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Decay of  m a s s - s e p a r a t e d  l l 8 A g  

t o  l e v e l s  i n  l l a C d  

Deborah  Reed N a r g e t a n  

Under  t h e  s u p e r v i s i o n  of J o h n  C. K i l l  
Prom t h e  D e p a r t m e n t  of P h y s i c s  

I o v a  S t a t e  U n i v e r s i t y  

A s t u d y  o f  t h e  gamma-ray d e - e x c i t a t i o n  f o l l o w i n g  t h e  

beta decay o f  l l a A g  using t h e  TRISTAN o n - l i n e  i s o t o p e  

' s e p a r a t o r  is' r e p o r t e d .  Gamma-ray s i n g l e s ,  gamna-gamma c o i n -  

c i d e n c e ,  a n d  gamma-ray m u l t i s c a l e  m e a s u r e m e n t s  were made 

u s i n g  G e  ( L i )  detectors. A t o t a l  o f  52 gamma r a y s  were ob- 

s e r v e d  i n  t h e  d e c a y  of 1 l e A g .  T h i r t y - e i g h t  of t h e s e  were 

p l a c e d  i n  a l e v e l  s c h e m e  fo r  l l a C d  c o n s i s t i n g  o f  2 0  e x c i t e d  

s t a t e s  u p  t o  3382 keV,  Gamma-ray m u l t i s c a l e  m e a s u r e m e n t s  

i n d i c a t e d  that l l 8 A g  h a s  a n  isomeric s t a t e  a t  128 keV w i t h  a 

h a l f - l i f e  of 2.0 + 0.2  s e c o n d s .  The' g r o u n d  s t a t e  h a l f - l i f e  

is 3-76 k 0.15 s e c o n d s ,  T h e  1 l8Ag d e c a y  s c h e m e  is c o m p a r e d  

w i t h  a p r e v i c u s  d e c a y  s t u d y .  T h e  l e v e l  s c h e m e  s y s t e m a t i c s  

are. d i s c u s s e d  a n d  c o m p a r e d  w i t h  r e c e n t  c o l l e c t i v e  m o d e l  cal-  

c u l a t i o n s .  
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I. I N T R O D U C T I O N  

A, Basis f o r  t h e  S t u d y  of 118Ag 

u n s t a b l e  n e u t r o n - r i c h  n u c l e i  t e n d  t o  d e c a y  v i a  p r o c e s s -  

es which  c a u s e  t h e  r a t i o  o f  p r o t o n s  t o  n e u t r o n s  t o  i n c r e a s e .  

The n u c l e u s  1 leAg u n d e r g o e s  beta d e c a y ,  i n  which a n e u t r o n  

c h a n g e s  i n t o  a p r o t o n  w h i l e  a n  e l e c t r o n  a n d  a n  a n t i n e u t r i n o  

are s i m u l t a n e o u s l y  c r e a t e d  a n d  e m i t t e d ,  T h e  r e s u l t i n g  

daughter n u c l e u s  is f r e q u e n t l y  i n  a n  e x c i t e d  s t a t e ,  It t h e n  

d e - e x c i t e s  t o  i t s  g r o u n d  s t a t e  b y  e m i t t i n g  gamma r a y s  o r  

c o n v e r s i o n  e l e c t r o n s .  T h e  e n e r g i e s  a n d  i n t e n s i t i e s  of t h e s e  

gamma r a y s  c a n  b e  m e a s u r e d ,  a n d  t h i s  i n f o r m a t i o n  c a n  b e  u s e d  

t o  d e t e r m i n e  t h e  e n e r g i e s  of s t a t e s  i n  t h e  l l a c d  d a u g h t e r -  

P i g u r e  1 s h o w s  t h e  b e t a - d e c a y  c h a i n  f o r  A=118, 

N u c l e a r  s p e c t r o s c o p i c  d a t a  is s t u d i e d  f o r  s y s t e m a t i c s  

t h a t  w i l l  y i e l d  new i n s i g h t  i n t o  n u c l e a r  s t r u c t u r e ,  C e r t a i n  

v a l u e s  o f  Z ( p r o t o n  number)  a n d  N ( n e u t r o n  number)  c a l l e d  

"magic  n u m b e r s w  are  a s s o c i a t e d  w i t h  e x c e p t  i o n a l l y ,  i n t e r e s t -  

i n g  n u c l e i .  n a g i c  i s o t o p e s  a n d  i s o t o n e s  h a v e  u n u s u a l l y  

l a r g e  b i n d i n g  e n e r g i e s  p e r  nucleon a n d  o t h e r  p r o p e r t i e s  

which  make t h e m  i m p o r t a n t  i n  n u c l e a r  t h e o r y ,  much a s  the 

n o b l e  gases were i m p o r t a n t  t o  t h e  d e v e l o p m e n t  of atomic 

p h y s i c s ,  T h e  n u c l e u s  l laCd,(Z-48)  i s  t h e o r e t i c a l l y  i n t e r e s t -  

i n g  s i n c e  it is  o n l y  t u o  p r o t o n  num.bers away from t h e  magic  

number Z=50.  
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A t h e o r e t i c a l  mode l  is sometimes b a s e d  o n  s p e c t r o s c o p i c  

i n f o r m a t i o n  f rom a s p e c i f i c  n u c l e u s .  I f  t h e  mode l  is s u c -  

c e s s f u l ,  i t  ' c a n  t h e n  b e  a p p l i e d  t o  o t h e r  n u c l e i  w h i c h  

possess s imi l a r  s t r u c t u r e s .  The p a r t i c u l a r  m o d e l  d i s c u s s e d  

i n  t h i s  work is a r o t a t i o n - v i b r a t i o n  c o l l e c t i v e  model ,  It 

is a n  e x t e n s i o n  o f  t h e  model '  d e v e l o p e d  b y  Davydov a n d  

Chaban,  which is d i s c u s s e d  i n  Ref. 1 a n d  2. I t  a s s u m e s  t h a t  

the n u c l e u s  is p e r m a n e n t l y  d e f o r m e d  a n d  u n d e r g o e s  b o t h  ro ta -  

t i o n s  a n d  b r e a t h i n g - m o d e  v i b r a t i o n s .  The  'mode l  h a s  b e e n  

s u c c e s s f u l l y  a p p l i e d  t o  e v e n - e v e n  P d ( z = 4 6 )  i s o t o p e s  by H. 8. 

Hsu, S, A. Will iams,  F. K. Wohn, a n d  F. J. M a r g e t a n  (3 ) .  

T h e  TRISTAN g r o u p  h a s  u n d e r t a k e n  a  s t u d y  of s e v e r a l  e v e n -  

e v e n  Cd i s o t o p e s  i n  o r d e r  t o  see i f  t h e  m o d e l  c a n  be a p p l i e d  

w i t h  e q u a l  s u c c e s s  to 2=48 n u c l e i .  I n  C h a p t e r  8 ,  d e t a i l s  of 

t h e  m o d e l  a r e  b r i e f l y  d i s c u s s e d  a n d  a c o m p a r i s o n  is made for  

1,18Cd b e t w e e n  r e s u l t s  from t h i s  e x p e r i m e n t  a n d  t h e  a b o v e  

t h e o r y .  

B. S u r v e y  of E a r l i e r  Work 

The first o b s e r v a t i o n  of  l l 8 A g  d e c a y  was r e p o r t e d  by K. 

Fri tze a n d  K .  G r i f f i t h s  i n  1967  ( 4 ) .  The  Ag a c t i v i t y  was  

o b t a i n e d  by c h e m i c a l  s e p a r a t i o n  from 23sU f i s s i o n - p r o d u c t s .  

The  118Ag h a l f - l i f e  was d e t e r m i n e d  t o  b e  a p p r o x i m a t e l y  5 

s e c o n d s .  



I n  1 9 6 8  H. V. Veiss, J, H. F r e s c o ,  a n d  U, I,. R e i c h e r t  

r e p o r t e d  a h a l f - l i f e  o f  5.3 0.9 s e c o n d s  (5 ) .  I n  t h e i r  ex -  

p e r i m e n t ,  t h e y  c h e m i c a l l y  s e p a r a t e d  l18Ag f r o m  t h e f m a l  . 

n e u t r o n - i r r a d i a t e d  z35U af te r  f i s s i o n .  I n  1969  H, V. Weiss, 

N, E. B a l l o u , . J ,  L, ~ l z i e ,  a n d  J; fl. F r e s c o  p u b l i s h e d  t h e  

r e s u l t s  o f  a n o t h e r  c h e m i c a l - s e p a r a t i o n  s t u d y  (6) .  A h z l f -  

l i f e  of 5.6 k 0.2 s e c o n d s  was m e a s u r e d ,  

I n  1971 B.  F o g e l b e r g ,  A. ~ a c k l i n ,  a n d  T. N a g a r a j a n  re- 

p o r t e d  t h e  e n e r g y  l e v e l s  o f  l l e C d  p o p u l a t e d  i n  t h e  b e t a  

d e c a y  of 11eAg (7 ) .  The  Ag a c t i v i t y  was o b t a i n e d  a t  t h e  

OSIRIS o n - l i n e  m a s s - s e p a r a t o r  f a c i l i t y  a t  S t u d s v i k  ( 8 ) .  

Gamma-ra y s i n g l e s ,  gamma-gamma c o i n c i d e n c e ,  a n d  m u l t i s c a l e  

m e a s u r e m e n t s  were, made. F o r  t h e  first time, a l o n g - l i v e d  

e x c i t e d  s t a t e  i n  l l e A g  was o b s e r v e d .  , T h i s  isomeric s t a t e  

uas 1 2 8  keV a b o v e  t h e  g r o u n d  s t a t e .  Its h a l f - l i f e  was meas- 

u r e d  t o  b e  2.8 k 0.3 s e c o n d s .  T h e  g r o u n d  s t a t e  h a l f - l i f e  

was d e t e r m i n e d  t o  b e  3.7 & 0.2 s e c o n d s .  On t h e  o r d e r '  of 100  

gamma r a y s  were d e t e c t e d  but e n e r g i e s  v e r e  g i v e n  for o n l y  

e i g h t  of them. T h e s e  e i g h t  were p l a c e d  i n  a l e v e l  s c h e m e  

for 1 laCd c o n s i s t i n g  o f  s e v e n  e x c i t e d  l e v e l s .  T e n t a t i v e  

s p i n  and  p a r i t y  a s s i g n m e n t s  v e r e  made. T h e  S t u d s v i k  g r o u p ' s  

r e s u l t s  w i l l  be c o m p a r e d  w i t h  t h o s e  of t h i s  work i n  C h a p t e r  



A. T h e  TRISTAN S y s t e m  

T h i s  p r o j e c t  is o n e  o f  many s t u d i e s  o f  2 3 9 0  f i s s i o n  

p r o d u c t s  b e i n g  c o n d u c t e d  a t  t h e  TRISTAN f a c i l i t y  a t  t h e  A m e s  

L a b o r a t o r y  R e s e a r c h  Reactor, E x c e p t  f o r  TRISTANss new 

method  o f  p r o d u c i n g  f i s s i o n  p r o d u c t s ,  t h e  TRISTAN s y s t e m  h a s  

been  t h o r o u g h l y  d e s c r i b e d  i n  a n  a r t i c l e  by J, R. McConnel l  

a n d  U. L,  T a l b e r t  ( 9 ) .  T h u s  o n l y  a b r i e f  d e s c r i p t i o n  o f  t h e  

s y s t e m  w i l l  be r e p o r t e d  i n  t h i s  work.  

The TRISTAN f a c i l i t y  c o n s i s t s  of a n  o n - l i n e  i s o t o p e  

s e p a r a t o r  a n d  a s w i t c h  m a g n e t  w h i c h  g u i d e s  t h e  i o n  beam t o  

o n e  o f  t h r e e  s t a t i o n s .  T h e s e  s t a t i o n s  are e q u i p p e d  w i t h  

d i f f e r e n t  t y p e s  of n u c l e a r  s p e c t r o s c o p i c  e q u i p m e n t ,  T h e  , 

l a y o u t  of t h e  TRISTAN f a c i l i t y  is shown i n  F i g u r e  2. 

I n  t h e  p a s t ,  t h e  TBXSTAN f a c i l i t y  h a s  o n l y  b e e n  c a p a b l e  

of s e p a r a t i n g  t h e  g a s e o u s  f i s s i o n  p r o d u c t s  k r y p t o n  a n d  

xenon.  However,  a  new win-beam'q i o n  s o u r c e  b a s e d  o n  t h e  

s t u d s v i k  d e s i g n  (8) h a s  been d e v e l o p e d  f o r  t h e  s y s t e m  w h i c h  

allows t h e  s e p a r a t i o n  of many n o n g a s e o u s  fission p r o d u c t s .  

The f i s s i o n  p r o d u c t  a c t i v i t y  i s  p r o d u c e d  when t h e  in-beam 

t a r g e t - i o n  s o u r c e  c o m b i n a t i o n  is p l a c e d  i n  a n  e x t e r n a l  

n e u t r o n  beam o f  3 x 109 n e u t r o n s / c m z - s e c  e m a n a t i n g  f r o m  t h e  

reactor, T h e  n e u t r o n s  t r a v e l  from t h e  r e a c t o r  t o  t h e  i o n  

s o u r c e  v i a  a t a p e r e d  beam t u b e  a n d  t h r o u g h  a l a m i n a t e d  s t e e l  
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a n d  m a s o n i t e  r o t a r y  s h u t t e r ,  The beam c a n  be  s h u t  o f f  b y  

r o t a t i n g  t h e  s h u t t e r  90° a n d  f i l l i n g  t h e  beam t u b e  w i t h  

water. The  target  i s  a g r a p h i t e  c l o t h  s l e e v e  c o n t a i n i n g  
.4:, 

2 3 s U O ,  w h i c h  i s  f i t t e d  i n s i d e  t h e  c y l i n d r i c a l  g r a p h i t e  

a n o d e .  A d i a g r a m  o f  t h e  in-beam i o n  s o u r c e  is shown i n  

F i g u r e  3 ,  

. D u r i n g  s e p a r a t o r  o p e r a t i o n ,  t h e r m a l i z e d  f i s s i o n  prod-  

ccts  d i f f u s e  i n t o  t h e  p l a s m a  i n  t h e  c e n t r a l  r e g i o n  of t h e  

anode .  A s w e e p  g a s  which  is a m i x t u r e  of h e l i u m  w i t h  a few 

p e r c e n t  s t a b l e  k r y p t o n  a n d  x e n o n  is u s e d  t o  h e l p  s u s t a i n '  a 

p l a s m a  d i s c h a r g e  i n  t h e  i o n  s o u r c e .  I n  a d d i t i o n ,  t h e  k r y p -  

t o n  a n d  x e n o n  a re  u s e f u l  a s  mass  m a r k e r s  a n d  a i d  i n  f o c u s i n g  

a n d  m o n i t o r i n g  t h e  m,ass number of t h e  i o n  beam. 

The i o n i z e d  s w e e p  g a s  a n d  f i s . s i o n  p r o d u c t s  are n e x t  

a c c e l e r a t e d  t h r o u g h  a  5 0 - k i . l o v o l t  p o t e n t i a l  a n d  f o c u s e d  by 

two 'e lectrostat ic  'Lenses ,  Then  t h e  beam e n t e r s  t h e  90° 

a n a l y z i n g  magne t  which  m a s s - s e p a r a t e s  t h e  i o n i z e d  f i s s i o n  

p r o d u c t s ,  A f t e r  p a s s i n g  t h r o u g h  t h i s  m a g n e t ,  t h e  mass- 

s e p a r a t e d  beam e n t e r s  a c o l . l e c t o r  box w h e r e  t h e  beam c a n  b e  

f o c u s e d  v i s u a l l y  by o b s e r v i n g  t h e  s t a b l e  ' k r y p t o n  a n d  xenon 

l i n e s  on a f l u o r e s c e n t  s c r e e n ,  T h e  magne t  c u r r e n t  i s  t h e n  

a d j u s t e d . s o  t h a t  t h e  d e s i r e d  mass p a s s e s  t h r o u g h  a s l i t  i n  

t h e  c a l i e c t o r  box.  
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The collector box  slit is a l i g n e d  w i t h  t h e  s w i t c h  

magne t  e n t r a n c e .  For t h i s  p r o j e c t ,  t h e  magnet  was set t o  

g u i d e  t h e  beam t o  t h e  moving t a p e  c o l l e c t o r  (NTC) which  was 

c o n t r o l l e d  b y  t h e  d a u g h t e r  a n a l y s i s  s y s t e m  ( D A S ) ,  T h e  

s w i t c h  m a g n e t  a l s o  p r o v i d e s  a s e c o n d  s t a g e  o f  mass s e p a r a -  

ti on. 

I n  t h i s  e x p e r i m e n t ,  t h e  beam d e p o s i t e d  o n  t h e  a luminum- 

c ~ a t e d  m y l a r  t a p e  o f  t h e  HTC c o n s i s t e d  of the a c t i v i t i e s  of 

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

d a u g h t e r  a c t i v i t i e s  is p e r f o r m e d  m e c h a n i c a l l y .  By a d j u s t i n g  

t h e  beam c o l l e c t i o n ;  d e l a y ,  a n d  a c c u m u l a t i o n  times f o r  t h e  

t a p e  m o t i o n ,  it is p o s s i b l e  t o  i n d e p e n d e n t l y  e n h a n c e  a 

d e s i r e d  a c t i v i t y ,  T h e  MTC s y s t e m  h a s  b o t h  " p a r e n t n  a n d  

R d a u g h t e r "  p o r t  p o s i t i o n s  f o r  t h e  detectors. The minimum 

d e l a y  time i s  t h e  time n e e d e d  t o  t r a n s f e r  t h e  a c t i v i t y  from 

t h e  p a r e n t  p o r t  t o  t , h e  d a u g h t e r  p o r t .  , W h i l e  t h e  t a p e  i s  i n  

m o t i o n ,  t h e  beam is d e f l e c t e d  by a v o l t a g e  a c r o s s  t h e  

d e f l e c t i o n  p l a t e s  a n d  t h e  m u l t i c h a n n e l  a n a l y z e r  i s  g a t e d  

o f f ,  T h e  D A S  c o n t r o l s  t h e  c y c l i n g  of , t h e  t a p e ,  t h e  

d e f l e c t i o n  v o l t a g e ,  a n d  t h e  a n a l y z e r .  I n  the n e x t  s e c t i o n ,  

an e x a m p l e  o f  i s o b a r i c  e n h a n c e m e n t  u s i n g  t h e  NTC is g i v e n .  



B. Gamma-ray H e a s u r e m e n t s  

1. gaags-a,gigg&s wegsgm,gg&_s 

S i n g l e s  d a t a  was o b t a i n e d  u s i n g  LEPS (Low E n e r g y  P h o t o n  

S p e c t r o m e t e r )  a n d  l a r g e  G e ( L i )  d e t e c t o r s .  T h e  l a r g e  vo lume  

d e t e c t o r s  h a d  e f f i c i e n c i e s  o f  a b o u t  15%. A b l o c k  d i a g r a m  of 

t h e  e l e c t r o n i c  c i r c u i t  u s e d  t o  a c c u m u l a t e  gamma-ray s i n g l e s  

s p e c t r a  is shown i n  F i g u r e  4 .  D u r i n g  t h e  30-hour l l a A g  

s i n g l e s  . e x p e r i m e n t ,  t h r e e  s p e c t r a  were c o l l e c t e d  a t  t h e  

p a r e n t  p o r t :  a n  8 K  s p e c t r u m  w i t h  a n  e n e r g y  r a n g e  of 0-4 

nev,  a n  8 K  s p e c t r u m  w i t h  a n  e n e r g y  r a n g e  of 2 - 5 - 8  M e V ,  a n d  a  

4 K  LEPS s p e c t r u m  v i t h  a n  e n e r g y  r a n g e  o f  0-400 keV. I n  

o r d e r  t o  r e d u c e  c o n t a m i n a t i o n  from t h e  d a u g h t e r  a c t i v i t i e s  

' I l e C d  (T,=50.3 min.) , l l a l n r n  (T =4-45 main.), a n d  1 lain (TI 
2 3 2 

=5 ,0  sec.) , t h e  XTC v , a s  set  t o  a c c u m u l a t e  a c t i v i t y  f o r  6 sec- 

o n d s ,  A t  t h e  e n d  of  t h i s  p e r i o d  t h e  t a p e  was moved. C a l i -  

b r a t i o n  a n d  mixed c a l i b r a t i o n  r u n s  were made so t h a t  s t a n -  

d a r d  gammq. r a y s  from s6C0, 1 3 7 C s ,  a n d  l e z T a  c o u l d  be u s e d  t o  

o b t a i n  d e t e c t o r  e n e r g y  a n d  i n t e n s i t y  c a l i b r a t i o n s  a n d  t o  map 

t h e  n o n l i n e a r i t i e s  of t h e  s y s t e m .  T o  f a c i l i t a t e  i d e n t i f i c a -  

t i o n  of Ag gamma r a y s ,  a  d a u g h t e r  s p e c t r u m  was c o l l e c t e d  a t  ' 

t h e  d a u g h t e r  p o r t .  . I n  o r d e r  t o  e n h a n c e  t h e  l o n g - l i v e d  1 l s C d  

a n d  I t e r n ,  t h e  RTC was s e t  t o  a c c u m u l a t e  a c t i v i t y  f o r  120 

s e c o n d s  a n d  t h e n  d e l a y  fo r  3 0  s e c o n d s  b e f o r e  c o u n t i n g  s o  

t h a t  a l l  of t h e  l l a A g  a c t i v i t y  h a d  d e c a y e d .  B a c k g r o u n d  r u n s  
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Figure 4. Block  diagram of gamma s i n g l e s  electronics 
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were a l s o  made a t  b o t h  t h e  p a r e n t  a n d  d a u g h t e r  p o r t s  so  t h a t  

b a c k g r o u n d  a c t i v i t y  c o u l d  b e  easily d i s t i n g u i s h e d  from Ag 

a c t i v i t y .  

The l l e A g  n u c l e u s  b e t a  d e c a y s  f r o m  b o t h  t h e  g r o n n d  

s t a t e  a n d  a s h o r t - l i v e d  isomeric s t a t e ,  I n  o r d e r  t o  d i s t i n -  

g u i s h  b e t w e e n  gammas f r o m  the two d e c a y s ,  a o n e - h o u r  s i n g l e s  

e n p e r  i m e n t  was c o n d u c t e d  i n  w h i c h  t h e  s h o r t - l i v e d  d e c a y  n a s  

s u p p r e s s e d .  The  HTC was set t o  a c c u m u l a t e  for 8.0 s e c o n d s  

a n d  t h e n  d e l a y  f o r  6.0 s e c o n d s  b e f o r e  c o u n t i n g ,  One 4 K  

s p e c t r u m  was c o l l e c t e d  a t  t h e  p a r e n t  p o r t  a n d  a n o t h e r  4 K  

s p e c t r u m  u a s  c o l l e c t e d  a t  t h e  d a u g h t e r  p o r t .  T h e ,  s h o r t -  

l i v e d  d e c a y  was s u p p r e s s e d  i n  t h e  d a u g h t e r  p o r t  s p e c t r u m ,  

n u l t i s c a l e  msBsurements 2- ------- - ------ 
The h a l f - l i v e s  o f  b o t h  l l e A g  i s o m e r s  v e r e  r e m e a s u r e d  i n  

a m u l t i s p e c t r a l  s c a l i n g  e x p e r i m e n t .  A d i a g r a m  o f  t h e  

m u l t i s c a l e  e l e c t r o n i c s  is  shown i n  figure 5. I n  a l l  meas- 

urements the gamma-ray s p e c t r a  were m u l t i s c a l e d  i n t o  16 time 

b i n s  which  e a c h  c o n t a i n e d  1024 c h a n n e l s  of i n f o r m a t i o n .  The 

e n e r g y  r a n g e  o f  e a c h  b i n  u a s  0-550 kev. 

The g r o n n d  s t a t e  h a l f - l i f e  o f  l l * A g  was d e t e r m i n e d  f rom 

t h e  d e c a y  o f  t h e  488-keV gamma ray. The HTC was set t o  

collect f o r  6 s e c o n d s  a n d  d e l a y  fo r  o n e  s e c o n d .  The  time 

w i d t h  o f  e a c h  bin was o n e  s e c o n d .  The l e n g t h  of t h i s  r u n  
I 

was a b o u t  20 h o u r s .  
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The isomeric h a l f - l i f e  mas o b t a i n e d  f r o m  t h e  d e c a y  o f  

t h e  128-keV gamma r a y .  The HTC was set t o  collect f o r  .3 

s e c o n d s  a n d  t o  d e l a y  f o r  6.4 s e c o n d s .  The  time w i d t h  o f  

e a c h  b i n  was -4 s e c o n d s .  The l e n g t h  o f  t h i s  r u n  was a b o u t  

12 h o u r s .  

3. G a m m c q a m m a  & g & g a & n c e  g s p s g g m e n t s  

Tvo G e ( L i )  d e t e c t o r s  were p o s i t i o n e d  i n  180° g e o m e t r y  

f o r  a  1 7 - h o u r  c o i n c i d e n c e  s t u d y .  E a c h  d e t e c t o r  h a d  two 

p r e a m p l i f i e r  o u t p u t s ;  One was u s e d  t o  detect  c o i n c i d e n c e  

e v e n t s  a n d  t h e  o t h e r  u a s  u s e d  for  e n e r g y  a n a l y s i s .  The  HTC 

was set t o  c o l l e c t  f o r  30 s e c o n d s  a n d  d e l a y  for  6 s e c o n d s .  

A b l o c k  d i a g r a m  of t h e  c o i n c i d e n c e  e l e c t r o n i c s  is shown 

i n  F i g u r e  6. C o n s t a n t - f r a c t i o n  t i m i n g  was u s e d  b e c a u s e  t h e  

r e s u l t i n g  time s i g n a l  c o u l d  f i r s t  b e  c o m p e n s a t e d  for  a m p l i -  

t u d e  and r i se  time. T h i s  t i m i n g  t e c h n i q u e  is d e s c r i b e d  i n  

two art icles by D. A .  Gedcke a n d  W. J. HcDonald ( 1 0 , 1 1 ) .  

The t i m i n g  b e t w e e n  s i g n a l s  from t h e  two d e t e c t o r s  de- 

t e r m i n e d  a c o i n c i d e n c e  e v e n t .  The l o g i c  s i g n a l  f r o m  o n e  

d e t e c t o r  u a s  u s e d  a s  a s t a r t  s i g n a l  f o r  t h e  t i m e - t o - p u l s e -  

h e i g h t  c o n v e r t e r  (TPHC) . The  s i g n a l  f rom t h e  other d e t e c t o r  

was d e l a y e d  for  a b o u t  40 n s  a n d  a c t e d  a s  a s t o p  s i g n a l  f o r  

t h e  TPHC. T h e  s i n g l e  c h a n n e l  a n a l y z e r  (SCA) t h e n  s e l e c t e d  a 

r e g i o n  o f  TPHC p u l s e  h e i g h t s  w h i c h  c o r r e s p o n d e d  t o  c o i n c i -  

d e n c e  e v e n t s .  Whenever t h e  TPHC o u t p u t  f e l l  w i t h i n  t h i s  
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c o i n c i d e n c e  window, t h e  SCA s e n t  a n  o u t p u t  s i g n a l  t o  g a t e  

the two ADC's t o  a c c e p t  t h e  e n e r g y  s i g n a l s .  The Am's were 

se t  i n  t h e  4K mode s o  t h a t  each i n c o m i n g  p a i r  of events was 

r e g i s t e r e d  i n  a 4 K  c h a n n e l  x 4 K  c h a n n e l  c o i n c i d e n c e  a r r a y .  

The c o s n c i d e n c e  p a i r s  were s t o r e d  i n  a b u f f e r  s y s t e m .  After 

t h e  b u f f e r  h a d  r e c o r d e d  2048  events, t h e  d a t a  was dumped 

o n t o  a m a g n e t i c  t a p e  a n d  the p r o c e s s  was r e p e a t e d .  



111. DATA ANALYSIS AND RESULTS 

Over  t h e  y e a r s  members of t h e  TRISTAN g r o u p  h a v e  d e v e l -  

o p e d  c o m p u t e r  p r o g r a m s  t o  h e l p  i n  ' t h e  a n a 1 y s . i ~  of t h e  v a s t  

a m o u n t s  of d a t a  g e n e r a t e d  by e x p e r i m e n t s  p e r f o r m e d  a t  t h e  

TRISTBN f a c i l i t y .  S e v e r a l  o f  t h e  p r o g r a m s  are b r i e f l y  d i s -  

c u s s e d  i n  t h i s  c h a p t e r ,  a n d  the r e s u l t s  of the c o m p u t e r  

a n a l y s i s  p e r f o r m e d  o n  t h e  l 1 a A g  decay data are  g i v e n .  Sum- 

maries o f  t h e  r e s u l t s  are shown i n  s e v e r a l  f i g u r e s  a n d  

t a b l e s .  

A. T r a n s i t i o n  E n e r g i e s  a n d  I n t e n s i t i e s  

The m u l t i c h a n n e l  a n a l y z e r  (HCA) d a t a  were r e c o r d e d  

p e r i o d i c a l l y  o n  m a g n e t i c  t a p e  i n  o r d e r  t o  a v o i d  memory 

o v e r f l o w s  a n d  g a i n - s h i f t  d i s t o r t i o n s .  T h e  c o m p u t e r  p r o g r a m  

DISKRITE was used '  t o  a d d  a p p r o p r i a t e  HCA s p e c t r a  t o g e t h e r  

and write t h e  s u m  o n t o  TBISTAN's p r i v a t e  d i s k .  

The c o m p u t e r  p r o g r a m  UNIPLOT was u s e d  t o  o b t a i n  p l o t s  

of t h e  d a t a .  T h e s e ,  p l o t s  i n d i c a t e d  t h a t  o n l y  t h e  0-4 Plev 

s p e c t r u m  n e e d e d  t o  b e  a n a l y z e d .  No 1.leAg gammas, o t h e r  t h a n  

t h o s e  in the a b o v e  s p e c t r u m ,  a p p e a r e d  i n  t h e  h i g h - e n e r g y  

s p e c t r u m  or i n  t h e  , l o w - e n e r g y  LEPS s p e c t r u m .  T h e  LEPS 

s p e c t r u m  is  shown i n  F i g u r e  7, and t h e  Ag s p e c t r u m  from t h e  

G e  (Li) d e t e c t o r  a p p e a r s  i n  F i g u r e  8. 
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The c o m p u t e r  p r o g r a m s  PEAKFIWD (12) a n d  SKEWGAUSS (13) 

were n e x t  u s e d  t o  d e t e r m i n e  p e a k  l o c a t i o n s  a n d  areas a n d  

t h e i r  e r r o r s  i n  t h e  c a l i b r a t i o n ,  mixed  c a l i b r a t i o n ,  a n d  

unknown s i n g l e s  s p e c t r a .  PEASFIND s e a r c h e s  f o r  p e a k s  a n d  

p e r f o r m s  t h e  i n i t i a l  p e a k  fits. SKEWGAUSS u t i l i z e s  PEAKBIWD 

o u t p u t  a n d  o f f e r s  more f i t t i n g  p a r a m e t e r  o p t i o n s  f o r  

i m p r o v i n g  p e a k  fits, Both  p r o g r a m s  g e n e r a t e  p l o t s  for  use 

i n  j u d g i n g  t h e  f i t  q u a l i t y  a n d  c a r d  o u t p u t  for  u s e  i n  t h e  

p rogram DRUDGE. 

DRUDGE c o n v e r t s  , p e a k  l o c a t i o n s  a n d  a reas  i n t o  gamma en-  

e r g i e s  a n d  i n t e n s i t i e s ,  I n  o r d e r  t o  a c c u r a t e l y  d e t e r m i n e  

t h e  Ag e n e r g i e s ,  D R U D G E  was s u b m i t t e d  t o  t h e  c o m p u t e r  t h r e e  

times, I n  i ts  f irst  r u n ,  D R U D G E  d e t e r m i n e d  a r e l a t i o n s h i p  

. be tween  e n e r g y  a n d  c h a n n e l  number ,  I n t e n s e  c a l i b r a t i o n  

p e a k s  were u s e d  t o  e s t a b l i s h  a l e a s t - s q u a r e s  (LSQ) l i n e ,  a n d  

other c a l i b r a t i o n  p e a k s  were u s e d  t o  e s t a b l i s h  t h e  

n o n l i n e a r i t y  r e l a t i v e  t o  t h e  LSQ l i n e ,  T h e  loca l  n o n l i n e a r -  

i t i e s  were c a l c u l a t e d  by  h a n d  by s u b t r a c t i n g  t h e  c a l i b r a t i o n  

peaks' L S Q  e n e r g i e s  f rom t h e i r  known e n e r g i e s ,  a n d  a 

n o n l f  n e a r i t y  c u r v e  o f  AE v e r s u s  E (LSQ) was p l o t t e d .  

Next DRgDGE u a s  r u n  u s i n g  p e a k s  f ~ o n  t h e  mixed  c a l i b r a -  

t i o n  w p e ~ t r u m .  T h i s  r u n  d e t e r m i n e d  t h e  e n e r g i e s  of i n t e n s e  

Bg p e a k s  u s i n g  t h e  c a l i b r a t i o n  p e a k s  a s  a n  i n t e r n a l  c a l i b r a -  

t i o n .  T h e  LSQ l i n e  was e s t a b l i s h e d  u s i n g  t h e  same c a l i b r a -  

t i o n  p e a k s  a s  b e f o r e ,  and the p o s i t i o n s  of s e v e r a l  s t r o n g  Ag 



p e a k s  v e r e  l o c a t e d  o n  it. A t  t h i s  time, a new n o n l i n e a r i t y  

c u r v e  was a l s o  c a l c u l a t e d  i n  o r d e r  t o  c h e c k  t h a t  t h e  same 

n o n l i n e a r i t i e s  s t i l l  a p p l i e d ,  

T h e s e  i n t e n s e  Ag p e a k s  were i n  t u r n  used t o  t r a n s f e r  

t h e  c a l i b r a t i o n  l i n e  t o  t h e  unknown s p e c t r u m  i n  t h e  f i n a l  

D R U D G E  r u n .  The n o n l i n e a r i t i e s  were s p e c i f i e d  b y  (bE,E(LSQ))  

p a i r s  c h o s e n  f r o m  t h e  n o n l i n e a r i t y  p l o t .  The p r o g r a m  ap-  

p r o x i m a t e d  t h e  c u r v e  b y  l i n e a r  i n t e r p o l a t i o n  b e t w e e n  t h e s e  

p o i n t s .  T h i s  D R U D G E  r u n  l o c a t e d  t h e  Ag p e a k s  o n  t h e  c a l i -  

b r a t i o n  l i n e ,  c o r r e c t e d  t h e  LSQ e n e r g i e s  f o r  n o n l i n e a r i t i e s ,  

a n d  g e n e r a t e d  t h e  f i n a l  Ag e n e r g i e s .  

The f i n a l  Ag i n t e n s i t i e s  were a l so  c a l c u l a t e d  d u r i n g  

t h i s  r u n .  A t a b l e  o f  d e t e c t o r  e f f i c i e n c i e s  and u n c e r t a i n -  

t i es  v e r s u s  e n e r g y  u a s  s u p p l i e d  t o  t h e  p rogram.  A t a b l e  o-f 

e x p e r i m e n t a l  a t t e n u a t i o n s  d u e  t o  t h e  1.6 m m  a luminum window 

i n  t h e  BTC was a l s o  - c a l c u l a t e d  u s i n g  a t t e n u a t i o n  coeffi- 

c i e n t s  f r o m .  S i e g b a h n  ( 1 4 ) .  DRUDGE used t h i s  i n f o r m a t i o n  t o  

c o n v e r t  p e a k  areas i n t o  r e l a t i v e  i n t e n s i t i e s .  The most 

i n t e n s e  t r a n s i t i o n  was n o r m a l i z e d  t o  1000.  The gamma e n e r -  

g i e s  and  i n t e n s i t i e s  a r e  s u m m a r i z e d  i n  T a b l e  I. 

c o n t a m i n a n t  p e a k s  i.n the unknown s p e c t r u m  were i d e n t i -  

f i e d  u s i n g  v . a r i o u s  methods .  T h e  unknown s p e c t r u m  was com- 

p a r e d  w i t h  b a c k g r o u n d  s p e c t r a  t a k e n  a t  t h e  p a r e n t  a n d  daugh-  

te r  p o r t s  of t h e  HTC, It was a l s o  c o m p a r e d  w i t h  t h e  daugh-  

ter  s p e c t r u m ,  which  was t a k e n  u s i n g  a d i f f e r e n t  HTC e n h a n c e -  



Table I. Gamma t r a n s i t i o n s  o b s e r v e d  i n  the d e c a y  of 1 l e A g  

Energy ( k e v )  R e l a t i v e 1  Energy (keV) P lacement  
t h i s  work i n t e n s i t y  Ref. (7)  (kev)  

2 18 1-->I936 
u n p l a c e d  
3032-->2756 
2223-->I929 
3032-->2640 
2621-->2223 
2322-->I916 
3032-->2621 
2756-->2322 
3224-->2789 
u n p l a c e d  

488--> 0 
2756-->2223 
14 16-->I270 
1929-->I270 
1165--> 488 
2640-->I936 
u n p l a c e d  
1929-->I 165 
1936-->I165 
1270--> 488 
1286-0) 488 
303 2-->2223 
3032-->2182 

. u n p l a c e d  
2223-->I165 
u n p l a c e d  
u n p l a c e d  
u n p l a c e d  
2322-->I 165 
1270--> 0 
3266-->I929 
u n p l a c e d  
1916--> 488 
1929--> 488 

I I n t e n s i t i e s  n o r m a l i z e d  to 1000 f,or ' t h e  488-keV gamma ray. 



T a b l e  I. ( c o n t i n u e d )  

Ene rgy  (Rev )  R e l a t i v e 1  Ene rgy  (keV) P l a c e m e n t  
t h i s  work i n t e n s i t y  R e f .  (7) (kev)  

u n p l a c e d  
u n p l a c e d  
u n p l a c e d  
u n p l a c e d  
u n p l a c e d  
3224-->I286 
3182-->I165 
3266-->I165 
3329-->I 165 
2789--> 488 
u n p l a c e d  
3182--> 488 
3224-0) 488 
3266-0) 488 
2789--> 0 
3382-0) 488 
3224--> 0 

ment. P e a k s  which  d i d  n o t  die o u t  w i t h  t h e  o t h e r  Ag p e a k s  

b e l o n g e d  t o  e i t h e r  t h e  d a u g h t e r  or some c o n t a m i n a n t .  Iden- 

t i f i c a t i o n s  were a l s o  made using t h e  r e s u l t s  f rom o t h e r  

f i s s i o n - p r o d u c t  d e c a y  s t u d i e s ,  

Some of t h e  i n t r u d e r  p e a k s  were due  t o  r e a c t o r  or  e n v i -  

r o n m e n t a l  background:  Z e A l ,  *OK, 6oC0, 1 3 7 C s ,  a n d  22aTh.  

P e a k s  r e s u l t i n g  f rom n e u t r o n  c a p t u r e  i n  h y d r o g e n  a n d  

germanium a l s o  a p p e a r e d .  Gammas f rom 1 3 2 1  were also ob- 

s e r v e d ,  T h i s  c o n t a m i n a t i o n  p r o b a b l y  o c c u r r e d  a s  t h e  beam 

was b e i n g  t u n e d  p r i o r  t o  t h e  run .  



8 ,  t l u l t i s c a l e  A n a l y s i s  

The HCA m u l t i s c a l e  d a t a  were r e c o r d e d  o n  m a g n e t i c  t a p e ,  

T h e r e  were two  m u l t i s c a l e  r e c o r d s :  o n e  f o r  t h e  l o n g - l i v e d  

d e c a y  a n d  o n e  f o r  t h e  s h o r t - l i v e d  d e c a y .  DISKRITE t r a n s -  

f e r r e d  t h e  r e c o r d s  f r o m  t a p e  t o  p r i v a t e  d i s k .  P l o t s  were 

o b t a i n e d  o f  a l l  the e n e r g y  s p e c t r a  a s s o c i a t e d  w i t h  t h e  16 

time b i n s ,  The h a l f - l i f e  f o r  t h e  s h o r t - l i v e d  d e c a y  was de- 

t e r m i n e d  b y  t h e  d e c a y  of t h e  128-key  peak ,  T h e  h a l f - l i f e  

f o r  t h e  l o n g - l i v e d  d e c a y  was d e t e r m i n e d  from t h e  d e c a y  o f  

t h e  488-keV peak.  P E A K P I I D  a n d  SKEWGAUSS were u s e d  t o  

o b t a i n  t h e  a r e a s  of , t h e  128-, 488-keV, a n d  a n n i h i l a t i o n  

p e a k s  i n  e a c h  t i m e - b i n  s p e c t r u m .  T h e  a n n i h i l a t i o n  p e a k  

(almost e n t i r e l y  from r e a c t o r  b a c k g r o u n d )  a r e a s  were c h e c k e d  

f o r  a n y  t r e n d s  t h a t  would  i n d i c a t e  t h a t  s y s t e m a t i c  errors 

were a f f e c t i n g  t h e  128-keV a n d  488-keV d e c a y  h i s t o r i e s .  

For  e a c h  e n e r g y ,  a l i n e  g i v i n g  t h e  l o g  o f  t h e  p e a k  a r e a  

as a f u n c t i o n  of time was c a l c u l a t e d  .by a s i m p l e  w e i g h t e d  

l e a s t - s q u a r e s  p r o g r a m  o b t a i n e d  f r o m  B e v i n g t o n  (1 5) . From 

t h e  s l o p e  o f  e a c h  LSQ l i n e ,  t h e  d e c a y  h a l f - l i f e  mas c a l c u l a -  

t e d .  T h e  d e c a y  c u r v e s  f o r  the 128-kev p e a k  a n d  t h e  488-keV 

peak are shown i n  F i g u r e  9. From t h e  128-keV l i n e ,  t h e  

h a l f - l i f e  of t h e  s h o r t - l i v e d  d e c a y  was c a l c u d a t e d  t o  b e  2.0 

k 0.2 s e c o n d s .  T h i s  is smaller t h a n  *he S t u d s v i k  v a l u e ,  

which was 2.8 t 0.3 s e c o n d s ,  .Prom t h e  488-keV l i n e ,  t h e  



A 488 KeV 3.76 f: 0.1 5 sec. 
1 28 KeV 2.0 0.2 sec. 

Time (sec.) 

Pigure  9 ,  Decay c u r v e s  for 1 1 8 A g  



g r o u n d  s t a t e  h a l f - l i f e  was c a l c u l a t e d  t o  be 3.76 * 0.15 sec- 

o n d s .  T h i s  v a l u e  is  i n  good a g r e e m e n t  w i t h  t h e  S t u d s v i k  

v a l u e  of 3.7 0.2 s e c o n d s ,  T h e  h a l f - l i f e  f o r  t h e  488-keV 

peak was a l s o  c a l c u l a t e d  f r o m  t h e  s . b o r t - l i v e d  d e c a y  d a t a .  , 

T h i s  h a l f - l i f e  ,was d e t e r m i n e d  t o  b e  3.8 f 0.5 s e c o n d s ,  a n d  

it a g r e e s  well w i t h  t h i s  s t u d y ' s  o t h e r  v a l u e .  The h a l f - l i f e  

f o r  t h e  128-keV peak  was n o t  c a l c u l a t e d  f r o m  t h e  l o n g - l i v e d  

&cay d a t a  s i n c e  t h e  p e a k ' s  i n t e n s i t y  i n  t h a t  d a t a  was s ta-  

t i s t i c a l l y  v e r y  poor .  

C. Gamma-Gamma C o i n c i d e n c e  Data 

The two p u l s e - h e i g h t  s p e c t r a  f r o m  t h e  ADC's, g a t e d  by 

t h e  o u t p u t  of t h e  c o i n c i d e a c e  c i r c u i t r y ,  were r e c o r d e d  o n  

m a g n e t i c  t a p e  a n d  t r a n s f e r r e d  t o  p r i v a t e  d i s k  by DISKRITE. 

S i n c e  one ADC was l a b e l e d  " A "  a n d  t h e  o t h e r  "B," t h e  t w o  

s p e c t r a  were c a l l e d  t h e  A a n d  B c o i n c i d e n c e  p r o f i l e s ,  

Through  UNIPLOT, p l o t s  o f  t h e s e  c o i n c i d e n c e  p r o f i l e s  were 

o b t a i n e d .  One o f  t h e  p l o t s  was used t o  d e t e r m i n e  t h e  

c h a n n e l  b o u n d a r i e s  of t h e  c o i n c i d e n c e  g a t e s ,  Two g a t e s  were 

se t  up'  fo r  e a c h  t r a n s i t i o n .  One was d e f i f i e d  b y  t h e  peak.  

The o t h e r  was t h e  same w i d t h  a s  t h e  e n e r g y  gate b u t  was lo- 

c a t e d  i n  a n  a r e a  a b o v e  t h e  p e a k  t o  i d e n t i f y  c o i n c i d e n c e s  d u e  

to  t h e  Compton b a c k g r o u n d ,  T h e s e  g a t e s  were i n p u t  i n t o  t h e  

p rogram BUFFTAPE. 



Each c o i n c i d e n c e  e v e n t  v a s  r e c o r d e d  o n  a b u f f e r  t a p e  a s  

a p a i r  o f  c h a n n e l  numbers .  One c h a n n e l  number  was l a b e l e d  

a&" a n d  t h e  o t h e r  was l a b e l e d  . N B , l J  d e p e n d i n g  o n  t h e  o r i g i n  

o f  t h e  c o r r e s p o n d i n g  a d d r e s s ,  BUFFTAPE r e a d  t h e  b u f f e r  t a p e  

a n d  a s s e m b l e d  t h e  a p p r o p r i a t e  c o i n c i d e n c e  e v e n t s  f o r  e a c h  

g a t e ,  F o r  e x a m p l e  i f  t h e  A p r o f i l e  was u s e d  t o  i n d e x  t h e  

g a t e s ,  BUFFTAPE a c c u m u l a t e d  a l l  t h e  ( b , B )  p a i r s  i n  w h i c h  t h e  

A c h a n n e l  number f e l l  i n s i d e  the b o u n d a r i e s  of a p a r t i c u l a r  

g a t e .  I t  a d d e d  t h e  c o u n t s  i n  t h e  B c h a n n e l s  a n d  a s s e m b l e d  a 

c o i n c i d e n c e  s p e c t r u m .  T h e  p r o g r a m  t h e n  wrote t h e  c o i n c i -  

d e n c e  slice c n  a n o t h e r  m a g n e t i c  t a p e ,  The p r o g r a m  BUFFREAD 

was u s e d  to r e a d  t h i s  t a p e  a n d  r e c o r d  t h e  c o i n c i d e n c e  s l ices  

on p r i v a t e  d i s k .  A l l  e n e r g y  a n d  Compton c o i n c i d e n c e  s l ices 

were p l o t t e d  u s i n g  UNIPLOT. The c o i n c i d e n c e  slices for t h e  

488-keV a n d  2778-keV p e a k s  are  shown i n  F i g u r e  10, T h e  

p l o t s  were e x a m i n e d  t o  i d e n t i f y  c o i n c i d e n c e s .  T h e  c o i n c i -  

d e n c e  was c a l l e d  d e f i n i t e  i f  the p e a k  was c l e a r l y  l a rger  i n  

the  e n e r g y  g a t e  s l ice  t h a n  i n  t h e  Compton g a t e  s p e c t r u m .  I f  
. . 

t h e  c o i n c i d e n c e  peak was o n l y  slightly l a r g e r  o r  s t a t i s t i -  

c a l l y  s h a k y ,  it was c a l l e d  a  p o s s i b l e  c o i n c i d e n c e .  T h e  ob- 

s e r v e d  c o i n c i d e n c e s  a r e  l i s t e d  i n  T a b l e  11. 



1 560 1 930 2300 2670 3040 
80 450 820 1190 1560 

CHANNEL NO. 
Ngore 10. oamm spectrum in coincidence with the (a) 4889, and (b) 

2778-ftsV gamma rays from the decay of %*mag 



Table 11. Coincidences observed  i n  the decay  of 1 1 e A g  

Gating 
Energy . 
(keV) 

D e f i n i t e  
C o i n c i d e n c e s  
(keV) 

Possible 
C o i n c i d e n c e s  

(keV) 



T a b l e  11. ( c o n t i n u e d )  

G a t i n g  D e f i n i t e  P o s s i b l e  
Energy . C o i n c i d e n c e s  C o i n c i d e n c e s  
( k e V )  (keV) (keV) 



3 1 

1 .  DECAY SCHEHE 

A. L e v e l  Scheme C o n s t r u c t i o n  

U s i n g  t h e  r e s u l t s  o f  t h e  s i n g l e s  a n d  c o i n c i d e n c e  e x p e r -  

i m e n t s ,  a l e v e l  s c h e m e  was c o n s t r u c t e d ,  The  c o m p u t e r  p r o -  

gram LVLSURCH was u s e d  t o  e x t e n d  t h e  scheme.  The  p r o g r a m  

f o u n d  new l e v e l s  by s e a r c h i n g  f o r  s u m s  o f  gamma e n e r g i e s  

which e q u a l e d  o t h e r  gamma . e n e r g i e s  or  sums. T h e s e  c o w b i n a -  

t i o n s  were u s e d  t o  e s t a b l i s h  new 1 e v e . l ~  w h i c h  were i n  t u r n  

employed  i n  t h e  n e x t  i t e r a t i o n .  T y p i c a l  e n e r g y  m a t c h e s  f o r  

c a s c a d e s  o f  0.5 keV were r e q u i t e d .  The number of i n -  a n d  

o u t - g o i n g  t r a n s i t i o n s  n e e d e d  t o  e s t a b l i s h  a l e v e l  were a l s o  

s p e c i f i e d .  I f  a LVLSURCH l e v e l  a g r e e d  w i t h  c o i n c i d e n c e  e v i -  

. d e n c e ,  i t  was a d o p t e d .  The  p r o g r a m  wa,s p a r t i c u l a r l y  u s e f u l  

f o r  l o c a t i n g  u n p l a c e d  gammas i n  the a l r e a d y  e s t a b l i s h e d  

d e c a y  scheme.  

The d e c a y  s c h e m e  is shown i n  F i g u r e  11; I n  t h i s  

. f i g u r e ,  dots a p p e a r  a t  t h e  extremities of the gamma t r a n s i -  

t i o n  a r r o w s .  A d o t  is s o l i d  i f  a t  l e a s t  o n e  d e f i n i t e  c o i n -  

c i d e n c e  was o b s e r v e d .  A h o l l o w ,  d o t  i n d i c a t e s  t h a t  o n l y  a 

p o s s i b l e  c o i n c i d e n c e  was o b s e r v e d ,  

The spin a n d  p a r i t y  a s s i g n m e n t s  f o r  t h i s  d e c a y  scheme 

were g u i d e d  by o b s e r v e d  gamma t r a n s i t i o n s  a n d  s y s t e m a t i c s .  

Knowledge o f  t h e  p e r c e n t a g e  o f  b e t a  f e e d i n g  t o  a l e v e l  a l s o  

a i d s  t h e  s e l e c t i o n  o f  a s p i n  a n d  p a r i t y  fo r  t h a t  l e v e l .  
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N g u r s  11. "8Ag decay scheme 



T h i s  i n f o r m a t i o n  i s  n e c e s s a r y  fo r  c a l c u l a t i n g  t h e  log&& 

v a l u e ,  a s s o c i a t e d  w i t h  t h e  l e v e l .  Log= r u l e s  f o r  s p i n  a n d  

p a r i t y  a s s i g n m e n t s  c a n  t h e n  b e  a p p l i e d  t o  l i m i t  c h o i c e s  of 

p o s s i b l e  J''s, 

Beta b r a n c h i n g s  a r e  d i f f i c u l t  t o  calculate f o r  t h e  

d e c a y  o f  l l 8 A g  s i n c e  t h e r e  a r e  two isomers i n v o l v e d ,  T h e  

128-keB isomeric s t a t e  gamma d e c a y s  t o  t h e  Ag g r o u n d  s t a t e ,  

This isomeric t r a n s i t i o n  was o b s e r v e d ,  a n d  f r o m  c o n v e r s i o n  

c o e f f i c i e n t s  a n d  c o n v e r s i o n  ra t ios  i t  was f o u n d  t o  h a v e  

m u l t i p o l a r i t y  E 3  (7 ) .  T h e  s p i n  o f  t h e  s h o r t - l i v e d  isomeric 

s t a t e  t h e r e f o r e  d i f f e r s  f rom t h a t  o f  t h e  g r o u n d  s t a t e  b y  

t h r e e  u n i t s .  

S i n c e  l l * A g  also b e t a  d e c a y s  f r o m  b o t h  t h e  isomeric 

s t a t e s ,  g a a m a s  from t h e  two d e c a y s  h a v e  t o  b e  s e p a r a t e d ,  A s  

d e s c r i b e d  i n  C h a p t e r  11, a o n e - h o u r  s i n g l e s  e x p e r i m e n t  was 

wuducted t o  esl leat  t h o  d a t a  n ~ e d e d  fnr t . h i s  task. T h e  two 

s p e c t r a  r e s u l t i n g  from t h e  r u n  were p l o t t e d ,  a n d  t h e  p a r e n t -  

port s p e c t r u m  was c o m p a r e d  t o  the d a u g h t e r - p o r t  spectrum. 

S i n c e  t h e  s h o r t - l i v e d  d e c a y  was s u p p r e s s e d  i n  t h e  d a u g h t e r -  

p o r t  s p e c t r u m ,  gammas w h i c h  a p p e a s e d  i n  b o t h  s p e c t r a  were 

p r o b a b l y  e i t h e r  "mixedtg o r  from t h e  ground s t a t e  b e t a  d e c a y .  

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

I l a A g  g r o u n d  s t a t e  g r o w s  i n  d u e  t o  p o p u l a t i o n  by  gamma d e c a y  

f rom t h e  1 l e A g  e x c i t e d - s t a t e  isomer. By c a r e f u l l y  

a n s i d e r i n g  t h e  i n t e n s i t y  r a t i o s  o f  gamma r a y s  from t h e  



p a r e n t  and  d a u g h t e r  p o r t  s p e c t r a ,  we s h o u l d  be a b l e  t o  de- 

t e r m i n e  i f  t h e  l e v e l  i s  b e t a - f e d  b y  t h e  l o n g - l i v e d  i s o m e r ,  

t h e  s h o r t - l i v e d  i s o m e r ,  o r  b o t h  isomers, B e  w i l l  t h e n  be 

able t o  d e t e r m i n e  a s e p a r a t e  s e t  o f  logg&(s for  t h e  b e t a  

d e c a y  of e a c h  i s o m e r .    hen t h e  s p i n s .  a n d  p a r i t i e s  c a n  be 

much more a c c u r a t e l y  p i n n e d  down. T h e  a b o v e  a n a l y s i s  w i l l  

be made b e f o r e  s u b m i s s i o n  of t h i s  d e c a y  s c h e m e  for j o u r n a l  

p u b l i c a t  i o n .  

B. The L e v e l  Scheme o f  1 l e C d  

The  spin a n d  p a r i t y  f o r  t h e  g r o u n d  s t a t e  of ll*Cd was  

assumed  t o  b e  O+ s i n c e  t h i s  is t h e  da for t h e  g r o u n d  s t a t e  

of a l l  e v e n - e v e n  n u c l e i ,  

The most i n t e n s e  garsllaa ' r a y  from t h e  d e c a y  o f  l l a A g  a t  

488 keV was p o s t u l a t e d  t o  d e p o p u l a t e  t h e  f i r s t  e x c i t e d  

state. T h i s  level is  a l m o s t  , c e r t a i n l y  a 2+  s t a t e  since most 

even-even n u c l e i  h a v e  2+ f i r s t  e x c i t e d  s tates.  T h e  main  ex-  

c e p t i o n s  t o  t h i s  r u l e  a re  d o u b l y - m a g i c  nuclei. A l s o ,  all 

other known e v e n - e v e n  Cd n u c l ' e i  h a v e  5'=2+ f o r  t h e  first 

e x c i t e d  s t a t e .  

Even-even Cd n u c l e i  d i s p l a y  v i b r a t i o n a l - t y p e  s p e c t r a .  

One e x p e c t s  t o  see a 0+-2+-4+ t r i p l e t  a t  a b o u t  twice t h e  en- 

e r g y  of the f irst  e x c i t e d  s t a t e ,  thus t h e  n e x t  t h r e e  l e v e l s  

a t  1165,  1270, a n d  1286 keV are p r o b a b l y  members o f  t h i s  

t r i p l e t ,  The  J~ of t h e  1290-keV l e v e l  i s  p r o b a b l y  2+ s i n c e  



it d e c a y s  t o  b o t h  t h e  f i r s t  e x c i t e d  s t a t e  a n d  t h e  g r o u n d  

s ta te .  The  1165-  a n d  1286-keV l e v e l s  d e c a y  t o  t h e  2+ first  

e x c i t e d  s t a t e  b u t  d o  n o t  d i r e c t l y  d e c a y  t o  t h e  0.+ g r o u n d  

s t a t e .  T h e  4224akeV l e v e l  i s  t h e  o n l y  e n e r g y  l e v e l  w h i c h  

gamma d e c a y s  t o  t h e  1286-keB l e v e l .  Its o t h e r  o u t - g o i n g  

t r a n s i t i o n s  d e c a y  t o  t h e  2 +  first e x c i t e d  s t a t e  a n d  t h e  0 +  

g r o u n d  s t a t e .  T h i s  l e v e l  is p r o b a b l y  a low s p i n  s ta te  w h i c h  

p r e f e r s  t o  d e c a y  t o  o t h e r  low s p i n  states. T h e  J' o f  the 

1286-keV l e v e l  i s  t h e r e f o r e  p r o b a b l y  O+. None of the l e v e l s  

w h i c h  gamma d e c a y  t o  t h e  1165-keV l e v e l  h a v e  o u t - g o i n g  t r a n -  

' s i t i o n s  t o  t h e  0+ g r o u n d  s t a t e ,  Some o f  them d o  d e c a y  t o  

t h e  2+  f irst  e x c i t e d  s ta te .  None of them,  h o w e v e r ,  d e c a y  t o  

t h e  1286- or 1270-keV s t a t e s  w h i c h  p r o b a b l y  h a v e  J''S of O+ 

a n d  2+,  r e s p e c t i v e l y .  T h e s e  l e v e l s  a r e  l i k e l y .  t o '  be h i g h  

s p i n  s t a t e s  w h i c h  p r e f e r  t o  d e c a y  . to  o t h e r  h i g h  s p i n  s ta tes-  

T h e  J' of  t h e  1165-keV level i s  t h u s  p r o b a h l y  4+. 

The 1916-keV l e v e l  d e c a y s  t o  t h e  2+  s t a t e  a t  1270 k e V  

a n d  t h e  2 +  f irst  e x c i t e d  s t a t e ,  It c a n n o t  h a v e  J=l  s i n c e  n o  

t r a n s i t i o n  t o  t h e  g r o u n d  s t a t e  i s  o b s e r v e d .  I t  d o e s  n o t  

h a v e  JL4 s i n c e  t h e r e  i s  no  t r a n s i t i o n  t o  t h e  4+ 1165-keV 

l e v e l ,  It is t h e r e f o r e  a low s p i n  s t a t e  v i t h  5=2 or 3,  

The  1 9 2 9 9 ,  3182-, 32660,  a n d  3382-keV l e v e l s  d e c a y  t o '  

t h e  2+ f i r s t  e x c i t e d  s ta te  a n d  t h e  4+ s t a t e  a t  1 1 6 5  k e V .  

They  d o  n o t  d e c a y  d i r e c t l y  t o  t h e  g r o u n d  s t a t e .  T h e  most ,  

p r o b a b l e  s p i n  a s s i g n m e n t s  f o r  t h e s e  s t a t e s  are J = 2 ,  3 ,  o r  4. 



The 1936- a n d  3328-keV l e v e l s  d e c a y  o n l y  t o  t h e  4+ 

s ta te  a t  1165 kev.  They .are t h u s  h i g h  s p i n  s t a t e s  w i t h  514,  

The 2182- a n d  2640-keV l e v e l s  d e c a y  o n l y  t o  t h e  h i g h  

s p i n  s t a t e  a t  1936-keV. They are a lso  l i k e l y  t o  b e  h i g h  

s p i n  s t a t e s  w i t h  J 1 4 .  

The 2223-keV l e v e l  d e c a y s  t o  t h e  4+ s t a t e  a t  1165 ke8 

a n d  t h e  h i g h  s p i n  s t a t e  a t  1 9 2 9  keV, It is p r o b a b l y  a h i g h  

s p i n  state v i t h  J 2 4 .  

The 2322-keV l e v e l  d e c a y s  t o  t h e  4+ s t a t e  a t  1 1 6 5  keV 

and t h e  J = 2  or  3 s t a t e  a t  1 9 1 5  keV. It p r o b a b l y  h a s  J=3, 4 ,  

o r  5. 

The 2621- a n d  2756-keV l e v e l s  b o t h  d e c a y  t o  t h e  h i g h  

s p i n  s t a t e  a t  2 2 2 3  keV. They p r o b a b l y  have  JL4.  

The 2789- a n d  3224-keV l e v e l s  d e c a y  t o  b o t h  t h e  g r o u n d  

s t a t e  a n d  t h e  f i rs t  e x c i t e d  s tate .  P o s s i b l e  s p i n  and p a r i t y  

a s s i g n m e n t c  aro 1+, I-, and 2+-  The s p i n  and p a r i t i e s  O+ 

a n d  0- a r e  n o t  p o s s i b l e  c h o i c e s  s i n c e  a 0' t o  O +  t r a n s i t i o n  

is f o r b i d d e n .  ( A  phonon h a s  s p i n  1 a n d  t h u s  must  be a b l e  t o  

c a r r y  o f f  a t  l eas t  o n e  u n i t  o f  s p i n . )  A 5' o f  2- is a l s o  a 

poor c h o i c e  s i n c e  a 2- t o  g r o u n d  s t a t e  ( O + )  t r a n s i t i o n  h a s  

m u l t i p o l a r i t y  E12 a n d  a 2- t o  first e x c i t e d  s t a t e  ( 2 + )  t r a n -  

s i t i o n  has m u l t i p o l a r i t y  El .  An M2 t r a n s i t i o n  g e n e r a l l y  

does n o t  c o m p e t e  w i t h  a n  E l  t r a n s i t i o n ,  t h u s  t r a n s i t i o n s  

f r o m  t h e s e  l e v e l s  t o  t h e  g r o u n d  s t a t e  would  n o t  be o b s e r v e d  

i f  t h e y  h a d  ,IT=2-. 



The 3032-keV l e v e l  d e c a y s  t o  f o u r  h i g h  s p i n  s t a t e s  a t  

2182-,26210,  264D-, a n d  2756-keV, It is a l s o  l i k e l y  t o  b e  a  

h i g h  s p i n  s ta te  w i t h  JL4.  

The c o i n c i d e n c e  e v i d e n c e  fo r  t h e  t w o  l e v e l s  a t  2621  keV 

and  2 182 keV is n o t  t o t a l l y  c o n v i n c i n g  e v e n  t h o u g h  t h e  e n e r -  

gy m a t c h e s  a r e  q u i t e  good .  The 41 1- a n d  398-keV gammas, 

which  are i n  c o i n c i d e n c e ,  c a s c a d e  f r o m  t h e  3032-keV l e v e l ,  

i m p l y i n g  a level a t  e i ther  2621  or 2634 keV. T h e  l e v e l  a t  

2621 keV was e v e n t u a l l y  c h o s e n .  b e c a u s e  o f  a  more f a v o r a b l e  

i n t e n s i t y  b a l a n c e .  A d d i t i o n a l  e v i d e n c e  f o r  s u c h  a n  o r d e r i n g  

was t h e  p l a c e m e n t  o f  t h e  439-kev gamma r a y  b e t w e e n  t h e  2621- 

a n d  2 182-kev l e v e l s ,  b u t '  t h e  c o i n c i d e n c e  i n f o r m a t i o n  fo r  t h e  

439-keV g a t e  was  n o t  c o n s i s t e n t  w i t h  t h i s  p l a c e m e n t  a n d  t h e  

439-keV gamma r a y  was  n o t  i n c l u d e d  i n  t h e  l e v e l  s c h e m e ,  The 

850- a n d  246-keV gamma r a y s ,  which are i n  c o i n c i d e n c e ,  a l s o  

c a s c a d e  from t h e ,  3032-keV l e v o l ,  i m p l y i n g  a l e v e l  a t  e i t h e r  

2182 or 2785  keV, A g a i n  t h e  a b o v e  p l a c e m e n t  of t h e  439-keV 

gamma r a y  would  f a v o r  t h e  2182-keV l e v e l ,  b u t  t h e  f i n a l  

d e c i s i o n  was  b a s e d  o n  t h e  i n t e n s i t y  b a l a n c e ,  T h e  two l e v e l s  

a t  2621  keV a n d  2182 keV are  t h u s  n o t  w e l l - e s t a b l i s h e d  a n d  

are d a s h e d  i n  t h e  l e v e l  s c h e m e  f i g u r e .  



A. C o m p a r i s o n  w i t h  P r e v i o u s  Work 

T h e  l e v e l s  p r o p o s e d  i n  t h e  s t u d y  are c o m p a r e d  t o  t h e  

b e t a - d e c a y  r e s u l t s  of F o g e l b e r g ,  22 a. (7)  i n  F i g u r e  12. 

T h i r t y - o n e  , new gamma-ray t r a n s i t i o n s  a n d  f o u r t e e n  new l e v e l s  

were f o u n d .  The p r e v i o u s  s t u d y ' s  l e v e l  a t  1973 keV was n o t  

s u p p o r t e d  b y  new e x p e r i m e n t a l  r e s u l t s .  I n  p a r t i c u l a r ,  t h e  

ne'w c o i n c i d e n c e  i n f o r m a t i o n  d i d  n o t  s u p p o r t  t h e  808-keV 

t r a n s i t i o n  from t h e  1973- keV l e v e l .  The r e m a i n i n g  l e v e l s ,  

t h e i r  s p i n s  a n d  p a r i t i e s ,  a n d  t h e i r  gamma t r a n s i t i o n s  are  i n  

f a i r l y  g o o d  a g r e e m e n t  with t h e  p r e s e n t  s t u d y ' s  f i n d i n g s .  

T h e  gamma i n t e n s i t i e s  c a n n o t  b e  c o m p a r e d ,  s i n c e  t h e y  were 

n o t  g i v e n  i n  t h e  p r e v i o u s  work .  

B. 1 1 8 C d  a n d  the Davydov-Chaban Model  

Medium-weight  (50<A<150) e v e n - e v e n  n u c l e i  n e a r .  c l o s e d  

s h e l l s  are t y p i c a l l y  ' c l a s s i f i e d  as  v i b r a t i o n a l  n u c l e i .  They  

are c h a r a c t e r i z e d  a s  v i b r a t i o n a l  b e c a u s e  of s e v e r a l  p r o p e r -  

ties t h e y  s h a r e :  (1)  T h e y  g e n e r a l l y  p o s s e s s  l o w - l y i n g  

f i r s t - e x c i t e d  s t a t e s  w i t h  s p i n  a n d  p a r i t y  2+. ( 2 )  T h e r e  
6 

is a t r i p l e t  of e x c i t e d  s t a t e s  a t  a p p r o x i m a t e l y  twice t h e  

e n e r g y  o f  t h e  f i rst  , e x c i t e d  s t a t e  w i t h  s p i n s  a n d  p a r i t i e s  o f  

0+, 2*, a n d  4+. T h e  l e v e l s  a re  c h a r a c t e r i s t i c  of a 

q u a d r u p o l e  v i b r a t o r .  T h e  e n e r g y  s t a t e s  o f  t h e  v i b r a t o r  are  
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i d e n t i f i e d  b y  phonon n u m b e r s ,  w h i c h  i n d i c a t e  t h e  number of 

q u a n t a  o f  v i b r a t i o n a l  e x c i t a t i o n ,  I n  a n  i d e a l  v i b r a t i o n a l  

n u c l e u s ,  t h e  two-  a n d  t h r e e - p h o n o n  s t a t e s  are  d e g e n e r a t e  

m u l t i p l e t s ,  however t e a l  v i b r a t i o n a l  n u c l e i  have  nonde-  

g e n e r a t e  phonon m u l t i p l e t s ,  The 0+-2+-4+ t r i p l e t  corre- 

s p o n d s  t o  the two-phonon m u l t i p l e t ,  Also, t h e  e n e r g y  r a t i o  

of t h e  c e n t e r  of g r a v i t y  of t h e  two-phonon m u l t i p l e t  t o  t h e  

first e x c i t e d  s t a t e  is g e n e r a l l y  a l i t t l e  g r e a t e r  t h a n  two. 

Some e v e n - e v e n  n u c l e i  are r o t a t i o n a l  i n  c h a r a c t e r .  F o r  

a p u r e  r o t a t i o n a l  n u c l e u s ,  t h e  e n e r g y  r a t i o  o f  two e x c i t e d  

s t a t e s  i s  g i v e n  by t h e  e q u a t i o n :  

E (J, J *  (J2+V 
- - - 
E (J1 J 1  ( J 1 + l )  

Thus  f o r  a p u r e  r o t a t o r  E ( 4 + )  / E ( 2 + ]  =3.33, w h e r e a s  f o r  a p u r e  

v i b r a t o r  E (4*) /E ( 2 + )  -2.0. From t h i s  study's e x p e r i m e n t a l  

r e s u l t s  f o r  I l a C d ,  t h e  energy r a t i o  E(4+)  /E(2+)=2.39.  F u r -  

t h e r m o r e ,  a n o n d e q s n e r a t e  4+-2+-0+ t r i p l e t  s u g g e s t i v e  of t h e  

two-phonon m u l t i p l e t  is p r e s e n t .  T h u s  l l 8 C d  c l e a r l y  tends 

t o  be v i b r a t i o n a l  i n  c h a r a c t e r .  T h i s  is t o  be e x p e c t e d  

s i n c e  ~ d  (2=48) is o n l y  two p r o t o n  numbers  away f r o m  t h e  

magic number Z=50, t h u s  its n u c l e u s  is a l m o s t  s p h e r i c a l -  

R o t a t i o n a l  b e h a v i o r  is n o t  s e e n  i n  s p h e r i c a l  n u c l e i ,  so ro- 

t a t i o n a l  effects s h o u l d  be small  i n  Cd. 

C o l l e c t i v e  r o t a t i o n s  are r e a s o n a b l y  w e l l - d e s c r i b e d  by a 

quantum m e c h a n i c a l  r o t o r .  T h e  s t a r t i n g  p o i n t  of a n y  v i b r a -  



t i o n a l  d e s c r i p t i o n  o f  c o l l e c t i v e  m o t i o n  is u s u a l l y  B o h r 8 s  

h a r m o n i c  q u a d r u p o l e - s u r f a c e  o s c i l l a t o r  mode l ,  however  a v i d e  

v a r i e t y  of a n h a r m o n i c  terms h a v e  b e e n  added by  v a r i o u s  

a u t h o r s .  No s i n g l e  mode l  w i t h  a n h a r m o n i c  terms a p p e a r s  t o  

a p p l y  t o  a l l  n u c l e i ,  T h e  t h e o r e t i c a l  a p p r o a c h  c o n s i d e r e d  i n  

t h i s  s t u d y  i s  t h e  Davydov-Chaban mode l  (1  2 . I n  t h e  

Davydov-Chaban mode l ,  t h e  n u c l e a r  s u r f a c e  is a s s u m e d  t o  

p o s s e s s .  a q u a d r u p o l e  e q u i l i b r i u m  s h a p e .  F i v e  r e a l  c o o r d i -  

n a t e s  are r e q u i r e d  t o  s p e c i f y  t h e  a p p e a r a n c e  of a g e n e r a l  

q u a d r u p o l e  s u r f a c e  r a l a t i v e  t o  a set  o f  l a b o r a t o r y  a x e s .  

These may b e  t a k e n  t o  be t h e  Bohr  c o o r d i n a t e s  (f3,Y,0i).  The 

E u l e r  a n g l e s  (0, ,0, ,E l , )  s p e c i f y  t h e  o r i e n t a t i o n  of a se t  of 

b o d y - f i x e d  (BP) p r i n c i p a l  a x e s  w h i l e  t h e  s h a p e  p a r a m e t e r s  f3 

a n d  Y d i c t a t e  t h e  a p p e a r a n c e  o f  t h e  s u r f a c e  t o  a bF o b s e r v -  

er. f3 i s  a m e a s u r e  ,of t h e  o v e r a l l  d e f o r m a t i o n  from 

sphericity (f3=0) and Y in_dj,c;ates t h e  d e q r e e  o f  r o t a t i o n a l  

a symmet ry  a b o u t  t h e  BF z - a x i s .  Q u a d r u p o l e  s u r f a c e s ,  a s  t h e y  

a p p e a r  i n  t h e  BF frame, are d e p i c t e d  i n  Ref. 16 f o r  v a r i o u s  

v a l u e s  o f  t h e  p a i r  (f3,Y) . U i t h i r i  the f r a m e w o r k  o f  t h e  

Davydov-Chaban mode l ,  f3 a n d  t h e  0 .  are t r e a t e d  a s  d y n a m i c a l  
1. 

v a r i a b l e s ,  The a s y m m e t r y  p a r a m e t e r  Y ,  h o w e v e r ,  is v i e w e d  a s  

a c o n s t a n t .  The model  c o n s e q u e n t l y  c o u p l e s  b r e a t h i n g  mode 

v i b r a t i o n s  ( f 3 - v i b r a t i o n s )  w i t h  a s y m m e t r i c  r o t o r  m o t i o n .  The 

e n e r g y  s p e c t r u m  is d e p e n d e n t  u p o n  t h r e e  m o d e l  p a r a m e t e r s :  

t h e  a s y m m e t r y  y ,  a n .  o v e r a l l  e n e r g y  scale f a c t o r - K w ,  a n d  t h e  



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

s t i f f n e s s  of t h e  6 - v i b r a t o r  t o  c e n t r i p e t a l  s t r e t c h i n g .  When 

PO, no s u c h  s t r e t c h i n g  o c c u r s .  I n  t h i s  l i m i t  t h e  B-v ib ra -  

t i o n s  a n d  r o t a t i o n s  a r e  c o m p l e t e l y  u n c o u p l e d .  T h e  p o t e n t i a l  

e n e r g y  i n  f3 d e p e n d s  upon a c e n t r i f u g a l  b a r r i e r  whose  h e i g h t  

is d i c t a t e d  by t h e  r o t a t i o n a l  e n e r g y  t o g e t h e r  w i t h  a p a r a -  

bolic p o t e n t i a l  i n  B i n v o l v i n g  a n  e q u i l i b r i u m  v a l u e  B, . T h e  

p a r a m e t e r  p  a r i s e s  when we a p p r o x i m a t e  t h i s  t o t a l  p o t e n t i a l  

by a s i n g l e  p a r a b o l i c  p o t e n t i a l  w i t h  an e q u i l i b r i u m  v a l u e  B i  

which  d e p e n d s  upon  t h e  r o t a t i o n a l  energy. I f  ~ 1 0 . 5  t h i s  ap -  

p r o x i m a t i o n  is q u i t e ,  good .  F o r  l a r g e r  v a l u e s  of p ,  t h e  re- 

s u l t a n t  m a t h e m a t i c a l  mode l  is completely t r a c t a b l e  b u t .  is 

o n l y  a r o u g h  a p p r o x i m a t i o n  t o  t h e  o r i g i n a l  H a m i l t o n i a n .  The  

a n g u l a r  p a r a n e t e r  Y may be r e s t r i c t e d  t o  0°1Y<300 by symme- 

t r y  p r o p e r t i e s  of .the n u c l e a r  s u r f a c e  a n d  t h e  c o r r e s p o n d i n g  

H a m i l t o n i a n .  A t  t h e ,  lower l i m i t ,  t h e  q u a d r u p o l e  s u r f a c e  h a s  

r o t a t i o n a l  symmet ry  a b o u t  t h e  BF z - a x i s  f o r  a l l  v a l u e s  o f  6. 

A t y p i c a l  e n e r g y  s p e c t r u m  of t h e  Davydov-Chaban model 

may b e  p a r t i t i o n e d  i n t o  r o t a t i o n a l  b a n d s  e a c h  o f  w h i c h  i s  

b a s e d  u p o n  a J = 0  @ - v i b r a t i o n a l  s t a t e .  E v e r y  s u c h  band  con- 

sists of (J+2)  /2 '  s t a t e s  of e a c h  e v e n  s p i n  a n d  (5- 1) / 2  s t a t e s  

of e a c h  o d d  s p i n .  . I n  t h e  l i m . i t  p=0 ,  t h e  p u r e l y  v i b r a t i o n a l  

s t a tes  (the P-band head^) are e q u a l l y  s p a c e d  i n  e n e r g y ,  a n d  
3, 

e a c h  r o t a t i o n a l  band i s  t h a t  of a q u a d r u p o l e  rotor .  T h e  ex- 

p e r i m e n t a l  e n e r g i e s  d e s i g n a t e d  b y  "*I1 i n  F i g u r e  13 h a v e  b e e n  



u s e d  i n  the d e t e r m i n a t i o n  of t h e  t h r e e  mode l  p a r a m e t e r s  p, Y , 
and&, T h e s e  were f o u n d  t o  b e  0.99, 20.g0,  a n d  866 Lev re- 

s p e c t i v e  l y .  B e c a u s e  p=0.99 t h e  a p p r o x i m a t e  H a m i l t o n i a n  a n d  

t h e  o r i g i n a l  H a m i l t o n i a n  d i f f e r  somewhat .  T h e  e f f e c t  o f  

t h i s  d i f f e r e n c e  c o u l d  be a s s e s s e d  b y  f i r s t  o r d e r  p e r t u r b a -  

t i o n  c o r r e c t i o n s  t o  t h e  e n e r g y  l e v e l s ,  b u t  t h i s  h a s  n o t  b e e n  

d o n e -  T h e  e q u i l i b r i u m  v a l u e  o f  B, a m e a s u r e  o f  t h e  n u c l e a r  

d - e f o r m a t i o n ,  c a n n o t  be d e t e r m i n e d  w ' . i thou t  a n  a c c o m p a n y i n g  

m e a s u r e m e n t  of a n  a b s o l u t e  E 2  t r a n s i t i o n  rate o r  t h e  i n t r i n -  

s i c  q u a d r n p o l e  moment. 

A c o m p a r i s o n  f o r  l l e C d  b e t w e e n  r e s u l t s  from t h i s  e x p e r -  

i m e n t  a n d  t h o s e  o b t a i n e d  b y  S. A ,  W i l l i a m s  from t h e  mode l  is 

shown i n  F i g u r e  13. , s i n c e  t h e  n u c l e a r  q u a d r u p o l e  s u r f a c e  

h a s  i n v e r s i o n  symmetry  a b o u t  t h e  z-axis, t h e  p a r i t i e s  of t h e  

t h e o r e t i c a l  s p i n  a ~ s ~ i g n m e n t s  a re  p o s i t i v e .  Note t h a t  t h e  

e x p e r i m e n t a l  4889, 1 , 1 6 4 ,  12700, 12860,  1916-, 19290,  a n d  

1936-keV l e v e l s  were u s e d  i n  t h e  f i t t i n g  p r o c e d u r e ,  T h e s e  

s ta tes  were assumed t o  h a v e  J=2, 4, 2, '  0, 4, 2, a n d  6 ,  re- 

s p  ect  i v e  l y .  

The mode l  p r e d i c t s  t h r e e  s t a t e s  a t  1174 ,  1 2 6 8 ,  a n d  1 4 0 5  

k e ~  w h i c h  h a v e  J = 4 ,  2, a n d  0 ,  r e s p e c t i v e l y .  T h e s e  l e v e l s  

c o r r e s p o n d  t o  t h e  4+ 1165-, 2+ 12700,  a n d  0+ 1286-keV e x p e r -  

i m e n t a l  s ta tes .  T h e  a g r e e m e n t .  b e t v e e p  e n e r g i e s  a n d  s p i n s  i s  

q u i t e  good  w i t h  t h e  e x c e p t i o n  o f  t h e  1405-keV l e v e l ,  w h i c h  
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is ,a l i t t l e  t o o  h i g h  i n  e n e r g y ,  

The t h e o r e t i c a l  J = 3  s t a t e  a t  1 5 2 3  keV was n o t  o b s e r v e d .  

It' i s  p o s s i b l e  t h a t  t h i s  l e v e l  was n o t  p o p u l a t e d  i n  t h i s  

p a r t i c u l a r  e x p e r i m e n t  a n d  may y e t  b e  d e t e c t e d  i n  some o t h e r  

t y p e  of d e c a y  s t u d y .  

The mode l  p r e d i c t s  t h r e e  s t a t e s  a t  1869 ,  1879, a n d  1906  

keV w h i c h  h a v e  J=6, 2, a n d  4 ,  r e s p e c t i v e l y ,  T h e r e  a re  t h r e e  

e x p e r i m e n t a l  l e v e l s  a t  a b o u t  t h e s e  e n e r g i e s ,  t h e  l e v e l s  a t  

1916,  1929 ,  a n d  1936  keV. T h e  e x p e r i m e n t a l  s p i n  a s s i g n m e n t s  

a g r e e  q u a n t i t a t i v e l y  w i t h  t h e  t h e o r e t i c a l  s p i n s ,  b u t  t h e y  

are o r d e r e d  d i f f e r e n t l y .  

The mode l  c a l c u l a t e s  a J = 5  s t a t e  a t  2172  keV. T h r e e  

h i g h - s p i  n  e x ~ e r i m e n t a l  l e v e l s ,  h o v e  v e r ,  were o b s e r v e d  i n  t h e  

v i c i n i t y  o f  t h i s  e n e r g y -  The 2182-, 2232-, a n d  2322-keV 

l e v e l s  were a l l  a s s i g n e d  524.  The mode l  c l e a r l y  c o m p u t e s  

t o o  small a l e v e l  d e n s i t y  f o r  t h i s  e n e r g y  r e g i o n .  T h i s  i n -  

d i c a t e s  t h a t  a n o t h e r  d e g r e e  o f  f r e e d o m  is n e e d e d  fo r  f i t t i n g  

t h i s  nucleus. T h e r e  i s  p r o b a b l y  some s i n g l e  p a r t i c l e  m o t i o n  

i n  a d d i t i o n  t o  t h e  c o l l e c t i v e  m o t i o n  o f  t h e  n u c l e u s .  Two o f  

t h e s e  l e v e l s  p r o b a b l y  d e p e n d  s t r o n g l y  o n  s i n g l e - p a r t i c l e  

m o t i o n  effects, t h u s  t h e  mode l  d o e s  n o t  c a l c u l a t e  t h e n .  

The mode l  n e x t  p r e d i c t s  t h r e e  h i g h - s p i n  . s t a t e s  a n d  o n e  

l o u - s p i n  s t a t e .  T h e s e  o c c u r  a t  2567 ,  2570,  2668,  a n d  2 7 4 5  

keV a n d  h a v e  J=8, 4, 2 ,  a n d  6, r e s p e c t i v e l y .  The  e x p e r i m e n -  

t a l  l e v e l  s c h e m e  has three h i g h - s p i n  s ta tes  a n d  o n e  l o u - s p i n  



s t a t e  a t  s l i g h t l y  h i g h e r  e n e r g i e s .  ,The h i g h - s p i n  s t a t e s  are  

a t  2621,  2640,  a n d  2756  keV, The l o w - s p i n  s t a t e  is a t  2789 

keV, E x c e p t  f o r  t h e  o r d e r i n g  of t h e  low s p i n  s t a t e ,  t h e  

m o d e l ' s  c a l c u l a t i o n s  a r e  q u a l i t a t i v e l y  quite good.  

The m o d e l  c a l c u l a t e s  t h r e e  l o w - s p i n  s t a t e s  a n d  s i x  

h i g h - s p i n  s t a t e s  b e t w e e n  2900 a n d  3500  keV. The l o v - s p i n  

states a r e  a t  2932,  2969, and  3 4 1 0  keV a n d  t h e y  h a v e  J=3, 0,  

a ~ . d  2, r e s p e c t i v e l y .  Only o n e  e x p e r i m e n t a l  l o w - s p i n  s t a t e  

u a s  d e f i n i t e l y  o b s e r v e d .  T h i s  l e v e l  was a t  3224 keV a n d  had  

IT 
J = I + ,  I - ,  o r  2+.  I t  may c o r r e s p o n d  t o  t h e  t h e o r e t i c a l  

l e v e l  a t  3 4 1 0  keV. T h r e e  e x p e r i m e n t a l  l e v e l s  a t  3182,  3266, 

a n d  3382 w i t h  J = 2 ,  3 ,  or 4 were o b s e r v e d ,  They a r e  p o t e n -  

t i a l l y  e i t h e r  l o w - s p i n  o r  h i g h - s p i n  s t a t e s ,  h o w e v e r  n o  J = 0  

s t a t e  was o b s e r v e d .  The s i x  h i g h - s p i n  t h e o r e t i c a l  s t a t e s  

are a t  2906 ,  3119,  3276, 3294, 3 3 3 2 ,  a n d  3 3 8 3  k e v  a n d  t h e y  

h a v e  , l=7,  4, 10, 6, 4, a n d  5, r e s p e c t i v e l y ,  O n l y  two e x p e r -  

i m e n t a l  l e v e l s  a t  30.32 a n d  3 3 2 9  k e v  d e f i n i t e l y  h a v e  5 2 4 .  It 

is d i f f i c u l t  t o  j u d g e  the m o d e l ' s  s u c c e s s  i n  f i t t i n g  t h e s e  

e n e r g y  l e v e l s  s i n c e  t h e  e x p e r i m e n t a l  s p i n  a s s i g n m e n t s  are 

r a t h e r  v a g u e .  The model  c l e a r l y  p r . e d i c t s  too many l e v e l s ,  

however  some of t h e s e ,  p a r t i c u l a r l y  t h e  J = O  s t a t e ,  may n o t  

h a v e  b e e n  p o p u l a t e d .  i n  t h i s  e x p e r i m e n t .  

I n  g e n e r a l ,  t h e  m o d e l  p r o v i d e s  a f a i r  d e s c r i p t i o n  o f  

the  e n e r g y  s t a t e s  of t h e  1 l s C d  n u c l e u s .  Even t h o u g h  its 

c a l c u l a t i o n s  d o  n o t  fit t h e  e x p e r i m e n t a l  r e s u l t s  e x a c t l y ,  



t h e  mode l  d o e s  p r e s e n t  a good p i c t u r e  of t h e  q u a l i t a t i v e  

f e a t u r e s  o f  t h e  l e v e l  s c h e m e ,  

C,  S y s t e m a t i c s  

F i g u r e  14 c o m p a r e s  t h e  l l 8 C d  l e v e l  s c h e m e  d e v e l o p e d  i n  

this s t u d y  w i t h  t h e  l e v e l  s c h e m e s  o f  o t h e r  e v e n - e v e n  Cd 

n a c l i d e s .  Note  t h a t  t h e  e n e r g y  of t h e  f i r s t  e x c i t e d  s t a t e  

h a s  a minimum a t  l l * C d  (N=70) , lzoCd(H=72)  h a s  a f i rs t  

e x c i t e d  s t a t e  t h a t  i s  c l o s e  i n  e n e r g y  t o  t h e  f i rs t  e x c i t e d  

s t a t e  of 1 l6Cd (W=68), T h e  f i r s t  e x c i t e d  s ta tes  o f  

1l*Cd (N=66) and  122Cd(N=74) a re  a l s o  c l o s e  i n  e n e r g y .  It 

a p p e a r s  t h a t  a d d i n g  a p a i r  o f  n e u t r o n s  t o  t h e  l l 8 C d  n u c l e u s  

h a s  t h e  same effect  on t h e  f i r s t  e x c i t e d  s t a t e  a s  r e m o v i n g  a  

p a i r  o f  n e u t r o n s ,  

The 4 +  s t a t e  f o l l o w s  a n  e n e r g y  t r e n d  s i m i l a r  t o  t h a t  o f  

t h e  f i rs t  e x c i t e d  s t a t e .  It a l s o  h a s  a minimum i n  e n e r g y  a t  

1leCd.  The  f a c t  t h a t  t h e  e n e r g y  o f  t h e  4+ s t a t e  rises a n d  

f a l l s  w i t h  t h a t  o f  t h e  2+ f i r s t  e x c i t e d  s ta te  i n d i c a t e s  t h a t  

these l e v e l s  h a v e  s t r o n q  c o l l e c t i v e  c h a r a c t e r .  I f  t h e y  were 

p a r t i c l e  s tates,  t h e y  would  n o t  e x h i b i t  t h i s  b e h a v i o r .  One 

migh t  e x p e c t  t h e  e n e r g y  minimum of t h e s e  s ta tes  t o  o c c u r  a t  

l l * C d ,  w h i c h  is midway b e t w e e n  t h e  N=50 a n d  N=82 c l o s e d  

s h e l l s ,  b u t  t h e y  are i n s t e a d  s l i g h t l y  d i s p l a c e d  t o  t h e  
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n e u t r o n - r i c h  s i d e .  We c a n  u n d e r s t a n d  t h i s  b e h a v i o r  i f  we 

view t h e s e  l e v e l s  a s  r o to r  states.  I n  t h i s  case, t h e  min i -  

mum of t h e  f i r s t  e x c i t e d  s t a t e  e n e r g y  a t  A=118 i n d i c a t e s  

t h a t  t h i s  n u c l e u s  h a s  a l a r g e r  e f f e c t i v e  moment o f  i n e r t i a  

t h a n  t h e  other Cd n u c l e i .  More n u c l e o n s  o u t s i d e  t h e  core 

are a p p a r e n t l y  p a r t i c i p a t i n g  i n  c o l l e c t i v e  r o t a t i o n s ,  T h i s  

e n e r g y  t r e n d  a l s o  i n p l i e s  t h a t  h o l e s  are n o t  t h e  same a s  

p r t i c l e s  i n  s o  far a s  p a r t i c i p a t i o n  i n  c o l l e c t i v e  r o t a t i o n s  

is c o n c e r n e d .  

The s e c o n d  2+ s t a t e  exhibits w h a t  o n e  m i g h t  t h i n k  o f  a s  

Rnormaln  b e h a v i o r .  T h a t  is, i t  h a s  a n  e n e r g y  minimum a t  

A=114, t h e  m i d d l e  of t h e  n e u t r o n  s h e l l .  I f  t h e s e  Cd n u c l e i  

were p u r e l y  v i b r a t i o n a l  i n  c h a r a c t e r ,  o n e  would  e x p e c t  t h i s  

2+ s t a t e  to  f o l l o w  t .he  same t r e n d  a s  t h e  lower 2+ a n d  4+ 

l e v e l s .  S i n c e  i t  d o e s  n o t ,  t h i s  is a n  i n d i c a t i o n  of t h e  r o -  

t a t i o n a l  c h a r a c t e r  o f  t h e s e  states. The e n e r g y  minimum o f  

t h e  s e c o n d  2 +  s t a t e  ,at A=l14 i n d i c a t e s  t h a t  there is a 

maximal  s o r t  of a s y m m e t r y  i n  t h e  momenta1 e l l i p s o i d .  T h a t  

is, t h e  moments o f  i n e r t i a  a l o n g  a x e s  p e r p e n d i c u l a r  t o  t h e  

BP z - a x i s  (11) a re  l a r g e r  t h a n  t h e  m o m e n t " o f  i n e r t i a  a l o n g  

t h i s  a x i s  (I  ) .  F u r t h e r m o r e  a s  A i n c r e a s e s  from 114 t o  118,  
z 

the r a t i o  o f  I t o  1~ d e c r e a s e s .  T h e  a n g u l a r  mornenturn o f  
z  

the s e c o n d  2 +  s t a t e  h a s  its l a r g e s t  c o m p o n e n t  a l o n g  t h e  BF 

z - a x i s ,  while the a n g u l a r  momentum o f  t h e  f - i r s t  2+ s t a t e  

h a s  i t s  l a r g e s t  c o m p o n e n t  p e r p e n d i c u l a r  t o  it. . T h e  f i r s t  2+ 



e n e r g y  a n d  t h e  s e c o n d  2+ e n e r g y  a r e  t h e n  d e t e r m i n e d  p r i m a r i -  

l y  b y  t h e  m a g n i t u d e s  o f  11 a n d  IZ, r e s p e c t i v e l y .  The e n e r g y  

o f  t h e  f i rs t  2+ s t a t e  t h u s  f a l l s  a s  A i n c r e a s e s  f r o m  1 1 4  t o  

118 w h i l e  t h e  e n e r g y  o f  t h e  s e c o n d  2+ s t a t e  rises.  I n  o r d e r  

t o  u n d e r s t a n d  t h e  b e h a v i o r  o f  t h e  moments of i n e r t i a ,  we 

a u s t  e v e n t u a l l y  t u r n  t o  t h e  s h e l l  mode l  a n d  c o n s i d e r  the re- 

l a t i o n s h i p  b e t w e e n  c o l l e c t i v e  m o t i o n  a n d  p a r t i c l e -  h o l e  e x c i -  

t a t i o n s .  

It w o u l d  b e  i n t e r e s t i n g  t o  see i . T  t h e  t r e n d s  c o n t i n u e  

as more neutron p a i r s  a r e  a d d e d  a n d  t h e  m a g i c  n e u t r o n  number 

82 is a p p r o a c h e d .  The TRISTAN g r o u p  is p l a n n i n g  t o  s e a r c h ,  

f o r  l * * A g  w i t h  t h e  goal of f u r t h e r  i n v e s t i g a t i n g  t h e  

s y s t e m a t i c s  of e v e n - e v e n  C d  i s o t o p e s .  
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