapping

processes have been carried out b1z hanC, sirrce it is

inpr:actical to trlr nunie::ical utrtvrappiug, as too many

parameters would be involvec1.

The cÌetection efficiencv of tirc trocnoiclal-

spectronÌ{:tcr has been absolutcll' calibratcci2r2 so tÌiat it

is possibii: to cletermine absolutcly the nunij-¡er of

electrons elriittcd per seconcl l'i, fronl tire arca ur:cier tìrt:

conversio¡: eLectro¡i peall oJJservcc'l in a giverr iilnc"

Jrfter an clectron spectruln is oÌ:taini:ci, tire source is
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D., (kev) !(un _t Run 2 KUN J F',.Un + I,lean Pinho Pinho ct a.l

¿43. r>

255.76

t^ñ )'¿.

283. 65

300. 02

JUl. O)

3I2.94

330. 06

3L-O.77

354.57

357 .2I

0.041

n ?c¡

0. 028

o.28

o.29

0. 052

0.096

0. 38

0. 59

o "2I4

n?q

0.040

ñ)1

o.27

0. 067

0. 50

^ 
l1

ô?q

.l rl?2

a/l

25

0

0

o.o44

r) ?l

0. 033

u.¿3

^11

o.54 1 0.14

o.2L t 0.05

o.29 t o.o7

o.o4 t 0.01

0.35 r 0.09

0.030 r 0.010

o.?-4 ! 0.08

o .27 I 0.07

0.060 r 0.020

0.10 t 0.02

0.38 r 0.10

v-¿3

a\ ^?t

ñ rt)L

o.25

u. t5

(\)

0"62 J 0.16

0.04 r 0.ol

0.39 r 0.06

0.038 t 0.01(

O.47 1 O.le)

ñò1 +rìoq

0.054 r 0.02(

0.14 r 0.05

0.39 r 0.10

1.78

o .4I2

o.2?.?,



removed from Lìre spectron'.cterr âlìci. is put in f¡:o¡:l- of a

çiamma ray detcctor wþose absolutc clctcctiolr cfficict:cy

is ]-,nov¡n. rlence it is possiblc to cle tcrrrinc i'I.,, ¡ trru

absolute nunl:er of pltotons of a Farticular tra¡isitior.

per secorrfl. TÌrus, for a given transition, tile interr:al

co¡rversion cocfficier¿t c¿k carr Lc ietcrn:i¡lec, Ilt-to'.';ing l¡y

ancl ib. Taj¡Ie III-3 l-ists tl¡e results of. Lìle four rut:s

as rvel-l as tÌrose reporteci by PitrirotrlTanð- itagecl5 Tire

agreenent L.retv.¡een tlie preseni- rvork arrci Piniro I s earlier

data" is generally good. 'Il¡ere are solTìe oiscrepancies

r¿ith that ):y Pinlio et al]7and i.f age.Is.

Tiie dk for tlie 2113.15 and. 255.7() l-.eV transiLior,s

are here rc:ported for iire firsL tinr.e to ]-re 0"54 t 0.14

ano 0.21 È 0"05 respectivell'" Tlie 21i3" 15 keV gar:,ma ray

rle-cxcites the 273"15 keV level- to thc 3C.01 keV level-.
:îhe spins anci parities of tl¡esci levels are (5/2-) ancì

5/2- respectively (See lcvel sclterrie in Figure III-22 iu

Section III 6). I'hus, t):is transition r'¡ith an sK sf

0.54 is very probabry Ì'tLß9%)+82(6L/"). Tire 255"-t6 kev

gar:ima ray correspor.cls to a gramma-tra¡:sition frorn uire

329" 99 keV l-evel (3/2-) to l-irc 7t!"11 keV ]eveÌ (7/2-) 
"

.Ar ux of A"21 suggests vel:y strotrgllr tirat tl:is tra¡:sior.

is Ð 2+1\1, spe r:if ica1ly, 87';!,1.:2+13ii¡11 . 
^ 

suir,mar! of the

convcrsion eli:ctro¡t data is slior'.'n i¡r trigure III-8.
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TII " 5 GA¡{}ÍA-GAMI,íA COINCTDEI.¡CÐ

Gan,l;,a-g,anurìa coi¡icir'ìc¡lcc t'torr, jras )>cc¡'r car:.-icc out

enipl-o1,ing tllr-: circrli l- ¿rs cluscl i j-,cc ilr Cìral:t.cr I "

iJecausc of tire corplùxiti¡ ot 1-jlc spcctrur.ì, crc{-ccl-ors af
Ìiiqlr resolutiorr are nccossal:y" I¡¡ 1-j;e pres<rr;t case¡ ârì

Ortec Ge(Ii) ä-ray CetccLor ai¡i an Ortcc 35 cc Ge(Li)

ceteclor are usec].. Tircir resof uLio¡:s are 2g0 eV at

6.5 keV anC 3.0 keV at 1.33 IleV resnr¡r:fìr.,r'lr¡. Thc

coiuciclence r.¡or1; \.¿as carrieci out in the forlor...i¡rg

rnanner. I'ir.st, tlie 35 cc clctector \.ras useii as trre
gating cetecLor on chanr-.e1 1" Tjre SCA r¿as set' 'l,o giate

on the strongi 1Ínes in tire 'higlrr energlz regionn narilel1'

tlrose in the region l:e1,r.'cen 23O í-o 570 keV" Tire X-ray-

detector at channel 2 vras useC Lo look for gar:tna rays

in coincicleÌlce ir: tire reqion ì¡ctr,:eer¡ 20 to lC0- kcV.

Then the trvo cletectors were i¡iterciiáìDoçr-ì-, \,,'itìl tjre

X-ray cieLector being useC as tire gatínq ciecect.or ilr

channel 1 and the 35 cc in cìrannel 2- The advantage of
cioing tilis is that tire tr.,o sets of Cata oJ¡tai¡:eci n,ay be.

cirecliecl against eaclr other for cons;istency. Two larçe

volune (;e (Li) cictector \.,,êrc nob, usecj ir: both c¡rannels 1

and 2 Lecause cascacÌes consisting of l:igìi ct:crgy ganìnìa

rays are unliliely to occur in tìrc prcsent oecal' scircr.re"

Tr',,ù Gc (Li) )í-ray detecl-ors vJere ¡rot useo ir¡ i¡otir

channels l¡ccausc 1-hc Ccl-<.:cl,ion e.ffj-cictrcy woul-i bc too

forv" The '.rei-hcd- of re:,ro.¡inE the ranci.on coincidences and
reve¡]. i 'ili t,ìre elrlr¡,nced (1 .e. coincident ) lines is given
on page l8 of Chap't er f .
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In or:cier to mirriri:ize tlrc effcct of bach scat_t.cl::il¡cr

by onc GcLector irrto tlle oti'ier, t.lte soulîcr: usec fcr
coincic¡ence worlt \,¡as dcpositeci on a piecc of r:iy1a:: filrn
nourrtei in an anti-scaLLcring .sìiiel-C ¿ìs slroi.i¡: i¡¡
Figure III-9. f L shoul-ó be notccl tÌiat copper siiects

vtrere used to Ii¡re tlre sÌrie]d so as to ai-.rsori:, ariy ieacl

X-rays tirat may be produceir by fluorescêrrcc.

Ti:e counting tine of eaclr coinciclence run tras 7-1A

Cays, and twelve gates werc used. To avoid l-osses of
activity in the purification processes, tlle sanìe source

as lras usecj- for sone of tile singles runs served for t¡¿e

coincidence stuclies. It v¡as realizea tl,at 227,7¡ rvou1C-

have grovrn in but it. r'¿as thouqht. tirat its raiiations
would no{: cor,rplicate the anali'sis of t}re coinciCence

dai-a. This proveci to i¡e only ¡:artial-ly true, for trre

tails of soile cf the st::onger liries froin t!¡e227Tlt Cecay

r{ere found to be ef fective in opcning tlie gatcs. this
\das enhanced l:y the gatc v¡i<ìt¡:s useci (up to 4 ket/) for
the various spectra on ryhicli the Eates v.lerc set iicì ¡:ot

have such good resolrltion as \.ras obtaineci for tìie

singles runs, or.ling to tile nore conplcx el-ectroriic

circuitry emplolzsd for the coincicì.c¡rce v;ori;. licrvevcr,

detaileci arralysi s enabled unami:iguous identif icatio¡i of

the coinciicn'L raCiatic:ns in tiic dccay of 23lPu..

To comprcìtcn<ì f u111' tlre discussion ol] l-ilt:
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coincicrerice. ciaLa , Tëfcrence shoul-i lrc n'Lac'lc, v.'lteltcvcl:

neccssary, Lo tl-ic dccay sciret,,c as sliov¡¡l j-ll

Ìr(Iurc l-rl-lJ"

46"32 kc\z Gatc :

I'igure III-i 0 shows the coiucic.relrcc spcctrurn \,''heri

tlie gat.e is set on tiie 116"32 lie\¡ lir¡e. Tne encrìarrccc

lines include tirose whose eue::gies are : 161 " 0 ' 236.0 '
255"76, 2-60.23, 273"15, 277"10, 283"65, 312"9u,, 3t+0"77

ârrd 379.41 keV. Of tf¡ese or.lir tìrose at 16i " 0 , 26A"23 ¡

283.65, 340.77 ancl 379"41 keV are itr true coincicience

v;itÌ¡ tire gate " .Alt.houglr tile lines at 1 61 " 0 anci

260"23 keV do not feeci the 46.32 keV level ciirectll"

they are enÌ'ianced nevertìrelcss, being in cascacie witÌi

ti:e gate (46 " 32 k'.,V ganrìra ray) tnrough tne 112.41 
' 38. 1 9

and 63.60 lceV transitions. Lines aL 391 . 0 ancì

570"0 ke\¡ are cxpecteo to I;e enha¡rcci, but tlicy are t.oo

r.¡eal< Lo shorv up. Tl:e rest of tire euiiat.ccC lines carr Lc

account-.eci for o¡r tire grounds that iue to tlic con',ple:<iL1'

of the spectrunr, it tvas noL possi]''le to obtain a clean

gaLe" In tlle preserlt case, sonìe pulses, correspotrciììlJ

to tlre 50.2 keV gan'rna ray (tire strot:gest Lrarrsitio""i.,
. ^ 201thc: ctecay of --'Tii) ancl tfie 50" 68 k.cV from ti:e ciccay of

,)2ì'" Þa lea]':c'<I rn to l-iie SCA ancj i:rouqiit ai-:out i:iic

enlrance¡ne¡rt of some of tlre li¡rcs" Tlre tinc aL 236" 0 ke\¡

is in coi-ncidence with ti:e 50.2 ÌreV J-i¡re v¿llicit colrrcs

or-
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227fro¡il "-'Tlr. Tlic rcst csf i,.i rc lir:cs (nar,rcì1', bi;os;c at

255"76 | 273.15, 277 "10 | 312"94, 3¿leì" 77 a:icì part of

260"?-3 l:e\¡) can J-rc attrilJutcil t-o t.licir ì--;c:ing irr cas:cacc

v.¡itir the 50.68 l'.cV Iino frol,t 23rþu cioca)/. T'hcse ("ar.ìÌìra

rays i¡r coinciie¡ice ¡,'¡it¡r the 50 . 2 anú ) 0 " 6 ti kcV

transitiorrs al:e also observeci r.¡lie¡i tÌtc r,a-te is set on

tlre 52"66 keV gan,ma ray (see belov;) ,

52"66 keV Gate :

Tire spectrurir .in coiricide nce ro'itÌr tne 52 .6 b keV

line is shown in l¡igure III-11. Tl-re erihancec: li¡ics

occur at 144.33, 236.0, 260"23, 27 7" 10 , 312"9t1 , 34A"77

and 354. 57 JleV. Of these, i.lre 236 " 0 kcV transitior' is
t)7in cascacie l¡ith tlte 50.2 JleV linc in--''Iir, v'rhile all- iri.:

otlrers, except tho 144"33 ancj 260.23 ]teV iines, are in

cascacle rvit,h tiie 50.68 keV li¡re in 1-i,e2tt P.. ciecay. TÌre

144"33 and 26A"23 ke\¡ trans;itions are in cas;cacìc r.¡it¡r

the 52"66 keV clate.

54 " 56 l<eV Gat.e :

Iùhetr tlre gatc Ís

spectrun clrtai¡,cd is

eniranced lines arû

277"10 ancì 375"01 i<eV.

wcal< 27 3 " 1ll keV litic ,

is i:r¡L c>;pccted to Ì¡e

set on tllc 5 ¿l . 5 6 keV l-inc , tfre

shor¡n in I'igure TTT-12 " Thc

tlrose at 144.33, 26U"23t 273"15,

I L shou]c J-¡e notcc th¿rt tiic

L,cing a grouttcl sl-¿rte transitioti,

e¡,lrarrccc; , buf: its pt:esÈncc can be
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explaj-r:ecì by tlre f act that sonrc <¡f L:Ìrc 56.7 9 ireV

pltotons ¿l11c lealtirrc; in1-o t-ìlc SCÀ r 1-ìlcr:cJ¡1r ol)trfIir.g tlie

gate, anci tire 273 '15 keV linc is in cascacìc v;iLtr Li,c

56 "7 9 ]ieV line. ALso , tltc lilre aL 260 " 2 3 J;eV nial' l:e

r.lue in part to the l-c¿rl;.aclc of trie 52.66 keV garr,¡la ray

into thc gatc , but tir j. s c6ttlc no t accc;urtt f ol: tt1c

enorfiious enhanceln.el-rt. Tiris J-mpl j-cs a genui-ne

cof ncl-ce¡ìce between LJre 54.56 and 260 "23 keV

transitions" This r¡¡oÌtld rerluire as a linJ', a trattsitior-l

betv¡een tìre levels at 126"85 arrcl 84"55 ]ieVr âS sÌlor,'¡n in

Figure TII-23 The trarrsition energy is 42"41 keV, anci a

gamna ray at this energy has been ol:'served, so that

such an assignnrent is reasonable, in viev¡ of t¡e

coincic-:ence c1ata. The line at 1 4 4 " 3 3 kcV carì l-re

accountecl for in a siniilar lrannor, lleirLgi iri cascac-e

with thc 54"56 l;.eV g'ate via the 42"41 kev transition.

(56"79 + 57.19) keV Gate:

In I'igure TII-i 3 is sirorvn tirc coinciCc¡rcc spect-l:ul'.'.

wherì the gat.e is set on the (56" 79 + 57.19) l<eV l-ines"

Ttle l-ines that are eniranced itlcluOc tltose ¿ìt 19tj"9'

243"150 255"761 26A"23 and 273"15 Ì<eV" The 56"79 keV

transition is firrnly estaÌ-rlisheci to J:e tlre t::alrsitiot:

f ro:ir tìic 329 " 9 9 keV lcvcL 1-o t,iic 27 3 " 18 keV levcl.

This; is confirrnc by tlre cniranccment- of l-ltc linos at

273.15, 243.15 .rncl 19S.S9 l'reV, aIl of whicìr cle-excj-Lc

t01



tlrc 273"15 ],cV fcvel" Tìrc 57"19 l.cV r-;an,rna râi,, orì 1-lre

ol-iler hanc, is Ìlnov¡n 1-o c.ìc-e:rcicr' f rc>l'r l-ric titl " 5:, ile V

l-evel to t¡re 27 " 3B i.:eV lcvcl " 1',ti:; is vcr:i-f icc^ ir, 1-,¡u

nrr.sì15rìi- r"'ork r-" {-r'^ ^-;'-"^?iÌìcr,t of i.rrrl 2(.0"23 keV fitre.f/¿çJç¡¡u wv!^ þy Lll(j ti¡rllcallLr(

(See Itigure III-23) " Tire 277 " 1b ];cV trari:;it.ioi, woulc Lc

ovno¡-1-r'r:l l-.' Ì'.¡e i¡ Coincj-{cl¡Cc r.;it}r tiìe 57"19 l:eV qai,,fìa

ray through tìrc 25 " 3 6 I:e\¡ transitiot,. i.ro\rr3vct: ' tlre

present crata siiows irisuf f icicnt incica tiori of trit

enlrancement of the 277"10 ireV line to give a cefinitive

conclusion" An inter-esti.nc¡ feature in tl:is sel of Cata

is t,l¡e slight enhancemenl- of tlie 255"76 keV line. This

cannot Ì:e accounte<j for l-reing in cascacie r.¡ith eititer

tlre 57.19 keV gan:rrta rayr whicir ðe-excit.es tire 84.55 keV

level t or witli the 56 " 7 9 keV qarnnìa raY ¡ r'¡Ìi-i clt

dc-excites tire 329 "9 9 keV }cvel" Thi s is arì

inclication bhal- the::e is a furtiicr tra-nsition ai-,ov,-¡

tlre 329"99 keV levei- v¿hose energy is ver)' cl-ose c.o

57.19 keV. Such a transitiorr is fourrcr c,e-c>:cititig tìt.:

387.16 ke\z leve1 tc¡ tiie 329.99 kcV level" T¡ris

transition wouicl brirrc¡ al:out Llie entlaricentcnt of Llrt:

255 '7 6 keV Iíne r âs is ol:serveci iiere " In f act, olìc

expecLs to see tile lines at 255.76, 283" 65, 300" U2,

302.65 ancl 330.06 keV appear cnlianceC i:trt in tlre: r:atio

in which they appcar in tìrc singlcs specLrul'. Ilorvr:vet,

in vier,v of the sliqht elrhanccnre¡rt of tì:c 255 "76 kcV
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1i¡lc, tlrc cnilarrccnre¡lt of 1-,ilc c¡1-]lcr i j-¡ics wc>ulcl l-lc rìore

dif f icul l- to ol-¡serr¡c, siricc cu,c r,¡oulci i-,c looJ,irig for a

s¡naIl- enha¡lcemclrt- i¡r a vel:-\1 stiíoI)q l-i-l'rr: " f n a lat-c::

cjiscuss j-o¡r, rnorc evic,,rnce lr'i1i- i,'e pres;ct,tci i-o str¡-:port.

tÌris transition f ::onr tlrc 387 " 16 lçeV lcvcl to l-l;e

329 " 99 keV l-evel "

74.08 keV Cate :

The next gate is set at tire 7tl.08 ]reV garima rai'"

The coj-ncioence spectrurn is shorun in Fiqure III-14"

Tìre enhanced lines incl..uCe tliose at 198,89, 228"0,

243.15, 255,76, 260.23t 273"15, 312.94 arici 427"0 l<eV.

Tlre lines at 228"0 and 427"'\) kcV irar¡e riot been reportci

previously l:1' other workcrs ' nor irave t¡e1' ì-;eerl

observeC in the sil:g1cs spectrur,ri irr tlie preserrt-- tvorlc"

Tìrey are now placed in the Ceca1, scìrene anci t.¡ouici Le in

coinciderrce v¿itli the 74"08 lieV transitiori" Thc

interestj.ncr point about tiris set of oata is tirat

whe::eas tl:e ]ines at 198"89, 255"76, 260"23 anc;

312"94 ];cV are cxpectcd t.o be crrÌìancect , tlre otiçis at

2l+3.15 and ?.73"15 lr.eV arc al-so cnlranccci, altirouç1Ìl Lrìùy

are ¡rot expectcd to be (Sce Figure III-23) . This

suggests that there is 1:::oì:ab1y a transitio¡r (rvhose

cnercty is very closc to 74"08 licV) a]:ovc i:lre 51('" keV

Ievel, Tiris lvill L,e discussec-t in greatcr <,lel-aj,1 al- i:ire

er:iì of this Clra¡rter (see Scction III" 6) "
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(255"76 + 2.6rJ"23) l'.cV Gate :

iJcxt, tìre SC^ is SC t Lc¡ çj a i-r) Olì tr lt:

(255"76 + 260"23) IteV qan.rra ra\/s. Suclr a r','icc ulrur-Ç)'

windor.¡ is ciìosen because i{r i-s r}ot l.rossi}:lc to EaEO oll

each of tìle ganma ra]/ se1-:a¡¿¡.r y r','itirout getting

consiclerable interfcrerrcc f rom tire otilcr orie "

Figure IIf-15 shov¿s tire coirrciduncc spectrur'r oi-rtainec:

with ti¡e compositc gate. Tite .Iirres at 30 " 0 i , 31 . 55 ,

44.13, 50"68, 52.66, 57.19, 74"08' 80"0 and 96'80 l'.eV

are enhanceo. It is imrnediatcLy obvious f ron'.

Figure lII-23 that tlre li¡res r,¿hose etrergies are 31"55,

50 " 68 , 96, B0 t 52 " 66 anC 3C. 01 are irr cascacie witrr the

260"23 keV tra¡rsiti.on" The linc at 80.0 keV is less

well unde::stol:ri" A gamrna ray at tltis etr.ùl:ci)/ is not

oÌ-¡serveo iu a f resirll' prcparecl sourcû, i:u1- af ter

leaving the source for a fev; tr,or.tiis, a l-ine at tiiis

energy is reaCily oi:sert¡al-'lc " Tìrus , it seer,ls tì-ra1- t.rii s

line nright have originated frorn Lile raoioactivc cìecay
22.7 ?27prociucts of -'-'ltc. In facl-n --''I'h ìtas a fairly inLc:trsc

l-ine - -'- - at 7 9 " 9 keV rvhi ch is iu cascade witll several

garìì:!'ììa rays v¡hose encrgies are about 260 l-.eV (254 "7 ,

262"7 and 270" 0 Ì-.eV). f t is quitc possiblc that Lne
227

l-ine observed here is ir¡ fact fror,: tlle Th oecay" The

rest of tlie enhancccl liues (c"ç1" tirose aL 74"0tj' 44"13,

and 57 "19 }:eV) can l:c attribut.c<l i-o l-reinç¡ in casccrc.ir

-LUt)
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wit.h 1-ire 255 "7 6 P,cV lirrc"

283"65 keV Cate :

Tire rre>lL g;ite is set at 283"65 itcV, arrc L;tc

spcctr:um in coiuciCcnce v¡itlr titis Earìtla ray is shorvn irr

Fiqurc If I- 1 6. Thc enì'ianced lines occur at 24 " 6 ,

27 "38j 30.01, 30"87, 40.0C, q2"41, 43"08, 46"32, 50"6û,

57 "19 and 70" 45 keV. ôf flr'-qr'- nlrlv tllri crrìe at

43"08 ]leV is not placecÌ- in the level sciiene" A ver)/

irnportant result of tÌris investigation is tliat as i,Ìic

283"65 keV ganrna ray de-excites to the 46"32 keV level,

and the lines at 27"38 anc 30"01 keV are oJ¡servecr to be

enhanced, tìrere have to be tra¡isitiolis from LÌre

46.32 J<eV level to the 30"01 anci 27"38 keV level-s, Lile

transitic;¡r energles being 16 " 5 anci 18.9 licV

respectively" It shoul-ci" be noted tiiat garî;rììa rays at

tirese encrgies are not oi:servecl i¡l tlre prcsetrt \i'orli,

since tÌrey , íf present, woulci i¡e nrasli.ecl by tile ititerise

L X-rays" I-urther, 1-rarrsil,ions at tiicse encrgies v¡oulcr

be very strorigly convertccl. In fact, the convcrsiott

elecLrons corresponcÌiucl to tlrese transitiorrs have be.:li

. J+,1 7,I Breportcci'- 'r- an<l tlre prcsent r'¡ork secms Lo substantia.te

this re¡:ort "

(300"02 + 302"65) liev Gare :

The next crate is sct on tlte

loB

(300"02 + 302.65) ke"t
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Coånr:åd*n#Ê sp'€x:tri:n r+i_th the
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ciouþIeir " I'fie ccli¡rcic-rcirÌcc sf¡cct::unr is shotr'n ilr

I'igure III-17" Ti¡e cnÌlancecr .Lit-lcs al:c foulld aL 2"1 .3t',

30.01, 38..ì9, 40.00, 42"1l-1 , tlc"32, 50"63, 54.5C anc:

57 "19 keV, Tìre present <iata confirms tÌlc faci: i-irat

Ëhere are trvo gamlrìa trarrsitions v¡irose etier:gie.s are vel:y

close to 302. 65 JccV, as sugç¡cstcc'l i:y Pinho" One

transition Ís very weIl estabL.isÌ-red a¡rd ce-excites tlre

329"99 ]<eV leve1 to the 27"38 keV Level-" The oLtrer

transition cie-excites tiie 387 " 19 l:eV level to the

84" 55 ke\¡ level (See Figure III-23) " The existence of

this transition is verifiecl J:y the enitancer¡cnt of l-he

gamma rays at 57 "19 ' 54. 56 ' 38 " 1 9 keV v¡hich äe-e>rcite

the 84.55 keV level. The preserrce of tl¡.is transitiorr

also exp-i-ains the ê[rlêllcorirents of tiic galilll.a rays at

46 " 32 ani 30. 01 l<eV.

312"9U lieV Gate :

Figure III-18 shorvs i:he coincicrencc specLrì-ìn

ol:tained rvhen the gate is s'-:t oll i:¡re 312"94 keV gianìnr¿ì

ray" The l-ines at 30"01' 44.13, 50.68 and 7tï"06 }'eV

are enlranced herr:. Tiris is consistcnt v,'itit tiie

assiqnrncnt that tlre 312"94 kcV cianina ray corresporti Lo

tÌre transil-iorr f roni 387" 94 keV lu'\¡c] to tlre 74 " 11 keV

Levele äs shown in tire lcvel schc¡itc (Figure III-23) .

The lines at 31.55, 40.00 anC 42"111 lç.eV arc expectcìci to

be cnha¡rccd also. Iiov/cvcll, rvitìt l-itc p::csent daLa titcy

ltl
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alîe too we¿r1;. to show any erlrlartccjr.ìent 'criuy mic¡ìrt ìtavr:.

(327"26 + 330.01) kcV (ìat.c :

t'lext, tlte gate is sct ol t.ire (327"2(' + 330"01) lieV

gamr,a ra1z5. IL shou.lcì be notcc- tÌiat i-ire fornrer lir;e

(327 "26 keV) is very rveali cornpared to tÌre lal,ter one

( 330 " 01 keV) " In f act Liie 33C. 01 lieV gar.rlr.a l:ay is

al-most 40 tirnes more intcnse than ti¡e 327.?.6 keV l-inc"

Ficrure III- 1 9 shov¡s tire coincic.ence spec'trturi" Thc

e¡rhanced lines include those aì: 2t1"6, 27"38, 31 "55,

,50.68 ano 57"19 keV. The data confirnts tlte placir,c¡ of

the 57"19 l:eV t.ransit.ion J:etr.¡ee¡r the 397"16 keV anci tire

329 " 99 keV levels " It shc¡uld l-¡e r¡ent.io¡ieC tirat 't-here

is a sliglit evj.dence f or t¡le enhancernenl of a

transitior¡ al- al-:out 1 4 4 lreV" This c-annot i:e tire

144"33 ]ieV tra¡rsition, but this lrta)' signify a

transition feeCing to or above 1-ì¡e 354.6 keV levei. TLrc

preserrt c¡ata is inoecisive.

3L+0"77 iieV Cate :

I¡igure III-20 shorvs tire coincidcrrcc spectrunr

oLrtairred rvhen the SCA is set to qa'Le on tlie 340.77 keV

gamma ray" The e¡:hanc<:d lincs includc those at 27.38,

40"00, 46"32 and 50"68 lçeV. Refcririg to Figure III-23¿

tire fine aL 31.55 kcV is expectccì to l:e errliatlcec-r, I;ut

i¡r tl:e prcscnt dab.a, it is too v¿cali to revc¿rl its

114
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presencc. Tire 42.4 2 i:cV tra¡,¡si tir¡¡r is
tirc 3 87. 1 6 ireV 1cvel 

"

Lliat r.¡lli cii f ccc s

( 35 4 . 5 7 + 357 .21) keV Gai-c :

Ï igure III-21 shorvs the s,.rectru¡r in coi¡icicicr:cc
with the (354.57 + 357" 21) );cv c¡¿1¡¡¡)¿ rays. It sÌroulc
be notei that the gate c.nsists of, in actuaritl-, a

grorip of serzerar ri¡resr âs shov;n in Figure rrr-zz.
This figure is the cuTrpïLi analysis of the çiar:-,rna ray
spectrum in the region 350-360 ì<ev. Trre speci:runr. is
taken vri'Lh a Ge(Li) x-ray cetecr-or w'ose resor-ution is
290 ev at s"9 kev" obviousl1,, ai.r- Lire four ganina rays
(eg" 35'l , 6, 354. 57, 357 .21 anC 359. 75 keV) oper.ì l_i:e

gate- Hor¿ever in tire preserit case, tìre corrt::ibutioris
from the 351.6 anci 359.7s irev iincs consiLute ress r-¡ia¡r

1 7' of all tìre gaiing pulsesr so tìlat for all practical
purPOSer tìrey can i-¡e igno::ea. T¿ìe clriiAnc-r<it lilics arc
those at 30.01 , 42.q1 ancl 50.68 i:ev. f t. shoul_o l:e
noteci that the line aL 70"45 kev is also expect.cc, i:ut.
is too weali to si-row up. Again tìic 42.41 kev transitio'
is tÌrat feeding the 387"16 lccV level

III.6 0lscussroi.{

The coi¡rcicltincc data is
The data is self-consistc¡.rt.
evicìent tltat thc ]ine al- 4

sunþri.scc'] in Tai:le f II-4.
F'ron Tal-:Ìe III-4, it is
2"41 kcV is crìiralìcec.r v,'it.¡l

I]B
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pracbicalll; c\¡clry -linc in 1-lic iriEir cliul'.ry rcc;iolr" Ii:

is tlicrcfore suqgcs;tc;c. 'i-ìraL ¿rtcrc sirclulcr l-.¡c: atl

actditional lcvcl ai-,ovc i-rlc e>:ir;Li¡ic; 3t)i " 1G cr

437 "7 6 keV lcveis. In tl¡c prcscrrt v,'ori. ' a Ic:\'cl at

429" 6 keV is suggestuci to accol'.ocatc tiris ganrllìa ra:/r as

shov,'n i¡i the.: l-eveI scirc)rnc in l iqure If I-23"

A seconi l-evel- is sì.lcJgesrtcC at I+57 " 7 t 2. 0 keV"

Tirj-s suggestiorr doe':s not arise f::orii tÌle coirrciCelrce

clat.a, but is put tirere bec.ruse it calì accomodal-c four

gamma rays tilat h,ere noL lJreviously placecl in tì:e iecary

schene . f urtÌrer, the clcseness of tilj- s level to t¡ríì

469.5 lceV Levei does not exclucl'e Lìri: possibilitl' l-irat

it is very t,reakly fed by alpfra crecay, J:ut is ¡'r.oL

observeci oue to tire rclaì:ivel1r poor rcsoi-utj,on of ttre

al1-rha particle spcctromcLers.

Anothe.l i-evei is suggir:s1-c:ti at about 6 41 J<eV ' as

shown in Figure rII-23" Lange et a1l3 iras rcportec

iraving observecì a vLlry r,¡cah alpita group (about 0.001ij)

v¡hose energy is 4.41 t 0.01 I'4eV j-n tirc clecalr of 23]Pu-.

This would mean a levcl at 635 t 10 J;eV alor'é t-hc

grounct state. The present cla'ca secnìs to support this

f inciing (See coirrciC.cncc clata gating on tÌrc 74 " 0 B keV

çtan¡nla ra!) r exce¡:t that the encrgy of this levcl is

acijusteci Lo l',ie 6l+1. D t 2"0 J.-.eV, based o¡r tire cncrgier,;

of t.lle gamma l:ays a¡rd otlte otircr cxistirlg levc.l-s" This

120



l-evcJ- call al-so acco¡roca1_c iJ¡c 2_8c.6 J:r:\¡ tr¿trìsil_i on,
v¡J:icil Ì:as J;ec¡r oLscr:ve<.rbut ¡rot ¡:rcvior.r.sJ_y ¡r1.rccu j-rr
tlic l-evel scirer{ìc r¿itir ccrtairrty. rt s;Jrour-<: r.c 

'ot.cr.tf)aL tjri s Lransitio¡i is basecl crrtirell/ on tri,J elìcl:gy
agrecment l¡etrt'eeri tlie cnerg,)/ cf tiie garna ray anc, i:¡.e
eltet:g)/ oiffere¡rce betl;een t¡ìê lcvels.

Lines at ?1"g, 102.6, Jl0.0 ana J87.0 ]tcV have
been reportecl I;y pinÌrolrz ]:ut are 

'ot o.bse::vec. iri i-ii=
present v¿ork" ¿r.Iso, tlirec r¿cv/ t::alisitiolis (1()1.0,
228 " 0 ancl 427 " 0 ]reV) arc repori-erì here for tile first:
time " ¡'11 three are or>served orrly in coinciceircc
experintents. Ài-l save olrc (¿i3.08 keV) of tlie 73 gannìa
ralrs obser*ed- in tiie present v¿orl< ilavc bec' placca i¡i
tl:e dec.r1' sclie¡ile.

fn t):e preserit vrorì:, the souj:ccs avai];. le t/cïc
too weak to ¡>ermit ariy angular cor:relation r,,rori; to be
carriei out' Tr¡us tile spins quoted in Figure rïr-23
are those repo::ted by pinÌ¡ol7 In his
- !^ 

__¿ _ ¿¿¿¡¡v¡ r.rr tt¿s paper, a spiri of
t/ ¿ rs suggested for tÌre 501. t keV leve]. f n tl:c 

.present v;orlç, jfowever, it. is felt tiiat in vier,¡ of tire
ganurìa rays (228.01 275.1, 427.0 and 501,0 keV)
de-exciting trris level to lcvcr-s rvrrose spins are 5/2,
9/2, 7/2, ancj 3/Z respcctivcly, a spin of.5/2 seexìs
nore rcasonablc t.iran 1/ Z. À, s¡:in of 5/Z is titus
assignccl to t]lis; l-cvcl.

t2I



L'ire rotatiolr¿rl Droj)crr:tics; of tjris nttclcus iiave

i.recn invest-.iga t,cd by Ìiog.J tr,t-t" pi¡,'o ]7 'l1te Çr.oür,r sta.l-c

parr:ity has l:een shot+n to i:e o<.lcjl5cot,tL.rry to Llic evcl.

pariLy as suggeste(1. l,'y iS.rranov ct af la The grolirrcì st'atc
')') ?

of -'-'Àc llas l-recr: unar.rl,,iguously as;siEilci as 1-iic

3/2'(532) l'lilsson staLe. Tlie f irst four r.enrJ:ers of

this rotational ba¡'d are firml-l' estabiishecl to occur at

0, 30.01' 74.11 ancl 126. B5 lçeV. Tile otiier ncntbers of

tþis L¡anc¿ are less v¡el1 urrde::stooci, Lut it s€er:jrs tilat

tire LeveLs a{- 198"7 B ancr 271"3 keV corresponc to t;re

11/2 and .l3/2 ner¡bers of tÌris band.

The I'iilsson state of 3/ 2+ ( 651 ) is assiçnec. to tiie

27.38 l<eV IeveI. OLher mentbcrs of l11i-5 band incluc.e

tirose at 46 "3? (5/2+)

187 "2s ('t 1/2+ ) and

B/r"55 (7/2+), 109"92 (9/2+),

21A"69 (13/2.+) keV" A mor:c

iriteresting Ì,and occurs at 329"99 keV" This level- has

becn firrnty estal,lisirec'r t<: be tlte origi¡ of ti'rc l-hù

1/2-(53C) band. Tjre 1/2, 3/2, 5/2 anc 7/2 ncmiet:s

occrlr at J54 " 60 ' 329 "99 ' 437 "7 6 aricÌ 387" '16 l<eV

respectively" The interestinq fcal-ure is tliaL trtc 1/'¿

and 5/2 menl¡ers of this i-i;rnd have cnergies lriglrcr tirait

t,lrat. of tl-re 3/2 and 7/2 metitbel:s. This is probal}l' cluù

to tire cor:;i.olis coulllinç¡ bettn'ccn tiiis bancì auci oLircr

rol-atioual ba¡rds,,

Oti¡er ¡>os:;ible rotational bant.ls ilavc JrceII foo}';ccl

L22



f or by otÌrer worl:"::sl t" tbrrt .{-iier¡ iravc rLli:1- orrly partial

succcsis "
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CiJÀPÎLR IV

Tiill t)icAY oÌ' 23r'tir

IV" 1 IÌ'¡TROIJUCTION

23tÌrh, a beta emitt,er er 25.52 hour iralf-Iife, is

the inn',eciate clecay prociuct of 23 5U. rn classical

radíoactive terninology r 23l1.h or-= k¡:ov¡n as rtuY'r. rts

earty history and its rel-atiorr in tne 231, deca¡z clraino

have appeareci in sorrrê cl.etail in the lit¿ratutol¿.
23lTh ca¡'ì be isolated fron or:es containinci 235U or

'fhe

ra!

i¡as

ani

produced by t,he 23hn (n, vf 31 Th re¿rction.

investígation of t,ire raCiations f ror.r 23ITh CaLcs as

back as 1932 t3 arrd Lhe accepteo ' ciecay scìrer¡.e

increased . 
i¡l corrtplexitya-s v¡ith tlie pe.ssage cf tinie

rvith the increasirrg rrunìber of invesLigatior:s"

IV "2 SOURCjj PRIPAR/rTIOì,I

In Èìre present v¿or)r, " 
lTl, or-= prepare<ì from Lhe

a 235. 7 231-.,7.i 3>r1 0"year -"U in the tollorving ivalÍ. Srnce --'Tlr ¡ras a

half life of ai..rout onc daf r it v¡iIl l¡e in secular

equilibriiim v¡ith its parcllt ( t3\l) i¡: a n:attcr of cìays.

, 235-.2"5 qranimcs of 93ií enricìred --"U vras loadecì o¡rLo a

200x13 rìin ion-exciranrjc colunrn packccì wit.ir

.funberlite i'lG1>:B ¡:csin using '1214 IjCl. The Íiourcc \..7as

124



left to st.and fo:: t-r,c 23lTn Lo (t rc)\'J l-'o:: t-\!o or i-rrl:c<:

cì.r1's , af tr: l whict-l tìlc 2 3 i'r'rl v¡as clutec- f r:on trrc col-umr-r

usincr 50 nl of 12i.1 rtCl 
"

In tric carlicr: pari- of triis

h¡orÌl, thoriunr v,'as rel:rovecl f ::om ti,c ciual-r1- .by iiycìroÌ1'1*rc

co-precipitation v.'ith iron as a carrier. liorvever,

cìifficulty hTas ellcountcrccl r.;liLjl at1,cn',pts r,.'crc rirâór.j Lo

rerûove corlpletely tile carrier(Fe), The soul:ces obLe.irrec^

as a result were too poor for ]ov"' erìergy cjanrna ray

studies, An all-ernativc i>rocecìure vzas aC-optei

subsequently" The eluant con'l-ainir'rrJz3tTir or." evaporatec

to dryness, anci any organic natcrial that might be

present rvas oxidized by treating the rcsidue v,'itir a fev,'

orops of hot, .iiNO3 and I\Or" The resiciue r^¡as Lhen

re-cìis sol-ved in a f ew drops of 1 2Ì.f IlCl , and tl:e

solution was passeo tlrrouglr a secorriÌ 60x6 nna resin

colurnn to remove anlz coirtaminar:is tirat nriglrt Ì,e

ñ1arieênl- rTìra .r'ì rrrn'F ¡nn{-ai ni r.n nr.lr¡ 231t¡1-' r^7ãc ^nr'eIuanE, contrar-n-Lu9 onr_y - - -'ll1 , \^/as aga]-n

evaporateci to cÌryness, and tlien ::e-clissolvod i¡r a fel¡

Crops of ltÌ'lO t"

Tire sol-ution of 23lTh ,u.o evaporateci on a piecc of

mylar backing whose thiclçness \,ras 0.71 nrg/cm2" Af ter:

tlre source was clried cornplet.el1,, ii: was coverecì witì'., a

seconcl piece of mylar of tllc samc tiricl;iii:ss for

racliat.ion safety, ancl was tlre¡i rcacr.1, for countinçJ"

Sourccs produccc this vlay appearr:ecl as faillt rviritc
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e{--ì rrc 1y\.ì r.'6\rê õr'nr,râl lv -.''i + ^.r-.+aLlc fOf. oAiì:IrìaÞLc1I1i5t ¿iIlL¡ !'/Ç!ç !L¡¡u!({¿¿J \juILU auu(jllL

*^.' --^-ì. { -. ¡-irr: r,rì(.¡rcIv r¡rr(;c of 10-40íi }<.c\;. Às a tr a1,te I'LaIJ' Y;UIJ\ I¡¡ U¿¡ç U¡¡çrYj trcìrj _,

of secoriclary in'ccrcs t , atì )l-ray f l-uo rcsccìicL: uxì)uri:ltc::L

vJas pcrformecl on a sourcc: to c,ctcrrli¡:e i'Cs r'ossiÌ¡Ic

contarninants" The sourcc uscci llac ì-¡eeri left to stal)c,

for a period of 12 rrontils so t¡tat fcr all Pracl-ical

purpose, it coulcr ire regarc'lei as frce of tì:e activitics
t?l

of "'Tìr. .1r beam of tunEsten (l'ü) )i-ra1's fron'. a TuPr-}í60

X-ray r¡..achine operar:inE at 5C KV and 20 rra \ras used Lo

excite tire cÌraracteristic X-rays of t.ìre coütaniriants.

The spectrumo tal<en v¡ith a Kevex Si(Li) X-ray Cei:ector

(whose resolution at 6.5 ]:eV v¿as 290 e\¡) is as shor,'¡n in

Figure IV-1. Tire contanlinarrts \,/ere ioeri'Lifico t'o be

Ca, Ti, Cr , P,.l r Fe, cu, Zn, i{i ar:<i rrot surprisirigly

uranium. Unfortutra'i:ei1' tlie systeni was nol- calil-r::atcC8so

tirat it v¿as not possiLle to oi-'tai-n tile al¡sol-ut'e

abuncìance of tl¡ese e1e¡rents. The preset)ce of traces of

Uranium r.¿as due to the faci- Liiat sorne uraniu¡n \vas

washeci off Lhe first col-unrr rvitÌr the thoriun; a further

confirmation of the prcsence of 235U in t.he soul:ce

material was incicated by tÌrc faint presence of its

more in-ueuse ganìna ralzs in tlle 231Tì) specl-ra (See

follor.ring section) "

I\¡"2 G/ìIi¡JA RAY SPLCIIì/T

Àl-I the sc¡rii-co:tcuct-ol:

I¿I

cletcctors lr¡en1-io¡rcC 1n
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Ciraptcr I rverc usccl. Lo cxamiric tlrc gâri,rrrâ r'a1r5 cl..i-t|ùc.

as a lîesult of tlre 2 3l 1'r, iiecar, " Tirc Si ( Li) ){-r.ri'

clcl-cc1-or iravinc¡ a rcsolubion of 2t+0 cV ¿rt 6" 5 l;.cV vv'as

pal:ticularly uscf ul- in c::<ar iir.iiir¡ tllc L /.-r a7' ru<;j-c-¡ii

(up to 30 ]:cV) . I'icJure IV-2 si-rows a portior, of tiie

spectrum irr tìris errergy regiot-r" l'hr: oil 112 true galrìlna

rays belonging to t;re 23lTir crt: c¿ìy are tiiose ¿lt 17.(),

18" 4 ¡ 25"67 , 42"79 anc: 58" 56 kev. The li¡ie at

25.67 keV is tÌre strorrgest gar.iìta trarrsitior, in t-tic

entire cÌecay" /\]1 tne otirer peai'is can rcerciily ]:e

identifieC, as the various cot;tponents of the L X-rays of

Pa. The v¡eak lines in tire region iret\üeclì 7 a¡rci 9 keV

al:e the X-rays of the various stablc coritanti¡ra.rrts

men'tioneo e¿rrlie:r:.

Iigure IV-3 shoi+r,; a pol:Eiorl of tiie galîrna ray

spectrum or 231pr follovring tlre Leta decay of 23lrh"

Tiris spectrum is take¡i lvitlr the 50 cc Ge(Li) c.letector

v¡lrose lresolution is 2"0 lieV at 1" 33 I'jeV" Thc ¡irotopeai:s

beyoncì 350 keV ( See Irigurc IV-4 ) corrte f rotri trrc

l:ackEround racliation. 'Iiltts it c¿ìrI I¡e concluccd tlrat

tl¡cre are no ganuì.',a trarrsitions beyor:c 350 keV cori.itig

fron, the231Tir decay. I¡r the region 40 to 320 keV, tjrc

most intensc ralruna ray is founc at 84"20 keV" The r+calç

lincs at 92"91, 115.5, 116.9 a¡lcl 136"72 l<cV sìrottlci J:c

not.crj.. 'Iìre line at, 185"7lçcV is oue to tlle prcscricc of

I30



traces of235l: in the soulîcc ¡;;atcr-ia1.

A' iriltercnt probJ-er-. associal-cc, v;iti¡ usÍ;rcl
sen:i-cor'¡ductor cct-ectors (part.ì-cura::ly rar:Ee volrrr-,c

cetectors) is accicjorrtar sunrming bet,n¡ec¡r t_Ìre incicerii-
ganma rarzs. Tv,'o inte¡¡sc cJ¿rr,.ìlì.ì,a rays clf c,i f fer_c¡; t
energies can ent,e:: trre cetcctor simur-r-ancously, giving
ri-se to a spurious sum peak v¡irose c'erîgy is equaì_ i:o

the sum of Lirat of the t¡.*o garrìrììa rays. Tiris su¡ì:nìir.rcr

effect is particurarly ol:vious if tr:e source is st.l:orig,
ancl is put very close to tire cretcctor r¡inoo.o; so tiiat
the rviniìow subte¡rcis a rarge solio' arrgle at Lìre sourcc".
sun"ming rnay aÌso oc(rur rvrre' Gc (Li) )i-ray detectors are
used, since the L X-ra1zs of lreavlr elemenis are usually
very strong' and sur,ming betr¿een ti.ìe stro:rcer EanÍna
rays anc the L )i-rays are cfteri seen. fn orcler to
ascertain trrat the rerativc il'ltensitl, of the piiotopeal:s
obtainecl in an expcrinrcnt is correct, it is rìecess¡irv
to ensure th;:t surn peal<s arc elj-minated as far as
possible" one easy vray to achier.¡e tìiis is by tallirig
tire gar¡rTìa ray spectrun tirrr>ugh a p::opcrry cììcse¡l
fil-ter" In Lhis case, it is of cour.se nccessary t.o
con¡;ensate for tile atLcnuation duc Lo trre prcsc¡ice of
the filter.

In tlle present rvorlt, ti.ro

filLer¡; \vcrc usccl. In tilc r:cc;ioti

criffcrc¡li_ t,1'pus of

a).rovc 40 ):eV, tiost of

I31
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tlrc suntmitrq occurs i¡ei-wec¡l tìlc strot,cl 8L+"20 l'-cV qanìlì'.a

ray witlr the otircr pirotonca):s" ,fr platj-num fil-t-cr-' of-

tlrickness (0"27 I 0.02) gn/cr.Z l'/as usci i-,c1,v;cclr tirc

SoUrce arld tlre 50 cc clctector" ÎÌie ::csul-tairt Spe(li:l:tllìì

is shown in Figure IV-4" Tlre ií-abso::ptio¡r cc-rge of

ptatinum occurs at 78" 301 ]:eV9so that 'Lirc çar.'rTìa rays irr

the region of B0 to 100 keV vrere very rreavily

attenuateC. o thereby drast.ically recrucing tire

possibility of their surnming v:iti'¡ tire rest of tire

spectrum. 7\n attenuation curve for ti¡is filter (see

Figure IV:5) , oi:taincC experimentally usitrg tìte

' I0 '7ç
photopeal:s'" of ' 3e, t¿as usec1 to correct for i-ire

attcrruatj-o¡r of the çfarúma rays f rorn tlie23lTh cjecay ciue

to tiiis fiILer, Tìre resultant rclatir¡e interrsities

(relative to Iv (84"20) = | U0" 0) are shov¿n itr TaL;I<:

IV-I "

TIre lorv cnerg)' region r,vas sj-¡nilarll' re-e,tlalrrilrct..

using tiie Ortec Ge ( Li) X-ra1' crete ctor, anci i-he

undesirabl.e L X-ra1z5, togetitcr v¡itl-i tlic ¿5"b5 keV qanaia

rêy, were at Lenuatcci usiug a n,olybclenìlr;t f iltcr of

t,hiclcncss ( O.2O t 0 " 02) ,1n'/cn,2. TÌre attertuatiort cul:vc

of rnolybdenum (It al.:sorpticn ecr,gG at 20.0039 keV)9 is

shorrn in Figure IV-6, anci t-ile g.Ll',ultâ ray spectr:um Lallen

tlrrough this f ilte r, is sitorvn in l¡içJure IV-7 " The

result of t,he arralysis is sirov¡n rrì column ¿l in
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Tal:lc I\i- 1 , 'l'jre lveigirtcd lì'.cali of tjre rclat-ir¡c:

intensitÍes ( rel¿rt-ivc Lo f./ (t | " 2t.)¡ = lti0 " 0) are adoptec:

as tl:c relat-ive intct:sitics Of tirc ganûla lalzs col)ril.çJ

f ro¡u the 23lti-, clccay (sce colur.ìn 6 Ín Tab]c IV-1) "

Tìre energies of tlre gamna rays were <Jetermilìec as

qescribed in Cirapters I a-niì II " lf ven ttrouEli trle

non-Linearity of tþe spectronìetcr t.Jas al-lottcci for,

highly accurate er.ergy deLe::mination was difficttl-t ciue

to the numerous ga[inìa rays groupeC in a relaLively

sInaLl energy region. In t.he present vrorJ<, arr acclìrac)/

of no better than 30 eV was the best one cotllo obtain

for the linc'.s at 25"65 arrc'l 8t+"20 keV" Tab1e IV-2 lists

the average ganrrrìa ra]' energies and rel-ative

intensities. Atsc listec in ttre sarìe table are that

repoyi.ecl by Brol'¿nl1'16 foa cotitpariso¡. Cìene¡a1Iy, t¡:e

agreement is gooci witl:iri tÌte expcrimcntal error cluoi-cci"

In the singles gafiuna ray studÍes ' rlo nevr (tan..'xì.a rays are

oi-¡servecl in tlie presetrt rvorli beyonci titose iisteC l-,y

Ilrown, altiiougìr several ne\',' gariìrna tratrsitiolìs were

shown to exist by tire ganma-cJar.I'la coj-nciCe¡rcc rvorl<

v¡liich lqil1 norv be describecl"

IV. 4 GAt.{t.tÄ-GAtll'1^A COIì{Cr DtL'iCL

Ganuta gamma coinc j-dcnco v¿orl< \das carriecl out,

using tþe O::tec 35 cc Ce(Li) dctector as Llre gatj-ng

detector in clia¡rnel 1, ancl tlle l'Iuclear lliocre 50 cc
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Ce (Li) detcctor in tlic otrrcL ciiarlr'c1. Sincc Lìrc solu:cr

lras a half life of onllr 25"52 Ì:ours, it j-s rrcccssalr)' 1-<-.r

ciranc;e tlre sourcc everi' tr';o Cays i¡r t.iic coirrcic,c¡.cc

c>;perir,rents. In order not Lo <iísturb 1-ilc geonrct-rl/, a

special source liol-cler was corisLructeC. as s¡ioi¿n in

Iligure IV-8 " lissctrl-ial11', it cor¡sistei of a lucite

cylinder r,vitli orre enct closeC, anc couli i¡e snuggly

fj-tted onto the aluminiun covcring case of the 50 cc

detector o A circular aperture r+hose oianete:: \{as

2"0 cflìr was cut at the georiLetric center of tire e¡iC wa]-l

of the cl¡l-incJer. The active rnaterial was evaporatei to

dryness on a piece of mylar gluec1 to a lucite plai-e

whicìr could slic].e freehz alons tire slots cut on tlre

outsid.e of the closed e¡rd rvall of Lhe c)'li¡:cier" A stop

was atiacllecl so that v¡hen tiie slíoe rvas in place, tÌrc

active material \,vas on t]re louq axis of the cretcctor

and tÌ¡e gamnÌa rays corild enter the cletecl-or througil trrc

circular aperture" This simple ccvicc perrits chariging

sources in a coincicìence c>lpcriment rritlrout <1-ì-sturi.-i-r;g

the geometryo A nylon fi>ling scl:ew e¡rsurecl ti'¡at trre

positJ-on of tlre lucite c)'lincì-er rel-ative to Lnc

detector reniained fixe,':i"

On the averiìge, a coirrcidence cxl>eriment took four:

to five r,¡ecl:s. In orcler to min:]rnizc cìata collcctior:

tinre, tlre coirrr--iclcrrce circuit v.'as nrooificd Lo pernrit

14 t.
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!r,.\ -.^,\1y-Ê,LV/u ÐçI/qJ- q L(l COInCI(i(ìllCC S;pCCtfa t-O l;C

siuLultaneously" lirc r.ìodificci circuil- is

F-l /ftìrô | \/Þrt

col l-c ci-e (r.

s;i)or';n il-r

llost of tlre morc in'i-cr¡sr: ganriìa ra)'s viÉ)l:(j sc-lcc1-uc.

as gates¡ ârrci f-ile coil'ìcicicl'cÉJ speci-ra col-lcc,Ëc,:u" l'llc

gai-es sel-cct-ecì were tiie the gar,nia rays ¿lt 53.56 ' 81 "20 '
82"06, 84"20 | 89"95, anð 102"32 KeV"

58. 56 ]ieV Gate:

iJhen t,he 58.56 I-.eV ç{a¡nrna ray was selcctei as gate'

the coincícient spectrum is as si-ìown in I'igure IV-10"

After analysis, the ganìtna rays t.lrat are in coinciicncc

with the 58.56 keV gar¡na ralr are 42"79, 72,74, 81"20,

82,06, 8g,g5t 104.1, 105"7¿lt 116.g, 12.ti.94t 134.06,

135"62î 136"72, 145.03, 111,r"9" 163"06 and ?-17"96 keV.

T]-re line at Bq "20 keV occurs elitircllz due t-o rarrcolìì

events. The interesting feature in tiris spectrutn is a

group of galûûa rays in trre region 102 to 108 Ì:eV.

Sucessful unfol<ìing revealecì t\^/o qanrnia rays ai-

104"110"5 anð 105"910.5 iieV, rvhicir iracl liot J;euL

previously oÌ:serveci (sec insert) " Tlre ¡:eal.s at 107 "6

¿'nd 108,4 kcV are tlie t(-I'1,,, anc li-1"1,u coniponetits of l-irc

Pa X-rays " Of all tlre 9anünùl. rays oJ:se:: vcd in

coirrcicjencc v¡itìr tìre 5B " 56 kcV gatc, onI1' tlrc

line at 1 04 . 1 keV line clocs tiot liave a ccr-t.ailÌ placc i¡r

the levcI sciìer':r: '

L44



ffegure EV*åiã.

g3:e]:gy "n'å:ld*u: 'sf t1:e

i83-"?.* + 82"û6þ keV qa.e:*
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(t;1 "20 + 82.06) kcV (ja{-o:

,lcxt, it is ir¡tercstir:g Lc¡ ob'tairr tirc coi¡-rcic-ie¡.ct

spectrum in coi¡rciceltce rvitii tìle 81.20 ancr |i2"06 l;'e\¡

gamma rays, since Lirey de-excil-c fror.r t.ire san:e ler¡el Lo

tr¿o oif fe::ent levels wl:icil are or,ltz 1.0 l<.eV apart. It

is evictent frorn I¡igure IV-3 Èhat it is not possibl-e to

set the energy winC-ov¡ on eacir of tìlese tr¡o li¡:es

inciiviclually" Iti tire present vrorl<, the SCA -i-s set in

such a way that about BOtã of, tl.re gatirrE pulses ccnìe

from the 81 .20 ]ie\r l-ine, r','liile tlic renlait:i-ng zj'h corne

from tìre otirer ganrm.a raYr artcr a ciaErain of tire ellergy

l¡indorv j-s ciepictei in !'igure I\'-11" TLre gatc. is so

selectei as to rrinimize t.;re corrtrii>utj-cn from t..c

urrv¡anteC pulses corninE from tlÌe 84"20 keV ga¡nrna l:ay"

The coinciciel-;ce spectrunr is sliovill in Figure IV-12.

Tire garima rays in coincidence witir tìie gate are 25.67 '
42"79, 58"56, 63"77, 84.2U, 92"91 , 102"32, anc.

136"72 l:eV, f t should ]¡e rio'Liccci l-lrat tÌle 63.7 7 keV

ganìma ray is very vreal<. in thc sinçlIcs spcctra but is

rnucìr enhancr-'d here. Tlie l-ines at 92"9'l ancl 136"7 2 keV

are shown to be eni:ancerl only after: nunierical analysis.

The 92"9i keV gariITìa ra]' observeci in tlrc 1:rcscnt rvork is

iiÌcntical to t.lte 93"1 kcV J-ine rc¡rortccl by Brown.
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84.20, hcV Gatc:

l'iciure ]V- 1 3 s;hor.¡s a coillcj-ciclicc sl)scrLrLtnl

c<;Ilectecl r,,'he¡r tlrc aatc was sct orr tiLc Btl"2.0 ]-,-V (..Janrrna

ray" lfiie e¡lrrance ci lj-tres it:cJ-uclc 1-rrose .it- 11 4.2, b3.7i ,

72"71t, 81 "20, 82"06t 89"95, 9)9"33, 't16"9, 13/1"06,

't35"62, 136"72, 't45"03, 145.9t r63"06, 217"96 airc

236"2 keV. T'he i¡itercstinq feature ir, tllis spccLnin is

tìre presence of a 114.2 ke\¡ line, whicli appear:ccì. only i¡l

coincide¡rce spectra but not in sirrc;les spectlra.. It

shoui-d i:e noted that. the 84"20 ]',eV ÇâIì':Ii'râ ray cie-e:icites

a level rvhicir llas a Ïialf life of 41 nanosecondslP

Howeverr this cioes not cause ariy proi:lem hcre since t.le

time resolution of the svstem is 65 nanoseconcrs"

89.95 ke\¡ CaLc:

I'lhen the SCA is sci- to gatc ori t¡ie 89.95 keV iinc,

tire coinciclence spùctrlìm c¡J.ltait'recJ is as shor'¡n i¡t

Figure IV-14" The gamma rays Lirat arc-) founci to L.e in

coincioence r,¿j-til tìre gate are birose at 25"67t 58"56,

73"2,84"20Ì and a group of lines at about ¿{4 keV" 'l'hc

Ii¡re at 73"2 keV haci not J:eeri ol:servccì in singlcs

spectra before" Ti¡e group of lincs aL al¡olrt 44 keV is

of in't-erest here¡ âS it seems that tire group consists

of fou:: Iines having enei::gies 42"79, 44 "2, 45" B, and

47"2 l<eV Of these four, ot'ily Lrso (42"79 anc 114"2 kcV)

had been ol;':rvcc'l eitrrer in si¡rg1cs or in cr¡incicicrrce

with thc 84.20 kcV Linc in the ¡:rcsctrt v,'orl.., The

I riô
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rrlwr¡ìinincr l-\dr) af(.: ICSS

l¡r'on n] ar:orl in tirc

^,.-r--i *!,,uuI Lqrlr Ly e

clc;rr11' uncicrsl-ooct , at)i ,.ilvc

level :;ciicnc tìiouclir ltiLlì l-cssc:r

102"32 keV Gate:

The gailùùa rays in coincicì.cllce wii:h tire 102"32 ileV

garn¡:.a ray is shov¿n in f iclurc IV- 1 5 " Ti¡e coil'rcic^ei: i:

çfaruna rays are those aL 411"2 ' b3"77 , 71"8, 72"7t+,

81 "20, 82"06, 89.95, 99.33, 116"9, 134"06, 135"62,

136.72, '.t45.03, 145.9 , 163" 06 , 217 "96 | 236"2 anc.

249 " 5 keV. Ti:e structure visil-¡le in tile region f roni 50

to 60 l'reV is the ]:ac].,. scatterec peal" of tire 81 .20 keV

gamrf,a ray "

Further a1-tcr.lpts to gat.e on otÌier ctalì'Jna râ.1r9

proveó uns;uccessful due riai¡ìl1.- ¡o Liie fact tilaL. their

intensi{-ies \,üere too lorv tr: yielo a nteaninEful countitrq

rate" Tire result of tÏrc coinciCence rvorll is sum¡narizcc,

in Tal-rl-e IV-3"

IV" 5 DISCUSSÏOi.i

Tire rcrsult of tiie above stuciies l¡as assistcci itl

the construction of tire clecay scÌrente of z3lTlt, as slto\.'rr

in !'igure IV- 16 " TI¡e garina ray cnergies ancì t-iicir

intensities as well as tire coinciC.enl- dat.r confir:mcii

thc ciecay scheme as suggestccl l-,1r ¡t,rturr ancl Asaroli

Of all- tire gaìima ra)/s observeti , al-t l.,uL i:lr'o, viz

I ri4



those ai: 45"8 ancl 1l4"fJ }'-cV, iiavc Ì,ccrL ¡rlacccl in ti.cr

level sciieiiie, A lcve ] al- 29i-i.5 ltcV is sr-tçgt stcc i-o

acccrnociatc tile LI7 "2 llcV ganura ra).' \tlticlr is obscrvcci ill

coincide¡ice v¿j.tir tire B9 " 95 keV oaiiìma ra)'" Son'e suFljort

for thc eliistence of Lhis l-cvei comes fro¡n t.irc faci:

tilat there is a -known alpìrer ctccay of237 ì'lp to a l.:t'eflhC

about 300 lieV r-n 23ITÌ,. Severj lrevl g:aiì.nla lîays (six of

wirich are observeci otrly il-r coinciderrcc exÞerir,cnts) a::c

reported l:erer and tlreir errergies are 44"2, 45. B, I+'l .2,

63"77, 71"8,73"23, 104"1 aircl 115"9 ]<.eV.

The grouno sLate spin of 23bt nucfer's iias i-:ccrt

.t2nìeasurec i:o be 3/2 , aucl is a n',ember of tìre 1/2- ( 5 30)

l?
band"'" The T=1/2,3/2, 5/2 ano 7/2 nier¡bers lie at 9.6,

0.0, 58" 56 a¡rct 77 "B respectively. It is inti-:restit-lg to

note that the I=1/2 state a-ctua]Ilz ìras a liiqiier crierEy

than the I=3/2 si-.rte. l'Jot-t.e1sort ar.c irlilsso¡14 rtad siiowrr

that when tire oecou¡rlinq pararncter a (see PRijtrACE al-

the beginning of this Thesis) is ne<lative, artcl l"l is

sr¡fficientllz large, it is possiblc for tlic a/2 lîicn'f,er

to cirop l:elow the T=1/2 rnenlJrer.

Tirere is also an intrinsic roi-ationai- state at

a]:out 183 keV, ani l:as been .,ssiqned lå= tìle 5/2+ (642)

state. Tlris assiqtrmenL is priltarill' i-¡ased or) tìtc

sÍmilarity }¡etweou tlre spitr stal-r,s o'1231Pa a¡,ci 233P,..

t7lJrolv¡r- has suggestccl titat tllcrc: is
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rotal-ion¡rI J-.,and arouncl 8,4 " 20 kcV, ;rn<1 {-i,i s }-¡a¡rci is

given l-lte assignmcnL of 3/2+ (6 51 ) " Agair: o an invcrsioi,

of Level ordcr is obscrveiÌ, ar,ci is cailsec-i i,y coriolis

coupling betr^¡een this ancì 1-iie 5/2+(642) i-larrcr" the

triilsson assiqnment of 5/2- ( 523) is assigncu to tlie

17 4.10 keV l-evel whicìr is populai:cci J:¡z tìie l:eta iecay

o¡ 2 311¡.
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ClìIiP.I.,i It V

TIit DLCÀY OIr' "fu

V" 1 II.JTRODUCTION

TÌ:e ciecay of 235y is an intercstinq ol)c not orrly

because it is tire first r¡er¡,l,.er of t.ire actit'iiun scries,

but, also becarrse of tl:e relativel¡' scarcc spectroscoyjls

j-nfornat.ion availablel-3cor.pareC to t.lre huçic cìI*rou.Dt of

reaction arrd fission data. Prior to 1971 ' little

information orl its äecay scilcmd or ganina radiatior' rras

known" Since this rvorll was coucluclcd, a report of

Cii¡rers work llas appeareci in tire literai-uv-'e? This \,v'as

apparentll' the first ettempt to exanine trle occay of

""IJ using Ìrigh resoLution ser.:í-coniuctor Çrârrìfiìâ ray

cietectors, arrd t.he opportutiitlz has l;ceri taiieir tcr

con;pâre the prescnt t¡or]: v¡ich ìiiso t-ìrc on1¡' coniparable

set of data. i'J ine rtcrv- clâ.rìñìâ ra)¡s wc]:e forntally rci;ortcc

by Clirre for tlie first tinie Ì:r:yonci Lìrose ob:;erveci in

tire carly sixties, Alt.irough (;acba6 reportcci his rcslil-is

on tìre st,udies of l-he same isoLope il-i 1966, usinq

ÌiaI (Tl) scintilfators, his results are ltot vcry

trusÌ.-wori:hy in the sense that ttie agrocrr.ent v¡itlr t.iic

otirc::s is very poor" It is otìo <¡f 1-iie pul:posesl of tìrc

prc;;ent work to clarify Lllesc cliscrcl,rarrcics"
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f {: is ill-lowt,' tliai- all uraïiiut,ì ¡¡.inr:ra1s cc.rrrtai.rl

app::oxilnatcly 0.72';; of "tU. It is arr a1pìla <::.¡íLte r

i¿itii a iialf lifc of 7 .13>:i C 
B yea]:s. Iis ior,. activj.ty of

4.5 cìisi¡rtcgration per n:ir;utc. pcr n;icro-grar:,. causes

consiierable <rif ficu1ly i¡-r. t.i¡c investigaLior-, of its;

aI¡>lia spcctrurn, ali:hough pilr;e:: e L-al ! SXi i 1rr,gl

Baranov et allånc Gact.a6 have succeecccr irr oJ-:1-aini¡lri

alpha spectra of " IJ usinq uraniun sanlp]cs Ligirly

erlrtcJled .rn u.

The ga¡iurra rays associatecr ryith iile alpìia clecay irai

irrcludirig Pilger]

971 , onl1,. nine Eanrna

="rro*.1 which itself

been stuc.tieô l:y a nur,rl..er of groups,

I,íalictl, Stevenslãno clines. Ur¡til 1

rays l:acì J:een placccì irr Lhe level
had '¿en leveLs(See Figure V-1) "

V. 2 SOUlì.CE PRIiPtrRT:'tIOlI

ïn thc present rr'orli, 2"5 grarns of 93ti enricircd
235u v¡ere ol¡tainecl frorn tlle ilhiteshcll- Researcì'r

Estal>lislunerrt, .irtoniic l;nergy of Car¡aCa, pinav.'a,

Ilanitoba" conventiorral netìrods of source preparation

l,vere not possible because:

( i) the seni-concìuctor cleLect.ors usecì l¡ave f.ìoor

Cetcci-ion cf f iciency--oni1, 5-7'tí of ti,at of a

3" >t3'r I'iaf (T1) scinLill-atioll rletector:, ancl hence a large
,15quantity of -""U is ¡iecdeii in tire sourcc.

(ii) Lr-'a::r.un c]rloricìc (s;cc foll-or¡ing paragrapir) tencìs
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to for¡n large cr)'stals arrcì Lìius it is not possii_rre Lo

o]-.¡tair. suital-.,1e sourccs by placing a irr-:¡r of t-¿rc

solution on a tjlin )-.racilj-ng ancj cvaÌ)ol-at-irrg to cìr\rnc--.
( iii) 2 3 fu cecays to 2 3l Tì: rr'iric.r itsel f iras; a ìrar-f 1i-f t:

of 25"52 irours (sec Cìraptcr IV) " This mean.s tiial- Lirc

ciauç'hter activity r+i1r be in secular cquilibriun v,-iilr

the parent in a nattcr of iays 
"

rt is oj¡vious that tire source to i-:c useo, in i:ir.¿ prcscnt
studies shoulcl itave some rneans of continuously 

, rcrnorzing

the daught.er prociucts " A special sourcc irolcer rvas

constructed as shown in Figure v-2" A ce1Ì whosc

external oinrensions were 4 crr b.,v 5 cn by 0. 6 crn v/as

constru<:teo fron lucite. Each rvall of tl¡e cetl rvas

made of lucite of tj:e santc tìricl;ness (0.2 cm) as tiie
space between tÌrem. Tìre space v/-as pacl,;ec h,itiì
Àmberrite AG-1xc 5c-I00 rr.esh resin previously soxìrlet
extracted in an al-l gr;rss extraction apparatus fo¡:
eight' hc:urs with l2I'Í iicl. Uraniu¡1 v,7as loaciec, onto tire
resin corunn in cÌrloricr.e forn using 12¡i iicl, At tìris

acidit¿tire uranium ions shoulcr stay on the resin col-urrrn.

A reservoir proziclcd a steacy fl-or.¿ of 12ll ]lcl aL sucli a

rate that the entire vol-unre of acid insicle tìiu cel_l-

rvoul-cì I-¡e repJ-aced evcry jralf l¡our. Tlris yA)¡, a¡)' 231 Tlr

tìrat v¡as produccd as a rcsurt of tìre aJ_ph¡ decay of 231_¡

tvoul-ct be col-rtinuousl¡r r,¡a:;Jlccl out. The cluanc rvas
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col leciccì irr a bol-i-ic " To

su::rour:ciing cquiyrn,cnt fror.r tiCl-

q\/e+-r'rm ì ntn Ì-} ^ -r+i:,/\c'rtlr.,r.-r*Ile cìEIil()Sl).lICIù r 'Llrù

l-:of .l- l¡' v.;ê'Ì-ô nfOViCeCl. wiiil rvasìl

traps

to tri.:

f ront L.i rc

tl-,c ciìtc¡r

as; vapolìr

V" 3 GAMT'iA RÄ,Y SPLCIiìA

Figure V-3 shorvs tìle çJamIiìa ray spectrun up to

'r50 keV foliowing the all:ì:a oecay of 23fu into23t Th,

taken with a Ge(Li) X-ray detector r,r'hose resolutioli at

5.9 }:eV \'/as 290 eV. The spectruro. is suf f icientllt

sir,rple to permit very acclrrat.c cetcrriinatiot, of tire

garuna ray energies, as descrii¡ed in Chapter I" The tr'¡o

weal: peaks at 25"7 ancl 8I|"2 keV can Ler att::ii:utr:cì to

the incor,rplete rer.".oval of 23lTir fronr tire colur¡.n a.nc its

presence is revealòd lr)' t}:ese Lr,¡o ij-nes which are Lire

strongest transitions in tìle entire spectrurrr of 23hir

(See Chapter IV). The l-i¡res at 52"228 arì<, 120.365 keV

corûe from the ciecal' of 23t1. The solrrc'i is knoruü to

contain z34U¡ ancì it is not possiirlc to renove it by

chenrical means - 'Ihe uraniun il-rays arc procìucecì l¡]'

fluorescence due t,o the large anount of uraniun presetìt

on the column " In this Lor'¡ cl)crqy portior: of tire

spectrurn, tlle lines ai. 31" 5 , 41"70, ancr 41" !ì6 I:cV arc

here re¡:ortecl for tire first t,inrc" Tl:e inst:rt shor"s t.lic

closelv sil-t-t¡rtccl lines at z 42 keV"
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Figure V*5
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The liigh cnergy region of tlri: cJaì.rlna ri:l1r r;pt:cLl:ur'r

has al-so been cxamincc-i usincf Lirc 50 cc Clc(Li) ccLcctor

v¡hose resolution is 2"0 i:.cV ai- l " 3J ireV" A ty'pic;rI

s¡lectruiii is slrov¡n in I¡iqure V-4 " Tilis spcct::uri rcvcaf s

tire gam¡na rays wliose energies lie Ì¡etl,'ec¡r 1t+b"0 to

400"0 keV" Garrurra rays of irighcr ener:gic',s wel:c searcr'.ecl

for Ì¡ut not ol¡servecl, hence it is coucludcci tìrat tÌ:er:e

are no ganutÌa transitions it 2-35g clecay be;v'otlo 391 kcV"

Of a]l t.he glalnna rays observccl irr titis region, Lìtose at

215.26,275.35¡ 291"58, 345.84, 387.7g arrcL 390.27-keV

are here reported for t,he first tine" The Ilore intense

lirres ì:ad been calil-trateci in energy f:o v¡itliirr 10 êV,

alrd CUTIPIE \^/as useci for tile ciata anali¡sis tir::oughout

(See Chapter II).

Due to tire prcsence of the iuc-ite ceil anc,l tne

Iargc amourit of uraniur¡ present o¡l L.he column r garulrìa

rays e¡nittecl v¿i11 suffer sol'r:e attcnuatioli so t.irat

corrections for self aJ:sorption havc Lo be rracic irt tire

following manner" Ignoritig 1,hc tiricl':iless of tile l-ucitc

wa11 for tlie tin-.,-: being, a tliin s1¿ii, of ciisì:rii¡ui:.:c¿

source of tllicl:¡lcss c.tx (See I'igu::e V-5) v¡íLl- yielcì a

counting raLe clRt of a garnna ralz (witil clìerg)/ I) givcrt

by

dRr = peAclx

if tlreri: is no self absorption" ilerc u

1.66



p is tirc ¡.rrobabiIiLy of c:Irri5si-c¡n

e: is tire cietccL:iorr efficj-encl'

part.icular geol:ictry,

.. 1=()l suc,r a gaì,,tia r,ì'.'

aL cncrgy li ¡:.t l-irat

tirat trie

A is bire area of the cell"

It sliouLo be no1-eci tirat all tiie

and dll , are energy cielrs¡¿c1¡¡"

rluant:'-tj-cs;, c>icept 7\¡\

But tire gam,na ray ernittcC iras to go througil a tiricl:r:ess

x of the resin n-,ateria1 (and uraniurir ai-rc acir-t) ¡efore

reaciring the deLector" Thus tìie dcLectior: rate cìR is

related to cRt by the sinplc relation:

dR = { e>rp (-ux) }oa'

= peA { ex1, (-u><) Jax

rvhere u is the qfross mass absorption cocfficierrt of the

res j.n rnater:j al, uranium, acicr, ar:ci in short, evcl:ytlring

tliat is insid.e tìre cel-l" The total countinc; rate R is

tìre¡r given by
'r*

- I eA{ exP (-u>:) }¿xtÌ= f p
Jo

At a girrerr energy, e and p arc corìstant so

integral reciuces to:
ty

R - peA J tci:p(-ux) jc:r
Jo

= peA { f .o -. exp(-ua) }/v

= peA¡ì { r.o - ex¡:(-pa) }/va

= Ro{ r.o - e>rp(-pa) }/va

Irlote that Iì o = peAa is tjrc cleLccl- j on rate aL t.tre sar,rc

geometry and cncr:gy if thcrc viere no s;elf a)rsor:pLi-on,
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lleterminaÈion of tf-¡e ån'¿ensi-ties

ot t;!tæ ,qa:rußã. rë.yç

fr*lr. 235iJ dece.¡

i{,?"



(o)

(b)

(c)

t]il
ilil
il[
EMPTY

COLUMN

X
SOURCE

X
SOURCE

(d)



ancì is tire c1 uaüti t-y ne t¡cicc.l to dcter:nliltc tr¡c L::uc

relative intensit-ics of tirc EanìIìla rays " lì is tire

cletcction rate obtai ncd c>:f)urirnclltally as a resuiL of

self ai,.,sorpbiori" Lcl:c a i: t.ric tilic,:nol;s of tiic resin

co.l-unu'ì, ancl is tlie sanre as tìre tliicl':.ncss of ttrc lucitc

wall- "

In the preserrl- l,Jorl(, since Llie atLc¡ruatio¡.r ciue to

the lucite wall cannoL Jce ignor:ed, R was ðcte::rnincc, in

the followinçr n',anner" First, a singles Çâr,ìrfiâ spectrun''

was take¡i througìr an extra sheei: of lucite of

thj-ckness âr as sJlov/n irl Figure V-6a" 'Jlle cletectioir

rate R is no\.r

ft = Iìo { 1.0 - ej{p(-Ua) }{e>rp (-2na)}/Va V - I

r.¡here n is tÌ,c fiìass absor:ption coefficier't of tiit:

lucite. l,lext¡ âfl isotope rich in garrün-â rays (in tÌ is

case, lB2Ta) was put ir-: frorrt of the dei,cctor¡ ãs sllolvrr

in l'igure V-6]¡. Tire al:cas oÍ tirc l¡irotop¿ajrs iJo(ii) of

IB2-Ta r./erc notec. The ce1l- contairlj-lìE tile resiri,

UraniUm atld acicì r,.,'as thcn irrterposecl betr,'een tiic Source

ano tþc detcctor (I,'igure V-6c) ancì 1-ìre attcnuatec arca

of the sane gafiìma rays t{ (E) fiere ¡ro'ucd" Tlius

I! (E) = t%(¡j) ex¡:(-ua - 2na)

or

ua + 2nâ = log (tio,/N)

In Ll¡is stc[), tlte gamnìe ra\/s f ror; ¡1¡* 235 ¡ occay welîc,
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of course ' [)resicrì1:

vJas i:c¡:Iaccci bY arl

ar:d ¿r tilird set of

i'¡¡(ii) = i{.(L)

or

2na = Iog (iJ"/i.i')

!'rom .LJquation V-2, 3

ua = 1ogtu. /x) - Logr,Lrl" /i.l')

= Iog (r!¡/r¡)

i¡ut v¡e::C riol_ Usc<.i." Firr.rIfy

iiÌcrit-ical cr,,p1-1' ccl-l-' (Fiç

arcas ri t (il) vrc::e oLtaineC,

e>:1: (-2¡a)

, tILJ coil

/\urc \¿-rJc'/ r

v¡ire tr cc

v-J

v-4

Tlius Ro in Ìiquation V-1 may I:e obtainei, knov;inq pa ârrc,

2na , Again, it sþoulo be riotcd tÌiat Rr Roare futrctiotrs

of energy " l:trhen tlre intenc i l-y calibratiorr .v.'as made,

care \{as exercised to saLura'¿e tiic co.lun'n r+itit235ii to

ensure tÌ¡at tìre distribution of aci:ivo ntatc::ial v,'as as

uniforni as possible" Figure V-7 shov,¡s a Plot of pa

\r*¡5-r t: energy Il . In tire sanìe graplt 2t1a lr¡âs also

plottei" Both \^/ere obtaillccl expc:r irilerl'ta1i1z. The

relative intensities of tÌrc ganrna rays (relative to

\ (185.712) = 100.0) cluc i-o thc t-Ìcca1r of235U (aftcr

correcting for self al:sor:ptiort) , togctirer v¿itÌr tìreir

energies¡ ârc Listccl in TaJ-¡Ic v-'¡ " AIso liste:c; i¡r tile

same Tal-.¡Ie are tlle results rccetitly rerportccl l¡y Clinc5

wlierc comparable oata e><j-si-" Tirc agrccrlcnt bcttqee¡'r tlte

present work ancl ttrat by Clillc is cxccll-cn1-" Of course

no comparision is possiblt: for tlte 1i¡rcs not ol-'servccÌ

r ?')
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by ltit:',, rrarecly l*.I¡osc at 3i"l¡, ttr1"-10, il1 "96, 2'.15"7Ar

275"35t 291"5ô 345"84, 337"79t ancì it'Ò"2.7 i:cV" lilso it

is inLerc:;tint¡ to liol,r': tì,rai- tilerc j-s s()r,,t: clis;rçlrer:l',clrt

as to i:hc crlergy arid rclativc: j-nLut:sit;, c¡j:'trtc 1i¡.c at

74.7 6 keV" ?his clisc::e1;arrc1' is riot unilcr:stooo,

particul-arl1z in vierv of tlie otlie rr,iise cxcej-l-r':nt âccoltci

\,Jith tire tv¡o sets of ciaLa.

V. 4 l;Al.rjj\lA-GA-I\O'À COIIiCIDii'lcli

Ganrnìa-gaIiìna coinciðe¡ice t'¡ork r¿as carriei out risit.g

the 50 cc detector as the ç1atir:g cletector orr cÌra¡rr:el 1

anC the Ortec Ge(Li) X-ray detector on ciranncl 2" Tl¡is

combination r.¡or]-,ecl quite rvell when stroug lines wel:e

selecteci as gertes. i'iherl lcss intcnse gannra re)'s \./ere

usecl as gates o tl;e counting ratc was so l-ov"' tirat. it was

necessary to replace tire X-ray c,e1-dctor bi' tr'ie

Ortec 35 cc detec'tor.

185.712 keV Gate:

I'igure V-B shov¡s the coinciclcrrcc spect::unì r.''Ìicll Llìc

gate rvas set on tire 185"712 kcV garrtrna l:a]'. The lincs

at 31 . 5 , 41 .70 ancl- 51 "2 ÌicV are uncltlcstionably

enirarìcecl" TIie line al- 51 "2 lieV ìiaiì not beerr obscrve<l

in singles spcctra i¡r tlic preseut wo: lt, uor ìracì it, bocn

reported previously" F.efering to the l-cr¡cl- scirclùc shor,¡rt

in I'igure V-11, LIre-. fact tlt¿rt- tirc linc at 31.50 ke\u' .i.s

1a^
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in ccrinc-icrcnce rvii'jl 1-iic 1?,5 " 71:¿ jicV gatc ir,r1;1i *:r; Lir¿rt-

tire::c iras 1-o i;e a 1-l:¿r.r-lsitioli f rom i-iic 2ù¿ " 3()(t 1-o I,rr.:

1ü5 "712 J:eV 1cvei, tÌrc cn,r.l:g)¡ c.ri f f c::t-.:rrcc: J-rc'cr.,'ce ¡; tricsc

tv¿o lcvcls i:cing 19"59 ÌleV" A qanlna ra.v at 1-:ris el'rL)rq)/

is not observe<1 , but L.lìis ciclcs rrot cxclucre ltilc

possibility of sucli a transition, sincc a transition at

tilis energy colrlcl i-le vcry st::oiig11' conr¡crtec.. A-l-so

strongly enhar:ceci are gar.rma rays at 150"939, 1tJ2"65,

i 98" 89, 202"105, 215"26 a¡ro. 2t+6"59 }',cV" AltirouEìr only

three r^iere previouslir placecl in the lcvel- scil.cri.e, all

the enLrancecl lines have j:een sLrccessful-Irz rrlacec. in tire

present worli in the level schene"

163"349 l:eV Gate:

V'Jhe¡l tiie 163" 349 i<eV l-ine v¡as sele cteo as gai*e,

the coincidencc spect.runr was as siror.¡r.r in Figure V-9"

T.l:e enhanceC lines incluoe çiarìuna rays at 31" 5 ¡ tl1"96,

51 "2, 182.65 anci 202" 105 lccV" Tiie preselrce of the

41 "70, 51 .2, 150" 939 anci 2C2"105 keV lincs are ciue to

cor,tpton coincidencûs. It raust J:e reneinberccì tirat cìre

163.349 JceV ganuta ra)'is sitting o¡1 tÌle lo\d elrcrg)/ tail-

of tlre 185 "712 keV line (See l.'igur:c V-3, ¿l) " Thus, the

gating pulses are 1il.:r:Iy to colrtain col-rtriL¡ntions from

tÌre Low erìergy tail of tlre 185"712 keV ganuìa râ]',

therelry accounLing for tllc prcserìcc: of tìre Iincrs

¡nentioilecì a]:ove. In fact., tlrc c¡:ti::c sct- of cnira¡rccc;

L76



1i-nc.s i¡l coinciclel¡cc v,'iLir tìle 185"712 kcV <lârrnìr ra)¡ rs

expcct--ec,' J,ut in tlre proserìt casc, onlv trr<,: stron(jct:

orìes arc obsc¡:vcil" 'l'i¡tl weaker ones h'êrc not irl l-e¡tse

etrougir {:o be obserr¡airIc " I t siroul-il },c not.cci , aryain

refering to f iqur:e ,\i-11 ¡ 'i:lrat the l-ines at 31"5t,
'l 50" 939 ancl 182"65 heV are also in c.rscac:-e witil the

163.349 i';:eV gate" Tlrus it is concluCeC tuai: tìie lines

at 51"20r150"939 anð 1B?."65 l;e\.¡ a::e enlrancei'. iue partly

to genuine coinciderice v;,itir tlre qiate ar-rci partllz to

comptorr coi¡rciclence with the

discussed above"

'185"712 keV line as

Tt is inLerestiuo to note that the line at

41"96 keV cioes not have tÌre same intensity (relative to

I ( 1 85 "712) = 100 " 0) as tiia.t obtai'e cl v.'iti: tile
Y

-185"712 keV' gatc. In fact, it is n,or:e r;trongfy

e¡rhanced in tir-is case. Tire onJlz logical explarratioii is

that this line is actuall1z doubl-e, r,ritlr one componenl

(41 "7 0 keV) in cascacie rvitir tìre 185.721 l<eV linc, anc

the other ( 41 " 9 6 keV) in casca<].e v¡itii tlie 1 6 3. 3¿19 keV

line" Tiris doui¡l-et has been oJ:servccl in the sinql-.is

spectrum (Sce Figure V-3) "

(202"105 + 205"312) ]';eV Gatc:

TI'¡e next gate s:elcctecl was set on the 2l)2" 105,

205"312 keV cìoublcL" Tirese could Ìrot be scÞara't-cci for

'cirese cJarrna rays \ùere rather wcali so L..Lrat tlrc X-ray

L77
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clctcctor iiad to l:c re¡-rf ¿ç¿¡'i

v¡irich lras a poorel: resolutj-oli.

are sufficicttcll' close tcgetirer

not possibl-e to ol-:tain a clcan

spectrum collectei is shorvn

enhanceci J-ines are ttrose at r4J.

246"59 ancl probably 150.939 keV"

1;1, titc 35 cc cic t-cctor

l\1so tl.e Lv,'o Eanlrna r¿ìy s-ì

i n { jrrrrr-.rv s.ô tirat it is

gai:c. The coi¡tcicielrce

in ['igure V-l0" The

753, 185.712 | 215 "26,

clata i-s silolvrr in¡\ sunìnìary of the coincidence

Table V-2"

V" 5 DTSCUSSIOÌ,7

The resul-t. of the êboV€ investigatiorr is l;est

summarized in the ciecay scirenre as sliov;n in I'igure V-1'l "

AJl the levels exccpt those at 390.27 , 31 7.42 anc

240 " EZ keV are f ai:: t1' rvell estai.>lishcd f rorr tiro

previous .alplia studies " The levels at 390 "27 | 317 " 42

anci 240"82 keV are aorj.eci to accon,moclate t.ire garüna rays

t.¡liose enerEics are 390.27t 233.¡19, 2'15"35t 221 .97 1

240.95 and 198"897 keV" Tile cxistence of tirese l-cvcl-s

lexcept possil-,]y tire 317 "42 l'eV l-evel) is possible ctue

to their closer¡ess to tlte other lcve1s strongl]' fccl L)'

alpha decayu whicir v¡ould lcacl to tiieir aIpl'ra groups

being missecl" In f act, the level-s at 390 "27 ancl

240. 82 keV are so close to t.i¡e 387" 817 arrd 236" 89 kcV

leveIs t,irat the previous invcstigations of 1-he alpha

spec{-ra mi.ght not have rcvcaLed thcnr iuc

I()I

LO the



unav()j-ciabl1' ].)oor rcsol-utio¡i c¡f 1-iic specl-]-or'e Lt:r:; "

I'urthcr, r.iorc 1-ira¡t onc (i ¿ìmIna J-ír1: ci e-cxcitilirj (j¿lc^l of.

thesc Ievcfs c;it'es; sor:tc suppoi:l- 1-o 1-ì:cir fosttrl¿ttcc,

cxÍsl-ence "

It ¡n,usL be concec-ie:cl aL tris rroint that. trlc:

proposeci level at 317.43 l'ieV, bcing ::casonaì-:l1z rentot'.:

fro¡ri the alpha groulls, is lcss ceztain tlratr tric oLiier

two levels (those at 240.82 ani 390" 27 l"eV) . The

con':p.rÊX aJ-pna spccl-runì sliov;ri i;y iryoeT ciuc L.o Pitgcf

does not excLucie tire possibiiitl' of tìie accomocì.atio¡i of

such a r.reakly fed level, lrorvever"

AJ-l the 2E gamma rays observed in tire present rvorlc

I-rave been succcssfulll' pl;rceci in the decay schenc" The

ene::gÍes of tìre l-eveJ-s lrave l-,,een re-acjusteci ];ased on

tire energics of tl:e gamma rays" As mci^^t,ioneC above,

the ganìr,ia spectra arc suf ficient-lir sinple (irr the sellse

!1-.^+ r-!^,. ^'.4.Ê.i ^-i ^-+-1" ì r-nl ¡+ai {:ynn, ¡':L¡¡q L Lr¡u yarrrr.â. rays alîe suf f ic-i-e ntlit isolatec f ron, e¿.rcir

6.|-l:rrr) l- 6 normi l- t¡r'rw â¡.l':ìlrr'l-¡ rrtì,rrñ\/ rì,¡lg¡¡.1j¡iatiOli"vu¡¡ÇÀ I vv lrur¿rrr u vurj

It has loric1 been l--no¡,vn tlrat " 
tTlt exiliuits

,?q
rotational strucl-ure. The grounc st¿rtc of -""L is rvetl

estai:lislied"Ëo irave a Nilsson assiqnment of 7/2"(7U3),

a¡rd its f avoured a1pìta transition cìccal's to tÌre

387. B2 kev lcvet in "tTh " Tliis l-cvel j.s triercforc:,

given the sanle as sigrtrncrlt (scc !'igr:ro V- 1 1 ) ' anci

dc-excitcs to tlrç: 185"712 l:t:V lcvcl by a prcdotttincirt-Iy

182



I11 trailsitioÀ1 iiellco tilis J;¡-iric'J iras to iiavr: occi pari1,1.,

and a spin of 5/2 or 7 /2 " 'l'he olrly ',iif s;sr:r-: l-cvc1 r-rcal:

tlre 7/2- (7¿13) statc sat-isflrinq i,ircsc co¡-rc.itiol;s is tìi;

5/2- (752) leveÌ, ancì is tirus assi<;uccl to 1-ìris; ]¡a¡lci" .A

very st.riking featurc of t--l.is; Land j.s t.iral- it seerrs 1-o

be conpresseci at about 19A keV. This is c.ruc 1-o tiic

stronct interaction i:ei-v¡ecn tire 7 /2- ( 74 3) banc ano L¡ie

5/2-(752) l,and brougirt about Ly tlie coriolis forc':s"

Sucìr arl interaci:ion had been caf cul-atecl Ly S'tepiretrsir5

t6 -and bv l(armañ- for a clif ferent nucl-eus" The 181.712 keV

level cle-excites to the grounc state of 23lTl-r by Ii1
1'ltransitiorii ancl thus tìie grounC statc is unan,.biçuousi1,

assigned as 5/Z+ (633) " This is the san'.e as tire groiinc

state of '"'u wl:ich is not un-e:,,pcctci, sirlce tney i.rot,i

have the sarne neutron numi:e:: (14i) " There is a furthe :

Ì¡ano i:uilt on tlre 3/2+ (631) levei as suggestcc l:y trrr

reaction e.rt.rI,B'-2r9raicl et-aI2t hru suggestec i-.ìiat- 1-lic

level-s at 227 " 41 ancl 24Q " 82 lieV be assictr:c<-: to this

bancr, based on Lire results of tircir ( c , p) ancì ( cì, i)

rcacl-ion data" The levei- at 317.42 keV t¿ottlcl trlclt

correspond to the 9/2 nlernber 'of this Ì¡aui" It i.s

irrteresting to rrote that rritll Uo = 221 " 0 7 keV,

[ = 1"429 kcV, ancl ì] = 0"100 ]lcV (sec Pt{llFACU), tirc 7/2

nember of tiij.s l.land is ex¡rected to lie at- 269 lçeV" A

levr.:-'l- at tilis encrgy is noL <-¡l¡servecl ir' trte prcselìL

rvork, nc.rr has i'L becn obscrvcci prcvior.rsllr.

tri 3





EPÏLOG

garnma rays emitted as a resul-t of the üecay

' 23s-- 231-h and "tPa have }:een carefulry examineci inor u, I

the present v¡ork

The level schemes of "'A" and tttPa irave been

reported. recently by Pinho ano Brown (See Ref L7, Chapter ITI

and Ref 16, Chapter IV). The present v¡ork substant,iates

their report anci extends the knor,¿n dat,a on tirese isot,opes "

The observat,ion of several new gamma rays in ganïna-gamma

coincidence work has rnade it possiÌ.¡i-e, ín ti:e present work,

to conslruct definitj-ve ancl cornplete d.ecay scherrres of ttrese

isotopes "

Tire <lecay of "tU it interest,ing in that not

r.uch rvas previously known about its ganrma radiations"

Cline (See Ref 5, Chapter V) is apparently tire first person

to examine this i-sotope rvith high resolution semi-conductor

detectors" Sirnilar detectors are used in the present work,

and a definj-tive clecay scherne is obtained" It, woulo be

beneficial to exa¡bine the alpira 1:articles emitted as a

result, of tttu d."u.y, but unforturrat,ely, the source avail-

able is not suit,able for this purpose.

In passj-ng, i'c shoul-d be mentiotrec). tha'c tile

presenL v,¡orl< concl-ucies the investig¿rtiou of the Acti¡riu¡n

series a projecL ishicir has beelL pursuecl in tiris labor-

atory for the past ciecade"
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