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the gamma dééayswofglg%els bélow,1;3MeV'eXCitatidn in

"istical Reaction Model, to determine the angular momenta of

ABSTRACT

g ¢ .o ‘ S ‘
The BBZn(afny)7lGe reaction has been usSed to study

7169?‘

Gamma-ray angular distributions and angular correlations of

-

gamma—gamma_cascades_here measured, using Ge(Li) detectors.

The results were .analysed using the Campound Nucleus Stat-—

most of the levels known in‘71Ge_pelow'1.3Mev,?and‘the
-‘.._.33‘..- ¢ C " ' .
multipole mixing ratios of-theigwgammaﬁﬁecays.

v

The dedﬁced level scheme ﬁés_b@en‘compired with the

~

predictions of a nuclear model calcﬁlation, in which the odd

neﬁtfoniin 71Ge is coupled to fhe collective quadrupole

7OGe core, ‘'The mbdel allowéd for & pairing

vibrations of .the
residual interactionlbetﬁeen the core neutrons, and an-

harmonic terms in the-ccpre vibrationms. LY
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. . . - . i . ] .a . - ‘
MOTIVATION ~ . _ C v
i . | h l ' : B * i . .
The properties of niclei in the mdss reﬁiop_of o
71 ’ ‘ .

[RRE

“Ge hngg\:?t,'jn ronerals been ‘satisfactolrily described by -

theoretdcar nuclear’ models as yets< .’ Shell model ci#lculations

»

have not been reéported because of Phe large number of :

particles and available states that would have to be included
in a realistic céalculation. " The evidence for rotational
_ - . .

structure in the nucléar+levels in ihig region is not strong, .

- o

< 70

'thuuuh an exvlanation of some o€ the propertics -of the' Ge

- 7 . : : . : : -
ancl 2Gc nuclei has been attempled in terms of a vermaunent

deformation of theéc nucleid (Kregar and Hihﬁilovic, 1967);’

71

sugresting that the fow lying states of Ge -could bc-dgrived

from the motion of a particle in a non-spherieal potential, - o .-
i.c. Nilsson model states. Calculations of level spectra of
odd-proton nuclei (Shdlz‘ cand Malik, 19G8), and an. odd-- noutron

7%533 have met

nucleus (Sanderson, 1973), close in mass to

with some success, with the assumption that the odd particle

§ . . .
moves in o potential with a prolate deformation; with . ' !
corrections for rotational-particle (Coriolis).coupling, and
- . R T i

4

cLthe el feet of 2 pairviag intoeraction boilveen th- core nucleons,

1f the ‘9Ge corc is not‘permanently'deforméd} an

alternative description.of the stuies of 71Ge can be formulated

in terms of singld:particlc neutron  states, generated by a

S T I N

- .
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spherical potential, loosely .coupled to the exci'tations of

the 70

Ge core_(ForSsten‘et alq,:1974)4 Some evidence fdr

the spherical ndtﬁreudffthe even-mass gETEanium isotopes can

be seen in their level spectra, .Tbe level spectra bf‘the

heawier isotepes, 74Ge'and 76Ge,- have structcres similer'to
i |

th of = collective'oscillatori ie. a0 ground state,

Q

/;‘ to ' ' tooot gt e
a 2 first excited state, and a 0,72 4. triplet of states

n

at about tw1ce the ex01tatlon energy of the flrst 2% state.

The level spectrum of OGe departs c0n51derab1y from'the,

~ ideal -model, though measurements of the quadrqple moment of

4

the first 2° state (Simpson et al., 1969), and the ratlos of
gamma-xay transition strengths (Simpson et-al ' 1971),‘are in

good agreement with predlctlons of the v1brat10nal model.
' o

To make-a meanlngfulvg?mparlson of the success of the
n

71

different model calculations Ge, detalled'informatlon on

-the low lying level structure ef thlS nucleus is requlred

e % \
jA recent conpllatlon by Alvar (1973) llStS the experlmental
.,..}.t. N
data avallable on 71Ge at that tlme o, B T
e . : . ! . -
-y 'Some levels have been inJestigated by particle transfer
: .70 " T2n. o o T1
reactions e.g. Ge(d p) Ge (Go dman 1968), and Ge(p,d)

Fournier et al 1973) 5 and‘level energles have been proposed,

-t L4

and values of the angular momentum of the transferred neutron
L 4

have been deduced ‘More levels have been- observed in the

Ga(p,n) 71Ge and 7lGa(p s Y) Ge reactions (Malan et al.

r H
i

1970); and‘a_detalled 4 a—decay/SCheme has been deduced, on
the basis of neutron ti::[of—tymght;Spectra, gamma—ray spectra
S

pe



in coincidence with -neutrons, gamma-ray threshold detefminations o

and excitation functions, and-gamma-gammd coincidence measure-
- ments. Some spin values were proposed, with qhalitatiye ;

: o B . D P :
argugents based on the relative strengths of population of

the levels inl7iGe in .the (p,n) reaction.

71

The decay scheme -of ‘~Ge has been extended, and

verified, by thée study of gamma rays resulting Irom thermal

7

neutron capture on 'OGe (Weishaupt and Rabenstein, 1972),

-and the f decay of~71As (Murray et al,1871., and Vén Hise and
. ‘. | . . .

Rainis) 1972). T ‘ ;
““From these studies, the placement of levels in '‘Ge

.and the gamma decay scheme were well known, but\the sﬁins
- and parities of many levels Qere unknown, or in doubt. 'The
spin'and parity assignments of the lowest three lévéls.of- -
716 were well established as %, 5/27 and 9/2" : but spin
assignments of higher lévels were not firmly paSed, and séme _
inconsistencies existed between the (d,p) and (p,d) data and
the other studies.

While the work described in this thes;s'wgs underway,
a descriﬁtion of further studies on,the‘7lqa(p, n y) 7lGe
reaction was published (Malan ét‘al., 19?4),'w;th spin and
parity’assignqents'to most oi:the levels below 1.4 MeV:

7lGe. These assignments were made-by‘measuring

'?lGe fed by_ghe

excitation in
“‘the rglative populations of the states in
r(p,pj'reaction, and the gamma-ray angular distributions of

the decay of these stafes. Considerable reliaﬁce-was placed

-

s \.,umw——n——*"" ' L
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on the Statlstlcal Compound Nucleus Reactlon Model (Vogt 1968)

in calculatlng expected populatlon strengths of the levels

Aan&“the distribltion of population over the angular—momentum

magnetic substates, as a function of excitation energy, spin

‘and parity. The "1Ga (p,n7)7lGe reaction is not well suited

“to determining. Spins of iow spin states and gamma ray multipoles

N

mixing = ratios from angular distribution measuremnsntsy:-

71

because the spin of the'ground state of Ga is 3/2. Thus

71

the States fed in Ge will have. an almost constant distribut-

. ion of population, as a_funptlon of the angular-momentum

magnetic substate quanium number m, up to, and indluding; the
m = 5/2 substate; so the gamma-ray angular diétyibutions

from the dewvay 'of levels »f spin 5/2 or IeSS-ére,eXpected to

be all close-to isotropic.

GEZn(a,ny)7lGebre£Etidn provides a method of

The

determining spins and mixing ratios with less reliance placed

on the model of the reaction populatlng the states in 71

Both particles in the 1n01dent channel (the 682n and alpha

Ge.

particle)} have zero angular momentum, so if the oufgoing

71

neutron:has-low energy, the levels fed in Ge will be highly

" aligned (as will be discussed in Chapter 2) The giﬁma—ray

angular distributions wild contaln potentially, more
information than those seen in the 7lGa¢s,ny)7lGeureaction;

e.g. it will be possible to determine multipnle mixing ratios

of gamma-ray transitions Irom low spin levels.

Py a——

e



68

The n (o, n\) Gc reaction has been studied previnhSly

at aﬁ alpha bombardihg'cncrgy of 14 MeV (i.c. 7.4’HOV above

'thraqhold), WLLu'+he airy.of 1den;1fv nrr éomé high spin states

at rc]utlvely hlgh 0m01tutlon,-uh1ch were cxnected to be of
a'slmalo structule (Forsstcn et al., 1974),' but little
1nfo:mqt10n was" prov1dcd on tho lower- ]y:ng 1evc15

It was decided to investigate the lower-lying levels
71 ; ‘ | : '
of Ge by neasuring garmnas-ray Angular dLstrLbutlons and

L

pamma-gamne correlations to provide an indepe ndent determlnqtlon

of‘thc angular momenta of the levels of 7103 and multipole

miyiuv'ratios of gamma decavs. A comparison of the experimen-—

tw]ly doduccd level stxucturc of 716@ is made with the

predlctlonq of a model bﬂqod on counllnw neutron single particle

states to the vibratnong ol a 70Ge core.

PR PP S LT
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CHAPTER 2 R

o S GAMMA-RAY DECAY

2.1 Introductlnn o T

-The observatlon of gamma rayslprbducod'B}‘thg‘deq;y
YL;, . of nuclear Jevels which have been bofﬁiatndfbfla nﬁclear-
\ | reaction-pfovidés_a ﬁe;y pdwerfui tool'for-étudying nuCleﬁr

levels.. The qpétial rqdiétion pattern, or gﬁgular distrib-
“ution, of a gamma ray can frequently be used to determine,

-or restrict the possible values of ‘one of the é@ins of the

lcvels involved 1n the L1anbltlon 1I the other spin is

known. The ratio ‘of the reducod transition probab111t10q

of the dlfferent gammiwray multlpo1ﬂr1t10q {(the Nlh]ﬂﬂ raLlo)

can ofLen be determined; and compared'with the predlctlons

. L
, . % - .
of nuclear models. In many cascs the observation of the .
a7 angular distribution alone is not sufficient to- uniquely

determine the.unknown'spin and mixing ratio, but othexr -
technigques can be used to remove some of these ambiguities.

Tor example, the observation of th& relative anjrular distrib-
., .";.‘ 7 ' .
ution, or correlation, of two gammd Trays emitted in a cascade

‘provides further information on the spins and mixing ratios
involved in the decuy .

The thedry of gamma-xray decay has been well developed

and described elsewhere (e.E- Rose ,and Brink, 1967, and

\\. . Ferguson, 1965}, SO only a summary of- the relevant results is



presented here.

. . - o

2.2. Angular Distributions : \ -
N .‘\ . . ) . . ] . ) BN .‘ . ' ) . . ) ‘
Cvnsider. a reaction indhced bv an unporarized beam of

particles ol type 'a' 1nc1ment on 2 nuclous of type 'A',

.

“which a particle 'h' is emlttcd leav1ng tne_flnal nucleus 'B'

.

[ .

in an excited state i.e. A(#,b)B*, in which all the_stdtes

a, A, b and B* have sharp angular momentum.  The excited

- . S g
3 y . . K .

state, B*, ihen decays by gumma-ray emission. Il the outgoing
. . ' " = .

.

particle 'b' is undeteéted, and the'nuclgus B*¥ decays S
suff1c1$ntly ranldly that 1t im relmtlvcly unaffecLEE‘B?\ﬂ e5' -
-

"presence of any clectromagnetic ficlds in thc Lqrgct matarlal

o

then there will be axial symmetry around the diroction delined

by the dnconing beam. The cnﬁomhle of nuclei of type B¥* can

! R

be parametvraycd by the prowortlon of these nucdlei which

,'\‘_‘

ex15t in each subqtatc of anguldr—mom ntum nrolcctlon guantum

number 'm' along theé.z axis delined hy the beam directionwﬁfmnw

These so- Cﬂ]leh ‘population parumetersl, w(m), are-determined = - . . .

by the mechanism of hhc rcqgtlon\produc1ng the nuc101 B*

11 parity is conserved in the reactlon'A(a,h)B*f then the .
“population parameter[\hatisfy the requirement that w(m) = w{-m),

and the ensémble is said to be aiigned.

The onpular distribution of the pamma rays from the
iz i ! s )

decay of the alignéd ensemhle of states, BI*, to some lower

.state, ‘measured with a detector insensitive to the polarization
» . ' ' ‘

of the pamma rays can be written: ' B .
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I Ay Py(cos 8) . @

, where the P fuﬁction

K are Legendre polynomials of order k,

: . (2.2)
R 3 kK "€ 2L' - P :

whe e.Jl“is the -anguljr-momenitum quantum number of the initial

decaying.state, and L' \is the\highest multipole in.the'multipqié
expansion of the electr
;o ) .

. Assuming that el

agnetic field, involved in.the decay.

two rultipolarities contribute to

. . I .
v ) the decay, the expansion efficients,Ak, are related to the

H_L“WW, R the levels involvedin the.d c&y by

i
o

R (L LI d,) +126 R (L L'JJ5) + Gsz(L'L'JlJz)}

b ™ By T

; . o R
‘ with ‘Bk(Jl) = L w(m) (-} 2

+ (J; m Jd
m _ 1 1

1 - m[ko) (2.3)

. L]

1+ J1w~ J2 - L+ L' =k

and R (L L'J,J,) = (~) /(23 +1)(2L+ 1) (2L7+1)

L 4 x(L1L' - 1|ko) W(I, I L L kdp) )




.9

. The mixing ratio is given.by:"
i - : ‘ .

where Jlrand'Jz are the anguiar—mpmentum quantum numbers of
the initial and final nuclear levels, #nd L and L' are the
two multipolarities of the radiation involved in the decay.

3

- ' Yo .
<J Ty T2 oL o+ 1.2

T T, TT5,7 ¥ Grs 1)

(2.4)
where the matfi; elementsfﬁJlleL||J2>‘aré thé reduced
transition-probabilities fof_the two multipo%arifies'L and
L' = L + 1; ' . | _ |
The functions (Jm J - m|ko) and ﬁ(JlJlL L’;sz) are

Clebsch-Gordon and Racah coefficients. .. |

'.‘The.order‘of'the'mﬁltipolafity of the radiati;n gives‘
the angular~momentum‘carried off.by the electromagnetic field, .
SO _ - _ L. |

~

(3, - 3,

P 2L, L' . . (2.5)

\ 1)
The radiation can be classified according to whether -

3

if is. induced by the distribution of éharges (an electric -

,trénsition)/or currents (a magnetic transition) withih the

nucleus. The transition matrix elements are zero unless the

products of the parities of the initial and final nuclear
. .

levels are.(él)L for electric radiation, or (—'1)L+ for

magnetic radiation.
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e

Normally it is sufficient to conSider;only L=1 and‘
L"=-2 multipole radiations, s0 the index k in equation é.i ‘u
is reStricted to the va}ues 0, 2 and 4. In the experiments
" descnmbed the absolute intensities of the gamma rays were -
not'measured sO experimentally only the quantities
aé = AZ[A .and 2, —‘A4/A were determined for each. distribution.
In measuring the distribution experimentally, the
gamma-Iay detectors have g finite entrance aperture so‘they
measure the ‘angulax distribution averaged over a small range.
In the case of a dﬁtector which has cylindrical synmetry.the
averaging effect can be allowed for by calculating attenuation ,'
coefficients, Qk’ foxr the detector, at the tnrget*detector H

- distance cthen. The obserVed distribution-is then giren-by:
_;W(B) = Ek Ak Qk Pk(cos 8) (2.6)

The Qk coefficients have been tabulated for various

" detector sizes and source—detector distances (Camp, 1968 }.

4
2.3 AnguLa.r Correlations

<

Tne observation of one angular distribution of a
gamma -Tay decay will only provide sufficient jnformation to
nambiguously detexrmine the unknown parameter of the decay in
certain favourable circumstances Generally more than one
_choice of the unknown spin and mixing ratio will reproduce \\\\iz?

the experimentally determined 2y and aé coefficients of the

4




T

. 1is 2 The coeff1c1ents a

dlstrlbutlon -

. As pointed out previously in thlS chapter ‘sdoh-

ambiguities can sometlmes be resolved by measuring the relative

angular correlatlon at two gamma rays’ emitted in a cascade.

"The angular correlatlon 1s a function of. three&nngles, usually

taken as the angles petiveen the %Pconlng beam dlrection and

-

the directions of the outgoing gamma rays (8, and 92), and ¢,

the angle between the two plades- efined by each of the
The expres31on forthe angular correlatlon from an

initially aligned state is theg_glven by (Ferguson, 1865):

W(8,,8,,0) = T a o B (8,,8,50) (2.7)
1°% kyEgks kylgky Thykgkg C17T27

1)

‘where the indices kl’ kz; kS are restriCted to the values 0,

2 and 4, if the maximum multlpolarlty of the emitted radiations

“are determined by the splns
Eokg

an& mixing ratios 1nv01ved- and the,populetion parameters of

the-initial state. The Pk k. k functlons are sums of products
17273 .
of spher1ca1 harmonlc funetions of the angles 91,62 and $.

These functlons 51mpllt#/con51derab1y if the angles 61,8 or
¢ are sultably chosen. Ferguson lists seven. such detector
conflguratlons,or geometrles in .Which two of the angles are
fixed'at_o , 90° or 180° to the beam direction, while the

third is varied. The Pk "

.functions can then be wrltten
172 .

ka | -

~

11
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Pc k. .k = T a

kykoKs g Prleos 007 0 (2.8

k Kglgkg K0

"where O is.the yarinble‘dngle,_and the ai K.k coeffiéients'

172%3
are tabulated by Ferguson for the difflferent geomeLries

The cxpresslon for the corrclatlon then reduceq to 2

sum over even order Icgcndrc polynomlalq up to order 4.

™

v

2.4 Alignment and. the Cormpound 1 Vnrlouq StatLqLLcal Model

-~The prcviousigiécussion of gamma-ray anvular dlstr1b~

o

utions and correlations presumes thnt the initial state, . .
which gamma decays, is aligned i.e. w(m) = w(-m}, but in

\
gcngrml w(m) # w(m'). It is advantageous to the analysis of

the cxperlmnntml data that tho coeff:cxcnts mz and A in thc o
expressions for the 1ngu1ar distrlbutlons, be as largc s
_ poqs1ble,‘qo they can “be dctermlned most accurqtely. This
occurs when thc alignment oI the Inltlal state is highest,
“i.e. when ‘there is a hngh probability that the 1n11141 state
*is in a substate of low 'm' value.
The (o,n) reﬂctlon on a spin-zero target can produce
highly~aligned btatéé partlculﬂrly when thc alpha—partlclc
energy is not Iwr above the threshold -of the roacthn.‘ Since

hoe d!t( ction of the mcovnlnp alpha particle is alonp the
axis of quantisation, the projection of its orbital angular
momentum on the 2 axis is =zero. If the incoming alpha-particle

energy is such that-thc oulgoing ndutronshas low cnergy, then



it w111 be omltted prcdomlnqutly in the Q =0 partial wave,
and honco wmll carry off only half A unlt of angular momcntum

.Thus the rc&xdua] nuclcua “Jll havc a thh probab111ty of )
bP1ng 1n thc m = +-& or m = - L qubstqtc i e. the btatp w111
be dllyned L

Boqt dllﬂnmcnt wlll be obtalncd whpn Lhe cnitted

'ncut%on have very low energy, but pencr111y thc yield from
‘the reactlon is too low lo onmb]e {ramma-— ray’dlstrlbutlonsoto "
be.measurod accurately unless the cemitted neutrons have
energies of over 500 kev. In slich cases u sipgnificant
pronortLon of the outgoing neutrons will be emitted withe
non-zero orbital angular momentum, ‘and s0 substates having

f?:?ﬁé&es greater than 1 coan be populaﬁod.“The residual nuclel
will still be aligned, and hence their gamma decays will in
general show non- 1sotrop1c angular dlstrlbuLlons but the
anm]yels ol the cnnéllmontal rc%u]tﬁﬁflll have to. allow for
the eflect of the population of the higher substates, and
a method of ca]culatinm the distribution of population over
the subst¢tcs ‘is rcqu1rcd

"It has been domonstrated ﬁhqt the Compouﬁd Nucleus
Statiéfical Reaction Model can accuiately“predict the popq1~ )
ation parameters hnd'hence the gamma-ray angular distribufions -

r

resulting Fram (a,n) reactions, in the energy range aind mass

s

reglon uch in the prcqcnt study (Birstéin et al, 1968).

.The phy“lCdl ba"lg and devo]opmcnt of the Cbmpound Nucleus
L 20

Sta}}stlcal Hodel has been well described elsewhere (Sheldon

]

and Van Patter, 1966 angd Vogt, 1968), and only an outline is

N P : ‘
N T ..
'y Y \ - . L [}

-
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Trom pencrql roxct:on theory, the ‘cross section of

’3

a nuclear reactlon can be oxnreqacd in térms;of the elemeﬁts é
3
f 1ho rcactlon matrlx U R whnch rclmth the amplltudes,_ ,

Bc’ o[ outgoxn pmrtlai “qveb producod in a reactlon to the

nmp]1tuduL, Ae%,_oﬁ the Jncomlnu pmrtldl wwve% of tho lncldcnt

p‘irtl (& 10 thuq

YA | (2.9)
The lébels c and ¢' include all thc'qunntum.numhers'
- necessary to qneclry a partial wave in a reaction channel,
i.¢, particle type, Qrbmtal angulavr momentﬂ, totdl angula !
nmomenta etc. Thé CTOss section,leudgng to a particular state‘
oi given angular ‘momentum aﬁd-angﬁlnr momentum projection
quahtum nuﬁbgr m, in which the outgoing particle is unobserved,
_is givén by a sum ovcr'|U ]2- weighted by ﬁﬁgularfmomentum
coupling coellicients. The summation is taken over all

possible angulaxr-momentum quantum numbefs describing the

process, consistent with conservation of total angulaxr momentum

N

and parity. The.compound nucleus model of reactfbns-presumes
that the reaction proceedé through resonances in the compoﬁnd
state of the tarpgel plus incidsnt pnrticie, dnﬁ the.eluments

PI the matrix Uccl are given by a sumnation of the pontribution

Ffrom the resonances,;

t
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o ‘U é “PXc ric' (2 10)
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K Y . L s " '.1." -.
.where EA is the energy. of a resonance in the compound system,
. - ' . ' 4 : .

having widths‘FAC and Flc,'Tberecay‘into the?@}add.c'.
channels,” and total widtﬁlTA."A - S Mg

At low excitation cnevgies' the resonances are
scparated from each other by energics greater than the widths

(I') of the resonances, so .the cross section, as a function
' N .

of‘onergy? shows “the effeci'of each rdsonaq9e individually.
.At,ﬁigher excitation cnergies the widths increase'and‘the

resonance sﬁncings-decrcasc uﬁtil the'individual:ﬂesonanqes
strongly overlap and interfere. The reaction cross scctions
af these higher energies fluctuate (Ericson, 1963) with the

energy spacing of the fluctuations, or coherencé width, being

-of the order of the average level widlh T, In this‘regibn of

can be expressed ns:

Tluctuating cfoss section#.it is not useful to describe %he
cross sections in terms of'Uuzpa‘ameteréof_the.indiQiduai
resonances, only statistical gquantities, such as averagcad
cross scctions. are meaningful. |
‘ If.it is assgmed that‘the widths and énefgies'of the
compound resonuﬁ095 are bolh randomly dislributed, and ui-
. .3 . ,

correlated, then the value oI-|Ucc,[ ;- averaged over energy,

o,

15
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where < > denotes 'average value over energy', and D-is the *%.. .7
avcrage/ﬁpaCinﬁ of the rcsonaﬁéﬁs. This can be expressed as
’f"'-\ ‘ - ) . -
2 h. T, - o
- ‘ c "¢ : : :
< > = J& ¢ 2 :
'IUCC'I Wl . '(2"1 ).

. - f - . i . 1

)

HH
xS
=

wheroe oo T

\, )
. ) (I} ) .
where Tc is the averaged probabillity for decay of the compound

nucleus into.channel c, and the summation XE“ TC”.is_takea_oyer
all decﬁy chinnels permitted by conservation laws. These -

-. y functions, Tc’ are calculated in [the statistical reaction model

»

by taking them as being equal fo transmission coefficients feor
“re partial waves incident on an pﬁti al mOdei potential. The . ~ . -
‘ botonyials ara:those ﬁhicb deScri e elastic scattering of i%c
ineident particle plus targe&, 6r outgoing particle plus -
residual nucleus, éysiemq, I1f: thege ﬁotentials have no spin- oo
dependent term, i.e. the transmisgion coefficients depeﬁd h
only on the orbital angular momeqtum 2, thenr according to

Vogt(1968) the cross section of al|recaction populating a state

TTOT splﬁ"Uk and spin-projection o, lnduced by a projectito
. | . -

of spin i on a target,of spin I, is given by: ‘ . S
. g

-

"y
e
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H . ‘ N ‘ 2 ’ . 'rl(a) TP‘! (al‘) .
x (&'s m; 1'18 IJNJ) ‘(%@\()O/GOQ) 1.-.(1—'-1'{”*;:'—.1}?"(7:,,) (2.13)

- ¢
L

o
2

where kq is thc wavo .numher fOTlAC initial systen, s, Mg, s’

1

“and me ' oare channel SD ns and channel-spin progoctlons in
tho“inltlal'“nd fnnal ehannels, £ and 2. are orbital wnguldr

- p /ﬁgigntd, and J 1% the total 1npu1ar momeén tum oI the system,

Tho Summ ation is iazken over all'the qUautum numbers allowed
L )
bv consa:vatnon of angulal momentum, its projection, and

parlty., The teirm Lu”R”S” lg"(qﬁ) is takeg:ovar all open

exit channcls.

t

Thus the statistical model allows relative populations’

1

of. different m states in the final nucleus to he caleulated.

The StﬂththAI mod;1 predlcts energy - avcrared CYOSS

v

» ’ ' 4

seclions, -850 its use should be reqtrlctod 10 descrlblng

.reactidns where experimentally an average is takecen-over,

some energy interval, AL, of bowhardin" encrgy, where AE is

R - - M

much~ larger- than the averige tevel spaclng and w:dth 1n the

e e compound- nuclausd"“Ahijcqn he achicved in “the (a n) rewctlnn

I

Y
-

by using H thlnk tmrpot in wh}gh the incident beam l105€S

-
.

Lot B energy, SO that cffocL1v013 the 1nc1dcnt beam has an cnergy-

spread. | Bcdause the onergy—nveraging interval, AE, in a real
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o I ' _ / :
cxperiment 1S finite, stafigtical“flﬂqtuations_can apnear

in the measured cros§ Sections, wiose magnituﬂe can be

cqtlmatod Under the aqwumutlons oi the statistical éompound

2

nuclcous modcl the squwrea of the elements of thc reaction
2 _
matrix ]U | fluctuqto as 4 functlon of enerpy “1th a.xzd

‘dis trlbut*on v1th two degxeos of Irecdom i.e. the probablllty

. 2 :
distribution of |0, o) /lU l > is given by (Ericson and Mayer-
-Kuckul:, 1£66) |
P(x) dx = e dx (2.14)
. A 2 - 2
with ‘ x lu_ o /<t >
s’ 2 ;

Experimentally a sawmple average of ‘Ucc" is taken; denoted

<lUcc'l >S, over an energy-range‘AE, contalnln" N 1ndcoendunt
' ‘ 2

samples of lUcc‘l , wherc % .

N =  AE/mT ' ' (2.15)

where I' is the average level width. :
2 2
The probability distribution. of <|UCC | >4/ <lUcc,| >

_then has a XZ dlStllbUthﬂ with 2N degrees of freedom. For

lavpe N this dlsL11buL10n apploachos Q novm¢l'diétr1button"-

having a standard deviation of 1//H i.e. “the experimental
2
values of <|Ucc'l >/ <lUcc,| > show fluctuations of the

corder 1/YH.



2.5 Methods of Analysxs - S o o S
- A nostulated set ef SplnS and m1x1ng ratlos 1nvolved
in a gamma decay can be tested agalnst eaperlment by comparing
the predlcted angular dlstrlbutlons (and/or correlatlons)
against the'experlmentally determined dlstrlbutlons.:'As
described previously, the theoretlcal dlstrlbutlons depend on
the angular momenta of the nuclear levels 1nvq}ved the mlxlng_
ratios, and the population parameters of the 1n1t1a1 state.
The usual technlque of’ analy31s 1nvolves ch0051ng 1n1t1a1 and
final splns and- populatlon parameters, and stepping the leLpg
ratio, 6, from - « to + = (or arctan s from - 90° to + 90 ).
The theoretical distribution at each value of ¢ is calculated,
normallsed to give the same: AO coefficient as the expefimental-
data,_and compared with the experlmental dlstrlbutlon The
quality of the fit to the data is gauged by the parameter }S‘,
/

where _
- Ly, 2 )
¥ Y5 .
5 =, I (Z—) , | (2.16)
i, i

o

where vy is the tq’oretically'prediqted_value of the distrib-
ution at one angle, Y, is the corresponding measured value,
and gs is the variance in Y..

A dlfficulty arises in the ana1y51s because ‘the

R

populatlon parameters are ‘not known ‘exactly, only estimates = =

are avallable from the statistical reactlon model. These
estlmates could e in error because of statlggféal fluctuatlons

in the,cross sections; or a poor choice of the opt;cal model

-
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parameters ; or cqqcade fcedlnv oI the" lech of interest by
'.'Fammd decays .ilom hlgher—lylng levelq A commonly used
X
tccnnlque in the canalysis of such data allowq the populatlon
. e '
pnrameters to'vary; within'somewhat arbitrarily.chosen limits,
at each chosen valué'bf 8, to Ilnd the mlnlmum ‘value of S Ior
-thﬂt §° A more qmtlsfdctorv technlque has been descrlbed by
James ot 41 (1071) At each ch01ce of 9 the populdtlon
parameters, w(m), aré allowgad to vary to mlnlmlse 3, defined
by ‘
v. - Y. 2 -
R & e T (“’@")M'm?@“)) | (2.17)
. : S § m '
A ) A
. B |
subject to I 'w(m)
= -J
and ' . 0 < wn) < .5 .

and - ' wim) =  w(-m)

In equation 2.17 e(m) is the estimated value of the population
of ‘the m substate and A(m) is an estimate of the allowéd_

variation in the pooulation parameter. (The summation over m

’

in equation 2.17 in the exprossion for 8 omits the Jowest.

value of m.) Thus the population parameteps are permitted to

vary, but the secon:l torm in the exaression for S prohthits

fltﬁ to the data from b01ng obtained “hlch require p Dulatlon

parameters far from those predicted by the statlstlcal model.

v

Ao}



II the errors in the'expe:imentally_detbxmdnqd’data

';;:_ po:nts are’ n01ma1]y c1er1buted and if ~true vaiues'of.the'
. N ” . !

GRS spins and m1x1ng fatlo are chosen, then S/v has'ax2
distributidu.w1th v degroos of Irccdom, where v, is the

ot . difference betwvnn the number of data noxnts and thc number
® : of 1naopondent free pdrametcr 1n the theory. ﬁ ch01co of

splnb is Judﬁed as pIOVldLnL a. poabiblc de%crlptlon of the

datza if, for some value of the mixing ratio, the statlstlc S

. o 5 . _
falls below the 1% conrlaence llmlt fory ~, i.c. the cbance

of rgjectimg_the correct ch01ce of splnq 1nd mixing ratio’ 15
1 in 1000.

)

if the curvé uInxz =[S/v:againsi arctan &, for some

choaeu 1n1t111 and final nuc]edr ‘spins, falls-below the‘O.l%'

"4

. '; confidence 11m1t then the best CSthle of arctan § for
; .
i
4&\*6( the transition tis at Lhe mlnlnum vmluo of % (ymln) The .
standord crror on wrgtﬂn § is dcternaned by tho 1ntersect10n

points of the xz curve with the line (Xmln} 1. . ///

3
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. CHAPTER 3

EXPERIMENTAL METHODS © ¢ ¢y

- ~

3.1 Introductlon

The experlments fall 1nto two types (1) slngles _'

measurements’ and (11) 001nc1dence measurements

In the 31ng1es measurements %11 th gamma.rays arlslng

from the bombardment of ‘a 682n target with alpha partlcles
‘were detected with llthlum—drlfted germanlum (Ge(Ll)) detectors,
in order to meesure gamma—ray energies, branching ratios, and',

angular dlstrlbutlons .
. % ' o
In the coxncldence measurements only those gamma rays

‘ weii/ggunted which were detected in one detector: accompanled

fby another gamma ray in a different detector. This permitted

-the decay scheme of 71Ge to be ' further elucidated, and gamma-

gamma correlations to be_measured.

3.2 Singles Measurements

3.2. 1 Preliminaries‘

In these neasurements a beam of alpha partiCles produced

_be the McMaster Unlver51ty FN Tandem Accelerator was collimated

by tantalunnanernues , to glve a beam spot of 1ess than 1 Smm
diameter, and.directed onto a target mounted ln the centre of

K stainless steel evacuated chamber. The targets con51sted of

e - _Af.'."' -,
<. . . =y -

) Te-
LI R LT

S - . 22



" zine yotml Qnriched Lo gréiter“than Qg%jin thikﬁﬁgn iSotopc,'

on gold bchlng, “of thlchness .5 x 10 3-inches The gdﬁma

“_'J

Jr Lot 2k SN i

rays‘produqoa by {he 1ntergctlon of thc bean thh the target S

were detectéd with Ge(Li) dctoctors, the s1pnalq*ronr“hzch

were ampllfled by 1ou—n01ee shaglng moliiieps and converted
to ongltal form by analogue- to—dlgltal converters (ADC s) w1th‘
4096 channels. The - ADC words. were read by a PDP Q- comnuter

.'uhlch accumulated spedtra, displayed tﬁeSe‘Spectra on a cathode
ray dlqnlmy, anrd wx otc the spoctra onto magnetic tane for

further ‘ana ysis at thc end of a run. The computer

rograms

", for data, dCQUIHIthH nre described in sdhe detail in appendix A
The: enerpgies of the gamma rays from tho reactpron were

‘accurmte y dotermlncd by Q1mult¢neously col]ecilng dgta from
the 68
56

Zn(a nY) Ge reaction, Qnd from ramma—ray sourc-s of

o, 54 137, 228 182

Mn, Cs, Th and Tﬂ. The variation of

efficiencdy of the delectors with gamma-ray energy was measurcd

182Ta-sources.

with 5600 and

| A preliminary measurement was made with a relatively
thin target, of about 100 ugm/émz ;hicknnss, corresponding to'_
an energ; iosa in the incident"béam,-when traveréing this

thickness, of about-BOkoV'_atBMoV pombarding energy. The beam

energy was q1epoed from 8 MeV to 10MeV in 100keV sieps to

- ———— —_

verify that the 1encL|on CLOFs section V¢rtcd'<mootuly with
energy; a pre-requisite IOr the application of the statisticul
- A . ‘

‘ model!



3.2.2 Angulsr Distributions -

The Q V11ue.of the 68Zn(a n) Ge reactlon is
-5, 738-HéV ' To n1ov1de an adequate countlng rate to the
levels of 1ntereqt alphm—-bombwrdlng energ1e3 of B.0 and
8.5 MoV we:e used 1he tirget tnlcknebs was. 1. 4 ng/pmz
corresponalng to an’ energy loss of 400 hoV in .the incident
beam, so that a large numbge of coherence w1dths in the com—.

" pound ~ nucleus were averajed over. Beam currents were

held 'to 300 nA to minimise deterioratién of the target-material.
The gamma-ray dngular distributions were measured with a

Ge(li) detector, of active volume 1l4dec, having a ‘resolution

of 2.5 keV at l.§3 MeV, set at a distance ofllécm from the

targetl. Spectra were recérded at angles of OO, 1440, 125°

b}

110° and 900‘to.the incident “beam direction. A mnﬁitor
detector of 500c active volume was Lept ;¥ a flxed angle to

thg beam, so that dwta tahen by the l4cce moveéable detector 4
could be normallsed to the same product of (number of incident
partiéles) x (number of target nuclei). Eventually it wés A R
shown, in the gamma-gamma correclation work, that the spfn of

the 808 level in '+

Ge is 2%, so ‘the gamma decays from this
level must be isotrapic. Taus the final nbfmalisations were
taken from the decay of‘the 808 level to-tﬁe ground state
and- the 500 keV wtate,  This method of.intornal normalisntion

avoids certain sources-of systematic errors, such as dead-~,

. time correction in the AD(O's.



Thg pcxk amoaq in’ tho sncctra,were ngaquzcd elther,

using the nrhgrmm JAGDPOT, on he cDe 6400°
.flLﬁggn anmlytlc form to the peaks pluS bac

an interautlvo program, usxnﬂ a dJSPldY .and

computcr which
kground, or with

11ght—pen on 2

DPéls_computei, which {ittcd.an analytlc form to the

.backgroﬂnd;region‘around » peak, and subtra

f1rom under the peak.

3. 3 601nc1dence NMeasurements

A beam of 10MeV a]nha parLlcleq ini
on a GSZn‘target'oI 2.5 mgm/cm2 thlcknoss.

from the reacflon were. vxc\rd w1th two dete

'these, a‘GSCd Ge(Ii) w15 kept fixed: at 90°

directiéne thczother, a SQGG Ge(L;) was PO

0°, 147°, 135°, 1207 and 90° to the beam di

cted backgiound

tiated a reactién
Thgnmmarmm
ctors. One of

to the beoam

1t10ne¢ at anglcq

rection. " This

4 ' .
arrangcment alloWed colncidence . dmta from the two geometries

ey

referred to as ‘A1 and A2, by Fergubon (JQGa
A cﬁscade of two gamma rays 1in whlch the 1i

detecled in the moving detector, and the se

}-to be. collected.
rst gamma ‘ray is

cond in the a0®

detector, is in the Al’goomgtry.. The A2 geometry correspﬂnds 

to the case when the first gamma ray, enters

dctector

~TThe clecirouics (udTIHTﬁ"t”nnrﬁa —gh

.

1f a coincidence event (within the 1esolvin
single chaunelrannlyser‘SCA(l) on the time

cdnveftcr_output)’Was detected then the ene

the fixed 900

,f -

own—in. Tigurce 3.1

£ time set by the

-to-amplitude

rgy signals from

the detectors, and the TAC output, were digitised by ADC!s



a

"_anu read by a PDD 9 computer. The computcr stored all the
'd1r1t1bed 1nform1t10n in 1tq memory, unt11 a. number of events
'had'been collected then dumned all the 1nformat10n onto
Amagnetlc t1po 3 Thc program used for acccptlng and storing ‘a
data in this event byﬂevent‘ mode is dcscrlbed in Appendlh A,
. .Data'we:e collected at each angle setting of the 50ce
detector until one 2400ft reel ot magnetic.tape was filled
with data, cprres?onding.to-about‘one million coincidenee-
tvents. The nessurement at each angle was ropeated at leaet -

-
Gpee, and in Kome caees, tw1ce, ‘ T -

N A“program*(deocrlbed in Appendlx B) was wrltten for
a PDP- 15 comnut to Jplay back the data-on “the mapgnetic tape.
Digital wtndwa' wre set on .the total acCumulated spectra -

{the projected spectraj\of the 50cc detector, on each ﬁeak f
of interest, and on bmchground regtons ngncent to each peak.
Windows~mere also set on the TAC-spectra on reg;ons corres—
pondiﬁg to 'true plus.chanﬂ.~l events and ‘chanee' eoincidence
events The tﬂnes were then Scanned to ploduce spectr1 from
the 65cc detector for each peal window set on the 50cc
deteetor, corrected for both background and random coincidence
gvents. l

Angular correlations were constructed by measurlng the-

areas ol the more prominent pﬂnhs in the onctll Norm: 1~
isations between the runs at different . angles were taken from
sﬁectra which had been collected in singles'mode, by the

1

fixed detector, during the coincidence runs. o -
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A Block diagram of thc elcctronlcs used‘rn the.
C S
gamma-gamna coincidence exnerlment constrqcted
from commer01ally—1va11ﬂblo NIM moduleq
E7ZS = Extrapolated Zero Strobe
CAMP = Amplifier _
1.GS = Linear Gate and Stretcher (to dclay
cand shape pulsea) .
. TAC = Tlme—to—Amplltude Convertér
DLY = Delay
sca = Single Channgl Analyser ® ¢ ’
- SCLR = Scaler ' 7
LSD = Logic Shapes and Deloy - '
X ADC = Analogne-to-Digital Converter
2 ?
by El N
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CHAPTER 4

EXPERIMENTAL RESULTS AND ANALYSIS

4. 1 Prellmlnarles : “_\,' ¥

Flgure 4.1 shows the low—lylng level scheme of - Xk

A
"w1th the gamma Tays observed 1n this work either seen in the

Ge,

sxngles studles, the 001nc1dence studles or both. The
enérgies of the gamma rays, determlned in this work .agree with
:those determined by Malan et al (1974), w1th1n experimental
errors, sc the energies quoted by them are used. The'angular—
momen tum quantum numbers and pédrities of the lowest three
states of 71Ge have been shown to be 1/2° 5/2 and 9/2 - the
epins determlned by the present work are 1nd;cated 1n‘f;gure

4.1,

4.2 Slngles Measurements ' .

A spectrum obtained from the Zn(a ny)71Ge reaction

at a bombarding energy of 8. 0 MeV is shown in figure 4.2.

71

Thé* 1ines recognised as gamma rays from Ge are labelled

with the energies of the initial and final ‘nuclear levels in .

71 197 181, 68

Ge. The lines labelled 77 Au, Ta and Zn arise from

'gamma_ﬂerexcifation,ef_nuclei in the target baekihgl”the -

[

"~ apertures and the target which have been excited by inelastic

scapterin of alpha partlcles _VThe“Lines'labelled 19?, 26A£'
andizsNa are derived from the F(d,aﬂ)lgf*,-zsﬁa(a,n)ZGA%

(T
: ’ . .

Lo . 29
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: aud'zaﬂa(ﬁ,d') 23Na* reactions, due to impurities inithé
: c PR

tafgct mate11a1 or backlng

Angulmr dlqtrlbutlons were measured of the gamma rafs'

which appeared with Sufficient inltensity, which were fitted .

to the function: S

“\ - W(e) - = Zk Ak,QirPk(cps 6)
TP | .
with Q, = .980 and Q, = .930., Thé A coefficients were

corrected for detector efficiency |effects, and branching
ratios.of the decays of the levels were calculated. Yhen the

. : . . . . ’
gamma ray was not suffi01en¢1y 1nﬁcnse to allow the angular

A\

dlst11but10n to be mﬂgqured the pbak arean of-the gamma rﬁy
determ1ned in a meqsurement mt an angle of 125° was'uged;,'
51nce the P2 Legendre polynomlal 1@ zero at thls anvlc _The
branchlnr rqtios are summqused in table 4.1, Th?“errors

‘include the-qtatlstlcal errors on the A coefficients and
W et
.possible errors in the callbratlon df the eff1cxency of the

detector. In general;the me asurements agrec WLth those of

‘Malan et al (1974), within the errors; ‘The a, and a,

- coefficients of the fitted distributions are presented in

tablc 4.2. The”coefficientQ'given for the 808, 308,.and 633

. a
i LLV yamma roys were obtained hy nn~m1l1n1ur bCTWP01 dlffo1ont

i

runsfusing the monitor detector. The othcr dlstrlbutlons were
.0 . R ’ ’ "

normalised assuming that the 308 and 808 lines were isotropic.

) ’ Lt —t

-
e
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4.3 001nC1dence Measurements ’

A spectrum of the counts in the 65 cc detector in

‘001nc1dence with the 500 keV line 1n the 50 ce detector

corrected for background and chance contributions, is shown

'in figure 4.3, Tran51t10ns whlch cascade through the 500 keV

level from the 808 747, 102¢& and 1289 keV levels can clearly

3

be seen Angular correlatlons of. the stronger 11nes in the

001nc1dence spectra were fltted to an expansion of even—order -

Legendre polynomlals, the coeff1c1ents of “hlch are presented

in table 4.3, for the two geometrles Al and A2

!

4.4 Spln a881gnments from Dlstrlbutlons and Correlatlons

-3

4:4.1 Ch01ce Qf Populatlon Parameters

The populatlon paraneters of the 1n1t1a1 states in
the gamma~ray decays were calculated u51ng the Statlstlcal
Compound Nucleus computer code AK (Green ;971), which was
derived from the code MANDY by Sheldon and Strang (1969).
The transmission.coefticients used as input to this program

were calculated by the computer. code ABACUS. The optical

.model parameters for the alpha plus sazn) apd'neutron plus

71

elastlc scatterlng;experlments (Perey and Perey, 1974 and

BJorkland and Fernbach, 1958). Typically the population ,-

71

parameters of states in Ge of spins greater than 3/2 were

predicted to be w(+ %) = .32, w(+3/2) = K% and w(+ 5/2)= .04.

The theoretical angular distributions and correlations, a3

Ge systems“wére taken from compilation‘, derived from analysis of"
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Iunctioné‘oi spiné and mi#ing ratipSQ'Weré calcuiated ﬁsin¢ 
-fﬁe.program Llég, writteﬁﬁby_wa.-Greéﬁ bp a PDé—is computer,
| which‘miﬁimisedxthé'quantit§ S ‘defined in equation 2.17.

A chqice_of'the_permitted variationé; A(m); in the calcﬁlatea'

péﬁuiation paraméfers;h#d go‘be mdde. bossibie‘soufces of
| the.variﬁtions are discussed'bélow...

| .The'effect of stafistical Iluceuétjbns on the
calculated popuiétion parameters‘is expected fo bé nggliéible,“

682n(a;ny) Ge reaction

since an ex;itation.functiop of the
- using a thin target was smooth, within éxperimentél errors.,

Furthermore, 4 plot of T (thé aﬁerage_leéel width) aéainst

(A/U)% given by Eriéson and Mayéf-Kuckuk (1968) whe;e A,ié

Ehe maéé numberléi the cdmpound nucleus, and U is'the

excitation energy, gives T as,being.abﬁut .2 keV in the case .

6f interest, which is to Be comparéd with the energy losS'

df the beam in the,tafget of about 400 keV.

Cascade feediﬁg.of levels by gamma decay from higher-
lying levels alters the population parametgrs_from those
obtained by direct neutron feeding only. Calcﬁiations on

. typical casedg indicate that thiS‘efiect changes the relative
.population parameters by at most 5% gf tﬁe pop&latioh of
- the m = 3/2 substate.
Variafions in the optical model parameters_prodube
S little change in the population pardﬁéféfﬁi' The parameter

describing the allowbd varkation of the m = 3/2 substate

was taken as 10% of the predicted population, i.e. A(3/2) =r}014,

4
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and A(5/2) was taken as .Ol. A'justificatien for taking

values no larger than tﬁese was prov1ded by ‘the measured

dlStrlbutlon of the decay of the 747 keV 1eve1 of 71 .' Even

allowing large variations in the populatlon parameters the
level spin could be determ;ned as belng 5/2. The decay of'

this level-%o‘the spin 2 ground state is expectedito‘proceed

only by. quadnqmie radiation, i.e. the mixing :atie is -fixed..

Thus iheEe are ohly-mﬁavariaele quantities describing the
transition, the-peeuiation parameters of the m e,3/2 and ..
m = 5/2 substates. There are two experimentally determined
qaantities fri:;éggyangular distribution of_the Efansition,
the,a2 aad a, coeffieients._ Thes, knowing‘a2 and a4; the_‘
two unknown population paramefers‘can be_calculated. _When
the population parameters were calculated in this manner they
were fcund to agree with those ﬁredicted by the statistical
medel, within the limits described above.
The spijlassignmenfs to the-indiyi@ual levels in 71Ge
are now discussed. Information from the correlation data is
: . ‘

only presented when it provides additional information to

¢ i . -

that provided by the angular distributions:

4.4.2 500 keV level

The angular distribution of. “the gamma decay of this
level to the ‘grouhd state- (flgure 4 4) unamblguously assigns
a spin of 3/2 to this level,  ip agreement with the Ga(p ny)

work of Malan et al. (1974), who based the a381gnment on the

33



angular dlstrlbutlon of the decay to the 500 keV level from

the 747 LeV 1eve1 of Spln 5/2. Angular dlstributlons from

7 72

the Ge(dp y7 Ge (Goldman,_19689 and '“Ge (o, ay’1

(Fournler et al 1973) reactions agree that the transf\Tred
{

neutron has 2 =1, 1ndlcat1ng that the ‘level has negative

parity.

bl

4.4.3 525 keY.Lével- _
Gamma Aecays‘ ronfthistlevellto the 5/27 level at
_‘175keV and the 9/2+ Ievel at 198 keV aié seen. A decay from
the spin 3/2 1eve1 at 831 keV to the 525 keV level. is alsq
obsgrved, so, if at most quadrupole-(L 2) radlatlon is

expected, the possible spin value of the 525 keV~level 1is

limited to 5/2 or 7/2. Angular distributions of the decays

from the 525 keV level permit ‘both spin p0551b11Lt1es at- the

.1% confidence 1evel (figure 4. 5), though the 5/2 value is
clearly»preferred in the 525 to 175 keV decay. The decay
from the 831 keV. level (figure 4.12) fixes the 525 keV level

spin as‘'5/2. 2

——

4

Malan et al., assign a spin.of 5/2 to this level on
the basis of the anguiar distrijutions and the strength of
the population of the level in the 71Ga(p,n7)71Ge reaction.

The (d,p) work of Goldman shows an £ = 2 stripping pattern to

~

this level, indicating -positive parity.

Cm
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4 4. 4 590 keV Level

One decay is seen from this level, to the-9/2 _198'keV

level and a decay from the spln 3/2 831 keV level is obsexgpd.
The angular dlstrlbutlons of the two decays (flgures 4, 6 and -
4,12 ) allow a ‘spin of 5/2 ‘or 7/2 for the 590 keV jevel.

| Malan et al. assign a’spin of‘7/2‘to the ;evel, with

a preferenge for positive parity. -

4.4.5 708 keV Level

| The decay of this 1eve1 to the ground state has an_‘
isbtropic angular dlstrlbutlon within experlmental errors,
allowing a spin of % or 3/2 (flgure 4, 6) " Malan et al. assign
| 3/27, on tne pesis of intensity measurements; The (4, P)
stripping reaction te this level shows an 2 =.1 angnlar
distribution,-indicating negattve parity.

’

4.4.6 747 keV Level

Three gamma decays are seen frqp this level to the
gronnd state, the 175 keV state, and the 500 keV state (flgures
4.7 and 4.8). The_angular distribution of the latter decay
unamblguously assigns a spin of 5/2 to the 747 keV state, in
agr ent with Malan et al., who give a preference ‘for
negative parit} Accq;dlng to the compilation by Alvar (1973),

the negative parity assignment is conflrmed by the observation

of an £ = 3 pattern 1n the ¢d,p) stripping reaction.



4.4.7 808keVLeve1 LT 'E“
| " Figures 4.9 and 4. 10 show- angular dlstrrbutions of
the three gamma transitlons.observed from thls level to the

-ground state the 175 keV state and the 500 hev state,
,normallsed to the monltor counter The best fits to the data
are obtained ulth an 1nit1al—state spin of & or 3/2. The
gamma-gammii?ascade from the- 808 keV 1evel through the |
- 500 keV level to ground was strong enougn to allow angular
correlations to be measured . Pigure 4. 10 shows how the spln
~of the 808 keV level can be determlned as % by considering
the angular distributions and correlatlons simultaneously.
The correlations as shown in flgure 4.10 were calculated wrth.
arctan § of the 500 keV to ground tran51tion set at - 7°
the alternative seleotion of 67 provides, an equally good
" determination of the spin ‘of the 808 keV level. =~

Malan et al. assign 3~ to this 1evelf'froﬁ-intensity
'consideratlons. “An assignment “of 2 = 2 in the. (4,p) work
of Goldman (1968), on the basis of a very weakly populated
angular distribution has not been substantiated by later

work (Alvar, 1873).

4.4.8 831 keV Level

The decay to . the ground State from this level
'unamblguously a551gns a spin of 3/2, in: agreement with Malan

T oa

')
et al., who also’ suggest p051tive parity.
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‘4 4. 9 1026 keV Level o R

The.angular dlstrlbutxon of the decay to the 500 keV

: 1evel (flgure 4 13) allows only a spin of- 5/2 for the 1026

keV level. Malan et al assign 5/2 to thls level

1 4.4.10 1038 kev Level

LA

-

Two gamma transitions from thlS level were identified
L4

! but neither angular dlstrlbutlon could be measured sufflciently

accprately to prov1de useful informatlon.

4.4.11 1095.5 keV Level

. éde'decay of this level to the groddd'state was
insufflciently intense to ellow en*angular_distrfbution to be
measured; The level is expected to'hate loﬁ'spiﬁ-becadse it
is populated in-the R-decay of Tlas (Murray et al., 1971).

Malan et al assign a spin of 3/27

4.4.12 1096.0 keV Level

‘The '-l_arge a, and a, coefficients of the angular distribution

. 2 e A
of the decay to the 5/2 175 keV level .indicate that. the .
10986, OkeV level has a hlgh spln ,andtso'cannot‘be identified
as the low-spin 1085.5 keV level. . . ... ... i st
i Accordingeto Murray et al.+(1971) -the 1095.5 keV level
lalso has a gamma;decayIbranch'to'thefl75'kév level.. The gamma-
L.,detector resolutlon used. J_n_the.6 Zn(g{;:§71Ge experiment was

*flnsuff1c1ent to dlstlnguish between the decays of the 1095 5 keV

>4
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“and 1096 Okev 1evc]q to the 175 keV 1evel SO the'aﬁgulaf
'dlstrlbutmon of the sum oi the two ﬁeahq was measured |
Using the'meacured peah area of the 1095. 5 Lev to ground :
T tranqxtlon, and‘the branchlng ratio pf the decav of the-
low—spln 1095 5 keV 1eve1 to theé ground -and 175 keV states
as determlngd in the 71As gR-decay studles (“urray et al., 1971),_
it'qu calculated that'the 1ow sn1n decay contrlbuted about
% of‘thé héasured peak'areas-' The anlsotrony (or the Ry
coeff101ent) of the dlstrlbutlon of- “the decay of the low. '&5

spln 1cvcl 1s unknown, but"llnlts can he set on it, asqumln

_that the 1n1t1a1 state gpin is 3/2. For ‘any p0551b1e anlsotlouv

o,

of. the 1095 5 keV decay the corlected angular'dlstltbutlon

of the 1096 OkeV to 175 keV decay “QQ-found te be only ’

c0n51stent with an initial-s state bpln ol 7/2 Figd%e 4.14 shows
the angu1a1 dlerlbutlon corleetcd for qn 1sotroplc contrlb—'

ution Elom the 1ow spln decay Malan et al. also‘assign b2

‘n

spln of 7/2

The strength.of the transj¢ion to’ the 3/2~ 500 keV

+

level sqggest§‘negatlye parity fof.the 1096.0 keV level.

4.4.13 1139-LeV Lovc]

A e ' Gamma decays oI this level were not observed with:

-

'Isufficient Entensity-to -a1llow useful distrib‘:ion data to

be measured. o
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. 4.4.14 1205 LeV Level

. Tlgurcla ].gmjumws The angular dlstrlbutlon of the

”decay Irom the 1205 hey level to the spln 3/2 831 keV leve]

-1

which allows an Jnxtlal stmte Qpln of 3/2 or 5/?
Malan et ¢1 sungest Y splﬂ and pmrlty of 5/2 but their

hperlmcnts cannot’ deflnltely caclude the poq31b111ty of

372" or’ 7/2.

4.4.15 1212 key Level e

The angqlur“ﬁistpibution of the/Cecay from theé

" 1212 keV level to the spin 3/2 500 ReV level allows a sgj;)'
of 3/2 or ﬁjé for the initial ﬁtatc..'InclusiQn of the‘
corrclation data from the 1212 keV to 500 keV to ground
caséade{@figﬂ.& 4.16) fixes the spin of the 1212 keV state"
at 5/2, in agrecrnent wiLh‘Malan'et-al., who Sﬁggest "that the

level has negatiwd parity.

4.4.16 1289 kev Level

Useful angular dislribution oxr correlation data could

not be obtained from the gamma decays of this level.

"4.4.17 1298 keV .Level

The angular distribution of the transition to the

ground state (figure 4.17) allows a spin of % oxr 3/2 for the

-

1208 keV level, at the. .1% confidence limit, with a clear

preference for 3/2. Malan et al. assign 3/2° . {7

’
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‘4.5 Mlxlng Ratlos

v

—

| Table 4.4 sﬁmmarlzes the m1x1ng ratloS‘ié)‘of thef“‘vwr
gamma decays studled in the present work. ~The sign . o
. convention of Rose and Brlnk(1967) is- used The table.also'
llsts the results of Malan et al. (1974) which have been
converted to the same sign conventlon
| When the parity of the inltlal state 1@3 Ge ls a
unceftaln, Malan et .al. give the m1x1ng ratlo deterplned for
: both 1n1t1a1 parltles The two values are generally dlfferent
because the populatlon parameters of the state formed 1n-TiGe
| (in fhe Ga(p ny) Ge reactlon) depend on the parity of the
‘'state.’  The dlstlnctlon between the-two poss1bilrties is
not made in the presedt work ( Zn(u ny)TlGe) pecaﬁse'the
'varlatrons permltted in the calculated populatlon parameters '
ln fitting the data overlapped the parameters determlned for

o/

" both parities.
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TABIE 4.1

The branphing ratios'of'fhs gamma decay$ of the

legplégoi TIGe, détermined_in'thé present ‘experiment,
~Qbmpared with those determined by Malan et al (1974).
l‘ - . - . . \,/‘ .
c
o o

R
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" Initial Level :

" Final Level

-"B;anching*Ratios (%)

" Energy . "~ Energy. Present Work - Malan et al.
525 175 11.8+0.5. 10.6+0.6 -
; 198 88.2+0.5 89.4+0.6° _ |
o \,.’ ® v . — o ' T /“‘—‘_"’"’/
- 708 0 ' 95.5+0.8 97.2+0.2 -
175  4.5+0.8 2.8+0.2 e
747 0o ‘24.8+1.1 22.3+0.8
| 175 45.4+1.8 - 42.1*1.6
500 29.8+2.4 . 35.6%+2.0
808 o .43.6+1.6 “a3.451.4
175 23.6+1.4 21.0+0.8
500 32.8+1.5 35.6+1.6
831 0. 66.3+1.4 64.1+1.4
| 500, 13.3+1.0 16.0+1.4
) ! 525 ©18.9+1.2 18.3+1.2
590 1.5+0.2 1.6+0.2
1027 - 0  <21.0%2.2. . 19.5+0.8
‘ 175" ° <17.0+2.5. 12.940.6
o 500 L, <62.0+2,6 55.2+1.2
_ 747 - obscured 12.4+0.8
"1038 198 . 69.0%2.2: 74.2+1.4
590 . 31.0%2.2 25.8+1.4
_ | i
1139 [ . 82.8+3.1 82.5+0.8
' 175. - 1:10.1+2.6 10.3+0.6
500 - 7.1+2.0 . 5.2+0.6
. 708 <2 2.0+0.2
1205 525 9.9+3.0 10.3+1.2
590 75.1¥4.4  _ 72.2+4.4
. . 831 15,0+2.6 . 17.5+5.4



" Initial Level. 'Finai‘Levelf
.‘Energy "__ : . Energy' -

' Branching Ratios (%) = -
Present Work. Malan et al.

\

-y

b

1212 - - - O
' | 175

36.2+2.0 . 25:2+1.0

17.1+3.6 . 21.5%2.2

3 500. 26.3+8:6, - . 30.8+2.4 ©
'708'.P; 11.2+4.5 . 14.4+4.2
747 9.2+2.7 © 8.1+0.6
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The ﬁormalised coefficients of the Lependre

"polynominl. expansion. of the framma-ray ,

distributions,-atrs.b and 8.5 MeV bohbarding

energy. i
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, . P , 45
. .
‘e B aMev | - 8.5MeV -
-1 % 8y - 24 % - - B4
500 0 | <0.08£0.03 . -0.02£0.03 |-0.10+0.03  0.04r0.02
525 175 0.23+0.04 fp;14ip.04 | 0.20+0.08  0.00+0.04
‘525 198 hOilZip.Oé ~0.0320.03 0.99+0:02 o.o;io.og;
" 590 198 | 0.15+0.02.  -0.02+0.03 6{13¢p.62 10.02+0.02
708 0 | 6.03£0.03 ~0.08+0.05 | 0.01+0.02  0.02+0.02
708 175 | ' 0.060.08  0.01£0.08 . |
747 Y 0 0.42+0.05 f -o:17ip.bs ;ﬁ0.3430.03' 0.0139;53
747 175 .| 0.31%0.03 - -0.02:0.04 | 0.2650.02  '0.05+0.03
) 742,500 | -0.51+0.03  0.02+0,03 |-0.43:0.02 ~0.02+0.01
808 O | -0.03+0.05 ' -0.02+0.05 |-0.07+0.04  0.12+0.05
808 175 | . 0.09+0.08 -0.5419;10
808 500 | -0.15£0.03  0.03:0.04 |-0.08+0.03 0.100.06
831 0 | " |-0.16+0.03 ~0.02+0.03
831 500 | 0.14+0.06 . 0.03+0.07 | 0,10+0.04 0.01+0.05
831 '525 | -0.24+0.03 -0.01:0.04 |-0.21#0.02 '-0.03%0.02
1027 500 | ~0.65+0.04 -0.05:0:04 |-0.63+0.02  0.02+0.02 ’
1095.5375 | ~Q.66+0.06  0.17+0.07 ~0.63+0.02 0.18+0.03
+1096.0 T | a B
1212 500 o o | 0.48+0.08  0.04%0.09 :
1208 0 ' .\\H/;g;;;,/f : ~02%539.o4' _0.92+0.04
, RN - L)
r/' -
. ~.
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TABLE 4.3 = . )

LY

Normalised coefficients. of gﬁe'Legendre polynomial
. oo _ : 5

" .

expansion of. gamma-gamma correlations measured in

the ®8zn(a,nvy) %Ge reaction at B = 10 MeV.
The Al geometry of the, 747-500-0 cascadé was not

. ‘ - ‘ - 1
measured because of an electronic cut-off in one

" of the spectra.
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7
s W
Cascade Al Geometry A2 Geometry
| ) P2 .t "2 R
 747-500-0. - . - 0.31+0.06 -0.05+0.07
808-500-0 |[-~0.324+0.10 0.02:0.12 ¥.32+0.10 - 0.08+0.11
831-500-0 10.12+0.10 _ 0.17+0.12 | 0.00+0.20 0.03+0.20
831-525-198{-0.14+0.05 0, 0: ~0.03+0.05 - 0.01+0.06
1026-500-0 [-0.65+0.04 © 0.03+0.43 | -0.30+0.04 0.01+0.04
1212-500-0 |-0.48+0.04  -0.08+0.D4 | -0.23£0.07 -0.12+0.08
o
.
ﬁJ ’ &l ’



“TABLL 4. 4

‘A comp rison "of the mixing ratios (6)
obt11ucc from the preqent work and the

work OI “?lan et al. (1974) Ei=and Er

are thc\JP01gles in KeV of thb Jnltlai

and firal nuclear levels, Ji and Ji arec

their angular momenta
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Présent Work

Malan et alg‘

J. s

T

By Be Jdp 1T I &
500 - 0 12 |3z - -0.1470-1% 13/2” © -0.18+0.20
: ' T 213,56
or 2.5#0.8 | cor 2.75_1-09
— 4045 5?ﬁ¢____;2_0 +0.45 .
_525 175 5/2 §5/2 2% es T2 © T
T . PR +0.10
. “or 0.21*+0.13 ~or 0.090577)
‘se0 108 9/2 |7/2 . 0.23t0.06  |7/8" 0.1813-93
- | n mat0.60
or 3.1t0.7 or 3.73 5 46
) P , +0.03
2 ol ol 772 - 0.16_5 04
' ' +0.60
| or_3.73_0.46
708 o 1j2 1| 3j2 -0.27+0.12  |3/27 0.19%3-95
+2.6 - " o+0.08.
or 3.7‘__1_.1 .or 2'9~0.76‘
747 175 5/2 |5/2 - 1.3:0.4 s/2”  -2.05'9-32
' ' | ' +0.14
' or 0.0_g 5y or 0.9710.07
' +1.87 - |
747, 500 3/2 | 5/2 27 5750 |5/2 0.18+0.07
' . +0.47
or 2.14h0_34
808 500 3/2 | 1/2 — -2.75<3<-0.09|1/27  unrestricteds
’ ~ 40,21 + . L t0.73
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FIGURE 4.1 <™\ -- Ay

The low-lying level scheme of ?ig;'with the

- gamma transitions observed in the 68211(01,HY)?lGlé
, ezlction. | ‘ B
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FIGURE 4.2

68

Al shectrum of gamma rays from the -

Zn(a,ny)7lGe

‘ | SRR \

reaction, at an alpha b arding . .energy of 8ideV,
i . . . // " ' -,

collected by 2 14cc Ge(Li) detector set at an

éngle of 80° to the beam direction.
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. FIGURE 4.4
'“_The éngular ﬂiSLfiHution of the gamma“transition
from the 500 keV level in ?lGe, populated in the
68, - Y4 P . T
Zn(o,ny) Gt reaction ap.La = BMeV, decaying e
to the spin‘513rbund-stu§gi_gInitial state spins
" of &, 3/2 and 5/2 arc tested. e
(a) DPlots of xz G%ﬁﬁ]v)'again§i~érbtan §. The
\,:_;‘. - ' : » "
1% confidence 1imit is indicated by the
: > .

dashed,iine.

The experimental distribution, with the
best-fit fheo}etipal lines fof each'differenf
iﬁitiél spin.:.- .
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198 keV level.

(aP» 525 to 175 transition, xz against arctal &
(b) 525 to 175 transition, experimental and
best-~fit theorcetical distributions. r
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FIGURE 4.6

Angular distributlons of the gamma transitlons

level,

_from the 590 keV level to the spin 9/2 198 keV .

and the 708 keV level to the spin %

ground state, pcpulated at E = gMeV .

(a)

(b)

(e)

@

‘590 to 198 transition, ¥? against arctan.§.

590 to 198 transition, experimental and
best—fit theoretical distributions.

708 torground state transition, xz_against
arctan §. |

708 to ground state transition, éxperiméntal

and best-fit theoretical distributions.
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Angular dlstrlbutlon of gamma transltlons

iron

the 747 kLV vacl to the spin & ground

state, and to the spin 5/2 levcl ‘at 175 keV,

populated at E =b8McV. . :

'(al
(bs)

(e)
(a)

-

747 to ground tranS}LLon, xz against

arctan é&.

-~

. ]
747 to ground transition, experimental
s:

and best-fit theorctical distributions.
747 to 175 transition, xz against arctan 6.

747 to 17g transition, équrimentnl and

- best-fit theoretical distributions.
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FIGUDRE 4.8

‘.AthTar—diétribﬁtion_of tﬁe gamma tnaﬁ%ition
from the 747 keV level tnlihé spin‘3/211e§é1
at 500 keV, at I = 8WeV. -

(a) x2 against'arctan §.

- (b) 'Experimentnl.a@d bést—fit.theoretical

distributionk.
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FIGURE 4.9

‘ Aﬁgulaf,dispributjonslof g&mma;tranéiéions

from the 808 keV level tq the spin % pround:..

Stgte and spin 5/2'175 kef state, at'E(1=_8MeV.

(o) SbS to grouhd state;‘xz aguinét- |

| arctaﬁ S.

(b) 808‘t0‘ground staté, expefimehtal and
‘best-fit theoretical‘disfriﬁutioﬁs. - o

(c) 808 to 173, XZ égninst arctan ¢

(d) 808 to 175, experimental and best-fit

theoretical distributions. .

a



68 .

>
N
-— e
[IIHII yfllllll -1 _IIIIHII .

-~

/9
TTImE T
}

J=% 3%

l' i

Y jeld

2 -
i

o
'O -
2o -

(c)_;

T T

A
Ay
;
R HULBLLRRLL LINLIRILLLL]

J=2

o° 30
“arctan (3) - -

808—TJ|

75— Y

J=%. J='% -
F2 VT2

1 L .

- 10

_900 .

1
02

557
arctan (&) '



_The angu111 qutrlbutlon of the pgamma transmtlon

o~ a FIGURE 4.10

from the 808 keV level to the spin 3/2 500 keV

'1eve at E 7= 8 MLV and AL and A2 c011e1dt10ns

_of the 808 to 500 to ground cascade, at Ea =, 10MeV.

(a) Total xztor the "ngular dLstrnbuilon and
| .'correlations,'against arctan & .

(b) 808 to 500,tfansitioh,.experimentai ﬁnd besf~

Iit theorefical.distributions.

(c) 808-500-0, experimental and best-fit

ﬁheoretical .orrelations,'hl gegRetry.

(d) 808-500-0, experimental and best-fit

theoretical coyfelﬁtioﬁ, A2 geqmciryﬁ\
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/P\w the 831 kaV lével to thoAspin‘% gyohﬁd state, | -
qnd the sgfh %ZZ 500 keV:staté, at Eo 5_8M0V.
' (a) 831,$0¢ground.stute, xz hgaipstrarctaﬁ 6.D -
(b) 831‘ to ng'ound‘sltthfe, c_xp.c—;‘ri;rluéntaf.l' and .
' bést~fit-theoretical distflbutions.
(¢) 83I’%6 SCO, x2 againstiarétan'é..
v _ (d) 831 to 500, e;&périmogtal and best-fit
. theoretical,distributiéns.‘ ‘
4
A



(1%

T T, T 7 1O R

L

L 1

| B

" Yield

o
i
0
O
o

yH lIIIIIIl

T T T 7]

drctan (S)

|
0°

50°

Yield

%,

S

.G-
c

l-
O.‘! [

arctan (8) .

ok
™

%.-
. H
) <.

~
b

2]
woe -




I

,.‘.\ . ' : N

 FIGURE 4.12
Angular distributions of gamma transitions Yrom

the spin 3/2 831 keV level to the 525 and 590 KeV

,ieVels, at 8 MeV bombarding energy.

(a) 831 to 525, XZ against arctan 5.
(b) 831t 5, experimental ‘and best-fit =

theoretical distrfbutions

' (c) 831 to 590 x2 agalpst arctan §.

4(d) ‘831 to 590 experine tal and best-fit

theoretical distribut ons.
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CRPIGURE 4,13
_The angular distribution of-thc tranSit1on

from the 1026 keV level "to the spin 3/2 500 keV

level, at Eﬁ = 8 MeV.

(b) Experimentulfand beost-lit theoretical

distributions.

() x2 against arctan §. "
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. The anﬁular distr

_;fromjthe 1096 ch le

BRI

FIGURE 4 14

1but10n of Lho gamma transition .

vel 1o the spin 5/2 175 keV

level, al Ea-= 8.5 MeV.
(a) ‘xz against arctwn §. .
(b) ILx pexjmental and b(at—Ilt theoreticai‘distrihutions.
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FIGURE 4.18

* The dngular dlstllbutlon ol the gamma tranqltton
- . from thc 1212 keV level Lo the spxn 3/2 500 ch _

level, at Ed = 8l5 eV, and A1 and A2 correlwtlons

of the 1212'tn-500 to ground cascade, at Eqy= 10 MOV
(a)T;Tdtal xz of the angular distribution and

. correlations, against . arctan 6.

© (b) 1212 to 500 transition, experimental and

besf—fit theorétical distributions.
() 121& 500 0, experimental and best—fit

theorctical c01rclat10nb, Al geomctry.

: (d)-'1212 500-0, exoerlmental and bestefyt

rhporcL1C11 corrolmtwnn* ifﬂ geomelry. ’
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The angular distributiondef the gamina transition
. . . \ - .

&

‘ | N ,
“from the 1298 keV level to ‘the spin } ground state,
at B = 8.5 MeV. )

(a) xz against arctan §. '
(h) 'Experimental and best-fid theoretical

distributions.
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S qumun 5 % o

THI INTT“MPDTAQ LOUULING MODTL

- . : ¢
ey
. . 3

' B
“ . < . ) . 3

S.i. Introduct10n }‘ - . IR

‘As was uunnted ouL in Chdn1cr A, a full.shell-model ~

dvsctlptaon oI Lhn nucleus 71

Ge 1g dlfflcult . gq,caiculate,
RN To) aldescription nr‘the.prbperties of_71Gc s sought. in terms

‘

of some 51mp]cr model The excited sta{eﬁ of the even-masys

gcrmun1um 1sotonos whow collcctlvc pxongltio“ ; the gamma-
ray transition 1trongthb Trom cx01iwd 'tqtoq qu,qevcrul'"
. . "

" .times thc hstimntes given for s;nrlo-pﬂrL1c1L ernsttlonﬁ

(Slmp son et al. 1969), indicatlng‘thn1 many pnILJc]oq arv

iuvolved coapéralivély_in_the:cxciﬁntlons I thevc .
:collc@ti?o g&éfta%ions'nrd stabie structures,:thmn it is
piuusible ib:nttempt.a description;of thé.odd—masé}gﬁrmqpium‘—
isotope.71§é?in terms.of the mdtionﬁbf the odd neut}on mgving p

-

in the potcntin] ﬁrovidod by the dddbincven 700@ cOré.. The

7lGe ground.statu would LOHQJSL()f thc Vround sLaLc of 7OGe
couplcd to thc neuonn Jn tho s1nglc pqrticle orbital of

lowest oncrvy avatlablc, whlle eA01tcd states would he Formud

"

by nromotlng Lhé noquon to-a h1gher orhltal or excliting the

core-to one oi Jts collective modoﬁ of cxc1L¢L10n, or‘both,
,The experlments of.qussten,et al.(1314) 1end supbbrt

' a \\‘

o ) ‘i . ‘ L \\‘ . . . . . .
to thisimodel of the odd .germanjum isotopes, since they have

o




’ .

Q-located'grdups o\ highnspin-leveis in GgGe; 710@ and Ge, _:
which can be 1ntClpTGqu as belng comnoqed of a neutron in
\

iLhL 1gq/ shell modcl'orbltal couplcd to collqctlve-'
cxc1tatnonq of the rclev‘nt even-mass core.

The doLatls oi “the nnteractlon bctwccn'the éore and
.odd nartlcle are doturm1ncd hy the nature of the core and

'1ts exc1tat10ns | S Lhe core 1% non- spherxcal thc pavtlcle

,corc 1nteractLun should be treated in the strong-coupllng
. \

‘ _mpdel and thc odd partlcle wave- funct:on$ are baf'd on

' Ni1sson—moae1 orbltals (Nilsson, 1955)., If the average shﬁpé
of the core.is close to spherical, and the core excitations

consist ol collective oscillations around this average

spherical shape, then the 6dd.bartic1é can be considefcd to
be moving in a:sphericdl shell—model'potontial) witﬁipert*
urbétibns.due tb.the cofe.oscillations, L.e. the weak or
interhedipt; coupling modeliis”appropriate.

The level spcctra of "the even-mass gelmanium isotopes,

(fig. 5.1) do not show well developed rotational stricture,

—
T
-

"as expected of permanently déformedﬂﬁifethonrspheripal)

et

nuclei, but rather sggg/the“Téatures expected of quantised

qpherlcalﬂlmquld drops porIormlng guadrupole osclllatlons
of Qpe type descrlbed'by Bohr (1852). 1In the ideal 51tuut1on,
where the oscillayjoné arc. harmonic, the level spectrum of .

- . . t N +
an -éven-even nucleus is expected to have a 0 ground state,

' ! + o+ + . .
a 2+ Iirst‘excitgd state, 2 0, 2 , 4 . degenerate triplet at

e

. + :
twice the energy ol the first 2 state, ecle. The low-lying



il

- level structure of

model, but ihe level spectra of '

of the vibrational model.

74Gc-is-rﬁngbnably cldse;tp-thefidenl_
70 '

Ge hndr72Gc deviate
+ .+ '

" considerably from the model, the O*, 2, 4 4riplet beingﬁ5

‘widely split. IJlowever mea#ureﬁentS'bf ' gamma~Iuy

tfansitioﬁ strengths in ?qu, and the quedrupole moment of

the Tirst cxcited statc of ?OGé (Simpsbn et al. 1969 and

‘ Simpsdn et_a1£1972)'aro~in good aﬁrcemcnt with the predictions

The model of a paftié}é cbuplcd tO-fhe vibrations of

* : - ~ : i
2. core wasgproposed by Bohr and Mottelson (19533), developed

in the framework & the intermediate coupling model by
N ,
Y, .

' Choudhury (1954), and has beermextended and applied. in

numerous studies, e.g. Choudhury and O'Dﬁyer(1967),.

Glendenning (19€O)¥3Rustgi'et al. (1968), lieyde and Brussard
n 3 Ll C . ;

'(1967) and Castel et al. (1971).

5.2 Developmenl of the Madel

In the intermediate coupling model the assumption 1is

made ithat thé Hamiltonian (I) describing the odd-mass (A+1)

‘particle syslen cén be split into two parts, thus:

p (5.1)

It = HC‘-{- Hc

whore I-ic is the fwniltonian ol thoe cven-even A-particle

system, and Hc—ﬁ represents the interaction between the

core and particle, taken to be 2 onc—body.potential. The ~

. e amwie

e e o




_cnfe Fami]tonian HC & assumed Lo be dcscrlbod by the
SN
V1br1t10na1 collcctlve modcl (Bohr, 1952 ),_ln Wthh the eore
|

.has ,on Lho nvorape a spherical shhpe.and undergoes surface

-~

V1hrat10nsk

In general the radius (R) of the nuclcar surfdco of

'~ the corc czn be expressed in tcrm~¢J§ tho angular coordlnutc
"0 and ¢, as:
. o ¢ .;.)'A % " . ' )
cREDR A B Y ay Y0, ) B (5.2)
CA=0 p=-) AT - o

. ™ .
where_Ro is the average radius of the core, aud‘the‘ﬁxpausion
cgefficients &;N are.time depondent,'with avcrage values of |
0. The A = 0 térm borresponds to a 'breathing' mode oIlthe*
_rnuéleus, invOlQing density vibra#iohs qf nﬂéigar matter, a
aud is not expected to be Signifipant at low enerpies. The

A =1 terms are also iénéred sihce they correspond £l‘motions

of the centre-of-mass of the nucleus. e higher ) terms

describe surface oscillations, whosc enchgies, in thhe harmonic’

- .

approximation, are given by:

: 9 2 5 ., 2
‘EAﬁ = (B ].aA“[ +.Cf ]aAHI ) o (3.3)

~

I and BA and CA are

constants. The frequency of oscillation of’ cach mode is

where % is. the time derivative of «

given by:

Gy = () . (5.4)

88

e A Y
- GG e—a

Cavmy o ¥
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In the quantféed qysLom'eﬁéh (xCltitlQn (or phonon) of

degree ; Cﬂrr1es an cn rry %@A, angulanhmomontum X, and hqq

pwrity (*)}. h\pcrnmcntally the 1owcsL lylng qtatcs, ;p-

the regLon oL lnterest are Jnternrctcd 1% bcnng bUlIT up

in the modecl, and the :ndex-A is dropped frqm prr9351ong

. desceribing the systenm.

. The exeitation cnerpies of the spherical even-cven

-

arc then given by njie, where n is the number oI quadrupole

phonotis. ~ Thus-the first excited state, with angular momentum

. + . : ' '
‘and parity 2 , lies at Ww above the 0+ ground state, a 0+,

2+, 47 two-phonon tripiet_lics at 2ye, a ot 23" 4t 6"

qutntuplet 1195 at 3w, étc.,

-The interaction betwoen-tho corc and partlcle can

now be determined. Suppose the spherical core Drovides an

average spherloal sinple-particle potential V(r), then, 1T

e
the cquipotcntinl lines of. the core~particle interaction

*

follow the shape of thc surface of the core when it becom

distorted, the potcntldl fclt by the o&d ‘marticle can be

expressed, to first order in the deformation parameiers as:

[

V(r,0,$) = v(r) = x(m w0 B o Y“(o ¢) (5.5)
: U H

4

v

Thus the total Hamiltonian of the core-plus-particle systeﬁ

can .be written: . o 'A(T'

from A= 2 phonono, S0 hlrher dcbrco excitations are Jgnored',

nuc]ouq undcrro:ng quadrupole (i.e.".x = 2) surface oscillations.




Bt e ek 1 sy 7t = e

whEre H acts only on: the quadrupole deformation coordinates

of the core, Hp is a one~body spherically symmetric potential
aqting on the odd partlcle,nand Hinﬁ couples the odd particle

to the. core vibratidns'through the interaction.

. . - o ;‘_‘ " * u ‘. . : ' ‘ .
\ Mg T TR Eof (6,4 (5.7)
‘\ . “ .

with k(r) = rgz,-'
The energies and.wave functions of the combined
system are then given by fhe eigenvalues (E) and eigen-

_functions' |E; IM> satisfying:

. H|E;IM> .= E|E; IM> ' - (5.8)

. 7 . v
o .
o+

‘where I and M are the angular momentum quantum numbers. The

solutions to equation>5.8.can be expressed as sums of the

solutions of the uncoupled Hamiltonian K_ + ﬁ~, i.e.

|E;IM> = L C(NRn&J;I) |[NRngJ; Im> . (5.9)
NRnLJ - N . '

»

Where lNRnQ ;IM> is an'ezgknfunctlon of H .+'HP,-having

-

angular momentum quantum numbers I and M. It is given by:

I I

‘:\




-

" |[NRngd;IM> = I _(RmeTIH)LNRo$ |nij>-' (5.10)
SR p,m- S T .

3

' & oo o
where lNRp> is the core elgenfunction, having,N_quadfupoIe ' ' N

" phonons, coupled to’ angular momentum R, projection p

~satisfying

H, |NRp> = (N 4 §/2)h&1';_lbi3p> CIREON

1 -
-

|n£3m> is the single*particle eigenfunction; of principal’
quantum number n, orbital angular momentum %, toté} aoéular

momentum j, having projection m, satisfying_'

Hy [nf3m> = Engj |nsjm> . (5.12)
where En%ﬂ ié a sheil—model-single~particle engrgy.

The elgenvalues and eigenfunctlons oi the coupled System

are then. found by dlagonallsing the’ matrix of H in “the

“uncoupled representation, i.e. the matrix whose elementé are:

1

R

o~ - <N'R'n‘2‘j';I‘M']Hc + Hp +xHint[NRn j;1M>‘ (5.13) ™

A
-

e+

\
These matrix elements are convenie;:?y evaluated by changing

the coordlnates describing the core oscillations from hu to

-

- the phonon creation aLd annihilatlon operators b+ and b



a2

 d6$fqed}th‘i” L

. ' .1
.. 1
L g . - . : _ o
N L o1 + T, e . ~d
b = ~~—-w-w~(Bm N f iw.) o, (5.14).
.H (2]”1'_0) . . 1»_ 7'\ ‘U_ . ,‘ o —
_ bi':“"——wlh (Bw a = im ) .
o - (2Bje)® Wee o
Hwherc.u“ ié the momen}um coordlnﬁtgf LOR]U ¢to Lo au//ﬂeflned. ~o
by : . - ' ( ‘ : '\\.
. = Bel - - o f . T
¥ b%u | (9115); \__
[

The core Hamiltonian is. then expressed:

. .
i, = ; (b), b+ DY IQ5.16)

o

and the intéraction Hamiltonian- is:
R 3 ' u T Y
' = - I ; + -
Hint K(x) STty ' (b, COLUNIRR & (0 )
© : (5.17)
The operators-bi and hifhave the property of increasing, or
decreasing, by one the number of phonons in the core, when
acting on the core wavc—runétion.
The matrix clement of I, given in the‘expression 5.13

then boecomas:

Npw Spne Sppe Sppr Sy *OE 8550 S110 Sipp



- (%ga) B (ijmIIM)(R 3 p 'm' |1 M‘)<n w]k(r)|nz>
- woem o o

x <j'm'|¥h|dm> <N'R'p'[b + (&)7b_ [NRp >

b

The Wigner Eckart : theorem, according to the
‘definition given by de Shalit and’ Talﬁ% (1963), can be: used

on the matrlx.elements of the tensor\operhtpr,Y“,

o o EE - T : L
<grmt|Yplim> = BTy (J2mu|3$m'}<3‘l|Y2||J> - (5:19)

'
L

where the- reduced matrix element 5j'[|Yz*[j> ie_givzﬁrby:

-
L

B . RS LI
e = Gt vETT (32 - 301" - &)(1 + ()2

- (5. 20)
The operator bfn is a tehsor operator, so its matrix element_

-

can be expressed Aas:

-

<N'R‘p'|b_E|NRpx 'e‘ —;R‘+l (R2p - p|R'p'j<N'R']|bf||Nﬁ>
' (5.21)
‘The operator b is not a tensor operator, but its
‘matrix element can be re—arrangee to put it inEEFnMB of bI,
ahd thelWigner#Eckart theorem can be applied (Cheudhury, 1954).
The-matrii element <n'2'|k(r)|n&> is only weakl&

dependent on n', 2', n and % and is taken as a constant, k.



H
-

_The internction strength of Hint is etpreSsed"foi

e £, defined by:

The summation over the Clebsch-Gofdan‘cqefficients
) )

 4to the matrix element from the interaction Hint as,

- ( )*hw g (B I <y l]YzllJ>.i<N'R'llb+l|NR>

S ~Reng| bt N R >)

x WCR'S'RIGI2) SyypeSuyr (5.23)

&

The reduced matrix elements of b haveabeeneliSted

by Choudhury (1954), put’ must be multiplied by = factor

Y(2R+1) because ofa different definltlon used in . the Wigner-

Eckart theorem. . '
Thue the Hamiltonihn matrix can be constructed for

a given angular momentum I, and its'p:ojection M, within

some restricted basis of the core and single particlé states,

if valuee of the phonon energy %m, the single partfele

-energies Enzj’ -and the interaction strength £ are chosen.

'_eonven;enee,‘ln terms of the dimensionless coupling con;laht N

" in the expre551on 5. 18 can be performed giving the contributidn-

N
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5.8 \U(llfL03§l§ﬂL_ iu Lthe HIND1(‘]n0dUl R S ‘
5.3.1. Pad v ing e e T
' et - T .

* -

-%}E“ Thé‘intérmbdiﬁlc én&plinn modu1r3513e§¢1096d iug_
_Sbctidnfﬁ;Z assumed that thc coro narthle move in somo.
HVUF%FU_%lnp10 pﬂrt1c{v potontivl (or.sheil—modol poLonthl),
Wlth p:eaum\bly Homv rBQ1dnnl qu—bouy (or miny—bndy) inter-
vcllon whlch gives r1sc 1o Lhe cQ lcvtlvttv ol thO'ébI\‘ .
oxciLutions (Kisglinger und SoreLmon 1QC?) - Thé mode.-
s SUMeS Lhal Lhe énro parl1clvs illL the qhvll—modvl 01bLta1R
up to some h(]l—doanvG mnximum onorry‘ antd 01b1Ln1a above
this aro completclv cmptly, in Lhn cven-even huclpuSQ‘and

are available to t\O odd particle in the oddwmuSS nﬁcluus.

Towever, there is a short- rang component to the res ’Lduul

. !

interrction between Lhe,core purticlesj,qcting most erongly,
botween vairg of p41l1c10 thch have the sqmc guantum numbcr

l except for the sign of their .ULyuLnt nmnnonlum pl(‘?)CLLOH

guantum number m. This pnirinu interaction tonds to scatter :

pajivs nr purtlclcs in which the'partic]es are coupled tg a

-~

total anpular momentum of woro; into the Qholl—model states - ;7 /7
whieh would be cﬁptv in the nbhcncc ol the p11anp force. |

) The nlob1em of a system or pdrthIOH 'chrqctln" 1hrough
a palrmnp Torce has hecn treated by Bwrdoan et ib. (1907) in

Con~1dvr1nL %unv*cnnduciorn. The technioues that were develonod

were applied to the nuclear problen by B01r ot anl. (1958).




When thelc is no" rcsidual intexnction,‘the ground

_state,’ l¢ >o£ ) system of

.in a one—body potentinl

wave functions, taken ove

fto the highest occupied o)

| e >

wvhere a§ is the operntor

~ shell- —model stnte |Jm> W

jTand m, when acting on "t

An approximate 1o}

g )

function of a system with

which there exists an att

in the singie~pnrticle st

| ¢

o >= T 1
. j m

.i{.e. the pairs of particl

singie particle states, w

_is occuplied by & pair, or

interecting case V? = 1 up to the maximum occupied orbital,

"and is =ero above this, i

the pairing solution Ug and V:j are given by:

particles obcying Fermi statistics,p o

is a product of the single—particle
r all the single particle states up

rbital i e.

S

- Iln;m lo> " _' ,‘ (5.28)
which ‘creates & particle in the

ith angular momentum qunntum numbers
he vncuum.sthte 10>, '

jution to the ground state wave-

an even number of pnrticles,.in
rnctive interaction between particles

ates |jm> and lj -m2 is:

. t % A
g (Uy Vi ®yn aj___m) |o>_ (5..25)‘

es are distributed over the nvailnbleu

ith probability Vj that an orbital

~__.

i

Uj that it is empty In the non-.

e. the Fermi surface is sharp. In

-, :
N <
. \'

-

n .



K

c‘.

where ej is the energy of'theAQLngle—particle orQital in the

absence of the pnirtng interaction The parameter , which .:

gives the diffuseness of the Fermi qurince, is-relnped to

the qtrength of the pairing 1nteraction‘by.

A= GEUVy . (5.28)

where G is thé magnitude of the pairing matrix elamént.

The average Fermi level, A, is chosen tb-give the-

correct total number of particles () in The system, i.e.
.~ R . . . . .‘ , ‘ .

- 2

N = T 2V

- ‘ j

AN
€

Thus in the even-even A—pnrticle nucleuq thB priring

interaction promotes pairs of particles into shell—model

orbitals that would otherwise be empty in the ground stnte. |

In the neighbouring (A+1) - particle nucleus one single—'
particle orbital, ijm>, is occupied by the odd particle,'

so this orbital is 'plocked' and is not avallable for

; 0

(5.297

9T -

; g ) . Y
IR .-__-x‘ e :
- &{1 + i} . (5.26)
L ((a -\ 2, 42 ) : Co
B o 9 ) 2' St - v ; .
=. - , . (5. .
and Vy 1:..Uj-,‘ - (5.27).



. L o e
ether unhlocked orbitule have to re—ndjuht._fThe'(A¥l)-
partiole qtate i\ atd to be a one qu“si-paxticle'eXeifntion
ot the ground qtate of the A%partlole-eVetem. and has the ;

o

',wuve function: o N S . .

.
[y

Y . Joimf ff'Lje. 131 R ;uﬁ‘+ V) ;3§¥F'“§;;m} ?10>q(§§e0}

The quusi particle -with quantum numbet 3 hnd-ml t

hns the, propertieh of n. pnrtiele to the e\tent that the

\ -

orbttal |1m> was unoccupied and the propoxties of a hole to

the ettent that it was occupted in the Lround \tate of the
o ¥

A-particle system. " ) -

Inqtewd'of the sinble—pwrtlcle enexgleq ej the:

excltations of tTe (A+1)—partic1e system,‘“ith patling,_nro

S glven by the'euu31— article energies, B i wvhere:

-

. i . . .

By - .((ej-x)3 sahY o (sa8y

. ' ' When quasi- pnrticiee nfe.used.in pince of single-perticle
wave functions in the intermediate coupling model the'single-
particle energies, J’ are replaced bv the quasi—pnrticle .
energies, E 3 and the mafrix elemente of Hi + hetween stntes

involving the quasi-particles iﬂj, > and |¢ > ‘are given by

- Lethe etpression 5.23, with a Iurther multiplicwtive factor

k)

(UJ j J i '), where Uj,and Vj‘are the enmptiness and xullness

. .~
. . e * - .
. - .
. I N———\
- ' .
. .

“oceu pation bv A pnir " The ui.and‘vj cosfticignts of the | &

&

S . ca
(NSO Y [



coefficients of the j, m orbital in the even-even nucleus

(Castel et al.,‘19ll} o '_f o,

. ‘ i
5.3.2. Non—Harmoniéitz_in'the'Core . :

Generally a v1bratlonal even-even nucleus does not

have a:low—lylng level structure given exactly by the

harmonic quadrupo model anharmonlc terms usually

split the two—p onon trlplet whlch is predicted to lie at
energy 2Rw’ Thls is partlcularly true in 70Ge

g0 a first approx1mat10n the anharmonic effects can
be allowed for in_the 1ntermed1ate coupllng model of an odd—
mass nucleus by taklng the energy of the twoephonon.excitatlon
of anguher momentum J as (2 t. nJ)hw rather than th, where

ng reproduces the experlmez;ﬂlly observed spllttlng of the

.two—phonon state in the cofXresponding even-even nucleus
I -

(Castel et a%;; 1971)

-

4L-Appllcat10n of the Model ,to ZOG

The values of the parameter descrlblng the core

vibrations, Khw, and the splitting of the two phonon trlplet

70

were taken from the level spectrum of Ge. Theltwo—phonon
. - XK . -

triplet is widely split, but its energy centroid . at 1.94 MeV

: ' ' : . + .
.is quite close to-twlceuxhe energy of the first 2 state 1n 7OGe

at 1. 04 Mev. "

70

In- the absence of a palf{ng 1nteract10n in the Ge

core, the shell-model neutron 21:»3/2 and 1f5/2 orbitals are

3 T
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Py

.full,,while the-gp}and'lgg/z orbrtals are the next avallable
. ‘ - M .

for the odd neutron in 71Ge. Wlth.the ex15tence of a

residual 1nteract10n between the neutrons in ‘the 70Ge core'

hav1ng a comnonent with palrlng propertles “the 2p3/2 and

5/2 orbltals are not completely

1g9/2 orbitals are not comnletelv

full while the 2pé and :

empty. The energies of the

qua51-partlcles 1n 1Ge based on these orbltals and the

‘emptiness and fullness coeff1c1ents (U and V ) of the

orbitals in 7OGe have been 1nvest1gated hy the nheutron-

transfer dlrect reactlons 70 Ge(d,p)7lGe (Goldmana 1968),

70

Y6e(p,a)%%e (Hsu et al., 1972) and "26e(p,a)" 6e (Fournier

et al., 1972). The two sets of determinations from the

(p,d) pick-up reactlons and (d,p)

strlpplng reactlon are

_compared_ln table 5.1. The'agreement between the two

determinations of the quas1—part1cle energles is poor The

results quoted by Fournier et al.

are closer to the values

expected‘in the mass region' so the occupation probabllltles

and single qﬁa51—part1cle energies
coupllng model calculations were t

‘Having numerlcal estlmates
and the barticle parameters; the o
required in the intermediate coupli
magnltude of the core-vibration-to

E, This can be estimated from the

used in the 1ntermed1ate—

aken from the (p,d) data.

N ) .
for the core parameters vl

nly remaining unknown
ing calculatlon is the
—partlcle coupllng parameter

definition of k(r) in

.equatlon 5. 7, _in terms of the shell-model potentlal V(r)

whlch glves an estimate for k = <n!

£'[k(r)|n&> as about 40 MeV

100
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‘(Hecht 1964)1 The parameter C in equation 5 22 depends ong-;

_ the_'surface ten51on of the -nuclear’ surface, and its

-magnitude can be estimated approximately from the 11qu1d— -
-\\: . .

‘\
drop model of the nucleus {Bohr and Mottelson, 1953) as

about 60 MeV. Measurements of coulomb excitation (Temmer and

70

Hydenburg, 1956) give C as belng about 90 MeV in Ge.

Taking C to be 90 MeV, and Hw of the core to be 1 MeV

equation 5 22 gives E to be about 4.

A calculation of the positions of the negative and | 3

7lGe using the ‘model of a neutron : o

70

‘ positive parity levels 1n
coupled to the quadrupole Vibratlons of the Ge core is
shown -in figures 5.2 and 5.3. Core excitations including

ub to three nhonons, and 31ngle quasi- particle states derived
from the 2p%,-2p3/2, 1f5/2 and 1g9/2 orbitals were 1nc1uded
in the calculation. The behaViour of the level scheme, with
the lowest % state taken at-O MeV excitatiom, 1is shown as a

function of the couplinn\parameter £, taken from O to 5.

_ Figure 5.4 shows a comparison between the predicted level

®
scheme of 71Ge, with & = 4, and the level scheme deduced

from the present work, the compilation given by Alvar {1973), .
the studies’ofDMlan et al. (1974), and the studies of - ' ;a

Eorssten et al. ( 1974).

Theilowest four'calculated negative parity-levels,
having spins, %, 5/2, 3/2 and % have obyious counterparts in
the experimental level scheme, with the 1~ ground state; the
5/2 175 keV state, the 3/2° 500 keV state and the spin % 808

" keV state, .which is claimed to have negative parity by Malan
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et al.: The model calculatlon has less success with the

' positive parlty states. The 1owest 9/2 state is’ depressed

too far, relatlve to the 1owest & state. and the splltting

of the 5/2 772", 9727, 1172, 13/2" multlplet based on -
.coupling the‘gg/2 qua51—partlcle to the one- phonon core
state does not reproduce very well the orderlng and spacing
_of the pos;tlve parity states believed to ex1s; between

500 keV add 1100 kev The presence of the state at 831 keV,. ¢
in the exg erlmental level scheme, with spin 3/2, and,A

aCcording to Malan et al with a.preference for positive

parity 1is partlcularly difficult to account for. In the
framework of the model, the lowest 3/2 state, based on coupllng.
the gg/2 qua51—particle‘to the two-phonon 4 core state, is

above 2 MeV in exc1tat10n - The a551gnment of pOSitive pa;ity

to the 831 keV state is based on the exc1tat10n 1nten31ty

of the level 1in the Ga(p ny) Tlce reaction (Malan et al.,

1974), and this asSignment relies heavily on ‘the applicability

of the Compound Nucleus Statistical Reactlon Model. According

to the compilation of- Alvar (1973), the poeitive parity
'assignment is contradicted by"the observation of an & = 1
stripping pattern in a very weakly populated engula: distribe
ution in the 2Ge(p,d)71Ge reaction. ﬂoreover, tce recentl
measurements of Onizuka et al. (1975) onrthe rates of decay
of thelievels 71Ge by electron,lnternal conversion prefer

negative parity for the 831 keV level.
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| -TABLE-S.l

B S\.ngle quasi—pa.rtlcle energ].es (E ') in 71Ge .and

.occupation probabllities (V ) of orbitalé in 70%e.

(a) Data from the 70 Ge(d,p) Ge reaction studied
by Goldnﬁan (1968) The occupat:.on probabllitles

have been re—normallsed by Hsu et al. (1972).

(b) Data from the Ge(p d) 'Ge rexction (Hsu Mt al.,

'197_2.) and Ge(p,d) 1ge 'reaction (Fournier et al.,

[
1973). - | o \\"\\\J

i . @ .| ®
Orbital Ej vJ EJ 'v:j
. 2p1/2 7 o .0.3 ‘\ 0.40 0-0 i _- . 0'-30"0.49 .
2p3/2 7 2.0 | 0.96 : 0.84 . 0.6940.80
1:5/2 ' 1.3 0.64 0.60 " 0.86
1eg/2 i 0.2 = & 9.167 0.19 . 0.10 ‘i~’

- 104 :
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FIGURE 5.1

The low-lying levels of the even-mass isotopes of

‘germanium.  The level schemes were taken from:

~ B . ' . l
70~ .

Ge:. Hinrichsen,Van Patter and Shébiro'(1969)
72Ge: " Camp (1968)

Ge: Camp, Fielder and Foster (1971)

"®Ge:.  Camp.and Bster (1971)

R . ., B : -
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FIGURE. 5.1
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'FIGURE 5.2

Thé‘ﬁegative—pgfity‘16vels.oi 7,lGe in the
intermediate-coupling m@del, as a function of the:
Qoupling stfénéfh E,-réiafive t& the 1owést,&"
levél‘ 1nc1uding up to 3—phonon core excitatious

| and ‘single quasi-partlcle excit;¥1ons basgd.on the

-

, '291[2’ 2p3/2 and 1f5/2 orbitals

3 o
Core parameters: Tﬁw = 1.040
T_.‘O = ;—0.831
le ? "‘0'.356‘: ~
n, = 0.070
Particle Parameters: ' : -
. Orbital - Quasi-Particle - Uy - vy
: Energy(MeV) '
2P1/2 T 0.0 - 774 632
2pg, -‘ . 9.84 . .500 . 866
1f5/2 ' f 0.60 | | . 374 927

e
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R o : " FPIGURE 5.3
The positive—parlty levels of 7lGe in. the intermediate ;
L 'coupllpg model relative to the 1owest 1/2 level. :

. The core parame'ters are as in figure 5. 2 The
parameters for the quas;-_particle are: & » o
Orbital : Quasi—partiéle ' - U'j : Ly ’ - #
: : Energy(MeV) ‘ . ‘j};, f
;
!
] ’{.-,. ) '
» ‘ ' * R
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_Figure 5.4

A comparison between the expefimental level schemo

of 71Ge and that predicted by the intermediate-
coupling model, with the core and quasi—particle
parameters as given in figures 5.2 and 5.3, and

with the coupling parameter § = 4.

S
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CHAPTER 6

SUM“ARY AND CONCLUSIONS

~_ o c :‘“x .
68 NN 7 DT _ -
The Zn(a,ny)’ ~Ge reaction -has proved to be a

" useful tool -in the study of the éxcited_states of tge.

-The angulg;\mqmggta of most of the levels in "1ge below

. . ™ S v ] * ‘ .
1.3 MeV excitation energy have been determined by measuring
7 gammaégsy angular dlstrlbutlons and angular correlations of i

gamma~-gamma cascades, using the Compound Nucleus Statlstlcal

3

PR DIPTSR

Model to descrlbe the (a,n) reaction. . o .

A nuclear model czlculation of 7% Ge - assuming that o

1

the odd neutron in. 71Ge is coupled to COlleCthQ qugdrupole

‘“\\\_Xiggﬁxions of the 7QGe core, lncludlng corrections for a

pairing residual interaction -hetween the core nwﬂsons, has

11m1ted success in reproduclng the level structure of 71Gé." : |
S ' i
The 1nadequac1es of the thecfy are partlcularly evident in

predicting the. p051t10ns of the lower- 1y1ng p081t1ve parity

levels. : ‘ .

r

Scholz and Malik (1968) have had some success in

explaining properties_of the odd-neutron nuclei Ga, As,-Br,

PR, PINIE A T Y

~andﬁRb}ﬂby~assuming-¢hat_ihese:nuclei“haveca”permaﬁant.prQlate__ﬁmm_ i
deformatlonQ}'The rotational band structufe expectedfin the
g 3 ¥

level schemes of deformed nuclei is obscured by strong

coupling between <the rotational motion and quasi-particle

113
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- excitations.. This Coriolis~§oupling—mbdel;haS‘beén appiied to

75

the poSitive~parityﬁlevéls in the‘odafneutron ﬂucleﬁs' se

(San@erson, 1973), to explain the existance of a,IOW*lYing 5/2+

level and 7/2+ level. It appears that such a model might pro- ®

vide a better first approximation’to the level structure of
7 ' | |

Ge, than the ihtermediate4cbupling model déécribed'in Chapter 5.

-
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APPENDIX A

 DATA ACQUISITION SYSTEM

A-1 .A-Descrlption of the Hardware

"The computer—based datauacqu131t10n system at the
Mcﬂaster Unlver51ty Accelerator Laboratory is based on 'a
PDP g* processor, with a core memory of 8K (1K = 1024) words
of 18 blts each. It is 1nterfaced to a peripheral memory

of 32K 18 bit words - which can be USed to store data, -but

¥

. cannot hold programs to be executed.

Standard peripherals supplied by the computer :
manufacturer consiet of two DEC-tape drives, a teletype, a
paper reader/punch,Aac IBM compatible 7—track-magnetic‘tape'

drive, and a cathode ray ‘display Sscreen with a 'Scan-master' .

controller. Other°devices'which have been interfaced locally:

are (1) a set.of push-buttons that can be seneed‘by the

computer (2) a set of light—emitting diode numeric’ display

Y

registers (3) a set of 12 scalers for countlng pulses,

(4) a controller for analogue to dlgltal converters (McNaught,

i/

1374 ), and (5) an incremental plotter.

The__AD,C#interiace_caLcontr_ol_up ._‘to_'B_AD_CLs_,__and_k_.can

operaxe in 'singles' mode, where each ADC presents data to

the coﬁputer independently of the -others; and in 'coincidende'

’ EE-*Manufactured by ﬁigitaliEquipment Corp., Maynard, Mass., U.S.A.



-

mode where a grqup of ADC's are read every tlne the 1nterface

slgnals to the computer that data have been digltrsed__fl

-~

-
. - .
!

4-2 Singles Programs - .

A common requlrement of & nuclear experlment is a
dev1ce to accumulate pulse height spectra, or histograms of
number of events as 2 functlon of pulse helgﬁt from signals

from one Or more 1ndependent detectors. The high resolution

119

of Ge(Ll) detectors frequently requlres that the data collectlon

devxce should have a resolution of one part in & few thousand '
1nrmeasuring and storing the pulse height 1nformat10n, so that
useful informatlon "is not lost Count rates of greater than
104 events per second Pper detector are not uncommon. Progrems
have been written for the PDP-9 computer to accumulate spectra
from such data. |

. The programs are written in assembler language, because

“of the relatively small size of the programmable *memory, and

.

are self-contained, 1i.e. they use none of the so-called "system

device handlers' or subroutines supplied by the computer

manufacturer to facilitateninput and output. The main

objectives in writing the programs have been to make them

easy to use, relatively ?1exible, and easy to extend to

prov1de nhew functrons~when—requfred+AeThe_migima1 reguirements

of such an on-line computer are that it should gather spectra

on command; display these spectra_to the experimenter, SO

~ that the'progress'of the'experiment can be monitored; write



_out -the spectra in some permanent form for later analy51s

:and llow some analy31s to be. carrled out durlﬁf—vhe course

'-_
-

. of the exnerlment
Communac;tlons from the experimenter to the computer
are’ made through the teletype or the® push—buttons : The-te1e~
' ‘type commands have a 51mple form one or two letters (having |
SomermmmonicP éalue) followed by aastrlng of integers,
separated by commas to be used as~panameters 1n the command
| Data. can be taken from one. to eight ADC's (as long as
. the total memory requlred for data storage 1s less then 32K),
and each ADC can- collect a spectrum of un to Sh channels. 'The'
memoxry space allotted to each ADC is a551gned by teletype ~
command after the program has been loaded, and can easily be
changed at any time. Commands are avallable to instruct the
) computer on which AQp's and scalers are tobe used; to initiate
collection of'data;_anddto stop collection. ‘Data cén ‘be
gathered tor a pre~set time interval; for-a preset number.of
pulses in one of the scalers; or until.a command from the
teletype is gimén The ADC's are handled‘under‘program
control i.e. when. an ADC h&s digitised -a pulse the ADC
controller 1nterrupts the computer from its foreground task
(of dlsplaylng data, etc), the computer ascertains that the '
_ADC was the device which caused the interrupt, and reads a
word from the ADC contréller.’ The bottom 13 bits of the
' ADC word contain the actual pulse height information, the

next 3 bits contain the number of the ADC which caused the \T\\

2
i
A ]
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]

‘interrunt The computer uses the ADC number as the index
of a list of startlng locatlons of the region of memory :
'allotted‘to thelspectrum oi‘each ADC;, sud-adds the relevaﬁtf
start-iocation td'the_ouise‘heightAnumoer:to find.the locatiou'
cip:oemory toincremedt:?’This'mode or operetion giies
flexibility in assigning_ditferent memorfiregfons to the
_ApC's, but surfers from't -disadvaﬁtdge that.signiiicent
'%psses of-date cgnoccur)giﬁhigh count ratés_because of the
time taﬁen.to process’each event (about 40 p sec). Changes
- in the ADC controller are anticioeted,‘which will allow the
.relevant memory locatlons to be incremented directly by
hardware, ‘and- decrease the losses 1 - ’
| While waitlng for a teletype command the . computer
dlsplays one of the collected spectra on the cathode—ray

display, and the channel number and channel contents of a
channel selected and intensified by the scau;mastér controller’
are displayed in two of theaiight—emittingfdiode numeric
displays. ; . - . ) . S .;
__'Spectra are stored in a relatively permanent form

on DEC—tapes,,whichbare small'meguetic tapes widely used by
Digital Equipment Corp. These tapes have a block-addressable
structure; one DEC-tape reel norbally contains 576 brocks‘of
'256 18 bit words. Each block is numbered, and the computer
can access any block for readlng or writing A simple compact

~format for storage of data has been adopted, 1n which the oo

first block on the tape rs.used as a‘directory containing the



'_:sfarting_block ﬁahbef,'andflength ereaéh.speétrum.whicﬁ'has )
- beéﬁ.ﬁrifféﬁ‘on the'tape;  The.dixectorﬁ infoihgtioﬁ.is -‘;-. f'
'updgggd agtoﬁét;cally ench tifie a spectrum 1s written onts.
i}_pg.“ R _ . A | _
SpectrarcEn-be‘p%oﬁted‘ou an incremental plotter;_
with aﬁes,;without.significantly affecting the collgctibﬂ
of data. - | o | -
Coﬁmands.for manipulation of spectra exist. Ie-is'
poésible to émoofh spectra; by pérforming a.weighted'mdving‘
'-.fhree-poidtiﬁverﬁge.OVEr éhahnellcéntenfs, or‘add,or subtract
different spectra. A limited amount of analysis of the |
spe;tra c;n.bé performed, by suhming‘the numbers‘of€counts ;

in selected regions of a spectrum. More extensive analysis

features are plinned. 3 ) I

A-3 Multiparameter Programs

In a coincidence”eXperimeﬁt, generally'more than one.
parameter must be recorded each fime an eveﬁt occurs. For
example, in a gamma-gamma coincidenge experiment every time
an event-oflinterest(6ccurst;}t is necessary to record the_

energies of the two gamma rays and the difference'in their

arrival times in the detectors. Typically the gamma-ray ~°

energy pulses are digitised by ADC's with conversion gains
of aK channels. ®One method of storing the incoming information
(neglécting the time_signal)_would be to build‘up an array of

dimensions 4096 by 4096, but this would require a randomly-

»



'access1b1e memory with moxe. than 16 x 106 locations ' A;"

magnetic core memory . of this size is expensive. A financially

&

more attractive nethod of dealing with the data storage
A'~prob1em, which can readily be extended to include more than
two parameters, has been implemented using the PDP -~ 9 computer
and the IBM compatible magnetic tape unit The pairs (or : |
multiplets) of ADC words are stored 1n sequential fashion on
'magnetic tape in the order that ‘they arrive.' To make efficient
'use of the magnetic tape and to average out statistical
‘fluctuations in the incoming data rate, the data are accumulated

<
in a° list in a buffer \in the memory of the computer, until

3

e incoming data are then automatically

'the buffer is full;
routed into & s cond puffer while the first’isvwritten onto.
rtape. - When the second buffér is fuldl, it is written out while
the iirst is re-filled. "It is possible to accumulate data
at the rate of some hundredS'of events pexr second before the
‘tape writing speed limits the, data acquisition speed.
‘The ADC interface on ‘the PDP-9 computer was dfsigned
so that up to 7 ADC's could be used in coincidence mode
while the eighth can run independently of the others When
one of the c01nc1dence ADC's receives a pulse the ADC
controller walts for a- period of time (generally set to 4

microseconds) to allow the other ADC's to receive.their

pulses, then turns- off the inputs to =211 the other coincidence
' ADC's. When all the ADC's have dlgitlsedthelr pulses the
“computer is interrupted. Aiter recognising the interrupt, the

computer reads data from all the enabled coincidence'ApC'si‘

!

] ' ' : )
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logged. o o . %

‘.and stores the ADC words in a bufﬁer If the buffer has .

i .
room for more data tbe computer reverts to its normal fore—

ground ‘task of displaying Spectra, but if the buffer 1s full
. Ll ‘
the computer sets a software flag and re—arranges pointers

9 --

~ within the progfam to route successive data into a second

buffer, -then returns to the display loop In this disn}ay

™

‘loop the computer repetitively checks the buffer—full soft~

ware flag, and when this is found to be set the program

.1eaves$the loop to update spectra of each active ADC from

the fullfbuffer and writes. the buffer onto magnetic tape

The block, or physical record size on tape is 512

words, this being a compromise between efficiency of packing

the data onto tape (1mp1y1ng’a long record) and ‘use of the

\

'computer core (which is required for the prog;am) for buffer

space. ' On each record on tape the first word is a run
number, which is set by the experimenter to identify data )
taken during a particular part of an experiment the second

word is a record number whioh is incremented by one each time

8 buffer is written. A buffer ca%}be written in about & sec.

so with 2 parameter data about 500 events per second can be'

¥

The commands to the event-by-event multiparameter

programs are similar to those of the singles programs, allow-

ing spectra to be written out on DEC-tape;wpiotted and
manipulated Wlth additiofal commands to control-the magnetic

tape ' ) - o ". -



' Appendix A-3 described how . multiparameter data can be

stored on magnetic tape in event—by-event mode To extract A

<t

useful information from the experiment it -is necessary to

compressvthe data to a manageable form

Considering the

example of a gamma—gamma coincidence experiment the raw data

" consist of pairs of words on tape representing the energies of
s

 the two gamma rays. . One requires to set digital windows on

peaks which appear in thespectrum of all the events in one

detector (the projected spectrum) and scan through the tapes

presumably with a computer, picking out

those events in;'

which one gamma-Tray. energy is Wlthin a selected. window range,

building up separate_spectra of the other gamma energy for

each digital window. To reduce the time spent in scanning

' the tapes ‘it is'desirable to build up as many gamma Specira

as possible.per pass of the tape. A computer'with‘a large

: amount of core memory could be used for

tape scanning, but
- 9 .

an alternative solution uses a-small computer with a disk for

storage of - the accumulated spectra

—_——— R W

The_PDP 15 qpmputer ‘at the McMa
_Labjhas.iGK.of fast core, and a fixed-h

‘storing 256K of 18 bit words. Thus the

-

ster‘University'Tandemn”m”mw

ead disk capable of

disk is capable of
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holding up tod64‘4ﬁlspeCtra. ‘The ?DP:iS_disk-is.;eidtively‘
.ﬁell suited for use ae.a random—&eeesq device because bf‘its-.
o ability to read or write single words on the diqw most disks
read or wrlte blocks of words, of some minimum length

pfoblem arises with the use,ofzthe disk because of its
relatively slow random access time for individual words.
Typically =a word_representing.a channei content can be.read
from core memory,'updated,Nand.re—wtitten in at most a few
mtcrosecondg 'whereas the average'time to read and re-write

a 51ngle “ord on the disk is the time required for the - disk
to go through 1& revolutlons, i.e. 25 X 10~ -3 sacs. Thus

if the disk were used directly as a random .access device,
only about 40 events per second could he proéeeved The
average update rate on the disk can be increased by buffering
-and de-randomising the events to go on the disk, so thet

many udrds are updated per two revolutions of the disk.

A routine, partiall& basedion a prOgram.uritten by
D.-ﬁincleir, written in-assembler language, callabie froﬁ a
FORTRAN program,. usiig buffering techniques to achieve update
rates of 600 eveuts per second, has been implemented on the
PDP-15 computer. The use of FORTRAN as the contrel program

encourages flexibility in writing pfogrems to analyse

4L . i '
different types of coincidence data. The disk-update

procedure is partiall? overlapped'withredmputatiothﬁthe“mm“' ST

calling FORTRAN program, so that theAdisk-updating time does

not necessarily add significantly to the time required by the
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'FORTRAN progrém to read raw data from magnetic tapE'ahd-to;

check window lists etc.’

3
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