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AESTRACT

This thesis describes

ma de tr: determine the decay

r14 ^ 116 
^Ag ano Hg.

the methods and results of investigatlons

schemes of three short-lived isotopes ttton,

A total of 7G T-rays was observed with a Ce(Li) Oetector in the

y-radiation which follows the p-decay of ttton to levers of l12cd. 
Y-Y

coincidence and angular corxelaiion measurements u,ere made with

ce(t-i)-irtat(ff) and Nai(TI)-rirai(fl) systerns. A decay scheme consistent

with the present data is proposed. Ctoss sections for the reactions

II2n^t^ ^rlIz 115--r- ^,\I12.^ ,,,Frre m.aqrrrFuu\rrpl tAg and rJ'5In\nrq,J Ag were measured, and the half-life of

1'l?
the "'Ag decay was found to be 3.L4 I 0.0I hr.

The decay scneme of ll4Ag was studied with Ce(t-i) V-ray de'r,ectors

and plastic P-ray detectors. g of the 11 Y-rays observed in the decay

were i-ncorporated into 114Cd le,veI structure previously determined by

conversi on electron measurements on t,he rl3Cd(n, Y)lIoco reaction. The

endpoint energy of the B-decay was determined as 4.9A + O.?6 MeV; no

branching was evident in the F-spectrun. A decay scheme is proposed for

which the F-branching was decjuced from the measured Y-ray yield and a

calculated c1,oss section value for the Ll4cd(nrp)lloon reaction- The

1l4n^ L^l c I i Fa ,,,ae r,l a*onminor{ aq L q2 } n-ni st for a--'Ag half-Iife was determined as 4.52 + 0.03 see; a searcn

'iopreviously reported isomeric staie of'*-Ag was unsuccessful.

Ce(Li) and ilai(fI) y-ray detectors wefe used to study the direct

and coincidence spectra that result from the decay of t16Rg, the half-life

of which was found to be 2.50 + 0.02 mj.n. 53 T-rays were observed from

t,his decay. fhe B-branching to the L7 excited states of 116Cd in the



proposed ,Jecay scheme was derived iiom che measured Y-tay yield and a

calcuLated c;rrss seclion vaiue for the 115'-d(n,p)ttunn reaction. Spin

and parity assignments for ihe energy ievels of II6^d ar.e made.

An invescigaiion oi rhe appiiceoj-iliy of two colleciive modeJ.s to

nuclear struci,ule typicai ofl the Cci nucLei studiecj demonstrai,ed that one

of the models was misieading whan applieC to vibrational nucLei. A

pot,ential function was developed in the other mode] to extend che

investigation to include a study of the transition betuleen extremes of

collective motion. This was usecj to examine the cottespondence between

nuclear levei. schemes representative of rotat,ional an d vibrat,ional'

ex citati ons.
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f'. L General

This thesis describes the applicaij-on of some experimental and

theoretical methods to determine the nucrear structure anci properties of

thnee Ag isotopes that are typical of the medium weight region of the

periodic table. 
.Attention 

has been iocussed on the triad of odd-odd Aq

isotopes wiih A = LL?, Lr4 and 1l_6, ail of which have short harf-Iives'

and 'r,he Cd nuclei that ate the respective decay dauEhtels' The choice of

these isotopes was made primarily because of ihe lack of experimenial

kno,*rle,Jge of the decay schemes of tI4Rg and 115ne' Al'though' io the

former case, the leveI structure of the daughter nucleus is weIl-knouln

through excitations by different modes, there have been no observations

of their decay reported since Lg62. The decay oi tttOn has been

thoroughly studied with tUat(fI) detec'r,ors,.but the advent of Ce(Ui)

detectols with their superior energy resolution warranted a reinvestigation

of the y-rays folrowing ihe g-cjecay. Another raason for incruding ttton

. arises from an interesting deviation in half-rives of the three odd-odd

isotopes which a1,e aPproximately 3.2 hr, 5 sec and ?'5 mj'n in order of

j.ncreasing A. As the vibrat,ional nature of the cd daughters is little

changed with A, and because ihe p-decay energy wo shouLd steadily increase

uriih A, the Fermi theory of B-decay would predict that the half-Iives

become shorter if the Ag isotopes were sirniLar. The indicated inconsistency

therefore poinis to changes in the nucrear configurations urihich should be

apparent from the ground states of the Ag i.sotopes. From ihe experimentally

devised decay schemes' one would hope thai the ground state spins and

parities can be found

explained in terms of

that the systematics of the Ag triad can be

singie particle model.

vlcToRlA t rr\,f vFRstTY oF
UETLIHCION LIBNARL

SO

the
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The study of decaying nuclides includes, of course' e study of the

Ieve1 structure of the d"ughters. By a comParison of log ft values

characterising the F-de caY, one shoulcj gain insight int'o the nature of

levels which are populated. The mannei in which the \-ray decay proceeds

from ihese revers is arso governed by selection rures and observation of

rn, Y-r6Ys ehould help to reveal spins and pacities of the }evels' The

low-energy Levels of the cd nuclei are well-known to be typical of

vibrational types of excitation but there aie some serious departures from

the simple vibrationar moder. It was thelefore thought worth while to

investigate the low-energy level siructure of the cd nuciei with a model

which had been suceessfuily applied to deformed nucLei and was capable of

extension to vibrational nuclei without gross approximations to the

framework of collective motion.

Except for ihe llsln(n,o)ll2ng reaction, there are only two low-

energy methods oi producing the required A9 isotopes; as fission products

and by (nrp) reaetions. The former method, because it requires chemical

separations, is not easj.ly applied io short-lived products' Fast neutron

irradiation of cd isotopes, which was therefore. employed, arso presents

experimental difficulties that mainly arise frcm the low production cross

secti.ons for the Ag nuclides. Cross section calculations for (n'p)

'l ) , ' -J--r-.: -t-i ^^l -ar{e] 'i nct i ' I Of }gSS than
reaction"tJ , based on a statistical model, indicate a. vaJ'uE

6 mb for ttton production r,'ith 14.5 1v1gv neuilons, and this farls to

nL.4 mb for 116R1. The technique is therefore made moxe difficurt by the

undesired products of competing reactions (mainly (n'Y)' (n'2n) and (n'a))

and, as there are several naturally occurrinq isotopes of the target

element cd, the study of the short-lived Ag isotopes requires isotopically-
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enriched targets. The anticipated ]ow yields also irnply that io gain

etatistically sj.gnificant data, the irradlation-cjetection Process must be

repeated many times and that tha time durations involved should be

carefully selectad to minimise a build-up of conlaminant radiation'

Fracautions must be taken to reduce background radiation while counting

is in progress. Limits are obviously inhelent in the method' and

expariments such as the determination of Y-Y angular correLations wele

conslderBd imFractical for isotopes with half-livBe of thB ordar of seconds'

I.2 0utline of Contents

Tha next five chapters oi this thesis discuss in datall the methods

and objectives indicatad in the precading section' Chaptar 2 describae

the necessaty exparimental equipment and its operation as aPplied to

short-lived isotoP€ study, and chaPter 3 is eoncsrned with the analysi's of

data and its application in the elucidalion of nuclear propertles' The

investigations on ths decay ofl thB odd-odd Ag isotoPes aPe rePortsd in

chapter 4, and each section on an isotope is written to ba complete in

itsetf. A conclusion in this chapter Pe-examinsa the systematics of the Ag

;'i.sotopes with regard to thBir position in the periodic table' The fifth

and sixth chapters are concernBd with the daughters of the A9 isotopas'

and attempts are made to synthesise Cd level siructures and nucfear

properties in terms of collective models of the nucleus' Chapter 5lays

the framswork of the models, and chapter 6 examines the results obtained

by their application. A briei summary and discussion of the results of

the thesis is given in chapteD 7.

References for each chaPter ars to bB flound at tha snd of ths



chapt,er. Ccmcuter progDams used t,hrLrughoub ihe st'udy ere nct' listed in

this thesis but are included in rhe Institute of Nuclear Sciences program

iibraly and are availabLe on request'

^Fr,--AiILI LI(LI\LL5

1) D. G. Garcjner and 5. Rosenbl-um, Nucl. Phys. @ (f g0Z ) ' IzL'
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Investigations of the decay of short-Iived isotopes require special

instrumentation and experimental techniques. This chapter describes the

methods and equipment employed to study the Ag isotopes. fYluch of the

equipment pecul:.ar to this work was already in existenceg'1) at the

Inst,itute of Nuclear Sciences, where this study uras carried out, and

although some of it has been upgraded, the detailed description given in
t\ref.-' is still va1id.

2.L Irradiation System

Fast neutrons were obtained for irradiation putposes by utilising
/r

the T(O,n)"He reactj.on. The titanium titride targets (fnf-tOf; obtained

from U.K.A.E.A., Amersham, England) were placed in the straight-on position

to the I.N.S. 3 fYlU Van de Graaff accelerator (Hign Voitage Engineering

Corp. model KN), enabling deuteron currents of up to 2SO 7A to be used.

The target, vacuum seaLed with the u6e of Cd O-rings, was cooled by a

continuous flow of water against one face; the depth of water in the target

assembly was kept shallow (*2.5 mm) to minimise scattering and Bnergy loss

of neutrons. The coolant water was usefuJ for rough calibration of

F-spectra (see section 3.3C) and for monitoring neutron flux. Typically'

urith a 2OA yA target current of 0.8 tYleV deuterons, fluxes of about
fn-2-1I.4 x l-0' neuErons cm . sec were obt,ained. However, this value which

was calculaced from the yield of the f9r( n,2n)Itf reaction, varies

according to the use and age of the target. The tritium, of activity 8-I0

curies, is occluded in a 2.? ^g/"^2 layer of titanium on a 0.025 cm thick

copper. backing 2.BS cm in diameter. The expected energy Loss of I fYleV

deuterons due Eo passage through the titanium will therefore be F440 t"V2)

and most of the neutrons produced by the T(drn)4n" reaction will have

energies in the range 16.0 + 0.5 tvt"V3).



q .'l n
ThermaL neutrons were generated by the '8"(drn)'"8 reaction uliih

paraffin used as a moderator. The ihernral neutron 'f lux resulting from a

2.0 tYleV deuteron beam of 20D 
7A',i,as 

estimated to be 3 x 108 neutrons

-? -l 'l Q? 'r oa
cm . sec from the yield of the "'Au (nrY)*'"A, reaction.

As the pfocess of irradiation-detection was repetitive and a

minimum background rate was required while detecting short-Lived products

of irradiation, it was necessary to devise a beam stopper to avoid having to

turn the accelerator off. This consisted of a water-cooled block of eoPPer

mounted on an eccentric shaft, perpendicular to the beam' which was

rotated through 90o (in 0.2s ) by a d,:uble-acting air piston connected to

the shaft through a simple lever. The face of the copPer block uPon which

the beam was incident was capped by tungsten sheet (0.012" thick) in

thermal contact only at the perimeter of the bLock. This was to ensure

that the stopping surface was maintained at a high temperature, hence

minimising any tendency for it to aet as a drive-in target which would

produce neutrons by the D(drn)3H" reaction. The beam stopper was earthed

while operating. As weLl as being very effective in reducingtth"

background,radiation, it lengthened che lives of the tritium targets.

The target region was enclosed in a castle of blocks made from a

mixture of paraflfin (u= a moderator of fast neutlons) and borax (to absorb

neutrons by the 10g(n,o)7Li reaction). Iz't thick walls were generally

employed, giving a reduction of aboui 80/' Ln the neutron flux in the

target room, and lowering the flux in the adjacent experimental alea to

beLour tolerance. A t" ihick interior lining of borax was used to reduce

the thermal neutron flux drifting back to the sample j.rradiation position.
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2.2

I0

Pneumatic Transport System

Samples to undergo act,ivation to produce short-lived products were

contained in or on polyihene rtlabbi ts'r (see fig. 2.I). FoLythene was

chosen as it is the most suitable substance urith nec€ssary mechanical

strength which does not give rise to interfering radiations. Capsules

used for Y-ray analyses were thin-walled and contained about 18 gm of the

natural element orr when enriched isotopes were used, a further cylindrical

capsule which held the enriched sample. Samples and containers were sealed

into the rabbits by melting in a polythene pluE over a iow gas flame.

Af ter trials with guidance syst,ems for F-ray rabb.i.ts, ii was found that

the loss of part of the uppel half of the rabbit, to create a flat surface

for the sample, Iowered the centre of gravity so that the rabbi'u did not

rotate while in motion. Slurries of the sample and polystyrene, dissolved

in benzene, wete prepared in thin layers on the t" diameter heads of

polythene bolts which could be inserted into lecessed holes on the flat

surfaces of. rabbit,s and held with a polystyrene nut. 0n evaporation of

the benzene, the sample is embedded in the polymerr ood ihe attachment

to the bolt u.ri11 stand severe shock. Substances used for calibration

purposes ulere prepared in the same manner. The rabbits, inserted in a 1'l

internal diameter PVC hose, could be moved between the detectors and t,he

t,ritium target (a distance of about 30 f t, incLuding through a 5 f t thick

concrete waII) by the action of compressed air and a modified vacuum

cI eaner .

The irradiation and counting heads (fig . 2.I, 2.2) of the system,

fitted at the ends of the pVC tube, were turned from f+" nylon r.od. To

the former, placed directly beneaih the iritium target, was attached the
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Fig. 2.2 Tritium target and irradiation head sf pneumatic
transport system. The tritium target is coupled
to the beam tube but remains insulated from it.
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high pressure air hcse and. a hose from 'uhe vacuum cleaner. A microswitch

mounted on this heaci indicated the arrival of the rabbit, thereby

electronically defining the start of irradiaiion. A *'' solenoid air valve

allowed a blast of compressed air (ur a'bout 60 p.s.i.) int,o the head and

blew the rabbit to the counting end. The duration of the blast was

adjustable to prevent the rabbit from bouncing back from the head-

Another air valve sealed off the vacuum cleanet inlet during this movement

of the rabbit.

. The transit times fcir the transport system were typically:

to detector (compressed air) -L.0 sec

to T-target (vacuum cleaner ) -q sac

The former transit time is of greater importance and could be shorLened

by increasing aj-r pressure, but at the expense of rougher treatment of

the rabbit.

P]at,e I shows the arfangement of equipment at' the target end of

the pneumatic system.

2.3 Cadmium TarEets

Both natural and isotopically-enriched Cd metal samples were used

as targets to produce Ag isotopes. No contaminant radiations wers found

to arise from expected elemental impurities. The enriched samples were

obtained on loan from the Electromaqneiic Separation Group, A.E.R'E.,

HorwolI, on condition tlrat thoy would not bo subjocttrd to mofs than

15,000s irradiation in a 14 fYleV neutron f lux of 109 neutrons "*-2. """-I,
and that the samples were not contaminated with any long-lived activities.

The mass analyses of the samples are:



t3

I s otope

A

106

I08

tl0
I11

LL2

tt3
ll4
lr6

Abundances fi
rr4cd 

"uror" 
( g qr ) lf 6cd 

"urp 
ru ( 1 cr'l

0.01

o.o2

0. lB

0.16

1.25

0. 31

97 .84

0.02

o.2

o.22

0. 11

1. 3I
98.L4

Natural

L.22

0.88

L2.39

L2,75

24.07

L2.26

29.86

7. 58

2.4 Detection Systems

The construction of a suitable environment t o enable spectroscopy

of loul activities was carried out aecording to the suggestions of Heath4).

Radiation from the activated samples was detected in a lead castle of

internal dimensions 27tt x 23n x 36". The walls and top of the castle were

4tt thickr EDd were internally lined, first with 26 gauge copper sheets,

and then with l/rr" thick perspex (in place of the more usually used

cadmium liningU)). Thelinings were used to inhibit the detection of

fluorescent X-rays of lead which result from primary r.adiation in the

shield wall. The castle was situated in a concrete pit about 6 ft beloul

ground level.

Several Ce(Li) semiconductor detectors, ranging in active volumes

from 5 to 30 cm3, were fabricated at the Institute of NueLear S"i"n"""6)

but their long term stabitities varied considerably. Resolutions,

generally from about 5 keV (fwhm) ut L.332 fYleV photon energies, and

peak-to-Compton ratios usuall.y worsened within a period of months.. These

effects are believed to arise from a gradual deterioration of the surface

conditions of the detector, resulting in increased Ieakage current, caused
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by a slow build-up of pressure inside the cryostat. Near ihe end of this

st,udy, a 32.L "r3 0rtec Ce(t-i) Oetector, with a 2.2 keV fwhm aL L.332 tYleV

and a peak-to-Compton ratio of 26 zI, became avallable. Various tttal ( ff )

crystals were also available foc Y-ray spectroscopy and these wece used

in coincidence systems.

A 3'r x 3" cylinder of plastic scintillator (ttEf0Z), painted white

ririth a water-based refleetor paint (rueS6O) and encased in earthed

aLuminium foil to reduce noise, *u" optically coupled to a 3'r Dumont K1946

photomultiplier tube to serve as a B-detector. In a compromise between

geometric efficiency and spectral response, incident radiation was
*

partially collimated thnough tu aluminium plate such that the soLid angle

for a point soutce in t,he experimental configuration was ^'0.F steradians.

Further discussions on detector performance are given in the next chaptar.

Standard NitYl electronics were used for amplification and pulse

detection. Pulse-height analysers available u,ere a 256-channel RCLI a

S12-channel Nuciear Data (ruOf30AT), a 4}g6-channel Kicksort (Zff) and a

Digital Equipment Corp. pbp-8 compuier with an associated Nuclear Data

1024-channel dual ADC (ru0f60f). The latter was used to obtain time-

sequenceJof =p""t"u?), a start pulse fiom one side of the dual parameter

ADC commenced accumulation of pulses from the other side in a fixed

sequence of memory regions of the computer for a preset time in each.

uJas possible to set multiples of from 3 x IO24 channels to 48 x 64 channels,

and the cycle could be repeated so that spectra from the decay of short-

l-ived isotopes could be built up to obtain results of statistical

significance. The computer plus ADC couLd also be used in two-dimensional

coincidence detection for up to 64K channeLs with the bulk storage

It
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availaUfeP). - 0ther Biulee-height ana!.yeer,s wBr,E coptrolled by gating urith

suit'abLe voJ.tage levetrs.

2.5 Control System; Sequence of Eve'nts

The study of short-lived nuclides and -the ne,cessity to reeyeJ.e bhe

inradj.atLon and count,ing process obviously required au'tornation of, the

Eystem. Equip,ment agsoc,iated urj,t,h th:e pn€urila:tic ttans,pont system and most

of the nece,saany detectl.on u,nits were lnterfaeed to an autoprogaammeb

uhich had bee,n built at X.N.5.9). Thi,s, togethar with an associated

5-ehannel ti.riling unit,, varia,ble from I msec to ggg seer could start, ,stop '

and F,eset, aquipment. Ihe sequenoe sf events, shouln sdhematically in fig.

2.3r w:as pDeset by eonnections in a patohbo?"d. Thp ttming of' tha PDP-8

rtlae d,erived f,rom clock pulses of the ADC and not from a timing unit of the

autoprognammcr.
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This chapter formuLates the methods and

to relate experimental measurements to nucl.ear

It is, of coufser in no way complete, but does

problems pecuIJ.ar to short-lived isotope decay

methods applied in this work.

1-IH

analyses found necessarY

properties and structurs.

deal with some specific

and the experimental

3.L Computing Facilities

There are, at plesent, tuio compuiers

collection and analysis. The older of the

I..N.5. to facilitate dala

is a Digital EquiPment

Corp. PDP-8 which has a 4Kr 12-bit word core memory, The other is a

PDP-9/L, with an 8K, l8-bit word eCIte memofy. Although larger, the

latter is not as flexible as the pDp-8 since the smaller machine has

additional 64K bulk storage in the form of magnetic discs. CRO and

plotting facilities are interfaced to both computers as urell as high-

speed paper tape handling units. Extended arithmetic elements (Eng) have

also been installed. Pulse-height analysers ate interfaced to the pDp-B

for dumping of spectra to the computer. Use also could have been made

of an Elliott 503 computer with 24K nenory 
:t 

39-bit words. However'

the ready access to, and the on-Iine analysis by, the smaller machines

outweighed the advantages of the larger and faster computer.

Several languages are available for use on the PDp- series

computers, but programming is chiefly in ffiAC.RO ot FORTRAN. The PDP-7/L

uses F0RTRAN-IV and a mnemonic language calJed tYlACR0-9. The equivalent

PDP-B languages are a dlsc version of F0RTRAN-II and [YlACR0-8nand these

are someurhat mora limiting. F0fiTRAN-II is a one-pass compiler, the object

prCIgrams being run ulith operating systems of fixed dimensions. pDp-8

at

two



programs ar8 not

the assemblers,
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relocatable and because ofl the limiied capabilities of

one can generally u6iie more efficiently in ffACR0.

2.2 T-Ray Spectrum AnalYsis

2.2.A Spectral ShaPes.

Discussions of the origin, detection and detectors of Y-rays ate

to be found in most eLementary text books on nuclear physics, and will

therefore not be included here in detail. ti/ith the advent of high-

resoluiion Ce(ti) Oetectors, escape- and photopeaks have assumed primary

importance while the presence of cor1.esponding Compton rssPonses in the

y-ray spectrum has become rather inconvenient, pacticularly as it is more

difficult to predict the shape resulting from this multiscattering Proeess-

The Compton spectrum may'be reduced by anti-coineidence detection systems,

but it is more usual to fit a continuum and subtract this from the peaks

in the total spectrum.

If several reaction products are present with different decay

modes, then the resulting Y-ray spectrum will be complex, with possible

overlapping peaks. It is then necessary to have either standard line

shapes which can be adjusted to fit the expegimenta] peaks, or to have

analytical expressions describing the peaks. The inferior resolution of

a scintillator spectrum demands the latter method of analysis, and it is

normal to use the entire spectrum resuLting from a single Y-ray for the

fitting of complex spectra. The standard spectra..may be synthesised or

experimental, and one fits by Iinear Ieast-squares methods to the unknown

spectrum as a rruhole, or to each peak singly. In the latter case fit'ting

begins at the high-enetgy end and each fitted standard is successively

subtracted in a orocess known as spectrum peeIing.
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' peaks in a Y-ray spectrum resuLt when the Y-ray loses its total

energy in one interaction and the peak should therefore be a l-ine. Houlever'

the charge or photon collection process within the ietector is governed by

Poisson statistics and, with random preamplifier noise, this results in

the response havinE a Gaussian shape. As only 3 eV of energy is required

to generate an electron-hsJe pair in Ge, compared with a typical value of

300 eV for a phosphor, the number of ion-pairs generated by a Y-ray photon

is turo orders of magnitude larger in Ge. Efficiency of conversion of

holes into near-optical radiation and the photomultiplication process

further increases this proportion so that the energy. resolution of a

phosphor is considerably inferior to that ofl semiconductors. It is only

because of their much higher photopeak efficiency and adaptibility that

the'ruat(fI) detectors have continued to be useful in Y-ray spectroscopy.

Since a photopeak can be represented by a Gaussian energy distribution,

one could, by taking logarit,hms and appropriate weighting, pBtform a linear

least-squares fit to an experimentaL photopeak to find its parameters.

However, ineomplete charge colleetion in the semiconductor, causBd by

trapping effects of impurities in ihe crystal'Iattice and bremsstrahlung

energy losses in multiple Compton events, by reducing the size of some of

the voltage pulses to be analysed, adds a low energy tail to the expected

Gaussian. The adopted analytical expression for a photopeak is that

suggested by Routti and Prus"in2)

' il

l\1.
1

where

A exp

=2/z oz I
(z= + r) L/?oz

(- zz + h) h/zoz

Irt=)]
(1)

(z)

n(z) (z

z

z

<h
(- I
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flo,r,,

Z=

g=

A=
i=

(r 1)
1

fwhn/z (z rnz )E

height of the peak

position of the peak in ehanneLs

(s)

(4)

The shape of the peak is deseribed by a Gaussian in the cant,ral region, and

the:taiJe ar'e assumad to be sirrrptre exponentials whieh jqi.n the Gaussian so

that the functLon and its first derivative are continu@usi I and h arB

the distancE in channeJ.s from the centroid ofl the peak to the loulen a'nd

upper junctlon po,ints. The,se paraft:eters and the fwhm aDe fixed by

lnterBolation fronn vaLues obtainEd for isslated peaks of the aame spectrum.

The following formulae give the best representation:

1,=

h=

Fwhr!, =

(AL

(en

[eo

* ,BL*E)z

+ BH*E )z

F + BF*E)Z

I
etV

+ CF'l
J

I

I

I

ulhere E is the snergy of the peak in MeU. Note.that the relation for

furhrn is derived from the ov-erla,p of t,uro Gaussian DespoRses: debactor and
' 

=)eleetronie noise. Attampte'/ have b:Befl made to pred,tct th:ase co,effiBi.ente

fon a parti.cular detector in tarms sf the enetgy Farametets of a spe,ctfum,

but no fi.rrrr relabionships can, as yet, be made. A typicat sEt of these

parameters is shourn in fig. 3.I(a).

' Ta compensate f,sr the discontinuity in a Linear b-ackground under

vBDy largE peaks it was foundn€:oessor! to include a tanh-tyPe bact<ground

estimated from first apBroximatj.ons to tha peak paca6letBEs:

I_-..: I



tanh (-0.9s z'/rwnn)
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(s)

the boundaries

to a large

these analytical

This function greatly improved the stability of fitting as

of the fitting interval were changed, An example of a fit

peak is given in f ig.. 3.1. (O). fYlethods and programs using

shapes are fully described in refer"n"""1'4).

3.2.8 Y-Ray CaJ,ibration

The enBrgy calibration of a Y-ray spectrum in the enePgy range

0.1 3 MeV is almost trivial as the photon energies of a large number

of long-lived radioactive isotopes have been accurately determined for
c\

this purpose'/. The detection system was calibrated before and after an

experiment with common Y-ray sources and, pari,icularly when counting

over }ong durations of time, a gain stabiliser was used, The calibrations

obtained werB fitted to polynomials by least-sguares proc"dur"= from which

the energies of .unknown photopeaks were obtai.ned. lllhen the relationships

of Y-rays (such as escape peaks and energy levef sysiematics) of a

spectrum had been established, they were then used to boot"t"upS) u

subsequent recalibration.

The efficiency calibration, relating the changes in cross sections

for various detection processes, is more difficult to achj.eve and, as

Ce(Ui) O*tectors do not at present lend themselves to rigid calcuLations'

it is usually carried. out urith sources of knourn intensities. The full-

energy peak efficiency is then obtained by eomparison of the ExPBrimentaIIy

determined photopeak intensity with the known intensity. There ale

several sources calibrated for this purpos"S'?). The geometry of the

rabbit source and the detector is complicated because the source is

B. c, Al
I



iackqround flit, data selected by pairs ofl
mar ker s.

^)f = tl. 34/ de2r ee oF f r ee dom

iingle peak removed, fit to remaininq
doubLet.

X2 = 1.46/deqree of Freedom

3act<rltound remrrved, fit t; Lne peak
defined by one pr:rir oF rnarkers.

^.,7 -_ ,_ | ,f, = 
-r.4\/delree of, flneedom

Total calculated soectrum overlaid on
the original data,

PIate 2, computer-assisted analysis of y-ray spectra
(i.nteractive version on the pDp-B ).
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extended and as close to the detector as..possibJe. Consequently,

experiment,s were designed such that a knowledge of the relative, rather

than the absolute, efficiency was required.

As it is preferable to express the efficiency as a function of

T-tay energy, and carry out a i.east-squares fitting procedure to get an

, unbiased estimate of errots, use was made of the fact that the fulI-energy

peak ef fi ciency of a Ce( t-i) detector very nearly obeys a power law in the

range g.2 to 3.0 MeVrand that the relative efficiency can be fitted to 8)

ln(er,/en) = b(xr-xn)*c(*,n *nt) (s)

where

x = ln (Ia?z/Ey) and Ey > 150 keV (6)

Fig. 3.2 shours the relative photopeak efficiency curve and escape peak

ratios for the 3t "*3 Ortec. detector. The parameters b and' c for this

detector are

b=].1828 c=0.0479

3.3 F-Ray Spectrum Analysis

The detection of B-particles is similar in many ways to that for

Y-rays, although, in the former caser the B-spectrum is continuous in

, energy. Decays with short half-lives imply alloured transitions with high

endpoint anergies (Wo), and the use of rabbits limite suitable p-ray

detectors to Si(Li) semiconductors and plastic scintillators. Since the

anticipated maximum energy of the B-rays to be studied was -5 MeV,

involving a rangq of -L cm in Si, plastic scintillators had to be used..

Because of their poor resolution and incomplete absorption of the ensrgy
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of the incident F-particles wiihin t,he scintillator, cotrections are

necessary to conteract distortions of the spectral shape. The anticipated

energy range of the g-particles alLows neglection of screening effects and

bremsstrahlung.

3.3. A Spectral Shapes

A p-ray spectrum is analysed basically by the comparison of the

measurement with the results expected from theory. The Fer.mi theory of

B-decay predic.ts an energy distribution of Bt-particles (positrons and

electrons) ulhich can be exptessed

N

!
(r,ri) dtil = + rGz,ul) p[J (wo t^/)2 sn(url)orit

2tt
(z)

where N*(u/)dtil is the number of f-"uys in the energy range |,lJ + t,tl + dW,

and g is a factor involving nuclear transition elements (co6rstant for a

particular decay ). The term pW 1f^i-Wo)2 dtiJ represents the statistical

shape (with rai.atvistic F-ray energy hl and momentum p in ^o.2 and to"

units respectively ) and the shape f actor, Sn (r,U) , signif ies that the

transition is nth forbidden. For an allowed transition (n=o), Sn(LU) is

independent of energy, and it can usually be expressed as a polynomial

in til for f orbidden spectra. 
,

The Fermi funetion, F (IZ,W), is the relativistic ratio of the

electron density at the nucleus to the density aL infinity (F=t for Z--O)

and reptesents the CouLomb interaction between nucleus and F-Particle.

ttlhen the nucLeus is treated as a point charge, but with the density ratio

evaluated at the nuclear radius R, tn"n9)
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Hencp, f,or an allouled ttansi-tion, a plob of

.r l*
L*=(ttl)/F 

(iz,ut) PUJ J vs 'w

is lin,ear, a,nd the intercept go: the W-axie gi.ves the totaL, disintegnation

€nerg)/ Wo. A Linear p,Iot flon fs,rbi.dden speetna can be obtained by

appl,ying a: suitabl,'e functtonr 5n(|rJ). - Obviol:fy thenn the above Fermi-Kurie

plot wiLl ,a1so reue,al, spin €fi,d parity cha'nges in the p-transitions and'

ulhere there is mons than oner grouP of F's praeeht",it wi,ll give tha

relative inteflsitl'es and end,points of the difPersnt gloups. Determinatloh

of the latter transition properti,es is facilltated by ? mebhod ,of Ford

and HofflmanLz) .

The eompara'ble 66ff-l,ife, ft, !s uridetry used to'indicate spin and

Barlty ohang,es involved in the, tronsition. The'-toLa,l pno'bability of decay

for a given B-transition ls

t U.t

/." = | - N(ul) dul' = Lnz/t! J r
c ? r[|"

E (,sz/zrs) ["t r(iz,w) ptd (w--w)z sn(x;) d[J (r+)

1

ulhene t is the half:Life fsr the deeay, For the alJowed speetrum

1-w., -? - ,--s- t 
-ri 

r(iz,w) put (uto-tl)' dw = sofo(iz,ut) (rs)
a)

J.

EivinE tha Fenmtr, integral funetion f, ruhich is tabuLated; henc'e it ean be

seen that the produc,t fot onJ.y i,nvslves nuqlear matrix elemEnts flor'the

transiti.on. When the tnansitlon i,s forbidden, t,he correct shppe factor

:mu,st be appliralS), and if thare is branching'then the pantial' half-life

and comesponding f (ZrWoi ) rnust be used. Nom.ograms f,sr caLculatlon of
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ft, vaLues are given by Verrall et uI.]4), and Gleit et uI.15) place limits

upon their interpretation.

3.3.8 Corrections for p-Ray Spectra

The response of a plastic scintillator to mono-Bnergetic electrons,

examples of which are shorln in fig. 3.3, is a Gaussian peak associated

urith the.totaIly absorbed B-rays plus a constant-height tail urhich arises

from partial energy losses due io scattering from the crystalto ''. The

ratio of intensities of the tail and peak appears to be independent of the

incident electron energyl?). Obviously, such a response will distort the

shape of the accumulated p-spectrum, and efforts should be made to

counteract the disto.rtions. Some improvement can be obtained by good

collimation of the incident F-particles but the effect cannot be completely

removed by arrangement of the experimental confliguration. .Before applying

the analysis of the preceding section, dttempts should be made to corlect

the F-spectlum.

Palmer and LasIettlE) deriued a resolution correction for B-spectra

using a truncated Taylor expansion but as this involves the assumption of

an analytical form for the undistorted spectrun and as it is likely that

only the first two derivatives can be evaLuated ulith precision' this

method is unsatisfaeto,ry. A numerical method is mof e attractive, i..8.,

the distorted spectrum, a column vector [Y|, is given by

tn = RS (16)

where S is the undistorted or true spectrum and R is the response of the

system. Dixon and Aitt "nl9) have shown that the existence oP the. inverse

-'r , , , A r | ^r .__, _ -r_ _r 20)matrix R-] for a Gaussian response is doubtfuL, and Slavinskas et aI.--',



assuming. its existenoe, have' proved that its use would lead to greatly

enhanced errors {n the p:raetical case. The lattEr. ulo,rkers extended' an

.i-terative rnethod for resolution cortectionl?) =u"f, thab feurer iterations

u,e8e required and tailing ooDrections could be i.ncluded. I.t is this

procedure which has been adopted Ln the wonk repor'ted hsre.
IIf S- is the first estimate of the true spectrum, then a second
/)

estimate, St, can be obtained frorn the ralation

. 52=sx+|Y.l-R^l

and after m iterrations

,m+1 E, 5m + IYI - RSm

=(r-Rm)sr'*

where I j.s thp ldentity matrix.

then

lim (st*I) = R-llvl
ffi -fro

In the limitr providedr (X - n*) - 0n

(r?)

R-r [r - (r a *)' ] rrr

(r8 )

Free'dman et uL.L7 ) found this protress to co.nverge within Z-4 i.terations

t,o tm+l where R5t*1 reproduced IY| to urithin Z$ aecuracy, R-ls although

assumad to exiEtr is not use,d and does not have to be evaluated directly.

The s,tatistic'aL d,evi;atio:ns shoul a li.near incrsase wi.th each iteration,

thus requining the! th-e number be kept to a minimum. To do ttoi"Z0)n the

fuLl respqnse matrix is approximated as a product of a triangular matrix

(for tailing correotions) and a Gaussian matrix (for resoLution correction),

eince the fotmer can be invertEd in elosed form. The applieation sf the'

tailinE eortect-ion gives a good first guess Sl of the true spectrurn, with

ver), little inctease in atrror e and with only one j,,teuatlon rdquired to
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cort'ect for tha .rema,ining, Gauss:L,an resolution.

The response function shourn i.n fig. 3.3 ean be approximated to a

convplution of a Gqussian G(E,E-) uri.th a taiLi.ng function L(E,Eo),'
r

i.€1.. R(E,Eo) = / ,-tE,Et) e (g',Eo) ur'UJ

k_ + s(E-Eo)
wners uqErEo/ = ffi og

(rs )

(zo )

=0

E(Eo

E
rO

and G(E,E') = $/ ,m o) Bxp t- (E-Eo lz/zoz j (zr1

Since spectra axe digi.tised, the Rsaponss functleDs- eD€ replaced by

matrices. The,n

Iy|=LGS and L-Iffi=GS=st

l.
and the first guess S- is Eood beeause the spe,strum ls continuoue and has

a rrwidth.rt very LatEe, compared wtth E.

If -c,, F* are the ar€a under the pe'ak and tail rqspectively, then
I' .l

Pi=krEi/(krEf+I), *i=L-Pi

ah,d with thase drEf initio,ns and the assumption that or F are independent

of enexgy

L.. = g11

Lr.=0 For i>.i
1J

L,-.= p/ (f-f) f,sc i,< j
i.J

The element, sf Lhe flrst estimate atre then

(zz)

(zs)

(24)



for an N-,channgL ,spBctrum.

The elerments of the Gaussian resPonse. are

uo, = Q/ pE or) pxp [ - (i-il?tz"!1 (za)

where o{ Ls treated as a function of channel number i, and J is assumed
I

.tt|.Eo soey a quadratic variation in Bnergy. The latter m,ay be. eualuated

frorn. conversion eLeetron spectra, The efiect of other channel,s i is assumed

negligibie outside the range i = i 3 3or. HBnBe

N ? t. r\ .,

si= F-ftI,#"[fi (r-#,,]

i +3s.

TI
/- exp

J=i.-30,

(csr)r = Ql JV,7 or) (r-i )z/?ot] t][-

The effect. these corrections have uPon a p- -sPectrum Ls demonstrated

in figs 3.4 and 3.5.

3.3.C F-RaY Calibration

An snergy calibration for F-detecto,rs can bE made with Compton

edges ofl Y-,raVs; urith conversion electrons and with endp,oJ.nt enerqies of

standard g-spectra. The first method is undesirabl'e as it ussa alEctroil,s

generated within the phosphor; the seco'nd and t,hj.r'd methods u,ers used

undar ldeintical experimental conditions to the detection of unknown F-rEtys.

TabLe g.I lists the nucLides found suitable for use as oalibratLon sourceg-

It was n.ecess,ary to eount in coineidEnce to obtaln clean eonversion linest

urhich wetg aLso used for rEsoLution cortrections.
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15 hr
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30

d
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28sL (n, p )284r
150 (nnp)16ru

35ct (n, zn ) 
Sotct

2?u(n, *)zatuu 
]

I

32E(n ,p)32p I

I

I

L. 652

L.7E{+
1.875

r.796

1.. 334

J..495

L.78

6 . I54,
7 .LLz

z.a

1.368,
2.7 54

0.569,
I.053

Tabla 3,1. S-oupces found' usePuL for lhe calibratisn' of F-ray' spectra. The Co,mpton aLectrons from Y-rays
should be subtracted from the total specttum.
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3?l
To obtaln greater accuracy in a calib.ration. by endpotrnt snef,gyr

use uras made sf the faet that, EL higFl energies, the raduc'ed Fermi 
,

qr\
functi on'- t

f(Z,tlj) o [r,c (za )

urhera c ls a ooneta,nt. Slnqe the relation betwsEn pulge amplitude and

incident energy has been found to be linear to within 2fI'31) ovar the

nangB 0.5 to 15.5 l-YleV, a plot o,f

fol channel number t urould b.e linean at hfgh enetgies uriih: the required

endpoint. The value of th,e nonstant c has been found gnaphically and iE

tabulated urith tha appropriata ca;Iibration standqcdb.

The F-Eay af ficieney of oa!|@fli.s;'phosn,hors Ls essentialLy indepe,ndent
cc\

of Bnergyo-'.

fYle't,hods descri.bed in thi,s saction were program,med i.n MAERO f,or uae

sn the PDP-B compute"S2).

3.4 T-Rey Angular.CoFislatlone

The uee of the Wtgner-Eskhart theorao on the theoretlcsl fornul,s

describtng tha anguJ.ar dCstrlbstLoos sf Y-rndiation alloue it to be

factorlcEd into two pefte, One depondat only on quanttlIos whiuh qharacierlsa

the nucledr tr€nBltlofl (reduoad matrlx eL€tlente ) and th€ other te dependent

on quantitisE det efibing ths nucle-qD allgnment. Thte or,ipotatlon can bE

ehosen by pgrtlctrE absorption or obs€rvEtion, or pV Y-Tay obagrvatlotl.

[nrr/i"]*-vs i



(a)

. trf the axis of cylindcical"

arrangementr and if there ars st

Lt = L *'1), eontributing to the
._,8.:1+\r

distnibution of tha y-radigtlon
ct\

the form'"/

5B

Jz

Jg

(b)

eymmetry is defined by the cxperime,ntal

m,ost two rnultipoles, L and Lr (g:enerally

transition shown in'(a), then th,a angular

for .the deoay J, -l J, can be writtan in

ut(s) = {

+

Bro (Jr) [ *o(t-t-.lr.rr), * zbnk(LL'JtJz)

utuu(L':'JtJz)J pn(cose)/(t + o2) l
k , even

(zg)

where the ml,xing ratis of the tuo multipoJ.es is

A=
(r llTu

Tl'ae symbotrs (r)

coaff,ieie,nts Rk 6EB

Rro (Ut'JrJr) =

1-rr r\ j/, f f \rr / ltr \ /(zu, " I)E (so)

<Ir> rt r \ ttqt 1

llJz ) lQt * r)z

, (nt) stand for electnic or magnetic, and the

defined

(-)t** Ji - 
.J'z 

+ Lr - L k 
[Cur, + r](qr. + r)(zt' + t)J

(lf 'r- I l ko) tll (.rrlrru" kJz) (sr)



The nueneai alignrnent o.f the state of Epin Jn ie deseribed

by diefinition, is

39

by Bk(JI) urhloh,

(sz)

(s3)

J

-1 
Jr -ffi -1

eu(.tr) = I w(rn)(-)-] (2Jr + l)e (Jnlrrn-r, lr.o;
.rn=-J,

and Bo(JI) = I. The posiblvE numbers w(rn) are the populati.on parametErs

of the magnetic substates of the initial state Jt urith tha proPertieE

ur(m) = LI
m

The foll.ourins conditions apply to formula ,(29): '

(i) JI, Jr. have dsfinite pars.ty

(lil lJr rzl< LnL'.*-{ Jt + Jz; L,Lr + o

(fii) since the ci.reular p,olgglsation sf ih" Y-taY angular distribut,ion ,A

n,ot obsef:v,B,dr tha sum. is rnade ovar sven vaLueg of k only.

-^..----1 --!-. -- -4 . (zr) *r(i") 
.bes,a,use 

of. time, leuensal properties or ,L r r,r]€ mixing ratios

afe neal, ,

Eonsidering the transitio,ns shown in (b) for wl'lieh state Jt is

rando:m1y populated, ther observation of a Y-ray of multipolarlty LL associated

urlt,h the transition JI -' J2, chooses a quantl,sation axis and the ,state JZ

is effecbively aligned w'hen thE circular polarisatlon of .tha populating

Y-Day i,s unob,seDved. Assum5.,6g definite ,parJ.ties, tsk can be *ritt"n23)

6ro )(r+

I
I



Bu(Jr) = [*uCLrLrJzrr) + (-)tt-t, 2brRr.(LrLr,.rr.rr)

urt*u(Lr'r-r'.rr.rr)] /e + urt)
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(s+)

with

(ss)

and the angular distribution of the T_tay corfesponding to the transition
Jc -> J" can be obtained from (Zg).4.J

Values of the coef ficients Rr. are tabu]at"d23). Ai.ternative

treatments of this problem give rise to differen.t coefficients and, in
particular, the Zt eoefficienbs of sharp et uL.24l are useful because of
their prime number format.

The eoefficients of the Legendre polynomials in the angular

distribution formula require correction for finite detector size as the

angular resolutlon smooths the distributions predicted for ideal detectots.

Tables of these attenuation coefficients are avairabre2Sr2Sr?6).

The method adopted for analysi"3g) comprised the insertion of trial
spin vaLues into a seanch for the mixing ratio, b, based on X2-rinimisation.

3.5 HaIf-Life Determination; Least Squares .procedures

The application of statistical processes to nuclear decay imposes

stringent conditions upon experimental procedures used in the determination

of half-Iives. This is made cLear on examination of the binomial

distribution which is the fundamental frequency distribution governing

random events,

(r ll ,., (zrr



If the probability of oceurrense of a

of a nucl,eus) is pr t,hen in a r'andpm group

pnobability, Pk, t,hat the .event ruill occut

Px'(r - p)2-*

4L

random event (such as the deoay

of z lndependent trialsn the

x times is?? )

(so )

(sz)

P=:
x

Th: waLl-known EXpo:nerltial 'rate of dacay of a Qroup oP J-dentical nuclei

,olear,Iy impliee that the z triale and the probabtLi.ty will not be independent

unle'ss z is ef factively constant (i.e., x << z), To .engura this, data must

bd eollected in intervals much smaller than the m€an life of the nuclel

under study.

Under timiti.ng Biases, P* can be expressed in two forms of greater use3

(f ) lf z ls large, tlren tha probabillty dP* th;at x li.es in-a.Eanga

,x.+x+dxis

1' ? a ^ a

dp* = (L/ (zr )io) exp [ . ( x.r )z /zoz ] o.

where m = pz and o is the et,andard deuiatl.o'n. ThiFBa, the normal or

Gaussian distr ibution,

.(ei.1 if z is r.rery l,4rge and

(35) can be appcoximated to give

pn = (mxlxt ) exp(- m)

p <<,L sueh that m = pz remains fJ.nitet

the Poisson ciistribution

(58)

for which o = tF- .

In curve fitting, one typically has data nk urhich is to be reproduced

by values, o,f some f un,ction *U(ar). 'Clearlr, the best method of ded,u,cing

the paramater ul is to maxl.mlse the overall joint probabiltty, L, for the

k intarval s, a teehnique known as marximum likeLihood
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Pt

ww:

and a,, .is solution of d $oa = 0

From this " it is app,af en,t that the least
m'aximum likerihsod technique ar' rdentica.r. 

,for
norm,al statistics (inci.uding fios:t apprlcation,s

The nurnbsr ,of decaying nuerer dEteet,ed rn
Express"d u"34)

p0Is50N

(zn )E NORTilAL

squales mi,nimlsation and

Ptroeessss governad by

of nuclear deoay).

an e'xperinient can be

tt/ =p

(nt - ^;2/orz + ln t

In
L

I
2

by

rlnmr-m,-y{KR f n(nr.: ) 
J

(sr 1

(Eo)

the

+B

-r{
k

foun d

"uJl

. m = *"[Exp(-t'rr) - exp(-ltz)] + B

where B repre'sgnts the backgroun,d rat6. If the eounting l.nterval
(tz tt = T) ls constant, and there is a constant time b betweEn

period of counting the,n rk = No t I - exp(-it) J "*O [_lfr. _ I) (r

= A 6xp [-^tu ].) T,] + B

tk is nsn-IineaF and so further analysis wj.th this axpression

iteiatiuE methods sueh as Tayrlor expansion or X2_rninimLsation.

has investigated the effact of .wer.ghting (L/okz) used in sueh

and has found ok= (rut)* (wh,ere rot is the besb varue of the
interati.on) to be most stabl,e.

(+r 1

requires

Robinson--

procedures

p""uio,.r"

aa ch

; b)l

( 42)

i.8., L = n
k

orputting|tl=J.nL

T
k
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duration of countingfmean life
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smalJ. or zero. The initial coun't-ratB fo,r the
above data was about l0-4 countsfi'nterval'
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Simpler methods existr 
- 

su,ch as Peienlsi' ' * but all raquire t,hat the

data b'e accumuLated in Lntervals ideall;r about a tenth of a rnean life and

ovstr thre,e to five Fean-Iives, consistent with counting statisti,cs. Flg.

5.5 illust,rates the effect o.f short duration counting on the fitted lralf-

Iife. This effect ls due to the statistieal vari.atlons ln eounting rate

sirhcs,synthssfsB'd datar ep data in whlch nk is veFy farger gives the same

5s1f'-fff e indep,endently of the duratlon of eounting.

3.6 lYleasuremrint of Closs Sectlone

After a single irradiation of d,uration t, the numbern of eounte

accumuL,ated i.n a photopeak of a Y-ray epectrum in s t,ime t" Ls

A pgc

'r:Ilil
these i,s a

,detection.

odru f , 'r ,. t. ll.-exp(-It)] [r - exp(-rte)] 
"*o(-.ttw)

delay of t* between compl:etj.on of irradiation and

The folJ.ourinq definitions' apply

(as )

statttheif

of

P

I
c

g

o

g

N

absolute phot,opeak efficiency for selected Y-Day

branching ratio of decay

arource abs'orption faCtor
totatr internal conversion coefflcient.
total cross seetion for the re:action

incident partlcle'flux on target
total numbe,r of target nuelei.

'If, ln the appl,i,catisn of the,abovs,'to short-li'ved nucll,des' the

cycl,,e t,ime Ls T and the flux F ie assurned to be cor"lstant, the eumul.atLve

detector respon66 uften n cycles i=29)



=D. |- "r L (r-"-AT)
el 

rT 
J i-":n llr

(1-e- LT 
)z

45

(+q)D.inl

nDr for T )} T&,-z

Rather than nely on aceurata determinations of Pn f, and C, a1I of

tuhlch provB di.fflcult fo,t the extended sourear. meaeured quantities of

substances' wi.th known cross sections and rsaction, product,s with

eomparable decay modes, wene nrixed with elements oF unknown cros's sections.

Cnoss sections were then' Evaluated by ratio of Eg. fuq). .

3,7 Cal,culation of (nrp) Cross Seetions

lidrdner and Rosenblrr30) nuu" developed a statistical, fio,d,B1 to yield

semi-ernpirical equations whie,h give good agreament with a.vailable

experimentaL data. The ratio of (nrp) cnos,s Eeotions for iaotopes are

o(z.A\ . ; erp
o(Z,A-t )

(45)

where E = E
m

b=.

=

=

a=

I

!

+A b andn flrp

En =. hEU tron Bnersy in ctn s ystem ( = [ifr J 

t 
al)

p-airing anerg)/ of daughter nucleus

0 for odd-odd nucleus )
6,n for odd-Bven t' 

]
b- for BVen-odd tt )p
'b + b for evgn-even t, )-n -F ev €tl

Ievel,. density parameter j tS
r.oz9(z;r\ . (r - L.Ls/AlB)

I;Ah

and 6n = bO'= l.? {ltl'eV

for Z )+O

*
A-
'P
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It i,s t,he ratl.os rrat;hec than the absolute value,s wh'i,ch appeal to be most

reriabL*s0)r '
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THE DEcAY oF lrzAg

.L. Inttod'uction

Since the present work was initlated, considerab,le attantion has

been devoted to the study of the decay ofl 112AgI '2'3) unO the latest

published Ee€uI;!sn -ho'se of lYlacdonald and Sharma3) (mS), rigorously

ineorporate gz I-rays into a structur.e of 3t excited Ievels of, 11?Cd. 
ThE

lbuei. sche,m,e's deduced from these decay studies are in good agreement wlth

the results of cha,rged partl.cle actj.u,ation4'5'6) und Coulomb exeitationT).

t'toweve:n, some mi,,nor ineonsisten,cies ace to be found in the T-tay studies

ahd, although the leveL scheme of IYlg is upheld, the results of the work

repontEd here indicate slight disagbeement in level energies. So,me spi.n

arld pality assignnitents are conflirmod b'y obo€FVattEn of Y-Y ,angular

contr,el€tione" and m€asurernents have been made o,f neutlon cDo6,a, sectiens

for production sf ttton.

2., Experiments' and R,eeulte

2.L Soutcc Preparat,ion

Sources of tI2Rg were produced through the 112cd(nrp)uzne and the

115- / \LI?rn\nroJ 'Ag reactlons by the bornbandment'of nat+Jral Cd end In metals

with 16 lYleV neutrone from the I.N.S. 3 IY|V Van, de Ggaaff accel'erator. Si'Iver

activity wa chemi,eall.y separated by d.l-ssolvi.ng the targets in HN0g

solution and, after the addj.tisn of Ag+, pd++ and Ed++ carriels,

precipitatlng the silver ,as AgCX. Beca,irse only t,wo stable i.eotope.s are

present in the'In element, the (nra) reaction produced tttOn activities

rirhieh wetre vi.rtual.i.y fre,e ofl any cenrpeti.hg Ag activitl€s.
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2.2 Eross Section Measurem,ente

Cross sections for the producfion of ttton 
w€:r€ meaeured relative

to the neutlo,n crotss sections sf Fe and 41. Qua,ntities of the tulo sta,ndards,

in po'urdered me,taLlic form, were m-i.xed with sample,s of finely_di.vided f,o and

Cd metal,s so that the irradiation and counting pDocBSB;BS involved were

' identical. The inpident neutron energy was estimated to be 16.g a 0.4 MeV

and th'e standacd cross sections at t,his ene'r,gy weae taken from ""f.8). The

results ane g.tven .[n table I-].,

The G.r,oss' ssetion for the I12''d(n,p)112un reaction is op int,erest

as Gardner and Rosenbtrumg) n.o" commente,d that the. (nrp) ceoss section

va1ues for Cd isotopas present difflcuLties urhen attempts ane, mado to Fit
thern to an en'lpirieal formula. Ihe results report,ed here, ruhieh are in
qeneral agraement nrith a value of 11 g 3 ru10) r"u"u""d at a neutron energy

I

rea,ction, cross sections (mb)
maan

112c0 (^, p )tl'ZAg
115I 

n (n, o)u?ng
15.6, g 2.1

4. 0i. + 0. 52

15.0 + 'I,9
4.9'7 + 0.56

15. 3 ! ?.O

4.A4 + 0.54

reflerence reactiont) 56F*(n, 
p )uu*n

o=77+6

27 at(n,a)Z4ruu

o=88+6

Tabre I-1. Froduction 'cross sections for tttun at a neutron
energy of 16. g : 0.4 fyleV.
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of 14 MeV, are considerably greater than the predicted value (5.3 mb aL a

neutron energy of 14.5 wieV). Howev€r-1 much beiter agf eement is obtained

by using the rat:o equationg) u= the exirapolat,ion of the (nrp) cross

]lr o\ 112 \IIZ-sect,ion of *"Cd"i gives a vaiue of 18 + ? mb for the '^'Cd(nrp)*'-Ag

reactj.on. The 115In(nro)lI2ng cross section is consistent with previous

measut"r"nt"B) made at 14 MeV neutlon energies.

2.3 Half-Life IYleasurement

Afier the production of a tttOn source by the (n,p) reaction,

iime sequence of Y-ray spectra covering 'uhe energy range 500 to 670

r,vas collected from which the anaLysed 606 + 617 keV peak intensities

fitted to a decay with a half-life of 3.14 3 0.0j. hr. The variaiion

time of ihe tttOn B-activity produced by the (n,o) reaction was also

monitored and, on fitting, this gave a half-life of 3.13 + 0.01 hr

corf esponding to 99.97% of the initial aci,ivity. Both values are in
r., ]I )excellent agreement wiih those found by other investigators' ,

2.4 Direct and Coincidence Y-Ray Spectroscopy

The direct Y-ray spectra were taken with a 32cm3 coaxial 0rtec

Ce ( t-i ) O.tector ancj standard 1ow noise ampliiiers. The dat,a were

accumulated in a 4096-channel Kicksort anaiyser; the t,ypical resolution

obtained in an experiment was 3. ] keV (fu;nm) at I33? keV.

A 3" x 3rr waI (fl ) scintillator (rrarshaw type IISLZ) was added as a

gatin; detector f or Ge ( t-i )-ttruI ( Tl ) "oincidence 
measuDements, a nd standard

fast-slow coincidence circuitry was used ur:-th resolving times (Zt ) of

70-100 ns. Coincidence spectra were analysed by a 1024-channel ADC

( Nuclear Data i\D160-F) unO recorded on a PDP-B computer. Typical Y-ray

a

keV

were

wi th

,r-'f, -,
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spect,ra are given in fiEs I-1 and i-?.

The spectra obrained were analysed on e 1DP-7/L computer using the

iz\*nnlra1'-,,os described by Routti and Piussin" /. The enexgy calibrationt,rr(rt ll livu(

rilas initially derived from standard scurces. [,rJhen the relations between

y-rays were apparenr from the level structure of 112Cdr ofl internal

recalibration was performed and this uJas bootstrapped to the Level energy

sysiematics. The resulting cubic poJ.ynomiaL gave '(-tay cascade sums

which were in good agreement, urith each other. The Y-ray energies generally

concurred wi th those of Saskai et ul. f ) *l-o had calibrated by accumulating

st,andard spectra with tttOn Y-rays. ReLaitive intensi ty measurements

agreed uriih those obtained by tYlS to r^riihin l0%. The Y-rays ate listed in

table I-2.

2.5 Angular Correlations

The angular correlations of prominent Y-rays urith t'he 6L7 keV

transition follouling the decay of tttO, were determined with a 5" x 6rf

NaI(T1), ur'hich was used for gat,ing, and rwo 3" x 3'r wat(fI) detectors.

The lat,ter two deiectors were siandardised against each other with the

4+ -z*-0* angular correfation of 6O,ui, and, as sevetal soutces of ttton

u,ere needed to gain suf f icient data, . each j.rradiation-detection Process

was normalised with respeet to the number of gating pulses detectecj, The

gai,e corresponded to the energy range 580-530 keV and ns attempt was made

to differentiate between the 606 and 5I7 keV peaks. As the 506 keV Y-ray

has, apart from the 6L7 keV T-tay, only Y-rays of minor intensities in

coincidence urith it, this had no effect on other angular correlatlons. A
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fnergies and relgllve intensiiies of Y-rays occurring
in the cJecay of 1I2AE. fniensities above 0,I are
with an accuracy of about I0%. BeLow 0.1 the
accuracy falls to 25%.
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tyrpic,al y-eay spectrum detected by one of the 3" x 3" NaI(TL) cnystals

f,or one irr,adiation is ehourn in fig. i-3(a), and least-squafes ana}ysec

fnom these apeqtra are Fres,ented in figs I-3 and !-4. The parameter Q2

(w,here q2 = {7d"gre€s of freedom) is deFin,ed

oz = (nr-z)-l f I w*.,..,(0,) - H*, (tsi,u)]t l] Fi) ]-rL, L exp'].- En r J L r
i*L

for the mixiqrg ratis b and t.h" n,ulnbetr ef data points N. oZ are the ,

variancul u".o"iated urith the experimental angular distribution *"*0.

3. Dieeussion

3.1 Direct and Coinei.dence T-Ray SpectroscoFy

A tot'al o'f 76 Y-rays (taULe i-2) was obsec'u,ed in the Y-r'adi.atj"on

11? - 

-

following the deeay of t"'A,g. Although less in number than those obtainedt
/

frorn fission sources?'3), this is a consider,able increase over the 20 \
r\

T-rays reported'/ using the same production methods. LZ of these Y,'laYs

remain unplaced, in th3- level scheme, but only the one of 1503.9 keV efiergy

is of siEnifieant intensity, anci E represafit new tEansitions between

establisfred. Ievels.

Coi,nsideneo measure,ments wltrh a gate set over the- 606 and 617 keV

peaks were consistent with the results of MS, and, becaus,e of L,he lattetrs

thoeough invest,igation of csincidence relationships, 'these experiments w,erB

not extend,Ed.

3.2 Ang,uJ.ar Correlatio.ns

The spins and parities of levels at l2?4, i.3I2 aod I-468 keV have
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been ficmly establLs,hed and mixing ratlos for transitions "l the ]attec

two to the first excited state have be,en determined by Coulonb exeitatlorr?).

The piresent rngagsl.sment for the '694 keV transiiion agreeg surplisin,glY well

even al.though it is contarninated by the strong 692'keV Y-ray. The mi>ting

ratio obtained for the 85I keV transition concurs gualitatively oqly as

it indicates a predomlnanf fY|l cha,tracter. The 6q5i617 keV angular

corpeLation, was anaLysed primaril.y as a t,est of the system, and, initia,IJ.yt

bad agreement tlras found whe'n the experi,mental points u,sre c'ompared ulith the

theoretiea,tr rdistribution (broken line of; flg. I*3(a)). However, this ilas

resolved es it arises solely beeause of an enhancement of the randorn number

of coincidencas: i.f T--rais of intensit,ies it and IZ are det,ectad in both

syste,rns, 
.the 

ratio of random-to-true eoineidences, assuming an isotropie

angular colrelation between Y:. and TZ, is increased by a factor
) 1'1 

"(It-* tr)'/ztrtr whlch, for '*'Ag decay, is 8.0. Using thie. 
llfnLified

treatment, the 6:ngular distiibufiion given by the continusus line in

fig. i-3(a) r""r obtained 5.n,,good agreemenL with the exper5.mentaL points.

The Q2' uariation ,oF the 1387/617 keV angu.lar correlatio,n shotli's that

the leve} at 2005 keV may hav.e spin I or 3, but a spln of 3 is consistent

wiih the decay charaoter of the utut"3). As the 1387"kaV transition *:

aLmost pure in multipolarity, eingle particle estimates. of transit,ion

probability favour a pure EL transition from a neEative parity state

rat'her than a purs f{ll tr,ansit,i.on. The, assign:rneni of 3- agr,ees rruith the
' tt{\

first octupole stats f'ound by (p,pt ) excitation'"1, at an energy of
rr \'

20,00 g 10 keVo'and urith the clalm of .Inoue et af.**/ that the B-spectrum

ts a'Level at 2,.0I fileV has an allowe,d shape. The spin and parit'y of the

I

I

t-

I

I(-
I

t
I

I

\^
I
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'l 1?
grou,nd stat,e of "'Ag lnas previously been estabLished as 2- by Chan et uI.14).

The angular correlatton of I6l3/6L? suggests spins' of I or 2 fon

the level at an: erxoLtation energy of 2231 keV. This is consistent with 6

z\
preuious assignmenttl of 2* dedueed from the branching ratios of Y-ray

deeay from the leveL. A s,imllar assignment sf 2* for the level. at 2723 keV

is upheld.

3.3 The Decay Scheme of ttt^n

The decay echeme is pr.esented j.n fig. I-5 and is almost identicaL

to that proposed in r"f.3). Eight addi.tional Y-rays have been flounid rlhich

correspond to transit,ions GCn HGn Tffi, KG, NC, VE, JA, KA; but se'vela.I ef

the we'ak transit-iops previously cjetected have been mi,ssed'' trn particulare

no transitions from or to a level at 19?3 keV have been found although the

Level has b:B€n assigned 3-. There appears to be some eonfusion j.n the
t-4\

Ii'telature a6 bsth this sta:te4'16) and a state at 2000 + 10 kev'rJ )

(interpreted in this urork as the level of energy 2005 keV.) have be'en

17"
clas,siFied as.th,e first octupole collecti"ve state of ---Cd. ThE present

nesul.ts favour the assigr.rment of the,Ievel at 2'005 keU as the octupole

vlbrat,ional state. The level enstgies tabulated in fliq. I-5 are

eonsj.stently greater by a small amount chan th,ose of ref .?'3) with the

resuXt that t,he Y-ray cascade,sums reported h,ere are ln betteq agr)Bement.

11J 11?
The branehe's of thg p-decay of *'oAg to levels of -*-Cd have been

deduced fr.om the Y-r6y intensity data wit,h ihe assumption. that 54Sof the
tt \

B-dec,ay takes place dlrectly to the ground state** /. trhe log f t values

sh.own in fig. I-5 ran,ge from 7.4 to 10.2 with a posslble uncertainty of
t s\*0.'5. According to GoverbJ, this does not nacassartly exclu'de the'

possibili,ty for siome of these p-transitions to have an:allollted charactet,
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although most oF them u,riJ"l be first, fonbi.dden. The,2 ground state of
r12Agi4) arises most probably as acoupring (ot)*,tli-t. Hence an*arl-s+Fe+

.e
P-transitio'n between the i,nitiaL (O s )-' state to the firral (gn ) st,ate urill

z
be ,{-forbidden and show a high log i vaLue. Spin and parity asslgnment,s

for the ]eve1s populated by tlzng deeay can therefore be from 0* to 4* and

1- to 3-. fYlacdonald and Shur*u3), and Lingeman et uI.Z), haue assigned

many of the Ievel,s of ltz0d on the basis of branching ratios of depopulation

by Y-fays and this information, togeth,er with the present results; has bean

ineluded in th,e decay scheme of fig. I-5. New c,onversion electron data'and

more. extansiva Y-Y angular correlati;on measurements with Ce(Ui)-C"(t-i)

systems would be neoessary to finalise the nature of the levels of lI2Cd.

Experiments investj.gatlng prornpt Y-rays from reacti,ons ln urhich ltzCd io

a product couLd aIeO be of value.

Ir THE DEOAY BF 
114Ao

J.. Introd-ucti on

tt**n 
w&s first assigneol?) u 2-miD F:actl,vity urhlch was produeedj .bg 0

'T, {tt irradiation \ifast neutron" S " 
li4cd sampre. . Alexander et u1.rB )

i.solateda 5 see,$1,, Y-€tstivity fnom fissio;n products of tttr, and this they

assigned to tto^r. They repeated the experiment of Duffield and,Knigntl?)

but faited to observe any 2'min deqay in p--radiaiion of energy 6b.ove 3 fflEV.

The work reported here'is an attempt to clarify and elucidate the decay

I14 ^or Ag.
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lJ !,

The leve1 structute of lloto has been the subject of many

experimentsn rrui.th charEed partlcL*ss'o), (nrT) reaction=20 '21) and ll4ln

,22).,,dec,ay'u', and has become f irmly estab,J.ished belour ar'r excitation energy

sf 2 fYleV. LeueI Energies are knourn aceLmately through measurement af .

er \
energies of conusrsion electronso*t and be,nt c:rystal spec'tromBtly ofl

en\
Y-fayso" /.

2.. Expeeiments and Results

2..I Source Preparation

Sources of 1t4ne uiera made by (n,p) reactione ol na,tural Cd and

g?.8/" enri.shed lt4cd metaL samples urhieh wer,s encapsu:l,ated in, op mounted

on, pglythang caFriors. SourcEs sultsblE fua u€€ ln p-ray dEtection tnere ;

pbtained by rnixlnq the finely-drvlded metal, w;iih polystyrand dissol"ved ln

badzene, and thi.nly epreading the slurry sn a flat surface oF the ceaei6r.

Although this is not an ideal preFaration for a F-ray source, beeause of

the hiEh endpoint enetgy expestedl it was thought that reasonable eqtimates

of endpoin't ener.gtres and b;ranehing could ,be rn-ade in splte of sorne soutrcB

absonption.

A pneumatS.e =y"temz3), used to transpo,rt the carriers betrleen

imadiation and Eounting posj.tions, and associated detection units u,Bre

automated fer reeycl.i.ng.

z.z 114cd(or,p)1Ionn Eross seetio,n

By inr,adtai,ing mixtules, of FTFE and Cd mebal" a comparison fl

. yields was obtained for the 558 keV Y-ray frorn the decay of ttOOn 
and

lhe 1.3? [YleV Y-ray from 190 drruya4). As it'uras not possible tq obtain

tha branching ratiss of decay to 114cd states from the ttr4Rg 
F.-spectrurn
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(section 3,2), a measuremen; oi the 114cd(n,p)Ilonn cross section could

nct be made. Howevex' the statistical model of Gardner and RosenO]urg)

allows a realistic extrapolaiion of (nrp) cross sectirrns beiween isotopes.

At a neutron energy of 1c.4 a 0.4 Mev, the (nrp) cross section of 114cd

was esiimat'ed to be 10.8 j 2.0 mb flom the rneasured value of l5.g . Z.O mb

11? irof ---Cd. Assuming this value, the measurement of relative yields of
.1- n\ 11/,Y-rays impliuutt'o/ t,hat L0 t a/, of the t'oon decay results in a ssg kev

Y-ray. it, is frcm this caLcuiation thai t;-re p-decay branching shown in
fig. II-5 has been deduced.

2.3 Half -Li f e fYleasuteme nts

Using time durations of 6 sec irradiation, 2 sec delay and 40 sec

counting, B-rays of energies greacer than I MeV from the iriadiated 114Cd

Lueie anaj-ysed in a multiscaLe mode to determine t,he haLf-Iife of ttOOn.

Fig. Ii-I(a) shows ihe accumulated spectlum, a non-finear least-squares

fit to r,uhich gives a half-lif e of 4.52 + C.03 sec, This is good agreement

uiith the value , 4..s see, obi,ained by poularikis et uL.26) .

A similar experime.ni bui r^riih 2 min irradiation, 6.1 min counting

and no discrimination in F-ray energy, failed io reveal any Z min activity
(iig. Ir-1(o))- A search for a?- minactiviiy in a y-ray of energy 558 keV

(expected since a high spin isomeric stai,e woul-d decay isomerically or through

ihe 4+ state of 114cd) also proved fruit t ess. The inflerence is that there

is no such isorneric level in tt*on, 
" conclusj,on which is not unBxpected

when the sequence rr2rl-l4rt'uon is co,npared with other similar sets of

nuciei in neutton excess regions.

* see section Z.Z. of ttton 
deeay (,r. E0)
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2,4 Y-Ray Spectf,oecopy

. 
The dixect Y-ray spect.ta, were taken uriih, a 20 cms coaxial Ge(Li)

detector, which uras Fablicat6d at _I.N.5., and lhe lyptcol energy regolutlon

ottained.in an experiment Nas 7.8 keV (fwfrm) at 1.332 meV. Standard

sLectronic lnstrumentation uas ussd in pu166 detecLLon, and rnultlchannel

analyae,le j.ncluded e KlekEort (4053 ' -:) a:: e iluclear Deta IIjDIS0-F

dual ADC {1024 channela ) intErPaced to a FDtr.cl -. .,- - :hlch uae

2i1prqgrammad-'' to give a time sequenco of epeotia. FiC. II-2 sttours ralsvant

porti.ons oP a ttr0e a.BquEnca of sp€ctse {,hieh idsntiff.s,e Y-DayB fr6n shof,t-

Liuod nuclLde€ obtainsd by irradiating the en,-liched "-Cd eemple. Fig.

lf-3 is the total spectrum aosumulated durLng the sane time. Paaks
' 11/|
attributed to "-Ag deoay are labEltred by numbere eonEsponding tcr lable

II-I. Attenpte Et obtatnlng e6incid6nee spectla failed bec6use of lou

. ylelds.

The spectra obtained rrrere most,ly analysed on a PDP-9/L eompute'r

using the techniqueo described by Routti and Pruesi nl?), the exception

being that simpJ.e summing was erqrployed for peaks sf very lour intensities.

Energy and rei.otive eflfi-eien,cy ealibrations w,ere deqived from standard

24]Isources- '', Since ihe spin and parity of lh" ??Ctu.*_ state of .the

rlscd(n,y)rloco reacrion2',zl) Lff".r"# ?; ;li i ,;;,"J "lft' ",
114Rgn it is not surprising that the Y-rays datected frorn ttoon decay

appear in the eapture speetrurn, The expected csntaminants from (nrY)

and (nro) rea.ctions were foundz8;29) and, where neceasaay, eoltecti.ons

u,ere applied to ttnn,n Y-ray inteneities. Not all Y-rays haue been

aceountedr'sr sat,isf,a,ctorilVr and the ?Fpeatafiee of Il6mrn as a cont'aminant
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is unexpected as it indicates an elemantal impunity,

2.5 F-Ray Speetroscopy

The short-lLved actlvity produced by ihe irradistion.of nafural Cd

tltas isol.ated by counting in t'ulo consecui;ive L0 s.e'c interval, and

subtracting the second from the fli:st, Some 
16tU eontamination f,rom the

'l-1atoO(nrp)toN reaetion u,,a6 removed by us;ing a spectrum ebtaLned ulith an

oxalic acid samp.l.e. 0thar Bnergy calibration etandards were nBRt, 
=o*rr,

u?r, 24Nu and 2o7 
BL24) . samples for calibnation purposBs trlele mounted in

the same manner as th,e Cd sampJ-es.

A 3" x 3" plastie seintillator (ruEt0Z) optic-al-Ly coupled to a

photomuJ"tiplier (Durr,ont KL846) served as a p-detector. By using convension

elec-tron peaks ofl I37C6 and 20781, the energy resolution of the system was

f,ound to be l3.4fo at I Me,U. Ih.e incident F=fays wer1e, oolJ"imated thn,augh

1 cm thiek aluminiur:n, and taiting and resolutj.on comectls;ns described by

Slavlnskas et aI.30) *="* epBlied to the ac,cumulate'd spectlurn., Fiq.. IX-4

sh,ouls the oorrected Fermi-Kurie.plo.t obtained from thc l,rradiated Cd

sia:rilpJ.e. It is apparent that there are two groups of p-rays present, of

endpoint energies 2,82 3 0.L9 and 4.90 + 0.25 fYleV. The formet corr€SPonde

with the B--decay of z4sec L104924) and the latter ls tl4gg. "

3 , Discussi. on

3. I Y-Rey SpecLroscopy

11 of the Y-rays detected were asslgned as beinE ass.ociat,ed ui.th

the decay of 4.5 =* 
IlOOn. A1I of them have been seen before as prompt

y-rays in the 113u0(n,y)114c0 reaetior.,n0'21) and most of tieir energies

ar,e kn,ourn accunately, 9 of the Y-rays are saLisfactorily placed ln the

levei scheme of Backlin et ul.21)
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No. r
k6u

I.\, assignmenb

1
z

4
5
6

7
I
9,

l0
1L

sbg. 03O, 4
5?6 .1,30. 5.
651 .3a0. 6
747 +3
6 0,8 . ?2C .7

1208 +3
1?8 6 .4+2.7
1302.9+0.6
1,363. 83I.2
I6,50, 690.9
2454.89,1.7

100
' 8.lil.3

d 4 t-I -J.J+U.E
0.?+0.5
3. 030. 5
I. 5;10. 5 '

0.7+C,4
.l t'5.5+1. U

l.B*0./l
3.0+0.5
L.7 +0,5

BA

CB

DB

FB

Lr I1

DA

IB

GA

LB

TabIe II-1. Energies and' relat,ive intenslties., ?i
Y-rays occurring in the decay of ^'*Ag'

3,.? 9-Ray SpeetroscoPy
'l'l /

The Ferni-Kurie plot, ofl ihe nt*Ag p-decay shouts ihat rnost of the
l1/t

decarl proceed,s directly to the grsund state sf, 't-Cd. This is in

agreement q;ith the estimate that, I0fi of, t,he deeay resuLts in a 558 keV

Y-rdy. The mBaeuBement of endpoint'energy, 4.90 + g.ZB [YleV, consuas with

L ., IHJ
the value of 4.6 t 0.4 tYteV ob'tained by ALexan,d:er et u1,18)

3.3 The Decay S,chem,e of ltans

The d;ecay schemre is presented in fig. il-s and the leve] str,uqture

2L) ,"o 't e^tre] eneroies used are thoseshown is that of; Back1in et al.'n'. The Lavel energies us€(

deducad fDom sonv Erbion erectron ri,rdias2l) as t,hsy are of grealer accuracy

r14
than the present work. . The branehes of the F-decay of **-Ag to leve1s of

ttltL
'**cd have been dedu,ced from the Y-raY l.ntenslty data urith the

normalisaiion imposed by bhe,yie,l:d of th;e 558 kel,l transition. Th'e log ft

va,l.ues shlwn in fig. II-s range frorrr 4.8 io 7.5 ulLth a possibLe uncertainty

of * 0.6, indieating that most branches are all0rred tranEitions. As the

1
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B-decay is confinecj Ec levels of spin and pa:iiy 0*, 2*, the exDected
'{l \

essiEnment of I*, prerJici,ed Dy the lt]clcneir,r sircng xul'e"-' from the
R,

coupl:-ng (g n 
-=) 

,* (d-s- -t ), is r-.,pheld. c*-l'

i 't ' t ' 
''.r

The EWo y-rays not acccun'"ed ior hac previously been assigned

Backlin et uI .2J ) "= 
,Jepopulat,ing a levei ar. an excitation snergy of

2437 keV. The Y-lay ofl energy 2455 keV dci:s nct f it energet,icz-!y, a

ihe 1303 keV y-ray presents difficulties uihen intensities axe conside.

If the laiter y-ray does arise frsn a levei at 2437 keV, than a B-ciec

branch oi 0.557,6 with a f og ft value of 5.8 must f eed the ievel. Even.

unlikely is t,he consecuence that ihere is nCI B-branch io the level of

t l3t* keV energy wirh which the 1S0{ t<e V transiiion would connect - Su

2
foc this argunent exist,s in the lack of coincidence found by Smither-

betuueen che i503 <eV Y-ray and transitions of energies 558 and 575 ke

Ali,hough th.e 1303 keV Y-ray would make a reasonable energetic fit to

Level at 13C5, cnis level has been definiteJ,y shown to have spin and

-;) ,l* by electron conversion rneasure;nentu2l ), and Ehe; tili=ition'l

be forbidden. However, the log ft vaiue of ihe B-decay to this level

surptisi.ngJ-y high f or an allowecj iransition, and could be reduced to

acceptable value of 6,5 (with a F-branch of 0,5?/") if the I3CZ keV Y-

rnl
ujes inclucied in i;s clecay. The sLrEgestion of Smithel'"/ that a possi

ciose doublei exists aE a level energy of - l-3C5 keV iherefore uiaDrar

nr \

some attention. Backlin et e!.tt) nas the level at 1305 keU also

depopuiatinq by a rransition of 95.90 keV which gives an excellent er

fit, urith the ?* 1209.35 keV level and is strong J-y cCInveried. Smither

hae measured the intensity of t,he corxesponding Y-ray r which was unot

in the preceding u.rork. Assuming a total- convefsj-on coefficient of
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5.23 x L0 for the 558 keU EZ transitLen"'), the combined results of
na \

ref.20) ."d21) yield a measuled total. conversion coeflfioj.eni for the

95 keV transition of 5.8. The theoretj.cal value t:" the EZ transit.ion i.s

I.?, EackLin et u!.ZI) nu" e ompared the inten,siiy of thls 1ra,nsiti.sn to
that of , the 747 kev transitian, with ru,|-rich lt is suppos.ed to cornpate, and

has stated thai thE 96 keV transiticn would appear to be anhanced by

approNim:ateiy r04 compared to the singre-.pariicle eetimate.

Th'is' inesneisteney rileuld be lemoved if il-re' 96 keU ,tr,,ans.t,tj.on rras

assignPd els'euvhere, atthough the,re is no supporting evide,nrce for ,rr"t1),
CIr if a doublet of 0*, 2* "xi.sted ai, en excitation enerqy ^,1g05 kev. The

strong in'r.ernal co!'luension transi.ti,sne of 96 and 1305 keV would then resuLt

from the 0+ ievel,,and the I5u3 keV Y-ray and most of u-he int,ensity of the

74v ke.V y-1'uy wot'lLd.arise fnsm depopuJ.ation of Lhe. Z* J.evel.. In Ehis ur'y,,

ihe p*decay of ttoon reponted hene could be saiisfactoriJ.y exprained sinee
&uhe decay frsm the 0+ L305 ke'V l,eve,l would be mostly unobserved. High

resolu'tion coi'neidenee etudi,es of conveirBion aleetr,ons and y*Fays occurring
T ]c 1t /tin the **"cd(n, y)'^-cd rraaGtion wourd probably reso,rve the inconsis,tenei,es

fsund.

iII THE

1.

Thc

et ul.18)

pco oucte

l1a
DECAY oF "'Ag.

:In,troduction

deeay pro'penti.es

who isolated the

116 -of ---Ag ul€,88, ficst investigaLed by Ale.xander

lsotnpe by chamical separati:on from fission
of 2'38u. A more extensiva study by Buhn33) r.evealed ls T-rays



75

and 5 grol1ps of B-rays urhich were asss,ciai,ed wiih the decay. HsweveD' a

deqay sche,ne proposed f,rom these resulfs has not, been published, and no

furt,her work cn ttuon dscay h.as been reported. The presenL exparimenLs

wEre undeltaken to establi.sh a rflsra datailed and aecurate deeay scheme

of 116A9 using a high resolution ce(t-i) oetector.
1'r 6

Complernentary reaciion studies o,f *^*Cd level structu,ne, using
z\

ine1astic proton s,cagLetringlg '34) and :CsuLom'b exeitatton?J, hatre tevealed

' spins and parities of levels u,p to an eneDgy af,'?.37 [YieV.

2' ExPaclments and Resu'I'ts

2.1 Source FreparatLon

Sbu,rces of tl6ng were rnade by (n,p) re,acbions on natural Cd and

ga.L4{^ enriched 1168d rnetatr samples which were BnoaPsu1ated, in, or
ec\

mournte.d gr, polyt.hene caqriBESr A pneumatic system'"/n used to transport

th,e carrj.er,sl between irradlatl.on and eounting poeitionsr BFd 6s"gpsist'ed

detecti.on units utere autonrated fsr recycling.

]16 l'16
2.2 t*'cd(n rp)*'"Ag Cross Section

Ey ir,iadiating mixtutes,,of Si and Cd rfletalsn a comparis'o,n of

yi.eJ-ds was obtained for the Et3 kev y-ray.flpom the decay of 11649 and thE

I.TA lvleU y-cay from the 28nt d,""uy24). As the decay scheme proposed in

ihis rrrork (fig. IIi-/+) lndicated poor agreement with the p-d.eeay data

3iI i not oossibl ; latterte branching ratiosgi.uen by Bahn"/, it rrlas not posslbJ'e to use the

to determtne a cross ""tti.n for 1J'6gn produetlon' Attempts at' eval'uating

the F-speetnum of tl6Rg by irnadiating natural cd (trre enriched sam,pJ.e

tJ,,as too t,his,k.to be used relt,ably aE a F-nay source) failed due'to a veFy
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lour yieJ.d. Hswever, the sta:tlsticai rirocJel o fl Gardnec and RosenUlutg )

allonrs a raalistic extrapolation of (nrp) cro,sa sections between isotopee.

At a neutron enexgy. o,f 16.4 A 0.4 [YleV, the (nrp) cross section of Il6Cd

u,as estirnated Eo be 2.9 + 0.5 mb from the measured val.ue of 15.3 L 2,O mb

I1? tFof ---Cd . Assumi"ng i,his value, the m€asurement of relative yields of
A= n \

Y-rays lmpJ-ieszs'B) tr,ut,46 t I?% of the ttuon 
dec,ay results in a sl,3 kel/

Y-ray. It Ls from this caleulation and ih'a reJ-ative Y-ray intensities

;nat the p-dtsceiy branching ratlos sho;wn in fig.'III-4 have been deduced.

The report by Auitn33) quotes that the 513 keV transition reppesents il51,-

1'l 6of the **-Ag decay.

?.3 HaIf -Li fe lYleasurement

Using tim,e durat,j.ons of ? min j.rradietion, 2 s'ec d'elair and 2D min

eountin'g, 8-rays frorn the irradiabec 115Cd sample bre.re anal.ysed Ln a

muliiscale mode' to determine ihe half-i.if e of 1I5A'. Fig. III-I showis

thF accumulated spectrum, a non-linear least-squares fit to ulhich gives

a half-li.fle of 2.50 + 0.02 hin. This value concurs urith previous

measuxe*rnr=IB'33). The cjecay dai,a shouun in fig. IIl-tr is sJ-ightly

coniaminated by an acbiuiiy of 1,0 + 4 seb, urhich.has been attributed to
'ltr cit1

7.2 seq *-N'-/. 
The possible presenee f the (nra) productr 1.5 min

113 - ,35 )-- -i,d--' r, wa€ not appargnt.

?..4 1-RaV Spectro c,opy

The direct Y-rdy spectra were taken with a 32 "r3 0rtec coa,Xial

ee(U.) detector; the tyrpical. energy resolution obtained in an

* see s,eotion ?.2 of ttto, decayn p. E0
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Deoay of B-raciia ti on pro $ppe d by neutron
irtad,iation sf enriched rroCd sample"
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experi,':i;ni. L{ss 4.g keV (i,r,n-) at i.332 ileV. Standalcj electrsnic

instrument,ation wrs used in puise cieuect,ion, ano'muLiichannel analysers

included a Kickscri (aCSS channel-s) and a i\ucleer Da'"a ND150-F dual ADC

(iAZq channeis ) :-n:erf aced io ? pDp-8 co.rpu:er whlch was programme a27) to

give a time sequenc€ of specila.. Fig. I:T-2 shor,us the totaL \-ray spectrum

accumuiateo Dy recycling 2.5 r,rin irrarrj.a;ions oi the enriched l16Cd sample

j+h ^nn"n'-'r- cf I fi'1in for courting. Peaxs a'"iribu'"eci to ttu^n on the.+ Ull iJl=IIlJlJi

basis of their decay in the time sequence spectra (fig. III-3) are

LabelLed by numbers according ;o t,able iII-1. A 3'r x 3" l;aI (fI) detecior
t,
IiiarsnaL{r iype L?SI?) ulas addeci as e gai,ing ierecior in Ce(Ui)-,,laf (fi)

coincidence Exoerimenrs with the 5i3 ke',/ tiansi"uion. Typical timing

resolu;ions were ?0-100 ns. As che ancle between derect,ors ujas 1B0o and

because if was impossible io avoid geiing on sLray annihiLation racjiation

urhich was oreseni,, ihe 5LI/5L3 keV radia;ion detected by the Ce(t-i) nas

o'l cn' na*or Coincidence be;u,leen ihe 'tluo gates LUas t,hen used to ulocks+ue 9u ves.

ann:nilation radiation in the ttu*n coincidence spectcum.

fhe spectra oit,ained were anaiysed on a 7DP-7/L corirputer using the
tc\

i,echniques cjescribed by Routii anc Prussin"' . Energy and relative

efflciency caLibraticns were derived from standard souf r"u?oj, The expected

ccntaminants from (n,y)36) and (n,2n )ze) reaciions weie found and, urhere

necessaryr cerrections were app.Iied tro the ttuon Y-ray intensiti.es. A

small amount of Y-radiaiion resulting irom ihe dauEhter of ihe (nra)

=,2 )
-nnrlr tnl't tr-r5uus..i, wBS .-*so detected. The measuted contan'rinant lntensities were

generally in g ood agf eement 
. 
wj.th 'uhe publisned vaLues. The est,ablished

energies and Ievel relations cf transj.tions flrom all reaction products

Lirere ueed in a subsequent energy recafibratien in which the cubic
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Et
keV

2?.8.910. 3

3S9.5+0, ?
51 5. 4=0 .3
583.5+0./t.
509.9a0 ..5
540.0+,0.4
643. 6+-0.5
649 .4+0.5
699 ,3+ 0. 3
703,Ij0.9
705.5+0.4
759.5+0.5
768 .8+'0. 5
867.9g0.5
994.8+0. 6

1081" .5i0 -?
L129. l+0 .6
tI5"6. J.30.9
1I?7.6+0.9
1184. B+1.2
L.?12.6!0. +
I4O2. 4+0. E

1408 .2+D.4
L4I4.8l;.1 .0
1438.730.5
i461. 6a0.5
1569 .4+I.4

Iv

4.4
L.5

J-00
1.7
1.3
3.i
?.4
1.L

lt-

2'7
7 .,3
ArX
j".E
r.8
17
0.93
2.2
J.0
0.93
0.62
8.5
2.3
5.0
a.B2
7.0
2.5
CI.83

Flrl

BA

Ji
CE.'1
cc
DB .'.o,-o '

HC

NH

EB

tn

FB

KC

'F

kev

I603.8*0.9
1641.4+01.6
I??E .59C.4
197 8. 030.6
?006, 4+0,8
?082.I+1..1
2A97 "4+0.5
2IL2.2s.I.2
2135. S+0.7
2152. 93I.2
21 93. 6+0.6
2248.690,9
2248.3;10.9
7290, S +0. 5
2332.131. 0
2479 

" 
4*0, /+

2502.530.8
2662.83.1.0
27 05. 4+0. 5
2335.0+O.6
2843,15j0.9
2921.4+1. I
2968. 5+0 .8
3,003.,3+1.2
3016.42L,,7
3218 !

Iv

L.4
2,9

L'2.
2.0
2.!
1.0
7.5
CJ.99

7.4
o.E3
2.4
L.4
l-.9
3"L
!,7

]5.
1A

4.6
g.?
4.6
2.2
I.7
2.0
I.2
0.38
0.80
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as,signnlen t

FA

JB
KB

QC

IA

MB

RE

N8

JA
OE

LA
PB

QB

RB

OA

PA

QA

assi.gn,rnen; | ,\o.

at

7

4
q

f,;

7
g

I
10
11
1?

IJ
14
1-ta
J-O

JT
l-E

l9
2A
2I
22
23
24
25,
z6
23

CA

btr
iTD

IYlc

H8
I l!
LJL

IB

26
29
50
3t
1,4

JJ
4/,J+
35
3o
3?

JY
40
TJ

42
/tn
I'LJ

4,/+

45
46
47
48
49
50
5I
52
55

Table III-L, Energiqs
oEcurri ng
ab'ove l. [l
Below 1.0

and relaiive efficiencies of Y-rays
irr Ene decay sf 1169E, f ntens{ries
are wI;h an accuracy of about LAol"
the accuTacy faLls to 25f".
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pol.ynomial flit uras;b,ootstrapped to the level structufe and escape peak

relations fsund to be ureLl-dafined in ihe Y-ray specttum.

. 3. Discussion

.l- Y-R,ay SpecLroseopy

53. of t,he Y-rays detecte,d were assigned dls being assoeLated with

thg decay of 2.5 min tt6onr 
dr-rd 36 sf thesa have be,'eii placed in a,Ievel

scheme invo"l.ulng ]? exeited levels af l't6Cd, 
The. energies afl the major

Y-FaYs roughly cotrespond te thosa found in the Natr(T1) study of 8uhn33),

b'ut there is a la,ck of agreemeni; when the relatiue intensities, ale

Bo:inB€ped. Xn particular, t;he intensity ef the 513 keV tra,nsitton rel-ative

to the othel Y-EaIS appears to be deoreased by a faoto.r of about 4 comparad

tuith the present tesLlLts and rruith the resqlts oF the earlier work reported

by ALexander et -I.18)

The G'e(Li)-wat(fll ceincidence rneasurements revealed only the

pres:Bhoe of peaks at 599 and 7A6 keV. Howevdi, ca,scade relaiionships ofl

t'he 513 keV tranEi.tisn with higher enetgy Y'Dts)/s could no.E be disco,unted

as their in,iensities weuid be much less.

3,.2 The Decay Scherne of tt6ng

The proposed deeay scherne is presenied in fig, III-4. The 4 low,est

excited l"evels of 1'16Cd have pceuiously been establis;hed by re:action

analysis24) , and furth,er luov.elG rrf ,energles 1.637, 1.90(3-), ?.24(S-) and

2.37 (q*) Ivlev have been found. by ineLastie proton scaiteringlgt 34). 
The

13 new IeveLs ejeduqeci f,com this studiy have been ccnstructed: numesl.cal.ly

and iL w,ould apFear that ieuels at, 164I and Ig,LE keV corDespond ts the

L.537 and 1.90 lteV sbafsE'sf' the (prpt) work'. There is $ome ambiguity
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in the ievels ciepoPuLeteo iy T-rays oi- energias L77a.= -.nc z4Tg.4 keV as

a tsasonabLe enerEy fii, ior o levei at acout 2992 keV is obrained ifl these

Y-rays weie tc atise flrom iransiiicns ir,-,'il ihls level- t,o rhe frrsi ano

secono exctred s;aies oi i]5Cd. 
Ho;€vE.r.-, 'bhe agreein.ni w.,..;h oiher possible

irensii:oes fcr a ievel at 2291r oro rhe $-r.y branch s3 the IZiz keV leveL

iavour ihe sysrefl shor,un. No oiner T-:ay has been f ound ic support the

existence of a Level- at 2479 ke V. i-, f urihel level coulci exisi at, an

energy of 2651 keV defineC by Y-rays of ene:gies Z6ES and ZlSr keV, This
.: r-'i ^ 1oDSSiDJ'e teveL was not inc'1 uded in the proposeo decay scheme as the

siandard deviation of the energy sums invoLved L{Jas iarger ihan ihat
expectec from;ne quoi,eo ef:ots. Severai y-rays uriih energies in the

renge 513 io 599 keV hove nct been essigned and ii is pcssibLe tnat some

of ihese !-esult fronr states ar. an Eneigy about that of ihe vibraiicnal
Eu/rl-phonon tripiet. Quin,turpLei,s of st,ates ai, ihis posii,ion have been

found in ihe even-even isoiopes lltro 
an,J 

rl'1cd24).

The F-ray branches shown in fig. Iii-4 have been deduced from the

' ^(-tay intensiiies and the assumed decay scherne n,iih t,he n6--nalisation

imposed by the meesuled y'ieid of t,he SIi keV T-ray. The val.ues oisacree
cz \wiih measurements of Bahn""/ urho found five F-ray groups wii,h endpoint

eneDgies end iniens:-iies s.rz (g/"), 3.4L (2t7"1 , z.sa (za/,), ?.26 (sty,1 and

i ' 3! (n/,) fliev. The Y-rays oerern'u.ned in this work cannot be mai,che i to

rhis F-Jecey. The log ft va].ues, ca-cula'ued wich an endpoinc enerrgy

aeqr rrn3,-l Fnnm a.^---.1 jn )srsu"rs.r r i ufTl mags f ormula preoic;i,:nstu' , tance frori 6.5 to 6.4 wiih a

n-L- c'l -,t r- rr^A-,n+^-'-.t-., ^lf r.r . ^ 15)puoD,.,Jr.: urrc€ttein:y of ^,0.6. Accorcj:nq to Gove."/, ihis oces noi

necessarily excluJe the possibilii,y fo'- ssine ofl these F-transj.tions to

have an all-o'iecj character, although most of them will be first forbidden.

The decay scheme is very similar io tha; of ttton, and a ground siate of
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114
?- f or -"'Ag urould be c,onsistent with ihe pxopooed de,cay. This qround

st,ate proba:iy arises aa a. couplins (r1y)* fty)ii or (vy72)6

f , .*-I r, At !. ^_ r s-! !L/.n-L4) Lr^-^a ^.r1^.,,r\sq/t) o wnr.ch is the conflg,uration found fs-r =ttont4). Hence a,n aLlouled
Yr + from

p-transitiohian initLaL (Or,,r) u" (d=/=) stote to a f inaJ. (rr/r) etate

urill be I-forbi-dden and shouu a hiqh log ft va1ue. Spin and parity

assig,n,ments for t,,he Levels populeLed by ttUO, decay urould there,fore ba

from 0* to 4* and 1- t,o 3-. Tentative level as,signments, based on lorg flt

Va:Jue-e and Y-ra,y branehinq, heva lbeen inc,l,uded in fig. IIi-4.

While lhe present reauLts hava led to a more detail"ed Level

sti-uctqre of LL6cd, there is a need f ar 'r,he S-'Epeotrum from i'he decay of

116 -'--A to oe iedst,ermined d{rectly str t,hat, the assumptS;.on of a cross section

vaLue for t,he l]ocd(nrp)Uung reac-,.ion csn be el,j.minated. The proposed

decay schernis of 1t6Ae could thenr be p,rrt on a firmer hasis,

DI SCUSSI CIN

Tha preceding i,nve,stiEatj.on,s lnto i,he de'cay eche,mas of t'he three

short-lived Ag isotopes have shourn t,hat ti4Rg is an apparent misfit in

the triad r,rriih tl2Rg ar,d t16nq, The d'ec,--ay sh,aracier is substanti.ally

different and the reason for this ie obvioueiy due in the ground stats

spin and parityr sf ihis nuelide. To unciersta,ncJ how a 11 ground state can

interrupt a sequenee of 2- statesr it ,is .i.:nstFuctiva to consider the

si ngle-parbicle configurations of nuelei adjaeent to the odd-odd Ag

tsotopea=aB these fitary ba elros,en ririLh onJ-y one odd nucleon (fig. IV-'I).

NiI,seon diagrafis of singl"-partl.cle eiqenval.ues icr odd neutrons in

IV





the region FD < Nl <gz af,B,not io be i-ound in ihe libEraturr?4'39)r 6od

there ie Earne unce.rtainty In the actual orderirlg of Levels. The pairing

enBng:y of nuciee,ns in the same shell is of parti6ular impcrLanca as

di f f erences. in level engrgy are smaLl. rhe level.s involv*d4D) (tn t he

acceoted orden of increasing energy) in the A,g re;gion considere'd &f e;
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pra i ons

tot al- no -

n:erutlona

total flo.

Qr rl) ( !er/z)

/+g 50

(2ds/z) Un, /r) ( t"r1r)

56 5,4 66 7g

(1)

a

{za=y,) (thp/z )

E?

(z)

The tr orir-enengy lsve I sequencs of even-odd Cd nucl"ei (for whlch protons a,xB,

coupled to epin zero).d,emonstrate aI1 the neutlon confligurations p,ossible

w1th t.he singJ.e-particle levels shown above in a eLraight, forward mannBr'

and ihere are abcui. four oi these before collective, siates apPeas. The

order of the ieveLs u,aby, but the ,tlZ staia. generally florms the ground

state. This lndj"cetes that the ievels (2) are cisse togetner and that

painin,g of pariicles is ve8y lnportant. PoseibLe Ofoto'n conf i'gurations

are lllustrated by ihe od,d-even Ag nucle: (neutrons c.oupled to spin ze'r'o)

1- '7'
rrrith A = IA'7, l0g, 111 which aLi have ;, f fo= ground and f irst expited

statEd. Hlgher enexg,y ]*si,utrc have ai.so been found in 10?ns 
"nd 

109.A9.

'7'+T 
* L 

9+ : ! tuL the 7 ean onrY comeThe origins of the t and i 'st,etes are obvJ"ous' t
4+

flrom an arrangement oF the three hg/, proion hol-es couBling to t (allowed

by the pauli principlr). This can simitrarly be fo,und ln the odd'-'odd Ag

,*
i.so'topee ulhere a 6* isoniletlc siat,e ex'ists and is due i,o the 7 state

?'l Z,t \.
coupl:ng with a zds/z neutron hsle (wordhelmts L{reck rul-eJr'ot ) 

) - The 1*

ground state of 106-'J'08,ttoon is mosi prabairtyal) ,n" same configuration

I

I

i
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(rr,/r-t)r/, ou/r'L but wii,h spins anti-parellel (i\o-rdhelm's strong rule).

A 2- state lvh:-ch alsc appears;o be common betueen t,he 1* and 6* states

j,s the pr /cda/r-! comb.inaiion, ii, is i,his conf iguration uuhich is rnost,'L/! 3/!

likely iq be bhe reason fur the z- ground state oF ttton,ot). The l,*

grounci state of ltanl is probably a revetrsion back io th,e configuration

of ttoOn, although a gg/Zgz/zL coupling is posslble, and ihe ?- state

^ ].16" ?, , -1sf ---Ag res,ults flom neu ccmrbinatisn FVZdZ/Z 
*. It wouLd therafore

seem ihat tttOn is the nucli.de uhich inieirupts a sequence,of ground-

stat,e s0nfiguratlons and t'his may he clue to a smaLl change in spin-orbit

coupling' caused by the infLuence oi the =rr/, srrq-sirelL (if the dS/Z hole

was filled, a single neutron urouJd oc'eupy this laueI). The disappeaxance
't'to

with "t"Ag of a sequence of 5* isomeric states in odd,-odd Ag nrJclei j.s

also i.ndicative of sorne change. Tha usual 1* gnound-si,,ate in this case

Ie only 18.5 keV above the 2- stat,e. The simi,la,ri,ties found in the

daeays o,f' the isotopes tlzAg and tl6ng remain since, although the ground

statas may atis,c from ciifieren; conr'igurationsn the p-decay of the

nucLides are both I-forbj.dden as a d-neuiron rnust change to a gg/Z proton.

The low-enerEy leveI seeuences of tha even-even Cd nuclei are 1lttle

ch'angad as the neutron number i-nereases, and the firs,t few statee

celt,ainly arise from collective quadrupole excii;aiions. These wj.i.l. be

examined in, gtaaier detaj.l in the iwo foJ-lowi.;g .ehapters. The salient

similarity:-- the IL?'t14Cd i-evel strucLure is ihe quiniupl,et of stat,es

ebout the exp ected two-p,hs666 trip,let. Tl'ris a,ppe'Ers . io be nTissing j.n

116^, ,---Dd bui it is probable that t,he s;aias exist. The plesent, inve'stigation

could nst confirm thie

1.5' iYleV, the prese,nce

as F-branc,hinE to thern uroulrj be weak. Alb-sve ebout

of noncoilective states is aBpa.cent since they
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5.I Intrsducti.on

Mathematical rrrode.ls propo$,Bd for the atomic nucleus FaII into two

beoad; categoties, and most have some diegree of success in prediot'ing

various pi'operties of nucle'i in dtfferent regions of the periodic tabl'e.

A universal model is not yet in existence although some combi.nations oF

the two points oF view (unified models) ar" proving fo have moxe ulide-

sprefid applicationE.

The firet category deai-s wiih,B microscopic approach in urhicrh the

nucleus is treated os being composed of distinct particles. The nucJ.eons

may b,e independentr os in the independent shell'modelr of may have aome

interaction with each other such as a turo-body force (t'tartree=Focl<, RpA).

This method gene,rally becsmes exeeedi,ngly compll,cated as the number of

nucf Bons incre:ases.

The othar cat,agory is the col.leetiva model for which th'e :approach

j..s macroecopic:, a qu,ant,i,sed .f,luid is endowed with certsin propelt'ies and

subJeeted to boundary condltions in order to predict the gross, characten--

isti.cs of a s,y,stem ofl nucleons. The eigen'states of the nucl.eus aae tFren

due to rnodes of motisn of a liguid drop rather than individual particla

exeitation. This is the adiabatic approrimatisnr dDd it ie with this

model thet the Low-energy level str,ucture of Cd nucLei can be more easily

interpreted. At highe.r energies it is probable that individual particle

exoitation ulould competa with collactive motion, and so render the

treatment invalid.

5.2 The Liq,uid Drop fvlodel; 6ohrrs Co]}:ective Hamiltoniunl-4)

Ultth the nucLeus consldened to be a continuous dr;op of, nuclear

materiai, the, surfaces of csnstant density nay be deecrj.bed by equations



r&+^
R = *, 

Lt 
. 
^f ,L 

o*/'t'r''rr]

9,4

(+)

,where erf are polar angJ.es with respect to some arbitrarily chosen spEtc€-

fiNed axea. Imposing incompressibility upon the drop th'erefore irnplies

that an1t coll,ective motion wilL bE described by variations of the

coefficients c. with time.
v

lxJith the additj.ona,l aes-umptions that nucLeatr flUid rnoti.on is

lrro:tati.onal, and t'akes the form of small surface distortions about a

t\
spheric,al shapet /, the vibrational kinetic ensngy may be shown to be

Tvib = , 
E'*/lr*rl

to a quadratic approximationr while the potential ener$t is

v= *\rrl .yl' (s)

The assumptJ.on th,at nuqLean matter is inc'ornpressible de'mands that

L = 0 vibrations be ignored. The expansion term corresponding ts L E I

describas moti.on of the eentra of roass of the liqutd drop in the lab.

(z)

eietem and, Einee the, nucLean Hamilto,nian must b'e invarianb under

translation, i.s physi,oal.ly, 'unintenasting. As only the filst few exeitEd

states, ara to be con,s-idered, 'rhe fo,Ilouring treatnrent will be cohfine:d to

,L = Z (quadrupole) vibratioflsr fhis restrlction a1lorrus only positive

par:ity eigenstates of spi.ns Ar2r4... to be QBneDAted. The first few

negative parity staLes (,t.€., 3-) are the cesult of I = 3 (o'ctupole)

ui.bnati,orls.

Flenc,e (1) m€y be written
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(4)

(s)

permanent deformationr dod since ErF are

xed 6xes, then, if the nucleus rotates, orf

rTrB. It riloul.d therefore be mgre aPPFsPEiate

2#) an d sonstanb nuclear eh,apa, 1. B. r

-t
g',At) 

|

J

o, )4 '(n' ,F, )

r
I'R=fi l1+ol
I
l-

S,houId the nu,cleus

Fte asured relative

ruill agai.n be fu'nc

to choose bodY-'fix

l=R=R lL+ol
L

urirh Y4 (e,l )' =

fL-1
R* = *" l t + $/4zr1a Bco,s(Y-2n*/s) l k = L,2,9

LI

F"r'#"^J
Posssss a

to space-fi

tions of ti

ed axes (1,

r,,
L "ru'6fl

f ,-'

L, Dio,(
IJ' //

.'. ur/,= 
fi"r $r'

o
D:.,,,(0..)'are the rotation matrj.ces appaoptiate to the Euler anglas A.
-f/ I.--it -- -evs'v-vt' rrrsv--vYY sl'l*- - I

ofl' *n" body-p1xE6 ax,ts.s. The choice of rbo,dy-fiysd a.xes a;s Prlncipal axes

can be made sueh that, it reduces the five coefficients o*u to the two
I

independent variables 
^22, 

ar' w'hi.ch, together wlth the Euler angles,

glve a complete desertption of the system.

Defining the two neu, independent varia'bles

F0 = PcoeY= u.g

9? = ,Bsin ! '= /ZF;, = iffi-z

then the ,consfant density surfaeg of the drop cuts the k-axes (body-6'ixed

t c\
axes) at'"r
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and hence ulith y = (r*-f )Zr/Z the nuclear shape is sf a prolate spheroid'

and ohlate For Y = (Zt<-]) rt /9. For a f,ixed valu'e sf Yn F-ui,bratlons

correspond to the nucleus preserving lts axis of symmeLry'r urhereas T'

vibratisns destroy any axial symrnotry.

In term.s of t,he body-fixed cornponents of angular velocity wk, !h"

nuc:IBus uriIl possess a rotational kinet.lc Bnergy

?1frot = z
\

kr k

/o\
I lf[*u ' 

*o

of the inertial tensor,.(fon quadrupole dsFormation)where the go,niponents

are

,[.?l = '(r)
f*
,1"n'u'l

Q7'[ .u,.ul T>
(?)

fenanguJ,armonentaLkrrLtaboutbody-fi,xedaxeskrk't'Inthebody'-'

f ixe,d systern f or qthj.c.h dZ, = 0 for / odd, it can be shourn that the inertlal
/

tens'orn fot eithar a rigiU or non-rigid body, iS diagonal'

The total kinetic energ)r sf t,he syetem can then be put in the forrn

(urith h = f )

r.= + f,trr,Po,F3, ?F,fur
-.1

= 0rZ and k = Lr'2r3. The addition of a potential ter'm V( 9O ,PZ)

the colleetive Hamiltonj,.an due to Bo'hr

++r'k
(8)

tf-
r.1f-

where pr u
I

co.rnpletes

1.e. Htll T + V

This equation fotme the b'asis

.

I k( Ps'P2)*fl

of most of the phanomenological models of

(g)
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cdllective motion of nuelel" and i,n particular it is usually appJ.ied to

even-even nueJei as it is genenally assumed that these have spins of lj-ks

particl,es paired o;ff and that, for lorir-energy structure, none of the

indlvidual pairs are excl"ted (i.e., !h" adiabatic approximation holds).

Although the si,x inertial coeffielants entering into (8) ate

cernpLeteLy arbltrary, if defsnmationb,are erflall' tta)r ma), b'e BxPf,essed in

terme of' a. slngLe conetant B by the hydrodynami.eal formulae of gol'rr3)

- zru/S)I k = +Bp2'sin2(1

E',
5f/

l- hz (r a
l- zB (7EB
L t't

(r0)

BOO = BZZ = B, i EOe = 0

f r\

Calsulation,s mada with a pairing-plus-quadrupola modalrrs/ indicate that

the approximat.ions ars euibe reasonab-Ie', and that it is thg potential

function which sho,-,.;c rr:cst dlversiiy, the choiEe of rryhlch wi.ltr be madq

1at,tsr.

5.3 Analytical S,oLutlon of Collectiye HamiLto,nian

111n,bh the def,ini.tlons (f:01 and'quan.tisation of (8) whlch ia delived

from. cLassical. consisls16fti,onae the eollective Schr'ddinges equation may be

riunitten

re4$l ${rtn=tpZsinSY

rzk

-'
t* -J

'l<. r\czJ
d (r:.1

5I r
-r--t

4p? fui s,inz(Y - zr*/g) i- v( B,rl]v t p, Y,Br ) = EV(prYrEi)

The separation and subsequent solutisn

florrn oF U(prf), which has to be

of ,hiE equation depends upon fhE
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grz)v(p,v)=l/(9)+ rnVf
, -+) illarious simptrifioatlonsn such as rigidit'y and symmetry' Fa'y be imposed-'

howEVB,r, the most general solu:ti.on appeags to that of Su5""=6), r'uho

assumes lhat vrbrattons a,re fast enough wj,tLh Dg:spss; to rotations to giv'e'

se:ns' to exprtsssions rike rflean var.ues sf the momants of inertiat urhiqh

at' c,ornputed wtth the ntavs funstlqn of that part of t'hE Hsmitrtonian whish

is a functLon of Y onlY.

.With the Pote'ntial operator

v(p,v) =+c(B-F'12 .*ry
p

(r3 )

(14)

aquation Ban

^2 
ft:fiz

s(Y-T) -+0

*

Gloz (v - D

tely ba separateo into6)

'.1 
-

3Y lzg ( v-v) = o $ti
d

(15 )

u3 s^t 1+l*

approxima

+ t] fsin

iN-x)

+-
-:

-1

€lnrJ

Y.
rl {

r-or
I.

k

Ir InK/-

oe

I
nI*

+f
l,

7r

3rrI
L k=I

(sr) E o (ro 1

l- nt,L; ?

+ - +ctB-F)z +

dB-

F(p) + u for

(A+z \fi2

zBg?

F'=0 and p

(1? )

E,hd wErve, functions

gz l=inrrl* vCP,Y,€i) = pzr(F) l"inrrl*;tv-Tl fnr (si)

Lhe

l.)
E l9'r(e)=o

J *E r' {tL
€oo

et ,"fl
fr ''lryb^Lr" f .l"Il
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The choiee of Li.mlts for Y aae rather strange urhen pFoperties of the

colJ.eetive Hamiltonian ane eon,si.dened. (sectlon 5.4). Howeven, they are

nlo'douht,chosen in this way so that (I5) now eorresponds to a harmonLc

ssci.Llatocr w(t,h solutions

lsinsyl*s{r-rl = H^ 
[o*crO,] ",,{-*^(y-T)l

L = (el+f)a t = orlr2.oot.

:'t
This give,s foc { = 0'1

The ei,gtsnvalues Lr€^ and th"e sEparatlon parametal A aFB re'Iated
ttr

(;rn2(jr ztrr</s)) t=0,r = {t-(t- +)'*p Gi?la)cos(23 - +*x/il]

(re)

99

(ra I

. E,Q. (fo ) eorresponds to a

r€- =l r"I .L 6inzsr)

aLues

] 
,,.,

oton udth eigenu

1

r

+

l

+I)/+

Ginz(v- zo ls))

r+ | t - ,,!
L6in2rr) (in26v- zo/il)

e, /4 
(21)

. rrhEre €, is tgbulated in ref.r/. !/ith ralatlonB (19)r there ssene to ba

t\
'no n6Ed for thE normalisation factor graphed by Su6rez"/. The aigenfunottrone

of (f6) are hnEar Eodlblnatl.onE of thD€ts of a rtgld *yunetricel top giusn

rn eq,. (29), and ths ooeflJolsflta are lrndependant of prY.

Th€ solutl sn of, (f?) Ie aehieved by a trun@ted Taylor axpanaion
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abou.t pp i"B. the potential is approximated to an oscillator tlel} with

a rninimum at pF. Thi s gives r'eL ation s

p5(p-r ) = fiz ( Bi-g'4 ) 
-r (n *a;

pz,r(:p) = ,r-f*{e- en)] **f*utn- rilt]

(zz')

sttuet,ure of a

has tabulated best-

show the general

fr

E = (r,rfn*

e (irnr) = *{(r-*)c+- f,l+L

=,ua(n*z)

- *, (zp-i)tn-rf
^st-

a.nd tha elgenfunstions ara

(zs )

rurith' b2 =
Fc
n2n

(4-
A

rll - (c/8)'

The eigen,val,uee E afB adjust,ed to fit the level

nu clEus by var iati.on of para,metors i , y and A. Su6rez
/ 

r\

fit parameters for a uride rangs sf nucleis I ,. and thpse

trend in co,Llective features of nuclei-

, Large valuas,of A urith srnalt T impfy rotatisnal level structuna

whieh oan be expecLed wi.t'h large gtound-state quadrupol,e moments (L.e.

nuel.er,ls progseaaes larqe PBr[mansnt deFormatj.on). The moment of inertia

ab,out the 5-axis tands to zsro so that the nuclEu's becomes symmetri'c absut

this axis and the spin K be,Bolnes a good quantum numb"er, with eigen"stataE

being elae,si,fl.ed according to K. This re,sults in rotational bands bei'ng

;built on vibra,tional Level,s,

In the other extneme, A 
-} 

0 and the lEvel qtqueture bscomEE

that of a harmsnic oEciLlator shaeaetarised by

N = 0r It?.... (zq)
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uii t,h angular momentum degeneracy because of a Y-independent potential

operator (fig. 5.2). The quantum number K is not good and states are

characterised by the phonon number N, These.vibrational nuclei have small

ground-state quadrupole moments (i."., nucLei are close to being

spherically symmetric). It is to this limit that the Cd nuc'Iei under study

tend,

To achieve the analytic solutionr. stringent requirements ("q. (fZ)

and (fS) ) have to be plaeed upon the potential operator V(P'V) and these

intuitively assume the sBparation of rotations and vibrations or the

separation of B- and Y-motions. Furthermote, the form for V(p'Y) given

in BQ. (fS) does not adhere to the proper symmetry requirements of Bohrts

Hamiltoniun2'3) (section S.4). Although SuSrezt treatment is an

improvement over the static analysis of Davydou4), the solut,ion is still

J.imiting, and the parameters are rather remote from those calculated from

other considerations such as empirical mass formulae (liquid-drop model).

5.4 Numerical Solution of Collective Hamiltonian

Before formulating the numerical solution to'the Bohr collective
n\

Hamiltonian, it is of interest to review the findings' of Sakaio/ who has

studied the transition from vibrational to rotational nuclei with large

amounts of experimental data. He found systematic evidence to support

a corresponden ce argument in which the 4* , 2* , 0* states of the vibrational

turo-phonon triplet gradually tend through a transitional region to form

the 4* state of the ground band (K=0*), the 2* head of the Y-vibrat,ional

band (R=Z*) and the CI* head of the B-vibrational band (K=0*) of

rotational nuclei respectively. Converselyr the level structure of
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vibrational nuclei could be groupecJ into quasi-K bands resulting flrom

the longitudinal co-ordination of excited levels in contrast to the lateral

co-ordination of the phonon model. fn fact, in many nucLei there appeared
q)

to be more than three quasi-bands. The success of Kumarts'' analysis of

band structure in 154rr suggests that the application of his numerical

method would be of interest in the vibrational region.

The numerical technique differs from that of section 5.3 in that

instead of substituting suitable wave functions into the Schrddinger

equation and obtaining a set of coupled partial differential equations'

the average enef,gy (VlHlV) is numerically f ound over a suitable mesh. A

variation of this energy set equal to zero therefore reduces the

Schrddinger system of differential equations to a set of linear algebraic

equations. The integration is performed over the (90, 9r) plane and an

investigation of symmetries shouls thutl'2) the plane may be divided into

6 60o wedges t Edch'of whieh contains all possible quadrupole shapes. This

arises since, for quadrupole collective motion, H must be invariant under

rotation and that there are 24 ways of ehoosing the intrinsic frame such

that it is right-handed. Symmetry also requires that the potential

function V(90, 9Z) O* composed from the two basic invariants

P2= e3+ ei B3cosrY = B; s9o17 (25)

and that it must be completely smooth over the 60c) wedge.

After much reduction, the total collective energy may be expressed

(with approximations (10) )2)

(/",rlul Vorm) = I,' 4 loorK(o', ezLl2u(Fo, er)

l,I,,il rw'(#rrm 
I Tuiul V"rr) = r= o,2 (za)
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with

o) 
( r *r*z) (r+rK+r) (r-K) {r-*-rl 

+

J

agz

wave function

r
- ) a (a= 4 ^a16rPgr

n

fi*tur) . (-)I oil-*!.r)]

a.nd )0 ' and

-1 gf-
(l+b*s) | 'l D

JL

matri.ces for

ths sutn run6 ov

Sfi*ce.l = [-,t
L

o fi*c 
et. ) ar' r Fre

1+b*

.L

'6Fo

3

,lI'

="r

92) |

byflu:nctions. a, b

-'la = (1.,-*.t

r r r-lD = E,g -a

expansion of thE

V"i*(Bo, Fz, €i ) 
.

c a ( tit- tlr) /'a

and a are glven

tiL) /+

eD K even

r*illrcJ

rotation

ls written

pz)0f,*cerl

hlhere

(Vorrl Trorlv.r*) = ["' t, **l*(Oil* | il*) Aar 
K,

(0il.nlt"o*l Ofi*) = ar(I+r) + urz

@ ir* l'rorl O il,x*z) = <Oil,K+zl rn"t'l 0il0)

drt s 
l c(Po,

G(Fo,Fz) = a2

I03

(zt )

(ze )

(zg )

EuLer angles Bi.
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i
5. I and is a series of equilateral triang

specifying a triangle DEF are used to daf

be proved /.
/ /oorrt( 9o' 9)agod9z + *( ro+r,+

JJ

LO4

The mesh chosenZ/ for numerical integration of (za) is shown in fig.

f side 2s. The 6 Points

paraboloid, from urhich can

t {s (so)

implying that only the midpoints of the sides are required for integration.

However, the vibrational kinetic BnBtgy involves derivatives of wavB

functions and so the vertices of the triangle enter into the problem. FoD

the upright ADEF

(OrlOgo )n = bo-rB-rc*(ro*rrl J /"

(orlaBo1, = [tr-t oJ /r"

(0116801, = [ro*rB-rc-*(ro*rr) ] /s (sr )
@r /Og) n = Fo-rr-t c**( rD-r 

F) ] /,JT

@r/Opz)a= [ztro-rs*rc) -rE-+(ro.rr)] /"Ji

@r/Ogz) c = [-ro-r,+r,+rE-+(rD-rr )] /rJi

and with the inverted triangles laballed as in fig. 5.I' the only difference

in the above formulae is that the 92 differentials should be negated.

The approximation to the collective enecAy which results from this

procedure can therefore be written

eso

nBa

c)"2

<VlnlV) + f, AiHii,Ai, (sz)
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t
I

a
Pg

FI G. !._1;

7 =O'
PROLATE EDGE

upr isht A DE F

Triangular mesh of (90, 9Z) plane

mesh size has been denoted by N

number ofl poinrs is (tri + i) (ttt +

= l6

I = B^

inverted A DE F

for numericaI scLut,ion

from which the total
2)/2.

qS
/t
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the summation extending ov.er all mesh points i, ir. The matrix Hiit 
I

obviously has many vani.shing elements and, as the weight factor lc(Fg, 9)l'

is included in Hii,, it vanishes on the prolate and oblate edges (V = 0,

600 r'spectively). Hence tlrave functions on these edges enter into (sz)

only by vibrational'kinetic energy terms. The solution of the Sehrijdinqer

equation is obtained by making (SZ) stationaly, subject to the normalisation

eonditlon

(ss)

and the result of the variation is the ggneralised eigenvalue equation

r
L Hii,Ai, = EFiAi
ir *- -

(s+)

Although the AaIK could be expanded as a linear combination of"

SBy, harmonic oscillator functions, the variational parameters axe chosen

as tl" values of A*IK ut the mesh points themselves' so that the method

can easily be extended to cases where energy parameters are not anaryticalry

known. Certain boundary conditions exist for the mesh. ThP wave function

urill adjust, itself to have zero normal derivative at the boundaries as in

this way the kinetic energy will be minimised. All K = 0 components of

the wave function must vanish on the prolate edger 3s lg becomes infinite'

and for odd I, all components vanish on the oblate edge. The effect of

ro tations yield relationships between K-cornponents of evBn-I eigen-

functions on the oblate edge

r= [0,' f l^.rKlz: t rrort

Aorr( p,60o) = G)R/, f Aoro(F,60o) (3s)
moo s- Y
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which reduces the number of variational parameters. A boundary constraint

must be imposed at the origin for Ao00 as (considering the first triangle

DEF), wava functions at points B, C, D occur only in the vibrational

kinetic energy at A, and then only the combination (Ae*n;.tAO) enters. To

solve for ABIAC and AO the normal derivatives at B and C are made to

vanish. AaIK on the far edge may be forced to vanish, ulhich it would do

urith large enough P.o - this can serve as a tast to check that the adge

has been placed far enough from the origin. '

These boundary constraints may be included in the minimisation

routine by writing them in the form

\-
CU(x) = 

|trU*, 
= 0 k=Ir.....erll constraints

The C. rs are given in table 5.I.
I.

K

The sj.ze of Hii, is dictated by the mesh size and the number of

K-spins: f or N=16 and I=4 (K=O ,2r4), tr* urould be 459x459. However' the

boundary conditions reduces thesa dimensions to 392x392. In the

construction and subsequent solution of the Schrtidinger equation, the

present treatment ignores this and adds the boundary conditions in the

minimisation routine. The Iargest number of non-zero elements in a row

is 19 for the N=16 mesh.

5.5 So1ution of the Eigenvalua Equation

The method of datermining solutions of the generalised eigenvalue

equation (S+) is based on that of gradients. This is an iterative method

in urhich a trial vactor is modified in a prescribad mann€r until it

with 
Iciuciu,=6kk,



TABLE 5.I

(r)

- points

0,.86503

0. E 3046

0.41197

-0.5

-0..55?0',9

0.61413

Eigenfunction vanishing 'on a boundary

Ct=t forPointk

(ff) K-components on sblate edge-relating eorteEponding
points i

! Boundary Conditions for fitesh

I08

c.tk

c.tk
c.tkt

-0. 54433 0'.54433 -0.13608

0.442?3 0.66923 -0.30630

2

4

-0. 67 515

(ffi) t = 0; vanishi,ng normal derivatLvaE at points;and C

c.
t,

t,.,2

-0.13608 0.54453' -0.272L7

-0.16?51 O.44273 -0.19562



coincides with one of the eigenvectors ofl tha given equationr and

particularly suitable f,or large matrices where only the. first feul

vectots ate required. t.- ,*,,, ll,., --, t'J'.'

The equation may be written in the form i'

109

is

aigen-

L, i'r r" (1r+ l

(sz)Ij '.ioin=Er 4'rioin

with

Solutions of (SZ) are

I:tk'FiiAi*
= bktk

7'(x)

n(x) =

x is thE trial vector

(*)

IrJ
= n(x)/r

*rHij*j f(x) = x.F..x.ITJJurith

and

a7/oxr= ,itt I Ft'r., 
-1(x)

The vector t is in the sama direetion as the gradient "f/(t), and would

determine the direction the trial vector x should be moved if no

constraints were applied to X. However, x must be orthogonal to the

boundary. conditions _and to any previous eigenfunctione.

Using Lagrangian multipliers IU and *p, a naw vector t determines

the dinection x should be moved

ti=ti-t^urru 
t*poro

k

a summation ovsr. the lowest eigenvectors only. 0bviously

Ttri.i]
= trlr(x) (sa )

(sg)

where r
LIS
P

determined by minimising the Rayleigh quotient

I
iJ
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the two types of constraint are orthogonal as the firet (etc. ) eigenvector

was found orthogonal to the boundary conditions.
c

The rfew guess at the trial vEctor is then

x. =x. - Yt.j.rl
(+o )

(+r )

\
i.B. ^t = |trn',

with the requi.rements

FT\-(i) f,trn*, = o
I

r- T(ii) I\FijAjp=0 
i.€. *p= 

LrtFijAjp=uro(t)1J

r f'.
c - f(x) 

L*rtrj*j 
- h(x) 

lr*tFtj*j

The scalar T determines how far the triar vector x shourd be moved in

the direction f, The optimum value of Y is found by demanding the biggest

possible reduction inTu(*). This is found by equa.ting to zero thE

derivative of l(i) with respect to Tt and solvi-ng:
{

,( i=[cbz*"c;*- ln Gz)'opr L'- J

rr
where a = f(f) i*rtrJ*j 

- h(t) 
f,*rFtj*j

b = +[t,t)r(x) - r(f )h,-,] (qs )

o\
It has been suggest,dz) that the number of. iterations can be raduced by

T = o'nYopt



[-r(r* =tll -* for lowest sorution, or r(t)=owhere =L=L 'J

--]1
= | r(t) | 

-=t, otherwise
LJ

111

Unless one has a priori knowledge of the eigenvector required' an

initial guess for the trial vector is

,i = =L f' 
wo(zroro (+q)

and t is the vectol obtained during the last itEration needed for

determination of the pth vector.

Iteration may stop when ltl = lHx-,pfxl i" smaller than some'/

desired limit (since this tests x=A, /=e) and the fractional change t" /
is less than ,some limit, Experience revealed that both 

7u 
and I tl wouf O

successfully converge to some 'fixed values, and that althouShl decraased

monotonically, l al tended to fluctuate in its convelgence. The existence

of a finite limit for I t I is probably due to the imposed boundary

conditions although computing round-off arrors may also be present.

5.6 Electromagnetic lYloments

As the solutions of the Schrodinger equation arB stationary, good

agreement between model eigenvaLues and observed nuclear level structure

is not a particularly sensitive test of the model description of'a nuclEus.

Various predietions, such as eleetromagnetic transition probabilities'

provided by model eigenfunctions yield much mora stringent conditions on

the validity of a model. In the numerical analysis, it is important to
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realise that with the preceding treatment, lh" shape and hence the intrinsic

state the nucleus 
,is 

Free to change from ona nuclear state to another.

The collective wave function of eaeh stationary state is in general a

linear combination of many intrinsic wavB functions.

A Electric Quadrupole Moments

ThE redueed traneition ptobability assoolated urith a rafllative

transition of multipolarity E? is given by

B(Ez; nl-)o,It) = (zt+t)-r I ("tllt(E2) ll o'l >l'

wirh . m(Ez,m) = f o:n(nr)m'( EL,k)
k

(r,r,r=rlr,r(E2,0) lc,r',M,=D = (.i :7, I'J<t,,rn(E2)i1o'r)

(4s )

In the }ab. systemr the EZ operators are ulritten ae

m(Ez,m)=I"o"|vi(no) m=0,+1,32 Ua)
prr "

and 1. ,e_ are thg radial and angular co-otdinates of a particle outside
PP

the core. "p is tn? effective charge of the particle. The corresPonding

relation in the intrinsic systam is

m,(Ez,k) = 
t"o"3v!(*o)

(47 )

The Wigner-Eckhart theorEm gives tha reduced matrix element of

(+s) as

(48 )

,/l

(IIY|l being a stationary .nuclear state.
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After reduction, obtains for the wavB functions defined in

(ze) and (zg)

(rllmtez) [lc'r ) i

= 
[rt+r)(zr,.rl] 

*(-)t I F ', l'){,r*lnoloo,,,*)

+ (-vI+I' (l ;-ilJ (or*lorloo,r,,*.)f (ag)

from which'the e(EZ)ts may be found.

The spectroscopic quadrupole r.noment of a state ItD nay also be

expressed in terms of the reduced .matrix element:

Q (c,r ) = (to r Zult (-l ', il <tU m( Ez)ll.,I> ( so )

The a are defined
/

oo(F,v) = (ltt(El,o)lD 
(sr)

or(g,v) = tlfilm' ( E2,2ll x) = Ji(l* t (E2'-2) lD

where (Xl is an intrinsic wav' function dependent on prY but not on the

quantum numbers I rM and K. Assuming a uniform charge distribution and

Bohrrs definition of deformation (5)

ao(9,r) = (so 1o1r^f,ocosY

' Qz(P,v) = (so /+)zn|BsinY

(sz)

VICTORIA UNIVERSIW OF
WELLINGTON LIBHARV.



Altennatively, one eould use Nil,sson eingle-particle wave functionE for a

better approximation.

quantum numberr the transition probability may

gon"3) for collective traneitions of a etrongly

Il4

( ss;

:l

It

,t

Where K is a good

'be reduced to that given bY

coupled. system

B(Ez; r+2+I) = (ts/szn )"t03 ffi
urith Qo = O/s* l'znzo$"o")

B Magnetic DiPole lYloments

The reduced tY|I transition probability is similarly

B(ru; ar+arr') = (zr*t)-rlGrllrn(rnr)ll r'I)12 (s+1

with tfE expectation varues of the operators |Y1t imr) in the intrinsic state

written as

(xl*'(ru,3r)l*) = 19/ao)t(e*I-+n=t.) (ss)

(*l*'(urro)lD
1

(s/ tt r )zg sI s

LTz
(se;

momentum on the intrinsic

on k as well as IrY.
Ik (t<=t r2r3) i" the comP

axis k, and gU is a gyr

After reduction ' one obt

ea = *(s1 ts?)

of the total angular

tic ratio dePendent

2r +l ) (zr ' *D/4f 
'J

onent

omagnE

;ains

t-
=13(

L ,:
Grllt(mr ) ll "'r )



*(-)i [[[h -i l:
- (r*b*o)* [ (--:, i

( I -i -li) Rr,,

The reduced

substitution, and

(t l is siven by

Jr,,*- (I i ili Rr,,-*J(",*l n.lo

K(or*l nrl^o,r,->]

= u,?/s,*(-l I i) ('Im(mr)

tr5

a'f ')

'r*.)l

-li)*r,*(or,K*zl

-K-z(or * ln- loo' ,

n-loo,t,*)

lr r*t-* 
o

Jl
K (sz )

where Rtf =

transition probabilities may then be obtained by

the spectroscopie magnetic dipole moment of a state

7Gr) ll ") (se1

These relations simplify if K is a good quantum number.

In the classical treatment of a liquid drop, Lipusl0) has demonstrated

that, for BvBfl-€vBt-l nuclei urithin the context of collective motion, the |II

multipole operator has no flon-ZBro matrix alements betureen any two different

nucl'ear states, implying that collective ru transitions ale strictly

forbidden. The physical reason is just that there can be no |Yll radiation

becausa there is no precession of tl-F dipole moment about ths total angular

momentum

i.e. E = gJ
f ,r

9R = Z/A *(se)
,i
t

.l'r

r
where gR is the gyromagnetic moment of the EVEII-BVBrI co88.

*(i-K)(I+K+r)
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Infact,wEaktY|Itransitionarefoundinevan-avencollactivsnuc]Bi,

anda1thoughthBycanbaaccountsdforbyPaircraationandannihi1ationin
tr \

HRPA calculationtrrJ (implyinq a breakdown of ths adiabatic approximation)'

thEreiSanaItarnativeexp1anationurhichiswithintheboundsofthe
'l?)

collectiva modaLtt/. The two gross nuclear forcBs intuitively assumed in

coll-ective motion ara quadrupole deformation and lhe pairing force' It ts

the lattar that favours a spherical nuclear shape, and, as protons and

nautrons have been found to havs diffarent nagnitudes of pairing Forc€s

(C >C ), it is raasonable to supPosB th€ deformation of an assembly of- o n.'
protons urould differ from that of neutnons. Sinca the dipolB momsnt of an

even-ovan nuclaus ts due to proton orbital motion, and tha deformation of

the protons is lese than that of tha total ma63 dlstributiont 9R becomes a

spherical t€nsor, u/ith componantg

e+ + eR(r 2f)

s- + ?Ge-r 3et

eo = es + ftt - h) - fr.rcffl

I

I

eA ,. N.,9nwhere f =1- *^,-po
NB +78

r)-since B=#

(so)

The,subscripts flrp refer.to neutron and protonr orid the ratio of lheir

deformations is derived from a quasi-spin model

(or )
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The gy'omagnetic ratios are derived with the assumption that the potentiaJ'

function used to describe the nucleus has its lowest minimum at 9=F ano

.,=0r600 in the rangB g>-0 and -rg0o<y-(rg0o. Heestand et a'r.13)'nur" found

tr\
that these g-factors proposed by Greinartt/ gave the best agreement with

experimental values of doubLy-even nuclei'

The Bxpressions for reduced transition probabilities may be used

for both the analytic and numerical eolutions, the relations between thase

being

Aarr(g,r) = e(v - T)F(B)tnr* (az)

e eigenfunctions of (fg)

by solution of (16 )

ents of exPansion of th

These may be obtained

he numerical solution,

-l- I
) | AoI KFQpAo,l , 14' | _?L-' / lu

where C ate the coeffici
nrK

in terms of functions (Zg).

with relations (Zl). Fol t

(or-l 
),loo'I'K) -='

the summation baing ovar

integral given ln (SS).

points tar ofl the mesh and F is the normalisation

(63)

(oq)

5.?

t

for the

Test for AccuracY;

Relevant parts of'
15) '

PDP-B aho PDP-z/L

v(p,Y) = +cB?

Numerical Solution

the preceding sections were

computers and tested rlith

encoded in F0RTRAN

the potential function

for nrhich the Hamiltonian may be solvad

(pryrEi) t'eplesentation have been given

analyti cal'1Y .
o\

by Kumar't and

Solutions

these atg

in the

compared

I

;,, 
.;'t;.r'

;{,
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TABLE 5.2 Numerical Eigenfunction Test

B(E2) values for the osclllator well. spacifled in section 5.7

and caloulated with

Z !r 50 A E L25

final
state

Ro = t.zft rm

B(EziflrI +q.r rIt ) x ro-48 "2.^4
numerical

initial
stata

1'0
2rO

Lr2
Lr2

2;2

Ir3

"*u"t2 
)

Lr2

Lr2

2r2
Lr4
lr3
I'4

0.4616

0.1847

0.1847

o.3324

a.277 0

0..0791

a .4546

0.1913

0. IB49

0.3328

9.2779

0.0798

1..
'r 4
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EXACT NUMERICAL N=16
a

FIG. 5.2 Numarical'SoLution Test- Oscillator Potential

Parameters are
' c ='1.00 MeV 

-'..8, 
=l'too'mev-l 

t g,n = 0;4S', = (C/il* =1 MeV

, and AaI K / 
'O on the far adge:

lrlt = l"i*rK - E*rrAorr.lz

* t:r,83 B:B?B
o' 4. 4114 o. oos

2*

-

I
I

o*

2
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with the present analysis in table 5.2 and fig. 5'2 for the.parameters

C = 100 MeV B = 100 meV-I Pm = 0.45

Corresponding contour plots of wave functions ara presented in fig.' 
?'Ul \i.,

5i?. The agreement obtained urith the results of Kumar and those of the .' -.'!( t-'

exact sorution indicated that the pfogpams were functioning correctry.

Contours of analyticatly and numerically determined eigenfunctions

correspond very crosely except for soire rack of definition at' maxima and

a tendency for contours to axrange themselves perpendicular to the far

edge, thereby minimising kinetic energy. The latter effect is present

becauser os p,o *oo, the wave function does not vanish at the far edge'
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1?B

6.I Introduotlon

The cd iaotop€s, and ln particulu" lI Cd, have 1on9 been GonEidared

ae typical quadrupola-type uibtatlonal nuclei. Houever, exparlmental

msasuremants on II4cd have revealed prop€Eti.e wlth elgniftoant devlatione

from phonon modal prediotlonsr €ven though the nucleus te baelcally

sphesicall). 
. 

In generalr the ratisa

Rt = B(Ez i 2+r -) z*)/B(Ezi 2* + o*)

R2 = B(Ezr z+' + o+)/B(22i 2*' -y 2t1

for evan cd nuclei. differ conelderably fcorn th3 uib4rtional -modal valuss nf.
of 2 and o rggpectiv€Iy. ThlE no dBl alao predicte a zero statle quadrupole f(l\*
monent for the Flret 2+ stata, houave!, thls i8 lound to bE -0.50.L 0.25 e.5"-3'

r L ' t -: --
'L l I

Irl:?), 1

I _..f
v-

'l ( 
(r)

that these electrdmagnatic

are exctruded from the vibratlonal

as orthogonal linEar combinations

2+ statEs lr) and I t)

(2)

for 1l4cd. Tamura and udugu*ur) have shoutn

properties do not imply that the Cd nucLei

framework si,nce, by treating the 2* Ievels

of oflB. an d two-phonon harmoni c v ibrational

i. e. 'g (z* 1 = url r) + "rl 
z)

g(z*'I = -a2l r> + arl z)

ons can Provg

Rr = 2Qa1 -D?/u?.

Q(z*) = ut.^zzill F+4
t
i
tri'
Ii.
t

I

(3)



and setting Rt = a.72), lo(2")l = o.?l e.b

L29

(+)

The value estimated for the quadrupole moment (whieh is vBDy close to the

rotationar moder prediction) irrustrates that the vibrationar model is

stirl applicable. Bbs and Dr=""r3) have extended this type of approach

with addition of anharmonic effects and higher-phonon state mixingr and

although achieving some success with electromagnetic propertiee, good

agreement with level structure was not obtained.

The level sequence of the cd triad closely resembles the phonon

spectrum except for the addition of 0*, z* states close to ths two-phonon

triplet (in rLzrlr4cd at reast). These five states appear to be isolated

from states of higher energy by a considerable 9aP' This feature should

arso be reproduced by a moder description. The forJ.owing seetions describe

attempts.to synthesise Cd level structure using the prescriptions given in

chapter 5, with emphasis on the physical basis of the parameters involved'

6.? Choice of Parameters

one of the main deductions which can be obtained from a discussion

of different collective models is that it app8ars that the potential

energy of deformation requires special consideration' and it is this

operator which wirr be reried upon to introduce anharmonicities into tha

r\

collective Hamiltonian. 5u5r.=') has determined best-fit parametars for

analytic solutionsr and these wilt be adhered to, although they bear

rittle reration to urhat one might, expect from riquid drop considerations

(see BQ. (rz)). Kuru"4) nu" developed a semi-empirical mass formula of

r\ - 'i''

lyryers and swiatecki (ms)o/ such that prorate-oblate differencas are

increased and axiar symmetry may be destroyed. The basic features of the

I

I

rl
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tYlS-potential, such as fission Properties, remain. In applying the

num6ricar method to the deformed nucreus r54sm, Kumar made a detailed

investigation of the effects of each term in the potential on the structure

and properties of enetgy levels. The potential function is written

(s )

(s)

Two further conditions may

parameters. These are

0n

=+; Go=5

be reliably used to determine potential

;r=Cfolsr ) a

_ 41t
?

3ZR:
U

(z)
p 2

v(p,v) = +caz rpscossY . 
[o 

+ (Gr*'rF""3Y)+""=t.o .- 
5'L

and coefficients aI.B related to those of the IY|s mass formula by

n -zt*"z
oo

urith b = (s/qr1* (oo is tabulated in ""f .6) as coNV)

Since the collective proPerties of low-energy nuclear structure

involve small deformations (compared with fission), C and f should remain

as defined in (o). However, exponentiar terms (which include sherr effects)

require modification to get good agreement with experimental data'

The Gaussian fange, a was treated as fixed sincer Ets it determines

the magn.itude of nuclear deformation, small changes in a should not change

the nature of the nuclear spectrum. As the deformation of. the cd nucrei

was small, a '*u" set to O.25, only slightly larger than the value obtained

fromthetYlStables(-0.2).Aninitialguessatthegroundstatedeformation
z\

p can be obtained from the strong coupling formula of Bohr'/ and the

experimentar B( E2 i 2* + o* ) val"2 )

5B(E2: 2+ + o*) with Ro = I.2Alfm



Ov(E. o or zr t

OB
=0

I3l

(8)

and

v(-p', o or n/s) = 5E

where 5- is the shell
t-

and liquid droP ,nu""6)

depth of the Potential

nucleus

effect, or difference between the experimental mass

. Thece is a supplementary condition when the

weII is considered (see fig. 6.1); for a deformed

(e)

(ro ).'. Go) sE

It should be noted that values ror T have been restricted to 0, Tc/s

)
i.8.r ut nucleus is either prolate, oblata or a mixture of these shapes'

This restriction on the potentiar minima has been enforced to obtain

agreement with single-particle carculations8) ora it may werl be that the'

position of minima for these calculations is a reflection of the wave

functions used.

Unfortunately, to gain a reasonable deformation (GO)Sg), one finds

when using the potential of BQ. (s) that large values for the Y-asymmetry

terms Gl, Gz need to be applied. The single-particle calculations of

^ 8, g rl-z, I z\ ^F r- ( .-Lr \ ond the nroximitv of the 2- t
ref . -,- '--. '3) , the value of Cexpt (-*CmS) and the proximity of the 2*'

and 4+ states of the cd nu"l"ir0) all indicate the contnary. To achieve

deformations without large Y-asymmetry, tha following expression was

added to the potential f.unction (S)

v(o,o) >v(T, o oD tt/s)

')]. 
[t'

(II )+ bexp (-g2/uz) ) cs rc?/u Bxp( -p?/uz)
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and to raduca the nr.mber of undetermined variables, conditon (B) uaa

made i.ndependent of Gl and GZ, an appboximation urhich ts reasonabLe

singts-partictre calculatlons ara examinEd. The potential differe;nce

betueen prolate, and oblate edgas at B = ! *"" utilised to fix Gt and

i.B. ApO =

so onry. two free parameters exist rn the potential, functlon, vi'2. G0 and

Apo, Fig. 6.1 shows.a typical potential functioh uaed in ths cd calsulatione''

' The 'inerttal parameter B may be estimatEd from the g'mi-Bmpirlcal

reration of Grodzrn"rt) for the transrtion probabilitias

T(Ez i z+ --1 0+) = 3.1010 E4f / A 
"""-1

(E rn mev) (I3)

"cL(E/a)3"*p 
t#/"

rotatlonal modal (fn thti notati'on.h = f ) ong

frn

n7 
/s t,tev-r

AftEr soma prelimi,nafy invastlgationl a systematic study ulas madE

of the effects due to the Fo and aoo variables of the potential'function'

Cond-itions (g), (9) and (fZ) weae adhEred to in the determination of

other panamets.B, and the various constants required wBrB thoes applicable

to ll4cd.

,r,

135

when

Ez

(12 )

Coupli,ng this urtth the

obtains for RO = 1.2A1

B = 0.9621...1,0-3

Akt,ernat,ivelyr the vLbrational' modeJ' gives

1- - --5 m7 /S( gC)z = 2. /t05.10'

where E is the excitation enetgy of the

6.3 Numarleal Solution

(14)

first 2* state.

I

(rs)

I
,5

t
,arf
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Fig. 6.2 shows the variation of eigenvalues of states (aI) with

G0. This is in confrict with a similar study with Kumarrs potentiut8)'

BQ. (5)ranO is due to the enforcement of condition (g). Without the

addition of (II), condition (9) cannot be maintained (with Gt = GZ = 0)'

and an j.ncrease in Go is merery an effective decr'ase in the parameter c.

The Y-independent potential (except for the f term) of fig' 6'2 allows

degenecacy of the (ZZ) and (I4) states, as *x-'' it'd10)' Tha effect of

changes in Go upon the properties of the eigenfunctions is very small and

regular. Thera is virtually.no change in relative intensities of

K-components of wave functions and the electromagnetic properties

cortesponding to those tabled in 6.1 undergo only sIight increases with

Go.

The effect of different values for Apo is much more interesting'

The variation of eigenvarues with Apo (riq. 6.g) demonstrates that'it is

possible to g't two excited 0* leve1s close together, although to the

detriment of the 0* _ 2* spacing. Figs 6.4 and 5.5 illustrate the. wave

function change in going through the point of closest aPProach of Ezo and

E30. At this value of ApO the prolate and oblate maxima in intensity

will be equal 8o that Azoo and Agoo roughly resemble each other' one

finds that the position of the secondary maximum of AZOO always follows

the potentiar rninimum (while preserving its orthogonarity property - radiar

node at ^,F) and that of Asoo (orthogonality demonstrated roughly by an

angular node at -30o) opposes it, There is no crossing of revers. This

verifies an assumptio.n of Kregar and MihailoviSg) 
'nu* 

0*' states may

cotrespond to oblate ground states. In view of the small effect that

the f term of the MS-potential had in fig. 6'2, it seems unlikely that
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the asymmetry in shape transition is due to it. The ground state A1OO

remains lit,t1e changed by small variations in Ap'r'and corlesponds to

that of the harmonic oscillator ( fig,.. 5.3),

The mechanism of change with AOO in the case of spin 2 eigenfunctions

is different. As can be seen in figs 5.4 and 5.5 oF the oscillator case t 9

these eigenfunctions possess distinct prolate (X = 0) and oblate (f = 2)

components and, as one would expect, changes in ApO are accompanied by

shifts in intensities of K-components. This is demonstrated in table 6-1

whele, after the electromagnetic properti.es, intensities of different

K-components are given for states (ai). Table 6.2 contains extreme model

values for these intensities and one can see that the transitions to the

extreme models is smooth. It is evident that fl = Ir3 for I = 2 cotresponds

to the potential shape whereas the (ZZ) state opPoses it. Again, as in the

spin 0 cases, a prolata shape is preferred. Interplay between K-components

of spin 4 is similar. From the analysis, it is apparent that the
rz\ i) hords although thecorrBspondence argument of Sakai'-/ (section 5:t

quasi-K spin formalism is not obvious. In particulal, the value of

B(E2 i Z,Z+lI,?) urhich is zero f or good K (interband transition) reduces

rather slowly with ApO, and is disproportionately much larger than

B(EZi lrz-tlr0) when compared to 114cd values (see table 6.3). It could

well be that the quasi-K bands result from some other effect.

Although the preceding analysis leads to an understanding of

various nucl-ear properties, it should now be evident that the application

of the model to the Cd triplet is not going to reploduce good results.

The requirements of electromagnetic properties and level structure are in

conflict urith each other as well as within themselves' and although this
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TABLE 6.2 Intensities of K-colllFonents for models

Etate
(er)

p rola te
rotaton

harmonic
vlbnator

ohiate
ns ta for

.K

L2
K

=0
Erz

1"0

0.0

9.1'25

8.275

0,2,50

0.750

22
K=0 L.0 0.56L 0 .250

K

37
K

=0

=2

1.0

0.0

0.?25

0.2? 5

0,25[J

0.758

K

L4K
K

,o'0

=,2

=4

1.0

0.0

0.0

O.618

0. 2?5

0. l0?

0.1,40

0.313

0. 547

Apo -VB



point will be discussed later (section 6.6),

model to the Cd nuclei will not be pursued.

the applicatlon of this
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(ro )

6.4 Analytic SoIution

The following values

given by 5u5r"=u) wste used

propertles ehown ln flg. 6,6

for analytic solution

to generate the level

and table 6.3.

parameters which are

structure and nuclear

A

4.CI

3.5

4.5

lI2cd

114^,
LO

ll6cd

200

lgo

lgo

/
0.5

0.5

0.5

Y

The level structure is normalised to the spacing of the first excited

(rorz) state.

It appsars that the eigenvaLues obtained yield a structure more

closely allied to the experimentally determined spectrum than the

numerical analysis, a fact which is surprising when one comparss the

relative numbers of approximations made. In particuLar, the 4+ (1014)

state can easily be made considerably higher in Bnergy than the Z*' (LO?z)

state, a feat which other models find impossible or have limitad succass

with. One other salient feature of the analytic solution is the close

proximity of a 3* (f OfS) state to levels urhich'are near the two-phonon

triplet. The electromagnetic properties shouln in table 6.3 are reasonable

although agreement for the B(Ez; 2* t -) 0+) value is bad.

Because the analytic solution and its form of potential operator

(and similar treatments such as the Davydov toO"tIE)) has'been uridely
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used, it is important that it should be fully investigated. The numerical

method should be valuable in this rBSpect.

6.5 Comparison of Analytic and Numerical Solutions

The potential operator ("q. 5.13) used in the analyLic solution

of, the collective Hamiltonian does not conform strictly to the symmetry

equirements adhered to in the numerical method. Houleverr the appltcation

of the numerical technique to a Hamiltonian with the analytic potential

should still produce meaningful results regarding the assumptions and

approximations inherent in ths analytic procedure. This has been tEsted

. with the potential operator applicable to I14Cd. ttJith the parameter values

given in (fg ), the equivalent paramsters for uae in ,the numerical solution

are (with tr = i)

C'= Ez"/(filz = 58.40 tYleV

B = c/1? = tB?, E6 mEv-I

with the assumption that the excitation energy of the first 2* state is
a

given by

Ez* = (c/e)z mev

The potential operator takes the form

(rz )

(18 )

(re )v(p,Y,=*tcp-F't2 + ,luroo'f, ]
and the prolate-oblate difference for tl4Cd is

ApO = -0.375 MeV (zo)
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In the analysis, the Y-dependent part of the potential operator was made

t,o vanish at B = 0.

The resulting leve1 strueture, norrralised to E2*, is shown in

fig. 6.7(a) and somB eigenfunction properties are listed in table 6.4.

For comparison, fig.6.?(b) is the lI4Cd anaLytic solution which was first

given in fig. 6.6 and the figures in parent,hesis of table 6,4 are

corresponding eigenfunction properties. It is immediately apparent that

the level structure and propBDties of eigenstates closely resemble those

given in fig. 6.3 and table 6.1 for eomparable values of ApO and that the

analytic solution of fig. 6.5 is misleading. This casts doubt upon the

validity of the approximations used in the analytic methodr oDd prompts

an exami.nation of these

The success of the truncation of the Taylor expansion of the p-

dependent potential plus the sBparation term

vn(g) = *c(B-il| .':fo;U
2 Bp-

(zr )

is highly susceptible to the variable pr which i's tabulated in table 6.5.

These values, corresponding to the analytic solution shown in fig. 6.5

vary from 0.9 to 1.2S for ttoro eigenstates and, as can be seen from

fig. 6.I, the resul,ting oscilLator weII differs considerably. from the

original rirell f or p(I (i.e. , (n*Z) < 0). The lines drawn, across the well

indicate the mean amplitude of F-vibrations and hence the position of the

eigenstat'e. If VA(p) given in ag. (Zf) was used for p(I cas€s (fOf0 and

2010 eigenstates), the eigenvalues would be reduced.and the 2010 state

would appear lower in the normalised structure. Obviously, this is not

the reason for the inconsistencies between fig. 6.?(a) and 6.?(b).



ri
. : rl

149 '

I

I
I

I

I

a
E
L'

$
F{
Ff

H
o(t-

tro
a

.F{

k
c'
CL
E
o
tJ

tr
o

.F{

+,
3

FJ
oo
o

Fl
+t
h

Fi
o-c
o
t
tr
fit

F{
o
Cl

.F{

FI
@
E3z

IJ?
a

ltct

lrJ
J
@

i

i.t
lr

I,
I
I't.''r,
I
I
l-
I

t.:it
t'
l-
b.
I

I.
I

:'
I

l

o-

^.^^A'a^r^A^mtf]otF(\t$tttlcl
or co @ \cl ,_t ._{ \i co
@ (\t c| cot t\ t\ r\ cEl
or Ft o'r Fl -t Nl Gl (\t

aaataaal
O Ft Cf, r-l Fl t-l F{ Fl
\r, \-, !\/ \1 \/ \r, \1 \J
[N ED {fl F! [N F .CIT C\$r, co (\r (\ Bo cl cl, No r.u E cD gl tq t'l tf)
OTOOIFIF{NC\N

irrra!aa
CIFIOF{FlFlF{-l

,A
rq

(\I

.Ff

\"

^ 
:-i .-| 

^ 
r^ A' A

(\l @ sf, O\ €l @ rf,t \ggrcp3tF$Otntl?
l.or.(:llnm@€ctr\t
\D rO $' rft r{l rct co \El

aaaaaaaa
cl(troaocloo
\-, v \r/ v \./ \J \J V
@ @'@ o (\l @ cD N
Fl F{ Ff ?l Fl ,-l -l Ft
FIFIF{-{&(?FtFllf]tnlorotn$|f,to$

aaaaaaaaooooooclcl

n
,tlt
g
ts$r
(\l

ll
I

J

$trc
,Fl

\9

tal

tl

J

-l
tl

J

^ 
Ar A, 

-r' 
A' 

^, 
.i^t 

^m r.{ lfl lll .or N O E\r{rcntnool1lm$
t\ \O r^Cl @ -l l\ \Et rcl
$l (\t e.l $l af' N C\l $l

aaaaaaaacrootrtcrooo
\-, \ir, \-7 \., \r, \r' \-, \.-,
Cn Ur gr g1r t\- Ol gr t\rnu?mlnglmrDFcn cn cD ct\ \ct.' g\ gl t'cl

-l ,Fl Fl Fl lCt .1 F{ 3Il
laraaaal

oocloclclao

,-t-rAaS.Ar,A-tA
N, $ cD Or cD sf O O
OO\ClcEIF{Ol 9cDr.f] sftfi\tosrscn g\ cn ot g|\ or or o\

a a a. I a a a aoooooo(tro
\-, \.i, \-/ \1 \., \J \./ \.,
N$IGl(\lFlN(\Fltrl aCl tal t t E! tql aa, f*\tsf.rfslsf1q'o'$
@ EO @ rt € @. crt ,\o

aaa.aaaaaoooootrto

-r 
Fr A 

^ ^ 
A A

r.ta(o@(\lxfcf$lt\O l-l !O O t\ l\ lqt F.
e-@qlf-EOf-\EE$t $l c\t (\t $.t N c\ c.{

aaarlaaa
EOCtOCfCI(]CI
\-/ \.1 \., \, \-/, \/ \/ \-,
or ot g\ ., o\ $r o\ gr $ltrlctraot{loot{ltC) \D tcl € co' tE rO cD$ S .$' \t S $ $ '$aaa.taaaa
EOOOETC'(fO

d
o
+)Hoc
+tro .-l

--il-\r^\A^^AAo(\to$|os!eGl
Fl Ft St $.1 tr'l F.l Fl CCI
\/, \-/ \,/ \l \/ \., \, \-/

cl (\t o (\| ct .+ ril (\l
Fl Fl -{ Al F{ Ff -l Fl
ClOCtCtFlOOr,l
F{ F.l (\l Ff F{ A' Fl d-



1s0

E
.Lr o

+J

q
o

.F{

+t
o
E1
o
trL
@
o
E.
+,4
3
r-l
F.-l

+t
tr
@*,
o
CL

.CJ
' c-{

+t
.F,l
og
o
t-
o
tr
o

.Fl
oco
o,
X
@

3tl
I

'Tq{.rr|o
rt rtc la.

o

=$tI
t

GI
Y<lo>lCi- .Gt 6l l!

I

.F
ll

/{-
tqa,

CL
I

a.\r'
fil

FI
D

Flx
oF
t
o+
o
o
trj
td
F

l!.(9.'
a

(':,

L-

Gh$l66
rlll lle lq.

F
tl

a-n
lqc,
ct
I

qe,v
'l

r'l
I



1sl

AIso list,ed in table 6.5 are expectation.va'lues for moments of

inertia used in the analytic solution, ard, for comparison' moments

calculated with the numerically determined eigenfunctions (and potential

operator (fg)) u"" tabuLated in parsnthesis. The latter BXpBctation values

are consistent with the potentials of section 6.3, and one might therefore

expect that inaccurate expectation values of moments of inertia could

destroy the equivalence of solutions. In the iogical extension oF this

idea, the numerically determined expectation values of moments were

substituted into the analytic method and eigenvalues computed. The

resulting level structure is fig. 6.?(c) and the corlesponding values

of p are given in parenthesis in table 6.5. As well as the unrealistic

level structure obtained, the K-component intensities of the eigenfunctions

disagree even more with those of the fulL numerical analysis.

It is surprising that the expectation values of moments of inertia

obtained with the numerical eigenfunctions are almost constant. If

Bxpressed ln terms of a flxed angle T, the value of the angle -260 and

r s\ i1Lthis is equal to T used in the Davydov model^"/ for ^"*Cd.

The main reason for the inconsistency of analytic and numerical

methods must therefore lie in the separation of Y and 0i (Euler angles)

dependency in the eigenfunctions. Although both t,echniques separate the

gi dependency, in the analytic treatment the coeffici.ents of expansion of

the rigid rotator wave functions ate independent of (BrY). The different

K-components of numerically determined eigenfunctions clearly show that

this is not justified. In the case of we1l-deformed prolate nuclei' the

approximation woul,d probably hold quit,e well and the analytic treatment

could be used successfully. However, whele K is a bad quantum numbert

the analytic model will be misleading if applied.

l'

t'

:

I

I
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6.6 Conclusion

The present application of a collective model to the Cd nuclei has

not been successful although the potential used in the numerical analysis

provi'ded a good approximation ts those obtained. from single-particle wavs

functions. To merely state that the approximations to mass parameters

given in Bg. (S.10) cannot be valid does not greatly improve certain

aspects of leve1 structure. In particular, Kumar and Bu.ung""8) have

computed mass parameters from singl"-particle wave functions for heavy-mass

vibrational nuclei (small AOO) and have failed to raise the (L,q) state

sufficiently higher in energy than the (ZrZ) stats.'However, the same

analysis does predict non-zero Q(1r2) moments for zero ApO and this must

be a direct consequence of (BrY) O"pendency of mass parameters. A recent
r6)paper'-' , published while the preceding work was in progress, contains a

r€-BXarriination of this analysis from which Kumar has stressed the

importance of OpO wit,h regard to nuclear structure, and tl-'e deformation

dependency of inertial parameters.. It is probable that the dependency of

these parameters is of particular importance for smalI values of Ap', but

doubtful that this extension will reproduce 114Cd nucLear structure.

A further eomplication may be present in Cd nuclei as some of the

states about the posit,ion of the two-phonon triplet may be a result of

non-collective excitations (adiabatic approximation vioLation), such as

pairing, ot a mixture'of excitation modes. If this is truer and one

ignores the 0+ and the lower 2* states at the triplet Bnergy, then the

results-of a fermion-system calculation of Soren"onlt) would easily be

reproduced by the numerical analysis of the Bohr Hamiltonian, However'

the choice of non-collective states is not obviouE and lacks experimental

evi den ce .
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Tamuna and uougu*ul? ) have applLed the HRPA to p:article-hole inter-

action for a {,uJs-phonon descr:lption oF the lt4Ed lavel Etructure and,

although some states are tevErsed in order, have o,btai.ned a quintup,Lat

of states at the tnn-phonon triplat Bnergy. ThBy have also had reasonable

sucoess rruiLh the electromagneti.c properties of the states. .It tuould

therefore seem that it is urith this tech:nique that .a good model deecription

of tha Cd nuclal urtll he obtalned.
!
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7.I Summary

The aims of the present investigations urere to study the decay of

the three odd-odd isotopes tttOn, ttOOn and 
tI6Rg r Bnd to relate the

results obtained to predictions of nuclear models which have been

successfully applied in other regions of the periodic table.

Because these Ag isotopes all have short half-Iive6r special

experimental techniques have been adopted or developed to Facilitate

data acquisition and analysis. The isotopes have been produced by fast

neutcon irradiation. Since the neutron flux was lour and the production

cross sections smaII, a pneumatic system was used to transport samples

from irradiatlon to counting positions. The transport system, plus a

beam stop unit and associated detection devicesr was automated to permit

recycling of the irradiation-detection process. lYlethods adopted in th:

reduction of background count rates included the use of a lead castle,

the beam stop and efficient neutron shielding.

tYlanyoftheprincip1esandmethodsusedintheanalysisof

experimental data have been outlined, with particular emphasis on the

requirements of the present study. These deseriptions have been oriented
\f

such that methods given in the sections on experimental results can' if

necessary, be pursued in depth.

The .measured half-Iife of tl2ng was long enough to permit its

activity to be chemically separated from the reaction products formed by

fast neutron activation of natural elements of Cd and In. 76 Y-rays wBre

detected from the subsequent decay of "tOn and aII- but L? of these wErB

assigned in a level structure of 112cd involving 26 excited states. The

results of three other studies of the decay of ltzAg (tna first since
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Lg6Z) were published while the present investigation was in psogress and,

as extensive Ce(Ui)-C"(Ui) coincidence measurements were included' the

work presented in this t.hesis was interpreted in the light of these

reports. The present study has led to more accurate level energies and
1'to

the assi.gning of I y-rays as new transitions between -Ievels of ^^'Cd.

y-y angular correJations have been measured for major Y-toYs in coincidence

urith the 6IT keV transitionr ?fld-these have been used to predict spins and

parities of soms excited levels. Cross sections for the production of

1t2Rs;, (n,p) and (n,o) reactions were measured, and the rr2cd (n,p)uzng

value was compared to that expected from statistical model calculations.

The nuclides tI4Rg and rI6Rg were produced by (nrp) reactions on

natural and isotopically-enriched Cd meta] samples. As the measured

half-Iives were very short (+.5 sec and 2.5 min qespectively) and their

production cross section small, the irradiation-detection procBSS had to

be cycled many times to obtain statistically significant data. Becausa

of 1ow yields, '(-T coincidence measurements gave no new information on

the decay of these isotopes. The study of the decay of 1t4ng revealed

11 Y-rays, 9 of rruhich were satisfactorily placed in a level structure

previously determined by conversion electron and bent-crystal Y-ray

spectrometry of the lt3cd(nry)1loco reaction. This Ievel scheme was

adopted because. of greater accuracy of these mathods. HowevBr' the

vaJ.ue of studying level strueture populated by B-decay of nuclides, for

which different selaction ruLes are invoked, was demonstrated by the

evidence found to suggest the existence of a possible level doublet (at

I3OS keV) in the structure of 114Cd. A measurement of the p-spectrum



. lf , -' of tt*Ag uas made and because no branching in the transition was found' 
i

the measured Y-ray yield was combinad with a (nrp) eross section 
:.

interpolated from tha 1l2co1n,p11l2A9 value to normalisa. the fesding of 
,

the p-decay. The resulting decay scheme waE consistent with a sPin and 
I

parity of I" for the ground stat€ ot ll4A9.

Tha study of '^"Ag decay revaalad 53 Y-rays' 36 of which were

assigned ln a scheme of I? excited etates uihich were mostly numecically

constructad from the Y-ray data. Previous atudies of II6cd I"'"1

structure hava dstermined 5 of the levels, but wtth lou aocuracy in tha

energy deterrnination. Expariments daeigned to obtain tha p-spectrum oF

"oAg d"cuy failed bacause of low yields in the production of the isotope'

A previous measuremsnt ol the p-decay was discounted because of the

disagrsement of tha prasent Y-ray study with the quotad B- and Y-ray

intensj.ties. It therefora became necessary !o obtain the B-ray branchinq

' using tha same method employ"d fo" Il4Ag. The Sasulting dacay scheme u'as

,1,
similar to that for "'Ag, and a consideration of Io9 ft values of the

p-decay has led to the assignmant of 2- for the ground state of 116A9.

A discussion of the ground state assignments for thase odd-odd Ag

isotopes in terms of the single-particla shell model revealed thE

complications of this region of the periodic tabla.. No dafinlte
I l6

configuration could bs chosan for ^'"A9, but the interDuption of 2 ground

statas by the l+ state or ll4ng suggests a chang€ oF- configuralion from

^ ll2 "Ene qrouno slaEa or 
^9.

Attempts to synthasise level' . structura typical of the Cd dauqhtar

nuclei. urith collBctivE modals failed, even though the low-enerqy stlucturs

is known to be vj.brational. The more sophisticated model, based on a
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numerical evaluation of collective Bnergy, revealed that the cause was

partially due to simplifications made for the inertial Parametens- 
'A

simpler treatment, essentially an extension of the Davydov mode1,, which

apparently gave level structure in much better agreement, was shouln to

be misleading. When the additional assumptions inherent in this model

wer6 removed by combining the princlples of the two modele, a level

scheme was obtained identical to the results of the numerical method.

It is thought that the main reason for lack of success is due to the

influencg of non-collective excitations. However' the application of

the numerical method to the nuclear potential function constructed for

this study gave considerable insight into the transition between rotational

and vibrational excitations, and the formation of band structure in, the

level schemes of nuclei.

7.2 Suggestions for Further Research

Requirements necessary to finalise the decay schemes of the three

Aq isotopes studied have been discussed in the appropriate sections of

this thesis. Briefly, the following concl,usions can be drawn:

(i) knowledge of the tttOn decay is detailed, although a conversion

electron study would be of value.

(ii) an j.nvestigation is necessary to check the possibility that the 0+

level at 1305 keV of II4cd is a doublet.

(iii) tn" F-ray'spectrum of tl6ng should be measured directly, and

coincidence measurements should be made of the Y-ray spectrum to confirm

the proposed level scheme.

I

I
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The second point could easily be satisfied by results of coincidence

msasurements on Y-rays anl conversion electrons produced in the

II3cd(n,y)IIoco reaction. The work indicated in the third requirement

is more difficult because of the low yield associated with the production

of 1t6RS. This could be overcome by using higher flast-neutron,fluxes in

the tl6cd(nrp)I1uon reaction. However, as the decay PtoPetties of the

Ag isotopes are becoming firmly established, production by fission and

fast chemical separation holds more promise. Although detailed numerical

analysis and stringent experimental condltions would be necessary to

j.soLate Ag activities from each other, the advantage of greater yields

for these i.sotopes should Prove rewarding. The me.thod could also be

extended to study the decay schemes of pd isotopes that ate the parents

of the Ag nuclides investigated in this work. This could lead to a

better understanding of the Ag nuclei in terms of the single-particle

shell model.

complementary studies of Y-rays produced in reactions such as

(xrxtT) should be carried out, particularly as the operation of different

sets of selection rules permit the excitation of levels not populated

by p-decay. HowevBr, accass to the cd isotopes studied is limited

because the number of stable isotopes suitable as targets decreases as

the neutron number becomes larger. It is probable that'the most detailed

information about Ievel structure in this region will be gained' from

continued investigation of decay schsmas of radioactive nuclei'
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