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FOREWORD 

The A C S S Y M P O S I U M SERIES was founded in 1974 to provide a 
m e d i u m for publ ishing symposia q u i c k l y in book form. T h e 
format o f the Series parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y S E R I E S except that, in order to save t ime, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. (The papers in this book 
were prepared w i th a different text area, reference style, and 
format from those usually used in the A C S S Y M P O S I U M SERIES.) 
Papers are reviewed under the supervision o f the Edi tors wi th 
the assistance of the Series Adv i sory Board and are selected to 
mainta in the integrity o f the symposia ; however, verbat im 
reproductions o f previously publ ished papers are not accepted. 
B o t h reviews and reports o f research are acceptable, because 
symposia may embrace both types of presentation. 
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PREFACE 

THE F U N D A M E N T A L C O N S T I T U E N T S O F N U C L E I , protons and neutrons, and 
their interactions w i th each other and wi th particles o f their o w n k i n d 
within the atomic nucleus have been studied intensively for more than hal f 
a century. In attempts to understand and explain the structure o f the 
nucleus, scientists have borrowed proven concepts f rom atomic chemistry 
and physics and used these as points of departure. Thus , nuclei , extraordi 
nari ly smal l entities o f enormous density, have been characterized in terms 
of shells, as analogous to the periodicity o f atoms, and as having physical 
properties such as shape and surface tension. E lementary modes o f 
col lect ive excitat ion, rotations and vibrations, have been suggested as 
analogous to molecu lar systems. These concepts have served the nuclear 
scientist we l l ; l ike borrowed clothes, they tend to be fami l iar , economical , 
and we l l -worn . Unfortunately, these concepts do not fit nuclei quite as we l l 
as they fit their or ig inal owners. A major focus o f this book is the recent 
excit ing progress toward f inding a new set o f " c lo thes" for the nucleus. 

The symposium upon w h i c h this book is based was original ly planned 
as a t imely snapshot o f an interdiscipl inary field, one that has tradit ionally 
involved both chemists and physicists. M a n y see our discipl ine at a cr i t i ca l 
juncture; one path could lead to an excit ing future for a somewhat neglected 
discipl ine; the other could lead to lower expectations. The nuclear structure 
research communi ty as a whole looks toward an exc i t ing future and was 
anxious to gather together for a comprehensive presentation o f recent 
research. Usua l ly , a two-day symposium would have sufficed, but as word 
spread and interest grew, the sympos ium expanded to four and one-hal f 
days and numbered nearly one hundred presentations. Partic ipants agreed 
that a very high level o f excitement in nuclear structure research has been 
brought about by recent developments in both theory and experiment. 

In organiz ing this book, we decided to arrange presentations in four 
broad categories: Section I, M o t i v a t i o n for Further Explorat ion ; Section II, 
Exper imenta l Exp lorat ion of Current Issues; Section III, N e w Faci l i t ies and 
Techniques; and Section IV : Survey o f Current Research. Section I provides 
a r i ch but focused summary o f motivations for future work in the field. 
Revolut ionary advances in theory and sparkl ing achievements in exper i 
mentation describe the state o f nuclear structure research. The introduction 
o f symmetries and supersymmetries has encouraged experimenters to 
conf i rm some o f the new predictions that f low from boson models. 
Reexaminat ion o f the exist ing nuclear structure data base has brought to 
light s impl i fy ing correlations that in turn promise to improve our abil ity to 
accurately extrapolate nuclear parameters into regions not yet accessible to 
experimental exploration. In this regard, the region of neutron-rich isotopes 

x i i i 
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is especial ly signif icant because o f its importance to astrophysics and 
reactor technology. 

Section II provides an examinat ion o f the current status o f nuclear 
structure research and presents but a sample of the many exc i t ing and 
clever experiments underway or completed recently. F o u r topics are 
highl ighted: intruder states in nucle i , octupole modes in nucle i , h igh -sp in -
state investigations using heavy ions, and nuclear moments. This selection 
reflects the opinion of independent reviewers and our belief that these four 
areas provide a comprehensive set o f new data for testing new theories. In 
many instances, cr i t i ca l testing of new theories w i l l be possible only i f new 
facilities and techniques are forthcoming. 

Section III contains discussions o f major new fac i l i t i es—some under 
construction, some in intensive design stages, and some sti l l in the idea 
stage. These and other major facilities are cr i t ical to maintaining the rapid 
pace o f advancement in nuclear structure research and represent, for the 
most part, a history of mult inat ional part ic ipat ion. T h e coordination and 
phased development o f new faci l it ies avo id dupl icat ion of effort and 
enhance overal l productivity of the wor ldwide research community . Section 
III also looks at a selection o f new techniques and smal ler faci l it ies that 
prov ide a sample o f i m a g i n a t i v e approaches to current and future 
experiments. Three very different approaches to the study o f a part icular 
nucleus, 1 3 8 S m , are inc luded to illustrate the complementarity o f different 
facil ities and techniques in approaching the study o f specific cases. 

F i n a l l y , the ca l l for papers for the symposium provided us with a broad 
select ion o f very fine manuscr ipts . Unfor tunate ly , because o f space 
requirements we could publish in ful l only a portion of those presentations. 
Abstracts o f the other papers are included in Section I V . These papers can 
be obtained by wr i t ing to R i c h a r d A . M e y e r or D a e g S. Brenner. 

M a n y indiv iduals contributed to the success of the symposium upon 
w h i c h this book is based. W e especially thank R i c h a r d W . Hoff , C h a i r , and 
Joseph R. Peterson, Treasurer , o f the D i v i s i o n o f N u c l e a r C h e m i s t r y and 
Technology o f the A m e r i c a n C h e m i c a l Society for their valuable assistance 
and trouble-shooting. W e also gratefully acknowledge f inancia l support 
from the Nat i ona l Science Foundat ion , the D iv i s i on o f Nuc lear Chemistry 
and Technology , and A p t e c Nuc lear , Inc., in presenting the symposium. 
T h e i r support enhanced signif icantly the quality and scope of the s y m 
posium. 

RICHARD A. MEYER 
Division of Nuclear Chemistry 
Lawrence Livermore National Laboratory 
Livermore, C A 94550 

August 25, 1986 

DAEG S. BRENNER 
Office of Academic Affairs 
Clark University 
950 Main Street 
Worcester, M A 01610 
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INTRODUCTION 
By Richard A. Meyer and Daeg S. Brenner 

^N^UCH R E S E A R C H O N N U C L E A R S T R U C T U R E and dynamics in recent years 
has investigated the behavior of nuclear matter under extreme conditions. 
F o r example , the study of rapid ly rotating nucle i has led to a s imple 
understanding of how a nucleus adjusts its structure in order to carry h igh 
angular momentum. B y examining the deexcitation process, scientists have 
gained detailed knowledge o f shape changes that accompany a loss o f 
excitation energy. Another way o f stressing nucle i is to produce them in 
such a way as to create an unstable imbalance invo lv ing constituent protons 
and neutrons. Studies o f decay processes of these far- from-stabi l i ty nuclides 
have revealed important subtleties in nuclear structure. " In t ruder " states, 
nuclear configurations that arise from an exchange of particles (holes) wi th 
an adjacent shell or subshell , are one such discovery. T h e coexistence o f 
normal and intruder states implies a coexistence of different shapes within 
a given nucleus. 

F o r many years researchers have k n o w n that nuclei can be excited into 
vibrational modes of motion that are not reflection symmetric. The simplest 
o f these asymmetric modes, the octupole v ibrat ion , has been charted 
extensively. O n l y recently, however, has new evidence suggested that some 
nuclei have reflection asymmetric , or pear-shaped, ground-state conf igura
tions. A l though there is disagreement as to whether these nuclei are pear-
shaped or p impled , it is becoming clear that a more detailed mapping of the 
nuclear surface is necessary to explain both the spectroscopic properties and 
the masses of heavy elements. 

The field of nuclear structure and dynamics has developed for pract ical 
as we l l as esoteric reasons. T w o o f our most important customers for 
nuclear knowledge, nuclear engineers and astrophysicists, have longstand
ing interests in nuclear data and suggestions for nuclear spectroscopists. O n 
the pract ical side, we often study properties o f nuclides of particular interest 
to the nuclear power industry. Unfortunately , our way of studying these 
nuclei does not often lead to results useful to scientists concerned w i th 
improv ing our knowledge of the reactor source term, w h i c h predicts the 
buildup of heat in a reactor fo l lowing a loss-of-coolant accident. 

Astrophysicists are also av id customers for nuclear information and 
theories. Ca l cu la t i ons o f e lemental abundances resulting from r-process 
nucleosynthesis and related mechanisms depend on the systematics o f 

xv 
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nuclear properties. Nuc l ear properties such as masses, hal f - l ives , and 
delayed neutron emission probabil it ies affect these predictions in c o m p l i 
cated ways. In the absence of data very far from stability, models are used 
to extrapolate relevant parameters. This uncomfortable situation wou ld be 
eased i f more data were available for neutron-rich nuclides. Thus, we have 
two very important reasons—one cosmic, one pract ica l—to pursue studies 
of nuclear properties to the frontier of spontaneous nuclear disintegration. 

In our opinion, however, the overriding reasons for renewed excitement 
in the nuclear structure community are the successes in theory arising from 
formulations of nuclear interactions in terms of pairs o f interacting bosons, 
or, in the case of o d d - A nuc le i , boson- fermion interactions. These new 
approaches to understanding and c a l c u l a t i n g nuc lear structures and 
behavior have borrowed the concepts o f symmetry from high-energy 
physics and from crystallography. A l though these algebraic models provide 
less o f a sense of the tangible than older geometric models, they have two 
very important advantages: they are readily employed by experimenters as 
wel l as theorists, and they can be applied to regions o f shape transition in 
a natural way. The second advantage is extremely important because the 
interacting boson model ( I B M ) is the only model o f nuclear structure that 
provides a g lobal formal ism for calculat ing nuclear structure. The c o m p u 
tat ional successes o f the mode l have stimulated a reexamination o f the 
systematic patterns o f nuclear structure. E x a m i n a t i o n of the trends o f a 
variety of nuclear data as a function o f the product o f the number o f 
valence neutrons and protons appears to provide an improved framework 
for rel iable extrapolat ion o f nuclear properties into regions far f rom 
stability. 

F i n a l l y , because models such as the I B M consider only valence 
partic les—those beyond the nearest closed shell or, in some instances, 
subshel l—researchers are interested in m a p p i n g , exper imenta l ly , the 
locations of shells and subshells into regions far from stability. A n improved 
knowledge o f shell and subshell gaps at the extremes of nuclear stability 
w i l l provide important benchmarks for testing nuclear models. 

xv i 
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1 
Supersymmetry in Nuclei 
Recent Developments 

F. Iachello 
A. W. Wright Nuclear Structure Laboratory, Yale University, New Haven, CT 06511 

Recent developments in applications of supersymmetry to the 
study of complex spectra are discussed. In particular, extensions 
of supersymmetry to nuclei with an odd number of protons and 
neutrons are presented. 

1.Introduction 
Since its introduction in nuclear physics in 1980 [IAC80], 

supersymmetry has been extensively used to describe properties of 
complex nuclei [BAL81a,BAL81b,BAL83,SUN83a,SUN83b,CAS84,IAC85]. 
In its original formulation, supersymmetry was used to link 
properties of nuclei with an even number of protons and neutrons 
(even-even nuclei) with those of nuclei with an odd number of 
protons and an even number of neutrons (odd-even nuclei) or 
viceversa (even-odd nuclei). This formulation was based on a 
description of properties of nuclei in terms of a set of collec
tive variables (bosonic in nature) and a set of single particle 
variables (fermionic in nature). In treating the collective vari
ables, no distinction was made between protons and neutrons 
(interacting boson model-1). It has been recognized since, that 
the proton-neutron degree of freedom plays an important role in 
the description of some properties of nuclei and thus i t must be 
explicit ly introduced (interacting boson model-2). In addition to 
providing a better understanding of the properties previously 
described, the introduction of the proton-neutron degree of 
freedom leads to the possibility of describing properties of 
nuclei with an odd number of protons and neutrons (odd-odd 
nuclei). In this lecture, I wi l l discuss some properties of odd-
odd nuclei as obtained from supersymmetry. 

0097-6156/ 86/ 0324-0002S06.00/ 0 
© 1986 American Chemical Society 
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1. I A C H E L L O Supersymmetry in Nuclei 3 

2.The m o d e l 
I n t h e i n t e r a c t i n g b o s o n m o d e l - 2 , l o w l y i n g c o l l e c t i v e 

s t a t e s o f n u c l e i a r e d e s c r i b e d i n t e r m s o f 12 d y n a m i c a l b o s o n s 
[ARI77,OTS78 ] , s i x p r o t o n and s i x n e u t r o n b o s o n s . The s i x p r o t o n 
and n e u t r o n b o s o n s h a v e a n g u l a r momentum J=0 ( s - b o s o n ) a n d J=2 
( d - b o s o n ) . I t i s c o n v e n i e n t t o i n t r o d u c e c r e a t i o n ( d ̂  *, s * ) 
(μ=±2,±1,0) a n d a n n i h i l a t i o n ( d y , s ) o p e r a t o r s . When p r o t o n (π) 
and n e u t r o n ( ν ) d e g r e e s o f f r e e d o m a r e a d d e d , t h e c r e a t i o n and 
a n n i h i l a t i o n o p e r a t o r s a s s u m e an e x t r a l a b e l ( π , ν ) , d^ s _ * , 
^ν,μ^' s v ^ * F o r s a k e o f s i m p l i c i t y , I s h a l l d e n o t e t h e 12 o p e r a 
t o r s by t > a p

t , w h e r e α = 1,...,6; ρ=ττ,ν. The c o r r e s p o n d i n g a n n i h i l a 
t i o n o p e r a t o r s w i l l be d e n o t e d by b a p . The t w o - d i m e n s i o n a l v a r i 
a b l e ρ i s c a l l e d F - s p i n . I t i s w o r t h w h i l e n o t i n g t h a t t h e p r o t o n 
and n e u t r o n b o s o n s c o r r e s p o n d t o c o r r e l a t e d p a i r s o f p r o t o n s and 
n e u t r o n s . T h u s , f o r e a c h n u c l e u s , t h e i r number i s f i x e d t o t h e 
number Ν π ( Ν ν ) o f p r o t o n ( n e u t r o n ) p a i r s o u t s i d e t h e m a j o r c l o s e d 
s h e l l s . When o n l y c o l l e c t i v e d e g r e e s o f f r e e d o m a r e c o n s i d e r e d , 
t h e H a m i l t o n i a n i s b u i l t o u t o f t h e 36+36 g e n e r a t o r s o f t h e g r o u p 
ϋ π

( Β ) ( 6 ) ® U V
( B ) ( 6 ) , 

( B ) 
J a ρ , α 1 ρ ~ u ap u a ' p G „ n Λ · ft - b1" b„ , _ ( 1 ) 

and i s g i v e n by 

(Β) ( B ) Χ (ρ) (Β) 
Η = Ε + L ε G 

0 α,α',ρ α,α' αρ,α'ρ 

2 α , α ' , β , β ' , ρ , τ α,α',β,Β' αρ,βρ α'τ,β'τ 

(ρ,τ) (Β) (Β) 
u G G (2) 

I n t h i s e q u a t i o n , E ^ B ^ 0 i s a s s u m e d t o be i n v a r i a n t u n d e r υ" π^ Β^(6)< 

U V
( B ) ( 6 ) . 
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4 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

I n a d d i t i o n t o c o l l e c t i v e d e g r e e s o f f r e e d o m , one h a s a l s o 
s i n g l e p a r t i c l e d e g r e e s o f f r e e d o m . T h e s e a r e t h e u n p a i r e d p a r 
t i c l e s . The u n p a i r e d p a r t i c l e s a r e f e r m i o n s o c c u p y i n g s i n g l e p a r 
t i c l e l e v e l s . The d e g e n e r a c y o f a s i n g l e p a r t i c l e l e v e l w i t h 
a n g u l a r momentum j i s (2j+1). I f t h e u n p a i r e d p a r t i c l e c a n o c c u p y 
s e v e r a l s i n g l e p a r t i c l e l e v e l s , t h e t o t a l d e g e n e r a c y i s Ω 
^ i ( 2 j i + 1 ) . I t i s c o n v e n i e n t a l s o h e r e t o i n t r o d u c e c r e a t i o n and 
a n n i h i l a t i o n o p e r a t o r s f o r f e r m i o n s , a ^ i (ί=1,...,Ω), a . I f t h e 
p r o t o n - n e u t r o n d e g r e e o f f r e e d o m i s c o n s i d e r e d , t h e c r e a t i o n and 
a n n i h i l a t i o n o p e r a t o r s a c q u i r e an e x t r a l a b e l , a ^ i r 
( i = 1 ,...,Ω ; r = 1 , 2 ) . T h e e x t r a l a b e l i s t h e i s o s p i n l a b e l w h i c h d i s 
t i n g u i s h e s p r o t o n s f r o m n e u t r o n s . The H a m i l t o n i a n d e s c r i b i n g t h e 

2 2 

f e r m i o n s c a n be w r i t t e n i n t e r m s o f t h e Ω + Ω g e n e r a t o r s o f 
υ π

( Π ( Ω ) β υ ν
( Γ ) ( Ω ) , 

( F ) 
G = a f

i r i a, f n ( 3 ) i r a i 1 r 
Ι Γ , Γ Γ 

and i s g i v e n by 

Λ 
0 i , i ' , r i i ' i r , i ' r 

( F ) ( F ) X ( r ) ( r ) 
H = Ε + -̂ ε G 

( r , t ) ( F ) ( F ) 
ν G G ( i i ) 

2 i , i 1 , k , k 1 , r , t i i ' k k 1 i r , k r i · t , k 1 t 

The q u a n t i t y E Q i s a s s u m e d t o be i n v a r i a n t u n d e r ; ( Ω ) ® 
( F ) 

U v ' ( Ω ) . S t a t e s i n e a c h n u c l e u s c a n t h u s be c h a r a c t e r i z a e d by 
t h e number o f u n p a i r e d f e r m i o n s t h e y c o n t a i n . T h i s number w i l l be 
d e n o t e d by M ̂  f o r p r o t o n s and M v f o r n e u t r o n s . 

F i n a l l y , one h a s an i n t e r a c t i o n b e t w e e n p r o t o n s a n d 
n e u t r o n s . T h i s i n t e r a c t i o n i s w r i t t e n as 
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1. I A C H E L L O Supersymmetry in Nuclei 5 

( B F ) Υ (ρ,r) ( B ) ( F ) 
V = L w G G ( 5 ) 

α , α 1 , i , i 1 , ρ , r α α ' ϋ ' αρ,α'ρ i r , i ' r 

The a l g e b r a i c s t r u c t u r e o f t h e t o t a l H a m i l t o n i a n 

Η . H < B > + H < F > + V < B F > (6) 

i s t h e n t h a t o f υ π
( Β ) ( 6 ) 0 U V

( B ) ( 6 ) Θ ϋ π
( Ρ ) ( Ω ) Θ U v

( F ) ( f i ) 

3.Symmetr i e s 
I n g e n e r a l , t h e e i g e n v a l u e s o f H, E q . ( 6 ) , must be f o u n d 

n u m e r i c a l l y . T h i s i s a v e r y d i f f i c u l t p r o b l e m , s i n c e t h e i n t r o 
d u c t i o n o f t h e p r o t o n - n e u t r o n d e g r e e o f f r e e d o m p r o d u c e s many 
s t a t e s . F o r a medium mass and h e a v y n u c l e u s , t h e s i z e o f t h e 
m a t r i c e s t o d i a g o n a l i z e e x c e e d s t h e c a p a b i l i t i e s o f p r e s e n t - d a y 
c o m p u t e r s . The u s e ο* s y m m e t r i e s i s t h u s c r u c i a l i n u n d e r s t a n d i n g 
t h e s t r u c t u r e o f t h e s e n u c l e i . S i n c e t h e g r o u p s t r u c t u r e o f 
E q.(6) i s r a t h e r r i c h , s y m m e t r i e s c a n be u s e d h e r e i n a v a r i e t y 
o f w a y s . I w i l l c o n c e n t r a t e my a t t e n t i o n i n what f o l l o w s t o o d d -
odd n u c l e i . A p p l i c a t i o n s t o e v e n - e v e n n u c l e i h a v e b e e n p r e s e n t e d 
e l s e w h e r e [ B A L 8 1 a , B A L 8 1 b , B A L 8 3,SUN8 3 a ,SUN83b]. 

The i d e a t h a t s y m m e t r i e s may be o f p r a c t i c a l u s e i n o d d - o d d 
n u c l e i was i n t r o d u c e d by H u b s c h , P a a r a n d V r e t n a r [ H U B 8 5 ] a n d by 
v a n I s a c k e r , J o l i e , H e y d e and F r a n k [ V A N 8 5 ] . The f i r s t c l a s s o f 
s y m m e t r i e s I want t o d i s c u s s i s what h a s b e e n c a l l e d B o s e - F e r m i 
( o r s p i n o r ) s y m m e t r i e s [ IAC81 , B I J 8 * J , B I J 8 5 ] . C o n s i d e r t h e c a s e i n 
w h i c h a l l d e g r e e s o f f r e e d o m h a v e a common d y n a m i c s y m m e t r y , f o r 
e x a m p l e SU(*O=0(6). T h e n , t h e v a r i o u s g r o u p s a p p e a r i n g i n t h e 
g r o u p c h a i n o r i g i n a t i n g f r o m υ " π

( Β ) ( 6 ) © U V
( B ) ( 6 ) 0 υ π

( Ρ ) ( Ω ) 0 

U v
v '(Ω) c a n be c o m b i n e d t o g e t h e r . W r i t i n g t h e H a m i l t o n i a n i n 

t e r m s o f C a s i m i r i n v a r i a n t s o f t h e c o m b i n e d g r o u p s , l e a d s t o mass 
o r e n e r g y f o r m u l a s . 
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6 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

E x a m p l e 1 

An e x a m p l e i s p r o v i d e d by t h e g r o u p c h a i n 

ϋ π
( Β ) ( 6 ) ® U V

( B ) ( 6 ) 0 υ π
( Γ ) ( Ό 0 U V

( F ) ( O 3 

ο π
( Β ) ( 6 ) ο o v

( B ) ( 6 ) o su/^eo 0 syv

(F)(JO=> 

0 π + ν
( Β ) ( 6 ) Θ 3υ π + ν

( ρ , ) ( 4 ) 3 S U ( B + F ) ( M 3 

S p ( B + F) ^ S U ( B + F ( 2 ) 3 0(2) (7) 

I n t h i s e x a m p l e a s i n t h e d i s c u s s i o n o f t h e p r e v i o u s s e c t i o n , i t 
h a s b e e n a s s u m e d t h a t t h e d i m e n s i o n s Ω o f t h e f e r m i o n i c s p a c e s 
f o r p r o t o n s a n d n e u t r o n s a r e i d e n t i c a l , Ω π = Ω ν = Μ . A somewhat more 
e l a b o r a t e c a s e i s t h a t i n w h i c h t h i s c o n d i t i o n i s n o t met a n d one 
must c o n s i d e r d i f f e r e n t d i m e n s i o n s , Ω π , Ω ν , w i t h c o r r e s p o n d i n g 
g r o u p s t r u c t u r e ϋ π

( Β ) ( 6 ) 0 U V
( B ) ( 6 ) 0 υ π

( Γ ) ( Ω π ) 0 ϋ ν
( Ρ ) ( Ω ν ) . 

E x a m p l e 2 

As an e x a m p l e o f t h i s s i t u a t i o n , c o n s i d e r 

υ^β)(6) 0 U V
( B ) ( 6 ) 0 υ π

( Γ ) ( 4 ) 0 U V
( F ) ( 1 2 ) 3 

ϋ π
( Β ) ( 6 ) 0 U V

( B ) ( 6 ) 0 υ π
( Ρ ) ( Ό 0 U V

( F ) ( 6 ) 0 S U S v
( F ) ( 2 ) 3 

0 π
( Β ) ( 6 ) 0 0 V

( B ) ( 6 ) 0 S U / ^ C O 0 S U V
( F ) ( M ) 0 S U S v

( F ) ( 2 ) 3 

<>ir + v ( B ) ( 6 ) ® δ ϋ π + ν
( Γ ) ( ϋ > ® S U S v

( F ) ( 2 ) => 

S U ( B + F ) ( 4 ) 0 S U S ^ ( F ) ( 2 ) 3 S p ( B + F ) ( * 0 0 S U S v
( F ) ( 2 ) 3 

S U ( B + F ) ( 2 ) φ S U S v
( F ) ( 2 ) 3 SU(2) 3 0(2) (8) 
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1. I A C H E L L O Supersymmetry in Nuclei 7 

T h i s p a r t i c u l a r c h a i n c o u l d be a p p l i e d t o t h e o d d - o d d n u c l e i i n 
t h e O s - I r - P t - A u r e g i o n . I n t h i s r e g i o n , t h e e v e n - e v e n n u c l e i h a v e 
b e e n d e s c r i b e d by an 0 ^ B ^ ( 6 ) c h a i n , t h e o d d - p r o t o n n u c l e i by an 
S U ^ ^ C D c h a i n [ BAL81 a , BAL81 b ] a n d t h e o d d - n e u t r o n n u c l e i by an 
S U V

( F ) ( 6 ) φ S U S v
( F ) ( 2 ) c h a i n [ B A L 8 3 , S U N 8 3 a , S U N 8 3 b ] . C o m b i n i n g 

t h e s e c h a i n s t o g e t h e r , one c a n make p r e d i c t i o n s a b o u t t h e s t r u c 
t u r e o f t h e o d d - o d d n u c l e i i n t h i s r e g i o n [VAN85 ] . 

^ . S u p e r s y m m e t r i e s 
I n t h e same way i n w h i c h one p r o c e e d s t o e n l a r g e t h e 

s y m m e t r y f r o m a B o s e - F e r m i s y m m e t r y t o s u p e r s y m m e t r y i n t h e c a s e 
i n w h i c h no d i s t i n c t i o n i s made b e t w e e n p r o t o n a n d n e u t r o n 
d e g r e e s o f f r e e d o m , one may c o n s i d e r h e r e a s w e l l more e l a b o r a t e 
s i t u a t i o n s . The s i m p l e s t o f t h e s e s i t u a t i o n s i s t h a t i n w h i c h 
p r o t o n b o s o n s a nd p r o t o n f e r m i o n s ( a n d n e u t r o n b o s o n s a n d n e u t r o n 
f e r m i o n s ) a r e c o m b i n e d t o g e t h e r i n t o a r e p r e s e n t a t i o n o f a s u p e r 
g r o u p . I f we d e n o t e by υ π ( 6 / Ω ) and U v ( 6 / f i ) t h e a p p r o p r i a t e s u p e r 
g r o u p s , we c a n t h e n d i s c u s s s t a t e s i n t e r m s o f r e p r e s e n t a t i o n s o f 
υ π ( 6 / Ω ) φ U v ( 6 / f l ) . The c o r r e s p o n d i n g a l g e b r a s a r e g e n e r a t e d by 
t h e o p e r a t o r s 

° ( Β ) α ρ , α · ρ " b t a p b a ' p · Ρ = π ' ν 

( F ) t 
G i r , i ' r - a i r a i ' r · r = π,ν 

= b1" a i l r , ( p = r ) =π, ν ( 9 ) 

F i r , a p - a + i r b a p • ( p - r > - i r | V 

The r e p r e s e n t a t i o n s o f ϋ π ( 6 / Ω ) a n d υ" ν(6/Ω) t h a t a p p e a r a r e t h e 
t o t a l l y s u p e r s y m m e t r i c r e p r e s e n t a t i o n s ί^πΐ a n d ^ v ) , c h a r 
a c t e r i z e d by t h e Y o u n g s u p e r t a b l e a u x 
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8 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

M - b o x e s 
CM) 0 0 . . . 0 

( 1 0 ) 

One c a n t h e c o n s i d e r t h e d e c o m p o s i t i o n 

υ π ( 6 / Ω ) Θ υ ν ( 6 / Ω ) 3 U π + ν (6/Ω) ( 1 1 ) 

C o n t r a r y t o t h e c a s e i n w h i c h no d i s t i n c t i o n i s made b e t w e e n 
p r o t o n s and n e u t r o n s , when one c o n s i d e r s t h e K r o n e c k e r p r o d u c t o f 
two s u p e r s y m m e t r i c r e p r e s e n t a t i o n s , one o b t a i n s r e p r e s e n t a t i o n s 
o f υ(6/Ω) w h i c h a r e no l o n g e r t o t a l l y s u p e r s y m m e t r i c . R u l e s f o r 
t a k i n g K r o n e c k e r p r o d u c t s o f r e p r e s e n t a t i o n s o f s u p e r g r o u p s a r e 
d i s c u s s e d by B a r s [ B A L 8 1 c , B A L 8 1 d , B A L 8 2 , B A R 8 5 ] . They a r e s i m i l a r 
t o t h o s e w h i c h a p p l y t o K r o n e c k e r p r o d u c t s o f r e p r e s e n t a t i o n s o f 
n o r m a l L i e g r o u p s . F o r e x a m p l e , 

M o r e d e t a i l s a r e g i v e n i n [BAR8 5 ] . I n a s p e c i f i c s u p e r m u l t i p l e t 

0 0 0 = 0 0 0 0 

0 

( 1 2 ) 

t h e n u m b e r s Νπ and Wv a r e g i v e n by 

+ M π 

(13) 

w h e r e Ν
π ( ^ ν ) ι Μ

π ( Μ
ν ) a r e t n e n u m b e r s o f p r o t o n ( n e u t r o n ) p a i r s 

and u n p a i r e d nucléons r e s p e c t i v e l y . 

E x a m p l e 1 

As a s p e c i f i c - e x a m p l e , we c a n c o n s i d e r t h e c a s e 
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1. I A C H E L L O Supersymmetry in Nuclei 9 

υ π ( 6 / 4 ) ® U v ( 6 / 4 ) 3 U(6/4) D U ^ b ; ( 6 ) © U ^ ; ( 4 ) ; 3 

0 ( B ) ( 6 ) 0 S U ( F ) ( 4 ) 3 S p i n ( 6 ) 3 

S p i n ( 5 ) 3 S p i n ( 3 ) 3 S p i n ( 2 ) (14) 

As i n E q . ( 6 ) , t h i s e x a m p l e r e l i e s on t h e f a c t t h a t t h e d i m e n s i o n s 
o f t h e f e r m i o n i c s p a c e s (Ω) f o r p r o t o n s a n d n e u t r o n s a r e i d e n t i 
c a l , Ω π = Ω ν=4. A more e l a b o r a t e c a s e i s t h a t i n w h i c h t h e d i m e n 
s i o n o f t h e f e r m i o n i c s p a c e f o r p r o t o n s i s d i f f e r e n t f r o m t h a t 
f o r n e u t r o n s . The d e c o m p o s i t i o n Εq.(11 ) i s no l o n g e r p o s s i b l e and 
one must c o n s i d e r e a c h s y s t e m ( p r o t o n s and n e u t r o n s ) s e p a r a t e l y . 

E x a m p l e 2 

An e x a m p l e o f t h i s s i t u a t i o n i s 

ϋ π ( 6 Μ ) © U v ( 6/1 2) 3 

υ π
( Β ) ( 6 ) © υ π

( Γ ) ( 4 ) © U V
( B ) ( 6 ) © U v

( F ) ( 1 2 ) 3 

υ π
( Β ) ( 6 ) © U 1 T

( F ) ( 4 ) © U V
( B ) ( 6 ) © U V

( F ) ( 6 ) © S U S v
( F ) ( 2 ) 3 

0 π
( Β ) ( 6 ) © 3 υ π

( Γ ) ( 4 ) © 0 V
( B ) ( 6 ) © S U V

( F ) ( 4 ) ® S U S v
( F ) ( 2 ) 3 

0(6) © SU(4) © S U S v
( F ) ( 2 ) 3 

S p i n ( 6 ) © S U S v
( F ) ( 2 ) ^ S p i n ( 5 ) © S U S v

( F ) ( 2 ) ^ 

S p i n ( 3 ) 0 S U S v
( F ) ( 2 ) 3 SU(2) 3 0(2) (15) 

T h i s c a s e c o v e r s t h a t d i s c u s s e d i n t h e E x a m p l e 2 o f t h e p r e v i o u s 
s e c t i o n . W h i l e t h e e x a m p l e 1 c a n h a r d l y be f o u n d i n p r a c t i c e , 
s i n c e i t r a r e l y o c c u r s i n h e a v y n u c l e i t h a t p r o t o n s a n d n e u t r o n s 
o c c u p y t h e same s i n g l e p a r t i c l e o r b i t a l s , t h e e x a m p l e d i s c u s s e d 
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10 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

h e r e may be o b t a i b e d i n r e a l i s t i c s i t u a t i o n s . The o c c u r r e n c e o f a 
s u p e r s y m m e t r y w i l l m a n i f e s t i t s e l f a s a p a r t i c u l a r r e l a t i o n s h i p 
b e t w e e n t h e p r o p e r t i e s o f e v e n - e v e n , e v e n - o d d , o d d - e v e n a n d o d d -
odd n u c l e i . F o r e x a m p l e , t h e n u c l e i 

1 92 

78 114 
P t Ν π = 2, N v = 6, M v = 0 

193 

79 114 
Au Ν π = 1 , N v=6, Μ π = 1 , Μ ν = 0 

193 

78 115 
P t Ν π = 2 , Ν ν = 5 , Μ π = 0 , Μ ν - 1 

194 

79 115 
Au Ν π = 1 , Ν ν = 5 , Μ π = 1 , Μ ν = 1 ( 1 6 ) 

w i l l a l l b e l o n g t o t h e same s u p e r m u l t i p l e t [ 2 } 0 [ 6 } w i t h Wïï = 2, 
Wv = 6. The e x p e r i m e n t a l s p e c t r u m o f 1 ^ A u i s n o t s u f f i c i e n t l y w e l l 
known t o be a b l e t o c o n c l u d e w h e t h e r o r n o t t h e s u p e r s y m m e t r y 
a p p l i e s . Van I s a c k e r e t a l [VAN85 ] h a v e a p p l i e d a v a r i a t i o n o f 
t h e c h a i n E q . ( 1 5 ) t o t h e n u c l e i 

1 96 

78 118 
P t Ν π = 2 , N v=4, Μ π = 0 , M v=0 

197 
Au 

79 118 
Ν π = 1 , N v=4, Μ π - 1 , Μ ν = 0 
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1. I A C H E L L O Supersymmetry in Nuclei 11 

197 
P t Ν π = 2 , N v=3, Μ π = 0 , M v-1 

78 119 

198 
Au 

79 119 
Νττ = 1 · N v = 3, Μ π - 1 , Μ ν - 1 ( 1 7 ) 

c o n s i d e r e d a s members o f t h e s u p e r m u l t i p l e t [ 2} © [ 4 } . On t h e 
b a s i s o f t h e i r a n a l y s i s , one e x p e c t s t h e s i t u a t i o n shown i n F i g . 1 

F i g u r e 1. The s p e c t r u m o f 1 9 ° A u , a s p r e d i c t e d by t h e υ * π ( 6 Μ ) 
© U v ( 6 / 1 2 ) s u p e r s y m m e t r y [ V A N 8 5 ] . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

00
1



12 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

f o r t h e s p e c t r u m o f t h e o d d - o d d n u c l e u s 1 ^ A u . j t w o u l d be i n t e r 
e s t i n g t o s e e t o wha t e x t e n t t h i s s i t u a t i o n i s met i n p r a c t i c e . 

5 . C o n c l u s i o n s 
The c o n c e p t o f s u p e r s y m m e t r y i n n u c l e i h a s b e e n e x t e n d e d i n 

t h e l a s t y e a r t o i n c l u d e t h e p r o t o n - n e u t r o n d e g r e e o f f r e e d o m 
[HUB85,VAN85 ] . W i t h t h i s e x t e n s i o n , i t be c o m e s p o s s i b l e now t o 
p r e d i c t p r p e r t i e s o f o d d - o d d n u c l e i . T h u s , i n a d d i t i o n t o p r o v i d 
i n g t h e f i r s t e x p e r i m e n t a l e x a m p l e o f s u p e r s y m m e t r y i n p h y s i c s 
[ C A S 8 4 , 1 A C 8 5 ] , t h i s c o n c e p t a p p e a r s now t o be a b l e t o make 
p r e d i c t i o n s f o r y e t unknown q u a n t i t i e s . The e x p e r i m e n t a l d e t e r 
m i n a t i o n o f t h e p r e d i c t e d s p e c t r a w i l l i n d i c a t e t o wha t e x t e n t 
s u p e r s y m m e t r y i s u s e f u l i n n u c l e a r p h y s i c s . 
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2 
Boson-Fermion Symmetries and Dynamical Supersymmetries 
for Odd-Odd Nuclei 

A. B. Balantekin1, T. Hübsch2, and V. Paar3 

1Oak Ridge National Laboratory, Oak Ridge, TN 37831 
2University of Maryland, College Park, MD 20742 
3Prirodoslovno-matematicki fakultet, University of Zagreb, 41000 Zagreb, Yugoslavia 

The concept of boson-fermion symmetries and supersymmetries is 
applied to odd-odd nuclei. 

The approach to even-even and odd-even nuclei based on nuclear 
symmetries in IBM/IBFM has received much attention in recent years [ARI76, 
ARI78, ARI79,BAL81,BAL83,IAC79,IAC80]. 

In this report we discuss the extension of this concept to odd-odd 
nuclei. Odd-odd nuclei provide richer and more complex structure, and the 
residual proton-neutron interaction appears explicitly in the boson-fermion 
interaction. 

Odd-odd nuclei are described as mixed system of bosons and fermions 
(proton and neutron) by the Hamiltonian 

H = HB + HF + VBF (1) 
Here, HB is identical to the IBM Hamiltonian, HF includes one-fermion 
and fermion-fermion interaction terms and VBF is the boson-fermion inte-
raction. The computer code for diagonalizing Hamiltonian (1) for odd-odd 
nuclei has been recently written [VRE84]. As a residual proton-neutron 
force the surface delta-, spin- and tensor-interaction were included. Com
putations have been performed for some particular cases [BRA84,VRE84,PAA84, 
PAA85,MEY85]. 

Particularly, the Hamiltonian (1) was diagonalized in the case of a 
proton particle j p and a neutron particle j n coupled to the SU(3) core. 
The computed energy pattern exhibits two regular low-lying bands based on 
the states of angular momenta J = j + j n and J = I J p " Jnl [PAA84,PAA85, 
PAA85a ]. In comparison to the rotational model, these two bands are the 
truncated analogs of the Gallagher-Moszkowski bands based on the Nilsson 

0097-6156/ 86/0324-0014$06.00/ 0 
© 1986 American Chemical Society 
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2. B A L A N T E K I N E T A L . Boson-Fermion Symmetries 15 

states Ω =j , Ω η = ί η [PAA84] . i t was shewn ]PAA85aJ that the wave functions 
of the p Ρ states of J=j +j band can be brought to the form of 
the approximate SUSY wave function ^ of the analogs of Ni Is son states 
i n odd-A nuclei ^UN84].The energies of t h i s band follow the J(J+1) energy 
rule, with the same moment of i n e r t i a as for the boson core. 

The band structure i n odd-odd nuclei has been also explored i n the 
case of 0(6) boson core [BRA84] . 

Here we discuss the boson-fermion system for odd-odd nuclei using 
the concept of dynamical symmetry and supersymmetry. The dimension of the 
fermionic subspace i s η=η π+ n v , where η π(η ν) i s the t o t a l number of compo
nents of the angular momenta of the unpaired protons (neutrons). One can 
construct the (η π+ n v ) 2 generators of the group υρ(η π+ n v ) , where the sub
s c r i p t F reminds that a fermionic r e a l i z a t i o n i s employed. In general, 
the group structure of the Hamiltonian i s 

U B(6) χ υ ρ(η π+ n v) (2) 

There i s a second, alternative approach. One could assume that the 
unpaired neutron and the unpaired proton form a quasibound state. The t o t a l 
number of components of the angular momenta of t h i s quasi-bound state i s 
given by n^n^. Then we introduce a pair of new bosonic creation and annihila
t i o n operators associated with each l e v e l of t h i s subsystem, c j ,Cj, I,J = 
1,2,... , η ^ . The (η πη ν) operators G-J-J = c j Cj constitute a bosonic r e a l i z a 
t i o n of the U i n ^ ) algebra. The group structure of the corresponding Hamilto
nian i s 

1^(6) χ U F ( n A ) ) (3) 

where the appropriate representation of U ^ r i y ) i s the fundamental repre
sentation (1,0,0,...,0). 

To find a n a l y t i c a l solutions to the eigenvalue problem of either 
Hamiltonian, associated with (2) or (3), the key idea i s the use of the isom
orphisms between groups i n the two chains, one starting with Ug(6) and the 
other one starting with either U F O ^ + I ^ ) or UfO^n^). (This idea i s along 
the l i r e of approach to boson-fermion symmetries for odd-even nuclei, which 
was introduced i n réf. [IAC80] r ) Groups obtained by joining two chains 
transform simultaneously bosons into bosons and fermions into fermions. 

Some special solutions associated with the group structure (3) have 
been studied by two of us [HUB84, PAA85,HUB85a] . 

In the recent work [BAL85] we give a detailed study of various l e v e l 
schemes for odd-odd nuclei obtained by a n a l y t i c a l solutions of Hamiltonian s 
associated with either (2) or (3). The isomorphisms between the two group 
chains are elaborated for the case where the unpaired nucléons occupy some 
or a l l of levels with j = 1/2,3/2,5/2 and the a n a l y t i c a l expressions for 
the corresponding energy eigenvalues are given. 

In a further step, such solutions are embedded int o a supergroup and 
new chains a r i s i n g from such embedding are given. 

Now we look for correlations i n the spectra of the four neighboring 
nucl e i : the even-even nucleus with (Z,A) ,the odd-even nucleus with (Z,A+1), 
the even-odd nucleus with (Z+1,A+1), and the odd-odd nucleus with (Z+l,A+2). 
Such correlations a r i s e i f the Hamiltonian associated with (2) has a super
group structure U(6/nIT+ r\> ). Consequently, the properties of these four 
nuclei could be related by the symmetry operations of t h i s supergroup. In 
particular, we have obtained a n a l y t i c a l expressions for the eigenvalues of 
t h i s Hamiltonian i n terms of the eigenvalues of the Casimir operators of 
chains of supergroups starting with U(6/nïï+ ) and terminating with 
Spin B (3) [BAL85] . Such a situation was termed a dynamical supersymmetry 
i n the previous investigations of odd-even nuclei [BAL8l]. 
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16 NUCLEI OFF THE LINE OF STABILITY 

The concept of dynamical supersymmetries was successfully used to 
connect the properties of even-even nuclei with the neighboring odd-even nu
c l e i . I f we want to study, say, the correlation between an even-even nucleus 
and the next, odd-proton nucleus, the f i r s t decomposition i n the supergroup 
chain i s 

U ( 6 / V Πγ) U ^ / n J x U O i J . (4) 
Oie can then continue the chain with the deconpositions of the supergroup 
ϋ(6/η π) as was done i n réf. [BAL81] . 

The appropriate representation of the group UO^) i n the case of an 
odd-proton nucleus i s a singlet, hence the existence of the group U(n v) i n 
the chain does not a f f e c t any of the quantum numbers. A simila r s i t u a t i o n 
arises i n the case of correlations between an even-even nucleus and the 
neighboring odd-neutron nucleus. 

In t h i s case we st a r t with, what we c a l l , the canonical decomposition 
U(6/n+ n v ) ^ υ β(6)χ UpdyH 1 ^ ) ^ ( 6 ) χ U^n,) x ^ ) , (5) 

and continue the chains i n various possible forms [BAL85] . The difference to 
the case of boson-fermion dynamical symmetries i s that several nuclei are 
now placed i n the same supermultiplet. Consequently, parameters appearing i n 
the energy formulae take the same values for a l l nuclei i n the same super
multiplet. 

As an i l l u s t r a t i o n of dynamical supersymmetry with canonical decompo
s i t i o n we construct a supermultiplet starting from the even-even nucleus 
1 9 4 P t . In t h i s region the proton s h e l l i s dominated by j = 3/2 and the neu
tron s h e l l by j = 1/2,3/2,5/2. Hence η = 4 and η =12. The relevant r e 
presentation of the appropriate supergroup U(6/16) i s the one with Jf= 7. Va
rious nuclei are placed i n the tensor product representations as follows: 

U(6/16)=UB(6) χ U p(l6) 

|7} = ([7],{0» 

U B(6) χ υ ^ π ) (4) χ U ^ v ) (12) 

= ( 

+ ([6J,{1» 

+ ([5],{1 Z}) 

[7],{0},{0}) 
194 

([6],{1},{0}) + ([6],{0},{1» 
195 Au 195. P t 
( [5], {l 2},{0}) + ( [5], {!},{!}) + ( [5], {0},{12}) 
!96 Hg* 196 'Au l 9 6 P t * 

(6) 
In the above expression asterisk over a given symbol denotes the two-quasipar-
t i c l e states i n that nucleus. Eq.(6)is i l l u s t r a t e d below 

Number of unpaired protons 
ο 

194. 
78J 

"l95. 
78J 

196, 
78 

P t 

Pt 

Pt 

195 
79J 

196 
79J 

kAu 

A u 

196 u * 
80 H9 -

8 0 H g . 

l 9 7Au** 198 
_80J 
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2. B A L A N T E K I N E T A L . Boson-Fermion Symmetries 17 

Asterisk * denotes two-quasiparticle states i n even-even and ** denotes 
three-quasiparticle states i n odd-even nu c l e i . Dashed l i n e separates nuclei 
belonging to the same representation of the d i r e c t product group 
U_(6) χ U_(n + η ). 

D r π v 
A new p o s s i b i l i t y of supersymmetry arises when η = n v = η. In t h i s 

case, using fermionic creation and annihilation operators i t i s possible to 
construct the generators of the symplectic group Usp (2n). Consequently a 
supergroup chain s t a r t i n g with decomposition i n t o the orthosymplectic group 

U(6/2n) ο Osp (6/2n) (7) 
might be relevant i n such cases. The properties of orthosymplectic supergroups 
are studied i n r e f s . rJAR79,BAL82]. The appealing aspect of t h i s case i s that 
i t emphasize sthe residual force between the unpaired neutron and the unpaired 
proton, while retaining the supersymmetry scheme. The main problem, however, 
i s that t h i s group decomposition does not conserve the boson number N . 

However, there i s an intermediate si t u a t i o n with the decomposition 
U(6/2n)=> SU B(6) χ SU F(2n) 3SU B(6) χ Spp(2n) (8) 
The representation of Sp(2n) contains the η-dimensional fundamental represen
tation (1,0,0,...,0,0) of SU(n), which we denote • and i t s conjugate re
presentation (1,1,1,...,1,0) which we denote a . 

In general, the proper bases to describe nuclei with one unpaired 
nucléon, would be given by l i n e a r combinations of the bases of SU(n) : 

I isotope > = cos Θ |D > + s i n θ | e > (9) 
j isotone > = - s i n Θ |o > + cos Θ | Β > (10) 

where |a > denotes the basis of the representation α and |s > denotes 
that of • . Here we consider the case 0 = 0, but the results can e a s i l y 
be generalized for the f i n i t e Θ case. (The choice 0 = 0 would be physi
c a l l y transparent i f , say, the unpaired neutrons are p a r t i c l e s and the unpair
ed protons are holes, or vice versa, since i t i s reasonable to consider 
conjugate representations for holes.) 

A good place to look for such a supersymmetry i s again the Pt -Au re
gion. In t h i s region the odd neutron and proton occupy mostly levels with 
j = 1/2,3/2,5/2. In t h i s case we have η π = n v = η = 12. The resulting 
supersymmetry has then a U(6/24) structure. Again i f we s t a r t from the even-
even nucleus 1 pt with = 7 and 0(6) core, we employ the tensor product 
representation 
U(6/24)^U B(6) χ Up(24)=>UB(6) χ Sp F(24) 3ϋ β(6)χ SUF(12) (11) 
which gives the corresponding energy formula [ BAL85] . A t y p i c a l spectrum of 
the low-lying states i n Sp(24) scheme i s shown i n f i g . l and compared to the 
experimental states of 1 9 ° ' i 9 8 A U . 

0.2 

• 3 " 

•r — ξ 
F i g . l Sp(24) scheme for low-lying 

states i n comparison to the Ί _ o u a u c o x i i wa i l * " - -1 . ·^-»* 

I £ experimental data i n 

•o- 0" 
•r — r 

1 9 6 ' 1 9 8 A U . 
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18 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

A comparison of the Sp(24) spectrum with the experimental spectra of 
1 Au and 1 9 ° A u seems encouraging. This i s p a r t i c u l a r l y interesting since 
the previous attempts to describe such nuclei using the canonical chain could 
not account for the observed ground state spin [BAL,BAR84]. Experimental stu
dies of the odd-odd nuclei i s very desirable to decide whether or not the Sp 
(24) chain i s applicable i n t h i s region. 

As another i l l u s t r a t i v e application of supersymmetry extension to 
odd-odd nuclei we consider the spectrum of odd-odd O Q 0 1 ^ i f o n e assumes u 
that the evergeven nucleus 3 ^ 3 4 / odd-even nucleus 29^34 a n d o d d ~ 
odd nucleus 2 9 ^ 3 3 correspond to the members of the same super
multiplet. In a simplified presentation with odd proton and odd 
neutron r e s t r i c t e d only to j = 3/2 configurations and with U (5) boson 
core, the resulting energy formula [BAL85] gives the spectrum presented i n 
fig.2. 

We note that t h i s spectrum i s obtained using the supersymmetry 
r e l a t i o n to the neighboring nuclei ^ C u 6 4 ^ w i t h o u t adjusting any 

parameter to 6 2Cu. 
We note that the 

idea of symmetry and super-
symmetry was further extend
ed to hypernuclei by two 
of us [HDB85,HUB85a, PAA85]. 

Concluding, we 
point out that the 
application of the idea of 
dynamical synmetry and su
persymmetry to odd-odd 
nuclei leads to a series of 
energy formulas, and gives 
a new insight into the 
nuclear structure. There
fore, more detailed studies 
of odd-odd nuclei are high
l y desirable. 

— T 

'? 
4+A+- 6+ 

= f , 6 + 

Fig.2 U(6/4 + 4 ) 
v 62 

spectrum of Cu i n 
comparison to the 
experimental states. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

00
2
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3 
Experimental Tests of Boson-Fermion Symmetries and 
Supersymmetries Using Coulomb Excitation with Heavy Ions 
M. Loiselet, O. Naviliat, R. Holzmann, and J. Vervier 

Institut de Physique Nucléaire, Β-1348 Louvain-la-Neuve, Belgium 

Accurate lifetime measurements by the recoil-distance method 
following Coulomb excitation with 40Ar ions have been perfor
med in 106,108Pd, 103Rh, 107,109Ag. The results are compared 
with the predictions of the Core Particle Weak Coupling model 
on the one hand, and of various boson-fermion symmetries and 
supersymmetries, on the other hand. Good agreement with the 
latter but not with the former is obtained. This suggests 
the influence of a finite number of bosons in the relevant 
nuclei. 

The p r e s e n t l y a v a i l a b l e e x p e r i m e n t a l da ta on t h e n e g a t i v e - p a r i t y l e 

v e l s i n the n u c l e i 1 0 3 R h , 1 0 7 , 1 0 9 A g up t o 1.5 MeV [NDS85] i n c l u d e : a 1 /2" 

ground s t a t e ; two ( 3 / 2 " , 5 / 2 " ) d o u b l e t s ; one ( 7 / 2 " , 9 / 2 " ) d o u b l e t ; as w e l l 

as a few o t h e r l e v e l s . T h i s i s s u g g e s t i v e o f a Core P a r t i c l e Weak C o u p l i n g 

(CPWC) d e s c r i p t i o n o f these n u c l e i [DES61] , i n wh ich t h e ground s t a t e , f i r s t 

and second 2 + , and f i r s t 4 + l e v e l s , r e s p e c t i v e l y , o f t he even-even c o r e s , 
102 106 108 

Ru, ' Pd , r e s p e c t i v e l y , a re weak ly coup led t o the odd p r o t o n i n a 

2 p 1 / 2 " s h e l l model o r b i t . Such a model p r e d i c t s equal B ( E 2 ) ' s f o r the ground 

s t a t e decays o f t h e f i r s t 3 / 2 " and 5 / 2 " l e v e l s i n t he odd-A n u c l e i ; i n a d d i 

t i o n , t he r a t i o s R Q e Ξ [B(E2 ; 5 / 2 ' - 1 / 2 " ) ] / [ B ( E 2 ; 2 + - 0 + ) ] and R^ e = 

[B(E2 ; 9 / 2 " - 5 / 2 " ) ] / [ B ( E 2 ; 4 + - 2 + J shou ld be b o t h equal t o 1 , r e g a r d l e s s 

o f t h e n a t u r e o f t he c o r e . F u r t h e r m o r e , i f t he c o r e i s d e s c r i b e d as an h a r 

monic v i b r a t o r , t he r a t i o s : R e e Ξ [B(E2 ; 4 + - 2 + ) ] / [ B ( E 2 ; 2 + - 0 + ) ] and 
R o o Ξ [ B ( E 2 ; 9 / 2 ~ ' 5 / 2 ~ ) 1 / [ β ( Ε 2 i 5 / 2 " - 1 / 2 " ) ] shou ld b o t h be equal t o 2 ; 

i f t he co re i s d e s c r i b e d as a γ - u n s t a b l e v i b r a t o r , R g e = R Q 0 = 10/7 = 1.429. 

The r a t i o s R . R . R A A and R' deal w i t h t h e f i r s t l e v e l s o f t h e i n d i c a t e d 
ee oo oe oe 

s p i n s . D i f f e r e n t p r e d i c t i o n s r e s u l t f rom a d e s c r i p t i o n o f these n u c l e i i n 

t he genera l f ramework o f t he boson m o d e l s , where in : t he even-even n u c l e i 

co r respond t o t he dynamical symmetr ies SU(5) ( c o r r e s p o n d i n g t o an harmonic 

0097-6156/86/0324-0020$06.00/0 
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3. L O I S E L E T E T A L . Coulomb Excitation 21 

v i b r a t o r ) [ARI76] o r 0 ( 6 ) (a γ - u n s t a b l e v i b r a t o r ) [ARI79] o f the I n t e r a c t i n g 

Boson Model ( IBM) ; t he odd-A n u c l e i , t o t he b o s o n - f e r m i o n (BF) symmetr ies 

SU(5) χ 1/2 [ B I J 8 4 ] , 0 ( 6 ) χ 1/2 [ I A C 8 1 ] , SU(5) χ 1 /2 , 3 / 2 , 5 /2 [VAN84a, VER85] 

o r 0 ( 6 ) χ 1 /2 , 3 / 2 , 5 /2 [VAN84a, SUN84, B IJ85 ] o f the I n t e r a c t i n g Boson F e r 

mion Model (IBFM) ; and the even-even and odd-A n u c l e i c o n s i d e r e d t o g e t h e r , 

t o t he a s s o c i a t e d SUperSYmmetries (SUSY) [ B A L 8 1 ] , i n the p r e s e n t c a s e , t he 

U ( 6 / 2 ) and U(6 /12 ) supersymmetr ies [ B I J 8 4 , VAN84a, B I J 8 5 ] . These boson models 

p r e d i c t < 1 » R' < 1 , < 2 , R < 2 ; the p r e c i s e t h e o r e t i c a l va lues r oe oe ee oo 

depend on the numbers Ν o f bosons f o r the r e l e v a n t n u c l e i , on the IBM symmetry 

(SU(5) o r 0 ( 6 ) ) c o n s i d e r e d , and on the s h e l l model o r b i t s i n c l u d e d (2p1 /2~ 

a lone f o r 1 /2 , o r 2 p 1 / 2 " , 2 p 3 / 2 ~ , 1 f 5 / 2 " f o r 1 /2 , 3 / 2 , 5 / 2 ) . The p r e d i c t e d 

d e v i a t i o n s f r o m 1 and 2 a re o f the o r d e r o f 15 t o 35 % f o r t he n u c l e i i n v e s 

t i g a t e d . 

The exper imen ts whose r e s u l t s are r e p o r t e d i n t he p r e s e n t paper have 

been c a r r i e d o u t i n o r d e r t o t e s t the above-ment ioned p r e d i c t i o n s o f the BF 

symmetr ies and supersymmetr ies w i t h r e s p e c t t o t h e B ( E 2 ) ' s , as opposed t o 

those o f the CPWC mode l . As t h e d i f f e r e n c e between the two k i n d s o f models 

m a i n l y l i e i n the number o f bosons , wh ich i s f i n i t e and w e l l d e f i n e d i n the 

f o r m e r , and i n f i n i t e i n the l a t t e r [FAE83] , these exper imen ts may be c o n s i d e 

red as t e s t i n g the i n f l u e n c e o f a f i n i t e number o f bosons i n the r e l e v a n t n u 

c l e i . The B ( E 2 ) ' s o f i n t e r e s t have been de te rmined t h r o u g h a c c u r a t e measure

ments o f t he l i f e t i m e s o f t he f i r s t 9 / 2 " and 5 / 2 " l e v e l s i n 1 0 3 R h , 1 0 7 ' 1 0 9 A g , 

and f i r s t 2 + i n 1 0 6 » 1 0 8 p c j s u s i n g Coulomb e x c i t a t i o n w i t h 4 0 A r ions t o p o p u l a 

t e these s t a t e s , and t h e r e c o i l - d i s t a n c e method (RDM) [ALE78] . F u r t h e r m o r e , 

s p e c i a l ca res have been taken i n t h e a c c u r a t e d e t e r m i n a t i o n o f t he c o r r e c 

t i o n s t o t h e z e r o - o r d e r r e s u l t s f rom the RDM, e s p e c i a l l y those which o r i g i n a 

t e f rom the p e r t u r b a t i o n o f the a n g u l a r d i s t r i b u t i o n s o f the γ - r a y s by the 

h y p e r f i n e f i e l d s a c t i n g on t h e ions r e c o i l i n g i n t o the vacuum [ALE78 ] , 

P r e l i m i n a r y r e s u l t s o f these exper imen ts have a l r e a d y been r e p o r t e d [ L 0 I 8 4 ] , 

and a f u l l accoun t o f the e x p e r i m e n t a l methods and da ta a n a l y s i s w i l l be g i v e n 

e lsewhere [ L 0 I 8 5 ] . In a d d i t i o n t o RDM measurements, a n g u l a r d i s t r i b u t i o n 

exper imen ts have a l s o been c a r r i e d o u t , i n o r d e r t o de te rm ine the above-

ment ioned c o r r e c t i o n s . The r e s u l t s o b t a i n e d so f a r a re p resen ted i n Table 1 , 

t o g e t h e r w i t h the B ( E 2 ) ' s wh ich can be deduced f rom them. As the nuc leus 
102 

Ru has n o t been i n v e s t i g a t e d i n t he p r e s e n t w o r k , p r e v i o u s r e s u l t s on i t s 

B(E2 ; 2 + - 0 + ) [B0C79, LAN80, HIR82] have been used . For t he same r e a s o n , 

we have adopted p r e v i o u s l y o b t a i n e d da ta [NDS85] on B(E2 ; 4 + - 2 + ) i n t he 
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22 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

Table 1 

N u c l e i 1 0 2 R u - 1 0 3 R h 1 0 6 P d - 1 0 7 A g 1 0 8 P d - 1 0 9 A g 

T ( 2 | ) 

τ ( 9 / 2 Ϊ ) 

τ ( 5 / 2 ^ ) 

B(E2 ; 2+ - 0 | ) 

B(E2 ; 9/2] - 5/2]) 

B(E2 ; 5 / 2 Î - 1/2}) 

B(E2 ; 4J - 2 | ) 

8 . 1 ( 6 ) 

112 .1 (34 ) 

0 . 1 2 5 ( 3 ) 

0 . 1 7 8 ( 1 3 ) 

0 . 1 1 1 ( 3 ) 

0 . 1 8 6 ( 2 6 ) 

1 8 . 3 ( 5 ) 

2 . 3 ( 3 ) 

5 1 . 4 ( 2 4 ) 

0 . 1 2 6 ( 4 ) 

0 . 1 7 9 ( 2 3 ) 

0 . 1 0 8 ( 5 ) 

0 . 2 1 7 ( 2 8 ) 

3 4 . 2 ( 1 0 ) 

2 . 6 ( 3 ) 

4 7 . 6 ( 2 0 ) 

0 . 1 5 4 ( 5 ) 

0 . 2 2 3 ( 2 6 ) 

0 . 1 2 5 ( 6 ) 

0 . 2 7 8 ( 3 9 ) 

The l i f e t i m e s τ a re g i v e n i n p s . , and the B ( E 2 ) ' s , i n e .b . 
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3. L O I S E L E T E T A L . Coulomb Excitation 23 

even-even n u c l e i . The va lues o f R . R , R _ and R ' . wh ich can be deduced 
ee oo oe oe 

f rom the r e s u l t s o f Tab le 1 and f rom [NDS85], a re g iven i n Tab le 2 . We s t r e s s 
102 

t h a t , s i n c e a l l n u c l e i (excep t Ru) have been s t u d i e d by the same RDM method, 

w i t h t h e same a p p a r a t u s , and u s i n g t h e same procedure f o r c a l c u l a t i n g the c o r 

r e c t i o n s t o t he r e s u l t s , the r a t i o s R and R Q e between the B ( E 2 ) ' s , wh ich 

m a t t e r f o r the compar ison w i t h the v a r i o u s n u c l e a r models as w i l l now be 

shown, shou ld be q u i t e r e l i a b l e . 
The e x p e r i m e n t a l r a t i o s R , R , R _ and R' g i v e n i n Table 2 a re r ee oo oe oe 3 

s y s t e m a t i c a l l y s m a l l e r than 2 , 2 , 1 and 1 , r e s p e c t i v e l y ; i n some c a s e s , the 

d i f f e r e n c e s amount t o seve ra l s t a n d a r d d e v i a t i o n s , e s p e c i a l l y f o r R Q e . T h i s 

means t h a t the s p e c i f i c v e r s i o n s o f the c o l l e c t i v e models c o n s i d e r e d h e r e , 

i . e . an harmonic v i b r a t o r co re and the CPWC m o d e l , do n o t agree w i t h these e x 

p e r i m e n t a l d a t a . The d e v i a t i o n s f rom 2 o f R and R n c o u l d be due t o 2 r e a -
ee oo 

s o n s , a t l e a s t w i t h i n the f ramework o f the models c o n s i d e r e d i n the p r e s e n t 

paper : e i t h e r t he cores cannot be d e s c r i b e d as pure harmonic v i b r a t o r s , b u t 

r a t h e r c o r r e s p o n d t o i n t e r m e d i a t e s i t u a t i o n s between harmonic and γ - u n s t a b l e 

v i b r a t o r s ; o r the number o f bosons i n t he even-even and odd-A n u c l e i i s 

indeed f i n i t e [VER83] . A c o m b i n a t i o n o f t he 2 e x p l a n a t i o n s i s o f course a l s o 

p o s s i b l e . Concern ing R Q e and R ^ e , t h e i r d e v i a t i o n s f rom 1 r e p r e s e n t d i s a g r e e 

ments w i t h the CPWC m o d e l , r e g a r d l e s s o f t h e d e s c r i p t i o n o f t he c o r e s , harmo

n i c , γ - u n s t a b l e o r i n t e r m e d i a t e v i b r a t o r s [VER83]. I n the framework o f the 

c o l l e c t i v e m o d e l , these r e s u l t s show t h a t t he c o r e - p a r t i c l e c o u p l i n g i s n o t 

weak, a l t h o u g h t h e l e v e l e n e r g i e s , and i n p a r t i c u l a r t he s p l i t t i n g s o f t he 

( 3 / 2 " , 5 / 2 " ) and ( 7 / 2 " , 9 / 2 " ) d o u b l e t s , suggest t h a t i t i s so . 
The p r e d i c t i o n s o f t h e v a r i o u s boson models r e f e r r e d t o above c o n c e r 

n i n g R ™ > R ™ > R ™ and R' a re compared i n Table 2 w i t h the e x p e r i m e n t a l d a t a . 
3 ee oo oe oe r r 

These models thus o f f e r p o s s i b l e e x p l a n a t i o n s t o t he d e v i a t i o n s f rom 2 , 2 , 1 

and 1 , r e s p e c t i v e l y , o f these 4 q u a n t i t i e s , i n p a r t i c u l a r f o r R Q e and R ^ . 

These r e s u l t s may be c o n s i d e r e d as e x p e r i m e n t a l ev idences f o r t he i n f l u e n c e 

o f a f i n i t e number o f bosons i n t he r e l e v a n t n u c l e i . A d e t a i l e d compar ison 

between the e x p e r i m e n t a l va lues and the p r e d i c t i o n s o f t he v a r i o u s v e r s i o n s o f 

the boson models c o n s i d e r e d h e r e , e s p e c i a l l y f o r the a c c u r a t e l y known R Q e r a 

t i o s , y i e l d s the f o l l o w i n g c o n c l u s i o n s . There i s a good agreement , w i t h i n the 

e x p e r i m e n t a l u n c e r t a i n t i e s , between the e x p e r i m e n t a l da ta and the pa ramete r -

f r e e p r e d i c t i o n s o f the symmetr ies S U ( 5 ) , SU(5) χ 1/2 and U ( 6 / 2 ) , wh ich have 

been a p p l i e d t o these n u c l e i p r e v i o u s l y [VER82] , e x c e p t , maybe, f o r R i n 
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24 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

Table 2 

N u c l e i 
Ν 

1 0 2 R u - 1 0 3 R h 
7 6 

1 0 6 P d - 1 0 7 A g 
7 6 

1 0 8 P d - 1 0 9 A g 
8 7 

R e e exp . 

SU(5) 

0 ( 6 ) 

1 .49(21) 

1.714 

1.336 

1 .72(23) 

1.714 

1.336 

1 .81(26) 

1.750 

1.354 

R o o e x p ' 

SU(5) χ 1/2 

0 ( 6 ) χ 1/2 

SU(5) x 1 /2 , 3 / 2 , 5 /2 

0 ( 6 ) χ 1 /2 , 3 / 2 , 5 /2 

1 .60(12) 

1.667 

1.310 

1.714 

1.336 

1 .66(23) 

1.667 

1.310 

1.714 

1.336 

1 .78(22) 

1.714 

1.336 

1.750 

1.354 

R o e e 

U ( 6 / 2 ) 

U (6 /12 ) 

x p . 

SU(5) χ 1/2 

0 ( 6 ) χ 1/2 

' S U ( 5 ) , 0 ( 6 ) f e b = e f 

χ 1 / 2 , 3 / 2 , 5 / 2 ( e f = 0 

0 . 8 8 8 ( 3 2 ) 

0 .857 

0.779 

1 

0.735 

0 . 8 5 7 ( 4 8 ) 

0 .857 

0.779 

1 

0 .735 

0 . 8 1 2 ( 4 7 ) 

0 .875 

0 .802 

1 

0.766 

R o e € 

U ( 6 / 2 ) 

U ( 6 / 1 2 ) 

x p . 

SU(5) χ 1/2 

0 ( 6 ) χ 1/2 

' S U ( 5 ) , 0 ( 6 ) f e b = e f 

χ 1 / 2 , 3 / 2 , 5 / 2 ( e f = 0 

0 . 9 6 ( 1 5 ) 

0 .833 

0.764 

1 

0.735 

0 . 8 3 ( 1 5 ) 

0.833 

0.764 

1 

0.735 

0 . 8 0 ( 1 5 ) 

0 .857 

0.791 

1 

0.766 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

00
3



3. L O I S E L E T E T A L . Coulomb Excitation 25 

1f)ft 10Q 
, u o P d - *Ag ; t h i s i s n o t the case f o r 0 ( 6 ) and 0 ( 6 ) χ 1 /2 , whose p r e d i c 

t i o n s a re s y s t e m a t i c a l l y l ower than the e x p e r i m e n t a l r e s u l t s . I t has been 

suggested t h a t the even-even Ru and Pd i s o t o p e s can be d e s c r i b e d by an i n t e r 

media te s i t u a t i o n between SU(5) and 0 ( 6 ) [STA82 ] , and t h a t t he odd-A Rh i s o t o 

pes s i m i l a r l y co r respond t o an i n t e r m e d i a t e s i t u a t i o n between SU(5) χ 1 / 2 , 3 / 2 , 

5 /2 and 0 ( 6 ) χ 1 /2 , 3 / 2 , 5/2 [VAN84b]. The compar ison per fo rmed i n Table 2 

shows t h a t the p r e d i c t i o n s o f such d e s c r i p t i o n s c o u l d be made t o agree w i t h 

the e x p e r i m e n t a l da ta by a s u i t a b l e cho i ce o f the parameter ξ wh ich governs 

the SU(5) t o 0 ( 6 ) t r a n s i t i o n [STA82 ] , and o f the boson and f e r m i o n e f f e c t i v e 

c h a r g e s , e b and e f , r e s p e c t i v e l y [VAN84b]. More s p e c i f i c s ta temen ts on these 

p o i n t s w i l l p r o b a b l y be made when o t h e r B ( E 2 ) ' s i n the odd-A n u c l e i w i l l be 

d e t e r m i n e d , r e s u l t i n g p a r t l y f r o m a more d e t a i l e d a n a l y s i s o f t he exper iments 

r e p o r t e d i n the p r e s e n t paper [ L 0 I 8 5 ] , i n p a r t i c u l a r o f t he a n g u l a r d i s t r i b u 

t i o n measurements. 
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4 

Manifestations of Fermion Dynamical Symmetries in Collective 
Nuclear Structures 

Da Hsuan Feng 

Department of Physics and Atmospheric Science, Drexel University, Philadelphia, PA 19104 

A Fermion dynamical symmetry model which can account for both 
the low as well as high spin nuclear collective phenomena is presented. 

The phenomenological Interacting Boson Model (IBM), introduced about a decade ago 

by Arima and Iachello 1 , has linked the collective phenomena in the low energy region 

for nuclei (E < 2 MeV and J < 10, say) with the concept of dynamical symmetries. The 

profound program of the IBM is remarkably simple and can be understood as follows. 

By simulating the L=0 and 2 valence coherent nucléon pairs as s and d bosons, the 

IBM has the highest symmetry U B (6 ) which, together with the lowest symmetry 0 B ( 3 ) 

physically demanded by rotational invariance, resulted in three limiting multi-chain 

dynamical symmetries: U B ( 5 ) , S U B ( 3 ) and 0 B ( 6 ) . Using the generalized coherent 

states of Perelomov 2 and Gi lmore 3 ( See also the book recently edited by Klauder and 

Skagers tam 4 ) , one can show that each of these chains depicts a particular type of 

geometrical motion (vibrational: U B (5 ) , rotational: SU B (3 ) and y-soft: 0 B ( 6 ) ) 5 . It should 

be mentioned that everyone of these dynamical symmetries of the IBM is realized in 

nuclear structure. This point is well discussed by the many talks in this symposium, 

especially the overview talk of Iachel lo 1 . Hence, the IBM treats all the collective 

motions on equal footing: each has its own characteristics and its own set of 

eigenstates and more importantly, its own geometrical interpretation. For example, a 

special characteristic of the 0 B ( 6 ) limit is to predict the staggering of the states in the 

γ-band while the S U B ( 3 ) limit does not. Clearly, the multi-chain concept of the IBM, 

which is perhaps the most important lesson one learns from the model, is a clear 

0097-6156/ 86/ 0324-0027506.00/ 0 
© 1986 American Chemical Society 
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28 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

departure from the conventional usage of dynamical symmetry of Elliott and its many 

subsequent deve lopmen ts 6 where there is only one dynamical symmetry chain 

(SU F (3) or pseudo-SU F (3)). 

Although the multi-chain dynamical symmetries concept of the IBM is successful in 
anchoring the various types of collective structures, the full microscopic justification for 
each chain is still not entirely transparent. Thus, on a purely theoretical level, we deem 
it important to know whether the multi-chain dynamical symmetries of the IBM are: 

(a) merely a fortuituous consequence of the boson assumption for the coherent 
valence fermion pairs; or 

(b) inherent in the "raw" fermionic shell structure, i.e. the most general shell model 
hamiltonian with one and two body interactions, simplified only by the same "physics 
input" of the IBM. 

Also, there are experimental reasons as to why these questions require serious 

consideration. For example, it was recently noted by Casten and von Brentano 7 that 

nuclei with A«130 (a large number of the Xe and Ba isotopes), just as the previously 

studied A« 196 system (Pt isotopes) 8 , are very well described by the IBM's 0 B ( 6 ) limit. 

Of course, the boson assumption of the IBM prevents an obvious way to explore the 

reason (or reasons) why these two mass regions should possess the same dynamical 

symmetry even though they manifestly have different underlying shell structures. Thus, 

such experimental observations clearly hasten the necessity to seek answers to the 

above raised questions. 

There is another equally important reason as to why it is necessary to seek the 
dynamical symmetries from the fermionic point of view. One knows that the physics of 
nuclei in states of large angular momentum constitutes an important branch of nuclear 
structure physics as well . Experiments are now routinely done yielding detailed 
spectroscopy of states in the range of J = 35 ~ 45 (typically Ε is about 10 MeV or so) 9 -
No comprehensive theory of nuclear structure can ignore these facts - such a theory 
must adequately address both the low as well as the high spin phenomena. Therefore, 
to propose a fermionic dynamical symmetry model of collective nuclear structure which 
is only applicable in the low energy, low spin region must be inadequate by definition. 

Motivated by these considerations, we have recently proposed a multi-chain fermionic 
dynamical symmetry model (FDSM) which was developed to specifically address the 
above raised questions. Our starting point is the Ginocchio SO(8) model 1 0 (s ince from 
now on only fermion groups will be mentioned, we shall drop the use of the F 
superscript to denote them). In our opinion, Ginocchio was the first person to seriously 
pursue the concept of multi-chain dynamical symmetries from a fermionic viewpoint. 
The main ingredients of the Ginocchio model can be summarized as follows. If one 
were to take the fermion pair ( i.e. a + a + type of operators) with X=0(S) and 2(D) and 
certain multipole operators (i.e. a + a type of operators), both types are constructed from 
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4. F E N G Fermion Dynamical Symmetries 29 

recoupling the single particle j's into pseudo-spin (i ) and pseudo-orbit (k), then we will 
obtain either the Sp(6) or SO(8) algebras. The SO(8) and Sp(6) algebras have the 
following group chains : 

SO(8) 3 SO(5)xSU(2) 3 SO(5) z>SO(3) (1 a) 

D S O ( 6 ) D S O ( 5 ) D S O ( 3 ) (1b) 

=>SO(7) z>SO(5) 3S0(3) (1c) 

and 

Sp(6) => SU(3) 3S0(3) (2a) 

3 SU(2)xSO(3) =>SO(3) (2b) 

The eigenstates of (1a) and (1b) are identical with the U(5) vibrational and 0(6) γ-soft 
limits of the IBM respectively, while (1c) has no IBM counterpart. The eigensates of 
(2a) and (2b) are identical with the SU(3) rotational and U(5) vibrational limits of the 
IBM respectively. 

There are many interesting features of the Ginocchio model which we do not have the 
space to cover here. The two most notable ones are: (a) the S0(8) => S0(6) has similar 
characteristics of the 0 (6 ) limit of the IBM. This is the first fermionic (dynamical 
symmetry) description of the γ-soft collective mode in nuclei. This mode has so far not 
been understood microscopically, (b) Although there exists a "rotational" chain Sp(6) 
=> SU(3), it was ruled out on the grounds that the most important representation (2N,0) 
(where Ν is the pair number) is disallowed due to the Pauli principle (more about this 
later when we get into the description of our model). What is perhaps most lacking in 
the Ginocchio model is how one might link such algebraic structures to the shell 
structures, without which the model cannot be used for the study of real nuclei(i.e. toy 
model) 

The model which we have developed is called the Fermion Dynamical Symmetry 

Model ( F D S M ) 1 1 which is the subject matter of two recent preprints. The FDSM begins 

with a shell model Hamiltonian in one major valence shell. 

H = Xjeji i j + Vp + V q (3) 

where V p ( q j is the pairing (multiple) part of the residual interaction. Our model makes 

three assumptions, (a) The dominant parts of the pairing interaction V p are monopole 

and quadrupole. (b) The two body matrix elements of V p ( q ) are proportional to the 

degeneracy of each major valence shell, (c) Terms involving the single particle 
energies and the multipole interactions are approximated so that the Hamiltonian is a 
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30 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

function of the generators of a tractable Lie algebra. Clearly, the first assumption is a 
result of the successes of the IBM which we have used as input physics. The second 
assumption is the simple generalization of the usual pairing assumption in nuclear 
physics and the third is derived from the belief that a dynamical symmetry in the 
Hamiltonian corresponds to a certain collective mode of the system, which is perhaps 
the most important lesson one learns from the IBM. 

As a result of our assumption (a), we can reclassify all the single particle levels in the 

major valence shell (see F ig . 1) in terms of the pseudo orbit (k) and pseudo spin (i), 

thus allowing us to make contact with the Ginocchio model for symmetry classifications. 

The result is that for the normal parity levels, we will have either the Sp(6) or SO(8) 

symmetry and for the "intruder" level, it is an SU(2) algebra, meaning that for the 

intruder, only monopole pair is allowed in the lowest energy levels. Thus we have 

either Sp(6)xSU(2) or SO(8)xSU(2), depending on which major shell we are referring 

to. For example, for the major shell with normal single particle levels s 1 / 2 - D 3/2» D 5/2» 

g 7 / 2 (k=2, i=3/2) and intruder single particle h 1 1 / 2 ( k = 0 » i=11/2) level, the symmetry is 

(uniquely) SO(8)xSU(2). Let me mention in passing that this is fully consistent with 

the experimental observation of a large number of stable 0 (6 ) nuclei for this mass 

r e g i o n 7 . As we have mentioned earlier, although one could construct an Sp(6) 3 
SU(3) chain in the Ginocchio model, it was nevertheless discarded because the (2N.0) 

representation is ruled out for most deformed nuclei due to the Pauli principle (Ν < Ω/3 

where Ω , the full degeneracy of a major physical shell, was nebulously specified). This 

so-called "major flaw" of the model was also reiterated by Hecht 6 . However, in our 

model, the Pauli restriction applies only for the normal parity levels, i.e. < Ω ^ 3 

where and are the pair number and the total degeneracy of the normal levels, 

respectively. There is no requirement in our model that the total number of pairs in one 

major physical shell, defined as Ν = NQ + N j must be < Ω/3. Hence Ν can be 

approximately Ω/2 (a condition for most deformed nuclei) while N j £ Ω^β. Physically, 

this means that the Pauli principle squeezes out the remaining N 0 pairs to the unique 

parity levels. In a forthcoming paper, we will discuss in detail an analysis based on the 
Nilsson scheme. The result indicates that for the strongly deformed nuclei, N-j is 

generally < û j / 3 thus eliminating the reason for rejecting the Sp(6) chain. Thus, we 

now have, within the context of the FDSM, a handle on how the multi-chain dynamical 
symmetries, all treated on equal footing just as ther IBM, can manifest themselves. 

As we have emphasized earlier, any comprehensive theory of nuclear structure must 
adequately address the high spin phenomena. By simulating the coherent fermion 
pairs as bosons, the IBM essentially ruled out the possibility of discussing high spin 
phenomena without addit ional ingredients. In our model , however, this is 
accomplished in a rather simple fashion. Note that the S0(8) [Sp(6)] and the SU(2) 
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4. F E N G Fermion Dynamical Symmetries 31 

possess the quantum numbes u and υ 0 where they denote the generalized seniority 

(for S and D pairs in the normal levels) and seniority (for the S pairs in the intruder 

level) respectively. For u = υ 0 = 0, one can find a one to one association with the IBM 

dynamical symmetries for the FDSM. For example, in the SU(3) limit, for the ground 

band, one can obtain the usual rigid rotation situation. On the other hand, when either 

u * 0 or υ 0 φ 0 or both, we have the possibility of broken (either generalized or S) 

pair(s) which corresponds to the well known phenomena in high spin physics, i.e. 
rotational alignment, Coriolis antipairing, multiple band crossing and the associated 
backbendings. The ability to incorporate such features is a consequence of this being 
a fermion (not boson) model! 

We present, as an example of this work, the results for the nucleus 2 3 2 T h as predicted 
by the FDSM. It is of course known that for this nucleus, the neutrons occupy the 8th 
major shell while the protons occupy the 7th major shell. Since our results are based 
on dynamical symmetries, no interband mixing is introduced. In Fig. 2, the results of 
the yrast states plotted as a function of J(J+1) (although only the J value is indicated) 
are given. It is seen very clearly that roughly between J=10 to 12, the band switches 
from the ground band (with u = υ 0 = 0) to the i = 7/2 pair band ("broken" proton normal 

pairs with u=2 and υ 0 = 0). Similarly, another band crossing occurs between J=18 to 
20. The new band is the i=9/2 pair band ("broken" neutron normal pairs with u=2 and 
υ 0 = 0). Finally, for a much higher J (24 or so), the new band is associated with the 
"breaking" of the proton S pair in the j=i=13/2 orbit. These band crossing phenomena 
is even more transparent in the B(E2)s\ plotted as a function of J 1 2 , as can be seen 
from Fig. 3. (The data is joined by the dash line to guide the eye). For the j=13/2 band 
crossing, there is a sharp drop of the B(E2) values. The physical reason for this to 
occur is quite clear, whenever there is a band crossing (i.e., the breaking of a pair of 
coherent fermions), the "core" of the rotor will slow down because of angular 
momentum conservation. This slowing down of the core (the core is the primary 
contributor of the B(E2)s) is reflected in the data. For the FDSM, the same physics 
applies also for the low J band crossing phenomena. Our B(E2) calculations, which 
ignore band mixing, show very clearly this predicted behavior, i.e., whenever band 
crossing occurs, there is a reduction of the B(E2) (The dotted line in Fig. 3). The 
reduction is in fact zero when there is no band mixing and with just a small amount of 
band mixing, the B(E2) can be fitted rather well. Also, whether these primordial 
structures can remain depends very much on the strength of band mixing. For the 
actinides ( 2 3 2 T h , U isotopes, for example), such structures prevail. Hence, since the 
FDSM incorporates fermion degrees of freedom, it gives a better description of 
high-spin B(E2) values than the algebraic boson model. 

So far, we have concentrated only on the even-even nucleus. Of course, our model 
encompass the even-odd as well as odd-odd nuclei as well (by the study of other 
seniority states). 
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N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

T h 2 3 2 

E(MeV) 

F i g u r e 1. Dynamical symmetr ies o f t h e s h e l l m o d e l . D e t a i l s may 
be found i n R e f s . 10-11. 

F i g u r e 2. Y r a s t s t a t e s o f T h . The da ta a re taken f rom Ref . 
12. 
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F E N G Fermion Dynamical Symmetries 

No 1 2 3 4 5 6 7 8 

η 0 1 2 3 3 4 4 5 5 5 6 6 6 7 

k 0 1 1 0 1 0 2 0 1 1 0 1 1 0 

i 1/2 1/2 3/2 7/2 3/2 9/2 3/2 11/2 1/2 7/2 13/2 3/2 9/2 15/2 

C
O

N
F

IG
U

R
A

T
IO

N
 

S1/2 Pi/2 

P3/2 

S1/2 

d3/2 

d5/2 

f7/2 P1/2 99/2 

P3/2 

f5/2 

s h b1/2 r,11/2 

d3/2 

d5/2 

9?/2 

P1/2 f5/2 'l3/2 

P3/2 f7/2 

h9/2 

S1/2 9 7/2 J15/2 

d3/2 9 9/2 

d5/2 'l1/2 

SY
M

 

G 6 G 8 G 3 G 6 G 8 G 3 G 8 G 6 G 6 

0 0 0 0 5 6 7 8 

Q i 1 3 6 4 6 10 15 21 

Ω 1 3 6 4 11 16 22 29 

il 2 8 20 28 50 82 126 184 

G 6 = ( S p g X S 0 3 ) χ ( S & 2 X S6>3) 

G 3 = (SU3X SOg) x ( S ^ 2 x S6>3) 

G 8 = (SOgX SO3) x ( S ^ 2 x S6>3) 

F i g u r e 3. The t h e o r e t i c a l and e x p e r i m e n t a l B(E2) v a l u e s . The da ta 
a re taken f r o m Ref . 12.  P
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34 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

In conclusion, just as the IBM, the FDSM contains, for each low energy collective 
mode, a dynamical symmetry. For no broken pairs, some of the FDSM symmetries 
correspond to those experimentally known and studied previouly by the IBM. Thus all 
the IBM dynamical symmetries are recovered. In addition, as a natural consequence of 
the Hamiltonian, the model describes also the coupling of unpaired particles to such 
modes. Furthermore, since the model is fully microscopic, its parameters are 
calculable from effective nucleon-nucleon interactions. The uncanny resemblance of 
these preliminary results to well-established phenomenology leads us to speculate 
that fermion dynamical symmetries in nuclear structure may be far more pervasive than 
has commonly been supposed. 
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5 
On the Microscopic Theory of the Interacting Boson Model 

M. Sambataro 

Istituto Nazionale di Fisica Nucleare-Sez. di Catania, Corso Italia 57, Catania, Italy 

We present a new mapping procedure from fermion 
onto boson spaces. The procedure is based on the 
Generator Coordinate Method. We show an applica
tion of this technique to systems of nucleons 
moving in a single j -orbi t . The extension of this 
microscopic investigation to many j-orbit systems 
is also examined. 

One o f t h e most i n t e r e s t i n g a s p e c t s o f t h e I n t e r a c t i n g 
B o s o n M o d e l c o n c e r n s i t s c o n n e c t i o n s w i t h t h e u n d e r l y i n g f e r m i o n 
s p a c e . The u n d e r s t a n d i n g o f t h e m e c h a n i s m t h r o u g h w h i c h b o s o n 
l i k e f e a t u r e s a r i s e f r o m e f f e c t i v e n u c l e a r h a m i l t o n i a n s p r o v i d e s , 
i n f a c t , a way t o r e l a t e c o l l e c t i v e s p e c t r a t o t h e f e r m i o n mo
t i o n . 

S i n c e t h e o r i g i n a l s t u d y o f O t s u k a , A r i m a a n d I a c h e l l o 
(OTS78), much w o r k h a s b e e n c a r r i e d o u t on t h i s s u b j e c t . I n s p i t e 
o f t h a t , u n t i l now, t h e d e s c r i p t i o n o f w e l l d e f o r m e d n u c l e i c a n 
n o t be c o n s i d e r e d s a t i s f a c t o r y . We p r e s e n t h e r e a new m a p p i n g 
t e c h n i q u e w h i c h i s d i r e c t e d t o w a r d t h e t r e a t m e n t o f t h e s e 
s y s t ems. 

The m i c r o s c o p i c d e r i v a t i o n o f a b o s o n h a m i l t o n i a n f r o m a 
f e r m i o n one i s b a s i c a l l y a t w o s t e p p r o c e s s . I n t h e f i r s t s t e p , 
one h a s t o s e l e c t t h e c o l l e c t i v e s u b s p a c e o f t h e s h e l l m o d e l 
s p a c e . F o r t h e IBM t h i s means t r u n c a t i n g t h e s h e l l m o d e l s p a c e 
t o t h e s p a c e o f c o l l e c t i v e S-D p a i r s . I n t h e s e c o n d s t e p , t h i s 
s p a c e h a s t o be mapped o n t o t h e s - d b o s o n s p a c e . 

I n t h e r e a l i s t i c c a s e o f nucléons m o v i n g i n many j - o r b i t s , 
t h e f i r s t s t e p i m p l i e s t h e n o n - t r i v i a l t a s k o f f i x i n g t h e i n t e r 
n a l s t r u c t u r e o f t h e c o l l e c t i v e p a i r s . I n o r d e r t o f o c u s o n t h e 
m e c h a n i s m o f t h e m a p p i n g , t h e n , we w i l l f i r s t d i s c u s s t h e c a s e 
o f nucléons i n a s i n g l e j - o r b i t , w h e r e t h i s p r o b l e m d o e s n o t 
e x i s t . The d i s c u s s i o n c o n c e r n i n g m o r e r e a l i s t i c s y s t e m s w i l l be 
p o s t p o n e d t o t h e s e c o n d p a r t o f t h i s c o n t r i b u t i o n . 

The p r o c e d u r e we a r e g o i n g t o e x p o s e i s b a s e d on t h e Ge n e 
r a t o r C o o r d i n a t e M e t h o d (GCM). The GCM l o o k s f o r s o l u t i o n s o f 
t h e S c h r o d i n g e r e q u a t i o n o f t h e f o r m 

The m a p p i n g p r o c e d u r e 

(1) 

0097-6156/ 86/ 0324-0035S06.00/ 0 
© 1986 American Chemical Society 
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36 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

where |φ(*)>, the g e n e r a t i n g f u n c t i o n s , depend on some parameters 
\*.] , the g e n e r a t o r c o o r d i n a t e s . The weight f u n c t i o n f ( a ) i s 

d e t e r m i n e d by imposing 

d = ° (2) 

T h i s c o n d i t i o n l e a d s to the H i l l - W h e e l e r e q u a t i o n 

^ ( < * ( α ) ΐ « ι φ ( * ) > - ί <4(*)Ιφ( α '») JC*1) *ο (3) 
The b a s i c i d e a of the mapping pr o c e d u r e i s the f o l l o w i n g 

one. L e t l ^ ^ l ^ b e f e r m i o n s t a t e s depending on some v a r i a b l e s ot 
and 1ψ(β)> "be boson s t a t e s depending on some o t h e r v a r i a b l e s (3 . 
Let us suppose t h a t one can e s t a b l i s h a r e l a t i o n between t h e v a 
r i a b l e s and ρ , i . e . f i n d a f u n c t i o n (&»F(pt) , such t h a t 

Let us suppose, f u r t h e m o r e , t h a t i n c o r r e s p o n d e n c e t o a g i v e n 
f e r m i o n h a m i l t o n i a n Η we f i n d a boson h a m i l t o n i a n Η so t h a t F Β a l s o 

<ψ(«01 H r l * ( . » ' ) > - < φ ( ( » ) Ι Η β ΐ φ ( ( * ) > (5) 

In t h i s c a s e , the H i l l - W h e e l e r e q u a t i o n s i n the f e r m i o n and boson 
spaces are e q u i v a l e n t and l e a d to i d e n t i c a l e i g e n v a l u e s . 

As an a p p l i c a t i o n of t h i s method l e t us choose as f e r m i o n 
g e n e r a t i n g f u n c t i o n s the i n t r i n s i c s t a t e s 

The example which we are g o i n g t o d i s c u s s r e f e r s t o the case N=3 

and j= 2 3 / 2 . 

As boson g e n e r a t i n g f u n c t i o n we choose 

, 4 W > ' O T ? ( ^ * N * ° ) M l o > (τ) 
The o v e r l a p s < I *V(«0> and <φ(Ρ) \ φ((*')> , w i t h β = * =1. 3 

and ρ = ot1 , are shown i n f i g . 1; (a) and ( b ) , r e s p e c t i v e l y . They 
behave s i m i l a r l y but i n the l i m i t s o l ' » oJ and (à'»p t h e y have d i f 
f e r e n t v a l u e s . We get a r e l a t i o n between ·< and ρ by imposing 

C^M <Η/(·ι)\^(Α')>= W <4(<»)l Φ(Ρ)> (8) 

U s i n g t h i s r e l a t i o n , the o v e r l a p <φ((&)1 ΦίΡ')^ becomes v e r y c l o s e 
t o t he f e r m i o n one, so we have p l o t t e d o n l y one curve i n t h i s 
case ; ( a ) , i n f i g . 1. 

As an example o f f e r m i o n h a m i l t o n i a n we t a k e the quadrupo-
l e - q u a d r u p o l e h a m i l t o n i a n 
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5. S A M B A T A R O Microscopic Theory of the Interacting Boson Model 37 

( 9 ) 
The b e h a v i o u r o f C 4τ(·0 \ Hp lMrU)> i s shown i n f i g . 2 , ( a ) . We 

w i s h t o i n v e s t i g a t e w h e t h e r s u c h a b e h a v i o u r c a n be r e p r o d u c e d 
b y a b o s o n s - d h a m i l t o n i a n . We a l s o w i s h t h i s h a m i l t o n i a n t o be 
h e r m i t i a n a n d a t m o s t two b o d y . The m o s t g e n e r a l h a m i l t o n i a n o f 
t h i s k i n d c a n be w r i t t e n as ( I A C 8 2 ) 

He * fcA* +£cP * . p * <s, L-L + *XQ.Q, • <S*T3.T% * 6«,τ„·τΜ ( i 0 ) 

w h e r e C ( N ) i s a f u n c t i o n d e p e n d i n g on t h e b o s o n number N. 
We f i n d t h a t a s p e c i a l c a s e o f t h i s h a m i l t o n i a n 

r O.l* Ρ* Ρ - o.o*»s «o.oii V T 3 - i a e (11) 

The same g i v e s a r e a s o n a b l e f i t o f t h i s b e h a v i o u r ( f i g . 2 , ( b ) ) , 
i s v e r i f i e d a l s o f o r n o n - d i a g o n a l m a t r i x e l e m e n t s . 

The s p e c t r a o f a n d i n t h e f e r m i o n S-D s p a c e a n d i n 
t h e b o s o n s - d s p a c e , r e s p e c t i v e l y , a r e g i v e n i n f i g . 3 . As e x p e c 
t e d on t h e b a s i s o f t h e d i s c u s s i o n g i v e n a b o v e , t h e s e s p e c t r a 
l o o k q u i t e s i m i l a r . A g o o d a g r e e m e n t i s f o u n d f o r b i n d i n g e n e r 
g i e s a s w e l l ( B . E . = - 3 . 3 8 MeV f o r f e r m i o n s , B . E . = - 3 . 3 U MeV f o r 
b o s o n s ) . M o r e d e t a i l s on t h i s m a p p i n g p r o c e d u r e a r e g i v e n i n 
S a m b a t a r o e t al.(SAM85a) 

Figure 1 ( l e f t ) . Comparison between fermion (a) and boson (b) overlaps, 
as described in the text. Reproduced with permission from (SAM85a). 
Copyright 1986 North-Holland Physics Publishing Company. 
Figure 2 (right). Diagonal fermion (a) and boson (b) matrix elements 
between the states described in the text. Reproduced with permission 
from (SAM85a). Copyright 1986 North-Holland Physics Publishing Company. 
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38 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

H„ = 0.12 PiP -0.075 Q.0U0.04TJ- TJ-1.38 

Ν =3 j = 2*2 

Η h 

F i g u r e 3. C o m p a r i s o n between the s p e c t r a g e n e r a t e d by a q u a d r u p o l e -
q u a d r u p o l e h a m i l t o n i a n w i t h i n t h e S - D s u b s p a c e (N = 3, j = 2 3 / 2 ) and 
by t h e IBM h a m i l t o n i a n o b t a i n e d w i t h t h i s mapping p r o c e d u r e . Reproduced 
w i t h p e r m i s s i o n from (SAM85a) . C o p y r i g h t 1986 N o r t h - H o l l a n d P h y s i c s 
P u b l i s h i n g Company. 

M i c r o s c o p i c c a l c u l a t i o n s f o r many j - o r b i t s y s t e m s 

W o r k i n g i n t h e f e r m i o n s p a c e , e v e n i n a c o n s i d e r a b l y r e d u 
c e d s h e l l m o d e l s p a c e l i k e t h e S-D s u b s p a c e , i s q u i t e c o m p l i c a t e d 
i f nucléons a r e s u p p o s e d t o move i n many j - o r b i t s . I n r e c e n t 
c a l c u l a t i o n s p e r f o r m e d i n t r u n c a t e d s h e l l m o d e l s p a c e s , f o r n u 
cléons i n a s i n g l e j - o r b i t ( C A T 8 5 ) 9 a c o m p u t a t i o n a l p r o c e d u r e 
h a s b e e n s e t up t o e v a l u a t e o v e r l a p s a n d m a t r i x e l e m e n t s . The 
p r o c e d u r e h a s u s e d r e c u r s i o n f o r m u l a s w h i c h h a v e b e e n 
b a s e d on t h e c o m m u t a t i o n p r o p e r t i e s o f t h e f e r m i o n o p e r a t o r s . 
I n p r i n c i p l e , i t i s p o s s i b l e t o e x t e n d t h i s p r o c e d u r e t o t h e c a s e 
o f nucléons o c c u p y i n g many j - o r b i t s . H o w e v e r , i n t h i s c a s e , t h e 
i n c r e a s e d c o m p l e x i t y o f t h e c o m m u t a t i o n r e l a t i o n s i n v o l v e d d o e s 
n o t l e a v e much h o p e t h a t c a l c u l a t i o n s c a n be p e r f o r m e d w i t h o u t 
r u n n i n g i n t o many d i f f i c u l t i e s . I n t h i s c o n t r i b u t i o n we o u t l i n e 
an a p p r o x i m a t i o n w h i c h c o n s i d e r a b l y s i m p l i f i e s t h i s p r o c e d u r e . 

I n t h e s i n g l e j - o r b i t c a s e , l e t u s c o n s i d e r s t a t e s o f t h e 
k i n d 

w h e r e 

(12) 

(13) 

As f a r as t h e e v a l u a t i o n o f o v e r l a p s i s c o n c e r n e d , we o b s e r v e 
t h a t one c a n g e n e r a t e r e c u r s i o n f o r m u l a s a c c o r d i n g t o w h i c h 
o v e r l a p s b e t w e e n s t a t e s ( 1 2 ) w i t h Ν p a i r s a r e e x p r e s s e d i n t e r m s 
o f o v e r l a p s o f s p e c i a l l y g e n e r a t e d s t a t e s w i t h N - l p a i r s 
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5. S A M B A T A R O Microscopic Theory of the Interacting Boson Model 39 

I n t h i s f o r m u l a , J (,^/*; , Λ« <ίλ*Λ: <XACM'»D c o e f f i c i e n t s a r e d e f i n e d 

AA > ] » 21 J > ( ^ R*# l ) A t ν»-*» ( 1 5 ) 

a n d t h e s y m b o l ^ / * J e e e s t a n d s f o r a new s e t o b t a i n e d f r o m 
JV*3 r e m o v i n g t h e p a i r s w hose i n d i c e s a r e i n d i c a t e d i n t h e 
s u b s c r i p t a n d s u b s t i t u t i n g t h e m w i t h p a i r s o f m u l t i p o l a r i t y 
i n d i c a t e d i n t h e s u p e r s c r i p t ( a n d a p p r o p r i a t e p r o j e c t i o n ) i f a n y . 
S i m i l a r r e c u r s i o n f o r m u l a s c a n be d e r i v e d f o r o n e - b o d y a n d t w o -
b o d y m a t r i x e l e m e n t s . 

I n e x t e n d i n g t h e p r e v i o u s f o r m a l i s m t o many j - o r b i t s , one 
c a n d e f i n e a s e t o f b a s i s s t a t e s l i k e (12) b u t w h e r e t h e 
o p e r a t o r s a r e now r e p l a c e d b y 

H o w e v e r , t h e a p p l i c a t i o n o f r e c u r s i o n f o r m u l a s l i k e ( l * * ) b e c o m e s 
q u i t e c o m p l i c a t e d due t o t h e f a c t t h a t c o m m u t a t o r s l i k e , f o r 
i n s t a n c e , ^ _ 

[ [ * V . , ÏVJ/A J , TA»^» J ( i T ) 
do n o t g e n e r a t e p a i r s b e l o n g i n g t o t h e o r i g i n a l c o l l e c t i v e s p a c e . 

To i n v e s t i g a t e p o s s i b l e a p p r o x i m a t e s c h e m e s t o t h e p r o c e 
d u r e j u s t d i s c u s s e d , we f i r s t o b s e r v e t h a t , t a k i n g i n t o a c c o u n t 
t h e p r o p e r t i e s o f t h e s t r u c t u r e c o e f f i c i e n t s ^(«Si*) » o n e c a n 

w r i t e 

^ · (18) 

w h e r e a r e l i n e a r l y i n d e p e n d e n t c o r r e l a t e d p a i r s o f t h e t y p e 
( l 6 ) . By r e p l a c i n g ( l 8 ) i n c o m m u t a t o r s l i k e (17) » i t i s p o s s i b l e 
t o e x p r e s s t h e s e c o m m u t a t o r s i n t e r m s o f t h e s a i d p a i r s . 

The a p p r o x i m a t i o n we e x p l o r e i s t h e one i n w h i c h among a l l 
c o r r e l a t e d p a i r s a p p e a r i n g i n t h e c o m m u t a t o r s l i k e (17) s we r e 
t a i n o n l y one p a i r f o r e a c h m u l t i p o l a r i t y , i . e . t h e c o l l e c t i v e 
p a i r w h i c h d e f i n e s t h e c o l l e c t i v e s u b s p a c e . T h i s a p p r o x i m a t i o n 
a p p e a r s c o n s i s t e n t w i t h t h e as s u m p t i o n , a l r e a d y i m p l i c i t i n t h e 
c h o i c e o f t h e b a s i s s t a t e s , t h a t o n l y t h e s e p a i r s a r e e s s e n t i a l 
f o r a d e s c r i p t i o n o f t h e l o w - l y i n g n u c l e a r s t a t e s . The i m p o r t a n t 
a d v a n t a g e o f t h i s a p p r o x i m a t i o n i s t h a t r e c u r s i o n f o r m u l a s o f t h e 
t y p e ( l U ) , i n t h e c a s e o f nucléons m o v i n g i n many j - o r b i t s , b e 
come as e a s y t o u s e as t h o s e i n s i n g l e j - o r b i t . 

To t e s t t h i s a p p r o x i m a t i o n we h a v e e v a l u a t e d t h e e x p e c t a 
t i o n v a l u e o f a p a i r i n g i n t e r a c t i o n i n a s t a t e w i t h Ν p a i r s , i n 
t h e s h e l l 5 0 - 8 2 , a n d g e n e r a l i z e d s e n i o r i t y v= 0 . E x a c t a n d a p p r o 
x i m a t e d e n e r g i e s o b t a i n e d w i t h a m i n i m i z a t i o n p r o c e d u r e a r e 
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40 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

shown i n f i g . U f o r d i f f e r e n t v a l u e s o f Ν. A l s o approximated 
o c c u p a t i o n numbers compare w e l l w i t h the exact ones. A l l the 
d e t a i l s o f th e s e c a l c u l a t i o n s a r e c o n t a i n e d i n Sambataro e t a l . 
( S A M 8 5 b ) . 

ζ 

-1.0 

I ι 1 1 1 

-2.0 
EXACT 

-3.0 - 1 

-4.0 

I 1 

1 
APPR0X. -

1 1 1 
2 A 6 8 10 

NUCLEON NUMBER 

Figure 4 . Comparison between exact and approximated expectation 
values of a pairing hamiltonian i n states with generalized seniority 
ν = 0 . Reproduced with permission from (SAM85b). Copyright 1986 
North-Holland Physics Publishing Company. 

Conclusions 

In t h i s c o n t r i b u t i o n , we have p r e s e n t e d a new mapping 
p r o c e d u r e from f e r m i o n onto boson s p a c e s . T h i s p r o c e d u r e has 
been t e s t e d f o r a f e r m i o n q u a d r u p o l e - q u a d r u p o l e i n t e r a c t i o n i n 
the case o f nucléons moving i n a s i n g l e j - o r b i t . The energy s p e c 
trum g e n e r a t e d by t h i s i n t e r a c t i o n w i t h i n the S-D subspace has 
been found t o compare r a t h e r w e l l w i t h the spectrum of an SU( 3 ) ~ 
0(6) IBM h a m i l t o n i a n whose parameters have been o b t a i n e d w i t h 
t h i s p r o c e d u r e . 

An i m p o r t a n t p o i n t which w i l l be the o b j e c t of f u t u r e i n v e 
s t i g a t i o n concerns the e v a l u a t i o n o f the r e n o r m a l i z a t i o n e f f e c t s 
on the boson h a m i l t o n i a n i n t r o d u c e d by the t r u n c a t i o n of the 
fe r m i o n space. 

F i n a l l y , we have o u t l i n e d an approximated method t o p e r 
form c a l c u l a t i o n s i n the f e r m i o n space, f o r nucléons moving i n 
many j - o r b i t s . The method has been t e s t e d f o r a p a i r i n g h a m i l t o 
n i a n and has p r o v i d e d e n c o u r a g i n g r e s u l t s f o r both e n e r g i e s and 
o c c u p a t i o n numbers. 
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6 

Realistic and Model Applications of the Boson Expansion Theory 

Taro Tamura 

Department of Physics, University of Texas at Austin, Austin, TX 78712 

The structure of the boson expansion theory is explained 
based on simple models. It gives a good idea on how this 
theory would work when it is applied to realistic cases. 

Our group at the University of Texas has been engaged i n the boson 
expansion theory (BET), during the past decade or so. Our work started 
with two papers [1,2], which we shall henceforth refer to as KTl and KT2. 
The BET of KTl and KT2 are very similar in their forms, but d i f f e r 
c r i t i c a l l y i n what they describe. The BET of KT2 was used extensively 
for r e a l i s t i c calculations, with notable success in f i t t i n g a number 
of data of co l l e c t i v e motions i n a variety of nuclei [3]. 

Subsequently, we renewed our formal study of BET as a whole, result
ing i n a paper [4], which we shall c a l l KT3 henceforth. In both KTl and 
KT2, a method called a commutator method was used, while the method used 
i n KT3 was (a generalized version of) that of MYT [ 5 ] . In p a r a l l e l with 
or following KT3, a few additional papers were published, c l a r i f y i n g 
further the general structure of BET [ 6 , 7 ] . 

One aspect which characterises our r e a l i s t i c calculations [2,3] i s 
the use of the BCS theory, making our theory be sometimes called BCS+BET. 
As i s well known, the BCS theory causes certain types of errors. However, 
i t i s also well known that one w i l l not commit too serious errors, i f one 
uses BCS, as we did, within the bound of i t s a p p l i c a b i l i t y . 

It i s , nervertheless, highly desirable, to construct a theory that 
maintains the simplicity of the BCS theory, yet removes the (major part of 
the) BCS errors. A theory, recently developed by L i [8], which uses the 
number-conserving quasi-particle (NCQP) method, i s such a theory. We are 
now working on replacing BCS+BET by NCQP+BET, and on resuming r e a l i s t i c 
calculations. This time we shall be able to go much beyond the bounds 
imposed by the BCS approximation. 

It is also valuable to investigate on how our new form of BET would 
perform, when i t i s applied to simple models. During the past year or so 
we indeed did th i s , the models taken up being the single-j shell model 
(lj-SM) and the Ginocchio model [9]. 

0097-6156/ 86/ 0324-0041 $06.00/0 
© 1986 American Chemical Society 
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42 NUCLEI OFF THE LINE OF STABILITY 

In the following, we discuss mostly the use of our BET for these simple 
models. We do this because i t w i l l help the reader to understand the essence 
of our BET, and also because these models were studied by Otsuka et. a l . 
[10,11], and by Arima et^. j d . [12]. (They did this with a stated purpose of 
j u s t i f y i n g the interacting-boson approximation (IBA) [13].) It w i l l be seen 
below that, in spite of the use of the same models, the conclusions we 
arrive at d i f f e r s i g n i f i c a n t l y from those given by these authors. 

SINGLE-j SHELL MODEL 

The lj-SM i s characterised by the fact that i t is very easy to 
construct in i t a basis states in the seniority scheme. Let a (basis) state 
|n,v;ot> contain η p a r t i c l e s , ν of which contributing to make this state have 
seniority v. ( a stands for additional quantum numbers.) This state then has 
S pairs (of Cooper type) of which number equals k=(n-v)/2. The states with 
n=v (and hence k=0) are called highest senioriy (HS) states. 

Once the states are thus constructed in the seniority scheme, a step 
called seniority reduction (SR) can follow. An example of i t i s given as 

<η+2,ν';α·|C 2Jn,v;a> 

= ^ U_ l f l V 0 j o <ν+2,ν+2;α'|ΒΪμ|ν,ν;α> 6 ν· ; v + 2 

+ ( U0,0 2 " V 0 , 0 2 ) <ν,ν;α'|C2ylv,v;a> 6 y. ; v (la) 

+ >̂2 U - i , - i V0,-2 <ν-2,ν-2;α' |Β^|ν,ν;α> ό ν· ; v - 2 

In ( l a ) , Β 2 μ is a pair creatrion opeartor, C 2y is a scattering operator, 
and the U and V coefficients are defined as (Ω = j + 1/2) 

u U . j M U n - n - v - i - j M U i M v ^ j ) ] 1 / 2 

(lb) 
V(i,j)=[(n-v+i-j)/(2fi-2v-2j)]l/ 2 

As seen, the SR i s to express a matrix element of an operator, 
between states which are not (usually) of HS nature, by a sum of matrix 
elements of related operators taken between HS states. The SR formula 
of (1) i s well known; see, e.g., Lawson [14]. We gave i t , however, i n 
a form which i s different from what i s usually employed. Namely we 
expressed the coefficients on the rhs of (la) in terms of the U and V 
factors. The reason we chose this form i s that we want to emphasize 
the fact that (1) is very similar to what we get when we perform the 
usual Bogoliubov transformation, i . e . , use BCS. In fact, we obtain 

0^= ^2 UV B^, + (U 2-V 2) C ^ + ^2 UV Bj^ (2a) 

U - [(2Ω-η)/(2Ω)]1/2 . V = [η/(2Ω)]1/2 ( 2 b) 

The operators on the rhs of (2a) are quasiparticle pair operators. 
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6. TAMURA Boson Expansion Theory 43 

As seen, (1) and (2) are in fact in the same algebraic forms. The 
U and V factors in (2b), however, lack the delicate i , j and ν depndence, 
which the U and V factors in (lb) have. This results in the number non-
conservation problem of BCS. 

Note that the bra and ket states that appear on the rhs of (la) contain 
S pairs, while the HS states on the rhs do not. This means that SR has 
eliminated completely the S pairs from our description, their i n i t i a l pre
sence being, nevertheless, accurately remembered by the emergence of the U 
and V factors. The complete elimination of the S-pairs is also the case with 
BCS, the only difference being that U and V factors now have somewhat poorer 
memory. The sigfificance of the s i m i l a r i t y of (1) and (2) l i e s in this 
complete elimination of the Cooper pairs in both SR and BCS. 

Let us now consider bosonizing [4] the pair operators, based on the 
reduced matrix elements that appear on the rhs of (1). We then have an expan
sion which contains no ŝ  bosons in i t . This BET, which we may c a l l SR+BET, i s 
exact (assuming that the boson expansion i s carried out to a desired order). 

An exact BET can thus be constructed without s_ bosons, even when the 
seniority scheme is used, a fact which may surprise those who know the OAI 
work [10]. It appears that i t has been normaly belived that OAI had s_ 
bosons, because i t used the seniority scheme, while, e.g., our BET did not, 
because BCS was used. What we showed above is that such a bel i e f is 
unfounded. We may also note that, in the lj-SM, the NCQP+BET, which replaces 
BCS+BET, i s exact and agrees exactly with SR+BET. 

OAI request that the fermion (S,D) space must always be mapped onto the 
boson (s,d) space; and obtain s-bosons. We showed, however, that an exact 
BET exist without s-bosons. The s-bosons in OAI may then be considered 
essentially as mathematical a r t i f a c t s . OAI claimed that they derived IBA, by 
creating s-bosons in this way. Then the s-bosons in IBA may also be mathema
t i c a l a r t i f a c t s . 

OAI further claimed that the lowest order expansion was s u f f i c i e n t l y 
good. However, one sees that the OAI tables does not actually show that 
such is the case. Higher order terms are d e f i n i t e l y needed [15], indicating 
that a microscopic IBA i s not as simple as i s the phenemenological IBA. 

We also noted [15] that the OAI and OAIT [11] theories are c r u c i a l l y 
different. In OAI, the coefficients multiplying s and d boson operators are 
constant; thus OAI can be an IBA. In OAIT, however, the coefficients depend 
on v, and thus OAIT is not an IBA. (With OAIT, the SU(6) symmetry, which is 
the key ingredient of the phenomenological IBA, may largely be lost.) In any 
case, the (somewhat better looking) OAIT numerical results, rather than the 
(poorer) OAI results, were presented in OAI tables, without mentioning at 
a l l that this was done. 

Sometime ago, Arima [12] argued that the use of our BET in lj-SM caused 
errors of about a factor of 3 in some B(E2) values. We did the same calcu
lati o n ourselves recently [16], and found that the errors were in the range 
of 10% or so; never as large as Arima stated. We then noticed that Arima 
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44 NUCLEI OFF THE LINE OF STABILITY 

started with the BET of KTl, and then truncated to the d-boson component. 
However, this should not have been done. When trucation i s done, the 
commutator equations of KTl must be reconstructed, and then resolved. 
And this i s exactly what was done in KT2. It appears that Arima f a i l e d to 
notice this fact and presented very misleading results. 

GINOCCHIO MODEL 

Ginocchio model i s a degenerate 4-j SM, the j values ranging from 
£-3/2 to £+3/2, for a given £. In spite of this 4-j sh e l l nature, the 
specific combination of the 4 shells makes this model very similar to 
lj-SM. Thus, again the seniority scheme can be constructed easily. In 
addition to t h i s , the (S,D) space becomes a closed space. This makes 
the algerbra of the Ginocchio model even simpler than that of lj-SM. 

In F i g . l , we show the results of our recent calculations [17]. This 
i s the case of the so-called S0(6) l i m i t [12], and the energy spectra 
predicted by various boson theories are compared with the exact fermion 
spectrum. It i s seen f i r s t that the NCQP+BET result agrees almost per
fectly with the exact spectrum. (The remaining discrepancy was caused 
by a f i n i t e boson expansion.) The OAIT also performs f a i r l y well though 
not as good as does NCQP+BET. The performance of BCS+BET i s much poorer 
compared with these two, the energies getting too high with increased 
spins. The spectrum we denote in F i g . l as OAI also behaves rather poorly, 
this time, however, underpredicting the high-spin state energies. 

As we emphasized towards the end of Sec.II, OAI is an IBA but OAIT is 
not. Nevertheless, Arima et. a l . presented [12] the r e l a t i v e l y better OAIT 
result as an evidence to j u s t i f y IBA. However, this presentation i s again 
very misleading. The OAI results should have been presented as IBA, as we 
have done so in our F i g . l . 

In the above, we have repeatedly mentioned the bound of a p p l i c a b i l i t y of 
the BCS theory. It means more s p e c i f i c a l l y that the BCS theory i s to be 
used only when the (effective) space size Ω, and the p a r t i c l e number n, are 
both s u f f i c i e n t l y larger than i s the quasi-particle number (which i s the 
senioprity ν i n the Ginocchio model). 

F i g . l . Level spectra 
predicted by various 
boson theories in the 
S0(6) l i m i t of the 
Ginocchio model. 

EXACT SCQP BCS OA I OAIT KXACT 
•BET +BET (IDA) 
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6. TAMURA Boson Expansion Theory 45 

Thus, we do not expect from the beginning that the BCS+BET w i l l f i t the 
high-spin states i n F i g . l . (Note that in F i g . l , Ω β 22 and n*16. For 1*16 
state we thus have ν β η.) However, we expect that the lower states are f i t 
s a t i s f a c t o r i l y , and F i g . l shows that this i s indeed the case. Note that 
this fact assures to a good extent that our r e a l i s t i c calculations were done 
quite meaningfully. We have considered [2,3] only lowlying states, and thus 
have stayed within the bound of a p p l i c a b i l i t y of the BCS theory. 

DISCUSSIONS 

In the present paper we have discussed mostly cases with simple models. 
In spite of this r e s t r i c t i o n , we seem to have a rather clear view, on where 
we stand now with our BET, including i t s applications to réaliste cases. 

We have already shown [2,3] that our BCS+BET worked rather nicely in 
f i t t i n g a number of data. And Se c . I l l of the present paper showed that 
BCS+BET i s in fact a dependable theory. We also showed in both Secs.II 
and III that NCQP+BET can remove the BCS errors. In any case, our future 
r e a l s i t i c calculations w i l l be done i n terms of NCQP+BET. 

An important remark we want to make here is that i t is rather easy to 
construct NCQP+BET even for r e a l i s t i c cases with non-degenerate many-j 
she l l s . The same is not the case, however, with OAI and OAIT (and SR+BET). 
In order to construct the many-j shell versions of these theories, one must 
be able to handle the generalized seniority scheme. However, this is a very 
d i f f i c u l t task to achieve. 

In constructing NCQP+BET, we f i r s t construct BCS+BET. Since we use BCS 
f i r s t , we eliminate Cooper pairs completely, as we emphasized in Sec.II. 
Thus NCQP+BET is void of s-bosons. Note that the switch from BCS+BET to 
NCQP+BET means to modify (improve) the U and V factors. No change i s made 
of the basic structure of BET. 

As we remarked, the many-j she l l version of OAI (or OAIT), and hence 
the microscopic version of IBA (of many-j shell nature), which have been 
coveted for, seem hard to come by. Note, however, that we showed i n Sec.II 
that SR+BET (SNCQP+BET), OAI and OAIT were essentially equivalent, i n spite 
of the subtle differences which were produced by different tastes. Then, 
i t may make sense to consider that the many-j she l l NCQP+BET i s indeed the 
many-j shell version of a l l the above theories. 

In other words, to construct the many-j shell version NCQP+BET may be 
considered as an excellent way of bypassing the d i f f i c u l t task of handling 
the generalized seniority. However, an important remark to be repeated 
here is that the NCQP+BET is void of s-bosons (and hence is not of the IBA 
form). This i s not a problem for us. We have already shown [2,3], e.g., 
that we can produce vibration, gamma-unstable, rotation and other t r a n s i -
sional situations, without having s-bosons. We do not need the SU(6) 
symmetry of IBA for such purposes. 
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46 NUCLEI OFF THE LINE OF STABILITY 

In conclusion, we believe we are in a rather good shape with our BET, 
parti c u l a r l y since NCQP [8] has become available. We expect to start 
shortly to produce numerical results that could be compared with a variety 
of experimental data. As we stressed above, we can now go beyond the bounds 
of the BCS theory. Also, the rather general framework of BET, constructed 
in KT3, now allows us to take into account the non-collective, as well as 
col l e c t i v e components in a rather systematic way. Further accumulation of 
data, pertaining to both kinds of levels, i s thus highly hoped for. 
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7 
Mixed-Symmetry Interpretation of Some Low-Lying Bands 
in Deformed Nuclei and the Distribution of Collective Magnetic 
Multipole Strength 
O. Scholten1, K. Heyde2, P. Van Isacker2, and T. Otsuka3 

1Michigan State University, East Lansing, MI 48824 
2Institute for Nuclear Physics, Proeftuinstraat 86, B-9000 Gent, Belgium 
3Japan Atomic Energy Research Institute, Tokai, Ibaraki-ken, Japan 

The effect of neutron-proton symmetry breaking on the distri
bution of M1 strength in the SU(3) limit of the Interacting Boson 
Model (IBA-2) is studied. A possible alternative choice for the 
Majorana force is investigated, with a structure that resembles 
more closely that which is calculated in microscopic theories. It 
is found that the specific choice for the Majorana interaction has 
important consequences for the magnetic strength distribution 
function. In addition it allows for an alternative interpretation 
of the second excited Κπ=0+ band in rare earth nuclei, as a mixed
-symmetry state. 

E x p e r i m e n t a l e v i d e n c e i s a c c u m u l a t i n g [Boh84] on t h e e x i s t e n c e and 
p r o p e r t i e s o f s t a t e s i n deformed n u c l e i t h a t a r e not f u l l y symmetric i n t h e 
n e u t r o n and p r o t o n d e g r e e s o f f r e e d o m . The o c c u r r e n c e o f t h e s e m i x e d -
symmetry modes have been p r e d i c t e d i n v a r i o u s g e o m e t r i c a l models [ L o I 7 9 , 
S u z 7 7 ] and i n t h e v e r s i o n o f the I n t e r a c t i n g Boson Model where neu t r o n and 
pro t o n degrees o f freedom are e x p l i c i t l y taken i n t o account (IBA-2) [ D i e 8 3 , 
A r i 8 3 ] . 

In the IBA-2 model [ A r i 8 3 ] , the s t r u c t u r e of the c o l l e c t i v e s t a t e s i n 
e v e n - e v e n n u c l e i i s c a l c u l a t e d by c o n s i d e r i n g a s y s t e m o f i n t e r a c t i n g 
n eutron and pro t o n s and d bosons. We w i l l f o c u s a t t e n t i o n on t h e M a j o r a n a 
f o r c e , 

M = ξ 2 ( 3 d - d s ) -( s d - d s ) -2 ) ξ. (d d ) «(d d ) , 
VÏÏ ν ÏÏ ν π ν π ν π ^ k ν ττ ν ττ 

which s e r v e s t o r a i s e the e x c i t a t i o n energy o f the s t a t e s t h a t a r e not f u l l y 
symmetric i n the neutron and proton degrees o f freedom. T h i s Majorana f o r c e 
c o n t a i n s t h r e e p a r a m e t e r s , £ l f ξ 2 , and ξ 3 . I n most p h e n o r n e n o l o g i c a l 
a p p l i c a t i o n s , as f o r example g i v e n i n r e f s . [Van84 ,Sch85 ] , f o r s i m p l i c i t y , 
t h e s e p a r a m e t e r s have been chosen e q u a l , i n which case the Majorana f o r c e 

0097-6156/ 86/ 0324-0047S06.00/ 0 
© 1986 American Chemical Society 
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48 NUCLEI OFF THE LINE OF STABILITY 

pushes up the mixed-symmetry s t a t e s by an e q u a l amount, i . e . t h i s f o r c e i s a 
t r u e Majorana f o r c e . 

W h i l e f o r t h e ε, κ a n d γ p a r a m e t e r s e x t e n s i v e m i c r o s c o p i c 
V , IT 

c a l c u l a t i o n s e x i s t [ O t s 7 8 ,Sch83] , t h e m i c r o s c o p i c o r i g i n o f the Majorana 
f o r c e i s at best o n l y p a r t i a l l y u n d e r s t o o d [ S c h 8 3»Dru85] . I n p a r t i c u l a r 
t h e r e i s v e r y l i t t l e , or no, evidence t h a t the t h r e e parameters ξ ρ ξ 2, and 
ξ 3 s h o u l d be c h o s e n e q u a l [Dru85]. M i c r o s c o p i c c a l c u l a t i o n s f o r t h e 
p a r a m e t e r s o f t h e IBA-2 h a m i l t o n i a n , as r e p o r t e d i n r e f . [Dru85], i n d i c a t e 
t h a t the parameters ξ i n the Majorana f o r c e s h o u l d not be t a k e n e q u a l , b u t 
t h a t t h e c h o i c e E,l = e,3=b and ξ 2=0. i s more r e a l i s t i c . For t h i s r e ason we 
made a p h e n o m e n o l o g i c a l i n v e s t i g a t i o n o f t h e o b s e r v a b l e s t h a t d e p e n d 
s t r o n g l y on the s t r u c t u r e o f the Majorana f o r c e . I n t h i s work we compare the 
r e s u l t s o f two c a l c u l a t i o n s , one u s i n g the s t a n d a r d c h o i c e f o r t h e M a j o r a n a 
f o r c e , ά = ξ 1 = ξ 3 = ξ 2 ( c a l c u l a t i o n I ) , and one u s i n g b=ξ l=ξ3 and ξ 2=0.0 
( c a l c u l a t i o n I I ) as suggested by m i c r o s c o p i c c a l c u l a t i o n s [ S c h 8 5 ,Dru85] . 
The d i f f e r e n c e between t h e two c h o i c e s f o r t h e M a j o r a n a f o r c e i s most 
i n t r i g u i n g i n the SU ( 3 ) l i m i t o f the IBA model on w h i c h we w i l l t h e r e f o r e 
f o c u s our a t t e n t i o n . 

As an example of a t y p i c a l deformed r a r e e a r t h n u c l e u s we w i l l d i s c u s s 
i n some more d e t a i l t h e n u c l e u s 1 5 6 G d . The p a r a m e t e r s o f t h e IBA-2 
h a m i l t o n i a n have been taken from r e f . [Sch80]. The s t r e n g t h o f the M a j o r a n a 
f o r c e , a s d e t e r m i n e d f r o m t h e p o s i t i o n o f t h e 1 + l e v e l n e a r Ε χ ^ 3 MeV 
[ B o h 8 4 ] , c a n be t a k e n as a=0.15 MeV ( c a l c u l a t i o n I ) o r as b = 0 . 3 MeV 
( c a l c u l a t i o n I I ) . I n F i g . 1 t h e c a l c u l a t e d e x c i t a t i o n e n e r g i e s o f the 
bandheads u s i n g t h e s e two d i f f e r e n t c h o i c e s f o r t h e M a j o r a n a f o r c e a r e 
compared w i t h some known bandheads i n the e x p e r i m e n t a l spectrum o f 1 5 6 G d . 
Even though i n b o t h c a l c u l a t i o n s t h e s t r e n g t h o f t h e M a j o r a n a f o r c e i s 
c h o s e n s u c h t h a t t h e Κ π - 1 + band l i e s near Ε χ = 3 MeV, the spectrum o f mixed-
symmetry s t a t e s i n t h e two c a l c u l a t i o n s i s t o t a l l y d i f f e r e n t . I n 
c a l c u l a t i o n ( I ) t h e Κ π«1 + band i s the l o w e s t mixed-symmetry band, w h i l e i n 
c a l c u l a t i o n ( I I ) the l o w e s t mixed-symmetry band l i e s n e a r t h e p o s i t i o n o f 
t h e 3 and Ύ band and a l l o t h e r mixed-symmetry s t a t e s occur at the p o s i t i o n 
o f the Κ π = 1 + bandhead or h i g h e r . The l o w e s t mixed-symmetry Κ π = 0 + band i n 
c a l c u l a t i o n ( I I ) r e s u l t s i n energy very near an e x p e r i m e n t a l l y w e l l known 
K^-ot band. 
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7. SCHOLTEN ET AL. Mixed-Symmetry Interpretation 49 

M SU-85-115 

3 
Ps 2 S 0 M l M 0 2 0 1 °S 2 S °M !M 

MeV 

2 • — _— — 

1 

— —! — 

l 5 6 G d 

0 . 
F i g . 1 A comparison between c a l c u l a t e d bandhead e n e r g i e s and those observed 
i n 1 5 6 G d . I n t h e c a l c u l a t i o n p r esented on the l e f t - h a n d s i d e ( c a l c u l a t i o n 
I ) the Majorana f o r c e i s p a r a m e t e r i z e d (see t e x t ) by a=0.15 MeV w h i l e i n the 
c a l c u l a t i o n on t h e r i g h t - h a n d s i d e ( I I ) b=0.3 MeV i s u s e d . Above an 
e x c i t a t i o n energy of 2.5 MeV, the symmetry a s s i g n m e n t may n o t be a c c u r a t e 
due t o the F - s p i n n o n s c a l a r n a t u r e of the h a m i l t o n i a n . 
Reproduced with permission from [Sch85]. Copyright 1985 American 
Physical Society. 

I n t h i s s e c t i o n some o f the E2 decay p r o p e r t i e s o f the l o w - l y i n g mixed 
symmetry K^^Og band are d i s c u s s e d . In the IBA-2 model, E2 t r a n s i t i o n s a r e 
c a l c u l a t e d u s i n g the o p e r a t o r 

T E 2 - e Q ( 2 ) • e Q ( 2 ) 

IT π υ ν 
(2) ( 2 ) where Q and Q a r e t h e p r o t o n and n e u t r o n quadrupole o p e r a t o r s . In 
Tf ν 

phénoménologie c a l c u l a t i o n s one u s u a l l y assumes t h a t the neutron and p r o t o n 
b o s o n e f f e c t i v e c h a r g e s a r e e q u a l , e =e . S h e l l - m o d e l , and r e c e n t 

Tf ν 
phenomenological [ V e r 8 5 ] c a l c u l a t i o n s t e n d t o f a v o r a v a l u e o f 1.5e Se^ 
£2.0e . F o r t h i s r e a s o n we p r e s e n t i n t a b l e 1 some B(E2) v a l u e s f o r the ν 
mixed-symmetry s t a t e s , c a l c u l a t e d f o r two d i f f e r e n t c h o i c e s f o r t h e boson 
e f f e c t i v e c h a r g e s , e =2e and e =e . Even though the neutron and p r o t o n π ν IT ν π + 

boson e f f e c t i v e charges d i f f e r by a f a c t o r 2, the t r a n s i t i o n s from the Κ =0 3 

+ + 

band t o the o t h e r l o w - l y i n g bands i s o n l y a f r a c t i o n o f the 2 1+0 1 t r a n s i t i o n 
and o f the o r der o f a few s.p.u. The t r a n s i t i o n s w i t h i n the band are s t r o n g 
but somewhat weaker than t r a n s i t i o n s w i t h i n the g.s. band. These p r e d i c t i o n s 
are very s i m i l a r to what one expects i n the t r a d i t i o n a l 2 qp i n t e r p r e t a t i o n 
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50 NUCLEI OFF THE LINE OF STABILITY 

T a b l e 1 . C a l c u l a t e d B(E2^ v a l u e s f o r v a r i o u s t r a n s i t i o n s i n v o l v i n g members 
o f the mixed-symmetry Κ π=0 band f o r two d i f f e r e n t c h o i c e s f o r t h e boson 
e f f e c t i v e charges. 

T r a n s i t i o n e =e /2 e »e ν IT π ν 

21 + 0 1 
MS 

y « 
y ο* 
V ° ι 

y > 
2MS* °MS 

100. 
0 . 3 6 

0.85 
2 . 1 3 

0.005 
0.10 

78.15 

100. 
0 . 8 6 

1.11 
3 . 3 8 

0.12 
0.05 

70 . 8 6 

Source: Reproduced with permission from [Sch85]. Copyright 1985 
American Physical Society. 

o f t h e s e bands. Even f o r t h e c a s e o f e q u a l b o s o n e f f e c t i v e c h a r g e s t h e 
t r a n s i t i o n s l e a d i n g t o the mixed-symmetry s t a t e s do not v a n i s h , i n d i c a t i n g a 
c o n s i d e r a b l e amount o f F - s p i n b r e a k i n g . S i n c e i n l 5 6 G d t h e number o f 
n e u t r o n and p r o t o n bosons (N =7, Ν =5) i s not e q u a l , the quadrupole-quad-

π ν 
r u p o l e i n t e r a c t i o n a c t i n g o n l y between n e u t r o n s and p r o t o n s i n t r o d u c e s a 
s t r o n g F - s p i n b r e a k i n g t e r m i n t h e h a m i l t o n i a n . I n the pres e n t case the 
i n t e r a c t i o n m a t r i x element between the pure 0* and 0* s i s o f t h e o r d e r o f 
200 keV. 

Another important d i f f e r e n c e between the two c h o i c e s f o r the Majorana 
i n t e r a c t i o n shows up i n t h e c a l c u l a t e d M1 s t r e n g t h d i s t r i b u t i o n . I n the 
IBA-2 model, the M1 t r a n s i t i o n o p e r a t o r i s w r i t t e n as 

τ Μ 1 = / 3Ô75Î ( g (d fd + g (d fd ) 
Tf IT IT V V V ' 

where g and g are the boson g - f a c t o r s . On the b a s i s o f t h e c o l l e c t i v i t y 
Tf ν 

o f t h e bosons one can argue t h a t the s p i n c o n t r i b u t i o n s t o g and g essen-
t i a l l y c a n c e l and t h a t t h e r e f o r e t h e g - f a c t o r s a r e e q u a l t o t h e o r b i t a l 
nucléon g - f a c t o r s , g - 1.0 μ Μ and g = 0.0 μ„ [Sam84]. 

π Ν ν Ν + 

I n t a b l e 2 the Μ1 t r a n s i t i o n s t r e n g t h l e a d i n g t o the lowes t 1 s t a t e s 
i s g i v e n . I n c a l c u l a t i o n I a l l s t r e n g t h i s c o n c e n t r a t e d i n the f i r s t 1 + 

l e v e l , as i s expected i n the pure SU ( 3 ) l i m i t [ S c h 8 5 ] . I n c a l c u l a t i o n I I 
the s t r e n g t h i s d i s t r i b u t e d over s e v e r a l l e v e l s , r e s u l t i n g i n a c o n s i d e r a b l y 
lower s t r e n g t h f o r the 1* l e v e l . T h i s c o u l d be p a r t o f t h e e x p l a n a t i o n o f 
the observed s p l i t t i n g o f the M1 s t r e n g t h i n experiment [Boh8M]. I t i s a l s o 
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7. SCHOLTEN ET AL. Mixed-Symmetry Interpretation 51 

2 
i n t e r e s t i n g to note t h a t the e x p e r i m e n t a l l y observed s t r e n g t h o f 1.3 u N i s 
c l o s e t o the p r e d i c t i o n o f c a l c u l a t i o n I I . 

Table 2. Some c a l c u l a t e d B(M1+) v a l u e s , i n u n i t s o f μ* , u s i n g 6 "lu™ and 
g =0. The d i f f e r e n c e between the two c a l c u l a t i o n s i s e x p l a i n e d i n \ h e ^ t e x t . 

I I I 
Ε 
X 

B(M1 ) E x B(M1 ) 

3.1 2.43 3.0 1 .69 
4.2 0.00 3.8 0.55 
4.3 0.00 4.1 0.05 
4.4 0.00 4.3 0.00 

I n t h i s c o n t r i b u t i o n we have i n v e s t i g a t e d the e f f e c t , on c a l c u l a t e d 
o b s e r v a b l e s i n the IBA-2 model, of an a l t e r n a t i v e c h o i c e f o r t h e M a j o r a n a 
f o r c e , a s s u g g e s t e d by m i c r o s c o p i c c a l c u l a t i o n s [Dru85]. T h i s c h o i c e has 
the p e c u l i a r f e a t u r e o f p r o d u c i n g i n t h e SU ( 3 ) l i m i t a s p e c t r u m i n w h i c h 
t h e r e a p p e a r s a mixed-symmetry Κ π = 0 + band a t a p p r o x i m a t e l y the same energy 
as t h a t o f t h e β and Ύ ban d h e a d s . I n a d d i t i o n t h i s g i v e s r i s e t o an 
a p p r e c i a b l e s p r e a d i n g o f the c o l l e c t i v e M1 s t r e n g t h , a p r e d i c t i o n which can 
be t e s t e d , f o r example i n i n e l a s t i c e l e c t r o n s c a t t e r i n g . 
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8 
Interacting Boson Model-2 for High-Spin States 

Raymond A. Sorensen and Kevin Fowler 

Carnegie-Mellon University, Pittsburgh, PA 15213 

The N-P Interacting Boson Model is extended to include bosons of spins 
4, 6, 8,.. in addition to the usual S and D bosons, in order to treat 
nuclear states of high spin within the IBM formalism. 

Up u n t i l about ten years ago, most calculations of nuclei assumed them to 
be composed of neutrons and protons with their spacial and spin degrees of 
freedom, and with two body interactions between them. Recent developments 
indicate a quark substructure to nucléons so there are now attempts to f i n d 
and calculate nuclear phenomena requiring these extra degrees of freedom. On 
the other hand, there are a large number of nuclear calculations being 
performed today using many fewer degrees of freedom than those represented by 
the neutrons and protons, namely the interacting boson model (IBM) 
calculations CARI783. 

The IBM calculations use only two nuclear constituents, i d e n t i c a l S and D 
bosons, or in the IBM-2, proton (Ή) and neutron (υ) S and D bosons. While 
this model cannot contain a l l the properties of models with more degrees of 
freedom, i t has the advantage of simplicity and also seems to be able to 
account for many details of the quadrupole c o l l e c t i v e motion in a single 
formalism. Thus one might hope to be able to use the IBM to extrapolate from 
known properties of nuclei near the s t a b i l i t y line to nuclei far from 
s t a b i l i t y . The parameters are the t o t a l numbers of Ή and ν bosons, Ν Ή and Ν υ, 
and their one and two boson interactions. The usefulness of this theory for 
extrapolation depends on these parameters being independent of Ν and Z, or 
known functions of N,Z. 

Two deficiencies of the IBM are that the force parameters are i n general 
not independent of N,Z so that separate f i t s to individual nuclei are often 
required. And second, the usual theory i s limited to low spin states. In 
th i s paper we describe an extension of the usual IBM-2 designed to be 
applicable to deformed nuclei including the high spin states CSOR853. The 
model, which contains bosons with L = 4,6,8...as well as the usual L=0, S 
bosons and L = 2, D bosons, has many more degrees of freedom than the usual 
IBM, but remains much simpler than the treatment i n terms of fermions. The 
higher spin bosons are supposed to simulate the effects of high spin nucléon 
pairs such as the aligned pairs that are important i n backbending nuclei. We 
discuss general features of the model for strongly backbending nuclei, and 
then present a f i t to Ι^βγ^. W e then study to what extent the model with the 
same force parameters can f i t the spectra of the neighboring nuclei. 

The Hamiltonian 
The boson creation operators are where ρ = π,υ indicates proton 

or neutron and i = L,M the angular momentum of the basis bosons. We 
consider even L, even parity for the bosons, which are supposed to represent 
pairs of l i k e p a rticles (or holes). The numbers N p = Σ.±ηρ± are assumed to 
equal 1/2 the number of proton or neutron par t i c l e s or holes from the 
nearest closed s h e l l , and are thus well defined functions of Ν and Z, to the 

0097-6156/ 86/ 0324-0053S06.00/ 0 
© 1986 American Chemical Society 
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54 NUCLEI OFF THE LINE OF STABILITY 

extent that subshells are not considered. The number operators are defined 
a s " p i = Ypi Ypi-

For the Hamiltonian, we use 

H = E t ε Ή ΐ η Ή ΐ + Σ± ε υ 1 η υ 1 + κΟπ-Ο», <1) 

where ε ρ ^ i s the single boson energy and Q the quadrupole moment operator. 
Only the proton-neutron quadrupole force i s used. This Hamiltonian 
includes the important features needed to describe c o l l e c t i v e states i n 
deformed nuclei. For the one body energies ε ρι we set the i=L=0 state lower 
than the rest to simulate the fact that a l i k e p a r t i c l e pair favors spin zero 
due to the effects of the pairing force. The Q-Q force between unlike 
pa r t i c l e s simulates the quadrupole deforming schematic force of the pairing 
plus quadrupole model. We include only the P-N Q-Q force for simpl i c i t y and 
because that i s the most important deforming component. 

The quadrupole operator Q i s defined as 

For the X*y parameters we use Xjj« = Xjjt[SU(3)] aj a j t . If the a 1 s are 
unity, t h i s i s the SU(3) Quadrupole operator of E l l i o t t CELLS83. The α 
parameters allow us to s h i f t the force away from the pure SU(3) l i m i t . 

The Hartree-Bose Approximation. 
For t h i s extended IBM, exact solutions are not possible, and we are 

forced to use a mean f i e l d approximation. The system i s cranked to generate 
the high spin states. This HB approximation i s simpler than the 
corresponding Hartree Fock (HF) method, since i n the HB case i n the lowest 
state a l l the bosons (of each type) are i n a single boson condensate rather 
than i n a set of occupied states as i n the HF case. Finding the s e l f 
consistent solution i s a simple numerical problem and requires l i t t l e 
computer time. The ground state i s of the form: 

ΙΦ0> = (N«! Ν υ ! > ~ 1 / 2 (B r ) R n (B T A lo>, (3) 
° 7 1 V ΤΤΟ \>0 ' 

where BJ i s the condensate boson creator, which w i l l depend on the cranking 
rotational frequency or angular momentum. 

For the rare earth nuclei the s e l f consistent f i e l d i s deformed and the 
cranking procedure (of adding a term o>jx to the Hamiltonian) produces a 
col l e c t i v e rotation. This method gives states ΙΦ0> = GSB (ground state 
band), which are not eigenstates of the angular momentum, but have a 
predetermined value of the χ component of angular momentum. The t o t a l 
angular momentum I i s i d e n t i f i e d as I = <j x>. An interesting effect occurs 
i n the HB calculations i f the parameters, ε'β and a's, are chosen to produce 
a backbending spectrum. The effect i s that as the angular momentum i s 
increased, ΔΙ, the angular momentum spread of the state ΙΦ0> increases 
rapidly at and above the backbend. This suggests that the single boson 
condensate state i n t h i s region i s not a good approximation to the exact wave 
function, which would be an angular momentum eigenstate. One solution to 
thi s problem i s to consider Bands with one (or a few) Recited Bosons 
replacing one or more of the condensate bosons. Such states are labeled 
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8. SORENSEN AND FOWLER High-Spin States 55 

1-BEB, 2-BEB etc. We f i n d that such states have much improved angular 
momentum properties and are 
not much more d i f f i c u l t to 1 2 

calculate i n the HB approx
imation. In the region above 
the backbend, where ΔΙ for ΙΦ0> 11 
i s increasing rapidly, ΔΙ for 
the state with an excited boson 
decreases to a minimum. At a 1 0 

s t i l l higher spin, the 2-BEB 
state has the lowest ΔΙ value, » 
as seen i n Figure 1. 

Χ · 

Figure 1. The rms deviation 
ΔΙ Χ i n the x component of the 
angular momentum, vs. I for a 
strongly backbending nucleus. β 
The three curves are for the 
GSB, 1-BEB, and 2-BEB. t 5 Η—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—I 

0 2 4 β 8 10 12 14 If 18 20 
I 

Angular Momentum Projection 
The HB method can give good results p a r t i c u l a r l y for cases i n which the 

properties of the states do not change too rapidly with spin. For back 
bending nuclei, for which the energy does not vary smoothly with angular 
momentum, a better method i s needed i f quantitative results are required. To 
treat these cases we have projected the HB states to states of good angular 
momentum. The projection of these HB states i s somewhat simpler than that 
for fermions i n the HF approximation, and we are able to project even our 
non-axial high spin states to angular momentum eigenstates CSOR773. 

The result i s that a good rotor spectrum i n the HB approximation i s not 
much changed by projection, but for a back bending nucleus the projected and 
unprojected energy spectra are s i g n i f i c a n t l y different. Figure 2 on the next 
page shows the energy vs. angular momentum plot for the backbending model of 
Figure 1; and Figure 3 shows the usual plot of moment of i n e r t i a S vs. for 
the same nucleus. The parameters used are shown i n the tables below together 
with those of 1 6 8 Y b . 

Table 1. Backbender Table 2. 168 Y b 

L ε 7 ! 
ε υ % «υ L ετι ε υ «π «υ 

0 0 0 1.0 1.0 0 0 0 1.0 1.0 
2 0.5 O.S 0.9 0.9 2 1.0 1.0 0.9 0.9 
4 3.0 3.0 0.8 0.6 4 1.6 1.6 0.8 0.8 
6 3.0 0.6 6 1.9 0.8 
8 O.S 0.9 

κ = -0.028, Μη = 6, Ny = 8 κ = -0.015, Rn = 6, Ny = 8 
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56 NUCLEI OFF THE LINE OF STABILITY 

Results of the Calculations 
In Figure 2, the upper three 

bands are the GSB, 1-BEB, and 
2-BEB resp. and the lowest one 
i s the projected band. Note 
that as I approaches the 
backbend region, the 1-BEB i s 
almost equal i n energy to the 
GSB. At higher energy s t i l l , 
a l l three s e l f consistent bands 
are nearly degenerate. We 
interpret t h i s as indicating 
that the "excited" band at low 
spin i s simulating an aligned 
nucléon pair, which at higher 
spin crosses the ground band. 
This interpretation CSTE723 i s 
reinforced by the calculated 
wave function, which shows that 
the excited boson has most of 
the angular momentum at the 
backbend. The second crossing 
resembles two aligned pairs. 

The shape of the yrast l i n e 
q u a l i t a t i v e l y resembles the 
projected energy curve, but as 
seen i n Figure 3, the projected 
and unprojected bands d i f f e r 
s i g n i f i c a n t l y . The angular 
momentum projection i s done from 
the GSB. 

From Table 1 i t i s seen 
that the backbend or band 
crossing i s produced by having 
a single high spin boson at low 
energy. The α parameters are 
also chosen to enhance the Q-Q 
interaction of that boson. In 
contrast, a boson spectrum 
which i s more regular, with the 
boson energy increasing 
monotonieally with L, such as 
that of Table 2, leads to a 
smooth upbending spectrum to 
which the unprojected HB mean 
f i e l d approximation i s rather 
good. Also, i n that case the 
ΔΙ value i s lowest for the GSB 
and the excited 1-BEB does not 
come so close to the GSB as the 
energy i s increased. 

Figure 2. Plots of Energy vs. Angular 
Momentum for a model backbender with 
parameters of Table 1. 

0.24 

Figure 3. Moment of Inertia vs. the 
square of the angular velocity for the 
backbender. The GSB and the projected 
bands are shown. 
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8. SORENSEN AND FOWLER High-Spin States 57 

For the remainder of the 
paper ve w i l l discuss the model 
f i t to the spectrum of 1 6 8 Y b , 
for which the HB approximation 
i s reasonably good. We w i l l 
show that the same parameter 
set can give a good f i t to the 
c o l l e c t i v e character of the 
neighboring nuclei as well. 

The energy spectrum i s f i t 
quite well and only the S vs. 
ω 2 curve i s shown i n Figure 4 . 
Note that the small deviations 
shown would be barely seen i n a 
plot of Ε vs. I. With the many 
ε and α parameters available, 
i t i s not surprising that a 
good f i t can be made, and no 
effort was made for further 
improvement. 

However, the test of the 
model becomes much more severe 
i f i t i s required that t h i s 
model, with i t s parameters 
unchanged, f i t the spectra of 
neighboring nuclei as well. 
Thus, i n the remaining two 
figures the dependence on Ν and 
Ζ of the calculated energy 
spectra are compared with the 
experimental data. 

As a measure of the shape 
or the c o l l e c t i v i t y of the 
nuclei we use the ra t i o E 4 / E 2 , 
where E2 and E4 are the 
excitation energies of the spin 
2 and spin 4 states. The value 
of thi s quantity i s 3 1/3 for a 
nucleus with a pure rotational 
spectrum, and 2 for a harmonic 
vibrational spectrum. 

In Figures 5 and 6 t h i s 
r a t i o of energies i s plotted 
for the HB approximation for 
the model of Table 2, which was 
chosen to f i t the spectrum of 
1 6 8 Y b . With the same values 
of the parameters, but with Nj, 
and N v chosen to correspond to 
the neighboring nuclei, the 

0.12 

Figure 4. Moment of i n e r t i a vs. the 
Angular velocity for 1 6 8Yb. The line 
i s the model of Table 2 and the <+)'s 
are the experimental data. 

Ν 
Figure 5 . The E 4 / E 2 r a t i o as function 
of N. The model i s compared to the 
experimental values, which are marked 
with a (+). The model parameters are 
f i t at Ν = 98, Ζ = 70. 
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58 NUCLEI OFF THE LINE OF STABILITY 

calculated ratios are compared 
with the experimental values. 

From the figures, i t i s 
clear that the same set of 
parameters makes a reasonable 
f i t to the Ν, Ζ dependence of 
the nuclear c o l l e c t i v i t y . 
Another widely used measure of 
nuclear c o l l e c t i v i t y i s the 
energy of the f i r s t 2+ state. 
No figure i s presented, but the 
comparison of the model and the 
experimental 2+ energies shows a 
f i t to the Ν, Ζ dependence of 
comparable quality to that of 
the energy ratios. 

Figure 6. The E4/E2 ratio as a 
function of Z. (See f i g . 5) 

Discussion 
An extended IBM-2 model has been presented which i s able to treat the 

spectra of deformed nuclei up to high spin. There are more parameters than 
i n the usual IBM-2, which enable a good f i t to individual yrast spectra to be 
obtained. It i s also found that the model, with parameters f i t to a 
particular nucleus, i s able to f i t properties of neighboring nuclei as well, 
suggesting that the model may be useful for extrapolating the spectra away 
from the line of nuclear s t a b i l i t y . Of course such extrapolation w i l l be 
limited by the fact that the magic numbers defining N^ and Ν υ may be Ν 
and Ζ dependent, and also the presence low in the spectrum of a high spin 
pair (modeled by a low energy, high spin ε value) w i l l be dependent on 
Ν and Z. Nevertheless, this method should be useful i n extending the range 
of nuclear phenomena which can be treated by the Boson models. 
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L = 2 Fermion Pairs in Nuclear Dynamic Symmetry Models 
Steven A. Moszkowski 

Department of Physics, University of California at Los Angeles, Los Angeles, CA 90024 

Ginocchio has treated S (L=0) and D (L=2) Fermion pairs in a 
many-Fermion system by introducing pseudo-spin i and pseudo
-orbital angular momentum k (whose sum is the single particle 
angular momentum j). For nucleons in degenerate orbits, the 
wavefunction of a pair with L > 0 is model dependent. We 
discuss here properties of D pairs according to three symmetry 
models: 1) Surface Delta Interaction, 2) Dynamic Symmetry with 
i-i Coupling, and 3) Dynamic Symmetry with k-k Coupling. As an 
example, for nucleons in a degenerate shell with j = 1/2, 3/2, 
and 5/2 of the same parity, the total pair degeneracy Ω = 6, 
and i = 3/2 , k = 1. In each case, the quadrupole operator 
(which turns an S pair into a D pair) is among the generators 
of an appropriate group. In the semi-classical limit where i, 
k, and the single particle j's are large compared to the pair 
angular momentum L, the wavefunction amplitudes for all three 
coupling schemes are given in terms of Wigner d functions with 
the same indices but different angles. 

I. INTRODUCTION 
A few years ago, Ginocchio CGIN80I studied a schematic Hamiltonian with a 

pairing plus quadrupole-quadrupole interaction for the purpose of establishing 
a correspondence between the states of nucléon pairs and of bosons. He used 
the method of pseudo-spins which had been previously developed by Arima et a l . 
CARI69] and also by Hecht and Adler [HEC69D. In this method one separates 
the single nucléon angular momentum J into a pseudo-orbital angular momentum 
k and a pseudo-spin i : 

-> ^ -* j = k + i 

As was emphasized by a l l these authors, k i s not the real angular momentum 
and i i s not the i n t r i n s i c spin, and, in fact, i w i l l i n general be larger 
than 1/2. Ginocchio was able to obtain solutions to the Hamiltonian which 

0097-6156/86/0324-OO59S06.00/0 
© 1986 American Chemical Society 
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60 NUCLEI OFF THE LINE OF STABILITY 

decouple the S and D Fermion pairs from the rest of the s h e l l model space. 
These then correspond to s and d bosons. An extension of the Ginocchio model 
to pairing and multipole interactions of arbitrary order has been recently 
made by Wu et a l . CWU853. The idea i s to provide a unique s h e l l model 
c l a s s i f i c a t i o n of single p a r t i c l e states with respect to k and i , and to 
produce tractable dynamical symmetries. There are two possible pairing 
coupling schemes, ca l l e d k-k coupling and i - i coupling, each of which 
specifies the wavefunction of a Fermion pair of given L. 

In t h i s paper, we point out that a somewhat different model, where a 
Surface Delta Interaction CPLA66] acts between nucléons i n degenerate orbits, 
also makes predictions for these fermion pair amplitudes. For the cases 
discussed i n thi s paper, the SDI results are mostly intermediate between those 
for i - i and k-k coupling. For an S-pair, a l l three models give id e n t i c a l 
results. Also, for i = 1/2, the results are the same as i f i i s a convention
al i n t r i n s i c spin. We then discuss the more r e a l i s t i c case where k = 1 and i = 
3/2. This allows for j = 1/2, 3/2, and 5/2, e.g. degenerate s and d she l l s , 
or degenerate pl/2, p3/2, and fS/2 s h e l l s . 

We also discuss the results i n the semi-classical l i m i t where i , k, and 
the single p a r t i c l e j's are large compared to the pair angular momentum L. 
In thi s l i m i t , the wavefunction amplitudes are just special cases of Wigner d 
functions, namely associated Legendre polynomials. For the same sets of single 
p a r t i c l e angular momenta, the three coupling schemes i - i , k-k, and SDI, give 
the same expressions, except that the angle appearing i n the associated 
Legendre polynomial i s different. 

II. PAIR WAVEFUNCTION FOR DEGENERATE ORBITS ACCORDING TO DYNAMICAL SYMMETRY OR 
SURFACE DELTA INTERACTION 

A. General Expressions 
We assume that each nucléon has a pseudo-spin i and pseudo-orbital angular 

momentum k. These couple to form the single p a r t i c l e angular momenta j , j ' (in 
[j]) of the two interacting nucléons. The wavefunction of a pair of nucléons 
coupled to a t o t a l angular momentum L (and ζ component p) i s then given by: 

f k i j 
Ly = Μ ΣΣ k i j ' 

JJ L Κ I L 
{ a J + a J ' + } ï 

where the quantity in brackets i s a unitarized 9-j coeffi c i e n t , and M i s a 
normalization constant. 
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9. MOSZKOWSKI L = 2 Fermion Pairs 61 

There are two possible kinds of coupling schemes: a.) i - i coupling. For 
th i s case, where Κ = 0, we obtain: 

where j = 7<2j+l) and the coefficients are given by: 

, i i Γ - ι Α Α , ί i j ' kl 
D J J ' L = K 1 J J ' \ j i L / 

Alternatively, we may have b.) k-k coupling (I =0) in which case: 

where , . 

« • ι - M 3 * {; a) 
For two par t i c l e s i n degenerate orbits interacting v i a an SDI, coupled to 

any given L , only a single state i s shifted in energy. The wavefunction of 
th i s state i s : 

Lp = ΣΣ, <-> J- 1 / 2 c j j - L t*3+*y+ï 
where 

and Ν i s a normalizalion constant. 
In the models discussed here, the quadrupole operator (which changes an 

S-pair to a D-pair) i s among the generators of one of the following symmetry 
groups: 

i - i coupling <-> S 0 2 ( 2 i + i ) ( 1 ) 

k-k coupling <-> S p 2 ( 2 k + l ) ( k > 

The SDI corresponds to the symmetry SDI <-> Sp(2i+i>(2k+l)^*· <Note that 
i f i = 1/2, then SDI and k-k coupling correspond to the same symmetry group 
Sp2k+i ( J > , so that they give the same results.) 

B. S-Pair (L = 0) 
For an S- pair, i t i s evident that we must have j = j ' and I = Κ = 0. We 

i i kk 
f i n d that a l l three coefficients CJJQ, djjO» a n d d j j O a r e identical and equal 
to j CZ 1(2j+i)]- 1/2. 
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62 NUCLEI OFF THE LINE OF STABILITY 

C. Pseudo-Spin i = 1/2 
For t h i s case, dynamic symmetry again yields the same wavefunctions as 

the SDI, since for i = 1/2, the pseudo-spin i s the usual i n t r i n s i c spin. We 
obtain: . . 

«-L - s" 1 ' 2 3 r {; J' ? } 
which has the same dependence on j and j ' as does CJJ'L- This follows from 
the following well-known identity: 

( 2 k + i ) i ^ k L Λ ί k j ' i/2 1 _ r j y L j 
( Z k + 1 ) l 0 O o J \ j k L J I 1/2 -1/2 O j 

Note that for i = 1/2, djj« L vanishes ( i f L i 2), so we cannot construct 
a D or G pair with i i coupling. 

D. D-Pair (L = 2) for k = 1. 1 = 3/2 
For t h i s case, we can have j = 1/2, 3/2 and 5/2, corresponding, for 

example, to a degenerate o s c i l l a t o r s,d s h e l l or pl/2, p3/2, fS/2 s h e l l . We 
i i kk 

l i s t here the values of the coefficients djj'2 and djj«2,and also Cjj«2, which 
correspond to the following symmetry groups: 

i - i coupling «-> S 0 2 ( 2 i + l ) ( i > = SOg ( i ) 

k-k coupling *-> S p 2 ( 2 k + l ) < k > = s P 6 < k > 

SDI <-> S p ( 2 i + i ) ( 2 k + l ) ( j ) = s P l 2 ( j > 

The antisymmetrized L = 2 wavefunctions according to the three models are: 

\|fi:L = 70.267 (31) - 70.067 (51) + 70.013 (33) - 70.373 (53) -70.280 (5S) 
i|f k k = 70.033 (31) - 70.300 (51) - 70.106 (33) + 70.420 (53) -70.140 (55) 
ψ 8 0 1 = 70.234 (31) + 70.350 (51) + 70.117 (33) - 70.100 (53) -70.200 (55) 

where, for example, (31) denotes the antisymmetric combination of j = 3/2 and 
j ' = 1/2. 

Note that the kk and i i coupling models lead to quite different amplitude 
coefficients and that the SDI results are in between for 3 out of S c o e f f i 
cients. 
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9. MOSZKOWSKI L = 2 Fermion Pairs 63 

III. ASYMPTOTIC RESULTS FOR LARGE >> L 
It i s interesting to consider the results for the amplitude coefficients 

in the semi-classical l i m i t where a l l the single p a r t i c l e angular momenta are 
large compared to the resultant L of the Fermion pair. F i r s t we study the SDI 
results i n the lim i t of large j and j 1 . 

where d^^CO) i s the Wigner d function, α,ρ 
In particular, for j = j ' , we have: 

C J J L = <2J+1> ( J 2 - J 2 0 ) j t - C < 1 l / Z > = * P L < 0 > = i 

The results for the two dynamic symmetry models are quite similar: 
For i , j >> L and j ' - j << j , 

^ i i / 0 . x „ , J i j ' k 1 ,(L) / Λ x 

where 
cos Q±j = {k(k+l)-i(i+l)-j<j+l)}/27{i(i+l)j(j+l)> 

and , . 

d S - L - < 2 j i > { ; Ϊ t] k ? r r _ d ; v i j > 0 ( e k j ) 

cos 6 k j = {i(i+l)-k(k+l)-j<j+i)}/2V{k(k+l)j<j+l)> 
For j = j " , 

d J j L = <2j+i> { J I l) J PL<cos e i J> 

d J j L = <2J*1) { ] I I } k ™ 3 P L(cos 6 K J ) 

Thus the results for a l l three coupling schemes are given by the same kind 
of expression involving the Wigner function, d i f f e r i n g only i n the angle. 
Note that i f i « k and both are >> j , j ' , then we have Q±j = G kj = ττ/2, and a l l 
three coupling schemes give the same values for the coef f i c i e n t s . 

However, i f i , j >> k, then we have the following values for cos Q^y. 
SDI i - i coupling k-k coupling 

i , j >> k 0 -1 - < j - i ) / i 
i = k 0 - j / i - j / i 
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64 NUCLEI OFF THE LINE OF STABILITY 

In the former case and i f j = j ' , then we have no j dependence for the SDI 
and for i - i coupling. However, there is some j dependence for k-k coupling, 
for j j ' , there i s , of course,some j dependence since the index in the d 
function i s j ' - j . 

IV. CONCLUSIONS 
The results obtained here exhibit the connection between the surface delta 

interaction coupling schemes and dynamical symmetries. It i s a challenging 
problem to see to what extent these symmetries are preserved i n nuclei when 
the relevant single p a r t i c l e orbits are not degenerate. 
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The Importance of an Accurate Determination of Interacting Boson 
Model-2 Parameters 
B. R. Barrett1,4, I. Morrison2, and J. G. Zabolitzky3 

1Physics Division, National Science Foundation, Washington, DC 20550 
2School of Physics, University of Melbourne, Parkville, Victoria 3052, Australia 
3Institute for Theoretical Physics, University of Köln, 5 Köln, 41, Federal Republic of Germany 

First, a brief description of the neutron-proton Interacting Boson Model 
(IBM-2) is given. Next, this model is applied to experimental data in 
order to determine its empirical parameters. Finally, we discuss why an 
accurate determination of these parameters is so important. 

1. Introduction 
The Interacting Boson Model (IBM) of Arima and Iachello [ARI76, ARI81, BAR81] 

has been highly successful in correlating and describing a wide variety of experimental 
data regarding the collective properties of medium-to-heavy mass nuclei. As originally 
formulated [ARI76], it is a purely phenomenological model, whereby the properties of 
nuclei are described in terms of interacting s (J=0) and d (J=2) bosons, such that the 
number of bosons is conserved. This original version did not distinguish between proton 
bosons and neutron bosons and is commonly referred to as the IBM-1. Later, the IBM-2 
[ARI77] was developed to treat the neutron-proton interaction [ARI77] and to allow a 
connection to be established with the microscopic nuclear shell model. We will first 
outline the IBM-2 formalism and will then discuss problems related to an accurate 
determination of the IBM-2 parameters. 

2. The IBM-2 Formalism 
The principal idea of the IBM-2 is to exploit the observation of Talmi [TAL82] 

and others [FED79] that it is the interaction between active protons and neutrons which 
is mainly responsible for causing nuclei with several valence nucléons to deform. The 
lowest rank proton-neutron interaction which can produce this effect is a quadrupole-
quadrupole interaction [TAL71, TAL82, ARI77]. For this reason, and in order to keep 
the number of variable parameters small, the usual form taken for the IBM-2 
Hamiltonian is [ARI77, IAC79] 

IBM-2 ( + n r i ) + K Q - Q + M + V + V (1) 

Q p = (d+xs + s + xd)p 2 ) + X p (d + xd)p 2 ) , Ρ = π, ν (2) 

M—% = Majorana term = %n(s+xd+ - d + x s * / 2 ^ · (s% xd^ - d xs 

where 

'Permanent address: Department of Physics, University of Arizona, Tucson, A Z 85721 

0097-6156/ 86/ 0324-0065$06.00/ 0 
© 1986 American Chemical Society 
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66 NUCLEI OFF THE LINE OF STABILITY 

V Q 0 = Σ | ( 2 L + 1 ) 1 / 2 C L o [ ( d + x d + ) J L ) χ ( d x d ) i L ) ] ( 0 ) , Ρ = π,ν (4) 
μ μ L=0,2,4 μ μ μ 

m 

3 m = ^ d - m · » 

The " · " represent scalar products and the "x" represent tensor products. The purpose 
of the Majorana term was to remove states which are non-symmetric under interchange 
of the proton and neutron degrees of freedom by shifting them up in energy. The non-
symmetric neutron-proton states are now of some physical interest [BOH 84]. For 
simplicity, and to decrease the number of variable parameters, we have taken 
ε π = ε ν = ε. In general, this will not be true. 

3. Application of the IBM-2 Formalism 
Since the ξ| are usually held constant, there could be ten variable parameters to. 

be determined for each nucleus studied. This number is usually reduced to six by 
assuming that only V^viV-mr) contributes to relative splittings in isotopes (isotones) and 
that the contribution of is negligible. The remaining six parameters are ε, κ, 
X<n» CQP> C o (ρ=π or ν). M After the first isotope (isotone) is described, X ^ ( X V ) is 
determined and is assumed to be the same for all remaining isotopes (isotones), leaving 
five parameters per nucleus. 

The goal is to determine empirically the values of these six parameters which 
yield the best description of the low-lying spectra of medium-to-heavy nuclei and which 
at the same time vary smoothly with changes in the neutron- and proton-boson 
numbers. It is important that the set of parameters for one set of isotopes be quite 
similar to the set of parameters for the neighboring series of isotopes. The values of 
these parameters should not vary in a random manner, if the IBM-2 is a truly 
meaningful description of the properties of nuclei in this mass region. So, it is 
definitely of interest to determine empirically these six parameters as well as possible 
for medium-to-heavy mass nuclei. Work along this line has been carried out (e.g., 
[BAR81, SCH80]), but this entire mass region has so far not been investigated within 
the IBM-2 approach. 

There is the difficulty that most IBM-2 investigations carried out to date have 
been done by fitting the model to the data by "eye." That is, one chooses values for 
the IBM-2 parameters and uses them to obtain eigenenergies and eigenvectors. These 
eigenenergies are compared with the experimental excitation energies for a given 
nucleus. New values of the parameters are selected and the process repeated until (i) a 
"reasonable" fit has been obtained to the experimental energies and (ii) a set of 
parameters has been obtained which vary smoothly with Ν and Ζ for neighboring 
isotopes and isotones. This procedure generally yields a satisfactory fit to the 
experimental data after a small number of iterations (less than 4 or 5). The advantage 
of this procedure is that (i) it uses less computer time than a least-squares fit to the 
data and (ii) it allows the person doing the fit to check on the smoothness of the 
parameter variations with Ν and Z. This latter feature is guided by our microscopic 
understanding of the IBM-2 in terms of the nuclear shell model [ARI77, BAR 81, 
TAL82]. 

To improve on this situation, we have used the Glasgow shell model code, 
rewritten to treat bosons [MOR80], to perform a least-squares fit to the excitation 
energies of a single nucleus using the IBM-2 Hamiltonian (1) without the Majorana term. 
In general, the model is applicable to only 10 to 12 experimentally known energy levels 
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10. BARRETT ET AL. Interacting Boson Model-2 Parameters 67 

per nucleus. Since the IBM-2 Hamiltonian used contains five or six variable 
parameters, there are only two or less pieces of data per parameter per nucleus in the 
least-squares fit. What this means is that it is possible to find several sets of 
parameter values which fit the experimental data equally well (i.e., have essentially the 
same χ ζ value). These parameter sets can be rather different, especially in their values 
for χ π and X v . When the six parameters ε, κ, χ ν , χ π , C 0 , and C 2 were all allowed to 
vary in the least-squares-fit procedure, a "minimum" wasvfound in v all cases studied by 
changes only in ε and κ, with χ ν , Χ π , Cg , and C 2 essentially unchanged. Typical 
results are shown in Table 1. ν ν 

Table 1. IBM-2 parameter sets producing similar least-squares fits to the excitation 
energies for l 7 | P t 1 1 8 

Case e(MeV) ic(MeV) χ π χ ν C n ^(MeV) C 2 ^(MeV) χ 2 

Initial guesses 0.580 -0.180 -0.800 1.050 0.600 0.020 --

Vary all 6 0.568 -0.209 -0.800 1.052 0.600 0.018 3.83 

Vary only χ ν 0.580 -0.180 -0.800 1.083 0.600 0.020 4.94 

Vary all 6, 
Xv(initial)=1.083 

0.572 -0.209 -0.800 1.084 0.600 0.019 3.69 

Vary only 
χ π and X v 

0.580 -0.180 -0.853 1.160 0.600 0.020 2.86 

Source: Reproduced with permission from [BAR84]. Copyright 1984 
World S c i e n t i f i c Publishing Co. 

When the eigenvectors from these different fits for a given nucleus were then 
used to calculate electromagnetic properties, such as transition rates and quadrupole 
moments, the results were found to agree with one another within 10%. 

Hence, it was evident that we needed to increase the amount of data included in 
a given IBM-2 fit in order to "tie down" the empirical values of the model parameters. 
We did this by making a least-squares fit of the IBM-2 Hamiltonian simultaneously to 
the excitation energies of several neighboring nuclei. For our fit we chose the isotopes 
of Xe, Ba, Ce, Nd, and Sm with 66<N<80. For these nuclei we selected 171 excitation 
energies, which we felt were reasonable levels to be described by the IBM-2 [LED78, 
KAR84], and used the Glasgow boson code to determine the values of the IBM-2 
parameters which yield the best fit to these energies. In our calculations we varied the 
following six parameters until a minimum was obtained: ε, κ, χ 0 , χ 0 , Δχ.^ and Δχ ν , 
where Χ ρ = Xg + Δχ ρ Ν ρ(ρ=π or ν). That is, while ε and κ were taken to be the same 
for all nuclei considered, χ π and X v were allowed to vary linearly with their respective 
boson numbers. We performed several different fits to the experimental data, 
depending upon our initial guesses for the above six parameters, as shown in Table 2. 

From Table 2 we observed that we were not able to obtain a particularly good 
fit to the experimental data. Even in the best case, the average error per level was 
188 keV. From the present investigations we were able to conclude: (1) that is it not 
possible to obtain a reasonable fit to the experimental data with a large value of ε (i.e., 
a value near the closed-shell value); (2) that reversing the signs of χ π and X v leaves the 
final energy spectrum unchanged, due to an arbitary phase between the s boson and the 
d boson; (3) that energy spectra in the IBM-2 are mainly determined by ε and κ and are 
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68 NUCLEI OFF THE LINE OF STABILITY 

Table 2. Initial and minimal IBM-2 parameter sets for the Xe, Ba, Ce , Nd and Sm 
isotopes 

~~ — Average 
Case e(MeV) K(MeV) χ~ Δχ π χ Δ χ ν error per 

π V level(keV) 

1. Standard choice: 0.700 -0.160 -1.000 +0.125 +1.000 -0.125 
Initial 

Standard choice: 0.638 -0.226 -1.001 +0.124 +1.003 -0.113 188 
at minimum 

2. Large fixed ε 1.350 -0.160 -1.000 +0.125 +1.000 -0.125 -
choice: initial 

Large fixed ε 1.350 -0.283 -1.000 +0.125 +1.000 -0.126 964 
at minimum (fixed) 

5· Χ τ ρ Χ ν s a m e s i 9 n : ° · 7 0 0 -0.160 +1.000 -0.125 +1.000 -0.125 
initial 

χ ^ χ ν same sign: 0.737 -0.164 +0.996 -0.137 +0.996 -0.141 209 
at minimum 

4. Reverse signs 0.700 -0.160 +1.000 -0.125 -1.000 +0.125 -
XTP X V ! I N I T I A L 

Reverse signs 0.638 -0.226 +1.001 -0.124 -1.003 +0.113 188 
Xw χ ν : at minimum 

fairly insensitive to the values of χ π and χ ν ; and (4) that the "standard" parameter 
choice, based on trends predicted by the nuclear shell model, produces the best overall 
fit to the data. However, another fit based on the opposite trend for χ π produced 
results only 10% worse. Hence, further investigations are needed and are under way in 
Cologne. We will now fit the experimental data based on the Ν π * Ν ν systematics, 
discussed by Rick Casten in an earlier talk in this session, and will also include the 
Majorana parameters ξ| as variables in the fit. These results should be available in the 
near future. 
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Shell-Model Calculations near 132Sn Using a Realistic, 
Effective Interaction 

C. A. Stone1, W. B. Walters1, S. D. Bloom2, and G. J. Mathews2 

1Department of Chemistry, University of Maryland, College Park, MD 20742 
2Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 

We have performed shell model calculations on positive parity 
states of the one, two, and three quasiparticle nuclei near 132Sn 
using the Kall io-Koll tvei t two-body interaction. A weak quadru-
pole and a weak pairing potential were added to the two-body 
interaction as core polarization corrections. We have found that 
the addition of a quadrupole potential improves the level spacing 
in 130Sn and 134Te. For 133,134Te and 135I (two and three proton 
systems) a pairing potential has to be included while 129,130Sn 
and 131Sb (zero and one proton systems) can not tolerate this 
addition. There is evidence that the h11/2 interactions are 
overestimated and lead to some level misordering in 129,130Sn and 
131Sb. 

I . INTRODUCTION 
There has been some success in developing effective inter

actions for finite nuclei using real is t ic two-body interactions. 
Much of this work has been done on the lighter nuclei. Kuo and 
Brown [KUO66] developed a g-matrix interaction for the sd and fp 
shells. They used the Hamada-Johnson nucleon-nucleon interaction 
in their calculations with a core polarization correction. This 
work was extended to the region near 40Ca and [KU068] and 
near 2 0 8 P b [KU072]. Baldridge and Vary [BAL76] have also per
formed calculations in the 2uopb r e g i o n . The spectra of 
204,206pb w e r e calculated using the Reid soft-core potential with 
core polarization corrections. Lane [LAN79] used the Petrovich, 
McManus, and Madsen two-body interaction in a limited study of 
calculations near 132sn. Calculations in the heavy nuclei unfor
tunately been limited by the large model spaces needed and also 
by the quality of the available experimental data. 

The 132sn region has recently shown i t se l f to be a very good 
region in which to develop an effective interaction. This is a 
region with a strong double-shell closure, stronger than a l l 
shell closures beyond ^ 0 . There is also a large set of experi-

0097-6156/86/0324-0070$06.00/0 
© 1986 American Chemical Society 
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11. STONE ET AL. Shell-Model Calculations near 132Sn 71 

mental data a v a i l a b l e on the n u c l e i near ^^2Sn. A l l f i v e of 
the neutron-hole states i n '3 Tsn have been seen [F0G84] and four 
of the f i v e proton s t a t e s i n '33sb have been found [BLO83] (only 
the 1/2+ s t a t e i n '33$b i s missing). Oyr knowledge of the two-
q u a i s p a r t i c l e n u c l i d e s , ^Osn [F0G81], ,3 2Sb [ST086a], and 1 3 i*Te 
[KER72] i s not as complete as the with o n e - q u a s i p a r t i c l e nuclides 
but much of the l o w - l y i n g s t r u c t u r e has been i d e n t i f i e d . The 
four 3 - q u a s i p a r t i c l e n u c l i d e s , 1 2*Sn [DEG80], ^ S b [ST086b], 
1 3 3 τ β [LAN80], and [SAM85], have been studied e x t e n s i v e l y : a 
large number of l e v e l s has been seen i n each nucleus. 

Our goal i s to develop a semi-phenomenological e f f e c t i v e 
i n t e r a c t i o n f o r use near *3 2 sn using a systematic approach. We 
began the study by using the s i n g l e - q u a s i p a r t i c l e nuclides to f i x 
the one-body p o r t i o n of the Hamiltonian. Tbis i s done e m p i r i 
c a l l y by f i t t i n g the e x c i t a t i o n s t a t e s i n '31sn and '33sb. 
S i n g l e p a r t i c l e energies (SPE's) are determined by f i t t i n g the 
experimental separation of the 7/2+ s t a t e from other e x c i t a t i o n 
s t a t e s . As c o r r e c t i o n s are made to a given two-body i n t e r a c t i o n 
SPE's are redetermined. 

A f t e r f i x i n g the one-body Hamiltonian, the next step i s to 
est the two-body Hamiltonian i n the t w o - q u a s i p a r t i c l e systems, 
30sn and '34χ β β ^ s o u r t r i a l two-body i n t e r a c t i o n we have used 

the K a l l i o - K o l l t v e i t (KK) i n t e r a c t i o n [KAL64]· The KK i n t e r a c 
t i o n i s a G-matrix i n t e r a c t i o n based on the Scott-Moskowski cut
o f f procedure. Only even components are e x p l i c i t l y included and 
they have the form of an exponential with a hard-core. G-matrix 
i n t e r a c t i o n s do not take i n t o account core p o l a r i z a t i o n but 
guidance f o r i n c l u d i n g such c o r r e c t i o n s has been given by Brown 
and Kuo [BR067]. These c o r r e c t i o n s have the form of a quadrupole 
p o t e n t i a l and a p a i r i n g p o t e n t i a l . We have added these poten
t i a l s as c o r r e c t i o n s to the KK i n t e r a c t i o n , using the two-
q u a s i p a r t i c l e nuclides to f i x t h e i r strengths. 

I I . C a l c u l a t i o n s 
C a l c u l a t i o n s were performed at LLNL using the v e c t o r i z e d 

s h e l l model code, VLADIMIR [HAU76]· The model space f o r these 
c a l c u l a t i o n s included f i v e o r b i t s : 1g7/2» 2 d 5/2» 2 d3/2> 3s*\/2> 
1η11/2· There are 64 s i n g l e p a r t i c l e o r b i t a l s i n t h i s 
model space which poses some problems f o r even the simplest of 
the c a l c u l a t i o n s . The VLADIMIR s h e l l model code uses an i n t e r n a l 
occupation number representation to describe a nuclear con
f i g u r a t i o n . The s t r i n g of b i t s w i t h i n a word defines a S l a t e r 
determinant. When a b i t i s set to one the s i n g l e p a r t i c l e o r b i 
t a l which i t represents i s occupied and the s i n g l e p a r t i c l e o r b i 
t a l i s unoccupied when that b i t i s zero. The Cray computer has 
a word s i z e of 64 b i t s . Since 1 b i t i s reserved as a sign b i t , 
only 63 s i n g l e p a r t i c l e o r b i t a l s can be represented i n a s i n g l e 
word. VLADIMIR does have the a b i l i t y of representing a S l a t e r 
determinant i n m u l t i p l e words but t h i s p o r t i o n of the code i s 
c u r r e n t l y w r i t t e n i n Fo r t r a n , not Assembly. Two-word c a l c u l a 
t i o n s are presently much slower than the one-word c a l c u l a t i o n s . 
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72 NUCLEI OFF THE LINE OF STABILITY 

We have made f u r t h e r truncations to our model space i n order 
to l i m i t the representation to one word. For c a l c u l a t i o n s on 
129 ,130,131sn the i r h i i / 2 o r b i t a l s were removed. This had no 
e f f e c t on the Sn isotopes. When c a l c u l a t i o n s were performed on 
' 3 3 s b , 133,134χ8ΐ ©r » 3 5 i e x c i t a t i o n s were r e s t r i c t e d from the 
1g7/2 o r b i t a l s . This e f f e c t i v e l y placed most of the 
1g7/2 neutrons i n t o the core. These truncations had the e f f e c t 
of breaking i s o s p i n conservation. Low-lying e x c i t a t i o n s t a t e s 
(below - 3 MeV) were not a f f e c t e d s i g n i f i c a n t l y but higher e x c i t a 
t i o n s tates did not have a we l l - d e f i n e d energy. 
I I I . Results 

A. One-quasiparticle nuclides 
Figure one shows the r e s u l t s of c a l c u l a t i o n s of 1 3 3 $ b and 

•31sn, o n e - q u a s i p a r t i c l e n u c l i d e s . The c a l c u l a t e d l e v e l s agree 
very w e l l with experimental e x c i t a t i o n s t a t e s . Figure 1 a l s o 
shows r e s u l t s using the bare KK i n t e r a c t i o n and with the a d d i t i o n 
of a weak QQ p o t e n t i a l determined i n the tw o - q u a s i p a r t i c l e n u c l i -

2800 
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2400 

2200 

2000 

800 
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400 
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2/21 U2L. 
1ZZL. 
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2/21. 
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U2L-11/21 
i / 2 * 
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UIZL 
201. 2121-

JSn,, KK KK'QQ 

Figure 1. Results f o r c a l c u l a t i o n s on the one q u a s i p a r t i c l e 
n u c l i d e s . Experimental s t a t e s are labeled with the nucleus. 
Calculated states are shown to the r i g h t , l a b e led with the 
e f f e c t i v e i n t e r a c t i o n that was used. 
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11. STONE ET AL. Shell-Model Calculations near 132Sn 73 

des. The p o o r e s t f i t was the 1 1 / 2 - s t a t e and the t o t a l d e v i a t i o n 
was o n l y about 2 0 0 keV. T a b l e 1 g i v e s our b e s t SPE's from t h e s e 
s t u d i e s . SPE's f o r 1 3 3 s b and 1 3 1 $ n a r e not v e r y d i f f e r e n t and 
su g g e s t t h a t a s i n g l e s e t o f SPE's can be used f o r both p r o t o n 
systems and n e u t r o n - h o l e systems. The S P E f s f o r the 
KK+QQ+Pairing i n t e r a c t i o n a r e the same as those w i t h the KK+QQ 
i n t e r a c t i o n . T h i s i s e a s i l y u n d e r s t o o d s i n c e the p a i r i n g p o t e n 
t i a l w i l l p u l l down the lo w e s t 0 + c o n f i g u r a t i o n i n an even-even 
n u c l e u s . In an odd-A n u c l e u s , a l l s t a t e s w i t h the odd p a r t i c l e 
( h o l e ) c o u p l e d t o t h i s 0 + s t a t e w i l l be p u l l e d down i n energy. 

T a b l e 1. S i n g l e ' p a r t i c l e e n e r g i e s d e t e r m i n e d 
f o r the t h r e e e f f e c t i v e i n t e r a c t i o n s . 

Orbit 

S i n g l e P a r t i c l e E n e r g i e s 

Orbit 
, 3 , S n 
( M e l l ) 

I 3 3 S D 

( M e l l ) 
fluerage 

(MeU) 
O e u i a t i o n 

( M e l l ) 
K K P o t e n t i e l 

7 /2* 
5 / 2 * 

1 1 / 2 " 
1/2* 
3 /2* 

- 4 . 5 0 0 0 
- 3 . 9 2 0 8 
- 2 . 9 6 7 4 
- 2 . 6 7 0 3 
- 2 . 2 3 5 8 

- 4 . 5 0 0 0 
- 4 . 0 0 9 7 
- 3 . 2 1 5 3 

- 2 . 2 6 7 2 

- 4 . 5 0 0 0 
- 3 . 9 6 5 2 
- 3 . 0 9 1 4 
- 2 . 6 7 0 3 
- 2 . 2 5 1 5 

0 .0000 
0.0444 
0 .1240 
0 .0000 
0 .0157 

KK«QQ P o t e n t i a l s 

7 /2* I - 4 . 5 0 0 0 
5 / 2 * I - 3 . 9 5 0 6 

1 1 / 2 " I - 2 . 9 8 2 1 
1/2* 1 - 2 . 7 7 9 9 
3 /2* I - 2 . 3 6 5 6 

- 4 . 5 0 0 0 
- 4 . 0 0 9 7 
- 3 . 2 1 5 3 

- 2 . 2 6 7 2 

- 4 . 5 0 0 0 
- 3 . 9 8 0 2 
- 3 . 0 9 8 7 
- 2 . 7 7 9 9 
- 2 . 3 1 6 4 

0 .0000 
0 .0296 
0 .1166 
0 .0000 
0 .0492 

K K * Q Q * P e i r i n g P o t e n t i a l s 

7 /2* 1 - 4 . 5 0 0 0 
5 /2* 1 - 3 . 9 5 0 6 

H / 2 ' I - 2 . 9 8 2 1 
1/2* 1 - 2 . 7 7 9 9 
3 /2* I - 2 . 3 6 5 6 

- 4 . 5 0 0 0 
- 4 . 0 0 9 7 
- 3 . 2 1 5 3 

- 2 . 2 6 7 2 

-4.5.000 
- 3 . 9 8 0 2 
- 3 . 0 9 8 7 
- 2 . 7 7 9 9 
- 2 . 3 1 6 4 

0.0000 
0.0296 
0.1 166 
0 .0000 
0 .0492 

B. T w o - q u a s i p a r t i c l e systems 

The bare KK i n t e r a c t i o n g i v e s f a i r l y good r e s u l t s i n c a l c u l a 
t i o n s on H^Te e x c i t a t i o n s t a t e s . The l e v e l s a r e somewhat 
compressed and appear t o l i e a t too low an energy. The b e s t f i t 
o c c u r s when the KK i n t e r a c t i o n has a QQ c o r r e c t i o n o f 
VQQ=-0.00041 MeV. A T=1 p a i r i n g p o t e n t i a l can th e n be used t o 
d e p r e s s the ground s t a t e , r e l a t i v e t o the o t h e r e x c i t a t i o n s t a 
t e s . The optimum s t r e n g t h f o r the p a i r i n g p o t e n t i a l i s 
V p a i r = - 0 . 0 4 9 MeV. These r e s u l t s a r e summarized i n f i g u r e 2a. 

R e s u l t s f o r c a l c u l a t i o n s on 130$ η were s i m i l a r t o th o s e o f 
1 3 4 χ Θ . The bare KK i n t e r a c t i o n g i v e s a l e v e l o r d e r i n g which i s 
a p p r o x i m a t e l y c o r r e c t . A d d i t i o n o f a weak QQ p o t e n t i a l does g i v e 
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74 NUCLEI OFF THE LINE OF STABILITY 

an improvement, but only because the separation of the second 
2 + and the 4 + i s becoming smaller. Eventually the f i t to the 
experimental 6 + , 8 + , and 1 0 + s t a t e s degrades g i v i n g a shallow 
χ minimum at about the same value as found i n *3^Te. For 
• 3 0 s n , the a d d i t i o n of a p a i r i n g p o t e n t i a l can not be t o l e r a t e d . 
These r e s u l t s are summarized i n f i g u r e 2 b . 

sooo 

2800 

2600 

2400 

2200 

MOO 

1200 

400 

200 

4 ; 

* 4 * ê 

4* 

(a) 

KK • QQ KK • pairing 

6* 
6* 

(b) 

Χ 
Ι 30, 58-|S η go 90 KK • Q-Q • Miring 

Figure 2 a , b . C a l c u l a t i o n s on ^^Te and 1 3 0 s n showing 
r e s u l t s with the bare KK p o t e n t i a l and the KK with core 
p o l a r i z a t i o n c o r r e c t i o n s . Only the p o s i t i v e p a r i t y s t a t e s 
with even angular momentum are shown. 

C. Thr e e - q u a s i p a r t i c l e systems 
We have used the t h r e e - q u a s i p a r t i c l e n u c l e i to t e s t whether 

our e f f e c t i v e i n t e r a c t i o n , derived from the tw o - q u a s i p a r t i c l e 
n u c l e i , i s s u f f i c i e n t or whether a l a r g e r core p o l a r i z a t i o n 
c o r r e c t i o n i s required. We a l s o were i n t e r e s t e d i n determining i f 
the p a i r i n g p o t e n t i a l must be var i e d as the number of the protons 
was increased. In the two-neutron hole ' 3 0 β η w e saw that a 
p a i r i n g p o t e n t i a l could not be t o l e r a t e d but i n the two-proton 
' 3 4 χ θ a p a i r i n g p o t e n t i a l was needed. The t h r e e - q u a s i p a r t i c l e 
n u c l e i would provide us a wider range of n u c l e i to t e s t t h i s 
behavior. 
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11. STONE ET AL. Shell-Model Calculations near 132Sn 75 

Figures 3a-3d. These f igures show the dependence of the 
c a l c u l a t e d states on the p a i r i n g strength for the three q u a s i -
p a r t i c l e n u c l e i . Only experimentally a c c e s s i b l e s tates are shown. 
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76 NUCLEI OFF THE LINE OF STABILITY 

I t i s not c l e a r whether the strength of the QQ p o t e n t i a l 
needs to be var i e d as we move from a three neutron-hole nucleus 
to the three proton nucleus. There are a large number of 
pos s i b l e e x c i t a t i o n s t a t e s , with s i m i l a r spins, and t h i s makes 
comparison with experimental data d i f f i c u l t . Figures 3 a through 
3 d show the r e s u l t s of the c a l c u l a t i o n s on the three-
q u a s i p a r t i c l e n u c l e i . One feature that i s apparent i n the r e s u l t s 
i s the need f o r a p a i r i n g p o t e n t i a l i n ' 3 3 χ Θ and Ί 3 5 χ β In 1 2^Sn 
and '3'Sb the p a i r i n g p o t e n t i a l does not seem to be necessary. 
Comparison of the r e s u l t s from c a l c u l a t i o n s on ' 3 3 χ β a n ( j T 3 5 j W i t h 
those of 1 2 9 $ n and ' 3 1 s b shows another i n t e r e s t i n g feature. The 
le v e l - o r d e r i n g i s good i n ' 3 3 χ θ and ' 3 5 χ D U t i n 1 2 9 s n and ' 3 » s b 

the l e v e l - o r d e r i n g i s not c o r r e c t . The primary d i f f e r e n c e bet
ween the two sets of n u c l e i i s that i n 1 2^Sn and ^ I s b the low-
l y i n g s t a t e s w i l l have a large hi 1/2 character to them. In ' 3 3 χ β 

and T 3 5 j the h i i / 2 character w i l l c>e low. Another i n t e r e s t i n g 
point i s that some stat e s have markedly d i f f e r e n t slopes as the 
p a i r i n g p o t e n t i a l i s increased. These are predominantly s i n g l e 
p a r t i c l e s t a t e s , s i n g l e p a r t i c l e e x c i t a t i o n s above ground s t a t e . 

IV. Conclusions/Discussion 
We have found that the nuclear s t r u c t u r e near ^^Sn can be 

reasonably w e l l described by an ab i n i t i o e f f e c t i v e i n t e r a c t i o n 
with core p o l a r i z a t i o n c o r r e c t i o n s . A d d i t i o n of a small amount 
of a quadrupole force improves the separation of the c a l c u l a t e d 
s t a t e s i n ' 3 0 s n and ^ X e . y e found that the p a i r i n g p o t e n t i a l 
was needed when there are a c t i v e protons. The p a i r i n g c o r r e c t i o n 
may be an i n d i c a t i o n of the r o l e of the 1go/2 proton e x c i t a t i o n s . 
For the Sn isotopes i t does not appear that the e x c l u s i o n of the 
1go/2 protons has any a f f e c t on 1 the e x c i t a t i o n s t a t e s . In ^ T s b 
the optimum p a i r i n g p o t e n t i a l strength may be somewhat l a r g e r but 
t h i s could not be determined. P a i r i n g i s important i n the two-
proton and three-proton systems. I t i s s a t i s f y i n g to note that 
on the whole the p a i r i n g c o r r e c t i o n to the KK i n t e r a c t i o n can 
account f o r much of the t r u n c a t i o n e f f e c t s . 

Results a l s o seem to i n d i c a t e that the KK p o t e n t i a l o v e r e s t i 
mates two-body matrix elements i n v o l v i n g hi 1/2 o r b i t a l s . This may 
have been seen i n the o n e - q u a s i p a r t i c l e n u c l i d e s ; the l a r g e s t 
d e v i a t i o n , through only 2 0 0 keV, was y i f h the separation of the 
1 1 / 2 " s t a t e from the 7 / 2 + s t a t e . In 1 3 4 χ β w e s a w t n e r e s u l t s 
were quite good. For 1 3 0 s n , however, the f i t was not as 
s a t i s f y i n g : there was some l e v e l misordering and a QQ c o r r e c t i o n 
d i d not account f o r t h i s . These s t a t e s w i l l be l a r g e l y h-ji/2 i n 
character. The problems with l e v e l - o r d e r i n g were most severe i n 
• 2 9 S n and ' 3 1 s b . Again, many of the l o w - l y i n g s t a t e s w i l l have a 
large I111/2 character to them. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

01
1



11. S T O N E E T A L . Shell-Model Calculations near 132Sn 77 

Further developments of a general e f f e c t i v e i n t e r a c t i o n f o r 
the '32s n region w i l l have to focus on improving the charac
t e r i z a t i o n of the h-|i/2 i n t e r a c t i o n s . This w i l l be e s s e n t i a l i f 
we are to attempt to c a l c u l a t e the negative p a r i t y s t a t e s and the 
isomerism w i t h i n t h i s region. We w i l l a l s o have to consider 
other c o r r e c t i o n s to the two-body i n t e r a c t i o n such as the addi
t i o n of density-dependent p o t e n t i a l s , tensor p o t e n t i a l s and odd-
components to the two-body p o t e n t i a l . 
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12 
Shell-Model Calculations of 90,88Zr and 90,88Y 

J. A. Becker1, S. D. Bloom1, and Ε. K. Warburton2 

1Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 
2Brookhaven National Laboratory, Upton, NY 11973 

Conventional spherical shell model calculations have been undertaken to 
describe 90,88Zr and 90,88Y. In these large scale calculations valence 
orbitals included 1f5/2,2P3/2,2P1/2, and 1g9/2. The d5/2 orbital was 
included for 90Y and for high-spin calculations in 90Zr. Restrictions 
were placed on orbital occupancy so that the basis set amounted to less than 
25,000 Slater determinants. Calculations were done with a local, state 
independent, two-body interaction with single Yukawa form factor. Predicted 
excitation energies and electromagnetic transition rates are compared with 
recent experimental results. 

I. INTRODUCTION 
Gamma-ray data from the fusion-evaporation reactions74,76 Ge + 18O 

have been analyzed. Measurements consisted of excitation functions, angular 
distributions, γ - γ coincidences, linear polarization and nuclear 
lifetimes. As one result, the detailed nuclear spectroscopy of 90Zr and 
88Zr was extended to Εx ~ 10 MeV and J ~ 20 [WAR85]. Also, Yrast decay 
schemes were obtained for 90Y and 88Y, extending to Ex = 4.5 MeV, J = [12] 
for 9 0 Y, and Ex = 5.5 MeV, J = [15] for 8 8 Y [WAR86]. (Speculative 
assignments are enclosed in [ ] and uncertain assignments are enclosed in 
parenthesis.) The variety of measurements facilitated assignments of level 
spin and parity in these nuclei. The data for 9 0 * 8 8 Y are less complete 
than for *°# 8 8zr because the Y isotopes are produced in weaker reaction 
channels. 

II. CALCULATION AND RESULTS 
Spherical shell-model calculations were undertaken of these nuclei, in 

order to gain information on their nuclear structure. The calculations 
reported here were done with a local, state independent two-body interaction 
with a single Yukawa form factor, 

V l , 2 e f ( r ) l V 0 + Va °1 · ° 2 + ν Λ · V 

ν ατ ( σ ΐ * σ2 } (T1 # V ] ( 1 ) 

Parameters based on a "realistic" finite range potential [PET69] are 
given in Table 1. Single particle energies, adjusted within model space so 
that single particle levels in neighboring odd-A nuclei are described, are 
given in Table 2. Effective charges and magnetic moments were used in the 
transition rate calculations. E2 rates were done with and additional nucléon 

0097-6156/ 86/ 0324-O078S06.00/ 0 
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12. BECKER ET AL. Shell-Model Calculations 79 

charge 6 • 1. Ml rates were calculated with the free nucléon spin g factors 
Ι 9 8 ( π ) s 5.59, g s(v) * -3.83] and an o r b i t a l g factor g £ » g £(free) + 
agi, where «g £(w) * 0.10 and «g A(v) * -0.05. A l l calculations 
were done with the code description in [HAU76]. 

Table 1. Parameters (in MeV) of the two-body potential. Range » 1.0 fm 

v o ν σ ν τ 

-36.2 6.23 17.8 12.1 

Table 2. Single p a r t i c l e energies (MeV) relative to the 5 6 N i core 

e f5/2 e p 3 / 2 cPl/2 c g 9 / 2 
e d5/2 

2.30 3.31 5.13 2.98 6.77 

9 0 Z r 

9 0 Z r has a f u l l l f 7 / 2 , l f5/2' 2P3/2 a n d 2Pl/2 Photon s h e l l and 
a f u l l l g 9 / 2 neutron s h e l l . Low-lying excitations with positive parity are 
due to proton excitations from the fp s h e l l to the g 9 / 2 o r b i t a l . In the 
model space πtPi/2~ 29 9/2 + 2J excitations are restricted to 
J £ 8, and e a r l i e r calculations [GL074] account for energy levels and 
transition rates within these r e s t r i c t i o n s . We have chosen to expand the 
model space i n following ways: 

(I) *[fb/2' P3/2' Pl/2>~ 2 99/2 2J f o r w h i c h "max 

(II) *lf5/2» P3/2' Pl/2>~ 4 9 9 / 2
4 l + 1 w h i c h n a s Jmax β 1 8 a n d 

(III) * [ f 5 / 2 r P3/2r P l / 2 ) " 2 99/2 + 2J v[g 9/ 2" 2db/2 2 1 + 1 

which was J max s 24. Computational r e s t r i c t i o n s were such that J m j . n
 β 8 

and 12 for (II) and ( I I I ) , respectively. Odd-parity states were described i n 
the model space wtf^, P 3 , Ρ ι ) ~ η 9 9/2 + η 1 ' η • 1 or 3 . 

Calculated even- and odd-parity levels are compared with experiment in 
Becker, et a l . [BEC84]· An adequate description of states with J > 10 
requires contributions from Models II and I I I . Technically, Model II and III 
calculations require a s h i f t i n main frame computers and are not complete. 
The agreement (within the model space I restriction) between experimental 
energy levels i s reasonable for the even-parity states. The model predicts 
the l e v e l spin sequence correctly. Selected electromagnetic moments and 
tran s i t i o n rates are presented i n Tables III and IV, respectively. Agreement 
i s good for the f i r s t 8 i + state for both quadrupole and magnetic 
moments. The electromagnetic transition strengths predicted by Model I are in 
accord with the f r a y branching ratios observed for the 1 0 a n d 
9]+ states; agreement i s not good for the decay of the 82 + state. 
Experimentally the 1 0 i + * 8 i + and the 9χ + • 8y γ-ray branches are 100%. 
The possible l O ^ 8 2

+ and 9i+ * 8 2
+ branches are not observed. 
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80 NUCLEI OFF THE LINE OF STABILITY 

This i s in accord with the transi t i o n branching l i s t e d i n Table IV. The 
experimental γ-ray branching of the 82"*" state i s [B.R . ( 8 2

+ ·* 
8 X

+ ) ] / [ B . R . ( 8 2
+ * 6 2

 + ) ] « 43.67, while the calculation 
predicts 27/1. 

Table I I I . Quadrupole (e fm*) and magnetic moments (μ 0 ) for 

Jftf A Q(E2) μ 
Theory Exp. a Theory Exp. b 

90 -53.4 151(6)1* +12.31 +10.85(5) 

° 2
+ 90 + 18.8 + 0.31 
+ 88 +25.6 151(6) I 3 -3.09 -1.808(4) C 

8 2
+ 88 -72.9 + 12.0 

a P. Raghavan, private communication. 
b O. Hausser, et a l . , Nucl. Phys. A293, 248 (1977). 
c T. Faesterman, et a l . , Hyperfine Interactions 4, 196 (1978). 

Table IV. Branching Ratio (BR) Comparison for 9 0 * 8 8 Z r . 

EXP. THEORY 
A J f l J f 2 BRX BR 2 BRj/BR2 

90 10] + 8 l + 8 2
+ 100 N.O.a 15650/1 

90 8 l + 8 2
+ 100 N.O. 26570/1 

90 8 l + 6 l + 43(6) 57(6) 27/1 

88 8 l + 8 2
+ 1.8(3) 98.2(3) 1/50 

88 8 2
+ 1.8(5) 94.4(9) 1/23 

8B 8 l + 8 2
+ 3.8(8) 94.4(9) 1/411 

88 «2 + 8 l + 100 N.O. 134/1 

a N.O. denotes not observed experimentally. 

8 8 z r , 
8 8 z r has a f u l l l f 7 / 2 * l f 5 / 2 ' 2 P 3 / 2 ' 2Pl/2 s h e l l for protons 

and 8 neutrons i n the g 9 / 2 o r b i t a l . We describe the low lying even parity 
states of 8 8 Z r i n the model space i r v [ ( f 5 / 2 / P 3 / 2 ' P l / 2 ' ^ " 2 

g 9 ) 2 l , which has J m a x * 2 0 . Odd-parity states are described for 
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12. BECKER ET AL. Shell-Model Calculations 81 

J > 0 i n the model space I TTV[(f 5/ 2, Pz/2' Pl/2* 9 9 / 2 " while for J 
>̂  12 the model space II was 7 T V[(f5/ 2, P3/2* Pl/2^" 3 99/2 9 1· T n e s e 

models have J n a x - 15 and 24, respectively. Results for excitation energies 
are given i n Becker, et a l . [BEC84]· The positive parity energy l e v e l 
spectrum i s in good agreement with experiment. Note 
Ε χ ( 9 1

+ ) > E x(10 1
+) as i s observed experimentally. The spectrum of negative 

parity states i s compressed re l a t i v e to experiment. 
Selected electromagnetic moments are presented i n Tables I I I . Agreement 

for the e l e c t r i c quadrupole moment and magnetic moment for the 8]+ state 
i s not very good for 8 8 Z r ( 8 i + ) . There are several electromagnetic 
transitions rates that can be compared: The calculated value B(E2; 8]+ 

6 i + ) « 0 .86 Wu i t too small by a factor 6 . A strong Ml transition 
12 2* + 12}+ i s measured; the model predicts B(M1) • 3.10 Wu while 
the experimental value i s 0.95 Wu. The model also predicts B(E2; 10]+ 
-»> 8 2

+ ) * 7.56 Wu; the experimental observation i s B(E2) > 15.4 Wu. 
The 8 2

+ • 8 X
+ t r a n s i t i o n has B(M1) » 8.1(6) χ 10" 3; the calculation 

predicts Β(Ml) « 6.3 χ 10" 5. Some γ-ray branching can also be compared 
with calculated values (see Table IV). The l O ^ * 83+ decay i s 
observed with a 1.8(3)% branch. The model predicts a 2% branch r e l a t i v e to 
the IOJL" 4" + 8 2

+ decay. The 9^+ state i s observed to decay to the 
ΙΟ}*, 8 2

+, and 8}+ states with branching ratios 1.8(5), 94.4(9), and 
3.8(8)%. The model predicts that the r a t i o of branching r a t i o s , [B.R.(9 1

+ •+· 
10 1

+)]/[B.R.(9 1
+ + 8 2

+ ) ] » 1/23 and [ Β . Κ · ^ * + β^)] 
/[B.R . ( 9 i + 8 2

+ ) ] « 1/411. The 8 2
+ state i s observed to decay 100% 

8 2
+ 8 j * with no reported 8 2

+ -»· 6 i + branch. The calculation 
predicts [B.R.(8 2

+ + 8 x
+) ]/[B.R.(8 2

+ 6 X
+) ] » 134/1. 

90 Y 

9 0Y has a f u l l g 9 / 2 s h e l l for neutrons and one neutron in the d5/ 2 s h e l l , and 
one proton-hole i n the f-p s h e l l . We describe 9 0Y in the model space 

^ [ ( f 5 / 2 p ) " ( n + 1 ) ( g 9 / 2 ) n ] V [ ( d 5 / 2 ) 1 ] ; n - 0 , 2 } 

for odd-parity and 

{ i r [ ( £ 5 / 2 P ) - < n + 2 , ( g 9 / 2 » n + 1 ] V [ ( d 5 / 2 ) 1 ] ; n . 0 , 2 } 
for even-parity l e v e l s . The predicted energy levels are compared with the 
experimental results i n Pig. 1. Suff i c i e n t levels i n the right region of 
excitation are predicted, however, the energy scale for the positive parity 
levels appears to be too expanded. The large gap between th * 7 + and 
8 + levels i s reproduced by the calculation. 

88 Y 

The model space for 8 8Y was 
^ V [ ( f 5 / 2 p ) " ( n + 1 ) ( g 9 / 2 ) 9 + n ; n - 0 , 2 ] } 

for odd-parity states and 

{ w v [ ( £ 5 / 2 p ) - ( n + 2 ) ( g 9 / 2 ) 1 0 + n ; n - 0 , 2 ] } 
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NUCLEI OFF THE LINE OF STABILITY 

12+ 6195 

13+ 5685 

11+ 5048 

13" 
9" 
io-
8" 
12" 

i r 

5" 1900 

1343 

38 

[12+] 4519 

(11 + ) 4213 

10+ 3560 

(10+) 

/ 
/ 

3098/ 
2970 9+ 2970 

(9)+ 

/ 
/ 

/ 
2455/ 

8+ 2217 8+ 2217 
[-216.06] 

(6+) 1298 
1023 

r 682 

3" 

\ 
\ \ 7 + ?M \ 7 241 

[-218.24] 
π = - exp π = + 

9 0 γ 

Figure 1. 
Experimental and calculated 9 0 Y level schemes. Only the lowest-
lying (or several lowest-lying) levels of a given spin and parity are 
included i n the calculated spectra. The experimental and calculated 
spectra are matched at the 8 +(π=+) and 3"(π=*-) le v e l s . The 
calculated binding energies of these two levels are given in 
brackets. Only calculated levels are shown with J >6(TPs+) and 
J ·>2(π=-). ~ 
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BECKER ET AL. Shell-Model Calculations 

17+ 6901 

15+ 
16+ 

14+ 

6294 
6260 
5898 

15" 

[15] 

[14] 

14" 4107/ 

12" 
10 \ Ι 3" 
11" 

r 
/ 

/ 
/ 

/ s -
/ 

/ 

/ (13~) 
χΛΐ2-) 

(11") 

(10) 

(10)+ 

5558 

4824 

4178 
3964 

3652 

3257 

2444 

13+ 

12+ 

5302 

4151 

11 + 3509 

10+ 3171 

10+ 2649 
' 9+ 2469 

[9+] 2312 

1423 9+ 

(7') / \ 1462 
1477 

9+ 1581 

675 675 
[-199.82] 

ET 230 5̂  232 
A~ [-199.93] 4̂  0 

π = - exp π = + 
88 γ 

Figure 2. 
Experimental and calculated 8 8Y level schemes. Only the lowest-
lying (or several lowest-lying) levels of a given spin and parity are 
included i n the calculated spectra. The experimental and calculated 
spectra are matched at the 8 +(π=+) and 4~(π*-) levels and 
only levels with spins greater than these are shown. The 
calculated binding energies (in Mev) of these two states are given 
in brackets. 
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84 NUCLEI OFF THE LINE OF STABILITY 

for even parity states. The results are compared to experiment in Fig. 2. 
Again, s u f f i c i e n t energy levels are generated at the right excitation energy. 
The calculations make the apparent switch between even and odd parity for the 
Yrast states at E x • 3.5 MeV in 8 8Y seem quite plausable. 

II I . SUMMARY 
A s h e l l model calculation of 9 0 ' 8 8 z r and 9 0 » 8 8 y has been done with a 

" r e a l i s t i c " two-body interaction. A large model space which however does not 
allow E l γ-ray transitions was used. For 9 0 * 8 8 Z r g 0 0 < j accounts of the 
observed electromagnetic moments and transitions of the lower lying positive 
parity l e v e l s are obtained, i n particular the decay of the 1 0 i + states 
for both nuclei. For 8 8 Z r , the strong 12 2

+ •* 12^ i s id e n t i f i e d 
correctly. Our calculation predicts that the model space required for 9 0 z r 
high spin even parity states (J >̂  11) requires the breaking of the 9^/2 
neutron s h e l l . For 90,88 Y # t n e m o d e l space employed generates s u f f i c i e n t 
energy levels as approximately the correct excitation. The competition 
between odd-and even-parity Yrast levels i s predicted, and for 9 0Y, the 
large energy gap between the J ï ï « 7 + and 8 + l e v e l i s reproduced. 
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Dynamic Deformation Model 

Krishna Kumar 
Tennessee Technological University, Cookeville, TN 38505 

Some recent developments of the model are reviewed: (1) Col
lective bands of the γ-soft nucleus 124Te are compared with 
experiment and with the O(6) version of the IBM-2 model. (2) 
The model, combined with the HFB-treatment of the density
-dependent Gogny force and with the Coupled Channel Method of 
Tamura, is employed for α-scattering from 24Mg and 2 8 Si . (3) 
The model, with major extensions to nuclear fission, leads 
to surprising predictions for the lifetimes of superheavy 
nuclei. Suggestions for heavy-ion synthesis are presented. 

The c u r r e n t l y p o p u l a r n u c l e a r models range a l l the way from com
p l e t e l y m i c r o s c o p i c t o c o m p l e t e l y phenomenological. A prime example o f the 
former type o f models i s the Hartree-Fock-Bogolyubov (HFB) model where a 
d e n s i t y - d e p e n d e n t - f i n i t e range n u c l e a r f o r c e i s employed [DEC80]. A prime 
example o f the l a t e r type i s the D r o p l e t Model o f Myers and Swiatecky 
[MYE74]. The Dynamic Deformation Model (DDM) T i e s i n between these two 
extremes. T h i s model i s not c o m p l e t e l y m i c r o s c o p i c s i n c e the s i n g l e -
p a r t i c l e p r o p e r t i e s are not d e r i v e d i n a s e l f - c o n s i s t e n t manner from a 
nucleon-nucleon f o r c e . However, a l l nucléons are taken i n t o account and no 
i n e r t c ore i s assumed. 

The DDM i s not expected t o l e a d t o the " f i n a l " t h e o r y o f the nu c l e u s . 
(That would p r o b a b l y be c l o s e r t o the HFB model mentioned above, or the 
r e c e n t l y developed R e l a t i v i s t i c Fermi L i q u i d model [ANA83], o r something 
v e r y d i f f e r e n t . ) Hence, no e f f o r t i s made to f i n d the "b e s t " parameters f o r 
each n u c l e a r r e g i o n , as i s done i n most o f the c u r r e n t l y p o p u l a r models. 
I n s t e a d , a l l model parameters are g i v e n f i x e d s t r e n g t h s and Z-A-dependences. 
There are no local parameters. T h i s p r o v i d e s a p e r f e c t excuse f o r not ob
t a i n i n g p e r f e c t agreement w i t h the e x p e r i m e n t a l d a t a ! 

Because o f l i m i t a t i o n s o f computer r e s o u r c e s and o f r e s e a r c h person
n e l , ca^lcula^jgns were p r e v i o u s l y performed f o r o n l y about 25 n u c l e i r a n g i n g 
from 1 C to Pu. I t was shown [KUM84, and p r e v i o u s r e f e r e n c e s c i t e d t h e r e ] 
t h a t the major t r e n d s o f the low-energy s p e c t r a and e l e c t r o m a g n e t i c moments 
c o u l d be reproduced f o r the f i r s t time w i t h o u t any l o c a l parameters. More 
r e c e n t l y , the model has been extended i n s e v e r a l d i r e c t i o n s . Because o f 
space and time l i m i t a t i o n s , o n l y t h r e e o f these a r e d i s c u s s e d below. 

B e f o r e d i s c u s s i n g the r e c e n t developments o f the model, l e t me 
remind you o f the main components o f the DDM: (1) The s t a r t i n g p o i n t i s 
the s p h e r i c a l s h e l l model o f Mayer and Jensen, where the s i n g l e - p a r t i c l e 
l e v e l e n e r g i e s a r e taken from the e x p e r i m e n t a l s p e c t r a o f odd-A n u c l e i w i t h 
one p a r t i c l e (or hole) o u t s i d e a c l o s e d s h e l l . There i s a s i n g l e l e v e l 
scheme f o r a l l n u c l e i . Our v e r s i o n can be found i n Table I o f [KUM77]. 
(2) Quadrupole deformations ( a x i a l as w e l l as n o n - a x i a l ) are i n t r o d u c e d by 
employing the Rainwater method, where the average s i n g l e - p a r t i c l e f i e l d 
o s c i l l a t e s a t d i f f e r e n t f r e q u e n c i e s i n d i f f e r e n t d i r e c t i o n s . The t h r e e 
o s c i l l a t o r f r e q u e n c i e s a r e r e l a t e d t o ω (an o v e r a l l s c a l i n g f a c t o r f o r the 

0097-6156/ 86/ 0324-0085$06.00/ 0 
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86 NUCLEI OFF THE LINE OF STABILITY 

e n e r g i e s ) , and to two shape v a r i a b l e s (3/ γ ) . (3) R e s i d u a l i n t e r a c t i o n s o f 
the p a i r i n g type are taken i n t o account. Improved BCS method i s employed 
where the p a r t i c l e - h o l e channel i s t r e a t e d on an equal f o o t i n g w i t h the 
p a r t i c l e - p a r t i c l e c h a n n e l . (4) The s h e l l - c o r r e c t i o n method o f c a l c u l a t i n g 
the p o t e n t i a l energy o f de f o r m a t i o n i s employed, where the smooth p a r t due 
to the u n r e l i a b l e l e v e l s ( f a r from the Fermi s u r f a c e ) i s r e p l a c e d by the 
more r e l i a b l e a n a l y t i c f u n c t i o n s o f the D r o p l e t Model [MYE74]. (5) Time-
dependent ( c r a n k i n g type) treatment o f nine c o l l e c t i v e v a r i a b l e s ( f i v e 
quadrupole, neutron and p r o t o n energy gaps, neutron and p r o t o n Fermi 
e n e r g i e s ) i s employed t o c a l c u l a t e t h r e e r o t a t i o n a l moments o f i n e r t i a and 
two v i b r a t i o n a l mass parameters f o r each shape o f the n u c l e u s . (6) The 
complete dynamics o f r o t a t i o n - v i b r a t i o n c o u p l i n g (or a n h a r m o n i c i t y o r band-
mixing) i s taken i n t o account by employing the Kumar-Baranger treatment o f 

- the Bohr H a m i l t o n i a n . No assumption i s made about the K - s t r u c t u r e o r the 
v i b r a t i o n a l nature o f the c o l l e c t i v e bands. I n s t e a d , the c o l l e c t i v e 
H a m i l t o n i a n - M a t r i x i s d i a g o n a l i z e d f o r each a n g u l a r momentum o f i n t e r e s t . 
Then, the c a l c u l a t e d l e v e l s are grouped i n t o d i f f e r e n t bands ( a c c o r d i n g t o 
the decay c h a r a c t e r i s t i c s ) o n l y f o r the sake o f e l u c i d a t i n g p o s s i b l e d e v i a 
t i o n s from the expected t r e n d s . The same H a m i l t o n i a n , o p e r a t o r s , and p a r a 
meters a r e employed f o r a l l even-even n u c l e i . 

One o f the r e c e n t developments concerns the s o l u t i o n o f some t e c h n i 
c a l problems so t h a t the DDM codes can be run by the graduate s t u d e n t s . 
T h i s g o a l has been ac h i e v e d r e c e n t l y a t the U n i v e r s i t y o f Sussex a t 
B r i g h t o n , E n g ^ 4 , 7^8? § 5?§4 h a V e i 5 f?Ï2g?îi§ïîf O^Î3§?l§ 3 l a t e t h e S p S C t r a 

o f i s o t o p e s , Se, Te. These r e s u l t s 
have been compared w i t h experiment and w i t h the IBM-2 [PAR85]. As an 
example, a few r e s u l t s f o r Te are g i v e n h e r e ^ ^ F i g . 1 g i v e s the contour 
p l o t o f the DDM-calculated p o t e n t i a l energy o f Te. T h i s i s the most 
p e r f e c t example o f a γ-soft nucleus t h a t we have come a c r o s s . The c a l c u 
l a t e d p o t e n t i a l has two well-deformed minima, one p r o l a t e (β=0.2, γ = 0 ) , 
one o b l a t e (3 = 0.2, γ = 60°). Both minima are 8.0 MeV below the s p h e r i c a l 
maximum, t h a t i s the p r o l a t e - o b l a t e d i f f e r e n c e i s zero ( w i t h i n accuracy o f 
0.1 MeV). However, t h i s does not l e a d t o two s e t s o f bands because the two 
minima a r e separat e d i n the γ-direction by a b a r r i e r o f o n l y 0.8 MeV. I n 
f a c t , t h i s b a r r i e r i s w e l l - b e l o w the ground s t a t e which i s r a i s e d by the 
Ze r o - P o i n t - M o t i o n above the minima by 1.9 MeV. The r e s u l t i n g spectrum 
(see F i g . 2) i s c l o s e t o t h a t expected f o r a γ - u n s t a b l e [ o r 0(6) i n the 
IBM language] n u c l e u s . However, Nature i s o f t e n more i n t e r e s t i n g than our 
simple models. Al t h o u g h , the p o t e n t i a l and the spectrum [ a l s o , the B(E2) 
v a l u e s and the X(E0/E2) v a l u e s , t o be d i s c u s s e d i n a l o n g e r paper] suggest 
a p e r f e c t γ - u n s t a b l e n u c l e u s , the quadrupole moment o f the f i r s t 2 s t a t e 
s u r p r i s e s us once a g a i n . The measured v a l u e [NAQ77] i s 67(15)% o f the 
r o t a t i o n a l v a l u e . The c o r r e s p o n d i n g DDM v a l u e i s 56%. Si n c e the DDM pote n 
t i a l shows no p r o l a t e - o b l a t e p r e f e r e n c e , how can i t g i v e such a l a r g e quad
r u p o l e moment? T h i s i n t e r e s t i n g " q u i r k o f n a t u r e " a r i s e s because the 
i n e r t i a l f u n c t i o n s ' ( w h i c h r e p r e s e n t " f i n e s t r u c t u r e " e f f e c t s o f the s i n g l e -
p a r t i c l e l e v e l s ) are not γ-independent. The IBM-2 c a l c u l a t i o n a l s o y i e l d s 
a s u b s t a n t i a l quadrupole moment, but a t the c o s t o f ha v i n g t o add an e x t r a 
term (a Q-Q term) to the H a m i l t o n i a n . 

The n u c l e a r dynamics treatment p a r t o f the DDM has r e c e n t l y been 
combined w i t h the HFB model (mentioned above) and w i t h an e x t e n s i o n o f the 
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13. KUMAR Dynamic Deformation Model 87 

Coupled Channel Method. 
The c a l c u l a t i o n o f 
r e l i a b l e 3-γ - dependent 
wave f u n c t i o n s f o r v a r 
i o u s c o l l e c t i v e band 
members a l l o w s the i n 
c l u s i o n o f a l a r g e num
ber o f r e a c t i o n c h annels. 
Furthermore, t h i s mar
r i a g e o f n u c l e a r s t r u c 
t u r e and n u c l e a r r e a c 
t i o n models a l l o w s f o r 
a u n i f i e d t reatment o f 
s p h e r i c a l and deformed 
n u c l e i , o f γ-rigid and 
γ-soft n u c l e i , o f d i f 
f e r e n t shapes i n d i f 
f e r e n t r e a c t i o n chan
n e l s , and o f the pos
s i b i l i t i e s o f su b s t a n 
t i a l d i f f e r e n c e s i n the 
shapes o f t a r g e t and 
r e s i d u a l n u c l e i . T h i s 
model has been employed 
f o r α-scattering as w e l l 
as f o r neutron c r o s s -
s e c t i o n s [KUM85]. Two 
examples are reviewed 
here. F i g . 3, 4 g i v e 
the H F B - c a l c u l a t e d 
p o t e n t i a l 2 f u n c t i o n s o f 
Mg and S i . As ex

pec t e d on the b a s i s ^ o f 
p r e v i o u s s t u d i e s , Mg 
i s s t r a g g l y p r o l a t e 
w h i l e S i i s s t r o n g l y 
o b l a t e . These shape 
changes l e a d t o drama
t i c changes i n the angu
l a r d i s t r i b u t i o n s o f a-
s c a t t e r i n g c r o s s - s e c t i o n s 
(jee F_ig. +5, 6) from the 
0 , 2 , 4 members o f the 
ground s t a t e r o t a t i o n a l 
band. T h i s shows once 
a g a i n the enormous sen
s i t i v i t y o f the form 
f a c t o r s t o s t r u c t u r a l 
changes. 

The t h i r d major 
development concerns the 
e x t e n s i o n o f the DDM t o 

V(ftï)MeV 

124 
F i g . 1 . Contour P l o t o f V ( 3 , γ) of Te 

C a l c u l a t e d i n the DDM (see [PAR85]). 

Experiment- Theory 

F i g . 2. C o l l e c t i v e Bands o f 1 2 4 T e (see [PAR85] 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

01
3



88 NUCLEI OFF THE LINE OF STABILITY 

the problems o f f i s s i o n b a r r i e r s , 
f i s s i o n isomers, and superheavy 
n u c l e i . While the s h e l l - c o r r e c 
t i o n method of c a l c u l a t i n g the 
p o t e n t i a l energy f u n c t i o n i s 
s i m i l a r t o t h a t employed i n p r e 
v i o u s t h e o r i e s [FIS72, RAN74], 
t h e r e are s e v e r a l important d i f 
f e r e n c e s : (1) The c l a s s i c a l 
Mayer-Jensen method i s used f o r 
the s p h e r i c a l s i n g l e - p a r t i c l e 
l e v e l s . No adjustments are made 
to s i m p l y f i t the d a t a . (2) 
Energy o f Z e r o - P o i n t - M o t i o n i s 
c a l c u l a t e d f o r each nucleus 
r a t h e r than e s t i m a t e d o r i g n o r e d . 
(3) E l a b o r a t e shape d e f i n i t i o n s 
are r e p l a c e d by a matching p r o 
cedure where the fragment i n t e r 
a c t i o n has the c o r r e c t a s y m p t o t i c 
form. (4) M i c r o s c o p i c a l l y c a l 
c u l a t e d mass paramater f u n c t i o n s 
are employed i n two-dimensional 
a c t i o n i n t e g r a l s . Mass asymmetry 
as w e l l as charge asymmetry are 
f u l l y taken i n t o account. 

The extended model has been 
s u b j e c t e d to a number o f t e s t s . 
Without any parameter adjustments, 
the model reproduces the énergie^ 
and B(E2) v a l u e s o f the lowest 2 
s t a t e s o f doubly magic n u c l e i . 
I t g i v e s r e a s o n a b l e f i s s i o n b a r 
r i e r s , f i s s i o n isomer e n e r g i e s , 
and f i s s i o n isomer l i f e t i m e s 
[KUM86]. Agreement w i t h the f i s 
s i o n l i f e t i m e s i s a l s o q u i t e 
r e a s o n a b l e (see F i g . 7 ) . T h i s 
d i d r e q u i r e the i n t r o d u c t i o n o f 
two a d d i t i o n a l parameters (the 
s t r e n g t h and the A^A^dependence) 
f o r the n u c l e a r p a r t o f the 
fragment-fragment i n t e r a c t i o n . 
But, we b e l i e v e t h a t our model 
and s i n g l e - p a r t i c l e l e v e l s are 
q u i t e r e a s o n a b l e . The e x p e r i 
ments done so f a r a l s o support 
our main r e s u l t t h a t 114 i s not 
the next magic number f o r the 
p r o t o n s . Our p r e d i c t e d f i s s i o n 
h a l f l i f e o f [ l l 4 ] i s 10 y, 
36 o r d e r s o f magnitude lower 

- p 
Figure 3. Reproduced with permission 
from [KUM85]. Copyright 1985 American 
Physical Society. 

28 0 

S i V H F B ( p , Y ) 

—\— 

-

00> 
<x> 

Figure 4. Reproduced with permission 
from [KUM85]. Copyright 1985 American 
Physical Society. 
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13. KUMAR Dynamic Déformation Model 89 

than the p r e d i c t i o n o f 
[FIS72] and 25 o r d e r s 
l o w e r j j j a n [RAN74]. We 
f i n d [126] t o be q u i t e 
s t a b l e a g a i n s t f i s s i o n 
( h a l f l i f e > 10 y ) . But 
the α-decay lowers the 
t o t a l h a l f l i f e (see F i g . 
8) t o o n l y 4ms. The e x t r a 
s t a b i l i t y a g a i n s t α-decay 
a t lower Ζ v a l u e s i s ex
pected t o s h i f t the most 
s t a b l e superheavy from 
3 I D [ 1 2 6 ] t o 3 0 5 [ 1 2 2 ] . The 
co r r e s p o n d i n g t o t a l l i f e 
time i s e s t i m a t e d t o be 
2.6 s. 

In view o f e x p e r i 
m e n t a l i s t s ' d i s a p p o i n t i n g 
e x p e r i e n c e s w i t h the p r e 
d i c t i o n s f o r superheavy 
n u c l e i , we h e s i t a t e t o 
suggest new experiments. 
But our main r e s u l t s are 
based on g e n e r a l p r i n c i 
p l e s , r a t h e r than on a 
new s e t o f parameters. 
Hence, we would l i k e t o 
encourage e x p e r i m e n t a l i s t s 
t o t r y once a g a i n . Our 
suggested heavy-ion e x p e r i 
ments are i n d i c a t e d i n 
F i g . 9. Note t h a t the 
suggested p r o j e c t i l e energy 
i s the l a b o r a t o r y energy 
f o r the l i g h t e r n u c l e u s 
(which i s expected t o be 
l e s s s u s c e p t i b l e t o Coulomb-
induced f i s s i o n b e f o r e 
f u s i o n because o f i t s semi-
magic n a t u r e ) . The upper 
energy i s not the a b s o l u t e 
l i m i t . I t would be d e s i r 
a b l e t o i n c r e a s e i t i n 
s m a l l s t e p s and se a r c h f o r 
the optimum energy. 

Q02 

60θ'' 

to Ό 

1 
τ 1 1 1 

0* elastic 

• 
2 t M g | a . a ^ M g 

; E a * 120 MeV 

1369 MeV 

r 

2* 

j 

4.123 MeV -

; J-

Figure 5 ( l e f t ) . Reproduced with permission 
from [KUM85] · Copyright 1985 Anerican 
Physical Society. 
Figure 6 (right). Reproduced with permission 
from [KUM85]. Copyright 1985 American 
Physical Society. 
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x Theory (present) 

Ο Experiment 

+ Theory (Nix et al.) [FIS72] 
Δ Theory (Randrup et al.) [RAN74 ] 

I L_ 

F i g . 7 
F i g . 9 a l s o g i v e s the α-decay e n e r g i e s and l i f e t i m e s , o b t a i n e d by 

combining the atomic masses from [MYE77] w i t h the V i o l a - S e a b o r g formula f o r 
α-decay l i f e t i m e s [ v i 0 6 6 ] . S i n c e these e n e r g i e s are q u i t e l a r g e , they 
should h e l p i n making a r e l i a b l e i d e n t i f i c a t i o n o f the superheavy nucle u s 
and o f the c o r r e s p o n d i n g SuperHeavy Element (SHE). 
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90 NUCLEI OFF THE LINE OF STABILITY 

H o p e f u l l y , our r e s u l t s 
(some o f which have been p r e 
sented p r e v i o u s l y [KUM83]) f o r 
the superheavy n u c l e i w i l l a l s o 
s t i m u l a t e o t h e r t h e o r i s t s t o 
r e c a l c u l a t e f i s s i o n l i f e t i m e s , 
and, e s p e c i a l l y , f u s i o n c r o s s -
s e c t i o n s f o r the suggested 
t a r g e t - p r o j e c t i l e c o m b i n a t i o n s . 
These c r o s s - s e c t i o n s are ex
pected t o be s m a l l and the c o r 
r e sponding experiments a r e ex
pected t o be q u i t e d i f f i c u l t . 
But the e x p e r i m e n t a l i s t s have 
a chance o f c l e a r l y d i s t i n 
g u i s h i n g between d i f f e r e n t 
models whose p r e d i c t i o n s d i f f e r 
not by f a c t o r s o f 2 but by many 
o r d e r s o f magnitude. A l s o , they 
might d i s c o v e r many new i s o t o p e s 
w i t h unusual p h y s i c a l and chemi
c a l p r o p e r t i e s . 
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13. KUMAR Dynamic Deformation Model 91 
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14 
Nuclear Decay Data 
An Important Interface Between Basic and Applied Science 

C. W. Reich 
Idaho National Engineering Laboratory, EG&G Idaho, Inc., Idaho Falls, ID 83415 

In this paper, we discuss several categories of decay data which have 
contributed to low-energy nuclear physics, indicate some of the ways 
they are useful in solving problems in other areas and identify needs 
for further measurements. Illustrations include half-life and 
emission-probability data of actinide nuclides important for reactor 
technology and useful as reference standards for nuclear-data 
measurements. Decay data of highly neutron-rich fission-product 
nuclides are important in such diverse areas as astrophysics and 
reactor-safety research. Some of these data needs and experimental 
approaches suitable for satisfying them are presented. 

1. I n t r o d u c t i o n 

Data on t h e decay p r o p e r t i e s ( e . g . , t o t a l and p a r t i a l h a l f - l i v e s , t o t a l 
decay e n e r g i e s , e n e r g i e s and emiss ion p r o b a b i l i t i e s o f t h e e m i t t e d r a d i a t i o n s ) 
have i n t he p a s t made major c o n t r i b u t i o n s t o our knowledge o f n u c l e a r 
p r o p e r t i e s a t low e x c i t a t i o n e n e r g i e s and o f t he v a r i o u s modes o f mot ion 
t h a t g i v e r i s e t o them. Evidence t h a t these d a t a c o n t i n u e t o have a 
s i g n i f i c a n t i n f l u e n c e on t h i s f i e l d , and indeed o f t he c o n t i n u i n g v i t a l i t y 
o f t h e f i e l d i t s e l f , i s p r o v i d e d by t h e l a r g e number and b r e a d t h o f c o n t e n t 
o f t h e papers be ing p r e s e n t e d a t t h i s symposium. Beyond t h i s h i g h l y 
i n t e r e s t i n g , bu t r e l a t i v e l y r e s t r i c t e d a p p l i c a t i o n , however, n u c l e a r decay 
da ta p l a y an i m p o r t a n t r o l e i n many o t h e r areas o f b a s i c and a p p l i e d s c i e n c e . 

I n any d i s c u s s i o n o f decay d a t a and t h e i r a p p l i c a t i o n s , t h e f o l l o w i n g 
shou ld be kep t i n m ind . I n s p i t e o f t h e i r wide a p p l i c a b i l i t y , t he p r i m a r y 
m o t i v a t i o n f o r t h e i r measurement has l a r g e l y been the i n f o r m a t i o n which t h e y 
p r o v i d e f o r l ow-energy n u c l e a r p h y s i c s . The e x t e n s i v e measurement a c t i v i t y 
i n t h i s a rea over t h e p a s t t h r e e decades or so has produced a l a r g e amount 
o f f a i r l y d e t a i l e d d a t a on the decay p r o p e r t i e s o f u n s t a b l e n u c l e i . 
However, because o f t h e i n t e r e s t s and o b j e c t i v e s o f most o f t h e measurers o f 
these d a t a , t h e e x i s t e n c e o f t h i s e x t e n s i v e body o f i n f o r m a t i o n does no t 
n e c e s s a r i l y mean t h a t t h e d e c a y - d a t a needs o f any g i v e n area a re s a t i s f i e d . 
Such needs f r e q u e n t l y a re h i g h l y s p e c i a l i z e d and r e q u i r e a d d i t i o n a l 
c h a r a c t e r i s t i c s n o t u s u a l l y c o n s i d e r e d by an e x p e r i m e n t e r whose i n t e r e s t s 
l i e i n o t h e r a r e a s . To s a t i s f y such needs, s p e c i a l i z e d measurements, 
o c c a s i o n a l l y u t i l i z i n g t e c h n i q u e s s p e c i f i c a l l y t a i l o r e d t o t h e p a r t i c u l a r 
a p p l i c a t i o n , a re r e q u i r e d . As a r e s u l t , t h e f i e l d o f d e c a y - d a t a measurement, 
a l t h o u g h by many s t a n d a r d s a mature one , c o n t i n u e s t o p r e s e n t e x c i t i n g new 
c h a l l e n g e s as e x p e r i m e n t a l c a p a b i l i t i e s deve lop and a d d i t i o n a l needs i n 
o t h e r areas o f b a s i c and a p p l i e d s c i e n c e c o n t i n u e t o be i d e n t i f i e d . 

0097-6156/ 86/ 0324-0094S06.00/ 0 
© 1986 American Chemical Society 
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14. REICH Nuclear Decay Data 95 

To a d e q u a t e l y t r e a t these many a p p l i c a t i o n s and t o i l l u s t r a t e t h e 
s p e c i f i c ways i n which decay da ta make u s e f u l , i f n o t c r u c i a l , c o n t r i b u t i o n s 
t o them i s a t a s k t h a t l i e s beyond the space and t i m e l i m i t a t i o n s o f t h i s 
paper . We have thus chosen t o l i m i t t he scope o f t h i s p r e s e n t a t i o n t o t he 
d i s c u s s i o n o f s e v e r a l s e l e c t e d examples, drawn m o s t l y f rom the a rea o f 
f i s s i o n - r e a c t o r p h y s i c s . These i n c l u d e t h e r e s u l t s o f r e c e n t s i g n i f i c a n t 
developments i n a c t i n i d e - n u c l i d e decay d a t a and , i n t h e s p i r i t o f t h i s 
symposium, decay da ta o f f i s s i o n - p r o d u c t n u c l i d e s o f f t h e l i n e o f β 
s t a b i l i t y and some o f the problems and c h a l l e n g e s t h e y p r e s e n t t o bo th 
e x p e r i m e n t a l c a p a b i l i t i e s and n u c l e a r t h e o r y . 

2 . An I n t e r n a t i o n a l C o o r d i n a t e d Program o f A c t i n i d e - N u c l i d e Decay-Data 
Measurement and E v a l u a t i o n 

In 1975, t h e IAEA convened an A d v i s o r y Group Meet ing on T r a n s a c t i n i u m 
I s o t o p e Nuc lear Data a t K a r l s r u h e , F.R.G. [TND76] t o su rvey t h e r e q u i r e m e n t s 
f o r and s t a t u s o f t r a n s a c t i n i u m i s o t o p e n u c l e a r d a t a r e l e v a n t t o f i s s i o n -
r e a c t o r resea rch and t e c h n o l o g y . I t was found t h a t t he accuracy o f many o f 
t he decay d a t a was n o t s u f f i c i e n t t o s a t i s f y a number o f t h e needs f o r such 
a p p l i c a t i o n s as m a t e r i a l s s a f e g u a r d s , f u e l assay , sample-mass d e t e r m i n a t i o n 
and s tandards p r e p a r a t i o n . One o f t he recommendations drawn up a t t h i s 
meet ing c a l l e d f o r an i n t e r n a t i o n a l l y c o o r d i n a t e d program o f d e c a y - d a t a 
measurement and e v a l u a t i o n t o address t h i s s i t u a t i o n . S u b s e q u e n t l y , i n 
1977, t h e IAEA o r g a n i z e d a C o o r d i n a t e d Research Program (CRP) t o measure and 
e v a l u a t e decay d a t a f o r s e l e c t e d t r a n s a c t i n i u m n u c l i d e s . Research groups 
f rom f i v e l a b o r a t o r i e s around the w o r l d agreed t o p a r t i c i p a t e i n t h i s CRP; 
and work go t underway i n t h e S p r i n g o f 1978. 

The work o f t h i s CRP has r e c e n t l y conc luded and a r e p o r t summar iz ing the 
r e s u l t s o f t h i s t a s k has been p r e p a r e d . New, h i g h l y p r e c i s e decay d a t a on 
t o t a l a n d / o r p a r t i a l h a l f - l i v e s f o r 7 n u c l i d e s , α - p a r t i c l e em iss ion 
p r o b a b i l i t i e s (Pa) f o r 7 n u c l i d e s , and γ - r a y emiss ion p r o b a b i l i t i e s 
(Ργ) f o r 21 n u c l i d e s have been p roduced . The f i n a l l i s t o f recommended 
decay da ta i n c l u d e s these r e s u l t s , as w e l l as those f rom o t h e r r e c e n t 
measurements, t o g e t h e r w i t h c a r e f u l l y e v a l u a t e d i n f o r m a t i o n on a number o f 
o t h e r n u c l i d e s . In a l l , t h i s l i s t i n c l u d e s h a l f - l i f e v a l u e s f o r 125 
n u c l i d e s and , f o r t h e more p rominen t t r a n s i t i o n s o n l y , Pa v a l u e s f o r 30 
n u c l i d e s and Ργ v a l u e s f o r 47 n u c l i d e s . [Some o f these d a t a r e p r e s e n t 
s i m p l y t h e r e s u l t s o f p r e v i o u s l y p u b l i s h e d e v a l u a t i o n s . ] These d a t a w i l l be 
i n c l u d e d i n t h e f i n a l r e p o r t o f t he CRP, t o be p u b l i s h e d as one o f t h e IAEA 
T e c h n i c a l Repor ts S e r i e s . 

One example o f t he improvement i n t h e q u a l i t y o f t h e d a t a r e s u l t i n g f rom 
t h i s measurement program i s p r o v i d e d by t h e Ργ v a l u e s f o r 2 3 5 U . These 
d a t a were measured by t h r e e o f t h e CRP p a r t i c i p a n t s . When combined w i t h another 
r e c e n t measurement, these l e d t o a recommended Ργ v a l u e o f 57 .2+0 .5 
pho tons /100 decays f o r t h e p rominen t 185.7-keV γ r a y . The p r e v i o u s l y accepted 
v a l u e [NDS77, T 0 I 7 8 ] f o r t h i s q u a n t i t y was 5 4 . , w i t h no u n c e r t a i n t y g i v e n . 

3. A c t i n i d e H a l f - L i v e s as Standards f o r Nuc lear Data Measurements 

A knowledge o f t h e h a l f - l i f e i s r e q u i r e d f o r any a p p l i c a t i o n i n wh ich 
q u a n t i t a t i v e assay o f m a t e r i a l f o r r a d i o n u c l i d e c o n t e n t i s d e s i r e d . I n 
f i s s i o n - r e a c t o r resea rch and t e c h n o l o g y , f o r example, a c c u r a t e h a l f - l i f e 
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96 NUCLEI OFF THE LINE OF STABILITY 

d a t a a re r e q u i r e d f o r many areas r e l a t e d t o t h e s a f e g u a r d i n g o f s p e c i a l 
n u c l e a r m a t e r i a l s . I n t h e p r e c i s e measurement o f n e u t r o n - i n d u c e d r e a c t i o n 
c r o s s s e c t i o n s i m p o r t a n t f o r s t u d i e s o f f a s t - r e a c t o r f u e l c y c l e s , such 
i n f o r m a t i o n i s necessary f o r t h e a c c u r a t e mass assay o f , and t h e c o r r e c t i o n 
f o r n u c l i d e decay i n , t h e samples u t i l i z e d . 

I n r e c o g n i t i o n o f these needs, a l i s t o f recommended h a l f - l i f e v a l u e s 
f o r a number o f a c t i n i d e n u c l i d e s u s e f u l as s tanda rds f o r n u c l e a r - d a t a 
measurements was p repared s e v e r a l yea rs ago [VAN83] . T h i s l i s t i n c l u d e d 
bo th t o t a l and p a r t i a l h a l f - l i f e d a t a f o r 11 such n u c l i d e s - t h e i m p o r t a n t 
i s o t o p e s o f U, Np and Pu, as w e l l as 2 5 2 C f . S u b s e q u e n t l y , these d a t a were 
r e v i s e d [REI85a] t o i n c o r p o r a t e t h e r e s u l t s o f new measurements, some o f 
them f rom t h e work o f t h e CRP. These d a t a a re g i v e n i n a r e c e n t paper 
[ R E I 8 5 b ] , as w e l l as i n t h e f i n a l r e p o r t o f t h e IAEA CRP. 

I m p o r t a n t comments r e g a r d i n g some o f these v a l u e s need t o be made. For 
example, t h e p r e s e n t l y recommended h a l f - l i f e v a l u e s f o r 2 3 7 N p and 2 5 2 C f 
a r e , r e s p e c t i v e l y , ( 2 . 1 4 ± 0 . 0 1 ) x l 0 6 y and (2 .645+0 .008) y . A l t hough t h e 
quoted p r e c i s i o n o f t he fo rmer i s q u i t e good (M) .5%) , t h i s v a l u e i s based 
on t h e r e s u l t s o f o n l y one measurement. Some ev idence t h a t i t may be 
s i g n i f i c a n t l y i n e r r o r has been g i v e n by [MEA83], who f i n d s t h a t h i s 
measured r a t i o o f t h e 2 3 7 N p f i s s i o n c r o s s s e c t i o n t o t h a t o f 2 3 5 U i n t h e 
MeV r e g i o n o f n e u t r o n e n e r g i e s d i f f e r s f r o m those o f o t h e r e x p e r i m e n t e r s who 
used d i f f e r e n t t e c h n i q u e s . One p o t e n t i a l source o f t h i s d i s c r e p a n c y i s t h e 
mass assay o f t h e 2 3 7 N p samples , wh ich depends u l t i m a t e l y on t h e v a l u e 
used f o r t h e 2 3 7 N p h a l f - l i f e . A s a t i s f a c t o r y r e s o l u t i o n o f t h i s 
d i s c r e p a n c y would h e l p s u p p o r t t h e use o f 2 3 ' N p as a n e u t r o n f l u x s t a n d a r d 
i n t h e MeV r e g i o n . Regard ing t h e 2 5 2 C f h a l f - l i f e , [SMI83] r e p o r t s i n a 
r e c e n t a n a l y s i s t h a t t h e p r e s e n t s i t u a t i o n i s c o n f u s e d . The r e s u l t s o f t e n 
measurements r e p o r t e d w i t h h i g h p r e c i s i o n s ( r a n g i n g f rom M).4% t o 
^0.04%) over t h e p a s t t w e n t y y e a r s , t e n d t o c l u s t e r around two d i s t i n c t 
v a l u e s , v i z . 2 .638 y and 2 .651 y . Evidence e x i s t s wh ich p r o v i d e s s u p p o r t 
f o r each o f t h e s e , and i t i s t h u s n o t c l e a r which ( i f indeed e i t h e r ) o f them 
r e p r e s e n t s t h e " c o r r e c t " 2 5 2 C f h a l f - l i f e . 

The s t a t u s o f these v a l u e s emphasizes t h e impor tance o f t h e o b s e r v a t i o n 
t h a t s i m p l y because d a t a e x i s t whose quoted p r e c i s i o n i s q u i t e adequate f o r 
c e r t a i n ( i n d e e d many) purposes i t cannot be assumed t h a t t h e r e i s no need 
f o r f u r t h e r measurements. Whi le i t i s h i g h l y u n l i k e l y t h a t any changes i n 
these two h a l f - l i f e v a l u e s wh ich r e s u l t f rom t h e e v e n t u a l r e s o l u t i o n o f 
these above-ment ioned d i s c r e p a n c i e s w i l l s i g n i f i c a n t l y a f f e c t b a s i c n u c l e a r 
p h y s i c s , these d i s c r e p a n c i e s n o n e t h e l e s s p r e s e n t s e r i o u s problems f o r many 
r e a c t o r - r e l a t e d nuc lear -measurement e f f o r t s . 

4 . S h o r t - L i v e d F i s s i o n - P r o d u c t Decay Data 

Because o f t h e i r i n t i m a t e l i n k w i t h energy p r o d u c t i o n i n n u c l e a r 
r e a c t o r s , f i s s i o n p r o d u c t s and t h e i r n u c l e a r d a t a have l o n g occup ied an 
i m p o r t a n t p o s i t i o n i n r e a c t o r t e c h n o l o g y . I n r e c e n t y e a r s , i n t e r e s t i n 
s h o r t - l i v e d f i s s i o n - p r o d u c t decay d a t a has i n c r e a s e d m a r k e d l y , as t h e i r 
r e l e v a n c e t o d i f f e r e n t a reas o f r esea rch and t e c h n o l o g y has become r e c o g n i z e d . 
I n a d d i t i o n t o t h e i r impor tance f o r e s t i m a t i o n o f t h e f i s s i o n - p r o d u c t decay-
heat source te rm i n n u c l e a r r e a c t o r s , t h e i n c r e a s i n g a t t e n t i o n be ing focused 
on t h e assessment o f t he hazards a s s o c i a t e d w i t h t h e r e l e a s e , t r a n s p o r t and 
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14. REICH Nuclear Decay Data 97 

d e p o s i t i o n o f f i s s i o n p r o d u c t s f o l l o w i n g p o s t u l a t e d r e a c t o r a c c i d e n t s has 
produced a need f o r a d d i t i o n a l i n f o r m a t i o n on t h e i r energy s p e c t r a , 
e s p e c i a l l y f o r t h e i s o t o p e s o f t h e v o l a t i l e e l e m e n t s . I n a s t r o p h y s i c s t h e r e 
i s a need [MAT84] f o r d a t a on t h e h i g h l y n e u t r o n - r i c h f i s s i o n - p r o d u c t 
n u c l i d e s t o h e l p r e f i n e and f u r t h e r c o n s t r a i n p r e s e n t models o f e lemen ta l 
s y n t h e s i s i n s t e l l a r e n v i r o n m e n t s . I n t h e a n a l y s i s o f r e c e n t e x p e r i m e n t s a t 
n u c l e a r r e a c t o r s [B0E84] t o search f o r n e u t r i n o o s c i l l a t i o n s , a knowledge o f 
t h e r e a c t o r a n t i n e u t r i n o s p e c t r u m , e s p e c i a l l y t h e h i g h - e n e r g y r e g i o n (wh ich 
depends s e n s i t i v e l y on t h e decay p r o p e r t i e s o f t h e s h o r t - l i v e d f i s s i o n 
p r o d u c t s ) , i s needed. 

I n a d d i t i o n t o t h e d i f f i c u l t i e s i n p r o d u c i n g good samples , t h e s t u d y o f 
s h o r t - l i v e d f i s s i o n - p r o d u c t decay schemes p r e s e n t s s p e c i a l p rob lems . 
Because o f t h e c o m p l e x i t y o f t h e spect rum o f t h e e m i t t e d r a d i a t i o n and t h e 
l a r g e number o f energy l e v e l s t h a t can be p o p u l a t e d , t h e o b s e r v a t i o n o f a l l 
t h e γ - r a y t r a n s i t i o n s and t h e c o r r e c t p lacement o f them w i t h i n t h e 
d a u g h t e r - n u c l e u s l e v e l scheme i s a d i f f i c u l t and e x t r e m e l y t ime-consuming 
p r o c e s s , i f i t i s indeed p o s s i b l e a t a l l . Consequen t l y , i n a c t u a l p r a c t i c e , 
i t i s a lmos t never done. For most purposes i n l ow-energy n u c l e a r p h y s i c s 
t h i s i s n o t a s e r i o u s p r o b l e m , s i n c e i t i s u s u a l l y o n l y t h e l e v e l p r o p e r t i e s 
i n t h e f i r s t MeV o r two o f e x c i t a t i o n t h a t a re o f i n t e r e s t , and these can be 
o b t a i n e d w i t h c o n s i d e r a b l e c o n f i d e n c e f rom even a r e l a t i v e l y i n c o m p l e t e 
decay scheme. I n cases where an a c c u r a t e knowledge o f how t h e e m i t t e d 
energy i s d i s t r i b u t e d , however, t h e l a c k o f a complete decay scheme can be a 
fundamenta l l i m i t a t i o n . A s i m o l e i l l u s t r a t i o n o f t h i s , d i s c u s s e d i n 
[ R E I 8 5 b ] , i s p r o v i d e d by t h e ° 7 B r decay ( T w ? = 55.7 s ) . A r e c e n t v e r y 
d e t a i l e d s t u d y [RAM83] has l e d t o a deduced d i s t r i b u t i o n o f t h e β 
i n t e n s i t y f e e d i n g t h e l e v e l s i n t h e ° 7 K r daugh te r t h a t i s q u i t e d i f f e r e n t 
f rom t h a t i n [NDS79]. [RAM83] a l s o r e p o r t Ργ v a l u e s ^30% s m a l l e r t han 
those i n [NDS79]. These d i f f e r e n c e s i n t h e proposed decay scheme l e a d t o 
s i g n i f i c a n t l y d i f f e r e n t v a l u e s f o r t h e average e n e r g i e s per decay ( i m p o r t a n t 
f o r r e a c t o r decay -hea t assessmen t ) , as shown i n Tab le 1 . 

The 8 7 B r decay has a number 
o f s i m p l i f y i n g f e a t u r e s 
[ R E I 8 5 b ] , wh ich make i t s s t u d y 
s i m p l e r t han those o f most o f 
the s h o r t - l i v e d f i s s i o n 
p r o d u c t s . S i n c e , even f o r t h i s 
" s i m p l e " case (wh ich even so 
t o o k s e v e r a l y e a r s t o 
c o m p l e t e ) , a d e t a i l e d s t u d y 
oroduced such d r a s t i c changes 
i n many o f t h e deduced decay 
p r o p e r t i e s , c a u t i o n s h o u l d be 
taken i n u s i n g p r e s e n t l y 
a v a i l a b l e d a t a on such 
n u c l i d e s f o r many a p p l i c a t i o n s . 
I t seems l i k e l y , [ R E I 8 5 b ] , 

f o r example, t h a t t h e somewhat poore r p r e d i c t i o n o f t h e β- and γ - r a y 
components o f t h e decay -hea t source te rm u s i n g t h e ENDF/B-V decay d a t a than 
was o b t a i n e d u s i n g ENDF/B-IV r e s u l t e d f r o m t h e i n c l u s i o n i n t h e fo rmer o f 
decay d a t a f o r a number o f s h o r t - l i v e d f i s s i o n p r o d u c t s t h a t were o b t a i n e d 
f rom j u s t such i n c o m p l e t e l y de te rm ined decay schemes. 

Table 1 
Comparison o f average decay-energy 
v a l u e s ( i n keV) f o r 8 7 B r deduced 
f rom two d i f f e r e n t s e t s o f d a t a 

Q u a n t i t y [RAM83] ÇNDS79] 

1643. 1 8 6 1 . 
2122. 2358. 
3204. 4113. 

sum* 6969. 8332. 

For a " p e r f e c t " i n t e n s i t y b a l a n c e , t h e 
t h r e e average-energy v a l u e s s h o u l d sum 
t o Qg(=6830 + 1 2 0 ) . 
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98 NUCLEI OFF THE LINE OF STABILITY 

Many o f t h e a p p l i c a t i o n s , p a r t i c u l a r l y t h e more c h a l l e n g i n g ones, o f 
f i s s i o n - p r o d u c t decay da ta have i n v o l v e d the f i s s i o n p r o d u c t s as a g r o u p . 
Because o f t h e i r l a r g e number (>700) and t h e f a c t t h a t a lmos t no d a t a have 
been a v a i l a b l e f o r many o f them, i t has a lways been necessary f o r such 
a p p l i c a t i o n s t o u t i l i z e c a l c u l a t e d v a l u e s f o r t h e unmeasured q u a n t i t i e s . To 
do t h i s , a number o f d i f f e r e n t approaches have been taken t o d e s c r i b e t h e 
β-decay p r o p e r t i e s ( β - s t r e n g t h f u n c t i o n s ) o f these n u c l i d e s [TAK72, 
MAN82, KLA83] . The most comprehensive o f these approaches has been t h a t o f 
K lapdor and h i s co -worke rs [KLA83] who, u s i n g a s p e c i f i c model f o r t h e 
β - s t r e n g t h f u n c t i o n , p r o v i d e p r e d i c t i o n s f o r a wide v a r i e t y o f 
f i s s i o n - p r o d u c t - r e l a t e d phenomena i n a s t r o p h y s i c s and n u c l e a r p h y s i c s . 

These d i f f e r e n t approaches g i v e d i f f e r e n t p r e d i c t i o n s f o r many o f t he 
phenomena o f i n t e r e s t ; and i f one i s t o a p p l y them w i t h some degree o f 
c o n f i d e n c e t o t he s o l u t i o n o f a wide range o f p rob lems , i t i s necessary t o 
e s t a b l i s h which approaches , o r which aspec ts o f t he d i f f e r e n t approaches , 
are r e l i a b l e and which are n o t . T h i s i s n o t a lways a s i m p l e m a t t e r . P a r t 
o f t h e prob lem i n assess ing the v a r i o u s t h e o r e t i c a l approaches r e s u l t s f r o m 
the c o m p l e x i t y o f t he s i t u a t i o n . I n d i f f e r e n t a p p l i c a t i o n s , one i s r e a l l y 
t e s t i n g d i f f e r e n t aggregates o f v a r i o u s t y p e s o f d a t a ( f i s s i o n y i e l d s , Q$ 
v a l u e s , average decay e n e r g i e s , e t c . ) ; and i t i s d i f f i c u l t t o i s o l a t e the 
e f f e c t o f any one i n d i v i d u a l component. To p e r m i t r e l i a b l e p r e d i c t i o n s o f 
phenomena r e l a t e d t o t h e decay p r o p e r t i e s o f f i s s i o n p r o d u c t s as a g r o u p , a 
more s y s t e m a t i c approach i s r e q u i r e d . 

Based on p a s t e x p e r i e n c e , t h e o u t l i n e s o f such an approach are c l e a r . 
Both t h e o r y and e x p e r i m e n t , i n c l o s e c o l l a b o r a t i o n , a re needed t o r e f i n e t h e 
models used t o c a l c u l a t e t h e β-decay p r o p e r t i e s o f t he i n d i v i d u a l n u c l i d e s . 
On t h e t h e o r e t i c a l s i d e , a number o f i n t e r e s t i n g f e a t u r e s are b e g i n n i n g t o 
emerge. Using a model o f t h e β - s t r e n g t h f u n c t i o n r e c e n t l y developed by 
[KRU84], [KRA85] has c a l c u l a t e d the decay p r o p e r t i e s o f a number o f n u c l i d e s . 
From these r e s u l t s , he reaches t h e f o l l o w i n g c o n c l u s i o n s . Because o f n u c l e a r 
s t r u c t u r e e f f e c t s , t h e r e i s no s i m p l e , g l o b a l β - s t r e n g t h f u n c t i o n 
s y s t e m a t i c s t h a t i s s e n s i t i v e enough t o p e r m i t r e l i a b l e e x t r a p o l a t i o n s . I n 
g e n e r a l , d e f o r m a t i o n e f f e c t s i n t he f a r u n s t a b l e n u c l e i t end t o s h i f t t h e 
β s t r e n g t h down, r e s u l t i n g i n l a r g e r <Εβ> v a l u e s and s m a l l e r <Εγ> 
v a l u e s as compared t o s p h e r i c a l n u c l i d e s w i t h t h e same Q$ v a l u e . Perhaps 
most i m p o r t a n t , no s h e l l model appears capab le o f p r o v i d i n g r e l i a b l e β-
s t r e n g t h p r e d i c t i o n s over t he whole mass range w i t h o n l y one parameter s e t . 

E x p e r i m e n t a l l y , t he measurements must be t a i l o r e d s p e c i f i c a l l y t o 
produce t h a t i n f o r m a t i o n most s e n s i t i v e t o r e f i n i n g t h e t h e o r e t i c a l 
c o n c e p t s . Because i t i s n o t f e a s i b l e t o measure a]J_ t h e n u c l i d e s , o n l y 
those whose i n f o r m a t i o n i s t h e most i m p o r t a n t shou ld be s t u d i e d . 
Conven t iona l decay-schemes s t u d i e s do n o t seem a p p r o p r i a t e , because o f t h e 
c o m p l e x i t y o f t h e decay schemes, t h e e r r o r s t o which t h e y are s u b j e c t ( c f . 
the d i s c u s s i o n o f 8 7 B r above) and the l a r g e amount o f t ime needed t o c a r r y 
them o u t . D i r e c t measurement o f t h e β - s t r e n g t h f u n c t i o n s t h e m s e l v e s , 
u t i l i z i n g t o t a l - a b s o r p t i o n y s p e c t r o m e t r y and , where r e l e v a n t , 
de layed-neut ron-gamma c o i n c i d e n c e t e c h n i q u e s , promises t o p r o v i d e a means o f 
p r o d u c i n g the necessary i n f o r m a t i o n i n a reasonab le t i m e . 
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15 
The Importance of Level Structure in Nuclear Reaction 
Cross-Section Calculations 
M. A. Gardner and D. G. Gardner 
Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 

We continue to observe the necessity of describing nuclei in the first few MeV above their ground 
states with discrete levels in order to obtain accurate cross-section and isomer-ratio calculations. There 
appears to be no adequate way in which one can use a level-density expression to represent or substitute 
for the level structure. The level information should not only consist of those levels that are obtained from 
experiment, but must be supplemented with the level structure theoretically known to be present by 
model calculations. For the calculation of isomer ratios, gamma-ray branchings among the discrete levels 
are also required. Discrete-level sets are not only important in describing nuclei at low excitation energies, 
but are also valuable in estimating several calculational parameters, particularly for nuclei off the line of 
stability. 

Introduction 

In the course of carrying out nuclear reaction cross-section calculations of the statistical-model 
Hauser-Feshbach type, we continue to observe the necessity of describing nuclei in the first few MeV 
above their ground states with discrete levels in order to obtain accurate results[GAR85a]. There is no 
adequate way in which one can use a level-density expression to represent or substitute for the level 
structure. Furthermore, all levels must be included; the level information obtained from experiment must 
be supplemented with that known to be present theoretically. This is true both for spherical nuclei, where 
typically tens of levels are found in the first 1 to 4 MeV of nuclear excitation, and for deformed nuclei, 
where perhaps a thousand levels are present in the first 1.5 MeV. We have found that discrete-level sets 
are not only important in the description of nuclei at low excitation energies but are also very valuable in 
the prediction of a number of calculational parameters, particularly for nuclei off the line of stability. 
Discrete-level information can be used to obtain improvements on global parameterizations of level densi
ties; to predict unknown values of D o b, the average s-wave neutron resonance spacing; to compute correct 
radiation widths; and to deduce absolute El and Ml gamma-ray strength functions. If correct gamma-ray 
branchings among the discrete levels are provided, reliable isomer ratios can be computed. In addition, 
complete discrete-level sets allow one to analyze primary gamma-ray spectra. 

Discrete-Level Descriptions of Nuclei at Low Excitation Energies 
The accurate calculation of a reaction cross section near the threshold requires that the product 

nucleus be described with a sufficient number of discrete levels. Figure 1 illustrates this with the calcula
tion of the 169Tm(n,3n) excitation function for incident neutron energies in the first few MeV above the 
reaction threshold of 14.96 MeV[GAR84a]. We obtained good agreement with the experimental 
data[BAY75,NET72,NET76,VEE77] when we used 63 modeled discrete levels for 1 6 7Tm in its first 1.4 MeV 
of nuclear excitation[HOF84]. However, when we described 1 6 7Tm down to its ground state with the 
Gilbert-Cameron level-density expression and the Cook-modified parameters[C0067], we computed an 
excitation function that was about 60% lower in the first 3 MeV above the threshold. 

Figure 2 shows another example of the need for discrete-level descriptions of nuclei. Two computa
tions of the 89Y(n,y) excitation function[GAR84b] were made. In the first, the 8 9Y and *°Y nuclei were 
described above the ground state with an additional 24 levels provided by E. A. Henry[HEN77]; in the 
second, the additonal levels were replaced with the Gilbert-Cameron level-density formulae and the 
Cook-modified parameters. Since the first level above the ground state in 8 9Y lies at 0.9 MeV, no inelastic 

0097̂ 6156/86/0324-0100$06.00/0 
© 1986 American Chemical Society 
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15. GARDNER AND GARDNER The Importance of Level Structure 101 

Figure 1. Calculated (11,2η) and (n,3n) excitation functions for 
1 6 * T m [GAR84aJ, with discrete-level descriptions of 1 6 7 T m that 
included 63 levels (solid curves) and only the ground-state 
level (broken curves), compared with experimental data from 
[BAY75,NET72,NET76,VEE77]. 

scattering can occur below this energy. Yet, the calculation that used only level-density expressions pre
dicted that the (η,η') cross section was already 400 mb at 0.9 MeV! This overestimation of the inelastic 
cross section leads to a significant lowering of the (n,y) cross section. 

Another effect of substituting a level-density description for discrete levels can also be seen in this 
figure. Note that the calculation done using level densities immediately above the ground state is still 
lower than that done using 25 levels for ^ty in the low-keV energy range. This cannot be due to incorrectly 
computed inelastic scattering competition. It comes from the fact that the description of with only 
level-density formulae leads to partial radiation widths that are calculated to all be about the same. In 
Table 1 we see that with 25 levels in ^Y, the p-wave width and the f-wave width are calculated to be twice 
as large as that for s-wave neutrons (in agreement with experiment[BOL77]), and the larger capture cross 
section is accounted for. 

The role of a good discrete-level description of the target nucleus in the calculation of a neutron 
capture excitation function is shown again in Fig. 3, where our initial computation of the 2 0 9 Bi(n,y) cross 
section vs neutron energy is plotted. In this calculation, the 2 0 9 B i is described by 36 discrete levels up to 
3.5 MeV in nuclear excitation; these levels were provided by R. A . Meyer[MEY85]. Note that for incident 
energies between 0.5 and 3 MeV, the capture cross section actually increases, in agreement with 
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102 NUCLEI OFF THE LINE OF STABILITY 

10 -3 
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/ n,n 
G round-state 
levels only 

1 ο ίο"1 

E n (MeV) 

10 

Figure 2. (η,χ) and (η,η') excitation functions 
for 8 9 Y, calculated with discrete-level descrip
tions for 8 9 Y and *Ύ that included 25 levels 
(solid curves), and only the ground-state level 
(dashed curves). 
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F i g u r e 3. O u r i n i t i a l c a l c u l a t i o n of the 
2 0 9 Bi(n , / ) excitation function compared with 
measurements from [VOI83]. 

Table 1. Calculated and measured partial ra
diation widths for **Y. 

Calculated width 
Neutron (meV) Measured width 
partial 25 levels 1 level (meV) 
wave i n ^ Y [BOL77J 

s 183 183 115 
Ρ 342 170 307 
d 186 152 — 
f 251 132 — 
g 179 113 — 

measurements[VOI83], because of the lack of inelastic scattering competition. This is to be expected, since 
the first three levels above the ground state in 2 0 9 B i are widely spaced at 0.896, 1.608, and 2.443 MeV, 
respectively. A level-density description of 2 0 9 B i above its ground state would surely overestimate the 
inelastic scattering competition in this region, leading to an incorrect energy dependence for the capture 
cross section. 

Discrete Levels and Level-Density Parameterizations 

Most modern statistical-model codes allow the matching of the low-energy portion of a level-density 
expression to an available discrete-level set. Since we use the Gilbert-Cameron level-density formalism in 
our version of the STAPRE code[UHL70], we accomplish this by adjusting the values of the energy 
constant, E 0 , in the constant-temperature portion and of the pairing energy, δ, in the Fermi-gas portion in 
such a way that the two functions and first derivatives remain continuous. We find this procedure to be 
quite valid for spherical nuclei, provided that the level set is sufficiently complete. From such a set, 
information can be extracted about the spin cut-off parameter as well as about other parameters, enabling 
one to obtain good agreement with known D o b values or to predict such quantities for nuclei off the line of 
stability. In this way, the level structure can be used to improve on global parameterizations of the level 
density. 
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15. GARDNER AND GARDNER The Importance of Level Structure 103 

For example, in calculations that we made involving a series of strontium and yttrium isotopes in the 
mass range of 86 to 90, we used the discrete-level schemes provided by Henry[HEN77,HEN85]; each set 
was composed of 25 to 60 levels. We found that almost every isotope required a different value of k, the 
constant in the mean-square spin projection expression (m2) = kA2/3, which is related to the energy-
dependent spin cut-off parameter σ 2 © by the formula σ2^) = (6/ic^m2){a\E - δ])υι. Although it is 
common practice to use average values of k = 0.146[GIL65] or 0.24[REF80], we obtained a range of k 
values, from 0.146 to 0.29, when we attempted to extract them from the discrete-level sets. Table 2 shows 
our findings. Such fluctuations are in agreement with the observations of Reffo[REF80]. 

Table 3 summarizes the two ways in which o2 can be deduced from discrete-level sets. The first is the 
maximum likelihood estimator expression, where there are Ν levels of various J{ spins. This method can 
be more sensitive to small differences in o2 unless the levels exhibit a nonrepresentative distribution of 
mainly high or low spins. The second expression allows one to extract σ 2 from the spin distribution and is 
useful unless several spins are missing. Figures 4(a) and (c) show the results of the estimator method for 
8 9 Y, described with 60 discrete levels, and for 8 8 Y, described with 25 levels. Difficulties are encountered in 
both cases since each nucleus has low-lying, high-spin states that introduce disproportionate weightings 
because of the (/ + 1/2)2 term. Note that for 8 9 Y in Fig. 4(a), if one had information on the first 15 levels 
only, up to an excitation of 3.1 MeV, the choice of k = 0.24 would be made. In Fig. 4(b), although the spin 
distribution method indicates that k = 0.146 is reasonable for 8 9 Y, the estimator method indicates that k 
should have a somewhat larger value. Finally, in Fig. 4(d), the spin distribution in 8 8 Y clearly indicates that 
the global k value of 0.146 is not suitable and that a A: of about 0.29 is preferred. 

The following are examples of what happens when one value of k is chosen over another. The use of 
a k value of 0.24 instead of 0.146, with no other changes, leads to about a 30% difference in the Fermi-gas 
level density. In the calculation of the 89Υ(η,γγ°Υ cross section, the choice of k = 0.17 instead 0.146 for *°Y, 
based on the discrete levels, led to a D o b change of 15% and a lowering of the capture cross section by 
about 10% in the E n range of a few hundred keV. 

It has been our experience that one frequently can use discrete-level information to predict unknown 
values of D o b . For example, we have recently begun cross-section calculations for a suite of bismuth 
isotopes with target masses ranging from 203 to 212 and are using preliminary discrete-level sets provided 
by Meyer[MEY85]. These schemes presently consist of 30 to 40 levels each. In a number of cases, the 
parity distributions are poor, with most levels having the same parity; Meyer is now carrying out further 
evaluations for these sets. Since D o b is only known experimentally for 2 1 0 B i , we used Meyer's preliminary 
level schemes for the various bismuth isotopes to adjust our level densities and thereby obtain initial 
estimates of all the D o b values. These are summarized in Table 4. As one sees, the values decrease for the 
lighter-mass isotopes, spanning more than two orders of magnitude, as one moves away from the closed 
neutron shell. For the compound nucleus 2 1 0 B i , the calculated value of 5.21 keV is in reasonable agreement 

Table 2. Values of k, the constant in the mean-
square spin projection expression, that were ex
tracted from the discrete-level sets for isotopes 
of yttrium and strontium. 
Isotope k Isotope k 

90γ 0.169 _ _ 
89γ 0.146 8 9 Sr 0.146 
88γ 0.292 M S r 0.146 
87γ 0.171 8 7 Sr 0.146 
86γ 0.240 «Sr 0.240 

Table 3. The two methods of deducing the 
energy-dependent spin cut-off parameter, 
^(E) = (6/*2κ*Λ2/9)(α[Ε - S\)m, from discrete-
level sets. 
(1) Use of the maximum likelihood estimator expression: 

Nf(E) 

(2) Use of the spin distribution of the levels up to energy 
£: 
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104 NUCLEI OFF THE LINE OF STABILITY 
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Figure 4. (a,b) The 8 9 Y spin cut-off parameter, σ 2 , vs E, and the spin distribution, P(J), obtained from 
60 discrete levels and from calculations with k values of 0.146 and 0.24. A t energies below the pairing 
energy, the value of σ 2 is arbitrarily held constant and equal to (6//Γ2) (kA2/\ (c,d) The spin cut
off parameter and the spin distribution obtained from 25 discrete levels and from calculations with k 
values of 0.146 and 0.29. 
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15. G A R D N E R A N D G A R D N E R The Importance of Level Structure 105 

with the experimental value of 4.5 ± 0.6 keV[MUG84]. Figure 5 shows plots of preliminary calculations of 
the neutron capture excitation functions for the 2 0 4 B i - 2 1 0 B i targets. At an incident energy of 10 keV, we see 
that the cross section can vary by a factor of about 40. Besides the use of the discrete-level information to 
improve our level densities and to predict D o b values, the position of the first unbound resonance in each 
neutron-capture excitation function can be estimated roughly by dividing the D o b value by 2. The result 
should correspond to the lowest incident energy at which we can expect the statistical-model calculation, 
averaging through the separated and overlapping resonance regions, to be valid. 

Further comments on the size and extent of this bismuth cross-section calculational effort should be 
made. Table 5 summarizes the number of target states that we will need to consider (the 21 states include 
both ground and isomeric states), the number of separate reaction excitation functions that must be 
included, as well as estimates of the number of computer runs and the C D C 7600 C P U computer time that 
will be required. In our calculations, we typically use energy-bin sizes of 10 to 250 keV, depending on the 
reaction type and the energy ranges of concern. 

Table 4. Initial estimates of values of Dob, the 
average s-wave neutron resonance spacing, for 
isotopes of bismuth. 
Compound nucleus D o b (MeV) 

^ B i 3.07 X ΙΟ" 5 

205Bi 1.40 X ΙΟ" 5 

206Bi 1.16 X ΙΟ" 4 

207Bi 1.33 X 10" 4 

^ B i 7.21 X ΙΟ" 4 

*»Bi 3.42 X ΙΟ" 3 

5.21 X 10" 3 

2 1 1 B i 1.26 X ΙΟ" 3 

Table 5. Summary of target states, type and 
number of reactions, and estimated computer 
time required to produce the complete set of 
calculated neutron cross sections for a suite of 
bismuth isotopes for incident energies up to 20 
MeV. 
Target <n,r> (η,η') (η,2η) (η,3η) (η,4η) 

203Bi X Χ 
^ B i Χ Χ Χ 
205Bi χ Χ χ Χ 
206Bi χ χ χ Χ 
207Bj χ χ χ χ 
208Bi χ χ χ χ 
209BÎ χ χ χ χ 
2 1 0 B i χ χ χ χ Χ 
2 1 1 B i χ χ χ Χ 
2 1 2 B i χ χ Χ 

Number of 
target states 21 

Number of 
reactions 

(n,y) 45 
(η,η') 32 
(n,2n) 45 
(n,3n) 39 
(n,4n) 13 

Total number of reactions 174 

Number of computer runs 80 

Estimated CDC 7600 time needed 800 min 
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106 NUCLEI OFF THE LINE OF STABILITY 

ι 1 1—ι ι ι ι ι 11 — ι 1—ι ι ι ι 111 1 1—ι ι ι ι ι 11 I 

' ' ' Q . 

Neutron energy (MeV) 
Figure 5. Preliminary calculations of the neutron capture excitation functions for the 2 0 4Bi- 2 1 0Bi 
targets. 

Discrete Levels and Isomer Ratios 

So far we have discussed the importance of discrete-level descriptions of nuclei at low excitations and 
the way in which such information can be used to optimize level densities. If valid information on the 
gamma-ray branchings among the discrete levels is available, one can compute reliable isomer ratios. In 
the mass-90 region, for example, we have been making cross-section calculations for neutron reactions on 
the unstable isotopes 8 7 Y and 8 8 Y with the inclusion of a number of isomeric states. As mentioned earlier, 
in these calculations we used the discrete-level sets and gamma-ray branchings provided by 
Henry[HEN77,HEN85]. We were able to assess the reliability of this input, as well as the other 
calculational parameters employed in the computations for incident neutrons, by making companion 
calculations of proton-induced reaction cross sections on strontium isotopes and comparing the results 
with recent measurements[BAR83]. Figure 6 shows an example of the good agreement we obtained be
tween the calculations and the measurements for the (ρ,χη) cross sections on 8 8 Sr. The calculations are 
shown as bands, the bounds corresponding to the limiting cases of the isospin being completely damped 
or conserved. No use of these proton data was made to modify any of the calculational parameters. No ad 
hoc parameter adjustments were allowed. The observed agreement of the cross-section results for the 
production of the ground and isomeric states of 8 7 Y validates both the gamma-ray branching information 
among the discrete states and the level-density parameters deduced from the levels. We found that our 
calculations for all of the reactions on the targets 8 7 S r and 8 8 S r were in quite satisfactory agreement with 
the data. 
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15. GARDNER AND GARDNER The Importance of Level Structure 107 

J . L _ o , ι , ι , I 

12 14 16 18 20 

E p (MeV) 
Figure 6. Calculated excitation functions for the (ρ,χη) reac
tions on 88Sr, compared with measurements from [BAR83]. 

For the deformed odd-odd nuclei in the lanthanide and actinide regions, we have been using the 
modeled level structures of Hoff et al.[HOF85a]. Typically, this method provides several hundred (some
times up to 1000) discrete levels in the first 1.5 MeV of nuclear excitation, as well as gamma-ray branching 
ratios. These large numbers of discrete levels at low energies are expected because of rotational enhance
ment effects in these mass regions. Since the energy dependence of the rotational enhancement is still an 
open question[HAN83,KAT78], however, it is not yet clear to us just how much level-density parameter 
information can be extracted from these discrete levels. But we have made a number of isomer-ratio 
calculations with these sets for (n,y) and (n,2n) reactions on 1 7 5 L u , 2 3 7 N p , 2 4 1 A m , and 2 4 3 A m . In each case, 
we have found that the hundreds of discrete levels and the gamma-ray branchings provided by the 
modeling are necessary to achieve agreement with experiment, that many rotational bands must be 
included in order to obtain a sufficiently representative selection of Κ quantum numbers, and that the 
levels of each band must be extended to appropriately high values of angular momentum. 

We made all of the isomer-ratio calculations with our version of the STAPRE code, with no fission 
competition. Gamma-ray cascades leading to the ground- and isomeric-state products were modeled using 
our E l and M l strength-function systematics among the continuum bins[GAR84b]. The discrete levels 
were depopulated according to Hoff's method, where the gamma-ray transitions are assumed to take 
place within a rotational band, with no interband crossing except from the band heads. These de-excite by 
E l and M l transitions that have an E 3 energy dependence and are constrained by the selection rule δΚ = 
0, ± 1. M l transitions are intrinsically faster than E l transitions by a factor of 6. For the 1 7 5 Lu(n , / ) and 
2 3 7Np(n,2n) reactions, when we tried using the same E l and M l strength functions among the discrete 
levels as we do in the continuum, we obtained calculated isomer ratios equal to those obtained using the 
constant E l / M l ratio of 0.167. 
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108 NUCLEI OFF THE LINE OF STABILITY 

Table 6 summarizes the characteristics of the modeled and experimental level sets for the nuclei that 
we have studied so far; the modeled sets provided by Hoff are designated as Set A. Note, as an example, 
that the available experimental level information for ̂ Np consists of only 5 levels (including 3 rotational 
bands) up to 0.22 MeV in nuclear excitation, whereas the modeled Set A consists of 998 levels in the first 
1.48 MeV and includes 94 rotational bands. Sets Β through D were obtained by truncating the 998-level set 
just below selected band heads. In Fig. 7(a), curve A shows our calculated g/m ratio for 2 3 6Np production 

Table 6. Comparison of modeled and experimental level sets. 

Energy Number of Range of 
Level-set range Number of rotational quantum Nos. 

designation (MeV) levels bands Κ / 

1 7 4 L u A 0-1.50 433 82 0-9 0-12 
Expt 0-0.97 57 10 0-7 0-7 

1 7 6 L u A 0-1.50 291 62 0-9 0-12 
Expt 0-0.99 38 7 0-7 0-10 

^ N p A 0-1.48 998 94 0-6 0-20 ^ N p 
Β 0-0.91 453 71 0-6 0-15 
C 0-0.36 50 15 0-6 0-11 
D 0-0.20 14 5 1-6 0-9 
Expt 0-0.22 5 3 1-6 1-6 

2 4 2 A m A 0-1.50 788 107 0-7 0-13 
Expt 0-1.10 30 9 0-5 0-7 

2 4 4 A m A 0-1.40 769 101 0-8 0-15 
Expt 0-0.78 44 15 0-6 0-6 

25 

20 

15 

h (b) 

ο 

I 
I 10 

ι—ι—r~ 
2 3 6 N p 

Β 

10 12 14 16 1 3 4 

Figure 7. (a) Values of the calculated ^ N p f n ^ n ) isomer ratio, g /m, obtained using ^ N p level sets 
A - D . The experimental g / m data point is from [MYE75]. (b) Values of the distribution of the 
rotational quantum number P(K) for 2 3 6 N p level sets A - D . 
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15. GARDNER AND GARDNER The Importance of Level Structure 109 

via the 2 3 7 Np(n,2n) reaction from threshold up to 16 MeV using the ̂ N p Set A . The short-lived, 22.5-h, 
2 3 6 N p (assigned to be ^ " N p by the level modeling) beta decays 48% to ^ P u , which is of concern in 
reactor shielding. Curve Β was computed with the level set of 453 levels obtained by truncating Set A just 
below the 72nd band head. Both sets yield an isomer ratio in agreement with the single measured value at 
14 MeV[MYE75]. Figure 7(b) gives the distributions of Κ quantum numbers, P(K), for the level sets associ
ated with the curves. Curves C and D were computed with Sets C and D, which do not have sufficiently 
representative samplings of Κ values and which therefore lead to isomer ratios that are too high. 

Role of Discrete Levels i n Deriving Absolute Dipole Strength Functions 

Accurate calculations of neutron or proton capture cross sections, gamma-ray production spectra, etc., 
require that the magnitude and energy dependence of the gamma-ray transmission coefficients be well 
characterized. We have found that the parameterization of the gamma-ray strength function is a reliable 
way to predict gamma-ray transmission coefficients[GAR84b]. Recently, we were able to derive absolute 
dipole strength function information for 1 7 6 L u using Hoff's set of 291 modeled discrete levels shown in 
Table 6 and two types of experimental data: an average resonance capture (ARC) study of 1 7 5 L u using 
2-keV neutrons[HOF85b], and neutron capture cross-section measurements[MAC78,BEE80]. First, as seen 
in Fig. 8, we calculated a 1 7 5 Lu(n,y) excitation function that agreed well with the measurements, using the 
total radiation width calculated from our initial dipole systematics, along with other calculational 
input[GAR85b]. Then we calculated the relative primary gamma-ray intensities to all of the 291 discrete 
levels in 1 7 6 L u following the capture of 2-keV neutrons and compared the results with the A R C measure
ments. Figure 9 shows the final results. The bands are the calculated values of the reduced dipole transi
tion intensities to the modeled set of 1 7 6 L u levels, together with a one standard deviation error limit 

10 F 1—I I M 1111 1—I I I I I I l| 1—I I I I I I I ι ι — I I I I I I II 

1 7 5 Lu(n / y ) 

_ 1 

10" 

i - i [MAC78] 
Χ [BEE80] 

φ Calculation 

I M i l l J I L • • • •• I I I I I I I M 

10" 10" 10 i -1 10 

En(MeV) 

Figure 8. 1 7 5 L u ( n , / ) excitation function, calculated using our original dipole strength function sys
tematics, compared with experimental data from [MAC78,BEE80]. 
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110 NUCLEI OFF THE LINE OF STABILITY 

30 

20 

> 8 

1 
0.8 

0.6 

175 Lu(n/y) 

Normalizing 
transition 

X 4 " 4 -

1 3 - Ί 
4 - 3 . # E l 1 

3*.4 + 

E1 1 

•H s 3 + 4 + : 

!T?y.*T>..y-.. ^ ^ -j- 3 + 

2+5+ 

^ . 5+ I 3 ^ + 4 + - [ - 3 ' " " ^ 
1 -p—3^- i : _ M 1 J 

4.8 5.0 5.2 5.4 5.6 5.8 6.0 6.2 

Ε γ (MeV) 

Figure 9. Comparison of the calculated and measured [HOF85b] reduced transition intensities for 
primary gamma rays following 2-keV neutron capture by 1 7 5 L u . 

obtained from the estimated number of radiating states. The bars indicate experimental values and their 
error limits, with some showing spin and parity assignments. Al l measurements and calculations are 
normalized to the single indicated transition. 

Originally, the comparison showed that our calculated M l / E l ratio was low by a factor of 3. In order 
to preserve the total radiation width value that had given agreement with experiment, and also match the 
M l / E l ratio from the A R C measurements, we had to increase our M l strength function by a factor of 3 
and decrease our E l strength in the region around 5 to 6 MeV. Figure 10 compares the newly derived 
strength functions (the solid curves) with those predicted by our original systematics (the dashed curves). 
We revised the E l strength function downward around 5 MeV, while still maintaining continuity with the 
photonuclear region, by changing the value of the one free parameter in our systematics, Ex, from 5 to 
11 MeV, as indicated by the arrows in the figure. This parameter, Ex, is the energy at which our energy-
dependent Breit-Wigner line shape[GAR84b] has the same value as that for the Lorentzian line shape (the 
dotted curve), both defined with the same giant dipole resonance parameters. 

As seen in Fig. 11, when we applied the new E l systematics in the mass-90 region, we obtained 
excellent agreement with experimental measurements for 8 9Y[AXE70] and 9 0Zr[SZE79]. Our original sys
tematics had predicted E l strengths that were about 30% higher. We are continuing this work in other 
mass regions to verify and further improve our systematics. 
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10 

> 
Ά io-

a 10-

i-5 
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ο 
α 
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. 1 I 1 1 . ι . • ι ι j τ Γ τ ; 
1 7 6 L u 

···*' 
. · , s 

jj. y. M1 -
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E 7 (MeV) 

Figure 10. Recently derived absolute dipole 
strength functions for 1 7 6 L u (solid curves), com
pared with those predicted by our original sys
tematics (dashed curves). The arrows indicate 
the value assigned to the one free parameter, Ex. 
In our recent derivation, Ex = 11 MeV, and in 
our original systematics, Ex = 5 MeV. 

Figure 11. E l strength functions for 8 9 Y and 
" Z r , calculated using our revised systematics, 
compared with measurements from [AXE70, 
SZE79], 

Use of Discrete Levels i n Analysis of Primary Gamma-Ray Spectra 

Another interesting utilization of Hoff's modeled discrete levels for 1 7 6 L u is presented in Fig. 12, 
where we show calculated primary dipole transitions to the 1 7 6 L u modeled levels with energies in the 
range of 0.40 to 0.82 MeV following 2-keV neutron capture by 1 7 5 L u . Also shown are the positions of the 
accessible levels and their spins and parities. The spectrum was constructed by smearing the calculated 
transition intensities with a unit Gaussian line shape with a 6-keV resolution. Note these features of the 
plot: (a) fcr gamma rays from 5.5 to 5.9 MeV we see 5 doublets, 1 triplet, and 1 quadruplet, all unresolved, 
more than expected on statistical grounds[HOF85b]; (b) the 2 " + 5 " doublet just below 0.44 MeV excita
tion appears to have the same shape and intensity as the singlet 4" peak at 0.466 MeV, while the triplet, 
quadruplet, and doublet peaks at 0.66, 0.75, and 0.77 MeV, respectively, also show a close resemblance in 
shape and intensity; (c) the true singlet E l peaks, due to transitions to 4" levels at 0.82, 0.60, and 0.47 
MeV, show a pronounced increase in intensity because of the energy dependence of the E l strength 
function itself, in addition to the expected E 3 energy dependence. This kind of plot should be quite useful 
in interpreting the experimental data, particularly where unresolved multiple peaks occur. 
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112 NUCLEI OFF THE LINE OF STABILITY 

Level energy (MeV) 

0.80 O70 0.60 0.50 0.40 
τ — j — ι — ι · ι j ι ι ι ι — j ι ι ι ι ι ι ι ι ι ι I 

cc 

2+4" 

f Tf Γ 
4 

i l l 
4 + 5+ 

I I 
4" 3+ 5" 
I I I 

4+ 2 + 

I I 

/ ν / I λ M , M / u 
5.5 5.6 5.8 5.9 5.7 

E 7 (MeV) 

Figure 12. A portion of the calculated primary gamma-ray spectrum for the 1 7 5Lu(n,/) reaction. 

Conclusion 

It is evident from the above examples that the use of complete sets of discrete levels is an essential 
key in making accurate statistical-model Hauser-Feshbach calculations. Since these level sets must include 
both the observed and modeled information for completeness, additional personnel and expertise are 
required to produce them. It should also be pointed out that the use of large discrete-level sets in calcula
tions usually requires significant increases in computer time. 

We see that many problems still need to be solved in order to obtain accurate results in Hauser-
Feshbach calculations. Some examples are the energy dependence of rotational enhancement of levels in 
deformed nuclei, the energy and mass dependence of M l gamma-ray transitions, the importance of E2 
transitions, and better estimates of fission barriers. Work in each of these areas will benefit greatly from a 
better understanding of the discrete levels, particularly in nuclei away from stability. 
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Distribution of Electromagnetic Transition Amplitudes 

P. J. Brussaard1 and J. J. M. Verbaarschot2 

1Fysisch Laboratorium, Rijksuniversiteit te Utrecht, P.O. Box 80.000, 3508 TA Utrecht, 
the Netherlands 

2Max-Planck-Institut für Kernphysik, Postfach 103980, D-6900 Heidelberg, Federal Republic 
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The present-day shell-model computer programmes of nuclear physics can 
handle very large model spaces, and often in practice the upper bounds on 
dimensionalities are set by the capacity of the computer. However, still 
larger configuration spaces can be treated successfully by the methods of 
statistical spectroscopy to obtain average properties of many-particle 
systems. These methods are based on the use of distribution functions with 
parameters that can be evaluated without the explicit calculation and 
diagonalization of a high-dimensional hamiltonian matrix. The basic 
philosophy behind this method is that the average properties depend on the 
particular model at hand, whereas the fluctuations about the average are 
universal. The latter remark means that the fluctuations can be described by 
the gaussian orthogonal ensemble. Of course, the results are less detailed 
than those one would obtain, if possible, from the explicit diagonalization 
of the energy matrix and the use of the resulting many-dimensional wave 
functions. 

The most familiar example is the energy spectrum of a nuclear 
hamiltonian that can be described by a gaussian distribution. It must be 
remarked that for a system of many, say N, noninteracting particles the 
gaussian distribution of the eigenvalues is a direct consequence of the 
central limit theorem for large values of N. 

For interacting particles, to the contrary, not every hamiltonian will 
lead to a gaussian energy spectrum. For example, the square of a traceless 
one-body operator as a hamiltonian will produce a x2-distribution. Proper 
ensemble averaging of the energy density, however, will then generate the 
gaussian distribution of eigenvalues, as it is also obtained by many large-
scale shell-model calculations that have been performed with a wide variety 
of realistic interactions. In a proper ensemble the influence of the 
unwanted hamiltonians is essentially eliminated. 

Let the k-body hamiltonian be given by 

H = I H . a f afl <D 
" rt H rr ft αβ α β α β 

0097-6156/ 86/ 0324-0115506.00/0 
© 1986 American Chemical Society 
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116 NUCLEI OFF THE LINE OF STABILITY 

where |θ> - |a> represents the k-particle state |<x>. In the corresponding 
gaussian orthogonal ( i . e . , showing orthogonal invariance) ensemble the 
dis t i n c t matrix elements Η αβ are independently distributed as gaussian 
variables according to the relations 

<Η α β> = 0 and <(Η α β) 2> = (1+δ α β)ν 2 (2) 

where the acute brackets denote ensemble averaging [BR081; POR651 . 
When these matrices are applied in an N-particle configuration space 

(N»k) the moments <HP> of the hamiltonian behave on ensemble averaging i n 
the l i m i t of large dimensionality as in the case of noninteracting particles 
without averaging. This reflects the dominance of binary correlations i n the 
operator products H p when the ensemble averaging is performed i n the 
'dilute 1 system (k « N)· 

For a space of eigenvectors of matrices of the gaussian orthogonal 
ensemble (k = N) the distribution of values of matrix elements of 
electromagnetic transition operators is gaussian, as follows from the 
central l i m i t theorem. The ensemble averaging of hamiltonians guarantees 
that no correlations exist between the hamiltonian structure and the 
particular transition operator that is considered. 

However, we are concerned with a many-body system that is described by 
a particular one- and two-body interaction. For each eigenvalue the many-
part i c l e eigenfunction ψ^, obeying the Schrôdinger equation 

Ηψ 1 = Ε ± ψ ± (3) 

can be expanded in a set of basis states φ α as 

• i = Σ ' 1 α φ α <4> 
a 

or inversely 

Φ = y c* ψ, (5) 
ι 

where the basis state φ^ is expanded in terms of the eigenstates ψ.̂ . 
The values of | c

i a | 2 f o r a given state ψ.̂  turn out to show a secular 
variation as a function of the diagonal matrix elements <φ^| H| Φ Α > [VER79]. 
The secular behaviour i t s e l f depends on the energy Ej^ which reflects a 
correlation between the hamiltonian and the transition operator. Thus one 
should expect the distrib u t i o n of the electromagnetic-transition amplitudes 
to be gaussian only for a small energy range of the energies W and W of the 
i n i t i a l and f i n a l many-particle states, respectively. The square of the 
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16. B R U S S A A R D A N D V E R B A A R S C H O T Electromagnetic Transition Amplitudes 117 

absolute values of the transition amplitudes for the single-particle 
operator 0, | <Wr| | o| |W> I2-,--between spaces of fixed angular momentum, 
isospin, isospin projection and parity shows a secular variation as a 
function of W and Wf [DRA77]. The secular behaviour is obtained after l o c a l 
averaging over a small interval around (W,W ). The absolute values of the 
transition amplitudes are taken to show fluctuations about the secular value 
according to the Porter-Thomas assumption [POR56]. 

This means that the amplitudes themselves, i . e . the reduced matrix 
elements χ = <W||o||W> are l o c a l l y distributed as a gaussian, G(x;0,a 2), 
with zero mean and variance given by the l o c a l average, i . e . 

P(<WfI I 01 |W> = x) dx = G(x;0,o 2)dx (6) 

with 

o 2(W ,W) = |<W" I 101 |W>|2 (7) 

Here the horizontal bar denotes l o c a l averaging over a small interval around 
(W,W). 

The secular behaviour of | <W | | θ| | W> | 2 , i . e . | <W» | | θ| | W>| 2 , can be 
evaluated i f one knows for given i n i t i a l (or f i n a l ) state the strength 
distribution and the density of f i n a l (or i n i t i a l ) states. 

The moments of the strength distri b u t i o n f o r given i n i t i a l state |W>, 
i. e . p^(W), can be rewritten as 

I w p |<w||o||w>|2 =K I < O W " | | H P | | O W " > (8) 
W F d W " « W 

where d" denotes the number of states in a small interval around W ( i n the 
right-hand member of eq. (8) i t is assumed that proper angular-momentum 
coupling is taken care o f ) . It is seen that the moments (8) are averages 
over the spectral distribution of states 0|W"> and thus are expected to 
define gaussian distribution functions [FRE71] 

n w (W'-E')2 

Pu< w l) - — e x p [ =—] (9) 
w σ»/2π 2σ· 2 

w W 
with the parameters being the moments for ρ - 0,1,2 defined in eq. (8). 

Similarly the many-body eigenvalue distribution f o r a two-body 
interaction is very close to gaussian [FRE71; MON75]. The distribution of 
f i n a l states |W> is given by 

(wt_-pt\2 

p . ( w . ) . - i L e x p [ - ( w V ] a o ) 
0 σ^/2π 2σ^ 2 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

01
6



118 NUCLEI OFF THE LINE OF STABILITY 

where the parameters are derived from the moments (p - 0,1,2) 
- f c o 

/ W'V(W)dW - — I <φ |ΗΡ|φ > « 1- Tr(H P) (11) 
-» d f α α α df 

The secular behaviour of o2(W*,W), defined in eq. (7), can now be expressed 
in terms of the distributions (9) and (10) as 

P W(W) 
a2(W\W) = |<W'| |0| |W>|2 - -™ (12) 

P^(W') 
In order to obtain the frequency function of the amplitudes |<Wf||o||W>| for 
a fixed value W one now has to integrate over W the product of the secular 
behaviour of |<W*||o||W>| and the Porter-Thomas d i s t r i b u t i o n . The 
distribution function of the amplitudes |<W||0||W>| for arbitrary values of 
i n i t i a l and f i n a l energies then follows after a second integration [VER79] 

f(x = |<W'||0||W>|) = 

2 / dW ρ (W) JdW'plfW1) - — exp [ — ] (14) 
-~ -~ α(Ψ ,Ν)/2π 2o 2(W ,W) 

In f i g . la-c the distribu t i o n function (14) i s compared for isoscalar 
Ml-, E2- and E4-electromagnetic transition amplitudes with shell-model 
results for 2 0Νβ(Τ«0,Τ ζ=0), calculated i n the sd-configuration space. A 
surface delta interaction was used with strength parameters [BRU77] An=A1= 
1 MeV. The single-particle energies with respect to the 1 60-core are 
e(0d5/2) - -4.15 MeV, ε(1β1/2) - -3.28 MeV and e(0d3/2) = 0.93 MeV. The 
curves with the shorter t a i l represent eq. (14). The curves with the longer 
t a i l result when for fixed i n i t i a l ( f i n a l ) state correlations between f i n a l 
( i n i t i a l ) states are taken into account. 

Figure l a - c . Reproduced with permission from VER85. Copyright 1985 
Springer-Verlag. 
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16. BRUSSAARD AND VERBAARSCHOT Electromagnetic Transition Amplitudes 119 

In f i g . 2a-f the results are given for isoscalar and isovector 
transition amplitudes f o r 2 1Νβ(Τ=±,Τ ζ«±). (The values of the isovector 
amplitudes have been multiplied by a factor /3, compared to the conventional 
de f i n i t i o n [BRU77].) 

For further details the reader is referred to [VER85]. 

!<w'llOHW>l/efm 

Figure 2a-f. Reproduced with permission from VER85. Copyright 1985 Springer-
Verlag. 
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17 
Νp·Νn Systematics and Their Implications 
R. F. Casten1 

Institut für Kernphysik, University of Köln, Federal Republic of Germany 

A substantial simplification of the systematics in nu
clear phase transition regions is obtained if the data 
are plotted against the product, Νp·Νn, of the num
ber of valence protons and neutrons instead of against 
Ν, Z, or A as is usually done. Such a scheme leads to a 
unified view of nuclear transition regions and to a 
simplified scheme for collective model calculations. 

It i s generally considered that the residual proton-neutron i n t e r 
action i s responsible for the onset of deformation [TAL62, FED77, CAS81] i n 
nuclei. Since the to t a l p - n strength should be simply related [CAS85, 
HAM65] to the number of interacting pairs of valence protons and neutrons, 
that i s , to the product Νρ·Ν η (counted as valence holes past midshell), 
one might expect nuclear systematics to be much simpler i f plotted against 
such a parameter. This i s indeed the case, as seen for the A-130 region i n 
Fig. 1 (top). To exploit this approach when significant s h e l l or subshell 
closures are present requires careful counting of valence p a r t i c l e s . Thus, 
for example, near A=150, the Z=64 gap i s assumed to be active and thus the 
proton s h e l l i s Z=50-64 for N<90 but Z=50-82 thereafter. Likewise, near 
A-100 a r e a l i s t i c [FED77] proton s h e l l i s Z-38-50 for N<60 and Z=28-50 for 
N>60. Νρ·Ν η plots, subject to these definitions, are given i n Figs. 
1-2. They reveal that, again, a remarkable simplification results. Only 
the N=90 points i n Fig. 1 deviate from a smooth curve: this simply r e f l e c t s 
the fact that the Z=64 gap i s s t i l l partly intact for Ne90. Indeed, one can 
exploit the otherwise smooth systematics by sh i f t i n g these N-90 points to 
this smooth curve and extracting effective valence proton numbers that 
reflect the evolving proton subshell structure. 

Νρ·Ν η plots are useful i n another way as well. Fig. 3 com
pares plots for different regions and reveals their nearly i d e n t i c a l 

'Permanent address: Brookhaven National Laboratory, Upton, N Y 11973 

0097-6156/ 86/0324-0120S06.00/ 0 
© 1986 American Chemical Society 
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17. CASTEN Νρ·Νη Systematics 121 

Νρ·Ν η 

Ο 32 64 96 126 

Fig. 1. 
ΝρΝ η and con
ventional plots 
for the A-130 and 
150 regions. For 
the l a t t e r region 

80 78 76 U 72 70 68 66 0 U 8 12 16 20 2i 2 8 32 OTlly the nuclei 
N N l f N v with Z<64 are 

shown i n the 

56 58 60 62 64 66 6 6 70 0 6 12 18 24 30 36 42 48 

structure. In fact, three regions i n Fig. 5 (A-100, A*150, Z<64, and A-150, 
Z>66) have v i r t u a l l y the same slopes and the other two are only s l i g h t l y 
different. The principal difference i n the curves l i e s i n their horizontal 
location. These findings are at f i r s t sight surprising since these regions 
were long thought to be widely different. However, simple estimates [CAS85, 
S0R84] of the p-n interaction in the highly overlapping orbits whose f i l l i n g 
i s c r u c i a l to the onset of deformation show that i t i s indeed roughly equal 
i n the three regions of steeper slope i n Fig. 3 and somewhat less for the 
other two regions. The horizontal s h i f t s i n Fig. 3 are also easily under
stood. In each region, a certain number of more or less inert orbits must 
be f i l l e d before the c r u c i a l , highly overlapping ones begin to f i l l . The 
horizontal position of a phase transition in an Ν ρ · Ν η plot r e f l e c t s the 
number and degeneracy of such inert orbits. 
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17. CASTEN Νρ·Νη Systematics 123 

Z=82 

Ζ =66 

Z=50 

Fig. 4. Curves i n the N-Z plane representing isodeformation contours: 
l e f t , empirical contours of E£+ 1 energies; right, contours of constant 
Νρ·Ν η. 

The fact that different Ν ρ · Ν η plots are so similar has two 
immediate consequences besides a unified interpretation of diverse regions. 
One i s that such a plot gives greater confidence in extrapolation far off 
s t a b i l i t y . This can be of use either in estimating the structure of such 
nuclei or in choosing particularly c r u c i a l nuclides for study. This point 
i s highlighted in Fig. 4 which shows isodeformation contours [CAS85] for the 
A-150 region. The theoretical curves are those of constant Ν ρ · Ν η which 
define nuclei with the same structure. In an N-Z plot, then, such isodefor
mation curves w i l l be hyperbolas which w i l l have nearly v e r t i c a l or horizon
t a l contours at the edges of major s h e l l regions. This behavior i s in 
contrast to many typical c o l l e c t i v e model calculations (e.g., RAG74) which 
lead to roughly circu l a r contours. It i s remarkable that the data display 
just the features expected i n the Ν ρ · Ν η scheme. However, i t i s also 
clear that this could be tested much more decisively by the addition of even 
the f i r s t 2 + energy of a few neutron r i c h isotopes of Xe-Sm near A e150. 

The other consequence i s that Ν ρ · Ν η systematics offer a way to 
greatly simplify c o l l e c t i v e model calculations. Normally, such calculations 
are parameterized for each nucleus individually or for a set of isotopes. 
The Ν ρ · Ν η curves suggest that an entire region can be treated as a unit 
i n which the c o l l e c t i v e parameters are taken as smooth functions of 
Ν ρ · Ν η only. Moreover, Fig. 3 suggests that the same set of parameters 
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124 NUCLEI OFF THE LINE OF STABILITY 

Bo Ce Nd Sm Gd Dy Er Yb 

E4-

Fig. 5 
Examples of 
empirical 
( l e f t ) and c a l 
culated (right) 
results for the 
A=150 and 100 
regions. 

Sr Zr Mo Ru Pd Cd 
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To 
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3 8 40 42 4 4 4 6 48 3 8 40 42 44 46 48 

ζ ζ 

could even be used for several regions of similar slope. This idea can be 
i l l u s t r a t e d with an IBA calculation of «100 nuclei in the three vibrator 
rotor regions of similar slope in Fig. 3 using the IBA-1 Hamiltonian 

-θ(Ν πΝ ν-Ν 0) ΘΝ 0 -θΝ πΝ ν 

Η = εη,-KQ-Q : ε = ε 0·β = ε 0β e (1) 

where Ν π , Ν ν are boson numbers and where θ i s related to the slope and NQ 
to the horizontal displacement i n an Ν ρ · Ν η plot. In Eq. (1), a vibrator 
to rotor transition i s obtained by allowing ε to decrease as a function of 
Ν π·Ν ν. Eq. (1) contains five parameters: ε 0, θ, κ, χ (an internal 
parameter i n Q), and NQ . To achieve the utmost economy of parameters ε, κ, 
θ, and χ are held constant for a l l 100 nuclei, and N 0 has a separate value 
for each of the three regions. This gives 7 parameters for «100 nuclei or, 
in fact, 6 parameters i f one uses the second form for ε in Eq. (1) where εο 
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17. CASTEN Np'Nn Systematics 125 

and NQ are combined. Examples of the results [CAS85] are shown in Fig. 5. 
Given the highly constrained parameterization, the predictions are i n 
remarkable agreement with the data. The overall trajectories of each tran
s i t i o n region are closely reproduced and so are many of the detailed sys
tematics. The reason for this agreement l i e s less i n the speci f i c features 
of the IBA as in the exploitation of the Ν ρ · Ν η scheme: therefore, one 
expects that similar simplifications might apply to other c o l l e c t i v e models. 

Summary 
1) The Νρ·Ν η scheme provides a major simplification of nuclear systema

t i c s , p a r t i c u l a r l y i n transition regions. 
2) It provides information on evolving s h e l l structure. 
3) Νρ·Ν η plots show a remarkable s i m i l a r i t y i n transition regions pre

viously thought to behave quite d i f f e r e n t l y . Ν ρ · Ν η i s an appropri
ate unit to measure the rapidity of different phase transitions. 
Moreover, this rapidity i s primarily a function of the p-n interaction 
i n certain c r u c i a l highly overlapping orbits. 

4) Νρ·Ν η systematics are very useful for extrapolation far off s t a b i l i 
ty and can be exploited to simplify c o l l e c t i v e model calculations. 
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18 
Nuclear Masses Far from Stability 
Interplay of Theory and Experiment 

P. E. Haustein 

Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973 

Mass models seek, by a variety of theoretical 
approaches, to reproduce the measured mass surface and 
to predict unmeasured masses beyond it . Subsequent 
measurements of these predicted nuclear masses permit 
an assessment of the quality of the mass predictions 
from the various models. Since the last comprehensive 
revision of the mass predictions (in the mid-to-late 
1970's) over 300 new masses have been reported. Global 
analyses of these data have been performed by several 
numerical and graphical methods. These have identified 
both the strengths and weaknesses of the models. In 
some cases failures in individual models are distinctly 
apparent when the new mass data are plotted as 
functions of one or more selected physical parameters. 
Several examples will be given. Future theoretical 
efforts will also be discussed. 

I. Introduction 

À continuing effort among experimentalists who study nuclei far from 
beta s t a b i l i t y i s the measurement of the atomic mass surface. As a 
manifestation of the nuclear force and the nuclear many body system, atomic 
masses signal important features of nuclear structure on both a macroscopic 
and microscopic scale. It has thus been a challenge to nuclear theorists 
to devise models which can reproduce the measured mass surface and to 
predict successfully the masses of new isotopes. Both the measured mass 
surface and that beyond i t which can be predicted by these models serve as 
important input to a variety of fundamental and applied problems, e.g., 
nucleosynthesis calculations, predictions of decay modes of exotic nuclei 
far from s t a b i l i t y , nuclear de-excitation by particle evaporation, decay 
heat simulations, etc. 

Well determined masses of nuclei which l i e far from beta s t a b i l i t y can 
provide very sensitive tests of atomic mass models. While a single new 
mass measurement from one previously uncharacterized isotope carries with 
i t only limited information about the quality of mass predictions from the 
models, important trends frequently become evident across isotopic 
sequences or when global comparisons of many new masses are made against 
the various mass models. It i s in this context that a comprehensive and 
c r i t i c a l assessment of the predictive properties of atomic mass models i s 
presented with the aim of identifying both the successes and failures i n 
the models. A summary of a portion of this effort has been published 
ear l i e r [HAU84]· 

0097-6156/ 86/0324-0126S06.00/0 
© 1986 American Chemical Society 
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18. HAUSTEIN Nuclear Masses Far from Stability 127 

I I . New Masses, Analysis Methods, and Global Comparisons 

The last comprehensive update of the atomic mass predictions from nine 
different models was published i n 1976 [MAR76]· Additional predictions 
from other models appeared in the late 1970's and early 1980's [MON78], 
[M0L81], [UN082]. In each case, one of the atomic mass evaluations 
periodically provided by Wapstra [MAR76], [WAP77], [WAP84], served as the 
experimentally determined mass data base on which the adjustable parameters 
of the models were determined. Since the 1975 Wapstra evaluation (which 
was used i n the formulation of many of the models published i n 1976) over 
300 new mass measurements have been made. An examination of where these 
new measurements occur i n the Chart of Nuclides reveals that they are 
distributed among almost a l l the elements at their most neutron-rich or 
neutron-deficient isotopes. Especially long isotopic sequences of new 
masses occur in the Na, Rb, and Cs nuclei and in alpha decay chains which 
originate from 1 7 6Hg and 1 7 8Hg. 

It i s quite instructive to compare these new measurements (which l i e 
outside the data bases available at the time the various mass models were 
formulated) with predictions from the models. For such comparisons i t i s 
convenient to define Δ • Predicted Mass - Measured Mass. Δ > 0 thus 
denotes cases where the binding energy has been predicted to be too low and 
conversely, Δ < 0 corresponds to a prediction of too much nuclear binding. 
Table 1 summarizes average and root-mean-square deviations for twelve 
models. 

Table 1. Average and Root-Mean-Square Deviations ( a l l energies i n keV) 

Model + Data Base Old Masses"1"4" New New Masses RMS 
Used <Δ> RMS-Δ Masses <Δ> RMS-Δ Ratio 

M 1971 209 1327 270 -551 1566 1.18 
GHT 1975 20 718 276 -478 1096 1.53 
SH 1971 -6 718 257 -195 954 1.33 
MN 1977 -4 835 213 279 970 1.16 
Β 1971 -459 1506 121 -768 1772 1.18 
BLM 1971 1984 2747 146 1991 3125 1.14 
LZ 1975 7 276 268 87 589 2.13 
UY 1975 0 393 219 110 1100 2.80 
CK 1975 5 312 258 186 1314 4.21 
JGK 1975 6 212 271 219 1361 6.42 
MS 1975 -7 159 267 -6 695 4.37 
JE 1975 0 363 239 24 952 2.62 

+ M = Myers, GHT « Groote et a l . , SH - Seeger & Howard, MN = Mo'ller & Nix, 
Β = Bauer, BLM = Beiner et a l . , LZ = Liran & Zeldes, UY = Uno & Yamada 
(linear s h e l l s ) , CK - Comay & Kelson, JGK » Ja'necke, Garvey-Kelson, 
MS - Monahan & Serduke, JE - Ja'necke & Eynon. 

+ + Relative to the 1975 Wapstra masses. 

Several significant trends are apparent. < ^ values for the 1975 
masses are quite small, ty p i c a l l y a few kil o v o l t s except for those models 
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128 NUCLEI OFF THE LINE OF STABILITY 

which used the 1971 Wapstra masses. RMS-Δ values range from 159 to 
2747 keV. This spread i s a ref l e c t i o n of the degree of conformation of the 
calculated mass surface to the measured one afforded, i n those models with 
smaller RMS-Δ values, by the use of increasingly larger numbers of 
adjustable parameters. When global comparisons are made for a l l the models 
to the new masses (up to 276 nuclei) reported since 1975-77 one notes that 
approximately half of the models display net positive <Δ> values and the 
remainder net negative values. RMS-Δ values for the new masses reveal that 
a l l models show poorer f i t s to these masses than to the 1975 or '77 data 
base. The last column l i s t s the ratio of the rms-deviations of the new 
masses to the old ones. The more "fundamental" models (e.g., l i q u i d drop, 
droplet, simple shell) have larger RMS-Δ deviations when compared to the 
old masses than the models based on mass relations or complicated sh e l l 
corrections. However the comparison also reveals that these simpler 
approaches show substantially smaller enlargement of rms deviations; models 
based on mass relations (CK, JGK, and MS) exhibit larger RMS ratios, up to 
factors of 6.4, which result from progressively poorer predictions for 
nuclei especially far from s t a b i l i t y . 

I I I . Analysis of Selected Individual Models 

A. Seeger and Howard: Figure 1 displays Δ values for new masses as a 
function of neutron number for this model (semiempirical l i q u i d drop plus 
s h e l l corrections). The so l i d lines pass through sets of points where Δ 

20 40 60 80 100 120 140 
NEUTRON NUMBER 

Fig. 1 Delta values of new masses as a function of neutron number for the 
model for Seeger and Howard. 
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18. HAUSTEIN Nuclear Masses Far from Stability 129 

values are linear with neutron number N. The more obvious of these is the 
rapidly falling trend which begins near Ν = 114 and continues to Ν • 126, 
followed by a reversal that extends to Ν • 150. Another trend starts for 
points with Ν • 82 and extends for approximately ten neutron numbers. The 
correlation of these effects with neutron shell closures at Ν = 82 and 126 
may be understood by examination of the treatment of the microscopic shell 
corrections in the Seeger and Howard model [SEE75]. Without invoking an 
ad hoc enlargement of the Ν = 126 shell gap by 3 MeV (which tapered 
smoothly and symmetrically to zero at Ν - 108 and Ν = 144) i t was not 
possible to obtain simultaneously the proper single particle level ordering 
and a good f i t to the known (1971) mass surface. The Ν • 82 gap is 
affected to second order by this prescription. While an optimized f i t to 
the 1971 masses was obtained in this way, the trend in the predictions of 
masses of nearly a l l new isostopes (since 1971) with Ν = 114 to 150 and 
some new masses for isotopes with Ν = 82 to 92 is clear evidence that the 
procedure described above w i l l not work satisfactorily for these nuclei 
which l i e further from stability. 
B. Ja'necke, Garvey-Kelson: The value of 6.42 in the RMS Ratio column in 
Table 1 for this model is a result of a small number of very poorly 
predicted masses for nuclei quite far from stability. Closer to stability 
this model (and similar ones, e.g., CK and MS) provide excellent 
predictions with Δ values usually within ±1.5 MeV. A useful way to 
illustrate this feature in these models is by plotting Δ values as a 
function of how far each isotope is from the valley of beta stability. For 
this purpose, the quantity N-Z - (0.4A2)/(200 + A) gives the difference 
in neutron numbers of the isotope of interest and that of the isotope 
nearest the stability line of the same element. Positive values of this 
quantity correspond to neutron-rich nuclei, negative values to proton-rich 
nuclei, and values near zero represent nuclei close to the stability line. 
Figure 2 displays Δ values versus number of neutrons from stability for 
this model. Many points cluster about the dashed horizontal Δ = 0 line but 
there is a clear trend that shows that proton-rich nuclei are not bound 
enough and neutron-rich nuclei are too well bound. Use of this model (and 
the others of similar type) for calculations of r-process nucleosynthesis 
w i l l therefore introduce a strong bias that results from the prediction of 
the location of the neutron drip line too close to stability. As shown 
here the trend is approxiimately proportional to Tz

 3 and is a reflection 
of need for correction terms [JAN84] in the transverse Garvey-Kelson mass 
relationship on which these models are based. 
C. Ja'necke and Eynon: This model, which involves the solution of 
inhomogeneous third order partial difference equations, represents one 
approach that aims to correct the deficiencies of type noted above in 
models that employ (homogeneous) mass relations. In particular, the 
introduction of an inhomogeneous term is meant to account for variations in 
the effective neutron-proton residual interaction as a function of nucléon 
number and neutron excess. It is therefore instructive to compare the 
quality of mass predictions from this model to those which derive their 
mass predictions from solutions of homogeneous partial difference 
equations. Figure 3 shows a plot of Δ values versus neutrons from 
stability for the Ja'necke and Eynon model. Two features are immediately 
apparent: (1) the largest Δ values are considerably reduced — note the 
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18. HAUSTEIN Nuclear Masses Far from Stability 131 

change of a factor of 2.5 in the v e r t i c a l scale relative to Figure 2; and 
(2) points scatter more uniformly into the four quadrants of the plot, 
suggesting that the isospin dependence has been more successfully treated. 
One expects, therefore, that this model would be more suitable for use as 
input for nucleosynthesis calculations or i n other applications requiring 
more reliable predictions far off the s t a b i l i t y l i n e . 

IV. Sunoary and Future Directions 

The analysis methods described here have highlighted some of the 
systematic features i n the predictive properties of several of the commonly 
used atomic mass models. Additional understanding of these features and 
the a v a i l a b i l i t y of many new atomic masses for isotopes far from the 
s t a b i l i t y line w i l l serve as a basis for improving the models. The need 
clearly exists for a comprehensive revision and update of the mass 
predictions. A project, coordinated by the author, has been started to 
accomplish this. It i s expected that new sets of mass predictions from a 
number of groups may be available late in 1986. 
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19 
Nuclear Astrophysics Away from Stability 

G. J. Mathews, W. M. Howard, K. Takahashi, and R. A. Ward 

Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 

Explosive astrophysical environments invariably lead to the 
production of nuclei away from stability. An understanding of the 
dynamics and nucleosynthesis in such environments is inextricably 
coupled to an understanding of the properties of the synthesized 
nuclei. In this talk a review is presented of the basic explosive 
nucleosynthesis mechanisms (s-process, r-process, n-process, p-process, 
and rp-process). Specific stellar model calculations are discussed and 
a summary of the pertinent nuclear data is presented. Possible 
experiments and nuclear-model calculations are suggested that could 
facilitate a better understanding of the astrophysical scenarios. 

Introduction 
Even after several decades of research [BUR57] into the mechanisms 

by which the elements are synthesized in stars, i t is still often true 
that the degree to which an astrophysical environment can be understood 
is limited by the degree to which the underlying microscopic input 
nuclear physics data have been measured and understood. As new and 
more exotic high-temperature astronomical environments have been 
discovered and modeled (and as observations and models for more 
familiar objects have been refined) the needs for more and better data 
for nuclei away from stability have increased. In this brief overview, 
we discuss a few of the explosive astrophysical environments which are 
currently of interest and some of their required input nuclear data. 

We begin with a discussion of the poorly understood mechanisms for 
heavy-element nucleosynthesis and some of our efforts to understand 
these environments. Then we turn to a discussion of the exotic 
environments for hot hydrogen burning and some of our experimental and 
theoretical efforts to obtain the associated nuclear data. 

0097-6156/ 86/0324-0134$06.00/ 0 
© 1986 American Chemical Society 
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F i g . 1 The mechanisms f o r heavy-e lement n u c l e o s y n t h e s i s drawn 

as l i n e s r e p r e s e n t i n g t h e dominant i s o t o p e s produced 

d u r i n g t h e processes [MAT85] . 

Heavy-Element N u c l e o s y n t h e s i s 

Most n u c l i d e s w i t h A t 70 a re s y n t h e s i z e d by n e u t r o n 

c a p t u r e . F i g u r e 1 i s f r o m a r e c e n t r e v i e w a r t i c l e [MAT85] on t h e 

v a r i o u s s t e l l a r p rocesses f o r n e u t r o n c a p t u r e n u c l e o s y n t h e s i s . For t h e 

most p a r t , t h e s e processes co r respond t o d i f f e r e n t t i m e s c a l e s . The 

s - p r o c e s s d e s c r i b e s n e u t r o n c a p t u r e on a s low t i m e s c a l e compared w i t h 

t y p i c a l b e t a - d e c a y l i f e t i m e s near t h e l i n e o f s t a b i l i t y , and t h u s leads 

t o t h e f o r m a t i o n o f a c o n t i n u o u s c h a i n o f s t a b l e heavy e lements f r o m 
209 

t h e i r o n group t o B i . The r - p r o c e s s , on t h e o t h e r hand , 

co r responds t o n e u t r o n c a p t u r e on a t i m e s c a l e wh ich i s r a p i d compared 

w i t h b e t a - d e c a y l i f e t i m e s . I n t h e l i m i t o f h i g h n e u t r o n d e n s i t y , t h i s 

p rocess appears as a c h a i n o f i s o t o p e s f o r each e lement wh ich 

r e p r e s e n t s t h e p o i n t o f ( η , γ ) * ( γ , η ) e q u i l i b r i u m f a r f r o m 

s t a b i l i t y . The η -p rocess i s what a c t u a l l y seems t o be p r e d i c t e d by 

most s t e l l a r models [MAT85] f o r e i t h e r t h e r - p r o c e s s o r s - p r o c e s s , i . e . 

a c o m p e t i t i o n between b e t a decay and n e u t r o n c a p t u r e wh ich can n o t be 

t r e a t e d w i t h t h e same mathemat i ca l s i m p l i c i t y as i n t h e c l a s s i c a l 
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136 NUCLEI OFF THE LINE OF STABILITY 

s - p r o c e s s and r - p r o c e s s [MAT85, SEE65]. The p -p rocess i s a somewhat 

l e s s f r e q u e n t p rocess (as ev idenced i n abundances) wh ich p r o b a b l y i s 

t h e r e s u l t o f p h o t o d i s i n t e g r a t i o n r e a c t i o n s i n h i g h - t e m p e r a t u r e [W0078] 

o r h i g h - e l e c t r o n - d e n s i t y [HAR78] r e g i m e s . 

The s -Process 

F i g u r e 2 i s f r o m some o f o u r r e c e n t s t u d i e s [MAT84a, MAT84b, 

H0W85] o f t h e d e t a i l s o f s - p r o c e s s n u c l e o s y n t h e s i s i n t h e f ramework o f 
22 25 

s t e l l a r models wh ich produce n e u t r o n s by a N e ( a , n ) Mg r e a c t i o n 

d u r i n g s e q u e n t i a l t h e r m a l pu l ses i n a h e l i u m - b u r n i n g s h e l l [ I B E 7 7 ] . 

What i s p l o t t e d i s t h e σΝ c u r v e ( n e u t r o n c a p t u r e c r o s s s e c t i o n t i m e s 

abundance) f o r s t a b l e i s o t o p e s a l o n g t h e c h a i n o f e lements wh ich a re 

produced i n t h e s - p r o c e s s . T h i s c a l c u l a t i o n co r responds r o u g h l y t o t h e 

c o n d i t i o n s t h o u g h t t o e x i s t i n t h e i n t e r i o r o f a 7 MQ r e d - g i a n t s t a r 

on t h e a s y m p t o t i c g i a n t b r a n c h . S t a r s i n t h i s phase o f e v o l u t i o n a r e 

u n s t a b l e t o a t h e r m o n u c l e a r runaway o f t h e h e l i u m - b u r n i n g s h e l l . I n 

t h e e x p l o s i v e env i ronmen t o f one o f t h e s e t h e r m a l p u l s e s t h e n e u t r o n 

d e n s i t i e s can become so h i g h t h a t success i ve n e u t r o n c a p t u r e s can o c c u r 

o u t t o n u c l e i w e l l away f r o m s t a b i l i t y . F u r t h e r m o r e , t h e t e m p e r a t u r e s 
ο 

become so h i g h (T % 3x1 O K ) t h a t t h e Boltzmann p o p u l a t i o n o f 

n u c l e a r e x c i t e d s t a t e s can lead t o d r a m a t i c changes o f t h e 

n e u t r o n - c a p t u r e and b e t a - d e c a y r a t e s . 

I n a c l a s s i c a l s - p r o c e s s [MAT85] ( l ow n e u t r o n d e n s i t y ) F i g . 2 

would be a smooth c u r v e . However, as v a r i a t i o n s i n t h e n e u t r o n 

d e n s i t y and t e m p e r a t u r e a re t a k e n i n t o a c c o u n t , a s t r u c t u r e emerges due 

t o branch p o i n t s , i . e . , u n s t a b l e n u c l e i w i t h compet ing n e u t r o n - c a p t u r e 

and b e t a - d e c a y r a t e s . 

Thus , i n o r d e r t o unders tand such env i ronments i t i s necessary t o 

c a l c u l a t e comple te ne twork o f t h e c o m p e t i t i o n s between n e u t r o n c a p t u r e 

and b e t a decay as w e l l as t h e i r c o r r e c t i o n s f o r t h e t h e r m a l p o p u l a t i o n 

o f e x c i t e d s t a t e s . Wi th r e g a r d t o t h i s l a t t e r c o r r e c t i o n i t i s 

p a r t i c u l a r l y i m p o r t a n t t o know t h e low-energy l e v e l s t r u c t u r e o f n u c l e i 

away f r o m s t a b i l i t y . T h i s s t r u c t u r e w i l l a f f e c t t h e b e t a decay 

p r o p e r t i e s d i f f e r e n t l y f r o m t h e n e u t r o n c a p t u r e p r o p e r t i e s . I n a 

s e p a r a t e c o n t r i b u t i o n t o t h i s c o n f e r e n c e , [TAK85] we w i l l d i s c u s s t h e 

c o r r e c t i o n s f o r b e t a decay . B a s i c a l l y t h i s becomes i m p o r t a n t i f a 

l o w - l y i n g e x c i t e d s t a t e can undergo a Gamow-Tel ler a l l o w e d decay . The 
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19. MATHEWS ET AL. Nuclear Astrophysics 137 

s - p r o c e s s 

40 

b 

10° 80. 100. 120. 

A 

F i g u r e 2 The σΝ c u r v e c a l c u l a t e d [MAT84ab, H0W85] i n t h e 

f ramework o f s t e l l a r models [ I B E 7 7 ] f o r t h e s - p r o c e s s i n 

t h e r m a l l y p u l s i n g r e d - g i a n t s t a r s . 

c o r r e c t i o n s t o t h e c r o s s s e c t i o n s become t h e g r e a t e s t f o r l o w - l y i n g 

s t a t e s w i t h c o n s i d e r a b l y d i f f e r e n t s p i n s . 

F i g u r e 3 i s an i l l u s t r a t i o n o f some c a l c u l a t e d [H0M76] t he rma l 

c o r r e c t i o n f a c t o r s f o r g r o u n d - s t a t e n e u t r o n - c a p t u r e c r o s s s e c t i o n s f o r 

a number o f i s o t o p e s near t h e l i n e o f s t a b i l i t y . From t h i s f i g u r e i t 

i s c l e a r t h a t t h e s e c o r r e c t i o n f a c t o r s can be s i g n i f i c a n t . For t h e 

b e n e f i t o f anyone who m i g h t l i k e t o a t t a c k t h i s p r o b l e m . Tab le I 

summarizes some o f what we c o n s i d e r t o be t h e most i m p o r t a n t q u a n t i t i e s 

t o b e t t e r r e f i n e as i n p u t t o t h e s - p r o c e s s . 
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NUCLEI OFF THE LINE OF STABILITY 

1 . 7 

1 . 6 

1 . 5 

1 . 4 

1 . 3 

1 . 2 

1 . 1 

1 . 0 

. 9 

. 8 

C o r r e c t i o n F a c t o r s at 30 keV 
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"Rh 

•Sn 

Tm 
Τ 187.189, Os 

J L J L 
8 0 . 1 0 0 . 1 2 0 . 1 4 0 . 1 6 0 . 1 8 0 . 2 0 0 . 

A 

F i g u r e 3 C o r r e c t i o n f a c t o r s , f , f o r t h e n e u t r o n - c a p t u r e c r o s s 

s e c t i o n f o r v a r i o u s i s o t o p e s due t o t h e t h e r m a l 

p o p u l a t i o n o f e x c i t e d s t a t e s a t s t e l l a r t e m p e r a t u r e s 

( f r o m [H0W76] ) . I s o t o p e s w i t h f > 10% a re l a b e l e d . 

TABLE I Some n u c l e a r d a t a wh ich would be most u s e f u l f o r 

s - p r o c e s s n u c l e o s y n t h e s i s 

1 . S t a b l e n u c l e i f o r which t h e n e u t r o n c a p t u r e c r o s s s e c t i o n has 

n o t been measured; 6 6 Z n , 7 2 , 7 3 G e , 7 7 S e , 9 9 R u . 

2 . I m p o r t a n t u n s t a b l e n u c l e i f o r wh ich t h e n e u t r o n c a p t u r e c r o s s 

s e c t i o n has n o t been measured; 7 9 S e , 8 5 K r , 

1 0 7 P d , 1 4 7 P m , 1 5 1 S m , 1 6 6 H o , 186R e > 1 9 2 I r , 2 0 5 P b . 

3 . N u c l e i w i t h l a r g e the rma l c o r r e c t i o n f a c t o r s f o r t h e 
g r o u n d - s t a t e n e u t r o n c a p t u r e c r o s s s e c t i o n s ; 1 0 3 R h , 
1 1 % n , 169Tm, V H s , 1 9 l P t , 2 0 1 H g , 2 0 5 P o . 

4 . Branch p o i n t s w i t h l a r g e c o r r e c t i o n s f o r 

1 6 3 H o , 176LÙ, 1 8 l , l 8 2 H f , Ï 8 7 R e > 1 8 7 0 s > 2 Ô 4 , 2 0 5 T 1 . 
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MATHEWS ET AL. Nuclear Astrophysics 139 

The r - p r o c e s s 

The r e q u i r e d n u c l e a r i n p u t d a t a f o r t h e r - p r o c e s s a r e summarized 

i n d e t a i l e l sewhere [MAT83a, MAT85]. The a s t r o p h y s i c a l s i t e f o r t h e 

r - p r o c e s s i s s t i l l n o t known, a l t h o u g h a number o f p r o m i s i n g 

p o s s i b i l i t i e s have been proposed [MAT85, SEE65, BLA81, THI79 , C0W82]. 

B a s i c a l l y t h e r e a r e two fundamenta l t i m e s c a l e s wh ich must be 

de te rm ined f r o m b e t t e r n u c l e a r i n p u t d a t a b e f o r e t h e a m b i g u i t y 

s u r r o u n d i n g t h e r - p r o c e s s s i t e can be r e s o l v e d . One i s j u s t how h i g h 

t h e n e u t r o n d e n s i t y must be t o rep roduce t h e r - p r o c e s s abundances. 

T h i s q u a n t i t y depends on t h e r a t i o s o f n e u t r o n - c a p t u r e t o b e t a - d e c a y 

r a t e s . For some s c e n a r i o s [BLA81 , C0W82, CAM83] i t i s p o s s i b l e t o 

reproduce t h e observed r - p r o c e s s abundances w i t h o u t r e a c h i n g ( η , γ ) 

e q u i l i b r i u m . Then t h e abundance peaks w i l l l a r g e l y be d e t e r m i n e d by 

t h e n e u t r o n c a p t u r e c r o s s s e c t i o n s away f r o m s t a b i l i t y as demons t ra ted 

i n [CAM83]. 

The c r o s s s e c t i o n s away f r o m s t a b i l i t y have f o r t h e most p a r t been 

e s t i m a t e d f r o m g l o b a l Hauser-Feshbach c a l c u l a t i o n s [H0M76] a l t h o u g h 

near n e u t r o n c l o s e d s h e l l s d i r e c t r a d i a t i v e c a p t u r e may be more 

a p p r o p r i a t e [MAT83bj . A long t h i s l i n e we a re c u r r e n t l y i n v e s t i g a t i n g 

t h e v i a b i l i t y o f a new s t a t i s t i c a l f o r m a l i s m [VER84] based on a random 

m a t r i x approach t o d e s c r i b e t h e s t a t i s t i c a l f l u c t u a t i o n s . T h i s 

f o r m a l i s m has t h e advantage t h a t i t goes t o t h e c o r r e c t l i m i t when t h e 

number o f channe ls becomes s m a l l . I n any o f t h e s e c a l c u l a t i o n s i t 

becomes e x t r e m e l y i m p o r t a n t t o know t h e l e v e l s t r u c t u r e f o r l o w - l y i n g 

s t a t e s (wh ich may have s i g n i f i c a n t gamma c h a n n e l s ) and s t a t e s near 1-3 

MeV e x c i t a t i o n wh ich may have resonance c o n t r i b u t i o n s f o r n u c l e i away 

f r o m s t a b i l i t y . Some p r o g r e s s i n t h i s l a t t e r r e g a r d has been made 

[KRA83, WIE84] by u t i l i z i n g d a t a f r o m de layed n e u t r o n e m i s s i o n t o 

i d e n t i f y some o f t h e s t a t e s p o p u l a t e d i n t h e i n v e r s e n e u t r o n - c a p t u r e 

r e a c t i o n . 

I f ( η , γ ) e q u i l i b r i u m i s a c h i e v e d , t h e n t h e abundances w i l l be 

de te rm ined by t h e b e t a - d e c a y r a t e s o f unmeasured n u c l e i f a r f r o m 

s t a b i l i t y . A l t h o u g h some p r o g r e s s has been made [ K L A 8 1 , TAK85] i n 

s h e l l model c a l c u l a t i o n s o f t h e s e r a t e s , f u r t h e r s t u d i e s a re w a r r a n t e d . 

The second q u a n t i t y wh ich must be de te rm ined f o r t h e r - p r o c e s s i s 

t h e dynamica l t i m e s c a l e d u r i n g wh ich t h e n e u t r o n d e n s i t y must remain 

h i g h i n o r d e r t o produce t h e a c t i n i d e s (wh ich can n o t be produced by 
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140 NUCLEI OFF THE LINE OF STABILITY 

t h e s - p r o c e s s due t o a l p h a p a r t i c l e decay a t 2 1 0 B i ) . T h i s q u a n t i t y 

depends on t h e sum o f t h e n e u t r o n - c a p t u r e and b e t a - d e c a y l i f e t i m e s as 

one moves away f r o m s t a b i l i t y . E s s e n t i a l l y , t h e r - p r o c e s s must l i v e 

l ong enough f o r n u c l e i t o c a p t u r e o u t t o f a r f r o m s t a b i l i t y and t h e n 

b e t a decay up t o t h e mass numbers o f t h e a c t i n i d e s . T h i s p l a c e s a 

severe c o n s t r a i n t on dynamica l processes such as s h o c k - d r i v e n e x p l o s i v e 

h e l i u m b u r n i n g d u r i n g a supernova [ B L A 8 1 , KLA81] , A t p r e s e n t , i t 

appears t h a t t h e c a l c u l a t e d b e t a - d e c a y r a t e s may be t o o s low [C0W85]. 

C l e a r l y , more r e f i n e d d e t e r m i n a t i o n s o f n e u t r o n - c a p t u r e c r o s s s e c t i o n s 

and b e t a - d e c a y r a t e s a r e d e s i r e d b e f o r e t h e a s t r o p h y s i c a l s i t e f o r t h e 

r - p r o c e s s can be d e t e r m i n e d . 

p-Process 

The p -p rocess i s r e s p o n s i b l e f o r t h e p r o d u c t i o n o f a number o f 

n e u t r o n d e f i c i e n t n u c l e i . The a s t r o p h y s i c a l s i t e f o r t h e p -p rocess i s 

n o t w e l l e s t a b l i s h e d , b u t t h e most v i a b l e models a t t h e p r e s e n t t i m e 

[W0078, HAR78] a t t r i b u t e t h i s p rocess i n one way o r a n o t h e r t o 

p h o t o d i s i n t e g r a t i o n r e a c t i o n s o f h e a v i e r more abundant s p e c i e s . I n 

[W0078] t h e p h o t o d i s i n t e g r a t i o n i s t h o u g h t t o occur i n t h e h i g h 

t e m p e r a t u r e r e g i o n s a f t e r passage o f a supernova shock . I n [HAR78] i t 

has been suggested t h a t t h a t e n e r g e t i c photons (%19MeV) f r o m t h e 

3 Η ( ρ , γ ) 4 Η θ r e a c t i o n may induce p h o t o n u c l e a r r e a c t i o n s b e f o r e t h e 

photons a re t h e r m a l i z e d . I n b o t h o f t h e s e cases i t i s d e s i r a b l e t o 

know p h o t o n u c l e a r ( γ , η ) , ( γ , ρ ) , and ( γ , α ) r a t e s n e u t r o n 

d e f i c i e n t n u c l e i . 

Hot Hydrogen Burn ing 

For a h o s t o f a s t r o p h y s i c a l env i ronments ( e . g . novae, supernovae , 

supermass ive s t a r s , a c c r e t i n g n e u t r o n s t a r s , and dense inhomogeneous 

cosmolog ies [WAL81]) hydrogen b u r n i n g may o c c u r a t t e m p e r a t u r e s f a r i n 

excess o f t h e t e m p e r a t u r e s (10 6 <T<10^<) a s s o c i a t e d w i t h normal 

main-sequence s t e l l a r e v o l u t i o n (see F i g . 4 ) . I n such e n v i r o n m e n t s , 

c h a r g e d - p a r t i c l e r e a c t i o n d a t a f o r u n s t a b l e n u c l e i become i m p o r t a n t . 

A lmost any t i m e t h e r e i s t h e r m o n u c l e a r hydrogen b u r n i n g , t h e r e i s 

a p o s s i b i l i t y f o r p r o t o n r e a c t i o n s on u n s t a b l e n u c l e i . Wel l known 
7 R 

examples a re t h e B e ( p , y ) Β r e a c t i o n i n t h e sun (wh ich i s a 

p a r t i c u l a r l y i m p o r t a n t l i n k i n t h e c h a i n o f r e a c t i o n s l e a d i n g t o t h e 
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MATHEWS ET AL. Nuclear Astrophysics 141 

Regimes for Hot Hydrogen Burning 

-5.1 . . . . . , , , , I 
°-° 0-2 0.4 0.6 0.8 1.0 

Temperature (109 K) 

F i g u r e 4 Regions o f t h e d e n s i t y v s . t e m p e r a t u r e p l a n e i n wh ich 

t h e v a r i o u s h y d r o g e n - b u r n i n g processes a re dominant 

[MAT84c] . The normal CN0 c y c l e o c c u r s i n s t a r s s l i g h t l y 

l a r g e r t h a n t h e s u n . The h o t ( b e t a - l i m i t e d ) CN0 c y c l e 

i s p a r t i c u l a r l y i m p o r t a n t i n supermass ive s t a r s . The 

r p - p r o c e s s i s i m p o r t a n t d u r i n g t h e t h e r m o n u c l e a r 

runaways on a c c r e t i n g n e u t r o n s t a r s wh ich may be t h e 

source o f X - r a y b u r s t s . 

37 
p r o d u c t i o n o f s o l a r n e u t r i n o s d e t e c t a b l e i n t h e CI e x p e r i m e n t 

[BAH78]) t h e 2 2 N a ( p , y ) 2 3 M g r e a c t i o n i n t h e Ne-Na c y c l e , and t h e 

r e a c t i o n s o f A l i n t h e Mg-Al c y c l e . When t h e t e m p e r a t u r e s a re 

h i g h , a few o t h e r r e a c t i o n r a t e s a l s o become i m p o r t a n t . For 
> 8 

Τ „ 2x10 Κ t h e w a i t i n g p o i n t f o r t h e normal h y d r o g e n - b u r n i n g 

CN0 c y c l e s h i f t s [MAT84c] f r o m 1 4 N t o 1 3 N , and t h e n , v i a t h e 

Ί ^ Ν ( ρ , γ ) 1 4 0 r e a c t i o n , s h i f t s t o t h e p r o d u c t i o n o f 1 4 0 and 

1 5 0 . T h i s i s t h e h o t ( b e t a - l i m i t e d ) CN0 c y c l e [WAL81] , wh ich i s 

p a r t i c u l a r l y s i g n i f i c a n t i n t h e e v o l u t i o n o f supermass ive (M > 

1 0 4 M Q ) s t a r s [ F U L 8 5 ] . T h i s ho t h y d r o g e n - b u r n i n g s c e n a r i o may a l s o 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

01
9



142 NUCLEI OFF THE LINE OF STABILITY 

come i n t o p l a y on a c c r e t i n g w h i t e dwar f s [WAL81] and i n t h e f o r m a t i o n 

o f x - r a y b u r s t s f r o m a c c r e t i n g n e u t r o n s t a r s [AYA82, W0083]. 

As t h e t e m p e r a t u r e and d e n s i t y c o n t i n u e t o i n c r e a s e , t h e 

1 5 0 ( a , y ) 1 9 N e and 1 5 0 ( a , p ) 1 8 F r e a c t i o n s lead t o b reak o u t 

f rom t h e CNO c y c l e t o a p rocess o f r a p i d p r o t o n c a p t u r e ( r p - p r o c e s s ) 

wh ich i n v o l v e s s e q u e n t i a l p r o t o n c a p t u r e s o u t t o t h e p r o t o n d r i p l i n e 

o r u n t i l t h e Coulomb b a r r i e r becomes t o o l a r g e . Each o f t h e s e 

t r a n s i t i o n s t o h i g h e r - t e m p e r a t u r e r e a c t i o n s lead t o o r d e r s - o f - m a g n i t u d e 

i n c r e a s e s i n t h e r a t e s o f energy p r o d u c t i o n . Thus , i n a d d i t i o n t o 

e f f e c t s on n u c l e o s y n t h e s i s , t h e dynamics o f t h e v a r i o u s h i g h 

t e m p e r a t u r e env i ronmen ts a r e i n t i m a t e l y coup led t o t h e c r o s s s e c t i o n s 

f o r p r o t o n and a l p h a - p a r t i c l e c a p t u r e r e a c t i o n s on u n s t a b l e n u c l e i . I n 

a few cases [WAL81] even t h e q u e s t i o n o f whether t h e n e x t p r o t o n o r 

aphha c a p t u r e leads t o a bound n u c l e a r s t a t e can have a d r a m a t i c e f f e c t 

on t h e e v o l u t i o n o f t h e e n v i r o n m e n t . 

E s s e n t i a l l y two d i f f e r e n t approaches have been a t t e m p t e d t o s u p p l y 

t h e necessary d a t a . The most s t r a i g h t f o r w a r d approach (wh ich we w i l l 

c a l l t h e f i n e s s e approach) i s t o u t i l i z e n u c l e a r d a t a o b t a i n e d by 

c o n v e n t i o n a l means combined w i t h a model f o r t h e n u c l e a r s t r u c t u r e and 

r e a c t i o n mechanisms t o d e r i v e t h e d e s i r e d i n p u t da tum. T h i s has been 

done f o r t h e Ί 3 Ν ( ρ , γ ) 1 4 0 r e a c t i o n [MAT84c, CHU85, LAN85] , t h e 
14 15 1Q 

0 , 0 , and Ne r e a c t i o n s [ W I E 8 5 ] , and h e a v i e r n u c l e i 

[SCH84] . T h i s approach has been q u i t e p r o d u c t i v e s i n c e many o f t h e 

r e a c t i o n s o f i n t e r e s t a r e p r o b a b l y dominated by one o r a few resonances 

whose r a d i a t i v e and p a r t i c l e w i d t h s can be i n f e r r e d i n d i r e c t l y . There 

i s s t i l l q u i t e a b i t t h a t can be done w i t h t h i s a p p r o a c h , f o r example 

t o b e t t e r i d e n t i f y t h e e n e r g i e s and w i d t h s o f t h e resonances o f 

i n t e r e s t , p a r t i c u l a r l y f o r n u c l e i f a r on t h e p r o t o n - r i c h s i d e o f 

s t a b i l i t y wh ich t e n d t o become t h e w a i t i n g p o i n t s f o r t h i s p r o c e s s . 

The o t h e r approach t o o b t a i n t h e s e d a t a (wh ich we w i l l c a l l t h e 

b r u t e - f o r c e approach) i s t o produce a beam o f r a d i o a c t i v e heavy i o n s t o 

be f o c u s e d o n t o a t a r g e t o f hydrogen o r 4 He ( o r i n a few cases t o do 

measurements on a r a d i o a c t i v e t a r g e t [ F I L 8 3 ] ) . The r a d i o a c t i v e 

ioa-beam b r u t e - f o r c e approach i s much more d i f f i c u l t bu t may p r o v i d e 

more i n f o r m a t i o n . We have been i n v o l v e d i n a modest e f f o r t [ H A I 8 3 , 

MAT84d] t o deve lop t h i s t e c h n o l o g y a l o n g w i t h a number o f o t h e r l a b s 

[B0Y80, NIT84, AUR85]. 
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Shell-Model Calculations of β-Decay Rates for s- and r-Process 
Nucleosyntheses 

K. Takahashi, G. J. Mathews, and S. D. Bloom 

Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 

Examples of large-basis shell-model calculations of Gamow-Teller 
β-decay properties of specific interest in the astrophysical s
-and r- processes are presented. Numerical results are given for: 
i ) the GT-matrix elements for the excited state decays of the 
unstable s-process nucleus 99Tc; and ii) the GT-strength function 
for the neutron-rich nucleus 130Cd, which l ies on the r-process 
path. The results are discussed in conjunction with the 
astrophysics problems. 

1. I n t r o d u c t i o n 

For a g i v e n a s t r o p h y s i c a l s c e n a r i o f o r the s- o r r - p r o c e s s , the 
c o r r e s p o n d i n g e l e m e n t a l and i s o t o p i c abundances can be r e l i a b l y computed o n l y 
i f the r e l e v a n t n u c l e a r (and, i n some cas e s , atomic) p h y s i c s i n p u t d a t a a r e 
a v a i l a b l e . I n r e t u r n , c a r e f u l s t u d i e s o f r e q u i r e d n u c l e a r p r o p e r t i e s and 
comparisons o f the c a l c u l a t e d and observed abundances o f t e n g i v e a h i n t as t o 
the a s t r o p h y s i c a l c o n d i t i o n s a p p r o p r i a t e f o r t h e s- or r - p r o c e s s s i t e (see 
[MAT85a] f o r a r e v i e w ) . 

Some o f the most important i n p u t d a t a i n such a n a l y s e s a r e o f t e n the 
n u c l e a r β-decay r a t e s . U n f o r t u n a t e l y , e v a l u a t i n g β-decay t r a n s i t i o n r a t e s 
under a s t r o p h y s i c a l c i r c u m s t a n c e s i s not always s t r a i g h t f o r w a r d because o f 
i ) the th e r m a l p o p u l a t i o n of e x c i t e d s t a t e s a t h i g h t e m p e r a t u r e s , r e q u i r i n g a 
knowledge o f unobserved β t r a n s i t i o n s from t h e e x c i t e d s t a t e s and i i ) the 
i o n i z a t i o n which n e c e s s i t a t e s an i n t r o d u c t i o n o f atomic p h y s i c s i n t o the 
c a l c u l a t i o n s , e s p e c i a l l y i n s-p r o c e s s s t u d i e s . F o r example, the importance o f 
bound-state β" decay i n c e r t a i n n u c l e i has been demonstrated [TAK83Î. 
R e l i a b l e p r e d i c t i o n s o f unknown β t r a n s i t i o n r a t e s i n heavy n u c l e i can be 
ext r e m e l y d i f f i c u l t even f o r r a t h e r well-known n u c l e i . I n what f o l l o w s , we 
pr e s e n t some examples o f l a r g e - b a s i s s h e l l - m o d e l c a l c u l a t i o n s f o r such unknown 
β decays. 

2. " T c problem 

The d i s c o v e r y o f Tc (most p r o b a b l y " T c ) i n r e d - g i a n t s t a r s i s one of 
the s t r o n g e s t p i e c e s o f evidence t h a t the s-process i s indeed o c c u r r i n g i n 
s t e l l a r i n t e r i o r s . On the o t h e r hand, the thermal p o p u l a t i o n [CAM59] o f the 
l o w - l y i n g 7/2 + (140 keV) and 5/2 + (181 keV) s t a t e s i n " T c induces Gamow-
T e l l e r a l l o w e d t r a n s i t i o n s ( F i g . 1 ) and thus reduces the e f f e c t i v e h a l f - l i f e 
of " T c a t h i g h temperature r e l a t i v e t o the t e r r e s t r i a l v a l u e o f 2.1x10 s y r . 
At a t y p i c a l s - p r o c e s s temperature o f 3x10 8 K, the h a l f - l i f e c o u l d be as s h o r t 
as a few y e a r s [C0S8M], s u g g e s t i n g t h a t " T c might not s u r v i v e t he s-process 
environment. I f most " T c i s expected t o decay t o " R u , then t h i s e x p e c t a t i o n 
i s i n c o n t r a d i c t i o n w i t h the o b s e r v a t i o n s o f s u b s t a n t i a l " T c a t t h e s u r f a c e 
of a t l e a s t some r e d - g i a n t s t a r s . T h i s seeming c o n f l i c t i s the 11 " T c 
problem". Toward a s o l u t i o n o f the problem, we have c a l c u l a t e d t he " T c 
s t e l l a r β-decay r a t e and a p p l i e d t h i s r a t e t o an s - p r o c e s s model. 

0097-6156/ 86/0324-0145$06.00/ 0 
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146 NUCLEI OFF THE LINE OF STABILITY 

U s i n g the Lanczos method ([WHI80], 
[HAU76]), we have performed a l a r g e - b a s i s 
s h e l l - m o d e l c a l c u l a t i o n o f the l o g - f t 
v a l u e s f o r the unknown Gamow-Teller 
t r a n s i t i o n s shown i n F i g . 1 [TAK85a]. With 
the use of a r e a l i s t i c two-body e f f e c t i v e 
i n t e r a c t i o n [KAL6M] and a model space 
c o n s i s t i n g o f l o w - s e n i o r i t y e x c i t a t i o n s i n 
the (1g,2d) s h e l l , t he l o w - l y i n g p o s i t i v e -
p a r i t y s t a t e s i n " T c - " R u and i n an 
analogous i s o t o n i c p a i r s 7Nb- 9 7Mo a r e 
reproduced r e a s o n a b l y w e l l . The c a l c u l a t e d 
l o g - f t v a l u e s a r e shown i n F i g . 1 i n b r a c k e t s . 
They have been n o r m a l i z e d t o a known GT decay 
from 9 7Nb. These t r a n s i t i o n r a t e s imply an 
e f f e c t i v e " T c h a l f - l i f e o f - 20 y r a t a 
temperature o f 3 x 1 0 8 K. The f a c t t h a t 
t h i s h a l f l i f e i s l o n g e r by a t l e a s t a 
f a c t o r o f f i v e compared w i t h the p r e v i o u s 
v a l u e s from s y s t e m a t i c s ( e .g. [COS84], 
[YOK85]) i s e n c o u r a g i n g , but t h i s a l o n e 
does not s o l v e the "problem" w i t h o u t 
r e f e r r i n g t o a s p e c i f i c s - p r o c e s s model. 

P r o b a b l y the most p r o m i s i n g a s t r o p h y s i c a l s i t e f o r t h e s-process i s the 
r e c u r r e n t t h e r m a l - p u l s e and t h i r d dredge-up phase i n the He-burning s h e l l o f 
i n t e r m e d i a t e mass s t a r s [ I B E 7 7 ] , where neutrons are produced by the 
2 2 N e ( a , n ) 2 5 M g r e a c t i o n . W i t h i n an a n a l y t i c v e r s i o n o f t h i s model, i t was 
shown i n network c a l c u l a t i o n s [MAT85b] t h a t " T c indeed s u r v i v e s t h e s-
p r o c e s s : Because o f the d r a s t i c i n c r e a s e o f the n e u t r o n p r o d u c t i o n r a t e f o r 
temperatures above - 3x10 e K [F0W75], the net p r o d u c t i o n o f " T c compensates 
i t s β-decay d e s t r u c t i o n . 

S i n c e t h a t work, more q u a n t i t a t i v e s-process c a l c u l a t i o n s have been done 
i n c o n j u n c t i o n w i t h the d e t a i l e d n u m e r i c a l t h e r m a l - p u l s e model c a l c u l a t i o n s by 
Becker [BEK81], l e a d i n g t o the same c o n c l u s i o n [TAK85b]. I t i s worth n o t i n g 
t h a t the observed Tc abundance r e l a t i v e t o Z r , Nb, Mo and Ru [SMI83] can be 
w e l l accounted f o r even i f t h e " T c β-decay h a l f - l i f e i s as s h o r t as a few 
years a t 3 x 1 0 8 K. 

3 . I 3 0 C d decay 

The a s t r o p h y s i c a l s i t e t h a t was r e s p o n s i b l e f o r the b u l k of the s o l a r 
system r - p r o c e s s m a t e r i a l i s not y e t known ([SCH83],[MAT85a]). Whatever the 
s c e n a r i o i s , however, the r - p r o c e s s path i s expected t o pass a t l e a s t near the 
neutron-magic n u c l e u s l 3 0 C d . O t h e r w i s e , the abundance peak near mass number 
A=130 may be d i f f i c u l t t o e x p l a i n . I n a c l a s s i c a l r - p r o c e s s [MAT85a], the 
r e l a t i v e h e i g h t s o f the abundance peaks near A=80, 130 and 194 are l a r g e l y 
determined by the r e l a t i v e l y slow β-decay r a t e s o f such neutron-magic (N=50, 
82 and 126) n u c l e i w i t h these mass numbers. 

We have a g a i n u t i l i z e d the Lanczos a l g o r i t h m t o compute the β-strength 
f u n c t i o n f o r the 1 3 0 C d ( 0 + ) -> l 3 0 I n ( 1 + ) Gamow-Teller t r a n s i t i o n s . Low-
s e n i o r i t y e x c i t a t i o n s a r e a l l o w e d w i t h i n the (1g,2d , 3 s ,1h) s h e l l , which are 
mixed by the K a l l i o - K o l l t v e i t [KAL64] two-body e f f e c t i v e i n t e r a c t i o n . The 
s i n g l e - p a r t i c l e e n e r g i e s a r e taken from a d e t a i l e d a n a l y s i s [ST085] o f one-, 
two-, and t h r e e - q u a s i - p a r t i c l e n u c l e i near the Z=50, N=82 c l o s e d s h e l l s w i t h 
the same two-body f o r c e . 

0.181 5 / 2 + 

Op = 0.292 

F i g . 1. " T c β decays 
of a s t r o p h y s i c a l i n t e r e s t . 
C a l c u l a t e d l o g - f t v a l u e s 
f o r the unknown GT decays 
are g i v e n i n b r a c k e t s . 
The e n e r g i e s a r e i n MeV. 
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20. TAKAHASHI ET AL. Shell-Model Calculations of β-Decay Rates 147 

The resultant β-strength functions are displayed in Fig. 2 as a sequence 
in the number of Lanczos iterations. As for the absolute values, we have 
assumed a quenching factor of 0.5 for the GT sum-rule. It can be understood 
that the h a l f - l i f e i t s e l f converges very quickly. For the predicted ground-
state β-decay Q-value of 6.4 MeV ([LIR76], [JAN76], [C0M76]), the calculated 
l 3 0Cd h a l f - l i f e is 0.08 sec as shown in Fig. 3 in comparison with the TDA 
calculations with a GT residual interaction [KLA84]. 

Cd S t r e n g t h F u n c t i o n Cd S t r e n g t h F u n c t i o n 

Energy (MeV) Energy (MeV) 

F i g . 2. Calculated GT-strength function for the I 3 0Cd ground-state 
(0 ) decays to the low-lying 1 + (T=16) states in 1 3 0 I n as a sequence 
of the number of Lanczos iterations. The abscissa i s the excitation 
energy in 1 3 0 I n . For convenience of drawing, the minimum width i s 
chosen to be 100 keV. 

F i g . 3. Calculated l 3 0Cd h a l f - l i f e in 
comparison with the TDA predictions 
for Cd isotopes by Klapdor et a l . 
[KLA84], The squares represent known 
experimental data. 
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148 N U C L E I O F F T H E L I N E O F STA B I L I T Y 

As a t e s t o f our p r e d i c t i o n f o r l 3 C C d , we have c a l c u l a t e d t h e 8~decay 
r a t e s f o r the GT t r a n s i t i o n s from the l o w e s t 1 + s t a t e o f 1 3 0 I n t o the ground 
( 0 + ) and f i r s t - e x c i t e d ( 2 + ) s t a t e s o f 1 3 0 S n . The r e s u l t a n t 1 3 0 I n t o t a l h a l f -
l i f e i s 0.26 sec f o r the assumed Q«=10.2 MeV, which i s comparable w i t h the 
r e p o r t e d v a l u e ( 0 . 3 3 sec) f o r the l o w - s p i n (1 , 3 ) + s t a t e [RUD85]. 

More s y s t e m a t i c c a l c u l a t i o n s w i t h the p r e s e n t method w i l l c e r t a i n l y h e l 
t o c l a r i f y our u n d e r s t a n d i n g o f the β-decay p r o p e r t i e s o f s p h e r i c a l n u c l e i f a 
o f f the l i n e o f s t a b i l i t y , which a r e needed i n r - p r o c e s s s t u d i e s . I n 
p a r t i c u l a r , a study o f the e f f e c t s o f the β-decay o f l o w - l y i n g s t a t e s 
t h e r m a l l y p o p u l a t e d i n the h i g h temperature r - p r o c e s s environment i s due. Sue 
e f f e c t s have not been i n c l u d e d i n any r - p r o c e s s model y e t attempted. F i n a l l y 
we mention t h a t a d i f f e r e n t approach ( i . e . RPA) i s p r o b a b l y c a l l e d f o r i n 
orde r t o d e a l w i t h deformed n u c l e i e f f e c t i v e l y [BRA85] . 
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21 
β-Delayed Fission Calculations for the Astrophysical r-Process 

B. S. Meyer, W. M . Howard, G. J . Mathews, P. Möller, and K. Takahashi 

Lawrence Livermore National Laboratory, University of California, Livermore, C A 94550 

We discuss RPA calculations of the Gamow-Teller properties of 
neutron-rich nuclei to study the effect of β-delayed fission 
and neutron emission on the production of Th, U and Pu 
chronometric nuclei in the astrophysical r-process. We find 
significant differences in the amount of β-delayed fission when 
compared with the recent calculations of Thielemann et a l . (1983). 
In the simplest case of a constant abundance along the r-process 
path, however, the inferred production ratios in both calculations 
are similar. 

The study of t h e decay o f n u c l e i from the r - p r o c e s s path back t o the β-
s t a b i l i t y l i n e i s an a r e a o f a s t r o p h y s i c s which r e q u i r e s knowledge o f β-
s t r e n g t h f u n c t i o n s o f f the l i n e o f b e t a s t a b i l i t y . T h i s knowledge i s 
e s p e c i a l l y i m p o r t a n t f o r the d e t e r m i n a t i o n o f the abundances o f the 
p r o g e n i t o r s o f the Th-U-Pu chronometers s i n c e β-delayed f i s s i o n and n e u t r o n 
e m i s s i o n d u r i n g decay back t o the s t a b i l i t y l i n e may s i g n i f i c a n t l y a f f e c t the 
f i n a l abundance d i s t r i b u t i o n o f these n u c l e i ([BER69] , [WEN75], [K0D75], 
[KRU81]). The β-strength f u n c t i o n f o r n u c l e i a l o n g the decay back paths 
[ c o u p l e d w i t h n e u t r o n s e p a r a t i o n e n e r g i e s ( S n ) , f i s s i o n b a r r i e r h e i g h t s ( B f ) 
and β-decay Q-values (Qg)] determines the amount of β-delayed f i s s i o n and 
neutron e m i s s i o n t h a t o c c u r s d u r i n g the cascade back t o the β-stability l i n e . 

A r e c e n t a n a l y s i s by Thielemann et a l . [THI83] o f the e f f e c t s o f β-
d e l a y e d p r o c e s s e s on the p r o g e n i t o r s o f the Th-U-Pu chronometers showed t h a t 
these p r o c e s s e s ( d e l a y e d f i s s i o n i n p a r t i c u l a r ) d i d indeed s i g n i f i c a n t l y 
i n f l u e n c e the f i n a l abundances o f the chronometer p r o g e n i t o r s . T h i s l e a d s t o 
a l o n g age f o r the Galaxy. I n view o f the importance o f t h i s r e s u l t , i t i s 
u s e f u l t o re-examine the c a l c u l a t i o n w i t h a n u c l e a r model t h a t i n c l u d e s the 
e f f e c t s o f n u c l e a r d e f o r m a t i o n on the β-decay r a t e s , f i s s i o n b a r r i e r s , and 
neutron s e p a r a t i o n e n e r g i e s s e l f - c o n s i s t e n t l y . 

S i n c e many o f the n u c l e i i n v o l v e d a r e presumably h i g h l y - d e f o r m e d , we 
have used the N i l s s o n RPA code o f Krumlinde and Môller [KRU84], which 
c a l c u l a t e s β-strength f u n c t i o n s , u s i n g an i n f i n i t e - r a n g e r e s i d u a l (Gamow-
T e l l e r ) i n t e r a c t i o n w i t h a s t r e n g t h x G j = 23/A MeV. With t h i s code, we have 
c a l c u l a t e d β-strength f u n c t i o n s f o r 1ΐέ n u c l e i l y i n g i n the mass range from 
A=232 t o A=255 and from the l i n e o f β-stability t o the r - p r o c e s s p a t h g i v e n by 
Thielemann et a l . [THI83] (see F i g . 1 ) . These 118 n u c l e i s a t i s f i e d the 
c r i t e r i a f o r p o s s i b l e β-delayed f i s s i o n (Q^ o f p r e c u r s o r έ o f e m i t t e r ) 
and/or p o s s i b l e β-delayed n e u t r o n e m i s s i o n (Q g o f p r e c u r s o r 2 S n o f e m i t t e r ) 
as determined from the v a l u e s g i v e n i n [H0W80.,. 

The r e q u i r e d i n p u t v a l u e s a r e the d e f o r m a t i o n parameters £2 and ε·» and 
the numbers κ and μ which determine the s i z e of the 1-s f o r c e and l 2 terms f o r 
the harmonic o s c i l l a t o r . We adopted the v a l u e s κ = 0.0577 and μ = 0.650 f o r 
p r o t o n s and κ η = 0.0635 and μ η = 0.325 f o r neutrons over the e n t i r e range 
s t u d i e d , i n accordance w i t h [H0W80]. The v a l u e s o f ε 2 and επ f o r each nucle u s 
were taken from the same s o u r c e . 

0097-6156/ 86/ 0324-0149S06.00/ 0 
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150 NUCLEI OFF THE LINE OF STABILITY 

From our β-strength d i s t r i b u t i o n s , we then c a l c u l a t e d r a t e s as a 
f u n c t i o n o f e x c i t a t i o n energy i n the daughter n u c l e u s . These r a t e s and the 
Qg, B f , and S n v a l u e s [H0W80] g i v e t h e amount o f β-delayed f i s s i o n and ne u t r o n 
e m i s s i o n f o r each daughter n u c l e u s . Our r e s u l t s a r e shown i n F i g . 1 . The 
numbers i n t h e squares i n F i g . 1(a) g i v e the percentage o f decays r e s u l t i n g i n 
a daughter n u c l e u s e x c i t a t i o n energy g r e a t e r than o r e q u a l t o the f i s s i o n 
b a r r i e r h e i g h t . The numbers i n the squares i n F i g . 1(b) g i v e the percentage 
of decays r e s u l t i n g i n an daughter n u c l e u s e x c i t a t i o n energy g r e a t e r than or 
equa l t o the neutron s e p a r a t i o n energy but l e s s than the f i s s i o n b a r r i e r 
h e i g h t . I n o r d e r t o determine the maximum p o s s i b l e e f f e c t o f d e l a y e d f i s s i o n , 
we take t he number from (a) as the amount o f β-delayed f i s s i o n and t h e number 
from (b) as the amount of β-delayed ne u t r o n e m i s s i o n i n the daughter 
n u c l e u s . T h i s undoubtedly l e a d s t o an o v e r e s t i m a t e o f d e l a y e d f i s s i o n 
p r o b a b i l i t i e s i n some ca s e s . 

For t h e purpose o f s i m p l e comparison w i t h [THI83], we assume c o n s t a n t 
abundances (1.0 per i s o b a r ) a l o n g the r - p r o c e s s p a t h shown i n F i g . 1 . A f t e r β-
del a y e d f i s s i o n and ne u t r o n e m i s s i o n d u r i n g decay back, the f i n a l abundances 
are those shown i n T a b l e 1. C l e a r l y β-delayed f i s s i o n p l a y s a l a r g e r o l e i n 
decay back a t Α ί 250. On the o t h e r hand, β-delayed ne u t r o n e m i s s i o n does not 
a f f e c t the abundances too much, s i n c e l o s s from c h a i n A i s more o r l e s s 
compensated f o r by g a i n from c h a i n A+1, except i n a few c a s e s (A = 234, 236, 
239, 244, 248, and 249). Of co u r s e , a more s i g n i f i c a n t e f f e c t of delayed, 
n e u t r o n e m i s s i o n w i l l be seen i f we ta k e more r e a l i s t i c i n i t i a l abundances 
a l o n g the r - p r o c e s s p a t h , which u s u a l l y e x h i b i t a s t r o n g even-odd e f f e c t . 

— — - 1 
— — -
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I • I 1 
I * +• 1 
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>'*' V 
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! V X • 23 5 Ι 

À- 6 1 10 1 * f v I l 22 18 17 72 46 1 * 
m I 29 18 

1 7 25 

2 μ -

I 

> — I) — 

I 
I I 

140 145 150 155 160 165 

Ν — -
F i g . 1 ( a ) . C a l c u l a t e d maximum p o s s i b l e v a l u e s o f β-delayed 
f i s s i o n p r o b a b i l i t i e s ( i n %) shown f o r the p r e c u r s o r n u c l e i . 
The arrow f o l l o w s the r - p r o c e s s path g i v e n i n [THI833. The 
c r o s s e s i n d i c a t e β-stable n u c l e i , and the dashed l i n e s i n d i c a t e 
α decays. The r - p r o c e s s n u c l e a r cosmo-chronometers a r e c i r c l e d . 
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Fig- K b ) . C a l c u l a t e d minimum p o s s i b l e v a l u e s o f β-delayed neut r o n 
e m i s s i o n p r o b a b i l i t i e s ( i n % ) . See the c a p t i o n t o F i g . 1 ( a ) . 

A % A % 
Table 1. I s o b a r i c abundance 
changes d u r i n g the cascade from 232 78 244 47 
the i n i t i a l v a l u e o f 100 % a t 233 102 245 112 
the r - p r o c e s s path shown i n 234 70 246 110 
F i g . 1 down t o the β-stable 235 118 247 124 
n u c l e i marked by c r o s s e s . 236 133 248 64 

237 92 249 64 
238 97 250 47 
239 67 251 32 
240 115 252 67 
241 111 253 18 
242 103 254 11 
243 94 255 6 

From the r e s u l t s i n T a b l e 1, we can f i n d the r - p r o c e s s p r o d u c t i o n r a t i o s 
of i n t e r e s t t o n u c l e a r cosmo-chronology: 2 3 2 T h / 2 3 8 U , 2 3 5 U / 2 3 8 U , and 
2 l + ,*Pu/ 2 3 8U. These a r e o b t a i n e d by summing the α-decay p r o g e n i t o r s f o r each 
i s o t o p e and c o n s i d e r i n g the l e a k due t o spontaneous f i s s i o n . Our r e s u l t s a r e 
2 3 2 T n / 2 3 8 U m 1 e 6 Q 23 5U/ 2 3 8U = 2*»pu/*i*\j = 0.57. Our v a l u e f o r 
2 3 2 T h / 2 3 8 U r a t i o i n t h i s a p p r o x i m a t i o n o f c o n s t a n t r - p r o c e s s abundances would 
imply a lower l i m i t on the Galaxy's age of 8.8 Gyr. However, i t i s im p o r t a n t 
t o note t h a t t h e f i n a l p r o d u c t i o n r a t i o s w i l l be dependent on the e x p l i c i t r -
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152 NUCLEI OFF THE LINE OF STABILITY 

process calculation employed [ F O W 8 5 ]. (See also [ M E Y 8 5 ] , [ T H I 8 3 ] and [ Y O K 8 3 ] 

for further details on nuclear cosmo-chronology.) 
For comparison, we give the values for the chronometer production ratios 

determined by Thielemann et a l . [ T H I 8 3 ] for constant abundances along the r-
process path: 2 3 2Th/ 2 3 8U = 1 . 6 3 , 2 3 5U/ 2 3 8U = 1 . 2 1 , and 2--Pu/238U = 0.13. To 
our surprise, our 2 3 2Th/ 2 3 8U ratio agrees well with [ T H I 8 3 ] , despite the large 
difference between the two calculations in the amount of β-delayed fission 
(compare Fig. 1(a) with Fig. 2 of [ T H I 8 3 ] ) . This result suggests that β-
delayed processes do indeed significantly affect the abundances of the 
progenitors of the r-process chronometers. The other two sets of ratios differ 
rather strongly, however. These differences are not surprising because of the 
different β-strength functions and adopted mass formulae (for Qg and S n), 
although both sets of calculations used the same fission barrier heights. It 
is worth emphasizing that the virtue of our calculations are that a l l input 
data were taken from a single source [H0W80], i.e., the effects of nuclear 
deformations on the fission barriers and β-strength functions were treated 
self-consistently. We understand that many uncertainties s t i l l exist in this 
calculation and, therefore, that further work is s t i l l required. We hope to 
pursue this study in the near future and w i l l be aided by improvements in the 
code used for calculating the β-strength functions (e.g., the inclusion of the 
first-forbidden decay) and in the set of Qg, B f and S n values. We w i l l also 
include a more r e a l i s t i c determination of the competition between delayed 
fission and delayed neutron emission. These improvements should lead to a 
better understanding of decay back to the β-stability line and help in the 
search for the astrophysical site(s) for the r-process. 
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22 
Shell-Model Plus Pairing Calculations of β-Delayed Neutron 
Emission Properties at A ≡ 90-100 
Shaheen Rab and Adnan Shihab-Eldin 

Kuwait Institute for Scientific Research, P.O. Box 24885 Safat, Kuwait 

Expressions are derived for reduced transi t ion p r o b a b i l i t i e s of allowed 
Gamow-Teller beta decay using Seniority Truncated Exact Diagonalization 
(STED) method within the framework of shell-model plus p a i r i n g . When 
expressed i n terms of fract ional occupation probabi l i ty parameters U and V, 
the derived formulae are i d e n t i c a l to those of BCS method. These expressions 
are used to calculate beta-delayed neutron emission probabi l i ty and beta 
decay hal f life of Br and Rb isotopes. The results are found to be sensi t ive 
to p a i r i n g strength parameter G and optimum agreement with experimental 
values are obtained for G(n) = 0.25. The calculated values for these 
quantit ies are in agreement with the overal l trend of experimental r e s u l t s . 
Moreover, they show better agreement with experimental values than s imi lar 
c a l c u l a t i o n using BCS pair ing method. 

Introduction 

The beta delayed neutron emission properties of neutron rich nuclei have attracted a lot of 
interest recently because of advancements in experimental techniques. The information on neutron 
spectrum, beta decay half-life t½, delayed neutron emission probability pn for nuclei far from the 
line of stability are important in nuclear reactors, nuclear physics and astrophysics. These properties, 
for nuclei around mass A—90 — 100, have been studied previously by statistical theory [HAR78] 
[GJ078] and Gross theory [TAK69] [YAM70]. Application of shell model (SM) plus pairing was 
first suggested in the mid seventies [SHI77]. The SM plus pairing model [OLI80] gave better overall 
agreement with experimental results for ty2 and p n . The pairing forces are usually treated in BCS 
quasi particle theory [KIS63] [LAN64]. Inclusion of Gamow Teller force in SM plus pairing (BCS) 
improved the fit better [OLI80]. The deviation from the experimental curve is still large compared 
to uncertainties and the odd-even fluctuation is the main problem we are concerned with here. The 
problem of particle non-conservation in BCS introduces an averaging effect on the properties of 
neighbouring isotopes. Furthermore, the blocking effect is not taken into account in these 
calculations. To overcome these BCS limitations, we propose to handle pairing force in SM using 
Seniority Truncated Exact Diagonalization (STED) scheme. Expressions are derived for reduced 
transition probability Β in STED to calculate beta strength function, S, ty2, and p n . The overall 
agreement with the experimental results of ti^, p n in STED for 9 2 " 1 0 2 Rb and 8 7 - 9 2 Br is found 
to be better than the BCS results. 

Seniority Truncated Exact Diagonalization (STED) Scheme 

Only Gamow Teller (GT) allowed β-decay is studied in this work as it plays the dominant 
role in the specified mass range. The experimentally studied nuclei are assumed to be 

0097-6156/86/0324-0153$06.00/0 
© 1986 American Chemical Society 
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154 NUCLEI OFF THE LINE OF STABILITY 

spherical and hence we use spherical shell model basis. The number conserving and conceptually 

simpler STED scheme developed by John [JOH68] is used to deal wi th the pairing force. The usual 

fermion creation and destruction operators C + , C are used to define pair creation (destruction) 

operator a + (a). 

~ l ι 

V2(2i+1) m>0 

The Hamiltonian is wri t ten as: 

^ ( - D ^ C ^ C ^ (1) 

(2) 

where ej is the single particle energy, nj is the occupation number, G is the pairing force constant, 

Ω{ = 1/2 (2i + 1 ), the pair degeneracy. The truncated basis wave functions are: 

Seniority Zero State = | p j > = ( a | ) p | 0 > ( 3 ) 

with 77j (p) being the normalization constant. 

Seniority One State = |ρ,> = ( a | ) P C+ m |θ> (4) 

with ρ pairs + 1 particle, again, fjj(p) is the normalization constant. 

Seniority Two State = |P:>= -=77 ( a j ) P 7= ajj (JM) |θ> , J ^ O (5) 
V j CP) V 2 

with ρ pairs + 2 odd particles in orbital j , !?j(p) the normalization constant. The anticommutation 

rules of C + , C and the commutation of a + , a together wi th Wick's theorem, are repeatedly used 

in diagonalizing the Hamiltonian. 

Reduced Transition Probability for β Decay—Β 

The |3-decay strength function S^ is proportional to the square of the matrix elements of 

0-operator between final and initial states. So is Β and is defined by: 

B ( G T ; . r . , ) = |< ' ,M f |Tl 11, M j > | 2 = -gfc |<l, ||Ti\\l,>f (6) 
X - T - T ι - μ | i 2 l j + 1 Ρ ' M M " I 

MjM fM 

IJ] = Σ LOO <^,(k) , is the allowed GT beta operator. (7) 
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22. RAB AND SHIHAB-ELDIN β-Delayed Neutron Emission Properties 155 

Once Β is calculated, we can compute S, ty2 and p n . In second quantized notation, Τ can be 
expressed as: 

V= ^ < « m « | T ; | / 3 m 3 > c : m e ( 7 r ) C ? M 
αβ™<*™$ 

(8) 

By substituting T 1 from (7) into (8), we calculate all possible expressions for B. The possible 
transitions are classified as: I. even-even—odd-odd, II. odd-even —•even-odd, III. even-odd— 
odd-even, IV. odd-odd—even-even. The space is truncated beyond seniority 2 for protons and 
neutrons. The resulting expressions are written in terms of V 2 and U 2 , probability of occupancy 
and emptiness, to compare them with those of BCS theory. We only give the final forms. 

I. 

I I . 

III. 

IV. 

l ^ i P i ) " ( Q j ) > -

( i ) | T ( P j ) " ( q j ) > -

(i i) k ( P i ) K q j ) > -

(ι) I *c Pi 3 »<α;ρ>-* 

(i i) |*CPiJ " C q j ) ) -

(i) I ' C U P 

(ii) [ l ^ C P i J X K q i ^ ^ l 

(iii) 

(9) 

(10) 

u 2 v 2 

rty . Β = ( ψ 2 ( ι - φ-J °(0 n ° d ι > 

^ * p > - B=^{'-ïf*Hf (12) 

*«,>(5=ϊ>,> . 8 = ^ ( 1 - ^ ^ " ° (13) 

V 2 vlin 

r c p * i > , * i ) ) , B = ^ ( ψ » ( * $ '(1-4.) ν (14) 

"CPi) "Cqj5> - B = 

\/2 V 2 

ι ι ί τ 1 ΐ 2 / V P / V * 0 

| - C W * « , » - Ι ^ - Ο , Κ Π » . B = - g J L - ( E ± l - ] f ( ^ J (16) 

U 2 V 2 

( l v ) [ | ' < W x ^ > H ^ J ^ ^ , B = ( T 1 l ) « ( i - - ^ ] f * ( ο ^ τ ) Γ ° (17) 

All these expressions for Β agree with those of earlier BCS calculations [SAK64] [RAN72] 
[OLI80]. 
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156 NUCLEI OFF THE LINE OF STABILITY 

Applications to 8 7 9 2 Br and 9 2 1 0 2 Rb Precursors 

The model calculations are carried out for 3 5

B r - ^ 3 6

K r - * 3 6 K r + n a n d 3 7 R b ^ 3 8 S r " , > 3 8 S r + n 

transitions assuming the core with Ζ =28 and Ν = 50. The single particle energies are taken from 
experiments when available, otherwise from systematics. The j3-decay half life of the parent is given 
by: 

C 1 = E S s C E i H C Q g - E j ) (18) 

where 

V E , ) = n , 1 , 2 B(GT, E,) (19) 
D ( g v / g A ) 2 

with D = 6260 ± 60 sec., g v g A , are the vector and axial vector constants of γ-current. The delayed 
neutron emission probability p n is defined as the fraction of j3-decays to intermediate levels in the 
emitter which finally leads to neutron emission. Assuming no γ-ray emission above B n , p n is defined 
as: 

Σ Sg(Ej) fjCQg-E,) 

P„ % = ' · Β " „ ' * 0 Ρ X 100% (20) 

2 Sç (Ej) fCQc-Ej) 

Results and Discussions 

The calculated half-lives (ty2) for Br and Rb isotopes are shown in Figs. 1 and 2. We also 
show in the same figures the calculated half-lives using the BCS method [OLI80] and the experi
mental values. Similarly in Figs. 3 and 4, we show the delayed neutron branching ratios, p n and 
compare them again with those obtained using BCS method and the experimental values. It can be 
concluded from these figures that the STED method gives a better overall agreement with the 
experimental results than the BCS method, for both ty2 and p n . The noticeable odd-even fluctuation 
in the ty2 values for the BCS method is not present in the STED results, which follow very closely 
the experimental trends. The calculations for Br isotopes were repeated for different values of G(n) 
and were found sensitive to it. The best fit was at G(n) = 0.25, G(p) = 0.3 for both ty2 and p n . 
Preliminary analysis of the energy distributions and strengths of the configurations responsible foF 

the GT-beta decay indicate that this difference in the two sets of calculations is due to the fact that 
STED takes account of the blocking effect while BCS ignores it completely. As a result of these 
encouraging results, we are currently extending this work to include a GT-type residual interaction 
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22. RAB AND SHIHAB-ELDIN β-Delayed Neutron Emission Properties 157 

Half Lives for Rb Isotopes 

1 1 
S ι<Γ 

90 91 92 93 

Fig. 2 

Pn for Br Isotopes Pn for Rb Isotopes 

F i g . 3 

100 102 104 

- Legend — ^ — — 

- STED Values 

- BCS Results 

- Experimental Values 
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158 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

within the STED framework, which is expected to give yet better agreement with experimental 
results. This may be of value when using the STED method to predict the ty2 and p n values for 
very short-lived delayed neutron precursors that are very far from the stability line and are not 
yet accessible to experimental measurements. 
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Random Phase Approximation Calculations of Gamow-Teller 
β-Strength Functions in the A = 80-100 Region with Woods-Saxon 
Wave Functions 

K.-L. Kratz1, J. Krumlinde2, G. A. Leander3, and P. Möller2 

1Institut für Kernchemie, Universität Mainz, D-6500 Mainz, Federal Republic of Germany 
2Department of Mathematical Physics, Lund Institute of Technology, Lund University, Box 118, 
S-22100 Lund, Sweden 

3UNISOR, Oak Ridge Associated Universities, Box 117, Oak Ridge, TN 37831 

We discuss some features of a model for calculation of β-strength 
functions, in particular some recent improvements. An essential 
feature of the model is that it takes the microscopic structure 
of the nucleus into account. The init ial version of the model 
used Nilsson model wave functions as the starting point for 
determining the wave functions of the mother and daughter 
nuclei, and added a pairing interaction treated in the BCS 
approximation and a residual GT interaction treated in the 
RPA-approximation. We have developed a version of the code 
that uses Woods-Saxon wave functions as input. We have also 
improved the treatment of the odd-A Δv=0 transitions, so that 
the singularities that occured in the old theory are now avoided. 

The c a l c u l a t i o n o f t h e β - s t r e n g t h f u n c t i o n i n v o l v e s e v a l u a t i n g t h e m a t r i x 
e lement o f t h e β t r a n s i t i o n o p e r a t o r between t h e i n i t i a l wave f u n c t i o n φ . o f 

t h e mother nuc leus and t h e wave f u n c t i o n s o f t h e f i n a l s t a t e s i n t h e daugh

t e r n u c l e u s . A model f o r t h e β - s t r e n g t h f u n c t i o n i s e s s e n t i a l l y e q u i v a l e n t t o 

d e v e l o p i n g a model f o r t h e wave f u n c t i o n s ψ. We s h a l l here g i v e a b r i e f 

o u t l i n e o f one such model deve loped by [KRU84] and d i s c u s s i n somewhat g r e a t e r 

d e t a i l some new f e a t u r e s we r e c e n t l y added t o t h e model . 
The model deve loped by [KRU84] uses N i l s s o n wave f u n c t i o n s as t h e s t a r t 

i n g p o i n t f o r c o n s t r u c t i n g t h e wave f u n c t i o n φ . o f t h e ground s t a t e o f t h e 

mother nuc leus and t h e wave f u n c t i o n s o f t h e ground and e x c i t e d s t a t e s o f 

t h e daugh te r n u c l e u s . I t i s i n s t r u c t i v e t o c o n s i d e r t h e e f f e c t o f t h e v a r i o u s 
improvements , wh ich have been added t o t h e model beyond t h e use o f N i l s s o n 
wave f u n c t i o n s , on some p a r t i c u l a r t r a n s i t i o n , f o r wh ich a l s o an e x p e r i m e n t a l 
v a l u e i s a v a i l a b l e . I n r é f . [B0H75] t r a n s i t i o n s i n t h e r a r e e a r t h r e g i o n a re 

d i s c u s s e d and r é f . [KRU84] s e l e c t e d t h e t r a n s i t i o n [523 | ] p - [523 | ] n f o r 

1 7 0 Y b . The l o g f t v a l u e f o r t h i s t r a n s i t i o n i s 4 . 8 . The c o n n e c t i o n between 
t h e t r a n s i t i o n m a t r i x e lement <Κ+1|σ±|Κ> and t h e f t v a l u e i s g i v e n by t h e 
f o r m u l a [B0H75] 

< κ + 1 | σ + | Κ > 2 - I 1 
4 f t ( s e c ) < χ Q _ ^ 1 K | I ^ Ω ^ = Ω ^ + κ > 2 

Thus t h e e x p e r i m e n t a l v a l u e f o r t h e above m a t r i x may be o b t a i n e d . We f i n d 
t h a t f o r t h e above t r a n s i t i o n 

<K + 1 Ι σ ± | Κ > ^ χ ρ s 0 .04 

I t i s p o i n t e d o u t i n r é f . [B0H75] t h a t a pure deformed o s c i l l a t o r mode l , 

0097-6156/ 86/ 0324-0159506.00/ 0 
© 1986 American Chemical Society 
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160 NUCLEI OFF THE LINE OF STABILITY 

assuming good a s y m p t o t i c quantum numbers, wou ld y i e l d t h e v a l u e 1 f o r t h e 
above m a t r i x e lemen t . W i t h N i l s s o n wave f u n c t i o n s we o b t a i n 0 . 8 6 . The smal l 

- - 9 
r e d u c t i o n i s due t o t h e m i x i n g o f o r b i t a l s due t o t h e £«s and £ terms i n t h e 
s i n g l e - p a r t i c l e p o t e n t i a l and a smal l amount o f d i s t o r t i o n s . Now, w i t h t h e 
a d d i t i o n o f p a i r i n g , t h e i n c r e a s i n g c o m p l e x i t y o f t h e wave f u n c t i o n s reduces 
t h e c a l c u l a t e d v a l u e o f t h e t r a n s i t i o n m a t r i x e lement t o 0 . 3 7 . A c c o r d i n g t o 
[B0H75] one can e x p e c t a r e d u c t i o n by about a f a c t o r o f 4 due t o p a i r i n g f o r 
l e v e l s c l o s e t o t h e Fermi s u r f a c e , because t h e r e d u c t i o n i s u u o r ν ν and u 

1 ρ η ρ η 
and ν a re ^ a t t n e Fermi s u r f a c e . Tha t we o b t a i n e d a s m a l l e r r e d u c t i o n i n 

t h i s p a r t i c u l a r case i s due t o t h e f a c t t h a t t h e e n t e r i n g p a i r i n g f a c t o r s a re 
1 2 

l a r g e r t h a n An a d d i t i o n a l r e d u c t i o n o f <K + 1 | σ + | Κ > i n t h e model d e v e l 

oped by [KRU84] comes about f rom t h e a d d i t i o n o f a r e s i d u a l i n t e r a c t i o n , 

s p e c i f i c t o GT decay , VQ-|. = : β 1 - · β 1 + : , t o t h e H a m i l t o n i a n , wh ich was t r e a t e d 

i n t h e RPA a p p r o x i m a t i o n . W i t h t h i s i n t e r a c t i o n i n c l u d e d , t h e square o f t h e 
m a t r i x e lement i s reduced t o 

< Κ + 1 | σ ± | Κ > 2 = 0 .09 

The VG-p r e s i d u a l i n t e r a c t i o n i s i n t r o d u c e d t o accoun t f o r t h e r e t a r d a t i o n 

o f l o w - e n e r g y GT decay r a t e s , and as we saw i n our example above, t h e s t r e n g t h 
was reduced by abou t a f a c t o r o f f o u r . The c a l c u l a t e d s t r e n g t h i s s t i l l about 
a f a c t o r o f 2 l a r g e r t h a n t h e observed s t r e n g t h . The c a l c u l a t e d s t r e n g t h 
c o u l d be f u r t h e r reduced by i n c r e a s i n g f u r t h e r t h e s t r e n g t h χ o f t h e V* G j 

i n t e r a c t i o n , wh ich i s s e t a t χ = 23/A MeV by [KRU84] as i s a l s o done by most 
o t h e r i n v e s t i g a t o r s . However, t h e s t r e n g t h χ i s de te rm ined by t h e r e q u i r e m e n t 
t h a t t h e c a l c u l a t e d p o s i t i o n o f t h e g i a n t Gamow-Tel ler resonance agrees w i t h 
t h e e x p e r i m e n t a l r e s u l t s . Thus , t h e mechanism beh ind t h e r e m a i n i n g f a c t o r - o f -
two d i s c r e p a n c y between t h e e x p e r i m e n t a l and c a l c u l a t e d s t r e n g t h i s t h o u g h t t o 
be o f a d i f f e r e n t o r i g i n . Two mechanisms t h a t a re b e i n g i n v e s t i g a t e d a re 
c o u p l i n g s t o 2p2h s t a t e s [BER82] and t h e Δ(1232) i s o b a r [B0H81] . To accoun t 
f o r t h e m i s s i n g s t r e n g t h i n h a l f - l i f e c a l c u l a t i o n s we d i v i d e t h e c a l c u l a t e d 
s t r e n g t h by 2 f o r such a p p l i c a t i o n s . The c a l c u l a t e d s t r e n g t h s shown i n t h i s 
c o n t r i b u t i o n a re n o t d i v i d e d by 2 however. 

We have added some new f e a t u r e s t o t h e model d e s c r i b e d above, wh ich was 
deve loped by [KRU84]. I n p a r t i c u l a r we have observed t h a t t h e p e r t u r b a t i o n 
e x p r e s s i o n s f o r t h e Δν = 0 t r a n s i t i o n s f o r odd-mass and odd n u c l e i used by 
[KRU84] ( e q s . ( 4 3 ) - ( 4 7 ) i n t h a t p a p e r ) b reak down o c c a s i o n a l l y . S i m i l a r 
e x p r e s s i o n s have a l s o been used e a r l i e r by [HAL67] and [RAN73]. When t h e 
e x p r e s s i o n s b reak down, a s i n g l e Δν = 0 t r a n s i t i o n may have a s t r e n g t h t h a t i s 

many t i m e s t h e sum r u l e S" - st = 3 ( N - Z ) f o r t h e Δν = 2 t r a n s i t i o n s . However, 
Ρ Ρ 

t h e e q u a t i o n s ( 4 3 ) - ( 4 7 ) o f r é f . [KRU84] can be m o d i f i e d somewhat t o remove 
t h i s d i f f i c u l t y . The e q u a t i o n s f o r t h e Δν = 0 s t r e n g t h c o n t a i n sums ove r 
terms w i t h a m p l i t u d e s A p (nu>) = l / ( E p " E

n " ω ) · T n e q u a n t i t i e s u> a r e t h e 
r o o t s o f t h e RPA e q u a t i o n s and a re " c l o s e " t o t h e asymptotes E p + E n > b u t no t 

c l o s e enough t o cause any s i n g u l a r i t y i n t h e Δν = 2 t r a n s i t i o n s t r e n g t h s . By 
" a c c i d e n t " t h e y may be so c l o s e t o t h e q u a n t i t y E p - E R t h a t t h e p e r t u r b a t i o n 

expans ion breaks down and a s i n g u l a r i t y o c c u r s . T h i s s i n g u l a r i t y can be 
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23. KRATZ ET AL. Calculations of β-Strength Functions 161 

removed by i n t r o d u c i n g a w i d t h d , and moving t h e p o l e Ε 
p l a n e . Thus , we r e p l a c e Α ρ ( η ω ) = p 

Ε Λ i n t o t h e complex 
η 

by 

V ™ 0 = 2 [ E p - + id - i d 
" ] = (E, E n - u>) 2 + d 2 

I n f i g s , l a - l b we show t h e r e s u l t s f o r t h e o r i g i n a l model ( a ) wh ich 
e x h i b i t s a pronounced s i n g u l a r i t y and f o r d = 0 . 1 MeV and d = 1.0 MeV ( b ) . I n 
f i g . l b we have i n d i c a t e d t h e d = 0 . 1 MeV r e s u l t s w i t h dashed l i n e s . We see 
t h a t d i f f e r e n c e s between t h e d = 0 . 1 MeV and d = 1.0 MeV r e s u l t s a r e m ino r and 
t h a t t h e r e s u l t s t h e r e f o r e a r e i n s e n s i t i v e t o t h e w i d t h d , as s h o u l d be. We 
have s e l e c t e d d = 0 . 1 MeV f o r ou r c a l c u l a t i o n s . 

:200 

.100 

1 * · 1 1 1 1 i · · 1 

P m + r 

I • • • ι Ι ι ι ι i l l 

ENERGY (MeV) 
F i g . l a 

10 ENERGY CIWV) 

F i g . l b 
I n f i g . 2 we e x h i b i t some r e s u l t s f o r a sequence o f Rb n u c l e i w i t h t h i s 

m o d i f i c a t i o n i n c l u d e d . We have a l s o c o r r e c t e d an e r r o r t h a t occured i n an 
e a r l i e r v e r s i o n o f t h e computer code f o r some Δν = 0 t r a n s i t i o n s i n t h e spher 
i c a l case. The e r r o r was u s u a l l y s m a l l . Compared t o [KRU84] f i g . 2 c o n t a i n s 
o n l y these two m o d i f i c a t i o n s and t h e d i f f e r e n c e s r e l a t i v e t o t h e e a r l i e r 
r e s u l t s a re s m a l l . However t h e i n t r o d u c t i o n o f t h e w i d t h d i s v e r y i m p o r t a n t 
i n some o t h e r cases as can be seen i n f i g . 1 . 

The c a l c u l a t e d r e s u l t s a re d i s c u s s e d e x t e n s i v e l y i n [KRU84] , t o wh ich we 
r e f e r f o r a more comple te d i s c u s s i o n . Here , l e t us j u s t no te t h a t f o r t h e t o p 
f o u r s p e c t r a i n f i g . 2 we used t h e parameter s e t "A = 100" and f o r t h e lower 
f o u r f i g u r e s we used t h e parameter s e t "N = 6 0 " . The Ν = 60 s e t reproduces 
b e s t t h e l a r g e i n c r e a s e i n s t r e n g t h o f t h e l ow-energy peak t h a t i s seen e x p e r i 
m e n t a l l y i n § 5 R b r e l a t i v e t o 9 3 R b . The Ν = 60 s i n g l e - p a r t i c l e parameter s e t 
was a d j u s t e d t o reproduce r e s u l t s i n t h e v i c i n i t y o f t h e Ν = 56 s u b s h e l l 
[AZU78] , so i t i s t o be expec ted t h a t t h i s s e t g i v e s t h e b e t t e r d e s c r i p t i o n o f 
some f e a t u r e s i n t h i s r e g i o n . 

One major d i f f i c u l t y i n t h e N i l s s o n model i s t h e d e t e r m i n a t i o n o f t h e 
s i n g l e - p a r t i c l e parameters κ and μ f o r v a r i o u s r e g i o n s o f n u c l e i . U s u a l l y 
t hese parameters a re d e t e r m i n e d by a d j u s t i n g c a l c u l a t e d s i n g l e - p a r t i c l e l e v e l s 
t o e x p e r i m e n t a l d a t a . S ince κ and μ can v a r y r a t h e r u n p r e d i c t a b l y f rom r e g i o n 
t o r e g i o n , t h e model i s t h e r e f o r e somewhat u n s u i t a b l e f o r e x t r a p o l a t i o n s t o 
unknown r e g i o n s o f n u c l e i . W i t h t h e aim o f b e i n g a b l e t o c a l c u l a t e p r o p e r t i e s 
f o r such n u c l e i more r e l i a b l y we a re now d e v e l o p i n g t h e code t o a c c e p t wave 
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f u n c t i o n s f rom b o t h Woods-Saxon and fo lded-Yukawa s i n g l e - p a r t i c l e p o t e n t i a l s 
as i n p u t . The parameters o f such models v a r y smooth ly w i t h Ζ and Ν and a re 
t h e r e f o r e expec ted t o e x t r a p o l a t e more r e l i a b l y t o new and t o unknown r e g i o n s 
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o f n u c l e i . See f o r example t h e s t u d i e s [M0L81a ] , [M0L81b] and [BEN84] o f t h e 
fo lded-Yukawa p o t e n t i a l , wh ich covers t h e e n t i r e p e r i o d i c system. I n t h i s 
i n i t i a l s t u d y we s h a l l use Woods-Saxon wave f u n c t i o n s , m a i n l y because such a 
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164 NUCLEI OFF THE LINE OF STABILITY 

code has been made a v a i l a b l e t o us by [NAZ84] i n a fo rm t h a t runs on VAX and 
NORSK DATA computers . The fo lded-Yukawa code c u r r e n t l y runs o n l y on CDC 
computers . The Woods-Saxon model i s d e s c r i b e d i n [DUD82]. 

F i g u r e 3 shows β - s t r e n g t h f u n c t i o n s c a l c u l a t e d w i t h Woods-Saxon wave 
f u n c t i o n s f o r a sequence o f Rb n u c l e i . Above a l l b u t t h e l a s t o f t h e c a l c u 
l a t e d s t r e n g t h f u n c t i o n s , wh ich have t h e words BETA STRENGTH a l o n g t h e v e r t i 
ca l a x i s , t h e r e a r e p l o t s o f e x p e r i m e n t a l r e s u l t s f rom [KRA83] and [KRA81] . 
The e x p e r i m e n t a l r e s u l t s have t h e l a b e l B ' (GT) a l o n g t h e v e r t i c a l a x i s . The 
r e s u l t s w i t h Woods-Saxon w a v e - f u n c t i o n s a re s i m i l a r t o t h e r e s u l t s o b t a i n e d 
w i t h t h e o s c i l l a t o r mode l , and a l s o agree f a i r l y w e l l w i t h e x p e r i m e n t . 

Here we s h a l l j u s t comment on two aspec ts o f t h e r e s u l t s . F i r s t , t h e 
l a r g e i n c r e a s e i n s t r e n g t h seen e x p e r i m e n t a l l y when g o i n g f rom 9 3 R b t o 9 5 R b i s 
s l i g h t l y l e s s w e l l reproduced w i t h t h e Woods-Saxon w a v e - f u n c t i o n s , t h a n w i t h 
t h e N i l s s o n wave f u n c t i o n s w i t h t h e Ν = 60 s e t . However, t h e s e t Ν = 60 was 
o p t i m i z e d t o reproduce t h e Ν = 56 s u b s h e l l c o n d i t i o n s . The Woods-Saxon c a l c u 
l a t i o n was per fo rmed w i t h a " u n i v e r s a l 1 1 parameter s e t [DUD82], wh ich s h o u l d i n 
genera l be more r e l i a b l e f o r e x t r a p o l a t i o n s f a r f rom s t a b i l i t y . Second, f o r 
t h e deformed 9 7 R b and 9 9 R b r e s u l t s t h e r e i s v e r y l i t t l e s t r e n g t h a t low 
e n e r g y , i n c o n t r a s t t o t h e e x p e r i m e n t a l s i t u a t i o n and t h e m o d i f i e d o s c i l l a t o r 
r e s u l t s . However, t h e Woods-Saxon c a l c u l a t i o n was run f o r a d e f o r m a t i o n 
t h a t was somewhat s m a l l e r t h a n t h e a p p r o p r i a t e v a l u e f o r 9 7 R b and 9 9 R b . 

Due t o c i r c u m s t a n c e s beyond o u r c o n t r o l , we have o n l y been a b l e t o p r e 
sen t v e r y few i n i t i a l r e s u l t s w i t h t h e Woods-Saxon wave f u n c t i o n s h e r e . We 
hope, however, t o e x p l o r e t h e model more f u l l y i n t h e near f u t u r e , i n p a r t i c u 
l a r t o r u n 9 7 R b and 9 9 R b w i t h a more a p p r o p r i a t e v a l u e o f β 2 and t o e x p l o r e 

a d d i t i o n a l r e g i o n s o f n u c l e i f a r f rom s t a b i l i t y , f o r wh ich a p p l i c a t i o n s t h e 
Woods-Saxon s i n g l e - p a r t i c l e model s h o u l d be advantageous compared t o t h e 
N i l s s o n mode l , wh ich i s l e s s r e l i a b l e f o r e x t r a p o l a t i o n s . 
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24 
Identifying Nilsson States in A ≡ 100 Nuclei by Investigating Gross 
β-Decay Properties 
K.-L. Kratz1, H. Gabelmann1, W. Ziegert1, V. Harms1, J. Krumlinde2, and P. Möller2 

1Institut für Kernchemie, Universität Mainz, D-6500 Mainz, Federal Republic of Germany 
2Department of Mathematical Physics, Lund Institute of Technology, Lund University, Box 118, 
S-22100 Lund, Sweden 

Since most nuclei in the region of deformation at A~ 100 can only be 
produced with rather low yields which makes detailed spectroscopic studies 
d i f f i cu l t , we have examined possibil i t ies of extracting nuclear structure 
information from easily measurable gross β-decay properties. As examples, 
comparisons of recent experimental results on 99Rb-Y and 101Rb-Y to RPA 
shell model calculations using Nilsson-model wave functions are presented 
and discussed. 

The existence of strong deformation for neutron-rich A~100 nuclei was 
already extablished 15 years ago [CHE70], and data continue to collect on 
this region up to now. They revealed a rather complex picture indicating 
rapid nuclear shape changes and shape coexistence [BEN84,MEY85] which can be 
related to the occurrance of several (quasi-) spherical and deformed 
subshells for both Ζ and Ν (see Fig.1). While in the past years spec
troscopic studies were mainly restricted to even-even nuclei, more recent 
investigations have turned towards odd-mass nuclei which allowed f i r s t 
conclusions on individual Nilsson orbitals as well as the determination of 
the Nilsson Hamiltonian in the A~100 mass region (see e.g. [SIS84]). 

Usually, characterization of nuclear structures in transitional nuclei 
requires rather sophisticated spectroscopic investigations, e.g. measure
ments of level life-times, γ- t ransi t ion multipolarities and magnetic mo
ments. Unfortunately, most of the nuclei of interest in the A-100 mass 
region are fission products far from β-s tab i l i ty which - at present - can 
only be produced with rather low yields. This makes detailed spectroscopic 
studies very time-consuming, and in a number of cases even impossible. 
Therefore, we have examined possibil i t ies of determining shape transitions 
and Nilsson states in very-neutron-rich nuclei via correlated changes in 
easily measurable gross β-decay properties, such as the half- l i fe (T1/2), 
the delayed neutron emission probability (P n ) , or the gross β-brancning 
pattern in terms of the β-strength function (Sg). To be more specific, we 
thoroughly compare existing experimental data on these quantities with shell 
model [KRU84] expectations for different nuclear structures, and from 
agreement, respectively disagreement between measurements and predictions 
information on Nilsson parameters (χ, μ, odd-particle states) and 
deformation is deduced. 

The trigger for this attempt was the observation of strong variations 
in the shape of Sg of neutron-rich odd-mass Rb isotopes [KRA81,83,84] which 
could be related to the spherical N=56 subshell closure and to the sudden 
onset of strong deformation at the deformed N=60 shell gap (see F i g . l ) . In 

0097-6156/86/ 0324-0165506.00/ 0 
© 1986 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

02
4



166 NUCLEI OFF THE LINE OF STABILITY 

F i g . l . S i n g l e - p a r t i c l e l e v e l s f o r p r o t o n s and neu t rons i n the 
A=100 r e g i o n f o r the m o d i f i e d o s c i l l a t o r p o t e n t i a l o f the 
N i l s s o n model as a f u n c t i o n o f p r o l a t e d e f o r m a t i o n . 

the case o f the N=60 i s o t o n e 9 7 R b , the shape o f S$ l e a d t o the n [431 3 / 2 ] 
ass ignment f o r the ground s t a t e ( g . s . ) o f t h i s n u c l e u s , which c o n s t i t u t e d 
some o f the f i r s t ev idence f o r e s t a b l i s h i n g d e f o r m a t i o n i n medium-mass odd-
nuc leon i s o t o p e s . To g i v e an example f o r the p o s s i b l e s e n s i t i v i t y o f s h e l l 
s t r u c t u r e on g ross β-decay p r o p e r t i e s , i n F i g . 2 the s i t u a t i o n f o r 9 7 R d i s 
shown i n a s i m p l i f i e d , schemat ic way. As i s d i scussed i n some d e t a i l i n 
[KRA83,84 ] , depending on the v a l e n c e - p r o t o n N i l s s o n o r b i t a l , q u i t e d i f f e r e n t 
shapes o f 5β w i l l o c c u r . Wi th the π [ 3 0 1 3 / 2 ] c o n f i g u r a t i o n , Sg w i l l have a 
d i s t r i b u t i o n s i m i l a r t o t h a t shown i n the upper p a r t o f F i g . 2 , w i t h the 
l o w e s t Gamow-Tel ler (GT) t r a n s i t i o n (v g-//2 - * - n g g / 2 ) a t medium e x c i t a t i o n 
energy . T h i s w i l l r e s u l t i n a ' l o n g ' Τχ /2 and a ' h i g h ' P n - v a l u e . For the 
c o n n e c t i o n o f bo th q u a n t i t i e s t o SR , see [KRA84]. On the o t h e r hand, when 
assuming the odd p r o t o n i n the [431 3 / 2 ] N i l s s o n o r b i t a l , p a r t o f the 
ν 9 7 / 2 - * π 9 ? / 2 s t r e n g t h w i l l be s h i f t e d down t o ( n e a r ) the g . s . o f 9 7 S r , 
r e s u l t i n g i n an S$ d i s t r i b u t i o n s i m i l a r t o t h a t i n the lower p a r t o f F i g . 2 . 
Th is w i l l g i v e a ' s h o r t ' Τχη and a ' l o w ' P n . I t i s reasonab le t o assume 
t h a t such d i f f e r e n c e s i n β-decay p r o p e r t i e s w i l l occur a l s o f o r o t h e r odd-
p a r t i c l e n u c l e i i n the A-100 mass r e g i o n , thus p r o v i d i n g a new and s imp le 
method f o r an i d e n t i f i c a t i o n o f N i l s s o n s t a t e s . 

F i g . 2 . Schematic m o d e l - S ^ ' s 
f o r the decay o f a f a r - u n s t a b l e 
n u c l e u s , as e . g . 9 7 R b , and t h e i r 
i n f l u e n c e on Τχ /2 and P n . For 
d i s c u s s i o n , see t e x t . 

MOT1 [ 

3 2-10 T 

A good example f o r t e s t i n g the a p p l i c a b i l i t y o f our approach i s the 
β-decay o f the o d d - p r o t o n (Z=37) nuc leus 9 9 R b t o the odd -neu t ron (N=61) 
daughter 9 9 S r . As was shown i n ÎPFE84] , even f rom a r a t h e r t ime-consuming 
s p e c t r o s c o p i c i n v e s t i g a t i o n o f 9 9 R d decay a t OSTIS, r e s u l t i n g i n g . s . band 
p r o p e r t i e s c o n s i d e r a b l y improved over those r e p o r t e d i n an e a r l i e r 
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24. KRATZ ET AL. Identifying Nilsson States 167 

p u b l i c a t i o n [W0H83], an unambiguous N=61 N i l s s o n o r b i t a l ass ignment was n o t 
p o s s i b l e s i n c e bo th c a l c u l a t e d (gK"9R)/Qo curves f o r ν [411 3 / 2 ] and 
v [ 5 4 1 3 / 2 ] ove r lapped w i t h the e x p e r i m e n t a l v a l u e f o r d e f o r m a t i o n s o f 

ε > 0 . 3 . However, we were ab le t o d e m o n s t r a t e ^ t h a t , when i n c l u d i n g 
β - i n t e n s i t y arguments f o r the decays o f mother and daughter nuc leus ( i n 
p a r t i c u l a r l o g f t - v a l u e s f o r the Rb-^Sr and Sr - *Y g . s . t o g . s . t r a n s i t i o n s ) , 
and w i t h a d d i t i o n a l compar ison t o s h e l l model p r e d i c t i o n s us ina the N=60 
N i l s s o n parameter s e t [KRU84], the v [ 5 4 1 3 / 2 ] o r b i t a l f o r the ^ S r ground 
band c o u l d be r u l e d o u t . I n t h i s way, a l s o two e x c i t e d r o t a t i o n a l bands 
b u i l t on the v [413 5 / 2 ] and v [422 3 / 2 ] N i l s s o n c o n f i g u r a t i o n s were 
i d e n t i f i e d (see F i g . l o f [ P F E 8 4 ] ) . I t shou ld be p o i n t e d o u t i n t h i s c o n t e x t , 
t h a t good agreement between e x p e r i m e n t a l e n e r g i e s and l o g f t - v a l u e s f o r the 
d i f f e r e n t band heads w i t h s h e l l model p r e d i c t i o n s can be o b t a i n e d , p r o v i d e d 
an a p p r o p r i a t e c h o i c e o f N i l s s o n parameters and d e f o r m a t i o n i s made. As i s 
demonst ra ted i n [KRU84] f o r n e u t r o n - r i c h Rb i s o t o p e s and as w i l l be more 
g e n e r a l l y d i scussed f o r the A = 80-110 r e g i o n i n [KRA85], N i l s s o n parameters 
f i t t i n g e x p e r i m e n t a l da ta o f s p h e r i c a l n u c l e i near s t a b i l i t y , l i k e the 
s t a n d a r d A=100 s e t o f [LAR76] , tend t o become i n a p p r o p r i a t e f o r f a r - u n s t a b l e 
deformed n u c l e i . T h i s may, f o r example, be the reason f o r some i n c o r r e c t 
p r o t o n o r b i t a l ass ignments t o band heads i n 9 9 Y [W0H85] wh ich were based on 
BCS+pai r ing p r e d i c t i o n s u s i n g N i l s s o n parameters a d j u s t e d t o s i n g l e - p a r t i c l e 
l e v e l s o f n e a r - s t a b l e Y i s o t o p e s . 

I n p r i n c i p l e , the same c o n c l u s i o n on the N i l s s o n o r b i t a l o f the 9 9 S r 
g . s . as o b t a i n e d by the above ment ioned γ - s p e c t r o s c o p i c work can a l r e a d y be 
drawn f rom a compar ison o f e a s i l y measurable g ross β-decay f e a t u r e s 
( r e q u i r i n g ~ 5 h measur ing t ime f o r β- and n - m u l t i s c a l i n g , compared t o 

~ 3 weeks f o r γ - s p e c t r o s c o p y ) t o p r e d i c t i o n s o f our RPA s h e l l model . I n the 

Nilsson states 

37th7T 61st ν 

[3013/2] - [413 s/2] 

[ 3 0 1 - [541 3 /2] 

[312 3/2] - [404*2] 

[440 1>2] - [411 3/2] 

[431 3/ 2] - [411 3/2] 

[43134] - [532 5/2] 

Shell model 

© 

Shell model 

® 

Energy [MeV] 

TVzlms] Pn [%] 

190 

205 

420 

39 

66 

59 

I 59*1 I I 20 * 21 

F i g . 3 . Comparison o f the e x p e r i m e n t a l d i s t r i b u t i o n o f 9 9 R b decay 
w i t h RPA s h e l l model p r e d i c t i o n s (m idd le p a r t ) i n v o l v i n g d i f f e r e n t 
o d d - p a r t i c l e N i l s s o n s t a t e s l y i n g near the Fermi l e v e l ( l e f t p a r t ) . 
In the r i g h t p a r t , the c o r r e s p o n d i n g Λ\ιι and P n va lues are l i s t e d . 
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168 NUCLEI OFF THE LINE OF STABILITY 

midd le p a r t o f F i g . 3 , the β - s t r e n g t h p a t t e r n f o r 9 9 R b decay observed i n 
exper imen t i s compared t o ( s c h e m a t i c a l ) Sg p r e d i c t i o n s i n v o l v i n g the odd-
p a r t i c l e N i l s s o n s t a t e s shown i n the l e f t p a r t o f the f i g u r e . Two d i f f e r e n t 
types o f s t r e n g t h d i s t r i b u t i o n s are c a l c u l a t e d : (a ) w i t h o u t l o w - l y i n g 
G T - s t r e n g t h , and (b ) w i t h g . s . t o ( n e a r ) g . s . G T - t r a n s i t i o n s . In the r i g h t 
p a r t o f F i g . 3 , the c o r r e s p o n d i n g mode l -Τχ /2 and P n are l i s t e d t o g e t h e r w i t h 
our e x p e r i m e n t a l v a l u e s . C l e a r l y , f rom bo th the shape o f as w e l l as f rom 
Τχ/2 and P n , the N i l s s o n o r b i t a l comb ina t ions f o r type (a ) decay p a t t e r n s 
can be e x c l u d e d . F u r t h e r m o r e , f o r t ype (b ) s t r e n g t h f u n c t i o n s the n [440 1 /2 ] 
- v [ 4 1 1 3 / 2 ] c o m b i n a t i o n can be r u l e d o u t - a l t h o u g h hav ing the c o r r e c t S$ 
shape - because the e s t i m a t e d P n v a l u e i s a f a c t o r 2 .5 too low. Wi th t h i s , 
the [431 3 / 2 ] o r b i t a l can be ass igned t o the 37 th p r o t o n i n 9 9 R b , w h i l e f o r 
the 6 1 s t n e u t r o n no d i s t i n c t i o n between the N i l s s o n s t a t e s [411 3 / 2 ] and 
[532 5 / 2 ] i s p o s s i b l e f rom the g ross β-decay p r o p e r t i e s o f t h i s i s o t o p e . 
However, a s i m i l a r compar ison o f t h e o r e t i c a l Τχ /2 and P n w i t h e x p e r i m e n t a l 
da ta f o r 9 9 S r decay (see T a b . l ) a l l o w s the unambiguous assignment o f the 
v [ 4 1 1 3 / 2 ] o r b i t a l t o the g . s . o f 9 9 S r and, moreover , c o n f i r m s the e a r l i e r 
ass ignment o f the π [422 5 / 2 ] o r b i t a l f o r the 9 9 Y ground band [M0N82]. 

T a b . l . Comparison o f e x p e r i m e n t a l 
T l / 2 and P n f o r 9 9 S r t o s h e l l model 
p r e d i c t i o n s f o r d i f f e r e n t o d d - p a r 
t i c l e N i l s s o n o r b i t a l s near the 
Fermi l e v e l 

Nilsson states 
61st ν 39th π 
413 5/2 
411 3/2 
411 3/2 
541 3/2 
532 5/2 

431 3/2 
431 3/2 
301 3/2 
431 3/2 
422 5/2 

L l / 2 [ms] 

550 
177 
190 
1065 
1172 

[411 3/2] - [422 5/2] 275 
Experiments 285-15 

0.29 
0.03 
0.03 
0.34 
1.21 
0.20 

0.19*0.10 1 

The second example i s r e l a t e d t o the p o s s i b l e i d e n t i f i c a t i o n o f N i l s s o n 
s t a t e s i n odd-nuc leon A=101 i s o t o p e s . In the case o f ^ R b , the 37 th p r o t o n 
may occupy the [301 3 / 2 ] , [431 3 / 2 ] o r [312 3/21 N i l s s o n o r b i t a l , and 
s i m i l a r l y t he 63 rd n e u t r o n i n the daugh te r nuc leus ^ S r may be i n d i f f e r e n t 
s t a t e s near the Fermi s u r f a c e (see F i g . l ) . The c o r r e s p o n d i n g odd- p a r t i c l e 
N i l s s o n o r b i t a l comb ina t i ons may aga in y i e l d d i f f e r e n t S3 d i s t r i b u t i o n s and , 
c o n s e q u e n t l y , d i f f e r e n t Τχ /2 and P n (see F i g . 4 ) . From a ve ry r e c e n t 
exper imen t per fo rmed a t CERN-ISOLDE, a r a t h e r s h o r t β-decay h a l f - l i f e o f 
T i / 2 = ( 3 2 ± 5 ) ms and a r e l a t i v e l y low P n - v a l u e o f (24+5) % were o b t a i n e d . Com
p a r i s o n o f these ( p r e l i m i n a r y ) r e s u l t s w i t h our s h e l l model p r e d i c t i o n s 
f a v o u r s an S$ o f t ype (b ) and thus suggests the τι[431 3 / 2 ] g . s . 
c o n f i g u r a t i o n f o r the p r e c u r s o r ^ R b , b u t i t cannot de te rmine the N=63 
N i l s s o n ass ignment f o r 1 0 1 S r . However, as i n the A=99 case , t h i s a m b i g u i t y 
can be removed by c o n s i d e r i n g gross β-decay p r o p e r t i e s o f the l a t t e r nuc leus 
t o l e v e l s i n 1 0 * Y (see F i g . 5 ) . A p a r t f rom an o l d e r measurement a t ISOLDE 
which y i e l d e d a Τχ/2 o f about 180 ms, the o n l y o t h e r i n f o r m a t i o n on 1 0 1 S r 
decay comes f rom r e c e n t s t u d i e s a t TRISTAN. Wohn e t a l . [W0H83] have 
e s t a b l i s h e d two r o t a t i o n a l bands i n 1 0 1 Y , and Reeder e t a l . [REE85] have 
measured Τχ /2 and P n f o r the Sr p r e c u r s o r . As can be seen f rom F i g . 5 , a 
compar ison o f these e x p e r i m e n t a l da ta w i t h our s h e l l model p r e d i c t i o n s f o r 
d i f f e r e n t N i l s s o n o r b i t a l comb ina t ions f o r t he 63rd n e u t r o n and the 3 9 t h 
p r o t o n suggests the [411 3 / 2 ] ass ignment f o r the 1 0 1 S r g . s . and c o n f i r m s the 
n[422 5 / 2 ] c o n f i g u r a t i o n f o r the 1 0 1 Y ground band [W0H83]. F u r t h e r m o r e , 
d e f o r m a t i o n s o f ε = 0 . 3 5 ΐ 0 . 0 3 can be deduced f o r bo th i s o t o p e s . 
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24. KRATZ ET AL. Identifying NUsson States 169 

Nilsson states 

37th7r 63rdv ^ I Shell model | TMms] Pn [%] 

[3013/i ] - [413 5/2 ] 1 
[31234] - [411 3/2] ^ ® ^ W 108 83 

219 100 

[3013/i ] - [413 5/2 ] 1 
[31234] - [411 3/2] ^ 

[43134]- [532 54] f 
[4313/2] - [411 3/2] ~ 

"ou 
CO 

1 Shell model | 46 29 

48 28 

Exp.: [32^51 Γ24±Π 

[43134]- [532 54] f 
[4313/2] - [411 3/2] ~ 

"ou 
CO 

® \ a 
1 1 1 

46 29 

48 28 

Exp.: [32^51 Γ24±Π 

θ" 5 10 
Energy [MeV] 

F i g . 4 . S h e l l model p r e d i c t i o n s o f Sg d i s t r i b u t i o n s o f 1 U i R b 
decay (m idd le p a r t ) i n v o l v i n g d i f f e r e n t o d d - p a r t i c l e N i l s s o n 
o r b i t a l s ( l e f t p a r t ) . I n the r i g h t p a r t , the c o r r e s p o n d i n g 
mode l -Τχ /2 and P n are l i s t e d and compared t o e x p e r i m e n t a l d a t a . 

Nilsson states 

39th π 63 rd ν 

[4313/2] - [4135/2] 

[43134] - [54134] 

[301 34] - [532 54] 

[422 54] - [532 54] 

[422 54 ] - [4113/2 ] 

ι* 

Shell model 

Shell model 

® 

Shell model 

© 

Energy [MeV] 

TV2[ms] Pn [%] 

232 

338 

546 

473 

160 

1.6 

1.85 

4.3 

3.8 

10 1115/180 I I 2.5±0.3 | 

F i g . 5. S h e l l model p r e d i c t i o n s o f Sg d i s t r i b u t i o n s o f 1 0 1 S r 

decay ( m i d d l e p a r t ) i n v o l v i n g d i f f e r e n t o d d - p a r t i c l e N i l s s o n 
s t a t e s near the Fermi s u r f a c e ( l e f t p a r t ) . In the r i g h t p a r t , 
the c o r r e s p o n d i n g mode l -Τχ /2 and P n a re compared t o e x i s t i n g 
e x p e r i m e n t a l d a t a . 

So f a r , we have c o n s i d e r e d β-decay m o t h e r - d a u g h t e r p a i r s w i t h ( a l m o s t ) 
i d e n t i c a l g . s . d e f o r m a t i o n s , s i nce our s h e l l model i m p l i c i t l y c o n t a i n s t h i s 
c o n s t r a i n t [KRU84]. Consequen t l y , i n case o f d i f f e r e n t g . s . d e f o r m a t i o n s f o r 
mother and d a u g h t e r , o r i n case o f shape c o e x i s t e n c e , our method i s l e s s 
c o n c l u s i v e . N e v e r t h e l e s s , by c a l c u l a t i n g Sp w i t h bo th d e f o r m a t i o n s and 
t a k i n g i n a sense the ' a v e r a g e ' o f bo th p r e d i c t i o n s , we can a t l e a s t deduce 
some i n f o r m a t i o n on the e f f e c t i v e s t r u c t u r e p r o p e r t i e s o f such n u c l e i . 
F o l l o w i n g t h i s l i n e , we c a n , f o r example, demonst ra te t h a t the genera l shape 
o f S$ as w e l l as Τχ /2 and P n o f ^ R b c a n o n ] y D e unders tood when assuming a 
g . s . d e f o r m a t i o n o f ε » 0 . 3 f o r the p r e c u r s o r and ε < 0 . 2 f o r the g . s . o f the 
d a u g h t e r . Moreover , i n o r d e r t o reproduce the magni tude o f the e x p e r i m e n t a l 
S(3, we have t o assume a change i n d e f o r m a t i o n to ε ^ 0 . 3 f o r l e v e l s above 
0.5 MeV i n 9 7 S r . T h i s o b s e r v a t i o n i s c o n s i s t e n t w i t h the i n t e r p r e t a t i o n o f 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

02
4



170 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

shape c o e x i s t e n c e i n t h i s N=59 i s o t o n e [PFE81,KRA83,MEY85] and determines the 
g . s . c o n f i g u r a t i o n o f ^Sr t o be [411 3 / 2 ] , i n c o n t r a s t t o our e a r l i e r 
ass ignment o f J n = l / 2 + [PFE81] . 

I n summary, we have demonst ra ted t h a t the compar ison o f p r e s e n t 
g e n e r a t i o n s h e l l model p r e d i c t i o n s f o r v e r y - n e u t r o n - r i c h odd-nuc leon 
i s o t o p e s i n the A - 100 r e g i o n w i t h e x p e r i m e n t a l gross β-decay p r o p e r t i e s may 
serve t o i d e n t i f y , w i t h i n l i m i t s , n u c l e a r shape changes and N i l s s o n 
p a r a m e t e r s , and t o de te rmine n u c l e a r d e f o r m a t i o n . However, i n o r d e r t o 
deduce r e l i a b l e i n f o r m a t i o n care must be e x c e r c i s e d when s e l e c t i n g the 
s i n g l e - p a r t i c l e parameters i n the models used i n the c a l c u l a t i o n o f β-decay 
p r o p e r t i e s . Wi th t h i s , t h e o r e t i c a l e s t i m a t e s o f Τχ /2 and decay p a t t e r n s may 
serve as a v a l u a b l e gu ide to the s e l e c t i o n o f exper imen ts f o r i n v e s t i g a t i n g 
e x o t i c i s o t o p e s o f unknown p r o p e r t i e s , and - more g e n e r a l l y - may r e s u l t i n 
more r e l i a b l e e x t r a p o l a t i o n s up t o the n e u t r o n d r i p l i n e . For example, w i t h 
r e g a r d t o a s t r o p h y s i c a l a p p l i c a t i o n , our s h e l l model p r e d i c t i o n s o f Τ χ / 2 , 
be ing on the average a f a c t o r o f two l o n g e r than those e s t i m a t e d by K lapdor 
e t a l . [KLA84 ] , m i g h t ( a g a i n ) r a i s e q u e s t i o n s about the p l a u s i b i l i t y o f 
r - p r o c e s s n u c l e o s y n t h e s i s i n He-burn ing e n v i r o n m e n t s . 
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25 
New Delayed-Neutron Precursors from TRISTAN 
P. L. Reeder1, R. A. Warner1, M. D. Edmiston2, R. L. Gill3, and A. Piotrowski3 

1Pacific Northwest Laboratory, Richland, WA 99352 
2Bluffton College, Bluffton, OH 45817 
3Brookhaven National Laboratory, Upton, NY 11973 

Recent development of reliable, high intensity ion sources for the TRISTAN on-line mass 
separator facility has greatly expanded the number of very neutron-rich fission products available. 
Half-lives and delayed neutron emission probabilities are being measured for these nuclides with a high 
efficiency neutron counter. During the past year, previously unknown P n values have been measured 
for 11 precursors; 75Cu, 100Rb, 100-102Sr, 100-102Y, 148Cs, 149Ba, and 149La. For 100Rb, 

combining our P n value with the previously measured ratio of P2n/Pn gives a P2n of 0.14 ± 0.04 %. 

The TRISTAN on-line mass separator facility at Brookhaven National Laboratory provides mass 
separated beams of delayed neutron precursors at over 52 mass numbers. Many of these mass numbers 
include several isobars which are precursors. In addition, some of the nuclides have two or more beta 
decaying isomers which may or may not be precursors. We have engaged in a series of experiments to 
measure the half-lives and delayed neutron emission probabilities (P n) of as many of these precursors 
as possible [REE83-1 .REE83-2]. Because delayed neutron emission can be detected with high 
sensitivity in the presence of large intensities of beta and gamma radiations, we have used neutron 
counting to search for new isotopes among the very neutron-rich fission products [REE83-1 ,REE85]. 

We report here our recent half-life and P n measurements among the low-yield fission products. 
The P n values for precursors around mass 100 are unusually low, which may be a manifestation of 
ground state deformation in this vicinity. We also describe our observations on the three new isotopes 
7 5 Cu, 1 2 4 Ag,and H 9 Ba. 

Mass separated beams of fission products from TRISTAN were deposited on an aluminized Mylar 
tape in the center of a high efficiency neutron counter. The neutron counter contained 40 3He filled 
counter tubes embedded in polyethylene and surrounded by Cd, boral, and polyethylene shields. 
Experiments were done with two alternative arrangements of the counter tubes. For higher efficiency 
(s 50$) and flat neutron energy response, the tubes were arranged in three concentric rings. This 
arrangement gave a neutron residence half-time of 25 JJLS. For beta-neutron coincidence experiments, 
it is desirable to have an even shorter residence time. This was achieved by arranging the counter tubes 
in four quadrants and packing them as close as possible to the beam deposition point. The residence 
half-time was 11 with this configuration but the neutron counting efficiency was« 34$. 

0097-6156/86/0324-0171$06.00/ 0 
© 1986 American Chemical Society 
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172 NUCLEI OFF THE LINE OF STABILITY 

Beta particles at the deposition point passed through the Mylar tape and a 0.0075 cm thick Al 

vacuum window and were counted with a 450 mm 2 totally depleted surface barrier Si detector 1000 

μπ\ thick. The geometric solid angle for a point source under these conditions was estimated to be 17% ; 
however, the measured efficiency was about 14$. 

The experiments consisted of simultaneous multiscaler measurements of growth and decay 

curves for the beta counting rate, neutron counting rate, beta-neutron coincidence rate, and accidental 

coincidence rates. Data were stored in four 128 channel multiscalers. The ion beam was switched by 

upstream electrostatic deflection. Cycle times were chosen to give about 2 half-lives of beam-on and 14 

half-lives of beam-off. Each cycle included a 1 s period during which the tape was moved about 2 cm. 

This distance was sufficient to completely remove long-lived beta activity from the beta counter. 

However, if there were long-lived neutron activities in a short cycle time experiment, these neutrons 

were still counted in successive cycles. These neutrons were corrected for in the data analysis. To 

simplify the analysis of background components, the multiscalers were turned on for several channels 

before the start of each beam-on pulse. 

The residence time was determined for our neutron counter by measuring the time intervals 

between beta start signals and neutron stop signals. With a residence half-time of 11 με and a 

coincidence resolving time of 40 M S . 92$ of the true coincidence events were included. The fraction of 

true events not detected does not influence the present results because we normalize the P n 

measurements to a known P n value measured under identical conditions. The coincidence rate was 

measured by a simple overlap coincidence module where the beta pulse Input was stretched to 40 jxs by 

a gate and delay generator. To measure the accidental coincidence rate, the same beta pulse was sent to a 

second coincidence module and overlapped with neutron pulses which had been delayed 45 JAS . After 

correcting each coincidence rate for deadtime effects, the difference was the true coincidence rate. 

The beta singles, neutron singles, and coincidence growth and decay curves were analyzed by the 

least square fitting program MASH [W0H78]. This program explicitly includes parent, daughter, and 

granddaughter relationships. Delayed neutron branching to the one-unit-lower mass chain as well as 

branching to isomeric states can be included in the beta decay curve analysis. The program outputs the 

saturation counting rate of each component present In the sample. Half-lives can be varied by an 

iterative procedure to find the best fits. 

The determination of P n values is based on the bete saturation counting rate (cPg^), the neutron 

saturation counting rate ( C 0 ^ ) , the beta-neutron coincidence saturation counting rate ( C P 0 ^ ) , the 

beta counting efficiency (ep), and the neutron counting efficiency (€ n ) . The usual relation for the 

delayed neutron emission probability is 
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25. REEDER ET AL. Delayed-Neutron Precursors 173 

P n = (1) 

By measuring the coincidence rate, we can obtain P n from 

^ sat 
P n = (2) 

^ s a t ^ n 

If one could reproduce the neutron and beta efficiencies from one mass to the next, one could use a known 

P n value to determine the ratio of beta efficiency to neutron efficiency and then calculate all other P n 

values using Eq. 1. With our present apparatus, the neutron efficiency is insensitive to changes from 

one mass number to the next, but the beta efficiency depends more critically on how the beam is tuned. 

We thus use Eq. 2 to calculate P n because the beta efficiency does not appear in the expression. In some 

mass chains with several precursors (either isomers or isobars) It Is possible to determine the beta 

efficiency for one of the prominent precursors from the ratio of the coincidence counting rate to the 

neutron counting rate. We then calculate P n values for the other precursors in that mass chain by use of 

Eq. 1. In all cases we use the neutron counting efficiency determined for ^ R b by use of Eq. 2 and the P n 

value of 13.6 ± 0.9$. 

The half-lives and P n values are presented in Table I. These results differ slightly from a 

previous report of this work [WAR85] due to additional experiments performed at masses 81 -83, 

98-100,131-132, and 147-149. The latest experiments used the ring configuration for the neutron 

counter, whereas the previous experiments used the quadrant configuration. We have assumed equal 

neutron counting efficiencies for all precursors. The uncertainties shown on the P n values include all 

the statistical uncertainties plus a systematic uncertainty of 10% on the neutron efficiency for data 

taken with the ring configuration or a systematic uncertainty of 20% for data taken with the quadrant 

configuration. These systematic uncertainties account for the energy dependence of the neutron counter 

efficiency and for our lack of knowledge of the neutron energy spectra of these precursors. Upper limits 

are based on twice the uncertainty when the error on the P n exceeded the value. 

Table I also shows recommended P n values from a recent compilation [MAN84]. The present 

results include 11 precursors for which no P n values have been reported previously. The 1 0 0 ~ 1 0 2 Y 

P n values are significant in that these precursors were expected to contribute a large fraction of the 

unmeasured total delayed neutron yield in microscopic summation calculations [ΕΝΘ83, REE84]. If one 

comperes the experimental P n values to estimated values using the prescription given in [MAN84], one 

observes a number of low ratios In the vicinity of mass 100. In Fig. 1 where the ratio of experimental 

P n to calculated P n is plotted versus neutron number, one sees a group of unusually low P n values for 

Rb, Sr, and Y precursors with neutron number just above the shell closure at 60. These low P n values 

may be another manifestation of the region of deformed nuclides around mass 100 which has been 

Identified by gamma spectoscopy experiments. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

02
5



174 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

Table I. Half-lives and delayed neutron emission probabilities 

Precursor Half-life (s) P n (%) a P n (%) (Mann) b 

75 Cu 1.3 ±0.1 3.5 ±0.6 

79 6a 2.85 ±0.01 0.055 ±0.012 0.10 ±0.01 
80 6a 1.69 ±0.01 0.69 ±0.16 0.86 ± 0.08 
81 6a 1.218 ±0.004 11.7 ± 1.2 12.2 ± 1.2 
82 6a 0.609 ± 0.003 20.9 ±2.2 21.9 ±2.6 
83 6a 0.308 ± 0.004 62.8 ±6.3 44. ±8. 

95 Rb 0.377 ±0.001 9.0 ± 1.1 8.59 ± 0.60 
97 Rb 0.169 ±0.001 26.1 ±5.4 26.9 ± 1.9 
98 Rb 0.106 ±0.001 13.6 ± 0 . 9 C 13.4 ±0.9 
99 Rb 0.059 ±0.001 20.7 ±2.3 13.1 ± 1.8 
100 Rb 0.059 ±0.010 5.0 ι 1.0 

97 Sr 0.429 ± 0.005 <0.05 0.006 ± 0.003 
98 Sr 0.653 i 0.002 0.23 ±0.05 0.32 ±0.13 
99 Sr 0.269 ±0.001 0.093 ±0.012 0.33 ±0.13 
100 Sr 0.201 ±0.001 0.75 ±0.08 
101 Sr 0.115 ±0.001 2.49 ±0.25 
102 Sr 0.069 ±0.015 4.8 ±2.3 

97 Y(m) 1.18 ±0.04 <0.08 0.11 ±0.04 
97 Y(g) 3.76 ±0.02 0.054 ±0.012 0.059 ± 0.008 
98 Y 0.548 ±0.001 0.23 ±0.05 0.23 ±0.05 
99 Y 1.470 ±0.007 1.09 ±0.11 2.6 ±2.2 
100 Y 0.735 ± 0.004 0.85 ±0.09 
101 Y 0.431 ±0.007 2.0.7 ±0.21 
102 Y 0.44 ±0.06 6.0 ± 1.7 

127 ln(m) 3.70 ±0.04 0.54 ±0.11 0.70 ±0.08 
128 In 0.800 ±0.001 0.030 ± 0.007 0.060 ±0.015 
129 ln(m) 1.18 ±0.03 2.52 ±0.52 3.0 ±0.5 
129 ln(g) 0.61 ±0.01 0.13 ±0.03 0.26 ±0.05 
130 ln(m) 0.532 ± 0.006 1.72 ±0.18 4.4 ± 1.6 
130 ln(g) 0.278 ± 0.007 0.91 ±0.10 1.43 ±0.11 
131 In 0.278 ± 0.003 1.70 ±0.18 1.76 ±0.25 

132 In 0.204 ± 0.006 6.8 ± 1.4 4.3 ±0.9 

147 Cs 0.229 ±0.001 26.4 ±2.9 26.4 ±3.7 

148 Cs 0.146 ±0.003 25.1 ±2.5 

147 Ba 0.892 ±0.001 0.021 ±0.018 0.031 ±0.22 
148 Ba 0.653 ± 0.002 0.057 ± 0.020 0.055 ±0.013 
149 Ba 0.356 ± 0.008 0.58 ±0.08 

147 La 4.02 ±0.01 0.041 ±0.017 0.033 ± 0.008 
148 La 1.38 ±0.02 0.143 ±0.015 0.13 ±0.02 
149 La 1.10 ±0.03 1.07 ±0.13 

a This work b Recommended values from [MAN 84] c Used for determination of neutron counting efficiency 
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25. REEDER ET AL. Delayed-Neutron Precursors 175 

10 

• Rb 

O Sr 

• Y 

58 60 62 64 

Neutron Number 

Fig. 1. Ratio of experimental delayed neutron emission probability to calculated emission probability 
plotted versus neutron number of the precursor nuclide. Calculated values are based on Liran and Zeldes 
mass formula [LIR76]. 
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176 NUCLEI OFF THE LINE OF STABILITY 

Both 9 8 R b and 1 0 0 R b are known to be beta-delayed two-neutron precursors. The for 
9 8 Rb was determined in [REE81]. For Î O O Rbonly the ratio of Ρ 2 n /P n w8S measured [J0N81]. 

Combining this ratio with the P n measured here gives the P 2 n of 0.14 ± 0.04 £ for 1 0 0 Rb. 

We have previously published our results on the new isotopes 7 5 Cu and 1 2 4 Ag. Both these 

nuclides were produced by the FEBIAD ion source which has a high ionization efficiency for any element 

which diffuses from the target matrix. For 7 5 Cu, the half-life is 1.3 * 0.1 s and the P n is 3.5 ± 0.6 % 

[REE85]. For 1 2 4 A g only the half-life of 0.54 ± 0.08 s was measured [REE83-1 ]. The High 

Temperature Thermal Ion source produces particularly good yields of Sr, Y, Ba, and La nuclides. This 

source was used to measure the new nuclide 1 4 9 B a as shown in Table I. 
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26 
Level Densities near the Neutron Separation Energy in Sr-93-->97 
David D. Clark1, Robert D. McElroy1, R. L . Gill2, and A. Piotrowski2 

1Ward Laboratory, Cornell University, Ithaca, NY 14853 
2Brookhaven National Laboratory, Upton, NY 11973 

Experimental studies of beta-delayed neutron spectra 
are a unique source of information on level parameters 
of neutron-rich nuclides far from the valley of stability 
that are of astrophysical and theoretical interest. Spectra 
from mass-separated fission products have been investigated 
at the TRISTAN facility at Brookhaven to develop systematics 
of neutron resonances in the 1-100 keV range as an experimental 
base for testing theoretical extrapolations of level parameters 
and neutron cross sections from stable to very unstable 
nuclides. Neutron energy is determined by time-of-flight 
and associated beta energy by a counter telescope. The 
high resolution, clean response function, and beta-energy 
sensitivity are exploited to deduce level energies and 
densities above the neutron separation energy in the neutron
-emitting nuclide. Experiments to date on five Rb precursors 
reveal many newly resolved peaks below 100 keV. Level 
parameters from analyses nearing completion are presented 
for the neutron-emitters Sr-93-->97 (precursors Rb-93-->97). 
Results are in reasonable agreement with values obtained 
with the formulas of Gilbert and Cameron. 

A f r e q u e n t decay mode o f v e r y n e u t r o n - r i c h n u c l i d e s such as f i s s i o n 
p r o d u c t s i s t he t w o - s t a g e cascade i n which a p r e c u r s o r n u c l i d e (PR) b e t a -
decays t o an e x c i t e d s t a t e o f a n e u t r o n - e m i t t e r n u c l i d e (NE) w i t h enough 
e x c i t a t i o n energy t o fo rm a g r a n d c h i l d n u c l i d e (GC) i n ground o r e x c i t e d 
s t a t e s . T h i s phenomenon a f f o r d s un ique e m p i r i c a l c l u e s t o n e u t r o n c ross 
s e c t i o n s o f f a r - u n s t a b l e n u c l i d e s . The key p o i n t i s t o e x p l o i t t h e i n v e r s e 
r e l a t i o n s h i p between neu t ron emiss ion and a b s o r p t i o n by compound-nuclear 
l e v e l s above t h e n e u t r o n b i n d i n g energy . Data o f s u f f i c i e n t q u a l i t y 
and q u a n t i t y t o a l l o w c o n s t r u c t i o n o f e m p i r i c a l l y based c ross s e c t i o n s 
f o r v e r y n e u t r o n - r i c h n u c l i d e s would be o f i n t e r e s t f o r a s t r o p h y s i c s 
and f o r n u c l e a r t h e o r y . Such c ross s e c t i o n s would i n some cases be dominated 
by i n d i v i d u a l i s o l a t e d resonances and i n o t h e r s would be v iewed as averages 
over a number o f c l o s e l y spaced resonances . I n e i t h e r case , de layed 
n e u t r o n s p e c t r a a re a un ique source o f da ta f o r n u c l i d e s t h a t a re c o m p l e t e l y 
i n a c c e s s i b l e t o d i r e c t measurement. The v a l i d i t y o f t h i s approach has 
been demonst ra ted r e c e n t l y by K r a t z _et _a l - [KRA83a] who a p p l i e d i t i n 
the case o f two p r e c u r s o r s , B r -87 and K-50, and has been d i scussed f u r t h e r 
by Wiescher e t al_. [WIE85 ] . 

0097-6156/ 86/0324-0177$06.00/ 0 
© 1986 American Chemical Society 
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178 NUCLEI OFF THE LINE OF STABILITY 

Over t h e p a s t s e v e r a l y e a r s we have conducted a program t o deve lop 
a h i g h r e s o l u t i o n t i m e - o f - f l i g h t (TOF) system f o r de layed n e u t r o n s p e c t r a 
below 100 keV and t o e x p l o r e i t s a p p l i c a t i o n t o mass-separa ted f i s s i o n 
p r o d u c t p r e c u r s o r s a t t h e TRISTAN f a c i l i t y a t t h e High F lux Beam Reac to r 
a t Brookhaven N a t i o n a l L a b o r a t o r y . The o r i g i n a l goal was a system w i t h 
s u f f i c i e n t r e s o l u t i o n , e f f i c i e n c y , and background r e j e c t i o n t o o b t a i n 
n a t u r a l l i n e w i d t h s o f a s t a t i s t i c a l l y u s e f u l number o f l e v e l s ; i n t e r p r e 
t a t i o n o f such d a t a t o o b t a i n l e v e l d e n s i t i e s and c ross s e c t i o n s would 
r e q u i r e a minimum o f a d d i t i o n a l assumpt ions . A l t h o u g h t h a t goal proved 
t o be u n f e a s i b l e , s p e c t r a have been o b t a i n e d w i t h v e r y c o n s i d e r a b l y improved 
r e s o l u t i o n (be low 100 keV) ove r t h a t i n e a r l i e r ones t a k e n w i t h C u t t l e r -
Shalev i o n chambers ( K r a t z e t a K [KRA83b] , Reeder e t a]_. [REE80] , Rudstam 
[RUD79]) and w i t h p r o t o n r e c o i l c o u n t e r s (Greenwood and C a f f r e y [GRE83] ) . 
The TOF s p e c t r a t h e r e f o r e e x h i b i t many more r e s o l v e d peaks and make p o s s i b l e 
more r e l i a b l e d e d u c t i o n s o f l e v e l d e n s i t i e s . We r e p o r t here n e a r l y f i n a l 
r e s u l t s f o r n e u t r o n - e m i t t e r s Sr -93 t h r o u g h S r - 9 7 , which have h a l f - l i v e s 
o f seconds o r l e s s and have ( r e s p e c t i v e l y ) f o u r t o e i g h t more neu t rons 
than t h e h i g h e s t mass Sr i s o t o p e t h a t can be s t u d i e d by n e u t r o n c a p t u r e 
on s t a b l e Sr i s o t o p e s . 

Exper imen ta l Method 

The b a s i c e x p e r i m e n t a l method has been d e s c r i b e d i n e a r l i e r r e p o r t s 
[CLA83, MCE85]. B r i e f l y , t h e TOF appara tus c o n s i s t s o f a p l a s t i c s c i n 
t i l l a t o r t e l e s c o p e t o d e t e c t be tas t h a t f eed n e u t r o n - e m i t t i n g l e v e l s 
and a L i - 6 g l a s s s c i n t i l l a t o r t o d e t e c t t h e e m i t t e d n e u t r o n s . A f a s t 
c o i n c i d e n c e between t h e two be ta d e t e c t o r s p r o v i d e s t h e s t o p pu l se f o r 
a t i m e - t o - a m p l i t u d e c o n v e r t e r (TAC); t h e s t a r t p u l s e i s f rom t h e n e u t r o n 
d e t e c t o r . The observed FWHM o f t h e TOF peak due t o be tas i n t h e t e l e s c o p e 
and gammas i n t h e n e u t r o n d e t e c t o r was t y p i c a l l y about 2 .9 ns under r u n n i n g 
c o n d i t i o n s . The s low s i g n a l s f rom t h e n e u t r o n and t h i c k be ta d e t e c t o r s 
a re d i g i t i z e d and reco rded i n t h r e e - p a r a m e t e r even t mode. The n e u t r o n 
d e t e c t o r p u l s e h e i g h t i s used t o e l i m i n a t e many o f t h e pu lses due t o 
gammas. The t h i c k be ta d e t e c t o r pu l se h e i g h t can be used t o o b t a i n t h e 
spect rum o f be tas t h a t a re i n c o i n c i d e n c e w i t h s e l e c t e d n e u t r o n t i m e 
(ene rgy ) ga tes and t h e r e b y a i d i n d e c i d i n g which p a r t s o f t h e n e u t r o n 
spect rum feed d i f f e r e n t l e v e l s i n t h e f i n a l (GC) n u c l i d e . The n e u t r o n 
s c i n t i l l a t o r i s o f t y p e NE912 g l a s s , 0 .95 mm t h i c k and 127 mm d i a m e t e r , 
s h i e l d e d on i t s f a c e by 6 .7 mm o f Bora l and 14 mm o f l e a d and on i t s 
s i d e s by 6.4-mm b o r o n - l o a d e d p l a s t i c . Path l e n g t h s o f 5 0 , 7 1 , and 120 
cm have been u s e d , and i n l a t e r runs as many as f o u r d i f f e r e n t n e u t r o n 
d e t e c t o r s were used a t t h e same t i m e , i n e f f e c t r u n n i n g f o u r q u a s i - i n d e p e n d e n t 
s imu l taneous e x p e r i m e n t s . Time dependent and e q u i l i b r i u m gamma s i n g l e s 
s p e c t r a o f t h e a c t i v e d e p o s i t were a l s o reco rded i n most r u n s . 

The most i m p o r t a n t parameter o f t h e d e t e c t i o n system i s i t s response 
f u n c t i o n . We have s t u d i e d t h i s e x t e n s i v e l y i n Monte C a r l o and o t h e r 
c a l c u l a t i o n s . The c a l c u l a t e d t i m e - s p e c t r u m response t o monoenerge t ic 
neu t rons i s composed o f a Gaussian t i m i n g curve ( 2 . 9 7 - n s FWHM), a t r a p e z o i d a l 
c o n t r i b u t i o n f rom d e t e c t o r t h i c k n e s s and n o n - a x i a l p a t h s , and an e x p o n e n t i a l 
t a i l , c a l c u l a t e d by Monte C a r l o , f rom m u l t i p l e s c a t t e r i n g i n t h e n e u t r o n 
s c i n t i l l a t o r . (Spectrum d i s t o r t i o n due t o neu t rons m u l t i p l y s c a t t e r e d 
by s t r u c t u r a l and o t h e r p a r t s o f t he appara tus and a r r i v i n g a t t h e n e u t r o n 
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26. CLARK ET AL. Level Densities near the Neutron Separation Energy 179 

d e t e c t o r w i t h i n c o r r e c t f l i g h t t imes was a l s o e s t a b l i s h e d by Monte C a r l o 
and found t o be n e g l i g i b l e . ) The t i m e - s p e c t r u m response i s a v e r y c l e a n , 
n e a r l y symmetr ic peak w i t h a FWHM r e s o l u t i o n i n t h e energy spect rum o f 
2% t o 4% f o r t h e f l i g h t paths t h a t were used . The o n l y f e a s i b l e check 
o f t h i s c a l c u l a t e d response f u n c t i o n i s measur ing t h e spect rum o f B r - 8 7 
and compar ing t h e ana lyzed r e s u l t s w i t h an expec ted spect rum d e r i v e d 
f rom t h e p r e c i s e l y known resonance e n e r g i e s and w i d t h s found by Raman 
e t à]_. [RAM83] i n c r o s s s e c t i o n measurements. We p l a n such a c a l i b r a t i o n 
o f o u r system when t h e a p p r o p r i a t e i o n source i s a v a i l a b l e t o us a t TRISTAN. 

Data Reduc t i on and A n a l y s i s 

The t h r e e - p a r a m e t e r even t mode da ta were scanned w i t h v a r i o u s s o f t w a r e 
windows and t h e r e s u l t s were processed i n s t a n d a r d f a s h i o n . A b r i e f 
o u t l i n e f o l l o w s . The raw TOF s p e c t r a showed a d e l a y e d - n e u t r o n r e g i o n , 
a narrow peak due t o t r u e beta-gamma c o i n c i d e n c e s , and on t h e o t h e r s i d e 
o f t he peak a " n o n - p h y s i c a l " r e g i o n due t o " e v e n t s " i n wh ich t h e s top 
s i g n a l o c c u r r e d b e f o r e the s t a r t s i g n a l ; t h i s r e g i o n was u s e f u l f o r c o r r e c t l y 
s u b t r a c t i n g random c o i n c i d e n c e s . The n e u t r o n pu l se h e i g h t spect rum had 
t h e c h a r a c t e r i s t i c appearance f o r L i - 6 g l a s s - - a broad n e u t r o n peak 
on a s l o p i n g gamma p l a t f o r m . The gamma-only p o r t i o n s were used as s o f t w a r e 
ga tes i n scann ing t h e TOF s p e c t r a t o de te rm ine a r e a l i s t i c shape f o r 
t he random c o i n c i d e n c e p l a t f o r m l y i n g under t h e de layed n e u t r o n s . A 
l a r g e number o f d e l a y e d - n e u t r o n peaks were d i s c e r n i b l e i n t h e TOF s p e c t r a 
ga ted by t h e n e u t r o n p o r t i o n ; many o f these were f i t t e d t o a c o n v o l u t i o n 
o f t h e c a l c u l a t e d system response f u n c t i o n w i t h L o r e n t z i a n shapes o f 
v a r i o u s w i d t h s . However, o n l y t h e two p rominen t peaks i n Rb-95 showed 
s t a t i s t i c a l l y s i g n i f i c a n t n a t u r a l l i n e w i d t h s [MCE85], T h e r e f o r e t h e 
use o f a l e v e l w i d t h d i s t r i b u t i o n as a m i s s i n g - l e v e l i n d i c a t o r was n o t 
p o s s i b l e and an i n t e n s i t y d i s t r i b u t i o n approach was a d o p t e d . 

The i n t e n s i t y method r e q u i r e s a c a r e f u l a n a l y s i s o f t h e e n t i r e TOF 
spect rum because i t compares t h e summed i n t e n s i t i e s i n r e s o l v e d peaks 
w i t h t h e t o t a l i n t e n s i t y i n c l u d i n g the u n r e s o l v e d con t i nuum. L i - 6 g l a s s 
e x h i b i t s a number o f s c a t t e r i n g resonances wh ich add e x p o n e n t i a l t a i l s 
o f v a r y i n g s i z e s and decay l e n g t h s t o t he s p e c t r a l peaks w h i l e r e d u c i n g 
t h e i r p r i m a r y s i z e . Monte C a r l o c a l c u l a t i o n s were c a r r i e d o u t f o l l o w i n g 
a method o f K inney [K IN76 ] t o de te rm ine t h e r e d u c t i o n and t a i l parameters 
as a f u n c t i o n o f i n c i d e n t n e u t r o n e n e r g y . Us ing t h e s e , a p a r t i a l spect rum 
s t r i p p i n g was per fo rmed t o remove t h e t a i l s and c o r r e c t t h e spect rum 
shape. These c o r r e c t i o n s can be s i g n i f i c a n t t o as low a n e u t r o n energy 
as 70 keV. As p a r t o f t h e same u n f o l d i n g o p e r a t i o n t h e L i - 6 ( n , a l p h a ) 
c ross s e c t i o n was used t o p r o v i d e t h e system e f f i c i e n c y . 

The f l u c t u a t i o n s i n n e u t r o n peak i n t e n s i t i e s a r i s e f rom t h e Por ter -Thomas 
d i s t r i b u t e d be ta decay w i d t h s t o l e v e l s i n t h e NE n u c l i d e . I n t h e s i m p l e s t 
case o n l y a s i n g l e s t a t e i n t h e GC n u c l i d e can be f e d and o n l y one n e u t r o n 
p a r t i a l wave i s s i g n i f i c a n t . The observed l e v e l s w i l l be a subse t o f 
l e v e l s i n t he NE n u c l i d e and w i l l be d i s t r i b u t e d i n energy f o l l o w i n g 
a Wigner d i s t r i b u t i o n . I n a t y p i c a l GC n u c l i d e , however, t h e r e w i l l 
be a number o f a c c e s s i b l e f i n a l s t a t e s and the de layed n e u t r o n spect rum 
w i l l be a s u p e r p o s i t i o n o f t r a n s i t i o n s f rom s e v e r a l p a r t s o f t h e NE n u c l i d e 
l e v e l s t r u c t u r e . 
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180 NUCLEI OFF THE LINE OF STABILITY 

I n t h e case where a s i n g l e f i n a l s t a t e i s a c c e s s i b l e i n t h e GC n u c l i d e 
t h e l e v e l spac ing may be e s t i m a t e d r a t h e r s i m p l y . A s u i t a b l e energy 
i n t e r v a l i s chosen by c o n s i d e r i n g t h e system r e s o l u t i o n and t h e spac ing 
o f observed peaks. The r a t i o o f t h e summed i n t e n s i t y i n d i s c r e t e peaks 
t o t h e t o t a l n e u t r o n i n t e n s i t y i s s i m p l y r e l a t e d t h r o u g h the Por ter -Thomas 
d i s t r i b u t i o n t o t h e average l e v e l spac ing i n t h e energy i n t e r v a l . For 
each o f t h e Sr n u c l i d e s i n t h i s s t u d y more than one s t a t e i s a v a i l a b l e 
and n e u t r o n peaks must be ass igned t o p a r t i c u l a r f i n a l s t a t e s and p a r t i a l 
n e u t r o n b r a n c h i n g r a t i o s must be d e t e r m i n e d . T h i s i s t h e most d i f f i c u l t 
p a r t o f t h e a n a l y s i s . Each i s o t o p e i s t r e a t e d s e p a r a t e l y , bu t i n genera l 
s i n c e t h e l e v e l d e n s i t y i s an e x p o n e n t i a l l y i n c r e a s i n g f u n c t i o n o f e x c i t a t i o n 
energy t h e average i n t e n s i t y o f peaks w i l l d rop s h a r p l y as h i g h e r f i n a l 
s t a t e s i n t h e GC n u c l i d e are c o n s i d e r e d . To o b t a i n a t o t a l l e v e l d e n s i t y 
f o r a l l s p i n s t a t e s r e q u i r e s s p i n and p a r i t y ass ignments f o r t h e PR and 
GC n u c l i d e s and t o deduce a l e v e l d e n s i t y parameter a t h e n e u t r o n b i n d i n g 
energy Β i n t he NE n u c l i d e must be known. These and o t h e r va lues are 
g i v e n i n Tab le 1 . 

R e s u l t s and Conc lus ions 

The r e s u l t s o f t hese s t u d i e s are p resen ted i n Tab le 2 and compared 
w i t h v a l u e s c a l c u l a t e d w i t h t h e f o r m u l a s o f G i l b e r t and Cameron [ G I L 6 5 ] . 
I n Rb-93 and Rb-94 i t was assumed t h a t any t r a n s i t i o n s t r o n g enough t o 

Tab le 1 . General Data 

PR n u c l i d e NE n u c l i d e Neut ron s p e c t r a GC n u c l i d e 
A Sp in Ρ Β Spins KE No. o f d i s - Sp in p i 

range c r e t e peaks η 

% MeV keV % 

93 5 / 2 " 1.4 5.46 3 / 2 " 36-156 9 0 + 85. ,2 [ a ] 

94 3" 10.2 6.83 2 , 3 , 4 " 12-100 16 7 / 2 + 73 [ a ] 

95 5 / 2 " 8 .6 4 .36 3 / 2 " 
3 / 2 , 5 / 2 , 7 / 2 " 

9-100 10 
16 

42 
49 

± 
± 

4 * 
4 * 

96 2 " 14.2 5.89 l / 2 + 

— — l / 2 + 24 [ a ] 

97 3 / 2 + 26.9 4 .01 l / 2 + , 
3 / 2 , 5 / 2 + 

1 /2* 

3-40 0 

10 i 
0 

50 

± 
± 

20 * 

9 * [ a ] 

* T h i s work 
[ a ] Reference KRA83b 
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26. CLARK ET AL. Level Densities nearthe Neutron Separation Energy 181 

be observed feeds the ground s t a t e . The p a r t i a l n e u t r o n b ranch ing was 
used t o c a l c u l a t e an average s p a c i n g . For Rb-95 i t was p o s s i b l e by u s i n g 
t h e be ta l e g o f t h e da ta a c q u i s i t i o n system t o de te rm ine which peaks 
f e d t h e ground s t a t e . Hence separa te l e v e l d e n s i t i e s were o b t a i n e d f o r 
t h e two s t a t e s . I n Rb-96 t h e s t a t i s t i c s were poor and the e f f e c t i v e 
l e v e l d e n s i t y t o o h i g h t o i s o l a t e any peaks. I n Rb-97 t h e usab le energy 
range was l e s s than 40 keV and i t was assumed t h e r e i s no peak f e e d i n g 
t h e ground s t a t e i n t h a t range . I t was n o t p o s s i b l e t o sepa ra te t h e 
s p e c t r a by f i n a l s t a t e s i n t h e GC n u c l i d e . The r e s u l t s a re c o n s i s t e n t 
w i t h those p r e d i c t e d by t h e G i l b e r t and Cameron f o r m u l a f o r the two 
e x c i t e d s t a t e s taken t o g e t h e r . 

Tab le 2 . Level D e n s i t y Parameters f o r S r - 9 3 - - > 9 7 

N u c l i d e B n <E*> Level D e n s i t y , MeV" a , MeV" 

PR NE MeV MeV c a l c . [ a ] e x p t . c a l c . [ a ] e x p t . 

Rb-93 Sr -93 

Rb-94 S r - 9 4 

Rb-95 Sr -95 

g . s . 

1 s t e . s . 

Rb-96 S r -96 

Rb-97 S r -97 
g . s . 

1 s t e . s . 
2nd e . s . 

1 s t & 2nd 

5.25 5.35 185 

6.83 6.87 1278 

4 .36 4 . 4 1 

5.89 5.95 

4 . 0 1 4 .03 
4 .84 
5.26 

81 

365 

42 
607 
296 

903 

240 ± 80 

560 ± 250 

92 

5.22 972 1390 

+ 70 
- 20 

+ 305 
- 190 

12.76 13.2 

13.36 11 .8 

13.98 14.3 

14.7 

14.67 

15.26 

+0 .6 
•0.6 

+0 .7 
- 1 . 0 

+1 .2 
0 .5 

+ 0 . 4 
- 0 . 3 

690 ± 245 14.7 
+0 .7 
- 0 . 9 

[ a ] Reference GIL65 
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182 NUCLEI OFF THE LINE OF STABILITY 

The e x p e r i m e n t a l va lues i n Tab le 2 agree reasonab ly w i t h i n s t a t i s t i c a l 
e r r o r s w i t h t he G i l b e r t and Cameron v a l u e s , which can be expected t o 
p r e d i c t l e v e l d e n s i t i e s w i t h i n a f a c t o r o f 2 . The n u c l i d e s s t u d i e d have 
f o u r t o e i g h t a d d i t i o n a l n e u t r o n s t h a n Sr i s o t o p e s f o r wh ich l e v e l parameters 
can be o b t a i n e d by c o n v e n t i o n a l n e u t r o n c ross s e c t i o n methods. However, 
no t r e n d s away f rom va lues f o r t h e l i g h t e r i s o t o p e s can be seen i n t h e 
p r e s e n t r e s u l t s . E x t e n s i o n o f t he exper imen ts t o l a r g e r n e u t r o n excess 
o r t o o t h e r ranges o f Ζ and A m i g h t t u r n up r e s u l t s showing d e v i a t i o n s . 

The main s t u m b l i n g b l o c k f o r t h e TOF system i s t h e e f f i c i e n c y o f 
the L i - 6 g l a s s d e t e c t o r s ; t he low n e u t r o n c o u n t i n g r a t e s r e s t r i c t bo th 
t h e r e s o l u t i o n and t h e i s o t o p e s a v a i l a b l e t o s t u d y . A more e f f i c i e n t 
d e t e c t o r w i t h equal g e o m e t r i c a l and e l e c t r o n i c r e s o l u t i o n would make 
the system a v e r y power fu l t o o l i n i n v e s t i g a t i n g n u c l i d e s f a r o f f t h e 
l i n e o f s t a b i l i t y . 
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27 
Toward a Shell-Model Description of Intruder States and the Onset 
of Deformation 

K. Heyde1, P. Van Isacker1, R. F. Casten2, and J. L. Wood3 

1Institute for Nuclear Physics, Proeftuinstraat 86, B-9000 Gent, Belgium 
2Brookhaven National Laboratory, Upton, NY 11973 
3School of Physics, Georgia Institute of Technology, Atlanta, GA 30332 

Basing on the nuclear shell-model and concentrating on the monopole,pai-
ring and quadrupole corrections originating from the nucleon-nucleon force,both 
the appearance of low-lying 0+ intruder states near major closed shells(Z=50, 
82)and sub-shell regions (Z=40,64) can be described.Moreover,a number of new 
facets related to the study of intruder states are presented. 

In a nucleus,the major part of the nucleonic motion is determined by the 
average single-particle field.This field approximation implies the existence 
of magic numbers i.e. 20,28,50,82,126 ,determining extra stability for the par
ticular nuclei having proton and/or neutron number equal to such a magic num
ber.The energy separation between the last filled single-particle orbitals and 
the lowest,unfilled orbitals varies from ~6 MeV(light nuclei) to~3.5 MeV(Z=82 
gap).Besides,a number of subshell closures have by now been established i.e. 
Z=40,64.In these cases,a much smaller energy gap of 1 and 2.5 MeV,respectively 
results.It is precisely the existence of particular configurations that makes 
the study of nuclear structure approximate tractable.Most nucleons can be con
sidered to contribute to the "core" nucleus and thus to the average field lea
ving only a small number of nucleons,called valence nueleons(particles or holes) 
outside closed shells(see fig.1).In region I,few valence nucleons are present 

ζ 
Figure 1. Schematic divisions of nuclei 
in three major regions: (I) region 
near doubly closed shells; (II) region 
of strongly deformed nuclei; (III) 
region of intruder states. 

AO 50 60 70 Ν 

0097-6156/86/0324-0184$06.00/0 
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27. HEYDE ET AL. Shell-Model Description of Intruder States 185 

and t h e n u c l e a r s h e l l - m o d e l t e c h n i q u e s [ S H A 6 3 J a l l o w f o r a d e t a i l e d s tudy o f low-

l y i n g n u c l e a r e x c i t e d s t a t e s . I n r e g i o n I , t h e p a i r i n g p r o p e r t i e s between i d e n t i 

ca l nuc léons a re p r i m o r d i a l and s t r o n g l y c o l l e c t i v e mot ion does n o t deve lop u n 

t i l ! many va lence p ro tons and neu t rons ( r e g i o n I I [B0H75]) moving i n i d e n t i c a l 

s i n g l e - p a r t i c l e ( o r s p i n - o r b i t p a r t n e r ) o r b i t a l s [bHA53,FED79] a re p r e s e n t . I n 

t h i s c a s e , t h e s t r o n g p r o t o n - n e u t r o n i n t e r a c t i o n i s t h e dominant c o n t r i b u t i o n 

and leads t o permanent ly deformed n u c l e i . 

The s e p a r a t i o n i n two r e g i o n s 1,11 v e r y much r e l i e s on the e x i s t e n c e o f 

a s e t o f w e l l d e f i n e d c l o s e d s h e l l c o n f i g u r a t i o n s . S i n c e t h e v a l u e o f tne s h e l l 

gaps can be shown t o be A dependent (see s e c t . 2 [GU077,S0R84]) ,a more d e t a i l e d 

a n a l y s i s o f the v a r i a t i o n o f s h e l l gaps as a f u n c t i o n o f A w i l l have t o be s t u 

d i e d . 

There now a l s o e x i s t s an i d e a l i z e d r e g i o n I I I ( s e e f i g . l ) where one type 

o f nuc léons i s near a c l o s e d s h e l l c o n f i g u r a t i o n ( v e r y few valBnce n u c l é o n s ) 

and t h e o t h e r has a maximal number o f va lence nue I e o n s ( m i d - s h e l 1 s i t u a t i o n ) . I t 

has been shown t h a t i n such n u c l e i , t h e c l o s e d s h e l l can be e x c i t e d and l o w -

l y i n q p a r t i c l e - h o l e ( p - h ) e x c i t a t i o n s r e s u l t ( l p - 2 h o r Z p - l h i n odd-A n u c l e i h a 

v i n g o r i q i n a l l y l h o r I p o u t s i d e a c l o s e d s h e l l ) . T h e s e " i n t r u d e r " s t a t e s f o r 

wh ich one would e x p e c t , a t f i r s t , a l a r q e r e x c i t a t i o n energy ,have been s t u d i e d 

i n d e t a i l f o r odd-A n u c l e i i n [HEY83] ,where most c l o s e d - s h e l l r e g i o n s a re c o 

vered i n d e t a i l . I n t he p resen t d i s c u s s i o n ( s p e c i fIC f o r even-even n u c l e i ) , w e 

p r e s e n t a s h e l l - m o d e l approach f o r d e s c r i b i n g bo th t h e smal l e x c i t a t i o n energy 

and t h e p a r t i c u l a r Α-dependence o f such i n t r u d e r s t a t e s t h r o u g h o u t r e g i o n I I I 

n u c l e i . 

2 .She!1-model d e s c r i p t i o n o f i n t r u d e r s t a t e s 

In a schemat ic p r e s e n t a t i o n ( s e e f i g . 2 ) o f a s i n g l e - c l o s e d s h e l l n u c l e u s , 

we take as the l owes t i n t r u d e r s t a t e ( 0 + s t a t e ) a p r o t o n (π ) 2p-2h c o n f i g u r a t i o n 

Figure 2. Schematic representation of a 
proton (π) intruder 2p-2n 0 + configuration 
where denotes the regular orbital, 
the intruder orbital and j v the neutron 
orbitals f i l l e d in a BCS way (v) # 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

02
7



186 NUCLEI OFF THE LINE OF STABILITY 

w i t h t h e va lence neu t rons d i s t r i b u t e d over t h e a v a i l a b l e s i n g l e - p a r t i c l e o r b i 

t a l s . T h e u n p e r t u r b e d energy then becomes 

We now s h o r t l y d i s c u s s the d i f f e r e n t energy c o r r e c t i o n s due t o ootn the s t r o n g 

p a i r i n g c o r r e l a t i o n s i n t he 2p and 2h c o n f i g u r a t i o n s and t n e p r o t o n - n e u t r o n i n 

t e r a c t i o n a f f e c t i n g bo th the p r o t o n s i n g l e - p a r t i c l e e n e r g i e s and the b i n d i n g 

energy o f these i n t r u d e r 2p-2h c o n f i g u r a t i o n s due t o co re p o l a r i z a t i o n e f f e c t s 

o f the u n d e r l y i n g 0 + c o r e . 

2 . 1 Monopole f i e l d c o r r e c t i o n 

The p r o t o n s i n g l e - p a r t i c l e ene rg ies become m o d i f i e d due t o t h e p r o t o n -

n e u t r o n i n t e r a c t i o n i n the f o l l o w i n g way 

i i π ν ν 2 
w i t h E ( j , j ) t he average p r o t o n - n e u t r o n i n t e r a c t i o n energy[TAL63] and ν . the 

BCS o c c u p a t i o n p r o b a b i l i t i e s o f t h e j n e u t r o n o r b i t a l s . b e c a u s e o f these 

s i n g l e - p a r t i c l e energy v a r i a t i o n s , a f i r s t c o r r e c t i o n t o t he u n p e r t u r b e d p r o t o n 

i n t r u d e r c o n f i g u r a t i o n s r e s u l t s as 

ΔΕ = 2(fc -ΐ )-2(ε -ε ) 

= Zl A [ E ( J ; . J V ) - E ( J , . J V ) ] (3) 
ν 

Th is monopole c o r r e c t i o n has been s t u d i e d i n some d e t a i l f o r bo th tne l a r g e 

s h e l l Z=b0,«2 and the s u b s n e l l Z=40,b4 regions[HEY85] . i t t h e r e b y becomes c l e a r 

t h a t f o r t h e l a r g e s p h e r i c a l s i n g l e - p a r t i c l e s h e l l gaps (50 ,82 ) o n l y a smal l 

m o d i f i c a t i o n o f the o r i g i n a l gap r e s u l t s . O n t h e c o n t r a r y , f o r t h e s u b s h e l l r e 

g ions ,when Ν i n c r e a s e s , a n a lmos t complete e r a d i c a t i o n o f t h e s u b s h e l l gaps 

( f o r Z=40 near N = b 8 , b 0 ; f o r Z=b4 near IM=88,9U) r e s u l t s and t h u s , i n the l a t t e r 

cases,we end up w i t h n u c l e i s i m i l a r t o the r e g i o n I I t ype o f f i g . l , t h u s g i v i n g 

r i s e t o s t r o n g l y deformed n u c l e i wh ich i s a l s o e x p e r i m e n t a l l y t he case . 

2 . 2 P a i r i n g f i e l d c o r r e c t i o n 

When e x c i t i n g a 2p-2h c o n f i g u r a t i o n , w e fo rm 0 + coup led c o n f i g u r a t i o n s as 

the l o w e s t - l y i n g s t a t e s t h e r b y o b t a i n i n g a l a r g e p a i r i n g b i n d i n g enerciy g a i n . 

T h i s l a t t e r v a l u e can be c a l c u l a t e d u s i n g the r e s i d u a l n u c l e o n - n u c l e o n f o r c e 

o r e s t i m a t e d , s t a r t i n g f rom p r o t o n s e p a r a t i o n e n e r g i e s as 

A E P = A E p a i n n g ( P a r t - ) + A E p a i r i n g ( h o l e s ) < 4 ) 

A E p a i r W h 0 l e S > = 2 S p ( Z , N ) - S 2 p ( Z , N ) ( 5 ) 

( s i m i l a r e x p r e s s i o n f o r ^ E p a - j r - j n g ( P a r t - ) ) »where A E

p a - j r - j n g i s de te rmined a t ( i f 

e x p e r i m e n t a l l y known) o r near t he d o u b l y - c l o s e d s h e l l c o n f i g u r a t i o n s i . e . 
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27. HEYDE ET AL. Shell-Model Description of Intruder States 187 

2 0 8 P b , l 4 6 G d , l 3 2 S n , 9 u Z r , . . ) . T h i s p a i r i n g c o r r e c t i o n r e s u l t s i n an empor tant l o 

w e r i n g o f t he i n t r u d e r s t a t e e n e r g y , w h i c h i s o f t he o r d e r o f E p - 4 - 5 MeV a t Z= 

5 0 , N = 8 2 ; E p ^ 2 . 5 MeV a t Z=82,N=126 r e g i o n , b u t l a r g e l y independent o f t h e mass 

number A. 

2 .3 Quadrupole p r o t o n - n e u t r o n energy c o r r e c t i o n 

Up t o now,we always assumed a 0 + coup led p a i r d i s t r i b u t i o n t o g i v e a good 

d e s c r i p t i o n o f bo th t h e p r o t o n 2p-2h e x c i t a t i o n and o f t h e n e u t r o n d i s t r i b u t i o n 

o v e r t he va lence model space.The quadrupo le component o f t h e p r o t o n - n e u t r o n f o 

rce w i l l i nduce 0 +2 p a i r b r e a k i n g f o r bo th p r o t o n s and neu t rons wh ich we c a l l 

t h e co re p o l a r i z a t i o n e f f e c t . T h u s , 0 ground s t a t e and i n t r u d e r wave f u n c t i o n s 

a re changed i n t o 

| 0 + 8 0 + > -> | 0 + β 0 + > + c t |2 + f i 2 + > + . . . . ( 6 ) 
1 π ν 1 π ν 1 π ν 

Using p e r t u r b a t i o n t h e o r y and t h e l o w e s t s e n i o r i t y s h e l l - m o d e l d e s c r i p t i o n o f 
the 0 + p a i r d i s t r i b u t i o n , o n e c a l c u l a t e s a quadrupo le p o l a r i z a t i o n energy g a i n 

Δ Ε η = κ 2 Ν ( Ω -N ) . F ( 7 ) 
Q sm ν v ν ν ' ν ' 

where < s m i s the s t r e n g t h o f t h e quadrupo le p r o t o n - n e u t r o n f o r c e component 

( K $ m Q ï ï . Q v w i t h Q = ( τβ^ ) 2 Y 2 ( r ) ) and N v t h e number o f neu t ron p a i r s 

(F c o n t a i n s the p a r t i c u l a r and j o r b i t a l i n f o r m a t i o n ) . I f many va lence 

nucléons a r e present ,many 2 + p r o t o n - n e u t r o n p a i r s can become admixed and p e r 

t u r b a t i o n t h e o r y breaks down. In t h e l a t t e r c a s e , u s i n g an SU(3) wave f u n c t i o n 

f o r d e s c r i b i n g the r e p a r t i t i o n o f U + and 2 + coup led p r o t o n and n e u t r o n p a i r s , 

one o b t a i n s the e x p r e s s i o n 

UJ 

S 
y 3 

ΔΕ 
pair 

ΔΕ 

VA 

L 

Figure 3. Ihe t o t a l energy correction 
( f u l l thick line) due to both the 
monopole (ΔΕ Μ ; dashed l i n e ) , the 
pairing (ΔΕρ ; straight clashed line) 
and the quadrupole correlations 
( Δ Ε λ ; dot-dashed l i n e ) , for the 
Pb(z = 82) region. The unperturbed 
energy (upper straight clashed line) 
i s also shown. 

nl ' ' ι ι ' ' ' ι ' ι ι ι ' ' I 
82 86 90 94 98 102 106 110 M 118 122 126 

NEUTRON NUMBER — ~ -
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188 NUCLEI OFF THE LINE OF STABILITY 

ΔΕ η = 2κ IN Ν (Ω -Ν ) 1 / 2.(Ω -Ν ) 1 / 2 ( 8 ) 

/κ i s t he s t r e n g t h o f t h e quadrupo le f o r c e i n IBM-2 c a l c u l a t i o n s [ A R I 8 4 ] i n a 

sd-boson model space w i t h κ= κ 0 ( Ω π - Ν π ) 1 / 2 ( Ω ν - Ν ν ) 1 / 2 [ ^ Η 8 θ ] ) . I n t he quadrupo le 

energy g a i n , f o r g i v e n IN near c losed s h e l l s ( IN « Ω ) , a v e r y p a r t i c u l a r Ν d e -

pendence resu I t s , b e i i n g maximal a t m i d - s h e l l c o n f i g u r a t i o n s . c o n f o r m w i t h t h e 

known e x p e r i m e n t a l f a c t s on i n t r u d e r s t a t e s i n even-even n u c l e i near o r a t 

c l o s e d - s h e l l s ( S n , P b , . . ) . 

C o l l e c t i n g a l l p a r t s ,one o b t a i n s the f i n a l e x p r e s s i o n , 

E i n t r . ( ° + ) = 2 ( E j ' " e j ) + Δ Ε Μ + Δ Ε Ρ + A E Q ( 9 ) 
( r e l a t i o n which i s i l T u s t r a t e d i n f i g . 3 f o r t h e Pb r e g i o n ) . T h e e x p r e s s i o n ( 9 ) 

f o r E . j n t r ( 0 + ) , i s o b t a i n e d i n a separab le f o r m p o i n t i n g o u t c l e a r l y t h e d i f f e 

r e n t c o n t r i b u t i o n s f rom t h e n u c l e o n - n u c l e o n i n t e r a c t i o n . T h i s i s o f course an 

a p p r o x i m a t i o n t o t h e more genera l r e s u l t one would o b t a i n when c a r r y i n g o u t a 

f u l l HFB c a l c u l a t i o n i n d e t e r m i n i n g 

- t h e p r o t o n ( n e u t r o n ) s i n g l e - p a r t i c l e e n e r g i e s and o r b i t a l s i n a s e l f - c o n s i s t e n t 

way f o r each Ζ,Ν,Α 

- d i a g o n a l i z i n g i n t h e a p p r o p r i a t e b a s i s , f o r d e s c r i b i n g t h e lowest e x c i t e d s t a 

t e s , t h e r e s i d u a l n u c l e o n - n u c l e o n i n t e r a c t i o n [FED79] 

We a l s o p o i n t o u t t h a t , w h e n t h e s p h e r i c a l s h e l l - g a p , g i v i n g r i s e t o t he 

p o s s i b i l i t y o f d e f i n i n g 2p-2h e x c i t a t i o n s , d i s a p p e a r s due t o t h e monopole c o r 

r e c t i o n A E M , t h e above procedure o f s e p a r a t i n g t h e d i f f e r e n t p a r t s o f t he nu

c l e o n - n u c l e o n i n t e r a c t i o n ( s i n g l e - p a r t i c l e f i e l d , p a i r i n g c o r r e l a t i o n s and g u a -

d rupo le c o r r e l a t i o n s ) w i l l break down. T h i s i s s i g n a l e d by the i n t r u d e r 0 + s t a 

t e c r o s s i n g t h e r e g u l a r 0 + ground s t a t e o f t he n u c l e i we are d i s c u s s i n g . T h i s 

i s , f o r i n s t a n c e , t h e case i n t h e Z r n u c l e i (near N*60) and t h e Gd n u c l e i (N*90) . 
3. New f a c e t s o f i n t r u d e r s t a t e s 

Here,we s h o r t l y ment ion the p o s s i b i l i t i e s o f o t h e r i n t r u d e r s t a t e p r o p e r 

t i e s : 

- ' S c a l i n g " p r o p e r t y f o r t he i n t r u d e r e x c i t a t i o n energy[VAN85] . R e c e n t l y , s c a l i 

ng p r o p e r t i e s have been d i scussed a t l e n g t h by R.F.Casten [CAS85,85a] when 

s t u a y i n g l o w - l y i n g r e g u l a r c o l l e c t i v e e x c i t a t i o n s ( 2 + , 4 + e n e r g i e s , B ( E 2 ) v a l u e s ) 

- i n t r u d e r s t a t e s i n odd-odd nuclei[MAL82,VAJ83,HUY85,NES82] 

- o n e - b r o k e n p a i r i n t r u d e r s t a t e s : t h e s e are s i t u a t i o n s where we c o n s i d e r the 
- 2 + 

' J ' p J 'p ) J max ( J 'h ) ° ; J m a x c o n f i g u r a t i o n s - T h e s e shou ld occur a t an e n e r g y , 

r o u g A l y 2 A E

p a i r - j n g ( P a r t - ) above the l o w e s t 0 + i n t r u d e r s t a t e . P o s s i b i l i t i e s 

f o r such s t a t e s can e x i s t i n the Pb region[NES83,HES85] 

- i n t r u d e r s t a t e s near n e u t r o n c l o s e d she l l s [HEY83] 
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28 
In-Beam Spectroscopy Using the (t,p) Reaction 
Recent Results near A = 100 

E. A. Henry1, R. J. Estep2, Richard A. Meyer1, J. Kantele3, D. J. Decman1, L. G. Mann1, 
R. K. Sheline2, W. Stöffl1, and L. E. Ussery4 

1Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 
2Department of Chemistry, Florida State University, Tallahassee, FL 32306 
3Department of Physics, University of Jyväskylä, SF-40100, Jyväskylä, Finland 
4Los Alamos National Laboratory, Los Alamos, NM 87545 

Charged particle spectroscopy using the (t,p) reaction has been employed 
for more than two decades to study the low-energy structure of nuclei. This 
reaction has contributed significantly to the elucidation of single-particle 
and collective phenomena for neutron rich nuclei in virtually every mass 
region. We have begun to use the (t,p) reaction in conjunction with in-beam 
γ-ray and conversion-electron spectroscopy to bring additional understanding 
to low-energy nuclear structure. In this report we briefly discuss the 
experimental considerations in using this reaction for in-beam spectroscopy, 
and present some results for nuclei with mass near 100. 

EXPERIMENTAL METHODS 

Until now the only methods available for studying the beta unstable 
nuclei with a mass near 100 were the prompt γ-ray decay and beta decay of 
fission products, charged-particle spectroscopy using two-neutron transfer 
reactions, and, to a limited extent, in-beam spectroscopy using reactions like 
(18O,16Ογ). In-beam spectroscopy using the (t,pγ) reaction has several 
features that make it an attractive technique to complement these methods. 
1) Even-even nuclei that have two neutrons more than the heaviest target can 
be studied by the (ί,ργ) reaction with useful cross sections. 2) The levels 
in the product nucleus are populated by both direct and compound nuclear reac
tions. Thus the set of levels that are identified at low excitation energies 
can be quite complete. 3) The spin distribution of levels populated is 
broader than is usually the case in beta decay. The ground state band is 
often populated up to the 8+ member. In the same experiment 0+ states can 
also be populated, probably by the direct reaction mechanism. 4) The (t,p) 
reaction has a unique signature, an energetic proton that identifies that 
particular channel. 

The disadvantages of this reaction place some real constraints on its 
use. 1) The (t,p) cross section is only about 5 percent of the total cross 
section. 2) The dominant reaction, usually (t,2n), produces abundant prompt 
γ rays. 3) Reactions such as (t,n) and (t,d) [as well as (t,p)] often result 
in short-lived beta decaying products. 4) The usual in-beam techniques such 
as angular distributions are complicated by the necessity to use the outgoing 
proton to identify the reaction. As a result of the first three disadvan
tages, much of the γ-ray and electron count rates are not from the (t,p) 
reaction and thus experiments of reasonable duration have limited statistics. 

We have developed γ-ray and conversion-electron spectroscopy techiques 
that take advantage of the energetic proton as an indicator of the (t,p) 

0097-6156/86/0324-0190$06.00/0 
© 1986 American Chemical Society 
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reaction. Our conversion-electron spectrometer and i t s use with the (t,p) 
reaction have been described i n the l i t e r a t u r e [DEC84, ST084]. For γ-ray 
spectroscopy, a 1-mm thick c y l i n d r i c a l p l a s t i c s c i n t i l l a t o r detects the 
protons to gate germanium detectors. A thin tapered c y l i n d r i c a l aluminum 
absorber inserted into the s c i n t i l l a t o r prevents reaction deuterons and 
scattered tritons from reaching the s c i n t i l l a t o r , while allowing energetic 
protons to do so. The geometric solid angle for the s c i n t i l l a t o r i s about 30% 
of 4π. Typically, when the γ-ray singles rate i s 10,000 cps, the ργ coin
cidence rate is 20-80 cps, and the ργγ coincidence rate is 1-5 cps. The γ 
rays associated with the (t,p) reaction are the dominant ones in the spectrum 
that is gated by the proton detector, with those from the (t,2n) reaction 
being attenuated by a factor of f i f t y or more. 

NUCLEAR STRUCTURE STUDIES NEAR A=100 

In 1970 Cheifitz et a l . [CHE701 presented experimental evidence of 
rotation-like nuclear structure for 2 Z r and several nearby nuclei. They 
found that as N=50 or Z=50 closed shells were approached, indicators of defor
mation (e.g. E/+/E2+) varied farther from the rotational l i m i t s , but were also 
s i g n i f i c a n t l y different from the values for spherical nuclei. Experimentally, 
many of the nuclei i n this mass region display complex low energy structure. 
Thus the experimental knowledge of the structure of nuclei surrounding the 
deformed region near A=100 must be as complete as possible to confidently 
apply a theoretical description. We report here on preliminary results from 
four in-beam studies of nuclei in this mass region, and discuss the results 
b r i e f l y in the context of the nuclear structure of the region. 

1 Q 2Mo. The ( 1 80, 1 60γ) reaction has been used by Koenig et a l . [K0E81] in an 
attempt to establish the yrast levels in Mo. Our ργγ coincidence data 
confirm the 4* and 6* levels established in that study (See Fig. 1). However, 
i t is clear from our data that the 8t>6"J" transition i s at 691 keV, establish
ing the 8* level at 2018 keV. The 655-keV γ ray, assigned by Koenig et a l . as 
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192 NUCLEI OFF THE LINE OF STABILITY 
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the ê ôj transition, actually feeds the 4Ϊ level d i r e c t l y from a new level at 
1397 keV. We suggest that this new level has a J 1 7 value of 4 +. 

Gamma rays with energies of 398 and 401 keV are known from previous 
studies and are observed as a multiplet in the (ί,ργ) data. These γ rays 
depopulate the 2"£ and 0* lev e l s , respectively. However, a gate on these γ 
rays reveals coincidences with a l l the members of the yrast band, not just the 
2"}+0"£ transition as expected. A narrower gate set at about 399 keV reveals 
weak coincidences with the 8"J"-»-6~J\ 6"j^4"j\ and 4*-»·2* transitions. Though the 
s t a t i s t i c s are poor, the intensities for these transitions in the coincidence 
spectrum are consistent with the 399-keV γ ray feeding the 8* l e v e l . We 
suggest that this transition may be the 10*+8"[ yrast transition. If this 
assignment is confirmed, i t w i l l be the f i r s t experimentally observed backbend 
in the neutron rich nuclei near A=100. A backbend at the 10~|" l e v e l would 
agree with the calculation by Tripathi et a l . [TRI84] of a pronounced backbend 
at the 10+ level in 1 0 2Mo. 

112 
Pd. L i t t l e has been known experimentally about the level structure of 
Pd. Previous studies are in agreement only for the J 7 1 assignment of the 2^ 

leve l at 349 keV [CAS72,CHE70]. We have established five new levels in 1 1 2 P d 
see F i g . 2), and have been able to propose J 7 r assignments for some of the 

Pd levels from decay patterns. The coincidence results established a 
ground state transition depopulating the 736 keV le v e l , indicating that i t i s 
a 2 + l e v e l . The level at 924 keV has a transition to the 2+ l e v e l , and a γ 
ray seen in the proton gated singles is probably the ground state transition, 
suggesting a J 1 1 value of 2 + for that level also. Our data confirm that the 4+ 
level occurs at 882 keV, in agreement with the results of the f i s s i o n fragment 
decay studies, but that the previous tentative assignment of the 6+ level was 
incorrect. Instead, we establish the 6+ level at 1550 keV, and have evidence 
that suggests that the 8+ level occurs at 2319 keV. New levels at 1096, 1362, 
and 2002 keV are based on the coincidence results. 
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28. H E N R Y E T AL. In-Beam Spectroscopy 193 

S t a c h e l et a l . [STA82] have i n t e r p r e t e d the s t r u c t u r e of Ru and Pd n u c l e i 
i n terms of the t r a n s i t i o n between the SU(5) ( v i b r a t i o n a l ) and 0(6) (γ-
u n s t a b l e ) l i m i t s of the I n t e r a c t i n g Boson Model (IBM). The energy r a t i o s 
E 4 + / E 2 + a n d E 6 + / E 2 + a r e c o n s i s t e n t w i t h those of the 0(6) l i m i t f o r the 
h e i v i e i Pd and *Ru \ i u c l e i . S t a c h e l et a l . p o i n t out that the energy r a t i o 
E2 /E2 i s not w e l l reproduced i n t h e i r c a l c u l a t i o n . E x p e r i m e n t a l l y , t h a t 
r a i i o hs c l o s e r to the SU(5) l i m i t than the 0(6) l i m i t , even f o r 1 1 2 P d . 
However, i f the suggested 2^ l e v e l at 924 keV i n 1 1 2 P d i s i n s t e a d the 2"£ l e v e l 
w i t h i n the model space, the E 2 + / E 2

+ r a t i o i s j u s t above tha t of the 0(6) 
l i m i t . In 1 1 2 P d the E Q + / E 2

+ energy 1 r a t i o i s h i g h e r than f o r the l i g h t e r Pd 
n u c l e i , but s t i l l o n l y mldwaV between the SU(5) and the 0(6) l i m i t s . S t a c h e l 
et a l . suggest t h a t the 0 2 l e v e l i s an i n t r u d e r l e v e l s i m i l a r to those known 
i n nearby Cd n u c l e i . Taken t o g e t h e r , t h i s evidence i n d i c a t e s t h a t Pd can
not be d e s c r i b e d by the simple 0(6) l i m i t of IBM a l o n e . Recent c a l c u l a t i o n s 
show that complete s t r u c t u r e s r e s u l t i n g from i n t r u d e r s t a t e s must be i n c l u d e d 
w i t h a l a r g e degree of m i x i n g o c c u r r i n g between the two c o n f i g u r a t i o n s 
[KUS85]· 

0.16 h 

0.12 h 

0.08 h-

0.04 h 

3. Systematics of p 2 j and 
near A=100. R e s u l t s f o r 

F i g . 

9 6Mo, i U Z R u , and 
from l i t e r a t u r e d a t a . 

102-106 Pd are 

H 0.06 

—\ 0.04 h-

CM 
X 

0.02 h 
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Neutron number 
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194 NUCLEI OFF THE LINE OF STABILITY 

We have su red EO transitions in the neutron rich nuclei 
'Mo, t v oRu, and A U O ~ A 1 ^ P d using the (t,p) reactions and coincidence 

techniques. Listed in Table 1 are the values for the EO(K) branching ratios 
from our measurements. Where h a l f - l i f e information and E2 branching: ratios 
are available from our own measurements or from the l i t e r a t u r e , ρ and 1 
values have been determined (see F i g . 3). The P 2 J and X 2 1 1 values for M< 
are larger than in our previous report [DEC83] because of the additional γ· 
recently observed at 399 keV in that nucleus* 

X 
io 

ray 

102* 

find that the deformation parameter β 
ίο. This suggests that the 0 2 l e v e l 

*Mo has been described as a transitional nucleus which i s quite close 
to being rotational, as i t s neighbor Mo i s . If we use Rasmussen's model 
[RAS601 for the X value ( Χ 3 Π «» β 2 ) , 
for ™ M o is about 2.3 times that of 
in 0 2Mo might be characterized as the beta-vibrational le v e l in a rotating 
nucleus. However, while the yrast levels of Mo appear to be evolving 
toward a rotational character, the lower energy levels might be better charac
terized by a model that mixes vibrational and γ-unstable lim i t s of the IBM-2 
[SAM82]· 

The measured P 2 1 and X j ^ values for 1 0 6 R u and 1 0 8 ~ 1 1 2 P d are quite small. 
This would be consistent with the suggestion that these nuclei are evolving 

8 + 3205 

2 + 2225 

0 + 1581 

(5Ί 3082 

•(4 +) 2439 

3" 1897 

1750 -

δ 2800 

ι 

4 + 2048 

3" 1806 

2 + 1590 

0 + 1437 

0 + 1859 

2 + 1222 

F i g . 4. Levels of 9 6 Z r 
and 9 8 Z r from (ί,ργγ) 
studies· Levels are 
grouped according to 
their decay properties. 

0 + 854 

Table 1. E0(K) branch
ing ratios for 0 2 

l e v e l s . 

Nucl. E0(K) 
I t o t a l 

(X10 6) 

0 + 0 0 + 

96? °Zr 9 8 Z r 

40 56 40 58 

100, 
102! 
106: 
loe: 
110 
112: 

;MO 71200 + 3600 
MO 4780 + 780 
;RU 30 + 12 
Pd 43 + 19 
Pd 122 + 29 
•Pd 126 + 57 
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28. HENRY ET AL. In-Beam Spectroscopy 195 

from the SU(5) and the 0(6) li m i t of the IBM as neutrons are added [STA82], 
since the 02-»Ό+ transition i s forbidden in both l i m i t s . As pointed out 
ea r l i e r however, Stachel et a l . suggest that the 0 2 levels in Pd nuclei may be 
due to intruder states since their energies are much too low compared to a 
calculation using the IBM. It may be that the somewhat higher values of p£| 
and X 2 1 1 for 1 1 2 P d reflect this influence. 

Zr and 7°Zr. The preliminary results of our studies for the levels in *°Zr 
and Zr are shown in Fig. 4. The levels for each nucleus are segregated into 
two groups. Levels within a group γ decay with their largest reduced t r a n s i 
tion rates to other levels within the group. For Zr, the strongest EO tran
sit i o n s are between the two groups, rather within them, indicating possible 
shape differences between the 0 + levels in the two groups. In Zr, the (4 ) 
and (5") assignments indicated are not defin i t e , but these levels seem to be 
the lowest that could have these J ï ï assignments. For some levels the group 
preference based on the γ decay c r i t e r i o n i s modest. However, on the whole, a 
coherent pattern is developed. 

Bengtsson et a l . [BEN84] show that there is extra s t a b i l i t y toward a 
spherical shape i n the Zr ground state brought on by the 2d^y 2 neutron 
subshell closure. Focusing on the group that includes the ground state in 
each nucleus, we see the repeated pattern of levels with J1* of 2 +, 3", and, 
possibly, 4 and 5~ at energies which are reasonably close in the two nuclei. 
The comparison in Fig. 5 suggests that, insofar as excited states i n Zr are 
concerned, there may be some additional s t a b i l i t y toward spherical shapes 
afforded by f i l l i n g the 3sjy 2 neutron o r b i t a l . The closeness of the energies 
of the two ground state groups should not be taken too seriously. The two 
accompanying "bands" must undoubtedly mix with the respective ground state 
groups to bring them closer together in energy. Nevertheless, this comparison 
graphically demonstrates the complex interplay between possible models for 
nuclear structure i n this region. 
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29 
Possible Evidence for α-Clustering in the Double Subshell Closure 
Nucleus 96Zr 

G. Molnár1,2, B. Fazekas1, T. Belgya1, Á. Veres1, Steven W. Yates2, E. W. Kleppinger2, and 
Richard A. Meyer3 

1Institute of Isotopes, Hungarian Academy of Sciences, Budapest H-1525, Hungary 
2Department of Chemistry, University of Kentucky, Lexington, KY 40506-0055 
3Nuclear Chemistry Division, Lawrence Livermore National Laboratory, University of California, 
Livermore, CA 94550 

Evidence, based on recent (n,n'γ) reaction experiments and 
previous particle transfer studies is presented in support of a 
coexisting four-particle, four-hole band built on the 1581-keV 
first excited 0+ state in the doubly closed subshell nucleus 
96Zr. An alternative explanation for this band in terms of 
alpha-clustering appears reasonable. 

Shape coexistence arguments were f i r s t invoked to explain the f i r s t 
excited 0 + state and the associated rotational band i n doubly closed shell 

[MOR56]. Since that time the common occurrence of coexisting deformed 
states near closed shells due to particle-hole pair excitations has been 
established both i n even-even and odd-mass nuclei [HEY83]. This phenomenon 
has not been thoroughly investigated, however, i n closed subshell regions 
[HEY83,W0084]. In this paper we present evidence for shape coexistence at 
double subshell closure, i n 9*>Zr. 

Near closed major shel l s , such as N=50, nuclear shapes are spherical. A 
gradual transition from spherical to deformed shape i s expected to take place 
as neutron number increases, with maximum deformation at mid-shell, as 
observed i n both even—even [CHE70] and odd—mass [MON82] nuclei near 
A~100. However, the Z=40 proton subshell closure in this region leads to the 
appearance of intruder configurations which coexist with the ground-state 
configuration. The influence of this configuration mixing on the le v e l 
structure of transitional Mb nuclei was described by recent neutron-proton 
interacting boson model (IBM-II) calculations which took into account 
e x p l i c i t l y the two-particle, two-hole proton excitations across the Z=40 
subshell [SAM82]. 

A special situation occurs at ̂ ^Zr (Z=40), where the neutron subshell 
closure (N=56) gives this nucleus a double subshell closure. Thus, p a r t i c l e -
hole pair excitations across both subshell gaps are possible. This could 
produce situations much l i k e those i n doubly closed s h e l l l^O, i n which the 
lowest-lying intruder deformed band has been shown to arise due to such 
excitations [BR064]. 

The f i r s t excited state of 9 6 z r ^ s a Q+ state, as i n doubly closed s h e l l 
1 6 0 or closed shell/subshell 9°Zr. Support for the i d e n t i f i c a t i o n of the 0+ 
state in 9 6 z r as an intruder deformed state comes from p a r t i c l e transfer 

0097-6156/ 86/0324-0196$06.00/ 0 
© 1986 American Chemical Society 
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29. MOLNÂR ET AL. Possible Evidence for a-Clustering 197 

(α) 1.0 
4oZr(Oj) 

D 1 I 
(t,p)(p,t)( l 4C, l 60) (d,6Li)| 

Π. Γί r i J I 
A: 96 98 100 102 104 
N 54 56 58 60 62 

F i g . 1. a) Relative cross sections for transfer reactions populating the 
f i r s t two 0 + states of Zr nuclei. A l l cross sections are normalized to the 
ground state cross section of 9oZr. fc) Percentage composition of the ground 
states of the target Mo nuclei. Unshaded bars: configuration with one 
proton boson; shaded bars: "intruder" configuration with three proton 
bosons. 

data. Figure 1(a) summarizes the results of two-proton [MAY82], two-neutron 
[BAL71] and alpha-particle [VAN84] transfer reaction studies; Figure 1(b) 
shows the admixtures of the basic spherical and the "intruder" deformed boson 
configuration for the ground state wavefunctions [SAM82] for the Mo targets 
used in some of these studies. The most striking feature i s the unusually 
high alpha-pickup strength to the 0+ state of ^ 6 Z r [VAN84]· Even though 
some of the two-particle transfer cross sections do not correlate exactly 
with the alpha-transfer cross sections, which may be due to interference 
effects, the high value of the cross section ratio in favor of the state 
i s a common feature. Apparently, this state d i f f e r s markedly i n nature from 
the supposedly spherical ground state; we suggest that this i s due to i t s 
character as a four-particle, four-hole deformed state, l i k e the 0* state of 
doubly closed shell * 60 [BR064]. 

In order to elucidate the nature of the 0 + excitations i n 9©Zr a n c j t 0 

search for associated structures, we have performed (η,η'γ) reaction studies. 
Gamma-ray singles and angular d i s t r i b u t i o n measurements were f i r s t carried 
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198 NUCLEI OFF THE LINE OF STABILITY 

out at the reactor neutron beam f a c i l i t y of the Institute of Isotopes i n 
Budapest. These measurements led to the i d e n t i f i c a t i o n of several hitherto 
unknown transitions from previously unplaced levels [FAZ84]. Excitation 
function measurements performed at the University of Kentucky pulsed neutron 
beam f a c i l i t y have shown that a 644.2-keV transition, also identified i n the 
Budapest experiments, populates the 0+ state. P a r a l l e l beta decay studies 
[MEY85] indicate that the correct energy of the l a t t e r i s 1581.4 +0.5 keV, 
hence the 644-keV tra n s i t i o n deexcites the well known 2225-keV state. These 
results have also been confirmed by p a r a l l e l in-beam (t,py-y) studies 
[HEN85]· The angular distributions of the 2225-keV and 644-keV gamma rays 
deexciting this le v e l to the f i r s t and second 0 + states, respectively, have 
been measured at the Kentucky f a c i l i t y . As Fig. 2 shows, they are i d e n t i c a l 
and give a unique 2 + spin-parity assignment, i n contrast with the previously 
suggested value of 3" [FLY70,SAD75]. 

We associate the 2225-keV 2+ state with the third largest peak observed 
i n the ( d , 6 L i ) 9 6 Z r reaction study by van den Berg et a l . [VAN84] · Although 
these authors prefer a 5" assignment, their angular d i s t r i b u t i o n data are 
also consistent with spin 2 + which gives about 60 percent alpha-pickup 
strength with respect to the ground state strength. We have searched for a 
possible doublet at this energy with the (η,η'γ) reaction which should lead 
to significant population of a 5~ state, but found no evidence for a second 
state. Hence the (d,^Li) reaction leads to strong population of the 2+ state 
as well. The measured B(E2;2+->0+)/B(E2;2+->0+) ratio of 10 2 demonstrates a 
strong preferential decay to the 0+ state. These two facts suggest the 
2225-keV state as the 2 + member of an intruder deformed band b u i l t on the 0+ 
f i r s t excited state i n 9 6 Z r > According to the angular d i s t r i b u t i o n pattern 
of the 1107-keV transition depopulating the 2857-keV state (see Fig. 3) this 
level i s an obvious candidate for the 4 + band member. It can be associated 
with the 2.87-MeV peak in the ( d , 6 L i ) spectrum of van der Berg et a l . [VAN84] 
even though their p a r t i c l e angular d i s t r i b u t i o n i s best f i t t e d with L-3. In 
Fig. 4 we summarize our results, emphasizing the proposed band structure. 

It i s important to understand what gives r i s e to the established 
coexisting intruder band i n doubly closed subshell 9©Zr. <jhe sli g h t 
predominance of the intruder deformed configuration in the ground state 
wavefunction of Ô̂ Mo shown in Fig. 1(b) cannot explain the tremendous 
difference between the alpha-pickup strengths to the two 0 + states of 9 6 Z r 

c l e a r l y demonstrated by Fig. 1(a). This i s not unexpected, since the 
simultaneous occurrence of proton and neutron subshell closures should 
produce a marked difference with respect to other nuclei near the middle of 
the 50 to 82 neutron s h e l l where two-proton, two-hole excitations can account 
entirely for the observed shape coexistence phenomena. 

Recently, Iachello and coworkers [IAC82,84] have developed the nuclear 
vibron model (NVM) which introduces bosonic degrees of freedom with ^=0 + and 
1"" to describe dipole deformation due to clustering. This model can account 
for several features of nuclei such as the low-lying negative-parity states 
with small alpha-decay hindrance factors i n 222^ a a n ( j the unusually large 
population of groups of excited states in the actinides by the ( d , 6 L i ) alpha-
pickup reaction [IAC84]. Since this l a s t feature i s also exhibited by 9oZr, 
i t may be possible to interpret the observed coexisting intruder band as a 
dipole band associated with alpha-clustering, even though clear-cut evidence 
for the associated negative-parity band i s s t i l l lacking. 

In summary, the present (η,η'γ) results, together with previous p a r t i c l e 
transfer data, give f i r s t evidence of a coexisting four-particle, four-hole 
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29. MOLNÂR ET AL. Possible Evidence for a-Clustering 199 

- 644 keV 2225 keV -
1.4 T — 

_ α2=+0.22(4) T α2=+0.2Ι(2) X " 
1.3 a4=-0.03(5) £ %f a4=-0.14(3) / X - i -

1.2 -
l.l - -
1.0 -

I ι I ι I ι I ι I ι I ι I ι 1 ι • l , 1 • 1 . 1 . 1 I ι 1 
90° 110° 130° 150° 90° 110° 130° 150° 

θ 

Fig. 2. Angular distributions of the 644-keV and 2225-keV gamma rays 
obtained at 3.4-MeV neutron energy used i n assigning the spin-parity of the 
2225-keV level as 2 +. 

W(0) 

1.7 

1 1 1 1 1 ι I ι I ι I ι I ι I ι I ι 1 

\ : 

1.6 -

1.5 -

1.4 

1.3 J 1 1 0 7 k e V '-

1.2 Ι a 2 = + 0 . 3 7 ( 3 ) L 

ι I a 4 = - 0 . 1 8 ( 4 ) -

1.1 Γ / - H F : 4 + — 2 + ~ 

1.0 

" I ι I ι 1 .1 ι , I , Γ 
9 0 ° 110° 1 3 0 ° 1 5 0 ° 1 7 0 ° 

θ 

F i g . 3. Angular distribution of the 1107-keV gamma ray measured at 3.4-MeV 
neutron energy. The solid l i n e represents the angular d i s t r i b u t i o n calculated 
with the Hauser-Feshbach theory for a streched 4 +->2 + t r a n s i t i o n . 
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200 NUCLEI OFF THE LINE OF STABILITY 

4 + 

1897 

1750 

158 I 

2+ 

0 + 

>Zr 5 

F i g . 4. P a r t i a l l e v e l scheme f o r d o u b l y c l o s e d s u b s h e l l 9 6 Z r showing the 
4 p - 4 h i n t r u d e r b a n d . 

i n t r u d e r band b u i l t on the 1581 keV 0+ s t a t e i n the d o u b l y c l o s e d s u b s h e l l 
n u c l e u s 9 6 Z r . I n t e r p r e t a t i o n o f the T>and as a n o r m a l q u a d r u p o l e deformed 
band p r e s e n t s some d i f f i c u l t i e s and s u g g e s t s t h a t an e x p l a n a t i o n i n terms o f 
a l p h a - c l u s t e r i n g may be more r e a s o n a b l e . V a r i o u s e x p e r i m e n t s a r e under way 
t o a i d i n the s e a r c h f o r o t h e r band members and to e s t a b l i s h the d e g r e e o f 
c o l l e c t i v i t y o f the s t a t e s i n v o l v e d . 

Acknowledgments 

We wish to thank Prof. F. Iachello for enlightening discussions and Drs. 
H. J. Daley, E. A. Henry, K. Heyde, H. Mach, K. Sistemich, A. M. van den Berg 
and J. L. Wood for useful comments. One of us (G. M.) wishes to thank 
members of the University of Kentucky and of the Lawrence Livermore National 
Laboratory for their support and hosp i t a l i t y . This work was supported i n 
part by the Hungarian Academy of Sciences, the National Science Foundation, 
and the U. S. Department of Energy through contract Nr. W-7405-Eng-48. 

References 

[BAL71] J.B. Ball, R.L. Auble, and P.G. Roos, Phys. Rev. C4 196 (1971); E.R. 
Flynn, J.G. Beery, and A.G. Blair, Nucl. Phys. A218 285 (1974). 

[BRO64] G.E. Brown and A.M. Green, Nucl. Phys. 75 401 (1964); 85 87 (1966). 
[CHE70] E. Cheifetz R.C. Jared, S.G. Thompson, and J.B. Wilhelmy, Phys. Rev. 

Lett. 25 38 (1970). 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

02
9



2 9 . MOLNÂR ET AL. Possible Evidence for a-Clustering 2 0 1 

[FAZ84] B. Fazekas, T. Belgya, G. Molnár, and Á. Veres, in Proc. Int. Symp. 
In-Beam Nuclear Spectroscopy, Zs. Dombrádi and T. Fényes, eds. 
(Akadémiai Kiadó, Budapest, 1984). 

[FLY70] E.R. Flynn, D.D. Armstrong, and J.G. Beery, Phys. Rev. C1 703 
(1970). 

[HEN85] E.A. Henry et a l . , to be published. 
[HEY83] K. Heyde, P. Van Isacker, M. Waroquier, J.L. Wood, and R.A. Meyer, 

Physics Reports 102 291 (1983). 
[IAC82] F. Iachello and A.D. Jackson, Phys. Lett. 108B 151 (1982). 
[IAC84] F. Iachello, in Proc. Int. Conf. Clustering in Nuclei, Chester, 

England (July, 1984). 
[MAY82] W. Mayer et a l . , Phys. Rev. C26 500 (1982); R.S. Tickle, W.S. Gray, 

and R.D. Bent, Nucl. Phys. A376 309 (1982). 
[MEY85] R.A. Meyer et a l . , to be published. 
[MON82] E. Monnand et a l . , Ζ. Phys. A 306 183 (1982); R.A. Meyer et a l . , 

Nucl. Phys. A439 510 (1985). 
[MOR56] H. Morinaga, Phys. Rev. 101 254 (1956). 
[SAD75] G. Sadler et a l . , Nucl. Phys. A252 365 (1975); T.A. Khan et a l . , Ζ. 

Phys. A 275 289 (1975). 
[SAM82] M. Sambataro and G. Molnár, Nucl. Phys. A376 201 (1982). 
[VAN84] A.M. van den Berg, A. Saha, G.D. Jones, L.W. Put, and R.H. 

Siemssen, Nucl. Phys. A429 1 (1984); A. Saha, G.D. Jones, L.W. Put, 
and R.H. Siemssen, Phys. Lett. 82B 208 (1979). 

[WOO84] J.L. Wood, in Proc. Int. Symp. In-Beam Nuclear Spectroscopy, Zs. 
Dombrádi and T. Fényes, eds. (Akadémiai Kiadó, Budapest, 1984). 

RECEIVED July 15, 1986 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

02
9



30 
Structure Transition in Heavy Y Isotopes 
G. Lhersonneau1, Richard A. Meyer2, K. Sistemich1, H. P. Kohl1, H. Lawin1, G. Menzen1, 
H. Ohm1, T. Seo3, and H. Weiler1 

1Institut für Kernphysik, Kernforschungsanlage Jülich, D-5170 Jülich, Federal Republic 
of Germany 

2Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 
3Reactor Research Institute, Kyoto University, Osaka, Japan 

The structures of the neutron-rich isotopes 97Y, 98Y and 99Y reflect 
with special clearness the rapid change of the nuclear shape at neu
tron number 60. The discovery of a new isomer in 97Y has provided 
evidence for the shell-model character of this nucleus even at high 
excitation energies while 99Y shows the properties of a symmetric 
rotor already in the ground state. The level pattern of the interme
diate isotope 98Y indicates shape coexistence. 

The understanding of the rapid s t ructure change of the neutron-r ich 
nuclei with A ~ 100 is a fasc inat ing top ic for f a r - o f f - s t a b i l i t y s tud ies. A 
sudden t r a n s i t i o n from spherical to deformed nuclear shapes takes place when 
the neutron number raises from 58 to 60. This is especia l ly so in the Sr and 
Zr isotopes where the energies of the f i r s t exci ted 2 + levels decrease by 
more than a factor of 5 between ^ S r 5 g and §§ST5Q and between jjjjẑ  and 
1 4 0 Z r 6 0 # B o t n 9 8 s r a n d 1 0 ° Z r a r e deformed in t h e i r ground s ta tes , but proba
bly have coexist ing spherical shapes at low exc i ta t ion energies. 

This fact and the resul ts of several experimental and theore t ica l 
studies suggest that the nuclei around A = 100 change t h e i r shapes rap id ly 
but that they have complex potent ia l energy surfaces. In p a r t i c u l a r , these 
nuclei are supposed to be sof t wi th respect to γ deformations. However, r e 
cent invest igat ions on odd-mass nuclei revealed propert ies of c lass ica l 
symmetric ro to rs . A good example i s §^50» the isotone of 9 8 S r and 1 0 0 Z r , 
where an extended ground-state band and several side bands have been 
found [PFE81, M0N82, W0H83, PET85, MEY85]. 

Now, new information on 9 7 Y has been obtained at the f i ss ion product 
separator JOSEF [LAW76] which indicates that t h i s nucleus has shel l model 
character even at high exc i ta t ion energies. Thus, no signs of a pa r t i cu la r 
softness are observed on e i ther side of the st ructure t r a n s i t i o n in the 
Y isotopes. Shape coexistence may ex is t only in the intermediate nucleus 
§§Y59 w n e r e a D a n d w l t n ro ta t ional propert ies has been known fo r long to 
ex is t [GRU72, SIS76] based on an excited state of 495 keV. 

0097-6156/ 86/ 0324-0202S06.00/ 0 
© 1986 American Chemical Society 
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30. LHERSONNEAU ET AL. Structure Transition in Heavy Y Isotopes 203 

A new isomer i n 

A l e v e l scheme o f 9 7 Y which c o n t a i n s l e v e l s w i t h sp ins up t o 9/2 had 

been e s t a b l i s h e d [M0N76, PFE81] f rom t h e s tudy o f t h e β" decay o f 9 7 S r . Re

c e n t l y , an i s o m e r i c s t a t e w i t h a h a l f - l i f e o f 144 ms i n 9 7 Y has been d i s c o v 

ered [LHE85] wh ich decays t h r o u g h a sequence o f l e v e l s w i t h h i g h e r s p i n s i n 

t o t h e g 9 / 2 s t a t e . The isomer l i e s a t 3523 keV and i s depopu la ted t h r o u g h a 

t r a n s i t i o n o f 162 keV w i t h a p robab le m u l t i p o l a r i t y o f E 3 > = 1 . 0 0 ( 1 9 ) . I t s 

t r a n s i t i o n r a t e o f about 2 s i n g l e p a r t i c l e u n i t s i s c h a r a c t e r i s t i c f o r a 

p a r t i c l e - t o - h o l e decay [ B L 0 8 5 ] . 

The i s o m e r i c s t a t e and i t s d e p o p u l a t i o n can bes t be unders tood w i t h 

t h e c o n f i g u r a t i o n s which a re proposed i n F i g . 1 . The isomer i s a t h r e e 

q u a s i p a r t i c l e s t a t e w i t h s p i n and p a r i t y 2 7 / 2 " and t h e 162 keV t r a n s i t i o n 

b a s i c a l l y c o n s i s t s of t h e c o n v e r s i o n o f a hn/2 neu t ron p a r t i c l e i n t o a d 5 y 2 

n e u t r o n h o l e . The d e p o p u l a t i o n proceeds t h r o u g h a s e r i e s o f l e v e l s where t h e 

9 9 / 2 Photon i s coup led t o s t a t e s o f t he t w o - n e u t r o n c o r e . Thus, t h e e n e r g i e s 

o f t h e most i n t e n s e γ t r a n s i t i o n s o f 792, 912 and 990 keV agree w e l l w i t h 

t h e average energy d i f f e r e n c e s o f t h e 6 + , 4 + , 2 + and 0 + s t a t e s o f t h e cores 
9 6 S r and 9 8 Z r . In t h e lower p a r t o f t h e scheme t h e r e e x i s t c a n d i d a t e s f o r 

a l l but one member o f t h e g g / 2 ® 2 + m u l t i p l e t . 

S i m i l a r c o r e - c o u p l e d s t a t e s have been observed i n l e s s n e u t r o n - r i c h 

n u c l e i a t A ~ 100. An example i s 9 3 N b [MEY77] w i t h two va lence neu t rons 

beyond t h e Ν = 50 s h e l l and one p r o t o n i n t h e g Q y 2 o r b i t a l . A n a l o g u o u s l y , i t 

i s conc luded t h a t t h e new l e v e l s o f 9 7 Y r e f l e c t t h e i n f l u e n c e o f t h e s u b -

s h e l l c l o s u r e s a t Ζ = 40 (o r 38) and Ν = 56 which i s c o n s i d e r a b l e i n 9 6 Z r 

( o r 9 ^ S r ) . A p p a r e n t l y , these s h e l l c l o s u r e s are i m p o r t a n t even a t h igh e x c i 

t a t i o n i n 9 7 Y , a l t h o u g h t h i s i s o t o p e i s nex t ne ighbour t o deformed n u c l e i . 

Shape c o e x i s t e n c e i n 9 8 Y 

The i s o t o p e 9 8 Y i s a ve ry remarkab le n u c l e u s . Several i s o m e r i c s t a t e s 

w i t h h a l f - l i v e s between 3 ns and 8 \is have been observed i n i t . A band o f 

l e v e l s w i t h r o t a t i o n a l c h a r a c t e r and very l i t t l e s t a g g e r i n g i s based on t h e 

8 \is isomer a t 495 keV. I t had been d i s c o v e r e d more than a decade ago 

[GRU72] and has rega ined i n t e r e s t s i n c e r o t a t i o n a l bands have been observed 

i n s e v e r a l odd-mass n u c l e i w i t h Ν > 6 0 . 

In F i g . 1 i s shown t h e p a r t o f t h e l e v e l scheme o f 9 8 Y wh ich i s ob

served i n t he s tudy o f t h e decay o f t h e \is isomers ( r e s u l t s o f β" decay 

s t u d i e s a re g iven i n [S IS76 , BEC83] ) . Compared t o e a r l i e r work t h e r e l a t i v e 

i n t e n s i t i e s o f t h e γ t r a n s i t i o n s and Κ rays have been de te rm ined w i t h 
α 

h i g h e r p r e c i s i o n which a l l o w s t o deduce t h e m i x i n g r a t i o s δ f o r t h e ΔΙ = 1 

t r a n s i t i o n s i n s i d e t h e band (which show t h e t y p i c a l behav iour f o r a r o t a 

t i o n a l band) and t h e c o n v e r s i o n c o e f f i c i e n t s f o r s e v e r a l o f t h e γ t r a n s i 

t i o n s , see F i g . 1 . A d d i t i o n a l γ l i n e s have been observed between t h e l e v e l s 

a t 170 and 495 keV, and new i n f o r m a t i o n on t h e l i f e t imes o f l e v e l s was 

ach ieved f rom γ - γ - t measurements. 
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30. LHERSONNEAU ET AL. Structure Transition in Heavy Y Isotopes 205 

A reasonab le f i t t o t h e e n e r g i e s o f t h e members o f t h e band can be 

o b t a i n e d w i t h t h e r o t a t i o n a l f o r m u l a E=E Q +A [ l ( I + l ) - K 2 j + Β [ I ( 1 + 1 ) - K 2 ] 2 i f 

t h e parameters Κ = 2 , E Q = 455.3 keV, A = 17.2 keV and Β = -22 eV a re u s e d . 

A c o n s i d e r a b l y b e t t e r f i t i s , however , p o s s i b l e [PEK84] w i t h t h e f o r m u l a 

Ε = E Q + A [ l ( I + l ) - K 2 ] + a l . 

A l though the v a l u e o f A = 17.2 keV i s smal l ( i t cor responds t o a mo

ment o f i n e r t i a o f about 90 % o f t h e r i g i d r o t o r v a l u e ) i t i s not u n e x p e c t 

e d , s i n c e a v a l u e o f A = 18.0 keV has been deduced f o r t he ground s t a t e band 

o f t h e odd-mass ne ighbour A = 9 9 . I f Κ = 1 or Κ = 3 were used f o r t h e f i t 

w i t h t he c l a s s i c a l r o t a t i o n a l f o r m u l a then v a l u e s o f A ~ 27 keV and ~ 12 keV 

would r e s u l t wh ich a re not c o m p a t i b l e w i t h t h e knowledge about o t h e r n u c l e i 

i n t h i s mass r e g i o n . Hence, Κ = 2 i s proposed f o r t h e band i n 9 8 Y . 

The p a r i t y o f t he members o f t h e band cannot be de te rmined unambi

guous ly w i t h t h e a v a i l a b l e i n f o r m a t i o n . Spin and p a r i t y 1 + are ass igned t o 

t h e ground s t a t e o f 9 8 Y s i n c e t h e β" decays f rom 9 8 S r i n t o t h i s l e v e l and 

i t s own decay i n t o t h e ground s t a t e o f 9 8 Z r a re p r o b a b l y a l l o w e d 

[BEC83,SIS76] . At f i r s t s i g h t t h e c o n v e r s i o n c o e f f i c i e n t s o f t he γ t r a n s i 

t i o n s o f 1 2 1 , 204, 51 and 119 keV which connect t h e band head w i t h t h e 

ground s t a t e i n d i c a t e m u l t i p o l a r i t i e s o f Ml a n d / o r E2 a n d , hence, no p a r i t y 

change. Thus t h e band head shou ld have p o s i t i v e p a r i t y . 

But i t cannot be r u l e d out t h a t t he 121 keV t r a n s i t i o n has a m u l t i p o 
l a r i t y o f El w i t h a smal l a d m i x t u r e o f M2 i n s t e a d o f M1/E2. A m i x i n g p a r a -

2 9 

meter o f δ = 4 · 1 0 " ^ would account f o r both t he c o n v e r s i o n c o e f f i c i e n t o f 

t h i s t r a n s i t i o n and f o r the h a l f - l i f e o f t h e 495 keV l e v e l ( w i t h h i n d r a n c e 

f a c t o r s o f 4 .6 · 1 0 7 and 3.3 f o r t h e E l and M2 f r a c t i o n , r e s p e c t i v e l y ) . I f 

t h e 121 keV l i n e has t h i s c h a r a c t e r , then t h e p a r i t y o f t h e band members i s 

n e g a t i v e . 

C a l c u l a t i o n s of t h e e x c i t a t i o n e n e r g i e s o f t he band heads o f odd-odd 

n u c l e i i n the A = 100 r e g i o n [H0F84, MEY84] o f f e r c a n d i d a t e s f o r both p a r i 

t i e s , namely {π [422 5 / 2 ] v [ 4 0 4 9 / 2 ] } 2 + and {π [303 5 / 2 ] v [ 4 0 4 9 / 2 ] } 2 " wh ich 

both have the same neu t ron c o n f i g u r a t i o n . There i s ev idence [MEY84] t h a t 

t h i s i n t r u d e r c o n f i g u r a t i o n causes a l s o isomer ism i n t h e odd-mass i s o t o n e s 
9 7 S r and 9 9 Z r , see be low. Another f a c t o f i n t e r e s t i s , t h a t bo th t h e p r o t o n 

and the neu t ron c o n f i g u r a t i o n o r i g i n a t e f rom the g g y 2 s i n g l e p a r t i c l e o r 

b i t a l f o r t he 2 + a l t e r n a t i v e w i t h t he p o s s i b i l i t y o f a s t r o n g d e f o r m a t i o n -

d r i v i n g p r o t o n - n e u t r o n i n t e r a c t i o n . 

Wh i le t h e r e i s l i t t l e doubt about t h e r o t a t i o n a l p r o p e r t i e s o f t h e 

band which i s based upon t h e 495 keV s t a t e , t h e n a t u r e o f t h e l e v e l s below 
Q O 

t h e band head and o f those which a re on ly p o p u l a t e d i n t h e β" decay o f yoSr 
i s not c l e a r . These l e v e l s do not show a membership t o bands and i t i s p r o b 

a b l e t h a t most o f them are not o f r o t a t i o n a l c h a r a c t e r . In p a r t i c u l a r , a l 

though t h e energy o f 119 keV o f t h e f i r s t e x c i t e d s t a t e i s s i m i l a r t o t h e 
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206 NUCLEI OFF THE LINE OF STABILITY 

energy o f t h e f i r s t e x c i t e d members o f r o t a t i o n a l bands o f t h e n e i g h b o u r i n g 

odd-mass n u c l e i i t i s improbab le t h a t an u n p e r t u r b e d ground s t a t e band 

e x i s t s i n 9 8 Y . I f so then i t would be a s t o n i s h i n g t h a t none o f t h e h i g h e r 

l y i n g members was fed i n t h e decay o f t he i s o m e r s . Moreover i t i s d i f f i c u l t 

t o choose a c o n v e n i e n t v a l u e o f Κ f o r such a band which would e x p l a i n t h e 

s t r o n g h i n d r a n c e o f more than 1 0 1 0 f o r t h e d i r e c t decay f rom t h e band head 

a t 495 keV i n t o t h e ground s t a t e . 
Q Q 

The ground and f i r s t e x c i t e d s t a t e s o f *°Y may r a t h e r be r e l a t e d t o 

c o r r e s p o n d i n g l e v e l s i n t h e i s o t o n e s 9 7 S r and 9 9 Z r f o r which a J - 2 and J - l 

c h a r a c t e r o f t h e p a r t i c l e - v i b r a t o r c o u p l i n g t y p e has been proposed [MEY84]. 

The lowes t l e v e l s o f these i s o t o n e s a re d e p i c t e d i n f i g . 2 . The s t r i k i n g 

s i m i l a r i t y o f t h e observed t r a n s i t i o n p r o b a b i l i t i e s i n d i c a t e s t h a t bo th n u 

c l e i have t h e same s t r u c t u r e i n s p i t e o f t h e d i f f e r e n c e s i n e n e r g y . The s e c 

ond e x c i t e d s t a t e s are p o s s i b l y due t o a low l y i n g i n t r u d e r c o n f i g u r a t i o n 

f rom a deformed shape. 

The symmetr ic r o t o r " γ 

The l e v e l scheme o f 9 9 Y has been s t u d i e d both t h r o u g h t h e β" decay o f 
9 9 S r [PFE81,PET85] and v i a an i s o m e r i c s t a t e a t 2142 keV w i t h h igh s p i n 

wh ich i s d i r e c t l y p o p u l a t e d i n f i s s i o n [M0N82,MEY85]. Th i s nuc leus c o n t a i n s 

t h e most extended r o t a t i o n a l band which has been found i n an odd-A nuc leus 

a t A ~ 100. In a d d i t i o n , seve ra l s i d e bands have been o b s e r v e d . 

The p r o p e r t i e s o f 9 9 Y suggest t h a t t h i s nuc leus i s a c l a s s i c a l 

symmetr ic r o t o r . Thus , c o n f i g u r a t i o n s can be ass igned t o a l l t h e bands i n 

accordance w i t h t h e p r e d i c t i o n s o f t h e N i l s s o n model f o r A ~ 100 and a 

d e f o r m a t i o n o f ε - 0 . 3 . A l so the m i x i n g r a t i o s δ f o r t h e ΔΙ = 1 members o f 

t h e bands can be accounted f o r i n t h e c l a s s i c a l p i c t u r e o f r o t a t i o n a l 

n u c l e i . The h a l f - l i f e o f t h e isomer a t 2142 keV i s o b v i o u s l y due t o Κ 

f o r b i d d e n n e s s . 

Conclusions^ 

The a v a i l a b l e knowledge on t h e t h r e e n e i g h b o u r i n g n e u t r o n - r i c h i s o 

topes o f Y shows t h a t t hese n u c l e i have v e r y d i f f e r e n t s t r u c t u r e s : 
9 7 Y has p r o p e r t i e s which a re b a s i c a l l y de te rmined t h r o u g h t h e v a l e n c e 

nuc léons beyond t h e co re 9 6 Z r ( o r 9 ^ S r ) . The e x i s t e n c e o f t h e isomer o f 

t h r e e - q u a s i p a r t i c l e c h a r a c t e r i n d i c a t e s t h a t t h e r e i s no p a r t i c u l a r 

s o f t n e s s a g a i n s t d e f o r m a t i o n even a t h igh e x c i t a t i o n e n e r g y . 
9 8 Y most p robab ly has c o e x i s t i n g n u c l e a r shapes w i t h a w e l l deve loped 

r o t a t i o n a l band on t h e 495 keV l e v e l and o t h e r l e v e l s wh ich seem t o be 

r a t h e r o f v i b r a t i o n a l n a t u r e . 
9 9 Y i s c h a r a c t e r i z e d t h r o u g h t h e occurence o f r o t a t i o n a l bands a l l over 

t h e i n v e s t i g a t e d r e g i o n o f e n e r g i e s up t o 2 MeV as a symmetr ic r o t o r . 
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30. LHERSONNEAU ET AL. Structure Transition in Heavy Y Isotopes 207 

These r e s u l t s demonst ra te t h a t a d i f f e r e n c e o f o n l y one n e u t r o n causes a 

c o n s i d e r a b l e change o f t h e n a t u r e o f t h e n u c l e i a t A ~ 100 and t h a t t h e 

s tudy o f t h e i s o t o p e s w i t h odd nueleon numbers can p r o v i d e i n s i g h t i n t o t h e 

d e t a i l s o f t h e shape t r a n s i t i o n . The t r a n s i t i o n i n t h e Y i s o t o p e s seems t o 

be even more r a p i d than i n t h e Sr and Zr cha ins where t h e Ν = 60 i s o t o n e s 

s t i l l have c o e x i s t i n g shapes and where t h e s h e l l - m o d e l c h a r a c t e r o f t h e Ν = 

58 i s o t o n e s a t h igh e x c i t a t i o n e n e r g i e s has no t y e t been t e s t e d . F u r t h e r i n 

v e s t i g a t i o n s a r e , however, needed i n o r d e r t o c o n f i r m i n d e t a i l t h e proposed 

i n t e r p r e t a t i o n o f t h e l e v e l schemes o f t h e Y i s o t o p e s and t o see whether 

s i m i l a r l y r a p i d s t r u c t u r e changes occur i n t h e Rb and Nb i s o t o p e s a t Ν ~ 6 0 . 

F i g . 2 : The l o w e s t 
l e v e l s o f t h e i s o t o n e s 
o f 9 8 Y . The v a l u e s o f 
t i / 2 f o r t n e f i r s t 

e x c i t e d s t a t e s and o f 
<w were measured a t 
JOSEF. For d e t a i l s on 
9 7 S r see [PFE81, 
KRA83,MEY84. 
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31 
Rotational Structure of Y Nuclei in the Deformed A = 100 Region 
F. K. Wohn1, John C. Hill1, and R. F. Petry2 

1Ames Laboratory, Iowa State University, Ames, IA 50011 
2University of Oklahoma, Norman, OK 73019 

Level structures of four Y isotopes with mass A=99-102 were studied via the 
decays of their mass-separated Sr parents using the TRISTAN isotope separator 
on-line to the high flux beam reactor at BNL. In 99,101Y we observed 5 rota
tional bands and identified their band heads with the proton Nilsson orbitals 
5/2[422], 5/2[303], 3/2[301], 1/2[431], and 3/2[431]. (The 3 lowest-energy 
bands have also been observed in 101,103Nb.) Single-quasiparticle symmetric
-rotor calculations of level energies, single-particle E1 or M1 and collective E2 
transition rates provide an excellent description of the observed level energies 
and transition rates. In 100,102Y we identified Κπ = 1+ bands (also observed in 
102,104Nb) that seem to be "paring free" two-quasiparticle bands with moments of 
inertia nearly equal to those of a rigid spheriodal nucleus. 

Neutron-rich A=100 nuclei have attracted 
considerable interest for more than a decade 
since they belong to a new region of deforma
tion. The first indications of deformation in 
this regLon were rotational energy level pat
terns and strongly enhanced B(E2) values con
sistent with equilibrium deformations β of 
0.3-0.4 [CHE71]. Subsequent detailed spectro
scopic studies focused primarily on deformed 
even-even isotopes of Sr, Zr, Mo and Ru. In 
the last few years, as ISGL (isotope separator 
on-line) facilities have made available 
shorter-lived and more neutron-rich nuclei, 
evidence has accumulated on odd-A nuclei, per
mitting the determination of valence Nilsson 
orbitals for both odd-Z and odd-N nuclei in 
the A=100 regLon. To a lesser extent, évi
dence on odcHxid deformed nuclei now exists. 

Before discussing the four Y nuclei that 
we have recently studied, some of the unusual 
features of deformed A=100 nuclei that were 
revealed via spectroscopic studies are briefly 
discussed. One feature is the remarkably 
rapid onset of deformation that occurs for 
everneven nuclei at neutron number N=̂ 0. Fig. 
1 shows the unusually sharp drop in the 2^+ 

level energy at N=60 for Sr and Zr nuclei. 
That the onset of deformation does not begin 
prior to N=60 can be attributed to subshell 
effects that are mutually reinforcing for the 
nucléon numbers Z=38,40 and N=56,58 [BEN84]. 
Recent considerations of the influence of sutr-
shell effects on the onset of deformation show 
a close analogy between the A=100 region and 
the rare earth region [GAS81], but the effect 
is more than twice as abrupt for A=100 nuclei 
than for the rare earths [W0H83J. 

0097-6156/ 86/ 0324-0208S06.00/ 0 
© 1986 American Chemical Society 
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31. WOHN ET AL. Rotational Structure of Y Nuclei 209 

Fig. 1. 2.| level systematics of even-even 
A=100 nuclei. 

Fig. 2 further illustrates the abruptness 
of the shape transition. The energy ratio 
approaches the value of 10/3 characteristic of 
an axially symmetric rotor for Sr or Zr nuclei 
with Ν > 60. One should thus also expect Y, 
which is Intermediate In Ζ between Sr and Zr, 
to have a similarly sharp onset of deformation 
leading to a rotational structure for Ν > 60. 

A second unusual feature of A=100 nuclei 
is the large values of moments of inertia ^ 
deduced from rotational bands. Fig. 3, which 
shows systematics of inertia! moments, includ
es the four Y nuclei discussed in this paper. 

80r 

46 W 44* " 42*° 4 0 7 7 w 5 7 " 

Fig. 2. Ε(4Ί
+)/Ε(2Ί

+) systematics. 

Moments of inertia for deformed 
A=100 nuclei. 

Note that several odd-A. nuclei have moments 
of about 80-85% of the rigid value. Values 
exceeding 90% are obtained for the Κ π = 1 + 

bands discussed below. These large moments 
are nuch higher than the < 50% values of the 
deformed rare earths, and this can be inter
preted as a consequence of an unusually low 
strength of the pairing interaction [PET85J. 

A third, and quite intriguing, feature of 
deformed A=100 nuclei is the apparent coexis
tence of spherical and highly deformed shapes. 
All of the N=60 isotones ^Sr, 1 0 0Zr, 102H>, 
1 0«Suand 1 0 6Pd have an "extra" 0 + state (the 
0^ state) that cannot be reproduced in col
lective models as a simple collective excita
tion of the core. The very low-lying 0^ 

level in 9 8Sr and 1 0 0Zr, which lies at 215 and 
331 keV respectively, can best be understood as 
shape coexistent 0 + states with the ground 
state being dominantly a symmetric rotor and 
the 02+ state being dominantly a spherical, or 
nearly spherical, shape [W0H86J. In contrast, 
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210 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

the heavier Mo and Ru isotopes were inter
preted as asymmetric rotors with non-zero 
values of the geometric asymmetry parameter γ 
[SHI83], [SIM80]. 

In terms of the three limiting group sym
metries used in the interacting boson model 
(IBM), the shape transition of Ru or Pd nuclei 
can be explained as a SU(5) to 0(6) transition 
[STA82]. The transition of Sr or Zr nuclei 
is characterized instead as SU(5) to SU(3). 
For Mo nuclei, the shape transition appears to 
be more complicated than the above and has not 
yet been adequately described. 

The unusual features of the A=100 nuclei 
briefly reviewed above continue to stimulate 
strong interest in the structure of these 
nuclei. Theoretical studies, including poten
tial energy and microscopic shell model calcu
lations, as well as a more detailed review of 
the features of the A=100 region than space 
here permits, are discussed in [PET85]. 

II. DEFORMED ODD-A Y ISOTOPES 
A clear gap in the study of this region 

was a lack of information on single-particle 
states in deformed nuclei with Ν > 60. Only 
recently, since we began our first Y study 
with has such information emerged. The 
status through the end of 1984 was recently 
summarized ty [PET85]. 

From studies of the decay of an 8.6-ys 
isomer in "Y [M3N82] and our study [PET85] 

99 
of the decay of Sr, we have identified 5 
rotational bands in «I. [ΡΕΓ85] gives the 

QQ 

details of our Sr decay study and [W3H85] 
gives details of a particle-rotor calculation 
of the rotational band structure and transi

tion probabilities. In the following, only 
the 5 singlenquasiparticle band calculations 
of [W3H85] are presented. Other levels, such 
as particle-vibration (3 quasiparticle) states 
in "Y are discussed in [PET95]. 

Since so little was known about the 
single particle structure of deformed A=100 
nuclei, our approach in [W0H85] was to use a 
textbook version of the particle-rotor model, 
as outlined by [BUN71], that had been system
atically used to study deformed rare earths. 

The model parameters fa l l into two clas
ses, an "energy" class and a "transition" 
class. The energy class includes (the 
proton pairing gap), the 3 Nilsson parameters 
(κ, μ, and 6), the inertia! parameter 
of the axially symmetric deformed core, and 
the Coriolis attenuation parameter k. Fig. 4 
shows the Nilsson parameters and we used. 

For a l l bands we used δ = 0.34 and an in-
ertial parameter of 21.8 keV. The bandheads 
were calculated, not arbitrarily set [VJ0H85]. 

5.50 

5.25 

5.00 

f 4.75 

Id 

4.50 

4.25 

4.00 

Fig. 4. δ 

Nilsson diagram for protons with κ = 0.067 
and μ = 0.53; BCS model Fermi level for Y 
with Δ = 0.69 MeV is indicated by dots. 
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31. W O H N E T A L . Rotational Structure of Y Nuclei 211 

Of the energy parameters, k was determined by 
our data. We found k = 0.77 for unique-
parity and k - 1.35 for normal-parity bands. 

The transition class of parameters were g' 
(the ratio of the spin g-factor and the free 
proton g-factor) and H (the enhancement factor 
of the ΔΚΟ El Nilsson matrix elements). We 
found g' = 1.0 for the unique-parity bands and 
g1 = 0.7 for the normal-parity bands. An H 
of 3.0 was found to give good reproduction of 
the relative El and Ml rates for the Coriolis-
mlxed 5/2[303] and 3/2(301] bands. The bands 
and transition rates are given in Fig. 5. 

Bandhead Calculation Experiment 

5/2[303] 26 ps -
3/2[301] 33 ps -
1/2[431] 49 ps -

103Nb 5/2[303] 4.8 ns 4.7±0.5 ns 
3/2[301] 1.9 ns 2.0±0.6 ns 

Expe^mentol Bonds ι 

Transitions: MI + E2 • 

' » 2 * 3 S 1595 

eCfrS 656 7/r>-'2£ 

• W W j T 1220 5/£pl 
, ,^Ι Isa 1 ^ 

3 ^ Π Τ Τ Π θ 0 9 

_ V l i _ J _ _ _ 
Λ 
3/2 [301 

407 £ 

ALL . . V f i y l zea. . 
H- -i Η - V I - -- ^ - E r r -

J 2 5 _ 

5 /2 [303] 5 / 2 [ 4 2 2 ] 
: : - i J : : 

1/2 [43l] 

In order to test our calculation against 
absolute transition rates, we turned to 103Nb. 
since the same 3 lowest bands were seen and 
El transitions from the 5/2[303] and 3/2[301I 

bandheads in 1 0 3Nb had measurable half-lives 
[SE084]. We did not change the 
Nilsson El matrix elements but 

( o ) changed only the pairing factor 

correction (due to the different 
quasiparticle energies for 9 9Y 
and 1 0 3Nb). We obtained the 
lifetimes given in the table 
above, which clearly shows that 
H=3.0 works remarkably well 

i -

3/2 [431] 

Tronsitions Ml • E2 • 

Figure 5. Nilsson bands and rel a t i v e transition 
intensities for 9 9Y. For ease of comparison the 
exp. intensities are given i n (a) and (b). 

also for 1 0 3 Nb. 
The "adjustment" factors 

(k, g\ H) of our "textbook" 
version of the particle-rotor 
model are much closer to unity 
for "Y than is typical for the 
rare earth nuclei. It is inte
resting to speculate i f this can 
be simply a consequence of the 
lower density of single-particle 
states and lower pairing energy 
for the neutron-rich A-100 
nuclei. 

Our study of 1 0 1Y levels 
from the decay of ^ S r is not 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

03
1



212 NUCLEI OFF THE LINE OF STABILITY 

yet complete, hit the 4 bands shown in Fig. 6 
are definite. In 1C1Y the 3/2[431] band lies 
lower and the 1/2[431] band lies higher in 
energy than in «I. hence identification of 
the latter band is more difficult for 101Y. 

Tronsitions M l * E2 I 

Q ^ 

III. DEPOBMED CCD-ODD Y ISOTOPES 
As mentioned above, deformed A*100 nuclei 

have unusually weak pairing, as indicated by 
moments of inertia of 70% of the moment of a 

<9/£> 

5/ 2 -
- - - j 3 

«2 S 
-622 

'z 

.114. . 

Fig. 6. 

Nilsson bands and relative transition Intensities 

The similarity between the level structures of 
"Y and 101Y is striking. (Also, both 1 0 1Nb 
and have the same 3 lowest bands [SE084] 
with very similar level spacings.) Indeed, 
all known odd-A deformed A=100 nuclei appear 
to have very similar deformed cores. 

As stated earlier, coexistence of deformed 
and spherical shapes is characteristic of the 
lighter deformed A=100 nuclei. Both "Y and 
101Y have anomalous states (at 599 and 890 keV 
respectively) that are not associated with the 
lower energy bands. These states decay only 
to the 3/2 [301] bandhead, hence could be the 
pl/2 s t a t e expected for the 39^ proton in a 
spherical potential. Spherical A=100 nuclei 
have a 2^+ energy of -800 keV, and the anoma
lous states are fed only by -800 keV γ rays, 
which supports our speculation that they may 
be particles coupled to a spherical core. 

3 . M 

.V ! 

.1027 
'996 

•8-3JQ- -"/* - « . 4 9 4 A . Λ -

[422] 3/,[«'l 

for 1 0 1Y 

rigid spheriod (see Fig. 3) for the Κ π = 0 + 

ground bands of e-e nuclei. 
With the addition of 1 quasi-
particle, the deformed odd-A 
nuclei have moments of inertia 
that increase to -85%. With 2 
unpaired quasiparticles, the 
deformed oro nuclei could thus 
have moments nearly equal to 
the rigid moment of inertia. 

Nuclei in which the effec
tive neutron and proton pairing 
gaps have vanished are referred 
to as "pairing-free" nuclei. 

The deformed odd-odd A=100 nuclei thus present 
a unique opportunity to observe the pairing-
free nuclear phase at conditions of low angu
lar momentum and low excitation energy. 

[EED77] proposed that the unusually weak 
pairing for A=100 nuclei is associated with 
the very strong coupling between gg/2 protons 
and g-ji2 neutrons. For o-o nuclei, we expect 
the deformed states with the strongest p-n 
coupling would be most likely to approach the 
pairing-free phase. Thus cro nuclei having 
low-lying Nilsson orbitals with strong ïïg^ 
and Vg^2 components should have the required 
strong p-n coupling. 

Odd-odd Y and Nb nuclei with Ν > 60 are 
ideal candidates, since the odd proton state 
5/2 [422] has a large component and N=61 
or 63 nuclei have a 3/2 [411] ground band with 
a large gyy2 component. These orbitals 
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31. W O H N E T A L . Rotational Structure of Y Nuclei 213 

should couple to form a low-lying Κ π * 1 band 
that should be strongly fed ty the β decay of 
the e-e parent. 

Figure 7 gives our proposed Κ π • 1 + bands. 
The lower 1 + bands we propose to be nearly 
"pairing free" bands and their moments of 
inertia (shown in Fig. 3) range from 88% to 
94% of the rigid value. Our TRISTAN data was 

these proceedings gives additional arguments. 
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32 

Coexistence in the Cd Isotopes and First Observation 
of a U(5) Nucleus 

A. Aprahamian 

Department of Chemistry, Clark University, Worcester, MA 01610 

The 118,120Cd nuclei were studied from the decay of Ag produced from the 
fission of 235U. The resulting systematics of the cadmium nuclei show that 
the intruding configuration bandheads have in fact risen in excitation energy 
relative to those observed in 112,114Cd and are well-separated from the two
-phonon triplet of states. These results also led to the identification of a 
set of five states, in 118Cd whose close-spacing in excitation energy and 
decay transition probabilities seem to qualify 118Cd as the first example of a 
U(5) nucleus. 

The presence of intruder states near the Z=50 closed shell has been well 
documented and tested [HEY82] for 112,114Cd, whose structures showed an 
anomalous grouping of five states with a centroid at approximately 1.2 MeV 
instead of the expected vibrational triplet of states. The low-lying 
excitation structure of these nuclei and their E2 transition probabilities 
have been successfully interpreted in terms of the mixing of an intruding 
rotational configuration with the normally expected vibrational configuration 
where the intruder states are described as particle-hole excitations resulting 
from the excitation of a pair of protons across the Z=50 major oscillator 
shell gap. 

Detailed descriptions of the model is given elsewhere [ΗΕΥ82], [ΗΕΥ83]· 
The basic idea, however, is to calculate two sets of states where one 
corresponds to the vibrational states and the other corresponds to the 
rotation-like intruder states which arise from the particle-hole excitations, 
and then to mix the two resulting configurations. The hamiltonians for both 
configurations are esssentially the same: 

H VIB = 6 π "d + Ev "d " K % ' % 
ROT 

where and ε^ are the proton and neutron boson energies and the KQ^.Q^ is 
the neutron-proton quadrupole interaction. The main difference between the 
two configurations arises from the n(n-l) particle number dependence of the 
quadrupole interaction where η is the effective number of valence particles. 
The particle number dependence of the KQ^.Q^ term results in the prediction 
of a "V" shaped systematics for the excitation energies of the intruding 

0097-6156/ 86/0324-0214S06.00/ 0 
© 1986 American Chemical Society 
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32. APR AH AMI AN Coexistence in the Cd Isotopes 215 

configuration for a given isotopic chain where the intruder states decrease in 
energy towards the middle of the neutron shell and rise thereafter. Although 
comparisons of excitation engeries and transition branching ratios 
in Cd nuclei near the neutron midshell (^* 2 ,*^Cd) show very good agreement 
with the above mentioned model, not enough data existed away from midshell to 
test the predicted rise in excitation energy for the intrudering 

11 ft 170 

configuration. Studies of i i 0 > A ^cd were undertaken in order to extend the 
known Cd systematics, and to determine the evolution of the intruding 
configuration. 

These nuclei were studied from the decay of Ag produced in the f i s s i o n of 
enriched J JU at the on-line isotope separator, TRISTAN, at Brookhaven 
National Laboratory by several standard spectroscopic techniques, including 
the measurements of angular correlations by a fixed-four detector system, 
γ-γ and 3-γ coincidence, and lifetimes of some excited states. 

The systematics of the low-lying states of the Cd nuclei are shown along 
l i f t 1?n 

with the new results from the present study for x l o 9 i ^ c d in Fig. 1. Note 
that the centroid of the quintuplet of states in 1 1 2» 1 1 Z*Cd is essentially 
the same as that of the 0+, 2+, 4+ t r i p l e t i n 1 1 8 > 1 2 0 C d . However, the 
third 0+ state has gone up in energy to 1615 KeV in 1 1 8 C d [APR84] and 1745 
KeV in Cd. It is clear that the intruder configuration has risen in 
energy relative to the **^Cd case which represents the neutron midshell. This 
observed increase in excitation energy of the intruder configuration bandhead 
confirms the coexistence and mixing interpretation for the structure of Cd 
nuclei. A good signature of the extent of configuration mixing is given by 
the B(E2) ratio R which i s defined in the top portion of Fig. 1. The values 
of R, shown in Fig. 1, range from a maximum of 5.3X10^ in **^Cd to <3 
i n 1^ uCd. This large decrease in R i s due to the reduced mixing which 
results from the larger distances between the two configurations as one moves 
away from the neutron midshell. 

Intruder states are certainly not unique to the Z=50 region of nuclei 
[HEY83]· In fact, much larger neutron-proton effects are expected for nuclei 
near Z=82 since the neutrons are in the 82-126 s h e l l . The evolution of an 
intruding configuration in a series of Pb nuclei were reported recently 
[VAN85]· The effects of the neutron-proton quadrupole interaction have 
recently been extended [ΗΕΥ85] to include not only a complete description of 
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216 NUCLEI OFF THE LINE OF STABILITY 
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32. A P R A H A M I A N Coexistence in the Cd Isotopes 217 

intruding configurations, but also, the onset of deformation i n nuclei, where 
the intruding rotational configuration comes down low enough i n excitation 
energy to become the ground state. The idea is summarized i n Fig. 2 for Pb, 
Sm, Cd, Sn, Zr and Sr nuclei. The two determining factors for the excitation 
energies of intruding configurations are the shell gap and the magnitude of 
the neutron-proton quadruple interaction [HEY85]· In the Cd nuclei, the gap 
is at 5.4 MeV and the lowest occurrence of the intruding configuration i s at 
1.2 MeV. In the Pb nuclei, the she l l gap i s smaller at 3.5 MeV and there is a 
larger neutron-proton quadrupole effect, therefore, the intruding 

192 
configuration comes below the f i r s t excited 2+ in Pb, only r i s i n g above the 
second 0+ state in 200 Pb. The Sm and Zr, Sr nuclei experience subshell 
closures at Z=64 and Z=40, respectively. These nuclei have she l l gaps of 2-
2.5 MeV, the intruding configuration comes down i n energy and becomes the 
ground state, thereby introducing deformation. One of the well known driving 
forces for particle excitations is the occupation of spin orbit-pairs. For 
example, i n the Zr nuclei, the excitation of a pair of protons across the Z=40 
subshell closure results in the occupation of the g9/2 or b i t a l (Fig. 2). The 
neutrons are in the 50-82 s h e l l , therefore, there is a high occupation of the 
g7/2 o r b i t a l . The result i s increased spatial overlap of neutron-proton 
wavefunctions and, therefore, maximum interaction effects. It seems that the 
neutron-proton quadrupole interaction and i t s dependence on particle number 
provide a satisfactory explanation for the existence of intruding 
configurations throughout the medium and heavy nuclei, as well as, for the 
onset of deformation, implying that i t may be a most important and unifying 
effect for nuclei. 

As pointed out e a r l i e r , the mixing of the intruding configuration with 
the normal states decreases dramatically as the former goes up in excitation 
energy. This separation or isol a t i o n of the intruding configuration presents 
a unique opportunity to test the vibrational structure of these nuclei. In 

1 1 ο 

fact, the resulting level scheme for Cd up to 2.1 MeV shows a special 
clustering of levels, as shown in Fig. 3: a 2+ state at 488 KeV, a t r i p l e t of 
4+, 2+, and 0+ levels at 1165 KeV, 1270 KeV, and 1286 KeV, respectively, the 
intruder 0+ at 1615 KeV, and a set of five closely spaced levels with a 
centroid at 1989 KeV. Angular correlation measurements have allowed unique 
spin assignments of 2+, 0+, and 3+ for the levels at 1916 KeV, 2074 keV, and 

ο 
2092 KeV, respectively, by the use of χ vs. arc-tan δ plots [APR86]· The 
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218 NUCLEI OFF THE LINE OF STABILITY 

126 

7 / 2 

00 

Pb 82 

oo 
Sm 

oo 

Cd.Sn 50 

' 1 3 / 2 

h 9 / 2 

Ί / 2 

j 3 / 2 

Ί Ι / 2 

3 5 / 2 

9 ? / 2 

f t Q Q 

Zr.Sr 
^ 9 / 2 

P i / 2 

f 5 / 2 

P 3 / 2 

Fig. 2 A schematic diagram of the relative sizes of shell and subshell gaps 
for Pb, Sm, Cd, Sn, Zr and Sr nuclei. 

remaining two levels have more than one possible spin assignment. The level 
at 1929 KeV i s either a 3+ or 4+, while the level at 1936 KeV i s most l i k e l y a 
5+ or a 6+. The B(E2) values are shown on the transition arrows of Fig. 3. 
The close-spacing of these five levels, and their strong preference of decay 
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32. APR AH AMI AN Coexistence in the Cd Isotopes 219 

2.0 

^ 2 + 

1.5 

. 4 

^ 2 + 

4 + 

1.0 

0.5 2 + 

M O C d 

F i g . 3 Pa r t i a l level scheme of 1 1 8 C d . The B(E2) values are normalized to 
1.0 for the strongest transition depopulating a given l e v e l . 

to members of the 0+, 2+, 4+ t r i p l e t compared to the f i r s t 2+, indicate that 
this quintuplet of states are the five members of the three phonon 
multiplet. This is the f i r s t experimental evidence for the existence of such 
states. F i n a l l y , i d e n t i f i c a t i o n of these states q u a l i f i e s 
example of the U(5) symmetry of the IBA. 

118, Cd as the best 
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E0 Transitions and Intruder States 
Recent Results 

J . Kantele, R. Julin, M . Luontama, and A. Passoja 

Department of Physics, University of Jyväskylä, SF-40100 Jyväskylä, Finland 

Results from studies of 0+ states and E0 transitions in 102,104Pd 
and 202,204Pb are reported. Systematics of low-spin states in Pd isotopes 
and proton 2p-2h intruders in Pb isotopes are presented and discussed. 

Among the most interesting recent topics in low-energy nuclear
-structure physics have been the intruder states. As resulting from intense 
experimental and theoretical studies, a unified picture of them seems now to 
be emerging [HEY85]. One of the tools in the study of the intruders has been 
provided by the E0 transitions which are particularly effective in obtaining 
information on 0+ states in even-even nuclei (see [ΚΑΝ84] for a review of the 
subject). Understanding the E0's requires detailed knowledge especially of 
the radial parts of the initial and final-state wave functions. For this 
reason, these transitions are sensitive probes of the various nuclear models: 
For example, for the different versions of the IBA, the level energies seem 
to be fa i r ly easy to predict, the B(E2)'s are more d i f f i cu l t , and the E0's 
usually really hard. 

In our studies of intruding 0+ states and associated i£0 transitions, 
we use several newly developed special nuclear spectrometry techniques, nota
bly in-beam conversion-electron and inter rial-pair spectrometry with various 
combinations of magnetic and semiconductor devices [ΚΑΝ84], A recent set-up 
based on an intermediate-image (Siegbahn-Slatis) magnetic electron trans
porter is sketched in F ig . 1. With a 110 mm2x3 mm Si(Li) detector, the 
transmission of this device is about 7 % and the momentum band-width Δρ/ρ=17 
%. With a 5 mm thick Ge detector, the system is capable of detecting elec
tron lines up to 7—3 MeV. 

Fig. 1. A magnetic + Si(Li) combination conversion-electron spec
trometer based on an "old" Siegbahn-SlStis magnet. 1) beam, 2) target,3) 
target-changing system, *0 collimator and current measurement, 5) Faraday-
cup, 6) Pb shield, 7) anti-positron baffle, 8) detector, 10) cold fingers, 
13) cylindrical plastic sc in t i l la tor HO light guide, 16) P.M. tube. 

0097-6156/86/0324-0221 $06.00/ 0 
© 1986 American Chemical Society 
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222 NUCLEI OFF THE LINE OF STABILITY 

102,10Mpo; a n ( j S y s t e m a t i c s of Low-Spin S t a t e s i n Pd Isotopes 

From the p o i n t of view of the present u n d e r s t a n d i n g of the i n t r u d e r 
s t a t e s , the even Pd n u c l e i are o f s p e c i a l i n t e r e s t s i n c e they a r e expected t o 
e x h i b i t proton i n t r u d e r s of the type 2p-6h. S y s t e m a t i c i n f o r m a t i o n e x i s t s 
a l r e a d y f o r the 2p-2h and the 2p-4h i n t r u d e r s i n the Sn and Cd i s o t o p e s 
[BR078, BÂC81 , APR84], so t h a t the Pd i s o t o p e s r e p r e s e n t the next s t e p t o 
wards more complex s t a t e s . Such a s t e p i s important s i n c e i t may show 
whether, when going away from c l o s e d s h e l l s , the i n t r u d e r p i c t u r e w i l l get 
obscured by the i n c r e a s i n g number of the p a r t i c l e degrees of freedom. 

We have s t u d i e d the l o w - s p i n s t a t e s i n 102,104p(j u s i n g (p,2n) and 
(ρ,ρ') r e a c t i o n s , and Coulomb e x c i t a t i o n w i t h 1^0 ions [LUO85]. C o n v e r s i o n -
e l e c t r o n s p e c t r o s c o p y w i t h the ins t r u m e n t shown i n F i g . 1 , as w e l l as conven
t i o n a l gamma-ray and gamma-gamma c o i n c i d e n c e s p e c t r o s c o p y ( i n c l u d i n g d e l a y e d 
c o i n c i d e n c e s ) , were employed i n o b t a i n i n g the r e s u l t s summarized i n F i g . 2. 

EO TRANSITIONS 
ç2x103 

E2 TRANSITIONS 
B(E2»)in Wu. 

EO TRANSITION 

çx lO ' 

Ε 2 TRANSITIONS 
B(E2»)inW.u. 

F i g . 2. P a r t i a l l e v e l schemes of 102,10Hpd. 

Some f e a t u r e s i n the l e v e l schemes of both 1 0 2 P d and 1 0 2*Pd resemble 
those of the simple quadrupole phonon p i c t u r e ; the two-phonon t r i p l e t s would 
c o n s i s t of the 0̂ , 2j, and 4{ s t a t e s i n 1 0 2 P d and o f the O j , 2^, and 
s t a t e s i n 1 0 ^ P d . However, a glance a t F i g . 2 immediately r e v e a l s s e r i o u s 
d i s c r e p a n c i e s from the s i m p l e phonon model. The i n f o r m a t i o n on the 0^ and 
2 0 l e v e l s i n 1 Q i , P d i s s c a r c e , except t h a t they both a r e connected w i t h the 
21 s t a t e v i a E2 t r a n s i t i o n s having p r o b a b l y moderate speeds [LU085, NDS]. In 
1Û 2Pd, however, t h e r e i s a very conspicuous f e a t u r e i n t h a t the i s o m e r i c 0£ 
s t a t e l i e s below the more phonon-like O3 s t a t e , and o n l y a t a d i s t a n c e o f 65 
keV from i t . Although t h e r e i s no d i r e c t e v i d e n c e f o r the m i x i n g of these 
two s t a t e s (e.g., the i n t e r c o n n e c t i n g EO t r a n s i t i o n has not been o b s e r v e d ) , 
the s m a l l energy i n t e r v a l and the f a c t t h a t these s t a t e s are connected t o 
com p l e t e l y d i f f e r e n t l e v e l s ( c f . F i g . 1) seem t o suggest a very weak m i x i n g 
o f the two 0 + s t a t e s . Another p e c u l i a r f e a t u r e i s the ext r e m e l y s t r o n g l y 
h i n d e r e d E2(0^2f) t r a n s i t i o n w i t h B ( E 2 ) <4χ10_1* W.u. which g i v e s r i s e t o the 
l a r g e s t known value f o r X 2ii>JJ00. As compared w i t h the Cd ( 112,11 ̂ Cd) and Sn 
i s o t o p e s ( 1 l M l 6 , 1 l 8 s n ) [JUL80, BAC81 ], the m i x i n g between the 0£ and 0$ 
s t a t e s seems t o be s t r o n g e r i n these n u c l e i , as i m p l i e d , e.g., by E0 t r a n s i 
t i o n s between the e x c i t e d 0 + s t a t e s which a r e e s p e c i a l l y s t r o n g i n the Sn 
n u c l e i . The 0$-*2t t r a n s i t i o n i s a l s o l e s s h i n d e r e d i n Cd and Sn ( a g a i n , t h i s 
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33. KANTELE ET AL. EO Transitions and Intruder States 223 

t r a n s i t i o n i s strongest i n Sn). That the 0£ and 0^ states are more mixed i n 
1 l 6 S n than in 1 1 2 C d i s also suggested by the (3He,n) r e s u l t s , although not 
f u l l y conclusively [FIE77]. 

The decay c h a r a c t e r i s t i c s of the 0J l e v e l in 1 0 2 P d are very s i m i l a r 
to those of the 0^ states i n 112,11^cd. Therefore, s i m i l a r e x c i t a t i o n mecha
nisms could be responsible for these states. 

According to both experimental and t h e o r e t i c a l investigations 
[BR078, BAC8M, APR84, H E Y 8 3 ] , the 2p-2h states i n the Sn nuclei and the 2p-4h 
states i n the Cd nuclei l i e lowest i n the mid-shell region, i . e . , near N=66. 
This i s demonstrated i n a transparent way by Aprahamian et a l . [APR84] who 
also suggest that the r a t i o R=B(E2;0$-2£)/B(E2;0$-2f) i s largest for N=66 for 
the Cd n u c l e i . In keeping with t h i s picture i s the low-lying strongly c o l 
l e c t i v e band observed by Hasselgren et a l . [ H A S 8 5 ] in ΠΟρ^ with the 0£ band-
head at 9^6.7 keV (see the systematics of low-spin states i n the Pd nuclei i n 
F i g . 3 based mainly on [N D S ] ) . However, the decay c h a r a c t e r i s t i c s of the 
state i n !02pc[ and those of the 0£ state i n 1 1 °Pd are conspicuously 

Ε 

(MeV) 

- 2 2] <£ 
LOW-LYING 0*AND 2* 
STATES IN Pd (Z = A6) 

o ; S L . oî oî 

2j 
2* 

ol Oj 
- 1 

2Î 2j pj 

2T 2Î 2t 2Î 2Î 2* 2* 

- o ° : 

A 9 8 

Ν 52 

o t 

100 

5 4 

o t 

102 

5 6 

o t 

104 

5 8 

o ; 

106 

6 0 

o ! 

108 

62 

0* 

110 112 I H 

64 66 68 

F i g . 3. Low-lying 0 + and 2 + states i n even Pd n u c l e i . 

d i f f e r e n t at least i n that the l a t t e r state i s connected to the 2{ one v i a a 
c o l l e c t i v e E2 t r a n s i t i o n . 

The only known state i n the Pd nuclei that seems to have properties 
s i m i l a r to those of the 0 2 state in 1 0 2 P d i s the OjJ state i n 1 0 6 P d . Accord
ing to [LU085a], t h i s l e v e l i s characterized by the values of Xnii=40 and 
R*3i500 which both are smaller than the corresponding values for the 0 2 state 
i n 1 0 2 P d but much larger than those for any other known l e v e l in the Pd nu
c l e i . Consequently, the OjJ l e v e l in 1°6pd may be of similar o r i g i n as the 
isomeric 0£ state i n 1 0 2 P d ; unfortunately, no corresponding 0 + state has been 
observed in ΊΟ^ρ^. i n view of the intruder-state behaviour suggested i n 
[APR84], neither the energies nor the R r a t i o s of the two related states 
mentioned seem to f i t into the picture. 

The s i t u a t i o n with the Pd intruders i s thus quite unclear, and no 
obvious explanations of the data seem to be available. I t i s not clear 
whether the same exc i t a t i o n mechanism i s present i n the above intruder candi
dates i n 102,106,110pde Neither i s i t clear that the model presented i n 
[WEN81] based on an interpaly between quadrupole vibrations and np-mh e x c i 
tations - which i s a promising t h e o r e t i c a l approach - can, e.g., explain the 
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224 NUCLEI OFF THE LINE OF STABILITY 

e x t r e m e l y weak E2 t r a n s i t i o n s t h a t seem t o occur q u i t e f r e q u e n t l y , j u s t t o 
mention some of the problems. I t i s obvious t h a t more s y s t e m a t i c work i s 
needed t o e l u c i d a t e the p h y s i c s u n d e r l y i n g the i n t r u d e r s t a t e s . 

EO T r a n s i t i o n s i n 202,204p D a n a - I n t r u d e r - S t a t e S y s t e m a t i c s of 
Even-Even Lead I s o t o p e s . 

Among the best examples of the i n t r u d e r - s t a t e s y s t e m a t i c s i n even 
n u c l e i a r e the 0 + s t a t e s observed i n the l i g h t l e a d i s o t o p e s 190-200p D by Van 
Duppen et a l . [VAN84, VAN85]. One or two l o w - l y i n g 0 + s t a t e s were found i n 
a l l of these n u c l e i , as w e l l as evi d e n c e f o r r o t a t i o n a l - l i k e bands b u i l t on 
0£ s t a t e s i n 192,194,196p D. The Oj s t a t e s are i n t e r p r e t e d as b e l o n g i n g t o 
the deformed 2p-2h proton i n t r u d e r c o n f i g u r a t i o n of { l / 2 + [ 4 4 0 j ~ 2 , 
9 / 2 - [ 5 l 4 ] 2 | . As the proton p a i r i n g - v i b r a t i o n a l 0 + s t a t e s , a t 4100 keV i n 
2 0 6 P b [AND77] and a t 5234 keV i n 208p D [ J U L 8 5 ] , a r e e q u i v a l e n t t o a pr o t o n 
2p-2h c o n f i g u r a t i o n , the l e a d i n t r u d e r s y s t e m a t i c s have been extended from 
the c l o s e d neutron s h e l l almost t o the m i d - s h e l l r e g i o n . In t h i s paper, we 
r e p o r t the d i s c o v e r y o f the " m i s s i n g " 2 0 2 , 2 0 4 p D i n t r u d e r c a n d i d a t e s . 

In our measurements, the l e v e l s i n 202,204p D were e x c i t e d i n 
203,205τι( ρ,2η) r e a c t i o n s a t E p=i4.5 MeV. C o n v e n t i o n a l gamma-ray and conver
s i o n - e l e c t r o n s p e c t r o m e t r y were employed, complemented by our newly developed 
c e n t r o i d - s h i f t t i m i n g t e c h n i q u e w i t h a l e n s - t y p e e l e c t r o n spectrometer 
[KAN82]. A t y p i c a l e l e c t r o n spectrum o b t a i n e d w i t h a n a t u r a l T l t a r g e t i s 
i l l u s t r a t e d i n F i g . 4 t h a t a l s o shows the e n e r g i e s of the new 0 + s t a t e s (3 i n 
2 0 2 P b , 1 i n 2 0 J 4 P b ) . The r e s t of our r e s u l t s are summarized i n Table 1. 

° î 2433 I 
<30ps 2159 1 

o; <30ps 1862 
°i <30ps 1568 <20ps 1730 

- o; 65ps 1582.7 

2* 96Q7 8992 96Q7 
— 2* 8992 

N i 
NATTl(p.2n)202-20tPb 
C0NV-ELECTRON 
SPECTRUM 

o; 0 0 
2 0 2Pb 2 0 4Pb 

F i g . 4. Energies of 0 + s t a t e s i n 202,204p D a s e s t a b l i s h e d i n the 
present work. On the r i g h t , we show a s e c t i o n of an e l e c t r o n spectrum. 

I n F i g . 5, we have c o l l e c t e d the e n e r g i e s of the known 0 + s t a t e s i n 
190-208p b e The c r o s s e s f o r the i s o t o p e s 190-202 r e p r e s e n t the e m p i r i c a l 
e s t i m a t e s f o r the above-mentioned i n t r u d e r c o n f i g u r a t i o n as suggested i n 
[VAN84], The best c a n d i d a t e s f o r the i n t r u d e r s found i n our work a r e the 0j$ 
s t a t e s i n both n u c l e i . T h i s assignment i s suggested on the b a s i s of the 
energy f i t and the l a r g e X v a l u e s a s s o c i a t e d w i t h these s t a t e s . 

To see how w e l l the p i c t u r e on the proton-neutron r e s i d u a l i n t e r a c 
t i o n d i s c u s s e d i n [ H E Y 8 5 ] d e s c r i b e s the Pb s y s t e m a t i c s , a f i t t o the e x p e r i -
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33. KANTELE ET AL. EO Transitions and Intruder States 225 

mental i n t r u d e r - s t a t e e n e r g i e s was made, and the quadrupole component o f the 
i n t e r a c t i o n o b t a i n e d . On the b a s i s of such a f i t [ K A N 8 5 ] , the dashed curve 
shown i n F i g . 5 was drawn and can be taken as another evidence f o r the un
d e r l y i n g t h e o r e t i c a l model. 

Table 1. R e s u l t s on 0 + s t a t e s of 202,204 P b 

Isotope L e v e l ^ / 2 ( Ρ 3 ) P 2 i 1 X i i i I K ( E 0 ) / l K ( E 2 ) 

202 0J <30 >4x10"3 0.08(3) 15(6) 
202 0? <30 >0.8x10"3 0 .06(2) 6(2) 
202 °4 <30 2x10~3 0.5(2) 24(10) 
204 0J 65(20) 7.4(25)x10-5 3 .2 (3)x10 -3 0.60(6) 
204 0? <20 1.3x10~3 >0.045 >5 
204 05 >0.6 >15 

<*v) 0+STATES IN Pb ISOTOPES 
~ 5 · 2 p - 2 h proton intruders 

+ empirical estimates 

-*> — theor. monopole plus ~T 
quadrupole f i t / 

190 192 194 196 198 2 0 0 202 204 206 208 
108 110 112 114 116 118 120 122 124 126 

F i g . 5. 0 + s t a t e s i n even-mass l e a d i s o t o p e s 190-208p D e 

C o n c l u d i n g remarks 

The examples given above i n two d i f f e r e n t energy r e g i o n s show t h a t , 
a l t h o u g h much un d e r s t a n d i n g of the i n t r u d e r s t a t e s i n even-even n u c l e i has 
a l r e a d y been g a i n e d , s e v e r a l important q u e s t i o n s s t i l l remain unanswered. In 
s p i t e of the f a c t s t h a t the mere i d e n t i f i c a t i o n of an i n t r u d e r s t a t e i s not 
always unambiguous and t h a t the energy i n t e r v a l s and maybe even the l e v e l 
o r d e r i n g of the i n t r u d e r band can be obscured by band m i x i n g , i t i s s t i l l 
t empting t o attempt t o f i n d some k i n d o f f i n g e r p r i n t s of the i n t r u d e r s t a t e s . 
I n the f o l l o w i n g , we g i v e a t e n t a t i v e l i s t of p o s s i b l e f i n g e r p r i n t s of proton 
i n t r u d e r s t a t e s i n even-even n u c l e i : 

1) Appearance of e x t r a s t a t e ( s ) i n (or below) the energy r e g i o n o f s t a t e s 
which can be e x p l a i n e d as being due t o two quadrupole phonons, t o two q u a s i -
p a r t i c l e s , or t o some oth e r f a m i l i a r o r i g i n . 
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226 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

2) Systematic behaviour of the energy of the state(s) from isotope to iso
tope, with a minimum in the mid-shell region. (Is 102Pd an exception?) 
3) Band structure bu i l t on the top of an intruder candidate; enhanced E2 
transitions within the band. 
4) Strong population in two-^proton transfer for 2p-2mh type of states. 
5) Retarded E2 transitions to the 2\ state. (This i s not always the case.) 
6) EO transition to the ground state having a moderate intensity (usually of 
the order of 1 to 10 " m i l l i u n i t s " and less than 1 "s.p.u."). 
7) Strong E2 transition from the intruding 0 + state to a close-lying (lower) 
2 + state which usually i s the 2£ state. 

Obviously, i t cannot be expected that a l l these fingerprints are 
true for every intruder state (in fact, some of the proposed features may 
even be "orthogonal" to each other). It i s l i k e l y that the above l i s t must 
be revised, as our knowledge of the intruder states continues to increase. 
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Recent Experimental Investigations and Interacting Boson Model 
Calculations of Even Te Isotopes 

J. Rikovska1, N. J. Stone1, V. R. Green1, and P. M. Walker2 

1Clarendon Laboratory, OX1 3PU, Oxford, United Kingdom 
2Daresbury Laboratory, WA4 4AD, Warrington, United Kingdom 

The most interesting question occurring in studies of low excitations in 
even-even Te isotopes (Z = 52, Ν = 62-72) is the problem of existence of 
"intruder" states. These states have their origin in excitation of a pair of 
particles across a closed shell gap and have been observed in nuclei near to 
both neutron and proton closed shells (or subshells) [HEY83]. There are 
several main features of these states: 
- considerable deformation due to residual proton-neutron interaction 

amongst the increased number of valence particles outside a closed shell 
as compared with "normal" vibrational-like configuration, which implies 
that the proton (neutron)intruder configuration should be lowest in energy 
in the middle of neutron (proton) shell, increasing rapidly as one moves 
away from the centre, 

- a rotational band built on the intruder O+ state, 
- enhanced EO transition probability between intruder and normal O+ states 

and EO admixtures in transitions between the intruder and normal states of 
the same spin because of the difference in shape of the two configurations, 

- increased excitation cross section in specific ew nucleon transfer 
reactions as compared with the cross section to the ground state. 

In even-even nuclei around Ζ = 50, the intruder configurations, 
although somewhat mixed with the normal ones have been identified in Cd 
(Z = 48) (4h - 2p states) [HEY82, MHE84] and Sn (Z = 50) (2p - 2h states) 
[WEN8l]0 Recent nuclear orientation experiments at the Daresbury DOLIS 
facility (j>HA85a, GRE85] together with preliminary results from electron con
version measurement [GRE853 , (3He, n) reactions [FIE78] and thermal neutron 
capture reactions [ROB83] provide a possible experimental basis for identi
fication of these states in even Te isotopes. All data available on low-
lying 0+, 2+ and 4"[ and 42 state energies for even Cd and Te isotopes are 
shown in Fig. 1, to stress similarities and differences between these two 
isotopic chains, where the intruder configurations should be of related 
structure, proton 4h - 2p in Cd and 4p - 2h in Te. 

Experimental data suggests that there are three different kinds of 
excited 0+ states in Te isotopes. The second 0+ state, simply considered as 
a two-phonon vibrational state, shows rapidly increasing energy with 
increasing neutron number, particularly between Ν = 68 and 70. The same 
change is observed in Cd between Ν = 60 and 62. The behaviour can be 
accounted for by increasing γ-softness of the nuc lei [MEY77]. Intruder 
configuration admixture can explain the relatively low energy of the 0"J state 
in 1 1 8 Te (see below) but otherwise those states are almost pure normal con
figuration. As a second type of 0+ state, in Cd mixed intruder 0% states 
have been identified in the closed vicinity of the two-phonon triplet, 
however in Te they appear to be found close to the three-phonon quintuplet 
and are probably strongly mixed with states belonging to this vibrational 
excitation0 The evidence for this is rather incomplete at this stage. In 
1 1 8 Te there are two candidates for higher 0+ states (at 1517 and 1845 keV) 
and one 0+ state (at 1710 keV) has been identified in 1 2 0 Te in (3He, n) 
reactions [jIE78]. We tentatively assign the 1517 keV state in 1 1 8 Te and the 

0097-6156/86/0324-0227$06.00/0 
© 1986 American Chemical Society 
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228 NUCLEI OFF THE LINE OF STABILITY 

F i g . 1. S y s t e m a t i c s of p o s i t i v e p a r i t y s t a t e s i n even Cd and Te i s o t o p e s . 
The l i n e s connect s t a t e s d i s c u s s e d i n the t e x t . 

1710 keV s t a t e i n 1 2 0 T e as h a v i n g s t r o n g i n t r u d e r admixture. For h e a v i e r 
Te i s o t o p e s the i n t r u d e r c o n f i g u r a t i o n l i e s p r o b a b l y h i g h e r i n energy 

2 MeV i n 1 2 2 T e and ^ 3 MeV i n 1 2 4 T e ) . The decay of the 1940 keV s t a t e i n 
1 2 2 T e has been shown i n our r e c e n t n u c l e a r o r i e n t a t i o n experiment to be 
e n t i r e l y c o n s i s t e n t w i t h the assignment 0 +[SHA85b]. T h i s s t a t e i s p o s s i b l y a 
m i x t u r e of t h r e e phonon v i b r a t i o n and i n t r u d e r c o n f i g u r a t i o n s as d i s c u s s e d 
below. I n the t h i r d c l a s s of 0 + s t a t e , the 1845 keV ( 1 1 8 T e ) , 1883 k e V ( 1 2 l + T e ) 
and 1982 keV ( 1 2 8 T e ) are v e r y l i k e l y m o s t l y of three-phonon v i b r a t i o n a l 
o r i g i n as seems to be suggested by the mode of t h e i r decay and smooth v a r i a 
t i o n o f t h e i r energy w i t h n e u t r o n number. 

A q u e s t i o n which remains i s the s t r e n g t h w i t h which the i n t r u d e r 0 + 

s t a t e s would be p o p u l a t e d i n the decay of 118,12 0! (χπ _ 2 - ) . For example, 
i n the s i m i l a r case of 1 1 2 A g (Ι π = 2~) 3-decay the two Olj and 2$ i n t r u d e r 
spates i n 1 1 2 C d are populated w i t h almost the same p r o b a b i l i t y as the 0$ and 
22 s t a t e s . I t seems t h e r e f o r e t h a t there i s no c l e a r reason why the i n t r u d e r 
s t a t e s , e s p e c i a l l y 2 + , should not be p o p u l a t e d i n the decay of i o d i n e i s o 
topes. Candidates f o r 2 + i n t r u d e r s t a t e s are the 2% s t a t e s at 1482 keV i n 
1 1 8 T e and 1535 keV i n 1 2 0 T e . They show s i m i l a r decay p a t t e r n s to those of 
the 2% s t a t e s , a s s i g n e d as mixed i n t r u d e r , i n Cd i s o t o p e s , i . e . m o s t l y to the 
2t and the ground s t a t e s . The s i mple v i b r a t i o n a l s e l e c t i o n r u l e f o r E2 
t r a n s i t i o n s (Δη = ± 1, η-number of v i b r a t i o n a l phonons) r u l e s out t h e i r i n 
t e r p r e t a t i o n as t h r e e phonon s t a t e s , because of t h e i r s t r o n g decay to the one 
phonon 2\ s t a t e . U n f o r t u n a t e l y , v e r y l i t t l e i s known about the p o p u l a t i o n of 
these s t a t e s i n n u c l e a r r e a c t i o n . No c l e a r evidence f o r a ΔΙ = 2 r o t a t i o n a l 
band i n Te i s o t o p e s b u i l t on a 4p - 2h 0 + s t a t e was found i n ( 3He, n) [FIE78], 
(α,χη) and ( 1 2C, 2n) r e a c t i o n s [CH082,VAN82]. Probably a r e a c t i o n , which can 
produce h o l e s t a t e s d i r e c t l y , l i k e X e ( d , 6 L i ) would be more u s e f u l than two-
p r o t o n t r a n s f e r i n the s e a r c h f o r 4p - 2h e x c i t a t i o n s . Our f i r s t measure
ments of EO t r a n s i t i o n s t r e n g t h show EO t r a n s i t i o n s between Oj ·> 0\ and 
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34. RIKOVSKA ET AL. Even Te Isotopes 229 

θΐ O 2 i n 1 1 8 T e together with EO admixtures i n the 2̂  2"[ transitions i n 
1 Ï 8 T e and 2$ - 2\ i n 1 2 0 T e . 

Summarizing the above experimental facts concerning the existence of 
intruder states i n even Te isotopes i t is clear that there i s r e l a t i v e l y 
l i t t l e on which to base a calculation of low-lying states of these isotopes. 
Nevertheless, following the successful application of the interacting boson 
model (IBM2) to even Cd isotopes [HEY82] similar calculations have been per
formed on Te. A standard IBM2 calculation, using NPBOS code was performed 
for 1 ^ - l ^ T e i n the space of one proton boson (N = 1) and corresponding 
number of neutron bosons N v. The parameters used (see F i g . 2) were chosen to 
f i t energy levels, the e l e c t r i c quadrupole and magnetic dipole moments of the 
f i r s t 2 + states (where known) and some ratios of reduced E2 transition proba
b i l i t i e s , and are i n line with the systematics of the IBM2 parameters i n this 
mass region. The same calculation was performed for the intruder 4p - 2h 

x, 
-0.5 
-0.9 

-13 

-0.1 

-0.2 

1.1 

0.9 

0.7 

62 64 6 6 68 70 72 Ν 62 64 66 63 70 72 Ν 

Fig. 2. Parameters of the IBA2 Hamiltonian as a function of neutron number. 
Χ π = -0.8, ξι = ξ 3 = -0.09, ξ 2 = 0.12 and C^ = 0 (L = 0,2,4) were 
constant for a l l isotopes. A l l parameters are i n MeV except for 
Χ π v (dimensionless). 

configuration, i . e . Ν π = 3 and the same N v. A l l the parameters describing 
the neutron part of the IBM2 Hamiltonian were kept the same as for the normal 
configuration. The strength of the neutron-proton quadrupole-quadrupole 
interaction κ i s approximately proportional to the product of the number of 
neutron and proton bosons present and thus κ for the intruder configuration 
should d i f f e r from that of the normal configuration. Spectra of Ru (6h) and 
Ba (6p) isotopes served as an approximate guide for adjusting parameters 
ε and κ for 4p - 2h states in Te isotopes, since, as the IBM does not d i s t i n 
guish between particles and holes, these should show a certain s i m i l a r i t y 
with the unknown intruder configuration i n Te. The values of ε(3π) = 0.50, 
0.54, 0.58 and 0.58 MeV and κ(3ττ) = -0.16, -0.18, -0.20 and -0.20 MeV for 
1 1 8 , 1 2 0 , 1 2 2 , i 2 4 T e ^ respectively, were used. Wave functions obtained for both 
configurations (normal and intruder) were then mixed using Hamiltonian [î)lJV8lJ 

H = H + a(s*s + + s s ) ( θ ) + B(dV + d d ) ( θ ) 

s π π π π π π π π 
where H s i s the usual IBM2 Hamiltonian. Η was diagonalized i n the basis 
provided by the lowest eigenstates of the Ν π = 1 and N^ = 3 configurations. 
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230 NUCLEI OFF THE LINE OF STABILITY 

In the present case, four states of each spin were taken into account. The 
procedure i s dependent upon three additional parameters, a, 3 and Δ, which 
represents an energy needed to excite the intruder configuration and must be 
added to the eigenvalues of the Ν π = 3 configuration. The parameter Δ can be 
expressed i n terms of the two-proton separation energies [HEY85] 

Δ = S 2 p(Z,N) - {S2p(Z+2,N) + [S2p(Z+2,N) - S 2 p (Z+4,N)] } 

and i s ^ 5 MeV i n the Ζ = 50 region. In our calculations, Δ = 4.65 - 5.0 MeV 
for 1 1 8 ~ 1 2 i + T e . The interaction strength parameters α and 3 were kept the 
same, α = 3 = 0.19 MeV for a l l nuclei. The value i s somewhat larger than the 
published values for Cd, (a = 3 = 0.08 MeV) but explains very well a more 
complicated mixing of intruder and normal states i n Te isotopes. The results 
of the mixing calculation are i l l u s t r a t e d i n F i g . 3 where selected experimen
ta l data are added for comparison. The mixing i n 1 1 8 T e can explain the 
position of 0\ state and leads to inversion of the intruder level order (2$ 
l i e s lower than 0$). In 1 2 0 T e , the intruder component i s almost equally 
(^50%) present i n both 2"£ and 2% states and then the intruder configuration 
rises up i n energy i n heavier isotopes. This picture of mixing, which was 
not observed i n other nuclei, could explain, for example, the d i f f i c u l t y i n 
the search for rotational bands, which would be very distorted by mixing and 
rather high i n energy. 

The mixed wave functions were used to calculate B(E2), Β(Ml) and EO 
transition strengths. The transition operator for E2 transition is of the 
form 

a) 

i 

I: 

i _ or_ or_ or_ 
66 68 7 0 72 

3.0 

zo 

1.0 

b) 

2 * = 

(0,21*= 2*-
2Y ; 

<s — S 

( ο ί 

ο 4 — 

«a—«f>—i 
(2> ^ 

0 z — 

T— * 

t - i - i -

0i 0 , _ 0, 0, 
66 68 70 72 

Fig. 3. Results of the IEM2-mixing calculations (a) i n comparison with 
experiment (b). Thick lines show states with large intruder con
figuration components. 
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34. RIKOVSKA ET AL. Even Te Isotopes 231 

T(E2) = β ι ( ρ π 1 + Q v l) + β 3 ( 0 π 3 + Q^) 

%=Kd6+dl S 6 ) ( 2 )
 + K 6 < d 6 5 6 > ( 2 ) - δ Ξ ^ 

is the usual quadrupole operator and 1,3 refers to normal and intruder con
figuration, respectively. Similarly, 

TCM.) = g 1 ( d +
A ) 1 < 1 )

 + g 3 ( < d w ) g > 

where g^ = /30π/4 (£ Ή-& ν)^ i s an effective g-factor for i-configuration 
(i=l,3), and 

T(EO) = aN^ + Md+d^) (0) 

where Ν π = (sjs-jy + d+d^) counts the number of proton bosons. The term aN 
differs i n a mixing calculation for each state and moreover, a and b are 
different i n the Ν π = 1 and Ν π = 3 subspaces. Thus, interpretation of T(E0) 
i n mixing calculations depends on a number of additional constants. No data 
exist on parameters (such as isotopic or isomeric s h i f t s ) on Te isotopes 
which would y i e l d these constants for either mixed or unmixed states. Con
sequently a simplified expression pj_f (EO) = Αχ (dp"dp) (o) + A 3 (djdp)(°) 
(subscript ρ = π or ν, subscripts 1,3 as before) was used with different 
combinations A i , A 3 for investigation of qualitative trends. The E2/M1 
mixing ratios for 2$ -> 2* and 2j •> 2* transitions were calculated using 

6 = 0.00832 χ E^ (MeV) χ <f || T(E2) || i> [efm2 ]/<f || Τ (Ml) || i>(ju^] 

where Ε γ i s the photon energy of the transition involved. 
Results for B(E2) and B(M1) probability ratios, as well as the mixing 

ratio δ, involving 0$ and 2* levels i n 1 1 8>- L 2 0Te show considerably closer 
agreement with experiment as compared with calculations without mixing. For 
the sake of simplicity, ei = e3 = 12.4 efm 2 and gi = g 3 (g T T = + 1.1 μ Ν, g v(N) 
varied with Ν within -0.10 to -0.15 UJJ) was taken i n a l l calculations. The 
lack of data i n the energy region of interest does not allow such comparison 
for 1 2 2 » 1 2 1 + T e . Experimental information i s also rather limited for l l 4 > l l 6 T e 

and does not provide a s o l i d basis for mixing calculation despite rather 
reasonable results without mixing. Examination of the two lighter Te i s o 
topes would be very important for understanding of variations i n the intruder 
configuration either side of the middle of the neutron 50-82 s h e l l . 

The present situation regarding possible mixing i n Te isotopes high
lights several experimental questions, especially the uncertainty about the 
1517 and 1845 keV levels i n 1 1 8 T e . More complete data on a l l levels above 
2 MeV i s needed i n 1 2 0 > 1 2 2 T e . In 1 2 0 T e a search for a l l 0 + states, and i n 
the other nuclei, for EO transitions between O 3 and 0j states, by electron 
conversion measurement would be valuable. The 1 2 0 T e (η,η'γ) reaction should 
be another useful source of information on excited 0 + states i n 1 2 0 T e . 
However even the present stage of the investigation shows a p o s s i b i l i t y of 
understanding the problem of intruder configurations i n even Te isotopes. 
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232 NUCLEI OFF THE LINE OF STABILITY 
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35 
Spectroscopy of Light Br and Rb Isotopes 
Onset of Large Quadrupole Deformation 

K. P. Lieb1,2, L. Lühmann1, and B. Wörmann1 

1Universität Göttingen, D-3400 Göttingen, Federal Republic of Germany 
2State University of New York, Stony Brook, NY 11794 

1. Introduction Among the nuclei off the line of stability, the Ν 
≡ Ζ = 34-40 region offers some very interesting and unique features: 
large quadrupole deformations, triaxiality, shape coexistence and trans
itions, and reductions of pairing correlations leading to rigid body ro
tation |BEN84, LIS84a, LIE84, HAM85|. We have performed over the last 
years at the University of Göttingen a systematic study of level energies 
and lifetimes of rotational bands in this mass region. In particular, we 
have investigated the effects which one or several aligned g9/2 proton(s) 
or neutron(s) have on the collective parameters; we present here recent 
results in the odd-A proton nuclei 73,75Br and 77,79Rb |PAN82, LUH85, 
LUH86, WOR85|. 

2. Experiments These nuclei have been studied via the heavy ion fu
sion evaporation reactions with 12C, 16O, 19F, 36Ar and 40Ca beams provi
ded by the tandem accelerators at Cologne, Daresbury and Brookhaven and 
the VICKSI cyclotron at Berlin. Besides the conventional γ-spectroscopic 
techniques (γγ-coincidences, excitation functions, angular distributions) 
we also employed neutron and charged particle gating and Compton suppres
sion in order to enhance the channels and γ-ray lines of interest and to 
clean the spectra from Coulomb excitation, inelastic scattering and β-
decay processes. Lifetimes in the 10~13- 10"7 sec range have been measu
red with the Doppler shift attenuation, recoil distance and electronic 
timing methods, as described in detail in |PAN82, LUH85|. In two of the 
reactions studied, we have been able to measure the spin dependence of 
the side feeding time τ* namely for the reaction 6 2Ni( 1 60,p2n) 7 5Br at 
60 MeV beam energy (LUHèôI and the reaction 1+0Ca(lt0Ca,3p)77Rb at 122 MeV 
beam energy |LUH861· A summary of the experiments is given in Table 1. 

Table 1: Reactions and techniques used to study the Br and Rb 
Nucleus Reaction Ε (MeV) I m a Y (h) Technique0^ 

7 3 Br "0Ca(36Ar,3p) 
*°Car°Ca,a3p) 

105 
155, 170 

33/2 ΎΎι ΡΎ, RD, AD, PT 

7 5 Br 6 2Ni( 1 60,p2n) 
66Zn(12C,p2n) 

45-65 
35-55 

33/2 YYi ηγ, RD, AD, DSA 

77Rb ^Cai^Ca^p) 120-170 37/2 ΎΎ» ΡΎ, RD, AD, DSA 
79Rb 63Cu(19F,p2n) 

70Ge(12C,p2n) 
45-65 
35-45 

29/2 ΎΎ 5 ηγ, RD, AD, DSA, PT 

a) RD=recoil distance method, DSA=Doppler shift attenuation method, 
AD=angular distributions, PT=pulsed beam electronic timing 

0097-6156/ 86/ 0324-O233$06.00/ 0 
© 1986 American Chemical Society 
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234 NUCLEI OFF THE LINE OF STABILITY 

3. Quadrupole d e f o r m a t i o n parameters Be fo re d i s c u s s i n g t h e i n d i v i 
dua l n u c l e i l e t us l o o k a t t h e d e f o r m a t i o n parameters 62 deduced f rom t h e 
measured t r a n s i t i o n a l quadrupo le moments | Q+J = (16π /5 B ( E 2 , I - * 1 -2 ) ) / 
< I K 2 0 | l - 2 Κ > : As a s t a r t i n g p o i n t we assumed a x i a l symmetry (γ = 0) and 
a f i x e d Κ v a l u e suggested by t h e N i l s s o n scheme, thus n e g l e c t i n g Κ m i x i n g 
due t o t r i a x i a l i t y and r o t a t i o n . I n Table 2 , these | ffe I va lues are compa
red w i t h t h e r e s u l t s o f S t r u t i n s k y Bogolyubov c a l c u l a t i o n s w i t h a d e f o r 
med Saxon Woods p o t e n t i a l per fo rmed by Nazarewicz e t a l . |NAZ85| . 

Nucleus 

Tab le 2 : Exper imen ta l and p r e d i c t e d d e f o r m a t i o n parameters 62 
,d) b) 

Exper iment 
Sp in range I M a ) 

0 0 . 2 0 ( 2 ) 
0 0 . 3 1 ( 2 ) 

1/2 0 . 4 0 ( 2 ) 

0 0 . 2 8 ( 1 ) 

1/2 0 . 3 5 ( 2 ) 
3/2 0 . 3 6 ( 2 ) 
1/2 0 . 2 9 ( 2 ) 
3 /2 0 . 2 9 ( 2 ) 

0 0 . 3 5 ( 2 ) 

3 / 2 0 . 4 0 ( 2 ) 
3 /2 0 . 4 5 ( 2 ) 

0 0 . 3 1 ( 1 ) 

3 /2 0 . 3 6 ( 2 ) 
3 /2 0 . 4 1 ( 3 ) 
3 /2 0 . 2 4 ( 2 ) 

Ref . 
T h e r o r y 
C o n f i g u r a t i o n P 2 

7 2 S e 

7 3 Br 

7 * S e 

7 5 B r 

7 6 K r 

7 7 R b 

7 8 K r 

7 9 R b 

2 + 

6 + - 1 0 + 

9 / 2 + 1 3 / 2 + 

2 + - 1 0 + c ) 

9 / 2 + , 1 3 / 2 + 

2 1 / 2 * , 2 5 / 2 + 

1 9 / 2 - - 2 7 / 2 " 

2 + - 8 + 

9 / 2 + - 2 5 / 2 + 

9 / 2 " - 2 1 / 2 " 

2 + - 8 + 

9 /2 - 2 1 / 2 

HAM74 
LIE77I 

|W0R85| 

|BAR74| 

I LUH85I 

KEM84I 
|W0R84| 

|L IS84b | 
I LUH86| 

|HEL79| 
IWIN851 
IPAN82I 

431 3 / 2 + 

312 3 / 2 " 

431 3 / 2 ' 
312 3 /2 " 

431 3 / 2 + 

312 3 / 2 " 

+ 0 . 3 1 / - 0 . 2 5 

+0.35 
+0.33 

+ 0 . 3 5 / - 0 . 3 1 

+0.35 
+0 .38 

+ 0 . 3 0 / - 0 . 2 5 

+0.33 
+0.36 

a) Assumed f i x e d Κ and γ=0 ; the d e f o r m a t i o n parameters are the w e i g h t e d 
average v a l u e s deduced f rom the B(E2) o f s t r e t c h e d E2 t r a n s i t i o n s i n 
t h e s p i n range g i v e n 

b) I n even-even n u c l e i , d e f o r m a t i o n s o f p r o l a t e and o b l a t e minima |NAZ85| 
c ) B ( E 2 , 6 + 4 + ) n o t i n c l u d e d 
d) 7 " S e , 7 5 B r f r o m |LUH85| ; a l l o t h e r s f r o m |NAZ85| . 

The f o l l o w i n g c o n c l u s i o n s can be drawn f r o m t h i s compar i son : 
( 1 ) The n u c l e i show c o n s i s t e n t l y l a r g e d e f o r m a t i o n s o f β 2 = 0 . 3 5 -

0 . 4 5 . I t t hus can be i n f e r r e d t h a t t h e p r e d i c t e d p r o l a t e t o o b l a t e shape 
t r a n s i t i o n i n t h i s mass r e g i o n |BEN84, NAZ85| occurs by a change o f γ 
r a t h e r than by l a r g e v a r i a t i o n s o f β 2 . 

( 2 ) The o v e r a l l agreement between t h e e x p e r i m e n t a l and c a l c u l a t e d 
β 2 v a l u e s i s good. E x t r a p o l a t i o n s t o t he c o n j e c t u r e d l a r g e d e f o r m a t i o n s 
o f t h e N = Z = 34-40 n u c l e i i n t h e i r ground s t a t e s t h e r e f o r e seem t o be 
w e l l j u s t i f i e d |BEN84, M0L81 | . Th i s agreement a l s o i m p l i e s t h a t a l l odd-A 
n u c l e i d i s c u s s e d h e r e are p r o l a t e . - F u r t h e r m o r e , i t appears t h a t t h e po 
s i t i v e and n e g a t i v e y r a s t bands have v e r y s i m i l a r β 2 v a l u e s . I n t h e i r 
band head w a v e f u n c t i o n s t h e |431 3 / 2 + | and |312 3 / 2 " | components d o m i n a t e , 
t h e i r e n e r g i e s be ing n e a r l y d e g e n e r a t e . 
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35. LIEBETAL. Onset of Large Quadrupole Deformation 235 

( 3 ) I n a l l cases t h e a d d i t i o n a l p r o t o n induces a s u b s t a n t i a l i n c r e a 
se o f t h e core d e f o r m a t i o n by some 1 5 - 3 0 %. This " p o l a r i z a t i o n " e f f e c t i s 
s t r o n g e r f o r t h e Se-Br i s o t o p e s t h a n f o r K r -Rb . The most d ramat i c p o l a r i 
z a t i o n occu rs between 7 2 S e and 7 3 B r as i l l u s t r a t e d i n F i g . 1b: due t o t h e 
p r o l a t e - o b l a t e shape c o e x i s t e n c e a t low s p i n , t h e d e f o r m a t i o n i n 7 2 S e 
s t a r t s a t o n l y β 2 = 0 . 2 0 ( 2 ) and t h a n i n c r e a s e s t o =0.31 i n t he r e g i o n 
where t h e ground band has reached a w e l l deformed ( p r o l a t e ) shape |HAM77, 
LIE77I The r e c e n t l y measured l i f e t i m e s o f t h e 9 /2 and 1 3 / 2 + l e v e l s i n 
7 3 B r de te rm ine β 2 = 0 . 4 0 ( 2 ) , n e a r l y doub le t h a t o f t h e 7 2 S e ground s t a t e 
|W0R85|. 

( 4 ) The dependence o f t h e t r a n s i t i o n a l moment |Q+J o f t h e g g ^ bands 
i n 7 5 B r and 7 7 R b i s p l o t t e d i n F i g . 2 and 3 as f u n c t i o n o f t h e r o t a t i o n a l 
f r e q u e n c y ηω. W i i l e | Q t | i s e s s e n t i a l l y c o n s t a n t i n 7 7 R b , i t d rops i n 7 9 R b 
and 7 3 » 7 * B r above s p i n 1 7 / 2 + · Severa l e x p l a n a t i o n s have been proposed t o 
e x p l a i n t h i s r e d u c t i o n o f Q t : i n t h e I n t e r a c t i n g Boson i (Fermion) model 
IIAC79 I, t h e f i n i t e boson number leads t o r e d u c t i o n s o f t h e B ( E 2 ) , as f o r 
example suggested f o r 7 9 R b |PAN82| ; a l t e r n a t i v e l y , changes o f β* and γ 
a s s o c i a t e d w i t h t h e a l i g n m e n t o f go /2 nuc léons have been c o n s i d e r e d . C a l 
c u l a t i o n s i n 7 5 B r suggest t h a t Q t decreases a t H u ) = 0.45 MeV as γ changes 
s i g n due t o gg/2 p r o t o n a l i g n m e n t |LUH85| . 

4 . Shape s t a b i l i s a t i o n i n 7 3 B r So f a r t h e gq /2 band up t o s p i n 
33 /2 h ( s i g n a t u r e α = 1/2) has been i d e n t i f i e d |W0R85|. The g 9 / 2 p r o t o n 
no t o n l y d r a m a t i c a l l y i n c r e a s e s t h e d e f o r m a t i o n o f t h e co re as ment ioned 
b e f o r e , b u t a l s o s t a b i l i z e s t h e c o l l e c t i v e shape. F i g . 1a i l l u s t r a t e s t h e 
Ι χ ( ω ) p l o t f o r t h e y r a s t bands i n 7 2 S e , 7 1 t K r and 7 3 B r |HAM74, L I E 7 7 , ROT 
8 4 1 . P r o l a t e - o b l a t e shape c o e x i s t e n c e below 0 .4 Me V and ( g g / 2 ) 2 a l i g n m e n t 
a t 0.55 MeV produce i r r e g u l a r i t i e s i n t h e ground bands o f t n e even-even 
c o r e s . The g g ^ b a n d i n Br i n c o n t r a s t f e a t u r e s a nea ly c o n s t a n t moment 
o f i n e r t i a 2 ? π 2 = 21 M e V 1 c l o s e t o t h e r i g i d body v a l u e . The d i s a p p e a 
rance o f t h e f i r s t backbend i n 7 3 B r p r o o f s t h e g q / 2 (2qp) p r o t o n c h a r a c 
t e r o f t h e s-band i n 7 1 t K r . A s i m i l a r i n t e r p r e t a t i o n based on t h e b l o c k i n g 
o f t h e s-band by t h e g 9 / 2 p r o t o n a l s o a p p l i e s t o / 6 , 7 8 K r |PAN82, LUH86|. 

5 . R i g i d r o t a t i o n i n 7 7 R b Among t h e f o u r odd-A n u c l e i d i s c u s s e d Ί 
h e r e , " R b o f f e r s a s u r p r i s i n g l y s imp le r o t a t i o n a l s t r u c t u r e | L I S 8 4 b , 
LUH86I. As shown i n F i g . 3 , both t h e quadrupo le and i n e r t i a l moments o f 
t h e y r a s t bands w i t h s i g n a t u r e α = 1/2 v a r y l i t t l e o v e r a l a r g e f r e q u e n 
cy r a n g e . For t h e g Q / 2 band , we f i n d j i 1 ) ^ 2 = 7 ( 2 ) / h 2 a t 15ω = 0 . 4 - 0 . 7 
MeV, i n d i c a t i n g r i g i d r o t a t i o n . I f we assume equal t r i a x i a l l y shaped neu
t r o n and p r o t o n d i s t r i b u t i o n s , we can deduce t h e d e f o r m a t i o n parameters 
β 2 = 0 . 3 7 ( 2 ) and γ = - 2 5 ( 7 ) ° f rom t h e measured v a l u e s | Q t | = 3 . 1 3 ( 1 2 ) b 
and 7 / r i 2 = 2 1 . 1 ( 4 ) MeV" 1 . T h i s γ - v a l u e i s suppor ted by t r i a x i a l r o t o r 
p l u s q u a s i p a r t i c l e c a l c u l a t i o n s ]T0K76 | . The average t r a n s i t i o n a l q u a d r u 
p o l e moment o f t h e n e g a t i v e p a r i t y band , | Q . | = 3 . 5 2 ( 1 2 ) b , i s i n e x c e l 
l e n t agreement w i t h t h a t o f t h e 3 / 2 " ground s t a t e , Q = 3 . 4 8 ( 1 6 ) b , d e t e r 
mined by l a s e r s p e c t r o s c o p y | T H I 8 1 | . — The s u p p r e s s i o n o f p a i r i n g c o r r e 
l a t i o n s as ev idenced by r i g i d r o t a t i o n can be q u a l i t a t i v e l y e x p l a i n e d by 
t h e s i n g l e p a r t i c l e s t r u c t u r e a t β 2 = 0 . 4 . The Ν= Ζ = 3 8 energy gap o f 
2 MeV i s c o n s i d e r a b l y l a r g e r than t h e p a i r i n g gap parameters Δ π = 1.4 MeV 
and Δ = 1 . 1 MeV ( a t β 2 = 0) r e s p . Δ ρ = 0 .6 MeV a t β 2 = 0 .4 |HEY84, NAZ85I . 
P ro ton p a i r i n g c o r r e l a t i o n s seem t o be suppresed because t h e |431 3 / 2 + | 
N i l s s o n o r b i t i s b locked and t h e 1422 5/2+1 o r b i t i s t o o f a r away ene rge 
t i c a l l y . A t β 2 = 0 . 4 , the d e n s i t y o f s i n g l e p a r t i c l e l e v e l s near t h e 
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236 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

F i g . 1 : Spin p r o j e c t i o n Ι χ (a ) and 
t r a n s i t i o n a l quadrupo le moment | Q J 
(b ) of the g 9 / 2 band i n 7 3 B r |W0R85j 
and t h e g round bands i n 7 2 S e |L IE77 | 
and 7 t + K r | ROT841. 

F i g . 2 : (a ) Cranked s h e l l model 
a n a l y s i s o f y r a s t bands i n 7 5 B r . 
(b ) A l i g n e d s i n g l e p a r t i c l e a n g u l a r 
momentum ί χ ( ω ) o f these bands. 
Reproduced w i t h p e r m i s s i o n 
f rom LUH85. C o p y r i g h t 1985 American 
P h y s i c a l S o c i e t y . 
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LIEB ET AL. Onset of Large Quadrupole Deformation 237 

Rb 

TRIAX ^=04, ] 
y » - 2 0 r 

7 6 K J ; ; - · · • * 

TRIAX 0 = 0.4, X»-20" 

RS 

a) 

F i g . 3 : Dynamical monent 
o f i n e r t i a ( 2 ) / h 2 ( a ) and 
t r a n s i t i ma l quadrupole 
moment Q t (b ) o f the y r a s t 
bands in 7 7 R b |LUH861. 

0 . 2 0 .4 0 .6 

ΐ ι ω (MeV) 

0.8 

t h e Fermi energy i s reduced by a f a c t o r o f 2 - 3 r e l a t i v e t o β 2 = 0 . We 
f i n a l l y l i k e t o p o i n t o u t t h a t r i g i d r o t a t i o n s e t s i n a t r a t h e r low s p i n . 

6 . The t r a n s i t i o n a l nuc leus 7 5 B r I n t h i s nuc leus we have extended 
t h e y r a s t bands up t o s p i n 33 /2 and have de te rmined 17 l i f e t i m e s |LUH85|. 
A cranked s h e l l model a n a l y s i s o f t h e bands i s p resen ted i n F i g . 2 a . The 
go /2 band shows a l a r g e s i g n a t u r e s p l i t t i n g w i t h n e a r l y c o n s t a n t a l i g n e d 
s i n g l e - p a r t i c l e a n g u l a r momenta i x ( a = + 1 / 2 ) = 3 .0 h and i x ( a = - 1 / 2 ) = 1.7 
h . The c a l c u l a t e d t o t a l energy s u r f a c e shows a w e l l pronounced minimum 
a t β 2 = 0 . 3 5 , γ = - 1 5 ° . The n e g a t i v e p a r i t y band has v e r y l i t t l e s i g n a t u r e 
s p l i t t i n g ( γ = 0 ° ) , here i x i n c r e a s e s g r a d u a l l y and reaches 4 . 0 h a t ηω = 
0.5 teV. T h i s i n d i c a t e s s t r o n g m i x i n g between t h e P3/2 (1qp) and t h e 
s p i n a l i g n e d (go/?) P3/2 (3qp) s - b a n d , accopan ied by a drop o f B(E2) v a 
lues (see F i g . 2 D ) . A d e t a i l e d d i s c u s s i o n o f t h e γ - d r i v i n g f o r c e s and 
c o e x i s t e n c e phenomena i n 7 5 B r has been g i v e n i n |LUH85|. 
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238 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

7 . Conc lus ions We have e s t a b l i s h e d t h a t t h e l i g h t Br and Rb i s o t o 
pes p resen ted h e r e have v e r y l a r g e quadrupo le d e f o r m a t i o n s o f 82 s 0 .4 and 
moments o f i n e r t i a c l o s e t o t h e r i g i d body v a l u e s . The odd p r o t o n i n t h e 
1431 3 / 2 + | N i l s s o n o r b i t p o l a r i z e s and s t a b i l i z e s the γ - s o f t , shape coex
i s t e n t Se and Kr cores i n t o d e f i n i t e p r o l a t e t r i a x i a l shapes. T h i s e f f e c t 
s e t s i n a t r a t h e r low s p i n and seems t o be i n t i m a t e l y connected w i th t h e 
s u p p r e s s i o n o f p a i r i n g c o r r e l a t i o n s near t h e Ν = Ζ = 38 gap d e v e l o p i n g 
a t 82 = 0 . 4 . We thus f a c e a c u m u l a t i v e s u p p r e s s i o n o f both p r o t o n and 
n e u t r o n p a i r i n g c o r r e l a t i o n s i n t h e same o s c i l l a t o r s h e l l , a f a i r l y un ique 
f e a t u r e i n t h e p e r i o d i c t a b l e . 
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Intruder States in Highly Neutron-Deficient Pt Nuclei 
Evidence from Lifetime Measurements? 

U. Garg1, M. W. Drigert1, A. Chaudhury1, E. G. Funk1, J. W. Mihelich1, D. C. Radford2,4, 
H. Helppi2,5, R. Holzman2, R. V. F. Janssens2, T. L. Khoo2, A. M. Van den Berg2,6, and 
J. L. Wood3 
1Physics Department, University of Notre Dame, Notre Dame, IN 46556 
2Physics Division, Argonne National Laboratory, Argonne, IL 60439 
3School of Physics, Georgia Institute of Technology, Atlanta, GA 30332 

The recoil distance technique has been employed following the 

154Sm(34S,4n) 184Pt reaction to measure the lifetimes of states in the ground 
state band (GSB) of the highly neutron deficient nucleus 184Pt. Lifetimes 
have been extracted for up to the 18+state in the GSB. The B(E2) values 
exhibit a marked increase between spins 2 and 10, suggesting a strong 
mixing between the GSB and a less collective band at low spin and, thus, 
providing indirect evidence for an "intruder" (6h-2p)O+ ground state. This 
is further confirmation of the shape coexistence occuring at low energy in 
this region. 

The structure of very neutron-deficient Pt isotopes is most unusual 
and needs to be better clarified for a number of reasons: (1) There is an 
emerging picture of an extensive occurence of shape coexistence at low 
energy in the region near Z=82 and N=104 (see, for example,[HEY83,DUP84] 
and the references therein). This region needs to be carefully mapped away 
from closed shells to determine the systematics of bandhead energies and 
mixing matrix elements for the coexisting bands. The present view [WOO81] 
4Current address: Chalk River Nuclear Laboratories, Chalk River, Ontario K0J 1J0, Canada 
5Permanent address: Lappeenranta University of Technology, Finland 
6Current address: Rijks Universiteit Utrecht, Utrecht, the Netherlands 

0097-6156/ 86/ 0324-0239506.00/ 0 
© 1986 American Chemical Society 
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240 NUCLEI OFF THE LINE OF STABILITY 

T h e l i f e t i m e s o b t a i n e d from a p r e l i m i n a r y a n a l y s i s a r e summarized 

i n T a b l e 1 w h i c h also i n c l u d e s the B ( E 2 ) v a l u e s e x t r a c t e d from the li f e t i m e 

d a t a . F i g . 2 shows a plot of B(E 2 ) ' s ( i n Weisskopf U n i t s ) v s . s p i n of the 

d e p o p u l a t i n g s t a t e . 

T A B L E I 

Ε I. τ* B ( E 2 ) t B ( E 2 ) § 
Ύ 1 f 

B ( E 2 ) t 
( k e V ) (ps) (W.U.) T h e o r y (W.U.) 

163 2+ •> 0+ 582±50 112±10 85.3 
272 4 + + 2+ 39± 3 200±17 96.5 
363 6 + -> 4 + 9± 2 220±49 107.8 
433 8 + -> 6 + 3.2±0.5 261±41 115.8 
476 1 0 + - 8 + 1.7±0.4 309±73 120.7 
497 1 2 + + 1 0 + 2.310.4 184±33 122.3 
522 14 + + 12 + 2.0±0.4 166±34 104.6 
555 16 + + 14 + l-6±0.5 153±47 106.2 
586 1 8 + + 16 + 1.3±0.8 144±90 107.8 

* E r r o r s a r e c o n s e r v a t i v e estimates. 
f l n t e r n a l c o n v e r s i o n has been taken i n t o a c c o u n t i n c a l c u l a t i n g B ( E 2 ) 
v a l u e s . 
§From (KUM80) 

It i s c l e a r from F i g . 2 that t h e r e i s a s i g n i f i c a n t i n c r e a s e i n the 
B( E 2 ) v a l u e s between s p i n s 2 + and 1 0 + ( b y a f a c t o r of >2.5). T h i s p r o 
v i d e s an u n e q u i v o c a l c o n f i r m a t i o n of the b e h a v i o r e x p e c t e d because of the 
m i x i n g between the 0 + s t a t e s a n d between the 2 + states i n the c o e x i s t i n g 
b a n d s a n d , t h u s , p r o v i d e s s t r o n g e v i d e n c e f o r the p r e s e n c e of shape co-

184 
e x i s t e n c e i n P t . A sep a r a t e a n d i n t r i g u i n g a spect of o u r measurements 
is the d e c l i n e i n B ( E 2 ) v a l u e s b e y o n d s p i n 10 +. T h i s might be i n d i c a t i v e 
of the onset of t r i a x i a l i t y . I t c o i n c i d e s w i t h the b e g i n n i n g of b a c k b e n d i n g 
i n the G S B a n d i s , p o s s i b l y , the r e s u l t of a l a r g e i n d u c e d t r i a x i a l i t y due 
to the a d d i t i o n of a p a i r of 1-̂ 3/2 °± u a si neutrons· S u c h b e h a v i o r has r e c e n t l y 
been o b s e r v e d i n the deformed r a r e - e a r t h n u c l e i [FEW85]. A l s o , a p o s s i b l e 

186 
emergence of t r i a x i a l i t y has been r e p o r t e d f o r Hg [ J A N 83]. F i n a l l y , 

184 
our B ( E 2 ) v a l u e s i n P t can be comoared ( T a b l e 1) w i t h B ( E 2 ) v a l u e s 
c a l c u l a t e d [KUM80] u s i n g a m i c r o s c o p i c a p p r o a c h of v a r i a t i o n w i t h number-
c o n s e r v i n g p r o j e c t i o n from a p a i r i n g - p l u s - q u a d r u p o l e H a m i l t o n i a n . 
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36. GARG ET AL. Intruder States in Highly Neutron-Deficient Pt Nuclei 241 

of the even-mass Os, P t , Hg and Pb isotopes i s v e r y p u z z l i n g i n tha t the 
more deformed b a n d i s an e x c i t e d b a n d i n P b , Hg a n d Os a n d a p p e a r s to be 
the g r o u n d b a n d i n P t ( f o r A<186). (2) T h e r e a r e a number of d e t a i l e d 
c a l c u l a t i o n s of the even-mass P t isotopes u s i n g the I n t e r a c t i n g Boson 
A p p r o x i m a t i o n ( I B A ) . S p e c i f i c a l l y , the h e a v i e r P t isot o p e s have been 
c o n s i d e r e d [CAS78] as good examples of the 0(6) l i m i t i n g case of the I B A 1 . 
However, d e s c r i p t i o n s of the n e u t r o n - d e f i c i e n t P t isot o p e s u s i n g I B A 1 
[BIJ80] a n d t h e I B A 2 [ B I J 8 0 , CHI85] do not c o n s i d e r the p o s s i b i l i t y of 
c o e x i s t i n g b a n d s . T h e n e i g h b o r i n g even-Hg isotopes a r e well d e s c r i b e d 
[ B A R 8 3 , BAR84] b y an I B A b a n d - m i x i n g p i c t u r e . T h e e x i s t e n c e of co
e x i s t i n g b a n d s i n the l i g h t e v e n - P t isotopes i s s u g g e s t e d b y boson e x p a n s i o n 
t h e o r y c a l c u l a t i o n s [WEE80] , f i t t e d p o t e n t i a l e n e r g y s u r f a c e s [HES81] , 
H a r t f r e e - F o c k p l u s B C S c a l c u l a t i o n s [ S A U 8 1 ] , a n d c a l c u l a t i o n s [MAY77] 
u s i n g the s h e l l c o r r e c t i o n method of S t r u t i n s k y . 

I t has been a r g u e d [W0031] that the e x p e r i m e n t a l l y o b s e r v e d f e a t u r e s 
i n the l i g h t P t isotopes s u p p o r t c o e x i s t i n g b a n d s at low e n e r g y a l b e i t m arked 
b y b a n d m i x i n g at low s p i n . T h e p a t t e r n p r o p o s e d [W0081] would place 
the more deformed b a n d lower i n e n e r g y than the l e s s deformed one. A 
simple p r e d i c t i o n of t h i s p i c t u r e i s that the B ( E 2 ) v a l u e s i n the y r a s t b a n d s 
s h o u l d u n d e r g o a r a p i d i n c r e a s e w i t h i n c r e a s i n g s p i n . T h i s i n c r e a s e w o uld 
r e f l e c t the appearance of the f u l l c o l l e c t i v e s t r e n g t h of the more deformed 
b a n d , w h i c h i s masked at low s p i n due to m i x i n g w i t h the less deformed 
b a n d . In t h i s p a p e r we r e p o r t measurements of the l i f e t i m e s i n the y r a s t 

184 
b a n d of P t u s i n g the r e c o i l d i s t a n c e t e c h n i q u e [ALE79] . 

184 154 34 T h e h i g h s p i n states i n P t were p o p u l a t e d v i a the Sm( S,4n) 
184 34 

P t r e a c t i o n f o l l o w i n g bombardment, w i t h 160 MeV S ions from the 
_2 

A r g o n n e Tandem-LINAC s y s t e m , of a s t r e t c h e d , t h i n (.5 mg cm ) f o i l of 
154 

e n r i c h e d Sm mounted i n a r e c o i l d i s t a n c e ( p l u n g e r ) a p p a r a t u s . T h e 
-2 

t a r g e t was made b y e v a p o r a t i o n onto a g o l d f o i l of -1.3 mg cm t h i c k n e s s . 
A n o t h e r g o l d f o i l (10.2 mg cm 2) was u s e d as the s t o p p e r . Gamma r a y s 
were d e t e c t e d at 0° w i t h a Ge d e t e c t o r i n c o i n c i d e n c e w i t h an 8-element 
l a r g e NaI(T£) sum sp e c t r o m e t e r (SS) w h i c h s u r r o u n d e d the p l u n g e r . 
P o p u l a t i o n of h i g h s p i n s t a t e s was i n s u r e d b y r e q u i r i n g that at lea s t 2 
elements of the SS f i r e f o r an event to be acc e p t a b l e a n d a p p r o p r i a t e c u t s 
were made i n the sum e n e r g y to maximize the y i e l d s f o r the 4n r e a c t i o n 
c h a n n e l . T h e use of SS e s s e n t i a l l y eliminates from the f i n a l s p e c t r u m a l l 
the γ r a y s a t t r i b u t a b l e to r a d i o a c t i v i t y a n d Coulomb e x c i t a t i o n . 
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242 NUCLEI OFF THE LINE OF STABILITY 

Data were taken at several target-to-stopper distances ranging from 
4.0μ to 10 mm giving an effective range of lifetimes between .5 ps and 
several ns. The ratios of intensities of the "unshifted" and "shifted" 

184 
components of the γ rays previously known [BES76] to belong to Pt 
were extracted and fitted for lifetimes using a computer code which in
corporates the effects of cascade feeding and takes into account corrections 
due to target thickness, detector solid angle, detector efficiency, etc. 
Fig. 1 presents typical Ge detector spectra for a number of target-stopper 
distances showing 'unshifted" and "shifted" peaks for several γ rays in 
184 

Pt; the relevant level scheme is also shown. 

J Γ 

Pt 

- (18*) 

-(16*) 

3000 

1 0 0 0 ^ ~ J L . L S, » III 

I 000 h 
ζ 
ZD 
Ο 
Ο 2000 

Sm( S , 4 η ) Pt 

V t 

• ,Ιι N 
I O O 0 j k ^ * 4 M * J ' A ^ 

J 

d =32^ 

d = 7 1 / 1 

ij d = \7\μ 

200 300 4 0 0 500 

E y ( keV ) 

600 

Figure 1. Portions of y-ray spectra fran 154Sm(34S,4n) 1 8 4 P t at target-to-
stopper distances as indicated. The "shifted" components are shaded and 
the γ rays belonging to 1 8 4 Pt GSB are marked. Also shown i s the level scheme 
for 18^t from [BES76,IAR85]. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

03
6



36. GARG ET AL. Intruder States in Highly Neutron-Deficient Pt Nuclei 243 

4 0 0 

3 0 0 h 

ZD 

5 

2 0 0 

C J 
LU 

œ 

1 0 0 

184 Pt gsb 

0 1 1 ι I I I I I I L _ 
0 2 4 6 8 10 2 14 16 18 

ι (ri) 

Figure 2. B(E2) values (in Weisskopf Units) extracted for 1 8 4 P t GSB from the 
present measurements. The errors shown represent conservative upper-limit 
estimates. 

T h e p r e s e n t r e s u l t s p r o v i d e a s t r o n g c o n f i r m a t i o n of s h a p e c o -
184 

e x i s t e n c e i n P t . T h i s p a v e s t h e w a y f o r a t h e o r e t i c a l t r e a t m e n t of t h e 

v e r y n e u t r o n - d e f i c i e n t e v e n - P t i s o t o p e s u s i n g t h e I B A b a n d - m i x i n g p i c t u r e , 

s u c h as h a s b e e n u s e d [ B A R 8 4 , B A R 8 3 ] i n t h e n e i g b h o r i n g H g i s o t o p e s , 

a n d c o n t r a r y to t h e w o r k i n [ B I J 8 0 , C H I 8 5 ] . F o r e x a m p l e , w i t h t h e i n t r u d e r 

( 6 h - 2 p ) 0 + s t a t e s a v a i l a b l e f o r e x t r a π - b o s o n s , i t w o u l d b e p o s s i b l e to r e 

p r o d u c e i n a s t r a i g h t f o r w a r d m a n n e r t h e l a r g e d e f o r m a t i o n s o b s e r v e d i n 

t h e s e P t i s o t o p e s . A c c o r d i n g to the s y s t e m a t i c s [ H A G 7 8 , H A G 7 9 , WOO81] 

of y r a s t b a n d s i n the n e i g b h o r i n g P t i s o t o p e s , a s i m i l a r b e h a v i o r of B ( E 2 ) ' s 
182 180 

i n t h e y r a s t b a n d s h o u l d b e s e e n i n P t , P t , . . . ; a s t u d y of t h e s e 

i s o t o p e s w o u l d f u r t h e r test t h i s p i c t u r e of s h a p e c o e x i s t e n c e . T h e s e 

m e a s u r e m e n t s a r e c u r r e n t l y b e i n g p l a n n e d . 
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Shape Coexistence in 185Au 

E. F. Zganjar1, C. D. Papanicolopoulos2, J. L. Wood2, R. A. Braga3, R. W. Fink3, A. J. Larabee4, 
M. Carpenter4, D. Love4, C. R. Bingham4, L. L. Riedinger4, and J. C. Waddington5 

1Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70808 
2School of Physics, Georgia Institute of Technology, Atlanta, GA 30332 
3School of Chemistry, Georgia Institute of Technology, Atlanta, GA 30332 

4Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996 
5Department of Physics, McMaster University, Hamilton, Ontario L85 4K1, Canada 

The β-decay of 185Hg -> 185Au has been studied following 
on-line mass separation at UNISOR/HHIRF. Transitions with 
strong EO components were observed feeding the h9/2 and 
h11/2 bands and are interpreted as resulting from the 
coupling of the h9/2 and h11/2 single-proton 
configurations in the 184Pt and 186Hg cores, respectively. 

The f i r s t i n d i c a t i o n o f shape c o e x i s t e n c e near Z=82, N=104 came f rom 

the o b s e r v a t i o n [B0N72] o f a l a r g e i n c r e a s e i n the mean-square charge r a d i u s 

i n go ing f rom 1 8 7 H g t o 1 8 5 H g . T h i s r e s u l t was o b t a i n e d [B0N76] by o p t i c a l 

pumping o f o n - l i n e separa ted Hg i s o t o p e s a t the ISOLDE f a c i l i t y . L a t e r 

measurements [KUH77, B0N79] i n c l u d e d many i s o m e r i c s t a t e s as w e l l as the 

ground s t a t e s o f 1 8 4 , 1 8 3 , 1 8 1 H g e i n t e r e s t i n g l y , w h i l e t he 55 sec 1 /2 " ground 

s t a t e o f 1 8 5 H g shows a l a r g e i n c r e a s e i n the mean-square charge r a d i u s , the 

28 sec 1 3 / 2 + isomer does n o t . 

E a r l y in-beam γ - s p e c t r o s c o p y on 1 8 4 H g and 1 8 6 H g showed t h a t t h e i r y r a s t 

bands become deformed above the 2 + s t a t e [PR073, RUD76]. S t u d i e s o f the 

1 8 8 T a + 1 8 8 H g j 1 8 6 T a ^ 1 8 6 H g a n d 1 8 4 T a 1 8 4 H g decays a t UNISOR and ISOCELE 

c l e a r l y r e v e a l e d two c o e x i s t i n g bands which approach each o t h e r w i t h 

d e c r e a s i n g mass [HAM75, B0N76, C0L76, C0L77, BER77, C0L84 ] . Recent in-beam 

work [MA 84] on 1 8 2 H g i n d i c a t e s t h a t the deformed band c o n t i n u e s t o drop i n 

energy r e l a t i v e t o the ground s t a t e band, a l t h o u g h the r a t e o f approach 

appears t o have g r e a t l y d i m i n i s h e d . These data [HAM85] are shown i n f i g . 1 , 

0097-6156/86/0324-0245S06.00/ 0 
© 1986 American Chemical Society 
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246 NUCLEI OFF THE LINE OF STABILITY 

which is 

b u i l t on 

of nuclei 

ENERGY 
(MeV) 

presented here as the c lassic example of a coexistence of levels 

d i f f e r e n t shapes. Shape coexistence appears to be a general feature 

in the neutron de f i c ien t region near Z=82. Concurrently, but 

,0 12» 

Fig. 1. The energies of the 

spherical and deformed states in 

even-even 1 8 2 _ 1 9 8 H g . Deformed 

states for A > 188 have not been 

observed [MA 84, HAM85]. 

182 184 186 Î88 Î9Ô Î92 194 Ϊ9ό W~ 
MASS NUMBER 

independent of these developments, coexist ing bands in the odd-proton T i and 

Au isotopes were established by radioact ive decay and in-beam reaction 

studies [HEY83]. 

For the even-even nuclei in the region, one has the p o s s i b i l i t y that a 

pair of pa r t i c les or holes can couple to qui te d i f f e r e n t cores. This has 

been shown [DUP84] to occur even in proton magic Pb isotopes, where 

excited θ£ deformed states are observed in 192-198p^ w l - t n a continuous drop 

in energy such that the O2 level become the f i r s t excited state in 
192p b 

and 
1 9 4 P b . Most theoret ica l ca lculat ions indicate [HAM85] that the near-

spherical shape is oblate and the well-deformed shape is p ro la te , although 

th is is not f i rm ly established experimental ly. For odd-A nuclei in the 

region, i t then becomes possible to form mul t ip le shape coexist ing 

conf igurat ions. For example, in the odd-mass Au isotopes the odd proton 

p a r t i c l e can couple to the two conf igurat ions with d i f f e r e n t deformation in 

the Pt cores, and the odd-proton hole to the two structures with d i f f e ren t 

deformation in the Hg cores. 

The energy level spacings of the 0 + - 2 + - 4 + members of the shape 

coexist ing structures observed in the even-even Pt isotopes do not provide 

as clear an ind icat ion of which band is the more spherical as do the 

corresponding levels in the even-even Hg isotopes. Evidence from 
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37. ZGANJAR ET AL. Shape Coexistence in 185Au 247 

systematics indicates [W0081] that for neutron de f i c ien t isotopes of Pt with 

A < 186, a deformed conf igurat ion is present in the groimd s ta te . 

Add i t i ona l l y , a staggering of ro ta t iona l band 

parameters has been found [HAG78] fo r 

176-182 P t > where the odd-mass Pt isotopes 

appear more deformed than the even-mass ones. 

A consistent p ic ture of the de ta i l s 

presented above, based on the idea tha t 

nuclear deformation is due to the residual 

force between valence neutrons and valence 

protons, has been proposed [W0082, HEY83]. 

In th i s p i c tu re , the exc i ta t ion of nucléons 

in to shell-model in t ruder states leads to the 

coexistence of states with d i f f e r e n t 

deformations. Shell-model in t ruder states 

fo r the odd-mass Au isotopes, fo r example, 

are presented in f i g . 2. Note that the 

h 9 ^ 2 and i 1 3 y 2 in t ruders drop rap id ly 

as one goes more neutron de f ic ien t [ZGA80]. F i g . 2. Shell model states 
185-195 A U e i n In 1 8 5 A u the 5 /2 ' member of the h 9 ^ 2 in t ruder 

band actua l ly becomes the ground state 

The corresponding data for the odd-mass T* isotopes also show 

i 9 , 2 and i 1 3 / 2 i n t ruders , but in that case the h 9 ^ 2 reaches a minimum 

^ T j . and then r ises again as the system becomes more neutron de f ic ien t 

[EKS76]. 

the h c 

near 

[HEY83, HAM85]. That the in t ruder energy should increase as one moves away 

from mid-shell (N « 104 in th i s case) is consistent with the above p ic ture 

[W0082, HEY83]. Also shown in f i g . 2 are the proton hole s tates. Note 

p a r t i c u l a r l y the unique pa r i t y h n ^ 2 s ta te . The coexistence observed in the 

odd-mass Au isotopes can be understood as ar is ing from the coupling of the 

proton p a r t i c l e ( h 9 ^ 2 ) and the proton hole ( h u ^ 2 ) to the d i f f e r e n t core 

shapes in the even-even Pt and Hg isotopes, respect ive ly . This is shown 

schematically fo r the Pt Φ π Ι ι 9 ^ 2 coupling in f i g . 3. These ideas were 

st imulated by the study [ZGA81] of the low-energy st ructure of 1 8 7 A u at 

UNISOR fo l lowing the decay of 1 8 7 9 » m H g . In that case the h 9 ^ 2 p a r t i c l e 

couples to the 1 8 6 P t core to form two bands with states of the same spin 

connected in many cases by t rans i t ions of E0+M1+... m u l t i p o l a r i t y [ZGA81]. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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248 NUCLEI OFF THE LINE OF STABILITY 

These two bands can be i n t e r p r e t e d (see f i g . 3) as a r i s i n g f rom the 

c o u p l i n g s 1 8 6 P t [ 0 * π ( 2 ρ - 6 η ) ] Θ π η 9 * 2 and 1 8 6 P t [ 0 2 τυ(4η)] θ π η 9 ^ 2 . When 

the odd p r o t o n i s i n the h 9 / 2 i n t r u d e r o r b i t a l , the f o r m a t i o n o f the (2p -6h ) 

Fig. 3. A schemat ic v iew o f 

i n t r u d e r s t a t e s near Z=82. The 

normal p r o t o n c o n f i g u r a t i o n s f o r Au 

and P t are π (3η) and π ( 4 η ) 

r e s p e c t i v e l y . The p r o t o n i n t r u d e r 

c o n f i g u r a t i o n s a re π ( 1 ρ - 4 η ) 

and π ( 2 ρ - 6 η ) r e s p e c t i v e l y , where 

p = p a r t i c l e and h = h o l e . 

c o n f i g u r a t i o n i n t h e i B b P t core i s b locked due t o the P a u l i p r i n c i p l e and 

t h e core c o n f i g u r a t i o n f o r 1 8 7 A u w i l l then be c o r r e s p o n d i n g l y a f f e c t e d . The 

da ta i n d i c a t e t h a t i t i s the ground s t a t e o f 1 8 6 P t which i s b locked a n d , 

c o n s e q u e n t l y , t h a t the ground s t a t e o f 1 8 6 P t c o n s i s t s l a r g e l y o f the (2p -6h ) 

c o n f i g u r a t i o n r e s u l t i n g f rom the p romot ion o f a p a i r o f p r o t o n s i n t o t h e 

i n t r u d i n g h 9 ^ 2 o r b i t a l [W0081, ZGA81]. 

We i n i t i a t e d a c a r e f u l and d e t a i l e d s tudy o f the 1 8 5 9 » m H g decay a t 

UNISOR f o r the f o l l o w i n g reasons : To e x p l o r e f u r t h e r the c o e x i s t e n c e 

p i c t u r e d e s c r i b e d above; t o r e s o l v e the d isagreement between our e a r l i e r 

da ta on t h i s decay and t h a t o f the Orsay group [B0U82 ] ; and t o p r o v i d e 

complementary i n f o r m a t i o n f o r an in-beam s tudy [LAR85] o f 1 8 5 A u . The decay 

o f 1 8 5 m H g ( 2 8 s , 1 3 / 2 + ) and 1 8 5 9 H g ( 5 5 s , 1 /2" ) t o e x c i t e d s t a t e s i n 1 8 5 A u 

were s t u d i e d by γ - r a y and c o n v e r s i o n - e l e c t r o n s i n g l e s , t ime-sequence 

spec t roscopy and c o i n c i d e n c e measurements. The 1 8 5 H g sources were produced 

by t h e 1 7 6 H f ( 1 6 0 , 7 n ) r e a c t i o n u s i n g 140 MeV beams o f 1 6 0 + 7 and were mass 

s e p a r a t e d w i t h the UNISOR o n - l i n e i s o t o p e s e p a r a t o r . As p r e v i o u s l y observed 

i n the s tudy on 1 8 7 A u [ZGA81] , t h i s c o e x i s t e n c e o f p a r t i c l e and ho le s t a t e s , 

f o r the odd p r o t o n as w e l l as the 1 8 4 P t c o r e , leads t o a l a r g e l e v e l d e n s i t y 

and , c o n s e q u e n t l y , t o a very h igh s p e c t r a l l i n e d e n s i t y . I t i s on l y w i t h 

da ta o f g r e a t s t a t i s t i c a l q u a l i t y coup led w i t h an e x t r e m e l y c a r e f u l a n a l y s i s 

p rocedure ( e . g . r u n n i n g c o i n c i d e n c e g a t e s , [ZGA81]) t h a t one can o b t a i n 
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37. ZGANJAR ET AL. Shape Coexistence in 185Au 2 4 9 

were observed to feed the h 9 ^ 2 and h n ^ 2 bands 

Gate on 
213KeV Xj 

r e l i a b l e and consistent resu l t s . For example, an important feature of the 

two h 9 y 2 bands are the E0+M1+... t r a n s i t i o n s . Preliminary analysis of our 

resu l ts on supports our e a r l i e r [ZGA81] in te rp re ta t ion of such 

t rans i t i ons as E0+M1+E2 in 1 8 7 A u and contradicts the in te rp re ta t ion [B0U82] 

that these t rans i t ions in 1 8 5 A u have anomalous Ml components. The Orsay 

group [B0U82] were forced to conclude that anomalous Ml components were 

involved since they obtained conversion coe f f i c ien ts larger than Ml or E2 

fo r a number of t rans i t i ons between levels of d i f f e r e n t sp in . Our 

coincidence data were of s u f f i c i e n t s t a t i s t i c a l qua l i t y that we could 

quan t i ta t i ve ly d is t ingu ish unresolved doublets. In essent ia l ly a l l cases, 

we were able to account for the anomalous in ternal conversion [B0U82] by 

locat ing another t r a n s i t i o n of nearly the same energy which connected states 

of the same spin and could thus contain an EO component. 

As in the 1 8 7 A u study, t rans i t i ons in 1 8 5 A u with strong EO components 

One example fo r each is 

presented in f i g s . 4 and 5, respect ive ly . 

These t rans i t ions are therefore in terpreted 

as decays out of the hy2 and η ' η ^ 2 bands to 

the h 9 ^ 2 and h n ^ 2 bands respect ive ly . The 

h 9 y 2 and h i y 2 bands, of course, resu l t from 

the coupling of the h 9 ^ 2 and h n ^ 2 s ingle 

proton conf igurat ions to the excited 0 + 

conf igurat ions in the 1 8 4 P t and 1 8 6 H g cores, 

respect ive ly . These resul ts are shown in 

f i g . 6. 

In summary, l i e s in a most 

in te res t ing region of shape coexistence where 

many d i f f e r e n t shapes are observed at low 

energies. Recent in-beam work [LAR85] on 
1 8 5 A u suggests that these various shapes are 

made up of both oblate and prolate structures 

which can be understood as a r i s ing from the 

competit ion between close l y ing K=l/2 

(oblate) and K=ll /2 (pro la te) states f o r 

h 1 1 / 2 ; and K=l/2 (pro late) and K=9/2 (oblate) 

1427 KeV. 

427 KeV 

si Kn 
4ΩθΙ 1 -> ' 

Fig. 4. Portions of the 

electron and γ-spectra gated 

on the 213 keV γ which is in 

cascade with both the 323 and 

427 keV t r a n s i t i o n s . With E2 

m u l t i p o l a r i t y for the 323, 

the 427 a(K) i s determined 

to be 0.33 ± 0.03. The «(K) 

fo r Ml i s 0.25. fo r h 9 ^ 2 . While the resul ts of these 
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250 NUCLEI OFF THE LINE OF STABILITY 

7 0 0 

5 0 0 

ο 
υ 3 0 0 

Gate on 

\ZVKevr 

4 9 2 KeV -

G a t e on 
211 KeV Y 1 

l E I e c t r o n s l j
 4 9 2 H 

Fig. 5. P o r t i o n s o f the e l e c t r o n and γ-
s p e c t r a gated on the 211 keV γ which i s i n 

cascade w i t h both the 461 and 492 keV 

t r a n s i t i o n s . Wi th E2 m u l t i p o l a r i t y f o r t h e 

4 6 1 , the 492 a ( K ) i s de te rmined t o be 

0 .14 ± 0 . 0 2 . The a ( K ) f o r Ml i s 0 . 0 7 2 . 

s t u d i e s are c o n s i s t e n t w i t h the e x p l a n a t i o n [W0082, HEY83] o f shape 

c o e x i s t e n c e based on the p romot ion o f a p a i r o f p a r t i c l e s i n t o an i n t r u d e r 

o r b i t a l , a d d i t i o n a l e x p e r i m e n t a l and t h e o r e t i c a l work i s needed t o f u l l y 

de te rm ine which mechanism g i v e s r i s e t o shape c o e x i s t e n c e i n the Z=82 

r e g i o n . 

405 

Fig. P o r t i o n s o f the h 9 ^ 2 , h u ^ 2 , hy2 and η Ί ι / 2 bands i n 
1 8 5 A u 

compared t o the 0 + , 2 + and 0 + ' , 2 + ' l e v e l s i n ^ 4 P t and 1 8 6 H g . The 

c o r r e s p o n d i n g c o r e - p a r t i c l e c o u p l i n g s are noted w i t h dashed l i n e s . Only 

t r a n s i t i o n s w i t h EO components are shown. 
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Shape Coexistence in Neutron-Deficient Pb Isotopes 

J. Penninga1, W. H. A. Hesselink1, A. Stolk1, H. Verheul1, J. K. Ho2, J. van Κlinken2, 
H. J. Riezenbos2, M. J. A. de Voigt2, and A. Zemel2 

1Natuurkundig Laboratorium, Vrije Universiteit Amsterdam, the Netherlands 
2Kernfysisch Versneller Instituut, Groningen, the Netherlands 

In search for rotational bands on low lying intruder states in 194,196Pb the 
188Hg(α,xn)194,196Pb and the 188Os(12C,4n)196Pb reactions have been studied. 
On the basis of e--γ and γ-γ coincidence data levels with spin up to Jπ=6+ 

and Jπ=14- have tentatively been assigned to bands on the Jπ=0+ and Jπ=11-

excited states in 196Pb. Furthermore, the g-factor of the Jπ=11- isomer in 
196Pb has been measured. The experimental value g = 0.96(8) indicates that this 
state has a proton 2p-2h configuration. 

In many nuclei near single closed shells low lying intruder states have 
been observed. These intruder states are known to be due to particle-hole 
excitations across the closed shell. The additional particle-hole degree of 
freedom causes dramatic changes in the properties of the nuclear states. It 
is for example a characteristic feature of the intruder states that they act 
as band heads for rotational bands. 

Recently Heyde et al. have reviewed the experimental evidence for shape 
coexistence in odd A nuclei and the theoretical approaches which are made to 
describe the experimental data [HEY83]. Also in several even mass nuclei 
there is evidence for shape coexistence. A nice example are the rotational 
bands on ^=0+ intruder states in the even mass Sn isotopes [BR079]. 

Van Duppen et al. have recently reported on the observation of low 
lying νΙπ=0+ states in neutron deficient Pb isotopes [DUP84]. The latter 
states are similar to those in the Sn nuclei and their observation is thus 
not unexpected. The systematic trend of the observed Ι π =0 + states through the 
various Pb isotopes and Sn isotopes is the same. However, the excitation 
energy of the intruder states in Pb is much lower than in the Sn isotopes. 
This is due to the larger number of valence neutrons causing a stronger resi
dual interaction between the proton particles and holes and the neutrons. In 
this respect it is of interest to investigate the protoperties of the rota
tional bands which will likely occur on top of ^=0+ intruder states in Pb. 
In 1 1 2 - 1 1 8 S n rotational bands were excited up to J^=\2+ states. 

The experimental study on rotational bands on ν1π=0+ intruder states in 
the Pb isotopes is however more difficult than in Sn. In the first place the 
rotational bands in the neutron midshell nuclei of Sn could be studied by 
means of the (a,2n) reaction, whereas in Pb these nuclei are far away from 
the stability line. In the second place neutron (^13/2^2 s t a t e s with angular 
momentum ^Γπ=10 ,12+ occur at relatively low excitation energy. This implies 
that the predicted excitation energy for band members with spin J>10 is more 
than 1 MeV above the Y-rast line. These states will therefore not likely be 
excited in fusion-evaporation reactions. One might however have some hope to 
populate the lower part of the bands with reactions induced by light ions. 

In search for rotational bands on j W states in 1 9 t " 1 9 6

P b we have 
measured coincidences between γ-rays following the 198Hg(a,xn) reactions and 
conversion electrons corresponding to E0Q+_̂ Q+ transitions in these nuclei. 
The α-particle energy was 75 MeV and 2 1 92 MeV, respectively. The me
tallic 1 9 8Hg (98 % enriched) target was produced by evaporating mercury 
oxalate onto a C-backing. The averaged target thickness was about 0.7 mg/cm . 
The γ-ray spectra (cf. Fig. 1) were taken with two (196Pb) and four (19l |Pb) 

0097-6156/86/0324-0252$06.00/0 
© 1986 American Chemical Society 
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38. P E N N I N G A E T A L . Neutron-Deficient Pb Isotopes 253 

x10 
160 

120 

3 O u u. 
o 
or u m Σ 
3 
Z 

t 

80 

40 

1 9 8 H g ( a , 6 n ) 1 9 6 P b 

100 200 300 400 
E y ( keV) 

500 600 700 

F i g . 1 Spectrum of γ-rays f o l l o w i n g the 1 9 8 H g ( a , 6 n ) 1 9 6 P b r e a c t i o n . 

Ge d e t e c t o r s each p r o v i d e d w i t h a c y l i n d r i c a l BGO + N a l Compton s u p p r e s s i o n 
s h i e l d . The c o n v e r s i o n e l e c t r o n s were measured w i t h two spectrometers each 
c o n s i s t i n g of a m i n i orange f i l t e r and a S i ( L i ) d e t e c t o r . The t r a n s m i s s i o n of 
the f i l t e r was o p t i m i z e d f o r d e t e c t i o n of e l e c t r o n s w i t h e n e r g i e s i n the 
range 0.9- 1.3 MeV. For 1 9 6 P b the i n t e n s i t y of the EO 0+ + O J t r a n s i t i o n + i n + 

the e l e c t r o n spectrum was about the same as f o r the L - e l e c t r o n s of the 2^ •> 0^ 
t r a n s i t i o n . T h i s i n d i c a t e s t h a t the i n t e n s i t y r a t i o I Q+ _̂  Q+ /1̂ + _̂  Q + ^ J Q - 3 
Thus, the expected electron-gamma c o i n c i d e n c e 2 1 / 1 1 
i n t e n s i t y i s about a f a c t o r 10 2 s m a l l e r than the γ-γ c o i n c i d e n c e i n t e n s i t y f o r 
the s t r o n g e s t γ-ray t r a n s i t i o n s , t a k i n g i n t o account a ε=0.03 f o r the e l e c 
t r o n spectrometers. For 1 9 l + P b t h i s f a c t o r i s even 3. 10 2. 

F i g . 2 shows the r e s u l t s f o r 1 9 6 P b (the data a n a l y s i s f o r 1 9 1 + P b i s i n 
p r o g r e s s ) . In a d d i t i o n to the 288, 307 and 754 keV t r a n s i t i o n s which have 
a l s o been observed by Van Duppen et a l . i n the 3-decay of B i i s o t o p e s we have 
found evidence f o r a 413 keV and a 563 keV t r a n s i t i o n . These γ-rays are c l e a r 
l y v i s i b l e i n the c o i n c i d e n c e spectrum between delayed γ-rays and delayed con
v e r s i o n e l e c t r o n s . T h i s does not exclude t h a t they are a l s o present i n the 
prompt-prompt spectrum. I f the i n t e n s i t y i n the l a t t e r spectrum would a p p r o x i 
mately be the same as i n the delayed spectrum these γ-rays would have been es
caped from our o b s e r v a t i o n due to the h i g h e r background i n the prompt spectrum. 
We have t e n t a t i v e l y a s s i g n e d the 413 keV and the 565 keV t r a n s i t i o n s to the 
decay of a J^=b+ and J7T=6"t" l e v e l s of the r o t a t i o n a l band b u i l t on the J =0 
i n t r u d e r s t a t e on the b a s i s of the c o i n c i d e n c e i n t e n s i t y and the t r a n s i t i o n 
e n e r g i e s ( c f . F i g . 3 ) . The r e g u l a r i n c r e a s i n g t r a n s i t i o n e n e r g i e s between the 
members of the proposed band agree w i t h those of the ground s t a t e band i n 
1 9 2 P t . A s i m i l a r o b s e r v a t i o n has been made f o r the Sn i s o t o p e s . 

I t w i l l b e + v e r y d i f f i c u l t to o b t a i n f u r t h e r evidence f o r the r o t a t i o n a l 
band on the J™=0 s t a t e i n 1 9 6 P b . Α γ-γ c o i n c i d e n c e measurement to e s t a b l i s h 
the c o i n c i d e n c e r e l a t i o n s between the proposed i n t r a b a n d t r a n s i t i o n s seems 
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254 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

1 9 8 H g ( a , 6 n Y<2 - ) 1 9 6 F b E a = 7 5 M e V 

< 
5 6 0 
CE 
LJ 
Q_ 4 0 
to 
£ 2 0 

8 0 

Î 

2 0 0 6 0 0 1 0 0 0 

<*> Ge delayed Si Li delayed 

' to CO 
ir> to 
! ι j l 

2 0 0 6 0 0 1 0 0 0 

2 0 0 6 0 0 1 0 0 0 

G A M M A RAY E N E R G Y ( k<zV ) 

Fig. 2 Spectra of γ-rays coincident with the E0+ n+ transition in 
°2 + °> 

bPb. 

hardly to be feasible due to the extremely low intensity of the γ-rays invol 
ved. The use of another reaction to excite the levels of the band is not 
promising as well for reasons which have been pointed out already before. 

In a previous study on neutron excitations in 1 9 1 +> 1 9 6pb we have i d e n t i 
fied two new isomers, which have most l i k e l y a proton 2p-2h character too 
[NES83], [RUY85]. To obtain more evidence about the nature of the J ^ l l " 

• 1 9 6 

isomer in Pb we have measured the g-factor of this state using the spin 
precession method. The 1 9 8Hg target was the same as the one used in the elec
tron-gamma coincidence measurements. The experiment was performed with 75 MeV 
α-particles using the 1 9 8Hg(a,6n) 1 9 6Pb reaction. The applied magnetic f i e l d 
was 1.5 T. To reduce the background in the spectra, which is crucial in this 
experiment since the intensity of the weak 497 keV γ-ray is only 5 % of the 
intensity of the 2 + + 0 + transition, we have not stopped the beam at the target 
position but instead we have transported the bended beam to the Faraday cup. 
This implies that we were not able to do a measurement with two f i e l d direc-
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38. PENNING A ET AL. Neutron-Deficient Pb Isotopes 255 

606 

- i ( 1 3 - ) 

• 1 1 " T , / 2 = 7 2 ( 4 ) n s 

\ J - Ig- T 1 / 2 , 2 6 9 ( 5 ) n s 

Fig. 3 P a r t i a l level 
scheme of 1 9 6Pb. 

tions otherwise we should have rotated the beamline 16 during the experiment. 
The γ-ray spectra were taken with two Ge detectors both positioned at 

135° with respect to the beam direction at the target position. One of the Ge 
detectors was provided with a BGO Compton suppression shield. 

In an independent run we have measured the angular distri b u t i o n for the 
497 keV-y-ray using the same reaction and target. Fig. 4 shows the R(t) func
tion deduced from the experimental data. Although the experimental errors are 
large due to the r e l a t i v e l y low number of events in the peak compared to the 
number of background events, a least squares f i t through the data only yields 
one solution i.e. g = 0.96(8), A -0.14(6) and T, = 74(10) ns. The values 
obtained for A^ and Ί1 are in agreement with the results of the angular 
distribution measurements (A 2 = -0.09(6) and lifetime measurements^(T^= 72(5) 
ns) . The measured g-factor g = 0.96(8) indicates that the J71" = 1 1 2 isomer 
has indeed a proton 2p-2h nature. The theoretical value for a C T T ^ 9 / 2 TT:*"13/2^11~ 
configuration taking g^ = 1 and g g = 0.7g free is g = 1.02 

In explaining the low excitation energy of this proton 2p-2h intruder 
state one should bear in mind that the excitation energy of particular proton 
2p-2h configurations in this mass region is lowered remarkebly in an oblate 

T^ odd Bi isotopes one deformed potential [HEY83]. From the adjacent odd 
can deduce that the conf iguration [9/2~[514]2 1 /2[440]~ 2 l ^ n a s the lowest proton 
excitation energy. In case of a broken proton pair one obtains a J71" = 11 state 
with low excitation energy i f the proton particles are in a 9/2 [514] and 
13/2+[606] Nilsson orbit. Note that the g-factor in this case is equal for a 
s f e r i c a l and a deformed state since the Nilsson configuration only contains 
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256 NUCLEI OFF THE LINE OF STABILITY 

0.4 

0.2 

0.0 

-0 .2 

- 0 4 

3 Η ς ( α , 6 η γ ) 1 3 ^ 

E„ = 75 MeV 

40 6 0 8 0 

TIME ( ns) 

100 120 

Fig. 4 R(t) function of the 497 keV transition in bPb. 

the hç^2 a n c* *"13/2 s n e H s * Using the empirical relation between the energies 
of 2p-2h states in single closed shell nuclei and lp-lh configuration 
in adjacent odd mass nuclei derived in réf. [DUP84] one finds the following 
approximation for the energy of the 3Ή=\\~ intruder states in the even mass 
Pb isotopes. 

E e x ( J ï ï = l f , Z=82,N) = Ε 0Γ π= 13/2+; Z=81,N) + 

E _ ( J T T = i 2 + , Z=83,N) + [Sp(Z= 84,N)-Sp(Z = 83,N)] 

This yields Ε ^3.6 MeV for the J 7 7 = 11 state in 1 9 6 P b which is in reaso
nable agreement with the experimental energy Ε ̂  3.2 MeV in view of this 
crude approximation neglecting the residual interaction between the proton 
par t i c l e s . + 

Assuming equal deformation for the J =0 intruder states and the newly 
found isomers, one may expect that these isomers also act as bandheads for a 
rotation band. We have studied these bands by measuring coincidences between 
γ-rays following the 1 9 8Hg(a,8n) 1 9 4 P b and the 1 8 8 0 s ( 1 2C,4n) 1 9 6Pb reactions. 
In the la t t e r experiment we have ide n t i f i e d a sequence of γ-rays with energies 
of 501, 545 and 606 keV which a l l have a prompt-delayed coincidence relation 
with the 497 keV trans i t i o n . Moreover these γ-rays are coincident with each 
other. We have tentatively assigned these transitions to a band on top of the 
J =11" isomer. The moment of i n e r t i a derived from the intraband transitions 
assuming that the angular momentum for the subsequent band members d i f f e r s by 
Aj=l, is in good agreement with the moment of i n e r t i a deduced for the band 
on the J'iï=0 intruder state and that of the gsb in 1 9 2 P t . In a preliminary 
analysis of the γ-γ coincidence data obtained for 1 9 i +Pb we have found indica
tions for a similar regular increasing sequence of γ-ray transitions in coin
cidence with the 351 keV transition, which depopulates the J^IO" isomer in 
this nucleus. This supports the assignments made for 1 9 6Pb. However, more 
experiments are needed to establish the spins proposed for this band. 
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39 
Intruder States in the Ζ = 82 Region by the β+/EC and α Decay 
of Neutron-Deficient Bi, Po, and At Nuclei 

M. Huyse, E. Coenen, K. Deneffe, P. Van Duppen, and J. L. Wood1 

Leuven Isotope Separator On Line (LISOL), Instituut voor Kern- en Stralingsfysika, 
B-3030 Leuven, Belgium 

The α-decay study of mass-separated nuclei in the region around 
Z=82 provides a strong spectroscopic tool to investigate intruder 
states. Here this method is applied to odd mass At nuclei and to 
odd-odd Bi nuclei. 

1 . I n t r o d u c t i o n 

The e x p e r i m e n t a l ev idence f o r s h e l l - m o d e l i n t r u d e r s t a t e s i n the Z=82 

r e g i o n has been s i g n i f i c a n t l y i n c r e a s e d by r e c e n t s t u d i e s a t LISOL [DUP84, 

DUP85, C0E85] . We i d e n t i f i e d and s t u d i e d l o w - l y i n g e x c i t e d 0 + s t a t e s i n t h e 

s i n g l y - c l o s e d - s h e l l n u c l e i i 9 0 - 2 0 0 p b e Th is was done by u s i n g γ - r a y and c o n 

v e r s i o n - e l e c t r o n spec t roscopy on mass-separa ted sources o f i 9 2 - 2 0 0 B i [DUP84] 

and by u s i n g α - r a y spec t roscopy on mass-separa ted 1 9 1 S 1 9 6 P o n u c l e i 

[DUP85a]. These 0 + s t a t e s a re i n t e r p r e t e d as p r o t o n - p a i r e x c i t a t i o n s ac ross 

the Z=82 c l o s e d s h e l l : t h i s i n t e r p r e t a t i o n i s suppor ted by the o b s e r v a t i o n 

i n 1 9 2 » m » 1 9 6 P b o f the b e g i n n i n g o f a r o t a t i o n a l - 1 i k e band b u i l t on top 

o f i t [DUP84, DUP85b]. The s y s t e m a t i c s o f the e x c i t a t i o n e n e r g i e s o f t he 0 + 

i n t r u d e r s t a t e s i n i 9 0 - 2 0 0 p b a r e g i v e n i n f i g . χ . 

We a l s o s t u d i e d the p + /EC and α decay o f the odd-mass Bi n u c l e i (C0E85): 

a l l o w e d α decay i s observed between the 1 8 9 ~ 1 9 5 Bi π η 9 / 2 ground s t a t e s and 

the 185-191-pi 7 d i 9 / 2 i n t r u d e r s t a t e s and between the ΐ9ΐ-ΐ97 Β ι· w s 1 / 2 i n t r u d e r 

s t a t e s and t h e 187-193 T 1 

π δ ι / 2 9 r o u n d s t a t e s . The o b s e r v a t i o n o f f o r b i d d e n α 

branches p r o v i d e s e x c i t a t i o n e n e r g i e s f o r the i n t r u d e r s t a t e s i n 1 8 9 t 1 9 1 T l 

and 1 8 9 » 1 9 1 » 1 9 3 » 1 9 5 B i and c o n f i r m s the i n t r u d e r - s t a t e e x c i t a t i o n e n e r 

g i e s i n 1 8 5

>

1 8 7 T 1 . A summary o f our r e s u l t s i s g i ven i n f i g . 1 . The 

s t r o n g resemblance o f the e x c i t a t i o n - e n e r g y s y s t e m a t i c s o f the i n t r u d e r 
1Permanent address: School of Physics, Georgia Institute of Technology, Atlanta, GA 30332 

0097-6156/86/ 0324-0258S06.00/ 0 
© 1986 American Chemical Society 
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3 9 . HUYSE ET AL. Intruder States in the Ζ = 82 Region 2 5 9 

ElMéfll 
2.5 

20 

1.5 

Ν=104 

m i d s h e l l 

0 Bi 1/2* 2 p - 1 h 

« ΤΙ Θ/2" 1p - 1 h 

5.0 

MeV Figure 1. The systematics 
of excitation energies for 
the 0Γ1" intruder states i n 
the even Pb nuclei and of 
the intruder states i n the 
odd-mass T l and Bi nuclei. 
For more details, see 
[COE85, DUP85aJ. 

1.0 

ad- N=126 

c l o s e d s h e l l 

1.0 

, , I 
120 Ν 

s t a t e s i n odd-mass Bi and Tl and even-even Pb n u c l e i i s d i scussed i n [HEY85] . 

I t i s shown i n [C0E85] t h a t a b s o l u t e α - h i n d r a n c e f a c t o r s p r o v i d e a s t r o n g 

s p e c t r o s c o p i c f i n g e r p r i n t f o r t he i d e n t i f i c a t i o n o f i n t r u d e r s t a t e s i n t h e 

Z=82 r e g i o n . In t h i s c o n t r i b u t i o n we r e p o r t on the i d e n t i f i c a t i o n o f i n 

t r u d e r s t a t e s i n the odd-mass A t n u c l e i and odd-odd Tl n u c l e i u s i n g the same 

method. 

2 . The odd-mass A t n u c l e i 

Odd-mass A t n u c l e i r a n g i n g f rom mass 203 down t o mass 197 were produced 

i n t h e bombardment o f a 7μπι t h i c k n a t u r a l Re t a r g e t w i t h a beam o f 2 0 N e (240 

MeV, 200 e n A ) . P r o d u c t i o n r a t e s o f the d i f f e r e n t A t n u c l e i were o p t i m i z e d by 

v a r y i n g t h e 2 0 N e beam energy u s i n g degrad ing f o i l s . M u l t i s c a l e d α - s i n g l e s 

s p e c t r a were taken on each mass w i t h a Si s u r f a c e - b a r r i e r d e t e c t o r (450 mm 2 -

500pm, r e s o l u t i o n 19 keV f o r the 5.486 MeV α l i n e i n 2 l # 1 A m ) . 

F i g . 2 shows the sum o f a 7 χ I s c y c l e on mass 197. Most o f the α l i n e s can 

be i d e n t i f i e d by u s i n g the c o m p i l a t i o n o f Schmorak [SCH80]. But two l i n e s 

remain u n i d e n t i f i e d : t he l i n e a t 6.707 MeV and the l i n e a t 6.457 MeV. By 

check ing t he α s p e c t r a taken a t n e i g h b o u r i n g masses i t i s c l e a r t h a t they 

be long t o the decay c h a i n w i t h mass 197. 

I t was p o s s i b l e t o deduce the h a l f - l i f e o f the 6.707 MeV l i n e : 

3.7 ± 2 . 5 s . As i t s energy i s more than 300 keV h i g h e r than the we l l - known α 

l i n e s o f t he 1 9 7 P o decay i t i s most l i k e l y t h a t t h i s α l i n e belongs t o t h e 
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260 NUCLEI OFF THE LINE OF STABILITY 

oo 10000-j 

100-J 

• I · · 

Figure 2, The α spectrum obtained 
for A = 197. 

1600 

CHANNEL 

decay of an isomer of 1 9 7 A t (the h a l f - l i f e of the 1 9 7 9 A t decay is 

0.35 ± 0 . 4s ) . The natural i n te rp re ta t ion fo r th i s isomer is a l / 2 + in t ruder 

s ta te , analogous to the Bi isotopes. Strong support for th i s assignment is 

the fac t that the energy of the second unknown l i ne matches the energy of the 

α decay of the 1 9 3 ^ B i in t ruder s ta te . By comparing the in tens i t y of the 
1 9 3 m B i α l i n e with the 1 9 7 m A t l i n e and correct ing fo r the d i f f e ren t ha l f -

l i ves with a mother-daughter re la t ion i t i s possible to deduce the a-
branching r a t i o of 1 9 3 m B i . The obtained value, 90 ± 20%>is consistent with 

that obtained previously (50<α. <100) [C0E85]. Figure 3 gives the 

resu l t ing decay scheme of 1 9 ? 9 , At . Assuming fo r both decays a 100% a -

(1/2*) 37t25s 5 2 l 1 0 k e V 

Figure 3· Decay scheme of 1 9 7 « ' l i t . 

5£99 
2 « I a ^ 8 % 

05*HF<35 
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39. HUYSE ET AL. Intruder States in the Ζ = 82 Region 261 

b r a n c h i n g r a t i o , h ind rance f a c t o r s o f 1.2 ± 0 .8 and 0.95 ± 0 .11 are o b t a i n e d 

f o r 1 9 ? f f l A t and 1 9 7 9 A t , r e s p e c t i v e l y . The f a c t t h a t t h e h ind rance f a c t o r s 

a re near t o u n i t y i n d i c a t e s s t r o n g l y t h a t t he i n i t i a l and f i n a l s t a t e l i n k e d 

by the α decay have the same s p i n and p a r i t y . The p r o d u c t i o n o f the l / 2 + 

i s o m e r i c s t a t e o f 1 9 7 A t i s , compared t o the 9 / 2 " ground s t a t e , l e s s than 1% 

i n t he heavy i o n r e a c t i o n used: t h i s i s t y p i c a l . The o b t a i n e d va lue i s i n 

agreement w i t h the p r o d u c t i o n r a t i o o f t he l / 2 + isomer and 9 / 2 " g r o u n d s t a t e 

i n t he Bi n u c l e i [C0E85 ] . Th i s low f e e d i n g i s p robab ly t he reason why we do 

not observe t h i s i n t r u d e r s t a t e i n the h e a v i e r A t n u c l e i . 

3 . The α decay o f i 9 o , i 9 2 , m B 1 

A s y s t e m a t i c decay s tudy o f t h e 1 9 ° - 2 0 0 B i i s o t o p e s was c a r r i e d o u t by 

means o f the heavy i o n r e a c t i o n s n a t R e ( 1 6 m g / c m 2 ) [ 1 6 0 ( < 1 8 0 MeV), x n ] and 

1 8 1 T a ( 8 m g / c m 2 ) [ 2 0 N e ( < 2 3 0 M e V ) , x n ] . M u l t i s c a l e d α-decay s p e c t r a f o r t h e 

masses 190, 192 and 194 were taken w i t h the same α d e t e c t o r as used i n the At 

e x p e r i m e n t , t o g e t h e r w i t h α-γ c o i n c i d e n c e s . A Ge d e t e c t o r ( r e s o l u t i o n 2 keV, 

r e l a t i v e e f f i c i e n c y 12% a t 1332.5 keV) was used t o d e t e c t γ r a y s . I n c o i n c i 

dence mode the lower l i m i t on the γ d e t e c t o r was s e t a t ~ 40 keV. 

Our p + /EC decay s t u d i e s [DUP85c] i n d i c a t e f o r most o f the n e u t r o n - d e f i 

c i e n t odd-odd Bi n u c l e i the e x i s t e n c e o f t h r e e β-decay ing s t a t e s : ( 1 0 " , 1 1 " ) 

( 6 + , 7 + ) and ( 2 , 3 ) : t he low s p i n s t a t e i s on ly weakly f e d . So f a r on ly one α 
branch was r e p o r t e d i n t he l i t e r a t u r e f o r t he decay o f t h e 190-19*+Bl- i s o t o p e s 

[SCH80]: i t was i n t e r p r e t e d as the decay o f the h igh s p i n ( 1 0 * ) s t a t e o f Bi 

t o the g r o u n d s t a t e ( 7 + ) o f T l . We observe f o u r α b r a n c h e s . The two most 

i n t e n s e ones are n e a r l y degenerate (and were p r e v i o u s l y observed as one l i n e ) 

and they have a h ind rance f a c t o r near u n i t y . Th is c o n f l i c t s w i t h the a s s i g n 

ment as a 1 0 * - 7 + t r a n s i t i o n . Such a t r a n s i t i o n i s o f a i t h 9 / 2 - n s 1 / 2 c h a r a c t e r 

and f rom the odd Bi decay we know t h a t i t s h ind rance f a c t o r l i e s around 600 

[C0E85] . As an example o f the used arguments on which the α-decay schemes o f 

i90,i92,i94 B l- ( s e e f i g . 4 ) a r e c o n s t r u c t e d , we d i s c u s s 1 9 0 B i : the i n t e n s e 

6.453 MeV α l i n e does n o t show any c o i n c i d e n c e s bu t i t s i n t e n s i t y e x p l a i n s 

t h e o b s e r v a t i o n o f the 2.9s E3 t r a n s i t i o n o f 374 keV l i n k i n g a ( l O ' ) i n t r u d e r 

s t a t e i n 1 8 6 T 1 w i t h the ( 7 + ) g r o u n d s t a t e [KRE81] . The weak 6.819 MeV α l i n e 

can be p laced as the c r o s s over o f the 10" S 10 " 3 7 2 7 + cascade. The i n t e n s e 
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262 NUCLEI OFF THE LINE OF STABILITY 

A54i.2s 
A 3 9 ± 2 s 

χ 2 7 + ε 
\ £ 9 · 7 9 % 

\ ^ 9 9 * 9 3 4 % 

109 

Figure 4. The α-decay schemes of 1 9 0 » 1 9 2> 1 9 l13i; the assigned spins are only 
tentative but are linked to each other by the multipolarity of the γ t r a n s i 
tions and by α branches with hindrance factors (HF) around unity. The 
dashed γ transitions are observed but uncertainty exists because of doublet 
structure and the missed γ transitions (indicated by ε). 

6.427 MeV α l i n e i s c o i n c i d e n t w i t h a 293 keV γ r a y . The M1/E2 m u l t i p o l a r i t y 

o f the 293 keV γ l i n e i s e s t a b l i s h e d by compar ing the i n t e n s i t i e s o f the χ 

rays and 293 keV γ l i n e i n the c o i n c i d e n t γ - r a y spec t rum. The weak 6.714 MeV 

α l i n e can be p l a c e d as the c ross over o f the 6 + ? 6 + 2 9 + 7 + cascade. The 

low h ind rance f a c t o r s o f the two i n t e n s e α l i n e s i n d i c a t e t h a t the α decay 

l i n k s across the Z=82 s h e l l c l o s u r e i n i t i a l and f i n a l s t a t e s w i t h the same 

c h a r a c t e r : the most p robab le c a n d i d a t e s are the ( π η 9 / 2 8 ν Ί ' ΐ 3 / 2 ^ 1 ϋ " s t a t e 

f o r the 6 .453 MeV l i n e and the U h 9 / 2 61 v p 3 / 2 ) 6 + s t a t e f o r the 6.427 MeV a 

l i n e . The two weak α l i n e s are f o r b i d d e n α branches t o t h e 

U s 1 / 2 β v i 1 3 / 2 ) 7 + g r o u n d s t a t e o f 1 8 6 T 1 . For the 1 9 2 » 1 9 i | B i decay the 

s i t u a t i o n i s very s i m i l a r excep t t h a t the l o w e s t member o f the i n t r u d e r based 
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39. HUYSE ET AL. Intruder States in. the Ζ = 82 Region 263 

( π η 9 / 2 & v i 1 3 / 2 ) m u l t i p l e t i n 188, 1 9 0 T 1 i s n o t a n y m 0 r e 10" b u t 9~ and 8 " , 

r e s p e c t i v e l y [KRE81 ] . The 63 keV l i n e i n 1 9 0 T 1 , c o i n c i d e n t w i t h the 5.598 

MeV α l i n e , i s then i n t e r p r e t e d as a t r a n s i t i o n i n s i d e the m u l t i p l e t . 

4 . C o n c l u s i o n 

By s t u d y i n g t h e α decay o f mass-separa ted n u c l e i i n the r e g i o n a round 

Z=82 we have ex tended the knowledge o f s h e l l - m o d e l i n t r u d e r s t a t e s . The 

a l l o w e d α-decay branches o f the odd-odd Bi n u c l e i connec t across the Z=82 

s h e l l c l o s u r e i n i t i a l and f i n a l s t a t e s o f the same s i n g l e - p a r t i c l e 

c h a r a c t e r . 

The o b s e r v a t i o n o f a l l o w e d α decay o f an isomer i n 1 9 7 A t i s the f i r s t s t r o n g 

s p e c t r o s c o p i c ev idence o f i n t r u d e r s t a t e s i n the A t n u c l e i [HEY83] . The low 

e x c i t a t i o n energy ( o n l y 52 keV) o f the l / 2 + i n t r u d e r i n 1 9 7 A t suggests t h a t 

f o r 1 9 5 A t the i n t r u d e r s t a t e may become the g r o u n d s t a t e (see f i g . 1 ) . 
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Microscopic, Semiclassical, and Cluster Treatments of Low-Lying 
Reflection Asymmetric States in the Light Actinides 

R. R. Chasman 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

The 1- states in the even-even nuclides 220< A < 230 are the 
lowest lying non-rotational states found in even-even nuclides. 
These states, and the equivalent states in odd mass nuclides, are 
discussed in terms of octupole correlations, from both a two-body 
interaction and an octupole deformed one-body potential point of 
view. Some discussion of a cluster model treatment of these 
states is given. 

The low-lying 1" states in the even-even Ra and Th isotopes have been 
known [STE54] for many years and clearly signal the presence of strong 
octupole correlation effects in this mass region. There are a few nuclides in 
this region in which the l " state is below 300 keV, and none in which the 
excitation energy is less than 200 keV. In the case of strong octupole 
deformation, we expect to see a ground state rotational band sequence of 0 +, 
1", and 2 +. There are no nuclides known in which the 1" state is below the 2 + 

state. There are several cases in which a 1" state has been found s l i g h t l y 
above or s l i g h t l y below the 4 + l e v e l . These data argue against permanent 
octupole deformation in even-even nuclides. On the other hand, there is no 
evidence [KUR81] for a two phonon 0 + octupole state at twice the energy of the 
1" state in the cases when the 1" energy is less than 300 keV. This means 
that the octupole correlation effects are much stronger than vibrational; i . 
e. we are in a transitional region for these even-even nuclides. Early 
calculations [MOL72] using the shell correction method of Strutinsky [STR67] 
did not find any nuclides in this mass region with a refl e c t i o n asymmetric 
ground state shape. 

My original interest [CHA79] in octupole correlation effects came from 
trying to understand the low-lying 0 + excited state of 2 3 4 U . In 2 3 4 U , one 
calculates an excitation energy of the f i r s t 0 + excited state of -1350 keV 
with a conventional pairing force model. Experimentally, this state is found 
at 810 keV. Using a calculational approach that places pairing interactions 
and octupole interactions on an equal footing, the calculated excitation 
energy of the 0 + excited state in 2 3^U is lowered to ~900 keV, in reasonably 
good agreement with the experimental value of 810 kev. Piepenbring [PIE83] 
has shown that the inclusion of octupole correlation effects generally gives a 
f a i r l y good description of the 0 + excited states in the mass region 224<A<228, 
with the exception of 2 2 8 R a . 

In 1980, we extended our approach to include the calculation of states 
in odd mass nuclides [CHA80]. We included the quadrupole-quadrupole p a r t i c l e -
hole interaction as well as the pairing force and the octupole-octupole 
interaction. In an odd mass system, the signature of octupole deformation is 
a parity doublet. This doublet consists of a pair of states having the same 
spins but opposite p a r i t i e s , almost degenerate in energy, with a large E3 
matrix element connecting the two levels. The strong E3 transitions 
associated with octupole deformation do not compete with collective E2 
transitions or with dipole transitions and would not generally be seen. In 
some cases, there are collective El transitions [AHM84],[AHM85] associated 

0097-6156/ 86/ 0324-0266S06.00/ 0 
© 1986 American Chemical Society 
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40. CHASM AN Low-Lying Reflection Asymmetric States 267 

with the strong octupole correlations. In our study, we found several cases 
where the calculation predicts parity doublets. The most notable case is a 
5/21- ground state doublet in Pa, with a s p l i t t i n g predicted to be less than 
1 keV. The experimental study of the structure of 9Pa by Ahmad et a l . 
showed [AHM82] that the ground state of 2 2 9 P a is indeed a 5/2± parity doublet, 
with a s p l i t t i n g considerably smaller than 1 keV (~200 eV). This work 
demonstrates the existence of ground state octupole deformation in nuclei. 

In 1981, Moller and Nix [M0L81] noted that the ground state binding 
energies of the nuclides near A=224 are increased by almost 1.5 MeV, when the 
octupole degree of freedom is introduced into the parameterization of nuclear 
shapes. Their results were obtained using the shell correction method 
[STR67]. The single particle energy level spectrum used in their calculations 
was generated from a folded Yukawa potential [BOL72]. This finding of Moller 
and Nix has been extended in the work of Leander et a l . [LEA82], who have made 
an extensive survey of the l i g h t actinide region. Using the folded Yukawa 
potential, with the Strutinsky method, they have found many nuclides in this 
region with a re f l e c t i o n asymmetric ground state shape. These calculations 
studied octupole deformation in lighter nuclides than had been considered 
e a r l i e r . This approach has been extended to odd mass nuclides [LEA84],[RAG83]. 

In recent calculations that take the 2 6-pole degree of freedom into 
account, we have found [CHA85] that the binding energy increases associated 
with 2 -pole deformation is on the order of 1 MeV in the li g h t actinides. 
This increase in binding energy is greatest for nuclides with neutron numbers 
of 134 and 136. The inclusion of 2 -pole effects reduces the energy gains due 
to re f l e c t i o n asymmetric shape deformation in the light actinides to ~0.6 
MeV. With the inclusion of these 2 6-pole effects, there is a convergence in 
the magnitude of octupole correlation effects predicted with the two-body 
methods [CHA80] and the Strutinsky method [LEA82]. 

c 
0 ·/ .X .3 .f .5" 

Deformation (Ex o*. £3) 

Fig. 1) A comparison of binding energy 
increases arising from Octupole and 
Quadrupole Deformation. 

I t is instructive to compare the 
largest binding energy arising from octupole 
correlation effects with the binding energy 
increase due to quadrupole interactions in 
the mid-actinide nuclides. In Fig. 1, we 
sketch such a comparison. The increase 
shown for octupole deformation is shown 
relative to the binding energy associated 
with r e f l e c t i o n symmetric deformation; the 
increase shown for quadrupole deformation is 
relative to a spherical shape. These cal
culations are carried out using the 

this minimum associated with reflection Strutinsky procedure. Because 
asymmetric shapes is so shallow, i t is worthwhile to deal with octupole 
correlation effects using a microscopic, two-body interaction treatment of 
octupole-octupole residual interaction [CHA80]. The pairing force matrix 
elements, come from a density dependent delta interaction. This set 
matrix elements [CHA77] explains many features of the actinides at low and 

the 
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2 6 8 NUCLEI OFF THE LINE OF STABILITY 

high spin. The quadrupole strength was adjusted to give the observed onset of 
quadrupole deformation in the l i g h t actinides. The octupole strength i s 
adjusted to obtain the known energies of the low-lying 1" states in the Th 
isotopes. 

To solve the Hamiltonian, we exploit [CHA79],[CHA80] the fact that the 
interaction is c y l i n d r i c a l l y symmetric and separable. We denote the deformed 
orbitals with a given value of Τ χ and Ω as an Ω group. Orbitals with both 
positive and negative parity are included in the Ω group; and the number of 
configurations rises rapidly with the number of doubly degenerate orbitals in 
the Ω group. Parity and particle number are not conserved within any one of 
the Ω groups; however, we project states of good proton number, neutron 
number, and parity to construct the wave function. The wave function 
amplitudes are obtained by minimizing the energy of the f u l l y projected wave 
function. We can handle up to five doubly degenerate levels in a (Ω,Τ 2) 
group. In the even particle number group, this amounts to 252 configurations 
with 142 independent amplitudes. There are 210 independent amplitudes in an 
odd par t i c l e number Ω group. By varying the octupole, quadrupole or pairing 
strengths, we generate many different wave functions with different c o l l e c t i v e 
properties. Our f i n a l solution is a linear combination of such wave 
functions, taking their non-orthogonality f u l l y into account. The structure 
of these solutions is s u f f i c i e n t l y r i c h to describe states that are spherical, 
vibrational or deformed in these three degrees of freedom. 

From a microscopic point of view, octupole deformation in even-even 
nuclides is signalled by 0 + and 0" bands that have the same properties. This 
implies a ground state rotational band with alternating even and odd parity 
states, i . e . 0 +, 1", 2 +, .... Such ground state bands have not been found in 
any nuclides to date. In Fig. 2, we show the results of a microscopic c a l 
culation of octupole correlation energies in the 0 + and the 1" states of Ra 
as a function of the octupole interaction strength. At the bottom of this 
figure, the calculated excitation energy of the 1" state is shown. An arrow 
is used to denote the experimentally known excitation energy. We note the 
large difference of ~4 MeV in the octupole correlation energy for the two 
states at this octupole interaction strength. For V>0.060, we see the onset 
of octupole deformation. We do not show the single p a r t i c l e and pairing 
contributions to the energy in Fig. 2; which accounts for most of the 
remaining difference in the energy of the two states. 

In contrast to the situation in even-even nuclides, we see octupole 
deformation in odd mass nuclides. The signal of octupole deformation in odd 
mass nuclides is the parity doublet discussed above. The calculations [CHA80] 
that we have made for odd mass actinides show the onset of octupole 
deformation for several values of Ω in both odd proton and odd neutron 
nuclides. The results of the calculations for protons are shown in Fig. 3. 
There are predictions of parity doublets in several instances. The most 
notable is the 5/2± ground state doublet i n 2 2 9 P a , with a s p l i t t i n g predicted 
to be less than 1 keV; and shown to be ~0.2 kev by Ahmad et a l . [AHM82]. The 
calculation also gives a 3/2+ doublet, with a 23 keV s p l i t t i n g , as the ground 
state of Ac, in good agreement with the known levels. I t is noteworthy 
that there is a large s p l i t t i n g between the l / 2 + and 1/2" bands in 2 2 7 A c 
[SHE83] as suggested by these calculations. Recently, using our many-body 
wave functions, we have calculated the decoupling constants of these two 1/2 
bands and obtained values of -1.8 and 5.0 in reasonable agreement with the 
experimental values of -2.02 and 4.55 obtained by Sheline [SHE83]· This 
provides a nice example of the coexistence of octupole deformed and octupole 
undeformed states in the same nucleus. As yet there has been no study of the 
nuclide 2 2 7 P a . In the microscopic calculations, we find that the presence of 
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40. CHASMAN Low-Lying Reflection Asymmetric States 2 6 9 

Fig. 2) Octupole correlation 
energy for 0 + and 1" states in 
2 2°Ra as a function of octupole 
interaction strength. 

an odd paticle in an appropriate 
o r b i t a l can polarize the nuclear 
core strongly. The octupole 
correlation effects are stronger 
in these states than they are in 
the ground states of even-even 
nuclides. In the shell correction 
calculations such effects are not 
so apparent. 

A different approach to the 
description of the low-lying 1" 
states has been proposed by Daley, 
Iachello and coworkers. In their 
approach, which is an extension of 
the Interacting Boson Model, two 
new bosons the σ and π bosons are 
introduced to explain low-lying 1" 
states in the li g h t actinides 
[IAC82],[DAL83],[DAL84]. The 
goals of this approach are to 
account for the fast El transi
tions and the alpha decay rates of 
the nuclides in this mass region. 
The σ and π bosons are used to 
describe the motion of an alpha 
part i c l e cluster relative to a 
nuclear core. In the versions of 
this model that have been con
sidered, the number of σ and π 

bosons is restricted to two. The σ and π bosons generate the group U(4). In 
a group U(N), the number of elements is N 2 and in 0(N) i t is N(N-l)/2. In 
boson models, the basic idea is to write a Hamiltonian in terms of the Casimir 
invariants (constants of the motion) associated with the groups of interest. 
A simple example of such a Hamiltonian i s given by u t i l i z i n g the groups 0(3) 
and 0(2). 0(3) i s the rotation group with elements Ι*χ, L and L z and has the 
Casimir invariant L . 0(2) contains the single element L z with a constant of 
motion L . A general Hamiltonian with dynamical symmetries using the group 
chain 0(3) 3 0(2) is H«aL +bL z and one can immediately give an eigenvalue 
spectrum for this Hamiltonian. A most helpful introduction to these concepts 
is given in [IAC79]. In going from the group U(4) to the rotation group 0(3), 
there are two possible routes, and accordingly two sets of Casimir invariants 
that can be used to construct Hamiltonians with dynamical symmetries. The two 
routes are 

U(4) D U(3) D 0(3) I 
and 

U(4) D 0(4) 3 0(3) II 

. 0 5 H .Ô5fe .058 
V ( MeV4) 

.ot>o 
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270 NUCLEI OFF THE LINE OF STABILITY 

231 Pa 229, 'Pa 227, Pa 227, Ac 

3 5 53= 

3/2-y 

_ 5 / 2 V 
~-5/ 2v 

-5/2+y 

5ÔT 

5 8 

.1/2-/ 8 8 | „ 

•3/2+ 

-3/2" 

•3/2+ 

•'/2 + 

3 7 

3U_ 

47 

·'/2" 6 5 -

'5/U+5/2-? 3= 

•3/2+ 

_ 1/2+ 
-3/2" 
-3/2+ 

J/2" 
Γ-5/2+ 

"5/2"? 

70=31 "5/2" 

- 1/2-V 

-3 / 2 V 

•3/2-y 

Fig. 3) Calculated bandhead energies of odd proton nuclides. The numbers 
next to the arrows are proportional to the square of the <r3Y(3,0)> 
matrix element. 

I t is the group 0(4), containing the collective El operator of this boson 
model (σ ττ + π σ), that is needed to give enhanced El transitions. In the 
cluster model calculations that have been carried out, however, i t is the 
Casimir invariants of the chain involving U(3) that are used to construct a 
Hamiltonian. This gives rise to large variations in the parameters of the 
model in f i t t i n g the properties of the different nuclides of this mass region 
[DAL83],[DAL84]. Although the present cluster model calculations do not 
provide a good description of the l i g h t actinides, a cluster model that 
u t i l i z e s the 0(4) Casimir invariants and allows a larger number of σ and π 
bosons might be more successful. At this time, the relation between a cluster 
model description and an octupole correlation description of the light 
actinides is not clear. In the octupole model, there are also quadrupole, 
hexadecapole and 2̂  pole deformations that give rise to a shape that might be 
thought of as having a cluster like bulge on one end. Such a cluster, 
however, is one with the neck f i l l e d in; and one that is larger than an alpha 
p a r t i c l e . Of course, there is no need for a cluster model to be restricted to 
alpha clusters. 

In terms of the octupole-octupole interaction, the properties of the 
low lying 1" state in the even even nuclides and the properties of parity 
doublets in odd mass nuclide are f a i r l y well understood. Although we 
understand the El transitions qualitatively, a quantitative treatment of the 
El rates remains an open problem. 

I thank I. Ahmad, A. Friedman, B. Wilkins, and G. Leander for 
stimulating discussions on many aspects of this work. 
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Fast Electric Dipole Transitions in Ra-Ac Nuclei 
Irshad Ahmad 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

Lifetimes of levels in 225Ra, 225Ac, and 227Ac have been measured by 
delayed coincidence techniques and these have been used to determine the E1 
gamma-ray transition probabilities. The reduced E1 transition probabilities 
in 225Ra and 225Ac are about two orders of magnitude larger than the values in 
mid-actinide nuclei. On the other hand, the E1 rate in 227Ac is similar to 
those measured in heavier actinides. Previous studies suggest the presence of 
octupole deformation in all the three nuclei. The present investigation 
indicates that fast E1 transitions occur for nuclei with octupole 
deformation. However, the studies also show that there is no one-to-one 
correspondence between E1 rate and octupole deformation. 

1. Introduction 
Recent theoretical calculations [Cha80, Lea82, Lea84a] and measurements 

[Ahm82, She83, Ahm84] show that strong octupole correlation and/or octupole 
deformation effects play an important role in the description of nuclides in 
the mass 220-230 region. A signature of octupole deformation in an odd-mass 
deformed nucleus is the occurrence of a parity doublet which consists of two 
almost degenerate levels with the same spin but opposite parities. It has 
been observed [She83, Ahm84] that the presence of strong octupole correlations 
in the nuclear ground state modifies many single particle properties consider
ably. Nuclear properties which are affected are Ml transition rates, de
coupling parameters, Coriolis matrix elements, and El transition rates. 

In heavy elements the El transition probabilities are typically 1.0 χ 10"6 

Weisskopf units for Δκ-l transitions and 1.0 χ 10 w.u. for ΔΚ-0 
transitions. Ue define fast El transitions as transitions with rates of 
>1.0 χ 10 w.u. Recently we have measured [Ish85] level lifetimes in 2 2 5 Ra 
and Ac which indicte the presence of fast El transitions in these nuclei. 
In the present article we present the measurements of these fast El 
transitions and discuss recent theoretical calculations. 

2. Source preparation 
Thin sources of the radioactive materials on thin backing were prepared for 

the alpha-electron and electron-electron delayed coincidence measurements. 
Sources of 2 9 Th and 3 1Pa were prepared in the Argonne electromagnetic 
isotope separator by depositing the material on 40-yg/cm carbon foils. The 

5Ra samples were obtained by depositing freshly purified Ra on 
100 ug/cm polypropylene films. 0The 14.8-d 2 2 Ra was obtained by separating 
it from approximately one mg of Th (7300 y). The Th sample had almost 
equal amount of alpha activity from 2 2 9 T h and the shorter lived 2 2 8 T h 
(1.91 y). The purified sample was allowed to decay for 2 months so that the 
shorter lived Ra could decay out. After this decay period the sample was 
repurified to remove any Th left over from the frst separation. This material 

0097-6156/86/0324-0272S06.00/0 
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41. AHMAD Fast Electric Dipole Transitions 273 

2 
was placed on a 100 yg/cm polypropylene film and dried. Gamma-ray analysis 
showed that the sample contained less than 1% Ra a c t i v i t y . 
3. Experimental results 

The level lifetimes described here were measured by delayed coincidence 
techniques. Since the electron energies involved i n the measurement were 
quite low (up to 10 keV) and high resolution was needed to isolate the 
individual levels, the source and the detectors were placed in a vacuum 
chamber. Two bare p i l o t Β detectors (1 mm and 2 mm thick), each mounted on an 
RC8575 photomultiplier tube, were used to detect the electrons. For the a-e" 
coincidence setup, one of the p i l o t Β detectors was replaced by a high-
resolution S i detector. Fast timing signals, derived with constant fraction 
discriminators, were used to start and stop a time-to-amplitude converter 
(TAC). The TAC linear output and the two energy signals were connected to 
ADC's which, in turn, were interfaced to a PDP 11/23 computer. The strobe 
signal was provided by the t r i p l e (two energy signals and the TAC output) 
coincidence output. The three parameter events were collected on a tape in 
the event-by-event mode and were later sorted out with appropriate gates. The 
TAC spectra were calibrated with a time calibrator unit and the h a l f - l i v e s 
were computed with a least-squares analysis program. 

3.1. H a l f - l i f e of the 40.0-keV state i n 225 Ac 
225 2 A freshly prepared Ra source on a 100 yg/cm polypropylene backing was 

used for the measurement of the level lifetime in Ac. The decay scheme of 
Z Z 5 R a ia shown in Fig. 1. The excited state at 40.0 keV receives most of the 

2 2 5 R a 14.8 d 
1/2, 1/2+ 

β' Qe. = 362 keV 

In tens i ty Κ, I. π 

6 7 % \ 3 / 2 . 3 / 2 + 

Energy 
(keV) 

3 3 % \ 3 / 2 , 3 / 2 " * 

40.0 

e/y ~ 1 

225 j|Ac 

Fig. 1. Decay scheme of * JRa. 
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274 NUCLEI OFF THE LINE OF STABILITY 

3" population and i t deexcites by a 40.0 keV El transition which has a total 
conversion c o e f f i c i e n t of ~1. Since the p i l o t Β detector is sensitive to a-
particles (6 Mev α-particles produce signals of the same size as 500 keV 
electrons), a 12 mg/cm2 Al f o i l was used to prevent the α-particles from 
reaching the start detector. This f o i l also absorbed electrons upto 60 keV 
energy. No absorber, except the source backing, was used on the stop side; 
the threshold on this detector was set at 10 keV. The three parameter events 
were collected over a three-day period producing several spectra. The TAC 
spectrum measured during the f i r s t half hour of the experiment is displayed in 
Fig. 2. A least-squares f i t to the data gave a h a l f - l i f e of 0.72 ± 0.03 ns. 

120 140 160 180 200 
Channels 

Fig. 2. Time spectrum showing the decay of the 40.0-keV level in z z : >Ac. 
Start signals included 80-300 keV electrons and stop signals 
were 20-40 keV electrons. 

3.2 . H a l f - l i f e of the 31.6-keV state In 2 2 3 R a 
225 — The h a l f - l i v e s of levels i n Ra were measured by α-e delayed coincidence 

technique. The α-particles were detected with a 6-mm diameter Au-Si surface 
barrier detector and the elctrons were detected with the 1 mm thick p i l o t Β 
detector, α-particle singles [Bar70, He185] and coincidence [Hel85] studies 
show that only < 0.2% alpha intensity occurs at the 31.6-keV l e v e l . Therefore 
the s t a r t signals were obtained from the c c 2 3 6 peak (the 236 keV level partly 
decays via the 31.6-keV l e v e l ) . The time spectrum obtained in coincidence 
with c*236 peak and 15-25 keV electrons contained three main components. The 
longest component in the spectrum was not present when the electron gate was 
set above 35 keV. This clearly indicates that the longest lifetime belongs to 
the 25.4 or 31.6 keV l e v e l . The h a l f - l i f e of the 25.4-keV level was obtained 
by measuring the TAC spectrum in coincidence with a 2 5 and 15-25 keV electrons 
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41. AHMAD Fast Electric Dipole Transitions 275 

and was found to be 0.88 ± 0.04 ns. Therefore, the longest component in the 
spectrum belongs to the 31.6 keV l e v e l . A least-squares analysis gave a half-
l i f e of 2.1 -k 0.2 ns. 

3.3 H a l f - l i f e of the 27.4 keV state i n 227 A C 

We have performed coincidence measurements to establish that the 38 ns 
h a l f - l i f e previously measured [Led78] belongs to the 27.4 keV lev e l . The 
relevant portion of the 2 3^Pa decay scheme is shown in Fig.3. The major alpha 
transitions populate the 29.9 and 46.4 keV levels; very l i t t l e intensity 
occurs at the 27.4 keV l e v e l . The 29.9 keV level decays to the ground state 
by a fast highly converted Ml transition and the 46.4 keV level decays via the 
27.4 keV l e v e l . Both the 29.9 and 18.9 (46.4-27.4) keV transitions generates 
Ac L X-rays. 

2 3 1 Pa 3.28 χ 10 4 y 
1/2, 3/2" 7 

^ a 

Κ, I, π 

5 / 2 + 

3/2, 3/2" 

227 

r9Ac 

Energy 
(keV) 

4 6 . 4 

α - in tens i ty 

^ 2 5 . 4 % 

/ < 20% 

/ 2.5% 

/ Ί ι . ο % 

Fig. 3. P a r t i a l decay scheme of z 3 L P a . 

An α-γ coincidence experiment was performed using a cooled S i ( L i ) detector 
for the detection of photons and a Si detector for the detection of ex-
p a r t i c l e s . Three parameter events were collected on tape and one dimensional 
spectra were later generated in coincidence with various gates. The spectra 
showed that the and OL^Q a r e i n prompt coincidence with L X-rays and the 
delay occurs at the 27.4 keV l e v e l . The analysis of the time spectrum between 
the o t 4 6 group and the 27.4 keV photopeak gave a h a l f - l i f e of 38.3 ± 0.3 ns, in 
agreement with previous measurements. 

Discuss ion 
From the measured level h a l f - l i f e , ^i/2> w e have derived the gamma transi

tion p r o b a b i l i t i e s , T e x , of the E l γ-rays. These are given by the equation 
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276 NUCLEI OFF THE LINE OF STABILITY 

0.693.f 

l l / 2 
(1) 

where f is the fraction of the total decay from the particular level which 
occurs by the given transition, and C Is the square of the appropriate 
Clebsch-Gordon c o e f f i c i e n t between the two levels. In cases, where a single 
transition deexcites the level, f β (1 + α τ ) , α τ being the total conversion 
co e f f i c i e n t . The above transition rate was divided by the Weisskopf estimate 
(w.u.) to obtain an energy-independent quantity. We have plotted this 
quantity for a l l known ΔΚ-0 El transitions in heavy elements against the mass 
number in Fig. 4. The values for Z 2^Ac, Ac, and *Ra are from the present 
work; other data are taken from literature [Led78, Asa60]. In Fig. 4 there is 225 225 2 a definite enhancement in the El rate for the Ac, Ra, and Pa nuclei. 

10 

_ 10' 

S 10a 

φ 
5 

s iff4 

10 

8Pa 

A c * 

°Ac 

A c " 

2 3 5 Ν ρ · 2 4 3 A m « 

l 7 Np 

ι σ·Ι . . 1 
220 230 240 

Mass Number 

Fig. 4. Known transition rates of the ΔΚ = 0 El transitions in odd-mass 
heavy nuclei. 

Theoretical calculations [Cha77] indicate that the El matrix elements do 
not change much with the decreasing $ 2 deformation between a given pair of 
states. One, therefore, expects that the El rate should not change with mass 
number. Thus the large enhancement in El rates for nuclei with A<230 suggests 
that these nuclei have some different nuclear structure properties. I t has 
been established in previous studies that these three nuclei possess strong 
octuplole correlations in their ground states. This indicates that enhance
ments in El rate are associated with octupole deformation. However, in Ac, 
which also has strong ground state octupole deformation related properties, 
there i s no such enhancement. Thus the present data on El rates in odd-mass 
nuclei show that there i s no one-to-one correspondence between octupole 
deformation and the enhanced El rates. 
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41. A H M A D Fast Electric Dipole Transitions 2 7 7 

So far, El transition rates have not been calculated with wavefunctions 
including octupole deformation. However, semiquantitative calculations 
performed by Chasman [Ahm84] and Leander [Lea84b] indicate that octupole 
deformation causes large enhancemets and large fluctuations in El rates. 
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42 
Dipole Collectivity in Nuclei and the Cluster Model 

Moshe Gai 

A. W. Wright Nuclear Structure Laboratory, Yale University, New Haven, CT 06511 

Measurements on enhanced E1 deexcitation transi
tions in light and heavy nuclei are discussed. In 
light nuclei these appear only from core-excited 
cluster co l lec t ive states that have large alpha parti
cle widths (Ө2α) as well as large B(E2) deexcitation 
widths. They suggest the presence of an α+14C 
eluster dipole degree of freedom as suggested by 
Iachello and Jackson. In heavy nuclei the enhanced 
B(E1) are found in the light Ra-Th isotopes where small 
alpha particle hindrance factors for low-lying 
Jπ=1- states and large ground state reduced alpha 

particle widths are also found. In addition, the B(E1) 
show a smooth dependence on J and on isotopic number 
N. A phenomenon reminiscent of backbending is observed 
for E1 deexcitations in 218Ra. The data suggest the 
presence of a new low-lying collective dipole mode in 
both heavy and light nuclei. In heavy nuclei this may 
reflect either cluster states or stable octupole. 
Analysis of the data on Ra isotopes in terms of the 
Vibron cluster model yields a resonable fit with only 
one variable parameter. 

18 
The n u c l e u s 0 i s c r u c i a l f o r u n d e r s t a n d i n g of the T=l 

e f f e c t i v e n u c l e o n - n u c l e o n i n t e r a c t i o n as w e l l as f o r the study of 
c o e x i s t e n c e of simple c o n f i g u r a t i o n s of the n u c l e a r many-body 
system, such as the ohu) s h e l l model c o n f i g u r a t i o n s [1] and core 
e x c i t e d c o l l e c t i v e c l u s t e r c o n f i g u r a t i o n s [ 2 , 3 . 4 , 5 ] . We have 
c a r r i e d out a complete s p e c t r o s c o p i c study of 0 [6] wi t h spe
c i a l a t t e n t i o n to measuring weak decay branches t h a t , however, 
co r r e s p o n d to l a r g e decay m a t r i x e lements. The bound s t a t e s of 
^ 0 'were p o p u l a t e d by a l p h a t r a n s f e r r e a c t i o n s and t h e i r d e e x c i 
t a t i o n was s t u d i e d i n a c o i n c i d e n c e experiment u s i n g the 

Ç£ L i , t Y ) 0 r e a c t i o n . Quasi-bound resonant s t a t e s above the 
a+ C t h r e s h o l d a t ^ . 2 MeV^nd below 8.5 MeV of e x c i t a t i o n , were 

s t u d i e d v i a the 0(α,γ) 0 r a d i a t i v e c a p t u r e r e a c t i o n . The 
gamma ray t r a n s i t i o n s among the 16 lowest s t a t e s of 0 were 
examined with the r e s u l t s shown i n F i g . 1. A s u r p r i s i n g r e s u l t 
i s t h a t o n l y v e r y few of the E l d e e x c i t a t i o n s i n 0 appear to be 
enhanced, and the enhanced ones l i n k o n l y s t a t e s , which have 
l a r g e a l p h a p a r t i c l e widths and which are understood t h e o r e t i 
c a l l y to be of c l u s t e r s t r u c t u r e . These s t a t e s a l s o e x h i b i t 
enhanced E2 d e e x c i t a t i o n s to lower c o l l e c t i v e s t a t e s . Moreover, 

0097-6156/ 86/ 0324-0278506.00/ 0 
© 1986 American Chemical Society 
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42. GAI Dipole Collectivity in Nuclei 279 

the enhanced E l s appear to be v e r y s e l e c t i v e . For example, the 
c o l l e c t i v e 3"" 2state at 8.29 MeV i n 1 8 0 w ith a l a r g e a l p h a p a r t i 
c l e w idth ( θ =20%) shows E l d e e x c i t a t i o n o n l y to the c o l l e c t i v e 
t h i r d 2 s t a t e at 5.26 MeV. The e n e r g e t i c a l l y f a v o r e d E l decays 
to the two-neutron 2 + s t a t e s at 1.98 and 3.92 MeV were not ob
s e r v e d , r e q u i r i n g s m a l l e r reduced m a t r i x elements by at l e a s t a 
f a c t o r of 100. The c o r e - e x c i t e d 1~ s t a t e at 4.45 MeV e x h i b i t s 
enhanced E l d e e x c i t a t i o n to the c o l l e c t i v e 4p-2h 0 + s t a t e [2,3,4] 
but not to the ground s t a t e of * 8 0 . The r e g u l a r b e h a v i o r of the 
enhanced E l d e e x c i t a t i o n i n 0, the c o r r e l a t i o n of enhanced E l s 
and E2s ,^η<* t n e l a r g e c l u s t e r widths suggest t h a t these enhanced 
E l s i n 0 r e f l e c t c l u s t e r i n g as r e c e n t l y proposed by I a c h e l l o 
and Jackson [7] i n heavy n u c l e i . The enhanced E l s c o r r e s p o n d to 
l a r g e f r a c t i o n s of the m o l e c u l a r E l sum r u l e [8] as expected f o r 
c l u s t e r s t a t e s and the data on 1 8 0 p r o v i d e the best example, thus 
f a r , of a l o w - l y i n g c l u s t e r d i p o l e band i n n u c l e i . 

2 1 8 7 2Ω 
The n u c l e i Ra, Ra: The importance of a l p h a c l u s t e r i n g 

i n heavy n u c l e i [7] was o r i g i n a l l y suggested to e x p l a i n the p r e 
sence of l o w - l y i n g 1"" s t a t e s having s m a l l a l p h a p a r t i c l e h i n d 
rance f a c t o r s (F ) [ 9 ] . We have thus undertaken [10] a d e t a i l e d 
study of 2 1 8 R a u t i l i z i n g the 2 0 8 P b ( 1 3 C , 3 n ) 2 1 8 R a r e a c t i o n at 69 
MeV. In o r d e r to s e a r c h f o r the l o w - l y i n g n o n - y r a s t 1~,3~ 
s t a t e s , we have c a r r i e d out gamma-ray s p e c t r o s c o p y at the Coulomb 
b a r r i e r (59.0 and 59.5 MeV), where the incoming a n g u l a r momentum 
i s low and the n o n - y r a s t s t a t e s are d i r e c t l y p o p u l a t e d . S e v e r a l 
changes and a d d i t i o n s to a p r e v i o u s l y p u b l i s h e d [11] l e v e l 
spectrum f o r Ra are i n c l u d e d i n F i g . 2, where we show our 
l e v e l spectrum f o r ^ Ra and s e v e r a l o t h e r Ra i s o t o p e s , i n c l u d i n g 
new data [12] on 2 2 0 R a . 

Fig . 1: El and E2 deexcitation matrix elements for i 0 0 , and the suggested 
α + 1 4 C (4p-2h) band in 1 80 of J π= 0*, l " , 2*, 3~, (4*). 
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280 NUCLEI OFF THE LINE OF STABILITY 

LEVEL STRUCTURE OF Ra NUCLEI 
3623 r ( 2 D 

3325 
3253" 

10+ ™ . ,„ + 3390 r 17 
; 2+ 3293—,—14 + 3286TTTI6 

2 l 6 R n 8 8 K a l 2 8 
2 l 8 R n 8 8 K a l 3 0 8 8 ° a l 3 2 

Fig. 2: The level structure of the Ra isotopes. Note the low-lying 1" and 
high-lying 11~ states, including a side band based on the 11" state 
i n 2 1 8 R a . 
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42. GAI Dipole Collectivity in Nuclei 281 

As we s h a l l d i s c u s s l a t e r , the V i b r o n c l u s t e r model of 
l a c h e l l o - J a c k s o n s u c c e s s f u l l y reproduces the a l t e r n a t i n g p a r i t y 
sequence and l o w - l y i n g ( l " ) , 3" s t a t e s i n Ra. In F i g . 2 we 
a l s o note the s y s t e m a t i c o c c u r r e n c e of 11" s t a t e s i n the l i g h t Ra 
i s o t o p e s . In » Ra, these l l " s t a t e s are known to be two-
q u a s i p a r t i c l e s t a t e s . In Ra, a second band appears above the 
11 s t a t e . In a d d i t i o n , the dependence of e x c i t a t i o n energy on 
J(J+1) f o r the n e g a t i v e p a r i t y s t a t e s shown i n F i g . . 3 , appears to 
r e f l e c t a d i s t i n c t change i n the moment of i n e r t i a above the 11" 
s t a t e . Such phenomena, a r i s i n g from t w o - q u a s i p a r t i c l e s , are w e l l 
r e c o g n i z e d i n quadrupole bands as b a c k b e n d i n g . In a d d i t i o n , i n 
F i g . 3, we observe a s y s t e m a t i c d e c r e a s e i n the B(E1)/B(E2) deex
c i t a t i o n r a t i o s above the 11" s t a t e . These data suggest t h a t 
t w o - q u a s i p a r t i c l e s t a t e s are d e e x c i t e d by E l t r a n s i t i o n s which 
are not enhanced and thus to a r e d u c t i o n i n the B(E1)/B(E2) 
r a t i o s . S i m i l a r phenomena are w e l l r e c o g n i z e d f o r c o l l e c t i v e E2 
t r a n s i t i o n s i n the r e g i o n of b a c k b e n d i n g . 

In F i g . 4 we show the s y s t e m a t i c b e h a v i o r of B(E1)/B(E2) 
r a t i o s i n the Ra i s o t o p e s . While the B(E2) v a r i e s among these 
n u c l e i , i t c l e a r l y cannot account f o r these l a r g e d i f f e r e n c e s of 
the r a t i o s . The data suggest a maximum B(E1) enhancement i n 

1 8 R a . In F i g . 5 we show a s i m i l a r p l o t f o r the Th i s o t o p e s . A 
measurement of the B ( E l ) s i n 2 1 8 R a [13] v i a the 1 3 C ( 2 0 8 P b , 3n) 
2 1 8 R a r e a c t i o n at 5.3 MeV/u, with RDM Doppler s h i f t t e c h n i q u e s , 
i s now i n p r o g r e s s as a Yale-GSI-Munich c o l l a b o r a t i o n . P r e l i m i 
nary r e s u l t s i n d i c a t e enhanced B(E1) » 6 χ 10" 3 W.u. i n 
2 | 8 R a c o r r e s p o n d i n g to ~8% of the E l m o l e c u l a r sum r u l e [ 8 ] . In 

Ra an enhanced ground s t a t e a l p h a p a r t i c l e decay wi d t h i s 
a l r e a d y known and the s y s t e m a t i c s of the Ra i s o t o p e s suggest a 
d e c r e a s e i n the a l p h a h i n d r a n c e f a c t o r s f o r the 1~ and 3" s t a t e s -
-as p r e d i c t e d by the c l u s t e r model. 

I t i s w e l l known t h a t m o l e c u l a r s t a t e s must d i s p l a y non-
v a n i s h i n g o c t u p o l e as w e l l as d i p o l e t r a n s i t i o n moments. Indeed, 
i t has been suggested t h a t the y r a s t l e v e l s of n u c l e i i n t h i s 
r e g i o n can be i n t e r p r e t e d u s i n g models [14,15] which i n v o l v e the 
assumption of s t a t i c o c t u p o l e shapes [16,17]. 

C a l c u l a t i o n s of the l e v e l s p e c t r a of Ra i s o t o p e s u s i n g the 
V i b r o n model [7] were performed [ 1 8 ] . In these c a l c u l a t i o n s o n l y 
one parameter was v a r i e d between the d i f f e r e n t i s o t o p e s of radium 
and the r e s u l t s are shown i n F i g . 6. The good f i t s o b t a i n e d 
suggest tha t the c l u s t e r model can reproduce the a v a i l a b l e data 
of heavy nuclei· 

To c o n c l u d e , the r e g u l a r and smooth b e h a v i o r of enhanced E l 
d e e x c i t a t i o n s i n l i g h t and heavy n u c l e i suggest that these a r i s e 
from a c o l l e c t i v e degree of freedom, not s t u d i e d p r e v i o u s l y ^ In 
l i g h t n u c l e i these E l s c l e a r l y a r i s e from c l u s t e r s t a t e s and i n 
heavy n u c l e i both c l u s t e r and s t a b l e o c t u p o l e shape models g i v e 
adequate d e s c r i p t i o n s of the d a t a . 
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282 NUCLEI OFF THE LINE OF STABILITY 

~ I Ô 8 1 

Ξ ι ι ι = 

•INW.u. ? 8 R Q ~ s 

2 2 0 T h 2 2 2 j h

 1 

1 ' ̂  
Λ 

: — 2 2 6 T h 

/ 
' \ 

= . 6
 2 2 8Th = J O 6 / Ξ 

= J 0 7 23Vh = 

ι ι I 
4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 

J 

Fig. 4: B(E1)/B(E2) ratios for the F i g . 5: B(E1)/B(E2) ratios for the Th 
Ra Isotopes. isotopes. 

Fig . 6: Cluster model prediction for Ra isotopes. In this calculation, only 
one parameter i s varied, as discussed in text. 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

04
2



42. GAI Dipole Collectivity in Nuclei 283 

ACKNOWLEDGMENTS 
I would l i k e to acknowledge d i s c u s s i o n s w i t h D.A. Bromley, 

F. I a c h e l l o and J . F . S h r i n e r , and the c o o p e r a t i o n of M · Rusçev, 
J . F . Ennis and P.D. C o t t l e , who worked on 1 8 0 , 2 1 8 R a and 2 2 0 R a 
r e s p e c t i v e l y , and of H.J. Daley, who worked on the V i b r o n model 
code. I a l s o wish to thank R. B o n i t o and S. S i c i g n a n o f o r p r e 
paration of the camera-ready manuscript. This work was supported i n part 
by U.S. Department of Energy Contract // DE-AC02-76ER03074. 

REFERENCES 
[1] R.D. Lawson, Theory of the Nuclear Shell Model, 

Clarendon Press, Oxford (1980), p.30. 
[2] P. Federman and I. Talmi, Phys. Lett. 19 (1965) 490. 
[3] G.E. Brown and A.M. Green, Nucl. Phys. 85 (1966) 87. 
[4] A. Arima, H. Horiuchi and T. Sebe, Phys. Lett. 24B (1967) 

129. 
[5] B. Buck and A.A. Pilt, Nucl. Phys. A295 (1978) 1. 
[6] M. Gai, M. Ruscev, A.C. Hayes, J.F. Ennis, R. Keddy, 

E.C. Schloemer, S.M. Sterbenz, and D.A. Bromley, Phys. Rev. 
Lett. 50 (1983) 239. 

[7] F. Iachello and A.D. Jackson; Phys. Lett. 108B (1982) 151. 
[8] Y. Alhassid, M. Gai, and G.F. Bertsch; Phys. Rev. Lett. 49 

(1982) 1482. 
[9] C.M. Lederer and V.S. Shirley, Table of Isotopes (Wiley, 

New York, 1978). 
[10] M. Gai, J.F. Ennis, M. Ruscev, E.C. Schloemer, B. 

Shivakumar, S.M. Sterbenz, Ν. Tsoupas and D.A. Bromley 
Phys. Rev. Lett. 51 (1983) 646. 

[11] J . Fernandez-Niello, H. Puchta, F. Riess and W. Trautmann, 
Nucl. Phys. A391 (1982) 221. 

[12] P.D. Cottle, J.F. Shriner, Jr., F. Dellagiacoma, J.F. 
Ennis, M. Gai, D.A. Bromley, J.W. Olness, E.K. Warburton, 
L. Hildingsson, M.A. Quader, and D.B. Fossan; Phys. Rev. 
C30 (1984) 1768. 

[13] J.F. Ennis, M. Gai, D.A. Bromley, F. Azgui, H. Emling, E. 
Grosse, G. Seiler-Clark, H.J. Wollersheim, C.M. Mittag, F. 
Riess, Bull, Amer. Physical Soc. (1984). 

[14] K. Neergard and P. Vogel, Nucl. Phys. A149 (1970) 209. 
[15] R.R. Chasman, Phys. Lett. 96B (1980) 7. 
[16] G.A. Leander, R.K. Sheline, P. Moller, P. Olanders, I. 

Ragnarsson and A.J. Sierk; Nucl. Phys. A388 (1982) 452. 
[17] W. Nazarewicz, P. Olander, I. Ragnarsson, J. Dudek, G.A. 

Leander, P. Moller and E. Ruchowska; Nucl. Phys. A429 
(1984) 269. 

[18] J.F. Shriner, P.D. Cottle, J.F. Ennis, M. Gai, D.A. 
Bromley, J.W. Olness, E.K. Warburton, L. Hildingsson, M. A. 
Quader and D.B. Fossan; Phys. Rev. C, December issue 1985, 
in press. 

RECEIVED August 27, 1986 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

04
2



43 
Decay of 145Cs to Levels of 145Ba 

J. D. Robertson1, W. B. Walters1, E. F. Zganjar2, R. L. Gill3, H. Mach3, A. Piotrowski3, 
H. Dejbakhsh4, and R. F. Petry5 

1Department of Chemistry, University of Maryland, College Park, MD 20742 
2Department of Physics, Louisiana State University, Baton Rouge, LA 70805 
3Physics Department, Brookhaven National Laboratory, Upton, NY 11973 
4Cyclotron Laboratory, Texas A&M University, College Station, TX 77643 
5Department of Physics, University of Oklahoma, Norman, OK 73019 

An investigation of the β- decay of the 0.59s 145Cs was made at the TRISTAN 
on-line mass separation f a c i l i t y . The level scheme for 145Ba has been const
ructed. The proposed spin and parity assignments are based upon transition 
multipolarities and γγ angular correlation measurements. 

In 1950, Rainwater proposed that the discrepancy between the measured 
and calculated values of the quadrupole moments of some odd-A nuclei could 
be resolved by allowing those nuclei to take on a spheroidal shape. I t is 
now well-known that the properties of many nuclei can be described on a 
deformed quadrupole basis. Over the past three years, much attention has 
been focused on the question of whether or not some nuclei, in addition to 
breaking rotational symmetry, also break reflection symmetry in the in t r in 
sic frame. The nuclei in question are found in the Ra-Th region with A=220 
-228 and a review of the extensive literature on this region can be found 
in references [LEA82], [IAC82], [GAI83], [NAZ84], and [LEA84]. 

In a recent paper, Leander et. a l . introduce the idea that nuclei with 
N=88-90 in the immediate vicini ty of 145Ba might exhibit the same type of 
"octupole deformed" character that is observed in the Z=88-90 
region.[LEA85] Three reasons are given as to why this might be a new 
region which can also be described by a basis which breaks reflection sym
metry in the intr insic frame. F i rs t of a l l , the systematics of the ϋ π =1" 
and 3" levels in the neutron rich e-e Ba isotopes suggest a minimum in the 
spl i t t ing of the K*=0+ and 0" bands near 1 4 6 B a . The Γ level in 1 4 6 B a at 
738 keV, in units of the f i r s t 2 + level , is as low as the 1" levels in the 
Ra and Th isotopes. The presence of these low-lying negative parity states 
in the structure of the l ight actinides was one of the f i r s t indications 
that the Ra-Th region was octupole deformed.[M0L72] Secondly, the 
deformed-shell-model calculations of Nazarewicz et. a l . indicate that Z=56, 
as well as Ζ or N=88-90, is an optimal particle number for octupole 
deformation.[NAZ84] The Strutinsky type calculations predict an octupole 
deformed equilibrium shape for Ite and a potential which is very soft 
towards octupole deformations for 1 4 4 B a . The results are independent of 
the three single-particle potentials employed in the calculations. 
Final ly , the large differences observed between the experimental and 
theoretical masses calculated bv Moller and Nix in the Ra-Th region are 
also found in the region near 1 4 5Ba.[LEA82j The difference is greatest for 
1 4 5 B a and, as in the l ight actinides, can be accounted for by the extra 
binding energy obtained by including octupole correlations in the mass 
calculations. 

The ground state (g.s.) spin of 1 4 5 B a has been determined to be 5/2 by 
laser spectroscopy at IS0LDE[MUE83]. The same group reports a g.s. magne
t ic moment of -0.272n.m. and a spectroscopic quadrupole moment (Qs) of 1.15b. 

0097-6156/86/0324-0284$06.00/0 
© 1986 American Chemical Society 
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43. ROBERTSON ET AL. Decay of 145Cs to Levels of 145Ba 285 

From the measured g.s. spin and Qs value, Leander calculates that l ^ B a m̂ y 
be octupole deformed with an equi l ib r ium value of &3"0.08 (32=0.172 and 
34=0.069).[LEA85] These r e s u l t s , however, are not conclusive. From a 
s imp l i f i ed view, the g.s. spin of 5/2 for 1 4 5 B a can be explained by 
al lowing the odd neutron to occupy the 5/2[521] Nilsson o r b i t a l wi th 
32"0·12. In add i t i on , the measured magnetic moment for the g.s. is con
s i s ten t wi th both 03=0 and £ 3 * 0 in Leander 1s calculat ions.[LEA85] 

Another ind icat ion of octupole deformation in the st ructure of 1 4 5 B a 
would be the presence of a pair (or more) of strongly perturbed opposite 
par i t y ro ta t iona l bands connected by co l lec t i ve El t r a n s i t i o n s . Even more 
s p e c i f i c a l l y , these bands would have a small energy s p l i t t i n g and the 
decoupling parameters for the two bands would be equal in magnitude but 
opposite in sign.[RAG83] This type of co l lec t i ve st ructure is observed in 
both 2 2 5 R a and 2 2 7 A c ( f i g . 1 ) . In the study of the 3~ decay of 1 4 5 C s by 
Rappaport e t . a l . , only the 435.7 keV gamma was i d e n t i f i e d as an El 
t ransit ion.[RAP82] In the i r study, however, only 31 gamma rays were 
assigned to the decay of 1 4 5 C s and they determined the level s t ructure of 
1 4 5 B a up to 785keV. A la te r study by uejbakhsh found 77 new gamma rays and 
defined levels up to 2.8MeV.[UEJ85] Unfortunately, the l a t t e r invest iga
t ion was not able to determine the m u l t i p o l a r i t i e s of any of the new t ran 
s i t i o n s . 

7/2+220 

5/2--260 

3/2--22S 

5/2+J80 

3/2U5Q 

K= 3/2± 

7 / 2 H L 2 5 / 2 - J 2 0 

9/2+101 
7 / 2 - 6 9 

, „ 1/2-ZS 
3 / 2 + 4 3 , y 9 . 32 

1/2+_Q 

K=1/2± 
225, 

Ra 

9/2-J22 

11/2-.5Q2 

5/21438 

13/21271 

1 1 / r 1 9 9 1 3 / 2 + _ 2 i i 
11/2+187 

9/2-127 ~ 
* £ 9/2+110 

K=3/2± 

7/2-321 
1/2II55 
3/2-J3Q 

3/2+J37 

9/2+J6? 

K=1/2± 

3/2l_ 

227 * 
8 9 A c 

Figure 1. Par i ty doublets in 2 Z 5 R a and 2 2 / A c [15,16j 

EXPERIMENTAL PROCEDURE 
The study of the 3" decay of 0.59s 1 4 5 C s was conducted at the TRISTAN 

mass separator on- l ine to the high f lux reactor at BNL. A aeta i led 
descr ipt ion of the TRISTAN f a c i l i t y can be found in reference [6 IL81] . The 
radioact ive samples were produced by f i ss ion ing a uranium target integrated 
in a posi t ive surface ion izat ion source.[PI084] In th is experiment, the 
usual Re surface ionizer was replaced wi th a Ta ion izer . The lower work 
funct ion of Ta ensured no independent production of Ba from the ion source 
a t a low power operation («1200°C). 
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286 NUCLEI OFF THE LINE OF STABILITY 

Two G e ( L i ) d e t e c t o r s and two HpGe d e t e c t o r s were used t o c o l l e c t 
s i n g l e s gamma s p e c t r a and 10° t h r e e parameter ΥΎ t c o i n c i d e n c e e v e n t s . The 
r e s o l u t i o n o f t h e germanium d e t e c t o r s ranged f r o m 1.7 t o 2 . 2 keV FWHM a t 
1332 keV. I n a d d i t i o n , a LEPS d e t e c t o r w i t h 0.55 keV FWHM a t 122 keV was 
used i n t h e l o w - e n e r g y γ - r a y measurements. Tab le 1 summarizes t h e r e s u l t s 
o b t a i n e d i n t h e a n g u l a r c o r r e l a t i o n measurements. The e l e c t r o n s p e c t r a and 
t h e γ - e c o i n c i d e n c e d a t a were a c q u i r e d u s i n g b o t h a S i ( L i ) and HpGe d e t e c 
t o r . The r e s u l t s o f t h e c o n v e r s i o n e l e c t r o n measurements a re g i v e n i n 
t a b l e 2 . 

TABLE 1 - EXPERIMENTAL ANGULAR CORRELATION COEFFICIENTS 

Transit ion A22: A44 
323->112->Q 0.271Û.04 H Q 23.0 
368->199->0 0.13±0.05 0.2U0.05 1.4 
317->435->0 -0.2U0.09 0.0610.10 0.4 
155-*55->0 0.22±0.08 0.23*0.10 3.6 

TABLE 2 - EXPERIMENTAL INTERNAL CONVERSION COEFFICIENTS 
O'THEORXIO 2* 

EY(ke-V) CXEXFX10 2 C*E2 c * E l 
112.5-K 107.2±12.0 58.0 84.0 13.9 
112.5-L 12.8±1.2 8.4 34.0 1.9 
175.4-K 16.9±2.2 17.2 20.4 4.2 
175.4-M 0 ?4±0 11 0.52 1.1 0.11 
198.9-K 18.U2.6 12.3 13.6 3.0 
198.9-L 3-U0.6 2.0 3.2 0.40 
207.1-K 0->6.4 11.0 12.0 2.7 
241.0-K 8.8±1.2 7.3 7 4 1.8 
435.7-K 0.48±0.06 1.5 1.1 0.38 
434.7-K 3610!) 1.4 1.0 0.34 

'Calculated from NUT 21.225-230 (1978). 

EXPERIMENTAL RESULTS 
The l o w - e n e r g y p o r t i o n o f t h e l e v e l scheme deduced f o r i s shown 

i n f i g u r e 2 . A s a t u r a t e d sample o f t h e A=145 i s o b a r s was c o l l e c t e d and 
coun ted t o de te rm ine t h e a b s o l u t e i n t e n s i t y o f t h e 175.4 k e V ^ - r a y ( 1 9 . 8 ± 
2 . 4 / 1 0 0 d e c a y s ) . T h i s v a l u e , a l o n g w i t h t h e yt and c -e i n t e n s i t i e s , was 
used t o c a l c u l a t e t h e 3 " f e e d i n g t o t h e g . s . and e x c i t e d l e v e l s i n ^Ba. 
The l a r g e u n c e r t a i n t y i n t h e 3 " f e e d i n g t o t h e 198.9 keV l e v e l i s a d i r e c t 
r e s u l t o f t h e l a r g e u n c e r t a i n t y i n t h e r e l a t i v e i n t e n s i t y o f t h e 198.9 keV 
γ - r a y . 1 4 5 c g has a 12% de layed n e u t r o n branch [RIS79] and t h e ma jo r t r a n 
s i t i o n i n 1 4 4 B a i s a 199 keV - r a y . As a r e s u l t , t h e i n t e n s i t y o f t h e 
198.9 keV t r a n s i t i o n i n ^^Ba c o u l d o n l y be de te rm ined f r o m t h e c o i n c i d e n c e 
d a t a . Our v a l u e o f 54.7 f o r I199 i s l ower t h a n t h e 68.5 v a l u e p r e v i o u s l y 
r e p o r t e d by Rappaport e t . a l . [RAP82] , 

As no ted above, t h e g . s . s p i n o f ^ 5 B a has been measured t o be 5 / 2 . 
The n e g a t i v e p a r i t y ass ignment f o r t h e g . s . i s based upon t h e s y s t e m a t i c s 
o f t he N=89 i s o t o n e s and t h e Z=56 i s o t o p e s . The g . s . J" o f b o t h 1 4 9 N d and 
1 51sm i s 5 / 2 " . The g . s . o f J * o f t h e odd-A Ba i s o t o p e s i s : 1 3 9 B a = 7 / 2 ~ , 
1 4 l B a = 3 / 2 ' , and 

From t h e i n t e r n a l c o n v e r s i o n c o e f f i c i e n t s g i v e n i n t a b l e 2 , t h e 
f o l l o w i n g gammas were de te rm ined t o be M1/E2 t r a n s i t i o n s i n agreement w i t h 
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288 NUCLEI OFF THE LINE OF STABILITY 

the e a r l i e r work: 112.4, 175.4, 198.9, 241.0, and 454.7. Rappaport also 
reports that the 86.3 and 238.4 3-rays are M1/E2 t r a n s i t i o n s . The non-zero 
A44 values for both the 368-199-0 cascade and the 155-455-0 cascade rules 
out the p o s s i b i l i t y that J* of the 199 keV level or the 455 keV level i s 
3 /2 " . In add i t i on , the A22/A44 values for the 368-199-0 cascade l i m i t the 
spin of the 567 level to e i ther 1/2 or 3/2 once J* of the 199 level i s known 
not to be 3 /2" . The large A22 value of 0.24 for the 323-112-0 cascade, 
coupled wi th the fac t that the 435 level i s 5 / 2 + , rules out the p o s s i b i l i t y 
that the 112 level has ϋ π =3/2" ; the largest A22 can be for a 5 /2* -3 /2" -5 /2" 
cascade is 0.08. The only t rans i t i on that was determined to be El by the 
measured conversion coe f f i c ien ts was the 435.7 keVy- ray . Sett ing an upper 
l i m i t on the area expected for the 547.1 K-conversion peak in the electron 
spectrum indicates that the 547 is also an El t r a n s i t i o n . Likewise, an 
upper l i m i t of 0.064±0.008 for α κ fo r the 207.1 keV t r a n s i t i o n can also be 
establ ished by set t ing the mixing of the 175.4 keV t rans i t i on to zero. 
This low α κ value suggests that the 207.1 γ - ray i s an El t r a n s i t i o n . A 
spin of 3/2" fo r the 435 level i s ruled out by the large negative A22 value 
fo r the 317-435-0 cascade. In add i t ion , a l o g ( f t ) of approximately 6 for 
the 435 keV level makes the 3~ decay to th is level an allowed t r a n s i t i o n . 
Because the g.s. spin of 1 4 5 C s is 3 / 2 + , t h i s rules out the p o s s i b i l i t y that 
the spin of the 435 level i s 7 /2 + and subsequently l i m i t s the spin of the 
435 level to 5 / 2 + . 

CONCLUSION 
Clearly the ro ta t iona l band structure observed in the l i g h t odd-A a c t i 

nides is not seen in the structure of 1 4 5 B a . Like the N-89 isotones 
1 4 9 Nd[PIN77] and 1 5 1 Sm[C0076], the negative par i ty states in 1 4 5 B a can not 
be grouped in to any obvious ro ta t iona l bands and seem to be very hard to 
explain in the framework of the Nilsson model. The levels a t 319.8, 547.1, 
and 785.5 keV might be members of a strongly perturbed pos i t i ve -pa r i t y 
ro ta t iona l band, but both the 319 and 547 appear to be 5/2 leve ls . 
Aparently the 435.7 keV level can not be a member of the pos i t ive par i ty 
band including the 547 and 785 because neither of these pos i t ive par i ty 
levels decay to i t . 

The absence of any c lear ly defined negat ive-par i ty ro ta t iona l bands in 
1 4 5 B a suggests that i t i s not strongly quadrupole deformed. The clear 
ro ta t iona l s t ructure observed in l**(àû a n d 155 ΰ ν completely dissapears as 
the N=89 isotones cross the Z=64 s h e l l . This conclusion i s also supported 
by the 32 values calculated from the l i f e t imes of the f i r s t 2 + states in 
1 4 4 B a and 1 4 6 B a . The r a t i o 3 2 / 3 2 s p

 f o r 1 4 4 β ά a n d 1 4 6 β ά i s 6 - 8 a n d 7 · 5 

respect ive ly . This is compared to the r a t i o of 12.2 and 10.7 observed in 
the quadrupole deformed nuclei 1 5 4 G d and 1 5 6 D y . Thus, although 1 4 5 B a does 
not have the par i ty doublets expected for an octupole deformed nucleus, i t 
i s possible that (because $2 * s s o small) i t s s t ructure is determined by 
higher orders of deformation; i . e . the st ructure i s very dependent on 3 3 , 
3 Δ , e t . . The great s i m i l a r i t y between the structure of 1 4 5 B a , 1 4 7 C e , and 
1 4 9 N d added to our i n a b i l i t y to understand these N=89 (and N=87) nuclei in 
the framework Nilsson model points to the need for extended theoret ica l and 
experimental work in th is t rans i t i ona l region. 
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Spectroscopic Consequences of Shape Changes 
at High Angular Momenta 

Ingemar Ragnarsson and Tord Bengtsson 

Department of Mathematical Physics, Lund Institute of Technology, P.O. Box 118, S-22100 Lund, 
Sweden 

We discuss so called terminating states which occur because of 
the finiteness of rotational bands and which are associated 
with a gradual shape change until the rotation takes place 
around a symmetry axis. Predictions on terminating configu
rations in nuclei with 10-12 valence particles outside the 146Gd 
core are compared with recent experimental data. Observed and 
calculated spectra show a remarkable similarity, at least for 
156Er and 158Er which nuclei are discussed in detail here. 

It i s by now well-established that substantial shape changes occur at high 
spin for nuclei with a few particles outside the ^ 5 4 ^ 3 2 c o r e - Such shape 
changes appear to be associated with so c a l l e d band terminations as pointed 
out a few years ago [BEN83] and recently some experimental evidence for the 
occurence of terminating bands have been presented [BAK85, RAG85, STE85]. 
The states which terminate a band and which one could hope to observe in 
experiment appear to be very favoured energetically, i . e . r e l a t i v e to some 
average trend they are exceptionally low-lying. Indeed, a straightforward 
way to l o c a l i s e band terminations seems to be to analyse the energy 
systematics at high spin and compare with the general trends predicted by 
calculât ions. 

With many enough p a r t i c l e s (and holes) building an aligned state, i t 
becomes possible to form also c o l l e c t i v e structures within the 
configuration. This leads to a terminating band where i t i s possible to 
follow the gradual alignment of the spin vectors u n t i l f u l l alignment i s 
achieved in a state where a l l spin vectors are quantised along a symmetry 
axis. The alignment process i s accompanied by a gradual shape change, 
t y p i c a l l y from prolate at lower spins over t r i a x i a l to oblate shape at the 
termination ( f i g . 1). The deformation changes give an energy gain r e l a t i v e 
to rotation at fixed deformation. Many terminating bands are predicted at 
spins 1=40-60 for nuclei with 10-12 nucléons outside the 1 4^Gd core. Note 

20 
also that this alignment process i s since long known in Ne [BOH75, RAG81]. 

I C O 

Let us now consider Er as an i l l u s t r a t i v e example of the competition 
between particle-hole states and c o l l e c t i v e bands. This nucleus i s 
co l l e c t i v e at low spins with a deformation corresponding to ε=0.20-0.25. 

0097-6156/ 86/ 0324-0292S06.00/ 0 
© 1986 American Chemical Society 
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44. RAGNARSSON AND BENGTSSON Spectroscopic Consequences of Shape Changes 293 

TERMINATING BAND 

A - 150 

I 

prolate — t r i a x i a l — ob la te* 

0 Imax = ^ 0 - 5 0 t l 

I max m i * m 2 * m 3* 

F i g . l . Schematic i l l u s t r a t i o n of a 
band terminating configuration and 
i t s evolution with spin. 
Reproduced with permission from 
[RAG85] . Copyright 1985 North-
Holland Physics Publishing 
Company. 

I~30* I = 46* 

Fig.2. Schematic i l l u s t r a t i o n of 
calculated (unpaired) bands i n the 
yrast region of 1 5 e E r . 
Reproduced with permission from 
[RAG85] . Copyright 1985 North-
Holland Physics Publishing 
Company. 

With pairing neglected, the ground stateconfiguration would be described as 
i r i d5/2 g7/2 ) 4 ( h l l / 2 ) 8 V ( f7/2 h9/2 ) 6 ( i13/2 ) 2- W i t h increasing spin (and 
alignment) the deformation decreases and a band with the proton 
configuration T r ( d c y 2 ) ( h ̂11/2 comes lower in energy [BEN85a]. For even 
higher spins and at a deformation close to spherical, i t becomes favourable 
to close the Z=64 core leading to the π( ηιι/2) 4 proton configuration while 

6 · 2 
the neutron configuration remains unchanged, V(f7/2n9/2' ^13/2' * I n t n * s 

configuration, the maximum spin i s Ι Λ , ν - l£L v + l J J e v = 16+30=46. This band 
max max max 

structure of 1 5 8 E r i s schematically i l l u s t r a t e d in f i g . 2. 
The f u l l c alculational result [BEN83] for Er i s compared with 

experiment in f i g . 3. The calculations are based on the Nilsson-Strutinsky 
cranking method where we follow individual configurations as functions of 
spin [BEN85 ]. The energy of each state i s minimised with respect to 
deformation, 
the 
with the most recent experiment [SIM84, TJ085, DIA85], there i s indeed a 
remarkable agreement. The calculated crossing between bands 1 and 2 at 1=26 
(outside f i g . 3) can be iden t i f i e d with an observed backbend at 1=24 while 
the more irregular structure of the observed lowest 1=40 and 42 states and 
those assigned 1=44 and 46 i s naturally id e n t i f i e d with the calculated band 
3 with a band termination at 1=46. The higher-lying states assigned 40* and 

ε , γ, and ε 4 . The calculated bands denoted by 1, 2 and 3 are 
i r < h 1 1 / 2 ) < π^ η11/2^ 6 a n d π^ η11/2^ 4 configurations of f i g . 2. Compared 
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294 NUCLEI OFF THE LINE OF STABILITY 

Fig.3, Calculated [BEN83] positive parity even spin configurations in 
the yrast region of 1 Er compared with recent experimental data 
[SIM84, TJ085, DIA85] in the 1^30 region. For states in paranthesis, 
the spin assignment i s uncertain. The energies are given relative to a 
rotational term, ()i 2/2J)I(1+1) with the moment of i n e r t i a taken as the 
r i g i d body value at a small deformation, ε = 0.2. Note that the c a l 
culated bands are strongly down-sloping when approaching their termi
nation (encircled states), i . e . the la s t spin units are obtained very 
cheap energetically. The same feature i s seen in the observed band 
extending up to a suggested 46 + state. 
Reproduced with permission from [RA385]. Copyright 1985 North-
Holland Physics Publishing Company. 

42 + should then be i d e n t i f i e d with the calculated more c o l l e c t i v e band 2. 
This i s supported by the fact that the feeding from these l a t t e r states i s 
observed to be faster than that from the lowest 1^40 states. The disagree
ment in r e l a t i v e energy between bands 2 and 3 can be traced back to the 
(uncertain) magnitude of the Z=64 single-particle gap. 

The favoured energy of the 40* state i n band 3 i s not present in the 
simplified picture of f i g . 2. It can be understood as indicated in f i g . 4. 
Within the configuration which terminates at 1=46 i t i s also possible to 
form an aligned 1=40 state i f the spin vector of one of the negative p a r i t y 
valence neutrons i s put in opposite direction, i . e . moving one neutron from 
the bgy 2 5/2 t o t n e f7/2-7/2 o r b i t a l . This particle-hole state i s then also 
associated with a terminating band. In the present computer calculations, i t 
i s only possible to identify the lowest state in a configuration leading to 
a calculated "yrast l i n e " as shown by the dashed l i n e in the figure. 
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44. RAGNARSSON AND BENGTSSON Spectroscopic Consequences of Shape Changes 295 

TTl : 

Fig.4. I l l u s t r a t i o n of aligned 24* and 30 + states i n the ( f j / 2 ^ 9 / 2 ) S 

( i l 3 / 2 ) 2 N=90 configuration with a l l spin vectors of the valence 
particles aligned in the 30 + state while one f7/2 neutron is " a n t i -
aligned" i n the 24 + state. Combined with the i r j h n / 2 ) * Z=68 16* state 
i t becomes possible to form aligned 46* and 40 states in 1 5 e E r . Thus, 
not considering band-mixing, an "yrast l i n e " according to the thick 
dashed l i n e results. 
Reproduced with permission from [RAG85] . Copyright 1985 North-Holland 
Physics Publishing Company, 

ι c o 

A negative parity band is formed in Er i f one more neutron i s l i f t e d to 
the ίχ3/2 s b e l l . Combined with the same proton configurations as the 
positive parity bands, similar band-crossings are obtained with a f u l l y 
aligned terminating state at 49~ and a low-lying 43~ state ressembling the 
positive parity 1=40 state. These findings are consistent with present 
experimental data suggesting that above the c o l l e c t i v e 41 state, some kind 
of branching occurs. 

In 1 5 ^ E r , a sequence of states which i s unusually strongly populated has 
been observed [STE85] in the spin region I = 30-42. The 12 spin units are 
obtained at an energy cost which i s approximately 1.5 MeV lower than 
expected for r i g i d rotation ( f i g . 5). Furthermore, as the next spin state at 
1=43 i s observed r e l a t i v e l y much higher i n energy than the 42* state, the 
observed energy systematics strongly suggests that the 42 + state i s indeed a 
band termination. The observed structure i s in general agreement with 
theoretical predictions [RAG84] as seen in f i g . 5, showing a very low-lying 

+ 4 f u l l y aligned 42 state with the configuration π(ηιι/2^ 
ν^ £7/2^ 2^ η9/2^ 2^13/2^ 2" Furthermore, the observed 36 + and 34 + states come 
r e l a t i v e l y low in energy, a fact which is also seen in the calculations and 
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296 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

τ—•—ι—1—ι—•—ι—•—ι—'—ι—ι—ι 
1 5 6 E 

68 Q r88 

E x p e r i m e n t a l 

20 24 28 32 36 40 
I/t> 

T l — « - Ί — 1 — I — ' — I — ' — I — 1 — Γ 

&Z»y^Vf7/2 - 7 / 2 7 T h 1 1 / 2 .χι/2 

P < f 7 / 2 h 9 / 2 ) ( 1 l 3 / 2 > 

. 0 I- C a l c u l a t e d 

28 32 36 40 44 48 
I / h 

Fig.5. Observed [STE85] and calculated [RAG84] states in the yrast 
region of 1 5 6 E r with the configuration terminating at 42* specially 
marked. In a similar way as for 1 Er in f i g . 3, an energy expression 
corresponding to r i g i d rotation, BR^D' bas been subtracted. The calcu
lated aligned states and the corresponding observed states are en
c i r c l e d . Two c i r c l e s are used for the calculated f u l l y aligned states. 
For states with one anti-aligned spin vector the corresponding o r b i t a l 
i s given. 
Reproduced with permission from [RAG85]. Copyright 1985 North-
Holland Physics Publishing Ccmpany. 

+ 158 
explained in a similar way as the low-lying 40 state in Er. Thus, 
compared to the 42 + state, 36* and 34* states are formed from rearrangements of one p a r t i c l e , V(f 7/2 5/2 -> f 7/2-7/2) a n d π ( η11/2 5/2 h l l / 2 - l l / 2 ) 

respectively. Similarly, a 35* state i s formed from the rearrangement 
V(h, 9/2 7/2 •*· f7/2-7/2^' a f a c t wbich i s consistent with an observed rather 
strong branch through a r e l a t i v e l y low-lying 35 state. A second non-
negligable branching observed in experiment involves a 40* state and a 38* 
state. natural candidate for such a 40 state i s the ir(h 11/2 

1 7 + 

V ( f 7 ^ 2 ) " 9 / 2 ^ 1 3 / 2 ' configuration and then the 38 state can be understood 
as part of the band terminating in th i s 40* state. This however requires 
that the "branched" 40*-*38* and 38*-*36* gamma rays come in reversed order 
compared to that given in réf. [STE85]. Indeed, the ordering of these two 
transitions cannot be determined [STE85a] from the present experiment and 
one can also note that the low-lying 38* state which results from the 
ordering given in réf. [STE85] seems very d i f f i c u l t to explain 
theoret i c a l l y . 
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44. RAGNARSSON AND BENGTSSON Spectroscopic Consequences of Shape Changes 297 

The 1=34, 35, 36, 40 and 42 states e s s e n t i a l l y exhaust the p o s s i b i l i t i e s 
to form low-lying positive p a r i t y states with 12:30 within the ten valence 
par t i c l e s of 1 5 6 E r . The most low-lying f u l l y aligned negative parity states 
are calculated for Ι π = 38~, 39~ corresponding to the rearrangements V ( i 1 3 ^ 2 

f7/2* ^ ν**13/2 n9/2* r e l a t i v e to the 42 + state. This seems consistent 
with the fact that the highest spin observed for negative parity i s at 1=38 
and that this 38~ state is very favoured energetically ( f i g . 5). One more 
negative parity state, 33~, i s observed r e l a t i v e l y low in energy, and 
indeed, the calculations give a low-lying aligned 33~ state which compared 
to the 42 + state i s formed by the rearrangement ^ ( ^ 1 3 / 2 11/2 f7/2-7/2^' 

In summary we have discussed the shape trans i t i o n associated with the 
evolution of f i n i t e rotational bands to their points of termination. Many 
such terminating bands are predicted in configurations with 10-12 valence 
par t i c l e s (and holes) rel a t i v e to a 1 4 6 G d core. According to the calcu
lations, the very low energy of the terminating states i s a prominent 

158 

feature in these configurations. For the nuclei discussed here, Er and 
1 5 6 E r , i t i s found that not only the predicted trends are confirmed by 
recent experiments but also many of the detailed features in the calcu
lations appear to be present in the observed high-spin spectra. 
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45 

Evolution of Nuclear Shapes at High Spins 

Noah R. Johnson 

Oak Ridge National Laboratory, Oak Ridge, TN 37831 

Outstanding progress has been made during the past ten years on an 
understanding of the properties of nuclei excited into states of high angular 
momentum. Much of the experimental progress has resulted from γ-γ coin
cidence measurements u t i l i z ing complex detector arrays. Many of the proper
ties of the yrast and near-yrast bands in nuclei revealed in these measure
ments have become reasonably well explained by current theory. Both cranked 
shell model (CSM) and cranked Hartree-Fock Bogoliubov (CHFB) calculations 
have enjoyed considerable success in accounting for many aspects of high spin 
behavior. However, for a detailed understanding of the structure of these 
high spin states and for a stringent test of these models, i t is necessary to 
resort to measurements of their static and dynamic electromagnetic multipole 
moments. During the past few years we at Oak Ridge have concentrated on stu
dies of the latter quantity, the dynamic electric quadrupole (E2) moments 
which are a direct reflection of the collective aspects of the nuclear wave 
functions. For this , we have carried out Doppler-shift lifetime measurements 
u t i l i z ing primarily the recoi1-distance technique. 

The nuclei with neutron number Ν « 90 possess many interesting proper
t ies . These nuclei have very shallow minima in their potential energy sur
faces, and thus, are very susceptible to deformation driving influences. It 
is the evolution of nuclear shapes as a function of spin or rotational fre
quency for these nuclei that has commanded much of our interest in the l i f e 
time measurements to be discussed here. There is growing evidence that many 
deformed nuclei which have prolate shapes in their ground states conform to 
t r i axial or oblate shapes at higher spins. Since the E2 matrix elements 
along the yrast line are sensitive indicators of deformation changes, mea
surements of lifetimes of these states to provide the matrix elements has 
become the major avenue for tracing the evolving shape of a nucleus at high 
spin. Of the several nuclei we have studied with Ν « 90, those to be dis
cussed here are i60,i6iY b [FEW82], [J0H82], [FEW82], [FEW85] and 1 5 8 E r 
[0SH84a], [0SH84b]. In addition, we wi l l discuss briefly the preliminary, 
but interesting and surprising results from our recent investigation of the 
Ν = 98 nucleus, 1 7 2 W [RA085]. 

0097-6156/ 86/0324-0298S06.00/ 0 
© 1986 American Chemical Society 
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45. JOHNSON Nuclear Shapes at High Spins 299 

I I . Exper imenta l Aspects and Data Analyses 

Both 1 6 0 Y b and 1 6 1 Y b were produced by the r e a c t i o n s 1 1 6 C d ( ** 8Ti , x n ) and 

i t s i n v e r s e ^ T i ( 1 1 6 C d , x n ) , a t a c e n t e r - o f - m a s s energy o f 145 MeV i n each 

c a s e . The r e c o i 1 - d i s t a n c e dev i ce used i n t h e measurements i s d i scussed i n 

[ J 0 H 8 1 ] . I t was des igned t o f i t i n s i d e t h e annu la r opening o f a 25-cm χ 

25-cm Nal c r y s t a l which ac ts as a t o t a l - e n e r g y f i l t e r . I n t h i s way i t was 

p o s s i b l e t o gate on g iven reg ions o f t h e t o t a l γ - r a y energy spect rum and get 

enhancement o f t h e d e s i r e d r e a c t i o n c h a n n e l . Spec t ra were o b t a i n e d f o r a 

t o t a l o f 17 d i f f e r e n t f l i g h t t i m e s . 

L i f e t i m e s were e x t r a c t e d f rom t h e r e s u l t i n g decay curves by t h e com

p u t e r p rogram, LIFETIME [WEL85] which i n c l u d e s a l l o f t he usual c o r r e c t i o n s 

[STU76] t o t h e d a t a . Knowing t h e genera l f e a t u r e s o f t he l e v e l scheme, one 

u s u a l l y models a t w o - s t e p cascade s i d e f e e d i n g t o each l e v e l t o account f o r 

p o p u l a t i o n f rom unde f ined t r a n s i t i o n s . The program then so l ves t h e Bateman 

e q u a t i o n s w h i l e a d j u s t i n g t h e l i f e t i m e s and i n i t i a l p o p u l a t i o n s o f t h e l e v e l s 

t o o b t a i n t h e best f i t s t o t h e decay c u r v e s . Both t h e s h i f t e d and u n s h i f t e d 

γ - r a y i n t e n s i t i e s are used i n t h e f i t t i n g p r o c e d u r e . U n c e r t a i n t i e s i n t h e 

l i f e t i m e s were de te rmined by t h e method o f t h e s u b r o u t i n e MINOS, d e s c r i b e d i n 

[ JAM75] . 

E x c i t e d 1 5 8 E r n u c l e i f o r these s t u d i e s were produced v i a t h e r e a c t i o n 

1 2 8 T e ( 3 4 S , 4 n ) a t a bombarding energy o f 155 MeV. In these exper iments t h e 

l a r g e Nal d e t e c t o r was removed i n o r d e r t o p lace an a r r a y o f f i v e Ge d e t e c 

t o r s at 90° w i t h respec t t o t h e beam d i r e c t i o n and a t c l o s e geometry (6 cm) 

t o t h e t a r g e t . Th is was done i n o r d e r t o t e s t i f a h i g h - e f f i c i e n c y c o i n 

c idence measurement cou ld o f f e r s i m p l i f i c a t i o n s i n t h e a n a l y s i s and i n t e r p r e 

t a t i o n o f t he exper imen ta l d a t a , e s p e c i a l l y w i t h respec t t o s i m p l i f y i n g t h e 

ana lyses problems a s s o c i a t e d w i t h s ide f e e d i n g . D i r e c t s i d e f e e d i n g makes no 

c o n t r i b u t i o n t o a γ - ray t r a n s i t i o n i f t h e spectrum i s gated by band members 

h i g h e r than t h e t r a n s i t i o n o f i n t e r e s t . 

Measurements were taken on 1 5 8 Ε γ a t a t o t a l o f 14 t a r g e t - s t o p p e r d i s 

t a n c e s . A p o r t i o n o f t h e t o t a l - p r o j e c t e d s p e c t r a taken a t f o u r o f t h e 

t a r g e t - s t o p p e r s e p a r a t i o n s i s shown i n F i g . 1 . These s p e c t r a are o f e x 

c e l l e n t s t a t i s t i c a l q u a l i t y and revea l a f a v o r a b l e p e a k - t o - b a c k g r o u n d r a t i o 

i n t h e 0° d e t e c t o r as a r e s u l t o f u s i n g t h e Compton suppress ion s h i e l d . 

L i f e t i m e s f o r t h e y r a s t sequence o f 1 5 8 E r were de te rmined f rom f o u r 

d i f f e r e n t se ts o f c o i n c i d e n c e d a t a : 1) t h a t f rom g a t i n g on t h e f i r s t 
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300 NUCLEI OFF THE LINE OF STABILITY 

3 0 , 0 0 0 h 

2 0 , 0 0 0 | -

10,000 

ORNL-DWG 85-9892 

d = 2 0 / x m 

12* 

ORNL-DWG 89-9602 

1 6 1 4 Π π 

n n -Π Π 
I I L 

F i g . 1 . I l l u s t r a t i v e " t o t a l -
p r o j e c t e d " c o i n c i d e n c e s p e c t r a 
o f 1 5 8 E r c o v e r i n g t h e 400-650 
keV r e g i o n f o r f o u r o f t he 
f o u r t e e n d i s t a n c e s measured. 

0 20 4 0 

FLIGHT TIME (pe) 

F i g . 2 . Decay curves f o r mem
bers o f the y r a s t sequence i n 

1 5 8 E r . The p o i n t s r e p r e s e n t 
t h e exper imen ta l da ta w i t h t h e 
a p p r o p r i a t e c o r r e c t i o n s . The 
s o l i d curves are t h e f i t t e d 
t i m e d i s t r i b u t i o n s de te rmined 
by the program LIFETIME. 

t r a n s i t i o n above t h e one o f i n t e r e s t ; 

2) t h a t f rom g a t i n g on t h e second 

t r a n s i t i o n above t h e one o f i n t e r e s t ; 

3) t h a t f rom t h e sum o f a l l gates 

below the t r a n s i t i o n o f i n t e r e s t ; and 

4) t h a t f rom t h e t o t a l - p r o j e c t e d c o i n 

c i d e n c e s . A l though s ide f e e d i n g t o 

t h e s t a t e o f i n t e r e s t i s not e l i m i n a t e d i n t h e l a s t two t y p e s o f d a t a , t hey 

have an advantage i n be ing o f e x c e l l e n t s t a t i s t i c a l q u a l i t y . I n f a c t , we 

found t h a t t h e program LIFETIME handled t h e i r more complex s i d e f e e d i n g c o n 

d i t i o n s q u i t e w e l l , based on compar isons o f l i f e t i m e s f rom a l l f o u r se ts o f 

d a t a . In F i g . 2 are shown e x p e r i m e n t a l da ta f o r each s t a t e and t h e program 

f i t s t o these d a t a . 

For t h e 1 7 2 W s t u d i e s , t h e 1 2 i *Sn ( 5 2 C r , 4n) r e a c t i o n was u t i l i z e d a t a 

beam energy o f E|_ a D = 230 MeV. The e x p e r i m e n t a l arrangement was s i m i l a r t o 
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45. JOHNSON Nuclear Shapes at High Spins 301 

t h a t f o r 1 5 8 E r measurements, except here we used s i x l a r g e volume Ge d e t e c 

t o r s a t 90° f o r c o i n c i d e n c e g a t i n g . Data were c o l l e c t e d f o r 18 r e c o i l f l i g h t 

d i s t a n c e s rang ing f rom 16un t o 7mm. To t h i s p o i n t , t h e p r e l i m i n a r y l i f e t i m e 

ana lyses are a v a i l a b l e on l y f o r t h e t o t a l p r o j e c t e d c o i n c i d e n c e s p e c t r a and 

t h e sums o f gates below t h e t r a n s i t i o n o f i n t e r e s t . 

I I I . D i s c u s s i o n 

Exper imenta l t r a n s i t i o n quadrupo le moments, Q t , were o b t a i n e d f rom 

t h e reduced e l e c t r i c quadrupo le t r a n s i t i o n p r o b a b i l i t i e s , B ( E 2 ) , a c c o r d i n g 

t o t h e e x p r e s s i o n 

B ( E 2 : I - I - 2 ) = ^ < I 2 0 0 | 1-2 0 > 2 Q t

2 , 

where t h e te rm i n b r a c k e t s i s a Clebsch-Gordon c o e f f i c i e n t . I n F i g . 3 , 

t h e s e Q t va lues are p l o t t e d as a f u n c t i o n o f t he r o t a t i o n a l f requency f o r 

some y r a s t and n e a r - y r a s t s t a t e s i n 1 6 0 Y b and 1 6 1 Y b . F i g u r e 4 shows a p l o t 

o f Q t va lues f o r t he y r a s t sequence o f 1 5 8 E r . The l a t t e r da ta show c l e a r 

ev idence of c e n t r i f u g a l s t r e t c h i n g i n t h e ground band as expected f o r an 

Ν = 90 n u c l e u s . The da ta f o r t h e 

ground band o f 1 6 0 Y b a r e , u n f o r 

t u n a t e l y , t o o l i m i t e d t o i n d i c a t e 

whether t h i s e f f e c t i s p resen t t h e r e 

A most i n t e r e s t i n g f e a t u r e o f 

t h e da ta i n F i g . 3 i s t h a t t h e 

q u a s i p a r t i c l e bands i n both 1 6 0 Y b 

and 1 6 1 Y b show an o v e r a l l t r e n d o f 

l o s s o f c o l l e c t i v i t y w i t h i n c r e a s i n g 

ω. For 1 6 0 Y b t h e r e are t h r e e d i f 

f e r e n t t w o - q u a s i p a r t i c l e bands, w i t h 

each showing Q t va lues behav ing 

somewhat s i m i l a r l y as a f u n c t i o n o f 

t h e r o t a t i o n a l f r e q u e n c y . L i k e w i s e , 

1 6 1 Y b shows one- and t h r e e - q u a s i 

p a r t i c l e bands w i t h r a t h e r s i m i l a r 

b e h a v i o r . As seen i n F i g . 4 , t he 

1 5 8 E r Q t va lues a l s o show a d r o p o f f 

i n t h e s band. In f a c t , t h e 

va lues f o r t he 8 " , 9" and s bands 

^ r ^ I ι Γ 

1 7 / 2 * 

1 2 1 / 2 * Û γ* 1 2 5 / 2 + 

f 1 \ I29/2+ 

J L_ 

0 . 2 0 . 3 

Λ ω (MeV) 

F i g . 3. T r a n s i t i o n quadrupo le 
moments o f some y r a s t and near -
y r a s t s t a t e s o f 160, i e i Y b v s 

r o t a t i o n a l f r e q u e n c y . 
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302 NUCLEI OFF THE LINE OF STABILITY 

ORNL-DWG 8 5 - 1 1 3 6 3 

Ί Γ 

o f 158£ Γ s n o w a r educ ing t r e n d when p l o t t e d as a f u n c t i o n o f r o t a t i o n a l f r e 

quency, a l t h o u g h i t i s l ess pronounced than i s t h e data o f F i g . 3 . The com

mon a l i g n e d q u a s i p a r t i c l e i n a l l o f these bands i s t h e lowest energy i x 3 / 2 

o r b i t a l w i t h p a r i t y and s i g n a t u r e (ττ,α) = ( + , + 1 / 2 ) . Th is q u a s i p a r t i c l e i s 

coup led t o t h e ( - , + 1 / 2 ) and ( - , - 1 / 2 ) h 9 / 2 o r b i t a l s t o form t h e 6" and 9" s i d e 

bands i n 1 6 0 Y b and t h e 8" and 9" bands i n 1 5 8 E r . The s i m i l a r i t i e s i n t h e 

b e h a v i o r o f Q t w i t h ω f o r these bands suggest t h e p o s s i b i l i t y t h a t t h e i 1 3 / 2 

( + , + 1 / 2 ) q u a s i n e u t r o n has a dominant i n f l u e n c e on t h e c o r e . 

Address ing t h e ideas d i scussed above, t h e group a t Lund has r e p o r t e d 

[BEN83] r e s u l t s o f s e l f - c o n s i s t e n t cranked H a r t r e e - F o c k - B o g o l i u b o v (HFB) 

c a l c u l a t i o n s o f t h e shape o f 1 6 0 Y b as a f u n c t i o n o f angu la r momentum. They 

f i n d t h a t t h e 1 1 3 / 2 a l i gnment produces a quadrupo le d e f o r m a t i o n ε 2 which i s 

near t he g r o u n d - s t a t e va lue and which remains a p p r o x i m a t e l y c o n s t a n t w i t h 

s p i n . However, t h e t r i a x i a l i t y parameter γ shows a s teady i n c r e a s e , r e a c h i n g 

about 10° by I = 1 8 + , t he h i g h e s t s p i n they r e p o r t e d . ( I n t h e Lund conven

t i o n , γ = 0° cor responds t o c o l l e c 

t i v e r o t a t i o n s o f a p r o l a t e e l l i p s o i d 

and γ = 60° cor responds t o n o n c o l l e c -

t i v e r o t a t i o n s o f an o b l a t e e l l i p s o i d . ) 

Another t h e o r e t i c a l approach 

has a l s o been taken [LEA83] [FRA83] 

and i t i n v o l v e s a more phenomenolog i -

ca l examina t ion o f t he e f f e c t s o f t he 

γ degree o f freedom on t h e energy o f 

t h e q u a s i p a r t i c l e s and t h e c o r e . The 

cranked s h e l l model (CSM) i s used t o 

c a l c u l a t e t h e q u a s i p a r t i c l e e n e r g i e s 

which are added t o t h e energy o f t h e 

r o t a t i n g core as a f u n c t i o n o f γ . In 

t h e N~90 t r a n s i t i o n r e g i o n , t h e i x 3 / 2 

q u a s i p a r t i c l e s d r i v e t h e e q u i l i b r i u m 

v a l u e o f γ t o around 5 ° . So, a t 

l e a s t q u a l i t a t i v e l y , both t he s e l f -

c o n s i s t e n t r e s u l t s f o r 1 6 0 Y b and t h e 

CSM r e s u l t s ( c a l c u l a t e d f o r 1 6 0 Y b , 

but w i l l be very s i m i l a r f o r 1 5 8 E r ) 

"5 * 

O g BAND 

• s BAND 

J L 
12 

SPIN 

F i g . 4 . T r a n s i t i o n quadrupo le 
moments o f y r a s t s t a t e s i n 1 5 8 E r . 
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45. JOHNSON Nuclear Shapes at High Spins 303 

are seen t o be i n agreement w i t h our e x p e r i m e n t a l l y observed l o s s o f c o l l e c 

t i v i t y a t h igh r o t a t i o n a l f r e q u e n c i e s i n t h e q u a s i p a r t i c l e bands. However, 

we p o i n t out t h a t shou ld a l l o f t h e l o s s o f c o l l e c t i v i t y i n t hese two n u c l e i 

be a t t r i b u t e d t o t r i a x i a l i t y , i t i s necessary t o invoke va lues o f γ i n excess 

o f 20° a t s p i n 1 8 + . 

An i n t e r e s t i n g aspet o f t h e CSM approach above i s t h a t t h e d e f o r m a t i o n 

d r i v i n g tendency i s s t r o n g l y a f f e c t e d by t h e l o c a t i o n o f t h e Fermi s u r f a c e o f 

a n u c l e u s . I f i t l i e s low i n t h e s h e l l , then t h e h i g h - j q u a s i p a r t i c l e has 

i t s lowest energy f o r γ > 0 . When the Fermi s u r f a c e l i e s near mid s h e l l , γ 

tends t o move t o t he n e g a t i v e s e c t o r , g i v i n g r i s e t o t r i a x i a l i t y con fo rm ing 

t o c o l l e c t i v e r o t a t i o n s o f an o b l a t e e l l i p s o i d . A d m i t t e d l y , a nuc leus whose 

n e u t r o n Fermi s u r f a c e l i e s near t h e midd le o f t he 1*13/2 s h e l l shou ld be a 

we l1 -de fo rmed r o t o r w i t h a pronounced minimum i n i t s p o t e n t i a l energy s u r f a c e 

a n d , t h e r e f o r e , i t i s expected t o be r e l a t i v e l y r e s i s t a n t t o t r i a x i a l d e f o r 

mat ion d r i v i n g i n f l u e n c e s . 

I n measur ing t h e l i f e t i m e s o f h i g h - s p i n s t a t e s i n 1 7 2 W (N = 9 8 , which 

i s near t h e midd le o f t he i 1 3 / 2 

s h e l l ) , we d i d not a n t i c i p a t e a 

s i g n i f i c a n t d i f f e r e n c e i n t h e c o l l e c 

t i v i t y a t sp ins 18-20 i n t h e y r a s t 

sequence f rom t h a t found low i n t h e 

ground band. At t h i s p o i n t we 

[RA085] have o n l y p a r t i a l l y completed 

t h e da ta a n l a y s e s , but t o our s u r 

p r i s e , t h e Q t va lues o f 1 7 2 W shown 

i n F i g . 5 d i s p l a y a very s i m i l a r 

b e h a v i o r t o t h e much s o f t e r n u c l e i 

near Ν = 90 . Th is r e s u l t r a i s e s some 

very i n t e r e s t i n g q u e s t i o n s r e l a t i n g 

t o which degrees o f f reedom are 

chang ing t o produce t h i s e f f e c t . Ob

v i o u s l y , a d d i t i o n a l l i f e t i m e measure

ments o f n u c l e i near Ν = 96-100 are 2 + 6 8 10 16 18 20 

i m p o r t a n t ; but t h e search f o r b e t t e r S P I N 

t h e o r i e s t o account f o r such phe-
__ F i g . 5. T r a n s i t i o n quadrupo le 

nomena i s e q u a l l y demanded. moments of y r a s t s t a t e s i n 1 7 2 W . 
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Signature Splitting in 135Pr 

T. M. Semkow1, D. G. Sarantites1, K. Honkanen1, V. Abenante1, C. Baktash2, Noah R. Johnson2, 
I. Y. Lee2, M. Oshima2, Y. Schutz2, C. Y. Chen3, O. Dietzsch3, J. X. Saladin3, A. J. Larabee4, 
L. L. Riedinger4, Y. S. Chen5, and H. C. Griffin6 
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2Oak Ridge National Laboratory, Oak Ridge, TN 37831 
3University of Pittsburgh, Pittsburgh, PA 15260 
4University of Tennessee, Knoxville, TN 37996-1200 
5Joint Institute for Heavy Ion Research, Oak Ridge, TN 37831 
6University of Michigan, Ann Arbor, MI 48109 

In-beam spectroscopic study of 135Pr was made using 91 MeV 120Sn(19F,4n) 
reaction. A strong negative parity proton band based on the h11/2- 3/2[541] 
configuration with (π,α)=(-,-1/2) was observed. (-,+1/2) unfavored band i s 
probably observed. Also two positive parity proton bands are observed and 
are based on the g7/2+ 3/2[422] configuration with (π,α)=(+,±1/2). In the 
case of π(+) bands the backbending is caused by the alignment of two h11/2-
3/2[541] protons. For the (-,-1/2) band the backbending is caused by the 
alignment of two h11/2- protons: 3/2[541] and 1/2[550]. This is considerably 
different than in 134Ce core, where the h11/2 neutron-holes are aligning. 

Nuclei in the vic in i ty of La, Ce, Pr are predicted to be soft in γ
-deformation [CHE83]. An investigation was undertaken to study the signature 
sp l i t t ing between rotational bands in 135Pr, which i s related to γ-deforma
t ion. 135Pr was produced by the 120Sn(19F,4n) reaction at 91 MeV using the 
tandem accelerator at the Brookhaven National Laboratory. Coincidence data 
were recorded between 4 Compton-suppressed Ge detectors at ~ 40° relative to 
the beam and 2 unsuppressed Ge detectors at ~ 85°. In addition an array of 
11 NaI detectors around the target were used as a mult ipl ici ty selector. 

The 1 3 5 P r decay scheme i s shown in F ig . 1 and i t was constructed from γγ-

0097-6156/86/0324-0305506.00/0 
© 1986 American Chemical Society 
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46. SEMKOW ET AL. Signature Splitting in 135Pr 307 

c o i n c i d e n c e , i n t e n s i t y , and a n g u l a r c o r r e l a t i o n i n f o r m a t i o n . L o w - s p i n s t u d i e s 

o f 1 3 5 P r f rom in-beam and r a d i o a c t i v e decay work [K0R85, WIS75, C0N73, EKS72] 

were v a l u a b l e i n a s s i g n i n g s p i n s and p a r i t i e s o f h i g h - s p i n s t a t e s . Most o f 

t h e i n t e n s i t y goes t o t he p r o t o n band wh ich i s based on h n / 2 " 3 / 2 [541] c o n 

f i g u r a t i o n , w i t h s i g n a t u r e a = - l / 2 . There i s a l s o some ev idence f o r t h e 

a = + l / 2 u n f a v o r e d band. The p a t h t h r o u g h t h e 843, 725, and 482 keV cascade 

was chosen because the 482 keV t r a n s i t i o n was known b e f o r e [K0R85] , over more 

i n t e n s e p a t h t h r o u g h 796 and 726 keV cascade. The two bands a r e s t r o n g l y 

decoup led because o f t h e K=3/2 band head . However, by add ing 4 n e u t r o n s t h e 

1 3 / 2 " l e v e l moves below 1 5 / 2 " l e v e l i n 1 3 9 P r [ P I I 8 0 ] due t o t he i n c r e a s e o f 

γ f rom 21° t o 34° ( s l i g h t l y o b l a t e , see F i g . 2 ) . The a = + l / 2 p o s i t i v e p a r i t y 

bands a re based on i r g 7 / 2 + 3 / 2 [ 4 2 2 ] c o n f i g u r a t i o n . There a r e s e v e r a l Ml c o n 

n e c t i n g t r a n s i t i o n s o b s e r v e d . The Ml b r a n c h i n g f r a c t i o n s f rom f a v o r e d band 

a r e : 0 .05 f o r t h e 274 keV, 0 .12 f o r t h e 260 keV, and 0 . 9 1 f o r 204 keV t r a n 

s i t i o n s . On t h e o t h e r hand t r a n s i t i o n s f rom t h e un favo red t o f a v o r e d band 

a r e so weak, t h a t t h e y can be seen o n l y f rom t h e f a v o r e d band be low. T h i s i s 

i n agreement w i t h B(M1) /B(E2) s y s t e m a t i c s f o r connected r o t a t i o n a l bands 

[HAG82]. Above t h e backbending most o f t h e i n t e n s i t y goes t o t he 

( π , ο ϋ = ( - , - 1 / 2 ) band s i m i l a r l y as i t i s observed i n 1 3 3 P r [ H I L 8 5 ] . 

19/2" 
F i g . 2 . Sys temat ics o f n ( -

l e v e l s i n odd-A Pr i s o t o 

pes . R e f e r e n c e s : A=l33 

[ H I L 8 5 ] , A=135 [K0R85] , 

A=137 [KLE75] , A=139 

[P I 1 8 0 ] . 

A = 133 A=I35 A = 137 A=I39 
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308 NUCLEI OFF THE LINE OF STABILITY 

Changes o f γ - d e f o r m a t i o n i n r o t a t i o n a l n u c l e i a r e caused by t h e ba lance 

between d r i v i n g f o r c e s r e s u l t i n g f rom t h e q u a s i - p a r t i c l e p r o p e r t i e s b e f o r e 

backbend ing , t h e b e h a v i o r o f a l i g n i n g q u a s i - p a r t i c l e s a t t h e backbend, t h e γ -

s o f t n e s s o f t h e c o r e , and t h e c o l l e c t i v e r o t a t i o n [LEA82, FRA83, CHE83, 

BEN84]. These changes i n γ - d e f o r m a t i o n a r e t h u s observed as changes o r even 

i n v e r s i o n s [BEN84] o f s i g n a t u r e s p l i t t i n g . The c o r e i s expec ted t o be d r i v e n 

by r o t a t i o n towards γ - - 3 0 ° ( i n t h e Lund c o n v e n t i o n [AND76, L E A 8 2 ] ) . Q u a s i 

p a r t i c l e s occupy ing h i g h - j s h e l l cause the d r i v i n g f o r c e towards γ>0° when 

t h e Fermi l e v e l i s a t t h e b e g i n n i n g o f t h e s h e l l , towards γ<0° w i t h Fermi 

l e v e l i n t h e m idd le o f t h e s h e l l , and towards γ<0° w i t h Fermi l e v e l c l o s e t o 

t h e t o p o f t h e s h e l l [LEA82] . 

1 3 5 P r i s i n t h e t r a n s i t i o n a l r e g i o n , where b o t h the h n / 2 p r o t o n s and 

n l l / 2 n e u t r o n - h o l e s can a l i g n . For example i n t h e l i g h t e r Ce i s o t o p e s , 

1 2 8 - 1 3 2 ς θ | t h e h n / 2 p r o t o n s a l i g n c a u s i n g γ>0° s h i f t , w h i l e i n t h e h e a v i e r 

1 3 4 , 1 3 6 , 1 3 8 ς θ t h e h n / 2 n e u t r o n h o l e s were found t o a l i g n c a u s i n g γ<0° s h i f t 

towards t h e o b l a t e shapes. T h i s has been conc luded f rom b o t h t h e s p e c t r o s c o 

p i c [MUL78, MUL84], as w e l l as f rom t h e g - f a c t o r [ZEM82] measurements. 

F i g . 3 shows t h e a l i g n e d a n g u l a r momentum f o r t h e t h r e e bands i n 1 3 5 P r . 

For t h e TT(+) bands t h e a l i g n m e n t i s ~ 9 . 2 h a t hu>c = 0 .32 MeV. P r e l i m i n a r y 

c r a n k i n g - s h e l l - m o d e l c a l c u l a t i o n s show t h a t t h i s i s c o n s i s t e n t w i t h t h e 

a l i g n m e n t o f two h n / 2~ 3 / 2 [ 5 4 1 ] p r o t o n s a t η ω Α Β = 0 .3 MeV. The c a l c u l a t i o n s 

were done w i t h Z2 = 0 . 2 5 , = 0 . 0 2 , Δ ρ = Δ π = 1.2 MeV taken f rom sys tema

t i c s , and t h e c r o s s i n g was found a t γ = 0 ° . The i r ( - ) band c rosses a t hu>c = 

0 .46 MeV w i t h a l i g n m e n t o f ~ 10 h . Us ing b l o c k i n g arguments t h e c a l c u l a t i o n 

g i v e s η ω ^ = 0 .46 MeV w i t h t he a l i g n m e n t o f two h n / 2 " p r o t o n s : 1 /2 [550 ] and 

3 / 2 [ 5 4 1 ] . A t t he h i g h e r f r e q u e n c i e s bo th t h e i r ( + ) and i r ( - ) bands show an 

upbend. T h i s may be due t o t h e BC-a l ignment o f p r o t o n s i n i r ( + ) bands and t h e 

A B - a l i g n m e n t o f n e u t r o n s i n ττ(-) bands, w i t h t h e i n c r e a s e o f t h e f requency 

b e i n g r e l a t e d t o h i g h e r i n t e r a c t i o n s t r e n g t h s . The a l i g n m e n t o f h n / 2 p r o 

t o n s i n 1 3 5 P r i s s u r p r i s i n g i n compar ison w i t h 1 3 ^ C e and f u r t h e r c a l c u l a t i o n s 

a t t h e d i f f e r e n t γ * s a r e i n p r o g r e s s t o see i f ano the r p i c t u r e would be c o n 

s i s t e n t w i t h t h e Pr d a t a . 1 3 3 P r [H IL85] behaves s i m i l a r l y t o 1 3 5 P r , e x c e p t 

t h e a> c ' s a r e s l i g h t l y l o w e r and t h e ( - , - 1 / 2 ) band shows upbend r a t h e r t h a n t h e 

backbend. 
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46. S E M K O W E T AL. Signature Splitting in 135Pr 309 

Π ω (MeV) I (fi) 

F i g . 5 . Energy i n t h e r o t a t i n g f rame F i g . 6 . Energy between l e v e l s 1+1/2 

v s . r o t a t i o n a l f r e q u e n c y . and 1-1/2 v s . m i d d l e s p i n . 
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310 NUCLEI OFF THE LINE OF STABILITY 

E x p e r i m e n t a l e n e r g i e s i n t he r o t a t i n g f r a m e , E* , a r e p l o t t e d on F i g s , 4 

and 5 f o r t h e ττ(- ) and ττ(+) bands, r e s p e c t i v e l y . The s i g n a t u r e s p l i t t i n g i s 

d e f i n e d as the d i f f e r e n c e between E* f o r o p p o s i t e s i g n a t u r e s . The s i g n a t u r e 

s p l i t t i n g decreases w i t h i n c r e a s i n g ω f o r t h e π ( - ) bands. The s i g n a t u r e 

s p l i t t i n g f o r t h e i r ( + ) bands can be i l l u s t r a t e d b e t t e r i n F i g . 6 , where the 

energy d i f f e r e n c e between Δ Ι = 1 l e v e l s i s p l o t t e d v s . m i d d l e s p i n f o r b o t h 

s i g n a t u r e s [ R I E 8 3 ] . Large s i g n a t u r e s p l i t t i n g b e f o r e t h e backbending i n v e r t s 

a f t e r t h e backbend ing . T h i s b e h a v i o r i s d i f f e r e n t t han i n 1 3 3 P r , where t h e 

s i g n a t u r e s p l i t t i n g i s s m a l l e r and does n o t i n v e r t . 
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47 
Massive Transfer Reactions and the Structure 
of Transitional A ~ 100 Nuclei 

D. R. Haenni, H. Dejbakhsh, and R. P. Schmitt 

Cyclotron Institute, Texas A&M University, College Station, TX 77834 

Band crossings and other features of the mass 100 transitional 
nuclei have been studied with massive transfer and fusion 
reaction based γ-ray spectroscopy. Experimental blocking 
argument results and calculations agree that υh11/22 
alignment is responsible for the band crossing in 102Ru. The 

soft core of 103Rh is influenced by the configuration of the 
odd proton; however, the mechanism for this is not clear. 

H i g h - s p i n f e a t u r e s o f t h e t r a n s i t i o n a l n u c l e i i n t h e mass 100 r e g i o n 

(Z<50, N>50) a re i n t e r e s t i n g bu t n o t w e l l s t u d i e d . There i s an a b r u p t shape 

change between 58 and 60 n e u t r o n s . These n u c l e i are a l s o t r a n s i t i o n a l t o 

t h r e e d i f f e r e n t c l o s e d o r b i t a l c o n f i g u r a t i o n s (Z=40, Z=50, and N=50). 

Backbending i s known f o r 1 0 4 , 1 0 6 p d [GRA76] bu t o n l y schemat ic compar isons 

w i t h c ranked s h e l l model (CSM) p r e d i c t i o n s have been made [STA84] . The 

p r e s e n t d i s c u s s i o n w i l l c e n t e r around 1 0 2 R u and 1 0 3 R h wh ich bave N=58 and are 

midway between the 40 and 50 p r o t o n o r b i t a l c l o s u r e s . Most o f t he n u c l e i i n 

t h i s mass r e g i o n a re d i f f i c u l t t o s tudy s i n c e they l i e on the n e u t r o n r i c h 

s i d e o f the v a l l e y o f s t a b i l i t y . The i n v e s t i g a t i o n o f h i g h - s p i n phenomenon 

v i a in-beam γ - r a y s p e c t r o s c o p y w i t h the usual ( Η Ι , χ η γ ) f u s i o n r e a c t i o n s i s 

i n genera l h i n d e r e d by the l a c k o f s u i t a b l e t a r g e t s . 

P a r t o f t he spec t roscopy program a t TAMU i s the development o f t he so 

c a l l e d massive t r a n s f e r (MT) o r b reak-up f u s i o n r e a c t i o n s f o r d i s c r e t e - l i n e 

s t r u c t u r e s t u d i e s . B a s i c a l l y these h e a v y - i o n r e a c t i o n s i n v o l v e the t r a n s f e r 

o f a p r o j e c t i l e f ragment t o t he t a r g e t w i t h t he rema in ing e n e r g e t i c f ragment 

be ing e m i t t e d i n t h e f o r w a r d d i r e c t i o n . Wi th MT r e a c t i o n s one tends t o 

observe a b e t t e r p o p u l a t i o n o f h i g h - s p i n s t a t e s when compared t o t he 

c o r r e s p o n d i n g f u s i o n r e a c t i o n . D e t e c t i o n o f the e m i t t e d l i g h t f ragmen t can 

a l s o p r o v i d e a s o r t o f e x i t channel f i l t e r . These f e a t u r e s can be u s e f u l i n 

the s t u d y o f n u c l e i wh ich are more n e u t r o n r i c h than n o r m a l l y a c c e s s i b l e by 

0097-6156/86/0324-0311$06.00/ 0 
© 1986 American Chemical Society 
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312 NUCLEI OFF THE LINE OF STABILITY 

( H I , χηγ) r e a c t i o n s , , F u r t h e r d e t a i l s conce rn ing γ - r a y spec t roscopy w i t h 
MT r e a c t i o n s can be found e lsewhere [HAE82] . 

E x p e r i m e n t a l l y p a r t i c l e - γ and p a r t i c l e - γ - γ c o i n c i d e n c e s a r e measured. 

Wi th beams h e a v i e r than L i a γ - r a y m u l t i p l i c i t y f i l t e r i s needed t o 

s e l e c t h i g h - m u l t i p l i c i t y MT even ts f rom o t h e r r e a c t i o n s wh ich r e s u l t i n 

e n e r g e t i c p a r t i c l e s bu t low m u l t i p l i c i t i e s . From a s i n g l e MT s p e c t r o s c o p y 

measurement i t i s p o s s i b l e t o s i m u l t a n e o u s l y o b t a i n much o f t he usual 

4803 

4052 

3431 

2704 

1874-

3109 

2318 

1554 1400 
1332 
642 
590 

1716-

3214 
21/2* 
19/2* 2 4 1 8 

2802 

2804 

i — l 9/ 2« 93 - L - L 9/2* ^ 3 / 2 -

-(25/2*) 

- 2 I / 2 * 2680-
-17/2* 2132-

, 4 4 3 -

1 9/2* 774 -
Τ 772* 
i 5 / 2 - 2 ' 4 -

3080-
-23 /2* 
-19/2* 2132 

-27 /2 " 

- 2 3 / 2 " 

- I 9 / 2 " 

-15 /2 -

F i g . 1 . P a r t i a l l e v e l 

10 - (A) 

1 0 4 Pd GSB 

5 
Τ l 0 0 R u GSB" 

0 

l 0 4 R u G S B / ^ 

" l 0 2 R u G S B " V ^ 

10 
' l c Î 2 Ru GSB 

M 5 \ 

0 

l 0 3 R u 7 / 2 **V 
l 0 3 R h i / 2 > ^ I T ^ R u 7/2* 

l 0 , Ru5/2* _ 

10 
' (C) s 

l 0 3 R u " ^ " ^ 

5 

0 

- l 0 l R u H / 2 -
l 0 l Tc 9/2* 
l 0 3 R h 9 / 2 * 
, 0 2 R u GSB 

0.2 03 0.4 0.5 0.6 
h ω (MeV) 

F i g . 2 . P a r t i c l e a l i g n m e n t vs 

r o t a t i o n a l f r equency f o r bands 
102 

Ru and n e i g h b o r i n g n u c l e i . 

102 
Ru and n e i g h b o r i n g n u c l e i . 

e x p e r i m e n t a l γ - r a y da ta ( s i n g l e s , e x c i t a 

t i o n f u n c t i o n , c ross bombardment, a n g u l a r 

d i s t r i b u t i o n , and c o i n c i d e n c e ) f o r s e v e r a l 

a d j a c e n t e x i t c h a n n e l s . 
102 

P a r t i a l l e v e l schemes f o r Ru and 

i t s ne ighbors a re g i v e n i n F i g . 1 . Each 

band c o n t a i n s new l e v e l s . These r e s u l t s 

were o b t a i n e d a t t he TAMU C y c l o t r o n 

I n s t i t u t e w i t h \ i and MT r e a c t i o n s 

induced on a m e t a l l i c 1 0 0 M o t a r g e t a t 49 

and 77 MeV, r e s p e c t i v e l y and c o n v e n t i o n a l 

( 7 ί ι , χ η γ ) s p e c t r o s c o p y a t 45 MeV. For 

1 0 1 R u o t h e r bands were a l s o p o p u l a t e d b u t 

t h e y c o u l d n o t be ex tended t o h i g h e r s p i n s 
than p r e v i o u s l y r e p o r t e d [KLA82] . The 
104 

Ru l e v e l scheme agrees w i t h r e c e n t 

Coulomb e x c i t a t i o n work [STA84] . 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

04
7



47. HAENNI ET AL. Massive Transfer Reactions 313 

-0.5 

ι π— 

w 
V\ v\ 

1 1 
l 0 2 R u 

V \ 
\ 
\ 

^ \ * \ 
Ii_ _y_ 

Neut ron i / h n , 
ll/ 2 

\ \ Y -
A 0.17 0° 

B 0.14 10° 

C 0.20 -10° 

Proton wai 

~ D 0.05 -60° w A \ -

0 4 

ticu (MeV) 

F i g . 3 . Exper imen ta l r o u t h i a n 
i n ? 

f o r Ru compared w i t h CSM. 

102 

The y r a s t cascade i n Ru shows a 

backbend w i t h a c r o s s i n g f r e q u e n c y o f 

Ο.370ω and an a l i g n m e n t g a i n o f 9.5t f . The 
usual a l i g n m e n t p l o t s [BEN79] i n F i g . 2a 

102 
compare Ru w i t h a d j a c e n t even-even 

104 
n u c l e i . Excep t f o r Pd the r e f e r e n c e 

102 
band f o r Ru i s used t o genera te these 
p l o t s . Both 1 0 0 R u [VOI76] and 1 0 4 R u show 
upbends w i t h the f o r m e r a t a h i g h e r 

102 
f r e q u e n c y than Ru. The e x p e r i m e n t a l 

i n? 

Routh ian [BEN79] f o r u Ru i s compared 

w i t h CSM p r e d i c t i o n s ( t r i a x i a l v e r s i o n ) 

[FRA83] i n F i g . 3 assuming e i t h e r t he 
v h 1 1 / 0 o r ïïgQ/0 a l i g n m e n t . From these 

LL/ά via 1 0 2 

c a l c u l a t i o n s t he backbend i n Ru s h o u l d 

a r i s e f rom v h ^ ^ a l i g n m e n t w i t h a smal l 

p o s i t i v e ε 2 d e f o r m a t i o n and perhaps a 

s l i g h t l y p o s i t i v e γ d e f o r m a t i o n . 

T h i s c o n c l u s i o n shou ld be t e s t e d t h r o u g h b l o c k i n g arguments based on 

the s i n g l e q u a s i p a r t i c l e bands i n t he a d j a c e n t odd-A n u c l e i . New da ta has 
102 

been o b t a i n e d t h r o u g h t h i s work f o r a l l t he n e i g h b o r s o f Ru. I n F i g . 2b 

bands based on v d ^ 2 , v g ^ 2 >

 a n d π Ρ ι / 2 e x n i D 1 t c r o s s i n g s a t about the same 

f r e q u e n c y as 1 0 2 R u and thus a re n o t the cause o f t he observed a l i g n m e n t . 
1Ω2 

Bands based on t h e v h n ^ 2 o r b i t a l , F i g . 2 c , b l o c k t h e Ru backbend. I n t e r 

p r e t a t i o n o f t he r e s u l t s f o r t he π g Q / 9 bands i s no t as s t r a i g h t f o r w a r d . To 
' 101 103 

f i r s t o r d e r a p l o t o f the f a v o r e d s t a t e s f o r Tc and Rh i n d i c a t e t h a t 

t h i s o r b i t a l a l s o b l o c k s t he backbend. 

I n o t h e r t r a n s i t i o n a l odd-A n u c l e i , however , band c r o s s i n g s a re known 

t o change the s i g n a t u r e s p l i t t i n g ( s t a g g e r i n g between the f a v o r e d and 

un favo red s t a t e s ) and the B(M1)/B(E2) r a t i o s . T h i s occurs when t h e odd 

nuc léon and the a l i g n i n g p a i r a r i s e f rom t h e un ique p a r i t y o r b i t s i n t h e i r 

r e s p e c t i v e s h e l l s . I n both 8 1 K r [FUN83] and 1 5 9 T m [LAR84] f o r example t he 

s i g n a t u r e s p l i t t i n g i s reduced above t h e band c r o s s i n g and t h e B(M1)/B(E2) 

r a t i o s are enhanced. F rauendor f [FRA84] has e x p l a i n e d these f e a t u r e s w i t h 

t he assumpt ion t h a t t h e u n p a i r e d nuc léons produce c o n f i g u r a t i o n dependent γ 

d e f o r m a t i o n s o f the s o f t t r a n s i t i o n a l c o r e . For t he mass 100 r e g i o n an odd 
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3 1 4 NUCLEI OFF THE LINE OF STABILITY 

π 9 9 / 2 w o u l d genera te a n e g a t i v e γ d e f o r m a t i o n and l a r g e s i g n a t u r e s p l i t t i n g . 

A l i g n i n g a v h ^ ^ p a i r w i t h i t would push γ t o near 0 ° and remove the 
^ ~ _ ~ J - . . l ^ j - x ^ Λ Α τ ι ι ι £ ι _ j . 1 1 η / o"^~ J ο ι / ι Ί _ Λ _c s i g n a t u r e s p l i t t i n g 

3 9 / 2 

Α ΔΙ=1 band feeds the 19/2 and 21 /2 l e v e l s o f t h e 
1 0 3 D U . . 2 

ïïgQ/9 band i n Rh and may r e p r e s e n t such a ^ 9 / 2 ^ 1 / 2 band. T h i s band 

has l e v e l s a t 3396 , 3630, 3937, 4320 , 

4705, 5195, 5662 , and 6205 keV w i t h s p i n s 

10 

1 1 1 1 I 

'x V\ 

R h T r g 9 £ 

l 0 2 R u G S B 
0 ι ι · 1 

) 0 R u GSB -

O.I 0.2 0.3 Q4 Q 5 0 6 
*w (MeV) 

F i g . 4 . P a r t i c l e a l i g n m e n t vs 

r o t a t i o n a l f r e q u e n c y f o r t he 

πg 
9 /2 

band i n 1 0 3 R h assuming a 

change i n s i g n a t u r e s p l i t t i n g . 

2 3 / 2 + t o 3 7 / 2 + , r e s p e c t i v e l y . An a l i g n 

ment p l o t f o r t h i s band c r o s s i n g w i t h t h e 

π ^ 9 / 2 b a n d 1 S s n o w n i n F i g . 4 . A back
bend occurs a t a f r e q u e n c y c o n s i s t e n t 

102 

w i t h Ru. The π ς 9 ^ 2

 b a n d i s observed 

above t h e band c r o s s i n g r e g i o n . The s t a r t 

o f an up-bend i s found above 0.5Ηω. The 

p r e s e n t l e v e l scheme f o r ^ T c does n o t 

e x t e n d h i g h enough t o show a s i m i l i a r 

c r o s s i n g band. 

The c o m p l e x i t y o f ou r a n g u l a r d i s 

t r i b u t i o n s p e c t r a do n o t p e r m i t r e l i a b l e 

e x t r a c t i o n o f m i x i n g r a t i o s f o r t h e I + I - l t r a n s i t i o n s i n t he b a n d -

Assuming t h a t these are pure M l , a 10 f o l d i n c r e a s e i n t h e e x p e r i m e n t a l 

B(M1)/B(E2) i s observed between t h e one and t h r e e q u a s i p a r t i c l e bands. 

Donau and F rauendor f [D0N83] have suggested t h a t s i n c e the r o t a t i o n a x i s i s 

n o t t h e same as the a l i g n m e n t a x i s i n a h i g h Κ band , p a r t i c l e a l i g n m e n t can 

enhance Ml t r a n s i t i o n r a t e s . T h i s occurs when t h e g f a c t o r ( g ^ - g R ) has an 

o p p o s i t e s i g n f o r t he i n i t i a l and t h e a l i g n i n g q u a s i p a r t i c l e s . They gave a 

semi c l a s s i c a l e x p r e s s i o n f o r t he B(M1) /B(E2) r a t i o s . Wi th a s t r o n g coup led 

9 9 / 2 p r o t o n (K=9/2) t h i s e x p r e s s i o n g i v e s a f a c t o r o f 3 i n c r e a s e i n the 

B(M1)/B(E2) r a t i o ove r t h e same range o f s p i n . 

The s i g n a t u r e s p l i t t i n g observed i n t he g g ^ 2

 b a n d d o e s n o t n e c e s s a r i l y 

i m p l y c o n f i g u r a t i o n dependent γ d e f o r m a t i o n s as proposed by F r a u e n d o r f . A 

s i m i l i a r s p l i t t i n g i n 1 0 5 , 1 0 7 A g was reproduced [P0P79] w i t h a q u a s i p a r t i c l e -
p l u s - r o t o r (SR) model i n c l u d i n g a VMI t r e a t m e n t o f the s o f t c o r e . The l e v e l 

103 
scheme f o r Rh shows many o f t he same f e a t u r e s as t h e Ag i s o t o p e s b u t i s 

103 

more c o m p l e t e . To e x p l o r e t h i s f u r t h e r t h e l e v e l s i n Rh have been 

c a l c u l a t e d u s i n g the SR, IBFM-1 [ J 0 L 8 5 ] , and t r i a x i a l r o t o r (AR) [MAY 75] 

mode ls . Parameters f o r t he SR model were chosen i n a manner s i m i l i a r t o t h e 
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47. HAENNI ET AL. Massive Transfer Reactions 315 

4.0 L 2 5 / 2 ' -

3 .0 h 

2 
ω 2.0 

1.0 

0 .0 

2 1 / 2 ' -

17/2 ' -

15/2"-

9/2" 
5/2Ί 
7/2" 

5 / 2 " . 
3 / 2 ' " 

11/2" 

I B F M - I EXR S.R. 
T r p i / 2 Band 

F i g . 5 . Comparison o f t he n e g a t i v e 
103 n 

p a r i t y b a n d i n 

model c a l c u l a t i o n s . 

"Rh w i t h 

(A) (B) 

2 1 / 2 -
1 9 / 2 -

1 7 / 2 -

1 5 / 2 -

13/2— 
1 1 / 2 -

(o) 5 / 2 -

" • g 9 / 2 B o 

E X P 

F i g . 6 . Comparison o f t he p o s i t i v e 
103 n 

p a r i t y D a n d Ί ' η 

model c a l c u l a t i o n s . 

J Rh w i t h 

Ag i s o t o p e s [P0P79] bu t u s i n g an average Ru - Pd c o r e . The IBFM-1 

parameters a re f r o m a r e c e n t c a l c u l a t i o n [J0L85] f o r odd-A Rh i s o t o p e s 

assuming t h a t Rh i s a ho le i n t he c o r r e s p o n d i n g Pd c o r e . Parameters f o r t h e 
102 104 

AR model were a g a i n based on an average Ru - Pd c o r e . 
103 

R e s u l t s o f these c a l c u l a t i o n s a r e compared to Rh i n F i g s . 5 , 6 . For 

t h e n e g a t i v e p a r i t y l e v e l s t h e SR and IBFM-1 models produce a reasonab le 

agreement w i t h t h e d a t a . The f i t s t o t h e g g ^ D a n d w l t n t h e same parameter 

s e t s [ ( A ) f o r t h e SR model ] a r e n o t as good and appear t o i n d i c a t e a s o f t e r 

c o r e than o b s e r v e d . The AR model p r e d i c t s s i g n a t u r e s p l i t t i n g f o r t h e g g ^ 2 

band as do t h e o t h e r models b u t i t s assumpt ion o f a r i g i d r o t o r c o r e i s n o t 

a p p r o p r i a t e f o r a t r a n s i t i o n a l n u c l e u s . The SR model f i t t o t h e g g ^ 2

 b a n d 

can be improved (B) i f t he d e f o r m a t i o n ε 2 i s decreased ( 0 . 2 - 0 . 1 5 ) and t h e VMI 

parameter C i s i n c r e a s e d ( 0 . 0 0 6 - 0 . 0 2 M e V 3 ) . These changes a re i n t h e 

d i r e c t i o n o f a s t i f f e r more s p h e r i c a l c o r e . 
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316 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

With core parameters d e r i v e d f rom n e i g h b o r i n g even-even n u c l e i bo th 

the SR and IBFM-1 models genera te a s i m i l i a r p a t t e r n o f r e s u l t s . The p 1 

band i s more o r l e s s reproduced w h i l e the g Q / 9 band i s compressed. T h i s 
103 

p r o v i d e s ev idence t h a t t he s o f t core i n Rh i s i n f l u e n c e d by the odd 

p r o t o n . I t i s more apparen t f o r t h e g g ^ 2 band than the p ^ 2 band. The 

cause f o r t h i s i s n o t c l e a r . I t may a r i s e f rom γ d e f o r m a t i o n o r perhaps 

r e s u l t s f rom n-p i n t e r a c t i o n s . T h i s i n t e r a c t i o n has a l r e a d y been shown 

[FED79] t o be the d e f o r m a t i o n d r i v i n g f o r c e i n t h i s mass r e g i o n w i t h t he 

^ 9 g / 2 a n d v g 7 / 2 o r D l t a l s p l a y i n g key r o l e s . Bands based on the ^9g/2 

o r b i t a l would l i k e l y show e f f e c t s f rom t h i s i n t e r a c t i o n . More d a t a , 

p a r t i c u l a r l y t r a n s i t i o n r a t e s f o r the g g ^ 2 b a n d / b e t t e r models f o r such 

t r a n s i t i o n a l odd-A n u c l e i are needed t o draw more d e f i n i t e c o n c l u s i o n s . 
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48 
High-Spin Structure of 163Lu 

K. Honkanen1, H. C. Griffin2, D. G. Sarantites1, V. Abenante1, L. A. Adler1, C. Baktash3, 
Y. S. Chen6, O. Dietzsch4, M. L. Halbert3, D. C. Hensley3, Noah R. Johnson3, A. J. Larabee5, 
I. Y. Lee3, L. L. Riedinger5, J. X. Saladin4, T. M. Semkow1, and Y. Schutz3 

1Washington University, St. Louis, MO 63130 
2University of Michigan, Ann Arbor, MI 48109 
3Oak Ridge National Laboratory, Oak Ridge, TN 37831 

4University of Pittsburgh, Pittsburgh, PA 15260 
5University of Tennessee, Knoxville, TN 37996-1200 
6Joint Institute for Heavy Ion Research, Oak Ridge, TN 37831 

The π9/2-[514] ground band structure of 163Lu shows a large signa
ture splitting with inversion above the backbend suggesting a shape 
change associated with the triaxiality degree of freedom. The π1/2-[541] 
band shows no backbending up to ћw = 0.4 MeV indicating a more deformed 
structure. 

R e c e n t l y , t h e c ranked s h e l l model has been v e r y s u c c e s s f u l i n i n t e r p r e t i n g 

t h e s p e c t r a o f t h e deformed n u c l e i a t h i g h s p i n s . I n t h i s p i c t u r e , t h e 

n u c l e u s i s assumed t o have an i n t r i n s i c n o n s p h e r i c a l shape and t o r o t a t e 

a d i a b a t i c a l l y a round a space f i x e d a x i s . [ B E N 7 9 ] T r a d i t i o n a l l y , most e x p e r i 

m e n t a l and t h e o r e t i c a l e f f o r t s were focused on t h e a s p h e r i c i t y parameter Z2 

and i t s i n f l u e n c e on t h e r o t a t i o n a l s p e c t r a . I n c o n t r a s t , o n l y v e r y r e c e n t l y 

a t t e n t i o n has been d i r e c t e d t o t h e t r i a x i a l i t y pa ramete r γ , wh ich p l a y s an 

i m p o r t a n t r o l e on t h e e v o l u t i o n o f shapes as a f u n c t i o n o f s p i n . More 

t h o r o u g h i n v e s t i g a t i o n s a r e needed t o p r o v i d e a d e t a i l e d u n d e r s t a n d i n g o f t h e 

b e h a v i o r o f n u c l e i a t h i g h s p i n s as a f u n c t i o n o f γ . 

I t has been p o i n t e d o u t by s e v e r a l a u t h o r s t h a t t h e p o p u l a t i o n o f r o t a -

t i o n a l l y a l i g n i n g h i g h - j o r b i t a l s may p r o v i d e a s e n s i t i v e probe o f t h e 

t r i a x i a l i t y parameter γ , and c o u l d be used t o t r a c e t h e e v o l u t i o n o f γ w i t h 

a n g u l a r momentum [BEN83] , [FRA83] , [ LEA83 ] . These o b s e r v a t i o n s a r e based on 

.the f a c t t h a t a p a r t i c l e ( h o l e ) i n a h i g h - j o r b i t a l p o l a r i z e s t h e co re toward 

0097-6156/ 86/ 0324-0317$06.00/ 0 
© 1986 American Chemical Societv 
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318 NUCLEI OFF THE LINE OF STABILITY 

o b l a t e ( p r o l a t e ) shapeι whereas , a q u a s i - p a r t i c l e i n a h a l f - f i l l e d h i g h - j 

o r b i t a l s h e l l g e n e r a t e s t h e i n t e r m e d i a t e s i t u a t i o n l e a d i n g t o a t r i a x i a l 

shape. These e x p e c t a t i o n s where c o n f i r m e d i n a c ranked s h e l l - m o d e l c a l c u l a 
te 

t i o n by Leander [ L E A 8 3 ] , who c o n c l u d e d t h a t i n a γ - s o f t n u c l e u s t h e p resence 

o f a h i g h - j q u a s i - p a r t i c l e w i t h f a v o r e d s i g n a t u r e w i l l s t a b i l i z e the shape o f 

t h e n u c l e u s a t a γ v a l u e t h a t depends i n i t i a l l y on t h e p o s i t i o n o f t h e Fermi 

l e v e l i n t h e s h e l l . For non γ - s o f t n u c l e i t h a t have a p o t e n t i a l - e n e r g y m i n i 

mum a t some o t h e r γ v a l u e t h e q u a s i - p a r t i c l e e x e r t s a d r i v i n g f o r c e t o w a r d 

p o s i t i v e γ v a l u e s when t h e s h e l l i s l e s s t h a n h a l f f u l l o r t oward n e g a t i v e γ 

v a l u e s when i t i s more t h a n h a l f f u l l . I n c o n t r a s t t h e u n f a v o r e d s i g n a t u r e 

s t a t e s a r e much l e s s s e n s i t i v e t o v a r i a t i o n s o f γ and λ , t h e p o s i t i o n o f t h e 

Fermi l e v e l i n t h e s h e l l . T h i s r e s u l t s i n s i g n a t u r e s p l i t t i n g s t h a t become a 

s e n s i t i v e measure o f t h e v a r i a t i o n o f γ - d e f o r m a t i o n w i t h s p i n and λ . 

I n v e r s i o n o f s i g n a t u r e s p l i t t i n g above t h e backbend i n ^ y H o ^ [HAG82] and i n 

1 6 9 T m 9 0 CR I E 8 3] i n ^ e 7 r 7 / 2 ~ [ 5 2 3 ] band was e x p l a i n e d by t h e p o s i t i v e d r i v i n g 

i n f l u e n c e o f t h e two 113/2 n e u t r o n s above t h e backbend w h i c h r e s u l t s i n a 

change f rom n e g a t i v e t o s l i g h t l y p o s i t i v e γ above t h e backbend. 

I n o r d e r t o e x p l o r e t h e p o s s i b i l i t y o f such e f f e c t s i n t h e γ p l a n e as a 

f u n c t i o n o f t h e p r o t o n number we have s t u d i e d t h e h i g h s p i n s t r u c t u r e o f 

^ L u ^ wh ich has two p r o t o n s and two n e u t r o n s more t h a n 1 5 9 T m . I n t h i s case 

t h e π 9 / 2 " [ 5 1 4 ] and p o s s i b l y t h e π 7 / 2 + [ 4 0 4 ] o r b i t a l s would be p r e d o m i n a n t l y p o p u 

l a t e d . The fo rmer o f t h e s e may be a new c a n d i d a t e f o r such a s i g n a t u r e i n v e r 

s i o n . 

The h i g h s p i n s t a t e s i n 1 6 3 L u were p o p u l a t e d v i a t h e 1 2 2 S n ( ^ 5 S c , 4 n ) r e a c 

t i o n a t 192 MeV w i t h t h e tandem a c c e l e r a t o r a t t h e H o l i f i e l d H e a v y - I o n 

F a c i l i t y . A s t a c k o f f o u r (250 y g / c m 2 each) 1 2 2 S n s e l f - s u p p o r t i n g f o i l s were 

used as a t a r g e t . A s h o r t r u n w i t h a t h i c k e r ( 1 . 2 mg /cm 2 ) t a r g e t gave s i m i 

l a r energy r e s o l u t i o n i n t he Ge γ - r a y energy s p e c t r a . 

The γ - r a y s p e c t r o s c o p i c i n f o r m a t i o n was o b t a i n e d u s i n g an a r r a y o f f i v e 

Ge d e t e c t o r s w i t h p e n t a g o n a l Na l a n t i - C o m p t o n s h i e l d s l o c a t e d a t 63° t o t h e 

beam and t h r e e a d d i t i o n a l Ge d e t e c t o r s a t 2 4 ° . T w o - f o l d o r h i g h e r c o i n c i d e n t 

e v e n t s f rom t h e s e d e t e c t o r s were used t o t r i g g e r t h e 72 N a l d e t e c t o r s o f t h e 

Sp in Spec t rome te r (SS) a t ORNL. [JAA83] An average Compton s u p p r e s s i o n f a c 

t o r o f 3 .5 f o r t h e 6 0 C o spec t rum was o b t a i n e d . The Ge d e t e c t o r s were p l a c e d 

a t 2 0 . 8 cm f rom t h e t a r g e t . 
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48. HONKANEN ET AL. High-Spin Structure of 163Lu 319 

The e v e n t t a p e s were p rocessed i n o r d e r t o ( 1 ) l i n e a r i z e and match t h e 

g a i n s o f t h e Na l d e t e c t o r s , ( 2 ) s e p a r a t e t h e n e u t r o n f rom t h e γ p u l s e s i n t h e 

SS, and ( 3 ) c o n s t r u c t t h e t o t a l p u l s e h e i g h t , H, and t h e c o i n c i d e n c e f o l d k. 

The p rocessed e v e n t s were t h e n s o r t e d by p l a c i n g 2 - d i m e n s i o n a l g a t e s i n ( H , k ) 

space i n o r d e r t o s e p a r a t e t h e cascades a s s o c i a t e d w i t h t h e 4n f rom t h e 5n 

c h a n n e l . T h i s p r o c e d u r e reduces t h e background f rom t h e compet ing channe ls 

by a f a c t o r o f 2 o r more . The g a t e d e v e n t s were s o r t e d i n t o an Εγ-Εγ m a t r i x , 

w h i c h was c o r r e c t e d f o r Ge d e t e c t o r e f f i c i e n c y . A t w o - d i m e n s i o n a l background 

s u b t r a c t i o n p r o c e d u r e was deve loped t o s u b t r a c t t h e Compton-Compton and 

peak-Compton backgrounds f rom each g a t e on t h e observed peaks . A n g u l a r 

c o r r e l a t i o n i n f o r m a t i o n was o b t a i n e d f rom a m a t r i x w i t h t h e 24° and 63° 

d e t e c t o r s on s e p a r a t e a x e s . 

I n F i g . 1 a r e shown t h r e e band s t r u c t u r e s b e l i e v e d t o be a s s o c i a t e d w i t h 

Energy s y s t e m a t i c s i n t h e h e a v i e r odd A Lu i s o t o p e s show t h a t t h e 

π 9 / 2 " [ 5 1 4 ] band would be t h e y r a s t band , a l t h o u g h t h e π 1 / 2 + [ 4 1 ΐ ] decreases 

r a p i d l y i n energy w i t h d e c r e a s i n g A r e l a t i v e t o t h e π 7 / 2 + [ 4 0 4 ] s t a t e and i n t h e 

1 6 5 L u and 1 6 3 L u may become t h e g round s t a t e . I n 1 6 3 L u [ X N 8 4 ] t h e π 9 / 2 " [ 5 1 4 ] 

band i s t h e y r a s t band and i n i t i s a l s o t h e s t r o n g e s t band p o p u l a t e d i n 

t h e p r e s e n t w o r k . The decay scheme shown i n F i g . 1 i s p r e l i m i n a r y and f u r t h e r 

a n a l y s i s i s i n p r o g r e s s t o connec t t h e d i f f e r e n t s t r u c t u r e s based on observed 

c o i n c i d e n t γ - r a y s . The t r a n s i t i o n s f rom a l l t hese s t r u c t u r e s have y i e l d s a s s o 

c i a t e d w i t h CH,k) d i s t r i b u t i o n s c h a r a c t e r i s t i c o f t h e ( 4 5 S c , 4 n ) r e a c t i o n and 

t h u s were a s s i g n e d t o 1 6 3 L u . 

There i s a s t r i k i n g s i m i l a r i t y between some o f t h e bands i n 1 6 3 L u and 

1 6 5 L u . I n 1 6 5 L u t h e 9 / 2 " [ 5 1 4 ] band was seen up t o I = 4 3 / 2 " and i t has a 

s i g n i f i c a n t s i g n a t u r e s p l i t t i n g [ J 0 N 8 4 ] . Based on s y s t e m a t i c s f rom t h e odd-A 

Lu i s o t o p e s , we have a s s i g n e d t h i s y r a s t band as t h e π 9 / 2 ~ [ 5 1 4 ] . The b a c k 

bend ing i n t h i s r e g i o n i s due t o b r e a k i n g and a l i g n m e n t o f an 113/2 n e u t r o n 

p a i r , wh ich p l a c e s t h e backbend ing a t abou t 12 u n i t s o f r o t a t i o n a l a n g u l a r 

momentum. A second band was a s s i g n e d as π 1 / 2 " [ 5 4 1 ] based on s y s t e m a t i c s and 

i n ana logy w i t h 1 6 5 L u . A t h i r d band s t r u c t u r e shown i n F i g . 1 i s most l i k e l y 

a p a r t o f t h e 7 / 2 + [ 4 0 4 ] band . 

The f a v o r e d and u n f a v o r e d bands Cot = ~ and ^ ) g a i n 7 .2 and 8 . 2 u n i t s o f 

a n g u l a r momentum above t h e backbend, r e s p e c t i v e l y ( F i g . 2 a ) . T h i s i s c o n -
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320 NUCLEI OFF THE LINE OF STABILITY 

6637 

1 6 3 , 

71 U 9 2 
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4 6 3 

3 2 7 
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399 
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4326 

3574 

2878 

2 2 4 0 

1663 

1150 

6 9 9 

314 

O f Y 

-445/2") 5 | / 2 - 6 l 8 0 

805 

-441/2") 
47 /2 

752 

-437 /2" ) 

5 3 / 2 " 

4 9 / 2 " 

4 5 / 2 " 

696 

{33/2*) 

43 /2 

39/2 
638 

- 4 2 9 / 2 " ) 
35/2 

5 7 7 5 0 2 

— Î 2 5 / 2 " ) 3 1 / 2 - 2 7 1 3 

513 

421/2") 
4 5 0 27/2 

- ( Ι 7 / 2 Ί 
385 
— 0 3 / 2 " ) 23/2' 
314 

( 9 / 2 " ) 
19/2 

15/2 

11/2 

33 /2 " 

9 / 2 " 

7 Γ Ι / 2 " [541] ITS/2' [514] 

F i g . 1 T e n t a t i v e decay scheme f o r t h e t h r e e band s t r u c t u r e s a s s i g n e d t o 

1 6 \ u . The s p i n 9 / 2 " f o r t h e l o w e s t observed l e v e l i n t he π 9 / 2 " [ 5 1 4 ] 

band was assumed based on s y s t e m a t i c s . 
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48. H O N K A N E N E T A L . High-Spin Structure of 163Lu 3 2 1 

3 

30 

20 

10 

(α) 
7Γ9 /2 " [514] 

— • α =-1/2 

- - - ο α =+1/2 

— Α 7 7 Ί / 2 " [541] 

0.0 0.1 0.2 0.3 
hbi (MeV) 

0.4 0.5 

- Γ - Τ ^--Ρ , ! ! I ! ! . . , 

(b) 

-0.5 M e V * 

7Γ 9/2" 1514] 
• — • α = -1/2 
Γ — - ο α = • ι/2 
; Α 7 Γ Ι / 2 " [541] h 

. . I ; . . 1 

b ; 

I I 

0.0 0.1 0.2 0.3 
fuj (MeV) 

0.4 0.5 

Fig. 2. Panels a and b show the aligned angular momentum and the energy in 
9 

the rotating frame (E = ^Level - ^ ω Ι χ ) for the bands indicated. 

sistent with the decoupling and alignment of an 113/2 neutron pair. The 

crossing frequencies for the a=~ and a=-i bands are 0.263 and 0.280 MeV, 

respectively, as is seen from Fig. 2 b . Below the backbend the π 9 / 2 " [ 5 1 4 ] 

band shows a large negative signature splitting which increases with ω from ~ 

55 to 120 keV (Fig. 2b), but above the backbend a signature inversion occurs 

with a splitting of 10 keV which remains constant with increasing ω . This is 

seen in detail in Fig. 3. 

Fig. 3 Signature splitting 

indicated by the dif

ferences in Ε γ (I+I-l) 

values for transitions 

starting from the ot=~ 

levels (open squares) and 

the a=| levels (open 

circles). The corres

ponding ful l points give 

the B(M1,I-*I-1)/B(E2, 

I+1-2) ratios obtained from 

branching ratios assuming 

6=0. 
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322 NUCLEI OFF THE LINE OF STABILITY 

A c ranked s h e l l - m o d e l c a l c u l a t i o n f o r 1 6 5 L u gave a ~ 80 keV n e g a t i v e 

s i g n a t u r e s p i t t i n g f o r t h e q u a s i - p r o t o n s f o r a γ v a l u e o f - 1 0 ° a t ηω = 0 .24 

MeV. A s i g n a t u r e i n v e r s i o n i s p r e d i c t e d f o r t h e q u a s i - p r o t o n c o n f i g u r a t i o n 

a t γ - 0 ° . Above t h e backbend t h e two 113/2 q u a s i - n e u t r o n s a r e d r i v i n g 

toward p o s i t i v e γ v a l u e s . When t h e r o u t h i a n s f o r these 3 - q u a s i p a r t i c l e s a r e 

added and t h e e f f e c t o f t h e c o r e i s i n c l u d e d , a γ v a l u e f o r t h i s c o n 

f i g u r a t i o n can be o b t a i n e d . Q u a l i t a t i v e l y , i t appears t h a t a s i g n i f i c a n t 

shape change f rom n e g a t i v e t o s l i g h t l y p o s i t i v e γ v a l u e s i s p r e s e n t i n t h i s 

c a s e . Thus, t h e s i g n a t u r e i n v e r s i o n i n t h e π 9 / 2 ~ [ 5 1 4 ] band i s q u i t e s i m i l a r 

t o t h a t observed i n 1 5 5 H o on 1 5 9 T m where t h e 7 / 2 " [523] q u a s i - p r o t o n c o n 

f i g u r a t i o n was pushed toward s l i g h t l y p o s i t i v e γ v a l u e s by t h e p o s i t i v e 

d r i v i n g i n f l u e n c e o f t h e two s t r o n g l y a l i g n i n g 113/2 q u a s i - n e u t r o n s . 

The g r a d u a l g a i n i n a l i g n m e n t o f t h e i r l / 2 ~ [ 5 4 1 ] band w i t h i n c r e a s i n g ω 

( F i g . 2a ) sugges ts t h a t e i t h e r t h e a l i g n i n g q u a s i p a r t i c l e s e x h i b i t a s t r o n g 

i n t e r a c t i o n , o r t h a t a l a r g e r €2 v a l u e compared t o 0 . 2 f o r t h e i r 9 / 2 " [ 5 1 4 ] 

band and p o s s i b l y a d i f f e r e n t γ v a l u e a r e needed i n o r d e r t o e x p l a i n i t s 

b e h a v i o r . 
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49 
Shape Competition and Alignment Processes in Light Au and 
Pt Nuclei 
L. L. Riedinger1, A. J. Larabee1, and J.-Y. Zhang2 

1University of Tennessee, Knoxville, TN 37996-1200 
2Joint Institute for Heavy Ion Research, Oak Ridge, TN 37831 

Calculations are presented and data are reviewed on the properties 
of the high-j states in the light Au nuclei. Both prolate and oblate 
structures are observed in this region. It is found that the collective 
model describes well the band- head and the high-spin properties of 
the h9/2 and i13/2 proton states, without resort to an "intruder state" 
phenomenology. 

There has been much discussion at this and other conferences about the 
existence o f nuclear intruder states, i.e. levels outside the model space for a 
given nucleus. There is ample evidence [ H E Y 8 3 ] for the existence o f intruder 
states at or near closed shells, w h i c h demonstrates the importance of the varying 
particle-hole composit ion o f these states. A s one proceeds away f rom the closed 
shell by adding or subtracting nucléons, at some point there occurs normal 
deformed nuclei adequately described by the Ni l s son model , i n w h i c h case the 
shel l -model particle-hole structure o f states becomes irrelevant. One important 
question is for how many nucléons beyond a closed shell does the intruder 
description o f certain states give w a y to the collective description. W e pursue 
here this question for the Ζ = 79 isotopes o f gold and describe experiments and 
calculations performed on both the bandhead energies of high-j states (occasion
al ly cal led intruders) and the bands built on these states. W e f ind that the col lec
tive picture adequately describes these levels i n a transition region o f competing 
nuclear shapes. W h i l e oblate structures occur i n the heavier go ld isotopes, the 
lighter ones are dominated by prolate bands. 

O u r group has performed measurements on a number o f Pt and A u nucle i . 
H i g h - s p i n states i n 1 8 5 ' 1 8 6 A u [ L A R 8 5 ] and i n 1 8 5 P t [ W A D 8 5 ] have been studied at 
the M c M a s t e r Univers i ty Tandem Accelerator w i t h 1 9 F induced reactions. A n 
array o f 5 G e and 6 N a l counters was used to collect gamma-gamma coincidence 
data. A n g u l a r distribution measurements were also performed. Bands i n 
183,184^ w e r e s t u d i e d [ C A R 8 5 ] w i th a induced reaction at the H o l i f i e l d Heavy 
Ion Research Fac i l i ty . The S p i n Spectrometer was used w i th 9 G e counters, six 
of w h i c h were Compton suppressed wi th N a l annuli . 

The systematics of the prolate and oblate states observed i n the l ight 

0097-6156/ 86/0324-0323506.00/ 0 
© 1986 American Chemical Society 
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324 NUCLEI OFF THE LINE OF STABILITY 

0.5+ 
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0* 
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Ε ( M e V ) 
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l.o + -.191 - ; · . ? · 

.238 233 

- . 1β7 

Η — — Η 

2.0 τ 

1-5 + 

0 + 

163 185 187 189 191 193 
0̂5 _.1Β7 -.196 

-.201 
ΕΧΡ 

.205 -.210 

1.0 + 257 

0.5 + 
13 /2 "^ in Au 

A 
Η Η 

183 185 187 189 191 193 
F i g . 2. N i l s s o n calculation o f band-
head energies for the I19/2 and 113/2 
proton states in the A u isotopes. A 
prolate (solid line) and an oblate 
(dashed line) solution is g iven for 
most. E q u i l i b r i u m deformations are 
g iven for each. The experimental 
energies are g iven for comparison. 

F i g . 1. Experimental systematics o f some prolate (closed squares) and oblate 
(open squares) states i n H g (Z=80), A u (79), and Pt (78) nucle i . 

H g , A u , and Pt nuclei are shown i n F i g . 1. The first 2 + state o f the H g isotopes is 
remarkably constant i n energy and has been described as a sl ightly deformed 
oblate state. A s mapped in detail i n U N I S O R measurements [ H A M 7 5 ] , there 
exist rapidly fa l l ing prolate states i n 1 8 4 1 8 8 H g . The heavy Pt isotopes are 
evidently s imi lar i n ground properties to the H g nuclei , but the isotopes below Ν 
= 110 may be prolate i n shape, judging by the structure of the 113/2 band i n 
adjacent o d d - N Pt isotopes. A s summarized by W o o d [ W 0 0 8 1 ] , l ow- ly ing 0 + 

states i n 1 8 2 1 8 6 P t may be the oblate states s imilar i n structure to the H g ground 
configuration. Thus , Ζ = 79 around Ν = 106 appears to be the point of crossing 
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49. R I E D I N G E R E T A L . Shape Competition and Alignment Processes 325 

for the oblate and prolate m i n i m a . A s seen i n F i g . 1, the π1ΐ9/2 and πίΐ3/2 states 
fa l l rapidly i n the l ight A u nucle i , w h i c h suggests the intruder description, i.e. a 
different behavior o f the normal 3-hole states (hi 1/2, d3/2, sm) compared to the 
1-particle 4-hole levels (I19/2,113/2). The structure of the bands bui lt on these 
states suggests the prolate or oblate nature described i n F i g . 1. 

A Strutinsky-type N i l s s o n calculation of the bandhead energies for the A u 
isotopes is shown i n F i g . 2. The parameters used i n this N i l s s o n calculation were 
those suggested by the L u n d group [ B E N 8 5 ] , except for μ = 0.52 for the Ν = 5 
and Ν = 6 proton shells. Th i s value better describes levels i n this region and 
became necessary i n order to explain in 1 8 5 A u the newly found l /2[530] band, 
based partially on the fia shell state [ L A R 8 5 ] . A s seen i n F i g . 2, there are both 
prolate and oblate m i n i m a calculated for each o f the quasiparticle states. W h i l e 
the oblate hm and 113/2 states are rather constant i n energy as a function o f N , the 
prolate m i n i m u m falls rapidly , becoming lower a t 1 8 9 A u for the former and at 
1 8 7 A u for the latter. These calculations match rather w e l l the observed trend 
(see F i g . 1), and suggest that it is changing deformation w h i c h is responsible for 
the " intruding" high- j states, as opposed to the dif fering particle-hole character. 
T h i s col lective explanation requires a deformation of -0.173 for the lowest I19/2 
state i n 1 9 3 A u , but unfortunately the band structure built on this state is unknown 
and thus it is dif f icult to surmise i f this deformation is reasonable. Calculations 
wi th a Woods -Saxon potential give results very s imilar to those shown i n F i g . 2 
[ N A Z 8 5 ] . 

It is clear from the calculations of F i g . 2 that the band structures seen i n the 
light A u nuclei should be dominated by prolate shapes, as is observed experi
mentally i n 1 8 5 A u [ L A R 8 5 ] . Rotation-aligned bands are bui l t on I19/2,113/2, and 
f7/2 N i l s s o n states, indicative of Κ = 1/2 bands and prolate shapes. However , the 
stucture bui l t on the h i 1/2 bandhead is more complex, as shown in the partial 
level scheme of F i g . 3. The 220-keV bandhead is known [ B E R 8 3 ] to be a 26 ns 
isomer, explained as due to an oblate h i 1/2 to prolate I19/2 transition. The 
sequence of E 2 transitions to the right i n F i g . 3 is s imilar to that seen i n the 
heavier odd -A A u nuclei [ G O N 7 9 ] , and is explained as the weak coupl ing of the 
h i 1/2 hole state to the slightly oblate H g core. However , the sequence of levels 
beginning at 1210 k e V is different from anything seen i n the heavier isotopes. 
The strongly-coupled nature of this new band suggests a prolate h i 1/2 structure, 
w h i c h is expected to l ie close in energy to the oblate band according to the 
calculations. The complicated structure shown i n F i g . 3 is therefore quite 
compatible w i t h the predicted near degeneracy of prolate and oblate bands i n 
1 8 5 A u . 

Four bands are observed to h igh spins in 1 8 5 A u and are shown i n the 
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326 NUCLEI OFF THE LINE OF STABILITY 

Δ 7rh9/2 α s 1/2 
A 7 r h 9 / 2 α = -1/2 

+ 7rf7/2 α « -1/2 
Ο i r i 1 3 / 2 a * 1 / 2 

• 1 B *P1- yrast band 

ο v i 1 3 / 2 a = 1/2 1 1 8 5 p t 

• ^'13/2 a s " 1 / 2 J 
ν 7 Γ η 9 / 2 ι / ϊ 1 3 / 2 ο = 1 Ί 1 β 6 

• 7 r h 9 / 2 i / i 1 3 / 2 a = 0 j A u 

• 1 8 4Pt-yrast band 
ο w 5 P t I M 1 3 / 2 

_ Ο 1 8 5 Au i r i 1 3 / 2 

Δ , e 5 A u T r h 9 / 2 

c j c ( i r h 9 / 2 ) 

0.1 0.2 0.3 04 
Τΐω (MeV) 

3 3 6 5 . 0 -

3 2 7 . 7 

2 8 3 1 . 6 -

2302.5-

5 4 1 . 2 

1761.2 — 

551.51 

1210 .1 -

• 2 0 5 . 7 

269.9 , 

2 5 9 2 

277 .3 , 

1 2 6 3 . 9 

2 1 2 . 4 J 

— 3 0 3 7 . 3 

4 7 6 

— 2561.7 

5 3 6 . 5 

4 7 6 

1 5 4 8 . 8 
338 .7 

1 
2 0 2 5 . 2 

( 2 3 / 2 Ί 

6 2 8 . 0 

1397.2 

1 9 / 2 " 

714 .9 

6 8 2 . 3 

4 6 2 . 3 

2 2 0 . 0 

1 5 / 2 " 

11 /2 -

185 
7 9 A u 1 0 6 

F i g . 3. A partial level scheme f o r 1 8 5 A u 
emphasizing the structure bui lt upon 
the h i i/2 state [ L A R 8 5 ] . The 2 2 0 - k e V 
state has an isomeric decay of 26 ns 
to the h9/2 l evel . 

F i g . 4. In the top two panels, the experimental alignment (i) as a function o f 
rotational frequency for bands i n 1 8 5 ' 1 8 6 A u [ L A R 8 5 ] , 1 8 4 P t [ C A R 8 5 ] , and 1 8 5 P t 
[ W A D 8 5 ] . Reference parameters o f JLC= 22 * 2 / M e V and «0, = 110 * 4 / M e V 3 

are used. In the bottom panel, the second moment o f inertia is plotted versus 
frequency for selected bands. 

alignment vs. rotational frequency graph of F i g . 4. The o l = -1/2 negative parity 
bands cross and interact around I = 23/2, w h i c h explains the perturbations i n 
those two bands i n F i g . 4. A l ignment gains o f different magnitudes are observed 
i n each o f these bands, suggesting differing alignment processes taking place. 
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49. RIEDINGER ET AL. Shape Competition and Alignment Processes 327 

B y comparison, the yrast band of the core nucleus, 1 8 4 P t , is shown i n the second 
panel o f F i g . 4, as are the two signatures o f the 9/2[624] 113/2 band i n 1 8 5 P t . It 
was previously thought by some (e.g. [BES76] ) that the crossing i n 1 8 4 P t resulted 
from the alignment of in/2 neutrons, as is the case throughout the N=90 to 106 
deformed region. O n the other hand, our earlier measurements o n 1 8 5 A u 
[ K A H 7 8 ] suggested that the crossing i n 1 8 4 P t had to result f rom nhm alignment. 
It is now apparent from the data shown i n F i g . 4 that both o f these quasiparticle 
alignments take place at nearly the same frequency. The third panel i n F i g . 4 
contains a plot o f the second moment of inertia versus frequency, w h i c h more 
sensitively shows crossings for these bands. The yrast band o f 1 8 4 P t and the 
πΐΐ3/2 band o f 1 8 5 A u have two peaks i n this second-moment plot. The Vii3/2band 

of 1 8 5 P t shows only the first peak, whi le the π1ΐ9/2 band o f 1 8 5 A u displays the 
second. These data thus indicate the existence of a nhm crossing at i w = 0.25 
M e V wi th a Δί = 5.111, and a V113/2 crossing at 1Ι<Α>= 0.31 M e V wi th a Δί = 5 .7* . 
The yrast band o f 1 8 4 P t is affected by both crossings, w h i c h explains the large 
alignment gain (9.7-fi) compared to the neighboring o d d - A nuc le i . O u r 
measurements on 1 8 6 A u [ L A R 8 5 ] indicate a 7ch9/2vii3/2 band w h i c h shows no 
crossing, since both alignment processes are b locked (see F i g . 4). 

.20 + 

( MeV ) 

.10 

.05 

F i g . 5. Cranked She l l M o d e l frequency 
for the proton I19/2 crossing minus that 
for the neutron 113/2 crossing plotted 
as a function o f neutron number for the 
Pt isotopes. 

Cranked She l l M o d e l calculations have been performed to learn i f these 
two c lose- ly ing band crossings can be explained wi th reasonable shape para
meters. The difference i n the calculated crossing frequencies is shown i n F i g . 5 
as a function o f neutron number for the Pt isotopes. Values o f £ x and tfy were 
obtained from a potential-energy-surface calculation (with κ and μ values as 
given above) and then used in the C S M calculation. The m i n i m u m i n the curve 
occurs for 1 8 4 P t , i n agreement w i t h the data. N o attempt has yet been made to 
exactly reproduce these experimental crossing frequencies, since other 
parameters such as pair ing gaps are poorly k n o w n i n this region. Nevertheless, 
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328 NUCLEI OFF THE LINE OF STABILITY 

the calculations do show that it is reasonable for the nhm and ν in /2 crossings, 
rather w ide ly split i n other nucle i , to be very close i n frequency i n 1 8 4 P t . 

In conclusion, our data on h igh-sp in states i n 1 8 5 » 1 8 6 A u and i n 1 8 4 » 1 8 5 Pt are 
mostly indicative o f band structures and alignment processed i n prolate nucle i . 
The oblate h i 1/2 band is observed, but is crossed at intermediate spin by what is 
probably a prolate h i 1/2 structure. Co l lec t ive model (Nilsson) calculations of 
bandhead properties o f the A u isotopes agree w e l l w i th the observed systematics 
of the " intruding" hm and 113/2 proton states, ca l l ing into question the particle-
hole interpretation of these states. 
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50 
Rotational Bands in Deformed Odd-Odd Nuclei 

William C. McHarris, Wen-Tsae Chou, Jane Kupstas-Guido, and Wade Olivier 

National Superconducting Cyclotron Laboratory and Departments of Chemistry and of Physics 
and Astronomy, Michigan State University, East Lansing, MI 48824 

In-beam γ-ray studies of deformed odd-odd nuclei in the neutron
-deficient Re region produce simpler spectra than expected. Almost all 
of the deexcitation feeds through a few rotational bands based on high-Ω 
proton and/or neutron states (Κ itself is not necessarily large). A 
similar phenomenon is found with high-spin bands in the near-closed
-shell Sb nuclei. This can be explained on the basis of highly-aligned 
single-particle states being most efficient at sharing large amounts of 
angular momentum with the collective core modes: Once locked into such 
states, the nucleus tends to deexcite through related, highly-aligned 
states, thus picking out a select subset of possible states. In 
addition, such odd-odd nuclei tend to have multi-particle states at 
lower energies than other nuclei, often with the particles forming a 
sort of oblate girdle about the prolate core -- these can be thought of 
as oblate-|| pseudo-rotational bands. Very-heavy-ion beams are 
necessary to bring in enough angular momentum to excite much in the way 
of high-spin collective modes in these odd-odd nuclei. 

U n t i l r e c e n t l y in-beam Ύ-ray spectroscopy of odd-odd n u c l e i was thought to be 
unrewardingly cumbersome. Spectra were unduly messy, and the r e s u l t i n g l e v e l schemes were 
mostly l i s t s of numbers, f o r i t was d i f f i c u l t to a s s i g n quantum numbers, much l e s s 
meaningful c o n f i g u r a t i o n s to the states. During the l a s t several years, however, a number 
of experimental groups have discovered that, under c e r t a i n conditions, in-beam Ύ-ray studies 
of odd-odd n u c l e i produce f a r s i m p l e r s p e c t r a than expected, w i t h the r e s u l t i n g l e v e l 
schemes y i e l d i n g a considerable amount of worthwhile information about d e t a i l s of nucl e a r 
structure. The necessary conditions appear to be deformed n u c l e i and/or high-spin states. 

In F i g . 1 we show the l e v e l scheme produced by the 1® 1Ta(o,3 η Ύ) 1 8 2Re r e a c t i o n 
[SLA8M] . This r e a c t i o n b r i n g s i n only a moderate amount of angular momentum; yet most of 
the deexcitation proceeds through only two high-spin r o t a t i o n a l bands, the remainder through 
two a d d i t i o n a l low-spin but high-Ω bands. A l l four bands show considerable d i s t o r t i o n — i n 
p a r t i c u l a r , a compressed Α-term and a non-negligible p o s i t i v e B-term when t h e i r energies are 
f i t t e d to the standard equation, 

Ej - E Q • AJ(J • 1) • B J 2 ( J • I ) 2 . 

This type of d i s t o r t i o n i s c h a r a c t e r i s t i c of C o r i o l i s coupling, where the matrix elements 
have the form, 

0097-6156/86/ 0324-0329506.00/0 
© 1986 American Chemical Society 
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330 NUCLEI OFF THE LINE OF STABILITY 

Neutron 
A 5/2* 1*02 •] Y t/2*|*24»] 
β 9/2" [514·] 
C T/2-(525»j 
Û 1/2-[941 •] 

F i g . 1 

-M /23*CJ(J + D " Ω(β ± D] CJ(J • D " K(K ± l ) ] 1 

Thus, a perturbation expansion r e s u l t s i n a negative Α-term ( e f f e c t i v e l y i n c r e a s i n g the 
moment of i n e r t i a , so that Y?/2$ appears smaller than normal) and a p o s i t i v e B-term. I f we 
examine the s i n g l e - p a r t i c l e states involved i n these bands, we f i n d that the neutron s t a t e 
f o r a l l of them i s the 9/2*[624] Nilsson s t a t e , which o r i g i n a t e s from the i 1 3 / 2 s p h e r i c a l 
state and has very large C o r i o l i s matrix elements; a l s o , three of the f o u r proton s t a t e s 
o r i g i n a t e from the & 1 1 / 2

 o r n 9 / 2 s p h e r i c a l states and have large C o r i o l i s matrix elements. 
I t i s these states that decouple and a l i g n t h e i r s p i n s w i t h that of the r o t a t i n g core to 
produce "backbending" [STE72]. In other words, an e f f i c i e n t mechanism fo r carrying large 
amounts of angular momentum i s for i t to be shared between R* of the core and j of the s i n g l e 
nucléons. In even-even n u c l e i t h i s requires the uncoupling of a p a i r , but i n odd-odd n u c l e i 
i t merely requires the s e l e c t i v e population of aligned s i n g l e - p a r t i c l e s t a t e s . A w h i m s i c a l 
i l l u s t r a t i o n of t h i s e f f e c t i s given i n F i g . 2. [Such states can be designated "klokast" 
(cleverest) states, i n the "yrast" s p i r i t of misusing Swedish words.] Once such s t a t e s are 
populated i n the h i g h l y - e x c i t e d n u c l e u s , normal Ύ-ray s e l e c t i o n r u l e s tend to keep the 
deexcitation locked into r e l a t e d s t a t e s , the r e s u l t being t h a t o n l y a s m a l l subset of the 
p o s s i b l e s t a t e s are seen. This mechanism means that a great deal of angular momentum i s 
t i e d up i n the s i n g l e - p a r t i c l e modes. For example, i n the l 8 2 R e l e v e l scheme the l a r g e s t 
value of R i s o n l y 10 ( i n the Κ - 2 band), not enough to produce any d r a s t i c s h i f t s i n the 
moments of i n e r t i a . I t w i l l r e q u i r e much he a v i e r beams to b r i n g i n l a r g e r amounts of 
angular momentum before phenomena such as backbending can be studied i n odd-odd systems. 
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332 NUCLEI OFF THE LINE OF STABILITY 

core. Classical ly, an oblate spheroid rotating about its symmetry axis (oblate-||) has the 

largest moment of inertia and consequently produces the lowest-lying rotat ional states, 

i . e . , is the most eff icient in handling high angular momentum. Quantum mechanically, such 

rotations are not defined, of course, but i t should be possible [BOH75] to produce pseudo-

rotat ional oblate-I| bands by having each successive "member" resul t from a different 

coupling or combination of single particles. The 15* state in l 8 2 R e could be the beginning 

of such a band. 

Because so much angular momentum is tied up in single-particle motion, heavier beams 

are needed to extend the studies. 1 ® 2 R e is di f f icult to produce by heavier beams, but the 
1 4 

lighter Re nuclei can easily be produced by beams such as Ν on Er targets. Preliminary 

results [LIE85] for l 8 0 R e are shown in Fig. 4, and an example of a Ύ - r a y spectrum for ^ R e [OLI85] is shown in Fig. 5. Both are somewhat more complex than 

(16)· 

182 Re; yet they indicate 
(19) 

F i g . 5 
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McHARRIS ET AL. Deformed Odd-Odd Nuclei 333 

the same sort of behavior: Most of the deexcitation occurs through a select few bands, 

which are composed of highly-aligned odd-odd states. 

Although odd-odd rotat ional bands are best understood in well-deformed nuclei, for 

quite some time they have also been known to exist, based on excited states, in nuclei very 

close to closed s h e l l s [SAM77]. Rather intriguing examples of this occur in many of the 

odd-odd Sb isotopes. The high-spin level scheme of 1 1 ^Sb, resulting from the 1 1 5 Ι η ( α , 3 η Ύ ) 

reaction [BEN85], is shown in Fig. 6. It contains at least two rotational bands, the J - 7 

bands based on states at 1001 and 1193 keV. The former can be characterized as a relatively 

straightforward strongly-coupled rotational band, with the proton in the 9/2*[404] orbital 

(originating from the g ^ / 2 spherical state) and the neutron in the 5/2*[402] o r b i t a l (from 
d 5 / 2 ) - T h e p r o t o n s t a t e again is associated with large Cor iol is matrix elements. The 

second band is a bit more complicated, but i t can be explained in a fashion silimar to that 
198 

by which bands were explained in Tl [T0K77]. The proton can be taken basically as being 

in the g g / 2 o r b i t a l , which is deformation aligned (but s p l i t into the proper deformed 

states) , while an h n / 2 neutron splits away from the core to become rotationally aligned. 

Calculations reproduce the observed spacings remarkably wel l , even down to the squashed 

appearance of the f i r s t several members of the band. That these rotational bands figure 

prominently in the deexcitation pattern is again consistent with our proposed mechanism of 

p o p u l a t i n g "klokast" s t a t e s . Less can be said about the most prominent high-spin 

deexcitation pattern (at the l e f t side of F i g . 6), for there are too many p o s s i b l e 

constructs. However, oblate-1 | pseudo-rotation and rotationally-aligned particles could 

certainly play major roles. And the other odd-odd Sb show remarkably parallel behavior. 

This paper is necessarily a very abbreviated survey, but we hope we have demonstrated 

by these few examples that Coriolis coupling and rotational alignment play an important part 

in h i g h - s p i n structures of odd-odd n u c l e i . This can be true for nuclei near closed 
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334 NUCLEI OFF THE LINE OF STABILITY 

s h e l l s , as w e l l as f o r n u c l e i In well-deformed r e g i o n s . S e l e c t i v i t y caused by t h e i r 
o p e r a t i o n a c t u a l l y s i m p l i f i e s r a t h e r than complicates spectra obtained i n in-beam Ύ-ray 
spectroscopy. This, coupled w i t h the abundance of r e l a t i v e l y l o w - l y i n g m u l t i - p a r t i c l e 
s t a t e s , makes odd-odd n u c l e i a f e r t i l e f i e l d f o r further study. 
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51 

Heavy-Ion-Induced Transfer Reactions 
A Spectroscopic Tool for High-Spin States 

P. D. Bond 

Brookhaven National Laboratory, Upton, NY 11973 

One of the early hopes of heavy ion induced transfer reactions was 
that new states in nuclei would be preferentially populated. The fact that 
this hope diminished was due primarily to insufficient understanding of the 
reaction mechanism, but also to the generally poorer energy resolution ob
tained with heavy ions as compared to light ions. In this paper, I hope to 
demonstrate that with the proper kinematical conditions there is a remarkable 
selectivity which can be obtained with a proper choice of the reaction and 
that these reactions can be valuable spectroscopic tools. The data in this 
talk have been taken using beams from the Brookhaven National Laboratory 
double MP tandem facility with particles identified in the focal plane of a 
QDDD spectrometer. 

Shown in Fig. 1 are spectra for three single neutron transfer reac
tions leading to known states in the same final nucleus 149Sm. The (13C, 12C) 
in reaction in Fig. 1 populates final states much as the (d,p) reaction and 

because of the worse energy resolution 
this heavy ion reaction is thus not very 
useful for spectroscopic purposes. The 
(12C,11C) and ( 1 60, 150) reactions on the 
other hand show a very strong selectivity 
for high spin states with the latter 
reaction also showing a strong preference 
for j»£,+l/2 final states. The reasons 
for this selectivity are discussed else
where [B0N83], the purpose here is to use 
this selectivity for spectroscopic 
studies. 

Shown in Fig. 2 is a schematic 
representation of the shell model states 
for the region near 1!*6Gd. There has 
been a great deal of interest in this 
mass region since it was proposed [OGA78] 
that a shell closure occurs for Z-64. 

2 η ο 
As in the *"°Pb region high spin single 
particle states are available so that 
simple configurations are likely to con
tribute to the structure of high spin 
states. In particular, near *^6Gd the 
proton hjj/2 orbital and the neutron 
i 1 3 /2 orbital should play an important 
role, however, there is little direct 
evidence about the states based on these 
orbitals. For the Nd isotopes considered 
here the protons have partially filled 
the 87/2*^5/2 levels and the neutrons 
are beginning to f i l l orbitals above 
N-82. 

Fig. 1. Single neutron transfer 
reaction for l if8Sm 
1J*9Sm for three dif
ferent projectiles. 

Reproduced with permission from 
[B0N83]. Copyright 1983 Gordon 
& Breach Science Publishers. 

0097-6156/ 86/ 0324-0335S06.00/ 0 
© 1986 American Chemical Society 
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336 NUCLEI OFF THE LINE OF STABILITY 

KVI 3146 

F i g . 2. Schematic representation of shelL model orbitals near ll*6Gd. 

We f i r s t focus on the previously unknown i 1 3 / 2 neutron strength in 
the N=84 nucleus ^ S ï d . An ea r l i e r (d,p) study [RAM76] observed no 1χ3/2 
strength except in the low lying 3" state. Gamma ray experiments following 
compound nucleus formation [BER76, GEE76, QUA82] found several negative 
parity states but a l l with odd spin (natural p a r i t y ) . The findings are con
sistent with the supposition that the negative parity states are formed by a 
3~ core excitation coupled to two f 7 / 2 neutrons producing spins of 3~, 5~, 
7~, 9~. Single nucléon transfer would only weakly populate these states 
through multistep processes. If, on the other hand, these negative parity 
states were due primarily to v f 7 / 2 * ^ 1 3 / 2 configurations the ordering 
of the natural parity states would be the same but transfer to these states 
should be strong. In addition, the unnatural parity states ( J * β 4~,6",8", 
10") of this multiplet should also be seen with the strongest state in the 
transfer spectrum being the unnatural parity state J^IO". This state 
would not be easily seen in the xn experiments because i t is not yrast. 

The s e l e c t i v i t y shown in Fig. 1 demonstrates the ( 1 60, 1 50) transfer 
strongly favors transfer to states of f 7 / 2 o r i-13/ 2 character. In bom
bardment of a ll*3Nd target, which has Jir«7/2~, the states in ltfi*Nd which 
should be populated are therefore ( vf 7/ 2) 2 a 0 + , 2 +, 4 +, 6 + and v f 7 / 2 * v i 1 3 / 2 = 
3~,...,10~. In Fig. 3 the spectrum of the 1J*3Nd( 1 60, 1 50) u l*Nd reaction 
[COL85] i s shown with the location of known states indicated on the figure. 
For excitation energies up to about 1.5 MeV there is no ambiguity in assign
ments since other states are not present. However, above that excitation 
energy the resolution of roughly 100 keV is not sufficient to uniquely iden
t i f y the states. In order to help determine the spin and excitation of the 
levels, gamma rays in coincidence with the par t i c l e peaks have been measured 
with an i n t r i n s i c Ge detector. 

Shown in Fig. 4 are two gamma ray spectra [C0L85] one for the peak 
labeled 9" in Fig. 3 and one for the part i c l e peak at about 3.8 MeV, which 
was previously unknown. The upper gamma ray spectrum in Fig. 4 confirms that 
the peak at 2.902 MeV i s indeed the 9~ state seen in previous work [BER76, 
GEE76, QUA82]. The pa r t i c l e peak at 3.8 MeV shows a nearly i d e n t i c a l gamma 
ray spectrum with the addition of one gamma ray of 900 keV, just the d i f f e r 
ence in energy between the 9" state and this state. Since this peak i s so 
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51. B O N D Heavy-Ion-Induced Transfer Reactions 337 

2 0 0 — ι 1 Γ 
l 4 3 N d ( ' 6 0 , ' 5 0 ) l 4 4 N d 

120 MeV 

τ Γ 

6 + 

Ο» ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ILL 
4 3 2 

EXCITATION ENERGY (MeV) 

F i g . 3. Spectrum of the l l + 3Nd( 1 60, 1 50) ̂ N d reaction. 
Reproduced with permission from [BON83]. Copyright 1983 Gordon 
& Breach Science Publishers. 

strongly populated i n particle transfer and decays primarily to the 9" state 
i t i s almost certainly the previously unobserved 10" state. Gamma rays in 
coincidence with the other labeled peaks in the spectrum confirm they are 
indeed the states indicated on Fig. 3. 

Τ 
'm 

' « * N d ( ' e 0 . l 9 O y > , 4 4 N d 

(b) 

bat L ?' 
120 160 2 0 0 2 4 0 2 8 0 3 2 0 

C H A N N E L N U M B E R 

Fig. 4. Gamma rays i n coincidence with a) the state at 2.9 MeV and b) the 
state at 3.8 MeV. 

Reproduced with permission from [BCN83]. Copyright 1983 Gordon 
& Breach Science Publishers. 
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338 NUCLEI OFF THE LINE OF STABILITY 

The le v e l scheme of states in 11+l*Nd seen in this experiment i s shown 
in Fig. 5. The structure of the negative parity states i s as follows. The 
low lying 3" and 5~ states appear to be rather complicated as their population 
does not follow the (2J+1) population expected for a simple multiplet. In 
contrast, the 7~, 9" and 10" appear to have equivalent f 7 / 2 * *l3/2 
strength and thus have rather simple structure. On the ^other hand, no evi
dence i s found for the 4~ or 8" states and only weak evidence that the state 
at 3.3 MeV i s a 6~ state. Configuration mixing i s a possible, though not a 
certain, reason for the absence of these states. In any case, there does not 
appear to be a simple v f 7 / 2 * v 1 3 / 2 multiplet. 

For the positive parity states, the population of the 0 + • 6 + states 
follows (2J+1) which indicates that these states are consistent with being an 
( f 7 / 2 ) 2 multiplet. As can be seen in Fig. 1, the spectrum of the (l2C9

llC) 
reaction leading to llf<*Nd enhances h 9 / 2 transfer. Comparison of the 
( 1 60, 1 50) and ( l 2 C , n C ) spectra c l e a r l y shows that the 8+ state at 2.709 MeV 
is primarily an f 7 / 2 * h 9 / 2 configuration. Unfortunately, there are no 
extensive s h e l l model calculations with which to compare these results. 

We turn now to the proton levels i n the Ν-82 nucleus l l f 2Nd. Similar 
spectra to those of Fig* 1 for proton transfer demonstrate that the ( 1 80, 1 7N) 
reaction strongly enhances transfer to d 5 / 2 and hn / 2 proton o r b i t a l s . 
Since the ground state of ι**ιΫτ i s 5/2 + the ( 1 80, 1 7N) reaction on that nu
cleus strongly enhances f i n a l states in 1!*2Nd of (ifd 5/ 2) 2-0+, 2+, 4+ and 
i r d 5 / 2 * *hn/2 • 3". ...8". The single proton transfer spectrum [B0N85] 
to A Nd i s shown in Fi g . 6. Gamma rays i n coincidence with these pa r t i c l e 
peaks have been measured and lead to the leve l scheme shown i n Fig. 5. 

The gamma decay of the leve l at 3.24 MeV i s the same as was seen in 
(α,χη) [GEE75]· The parity of this l e v e l , previously assigned a spin of 7 
[GEE75], can be assigned as negative since positive parity states up to only 
spin 4 can be populated. This conclusion i s consistent with the results of 
the (3He,d) [J0N71] stripping reaction which saw a strong L-5 peak i n this 
region of excitation energy. The previously unassigned f u l l y aligned 8" 
state from the ïïd5/2 * ^11/2 configuration i s i d e n t i f i e d by the strong 
population in the part i c l e spectrum together with the observed gamma decay to 
the 7~ state. The assignment of the 8" state i s also consistent with an L-5 
stripping peak seen in the (3He,d) reaction [J0N71]. The assignment of the 
6" state i s more uncertain. A gamma decay to the presumed 5" state i s 
observed but another unobserved high energy transition must also depopulate 
this l e v e l . A spin 6 leve l at about the same excitation energy was seen i n 
the (α,χη) experiment and decayed via a 1.245 MeV gamma ray to the 6 + state 
but other proposed branches are not seen here. The 6" assignment i s consis
tent with an L-5 peak seen in (^e.d) [J0N71] and further indications that 
the 3.44 MeV peak i s a 6~ peak comes from the expected 2J+1 population of the 
d 5 / 2 * h ^ / 2 multiplet. The previously unassigned 5" state i s tenta
t i v e l y assigned at 2.96 MeV but shows no clear cut coincident gamma rays 
which would be expected to be of rather high energy. The peak at 2.96 MeV 
does coincide with an L-5 peak seen in (^e.d). Only very tentative evidence 
i s found for the 4" state which i s expected to be weakly populated. The 3" 
state, which i s nearly degenerate with the f i r s t 4 + state, involves several 
configurations· 

The positive parity states are interesting because two 4 + states are 
seen with about equal strength and the previously unobserved decay of the 
higher one at 2.436 MeV i s almost exclusively via a transition to the lower 
4 + state. The positive parity of the higher 4 + state i s determined from the 
L-2 character of the (3He,d) stripping reaction. 
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4 0 

. 3 0 

ω 
ω 2 .0 

LU 

( 6 Ί -
- ( 6 Ί 

- 7 ~ 

-(5-)1 
8 * -
7 ~ -

- 4 * 

5 " -

6 * -

- 2 * 

Ο* -
M 4 

6 0 % 4 > B 2 

F i g . 5. Deduced levels schemes 
for MXd and l l f 2Nd from 
the reaction studied here. 

Reproduced with permission 
from [B0NB3]. Copyright 
1983 Gordon & Breach Science 
Publishers. 
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Recent shell model calculations 
[KRU85] for the nucleus l i f 2Nd reproduce 
both the relat i v e transfer strength to 
these 4 + states and gamma ray branching 
of the upper state very well. In addi
tion, the d 5 / 2 * hjj/2 negative parity 
multiplet i s predicted to be rather pure 
and the positions of the levels are re
produced to within roughly 100 keV. Thus 
the understanding of the levels based on 
these proton orbitals appears to be in 
rather good shape, i n contrast to the 
neutron lev e l s . 

In summary, the s e l e c t i v i t y of 
certain heavy ion reactions have been 
used to identify two proton and two 
neutron states of high spin (both yrast 
and non-yrast) in Nd nuclei. The f i r s t 
direct information about the configura
tions of some of these states has been 
obtained and the results suggest simple 
configurations for some but not a l l of 
them. At the same time certain members 
of the neutron f7/2 * i 13 / 2 multiplet 
are not seen and comprehensive s h e l l 
model calculations would be very useful 
to determine the reason. Heavy ion i n 
duced transfer reactions, i f chosen care-
f u l l y > are valuable spectroscopic tools, 
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Fig. 6. Spectrum of the l l f xPr( 1 80, 1 7N) ll*2Nd reaction. 
Reproduced with permission from [BCN83]. Copyright 1983 Gordon 
& Breach Science Publishers. 
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340 NUCLEI OFF THE LINE OF STABILITY 

and the unique p o s s i b i l i t i e s available with heavy ions to transfer more mas
sive clusters w i l l assure their continued importance to the f i e l d . 
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52 
Berkeley High Energy Resolution Array 
Early Results 

R. M . Diamond 

Nuclear Science Division, Lawrence Berkeley Laboratory, University of California, Berkeley, 
C A 94720 

As in all fields of spectroscopy, high resolution is of great 
importance in nuclear γ-ray studies. Also important are a 
good response function and good efficiency, so as to be able 
to obtain high-order coincidences when observing 
de-excitation cascades. The design of the Berkeley High 
Energy-Resolution Array is discussed and some first results 
are given. 

Nuc lear s p e c t r o s c o p i c s t u d i e s are o f t e n l i m i t e d , as a re most t y p e s o f 

s p e c t r o s c o p y , by e i t h e r i n s u f f i c i e n t r e s o l u t i o n o r i n s u f f i c i e n t s t a t i s t i c s , 

o r b o t h . Four years ago Frank Stephens and I began p l a n n i n g a h i g h -

r e s o l u t i o n , h i g h - s t a t i s t i c s γ - r a y system i n o r d e r bo th t o push d i s c r e t e - l i n e 

work t o h i g h e r sp ins and t o he lp w i t h con t inuum s t u d i e s . Our t h r e e p r i m a r y 

c r i t e r i a f o r a h i g h - r e s o l u t i o n a r r a y were : h i g h energy r e s o l u t i o n , good 

response f u n c t i o n , and good e f f i c i e n c y . Three secondary f e a t u r e s we d e s i r e d 

were : c a p a b i l i t y o f a t o t a l - e n e r g y s p e c t r o m e t e r , c a p a b i l i t y as a 

m u l t i p l i c i t y f i l t e r , and a prompt i n i t i a l t i m i n g s i g n a l . 

Germanium d e t e c t o r s p r o v i d e t h e h i g h e s t r e s o l u t i o n f o r γ - r a y s 

p o s s i b l e w i t h reasonab le e f f i c i e n c y , so ou r system i s based on an a r r a y o f 

such d e t e c t o r s . For cascade γ rays ( i n prompt c o i n c i d e n c e ) an improvement 

i n t h e e f f e c t i v e r e s o l u t i o n i s p o s s i b l e by u s i n g d o u b l e - and h i g h e r -

c o i n c i d e n c e s p e c t r a r a t h e r than s i n g l e s . For t h i s r e a s o n , and t o o b t a i n good 

s t a t i s t i c s , as many d e t e c t o r s as c l o s e t o t h e t a r g e t as i s reasonab ly 

p o s s i b l e i s d e s i r a b l e (see b e l o w ) . 

U n f o r t u n a t e l y , Ge d e t e c t o r s have poor response f u n c t i o n s . For a 5 χ 5 

cm c o a x i a l d e t e c t o r (nomina l 20%), o n l y about 3 /4 o f i m p i n g i n g 1.33 MeV γ 

rays do i n t e r a c t , a n d , o f t h e s e , o n l y 15-20% g i v e u s e f u l f u l l - e n e r g y peaks . 

I n a d o u b l e - c o i n c i d e n c e measurement, t h e n , o n l y 2-4% of t h e events a re good 

peak-peak v a l u e s , a n d , i n a t r i p l e s measurement, much l e s s than 1% are 

u s e f u l . The s o l u t i o n t o t h i s prob lem has been known f o r some t i m e ; p u t 

0097-6156/ 86/0324-0341 $06.00/0 
© 1986 American Chemical Society 
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342 NUCLEI OFF THE LINE OF STABILITY 

Compton-suppress ion s h i e l d s around t h e Ge d e t e c t o r s . I n t h e p a s t t h i s has 

meant u s i n g Nal s c i n t i l l a t o r s , c u l m i n a t i n g i n t h e a r r a y o f s i x such s h i e l d e d 

d e t e c t o r s , TESSA2, a t Daresbury [TW183]. But Nal s h i e l d s a re r a t h e r l a r g e , 

p e r m i t t i n g o n l y a smal l number o f modules a t a r e l a t i v e l y l a r g e d i s t a n c e f rom 

t h e t a r g e t . We dec ided t o t r y t o use a b ismuth germanate (BGO) s h i e l d 

[ D I A 8 1 ] , f o r , i f s u c c e s s f u l , i t o f f e r e d a g r e a t advantage i n compactness ( i t 

has a γ - r a y a b s o r p t i o n l e n g t h 2 - 1 / 2 t imes s h o r t e r t han N a l ) . But BGO a l s o 

had two d i s a d v a n t a g e s : i t s l i g h t o u t p u t i s o n l y about 15% t h a t o f N a l , and 

a t t h a t t i m e (1981) no company had made BGO c r y s t a l s l a r g e enough f o r t h i s 

pu rpose . A f t e r more t h a n a y e a r o f w a i t i n g , t h e l a t t e r p rob lem was s o l v e d by 

making t h e s h i e l d o u t o f s i x p ieces t h a t f i t t o g e t h e r t o f o r m a c y l i n d r i c a l 

u n i t , each w i t h i t s own p h o t o m u l t i p l i e r t u b e . By add ing a Nal c o l l i m e t e r o r 

" cap " t o t h e f r o n t o f t h e s h i e l d , t h e ang le o f escape o f t h e b a c k s c a t t e r e d γ 

rays i s na r rowed , and t h e Compton edges, t h e w o r s t r e m a i n i n g i n t e r f e r e n c e , 

a re e s s e n t i a l l y removed. A p e a k / t o t a l r a t i o o f 55% o r g r e a t e r f o r 6 0 C o 

above a 300 keV t h r e s h o l d i s o b t a i n e d ; t h i s means t h a t t r i p l e - c o i n c i d e n c e 

s p e c t r a , wh ich have n o t been used b e f o r e , become p o s s i b l e w i t h a 16% y i e l d , 

and even quadrup le c o i n c i d e n c e s a re usab le w i t h a 9% y i e l d . Other des igns 

u s i n g l a r g e r BGO s h i e l d s can g i v e P/T r a t i o s as h i g h as 70% f o r 6 0 C o , so 

tremendous improvement i n t h e Ge response f u n c t i o n i s p o s s i b l e . 

System e f f i c i e n c y i n v o l v e s t h e number o f Ge d e t e c t o r s o f a c e r t a i n 

s i z e a t a c e r t a i n d i s t a n c e f rom t h e t a r g e t . Wi th ou r s h i e l d d e s i g n i n v o l v i n g 

13 χ 13 cm t a p e r e d BGO c y l i n d e r s , t w e n t y - o n e 20% Ge d e t e c t o r u n i t s can be 

p laced 15 cm f rom a t a r g e t , g i v i n g a s o l i d ang le o f 14% o f 4ir , and l e a v i n g 

t h e t o p and bo t tom around t h e t a r g e t chamber c l e a r ( F i g . 2) t o accommodate 

t h e p h o t o m u l t i p l i e r tubes f o r t h e s m a l l , c e n t r a l BGO b a l l . I t shou ld be 

ment ioned t h a t γ - r a y summing i n t h e i n d i v i d u a l Ge d e t e c t o r s a l s o l i m i t s 

t h e i r s i z e and c loseness t o t h e t a r g e t , b u t i s 5% f o r γ - r a y cascades o f 

average m u l t i p l i c i t y 20 i n t h i s a r rangement . A f i n a l l i m i t a t i o n on c loseness 

i s t h e magni tude o f Dopp ler b roaden ing f o r t h e d e t e c t o r s near 90° t o t h e beam 

( r e c o i l ) d i r e c t i o n . Th is must be c o n s i d e r e d f o r each n u c l e a r system s t u d i e d , 

as t h e e f f e c t can be q u i t e l a r g e i n ( Η . Ι . , χ η ) r e a c t i o n s where t h e r e c o i l s 

a t t a i n s e v e r a l p e r c e n t t h e speed o f l i g h t . I t i s , o f c o u r s e , n e g l i g i b l e f o r 

t r a n s i t i o n s o c c u r r i n g a f t e r t h e r e c o i l i n g n u c l e i have s topped i n t h e t a r g e t 

o r back ing m a t e r i a l . 

Wi th t hese c o n s i d e r a t i o n s i n m i n d , we have des igned t h e H i g h -
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52. DIAMOND Berkeley High Energy Resolution Array 343 

R e s o l u t i o n A r r a y t o c o n s i s t o f 21 BGO-shielded Ge d e t e c t o r s a r ranged ( i n 

t h r e e r i n g s o f seven d e t e c t o r s ) around a s m a l l , c e n t r a l " b a l l " o f 40 BGO 

s e c t o r s . These s e c t o r s t o g e t h e r fo rm a sum s p e c t r o m e t e r and m u l t i p l i c i t y 

f i l t e r around t h e t a r g e t , as w e l l as g i v i n g t h e a n g u l a r p a t t e r n o f t h e γ 

rays e m i t t e d . A cu t -away p e r s p e c t i v e d rawing o f t h e system i s shown i n F i g . 

1 ( w i t h o u t t h e PM tubes on t h e BGO s h i e l d s o r b a l l s e c t o r s ) . A v iew o f t h e 

a c t u a l system ( b u t w i t h o u t t h e Nal caps and t h e BGO b a l l ) i s shown i n F i g . 2 

w i t h s i x o f t h e d e t e c t o r s p u l l e d back i n t o t h e l e f t f o r e g r o u n d t o show t h e 

smal l t a r g e t chamber i n t h e c e n t e r . By t h e end o f t h i s yea r t h e 21 Nal caps 

w i l l be i n p l a c e , and a l l t h a t w i l l remain t o c o n s t r u c t i s t h e c e n t r a l BGO 

b a l l whose des ign i s a l r e a d y c o m p l e t e . Wi th 21 o f ou r d e t e c t o r s a t 15 cm 
ς 

f r o m t h e t a r g e t , an even t r a t e o f 10 /second ( t h e o r d e r o f ou r usual r a t e i n 
40 2 

a ( A r , x n ) r e a c t i o n w i t h a 1 mg/cm t a r g e t and a 1-2 pna beam), and an 

average γ - r a y m u l t i p l i c i t y o f 20 , we had e s t i m a t e d t h e d o u b l e - , t r i p l e - and 

q u a d r u p l e - c o i n c i d e n c e r a t e s t o be 11 K / s , 2 .2 K/s and 2 8 0 / s , r e s p e c t i v e l y . 

We have ach ieved t h e s e r a t e s f a i r l y r o u t i n e l y . 
156 

I s h a l l d e s c r i b e ou r f i r s t d i s c r e t e - l i n e r e s u l t s on Er [STE85] and 

1 5 8 E r . The 1 5 6 E r d a t a were taken i n two days o f r u n n i n g a t t h e LBL 88" 

C y c l o t r o n w i t h a 170 MeV Ar beam on a lead-backed - 1 mg/cm Sn t a r g e t 
ο 

u s i n g 9 Compton-suppressed Ge d e t e c t o r s , and c o n s i s t o f 1.2 χ 10 d o u b l e -

F i g . 1 P e r s p e c t i v e v iew o f - 1 / 2 
t h e sys tem. 

F i g . 2 . Photograph o f 2 1 - d e t e c t o r 
a r r a y around smal l t a r g e t chamber. 
S ix modules a re p u l l e d back i n t o 
l e f t f o r e g r o u n d . 
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344 NUCLEI OFF THE LINE OF STABILITY 

c o i n c i d e n c e e v e n t s . From many gated s p e c t r a t h e l e v e l scheme shown i n F i g . 3 

was c o n s t r u c t e d , i n v o l v i n g n e a r l y 100 l e v e l s and - 130 t r a n s i t i o n s ; 

a p p r o x i m a t e l y o n e - h a l f a r e new and more t h a n o n e - h a l f o f t h e t r a n s i t i o n s a r e 

m u l t i p l e . There a re a number o f 

i n t e r e s t i n g f e a t u r e s i n t h i s scheme, 

bu t t i m e t o d e s c r i b e o n l y t w o . 

The p o s i t i v e - p a r i t y y r a s t 

band behaves r e a s o n a b l y n o r m a l l y 

w i t h a n e u t r o n ^- |3/2 b a c k b e n d a t 

s p i n 12f» and a second c r o s s i n g 

p r o b a b l y t h e p r o t o n h-j-|/ 2»
 a t S P ™ 

What i s new i s t h e n a t u r e o f 
+ 

24f>. 

t h e band between t h e 9 .6 MeV 30 and 

t h e 14 .4 MeV 42 ' l e v e l s . The l a t t e r 

i s most l i k e l y t h e m a x i m a l l y a l i g n e d 

c o n f i g u r a t i o n ( r e l a t i v e t o t h e 
146 

doub ly -mag ic Gd c o r e ) p r e d i c t e d 

by t h e o r y , i r [ ( h ] ] / 2 ) 4 ] - , 6

v [ ( h

9 / 2 ) 2 

( f 7 / 2 ) 2 ( i 1 3 / 2 ) 2 ] 2 6 . a n o n - c o l l e c t i v e 

s t a t e o f o b l a t e shape. But decay o f 

t h i s s t a t e t o t h e 3 0 + l e v e l proceeds 

m a i n l y by a cascade o f s i x s t r e t c h e d 

F i g . 3. Level scheme f o r 1 5 6 E r . F i g . 4 . Energy l e v e l s o f 1 5 6 E r , 
- · - , and 1 5 8 E r , - Θ - , minus a 
r i g i d - r o t o r energy v s . s p i n , I . 
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52. DIAMOND Berkeley High Energy Resolution Array 345 

E2 t r a n s i t i o n s , and suggests a band s t r u c t u r e . An i n t e r p r e t a t i o n c o n s i s t e n t 

w i t h t hese f e a t u r e s and w i t h c u r r e n t t h e o r e t i c a l c a l c u l a t i o n s i s t h a t t h i s i s 

a t r i a x i a l band, w i t h t h e parameter γ i n c r e a s i n g w i t h i n c r e a s i n g s p i n , and 

t e r m i n a t i n g i n t h e f u l l y a l i g n e d and o b l a t e 4 2 + s t a t e . The e n e r g i e s o f these 

l e v e l s r e l a t i v e t o those of a r i g i d r o t o r , as shown i n F i g . 4 , s u p p o r t t h i s 

i d e a , as t h e i r decrease i n energy w i t h s p i n compared t o a r i g i d r o t o r o r t o 

t h e weak ly p r o l a t e l y - d e f o r m e d bands below 24* i s c h a r a c t e r i s t i c o f t h a t 

c a l c u l a t e d f o r a band t e r m i n a t i n g i n a f u l l y - a l i g n e d s t a t e . I n a d d i t i o n , t h e 

p a r t i c u l a r l y low energy o f t h e 4 2 * s t a t e r e s u l t s i n a r e l a t i v e l y l a r g e 

p o p u l a t i o n (10% o f t h e 4 + -> 2 + t r a n s i t i o n ) r a r e l y seen a t h i g h s p i n . 

The o t h e r new f e a t u r e observed i s t h e l a r g e number o f i n t e r b a n d 

t r a n s i t i o n s seen a t t h e backbends ( p r o b a b l y BC) o f t h e n e g a t i v e - p a r i t y bands 

around s p i n 2 2 * . A l l f o u r bands t a k e p a r t i n t h i s c r o s s - f e e d i n g , i n d i c a t i n g 

c o n s i d e r a b l e m i x i n g o f t h e bands and s u g g e s t i n g a s t r u c t u r a l change. I t may 

be r e l a t e d t o t h e f a c t t h a t f o u r o f t h e s i x va lence neu t rons have become 

a l i g n e d and so have t o a l a r g e e x t e n t quenched t h e n e u t r o n p a i r i n g 

c o r r e l a t i o n s . T h i s c o u l d cause some change i n shape, b u t r e a l l y does n o t 

e x p l a i n t h e e x t e n s i v e m i x i n g o f s t a t e s i n v o l v i n g bo th s i g n a t u r e s . Yet above 

t h i s r e g i o n t h r e e o f t h e bands c o n t i n u e i n a somewhat l e s s r e g u l a r f a s h i o n , 

b u t s t i l l i n v o l v i n g o n l y s t r e t c h e d E2 t r a n s i t i o n s o f r o u g h l y m o n o t o n i c a l l y 

i n c r e a s i n g e n e r g y . C l e a r l y , much remains t o be l ea rned about t h e d e t a i l e d 

s t r u c t u r e o f t hese bands. 

I n a s tudy o f Er l e v e l s , o f wh ich o n l y t h e p o s i t i v e - p a r i t y y r a s t 

band i s c o m p l e t e d , two i n t e r e s t i n g f e a t u r e s , one new, aga in were f o u n d . The 
40 

r e a c t i o n used was 175 MeV Ar f rom t h e 88" C y c l o t r o n on s e v e r a l backed and 
2 122 

unbacked - 1 mg/cm Sn t a r g e t s . Wi th t h e f u l l 2 1 - d e t e c t o r a r r a y we 
8 8 

recorded - 2 χ 10 t r i p l e c o i n c i d e n c e s ( c o r r e s p o n d i n g t o 6 χ 10 d o u b l e s ) i n 

a two-day r u n . A p a r t o f t h e spect rum (700-1400 keV) o b t a i n e d w i t h t h e 

unbacked t a r g e t i n c o i n c i d e n c e w i t h a ga te on t h e 1058 keV, 3 8 + •* 3 6 + 

t r a n s i t i o n i s shown i n F i g . 5a . The f i v e h i g h e r t r a n s i t i o n s observed i n 

[SIM84] a t 827, 1 0 3 1 , 1203, 1210, and 1280 keV can be seen , and i n a d d i t i o n 

t h e r e i s a weak 971 keV l i n e . F i g u r e 5b shows t h e same r e g i o n ga ted by t h e 

same t r a n s i t i o n b u t f o r a g o l d - backed t a r g e t . The 1203 and 1210 keV l i n e s 

a re m i s s i n g , and we b e l i e v e t h i s i s because t h e y a re smeared o u t by Dopp ler 

s h i f t s , t h a t i s , t h e y have l i f e t i m e s ( p l u s f e e d i n g t i m e s ) s h o r t e r t h a n t h e 

mean s l o w i n g t i m e ( 0 . 5 p i c o s e c o n d ) . On t h e o t h e r hand, f o r t h e 827 , 9 7 1 , 
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346 NUCLEI OFF THE LINE OF STABILITY 

1 0 3 1 , and 1280 keV l i n e s t o be sharp means t h a t t h e y have been e m i t t e d a f t e r 

an i n t e r v a l o f a few p i c o s e c o n d s . A weak 1276 keV l i n e i s observed i f t h e 

1017 keV, 3 6 + -» 3 4 + t r a n s i t i o n i s used as a g a t e , and a l t o g e t h e r t h e 

c o i n c i d e n c e and a n g u l a r c o r r e l a t i o n s t u d i e s g i v e t h e l e v e l scheme f o r t h e t o p 

p a r t o f t h e p o s i t i v e - p a r i t y y r a s t band shown i n F i g . 6. 

The most i n t e r e s t i n g r e s u l t i s t h e i d e n t i f i c a t i o n o f f a s t and s low 

f e e d i n g components i n t o t h e 3 8 + l e v e l . Among t h e r a r e - e a r t h n u c l e i hav ing 

n e u t r o n numbers between 82 and 88 , s low f e e d i n g t imes ( » 1 ps) have been 

o b s e r v e d , presumably because of r e g i o n s o f n o n - c o l l e c t i v e b e h a v i o r ( o b l a t e o r 

s p h e r i c a l shapes) a l o n g t h e decay pathways. I n c o n t r a s t , t h e w e l l deformed 

r a r e - e a r t h n u c l e i (90 < Ν < 110) appear t o have f a s t f e e d i n g t imes ( « 1 p s ) , 

t h o u g h t t o be due t o s t r o n g l y c o l l e c t i v e r o t a t i o n a l bands. I t i s t h e r e f o r e 
"I C O 

not so s u r p r i s i n g t h a t E r , wh ich l i e s on t h e boundary between t h e 

r e g i o n s , has bo th f a s t and s low f e e d i n g components. But t h i s i s t h e f i r s t 

t i m e r e s o l v e d l i n e s have been i d e n t i f i e d f o r bo th branches and shown how t h e y 

feed i n t o t h e y r a s t band. 

1200 

8 0 0 

4 0 0 

§ 
8 0 0 

4 0 0 

700 

Γ· r^^°° ί ο Ο 

n 1 J L r t f 
1000 

Ey(KEV) 
1300 

3 2 + -

3 0 + -

2 8 + -

2 6 + -

2 4 + -

2 2 + -

F i g . 5. P a r t i a l spect rum of t r a n s i 
t i o n s i n 1 5 8 £ r - j n c o i n c i d e n c e w i t h 
1058 keV, 38+ -* 36+ l i n e f o r unbacked 
t a r g e t , upper spec t rum, and go ld -backed 
one, lower spec t rum. 

F i g . 6. P a r t i a l l e v e l scheme f o r 
t h e t o p o f t he y r a s t band i n 1 5 8 E r . 
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52. D I A M O N D Berkeley High Energy Resolution Array 347 

The o t h e r p o i n t o f i n t e r e s t r e l a t e s t o t h e n a t u r e o f t h e h i g h e s t s p i n 

s t a t e o b s e r v e d , t h a t decay ing by t h e 971 keV t r a n s i t i o n . I f t h e 971 and 1031 

keV l i n e s are s t r e t c h e d E2 t r a n s i t i o n s , as we s u s p e c t , t h i s s t a t e i s t h e 4 6 + 

one t h a t i s t h e max ima l l y a l i g n e d s t a t e p r e d i c t e d by t h e o r y and analogous t o 

t h e 4 2 + s t a t e i n 1 5 6 E r . F i g u r e 4 shows t h e l e v e l energy (minus a r i g i d -

r o t o r energy) f o r Er compared t o t h e b e t t e r e s t a b l i s h e d sequence i n 

1 5 6 E r , and t h e r e i s a remarkab le s i m i l a r i t y f o r t h e s low b r a n c h , though 

d i s p l a c e d f o u r u n i t s h i g h e r i n s p i n . 

I f l i f e t i m e s can be measured, much more can be s a i d about t h e n a t u r e 

o f t hese s t a t e s , and t h i s i s t r u e i n genera l f o r t h e s t a t e s a t h i g h s p i n i n 

o t h e r n u c l e i . But i t shou ld be remembered t h a t t h e d i s c r e t e l i n e s i n v o l v e d 

a re q u i t e weak ( i n 1 5 8 E r , 1-5% of t h e 4 + -> 2 * t r a n s i t i o n ) , and i f we want 

t o know what most o f t h e s t a t e s are l i k e a t t hese h igh sp ins we must deve lop 

our t e c h n i q u e s t o s tudy cont inuum s p e c t r a , and i n p a r t i c u l a r t o de te rm ine t h e 

e f f e c t s o f e x c i t a t i o n above t h e y r a s t l i n e . The new Compton-suppressed Ge 

a r r a y s a re s u r e l y go ing t o he lp us do t h a t , as w e l l as g i v e us a new 

d imens ion i n d i s c r e t e - l i n e s p e c t r o s c o p y . 
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53 

On-Line Nuclear Orientation 

N. J . Stone 

Clarendon Laboratory, Parks Road, Oxford ΟΧ2 3PU, United Kingdom 

A brief survey is given of the technique and its limiting 
parameters. Recent results on moments of proton rich 
iodine isotopes show shape coexistence and the presence of 
the g9/2 [404] intruder orbital for A ≥ 118. 

As a technique f o r measuring n u c l e a r moments and i n v e s t i g a t i n g n u c l e a r 
l e v e l s t r u c t u r e , low temperature n u c l e a r o r i e n t a t i o n has long been kept from 
areas of c u r r e n t a c t i v i t y i n low energy n u c l e a r p h y s i c s by the h a l f l i f e 
l i m i t a t i o n caused by needs of sample p r e p a r a t i o n and c o o l i n g to below 1 K. 
The development of 3He/ l +He d i l u t i o n r e f r i g e r a t o r s capable of c o n t i n u o u s l y 
m a i n t a i n i n g temperatures of order 10 mK i n the presence of heat f l u x of order 
1 opened up the p o s s i b i l i t y of u s i n g the method o n - l i n e to sources of 
a c t i v e i s o t o p e s . The magnetic h y p e r f i n e i n t e r a c t i o n e x p e r i e n c e d by n u c l e i of 
a l l elements when pr e s e n t as d i l u t e i m p u r i t i e s i n f e r r o m a g n e t i c metals i s a 
q u a s i - u n i v e r s a l method of pro d u c i n g a p p r e c i a b l e p o l a r i z a t i o n a t such tempera
t u r e s . More r e c e n t l y s i n g l e c r y s t a l s of non-cubic metals have come to the 
f o r e as s u i t a b l e sources f o r e l e c t r i c quadrupole alignment, a l t h o u g h the 
temperature r e q u i r e d i s o f t e n lower than 10 mK. A f i n a l n ecessary i n n o v a t i o n 
has been the development of i m p l a n t a t i o n techniques to i n t r o d u c e n u c l e i of 
many elements, whether c h e m i c a l l y compatible or not, i n t o h o s t l a t t i c e s such 
t h a t a major p r o p o r t i o n of the imp l a n t s come to r e s t i n e s s e n t i a l l y 
undamaged s u b s t i t u t i o n a l s i t e s and exp e r i e n c e l a r g e h y p e r f i n e i n t e r a c t i o n s . 
Such samples are t h i n , w i t h l i t t l e s e l f - a b s o r p t i o n f o r a l p h a - and b e t a -
p a r t i c l e s . 

The combination of these t h r e e developments has l e d to the o n - l i n e 
n u c l e a r o r i e n t a t i o n method (OLNO). A f u r t h e r advance of the technique has 
been the combination w i t h NMR, which uses resonant r f p e r t u r b a t i o n of the 
n u c l e a r p o l a r i z a t i o n , y i e l d i n g moment v a l u e s to a few p a r t s i n 104. 

The wide range of elements i n which magnetic p o l a r i z a t i o n and e l e c t r i c 
alignment of r a d i o a c t i v e n u c l e i have been observed i s shown i n f i g u r e 1, 
which g i v e s a l s o the number of i s o t o p e s i n which NMR/ON has been d e t e c t e d . 

As w i t h c o n v e n t i o n a l n u c l e a r o r i e n t a t i o n , o n - l i n e work can y i e l d the 
s t r e n g t h of the h y p e r f i n e i n t e r a c t i o n , deduced from the temperature depen
dence of the r a d i a t i o n a n i s o t r o p y . F o r the m a j o r i t y of elements i n F i g . 1 
h o s t metals may be chosen i n which the magnetic f i e l d , or e l e c t r i c f i e l d 
g r a d i e n t , i s known,allowing e x t r a c t i o n of the n u c l e a r moment. T y p i c a l l y 
e x t r a c t e d moments are ac c u r a t e t o 5-10%, p o s s i b l y s u b j e c t to v a r i o u s 
s y s t e m a t i c e r r o r s . By c o n t r a s t , NMR/ON g i v e s p r e c i s e unambiguous r e s u l t s . 
S i m u l t a n e o u s l y the d i f f e r e n t degrees of a n i s o t r o p y shown by d i f f e r e n t t r a n s i 
t i o n s i n the same decay c o n t a i n i n f o r m a t i o n on the s p i n s of the n u c l e a r 
l e v e l s and the m u l t i p o l a r i t i e s and m i x i n g r a t i o s of t r a n s i t i o n s l i n k i n g them. 
Th i s s e p a r a t i o n can be seen i n the f a m i l i a r e x p r e s s i o n f o r the angular 
d i s t r i b u t i o n from an a x i a l l y o r i e n t e d ensemble 

W(0,T) = 1 + Z B À ( T ) A À P x ( c o s 6 ) 

where Β (Τ) are the temperature dependent o r i e n t a t i o n parameters of the 

0097-6156/ 86/ 0324-0350506.00/ 0 
© 1986 American Chemical Society 
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53. STONE On-Line Nuclear Orientation 351 
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Fig. 1. Elements studied by low temperature nuclear orientation 
(magnetic and e l e c t r i c ) and by NMR/ON. 

parent state and are directional d i s t r i b u t i o n coefficients describing the 
decay sequence pKRA7 Q . 

A schematic OLNO experiment i s shown i n Fig. 2. The primary accelera
tor beam strikes a target incorporated i n the ion source of an isotope 
separator, where heavy ion beams can produce a wide range of isotopes pre
dominantly on the proton r i c h side of the N/Z s t a b i l i t y l i n e . Alternatively 
a spallation source or a neutron beam can be used with advantage to reach 
additional neutron r i c h isotopes. The a c t i v i t i e s desorb from the target, are 
ionised, and enter the separator. Ions of a chosen mass are focussed and 
pass through a s l i t i n the focal plane. Leaving the separator, having been 
accelerated through a potential of 50 - 100 kV, they enter a cold (4 K) beam 
tube and are implanted into a target f o i l , usually of iron, attached by a 
copper cold finger to the mixing chamber of a di l u t i o n refrigerator and main
tained close to 10 mK. The target f o i l i s magnetised to provide an axis of 
polarization for the implanted nuclei which are oriented i n the magnetic 
hyperfine f i e l d . 

What are the c r i t i c a l parameters of such a system? Clearly we are 
concerned with the attainable temperature, the effectiveness of the low temp
erature implantation, the required p a r t i c l e flux and the condition that the 
nuclei, i n i t i a l l y random, become polarized before they decay. Each of these 
is b r i e f l y considered. 

The current lowest f u l l y on-line temperature i s 10 mK, but, for some
what longer h a l f - l i v e s , closing off the refrigerator after implantation can 
give results to ̂  7 mK i n about 30 m (see F i g . 4). The Bonn group, who were 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

05
3



352 NUCLEI OFF THE LINE OF STABILITY 

i l l ACCELERATOR BEAM 

TARGET 

ION SOURCE 

B, 
applied 

t TARGET T=0 01K SEPARATOR 

T=tK 

DETECTORS 

F i g . 2. Schematic o n - l i n e n u c l e a r o r i e n t a t i o n experiment. 

the f i r s t to operate o n - l i n e t o an i s o t o p e s e p a r a t o r , have shown f o r many 
systems t h a t i m p l a n t a t i o n below 4K i s a t l e a s t as e f f e c t i v e i n p r o d u c i n g h i g h l y 
s u b s t i t u t i o n a l i m p l a n t s as room temperature i m p l a n t a t i o n [HER78]. NMR/ON i n 
f u l l y OLNO implanted systems has been observed i n Leuven [VAN85ajj . 

A c r u c i a l parameter i n implan t e d source p r e p a r a t i o n i s the t o t a l 
i m plant dose. For o n - l i n e work the f l u x of i m p l a n t i o n s i s v e r y low as we 
are f a r from any s t a b l e beam. Even a f l u x of 10 6 i o n s s~l g i v e s o n l y 1 0 1 1 

ions/day, w e l l below the l i m i t i n g c o n c e n t r a t i o n of order 0.1 atomic p e r c e n t 
i f i m p l a n t a t i o n i s a t 50 KeV or above. A v a l u a b l e f e a t u r e of OLNO i s t h a t a 
sequence of i s o t o p e s may be s i m u l t a n e o u s l y s t u d i e d as the primary i m p l a n t 
decays towards the s t a b i l i t y l i n e . T h i s f r e q u e n t l y makes a c c e s s i b l e i s o t o p e s 
of elements which do not r e a d i l y form i o n beams. 

Nu c l e a r o r i e n t a t i o n i s a s i n g l e s c o u n t i n g technique i n which the 
measured e f f e c t s are t y p i c a l l y of order 10 perc e n t (but may be much l a r g e r ) . 
I n d i v i d u a l measurements a c c u r a t e to 1 percent w i l l g e n e r a l l y g i v e u s e f u l 
r e s u l t s . T h i s r e q u i r e s perhaps 3x10^ counts t o be re c o r d e d , i f some a l l o w 
ance i s made f o r background s u b t r a c t i o n . I t i s simple to mount f o u r l a r g e 
G e ( L i ) d e t e c t o r s , i n p a i r s , a t θ = 0 and θ = π/2 r e l a t i v e to the p o l a r i s a t i o n 
a x i s and about 7 cm. from the so u r c e . The combined photopeak e f f i c i e n c y i s 
then a p p r o x i m a t e l y 3 per c e n t a t each a n g l e , so the d e s i r e d recorded count 
r e q u i r e s 10 6 d i s i n t e g r a t i o n s f e e d i n g the observed t r a n s i t i o n . An i m p l a n t a 
t i o n r a t e of ΙΟ*4 n u c l e i per second, t h a t i s , assuming a 1 pe r c e n t s e p a r a t o r 
e f f i c i e n c y , a r e a c t i o n y i e l d of 10 6 n u c l e i per second, w i l l g i v e the r e q u i r e d 
counts i n 100 seconds f o r a t r a n s i t i o n fed i n 100 percent of decays. I t i s 
c l e a r not o n l y t h a t measurements can be made by OLNO when i m p l a n t a t i o n r a t e s 
f a l l as low as 100 n u c l e i per second f o r s t r o n g l y f e d t r a n s i t i o n s , but a l s o 
t h a t a t h i g h e r r a t e s weak t r a n s i t i o n s can be s t u d i e d w i t h adequate accuracy 
to y i e l d u s e f u l i n f o r m a t i o n . 

NMR/ON r e q u i r e s t h a t resonant d e s t r u c t i o n of the a n i s o t r o p y be 
d e t e c t e d . The f a c t t h a t a sequence of counts as a f u n c t i o n of changing f r e 
quency i s necessary means t h a t t h i s p r e c i s i o n method w i l l be r e s t r i c t e d to 
n u c l e i w i t h i m p l a n t a t i o n r a t e s g r e a t e r than 10 3 per second, a l t h o u g h a l l 
t r a n s i t i o n s i n the decay of the reson a t e d i s o t o p e can be combined to g i v e the 
t o t a l resonance s i g n a l . 
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5 3 . STONE On-Line Nuclear Orientation 3 5 3 

On implantation into the cold f o i l the nuclei are i n i t i a l l y 'hot 1 i . e . 
unpolarised. They approach thermal equilibrium with the f o i l l a t t i c e tempera
ture through the Korringa relaxation mechanism v i a the conduction electrons. 
A relationship of the form TiT ( h v ) 2 = C where C is a constant for a s p e c i f i c 
host and hv i s the Zeeman s p l i t t i n g has been established to give estimates of 
Ti to about a factor of two. Typical values at 10 mK l i e i n the range 
Is-1000s. 

The half l i f e Ti must be _> T i . The leading orientation parameter B 2 
i s given approximately for low degrees of polarisation by B 2 = 1 2 (hv/kT) 2/5. 
Useful NO measurements require typically B2(min) = 0.2, giving a maximum use
f u l temperature of Τ(max) = Ihv/k, for which 
Ti = C/[(hv) 2T(max)] = Ck/I(hv) 3 = 2 χ lO'+C/KhvP where C i s i n MHz2 sK and 
hv i n MHz. For iron host C = 5 χ 104. The average value of B 2 , taking the 
simplifying assumption of a nuclear spin temperature % approaching the 
l a t t i c e temperature T L as (1/T)^(t) = 1/TL ( l - e _ t / T i ) i s 
B 2 = B 2(T L) [2X2/(1 + 3X + 2X2)j where X = Ti/Ti£n2 and B 2(T L) is the f u l l 
equilibrium l i m i t . For cases with higher degrees of polarisation a better 
approximation i s B 2 α 1/T and we have B 2 = B2(Τγ)[x(1+X)] . Results for 
B 2 / B 2 ( T ^ ) are shown i n figure 2 as a function or X. These relations allow 
estimates to be made of the mean polarisation achieved for any combination of 
host C values, hyperfine s p l i t t i n g and half l i f e . The limit i n g case i s found 
by putting Τ(max) equal to the lowest attainable temperature. This gives 
hv(min), hence Ti(min) and Τχ(min). For different elements the hyperfine 
f i e l d varies from <10 to >100 T, and with varying nuclear spins and moments 
each case must be considered separately. 

Fig. 3 . Mean value of B 2 as a function of T i / T i r a t i o . 
Upper curve for large anisotropies (>10%), lower for small. 

The results of these considerations l i m i t current methods of OLNO. 
Representative estimates of lower limit h a l f - l i v e s are given i n Table 1, 
assuming iron host and taking I=g=l. These should be taken as a guide only, 
variations with I and g being indicated. It i s seen that, for many elements, 
limiti n g lifetimes are less than 1 minute. In effect this means a range of 
15-25 isotopes per element above Ζ ^ 30. 

Comparison of OLNO with other methods of moment and level structure 
study has been given b r i e f l y i n [ST085]. Most alternative moment measurements 
require considerably higher count rates. When working further from s t a b i l i t y 
decay schemes are often poorly established and, as Q values for decay i n 
crease, they become more complex. The occurrence of isomers i s r e l a t i v e l y 
frequent, which has the advantage of populating states of a wide range of 
spin values and the drawback of producing complicated parentage for tra n s i 
tions lower i n the daughter decay scheme. The over a l l result i s that nuclear 
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354 NUCLEI OFF THE LINE OF STABILITY 

TABLE 1 
Li s t i n g for each element of the temperature at which B 2 = 0.2 i n iron host, 
the estimated Ύ\ at that temperature and hence the minimum h a l f - l i f e 
accessible. In Table, I = g = 1 i s assumed, see footnotes • 

Element B h f Τ 
max 

T i at Τ 1 max Element B h f Τ 
max 

T i at Τ 1 mas 
(T) (mK) 

+ 
= T, (min) 

2 
seconds* 

(T) (mK) 
+ 

= T, (min; 
2 

seconds* 

21 Sc -13.2 4.8 1.0 χ 103 54 Xe 160 59 .6 
22 Ti -12.2 4.5 1.3 χ 103 55 Cs 27.6 10. 1 109 
23 V -8.7 3.2 3.5 103 56 Ba 8.5 3. 1 3700 
24 Cr -6.6 2.5 7.8 χ 103 57 La -46 16.8 236 
25 Mn -22.8 8.4 194 58 Ce 41 15.0 33 
26 Fe -33.9 12.4 59 62 Sm 314 115 .074 
27 Co -28.7 10.5 97 63 Eu 148 54 .7 
28 Ni -23.4 8.5 179 65 Tb 380 139 .042 
29 Cu -21.8 8.0 222 66 Dy 610 223 .01 
30 Zn -19. 1 7.0 330 68 Er 768 280 .005 
31 Ga -9.4 3.4 2.8 χ 103 69 Tm 625 229 .009 
32 Ge 6.0 2.2 1.1 χ 103 70 Yb 125 46 1.2 
33 As 34.4 12.6 57 71 Lu 61 22 10.1 
34 Se 69 25.2 7 72 Hf -63 23 9.2 
35 Br 84 30.7 4 73 Ta -64 23 8.8 
36 Kr 66 24 8 74 W -69 25 7.0 
37 Rb 5.4 1.9 1.4 χ 103 75 Re -75 27 5.5 
38 Sr -10 3.7 2.3 χ 103 76 Os -109 40 1.8 
39 Y -22.6 8.3 200 77 Ir -147 54 0.72 
40 Zr -27.4 10.0 112 78 Pt -128 47 1. 1 
41 Nb -26.6 9.7 122 79 Au -115 42 1.5 
42 Mo -25.6 9.4 137 80 Hg -84 31 3.9 
43 Tc -31.7 11.6 72 81 T l -18.5 6.8 363 
44 Ru -49 17.9 20 82 Pb 26.2 9.7 128 
45 Rh -55.7 20.4 13 83 Bi 119.1 44 1.4 
46 Pd -54.7 20.0 14 84 Po 238 87 0.17 
47 Ag -44.7 16.3 26 85 At 254 93 0. 14 
48 Cd -39.2 14.3 38 86 Rn 170 62 0.47 
49 In -28.7 10.5 97 88 Ra 12.7 4.7 1100 
50 Sn 8.5 3.1 3.8 χ 103 90 Th 31 1 1 77 
51 Sb 23.4 8.5 180 92 U 56 20.5 13 
52 Te 68. 1 24.9 7 94 Pu 1 13 41 1.6 
53 I 1 14.6 41.9 1.5 96 Cm <10 <3.6 >2300 

* this column scales as ( g 3 ! ) " 1 . 
+ this column scales as (g l ) . 

orientation alone w i l l often not be adequate to elucidate decay sequences, 
spins of levels, and multipole mixing r a t i o s , although i t gives information 
on a l l these parameters. Frequently i t w i l l be necessary to perform associ
ated experiments using other spectroscopic techniques such as gamma-gamma or 
beta-gamma coincidence, angular correlation, electron conversion and gamma 
ray linear polarization. These can be carried out simultaneously with OLNO, 
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53. STONE On-Line Nuclear Orientation 355 

indeed gamma-gamma c o i n c i d e n c e and an g u l a r c o r r e l a t i o n ( f o r decay sequence and 
support on m i x i n g r a t i o s ) and l i n e a r p o l a r i z a t i o n ( f o r m a g n e t i c / e l e c t r i c 
c h a r a c t e r and a g a i n m u l t i p o l e m i x i n g r a t i o s ) can be done a t the r e f r i g e r a t o r 
u s i n g the same decay events w i t h a d d i t i o n a l e l e c t r o n i c s . E l e c t r o n conver
s i o n i s p a r t i c u l a r l y u s e f u l i n p i c k i n g up EO t r a n s i t i o n s . 

S e v e r a l examples of the e x t r a c t i o n of decay i n f o r m a t i o n from OLNO 
dat a are a v a i l a b l e , eg. f o r gamma decay i n [yAN85b], and f o r alpha decay i n 
[WOU85]. As a s i n g l e s c o u n t i n g method OLNO i s e f f i c i e n t a t o b t a i n i n g maximum 
i n f o r m a t i o n from weaker s o u r c e s . 

I t i s c l e a r t h a t the c u r r e n t methods o f OLNO have e x t e n s i v e p o t e n t i a l 
a p p l i c a t i o n . L o o k i n g f u r t h e r ahead, in-beam o r i e n t a t i o n , e i t h e r by h f s 
pumping or by r e f l e c t i o n from p o l a r i s e d metal s u r f a c e s may be the r o u t e to 
opening up s h o r t e r l i v e d i s o t o p e s . E x p l o r a t o r y work on beam r e f l e c t i o n 
methods i s going on i n Leuven [yAN85a]. At p r e s e n t i t i s not c l e a r whether 
pumping can be made q u a n t i t a t i v e or t h a t r e f l e c t i o n g i v e s e f f e c t s above a few 
p e r c e n t . 

Recent r e s u l t s on I o d i n e Isotopes 

In r e c e n t months r e s u l t s g i v e n i n Table 2 have been o b t a i n e d f o r 
magnetic d i p o l e moments of Sb, I and Xe p r o t o n r i c h i s o t o p e s a t the 
DOLIS-COLD f a c i l i t y at Daresbury. Examples of the data are g i v e n i n F i g . 4. 
The 1 1 7 S b r e s u l t should be compared w i t h the e s t a b l i s h e d v a l u e of 3.54 nm. 
A l l o t h e r r e s u l t s are new, or have been b r i e f l y r e p o r t e d [SHA75] . 

Table 2 

Isotope H a l f L i f e 1 7 1 X(15mK) Magnetic Moment 
(nm) 

1 1 6 S b 16m 3 + 10 ± 2.6(3) 
1 1 7 S b 2.8h 5/2 + 280 ± 3.5(2) 

1 1 7 I 2.3m (5/2 +) 70 ± 3.0(3) 
118-j-m 8.5m (7-) 60 ± 4.2(2) 
1 1 8 l g 14.3m 2- 270 ± 1.9(3) 
119] ; 19. lm (5/2 +) 550 ± 2.9(1) 
12 0 ι Πι 58m (7") 400 ± 4.18(18) 
1 2 0 I g 1.35h 2~ 640 ± 1.22(14) 
1 2 1 χ 2. 12h (5 / 2 + ) 2200 ± 2.3(1) 
122]- 3.6m 1 + 75 ± 0.93(9) 

1 1 9 X e 5.8m (5/2+) 16 ± 0.68(4) 
1 2 1 X e 39m (5/2+) 100 ± 0.70(4) 

D i s c u s s i o n 

Sb The c o n f i g u r a t i o n s of l o w - l y i n g 3 + s t a t e s i n l i g h t Sb i s o t o p e s have 
been a s s i g n e d Q r g 7 / 2 V S 1 / 2 ] i n 1 2 2 S b and [ 7 ^ 5 / 2 , v s l / 2 _ l i n 1 2 0 > l l S S b based 
on comparison of t h e i r measured g - f a c t o r s w i t h c a l c u l a t i o n s based on 
n e i g h b o u r i n g odd-A n u c l e i which y i e l d g = 1.06(3) f o r the former c o n f i g u r a 
t i o n and g = 0.82(3) f o r the l a t t e r . The p r e s e n t i m p r e c i s e measurement, 
g = ± 0.87(9) i n 1 1 6 S b needs to be improved u s i n g the NMR/ON tec h n i q u e , but 
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356 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

F i g . 4. Temperature dependence of γ-anisotropy f o r o r i e n t e d I i s o t o p e s . 
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53. STONE On-Line Nuclear Orientation 357 

f a v o u r s the CI5/2 p r o t o n s t a t e , found as ground s t a t e i n a l l odd-A i s o t o p e s 
l l l - 1 2 1 S b e 

I_. I n 1g|lç 5 and 153157 we have r e s u l t s on two isomers f o r each mass 
number. The h i g h s p i n isomer ( a s s i g n e d 7" on the b a s i s o f l e v e l s f e d i n 
decay) has μ = ± 4.2(2)nm i n bot h c a s e s . T h i s i s d i s t i n c t i v e of the 
d i s t o r t e d π (404) 9/2"*" o r b i t a l w h i c h, coupled to ν (532) 5 / 2 " would g i v e 
Ι π = 7"", μ = 4.8nm. The occurrence of t h i s o r b i t a l at low e x c i t a t i o n i s 
d i r e c t l y i n d i c a t i v e of l a r g e e q u i l i b r i u m d e f o r m a t i o n a s s o c i a t e d w i t h the 
s o f t m i d - s h e l l n e u t r o n number. The low s p i n isomer (2~) shows a moment i n 
1 1 8 I , ± 1.9(3)nm, which i s c l e a r l y l a r g e r than found f o r l e v e l s o f the same 
Ι π i n 1 2 0 I ± 1.23(3)nm and 1 2 i + I ± 1.14(8)nm |])EJ83] . A p o s s i b l e e x p l a n a t i o n 
f o r t h i s v a r i a t i o n i s t h a t i n 1 1 8 l S we are c l o s e t o the s h e l l model con
f i g u r a t i o n | j g 7 / 2 , v h i 1 / 2 J 2 " ^ s c h m i d t = -2.5nm) w i t h r e l a t i v e l y s m a l l e q u i 
l i b r i u m d e f o r m a t i o n , s u g g e s t i n g t h a t t h i s i s o t o p e i s a dramat i c example of 
i s o m e r i s a t i o n w i t h markedly d i f f e r e n t d e f o r m a t i o n i n the two isomers. The 
same c o n f i g u r a t i o n Qrg7/2> v h l l / 2 ] 2 " has been proposed f o r ^ f S b y ! 
(^meas = ~1·9 nm) and C a l l a g h a n e t a l have shown t h a t d e t a i l e d c o r r e c t i o n s 
to the Schmidt moment reduce the c a l c u l a t e d v a l u e to -1.95(5)nm [CAL74] . 

The moment of 1 2 2 I ( 1 + ) a t ± 0.93(9)nm l i e s c l o s e r t o the deformed 
analogue 1 2 I + C s ( l + ) Q r(420)|, v ( 4 1 1 ) i ] μ = 0.67 nm, than t o the s p h e r i c a l 
1 2 0 S b ( l + ) Q r d s / 2 , v d 3 / 2 ] μ = + 2.3(2)nm. 
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54 

Spins and Moments Determined by On-Line Atomic-Beam 
Techniques 
Curt Ekström 

The Studsvik Science Research Laboratory, S-611 82 Nyköping, Sweden 

Hyperfine structure measurements using on-line atomic-beam 
techniques are of great importance in the systematic study 
of spins and moments of nuclei far from beta-stability. We 
will discuss the atomic-beam magnetic resonance (ABMR) me
thod, and laser spectroscopy methods based on crossed-beam 
geometry with a collimated thermal atomic-beam and collinear 
geometry with a fast atomic-beam. Selected results from the 
extensive measurements at the ISOLDE facility at CERN will 
be presented. 

Nuclear spins and moments of ground and isomeric states are basic pro
perties probing the structure and shape of atomic nuclei. The systematic ex
perimental study of these quantities along isotopic and isotonic chains thus 
allows a mapping of the nuclear behaviour, to be compared with the predic
tions of different nuclear models. 

The main experiments s p e c i f i c a l l y aimed at revealing the nuclear struc
ture by measuring nuclear spins and moments are those investigating the hy
perfine structure (hfs) of free atoms using radio-frequency and optical spec
troscopy techniques. Although a large amount of data has been obtained in o f f 
line experiments, i t i s only through the introduction of on-line techniques 
at different ISOL-facuities that short-lived nuclides far from s t a b i l i t y , 
and thus long isotopic chains, have come within reach for study. The experi
ments performed at the ISOLDE f a c i l i t y , CERN, by the Gothenburg-Uppsala, 
Orsay and Mainz groups constitute a main effort in this direction. Certainly, 
these experiments p r o f i t from the excellent performance of the ISOLDE mass-
separator and from the wide range of elements available in high production 
yields [RAV79, RAV84]. 

The hfs experiments at ISOLDE may be divided into techniques employing 
atomic-beams and resonance-cells. Here, we w i l l concentrate on the different 
atomic-beam experiments performed by the groups mentioned above. The present 
subject has been discussed in some de t a i l i n [EKS85], giving e.g. a f u l l re
ference l i s t on the atomic-beam works at ISOLDE. 

In the optical spectroscopy experiments, data on the isotope shifts (IS) 
may be obtained in addition to those on the hfs. The important nuclear i n 
formation on the changes of mean square charge r a d i i , deduced from the IS re
sults, w i l l be discussed by Kluge at this symposium [KLU85]. 

NOTE: The author of this chapter worked with members of the I S O L D E Collaboration, C E R N , 
C H - 1 2 1 1 Geneva 23, Switzerland. 

0097-6156/ 86/0324-0358506.00/ 0 
© 1986 American Chemical Society 
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54. EKSTRÔM Spins and Moments 359 

Atomic-Beam Experiments at ISOLDE 
In this section we w i l l b r i e f l y discuss the different atomic-beam met

hods used in hfs measurements at ISOLDE, and give information on the isotopic 
chains studied. The description, although c l a s s i f i e d according to the techni
que used, follow to a large extent the chronological order. 

The atomic-beam magnetic resonance (ABMR) apparatus of the Gothenburg-
Uppsala group, connected on-line to the ISOLDE mass separator, i s given sche
matically in Fig. 1. A detailed description of the design and operation may 
be found in [EKS78, EKS81]. The ABMR method has been applied to several d i f 
ferent elements at ISOLDE for measurements mainly of nuclear spins and magne
t i c dipole moments. The main results have been obtained i n the a l k a l i ele
ments 3 7 R b , 5 5 C S and 8 7 F r >

 a n c^ i - n
 7 9 A U . Shorter sequences have been studied 

in 3 5 B r , i+gln, 5 3 I , 6 3 E U , ggTm and Q\TI. References to the ABMR works are g i 
ven i n [EKS85]. The ABMR project at ISOLDE i s , i n i t s present form, now es
s e n t i a l l y terminated. The p o s s i b i l i t i e s for presicion hfs measurements to get 
information on the hyperfine anomaly, probing the distribu t i o n of nuclear 
magnetism, are under discussion. 

Laser spectroscopy in crossed-beam geometry with a collimated thermal 
atomic-beam was introduced at ISOLDE by the Orsay group [THl81a, T0U81] (cf. 
Fig. 1). With this method, a considerable extension of the ABMR measurements 
in the a l k a l i elements, mentioned above, was obtained. The nuclear spectro
scopic quadrupole moments could be reached by studying the hfs of the 2 P 3 2 
excited atomic state, as well as the IS in the isotopic sequences. A number 
of nuclear spins and magnetic moments was also added. The Orsay works on the 
a l k a l i elements 3 7 R b , 5 5Cs and 8 7 F r a t ISOLDE have been presented i n [HUB78, 
LIB80, THl81b, THI81c, C0C85]. The atomic-beam laser spectroscopy, i n the 
Orsay version, i s mainly restricted to the a l k a l i elements, where, however, 
future double-resonance experiments, giving accurate hfs constants, w i l l be 
of interest. 

At present, the most powerful method for hfs and IS measurements is c o l -
linear fast-beam laser spectroscopy," developed and introduced at ISOLDE by 
the Mainz group [NEU81] (cf. Fig. 2). During the few years of operation, this 
experiments has produced a vast amount of data on nuclear spins, moments and 
mean square charge r a d i i of long isotopic chains throughout the nuclear chart. 
The s e n s i t i v i t y of the method w i l l probably be further increased by the i n 
troduction of non-optical detection techniques. The f i r s t measurements at 
ISOLDE were made in a long sequence of barium isotopes, 1 2 2 " 1 1 + 6 B a [MUE83], 
covering both sides of the Ν = 82 neutron-shell closure. Similarly, the che
mical analogue radium has been studied in the mass range 208 - 232 [AHM83], 
i.e. on both sides of Ν = 126. A systematic investigation of the rare-earth 
nuclides, with special emphasis on those in the transitional region above Ν = 
82, i s in progress. At present, the measurements include l t + 0 " 1 5 3 E u [AHM85], 
l i + 2 - 1 6 0 G d j 1 4 6 - 1 6 4 D y j 1 5 0 - 1 7 0 E r a n d 1 5 6 - 1 7 6 Y b [BUC82, NEU85]. Recently, radon 
isotopes in the mass range 202 - 222 and indium isotopes between 1 ^ I n and 
i 2 7 I n were investigated [NEU85], the la t t e r extending the sequence 1 0 7 " 1 1 1 I n 
studied by the same method at GSI [ULM85]. In addition to these systematic 
measurements, point efforts on nuclei of particular interest are made, like 
i n the cases 1 8 2Hg and 2 0 7 T 1 [NEU85]. Furthermore, the optical lines connect
ing the 7s atomic ground state with the 8p excited states i n francium were 
discovered by collinear laser spectroscopy, and the f i r s t hfs measurements on 
the heavy francium isotopes were made [NEU85]. 
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360 NUCLEI OFF THE LINE OF STABILITY 

ATOMIC-BEAM MAGNETIC RESONANCE ATOMIC-BEAM LASER SPECTROSCOPY 

COLLECTOR 
DETECTOR 

MAGNETIC FIELD 

.) 1 2 2Cs 
— r~Ï2kHz Λ" 1 

I- / \ 
RADIO FREQUENCY LASER FREQUENCY 

F i g . 1 
Schematic view of the atomic-beam magnetic resonance and atomic-beam 
l a s e r s p e c t r o s c o p y set-ups a t ISOLDE. In both experiments, the 60 keV 
ion-beam from ISOLDE i s conve r t e d to g i v e a c o n t i n u o u s f l o w of thermal 
atoms through the machines. Resonances are observed i n the ABMR e x p e r i 
ments when r f - t r a n s i t i o n s are induced i n the atomic ground-state h f s , 
changing the atoms from a f o c u s i n g (Mj > 0) to a d e f o c u s i n g (Mj < 0) 
s t a t e . The AF = 1 resonance t r a n s i t i o n s i n 1 2 2 C s ( I = 1) are g i v e n a t 
the bottom l e f t : a) (F = 3/2, M F = 1/2) + (1/2, -1/2) and (3/2, -1/2) + 
(1/2, 1/2), b) (3/2, 3/2) (1/2, 1/2). The s m a l l l i n e - w i d t h s , d e t e r 
mined m a i n l y by the t r a n s i t time of the atoms through the r f - f i e l d , 
s h ould be noted. They g i v e the d i p o l e - c o n s t a n t i n t h i s p a r t i c u l a r case 
w i t h a p r e c i s i o n of 5 ppm. I n the atomic-beam l a s e r experiments, the 
resonances are recorded a f t e r s t a t e s e l e c t i o n w i t h a s i x - p o l e magnet; 
n e g a t i v e s i g n a l s are o b t a i n e d when the p o p u l a t i o n of a s t a t e w i t h Mj > 
0 i n the s t r o n g - f i e l d l i m i t i s reduced by o p t i c a l pumping w i t h l a s e r 
l i g h t v i a an e x c i t e d atomic s t a t e , and p o s i t i v e s i g n a l s when the po
p u l a t i o n i s i n c r e a s e d ( c f . the l a s e r - f r e q u e n c y scan i n 1 3 0 C s ( I = 1) 
at the bottom r i g h t ) . 

Reproduced with permission from [EKS85] · Copyright 1985 J . C. 
Baltzer A3 S c i e n t i f i c Publishing Company. 
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E K S T R O M Spins and Moments 

C O L L I N E A R F A S T - B E A M L A S E R S P E C T R O S C O P Y 

CHARGE 
ELECTROSTATIC EXCHANGE 
DEFLECTOR LENS CELL 

F i g . 2 
S i m p l i f i e d drawing of the c o l l i n e a r fast-beam l a s e r experiment a t 
ISOLDE. The ion-beam i s d e f l e c t e d i n t o the apparatus and passes, 
superimposed on a l a s e r beam, along the o p t i c a l a x i s . The i o n s are 
n e u t r a l i z e d i n a charge-exchange c e l l to g i v e a beam o f f a s t atoms. 
These are e x c i t e d by the l a s e r l i g h t and the d e t e c t i o n of the r e s o 
nances are made by r e c o r d i n g the e m i t t e d f l u o r e s c e n c e photons i n a 
p h o t o m u l t i p l i e r . The resonances are scanned by keeping the l a s e r 
frequency a t a f i x e d v a l u e and v a r y i n g the Doppler s h i f t of the 
a b s o r p t i o n l i n e by an a d d i t i o n a l v o l t a g e put on the r e t a r d a t i o n 
and charge-exchange systems. The photon spectrum of 1 4 9 D y ( I = 7/2) 
as a f u n c t i o n of a c c e l e r a t i o n v o l t a g e i s g i v e n a t the bottom. The 
AF = 1 and AF = 0 resonances observed i n the 4212 Â t r a n s i t i o n are 
i n d i c a t e d i n the energy l e v e l diagram. 

Reproduced with permission from [EKS85]. Copyright 1985 J. C. 
Baltzer PC Scientific Publishing Company. 
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362 NUCLEI OFF THE LINE OF STABILITY 

Discussion of Selected Results 
The elements in which long isotopic chains have been subject to hfs and 

IS measurements at ISOLDE are indicated in Fig. 3. Here, we w i l l choose two 
nuclear regions for short comments; the rare-earth region and the "heavy-
radium" region. 

As discussed in the preceeding section, an extensive investigation of 
the rare-earth region i s being performed by collinear laser spectroscopy. It 
includes a two-dimensional mapping of the (Ν, Z)-plane, covering not only 
scattered isotopic sequences but isotopes of a range of elements. 

The information on nuclear deformation from the IS-data indicates that 
the steep increase, observed between Ν = 88 and 90, i s restricted to a few 
elements around gadolinium (Z = 64). The effect becomes less pronounced in 
the lighter as well as heavier elements. In barium (Z = 56) and ytterbium 
(Z = 70) the step vanishes completely and there i s a smooth transition from 
spherical to strongly deformed shapes above Ν = 82. This behaviour indicates 
that the Ζ = 64 proton subshell closure, with i t s s t b i l i z i n g effect for sphe
r i c a l shapes, plays an important role. 

20 40 60 80 100 120 140 160 
Ν 

Fig. 3 
Nuclear chart including the major shell closures and approximative 
isodeformation curves for ε = 0.2. Hfs and IS measurements have 
been performed at ISOLDE in long isotopic chains of the elements 
indicated by arrows. Shorter sequences of the elements 3 s B r , 5 3 I , 
ggTm and 81^1» not indicated here, have also been studied at ISOLDE. 
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54. EKSTROM Spins and Moments 363 

The picture above i s supported by the results on nuclear spins and mo
ments. Here, an interpretation within the particle-rotor model gives a rather 
complete mapping of the ground-state singel-particle structure i n the Ν = 82 
region. The model calculations reproduce well the transition from essentially 
shell-model states close to Ν = 82 to strongly coupled almost pure Nilsson 
states i n the region of strong nuclear deformation [EKS85]. 

The nuclides i n the "heavy-radium" region above Ν = 126 have a location 
on the nuclear chart similar to that of the rare-earths above Ν = 82. How
ever, because of the presence of extremely short-lived nuclides just above 
Ν = 126, the systematic investigations of radon, francium and radium have 
been limited to nuclides above Ν = 131. 

As mentioned above, the radon and radium sequences have been investiga
ted by collinear fast-beam laser spectroscopy, whereas in francium a l l three 
atomic-beam methods, ABMR, atomic-beam laser spectroscopy and collinear laser 
spectroscopy, have contributed. 

The "heavy-radium" region i s characterized by an increasing quadrupole 
deformation with increasing neutron number. This is evidenced by the IS-data 
as well as by previous B(E2)-data. In addition, there i s evidence for the 
occurence of the theoretically predicted [LEA84, NAZ84] octupole deformation 
in this region. The IS-data i n radium is much better reproduced by including 
an octupole deformation of 33 — 0.1. Similar values are obtained from the 
magnetic moments i n radium [AHM83, LEA84, RAG83] and in francium [COC85]. 
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UNISOR Collinear Laser Facility 
First Results 

H. K. Carter1, G. A. Leander1, J. A. Bounds2, and C. R. Bingham2 

1UNISOR, Oak Ridge Associated Universities, Oak Ridge, TN 37831 
2Physics Department, University of Tennessee, Knoxville, TN 37996-1200 

The hyperfine structure and isotope shifts of 189m,191m,193m,193g,Tl 
have been measured by means of collinear fast-beam/laser spectro
scopy. Deformations for the 9/2 - isomers are determined to be 
larger than for the l/2+ ground state and increase with decreasing 
neutron number. Despite different deformations, rotational pro
perties are nearly identical in 185-199Tl. Microscopic theory 
ascribes this to a systematic balance between changing deformation 
and neutron pairing. 

P r i o r t o about 1955 much o f t h e n u c l e a r i n f o r m a t i o n was o b t a i n e d f rom 

a p p l i c a t i o n o f a tomic p h y s i c s . The n u c l e a r s p i n , n u c l e a r magnet ic and 

e l e c t r i c moments and changes i n mean-squared charge r a d i i are d e r i v e d f rom 

measurement o f t h e a tomic h y p e r f i n e s t r u c t u r e ( h f s ) and I s o t o p e S h i f t ( I S ) and 

are o b t a i n e d i n a n u c l e a r model independent way. With t h e development o f t h e 

t u n a b l e dye l a s e r and i t s use w i t h t h e o n l i n e i s o t o p e s e p a r a t o r t h i s f i e l d has 

been r e j u v e n a t e d . The scheme o f c o l l i n e a r l a s e r / f a s t - b e a m spec t roscopy 

[KAU76] promised t o be u s e f u l f o r a wide v a r i e t y o f e l e m e n t s , thus UNISOR 

began i n 1980 t o deve lop t h i s t y p e o f f a c i l i t y . The p resen t paper d e s c r i b e s 

some o f t he f i r s t r e s u l t s f rom t h e UNISOR l a s e r f a c i l i t y . 

The l i g h t t h a l l i u m i s o t o p e s were chosen t o be t h e f i r s t s e r i e s o f 

i s o t o p e s t o be s t u d i e d a t t he UNISOR l a s e r f a c i l i t y . The b e h a v i o r o f t h e h 9 / 2 

i n t r u d e r s t a t e s and t h e bands b u i l t on them has been w e l l documented [HEY83] . 

Th i s l e v e l , and the band s t r u c t u r e b u i l t on i t , drops i n energy w i t h r e s p e c t t o 

t h e l / 2 + ground s t a t e as the neu t ron number Ν decreases u n t i l mass 189. At 

mass 187 and lower t h e s t a t e then r i s e s . Th is suggests a r a p i d l y changing 

d e f o r m a t i o n o f t h i s 9 / 2 " s t a t e . However, t h r o u g h o u t t h i s , t h e s t a t e s b u i l t on 

t h e 9 / 2 * s t a t e m a i n t a i n n e a r l y c o n s t a n t energy l e v e l s p a c i n g s . Th is suggests 

t h a t t h e bands b u i l t on t h e 9 / 2 " s t a t e have r e l a t i v e l y unchanging d e f o r m a t i o n 

as a f u n c t i o n o f neu t ron number. Thus t h a l l i u m appeared t o be a good c a n d i d a t e 

0097-6156/ 86/ 0324-0364S06.00/ 0 
© 1986 American Chemical Society 
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55. C A R T E R E T AL. UNISOR Collinear Laser Facility 365 

f o r measurement o f IS s ince we c o u l d then de te rm ine changes i n quadrupo le 

moments and rms charge r a d i i . 

Exper imenta l Apparatus and Procedure 

F i g u r e 1 shows s c h e m a t i c a l l y the l a s e r f a c i l i t y o n l i n e t o t h e UNISOR 

i s o t o p e s e p a r a t o r . The c o l l i n e a r l a s e r / f a s t - a t o m beams t e c h n i q u e [KAU76] i s 

u s e d . Laser l i g h t o f 535 nm e x c i t e s the 6 2 P 3 / 2 m e t a s t a b l e s t a t e t o t h e 7 2 S L / 2 

l e v e l . The resonant c o n d i t i o n i s d e t e c t e d by t h e 377 nm t r a n s i t i o n t o t he 

ground s t a t e . The resonant l i g h t i s c o l l e c t e d and c h a n n e l l e d t o t h e PMT by a 

f i b e r o p t i c c o l l e c t o r which i s 10.8 cm l o n g . With t h e c y l i n d r i c a l m i r r o r t h e 

c o l l e c t o r i s e s t i m a t e d t o accept 44% o f t he l i g h t e m i t t e d by an o n - a x i s p o i n t 

s o u r c e . Co lored g l a s s f i l t e r s are used t o reduce the l a s e r l i g h t background . 

A c o l l i n e a r magnet ic f i e l d i s used t o Zeeman s h i f t t he t r a n s i t i o n out o f r e s o 

nance u n t i l t h e atom reaches the d e t e c t i o n r e g i o n . 

Charge 
Exchange 

Filter 

Photomulti 

Iter I 1 V 

0 l 2 Saturated Absorption 

F i g . 1 . Schematic o f t he l a s e r 

system o n l i n e t o UNISOR i s o t o p e 

s e p a r a t o r . 

The da ta recorded as t h e l a s e r f requency i s scanned c o n s i s t s o f the 

f l u o r s c e n c e s i g n a l f rom the PMT, a D o p p l e r - f r e e I 2 spec t rum and f requency 

markers f rom the é t a l o n . The é t a l o n p r o v i d e s a c a l i b r a t i o n o f t h e f requency 

s c a n . The D o p p l e r - f r e e I 2 s p e c t r a p r o v i d e s an a b s o l u t e f requency r e f e r e n c e 

used t o c o r r e c t f o r smal l l a s e r f requency d r i f t s , s e p a r a t o r v o l t a g e d r i f t s and 

t o de te rm ine the a b s o l u t e a c c e l e r a t i o n v o l t a g e o f t h e s e p a r a t o r f o r t he Doppler 

s h i f t c o r r e c t i o n s . We are thus ab le t o r e c o r d data over long p e r i o d s o f t i m e , 

e . g . 3 h o u r s , and m a i n t a i n a reasonab le r e s o l u t i o n o f 100 MHz. Some o f t he 

f i r s t o n l i n e da ta recorded w i t h t h i s system i s shown i n F igu re 2 . The o v e r a l l 

d e t e c t i o n e f f i c i e n c y has been measured t o be 1/1000, i . e . one d e t e c t e d photon 

per 1000 atoms, f o r t he l a r g e s t t r a n s i t i o n i n t he n u c l e a r s p i n 1/2 i s o t o p e s . 
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366 NUCLEI OFF THE LINE OF STABILITY 

R e s u l t s 

Whi le da ta were o b t a i n e d on i s o t o p e s f rom mass 189 t o 193 r e s u l t i n g i n 

moments and i s o t o p e s h i f t s , t he da ta w i l l be d iscussed o n l y i n r e l a t i o n t o the 

problem o u t l i n e d above. Examinat ion o f F igu re 2 r e v e a l s t h a t both the c h a r a c 

t e r i s t i c t h r e e h fs t r a n s i s t i o n s due t o t he 1/2 ground s t a t e and the s i x t r a n 

s i t i o n s due t o t h e 9/2 i s o m e r i c s t a t e are observed i n 1 9 3 T 1 . In 189,191JI t he 

9 /2 isomer has f a l l e n below the 3/2 s t a t e and i s o m e r i c decay i s i n s u f f i c i e n t 

t o p e r m i t o b s e r v a t i o n o f the ground s t a t e . 

Laser Frequency 

F i g . 2 . Sample o f h fs da ta 

recorded i n p resen t exper iment o f 

I93g ,my| e The upper p o r t i o n shows 

t h e atomic h y p e r f i n e l e v e l s f o r 

t h e two s p i n s . 

The change i n mean-squared-charge r a d i u s i s o b t a i n e d f rom the i s o t o p e 

s h i f t us ing s tandard t e c h n i q u e s [ H E I 7 4 ] , For t h a l l i u m t h e normal mass s h i f t 

i s a p p r o x i m a t e l y 8 MHz between masses and the s p e c i f i c mass s h i f t i s s m a l l e r 

t han the e x p e r i m e n t a l e r r o r . The r e s u l t i n g f i e l d s h i f t i s p r o p o r t i o n a l , t o 

good a p p r o x i m a t i o n , t o an e l e c t r o n i c f a c t o r t imes 6 < r 2 > . For t h e case o f Tl 

t h e e l e c t r o n i c f a c t o r i s not d i r e c t l y c a l c u l a b l e but shou ld be v i r t u a l l y t he 

same f o r a l l i s o t o p e s . 

To deduce t h i s p r o p o r t i o n a l i t y f a c t o r f o r Tl we assumed zero d e f o r 

mat ion f o r 2 0 7 J ] (which i s one p r o t o n f rom double magic 2 0 8 P b ) and 2 0 0 T 1 . We 

then use the d r o p l e t model [MYE83] t o e x t r a c t d e f o r m a t i o n s f rom the f i e l d 

s h i f t s . D r o p l e t model va lues o f 6 < r 2 > w i t h 3 = 0 are f i t t o t he two p o i n t s o f 

zero d e f o r m a t i o n and p r e d i c t i o n s f o r d i f f e r e n t d e f o r m a t i o n s are shown as s o l i d 

l i n e s i n F igu re 3 . 
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55. C A R T E R E T AL. UNISOR Collinear Laser Facility 367 

189 191 193 195 197 199 201 203 205 207 
I I ι y\ y ι y ι A J 

<&/ ^y *y KÎy yçy 
y y V ν 

/ / / y 
— 

/ /y 

y */ 
my / · X 

/ Field Shifts in Tl 535nm 

S */ Experimental Data: 

•1 = 1/2 -1=9 /2 
o | = 2 o | = 7 

/ \/ / \ I l l l l l 

-5 

-10 

-15 

F i g , 3. Exper imenta l f i e l d s h i f t s 

i n T l . S o l i d l i n e s r e p r e s e n t d i f 

f e r e n t d r o p l e t model d e f o r m a t i o n s . 

Data f o r A _< 193 are f rom present 

e x p e r i m e n t ; remainder f rom p r e v i 

ous e x p e r i m e n t s . [HUL61] . 

The d e f o r m a t i o n s o f the isomers were a l s o deduced f rom the s p e c t r o s c o 

p i c quadrupo le moment o b t a i n e d f rom the h fs c o n s t a n t B. Since no quadrupo le 

moments have been measured p r e v i o u s l y i n T l , hence no d i r e c t c a l i b r a t i o n cou ld 

be made, we r e l i e d on the c a l c u l a t i o n s o f L indgren and Rosen [ L I N 7 5 ] . T h e i r 

r e l a t i v i s t i c c a l c u l a t i o n s were used w i t h our measured B's t o g i v e the va lues 

o f Q s l i s t e d i n Table I . 

TABLE I . Moments and d e f o r m a t i o n s o f l i g h t Tl i s o t o p e s 

Tl Qs Qo 3 2 <&2>1/2 

(eb) f rom Q 0 f rom IS 

193g - - - 0 . 0 9 9 ( 1 ) 

193m - 2 . 2 0 ( 2 ) - 4 . 0 2 ( 3 ) - 0 . 1 4 4 ( 1 ) 0 .158 (1 ) 

191m - 2 . 2 7 ( 3 ) - 4 . 1 6 ( 5 ) - 0 . 1 5 0 ( 2 ) 0 . 1 7 0 ( 2 ) 

189m - 2 . 2 9 ( 4 ) - 4 . 1 9 ( 7 ) - 0 . 1 5 3 ( 3 ) 0 . 1 8 1 ( 2 ) 

A t h e o r e t i c a l c a l c u l a t i o n was c a r r i e d out t o see i f a l l t he observed 

f e a t u r e s o f t he Tl i s o t o p e s w i l l emerge f rom the deformed s h e l l mode l . F i r s t 

t h e e q u i l i b r i u m shape o f t he i n t r i n s i c mean f i e l d was de te rmined by the 
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368 NUCLEI OFF THE LINE OF STABILITY 

S t r u t i n s k y procedure f o r both t he 1/2 and t h e 9/2 c o n f i g u r a t i o n s o f 185-I99yi. 
The energy as a f u n c t i o n o f quadrupo le ( e 2 ) and hexadecapole (et{) d e f o r m a t i o n 

was c a l c u l a t e d . In F igu re 4c t h e quadrupo le deformamat ion c o o r d i n a t e ε 2 i s 

shown by t h e dashed l i n e f o r t he 9/2 c o n f i g u r a t i o n ( f o r t h e 1/2 c o n f i g u r a t i o n 

ε 2 = - 0 . 0 7 ) . Both t h e va lue and r a t e o f change o f d e f o r m a t i o n are seen t o be 

c o m p a t i b l e w i t h t h e expe r imen ta l r e s u l t s f rom the p resen t work . The main 

reason f o r d o u b t i n g t h e r o l e o f d e f o r m a t i o n i n t he past was based on the 

n o t i o n t h a t a s imp le correspondence e x i s t s between the d e f o r m a t i o n and the 

r o t a t i o n a l moment o f i n e r t i a . The a lmost i d e n t i c a l s t r o n g - c o u p l e d bands based 

on t h e 9/2 l e v e l would then be i n c o m p a t i b l e w i t h changing d e f o r m a t i o n . To 

i n v e s t i g a t e t h i s we c a l c u l a t e d m i c r o s c o p i c moments o f i n e r t i a f o r t h e k = 9/2 

bands at t h e i r r e s p e c t i v e e q u i l i b r i u m d e f o r m a t i o n s de te rmined above, us ing the 

methods d e s c r i b e d i n r e f e r e n c e s [AND81] and [ARV83] . The r e s u l t s are p l o t t e d 

i n F i g u r e 4 b , where the 11/2 - 9 /2 spac ing i s r e p r e s e n t a t i v e o f t he moment o f 

i n e r t i a . The s i g n i f i c a n t r e s u l t i s t h a t t h e r o t a t i o n a l e x c i t a t i o n energy 

s t a y s a lmost as c o n s t a n t i n t h e o r y as i n exper iment d e s p i t e the changing 

d e f o r m a t i o n . 

F i g . 4 . Resu l t s o f 

t h e o r e t i c a l c a l c u l a t i o n s 

f o r 185-199T1 d e s c r i b e d 

i n t he t e x t i n comparison 

w i t h e x p e r i m e n t . 

Έ 

£ 0 . 5 

0 

0 . 5 

1 1 1 1 

- E 9 / 2 - - E 1 / 2 + 

- E x p . 

_ · . · 

I I I I 

1 1 1 1 a_ 

T h e o r y — 

1 1 1 1 

E 1 1 / 2 - " E 9 / 2 -

E x P . x 

- · · 

b 

1 -
1 " 

1 1 1 1 

T h e o r y _ 

1 1 1 1 
• Exp. ( 2 (Qg) c 

— ·Εχρ. c 2 (IS) — 
- » Exp. Δ η — 
— T h e o r y , _ — — — Λ η s \ — Il 
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1 
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1
 I 

1
 I 
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1 8 5 1 8 7 1 8 9 1 9 1 1 9 3 1 9 5 1 9 7 1 9 9 
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55. CARTER ET AL. UNISOR Collinear Laser Facility 369 

I t i s p o s s i b l e t o unders tand t h i s r e s u l t on a m i c r o s c o p i c b a s i s . The 

m i c r o s c o p i c mechanism f o r t h i s l i e s i n changing neu t ron p a i r i n g c o r r e l a t i o n s , 

as can be v e r i f i e d by v a r y i n g e 2 , Δ ρ , Δ η and Ν one a t a t i m e , h o l d i n g t h e 

o t h e r s f i x e d . The s e l f - c o n s i s t e n t neu t ron gap p a r a m e t e r , Δ η , i s p l o t t e d i n 

F i g u r e 4c and i s seen t o i n c r e a s e w i t h d e c r e a s i n g A. Thus, when the number o f 

va lence neu t ron ho les i n c r e a s e s , bo th t h e d e f o r m a t i o n and t h e neu t ron p a i r i n g 

c o r r e l a t i o n s i n c r e a s e w i t h o p p o s i t e and compensat ing e f f e c t s on the moment o f 

i n e r t i a . The arrows i n F igu re 4b show the s h i f t t h a t comes f rom the use o f 

t h e s e l f - c o n s i s t e n t and N-dependent va lues o f Δ η » r a t h e r than a s i n g l e i n t e r 

media te v a l u e . 

Conc lus ion 

The e x p e r i m e n t a l work here has shown t h a t t he d e f o r m a t i o n o f t h e i s o 

mer ic 9/2 s t a t e s i n t h e l i g h t t h a l l i u m i s o t o p e s i s i n c r e a s i n g w i t h dec reas ing 

n e u t r o n number w h i l e t h e 1/2 s t a t e remains r e l a t i v e l y c o n s t a n t . Th is work 

shows the f a l l a c y o f assuming t h a t a c o n s t a n t moment o f i n e r t i a i n f e r s a 

c o n s t a n t d e f o r m a t i o n . T h e o r e t i c a l l y , t h i s work has demonst ra ted an 

i n t e r e s t i n g aspect o f t he c o m p e t i t i o n between quadrupo le and p a i r i n g c o r r e l a 

t i o n s i n n e a r - s i n g l y - c l o s e d - s h e l l n u c l e i . 
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Ground-State Studies at ISOLDE 

H.-J. Kluge 
ISOLDE, CERN, CH-1211 Geneva 23, Switzerland, and Institut für Physik, Universität Mainz, 
D-6500 Mainz, Federal Republic of Germany 

A large number of nuclei far from the stability line have been studied in their 
ground and isomeric states at the ISOLDE on-line isotope separator at CERN. 
This report gives references to recent works, and describes future develop
ments for a laser ion source, and further improvements of the techniques for 
determining nuclear masses, the spins, moments, and changes in nuclear charge 
radii. The odd-even staggering of the charge radii of the nuclei around Z=82 
are briefly discussed. 

1. INTRODUCTION 
The ground state studies covered by this contribution concern the determina

tion of the nuclear mass, the spin, the magnetic dipole and the electric quadru
pole moments, and finally the change in charge radii. With the exception of 
masses the information is accessible by a measurement of the hyperfine structure 
(HFS) and isotope shift (IS) of optical transitions. These data are urgently 
needed to test nuclear models, to establish level schemes, or to extrapolate the 
properties of nuclear matter even further to the limits of nuclear stability 
against proton and neutron emission, i.e. to the drip lines. Also new phenomena 
might be discovered which are not expected from our knowledge of stable and 
long-lived nuclei. 
Nuclear shape coexistence, which was extensively discussed during the sympo

sium, might serve as an example to illustrate the importance of data from meas
urements of the mass, the HFS and IS. The most convincing signature of shape 
transitions or shape coexistence is the determination of the positions and depths 
of the minima in the energy-deformation curve. This information can indeed be 
obtained by a determination of the mass (depth), of the IS which yields the de
viation from spherical shape (<β2>) when measured relative to a spherical nucle
us, and of the isomer shift which is a measure of the difference in deformation 
for the co-existing states (δ<β2>). Furthermore, the spectroscopic quadrupole 
moment indicates oblate or prolate shape and gives additional information on the 
location of the minima (<β>). Finally, the determination of the nuclear spin and 
magnetic moment pins down the configuration and orbitals involved. 

In fact, the first information on phase transitions and shape coexistence was 
obtained by optical spectroscopy: In 1949 Brix and Kopfermann [BRI49] found a 
NOTE: The author of this chapter worked with members of the ISOLDE Collaboration, CERN, 
CH-1211 Geneva 23, Switzerland. 

0097-6156/ 86/0324-0370506.00/ 0 
1986 American Chemical Societv 
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56. KLUGE Ground-State Studies 371 

sudden jump of the IS's when going from N=88 to N=90 in the rare earth iso

topes. This led to the discovery of the quadrupolar shape of nuclei. In 1972, 

our group found a strong discontinuity of the IS's of the neutron-deficient Hg 

isotopes [BON72] which was the f i r s t evidence for shape coexistence. Until re

cent ly , the sharpness of both shape transit ions was theoretically not under

stood. Today we know that it is caused by the near neighbourhood of a magic 

(Z=82) or semimagic (Z=64) configuration which is now called reinforcement of 

magicity. 

2. STATUS OF GROUND STATE STUDIES AT ISOLDE 

Most data on ground state properties of nuclei far from stabil i ty have been ob

tained at the on-l ine mass separator ISOLDE at CERN, where the isotopes of 

over 60 elements are available with high yields (up to 1 0 ^ atoms per sec and 
_ ο 

mass number) and half lives down to 10 sec. [CER85]. Fig. 1 shows the chart 

of nuclei and indicates those regions where optical spectroscopy has been per

formed in long isotopic chains. Similar systematics of mass measurements have 

been restr icted unti l now to the isotopes of the alkaline elements [AUD84]. 

Some of the results obtained at ISOLDE for ground and isomeric states are dis

cussed in the contributions to this symposium by C. Ekstroem, H.T. Duong, 

and E. Roeckl. A description of the ISOLDE-2 (operating) and the ISOLDE-3 

(under construct ion) facilit ies can be found in the contr ibut ion by B.W. Al lar-

dyce. Additional information and references are given in the proceedings of re

cent conferences on nuclei far from the stabi l i ty line [OAK82, KAN84, LUE84, 

DAR84]. 

This contr ibut ion concentrates on a discussion of some on-l ine techniques for 

ground state studies which are now under development and will be applied at 

ISOLDE in the near fu tu re . The plans for a nuclear-orientation set up at 

ISOLDE are outl ined in the contr ibut ion to this symposium by N. Stone. 

3. MASS MEASUREMENTS 

The Orsay group has demonstrated the power of on- l ine, direct mass measure

ments using a Mattauch-Herzog spectrometer [AUD84]. This program was termi

nated in 1983 because the masses of all accessible alkaline isotopes were meas

ured. Several ISOLDE groups are now preparing the second generation of mass 

measurements in long isotopic chains. 

USING THE ISOLDE-3 MASS SEPARATOR: The high resolution of ISOLDE 3 

(design value = 3.10^) enables direct mass measurements. Such measurements 

were proposed at the Workshop "On-l ine in 1984 and beyond" held at Zinal 

[ZIN84] . In these experiments, the transmission signals have to be split in or

der to obtain the necessary accuracy. However, the feasibi l i ty of this tech

nique has already been demonstrated by the Chalk River group [SHA84]. 
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56. KLUGE Ground-State Studies 373 

RF MASS S P E C T R O M E T E R : A very much improved version of Smith's RF spec
trometer is under construction at Orsay [COC84] . First it will be used to meas
ure the p -p mass difference at the antiproton storage ring LEAR at C E R N , with 

-9 
an accuracy of the order of ΔΜ/Μ = 10 . Later on it is planned to install the 
apparatus at ISOLDE for mass measurements of radioactive isotopes with an ac-

-6 
curacy better than 10 . 

A high resolution of about 10 is achieved by passing the ions through 
electrostatic deflectors into 2 cyclotron orbits (r = 0.5m) in a homogenous mag
net, and analyzing the outcoming beam by electrostatic deflectors. In the mag
netic field the RF field changes the beam radius by 5 mm for ions in resonance, 
allowing them to pass through a slit (F ig . 2). Since the transmission of the 
ISOLDE beam is measured as a function of the applied RF frequency, and the 
expected transmission in resonance is about 10"^, this technique can be applied 
to the whole variety of available ISOLDE beams. 

PENNING T R A P : A different approach to mass measurements was developed at 
Mainz. Thermal ions can be confined in a static homogenous magnetic field and a 
superimposed electrostatic quadrupole f ield. A measurement of the cyclotron f re 
quency enables the measurement of the mass of the stored ion. A resolving 

6 8 - 7 - 8 power of 10 to 10 and accuracies of 10 to 10 have been achieved with this 
technique for light masses [GRA80, VAN85] . 

R F MODlAAlOP. 

Fig. 2: RF mass spectrometer 
b u i l t at Orsay. 
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374 NUCLEI OFF THE LINE OF STABILITY 

The experiment prepared for ISOLDE aims for a resolving power of 10 and an 
- 6 

accuracy of better 10 which corresponds to an uncertainty less than 100 keV 
for an ion with mass number 100 [DAB84] . The set up is shown in F i g . 3. The 
ion trap for the measurement of the cyclotron frequency is placed in a super
conducting magnet. The resonance is measured by a time-of-flight technique 
[GRA80]. In order to fill the trap with about 10 ions from the outside world, 
the ion beam of ISOLDE is stopped on a filament mounted inside an auxilary ion 
trap. After heating the foil , the radioactive ions are surface ionized, stored, 
cooled and then ejected by a short pulse. The bunched ions can now be caught 
in the precision trap by retardation and by lowering for a short time the poten
tial of its entrance electrode. These ions are then used to perform the reso
nance experiment, after which the process is repeated to refill the trap with a 
new sample. The time for each cycle is about 1 second. Clearly , the technique 
would greatly benefit from an ISOLDE beam bunched in the ion source (see be
low) . 

ΓΓ~η ι 
: Ul ! 

MAGNETIC 
FIELD 

^ t r a n s f e r of pulsed IkeV ion beam 

,60keVion beam from ISOLDE 

PENNING TRAP 1 
collection and trapping of ions 
cooling 
pulsed ejection 

Fig. 3: Principle (right) and experimental set-up ( l e f t ) for mass 
measurements in a Penning trap. 
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56. KLUGE Ground-State Studies 375 

Both traps have been tested and perform almost as specified (ratio of incoming 
to ejected ion intensity about 10"^ for the bunching trap , resolution of the pre 
cision trap = 3.10** for A = 28). The transfer of the ions from the bunching 
trap to the precision trap is now under study. 

4. LASER ION S O U R C E 
Resonance ionization spectroscopy (RIS) with pulsed tunable lasers offers new 

possibilities for constructing pulsed, highly selective ion sources with high effi
ciencies. F i g . 4 shows the principle of RIS and the planned set up. The effi
ciency of the ion source is determined mainly by the ratio of the repetition rate 
of the lasers to the frequency of collisions of the atoms with the walls of the 
ionization chamber [KLU85] . Hence, a pump laser with the highest available 
pulse rate has to be used. This can be realized by a copper vapor laser ( v

r e p
 = 

6 kHz, length of laser pulse = 20 ns, pulse power = 300 kW). It was shown in 
the case of Gd that the three-step photoionization can be saturated via an au-
toionizing state using a laser beam of 1 cm diameter [PEU 85]. The efficiency of 
the laser ion source is expected to be up to 40% [KLU85] . Apart from high effi
ciency the method has an inherent high selectivity against the ionization of oth
er elements. This is due to the low atomic level density reached by allowed El 
transitions (1 state/eV) and the comparably small Doppler width (10 e V ) . 

The magnet of an on-line mass separator will generally assure the selectivity in 
respect to different isotopes. Hence, the isobaric selectivity of laser ion sources 
is of primary interest, although isotopic selectivity might also be achieved by 
RIS using the HFS and IS, which differ from isotope to isotope. 

TRANSFER TUBE 

/ 
TARGET 

/ 
IONIZATION 
CHAMBER 

EXTRACTION 
ELECTRODE 

CONTINUUM 

X EXCITED 
S STATES 

GROUND 
STATE 

Fig. 4: Right: Principle of resonance ionization spectroscopy. Three 
tunable pulsed Dye lasers are used to stepwize excite and 
ionize the atom. The effective cross-sections are indicated 
for the different transitions in cm.2. Left: Layout of a laser 
ion source for on-line mass separators. 
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376 NUCLEI OFF THE LINE OF STABILITY 

The time structure of the ion beam (every 150 a pulse with a length of 15 
ns) enables the improvement of many techniques such as the filling of ion traps , 
the injection into storage rings or accelerators, or , for example, the suppress
ing of the background of collinear laser spectroscopy with detection of fluores
cence light. In the latter case an improvement by two orders of magnitude will 
be obtained with a 10"^ duty cycle . 

5. O P T I C A L S P E C T R O S C O P Y 
Several groups at ISOLDE are planning further improvements of their tech

niques. For each element the most appropriate experimental scheme has to be 
found . Today , collinear laser spectroscopy is the most general high-resolution 
and sensitive method for optical spectroscopy on radioactive beams delivered by 
on-line mass separators. Its sensitivity ranges from 10^ - 10^ atoms/s depending 
on the strength and multiplicity of the optical transitions. 

Until now, the main goal of the measurements was systematic ground state 
studies in long isotopic chains. In the future, however, more experiments will 
aim for the investigation of a specific nucleus. According to Murphy's law, 
these nuclei are generally far away from the valley of stability or are produced 
with low yield . Hence a special version of the technique or an improvement of 
the scheme are required. Table 1 gives a survey of these attempts and summa
rizes at the same time the on-going programme of ground state studies by opti 
cal spectroscopy at ISOLDE. 

6. O D D - E V E N S T A G G E R I N G 
The IS's of nuclei far from stability turned out to be the most informative 

data obtained by optical spectroscopy. This is because the nuclear charge radi 
us depends on collective as well as on single-particle effects. The integral IS's 
( 6 < r 2 > A / A with A ' being a reference isotope) exhibit the gross behaviour of 
nuclear matter as a function of varying neutron number. These can be compared 
with predictions of macroscopic models like the Droplet Model [MEY83], which 
describes the overall trend quite well. 

The differential IS's ( ô < r 2 > A , A + 1 or 6 < r 2 > A / A + 2 ) are measures of the radius 
change of the neighbouring nuclei and yield more clearly than the integral IS 
the effect of the addition of a neutron or a neutron pair . In this way, the i n 
crease or decrease of deformation is easily observable as a function of neutron 
number. A still more sensitive measure of the influence of an unpaired neutron 
on the charge radius is the odd-even staggering parameter γ introduced by 
H . H . Stroke [TOM64] and given by 

Y A = 2 « r 2 > A - < r 2 > A - 1 ) / « r 2 > A + 1 - < r 2 > A - 1 ) 
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378 NUCLEI OFF THE LINE OF STABILITY 

γ =1 indicates that the effect of adding an odd neutron is just half of the effect 
of adding a pair . Such a behaviour would be expected, e . g . by the Liquid Drop 
Model. The other extreme case (γ = 0) is obtained when the charge distribution 
of the nucleus with even Ν completely ignores the additional neutron. Generally, 
γ < 1 is obtained throughout the chart of nuclei. In some rare cases, γ > 1 is 
found. These exceptions can be associated with an irregularity of the IS of one 
of the 3 isotopes entering the calculation of γ. F i g . 5 shows the staggering pa
rameter in the region aroun d Ν = 126. With the exception of 1 9 9 m H g , γ < 1 is 
found below Ν = 126 for all isotopes. In case of the I = 13/2 isomers of H g , a 
smooth decrease of γ is found to about γ = 0 at A = 185. Many explanations 
have been tried to interpret the phenomenon: different shell filling in odd and 
even isotopes [TOM64], blocking of zero-point quadrupole vibration in the odd 
neutron isotope [REE71], different polarization of the core by the paired and 
unpaired neutron [TAL84] , and the influence of the type of coupling in the 
partic le -plus-rotor picture [STR79] . None of these interpretations gives a quan
titative description of the staggering effect exept for Ca and Pb [TAL84] . 
Nevertheless, γ < 1 is an empirical fact found for almost all isotopes. However, 
at Ν = 133 to 137, γ > 1 is observed. This anomaly cannot be attributed to an 
irregularity of the IS of one individual isotope, but it is found for 7 nuclei of 
R n , F r , and Ra. Above Ν = 137, the usual γ < 1 is observed again. 

A similar anomaly was found in the masses of the Ra isotopes in this region 
[LEA82] , which stimulated the search for octupole deformation in these nuclei. 
Again , the results of mass measurements and of optical spectroscopy might be 
useful to fix the energy-deformation curve (now β 3 in addition). However, cal 
culations are still missing. Perhaps the extended IBA model is the most appro
priate way to calculate the effect of the additional or missing fermion on the 
charge radii of the paired neighbouring nuclei. The regular behaviour of the 
staggering parameter of the Hg isomers with their pure · 13/2 s t a t e s eventually 
offers the key for solving the puzzle. 
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Laser Spectroscopy of Short-Lived Isotopes 

H. T. Duong 
Laboratoire Aimé Cotton, Centre Nationale de Recherche Scientifique, Bât. 505, 91405 Orsay, 
France 

Nuclear properties (spins, moments, charge radii) revealed by the analysis 
of hyperfine structure and isotope shift of atomic levels have been obtained in 
decades of experiments. Since 1975 with the introduction of tunable dye laser, 
the rebirth of the methods, some already known since 1930, had led to many on 
line experiments on short lived isotopes not investigated before. I report here 
a sample of the experiments done by the Orsay, Mainz groups at CERN. Although 
experiments have been carried out by the Orsay group using the proton beam 
of the CERN Proton Synchrotron, most of the experiments have been done at 
Isolde, the on - line mass separator at CERN, whose radioactive beams are essential 
to the success of these experiments [RAV 84]. 

20-31Na 
The method of particle detection of optical resonances, in alkali atoms, by 

means of magnetic deflection has been developed [DUO 74] and applied to 
21.25Na at Orsay [HUB 75]. A target, placed inside a high temperature oven, is 
bombarbed with a proton beam. The thermalised reaction products are emitted 
from the oven and form an atomic beam, see Fig 1 a. The atoms interact with 
the light from a C.W. tunable single mode dye laser in the presence of a constant 
weak magnetic field H c , which defines the quantization axis, parallel to the laser 
beam. At optical resonance with one of the hyperfine component of the D1 or 
D2 line, the laser light induces an optical pumping which changes the population 
distribution between the magnetic substates (F, mF ) of the ground state. The 
population changes are analysed by a six pole magnet which focuses those correspon
ding to nijr + 1/2 and defocuses those corresponding to mj =-1/2. After the six 
pole magnet the focused atoms of the beam are ionized, mass separated and counted 
When the laser frequency is scanned the optical resonances appear as positive 
or negative peaks on a baseline ion signal. Between the interaction region with 
the laser light and the six pole magnet, see fig 1 b, a r.f magnetic field given 
by a r. f loop could be applied to the optically pumped atoms for magnetic reso
nance measurement of the hyperfine structure of the ground state [ DUO 82] 
or the spin determination. Part of the optical resonances observed in the case 
of sodium [ HUB 78] and the magnetic resonance curve in the ground state of 

4 4 K, [DUO 82] are shown in fig lc and Id respectively. 
0097-6156/ 86/ 0324-0380S06.00/ 0 
© 1986 American Chemical Society 
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57. DUONG Laser Spectroscopy of Short-Lived Isotopes 381 
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Schematic view of the 
experimental set u p . 

Optical resonances in sodium. 

Ion signal 
. A t o m i c < c o u n U ) 

- · / B e a m 

f i g . l 
Magnetic resonance in potassium. 

The only d i f ference b e t w e e n the method described above and the A B M R 

method introduced by R a b i [ R A B 38] is that the atoms are spin po lar ized by light 

i n t e r a c t i o n instead of magnet ic d e f l e c t i o n in the A magnet . Such a possibi l i ty 

of rep lac ing def lect ing inhomogeneous magnet ic f ie ld by o p t i c a l pumping had 

been pointed out several years ago [ K A S 50] . The advantage is a much shorter 

apparatus , the o v e r a l l length f r o m the oven exit to the end of the six pole magnet 

is about 30 c m . The result ing gain in solid angle a l lowed the study of rare isotopes 

O p t i c a l resonances in sodium have been d e t e c t e d with ΙΟ1*" atoms c o m i n g out of 

the oven . 

207 - 213, 220 - 228-r-
. f r 
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382 NUCLEI OFF THE LINE OF STABILITY 

When the apparatus is used at Isolde, where one deals with monoisotopic 

ion beam de l ivered by the mass separator , the ions are implanted then r e e m i t t e d , 

as t h e r m a l atoms , out of the device shown in f ig 2, [ΤΗΙ 81 ] . 

Ions Q 

f i 9 . 2 

Device to transform the 

60 KeV/ ions into thermal 

atomic beam. 

The rest of the apparatus is the same as when operated at the P r o t o n S y n c h r o t r o n . 

F i r s t tested on ces ium [ H U B 7 8 ] , [ T H I 81 ] the apparatus was used to uncover 

the resonance lines of f r a n c i u m for which no o p t i c a l transi t ion had ever been 

observed. The C E R N on line mass separator , Isolde, makes avai lable a source 

of more than 10^ a t o m s / s e c of c h e m i c a l l y and isotopical ly pure 2 1 3 F r isotope. 

Such an amount is more than needed for a laser a t o m i c beam spectroscopy . 

The f irst step is obviously to locate the resonance line at low resolut ion , using 

a broad band laser e x c i t a t i o n . In a second step, once the line is l o c a t e d , a high 

resolution study is undertaken, [ LIB 80] and [ B E N 8 4 ] . The observed signal is 

displayed (fig 3a)at low resolution and(3 b)at high resolut ion . 

number 
Ο of a t o m s 

( c o u n t s / s ) 
•torn 

• • • r frequency 
- ,A-~ 

MH Z 

l a s e r f r e q u e n c y 

f i g . 3 : Francium optical resonances. 
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57. DUONG Laser Spectroscopy of Short-Lived Isotopes 383 

A n d al l the re levant data for f r a n c i u m are c o l l e c t e d in [ C O C 85 ] . 

E x c e p t for l i t h i u m , al l the a lkal i atoms have been studied with the method 

developped in 1974. D a t a on hundreds of isotopes and isomers are obtained . Some 

of these data c o n c e r n i n g the nuclear moments are theoretical ly analysed , see 

for example [ C A M 80] , [ M O L 8 0 ] , [ E K S 78] , [ E K S 79] a n d [ R A G 79] . 

When working on l ine with a mass separator , such as Isolde, the co l l inear laser 

spectroscopy is a method ful ly adapted . In a co l laborat ion Orsay - M a i n z , the 

second members of the pr inc ipa l series in f r a n c i u m have been located and studied 

at high resolution with this m e t h o d . In table 1 the measured wavenunibere of the 

four lines are g iven . 

212 
F r 

Table 

CT= 12 237.4093(20)cm~1 

0 " = 13 924.2984(20)cm" 1 

<>; 0~= 23 113.0506(20)cm" 1 

°; C = 23 658.3918(20)cm" 1 

The s c h e m a t i c view of the M a i n z apparatus for co l l inear laser spectroscopy , 

instal led at Isolde is given in f ig 4. The 60 keV ion beam is set co l l inear with 

the laser b e a m , then a c c e l e r a t e d (or decelerated) and f inal ly n e u t r a l i z e d in charge 

exchange c e l l . By Doppler tuning the a t o m i c absorption is set résonnant with 

the s tabi l i zed laser f requency , and the f luorescence e m i t t e d is d e t e c t e d . 

Deflector Quodrupoie Retardation Charge - E «change Cell 
t r iplet system 

4 1* I c — ^ Cylindrical mirror 

Separoied 
IbOLOt 
beam 

fig. 4 

Cylindricol lens 

Sconnmg 
Voltage 

ι 1 I Amplifier • 

[£^LC._I j discriminate 

[NOVA 1220 I .^Photomultiplier 

Schematic view of the Mainz collinear laser 

spectroscopy apparatus . 
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384 NUCLEI OFF THE LINE OF STABILITY 

Because of the ve loc i ty bunching e f fect due to ini t ia l a c c e l e r a t i o n the ion 

beam is nearly m o n o k i n e t i c , and the neutral isat ion does not e f fect the ve loc i ty 

distr ibution T h e detai ls of the method c a n be found in [ K A U F 78 ] , [ N U E 78 ] 

By neutral isat ion in an a lka l i vapour, the a t o m i c metastable states are preferent ia l ly 

populated since their energies m a t c h the ionisation potentia l of the corresponding 

a lkal i a t o m . T h e r e f o r e this technic is ideally suited for laser spectroscopy of 

rare gas , and is recent ly successful ly used to study the heaviest one, radon . F i g . 

5 gives the recording of the fourteen hyperf ine components in the 3=2 —> 3=3 

transit ion in 207 radon isotope. 

fig. 5 

2 . S - 1 . 5 2 . S - 2 . S · * ' ^ . . ^ ' o . S - 0 . 5 

FRLQUFNCY DIFFERENCE 

F l u o r e s c e n c e s p e c t r u m o f R n in t h e t r a n s i t i o n 7 s [ $ / 2 ] - 7 p [*/Λ . 

Analys is of the data obtained is under way. P r e l i m i n a r y results for isotope 

shift show the same inversion in odd-even staggering in the same neutron range 

as in f r a n c i u m a n d r a d i u m . This is a possible ev idence for an octupole mode of 

d e f o r m a t i o n as suggested in [ A H M A D 83],',see also [ L E A 8<f] , [ N A Z 84] , and 

[ S H E 83] . 

C o n c l u s i o n 

In the past ten years a huge amount of d a t a by laser spectroscopy of short 

l ived isotopes have been c o l l e c t e d and the f ie ld is s t i l l developping with new p r o p o 

sed t e c h n i c s . Instead of analysis of individual d a t a , which is not desirable , trends 

may be found and thus raise up further theoretical interest . In this r e s p e c t , the 

o d d - e v e n staggering in isotope shi f t , a feature wel l known long ago and very wel l 

d o c u m e n t e d , deserves c e r t a i n l y a c lose theoretical a t t e n t i o n . 
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57. DUONG Laser Spectroscopy of Short-Lived Isotopes 385 
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Magnetic Moments of Excited States in Nuclei Far from Stability 

A. Wolf1, Z. Berant1, R. L. Gill2, D. D. Warner2, John C. Hill3, F. K. Wohn3, G. Menzen4, and 
K. Sistemich4 

1Nuclear Research Center Negev, Beer-Sheva 84190, Israel 
2Brookhaven National Laboratory, Upton, NY 11973 
3Ames Laboratory, Iowa State University, Ames, IA 50011 
4Institut für Kernphysik, Kernforschungsanlage Jülich, D-5170 Jülich, Federal Republic 
of Germany 

Magnetic moments of excited states in nuclei far from stability have been 
measured by gamma-gamma angular correlation at the output of the fission pro
duct separators TRISTAN and JOSEF. The results obtained until now wil l be re
viewed. They provide important nuclear structure information about nuclei 
around closed shells, and transitional nuclei in the A=100 and 150 regions. 

1. Introduction 
A large variety of nuclei off the line of stability are produced by f is 

sion. These are nuclei on the neutron-rich side of the periodic table, most 
of which can not be reached by any other nuclear reaction. The most interes
ting nuclei produced in this way can be classified in two groups: 
a) nuclei around closed shells (i.e. the region of 96Zr, 132Sn, the N=82 iso
tones); b) nuclei around A=100 and A=150 where rapid transitions from spheri
cal to deformed shapes are known to occur. We wi l l refer to these nuclei as 
belonging to group (a) and group (b). The study of spectroscopic properties 
of nuclei in these groups provides valuable tests of different nuclear mo
dels such as the shell model, the geometrical collective model, IBA. 

Magnetic moments are sensitive to the details of the nuclear wave func
tion, and thus i t is of considerable interest to measure g-factors of excited 
states in nuclei produced by fission. The first measurements of this type 
have been performed using a 2 5 2 C f spontaneous fission source [CHE76, WOL76J. 
With the advent of high-intensity on-line isotope separator devices such as 
JOSEF [LAW76] and TRISTAN [GIL8l], more magnetic moments of neutron-rich nu
clei were measured. Until now, g-factors of excited states in 9 7 Zr [BER85a], 
1 0 0 Z r [WOL80], 1 3 6 Xe, 1 3 8 Ba [BER85b], and lk2il^Ba [W0L83a], were measured 
using the perturbed angular corelation (PAC) method and the intense radio
active beams provided by JOSEF and TRISTAN. These measurements were carried 
out with conventional electromagnets, with which magnetic fields of up to 
about 3.0 Tesla could be obtained. Recently, superconducting magnets were 
installed at both TRISTAN and JOSEF, thus making possible g-factor measure
ments of states with half-lives down to about 0.1 nsec. The latest results 
are g-factors of 2f states of 1 0 2 , 1 Q 1 + M o [MEN85] and lhS'lhQCe [W0L85a]. 

In this talk we wi l l briefly review magnetic moment results for excited 
states in nuclei around closed shells (group a), and their significance to 
the shell model. Then we wi l l summarize the results for transitional nuclei, 
and discuss the systematics of g-factors of l\ states at the onset of defor
mation around A=100 and A=150. 

2. Experimental techniques 
A rather characteristic feature of nuclei off the line of stability is 

that many of them have relatively long-lived low-excited states, and others 
have prominent isomeric states. For example, even-even nuclei in the vicinity 
of shells belonging to group (a) above have 4 χ" states with T^l-4 nsec and 

0097-6156/86/0324-0386$06.00/0 
© 1986 American Chemical Society 
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58. WOLF ET AL. Magnetic Moments of Excited States 387 

6\ s t a t e s w i t h T^100-200 nsec. Even-even nuc
l e i a t the onset 2 o f d e f o r m a t i o n (group b) have 
2"j" s t a t e s w i t h T^O.1-4 nsec. These h a l f - l i v e s 
are s u i t a b l e f o r 2 e i t h e r t i m e - d i f f e r e n t i a l or 
i n t e g r a l PAC measurements. T h i s well-known t e 
chnique [FRA66] i n v o l v e s the measurement of a 
γ-γ c o r r e l a t i o n i n an e x t e r n a l magnetic f i e l d . 
The t i m e - d i f f e r e n t i a l t e chnique can be a p p l i e d 
to s t a t e s w i t h h a l f - l i v e s l a r g e r than about 
10 nsec. For s h o r t e r h a l f - l i v e s , the i n t e g r a l 
PAC method s h o u l d be used, i n which one measu
res e i t h e r the ang u l a r s h i f t ΔΘ of the c o r r e 
l a t i o n when an e x t e r n a l f i e l d Β i s a p p l i e d , or 
the double r a t i o : 

2, . K 6 . B ) ,Ι(-Θ,Β) , n 

where Ι(Θ,Β) i s the number of counts of the γ-γ c o r r e l a t i o n a t angle Θ, w i t h 
magnetic f i e l d up. Both ΔΘ and R(8) are f u n c t i o n s o f the ang u l a r c o r r e l a t i o n 
c o e f f i c i e n t s A 2 2 S A 4 4 and of the product gBT^, T^ b e i n g the h a l f - l i f e o f the 
s t a t e i n v o l v e d and g i t s g - f a c t o r . For s h o r t - l i v e d s t a t e s l a r g e v a l u e s of the 
magnetic f i e l d Β are needed. High magnetic f i e l d s (of the or d e r of 5 T e s l a ) 
are n e c e s s a r y i n two cases: a) f o r s h o r t - l i v e d s t a t e s (Ti^0.1-0.5 n s e c ) ; 
b) f o r cases where the beam i n t e n s i t y p r o v i d e d by the s e p a r a t o r i s weak and a 
l a r g e R(0) i s neces s a r y to a t t a i n a re a s o n a b l e e r r o r b a r on the g - f a c t o r . I n 
g e n e r a l , the maximum v a l u e of R(6) i s l i m i t e d by the a n i s o t r o p y of the ang u l a r 
c o r r e l a t i o n . For 0+-2+-0+ cascades, the maximum v a l u e i s R(150°)^2.0. T h i s v a 
l u e takes i n t o account the s o l i d angle a t t e n u a t i o n of the c o r r e l a t i o n i n a t y 
p i c a l experiment a t TRISTAN. 

Superconducting magnets p r o v i d i n g f i e l d s o f up to 6.25T were i n s t a l l e d on 
output beam p o r t s of the s e p a r a t o r s JOSEF and TRISTAN. The s e p a r a t i o n methods 
of these d e v i c e s are d i f f e r e n t , but both f i n a l l y produce r a d i o a c t i v e sources 
of f i s s i o n p r o d u c t s on a moving tape d e v i c e . The tape c a r r i e s the a c t i v i t y t o 
a p o s i t i o n i n s i d e the sup e r c o n d u c t i n g magnet. The an g u l a r c o r r e l a t i o n system, 
c o n s i s t i n g of t h r e e Ge d e t e c t o r s a t JOSEF and f o u r d e t e c t o r s a t TRISTAN i s 
cent e r e d around the magnet. The e x p e r i m e n t a l systems were d e s c r i b e d i n d e t a i l 
elsewhere [W0L83b, BER85b, MEN85]. As an example, we p r e s e n t i n F i g u r e 1 the 
PAC measurement f o r l l + 6Ce [W0L85a], o b t a i n e d a t TRISTAN w i t h a f i e l d o f 6.25T. 

3. g - f a c t o r s of e x c i t e d s t a t e s i n n u c l e i around c l o s e d s h e l l s 

3.1. g - f a c t o r of the 7/2 + 1264.4 keV l e v e l i n 9 7 Z r . 
S h e l l model c a l c u l a t i o n s p r e d i c t a q u a s i - s h e l l c l o s u r e a t 9 6 Z r . T h e r e f o r e , i t 
i s of i n t e r e s t to measure g - f a c t o r s of s t a t e s i n 9 7 Z r and t e s t whether they 
can be d e s c r i b e d by simple s h e l l model c o n f i g u r a t i o n s . The 1264.4 keV l e v e l 
has a h a l f - l i f e of 102 nsec, and i t s g - f a c t o r was measured by the t i m e - d i f f e 
r e n t i a l PAC method a t TRISTAN [BER85a]. The r e s u l t , g=0.39(4), i s c o n s i s t e n t 
w i t h the Schmidt v a l u e of 0.43, which assumes no core p o l a r i z a t i o n and the 
f r e e v a l u e f o r the neutron g f a c t o r , g =g f r e e . T h i s i n d i c a t e s t h a t the 
1264.4 keV l e v e l i s a v e r y pure s i n g l e - p a r t i c l e s t a t e , thus c o n f i r m i n g the 
s h e l l model p r e d i c t i o n of a q u a s i - s h e l l c l o s u r e a t 9 6 Z r . 
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388 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

Nucleus g(exp) g(calc) 
1 3 4 T e 6+ 0.846(25) 0.82 
13 6 X e 4+ 0.80(15) 0.84 
1 3 8 B a 4+ 0.80(14) 0.90 

6+ • 0.98(2) 1.01 
l l +°Ce 4+ 1.11(4) 1.11 

3.2. g-factors of 4j and 6i states i n N=82 isotones. 
The 4 X states of the N=82 isotones 1 3 6 X e , 1 3 8 B a have h a l f - l i v e s of 1.32 

Table 1 and 2.17ns, respectively. Their g-fac-
g-factors of 4 i and 6* states tors were measured at TRISTAN using the 

in N=82_isotones integral PAC method [BER85b]. The 6i 
state i n 1 3 4Te82 i s a n isomeric state 
with T^=163ns. The g-factor of this state 
was measured with a 2 5 2 C f source, using 
the inherent alignment of prompt f i s s i o n 
products and the time-differential tech
nique [W0L76]. The results are presented 
i n Table 1, together with g(4 +) for 

l t + 0 C e 8 2 and g(6 +) for 1 3 8 B a [PEK79, IKE76]. 
A s h e l l model calculation was carried out for the N=82 isotones from 1 3 3 S b 

to l l + 8Dy using a l l g7/2» d5/2> ^3/2» s % and h l l / 2 configurations outside the 
closed 1 3 2 S n core. The resulting configuration mixed wave functions were used 
to calculate the g-factors in Table 1, and using two sets of elemental proton 
g-factors. The f i r s t set consists of the free values of g^ and g s. The calcu
lated g-factors are s i g n i f i c a n t l y smaller than the experimental values[BER85b] 
This i s due to the neglect of core polarization effects, as was discussed i n 
d e t a i l for 1 3 l +Te [W0L76]. In order to account for these e f f e c t s , we calculated 
a set of effective elemental proton g-factors from the ground state g-factors 
of 1 3 9 L a and l i + 1 P r . The resulting values, g^=1.12 and gg=4.12 were then again 
combined with the shell-model wave functions to calculate g ( 4 J " ) and g(6"f) . The 
results, given in column 4 of Table 1, are i n excellent agreement with the 
measured values. Thus, a single set of effective g-factors i s s u f f i c i e n t to 
account for core polarization effects i n the four N=82 isotones discussed 
here. Moreover, a close inspection of the contribution of various components 
of the wave-functions to the respective g-factors, reveals that i n a l l cases 
a single component of the wave function contributes s i g n i f i c a n t l y (more than 
75%) to the g-factor. More s p e c i f i c a l l y , this component i s (g7/2) n w i t h n = 2 > 
4,6 for 1 3 l +Te, 1 3 6 X e , 1 3 8 B a respectively. 

4. g-factors of 2* states at the onset of deformation 
The magnetic moments of c o l l e c t i v e states are mainly determined by the 

proton motion. The simple hydrodynamical model predicts g=Z/A for such states. 
Significant deviations from this r e l a t i o n were found experimentally. These 
deviations are due to: a) different pairing forces of protons and neutrons; 
this effect causes a reduction of about 15% with respect to Z/A, but does not 
affect the smooth behavior of g vs. A; b) changes i n the number of protons 
that actually take part in the c o l l e c t i v e motion. This l a t t e r effect, which 
is p a r t i c u l a r l y important in the v i c i n i t y of subshell closures, causes s i g n i 
ficant structure i n the dependence of g vs. A. Such structure was observed for 
neutron-rich Nd and Sm isotopes C K O L 8 4 ] . These nuclei are in the region A=150 
where a transition from vibrational to rotational structure takes place around 
N=88. This onset of deformation causes the elimination of the Z=64 subshell 
closure, which means that around N=8S drastic changes i n the number of active 
protons are expected to occur. Additional nuclei in this region are the neu
tron-rich Ba, Ce, Gd and Dy isotopes. 

The A=100 region i s similar to the A=150 region. The onset of deformation 
i s observed here in Sr, Zr, Mo and Ru isotopes, when the number of neutrons 
increases beyond N=5R. Also, the Z=40 subshell i s eliminated for N*60. 

We mentioned i n the Introduction that neutron-rich nuclei around A=100 
and A=150 are produced by f i s s i o n . The PAC method was used to measure 
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58. WOLF ET AL. Magnetic Moments of Excited States 3 8 9 

g - f a c t o r s of 2 i s t a t e s i n some of these n u c l e i . g ( 2 i ) f o r 1 0 0 Z r , 1 0 2 , 1 0 l + M o 
were measured at JOSEF [wOL80, MEN85U, and f o r l h k , l t + 6 B a , l l t 6 , 1 I + 8 C e were mea
sured at TRISTAN [w0L83a,W0L85a]. The e x p e r i m e n t a l r e s u l t s a r e summarized i n 
Table 2. 

4.1. S y s t e m a t i c s of g (2 χ) i n the A=150 r e g i o n . 
I n F i g u r e 2 we p l o t t e d the e x p e r i m e n t a l g ( 2 i ) v a l u e s v s . A, f o r the 

n e u t r o n - r i c h Ba - Gd i s o t o p e s . The 
Table 2 

E x p e r i m e n t a l v a l u e s of g ( 2 + ) f o r t r a n 
s i t i o n a l n u c l e i , from JOSEF and TRISTAN 

Nucleus ~ N ' Λ N 

ι ooZr 

1 0 2 M o 

10«+] 
11+4 
l»+6 
1«*6, 
H+8 

Mo 
Ba 
Ba 
Ce 
Ce 

T^ ( 2 Ï ) 
(nsec) 
0 .71(3) 
0 .114(13) 
0 .91(3 ) 
0 .70(3 ) 
0 .85 (6 ) 
0 .25(3 ) 
1 .01(6) 

g(2Î) 
0.22(5) 
0.42(7) 
0.19(11) 
0.34(5) 
0.28(7) 
0.24(5) 
0.37(6) 

t r o n degrees of freedom can be w r i t t e n [SAM84] 

data was taken from Table 2, [KOL84] 
and [LED78]. We s^e t h a t w h i l e f o r 
Ba and Gd the g ( 2 j ) v a l u e s s l o w l y 
decrease as a f u n c t i o n of A, as ex
pected f o r a normal Z/A dependence, 
the b e h a v i o r f o r Ce, Nd and Sm i s 
d i f f e r e n t . I n + f a c t , a pronounced i n 
c r e a s e of g 

(21) 
v s . A i s observed f o r 

these i s o t o p e s . 
We now proceed to a n a l y z e the 

v a l u e s o f g(2^) i n terms o f IBA-2. 
The g - f a c t o r of a s t a t e which i s pu
r e l y nsymmetric i n the p r o t o n and neu-g(2Î> 8 f V N t + S v V N * ' (2) 

where g f l , g v are the p r o t o n boson, neu t r o n boson g - f a c t o r s , N^,N V are the num
ber of p r o t o n , n e u t r o n bosons, and Nt=N^j+Nv. When we use e q u a t i o n ( 2 ) , the 
q u e s t i o n of c o u n t i n g N^,NV a r i s e s . The c o u n t i n g of N v i s s t r a i g h t f o r w a r d be
yond N=82. The c o u n t i n g of N^ i s somewhat c o m p l i c a t e d by the e l i m i n a t i o n o f 
the Z=64 s u b s h e l l f o r N^90. Thus, % should be counted i n the 50-64 s u b s h e l l 
f o r N$88, and i n the major 50-82 s h e l l f o r N^90. A c c o r d i n g to t h i s c o u n t i n g 
procedure, the Sm i s o t o p e s have N ^ - l f o r N$88 and %=6 f o r N^90, i . e . a d r a s 
t i c change ΔΝ^ =5 occurs as we add neutrons beyond N=88. For Ce, Nd t h i s e f 
f e c t i s s m a l l e r , i . e . ΔΝ^=1,3 r e s p e c t i v e l y , w h i l e f o r Ba ΔΝΐϊ=0 s i n c e Ba i s 
below m i d s h e l l f o r both 50-64 and 50-82 s h e l l s . From (2) i t i s obvious t h a t 
f o r Ce, Nd and Sm, g(2"f) w i l l suddenly i n c r e a s e at N=90, due to the change 
ΔΝιι i n the number of a c t i v e p r o t o n bosons. We have here a q u a l i t a t i v e e x p l a 
n a t i o n f o r the s t r u c t u r e observed i n F i g u r e 2, and a l s o f o r the d i f f e r e n t 
b e h a v i o r of Ba, where Δ%=0 and no d r a s t i c e f f e c t i s expected. 

The above c o u n t i n g procedure assumes a sudden d i s s i p a t i o n of the Z=64 

U4 U6 H8 150 152 154 156 
A 

F i g u r e 2. g(2|") s y s t e m a t i c s 
around A = 150. 

• Bo 
ο Nd 
• Sm 
• G d 
• Dy 

t i 

1 g ( 2 | ) = g „ N „ / N t + q » N w / N t 

0 . 6 3 (4) 

= 0 . 0 5 ( 5 ) 

x 2 =0.80 

F i g u r e 3. P l o t of g(2+)N t/N v s . Ν^/Ν ν· 
Reproduced w i t h p e r m i s s i o n from 
[W0L85bL C o p y r i g h t 1985 N o r t h -
H o l l a n d P h y s i c s P u b l i s h i n g 
Company, 
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390 NUCLEI OFF THE LINE OF STABILITY 

A^lSO^region 
Nucleus Hjf f 
1 1 , 6Ce 1.5(6) 
148 C e 4.9(21) 
l ^ N d 0.2(1) 

1.6(5) 
"•tod 5.0(15) 
1 5 0Nd 6.7(18) 
"*Sm 1.5(3) 

4.0(8) 
1 5 2Sm 6.8(13) 

7.0(9) 

Table 3 subshell at N=90. Actually, It i s reasonable to ex-
Values of N e ^ in the pect that this dissipation should be gradual. The 

experimental g(2"{") values for Ce, Nd and Sm isotopes 
can be used to extract effective values of N̂y (Nf ff) 
across the region of interest ( i . e . N=86-92). One 
can thus follow the dissipation process of the sub-
s h e l l . NÇ ff can be determined by using equation (2) 
and the experimental values of g (2"}") . In order to do 
th i s , we need the values of g^, g v. We rewrite equa
tion (2) : 

g(2t)N t/N v = (gv+gflNfl/Nv) (3) 
If we assume g^,gv to be constant i n the region of 
A=150, then from (3) i t follows that a linear r e l a 
tionship exists between g(2J")Nt/Nv and N^/Ny. To 
test this we use experimental values of g(2 ) for 
l ^ ' l ^ B a . 1 5 0Nd, 1 ? 2' 1 5 1 +Sm, ^ " l ^ G d , and 

160-16*+Dy. For a l l these isotopes % i s counted i n the major 50-82 s h e l l . The 
results are shown i n Figure 3. We see that the linear relationship predicted 
by equation (3) i s very well confirmed by the data, with g1f=0.63±0.04, 
g v =0.05±0,05. These values of g^,g v can now be used together with the experi
mental g(2i) from Table 2 and [K0L84]to obtain N Ç f f for the transitional Ce, 
Nd, and Sm isotopes. The results are given in Table 3 [W0L85b]. Although some 
of the error bars are large, we c l e a r l y observe an increase of NÇ^f across the 
region N=86-92, thus confirming the gradual dissipation of the Z=64 subshell. 
A similar result was obtained by Casten [CAS85a]from an analysis of energy l e 
vel systematics. 

Another interesting result of the above analysis i s the r e l a t i v e l y low 
value of g^, much less than the expected g^=l.0. Detailed microscopic calcu
lations are needed to explain this fact. Moreover, when we use g^=0.63, 
g^O.05 to calculate the Β (Ml) strength of the recently observed isovector 1 + 

states [BOH84], we obtain B(M1) c a l c=0.9-1.3u 2
N, for the Gd,Dy,Er, Yb i s o t o 

pes. This value i s i n excellent agreement with the experimental results 
B(Ml)exp=0.8-l.5y 2jj. However, when we use g^=1.0, gv=0.0, we obtain 5y N . However, when we use g^=1.0, 
B(Ml) c ai c=2.7-3.8y 2N, i . e . much larger than the experimental values. 

4.2. g(2i") results i n the A=100 region. 
The experimental data in the transitional region A=100 i s scarce. A sys

tematic study l i k e i n Figs. 2,3, i s not possible here. The Z=40 subshell i s 
eliminated for N^60. Sr, Kr and Se are 1,2,3 bosons away from Z=40 and thus 
are analogous to Sm, Nd and Ce. Interesting isotopes are: 9 I + - 1 0 0 S r , 9 2 _ 9 8 K r , 
etc. Unfortunately, no g(2t) data i s available for these nuclei. The only 
existing results are for 1 Ô 0 Z r and 1 0 2 » 1 0 4 M o . (Table 2). The value of g(2f) 
for 1 0 0 Z r i s quite small, and suggests, i n analogy with the A=150 region, 
that a r e l a t i v e l y small number of protons take part i n the co l l e c t i v e motion. 

It i s therefore of interest to calculate N Ç f f for 1 0 0 Z r . To that purpose 
we need the values of gu,g v. Because of i n s u f f i c i e n t data, a best f i t proce
dure as i n Figure 3 is_ not possible. However, i f we assume gv =0, then g^ can 
be extracted from g(2\) of * 0 2 » 1 0 l f M o . provided N^ ,NV for this nucleus are 
known. We use %=3, and Nv=5,6 for I 0 2 » 1 0 1 + M o , obtained from IBA-2 calcula
tions [SAM82], and calculate g^ using equation (2). The resulting value, 
gipl.00(23), i s larger than g^ in the A=150 region. With g^=1.0 and gv=0.0, 
the experimental g(2J") of 1 0 ^ Z r gives: 

N Ç f f = 1.5±0.6 
This value i s much smaller than %=5, which would be expected i f the Z=40 
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58. WOLF ET AL. Magnenc Moments of Excited States 391 

s u b s h e l l were e l i m i n a t e d . We conclude t h a t the v i b r a t i o n a l - r o t a t i o n a l t r a n s i 
t i o n has not been completed i n 1 0 0 Z r , and t h a t the Z=40 s u b s h e l l p e r s i s t s 
even f o r N=60. A s i m i l a r r e s u l t f o r 1 0 0 Z r was r e c e n t l y r e p o r t e d by Casten 
[CAS85 a - i »from energy l e v e l s y s t e m a t i c s . Casten f i n d s %=3.3 f o r 1 0 0 Z r , a l s o 
l e s s than 5, and thus i n q u a l i t a t i v e agreement w i t h our c o n c l u s i o n . 

5. C o n c l u s i o n s 
We have shown t h a t g - f a c t o r s of e x c i t e d s t a t e s i n n u c l e i f a r from s t a b i 

l i t y can p r o v i d e important n u c l e a r s t r u c t u r e i n f o r m a t i o n , such as: p u r i t y of 
wave f u n c t i o n s , c o n f i g u r a t i o n - m i x i n g , number of a c t i v e p r o t o n s , d i s s i p a t i o n 
of s h e l l c l o s u r e s , v a l u e s o f g^,g v. 

F u r t h e r experiments should c o n c e n t r a t e towards the double magic 1 3 2 S n , 
n u c l e i around 9 6 Z r , and t r a n s i t i o n a l even-even n u c l e i around A=l(j)0. Open 
q u e s t i o n s a r e , f o r example: what are the v a l u e s of g(4J") and g ( 6 i ) f o r 1 3 2 S n 
and what i s the s t r u c t u r e of the r e s p e c t i v e s t a t e s ? I s the d i s s i p a t i o n of the 
Z=40 s u b s h e l l s i m i l a r to t h a t of the Z=64 s u b s h e l l ? I s g^ i n the A=100 r e g i o n 
r e a l l y d i f f e r e n t from t h a t i n the A-150 r e g i o n ? A l s o , the t r a n s i t i o n a l n u c l e i 
around A=130 and 190, r e c e n t l y d i s c u s s e d by Casten [CAS85b], should a l s o be 
ex p l o r e d and w i l l c e r t a i n l y p r o v i d e a l o t o f i n t e r e s t i n g d a t a . 
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59 

Spectroscopy and Measurement of Electromagnetic Moments 
in 198,200,210Po 

Κ. H. Maier 

Hahn-Meitner-Institut Berlin, D-1000 Berlin 39, Glienicker Str. 100, Federal Republic of 
Germany 

The quadrupole coupling constants for the 210Po Ιπ=8+, 11-, 13-

isomers in Bi have been measured, and Q(11-) = 82(2) fm2 and 
Q(13-) = 90(2) fm2 normalized to Q(210Po8+) = 57 fm2 are deduced. In 
beam γ-spectroscopy of 198,200Po showed the (πh29/2 8+) 
π(h9/2i13/2 11-) and (vi213/2 12+) isomers. The B(E2 8+->6+) and Q(8+) 
in 198Po to 210Po are discussed, a sudden drop is found for the B(E2) 
in 198Po. The B(E3, 11-->8+) rises very steeply in the light Po 
isotopes. 

This contribution covers work done with the Nuclear Structure Group at 
Lawrence Livermore National Laboratory and at the Hahn-Meitner-Institut at 
Berlin. The former uses the t r i t o n beam of the Los Alamos tandem for γ-spec-
troscopy i n beam to measure f a i r l y basic properties of simple few p a r t i c l e 

208 
states very close to Pb. There are s t i l l many gaps i n our knowledge, 
pa r t i c u l a r l y on neutron p a r t i c l e and proton hole states, a few of these could 
be f i l l e d by this unique setup for γ-spectroscopy with neutronrich t r i t o n 
p r o j e c t i l e s . Here I w i l l cover recent measurements of the quadrupole moments 
for the 8+, 11" and 13" isomers i n 2 1°Po. At HMI we use the heavy ion beams 

2 0 8 
from VICKSI for spectroscopy of nuclei further away from Pb to observe the 
gradual transition from pronounced single p a r t i c l e structure to increasingly 

19 8 20 0 
col l e c t i v e behaviour. As example spectroscopy of * Po i s presented 

210 
here. We can then look into the systematics of Po-isotopes from magic Po 
with N=126 down to N=114 with a few holes i n the 1 1 3 / 2 neutron s h e l l and 
therefore diminished s t a b i l i t y of spherical shape. 

209 
A single crystal of Bi metal was struck by a pulsed beam of 15 MeV 

tritons with about 1 ns pulsewidth. The bismuth crystal was heated to 478±5 Κ 
to avoid effects from radiation damage. Its c-axis pointed at to the beam 
i n the plane of the two detectors at 15e 3 and 90°. Fig. 1 gives the relevant 

210 
part of the Po level scheme. For the high energy lines from the 11 and 0097-6156/ 86/ 0324-0392506.00/ 0 

© 1986 American Chemical Society 
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59. MAIER Spectroscopy and Measurement of Electromagnetic Moments 393 
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- 0 . 2 0 

•8 * 9 6 . 0 n s 

• 6 + 4 2 . 6 n s 

• 4 + 1 . 5 3 n s 

300 

t i m e [ n s ] 

Fig. 2 Measured quadrupole 
modulation patterns 

210 

Fig. 1 Isomers i n Po. *used 
for measuring Q 

•o* 

13" levels coaxial Ge-detectors with 6 mm lead absorbers were used, whereas 
for the 83.7 keV 8+-*6+ transition, lying between the B i - and Po- K a and 
Κβ X-rays, planar detectors were employed. F i g . 2 shows the quadrupole 
modulation patterns 1/2[N(158° ,t)/N(90°,t)-1] and the results are presented 

17 2 
i n the table. The f i e l d gradient for Po i n Bi eq(PoBi) = 11.7·10 V/cm i s 
normalized by calculating Q( 2 1 0Po 8 +) = 57 fm 2 from the measured [ l ] 

210 

B(E2,8+->·6+) assuming pure h9 /2 configurations. As the structure of Po i s 
quite pure this i s the best normalization available. Mahnke et a l . [2] got 
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394 NUCLEI OFF THE LINE OF STABILITY 

17 2 208 14.5(15)· 10 V/cm from the same procedure for Po which i s less safe on 
the nuclear model assumption. 

210 
Table 1: Quadrupole moments i n Po. The coupling constants are for PoBi at 

478(5) K. *Calculated as reference from B(E2,8+-*6+) 

level e2Qq/h JQ|present | Q|(ref. 3) 

8+ 160.7(10) MHz 57* 57* 
11" 229(4) MHz 81(2) fm 2 82(19) fm 2 

13" 253(4) MHz 90(2) fm 2 62(11) fm 2 

In d e t a i l the time distribution of the 83 .5 keV l i n e at early times i s 
not reproduced by the f i t , due to feeding from the 11" isomer. However, the 
distance to the next pronounced structure, at which a l l nuclear spins are i n 
phase again i s p r a c t i c a l l y independent of t h i s . Feeding from 13" into 11" i s 
weak and spread out i n time and therefore unimportant. Variations of the 
f i t t e d range and other parameters changed the results for the frequencies by 
<1 %. Results of Dafni et a l . [ 3 ] are also shown. Their experimental condi
tions were less clean, i n particular the combined effect of two isomers had 
to be f i t t e d . 

2 
Assuming pure configurations ( I19 / 2 8 +), (hg /2 i-13/2 a n d 

( h 9 / 2 <8> 2 0 8 P b 5 " , 13") we have Q(11") = 3/4Q(8+)+Q(i 13/2) a n d 

2 
Q(i-13/2) = "38 fm can be deduced, which i s rather small. This uight be 

2 211 208 compared with -44±20 fm from a similar analysis of At [ 4 ] . The Pb 5 " 

state i s mainly Pl/2) with minor proton components of primarily 
(πη9/2 s l / 2 ) ' which cannot be present i n 2 1 0 P o 13". Therefore 
Q(13") = Q(8 +) + Q(vg9/2)« From another experiment [ 5 ] with the t r i t o n beam 
we could derive Q(vg 9/ 2) = -29(2) fm 2 from the measured B(E2, 2 1 0Pb 8 ++6 +). 
The summed moment of -86 fm agrees beautifully with the direct measurement 
-90 fm 2. 

198, 200 p o h a v e s t u d i e d b y
 1 8 2 / 1 8 4

W ( 2 0
N e , 4 n ) reactions at beam 

energies between 102 and 112 MeV. The decay of the 12 + isomers ( f i g . 3) 
proceeds through additional 11" and 3 + isomers as proven by time resolved γ-γ 
coincidences with a pulsed beam. Lifetimes and g-factors have been measured. 

r π 200 j . In addition Mahnke et a l . [6j measured fch*» <i>iadrupole interaction of Po 8"1" 
i n B i . The g-factors determine the main configurations of the isomers as 
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59. MAIER Spectroscopy and Measurement of Electromagnetic Moments 395 

Fig. 3: Decay of the 12 + isomers i n 1 9 8 P o and 2 0 0 P o . The broken lines 
indicate weak side branches that are not given i n d e t a i l here. 
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396 NUCLEI OFF THE LINE OF STABILITY 

2 2 
(vii3/2 12 +), (nh9/2 U3/2 11") and (irti9/2,8+) and show that they are quite 
pure. The decay of the 12 + isomers i s peculiar as i t proceeds 12+-M0+-M 1" 
while the 12+-M1~ tra n s i t i o n i s missing. 

For the f o l l o w i n g the 11" assignment i s important. It i s based on the 
E1 character of the 126 rsp. 208 keV transitions that i s evident from the 
high γ-intensity implying low conversion. The angular d i s t r i b u t i o n of these 
lines then gives |Δΐ| = 1. Also a l l other angular distributions agree. The 
lifetimes of the 12 + levels agree with those of the 12+-*10+ transitions i n 
the isotonous Fb isotopes [ 7 ] . Therefore the unobserved 12+-M0+ t r a n s i t i o n i n 
Po i s postulated here. In 1 9 8 P o also the decay from 2692.5 keV to the 9" and 

2 
8 + states rules out that th i s l e v e l i s the 12 + member of the Vj.i3^2 config
uration. 

2 
Assuming pure nh9/2 configurations of the 8 + and 6 + levels i n Po 

isotopes t h e i r E2 properties can be described by the effective charge as 
single parameter. This i s shown i n f i g . 4 based on the present ca l i b r a t i o n i n 
210 

Po. Β(E2)-values, assuming a t r a n s i t i o n energy below the L-electron 
208 200 

binding, follow the quadrupole moments niceley from Po to Po, the 
s l i g h t deviation i n 2 0 8 P o with a known tra n s i t i o n [δ] i s not understood. But 
then t gether with a jump of E(8 +)-E(6 +) by ~100 keV the Β(E2)-value drops i n 

198 4. 
Po by a factor 5. This might mean that the 6 + l e v e l has become a neutron 

or c o l l e c t i v e state. 
The 11">8+ E3-transition proceeds from il3/2"* n9/2 and the spin 

f l i p that i s involved implies a hindrance by a factor 20. Regarding t h i s 
198 

hindrance the measured B(E3) for Po i s very high ( f i g . 5). The already 
large B(E3) i n 2 0 0 P o i s confirmed by the measurements of Weckstrôm et a l . 
[θ]. The steep r i s e of the 3(E3) occurs when holes appear i n the vii3/2 
s h e l l . This means we have a similar situation as around 2 2 0 R a where octupole 
i n s t a b i l i t i e s are very important. In both cases the octupole p a i r of proton 
orbitale £7/2 a n < * M3/2 l i - e s close i n energy, while for the neutrons the 
g9/2 and J15/2 orbitals are substituted i n our case by i l 3 / 2 and f7/2 with an 
energy difference of ~800 keV versus ~1500 keV. Question: Have we reached the 
edge of a new region with strong octupole effects? 

198 196 
Fig. 6 compares the "neutron levels" of Po with Pb. Energies, 

B(E2,12++10"1") and g(12 +) agree extremely well [ 7 , 10, 1 l ] . On the other hand 
, 210 we have seen a close resemblance of the 8 and 11" proton states to Po. 

High spin neutron and roton states seem to coexist with l i t t l e mutual i n f l u -
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398 NUCLEI OFF THE LINE OF STABILITY 

ence. K. Heyde et a l . [ 1 2 ] showed that for the relevant proton orbitals 
h9/2 a n d * l 3/2 a 9 a i n * n t o t a l binding energy of ~4 MeV results for these 
levels at a small oblate deformation of ε = - 0 . 1 2 . Forthe i i 3 / 2 neutrons 
the same should hold for a corresponding prolate deformation, since we deal 
with holes here. Opposite deformations could explain that neutron and proton 
states do not interfere. As a highly speculative summary, slig h t oblate and 
prolate deformations might coexist i n this region with strong octupole 
components mixed i n . 
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60 
Electromagnetic Properties of Neutron-Deficient Pb Isotopes 
H. Haas, Ch. Stenzel, H. Grawe, H. E. Mahnke, and Κ. H. Maier 

Hahn-Meitner-Institut Berlin, D-1000 Berlin 39, Glienicker Str. 100, and Freie Universitat Berlin, 
Federal Republic of Germany 

The electromagnetic moments for a number of (vii3/2)n isomeric 

states in l i g h t Pb isotopes have been determined. The quadrupole 

moments show a pronounced s h e l l filling ef fect with an increased E2 

p o l a r i z a t i o n charge f o r A < 200. From the magnetic moments evidence 

for small wave function admixtures is obtained. 

The neutron hole states in the lead isotopes present an ideal t e s t i n g 

ground for a s h e l l model d e s c r i p t i o n of semi-magic nuclei ranging from doubly 
208 190 

closed Pb to Pb with 18 neutron holes. The primary purpose of the 

ser ies of experiments summarized in t h i s contr ibut ion was to study of e l e c 

tromagnetic properties of the high spin 113/2 o r b i t a l over t h i s large range. 
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400 NUCLEI OFF THE LINE OF STABILITY 

2 06 
In F i g . 1 p a r t i a l level schemes for the even-even Pb isotopes Pb 

190 

to Pb are shown. A l l of them have a number of long l i v e d states in the 

10 ns to 10 μ5 h a l f l i f e range. P a r t i c u l a r l y the 1 2 + s t a t e s , formed by 2 

neutron holes in the 1*13/2 s h e l l , c o n s t i t u t e a unique ser ies of high spin 

isomers. 

The measurement of nuclear moments of isomeric states allows to study 

the Ml and E2 propert ies with great p r e c i s i o n . Theoretical c a l c u l a t i o n s of 

core deformation have led to non-zero values of ε * 0.05 even f o r the semi-

magic l i g h t lead nuclei [AND78]. The measurement of nuclear quadrupole 

moments can lead to a d i r e c t determination of even quite small dev iat ions 

from spher ical symmetry of the core. Magnetic moments on the other hand are a 

very s e n s i t i v e measure of the p u r i t y of a s h e l l model s t a t e . Even small 

admixtures of core excited states can lead to s i g n i f i c a n t changes. With t h i s 

motivation high p r e c i s i o n nuclear moment measurements were performed with the 

pulsed beam perturbed angular d i s t r i b u t i o n (PAD) technique using various 

nuclear reactions to exc i te the isomeric s t a t e s . 

Quadrupole Moments: The nuclear quadrupole i n t e r a c t i o n of several of 

the 1 2 + isomeric states was measured at ~220 Κ in s o l i d Hg. The experiments 

were e i t h e r done with ( α , χ η ) on t h i c k i s o t o p i c a l l y enriched s o l i d Hg targets 

[ΜΑΗ79] [ZYW81] or by r e c o i l implantation f o l l o w i n g W(160,4n) [STE85]. In 

a l l cases the nuclear quadrupole Q 1 f % i s o m e r \-_541 keV τ.223<2)κ 

coupling constant eQV z z/h can be : J ij I 

r,::r r - Ί «Μ^ΜΜ 
example i s shown F i g . 2, where / ^ ν V 

also the experimental advantage of ^ — j — 
USing Single Crystals f o r S U C h - J - | ™PbH% 12*lsomer E,=337keV T=223(2}Kj 

measurements can be c l e a r l y seen. 1§ 1 ,1 II I ill h 

Small correct ions due to the some- I J J 11 fflfll t L iJltt 1 In I fl lUflH I I 
what d i f f e r e n t target temperatures 0 . 0 '/yjJLlî ^ Ai-llJ-BLll̂ BjBiT̂ pfflRŜ BBJHBRHHΒΜΗΗΒ»̂ ΜΕ 
employed in the various runs can j ™Ψ I * I r wnml ff π Ι" I y ι Ρΐω 1 fll Pîltf 11 III 
be made unambiguously, since the - 0 . 1 - ί I I 'Ir If II' I N 

temperature dependence of the - 111 
e l e c t r i c f i e l d gradient V z z for -o.2-- , , 1 1 p-i™ 

Pb in Hg has been experimentally 0 Timeijjsj 1 

determined [MAH79]. F i g . 2 : PAD quadrupole modulation funct ions 
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60. HAAS ET AL. Electromagnetic Properties 401 

Unfortunately the absolute value of V z z has not been separately 

measured up to now. One must therefore r e l y on the f a c t that f o r 2 0 6 P b the 

1 2 + isomeric state and the 1 0 + s tate o r i g i n a t e from the same ( i i 3 / 2 ) " 2 

c o n f i g u r a t i o n . In t h i s case the B(E2) value f o r the t r a n s i t i o n , experimental

l y known with reasonable accuracy is simply connected to the s t a t i c quadru

pole moment through vector coupl ing. One obtains 'eQ(12 +)| = 10.38/B(E2). 

With t h i s normalization the quadrupole moments for a l l the isomers are 

obtained as shown in F i g . 3. 

1 i ^ ^ ^ ^ - i 1 1 1 1 1 1 

Û?\ -JJCX—- _2 
100 - . / ^ - N N 

40- / A
 Ν χ χ 

30-l<10+HE2ll12+>l f XV 
b U 20- „ '* , 

1 ^ , * ^ u * - v 2 

10-
I 1 ι 1 ι ι ι 1 1 1 

190 200 A 
F i g . 3: Quadrupole moments ( · ) , E2 matrix elements ( J ) , q u a s i p a r t i c l e 

amplitudes (—*—), and e f f e c t i v e neutron charges (•). The l i m i t i n g 
curve f o r e e f f/e indicates uncertainty due to a n a l y s i s . 

To check the consistency of the a n a l y s i s , the B(E2,12 + -»-10 + ) values 

f o r the l i g h t e r isotopes are also p l o t t e d . They have been obtained from the 

h a l f l i v e s under the assumption that the 12 ++10 + t r a n s i t i o n energy i s between 

the Κ and L binding energy of Pb in a l l cases [ALB78]. The q u a n t i t a t i v e 

agreement i s very strong evidence f o r the correctness of the a n a l y s i s . 

With t h i s backing one can attempt to extend the treatment to the even 

l i g h t e r isotopes 1 9 2 > 1 9 0 P b , where only the 1 2 + l i f e t i m e could be deter

mined, as a PAD measurement of the quadrupole moment would need excessive 

s t a t i s t i c s . The time spectrum obtained with the conventional pulsed beam 

technique f o r 1 9 2 P b ( F i g . 4a) in p a r a l l e l to the g- factor experiment to be 
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402 NUCLEI OFF THE LINE OF STABILITY 

described below [STE83a] shows c l e a r 1 0 3 I ~ t r a n s i t i o n s beiow 10+ Ϊ Γ 

evidence for an addit ional isomer. 

This can be i d e n t i f i e d with the 1 0 + W j A H t e W i d i i j i »,i i . l 

s t a t e , since the c a l c u l a t e d § Jff 1 1 ^ " ^ W M l ^ ^ 

B(E2,10 + +8 + ) i s very c lose to the " ' '"pM 

value expected for ( i n / 2 ) 2 c o n f i g u 

r a t i o n s . For 1 9 0 P b the measurement , Λ . , , 

10 2
 (j — • — j ^ 

of the 1 2 + ha l f l i f e was experimen- 1 0 4 . ,1 , . 

t a l l y more demanding, due to the 190Pt> t r a n s i t i o n s beiow 8* (b) 
weak production in 1 5 8 G d ( 3 6 A r , 4 n ) . 'v*"**̂ v-̂ _. 
Using a r e c o i l separation technique, ^ ^ ^ * V V s ^ ^ 

however, [STE85] very clean spectra ^ ^ 4 * ! * ΐ ^ ^ 

( F i g . 4b) could be obtained. The 1 0 2 | [llTO 
B(E2) values extracted for 
1 9 0 > 1 9 2 P b p e r f e c t l y extend the 10 i Q - - —̂L 

trend observed in the heavier timers] 
isotopes ( F i g . 3) . F i 9- 4 : D e c a y c u r v e s f o r 1 2 + i s o m e r s 

The dominating tendency of the quadrupole moments toward a zero 

crossing about 1 8 9 P b may be d i r e c t l y understood as a consequence of a h a l f 

f i l l e d i i 3 / 2 s n e 1 1 a t t n i s point . In the q u a s i - p a r t i c l e model the parameter 

( u 2 - v 2 ) i s used a measure of the subshell f i l l i n g . We have extended previous 

theoret ic c a l c u l a t i o n s [PAU73] in the Tamm-Dancoff approximation using a 
2 2 

surface d e l t a i n t e r a c t i o n to the l i g h t e r Pb isotopes. The values of (u -v ) 

obtained are shown in F i g . 3. They permit us to c a l c u l a t e the e f f e c t i v e 

charge e e f f/e associated with an 1*13/2 neutron in the d i f f e r e n t 

isotopes. It i s t h i s parameter, also graphed in F i g . 3, that allows to 

extract information about contr ibut ions of the core to the E2 moments. It i s 

seen to increase sharply between A = 206 and 200 and then to level of f at 

e e f f/e - 2 . 5 . This value corresponds to a prolate core deformation of 

β = 0.04 f o r the 12"1* states in 1 9 0 - 2 0 0 p b 9 - j n q u a l i t a t i v e agreement with the 

t h e o r e t i c a l expectations. 

Magnetic Moments: The g- factors f o r the ( i i 3 / 2 ) 2 s tates have been 

measured by ( α , χ η ) f o r 1 9 6 - 2 0 6 P b [STE83b], ( 1 6 0 , 4 n ) f o r l9kPb [STE85] and 

(**°Ar,4n) for 1 9 2 p b [STE83a] with the PAD technique to high p r e c i s i o n . 

Typical r e s u l t s are displayed in F i g . 5. For the matrices employed, Hg and 

Pb, Knight s h i f t and diamagnetic s h i e l d i n g correct ions could be a p p l i e d . 
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60. HAAS ET AL. Electromagnetic Properties 403 

From the data shown in o m r " — ' il Liu II 
r. c ^ + · 1 % P b EY=337 keV I J g 
F i g . 6 one can see t h a t , in 020 - * «à Hi it I Κ ' I 
contrast to previous data [R0U77], A A Af\AK A i f f mm ffi 

these r e s u l t s e x h i b i t a very c l e a r 0 0 0 ΓΤ/* y y W \ / V «Λ il ifiï if l̂ii 

t rend: The (negative) magnetic -0.20 I * f * τ IP I | BPl 

moments remain constant between j ^ Γ ' I \J. 
A = 206 and 200 and then show a j 1 9 8Pb EY=541keV \ Λ . I il 

continuous increase in magnitude 0 2 0 Α Α λ jk k Μ ft A ill J) \ 

toward the Schmidt value. Q u a l i t a - 0.00 «]f f Tim 

t i v e l y such a trend has been -0 20 ' * ^ * V V nf τ i l l illfl 
p a r t l y predicted by c a l c u l a t i o n s ' , * j |r|'t 

of the Ml core p o l a r i z a t i o n ; 2oopb ^ _ 7 7 7 k e V j Γ | n I I I 

[R0U77], the c a l c u l a t i o n s , how- 0.20 ! . ji | | m 1 L |J |Il Ë |J| 

ever, f a i l i n g to y i e l d a u a n t i t a - q o o A A i\ Pk |f|Mf Μ ΜΙΜΒΙJ Iftlfli 
t i v e agreement. For 2 0 6 P b , on the I \ f y Ή 1/ fj/li ΜΤ'^ϊΙ |H IH I R I H fH 
other hand, a much more s o p h i s t i - " " ° - 2 0 j ' » il ' l| I'll llllBtll 
cated theory [ SPE77] was able to J I l llll ψ I1111I11H111 
reproduce the q-factor c o r r e c t l y t imers] 

with an e f f e c t i v e Ml operator. We F i 9 - 5 : T W i c a 1 s p l n r o t a t l o n curves 

have scaled the core p o l a r i z a t i o n c a l c u l a t i o n s with t h i s operator to get a 

d e s c r i p t i o n of the 1*13/2 c o n t r i b u t i o n to the g - f a c t o r s . Such a treatment 

( s o l i d l i n e in F i g . 6) y i e l d s complete agreement f o r the l i g h t e r isotopes, 

while near to the closed s h e l l small admixtures to the 13/2 wave funct ion 

coming from 3" and 5" core e x c i t a t i o n s can account f o r the remaining 

discrepancies. 

-0.1st, • I M • } . 
F i g . 6: g- factors ^ J £ | 

for ( i i 3 / 2 ) n x 

isomers. ο ) s 

Theory Pb £ 

[SPE77] *T 

3",5~ admixtures 0 1 

subtracted | ι 1 . 1 1 » 1 Λ 

Effect of core " ' 2 0 6 2 0 2 1 9 8 1 9 4 

p o l a r i z a t i o n mass number 
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404 NUCLEI OFF THE LINE OF STABILITY 

As a byproduc t o f the p r e s e n t exper iments magnet ic moments f o r 

seve ra l l o w e r - l y i n g i somer i c s t a t e s i n the even-even i s o t o p e s were a l s o 

o b t a i n e d . In genera l a s a t i s f a c t o r y e x p l a n a t i o n f o r t h e va lues can be reached 

by the use o f e f f e c t i v e g - f a c t o r s f o r t he low s p i n o r b i t a l s as de te rm ined 

e x p e r i m e n t a l l y [ S T E 8 5 ] . A no tewor thy e x c e p t i o n are t h e 5" s t a t e s i n 1 9 6 » 1 9 8 p D 

where smal l p o s i t i v e va lues were f o u n d , w h i l e a l l n e u t r o n c o n f i g u r a t i o n s 

p r e d i c t smal l n e g a t i v e g - f a c t o r s . A c o l l e c t i v e a d m i x t u r e , p o s s i b l y connected 

w i t h t h e p r o t o n i n t r u d e r s t a t e s r e c e n t l y d i s c o v e r e d i n t h i s r e g i o n [DUP84] , 

cou ld account f o r the d i s c r e p a n c y . 

F u r t h e r m o r e , i n t h e (α ,χη) r e a c t i o n s w i t h t h i c k Hg t a r g e t s many 

i somer ic s t a t e s i n t he odd Pb i s o t o p e s are a l so e x c i t e d . The e x p l a n a t i o n i s 

p a r t i c u l a r l y s t r a i g h t f o r w a r d f o r t h e ( 2 9 / 2 , 3 3 / 2 ) + s t a t e s i n 1 9 5 ' 1 9 7 ' 1 9 9 P b 

and t h e 3 3 / 2 + s t a t e i n 2 0 5 P b . The v i r t u a l l y pure ( i 1 3 / 2 ) n c h a r a c t e r o f 

t h e s e isomers i s suppor ted by t h e f a c t t h a t t h e i r g - f a c t o r s , i n c l u d e d i n 

F i g . 6 , f o l l o w the t r e n d seen i n the even i s o t o p e s v e r y w e l l . 

C o n c l u s i o n s : The measured E2 moments f o r t h e 1 2 + isomers c l e a r l y 

demonst ra te t h e ( i 1 3 / 2 ) n q u a s i p a r t i c l e n a t u r e o f these s t a t e s and can be 

q u a n t i t a t i v e l y e x p l a i n e d by t h e assumpt ion o f a smal l induced co re de fo rma

t i o n f o r t he more neu t ron d e f i c i e n t Pb i s o t o p e s . 1 2 + isomers i n t h e h a l f l i f e 

range o f 10 μ$ and 1 are expected f rom e x t r a p o l a t i o n s f o r 1 8 8 P b and 1 8 6 P b , 

r e s p e c t i v e l y . U n f o r t u n a t e l y i n i t i a l exper iments t o i d e n t i f y t hese have no t 

been s u c c e s s f u l . The magnet ic moments o f t h e ( 1 1 3 / 2 ) ° isomers are q u a n t i 

t a t i v e l y e x p l a i n e d i n t h e t h e o r y o f Speth e t a l . [SPE77] i f c o r e p o l a r i z a t i o n 

i s p r o p e r l y accounted f o r . 
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6 1 

ISOLDE Today and Tomorrow 

B. W. Allardyce 
ISOLDE, CERN, CH-1211 Geneva 23, Switzerland 

Isolde is known throughout the world as the on-line 
isotope separator at the 600 MeV synchrocyclotron at CERN, 
Geneva. Work has been going on there since 1967 on many 
topics includino nuclear physics, solid state, atomic physics, 
etc. There have been great improvements made over the years 
but it became clear that the physics output could only be in
creased i f there were to be an expansion of the facility. It 
was decided to build a second on-line separator to be used al
ternately with the existing Isolde, thus doubling the poten
tial. The new separator is under construction, called Isolde 
3, and is scheduled for first operation next year. 

1. Evolution of Isolde 

The Isolde separator started to work on-line to the CERN 600 ?«eV 
synchrocyclotron (SO as long aoo as 1967, when the accelerator was already 10 
years old. In those days the SC could produce an extracted proton beam of up 
to about 50 nA which, combined with the early taroet/ion sources used by 
Isolde at that time, resulted in on-line ion beams of, for example, Hp 
isotopes with a maximum intensity of 107 ions/sec. However, this was adequate 
for the experiments planned then, and Isolde ran successfully for about C* 
years with Gradually improving techniques. Finally, about 12% of the SC* s 
beam time was devoted to Isolde physics, or about 800 hours per year. 

In 1973/4 the lone-awaited SC improvement programme was implemented, 
and in parallel with it the Isolde group upgraded their installation, from 
then on labelled Isolde 2. This upgrade converted what had been a fertile 
series of experiments into an experimental facility. On the accelerator side, 
the Improvement Programme consisted of fitting a new radiofrequency system, 
improving the beam optics from the ion source through to extraction, and 
increasing the extraction efficiency by an order of magnitude with a septum 
magnet. As a result the SC could deliver beam intensities of 2μΑ to the 
Isolde target, an increase by a factor of more than 40. 

0097-6156/86/0324-0406$06.00/0 
© 1986 American Chemical Society 
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61. ALLARDYCE ISOLDE Today and Tomorrow 407 

In the underground Isolde zone the changes were equal ly dramatic. The 

zone was completely reshuff led so as to gain space, and the separator magnet 

was moved close to the production target : previously the ion beams d r i f t e d 

3m through a concrete shie lding wall before reaching the magnet. The r e s u l t 

was a doublinc of the experimental area a v a i l a b l e for physics, which could now 

be f u l l y exploited with four separate beam l i n e s from the e l e c t r o s t a t i c 

switchyard after the magnet. Targets were another area of improvement with 

the introduct ion of disposable, sel f -contained target/ion source uni ts and a 

remote target change mechanism, which permitted the f u l l proton i n t e n s i t y to 

be used on a target of thickness of order 100 gm/cm2. The f i r s t targets to be 

used were the highly successful a l k a l i producing t a r g e t s . 

Demand for beam time at IS2 s t e a d i l y increased af ter the upgrading, 

reachinq 1900 hours of physics in 1980, or 35% of the SC's beam time. An 

addi t ional experimental zone of 120 m2 at ground level was opened in 1978, fed 

by a v e r t i c a l extension of one of the beam l i n e s in the underaround zone. In 

1982 an i n d u s t r i a l robot was introduced as a more f l e x i b l e way of exchanging 

target u n i t s . Meanwhile a great deal of work was done to improve the 

r e l i a b i l i t y of the f a c i l i t y and the l i f e t i m e of the t a r g e t s , as well as to 

extend the range of elements a v a i l a b l e as beams. Encouraging t e s t s were made 

with the 303 MeV/amu 3 H e + + beam of the SC which showed that for c e r t a i n 

elements (and e s p e c i a l l y for the isotopes on the neutron-def ic ient side of the 

y i e l d curve), there were considerable gains to be made compared to using 600 

MeV protons. Beams of 86 MeV/amu l2C were also t r i e d , with less encouraging 

r e s u l t s . The main l i m i t a t i o n in both cases was the lack of primary beam 

i n t e n s i t y , which the SC Group promised to r e c t i f y , given s u f f i c i e n t d e v e l 

opment time. 

By the e a r l y 1980's i t became c l e a r that the Isolde f a c i l i t y was 

saturated at the level of about 2000 hours of physics per year, and some 

thought had to be given to the f u t u r e . Isolde was l i m i t e d by the physical 

s i ze of the experimental zones, by the primary proton i n t e n s i t y , and by the 

need to service the equipment in the highly radioact ive target zone. There 

was also a l i m i t a t i o n from the manpower s i d e , since the s t a f f were already 

f u l l y occupied keeping the f a c i l i t y running, developing new techniques and 

producing the roughly 30 consumable target/ion source uni ts needed each year. 
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408 NUCLEI OFF THE LINE OF STABILITY 

Var ious s c e n a r i o s f o r the f u t u r e were i n v e s t i g a t e d , i n c l u d i n g a move 

t o SIN where ve ry much h ighe r p r o t o n i n t e n s i t i e s would have been a v a i l a b l e , 

but t he proposa l f i n a l l y accepted i n December 1983 was t o b u i l d a second 

s e p a r a t o r ( IS3 ) at the SC and t o run the a c c e l e r a t o r p r i m a r i l y f o r I s o l d e f o r 

4000 hours per y e a r . A cu t -away view o f how the complete f a c i l i t y w i l l look 

i s shown i n F i g . 1 . 

F i g . 1 The SC- Iso lde f a c i l i t y 

2 . Present s t a t u s o f IS2 

C u r r e n t l y t h e r e are about 30 exper imen ts i n p r o g r e s s at I s o l d e , and 

t h e f a c i l i t y i s used by almost 200 p h y s i c i s t s . A d e t a i l e d c a t a l o g u e o f the 
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61 . ALLARDYCE ISOLDE Today and Tomorrow 409 

beams a v a i l a b l e at I s o l d e was p resen ted l a s t year a t t he Z i n a l workshop 

(Ra84) , and a summary o f which e lements can be produced i s shown i n F i g . 2 . 

PERIODIC TABLE OF THE ELEMENTS 
1A 

H HA MIA IVA VA VIA VIIA 

vaiA 

pu Tu VB. 

nm ιν· «· «· vw . »w . ι· Η· 

B T c \ 0 F I. 
To Ψ Mg nm ιν· «· «· vw . »w . ι· Η· 

• 
Al 

Si P s l î , 
\ T. l e Ti Tv Cr τ 

Mn 
F t Co Ni i» V la Gt ï . l T, 

It V Zr Nb Mo Tc Ru Rh Pd W* ? Sn ^b .̂ r , 

\a La Hf Ta W Rt Os Ir Pt J . Tl, Ti tb ς. T« In 
Tr la Ac 

CTiwocs-j-Th j Ρα j U | Np | Pu | Am| Cm| Bk | Cf | Et | Fm|Md | No | Lr | 

ΓΠ Elomontt oval loblo a l ISOLDE 

F i g . 2 Summary o f the e lements a v a i l a b l e a t I s o l d e 

Of t he 66 e lements which may be p roduced , r o u g h l y one h a l f have a h igh y i e l d 

f rom the t a r g e t , which means ~ 1 0 n a toms/sec at the peak o f t he y i e l d curve 

f o r a 1 μΑ p r o t o n beam, and are a v a i l a b l e w i t h good chemica l s e l e c t i v i t y ; 

f o r these e lements no f u r t h e r development work i s necessa ry . The remainder 

c o u l d b e n e f i t f rom improvements i n s e l e c t i v i t y or i n the r e l e a s e o f the 

d e s i r e d r a d i o a c t i v i t y f rom the t a r g e t m a t e r i a l i n t o t h e i o n sou rce . 

The most popu la r i o n source a t I s o l d e i s the plasma source developed 

f r o m FEBIAD sources found i n many l a b o r a t o r i e s . The l a t e s t v e r s i o n o f t h i s 

source has r e c e n t l y been completed and w i l l g r a d u a l l y become s tandard a t 

I s o l d e ; i t has d i r e c t r e s i s t i v e h e a t i n g o f the cathode s u r f a c e . The 

t a r g e t / i o n source comb ina t ion has t o be t a i l o r e d t o t he p a r t i c u l a r exper iment 

b e i n g p e r f o r m e d , i n o rde r t o o p t i m i s e the y i e l d and /o r t he s e l e c t i v i t y , and 

t h i s r e s u l t s i n t h e r e be ing severa l d i f f e r e n t v e r s i o n s o f t h e t a r g e t / i o n 

source ; f o r example, d i f f e r e n t cases r e q u i r e d i f f e r e n t t e m p e r a t u r e s i n the 
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410 NUCLEI OFF THE LINE OF STABILITY 

t r a n s f e r tube between t a r g e t and ion source . Sources o t h e r than the plasma 

source are a lso f r e q u e n t l y used, n o t a b l y the s u r f a c e i o n i s a t i o n source , bo th 

p o s i t i v e and n e g a t i v e . Consequent ly the p r o d u c t i o n o f the t a r g e t / i o n source 

u n i t s i s not a t r i v i a l task and r e q u i r e s a l o t o f manpower. 

T a r g e t / i o n source u n i t s are exchanged by means o f the i n d u s t r i a l r o b o t 

which was purchased i n 1982. Th i s development has been ve ry s u c c e s s f u l , 

e s p e c i a l l y i n i t s e f f e c t on doses t o t h e p e r s o n n e l . Another r e c e n t 

improvement t o t he f a c i l i t y has been the a d d i t i o n o f a second beam l i n e f rom 

the underground area t o the e x p e r i m e n t a l area at ground f l o o r l e v e l . 

3 . Progress on IS3 

The i d e a l l o c a t i o n f o r IS3 would have been i n a new underground zone 

near t o I S 2 , but the cos t exc luded t h i s s o l u t i o n . The o n l y way o f keep ing the 

c o s t t o an accep tab le l e v e l was t o make use o f e x i s t i n g b u i l d i n g s , and i t was 

on t h i s b a s i s t h a t the p r o j e c t was f i n a l l y accepted (Ce83) . As a r e s u l t the 

t a r g e t had t o be s i t u a t e d i n s i d e the SC v a u l t i n s p i t e o f the inconven ience 

t h a t t h i s i m p l i e d , and the s e p a r a t o r had t o be des igned so t h a t t he 

exper imen ts cou ld be housed in the e x i s t i n g "Pro ton H a l l " o f the SC. T h i s 

r e s u l t s i n two separa te I s o l d e i n s t a l l a t i o n s which can r e c e i v e beam 

a l t e r n a t e l y f rom the SC, w i t h a s w i t c h - o v e r t ime of an hour or so. I t i s 

p lanned t o use the same t a r g e t / i o n source po ts f o r the two s e p a r a t o r s , so as 

t o m a i n t a i n o n l y one p r o d u c t i o n l i n e f o r the t a r g e t s and t h u s keep c o s t s t o a 

minimum. 

The new sepa ra to r has the c h a r a c t e r i s t i c s l i s t e d i n the t a b l e , and the 

o p t i c a l p r o p e r t i e s o f the beam are shown i n F i g . 3. E l e c t r o s t a t i c lenses w i l l 

be used t h r o u g h o u t , w i t h a wide a p e r t u r e (14 cm) i n o rde r t o accomodate the 

beam envelope f rom a s l i t source ; t he i n t e n t i o n i s t o be ab le t o run w i t h 

both the normal I s o l d e sources and a s l i t source developed f rom the I s o c e l l e 

d e s i g n . Unseparated ion beams are t r a n s p o r t e d 8m th rough the SC s h i e l d i n g 

w a l l t o a f o c u s b e f o r e the f i r s t 90° s e p a r a t o r magnet, which has a h i g h l y 

u n i f o r m f i e l d . A u x i l i a r y c o i l s and an e l e c t r o s t a t i c m u l t i p o l e element w i l l 

be used t o c o r r e c t a b e r r a t i o n s i n the o p t i c s and t o p e r m i t the best p e r 

formance o f the s e p a r a t o r t o be r e a l i s e d . The f o c a l p lane chamber a f t e r the 

f i r s t magnet w i l l be used t o measure the beam p r o p e r t i e s , and t o s e l e c t 
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61. ALLARDYCE ISOLDE Today and Tomorrow 411 

the d e s i r e d i s o t o p e . A second stage o f s e p a r a t i o n then f o l l o w s , v i a a s i m i l a r 

60° magnet, and the beam i s f i n a l l y d i s t r i b u t e d t o the exper imen ts i n the 

Pro ton H a l l . 

F i g . 3 C a l c u l a t i o n s o f the 

beam i n the h o r i z o n t a l 

p lane f rom the source at 

bot tom r i g h t th rough t o a 

f o c u s a f t e r the second 

bending magnet. 

Table - Parameters o f t he I s o l d e 3 s e p a r a t o r 

- Two-stage s e p a r a t i o n w i t h a combined r e s o l v i n g power o f ~5000 at h i g h 

t r a n s m i s s i o n ; p o s s i b i l i t y t o reach ~30,000 w i t h s l i t s . 

Maximum c u r r e n t t o be t r a n s p o r t e d t o the f i r s t magnet : 3mA us ing a 

s l i t source . 

- A c c e l e r a t i o n v o l t a g e 60 kV maximum. 

- D i s p e r s i o n a f t e r the f i r s t magnet > 12 mm per %, p e r p e n d i c u l a r t o the 

beam; the f i r s t f o c a l p lane t o cover a mass range o f ± 10%. 

- Enhancement f a c t o r " ΙΟ 1 * f o r the f i r s t s tage , i n c r e a s i n g by a f u r t h e r 

f a c t o r o f 1 0 2 t o 1 0 4 i n the second stage and by t u n i n g . 
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412 NUCLEI OFF THE LINE OF STABILITY 

The power s u p p l i e s f o r the t a r g e t / i o n source w i l l be housed i n a 

Faraday cage i n the Proton H a l l , j o i n e d t o the t a r g e t by a s p e c i a l l y - d e s i g n e d 

h igh v o l t a g e tube o f low c a p a c i t y . A l l the s u p p l i e s are commercial and are 

des igned f o r ve ry h igh s t a b i l i t y and low r i p p l e (1 i n 1 0 5 ) . Power i s fed t o 

the s u p p l i e s f rom a commercial i s o l a t i o n t r a n s f o r m e r . The h i g h v o l t a g e , 60 kV 

as at I S 2 , i s generated i n a home-made supp ly w i t h e q u a l l y demanding s p e c i f i 

c a t i o n s . A g r e a t deal o f a t t e n t i o n i s be ing pa id t o keep ing t h e s t o r e d energy 

t o a minimum and t o i n t r o d u c e s h i e l d i n g and Faraday cages in o r d e r t o m in im ise 

the e f f e c t o f s p a r k i n g on o t h e r e x p e r i m e n t a l equ ipment , e s p e c i a l l y computers . 

T h i s has been a c o n s i d e r a b l e problem at IS2 . One o t h e r i m p o r t a n t advantage 

which IS3 w i l l have over IS2 i s the ease o f access t o the h i g h v o l t a g e sup

p l i e s , s ince the Pro ton Ha l l i s not a h i g h l y r a d i o a c t i v e zone. 

C o n t r o l o f the sepa ra to r w i l l be by a m ic rop rocesso r based s e r i a l 

CAMAC system us ing s tandard CERN i n t e r f a c e s , and work i s p r o g r e s s i n g r a p i d l y 

i n t h i s domain. A c o n t r o l room, c l o s e t o t he SC c o n t r o l room, i s be ing p r e 

p a r e d , much of the CAMAC hardware i s a v a i l a b l e a l r e a d y , and a s t a r t has been 

made on the s o f t w a r e . 

The s e p a r a t o r i s be ing c o n s t r u c t e d i n a c o l l a b o r a t i v e way by CERN and 

seve ra l p a r t i c i p a t i n g l a b o r a t o r i e s . Most p ieces are des igned and some i tems 

have a l r e a d y a r r i v e d ; the magnets themselves are t o be d e l i v e r e d i n O c t o b e r , 

and a l l t he c i v i l e n g i n e e r i n g work has been comp le ted . I t i s our i n t e n t i o n t o 

assemble the f i r s t p a r t o f the s e p a r a t o r i n the near f u t u r e f o r t e s t s i n t h e 

P ro ton H a l l p r i o r t o mount ing i t i n i t s c o r r e c t p lace d u r i n g the Sp r ing o f 

1986. 

4 . F u t u r e p o s s i b i l i t i e s 

A l though e x o t i c p o s s i b i l i t i e s such as the a c c e l e r a t i o n o f r a d i o a c t i v e 

i o n s or t h e i r s to rage i n a s torage r i n g have been d iscussed t h e r e are no f i r m 

p lans t o proceed i n t h i s way. However, two development areas are c l e a r , and 

awa i t o n l y t ime and manpower. 
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61. ALLARDYCE ISOLDE Today and Tomorrow 413 

The use o f a 3 H e + + beam o f 303 MeV/amu has a l r e a d y been ment ioned as 

an advantage i n c e r t a i n cases , e s p e c i a l l y f o r n u c l e i f a r f rom s t a b i l i t y . Such 

a beam i s a l so advantageous i n t h a t i t produces l e s s induced r a d i o a c t i v i t y i n 

the SC v a u l t . However, the 3 H e + + beam has not so f a r been produced w i t h 

s u f f i c i e n t i n t e n s i t y t o make i t s f r e q u e n t use an i n t e r e s t i n g p r o p o s i t i o n 

compared t o 600 MeV p r o t o n s . Improvements have been made t o the r . f . system 

and t o the SC's ion source which should now p e r m i t an i n t e n s i t y ga in o f a 

f a c t o r 3 or 4 t o be a c h i e v e d , but so f a r t h i s has not been t e s t e d . I f t he 

3 H e + + i n t e n s i t y r i s e s t o the p ro ton i n t e n s i t y ( i . e . > 1 0 1 3 i o n s / s e c ) , t h i s 

beam cou ld become the p r e f e r r e d I s o l d e p r o d u c t i o n beam o f the f u t u r e . 

Ion sources are a l so an area where i t i s p laned t o make improvements, 

once the new s e p a r a t o r i s work ing and manpower i s l i b e r a t e d . New ideas f o r 

o n - l i n e sources i n c l u d e the l a s e r source (which w i l l p r o b a b l y not make new 

e lements a v a i l a b l e t o I s o l d e but w i l l c e r t a i n l y improve the s e l e c t i v i t y ) , and 

ECR sources (where the problem w i l l be t o adapt e x i s t i n g ECR t e c h n o l o g y t o t he 

h i g h - t e m p e r a t u r e , h igh r a d i a t i o n env i ronment o f t he I s o l d e s e p a r a t o r ) . 

References 
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62 

A New Heavy-Ion Facility at Chalk River 

J. C. Hardy 

Atomic Energy of Canada, Limited, Chalk River Nuclear Laboratories, Chalk River, 
Ontario K0J 1J0, Canada 

The Tandem Accelerator Superconducting Cyclotron facility at 
Chalk River, which is nearing completion of phase 1, wil l be cap
able of accelerating al l ions to at least 10 MeV/u. Together with 
the on-line isotope separator it will provide a powerful means of 
studying exotic nuclei. 

During phase 1 of c o n s t r u c t i o n of the Tandem A c c e l e r a t o r Supercon
d u c t i n g C y c l o t r o n (TASCC) f a c i l i t y at Chalk R i v e r , the e x i s t i n g tandem a c c e l 
e r a t o r was r e v e r s e d , a superconducting c y c l o t r o n b u i l t and some 60 metres of 
beam-transport l i n e i n s t a l l e d to connect the two and to d e l i v e r beams to an 
" i n t e r i m t a r g e t l i n e " . The r e s u l t , which r e q u i r e d an a p p r e c i a b l e b u i l d i n g 
e x t e n s i o n , i s shown i n f i g u r e 1, 

As of e a r l y September, 1985, the f a c i l i t y i s being commissioned. Car
bon, n i t r o g e n and oxygen beams from the tandem have reached the i n t e r i m t a r 
get l o c a t i o n s v i a the bypass l i n e , and an i o d i n e beam has been i n j e c t e d i n t o 
the c y c l o t r o n . F i r s t attempts to a c c e l e r a t e i o d i n e i n the c y c l o t r o n are 
imminent. Some e x p e r i m e n t a l equipment, i n c l u d i n g the o n - l i n e i s o t o p e separ
a t o r [SCH81J, i s a l r e a d y set up and undergoing t e s t s w i t h tandem beams. 

PATH OF BEAM UNE TO TARGET ROOMS (PHASE 2) INTERNA TARGET UNE (PHASE 1) 

TANDEM ACCELERATOR SUPERCONDUCTING CYCLOTRON (TASCC PHASE 1) 

Fig. 1. Artist'8 impression of phase 1 of the TASCC f a c i l i t y . 
Shown in dashed l i n e s is the beam delivery system to 11 
target locations, planned for phase 2. This second phase, 
which is not yet funded, u t i l i z e s e x i s t i n g target rooms. 

0097-6156/86/0324-0414S06.00/ 0 
© 1986 American Chemical Society 
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62. HARDY Heavy-Ion Facility at Chalk River 415 

When i t reaches i t s f u l l capability, TASCC w i l l accelerate a l l ions 
between lithium and uranium to energies up to 50 MeV/u and 10 MeV/u, respec
t i v e l y . It w i l l feed some major pieces of apparatus: the Q3D magnetic spec
trometer, the isotope separator, a growing array of gas and solid-state 
detectors housed in a 1,5 m diameter scattering chamber, and the "8π" γ-ray 
spectrometer [AND 84], A l l are currently operational except the 8 π spectro
meter, which i s being b u i l t by a consortium of Canadian universities and AECL 
Chalk River, with completion scheduled for late 1986. It w i l l comprise two 
subsystems: i ) a spin spectrometer of 72 bismuth germanate (BGO) detectors, 
and i i ) an array of 20 Compton-suppressed hyperpure (HP) Ge detectors. 

At the completion of phase 2, these devices and others w i l l be served 
by the beam lines shown dashed in figure 1. However, phase 2 is not yet 
funded, so in the meantime somewhat restricted conditions w i l l prevail. The 
Q3D, which i s already sited at T10, w i l l be inaccessible, the isotope separ
ator w i l l only be on-line via a He-jet coupling and the remaining experimen
t a l equipment w i l l be strung end-to-end at the interim target line to offer 
as broad a scope as possible for u t i l i z i n g the new beams as they appear. 

Although TASCC i s not the f i r s t in i t s energy range, i t joins a very 
select group of f a c i l i t i e s worldwide with versatile capabilities at tran
s i t i o n a l energies. As such, TASCC opens up many exciting experimental 
p o s s i b i l i t i e s . For the purposes of this symposium, I shall focus on those in 
the f i e l d of nuclei far from s t a b i l i t y . 

Accelerator F a c i l i t y 
The acceleration process begins with negative ion generation in the 

300 kV injector followed by acceleration in the tandem at voltages up to 
13 MV. The beam i s bunched into timed pulses by passing i t through a 

gridded-gap prebuncher be
fore the tandem and a two-
gap drift-tube buncher 
between the tandem and the 
cyclotron. The l a t t e r pro
duces a time focus when the 
beam bunches reach a s t r i p 
per f o i l located in a mag
netic valley near the center 
of the K=520 cyclotron (see 
figure 2). The f o i l , whose 
position i s radial l y adjust
able, intercepts the beam 
just where i t becomes tan
gent to the radius appro
priate for i t s energy and 
resulting charge state. 
Once the beam has been 
accelerated to a radius of 
650 mm, turn separation i s 
increased and i t enters an 
ele c t r o s t a t i c channel where 
i t i s deflected into the 
magnetic extraction channel. 

Fig. 2. Cutaway view of the 
Chalk River superconducting 
cyclotron. 
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416 NUCLEI OFF THE LINE OF STABILITY 

The cyclotron i t s e l f IHUL85] forms a single 4-dee resonant structure. 
Because the central axis is not required for ion sources, i t accommodates two 
coaxial-line tuners, each supporting a pair of dees located in the magnetic 
valleys. Tne magnet is excited by two superconducting niobium-titanium 
c o i l s , which are copper s t a b i l i z e d . Fine tuning of the f i e l d i s accomplished 
by adjusting the positions of 104 saturated-steel trim rods, which penetrate 
through the upper and lower magnetic h i l l s . Small superconducting co i l s are 
used i n the magnetic extraction channel. 

So far, beams have not yet been accelerated in the cyclotron, although 
that should happen within days. A beam of 127χ7+ been injected to 
the stripper f o i l and the resulting charge states were distinguished on a 
radial probe by their deflection i n the cyclotron magnetic f i e l d . At 71 MeV, 
the most probable charge state was observed to be 23, in reasonable agreement 
with expectation [HEI85]. 

The Οα-liae Isotope Separator 
The Chalk River isotope separator has been operating on-line with the 

tandem accelerator since Apr i l 1979. When the tandem shut down in 1982, the 
separator was completely dismantled and reassembled with some improved com
ponents at i t s present location, where i t w i l l be on-line with TASCC (see 
figure 1). It is now working again and, although recommissioning i s not yet 
complete, i t has already achieved some of the excellent performance char
a c t e r i s t i c s met before the move. A picture of the relocated instrument 
appears as figure 3. 

Like most other on-line isotope separators (ISOLs), the Chalk River 
device was previously operated with i t s ion source essentially in line with 
the primary accelerator beam so that nuclei produced by reactions in a target 
would r e c o i l d i r e c t l y into the ISOL ion source. We used a FEBIAD ion source 
[KIR76], which was characterized by long cathode lifetime and good efficiency 
for a wide variety of elements. 

Fig. à. View of a portion of the relocated ISOL. The vmage plane 
of the V6b° inhomogeneous magnet is in the large central 
chamber; the selected beam is deflected H0° and conveyed 
through the beam line at the top left to a counting area. 
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62. HARDY Heavy-Ion Facility at Chalk River 417 

Fig. 4. The C0-N2 doublet at mass 28 mea
sured with the Chalk River ISOL and a 
FEBIAD ion source; the resolving power is 
20,000. With a slit-geometry source 
16,000 has been obtained. (The separ
ation between the two peaks is 10.5 MeV.) 

VOLTAGE (VOLT) 

For the time being with TASCC, such a direct coupling i s impossible 
since phase 1 does not provide magnetic beam transport elements to the ISOL 
ion source. Instead, a He-jet system, in which r e c o i l nuclei are thermalized 
in helium gas, has been coupled by capill a r y to an ion source through a 
skimmer LHAR84] · A special source has been built for the purpose with an 
extraction s l i t of 1 mm χ 30 mm (cf. a 1 mm dia. hole for the FEBIAD), which 
allows for the necessarily high throughput of helium. The ISOL i t s e l f was 
o r i g i n a l l y designed to accommodate s l i t geometry, high beam currents and a 
large gas load. Preliminary tests of this system before the tandem shut down 
indicated that efficiency of a few percent is achievable. 

The quality of separated beams from the Chalk River ISOL has always 
been very high. Both the 40 kV accelerating voltage and the f i e l d in the 
135° inhomogeneous magnet are highly stabilized (<10~ ). The most remarkable 
item employed in the separator, however, i s the pair of correction coils with 
which the magnetic sector is equipped. The radial f i e l d distribution in any 
magnet is given by 

Β = B 0 [ l - a ( r - r 0 ) / r 0 + 3 ( r - r 0 ) 2 / r 0 + ...J 
where B 0 i s the f i e l d at the mean radius r Q . For the Chalk River magnet, 
α i s nominally 0.5 and 3 « c?, but the correction c o i l s , called a- and 3-
c o i l s , produce f i e l d contributions that independently adjust the respective 
indices. The α-coil is largely responsible for the position of the image 
along the beam axis and 3 can be used to minimize second order aberrations. 
With two simple adjustments the optimum beam p r o f i l e can readily be 
obtained. As i l l u s t r a t e d in figure 4, a resolving power (Μ/ΔΜ) of 20,000 has 
been obtained, the highest ever reported for an ISOL. 

Of equal importance to high resolution is high enhancement of a 
selected beam. Contamination, even at the percent l e v e l , from adjacent iso
topes could be catastrophic to a precise measurement. For the Chalk River 
ISOL, cross contamination has been measured to be < 10" at A=20, and, by 
scaling, i t must be <10"b at A-200. 

Prospects 
The combination of a high quality ISOL and a versatile heavy-ion 

accelerator capable of energies up to 50 HeV/u is a very powerful one. When 
compared with intermediate-energy proton beams, heavy ions have both advant
ages and disadvantages in the production of exotic nuclei. A t bombarding 
energies Ε < 10 ileV/u they afford a highly spec i f i c production technique 
which can, with the right combination of target and p r o j e c t i l e , be focussed 
very far from s t a b i l i t y . Yet they are handicapped by requiring targets 
thinner than a few mg/cm2. It is only for the most remote products that the 
production rate can surpass that of a proton-based separator li k e ISOLDE 
using targets four orders of magnitude thicker. 
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418 NUCLEI OFF THE LINE OF STABILITY 

f i g . 5. Chart of 
the nuclides. The 
dark stippled area 
represents nuclides 
i d e n t i f i e d by 1981; 
the l i g h t e r areas, 
nuclides predicted 
to exist for an 
observable length 
of time [HAR8SJ. 

I t i s i n t e r e s t i n g to note, however, th a t at higher e n e r g i e s heavy i o n s 
can produce comparable y i e l d s to protons and at much lower s p e c i f i c energy. 
The main reason i s th a t t h i c k - t a r g e t techniques now become f e a s i b l e f o r heavy 
i o n s as w e l l . The consequence i s t h a t , microampere-for-microampere at 50 
MeV/u, 1 2 C p r o j e c t i l e s should be the e q u i v a l e n t of 600 MeV protons f o r 
i s o t o p e p r o d u c t i o n , and are p o s s i b l y b e t t e r f o r the most e x o t i c products 
[HAR84]· 

In p r i n c i p a l at l e a s t , a heavy-ion a c c e l e r a t o r w i t h the c a p a b i l i t i e s 
of TASCC should be i d e a l l y s u i t e d both to the s p e c i f i c s y n t h e s i s of a 
s e l e c t e d group of i s o t o p e s and to high c u r r e n t p r o d u c t i o n runs of a wide 
range of i s o t o p e s . 

Undoubtedly the Chalk R i v e r ISOL w i l l be used, as ot h e r s a r e , i n the 
i d e n t i f i c a t i o n and spectroscopy of e x o t i c n u c l e i . The nu c l e a r chart i n f i g 
ure 5 i l l u s t r a t e s the scope f o r such s t u d i e s . However, the extreme p u r i t y of 
i s o t o p e s separated by our ISOL has been e s s e n t i a l i n the past to p r e c i s i o n 
s t u d i e s of the weak i n t e r a c t i o n , i n one case the l i f e t i m e s of superallowed 
0++0+ t r a n s i t i o n s ÎK0S83], i n another 3-v-a t r i p l e c o r r e l a t i o n c o e f f i c i e n t s 
i n the decay of 2 Na [CLI83] ; both y i e l d e d measurements of the weak v e c t o r 
c o u p l i n g c o n s t a n t . These types of measurements w i l l be extended to ot h e r 
n u c l e i , s i n c e they e x p l o i t the best q u a l i t i e s of the a c c e l e r a t o r and 
s e p a r a t o r . 

Of p a r t i c u l a r i n t e r e s t to n u c l e a r and a s t r o p h y s i c i s t s a l i k e are the 
masses of n u c l e i f a r from s t a b i l i t y . Although the masses of some n u c l e i i n 
the shaded r e g i o n of f i g u r e 5 have been deduced from measured decay e n e r g i e s , 
the o n l y d i r e c t mass d e t e r m i n a t i o n s are from a mass spectrometer connected 
o n - l i n e to ISOLDE [THI81] and from the Chalk R i v e r ISOL, which because of i t s 
h i g h r e s o l v i n g power can be used d i r e c t l y as a stand-alone mass-measurement 
d e v i c e [SHA84]. With the former, q u i t e e x t e n s i v e i s o t o p i c chains of masses 
were determined f o r a l k a l i elements, but the techniques i n v o l v e d cannot 
e a s i l y be extended to elements w i t h d i f f e r e n t c h e m i s t r y . The l a t t e r was 
developed more r e c e n t l y and has been used to determine on l y a few masses so 
f a r , but i t i s p o t e n t i a l l y u s e f u l f o r measuring the mass of any i s o t o p e 
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62. HARDY Heavy-Ion Facility at Chalk River 419 

Fig. 6. Mass spectral peaks of Br 
and 73Br measured as a function of the 
voltage superimposed on the 40 kV ISOL 
acceleration voltage; each plotted 
point represents the t o t a l area of 
selected y-ray peaks in measured decay 
spectra. 

20 30 40"860 970 577 870 560 40 30 20 
SUPERIMPOSED VOLTAGE (V) 

produced i n the ISOL. Furthermore, since i t detects isotopes by their decay 
radiation (rather than by direct ion counting, as with conventional mass 
spectrometers) there is usually no d i f f i c u l t y i n distinguishing ground from 
isomeric states. An example of the power of the technique i s shown in figure 
6: Br, whose mass was determined for the f i r s t time from these data 
[SHA84], has an isomer at 100 keV; i t s effects were easily removed from the 
data through known differences in the 3-delayed γ-ray spectra. 

We expect direct mass measurements to form an important component of 
the exotic-nuclei program at TASCC. Indeed, we already hope to upgrade our 
f a c i l i t i e s through a proposal made in collaboration with the University of 
Manitoba to build a high-transmission mass spectrometer, which could accept 
beam from the ISOL dir e c t l y without reionization, again making use of the 
ISOL 1s excellent beam quality. This could improve the precision of 
measurements to a level r i v a l l i n g that now possible with stable isotopes. 

z2 ; -< 

Conclusions 
Chalk River is not the only laboratory with an isotope separator 

on-line to a heavy-ion accelerator. Berkeley, Oak Ridge and GSI Darmstadt 
have already proven the value of such a combination i n studying exotic 
nuclei. We believe that the v e r s a t i l i t y and energy range of TASCC, together 
with the proven quality of separated beams from the ISOL, w i l l make the Chalk 
River f a c i l i t y among the best in the f i e l d . 
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63 
Recent Developments at TRISTAN 
Nuclear Structure Studies of Neutron-Rich Nuclei 

R. L. Gill 
Brookhaven National Laboratory, Upton, NY 11973 

The nuclear physics program at the fission product mass 
separator, TRISTAN, has greatly expanded, both in the 
types of experiments possible and in the range of nuclei 
available. Surface ionization, FEBIAD, high-temperature 
thermal, high-temperature plasma, and negative surface 
ionization ion sources are routinely available. Experi
mental facilities developed to further expand the capa
bilities of TRISTAN include a superconducting magnet for 
g-factor and Qβ measurements, a windowless Si(Li) 
detector for conversion electron measurements, and a 
colinear fast-beam dye laser system for hyperfine inter
action studies. This combination of ion sources, 
experimental apparatus, and the long running time avail
able at a reactor makes TRISTAN a powerful tool for 
nuclear structure studies of neutron-rich nuclei. The 
effect of these developments on the nuclear physics 
program at TRISTAN will be discussed and recent results 
from some of these facilities will be presented. 

The TRISTAN F a c i l i t y 
A schematic layout of the TRISTAN ISOL f a c i l i t y i s shown i n Fig. 

1. A neutron beam of about 3 x l 0 1 0 n t n/cm 2/sec is provided by the 60 MW 
High Flux Beam Reactor at Brookhaven National Laboratory. Targets which 

235 
t y p i c a l l y contain 5g U inside an ion source are positioned in the neutron 
beam to provide intense beams of short-lived neutron-rich nuclei produced by 
f i s s i o n . To provide for maximum v e r s a t i l i t y , a variety of ion sources are 
used, each of which i s best suited to producing certain elements [SHM83, 
GIL85, PI084]. 

0097-6156/ 86/ 0324-0420$06.00/ 0 
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63. GILL Nuclear Structure Studies of Neutron-Rich Nuclei 421 

F i g . 2. 
Schematic 
diagram of 
the high 
temperature 
plasma ion 
source. 

High Temperature Plasma Ion Source 
The most recently developed ion source i s the high temperature 

plasma ion source. The source i s shown in Fig. 2. It i s constructed in a 
fashion similar to the thermal and negative ion sources in that these three 
sources share a common design for the target, heating filamental heat 
shields. Thus, mass production and assembly of the sources has been simpli
fi e d owing to standardization of the designs. Off-line studies have shown 
that this ion source exhibits ionization e f f i c i e n c i e s of up to 60% for Kr 
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422 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

and Xe in the low pressure l i m i t . This source produces the same variety of 
elements as the FEBIAD source, but due to the larger target, higher tempera
ture and high ionization efficiency, the intensities of the radioactive 
beams are s i g n i f i c a n t l y higher than with the FEBIAD source. 

Experimental F a c i l i t i e s 
In Fig. 1, the f a c i l i t i e s available at each of the five beam ports 

at TRISTAN are labeled. The f a c i l i t i e s are described in [GIL85] and refer
ences therein. The Si(Li) detector and superconducting magnet systems have 
become f u l l y operational and widely used in the past year. These two 
f a c i l i t i e s w i l l now be described in some d e t a i l . 

S i ( L i ) Detector. A windowless Si ( L i ) detector for conversion 
electron spectroscopy i s housed in a cryostat with a compressable bellows 
connected to a vacuum chamber and moving tape collector. The detector can 
be moved to within 5 mm of the surface of an aluminized mylar tape on which 
radioactive ion beams are implanted. The tape system can be configured so 
that the ion beam deposition point i s d i r e c t l y viewed by the detector or i s 
located in an area shielded from the detector. In the l a t t e r configuration, 
the tape must be moved before the Si (Li) detector can view the source. One 
problem encountered when doing conversion electron spectroscopy with 
neutron-rich nuclei i s the tendency of the 3 continuum to obscure the 
desired peaks. This interference can be suppressed by employing various 
gating techniques. A thin p l a s t i c s c i n t i l l a t o r (with very low γ-ray 
response) i s used to suppress the 3 signal in the Si (Li) detector. The 
system i s designed such that a standard Ge detector cryostat also views the 
same source as the S i ( L i ) detector. Thus, γ-ray electron and x-ray electron 
coincidences can also be employed to enhance the electron signal, as well as 
provide for element i d e n t i f i c a t i o n . In addition to these coincidence capa
b i l i t i e s , electron and γ-ray singles can be simultaneously acquired, making 
i t possible to measure internal conversion coefficients. The system has 

, 9 6 98 been used to identify weakly populated 0 + states i n > Zr. 
Superconducting Magnet. A s p l i t - p o l e , Nb-Ti superconducting 

magnet system, manufactured by Oxford Instruments, i s available at TRISTAN 
for g-f actor and Q3 measurements. The magnet has a f i e l d strength of 6.23 
Τ at 108 A at 4°K with inhomogeneity of <1% over 1 cm2. A rectangular cross 
section room temperature tube penetrates the magnet bore to provide access 
for the tape from a moving tape collector. The magnet was designed to 
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63. G I L L Nuclear Structure Studies of Neutron-Rich Nuclei 423 

provide for maximum f l e x i b i l i t y of detector positioning. An angle of 125° 
on each side of the base tube i s free of significant γ-ray absorbing 
material. Detectors on opposite sides of the bore tube can be positioned as 
close as 90° to one another and as close as 9 cm to the source. An a l i g n 
ment j i g was constructed to provide accurate angular positioning of each 
detector and support for shielding. 

The magnet can also be used for Q 3 measurements. By placing a 
hyperpure Ge detector in a magnetic f i e l d , electrons from the source can be 
focussed onto the surface of the detector, thus providing a large effective 
s o l i d angle for betas. At the same time, the detector can be far from the 
source, giving a low sol i d angle for γ rays. Such an arrangement i s 
possible with the TRISTAN magnet. The lower pole piece can be removed and a 
LN 2 cooled heat shield i s replaced by a cold finger containing the 
detector. Thus the magnet configuration can be changed without major 
disassembly of the system. Using this system, i t i s possible to obtain 
enhancements of electrons over γ rays by a factor of 15. 

The tape collector for the superconducting magnet f a c i l i t y was 
designed and constructed at Brookhaven. It consists of a box with a large 
number of low f r i c t i o n r o l l e r s which guide the tape through the deposit 
port, into the magnet, through a series of loops, and to a stepping motor 
drive sprocket. The system contains about 15 m of tape. The tape i s 
standard 16-mm movie film leader which has a layer of aluminum evaporated 
onto one side. Repairs to the tape are made with a standard f i l m s p l i c e r . 
The drive sprocket was custom made since a much larger than standard 
diameter was desired to obtain maximum speed of the tape. The tape moves 
362 mm to move a source from the deposit box to the center of the magnet. 
This can be accomplished in about 0.3 s with an error of less than 0.5 mm. 
A small surface barrier detector i s provided to monitor the ion beam 
intensity. 

The superconducting magnet system i s equipped with several i n t e r 
locks. One senses the external magnetic f i e l d and w i l l give a signal i f the 
f i e l d diminishes below a preset value, another senses a loss of vacuum in 
the tape collector and a third senses a broken tape condition. Each of the 
sensors w i l l sound an alarm, stop the tape collector cycling, isolate the 
vacuum system, and stop data acquisition on the appropriate channels upon 
receiving a fault signal. 
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424 N U C L E I O F F T H E L I N E O F S T A B I L I T Y 

G-factor Measurements at TRISTAN 
Using the superconducting magnet described above, g-factors of the 

• 1U6 1U8 

2~ri states i n » Ce have been measured. In previous measurements 
[WOL83] at TRISTAN, using a conventional magnet, 2 +

1 states i n Ba isotopes 
were measured and interpreted in terms of changes in the number of valence 
protons due to a subshell closure at Z-64. It was realized that the Ce 
isotopes would provide a more severe test of these ideas, since they would 
be the lowest Ζ isotopes for which an abrupt change in valence proton number 
could be observed i n this region. However, due to the short lifetimes for 
the levels (0.25 ns for U 6 C e and 1.07 ns for l l + 8Ce) and the lower yields, a 
superconducting magnet system was cr u c i a l to the measurement. 

The g-factors i n l t f 6. l l | 8Ce were measured using the integral 
perturbed angular correlation technique where the intensity of the cascading 
Ύ rays (in these cases for a 0 +-2 +-0 + cascade) are measured at an appropri
ate angle for f i e l d up and f i e l d down. The standard double ratio technique 
i s used [W0L83] since this technique eliminates most systematic errors. The 
results obtained are: g(2+!) » (0.24 ± 0.05) for l t f 6Ce and g(2 +x) - (0.37 ± 
0.06) for 1 1 + 8Ce. In IBA-2 formalism, the g-factor of the f i r s t 2 + state i n 
an even-even nucleus can be described by [SAM84] g ( 2 + i ) * gπNπ/ Nt + 

gv Nv/ Nt> where N t - Ν π + N v. If the experimental values of 
g( 2 + i ) for isotopes of Ba-Dy are used to plot g ( 2 + i ) N t/N v versus 
Ν π/Ν ν, a straight l i n e i s obtained with significant deviations being 
observed only for those isotopes expected to exhibit a truncated proton 
valence space due to the subshell closure at Z=64. Additionally, a l l of the 
deviations are in a direction that indicates a smaller proton valence 
space. If only those isotopes with N>90 are included in the f i t gir - 0.63 
± 0.04 and g v - 0.05 ± 0.05 i s obtained. If these empirically determined 
values of gir and g v are accepted as being constant over a wide range of 
nuclei in this region, then the experimentally determined g-factors can be 
used as a measure of the effective number of valence protons (Ν π i n IBA-2 
formalism). The results of this analysis are shown i n Fig. 3 for Ba, Ce, 
Nd, and Sm isotopes. The dashed li n e shows the value of Ν π expected for 
major s h e l l closures from Z-50-82 (Z-82) and from Z-50-64 (Z-64) and the 
soli d l i n e indicates the region of transition between shells [GIL82], The 
figure shows not only the di s t i n c t change i n Ν π, but also a tendency of 
the Ν π change to s h i f t to lower neutron number as Ζ increases. This 
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Fig. 3. Ν π
β ί * deduced for isotones of Ba, Ce, Nd, and Sm. The Ba, Nd, 

and Sm data are from [WOL83] and references therein. The Ce data i s from 
this work. 

effect i s primarily due to e a r l i e r occupation of the ïïhn/2 o r b i t a l 
becoming possible as higher orbitals are f i l l e d with increasing Z. The 
neutron-proton interaction can then operate to the f u l l e s t extent (neutrons 
are occupying the ho/2 orbital) resulting i n a deformed nucleus having the 
lowest energy. 
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64 
Potential Capabilities at Los Alamos Meson Physics Facility 
To Study Nuclei Far from Stability 

W. L . Talbert, Jr. , and M . E . Bunker 

Los Alamos National Laboratory, Los Alamos, N M 87545 

Feasibility studies have shown that a He-jet activity transport 
line, with a target chamber placed in the LAMPF main beam line, will provide 
access to short-lived isotopes of a number of elements that cannot be 
extracted efficiently for study at any other type of on-line facility. The 
He-jet technique requires targets thin enough to allow a large fraction of the 
reaction products to recoil out of the target foils; hence, a very intense 
incident beam current, such as that uniquely available at LAMPF, is needed to 
produce yields of individual radioisotopes sufficient for detailed nuclear 
studies. We present the results of feasibility experiments on He-jet trans
port efficiency and timing. We also present estimates on availability of 
nuclei far from stability from both fission and spallation processes. Areas 
of interest for study of nuclear properties far from stability will be out
lined. 

1. Introduction 
A He-jet coupled on-line mass separator, used in conjunction with a tar

get chamber placed in the LAMPF main beam, offers an especially attractive 
approach for the study of nuclei far from stability. Such a facility would 
provide access to isotopes of a number of elements that cannot be efficiently 
extracted for study at any other type of on-line separator system, and the use 
of a long capillary transport line would allow the separator ion source to be 
located outside the accelerator beam-line shielding, greatly reducing the 
installation cost. The He-jet technique requires thin targets in order for 
the reaction products to escape, and to produce a sufficient yield of 
radioisotopes far from stability for detailed nuclear studies, a beam inten
sity comparable to that available at LAMPF is needed. 

The mass-separated ion beams extracted from the proposed system would be 
directed to various experimental devices capable of determining basic nuclear 
properties such as half-life, spin, nuclear moments, mass, and nuclear struc
ture. The data acquired would have broad application to theories of nuclear 
matter and to such related topics as nucleosynthesis of the elements. We 

0097-6156/ 86/ 0324-0426S06.00/ 0 
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64. T A L B E R T A N D B U N K E R Potential Capabilities at LAMPF 427 

estimate that several hundred previously unobserved nuclei, both neutron-
deficient and neutron-rich, would become available for study. 

This report presents a brief summary of the results of our He-jet f e a s i 
b i l i t y studies, along with estimates of which nuclei would become available 
with our proposed f a c i l i t y . Specific areas for i n i t i a l studies are also sug
gested. 

2. He-jet a c t i v i t y transport studies 

The concerns addressed i n our f e a s i b i l i t y studies of He-jet a c t i v i t y 
transport were: 1) W i l l the He-jet technique work at the beam int e n s i t i e s 
that exist at LAMPF?; 2) What transport e f f i c i e n c i e s can be expected for both 
f i s s i o n and spallation products?; 3) What i s the time dependence of the 
a c t i v i t y transported?; and 4) What aerosols and/or aerosol conditions are 
optimum? 

Using both spallation- and fission-product targets i n the LAMPF H beam, 
we determined that the He-jet technique should work well at LAMPF beam inten
s i t i e s (~800μΑ). Absolute e f f i c i e n c i e s for transport of refractory-element 
a c t i v i t i e s through a 22-m long c a p i l l a r y were found to average about 60%. 
Transit time measurements appear convincing that a c t i v i t i e s as short as 300 ms 
could be made accessible for study. We found that PbC^ aerosols provided 
more e f f i c i e n t transport than KC1 or NaCl aerosols. 

Optimization of the target chamber configuration resulted i n a design 
employing two radially-directed i n l e t s at ± 135° to a single radially-directed 
c a p i l l a r y outlet. We have chosen an inside c a p i l l a r y diameter of 2.4 mm as a 
reasonable compromise between target chamber purge rate and helium flow rate. 

Two target chambers have been designed, one for f i s s i o n targets and one 
for spallation targets. These chambers, which are designed for remote servic
ing, would be located at the end of a v e r t i c a l shield plug near the LAMPF 
beam-stop. The target chambers incorporate the i n l e t and outlet geometries 
determined from our f e a s i b i l i t y experiments and feature double containment to 
allow use of actinide targets. 

One concern remains i n our considerations. Despite the considerable 
experience i n coupling a He-jet to a mass separator ion source [M0L81,0KA81], 
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428 NUCLEI OFF THE LINE OF STABILITY 

the reported t o t a l e f f i c i e n c i e s are c h a r a c t e r i s t i c a l l y less that those 
achieved with normal on-line separator systems. Current efforts to improve 
the He-jet coupling and ionization e f f i c i e n c i e s are, however, showing prog
ress. An ion o p t i c a l design has been made that incorporates a non-dispersive 
intermediate image to allow for correction of ion source fluctuations. A con
ceptual layout for the on-line system with this design i s shown i n F i g . 2.1. 

Fig. 2.1 Layout of the proposed on-line mass separator system at 
LAMPF, showing conceptual ion optical design for a 
single magnetic stage. 

3. Production estimates for nuclei far from s t a b i l i t y 

To define more accurately the boundaries of the mass regions that could 
be accessed with the proposed He-jet coupled mass separator system, production 
cross sections for both neutron-deficient and neutron-rich nuclei f a r from 
s t a b i l i t y have been estimated for 800-MeV proton reactions. The spallation-
product cross sections were estimated through use of the Rudstam systematics 
[RUD66]. For estimation of the fission-product cross sections, however, there 
i s no established, similar approach. Thus, an empirical approach was taken i n 
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64. TALBERT AND BUNKER Potential Capabilities at LAMPF 429 

which two overlapping Gaussian distributions were f i t t e d to existing rubidium 
and cesium isotopic distributions obtained at 156 MeV, 170 MeV, and 1 GeV 
[TRA72,BEL80] — one Gaussian for the neutron-rich portion of the d i s t r i b u t i o n 
and one for the neutron-deficient portion. The parameters of the Gaussians 
were then varied with A and Ζ to account for the mass-yield variations and 
other differences between the rubidium and cesium data. Adjustment of the 
cross-section distributions to 800 MeV was accomplished by interpolation. 

If we assume that 1000 atoms/s of a mass-separated radionuclide are 
needed for spectroscopic measurements and that the mass separator system has 
only a one-percent overall e f f i c i e n c y , a p a r t i a l production cross section of 
about 0.7 μb i s required for the nuclide i n question, assuming a LAMPF beam 
intensity of 800 uA. According to our cross-section estimates, essentially 
a l l neutron-deficient nuclei with calculated [TAK73] h a l f - l i v e s >300 ms w i l l 
be produced i n 800-MeV spallation with a cross section of >1 μb (assuming the 
use of at least 10 different target materials). Interesting nuclear regions 
that could be reached include those near 7 6 S r and 1 0 0 S n . On the neutron-rich 
side of s t a b i l i t y , most nuclei with h a l f - l i v e s >300 ms and mass 60-140 can be 
produced i n high-energy f i s s i o n of 2 3 8 U with a cross section of >1 Table 
3.1 summarizes the enormity of our current ignorance of nuclei far from sta
b i l i t y accessible by high-energy spallation and f i s s i o n reactions, despite 
over two decades of p r o l i f i c on-line studies. 

Table 3.1. Numbers of nuclei with unknown properties between known 
limit s and 300-ms (according to the gross theory of beta 
decay 9) or l ^ b cross-section l i m i t s ; Z*10-90. 

Neutron-rich Neutron-deficient 
Property [ 2 3 8 U ( p , f ) ] [Spallation] 

Mass 281 436 
H a l f - l i f e 170 198 
Decay scheme 243 630 
Spin-parity 300 484 

Of those nuclei included i n Table 3.1, we expect that unique access to about 
half would come from a He-jet coupled mass separator at LAMPF. We plan to use 
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430 NUCLEI OFF THE LINE OF STABILITY 

this unique access to advantage i n proposed studies, to complement (rather 
than compete with) similar studies at other on-line f a c i l i t i e s . 

4. Possible Specific Studies 

Given the large variety of new nuclei that would become available with 
the proposed on-line separator system, a focus i s needed for possible i n i t i a l 
studies. On the other hand, the importance of making systematic studies of 
nuclear properties over sizeable regions must be recognized. For example, the 
novel feature of shape coexistence was established only through detailed, sys
tematic studies of nuclear decays. A notable feature of the proposed on-line 
mass separator system i s the capability to make unique nuclear structure stu
dies i n several interesting regions. 

One such region i s that around N=Z=38, postulated to be a region of 
strong deformation [MÔL81]. Although this prediction has some experimental 
support [LIS82,PRI83,HEY84], other theories predict nuclei i n this region to 
be spherical, with some softness toward deformation [ÂBE82,BUC79]. Recent 
work i n this region suggests an apparent quenching of pairing correlations i n 
8 1*Zr, resulting i n moments of i n e r t i a at about rigid-body values [PRI83]. 

The neutron-rich nuclei near 1 0 0 Z r comprise another recently established 
deformed region [KHA77,WOL77,SCH80,AZU79]. Here, the onset of deformation i s 
especially abrupt, and strong quenching of pairing correlations seems i n d i 
cated [PEK85]. The He-jet technique offers the capability of mapping the 
extent of this unusual deformed region i n the refractory-element area above 
A=100 — a region presently inaccessible at other on-line f a c i l i t i e s . 

The region around 1 0 0 S n also offers exciting p o s s i b i l i t i e s . Studies of 
nearby nuclei have been unable to determine the applicable coupling scheme or 
the interplay of the nearly symmetric neutron-proton configurations. Further
more, heavy-ion reaction cross sections pose a severe l i m i t i n extending the 
previous studies i n this region. 

Last, but not least, i t i s important to search for other regions besides 
the Pt region i n which the nuclear structure can be described i n terms of 
supersymmetric boson-fermion theory. The proven existence of several such 
regions would bring us one step closer to a comprehensive theory of a l l 
nuclei. 
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65 

Developing an Accelerated Radioactive Beams Facility 
Using an On-Line Isotope Separator as an Injector 

John M. D'Auria 
Department of Chemistry, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada 

High yields of separated, radioactive ions (up to 1010 atoms/sec 
μΑ of incident protons at on-line isotope separators (ISOL), e.g. 
ISOLDE at CERN (SC), make it feasible to consider using such 
secondary ions as projectiles for nuclear reactions. A pressing 
need for reaction rate data involving radioactive species exists 
in nuclear astrophysics. This requires having available projec
tiles (A < 60) in the energy range from about 200 keV/amu to 
1.5 MeV/amu. It has been proposed to install an ISOL device at 
the TRIUMF facility to utilize the available intermediate energy 
(200-500 MeV), intense (<100 μΑ) proton beam as the primary 
production source. The mass analyzed, radioactive beam (RB), 
extracted from the target/ion source at 60 keV, will be trans
ported vertically to experimental areas and/or injected into a 
post-accelerator. Although other possibilities are being con
sidered, most attention so far has been devoted to an RFQ/drift 
tube LINAC combination. The radioactive projectiles of initial 
interest are 13N, 15O, 18F, 19Ne and 21Na, and it is estimated 
that RB intensities as high as nA are obtainable for some of 
these with presently available technology. These would interact 
with gaseous targets of Η or He to perform (p,γ), (α,γ) and 
other simple fusion reactions of interest. A small on-line test 
ISOL is being designed to perform engineering research and 
development on these systems to optimize all production condi
tions to achieve highest yields. 

A proposal has been made to i n s t a l l an intense radioactive beams (RB) 
f a c i l i t y at the TRIUMF (200-500 MeV), proton cyclotron, located i n Vancouver, 
Canada. The proposed f a c i l i t y consists of an on-line isotope separator 
(ISOL), capable of producing intense, mass-separated, radioactive beams (RB), 
and a post-accelerator (PA), for further acceleration of the separated, radio
active ions. A key component of this proposed f a c i l i t y is to u t i l i z e these 
accelerated radioactive beams to perform measurements of rates of simple 
fusion reactions on gaseous hydrogen and helium targets. Such data is of 
great interest and importance in the area of nuclear synthesis in "hot" explo
sive astrophysical phenomena. The purpose of this report is to present a 
brief description of the proposed TRIUMF-ISOL f a c i l i t y , outline b r i e f l y the 
nuclear astrophysics interest in such low energy, reaction studies, and summa
rize b r i e f l y the approach proposed to perform such studies including design 
specifications. A discussion of present status and future plans with a small 
test system (TISOL) are also included. 

NOTE: The author of this chapter worked with members of the T R I U M F - I S O L Collaboration, 
4004 Wesbrook M a l l , Vancouver, British Columbia V 6 T 2A3 , Canada. 

0097-6156/ 86/ 0324-O432S06.00/ 0 
© 1986 American Chemical Society 
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65. D ' A U R I A Accelerated Radioactive Beams Facility 433 

THE ISOL SECTION 
General 

An ISOL is in essence a device consisting of a target, whose thickness 
reflects the penetrating power of the production pr o j e c t i l e , coupled to an 
ion-source in which the species are ionized. This is then followed by a 
magnetic mass analyzer to separate (A) the extracted radioisotopes. Electro
static elements direct the beam to some experimental area. The proposed 
system here is based upon the ISOLDE .[CERN] and ISOCELE [ORSAY] models. Some 
s p e c i f i c i t y in Ζ w i l l be obtained by appropriate selection of targets and ion-
source. In general, thick targets, and in particular, ion- sources can mini
mize or eliminate the presence of most elements. For a complete description 
of the present status of proton based ISOL devices, consult, for example, 
[RAV79], [RAV84], and [SAU84]. An excellent description of types of ion 
sources used at ISOL f a c i l i t i e s can be found in [KIR81], 
Location 

The target of the ISOL w i l l be located at the end of TRIUMF beam line 4A 
as indicated in Fig. 1. In this position the intensity of the available v a r i 
able energy (200-500 MeV) proton beam is now limited to 10 uA, although the 
proposed new shielding would allow intensities up to 100 uA. Such an i n t e n s i 
ty coupled with the long range of the incident protons, allowing the use of 
thick targets (< mole/cm2), indicate that the production rates of almost any 
isotope would be unmatched by any present f a c i l i t y in the world. 

Fig. 1. Location of the ISOL target in front of the beam 
dump on TRIUMF beam line 4A. 

ISOL 
The isotope separator is a v e r t i c a l plane system designed to transport 

the ionized radioisotopes from the subterranean production s i t e to ground 
level in as short a distance as possible, and is made up of two stages (see 
Fig. 2). The f i r s t stage is a medium resolution (~635 for 30 π mm/mrad emit-
tance), mass separator (composed of a QQD) which w i l l transport two beams. 
One is referred to as the high intensity beam (HLB) and is directed into the 
lower h a l l of a new building, for injection in the post-accelerator. The 
other beam is directed into a dispersion-cancelling matched magnet set (DQQ) 
which creates the high-brightness image source necessary for entrance into a 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

06
5



434 NUCLEI OFF THE LINE OF STABILITY 

Remote Handling 
A key feature in a f a c i l i t y advertising to use such high proton currents 

and thick targets is the question of handling of components and T/IS changes. 
A novel approach is proposed here using long columns to hold separately the 
T/IS system, the movable extraction electrode (EE), and the pumping compo
nents, and position them in a triangularly shaped, removable vacuum box. The 
T/IS can be detached above the thick shielding block surrounding the "hot" 
irradiation area using a remotely operated machine, and taken to a hot-cell 
area for manual manipulations, or for storage and ultimate disposal. A novel 
method of moving the EE reasonably accurately and reproducibly with 5 deg of 
freedom has been devised using off-centered, circu l a r controlling discs. 

A more complete description of the proposed f a c i l i t y can be found else
where [PR085]. 

THE POST-ACCELERATOR SECTION 
Elemental Synthesis and Nuclear Astrophysics 

The present emphasis of astrophysics is to understand the related nucle
ar processes leading to the synthesis of elements in star. Reaction networks 
incorporating simple nuclear fusion-like reactions can be postulated which 
show how the elements and isotopes are formed. Important parameters to such 
cycles are the reaction rates based upon the cross sections (excitation func
tion) and the Q-values. For such reactions the rates are strongly influenced 
by the presence of narrow resonances, but the strength of these resonances can 
not be accurately calculated using any theoretical models especially in the 
low Ζ region, where the s t a t i s t i c a l model is not applicable. Thus each reac
tion requires input from experimental measurements. Otherwise the calculated 
estimates of the various, relative isotopic abundances in the reaction 
networks for stars could be wrong by many orders of magnitude [F0W84]. 

It is now widely accepted that in "hot" astrophysical explosive phenome
na such as novae, supernovae, accreting neutron stars, etc. radioactive 
species can be involved as reactants in the reaction networks, i.e., the reac
tions are not beta-decay limited, due to the higher density of unstable 
species. For example, a hot CNO cycle is proposed which uses several unstable 
species. C r i t i c a l l y important reactions for which no data exist are, e.g. 
1 3Ν(ρ,γ) 1 ι*0 and 1 8F(p, γ) 1 9Ne. At very hot s t e l l a r temperature Wallace and 
Woosley have predicted a new process (rp-process) involving the rapid capture 
of protons on unstable nuclei [WAL81], Indeed, a number of different cycles 
and instances can be described indicating the importance of obtaining reaction 
rate data at low energies for radioactive species. More complete discussions 
and early attempts can be found in [BUC84], [F0W84], [HAI83], and [BOY83]. 
Table I presents a series of nuclear reactions for which i t would be of 
interest and importance to measure the reaction cross section i n the energy 
range from 0.2 to 1.5 MeV/amu [EEC84]. 
A Novel Approach 

As indicated e a r l i e r the approach to be taken here to obtaining these 
reaction rates w i l l be to accelerate the heavy radioactive isotope, onto a 
gaseous hydrogen (for ρ,γ and ρ,α studies) or a helium (for α,γ and α,ρ 
studies) target, and then detect appropriately the reaction product (either 
light or heavy). The generation and use of a RB for such studies has been 
pioneered elsewhere by [B0Y83] and Haight et a l . [HAI83] but this linkage with 
an intense beam, ISOL device is unique. With a 100 μΑ, 500 MeV proton beam, 
production rates of specific interest, e.g. 1 3N from a MgO, target (50 g/cm2) 
can be as high as 3 χ 1 0 1 2 atoms/sec. Cross sections in the tens of μb region 
for these radiative proton capture reactions are then d e f i n i t e l y measurable, 
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65. D'AURIA Accelerated Radioactive Beams Facility 435 

g i v e n a gaseous t a r g e t of about 1 0 1 9 atoms/cm 2. A key component i n t h i s 
approach i s the method of a c h i e v i n g a c c e l e r a t i o n of the r a d i o a c t i v e ISOL 
beams. 

Table I 

R e a c t i o n 
number 

R e a c t i o n 
of i n t e r e s t 

Reactant 
T l / 2 

A s t r o p h y s i c a l 
i n t e r e s t 

1 ^ Ν ^ Η , γ ) 1 ^ 10 min hot CNO c y c l e 
i s o t o p i c abundances 

2 1 50(α,γ) 1 9Νβ 2.03 m proposed rp-process 
3 1 8 F ( p , a ) 1 5 0 110 min hot CNO c y c l e 
4 1 8 F ( P , Y ) 1 9 N e 110 min hot CNO c y c l e 
5 1 9 N e ( p , Y ) 2 0 N a 17.2 s break-out r p - p r o c e s s 

leakage - hot CNO 
6 2 1 N a ( p , Y ) 2 2 M g 22.5 s hot NeNa c y c l e 

r p - p r o c e s s 

The P o s t - A c c e l e r a t o r 
V a r i o u s o p t i o n s of a c c e l e r a t o r c o n f i g u r a t i o n s to a c c e l e r a t e e f f i c i e n t l y 

the 60 keV, s i n g l y charged beam from the ISOL to a u s e f u l output energy range 
have been examined. Based upon the requirements of the e x p e r i m e n t a l program 
f o r s t u d i e s i n n u c l e a r a s t r o p h y s i c s t h i s a c c e l e r a t o r should produce e x t e r n a l 
beams of ions up t o an A v a l u e of at l e a s t 60, w i t h e n e r g i e s i n the range from 
about 100 keV/amu t o at l e a s t 1.5 MeV/amu, c o n t i n u o u s l y v a r i a b l e w i t h a r e s o 
l u t i o n of 10" 2 or b e t t e r . T r a n s m i s s i o n e f f i c i e n c i e s should be h i g h so t h a t 
u s e f u l beam i n t e n s i t i e s i n the nA r e g i o n are a v a i l a b l e ; acceptance of e i t h e r 
p o s i t i v e or n e g a t i v e ions from the ISOL would be a d e s i r a b l e f e a t u r e . Based 
upon these s p e c i f i c a t i o n s , a LINAC s o l u t i o n was c o n s i d e r e d more s u i t a b l e than 
o t h e r means of a c c e l e r a t i o n i n c l u d i n g c y c l o t r o n s and Tandem a c c e l e r a t o r s , and 
has r e c e i v e d more a t t e n t i o n [PR085]. 

A c r i t i c a l p a r t of the p o s t - a c c e l e r a t o r i s the f i r s t stage which must 
ca p t u r e , bunch, and a c c e l e r a t e the s i n g l y charged (+/-), ver y low v e l o c i t y 
(3 > 0.15%), dc beam from the ISOL, w i t h good e f f i c i e n c y . T h i s i s best 
accomplished by some form of r a d i o f r e q e n c y quadrupole (RFQ) such as one b u i l t 
at GSI f o r q/A > 1/130 [MTJL84] , or a low frequency v e r s i o n (~23 MHz) of the 
Los Alamos four vane s t r u c t u r e . A p r e l i m i n a r y d e s i g n of the l a t t e r v e r s i o n , 
done at CRNL f o r q/A > 1/40, a peak f i e l d of 1.5 K i l p a t r i c k s , and an o p e r a t i n g 
frequency of 23 MHz, has a c a l c u l a t e d c a p t u r e e f f i c i e n c y of about 86% f o r a 
0.1 π cm/mrad (no r m a l i z e d e m i t t a n c e ) ISOL beam [BUC85]. At some p o i n t between 
60 and 100 keV/amu the beam may be s t r i p p e d and i n j e c t e d i n t o a p o s t - s t r i p p e r 
s e c t i o n . T h i s l a t t e r s e c t i o n can be based on e x i s t i n g LINAC designs such as 
the UNILAC, HILAC or RILAC. 

As an i l l u s t r a t i o n o n l y , a p o s s i b l e p o s t - a c c e l e r a t o r l a y o u t , i n i t i a t e d 
f o l l o w i n g d i s c u s s i o n s w i t h H. K l e i n [KLE84], i s shown i n F i g . 4, a l o n g w i t h 
the a s s o c i a t e d e x p e r i m e n t a l area. A f o i l s t r i p p e r i s i n s e r t e d at 100 keV/amu 
to i n c r e a s e the charge-to-mass r a t i o and minimize the l e n g t h of the a c c e l e r a 
t o r . The s i n g l e gap s e c t i o n s shown can be switched on or o f f i n d i v i d u a l l y as 
w e l l as a d j u s t e d by t h e i r r e l a t i v e RF phases t o give the r e q u i r e d i o n energy 
v a r i a t i o n . A debuncher i s a l s o p r o v i d e d t o t a i l o r the beam t o meet the 
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436 NUCLEI OFF THE LINE OF STABILITY 

required energy resolution. This system, operating at CW, would require an 
estimated 4 MW of RF power. Other similar solutions can be envisaged which 
use less power but may not meet a l l of the specifications. A more complete 
discussion of such i n i t i a l concepts of the TRIUMF-ISOL post-accelerator i s 
found elsewhere [PR085], [DAU85] 

VAULT WALL 

Fig. 4. A possible RFQ LINAC Post-Accelerator layout and experimental area. 

At present, a detailed examination of the LINAC configuration is being 
carried out. This includes a r e a l i s t i c estimate of the RFQ accelerator e f f i 
ciency, the detailed arrangement of the subsequent LINAC sections including 
intertank matching, the positioning (in energy), the type and efficiency of 
the stripper, and the energy resolution that can be expected. This w i l l be 
followed by preparation of r e a l i s t i c cost estimates and an implementation 
schedule. The results of this study, supplemented by the proceedings of the 
recently completed TRIUMF Radioactive Beams Workshop held in September 1985, 
w i l l be available as a f u l l proposal late this year 1985. It is expected that 
the entire TRIUMF-ISOL proposal w i l l be reviewed for funding i n 1986. 

TISOL 
The f i n a l selection of the appropriate target and ion source for the 

ISOL to produce such intense beams of the i n i t i a l projectiles of interest, 
namely l 3N, 1 50, 1 8 F , 1 9Ne, and 2 1Na, requires considerable research and 
development. In general these species have not been of interest at present 
ISOL f a c i l i t i e s and conditions to optimize their yields require investigation. 
Table II presents the highest yields observed along with target/ion source 
(TIS) combinations used [RAV85]. Tests are presently underway to develop new 
TIS systems for these species. Due_ to the rather non-specific nature of their 
decay emissions, and the absence of any long-lived isotopes of these elements 
to be used as tracers, a small ISOL is being insta l l e d at TRIUMF to perform 
such development studies, along with other proposed uses. This is scheduled 
for commissioning in the summer of 1986. The system w i l l be used for limited 
beam current (1 μΑ)/target thickness (<1 g/cm2) combinations to minimize r a d i 
ation problems. 

SUMMARY 
In summary, a proposal for a TRIUMF-ISOL f a c i l i t y including a prelimi

nary version of a post-accelerator to boost the radioactive beam energies up 
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65. D'AURIA Accelerated Radioactive Beams Facility 437 

high resolution separator (30,000). The resultant high resolution beam (HRB) 
is directed to a second floor experimental h a l l for more tra d i t i o n a l ISOL 
types of experiments. Figure 3 is an a r t i s t ' s conception of what the complet
ed f a c i l i t y might look l i k e . Included in the proposed new building are space 
for an o f f - l i n e system, a target-ion source (TIS) testing and conditioning 
station, and experimental areas for set-ups using either the HRB or the HIB. 

QUADRUPOLES (Ql, Q2, Q3, Q4) : 
Effective Length = 20 cm 
Aperture = 10 cm 

DIPOLES (DI, D2): 
Bend Angle = 58° 
Radius of Curvature = 1 m 
Field Gradient = 0 

DIPOLE (D3): 
Bend Angle = 116° 
Radius of Curvature = 1 m 
Field Gradient = 1/2 

INTERMEDIATE FOCUS: 
Bend Plane Magnification = -2.5 
Non-Bend Plane Magnification = · 
Dispersion =3.86 an/% 
Resolution = 635 

For an ion source with a bend 
plane emit tance of 
30 π mm/rad 

Fig. 2. Schematic layout of the 
v e r t i c a l TRIUMF-ISOL f a c i l i t y 
including high intensity and high 
resolution radioactive ion beam 
lines. 

7 ^ 7 

T R I U M F - I S O L FACILITY 

Fig. 3. A r t i s t ' s conception of proposed TRIUMF-ISOL F a c i l i t y including new 
building, north of TRIUMF h a l l . 
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438 NUCLEI OFF THE LINE OF STABILITY 

to 1.5 MeV/amu has been formally submitted to the Director of TRIUMF. The 
in s t a l l a t i o n of such a f a c i l i t y would be unique in the world. The t o t a l 
capital cost of such a system is expected not to be greater than about 13.5 M. 
Early international review w i l l be sought. Scientists in disciplines i n which 
such a f a c i l i t y would be useful are requested to submit their experimental 
proposals to the author so that the future f a c i l i t y can accommodate their 
requirements. 

Table II 

Ion beam 
Intensity 
atoms/sec 

(per μΑ of proton) 

Target 
material 

Target 
thickness 
(g/cm2) 

Ion source 
yi e l d 
(%) 

1 3 N 

15 0 

4.1 Ε + 05 CaO 2.5 0.01 

18 F 

1 9 N e a ) 3.0 Ε + 07 MgO 3 0.7 
2 1Na 1.0 Ε + 05 Ta 122 50 

a>[RAV85] 
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Proton-Rich and Neutron-Rich Nuclei Produced by Heavy Ions 
Ernst Roeckl 
Gesellschast für Schwerionenforschung Darmstadt, Postfach 110541, D-6100 Darmstadt, Federal 
Republic of Germany 

Recent nuclear-structure studies of proton-rich and neutron-rich nuc
lei, performed at the GSI on-line mass separator, are surveyed and an out
look is given towards a continuation of such investigations with heavy-ion 
beams of higher energies. 

In this report, recent nuclear-structure studies will be described as 
performed at the GSI mass-separator on-line to the heavy-ion accelerator 
UNILAC. We shall first discuss properties, such as masses, moments, charge 
radii and Gamow-Teller beta transitions, of very proton-rich nuclei 
obtained in fusion-evaporation reactions with 16O, 40Ca and 58Ni beams. 
Secondly, measured beta decay half-lives of neutron-rich isotopes, pro-
duced in multinucleon transfer reactions with (9-15) MeV/u beams of 76Ge, 

82Se, 136Xe, 186W and 238U, will be presented in comparison with theore
tical predictions. Finally, an outlook will be given to the extension of 
such experiments at the heavy-ion synchrocyclotron SIS and the experimental 
storage ring ESR being under construction at GSI. In order to be brief, 
details on the various topics are not given here, but should rather be tak
en from the references given at the end of this paper. 

PROTON-RICH NUCLEI 
The f7^-Shell Region 

Very recent experiments attempted to produce and investigate proton-
rich nuclei in the f^2 region using 40Ca + 1 2 C and 3 2S + Si fusion-eva
poration reactions. The new Tz=-1 nucleus 48Mn was identified, using the 
p3n channel, with a half-life of 150110 ms and strong gamma-lines at 752.1 
keV (2+-K)+) and 1106.1 keV (4+-2+) [K0S85]. From gamma-gamma coincidence 
data, measured in particular for higher transition energies, higher-lying 
levels were identified including the 4+, T=l isobaric analogue state at 
5792.4 keV in 4 8 Cr. Preliminarily, beta-delayed proton emission was 

0097-6156/ 86/ 0324-0439$06.00/ 0 
© 1986 American Chemical Society 
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440 NUCLEI OFF THE LINE OF STABILITY 

observed for 4 8Mn, which would extend the A=4n, Τ =-1 family of precursors 
44 

beyond the so far heaviest member V [CER71]. The known Τ =-3/2 nucleus 
45 

C r ^ T l / 2 = 4 ° m s ^ w a s P r o d u c e d through the 2p5n channel with an intensity of 
approximately 1 atom/s, and there i s preliminary evidence for beta-delayed 

47 47 proton decay of Tz=-3/2 Mn, produced through the p4n channel. ( Mn would 
represent the heaviest Tz=-3/2, A=4n+3 nucleus observed experimentally.) 
Our conclusions from these p i l o t experiments are, that inverse reactions 
such as 4 0 C a + 1 2 C are indeed suitable for producing new proton-rich f . ^ 2 

nuclei, and that sufficient source strength for spectroscopy of mass-
separated samples can be reached even for h a l f - l i v e s as short as 40 ms. 

"Southeast" of 1 Q 0 S n 
Nuclear-structure studies around the expected double shell-closure at 

1 0 0 S n have concentrated recently to study "quenching" of Gamow-Teller (GT) 
beta transitions, and to investigate moments and charge r a d i i by means of 
collinear laser spectroscopy. After giving some recent examples from these 
investigations, a novel ion source with bunched beam-release is b r i e f l y 
mentioned at the end of this section. 

Within the series of proton-rich N=50 and Z=50 nuclei, fJ+/EC delayed 
y-rays were studied recently for the decay of 9 6 P d [RYK85] and 1 0 4 S n 
[RAT85] ; from measured 3+/(fJ++EC) ratios, Q__ values were deduced to be 

EC 

3450(150) keV and 4 0 0 0 ± ^ keV, respectively. These Q values together 
with the ones of neighbouring decays can be used to determine ground-state 
masses of very proton-rich isotopes, including the nuclei 1 0 9 I and 1 1 3 C s 
beyond the proton drip line [RAT85]. Alpha decay-energy differences for 
Z=50 show that this measure of the proton shell strength tends to be 
enforced by neutron shell closures, with a di s t i n c t effect occurring also 
at N=64 and N=66 due to d ^ 2 and s ^ 2 neutron subshell closures. We shall 
return to this point when discussing results from collinear laser spectros
copy. The measured GT transition strengths of even N=50 isotones and t i n 
(Z=50) isotopes are shown i n Fig. 1 in comparison with predictions from 
shell-model calculations [TOW85]: The experimental results for the N=50 

94 96 
nuclei Ru and Pd agree well with the calculations of Towner, whereas 
the measurements for even t i n isotopes appear to contradict the slope 
expected from a standard pairing approach. 
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66. ROECKL Proton-Rich and Neutron-Rich Nuclei 441 
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F i g . 1. Comparison o f the e x p e r i m e n t a l l y observed GT t r a n s i t i o n 
s t r e n g t h B(GT) o f even N=50 i s o t o n e s and t i n i s o t o p e s w i t h p red
i c t i o n s . The c o r r e s p o n d i n g l o g f t v a l u e are g i v e n a t the r i g h t hand 
s c a l e . The f u l l l i n e r e p r e s e n t s p r e d i c t i o n s from the extreme s i n 
g l e - p a r t i c l e s h e l l model as f u n c t i o n o f the number η o f protons i n 
the qQfX s h e l l . Lower t r a n s i t i o n p r o b a b i l i t i e s are o b t a i n e d by ta k 
i n g i n t o account ( a p p l y i n g i n s u c c e s s i v e o r d e r ) : r e n o r m a l i z a t i o n o f 
the f r e e neutron v a l u e o f the c o u p l i n g c o n s t a n t g^ - to account f o r 
"hig h e r order e f f e c t s " (dashed l i n e ) , p a i r i n g c o r r e l a t i o n s of p r o 
tons ( d o t t e d l i n e ) , p a i r i n g c o r r e l a t i o n s o f neutrons (dot-dash 
l i n e ) and core p o l a r i z a t i o n from p a r t i c l e - h o l e i n t e r a c t i o n s w i t h a 
f i n i t e and a z e r o range f o r c e (top and bottom double-dot dash l i n e , 
r e s p e c t i v e l y ) [6,7] See r e f s . [RYK85] and [KLE85] f o r d e t a i l s . 

I n c o l l a b o r a t i o n w i t h G. Huber e t a l . ( U n i v e r s i t y of M a i n z ) , c o l l i 
near l a s e r s p e c t r o s c o p y of s h o r t - l i v e d indium and t i n i s o t o p e s [KIR85, 
ULM85, L0C85] was extended i n r e c e n t experiments, both a t GSI and a t the 
ISOLDE f a c i l i t y a t CERN [EBE85a]. S y s t e m a t i c a l data on magnetic d i p o l e 
moments, e l e c t r i c quadrupole moments and i s o t o p e s h i f t s were o b t a i n e d i n 
the mass range A=105 t o A=127. The mean square c h a r g e - r a d i i , deduced from 
measured i s o t o p e s h i f t s , show c l e a r l y onset and disappearance of deforma
t i o n , i f compared t o a simple two-parameter formula (see F i g . 2 ) . The l a t -
t e r a nsatz approximates 6<r > as the a d d i t i o n o f a f i r s t term, which 
d e s c r i b e s the smoothly v a r y i n g change o f n u c l e a r charge r a d i i f o r s p h e r i c a l 
shape as g i v e n by the d r o p l e t model [MYE83] , and a second term r e p r e s e n t i n g 
the e f f e c t of change i n quadrupole d e f o r m a t i o n . A d i f f e r e n t i a l p l o t o f mean 
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4 4 2 NUCLEI OFF THE LINE OF STABILITY 
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Neutron Number Ν 

2 
Fig. 2. Change of the nuclear mean square charge r a d i i 6<r > for indium and 
t i n isotopes relative to N=66. The s o l i d lines correspond to the pure v o l 
ume effect at constant shape according to the droplet model [MYE83]. 
square charge-radii of indium and t i n isotopes (Brix-Kopfermann diagram) 
reveals a subshell structure around N=64 [L0C85], which relates to similar 
observations made on the basis of mass differences as mentioned above. The 
disappearance of quadrupole deformation for l i g h t indium isotopes, howev
er, i s in disagreement with the result of constant deformation as deduced 
from experimental quadrupole moments, and the relation to measured B(E2) 
values of l i g h t cadmium isotopes i s also not understood at present. 

In order to improve the signal-to-noise ratio i n collinear laser spec
troscopy, an ion source with bunched beam release was tested successfully. 
For this purpose, the temperature of a "cold trap" inside the ion source i s 
reduced for storage of reaction products, which are released from the trap 
during a subsequent period of increased temperature. The release of indium 
was found to occur with a FWHM of approximately 0.5s, corresponding to a 
substantial improvement in signal-to-noise ratio for the fluorescence 

108 
spectrum of In [EBE85b] obtained during this release period. Moreover, 
such a storage-release offers the p o s s i b i l i t y of doing "ion-source chemis
try": Setting time windows due to the element-specific release p r o f i l e s , i t 

104 
was possible to enrich secondary beams of e.g. 21-s Sn with respect to 104 104 the isobaric contaminants 1.5-min In and 58-min Cd. 
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66. ROECKL Proton-Rich and Neutron-Rich Nuclei 443 

"Northwest" of Gd 
A programme of detailed decay-spectroscopic investigations in the 

region "northwest of 1 4 6Gd" i s pursued in collaboration with P. Kleinheinz 
et a l . (KFA J i i l i c h ) . These experiments, which also use the on-line separa
tor ISOCELE at Orsay and ISOLDE at CERN, cannot be covered i n this b r i e f 
report. It may suffice to mention here the studies of protons and gamma 
rays emitted after beta decay of N=81,82 nuclei, these decays being domi-

147 
nated by ̂ 11/2^^9/2 G T t r a n s ^ t i ° n s ' F o r decay of Dy, deexcitation 

147 
of high-lying levels i n the daughter nucleus Tb 0_ was investigated by 
observing beta-delayed protons and gamma-rays. In a preliminary evaluation 
of corresponding proton and gamma energies, the proton separation energy of 

+ 147 
1/2 Tb was determined to be 1975 keV [SCH85] . This i s of interest in 
view of the discrepancies between recent mass measurements of this nucleus. 

NEUTRON-RICH NUCLEI 
In collaboration with W.-D. Schmidt-Ott et a l . (University of 

Gottingen), decay properties of neutron-rich isotopes were investigated in 
the manganese-to-zinc region [RUN83,RUN85], for rare-earth elements 
[KIR82,RYK83,ESC84], and for radium and actinium [GIP85]. The beta decay 
h a l f - l i v e s , measured in these experiments and in particular i n a recent one 
[B0S85], are compared to theoretical predictions i n Fig. 3. In the 
chromium-to-nickel region, the measured h a l f - l i v e s are systematically 
shorter than the predicted ones. This observation i s c a l l i n g for improved 
h a l f - l i f e calculations, and i t i s also of interest to study the influence 
of this effect on the astrophysical rapid neutron-capture (r) process. Pre
liminary conclusions from such considerations [B0S85] are, that even with 
shorter h a l f - l i v e s the A~80 r-process abundance peak cannot be built-up 
from iron-group nuclei during explosive helium burning,- therefore 
explosive helium burning cannot be the only si t e of the r-process, and a 
si g n i f i c a n t l y higher neutron density i s required in order to reproduce the 
observed A~80 r-process abundance peak. 

STUDIES OF FAR-UNSTABLE NUCLEI AT SIS-ESR 
In May 1985, the GSI proposal [KIE85] of building an 18 Tm synchrotron 

(SIS) and a 10 Tm experimental storage ring (ESR) was formally accepted. 
The plans of using this accelerator complex for studying nuclei far from 
s t a b i l i t y [R0E84] are thus becoming more r e a l i s t i c . Heavy ion beams from 
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444 NUCLEI OFF THE LINE OF STABILITY 

59 63 64 67 69 73 177 180 183 232 234 

MASS NUMBER OF HEAVIEST MEASURED ISOTOPE 

Fig. 3. Ratio between measured beta decay h a l f - l i v e s ( T ^ e X p ) and pred

ictions (T^ t h) from a microscopic model [KLA84] (open c i r c l e s ) and from the 
gross theory of beta decay [TAK73] ( f u l l c i r c l e s ) . For the l a t t e r calcu
lations, beta decay energies were used from the mass formula of [MÔL81]. 

SIS and in ESR between neon and uranium with energies up to 2 GeV/u, 2 ' l u 1 1 

s 1 and 1 GeV/u, 4·10 1 0 s *, respectively, and considerably higher intensi
t i e s at lower energies, offer interesting p o s s i b i l i t i e s to extend the 
above-mentioned nuclear-structure studies to regions even further away 
from the beta s t a b i l i t y l i n e . This statement i s made on somewhat shaky 
ground, since the ( t a i l s of the) production cross section distributions, 
and their dependence on the N/Z ratio of p r o j e c t i l e and target, have been 
measured i n a quite incomplete way so far. On the other hand, recent 
results obtained with 30 to 200 MeV/u beams at GANIL, LBL and MSU show great 
promise in this respect. In particular the most recent experiments at GANIL 
have proven successfully that heavy-ion induced fragmentation reactions 
combined with r e c o i l separation can be used for producing new isotopes, in 
impressive numbers and yields, both of neutron-rich (carbon-to-cobalt) and 
of proton-rich (Tz=-5/2) species [LAN85, GUI85, BER85]. Investigations 
with secondary beams of unstable nuclei are being planned downstream a 
r e c o i l separator [GEI85], using this fascinating p o s s i b i l i t i e s with 
stored, cooled and slowed-down beams [KIE85] , but also applying fixed (sin
gle-turn) target-detector arrays. This may lead to novel expeditions 
towards and beyond the nucléon drip lines, which allow refined studies of 
interesting phenomena i n known decay modes (e.g. GT quenching, studied then 
for larger beta-decay windows) as well as search for new modes of radio
a c t i v i t y . 
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Trends in the Study of Light Proton-Rich Nuclei 

D. M. Moltz1, J. Aysto2, M. A. C. Hotchkis1, and Joseph Cerny1 

1Department of Chemistry and Lawrence Berkeley Laboratory, University of California, Berkeley, 
CA 94720 

2Department of Physics, University of Jyväskylä, SF-40100 Jyväskylä, Finland 

Recent work on light proton-rich nuclei is reviewed. Evidence for the first 

Tz = -5/2 nuclide, 35Ca, is presented. Future directions in this field 
are discussed. 

Introduction 
Advances in the study of the limits of known nuclei have made possible 

investigations of nuclear structure in nuclei with unusual neutron to proton 
ratios. Questions, such as the limits of nuclear stability, the role of 
charge-dependent effects in nuclear systems and the existence of new 
radioactive decay modes, have guided the recent research on the most 
proton-rich light nuclides. Results from these studies have also made 
possible tests of advanced shell model analyses [WIL 83] far from the valley 
of beta-stability. Figure 1 shows a portion of the chart of nuclides through 
the titanium isotopes. It summarizes our present experimental knowledge of 
light nuclei. The most important advances in the studies of proton-rich 
nuclei since the last reviews [CER 77, AYS 80] have been the discoveries of 
the e-delayed proton decays of 27Ρ [AYS 85b], 31C1 [AYS 82], and 3 bCa 
[AYS 81], the mass measurements of the Tz = -2 nuclides Si [TRI 80], 
2 8 S , 3 2 Ar and 4 0 T i [BUR 80] and the discoveries of the new Tz = -2 
nuclides ? 2A1 [CAB 82] and 2 6 P [CAB 83b]. The latter two were found to 
decay via Β-delayed two-proton emission [CAB 83a, HON 83], a new mode of 
radioactivity predicted by Goldanskii [GOL 80]. Also, the first T7 = -5/2 

35 
nuclide, Ca, has been discovered via its a-delayed 2p-decay |_AYS tfbaj. 

32 
Most recently a complete e-decay study of the T̂  = -2 nucleus Ar by the 
ISOLDE-group [BJ0 85]has been reported. 0097-6156/ 86/ 0324-0448$06.00/ 0 

© 1986 American Chemical Society 
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67. MOLTZ ET AL. Light Proton-Rich Nuclei 449 

1 \ΛΆΑ 
«Se 

• • E U 3 I 
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F i g u r e 1. 
The l i g h t n u c l e i through 
the t i t a n i u m i s o t o p e s . 
B l a c k squares i n d i c a t e 

s t a b l e n u c l e i ; shaded squares 
n d i c a t e n u c l e i whose masses 

^ave been p r e c i s e l y measured and white 
squares i n d i c a t e n u c l e i whose e x i s t e n c e 
has been v e r i f i e d e x p e r i m e n t a l l y . N u c l e i 

I I such as and l % a , which are known t o be 
nucléon u n s t a b l e , are shaded but not i n c l u d e d 
i n a framed square. 

Mechanise j f t w o - p r o t o n emiss ion f o l l o w i n g b e t a decay 

Two-pro ton emiss ion c o u l d i n p r i n c i p l e proceed v i a s e q u e n t i a l e m i s s i o n , 
2 

He emiss ion o r s imu l taneous uncoupled e m i s s i o n . A d e c o m p o s i t i o n o f t h e 

observed t w o - p r o t o n s p e c t r a shou ld i n d i c a t e which mechanism domina tes . 

Monte C a r l o s i m u l a t i o n s o f t he f i r s t two mechanisms have been per fo rmed f o r 
22 2 

Al [CAB 84b] and have shown t h a t He emiss ion would y i e l d a p r o t o n 

energy c o n t i n u u m , w i t h an angu la r c o r r e l a t i o n peaked a t 4 0 ° , whereas 

s e q u e n t i a l em iss ion would be e s s e n t i a l l y i s o t r o p i c and would e x h i b i t two 

d i s t i n c t peaks - one c o n s t a n t i n energy c o r r e s p o n d i n g t o t h e f i r s t p r o t o n 

and a second one w i t h a p p r o p r i a t e k i n e m a t i c a l s h i f t . 

The d i s t i n c t peak s t r u c t u r e o f t h e i n d i v i d u a l p r o t o n s p e c t r a i n the 
22 

decay o f A l suggested t h a t t he ma jo r p a r t o f t he decay o c c u r r e d 
s e q u e n t i a l l y [CAB 8 4 b ] , S ince t h i s exper imen t c o u l d no t c o m p l e t e l y exc lude 

ρ 
t h e p o s s i b i l i t y o f He e m i s s i o n , an exper imen t was per formed u t i l i z i n g 

p o s i t i o n s e n s i t i v e d e t e c t o r s t o measure t h e r e l a t i v e a n g u l a r c o r r e l a t i o n o f 

t h e two e m i t t e d p r o t o n s [JAH 8 5 ] . The e s s e n t i a l l y i s o t r o p i c a n g u l a r 

c o r r e l a t i o n shown i n F i g u r e 2 c o n f i r m s t h a t t h e t w o - p r o t o n decay o f the 
+ ?? 

4 , Τ = 2 i s o b a r i c ana log s t a t e i n Mg t o t h e f i r s t e x c i t e d s t a t e i n 
20 

Ne i s p r e d o m i n a n t l y a s e q u e n t i a l p r o c e s s . The observed minor 
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450 NUCLEI OFF THE LINE OF STABILITY 

60 80 100 120 

Relative Angle of Two Protons 

F i g u r e 2. Normalized a n g u l a r 
c o r r e l a t i o n o f the two protons 
f o l l o w i n g ^ 2A1 b e t a deacy. The 
d o t t e d l i n e corresponds t o a 15% 
admixture o f 2He em i s s i o n t o an 
o t h e r w i s e i s o t r o p i c d i s t r i b u t i o n . 
See t e x t . 

enhancement a t sma l l r e l a t i v e 

angles cannot be i n t e r p r e t e d as 

p o s i t i v e ev idence f o r c o r r e l a t e d 
ρ 

d i p r o t o n ( He) em iss ion due t o 

the poor s t a t i s t i c s i n t h i s low 

y i e l d r e a c t i o n . However, a 15% 

admix tu re o f t h i s p rocess cannot be 
e x c l u d e d . The d o t t e d l i n e i n F i g u r e 2 has been c a l c u l a t e d assuming the 

2 
b reak-up p r o p e r t i e s o f He observed i n r e a c t i o n s t u d i e s . 

35 
O b s e r v a t i o n o f t h e T^ = - 5 / 2 n u c l e u s , Ca 

By e x p l o i t i n g t h e r e l a t i v e l y unusual decay mode o f b e t a - d e l a y e d 
35 

t w o - p r o t o n emiss ion ,we have d i s c o v e r e d t h e f i r s t T 7 = - 5 / 2 n u c l e u s , Ca 
35 

[AYS 8 5 a ] . F i g u r e 3 shows t h e t w o - p r o t o n sum spect rum o f Ca c o l l e c t e d 
3 

a f t e r bombarding a n a t u r a l Ca t a r g e t w i t h a 135 MeV He beam f r o m t h e 

Lawrence B e r k e l e y L a b o r a t o r y 8 8 - I n c h C y c l o t r o n f o r an i n t e g r a t e d beam o f 2 . 1 

C and u s i n g h e l i u m - j e t t e c h n i q u e s . The d i s t r i b u t i o n o f i n d i v i d u a l p r o t o n 

e n e r g i e s sugges ts a s e q u e n t i a l decay process v i a i n t e r m e d i a t e s t a t e s i n 

3 4 A r . S ince both o f t h e i n d i v i d u a l p r o t o n s p e c t r a c o m p r i s i n g G and X have 

a peak a t t h e same e n e r g y , 2 . 2 1 MeV, t h i s i n d i c a t e s t h a t t h e decays proceed 

v i a t h e same s t a t e i n 3 4 A r . The 3 5 C a decay scheme i s shown i n F i g u r e 4 . 
35 

The assignment o f t h e observed 2 p - a c t i v i t y t o Ca i s p r i m a r i l y based 
( i ) on the agreement w i t h t he known energy d i f f e r e n c e f o r decays t o t h e 

33 

ground and t h e f i r s t e x c i t e d s t a t e i n C I , ( i i ) on t h e agreement w i t h 

p r e d i c t e d 2 p - e n e r g i e s , ( i i i ) on v a r i o u s r e a c t i o n e n e r g e t i c s and ( i v ) on the 

expected absence o r n o n - e x i s t e n c e o f nearby T z = - 2 and - 5 / 2 n u c l i d e s w i t h 

s i m i l a r p r e d i c t e d decay modes. A l s o see [AYS 8 5 a ] . 

S ince t h r e e members o f t h e A = 3 5 , Τ = 5 /2 i s o s p i n s e x t e t ( K*, 

3 5 S * , 3 5 P ) are now known, t h e ground s t a t e mass o f 3 5 C a can be 

p r e d i c t e d w i t h t h e I s o b a r i c M u l t i p l e t Mass E q u a t i o n , IMME. The r e s u l t i n g 
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67. M O L T Z E T A L . Light Proton-Rich Nuclei 451 

v a l u e 4453 ± 60 keV i s more than 300 keV b e t t e r bound than p r e d i c t e d by t h e 

Ke lson-Garvey r e l a t i o n s w i t h t h e most r e c e n t i n p u t masses [KEL 6 6 ] . 

35, Ca 1/2 + 15621 
Τ = 5/2 

1/2* 9 0 5 3 / T ι 1 = 5/2 

P 2 , 6774 ^ 

V 2 + 5553V 7 

3 / 2 * 4 7 4 2 / / 

3 3 n Ρ 
1 7 ° 1 6 2 + 2169 

0 + _78 3 / 2 + 

1 2 3 4 5 

Two-proton energy (MeV) 
Figure 3. Beta-delayed two-proton spectrum 
of 3 5Ca. G and X ref e r to the tr a n s i t i o n s 
to the ground and f i r s t excited states i n 
the 33ci daughter, respectively. 

19*16 

Figure 4 . Proposed p a r t i a l 
decay scheme for the beta-
delayed two-proton emission 
of 3 SCa. 

Futu re s t u d i e s 

A d d i t i o n a l examples o f $ -de layed t w o - p r o t o n e m i t t e r s may be sought 

among t h e A = 4n+2, T z = - 2 n u c l e i such as 4 6 M n and 5 0 C o [CAB 8 4 a ] . 

However, our p r e l i m i n a r y searches f o r $2p e m i t t e r s among t h e p r o d u c t s o f 
14 40 

Ν + Ca r e a c t i o n s a t 130 and 180 MeV have proven i n c o n c l u s i v e . 
35 

The a -de layed t w o - p r o t o n decay o f Ca y i e l d s a v a l u e f o r t h e mass 
35 

f o r t h e Τ = 5 /2 s t a t e i n K; however, t h i s o n l y p a r t i a l l y completes t h e 

i s o s p i n s e x t e t , l e a v i n g t h r e e members ( 3 5 C a , 3 5 A r * and 3 5 C 1 * ) 

unmeasured. Use o f t h e i s o s p i n - c o n s e r v i n g ( p , t ) r e a c t i o n t o l o c a t e t h e 

Τ = 5 / 2 s t a t e i n 3 5 C 1 would t h e r e f o r e p r o v i d e t h e f i r s t t e s t o f t h e IMME 

f o r an i s o s p i n s e x t e t . 

F u r t h e r i s o s p i n s e x t e t s i n t h e sd s h e l l , w i t h A = 2 3 , 27 and perhaps 
3 1 , m igh t be i n v e s t i g a t e d v i a t h e e -de layed p a r t i c l e e m i s s i o n o f t h e T 7 = 

23 27 31 

- 5 / 2 n u c l e i S i , S and A r . I n t h i s c o n t e x t t he r e c e n t d i s c o v e r y 

o f t h e lowes t Τ = 5 /2 s t a t e i n 2 3 N a [EVE 85 ] w i l l c o n t r i b u t e towards t h e A 

= 23 s e x t e t . The Ke lson-Garvey mass f o r m u l a [KEL 6 6 ] p r e d i c t s t h e T 7 = - 3 
22 

n u c l i d e Si t o be e f f e c t i v e l y p a r t i c l e s t a b l e . S tud ies o f t h i s nuc leus 
and i t s decay would p r o v i d e d a t a f o r p o s s i b l y t h e o n l y s d - s h e l l example o f 

22 

an i s o s p i n s e p t e t , o f which one member i s a l r e a d y known ( t h e mass o f 0 ) . 

A l s o o f g r e a t i n t e r e s t i s t h e p o s s i b i l i t y o f ground s t a t e t w o - p r o t o n 

r a d i o a c t i v i t y . Ke lson-Garvey mass p r e d i c t i o n s suggest t h a t two ( t h r e e ) 
T Z = - 5 /2 n u c l e i are p o t e n t i a l c a n d i d a t e s f o r t h i s new mode o f 
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452 NUCLEI OFF THE LINE OF STABILITY 

19 3 1 39 
r a d i o a c t i v i t y . These are Mg, ( A r ) and T i , w i t h p r e d i c t e d 2p 

s e p a r a t i o n e n e r g i e s o f - 1 1 7 0 , -190 and -790 keV, r e s p e c t i v e l y . However, any 

such o b s e r v a t i o n s would r e q u i r e s p e c i a l i z e d t e c h n i q u e s due t o t h e i r v e r y 

s h o r t p r e d i c t e d h a l f - l i v e s (< 10 m s ) . 

[I 15.5 Mev/A ^ A r ^ C a 

Techniques f o r t h e s t u d y o f e x o t i c n u c l e i 

T r a d i t i o n a l l y , l i g h t - i o n induced r e a c t i o n s have been used t o produce 

l i g h t p r o t o n - r i c h n u c l e i , both f o r decay s t u d i e s v i a ( l i g h t - i o n , xn) 

r e a c t i o n s and f o r mass measurements f r o m r e a c t i o n Q-va lues such as ( a , 
ο 

H e ) . A l t hough t h e h e l i u m - j e t t e c h n i q u e has proven e f f e c t i v e f o r t h e 

f o r m e r , f a s t o n - l i n e mass s e p a r a t i o n w i l l be u s e f u l i n t h e f u t u r e . Recent 

developments i n t h e area [ARJ 8 5 ] may have an i m p o r t a n t impact on such 

s t u d i e s . Wi th t h e o b s e r v a t i o n o f 3 5 C a f r o m t h e 4 0 C a ( 3 H e , o 4 n ) 3 5 C a 

r e a c t i o n a t e x t r e m e l y low l e v e l s , i t i s p o s s i b l e t h a t t h i s k i n d o f r e a c t i o n 
3 ο 

has reached i t s l i m i t s . Whi le t h e ( H e , He) r e a c t i o n c o u l d be used t o 

measure t h e masses o f t h e A = 4 n , T^ = - 5 / 2 s e r i e s , t he c r o s s - s e c t i o n s are 

l i k e l y t o be f o r b i d d i n g l y s m a l l . 

H i g h l y n e u t r o n - r i c h n u c l e i have 

been produced i n h e a v y - i o n deep 

i n e l a s t i c and f r a g m e n t a t i o n r e a c t i o n s 

( f o r example, [GUI 8 5 ] ) . We are 

i n v e s t i g a t i n g the p o s s i b i l i t y o f 

u s i n g t h i s t e c h n i q u e t o produce new 

p r o t o n - r i c h n u c l e i . A 15.5 MeV/A 

Ar beam f rom t h e 8 8 - I n c h 

C y c l o t r o n i n j e c t e d by the ECR i o n 

source has been used t o bombard a 

t h i c k c a l c i u m t a r g e t . R e a c t i o n 

p roduc ts e m i t t e d a t 5° were d e t e c t e d 

i n t h e f o c a l p lane o f a magnet ic 

s p e c t r o m e t e r . Measurements o f 

magnet ic r i g i d i t y , t i m e - o f - f 1 i g h t and 

d i f f e r e n t i a l energy l o s s a l l o w e d 
F i g u r e 5. a) Charge d i s t r i b u t i o n f o r 
the r e a c t i o n 15.5 MeV/A 3 6 A r + 4 0 C a 
and b) the c o r r e s p o n d i n g mass d i s t r i 
b u t i o n f o r Ζ = 12 (Mg i s o t o p e s ) . 
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67. M O L T Z E T A L . Light Proton-Rich Nuclei 453 

i d e n t i f i c a t i o n o f the wide range o f n u c l e i so p roduced . F i g u r e 5 shows a 

p r e l i m i n a r y a n a l y s i s o f a smal l p o r t i o n o f the d a t a . These i n i t i a l r e s u l t s 

are e n c o u r a g i n g . The c o l l e c t i o n f o r decay s t u d i e s o f new p r o t o n - r i c h 

n u c l i d e s f r o m such r e a c t i o n s p r e s e n t s a f u r t h e r e x p e r i m e n t a l c h a l l e n g e . 

M u l t i n u c l e o n t r a n s f e r r e a c t i o n s w i t h heavy ions mignt be used t o measure the 

masses o f v e r y p r o t o n - r i c h n u c l e i . Recent r e s u l t s f o r n e u t r o n - r i c h n u c l e i 

[ F I F 82 ] i n d i c a t e t h a t s i m i l a r r e a c t i o n s f o r p r o t o n - r i c h n u c l e i may have 

s u b s t a n t i a l l y g r e a t e r c r o s s - s e c t i o n s than t h e l i g h t i on r e a c t i o n s used i n 

t h e p a s t . One might e n v i s a g e , f o r example, u s i n g the 
4 0 ~ / 2 8 ç . 28ς%40- . 4 0 r a / 2 8 c . 2 7 ^ 4 1 . Ca( S i , S) Ar and Ca( S i , S) Ar r e a c t i o n s t o 

28 27 
remeasure t h e mass o f S and then t o i n v e s t i g a t e S. 
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68 

Measuring β Lifetimes with the Michigan State University Recoil 
Product Mass Separator 

L. H. Harwood, D. Mikolas, J. A. Nolen, Jr., B. Sherrill, J. Stevenson, and Z. Q. Xie 
National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, 
Michigan State University, East Lansing, MI 48824 

Beta-decay half-lives were measured for eight neutron rich isotopes produced 
by fragmentation of E/A=30MeV 18O ions.The first measurements of the half
-lives of 14Be(4.2±0.7 ms.)and 17C(202±17 ms.) have been made along with the 
half-lives of 9Li, 11Li, 12Be, 14B, 15B. The lifetime of 14Be is the shortest 
known beta lifetime.This is the first experiment to use the MSU Reaction 
Product Mass Separator 

We report here measurements of the beta-decay half-lives of eight 
neutron rich isotopes.This experiment was the first to be performed using the 
Reaction Product Mass Separator(RPMS)at Michigan State University.The MSU 
RPMS is designed to separate exotic nuclei produced in intermediate energy 
heavy-ion collisions. The RPMS separates fragments of different m/q at the 
focal plane making it possible to study neutron rich isotopes with m/q=3 
without contamination from stability line m/q=2 nuclei which are 106 times 
more abundent.The RPMS,shown in figure 1,is a triple focusing device(in 
x,y,and velocity) with dispersion in m/q. 

Fig.1. Pictorial drawing of the RPMS. The beam inflector magnet is the first 
component at the left,followed by the bellows system and target 
chamber,aperature holder, quadrupole doublet,Wein filter(5 m. long),magnetic 
dipole and pivoting "tail" with quadrupole doublet and focal plane detectors 
at the right end. 

The RPMS is designed[No184 ] to separate heavy ion reaction products with 
energies in the range E/A=10-100 MeV. By eliminating interfering m/q species 
with defining slits and concentrating the isotopes under investigation into 
small detectors the RPMS provides a clean environment for decay studies. 

Using a 30 MeV/A 180 beam we made the first measurements of the 
lifetimes of 1 **Be and l 7C along with the half-lives of 9Li , 1 l L i , 1 2Be,1 2B,and 
l 5B during a single 48 hour run.Beta lifetimes were measured by.measuring the 
time interval between detection of a heavy ion and its subsequent beta decay. 

0097-6156/ 86/ 0324-0454$06.00/ 0 
© 1986 American Chemical Society 
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68. HARWOOD ET AL. Measunng β Lifetimes 455 

T h i s technique has been p r e v i o u s l y d e m o n s t r a t e d by a group at 
LBL[Mur82], Beryllium and tantalum targets were used with thicknesses chosen 
to stop the 30 MeV/A l e0 beam but allow lower charge neutron r i c h fragments 
to exit the target into the RPMS.The tantalum target was found to give better 
yields of neutron rich isotopes and was used for the measurements. 

The f o c a l plane detector consisted of a two dimensional p o s i t i o n 
sensitive proportional counter followed by a s i l i c o n ΔΕ-Ε telescope using a 
300 mm2x100ym.(Si)AE and 500mm2x5mm.(Si-Li)E detectors. Lifetime measurements 
were performed by turning the beam off whenever an ion with z£3 was detected 
i n the telescope .The beam was l e f t off for a preset time equal to several 
half-lives of the longest l i v e d isotope being collected,and a l l beta decays 
i n the i n t e r v a l were recorded.The beam i s turned o f f i n about 40ys. by 
changing the phase of the r f on one of the dees of the K500 cyclotron.Isotope 
i d e n t i f i c a t i o n was acomplished by p l o t t i n g ( F i g . 2.) the deflection in the 
RPMS (proportional to m/q)vs the s i l i c o n telescope p a r t i c l e i d e n t i f i c a t i o n 
function. 

m/q 

PARTICLE ID P A R A M E T E R — > 

Fig.2. Plot of m/q determined from d e f l e c t i o n i n the RPMS vs s i l i c o n 
detector particle identification parameter. 
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456 NUCLEI OFF THE LINE OF STABILITY 

For m/q»3 data 6He i s a longlived beta background which i s eliminated by 
s e t t i n g the beta threshold at 2 . 5 MeV. 6He i s eliminated from the m/q»3.5 
data by stopping them i n f r o n t of the f o c a l plane detectors with brass 
defining s l i t s . 

The decay curves are shown i n figure 3.The curves are best f i t s to an 
exponential plus a constant background. 

MSU-85-354 
μ ι I , , I I ι . I j 

TIME (msec) 

Figure 3. Beta l i f e t i m e plots,the curves are best f i t s to an 
exponential plus constant background form. 
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68. HARWOOD ET AL. Measuring β Lifetimes 457 

The analysis of l**Be and 1 2Be i s complicated by the daughter nucleus 
being rather shortlived.For these two isotopes events were required to have a 
second beta within two daughter h a l f - l i v e s i n order to be included i n the 
lifetime spectrum. 

The results of this experiment are compared with previous measurements 
in table I. 
. Table I Lifetime measurements and predictions 

This Previous 
f 

Isotope Measurement Measurement Prediction 

9 L i 173±14 ms 175±1 a 
ms 76 ms 

1 l L i 7.7±0.6 ms 8.5±0.2 a 
ms 2.3 ms 

1 2Be 21,3±2.2 ms 24.4±3.0 b 
ms 8.8 ms 

l 4Be 4.2±0.7 ms 3.7 ms 

1 2B 20.0±1.5 ms 20.41±.06 c · 
ms 13.6 ms 

U B 12.8±0.8 ms 16.1±1 .2 d 
ms 11.1 ms 

1 5B 8.8±0.6 ms 11.0±1.0 e 
ms 6.2 ms 

1 7 c 202±17 ms (4l4,292,238)ms 

Beta-decay hal f - l i v e s for the neutron-rich isotopes measured in t h i s 
experiment are compared with previous measurements when they e x i s t . 
Theoretical predictions for Gamow-Teller beta decay are also provided for 

17 
comparison. The three t h e o r e t i c a l h a l f - l i v e s for C correspond to the 
assumption of (1/2*, 3/2 +, 5/2*) ground-state J 1 1 values for 1 7 C in the 
calculation. 

a) [Roe74] d) [Alb74] 
b) [Alb78] e) [Duf] 
c) [Ajz75] f) [Bro85] 
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458 NUCLEI OFF THE LINE OF STABILITY 

There are two cases of discrepancies outside of one standard d e v i a t i o n 
u n c e r t a i n t i e s 1 WB and I 5Be. In both cases there was only one previous 
measurement and there i s no obvious reason for the d i s c r e p a n c i e s . l t i s 
possi b l e that the background under the 1 **B decay curve of ref.[Alb74] was 
underestimated leading to the larger value of the extracted l i f e t i m e . I n the 
case of the l 5B lifetime of ref .[Duf] no decay curve was shown so i t i s hard 
to compare quality of f i t s . 

For the n u c l e i studied i n t h i s experiment the dominant decay mode i s 
Gamow-Teller beta decay.Partial halflives corresponding to Gamow-Teller beta 
decay c a l c u l a t e d i n a s p h e r i c a l shell model formalism [Bro85] are shown in 
Table I.The calculated lifetimes are with one exception( 1 7C) a l l shorter than 
the measured lifetimes. 

In conclusion thre f i r s t h a l f - l i f e measurements of l i g h t neutron r i c h 
n u c l e i using the MSU Reaction Product Mass Separator has resulted in the 
measurement of e i g h t h a l f - 1 i v e s , t w o of which r e p r e s e n t f i r s t time 
measurements and three of which are second measurements.The RPMS coupled with 
fast beam switching has proven to provide a very clean environment i n which 
to study the decays of neutron rich nuclei. 
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69 
Time-of-Flight Isochronous Spectrometer for Direct Mass 
Measurements of Exotic Light Nuclei 

G. W. Butler, D. J. Vieira, J. M. Wouters, H. Wollnik1, K. Vaziri2, F. K. Wohn3, and 
Daeg S. Brenner4 

Isotope and Nuclear Chemistry Division, Los Alamos National Laboratory, Los Alamos, NM 87545 

In recent years there has been a rapid increase in our knowledge of the 
atomic-mass surface far from the valley of β stability [BEN80,CER8l]. How
ever, even with these advances there remain more than 60 neutron-rich nuclei 
with A < 70 for which the only known information is that they are stable 
with respect to neutron emission. It is clear that more detailed informa
tion about these exotic nuclei is essential. Especially important are the 
measurements of ground state atomic masses, since the ground state mass is 
one of the most fundamental properties of a nucleus. 

The binding energy, and hence the mass, of a nucleus is dependent on 
the exact details of the nuclear force, and its prediction requires an 
understanding of these details. In a strong sense, an atomic-mass model 
includes everything that we know about the nuclear force and nuclear inter
actions. A systematic study of accurately determined masses encompassing a 
wide variety of nuclei far from β stability would provide a most challenging 
test of current atomic-mass theories and should yield new insight into the 
nuclear structure of such exotic nuclei. 

Interest in the neutron-rich light mass nuclei increased with the dis
covery by Thibault [THI75] that, beginning with 31Na, the sodium isotopes 
become strongly prolate deformed. This deformation, wnich is due to the 
partial filling of the f7/2 shell [CAM75], was unexpected since for 31Na the 
d3/2 neutron shell closure was predicted to occur at N=20. Mapping this new 
region of deformation more fully is of great interest since the deformation 
could possibly be driven by the odd ds/2 proton present in the sodium 
isotopes. This disappearance of a neutron magic number at N=20 has led to 
speculation that new magic numbers at N=10,14 and/or 16 might appear in such 
deformed nuclei [SHE76]. An experimental search for these new magic numbers 
and their discovery will allow more detailed investigations of the strong 
correlation of proton and neutron shell strengths that occurs near double 
shell closures and which might occur in 2 40. 

2. Time-of-Flight Isochronous (TOFI) Spectrometer 
TOFI is a recoil time-of-flight spectrometer that is being constructed 

at the Los Alamos Meson Physics Facility (LAMPF) for the purpose of making 
direct mass measurements of neutron-rich light nuclei that are produced via 
proton-induced fragmentation of U or Th targets. The design of TOFI will 
allow systematic mass measurements for a large number of neutron-rich nuclei 
below A=70 with accuracies of 30 keV to 1 MeV, depending on production rates 
(see Fig. 1). In this paper we outline the basic features of the TOFI 
spectrometer and its associated transport line, discuss the mass measurement 

'Permanent address: University of Giessen, D-63 Giessen, Federal Republic of Germany 
Permanent address: Department of Physics, Utah State University, Logan, UT 84322 
P̂ermanent address: Ames Laboratory, Iowa State University, Ames, IA 50011 

'Permanent address: Office of Academic Affairs, Clark University, Worcester, MA 01610 
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460 NUCLEI OFF THE LINE OF STABILITY 

F i g . 1. P a r t i a l chart of the nuclides showing: 
(1) those nuclei whose mass has been measured [WAP85] 
(black triangles) and (2) the nuclei we propose to 
measure (shaded boxes; shading indicates expected 
accuracy of mass measurements). 

ca p a b i l i t i e s of the system, and highlight progress made on the i n s t a l l a t i o n 
and i n i t i a l testing to date. 

The basic principle of the TOFI spectrometer i s that i t i s designed to 
be isochronous, which means that the tr a n s i t time of a p a r t i c l e passing 
through the spectrometer i s independent of i t s velocity. Thus the measured 
tra n s i t time of an ion passing through the system provides a precise 
measurement of the mass-to-charge r a t i o . Since charge i s a quantized 
entity, only moderately accurate measurements (at the 1-2% level) of the 
energy and velocity, together with the known momentum acceptance of the 
spectrometer, are necessary to define uniquely the charge state of an ion. 
An accurate mass can then be determined from the mass-to-charge r a t i o as 
obtained from the measured t r a n s i t time of the ion through the spectrometer. 

Another important feature of the spectrometer i s that i t i s focusing i n 
both energy and angle, thus allowing a long f l i g h t path (14 m) with a 
r e l a t i v e l y large s o l i d angle (2.5 msr) and momentum acceptance (±2%). Since 
the spectrometer i s nondispersive o v e r a l l , there i s no physical separation 
between different ions, which allows the simultaneous measurement of many 
nuclei (especially important are isobaric members with well-known masses 
that w i l l be used as internal calibration points). 
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69. BUTLER ET AL. Direct Mass Measurements 461 

The spectrometer consists of four i d e n t i c a l , mirror symmetric unit 
c e l l s that contain a 81 sector magnet located between id e n t i c a l d r i f t 
lengths [W0U85]. The symmetry of the system results i n a unity, f i r s t order 
transfer matrix i n which only the time term dependent on the mass-to-charge 
ra t i o remains. Furthermore, a l l higher order aberrations are small, 
resulting i n a t o t a l time deviation of -80 ps for different trajectories 
through the spectrometer. Assuming timing uncertainties of -200 ps from 
detector time j i t t e r , -200 ps from magnetic f i e l d inhomogeneities and -80 ps 
from optical aberrations for a t o t a l of -300 ps, the resolving power of the 
spectrometer i s conservatively estimated to be m/M = 2000. 

Extensive magnetic f i e l d mapping and optimization of the four spectro
meter dipole magnets i s currently nearing completion. Installation of the 
dipoles i n their f i n a l configuration w i l l begin soon, and i n i t i a l testing 
with alpha sources i s scheduled to begin i n October 1985. The f i r s t experi
ment, i n which we w i l l measure the masses of heavy Ne, Na and Mg isotopes, 
w i l l begin i n November 1985. 

3. TOFI Transport Line 

The spectrometer i s connected v i a a secondary beam transport l i n e to the 
production target (see Fig. 2). This transport l i n e consists of 4 
quadrupole t r i p l e t s that are arranged as two pairs with an intermediate 

Fig . 2. Schematic of the TOFI spectrometer and i t s 
associated secondary beam transport l i n e . 
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462 NUCLEI OFF THE LINE OF STABILITY 

focus between the pairs. The transport l i n e i s magnifying overall with a 
v e r t i c a l and horizontal magnification of -2 so that a larger s o l i d angle 
could be matched to the acceptance of the spectrometer. In addition, the 
l i n e includes a crude mass-to-charge f i l t e r (an elect r o s t a t i c deflector 
followed by a dipole magnet) that eliminates the high-yield l i g h t mass 
reaction products such as protons, deuterons, alphas and a l l neutral 
r e c o i l s . The transport l i n e provides a very important advantage i n that the 
spectrometer can be operated independently of the high-intensity LAMPF beam 
operation. 

A l l of the components of the transport l i n e have been i n s t a l l e d and 
tests with alpha particles and l i g h t reaction products are nearing comple
tion. In order to characterize i t s operation, the transport l i n e has been 
tuned with various alpha sources and low Ζ reaction products from 800-MeV 
protons on thorium. A multiwire proportional counter was used to obtain a 
focus, and a good image (1.0 χ 1 .4 cm2) was produced at the f i r s t focal 
point of the transport l i n e from a 2 4 1Am source (0.6 cm diam.) located 30 cm 
behind the normal target position i n the scattering chamber. To determine 
the energy-transmission characteristics of the transport l i n e , an S i detec
tor was used i n conjunction with a multiple energy alpha source (a combina
tion of 1 4 8 G d and 2 2 9 T h ) . Through a comparison of alpha i n t e n s i t i e s 
measured at different energy or momentum settings of the transport l i n e , the 
momentum transmission of the f i r s t half of the transport l i n e was measured 
to be 6p/p = 26% (FWHM), which i s much larger than required for the spec
trometer (δρ/ρ = 4 % ) . The mass f i l t e r was characterized by using Z=l and 2 
nuclides produced i n 800-MeV protons on a thorium target. For this t e s t , 
the transport l i n e was set for a particular momentum-to-charge value, and 
then the mass f i l t e r was tuned for various mass-to-charge r a t i o s . By com
paring the intensity of the alphas and tritons at various mass-to-charge 
settings, we obtained the mass-to-charge transmission for the f i r s t half of 
the transport l i n e (see Fig. 3). The results showed that at a setting of 

ι 1 1 1 \ 

Mass-to-Charge Ratio Setting (amu/Q) 

Fig. 3. The mass-to-charge transmission of the f i r s t half 
of the transport l i n e for alphas (dashed line) and tritons 
( s o l i d l i n e ) , as emitted from a thorium target. The trans
port l i n e was set for a central momentum-to-charge value of 
190 MeV/c/Q. 
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69. BUTLER ET AL. Direct Mass Measurements 463 

A/Q = 3 ( t r i t o n s ) r those species with mass-to-charge ratios of 2 or less 
were reduced by more than 2 orders of magnitude. (Scattered background 
events limited the measurement of this reduction factor.) This mass-to-
charge f i l t e r i n g i s part i c u l a r l y important i n our future experiments because 
the protons, deuterons, and alpha particles are produced with yields that 
are, respectively, ΙΟ 5, 10 4, and 10 3 times larger than those of the ions for 
which measurements are planned. 

4. Summary 

The overall goal of the TOFI spectrometer project i s to perform, i n a 
systematic fashion, direct mass measurements of l i g h t nuclei that are far 
from s t a b i l i t y and thus identify general, as well as isolated, trends i n 
nuclear structure. This isochronous, nondispersive spectrometer w i l l be the 
f i r s t high resolution r e c o i l spectrometer to use the time-of-flight tech
nique for direct mass measurements. The TOFI spectrometer w i l l be able to 
measure the masses of -60 nuclei, two-thirds of which w i l l be measured for 
the f i r s t time. This experimental program w i l l begin during the f a l l of 1985 
with the completion of the i n s t a l l a t i o n of the spectrometer. 
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70 
Spectrometers for Light-Ion, xnγ Spectroscopy 

J. Kern, J.-Cl. Dousse, and V. Ionescu 
Physics Department, University of Fribourg, CH-1700 Fribourg, Switzerland 

There is a large variety of processes which can be studied by the 
nuclear spectroscopist. Many instrumental methods can be used in each case, 
like singles and coincidence measurements, angular distributions and corre
lations. The complementarity of various approaches has been discussed by 
several authors, e.g., direct and (n,γ) reactions by Cizewski [CIZ82] or 
neutron capture and heavy-ion reactions by Schult [SCH79]. In this paper we 
will discuss some of the merits of (light ion, xnγ) spectroscopy, desired 
experimental improvements and report on special techniques and on recent 
results. 

In comparing (n,γ) and (LI,xnγ) spectroscopy, we note for each 
method very important differences. Charged particle reactions are superior, 
in particular, with respect to the number of nuclei which can be studied and 
in the range of spin for which levels can be observed. To be more specific 
on this point we compare in Fig. 1 and 2 Eexc vs I diagrams showing the 
region of levels observed in the 113Cd(n,γ)114Cd reaction by A. Mheemeed et 
al . [MHE84] and in the 108Pd(α,2n)110Cd reaction by the Fribourg group 
[KUS85]. In both cases we have only reported levels for which spin assign
ments are presently known. Several more levels have but been observed. 

113 
Because Cd has a ground state spin 1/2, only levels up to spin 4 have 
been observed in the (η,γ) study. The region covered by the (α,2ηγ) reaction 
is broader and overlaps only partly with the (η,γ) region. Very important is 
that in many cases various projectiles with different energies can be used 
in the study of a particular nucleus, populating levels in different 
regions: (p,n) or (α,η) reaction close to threshold will populate, for 
instance, low spin levels in a rather nonselective way similar to (η,γ) 
[BRE84J. L evels in a very large region can thus be observed. 

Neutron capture as well as charged particle reactions produce in 
general very dense γ-ray spectra. The high resolution electron [MAM78] and 
curved crystal spectrometers [K0C80] at ILL in Grenoble present excellent 
solutions for the observation of (n,e~) and (η,γ) singles spectra. The 

0097-6156/ 86/ 0324-0464$06.00/ 0 
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70. KERN ET AL. Spectrometers for Light-Ion, xny Spectroscopy 465 

F i g . 1. L e v e l s populated i n the F i g . 2. L e v e l s populated i n the 
1 1 3 C d ( n , Y ) m C d r e a c t i o n 1 0 8 P d ( a , 2 n ) 1 1 0 C d r e a c t i o n 
[MHE84] presented i n a [KUS85] presented i n a 
E-exc v s I diagram. E e x c vs I diagram. 

s i t u a t i o n i s f a r l e s s s a t i s f a c t o r y f o r charged p a r t i c l e r e a c t i o n s where 
b e t t e r energy r e s o l u t i o n s would be needed i n many cases (see e.g., [SCH79]). 
We w i l l present the m e r i t s of two spectrometers designed to o b t a i n b e t t e r 
q u a l i t y s i n g l e s s p e c t r a . 

A C 0 M P T 0 N SUPPRESSION SPECTROMETER FOR SINGLES MEASUREMENTS 

Heavy-ion n u c l e a r s p e c t r o s c o p i s t s are i n s t a l l i n g at s e v e r a l l a b o r a 
t o r i e s a r r a y s of BGO anti-Compton spectrometers t o be used f o r m u l t i -
c o i n c i d e n c e experiments [DIA85]. A very important m o t i v a t i o n f o r such 
f a c i l i t i e s i s t h a t c o i n c i d e n c e experiments become l e s s performing f o r s m a l l 
t a r g e t - t o - d e t e c t o r d i s t a n c e s when the γ-ray m u l t i p l i c i t y i n c r e a s e s [SUJ80]. 
The performances of the new systems are very e x c i t i n g , the c o s t s , demands on 
e l e c t r o n i c s and computing a r e , however, q u i t e h i g h . B e s i d e s t h i s , the 
e x t r a c t i o n of p r e c i s e s i n g l e s i n t e n s i t i e s from c o i n c i d e n c e experiments i s 
not always t r i v i a l . 
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466 NUCLEI OFF THE LINE OF STABILITY 

In (ρ,χηγ) lik e in (η,γ) spectroscopy, the neutron reactions 
occuring in the s c i n t i l l a t o r used as anti-Compton detector induce parasitic 
γ-ray lines [BEE77] in the central detector. The high counting rate in the 
s c i n t i l l a t o r impairs, in addition, the performances of the instrument. We 
have constructed an anti-Compton spectrometer where the complete detector 
system i s enclosed in a cabinet lined with 5 to 10 cm thick lead bricks and 
surrounded by 30 to 50 cm thick borated paraffine blocks [I0N79]. The whole 
is placed on a cart r o l l i n g on a r a i l , so that i t can be turned around the 
target. The spectrometer i s used for single measurements (excitation func
tions), prompt-delayed multispectrum experiments (determination of the 
h a l f - l i v e s of delayed transitions) and angular distributions. The f i r s t two 
kinds of experiments are performed at θ = 90°, where the spectrometer per
formances are best, since the beam stop can then be placed at a r e l a t i v e l y 
large distance. 

For precise angular distributions, accurate intensity determinations 
are needed. It has to be noted that the low intensity transitions are as 
important as the intense ones. The appreciable reduction of the background, 
especially at low energy (see Fig. 3) i s an important factor for obtaining 
good quality data. At higher energy the suppression of the annihilation line 
and of transitions induced by neutrons in germanium i s very useful [lON79]. 

We are using a pla s t i c s c i n t i l l a t o r in our spectrometer. This has 
the advantage not to get neutron activated, to be a good neutron thermalizer 
and to yield fast timing signals. It i s also relatively cheap. An inorganic 
s c i n t i l l a t o r would certainly also perform s a t i s f a c t o r i l y . 

AN ON-LINE CURVED-CRYSTAL SPECTROMETER 

Since the early days of d i f f r a c t i o n γ-ray spectroscopy [DUM47], on
lin e applications have been considered. The success in neutron capture work 
is obvious [K0C80]. Application to the study of (LI,χηγ) reactions has met 
with considerable d i f f i c u l t i e s [JET74]. The main problems to be solved are 
to obtain: 
- good background conditions. We use a Phoswich detector (produced by 

Harschaw) surrounded by a Nal(TA) annulus as anti-Compton and active 
shield. Since most transitions are prompt, we register separately the 
detector pulses emitted in- and out-of-burst. 

- a good energy resolution. We obtain peaks about 5-6 arc sec wide with 
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70. KERN ET AL. Spectrometers for Light-Ion, xny Spectroscopy 467 

Energy (k*V) Energy (k«V) 

Fig. 3. Portion of the 1 0 8Pd(a,2nY) 1 1 0Cd gamma-ray spectrum observed a) with 
a single diode and b) with the Compton suppression spectrometer. 
Some transitions are identified by their energy in keV. 

quartz crystal plates reflecting on the (110) planes, corresponding to an 
2 

energy resolution FWHM ΔΕ = 0.01 Ε /η, where η i s the d i f f r a c t i o n order, 
ΔΕ being expressed in eV and Ε in keV. This requires high quality mate
r i a l , exact polishing and very precise bending. 

- the highest possible luminosity. This i s the reason for chosing a r e l a t i 
vely small bending radius of 3 m. The target i s gas cooled. The maximum 
current depends on the target characteristics (in particular the melting 
temperature) and can be also limited by the cyclotron c a p a b i l i t i e s . 

- precise energy determinations. One condition i s to have any mechanical 
s h i f t of the target under control at a level of μιη'β. We are using the 
method proposed by Koch et a l . [K0C69]: an X-ray line i s continuously ob
served by a simplified crystal spectrometer placed above the main appara
tus. Its intensity i s enhanced by high frequency piezoelectric vibrations 
of the crystal which increases the r e f l e c t i v i t y [D0U76]. 

In a f i r s t application of the system we have studied the 1 7 6Yb(p,3n) 1 7 Y u 
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468 NUCLEI OFF THE LINE OF STABILITY 

r e a c t i o n . S e v e r a l p a r t s of the emit t e d γ-ray spectrum have been observed. 
Combined w i t h other experiments, these r e s u l t s have p r o v i d e d an important 
c o n t r i b u t i o n f o r e s t a b l i s h i n g a l e v e l scheme [BRU86], The major r e s u l t of 
t h i s study was the d e t e r m i n a t i o n of anomalous g - f a c t o r s i n the r o t a t i o n a l 
band based on the 142d i s o m e r i c Κ π = 6 l e v e l : t h i s has r e q u i r e a 
p r e c i s e i n t e n s i t y measurements of the cascade and c r o s s - o v e r t r a n s i t i o n s 
e m i t t e d by the I 7 1 = 8~6 l e v e l . In both cases the γ-ray l i n e s are 
components of c l o s e m u l t i p l e t s which have been r e s o l v e d w i t h the c r y s t a l 
spectrometer [KER84J. More r e c e n t l y we have observed p o r t i o n s o f the 
1 6 5 Η ο ( α ,3ηγ ) 1 6 6 T m spectrum. F i g . 4 shows one such s e c t i o n and i n the i n s e t 
the same pa r t observed w i t h a good r e s o l u t i o n Ge d e t e c t o r . Note th a t about 
t w i c e as many t r a n s i t i o n s are seen w i t h the c r y s t a l spectrometer. 

Ho(o,3n) Tm 

E. = 4 0 MeV 

I. = 3»A 

θ = 55° 

Crystal - Spectrometer η = 2 

N Prompt Spectrum 

1 2 3 . 0 E n e r g y [ k e V ] 

F i g . 4. P o r t i o n of the 1 6 5Ηο(α,3ηγ) 1 6 6Tm spectrum observed w i t h the o n - l i n e 
bent c r y s t a l spectrometer and w i t h a good r e s o l u t i o n germanium 
d e t e c t o r i n the i n s e t (the co r r e s p o n d i n g r e g i o n i s represented w i t h 
open c i r c l e s ) . T r a n s i t i o n s are i d e n t i f i e d by t h e i r approximate 
energy i n keV. 
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70. KERN ET AL. Spectrometers for Light-Ion, xny Spectroscopy 469 

C O N C L U S I O N 

D e t a i l t e s t s on n u c l e a r models r e q u i r e not only a knowledge of 
energy, s p i n and p a r i t y of many l e v e l s , but a l s o the d e t e r m i n a t i o n of t r a n 
s i t i o n m u l t i p o l a r i t i e s and branching r a t i o s . P r e c i s e i n t e n s i t i e s are thus 
needed. The w e l l s h i e l d e d anti-Compton spectrometer o f f e r s a r a t h e r s i m p l e 
s o l u t i o n e s p e c i a l l y f o r a c c u r a t e angular d i s t r i b u t i o n measurements. When the 
s p e c t r a are very complex, l i k e i n the case of f i n a l doubly odd n u c l e i , i n 
t e n s i t i e s cannot be determined without use of high r e s o l u t i o n i n s t r u m e n t s . 
The curved c r y s t a l spectrometer p r o v i d e s a powerful s o l u t i o n a t , u n f o r t u 
n a t e l y , non n e g l i g i b l e c o s t . 
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71 
Nuclear Shape Transitions and Dynamical Supersymmetries 
in the Pt Region 
Studies by (n,n'γ) Reaction Spectroscopy 

Steven W. Yates 
Department of Chemistry, University of Kentucky, Lexington, KY 40506-0055 

We have studied many nuclei in the platinum region (both 
odd- and even-Α) by the (n,n'γ) reaction on large enriched 
isotopic samples in an effort to characterize the structural 
properties of nuclei undergoing a shape transition. Levels are 
placed from γ-ray excitation functions, while the shapes of these 
excitation functions, combined with γ-ray angular distribution 
measurements, can be used for making spin assignments. 
Complementary time-of-flight neutron detection measurements have 
been performed in favorable cases. Even- and odd-A nuclei can be 
grouped into supersymmetric multiplets, and critical comparisons 
between the properties of even-even nuclei and the various 
nuclear models are possible. 

Neutron-induced reactions have played a major role in the study of 
nuclear structure; however, only a small number of researchers have employed 
such reactions on-line at accelerators for these purposes. At the University 
of Kentucky, we have used pulsed beam time-of-f light (TOF) methods in γ-ray 
and neutron spectroscopy to study the structure of heavy transitional nuclei 
by the neutron inelastic scattering reaction. The power of this reaction 
arises from the fact that Coulomb effects are absent, so that levels are 
strongly excited with low incident energies. Low-lying levels can thus be 
studied without the attendant complications of the presence of radiation from 
higher levels. For the purpose of obtaining structural information, low-
energy neutrons have an advantage over both β-decay and charged-particle 
excitation in that they excite the low-spin levels of a nucleus without great 
selectivity. The population of any level is predominantly determined by the 
penetrability of neutrons going into and then out of the nucleus. The 
angular distributions for γ-rays contain information about the multipolarity 
of the decays, and thus indirect information about the spins and nucléon 
configurations of decaying levels. 

The most serious problem associated with the use of neutron scattering 
for nuclear spectroscopy comes from the fact that the resolution for neutron 
detection is typically rather poor, and the sensitivity to small transition 
probabilities is also poor when neutron detection is being employed. These 
difficulties can be alleviated by observing the γ rays which de-excite the 
excited levels rather than the inelastically scattered neutrons. 

EXPERIMENTAL TECHNIQUES 

In the work to be described, the University of Kentucky 6.5 MV Van de 
Graaff accelerator was used with a proton beam incident on a % gas target. 

0097-6156/ 86/ 0324-0470S06.00/ 0 
© 1986 American Chemical Society 
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71. YATES Nuclear Shape Transitions and Dynamical Supersymmetries 471 

The beam i s pulsed i n the t e r m i n a l a t 2 MHz and a c c e l e r a t e d i n 7 ns b u r s t s . 
A f t e r a c c e l e r a t i o n , i t may be compressed to b u r s t s of <1 n s . D e t a i l s are 
shown i n F i g . 1. By a d j u s t i n g the gas t a r g e t p r e s s u r e , t y p i c a l l y 1 atm, the 
neutrons r e s u l t i n g from the % ( p , n ) ^ H e r e a c t i o n have a spread i n energy which 
i s c o m p a t i b l e w i t h good s p e c t r o s c o p y , and yet broad enough to e x c i t e a l a r g e 
number of compound s t a t e s . The neutrons impinge on c y l i n d r i c a l samples whose 
t y p i c a l s i z e i s 1 cm i n diameter and 2 cm i n l e n g t h . The sample i s pl a c e d a t 
2 t o 6 cm from the end of the % t a r g e t such t h a t the a x i s of the c y l i n d e r i s 
p e r p e n d i c u l a r to the beam a x i s . 

PULSED BEAM ENTERS TOP OF MAGNETIC LENS 
MAGNET FROM ACCELERATOR 

'2 0 MHz) 
BEAM PICKOFF , 

M0BLEY BUNCHING MAGNET 

CONTROL SLITS 7 η sec PULSE 

ANALYZING MAGNET 

rf DEFLECTION PLATES 
(20 MHz) 

BEAM PICKOFF 

S H CELL 

F i g . 1. The TOF f a c i l i t y a t 
the 6.5-MV a c c e l e r a t o r . At A 
and Β a r e the c o l l i m a t o r s f o r 
the (η,η') measurements. For 
the (η,η'γ) mode, the Ge 
d e t e c t o r i s i n s e r t e d a t A. 

The best o v e r a l l combination of s e n s i t i v i t y and accuracy i s achieved 
w i t h samples of 0.2 t o 0.3 moles. Recent e x p e r i e n c e [YAT81] shows us t h a t we 
can work e f f e c t i v e l y w i t h samples as s m a l l as 0.025 mole, and work i n (η,η'γ) 
d e t e c t i o n i s now i n progress w i t h samples of <0.01 mole. Sample s i z e 
c o r r e c t i o n s must be made f o r i n c i d e n t f l u x a t t e n u a t i o n , m u l t i p l e n eutron 
s c a t t e r i n g , and outgoing neutron o r γ-ray a t t e n u a t i o n . For the (η,η'γ) 
measurements these t h r e e e f f e c t s are approximated by t h r e e f a c t o r s . That 
t h i s procedure works w e l l has been confirmed through Monte-Carlo c a l c u l a t i o n s 
[VEL75] developed f o r making these c o r r e c t i o n s as w e l l as those f o r angular 
spread subtended by the sample a t the source, a n i s o t r o p y of the f l u x from the 
source, and energy spread of neutrons from the source. 

As noted e a r l i e r , s p e c t r o s c o p i c i n f o r m a t i o n can be o b t a i n e d by o b s e r v i n g 
e i t h e r the i n e l a s t i c a l l y s c a t t e r e d neutrons or the d e - e x c i t a t i o n γ r a y s . I n 
the γ-ray d e t e c t i o n mode, i . e . (η,η'γ), an i n t r i n s i c HpGe o r G e ( L i ) d e t e c t o r 
i s p l a c e d a t ap p r o x i m a t e l y 100 cm from the c y l i n d r i c a l sample (see F i g . 1 ) . 
Since the beam i s p u l s e d , the neutron-induced events i n the d e t e c t o r and 
time-independent background can be r e j e c t e d through the use of the TOF 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

07
1



472 NUCLEI OFF THE LINE OF STABILITY 

difference between neutrons and γ rays. In the neutron detection mode, 
e l a s t i c a l l y - and inelastically-scattered neutrons are detected in a l i q u i d 
s c i n t i l l a t o r at 2 to 4 m from the c y l i n d r i c a l sample; the neutron TOF i s 
measured. A typical TOF spectrum i s shown in Fig. 2. 

In both neutron and γ-ray detection, the shielding of the detector i s 
extremely important. Especially i n the neutron detection measurements, the 
long target-to-detector distance (2-4 in) which i s required to obtain velocity 
resolution via the neutron TOF technique means many more neutrons are 
produced than are actually scattered from the sample and then detected. 
These extraneous neutrons create a disastrous background unless the detector 
i s adequately shielded. We have accomplished this with a large c y l i n d r i c a l 
shield which contains a lead cavity surrounded by Li^C^-loaded paraffin. 
The entrance collimator has steel and lead l i n e r s ; the main detector shield 
weighs about 2000 kg (see Β in Fig. 1). 

For the case of γ-ray detection, attention must be paid to the γ rays 
which are produced by the capture of neutrons after they have been slowed to 
thermal energies. Because of the damage produced by neutrons on Ge 
detectors, adequate shielding i s imperative to prolong detector l i f e . From 
experience, the conclusion has been reached that the best procedure i s to 
interpose as much matter as possible between the Ge detector and the neutron 
source; this led to the selection of metal as the material. In the quantity 
which was required, copper was the practical best choice. Lead was rejected 
due to associated radioactivity and sparse lev e l density for degrading 
neutrons through i n e l a s t i c scattering; tungsten was probably the f i r s t choice 
but was too expensive. As shown in Fig. 1, the detector i s shielded by 50 cm 
of copper and 30 cm of boron-loaded polyethylene. Typical γ-ray spectra are 
acquired with pulsed beam and TOF, which enables rejection of the events 
induced by neutrons i n the detector. The success of these shielding and TOF 

Fig. 2. A typical neutron TOF 
spectrum, above. Below, (η,η') 
angular distributions which show the 
se n s i t i v i t y to the spin emitting 
spin-4 and spin-0 f i n a l states. 

Fig. 3. Gamma-ray excitation curves 
for !98pt displaying the spin 
dependence of the shape. 
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71 . YATES Nuclear Shape Transitions and Dynamical Supersymmetries 473 

background r e j e c t i o n schemes i s a t t e s t e d to by our s e n s i t i v i t y range, which 
i s from about 1 mb to the l a r g e s t i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s of 
500-700 mb. T h i s h i g h s e n s i t i v i t y p e r m i t s us to study weak t r a n s i t i o n s i n 
gr e a t d e t a i l . 

GAMMA-RAY EXCITATION FUNCTIONS 

An important measurement i s an a c c u r a t e d e t e r m i n a t i o n of the γ-ray y i e l d 
t h r e s h o l d f o r e x c i t i n g a p a r t i c u l a r l e v e l . Thresholds can be determined w i t h 
u n c e r t a i n t i e s of o n l y a few keV, when necessary to guarantee c e r t a i n 
placement of a γ-ray i n a l e v e l scheme. U s u a l l y , t h r e s h o l d s determined to 
w i t h i n 30 t o 50 keV a r e s u f f i c i e n t f o r t h i s purpose, even i n f a i r l y heavy 
n u c l e i . The reason f o r t h i s i s t h a t , t y p i c a l l y , e x c i t e d l e v e l s w i l l have one 
or more decays to l o w - l y i n g l e v e l s which are spaced 50 keV o r more a p a r t , 
even i n heavy deformed n u c l e i . 

E x c i t a t i o n f u n c t i o n s of γ-ray y i e l d s are u s e f u l a l s o f o r i n f e r r i n g 
l i m i t s on the ang u l a r momentum t r a n s f e r to the e x c i t e d l e v e l , and t h e r e f o r e 
the s p i n of t h a t l e v e l . W i t h i n 100 o r 200 keV o f t h r e s h o l d , cascades to t h a t 
l e v e l from h i g h e r l e v e l s are i n s i g n i f i c a n t , so t h a t the shape o f the 
e x c i t a t i o n f u n c t i o n l i m i t s s p i n s s h a r p l y i n heavy n u c l e i , where one f i n d s 
s u f f i c i e n t neutron angular momentum present even a t low e n e r g i e s . The 
e f f e c t s of the angular momentum t r a n s f e r are i l l u s t r a t e d i n F i g . 3 f o r 
s c a t t e r i n g to s e v e r a l l e v e l s of 1 9 ^ P t . For l o w - s p i n l e v e l s , w i t h 0 o r 1 u n i t 
of a n g u l a r momentum, the e x c i t a t i o n f u n c t i o n r i s e s s h a r p l y above t h r e s h o l d , 
w i t h n e g a t i v e c u r v a t u r e . I t reaches a peak c l o s e to t h r e s h o l d and then 
d e c l i n e s s h a r p l y . For i n t e r m e d i a t e t r a n s f e r of 2 or 3 u n i t s , the e x c i t a t i o n 
f u n c t i o n r i s e s l i n e a r l y above t h r e s h o l d f o r s e v e r a l hundred keV. For l a r g e 
t r a n s f e r , 5 to 7 u n i t s , the curve has p o s i t i v e c u r v a t u r e and c o n t i n u e s to 
r i s e f a r above t h r e s h o l d . We see t h a t the shape of the e x c i t a t i o n f u n c t i o n s 
near t h r e s h o l d i s u s e f u l i n f o r m a t i o n when a s s e s s i n g s p i n assignments to 
e x c i t e d l e v e l s . T h i s b e h a v i o r i s p r e c i s e l y t h a t expected and can be 
reproduced by s t a t i s t i c a l model c a l c u l a t i o n s . 

ANGULAR DISTRIBUTIONS 

The angular d i s t r i b u t i o n s of both neutrons and γ-rays from i n e l a s t i c 
s c a t t e r i n g have v a l u a b l e s p e c t r o s c o p i c i n f o r m a t i o n . In the case of neutron 
d i s t r i b u t i o n s , the a n i s o t r o p y of s c a t t e r i n g r e f l e c t s the s p i n of the e x c i t e d 
l e v e l , but u s u a l l y weakly. Thus to use t h a t i n f o r m a t i o n c o n f i d e n t l y f o r s p i n 
l i m i t a t i o n s would r e q u i r e v e r y p r e c i s e measurements, which are o f t e n not 
r e a d i l y o b t a i n a b l e . Two e x c e p t i o n s occur to t h i s r u l e of s m a l l a n i s o t r o p i c s , 
f o r s p i n - 0 and s p i n - 1 l e v e l s of even-Α n u c l e i . This i s i l l u s t r a t e d i n F i g . 2 
where angular d i s t r i b u t i o n s a r e presented f o r (η,η') s c a t t e r i n g from ^ " P t . 
The s p i n - 0 e x c i t e d l e v e l shows v e r y s t r o n g a n i s o t r o p y , a simple consequence 
of the f a c t t h a t a t 0° and 180° both s p i n - f l i p and n o n - s p i n - f l i p components 
of the s c a t t e r i n g process can c o n t r i b u t e f u l l y . As one moves away from those 
a n g l e s the non-spin f l i p p rocess c o n t r i b u t e s l e s s s t r o n g l y . Thus neutron 
d i s t r i b u t i o n s are a powerful t o o l f o r p i c k i n g out s p i n - 0 e x c i t e d l e v e l s and 
have been so used by s e v e r a l a u t h ors [YAT81,MCE74]. 

The (η,η') r e a c t i o n a l i g n s e x c i t e d l e v e l s , so t h a t the γ-ray an g u l a r 
d i s t r i b u t i o n s from t h e i r decays show a n i s o t r o p i e s r e f l e c t i n g the alignme n t , 
the s p i n s of the l e v e l s , and the m u l t i p o l a r i t i e s o f the t r a n s i t i o n s . 
E s p e c i a l l y i n even-Α n u c l e i one o f t e n f i n d s t h a t a l e v e l decays through more 
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474 NUCLEI OFF THE LINE OF STABILITY 

than one t r a n s i t i o n , one of known pure m u l t i p o l a r i t y ( u s u a l l y E l o r E2) and 
o t h e r s w i t h unknown m i x t u r e s of m u l t i p o l a r i t i e s . In these cases the pure 
m u l t i p o l e t r a n s i t i o n can be used to deduce the e x c i t e d s t a t e a l i g n m e n t , and 
then the other d i s t r i b u t i o n s can be analyzed to determine m u l t i p o l e mixing 
r a t i o s . The advantage of t h i s method i s t h a t i t i s c o m p l e t e l y independent of 
the neutron s c a t t e r i n g process — i t i s a model independent way of 
d e t e r m i n i n g mixing r a t i o s and s p i n s of e x c i t e d l e v e l s . 

In p r a c t i c e , the e x c i t e d s t a t e alignments produced i n neutron s c a t t e r i n g 
a r e e s s e n t i a l l y independent of the r e a c t i o n p r o c e s s . C a l c u l a t i o n s showed 
[SHE66] t h a t d i r e c t i n t e r a c t i o n i n e l a s t i c s c a t t e r i n g would produce v i r t u a l l y 
the same alignments as compound nucleus f o r m a t i o n . Thus the alignments 
c a l c u l a t e d w i t h s t a t i s t i c a l models are s u f f i c i e n t , and many t e s t s have shown 
th a t m i x i n g r a t i o s determined u s i n g s t a t i s t i c a l model alignments agree w e l l 
w i t h those determined from the model-independent methods c i t e d . 

REPRESENTATIVE EXPERIMENTAL RESULTS 

In F i g . 4 we show the p l a t i n u m r e g i o n of the c h a r t of the n u c l i d e s . 
Those n u c l e i which have been s t u d i e d i n our l a b o r a t o r i e s i n the past few 
y e a r s are i n d i c a t e d by the t r i a n g l e i n the upper r i g h t c o r n e r of the 
a p p r o p r i a t e box. T h i s d i v e r s i t y of n u c l e i has a l l o w e d us to study a v a r i e t y 

F i g . 4. P l a t i n u m r e g i o n of the n u c l i d i c c h a r t . N u c l e i which we have s t u d i e d 
a r e i n d i c a t e d by a t r i a n g l e i n the upper r i g h t c o r n e r . 

o f phenomena and to o b t a i n unique i n s i g h t s i n t o the l e v e l s t r u c t u r e of t h i s 
heavy t r a n s i t i o n a l r e g i o n . For example, the n u c l e i 19O0 S_191-j- r_192p t a n d 

19208-1 
9 3 j r _ 1 9 4 p t r e p r e s e n t two supersymmetric m u l t i p l e t s of the U(6/4) 

supersymmetry model [IAC80]. We were able to examine e x p e r i m e n t a l l y f i v e of 
these n u c l e i and to determine t h a t t h i s d e s c r i p t i o n o f f e r s a good f i r s t 
a p p r o x i m a t i o n to the s t r u c t u r e of t r a n s i t i o n a l n u c l e i [YAT84]. 
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7 1 . Y A T E S Nuclear Shape Transitions and Dynamical Supersymmetries 4 7 5 

The combined use of the (η,η'γ) and (η,η') measurements has proven 
p a r t i c u l a r l y v a l u a b l e i n e s t a b l i s h i n g the l o w - l y i n g l e v e l s t r u c t u r e of ^ * * P t . 
P r i o r to our s t u d i e s [YAT81,YAT83] of 1 9 8 P t , the o n l v t e n t a t i v e evidence f o r 
the 914.5-keV 0^ l e v e l came from the 3-decay o f 1 9°Ir where t h i s l e v e l was 
ass i g n e d [SCH72] as ( 0 + ) on the b a s i s of decay s y s t e m a t i c s . I t should a l s o 
be noted th a t t h i s s t a t e i s not populated i n e i t h e r the (ρ,ρ') or ( t , p ) 
r e a c t i o n s [DEA81,CIZ79] and a p p a r e n t l y not i n Coulomb e x c i t a t i o n , as 
suggested p r e v i o u s l y [B0L81]. The 914.5-keV l e v e l was, however, c l e a r l y 
observed i n the spectrum of neutrons s c a t t e r e d from ^ 9 8 P t and, as shown i n 
F i g . 2 the neutron angular d i s t r i b u t i o n c a r r i e s the unique s i g n a t u r e of a 0 + 

l e v e l . The l o c a t i o n and p r o p e r t i e s of the l o w - l y i n g 0 + s t a t e s are extremely 
important i n our attempts to assess the a p p l i c a b i l i t y of the v a r i o u s n u c l e a r 
models. A d d i t i o n a l d e t a i l s of these s t u d i e s may be found i n |KER84j. 
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72 

Special Targets for Nuclear Reaction and Spectroscopic Studies 

Robert G. Lanier 
Nuclear Chemistry Division, Lawrence Livermore National Laboratory, Livermore, CA 94550 

Strongly focused and monoenergetic charged-particle beams from modern 
accelerators and targets fabricated from quantities of isotopically enriched 
and stable materials are the essential components from many current nuclear 
physics experiments. Although a large body of this kind of experimental work 
requires substantial amounts of target material, an important subset of such 
experiments can be done with as little as a few µg of material. Experiments 
where charged particles or electrons can be focused on or transported to a 
detector are examples of accelerator-based studies which can be made with 
targets that contain relatively small amounts of material. For these kinds of 
studies, it then becomes possible to extend the domain of potential target 
materials to species which are very rare or which are unstable and undergo 
radioactive decay. At our laboratory during the last ten years, we have made 
targets for nuclear spectroscopy studies of 152Eu (13.4y), 154Eu (8.5y), 249Bk 
(320d), 151Sm (90y), and 148Gd (75y). We will report our experience with 
fabricating these and other kinds of stable targets and discuss our plans for 
preparing additional targets which offer interesting and exciting prospects 
for future nuclear research studies. 

Although there are always a variety of technical difficulties associated 
with doing any kind of nuclear science research, the problem of obtaining a 
reasonable target for various accelerator or reactor based experiments is the 
most pervasive. In principle, the idea of bringing together focused particle 
beams and stationary target nuclei is easily conceptualized. In practice, 
however, once an Interesting physics study is identified, the preparation of a 
suitable target usually involves significant technical challenge and 
ingenuity. In this report, we describe some of our experience in our Nuclear 
Properties Group at the Lawrence Livermore National Laboratory (LLNL) with 
preparing special targets for nuclear research studies. 

Our studies have involved the use of both neutron and charged-particle 
beams and Table I presents a partial list of the targets prepared. The Nobel 
gas targets were prepared for in-beam γ-ray studies which used an external 
thermal neutron beam. Large amounts of target material were required for 
these experiments and a special device - a cryostat - was constructed to 
isolate and contain a large quantity of gas (in the solid state) so that the 
measurements could be done. The details of the construction of this device, 
as well as,_ the various studies performed with it have been described 
previously. » »3 

0097-6156/86/0324-0476$06.00/0 
© 1986 American Chemical Society 
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72. LANIER Nuclear Reaction and Spectroscopic Studies A l l 

The 176T °Lu target is unique because this material has an extremely low 
natural isotopic abundance (2.61Z). A sample of several tens of milligrams of 
Lu 20 3 was obtained from the Oak Ridge National Laboratory and had an isotopic 
enrichment of ~ 70% in 1 7 6Lu. An additional isotope separation step was done 
on this sample at LLNL* By this procedure we were able to make a target of 
isotopically pure 1 7 6Lu (~ 99.9%) that had a thickness of - 22 mg/cm2 and 
which was supported on a Th substrate. This target was subsequently used for 
0 Coulomb-excitation experiments. 

The remainder of the l i s t in Table I involves radioactive targets which 
were prepared for charged-particle spectroscopy experiments. These targets 
were generally thin (10-40 yg/cm ) and were used for studies where light-ion 
reaction products were measured with a magnetic spectrograph. In general, the 
procedure for preparing such targets involves three steps: (1) production of 
the target material, (2) material purification and (3) depositing the material 
on a suitable substrate. We describe here in detail our preparation of a 

Gd target. A similar procedure was used for the remaining radioactive 
targets. The results from the various studies performed with these targets 
have been published elsewhere. » » 

Table I. Targets for nuclear studies prepared 
by the LLNL Nuclear Properties Group. 

Isotopic 
Material 
Production Approx. 

Nuclear 
Studies 

Material tl/2 Technique Thickness (refer* 
8 6 K r — — 2 g/cm 2 

1 3 6Xe — — 2 2 
g/cm 3 

1 4 8Gd 75y 
Ta + Ρ 
spallation 25 ο 

yg/cm 10 
151Sm 90y 150Sm + η 35 2 

yg/cm 7 
1 5 2Eu 13y 1 5 1Eu + η 30 2 

yg/cnr 6 
1 5 4Eu 8.6y 1 5 3Eu + η 15 yg/cm 6 
1 7 6 L u ~ — 22 2 

mg/cm 5 
2 4 9Bk 311d 2 4 7Bk + 2n 30 yg/cm 8 

Raw material for the Gd target was produced by spallation reactions in 
a tantalum metal target by ~ 750-MeV protons at the Isotopes Production 
Facility at LAMPF. The details of the irradiation and the chemistries 
associated with separating the hafnium and lanthanide fractions have been 
reported previously. 
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478 NUCLEI OFF THE LINE OF STABILITY 

The source material we obtained had been separated from the lanthanide 
fraction and contained gadolinium dissolved in an acidic solution. An assay 
of this material showed that i t contained ~ 170 yg of Gd and high levels of 
europium, samarium, and terbium contamination. In addition, a high level of 
lead contamination was present in ~ 20% of the sample because of leakage into 
a shielded container during shipping. We used standard ion-exchange 
chemistries to remove the lead and rare-earth contaminants and obtained a 
clean gadolinium fra c t i o n that contained ~ 132 ug of Gd. 

We prepared samples for the isotope separator from the clean gadolinium 
fraction by electrodeposition. The pure gadolinium fraction was evaporated to 
dryness, converted to the n i t r a t e , and dissolved in ~ 200 mL of 0.1N HNO^. A 
20-uL aliquot was taken from this solution and added to about 1 mL of 
isopropyl alcohol in a small-volume (2 mL) quartz electrodeposition c e l l . A 
small platinum disk was sealed to the base of the c e l l and served as the 
anode. The cathode, which acted as the collector electrode, was a small s t r i p 
of tungsten (10 m χ 2 m χ 0.03 mm); i t was immersed to a depth of ~ 3 mm in 
the nonaqueous plating solution. We began the deposition by using an applied 
voltage of ~ 200 V and typicaly observed i n i t i a l c e l l currents in the range 
0.2 to 0.4 mA. We concluded the plating procedure when the current dropped 
below ~ 0.1 mA with an applied voltage of ~ 400 V. The time to complete the 
deposition was ~ 1 h. During plating, we adjusted the voltage to maintain 
c e l l current in the range 0.2 to 0.5 mA, but did not allow i t to exceed 400 
V. The deposit on the cathode was not chemically i d e n t i f i e d ; i t had a white 
powdery appearance and may have been a hydrated oxide of gadolinium. Eight 
tungsten strips coated with gadolinium were prepared in this way, and the 
to t a l amount of Gd plated was ~ 99 ug. 

1 A O 

We prepared thin targets by collecting a Gd beam from the Nuclear 
Chemistry Isotope Separator on thin (~ 50-ug/cm ) carbon f°44g» The 
gadolinium-coated tungsten f o i l s each contained 10 to 15 ug of Gd. We 
placed the individual tungsten f o i l s in the isotope separator ion source and 
collected Gd on the carbon f o i l u n t i l the beam became depleted. Approx
imately two coated tungsten f o i l s were required to deposit ~ 1 ug of Gd on 
a single carbon f o i l . We prepared four targets in this manner. We collected 
the Gd over an area of about 3 mm χ 1.5 mm to get target thicknesses 
ranging between about 20 and 30 ug/cm . We estimate that the total amount of 

Gd f i n a l l y recovered as usable targets was about 3 to 4 ug or 2.1% of the 
o r i g i n a l material. 

We used the * 4 8Gd targets for a number of charged-particle reaction 
experiments for nuclear structure studies. For one of the targets, a sample 
t r i t o n spectrum from the Gd (p,t) Gd reaction i s shown in Fig. 1 which 
is a computer reconstruction of the original data on a linear energy scale and 
combines the results of five separate experiments. Each experiment revealed 
only a portion (~ 20%) of the total spectrum. The spectrum is of excellent 
quality and, in particular, is free from contaminating peaks caused by other 
rare-earth materials. 
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72. LANIER Nuclear Reaction and Spectroscopic Studies 479 

100 f 

80 

3378 

3016 

Λ L 

1 4 8 Gd (p.t) 1 4 6 Gd 
E p = 34.5 MeV 
H i a h = 20: 

gs 

400 800 1200 

Channel number 

1600 2000 

F i g . 1 

Table II summarizes the losses we experienced at each step of the target 
preparation procedure. As the table shows, the most i n e f f i c i e n t aspect of our 
technique i s the isotope separation step. Normally, we expect ~ 30% recovery 
with isotope separation of gadolinium, but this l e v e l was obviously not 
obtained in this particular case. With other rare-earth materials, such as 
europium and samarium, the expected isotope separation recovery i s > 50% and 
can reach levels as high as 70%. Therefore, allowing for similar chemistry 
losses, we expect that in those selected cases where isotope separation 
recoveries are ~ 50%, the amount of i n i t i a l material required to make a 
reasonable number of usuable targets can be as low as ~ 100 ug. The amount of 
i n t i a l material required can also be reduced somewhat by paying more attention 
to increasing the e f f i c i e n c i e s of the wet-chemistry yi e l d s . 

Proposed future work in our group w i l l continue to involve the need for 
special targets. In particular, we are investigating techniques to prepare 
radioactive targets of 1 5 0 E u (30y) and 2 2 7 A c (22y) for charged-particle 
spectroscopy work. Each of these targets present special problems which are 
outside our range of experience and offer considerable technical challenge. 
Beyond that, we have begun a program to measure li g h t - i o n charged-particle 
cross sections by activation and in-beam techniques. Activation studies 
require the use of many separate target f o i l s . Moreover, each f o i l must be 
homogeneous and each must have a thickness known accurately to a few percent. 
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NUCLEI OFF THE LINE OF STABILITY 

Table I I . Yield summary for 1 4 8Gd target preparation. 

Original 
material 3 

I n i t i a l 
cleanup . 

Electro
deposition 

Isotope 
separation 0 

Mass (ug) 170 132 99 4 
Relative yield (%) 78 75 4 
Cumulative yield (%) — 78 58 2 

The i n i t i a l amount of Gd was determined by alpha-counting a small 
aliquot from the new sample. 
The chemical yields were determined by gamma-counting techniques. The 
sample contained a number of radioactive isotopes of gadolinium prior to 
Isotope separation. 

cThe assay of the final targets was obtained by back alpha-counting and x-
ray fluorescence techniques. 

We are experimenting with two schemes to prepare targets for cross-section 
measurements. The f i r s t is forming a self-supporting "ceramic" target which 
can be prepared from a metal oxide. This procedure has been used by Quinby, 
who prepared self-supporting oxide targets with thicknesses in the range 150-
2500 ug/cm from several materials. An alternate technique involves producing 
thin Kapton plastic sheets (1-2 mil) which contain accurately known amounts 
of any material. The only requirement for the target material is that i t is 
in the form of a powder and that the natural particle size is small enough so 
that i t can be homogeneously mixed (coated) with the liquid plastic base 
before spreading and curing. Both techniques show considerable promise for 
making cheap, high quality targets- for light-ion studies when low-Z element 
contamination can be tolerated. 
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73 

Rapid, Continuous Chemical Separations 

J. V. Kratz, N. Trautmann, and G. Herrmann 
Institut für Kernchemie, Universität Mainz, D-6500 Mainz, Federal Republic of Germany 

We report on a number of on-line chemical procedures which were developed for 
the study of short-lived fission products and products from heavy-ion 
interactions. These techniques combine gas-jet recoi1-transport systems with 
I) multistage solvent extraction methods using high-speed centrifuges for 
rapid phase separation and II) thermochromatographic columns. The formation of 
volatile species between recoil atoms and reactive gases is another 
alternative. We have also coupled a gas-jet transport system to a mass 
separator equipped with a hollow cathode- or a high temperature ion source. 
Typical applications of these methods for studies of short-lived nuclides are 
described. 

1. Introduction 

Nuclear reactions producing exotic nuclei at the limits of stability are 
usually very non-specific. For the fast and efficient removal of typically 
several tens of interferring elements with several hundreds of isotopes from 
the nuclides selected for study mainly mass separation [Han 79, Rav 79] and 
rapid chemical procedures [Her 82] are applied. The use of conventional mass 
separators is limited to elements for which suitable ion sources are 
available. There exists a number of elements, such as niobium, the noble 
metals etc., which create problems in mass separation due to restrictions in 
the diffusion-, evaporation- or ionization process. Such limitations do not 
exist for chemical methods. Although rapid off-line chemical methods are s t i l l 
valuable for some applications, continuously operated chemical procedures have 
been advanced recently since they deliver a steady source of activity needed 
for measurements with low counting efficiencies and for studies of rare decay 
modes. The present paper presents several examples for such techniques and 
reports briefly actual applications of these methods for the study of exotic 
nuclei. 

0097-6156/ 86/ 0324-0482$06.00/ 0 
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73. KRATZ ET AL. Rapid, Continuous Chemical Separations 483 

2. Combinat ion o f a g a s - j e t w i t h t he s o l v e n t e x t r a c t i o n system SISAK 

Nuc lear r e a c t i o n p r o d u c t s r e c o i l i n g ou t o f a t h i n s o l i d t a r g e t are s topped i n 

n i t r o g e n gas c o n t a i n i n g a e r o s o l s and the t h e r m a l i s e d p r o d u c t s a t t a c h e d t o 

these a e r o s o l s ( u s u a l l y i n o r g a n i c c l u s t e r s l i k e po tass ium c h l o r i d e [ Ste 80] 

are used) are t r a n s p o r t e d a long w i t h t he c a r r i e r gas o u t o f the s t o p p i n g 

chamber th rough a c a p i l l a r y t o the SISAK sys tem. The l a t t e r p r o v i d e s 

d i s s o l u t i o n o f the c l u s t e r s i n an aqueous s o l u t i o n and subsequent m u l t i s t a g e 

s o l v e n t e x t r a c t i o n i n s t a t i c mixers w i t h s e p a r a t i o n o f the two phases i n 

Η - c e n t r i f u g e s ope ra ted a t 20000 rpm. F i g . 1 shows s c h e m a t i c a l l y the s e t - u p 

f o r the i s o l a t i o n o f t e c h n e t i u m w i t h the c e n t r i f u g e system SISAK I I [Ska 80] . 

0.1M HN03 FP 2 Μ Η Ν Ο 3 Ο Γ 0.7MNQ0H 0.1M HN03 

0.1 M KB1-O3 0.8H HNO3 

F i g . 1 F l o w - s h e e t f o r the con t i nuous s e p a r a t i o n o f t e c h n e t i u m 
[ Bro 8 1 ] f rom f i s s i o n p r o d u c t s w i t h t he c e n t r i f u g e system 
SISAK I I . DG = degassing u n i t , D i , D2 = d e t e c t o r p o s i 
t i o n s , C I , C2, C3 = m i x e r - c e n t r i f u g e u n i t s , C = co lumn, 
FP = f i s s i o n p r o d u c t s 

239 

The r e a c t i o n p r o d u c t s f rom the thermal n e u t r o n induced f i s s i o n o f Pu 

(700 μg 2 3 9 P u ; 6 χ 1 0 1 1 n / c m 2 - s ) c a r r i e d by a K C l / N 2 - j e t are d i s s o l v e d i n a 

s t a t i c m ixer w i t h a s o l u t i o n c o n s i s t i n g o f 0 . 1 M n i t r i c a c i d and 0 . 1 M 

po tass ium bromate . The s o l u t i o n i s heated t o 80° C t o a c c e l e r a t e the 

d i s s o l u t i o n o f the c l u s t e r s t o g e t h e r w i t h the r e a c t i o n p roduc ts and the 

o x i d a t i o n o f t e c h n e t i u m t o the p e r t e c h n e t a t e . The g a s - l i q u i d m i x t u r e i s fed 

i n t o a degass ing u n i t where the c a r r i e r gas and the f i s s i o n noble gases are 

separa ted and removed by s u c t i o n . I n the f i r s t m i x e r - c e n t r i f u g e u n i t 

t e c h n e t i u m i s e x t r a c t e d i n t o 0.05 M Alamine-336 i n c h l o r o f o r m . Traces o f 

molybdenum, z i r c o n i u m and n iob ium are c o - e x t r a c t e d . In the nex t s tep (C2) 

t e c h n e t i u m i s back e x t r a c t e d w i t h 2 M o r 0 .8 M n i t r i c a c i d . In a t h i r d s tage 

(C3) z i r c o n i u m and n iob ium c o n t a m i n a t i o n s are removed by e x t r a c t i o n 
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484 NUCLEI OFF THE LINE OF STABILITY 

i n t o d i ( 2 - e t h y l h e x y l ) o r t h o p h o s p h o r i c a c i d (HDEHP). The o u t g o i n g aqueous 

phase c o n t a i n s o n l y t e c h n e t i u m n u c l i d e s , t h e i r daughter p r o d u c t s and a smal l 

c o n t a m i n a t i o n o f molybdenum. 

The decay o f 36-s 1 0 6 T c and o f 5-s 1 0 8 T c i n t o e x c i t e d l e v e l s o f the even-

even i s o t o p e s 1 0 6 R u and 1 0 8 R u was s t u d i e d i n d e t a i l . Extended l e v e l schemes, 

s p i n ass ignmen ts , m u l t i p o l e m i x i n g r a t i o s and B(E2) va lues f o r ^ R u and 
108 

Ru were o b t a i n e d . Wi th t h i s r a t h e r comple te se t o f da ta the c o l l e c t i v e 

s t r u c t u r e o f these t r a n s i t i o n a l n u c l e i c o u l d be c o n f r o n t e d i n d e t a i l w i t h 

s e v e r a l models Sta 84 . 

R e c e n t l y , the SISAK techn ique has been a p p l i e d f o r the s e p a r a t i o n o f new, 

n e u t r o n - r i c h neptun ium i s o t o p e s formed i n d i r e c t t r a n s f e r r e a c t i o n s between 
136 244 

Xe p r o j e c t i l e s and t a r g e t s o f Pu a t t he UNILAC h e a v y - i o n a c c e l e r a t o r . 

The SISAK system c o n s i s t e d o f t h r e e m i x e r - c e n t r i f u g e u n i t s and a degasser . 

In t he f i r s t s tep o f t he s e p a r a t i o n procedure the K C 1 - c l u s t e r s t o g e t h e r w i t h 

the a t t a c h e d r e a c t i o n p r o d u c t s are d i s s o l v e d i n a s t a t i c mixer i n 0 .6 M HC1 

c o n t a i n i n g T i C l ^ . Wi th T i C l ^ neptunium i s reduced t o t he 3 + s t a t e . The 

m i x t u r e i s pumped th rough the degass ing u n i t and i s f e d i n t o a m i x e r -

c e n t r i f u g e and c o n t a c t e d w i t h 5% HDEHP i n CCI^ . Thor ium and uranium t o g e t h e r 

w i t h s e v e r a l f i s s i o n p r o d u c t s are e x t r a c t e d i n t o the o r g a n i c phase whereas 

neptunium remains i n the aqueous phase. The aqueous phase i s mixed w i t h 6 M 

HNO^. The n i t r i c a c i d causes the o x i d a t i o n o f neptun ium t o the 4 + s t a t e . I n 

t h i s fo rm i t i s e x t r a c t e d i n t o 7% HDEHP i n CCI 4 i n the second 

m i x e r - c e n t r i f u g e . Complexing agents keep the f i s s i o n p r o d u c t s i n t he aqueous 

phase. In the l a s t s tep the o r g a n i c phase i s pumped i n t o the t h i r d mixer 

c e n t r i f u g e , where neptun ium i s b a c k - e x t r a c t e d w i t h H^PO^ Tet 85 . 

In the γ - r a y s p e c t r a f o u r new γ - l i n e s t h a t f i t i n t o the known l e v e l schemes 
243 244 

o f Pu and Pu have been observed . The h a l f - l i f e o f the new i s o t o p e 
243 , 244 

Np was de te rmined as 61 τ 7 s . The decay cu rves o f Np a r e c o m p l e x 
244 

and can be e x p l a i n e d by two isomers o f Np w i t h h a l f - l i v e s o f 7 : 4 s and 

140 + 20 s . These shou ld be compared w i t h t h e o r e t i c a l ( m i c r o s c o p i c ) p r e d i c 

t i o n s [ K l a 8 4 ] o f 195 s f o r 2 4 3 N p and 8 s f o r 2 4 4 N p . The gross t h e o r y 

[Tak 7 3 ] p r e d i c t s 25 min and 3 m i n . 

So f a r o n - l i n e chemica l s e p a r a t i o n s w i t h the SISAK system have been 

developed and a p p l i e d f o r s h o r t - l i v e d i s o t o p e s o f As, B r , Z r , Nb, Te, Ru, 

Pd, I , La , Ce, P r , and Np [Ska 8 0 , Bro 8 1 , Ska 8 3 , Rog 8 4 , Aro 74, Te t 8 5 ] . 
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73. KRATZ ET AL. Rapid, Continuous Chemical Separations 485 

3. Combinat ion o f a g a s - j e t w i t h thermochromatograph ic methods 

In thermochromatography v o l a t i l e spec ies are formed i n r e a c t i o n s w i t h 

r e a c t i v e gases and are d e p o s i t e d i n a column w i t h a tempera tu re g r a d i e n t -

the l e s s v o l a t i l e spec ies i n the h igh t e m p e r a t u r e r e g i o n and the more 

v o l a t i l e spec ies i n the low tempera tu re r e g i o n . The comb ina t ion o f a 

g a s - j e t w i t h a thermochromatograph ic column a l l o w s the c o n t i n u o u s 

s e p a r a t i o n o f the r e a c t i o n p r o d u c t s . Th i s approach was a p p l i e d f o r t he 

o n - l i n e s e p a r a t i o n o f f i s s i o n p r o d u c t s f o r m i n g v o l a t i l e n a l i d e s [ H i e 80 , 

Hie 8 4 ] . 

I t was a l s o a p p l i e d f o r the o n - l i n e i s o l a t i o n o f v o l a t i l e meta ls such as 

Hg, T l , Pb, B i , Po, At and o f nob le gases i n a r e c e n t , r i g o r o u s a t t e m p t t o 
48 248 

s y n t h e s i z e superheavy e lements i n the Ca + Cm r e a c t i o n [ Sum 8 4 , 

Arm 8 5 ] . I n the l a t t e r case the v o l a t i l e spec ies were a l l o w e d t o leave the 

co lumn, see F i g . 2 , and were condensed on u l t r a - t h i n n i c k e l f o i l s . These 

were r o t a t e d s tepw ise between p a i r s o f s u r f a c e b a r r i e r d e t e c t o r s t o d e t e c t 

α - p a r t i c l e s and s p o n t a n e o u s - f i s s i o n f r a g m e n t s . 

ACTINIDE ELEMENTS etc. 

F i g . 2 : O n - l i n e gas phase c h e m i s t r y 
p rocedure f o r t he s e p a r a t i o n 
o f v o l a t i l e superheavy 
e lements [Sum 8 4 ] . 

4 . Cont inuous s e p a r a t i o n s by chemica l r e a c t i o n s i n t he c a r r i e r gas 

I n s t e a d o f u s i n g a c l u s t e r - j e t f o r the t r a n s p o r t a t i o n o f the n u c l e a r 

r e a c t i o n p r o d u c t s t o the c h e m i s t r y a p p a r a t u s , i t i s p o s s i b l e t o use 

chemica l r e a c t i o n s o f the r e c o i l s i n the c a r r i e r g a s : E i t h e r the r e c o i l s 

a re s topped i n a r e a c t i v e gas where h i g h l y v o l a t i l e p r o d u c t s are formed 

which are c o n t i n u o u s l y swept o u t o f t he s t o p p i n g chamber, o r v o l a t i l e 

compounds are formed by thermal s y n t h e s i s . The v o l a t i l e spec ies are then 
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486 NUCLEI OFF THE LINE OF STABILITY 

separa ted by s e l e c t i v e a b s o r b e n t s . The thermal s y n t h e s i s o f v o l a t i l e 

compounds i n a g a s - j e t was used f o r t he s e p a r a t i o n and i n v e s t i g a t i o n o f 

s h o r t - l i v e d t e l l u r i u m and se len ium i s o t o p e s [Zen 7 8 ] . Through r e c o i l i n t o a 

m i x t u r e o f n i t r o g e n and h y d r o c h l o r i c a c i d v o l a t i l e c h l o r i d e s are formed 

i n s i d e the r e a c t o r and are separa ted by s e l e c t i v e a b s o r p t i o n . Th is t e c h n i q u e 

has been a p p l i e d i n o n - l i n e i n v e s t i g a t i o n s o f s h o r t - l i v e d germanium i s o t o p e s 

[Zen 8 1 ] . N i t r o g e n and h y d r o f l u o r i c a c i d were used f o r the o n - l i n e 

s e p a r a t i o n o f a r s e n i c [H ie 8 4 ] . 

5. O n - l i n e mass s e p a r a t i o n 

The HELIOS mass s e p a r a t o r v a t the Mainz TRIGA r e a c t o r i s one o f the few 

f a c i l i t i e s where a g a s - j e t t r a n s p o r t a t i o n system has been coup led success 

f u l l y t o a mass s e p a r a t o r . D e t a i l s o f the g a s - j e t sys tem, the i n t e g r a t e d 

sk immer- ion s o u r c e s , t he s e p a r a t o r and i t s c o l l e c t o r f a c i l i t i e s have been 

p u b l i s h e d e lsewhere [Maz 80 , Maz 8 1 ] . R e c e n t l y , HELIOS was a p p l i e d f o r 

s p e c t r o s c o p i c s t u d i e s o f n e u t r o n - r i c h i s o t o p e s o f praseodymium [ B r u 85] and 

neodymium [ Kar 8 5 ] . Work i s i n p rog ress i n o r d e r t o r e p l a c e the e x i s t i n g i o n 

sources by an j n d u c t i v e l y coup led p_lasma ion source ( I C P ) . In case o f a 

s u c c e s s f u l c o u p l i n g o f the g a s - j e t w i t h the ICP source i t shou ld be p o s s i b l e 

t o i o n i z e any e lement i n the p e r i o d i c t a b l e because tempera tu res o f 6000 -

10000 Κ are reached i n the p lasma. 

6. Out look 

Cont inuous chemica l s e p a r a t i o n s have been proven t o be power fu l t e c h n i q u e s 

a l l o w i n g d e t a i l e d measurements o f the decay p r o p e r t i e s o f e x o t i c n u c l e i w i t h 

h a l f - l i v e s down t o a second over long p e r i o d s o f t i m e . For chemica l 

p rocedures t h i s t ime sca le i s c l o s e t o the l i m i t se t by d i f f u s i o n o f 

chemica l spec ies t h r o u g h boundary l a y e r s between two phases and by the 

v e l o c i t y o f phase s e p a r a t i o n s . F u r t h e r e x p l o r a t i o n s o f y e t unknown s h o r t 

l i v e d n u c l i d e s w i l l r e q u i r e the development o f p rocedures on the t ime 

sca le o f m i l l i s e c o n d s . Promis ing ways seem t o be comb ina t ions o f s p e c i f i c 

n u c l e a r e f f e c t s w i t h c h e m i c a l l y s e l e c t i v e r e a c t i o n s . O n - l i n e mass 

s e p a r a t i o n s i n the m i l l i s e c o n d range have been per fo rmed [ A r j 84] by charge 

exchange and t h e r m a l i z a t i o n processes i n h e l i u m . I t i s c o n c e i v a b l e t h a t the 

cho i ce o f o t h e r gases may i n t r o d u c e chemical s e l e c t i v i t y a l r e a d y i n t o the 

t h e r m a l i z a t i o n p r o c e s s . 
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74 

First Results at Système Accélérateur Rhône-Alpes (SARA) 
with a He-Jet Coupled to a High-Current Mass Separator Source 

R. Beraud1, A. Charvet1, R. Duffait1, A. Emsallem1, M. Meyer1, T. Ollivier1, N. Redon1, 
J. Genevey2, A. Gizon2, N. Idrissi2, and J. Treherne2 

1Institut de Physique Nucléaire (et IN2P3), Université Lyon 1, 43 boulevard du 11 Novembre 
1918, F. 69622 Villeurbanne Cédex, France 

2Institut des Sciences Nucléaires (IN2P3 et USMG), 53 avenue des Martyrs, F. 38026 Grenoble 
Cédex, France 

We report on the performances of a He-jet connected to a Bernas-Nier ion source. 
After a brief description of the system we give the first spectroscopic results 
on very neutron deficient rare-earth isotopes. 

Among the techniques used to study the nuclear structure all over the mass 
surface, in-beam γ -spectroscopy and isotope separator on-line (ISOL) are the 
two most important ones. The first one gives access to high spin physics whereas 
the second one is mainly related with low-spin states at lower energy depending 
on available decay energy. The ISOL systems allow to investigate nuclear species 
produced with very small cross-sections since the products can be studied in a 
very low background environment. The use of intense beams and the development 
of fast and efficient ISOL systems are both necessary to study nuclei far off 
the valley of stability. 
In this paper I will explain our motivations concerning the technical choice of 
a He-jet coupled to a mass separator and then give our first results. 

2- Experimental facility 

2.1 SARA (Sy stème Accélérateur Rhône-Alpes) 

This facility is composed of 
two cyclotrons, a K=90 compact 
one and a K=160 separated 
sector one which is operating 
siiice 1982. An ECR ion source 
is now commonly used for 
the production of C,N,0 and 
Ne beams up to 40 MeV/u 
energy. The layout of the 
beam lines, as shown in fig. 1, 
allows to use also the first 
cyclotron alone when high 
intensity, moderate energy 
beams are needed. This is 
a common mode of operation 
to carry out spectroscopic 
studies by means of fusion-evapo
ration reactions. 

Fig. 1 : General layout of the SARA machine arid experimental areas. 

0097-6156/ 86/ 0324-0490506.00/ 0 
© 1986 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
32

4.
ch

07
4



74. BERAUD ET AL. First Results with a He-Jet 491 

2.2 Layout of the on-l ine isotope separator 

A schemat ic plan view of the new on-l ine separator located on beam l ine 
C is given in f igure 2. The beam f r o m the acce lera tor enters the He- je t reco i l 
chamber through a th in N i window ( 2 m g / c m 2 ) , bombards tbe ta rge t and is then 
stopped in a beam-stopper composed mainly of i ron , lead and polystyrene in order 
to prevent f r o m both neutron and γ background. 
The ion-source of the separator is fed by a capi l lary t ranspor t ing the recoi ls t h e r m a — 
l ized in the He- je t chamber. The separator beam is ex t rac ted at r igh t angle to 
the axis of the beam line and then t ravels in a 120° magnet of index n=1/2. F rom 
the foca l plane the mass-separated beam is then t ranspor ted by means of a 6m 
long Einzel lens to a wel l -shie lded co l lec t ion chamber. A programmable tape- t rans 
por t device carr ies the ac t i v i t y to the count ing s ta t ion where X- rays , γ - r a y s 
and p a r t i c l e s are de tec ted . 
The overa l l per formance of the separator is mainly determined by the quality 
of the magnet . The resolut ion is nowadays 1000 FWHM at mass 100 and the separa 
t ion 17 m m between A=100 and A=101 . It is planned to improve the resolut ion 
by changing mechanical ly the entrance and ex i t magnet boundaries. 

F i g . 2 : Layout of isotope separator in beam l ine C. The numbers indicate : (1) 
He- je t reco i l chamber, (2) beam-sto'pper, (3) ion-source, (4) analysing magnet , 
(5) Einzel lens fo r t ranspor t of mass-separated beam, (6) tape- t ranspor t and count ing 
s ta t ion , (7) power /con t ro l rack of tape- t ranspor t , (8) power /con t ro l of mass-separa~ 

to r . 
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492 NUCLEI OFF THE LINE OF STABILITY 

2.3. H e - j e t coupled to ion-source 

A s c h e m a t i c view of the H e - j e t r e c o i l chamber and integrated s k i m m e r ion-sour 
ce is shown in f igure 3. The r e c o i l chamber is e i ther of mult icapi l lary or sheet 
type as described in [ P L A 81]. 

current may be Λ / 5 m A , al lowing thus outgasing or target e v a p o r a t i o n . A n i m p o r 
tant a p p l i c a t i o n is the use of c a r r i e r gas a n d / o r c h e m i c a l products which may 
give volat i le compounds of re fractory e lements . A high flow pumping system c o m p o 
sed of two roots and a primary pump (3000 m 3 / h - 350 m 3 / h - 120 m 3 / n ) is used 
t o _ ^ k i m off the H e f r o m the s k i m m e r box where the pressure is maintained around 
10 t o r r . The s k i m m e r is a f lat stainless steel plate with a c i r c u l a r hole φ -
1,2 m m in the m i d d l e . 

3. Results 

3.1 The decay of 12s 1 4 3 T b [ O L L 85] 

112 
The act ivi ty was produced by bombarding^ a se l f - support ing 2 m g / c m 2 Sn 

target (enriched to 88 %) wi th a 191 M e V CI b e a m . The r e c o i l s , stopped in 
1 bar H e pressure, were transported via a 6 m long capil lary to the tape - transport 
s y s t e m . A t the counting pos i t ion , measurements including γ -ray mult ianalys is 
decays (typically 8x2 s and 8x10 s), Ύ - Χ and Ύ-Ύ co inc idences were c a r r i e d out 
with intr insic G e d e c t e c t o r s . P a r t i c l e spectra were simultaneously measured wi th 
a 500 μηη Si d e t e c t o r ; no s i g n i f i a n t p a r t i c l e act iv i ty was observed . 
The Ύ-ray s were ascribed to T b decay on the basis of fo l lowing e x p e r i m e n t a l 
evidence : i) a l l these γ - rays are in co inc idence with K a X - r a y s of G d (see f igure 
4). ii) the average measured h a l f - l i f e of the most intense γ- l ines is (12 ± 1) s. 

T h e c o l l e c t i o n volume 
( 0 = 12mm, length=100 
mm) is made of an 
A l u m i n i u m c y l i n d e r 
and connected to the 
main stainless c a p i l l a r y . 
It is p l a c e d in the 
middle of the H e p r e s s u r i 
z e d r e a c t i o n c h a m b e r 
a n d H e gas is fed 
through a t e m p e r a t u r e 
c o n t r o l e d b u b b l e r . 
D i f f u s i o n pump aerosols 
w e r e m a i n l y u s e d 
i n t h e e x p e r i m e n t s 
r e p o r t e d h e r e . F o r 
m o n i t o r i n g o f t h e 
b e a m , a Faraday cup 
f ixed behind a 4 m g / c m 2 

H a v a r w i n d o w w a s 
used. 
T h e i o n - s o u r c e i s 
o f B e r n a s - N i e r t y p e 
a n d is d e s c r i b e d in 
more details in [ C H A 
6 7 ] . T h e e x t r a c t e d 

F i g . 3 : S c h e m a t i c view of H e - j e t r e c o i l chamber and 
integrated s k i m m e r ion-source 
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Decay scheme of Tb. 

Using γ-γ coincidence re la t ions, the f i r s t decay scheme of Tb + Gd is 
shown in f igure 5. No γ t rans i t ion decaying the 152.6 keV level was obs^rj/ed 
and i t is there fore assumed to be the 11/2" isomeric level (1.83 min) of ^ ^ G d 
[WIS 76]. The analogeous state was observed at higher energy (748.7 keV) in Gd 
[NOL 82] 
However i t is w o r t h not ing the s imi lar i ty between both level schemes. The log 
f t value to the 1474 keV state is 4.8 which is typ ica l of an a l l o w s ^ 3 t rans i t i on . 
Therefore we propose a ten ta t i ve spin-pari ty assignment 11/2" to Tb according 
to an n i i / 2 proton s ta te . 

3.2 Iden t i f i ca t ion and decay of 12 s 1 3 8 E u [ C H A 85] 

In this exper iment ^yje same 191 MeV 3 ^ C 1 beam has been used to bombard 
a 2 m g / c m 2 enr iched Cd t a r g e t . Using the same He- je t system as in sect ion 
3.1 a set of measurements including γ - ray mul t ianaly sis (8x3 s) γ -X ray and 
γ - γ coincidences were pe r fo rmed . A group of strong Ύ-rays, w i t h an average 
h a l f - l i f e of (12.1 ± 0.6) s, was found to be coinc ident w i t h K a X- rays of Sm. In 
order to determine which Eu Sm mass chain was concerned, the coupl ing of 
the He- je t to the ion-source of the separator was rea l ized. As shown in f igure 
6, the main Ύ _ Γ 3 ν δ w i t h T 1 / ? = 12 s are present in the mass-separated spect rum 
at A=138. ' 
F rom these spec t ra , the (sk immer + ion-source + magnet ic analyzer + lens t r a n s 
por t ) e f f ic iency was roughly es t imated to be bet te r than 1-0 %. 
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494 NUCLEI OFF THE LINE OF STABILITY 

7+» 12s 

Energy ι keV ) 

Fig.6 : Part of the γ-ray spectrum recorded 
with the He-jet coupled to mass separator 
at A=138 (B=background) 

Fig.7 : Decay scheme of 

12s 1 3 8 E u . 

138 
The first detailed level scheme of Sm shown in figure 7 was constructed from 
this work. The most strongly populated sequence involving Δ 1=2 transitions is 
identified as the g.s. band excited up to 8 + in good agreement with a recent in-beam 
experiment [LUN 85]. 1 3 Q 

A tentative spin parity assignment of 7 + has been made for the 12 s Eu state 
in view of direct feeding, via (ί+EC decay, of levels with spins 6,7 or 8. As 
shown in figure 8 the rapid lowering of the first 2 excited state from N=82 shell 
closure to N=76 corresponds to the increase of nuclear deformation predicted 
by Moller and Nix [MOL 81]. 
Another level sequence with Δ 1=1, exhibiting strong Δΐ=2 transitions arid based 
on a 2 state excited at 745.6 keV can be interpreted as a quasi-gamma band. 
It is worth noting the position of the 2 ' + band head located more than 200 keV 
under the first 4 level. In the framevork of a rigid rotator ^mjDdel, this leads 
to an asymetry parameter γ^25°. Additional data, especially on Sm, are needed 
to give a coherent interpretation of the structure of these nuclei. 

Ε (MeV) 
31-

s ^ e ^ ^ o r ' ' 
bm showing 

t h e f i r s t e x c i t e d 
states. 

2*\V 
4 V 

6 ' 
2'* 
4 * 
3" 

2 -
2*-

2 * 

Ν * 82 

1 3 8 S m ^ S m 1 4 2 Sm 1 4 4 S m 1 4 6 Sm 
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74. BERAUD ET AL. First Results with a He-Jet 495 

4. Conclusion 

From these f i r s t results obtained by means of our new fa c i l i t y we have the 
feeling that a lot of physics may be gained via similar experiments. The new H.I. 
meta l l i c beams ( A l , Si and Ca) available in a very near future w i l l increase the 
number of investigations to be made. Regarding the detectors used, an electron 
detection station is under construction and w i l l be of particular interest for the 
study of low-energy transitions. 
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Silicon Box: New Tool for In-Beam γ-Ray Spectroscopy 
Through Heavy-Ion Fusion Reactions 

M. Ishii1, A. Makishima2, M. Hoshi2, and T. Ishii1 

1Japan Atomic Energy Research Institute, Tokai, Ibaraki-ken, Japan 
2Tokyo Institute of Technology, Meguro-ku, Tokyo, Japan 

A new instrument "silicon box" has been developed which 
works as a charged-particle multiplicity f i l ter . It 
permits us to sort out in-beam gamma-rays by the proton 
number of the fusion residues. It has been applied to 
studies on Sm-138, Sm-136 and Nd-132. Early results of 
Sm-134, Ce-126 and Ce-124 are briefly reported. 

1 . I n t r o d u c t i o n 
Heavy- ion f u s i o n r e a c t i o n s p r o v i d e us w i t h a means f o r s t u d y i n g v e r y 

p r o t o n - r i c h n u c l e i . E n e r g e t i c heavy p r o j e c t i l e s induce n u c l e a r f u s i o n w i t h 
t h e t a r g e t n u c l e i and t r a n s f e r t h e i r e n e r g i e s and a n g u l a r momenta t o t h e 
compound n u c l e i . The n u c l e a r f u s i o n i s f o l l o w e d by t h e emiss ion o f s e v e r a l 
nuc léons and l i g h t n u c l e i w i t h a p a r t o f t h e e x c i t a t i o n energy and a n g u l a r 
momentum. The r e s i d u a l n u c l e i , s t i l l w i t h h i g h e x c i t a t i o n e n e r g i e s and 
s p i n s , d e - e x c i t e e l e c t r o m a g n e t i c a l l y . G e n e r a l l y s p e a k i n g , t h e c h a r g e d -
p a r t i c l e em iss ion i s d isadvantageous f o r t h e p r o d u c t i o n o f p r o t o n - r i c h n u 
c l e i . However t h e r e a re many p r o t o n - r i c h comb ina t i ons o f t he t a r g e t and t h e 
p r o j e c t i l e n u c l i d e s wh ich more than compensate f o r t h e d i s a d v a n t a g e . Those 
h e a v y - i o n f u s i o n r e a c t i o n s l e a d us f u r t h e r f rom t h e l i n e o f s t a b i l i t y than 
l i g h t - i o n f u s i o n r e a c t i o n s . 

However t h i s does n o t mean t h a t gamma-ray t r a n s i t i o n s i n such n u c l e i a re 
easy t o d e t e c t . U s u a l l y we c o n f r o n t t he c o m p e t i t i o n o f many n u c l e a r r e a c t i o n 
c h a n n e l s , wh ich makes in-beam gamma-ray s p e c t r a t oo compos i te t o a n a l y z e . 
In-beam gamma-ray spec t roscopy t h r o u g h h e a v y - i o n f u s i o n i s l o n g i n g f o r a new 
method o f s e l e c t i v e l y o b s e r v i n g gamma-rays e m i t t e d v i a a n u c l e a r r e a c t i o n 
channel o f p a r t i c u l a r i n t e r e s t . 

"A s i l i c o n b o x " , t i t l e d i n t h e p r e s e n t p a p e r , i s a c h a l l e n g e t o t h i s 
p rob lem. I t works as a c h a r g e d - p a r t i c l e m u l t i p l i c i t y f i l t e r , t h a t i s , an 

F i g . l . A s i l i c o n box . 
I t c o n s i s t s o f t e n 
s i l i c o n d e t e c t o r s 
wh ich t a k e c o u n t o f 
p r o t o n s and a l p h a -
p a r t i c l e s e m i t t e d i n 
each f u s i o n e v e n t s . 

0097-6156/ 86/ 0324-0496$06.00/ 0 
© 1986 American Chemical Society 
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75. ISHII ET AL. New Tool for In-Beam y-Ray Spectroscopy 497 

i n s t r u m e n t o f t a k i n g coun t o f c h a r g e d - p a r t i c l e s e m i t t e d i n i n d i v i d u a l f u s i o n 
e v e n t s . I t p e r m i t s us t o s o r t o u t in-beam gamma-rays by t h e p r o t o n number o f 
t h e f u s i o n r e s i d u e s . I n t h e p r e s e n t paper we f i r s t d e s c r i b e t h e s i l i c o n box . 
Then we t a l k about some e x p e r i m e n t s , l a y i n g , s t r e s s on t e c h n i c a l a s p e c t s . 
F i n a l l y a b r i e f d i s c u s s i o n i s g i v e n on p h y s i c a l aspec ts o f t h e e x p e r i m e n t s , 
t h e n u c l e a r d e f o r m a t i o n i n t h e ground band s t a t e s o f n u c l e i w i t h t h e p r o t o n 
and n e u t r o n numbers r a n g i n g f r o m 50 t o 82. 

2. D e s c r i p t i o n o f s i l i c o n box 
The s i l i c o n box compr ises t e n s i l i c o n d e t e c t o r s s u r r o u n d i n g t h e 

t a r g e t w i t h a lmos t 4π s t e r a d i a n , as shown i n f i g . l ; two o f them a re o f an 
a n n u l a r , square t y p e and the o t h e r s are p l a i n , r e c t a n g u l a r ; e i t h e r o f them 
has no marg ina l i n s e n s i t i v e a r e a . A h a l f o f t h e box subtends the f r o n t 2 π 

w i t h r e s p e c t t o t h e t a r g e t and t h e o t h e r h a l f t h e r e a r 2π. Each s i l i c o n 
d e t e c t o r works as a p a r t i a l l y d e p l e t e d Δ Ε c o u n t e r and d i s c r i m i n a t e s between 
p r o t o n s and a l p h a - p a r t i c l e s . I t s d e p l e t i o n dep th i s chosen such t h a t t h e 
e n e r g i e s d e p o s i t e d by p r o t o n s do n o t exceed t h e minimum energy d e p o s i t e d by 
a l p h a - p a r t i c l e s . A t y p i c a l d e p l e t i o n depth employed was 0.4 mm. 

The s i l i c o n d e t e c t o r s were made o f η - t y p e d s i n g l e c r y s t a l o f 1 mm 
t h i c k . They have a MOS s t r u c t u r e o f g o l d , t u n g s t e n o x i d e , η - t y p e d s i l i c o n 
and aluminum back c o n t a c t . S ince these l a y e r s can be d e p o s i t e d on t h e s i l i 
con w a f e r by e v a p o r a t i o n t e c h n i q u e s , the f a b r i c a t i o n process i s so s i m p l e as 
t o be a p p l i c a b l e t o f a b r i c a t i o n o f t he d e t e c t o r s f o r a s p e c i a l use . No s u r 
f a c e t r e a t m e n t f o r p a s s i v a t i o n i s g i v e n t o them so t h a t t h e i r per formance i s 
a f f e c t e d by ambient gases . For example , some g o o d . d e t e c t o r s show a leakage 
c u r r e n t o f h a l f mic ro-ampere a t room tempera tu re i n t h e a tmosphere , b u t a few 
micro-ampere i n vacuum. So, i n o r d e r t o s t a b i l i z e t h e i r p e r f o r m a n c e , t h e 
s i l i c o n d e t e c t o r s were o p e r a t e d a t the d r y i c e t e m t e r a t u r e . 

A p r a c t i c a l u n i t o f d e t e c t o r i s composed o f a s i l i c o n w a f e r , an i n d i 
um f o i l o f 0.5 mm t h i c k and a s u b s t r a t e o f mach inab le g l a s s . The i nd ium f o i l 
makes e l e c t r i c c o n t a c t w i t h t he aluminum l a y e r on t h e w a f e r . The d imens ions 
o f t h e w a f e r s and t h e s u b s t r a t e s a re as f o l l o w s : 

A n n u l a r t y p e : 
Si w a f e r 35 mm χ 35 mmwith a h o l e o f 12 mm i n d i a m e t e r . 
S u b s t r a t e 37.5 mm χ 37.5 mm χ 5 mm w i t h a h o l e o f t h e same s i z e . 

P l a i n t y p e : 
Si w a f e r 30 mm χ 35 mm. 
S u b s t r a t e 37.5 mm χ 37. 5 mm χ 5 mm. 

The f o i l was f i x e d on t h e s u b s t r a t e w i t h c y a n o a c r y l a t e a d h e s i v e , and then the 
w a f e r on t h e f o i l . F i n a l l y t h e g o l d l a y e r o f t h e d e t e c t o r was covered w i t h 
a 10 urn t h i c k c o p p e r , bo th ends o f wh ich were f i x e d on t h e s i d e s o f t h e sub
s t r a t e . The copper f o i l conducts t h e c u r r e n t f r o m the d e t e c t o r t o t h e ground 
a n d , on the o t h e r hand , p r o t e c t s t h e d e t e c t o r f rom the s c a t t e r e d beam and 
low energy d e l t a - r a y s f rom t h e t a r g e t . F i ve d e t e c t o r s a re assembled on an 
a lun inum h o l d e r : The a n n u l a r d e t e c t o r i s f a s t e n e d w i t h two screws by t h e 
back o f t h e s u b s t r a t e and the f o u r p l a i n o t h e r s a re pu t u p r i g h t a r r o u n d the 
a n n u l a r d e t e c t o r s . 

The r e l i a b i l i t y o f t he m u l t i p l i c i t y measurement depends on t h e number 
o f t h e d e t e c t o r s employed, a t o t a l o f s o l i d ang les subtended by them and the 
e f f i c i e n c y and accuracy o f t he p a r t i c l e i d e n t i f i c a t i o n . The p r o b a b i l i t y o f 
two c h a r g e d - p a r t i c l e s e n t e r i n g a d e t e c t o r decreases w i t h t h e number o f t h e 
d e t e c t o r s , w h i l e t h e s o l i d a n g l e uncovered and t h e c o m p l e x i t y o f e l e c t r o n i c 
p r o c e s s i n g o f t h e s i g n a l s f r o m t h e d e t e c t o r s i n c r e a s e . As a r e s u l t , t e n 
d e t e c t o r s t o cover t h e t a r g e t i s a reasonab le compromise. The e f f i c i e n c y o f 
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498 NUCLEI OFF THE LINE OF STABILITY 

o f c h a r g e d - p a r t i c l e d e t e c t i o n exceeds 95 % i n t he s i l i c o n box . However t h e 
ΔΕ pu l se h e i g h t s o f p r o t o n s and a l p h a - p a r t i c l e s do no t c o m p l e t e l y sepa ra te 
f rom each o t h e r . A d d i t i o n a l l y t he ΔΕ s p e c t r a c o n t a i n cont inuums o f p o s i t r o n s 
and h i g h energy d e l t a - r a y s . These degrade the q u a l i t y o f t he p a r t i c l e i d e n 
t i f i c a t i o n . The s i l i c o n box has shown a r e l i a b i l i t y o f 70 t o 80 % i n m u l t i 
p l i c i t y measurements. 

3. Exper iments 
In-beam exper imen ts have been made on l i g h t i s o t o p e s o f Sm, Nd and Ce 

by t h e use o f the s i l i c o n box a t t he JAERI tandem a c c e l e r a t o r l a b o r a t o r y . 
The s i l i c o n box was mounted i n a smal l vacuum chamber. In t he gamma-gamma 
c o i n c i d e n c e s a p a i r o f germanium d e t e c t o r s o f 60 c . c . were p laced 4 cm f rom 
the t a r g e t a t 9 0 ° w i t h r e s p e c t t o t h e d i r e c t i o n o f i n c i d e n t beams. T h i s c o n 
f i g u r a t i o n i s a p r a c t i c a l cho i ce f o r the smal l germanium d e t e c t o r s . Severa l 
d e t e c t o r s , i f a v a i l a b l e , w i l l a l l o w a n o t h e r c h o i c e wh ich avo ids the Dopp ler 
b r o a r d e n i n g o f gamma-l ines and f a v o r s the a n i s o t r o p y o f t h e a n g u l a r d i s t r i 
b u t i o n s o f E2 t r a n s i t i o n s . The t a r g e t used i n most exper imen ts c o n s i s t e d o f 
two l a y e r s ; one was about 3 mg/cm 2 o f e n r i c h e d i s o t o p e , and the o t h e r 4 mg 
/ c m 2 o f t he back ing m a t e r i a l wh ich s tops r e c o i l i n g f u s i o n r e s i d u e s b u t does 
n o t f use w i t h t he p r o j e c t i l e s . I f t h e t a r g e t f o i l s o f about 0 .5 mg/cm 2 were 
a v a i l a b l e t h a t had a h i g h m e l t i n g tempera tu re enough t o w i t h s t a n d the beam 
i r r a d i a t i o n , the D o p p l e r - s h i f t e d gamma-rays were observed f o r the l i f e t i m e 
measurements. Exper iments on Sm-138, Sm-136 and Nd-132 have been f i n i s h e d , 
bu t those on Sm-134, Ce-126 and Ce-124 are c o n t i n u e d . I n t he f o l l o w i n g t h e 
exper imen ts c a r r i e d o u t a re summarized: 

Sm-138: A g - 1 0 7 ( C l - 3 5 , 2p x n ) , E(C1-35)=165 MeV, 2 ρ - γ - γ c o i n c i d e n c e s , 
2 ρ - γ ( θ ) , 2p -Dopp le r s h i f t e d γ . 

Sm-136 and Nd-132: A g - 1 0 7 ( S - 3 2 , ρ χ α y n ) , E(S-31)=160 MeV, ρ - γ - γ , 
Ρ -Ύΐθ ) . p -Dopp ler s h i f t e d γ , ρ - γ - η . 

Sm-134: Cd -106 (S-32 , 2p x n ) , E(S-32)=170 MeV, 2 ρ - γ - γ , 2 ρ - γ - η . 
Ce-126: M o - 9 2 ( C l - 3 7 , ρ x n ) , E(C1-37)=165 MeV, ρ - γ - γ , ρ - γ - η . 
Ce-124: M o - 9 2 ( C l - 3 5 , ρ x n ) , E(C1-35)=165 MeV, ρ - γ - γ , ρ - γ - η . 

Now we i l l u s t r a r e the per formance o f t he s i l i c o n box w i t h some e x p e r 
imen ta l r e s u l t s . F i g . 2 shows a gamma-ray spect rum c o i n c i d e n t w i t h two p r o 
tons e m i t t e d i n t he r e a c t i o n Cd-106(S-32 , xp y n ) . The ALICE [PLA75] p r e d i c t s 

F i g . 2 . Gamma-rays 
c o i n c i d e n t w i t h two 
p r o t o n s i n r e a c t i o n 
C d - 1 0 6 ( S - 3 2 , xp y n ) . 

CHRNNEL 
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75. ISHII ET AL. New Tool for In-Beam y-Ray Spectroscopy 499 

t h a t i n t h i s r e a c t i o n f u s i o n r e s i d u e s Nd-134 , Nd-132, Pm-135, Pm-134, Sm-135 
and Sm-134 have the y i e l d s ove r 30 mb a t p r o j e c t i l e e n e r g i e s o f 140 t o 170 
MeV; Pm-135 and Nd-134 are s t r o n g l y p o p u l a t e d and the o t h e r y i e l d s a re o f 
comparable magn i tude . I n f a c t f i g . 2 i n c l u d e s gamma-ray t r a n s i t i o n s e m i t t e d 
f rom Pm and Nd i s o t o p e s wh ich shou ld be found i n t he gamma-ray s p e c t r a w i t h 
m u l t i p l i c i t i e s 3 and 4 , r e s p e c t i v e l y . From the c o n t a m i n a t i o n by t h e gamma-
rays w i t h h i g h e r m u l t i p l i c i t i e s the r e l i a b i l i t y o f t he m u l t i p l i c i t y i s e s t i 
mated t o be 70 t o 80 %. Fur thermore f i g . 2 e x e m p l i f i e s the i s o t o p e s i d e n t i 
f i c a t i o n . The s i l i c o n box makes i t p o s s i b l e t o i d e n t i f y induced n u c l e i w i t h 
i n a few i s o t o p e s . U s u a l l y , as i s t he case f o r t h i s , one i s an even-even n u 
c l e u s and a n o t h e r an odd one. So we can d i s t i n g u i s h between them by a pe
c u l i a r p a t t e r n o f gamma-ray s p e c t r a f rom even-even n u c l e i . Such one i s i l 
l u s t r a t e d i n f i g . 3 by a spect rum o f the ground band t r a n s i t i o n s i n Sm-134 
wh ich i s reduced f rom e v e n t - b y - e v e n t r e c o r d 2 ρ - γ - γ . 

The s i l i c o n box has been employed f o r t he purpose o f t he l i f e t i m e 
measurements as w e l l . I n t he case where the r e c o i l d i s t a n c e i s up t o 6 mm, 
t h e t a r g e t and t h e p l u n g e r f o i l s , s u p o r t e d on t h i n , f l a t f r a m e s , a re p laced 
between the two ha lves o f t h e box . Beyond a r e c o i l d i s t a n c e o f 6 mm, one o f 
t h e s i d e d e t e c t o r s o f t he r e a r h a l f i s removed and the t a r g e t f o i l i s s e t 
t h e r e . T h i s i s a minimum expense o f t he m u l t i p l i c i t y measurement. The f l a t 
ness o f t h e t a r g e t and the p l u n g e r l i m i t t e d the accuracy o f measured l i f e 
t imes t o ±3 p s . 

4 . R e s u l t s and d i s c u s s i o n 
Many w e l l - d e f o r m e d n u c l e i have been found i n r a r e e a r t h and a c t i n i d e 

r e g i o n s . I n those n u c l e i t h e r a t i o o f t he e x c i t a t i o n e n e r g i e s o f t h e 4 + t o 
the 2 + s t a t e s E 4 / E 2 a re a lmos t equal t o t he r o t a t i o n a l l i m i t 1 0 / 3 . The low
e s t va lues o f t h e E 2 a re about 72 keV and 43 keV, r e s p e c t i v e l y . Can we f i n d 
such w e l l - d e f o r m e d n u c l e i i n t h e r e g i o n o f t he p r o t o n and n e u t r o n numbers 
r a n g i n g f rom 50 t o 82 ? What t h e minimum E 2 t h e r e ? these q u e s t i o n s have 
n o t been answered y e t because we l1 -de fo rmed n u c l e i , i f a n y , a re too p r o t o n -
r i c h and have t o o poor y i e l d s t o observe by c o n v e n t i o n a l in-beam s p e c t r o 
s c o p i c methods. The p r e s e n t s t u d i e s on l i g h t i s o t o p e s o f Sm, Nd and Ce aim 
a t f i n d i n g a c l u e t o t he q u e s t i o n s . 

134SM 
163 keV 

F i g . 3'. Gamma-
rays i n Sm-134. 

316 keV The spect rum was 

418 keV 

491 keV 

p r o j e c t e d f rom 
e v e n t - b y - e v e n t 
r e c o r d 2 ρ - γ - γ 
i n t h e same r e 
a c t i o n as i n 

3 
Ο 

F i g . 2 . 

563 keV 

CHANNEL 
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500 NUCLEI OFF THE LINE OF STABILITY 

1*1 

6 8 3 

6 3 6 

12+ 

5 9 9 

5 7 9 

5 2 1 

2 1 3 2 + 

0+ 0 

E X P . IBM-2 

4 Sm 

6U2 

56U 

U l 8 

o' ο 
E X P . IBM-2 

, 3 6 Sm 

8 Β·; 

!ί Ί K + H + — 

|T3U 

12 12-
6 7 3 

— 10+ 

612 
; + 

5 7 0 

5 3 2 

U28 

' — 2+ 

E X P . IBM-2 
0 * — 0 
extended 

BSm + 

657 12-

356 + 10̂  

552 

775 

685 

3U7 

E X P . IBM-2 

F i g . 4 . Level schemes o f Sm-138, Sm-136, 
Sm-134 and Nd-132. 

ο — 
extended 

IBM-2 

Level schemes o f Sm-138, Sm-136, Sm-134 and Nd- 132 are g i v e n i n f i g . 
4 and t h e l i f e t i m e s o f some e x c i t e d s t a t e s a re summarized i n t a b l e 1 . The 
e x c i t a t i o n e n e r g i e s i n these n u c l e i have been computed on t h e b a s i s o f t he 
i n t e r a c t i n g boson mode l , IBM-2 L0TS78J. The computa t ions a re i n good a g r e e 
ment w i t h t he e x p e r i m e n t a l r e s u l t s o f Sm-136, Sm-134 and Nd-132 bu t n o t o f 
Sm-138. The extended IBM-2 wh ich i n c l u d e s the i n t e r a c t i o n between the bosons 
and a t w o - q u a s i p a r t i c l e 1 0 + s t a t e can reproduce t h e e x p e r i m e n t a l s i t u a t i o n : 
In Sm-138 an i s o m e r i c 1 0 + s t a t e and the success i ve h i g h s p i n s t a t e s appear a t 
lower e x c i t a t i o n e n e r g i e s than t h e ground band s t a t e s w i t h t he c o r r e s p o n d i n g 
sp ins which the IBM-2 p r e d i c t s . Th i s i n d i c a t e s t h e f a c t t h a t t h e c o l l e c t i v i 
t y i n t he ground band s t a t e s r a p i d l y evo lves w i t h t he decrease o f t h e n e u t r o n 
number. The B ( E 2 ) ' s deduced f rom t h e l i f e t i m e s o f t he 2+ s t a t e s i n Sm-138, 
Sm-136 and Nd-132 g i v e a n o t h e r s u p p o r t t o t he above v i e w p o i n t ; the enhance
ments o f t he r e s p e c t i v e B ( E 2 ) ' s a re 8 0 , 120 and 180 i n Weisskopf u n i t s . 
D e t a i l s a re g i v e n i n r e f e r e n c e [MAK78]. 

Tab le 1 . H a l f - l i f e t i m e s o f e x c i t e d s t a t e s i n Sm-138, Sm-136 
and Nd-132 i n u n i t s o f p s . 

2+ 4 ^ 10^ 12+ 

Sm-138 4 5 ( 6 ) 5 . 5 ( 0 . 2 ) x l 0 2 33 (2 ) 
Sm-136 1 . 3 ( 0 . I ) x l 0 2 8 - 1 3 < a few ps 
Nd-132 2 . 2 ( 0 . 2 ) x l 0 2 1 4 - 1 9 < a few ps 

Other a c c e s s i b l e c a n d i d a t e s o f w e l l - d e f o r m e d n u c l e i a re Ce-126 and 
Ce-124. E a r l y r e s u l t s r e v e a l e d t h e i r l e v e l schemes as d e p i c t e d i n f i g . 5 
which have been b u i l t on the ρ -γ -γ c o i n c i d e n c e s . These n u c l e i , t o g e t h e r w i t h 
o t h e r l i g h t Ce i s o t o p e s , fo rm smooth s y s t e m a t i c curves o f t he E 2 and t h e 
E*/E2. E s p e c i a l l y t he E 2 o f 142 keV and the E i » / E 2 o f 3 .15 i n Ce-124 a re the 
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75. ISHII ET AL. New Tool for In-Beam y-Ray Spectroscopy 501 

0 L o» U2 

16*-

12*-

2* -
o*-

F i g . 5 . Leve l schemes o f 
Ce-126 and Ce-124. 
These a r e b u i l t on t h e 
ρ -γ -γ c o i n c i d e n c e s i n 
r e a c t i o n M o - 9 2 ( C l - 3 5 / 3 7 , 
xp y n ) . The s p i n s a r e 
t e n t a t i v e l y a s s i g n e d . % 

extremes t h a t have ever been measured. I t i s w o r t h y o f no te t h a t t he fo rmer 
g i v e s an e s t i m a t e o f t he n u c l e a r d e f o r m a t i o n $=0.31 [DAV66] and t h e l a t t e r 
i s v e r y c l o s e t o t he r o t a t i o n a l l i m i t 1 0 / 3 . However a d e t a i l e d d i s c u s s i o n on 
n u c l e a r d e f o r m a t i o n needs the l i f e t i m e s o f the f i r s t e x c i t e d s t a t e and o t h e r s . 
Ano ther i n t e r e s t i n g f a c t i s t h a t backbending takes p l a c e i n t h e l e v e l scheme 
o f Ce-124 b u t n o t i n those o f Sm-134 and Nd-132. 

F i n a l l y we ask f u r t h e r q u e s t i o n : • Can we f i n d any more w e l l - d e f o r m e d 
n u c l e i i n t h i s r e g i o n ? We may t h i n k o f more p r o t o n - r i c h n u c l e i such as Sm-
132, Nd=126 and Ce-122. However these n u c l e i a re s i t u a t e d on t h e verge o f 
t he p r o t o n d r i p p i n g so t h a t t h e i r y i e l d s are a few mb o r l e s s . The o b s e r v a 
t i o n o f in-beam gamma-rays f r o m them r e q u i r e s a h i g h e r q u a l i t y o f c h a r g e d -
p a r t i c l e m u l t i p l i c i t y f i l t e r . 
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76 
Decay of 138Eu and 136Eu and Deformation in the Light Sm Region 

R. L. Mlekodaj1, R. A. Braga2, B. D. Kern3, G. A. Leander1, K. S. Toth4, and B. Gnade5 

1UNISOR, Oak Ridge Associated Universities, Box 118, Oak Ridge, TN 37831 
2Georgia Institute of Technology, Atlanta, GA 30332 
3University of Kentucky, Lexington, KY 40506 
4Oak Ridge National Laboratory, Oak Ridge, TN 37831 
5Texas Instruments Corporation, Dallas, TX 75265 

The remote region of deformation in the very light rare earth region 
has been investigated by observation of the decay of 138Eu and 136Eu. 
These nuclei were produced with 48Ti beams incident on 92Mo targets 
and mass separated on-line at the UNISOR facility. Fifteen gamma 
rays associated with a 12±1 s activity attributed to 138Eu decay have 
been identified and ten of these placed in a decay scheme. The 2+->0+ 
transition in 136Sm has also been identified. These results are 
compared to IBM2 and cranking model predictions. 

I t has long been recogn ized [SHE61] t h a t a reg ion o f permanent ly 

deformed n u c l e i e x i s t s i n t he reg ion where Ζ and A are both between 50 and 

8 2 . Th is r e g i o n , however, i s l o c a t e d w e l l away f rom the l i n e o f β - s t a b i l i t y 

w i t h t he c e n t r o i d l y i n g beyond the p r o t o n d r i p l i n e . The remote l o c a t i o n 

has made expe r imen ta l i n v e s t i g a t i o n s d i f f i c u l t . The c h a r a c 

t e r i z a t i o n o f these n u c l e i has r e c e n t l y been f a c i l i t a t e d , however, by the 

development o f h e a v y - i o n a c c e l e r a t o r s capable o f p roduc ing these n u c l e i 

coup led w i t h the c o n t i n u i n g development o f o n - l i n e i s o t o p e s e p a r a t o r systems 

and m u l t i - d e t e c t o r a r r a y s . In a d d i t i o n , t h e o r e t i c a l impetus f o r i n v e s t i g a 

t i o n o f t h i s reg ion has been p r o v i d e d by a recen t deformed s h e l l model c a l c u 

l a t i o n which shows t h a t a promontory o f s t r o n g d e f o r m a t i o n d i r e c t e d back 

toward t h e l i n e o f 3 - s t a b i l i t y may e x i s t around t h e samarium and promethium 

n u c l e i [ L E A 8 2 ] . The recen t development o f an o n - l i n e t h e r m a l - i o n i z a t i o n i on 

source [MLE86] a t UNISOR [SPE81] capable o f e f f i c i e n t l y i o n i z i n g the elements 

i n t h i s reg ion coupled w i t h the a v a i l a b i l i t y o f f a v o r a b l e t a r g e t s w i t h Ζ f rom 

40 t o 47 (Zr t o Ag) as w e l l as good beams o f 3 2 S , 3 * S , 3 5 C 1 , ** 8 Ti and ^ T i 

0097-6156/ 86/ 0324-0502$06.00/ 0 
© 1986 American Chemical Society 
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76. MLEKODAJ ET AL. Deformation in the Light Sm Region 503 

a v a i l a b l e f rom t h e Ho i i f i e l d Heavy- Ion F a c i l i t y have l ed t o t h e i n i t i a t i o n o f 

a program t o s tudy t h e unknown or l i t t l e known n u c l e i i n t h i s r e g i o n . The 

s p e c i f i c exper iment d e s c r i b e d here i s t he p r o d u c t i o n o f 1 3 6 E u and 1 3 8 E u and 

t h e f i r s t o b s e r v a t i o n o f gamma rays f rom t h e i r decay. 

The ion source used i n these i n v e s t i g a t i o n s i s shown i n F i g . 1 . I t i s 

a very smal l volume ion source heated w i t h a t u n g s t e n f i l a m e n t t o i n t e r n a l 

t e m p e r a t u r e s o f up t o 3000°K. The t a r g e t / w i n d o w , open t o t he a c c e l e r a t o r 

beam l i n e , reaches a maximum tempera tu re o f 2200°K w i t h no i n c i d e n t beam. 

Heat ing by the i n c i d e n t beam i n c r e a s e s the t a r g e t / w i n d o w tempera tu re d u r i n g 

o p e r a t i o n . For t he p resen t e x p e r i m e n t , a t a r g e t / w i n d o w o f 9 2 M o o f 1.85 mg/cm 2 

was used w i t h a beam o f * * 8 Ti a t an energy o f 225 MeV. The r e c o i l i n g p roduc t 

n u c l e i were s topped i n a l a y e r o f g r a p h i t e f e l t f rom where they were e v a 

p o r a t e d , i o n i z e d and e x t r a c t e d t o fo rm a beam. The r e a c t i o n s 9 2 Μ ο ( * * 8 Γ ί , p n ) 1 3 8 E u 

and 9 2 M o ( i * 8 T i , p 3 n ) 1 3 6 E u were chosen because very low c ross s e c t i o n s f o r xn 

r e a c t i o n s r e l a t i v e t o pxn us ing t a r g e t s and p r o j e c t i l e s o f about these masses, 

were p r e d i c t e d by t h e e v a p o r a t i o n code OVERLAID ALICE [BLA76] and a l s o c o n 

f i r m e d i n t e s t e x p e r i m e n t s . 

Graphite • Ta M B N M 
Β m 

/ \ 

t a r g e t / w i n d o w , 2) g r a p h i t e 

f e l t c a t c h e r , 3) t u n g s t e n 

f i l a m e n t , 4) Ta t a r g e t 

r e t a i n e r , 5) g r a p h i t e f e l t 

heat s h i e l d i n g , 6) Ta heat 

s h i e l d , 7) Ta suppor t f o r 

g r a p h i t e f e l t . 

F i g . 1 . UNISOR thermal 

i o n i z a t i o n s o u r c e . 1) 

0 3 

Centimeters 
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504 NUCLEI OFF THE LINE OF STABILITY 

The mass-separa ted beam o f a p p r o p r i a t e mass was d i r e c t e d down one o f 

t h e UNISOR beam l i n e s t o a f a s t tape c o l l e c t i o n sys tem. A f t e r a c o l l e c t i o n 

t i m e o f 24 s , t h e tape moved i n 0 .5 sec t o a c o u n t i n g s t a t i o n where m u l t i -

spect rum s c a l i n g and gamma-gamma c o i n c i d e n c e da ta were s i m u l t a n e o u s l y 

a c q u i r e d . The 1 3 8 E u decay was observed f o r about 20 hr and t h e 1 3 6 E u f o r 

o n l y about 2 hr a t a t y p i c a l * * 8 Ti beam l e v e l o f 30 p a r t i c l e - n A . 

Two gamma rays a t t r i b u t e d t o 1 3 8 E u , 347 keV and 544 keV, were 

i n t e n s e enough t o p e r f o r m a h a l f - l i f e a n a l y s i s . The r e s u l t s are i n d i c a t e d i n 

F i g . 2 ; t h e best va lue o f t he * 3 8 E u h a l f - l i f e i s 12±1 s . No i n d i c a t i o n o f 

t h e p r e v i o u s l y r e p o r t e d h a l f - l i v e s o f 1.5 s and 35 s [B0G77] cou ld be found 

even though da ta were a l s o a c q u i r e d a t s h o r t e r and l onge r c o l l e c t i o n t i m e s . 

The 12 s h a l f - l i f e agrees w i t h a va lue o b t a i n e d i n an e a r l i e r r e p o r t e d a n a l y 

s i s o f X- rays and a t t r i b u t e d t o * 3 8 E u [N0W82]. 

The t o t a l c o i n c i d e n c e spectrum f o r 1 3 8 E u decay i s shown i n F i g . 3. 

The l e v e l scheme d e r i v e d f o r 1 3 8 S m based on a complete a n a l y s i s o f t h e c o i n 

c idence r e l a t i o n s h i p s i s g i ven i n F i g . 4 . The i d e n t i f i c a t i o n o f t he ground 

s t a t e band i n 1 3 8 S m up t o a s p i n o f 8+ i s i n agreement w i t h recen t in-beam 

exper imen ts [ L I S 8 5 ] . The p o p u l a t i o n o f t h e 8+ s t a t e i n 1 3 8 S m i n d i c a t e s a 

h i g h s p i n f o r t h e decay ing s t a t e i n 1 3 8 E u and may be r e l a t e d t o t h e 7- l e v e l 

i d e n t i f i e d i n t h e decay o f 1 J * 2 E u [KEN75] . No i n d i c a t i o n o f t he low s p i n 

decay ( i . e . a 1+ l e v e l as i n ^ ° E u and ^ 2 E u ) cou ld be i d e n t i f i e d . Th is low 

s p i n isomer i s expected t o have a much s h o r t e r h a l f - l i f e and may not escape 

t h e i o n source i n t i m e t o be d e t e c t e d . On t h e o t h e r hand, a low s p i n isomer 

may not be popu la ted t o a g r e a t e x t e n t i n t h i s heavy - i on r e a c t i o n . The 

placement o f a second 2+ l e v e l f rom in-beam work [LUN85] a t 745 keV i s a l s o 

s u b s t a n t i a t e d by our da ta a l t h o u g h t h e s p i n cannot be u n i q u e l y d e t e r 

m ined . 

I n a d d i t i o n , t h e 1 3 6 E u decay was i n v e s t i g a t e d f o r a b r i e f t i m e . 

A l though no gamma l i n e s cou ld be d i s c e r n e d i n t h e s i n g l e s d a t a , t h e 256 keV 

(2+ 0+ t r a n s i t i o n i n 1 3 6 S m [ L I S 8 5 ] ) l i n e was observed i n t h e t o t a l c o i n 

c idence s p e c t r u m , F i g . 5. 

In F i g . 6 , t h e 2+ e n e r g i e s f rom t h i s work a long w i t h o t h e r known 2+ 

e n e r g i e s f o r even-even Sm i s o t o p e s are p l o t t e d a long w i t h t h e r e s u l t s o f some 

t h e o r e t i c a l p r e d i c t i o n s . The IBM2 c a l c u l a t i o n s were c a r r i e d out as d e s c r i b e d 

by Scho l ten [SCH79] u s i n g parameters f o r t h e l i g h t Sm i s o t o p e s d e r i v e d f rom 

Puddu e t a l . [PUD80] . The c r a n k i n g c a l c u l a t i o n s were made w i t h 
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506 NUCLEI OFF THE LINE OF STABILITY 

F i g . 6 . Comparison o f 

e x p e r i m e n t a l da ta w i t h 

c r a n k i n g and IBM2 models . 

72 82 92 
Ν 

t h e m o d i f i e d o s c i l l a t o r ( N i l s s o n ) s i n g l e - p a r t i c l e model a t t h e S t r u t i n s k y 

e q u i l i b r i u m d e f o r m a t i o n s . BCS p a i r i n g was t r e a t e d by t h e average gap method. 

The average gap was o b t a i n e d by s c a l i n g t h e g l o b a l f o rmu la o f Jensen e t a l . 

[ J E N 8 4 ] . The p resen t c r a n k i n g c a l c u l a t i o n s are s l i g h t e x t e n s i o n s and 

m o d i f i c a t i o n s o f c a l c u l a t i o n s by Ragnarsson e t a l . [RAG74]. 

The expe r imen ta l p o i n t s f o r 1 3 8 S m (N=76) and 1 3 6 S m (N=74) f a l l between 

t h e p r e d i c t i o n s o f t h e two c a l c u l a t i o n s . The t r e n d o f t h e 2+ ene rg ies shows a 

smooth r a p i d decrease out t o N=74. The 2+ energy at N=72 as de termined by 

L i s t e r e t a l . [ L I S 8 5 ] i s 163 keV, aga in w i t h i n t he range of t h e c a l c u l a t i o n s , 

and c o n t i n u e s the r a p i d dec rease . The t r e n d f rom N=76 t o 72 appears more 

c o m p a t i b l e w i t h t he r e c e n t l y p r e d i c t e d [LEA82] l a r g e i n c r e a s e i n d e f o r m a t i o n 

between these neu t ron numbers ( l ower branch o f t h e dashed curve i n F i g . 6) 

t han w i t h t h e smooth e v o l u t i o n o f d e f o r m a t i o n o b t a i n e d e a r l i e r [RAG74] 

(upper b ranch) and a l s o suggested by the IBM2 r e s u l t s . F i n a l l y , we note t h a t 

t h e t h e o r e t i c a l 2+ ene rg ies are h i g h e r f o r N<82 than f o r N>82 and t h i s p r e 

d i c t i o n i s borne out by the d a t a . 
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Collective nuclear structures, 

manifestations of fermion 
dynamical symmetry, 27-34 

Collinear fast-beam laser 
spectroscopy, 361f 

Compton suppression 
spectrometer, 465-466 

Continuous separations, 482-487 
by chemical reactions in the carrier 

gas, 485-486 
on-line mass separation, 486 
solvent extraction system, 483-485 

Contour plot, tellurium-124, 86,87f 
Copper-62, Sp(24) spectrum, l 8 f 
Copper-75, half-lives and delayed 

neutron emission 
probabilities, 174t,175f 

Core particle weak coupling, 20 
Coriolis coupling, 329 
Coulomb excitation, experimental 

tests, 20-26 
Coupled channel method, 87 
Cranked shell model frequency, 

platinum isotopes, 327f 
Curved-crystal spectrometer, 466-469 
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524 NUCLEI OFF THE LINE OF STABILITY 

D 

Decay 
europium-136 and -138, 502-506 
polonium-198 and -200, 394,395f 

Decay curves 
lead-190 and -192, 402f 
total-projected coincidence 

spectra, 300f 
Decay scheme 

astatine-197, 260f 
europium-138, 493 ,494 f 
lutetium-163, 319,320f 
praseodymium-135, 307 
protoactinium-231, 275f 
radium-225, 273f 
terbium-143, 492 ,493f 

Deformation, europium-136 and 
-138, 502-506 

Deformed nuclei, a mixed-symmetry 
interpretation of some low-lying 
bands, 47-52 

Delayed neutron precursors, 171-176 
Dipole collectivity, in 

nuclei, 278-283 
Dipole strength functions, 

lutetium -176, 110,111f 
Discrete levels 

in analysis of primary γ-ray 
spectra, 111-112 

in deriving absolute dipole strength 
functions, 109-111 

isomer ratios, 106-109 
level-density 

parameterization, 102-105 
Droplet model of Myers and 

Swiatecky, 85 
Dynamic deformation model, 

reviewed, 85-90 
Dynamic symmetry 

with i - i coupling, 60-64 
with k-k coupling, 60-64 

Dynamical supersymmetry, for odd-odd 
nuclei, 14-19 

Ε 

E1 strength functions, yttrium -89 and 
zirconium-90, 110,111f 

Electric dipole transitions, 
actinium-225 and -227 and 
radium-225, 272-277 

Electromagnetic moments, 
polonium-198, -200, and 
-210, 392-398 

Electromagnetic properties, lead 
isotopes, 399-404 

Electromagnetic transition amplitudes, 
distribution, 115-119 

Elements, estimates of lower limit 
half-lives, 353,354t 

Elements studied by low-temperature 
nuclear orientation, 351f 

Energy levels % 

antimony-133, 72f,73t 
erbium-156, 344f,345 
iodine-135, 75f,76 
praseodymium-135, 306f 
tellurium-133, 74-75f 
tellurium-134, 73 , 7 4 f 
three-quasi-particle 

nuclides, 74,75f,76 
tin-130, 73,74f 
tin-131, 72f,73t 
two-quasi-particle 

nuclides, 73,74f 
yttrium-88 and -90, 8 l,82f 

Erbium-145, level scheme, 344f 
Erbium-156 

energy levels, 344f,345 
sequence of states, 295,296f 

Erbium-158 
decay curves, 300f 
illust r a t i o n of aligned 24 + and 30 + 

states, 295f 
partial level scheme, 346f 
positive parity even spin 

configurations, 294f 
spectrum of transitions, 345,346f 
total-projected coincidence 

spectra, 300f 
transition quadrupole moments, 302f 

Erbium-258, band structure, 292,293f 
Estimator method, yttrium -89 , 103,104f 
Europium-136 

decay and deformation, 502-506 
total coincidence spectrum, 505f 

Europium-138 
decay and deformation, 502-506 
decay scheme, 493,494f 
h a l f - l i f e determination, 504,505f 

Excitation function 
bismuth-209, 101,102f 
lutetium-175, 109f 
strontium-88, 106,107f 
thulium-169, 100,101f 
yttrium-89, 100,101f 

Exotic light nuclei, direct mass 
measurements, 459-463 

Exotic nuclei, techniques for 
study, 452-453 

F 

Fermion dynamical symmetry 
model, 27-34 

Fermion pairs (L = 2), nuclear dynamic 
symmetry models, 59-64 
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INDEX 525 

Fission lifetimes 
doubly magic nuclei, 8 8 , 8 9 f 
superheavy nuclei, 8 9 , 9 0 f 

Fluorescence spectrum, radon-207, 3 8 4 f 
Folded-Yukawa wave function, 1 6 2 - 1 6 4 
Francium-209 

measured wavenumbers, 3 8 3 t 
optical resonances, 3 8 l - 3 8 2 f 

G 

γ anisotropy, iodine 
isotopes, 351,356f 

Y-ray excitation curves, 
platinum-198, 472f,473 

Ύ-ray spectrum 
following the 

mer cur y-198 ( α, 6, η ) 1 ead-196 
reaction, 253f 

neodymium-143 and -144, 336,337f 
rhenium-182, 332f 
terbium-143, 493f 
transition energies in 

lead-196, 253,254f 
£ factors 

barium-138, 3 8 8 t 
barium-144 and -146, 3 8 9 t 
cerium-140, 3 8 8t 
cerium-146 and -148, 389t,424-425 
lead isomers, 402,403f 
molybdenum-102 and -104, 389t 
polonium-198 and -200, 394-395f 
tellurium-134, 3 8 9 t 
xenon-136, 388t 
zirconium-100, 3 8 9 t 

Gadolinium-146, shell-model 
states, 335 ,336f 

Gadolinium-14 8(ρ,t)gadolinium-146, 
spectrum, 479f 

Gadolinium-156, band-head 
energies, 48,49f 

Gallium-79, -80, -81, -82, and - 8 3 , 
half-lives and 
delayed neutron emission 
probabilities, 174t,175f 

Gamow-Teller 3 transitions, 
proton-rich nuclei, 440-441f 

Gamow-Teller properties 
allowed decay, 153-158 
in astrophysical r process, 149-152 
in astrophysical s and 

r processes, 145-148 
3-strength functions, 159-164 

Gilbert-Cameron level-density 
formalism, 102 

Gold nuclei 
alignment processes, 323-328 
band-head energies, 323,324f 
shape competition, 323,328 

Gold-185 
partial level scheme, 326f 
shape coexistence, 245 

Gold-185 and -187, electron and Ύ 
spectra, 249-250f 

Gold-185 and -195, shell-model 
states, 247f 

Gold-187, schematic of intruder 
states, 248t 

Gold-196 and -198, spectrum of 
low-lying states, 17f 

Gold-198, spectrum, 11f 
Gross β-decay properties 

rubidium-97, l 6 6 f 
rubidium-99, l 6 7 f 
rubidium-101, l 6 9 f 
strontium-99, I 6 8 f 
strontium-101, l 6 9 f 

Ground-state studies at ISOLDE, nuclei 
far from the sta b i l i t y 
line, 370-379 

Ground-state wave function, 
molybdenum-100, 197f,199 

H 

Hal f - l i f e 
actinium-225, 273-274 
actinium-227, 275 
radium-225, 274-275 
silver-124, 176 

Hal f - l i f e determination, 
europium-138, 504,505f 

Half-lifetimes 
neodymium-132, 500t 
samarium-136 and - I 3 8 , 500t 

Half-lives and delayed neutron 
emission probabilities, 174t,175f 

Hamiltonian, 3-5 
boson, 35 
interacting boson 

model 2, 2-19,38f,53-54,66-67,22 
quadrupole-quadrupole, 3 8 f 
shell model, 29 

Hartree-bose 
angular momentum 

projection, 55t,56-58f 
approximation, 54,55f 

Hartree-Fock-Bogolyubov, 85 
Hauser-Feshbach s t a t i s t i c a l model, 10C 
Heavy ion induced transfer 

reactions, 335-340 
Heavy-element nucleosynthesis, 135-14* 
Heavy-ion produced nuclei, 439-445 
Helium-jet activity transport 

studies, 427-428 
Helium-jet coupled on-line mass 

separator, 426-427 
Helium-jet coupled to ion source, 492 
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526 NUCLEI OFF THE LINE OF STABILITY 

Hexadecapole deformation, thallium 
isotopes, 365f 

High energy resolution array, 341 
High-spin states, interacting boson 

model, 53-58 
High-temperature plasma ion source, 

schematic diagram, 421f 
High-spin structure, 

lutetium-163, 317-322 
Hoiium-165 (α,3n,Ύ)thulium-166, 

spectrum, 468f 
Hydrogen burning processes, 140-142 
Hyperfine structure 
measurements, 358-363 
thallium-193, 366f 

I 

In-beam spectroscopy, using the (t,p) 
reaction, 190-195 

Indium isotopes, mean square charge 
rad i i , 44l,442f 

Indium-127, -128, -129, -130, -131, 
and -132, half-lives and delayed 
neutron emission 
probabilities, 174t,175f 

Interacting boson model 
description, 27,47-52,65-66 
Hamiltonian, 53-54,229f 
high-spin states, 53-58 
mixing calculations, 230f 
microscopic theory, 35-40 
paramet ers, 65-6 9 
tellurium isotopes, 227-232 

Intruder states 
astatine nuclei, 258-263 
bismuth nuclei, 258-263 
monopole f i e l d correction, 186 
pairing f i e l d correction, 186-187 
platinum-184, 239,244 
polonium nuclei, 258-263 
quadrupole proton-neutron energy 

correction, I 8 6 , l 8 7 f 
shell-model 

description, 184,l85f,186-189 
Iodine isotopes 
γ anisotropy, 351,356f 
magnetic dipole moments, 355t 

Iodine-135, energy levels, 75f,76 
ISOLDE 

overview, 406-413 
summary of the elements 

available, 409f 
Isomer ratios, discrete 

levels, 106-109 
Isomers, polonium-210, 392,393f 

J 

Janecke and Garvey-Kelson, nuclear 
mass model, 129,130f,131 

Κ 

Kallio-Kolltveit two-body 
interaction, 71 

Kronecker product, 8 
Krypton-74, yrast bands, 235f,236 

L 

LAMPF 
overview, 426,431 
schematic, 428f 

Lanthanum-147, -148, and -149, 
half-lives and 
delayed neutron emission 
probabilities, 174t,175f 

Laser spectroscopy 
schematic, 381f 
short-lived isotopes, 380-385 

Lead isomers 
£ factors, 402,403f 
magnetic moments, 402,403f 
quadrupole moments, 401f 

Lead isotopes 
electromagnetic properties, 399-404 
0 + states, 225f 
partial level scheme, 399f,400 
shape coexistence, in neutron-

deficient Pb isotopes, 252-257 
Lead-190 and -192, decay curves, 402f 
Lead-190 and -200, systematics of the 

excitation energies, 258,259f 
Lead-194 and -196, shape coexistence, 

in neutron deficient Pb 
isotopes, 252-257 

Lead-196 
angular distribution, 255,256f 
partial level scheme, 255f 

Lead-196 and -198 
quadrupole modulation 

functions, 400f 
quadrupole moments, 400 

Lead-202 and -204 
energies of 0 + states, 224f,225t 
E0 transitions and intruder 

states, 221-226 
Level-density parameterization, 

discrete levels, 102-105 
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INDEX 527 

Level-density parameters, near the 
neutron separation energy in 
strontium-93 to - 9 7 , 177-182 

Level scheme 
A r 100 nuclei, 208,209f 
antimony-116, 3 3 3 f 
barium-145, 286,287f 
cadmium-118, 2l8,219f 
cerium-124 and -126, 501 f 
erbium-145, 344f 
erbium-158, 346f 
gold-185, 326f 
lead isotopes, 399f,400 
lead-196, 255f 
molybdenum-102, 191Γ 
neodymium-132, 500f 
palladium-102 and -104, 222f 
palladium-112, 192f 
platinum-184, 242f 
samarium-134, -136, and -138, 500f 
samarium-138, 504,505f 
40,142,144,146, 494f 

tantalum-182 ( α, 3n, Y )rhemium-182 
reaction, 329,330f 

yttrium -97 , -98, and 
- 9 9 , 203,204f,205-206 

zirconium-96 and -98, 194f,200f 
Level schemes 

ruthenium-102, 312f 
neodymium-142 and -144, 3 3 9 f 

Level structure 
nuclear reaction cross-section 

calculations, 100-114 
radium-218 and -220, 279-280f 

Lifetimes 
palladium-106, 21,24,26t 
palladium-108, 21,24,26t 
polonium-198 and -200, 394,395f 
rhenium-103, 21,24,26t 
ruthenium-102, 21,24t,26t 
silver-107, 21,24,26t 
silver-109, 21,24,26t 

Lifetimes of states in ground-state 
band, platinum-184, 240t 

Light ion spectroscopy, 4 6 4 - 4 6 9 
Light proton-rich nuclei 

chart of nuclides, 449f 
review, 448-453 

Lithium-9 and -11, β-decay 
half-lives, 456f,457t 

Lutetium-163 
angular momentum, 321f 
decay scheme, 319,320f 
'energy in the rotating frame, 2 3 1 f 
high-spin structure, 317-322 
signature splitting, 231f 

Lutetium-175 
excitation function, 109f 
primary Y-ray 

intensities, 109,110f 
Lutetium-175 and -176, primary dipole 

transitions, 111,112f 

Lutetium-176, dipole strength 
functions, 1 1 0 , 1 1 1 f 

M 

Magnesium-24 
α-scattering cross bands, 8 7 , 8 9 f 
potential functions, 87 , 88 f 

Magnetic dipole moments of 
isotopes, 355t 

Magnetic moments 
of excited states in nuclei far from 

stability, 386-391 
lead isomers, 402,403f 
zirconium-90 and - 8 8 , 7 9,80t , 8 l 

Magnetic resonances, 
potassium-44, 381f 

Mainz collinear laser spectroscopy 
apparatus, schematic view, 3 8 3 f 

Majorana force, 47-51,49f 
Majorana interaction, 50,51t 
Mapping procedure, from fermion onto 

boson space, 35-40 
Mass spectral peaks, 

bromine-72 and - 7 3 , 419f 
Mayer-Jensen method, 88 
Mean square charge r a d i i , 

isotopes, 441-442f 
Mechanism of two-proton emission 

following β decay, 449-450 
Mercury nuclei, band-head 

energies, 323,324f 
Mercury-182 and -198, energies of the 

spherical and deformed 
states, 246f 

Mercury-198(α,6n)lead-196 
reaction, 252-253 

Mixed-symmetry states, B(E2) 
values, 49,50t 

Molybdenum-96, transition 
schematics, 193f,194 

Molybdenum-100, ground-state 
wave function, 1 9 7 f , 1 9 9 

Molybdenum-100 and -102, E0(K) 
branching ratios, 194t 

Molybdenum-102, level scheme, 1 9 1 f 
Molybdenum-102 and -104, £ 

factors, 389t 
Moment of inertia 

A = 100 nuclei, 209f 
radium-218, 279,280f 

Ν 

Ν -Ν systematics, in nuclear 
p phase transition regions, 120-125 
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528 NUCLEI OFF THE LINE OF STABILITY 

Neodymium, interacting boson model 2 
parameter sets, 68t 

Neodymium-132 
half-lifetimes, 500t 
level scheme, 500f 

Neodymium-142 and -144, level 
schemes, 339f 

Neodymium-143 and -144, Y-ray 
spectrum, 336,337f 

Neodymium-144, -146, -148, and -150, 
values of Neff, 390t 

Neptunium-236 and - 2 3 7 
distribution of quantum 

numbers, 108f,109 
isomer ratio, 108f 
level sets, 108t 

Neutron capture excitation functions, 
bismuth isotopes, 105,106f 

Neutron-induced reaction 
spectroscopy, 470-475 

Neutron resonance spacing, bismuth 
isotopes, 103,105t 

Neutron-rich isotopes, 0-decay 
half-lives, 454-458 

Neutron-rich nuclei 
8-decay half-lives, 443,444f 

Neutron states, 
polonium-196 and -198, 396,397f 

Nilsson bands, yttrium-98, 211f 
Nilsson diagram, 

yttrium-99, -100, -101, and 
-102, 210f,212f 

Nilsson model, 323 
Nilsson states, i n A = 100 

nuclei, 165-170 
Nilsson wave function, 161 
Nuclear astrophysics, away from 

stabili t y , a review, 134-144 
Nuclear decay data, 94-98 
Nuclear mass model 

Janeeke and 
Garvey-Kelson, 129,130f,131 

Seeger and Howard, 128f,129 
Nuclear masses 

analysis methods, 127-128 
analysis of selected individual 

models, 128-131 
discussion, 126-131 
global comparisons, 127-128 

Nuclear reaction cross-section 
calculations, level 
structure, 100-114 

Nuclear shapes at high spins, 
discussion, 298-304 

Nuclei 
away from stability, 134-144 
3-strength functions, 149,150f 
chart, 372f 
neutron rich—See Neutron-rich 

nuclei 
proton rich—See Proton-rich nuclei 
schematic division, l84f 

Nuclei—Continued 
supersymmetry, 2-13 

Nuclei at low excitation energies, 
discrete-level 
descriptions, 100-102 

Nucleosynthesis, 
heavy element, 135-144 

Nucleosynthesis mechanisms 
ρ process, 140 
r process, 137-138f,145-146 
s process, 137-138f,145-146 

Nuclide, chart, 460f,474f 

0 

Octupole correlation effects, light 
actinides, 266-271 

Octupole correlation energy, 
radium-226, 269f 

Odd-even staggering parameter of the 
isotopes around Ν = 1 2 6 , 378f 

Odd-odd nuclei 
boson fermion symmetry, 14-19 
dynamical supersymmetry, 14-19 
supersymmetry, 2-19 

On-line isotope separators 
(ISOL), 433-434 

On-line nuclear orientation 
method, 350-357 

schematic, 352f 
One-quasi-particle nuclides, energy 

levels, 72f,73t 
Optical resonances 

francium-208, 38l-382f 
sodium-28, -29, -30, and 

-31, 380,38lf 
Optical spectroscopy at ISOLDE, 

on-line techniques, 3 7 6 , 3 7 7 t 
Oxygen-18, electromagnetic 

transitions, 278,279f 

Ρ 

ρ process, nucleosynthesis 
mechanisms, 140 

Palladium isotopes, low-lying 0 and 
2 + states, 223f 

Palladium-102 and -104 
E0 transitions and intruder 

states, 221-226 
partial level schemes, 222f 

Palladium-102 and -106, transition 
schematics, 193f,194 

Palladium-106, lifetimes, 21,24t,26t 
Palladium-108(α,η)cadium-110 

reaction, populated levels, 465f 
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INDEX 529 

Palladium-108(α,2n,Ύ)cadmium-110 
Y-ray spectrum, 467f 
lifetimes, 21,26t,24t 

Palladiùm-110 and -112, EO(K) branching 
ratios, 194t 

Palladium-112, level scheme, 192f 
Parity doublets 

actinium-227, 285f 
radium-225, 285f 

Parity states, yttrium-90 and - 8 8 , 8 3 f,84 
Partial radiation widths, 

yttrium-90, 101,102t 
Perturbed angular correlation, 

cerium-146, 3 8 7 f 
Platinum isotopes, cranked shell-model 

frequency, 327f 
Platinum nuclei, band-head 

energies, 323,324f 
Platinum region of the nuclidic 

chart, 474f 
Platinum-184 

B(E2) values, 243f 
intruder states, 239,244 
level scheme, 242f 

Platinum-186, schematic of intruder 
states, 248f 

Platinum-194, il l u s t r a t i o n , l6 f,17 
Platinum-196, interacting boson model 

2 parameter sets, 67f 
Platinum-198, Y-ray excitation 

curves, 472f ,473 
Plutonium, r-process production 

ratios, 151t 
Polonium isotopes 

B(E3), 396 ,397f 
E2 properties, 396 ,397f 

Polonium nuclei, intruder 
states, 258-263 

Polonium-196 and -198, neutron 
states, 396 ,397f 

Polonium-198 and -200 
decay, 394,395f 
£ factors, 394-395f 
lifetimes, 394,395f 

Polonium-198, -200, and -210, 
electromagnetic moments, 392-398 

Polonium-210 
isomers, 392 ,393f 
quadrupole coupling 

constants, 392 ,394t 
quadrupole modulation patterns, 3 9 3 f 
quadrupole moments, 3 9 4 t 

Potassium-44, magnetic 
resonances, 381f 

Potential functions 
magnesium-24, 87,88f 
silicon-28, 8 7 , 8 8 f 

Praseodymium-135 
angular momentum, 308,309f 
decay scheme, 307 
energy levels, 306f 
signature splitting, 305-310 

Praseodymium-141, neodymium-142 
reaction, spectrum, 338,339f 

Primary Y-ray 
intensities, 109,110f 

Protoactinium-227, -229, and -231, 
band-head energies, 270f 

Protoactinium-231, decay scheme, 275f 
Proton-rich nuclei 

description, 439-443 
Gamow-Teller β 

transitions, 440-44lf 
review, 448-453 

Q 

Quadrupole coupling constants, 
polonium-210, 392,394t 

Quadrupole deformation, thallium 
isotopes, 365f 

Quadrupole deformation parameters 
bromine isotopes, 233-236 
rubidium isotopes, 223-236 

Quadrupole modulation functions, 
lead-196 and -198, 400f 

Quadrupole modulation patterns, 
polonium-210, 393f 

Quadrupole moments, 
thallium-189, -191, and -193, 3 6 1 t 

Quadrupole moments 
erbium-158, 302f 
lead isomers, 401f 
lead-196 and -198, 400 
polonium-210, 394t 
tungsten-172, 303f 
ytterbium-160 and - 1 6 1 , 301f 
zirconium-88 and -90, 79,80t,81 

R 

r process 
β-delayed fission, 149-152 
nucleosynthesis 

mechanisms, 137-138f,145-146 
Radium isotopes 

B(E1)/B(E2) ratios, 28l,282f 
cluster model prediction, 28l,282f 

Radium-218, moment of inertia, 279,280f 
Radium-218 and -220, level 

structure, 279,280f 
Radium-225 

decay scheme, 273f 
electric dipole transitions, 272-277 
h a l f - l i f e , 274-275 
parity doublets, 285f 
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530 NUCLEI OFF THE LINE OF STABILITY 

Radon-207, fluorescence spectrum, 384f 
Reaction product of mass separator, 

schematic, 454f 
Recoil-distance method, 21,24t,26t 
Reduced transition probability, for 

β decay, 154-155 
Relative transition intensities, 

yttrium -98 , 211f 
Relativistic fermi liquid model, 85 
Resonance ionization spectroscopy, 

schematic, 375f 
RF mass spectrometer, schematic, 3 7 3 f 
Rhenium-103, lifetimes, 21,24t,26t 
Rhenium-182, Ύ-ray spectrum, 332f 
Rotational bands, in deformed odd-odd 

nuclei, 329-334 
Rotational structure, of yttrium 

nuclei, 208-213 
Rubidium isotopes 

onset of large quadrupole 
deformation, 223-238 

quadrupole deformation 
parameters, 233-236 

Rubidium nuclei, β strength 
function, I6l-I62f 

Rubidium-77 and - 7 9 , yrast 
bands, 235f,236 

Rubidium-92 and -102 
calculated half-lives, 156,157f 
delayed neutron branching 

ratios, 156,157f 
Rubidium-93, -94, -95, -96, and -97, 

precursors, 177-182,181t 
Rubidium-95, -97, -98, -99, and -100, 

half-lives and delayed neutron 
emission probabilities, 174t,175f 

Rubidium-97, gross β-decay 
properties, I66f 

Rubidium-99, gross β-decay 
properties, l 6 7 f 

Rubidium-101, gross β-decay 
properties, l 6 9 f 

Ruthenium-102 
lifetimes, 21,24t,26t 
partial level schemes, 312f 
particle alignment vs. rotational 

frequency, 312f 
Routhian compared with crank shell 

model, 3 1 3 f 
transition schematics, 193f,194 

Ruthenium-103 
negative parity band, 315f 
particle alignment vs. rotational 

frequency, 314f 
positive parity band, 315f 

Ruthenium-106, E0(K) branching 
ratios, 194t 

Radium-226, octupole correlation 
energy, 269f 

S 

s process, nucleosynthesis 
mechanisms, 137-138f,145-146 

Samarium, interacting boson model 2 
parameter sets, 68t 

Samarium-134, Y-rays, 499f 
Samarium-134, -136, and -138, 

level scheme, 500f 
Samarium-136 and -138, half-lifetimes 
Samarium-138 

level scheme, 504,505f 
Samarium-138, -140, -142, -144, and 

-146, partial level scheme, 494f 
Samarium-148 and -149, single neutron 

transfer reaction, 335f 
Samarium-148, -150, -152, and -154, 

values of Neff, 390t 
Seeger and Howard, nuclear mass 

model, 128f,129 
Selenium-72, yrast bands, 235f,236 
Seniority truncated exact 

diagonalization scheme, 153-154 
Shape changes at high angular momenta, 

spectroscopic consequences, 292-297 
Shape coexistence 

gold-185, 245 
yttrium-98, 203-206 

Shell-model calculations 
β-decay rates for s- and 

r-process nucleosyntheses, 145-148 
near tin-132, 70-77 
yttrium-88 and -90, 78-84 
zirconium-90,88, 78-84 

Shell-model states 
gadolinium-146, 335,336f 
gold-185 and -195, 247f 

Short-lived fission-product decay 
data, 96-98 

Si(Li) detector, 422 
Signature splitt i n g 

lutetium-163, 231f 
praseodymium-135, 305-310 

Silicon box 
in-beam Y-ray 

spectroscopy, 496-501 
schematic, 496f 

Silicon-28 
α-scattering cross bands, 87,89f 
potential functions, 87,88f 

Silver-107, lifetimes, 21,24t,26t 
Silver-109, lifetimes, 21,24t,26t 
Silver-124, h a l f - l i f e , 176 
Sodium-28,29,30,31, optical 

resonances, 380,381f 
Spectrometer, 221f 
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Spectrum 
neodymium-143 and -144, 337f 
praseodymium-141, neodymium-142 

reaction, 338,339f 
Spectrum of transitions, 

erbium-158, 345,346f 
Stellar model 

calculations, 137-138f 
Strontium-88, excitation 

function, 106,107f 
Strontium-93, -94, -95, -96, and 

-97, level-density 
parameters, 177-182 

Strontium-97, -98, -99, -100, -101, and 
-102, half-lives and delayed neutron 
emission probabilities, 174t,175f 

Strontium-99, gross β-decay 
properties, I68f 

Strontium-101, gross β-decay 
properties, I69f 

Strontium isotopes, constant in the 
mean square spin projection 
expression, 103t 

Structure transition, in heavy yttrium 
isotopes, 202-207 

Superconducting magnet, 422-423 
Supersymmetry 

experimental tests, 20-26 
in nuclei, 2-13 
odd-odd nuclei, 2-19 

Surface 6 interaction, with i - i 
coupling, 60-64 

Symmetric rotor, yttrium-99, 206 
System accelerator, Rhone Alpes 

overview, 490-495 
schematic, 491f 

Systematics of excitation energies 
bismuth nuclei, 259f 
lead-190 and -200, 258,259f 
thallium nuclei, 259f 

Τ 

Tandem accelerator superconducting 
cyclotron f a c i l i t y 

overview, 414-419 
schematic, 414f 

Tantalum-182(α,3n ,Ύ )rhemium-182 
reaction, level scheme, 329,330f 

Target material for nuclear reaction 
and spectroscopic 
studies, 476-480 

Technetium, continuous separation 
flow sheet, 483f 

Technetium-99, β 
decay, 145-I46f 

Tellurium isotopes 
interacting boson model, 227-232 
systematics of positive parity 

states, 228f 
Tellurium-124 

collective bands, 86 ,87 f 
contour plot, 86,87f 

Tellurium-133, energy levels, 75f,76 
Tellurium-134 

energy levels, 73 ,74 f 
£ factors, 388t 

Terbium-143 
decay scheme, 492,493f 
Ύ-ray spectrum, 493f 

Thallium isotopes 
f i e l d shifts, 361f 
hexadecapole deformation, 365f 
quadrupole deformation, 365f 

Thallium nuclei, systematics of 
excitation energies, 259f 

Thallium-189, -191, and -193, 
quadrupole moments, 361t 

Thallium-193, hyperfine structure 
data, 366f 

Thorium, r-process production 
ratios, 151t 

Thorium isotopes, B(E1)/B(E2) 
ratios, 28l,282f 

Thorium-232 
B(E2) values, 33f 
yrast states, 31,32f 

Three-quasiparticle nuclides, energy 
levels, 74,75f,76 

Thulium-169, excitation 
function, 100,101f 

Time-of-flight f a c i l i t y , 
schematic, 471f 

Time-of-flight isochronous 
spectrometer, 459-463 

schematic, 461f 
Time-of-flight methods, 470 
Time spectrum, actinium-225, 272f 
Tin isotopes, mean square charge 

radi i , 44l,442f 
Tin-130, energy levels, 73,74f 
Tin-131, energy levels, 72f,73t 
Tin-132, shell-model 

calculations, 70-77 
Total coincidence spectrum, 

europium-136 and -138, 505f 
Transition energies in lead-196, 

Ύ-ray spectrum, 253,254f 
Transition rates, i n odd-mass heavy 

nuclei, 276f 
Transitional A = 100 nuclei 

massive transfer reactions, 311-316 
structure, 311-316 

TRISTAN f a c i l i t y 
overview, 420-425 
schematic, 421f 
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5 3 2 NUCLEI OFF THE LINE OF STABILITY 

TRIUMF-ISOL 
f a c i l i t y , 432-438 
postaccelerator, 435-436 
target, 433f 

Tungsten-172, transition quadrupole 
moments, 303f 

Two-quasi-particle nuclides, energy 
levels, 73 ,74 f 

U 

UNISOR collinear laser f a c i l i t y , f i r s t 
results, 364-369 

UNISOR collinear laser system, 
schematic, 365f 

UNISOR f a c i l i t y , 502 
Uranium, r-process production 

ratios, 151t 

W 

Wapstra, atomic mass evaluations, 127 
Wavenumbers, francium-209, 383t 
Woods-Saxon potential, 325 
Woods-Saxon wave function, 162-164 

X 

Xenon isotopes 
interacting boson model 2 

parameter sets, 68t 
magnetic dipole moments, 355t 

Xenon-136, g factors, 388t 

Y 

Yrast bands 
bromine-73 and -75, 235f,236 
krypton-74, 235f,236 
rubidium-77 and -79, 235f,236 
selenium-72, 235f,236 

Yrast states, thorium-232, 31,32f 
Ytterbium-160 and -161, transition 

quadrupole moments, 301f 

Ytterbium-168, energy spectrum, 57,57t 
Yttrium isotopes 

constant in the mean square spin 
projection expression, 103t 

rotational structure, 208-213 
structure transition, 202-207 

Yttrium-89 
E1 strength functions, 110,111f 
estimator method, 103,104f 
excitation function, 100,101f 

Yttrium-90, partial radiation 
widths, 101,102t 

Yttrium-90 and -98 
energy levels, 8l,82f 
parity states, 83f,84 
she11-model 

calculations, 78-84,79t 
Yttrium-97, -98, and -99 

level scheme, 203-206,204f 
structure transition, 202-207 
half-lives and delayed neutron 

emission probabilities, 174t,175f 
Yttrium-98 

Nilsson bands, 21 If 
relative transition 

intensities, 211 f 
shape coexistence, 203-206 

Yttrium-99 
symmetric rotor, 206 

Yttrium-99, -100, -101, and -102 
Nilsson diagram, 21 Of,212f 
rotational structure, 208-213 

Yukawa form factor, 78 

Ζ 

Zirconium-88 and -90 
branching ratio 

comparison, 79,80t,8l 
magnetic moments, 79,80t,8l 

Zirconium-90 
E1 strength functions, 110,111f 
shell-model 

calculations, 78-84 
Zirconium-96 

α clustering, 196-201 
angular distribution, 198f,199 
partial level scheme, 200f 
level scheme, 194f 

Zirconium-98, level scheme, 194f 
Zirconium-100, g factors, 389t 
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