
NUCLEAR SPECTF,OSCOPIC STIIDTES I{ITH LITHIUM-DRIFTED

GEfuYANIIN{ DETECTORS

A Thesis

SubmítËr:d to

the Fa-cul-ty of GraduaËe Studfes

UnÍversity of Manitoba

In ParÈí al Fu1fillment

of the R.equirements for the Degree

ÐOCTOR. OF PHILOSOPHY

by

Robert Al1an Brown

Apríl 1968

4é À'

€, rlh',i(2, rÈV
\14ó'l ;',., -,¡.cilL i)



ABSTPÂCT

t34
The garnma-ray spectrum of Cs has been studied r¿fth a

3.5 mm deep by 18 rnm diameËer Ge(LÍ) gamna-ray specÈrometer.

The conversíon l1ne specÈrum has also been sÈudíed with the high

resolution n/Z g-ray spectrometer at C"R..l-1.L. and the K-conver-

síon coefficients of the Ëransitions measured ueing a mixed source
134 L37of Cs and Cs. Ì.tr1ne transíti.ons 1¡rere seen in the decay of

134cs. The presenË daËa are consisÈent rvlLh levels ir, 134nt

ar 0(0+), 604.6(2+), LI67.7(2+), 1400.4(4+), L643.0(3-) and

L969.6 keV (4+¡ . l{o evldence has been found for prevíously

reported levels at L570 and 1773 keV.

Ëilgh resolutíon Ce(tí) deÈectors have been use<l to study

the gamma-ray specLrum of 18.0 hr 159ru. 
EighÈeen transítions

'were observed, tv¡o of rrhich are reÞorted here for the first

tíme. The previously reported cornplex nature of Ètre 617 lcct/

transitíon has been examlned and hÍgh resolution studíes

revealed a doublet structure rvith energles 616.510.3 and

617.7!0.2 keV and intensities of.2.3t0.6 x 10-32 ancl

15.012.3 x 10-3% per dísintegratíon respectívely. Gamma-

gamma coincídence experíments rìrere performed r.víth large volume

coaxÍal and thín windo.^r planar Ge(tí) deËecËors, using the

relaËed address technique and on-line computers. These experi-

ments have established levels in l59tb aË 58.0, L37.5' 348.1,

363.3, 580.8, 6L7.7, 674,3 and 854.9 keV. All of the transi-

tions observed Ín the direct spectrum have been fitÈed into the

level scheme.

The gamma-ray soectru¡n of l77yb has also been studied

wiËh Ge(Li) detectors. Trrenty-tvro transitions were idenËífied



\'rfth the decay of L77-ra, 
seven of rorhi.ch have not been previously

reported. Gamma-gaioma coincidence experÍments were performed v¡fth

large volume coaxial cietectors using the rel-ated address technique.

The present data have establíshed levels ir, 177r,r, with energies

LzI,60, 150.35 , 268.73, 2gg,g2, 45L,6, 1049.5, 11.49.7 ì 1230.7,

L24r.4 and 1336.4 kev. r,reak evidence has been presented, for a

level at 458.1 lceV.
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1. I InËroduction:

over the past ferv yeârs the fícld of nucleer physics

has r'rftnessed the introduction of m!.Dy ¡sn7 insËrrmental and

experiment¿l Èechniques. .rlrom the poi't of vier.r of Ëhe nuclear
spectroscopist the mosË imÞorËant of these h¿s been the developmenË

of thc semíconrl,uctor dctector and the subsequent Ímprovements in
the associ¿:ted elecËronÍc instrurnentatÍo'. These detectors h¿ve

high resoluËion, a línear response over large energy range, * fast
rising pulse from mosË of Ëirem, arc quite sr¡r¿rIl and can rearrily
be manufactured for hÍghly specia.lized geornetríes. They can be used

for sËudying electronsr protonso alpha-partlcles, heavy charged
particles and. gamma-rays.

For several years the only senicond.uctor detectors avail-
able r¡ere p-n junetion or surf¡¿ce barrÍer Ë-ypes and these ruere

used mainlv for the study of alpha-partrrcres and heavy charged ions.
The resolutíon of these detectors lras typica.rry about 15 kev for
5.5 ifeV alph¿-particles (ifcì(enzie and Er.¡en Ig6L). Sínce the max_

Ímr.un depletion le;rer in e simple p-n Junctío' type of diode is about
I mm, they cen be used Ëo study protons up to about 12 Mev, deuterons
up Èo about 16 Ì,{eV, al-pha-pa.rticles uÞ to abouË 48 }leV and oxygen

íons up to about 200 Her/. ïhe inËrod,uction of the lithiurn-drifËing
process í' silicon by peJ-1 (perl 1960) macre 1Ë possible to produce

lerger vohme det.ectors, trrereby extending the ra'ge of energies
covered Ín heavy partícle studÍes ¿nd also permitting theír use in
electron spectroscopy.

-1-

CHAPTEN I

Senicorlductor De tec Ëors
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These lerger vohme silicon litJ.iuuFdrt-fteé deteetors,

Si(ti), trrere used to look et gaffna-rays as long ago es 1962 by

i{ann et aL (Me.nn 1962) rvho reported a resoluÈion of 9.05 keV

F.l^¡.H.If . at 662 lce\¡. Their big disadvantage hor¡ever was the fact

that the full-energy peali height r,ras only about 27" t}re-t of the

Compton edge. The flrst published results using the lithfu:n

drift process ín gernanium for garmna-ray spectroscopy are those

of Freclc and I^Takefieid (Freek L962) urho reported a rcsolution of

al¡out 21 keV at 662 keV, mosË of thÍs width coming however from

aurplifier noise. The phot,oelectric cross section pcr eËom

exhibits a 25 depend.encc which makes germanium much more suÍta.bLe

for garma-ray specÈroscopy than silicon. Developments in this

fíeld progressed raoi<lly with reports by trrlebb and i'Iill-ians (I'Iebt,

1963) and several pi..pers by Tavendale and Ewan (Tavendale and Ev¡an

1963, Ta.vendale L964e, b Br¿an L964a,b) 
"

The development of Ge(Li) detectors to theír present

sophisticaËed state has been brought about by the r^rork of many

groups, prlmarily those at the Chalk B.iver Nuclear LaboratorÍes,

tire Argonne NaËfonal LaboraËory and the Lar.¡rence Radiation

Laboratories. The literature contains nany revÍev¡ arÈícles about

semiconductor detectors and the reader is referred to these

artÍcl-es for details of both operation and fabrÍcaËion techniques.

Sfnce Ëhere have been so rnany êrÈicles r.Irítten âbout. detectors

both for g¿ûma-ray and charged particle work, 1t 1s not possíbJ-e

to f.ist all of them here. The foII-or.ring líst ín intended merely

as a guJ.de and is by no rneans compleËe: Bromley 1961rL962;

Dearnaley L963, 1966, L967; Ev¡an 1964â, bo c, L966arb, 1968;

FowLer L966, Gibson et al 1965; Goulding L966; Grahao, 1965, L96(t3
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Jungcl-assen 1965; I{eath 1966; I{oil.ander L966g },taLn 1965, 1.966;

Pehl 1967; lavendaLe 1.963, Lg64 arb, 1965arb , 1966. lIo detaÍLs

of the construction techniques and only a few of the relevant

detector characÈerístfcs wÍll be given in this thesis.

The purpose of this thesis is to report the results

of three dffferent types of gamma-ray experíments using dlfferent
klnds of Ge(Li) detectors. The experÍuenÈs Ínvol_ve the direcË

measurement of ganma-ray spectra with energy and intenstty

determinatÍon, Èhe determÍnation of internar conversion

coefficients using a mixed source technique- and ganma-ga¡nma

coíncidence studfes. The remainder of ËhLs chapter is devoted

to a brief descriptíon of se'¡eral types of Ge(Li) detectors,

thelr associated cryostat assembly and eleeËronícs.

L.2 Gg(ti) Specrrometers

The l1thír¡n drÍft process was first introduced by

Pe1l (Pe1l 1960) ín order to prod,uce large sensftive voh,me

sillcon detectors and rvas first aoplied to germaníun by

Freck and [,lakefield (Freck L96z). The process consfsts of

evaporating a Layer of lfthÍu¡n onto a p-doped germaniun

crystal- and then diffusing it into the crysÈal to produce an

n+ l-ay"r from 100 to 20o u. deep. An electric fleld is then

applíed acîoss the p-n junction such that it is reverse biased.

The Lf+ ions, l¡hich are donors and mJ.grate easily in germanitm,

ere drffted under the ínfluence of thfs field so that they

alnost perfectly compensate the acceptors in'the p-type materfal.
Thus trintrinÊictr layers are produced by compensation and depths

of up to L6 nn have been obËained. Fig.1-1 shows a schematic

dÍagran of a pl-anar detector.
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At room temperature the lealcage current due to thermal

agitatfon of ca¡rLers across the band gap (0.67 ev in germanir.rn)

prohibits the use of Èhese drífted crystals as specËrometers.

-l-A1eo, at room temperature, the mobillty of Li- ions ls extremeLy

hígh and unless cr_rzstals are cooled, a loss of compensaËion fs

observed. For these reasons, and Ëhe fact that liquid nitrogen

is readfly obtainable, the Cetectors are operated at liquíd

nltrogen temperatures (77oK) vrhere l-eakage currents of 10-10

and 10-11 a*p.r.s are not uncommon.

A gamna-ray can interact with the detector ín three

ways.

1) Photoelectric Interactlon

The gannra-ray ínteracts r¡iÈh a K-electron ejectiug Ít

frorn the K shell with energy Er-E1ç, where Era Ís the binding energy

of the K-electron. Thfs elect,ron subsequently l-oses energy by the

production of carrlers, The x-rays produced by the re-arrangement

of the orbital electrons filJ-ing the K shel1 vacancy are al^so

absorbed by the detector, giving a total pulse corresponding to

the fu1l energy EU.

2) Compton Interactíon

The incsming ganna-ray undergoes a Compton collision

losing only part of its energy. The scattered ganma-ray may sub-

seguently escape frour the crysËal or 1t may Ínteract wlÈh it.

The Ccmpton scattered electron again loses its energy by carrÍer

productÍon

3) Pafr ProducËíon

In the vÍcinity of a nucleuse a garma-ray wiËh energy

greater than 1022 keV nay annfhilate to produce an el-ectron-posi-

tron palr. The el-ectron loses energy by ereati.on of more eLectron
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hole pafrs. The posltron also produces electron-hole pafrs until

it cones to rest, after which it annihlLates wfth anoËher electron

producing tvro 511 keV garnna-rays. If both quanta escape a "double

escape" peak is observed with energy (Ey - 1022)keV while lf one

escapes a [slngle escaperr peak r.rJ-th energy (8., - 511)keV fs ob-

served

The relatlve probabtlíties of these processes are shornm

in Fig. L-2 whlch shorvs the varÍation of photoelectric, Compton

and palr production cross sections rvÍth energy. The values of the

eross sections shor,¡n are from the tabl-es by Storm et a1 (Storn

1958). The solid l-ines represent the values f or germani.r:m whf le

the dashed Lines are the correspondíng curves for silicon. The

photoelectrfc cross secÈion veries roughly as 25 and for gernanirxn

is about 40 times that of siLÍcon aË 500 keV., The Coropton scat-

tering cross section, as glven by Klein and i'iíshina, varies directly

as Z so that the raËl-o of ophotoelectric/ oCompton varics as 24

agaÍn naking ge:manium preferable to silícon; the fractÍorr being

(32 / t+)4 = 27 . This facËoï hoÌ\7ever Ís derj-ved from consfderatÍon

of single-absorption processes only. The probabfJ-1ty of multí-

pLe processes (reabsorptj.cn of Coupton scatËered garrma-rays)

makes thls facÈor even larger. For a 30cm3 coa:rial detector,

approximately B0Z of the full- energy pulses for a 1 MeV gamtra-

ray come from mulÈiple processes (Mal"¡n 1966). Above 1.5 l4eV

the palr producÈion cross secÈion ís greater than the photo-

electrÍc cross section and increases nÍth fncreasíng energy.

The pafr production cross sectlon varles as 22 again indicating

the preference for germaniurn over silicon for gamma-ray spec-

troscopy"

The energy resolutl-on of a Ge(LÍ) d.etector system

r.-- --.¡ f ¡--+.::^...*Ëa.. F^.ô.t. !¡r,:r#.o-n.t-. nf t.r'!ri.¡h .âtê... ......,.-,...,
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preæ¡pLifier and anpJ.iffer nofse (r,rhtch will be dlscussed fn

section 1;5), detector l-eakage current noíse, collect{on efff-

ciency and statístícal fLuctuations ín the production and col-

lection of electron-hole paírs. The last of these provldes the

fundamental Llmitation to the detector resolutfon.

If al-l- of the energy lost by the garma-Tay r,¡ent into

Èhe production of eLectron-hole paírs there rsould be no fl-uctuaËion

at all 1n the nunber produced. However if the probabiLity of

producing el-ectron-ho1-e pairs qras smalL in comparison to the other

uethods of energy loss eg. thermaL heatfng of the lattice, opËlcal

phonon collisions ete. then a Polsson dlstribuËíon wouLd be expected.

The R,M"S. fluctuatlon would Ëhen be

:n> = û,1 =/ E,-{E

where E = energy deposÍted Ín the deËector,

t = average energy reqr-rit.¿ to produce an eLectron-hoLe pafr,

and the F.T¡I.H.M. = 2.35<n>. rn the case of semiconductors the

observed fLuctuatfons lie beË¡¡een these extremes. The observed

root-mean-squaie deviatlon Ís expressed as tæ;¡'vrhere F is

knor^¡n as thc Fano factor. Recent, measurements by Mann (Mann

L966) and Heath (Heath 1966) have shou¡n Èhat the Fano factor

for germaniuo is about 0.16. ThÍs Fano factor fnplfes that the

optlmum resolution to be expccÈed at LMeV is about 1.6 keV.

Apart from the el_ectronic facËors which affect the

resol-utÍonn there are propertíes of the detectors themselves such

as leakage currents, trapping effects and charge collecLioa effi-

ciency. These effects are nore apparent for hÍgh energy gârnña-

rays where the fractlonal energy resoluËfon ls better than at

low energies. Trappfng effects show up as a taíl or the lovr euergy
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side of the full-energ)' peak. charge collecríoa efficieney depends

upon the reverse bÍas across the d.etector and trapuing is reduced by

increasÍng the bías (Tavendale 1965e). Ilor¿ever, if the bias ís
íncreased too far, the leal',age current can become Ëoo high and

the líne v¡idth is cicnÍnaterl bv that cofltribution.

The prececling is a

characterisËics coTnmon to eLl

details the reader ís referred

1.3 Types of Ge(Li) Ðeteccors

Planar Detectors

The first typc of Ge(lf) derector produced was the planar

<ietector r.¡hich has been clescribed bríefly in sec. l.z. These detec-

very brief revíew of sone of the

types of Ge(Lj.) detecËors. For more

Ëo the references lisÈe<i ín sec. 1.1.

tors orlgínally had

photopeak efflciency

Conpton distribution

scopic neasurements, it ís desirable to reduce it as much as possi-

ble relati¡¡e to the photopeak height, ThÍs can be done by increasíng

the size of the depletion regíon and he;rce trre active volume.

The photoeLectric absorpËion is i.ncreased because of the increased

depth, and the probabí1ity of nrultiple ínteractions is also increased

thereby reducing the size of the compton disËribution. FÍg. l-3
compares the intrinsie ful1 energy pealc efficíeney of severai. Ge(LÍ)

deteetors and also shorvs the correspondrng curve for a 3tt x 3rt

Nar(TI) detector. sone of the curves shorvn are for the coaxfal

Ëype of detectors dlscussed in tho next sectÍon.

The planar detectors mentíoned sofar have an ,r+ Luy.,

whose thlckness can be anything from about 100 U upwards. This

dead layer presents seríous attentuatíon problems when dealfng vríth

depletion depths of typicaLLy Z or 3 mm, lorv

and large Comnton disÊribuËions. Since the

serves no usefui purpose ín gamaa-ray spectro_
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low energy ganma-rays. In order to remove this dead Layer, the

llthi.um can be drifted ríght through the p-Ëype material and a sur-

facc barrler or díffused p+ layer can be fomed at the baclc surface.

l,ülndor,r thicknesses of about 0.5 u have been reported by pehl et

al (Peh1 1966).

The avaÍlable germanitun crysËa1-s suitable for making

garfftra-ray deËectors vary in quality. some of the better crysLals

have been drifted at c"R.t{.L. up to depths of lhnrn. This means

that the fÍnlshed d.etectors have active vol-r:mes of up to 9 cm3

(¡fâkr 1965) rrrhen prepared from siÍces cut from the ingot perpen-

dicular to the direcËion of gror.rth anci drifted from one of these

cut faces towards the other. rË trías because of Ëhis restríction

ln the volume that the trcoaxialtt detector was developed.

Coaxial Detectors

The first stage in the derrsl6pïn.nt of large volume Ce(i,i)

cetectors vras the so-ca11ed ttsíngle open-ended coaxíalrr detector

(Tavendale 1965b). ThÍs detecËor +ras nnade by evaporating lithÍunr

onto al-1 but one síde of the germanium Íngot ancl díffusing the

lithÍrm ín to form en n+ region on all fíve sides. The p contact,

was then made to the centre of the uncoaÈed side and the drifting
was performed in a similar manner to that used for planar detecÈors.

A detailed study of the shape of the depletion regíon

in these detectors has been made by t4al¡r and For,¡ler (ltalm 1965).

several dÍodes of this kind rvere fabricated aÈ c.R.N.L. the lar-
gest havÍng an active voh¡ne of 54 cn3. l,falm (Mafun 1966) has

studíed the shape of the depletion region of this detector by

collimated gamma-ray beam scans and Fig . L-4 shor"rs the results of

this sÈudy. The core tapering is due to the significant IR

voltage drop al-ong the length of the undrifted p-type core during
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the high porùer drift. As the drÍft proceeds reduclng the area of

the core, the effecË becomes more and more pronounced. This non-

uniform shape of the coïe presents no great probl-em when only

direct gañuna-ray spectra are Lo be ínvesËlgated but iË does glve

rise to serious timing problerns vrhen coincídence experiments are

performed. The Ëiming characteristics of Ge(t,i) ¿ececËors r'rÍ11

be dlscussed in ChaP IV.

The next sËage in Ëhe fabtication of large volume detec-

tors was Èhe ¡tdouble open-encled coaxíaltt and the cyllndrfcal ttLrue

coaxi¿lrt detector. These deÈect.ors are produced by evaporating

llthitun onto the outsÍde surfa.ce of the íngot and diffusing as

before. The p conLacts aïe then ma<le to the centre of boËh ends ancl

the lithlum 1s drifted in radial1y. Detectors produced in this

menner have only a slighi variaËÍon in wídth of the inactíve core

(ttalm 1966), probably due to small dífferences ín the p-type

inpurlty concentïation through the crystal or to snall Lempera-

ture differences durÍng the clrift. The tining characterístics

of these detectors are again discussed in Chap' IV'

1.4 DeËector CryosËat

Bach company which manufacturesGe(i,i) detectors has its

ovrn design of cryostat and íts ot^m type of purnpÍng system' SÍnce

the detectors used for the experiments at C.R.N.L. r¡ere manufac-

tured there it ís +rorthr^ilrile describing a typícal detector mount-

ing arrangement used for these experÍments. There are slighÈ varia-

tÍons v¡ith each detector but the foll-orving descrípËion mighf be

descrlbed as Ehe basic arrangement. All but one of the detecËors

used a "chicken feederf' assembly, the exception beíng GLC6X rshich

used a I'dip-stickfi arrangement (Chasman 1965). All the detectors
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used aÈ G.R"N.L. were unencapsulated. ?he vacuum in each cryostat
was mafntained ',rith a l_ f,/sec vac-ion ptrtrp. The power supply for
these pumps consisted of series of batterÍes, gívÍng the nece'sary

3 kv, r¿hich facilitated movemenË of the entÍre cryostat assernbly.

Fig" 1.5 shovrs a. photograph of the deËector mounË on the

"chiclcen-feeder,' assembly. The long pipe Ín the upper right hand

corner encl0ses the vacuun which in Ëurn surrounds a holl_ow cold
finger conrai.ning liquÍd niËrogen. The length of this cold finger
fe dÍctated by the geometry necessary for the experÍment being

performed. The assembly shor.rn here r¡as designed to fít into an

anti-conpton shÍeld and v¡as approximat,ery 18" long. The copper

box ¡¿hich slts vertÍeally above the cold fingcr in the center of
the photograph contains the main section of the preamplífÍer. The

hlgh voltage fílter box is an Rc integraËing circuÍt, r¡ith a L0 sec

tlme constant' which provÍdes a slow bufld-up of the bias in orcl,:r

to safeguard the fleld effect transístors (henceforth abbrevfated

to F.E.T. ts).

the geruranir¡n diode sits in the open space in Ëhe lower._

Left hand corner of the photograph. The fronË and sfdes of the

deËector are shielded r,¡ith al-r¡nlnum foil (not shown on the sÍdes in
the photograph) in order to prevent condensation on the deLector

surface of any oil which míght enter during the fnitfaL punpfng dovm

of the svstem. Ttedetector is D.c. coupled to the input of the pre-
amplifier and the signal- Ís taken fron the detector through a conËact

in the lucite dfsc. sÍnce the ak¡minr¡n rcount, hoJ_ding the d,eËecËor,

is floated ar hfgh voltage, ir is insulaËed from the coJ-d frnger by

a boron nitrfde disc. Thls acts as a good thermal conductor and a

good electrical ÍnsuLator.
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The F.E.T. rs are mounted on a copper block r¡hich is

attached to the cold finger by a teflon dÍsc. The optimun oper-

atíng temperature for the F.ll.T. ts ís about 1200 to l30oK. ThÍs

tenperature ls maÍntai.ne<l by connecËÍng the copper broclr to Èhe

col-d flnger by e thin pfece of copper ruf-re, so chosen that the

poviler dissipated by the r'.8.1. rs and the heat conduction along

the vrire gfve the correct operating tel'lperature, The board moun-

ted above the cold finger has on it the feedback resÍstor and

capacitor, eleetrical connectÍons frqm the nain preamprlfÍer sec-

Èion Èo the F.B.T. ts and a reed relay. This reecl relay can be

el-osed by a nagnet held outsl-de the out,er al-r:minr.rn cap. It is

used to groun<l the inputs of the rr.E.T. ts in orcler Èo prevent

danage r,¡híle the detecLor is being "cleaned uprr (Tavenclale !964a).

1.5 Low l{oÍse PreanplÍfier

The staÈistical factors <ifscussed in sec 1.2 represent

the funda¡nentaL llnit of the resolutÍon obtainable with Ge(Lí)

detectors. There are lror.vever several sources of nofse pre-

sent which prevent the reaclrlng of this resoluÈfon. Sonre of these

¿¡s descrlbed beLot¡.

1) Detector leakege current noÍse is assumed to be pure

shoË noise r,¡hÍch arises frora the thermal_ generatÍon of

electron-hole palrs in the depl-etion layer.

2) Detector series resfstance noÍse is clue Ëo resisËance in the

connectíons to the sensítive volt-Ere of the detector.

3) The lnput current noise i.cdue Èo fluctuations 1n the input

current to the first ampLlfyfng device in the system.

4) The parallel resistance noíse arfses frour any resistors
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shunting the input circuit eg. detector load, fnpuË

blasÍng resístor .in the first stage ancl any resistor

across the feed back capacítor in the eharge sensi-

tive preamplífier.

5) The noíse develor¡ed in the first aroplifying devíce produces

a voltage noÍse source which can be represenÈed by

Johnson noíse in a resistor.

6) Surface leakage currents at Èhe periphery of the jrrnction pro-

duce severe low frequency noise in many detecLors.

7) ttFllclcer noiset' caused i:y fluctuaËions in the plate currenË of

a vacuum tube or other arnpllfying device. This type of

nolse is donínantly in the low frequency part of the

spectrum.

A study of these noise sources

pulse shaping nefi.¡orks necessary to give

ratio has been made by Gouldíng (GouldÍng

et al (Heath 1966) have published a paper

requiremenÈs for gamroa--ray spectToscopy,

(Blankenshíp 1966) have produced some ner,r

pulse arnplifíer design.

The charge pulse produced in the cletector is amplÍfied

and fed into a pulse shaper r+hich rejects as much noise while

retaining as mueh signal as possiblc. A. charge sensitive configur-

ation of the preamplifier is usecl since to firsË approximatíon ít

gives an ouËput signal size rvhieh is independent of the detector

anC the various types of

a good signel to noise

1965). Recently lleath

on the instrumental

and stray capacities which appear from iÈs ínput to ground. The

early prearnplifiers used for this type of work (Ewan 1964.1 used

tr'ro 77BB tubes fn cascode followed by a 7308 tube as a long-taíled

and Blanicenship and Nowlin

conccl)ts fn nucle¿r.r
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pair. This prearnpllfier gave a noise contribution of 1.7 keV with

a sLope-Ínput capacitance cut:ve of about 0.04 keV/pf.

The recent ínprovements in field effect ËransisÈors have

allowed these devices tc repJ-ace r/acuum tubes. A low noÍse charge

sensiËíve preamplifíer using paralleled F.E.T. ts has been deslgrtÞd

by Smith and Cline (Smith 1966). lheír investigaÈions showed that

thenoise-capacitys1opewasPIoportiona1,'Æ"'hu,.

T = absoluËe temÞerature, D = nrunber-of paralLeLed F.E.T-ts, ..-
io =-t-i*e-ðõnõtäñE-õË-eohaÏ ínf äAiá-tiñ-q ãìiä*äiftéÌehtiåtinfi'nêËwork and

g_ = transconductance of each F.E.T. Thus by usíng four parallel-ed-m

F.E.T. ts and by cool-íng to 140oI( (this r¡as found to be the optí-

mum operating ternperature) Ëhey were able to produce a slope of

0.017 t-eV/pf compared rufth 0.030 ket//pf for a singl-e F.E,T. The

noi.se with zero deËector capacítance horvever tras, found to vary as

in so ËhaE the ínÍtÍal- noíse increases as the number of F.E.T.!s

Íncreases. The nrmrber of F.E.T,rs used in the input stage of the

preamplifier is Ëherefore governed by Ëhe capaeitance of the

detector beÍng used. hlíth the F.E.T. ts cooled to 140oK S¡níth and

Cline v¡ere able to geË 0.36 keV(Ge) + 0.030 keV/pf wirh a singLe

F.E.T. and 0.62 kev(Ge) + 0.017 keV/pf vrÍrh four paralleled F.E.T.ts.

If the detector Ís DC coupled to the preamplÍfier an

improvement in resolution results. this is due to the removal

of stray eapacitance caused by the <llstributerl capacit,ance of

the load resístor and coupling capacitor to ground, and the

dfvisl-on of the fnpuÈ slgnal between the coupl-jrng capaciËor and

the lnpuÈ capacitance of the F.E.T. ts.

The preampl-Ífíer circuÍt used rvíth the detectors at

C.R.N.L. for the experiments reported in Ëhis thesis j-c sl-:orrrr in

Flg. 1-5. The nr¡urber of F.E.T. ts in the input stage depends



"s@TgSTdffieÐãd €6Tots srrT @Ea ãôS uwa$wçp alnaãTÐ

-ã=r WÂ=



DETECTOR 22

lO0Ouh

IKN

5 6oÛ

lO00 p h

2.2K

+24

+12

OUT PUT

-24
) PULSER

INPUT

l0Oqf

-ll '-t

J_--l
ql

olzl
cJl

Ouf
22 2N929

0 47 uÍ

22

SILECT 2N38i9 F.E.T.

(SE LECTED)

tl_Ð

î

Il
E+t
q

I +zpf

uf

4'7K

-l-t

lO¡,f

O'5uf

500 M

0'5 pf

192mh

2Nr7ll 472 N 2048

-.--,!..:"å:--:::

l0O¡tf

*

O'l Pf

4'7R



-20-

upon the capacítance of the detector being used, Both of the large

volume coaxíal detectors had a capacitance of about 40 to 50 pf and

so four paralleled F.E.T. ts were used, vrhereas Èhe high resolution

detector GA6 used only one F.E.T. The circuÍt is based on that of

snith and cline (smÍth 1966), lnavi'ng a grounded source F.E.T. anpli-

fier and souree follor¿er as the first stage follovred by a groun<led

base amplifier an<i emitter follor,¡er, Tire source follower (F.E.T.

equivalent of emítter follorver) arlorrrg the front end of the pre-

amplifier to be separate<,1 fron the mairr section by several feet,

wíthout deteríoration of resolution. The lasË tvro Èransístors

const,itute a driver stage r¿hich ís capable of transnitting the

preamplifier signal over large clj-sËances to the main amplifier.
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CIIAPTBR II

In the fornulati-on of an energy l-evel scheme two of the

most ímportant gannma-reY properties rrhich can be measured ruith

germaníum deËectors are the energies and relative intensiËies of

the transitions. Both of these quarrtities are directly comparable

rvith nuclear theor¡r and for this reesoÍ] their precise detenninatíon

is exÈremely important. líor.¡ever Ín order Lo measure the relative

int,ensitíes to any degreee of acculac)7, it is necessary to establl-sh

sone conslstenË criteria for Ëhe ineasul:emenË of the photopeak area.

The shape of the photoelecËric peak in a Ge(l,i) detector

is roughly Gaussian rvith a lor¿ energy exponential tail due to

irrcomplete char,ge collection'.+ithin the detector. The charge

collection efficiency ca-n be irnproved by increasíng the detector

bias. This h.or,¡ever can cnly be done trithín lfiniËs since ít causes

a rise l-n detector leakage currenË r+hich ín turn produces a deterio::a-

tion of the resolutíon. Another factor rvhicl, affects tlte peak shape

is the counting ïate. This hor+eve'r is due to the electronícs and

can be reduced by careful design of the preamplífier a-nd arnplífier

sysËen (Gouldíng 1967, Blankenshfp 1966).

Ln order to calculate the intensiËy of a garnma'tay, the

area of the photopealr musÈ be deternined. An ai¡so1uLe area need not

be defined as long as some consistent set of rules is used t,o define

the area. If the photopeak lr'as sitti-ng on a level background, there

would be no difftculLy 1n definf-ng a uniform peak area. liorvever this

is not the situation r,¡ith Ëhe photopeaks in Ge(Li) spectra. The

Direct Gamrna-Ray SpecÈra



an
- LL-

region betvrean the Cr:noton edge and Ëhe phoEopeal: tends tc be filled

in by partiaL re-a-bscrpËicn of Compton scaËtered ganma-ra-\/s so that

the background, on the lcr.i energl/ síde of the photopeak' may be an

order of magnitude higher Ëhan on the hígh encrgy side. The probler,r

then arises as to i"rhat background should be used.

In a tyoical garirma-ray specErr:m a varíety of intensÍties

appears ranging from very rvealc Lo extremely strcng. For a pealc

siÈËing, on a large Compton distribuËion, the cornrnonly accepÊed back--

ground level is a sraooLh line joínirrg the Conoton distributíon on

the low energy sÍde of Èhe nhotopealt rviËh that on the high energy

side. Clearly, if one then rtishes to measure the intensi¡'¡ of this

transíLion relaÈive to that of a much stronger transitj.on r,rhich ís

not sittj-ng on a large Compton distríbutioa, son:e críteiion rnust

be adoptecl for drar¡ing a bacltgrcund under this peak i'¡hich r'rill

reproduce the same area had this second neak been superímposed

upon a large Cornpton distríL¡ution.

Thís problem has t¡een studíed Írr detail by Haverfield

(F.averf ielcl 1966) . He tried several different shapes for the baclt-

ground and- conclu<led that for þest reproducÍbility, the foll-or'ring

críterion should be used. If Ehe photopeak region is drai,'n uF

on linear graoh paper, tiren the baclcground line is obËained by jofn-

i.ng the point of r.rarrintrg radius of curvature on the lorv energy

síde to the base on the hígh energ'¡ síde cf Lhe peak. By therr lnclu-

ding cnly those points greater Ebtan IT! of th.e peak heíghÈ, Haverfíeld

rvas able to reprocluce Ëo r.riËhin I þ Lr47. Ëhe area of this same rrealc

r,rhen it rras superirnposed on a large Connton clisËributíon.

For the gaffla-ïay íntonsiËies calcul-aËed in this thesis'

thc above criteríon llas used. Since onll¡ relative inËensities

r"rere of inÈerest, it nakes lítËle difference l¡hether Ëhe 1%, 2% ot
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52 level is chcsen as long as Ëhat sam<: value ís used for detr.:r-

nining the area cf all the neaks in the given spectrurr.

Fig. 2-L :-llustraÈes another effect rvhich can change

the shape of tiie phoLcneali, thís one hor,rer/er being observecl only

v¡ith ttrlouble oFen-endecl coaxíal_,t detectors. The lorver nortion

of lig. 2-r shcrrs the ganrrra-ray spectrun cf un 241a* sourcer pos:i-

tíoned at the sir-le of the cletecËor as illustratecl in the lorirer

ínsert. In tiris spectru¡n the usrral- ílaussían shape rsitii l-ov¡ energy

tail is scen elcn:¡ r.rith a flaL plateau arisíng fron 0o tc 1B0o

crxrpton scattered. g¿rura-rays. I.Ihea thc source is placed clirectly

in front of thc cletcctor, a.s shor,m in the inserÈ in thc unper ha.1f

of the figur:e, r: ciistinct shoul-der appears ori the 1or,¡ energy síclc

of the peal.". Thís cen be explainecl by conpton sca-Ëtering of qanina-

rays fron the inactive core into the a.cti\¡e'¡olune of the detector.

þ'or arr initÍa.l photon enerí{y of 60 lceV, the energ), of a ge.ruÌìa-ray

cornÞtcn scattereci at g0o to the íncident d.írectic.n is 53 lcer/.

since the 'rhalf-rl-'istancett (the amount of rnateríal necessary to

red.uce the incident flux b.¡ one half) in germani-un for 60 kcv

qaûìma-rays is al--out 65ctp, Èha predoninanÈ angles of scaËterin¡3

from the ina.ctive core a.re in the fcrward clírection. scatter-

ing in this region r¡iould tl¡ereforc nrod.uce a shoulder on the lcr.¡

cner8),, side of the photonealc of up to 7 or 9lcev. ThÍs ís consís-

tent wiËh the data shor.¡n ín Fi¿: . 2-1. I{herr the scurce r.ras moved

further back f::om the detector, the size of the shoulcler decreasecl

in accordance r'ri.th Ëhe decrease ín solíc an3le suttendecl by the

inactive core.
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?.2 Effl-ciency CalibratÍon

In orcier to calculate Lhe relative intensities of gama-

rays a reLative photopeak efficiency curve nusË be obtaíned for the

<ietector assemblv used. The j-ntrinsÍc efficiency of a detector Ís

deffned as that fraction of gaona-raye stríking the detecÈor which

are detected 1n the puJ-se heÍght spectrum. To calculaËe the ÍntrÍn-

sic photopeak efflciencl' the ratio of the number of events under Lhe

photopeak Èo the total area of Èhe pulse heíght spectrunn must also be

determined. The intrinsic photopeak efficiency i-s then Ëhe prod-

duct of Ëhis photofraction and the intrinsic effÍciency.

Theoretical calculatíons of these tr,ro funcËions have

been maCe for germanium, (tíanio 1965, Castro Faria 1966) br¡t only

for a fer.r specfaLlzed detector shapes. The germanium ingots used

for detector manufa-cturÍng come from several sources and the

shape of the ingot.s varies greaÈly from one nanufacËurer to the

next. In most, cases 1t 1s therefore necessary Ëo use some other

and better roethod to determine the effíciency curve.

The rneËirod userl in these experiments invoLved the use of

sources wfth more than one ganma-ray, the relaËíve intensitÍes of

r¿hich r/¡ere accurately k-nown. The sources used for this depended

upon the energ-t/ region of interest. f'rom about 100 Eo 2000 keV

these ru*. 226Ra and 2078L si-nce the íntensities of the strong

transitions in these isotopes are knov¡n to about 102. In order to

get more polnts on the curve a set of eight commercl-aL1y available

(r.4..8.4. ) standard sources Lrrês used. These *.r" 24toto ttao, t"lln 
,

203ug, 22*u, 137cs, 60co, 
"n.l 

BBy, the absolute source strengLhs of

ç¡hich rrere krrovrn to r,rithin L or 21t. This a1-so permitted the absolute

effÍciency curve to be calculated for the partícular detector assembly
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ând source Dosition used.

The physícal constructirri of the I/'EA?! standards con-

sisted of radíoactive mater;, al sandvrÍchecl betrreen lr,ro Èhin poly-

ethylene discs. In sone cases the i:osiËí-on of the actíve maËerial

could noÈ been seen, so aT: ¿':utoradiograph I.r-as made. ThÍs enabled

accurate oosítíorring of the scurces in fronË of the detector for the

ef f Íciency caliìrraLíon.

Figs. 2-2, 2-3, 2-4, ancl' 2-5 shor'¡ the photopeak effÍ.eiency

curves for two of the detectors used in Ëhis work (GgC?. a.nd GA6) .

Fig. 2-2 shor¡s the curve for the 5i.0 mrn planar deÈecËor G4.6.

The ordinaËe of the graph is the rel¿-itivc efficiency inultiplíed

by the squere of the ganma-rey energy. Theoretical calcula.Èíons

for srnall volume detectors (lüanío L965) indícate that the effici-

cncy curve sllould follow roughl.¡ an E-2 '5 dependency beËr'reenv'
abouË 100 and 5C0 keV anrJ. roup;htl, Ell'5 b"tr'roun 500 iteV and 3

llev" l4ultiplication by an nJ factor pro';icles a convenient"v
scale and permíts greater accuracy in curve reading than the

log-1og plot r:se,1 by some groups.

For larger voluine detectors, multiple processes incr:ease

tïie phoËopeak effíciency giving a diffe-renË energy dependence to

the efficiency curve. Fig. 2-3 ehot's tire effi-ciency curve for
a

G\CZ (lr4 cmJ coaxial- deÈector) and as ce*n be seen the region from

5C0 to tB00 keV follorvs roughllr a lj.near energy relationshíp.

!'lith the cxception of the special thin-rvindor.¡ dertectors

(scc. 1.3), the efficicncy of a planar detec¡or drops off sharply for

gamna-ray cnergics lcss than 1C0 keV due to absorption Ín the n* dead

layor. Fig. 2-4 shov¡s the efficiency curve obtained for GA6 in this

region using t03rt*, l88ps , 57Co r.rrd 160tb sources.

J¡ International A.tonic Energy Agencrz Kartner P,ing II

. A:1910 . Vienna
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TABLE 2 . 1

ïsotope

24r 
^Élm

Photon Energy (ireV)

57 cn

59.5/+3

26.35

136"3

L22.0

L4 .4

15s.0

71 .4 Os i(
ß

63.0 Os Ii
0

279 "2

82.6 T1 I(B

72.9 TL t\

86.8

51,1 Dr¡ K^

46.0 Dv I(

1 BBae

Iìelative InÈensity

203Hg

16OTb

100

7.0

13

100

1i

100

6"6

24.2

100

J. ++

ii.9

100

28.B

116

__-_t
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Table 2-I lisËs the relative inËensÍtíes of the x-ravs and gamma-

rays as given by Haverfielcí (Haverfield L966) that were used in

this region. .A.l-so shor.¡n in Fig . 2-4 are ihe photoelectríc cross

sectíon for germanium, the toËal absorption cross section .î f 0.1

cm A1 and 1û mg,f c*2 Au and for a 0.7 n¡¡n layer of germanium. ÐeËector

No. GA6 Tr;ras origína.lly an encapsulat,ed. R.C.À. detector, the ;:nczrsula-

tíon of which vlas subsequently removed. L',4ren this deËeetor \,ras

rnanufacLureC¡ 1t r;"ras conmotì practi-se to cvapore.te a thin layer of gold

onto the surface to províde good electrj-cal eontaet. For this

reason a correction iras been a.pplie¿ for Ëhe abscrptfon in the

gol<1 layer. The A1 absorpËion occurs 1n. the front fa.ce of th.e

cryostat,. The solid line drar.¡n Ëhrough the noinËs ín Fíg. 2-4

is a suitably norrnaLized combinaÉion of ttre photoelectrÍc. cross

section, Au

curve for a

neSSeS .\^Iefe

fir.

and A1 absorptÍ-on curves along rvith the-absorption

0.7 mm Layer of 'germani-um. Several different thick-

tried for this last curve'v¡Íth 0.7 nno gfving the best

tor No.G9C2 for the region belor,' 300 kctl. . Sínce Ëhis _fs a double

open-ended coaxial detector, the dramat:'-c drop off wtÈh efficiency.

belor,r about 90 keV is surprising. The sËeepness of the iniÉial.

drop off indicates that there is a dead layer cf germaniurn about

0.7 or 0.8 nrn deep. If thfs were the case hovrever, the x-rays

o¡ 160tb anc the 26.35 keV gamura-ray in 2414n would not be seen

FÍg.. .2-5. shows Lhe efficiency curve obtaíned f or deLec-

tEÍÈh the experimentaLLy observed inÈensiÈy. The cause of thís peculJ.ar

curqe belor,¡ 90 keV is not undersLood at Èhe Dresent t{mee lt could

be due to a very uneven core or a mesa effecË on the front sufface

(-fron the many etchings tl¡e detecÊor has had) gfving rise Ëo a poor
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elecÈrÍc field distributíon at the front end of the

limated gamma-ray scens are underway aE the present

to deternine the cause of this effect.

2.3 Pulse Height Analysis

Before d-iscussing the energy measurenenË of genma-rays,

a brÍef description of Ëhe puise height analyser system should be

given. Pulses from Èhe Ge(tj.) detector vrere fed, by means of the

prea¡nplifÍer described in secLion 1.5, to a Tenne-lec TC200 linear

anplífier. The unit, in addiÈion to amnlifying the sí1-1i1a1, shaped

the pulse ín order to gíve an optimun signal to noise ratio. These

shaped pulses r,rere Èhen fed to a pulse height analyser.

T\uo types of analysers \¡rere usecl for the experíments on

l59cd .r,d 177ya. one of Ëhese, a lrluclear Data 3300 sysËem, rrras

a conventional Ëype of analvsel: r;ith a 4096 channel A.D.C. and a

4096 ckannel rncrnory. Because of thÍs rarge memory, no biased

amplífiers \arere used r,rlÈh this systen.

The other data colleetion sysEem ernployed a pDp-B digital
eomput,er. The linear amplifier pulses were further she,ped by a

Tennelec fC250 biascd amplifier to givc unípolar rectangular

pul-ses requíred by the A.D.C. rs in the PDP-B conpuÈer. The

biased amplifíer r¿as also necessary since the size of the PDF-B

memory límÍted the data regicn tu IA24 channels. The encoded

prrlsr:s were then stored in the cornputer memory by means of a

programne. The PDP-8 sysÈen al.lo'¡eci more manipula.tlon of the

collected data r'¡hÍle ln the mcnory (eg. íntegraËion, background

subtractíon) than the Nuclear Data 3300 system.

diode. Col-

tftne in order



-34-
2.4 E4grgy lfeasuremenÈ

The posítionÍng of gamma-rays ín a complex clecay scheme

is greaËly facilitated if the energies of these transltÍons are

accurately knor.m. There are often cases where the energy separation

betv¡een tr.ro pairs of levels is very nearly the same an<l only a precise

determínatÍcn of Ëhe ganna-ray energy cên indícate betr¿een vrhlch pair
the Ëransiticn fits.

The accuracy rvith r¡lhich a gaÍìma-ray can be measurecl

depends uÞon several things -- the abílit,r' to define the peak

position, the availabillty of sËanclard sources relaËive Èo rvhich the

transition energy can be measured and the non línearity of ÈTie ietector

system useC. tüith the multi-ctrannel analysers ín cornmon use toda-/

(1000 to 4000 channels) n iÈ ís poss:ible to sÞread the photopeak

ovel: several chanr¡els, and r.ríth good statistics, it is possible to

defí¡¡e the peak "positíanrt to wíthin about L/10 of. a channel.

There are Lr{o nethods l'rhích are cormonly used to define

the posltion of a peak -- the center poí.nË of Ëhe line drarvn at the

half ma.xímurn height or the tttop peak center" method. The latter rnetho<l

is an extension of the former r,rhereby hori.zontal lines are drav¡n

at, severel heights and the center points cf these lirres are joíned

by a straíght line. This line is then extenclecl. until iË cuts the

top of the peak and this point is used to defíne the peak

posítÍon. Bither method may be usec although the ttËcp peak centerrl

nethod is usualll,'used r,rhen Ëhe peak i-s aot slnünetric, as is the

câse r:'Íth Ge(Li) ohotopeaks. 'tilhichever inethod is used musË be

followecl consÍstently throughouÈ the ex¡reríment.

There are many gamna-rays ryi_th accuratel-12 lcnor,¡n energies

r^rhich may be used as standarrls and an extensive compilation of these
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has been rnacle receirËly by r.Íarion (i{arÍoir rg6s) . rn general,

the accuracy viith which an unknov¡n ga.inna-ray can be measui:ecl depends

upon how far it ís írom the standarr-I. line. This i.s a direct corr-

sequence of th.e svst(]n non.-linearity ancl means that several stan-

dards must be useci for each s';ectrurn ta.ken.

The non-linearity of the detection system may arise

from the preamÊlífier, the emplífie::, bÍased anplíficr if one

is used, or from Èhe A.Ð.c. of the rnulti-channel analyser being

used to coll-ect- the data. The system non-línearitlr iuay also be a

function oi the counting rat:e. The linearíty of biased aæplifÍ-

ers is knor,m to be dependcnÍ- upon the ccuntlng rate anc in some

cases A.D.c.ts may alsc exiríbit this effect. Large Ílrrlounts of

money anrl effo::È may be íirvestecl in attenÞts to írnprove tiris

síËuaticn but ultimaÈeLy Èhe non-li-nearity of the systen must

stilr be measured. The fo.lloiring methoc vras used for Ëhe experi-

ments or, 177vb und 159G.1 reporred ín this thesis.

Pulses from a precision pulse geneïator û/ere fe¿ into

the preamplifier input so that they were shapecl and arnpl-ifíed by

Ëhe sarne r:lectronÍc svstem as the Þulses from the Ge(Li) detector.

The setting of Ëhe Ðotentioneter: on the pulse genera.tor r,ras

incremented. in equal steps to cover the entire nemory of thc inul_ti-

channel a-nalyser. .lJhen Ëhe irosítions of these Deaks h:id been

deÈermÍned, tire equation of a straight lj-ne r¡ra.s fitted to the anrcli-

tude of trrc of thcn. The iev:i-ation froni linearity of the other neai...-

positions was then plotted agaíirst channel number, the result of r,¡hi_ch

r.rere curves similar to those sl.ror¡n :i.n Fíg . 2-6. Large cleviations

occur at the enrls of l¡otir Â..D.C.ls and the systeln used. r.¡Íth the pDp-g

exhibited a rnuch larger cevíati-on over the urhole range than did Ëhe
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lduclear Ðata 3300 systerir. The 1l.D.C. rs used r.rith the PDP-B

system preferrecl, uniÐolar rectangular pulses and these t/ere pro-

duced from the Tennelec TC250 biased arnplífie::. I'IhÍIe it r.¡as

unnecessary to usa the biesecì amplífier r.rith the ll.D. 3300 system,

it r.las useil for the comL'¿irj.sciit l+i-th the Pll'P-B system sho'.'m in

Fig. 2-6.

Tli¿ r-rsual- prrrcedure fof iov¡eC ín these experirnents wes

to record the unlcnor.ín spectrurn sj-nu'l i-aneousl.¿ rvit.h several star-r-

dar<l sources as r,le11 a-s sign+is frcn r*ire Du1 se generaËor. Th.e

combinatioir of stariclard sources and- pulse genei:ator provicied t:he

ncn-linearity cii.,:ve ancl energy calibre.lion frcm l¡hich the unk-no',m

energíes 'ue-re cai culated. Tlie enerqies of r¿eatr., garfita-r:ays r.,'hích

rrcre rnastrr.eC by eíthci: tire standarcls ol: by the puiser can then be

calculaËed on subsequcnt runs usi-ng Ëhe oÈher gamrne-ra:/s as iniernel

sÉandards.

be over emc,hasized if accurate energy measLlrenenËs are desiled,

If the deviation f ron 1ine a.rl-t-v is r snoothiy rza¡r¡ing function,

ít is possible, under cerlain circumst¿Lnces ancl ivith care, to

The :i-rnportance of sírnultaneous cnergy calibratíon cannct

rreasure energies to betteÍ tha.n 100 eV.
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CHAPTER II]

The de-excitaÈion of a nucleus fron lonr lyÍng states t.akes

place dorninantly by neans of electronagnetic transitions. These

transitLons are of tr¡o maiu types:

(a) Bmission of a gamma-ray

(b) Emíssion of an electron foli-orrlng internal conversion

of a gan¡m a-xay.

These processes of cle-excita.tíon ¿re competiÈive and for given ini-
tíal and final states the raËio of process b to a is define<l as

the ttÍnternal conversion coefficíent.tt The process of inËernal con-

version is the conversion of nuclear excíÈation energy ínto ki-
netic energy through Ëhe dircct electromagnetíe interaction betr¿een

the electrons and the nucleons. since there are several elec-

tron orbitals, the inÈernal conversion coefficient (r.c.c,) for a

partfcuLar she1l or subshell i is d.efinecl by

q ' = Ne(í)
t 

H-
1',

r,¡here Ne(l) is the number of electrons ejected from the íth shell-

and I'I Ls the number of unconverÈed ganna-rays.
^(

For a detaíled díscussion of the theory of ínternal con-

versfon the rea<ler Ís referred to Èhe liteïature (R_ose 1951, l95g;

sliv and Band 195611965) or ro a reviev¡ arËiele by Rose (1965).

rt r,¡ill suffice at. this time to poínt out some of the relevant

feaËures and to illustraËe the imporËance of r.c.c. measuremenË

to gamma-ray spectroscopy.

Deca Scherne SËudies of 134c"
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For transitions between two nuclear states rvith spfns

and parlËies J1r J¡ and [i, [f respectívely the ãnounË of angulat

momenËum which can be carried away by the ganrna-Tay or ínternal

converslon electron is restricted to

lJi - J¡ I ..Ls J, * J, with ni = (-1)L fot EL radiation

= 1-1¡L-1 for ML radiation

From the theory of multípole raciiaËions (l'{oszlcovrslci 1966) ít can

be shown that the relative inLensíties of multÍpoLes L and L + 2

fs such that the L + 2 cont::ibution can usual-ly be neglecteC. The

þatíty seLection rule prohiblts the mixÍng of. L and L 4 I multi-

polaritles of the same characËer but d,oee allow mlxíng of charac-

terse for example magnetic Zl-pole r¿ith electric 2l*lpole. (MlrB2

mÍxture)

Tiine dependent perturbatíon theory must be use<l to cal-

culate the rate of internal- conversion. The result from sueh a

c alculation gives

N = 1 [ s^ 2]Tl.Vçüçlu'lv.r¡r'¡20,
" zry tf'ti e?- r r' l

(See Preston Chap.ll) where V¡, Vi and {/¡, Úi are respectively the

wave functions for the final and 1ni.ËÍal states of the nucleons

and elecLrons. Sn reÞresenËs sumf,laËions and averages over final

an<i ínltíal- eLectron states. pE is the density of fína1 states

and lit 1s the ltarníltonÍan for the interacËion of the electrons and

nucleons. Let us consider, for thc mcnent, electric multfpole tran-
si.tlons. rf one uses the âpprûximaÉe fom of Ëlre íatcraction
]¡amiltonlan given by Fresto..t (eg " It-22 prc.ston) , the above

exgressÍ-on for N" is found to 'depend upon the squares of two
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<r lof ,,lrr and .,f,r 1"" 

(À+1)v^t{e",+.) 
lulr

where 01rr *" the electrfc rnultlpoLe operator. The ffrst

Eatrfx elsnent contafns theflependence of Ëhe fnterûal convet-

sfon process upon nuclear parameters. the ganna-ray tranBftfoa

probablllty N-_ for the ernisslon of a photon of energy h¡¡ aad
ry

angular momentlno l,rp Ís glven by

*rr* ,('r,À,¡r¡ = l",!lilì , ntJtl.rleÏ 
u,rol2r (2À+r) ' h

l{hen the LC.C. Ne/Ny fs calculatêd the natrlx elemente Lnvolvfng

the electrfc multfpole operator cancel ouË.

In order to cal-culate thê î.C.C. for uagnetic lm¡ltf-

pole transftfons, the proper forn of Èhe fnteractfon Hæf.ltonlan

nust be used (eg, 11-13 Preston). The result of the calculatlon

for N- then fnvolves matrfx elenenËs w-tth thê Esgnetie nultdPole
e

operator whlch agaln cancel out r¡hen the raÈfo N"/Nv fs fotned.

The second matrfx element and ttre.oËher factors Lm¡olved

fn ñ" are dependent upon the electronlc states only. It should be

noËed that this latter inatrfx element fs very depeadent upor the

value of À and fÈ ls thls feature ¡'rhÍch nakes LC.C. mêaaurã[enËa

so f.nporÈa.nË Ín gamna-ray spectroscopy. th{e natrfx elernent Ls

also a functlon of the Z of. an atom. For transftfon energfes large

compared to the bfndfng energy of the electrone the follot¡J.ng trends

occuÍ. The I.C.C. decreases as Ëhe shell gets further removed from

the nucLeus, decreases as the trânsftfon energy {ncreases, facreases

as the Z and. the L values lncrease.

The mafn purpose of this chapter Ls to report the resulte of

4 Btudy of the decay of 134c" and the measurenents of K-I.C.C' using a

method lnvolvfng the converslon electroû to gsrnma-ray råtÍo. Thfe

meÈhod fm¡olves nlxÍng a standard source, ln r¡hlch the conversÍon coef-

ff.cfeut of a partLcular transftfon fg accurately know:t, t¿fth the
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too.Lr l37cs 
rüas mixed vrr-th 134cs 

and the conversion coefffcient
of the 605 keV transition rrras measure<l from

ok (6OS) = I,_ (605) x r" ßAZ¡ or. (662)

The conversion electron ancl garnna-rey spectra Tùere then nor¡n alrzed
uslng this value and the other conversion coefficients calcurated.

1343.?- Decay of '--Cs

The decay of 2.1 yr. 134cs to 1348u has been studÍed by
rnany r.torkers , but
there ís lacrc of agreement on the level scheme of r34su. Thís is
principally <tue to the existence of a complex gamma-ray spectrum
rvith several closel¡r-spaced gamma ra)¡s which could not be resolved
by Nar spectrometers. l{uch of thc present infor¡nat10n on the

?,anna-ray spectruol had been deduced frcra sum cojncídence spectra,
but recently Schriber ancl Flogg (Schriber Lg63) r.¡ho made a detaÍled
study using this nethod, have shovm that seve raL of the trans: tÍons
previouslv reporÈed are due to nisinterpretation of the sun

coÍncidence spectra. ?he clever-opmeni of the G.e(Li) gaffina-ray

sÞectrometer now malres iL rrossible to study gamma-ray sÞectra at
much higher resolutÍon Ëhan :,¡ith Nar spectromeËers, and rrence

enables the gamma-rays fro* 134cs to be resolved directly.
In anotlter recent peper on the beËa decay of 134C",

Van lrlijngaarden and connor (r/an trdijngaarden 1964) observed that Ëhe

ì(-conversion eoef f Ícients of tv¡o high ener gy Ez ËransiÈi_ons ï.rere

about 30z lo',ver th-an the theoretícal values. As comparÍ.son of
exoerimental conversion coeffÍcients vrlth theoreti.cal values Ís
ofËen used to rretermJne multipolarities of ganma transitions, Ír
is importa¡lt !o c.1¡,çç1., this reoorted dí.so¡ênân.t, Tho. hi^.L .*^^^

ry. $62) (605)
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lution of the Ge(Lf) ganma-ray spectromeËers (Tavendare 1963,

1964a, Eivan 1964a) ís also usefur in deËermining conversíon coeffi-
cients as it norr¡ makes possible the use of the nixed source

technique in conplex decay schemes.

This chapËer reports the resurÈs of energy anc relat,ive

i-ntensiÈy measurenents of the garama rays from 134cs usÍng a
Ge(Li) gamma-ray spectrometer. The K-conversion lines of these

transitions have been sÈudied using the chalil River high resolu-

tíon frlZ 8-ray spectroraeter. (Graham, 1960). The K-conversion co-

efficÍents of the gamna tr¿nsitíons have also been measured,

relati-ve to the accurately knorvn value of the i(-conversi_on coeffi-
cieni of the 662 keY rransitÍon observed in the decay of 137c"

(ì'territt 1965) using ¿r mÍxed source of 134c" 
urrd 137c".

3.3

the 134C" source ruas supplled by the Commercial products

DivÍsion of AECL. rt had been produced by a four month radiation
of 133c" in a flux of z x tc14 neutrons/cm2/sec in Èhe NRU reactor

aÈ chalk River. For studíes ivith the ee(Li) deËector =10uc

was deposited on a 2.5 cm diameter copper <IÍsc. For conversion

el-ectron studies, sources $rere preparcd by vacuun sublimation

onto an aluminum backing through a sloË 1.25 crn long ancl 3 nnn

wide. The composÍte source vlas preparecr by rnixing 134c" ur,d
L37cs and sublirning the mixËure onto an aruminum backing.

The gamma-ray spectrum \^ras stud.ied rvíÈh a Ge(Li) detec-

Ëor 3.5 rnr.r deep and 18 mm in díameter preparecl by Dr. A, J.

Tavendale at chalh Ríver. Details cf the construcÈion of the

detector (Tavendalc r964a)n the experírnental arrangexilent and the
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variatfon of the photopeãk efficiency with energy have been given

elsewhere. (Ewan I964a). fn order Ëo resolve the 796 and 802 lceV

gainma-rays a smaller <letector nanufacturecl by R-cA victor Ltd. * was

used. rt r,ras possíbie to obtain slightly betÈer resoluËion r,¡f th

thfs detecËor becausc of its lor+er capaciËance.

The inËer:ne-l conversion spectr.on u¡as sÈucliecl at about

0-15"Å resolution in the chalrt River higrr resolution n/z g-ray

spectroneter. only those regions \rere surveyeci rrrhere the l(-con-

versfon lines of the ganma ravs seen witrr the Ge(Li) d.etector

occurred.

3.4 Gamma-Ray Spectrgt

The gamma-ray spectra observed Ín the Ge(Li) detectors

are shov¡n in Fígs. 3-1 ancl 3-2. These spectra rrere recorcecr on

a 400 channel pulse-height anary*er prece,Je,l by a biased anplifier.
A descriptÍon of the electronics has been gíven elser.¡here (Eruan Lg64).

The ganma-ray spectrun from 75 lceV up to 375 keV is
shovm in Ffg. 3-1a. l,ío ganma-rays r^rcre observed in thís region.

There are four gamma-l:ays ín the region from 375 to 625 kev, as

Bho'øn Ín Fig. 3-1b, r,rith energies 475, 563, s6g and 605 kev respec-

Ëively. No distinct peralc ha<1 previously been recordecr aË 475 kev

wÍth sodíum iodíde crystais, and Lhe other trrree peaks hacr appearecl

as a broad peak at 600 keV.

Fig. 3-2a srio'¡s Ëhe region from 550 to B50 kev. The

improvement in resolutíon of Ëhe 563-569 kev doublet over that
shown Ín Fig. 3-1b was achieved by using a lor,rer counting rate
ancl auÈomatic gain stabilization r^rith the pulse-heighÈ analysÍs

* RCA Victor Ltd., l00I Lenoir St., l.fontreal, p.Q., Canada,

_..- .- .. !.., ,,1
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systen(Patwardhan 1954). The inset shov¡s

as recorded by the RCA deteetor ¡viËh 2.0

0.8 cm2 cross-sectional area,

The high energy portion of the spectrnm ís shor,¡n in
Fi.;. 3-2b. Gamma-rays v¡ith ene::gies 1038, 1168 an.r 1365 kev

respectively can be see'. along '",iith a pealc at 1401 lcev. Thís

specËruxn ruas taken r¿lth k inch of le.a.d bet-u¡een the sourcc ancl

detector. The attent.atioä of the l40l kev peak relative to the

13ó5 kev peak, when lead absorber r"¡as added, indicated that it was

pile-up due to the 796 kev ancl 605 rr.cv Eauuna rays r,rhicrr are in
coincidence. Â limit on the possíble intensiEy of a garula ray

of 1401 kev or higher energy is <2 x 1tl-1+ per disintegration.

Tabl-e 3-I gives the values of the íntensities obtained j-n

the present r¿ork. The calculations are based on the effieíency

curve give* by Evran and Tavendale (Er,ran 1964a) for this cletecËor

which has an estimated accuracy of. t5"/",

In cal_culatj.ng rhe intensiry of the 605 keV

y-ray the subtraction of background is crifficult, as the

compton e<lges of the 796 anú 802 rtev y-rays farl directry
under the peak. The comoton distríbutio's for these y-rays

r.ias estimated. trl' measuring the shape of the spectrurn obtained

from the 834 ker/ y-ray from a 5 .4,fn 
"o"rcr: and allowing for

Èhe difference in energy. The background subtracted. from the

605 kev peak ín Fig. 3-2a was simil¿rr Ëo the one shor.m later
as a brolcen line in Fig. 3-4

The fntensity mea-surements are estimated to be accurate

to - L0"/" with the exception of the Bc2 kev y-ray. The higher estÍ-
mate of the error in this case is caused, by the difficulty in resolv_
ing the 796-802 doublet. rn Table 3-r the resurts are arso comparerl

the 796-802 keV doubler,

mm rlepletion depth and
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(a) B.S. DZHELEPOV et a1., Izvest. Akad. Nauk. SSSR, Ser. Fí2.23,826 (i959).

(b) R.K. GIRGIS and R. VA\ LIESHOUT, Nuc1. Phys.12,672 (1959).

(c) P.N._ TI,-E¡-ÀJ,I, Thesis, Louísiana State University (1960). Quoted ín Nuclear Data Sheets'

(d) I\r. VAN i\TIJNGMRDEN and R.D. CONNOR' Can, J. Phys. 42,504 (1964).
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with Èhose ol¡taj.ned by other !üorkers. For Ëhe purpose of thís

comparison the interrsity of ttre 605 kev transi-tion has been

arbitrarily set equal to 100 ancl the other :l-ntensities have been

normalized to this ',¡alue.

There is no evírlence for lhe y-raj:s at 960, l4ol

and 1570 kev repcrËed by some prevÍous ¡rorkers. A limit on

the possíble íntensÍty per disinte¡¡ratíon of a l4ol icev y-ray

is < 0.o2% and for a 1570 kev y-iay < c"oL%. The límiË on the

possible inËensiËy of a- 9bc l.-eli y-ral¡ i; somer+hat higher as ít
occurs nea-r the compton erlge of thc 11óB kev y-ray. rt is esËi-

mated Ëo be < 0.L'/. per disínËcgri:.tion. Tlhis inforrnation suppoïts

the conclusion of schriber and tlogg (sc.iiriber 1963) and of r/an

ï,lijngaarrlen anci connor (Van blijnr-;ar-r.den 1.964) thaË there is no

evidence for ler¡els aÈ 1570 and 1770 keV.

3.5 K-Convereion Coefflcíente

values obtaíned for conversion cocfficíents in L34Ba

have shown large varÍations an<1 in sorne cases have díffereci con-

síderably from the theoretical values calculated by Rose ancl by

slív and Band (F.ose 1958, sliv 1956). van rrlijngaarden and

connor (van I,Jíjngaarden rg()4) have reported clepa.rtures - 3or. frout

theoretical values for Èhe high energy E2 transition, their
values lyÍng belor¿ the theoretical ones. Because of these discrep-

ancies, it r+ars decided to investigate Èhe converslon l-ine spectre

as rvell as the y-tay spectra.

Â study of the conr¡ersion lines rsas made using the high

resolution n/2 ß;ray specËrometer (Graham 1960). porrions of rhe

specËra obÈained are shoum fn Fig. .3-3 . The 1ow energy region

r,ras recorded rElth the baffles set at 0.l5ij resolution; for the high
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ener8y region a stronger souïce ancr a baffle seËtir.¿a of 0,207!

resoluËior¿''7erc use<j. The hígh energ)/ regíon is a comoosite of
th::ee separa-te runs. rt shourd be norecl that r¡e studied only
tirose regions oír' tire conversion specÈra r..¡here ]¿--conversÍon lÍnes
r¡ere indlcated ti;r the y-ray spectra from the Ge(Li) detector.
The relat've in'ÈensitÍes of the ri-coriversíon rines are given
:Ln column 3 of Table 3-rI . ihc inÈcnsitr¡ of the K-605 line
is corrected for the srna*11 contributiorr frorn the ii-56g conve.r_

sían line which lÍes beneath this penl.-.

In or:der to normaiize the conversion 1ine intensi_
tÍes to the y-ray intensitíes the co¡lversion coefficrlent for
the 6C5 keV transj.ti_on f.o* 134Cs 

Tirês rneasured using t;re mixed

source technique. Tirís technirfue is particularly suiÈcc] to tire
hígh resolution of Lhe Ge(Lí) dctectors since it can nor¿ be used
in comnlex decay schemes. A comirosÍte source of 134c" .rrd 137c"

f'^ras prepared. T'e relative y-rair intensities of the 605 ltev and

662 keV transitions r,rere measurerl r,¡ith tl:e Ge(Lf) spectrometel:

and the relative K-conversior¿ iine íntensi tief! 1,7erc measured

in the Il,/2 g-ray spectroncter. Tire spectra used for thi; purDose

are shoçm in Fig. 3-4 . The intensíty of the Ii_605 line r¿as

corrected for conÈríbutír'¡ns from the teil of L-se,g and fo:: the
M-569 lÍncs whíc'rr 1a'¡ belorv trre I{-605 peak" ?hese resurts give
the ratic" ry-oos/r.^¡-662 md ril-6c s/Tt:_¿ez. since rhe li-con-
v<:rsion coefficíent of the ,a62 kel.y_t:ay fro¡¡ 137Cu j_" knor.mr

that of Èhe 605 lcev transition fr"r, 134cs cän be creduced usi'g
the relation;-

or, (605) = 1K-605

I,, .. ^f.- f'ìo I

oq (662)
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Table 3-II

PROPERTIES OF GAMMA TRANSITIONS IN 1348a

Gamma-Ray
IntensiËy
Z per Dis.

K-conversion LÍne(a)
Intensitv
per loa iis.

o*Theoreticat (b)
Assigned
Multipo-
larity

Gamma-Ray
Energy (kev)

K
ExperÍmental E2 MT

x 10- 10-
475.26!0.10

563.1110.12

569.24!0.L2

604.64!0.12

795.8010.16

801 . 8010. 16

1038.46!0.20

It67 .65!0.25

1364 .97 !0 .28

I . 510. 15

B. 3r0. 8

L4.2!L.4

97 .5

87. Bt9

8. 8ti .5

1 . 0310. 1

1 . 9410. 15

3. 3710. 30

1.41 t 0.06

4.65 ! 0.2

LL.62 t 0.5

47 .3 t 1.0

2I.6 r 0.8

2.26 ! 0.L

0.167r0.009

0. 20410.010

0. 24110.010

9.40 t 1"0

5.60 r 0"6

8.18 t 0"9

4.Bs t 0.2(")

2.46 ! 0.3

2.57 ! 0.4

1.62 I 0.18

1.05 r 0.10

o.7i t o.o7

9.48

5.99

5.77

5 .00

2.5r

2.56

r .44

T.L2

0. 82

12 "9

8.50

8.23

7 "rl
3.68

3"60

1.92

E2

E2

MI

E2

E2

E2

Ml+E2

r.52

i .07

E2

(a) Conversion line intensity scale normalized to gamma-ray scale using experÍmental
value of c* for y-604.64.

(b) Values inÈerpolated from tables of Sliv and Band

(c) Direct measurement relative to o* of 661.6 y-ray ftot 1374".
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The value of arr(662) has recently been aceuratery neasured by

llerrirÈ and Tayior (iterriÈr 1g65) ro be 0.0,Sg4 r 0.0010. Using

this val-ue our results give an e:cperinental value for the

i(-conversion coeffieÍenÈ of the 605 kev transition of (4.85 t
0.2) x 1O-3.

Table 3-II sr.¡r¡narizes the properties of the y_ray

transi.ions observecr. i-n the decey cf 134cs. The iaeasured. values
of the Y-ray ene::gies from tiie p'esent irork are ristecl ín coltnnn

i ' These were measurecl f rom Ëhe conr¡e¡:sion 1íne specÈra recorcied.

r'rith a n/2 g-v'a:t spectroneter using as a reference the varue

obÈainec by Graham et al (Grar'ran 196c) fcr rhe 662 key y-ray
ín 137cs. I'Je estirnate that the accur¡.cy of the energy measure-

ments is r parË in 5000. column 2 lists the values obtained for
the y-ray intensities no-rrnalized to a value of 97.5 for the 605

kev y-ray. This normalizaËion glves values i.n percent per clis-
inËegration b1'malcing the total inËensity of transÍËions feeding
the ground state equal to 100. prerzious experiments have shorsn

that there is no ß-feed Ëo the grcund staËe (van ïrrijngaarden 1964) .

column 3 lists the K-conversion line intensities. These have

heen nornalized to gíve ühe experinental i(-conversion coefficients
for the 605 lceV y-ray ancj sc are elsc per dìsintegration. The

experimental K--conversion coefficienËs are shov¡n in column 5 an,l 6.
The rnultípolaríty assigned tc each of Ëhese Ëransitions
Ís shovm Ín the last colur¡n.

3.6 Results

In Fíg. 3-5 the experimental neasurenÌents of the l(_con_

versíon coefficients are compa.red r¿ith the Ëheoretical values of sliv
ancl Band' rn order to obtain a conveni.ent scale aLl values have been
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nultiplied bV E-. The 569 keV transitíon ís dominanËIy I41,
r

the 1038 keV transitfon probably an tí1*E2 admÍ"xËure, and all

oËher transitions dornínantly E2. Fo:: Ëhe E2 transÍtions there is

reasonable agreemenÈ, \fiËhin the experinental accuracy, between

the experí:::enta1 an<l the theoretical values, although Ín general

Lhe experimerrtal values tend to be slightly lotrer Ëhan Ëhe

theoretical values. The greatest c:,íscrepancy is (L2 ! I0)% fcr

the 1365 kev y-Ëransj.tion. Tbe o¡ for the 1168 ket/ transitlon'

r,¡hile somcwh¡-t 1or.o, is in better êgreement r'rith theorv than nre-

viously reporËed me¡.surements (see r/an trfiinqaarden 1964).

The most accurate measurenent is the value of (4.85 t

0.2) x 10-3 for rhe 605 keV (2+ + 0*) Ëransítion rvhich r,¡as deter-

mined by the mixecl source technique, anc so is relaËfve to the

accuraËe value of the K-conversion coeffícíent of the 662 keY tTans-

ition fro* 137C". This corrversion coefficient has also recently

been measure<l by Hankla et al and ZE;anj¿rr et al at Vanderbilt

Universfty using the internal"-external conversion meÈhod. Their

values (ttankla Lg63, Zgartjar 1962) of' (4,65 t 0.3) x 10-3 ancl

(5.0 t 0.2) x l0-3 are ín good êg¡eêrnerrË iríth Ëhe present result.

3.7 Level Scheme

Fig. 3-6 shor,rs the clisintegration schene of 134Cs

consistent t¡Íth the results of the prcsent experiments and the

B-specËra observecl by Van liijngaarden and Connor (Van I'rlijngaarden

L964>. The g-feeds shor,m in Ftg. 3-6 are calculated by lntensiËy

balance of ËransiËions feedl-ng and de-exctting the levels. They

agree wfthin the experimental erroï r¡ith those observed by Van

lüÍjngaarden and Connor. There is iro evidence for Ehe levels at
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1570 and 1770 heV suggesËed b¡r some orevíous rvorlcers. Thls

agrees vrith the analysis of Schriber and Hogg. (Schriber 1963>

TIre level at 1643 kev h.ad been gíven a tentative spin assignrnent

of 3-f l:a.sed on ttr.e probable ltl + X2 chara.cter of the 1038 lreV

trâns-l l:i on.

In the tíme sínce th.ese reeults were nuL¡lisherl

(-ranuary i965) other groups havc ín'¡r:s¡igated thís isotope

(Cornítr¿ 1965, Bashandy 196ó) and their results are. not in

agreement rriEh the present rÍorl_. i{ore recently howevcr Abdul-

i{alek and l'Jaumanrr (Abctul-Ma.iek 1968) have re-investiga.ted the
11t,

decay of "*Cs r.rith a Ge (Li) detector and a síx-gao oïaÊge

spêctroneter. Table 3-rri compares thcir resul-Ës iiiËir Ëhose

c¡bt.ained in Ëhe Dresent ¡.¿ork and shct,Tr-. them to be in good

agrcement.

Angular correlation sLud-íes of the transíËíons de-

excitÍng the 1643 lcel./ ler¡el ha.¡e i¡een reported þ.¡ Ìlsu and Emeri"r

(Hsu 1968). Their values for rhe A2 and A4 coefficients for Ehe

È\rlo cescerles are

y475 - v1168 A.Z = -C.255 ! 0.075 A4 = -0.15 t 0.11

y1038- y605 AZ= 0.101 t0.0C2 A4=0.006 10.003

Thcse values Ëogether r,rith tire nultipolariËy assignnenÈs reportecl

in Èhe present nork establish the spin of the 16113 kev level as

3* in agreement r¿ith the previously nosÈulated value.

Also shor,rn :i_n Table 3-III are Èhe results of a recenË

ínvestígation of Lhis ísorope by Raeside er al (Raeside 1967).

rn additíon to sÈudyíng the ganrna-ray spectrun r+ith a Ge(LÍ) detec-

tor and rrerforming Ge(i.í) - l'lal(T1) coíncidence experiments, this
group examined the lor¿ energl/ region Hith a 2m curved-crystal

spectrometer. Tfre resulËs of the curved-crystal studies revealed.

tr'zo hitherÈo unseen ganma-rays vitli energres 242.694 t 0.-041 and
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326.512 t 0'095 kev. The intensity of each Ëransítion is gÍven

as 0.02 t o. ari4 per disiategration ruhich exÞlains r+hy they rrere

not seen in the present work. Ilcth gamns--.rays have ber:.n fitted into
the level scheme preseuËecl herein i.,'íth Ène higher energy one fittíng
betrveen tÏ¡e 1970(4+) an¿ 1643(3j-) l..ev lc-¡els and the lov¡er: one

betr¿een Ëhe 1643(3+) ancl 14C0(4+) her,i 1evels.

3. B Discussion

rn 1961 shelíne et al (sherÍ'e 1961) proposecJ. that in
addÍtion to the aLrea-dy r,rel-i estabiÍshcd rcgíons of nuelear

deformation in tire periodic table. tirere should exist a region

of deforrned nucleí among the neuËrcn deíicient rare-earth

'elements. l.farsholek et al (llarshaleh Lgrs3) have performecl

theoretÍcal calculatíons over large regj-r.rns of the nuclear

periodíc table to deterilíne the clefornation of and the energy

difference beÊrveen spherical and 4efo::rned nucleí as a function

of nucleon numbers. they concluded that a rleformed regíon should

exist vrith N and z beËv¡een 50 and E2 and on the basi_s of the

experiraents by Sheline er a1 (Sheline ig61) or, 1268r, 1288" ,rrd
1306¿, which were performed in conjunctÍon ¡¿iÈh this theoretical work,

concluded Ëhat these Ba nucleí ç¡ere deformed.

PreLirninary results of Gerscher eË al (GerscheL L964)

confirmed shelinefs results on the first excited. 2* states and

in addition reported 4* and 6+ stares in 126s" arrd 12BBr whÍch

rrrere interpreÈed as rotat.i-onal st,at.es. llcre recent experiments

by Clarkson et al (Clarkson lgGT> ..'r, 1248" orr¿ 1269¿ har¡e con-

fÍn¡ed the rotatÍ''nal nature of the levels in these ísotopes.

Gerschel also point6 ouË that the r-egior,. ¡ro* 130ga up to

singly magic 13BB- should form a transít,iou region from deformed
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to nearly spheri.car nuclei. The levers of these lsotopes should

therefore be expecËed Ëo exhibit vibrational charact,eristies.

The recent results of Gerschel et al (Gerscrrel 1965) on Ehe

decay of 130L^ arrd 132r,or intc- 130g¿ arr.l 132gn respectivery, lend
support Èo this contention" Their resulËs indicaÈe that both
of Ëhese isoÈopes have second excitecl 2* states at about 2.2
times the energy of the first 2* sËaËe. In acldiËion 3_ staËes

are indicated in agreement vrith the systematics of ocÈupole

víbratjons in this region (;ren¡ rn 1963) . Â. comparison of the 1or¿

lying levels ín the even-even Ba íscËopes ís given in Fig . 3-7.
The leve1 schemes ivere taken frorrr the references dfscussecr í'
this section.

The level scheme shov¡n for 134nn is based upon the
present v¡orli and tl-," 134Ln studies of Julían ancl_ Jha (Juiian
L967). A, 780 keV gamma-rny hacl been reporrecl in th. 1341.,

studies of RÍcci et al (I'jcci 1965) and in Èhe prelininary
results of Julian an.l Jha (Julian 1964). This gamna-ray

r'ras orígina11y thought to de-excite a GF ievel at 1365 kev to
the 605 ke\I levei btit furtirer sÈudie" uy iir" 1aËrer aurhors

shorsed that this transiticm belonged to the 135ce contaminant

in theír source (Julian i96s). JulÍanre resurts also.shor,¡ Ëhat

the log fË. values ca]culated for- Ëhe transitÍons Ëo the higher
excited. staËes in 134a" indicate ell-owed transitions. This r¿ould

exclude the interpretatiorr of Lhe 2335 lcev level as t,he 3- sËate

as proposed by Ricci er at (Ricci 1965).

The decay scheme shor¡n f"r 136nu is based upon Èhe worrc

of Reining and Pare (Reisi-ng 1965) and Julian (Julian 196S). ReÍsing
interprets the fírst 2* anð.4+ staËes as arising frorn the one-phonon
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and tr'ro-phonon vibrational sÈaËes resoectÍvely. The (2)+ levet
at L579 irev is seen Ín Èhe ,Jecay of. r36ru end it seems plausrble
t. interprer this as the 2* state arising from the tr.,ro-phonon

vibrati.ons" The other levels appear to be of quasi_particl-e

nature and can be expla.ined by shell nodel predictíons (Reisíng

196s).

since Èhe 1or¡ lyíng levels in Ëhe nuclei surrounding
1348- can be inËerpreted as beíng of a vibrational_ nature

it seems r(atural to interpret the levers ir. 134g, sírnírarry.

The f-'-rst excíted 2* level is thcn idenËified ruith the one-phonon

vibration, the scconcl 2* anrl the 4¡L levels ruÍÈh the two-phono'

vJbratíon. ^hs poínted out by J*lian (,;ulian Lg67), the fírst
2* sta-te cannot be <1escr:Lb,e,:l as a pure harmonic oscíllator sÈaËe since

Èr'ro-ph-oncn ËransitÍons are forbidden and the 1168 kev transition
ís quite sl-roitg, Further inr¡estÍqaËicn of the hÍgh energy region

is necessary before enyth-íng definite cen be saicl about the n¿Ëure

of the high lying staËes.

In Ëhe trarrsltion reg.íe¡ betr,reen rotatlonal and víbra_

Ëfonal nucl-oi lt Ís also irossible to ínterpret levcl schemcs on

the ba.sis of the Dawdov and Fillipov (l_rav-vdov 195.8) as./mrnetríc

rotæmodel . rn Tabl-r+ 3-r'/ the relatj-ve spacfngs of tirc lcvels ín
1348a arc comï]ared. r,iith tÌrosc pradíctc:cl by tile asymretrfc rotor
urodel for a valuc of y = 3go. The a¡¿recncnt ís rcasonably good

e:çccT)t for tire seconcl.4* state r¡hicir occuïs at too lor,z an cncrgy.

The ilomínantlir ìil charactr¡r of tirc 570 keV transition frorn thís

1evel to thc fírst /+* state aE 14ûil kev also ín<licatr:s that it is
probabl¡i not a Trure asyaneÈric ïotor statc.

The experfmental ratios for i:otÌr the 2* and 3* levels
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are slightJ-y lovrer trran tlic predÍcted value. Das Gupta ancr

Gunyt: (Das Gupta rg64) have considcred thc generarizcd Davr¡dov

theorv (Dav1'¿6',r 1ir61) and appríecl theÍr car.cur.ations to 192pa.

This theory uses onlv collccÈi-vr: co-ordinates and trrereforr: the
nrerlíctions der¡end principall',¡ upon the shapc of thc nucleus and not
on the l-nclividual particle stã-tes. The sha.pe of 134i1. migrrt be

expectecl to i¡e sinilar to 192rrtr âs Ëhere are 78 neuÈrons i.n
134ila and 78 protons i.r. 192¡t 

and about L2ir of Ëhe other par-
ticles (or holes) are outsicre the nearest cr-osed srrclll . ?hc

rcsults of Das GupËa and Gunve for y = 30o arc comparcd rJritlì

Ëhe experfmental rrata for t'00". 
This gives slÍgtrtry trctter

agrcenent than thr,: pure asyn'netrl-c rotor moclel. Irío attempt has

t'ecn nade to optimÍze tihe ilaraaetcrs in Ðas Grrpta ancl Gunyers paper.
po. 134nu thcy would prol.aï;l¡,, differ slightly fron those applícable

192to Pt.
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CIIA}TER IV

Garnrna-Gamina Coincídence ExÞeriments

4 .I .irrtrr;iuciio_A:-.

CoincÍclencc. exoerimeilts have rnany anÞlícatíons (e.g.

mêêsürêrr1ÊnËs of lifetj.nes, angular correlatiorls, et,c.) but

only trùo of these alpl.ícr-tions r,¡ill be made use of in ËÏris

thesis -- the fitting of garnma-rays ínto a

intensity measurenent of iyea.lc transitions.

metcrs the poor resoluùion not only rnasl:ed

a-lso closely seaced cloublets. Coincidence

needed to idenËify such transÍtíons.

The introduction o¡î the Ce(Li) detector has íllus-

trated Ëhe complcxíty of nan'/ decav schemes biz revealing hÍtherLo

unseen gaflìÍna-rays so the need for coincidenee experiments ís

greater than ever. Until- recently thc srnal-I volume and l-ors ef f i-

ciency of pianar detectors limíted coincírlence exnerimenËs to one

Ge(Li) <letector and one Ìrlal(Tf) deÈector. Ëloçrever the inÈro-

ductÍon of large vclume coaxial díodes nor,,r pernits the use of Ce(l,i)

detecËors on both sicles of the experirncnË. The decisíon as to

rvhether a IIaI(Tf)-Ge(Li) or Ge(Li)-Ge(Li) systerll should be used

depends upon the exeerj-menÈ j-n quesLion. There are undou?-¡tedly

nany ca.ses r¡here the forr:ler systen is adequetc and in some cases

even preferable. 'Ih.ere ¿:re also hor.rever many cases ín r^ilricir the

spectrum fs too coroplcx to allorir i'iei(:ll1) r-1,<:tcctors to,'-..1 r¡ss:.1 . It

is in Èhese cascs that the Ge(Li)-Ge(Li) systerù provides a por,¡er-

ful an<l indispensiblc tool.

deca-''r schcmc and Ëhe

I'IÍth NaI (T1) spectro-

r,reall gamma-rays but

experiments ftrere

The follovríng sections of this chapter clescribe some

of Ëlie tirníng eharacteristics of Ge(i,i) detectors and tlie coin-

cidence technique uscd for the exuerlments díscussed ín Chapter V

and VI-.



4.2 Timing Characteristics of

Pulses frorn i,rar(Tr) spectrometer. are particularl.ly
suited for coincírlence studíes since the nuLse shape is consÉanË

and determined by thc cl.ecay time cf the crvsËal. This hor.rer¡er

-i s not Ëhe case r¡íth ce(i,;-) ¿etecËors since th-c rise time of
the pulse depends upon the time tatrcerr to collect the clccÈrons

and holes. several oaiiers rrar¡e i;êerr øritten o¡: tire subject
(Grairarn et aI, 196'j, strauss et a1 , Lg66, Er,rari et al, 1966a)

so only a bríef revíer,r of tire tiniíng cha.racteristícs r¡j_1l be

given here. Fig. 4-1 to ir-5 are talien from Ehe papers by

Graham a.n<l Er,'a.n.

The pulse shape fron 1íthi_ürn_dríiËec1 detectors

denends uÞon several Èhings including the clepth of Lhe detector,

the eiectrÍc field dístribution. the mobilitíes of elecEron a.nd

holes and the position at i.,,hícil the electrons ancl holes are

producecl (Gouiding, L255). Iiíg. 4-L gÍ-res a very sirnn¡_fj-ed

representatíon of the siLuatícn. rhe upper left hand diagrann

shorvs a schernatic of a nlarrar detector. r¿íth the * and - signs

indicat-ing three rlíffereni positíons in ¡,.rhícir electrorrs and

holes can be aroducerl . For sirnplicit], the mo.bílítj_es of both

carrÍcrs are ta.lten to i:e the sarne. If the elect,ron hole pairs

are produced at the center of the detectoro then Èhe tine taken

to collecË the charge r;¡i-11 be aporoxímately one half of that
taÏ-,en vrhen Ëhey arc rrroduced. close to eí ther the p or n sicle

of the dÍcce. These Ër.¡o ríse times correspcnrl to the solid
lines shor..rn in tile diagran in the lo¡,,rer left of Fíg. 4-r (Ervan

et al 1.9óf:¿) For electron-hole paírs produced elsewhere in
Ëhe detector, the ríse of the pulse sr-arts off raoidly, until
one carríer is collected, and. then builds up,,vith a ríse tine

-65-

Ge (Li) Detectors
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equivalent to Èhe transit. tíme of the other carrier.

In actual fact the situatÍon is consideral:ly more

complj-catecl since the carriers do nct have the same mobili-ty.

The velr'cíties of electrons and holes depends upon the electric

field strength until fields of > 2CCC V/cin are reacired., a.t i,rhich

stage the¡r apcroach a- saturation velocity of - 1.5 x 1C7 cr,r/scc

(Prior L960, Goulding 196ó). The elecrric fields in derecrors

are also not uniform and thís together rvith Ërappíng, reconbinetíon

and multiple interactíorrs causesa sprear<1 in rise times.

IÈ is quí.te corilnon í¡.r l{al(Tl) r.rorlt to use a cross-

over pícl'" off (c.o.p.O) unit to derive Èhe tine pulse. Thís

tirn:i.ng sígnal corresponds to the tíme Ëalcen to reach one half

of fu1l purse height. The large spread in times requíred t,o

reach this le.¡el in Ge(Li) detect.ors makes this method unsuitable

so leading edge Ëirning must be used. Even wíth the discrlnínator

set as 1or; as possible the¡:e sËi1l a.rises the problen of e'rnralk'

ldth pulse heíght. some pulses trigger Ëhe discríminator later

than otirers and a taí.l appears on Ëhe tíme ciistribuËion. A.

Èypical exami:le of a- prompÈ timing d.istríbutíon frorq 60Co gort*n-

ra./s ís shor,¡n in the lor.üer r:ight h;_nd corner: of Fig. 4-L (-iven

et al 1966¡) r'¡ith a scheinatÍc d.iagrern of the equipment used to

obtain it shar,¡n abovc. As can bo seen:from th<: dÍagrem, the fu1l

r'ridth at half maximurn i-s 3.9 nsec l.¡ut there ís elso a tail ¡.¡ith

a slooe of - 3 nsec. Thr: Lail lii-riis the life-tine Èhat can

be rneasured from the slone cf the tine distríbutÍon.

As already mentioned, both ther size of tire deËector

and the fíelcl across i-t affect the pulse rÍse tírse and hence the

resolutiori curve. Full wiciths at half naxinrurn f ron - 2 nsec f or
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a 2 rtrn detectcr (pígneret et al Lg66) to 6.0 nsec for a 10 r¡mr

deep detector (Erran et a1 Lg66a) have been reporËecl.

The smalr vorume and lorv cf f i cienc), of trÌe planar

detector horr¡ever límíts its use in co-incidence studícs. As a

result larger volume ccaxi a1 detectors r,lerr: developecl as alrea<ly

mentÍonecl, in chap. r. The first of these detectors developed had

one closed errd and one open end. Detailccl studí-es of the deoleticn

cepths of these cletectars have been na.de by lr{aln (ìfa1m eË al Lg66) .

Tlie elecÈric fields procl,uced in these detectoi:s are.

ver]¡ non uniforn and as a result, the pulse rise tíme ís ver./

dependent upon '..rhere the aaïÐma-r:ay ínËeracts rvíth the detector.

Tiris variation in pulse rise time r,ríth position is ill-ustraËecr,

in Fig. 4-2 (Gra-ham et al Lg66). A pos:'-ton eüritting source:

22Ì'Ì" *" placed beËr,¡ee' two rea.d blocks to produce a narrolr

(1 mm rvicle) beam of 511 ker/ gamma-rays. An oscilloscope rüas

triggered by one of rhe anníhilation ouanta d.etected ín a llar(T1)

datector and the outnÌrt pulses from the Ge(Li) clecector were d.is-

pla.yed. The only pulses slior,¡n in the diagrarn are Ëhose correspon-

ding to the full-energy oeek.

The pulse srra'es r.vere observed at several posÍticns

across the detector r.rÍÈh Ëhe beam of gamrna-rays ained aË the co-

axial region (upper rÍght hand diagram). The rise time (IO% to g0%

of maximun pulse size) can bc seeri to r¡e - 50-Bû nsec. The

dashed 1Íne sÌ¿ows the rise tinne of a mercury pulser. when

the bea-m is shone inËo the closeci end region, es shor.¡n Ín

Ëhe lower díagramo the pulse rÍse time is seen to be longer and

there is considerable variation ín the pulsc shape.

Fig. 4-3 (Graharn et al 1966) shows the variation in
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tfme spectra wÍth position. T'e upper cuïve r.¡as talcen using

cross-over píck off tiining l.rhilc the 10,¿er three used lea.díng

edge riming wiÈh the discri-rnÍnator set aË dífferent Ievels.
rt is ¿ppa-rent fr,:ia r-hese Íigures t-nat there is a rarge spread

in F.I{.Íi.ìÍ. r,rítii posítion but Lrrat ]-eading edge timing produces

a much snaller variation than cross_over picÞ" of.r_.. These

detectors are therefore orrlv uscfuj fcr coincide'ce experiments

r¡Ìrere resolving times o.F- 2-r _ 50 nsec ere accepÈal¡le.

The nexi stcp i¡ ihe developmeni of large volume

detectors was the c.¡lincl-ci.ca.1 coaxíal dctector r¿íth both ends

open. An exarnple of the tir,re spectra cbtainecì. frorn such a

detector is sho',.'n in Fi-g . 4-4. 'rrre curve on the ref t shorrs a

fulI r,rídth at half rnaxinum of 9 nsec anè. a fuli ¡,vidtir aË one

tenth maximtrn of 19 nsec. This should be coia¡-rared to the curve

on the rÍ-ght obtainecl r'¿ith cross-over picr.: off ti-ning which

shorvs e fu11 r,¡ícith at one tenth maxirn'in of 39 nsec. (i,.lal-m Lgl(,)

The timing experrments <líscussecl so far have involvecl

one Ge(Lí) detector ancL one i:lar(T1). The large voruine coaxial
<liodes mal¿e iË feasible to use Ge(Li) rJetectors on both sides

of the coinc:'.dence arre.ngcr'cr:L. Tínie spectrâ ¡.¿ith t*o Ge(Li)

detectors have been rei"rcrted. i:y Er+an (Er+an. l9ro6a) ancl an

exarrple ís shor'm i-n l¡i-g. 4-5. This curve l¡as obtainecr- us:i.ng

ttuo syfindrical double open-enderl coaxíal detectors r,¡hích rvere

boËh gate<l on the 511 lcev ful-l-energy peaks. cne of the d.etectoi:s

had a depletion dcnth of 9.5 nr,r,u¡r:-íle Ëhe otrrer rvas onry 7.5 nm

deep. sec. 4.5 of thÍs thesÍs ir-l.irstretes one of the timÍng

problems r,vh.ich can arise r,rhen tr.¡o of these detccÈors rvitir unequal

denletion depths are usecl i* a coinciclence experirirent.
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From this 1;rLeí revictr of tíming characteristics iË

The t'l!e of Ge(Li) detecËoi: usecl in a' na'rtícular

exìrerinienù is governecl to a la-rge ilxtent by the nucleus under

investígaËion. Ir' the decay sche¡ne is such that low er¡ergy

gamma rs.ys are in coirrcirlence r+j.tl-r hi¡iì energy olles' then it

r.rould be very advantageous to rJSe ¿l thín wíndor¡7 planar detecËor

- I cm dr:ep on one si<1e of the coincídence experíment and a large

voltrqe coaxial cl.iode cn the- other side. ijor.rever íf the coírr-

cid.ent ganna ral,rs a-rc all of hígh energy then la-rge volune

coaxíal detecËors should'oe used on both sidcs of tl-re experinenL'

Tf long resolvin¡¡ tímes can be tolcrateC. (50-100 ns,rc) tlten

single oÞen ended. detectors ere adeauate. Hor¿ever if faster

resolving times a.re Deede-d, then 'louble ouen-ende<i dj-odes must

be used.

resolutÍon comes from Plilnar

4.3 CgÍ.ncj-dence Apparatus

A block schenaËj-c of the êPpara.tL"$ used for the gatnna-

gaÍ}fna coj-nciCerice exÞeriments re]DorteC in thís tiresis is shorrm

Ín Fíg " 4-6. Idj.th. the excr:ptíon of Ëhe linear amplífier and

biast-cl amr,lifícr, v,rhic.!: r.¡ere manufactur:ed by Tcnnelec and the

i:rearnplifier '..¡hich was built at c.R.Ll .l,., Ehe equípment r¿as ell

su¡rplied. by Ortec-.

Tire <ietectors used in these experiments r.rere nroduced

at c.F,.Ii.L. by the counter develoÞment seclion. Ti,ro of them

rqere rloul¡|e cliren cndecl coaxial 1l¡ CriÍtcci Ge(Li) detectors' one

lraving an active volume c¡f- 44 cc a.ncl tire other e-n active volum.e
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or" 30 cc. The 44 cc díode (code number G9C2> v¡a.s 63 mm long r¡ith

an external dianeter of 31.5 ur¿ ancl a dead core 7 mnr in díameter.

The resolution of th.is cletector has been measured to be 2.75

keV on the 1173 keri ohotopeak irr 60Co, using lov¡ countíng ra.tes,

and has a photopealr- to Compton ratio of approximaËely 20:1 at

Lhis energy. An examnle of j"ts performance is shor¿n in Fig. 4-7.

The 30 cc Cete-ctoi: (code no. GLC6X) had a resolutíon of 5 ket/

aË the same energy. All of Ehe di-o<les \ìIere operated at liquíd

niÈrogen teinrrerature in essenËially the same kind of cryostat

as described ín Chap. I. The preanplífier has already been

descríbed. in that secÈí-on so notlting further ¡.¿i11 be sa.id about

it here.

As can be seen from Fig. 4-6, the syst.em used r,¡as

essentially a fast-s1or"¡ tyne of coinciclence arrangement. Pulses

frorn each preanplifier vrere split EIro rÍays, one to produce a

linear signal- for energy analysis and the otlrt'r to produee a

Liming pulse for the fast coincidence unit. The "lineâr outps¡tr

ryas fed to a lirrea.r anplifier (Tennelec TC200) i,rhere anplification

ancl pulse shaping r{ere Þerf ormed. Two ouËputs r.uere then taken f rom

thÍs amplífíer. One of Èhese.¡as delaye,l and sent into a biased

anplifier ancl stretcher (Tennelec TC250). This unit r47as used to

rrroduce unipola.r rectangular shaped pulses for the encoders ín

the compute¡S. It r.las gated by a signal from the slor^r coincidence

uniÉ (Ortec nodel 409) so that only specially selected evenËs

\.rere passed to the compuler for analysís. The other ouËpuË

frorn the línear annlífier r¿as fed into a. rsrxn-inverËr amplÍ-fier

(crtec model 433 use<l here onli' as en ínverter) and Lhen into

a disctininator (Ortec model 420). This díscriminator fed pulses
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t o one of tire slou coincidence ínputs whenever the inconing pulse

rùes above a certa-i-n ninÍmum.

The oËher pulse from Ëhe preamçrlífier r'¡as fed ínto

a time piekoff uniË (Ortec r,rodcl 260) and then into a Ëime

piclcoff control unit (Ortec r,rodel 403) in'hich rvas used to set

the levei at rvhich Èíming pulsae lrere produced. The output

pulses from this unít i¿ere fasü rísÍng ii'.nncl diode puises

(- S.0 nsec) vhich r¡ere then use.cl as ttstart'? andr¡sËoprt pulses

for a time to arnnlitude converter (Crtcc rrrodel 437) . Tíme

clela.ys \^Iere inserted. as recluire<i to naÈch up tlte delays through

the prearaplifier and tine pickoJ:f uniis. The ti-me to arnplitudc:

ccnverter (T.4.C.) rras used as ti:c fast coincidence parË of thc

system.

The T.A.C. outÐut t¿as sl:lit and one output rvas fe'J

to a single channeJ- analyser (S.C.A.) (Ortec noclel 420)" .L'lhen

the data r¿ere colleci.ed on Ëhe PDP-3 computere this S.C.A. uas

used trr set Ëhe time rvindor.r on the T.A.C. ouËput. Its outpuË

vras subsequently senË through a Sate and delay generator (Ortec

model 416) ín order io prov:lde a suítably delayerl pulse for the

thircl inpuÈ to the slor,r coincj-dence unit. i,-trhen Ëhe PDP-1 vras

used to collecË Ëhe data, Ëhe S.C.A. \.Ias used ín the inËegral trode

tc give a slolt coinci{ence inÐut for enl' ¡rulse above a requíred

ievel. The other output from the T.A'C. r,ras Celayed and sent

through a linear gaËe (Orfec rno<lel 409) r..rhich '.^ras 
gated frorn the

slo',r coincidence uniË. Thus in the PDll-l node of operatíon, three

pulses \ùere senË to Ëhe co¡nputer' tl¡o of i'lhich had met certain

energy requirements and Ëhe thirrl. conË¿:inecl the tine relatíonship

beËr."reen Ëhem. In the PDP-B rnoci¿ onl-r the energy pulses rvere feC
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been preselected by

4.4 l¡ast CounËing lìiìte Effects

It is inevítable Lhat somero'here 1n the amplifier-

preanplifÍer systen theæe' n'.ust bc. AC coupling beÈrveeen stages.

To opt-i-riri ze t'rie signal to noise ratio single RC shaped pulses

are preferable to double dífferentiateC nulses producerl eíther

by RC or ,lelay lÍnc shaping. llhen an exponentialJ,y 'decayÍng

nulse is fed to a differentÍaËing cÍ-rcui t-, Ëhe ouËr¡ut pulse

has a fal1 ti¡ne detemined by the differentfaÈor but also has

a long undershoot, the time constant of r¿hLch ís determined by

the decey tíme of the origínal Þulse.. i.trhen fast eounting retes

are useclo this unCershoot leads to 'rpi1-e-urrtt problems end, as a

result, a loss in resoiuticn. Under overload coirdiËions, this

undershooÈ can be severe enough t,o seturate the amplifier durinÈ

a la::ge Ðcrtiori of the trnder shoot Leadin¡¡ to excessir¡e dead ËÍme.

't¡íth the lorv nhotopealr. cfficiencv of even LarFe volume Ge(Li)

detecËors, iË is necessary Ëo use hich counËfng raËes (15r000-

2Cr000/sec) in orde:: Ëo give rea-sonable counting rates in coin-

eidence experínents. DeÈe.iled studies cf the require;ncnts for

nucl-ear pulse ar.ri:1ífier:s have been made by several grouns and

Èheir results a.ppear ín the literature (Blankenship and t'Tor^¡lin

1966, GouldÍng 1967). 1i rncthotl commcnly used to eliminaËe the

u¡':dershoot from RC clipoed pu1-ses is the t'pole-zero" technlqrre

and the emplifiers useil in the cc¡incidenee experiments reported

1n thís thesís ¡rere nodified Ín this ""raJ-. Fig. 4-B illustrates

schematÍcally the technicrue and tho 2ertínenË rnathematics is

_8C_

time relationship

rhe s.c.A. on rhe

betl.reen then havlng

T.A.C. output.
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included in the diagram. Effectively vrhat hr.ppens is a porÈion

of Ëhe inconing pulse is fed across the capacitor by the resístor

a-nd added on to thc rjiÍferentiatecl Ê.ul-se cancelling out the under_

shoot. This meÍ:irod i-s a-pplÍca-ble only r..rhen the DC voltages on

either side of the canac:i-tor a.re the- same or veïy nearly the

se'rne anri r'rhen single time constants ar:e- t.sed for pulse sha.nÍng.

The conbÍna.tion of ihe bleeder resistanc<r ancl the couplÍng capaci-
'rance must have the s¿rme time constaiÌt as the incoming pulse.

The prea¡:lp]-ífiers irere AC coupJ.ed to the irain amolífiers

and no pole-zero comÐensatjon rvas used at these ooints. In order

Ëo overcome baseline shift aü high rates, it r.ras necessary to use

double R.c pulse shaping in the naín amÞlí:îier. ?he be-st resoiutíon

at hígh counting rates '.uas obiained by using dc¡uble p.c puise shaping

and 'radjustÍngr¡ the pclle zero cornDensation. A detericration rrras

observed in resolution f::oln 2.75 kev, r+ith slor¿ counting rates anrj.

single RC pulses, to about 4.0 keV r,¡íth high rates (- 251000 cps)

and tiris rnodified noie-zeto cornÞensation,

4"5 .nelated Address Technique

rn ganoma-garrnâ. coi-ncicence experiments using r.Iar(T1)

detectors Ehe stan<lard procedure for many _vears has been Èo

set a ruindorv rvith a single channel analyser on a full energy

peak ín one detector anil use a rnultichanner analyser to rec.ord

all the events in coincicl-ence r.riËh that garure-ray from the

other detector. The accuracy rriËh. which this tyne of experÍ-

ment could be perforrned was determined largely b¡r the stabil-ity

of the wíndorv" ìlith the faírlr,' nide phoËo-oea.ks frorn a l.lar (T1)

spectrometer and the improvement j-n elect,ronics over the last
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decade, good stabflity can bc achievecl quite readíly. Horvever

with the advent of Ge(Lj-) detectors rhe pj_cture has changed

sorner,.¿-r'.rt. Províded the experiments a-re being rlrne r.¡itir one

$lal(T1) deLector end one Ge(T-i) cietacÍ:cr, anrl thc r.¡incl.orys are

set olr the t'lal(T1) sÍ-de, then nc difficu-l-ties aríse. If thi:

vrindor''s are to be sat on the Ge (L j.) si<l.r: then the narrotrness

of the Ge(Li) pealcs rnaltesthe rc,cuiïenents on sLability all the

nìore severe.

Another drar.;bacl."

limitation on the number of

tÍme. Tn orrler to determine

compton distril¡ution uncler Lhe photopeak., it is necessary to Eìove

the r+inc1or,r jusÈ off the phoËopeak and repea.t the experfinent.

It Ls also necessar)¡ to repeat the run agai-n in order t.o measure

Èhe acciclental coinc:'-clences, r+hich can be appreciable if the

counËing raÈes are hígh. All of this is very tine consuming

and if the radioactive source under study has a short half life,

Èhe corrections to the c1aÈa can be 4uiËe complicated.

If Ëwo Ge(Li) detectors are used, the lor¿ detection efff-

ciency means that long rrJns at:e needed. for each of the above meas-

urements. Thís in turn neans that the results are extremely sensiËi'¡e

to the overall stabÍ-lÍty of tl-ie syscem. In vier,¡ cf these require-

ments if seems desirable to have a. s)¡stem r..'hich r:ccord.s all of the

above- inforrnation simultaneously. The introduction of small dígital

coinputers for on-líne expe-rimenÈs in recent years has províded the

necessary tool for such a. systøm. The system use<1 in the coincidence

experiments reported herein is referred to as the rtRelated

Àddress Technique" and a descríption of this technigue follorvs.

rríth the above t¡zoe of syster:ì is the

r"¡indor.¡s that can be set at the one

Ehe events coinci<lent wÍÈi1 the
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Trvo tyoes of computers ncre used for these experíments,

a PDP-B and a FDP-I boËh manuiacrured by Dígital Equipnent corp.

The PDP-8, to r'rhich the author rrac ::eady access, rras límiÈed

by the smal1 memorv (4096 channeJ-s), so whenever possible, the

PDP-I r,ras borror¿ed from the Tandem Accelerator group at c.R.¡tr.L.

A bl-ock sche;;¿Eic of the system is shor¡n in Fig. 4-g.

Let us supDose Ëhat we ha.vc a coincidence event. ?he irulses from

both detectors are fed frr:m the bÍased amplifiers to tire en,:oders

in the PDP-I' The ADCis then encode these pulses anci procuce tÌro

addresses for thi-s coincident event.. The ouÈpuL from the T.A.c.

is fed to a- third errcocler an<i ancthcr a<1d.ress Í-s producecl cor-

respondíng to the time rclationship betr+een the tr.Jo events. These

three addresses a.::e then st,orecl se-cuentiall,¡ in a memoïy bu:fier

uni-t viz. adclress of event B1 freil side 4-, adclress of event E2

from siche B and acldress of event T from the T.A.c. rn acËual

fact the prograilrme for the pÐp-l recorced groups of four addresses

buÈ in these ex1;eríments the fourth adclress vras left blanl.... I.liren

B0 coincidenË events had been analysec and storetl in the fi-cu¡gr¡

buffer, Ëhe conËents of thÍs buffer ïrere Èhen transferrerj to
magne!íc tape ancl the buffer was clearec. -r:n order to avoi.d losses

durÍng transfer time tr'¡o bul'fers wc:rc usecl , the second one col-
lectÍ.ng -"¡hile the first rvas beíng transferreci. Thus the magneti:

tape consisted of a series of blocl.,s uíLh B0 groups of four acidresses.

By usíng tiris technique of re.cordlng a1l the coincíclent

event-s símultaneously as v¡el-1 as their time relatíonshipo the

actual exÐeríurent is perforned after all Ëhe ciat,a have bccn

collected. The experimenter can then decidc whÍch ganma-rays

he wants Lo set rvíndolrs on.
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Let us suppose that ¡¡re r,rish to seÈ a r,¡inclolr on a gamma-

ray whose full-energy peal: occurs in ciranner 20CI in encoder El.

The i.¡idth cf thc r,¡inclow riepencls upon the gain of the anplifier
systen used but for the purpose of thi-s descripLion, let us sup-

Ë,ose it is 5 channels r¡íde. This riloans setting a vllndor,r fron

channel 198 to 202 incrueive. rn order tc subtracË off Ehose

event,s coíncÍdent ¡;ith the compton distrÍbution, it is necessary

to set another r¡rind,or.r just o.if the photopeak, e.g. from channel

204 tc 208 inclusive, an.,i thcn subt::act this spectrun fror¿ the

fÍrst. The lar¡e size of the pDp-l ïreiTrory allov¡ed the setting

of eleven such pairs simultaneously. The way the prograrmne had

been r¡rÍtter5 only one tírne r¡inclor,r could. be set aË any one tirne.

Thus the magnctíc tapes had to be resortecl to get the randorir

coincidences using the same energy i,¡índors but a different tirne

"¡indor¡ 
as shor,¡n ín Fig . 4-9. Thc tirne i:e quired f or sorting

the tapes was Èypically 15 ninutes peï ta.pe" rn one experimonË,

six tapes were useci so tha.t about L4_ to 2 hours of actual conÊuter-

tine r¡ras used per soi:t.

I,Jhen the riata i.rere coliected on the pDp-ái conputer,

only Ëvo energy encoclers r¡rêrê usarl and the tíme relationship

betr¡een the events rJas not recorde,l . The sraall nexnory of this
computer restricted the nurnber of r.rÍndor¡s ...ririch coulc1 be set

aË any one timc Èo one. This rneant thaÈ the tape h;rcl to be sorted

ruit'rr the rrinclo'.'¡ set on ehe photopeak, these data punche<l out on

')aper tape and then the magneËÍ-c ËaÞe resorted r¡íth a nelr r.¡inCcr+

set just off the phoÉopeak. ThÍs seconcl sorL r¿as then punchecl ouÈ

on Þaper tape and the tr¡o paper capes r,¡ere subtractecl to gÍve thc

coincidences r¡ith the photopeah. Iiach of Ëhese passes required
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about 15 mins. so this \ras a timing conrituning orocedure.

Â. nethotl of reducing the analysis tine v¡as found by

reordering the magnetic Èapes. A.s the tapes came from the PDP-B

comprrter, thelr viere filled r..rith pairs of related addresses, the

firsË of r,írich carire fron cncrrcler EJ. (see Fig. 4-10). These tapes

r¿ere then taken to Èhe G-20 conputer end r.rere reorcl.ered by a

nerge-scrË programme (i'Ioslcen 1955). T-he result of this progranr0e

rvas 1024 bj-ocl."s of spectra froin encod.er E2 r,frich iv-er€ sêeuentially

iir coincidence r.rith channel 1 throui:h L024 ot encoder El. The

time required for reorclerin?,4 x 1G6 events h7a.s roughly 7 hours.

The ner¿ taFe i.ras also considerablli s¡irall-er than the original Ëapes,

since only about 600 ft" of tar¡e rvere used to r,¡ríte these 1024

blocics of spectra.

The ner+ tape iüas then tatrren baclc to Ëhe PÐF-B for

furÈher analysis. rf one l,rished to loolt. at the spectrrur in coin-

ciclence rrrÍËh channels 198 to 2A2, Ël-re PDP-B then counted

197 blocks - ¿l process r¿hich Ëakes a- fev seconcls from start

to f inísh and then surnmerl the nexË f ir¡e blocks. In order Ëo

suÏrtract off the co:'-ncirient evenLs l.¡ith the ComÞtons, the computet:

then has only to subtract off Èhe next five blocks of the tape.

Thís whole proceclure is exLrerael.y rapici anC it allows the experimenter

to change the posiËíon of the i'rinclor.rs and see the results inmediately

a5 opposecl to tr,ro fif tee:l minut.e searches Þer reel through the

original tape.

Apart from the obvious convenience and speed of per-

formíng experímerrts biz lhe relaËed address technique, the need for

an ultra-stable SCA j-s elirnina-lecl, sincc the digtcal vríndol/s set

in the comDuter are absoluÈe1y stable. Ile ¿Ìre no longer troubled
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v¡ith lvindor¿s vrliich drifÈ up or dovm over a phoËopeak. /rn1r drifts

in the system broaden ¿11 of tire photopea.ks but do not h¡.Ve the

effect of moving just one peal', in or out of a windor'7 since no

r,ríndorrrs are set r,¡hile tile data are beÍn;.1 collected.

4.6 Tíne Distri-bution

As exolained in sec. 4.5, the time relaËionship betlveen

Èhe coincident garnmî-reys is :reccrded in Èhe PDl-l rnode of opera.-

tion. Lflen ít cones to setting the d:i-3ital tirne windol^7s' pro-

blerns can aríse as to the positiorrÍ.ng r;f this r¿indot'¡. The Èime

distributicn slcetched in Fíg. 4-9 is an i."Íealizerl one which rarely

occurs in actual practice. If one loolcs ¿lt all the evcnts fron

enco,1er El ín coincíflence vrith all the events in encoder F2, by

seËting digital energy r+índor.rs frorn chanirel I to 1024 in both

encod,ers and then askine the cornîrutcr to sorE ouË the tirne

di-stríbutj-on curve, a double peahed distribution nay appear as

indicated bl' the clcsecl circles íli lli6 . 4'LL. The explarraLion

of this lies in thc facÈ thet thc ti-ning characteristÍcs for the

tr^ro dctectors arc noE identíca1 if the coincident Salnma-rays

heve greaËly diffcrin3 enerSíes.

fn order to produce a tiníng pulse for the TLlC, sone

sorË of discriminaLor nust be macle 1-o trígger. Let us suilpose

thaE we have a discriminaLor set to trigger after a certain

amount of charge Q1 is collected by the preamplífíer. A hfgh

enerf¡y , îJ:t ta ray produces more charge in the detector than a lorv

energy onq so tor a given field across the detecÈor, it r,rí11 take

lon¡;er to collecÈ an amount of charge Q1 fr:orn the low energy gaÛrna-

ray than from ttre hÍgirer energy one. Le,t us, for the moment,

suppose that Ëherc is no varíaÊÍcn in this time, dependent upon
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nhere in the <letecËor Ehe electron-hole paÍrs have been produced.

The solid lines in Fig, 4-L2 represent the va::iation in tíme

regui-red Ëo fire the discriminator versus ell.ergy of incicl"ent gemina

ra-y. As can be seen from the diagrarn this variatil'n for detecËor

1díffers from Ëhat of detecëor 2. This can be ca-used by havin¡3

unequal depleËíon depths or unequa.l co-l-lectine fields or a

combinatíon of both.

f,t¡t us su-rrpose t'Ie have a high energy gafima-Tay repre-

sented by yt and a -1-ovr energlr event ropresented by lr. If Vt is

detected in ct-runter I and \2 is ciei:ected in counter 2 then tile

outr;ut signal frcm the T.A.C. r¡i1l r:epresent Etre time interval

Ë2 - tI t . This r.zil-l correspond to thc position of Ëhe peah through

the closecl squares in Fig. 4-11. I,Jhen t, i-s cletecteci in counter I

and y, in counter 2 thnn the peak posÍ.tion coïresponds to 
"2' 

'

tl. This corresponds; to the curve dra-i,-n through Èhe open círcles

in Fig . 4-il. As can !:e seen frorn ìli3 . 4-L2, Èhe only wa:/ t2 -

alo can egual ,Z' . t, ís for the slopcs to be identícal.

-rn actual p:actíce Lhe- situation is not as simple as

that repr:esented in the diagrarn. ?herr: should in fact be a

series of slopes about the line shown, since the time required

t.o collecË Ëhe¡ cirarge Q, is a functJ.on of r,.'here in the deËeetor

Ëhe elecËron-hole paírs ara produced, the col-lecting fíeld eÈc.

Since the peak positÍ-on varies vith Ëhe energies of the

coincid.ent events, it rrreans thaË it is not always possi.ble to

set one time rvindor,¡ and Sort on eleven Cifferent energy çÍndor+s

as menËionecl previously. The posítion of the pealc from Ëhe time

encod.er must therefore be checke<7 i.ct cech gamma-ray and Ëhis

Drocedure ,.^ras follor^rcd throughout the experinient.s or, 177yb o*rj.

159cd.
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CHAPTEP. V

The Decay of 1.9 t-r. l77vb

5.1 Introduction

Thc decay of 1.9 hr 177vb hu." treen stutiiccl by sevcral

groups in recent r¡e¿irs. The ¡;lorJ.r cf |.,[Lze, Bunlier and Starner

(Ì:tizc 1956) inclicated Lha.t there Ìrere four levels abor¡e the

grounC sËe.te ancl that the B-fcecl to the upnernost level aË aboul

1240 lreV had e very teir log ft value. The gamma-ray Cata of

Tavendale and E,ra.n (Tavendale 1963) shovred that Ëhere \rere actu-

e1ly trvo levels, one a'c 1230 and the otirer aË 1241 kev. In order

t,o meesure the log ft values of the ß-feeds to these levels nore

accuratelv, joha.nsen et a1 (Johansen 1964.) studied tire continuous

B-ray spect.ra ancl conr¡Êrslon lines u'íËh a- 6 gep ß-ray sDectro-

neËer. Their resulËs shoi.red. that the lcg ft val-ues indicaÈed

allowed unhinderecl transíËíons and on tiie basís of the Ñrru"o.,

orbítals avaílable in this region concluciec that the levels at

I23O ar'd 1241. kev r,rere three-quasi-i:erticl.e levels (see sec.

5.6). Further evíCenee for 3 parËi-cie lcvel-s ir, 1771,., has been

discussed by Kristensen et a1 (t'.ristensen 1964) and theoretÍcal

cal-culat,ions have been made b-v P-zaËov a.nd chernyshev (pyatov

1964) anC Solovíev (Solo.¿iav 1966).

The electron conversion snectïâ of Johansen índicat.ed

ner+ lor,.r encrgy transiticns r¡hich rvere subsequcntly verified b1'

Er+an (Bwan 1963a) usíng the Challt r.-ìiver !:-/2 g-ray sDecËromcÈer.

The hígh energy region of tire gamma-râv sDectruln was studied by

la.vendale ancl- Evran (Tavenclale 1963) usinq t]ne r1/2 ß-rav spectro-

meter and a Ge(Li) detector. Energir sr.qn consideraËíons and elec-
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trorr-gamma coincidence stuclíes i¡ere used to oLace most of Ëhe

transitions into a leve1 scheme r¡ith th.r¿ exceptiorr of a ÞromÍnent

gamma-ray at 898.8 lte¡/"

l-evels í, L77Lu iravc L¡een studied from the decay of

ttre 155d isomer of. l77Lu (Iirístensen 1964) anci very rvel1 devel-

oped rotational bancs have been observed. Tlie therrnal neutron

caDture reaetion l761111nrr)L77tu has also been used Ëo study the
. ../

levels in this isotoÐe (Da-loclis 1966, ilaier 1965)"

In order to position all of the tr:ansiticns observeC

irr the high resolutíor¡ gp4rîma.-ra)¡ spectrtrn of L77yb inËo a level

scheme, gamma-ganma coj-ncíd.ence exT-rcriments rlust lre performed.

Iioi,rever the short half-lífe cf the isoÈope anrl complex nature of

the garnina-ray spectrum prohii,.iE th¿ use of conventrlona.l l.TaI(T1)-

lIaI(T1) Ëechniques. I,Iith the advenË of larg;e volume Ce(i,i)

detectors ¿nd er¡ent by event recording of coinci<lence data on

magneËic tape usíng digital c.omputcrs, it is nor+ possible to

perform Ge(Li)-Ge(Lí) coínci<ience experimenÈs on short live<i

isoËopes.

The present r.¡or1,; repot:ts Êhe results of ¿:. detailed ana-

lysis of the direct gamina-rav srrcctrum fror. 177'r.A. Several new

transitio[s r¡J€rê observed. Gemma-gamma coíncidence exÐerírnents

have confírnned prevÍously kno'.^rn featureg of the level scheme an<l

have established the exístence of a.t leasË tuo ner,r 1e',¡e1s.

5 "2 ExperímenËgl Apparetus and Pr:ocedgre

Sources or 177v¡ were pr:....ered T.ry

enriched to gB% 176yb in a r'lux of. 2.5 * 1011*

for peri-ods of 2 minuËes in the ÌI.R_.U. rcactor. In order to

irradíating Ybr0,

neuÈrons/sq cm/sec
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remove the radíoactive lutctiun decay products produced duríng

irradiation, chemical separations were performed. The lutetir:m and

ytterbium were sep¿]rated by elution froin an ion exchange column

using o-hydroxy isobutyraËe ¡¡ith a pII of 3.30 (Smith and lloffmann

1956).

The direct ge,nma-ray spectrum tras investigated r,7ith a

44cc coaxial Ge(Li) detector (ïlo. G9C2) ¡rnd a high resolutlon

plana.I detector (GA6). These detectors hed rcsolutíors of 2.75 keV at

1ÌfeV and 1.0 keV at 100 keV respectively. The c1'ata were collected

on either a Nuclear nata 3300 system or ón a PDP-E comptrter.

Three coÍncidence exper:iinents elere performed du::ing

the study of the decay of- 
I77'llr. Thc first of these r¡as usecl to

farnilÍarize the a.uthor rvith Èhe equi.pmen,t. The second cofncidence

experinent nas performed using trvo coaxial deËectors G9C2 1++crn3)

anci GLC6X (30 crn3) pla.ced síde by sÍdc to give a large so1íd anglc,

and the data r¡ere collecËed on Èhe PDP-B compuLer. This experi-

menÈ provided riruch useful Ínforuration and inclicaÈed the cxisËence

of some previously unseen tiansitir:ns. I{crvever as the timc

relationship betvreen the events had not been recorded wíth the

ï'DP-8, it rras deeÍded that the experí-ment shoulci be repeated.

The Lhír<l coíncidence experiment r¡as performed using

the same coaxial cletectors rvith lhc same geometry as a-bove, but

thfs time Ëhe PDP-I compute:: rrâs useC to collect Ëhe data, enabling

the time relatíonshfp as r'¡ell to be recorded. Four sources Here

prepared for this experíment and each r'¡as counted for approxirnately

Èrvo half lives. The method of analysing the magneLic tape vias dis-

cussed in Cliap. IV.
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5.3 Dfrect Gamma-Ra.y' Spectrum

l1ig. 5-1 shoi¡s the dírecr ganma-ray sÞectrtnn of l77Yb

obtained l.ríth the 44 c,n3coaxía1 detector. The lorv energy portion

of the spectrr-lrù rqas Eaken r¿íËh 0.045t'Cd- beti.¡een the source and

detector rvhile Ëhe hi¡h ?n?î?:r region had 0.045r,' CC plus 0.075tt

Pb to recluce thc number of loi,l encl:ßy gafiìïna-rays detect-ed. In

order to cut <lor^m the þ¿slr,ground, <luc to 41At from Ëhc ïeactors,

the detecÈor rrras surrounded by a lead shield .Juring these r:leasurc-

;aents" The tr¡o unlabelle.l ireaks in the upper portion of Fig.5-1

are the Pb X-ra1rs prorluced. fror:r thís shj.e'ld.

The decay of the source rsas fol-lowed through several

half-lives in order to deËerrníne rvhich garune-rays belonged to

the decay of 1.9 hr 177vA. of the- trvenÈy-five garüra-rays seen

in Fig. 5-1, tr+enLv-one rdere esta.bl-isheC as belonging to ËhÍs

d.eca1z. The transitions i¿iËh energies Ili.8, 208,4, 282,6 and

396.1 lceV all decaye& r'¡ith a half lifc: r'rhich vras longer than 1,9

hr. A subseguent coincidence experirucnt shor+ed thaË the 208.4

and 282.6 lceV gammê-rays r'rerê in ccin-cj-dence r.¡íÈh the 113.8 keV

transition.

Irr. orrler to determine the possible source of these

ganma-ra.rse l74Yb v¡as irracliated to produce 10I tt 1752¡ since

L7 t+-..-'-Yb uras Dresent to Èhe extent of 1.45% in the sarnple of enrichecl

Yb?03 oríginally irradiateC. Six garr,ma-rays \¡rere seen in the

clecay o¡ 175y¡r, as shor,rn in Fig. 5-2, with energies of 113.8,

137.8, L44.8,25L.3, 282.61 and 396.I l:eV. The nost intense

gamna-ray seen in Ëhj-s spectrum \.res the 396.1rvith rhe 282.6

heV transltíon a-bout one tralf as intense. Several runs tlere

made Lo deterrnine the clecay rate and the results of l-hese measure-
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mel1ts indícateci that the six gamma-rays previously nentioned

all hed the sa¡re half-life. The present j_ntensity measur.e¡renËs

of the !'75Yb g.linna-reys differ from that obtained by }Iatch eË aI
(Ìlatch r956) and a cornirarison of thei'.tensities ís gí,.zen in
Table 5-I.

Follo,,ring the dec.ay o¡ 177vb to 177L,-r, the latter deca;zs

rriËh a (t.7 ùay ha.lf-life tc-, r77trf. The strongest Ëransition in thís
decay has an energy of 2t8.36 ker/ I, = 171 (Table of Isotopes 1967)

follorved by a 112.97 lceV ¡¿imrua::e./. I, = lOC (Table cf Isotopes

1967). The nresence of rirr: o,la 177rr¡ and the r0I rrrr 175yb r,¡ourd

therefore expl¿r1n the appearance of the 113"8, 2a8.4, 282.6 and

396.1 lcev sarnrna-rays ín the !77va source, This is consístent

r'/Íth the coíncirlence experírnenË menÈj-oned earlier since Èha enero'

r¡lndorv encom?assed both tlie I13.B an.l rl2.g7 kev trp-nsítions.

Previous stud.ics by Elran (Ei¡an i963) of the lolr energy

conversion electron spectrum trsing the challc Ríver n/z ß-spectro-

meËer indicated that there slourd be a ÈransitÍon at r47.0510.15

lcev r.¡ith a li-conversion elcct:ron inrensiËy 27" that of the i50.36

kev transitíon. Experiments by Johansen et al (Johansen et al
1964) confír:rned thc exÍstence of this t::ansitíon anrl they have

assi¿;ned, its rnulËioolariÈy as 75"1 !.iL + zsy. Ez. Theír calcu-

laËecl íntensity for this genma-r¿1, ís 1.3% the.t of the 150.4

lcev transiEion. The r,¡eal',ness of thie trensition and iËs proxi-

mity to the 150.4 icev,lamna-r¿ly rnake iË unobservairle r,¡íth the

44 ce detector. spectra obtained uslng the high resolution

detector show a l¡urnt-. on the lor+ cnergy taÍl of the 150.4 ker/

transition but onlv rough esti¡nates of its intensfty can be macle.

A more accurate measurernent of the 147.05 kev intensity can l¡e

made frorn the coi.ncidence spectrurl l.rith yl21.6 ancl the fntensiÈy
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TABLE 5-i

Garinna-Fay spectrum or 175yt

Energy*
(heV)

113.81r0"02

137.ó510.05

1 44. 45t0. C3

251.3 10.5

282.6 10.13

396.1 r0.3

Present Ìrlork

I'-clatl-ve IntensiËies

31 11 .6

L ,7!O,2

5.3r0.3

1.3t0.13

46 x2"4

100 15

I{a tch

Rcf . A.E.N. Iiatch et al. Phys. Rev. 104,

lr]o. 3 (i95€,) 745.

*Energies Ëaken f¡6¡¡ aborre reference.

s.9

3.3

62

100



T/,BLB 5-I1

Garnna-Re,y Energ1es l77yb

Frcsent l/or'1.-

B99. 2t0. 3

941 ,7lt.3

1028.0t0" 3

1030.ltO.3

110:'.1)11.3

11 19. 61C. 3

IL49 .7r0. 3

1230.710.3

L24l,.4!C.3

Tar¡endale 1963

893.8r0"3

:r41.110.4

1.027 .110. 4

1080.010.3

i11t.5x0.4

1L43.3t0. 4

Lz3D " 310. 4

I2!+O.910.3
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shor,.m in Table 5-III r.¡as arrJ-ved. at in ËhÍs uay.

The rveak transition at 45e.8 r 0.5 kev had not been

Prer-zies"1y reported. r.l ciecays w-ith a hal-f-life rrl.rich jnd.icates

that it belonqs to the B-rlecay 6i i77y6. The accuracy ,,;ith vhicrr

the enerqy has been cieÈernined rules ouË, the possibiliËy that it
is the cross-over transítion:Ê:roin the 451.6 l:ev r_evel Lo the

grou'd stace. A ganu-na-fa-y r,¡ith energy 457.90 t 0.04 lcer/ has

ireen reporred b¡r Ìiaier (ÌIaÍer 1967) ::,n,J by Balodis er ¿rl (l3alodis

i966) from the thermar neutron câptrjrÊ ::eaction 176L,-,çrr, 
¡r77ru.

rt is teinptí-nE: to Fos';ulate that this i-s the same ganma-ray as

seen in the Dresent ,¡orrr¡ hut trris will be <iíscussecl Lat.e,.,

The accuracy r"ritrr r¡hich the gamma-ray energies can be

measured is largel'¡ clctermined by oneus abílity to correct for
the non-linearitv of tire sysÈenì being used. since trre non-

linearitv of the Á..D.c. ts an,.-i anplifi-er systerrr Ëcnds r._n some

ca6es to be stro'¡ry depencient on counting rate, ii ís inportanË

thaË ihe stanclar:d sources used for ener-lÌi7 cal-ibration be run

símultaneou.sly r,¡ifh. Èhe .eourlcs" Ti:i.s niethdd r,ras used ín deter-
mining the gauuna.-ïay energíes in I77y,- anC we estÍrnate that Ëhe

energíes are accura-te to t 0.3 kcv r,lil'ri the exceptÍon of Ëhe

extrernely,r,.reak rínes. llore detai-ls of the incthod used. Ëo aeasuro

ganìna-r¿"-y ene-rgíes were gi-ven in chap. rr. Tlie energies meaguredi

in the preseni r.¡crh srioulct be cornpared r+ith tliose prerzíously

rc¡porterl by [r¡7¿n usirr-; the Ch¿rilc River I/Z g-y6,., sijccErometcr.

(Tavendal-e 1963) " The neTÁr v¿.lucs are secn in Table 5-rï ¿ì:.d ¡-re

ccnsisterrtly higher tha.n the olcler cnes. The short h¡lf life, lovr

con¡¡ers:Lon intensitv for Ëire hígh encrgy L{amrue-rays and the large

ß-ra¡r contÍnr¡ur¡r u.lo'r¿hich they sit, make ít neccssary tc use



Table 5_III

PR.OPERTIES OF TRA}iSITIO}IS II{

138.606t0.005(1) zq.2!2. 4

r47.r6sto.oos(t) 3.3t1.0

r50.392to.oo3(1) so+*so

162.4g2!o,oo4(1) t. Ito.25
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very strong sourccs in orrlcr tÐ get reasonable statistics. As

a rcsul-t, thc sources used for thr: ß.ray spectronc,.Ëer Trere quiËe

thick and the loss of cnergy by electrons \,râs probably noÈ

adecruateliz acc.ounted for, giving -l-or.r va.lties for the garu-.ra-ray

cnergies.

Tablc 5-rrr gives th.e '"'alues of the ganna-ray int.ensities

deternined in the Dres;enË r¡or.l:_. The calculatíons are bascd upon

a relativc effíciency curve obta.inecl usinq tirc rela"tíve ínten-
.rnÍ

sitics of the '"u?.u li-nes (u) anri a sct of sta'dard sources

supnlieci by I.4..8.1r.. The r¡stii.rated åccuracl' of thc relative

efficiency curve is t 5Z for the cnergy ref,Íon covereC in Ëhis

rvorlc. For a nore dctailed acccunt cf the efficíency d.eternina-

tj.on see Chapter II of this thesis.

A conparÍson of the iniensities given by Er.ran (Bl.ran

r964a) anrl tho.se in thc Dresent urorlc shoias then to be in good

agreenent wíLh the except,í-on of the 1028 kev transition. This

gañìna-ray sj-ts on the cor'rpt,on edge of the L241,4 kev Ëransit,ion

and the better resoluLic¡n and nhotopeak-to-conptcn ratio of the

detector used ín the nresonË irork ê-ccount for the dÍfference.

5 " 4 Gar.irna-Gamna Coinc:-i.e_Lq? _ExuerinenËs.

Tc cstablish the crder of the ganìina-rays in the 1evel

schenee gamrlle-qarrna. co:lncidence experirnents r^rere i:crformed using

tr,ro large volur¡e coax'l a1 Ge(Li) detectors. Tv¡o layers of 0.015"

cd r'¡ere praced beËr.¿een Èire source ancl each deËector to reduce the

nunber of x-rays detecËcd. The detectors were placed sÍrle by

sicle to give a large solitl angle.

A.s mentioned in Cira_pter IV, the data t¡ere recorded on

nagnetÍc tape usÍn,g the relateC address technique. Fig, 5-3
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sho$rs an ex"ample of the ttcoincÍdenee singlesrt obÈafnecl during

the 177yL experirnents. Thfs figure trras produced by instructing

the computer to sort out all events from encocr-er B (ENCB) in

coincidence iqíth every event from encod.er A. The garir.ma-ray Þeaks

on rvhích the -u¡indoÌ¡Is llere eventually seË can be seen to be sitting

on a cont.inuum due Ëo ConpÈon scattered €lamn¡a-rays.

In order to get the net coincfdence events with any

ganrma-ray, it is necessary to subtract ofr: the events Ín coLnci-

dence r¿f Ëh Ëhe ConpÈon scattered ganma-Tays 
"

Fig. 5-4 shows the coincldence spectrus \riËhy-163 before and

after Compt,on subtraction. The peaks at. 122 and 163 keV are

conpletely removed arrd the nulber of counts 1n Ëhe 150 and 139

kev peaks are greatly reduced. The peaks at about channel- 200,

680, and 300 due to baekscattered genma-rays have also been re-

duced. In the spectra shor,m in Ftgs. 5-5r 5-6, and 5-7 events

coincident vríth the Compton scattered gaama-rays under the

photopeaks have been subtracted.

The upper portion of Fig. 5-5 shows the spectru¡n in

coLncidence v¡ith \-L22 Ëaken from the PDP-I experÍment. The random

coÍncidence spectrun shown in the mj-ddLe sectlon removes the

contributÍon from tlne L22 and 150 lceV transíËíons i-eavíng five garma-

rays ín true coíncídence wlth y-122, naneLy the 147r 1027,1109,

and L120 kev transitions and a very rveak transÍtion at 1215 kev

¡vhich is shorun on an expanded scale ín Èhe insert. Data obtaÍned

from the PDP-B experimcnt Ìras roughl-.r a factor of 2 better in

sËatistÍcs and conflrmed thaÈ the 1215 kev ËransÍt,ion is in true

coincidence with t-L22. ê-n esËÍmete of the inËenslty of y-L47

relative t,o the 1027 keV transitíon can l¡e determl-ned from thls

s pectrum although correl-atlon effeets l-inÍt the accuracy rdth



llpper p0K{:i.on s

CenÊ@r psrË*ûn3

Lerr.reË p$rÈ;f.on r

--44s, Þ:$*

eo$-naûdenaes wi.Èit d -nä2

Ranclslm eoåneådenees sr*eh ð * lge

Nr¿ü ËÌrue eofne,i.cåene,ee wfSh Ú*lee



¡9.A

800 147'. t50

40

?

fll

COINCIDENCES

o

?

o

rt

WITH y -122

6

40c

20c

to?7
r lt20

[ "orl | 2rsll ilt I

836

tz+t l7t2þ7!V2l+

ta3t lh'
¡¡a9¡z¿p¿ jh)+

c

lrl

TRUE COINC IDENCES

CHANNEL NUMBER



_1 09_

r'¡hich it can be caleulated. The va]-ue quoted ín tabLe 5-rrr r¡as

calculated from this speciruú. The rei_a.tive inËensiti_es of the other

transiEions are 'r'n agreement r¡ÍÈh those fron the direcË spectrum

anð. a parËial. level schene ís shor'm as an inserÈ in the lor¡er

portl,on of Fig. 5-5.

Fig. 5-rc shoi¿s those transiÈiorrs rvhicli are in coincidenee

Tirith y-150. Frominent pealcs can be seen at 139, 163, Bggu g42o

and 1080 keV" A sinall contrribution frou y-1C80 can be seen in

the randon coincicli:l1ces but this is .Jue to the 1.2 x 101 sec

half-lif;: of the 150 lceV level (<ìe I.ta;-lrd 1955) . IJirh rhe ríne

r¡indor,r for the randorn coincidencÊs set r*ell off the inain peak

(-gOO nsec), iE ís still possible tc get genuíne coincirlence evc.nts.

The spectre in coincidence r¡ith ¡"-139 an<l y-163 indicate that the

760 and 779 lce\r transltíons are alsc i-n coincìdence r.rith y-150

TheÍr íntensit,íes are too lor¡ to shovz prominent peaks in the lorr¡e::

apectrur¿ of Fig. 5-6 but theír posi tÍ.ons are indicaEed and sone

evidence for their existence can l¡e seen"

Fig. 5-7 sho'¿s the spect*ra coincident r¡rithT-139 and

y-163. These data r¡ere collectecl on the ?DP-B conputer and as a

result no time information r¿a.s ::ecorded. A tirne r,ríndovr of about

60 nsec r.Ías set on the T"A.C. outpuË. ?he data shor.¡n in Fig. 5-7

have not been corrected for ranclor ""i*"i¿ences. Typical true-to-

randor¿ raÈios for thcse experilnents lr'el:e approxiTûaËely 8 to 1.

The fact that y-760 is in coincídence r,rith Y-139 and

noË ryith y-163 inclícates the presence of å ne\./ 1eve1 at 1ù49 keV.

This is furËi-rer sr:bstantÍated by the observed ccincidences beËr,rean

y-150 and y-Îil (see Fíg. 5-6). The tr¡o nartÍal level schernes ar

the side of Ëhe graphs indicate thc posítíoning of these transi-
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Ëions in the level scheme. The srnall peaks to the right of the

942 lce\l peak in the lor,¡er parE of Fig" 5-7 ate present because the

random coincj-dences have not been subËracted froin thís spectrum.

A repeËiticn cf this experinent in r'¡hích the random coincidcnces

\^rere neâsure'1 conf irmed thÍs.

As can be- seen frurä Fig. 5-3, 'r.-269 anpears ín the

ttcolncj.dence sín3le6?? Silectl:u¡il . l'rorn energy sulr consideraÈions

the exËrerneiy wealc 961 lceV transitir:n i,¡es thou¡,ht Ëo be in coi-n-

cidence vítir- ^t-2ro9, Ifhen the appropríate energy and Cornpton rvin-

cloirrs rvere set and the necessary suÏ.,traction perfOrmed, the neË

spectrun shorved e.¡idence of a backscattered Þealt occurring at the

posiËíon of Y-9(rl vrhích cornpletely masked the effect being soughË"

ThÍs can be expi-ained by agaín exami-ning llig. 5-3. A broad i:eal;

can be seen at a.bout chennel 750 ciue lo ba-ckscatterÍng ot tine L2t+7

lceV gamrna-ray frorn one tleËector irrto Ëhe other. For ¿ l24L l.rreY

gajnf0a-ray, bachscatteríng at a.bout IZOD depcsiÈs about 270 keY

in one detector and about 970 in the oÈher (l{elins 195-?). Eor

tlr.e geonetry used in th.ese expefímentse this Tenge of backsceÈter-

ing angles r,7åis peri::issibl-c.

In oi:Cer to overcoäre this problem, the data rrere ana-

lysed in a clii-ferent aarrner. Tire rnagnetíc tapes from the PDP-$

\üere taken to the G-20 cor:äputer and reo::dered as described :l-n

Chap. IV. A I chanr.'.el ivide r¡in<iol was thcn noved over tl¡e positíon

of tlre 269 ke\I i^real', in B}.]CB. Al-1 of ti1e counf:s in channels 0 to

1023 lvere tiren stu¡nied Ín ENCA. for each of the 1 channel r'ríndoru posi-

tions and Ëhe results are shor.rn ín the upper lef t hand corner'of

Fig. 5-8. This confirmed Ëhe fact thet therc ulas somethi:g fn

coincidence r¿ith this transíËion.
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SÍnce there was already scme evidence suggesting that

the 961 lcev transitíon r,,¡as in coincidence rvith \-269, a Ehree

channel r,rid.e window Ì^ras set fron channels 711 to 713 in EIrlcA

centered on Y-961. The counts in. these channels T,Jere suïuned as

the ¡¿índor¿ in El'lCB r¡as moved over the positicn of the 2.6g L,_ey

transÍEion. rn effecL, this is then a coincirlence experinenË

usins Ër,¡o S.C.A. O:re of these í.s fixed on y-g6l (Cil 711-713)

and Ëhe oËher r..rindow is move<l or¡er the ¡osítion of. y-269. The

toËal number of coinci.dent events ín the r-¡indor,r set on y-961

is Ëhen plotËed as ¿r functicn of the oEher r,¡índov posiËion"

rf the 269 kev gamma-ray is iri coincídence wiÈh y-961, then the

nr:mber of counts in Èhe 96i k"ev r,¡i-:rclorn should rise and. farl as

the other rvinrlow noves overî y-269. The spectrurn in tbe lor^¡er

l-eft hancl corner of Fig" 5-8 shorvs È1lat this does incleed hanpen.

As the one channel r,qind61.r is rnoved off the 269 ke\I

peak, another pealc appears due to the baelcecattering of \-1241.

rn order to check Ëhat this is in fact from this backsc.attering

ancl that, the height of the peal-. is corr:ccte the follouíng experi-

ment r¡ras perfornrld. The three channei lrinclow r¡/âs movod off the

961 keV neak and set ar di:lferent positÍons (eg" 7OS to 7Ol,

708 to 710 etc.) as shor.m ín the uÞÐer right hand diagrarn ín

Fig. 5-8. The one channel r+indoç,r ryas Ëhen movecl âcross the region

of the baclcscatter pealt and the pealc heÍght r.'as plotÈecl as a function

of the posítíon of the three channel ruj-ndor^r. As can t;e seen from the

uÞper right harrC- diagy¿¡¡1, the baekscatter peak Ìreight should be

about 25 counts when the Ëhree channel r¿Índovr is set from channels

7rL-713 (Y-961). This is in agreemenÈ rviËh the data shor,¡n in the

lower left hand corrì.er.
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A nerv transitÍon ai 967 kev was observed in the direct
spectrttrû.' The saine tlrpe of tîslidÍng rvinrlor'/t' analysis rvas perforrncd

wítl'r this garnma-ray as i.rith y-961" The lor"icr right hanrl cliagrarn

in Fíg. 5-B sho'.¡s the resutt. The Ínteäsities of the 96I and 967

k-ev transiÈions calculaLed. from the rl.irect sr_,ecirrm ere 0.35 t 0.1

and 0"60 t 0.1 respectívely. The ciata shor¿n in Fig, 5-B are not

ínconsistenÈ ¡.¡ith ihesc nunbers, on the basis of these results
iÊ might be possible to nostul-ate the existr¡ncc of a level aË

r23(t.2 t 0.5 icev, but iÈ must be remembeled ttrat thÍs is the

only niece of ilviCence fc-.r this lcvcl-.

A vr:ry',real.i pcak at 458.1 liev ar)îlears ín the "coinci_
dcnce singlels. indicating thaÈ there is something Ín coincidenee

rvith this transítion. The net coincidence spectru¡.r obÈaj-ned from

the PDP-B exlerirnent exhibÍte,l evidence for a very r¡ealr tra.nsition
aÈ about 696.6 kev' si'ce the peak Ís sc rueako Èhe crror assc.¡ci-

ated r+Íth the energy measurenenË of this transition is estimated

to be about tl.5 keri. The sunmaËi.n of the energies invoh,ecr

yields L149.7 t r.6 l¡-e-r./ incicaring thar this transition couid ffr
betvreen Èhe 1r4g.i k-ev lerzel ancl one at 45B.1kev elthough the

agreernent bet'¡oe:r the energ)/ sr¡n and the ll4g.7 lkey transitíon is
probably accidentally goc;r1 considering the large errors involvecl.
This 691.6 ker¡ transiËion rrc.s not seen in the ciirect ganìna_ra),

spectru'. hor'iever, and an upper limiË to its ganma inËensity can

be set at <D' t (rv 1080 " r00 I 5) givÍng ¿ transition inËen-

sity of <0.005ií per disintegration.

5.5 Lcvel Schene

The leve1 schene for 177L., follor,ring tire g-ciecay of
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L77vb is sho-"¡rr in Fíg" 5-g. ThÍs ciccay schcrnc is based uÞon the

ganaa-râ-y neasureR'3nts fron the presenÈ r,rork a10ng v¡íth the ß-tay

and electron conversion studies of Johansen et a1 (Johansen 1964)

and Er¡lan L963a. TLre energy .¡alu¿:s shor,nr are taken fron several

references and Table 5-ïri l-Ísts thc nost accuraÈely knor¡n values.

The log fÊ. values shoi.rn in Fig;.5-9 are obËa-ine<l fron the íntensity

balance of transitions fecding and de-cxciting Ëhc ievel_s bascd

upon a 60"t! ß're.y fee,'j to the grouncl statr: as measure,J by Johansen.

Tire spin of trre ground sÈatc has been ureasured by

F'".:terson and Shugart (Peterson L962) using atomic beam techníqucs an¿

'¡as found to'¡e 7/2. Th.eir values of i'¡te ma-gnetÍc dinole and elcctr:Íc
guadrupole momenÈs r.vere 2.236 ! 0.010 ;-:m ancl 5.51 t 0.06 barns

respect:Lve1y, rrrhich a.re very simílar to the values for 175i,,r.

Ttre ground srarc has bc¿en i<ienrifierl ¿s rhe f+o+) 7/2+ llilsson
proton state.

A studv of the decay of the 155 day isomer In l77Xu

has reveale<l v¡e1l developed rotaÈional bands. Levels in the

ground-stat,e rotational band r.rith spi-nsup Ëo L7/2 have been

observed. llrom the energy spacing and Ëhe inertlal perâneters,

the levels at 121 .62 and 268.79 har¡e bcen íd,-:ntÍr.iecl, as rhe 9/z*

and 11/2+ mernbers of Ëhe grounri-state roËational band. The spín

assfgnments of these lcvels are conslsËent with Èhe experÍmen-

tal1y determined rnultipolarÍÈíes of the L22 and. 147 kev transi-
tions. From conversíon coefficient, an<i L subshell measurenent,s,

these have been reported as BC% lrr + zo,z E2 and 75|l Ìqr + 25"Á Ez

respectively (Johansen 1965).

The L subshell ratfos have been measured by Etran and

lierrlander (Ewan . 1963b) for the 150.35 lceV transit,ion. I'To possíb1e
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cor!ìiiinations of MI + E2 o-r El * l,Í2 cen explain the experiraentally

observed rati-cs. This fiarnr-irâ-ra.y has been cr¿:ssified as an anoma-

lous 51. Èra.nsiÈion niaking ti:e spin cf the i50.35 icev leve1 either
(5/2, 7/2, or 9/2)-. TJ.rc log fr. value of 6.9 f.cr rhe ß-feecl

to this level tends to rule out the 5/2- value: iear¡ing only Ëhe

7/2- and 9/2- e.s possibilíËies. Thc cnly ìJilsson orbital avair-
aille in this re¡rion is the g/2- [sr+ lríoton state anr] this levelL)
has therefore been r:lassified as rhe siz_ lrx+lsLc.Èe. Coinci_

dence stuCies have con.i=ímeC that.¡_3-€3 arci y.-139 are i:oth in
cascade vriËh y*150 as shcç' ín Fí_¡;. 5-,:1. The energy spacíng

and multípolerity ¿.s¡;ignments are consistent rvit:\ l_he interpre_

tation Ëhat tire levçis at 288.92 ¡.n,:i ryïJ-.(, kev are the Lr/2-

and l3/2- r¿enbers of tl.ie y = g/Z rct¿¿tíon¡rl band buílt upon the

g/2- | 514-l p::oron sr¿,.re ar I50.35 k.::-,,.L )'
ilron ihc foregoing discussion, it is clear thet the

fírst fívc excíted states c¿ln be <lescribed as rnernbers of the

I /z l+o+] and gi2 
Ltto-J :rorarÍonar ban.ls. p.ecenrty srurlf.e:s of

the therrnal neutron caîrtu.j:e reactj.on 1761,,, 
1r-rr.y)177r,, have been

mace by I'Iaier (Me:ler 1965) and" by ts¿rloais et al (nal-oclis

1966). Their irrterpreta.tion of theii <1¿¿t¿r siro¡¡rs very r+ell

cieveloped 7/2l4a4l anct 9/z [tto] banrrs ¿-rnc in act<iírio* rhelr irr-

cludc a thirrl stzl+czf -band -ouirr ui)orÌ a revel at 457.9 hev

r,'¡hích they interprered as beíng tl;e 5/z+ Loor] síng1e proron srare.

The energ;z oi tiie transítion from this level. to the ground. state

ís given as t+57.90 t C,01+0 LceV by l{aier (Maier 1965).

The ri:esent i-ir'estigat:i.on ctÍ. Line g-decay of 177V1, hu"

revealed a iveaic transítion wiËb an enelîgy of 45g"1 10.5 kev

t¡hich malr possibly lie in coínci<lenco r,¡ith an extremel)¡ rrrealc 691_
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kev g¿¡1*u-ray. rf it i.s ¿ssumed for tire moment that these ganma_

rays are -r-n coincidence anr-r thar: rT-692 = 0.005íí. per dÍsintegrâ_
Ëion, then there must be a ß_feed to the 45g.1 k-ei/ l-evel rvj_th

an intensiËy of a.bout 0.030if per disintegrarion.

Tl-re 10g ft. r¡a-rue for such a Ëransition is about g.2.
The rnosË ;rrobable classificatíe¡¡ for such a transition is unigue
firsf f orbicicl-en (Itu 1966) r,rírh A I = .i 2 (yes) . ThÍs ryould
therefore rnean thaÈ the 458"1 kev icvcl has negaÈive oarity,
since tlre groun'l' taLe or. !77'.(t, is ínter?retecr as the otz+lozl
Ililsson süate, arirJ spÍn of. S/2 or IL/Z. Since there are no she.rp

boundarics in the classificaËion of 1og ft. values, the next
inost prcbeble classifjcaticn is ¡¿cn unique first forrridden
r¡ith a r = 0, tl (yes). This again neens that the 458.1 rcer/

level r¡oul<l I:ave negative parÍËy ani1 pcssible slrin vaiues of 7/2,
9/2, or rr/2. o:i: t..,,e ¿¡75 a110wer'r Èrar:sitions 1ísted by Idu (r,ru

1966) nine ha-vc 1og ft. vifi¡s, in the r:¿nqe B.g tc 9.2 so the
possibility o:î this transitio' to Èhe 453.r rtev level bein,?:

allov¡ed cannot be overlooke.J. rrr thÍs case the spin of the
45B.1 keV level ivould he 7/2" g/2 or 11 /2 anC rhe parity posi_
tive. Both the allor,¡ed or fi¡s¿ forÏ;idclen classifjcations çoulcl
thercfore exclude the possii;ility of lnterpretÍng this 1evel as

che 5/2+ [+oz1 Nilsson srare.

The most nrobabl-e tyoe of Èransition r,¡hich v¡ould a1lov¡
this level to have a spín of 5/2 anc positíve parity is a. seconc
for'biclden tra-nsiticn. iic,,,¡ever a 1og ft. varue of 9.2 is too low
for such a transitíon, on the l:asis cf tirese eïg.onenÈs, ít would.

appear that tiris possible leve1 at 458.1 icev can not be interpre_
tecl as x.ne 5/2+ f+oz] 1evel at 457.g lcev reporred by ltaier
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(l'taie:: 1965) and Balorli-s er al. (ga.lodís Lg6rù. since it has not

been conclrrsíveLy clemonstratecl that the 45c.1 hev transition

fits betr¿een a level a,t 458. I ltev ancl the grouucl state, ti:e

possíble level is sho¡.¡n as a ciastierl liire ín the level scheine.

The leveL at 1049.5 hetJ Ís repcrt*:<l for Ëhe first tirue

in thc Cresent r,rorlc. Thc 899 lier,/ ganrma-ra.)¡ it.3.ct- been reported.

earlier b.¡ T'averrdale ancl Ei,ran (Taverr<lale 1963) but r,ras not flËted

inËo any level scheme. Th.c nresent data (lligs. 5-6 ancL 5-7) shor,, how

'í-399 and y-760 (not previousiy reporterl) i¡err: J:ittecl into the

level- schene. cr, the basis of the E2 (+j{i) rnulti¡:olaríty assígn-

rnent- for Y.-899 nade b1z Fir,ian (Evan 1.g642) Èire par:lty of this levcl
has been assÍqn,ld a.s negaÈÍve witir thc spin oossÍbilittes; as 7f2,

9/2, or ll/2., Tire lcg ft. value for rhc S-feecl tc this levc1 is
consistent r.iith this a.ssígnnent.

Tire positj_ve pa.ritv a_ncl possj-ble s.nin values of 7/2,

9/2, or 11/2 f.or thr: lr4g.7 l.-er,/ level ere arrived a-t fron the l{l

E2 multlnolarfÈ12 assÍ.gnment for "rr-102C ancl y-1I50. These

values are cor:sístenL vrith Ëhe loÍl ft. va-lues calculated frorir Ëhe

present i.rorl.r.

The 1or'i log ft. values for th.r: ÈransiËions to the 1eve1s

at L23I and l24I heV indiqate a]-1r¡r¡e<1 unhínrierecl transít,ions. The

.81 multipolarity of tl¡e transitions de-exciting thís 1231 irer/

l.evel Èc menlrr:rs of the s/z þt+) ror:¿rtíonal band anc rhc It2

rì.e-ture of the transiLi.on to Lhe groundstâ-te¡ indicate a positive

i;arity for this leve1 and a spin value oî Lr/Z. Tine 77g ancl 961

l';ev trar:sítions de-exciting: this lcvcl ¿-r.re renorÈec here for the

fÍrst tirne. A. posítive naritv assi-gninerrL can be made to tJ:te

level at I24L ke\I anr-l tire spín r¡alue restricted ta 7/2, g/2 or

LI/2 f.rom th.e i{L anci Il2 assigrunen.rs ro 1-1120 and ",f -L24L. ¡.
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spin assigrunent or 7/2 \^roulil, be consísËent r¡riËl: the ti:ree-gua-si-

partíele interoretation r¿hich rvill be ciiscussed l¿.ter.

The 1eveI aù 1336.4 riev is intro,ruceci. for tiie fírst
tímo. rt i-s seen to c1e-excite tc rnembers of the grou'ri-scate

rotatíonal bancl by rnr:ans of r21., and 1336 hev trerrsitions. The

1og ft. value for Ëhe 3-fee.l is 5.3 r,¡irich indicates an a]ror;sfl

transition, anc therefore posítíve parity, rvitir .oossíble spin

values of 7/?-, 9/2 or tr/2 for this level. ?he energy of the

firound-.state to grourtd-state ß-feecl íi; l:i,ler1 a:: l1¡00 t .20 
ker/

1¡]' Johansen (Johansen 1964). Iience tllo enerqlz of tl.re feec.l. to the

i336.4 lceri l-evel is 6,lr t 20 herl" sinci: the ft. vaiue for lor¡

energy trailsi-tions vari-es 
^" 

t7/2 (iru 1î66), r,,here E is the ß-eøer6y

ín units of 511 l:er/, thc linit of tlrc eccurecy on the enerßy oi an.

aliove transition y.ieids nossibi-e 1og ft. values from 1¡.8 to 5.6 for
this transiticn. Th-'r-s h.or,¡evcr is still rvithin the range of the

allor"red transitions ancl is consistenË r.rith Ëh¿ nosítive oari ty
assigrunent tc tl're 1336 her/ level.

5,6

The intera.cti-o'ls ircËr.¡een nucleoiis in a nucleus can be

roughly set:e-ratÈd iirto loug rarrgc and shcrt renge DarLs. Tl.re f ormer

are responsj-ble for Èl-re creetj-on of Ëhe averaee- nuclae¿r fÍelcl ulon

r,¿hich the indcoenclent particle ncciels âre c.onstruct.e<1., r.¡hi1e

the latter lcad.s to the formula.tíon of nuclear oairing cor::elations.

soloviev (solcrriev 1963) coi.nts out Ëhat strong correlations

betrr¡eên nucleons occur oi-rly irhcn Ëhe nucleons ere in stat.es r..¡íüh

the sane enerqy and guarrtun nuril\ers excent trmtr (ie, between nuclccrrs

in state (3 r*) and j ,-n) .

Tirree-Cuasi -Particle Level s
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The nucleon ste.Les (j rm) constiÈuie a seË cf non_

-interacting states of the self ccnsistent potential, 'but Ëhey

inËeract through the paí::ing force. In order to perfcrm varíous

co'lculations baseri upon nodels invoiving resiciual interaction, :ri.t

is necessary to }iave;r set of statesì l,.rhich interact nej-ther through

the self corrsístei-it potentialnor the pairing force. This trans_

formatÍon is brought about r.¡ith Èhe introciucËi-on of the quasi-

p;rrtícle concept b¡r Bo¿oLyubov (Bogolyubov lg5B). A c¡uasrl-partÍcle

in stete (j'r) is a rnixturc of ¿ nucleon in süaËe (irr) and a holc

in state (j r-o:). Ttre nart,icle r'¡ave function is ÐresenË r+ith arnpli-

tud.e U. and Ëhe hole r,r-rl_th amplítude V=.JJ
Solovíev (Sol.or¡iev 1961) also ocints out that there must

a"lso be three-guasí-par-tícle levels as r,¡el_l as sÍn.q1e quasi_particle

cnes e¡'ong the exciËed staËes of a syslem consísting of an ocr.<l

number of oarticles,

Three-cluasi-particle sÈates in deforrrred. nuclei have l¡een

sËuc1íed by P1z¿¡6y and Chernyshev (p]'atov .1964). They have shown

that the three-quasi-particle staËe consists of a multiplct of four

leve1s lavíng the same parÍty. Tl-re splitËin6 of the staÈe is a

consequence of tire spin dependent narË of the pa_iring interaction

vrhich they have treatccl in the first ord.er of perturbatíon theor;z

usíng liilsson nocl,cl. .:üave functions (t''lilsson 1955). Theír results

shorrr that the highest energy sta.te is that in r"rhich the asyrnptcÈic

spíns of Èhe nuclcoäe of the decoupled paír are parallel ancr_ l_he

soÍn of the oild nuclcon is enti-paral lel to them (+++); the other three

configurations (f++), (+++) and (+++) lie at a l-or.¡er energy.

The thrce-quasi-partícle sÈates in i77L,, are forrnecl from

the configurati-cns



Ftq' 5:10

Level epoelng and varlaÈÍon ¡ri.Èl¡

of øBl.n dependenÈ fotrees for thc

perÈS.eX.6 æultlpLet f,orned frop

t or 713*(514)+; na 9/e+(62¿¡)+¡

fraeÈlon

three-quast*

p7 /A+(6 t4) + )



E

0.t0

0.05

w

-7r*lgù+ Ln, 
?lz(slÐ t; nr,,tßlqlî;p s6(514

Ir
+

K

,*t ]
(x¡ )
(rt1)

\
I
\
\
t

keV
I
t
I

,
,
I
I
,

9lo

740

I _n2
.-2-,

_'*ü1,)
\
I
I
t

t
T

I
I
,

tvl (11? )

?s,: (t t t)

I
,
I

0-20 0-17 0.t5 0.t0 0.05 0

0

50 * (¿tt)
PYATOV A CHERNYSHEV



{4.(çorl+vl¿

-¡eænb-easqS

uoTaÐEs$

d s.l({rag}+õ/6Eu r+(tt ç}*Elt" Ïu }

80.$$ p@B¡sÕS 3æ1dçggnw @TaT$¡Ed

êEA .r@Ji ËBõ.so$ auopuødøp uçde ge

qaTßs uoTaETåerL pBB 8uçaeda T@A@T

-l1-TffTã*



l
r¡)
1t.t)

tn,
7t{ (5 l4) t ;i rìeslþ (62a) I ; prtz+ (+oq {

,r- keV XO(

-il 
Bzo 

- 

elz (
t

,
,

i 75o
,

E

W

0.10

0-05

I
f- s/z- (¡ + t).J,

\-/
I
I
I
,
I
I
,
,

?rltü)
I

-\
z?tlgt)\

t
I
t
I
I
I
I

\ 

-
,'-.-

5/2 \ù { {Li- ___ ___ì::\_
\

(${ $)\--,
-l

elz (t 11)
23[(tt+)
CHERNYSHEV

2A
o

0-20 0.17 0.15 0-t0 0.05 0
o PYATOV A



-125-

{nr 7/2 - (514)+; n2 9/2.+ (6zh)+; p 912 - (st4)+}

and {n, 7/2 - (514) +i n2 g/2 + (624>+; p 7/2 + (404)+}

Tire notatíon uses Ëire asynntotic quentum numbcrs lì1I (Nn"n) X

of $lílsscn (Ni'lsson 1955) ¡.'iÈh x = 1!i- ínclLcaterl by an uprnrar<lly

c.irecterl arro'.¿ (t) . The nosit:Lons of the Èhree lowest levels

of the rnult,iplets denenrL stronglv u¡on the ratio of the I,,Iígner

to Èhe spin riependenË forces ancl, the l-evel sÞacjngs predicted by

Pyatov and Cirernysirev ari.- shorvn in Fígs. 5-10 and 5-11.

The availarrle irlílsson states Ín Èhe region apnropriate

to 177Yb are

l-roions ìiTeutrorrs

73 9/2 - (5i4) rc7 9/2 + (624)

71 7 /2 + (404) r}s 7 /2 - (s14)

Thc grouncisÈate of.777yr" js classified as fllZ 
-'l c

i_ .1 
ot yb is cfas_^-*_* *- (514)J ;

l9/z + (624) ) n The 1og ft. values for the ß-feects ro rhe

1231 and 1241 hev l-evels inrljcate that the.se tansitions shoulcl

be ciassífiecl as allo¡¡ed unhindered (a..u,¡. iiol¿ever as can be

seen frorn arbove, there is no e.;¿lilable L.rotcn state ínto r.uhlch

the 9/2 + (624) neutrou can r'l.eca-), by raeans cf an a.u. transi-
tion. thus the only possible 'u¡a'¡ en a.uo transiÈfon can take

place is by the tra.nsfcrmatícn of a (5!4) neutroïì inËo a (514)

prcËon, so the 
lltZ - (514)] ucuiïron rair urust be brol.,:en.

This lea<ls to sta-tes in l77Lv 
f orrred by the coupling of a

V,, - (st4)C neutron, u-letz + ({¿24)f neutron and a
:-1
\,:/2 - (514)t_l nroton. Tirese levels ha.ve tirerefcre been

classifier:l as Lhree-ouasí-part-rLcle levcls "



Flg. 5-12 surnnarfzes the avaLlable fnforuratlon on known

and postul-ated three-quasi-partfcle staÈes ln 177Lu .od 177Hf. rf

the 1241 keV leveL io 1?7L,, fs lnterpreted as the low lylng 712 +

mernber of the nultipl-et, Ëhen the energy 1evel posltfoning as

poetulated by Pyatov and Chernyshev, shown on the r{ght haad

side of Ffg. 5-10, does not agree ¡¿tth the experfnental data.

ltte varfaËl.on of the level- posf-tíon wf.th o (the fractlon of

spLn dependent forces) 1s al-so given ln Ffg. 5-10. Pyatov and

Chernyshev chose the value of s and w by calculatlng the

energy separatÍon of trvo-quasÍ-partLcle states fn even-nass

nuclef and comparfng the results Ìrith experf¡oent. Ti:e"' used

a vaLue of about 0.03 but they polnt, out however that the

stroDg dependence of the positlrns of the lowest Leve1s on the

magnltude of the spln dependence forces nakes ft dlfffcult to

select these parameters properly. A value of q between

0,17 and 0.2 wouLd make the l-owest level Ll/z + (+++) wlth the

712 + (+++) and 25/2 + (+++) l-eveLs, respectlvely, above lt.

Thfs would give better agreement wLth the present experlnental

data.
The 23/2 - level at 969 keV ls the 155d Lsomerl.c

state reported by Jorgensen et al (Jorgensen 1962) and

Krfetenseu et aL (Krlstensen 1964) and fs ÍnterpeËed as a

menber of the three-quaef-partfcle nul-tfplet fomed frour the

conf iguratl.on

{n¡ 712 - (514) +; n2 912 + (624)+; p 712 + (404)+}

Pyatov and Chernyshev polnt out that the three-quasi-partfcLe

gl2 - 1evel of 177Lu belongfng to thís multfplet rnfght be

-r26-
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detected by means of a fÍrst forbfdden (1u) g-transftfon to it

fro* 177Yb and they have calcuLated that the log ft. value for

this transÍtionshoui.d be 6.5. The resul-ts of the present experi-

ments establlshed the exístence of a Level- at 1049.5 kev wfth spfn

(7/2,9/2 ot LL/z) and negative parJ.Ëy. The J.og ft. value calculated.

from intenslty bal-ance 1s 6.4 indlcating that l-t 1s most probabLy a

Lu ß-transitlon. It seems reasonal,l,e, therefore, that thls Level

mfght be fnterpreted as the lower of the 9/2 - l_evel_e beLong-

lng to thÍs three-quasi-partícLe rnultfplet.

T'he variation of level posftJ-on T.rith o fs shown in

Fig. 5-11 along with the spacing predicred by Pyatov and Chernyshev.

There Ls no experf¡nental ev:tdence to date for the Ð<istence of

the 512 - leveL assocfated wlth thls configuratfon, so one

câ.nnot say whether the 23/2 or t]ne 5/2 leveL shouLd be the lowest

level of the nultfpLet. A value of o about 0.17 would be con-

sfstent with the chol.ce for the other three-quasi-ÞarticLe con-

ffguration and would gfve reasonable; ¡greement with the experi-

mental spacing of the 23/2 - anð, 9/2 - Levels.
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CI{APTETI. VI

ïnvestigatÍons prior ro 1958 of the g-decay of 18 hour
159Gd irrto 159tb 

had. establíshe<l that the garnrna-ray bra.nching raËÍos

for the El transitions de-excitíng the- 363 keri level r.¡ere in dis-

agreement r.r1th the ÈheoretJ cal val-ues predi cÈed by the unif fed

model (Alaga et al 1955). A rnore detailed invest,igatÍon by

Nielsen et al (llielsen i95B) T17ith tr.Io six gap Ê-ray spect,rometers

and ß-y coincídence experirnents revealed three gaffina Ëransitions

from a level at 364 kev to 1eve1s in the groundsLate rotat,ÍonaL

band. The grouncisÈate or 159r¡ 
has been classified as Èhe 3/Z +

[*td Nilsson orbiral (t"fottelson 1959) and teve]-s ar 57 and 136

ker/ were identifi-e<l as the 5/2 + and 7/2 * members of the rotational

ban<l. Angular corrclaÈion experinerìËs by Subba p"ao (Subba Rao

1962) confirr:recl the spin assignnent of Ëhese level-s. The r,¡orlc of

Nj-elsen confirmecl the discrepancy T¡etrveen experÍmenÈal anc thecr-

etÍcal values of the branchíng raiios end they suggested that the

deviation r^Iâs corlrlêcted rü1th the Bl. rrature of Ëhe garma rays and tha.t

Èhese transiËiorrs rüêrê nrobabll' strongly retarded.

Further ínvestigation of Ëhe level" ir, 159fb follorving

the $-decay of 1596¿ r.rere performecl by persson (persson 1963)

using a magnet.ic $-ray sl-aectrometer anrl e qamma-ray specËrometer.

rn addition to confirrning the results of }Iielsen et al, four ner+

levels rvere íntroducecl. at 3/rB, 580r ('16, and 674 kev. rt ryas alscr

pointed cut by Persson that the 616 keV Aamna-ray could be fitteC

The Decar¡ of 18 hr 159Gd
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either betvreen the level ax 6L6 lceV an<1 the grounclstate or

bettreen the 674 and 58 heV levels.

More recenËly Funlce et al (FurJc-c 1965) have performed

tr¡ro dimensiona.l lrlaI(T1) - l,lal(Ti-) coincídence exÐeríments on

this fsoËor--'e anrl have discovered three ner,l coincÍclencc pairs neces-

sitatíng Ëhe ÍnËrocluction of a nerv leve1 at-860 l'-eV. Therr coincidence

dat,a also suggested that the 616 1.'-eV Ëransition \ras complex r'rith

-887. of 1t fceding the groundsËa-te.

The levelu 1r. 159Ti: har¡e also been stuclÍe,l b), Ðiamond.

and Steirhens (Diarnorid L963) by means of Coulomb excit,ation experi-

ments using 60 l.feV 160 ioo=. ïn addition Ëo exci-ting members

of the groundstate rotatíonal band uÐ to tne I5/2 * level, they also

esÈablisherl. roËati-ona-l bands a.t 3lr8 and 580 keV and indicated the

possfl-.le existence of rotational bands aE 97L and 1280 keV.

The present r'¡ork reports Ëhe results of an investigation

of the gamraa-ray transitj-ons ín 159Tb following the 8-decay of
1 CCì'-'Gd usíng Ge(ti) detecËors. The direct garrrrra-ray sÌlectruÊr lras

studied r,¡lth a hígl-r resolution (1.0 k-e¡t/ at 100 keV) pl-anar detee-

tor5, and a thin rvíndor¡ planar antl large volume coa:çial <leËector

r,¡ere usecl to perf orm ga:nna-ßaffia coinciCence exÞerinents.

6,2 Source Preparaticn

Sources of 159g¿ vrere prepared by Lrradiating sanples of

GùZO3 enriched to g7.AZ ISBcd in a flux of 2,5x1014 neutrons/sa..

cm./sec ln the II .R.U. reaetcr, I,Ihen the direct, gatrma-ray spectruiii

of the flrst irra¿liated sumple v¡¿s exa¡níned, a contarninant vriÈh a

hal-f-life of -9 hour.e r^ras observed. This r"¡as iclentifle<l as

152Eu. Al1 subsecluenË irratlíeËii)ns \rere treaËed chernically before
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use. Th. 152nr, \,ras separated fron the galodlnÍun isoËopes bv

elution from an ion exchange column usíng o-hydroxy-ísobutyrate

r¡f ':h a pil of 3.75 (sriith ancl lloffman 1956). The seirarated rJd

fraction was deno,,ited jn a snall- plaetíc tube and this form of

J-iquid source r¡as then r¡sed for both the direct and coi.ncid.ence

sturåíes.

6.3 Experlncntal Frocedure

The dírect ganma-ray spectra lìlere ol-rtained using a plagar

Ge(tÍ) detecËor 5.0 sq. cÍn. in area ivith a depletion depth of

5mrn. The resol-ution of tliis cletector is 1.0 kev at an energy of

L00 ke'/. The coincidence spectra v¡ere talcen l¡ith a 44cc coaxial

d.etecËor (G9C2) n a 30cc coaxial derector (GLC6X) ancl ¿r rhin

rvÍndo'..¡ planar detector (GiP7) wíth a rlepletion ttepth of 10 rmr.

The rlaËa from the direcË Barrìma-ray spectra r,rere recorcled

on a l'ìucl.ear Data 3300 systen and Ëhe coincídence data. were recorded

on either a PDF-B or PÐP-1 computer using the techniques described

in Chaprer IV of rhis rhesis.

Three coíncidence cxperíments r,rere perforned duríng the

Ðresent worl¿ on 159C¿. Fcr ihe first of these exoerÍments, two

large volume coaxial Ge (ti) detectors vrere used and the ciaËa v¡ere

recorded by means of the relatecl address technique usíng a pDp-8

computer. rn this experirnent, Èhe tj.mc relatíonship beÈween coin-

cíderrt events r,ras noË recordcd, sc Ëhe experiment r,/a.s reÌreatecl

using Ëhe PDP-I computer and the tiire information \.r7as recorded as e

third parameter. LLhen the data- from this second run were analysed,

it was founcl extremely clifficult to set Trindows on y-58 ancl y-80

anC get meanin¡¡ful rcsults. Ttris vras caused by Ëhe fact thaË
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the timíng disËribution for large volur're co,axial <letectors is very

poor r.rhen 1or.,r energy Èrans-!tions are involvr:d..

Ï'o inpror¡e the tír.ri1g cha_racteristícs, ít r..las ,leciCeC

Ëhat one of tire coax:].al cletecto:rs (GLC6X) shoulcl be replaced. r.rith

a Ëhin iyind.ow (-60U) r:lar:¿l- rj.,¿¡Èctoï (C1p7), an,J the experíroent

repeated. By this tine a ti¡í::d cncoc.e¡: had been installect. ..¡j-th

ËÏre PDF-B conprlt.er e.ncl this systeili \,ras use.J for the Ëhír<1 coincì.-

dence exnerinrcnt.

The capacíiance of tire planar- dr:tector \^ras -10 pf , so

thís side oi: Ëire co:lnci rlence âriangeînerit coulc no'¡ be triggered

at a. l-ov;er leve-l-" -[t r:¡as set to trigger- a_t -15 icel/ r,rhi]-e the

coa-xial detecËor rdas $et to triggeï at -30 kev. The amplifiei:

6;ains vrere arljusteil so that the :rl-ane.r detector ccvcreci the ene-r¡iv

range frorn -30 to "380 keV r¿hile the coarial Cetector spanÍìecl fion

-75 to -95C lteV. The resulting tíi., cListribuÊion for eveiìts clj-;;..

cident wiËh i'-58 yras n¿trror,rer than j_n the nrevious etçÞerlrnent and

time r,rindows -100 nsec r¡7Êrë sÉt.

In thc inítía1 coincid_ence experj-ments the counters

'¡ere Ðlaced close togetirer {-1a" eparx) in 1E0o lreorûetry. rrr this

configuration a large nurribel: of tire coincídenco events record.ed werc

r¡rorluced by ,ganmra-.rays backsca.tterÍt¡¡ fr:on one cletector into thc

otirer. /rn exanÐle Of thi.s can b,. seen Í-n Fig. 6-1 r.rhich shor,¡s

the rrcoincid.errce singles" fron tl:e seconcl coincidenc.e exirerj.rnenl-.

As can be seen iron Fig. 6-1 , most of the events recorderl cane fro¡¡l

backscatteríng a-nd '..¡ere consaqliently of no interest.

To reduce the nurnber of baci.lscattered events recorcled ,n

the third e:<perinent, a lead shield i,ras placerl betrveen the detectors

as siror,'rn ín t1Í9. 6-2. Tr.¡o sheeËs r¡f crl (-0.03ct') covered tl-le síde
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facing Èhe planar r1etecËor ín or<ler tc red.uce the number of lcacl

x-rays observed by this ciode. Fíg. 6-3 shor¡s -Ehe "coinciclence

singLesrr obtaine<l l¡j_th thís tyne of ?,eometry.

The rnost intense g;êßma-ray ir, 159r¡ is Ëhe 363.3 rcev

transit'íon. Sínce thi-s l-r:a,nsition is aT.¡out 50 tines stroirger than

any of the others, ranrlom coincid.ences with this gamina-ta_y becorne

a significant problern. llor thís reason r+eal', sources rvere usecl

for the third coirrcidence exDerjrnent anti. as a result, the coinci-
rlence counti-ng rate lras La¡,t (15-20 coinci_dences/sec). Several

sources, each rvith strength increasing by a factor of tr¡o¡ were

creparecl fron a 16 hour irracliatÍon of 2 ng. or 15Be¿ in e. flux
of 2.5x1014 neutrons/"q.,/".r:/s"c. These scurces ryere each

counterl for one half-life and the data r,¡ere collectccl over a perio,-l

of. "72 hours.

The small- nenory in the-: r-rp-g (4096 cirannels) macle

it impractical Ëo clo the three parameLer sortinz on this machÍne so

the magaetíc tapes r,rere taken to Èhe G-20 ruhere several wlnclor,¡s

coulc be sorted at one time. The position of the time r,rínclow for
each gamma^Ta.y rvas determjneiJ. by exe,níning a. fer.r records on the

PDP-8. rn order to re'.ove the contribution from the conptsn dis-
tribution ¿ 1;i¡rJsqr, one half Èhe vddth of the r,rinrlor.¡ set on the

full*energy Þeal'., r..¡as set on eíther side of the full-energy peak.

The events coincident rEith these r,,'indor.¡s rvere then added Ëoqether

ancl subtracted from those events coincident r¡ith the full-energy

peak.
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The ,r:rrect g.-,mina--ray spectrum of 1'90¿ 
obtainecl r¡ith the

5.c ¡rm cleep pl-anar cretector is siroi,rn in Fig, 6-4. This spectrum

Þ¡as taken r'¡íth 0.015" C'l betv¡een the soLirce and. detector. Tire deca.y

of the Írource r¡ra-s follovecr. through serrc::al half lives in orde:: to
ide'tif' those transitions in 159rL follor.ring Ëhe clecay of 1g

horrr 159cd. Eíghteen transiËíons r,rerc identified as belo'.ging

to this deca./ and Ehe.se a-re listed i-n Tat,le 6-r. rÈ can l;e seen

from this tal.le thât Èhi-c ís the first time all of thesc transi-
tions have been observed in the dírect sllecirum.

The three srnal_i_ un]abelled ¡reaks arcund tite B0 keV line
can be ettributed to pb )(-rays. The rrext trio peaks are the

doublet ar 97.43 and r03.13 kev ir, 153c¿ (Table of rsorop." 6th

edítion) rvhich vras produced fron tr.- 152c,1 present in the enrichecr

rdz-]s. The peak in the botËom sectio'of the <líagram marked con-

taminant ca' be a.ttrÍbutecl to a 137c".source in the roon haclc-

grouncl'. ?he eneïgy regíen uD to -r2oo l¡-r,:v r¡as scannecr anc ttre only

other neak fortnd above thc 354 keV trarrsítion r.¡as iCentifiecl as

belonging to 60Co 
pr:esent j.n the hactrtground.

coulomb excitati-on experi.ren's on 157r, 
have been per-

formed by Diarnoncl ¿rn<1 stephens (Diamond 1963). Thei-r results
Índicate a leve1 at b74 lccv r,¡hich de-excites by the er.ission of
gamma-rays r¡itJ: energies 536, 6L7 and 674 k.e'v. They gi-ve the

relatÍve ganuna intensities of tire 535 and 674 ker/ transítions

as 41 and 11 respectivery. s;r.nce this 1cvel i-s poTruraied in
l qcr

Èhe ß-decay of. ""Grr, tÍte 674 kcv t::ansiticn sirould elso airpcar

in the present study. rn order to sear:ch for this gaflÌma-ray,

1 Òf-r-)/-

Iesults
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cAl"fr.rA-RAY sPEcrRIm o, 159aa
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0.0910.03
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several- sources of increasíng strengËh i.rere prenared. and the

tlaËa r'rere gathered over-' several hah. lives. The i.ntense 363

kev transiËion gave severe 'oÐíle-urr" probrems from accid.ental coinci-
dences and in order to r+-cuce trris 0.280'r pb 1rlus 0.075,, cd *ere
place<i betueen tire source a.nd. the rletector (30cc coaxia] detecEor

no. GLC6X). The resurts of trris i-nvestigation can be seen Ín
Fia. 6-5 r^¡here the gamma-rey can be clearly seen and its energy

\'/as measureci Èo be 674.2 t 0.5 lcev. Af ter corrections hacl been

made for detector efJrície-ncy enr) absorption in Ëhe pb anrl cd,

the íntensities of i:-536 ¿¡.nd, t-674.2 r,rere calculated to 
'e 

0.010
t 0.003 and 0.0034 t 0,001 (y-363 = 100 t 5) respecrively. ThÍs

gives a branching ratío

_L+*ll!Q_=2.e!1"2
r'-G7At

Y

in agreement v¡ith the DÍe.¡nond and fìÈephens .zalue.

the gamma.-ray energíes listed in coh-unn I of Table 6_r

are the values measu¡:ed Ín the present ryork. The methocl used

for these measureme'ts ha-s already been described in thÍs thesis.
unless oËherr¿ise stated ti-re vaiues are accurate to 10.2 rEev.

The energy of y..5e r,,7ês rïr.âsrrred. relative to the 59.543 t 0.015

tcev (Yamazaki 1966) transition in ?-4rM; usÍ'g the thin r¡rinc1oi.¡

planar detector G1p7. Fia, 6-6 shor,¡s the separa-tÍon of the tr¡o
1ines. A preci-s1on pulse generator na.s used. to cletenníne the

deviatíon from línearíty of the system. Afier correcting for
the system non*linearÍty and usÍng anu 

tt'rb 
K gr x-ray line,

2416¡¡ .n¿ 153ç¿ sources to dâËerririne tire keV/CH, Èhe calcule,ted

value for the energy cf 'y-SB is 58.û0 t 0.05 keV.

A com¡erison of the rerative int.ensities in cortmn 2 and

column 3 (Ern'an 19642) of Ta.ble 6-r shor,¡s them to be in reasonably
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good agreenent. rn that reference trre authors reporterl a gamma-

ray wiÈh energy 334 lcev r¿itrr a relative ínrensÍty of 0.42 t 0.06
(r+-363 = 10c I 5) ' A detaíled scan c,f this energy region ín
the presenÈ r'¡orlc srroi.¡e<l rro trace of thls transition and an

uDper limit of(0.004 (i'-363 = 100 r 5) can be a.ssígned. Ir
i"s concluclecr triat this 334 kev trans;iticn rnust have been an

irnpuríty present in the source u.sed. in that r¿ork.

The results obta.íne<t by Funli.e et al (Funlce 1965) arc
in good agrecment urith those of the pl:ê-sent r.¿ork. The v¡eak

transitíons measured by Funke as 245 t 5, 2gc ! 5, and 860 t 10

keV from his tryo lr-r-ïaneter lfa.I(T1) _ i,IaI(T1) coincirlence experí_
ment are identified as the 237.5, 27ti.2 and 854.., lceV ¿¡¿rr"itions
in the present rrorlc. Funp;e alsc reports th¿.t the 617 kev tra'sj_-
tion ís comple:< and. Ëhat it feecjs the ground.stete ancr 58.0 kev
level r¡iÈh intensiLies 0.15 t 0.05;¡--,d o.0z t 0.01 (rr-363 =

100 t 5) respecrively.

AtrenÞts to fít y-6L7 bcrueen the 58 kev and the 674

kev levels hoirer¡er cricr not give a good. energy barance" Trre

sumnatÍon of y-58.0,:(-7g"5 andv'535.g energies gave 674.3 rcev in
agreement ivith the groundsúate transition measured at 674.3 t
0.5 keV" Èlo'r¡er¡er srmunation of y.-58.0 and y_6I7.5 energies gave

675.5 t 0.16 kev. I{o evidence o€ <ioublet strucLure had been see*

v¡ith the coaxi.:l detecËor (ci.cox¡. so this region was re-examÍned
¡"¡ith the thin r¡i-ndor,r planar detcctcr: (Gip7). The result
of this Í"nvestigatíon ís shor¡n in Fi.g . 6-7 r.¡hich clearly shor,¡s

that the 017 kcv 1íne is double. The line shape used to deter-
mine the peck positions is thaË of tire 66i..6 kev line ir, 137c"

rvhich vras recorderl simultaneously u,íth the i59g¿ spectrum. ríle
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peak separation as aeasured from Fig. 5-7 is 1.21 t 0.07 keV.

This gives the energies of the two lines as 616.5 t 0.3 and

6L7.7 ! 0.2 keV and Ëhe relatíve intensities are calculated to

be 0.02 t 0.C05 and 0.13 t 0.02 respectively (I.-363 = 100 t 5).

6.5 Coíncìdence Speetra-

The nature of the 58.0 ke\i transítíon has been studied

by Novakov and llollander (liovakov 196¿+) " From p- measurenent of

the L subshell ratios i:hey have esi-ablÍshed that ít is 98.67. !4I

plus 1.47" F2" Ì'lielsen et al (l'lielscr: 1958) nÊre unable to resolve

Èhe li X-ra1's and 58 kel/ g¿¡¡¡ru-ray gea.1r in Ëheir gamma-ray spec-

trum, but from ll:e asymmetrlz sf the peatrc shar¡e they estÍmated that

oK = 6 r¡,hich is ín agreement ¡yith tiie predominantly lî1 nature

of the transi-tion. Tire hi¡¡h internal conversion of this Ëra-nsitíon

r'¡as utilizcd to gi^r,'e good statístics ín ti-ie coi,ncidence exÞeríment

ivith ^l-58. The energy rvinclor¿ arou¡rd Y-58 r.ras set so that the i(

X-rays as r+el-l as Y-58 \¡:rere encorl1,.e-sscd by it. Fig " 6-8 shornrs

the net coinc:Ld.ence spectrum obta.i.aad ¡rí!:h the above energy

rrindorv set in the planar cieteci-cr" The events coinciclenE wi-th rire

ComDton distributíon an<l Èhe ¡:andom coinciclence events have been

removed.

This speclrur'r shornrs eighË ganma-re.ys in coincÍ-dence ririLh

,y-58. The energy range covered by Eire coaxial- <letector r¿as such Lhat

the B0 keV transítíon rrTas not rccorderi. From oËirer specËra to bc

presented later in thís section, it can be shoi^rn that y-80 is

also in coincidence i¡ith Y-58 givin.r{ a Lotal of nine such coincÍ-

rlent transitíons
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T,rrhen

buÈion frorn the

slty s¡ y-618 relat:lve Èo y-559 a-nd y-537 gives a value of

0.016 t 0.005 (Iy-363 = 100 r 5). This is in good agreement

raith the value from Èhe direct spectrum a"nd is also in

-r47-

al-lorranee has been made for the x-ray conËri-

79.5 keV Era.nsiticn, e measurement of the Jnten-

agreement r.líth the measuremerrË oj: Funke et. al.

Three g,anma-rays r¡ith energies 21I, 226 a-nd 537 keV

can be seeir in Fig. 6-9 l.¡hich i.s the ncË coinciclence spectrum

r,iith y-80. As in Ëhe above case' the energy range covered by

the coaxial cleL.:ctor \.¡as not sufflcienÈ to include y-58. The

number of counts ín thr¡ 537 lce'J per"h ís very sma1l but inËen-

si.ty measureinents f roin this specËrun î.or y-Z-II, y-226 and y-537

yielcl Ëhe values 0.17 t 0.04, i.96 t 0.4 ¿rnd 0.015 t 0.005 r,¡hích

¿r-re in goorl agreêrrleflË r,riLh the values 0,1.ó5 t 0.025, I.9'o t 0.i0

ancl 0.010 t 0.003 obËained frorn tlie dí::ec¿ specÈrum.

The net coincidence spectrun tvith ^¡'226 ís shot'¡n in

Fíg. 6-10. This spcctrun tras cbtained by setting an energy r'rindor"

in the coaxial detector and f.ire d.ata si:lcwn are from the tirín v¡indor,¡

planar cletector. Fíg. 6-10 shorvs that tht-. 58 ancl B0 ker./ gamma-

rays ars in coincídence '¡Lth y-226. Thc x-rays in this sDectrum

arise from the hígir conversj-on coefl=ícienls of both y-58 and

y-80. A. measrrremcnt of the r¿ìlatj-ve ir;i:ensíties of these tr¡o

transiËions frorn this spectrurn yíelcls i:irc ratio of the toÈal

conversion cooff:l-ci-ents frorn the rcl,aiícnshitl

I-80 =
v

r -58
Y

1 + 0T(58)

I + 0r (80)



-Fég" €:9-

NeB eosned.dence æ¡reetrum wfth l*Eü.

Spaetrum strowr¡ was B@e,orded hy eoaNåeå.

deteeËor d.n eoåucLdanee w$"eh ú*90 {n

the pS.anar deÈeß8ors



3392.K

J
l¡Jzz
:tr
(J

E
IJ
o-

U)
F-z
fo()

3200

2400

r 600

800

400 600
CHANNEL NUMBER

NET CoINCIDENCES WITH r-80
44 cc COAX IAL DETECTOR cgCz

226

537
_ tr x322llll rE, _



{åe¡- €; r8-,,

å{e8, eeå&eådenee sFecsrum rs:litlt (*22,6,

$pectrura æh¿¡t¡rll Etês tr€esrded by pla,uer

cåeree&,er lí.H epf,nc$.dønee wåÊh l-egg ån

eoexåql $efee8$tr*



3393.8

X- RAYS

NET

400
CHANNEL

COINCIDENCES WITH

PLANAR DETECTOR GIPT

600
NUMBE R

T-?26

J
UJzz
-(J

É.
bJ
o-

Øt-z
fo()

200



_15r1_

rf the values of the appropríate oTts, on the basis of the pre-

viousJ.y assfgned raultípolarities, are substftuÈed into this

expression, Ëhe theoretÍcaL value of I* - B0 = 2.LL. _,ir*r_-58
experimental val-ue obtained from FÍg. 6-10 Ís 2.5 t 0.5 whlch

l-s consistent, \ÂrÍËh the theoretical value.

TransftÍons eoincÍdent r¡fÈh y-238 are shown in
Fig. 6-11. These d¿ta were taken from the first cofncidence

exÞt-rfment performerl on the PDP-8 corrpuÈer usÍng trvo large volune

coaxíal deËectors (Ggcz ancl GLC6X) " This experfmenr dicl noË use

a thfrd encoder to record the tíne relatÍonship between coincÍclent

eventsr so ÌÌo random coincÍclences have been subtracted in this

specËrum. Fig. 6-11 clearly shovrs that there are two transltions

i.n coincfdence wíth Y-238 viz. y-560 end y-618. The ¿nrensfÈy of

):-618 rras measured relative to f-560 from these daÈa. The fntensÍty

r¿¡rs found to be 0.12 1.0.025 rvith Ty-363 set equal to 100 t 5. This

Ís in good aqreement r.rfth the va-lue of 0.13 t 0:02 obtalned frqn the

dírect spectrum.

The statistics obtained in the above cxperfment vrere

better than those obtained ln the pl-aner-coaxial experiment.

Thfs was due to the fact thaL ai-though the sâme amount, of magnetic

tape rvas used ln both experiments, colncidences with y-58 were

not. rècorded ín the for¡ner experiment rvhereas they were j.n the lat-
ter and these eveuts occupieri most of the tape. The spectrtm in
cofncidence wfth :(-238 obtalnec from the pJ-anar-coaxiaL experÍment

ls shovm fn the lower portion of FÍg. 6-LZ. The fntensity of
y-'618 calculated from these <lata is ín agreemenË with the values

already quoted. rt 1s shor^¡n here for comperison wlth the upper

portion of Ffg. 6-12 rahich shorvs the spectrum Ín cofncÍdence
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vilth Y-51ì0 Thts specLrum shorvs only y-238 Írr coincícence rviËh

Y-.560, but 1t shoulc be remembered that y-58 is not observcd in
the coaxial deËcctor" The 569 kev transítÍon is observec Ín the

coincidence spectrum ryith y-58 tllus Lhe 560 keV garmna-ray is

fitÈed between ühe levels aË 58.c ancl 61.7.7 key. The coineicent

palr (y-Zlg arr<l y-.560) therefore substantíates the exist';rce of

the level at 854.9 keV.

Further evidence tor a leve1 et 854.9 ker,/ can be seen

fn Fig. ó-13. The uoper portlon of Fig. 6-13 shorss the spect,r,.rm

ín coincícence w1Ëh Y-274 r.vhile the lcrver portion shorus the coÍn-

cÍdence specËrum !.IÍËh Y-581. The spectrum in coincidence r,r'ith

Y-58 shor,rs no evídence of elther "(-274 or y-581 so it is concludecl

that the¡z form a coincÍrler¡ce paÍr ryhich CepopuJ-aÈes the 854.9 keV

level to the grounrlstaÊe vía a-le'¡el at 580.8 keV.

6,6 LevaJ- scht:nc or 159Ytu

The energy levels rr, 159tb following the ß-decay of
159cd are shorm in Fig. 6-L4. The inrensiry of the g-feed. Ëo the

groundstate (63% per Cisintegration) ç'as taken frorn the paper by

Niel-sen et al (Nfelsen 1958) and the intensirÍes of the other

ß-feeds rvere obtained from intensity balance of Lransitions feedl-ng

and de-exciting the levels. The Log Lt. r¡alues r¿ere calcul-ated

usfng the nomograph of Ver all et a1 (Verrall_ 1966). Table 6-TI

lísts the pronerties of the gamrna-ray transítíons fn 159tt. 
The.

multÍpolarities are taken fron the references lndfcated Ín column

3 of this table.

The study of 159ca by l{ielsen er al (blielsen 1958) yíelded

a value of o., (58) = 6 r¡hich suggestec a predomínantly lf1 character



Tablc. 6-II

PRîPERTIES OF G¡J4.IÂ TFAI{SITIOI.IS II.J 
i59Tb

P.elative
Gamma-iìay
ïntensit.¡

58.0

79,52

37 .4

1C.9

26.2

2It2

0. 3BrC.04

0.06t0.01

0. 16510.025

i.96r0.10

c.072t0.01 1

0.054t0.013

0. 28 ÈG.03

0.55 !0.04

2.0 t0.15

100 t5

0 . 010r0 .003

0. 2010.02

0. 5710.04

0.02t0.005
0. 13t0. ù2

0. c034tc.001

0.021t0.003

237 .5

274.2

290.3

305.5

348. I

lfulti olarí

98.6Z"l{1+1 .47"82

i.t1

r-¿

lt1-82

E1

(Ìf1 )

(r'f 1 )

líl-82

E1

iÍl-82

E1

iirl

i{1

i't1

(Mi) (2) ,
Ifl Q)'

ì11

Ref

363.3

Transitíon lrrt"rr- ( 1)

sitY

36.3

% "i) e-r Dicíntegration

59.57

5Lì0. 84

616.5
617 .7

674.2

854.9

25,3

0,22

0.01 25

0.023

^ ')'),

0. 010

G. C07

0.035

c.064

0.24

11 .5

û . 0011

0.0024

0.066

0.0023
0.0150

0.0004

0.0024

c

d

d

bre

c

c

c

c

c

Iìeferenccg for multi-pol-arit¡r assigrunents :

a) l{ovalcov 1964
b) l{ielsen 1958
c) ÐÍanond 1963
d) Pe::sson 1964
e) l{etzger 1959

1) Based upon 63Z" ß-feed to grorrntl state (rcf . b).
2> Both srembers of Ëhe doubleË are assur¿ed Ëo be ïfl.
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for Èhis transítion. i:{ore recenÈly i.lovrl'"ov ancl Fìolrander

(Ì.Tovakov 1964) hp.ve determined. ir ro b¿: 9!ì.6i( i.tL + 1.4% E2

from a study of the L subshell ratics. This ís in acccrd r+iËh

ilre value of. 997. ifl + lz E2 reported by Er.ran eÈ al (Er,ran 1963a).

The f./L ra.tio for y-3C, neasurecl to be 6 t I by

rlielsen et i:.1, is in agreeÍìenË ruith the theoretical value of 7

for an lfl transition given by slir¡ e"ncl Band (sliv 1956). The

grounrlstare of i59Tb i.s rrnovm Èo have ¡r sÞín of 3/2 (Baker 1955)

ancl accortiing to the l4otcelson an,l i'Tilsson classificatåon
(I{ottelson i959) is Ínrerprercc a.s rhe 3/z + [+tt] orbiral"
Angular correlatíon experÍ"ments bv subba Rac (subba p,ao Lg62)

lrave substantiatr¿cl the spÍn sequeïrce 3/?-+o 5/2-+r 7f2'r f.or t!.e
grounrlstate, 58.0 ¿nd 137.s kev levels srrggesËed by the pre-

cl'cmina-ntly 111 ci-raracter of y-58 anc' y-80. Energy snacings

indícate that Ëhe 58.0 anc, 137.5 lier/ levels are the 5/2.+ and

7/2* members of the ground-state rötaÈj.onal l¡and. The co:;l_o¡.,rb

excÍtation experir,¡ents of Di-amonc and stephens (Diamond 1963)

revealed me¡nbers of this band u¡ to ì_he iS/Z+ leve1.

The conversion coefficient for the 348.1 lcer/ transi-
tion has been measured by persson (persson L96L'¡ Ëo be 6.2 t L.z

x 10-2. The theorericai values (slív 1956) for l{1 and E2 are

5.9 x ro-2 and' 3.1 x 1c-2 respectively, r¿hi-ch suggests that the

348 lceV transi Èion is predcrnínantl-¡ l{1 r although an E2 aclmixture

is possible. This transíËion vas assumcct by persson to de-exciËe

a level a.t 348.1 lccV. This level h¿rs also been seen iri Èhe elecËron

canture decav of- 144ð, ts9ry by Fycre eË al (nyde 1963). Their

results indicated tha.t th-e level feeds nnen'rbers of th,: grounri-state

rotati-onal band through three transl-tions; y-348, T-2g0 and y-2ll
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all of rvhich irave an r'il, E2 assÍgrunent r¿iËh unknor,¡n mÍxing

ratios. These three tra.nsitions a.re also seen in the presÊnË

work and a comitarison of the relative ínt.ensÍties r¡iÈh those

of Ryde :i-s given in ï¡-ib1e 6-III.

Table 6-III

Gamma-Ray Bnergy

348. 1

290.3

2t0,9

The possible spin valrres for the 3hB.r kev level
are 3/2, 5/2 ox 7/2 r'¡íth ¿ positive parLty eissígnrnent. This

1eve1 has been classifiecì by Rvde ¿Ls rhe 5/2 +f nSiNÍlssonLJ
orbital since the¡:e âre no single oarticle states wit-h spin
3/2 or 7/2 tn Ëhis erier6y region.

The 363.3 ker/ 1evel is seen to <ie-exeíte to nembers

of the groundstate rotatícne.1 band l¡íth the emiçsion of 363.3,

3c5.5 and, 226.2 kev gêrnina-ravs. The l(-conversion ccefficient
of the 363.3 icev garnrna-ray has bee'nea.sured by Ì,:ríelsen et al
(Nielsen 1958) anrl the rnulËipolarity has been assígned a-s El.
Ì{ielsenrs measurenents also puË en u¡lÐer rímiÉ on the ÍntensiLlr of
the conversion lines for y*226 rvhicrr corresponds to an Er assígn-
rnenÈ for Èhís Ëra.nsition. rn a similar manner persson (persson

1964) put an upÞer riniË on rhe conv¿rsicn intensity of y-305

and an El eharacter is suggestecl for tr-lis Ëransition. since this

Relative IntensiËÍes

159n'-l59r".

I,C t C.1

0. 131 0. 0/+

0.0¿it 0. c)2

1.0 r 0.075

0.I4t C.015

0.082! 0.012
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leveI de-excites to states with spin 3/2", an1.7/2+ by El transi-

tionso its spin and parity are tirerefore 5/2- and it has been

classified ¡¡s tire 5/2- ffiz-l t'¡il-""orr orbiEal.'L)

Tire levels at 580.8, 617.7 and 674.3 keV are seen

to feed the ground-st,ate roEaÈional band. Fersson (Persson L964)

an<l Funlte (Funke 1965) both reported the existence of Ëhese

levels and gave theír energies as 580, 6L6 and 674 keV.

Persson iyas unable to say r,rhetherr the transition they sar^r at

616 keV should L,e fitted i:eËrveen Èhe 616 keV level and the

ground state, or between Èhe 674 ]re\:l arrd 58 keV levels. Funke?s

coincidence clata ind.ícaüed that the 616 tr'"et/ tre-nsiLíon vras

complex with a branching raËio of about 7 or B to 1, the

stronger transition feedlng Èhe ground. :Ë.:''Le. The present

investigation shov¡s that the line in questíon i-s in fact a

doublet r¡ith energies 616.5 and 6L7.7 keY, the latter being

the more i.ntense feed to the ground state. The ground-strËe

transÍtion from 674.3 keV level, follor,ring Ëhe ß-decay of 159ed

is reported here for the fj.rst Ëime.

These three levels ha.ve also been seen in the Coulomb

excitation exÐeriments on 159Tb reÞorted by Diamond and Stenhens

(Diamond L963). They reported that the l-ines at 536, 560 and

580 keV exhibite<i syrnmeÈrical Doppler broacleníng. This inCicates

lifetirnes of about 5 x 10-13 secs r,rhich suggests t41 transiËions.

Their measurement of the average I(-conversíon coeffÍcienEs for

these transitions also indícated that the groul was mainly iÍl.

For Èhese reasons a positive pariLy assigrrment has lleen made for

tlre levels at 58C"8, 617.7 and 674.3 keV. The log ft. values for

the 8-transiËions feedíng these levels, calculaEed from Ëhe present

results, are consistent r'rlth thfs asslgranent.
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The level at 854.9 kev '.¡as first intro<iuced by Funlie

eË al (Frrnhe i965) as a level at B6c kev. The pre;sent coinci-
cence da.ta- rvíth y-238 a.n<l y-274 confirm the existencc of this
]evel. The log ft. r¡alur) of 6.9 for the g-feed to thís levo1

indicates that it is most probablr¡ a first forbiclderr tra¡sítícn.
This 1imíÈs the spin values for Ëhc ii54.9 kev level to L/2,3/z
or 5/2 with posi-tive paríry.

6.7 E1 TransÍtion Intensities

The inLensity raÈios for electromagnetic transitions
betrr¡een ler¡els of tr.¡o rotational bands in axialiy deformed nuelei

should follor¡ the ::elacionship prorroscd blz Ä1.e.ga (alaga Lg54)

namel-/

B(L, r. + rr) - <rí t i,.. i:-.-ril ïi L rf t(f>2

rcÇp = 2

r'rhere B(L, r. + rr) Ís Lire reduced transition probability for the

transiËior tí * I, a.nd .Ii L i(. Kf-ti{ lfi L IÂ llf> ís the Ciebsch_

Gordan coef fícÍenË for the addítion of angular nornent.s r. ancl L

to form rr. Thís rela-tionship ís obse::verr- to be true in a. la.rge

number of ca.ses, but for transÍtions .,vhich violate the asympËotic

selection rules (l"Iottleson 1s)59), deviations of up to tr.¡o or three

orders of magnit.uiiei cccur. For the case of dinole transitions

r^lith aK =t 1, these devíations ere very 1ar¡¡e, \ihereas for transi-
Ëions r,¡íth AI( = 0¡ the deviat-íons are about IC tu 2A"Å.

1590f oarticular ínterest in the dccav of G<1 are the

intensities of rhe El rransitions u,hicir de-excíte tj'e 5/z- [trr]
level Èo rnembers of rhe rotatÍonal band buÍ1Ë upon the l/z+þtt)
ground st¿te. ïh.e cxperimental intens--itícs for y-363:y-306 zy-27¿¡
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are ín Èhe raËio 100:0.55t2.0 rvhereas Ëhe theoretical ra-tios basecl

upon tire Ala.ga forrnula are 10022(¡2I"7. The as;¡mptoÈl'_c selection

rules for El trari.siËions (Ìîottleson 1959) are given in Table 6-rr/.
'rhese clearly sJror',r that the solection rule for an" :Ls violaÈed for
the tra.nsítions ir, 159c¿.

Teble 6-Ii1

Transi ti on
i:iul tipo lari tr¡

rÈ has been proposed. by Grin ancl pavlíclienlcov (hereafter abbre-

víated to GP) (Grin 1965) that Ëhe reason for the large devíations

from Alagats inËens:i.t-.¡ ratíos for ai-¿- = tl rnay be assocíated r¿iËh

Ëhe acËion of coriolis forces. This ÍnteracËíon ís smrLll in
strongly deformed ¡-rucleí an<i. does not a]-tp-r sigrrificantly the

probability for allor.red transíLions, buÈ it rna¡z be subsiantial

in the case of rrforbidden'r transitions.

The coriolis forces produce a couprirrg betrveen the

rotational and intrinsic motion. The ínteraction lle.milËonian

has Ëhe forrn

He = - -4 (a*_j_ + r_j*)
2J

ruhere I-n = Irtil, and j* = jl iij2, I buirrg the Lcral angula:r

noxcentuf¡l and ] the angular momenttlln or Èhe odcl nucleon. This

coupling is sürail. r,lhen Êhe collective frequency is .r¡erv much



-162-
larger than Èhe single particle frequericy, and is neglected in

fÍrst approxímation. Only the diagonal teras of this operator are

tálien into account t¿hen the energy of the system ís caleul-aËecl ,

and these occur onlv for tire case of Q = r¿.

I'lhen. Ëhe operator is considered as a perturbatíon, the

off dÍagonal rnatrix elements arîe given by (Prior 1958)

<r'r(,r¿o I r+j_ + r_j+. 1 rt<n' = v{ÏÐ-G:ËT-) 6ror6K,r<-r.rlj-li'

<r,rK,,f¿,'i I r*j_ -'- 1-j+ | IKa' - /@.t=G-Gl) ôi,ir6u,,*of.f lj+lít
where f and i are the fína1 anclinitj.al partícle states. These

expressions sho'r¡ thaË the Coriclís f,.-.rrces may couple states which

have the sarne value of I but values of K differing by 11"

GP have invesËÍgated the condiËions under whích El

transítÍon intensiti-es nay differ r:adica-lly from Alagals rules.

They point out that the transition musË be forbídden by the

asymptotic selectinn rules but ttre matrix elements of jt and ühe

elec¡romagrietic transi-tÍon operator in the adni-xÈure ntust be allorved.

Using the r,¡ave functions given by i.fílsson (i'lílsson 1955), Príor

(prior 1958) has exanined Ëhe selection rules for the oj)eraÈor j':

connecting the int.rínsic rvave function of the groundstate wíth Ëhe

admixture r¡rave funcËíons. On Éhe basis cf these selectiolr rulesn

GP show that for the Ëransitíons of írrterest in tire present wcrk

(AK= tl, AN= lIu Lnr= !2, A1\= llo AI= 0), the admíxture Èransi-

tions ab,.ra-rzs conÈaÍn transiËíons allor'red by the asyrnptoÈÍc quantum

numbers. They therefore poi-nt cut that these transitions shoulC.

shol.r large <leviations from Alagats rule. It should be polnted ou¡

thaË these d.evíations exisË onl.v for the one type of ËransÍtíon

consíderecl. It is possibLe to have trsice forbldclen EI Èransitions

wlth dífferent changes in asyaptotÍc quantum numbers for r,rhich

AI(= tl transÍtions shorv no devlation from Alagafs predíctfsngo
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GP have derived theoretícal expressions for the transi-
Ëion probabí1íties for electromagneËic transitions. For the case

whe::e aI(= tl, the ratios of the re.Juced transition probabilíËíes

for electromagne'cic dÍpole radiations are given by

For AK= tl Ëhese

by

nl (r'K'aK¡*

n'2

r^rhere rf

n1 (rrr,rtL)

(I,I(, r1)

(1 ,i(, AK)

i'atios depend upon one parameter

and Z* (K) is a function ínvoi''¡ing matrix elements with the electro-

magnetic transíËion operat,or.

The value of z can be determined frorn one of the experi-

mental raËÍos ancl this value usecL i:o predicË Ehe other raËio. Since

the reduced transition probabilíties d.epend quadratically on the

pararneter Z, tr¿o values of z are obËained. The celeulated value of

rl, for both these values of. z are shor¿n in Table 6-v. The value ofI

z quoted by GP, calculated from the experirnental data of subba R.ao

(subba Ra-o 1962), r,/as chosen so that it besË explaínecl the expr":ri-

nrental results. usíng Ëhis críterÍcir and a value ot z calculaterl

from the present data, the agreencrn'c between the calculated and

experimental value of nl can be seen to be excellent. Either value

of Z gives theoretical results for this ra.tio which are closer to the

experímental valuc than that predictccl by Alaga.

Grín and Pavlichenkcv have compared their results isith the

experÍ.mental ciata frorr several isotopes and have found good agreement.

This Ëends to suggesË that the observecl cleviations from Alagats rules in
1596 are connected ivÍth the coriolls coupríng of rotational and

\2 (I,KrÁK)=

t

+

I

i

I
I

t,
F
2

fatt

--2
rz+ (1.) 

¡
-J

rz+ (r()l 2

n; (T,r(,aK) =

B(1,Ilcn-+I+lkrn?)
@

and are given

r>

1K
<r1"K AKlr+1I(r>
<r1,K AI(irKt>l

2



-Table 6-V

RATIOS OF REDUCED E1 TRANSITION PROBABILITIES IN 159Tb

ttii*"t:i:1"t" nr (* ro-3) . = , = 
r^ ,;

Experinenraf @ E"P.rtu""Èat A1aga GrÍn Z

5/2 532 * 3/2 411

1a(r) 430 13 5.7(1) O,IZ :- -1.95

72 +1"38

s.z!o.g?) ßo 9.1 B. 78t0. I (2) o. I 7

36.0 +1.78

(i) B:N. Subba Rao Nucl. Phvs' 36 Q962) 342

(2) Present r,¡ork
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intrínsfc motion.

I rio
6.7 High Energy Levels in "'Tb

ÐíamoncL ancl St,ephens (nianond 1963) have interpreted the

levels at 580.8, (:L7.7 and 674.3 keV as mernbers of a ti = r¿ rotatíonaL

banc',. Only by such an Ínterpretation can a reasonable

obËained for the rotational consÈant and they give the

<lecoup1íng constanÈ as a = *0.05410.012. As mentioned

the transitions from these levels are predomí-nanLly l{1

A comparison of the experímental branching ratics, clerive<i fron the

present v/ork, v¡íth the Ëheoretical predictíons (Alaga 1955) for

l{1 transitions ís given in Table 6-VI, whích shows them to be in

fairly good agreement.

Table 6-VI

Branchíng Ratíos for Transitíons From I(= | Band

value be

value of the

prevíous1y

1n character,

B (ìfl ;

512

B(iift; S/2 -> 7/2)

.5/2)

B@1;

512 -+ 3i2)

B(1,t1; 3/2 ,

The i¿.= !¿ band could be interpreted as a roËational band

built upon the '-,r+l+t{sinele particle state, whfch is expecÉed

in this regíon, or Ëhe Ko-2 y-víbrational level of the groundstate.

For several reasons the laËter assigrLnent is the one preferre<l by

Theoretíca1

3/Z-> 3/2)
5/2

0.96

0.14

0.67

Experiment.al

Díarnond and SËephens. They pofnt out that the experímental B(82)

values for Coulomb exciting the membe-rs of this band are larger

1.32 ! 0.42

0.17 r 0,06

0.48 t 0.11
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than rrould be expected íf the s8L k-ev level i.rere a single parËicle

state. They also give rhe rarios r,(n2; 3/2 + 1/21:E(nz; 3/2 * 3/2)t

B(82; 3/2 -> 5/2) as i.0z 0.50t0"21: 0.66J0.21. Ttre large errors

rrere due to the uncei'tainty in the bl:anching of \-617. usíng the

information obtaíned in the present r¡orL.- abouË the 617 keV tloublet,

the above B(82) ratios e.re 1.0: 0.61¡10.2: 0.50t0.15. Trris shoulcl-

be compare.d t,o thc thcoretical va-lues of 1.0: 0.91: 0.40 given by

lütken and .I'línther (i,ütk.r, 1963). Diar¿on<l ancl stephens attribute

this díscrepancy to ct-rriolis coupling vrith the grcundsÈate banc

ivhích is possibla since Alül = f . They also point out that Ëhe

band cannot be of ilur:e r¡ibrat.ional c:.haracter since l.í1 transiËions

from it v¡ould be forbidden.

The small r¡a'lue for the decoupling constant night alsc

be explained on thfs basís, since the tireoreËical preciictlon for a

pura vibrational band ís zero. The LzJ, þtt] banrl has been seen in
169T'n 

urrd 171T* and Ëh.e decouÞling consËant Ín these cases rnras found

to be -0,76 end -0.86 respecrívely (Motrelson 1959). This evidence

therefore tends to supnorÈ the contentlon that the 581 kev leve1

ís a y-vÍbrational leve1.

As mentioned- Ín sec. 6-5, the spin of the 854.9 keV

level ís lírnite.l tc L/2, 3/z or 5f2 ,,nd thl..: rarity assÍgru:cnt ís

positive. Nothing Ís kncr.m about the multipole characÊer of Èhe

transitlons de-excitirrg this 1evel and eíther an }fl or B2 assign-

ment r¿ould be consisËenE r¿íth thei-r positioning in thc 1evel schene.

lior,zever the fac.t that the 854.9 ker/ state de-exciËes to levels vriEh

spins of. 3/2+ and l'tl but not to 5/2+ or 7/2+ levels suggesËs that

t]ne \+ assignment might be preferred for this level, the clominanË

mocle of cie-excitaÈion thcn being ì:fI .
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Tf the l¡J assignrnent to this level ís for the rnomenË

acceÞËed, Èhen an interesting point arises regarding the nature

of this 1evel. As previously sËatecl., ,¡¿ 122'.r 

[OttJ single particle

level is expectecl in ihis regícn (Niisson 1955). Horvever the

Coulomb excitation experiments of Ðiamond ancl SLephens (Diarnontl

1963) revealed gamma-rays r+ith energies of. 920, 949, 965 anð

978 keV which ùhey interpretecl as originaÈing from the 3/2+,

5/2+ and 7f 2J, members cf e. K= lá roLational band built upon a 1eve1

at 971 keV. They di<1 noË observe a 97 t heV transÍËion but poinË

out thaÈ it r¡oul<l have been obscureC by the transítions at 965

and 978 keV, They obta'ined values of 12.0 keV for the r:otatÍonal
nJ

constant (n-/Zl) and -0.81 for Ëhe decoupling constant whích do

noc seen unreasonable 'çvhen compared rvfth the values fot 169ru

urr.1 171tn, (I2.3 keY, a = -0.76; 12.0 keV¡ a = -0.86, t'{ottelson

1959). If this interpretatí-on is eorrecË, then iÈ is difficult

to fÍnC an exirlanation for the nature of the 554.9 keV level.

¡\nother ínterpretati¡.: hor'rever míght be possíble

anrl rnore insight into this may be gained by comparing Ëhe 1evel

schemes ot i57:rb .n.1 159tb as shovm ín Fíg. 6-i5. rï," l57rb

level scheme ís taken f rom tiie lrrorli of Persson ¿t a1 (Persscn 1963) .

The similarity betr,¡een Ëhe j-sotopes is r:eadíly apparent. The 992

keV Ëransítion \r'ês sê€o by Persson to have a high inËernal l(-con-

version coefficient r'rhich he aÈtributed to a m.íxture of B0 and E2

rnulÈipoles. This nixËure of nultípolarities i s expecËed in

transÍtions v¡hich de-excite ß-vib¡ation¿.l levels an<1 Persson therc-

fore suggests thaË this level may be the groundstaËe $-vibratíonal

leve1 vtLt]n Iþ 3/2.

Since tI'io gamma-rays are seen by Diamond and SËephens to

de-excíte theír proposed level at 979 ket/, it can be taken that this
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level is fairly rvell establishecl. Furthermore, since these gamna-

rays exhibiËed synmeÈrj cal doppler broadening and hence lifetímes
which suggest tha-t thev are predoininantllz l{1 transítj-ons, j_Ë is
possible for this level to have a. spín and parity assignrnent

of 3/2-p. rn analogy ro rhe case of L57Tb, iÈ might thercfore

be posËulateci that Èhis level ís Èhe corresponding ground, - star-e

ß-vibrational level. Thís r.¡oulc rhen permit Ëhe level aË g54.g

keV to be interprerecl as the >;r l+ttJ Nttsson sraËe.L)

llor¿er¡er Ít shoul-d be re-iÈerated Èliat thís is only one

possible hypothesis and should by no ineans be taken as havirrg been

establíshed. The dfffículties iaiËh this interpretaËion are the pre-

domínantly t'11 mode of de-excitaci.on, (since liil Ëransitíons are for:-

bidden for pure vibratíonal bands), the reasona-ble values obtained

for the rotationa.l and decoupling parameters and the fítting of the

observed transitions a.t 945 ancl 965 ke\¡ into the level scheme.

From the exoeri.mental clata available at this Eime, it ís not pos-

sible to give an unequivocal assigrment Ëo the nat,ur¿ oi the 854,9

keV 1eve1.
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