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Abstract

Excited states in the neutron-deficient transitional

nuclei 112,114, 116 T'e have been studied by means of heavy-ion

(H.I.,xnypza) reactions. Levels up to spin 22fi at e~citation

energies of up to 9 )JeV were established usin.g y-y coinci-

dence, y-ray angular

and, in the case of

distribution, y-ray excitation
112 .

Te, y-y-time measurements.

function

In addi-

tion, the characteristics of a number of fusion-evaporation

reactions leading to residual nuclei in this region have been
. I .

analyzea and compared to theoretical predictions.

P~sitive-parity structures above spin 4+, 8+ and 14+
. \.. 112 114 116.' .'

in Te. Te and Te respect~velY as well as negative-. '.

parity bands based on 8(-) and 9(-) state~ are reported for

_:the first time. Posi;tive- and negative-parity band

structures.up~tO spin 16+ are comparea to the'predictions of
"

a number· of models usually applied to transitional nuclei,

and interpreted in terms of valence single-particle plus

collective vibrational degrees· of freedom. At higher spins

(12fi to 22fi) no strong e~idence for tbtational structure is

seen.

As~part of the data analysis for the· present work, a.:'
numerical deconvolution method appropriate to y-ray spectra

is presented in the~Appendix.

•
I

iii



,

,
"

...
•.

Acknowledgements

Clearly there are many people who have madi m~ ~tay
~'!..: •, .

at McMaster scientifically rewarding and just plain enj~yabie

as well,' and al though I cannot thank them all there ale a

number who d€serve specific mention. First and foremos~ is

my supervisor John. Cameron, whose invariably good humour 'and,,

sensible solutions to problems made many tasks easier. , John

and Frances' interest and friendship. have also meant a great

deal to me •. To Jim Waddington I extend a Special Thank You,
,

not-' only for his "heavy-ion" expertise but also for his
\

ongoing support and encouragement, not to mention the, use of

his canoe. I would also like to thank Hen'rY SChwar~ for

readily agreeing to help out on the supervisory committ~~ in,
the later stages.

The support staff at the Tandem Lab have been instru
./.

mental during this project, and I would be remiss not .to

~ention the help of Jim StaDk, Phil Ashbaugh and crew in

obtaining a (normally) useful Na beam. Suzanna Wannamake 's

help with letters and all that mysterious secretarial s uff....
has been' invaluable as well.

In the course, of obtaining a degree, I have also

acquired many friends among the graduate ~tudent population
.

who have greatly enriched my last, uh, few years in Hamilton.

Ron Schubank' s assistance on experiments. particularly,. on

iv

,



)

thaSt' oVl..'rnights, has bet~n much appr'l'ciatl·(j; his I1niqul'

brand of humour (probabLy no-nam':) s"l'm('d to b,' partic'l1arLy

suitabLe'at four a.m. wh,'n nothing was working as it shouLd,'
•

will aLways bl' thought of as good fri,'nds, as will Tl'rry

Kll'ven, whosl' vi('w.s from thl' oth,~r sid,' of campus always

found intrigui,.og,·· Mikl' Vetterli and 'Ilavl' shllrl'd many

experi"nl'l's, including a s.tint as roommatl's, and

really enjoYl'd his and Chris's friendship,

ha.ve

H,'ather, my fiancel', deservl's a sp,'ciaL ml'ntion for,
putting up with ml' dufing the last and most diffi~"lt yl'ar.

That kind of patience and understanding wiLL nopl,fullY not be '.

. .
And finally, lowe a great·delll to my parents,

.-

for their constant support and gracious l'xamp~~ to me.

thesis is dedicated to them.

"

v

Tl1is



Tatrle of Contents

1 INTRODUCTION

:r THEORY

Chapter

4 EXPERIMENTAU RESULT~

•

Page

1

7 ~.

7

10

16

18

23

31·

37

49,

49

60
63
67
67
73
76
81
85

89

89•
89
89
96
97

'.

Shell-Model Description

The Vibr~tional'Model

. , .
EXPERIMENTAL METHODS

2.6 High-Spi~ States'
, . .

2.1

2.2

Introducti,on

4.1 Excitation Functions .
4 •.1; 1 . Reactions Leading to 1 IOTe
4.1.2 Reactions Leading to \1 4 Te .
4.1.3 The Reaction 92~o(23Na.xnypza)

2.5 Yariable Moment of Inertia and Vari~ble

Anharmonic Vibrator Models

Introduction

,
,3.1 Introduction to H~avy-Ion fusion-Evaporation

Reactions and Gamma-Ray Spectroscopy

3.2 ExpeI'"imental· ,Procedures'
3.2.1 Ion Beam Pr~duction

3.2.2 Target Preparation
3.2.3 'Multiplicity'Filter
3.2.4, Excitation Functions
3.2.5 Gamma-Gamma Coincidence Measurements
3.2.6 An~u1ar Distributigns
3.2.7 112Tey_y_TAC Coincidence Experiment

2.3 Pairing-pIus-Quadrupole Model

.2.4 Iriteracting Boson Approximation

3

•

..

,

vi



'I

Contents (-con t ' d )

4.2 Experimental R'esul ts for 1 1 GTe

4.3 Experimental Results for 114 Te

4.4 Experimental Results for 1· IlTe

98

. 112

126

5 DISCUSSiON

Introduction

153

153

5.1 Systematics of Even-Even Ill- 124 Te Isotopes 154
5.1.2 Positive-Parity Levels 154
5.1.3 Negative-Parity Levels 159

..

6

5.2 Shell-Model Descrip~ion

5.3 The Vibrational Model

5.4 Pairing-pIus-Quadrupole Model

5.5 Interacting Boson Approximation

5.6 Variable Moment'of Inertia and Variable
Antiarmonic Vibrator Models

5.7 High-Spin States

SUMMARY

"

161

167

169

1'77

182

187

194

APPENDIX

REFERENCES

A Numerical Method for Gamma-ray
Analysis

v

<; vii

199

226

f



.
•

\

List of Tables

Table Page

2.1 Proton and neutron single-particle energies used
in the S.D.I. shell-model calculation.

5.4 M~ments of inertia extrac~ed from Sn and Te yrast
8 -12 level spacings. .

2.2

3.1

3.2

3.3

:3.4

4.1

4.2

4.3

4.4

5.1

5.2

5.3.'

, '-

Pairing-pIus-quadrupole parameters used b~

Lopac (Lo70).

(H.I.,xnypza) reaction information.

•Relative isotopic abundances of target materiils.

Gamma-ray detector characteristics and typical
count rates.

Comparison of ~ilter-gated vs. singles gamma-ray
angular distribution coefficients.

Resul ts of analysis for y rays assigned to I I GTe.

Results of analysis for y rays assigned to l.l~Te.

Resul ts of analysis for y rays assigned to I I LTe ..

llZTe y-y time-peak centroid shifts.

Shell-model calculation of two-particle states
of max·imum' spin in liGTe.

Experimental vs. I.B.A. y-ray transition ratios.

. . I I Z I I ~V.M.I. and V.A.~.M. parameters for Te, Te,
116Te and a number of comparison nuclei. .

11

24

61

68

79

84

105

120

133

136 --

166

181

183

188

)
A-I Comparison of differences in centroids and

'relative differences in areas for the various
fitting procedures.

viii



Tables (cont.)

".. A-2 Comparison of peak intensities and c ntroids
due to the various fi t t'ing procedures. 219

A-3 XZ results from the analysis of channe
820 using the various fitting procedur

, .

ilt

730 to

•

, .

~,

221

..



•

•

/

Figure

,......

List of Figures

o

2.1

2.2a).

2.2b)

2.3

Predicted spectra for a) harmonic and
b) anharmonic vibrationa~ excitations.

~ .
+E(2 ) for Z=46 (Pd)', 48 (Cd), 50 (Sn), 52 ere)

and 54 (Xe) vs. neutron number N.
+ + .

R4=E(4 )jE(2 ) for the same nuclei.

Methods for generati~g high values of angular
momentum. ~

•

19

34

34

39

2.4 Potential energy s~ace for 118Te
function of deform on ~t various
momenta, .

as a
angular 44

2.5

3.1

•

Nuclear deformations corresponding to calculated
energy minima at different values of angular·
momentum, for 114Te, 116Te and 118Te.

Schematic picture of neutron evaporation and
subsequent de-excitation following a (H.I.,xn)
reac tion •

Neutron-deficient Z~50 region of the chart of
the nuclides, illustrating the·proton-neutron.
equal emission line. -

45

53

56

3.3· Observed exi t chann.els and sUbsequent dec'ay
modes ·for the·~Mo(l.:lNa,xyz) react:i:on. 59 ,

3.4

3.5

3.6

3.7

Multiplicity filter gating probabilities.

Filter-gated vs. singles y-ray spectra fr~m

the 94Mo(2:lNa,xyz) reaction. . .

Gamma-gamma coincidence electronics diagram.

112Te y-y-TAC electronics diagram.

x

72

74

80

86



/
.,

,-

..
Figures (con t. )

Theoretical cross-sections for residual nuclei
populated by ~h~ 9GMo(23Na,xnypzCl) reaction.

High-multiplicity xnyp yields of residual nuclei
following the 9GMo(23Na,xnypzCl) reaction.

llGTe level scheme due to ChoWdhury et al.

'-~

Proposed ~evel scheme for lJ 4Te.

Some reSUlts from the llGTe angular
distribution analyses.

90

92

93

t
95

99

100

\ 101

-102

103

107

113

114

, 115

116

117

118

128

•

•

scheme due to Tidemand-Petersson ~

gates from tbe :4Mo(23Na,p2n)114Te
, f

from th~ 114Te an~ul~
analyses.

Some'results
distribution

1~2Te level
et al.---

Coincidence
reaction.

Total coincidence spectrum from the
9~Mo( 2 0Na, xnypzCl) reaction.,

Coincidence gates fl:om the 94Mo(23Nli,p2n)114~e
reaction •..

\

Proposed level scheme for llGTe.

l'14Te ievel scheme due to Warner and Draper.

Coincidence gates from the 9GMo(23Na,p2n)IIGTe
reaction •.

Total coincidence spectrum from the
9GMo(23N~,xnKPZCl) reaction.'

Coincidence gates from the 9GMo(2 3Na,p2n)IIGTe
reaction.

Production of residual nuclei from the
9GMoCZ 3Na ,xnypzCl') reaction.

Intensities ot some y rays belonging to llGTe
as a function of bombarding energy.

4.1

. 4.2

4.3

4.4

4.5

4.6

4.7

4.8

'< 4.9

4.1.0

4.11

4.12

~

4.13

.--
4.14

4.15,

4.16

4.17

,

xi.



r

Figures (cont.)

4.18-
4.19

4.20

4.21

4.22

4.23

4.24

4.25

5.1

5.2

5.3

5.4

'5.5

5.6

5.7

5.8

5.9

Total coincidence spectrum from the
92Mo(2jNa,xnypza) reaction.

Coincidence gates ??om the 92Mo(2 j Na,p2n)112Te
re~ction.

Coincidence gates from the 9 2Mo(2jNa,p2n)112Te
reaction.

Some results f~om the 112Te angular
distribu¥i0n analyses. '.

Representative Y1-Y2 time spectra for 112Te.

Proposed level scheme for 112Te.

Partial 112Te level scheme determined from
y-y coincidence data.

Partial llZTe level scheme determined from y-y
coincidence and angular distribution data.

Level systematics of even-even 112 ~.A ~ 126
Te is'otopes.·

Excited-state energy ratio? for 112 ~ A ~ 126
Te isotopes.

Calculated shell-model states for A-114 Te.

Two-quasiparticle states in 118Te calculated
by Van Ruyven et al.

Shell-model configurations in 148Gd •

Vibrational-model predictions compared to the
experimental 112Te positive-parity level scheme.

Pairing-pIus-quadrupole level scheme due to
Lopac compared to experimental states up to 8+
in 114Te.

Interpretation of 112Te le;er'scheme in terms of
pairing-~lus-quadrupoleand neutron excitations.

Calculated I.B.A. level scheme for llZTe
compared to the ~xperimental results.

xii

~---

129

130

131

132

135

137

142

151

155

157

162

164

168

170

173

176



,

Figures (cont.)

r.

5.10

5.11

5.12

A-l

A-2

A-a

A-4

A-5

A-6

A-7

Calculated V.M.I. and V.A.V.M. ground-state
pands for IllTe, 114Te and 116Te.

Typical slightly-deformed rotor spectrum for
even-even transitional Z<50 nuclei.

Excitation energy vs. J(J+l) for high-spin
states in llZTe, l"'Te and 11bTe.

Tot~l'y-ray coincidence spectrum from the
9lMo(l7Al,xnypza) reaction.

Relative singlet peak area differences vs.
centroid differences for the various
fitting pro~edures.

Correlation between relative area differences
for SANDRA and SAMPOMIN (global background).

Expanded ~hannels 730 to 820 of the spectrum
showing the SA~POMIN (internal background) fit •.

Expanded region of the spectrum showing the
SAMPOMIN (global. background) fit.

Expanded region of the spectrum showing the
SANDRA fit.

Expanded region of the spectrum with the SANDRA
fit and generator .groups shown.

xiii

185

186

191

".~

207

211

21a

215

217

218

--- ;...-'
.~



Chapter One - Introduction

Our understanding of nuclear structure is based on an

extensive body of experimental evidence,spanning a wtde range
I

of nuclear systems. con.:ainin g from two all the way up to

h~eds of nucleons. To a large extent the way in which we

classify these systems is determined by models which have

been formulated in attempts to explain observed behaviour.

The nuclei in the vicinity of Z=50 constitute an area of

which our experimentally-obtained knowledge has increased

substantially in recent years; in addition, they are examp-

lei> of nuclear systems which do 'not fit neatly into conve-

- nient classifications. They therefore provide interesting

tests of 'many aspects of nucl~ar structure physics.

A number of the neutron-deficient nuclei in this

region have been examined using in-be!!-m gammo.'-ray spectro-

scopy or mass-sep'ara ted 'isotope decay studies. High spin

states in 102Cd ' (ref. Tr82), 106,l08Sn (An~l,Au~O), l16-l22Te
" .. .

(Ch82,Va82) and 116,118Xe (Ja84,Ke84) have been st~died in-

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

while the masses and/or unusual decay properties of very

neutron~deticient nuclei such 106T 110Xe (Sc8l) andas e,

114Cs ( R080') have been deduced by means of on-line l1)ass

1

------~..--~~.



separa t ion and beta-., proton-, and alpha-decay spec troscopy

following H.I. r~actions s~ch as 58 Ni +.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. 100Sn.

Concerning the neutron-deficient A < 116 1e isotopes f

very little in the way of detailed nuclear structure infor-

rna tion was ~nown before this study. These nuclei, having

Z=52, lie just outside the Z=50 Sn closed proton shell and as

such are considered \ be "transitional", having neither

overtly collective defo~d structure nor purely spllerica1

characteristics. There are indications, looking at nuclei'in

the close vicinity, of competition between a number of the

elementary modes of excitation which give rise to nuclear

spectra, in this case single-particle shell model, vibra-

tional and rotational degrees of freedom. Firstly, low-lying

levels in nearby even Sn isotopes display 0+~2+-4+-6+ sequen

ces, the spacings of which have been i ntElrpreted as two

valence neutrons outside the closed proton shell, coupled

108with a short-range interaction (eg. Sn; An81). Positive-',

pari ty levels in 134Te exhibit similar beha~iour, .only in
"

this case the interpretation considers two protons outside a

Z=50, N=82 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 S~ony Brook group (eg. Sh79,82,Ga82), among others.

'.
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Secondly, the

J
1T =2+ d 4+ ,an exc~ted

ratios of the energies of the first

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

(A=112)" close to the value-- of 2.00 predicted by the simple

harmonic vibrational model. The presence of other members of

, h hI' 1 'h + ,l1S-130,t e two-p onon mu t~p et near t e 4 level Ln Te ~s

also indicative of the vibrational character of the low-lying

excited states.
,-

Finally, positive- and negative-pa.t;.ity level struc

tures in transitional Z < 50 Cd (Z=4S) and Pd (Z=46) nuclides

have been described (SiSO) as rotational bands built on zero

quasiparticle (0+ ground state) and two-quasiparticle 10+, 8

and 9 band-heads, leading to a slightly-deformed rotor

interpretation of these nuclei. 61=1 'level structures built
, +

on the previously-mentioned 9/2 states in odd-A nuclei have

\
been interpreted (He76) as strongly-coupled bands reSUlting

from a 199 / 2 quasi-proton, hole ,plus a rotor with prolate,

deformation. This evidence, as well as the discovery of

rotational ,bands a top two-part;icle two-hole (2p-2h)" excited

o+ states in the even Sn isotbpes with A ) 112'( Br79 ') 'led

inbands4p-2hsimilarforsearcl1to

Although no clear rotational structure was
"

seen, a possible explanation of the S+-12+ level spacings was, .' . .

advanced in terms of a prolate rotor. Certainly th'e

ChOWdhury et al.

116-122Te (ChS2).

1l6-128Xe isotopes, with two more protons (Z=54), display

rotational bands starting at the ground state and extending

..'
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up to observed angular momen ta lSt1 or so' (eg. Ja84. Ke84,

Ga84J. Venturing further into the 50<Z<S2 shell, Nolan et al.

132have followed a rotational band in Ce (Z=58) up to ,4211
.,

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

"
Within a collective framework the possibilities of d

and y vibrations in "soft" transitional nuclei fav9ur tile use

of a complete Boh~-Mottelson (BM69,75) description, of which

the harmonic vibrator is a specific case, or something along
.'

the lines of an interacting boson phenomenology (eg. I.B.A.;.

AI75a,b;Ar77), both of which take into account those degrees

,"

of freedom. A full, eltplanation of nuclei such as the Te

isotopes would then include quasiparticle eltci ta tions based

on shell-model orbitals as well, ,preferably coupled to the

collective core. Van Ruyven et al. (Va82) have characterized

h "d ,118 ,120'r b d b h 't e eltC1te stat,r 1n e 0 serve y t em up to sp1n

14 as either collective quadrupole (0+-2+-4+":, .. ) or tNO-

quasiparticle (eg.
,

eltcitations described by the

I.B.A.-2 (Ar77,Ot7Sa) and "broken-pair" (Va74) models respec-

tively, but no coupling between the modes was ~onsidered.

Nearly-spherical nuclei may form states of very higll

•angular momentum not by collective rotations about an altis

d ' " 132C b t bperpen 1cular to the symmetry alt1S, as seen 1n e, u y

lining up individual particle angular momenta parallel to a

symmetry altis (BM74). This single-particle alignment results.....
in irregular sequences of Y rays de-exci ting the high spin
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levels, and the possibility of long-lived states having high

angular momentum, i.e. "yrast traps".

I t is wi th the obj ec ti ve of extendi ng the under-

standing of transitional nuclei in the Z ) 50 region,

.especially thOse neutron-deficient isotopes of which little

was previously known, tha·t this study was undertaken. As

just outlined, the results must be considered within the

context of competitive m6de~ of nuclear excitation, particu-

larly since the observed level structures extend from the

ground states up to nearly 9 MeV in excitation energy.
,

elementary way wi th theor:e-

tical

Chapter Twd deals i~ an
\

means "of 'calculating nuclear state characteristic;:;

based on single"':partic1e,' v:ibrational, pairing-plus-quadru-,

.'pole, phenol}len'ological and rotational models.' Chapter Three

outlines the experimental methods, used for heavy"':ion reac-

tions knd in-beam ~-ray spectros60py. The characteristics of

H. I. fusion-evaporation' rea'ct~ons bear significantly on the

measurements"that have been made, to the exte'nt of deter-

mining which nuclei may·be reached and how ~ell they may be

studied. For example, the well-known tendency or the cas'-

cading" ,y rays to popula t'e states of the h.ighest angular

momentum at a given ~xcitation energy (the so-called "yraSt"

states) limi'ts the, observations to yrast or near-yt'ast

levels. ' Therefore experimen ta11y-determined properties of

H.I. reactions ,will be considered, as well .as ,tne procedures'

used to acquire~nd analyze the data. Experime~tal results



6

drawn f rom the, data for l1o Te , 114Te and 112Te are presented

in Chapter Four, along with a description of the H.I~

reac tion charac teristics deduced from el>ci ta tion func tions.

A discussion of the spectroscopic results in the light of

vario~s theoretical nuclear structure models follows. in

Chapter Five, at which point comparisons will also b~ drawn

-. b'etween the ll2.ll4.ll13·re nuclides under consideration, and

..
nuclei ?elonging to other transitional regions •

summarizes the present work.

Chapter·~ix

A description of the deconvolution program SANOltA,

developed to extract photopeak intensity and centroid infor-

mation from· many of the y-ray spe::tra. is given in the..
Appendix.
























































































































































































































































































































































































































































































































































































