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Abstract .
Excited states in the neutron-deficient transitional

112,114,116,

nuclei Te have been studied by means of heavy-ion

(H.1.,xnypza) reactions. Levels up to spin 22h at ewxcitation
energies of up to 9 MeV were established using Y-y coinci-
dence, y-ray angular distribution, y-ray excitation function

112Te, Y—Y—timé measurements. In addi-

and, in the case of
tion, the charactéristics of a number of fusion—evaporatiod
reactions leading to residual nuclei in this region have been
analyéed and compared to theoretical predictions.
'Rositi;e—parity structures above spin 47, 8" and 147

in 112',1,8’.114Te and 116

Te réspeqtively as well as negative-
parity bands based on 8(_) and 9(-) states are reported for
‘the first time. Posipive— and . negative-parity band
strqctures_upyfo spin l6+ aré compafed to the‘pfedictionslof
a number - of models usually applied.tﬁ transitional nuclei,
‘and interpreted_ in terms of valpnce single-parficle plus
collective vibrational degrees  of freedqm. At higher spins
(12h to 22h) no strong evidence for rbtational structure-is
seen. : ~

Asﬁpart.of the data analysis for the“preseﬁt work, a

numerical deconvolution method appropriate to yY-ray spectra

is presented in theprpendix.
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Chapter One - Introduction

Oﬁr understanding of nuélear structure i; based con an
extensive Body of experimental evidence, spanning a wide range
of nuclear systemsfconyaining from two all thelway up to
hyndreds Bf nucleons; To a large extent the way in which we
classify these systems 1is determiﬁed by models which have
been formﬁlated in attémpts to explain observed behaviour.
The nuclei in the vicinity of 2=50 constitute an area of
 which our experimentally-obtained knowledge has 1increased
shbstantially in recent years; in addition, the& are examp-
les of nuclear systems which do 'not fit neatly into conve-
nient classifications. They therefore provide interesting
tests of'many aspeéts of nuclear structure ph&sics. b

A number of the neutron-deficient nuclei in this
reglon have been examined using in-beam gammd-ray spectro-
scopy or mass-sephraéed isotope decay studies. High spin

. | 't
states in ~0%Cd (ref. Trg2), 108,108 116-122,

116,118

Sn (Anél,AuBO),
.

(ChB82,Va82) and Xe (JaB4,Ke84) have been stﬁdied in-

beam using heavy-ion (H.i.) fusion-evaporation reaotions,

while‘-the masses and/or unusual decay properties of very

neutron-deficient nuclei such as 10§ 110

114

Te, Xe (ScBl)v and

Cs (RoBO) have been deduced by means of on-line mass




2
separation and beta-,  proton-..and alpha-decay spectroscopy
following H.I. :éactions such as 58Ni +.58Ni. Some of those
properties have been used to infer the characteristics of
nuclei nearer the postulated double shell closure at Z=N=50,
i.e. 100g, .

Concerning the neutron—déficignt A < 116 Te isotopes
Géry'little in the way of detailed nuclear structure infor-
mation was known before this study. These nuclei, having
Z=52, lie just outside the Z=50 Sn c¢losed proton shell and as
“such are considéred be "transitional", hiving neither

overtly collective defoyfmed structure nor purely spherical
characteristics. There are indications, looking at nucleitin
the dlose vicinity, of competition between a number of the
elementary modes of excitation which give rise to nuélear
spectra, in this case single-particle shell model, vibra-
tional and rotational degrees of freedom. Firstly, 10w—1ying
levelg in nearby even Sn isotopes display 0+'-2+—4+—6+ sequen-
ces, the. spacings .Of which have been interpfeted as two
valence neutrons outside theh closed proton shell, coupled

with a short-range interaction (eg. 1088

134

n; An81l). Positive- -
parity 1ezels in Te " exhibit similar_behggiour, onl; in
this case the interpretation considefs two protons oﬁtside a
Z;SO, N=B2 inert core.  The presence of the g9/2 proton
excitation across the Z¥50 closed shell, in_the structure of

odd-A Sb (Z=51) and I (Z=53) isotopes, has been demonstrated

by the Stony Brook group (eg. Sh79,82,Ga82), among others.
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Secondly, the ratios of the energies of the first
+ + , .
J"=2" and 4  excited states, R4=E4+/E2+, in the even-even

112-130, isotopes vary between 1.95 (A=130) and 2.14

harmonic vibrational model. The presence of other members of

‘the two-phonon multiplet near the 4  level in 118-1304,

is
_also indicative of the vibrational character of the low-lying

excited states.

Finally,‘positive— and negative—p&git& level struc-
tures in transifional Z'< 50 Cd (Z=48) and Pd (2=46) nuclides
have been described (SiB0) as rotational bands built on zero-
quasiparticle (d+ ground stat95 and two—duas;particle lO+, 8"
and 9~ band-heads, leading to a sliéhtly—deformed rotor

interpretation of these nuclei. A4I=1 -level structures built

on the previouély—mentioned 972+ states in odd-A nuclei have

-been interpreted (He76) as strongly-coupled bands resulting

from a 139/2 quasi-proton _hpiellplus a rotor with prplate.

deformation. This evidence, as well as “the discovery of

rotafional.bands atop two-particle two-hole (2p-2h),exci$ed '

(A=112),. close to the valué€ of 2.00 predicted by the simple

0+ states in the even Sn isotopes with A > 112'(Br79)'led_'

Chowdhury et al. to search for similar 4p-2h . bands 1in

lls_lzZTe (Ch82). Although no clear rotational structure was

seeg, a possible explanation of the 8+—12+ level spacings was
ad#anced in terms of a prolate rotor. Certaiply,the
l16-128Xe isotﬁpesJ with two more Ipro{ons (2=54), dispiéy
rotational bands starting at the ground state.and extending

%



a
up to observed angular momenta 18h or so (eg. Jad4,6 KeB4,
GaB47), Venturing further into the 50<Z<82 shell, Nolan et al.
have followed a rotaticnal band in 132Ce (Z2=58) up to .42h

-

(Ne85), one of the highest spins yet observed.

Within a collective framework the possibilities of &
and vy vibr;tiong in "soft" transitional nuclei favour the use
of a complete Boh?—Mottelson (BM69,75) description, of which.
~the harmonic vibrator'is a specific case, or something along
the lines of anJinteracting boson phenomenoclogy (eg. [.B.A.;
AI?Sa,bTAr?f), both of which take into account those degregs
of freedom. A full explanation of nuclei suéh as the Te
" isotopes would then include quasiparticle excitations based
65 shell-model 5rbitals as well,,preferably‘codpled to the
collective core. Van Ruyven et al. (VaéZ) have characterized

the excited states- in 118,120

Te observed by them up to spin
14 as either collective quadrupole -(0+-2+—4+4;..) or kwo-
qﬁasipartiéle (eg. _7—, 87) excitations described by the
I.B.A.-2 (Ar77,0t78a) and "broken-pair" (Va?é) models respec-
tively, buf no coupling between the modes was considered. f
Nearly-spherical nuclei may‘form states of very high'
:angular momentum not by coflective rotations about an axis
perpendicular‘fo-the symmetry axis,.as seen'in 132Ce, but by
lining up individual particle angular momenta parallel to a

symmetry axis (BM74). This single-particle alignment results
L

in irregular sequences of Y rays de-exciting the high spin



levels, and the possibility of long-lived states having high
angular momentum, i.e. "yrast traps".

. It is with the objective o¢f extending the under-
standing of transitional nuclei in the Z2 > 50 region,
gspeciélly those neutron-deficient isotopes of which li?ple
was previously knbwn, that this étudy was undertaken. ‘As
Just outlined, the results must be considered within the
context of competitivé modes of nuclear excitation, particu-
larl? since the observed levei stfdctures extend.from thé
ground states up to nearly 9 MeV in excitation energy.

lghapter Two ﬁeals ins an éleméntary way with tﬁéofe—.
tical means "of ‘caiqulating nuclear state 'charaéteristics
based on singleéparticlé,"vibrational,' baifing—plus—du%ﬁru—
pole, phenomenoloéical add rotational méaels."Chab;er Three
outlines the éxpe:imehtal methods - used for heavy-ion reac-
tions and in-beam r-ra& spectroscopy. The chéracteristycé of
‘H.I. fusion—evapo:ation'réict;ons bear significantly on the
measﬁre@entS\xhat have-beeh made;.to fhe exfept of‘dete}—
mining wﬁich.nuclei-may-be reached and how well they may be.
studied. For example, the well-known fendenéy of theé cas-
céding" Y rays to 'populate states of. the nighes; ﬁngulﬁr :
momentum at a given excitation energ&l(the so-called "yrast",
'states) limits the,obsefvatioﬁs to yrast or nehr-yrusp
levels. . Therefore experimeqtally-detérmined properties of
H.I.rreactions~will be considered, as well as-thé p;oéedureé~

used to acquire and analyze the data. Experimeqtal'results

‘
LY
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116, 114

drawn from the data for Te, 11

Te and zTe are presented

in Chapter Four, along with a description of the H.I.
reaction characteristics deduced from excitation functions.
A discussion of the spectroscopic results in the light of .

various theoretical nuclear structure models follows. in

Chapter Five, at which point comparisons will also be drawn

112,114,116

- between the Te nuclides under consideration, and

nuclei belonging to other transitional regions. Chapter'Six

summarizes the present work.

A description of the deconvolution program SANDRA,

developed to extract photopeak intensity and centroid infor-

mation from many of the y-ray spectra, is given in the
. ~

Appendix.

-



Chapter Two - Theory

Introduction

Any discussion of transitional nuclei must of
necessity deal with a number of differing percept%bns ‘of
nuclear excitations and resulting model descriptions. The
aim of this chapter is to provide a basic overview of a
subset of what have come. to be acknowlnged as the more
ﬁéeful views, as well as to outline ;heir chief predictions
and important differences. Detailed descriptions of the .
theofe;ical'approaches employed here afe readily available in
a number‘;} higher-level textbooks (see, for example;.Lawson

(La80 - shell model), Ring and Schuck (RS80 <~ many-body

problem) and Preston and Bhaduri (PB75)).

-

-

In priqciple a bﬁre shell-model a®proach, described
as a "microscopicJ theory pecause of its depeﬁdénce on sin lé
particles and‘iqdividual nucieon—nuclébn inperactions, should

be capable of producing a vélid picture éf.;hé 5;haviour of
any assemblage of nuclegns, giden a set of reasonable star-
ting assﬁhpﬁions. An elementary calculation of this type is
outlined iqp Sectiqn 2.1. However in many casés :sﬁch an

approach may be overly (or even impossibly) complicated and

result in a picture which obscures some of the characteris-
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¥k,

tics displayed by a nucleus. As well, there are many excited
states with features which do not fit into the shell model
mold, even'wiﬁh the'gse'of more sophisticated models such as
Hartree-Fock (independent particles) or Hartree-Fock-
Bogoliubov (1ndependent quasiparticles) ~(RS80). It then
becomes necessary to consider "collective" excxtatlons. i.e.
éxcitations caused by some form ef coherent participation by
.many nucleons. The Vibrational model considered in Section
2.2.is an examble of such a mechanism. Section 2.3 describes
the p&iring—plus-quadrubole approach, .te}med "semi-micro-
scopic" because of its inclusion of single-particle excita-
p}ens and.residuaL~nuoleon—nucleon interactions as well as
vibratioﬁal degrees of freedom. .

- For manf nuclei not very close to closed shells, it
is reasonable that "phenomenoiogical“ represéntations.would
be favoured, which can Smellfy calculatlons enormously, but
at the risk of an lncomplete descrlptlon .of the available
excitation modes. ‘A number of models have been developed
based on the -use ef boson expansioﬁs, which approximate the
complicated pﬁrticle (fermionﬁ Hamiltonian by a small group
of boson.operaters. The vibrational Hamiltonian lends itself
quite easily to thig approach, for example, since the quadru-
pole vibrational ehenon is analogous to a 304calied fd—
beson". v The inclusion og?‘interactions "among the various
bosons led to the” formulation of the,'fnteracting Bosenr

Approximatioh (I.B.A.) of Arima and lachello (AI75a,b), which



9
is outlined in Section 2.4 for a limiting case'fhvolving weak
boson-boson interactions.

Another phenomenologibal description of "bands". in
even-even nuclei which has been widely.applied is the
" Variable Moment of Inerfia (V.M.I.) model of Mariscotti,
Scharff-Goldhaber and Buck (Ma69), which was originally
propgsed..Ps an explanation of the experimentally-observed
deviation of "rotational" level spacings ffom the expected
J{J+1) dependence; The -extension (8SG70) of this model to
less—defbrmed nuclei. provided a progression from'“defdrmed"
to "spherical” to "magic" reglons of the chart of the
nuclldes, distinguished from each other by varying degrees of
nuclear stiffness and initial resistance to "eranking" of the
nucleus. Recently Klein has generalized (K180) this
variable—parameter approach, and Bonatsos and Klein (BK84)
have proposed a Variable Anharmonic Vlbrator Model (V.A.V.M.)"
in the same vein as the V.. [., but 1nclud1ng one adi}tlonal
pargmeter. These models, as applied to the "spherical" Te
‘isotﬁpes, are discussed in Section 2.5.

Finally the excitatioh degrees of freedom capable of

producing high-spin states in l12’114'1161‘(—:‘ are touched upon

¥
in Section 2.6. In this instance a totally quantitative
. ’ T
explanation of energy levels is not attempted, the emphasis

instead being on an~understanding of the most likely struc-

tural reasoné for the observed high—spin;gharaqteristics.
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2.1 Shell-model Description

The nuclear shell model, firs% proposed by Mayer andrh
~Jensen (MJ55), has been very successful at explaining lévei
energies anh wchar;cteristics, transition 1intensities etc.
near closed negtron and proton shells. As well, it has
provided a basis for‘ﬁnderstanding the behaviour of nuclei

having more than one or two nucleons (or holes) outside a

core which can be taken to be relatively 1inert. The
112,114,116

Te isotopes which form the focus of this study

have two protons and 10, 12 and 14 neutrons respectively more
‘{ r

than the 2=50, N=50 closed&shell, and as such cannot be

expected to display purely ‘individual-particle behaviour.-

However an indication of possible singfe-particle influence
may be obtained by considering the excited states produced by
coupling two protons and also two neutrons'in the appropriate

shell-model orbitals, wusing a simble form of residual

nuclecon-nucleon interaction.

In the 50<Z,N<82 major shells, the 187 /9 zds/b,

lhillz’, 2d3/2 and 351/2 o?bltals- are available for both
1

/2
proton hole orbital may also play a role. A calculation of

neutrons and protons. As indicated in Chapter One, the lg;

the. expected 2-proton and 2-neutron states was performed
using the single-particle energies listed in Table'g.l and a
Surface Delta Interaction (S.D.I.). The full derivation of
the gene;al_S.D.I. matrix elements may be fqund, for example,

in Lawson (La80). In the absence of proton-neutron inter-
» .



N Table 2.1

g "

Proton and neutron single-particle-energies used in the‘h

S.D.I. calculation.

e
e W

T orbwtal e (MeV)? v orbital e (MeV)P

leg -1.8 2dg -1.0
lg7/2 0.0 lg.,/2 0.0 ‘
2dg 0.75 38y, 1.4
2dy o 1.8 1hyyy . 1.5
38 1y 2.0 2dg3 2.0
LI 2.4 )

The S.D.I. strength A, = 0.50 MeV

2 laken from Lo70.

\b Taken from Sa83. | RS
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actions and configﬁrﬂflgghmii}ng, the matrix elements reduce

., to the form;\\ _fﬁ\\ . -

“Agpr (23;*D)E2dy+1)

{
/// G|V 3> = AN
12°8sdl 124 223+ (148, . )
. . Ji1dy

>

L3 1723 -1/2 30)%(1-(-1)M1tH *J+1J1

. [2.1)
,wnere'ji é.angular momentum of dth partlcle
. ‘ . ) : ) ‘
™ S . N | = total angular momentum of coupled
‘ - . e\
‘ partlcles,
‘ﬁ? | : ' ko= orbital angular momentum of ith orbital

" occupied?

. ‘ and ASDI = interactionusttength. -

coupled to spin 'zero (d= 0)/ the expreSSLOn becomes even

g ’ s1mpler o L T i ‘ .
¢ . . o . - FR
2 2. (2j+1) - , ‘ S s
<3 IVSDIIJA>0 Aspp——00" N L

-

This matrix element is tne fargest p0551ble and 1nd1cates'

that th//most lmportant effect of the S.D. I.,1nteract10n for;

two particles in the same orbltal lS to lowe; the 0‘ energy

by a significant amount. - . o

fa
.

N .
) -
L LI .
. . . . - ‘

If both particles are 1n the -‘'same orbltal (31 J =3j) and
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The calculated energy of a level with spin J is given

by : _ _ )
CFIRTR Sl PURPLPSL RS P Y R A I PR PR o [2.3]

wheré';i is the single-particle. energy of the i'th orbital.

. o A . , -1 : .
For protons, the 1g7/2, st/z and lg9/2 (proton-hole) orbi-
'tals are expected to be important, while the neutron 1g7/2,
. Le . _1 l ]

lh11/2’ 851/2, 2d3/2 and ZdSJZ_(neutron—?ole) orb1tal§ may
' contribute significantly for.isotopes having N>56. In the

case ofl particle-hole - coupling - the, Pandya transformation
! ' '

| - . )
(Pa56) must be used to determine .the correct particle hole

> ‘

excitassion eneréxi .In its simplest form this may be written

ar,
- f ]

as:
ﬂBﬁIing = —%(2§+1)wcqu2j2ji;{F)Ejljzk'-, B (2.4]
: . . ; ,
iwheré J = qégular momentum of partiéle—hole sfaté,A
| k.= angular momehtum of particle-hole étate
. , - used in Equation [2.3], |
.“-ngijzjzjlﬁJK) = wigper coefficief .(eg. Ro59),
‘{ _ and Eij = ene;éy.obtainedfffoﬁ Equation_[z.BJ.

"For Te nuclei two extra-core nucleons in (1E$/2) or

q137/2,2d5/2) configurations can .couple to a number of spins

.up to 6+. It is reasonable to expecf that the low-lying
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positive-parity levels will thus contain significant amounts
of two-particle strength.

In order to, generate higher spins, two SRV

) + _

particles can couple 'to J&10 , and four nucleons in a
2 4 . . ‘ )

(h11/2’€7/2) or (hll/z) configuration can combine to produce

spin 16% at most. ' | ‘ !
The energy of two-particle states corresponding to a

maximum spin cogpling conf}guratiqn can also be estimated by
using the empirical formula of Chan et al. (Ch79). In the
case of two.neutrons from the 3y and j, orbitals coupling to
. form a state of maximum spin J in the even-even nucleus

azAoN'

Exlaghoyidydyd) = E (2z 2N-1791 )+ 8 xCizhay- 1'3 ) " Boair -
- [2.5]
{ | - -
where E (JZ ON- 1,3 )- = excitation energy of #he single-

neutron state of spin jl'in nucleus

. o7oN-1
Epai; = pairing energy when two neutrons are
' jdentical, obtained ffom the binding
energies (B.E.'s) by:
. ' C= X B-E.(uzhan-1) = BeB(azhun00)
. . = BLEu(yphuy y) : ~ [2.8]

Assuming that Equation [2.3], Suitably'normglized'with
respect to the energy of the ground state, and Equation [2. 6]'

should give approxlmately the same result for states of maxi-
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:mmn sSpin coupiing, it can be seen that in this case the
S.D.I. matrix element is closely Tr&lated to the pairing
energy.' - N

A complete shell-model analysis of the Bossible

112,114,118

excited states in Te would .involve the

disagonalization of quite ‘large 'matrices including proper

configuration mixing, proton-neutron interactions and the

¢

possibility of coupling more than two. particles together.

~

Such a calculation is not only beyond the Séope of this work,

where the. . aim is to indicate important shell-model

contributions'tq the structure of these nuclides, but also
' i : ‘ . .
beyond the capabilities of most computer codes.
An alternative, to calculating all the possible- com-

>

bin#tions of pa}ticles, holes and angular momenta is. to
‘intrbduce the concep£ of quaéiparticles,‘ together with a
continuous parficle densit& disﬁribution and a Fermi surface
whiqq shifts  with particle nuﬁber.' Particle-liked to an
ex%ent U2 and hole-like to ah' extent Vz, where U2+V2=1,
' quasipafticle excitations can be descfibéd' by the B.C.S.
pairing formalism and their intréduction_ can make certain
calqulatiohé much easier. 'Simply put, thé introduction of a
pgiring force transférms a pafticle-hole state into af LwWo-
quasiparticle state with a minimum.enérgy of ~ 2;, where A is
the pairihg g;p. Thus a configuration such as (hll/z,d;}z)
which in strict shell—modei " terminology wo@ld Be called

particle-hole could also be referred to as a two-quasi-
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particle configuration. ‘The concept is not limited to
obvious particle-hole combinations; in even-even nuclei the

-

lowest-lying group of*htﬁtes connected by strong transitions
is sometimes deécribed as da zero-quasiparticle band;] where
" the next excitation structure mighp.be described as a two-
guasipértic%? Band (c.f. lgngGO (Sa78)). Even when the
B.C.S. functions are not used explicitly, as is the case
.here, this concept is often quite useful, and within the
context of convenpional'shell-mOQel descriptions a shifting
Fermi level ané adjustable péiring gap are often convenient.
For a full descrip?ion of the quasiparticle treatment the
readér is referred td, for eiample, Ring and Schuck (RS80).
The Projected-B.C.S. (P.B.C.S.) model (Va74) uses the
‘B.C.S. formalism‘in conjunction with number-projected t@o-
quasiparticlé diagonalization. Also kﬁown as the brokengpair
model because the states involvéd-do not -have thértWo quasi-
particles paiféd to spin zero, it has been used to calculate
twp-quasip%fticlé excitations in llO—HSSn and 1??'120Te by
Van' Poelgeest et al. (Va80) and Van Ruyven et _si_ (VaB2)
. respectively. A comparison of the latter results with

experiment is shown in Section 5.2. «

2.2 The Vibrational Model

) ¢
For nearly-spherical nuclei, collective oscillations

about an equilibrium shape (see, for example, Bohr and

Mottelson (BM75)) may compete with single-particle exci-
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tatiod.' The simplest picture 1involving only quadrupole

vibrational modes (i.e; quadrupole phonons) results in the

+ _+ + 4+ )
familiar 0 ,2 ,(0 ,2 ,4+J,... sequence at energies of 0, fhuw,

Zﬁmz,... , as shown in Figure 2.1a). The 1inclusion of

+

- +
octupole phonons gives the 3 ,(0 ,2 ,4+,6+),... levels shown

in " the sdmé<diagram, while couplfngdthe two types toge}her
may give rise to fﬁfthe} negative-parity states.

The harmoﬁ@c oscillator assumption is an apprgxi—
mation and it can be expected that anharmonicities will occur
in connection with J&bratidnal motion in real nuclei. For

L.

the quadrupole mode the most' important anharmonic terms

.arise from the phonon—phondn interagtion, and the result is

;hat the 2-phonon degenerate~(0+,2+,4+) triplet is split and
the'2;+0f ﬁransitién is no ioqgef forbidden, éffeqts that are
of ten séen. Tﬁe'degeheracy of the higher n-ﬁhonon'hulfi—
plets, d'>'2, is,also-remavé&. As for the high-spin members
of these multiplets, which are most likely fa'be:yrﬁst and
therefore most likely to be populated in H.I. reictioné, the
energy spectrum is then given by (BM75):

n(E(n=1)) + [n(n—l)/ZJ{E(n=2 wJ=4)-2E(n=l)J

_E(n,J=2n)

J{E(n=1)-E(n=2,J=4) /4| +

+ J%|E(n=2,J=4)-2E(n=1) | /8

JE2T)-E(aT)/4] + JZ[E(4+);2E(2+)J/8

(2.7]

" -
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‘where E(n,J=2n) = energy of n-phonon level with spin J. The
energies’ E(n=1) = E,+ and E(n=2,J=4) = E,* are available

experimentally and thus higher-spin vibrational levels may be
predicted. A fheoretical spectrum for the case of E4+/Ez+ =
2.10 appears-in Figure 2;lb). It is interesting to note thaﬁ
'rEquatlon 2. 7] is a straight line on a graph of Zb(J)/J*E(z )
vs. J. On such a plot a harmonle vibrator should have a
horizontal line with an intercept equal to one, an anharmonic‘
v1brator would have a slope dependent on .the degree of anhar-
monicity, and a4 rotor cbaracterlzed by the semi- cla531cal
E(J) a J(J+1) would display a line with slope 1/6. Within
. such a context the yrast spectra of transitional nuclei might
be exbected to\displayi nearly-straight lines :an-this plot
with slopes between 0 and 1/6, the actual value dependlng on
whether the parglcular nuclide can be consxdered more a
vibrator or a rotor. For a group of nuclellln the region

-

"180<A<190 this type of comparison can be seen in Bohr and

Mottelson (BM75 p.537).

2.3 The Pdiringépfus-Quadrupole Model -

‘A description of huc;eon—nucleon interactions can be
summarized by the following 'three considerations:
a) to a first approximation the last few particles move

in an average spherical potential, in discreteiorbitals,



Figure 2,1

Harmonic (a) and 'anharmohic (b)

vibrational excitations.

-
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b) short-range particle-particle correlations can: be
simulated by a residual interaction such as the S.D.i., and
c) loog-ranée correlations, especially impoftant in
ooenjshell nuclei, can be treated by small time-dependent
deformations of the nuclear surface, resulting in some form
of collective motion. ‘

- The first two points have been addressed in Section

2.1 by the shell-model approach, th last by a separate

—discussion of the vibrational model in the previous Section.

All three éffects are taken into account by the piiring—plus-
quadrupole model, wherein a) is handled- by using single-
particle energiés.as io Section 2.2, b) is approximated by a
pairing force fof two particles combiding to J=0, shown to be
the most important part of the/S.D.I., and ¢) is taken care
of by considering quadrupole deformations in the manner of
Section 2.2. This modei, which was,fifst suggésted by Bohr

and Motfelson, has been reviewed by Bés and Sorensen (BS69).

A 31mple approach to Te considers the two valence

protons in SLngle partlcle orbltals, modlfled by the resxdual L

pairing force, combined with the core quadrupole vibrations

"(due to the collective effect of ‘the extra—core neutrons) and

then perturbed by the protoh-pair—quadruoole interaction.

Besidéo’satisfyin& the Pauli principle a distinction between
the two valence protons and the’ collectlve neutrons is indi-

cated by factors dlscussed in Section 5.4.
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The Hamiltonian used to calculate energies is:

CH S H R Hp R e [2.8)

~

where H describes the single- partlcle energies, added to the
core v1bratlons Hpair describes the residual pairing inter-

action, and Hp—core describes the pdrticle-vibration interac-
tion. For the first two terms in the Hamiltonian, simple
expressions may be used resulting'in diagonal ‘matrix elements

in the basis of states having the form ](jljz)Jp;nR> where

J 1
(Jljg)Jp‘is the state formed by coupling two particles of
angular momenta jl and,j2 to a total spin Jp, n is the phonon
number, R is the phonon angular momentum, and J is the

resultant spin from adding Jp and R.. The energy of such a

state is given'by:

- [

'_<(jlj2)Jp;nR]ﬂol(jljz)Jp;nR> = ej1.+ EJZ + dﬁml (2.9)])
where the Ej are singleiparticlé shell—mode; energies, as in
Section-2.1, and hm is the phonon energy. An estimate of hu
may be obtalned from the energy of the first excited 2 state
in the nearby closed—shell Sn nuclei. The pairing term is
simply:

R AL

. 12
I3 By ol (3139005 = “%[(2J1+1)(3Jz+1)1 / 5.0

[2.10]
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where G is the pairing strength, which is closely_related to
the §3bal, parameter Ag .. The proton-pair vibration
idteraction has the form:

2 * . . .
—_— gra' . u [
Bint = - iélk(ri) &Yz (85:9;)a, (2.11]

“where k(r) contains the radial dependence of the interaction,
Y; are the spherical harmonics end a% are the corresponding
deformation parameters. The‘procedure then is to.diagonalize
the complete H matri; in order to obtain excited-state
_energies and wavefunctions, whieh depend on the coupling
constant defined as: - | e

8, = <k> (hw/2c)/2

. ) (2.12]
2 45 . , . ) -

-

where <k> = radial matrix element of paif—phonon interactioe,
and C. = vibrational restorxng force constant. - Such cal- -
culations have been performed for some even-even Te 1sotopes-

by Lopac (Lo70) and Degrleck and Vanden Berghe (DV74). In

the latter case an $S.D.I. residual interaction was used
instead of a pairing force, and the pafaﬁeters Ej' hw, G and
az' were varied 'to fit the experimental energies lfor‘ each
'_ nuclide considered. The results of Lopac's simpler celcula—
tiop were. used to compare ﬁhe pairieg-plus—quadrupole model

to the experimental data obtained from this study. This

calcuiation utilized parameters which generally fit the whole
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fgroup of A=122-130 isotones best;‘ these values are listed in
Table 2.2. In order 'to allow comparisons for a number of
_isotopes tne value of the particle-phonon coupling constant
nz was varied over a range 0 < a, < 1 MeV. k
It is also possible to deduce electromagnetic proper-
ties suoh as quadrupole moments and some tpansition ampli-
tudes (Lo70,DV74) as well as, for example,. spectroscopic
factors for stripping reactions (DV74). . The spectroscopic
factors are of course only comparable with experimental
results for a few of the heavier Te isotopes.

-

2.4 Interacting Boson Approximation

The underlying motivation. for the development of
boson representations is to replace the compllcated many-
fermion Hamiltonian in a large shell-model, configuratioa
space with spherical tensor (i.e. boson) operators working in 
a much smaller collectf?e space. lThe' Interacting Boson
Approxlmatlon (I.B.A. ) as put forward by Arima and Iachello
(AI75a,b) is a phenomenological ,model wherein group theo-

—~retical techniques are used to provtde simple analytical
:eXpressions'for such properties as excited-state energies and
transition emplitude ratios for a number of_quite.different
}i@iting cases. For a nucleus composed_of‘an inert core plus
Nval valence particles, N= N 1/u s+ bosons are used to con-

Struct the ground state while the replacement'of these "pair-

ing" bosons with successively more d: bosons (u=—2,—1,0,1,2)
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Table 2.2-
h

A )
Pairing-plus-quadrupole parameters usgd by Lopac (Lo70). ,

Single-prJ\on energies (MeV): e(g7/2) = 0.0
€(dg,5) = 0.75 .
s(d3/2) = 1.8
5(51/2) = 2.0 ~
‘e(hlllz) = 2.4
' * ~
v Phonon energy (MeV): fu =) 1.0
- : . .
" Pairing constant (MeV): G = 0.25 "
Particle-phonon coupling constant: 0.0 < 8y < 1.0 MeV

i

%
13
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® '
results in quadrupole excitations within the _same nucleus.

One consequence of this description is that one is limited to
excitations uo to spin 2N ,l81nce gt that point the available.‘
quadrupole bosonsuhaye beeninsed up} ' - |
| The general I;BintfHamiltoni&nlis ginen by:
. | ‘

«‘ H = s's +, € [d d]O

\ o ’s LO'L4L[[dd I [dd]LJoli-
Do+ us-s §s~+ f 2[[d a* j Slds], j' + vO(d+af]Oss +
. : | . . N ! 1 .7, ) P
uthq+$*12Ld5121¢;+ n,;.; ; S (2.18]

—

. where the square brackets'indicate coupling of angular
momenta, &and h. c. denotes higher-Order contributlons which

are not considered. . The e, d-e parameter essentially sets
. T

the scale of excitation energies while the constants CL' VL-
and uLbdetermine-interactlon strengths. -Inlthe absence of
s ¥ o

any 1nteraotions -(cL—vL—-uL O), the enervy spectrumnturns out

to be. just that’ of a purely harmonic quadrupole vibrator, as

in Section 2.2, with fiw= 52-ed—estj' For ‘2 weak interaction

(u_=0;_v ,C <<e ) the Hamiltonian [2 13] reduces to
L L’L 2

3

- o L o
H= ] eqdid + T cpifd’a’ifadl ]y . (2.14)
u=-2,2 ‘ .L=0!2,4 s . .- ‘. . O

-~

The corresponding energy eigenvalues are given by (IA74)

ﬂu
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E(n,v,J) = €,0 + (a/2)n(n-1) + B(n-v)(n+v+3) +
+ Y(J{(J+1)-6n) n=0,1,2,...N (2.15]
7 : -
where %2 = ¢xcitation &nergy of quadrupoie boson
\m‘ (as defined carlier),
n = boson number,
- v e S
v = senierity quantum number,
~ ~ ™~
' M = angular momentum, - s -
and o, 8

individug} cases.

L -

and y ar® parameters which may be va
A

%jed to suit'

For the ground-state band (g.s.b.), v=n and J=2n for n=0,1,

using the observed energies of the first 2+ and 4

L g

[

.Egsb(J=2n) =
g

Values: for ﬁhe'two parameters 52\4pd C

#

-

states in a nucleus, leading to:

52 = 82+

- _ ¢
cd - g * T\QE +

4 4 2

2,...N. Equation [2.15] can then be written:

J=0,2,4,...2N

22
4

A2 22, '
(1/3)(452-304 ¥J o+ (C4 /8)YJ(J+1)

r

T [2.186)

may be obtained by

excited

MR

-

(2.17]

a ' indicating ‘that a non-zero Ciz.is responsible for the devia-

tion of "this caleylated g.s.p. from .that of a purely harmonic

L3
vibrator,

can be treated "as adjustable parameters.

For a better q@verall fit to the data, e,

22
. and C4

Equations [2.16]



5 | . - 27
and |2.17] are equivalent to Equation l2.7], the expression
for the high-spin yrast members of.an anharmonic vibrator as

given in Section 2.2, but with the additional boson-number

limitation. In the case of ~12Te there are 12 valence

' . . . . . . . , .
fermions available, resulting in & maximum spin of 12 within

this framework.
The modei can be extended (IA75a) to'include octupole
bosons, which may be coupled to one or more quddrupole

bosons. Energy levels for a "totally—aligﬁed"_ band are

-

calculated by: ' .Lj

23

3
| t[2018]

-

- where €4 is closely related to the energy of the octupole

boson and ng contains the coupling strength. .This band

would have spins of 37, 57, 7  etc. The octupole-quadrupole

(-2

coupling also gives rise to a "totally-aligned minus one"
band with spins of 4, 6 , -8 etc., whbse'energies‘afe given

by:

A ....l — —_) * » . 23 . A . 23
Etmb(J-an2).— Eggp(9=2n) '+ €4 + nCZ™ '+ (1/5)(2n+3)s
n=1,2,...N [2.19]

Il
L

where AiS is another parameter which may be adjusted to fi®

observed‘épectra.
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The comparison of y-ray "in-band” to "out-ot-band"

transi;ion' rates in :he .B8.A. model 1is quite straight-

forward. For transitions. within -tne totally-aligned band
(E2) iﬁ; those proceeding out-of-band to the g.S.b. (El):.

BLEL; (J=2n+3) "> (J =2n+2)" | _ (n+l)c (2.20]

BIE2; (J=2n+3) "+ (J'=2n+1)"| n . .

whore c‘is a constant which depoends on ﬁnc nucleus and can be
obtained experjamentally from, say, the (9_+d+)'g§4-(9‘+7_)
branching ratfifl A.Simpie ¢xpression also results for tran;
sitions within the totally-aligned minus one band vSs. tﬁdsa‘
fo the totally-aligned band.

’ The I.B.A. model certainly contains some aftraqtive
features in that it quit: naturally embodies limiting cases
which are 6ften anﬁlyticallv:sqlvable; and which correspond
_to important physicdl mechanisms in real nuélei. In grOUp
theoretical terms the model's SU(6) symmetry is broken down
into subgfoups SU(2) (eqﬁivalent to a seniority scheme in a -

single j-orbital shell model), SU(5) (the vibrational. limit

discussed iﬁ this sectjion), SU(3) (éxially symmetrice rigid

\

rotor_iimit) and Q(6) (in one form c¢quivalent to.a deformed,
completely y-soft oscillator, sometimes applicable near the
~end of major snells). However it is worth remembering -that

this approach is equivaient to a substantial reduction 'in the

available shell-model space (Ot73). and cannot be uxpec;ud'tq\(
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encompass a:f\}he possible single-particle (or.quésiparticle)
degrees 6f'freedom. To a fheorist, the absence of'a Zeneral
underlying”microscopic justification (R380) is of some
concern. Effofts fo show equivalence between the I.B.A. and
stell model using more than one j-orbital (eg. Sc80) ha&s;ﬁo
fgr relied on extrapolating to very lafge‘boson and fermidh
numbers. It has been shown (Mo80) that subjecf' to soﬁe
coustraints the. I.B.,A. is mathématically equivalent to the
Bohr-Mottelson collective model (BM69Y,75); .the physical
correspondence is less clear._ |

- It is also 1nterest1ng to note that, as Kleiﬁ has
pointed out (K180) the g s.b. predictions of the [.B.A. for
all the limiting cases can be summarized by the relation:

- - 7

“E(J) = aJ + bJ(J-2)7 B 12.22]

In the SU(5) vibrational case b <<.a, whereas at the SU(3)
. -

rotational limit b/a = 1/3.

The SU(S) limltlng case dlscussed in-this bectxonlls
a simpllfication, and zl meore reallstlc approach within the
interacting boson model takes into account the neutron-pyroton
distinction as well as conf;gurhtion mixing and particle-hole
excitations. Heyde' gir al. have calculated (HeB2) energy
ieveis “and decay_ properties in 112, 114Cd usihg sﬁch an

. approach and found reasonable agreement with experiment.
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ﬂowever, the emphasis was on low-lying states and. their
decays. |

The interﬁcting profon-neutron bosoh model (Ar77,

g0t78a), also known as I.B.A.-2, is an extenéion of the simple
I.B.A. already discussed in this section. The. underlying

nuclepn—nucléon interaction has a stronglpairing'cbmponent

between identicél particles together with a strong quﬁdrupole

component between unlike particles. As well, for nuclei with

many more neutron than proton bosons, as Ls the case for Te

isotopes, a neutron-neutron boson interaction is added,

~

resulting in a Hamiltonian of the following type: TN
CHo=e (n, +n, ) + ; Q. .Q, + L e e1/2)(2L+i)l/2*
N 2 d1T d\J d¥r* v LML
‘ L=0,2,4 : .
w(fatat ' ) . oY
[[dvdUJL[dvduJOJ’ , {2.22)

whgré‘xd is a pérameter and Q“:ﬁéﬁre quadrupéle operators in
the boson represenfation. containfng.parameters x“.v. ‘Exact
details may be obtained from Otsuka et al. (Ot78a). Using
such a model Van Ruyven et al. havé calculated (Va82) ground-
staté collective quadrupole excitations for llS,lZOTe.
Alttiough this model should cbmé,closer to reality, it séill
is limited in spin to J=N_+N =N (i.e. 12" for '}21e).

Within & bosoﬁ_framework the analogous approﬁch to a

pairing-plus-quadrupolé treatment would _be to couple two

quasiparticles to an I.B.A. core, as Morrison et al. have
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- done (Mo81). The Hg (Z2=80) }rahsitional nuclei have been
described (Fa8p) in such 5 manner and it would be interesting
to see reéults from a similar calculation for Te. Although
the spin range should be somewhat less restrictive, due to
'tne iﬁclusion 6f two—quasiparticlg degrees of freedom, one

would still hesitate to apply the model at hizh spins.

2.5 Variable Moment of Inertia and Variable Anharmonic.
o

Vibna;or Models
| el an'historical context the discovery of rotational
bands in the atomic nucleus was followed-almost immediately
by the realization thaf the 0+—2+-4+;... (in even-even cases)
level spacings were not adherihg Quite properly po the semi—
classical EJ=(ﬁ2/20)JSJ+l) relationship, in many instances as
early as spin 6+. The, original correction applied was an
additional [J(J+1)]2_term, taken from the rotational-vibra-
tional coupling observed in molecular spectra.
‘Such smooth deviations from rigid‘rotational beha-
viour are much better fit by the Variable Moﬁent of Inertia

(V.M.I.) model (Ma69), in which the nuclear moment of inertia

is allowed to vary as a function of angular momentum within

/“—D .
. the framework given by:
S \ . . | -
E(J). = (C/2)W-D 7 + (1/20)(d+1) | [2.23)
with the minimization constraint:

(3B(J)/3f)) = O - ' [2.24] .
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which determines fhe moment of ineftié QJ for alstate with
spin J. ‘(Notg that for the sake of conveniencé h2=1 in this
discussion.f This aéain is a phenomenclogical model, with
‘the constants C and QO representing.the nuclear "stiffness"
dn& ground-state (g.suj momenf of inertia respectively.
Equations {2.23) and [2.24) may be combined: |
;1]

D3 - 8,02 = (ya+1y/2e | . [2.25]

Giyen valueé of C and &0’ expérimentally obtained by solving
f[2.23]_and'[2.25] using the low-spin levél edergies.'th}s
equation can be used fo cglculate QJ and Fherefore E({) for
‘the‘higne#—spin levels.

The behaviour of the V.M.I. equations is often répre—

- -

sented . by consiaering the energy ratios RJ fbr a given

nucleus, where:

R, = B(d")/E(2%) _ (2.26]
The .value of R, turns out to be particularly.meaningful. For
a perfect rotor é;=10/3 and.0=bo. Although it is not immedi-
‘ately'oﬂbious, 90 Vanish?s at RJ=[(176)J(J+1)]2/3 an& fhe;e—
forsg 'R4=2.£3, which was originally taken to indicate the
- limit of validity for fhis model. (A full description of the
. mathematical reasons for this behaviour can be‘ found in

Scharff-Goldhaber et 'al. (Sc76)). Within this purely rota-

tional cantext the V.M.I. equations have been shown to be

L]
-
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equivalent to an expansion of the energy in terms of the
angular velocity w (Harris cranking model) (Da70).

THe V.d.I. representation is actually more general

than this, in.that;it can be extended to cover nuclei not

»

having such c¢lear-cut ‘rqotational inclinations. For R4 <

2,23, &O becomes negative while QJ=U=0. For large negative

» (20/6)1/2 =

&O’ R4 1.82.  This second range .for which 1.82
4 Ré <’2.23 has been proposed (SG70) as indicating a "spheri-
cal region" within which DO represents 2 measure of the
resist&qce_to_qepafture from spherical symmetry. The larger

the negativé value of QO, the more firmly the nucleus resists

cranking. The 112'114’116Te nuclei lie within this "spheri-

cal" range, having R4 values of 2.14, 2.09 and 2.00 respec-

L

" tively.

4 < 1.32, of which 132’1‘34Te are

Thoée cases -with R
examples, are labelled as maglc or \near-magic" nuclei.

Ground -state bands in even-e:;h Cd (§f48) have.beeq
described quite well up to about spin 14 using the VoM. 1.
approach (Sa78,79). Ho&ever, the Te nuclei, on the 2 > 50
side. of the closed shell, do not ‘exhibit quite the same
behaviour, even though the E2+ energ;es are similar. This
partigle-hole asymmetry is indicat;d in Figures 2.2a,b) where
the Te-R, curve is significantly different f;oﬁ that of Cd.
Scharffuébldhaber has.suggested (Sc74) that this is due to

mixing of the proton g7/2 orbltals in Te with those hlgher

orbltals whlch possess maxlmal overlap with the occupxed
r



Figure 2.2

¥
L]

™

a) E2+ for Z=46(Pd), . 48(Cd), 50(8n), - 52(Te) and'
' 54(Xe) vs. neutron number N.
b) R, = E(a7)/E(2%) for the same nuclei.:

Reproduced from Scharff-Goldhaber et al. (Sc76).
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'
A

neutron orbitéls i.e. a neutron-proton interaction. The
possible sighificance of higher proton 6rbitals has also been
mentioned by Lopac (Lo70), with reference to the negative
static quadrupoLp moments observed in some Te nuclei. ‘It has

- . ot e
been found that\gkr "spherical" nuclei the 2 +0 transition

1/2

quadrupole moment Qpy= L47B(E2: o +2t )] can be related ‘to an

"average" V.M.I. moment of inertia’goz through the'relaaioh:

Qg = KDy, = k[H(0)+D(2)]1/2 [2.27)

where Kk 1is an empirical constant, determlned by a

least-squares fit to 49 nuclei having values of H4 in the
spherlcal“.range, and found to be k = (39.4%2.6) e10f24; 
Révl/2 (8G70). Such'an approach e.stiﬁlates"QO2 to within 20%
for 12071201¢ (py74y. ' -

Both thé V.M. I. model and the limiting cases of thel
I.B.A. model mentioned at the end of Section 2.4 are acfually

limits of a general energy formula proposed recently by Klein

(K180):

EQI) = 1d/9,(d)] + [J(I-2)/e,(J)] +
. lZJ RRICIRL ST ?50) [2:28]

h
employing five fixed parameters and two "scaling functions"

¢;(d) (c.f. V.M.I. §(J)) determined by:
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9E(3)/3¢,(J); = 0 i=1,2 o [2.29)

-

-Bonatsos and Klein have'defined (BK84) a "Variable Anharmonic
Vibrator,Model" (V.A.V.M.) by making ¢1(J) a constant and

retaining ¢,(J) as ‘a variable (usually relabelled 8(J)),

resﬁlting in:

E(J) = ad + J(J=2) + ;C[e(J)‘-aO]2 | [2.30]
_ 6(d) 3 -
" and:
BE(J)/28(J); = 0 | : ‘ [2.31]

»
This model has three parameters a, C and 8y and is valid for
cases in which 2 < R4 < 10/3. Basically the constant a sets

the energy scale, while C, 8(J) and 8, are interpreted in ‘the

same manner as b,,D(g) and ﬂo in the original V.M.I. setting.
e ) :

Bonatsos and Kléin have applied the V.A.V.d. to & broad range
of nuclei, and haye concluded that for 45 cases belonging to
the "sphe;ical regioq" and "fransitional region I", defined'
py thgm as 2 < R, < 2.4 and 2.4 < R, ¢ 2.7 respectively, this
“model gives much betterjresults; |

Of the three TeJisotopés hndgr consideration in this

work, 112'I‘e i1s .really the only case to which this model is

114,116

, ' s .
applicable, as Te possess RG values outside the range

6f validity for the V.A.V.d.
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‘_Observed 10%, '8~ ana o - band-heads were assigned v(h

"37
2.6 High Spin States

As was mentioned in Section 2.1, (37/2) or (g7/2 5/2)‘
valence configurations can lead to states of dpin up to 6
while two quasipartlcles in the h11/2 orbital can comblne to
give spin 10 at the most. Four quasiparticles ln (“11/z=
g7/9) or (h?l/z) conflguratlons can couple to a maximum spin
of116 . - The hlllz-neutron orbltal 1s_expe§9ed\to be more
relevant to yrast or near-yrast levels than " its proton
counterpart, as indicated by tho single-particle energies
listed in Table 2.1. |
In the nearby Z < 50 transitional regfion, Cd (4=48)
and Pd (Z=46) excited 1ovels up to spin (16+) hive been
successfully descrlbed (eg, 6180) as two—quaslpartlcle states
cqupled to sllghtly deformed 'rotors, with positive- and
negat1ve~par1ty band spacings following a AL I, pattern,.
11/2)'
v(bll/Z' 5/2) and u(hlllz’g7/2) two-quasineutron configura-
o)?ns respectlvely. i

The pOSSlbllltY of roLatlonai bands built. on deformed

4-part1cle 2-hole (4p-2h) excited: o’ states in the Te nuclel,

analogous to those based on 2p-2h 0" states in the Sn iso-

g
topes (Br79), has been raised by Chowdhury et al. (Ch82).

They expected the J=2+,4+,6+ and J=10+ levels to be dominated

by “(g$/2) or n(g;/2:d5,2) and v(hflfz) partiole-pdir confi-

. . . ot
gurations respectively, and so they chose the yrast 8\ and

+ .= ) : - )
12° levels as more likely ,to be rotational in nature, pre-

——
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suming higher -energies for 8 and .12 particle configura-

.tions. As”well, several statee bélow.8+ in 118'}20'134Te

|

were identified as possibly containiﬂg 4p-2h band strength.

No'obvious rotational band structures were observed: however,

L4

'momenté of inertia extracted frem the 8+;12+ eﬂergwrdiffer_
ences for 116’llSTe were found to be conSLStent with . those
taken from Sn (Z=50), Sb (2=51) ‘and I.(Z=§J),p§rt1cle—hole
bands. : - B

In general there are two methods by. whlch nuclel-
generate vef& high splns,. collective rotation of a ﬁeformed
nucleus, perpendicular to-the.symmetry axis; or alignment‘of
single—particle angular momenta alqng a symmetrf axis. The
latter mechanism is expected to be-lmportant in spherical or
near-spherical systems: These two modes are illustrgied in
Figure 2.3. The level ene}gies of a rotor are quite kegular
and for the most part aﬁbreximately follow the J(J+1) expres-
sion. The-"backben@in "‘observed in many rotational nﬁclei
is caused by the alignment of two high—j-quasiparticles due

t0o the Coriolis force; resultlng in the modified collective

.ptcture of Figure 223b); .A sequence of yrast levels gue to
single-particle &lignment on the other hand is more irregu-

lar but, based on the Ferml gas mrhel on the average the

yrast energies are expected (BM75) to follow:



2

»

Figure 2.3

——

L
Methods for generating high angular momentum in a)
'prolagg deformed, b) prolaté with aligned ﬁuaSi—
. S :
particles, c¢) spherical, and d) oblate deformed

nuclei. After Khoo et al. (Kh79).

iy
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£ = f J(J+1) | : [2.32]

sph

where Qsph is the spherical rigid-body moment of inertia

given by:

dopn = 2/5mr® O q2.33)

leading to:

2. 5/3 -1 ' o "
spn/B) = 0.02778%/°  ev , [2.34)

(24

using R = 1.2Al/3 Fm, where A is the number of nucleons. Te

nuclei, close to fhe 2=50 closed shell, are nearly spherical
and so single-particle alignment may be expected to dominate
the nuclear structure at high spins. This alignment of spihs
along the rotation axis means that the valence particle orbi-
tals lie close to the equatorial plane, which may end up
polarizing the core and result in a’'collective oblate shape

as shown in Figure 2;3d); The yrast energies would then be .

given by:
J 2 4 -~ ,
= + .
yrast T J(J+1) [2.35]
2Drig
where-(l)_rig is the rigid-body moment of inertia for an oblate °

shape. The measured quadrupole moment of the 8.6 MeV 49/2+

.-.:—.’_
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lsomer in transitional Gd suggests an oblate deformatlpn

(Hag2). -

It is possible to calculate theoretically the most
likeiy shape for a nucleus as a‘funcﬁion'of angular momentum.
ﬁsing-‘thé‘ Liquid Drop Model (L.D.M.) and-: the Strutingﬁy
shel}rcorrection_meﬁhod (St68). A brief explanation of the
procedure is given here.

The 'surface of a 'moderatelyAdeformed body can to
order A=2 in the spherical harmonic functions be expreséed

as:

R(e,4) = Ry{l + 8/57167(cosy(3cos2e-1)
« T4 ¥§élnwsin26c032a)} [2.36]

where the deformation parameters 8 and Yy are chosen so that:.

g=0 -~ corresponds to a spherical shape,
8#0, y=0° " " " prolate spheroid,
820, y=60°. K L an .oblate spheroid,
. and B*d, O°<Y<Gp°, " " _a triaxial shape. i2;37]

As jt turns out 0°<?<60° enbompasses all éllipsoidal (A=2)

shapes. .
The total energ& in'the liquid drop model is g;véh
by: | . .
~ _ -
ELDM = Eéurf(a"” * Ecoulcs’T) +'Erot(B’Y)
+ deformation-independent terms '[2.38]

g

>
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-

where Esurf and Ecbul are the nuclgar surface and Coulomb

energies respectively (see Appendix-8A of Bohr and YMottelson

(BM75) for derivations of Esurf' Ecodl and Erot)' The rota-
tional energy is obtained using:
B . = (8%/20.. )J(I+1) [2.39]
rot rig . : '

The rigid-body moment of inertia for rotation about the
principal l-axis (the axig-of the largest moment of inertia)

is given by: )

Drig = Qsph{l—(5/4y)1/23c0§(y+120°)} | [2.40] "

Qhere Qsph can be obtained using Equations [2.33] and (2.34]). >
The. L.D.M. is designed to reproduce smoothly-varying
"bulk" features of nuclei, but does not cogtain the micro-
scopic details of the' éhell model‘ which are- neéessary to
fc;lculatg the characteristics of a givén nuéleus at a speci-
fied angular momentum; As such ELbM contains the smooth part
ésh of the shell modgl energy Esh' but not the"oscillatingj'
part Eosc..'The?éfore the-total‘edergy should bg calculated

as: ' ¢

E{8,v,Jd)

]
o]
+
Y]
1

=Eppy * B - E - [2.41)]
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whoeroe Esh 1s obtained by summing single-particle shell model
energies and é%h is calcﬁlafed using the Strutiqsky shell-
correction.method (se&u-for cxaﬁple, Ring and Schuck (HRS80)).

Pairing correlations can be treaped in a similar '
manner using the B.C.8. model, althéugh this should ﬁot be as

important at high spins where the pairing enurgv PBCS is less

"than the rotaticnal and shell-model energies. C -

The total energy as a funcition of deformation and

angular momentum can then'be expressed as:

»

. 2. . . { 5 e
BB YD) = By * Bgn = Egn * Pucs — Paes (2.42]

114,116,118,

Such calculations nave been performed for e by

Andersson:gg al. (AnﬁQ\, who included pairing cffects for the
J=0 casc only. Figure 2.4 illustrates their calculated 18re

enefgy surfaces as a function of B and Y. deformation for

difféfent values of J, while in Figure 2.5 the .energy minima

corresponding to various angular momenta, representing shapes

114,116,118,

along<the wrast line, are plotted for le. I¢ can

" be seen that at Low spin slightly-deformed prolate (Y<IUO)

Snapes are preferrud,'wpile approaching spin 20 smalf obla%e-
deformations haVe.thﬁ.loqut energy. In a later calculation
Te' was predfgied (An78) to become triaxial_at_spin 20..-
Because of this tendency towafd 4 change in y the Te ﬂﬁclei

have been categorized as "y-soft". To detect sugh possible

shape changes then, the observation of yrast states having

J RO

J~20 or greater is necessary, and a comparison of E at

.yrast

)



Figure 2.4

Potential encrgy surfaces for  '®Te¢ as a function

of deforéation at various ﬁngular momenta. The
minima are not sharply-defined, ¢specially in the y
directiqn, and so the Te isotopes have been descri-
bed as "soft" against y deformation. The defor-
mation parahetér e‘=-0.956. Ruproduced from Ander-

+

sson et al. (An76).
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-

Figure 2.5

ya

Nuclear deformations ¢corresponding to calculated

poapntial energy’ minima at different values &f
114,116;118T
e

-

¢ angular momentum, for . Reproduced

from Andersson et al. (An76). -

S
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high spin.with Equations [2.35] and [2.40) leads to a deter-
mination of ing and gives an indication of the nuclear
deformationL However it should be remarked that an unam- °
biguous classification of the yrast strueture is dependent on
observations over a wide range of.high spins.

. LN :
: uite'’ recentl Bengtsson and Ragnarsso ave cal-
) a y Beng nd Ragnarssof®a _

culated (BR85) the characteristics'of high spin states in

118Te within -the cranking model using Nilsson single—par-

flcle orbltals with Strutinsky shell correctlons, and mini-

mizing the potential energy with respect to deformation para- .

t

meters ¢ (essentially equivalent to 8), Y and also €41 the

\;—/// higher-order hexadecapole'deformation;term. Although pairing

_effects were again not included, single-particle orbital
Crossings or virtual crossings were 'considered in detail.
The results show a changgmin yrast structure from oblate

deformation for 20 < J < 30, to collective prolate defoprma-
tion'(a~0.24,1ﬁ‘f trom spin 30 to 45 approximately. This®
znbrees-qualit tively 'thqthe'fesults of Andersson et gl; in
~the range 20 < J < 30 but not at the hlgher sgﬁns, where

Andersson et al. show 118Te as being triaxial.

As-_well as the irregular spacing of yrast eneréy

. s , L. .

*+ level nd possible high shin oblate deformdtions. the
building up of angular momentam by SLngle partlcle alxgnmeq&
may produce‘}ong lived states resulting ‘from de—excxtatlon

-

tr&nSLtlons requiring awkwards;earrangements of "the nuclear

valence structure.  These yrast traps" were predlcted by

/
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Bohr and Mottelson (BM74),‘and high-spin isomers have been

‘observed (Pe77, Bo80) in th;itransitional region 64 < 2 < 71,

B2 < N < qu’f’jkmL question arises as to whether isomers

-f\
should be expected to occur for Z > 50, 50 ¢ N < 82, and the
) g .

answer seems to be negative, at least in the vicinity of
N=64, for the folloWing reasons:
1) Isomers due to very pure shell-model single-particle-

J-J coupling combined with a short-range interactioq (c.f.

2 . 210 _ot _ 144,
S.D.I.), as observed in 84 %96 (J=8 , Tl/2—115 ns}, 62bm 5

¥ - 1164 . .
(J=6 , Tl/2—880 ns), 50 Nes C(d= =10 Pl/2-900 ns) andz 89

(J=6+, T1/2=162 ns) only occur very close to neutron plus
proton shell or sub—shell closures, which is ruled’éﬁt for

52Te nuclei with N=64.

2) Many of the isomers in the previously-mentioned 64 < -
Z < 71, 82 < N < 90 region have been assigned fairly pure
single~par}iclé configuratioﬁs based on spherical sheh&:model

considerations whidh depend heavily on the proton shell near-

closure at Z—64 (K179) Thus 'although the 64 < N < 71, 50 <

Z < 58 area in which 52Te nuclei reside may be somewhat anat?
Ogous to that region, ‘the lack of a deflnlte ‘neutron V 64

closuiargtecludes ldentlcal shell-model arguments. The other

yraiF isomers detected in the vicinity of Z » 64 are de-ex-

112-116

cited by slow transitioﬁs of lower energy than those observed ‘«\\
in the yrast caScades of Te. Apart from the low—lylng

- 11/27 31ngle particle states found 1n some of the odd nuclei,

-for example the 0.279 MeV 7.5musec 1som§r.1n 115 Te, no yrgst

'ﬁ] G - ‘ a sy

LY
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traps have been found so far in the\light Te-Xe-Ba (Z=52-56)
region (Sz83)., . - |

\
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3.1 Introduction to. Hédvy—lbn FUSiOH-EVﬁPOP&tiOH

Reactlons and b&mma rav bgectroscoplc Methods

Varlous types of reactxons can occur in COlllSlOﬂS -.

ulomb excitation of target or beamn. nuclel,,and“umon of

' L
r o

the prOJectlle + target uuclel nesultxng in compound'nUCleus
formation. - This. 1ast pFOCE$S,ffOlIOWUd by partxcle and LY

‘ emission,ois capable of producxng reSLdual nuclel whlch dre
otherwise.verv difficult or impossible ta reach'-' .

| rne ab111ty of compound nucleus fusxon evapor&tloq,{

reactlons to galn access to 1sotopLs well removbd rrom tneg

valley of stablllty" has been qncrea51nglv exp101tcd in the

\ﬁ’;ast few YEears. Altnougn mgph h'e standard llterature -

for e;ample the pevigw by Ne@ton "'eﬁa). refers to heavy lon
induced fusign reactions ﬁolloWUd-by ﬁu1tible neutron emis—

. . o~ . -
sion, also Known .as (H.I.,xn) reaCtions('ﬁ$r_neutron-
L2 - ' .

‘deficient compound quciei-charged;parbicle emissy

quite.

likely as ‘well, giving rise to (H l.,xnypZu) reacti

and ]!mgc tne undurlvlng prlnchles and the technlques used

are 1dent1%al for’ 8 and (HA .,Xnypza) reactions, and

- -

where differences do iy 3hey'wilfﬁbu~pointed out.

betweun complex nuclei:'-elasbic'and 1nelast1c scattering,J_




AN - . s0

Heavy-ion induced fusion reactions possess a number
of unique characteristics, some of which make them parficu—
larly suited to the study of high-spin states in neutron-

P
, deflcient nuclei.

‘1) The fusion of a progectlle such as ﬁ'Na with a

~

moderately neutron-deficient target produces a_ much more

' . ) v

neutron-deficient compound nucyanﬁx\zse subsequent neutron.

;S _'emiSSion obviously enhances this effect;,; although ,proton

and/or alpha emission counteract it somewhat. “[n ‘the caee,of
s ’ ) [] 1 r ’
9&Mo(23Na’p2n)1lz

' removed from the lightest stable -tellurium iSOEPRE-

IR

2) At beam energies of & few.MeV-ber nucleon, com-

pound nuclei with very. high exci tion,energies%5in the range
' 115.
. o

formed by the bombardment of 20 ﬂev 23

D
)

-

.l\.
"kn ck- n“ ingle ppart pcfesses, not compound nucleus
\euents; ‘Jigﬁ*y/<5h, o T o

. . . N "y Y-
3) Heavy ione as projectiles bring in large amounts
' 92

of angular momentum. In the 90 Mevlsza + _MO'compound__;

sy tem‘}max=37ﬁ, zrms=26h, dfteprallowing;.fon~Coulomb

- - v .
ef&-cts. Moreover this orbital angular momentum is perpemy

dicular’ to the beam direction.  The evaporated particles
: R i

carry off only a small fractionxof that (eg. "=1fi per neu--

» !

T§ the - res®dual nucleus is 8 neutrons.

“"of 40-80 MeV, are produced. t](The Z77I1. compound nucleus
idns'on‘QZWo-has
=53 MeV. ) }o ‘reach the same "“e citat:.on energies rvifhja

; gton-lndgked reaction .would Tequire beam energles ofT30-70

.
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stron).' The residual nuclei thus have high spins and, just as

importantly, are strongly aligned, 1leading to pronounced

anisotropies in the y-ray angular distributions. This

feature is a powerful spectroscopic tool, as was pointed out

~

by Diamond et al. (Di66).

g) (H.I.,xnypza) cross-sections are rensonably high,
of the ordbr-of 100 millibarns (mb), and have maxima at beam
energies which depend on x+y+z, tne number of particles
emitted after compound nucleus formatlon. The separation of

these maxima allows the selection of a subset of the possible

. ‘ _ , 4
residual nuclei, although a particular final nucleus is’ not

;-

LT

selected as uniquely as in (HI,xn) reactions: proceedlng to
nuclei which are not so neutron deficient.

' | The H I, fu51on-evaporation mechanlsm and subsequent
Y ray de—exCLtatlon have been frequently discussed (eo: Ne69,
bt72,Bn80), nevertheless, a brief descrlptlon is lnstruc-

tive. 1Initially only neutron emission will be considered.
23, 92

Fusion of ““Na + Mo 2t a beam energy of 30 MeV -

leaves the (A=115, Z=53) 115,

mately 53 MeV of exc1tat10n energy. Since the average .

binding energy of a neutron is about 10 MeV, a neutron is

" easily evaporated off to form the nucleus (A—l ). ’rhe

average klnetlc energy of an emitted neutron belng =2.3 Mev

the exc1tat10n energy of (A 1 Z) is roughly 40 MeV, still

high enough for another two neutrons to boil off,‘ferming

(A-3,Z). This residual nucleus will be'mueh more stable to

I compound nucleus w1th approxi-
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neutron emiésion and so will likely decay to its ground state
by Y emission., It can‘Pe seen that if the compound nucleﬁs
had bééh formed with an excitation energy =12.5 MeV higher,
the emission of four neutroqﬁ would have ﬁbéen' much more
probable, preferentially populating (A~4,Z).‘ This type of
mechanism gives.}ise to the different cross-section maxima
mentionedy.preViously. Spread in the evaporatién neutron
kinetic.energy spectrum -and diffepehces;in Yy decay lead to
some overlap in the e§££tation functions for different

LY

k\i:sidual nuclei, and so totml /separation of thése maiima is
not observed. y | '

"Figure 3.1 illustrates thezheutggn evaporatigz and -
subseguenq Y emission occuring followyng a (H.I.,xn) reac-
tion.’ , -

‘Near the valley of stability the binding energies of.
. charged particleé are not too different from thOSe‘of'neu—
trons, and so the Coulomb barrier strongly inhibits their
emiséion. As the compound nﬁcleus becomes mofe and more
.neutron deflcz.ent howewer, the proton (a‘l alpha) binding
energies decrease while those of the neutron increase. At
some point. the sum of.the proton binding energy and‘kinetic
energy (K}El'~ Coulomb barriér enervf) will be roughly equai
to the sum of the neutron b1nd1ng energy and 'its kinetic

energy, i.e: ‘ .

B, +E, =B +KE - [3.1]



Figure 3.1 ' i\

Schematic picture of neutrpn evaporation and subsequent
y-ray de-excitation folldwing'a_(H.I.,xn) reaction.

Reproduced from GH79.
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_This means that neutron and proton emission would populate
states with similar excitation energies and therefore similar
level densities in their respective residual nuclei. Since
the relative probability of neutron and proton emission
depends on the barrier transmission coefficients and the

~available phase space, neutron and proton evaporation should

- be about equally likely. Under those cbnaiﬂidhs, and consi-
dering three-particle emission as a three-step_ process with
equal ‘probabilities at each step, the following simple exit

channel comparison can be made.

930 %pan  Iapnioap = (1/2) :3¢1/2)3:3(1/2)3: (1/2)3
= 1 : 3 : 3 : 1

[3.2].

i.e. the cross-sections forlzag‘b2n ﬁnd 2pn modes are s;gni-
fiéantly higﬁer than for 3n. 'Not only that, but th total
cross—sectién has begn fragmented, reducing the cfoss-section
for a particular residualpnucleﬁs and cgmplica£ing the de-
excitation y-ray spectrum significantiyi As well, due to the
diffuseness of the Coulomb barrie£ the proton energy spectrum
has more spread ih it fhan the neutron spectrum, resulting in
'a greater overlap between the excitation functions“for
different numﬁers of particles emitted.

An estimaée fdr_ the line of_ equal emission proba-
bility was made by calgﬁlating the epergies in Equation

[3.1]. Using the Myers-Swiatecki/Lysekil mass formula (4S67)
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and a standard Coulomb barrier formula, this limit is reached
at Ax118 for Z=53 compound nuclei. As a result, exit chan-
nels involving at least one proton can be expected to dom-

ina}e for 23Na + 93'94’96Mo reactions. A similar calculation

for alpha vs. neutron emission results in an equal-proba>~

bility limit at A=113. . At this point .the protons are much

easier to evaporate, but the ability of the alpha particle to

carry off more angular momentum due to its greater mass will
. : s
. be important, especially if the compound nucleus has been

¥
formed with extremely high angular momentum.

Figufe 3.2 shows the proton—neufron equal emission
line fof the rel®vant section of the neutron deficient side
" of the chart of the nuolides. calculated %s described above.
Also indicaled is the limit at which estimated heavy—ion

. induced fusion reaction cross sections drop below 1 mb {eg.

7

Re79), relating to the earlier discussion of total cross-

section fragmentation.
The different exit channele all produce residual

nuclei with roughly the,. same high excitation energies. For

the fusion of 90 MevVv 3Na + Mo followed by the emlsson/ﬂ\

three particles, E =17 MeV At this energy the level density

is extremely high,‘ providing, many- pathways for Y-ray

[}

de-excitation and. resultlng in a continuum type of spectrum.

Calculated(ﬁevel den31t1es a.nd widths do not point to any
t

significant overlap between levels however, so this is

“»

referred to as the quasicontinuum spectrum (gcs). The qe¢s

-



Figure 3.2

Neutron- deflcient Z=30 reglon of the chart of the
nuclldes 1llustrat1ng the proton-neutrbn';qual‘
emissiqn line (Fp=rn). ' Séable nuclei have the
lower half shaded in, while the Te isotopes Studie

in the present -work are cross-hatched. Nuclides
. labelled with ‘aBn~a or g)lare known a- or proton-
emitfers; parentheses indicate the emission is
a~delayed. Also shown are the Qioton-drip line, on
the n—deficlent side of which nucle1 are expected'

to be basically proton-unstable, and a calculated

l—mb production cross-section limit (eg. Re79).
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..high spin structure in nucleil &P to =4Uh in some cases.

57
has been found to contain a significant contribution from

clectric dipole (El) transitions, wnich may carry off a fair

-

amount of the excitation energy but little angular momeptum.,”

-]

Quasicontinuum y;ray studies are a fairly new arva and have
been uséd mainly tp ascertain bulk properties of rgpiqu
rotating nuclei. For a brief overview of qc¢s frndingg the
reuderlis referred to the review'by de Voigt et al. (d0835l

In the region where the level deﬁsity is Ro longer so
high,.the Y rays cascade down popuihting identifiable &evels
only on or near the yrast line, which is made up.of the
st;tgs of 1owe§t energy for a given angular momentum, The
discfé e Y ;ines_observed from these 'transitions are more -
likely to be stretched quadrupole,- specificﬁlly E2, in
nature, and so carry off larger amounts of.aﬂgular momentum.
Studies of‘yrast gnd near-yrast bands have established the
1

Due to tﬂe statistical nature qf thg level population.
process there is no undque point at Wnicn the qc¢s ends ané
discrete "iq-band“ franéitions begin, and sO ' many levels
higher up are bc-mnd to be Ked from;the side as well ®s from
qir9ctly above in the band. One can éipéct, therefore, that
high-spin tr;nsitions will be¢ less intense than those at the
bottom of the léveL scheme. ‘ .

:Having reached tne;r ground state, neutron deficient

11%'114’11bTB decay by B8 wemission ;:E7br

’
!ﬁectron capture (EC), with half-lives in the range of 2.V

nuclei such as

/ - | :
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min. (*'2Te) to 2.5 hrs. (}1®Te). The decay of the different
possible reaction pfoducts lcap further obscure the Y-ray

spectra. . Figure 3.3 shows' the observed exit channels and

B-decay modes for the QGMO(JdE&-K:iiij) reaction.

" For v?fy‘neutron deficie uclei the behaviour of
{ . .

the ground state decay can. be quite'complex. ‘Beta-delayed’

proton and/or alpha emission have been observed from a number

of isotopes 'in this region including 113 112{

108,109,111

Xe (Z=54),

—

(Z=53), and ) Te (2=52) (Ti80, Bo74, Ki77). If the

neutron number is small enough, ground-staté alpha decay. and

proton emission may be expected to compete. 114

Cs (Z=55) has
been observed (Ro80) to exhibit all of the above-mentioned
modes . of decay, with thbubxception of ground state proton
emission, whlch 1s energetlcally unfavourable.

Thus beyond a certaiq neutron def1c1ency the large
humber of open reaction exiE channels and the more complex
decay modes preclude conventional in-beam and ﬁ—decay.Y—ray
techniques and.,gecessitate the adoption of mass/elemental
separation together with decay particle-y coincidence
methods.. A description of those methods is beyond tne Scope

\
of this work;  however, it should be noted that the unam-

biguous in=-beam identification of 112

113 112,

determination'of the Xe B8-delavyed proton decay to.

(Ti80),

Te was made possible by

Te

7



Figure 3 |
2 ur(i’-!é._'. ) - N,

. . S
Observed exit channels and subsequent decay- modes

96M0<23Na,xnypzu) reaction at

1191'

, corresponding to the
. Nuclei

90 MeV.- The compound nucieus is
‘ populated in-beam.are labelled.by exit channel (eg.
A .
1161, 3n). Arrows indicate E.C./B+-decay. _ :
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and S0 a first-drder energy calibratlon was usually sultable.

L] . . ) )
3.2 Experimental Procedures ' / 4
7

¥ :
“In order to obtain information on the excited states

of the chosen even Te nuclei, the nuclear reactions listed in

. 23 28

Table 3.1 were initiated. Na, z?Al and Si beams were

provided by the McMaster FN Tandem Van de Graaff accelerator..

Detection of the Yy rays was accomgiished ‘using co-

axial Ge'aﬁd Ge(Li) QeEs9kors with energy resol:}tons of 2.0

to 3.0 keV full width at half maximum (FWHM) @ 1.33 MeV under
experimental conditions, and -crystal volumes of 50 cc. to 130
¢cc. Data were acquired on,a dedicated on-line PDP-2 computer

or the on-line facility 'of®a VAX 11/750. Intensities and

+

: centroids of peaks in sqpctra were extracted either by 51mple

1ntegrg§ion following a local background f1t or using a more
complicated(jfffnvolutlon-method which was capeble of
unfolding rhe entire spectruﬁ; after having stripped away a
epectrum—wide. backgrodﬁd." A’ description of this latte;
precess-andéof the‘ﬁrogram‘developed duripg the course of
this work to impleqent the decenvolution procedure is given
1n the’Appendix.

i Detector energy and relative eff1c1ency callbratlons

9 K4 N
e

were carried\out;u51ng standard calibrated sources of known

YLrays. The ADC's were found.to be anear'to <.2 channels

Throughout these expe ents  the Ge detectors were,

used in conjunctioq with a 6-element array _of ..large Nal-

scintillation counters. The relatively highf efficiency of




-
Table 3.1

Nuclear reaction information.

Nucleus Reaction Bedm Energy Avge. Beam Energy
o . i : . (MeV) "in Target (MeV)a

T ‘ \

112, 92 23

Te Mo(%°Na,p2n) 90 84
1dpg 9%0(?%Na, p2n) 85°,90 . " 79,84

9240(28s1 , 02p) , 125 - 115,

1164 %o (23Na, p2n) 90 . " 84

P20(27a1,3p) 114 105

2 For a target thﬁckﬁess“of 3(0’mg/cmz; ;i)-
b The 114Te.T-Y coincidence experimeg;-%ﬂs pérforﬁeq_at this
lower energy due to FN 1imitgtioq§, béfore an accelerator
‘upgrﬁge was undertaken. ) :
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this "multiplicity filter" enabled events from the de-exci-
tation of fusion reaction residual nuclei to be selectively
chosen ov?r competing procesées such as Coulqmb excitation
and B—decay, without suffering an unreasonable loss in count
rate. This capability proved not only to be extremely hgne-
ficial in enhancing high  spin aﬁta, which was’ the filter's
original purpose, but sometimes essential to FécoVering
information about transitions which would otherwise have been
masked by Yy rays due fo those unwanted events. Filt?r
dharacteristics and illustrations of its effecti&g&iss will
be given in Section 3.2.3. ' '

‘The following measuremé;%s were undertaken:
‘1) y-ray excitation functions
2) Y-y coincidence experiments -
'35 Yvray?angular distributions. '. /3
{ The excifation functions served ;o determine the
optimum beam energy at whiép_to run the experiments, as weli
as to identify groups of y rays as belongiﬁg to different
subsets 'of residual nuclei. Whén used in conjunction with
iﬁformétion available from the literature, as well as out-of-~
beam B-decaylmeﬁsurements, definite assignments of y rays to
specific nuclei could usually be made.

A

Y=Y coincidence experiments were. used to determiide
vy + ’

the Y-ray de®ay schemes, and thus the energy levels for the

nuclei of interest. ihe quoted transition intensit4 in the
?

residual nuclei were'basig largely on coincidenc®d measurg-

. ‘\' . ' -I : . - ’ ;
z‘. ‘. "/J .
- - *
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ments. Ordering of the various y rays was accomplished using

both those quoted intensities and intensities extracted from

-5

Angular distributions yieldedAabsolute intensities as

relevant Y-y coincidence gate spectra.

well as the angular intensity patterns of the transitions.
The intensity information was used to supplemant that avail-
. T

able from the Y-y measurements. Spins and parities (J") of

excited states were deduced from the angular distribution-
patterns.

Full descriptions of the techniques uséd in this work
are given bélow. In thosé inEtances where an elaborate
expl&nation of standard methods or equipmept'is not felt to

be necessary, reference is made to the.appropriate litera-
ture.’

-

3.2.1 .Ion Beam Production
— 27

Beans of “'Al and‘zssi negative;iong'were produced
routinely by a reflected cesium sputter sodrce for injection
into the FNlTandem accelerator. , Because of their extremely
low electron affinity and 1lo p;tte;ing yield, " Na~ ions,
however, are-much more difficult to produce. Charge exchangeu
of a Na+ beam 541 a sodium.vapour canal has been attempted
elsewhere with an observed’ efficiency of only'0,4% (He?7).

The McMaster .lab did not Have an ion source capable of

producing a Na+ beam of the Trequired intensity.
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Li ions have been produced by injecting intense
protqn beams from the duoplasmatron source into a canal
filled with Li vapour, and then extracting the lithium ions
from the canal region. The mechanism which causes this
procedure to work is not well understood. It could be’that
the positive source beam is reflected or stopped near the
extr?ction point due to the positive potential, ionizing a
small region of the »lithium vﬁpour, from which Li~ ions can
be extracted.(ASBB).\ After considerable experimentation with
Na vapour in the source, Na beams of useful intensity were
produced in a similar manner.

The use of sodium vapour in the charge exchrange canal
introduced some complications, hqgeveri as Na is much more
reactive than Li. As well, the vapour pressure of Na is
quite high and varies strohgly as a function of temperature,
with the reéult that the negative ion beam intensigy waé not
glways steady, and the source pafameters, espepially the
canal femperapure, ﬁad to be ca;efhily monitored. It was. not
uncommon for godium vapour to ;bndense,in a cooler area of
the canal region, and thus eventually block the canal com-
pletely. This happened less 'frequentl&h after experience
resulted in some relfable operating ;onditions and a canal
with an impro#ed efectrode qgsign and anréaséd bdiler

cooling capacity . was ;Lnstalled by the operations staff.

Using bositive hydrogen or deuterium ions from the duoplas-

- " ) b . ’
matron, Na beams were eventually obtained. with some AN

-

%

_ . o
[ ] o
-
. . . B
£ ——



. - 65
consistency. After passing fhrough the stripper foil in the
central high voltage terminal of the acéelerator,-S—zo nA ot
23Na9+ could be focussed and selected by‘the analyzing magnet
for use in the experimentt Thé use of the 9+ charge state

- meant that the 90 MeV beam energy necessanry for the

21 . , . .
Mo( dNa,xnyp) reactions was attainable at a reliable terminal

poténtial. H&ter on in this series_of expériments 10 MV was

attainable and so the more convenient 8+ charge state was

used with a less intense beam from the ion socurce.

-

As an interesting side-effect of this procedure, it
was found that beams of some other negative ions could be
produced with more intensity using Na vapour as a charge

exchange medium. As an examplé 15 uA of 4Hé2+ have been

-analyzed, compared with the previous maximumq%f 3 uA obtained

with Li. For many light ion’and nitrogen beams the chafgg

exchaqge is now carried. out using sodium.h

One complicatioh of usitg heavy-i§n_ beams is that
lons of different Egmbinations.of mass and charge sState may
be accelerated and g;d.up with very similar valuég of;ma;—
netic rigidity, in which case the feedback sfabrlizing gystem
may éelect the wrong beam. This was quite possible *in the
case of the Na beam from the duoplasmatroh,‘31nce when that
source was. operated at the higher temperatures necessary to

extract a Na beam,of suffic1ent lntenSLty it usually produced

"messy" beamg contalnlng a mixture of ion species, %?lch the

low energy magnef could not filter effectively, Fortuna;ghxxhl

’
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the strong characteristic adNa.$—ray transition at 440 keV,

caused by Coulomb excitdtion at the target, could be' used to

make a quick definite identification.

Various compounds containing Na. have been inves~

tigated in iputter sources, with generally quite poor

results. For ethﬁle, Middleton reported a Na~ yizld of only

e

. ¢« _
.13 nA from a Na.1 OBil g cone, although the Bi yield was 800
nA, and: the concensus seems to be jﬁat "alkali metals (except

for ‘Li”) are difficult to “obtain from a sputter source"

A

,J (Mi77). At. the beginning of 'jpis study cones cohtaining

- samples of NalNH, , NaNO3, NaéOé,'Na; and NaQH were loadég into o

the McMaster sputter source, but no consistent Na~ beams o} g

-

any useful intensity were observed. - ' »
However after main series of; iments had been

3

completed, i},mas found that a cone/containing\NaCl'+ Ag -
: ’ 4 '

(NaCl:Ag ~ 1:1 by volume) did* produce a W& beam of\sufficient

intensity, but only for ~ 1 hou after which the intensity

stbadiiy drdpped off. By keeping the Cs ionizer fairly hot
' but the rest of the source at é normal temperature a steady
.Na— beam was obtained for 2-3 hours, after which a new cone
ggu;d be used. Furthermore, a used cone céuld be re-ﬁsed, if

~left untouched for a while. This procedure was used for the

r ") . —-—— - . . -
. BaMd(sza,p2n)112Te y-y-TAC experiment, in. which six cones

»

. ) "
were used over a twenty-houg~ppriod.., The beams produced

-

during this. run were quite "clean" and the accelerator was

-

not logheq aﬁpreciably and could be operated at high voltages ‘r
. . Ny
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quite easily, in contrast to the beam‘characteristics ueing
the duoPlasmatqon source.

3.2.2 Targe} Prepa;e¥ion

The enriched Mo‘isotopes were obtained from Oak Ridge
Natioﬁal'Labgratory,in metallic'powder forel then melted down
ahd rolled igto foils. A thickness of ~ 3 ﬁ’#c 2 was chosen

as a reasonable 3ompromise between Y-ray production and beam.

20

energy loss considerations./ Pb,y@s then evaporated onto

the Mo to "a thickness of ~-6 mg/cm , sufficient to stop the

reaction product recoils. Table 3.2 contains a2 list of the

) el
targets used and their isotopic purities.

~
3.243 Multiplicity Eilter_

The de-excitation of a residual nucleus after par-

_tlcbe emission 1is characterlzed by high Y-ray mu1t1p11c1ty

t

Myz it is not uncommon for 20 or more Y rays to be giyen off
L]
ual "non-reac-

during this process. " On the other han
ot . [}
Lon" T . C1 s w o
tio events result in mu;tlpllcit es of _two _or s

Coulomb exci;ation (Coulex) in this

s region (as observgd
. )

in singles v-ray §pectra) and normally /fonly three or four

the case of B+-decay. . Thus the cabacity to.differentiate

between high and low-multiplicity eve ts can no%‘oniyjenhance

high-spin transitions, but also discriminate against those

rs

non-reaction events. The apparatus described here was built
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- _Table 3.2
% ‘
Relative isotdpic abundances of target mate})ials. :
. L3 . ' ) |--&\
2
-
.Mass Number %0 %o 9o . '
- N . -
9 * 97.37 - 0.73 0.18
! \
94° ‘ 0.68, 81.59 0.20
95 . 0.52 | 5.35 ] 0.93
‘ ~
96 ‘ 0.37 1.11 - 96.76.
97 . 0.18 0.37 < 0.96
l 70
98 | 0.40 0.65 " 0.80 _ v
2
. .
. ‘ - *. v
- ( _
»
F
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by Larabee and Waddington (LWBO) with the former function in
mind. 1 | ' | !

? The multiélicitf filter cohsists‘of fiJe 5"xg" aed
one E”}S" Nal scyntillation counters, together with elec-
tronic modules to produce appropriate logic gates for the Ge
detector signals, The bean1 passes .through a hole¢in }he
centre of one of the 5"x6" crystals, minimizing the loss of
solid angle at 180° due to the beam tube." All\‘the Nal
detector faces were covered ‘\X\P graded Pb, Cd, and Cu
shields, while those surfaces not p01nting towards the target
'ha.d a 1/2" thick layer of Pb as well\to reduce the effect of
Compton scattering between detec?ors. Normaliy enly the

W4

beam—threugp c:i7fﬁi and the unit direcglyfﬁelow the trget
chamber were c nstrained to remain in fixed locations. The

remaining detecsors‘were mounted on ldeFe arms and could be
adjusted'to optimize the geometry once the Ge:detectors were
_in'place. JV |

Two logic puises of 100 ns width are.available from a
fast coincidenee module designed and built by the,electronics
group, either o{ which pulses may !ma‘ﬁsed to determine the
acceptance of a Ge or Ge-Ge event. The first is produced if

at least one Nal is triggered and the second if two or more

A

y Vot |

Nal* g reglster Y A4ays within 200 ns. of each’other. \“ . \
r L]

The NaI array was employed " in two configurations.

For Ge-Ge coincidence experiments the adjustable elements

L

were locate solid angle, after” the Ge

e
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aetéétors had been manoeuvred into position. : The totai
efficiency times so;id angle (Zsi) was previously measured to
be‘.0.225 for 660 keV v ra_;,rs'in this mode (LW80).. A Ge-Ge
event was recorded -only if it coincided with a filter gate.
Five coaxial Ge units were mqpnted:-at angles of roughly‘
:1000, 2500, apd_oo with respect to the‘beam axis, close to

the horizontal plane, at distances of. between 8 and 9 cm. |

from the target. : . t

. 1

Angular distributions were performed using tha fiiter
~ in a symmetric mode with the detectors at back angles or
. gtraight above and belkow the target, so as to allow a Ge
deteétor to be positioned at any forward angle from 0° to 90°
with respect to the beam axis and to minim?ze possible angu-
lar correlation effects. Another monitor Ge deteckdi'was
placed at -90°. For this bbgfigqfa£i°n ey = 0.176 “for the
’Nal filter. A Ge singles‘eyent was cons%dered vafia,if it
r « :

was coincident with a filter gate. Data acquired in this

-

fashion were labelled‘as'"gated,singles" spectra.

Assuming an event‘has'MY Yy rays assoclated with it, :
and that Md of'those Y rays have been detected Sy thé,Ge
detectgr(s) (Md=1‘6r 2), the probability of at least one Nal

being triggered and thus gating that event is given by?

_ 3 |
b =N péate =1- (1 - ?ei)M‘YK“‘\d_d/\J o C[3.3)

1 =

where (1 - Zei)My_Md is just the probability that none of the o
coe . »



71
//f/—;:;ilable Y rays were detected by the filter. If two or morco

Nal's are required for a gate:

[
M=ok, MyMd M MM

=1-(t-zey %y (Y Ye N Jaere ) Y
i N=1 ) i ) i

d
.Pgate

(3.4
. > -

The results of these calculations are shown in PFigure 3.4.
\£2£\3:=2 (Ge-Ge coincidence experiments), an M,=4 cascade
will be gated due to a coincidence in the filter only 4% of
o T . ‘ -
the time, while an MY=10 cascade will be accepted 51% of the

time. . Thus the lower multiplicity events tend to be dis-

'
criminafed out qpﬁtg'drastically; with gn.?cpegtable less in
overall efficienc& for the high. . multiiplicity events.
Coulomb. excitation eyents, ;dentifﬁqg in sfnglés spectra as
ov%;whelmigéfy one- or‘two—T events, have a glting rate which
1s determined solely by the sing{ss total count rates and the

resolving time of.zou‘ns. With avérage count rates of <7,000

. . v
counts/sec in“ the Ge detectows, and a total of <8U,000

: \
counts/sec in the filter, this was negligible.

Fof Ge "sjngles" angular distributions (Md=ly.‘égain

*

\

considering only coincidences in the filter, an MY=4_cascade
. will be gated 7% of the tiﬁ&m\yhile-dhﬁﬁi=10 event will 3@
accthed 44% of the time. Bgsed on these cé%siderations the
discrimination iS-ngfiaS\queré. but again the Coulef

multiplicity is less tnan the e¢vent requirement,. so the

\\ ' : o of
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&

[

Figure 3.4

Multiplicity filter gating probabilities. ' Solid
and dash?d lines corresbond to thé coincidence;
(Md=2j and ga%éd singles (Md=1) modes rqspectively{
requiringr one N;I (upper‘ curves) or two {(lower

curves). In‘all of the measurements described here
e

two Nal detectors were used to’gate'the data,, with

l'\ . '
11‘!Te Y-Y-TAC experimeq% (sge

-

‘the exception of the

Sectibn 3.2.7);
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acceptance rate 1is purely random and those events are

i

effectivély e}iqinated.

Figure 3.5 compares the y-ray spectra, obtained with
and without the multiplicity f{lter: from the 94Mo(23Na,xyzj
reaction at 85 MeVL The reduction in iqtensity of the Coulex

) . . . N . . .
and. B-decay lines relative t0 reaction vy rays 1is quite

evident.

3.2.4 Excitation Functions

23

For the reactions 1nvolv1ng Na beams, vy-ray

&

.(
- spegctra, both 81ngles and gated by a 001nc1dence in the Nal

) Eiltsr; werelacqqlredqu1ng a Ge detector at 90° to the bea;
directién at variods_beam energies. The integrated target
current was used to normalize the:y-ray intensities, which
were corrected fo: detector efficiedéy, angular distribution
effects, and absorption by the target chambef._ The'23Na beam

ehergies ranged ffdm 75 MeV (near the Coulomb.barfier)-tos
‘approxlmately 100 MeV,),whlch was the upper llmlt of the
. accelerator for)that beam. | | e |
- Relative yislds of residﬁsl nuclei from the (H.I.;

> ' xyz) reactions, as functions of 'bombarding eneséy,. wepe’
obtained flrst of all froa singles y-ray intensities. . In

. _most cases the 1nten51ty of the strongest Y ray 1dent1f1ed as
u ge—excltlng medlum to ,hlgh—spln states in each' particular -

. . . + + . H ‘ '

nucleus was used. For even-even nuclei the 2 +0  g.s. tran-

sition was taken as representing the total deé-excitation
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x4

Comparison of filter-gated ‘and ZSingles Y-ray

spectra from the

g

Figure 3.5

4Mo(23

.
Na,xyz) reaction at 85 MeV.




=
o . ) ]
o ; NSy, oogl —
l'— | ] oy 1 . .
— W '
L+ L)
' 2
P
- = ‘
o @ ?
.
o
|_
|
. X300 118
SLL B
bel
60L —3 60
1S 1s
X31N00  Ovt
’ VNEZ |
.8l
SAVN-X 8d AVH-X 8d
] N A o. T T l ]
g - « s
O o
< <

2000

CHANNEL -

1000



b,
strength. In other cases wherever possible corrections were

‘made as needed .for reported branching ratios. and/or multiple

de-excitatiop paths. Where npplicable the intensities were

[EW

also adjusted for estimateé B-decey strength from other-

'

nuclei in' the same A chaln populated by the reactlon. Gamma.-

ray fdentlflcatlons obtalned solely from in- beam WOrk may "be.

ambiguous for some Qf the less—stupled nuclel, and so not all

.

of the necessary 1nformat10n was avallable to obtaln accurate

excitation measurements for some of the more neutron—defl—

cient residual nuclei. T

Statistical model fusion—evaporetign cross-section’

caleuletions were carried out'using the code ALfCE/LIVERMdRE
82 (a.k.a. ALICE; BB82) and compsred with 'tﬁe obsepved
excitation funcsions. - btaeda;d 1nput parameters were used
w1th the "‘exception of the level den51ty parameter, which was
decreaseq fpom the usual ~‘ACN/10 to ACNIBO in an attempt to
‘produce closer agreement with the observed fhnctions.
Further changes in this parameter were less effective.

As a measure of the relatlve amount of y-ray 1nfor—
mation available from the different nuclel, exc1tat10n func—
tions for tran51§1ons gated by the multiplicity filter are

more useful and can be quite different from singles inten-

sities (c.f. Figures 4.2 and 4.4). One reason for this

'difference is that for these heavy-ion reactions the'highest__

spin states, which give rise to high-multiplicity events, are
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populated when the number of particles emitted is least\(see

Figure 3.1).
92,986

Mo(zaNa'pzn) Y~Y coincidence measure-
ments and 92’94‘96Mo(23N§;p2n)112n114.115

l¥2’116Te

Te angular distri-
butions were performed at 90 MeV, since this was the maximum

energy at which a sfgady beam of sufficient id@ensity-could
© be 6btiinéﬁ for extended pe?iods of time. However the %l%Te
#gg;ncidencg eiperiment was,complefed;befbreﬁ;he*iizgst
accelerator upgrade, and only 85 MeV waé &ttainable at that

L}

time. For these sza-induced reactions the excitation
‘functions indicated that the accelerator limitations deter-

‘mined the choice of beam energy and served to idengify groups

of Y rays belonging to different exit channels. The p2n

channel generally had the highest cross section at 86-90 MeV.

. .

/

™ _—

3.2.5 Y-y Coincidence Measurements
For these experiments the target was mounted on a
titanium ring inside a small cylindrical plastic chamber, and

was situated about’2<cm,in front of a lead beam stop. A

single aperture 30 cmxin front of the target was sﬁfficient

Lo ensure collimation -of the beém.

As mentioned previously, five Ge co-axial detectors

o

were used, placed at roughly tl?OQ,-tSO » and 0° with respect

to the beam direction, close to the horizontal plane. The

érystal—to—target distances were 8-9 cﬁ; " The choice of a

multi-detector array at this distagce was shown by Larabee’
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and Waddingtoh (LW80) to satisf& the'requirement of a
reasonable detectiqn efficiency while minimizing the effgct
0of true coincident summing. Lead shields and cones were
. plaged around the crystals to reduce the number of“Compté%
scattering events. Amplifierlgains were adjusfed so that
peak positions in thé-five projection spectra were no more
than a channel apart. Coincidences between any éwo detec-
tors, within a rggblving‘time of 200'ns, were accepted only
if a coincident gating signal ‘resulting .-from two or more
Yy-rays in the Né[ filter was;feceived. With five detectors
there are [g] = 10 possible combinations .for a y-y coin-
cidence. Triple Ge ‘COincideﬁces‘ were observed ~10% as
~frequently as douple poindidencés, but were conéidefed as
varid‘és_thegusual g:Qe +f2—NaIfeven;s, gii?n the relative
efficiénéies, and'softhey made up ~ ZO%USf.the events that
were finaliy accepted. The triples are also valuable bécause
each event actually provides the_ same .information as is

‘ c?ntained in three Y-Y éoincidencéé,. ‘Quadruple Ge coin-
cidences were also obse;?ed, but ver& infre&uently ( eg. =~
70;4% of fhe time fof'one exper;ment). Tabie B.B'iists the
fchar&égeristiﬁs of some typical'defectofs ﬁsed for the
‘éoincidence expefiménts, as weyl hs representative <¢ount

rates for the Ge and Nal arrays. The io;ncidence electronics

a

set-up is shown in Figure 3.6, /
The data, labelled by detector, were written' onto

magnetic tape on an eve%;:by—event basis. Approximately 20

Y
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million y-y coincidences were acquired auring each experi-
hent. Off-line sorting programs allowed up to 250 digital
windows éo be set, and the backgrounds for the f§sulting
1024-channel gate spectra were sub;raqted using wianqé set
on either side of the peak window. ADC gains were ;gtorded
frequently, and reasonable shifts could bé accommodated by
the softing programs. . , - : ~

112Te Y-y experiment the

.+ It was found that in the
deteqtor array coincidence efficiency. showed a serious
roll-off at energies below 150 keV. The presénce of an
impoftant 92 keV transition in the level écheme necessitated
a secoqd_Y—Y Lexperiment, using two planar plus.threé large
co;axial Ge detectors instead of the ﬁsual five large Ge
units. As well, the shieiding normally‘placed in front of
the.detector p}ystals to cut down on the Pb x-ray flux was

removed.

For this experiment the same electronics and on-line

- acquisition system on the VAX 11/750 was used, but the data

were sorted off-line in£o~a 1024 x 1024-channel coincidence

matrix. After corrections -for detector efficiency had been
made the matrix background'was removed using the universal

A ’ o .
background method of Palametta and Waddington (PW85), and

gate spectra projected out, as & result of which the coin-

cidence relationships involving low-energy transitions did

become clearer.

N
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Table 3.3

Typical y-ray detector characteristics.

Detector - Resolution @ 1.257 eV
25% ) 2.3 keV
11% o 1.9 "
50cc ' . | 2.6 "
65cc - ) - 3.5 "
.26% - . - 2.4 .f

Representative detector count rates: (counts/second)

Ge singles (avge.) - 6,000
Ge-Ge coincidencés - 3,000 :
Triple-Ge coingidences . 300
Quadruple Ge cqiﬁcidences - | 12
Any one NaI‘' : - 60,000
Any two Nal | L 11,006

Overall event rate ‘ ) 1,200




Figure 3.6

Gamma-gamma coincidence electronics diagram. The

»

module designations arelﬁg follows:

\_iJ/' | Ge

. Amp
) R TFA
— - ~ CFD
LGS
*ADC

U

Germanium Y-ray detector
Linear amplifier
Timing filter amplifier

Constant-fraction discriminator

.Linear‘gate & stretcher® '

Analogue to digital converter

. Universal coincidence module

Only tﬁo of the five Ge detector set-ups are shown.
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- beam spot on the target to 2 mm or less in size and its

. target at angles of 00, 30

81
glg;g Angular Distributions |
For th;se measurements an aluminum chamber was used,
with tﬁe target mounted on a 64 mg/cm_2 lead beam stoQ against
the 1/32" Al end face, at 45° to the beam direction. A
second collimator 6 cm from the target was used to keep the
position stable.
A :singlé.Ge detector 'was placed 9-11 cm from the
o

s 450,'60o and 90° with respect to

the beam direction. Spectra gated by a coincidence in the

-multipliéity. filter, as well as in .sihgles mode were

acquired. A monitor counter at -90° was used for normali-
zation, while the intensities of othOf-beam g-decay lines
provided geometrical corrections. Absorption® of the y rays

by the lead beam stop was calculated and correctiohs_made.'

-~

ADC livetimes were monitored -and when necessary- taken into -

account.

The angular distributions for the extracted 'peak.
intensities were fitted to.the\u3ual'funcfion‘of Legendre 
polynomials Pk:

Wes) = I [1 + 8xQ;Py(c0os0) + 4QuP (cos0)] (8.4]

to obtain wvalues of_Iy, A2 and A4{r The Qk'§ (attenuation
coefficients) were calculated frqm. the detector geometry

using the procedure given'by Krane (Kr72). Typical values

7.
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for a 700 keV Y ray were Q = 0. .96 and Q4 = 0.89. The Ak

coeff1c1ents depend on the y-ray multlpolarlty (L), the spins

~of the initial and final states (J. and J ), and the magoetlc

substete population parameters. In some cases mor than one

L is possible and a mixing ratio § is necessary ere: .

I L la.» Co
s = T 21 (3.5]
REMEAE

4
RN

Using Gaussian substate populations (c.f. Di66) of various

widths (o = ]ﬂ0—4.0) theoretieal distributions were calcu-

'1ated_for'a range'of Mixing ratios, as well as different spin

L ‘ 0. : , . . :
and multipelarity‘assumptionsd.end compared with the fits to
experimental data-by-examining'xz values.

' Spin and parlty a851gnments were made using the

follow1ng arvuments o i v

1) Owing to the very large dlfference iﬁ transition
r&tes £ pure M2 vs. pure El radiation, substantially mixed
MZ/El transitions aﬁe highly.unlikely. - Therefore a mixing
ratio for any ad = 0 o; A = #1 tran51tion'was lnterpreted as

1nd1cat1ve of an Ml/Ez admlxture, meanlng that the two levels

‘1nvolved must have ldentlcal'parlty.

'2) Angular distribution measurements usually allow a

unique AJ determinatioh but are not as sensitive to the.

sign of adJ. However, since following (H.I.,xyz) reactions

the state with highest angular momentum at a given energy is
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N

prefeiyhtially populateqj' it was us§umed‘ tﬁﬁ high spin

states are¢ much more liKely to decay tQ states wiﬁh'lower

spin (see, for cxample, KWA6). o '
/’f\ 3) Unluss.there was some reason to question the uccurac;

Y

‘of the data (eg. 'very weak or unresolved doublet Y rays) only
AJ results'giving a xz‘valuq below'thé 99.9%'Qonfidehce limit
were_acceéted. In some instances.more than one possibilif§
for aJ met this condition, and in most of these cases the
option with the ﬁighest magnitude of & could. be discarded
”baSed on reasonable upper limits for mixing r&tios.
The angular distributilygy cocefficients were in general
extracted froqﬁthe daéa'gated by the multiplicity filter. In

order to ensure that this gating condition was not imparting

: N , -
a significant bias to the distributions a comparison was made
94 ﬁde

Te reaction spectra. The results, presented in Table

between singles and gateqhﬁk coefficients for the
114 ‘

Mo(

p2n)
3.4, show no such bias. It is worth pointing out that some

cf the angular distripbutions were difficult or impossiblé to

- P

PR

oﬁtain uslﬁé‘théiéingles data alone. A substantial number of
amgular distributions wefe extracted using programs,. written
as part of this project, which automatically unfold spectra
{see Appendix) gnd then search output fileé for chosen y r&ys'
and produce fits to Equation [3.4] as well as fiies‘ for
plotfing those fits. Any necessary corrections as outlined

carlier are made by the programs, which also look for

cgntroid, width and intensity anomalies as a function of

+ ° - -
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Table 3.4

Comparison of filter-gated vs, singles y- Y &ngular distri-
-~ bution coefficients from th""?“Mo( iNa, pan) 1% T¢ reaction.
The higher values of gated A,'s for E2 transitions are likely
due to increased alignment of the residual nucleti.

E ' -IY(ll“Te) . Gated . Singles
(kév) A, Ay Ay Ay
12602 15 0.05(6) ~0.20(7)  0.01(6)* -0.04(7)
42520 20 -0.28(4), -0.03(4) . D
596.1° - 29 fGLQO(al ~0.16(4)  0.28(3) =0.11(4)
691.7 17 -, 9.32(45_;40.13(31 | -0.34(§) "~0.10(4) .
708.8 100 0.28(2) '-0.10(3) 0.23(2), -0.08(3)
733.7 93 0.32(2) TU,11(3) . 0.25(2) - -0.12(3)
L 775.0 100 '0;29(2)*f-6{1l(3) L 0.22(2)  -0.09(3)
790.2 19 © 0.19(5) -0.09(6) T d |
831.4 14 - 0.38(5) =0.13(6) '.'0{31(5) ~0.13(5)
871.3 57 "0.26(3)-';0ipe(3). o e-,_.'; - ,;"]
936.2 .-~ 21 ."50.30(41_ eu:us(43“:-—0.3§(3) ~0.01(3).

N -

Part of a partlally unresolved doublet in _singles. The
1nten51ty of the second component 1s ~10% that of the major
component._

b Unable to extract due to large 440 keV beam Coj}omb exci- '
tation y-ray background. : . Cr
ok
.Part of an unreSOIVed doublet.
d Part of a multlplet unresolved at some angles in 51ngles. -

Unable to extract due to presence of intense 871 keV targe
Coulomb excxtatzon llne._

])
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angle and flgg those transitions accordingly. ‘For a number
of transitions the resuits of this fairly automatic method
were compared with thoée’of more étandard techniques. No
discrépancies;whiqh wouid have chghged Spih assignments were
observed, and in.the lﬁrge‘mhjority of céses agreement among
the Ak's_was quite éood.‘

1127 Yy-y-TAC Coincidence Experiment

112

3.2.7

Analysis of.the Te data, carried bﬁt in the manner
described in the previous two sections,'reVéaled a-humbef of
unusuakl y;ray,angular disfribu;ions.andnCOincidence fe#turgs
‘which rgised:tnéiquéstién'of possiéle'éxcitgd state.lifetimes"
in the nanoseCond.rénge..'Thefefore,a.séﬁar;te’#—?;TAC coin—
cidence}é#perimenf‘was pérfdrmed using‘tworzs%—efficiencylce

. detecﬁors'and staﬁdarg'igst-slow coiédidénce techniqdeS{ The
experiﬁeqtal'sgteup'is_snbwn in Figure 3.7.° Daﬁa.ﬁere gated;

by the hulpiplic;ty filter in this case as ,well. - The two
Yy-ray energies 'piﬁs fime info;matibn ‘for: éach event _wéfe

-wriften onto_magnétic'tapé.and analysed‘off-Iing‘at'adlater
‘date. Gateé coﬁld be set on different céﬁbinﬁtidns'of ené:gy
words and/or thé time ﬁofd fo'produce‘éither Y%f coincidence
spectra or speéifip.yihvz t;megpectfa.l Coincidence spectra
extracted corresponding to a 200 ns time ggte-agreed with
those from the uguai proceéurg'aé dgsdfibed iﬁ.ééction 3.2.5.

Time spectra for 68 71*72 combinations werefalso,extractéd,
~ B * '
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desigmations are identical to those in Figure 3.6,

Figure 3.7

Te ‘Yéy—Tac electronics’ diagram. The médule

~with the following additions:

SiLi

GDG

TAC

- .L.SD

Logic. shaper and delay -

Si(Li) planar y-ray detector
Gate and delay genmerator.

Time-to-amplitude converter

[ (PR
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and for such spectra background under both Y1 and Yy peaks

required the following'coincidence correction:

Y8y, (measured) = (Y1+YlB)@(Y2+YzB)

Y18yp(true) + | (v ®v,p) + (Y 8Yy) +

= Yl@yz(true) + Bgnd [3;6]

whepe Y, refers’ to péak'events, Y18 ‘Stands for'background
events, and ﬁ.é "in coincidence with". The background term;
Bgnd, WaS éétimated by.taking background windows Yigr and
Yop ﬁeafby to eﬁph peak: ‘

By 11®gpe | Yipigp

1

(3.7]

.k k.k

2 N e 3 C

. where k; = Counts in 1B'/Counts in 1B, and -

ko, -‘Couhts'in 2B’ /Counts in 2B. .
Centroids-and widtﬁs of the_corrected spectra we;; calcu—‘
lated. For time peaks corresponding to y-rays bracketting a -
state,having a\lifetime greﬁtér_than the expe;imegtal‘time
resolution, wﬁich. was typic;ily;ﬂabout 12 hs, an 'obvibps
dep#rturé from fheﬁuSual prompt_peak shape cén‘bé“exﬁecte&?

" If hb&evq; the-lifetime-is less.than Eut close to 12 ﬂs, fhé
‘ Centfoid.of'the time peﬁk should shift pérceptibly. By com-

. baring Yl@yz- VS, Yz@yl centroids, which ' should shift  in
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oppoéite directions relative to the p?ompt peak, lifetimes of
greater thgn approximitely 2 ns could be revealed.

Although the experiment was not able to measure
accurately 71@72 time characteristics for Yy Or Y, energies
less than gbout 300 keV, due to the large size of the
dete¢tors involved, this was circumvented by extracting time
spectra for' cases where Yi is above while Yo is below the
level of interest, and the y-ray énergies inQolved are
greater than 300 keV. ‘ ~

- To investigate the possiblity of véfy low-energy

112T

transitions in e which may have been missed during

experiﬁents involviﬁg the larger Ge _deféctprs, a 500 mm2
Si(Li) detector was positioned close to the target during
thisnlast experiment; and singles'data gated by the filter

were acquired.

“



Chapter Four - Experimental Results -

Introduction -

This chapter deals with experimental y—ray results
from the heavy-ion reactions populating 11??11451;6Te; while

Chapter Five provides an interpretatiod of those results‘

. according to various nuclear- models.

Excitation functions are presented in Section 4.1,

) Since for'nuclei having 2=52 the_lsotopes with A=116 -are
' better known than those more neutron def1c1ent ~a comprehen-

~sive comparlson was _made‘ between fusionfeveporation code

96

‘predictions and observed . cross-sections for the Mo(?dNa

xnypze) reaction alone.

'Séctions 4.2 to 4.4 contain the analysed ihfqrmatien

- condensed from the coincidence and angular dlstrlbutlon data

116 114 112

collected for the Te, -~ *Te and: Te isotopes.
}espectively;_
'4.) Excitation Functions
116 ’
4.1, 1 Reactlons Leadlng to: Te

Flgure 4 1 show@™ the relatlve ylelds of residual

nuclei from the reaction 96 Mo( _Na,xnypZu)'as a fgnction of

bombarding energy, obtained from singles T-ray“intensities as

*
»

89
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P ' _ Figure 4.1

Prod?ction.of'reSidual nuclei from the 9110(23Na,
Xnypza)' reaction as :a‘gfungtiop. of - bombarding

energy. The yields were deduced from observed

‘ground-state transition intensities in the.various

nuclei, as outlihedﬂin_Sectipn 2.2.4. Experimental

uncertainties are < =5,

N

. 71"'
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described in Section 3.2.4. Representative excitation curveg

116

for vy rays identified as belonging to "Te are shown in

Figure 4.2. At a beam energy of 90 MeV the ratio of three-

“particle xnyp cross-sections was determined to be:

.9 a

p2n : U2pn.-

an x 42 : 100 : ¢ 5 | [4.1]

A short excitation function was also carried out for the

92Mo(27Al,xnypza) reaction, ,in which "the 3p exit channel
populates 116Te. This revealed that‘cross—seéxions for 1186

(p2n exit channel), -1 (2pn) ana 116

Xe

Te (3p) wére all still

27A

rising at the accelerator operating limit of 114 MeV 1.

For that beam energy the ratio of xnyp crbss—sectionq was

found to be:

= 60 : 100 : 25 ' [4.2]

116

Gamma rays belonging to "Cs, corresponding to the 3n exit

channel, were not identified. Interestingly énough, with the
.addition of just two neutrons, i.e. the reaction t“}(']’Mo(‘”Al',
-xnypzu),'the p2n,chapp¢l completely dominates (Ja85).

Results of the statistical model fusion-evaporation

23

‘calculations for the Na -+ 96Mo reaction, carried out with

the ALICE code, are shown in Figure 4.3. . In general the
three-particle exit channe;s, for:example a2n (1138b'residual

181e) are distinguished from the four-

112 115

‘nucleus) and b2n'(

barticlé channels such as ap2n ( Sn) and p3n ( Te), as is

»

seen in the measured excitation -.functions.. Certainly the .



Figure 4.2

Inten51ties of representatlve Y rays belonglng to

llee, as functlons of bomb&rdlng energy.
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Figure 4.3 -

Theoreticgl cross-sections for residual nuclei

populated by the ngq(zsNa,znypzd) réaction;

" caleylated with the code ALICE.
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g inclination of the 1;91 co;;ouhe\nuc}eus to emit at least one

- charged particle is predicted. 'HoweﬂEr\the relativ® intensi-

ties do not match very well, especially for channels involv-
) I . .

1/// ing o« emission, and the .observed tross-section maxima are.

ot reproduced at . the correct energy, ven ‘with the

-

adjustment of the level density parameter from the

1

usual wvalue of ACN/IO_to ACN/SQ. Further'changes in the

level density paremeter were less effective. This tendency
"to predict,cross-sedtion'maximejat too low a beam energy has
-

-

the ALICE predlctlons were taken as only‘ a “guide to the:

‘ﬁL re31dual nucle1 one would expect to populate in thlS range of’

beam energles, and the Cross- sectiods for channeLs 1nvolv1ng

beern observed by Others'(eg.th79) The end result is that

k 1

. a emission were assumed to possess_a.hlgh.degree'bf uncer—dl

tainty.

- .
. "

Excltation functions gated by the multlpliCltY fllter,

’ .

are more indicatlve of the Y—ray lnformatlon available from a. .
i

» glven nucleus than those deduced from singles 1ntensrt1es.

116

Figure for example, that the p2n (

has a h her-combin ion of 1nten51ty and Y. ray multlpllqlty,i

than any other exit channel over mast of the energy range

scanned, ' .ans’ is in’ contrast to the sxngles EXCltatlon'

115

"functions in Figure 4. 1, where the p3n «( Te) channel domi -~

d"',

nates for energles greater than ~. 90 MeV. =~ At the practrcal

beam energy of .90 MeV chosen.fpr the‘experlments,'high-multi;

h ]

eIe) channelu



S

'follow1ﬂg the

Figure 4.4

I

ngh—mulxiplicity Xxayp yields of residual nuclel

QSM (23Na xnypzu) reactlon as ‘a

"functlon of bdmbardlng energy In this case the

'ylelds Wete deduced from mu1t1p11c1ty fllter Ger

{ »

-ray'intensities, as outlined in Sectlon 2. 2 4.

_ -
. . '
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plicity transitions from th&ﬁp2n'(116Te) channel were

favoured over those from the otheihznyp channels by:

1]

-Ién :'133“.: 2% « 43 : 100 : 39 o [4.3)

3.1.2 Reeetions Leading to 1147
| The p2n -(lléTe)' exlit channel dominated the y-ray
.'sneotra froh ﬁhe 94Mo( Na xnypza) reaction at beam energies
up'to iOO MeV. -The 2pn (114Sb) channel was also identified,
but infornation on Y rays belonging to 1141 is~net available

-and so Cross- sectlons for the 3n channel were not determlned.
There is a 204 187-etc. unassigned group of tran51t10ns Whlch

may belong to 114

I, since some 3n strength is expected.
Assuming the 204 keV peak eonfains the significant
de- excxtatlon 1nten51ty in the unknown nucleus at 96 MeV the
strongest observed ‘Cross- -sections were in the ratio:

IU'

620 “2pn unknown = 100 : 2§.:“9 ‘ [4.4]

'-ﬁl;4Te is alse eiearly populated by"thelgzdo( °si u2p) 14y
reeetion. 'In'this caee the cross—seefions corresponding to
;th:ee7paftic1e emiesibngare'snill rising at the maximum beam
energy availeble, 125”Mev; and.charged—partiole'emission is

highly favoured.’ .
23 94

For ““Na + ““Mo ALICE overestimated the probability:
of a emission, as it did for 23Na + 96yo. The ap2n'(1103n
5residual cleus), apn ( Sn). a2n (llle) and: 2an (108 n)

'-channels were all predlcted to have higher cross- sectlons
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. 114 ' s
than the p2n ( Te) channel. Some v rays corresponding to
nuclei with A=110, 111 and 113 were observed, but had very
low lntensitles compared to those orlglnating from A= 114

nuclei.

y

4.1.3 The Reaction 2“u6(%°Na,xnypza)

Of the reactions attempted in this study using 25Na,

24Mg, 27A1 ‘and -3881 beams” on Mo targets only gzMo(gaNa

xnypza) was found to populate l12Te.._ Two groups of tran-

sitions in the spectra are clearly most intense: the 689,

112

787 etc. keV group in. Te,- corresponding to the p2n exit

channel, and a 202, 325, 353, 380 etc. keV group, with which{

it-was not possible to identify a known isotope in this mass
~ region. Assuming the strong 325 keV y ray contains most of

the total de-excitation intensity of the. unknown nucleus, at"

~

a beam energy of 90 MeV the cross-sections were in the ratio:
%p2n ° %unknown = 100 ° 73, . [4.5]
4

Both groups displayed similar excitation functions, with
their intensities still rising at 96 MeV. Although Y rays

from this latter unknown grdup do not match any of the tran-

sitions observed in the **2Sa(p,ny)llZ%sp and 1151034,

'6nY)lleb reactions (Ka76), 1t could be that the heavy ion

'(ZSNa 2pn) reactlon populates completely dlfferent states of

-

higher spin than those reached in the reactions involving
[y

.very 1ight prdjectiles. Therefore the possibility that the



-

| " a8
202 keV group of transitions does belong 'to lleb, corres—
ponding to the usually-observed 2pn exit channel, cannot be
ruled out. This is especially interesting since one would
expect to observe.g) the an:pzn cross—section ratio to be

increasing with decreasing neutron number, which is the case

for the unknown group and b) strong Iow—energy Yy rays similar

to the 202 keV group in en:gdd;odd nucleus such as lleb.
. s ' N h )
4.2 Experimental Results for }1623 L '
The nucleus 1 ®Te had been investigated somewhat

,before this work. Most recently Chowdhury et al. (Ch82)

populated yrast levels up to (14+)wusing'tﬁe lospd(IZC,Zn)

114

and Sn(a,2n) reactions, and reported a probable negative-

parity state at 3028 keV (see Figure 4.5). Both the

96“ o’ 3Na p2n) and 92Mo(27A1,3p) reactions, at beam energies

of 80 and 114 MeV respectively, were found to populate 116'I‘e._
The data ohtalned from the ( Na-p2n) reactlon was of much

better quality and therefore the ( Al 3p) results were not

‘used extensively. Coincidence gates extracted from -the

(2 Al 3p) data were 1n agreement with those from the (

p2n) reaction. The total 001nc1dence spectrum for QGMQ +

a3Na. is shown in Flgure 4.6, and representative efficiency-

-

corrected and background-subtracted gate spectra appear in .
Figures 4.7 and'4.8. Figure 4.9 shows some resilts from the
least- squares analysrs of/ﬁhe angular distributions. Gamma-

ray 1nten31t1es, distribution coefflclents and resmltlng

-



e

,Figure‘4.5.

116

7" Te level 'scheme due 'to Chowdhury et al. (Ch82).

Levels up to spin 8+_had heen previously_repbrted

;by Warner "and Draper (WD70).
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Figure 4.6

96

Total cointidence spectrum from the Mq(zsNa,

xnypza) redction at 90 MeV. Strong trans;tiohs in

1161¢ are labelled by their energies in keV. Peaks

marked with a * belong in “1°I (3n exit channel),

116

while unresolved doublets in Te are indicated by

a letter d.
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Figure 4.7

96

Coincidence gates from the Mo(zSNa,pZn)llsTe /

-

reaction. The data have been background-subtracted

and corrected for detector efficiency. Peaks

-«

marked with a ¥V in the 1025.5 keV gate are impuri-

ties due to the nearby 1028.8 keV transition..
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Figure 4.8

~

96“0(33N&,p2n)116?e

Coincidence gates from the -~

reaction. The data have been background—subtractéd

- .

" and corrected for detector efficienéy; Peaks
marked with a V in the top gate are -due to the -

+ .
strong 511.0 keV B8, component in the gating

tfansition.

.,Q
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. Figure 4.9 .. B o

Some lrésult;s from the _l]_'sTe a.n:g'u"la.r distribution
least-squares analyses: A- x%. of 5.42, marked with o
o - B N ' ' ’ 4
a ‘horizontal 1line in. the right-hand panels, cor-.

responds to a-.‘9‘9.9_% confidence limit. e

B T AR
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transition assignments are listed in Table 4.1.1 The level
scheme constrhcted-from the coincidence relations and nngular
distribution information is shown in Figure 4.10. )
| The strong 679.4-681.2-643.4-771.5-. .-548. 6 kev
yrast cascade exhpusts most of the y~ray intenSity assigned
to *10Te. . A1l of these transitions are- seen to be in coin
"~ cidence with.edch other."In addition the 771 keV coinci-
. dence gate clearly shows a second 771 keW'tranSLtion The

[

placement of the. two members of this doublet is. bqsed on

001nc1dence 1nten31ty consid rations. Looking at LrSt the
657.4, 691 8 and 788.6 keV, - and then the yrast gro coin-

_cidence gates a slight” difference 1n 771 energies is. indiw

.

cated, as shown 1n the level scheme. The 925 9 and 647 6 keV

coincidence gates showathe yrast gro%r w1th the exception of

-

the 802 2 keV transxtion, and the 771 keV peak is weaker than

in .the yrast gates. The parallel placement of this pair w1th_
the 771 0 + 802 2 keV pair thus seéms. certain, espec1ally.

since the energy sums match The ordering of the 925.9§and

- 647.6 keV transitions is indicated by .a small differencaﬁin“

inteneities,‘and possibly could be reversed.

" The measured angular distribution coefficients (Ak

coefficients) for most of the yrast cascade y-rays are char-

.-

acteristic of stretched L 2, presumably E2 +(see section

2.2,.7) tranSLtions (see Table "4. 1) The EZ2 nature of the

four transitions de-exciting the 8‘.1evel is also supported

by the electron conversion measurements of Wyckoff and Draper
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771.3

Table 4.1
Results of analysis for y rays assigned to 116Te.
E (kev)? 1 A, Ay Multipolarity g7 » g
i47.7 116 £0.15(4)« . 0.09(5) M1/E2 g{=) s (=)
| 254.4 3 >0 g{=) , g(-)
st (147) » 1307
- 302.79% s
ECALLINS
' 419.34 10 -0.08(2) 0,01(3)  (M1/E2) (19 » (18%)
4938 5 0.29(10)  0.00(11) €2 (147) » (127)
‘A51i.4d ar (€2)  (14%) » 12"
548.6 4 -0.54(14) -0720(35)  MU/E2 (22) + (21%)
6434 94 0.32(2)  -0.10(3) £2 6 -4t
647.6 4 . - | 12"~ 10,
657:4 9 -0.32(4) 0.04(5) El o) . g*
667.1°% 5 | .

679.4, =100 . 0.28(2). -0.08(3) E2 2t +
681.2 100  0.35(2) -0:12(3) E2 . 4" 2%
'691.8° 10 0.30(7)  -0.04(8) B2 116-) 4 g(-)

711.0 8§ 0.19(8) - -0.07(9) &2 (127) »-100")
'749g4? 6 | o

765.0 27 0.38(3)  -0.13(3) - 2 (167) » (147
7710 38 ' - 2. 12" s 10)
- 0.32(2)  -0.09(3) . L
63 . : E2 y



~ -

Table 4.1 (cont'd) . k\v/’

E(ker) 10 A, A Multipolarity 97 » o]
778.9¢ 4 (5,6) » 4"
798.64 8 0.34(5) .-0.14(7) . g2 - 130=) L qp(-)
802.2 47 0.36(2)  -0.12(3) £2 10 » 8"
819.1 8 0:36(6)  -0.09(7) - 2 100") gl
925.9 4 0.32(8)  -0.02(10) - E2 .10y + 8"

1025.5 14 -0.32(5)  0.05(5) 3 =) L6t

1028.8 8 0.36(7)  -0.09(8)— 2 (217) ~» (19")

U 1085.2 20 '0.35(3) - -~ -0.15(4) - £2 (18%) » (16")

@ Energies of the vy rays are typically accurate to #0.3 keV.

b Where bossible'deduch from coiﬁ%idencefintensities in the 2++a+ and
4" gates. The ratio of the 47+2% to 20" transition.intensities
was obtained from the gated angulaf distribution AO coefficients. The
quoted intensities are accurate to gl0% or less for- the stronger
lines, or z1 for transitions having Iy<10.

L}

¢ Corrected for internal conversion,

)

d Part of an'unqgso]ved multiplet. See text for specific cases.

-

7 ® Not placed in level scheme..

" When not quoted'Ak coefficients could not be determined due to low
intensities and/or interfering peaks.



Figure 4.10

Prohosed level scheme for 1_16Te."A11 energies are

in keV. Gamma-ray transitions marked with a * have

been\reported previously (see Figure 4.5) in agree-

‘ment with the preseht work.,.
AN :

o
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(WD73), and by systematics of other Te isotopes. Since both °
members of ‘the 771 keV doublet are fairly strong, the Ak
coefficients for the sum of the two indicate stretched E2
character for both the 771.3 and 771.0 components. Although
the 647.6 keV angular distribution was dlfficult to extract
due to interfering stronger vy rays, the 925.9 keV transition
appears tofbe E2, leaving 10+ as the only reasonable spin
essignment for the 3701.1 level. . -

Above the 12 level the splns and parltles cannot be
determlned “as precisely.l It was not possible tqgmeasure the -
angular dlstrlbutlon,for the 511,4 keV.transition dee to the
presence of the much stronger 9511.0 keV B annlhllatlon Y. ray
peak. U31ng the 511 keV c01nc1dence gate a comparlson of
yrast group 1ntensit1es and centr01ds with those of non- yrast'

: h)
tran31tlons resulted 1n the lnten51ty and energy shown Ln “the

level scheme. The placement just above the - 12 - level ié;

based on ltS deduced 1ntensity, which is less certain.than

those of the adJacent ¥ rays, and so there-is some chance of'
A

it being higher in the scheme. To pl&CE&lt lower would be to

\

dlsrupt the 802 2 + 7710 and 925 9 + 647. 6 keV parallel

b

comblnatlon whleh seems to be flrmly established. Based on

Fl . -

the systematlcs of other Te isotopes the level at 4859 9 keV

probably has spin and parlty -14 ; ; however -2 definite‘

a551gnment cannot be made and hence splns and parltles of -

‘

-that and hlgher leve{s are placed in parentheses.
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The 765.0, 1055.2 and 1028.8 keV transitions appear
to.be E2 in nature, but Ak-coefficients for the 419.3 and
548.6 keV Yy rays are indicative of mixed M1/E2 transitions.
Fhe 419 3 keV‘tran51tlon 1s not completely resolved but the
effect of ~ 25% contamination due to a transition in 1138b
(aZ2n exit channel) having a known Enisotfopf was taken into
account. . L ©
The yrast level energies and epin assignmeﬁfs as
outlined concur with those of Chowdhury et al. (Ch82) up-to
‘spin 12+, with tpe.addition‘of a second 10T~level‘at 3701.1
keV. ‘However, the preyious.work reported n'o Sil keV‘tran—
. sition, and listed a weak ' 763 keV Y ray as de—eiciting a
tentaq;ve 5109 keV ci4+) level. Given the.ubiquitous nature
of the 511" kev 8" annihilatien Y ray and -the much weaker
population of pigh spin sfates'in that Work, this discrepadcy‘
is understandable. Gizon et al. (GiBl)'have also populated
yrest states in 116Te via the l06Pd( cC, 2n)116Terreaction
and deduced a partlal level scheme con51stent with Flguree
4 5 end 4.10 up to spin 10" A weak 837 keV y ‘Tay tenta-
'tlvely a531gned as the (12 )+10 tran31tlon by . them was not
Observed in the present work.' Other results up-to spin 19.
" have Dbeen reported (KCBJ), agreelng w1th the leve' seheme
presented here. - . | ‘f.: R ~
Turnlng to the non—yrast states on the right hand

side of Flgure 4,10, the 3029.7 keV level ls de-excited by &

1025.5 keV J ray having Ak coefflclents characterlstlc of a
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stretched L=1 transition. Although the possibility of an M1
-transition cannot be completely ruled out, in that case there
would very likely be E2 competition and therefore‘a signifi-
cant mixing ratio. Since this was not observed the 10&5 5
keV vy ray is shown as El in Table 4, 1 and so the 3029. 5 keV
level was determined to have spin 7 and negatlve parlty.
Although this parlty assignment is clearly supported ‘by the
data it cannot be regarded as deflnltlve, which has "been
indicated by labelling the 3029.7 keV state as 7(_).. This
assignment-agrees with tenta'tive assignments made in previous
reports (Ch&2,KCBB).- Definite »%_ ‘levels. have  also been
observed at 51m11ar excitation - energies in 118_132Te (c.t.

"Figure 5.1);  in those cases the parity was pqnned -down by

measuring y-ray linear polarizations and/or internal conver-
. ' . ’ ‘
sion coefficients.

In the same manner the ievel. at 3432.4 keV was
assigned spin‘ahd'perity.gcf), based on the 657.41keV'angular
distribution. Since the 691.8 and 798.6 keV transitions
. exhibit stretched E2 character, the '4124.3 andA4922 8 keV
levels' .were déduced to have spln 11( ) and 13( ) respec
tively. The 798.6_keV Y ray is an unresolved doublet, but
the contaminntion .2s. deduced from the coingcidence gate is
. ahproximately 16%, considered' too low' to atfect ltS E2
.assignment. The order of the transxtlons 1nvolved is based

ANIYY

on intensity conSLderations. o . ~
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Angular distribution coefficients for the 147.7 keV y

-

ray indicate mixed L=1,2 multipolarity. In accordance with
. the considerations presented in section 2.2.7, this‘wés taken
to show Ml/Ez ¢character, and in combination with the least-
squares‘ analysis resulted in an BF‘). assignment  for the
3177.4 keV level. . A 254.4 keV vy '?ay was ‘observed, anJ
appears to connect the 9= and 8¢7) levels. Although it is

fairly weak and part of a doublet the Az'coefficient was

determined to be slightly positive, indicating a mixed M1/EZ
transition and supporting the g (=) assignment. Since the
819.1, 711.0 and 493.8 keV y rays all display stretched E2

angular distributions, the 3996.6, 4??7_\.5\“6 5201.3 keV

levels were given spins of 10(_), (12f) and (147) reshec-

tively. Parentheses enclosing ' the (127) and (147) spin

assignments reflect the IOWer—than—normal 711.0° keV (127 )+

10(-) A, coefficient, although the value is still within two

standard deviations of an average result.

1t énbu;d be noted that the paritiés r Qheée 7(h),
- )= '

8(_), 9( ) LU(_) etc. statqs are eitheq ali negative or all-

L] 1

. . ? : . o Lo
positive, depending on the assigned charfcters of the 1025.5

and 657.4 keV transitions. The'positiveﬂ'gifty option,

‘ . .. & . '
results in a sce¢ries of even-J levels which.are not scen to

- ‘ ‘L .o e .
~decay at all to the yrast J-2 states, a very unusual situa-
tion. Together with the factors mentioned previously the

evidence strongly favours a choice oé;negatiVQ parity for the

J=7,8,9 etc. structure, which interpretation will be assumed
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to be correct during the discussion\in Chapter Five. These
112,114

'

comments also apply to the other Te isotopes under

consideration in the present work.

4.3 Experimental Results for 11439
' The :hucleus l4Te had been populated before this
study, via the_llen( l‘L4’I‘e and 114Sn(a 4n)ll4Te reac-

.tions, by Warner and Draper (WD70), who observed excited
states up to spin Bf at 3087 keV ésee.Flgure 4.11).. Spids‘
and parities'of the yrast 2+—4+-6+—8+ levels'were determined
by y-ray angular distribution measurements and electron'

conver31on coeff101ewts.

94

In the present work both the Ho( Na pzn) and

92Mo(2881,a2p)Treactions, at beam energies .of 90‘and 125 MeV
respectively, were observed to populate 114Te.~ However, the
,94Mo‘1+Asze 114Te cross-section was hlgher and the y- rayﬂ

spectra~much creaner than thosé of the -more compllcated 92Mo

+ 2881 reaction, and therefore only-data from the former were _

used. - . ) ,
o, . - - o .94, - 23 .
A 'total coincidence spec¢trum for ““Mo + "Na is shown

in.Figure\% 12, and representative efficiency- corrected ahd

-background—subtracted gate spectra appear 1n Figures 4 13 a(@fﬁ\xl'

4,14, Figure 4,16 sbows some results from the least -squares
_analy31s of the angular dlstrlbutlons. Gamma—ray intensi-

tles, angular dlStrlbuthH coeff1c1ents and resuLxlng tran-



Figure 4,11

e TP

eme due to Warner and Draper (WD70).

L3

114Te level sch
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Figure 4.12
, | - 94, 23 °
Y Total coincidence spectrum from “the ~ “Mo( Na ,

xnypza) reaction at 90 MeV. Sfrqng transitions in

114Te are labelled by their engrgies'in keV, 'Peaks

marked with a * belong in 114Sb (2pn exit ‘channel),
while ‘those marked by a V are in the 204-187-etc.
keV ‘unknown group (see Section 4.1.2). ' Unresolved

l14Te‘ are indicated by a letter d.
: -y

doublets in

ar
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Figure 4.13

94M (23

Coincidence gates from the Na,p2n)il4re
re&cfioﬁ. The data have been background~subtracted

and corrected for detector efficiency.
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Figure 4.14

Coincidence gates ffom-the'94Mot23Na p2n)114Te
reaction. Thg data have been background- subtracted
”»

and corrected for detector efficiency.
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.~ Figure 4.15

Some results from the 114Te angular distribution

1}

least-squares analyses. A x? of 5.42, magked with -

a horizqig?i line ‘in the right-hand panels, cor-

responds ‘to the 99.9% confidence limit.
) \ ’ - /I\"\ !
»
S .
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Figure 4:16

'Proposedilevel'scheme for.lﬂzTe. AlYl energies are -

in keV. Gamma-ray transitions marked with a * have

beén reported previouqu (see Figure 4.11).
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sition assignments are listed in Table 4.2, The level scheme.
constructed from this information is‘shown in Figure 4.186,

A. strong cascade of. stretched EZ2 transit%ons‘ (sée

Table 4.2) is obéetved to de-excite the higﬁest spiﬁ sg&tes.
The‘strongest 12++10++8++6++4+-sequence, a 596;1—831.8—871.3—
733.7 keV group, is ﬁaralléled by a number of other inter-
connecting decéy chéins made péssible_by duplicate 6+, 8+ and
10" statgs.-.The Q;istgnce of the 3723.7 keV lOI‘lével,Lé
.clearly shown by the diffe;ence betweén-fhe.635.0—792.5:kev

and 831.8-596.1 keV pairs of coincidence gates. The former

pair are in coincidence with the (247)»22%+...12%7 and

8++6f4.u.0+;E2 transitions Quité strongly but, except. for a
weak 596.1 keV peak in the 635.0 kev'gate (due, as it turns'
éut, to the presencg of a 196.4 keV 10 +10

e 27771

not in c01nc1den e with the 831. 8~596 l keV pair. Conversely
g\

traqgltion) are

thxs latter palr are in coincidence w1th the other strong E2

transitions above spin 12 and be19W'sp1n 8 but not, other
than a similar weak exception, with the 5&5.0-792.5 gev paif;
Simﬁ? the y-ray ene;gy suﬁs alsg match witﬁin error the
placement of’the two 107 ievels.seems certain.

| The order of the clear 411.9-901.2-1121.8 keV 10, *4
. cascade 1s constralned by a number of coincidence 'relation-

shlps. Both.the 388.5 and the 482.3 keV gates contaln strong

transitions above spin 81 and below spin 61 as well as eachg

l »

other, but not.an 871 keV peak. Secondly, the "482.3 keV gate

contains an 1122 keV peak and no 901 keV peak, while the
. * ‘
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Table 4.2 ;-
Results of analysis for v rays assignéd to 11a’Te..
E2(kev) > A A Mﬁlti olarit J“}+‘J"T
Y Y 2 "4 P Y i
125.2 155 p.0s(6) - -0.207) owzez o a(s) . p(e)
7 17aa '3 -0.20(17) - -0.07(26) ML/E2 (137,157)+(127,147)
196.4 4 0.00(11)  -0.15(13) -  M1/E2 10, » 10
208,99 3 | e 10p oY)
225.6 4 -0.46(11) -0:08(11) MI/E2 © (127,147)> 13070 T
234.4 6 0.11(8) -0.05(9) ez - 0 ob) L g(e)
il : B | -
-~ 360.1 2. >0 ' | B IS AN
388.5 . 6  -0.10(27) © 0.17(31) Ml/E2, 6, *6 .
a9t 100 5o - . 10y -8
: Tt L ﬁ " . o
425.0 20 . -0.28(4)  -0.03(4) El ol=) BI
434.9 8 0.11(8) __20.03(9) .. 127,187 1207)
| 8 o o N 3
443.5° - 2 - ST T,
i d ® ' : ’ - . e
582.3 3 o S | 8 > 6 )
596.19 28 . 0.30(3)  -0.16(4) £2 12* -+ 10}
| o oF ‘ | ’ * ., at.
P 6?5.0 _13‘ 2.0 ‘ o . 101‘. 81

+

Sod , ' +
e SN "“R\\\' © o (21,22) > 20
"591‘7<;" 16 0.32(4)  -0.13(5 f ‘€2 o167 - 147

698.05- 4 o
_ ' . ® : + +
708.3 = 100 0.28(2) -0.10(3) E2 2"+ 0
. . . . 'S
729.1 ‘14 0.23(5) -0.05(6) E2 13(') + 11(')
F 3



Table 4.2 (cor.1t‘d) e
Eg(kevg;) 13 AZ - Ay . Multipolarity 97 » 9%
733.7 . 93 0.32(2)  0.11(3) . ,  E2 6] » 4"
737.1 25  0.37(4)  -0.17(7) 2. c 14t s 12t
747,38 3 v |
761.0 100 0.33(6)  -0.17(7) & C12() 4 p0l9)
775.0 . 100 0.29(2) -0.11(3) g2 4" » 2%
784.3 - 13 0.29(5)  0.05(6) - £2 LA
790.2 19 0.19(5)  -0.09(6) A:EZ i) .
792.5 13 | - . 12" + 10t
S } 0.36(4) - -0.08(5) 2
792.6 E2 - (11,12) » (9,10)
797.7 2 , o o+ (13,19)
808.1 70 0.16(12)  0.08(13) (9,10) » 8}
820.8 3 0.27(11) -0.17(13) . E2 (13,14) + (1112) -
831.4 N 14 0.38(5)  -0.13(6) 2 10 » 3; .
B L M- " o L Aﬂ‘:
873 57 0.26(3) _'-0.08(55 B2 f 8+ 6
895.6' - ,é ' fo.za(ls)‘ - 0.37(14) 73 zof + 18" .
L2 . 6c 0.38(3)  -0.22(12) 2. .8 6,
C . 21 -0.30(8)  -0.05(8) &1 EERAET
“976.0 oNT 0.17(6) ;0;17(7) - €2 ‘ 13% » 16" o
994.4 2 - <o. . (22,23) »' (21,22) . |
li21.g 5 0.50(14) T -0.14(15) €2 Gy eal
68,38 30y B L M1/E2 +(137,15-) -
' 1289.2° <2 n " qz&8*2'. +§z .
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Table 4.2 {(coft'd)

w—

Energies a;e typically accurate to *0.3 keV.
VR . .

. Deduted from goincidence intensities 4n the'2++0+ and 4++2+ gates,

corrected for detector efficiencies. The rat1o of the 4 +2 to 2+ 0+

transition 1nte\s1t1es is obtazned from the gated angular distribution .

AO cBefficients. The quoted intensities are accurate to Iﬁ%f or less
for the_strongeﬁ lines, or %1 for transitions hay1ng IY<L0. '

/

Corrected for internal canversion.

.
Part of an unreso]Ved multiplet. - '
- _‘ v :
Not placed .in level schemé. o ) . -

L
\
hS

Part of an unresolved multiplet at some.orvail 5;;?eg, -Sign of aniso-
tropy agrees .with assigned mu1t1polar1ty ‘See text for specific

' cases.

1nten51t1es and/ar int

).

fdn

When not quoted Ag coeff1c1ents cou]d not be determlned due to low '
rfering peaks. .

[ 4

<,
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a (22, 23) spin assignment for the tentative 9470.2 keV

, , . 123

388.5 keV'~gate - shows the converse. Together with the
matching of appropriate energy sums, plus the existence of a
weak l289 2 keV transition feeding the 6 level, these clear

relationships establish the position of the 2606.0 keV 6 and

2
3507 2 keV 8 1evels.

. " With the exception of the 196 4 keV. 102+10l and 388. 4

keV 82381 tran51tions, all of the Y Trays described so far
should exhibit angular distributions characteristic of

=tched E2 S. Where the Ak coefficients could be measured

’
uigudusly this is observed to be true. For the 411. 9,

v

48& 9 and 635 0 - keV tran81tions a pOSltive ‘'sign for A2 was
TN

measured, in agreement with but not exclu51ve to quadrupole

-

,character. Sﬁ}n assignments for levels involv1ng thgée-

transitions wére made based on the analysis of angular dis-
Eributions of .other, clearer tran51tions.: o

. The ordering og‘the transitions above spin 12* nas
dete mined mainly by coincidence inten ies in the low spin .
gates.' It was not possible to determi e Ak coeffic1ents for

the 658, 1 keV Y ray, but the 994, 4 keV transition appears to

have an A <0 favouring a spin change of one and resulting in

« 4 As in the case of 116 Te, two stretched El tranSLtion

are,observei The 936 2 keV T ray feeds the 2217 5 keV 6

i
1eveL while,the 425, 0 k-"‘ ft31tion enters the positive

-

parity group ‘of stat

4

{{,8 keV 83 lgvel. Therefore

the two levels at 3153.7 anc¥@)14.0 keV, with spin and parity
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7(-) and 9() respectively, are estabiished.w A weak 360.1

‘keV Y ray is seen to connect those twa states, and while its

angular diétribution'was d%ﬁficult to extract fhe'sign of 52
agrees with an expected quaﬁrupole nature. |

The 234.4 and 425.0 keV coincidence gates are éﬁité

" ﬁsin%ar, and since the 125.2 Eev_gate contains a 234 keV

'peak, plus the vy rays seen in the 234r47E€f§g&Ee,'as well 4s

ad fiongl fransitions,'the 125,2 + 234.4 keV combinafion was

Rl:Séd parallel. to the 360.1 keV y ray, conneefing the 9("?

and 7¢7) states. Both the d25.2 and"$34.4 keV angular dist-

ributions show mixed Mf?Eg.pHaracfer leading to an B(;)-spyn

" assignment for the 3279.0 keV level.

T . ' 2
2 ) .Both the 234.4 and 425.0 gated| show the 790‘.\2 and

‘KeV peaks as well %? weak?5 225.&;;;14.1 and 116873 keV

ys, while :the %aé.z and 125.2 keV . ncidencde gafés
. : X/ '
ly show a 784.3-761.0-434.9 keV_ combination, and also a

weaker \790.2-729.1-225.6-174.141168.3 keV| cascade. Lookinﬁ

Aé" at th .

7%?(4{71_1163*.3 eV gates, both the 790.2-76120-434.9
and the '784.3- s well as the strogg

61.4-434.9,'keV cascadé;
lower spin trinsitions are n, plécing the 174.1 and 1168.3

keV § rays entering a level common to both cascades at 5259.,5

- ~— keV, The order of transitions domprising the two cascades is

, based on cpincidence intensities ®aken from low-spin gages.* .

;:> A ¢ ) - - - -
Spi 51:227B}rities_of the 10( ), 11( ), 12( ) and -

13(=) levels are indﬁcaggg by the stretched E2 nature of the

de-exciting transitions, however the spin of the 5259.5 keVv
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State is more‘ambiguoué. Spin 13 is ruléd out completely by
the 225.6 keV angular distriﬁution (Azé—0.46(ll), A4=
—0.08(11)), while a spin of 14 fits that distribution well
but the 434.9 keV data poorly. The x2 value for a 12+12
434.9.kev distribution is quite acceptable, while that for ﬁ
12+13 225.6 keV distribution i's m;}ginally so. Although this
‘1ast option does go against the so-called "yraét argument”,
whereby thé épin should incfease as one goes ﬂigher in
excitation energy, it cannof bhe ruled out. Therefore the
‘5259.5.keV level was 4g;igned sﬁid and parity (127,147), with
thé latter choice favoured. The angular distfibution for the
174.1 keV transition‘indicates Ml/E2 Q&aracter. leading to\a
(137,157 ) assignment for the level at 5433.6 keV. As for the -
6601 9 keV level a number of spins greater than 12( ) (pro- )
bably greater than 14( )) would be appropriate. )

It shoulg be noted that as in 116

Te the parities of
the close-i&ing spin 7, BIahd 9 states and of the structures
built on them are undoubtedly all identlcal and again tﬁe

aEhoice of negative parlty is clearly favoured.

Besides those Y rays de-exciting the strongly-popu-
1ated-positive-parity stateé, and those de—éxciting the non-
&ras{ negative-paritj group of levels, a weaker 808.1-792,6-‘
820.8-797.7 keV cascade is observed entering ghe SI level.
The doublet nature of'the }93 keV ¥ rﬁy is évidenced by the
fact that coincidence gates fg{ the 808.1, 820.8 and 797.7

keV members of the cascade contain_a 793 but no 635 keV. peak,
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which they should if the cascade involved the 127 level
de-excited by the established 792.5 keV transition. The
intensities and centroids of “the two 793 keV v reys‘were
determined by comparing gates/fﬁgm.cascgdes involving'ehe Lwo
components. _Due to the les ‘than-certain nature ef tﬁe 808.1
keV angular distribution, dnd the absence of a 12+-4516.3 keV
+ 3896;§3kev transition, lheula.tter-level Qas assigned spin

N
apd parity (9,10)+. Thi

"led to (11,12)% and (13,14)"

assignments for the 46 nd 5510.3 'keV levels. respec-

“tively. 1It.was not possiblg to extract an angular distribu-

tion fer ?he*i%é.? keV v rhy; however, a spin of other than
(14,15,16) seems highly unlikely. v

Ed
-

4.4 Experimental Results for 11222

In a survey of (a,xn) reactions leading to nuclei in
this region Warner and Draper (WD70) reported a weak 720 keV
Y ray tentatively assigned as the 2++O* transition in l¥2Te

A ]
reached by the 1;2

Sn(a,4n)112Te reaction. A 720 keV y ray
was observed ‘'by others workihg in this mass_qekion, and some--

times assumed‘to indicate population of excited states in
112, .

Te. -However this was shown to be incorrect by Tidemand-

Petersson et al. (Ti80), who conclusively détermined the

-

first. few levels in this nucleus following the on-line mass

separation of A=113 nuclei, produced in the 58Ni(58Ni,
Xxnypza) feaction, and the subsequént B-delayed proton decay

of 11‘3xe. The observation of a 787-689_keV 4++2++0+ cascade,



'-;sequently.

- 127
as shown in Figure 4.17, made possible the unambiguous iden-

2
tification of ll"‘Te in the present work. The only  reaotion

seen to populate 112Te in this study was 9‘a:vio(zsNa.,;::211)11“'Te.

¢
The total coincidence spectrum appears in Figure 4.18, and

some typicﬁl efficiency-corrected and‘?&ckground-gubtracted
'gate spectra are shown in Figﬁres_4;19 ﬁnd 4,20. - Figure 4.21#’
shows some results from_the angularldistribution analysis,
while the y-ray inténsities, distribution coefficients and
resulting transition assignments appear in Table 4.3. Dufing
the initial stages of analysis the possiblity of excited-
state lifetimes in the nanosecond range was considered impor-
tant enough to perform a sepafate Y-Y-TAC experiment, ds out-
lined in Section 3;2.7. Some typical time sbeé(ai_are shown
in Figure 4.22, and calculated centroid -shifts appear in
Table 4.4. No definite lifetimes greater than the experimen-
tal limif of detection, estimated at 2 ns, were observed. In
addition, the low-energy y-ray spectrum acquired by a. Si(Li)
detector during this experiment failed to reveal any strong
peaks other thanrx-rays between 30 and 85 keV. '
The proposed levél scheme constructed from the
coincidence plus angular distribution informgtion, based on
- the following analysis, is shown in Figure 4.23.
Initiallj this discussion will concentrate on the y-y,
coincidence relationships whicﬂ' determine the level sfruc—

ture, and spin and parity assignments will be outlined sub-

b
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Figure 4.17

llzTE’;gvel scheme due to Tidemand-Petersson et al.

113,

(Ti80), from the B-delayed proton decay.of Xe.
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Figure 4.18

Total coincidence spectrum from the 92
xnypza) reaction at a beam energy of 90 MeV.
_Sfrong transitions in »1%

: .. \ﬁ—t
energies in keV. Peaks marked with a * belong to

the 202-325eq§&; group (see Secpion 4.1.3), wﬁiie

unresolved doublets in +12

letter d.

Mo (23 Na

Te are, labelled by thei}_

Te are indicated: by :a '

-
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“Figure 4.19

[

Coincidence gates from the 92Mo(z‘jNa p2n)112

rertlon. The data have been background—\*beracted

and corrected for detector efficiency.. Gamma rays

marked with a Vv in the 266.1 keV Bpte are due to an

-

impurity component in the gate peak.
. ' My

Ny



130

2901

. vize
tLeld

T T#901:2°#50)

)

¥iZ8

1's99

3 T
1192 0'C8l

SNl B¥SL

ooy

“(301%) SLNNOD.

L -
0899 M 0'639 Ll pm.n.nn.hmoFlll
o 00899 ’ — . 1’699
0’109 <I
) o'lo9
. o L9
" - ) W) — 0°itg
- | - ~
<1 . << M
© © +
o = ©
M0 % )
-— . 140
7 : : Hy\ 0 .
M~ m - 12) O (&
o

30}

CHANNEL



%

N

Figure 4.20

Coincidence gates from the 92Mo(23

Na,p2n)il?Te
reaction. The data have been background-subtraqted

and corrected for detector iificiency.ﬁ-

¢
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112

Some results from -thé Te angular distribution

w

least~squares

a'horizontqk line in the right-hand panels, cor-

‘nesponds tqithé"§9.9% confidence limit.

analyses. . -A x? of 5.42, Markéd with™—
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Table 4.3 . 13
Results.of analysis for y ra)% assigned to ‘112Te.

‘Ei(ke‘!) ‘13 ‘ A2 Ay P!u]tipofar‘ity inr - J; ‘
91.5°  19¢  _0.03(7)  l0.08(8) gt-) 4 72(-)
174.5 79 0a1(7) 0.008)  MI/E2 gl-) , g(-)

N 218.1° 6 0.32(9) J -0.05(10) al=) . g(-)
f’n\\xzsi.lc 17-° -0.40(2) 0.00(2) £l 9(-) , g*
439.55¢ 3 - | o
465.0 5 -0.22(15)  -0.03(18) M1 /E2 (177) » 16¢)
%674 14 0as(s) -0.12(7)  E2 14(-) 5 pzte)
601.0° 31 0.36(3)  -0.07(4) - 14% » 12t

© 614.9 5 0.28(16)  -0.07(15) » 4t

65,1 20 0.36(4) - -0.07(5) . E2 10(~) » g(-)
660.0 6 ' " 12" » 10
673.1° 4 | | -

;f 689.0 = 100 0.35(2) ©  -0.08(2) 2 2ta.0F _j)
699.3 20 °  0.41(5) ~-0.06(6) ez 771l . ols)
73.0 31 Y 0.36(3) _~c0.11(8) 2 16 e
124.3% 3 , _<::L\‘ -
7506, 12 0.26(9)  -0.05(11) -~ B 156} 5 13(-)
751.8° "\ 3 " - o o (11,12) » (10%)
754.8° \\ig},_ R - - . E2 10{_+ M
755.5¢ 14 ) 0'31(3)4%?1-0'08(3) ) 12¢-) o)
}53.5 4 0.33(18)  -0.05(20) --. (E2) | (10%) » 8
) 0 | T
< ~
_ | , |



Table 4.3 (cont'd)

134

b . .
Ey(kev) I3 A, Ay Multipolarity — J7 + Jf
787.1 98 0.36(2)  -0.11(2) E2 gt o+ 2t
: 4
795.0 14 0.38(7)  -0.05(9) - E2 1307 . =7
802.9° 3 .
806.7° 2 (21,22) » 20
821.4 86 0.36(2)  -0.07(3) £2 6" » 4"
863.7 31 0.34(3)  -0.04(4) £2 VAN 10}
916.5 4 0.30(15)~ -0.07(20) =~  E2 20" » 18"
957.3°" 10 | o E2 . 18"+ 16"
. -} 0.49(6) -0.20(7) % . .
957.6 6 E2 10, + 8
1006.8° 8 0.52(8)  -0.02(9) £2 1607) + 14f-)
1064.2% 52 - E2 8"+ 6"
1064.3 22 El AR
1076.2 {3 (16,17) » 15(")
1127.0%. 4 S~ .
1144.2° 4  0.7(5)  -0.03(6) 6 .

a Energies are typically accurate to #0.3 keV.

- . . . . PR N +
Deduced from coincidence intensities in the 2++0
“corrected for detector* efficiencies.

The ratio of the 47+2" to 20"

and 4%»2° gates,
+

transition intensities ‘is obtained from the gated angular distribution
AO coeff1c1ents. The quoted intensities are accurate ‘to :10% or Jess o
r x] for transitions having l <10. '

for thé‘sggonger 1ines,
Part of an unresolved mu]t1plet.
Corrected for internal convershon.

® Not placed in level scheme.
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Figure 4,22

‘(

Representative 71—92 time spectra for ll‘aTe.

disﬁersiop is 2.3 nanoseconds/chanpel.

4

The
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Table 4.4
112 2 . g .
Te 11@72 Vs, Yz@yl time-peak centroid Shlfts\\
E_(keV) (689@;) vs. (yR689) (787@&y) vs. (yQ787)

i Celatroid Shift (ns) Centroid Shift (as)

e : ' .

' 567 -0.4 1.0
601 o 0.1 1.1
655 . 1.2 -1.3
689 , - : | ' 0.6 | | -
699 o 0.2 : 0.9
713 1.4 ' -0.9
751 .. 2.0° . 2.8

" 1755 - 0.5 - . -0.8
756 -0.5 , 0.9
787 O\g. : - -
795 0.1 -~ "_o0.6 )
1064 0.5 - . 0.2 %

%’Q 2 in coincidence with .

These values indicate. a possiblé-ligetime for the 15(=) \
.level at the limit of experimental resolution, but were not
substantiated by other y-r combinations. o

nanoseconds. : R

»

The'uncertaihty in time-peak shifts is typically z1.0 SQ\;\_/

’



Figure 4,23

v ’, .

Proposed lével scheme for L12Te. All energies are

iﬁ)kev. Gamma-réy transitions markedfwitnla * have - ) .

L] - ‘ ) J

%een reported previously, although, they were not : : '
seen in-beam (see Figure 4.17).

1) Placement of the 758.5-(751.8) keV pair

rays is uncertdin: Ehéy could feed
. » .

instead of the(§¢llevel (see text).
\
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Coincidence gate spectra for, the 689.0, 787.1, 821.4, 1064.2,
755, 863.7, 601.0, 713.0 and 957 kevV transit;ons are quite
clé;:r. and they are all seen to be in coincidence with each
other, e:stablishing the strongest cascade group. For now
this subset will be tentiﬁ‘&ively la.Belled as the "E2 group" or
"'?2 cascﬁde", for reasons which will become ¢lear. The 'only
complications are .caused by the presence of two obvib»us
‘do blets. The 75-4.8—755.5 keV ase is just barely resolved
,by. thi' unfolding process, and ‘so although en;rgi_es-—-a.nd
intensities of the two members were obtained the consistent
separation necessary fo‘r independent angular distributions
was pot possible. In the coincidence spectra resolution of
the two is out okthe question, and so the 753 ke‘;' g‘;xte shows
the E2 group aé ;éll'as another set of transitions. However
upon' comparison of the two- sets _of gates _a clear energy

centroid shift is seen. 7

. The 957 kev gate contains another 957 peak, as shoW¥n
in Figure 4.20.. ' The presence of a 660 keV Yy ray in that
gate, together with the absence in the 660 keV gate of an 864
or 755 keV peak and the match in energy sums place the 957.6 |
-650.0 keV combihation parallel to the 863.7-750.8 keV part
‘of the E2 cascade. A slight centroid Shift was deterrpined'-“by :
.‘compar:;Lng 957 keV peaks in the 863.7 and 7-54('8’1;ev ga‘té_s.;._o
those bgaks in other gates seeing both co'mbonent_:s of the

doublet, ’
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A weak 807 keV peak was observed in the "E2 group
'
coincldence)ghtes. It is the.weaker member of an unresolved

doublet and'a clear gate uld not be extracted, resulting in
a tentative }ssignment at the top of the E2 cascade. Inten--

-

sities for the 754.8, 863.7, 601.0 and 713.0 keV Y rays are
quite uniform; and are actﬁally all . within eXperiment;l-
uncertainty of each other. The sing;es intensities taken at'
lower beam energies showed less similérit} and. so ;ere‘used
to determine the‘oréer of -these trans:élons. A 758.5-(751.8)
keV pair of y rays enter the main schemé‘ﬂbove the 1064,2:
821.4-787.1-689.0 keV group, and appear to be in qpinc%dence
‘with each other. The latter transifioﬁ is weak and in a
complicated part o;//zﬁe'gates, so hags béen marked as'ﬁ
téntative.

Two wecker gr'oups of v rays are clearly distinguished
in the gate spectra; both of which groups are in cbincidence
with the strong 1064.2-821.4-7871-689.0 kev cascade. A
655.1-755.5-567.4-1006.8-465.0 keV. group are .3,11 in s;coin-
cidence ‘with each other; as well, they posggss gaté spectra
in which ;eaks at 91.5 and 218.1 keV are - evident. The 699.3-
795,0-750.6-1076.2 keV group are in coincidence with each
other; as yell, their gates coctain 91.5, 17415, 218.1 anq~
266.1 keé;ceaks. _Theéi74.5 gnd_266.l keV gatevspectra ;}p
.quite similar, in that both see the 1076.2-750.6-795.0-699.3

keV cascade, with

ame intensitf paﬁtern howevepﬂﬁhé

174.5 keV gzate - -allso contains the 91.5 and 218.1 keV transi-
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’//J/tions. 'Therefore the 174.5 and 266.1 keV Y rays seem to
L de-excite the shme level, upon which 1is built a 699.3-795.02

U

T 750.6-1076.2 keV sequence.

The 91.5 keV gate contains\the 655.1-...-465.0.kev
chain and, more weakly, the 174.5-699.3-795.0-750.6 keV
chain, as well as the strong 1064.2-821,4-787,1-689.0 keV
cascade. Given the relative intensities, the 51.5 keV v ray
must be placé& above the 1064.2 keV but below the 174.5 keV
fransitionﬁ This puts the 91.5-174.5 keV pair of y ra;s
'pargilel to the 266.1 KkeV tfansition, especially since the
266.i keV gate doeé not seereither of that pair. Further-
more, the similaritieS'betweeﬁ these low energy g&tes and the
match of energy sums forces the 91.5-174.5 keV combinafion“to
be placed between the same two enﬁrgi‘levels as the 266.1 keV

. v hd

Y ray. Since coincidence gatés ;or the ¥y rays mentioneﬂ"d
this\boiht do not consisten;ly shSw any transitions wglcn
might come between the 91.5, 174.5, 266.1, 655.3, 699.3-...
keV group and the 1064.2-821.4-787.17689.0 keV cascade, the
91.5 ... group ;as placed directly above the ,&964.2 .keV-
transition. * . _ E -

. The 418.1 keV gate is very similar to the 91.5 gaEe
spectrum, with the exception of the 821.4 and 1064.2 keV ¥

, rays. The 218.1 keV transition, theny appears’to de-excite
the same 1evé1 as does the 91.5 V ¥ ray. A 'probable 218.1-

1144.2-614.9 keV cascade was observed.
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A partial level scheme summarizing this coincidence
information is presgnted in Figure 4.24.

The stroné 689.0 and 787.1 keV vy rays have angul;r
distribution coefficients indicative of stretched E2 tran-
sitiong, in accordance with the‘2+ and 4+ spin assignments to
the 689.0 and 1476.1 keV levels 'nespectively made oy
Tidemand-Petersson g;lgi; (Ti80). The 821.4 keV Y ray is
a;so sésﬁ\ag\be a stretched E2, and so the 2297.5 keV level

is assigned spin 6+. Apart from the very weik 806.7 keV

transitioﬂ, the remaining members of the "yrast" group of ¥

. rays exhibit angular distributions characteristic of

stretched E2 transitions, with the lone exceptiqn -»f fhe

1064.2 keV v réyl From Table 4.3, the stroné transitions up

.td spin 16+ show tjp&}&l values for A2 andkxz coefficients of

. ¥ L]

0.35(2) and /~0.08(2) respectively. However, the 1064.2 keV vy
: .t o

ray has an A2 of 0.18(2) and an 54 of -0NQ6(2). Since this
transition is low in the level scheme and‘therefore.crucidb

to many higher spin assignments, its angular distribution is

" quite important. _ég Figure 4.21.showé, 8+6, 7+6 _and 6+86

A _
assignments* for the 1064 keV distribution can. be rejected

with 992.9% confidence.

“Saad

There are a_ number of pdsé%ﬁa causes of gsuch an

abnormal distribution: ' A

- .
/\J )
T w SR ? =~

N

\
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1) faulty analysis of the angula? distribution data,
* 2) attenuation of anisotropy ‘due to an excited state
lifetime, or -
3) the 1064 keV v ray is an unresolved doublet.

.In order to eliminate the first bossibility a few
points must be made. The nearest obvious peak in the spec—
trum is a 1059.4 keV Yy ray &hich overlaps so little with the
1064.2 keV peak that a simple linear bacggrouhd :fit and
channel counf% summation could be performed,/resultiné,in Ak
coefficients within the.stated uncertainty of the quoted A,

and A4.

Doppler shifting, or more usually Doppler broadening =

of Yy rays has been observed~'in some heavy-ion reactions,.

'although this effect usually can be detedtéd quite easily by

measuring peak centroids and widths Certainly no such small
shifts were observed; in fact, the peak position ds a fune-
tion of angle was stable to less than 0.l keV.. Using identi-

cal target-backing thiéknesses and analyéis techniques, angu-
» . *

lar distributionsﬁof weaker 1025.5, 1028.8 and 1055.2 keV

116

transitions in Te were measured and quite clearly showed

- El1, E2 and E2 character respectively (c.f. Table 4.1).

A
An excited state lifetime in the > 10 ns range could

result in an E2 transition with attenuated Ak coefficients;

however, a 1 MeV E2 y ray with such -a lifetime is extremely

unlikely. Its strength in relation to the Weisskopf single-

particle estimates (BW52) would be about 1075 Weisskopf units.

A
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(W.u.S. More importantly, such an attenuation would be seen
%E theldistributions of ¥ rayé lower in the scheme, and this
is definitély‘not the case. Certainly any lifetimes greater
than 2 ns are precluded by the negative results of the y-v-
TAC experiment (see Table 4.4).

If the 1064 keV peak‘were to consist of a 1126 g2
_tran51tion 1n congunction with an unresolved 8- decay Y ray,
the A2 could be attenuated to° the value given in Table 4.3,
However qo Y rays of that energy we;e deteéted in spectra
taken with the beam off. Furthermore, using singles data
with no multiplicity filtering the 1064 keV angular disf}i—_
bution shows the same values of A2 and A#, within experi-
mental uncertainty, as do the gated data. _ e

The p0351b111ty remains that the 1064 keV y ray is an
unresolved doublet in 11?Te,"w1th the_ two components dis--
Playing different AL coefficients; diinéar cqmbiﬁations of
which produce thé measured'A2 and A4; From the‘coinciden&e
-relationships no clue as to a doublet nature for this tfansi—
tion is seen, indicating that 'the tﬁo components lmust .bé
‘parallél to each other in the level scheme and must proceed
between levels quite close to if not identical i energy."In
fact, as indicated in Figure 4.24, if there are two 1064 kev
tranéitions, they éeem'to proceed from twb‘degenérate (within‘

instrumental resolution) 3362 keV -1eyels to the 6+ yrast

state at 2297.5 keV. There are a number of ‘multipolarity
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-poSsibiltttee for the two Eemﬁgrs of‘this doublet, ihvolving
various combinations of El1, M1/E2 and EE tranéitiens:)
1) mixed Ml/EZ._+.EIl '
2) mixed M1/E2 + mixed M1/E2 | - ) B

_ 3) mixed M1/B2 + E2 |
¢ 4) E1 + Ez
W1th the constraints of &) matchlng A and A to the measured-
values plus b) reasonable Hl/EZ mlxlng ratlos, options 1) and
2) may be dlscarded. An Ml/Ezr(J+J11) + B2 (J'+J'=2) comhl—
_ natlon is able to flt the data, resulting in spin assignments
_ pf77+ and 8 to subsequent degenerate levels at approximately
3362 keV exc1tat10n energy.' The El (J+Jfl) + E2 (J'+J';2)
.eptlon fits the.data as well,'leading to degenerate 7" and 87
3361.7. keV -levels. fh eitheq‘case the gt level is yrast and
" thus thelstrong 754. 8 863.7, 601.0 «ev keV set of E2 tran51-
tlons were placed above it in the level scheme, formifg an"
even-spin posxtlve—parlty "band" 51mllar to those,found in
114 1186, 118""Te. The tranSLtlons within thlS ‘band comprlse
the "E2 group" referred to prev1ously. |
. The two weaker 655 1-735.5-.. .. and 699.3-795, O-..
keV groups are connected to, the E2 cascadeoby the 91.5- 174 5-'
1266 1 keV trlo the,multlpolaritles of whlch determine the
hlgher spins. .Oh pureiy‘spectrescopie_grounde, definitive
shin and parity”aesignmente cannot be made. There are con-ni

51derat10ns Whlch will indicate the most llkely alternatlve

however.
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The angular _gistribution; for the 174.5 keV y ray
définitely shows M1/E2 character, indioating no parity cnange
for .the 1evels involved.- of the possible spin comblnatlons
J+Jd-1 is preferred over J+J ‘due to the more reasonable m1x1ng

ratlo (6 =0. 04 vs._62=0.20). In the case of the 266.1 keV

. Ll &
transition, its large negative A2 and vanishing Aq‘are Simi-
114 116, o

lar_to thoee.belonﬁlng to E1l transitions in ' .(c.f.'

Tablés‘d 1 and 4.2), although the 366 1 keV dlstrlbutlon is

best f1t by a J+J- l Ml/Ez. "AS seen in 1ts 001n01dence gate,_

) L4

thls tran51tion“Ls a doublet with* roughly 20% contamidation,

which dependlng on. ‘the contamlnant anlsotropy could affect
the angular dlstrlbutlon somewh%t. Thus a 266 l keV J+J l El

is also possible; -howeverlr a J+Jd WI/E2 1s less plauSLble.

The accuracy of :the 91.5 keV Y ,ray dlStrlbUtlon’lS also not

certain, since the. correctlons for absorption in the target

backing are qulte large at that energy and are a functlon of |

angle. Neverpﬁélesfathe p0551b111ty of a SLgnlflcant E2 com-
ponent can be ruled, Sut by. the absence of any llfetlmes

greater than 2 nanoseconds, as shown by the results of the

‘?—Y—TAC experiment. This transition is also unresolved from

a y_ray in another nucllde, but the amount of contamlnatlon
cis about 15% and could. not change the - tran51t10n a551gnment

to pure ‘Bl or E2 Even so, the'optlon of degenerate 3362 keV

levels creates the possibilty of two 91.5 keV y rays in 112.6

connecting the 3453.2 and 3362 keV levels. This widens the

range of _reasonable_A2 and A4 values possible from a given

I

L ]

L
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set of level spins and parities, but certain spin and parity
combinations can still be ruled out, as outlined below.

A detailed'analysis of all possible‘level structures
above the 3362 kev‘state is quite tedi?us; ﬁ'few options,
however, should be reviewed, assuming 1) Bﬁ and 7+, or 2) 8+
and 7 3362 keV levels, while remaining consistent with coin-
cidence and angular distrib?tion iﬁfor@ation presented‘tpus
far, ™
1) Treating thé 2661i keV transition as M1/E2 JeJ-1

+

results in a 77 -8" 9" .or“_7+f7f-8 3362(noh-yrast)-3453.2-"

3627.8 keV Set of levels, depending on whether the 266.1 keV
Y ;ay is chosen to feed Phé.8+ or 7t 3362 keV level respec-
tively. ‘Based on the_coincidencé dgta, in botg cases this
creates an even—spin.bdsifive—parity band built on ﬁ'pon-
yrast 8+ state, which band .is strongly fed from above but
does not condect #t all to the yrast even-spin positiye— 
parity band. In view of the fact that the 12 yrast state is.

':seen-to‘ﬁecayrtq the previouSly~é$tablished'10+ st#fes at
4116.7 aqd 43125§‘kev, rhe_absénce,of any such ipterconnec-

114Te cross—-transi-

tfgns'would be extreéely unlikely. In
tions aré evident for:wgl};populated states; As wéll; fﬁis
option results in a_completé lack ofinegative%parity states,
rather'discbncerting in_light of thg}négative-parity struc-
tures‘seen'in A > 112 Te isétbpes. '

- Assuming El character for\Epg‘ZGG.l keV transition

produces a 7 -87-9" or 7'-77-8" set of levels, again depend-
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ing on whether the 266.1 keV y ray feeds the 8  or 7 3362
keV level. In both of these cases the 91.5 keV angulep dis-
tribution would not fit,,uhless.the experimental numbers are
virtually ignoreqi"ﬂowever,'tn order to meke that plausible
the intensities‘of the two 1064 key‘f rays would be such that
the'resulting angular distribution Ak coefficiehts could not
match the well- determlned experlmental ve}ues.

2) Allow1ng 8 and 7~ degenerateh3362 keV states, and
assuming the 266.1 keV transition is hl/Ez J+J—l results in a
7——8+eé+ or 7-—7-—8- scheme. The first optlon would produce

an'8+-10+4-,. group witbﬁke connectlon at all to the yrast
evern- spln p051t1ve-par1ty band as is the case with the 7 -
8 -9 _ d 7 -7 -8 scenarios. which dld not seem plau51ble.
As well, to come close to the 91 5 keV angular dlstrlbutlon
the 82 (vs. the 8 +7 ) transxtlon would be strongest, w1th

the result that the 7~ 3362 keV 'level would not be fed suffi-
 c1ent1y strongly to "change . the 1064 keV dlstrlbutlon away
- from pure 8 +6 E2 as much as was '’ measured experlmentally.
- The 7"—7'—8f optlon would have some trouble explalnlng the3
. 91.5 keV angular dlstrlbutlon ‘and would actualIy result in
two 91.5 keV 72+7 ahd’7;+8 Y rays in order to ‘come close to
fitting the ‘experimental c01ncidence 1nten51t1es.‘1The '

4

absence of a 7 +6 traneitiqn is also.quite‘disturbing, in

3

light of the ~ 2 X 10 .él Ei factofﬂfeveuring.a 7-;+6+ over a

-7§+8f Y ray.
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Taking the'266.l keV transition to be El in nature
and feeding an 8" or 77 3362 keV state leads to 7 -8 -9 and
77-7"-8" solutions for the 3362(non—yrast)-é453.2—3627.8.kev
set of levels. The l&ttef choice once again creatés an
'even;spin positive-parity band with no observable connection
at all to the yrast band, and also fails to resulf in any
negative-parity bands. Finally, a 7 -8 T-97 scheme explains
the angular distributions and c01nc1dence 1nten3itie; reason-
ably well; better, in fact, than any of the other optiono,
with the possible exception of tho..266.l,kev distribution
xdata. Forthermore, this option a) doéo not produce levels
which normally would decay to other esgablished.states but
.ére_not ooserved to do. so, b) does not.require or prefortwo
21.5 kov Y rays, aand c) resﬁltorin negative-parity struc-
tureshfthe absence‘of whicp would.have been questionable;
Tdking into account all of the factors considered up to this.
point, spins and parities of 7(_)-8(_)-9(_)'were assigned to
the 3362(non-yrast)-3453.2-3627.8 keV group of levels.
Concerning the 1064 keV y ray. doublet this-ohoice

leadS' to an E2 + El1. combination. Using the average A2'
E2
2

= 0.36(3), and the average Az_from the four El distributions

in 114,116q, Agl = -0.30(4), .the measured A, of 0.18(2)
_ . ;

coefficient from the other strong E2 yrast distributions, A

. results in i mixture of about 70% E2 énd 3Q% El. ‘A similar
“calculation fer the A, coefficients agrees with this split

within experimental uncertainty. An indicated 0.1 keV-

e



:diffe;ence between the two 1064 keV transition energies was
measured uéing centroids of those peaks in the 266.1 keV vs.
B63.7+601.0+713.0 keV coinciﬁeﬁce éates, although this 1is
quite a Smali discrepancy.

The middle portion of the 112

Te level schemé resul-
ting from this discussion is shown in'Figure 4.25, and was
incorporated into the overall level scﬁeme EFigure 4.23).

| Based-on the 318.1 keV angular distribution the level
"at 3235.2° keV was lapelled as' 6070,  DPeaks at 1144.2 and
614.9 keV-are not'seen cleariy in all the gates‘corresponding~

-—

*to Y rays whlch feed into the 3453.3 keV state and so those
two transitions are only tentatively placed connectiﬂg tﬁe
g(=) and 4" levels. As well, the,ordef of those two tran-
sitions is ngt.definite. It is éomewhat-puZZTing that a
~clear path de-exciting fhe 6(—) state haVing-roughly the same
intensity‘as the 2£§.1 keV Y ray wag not observed; perhapé
the intensity is sﬁlit up into multiple paths at that point.
— :The7699.3, 795.0 and 750.6 keV members of the
previousl&—mentioned cascade feediﬁé thé 3627.8 keV level
dlsplay angular dlstrlbutions with E2 character,_leadlng to ;
the 9{7)(3627.8 kevy-11¢7-13(-2-15(-)  structure shown in’
Figure 4.23.'\A-1076,2 keV transition feeds lnto-the-top'oﬁ
that b#r;d;\_ it is tdo~weak to extract a meaningful dist-
ribution and a.(16,17) spin assigaoment for the 6948.9 keV '

level is-a reasonable conjecture.

-



A

- Figure 4.25

112Te level scheme Hetermined from coin~

\\\ﬁ?artial

cidence plus angular distribution data.
') Placement of the 758.5-(751.8) keV pair of «
rays is uncertain: they could feed the 7(=)

instead of the 8+‘level.
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A 655.1-755.5-567.4-1006.8 keV group entering the 3453.2 keV
8(—) level ﬁppear to be made up of all E2 transitions, thus
establishing an 8(7)-10(").12(=)_14() _1(=) band. However,
the weaker 465.0 keV y ray feeding that sf}ucture appears to
.'be M1/E2 in character, resulting in a (1%:) assignment to. -the
6903.1 keV statet |
Placement of the 758.5-(751.8) keV pair of y rays
abovelthe 8% level is not definite. Due to the existence of
degenerate 7‘“) and 8+ levels, the spin of the 4121 keV level
could be either 10" or 9{7),
' One feature of this 7(=)_g(=)_g(~) option is a 9(=)_
1177213890 L vana which is actually yrast in the spin

range 9(=) to (16,17) yet is not populated as strongly as the

2+

E2 positive-parity band, a behaviour which certainly goes
against the norm. However, if ‘changes in transition inten-
sities aré‘compared the story is quite the reverse. The "E2
group'" intensities are almost exactly equal between spins 167
and*'8", the véry.spin range over which the 9?:)—11(;)—...
band is picking up strength. So abové-spin.(16f17) the posi-
tive—pariiy.baﬂd.is being fed and seems to Be yrast, but then
~from 167 (16,17) down to 8% (9N) the 9(7)-11¢7)_.. struc-

- [ ] .
ture appears more yrast-like in terms of the feeding pattern.
116,114

. As is the case for the previous two
112

Te iso-
topes, the Te ﬁegative-parity assignments are not abso-.
lutely definitive; nevertheless, the evidence is strongly in

favour of that conclusion.
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Chapter Five - Discussion

-

Introduction

strdctgres of the 112

114 116

Te, Te and Té nuclei under

consideration in the present work, and so, this c¢hapter
discusses the experimental fssﬁlts for ali”thres nuclides as
a whole rafher than on an individual basis. Tﬁe discussion
is presented within the context of (i) the theoretical models
outlined in Chapter Two,.(ii) data available for fhe heavier
A»118 Te isotopes, and (iii) transitiqnal nuciei in other
mass regions, specifically (Z<50,N>50) and <N>82,Z<64).
Systematics sf. the yrast  levels 'in even-even
Te risotopes- are presented in Section 5.1. Then,
following the outline of Chaptef'Two; Section 5.2 discusses
the results in térms .of a. shell-model -description, while
Section 5.3 compares the simple collective vibrational model
to the_sbserved positive-parity levels. These two different
views are combined‘in a discussion of the resslts in terms of
the p&iring—plns~quadrupole model in Section 5.4. The
Intéracting Boson Approsimation'prédictions afe examined in

Section 5.5, while Section 5.6 provides a comparison of the

Ciearly there are many similarities between level
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phenomenological Variable Moment of Inertla and: Variable
Anharmonic Vibrator Model results with experlmental observa—
tions. Finally, the behaviour of high-spin states is consi-

" dered in Section 5.7. !

5.1 Systematics of Even—even 113'12623 Isotopes

-

Figure 5.1 shows the level systematics ofw

112'114'116T84 taken from the present work, and the .

previously-known Tresults for even-even 118'1126Te nuclides.
In ordé; to show the overall picture, only yrast positive-
parity, states up 1q spin 18" and 5, 7, 8 and 97 negative-
_DaritY.states are ghpwn.. the'that fér the sake of this
discussion states labelled as 7(-), 8('), ... in Chapter Four
will be treated here as having‘negative parity. .
There are a number of general trends worth noting.
.5 1.1 Pos1t1ve~par1ty Levels  ‘ ) _
. . a

The 2 and 4 states are lowest in energy;neaf the

middle of the neutrOn 50<N<82“$hell E(2 )=560 keV at
. . --ﬁ\»" -
12 OTeSS, and rise at the bﬁélnnlng and end of the shell.
- This tendency, ‘as well as the observation of 22 and sometlmes

O: members of the 2-phonon vibrational triplet Ievels near

the- 4 level -in 1}8 130Te,'. plus the consistency of the .

R4=E(4+)/E(2+)--répios over 'a wide range of: isotopes
(1.95¢R,<2.14 for u112-130Te) is /indicgtive of collective
_ vibrafiondl effects. -By contrast, in 1%4Tegzg which nucleus



Figure 5.1
, . :
. e oo 112 ‘
Level systematics ‘of even-even ! “IZ?Te§ -+ For

1127%&§$é/states abdve spin 187" are‘not shown. The -

data are taken from the present work (llzf%lsTe){"4

S -——

Ch82 and vag2 (118-1220.y 4n4 13578 (12471260,
S
¢
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marks the end of the major neutron shell, the 2" state occurs

at an energy of 1.279 MeV. The 27 and 4+‘energies decrease

slightly from 114TQ62 to 112Teeo, and this again is related

g

to the nearby subshell closure at Nz64 due to the filling of

the neutron lg7/2 and 2d5/2 orbitals.

Two identical particles in a (g7/3) or (87/3n 5/0)

' conflguratlon can couple to a maximum spln of 6 Already in

126‘I‘e74 the 61-a" spacing is less than in the middle of the
il

'lngesz the O 2t gt 6? spacing is

‘shell, and_céftainly in
what oné 'woula' expect' for two lnteractlng g7/‘g valence
protons outside a Z= 50 N 82 1nert core. In that isotope the
_6_:4 Yy ,.ray has an energy.of only 115‘keVT and the lifetime
of the 6+:state is LGO nanoseqénds. However‘in the middle_of'
the éhgl_l, the 0+~2+7-f1+.-6+ 'spacing is much more regular and
vibrafionél;looking;_'"Notwithstéhging .this__collectivel
behav1our ;n general the 6 8+ Aspacing. is significantly

larger than the auerage spacxng below spln 6 a differenge

Whlch can be ascrlbed to a shell effect. Above the

l
[

prev1ously-ment10ned (g§/2)6+ state the 'next two—partlcle,

positive- parity- fcomb;natlons’ afq? llkely to be, the -
) : e 3 . g o
(vhll/2)8+110f -statgs. . These aTe :-expected to _occgr.
sigpificantly higher in energy (c.f. .Section 5.2), giving
rise to such a 67-8" gap. : .
Such shell effects may be -seen more cieariy by

looking at 'energy_ ratios. ° In Figure 5.2 the R 's,

Jd
RJ=E(J+)/E(2+), are plotted for lld'l%GTe. Tne_inflhence of



et

Fipgure 5.2 -

jExcited—state enefgy ratlos, JE'J/E +, for

112";26T . The data are taken from

work and references as noted in the

,,Flgure 5 1.

the. present

caption for
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the neutron sub-shell closure at N=64 is seen in the pro-

nounced minima near that neutron number. At lZGTe features

~such as the proximity of RS and RJO sigdal the onset of purer
shell-model configurations.

The positive-parity states with spins 107 to 16"

exhibif spacings similar to those of the O+ to 6+ states,
with another gap between the 16" and 18" levels. Since 16"
‘ 2 2
11/2)8(787,5)
or (uh?l/zj configuration, the 10+ to =;6+ s¥ates may be-.

is the highest spin attainable with either a (vh

expected to contain significant four—quasiparticie'strength.

~ The 10" level enéngy is seen to decrease with
. increasing neutron number N, a tenqency which would- confirm
the (vhfl/z) nature since the neptron Fermi:level'is getting
closer. to the “h11/2 ‘orbital energy as N the. number of
neutrons increases. In contrast, the behaviour of the 8+
level is generally more like that of the 4 . However'ip'
126Te74 the 8" ‘and 107 levels. are bhly 208 keV apart, "and
their proxipity supports the interpretation of both'sxates
having la:gé (vh?llz)'componehts,althdugh thé:B(EZ) yalue
for the connecting y-ray transition iS'énhancéd sliéhtLy over
the two-neutron estimate (Ke?71), indicating'sﬁme cbliective‘

or four-particle contribution. Theoretically, 8+, 10+, cun

levels in 128'134T

e, closer to the end of the neutron shell,
could well be pufer‘shell%model states but they have not yet

been observed experimentally. . ' )
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. There are a, number of dupllcate positlve parlty

states seen in the even-even Te 1sotopes (c f. PFigures 4.11,

4.18 and 4.26). Thege include non-yrast. 112, 1161' 10" as
well as ‘1%Te 6, 8% and 10° levels. Similar situations
exist int}ls_lzzTe. Spins of 8" and 107 have been tenta-

tively assigned: to weakly;fed states within 300 keV .of each

other in 12012210 5ot oxample, and identified with

(“hil/2) 107 configurations (Ch82), Duplicate 6+ Swland

+ 3
10 states in 118’120Te, whlch seem to have counterparts in

'114Te but were not observed in 112, 116Te, have been taken by

Van .Rnyven et al.. (Vas2) t 1nd1cate the coexlstence of

;quadrupole and qua51part1cle excitations.

114

‘The 8 ‘and 102 states in "*"Te are 412 keV apart, and

'conSLderlng the E2 transition rate E5 factor the 102+82 B(E2)

. is a factor of 24%5 larger than that for the 10, +8 832 kev Y,
ray. As well the,‘596 _keV _1z +102 tran51t10n is highly
‘favoured,over lts-793 keV-12f+lQI'counterpart.~ itris snr-
prlslng that with two competlng structures producmng close-‘
lying levels with 1dent1cal spln they‘ are ‘not mlxed to a

greater degree than that observed.

5.1.2.Negative-parity States.

In this mass region only the lh "intruder" orbi-

11/a
tal has- negatlve pan;jy, and so any odd- parlty levels may be
expected to contaln nll/2 strength. The 112- lsze 5, 7, 8

and 9~ levels show a gradual decrease in.énergy with
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increasing neutron number " instead of the minimum in the
middle of the major shell displayed by thetzf states., Such
behaviour indieates a non-collective character for these

states, which can be formed by broken-pair (h11/2'

Gy

] -1
/2797, .27 (11720950087, 370 (B p.dg p)g= 4 and
(h11/z' 1/2)6_,5_ configurations. The neutron hll/z orbital
is expected to be closer to the Fermi 1evel than its proton
counterpart ‘(see Section 5. 2) so these configurations shouLd

, 8 and 9  states with
112-116

be neutron excitations (Ke7l). 7"
spacings very similar to.those in Te have been
observed ig'evep Sn isotopes and interpreted in.a similar
-'manner (Va80). . |

The $f and 9 levels have‘negatiye—parity 107, 127
‘and 117, 13-1 strﬁctures respectively built on them with

spacxngs similar to those in the O -6 groups. As well, in
112

Te these structures extend up to about spin 17 and there
are gaps above the 14 and }5 levels reminiscent of the'
6 -g" specing[ leading to a possible interpretation of the
87-107-12"=14" and the 97 -11 —13-—15" "bands"AaS‘having
similar conflguratlons to the 0 2t.a* -6 ground-state "band"
built on u(hll/Z’dS/Z)S and v(hll/Z'g7/2 9 broken-pair
excitatioas.. '
| L 114

P

Te and 116Te the negative—parit? bands were not

114

.In

. x - -
observed up to as_high spins. The Te 5259.5 keV (12 ,14 )

level probably has spin 14~, by analogy to the 5201.3 keV 14~

level in 116Te,-i and the resulting two 14°+127 transition
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energies of 435 and 494 keV are lower than the usual 600-800

keV band spacings. Based on the tentative 147 assignment to
the ''%Te 5259.5 kev level, the 5433.6 keV state would have

spin 157, and so the 97-117-13"-(157) and 8 -10"-12"-(147)
groups look guite similar in the two isotopes. The lower
energies of the transitions between 127 and (157) could be
indidative of stronger singleéparticle j=J coupling influence

for these bands in +1% 116 112

114

Te than in Te. Above the (157)

Te there is a gap of roughly 1 MeV until the next
112

level in

observed state, a feature also seen in Te.

9.2 Shell-model Description

Possiblé shell-model Origiﬂs fof some of the excited
states in the even Te systemé have already been alluded to in
. the previous section, but an expiicit calculation may be
inétructive. As desdribeﬁ! in.Section 2:1, a simple two-
neutron and two-proton calculation ﬂQaS‘ performed. using a
surface-delta residuai interaction. The re§u1t5~appear in
‘_Figure 5.3, where they aré coﬁpared te the .experimental
observations for 114T§.' Some ~cé.lculai:ed states appeafing
well abo;e those of identical spin shown in the diagram have
: ngtfbeen“inciuded. .

A number of discrepgncies between this gimple-theory
and experiment can be seeﬁ quite clearly. Not surprisingly,
the theoretical positive-parity yrast states have nqwhére

near the relatively even spacing of the experimentaL yrast



Figure 5.3

 Calculated shell-model states for A~114 Te.  The
sihg;e,particle energies and interaétion strength
et = .

used are given in Table 2.1.

-
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levels,. A realistic treatment of configuration mixing for
rthe whole configuration spgce would not bring that about, and
clearly some completeiy different interaction is necessary to
produce these characteristic spacings.
| Secondly, neither the positions nor the relative
order of the negative-parity ‘7-,. 8 and 9  states are
reproduced w§ll at all, Levels having virtually identicai

characteristics have been observed 'by Van Ruyven et al.

118,120

(Va82) in Te; and interpreted as unpaired quasi-

neutrons in predoﬁinantly either U(hll/Z'g7/2) or
. : b
u(hll/z’dS/z) configurations. However they were unable to

L

obtain the correct 7 -8 -9" order, even using the more
sophisticated - approach. of a Serber inter;ction w{thin_ the
number-projected tWo-quasiparticle model (c.f. Section 2.1).
The results of thaf calculation, which include positive-
parity two-quasiparticle states as well, are shown in Figure
5.4.“‘Thé"calcu1ated'9_ excitation energy is much lower than
observed, while the theoretical 8~ and 7 are too high.
Also, the theoretical énergies do nof Show the almost
parallelr decrease with increasing neutron number seen in

- 112-118 110-114

" "Te and in the even Sn neutron analogues Sn

(Va80). ‘ ' : -
o The very simple formula of Chan et gl;,(Ch79)'(seen
Eqﬁagion [2.6]) for deriving excitation energies' of two-
particle states of maximum spin can be used to caiculate some

..énergies for expected shell-model states in Te nuclei.



Figure 5.4

LR ¥

Two-quasiparticle states in 118

Te calcﬁla%ed by Vgn
Ruyven et al. (Va82).using the P.B.C.S. model. 'The

assigned configurations are:

2 = "(87/2:d5/3)
aICIPPTLIRYPY
V(A3 0007 ,0)
V(Sy/2:01/2)
1 “(37/é’h11/2)_
V(87/2:811/2)
- V(BT )

"(87/5:0y1 )
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Unrortunately, informathixz:{}he single-particle‘states in
odd lll—llsTe necessary f alculating neutron exc1tatlons.

is llmlted to the observatlon of 7 2 1/2 -and 11/z ‘states
115 |

in Te (LS78). The exc1tatiodlenergy of_the-?[Z+ relative

1.

ite close: Therefore using the energiés given in Table

5.1, and based on -the assumptidn thet'the 7/2+--1/2f and

11/2” states are ba51cally vg7/z, vsl/2 and Uhll/z configu-

ratlons the’ ex01tatlon energies -'of the 116

"“(hll/z’g7/')9" “(h11/2'5113)6“ and-v(h11/2)10+ states were,

calculated. Blndlng energies were taken from Wapstra and Bos

(WB77). The experlmental 9~ and lO energles also listed in

~ 114, 116,

to the‘l/2+ state (or visa versa) ls.nOt known, but thev.ane
o R : . T P - .

‘Table 5.1, are both closer to these results ‘than .8.D.T. -

“Te-""PTe shlft in

neutron Ferm1 level) Thls .is not unexpected since the "

prev10us shell model calculatlon ‘used s1ngle partlcle

‘ eaergies approprlate for this region in general A better

method would‘be “to . use 31ngle-particle energies ‘taken. from

—

they are not" always avallable for these neutron—def1c1ent

- ’ - - g . R ’ T
R

- AL ' . -...,..

148, . 1350,
64Gd and

84

and four- qua51part1cle conflguratlons.’ Valence neutrons-

beyond the N—82 closed shell play much the same role in that

»*

sultable odd nuclel, however as has alrehdy been mentloned"

Ii/the N>82 transxtlonal reglon many of the states lnf

66DY84 up to spln 18 have been aSSLgned two—_

area as do valence protons beyond the Z 50 closed shell in -

o \/‘ _ L

-



166

Table 5.1

—

Shell-model calculation of two- partlcle states of maximum

spin in '!®Te, based on the formula of Chan et al. (Bquation
(2.6] cn79) . -

1'1'6Te Excitation Energy (MeV)

Spin Assumed . Eq'n. [2.6] |
\\ o .Cppﬁiguration ‘ Calculation S.D.I. Experiment
T - .
MRSV v(h? Lo 3.28 - 4.52 ¢  3.58«
- ¢hiiy2) B '
f; Lo : ‘
'?_ '“(53/2'h1¥/2)' . 3.00 - 2.46 . 3.43
- ' h " . L] [l
- . ) a
67 . “(91/2' 11/3) ©3.00 4.50
N The parameters used in Equatlon [2. 6] are: o
Eg (" Te; 772%) ="-0 MeV -
L15 '= : " " .
exc( Te 1/2 ) . 0 : o . .. -
115 . _ . " _ - _
CgeMrenps som 0
I | -.—_J‘. ) J . -E “ = 2.,.7'2\ "

pair»

S, BT “State was not observed in 115Te but i§ seen in 1!2Te
- .Y .dt an energy of 3.24 MeV. .

LI
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the 8Sn region, evident by the collectiv1ty 1nduced by
neutrons and protons respectively moving away from those two

s 148 150
shell c}osures. Within that-context 64Gd84 and 660y84
1lb 118

. analogous to 52 €64 and . 52r866’ but the Gd and Dy level
spacings are more reminiscent of " j- -J coupllng than are the

more even spac1ngs in the Te nuclel.

Figure 5.5 ‘shows the states in 14SGd'given shell-

model a5810nments by Lunardi et al. {Lu79) The 0+—2+—4+'-6+

and 10 —12 —14 —16 level - patterns are clearly different from

their 1l4r116Te counterparts. As well, the avallablllty of a
—9/2 orbltal in . the Gd case (vlhg/z) 1eads to (31—7/2

;J‘2 9/2)8 and 11/2)Q(J1 7/2 »Jy= 9/2)18 comblnatlons not

-1
/2.

hole in the conflguratlon space, a step ‘which is not indi-

possxble for Te lsotopes w1thout the 1nclq510n of the ngg

‘cated by the simple shell-model calculation undertaken in the

preseﬂt_work.

5.3 Vibrationef Model

As discussed. in Section 2 2 the v1brat10nal model in

¢
its 51mp1est form predlcts yrast states of spln o* 2+,“4+

etc. spaced equidistant in energy, separated by‘the quadrﬁ-

pole vibrational phonon'energy hmz Such a spectrum"is shown

in Flgure 5 6 compared to the’ pOSlthe~par1tY states observed

in llzT . -‘The phonon energy was  taken from_the,o ORIV

Spacings. An anharmonic Wbrational spectrum is also shown

[



Figure 5.5 .

148

Shell-model configurations in 64

.-from'Lunardi'gz,al;-kbufé);f

Gd&4. Reproduced
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in the same Figure, using parameters derived from the llzTe

2% and 4% levels, as in Equation [2.7].

Clearly this very basic model can reproduce neither

.

the somewhat uneven spacirgs between succe831ve levels, nor
the locatlons of the higher-spin states, using either 'a

harmonic or an anharmonic approach. In spite of this, the

positive~parity 1levels of 112Te ‘may retain a degree'Aof

vibrational influence even at high spins, since the level
r

spacings remain fairly large (> 600 keV) and do not show
” B
either clear-cut rotational tendencies or purely single-

particle characteristics.

Although comparisons for 114’116Te.similar to those
"ig,Eigure 5.6 are ndﬁ shown, the same;general comments apply.

114

The data for Te, though on the average fitting a harmonic

vibrational pattern better than 120e, contain irregularities

and duplicate 6+ﬂ 8+ and 10+. étates, features the simple

" picture is incapable.of rpproducing.

\

o. 4 Palrlng—plus-Quadrupole Model

As dlscussed in the previoué sectibns the level
schemes of 'even-even Te isotopes systematlcally exhlblt
shell- model as‘ well as collective v1brat10nal lnfluences.
'These excltation degrees of freedom are both xncluded in the
‘ palrlng plus -quadrupole model covered -in\ﬁSectlon 2.3,

-1nvolv1ng ~two valence protons in 50<2<82 single-particle

. . R
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orbitals coupled to the collective vibrational motion of the
core.

Lopac has calculated (Lo70) a number of " properties
for some of the Te; nuclides, and obtained fairly good
agreement with experiment .  for level energies, ~quadrupole
moments of the 2+'states and some electromagnetic‘transition
probabilities, Details of Lopac's procedure, including
parameters, are given in Section 2.3. It should be noted
that the calculation was performed using identicel singlef
particle'energies, vibrational phonon energies. and pairihg_
strengths for a range of nuclei, allowing only the partlcle—
phonon coupling p&n&meter a, to vary as a genuine free

Y

parameter.

Both that eﬁlculetion and the similar theoretical
treatment by . Degrieck and Vanden Berghe (DV74) only
con31dered proton pair single-particle excitations coupled to
'the core v1bratlona1 moticn in the description of positlve—
parity states up to medium spin. gThis.is guite reasonable,
‘in view of the following:

1) The systematics of Te low—spln excitations vary only
slowly with neutron number, and near the neutron closed shell
appear to be falrly pure proton shell-model states.

2) Low-spln states in- 122 124Te were observed by Auble
and Ball (AB72) using t:he_l‘g1 l'a:%Sb( He,d) reactlons,.whlch

are expected to populate levels having significant two-proton

strength. Degrieck . and Vanden Berghe obtained good agreement

L]
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for spectroscopic strengths between the experimental data and
their two-proton core vibration doupling model.

3) Lopac has calculated quadrupole moments using wave-
functions constructed of linear cgmbinations of phonon and
single-particle wavefqnetions, and found thet the negative
sign of Qgg+) was'explained by significant contributions due
to various proton orbitals.

‘The results of Lopac's calculation, corresponding to
a, = 0.5 MeV, are’'shown in Figure 5.7, along w1th‘the low—
spin part of the 114Te level scheme. Lopac S results do not
extend to high spins, angi in fact the model as outlined

cannot be expected to explain the Sstructure at higher ener-

>

gles due to its lack of neutron single-particle exeftation

"degrees of freedom. Since calculations of this type were notf

carried out in the present work detailed dlfferences between
112-116

‘the Te isotopes which ;could be related to single-

particle-energy adJustments, for example, are not addressed

‘here. Nevertheless some, 1mportant features emerge from thlS

basic comparlsqn.

v

1) The model predicts that the 67-8" energy difference

should beflarger than the‘6'+-4+ 4+-2+ and 2+-0+ spacings, an

effect whlch is seen in all the even -even .Te nuclldes. ThlS

is in fact slightly over-empha51zed by the calculatlon
1286,

-resuiting in a 6 -4 spac1ng;more like thet in Te than in

ll‘g-lmTe isotopes.

the neutron-deficient



Ay

Figure 5.7

Pairing-plus-quadrupole level scheme due to Lopac

(Lo71) compared to experimental states up to 8+ in
114'l‘e.

.
C et
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2) The‘duplicate low-spin states seen in some nuclides,
for exgmple 6+'state$ in 114Te, are reproduceq by the model,
although not precLsely at the 6bserved enérgies.

3) Wavefunctions extracted by Lopac show the 0 ‘ground
state and 6 level as being dominated by two-partlcle confié
gurations, while for the 2+ a.nd"4+ sStates cyllectlve compo-
nents are more important. This descrlptlon agrees with the
systematic behaviour of these levels.

In the case of 1‘MTe quadrupole moments for -the yrast

2+, 4+; 6+ and 8+ levels were calculated by Lopag and found
to be consistently large and negative.. As well, the cal§ﬁ~"
lated E2 matrix elements for transitions withln this group
were found to be 51gn1ficantly greater than for those pro—
ceedlng to non-yrast levels resultlng in‘band—type s;ruc-
. tures. Based on  these considerations, Lopac Traised the
possibiity of a stable ldeformation, indi¢ating that mthe
‘ particle—gluster vibration- ;;upling may produce a transi--
tional situation betwgen spherical and wal-deformed nuclei.
The pairing-pius-quadrupole type'of‘model, with its
inﬁ}usioﬁ of‘singlé?pafticle as well as collective degreeé of
freedom, seems 'to be = reasonable way of explaihing' the
properties of marry even-even Te isotopes at low spins’(<8+)
and therefore at excitation energies up to aboué 3 MeV. Due
to the absence of néﬁtrdn single-barticle excitations .the

following arg neglected:



Figure 5.8.
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(i) yrast negative-parity states such as “(hll/£;
g7/2)9—, and:
(ii) 9051t1ve parity configurations such ds “(“11/3)10

both of whlch ‘'should be favoured as yrast over the analogous.
proton configur tions. However the hlgher ~spin structure
could well be due to neutron pair-: configuratlons coupled t
the palrlng-plus—quadrupole excitations responsible for:
Iow—spin' structure. In the  simplest plcture (this would

result in band -type structures w1th spaclng similar to ‘the

-

oT-2* -4 -6 "bands", built on states ‘having configurations

SUCh .B.S v(hll/Z"’?/d)Q ( 11/3’ 5/2)8- and V(hll/z)lo In.

fact this type of effect can be seen in the 1eve1)schemes of

the 1127114 116T nuclel sStudied in the present w8rk. The

pattern is perhabs c}earest in 112Te; tne pertinent parts of

- . '

dts-level structure -within this interpretation are shown in

B {
<

&J-

- Within such a :framework the 0_+--2+--4+-_6+ group of

'states has 4 w(g; ,)@u. configuration, while the 10*-12*-

14+--16+ group has .the same structure but. based on, the‘
2 L 2 27 " ae” L

v(hyy/9) " state, i.e. 9(h11/2310+@{n(g7/2)enw}. Similarly,

the 8 -10"-127-14" and 9 -11"-13"-15" ‘quasi-bands can be

| -1 2

1172+95/27g-®{" (g7, ;) @hu} &Eﬂf“(hll/z'

g7/z)9 Q{n(g7/2)anm} configurations respectlvery. Gaps above

the 6 16+, 14~ and 15  states are due to anm inability to

thought of as v(h

‘generate more spin from the approprlate 51ngle particle

configuratlons and are thus predomlnantly shell effects.
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5.5 Interacting Boson Approximation

-

The Vibrational SU(5) limit of .the I.B.A., discussed
in bection 2 4, results in some very simple expressions fobP
energy levels and -transition probability. ratios, given :by
Equations (2.16] to [2.21]. As mentioned previously the
ground-state band energies are‘.identical to those of an
anharmonic‘ vibrator. _'Parameters' for energies ot‘ the

"totally-aligned"
11:

d “totally aligned minus one" bands were

obtained for y identiﬁying the 97, 117 and 8  states

as members of those respective bands. The resulting calcu-

- -

.lated.level scheme 1s shown in Figure‘s.%, together with gne

'experimentally observed states.i ‘ iryi . "
Positive parity states produced by the .anharmonic

vibrator expre551on corresponding to the g;ound;stave band

wr e . b

energies in thlS picture clearly diverge from the experi-

114, 116

mental reSults above\spin 87, and for “Te. the disagree—_~.

!

| ent is obVious even at.Jower spins. g l';_ f ”“-, h"ﬁ
Concerning negative-parity states,:above the'9 Ll

and-s levels used to fit the model the band spa01ngs are notm:t .
too d1551m11ar although the tendency w111 be for spac1ngs to -

1ncrease steadily with spin- so-the drastic divergence seen'

-~

-1n the ground state band may Just not be apparent yet in the

A A

others. That.point aside,. the calculated- 9'—7' and.d -6
energies do,not.agree.with experiment'at all empha3121ng the
uniqueness of ‘the observed,g_—and¥8 states as bandheads of

some sort. o

- - - - I



Figure 5.9

Calculated I.B.A. level scheme for 1125, compareq
to the expérimeptal results. Levels used to

determine the bdnd ‘paramefers are connected with
dashed lines. . -
. ”
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The transition probability ratio described by Equation
[2.20), relating E2 transitions within the totally- —aligned
band to those El crossxng transitions to the ground—state

agnd varies only as (n+l)/n, where J=2n for the g.5.b.

Thus: -
. - +
m g8 2 BB (gL |y omyds (5.1
. Rate(9 +7 ) B(E2;97+77) _ 3
and: l
Rate(11 »10" B(EL;117»10" 5
(117y = Ratre( ) = g(117)B(EL; ) = k(1172
Rate(117+9") B(EZ;117+97) 4
. . _ e - [5.2]
where the K's contain the Y-ray energy and multlpolarlty
.\
dependence and ¢ is a constant for a given nucleus. Using
the appropriate Y rays in llzT
- ' 3 5
KOO Egmig? Eg=sr™ | (5.3
= T () -) S -
K(117)  Ejy-, + B
= 294
Therefore: . . ; . . ‘ HJ
Regl® ) K@) 44 _ 595 - | . 15.4]
- " — . ! v ./.
Rtg(;l ) K(117) 35 . | A

Experimentally, .assigning reasonable limits to’ the lowest

_intensity'observable: .
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R 97) > 8.5
g(9)

Reg(117) < 0.1 ) [5.5]
.and thus:
PR (9) yogs ' o (5.6]
Ry (117) |
which certainly-includes the I.B.A. ratio [5.4]. Similar

ated for 114, 116Te and are shown in Table

values can be calc
5.2. The end rgsult is that since some Y-ray intenSLtles are

belaw. the perlmental detection limit, these ratios cannot

ely condemn or confirm the model, although the
114

conclusi

experimental and theoretical ratios for

- L

Te are clearly
cont adiotory. |

Van Ruyven et al. reported fairly good agreement
between ground state band excit&tlon energles and their

oalculatlons for 118, lone up to spins 14" and 12°

I, B A,=-2
‘respectively; ~c1ear1y.better agreement than'can be obtained
from the basic'SU(S) limit. However they noted . that the
experimental excitation energles have 1rreéular1t1es which
cannot be reproduced by a .collectlve quadrupole treatment
alone, reiterating the need for two-quaSLpartlcle -core
coupling in order to fully explaln the observed level
spacings. In addltlon,‘the problem of termlnation at high

spins is still present.

i
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Experimental vs. I.B.A. Y-ray transition ratios.

: R, (97)/R, _(117)
Nucleus te tg

Experiment 7 \ 1.B.A.
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5.6 Variable Moment-of-Inertia end Variable Anharmonic

Vibrator Models : -

These two very similar models, described in Section
2.5, are phenomenological in origin and in #hat sense ;re
more an indication of a nucleus;s symptoms rather than_an
underlying cause for its behaviour. As mentioned in Section
5.4, pairing- plus—quadrupole £alculations in some heavier Te”
1sotopes (eg. Lo70) point towards -a 0t-2%-4 —6 t_g*
quasi—band, a‘sitﬁation in thch the V.M.I. end V.A.VoM.
could well be applicable. | -

Given ‘starting values of. 30 and C obtained from
nearby nuclei;‘V.M.I. Equations [2.23)] and [2.25] were used

in an iterative manner to arrive at parameters for 112_lls’l‘e

-

. as listed in Table 5.3. The theofetical 2* and 4" ‘energies

only were matched to’ expeflmental values, in keeplng with the
phllosophy that in these models the ground state band beha-
v1our should ‘be’ determined by the characterlstlcs of the

nucleus at low spin. In the case of the V.A.V. M. R —b(6 )/—

114

‘E(2 ) for Te and 116Te were both lower than the range of

ﬁalidiby'fer the model and so Equations (2,30] and [2{3LL

were solved, iteratively for ll‘Q‘Te alone, to obtain values for

a, 90 and C as seen in Table 5.3. Also ihbluded'in the Table

110 116

are parameters for the nearby transitional Xe

nuclides, as well as for 180Hf, considered to be a good

Cd and

rotor.
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Table 5.3

—

V.M.1. and V.A.V.M. parameters for 112'116Te and a few comparison
nuclei. :

‘ dy = C a % - Cyawm
Nucleus R, Rg -1 3. -3 -1 3,3
(Mev™) (107%Mev™>) (Mev) (Mev™!) (1073mev-3)
2. ;
52Te60.2f14 3.3¢ -1.6 7.2 0.385  50.3  0.015
114 - 15 IR
soTes, 2.09 ° 3.3t 3 6.1
116 ' 1) o :
“°Cd 2.38.  3.77 1.0 12.1
116 | | ' !
Xe 2.33- 3.90 1.5 2.8 .
13°Hf2) 3.31  6.87  32.0 13.8  0.047 - 65.1 1.9

."1) These values of R6 are outside the V.A.V.M. range of validity.

-2 Parameters for '89Hf are best-fit values taken from 5676 (V.M.1.) and
- BK84 (V.ALV.ML) .
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Using these values energy léevels for higher spins

were calculated, and are shown in Figure 5.10 along with the
yrast positive-parity levels of 112-116Te. Both‘theoretical

models exhibit gradually-increasing level spdcings as a func- -

Fion of spin, the V.M.I. model certainly more so, even in the

116

case of Te where R,=2.00, the value for. a. vibfational

E=nfiw nucleus. The V.M.I. clear:y diverges substantially
from experiment at spins as low as 6+. A fit to all the
experimental ground-state band ievels would cut down on the
~divergence but not addres& the funqameﬂtal dieagreement

‘between the form of V}M.I.-type solutions and the more irre-

gular observed level energ;es. The V.ALV.M. does better in
112 '

-

" the only valid case of Te; but theFsame comment applies.
The variabie .moﬁent—offinert;a"model and its
generalized derivatives (c;f; BK84) do .a much better job
describing nearby  transitional Cd (Z=48)'end Pd (2546)
nuclei, where R, values are typically iﬁ the vicinity.of 2.3.
As shown in Figurefslll' the structure of these nuclei have
been broken down (eg. 8180) into bands displaying V.M. I.—lyke
fspa01ngs, based on 0 (g.5.), 10+}' J and 8" band-heads.
Using the theoretical model of Flaum and Chiﬂe (FC76) a more
fundamental descrlptlo&_of these bands by bamuelson et al
(Sa79) characterizes thenl as Coriolls—decoupled rotatlonal‘
bands based on zero-quasiparticle (0 ) and neutron two-
euasiparﬁiele (10*,19_ and 87) s ;es,‘&s labelled in the

Figure. ‘Recent lifetime measurements of y-ray transition



Figure 5.10

Caleulated V.M.I. ahd V.AﬂV.M} ground-state bands.
. 112-116

for Te. Levels used to determine the band

parameters are connected with dashed lines.
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Figure 5.11

/

. L4

Typical ‘slightly-defbrmed rotor spectrum for

even-even transitional 2Z<50 ‘nuclei; taken from

_ .
Simms et al. ($180).
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strengths (An85) confirm this picture, and have led to the

more specific classdfication of the negative-parity struc-
tures as-'9 -11 -... dompletely—aligned “(h11/2’g7/2) and

_ 8_110—-... semi-decoupled v(hll/Z’dS/z) bands.
- The groups into which the level structure of Figure

5.11 has been partitioned are strikingly similar to those

112-116

identified in Te (c.f. Figure 5.8), based on

band-heads bt identical spifl, viz. 0'(g.s.), 10, 97 and 8~
'-However ppe energy 1evef)spacings are clearly not the same
and the rotatidnar”picﬁure cannot bé extended §6 the Z=52 Te

transition region.
-]

"5.7 High-spin States : .

< .
Although th€re are no clear-cut collective rotational
112r116T

bands -in e{‘bandS\having some rotational character

based on 4p-2h excited ot states"may be indicated by the

presen?é’ of (géi‘z) ﬁi‘oto)n_-hqle excita.tikc\)‘ns in Sb (Z=51) and I
(Z=53) nucdei (eg. sq79,sn32,éasz)>\as well as by the obser-
vation of 2p—2<T;£§L§;2G even-even Sn (Z=50) isotopes (Br79);
.\ The moments of inertia extrasted using the E=(n2/zg)JgJ+1>

112-120

formula from yrast 8+-12+ spacings for Te, the only

.isotopes for which this information is available, are shown

116'llaTe values are

~)in Table 5.4%" It can be seen that the
‘ ' 114,116

similar to anal;gous moments taken from Sn, also
appearing in that Table, as Chowdhury et al. have pointed out

(Ch82). However, there is _worse agreement in the cases of
)
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Table 5.4

-

Moments of inertia obtained from 8" 12" level spacings.

*

Nuclide = . . —i ‘
‘ - : (MeV ™ ™)
g, . s1.9
1108[1 _' . . . 1)
e ' .. 58.5
MEgn, - - 523
16pe . - . 53.4
1l4g, N 50.1
18pe , 52.86,
1164, . 50.1
120p¢ ) 58.3 o
118g, 49.8

') e 2p-2n band is not seen in !lVSn (Va80), preSumably

because the .negative-parity states become clearly yrast at
that neutron number. , . o
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11 11 120 118

4Te vs. zSn and Te vs. Sn, leading to some doubt as
. to whether the, Te yrast 8" ana 12* states can in general be

interpreted as having significant rotational character. The

120 122

4p-2h band picture is supported in Te and “““Te by the

existence of noun-yrast O+T’(2+), 4+, 6+ and 4+, Gf levels in
those ?espective isotopes, with smaller spacings th&n‘

'higher.spin, ahd also weakly-fed extra (8+) and (10+) levels
lying withIn 300 keV of eagh other. . These lattef pairs of
stgpeé were taken to be largely ﬁ(hfl/2)8+;lo+ in naturé by
Chowdhury et al., indicating that the yrast gt states coﬁid
"well have a more rotational character. Nevertheless dupli-
cate states: could be jus; as well explained,-in a'similérly
| qualifative mdnner at least, by thé pairing-plus-quadrupole
‘picture, where sipgle-paréicle spins plus vibrational spins
can add in more than one combination to pfsduce a given sbiny

as shown in Figure_S.?.

It is possible that the duplicate states seen  in
114 116

112 +

2!
the competition between (a) single-particle states and states

Te (103), Te (6,, 8,, 10,) and Te (10,) axise from

having large collective components, and/or (b) two different

-

groups of states, both of the Quasiparticle~plus-collective.

type. In order to anélyse effectively a situation éuch‘as ;

114

that in Te, where the L2++}0;+8; transitions are highly

favoured over those corresponding to the normally more

. + : .
intense 12++101'+81 ‘yrast route, a more comprehensive

-
-
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theoretical treatment which considers these situations is

required. | , -~
At higher spins the shape changes and possible

rotational effects discussed in Section 2.6 become appli- -
-~ " . ﬁ
cable, Certainly the strikingly irregular transition

. energies seen in other nuclei exhibiting single-particle

alignment about a symmetry axis (c.f. 15%Dy (Kh78)) are not

112,114,116

- observed in Te. The question of yrast traps, also

expected in this rotational picture, is still open, but upper

112

limits of approximately 2 nanoseconds in Te and 20 ns in

114,1160. Lan be placed on yrast state lifetimes up to spins

of about 20 The second limit is aWl estimate based on the
non- observatlon of attenuated ngu‘ ~distribution coeffi-
cients in tpe‘yrast cascades of those nuclei: the coincif
dence resolving time results in a greater limit.of roughly-SO

118,120

ns. In the neighbouring Te isotopes only one isomer

was deteeted by Van Ruyven et al. (Va82), that being the

1187¢ 3189 kev 8~ state which decays via a 189 keV y ray

the 7 ‘state, with a 0.23 ns, lifetime. 'On the other hand, in

the 112- 116Te level schemes there does seem to be, on the

average, a' tendency for AE/AJ to increase as a'function of
spin above'J=12 or so. Plots. of excitation energy E exc
J(J+1) for the posxtlve-parlty states, shown in Flgure .12,
can be fit by straight lines over the latter part of the

data, as has been done for other nuclei suspected of, this

type of behaviour (eg. Kh78). (These high-spin data can also
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Figure 5.12

e f

Excitation energy vs. J(J+1) for high-spin states

in 113'116Te. Points corresponding to levels

having uncertain spin asSignments have been placed
. .

in parentheses. Best-fit lingéréorresponding to.

Eexc a J(J+1) for J>12 have been: drawn in.

-,

-~ -

T
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be compared to an Ee C=ﬁmJ/2 vibrational—typé function,

X
although the fits as Judged by ﬁhe sum of squares of errors

are overall a factor df two worse.,) The slope of such an
Eoxe VS. J(J+1) plot, described by Equation {2.35], is just’
ﬁz/zﬂrig, where Qrig is the rigid-body moment of inertia for
an oblate shape (Y=60°). The extracted 2D/ﬁ2 values are also
listed in Figure 5.12, and using Equatidn [2.40] and [2.34]

were compared with rigid-body spherical values, resulting in

B—deformation'parameters of about 0.06 for "'®Te and 0.25 for

ll%fll4Te. The latter number is fairly large: the calcula-

tion by Andersson et al. (An76) described in Section :2.6

114,116

predicts g~0.17 for J=20 in Te.

¥

. Simqh dt al. (Si?Qi have studied continuum YJ}ajs

110

spectra at even higher spins following Pd(lzc,xn)&e and

8'3See(4‘01f’sr,xn)Te reactions over a range of beam énérgies, and
; : R ; |
118 .
e ics
ILS&_N\* /

concluded that ““+Te exhibits non-rotational chara
. p
for J<30 and collective rotational behaviour above spia 40.

-

The switch to. collective rotation was inferred from the.
appearance'of;a sign;}icant E2 "bump" in the spectra as the
input angular momentum wa;- lncreased by raising the beam
energy. This structural change ié'reproduced by the célcu—
-laéion of Bengtsson and Ragnarsson (BR85) as diéCussed in
Section 2.6. Given the observed lﬁck of low-eﬁergy transi-
tioné'dnd clear'isomers;‘no hard concluéions can really be
made as td significant oblate'deformations resulz:fé from“/f

single-particle aiigdment at high spin in these nucle More
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information over a larger range of spins, and adcompanying
i . N X

measurements of lifetimes, and any possible static quadrupole
moments {(which are more seﬁﬁitive to deformation (Ha84))

would be of interest.

wi —_—




Chapter Six - Summary

In the present work high-spin states in the even-even
112 114 116

tansiplonal 52Te60, 52Te62 and 52T864 nuglides_have been
observed following (H.I.,xnypza) reactions, Ground-state
bands in ll4.Te and 116Te, previously known to spin (8+) and

+ ,
(12 ) respectively, have been extended up to spins of (22,23)

and (22+) respectiVely. As weli, the ground-state band in
ll%Te has been identified in-~beam for the first time, and

established as far as spin 207, . Below about 7 MeV 1in

excitation energy these ﬁbsitive—parity bands are all found
to decay by means of Stretched E2 vy rays, although this poulg

116

not be conclusively determined in "~ "Te due to the unresolved

nature of the 511.4 keV (14+) » 127 t?ansition. _ _ o

In addition; previously unknown 7(“), 8(-) and 9(')
. States lying within 400 keV of each other haye been observed
in all three'isotppes at excitation energies of approximately
4 MeV, similar to leved/itriplets with identical spins and’
_parity fouﬂd in the Cd (Z=48) and Sn (Z=50) isotones. Bands
built on the 8(") and o~} states have been established,
de-e;c}ted'predominantly by stretched E2 transitions.  The
negatife-parity states“%;;; more weakly féd than the
positive-parity structures built' on the groundA state,

112

although in the lightest isotope, Te,, the 9(-) band is

actually yrast in the spin range 9(')‘to (16,17). Clearly

194
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for thesu’ level structures definitive measurements of - the
7(—) '8(_)

and 9(_) parities, obtained from c¢ither electron
conversion or -y-ray polarization studies, would be helpful.
Jt WAS not poss;ble to carry out those types of experiments
during the present work. | ?
As well as the nuclear structure information obtained

in this study, the characteristics of som; (Ht]-,anbZG)
reaCEibns Leading to a Aumber of -rugidual. nuclei in  this
regiow have been examined and compared to the results of
theoretica} calculations from the statistical fusion-
evaporation code ALICE82Z (BB82). Generally the bredictions
of the code were not'ﬁEcurate #nd sa were used only as‘a
guide to probable exit channels.

q

In additiéﬂw-a qomputer program for the deconvolution

of complicated y-ray spectra ‘was developed and used as part.

of this project, and is described in the Appendix. The

performance of SANDRA was compared“toithSE of some other:

commonly-used data analysis methods, and the code has been

found to be quite useful.

The spectroscopic results outlined in the prescent
work represent a significant increase in the knowledge of
level structures in the neutron-deficient Te nuclei:

Together with the levei schemes -of 118_122Tc deduced by Van

Ruyven et al. (vag2) and Chowdhury et al., (Ch82) up to spin

14 or so, they provide a systematic picture of the yvrast and
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near-yrast level structures of these,z>50 transitional
nuclei. As indicated in the previous chapter a comprehensive
theoretical tregtment is still lacking; however, several
features can.be explained quite simply.

. - Collective quadrupole excitations play a major role
.’/\H’JL3,$6E strugture of these nuclei, as shown by the }lz-lque
E4+/Ez+ values of 1.95 to 2.14, close to the harmonic vibra-
tor limit. Although the stricfly regular.lével spacings of

~ »

the harmonic or the anharmonic vibrational model are .not

f
‘observed at higher spins, that does not preclude a signifi-

.cant degree of collective vibrational influence even ;p to’
approximately spin 16+. This conjecture is-supported by the
Y;ray transition energies, virtually all of which remain
greater than 600 keV in both the positive- and the negative;
parity bands. ‘ . R '
The necessity of including quasiparticle excitatioh?*
,based on shéll -model conflguratlons is m&de evident by
1) cd!Slstently larger-tha -average energy gaps in the .band
‘structures above spins co respondyng to the maximum bﬁins
posSine in reasonable shell-model 'configuratrons, 2) the
clear dlstlnctlgnAof the g(~X d 9(-) states as band-heads,
"Qﬁﬁ 3) aaazfrbn&l,posiEi\g-pa;:ji\Qevels Whieh have different
feeding patterns from those belodéingfﬁo.bané)gembérs. '
The pairxgmg-plus-quadrupole hodel, ihcbrpo:afing
collective harmonic vibrational as“well as shgll-model pair-

. ing interactions has been used by Lopac (Lo70) and Degrieck

.
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and Vanden Berghe (DV74) in order to describe a broad range

of A>118 Te isotopes, and their results for states up to spin

+ 7, . . .
8 t'{ndicate n(gifﬁjﬁﬁm‘ configurations can explain energy

level .systematics, qugdrupole .moments and spectroscoplc

strengths in a seml-quantitatlve manner. Howeyer, spec1f1c
-calculations'fpr_112'114’116Te have not been performed and

their models do not incorporate the neutron particle

configurations necessary to treat high-spin and negative-- . Co
. parity states. Van_Ruyven et gl;‘(Va82) obtained reasonable .
‘agreement with experimental grourid-state band’ energles i A the

118’120Te cases by - using the q}nteractlng (Neutron Proton)

]

Boson Approxlmation (I.B. A -2). Two—quasrpartlcle excita- -
tions were treated by the broken palr B.C.S. model. They too
noted that a proper explanation of the 1evel structures
should lnvolve coupllng of the quasipartlcle to the collec-
"tlve degrees of freedom, a calculatlon which has not yet Bren

attempted. .

Pl

An lnterpretation of the maJor ‘level structures 1n"

the neutron—deficient Te isotopes consisting of palrlng—
plus—quadrupole bands based on the,. 0+ ground' state' and )
’ ! (h11/2 10 11/z'd5/2 8~ and v(h11/2'g7/2 9--neutron pair :'

exc1tat\ons ‘has been advanced ‘in Sectlon 5.4. This slmple

.picture contains the collective as well as the si vle? '
partlcle degrees of freedom whlch are obv1ously necassary t
characterize\nuclldes in thlS tran51tional region. };

. An appagent-trend tonard'a constantwmoment of inertia .
- ) o .

o
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at’ high spins, iﬁdicated by pfottiﬁg excitation enufg vS.
J(q+ll/at spins.J>12+h h&s %ed to thg additional cohéiieru—
tion” of "popational"l'ééfects due - to single-particle’ spin

alignment., The lack of (i) clear ‘data above spin 20, and

.

(ii) Oobvious\signatures such as isomeric transitions, pre-—

L] ”
vents definitg conclusions being drawn concerniné:gigh—spin

structure. ) 7 -

From an experimental point of view, a .dis¢inction
between collective and single-particle (quasiparticle) states

- -
is often made by esamining the y-ray transition rates

obtained €rom lifetimes. The y-y-TAC experiment undertakeh
. . . - - . .
in this work was only sensitive to lifetiﬁ}& greater than 2

nanoseconds. Recoil distance "plunger" measurements would be
required to extract lifetimes in the lb-lo—}0'13

- e

second -range

appropriate to ratésffor the E2 and Bl transitions.” The data

.frpm Such experiments wopldfbelquite helpful in uﬁég;standiné

lpvel.stfucturés in these isofopes. and &Lso‘ih'making quan-

‘titative. comparisons among. the various models which are

“available. A comprehensive undérsyahding of thegdifferent

transitional™rcgions, some of which have been mentioned in

. - .
teom e

this report, i§ not yet realistic. Nevertheless, rdsults

x!

~ such ‘&5 -those presented in this. work together with more

. E s . - ' . -
. extensive lifetime measurements and *core-particle calcula-

'f:i_‘c_:.ns:.(ég, Fag2) are ‘gradually providing us with, a better

framework for.describing thg;Q-interesting'nuclei.

1]

s
-

T



'.Aggendix

. .
\é Numerical Method for Gamma-Ray Spectrum Deconvolution . . ' [~

- B
The extraction of energy and intensity information .
S ]

.from gamma-ray spectra .is of considerable importance to
experiments such as those described in the present work.

Many ‘nuclear phiysics spectra are chafracterized h}aflar_

v

numbers of peaks, typlcally hundreds residingnon an appre-
-
ciable background and SOphlsticated analysis is often

requlred to<femove the effects of finite instrument r/folu-

tion, as well as to estimate and correct for the background
-

continuum. There are.three methods commonly used to obtain

‘/s peak areas and centrédds. | o : .
1) A short region of the spectrum is manually selected for
T analysis, and chosen background channels are fitted with a, b
polynom1al function. The coullts" between chosen area
channels are then 1ntegrated and the contrlbutlon due to g -

-

the calculated bdckground subtracted to obtain’ final

fesult. This may be convenient for small ‘number of'

isolated peaks, and is easily implemented on most multi-

chaghel analyzers and

,acquisition systems. Selection

of approprlate and aré%‘ markers is entirely

t w
s considerable input from an

T e e D

manual and clearly rg
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operator. The dmount of computer time required is
negligible.

2) A few suitable peaks'aré selected as samples of an analy-
tical function rgpresenting the 1instrument résponse
'function,‘and a range -of the §pectrum autdﬁatically
searched for peaks ind backgrounq channels. A poiynomial
background is fitted ﬁnder theqidentified peaks and
finally a least-squdres fit t& those ﬁeaks is performed .-
usingﬂthe derived responde function, Least—squares‘ \j
fittiné-Ls uddoubteﬁiy thé’most common procedure and there*)

*
are a number of-widely-used codes such as MP%%O (KoB1la,

K081b) which empfb& various, response functibons, uswffa;
. o [

modified Gaussians, and whifH\ESE;;;;\BEER{ earch routines)

designed to minimize operator ingkqvention. It should be

t

1 % . .
noted that many gf,theée programs w eveloped -for use
with neutron a‘.btivati_on or other™ decay gamma-ray sources

Ad SO contain certain inherent as umptibns regardinﬁfdﬁg;
EY

: ak-fﬁgg;i;giii:lt ~fovbe checked manually and
revisions mad *to ensure that doublets, triplets ete. are

-

N ¢
chie;::eristkpsllas will be discpssed later. Generally

properly identified. Codes 6?’}his type require several
seconds of CPU time per peak analyzed.
3) Use sample:peaks as estimates of the response function, ag,

ik\ 2) but without fitting any function to them, estimate ,

and t%Tﬁ7§§Q a spéctrum—wide'bdckground and then unfold
R ) ‘

the data to, produce, ideally, a‘Spectrhm consisting of

re
»
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separated "peaks" only one-to-two channéls wide. The
identificatién of peaks in the initial dat%/has no meaning
heré, but is accomplished using the unfolded sSpectrum,
Once sample peaks have been selected and an overall back-
ground fit obtained, no operator intervention whatsoever
.1s required. A number of different algorithms have been
developed which ensure positive convergence withogt sta-
tistiéal noise amplification (eg. LK82, Ke78, and R1i72).
\\Egg/ amount of computation required is 'genérally much
greater than for least-squares fitting procedures. If the
instrument response function is the sime across the entive
spectrum, i.e. the system is translationally invariant,
the problem can be moved into sﬁe conjugate domain and
solved using Fourier transforms. For virtually all gamma-
ray data the response function is not i-nvarig:.nt,~ éo a
‘slower iterative procedﬁre must be used in the original
data domain; -

In‘an éffort to develop é methoq_for analyzing large
numbers of:cgmplicated spectra with minimal operator inter-
vention, a two-step proceés was devised:

Step 1: The background is estimat;d and removed usidg a
procedure based on the method given by Tervo et gié
(Te83);l which 1locates sub-minima across the spectrum,
shifts these points into the "middle" of .the background
based on a stati;tical'offsgt,-and generates cubic inter-

-

polations to produce a smoothly-varying continuum which
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can then be subtracted from the original data. The
background estimation differs from that of Tervo et El; in
that the ,routine used in the present\vwork allows the
search for sub-minima to be cafried out over d,range of
intervals relatiee to/g/g{VEn chénnel, rather than over a
fixed interval.

Ste912: The resulting background-free spectrum is unfolded
by SANDRA'(Semi~Automated Nuclear Data. Reduction & Analy-
sis), a'program‘wri ten during this project specifically
for use with such Adata, based onqzn algorithm devised by
Habib.and Labrie/ (IL75), later revised by Habib (Ha82b),
and extended in” this work to apply to Yy~-ray data.

As a furtﬁer\qxsp, a program named OTTOrges written
to read the outputs from SANDRA runs on different spectra
and produce angular dlstrlbutlon fits, after making appro-

priate corrections.

The iterative method first proposed by van Cittert

'(va3l) involves making an estimate N(x) of the "true"

spectrum, and then correcting that approximatlon by the
dlfference between the measured data and the convolution of
the response function with that estimate. Thus' to obtain .the

(n+l)'th iteration one would calculate: .

NPTy = NGy + v (o= fRGe-x ON ) (s yaxt | (]
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where R(x') is the normalized response function, Y(x) the
measured data, and the integral is lim%ted to the width of

the response function.

The algorithm used Mere treats. the normalized data

points of sample peaks esponse functiops, and interpo-
lates for channels between th samplehpeaks, providing
a response function for.every channel. in the region to be
analjzed. The correction in Equation [l1] is reduced by a
factor D > 1 to ensure convergence, and for discrete spectra

the prescription thus becomes:

- |
N iy = NPy + (vgay =T RGNS (L) | /D

k=~m ’
= N™ 1y + ()2 iy (2]
(n) n’ n) |
where' 2 (1) = l R(k)N( (i+k) (31

k=-m

The summation extends over the number of points inclgded in
the‘response function.‘ Z(1i) is theigenerated spectrum which
should eventually become ;ery‘ close .to the original data
Y(i), as the unfolded spectrum N(i) converges to the true
signal. | . '

The correction in Eduafion (2], comparés Y(i) with
Z(i) at only one poinf. A better fit is obt;ined if moré

points are included in‘thé comphrison,:and using the total

extent of the response function leads to:
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(n+l), . .(n) 1tn (n) ) . '
N (i) = N (i) + L Y(%l A (1)J/D' [4]
a . L=i- N ' '

Here D' is chosen to be. larger than D,‘ to reduce -the
possibility of over-correction?' In practice the code starts
with all of the N(i)=0 and runs M iterations .using a one-
point comparison, then M iterations comparing three points,
and finally M 1terat10ns u51ng all.}p& the points in the
response function. The value of M is set at the start of the
process by the 'user. A number of different comblnatlons of
iteretions for the three etages were used, but keeping B
identical at eech stage seems.to provide consistently‘more
accurate convergence. 'If at any point the procedure results
in negative values of N(i) they are set ‘to zero.

Habib has shown (Ha84b) that the_ result of sSuch an
algorithm is a unlque solutlon, an-lmportant con51deratlon if
one is to have confidence in the method. In erdef to test
its repeatibility the program was run a nuamber of tiﬁee for,
two different cases under the same lnltlal . set of—startlng
conditlons, giving 1dentica1 results each time.

The resulting approximation to the true spectrum is
N(J)(i), whlch theoretically consists of peak "generators" of
appropriate intensity in channels where a peak is centred,
and zeroes elsewhere. However peak centroids will rarely
match that of the responee function peak, and etatistical

effects may result in data with less than ideal peak shapes,

b
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SO two to three adjacent generators would'be considered as an
acceptable unfolded peak. As the final step, adjacent
generators are grouped .together, a group being defined by
zeroes on both sides, and labelled as peaks. Centroids and
areas are ‘calculated from the generator distributionsrkbased
on ﬁhe response'functions' parameters. Area uncertainties

Y

are derived using: '

1/2 59

sArea = [(Area+Background)+Background+AFj

where AF is the discrepancy between fit and data over the

extent of the peak. In fact for smaller peaks this error

represents somewhat of -an upper limit. w The formation of
e .

peaks from multiple gEnerators does tend to produce a

slightly broader but lower shape than the orlglnal data. As
p01nted out by Habib and Labrie (HL75), this may lead to some
slight overestimation of peak areas. The effect becomes more
important if the peaks being analyzedlare quite'narrow.

In order to make some kind of quantltatlve comparison
of the new unfolding procedure with more’ conventional
methods, a representatlve gamma-ray -spectrum was chosen for
analysis using four different procedures _
a)_Method 1 —_Background and area markers we;e chosen by

hand, and the simple area routines available on our X8YS

data handling system empioyed.



were made in

(

Zgﬁ
b) Method 2 - ‘The program SAMPOMIN, modificd from the
Nationgg# Rescarch Council version of SAMPUSO by A.M.

Kobos, D.’Mosscrop et al. (Kos4), bécame availab;é-during
tnc’iatcer stages of tnis work, SAMPOMIN facilitates the
addition of peaks originally -ignored by the search routine
and uses the CERN-M}NUIT minimization package (JR7S),
which allows the peak positions to be optimized during
fitting, 7 ‘

c) Method 2 (revised) - SAMPOMIN also permits one to. use a
spectrum—wide background with the data, which was
accompliéned witn\\zpu prescription already describyd ‘as
Step 1, instead of SAMPOBU's internal loeal background

choices. b

't
.

La !

d) Method 3 - .The same "global" background: fit as, in

procedure c) was used with the unfolding code SANDRA.

92!\&!0(27!\}..xnychx)_ recaction at 114 Mev,

spectrum from the
acquired using a 25% reclative efficiency Ge detector... The
global background fit i§éhown as well. There are appyoxima-
tely 270 peaks in the region 70 to 1500 keV with intensitieé

ranging from = 600 to 140,000 counts. Very small -peaks with

- .

s

large,uncertaingies were.ighorud.l In all four case¢s the same

Figure A-1 shows the relevant portion of a y-ray

linear energy cilibratien was uSed.‘ang centroid comparisons

the dispersion is 0.44 keV/channel. Fhe



Figure A-1

BAMo(a]Al,xnypza) projection spectrum together with the

global background fit. Irregularities in that it

marked by A, occurred in the vicinities of channels 550

and 1300 (continuum slightly hig )has well as at chan-

&

nels .1423 and 1470 (sharp dips). The latter featurce
seemé to occur beside unusually broad, high multiplefs_
such as the quadruplet between those two chhnnels.

. . . -
Sample peaks are marked .by S and labelled Wwith their

energies in keV. The region marked with a * was, selec-.

.ted for a comparison-of the various fitting procedures.

A

- X
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%ame six sample peaks, marked S on the spectrum, were used
for b) - d). |

SAMPOMIN will fit whole spectra but in this case the
3350 channels of interest were split up into five regions, to
facilitate the required checks of peak identification and
fitting. SAMPOMIN's default input file parametefs were' used:
they differ somewhat from those éf SAMPO80, mainly in that

. the acceptance of peaks is encourage&. The code identified
211 peaks in all,‘lGlof which turned out to be quite small
with expessive uncertainties, leaving 195 "good" peaks.
ther comparing those with the original data, the locations
of 66 additional p#aks were- entered and the locati&ns of 8
others shifted slightly, leading to 261 good peaks being fit.
The total CPU time on our VAX 11/750 using the code's’own
local background calculation was slightly over 37 minutes, or
8.6 seconds/peak. ‘ ' '
The global background pggéedure, ,impiemented in a

4

brogram called XFIT, requires as input a number of interval
lengths over which it se;rches for suiézblé background
"nodes". If sgme'of these lengﬁés are too great the fit ®ill
not follow éenuineAirregularities: if some are too small the
fesulting "background" will be influenced by . local _minimg
Mithin gropﬁs of peaks. Generally the same seé pf interval
\’//>, lengths could be used for most 4096-channel gspectra h&ving ~
‘ 1500 to 2200 keV full scale. The background fit was checked ™.

- _
" on agdisplay to ensure that questionable features of the
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continuum were minimized, Places where those questionable
features were judged to have occured are marked with a 4 in
» Figure A-1,. XFIT required &\iewseconds of CPU time to

produce a 4096-channel continuum. | {, ‘

PR
. J

..When th% global background was employed with
SAMPOMIN, the peak identification procedure remained the same
but the fitting time required dropped to juét over 1i\minutes

(3.5 seconds/peak). A

"SANDRA unfolded the 3350 channels in'GQ CPU minutes,
performing 1000 iterations during each of. the three stages}‘
and located 324 peaks, 49 of which were judgéd to be insigni—

ficant, leaving 275 "good" peaks (13.1 seconds/peak). All of

the peaks fitted ‘gsing SAMPOMIN were identified by the

-unfolding process, althoﬁgh in sections exhibitihg very
\\:bmp{ég:;zructure there were some differences in the numbers

and/or locations of peaks involved. One of SANDRA's virtues —

seems to be an dbility to seek out peaks very effectively_-

in fact, thi code Qgy be slightly overzealous in that regard

when the statistics aré poor.

-

As the first step of the compariscn centqeigs'dhd
areas of 31 singlet peaks weré taken. The simple XSYS
routine areas and centroids were used as' reference vaIués;

¢ not because the method is perceived to be ;ntrinsically
nea:ér'_to perfection; but it does represent a standard,

fairly accurate means of extracting idfgrmation from -single

peaks. Relative differences in the areas as well as centroid .

4
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“differences between XSYS and the other three procedures were

calculated and plotted with ACentroid along the .x-axis and
bArea along the y-axis, as shown in Figure A-2 for SAMPOMIN

(internal background); SAMPOMIN (global background), and

-

SANDRA resbectively. . N

‘L S a Means and ‘standard devigtiops of the three aCentroid

\; and AArea distributions were calculated -and appear\in-Table
A-1. These resul;;“;;EIEate Ehat the ACentroid eans and
spreads from the three procedures~éfe compargble and accépt-

able. The area differences, however, reveal that the mean

F

_ 7 and spread from SAMPOMIN (global background) and SANDRA are

fairly close, although the mean area difference due to SANDRA
. - EY

is slightly higher, while those from SAMPOMIN (internal bgck-
ground) are largeAd by a factor of two or more. - "_
If MArea (SANDRA) is plotted against AAred (SAMPOMIN
(global background)) as in Figure AEE-Jf;traiéhf line gﬁn be
fit to the distribution wifh a slope 'close fo one.aﬂd.an
intercept of negrly zero, inaic&ting tha% the end results of
the two g&oceéures are comparable. Similar plots for SANDRA
~ VvS. SAMPOMIN (internal back rou-nd) ag well as SAYEOMIN
(lfzifgiifbackground) vs. SAMP Miy)(global b&ckground) reveal

‘/ﬁg/such correlation. The 1mp1~3ation is that the ype of

background calculation employed can '‘be quite 1mporta t, and
the.relative'accuracy of the results casts some doubt: on thel
validity of SAMPOMIN's ;ntefﬁal backgroﬁnd choices. Examin

tion of tﬁese local background shapes shows that the para-
o ' -

.
- 5 .
. //
: [

/ > \»ﬂ



Table A-1, ~

o~y

‘Figure A-2 '\\

v

Relative éinglet peak afea differéﬁces Blotted versus .

centroid @iffe:ences,-with refe:enée to XSYS values, fé}\>
(1) SAMPOMIN - (internal background), (ii) SAMPOMIN

(global background), and (iii) SANDRA. Meané,and'

o

standard deviations for these distriguwij?s appear in
i D -
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Table A-1: Compariéon of differences in ‘centroids and
g~

relative differences in areas for (i) simple XSYS versus

SAMPOMIN (internal backgroun), (ii)  XSYS versus SAMPOMIN

(global background) and (iii) XSYS versus SANDRA results.

Method Used ' ACentroid (keV) . aArea {relative)

, Average Std. Dev. Average Std. Dev.

SAMPOMIN 0.015 0.054  0.071 0.171

({nternal'backgrOUnd)

+ SAMPOMIN | 0.014  0.043 +-0.005  0.073
- (global background)

SANDRA . 0.019  0.061  0.015  0.08l

s \ 7
‘ | -
U<
. " —~/ .
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Figure A-3

Correlation between relative area differences for SANDRA
and SAMPOMIN (global background). A best-fit line is

d

indicated. . . : /

(
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bolic fits produced by the code often exhibit curvatures
markedly greater than either the global background or an
eyeball estimate. This could frequently.be traced to the
mistaken choice of background channels which are close to the
peak(s) being fitted but which are still part of compiex
non-background structure,.an example of which can be found in
Vthe right hand group of peaks in Figure A-4., The effect may
p0831b1y be traced to ‘the original intention of this code,
which was to fit spectra usually containing: fewer peaks and
more regular background structure closer to the peaks.

The second step iﬁ.this comparison involved examining
the results of the two fitting procedures-plus the unfolding

* method for a short section of th sSpectrum containing a

dumber of multiplets. Figure A-4 shows channels 730 to 820

(321 to 361 keV) of the dafa with the SAMPOMIN (icternal
background) fiﬁ drawn in, as well as the internal background
and glocal background for comparison. Figure A-5 Qisclays
the same crigina} data plus the SAMPOMIN (global background)
fit, with the bcckground as well,‘hnd Figure A-6 the result
of the SANDRA unfolding process using the samc global back-
ground, : The unfolded generator spectrum showing the peak

groupings appea.rs'in Figure. A--'?', below the orlglnal data..

-

Table A-2 compares the final peak intensities and centr01ds.

A discussion of the procedgnes and results follows.

~



Figure A-4

Expanded region of the spectrum showing the SAMPOMIN
(internal background) fit and its background choices
(dashed lines), as well as the global background (solid

line) for reference. Peaks identifi@a by the search
' .
routine are markedV¢ , while those added or shifted

¥,

during fitting are dgrkéd l.

~
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"- Figure Au5 )

~/

Ed )

Expanded region of the spectrum shewing the SAMPOMIN fi.t

with the global background. Peaks identifidd by the
| ‘ .

search routine are ma’trked 1", while those added or
shifted during fitting are markedl.
~
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Figure A-6

*

Channels 730 to 820 showing the SANDRA £fit and the
/

global backgrou;ﬂ/’hsed. Peaks identiffgﬁ after

4
l - .
]
-

unfolding are marked v

4
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. Figure A-7

Channels 730

of generators identified as peaks after unfoélding by

|
SANDRA.,

The resu}ting peak positions are marked; : the
peak in brackets near channel 787 may be pars, of an

unresolved déublet. . '

. '.\X | Ao

J, A .

to 820 of the spectrum showing the groups

—-a
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Table A:=2; Comparison of peak centroids and 1ntens1t1es Jfor chanpels
75&"320 using SAMPOMIN, (internal back@round), SAMPOMIN (global
background) and SANDRA

SAMPOMIN SAMPOMIN.  *  SANDRA -
(internal_background) (global background) . ™ '

1 736.9 22,530 450 | 736.9 22,300 350 | 736.9 24,000
743.6 16,160 440 | 743.6 16,220 330 | 743.7 16,990
7517 780 380 751.7 800300 | 752.2 830 |
765.9 17,220. 440| 765.9 16,460 330 765.9. 17,640 650 2
779.6 2,650 530 | 779.4 3,410 320 | - 778.7 3,150 670 2
e e | 7832 2,100 650 1
785.1 19,330 .630 | 785.2 20,170 420 | 785.6 21,970 700 4
789.2 6,000 550 | 789.3 6,760 400 | 790.4 4,380 660 2
cemmemcmeecmmenioeeeol 800.3 4,200 270 | 800.0 4,290 670 2
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SAMPOMIN (internal background) -

PEAKFIND the routine responsible for peak searching,
f " )
located 8 peaks which have been marked ¥ on Figure A-4. The
file 'containing this information was moved into a display

region ‘and compared with the data,'and the code instructed to

‘add peaks near channels 779 and 790. After fitting this

region, however, SAMPOMIN rejected the peak it hed at first
identified at channel 799, and tried-* to ftt two peaks at
channelngIO.G and 8}2.8, where itlhad Brigin&lly placec one
peak at channel 812.8. It was found that to induce the code
to fit three peaks to what was perceived as a clear trlplet

this very short sectlon had to be fit separately, and even
then the small peak near channel éio was not analyzed
reasonably. Based on the yx? fiéhfes, as shown in Table A-3,
the overall fit actually compared favourably with that of
SAMPOMIN (global background)h However, this is a bﬁt

misleading because the internal backgreund allows somewhet

" more flexlblllty due to its rellance on data p01nts very

close to peaks, while the global background is forced to

) .
consider non-local continuum behaviour.

SAMPOMIN (global background)

N
The type of background fit does not affect the peak

search routine, and the same set of peaks have been marked +
on Figure A-5. Again peaks nea:_channels 779 and 790 were

added. No.revisions after the first fitting were required.

»
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Table A-3: x2 results from the analysis of channels 730-820

using SAMPOMIN (1nterna1 backgrouﬁd),'SAMPOMIN (global back-

_ground) and SANDRA.

y
Channels- SAMPOMIN SAMPOMIN SANDRA
(intefnal background) (global background) -
730-774 100. .93 166
775-1795 57 - S 7 27 S
296-820 ' 129 252 41

730-820 - 286 - 423

T - S o o e S A R R e b - - - -
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-~ SANDRA L S | F
Generator groups.in Figure Aif'have'been'identified and-
labelled as peaks, with their centroids marKed l {n'Figures
A-6 and aA-7. These-groupings all occuby one,: two or three‘
channels, excegf fer four adjacent generatorsl centred .at
channel 785.6 in which the fourth generator is quite small.
x? comes out to be the lowest of the three results, which is
to be expected'..an unfoldlng procedure can be thought of as

~ having more free parameters than most least -squares analyses.
Channels 775 to 795 are interpreted by the unfolding

process as contalnlng -four and perhaps even five peers, if
one wishes to imagine the group of four generators as an
unresolved doublet. The fit 1s‘perta1nly better than the
least-squares solutions and none of the pesaks idehtified'are
\\\\*ujf-statistically insignificant. The main combonent centred .at
_channel 786 is definltely w1der than the 51nglet at channel

766, although the smaller peaks to each side contribute to

this width. - Without further informatron this is a moot

T

point.

. A comparison of the three fits is somewhat subjective;

2 «_ Devertheless, a few salient points can/ge made. Channels 730
——T__—\f\EB“TV?, where SANDRA produces lower an@_pgggder peak shapes
- than the data, appear to be better treated by the
least squares procedures, while the remalnder of the sectlon_

is better fit by the unfolding process.' ThlS is borne dut by

the 13 results. It appears that if. bANDRA needs to put two
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generators of"similar intensity side-by-side, in order to
posipinn a peak norrectlyw then the resultant peak shape ends
up béing slightly distorted. The slightly higher areas ginen
by SANDRA for peaks.at_channels 737, 744 and 766 c9u1d well
© be due to this effect. | '

«. Channels 775 to 795 are réprodnced much mere accu-
rately by SANDRA than by SAMPOMIN in either of its versions.
It is entirely possible that this "trlplet" cenﬁred at ~
channel 786 1s actually made up of, four or even flve peaks.
bAMPOM}S (global background) qoulq be told to fit five peaks
there‘Zut diséributed them‘somewhat diife;ently‘tnan»SANDRA,
nhile tne internal'ba;kgrohnd verSion'éhdsé such ‘an aWkwardr’
contlnuum when ‘asked to analyse that short section alone
that its results proved méanlngless. '

Channels -796". to 820 are notcsat1sfactorxly analysed
‘by SAMPOMIN (1nternal background), as 1% seems to sacrifice:
the small peak at channel 800 in _ordef ‘tol produce an

extremely convex background, in the process installing an
LT t N
insignificant-peak'inuthe tail of the middle component.

Summary r

A survey of 31 singlet peaks across the sample
spectrum'révealed that infensities and centroids produced by
SANDHA.and SAMPOMIN "(global background) were reasonably

_consistént with simple XSYS integration and'background
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subtraction results, while those due to SAMPOMIN (internal

background) showed pooéaq\bijzijTent, often due to faulty
local background reconstructy :

Analysis of a more complicated part of the data
resulted in fair agreement between SANDRA and SAMPOMIN
{global _backgrdhnd) fqr much of the sectﬁon with some
ambiguity reéarding interpretétion of.thg mﬁltiﬁ et between
channéls'77$ and 795. A tendency to slightly overestimate
(b& < 5%) areas oﬁ'peaks formed with adjacent generators of
éimilar intensities could bossibly be minimized 'by a more
sophisticated area calculation in SANDRA. The global and
internal backgtound versions of SAMPOMIN produced areés which
agreed within the given uncertainties except for .the last
multiplet in the section, underneath ﬁhich. fhe‘ internal
background was unsuitable.

'\\_ —

The extraction of info¥mation from an entire spectrum
emphasgsized a nuﬁ%er of differences between the -various
methods. SAMPOMIN in either of its;véfsions required exten-
sive corrections to the results .of its peak identifiéation
process, while the ~internai background option frequently
pfoduced'inappropriate results. In addition, the necessity
 of refitting short éectioﬁs @itﬁ this version is somewhat
unsettling. The gloﬁal background option woulﬁ'seem to be
preferréble, and aléo rquireé only one=half the CPU the.'
SANDRA takes sample peak ;haggs directly from the experi—

mental data, and does ngt assume any functional form. In
P :
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4

cases where, for example, small drifts occur during data

acquisition and make the validity of an analytic shape
guestionable tﬁis may be preferrable. The program takes
roughly twice as long 'to run as the standard® internal
background version of SAMPOMIN, but requires no operator
intervention at all and is amenable to (i) batch processing,
and (ii) further automated data analysis, as in the-case of_
the angular disfribution anaiysis program OTTO. ' These can be -
considerable advantages in the many cases where.cohputer‘time

7
is more readily available than operator time.



AB72
AI75a

AL75b

CAn78
.An78

An81
" An85

Ar77

As83

Au80

”Baéo

BB82

.BK84
BM69

BM74

References

R.L." Auble and J.B. ‘Ball, Nucl. Phys. Al79 (1972) 353.
A.'Arima and F. Iachello, Phys. Lett. 57B (1975) 39.

A. Arima and F. Iachello, Phys. Rev. Lett. 35 (1975)
1069, )

C.G. Andersson, S.E. Larsson, G.. Leander, P. Mdller,
S.G. Nilsson, I. Ragnarsson, S. Aberg, R. Bengtsson,
J. Dudek, B. Nerlo-Pomorska, K. Pomorski and Z.
Szymafiski, Nucl. Phys. A268 (1976) 205,

C.G,_Andersson, Hellstrdm, G. Leander, I. Ragnarsson,
S. Aberg, J. Krumlinde, S.G. Nilsson and 2. Szymafiski,
Nucl. Phys. A309 (1978) 141.’

E. Anderssonm, P. Herges, H.V. Klapdor and I.N.
Wischnewski, Z. Phys. A299 (198;).105.

.

W. Andrejtscheff, L.K. Kostov, H. Rotter, H. Prade, F.

Stary, M. Senba, N. Tsoupas, Z.Z. Ding and P. -
Raghavan, Nucl. Phys. A347 (1985) 167.

A. Arima, T. Otsuka, F. lachello and I. Talmi, Phys.
Lett. 66B (1977) 205.

P. Ashbaugh, private communication (1983).

G.- Auger,.G. Albouy, C. Roulet, H. Sergoille, A. Kerek

and Th. Lindblad, 2. Phys. A296 (1980) 319,

R.’Baés, "Nuclear Reactions with Heavy Ions",
Springer-Verlag, Berlin, Heidelberg (1.980).

M. Blann and J. Bisplinghoff, Code ALICE/LIVEﬁMORE 82,
Lawrence Livermore Nuclear Laboratory Report
UCID-19614 (1982—uppublished). )

D. Bonatsos and A. Klein, At. Nucl: Data Tables 30
(1984) 27. -

-

A. Bohr and B.R. Mottelson, Nuclear Structure Vol. I

- W.A. Benjamin. Inc., New York (1969).

A. Bohr and B.R. Mottelson, Phys. Ser. 10A (1974) 13.

226




BM75

Bo74

Bo80

Br79

BR85

B569

BW52

‘Ch79

Ch82

Da70
'Di§6
de83
.DV74

Fa82

FC76

Ga82

GaB84

227

A. Bohr and B.R. Mottelson, Nuclear Structure Vol. II,
W.A. Benjamin Inc., Reading, Mass. (1975).

D.D. Bogdanov, V,A, Karnankhov and L.A. Petrov, Yad.
Fiz. 18 (1973).3; Sov. J. Nuecl. Phys. 18 (1974) 1.

J. Borggreen, S. Bjbébrnholm, O. Christensen, A. Del

* Zoppo, B. Herskind, J. Pederson, G. Sletten, F.

Folkmann and R.S. Simon, Z, Phys. A294 (1980) 113,
. i _ ,

J. Bron, W.H.A. Hesselink, A. Van Poelgeest, J.J.A.
Zalmstra, M.J. Uitzinger, H. Verheul, K. Heyde, M.
Waroquler, H. Vincx and P. Van Isacker Nucl. Phys.
A3¥8 (1979) 335. '

T. Bengtsson and I. Ragnarsson, Nucl. Phys. A436
(1985) 14, :

.D.R. Bés and R.A. Sorensen, Adv. Nucl: Phys.'2 (1969)

129.. )

‘J o . ~
J.¥. Blatt &nd V.F. Weisskopf, Theoretical Nuclear
Physics, John Wiley and Sons, New York (1952) 627.

Tsan Ung Chan, M. Agard, J F. Bruandet and C. Morand
Phys. Rev. C19 (1979) 244.

P. Chowdhury, W.F. Piel, J;.'and D.B. Fossan, Phys.
Rev. C25 (1982) 813. )

T.K. Das, R.M. Dreizler and A. Klein, Phyg. Rev. C2
(1970) 632.

R.M. Diamond, E. Matthias, J.0. Newton and F.S
Stephens, Phys. Rev. Letters 26 (1968) 1205,

M.J.A. de Voigt, J. Dudek and Z. Szymanski, Rev. Mod.
Phys. 55 No. 4 (1983) 249, :

E. Degrieck and G. Vanden Berche, Nucl. Phys. A231
(1974) 141. - .

A. Faessler, Hep: Prog. Phys. 45 (1982) 653.
. [ ')

C. Flaum and D. Cline, Phys. Rev. Cl4 (1976) 1224,
M. Gai, D.M. Gordon, R.E. Shroy, D.B. Fossan and A.K.
Gaigalas, Phys. Rev..'C26 (1982) 1101.

* W. Gast, U. Kaup, H. Hanewinkel, R. Reinhardt, K.

Schiffer, K.P., Schmittgen, K.O. Zell, J. Wrzesinski,



GH79
Gi81i
Ha82

HaB82b

Ha84
ha84b
He?6
He82
HL75
HT77

~IA74
Ja84

Ja85

JR75
Ka76

KC84

— _ . ‘ 228
. *

A. Gelberg and P.v. Brentano, Z. Phys. A318 (1984)
123. .

J.D. Garrett and B. Herskind in The Study of Nuclei

far from Stability: Proc. of the Daresbury Study
Weekend, DL/NUC/R20 (1979) 31.

A, Gizon, J. Genevy, J. Gizon, V. Barci, A. Plochocki,
T. Batsch, J, Zylicz, A. Charvet and G. Marguier, Z.

. Phys. A302 (1981) 79.

0. Hiusser, H.E. Mahnke, T.K. Alexander, H.R. Andrews,
J.F. Sharpey-Schafer, M.L. Swanson, D. Ward, P. Taras
and J. Keinonen, Nucl. Phys. A379 (1982) 287.

E.E. Hﬂﬁib, privite communication (1982).

M. Hass, E. Dafni, H.H. Bertschat, C Broude, F.D.

Davidovsky, G. Goldrlng and P.M.S. Lesser Nucl. Phys.

Ad414 (1984) 3186, ’ :
« »

E.E. Habib, private communication (19843,

K. Heyde, M. Waroquler, H Vincx and P, Van Isacker,
Phys. Lett. 64B (1976) 125.

K. Heyde, P. Van Isacker; M. Waroquier, G. Wenes and
M. -Sambataro, Phys. Rev. C25 (1982) 3160.

E.E. Hablb and J.P. Labrie, Nucl. Instr. Methods 130
(1975) 199.

J. Heinemeier and P, Tykesson, Revue de Phy51que

Appliquée 12 (1977) 1471,

F. Iabhello and A. Arima, Phys. Lett. 53B (1974) 309.
\

V.P. Janzen, J.C. Waddington, J.A. Cameron, A.J.
Larabee and. D. Rajnauth; McMaster Accelerator

" Laboratory Annual Report (1984) 54.

V.P. Janzen, J.C. Waddington, J.A. Cameron, J.
Johansson, M. Simpson, D. Viggars and H. Taylor
unpublished data (1986). -

'F. James and M. Roos, Comp: Phys. Comm. 10 (1975) 343,

R. Kamermans, H.W.. Jongsma, T.J. Ketel, R. Van der Wey
and H. Verheul, Nucl. Phys. A266 (1976) 346.

J. Kitching and J. Crawford, unpublished data (1983).



229
Ke71 A. Kerek, Nucl. Phys. Al176 (1971) 466,

' Ke78 T.J. Kennett, P.M. Brewster, W.V. Prestwich and A,
. Robertson, Nucl. Instr. Methods 153 (1978) 125.

Ke84 A. Kerek, T. Lénnroth, K. Honkanen, E. der Mateosian
and P. Thieberger, Z. Phys. A317 (1984) 169.

Kh78 T.L. Khoo, R.K. Smither, B. Haas, O. Hiusser, H.R.
Andrews, D. Horn and D. Ward, Phys. Rev. Lett. 41
(1978) 1027. °

Kn79  T.L. Khoo, Proc. Symp. on High-spin Phen. in Nucl.,
Argonne, ANL/PHY-79-4 (1979) 95.

Ki77 R, Kirchner,_O. Klepper, G. Nyman, W. Reisdorf, E.
- Roeckl, D. Schdrdt, N. Kaffrell, P. Peuser and K.
Schneeweiss, Phys. Lett. 70B (1977) 150.

’ ‘ . _
K179 P. Kleinheinz, Proc. Symp. on High-Spin "Phen. in
Nucl., Argonne, ANL/PHY-79-4 (1979). .125,

K180 .A. Klein, Phys. Lett. 93B (1980) '1..

Ko8la M.J, Koskelo,'PlA. Aarnio and J.T. Routti,. Comp. Phys.
Comm. 24 (1981) 11.

Ko81lb M.J. Koskelo, P. A. Aarnio and J.T. Routti, Nucl.
Instr. Methods 190 (1981) 89,

Ko84 A.M. Kobos et al., McMaster University Tandem A
" Accelerator Laboratory internal communication (19845,

Kr72  K.S. Krane, Nucl. Instr. Meth. 98 (1972) 205.

KW76  H.V. Klapdor and H. Willmes, Phys. Lett. 62B (1976)
‘ 395. ==

La80 R.D. Lawson, Theory of the Nuclear Shell‘Model,
Clareqdon Press, Oxford {(1880).

.
-

Le78  G. Leander, Proc. XVI Winter School on Selected Topics
in Nuclear Structure, Bielsko Biela.(1978)'621.

Lh79 G. Lhersonneau in Thé Study of Nuclei far from
. Stability: Proc. of the Daresbury Study Weekend, &
DL/NUC/R20 (1979) 8. ~—

LK82. D.J. Lindstrom and R.L. Korotev, J. Radioan. Chem. 70
No. 1-2 (1982) 439. : -



Lo70

L378

Lu79

LWBO
Ma69
Mi77
MJ55
Mo80
Mo81
MS67

Ne69

No85
Qt78
0Ot78a

Pab6

PB75

" Pe77

230

V. Lopac, Nucl. Phys. Al55 (1970) 513,

C.M. Lederer and V.S. Shirley, Table of Isotopes
(1978) 7th edition. -

3. Lunardi;,, M. Ogawa M.R. Mdier and P. Kleinheinz,

Proc. Symp. on High~Spin Phen. in Nuclei, Argonne
ANL/PHY-79-4 (1979) 393.

"A.J. Larabee and.J.C. Waddington, McMaster Accelerator

Laboratory Annual Report (1980) 46,

M.A.J. Mariscotti, G. Scharff-Goldhaber and B. Buck,
Phys. Rev. 178 (1969) 1864.

R. Middleton ‘Revue de Physique Appliquée 12 (1977)‘
1435. - _—

M.G. Mayer and J.H.D. Jensen, Elementary Theory of
Nuclear Shell Structure, John Wiley and Sons, Inc.,
New York (1955)

M. Moshinski, Nucl, Phys. A338 (1980) 156,

13,

W.D. Myers and W J. Swiatecki, Ark. Fys. 36 (1967)
343 ] :

J O. Newton, Prog. in Nucl. Phys. vol.. 2, Ed. by D.M.
Brink and J.H. Mulvey, Pergamon Press, Oxford (I969)
53.

P.J. Nolan, A. Kirwan, D.J.G. Love, A.H. Nelson, D.J:
Unwin and P.J. Twin, J. Phys. Gl1 (1985) L17. '

T. Otsuka, A. Arima and F. Iachello, Nucl. Phys. A309

(1978) 1.

T. Otsuka, A. Arima, F. Iachello and I. Talmi, Phys.

" Lett. 76B (1978) 139,

S.P. Pandya, Phys. Rev. 103 (1956) 956.

M;A.'Preston and R.K. Bhaduri, Structure of the
Nucleus, Addlson-Wesley, Reading, Mass. (1975).

J. Pederson B.B. Back, F.M. Bernthal, S. Bjérnholm,
0. Chrlstensen, F. Folkmann B. Hersklnd, T.L. Khoo,

I. Morrison, A. Faessler and Co Lima, Nucl. Phys. A372

ft



PW8&5
Re79

Ri72

Rob59

Ro80

RS80
.Sa78
3a79
sa83

Sc74

Sc76

Sc80

Sc81

SG70

Sh79

231

M. Neiman, F. Pﬂhlhofer and G. Sletten, Phys. Rev.
Lett 39 (1977) 990.

»
*

G. Palameta and J.C. Waddingtbn, Nucl. Instr. Methods
A234 (1985) 4786. , :

W. Relsdorf in: Proc. of the VDIth Int. Workshop on P
Gross Properties of Nuclei and Mucl. Excitation,
Hirschegg, INKA-Conf.-79-001-069 (1979) a3.

_W.H. Richardson, J. Opt. Soc. Am. 62 (1972) 55,

'ﬁi.'Rotenberg, R. Bivins, N. Metropolis and J.K.

Wooten, Jr., the 3-j and 6-j symbols, Technology
Press, M.I.T., Cambridge, Ma§s. (1959).

E. Roefkl, G.M. Gowdy, R. Kirchner, . Klepper, A.
Piotrwoski, A. Plochocki; W. Reisdorf, P.°
Tidemand-Petersson, J. Zylicz, D. Schardt, G. Nyman
and W. Lindenzweig, Z. Phyks. A309 (1980) 221.

P. Ring and P. Schuck, The Nuclear wany—Body Problem,
Springer-Verlag New York Inc. (1980)

L.E. Samuelson, F.A. Rickey, J.A. Grau, s5.1. Poplk and
P.C. Simms, Nucl Phys. A301 (1978) 159.

L.E. Samuelson, J.A. Grau, S.I. Popik, F.A. Rlckey and
P.C. Simms, Phys Rev. 019 (1972) 73.

J. Sau, K Heyde and J. Van Haldeghem Nucl. Phys.

A410 (1983) 14. (/
G. Scharff-Goldhaber, J. Phys. A7 (1974) L121. |

G. Scharff-Goldhaber, C.B. Dover and A.L. Goodman,
Ann. Rev. Nucl. Sci. 26 (1976) 239.

0. Scholten, Ph.D. Thesis, Univ. of Groningen (1980).

D. Schardt, T. Batch, R. Klrchner, O. Klepper, W.
Kurewicz, E Roeckl and P. Tidemand-Petersson, Nucl.
Phys. A368 (1981) 153.

G. Scharff-Goldhaber and A. Goldhaber, Phys. Rev.
Lett. 24 (1970) 1349. ~,

N
R.E. Shroy, A.K. Gaigalas, G. Schatz and D.B. Fossan,
Phys. Rev. Cl9 (1979) 1324. ) ’



232

Sh82 R.E. Shroy, D.M. Gordon, M. Gai, D.B. Fossan and A.K.
Gaigalas, Phys. Rev, 036 (1982) 1089, -

5179 R.5. Simon, R M. Diamond, Y. El Masrl, J.0. Newton, P.
Sawa and F.S. Stephens, Nucl. Phys. A313 (1979) 209.
Y

53180 P.C. Simms, F.A. Rickey and R K. Popli Nucl. Phys.
A347 (1980) 205. :

5872 F.S8. Stephens and R. S. Simon, Nucl. Phys. A183 (1972)
257. .

S5t68 V.M. Strutinski, Nucl. Phys. A122 (1968) 1.

3z83  Z. Szymafiski, Fast Nuclear Rotation, Clarendon Press,
Oxford (1983). :

TeB83 R. J. Tervo, T. J. Kennett and W.V. Prestwich, Nucl.
Instr. Methods 216 (1983) 205.

Tig80 P. Tidemand-Petersson, R. Klrchner, 0. Klepper, E.
Roéckl, A. Plochocki, J. 2Zylicz and D. Schardt,
‘ Gesellschaft fUr Schwerionen-forschung (GSI)
Scientific Report 1980 ISSN 0174-0814 p.56.

o )
- Tr82 "J. Tréherne, J. Genevy, A, Gizon, J. Gizon; R. Béraud,

"A. Charvet. R. Duffait, A. Emsallem, and H Meyenr, Z.

Phys. A309 (1982) 135.

Va74  W.F. Van Gunsteren, E. Boeker and K. Allaart, Z. Phys.
A267. (1974) 87.
Va89 A. Van Poelgeest, J. Bron, W.H.A. Hesselink, K.
Allaart, J.J.A. Zalmstra, M.J. Uitzinger and H.
Verheul, Nucl. Phys 5346 (1980) 70.
— ﬁ_

Vag2 J.J. Van Ruyven, W.H.A. Hesselink, J. Akkermans ?
’ * Van-Nes and H. Verheul, Nucl. Phys. A380 (1982) 125.

WB77  A.H. Wapstra and K. Bos, At. Nucl. Data Tables 19
(1977) 175, :

WD70 R.A. Warner and J.E. Draper, Phys. Rev. gl (1970) -
1069.

WD73 ¢:WT3\“Wyckoff and J. E. Draper, Phys. Rev. C8 (1973)
‘ 796.

Yab7T T. Yamazaki, Nucl;'Data,.Section”A, vol. 3 #1 (1967)
- 1. - _ ‘ _





