
u ~ ~ J F  - gmb13-7- 

-I=: UNIQUE PARITY STATES I N  lo9pd AS A TEST OF 
c' 

IBF MODELS d 

,,,-, .,>.lJTHOR: RICHARD F. CASTEN 
7"; . :  ' *.i - '  

.,,. , ; ... 4 .:4&jivi ; $4 kJ;:.:):: ;;?;,-.:~;r~... . , r .4  4.. a,. , +, 

+ - - -  ' -  
,-: -<tr; :r 

8 .  41. r.=-e 
. ' , L  :;.., ! ,\ 

;' ' :,,r;. .: : .; '. 
- . . . .+-.. >.' :'-" . ,., ., . & .2-1v 

, .. !', . .-.. . -  . . .  
. I.. 

1% DISCLAIMER 

The submitted manuscript has been authored under contract ~E-A~O2-76CH00016 
with the Division of Basic Energy Sciences, U.S. Department of Energy. _ ,.#, , 

+ - Accordingly, the U .S. Government retains a nonexct usive, royal ty-free 4 

1 i cense to pub1 i sh  or  reproduce the published form o f  t h i s  contrf bution, 
or allow others to do so, f o r  U.S. Government purposes. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



U N I Q U E  PARITY STATES I N  lo9pd AS A 

TEST OF PARTICLE-ROTOR AND IBFA MODELS 

R .  F. Cas ten  

Brookhaven Na t iona l  Labora tory  
Upton, New York, 11973 

Unique p a r i t y  l e v e l s  i n  odd mass heavy n u c l e i  a r i s e ,  i n  each  
s h e l l ,  from t h a t  i s o l a t e d  o r b i t  l y i n g  amidst  o t h e r s  of o p p o s i t e  ' 
p a r i t y .  The i r  e f f e c t i v e  i s o l a t i o n  l e a d s  t o  h i g h  p u r i t y  and t h e r e -  
f o r e  such s t a t e s  o f f e r  an  i d e a l  t e s t i n g  ground f o r  n u c l e a r  models.  

Usua l ly ,  t h e  known unique p a r i t y  s t a t e s  a r e  high.  s p i n ,  a l i g n e d  
s t a t e s  d i s c l o s e d  i n  neu t ron  d e f i c i e n t  n u c l e i  through .heavy i o n ,  i n -  
beam s t u d i e s .  A s imple  geome t r i ca l  p i c t u r e  of t h e s e  s t a t e s ,  v a l i d  
f o r  ' k o d e r a t e l y  deformed n u c l e i  i s  i l l u s t r a t e d  i n  f i g .  1. When t h e  
Fermi s u r f a c e  is  amongst t h e  low K o r b i t s ,  t h e  coup l ing  scheme 
appr0,ximates a  decoupled band p i c t u r e l  i n  which t h e  y r a s t  s t a t e s  of 
s p i n  I a r e  ob t a ined  by a  n e a r l y  p a r a l l e l  c o u p l i n g . o f  t h e  p a r t i c l e  
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F i g .  1. Decoupled .band p i c t u r e  of  p a r t i c l e  r o t o r  a l i gnmen t ,  w i t h  
i n d i c a t i o n  of t y p i c a l  e m p i r i c a l  means of  access - .  
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angular '  momentum j and t h e  c o r e  r q t a t i o n a l  a n g u l a r  momentum R .  
Succes s ive ly  h i g h e r  s p i n  s t a t e s  occu r  f o r  s u c c e s s i v e l y  l a r g e r  R 
v a l u e s  and t h u s  t h e  y r a s t  e n e r g i e s  f o l l o w  those  of t h e  ground band 
i n  t h e  a d j a c e n t  even n u c l e u s .  These a r e  t h e  f a v o r e d ,  a l i g n e d  l e v e l s .  
A t  s l i g h t l y  h i g h e r  e n e r g i e s ,  unfavored a l i g n e d  l e v e l s  a r e  occas ion-  

t a l l y  i d e n t i f i e d :  because of t h e  a n g l e  between R and J ,  a  l a r g e r  R 
v a l u e  (hence energy)  i s  r e q u i r e d  f o r  a  g iven  I. 

Seldom observed ,  bu t  a  more s e n s i t i v e  means of d i s c r i m i n a t i n g  
v a r i o u s  models,  a r e  tbe -+spin s t a t e s  a r i s i n g  from t h e  a n t i -  
p a r a l l e l  coup l ing  of R and j .  A s  shown i n  f i g .  l , + t h z s e  can be  
e i t h e r  f avo red  o r  unfavored .  They a r i s e  o n l y  f o r  h-j and s o  are 
r a t h e r  r e s t r i c t e d  i n  number. Thus, f o r  an h11/2 p a r t i c l e ,  t h e r e  a r e  
on ly  two 312- l e v e l s  compared t o  s i x  s t a t e s  f o r  each  s p i n  I ~ 1 1 / 2 .  
Due t o  t h i s  and ttie f a c t  t h a t  one e x p e c t s  t h e s e  l e v e l s  t o  occu r  lower 
i n  energy than  t h e i r  h igh  s p i n  c o u n t e r p a r t s  w i t h  t h e  same R ,  t hey  may 
indeed be expec ted  t o  be  even p u r e r  i n  c h a r a c t e r .  

U n f o r t u n a t e l y ,  t hey  a r e  r a r e l y  observed and ,  u n t i l  t h e  p r e s e n t  
s t u d y ,  neve r  h a s  t h e  com l e t e  se t  been e s t a b l i s h e d .  E ~ p l o i t i n g ~ t h e  
i n h e r e n t  n o n - s e l e c t i v i t y q  of  t h e  (n ,  r e a c t i o n ,  we have s t u d i e d  t h e  
low s p i n  l e v e l s  i n  lo9pd and loca t ed3 ) the  complete  se t  of low l y i n g ,  
low s p i n  a n t i - a l i g n e d  s t a t e s  of h  11 / 2 

par  en t a g e  . 
One might no t  e x p e c t ,  a p r i o r i ,  t h a t  t h e  p a r t i c l e - r o t o r  (PR) 

model would be a  s u i t a b l e  framework f o r  i n t e r p r e t i n g  unique p a r i t y  
l e v e l s  i n  t h e  A%100 mass r e g i o n .  However, i t  is i n  j u s t  such moder- 
a t e l y  deformed n u c l e i  t h a t  t h e  g r e a t e s t  successes1  of t h i s  approach 
have been ach ieved  s i n c e  such  n u c l e i  have l a r g e  C o r i o l i s  coup l ing  
c o n s t a n t s ,  h2/21,  which f a v o r  p a r a l l e l  R ,  j a l ignment .  Furthermore,  
i t  h a s  been shown4 ( s e e  f i g .  2 ( l e f t ) )  t h a t  t h e  model indeed works 
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Fig .  2 .  Unique par i ty  s t a t e s  i n  105y109~d compared w i t h  PR and 
IBPA models.  For convenience t h e  f avo red  and unfavored 
s t a t e s  a r e  compared s e p a r a t e l y .  



exceed ing ly  w e l l  f o r  t h e  a l i g n e d  h igh  s p i n  (h  
1112 

based)  s t a t e s  i n  
t h e  even l e s s  deformed nuc l eus  lo5pd. 

Encouraged by t h i s  and by t h e  o p p o r t u n i t y  p re sen t ed  t o  perform 
t h e  f i r s t  t e s t  of t h e  PR model f o r  an e x t e n s i v e  set of  a n t i - a l i g n e d  
l e v e l s ,  w e  performed c a l c u l a t i o n s  f o r  lo9pd e x a c t l y  ana logous  t o  
t hose  of Rickey and co-workers4 f o r  t h e  hi112 neu t ron  system i n  lo5pd. 
A Ni l sson  model w i t h  p a i r i n g ,  v a r i a b l e  moment of i n e r t i a  and C o r i o l i s  
coup l ing  was used.  The r e s u l t s  a r e  shown i n  f i g .  2  ( r i g h t ) .  A s  w i t h  
lo5pd ,  t h e  favored  l e v e l s  a r e  w e l l  reproduced.  However, t h e  low s p i n  
unfavored s t a t e s  e x h i b i t  s e r i o u s  d i sagreements  which cannot  b e  r e c t i -  
f i e d  by  parameter  changes.  Th i s  i s  most obvious f o r  t h e  t h r e e  c l o s e  
l y i n g  p a i r s  of s t a t e s ,  of s p i n s  312, 512 and 712. The two 312 l e v e l s ,  
f o r  example, form an  i s o l a t e d  p a i r :  Thus, t h e i r  minimum s e p a r a t i o n  
i s  tw ice  t h e i r  mixing m a t r i x  e lement .  But ,  i n  t h e  PR model, t h e  

2  C o r i o l i s  i n t e r a c t i o n  is  ( s c h e m a t i c a l l y )  g iven  by h  /21<f 1 j-1 i> x 
0 1 - K ) ( I + K + ~ ) .  The f i r s t  f a c t o r  i s  $60 keV, t h e  j- m a t r i x  e lements  
a r e  $5 and t h e  s q u a r e  r o o t  i s  1.5-2. Thus t h e  C o r i o l i s  m a t r i x  
e lement  is  approximate ly  500-600 keV and t h e  c l o s e s t  s e p a r a t i o n  f o r  
t h e  312- l e v e l s  is  $1 MeV. Yet ,  e m p i r i c a l l y ,  t hey  occur  <300 key 
a p a r t .  S t r o n g l y  a t t e n u a t i n g  t h e  C o r i o l i s  i n t e r a c t i o n  i s  n o t  a n  
a c c e p t a b l e  s o l u t i o n  because  t h e  o t h e r  l e v e l s  could  n o t  then  be  r ep ro -  
duced: i n  p a r t i c u l a r ,  t h e  1112- s t a t e  would n o t  l i e  l owes t .  

I n  view of t h i s ,  i t  seemed a p t  t o  a t t e m p t  an  IBFA c a l c u l a t i o n  
5  

u s i n g  t h e  code ODDA, w r i t t e n  by 0 .  Scho l t en .  For t h i s  s i n g l e  j 
s h e l l  (,hll 2 )  c a s e ,  o n l y  two pa rame te r s ,  r ,  t h e  s t r e n g t h  of t h e  
d i r e c t  o r  h B S q F  i n t e r a c t i o n ,  and A ,  t h e  m u l t i p l i e r  of t h e  exchange 
term, were r e q u i r e d .  The parameters  f o r  t h e  even-even Pd c o r e  were 
taken  from a  s y s t e m a t i c  su rvey .6  The r e s u l t s 7  a r e  shown i n  f i g .  2 ,  
where we have a l s o  shown t h e  compar.ison f o r  t h e  h igh  s p i n  s t a t e s  i n  
lo5pd t o  v e r i f y  t h a t  t h e  agreement f o r  low s p i n  l e v e l s  i n  lo9pd i s  
n o t  a t  t h e  expense of a  d i s c r epancy  e l sewhere .  The IBFA c a l c u l a t i o n s  
a r e  a  s i g n i f i c a n t  improvement, i n  p a r t i c u l a r  a s  r e g a r d s  t h e  s p l i t t i n g  
of  s t a t e s  of common s p i n .  

It i s  i n t e r e s t i n g  t o  s t u d y  t h e  sou rce  of t h i s  improvement by 
i n s p e c t i n g  t h e  r e s u l t i n g  wave f u n c t i o n s :  t h e i r  compos i t ion ,  i n  
terms of c o r e  s t a t e s ,  i s  summarized i n  Table  I. I n  t h e  PR model,  
t h e  odd p a r t i c l e  i s . c o u p l e d  o n l y  w i t h  t h e  c o r e  s t a t e s  of  t h e  q u a s i  
ground band. The IBFA, however, a l l o w s  t h e  f u l l  p a r t i c i p a t i o n  of  
a l l ~ c o l l e c t i v e  c o r e  l e v e l s .  It is  s t r i k i n g  ( s e e  Table  I )  t h a t  t h e  
q u a s i  ground band i n  f a c t  accoun t s  f o r  o n l y  ~ 4 0 %  of t h e  IBFA wave 
f u n c t i o n s .  It  i s  t h e r e f o r e .  n o t  s u r p r i s i n g  t h a t  t h e  PR model cou ld  
n o t  reproduce  t h e  e m p i r i c a l  low s p i n  l e v e l  e n e r g i e s .  What i s  
i n t r i g u i n g  i s  why i t  succeeded f o r  any l e v e l s  s i n c e  t h e  c o r e  s t r u c -  
t u r e  of h i g h  and low s p i n  states i s  s i m i l a r .  

One might q u e s t i o n  whether  i t  i s  f a i r  t o  u t i l i z e  t h e  s imple  
N i l s son  PR model i n s t e a d  o f ,  f o r  example,  t h e  asymmetric r o t o r  model. 



Table  I .  P r o b a b i l i t y  D i s t r i b u t i o n  Ranges ( i n  %)  of  D i f f e r e n t  Cate- 
g o r i e s  of Core S t a t e s  i n  t h e  I B F A  and PR Wave Func t ions  
( s e e  r e f .  7) 

s o  s u c c e s s f u l l y  employed i n  o t h e r  mass r e g i o n s .  There a r e  two r e -  
sponses  a p p r o p r i a t e  h e r e .  F i r s t ,  t h e  same IBFA wave f u n c t i o n s  show 
t h a t  c o r e  s ta te :  i n v o l v i n g  t h e  quasi-y band a r e  r a t h e r  un impor tan t  
( p r o b a b i l i t i e s  ~ 1 0 % ) .  Coupl ing t o  t h e  q u a s i  B band i n  f a c t  i s  f a r  
more impor tan t  (%40%) . Secondly,  w e  pe r f  ormed3 asymmetric r o t o r  
c a l c u l a t i o n s  f o r  a l l  y  v a l u e s  and found t h a t ,  w h i l e  f o r  y%30° i t  was 
p o s s i b l e  t o  r educe  t h e  s p l i t t i n g  between 312' s t a t e s ,  a t  t h e  same 
t ime t h e  512- s p l i t t i n g  i n c r e a s e d .  For no y v a l u e  could  a  satis- 

I 
f a c t o r y  f i t  be  o b t a i n e d .  

'los'lo9Pd S t a t e s  

Low s p i n  s t a t e s  . i n  lo9pd 

~ i g h  s p i n  s t a t e s  i n  lo5pd 

To conc lude ,  (n ,y)  t e chn iques  were used t o  s t u d y ,  f o r  t h e  f i r s t  
t i m e ,  a n  e s s e n t i a l 1  complete  set of low s p i n ,  a n t i - a l i g n e d ,  un ique  
p a r i t y  l e v e l s  i n  10BFcl. The p a r t i c l e  r o t o r  model,  n o t a b l y  success -  
£u14 f o r  h i g h  s p i n  s t a t e s  of t h e  same h1112 pa ren t age  i n  t h i s  mass 
r e g i o n ,  d i d  n o t ,  and could  n o t ,  e x p l a i n  t h e  e m p i r i c a l  energy  l e v e l s ,  
even when c o r e  asymmetry was i nc luded .  IBFA c a l c u l a t i o n s  i n v o l v i n g  
o n l y  two parameters  accounted  w e l l  f o r  b o t h  t h e  h igh  s p i n  l e v e l s  i n  
lo5pd and t h e  low s p i n  s t a t e s  of lo9pd.  A n a l y s i s  of t h e  r e s u l t i n g  
IBFA wave f u n c t i o n s  showed l a r g e  p r o b a b i l i t i e s  f o r  c o r e  s t a t e s  o t h e r  
than  those  of t h e  q u a s i  ground band,  i n  p a r t i c u l a r  t h o s e  a s s o c i a t e d  

' 

w i t h  t h e  quasi-B band. 
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