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A gamma r a y  s p e c t r o m e t e r  c o n s i s t i n g  o f  a  G e ( L i )  d e t e c t o r  

p a r t i a l l y  su r rounded  by two N a I ( ~ 1 ) s c i n t i l l a t o r s  h a s  been 

c o n s t r u c t e d .  The i n s t r u m e n t  h a s  two modes o f  o p e r a t i o n ,  

t h e  p a i r  s p e c t r o m e t e r  mode f o r  a n a l y z i n q  h i g h  ene rgy  

gamma r a y s  (above 1.022 MeV) . and t h e  Compton s u p p r e s s i o n  mode 

f o r  s t u d y i n g  weak gamma r a y s  i n  t h e  p r e sence  o f  i n t e n s e  

h i g h e r  energy  background r a d i a t i o n .  

The decay o f  t o  l e v e l s  i n  " ~ r  was' i n v e s t i g a t e d  

u s i n g  t h e  t h r e e  c r y s t a l  s p e c t r o m e t e r  i n  t h e  Compton suppres -  

s i o n  mode - t o  reduce  .background from t h e  i n t e n s e  2186 and 

2319 k e V  t r a n s i t i o n s .  E n e r g i e s  and a b s o l u t e  i n t e n s i t i e s  o f  

t h i r t e e n  gamma r a y  t r a n s i t i o n s  were de te rmined .  Using t h e  

K-conversion e l e c t r o n  i n t e n s i t i e s  from t h e  work o f  o t h e r  i n -  

v e s t i g a t o r s  and t h e  gamma r a y  i n t e n s i t i e s  from t h i s  work, 

conve r s ion  c o e f f i c i e n t s  f o r  . t h e  t r a n s i t i o n s  w e r e  c a l c u l a t e d .  

tompar ison w i t h  t h e o r e t i c a l  v a l u e s  enab l ed  d e d u c t i o n  o f  t h e  
- . - . . . - - - - . -  

7~ - -..-.-- 



m u l t i p o l a r i t i e s  o f  most o f  t h e  t r a n s i t i o n s .  1 

The convent iona l  s h e l l  model desc r ip t . i on  o f  t h e  l e v e l s  

1 9 o f  i n  terms o f  two p ro tons  i n  ~ ( p  ) - a n d  ( g  ) o r b i t a l s  T Z 
i s  i n c o n s i s t e n t  w i t h  the o b s e r v a t i o n  o f  a  s t r o n g  ~l t r a n s i -  

t i o n  between t h e  f i rs t  6' and 5- l e v e l s .  A c a l c u l a t i o n  is  

p re sen ted  which shows t h a t  t h i s  can be  exp la ined  by mixing 

9 11 a lo-*% component o f  (gT) (hT) i n t o  t h e  wavefunction f o r  

t h e  5.- s t a t e .  
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I .  INTRODUCTION 
I 

A. S p e c t r o m e t e r  

I n  t h e  l a t e  1 9 5 0 ' s  s m a l l  semiconduc to r  d e t e c t o r s  w e r e  

b e i n g  used  t o  a n a l y z e  heavy p a r t i c l e  s p e c t r a  (1). The a d v e n t  

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

e l e c t r o n  d e t e c t o r s  ( 2 ,  3 ) .  One o f  t h e  f i r s t  a t t e m p t s  t o  make 

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

s t u d i e s  was made by Chasman and A l l e n  ( 4 )  i n  1 9 6 3 .  However, 

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

t h e s e  d e t e c t o r s  w e r e  u s e f u l  & n l y  a t  low e n e r g i e s  (below 

100 k e v )  . S i n c e  t h e  p h o t o e l e c t r i c  c r o s s  s e c t i o n  v a r i e s  w i t h  

a t o m i c  number Z and photon e n e r g y  E a s  . ( 5 ) ,  
. . 

h i g h e r  Z s emiconduc to r  m a t e r i a l  s u i t a b l e  f o r  l i t h i u m  d r i f t -  
4 

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

germanium, which h a s  a  p h o t o e l e c t r i c  cross s e c t i o n  a b o u t  f o r t y  

t i m e s  t h a t  o f  s i l i c o n ,  i n  1962 ( 6 ) .  The f i r s t  r e a l l y  u s e f u l  

G e ( L i )  d e t e c t o r  for  a n a l y s i s  of gamma r a y  s p e c t r a  o v e r  a  

l a r g e  energy  range 'was  c o n s t r u c t e d  i n  1 9 6 3 b y  Tavenda le  ( 7 )  

and had a  r e s o l u t i o n  a p p r o x i m a t e l y  t e n  t i m e s  b e t t e r  t h a n  a  

NaI ( T I )  s c i n t i l l a t i o n  s p e c t r o m e t e r .  
b 

Soon a f t e r  t h e  succes , s  i n  t h e  c o n s t r u c t i o n  o f  t h e  , 
/ 

l i t h i u m - d r i f t  germanium detector, Ewan and ~ a v e n d a l e  (8) 



r e p o r t e d  us ing  such a d e t e c t o r  i n  a t h r e e  c r y s t a l  p a i r  s p e c t r o -  

meter. The germanium d e t e c t o r  was p l aced  between two NaI ( T l )  

s c i n t i l l a t i o n  spec t rometers .  The N a I ( T 1 )  c r y s t a l s  w e r e  

s h i e l d e d  from d i r e c t  r a d i a t i o n  from t h e  sou rce  by l e a d .  Only 

t h o s e  p u l s e s ' f r o m  t h e  germanium d e t e c t o r  t h a t  w e r e  i n  coin-  . . 

c idence  wi th  detectLon o f  a n n i h i l a t i o n  quanta  i n  bo th  

NaI ( T l )  d e t e c t o r s  were recorded.  Except ' f o r  s l i g h t '  e l e c t r o n i c  
# 

modi f i ca t ions  t o  a l low f o r  Compton suppres s ion  mode o f  opera- 

t i o n  t h i s  b a s i c  i d e a  o f  t h e  t h r e e  c r y s t a l  spec t rome te r  i s  

employed i n  t h e  p r e s e n t  s tudy  of  t h e  gamma ray  decay o f   ON^. 

B. ' Theory ' 

P e r i o d i c i t y  i n  a tomic p r o p e r t i e s  has  been known f o r  

ove r  a cen tu ry  and was used t o  c o n s t r u c t  t h e  p e r i o d i c  t a b l e  

o f  t h e  e lements .  This  phenomenonwas' a t t r i b u t e d  t o  t h e  

f i l l i n g  o f  s u c c e s s i v e  s h e l l s  by e l e c t r o n s  i n  t h e  atom under 
\ 

t h e  i n f l u e n c e  of t h e  P a u l i  p r i n c i p l e .  

From a s tudy  o f  t h e  b ind ing  e n e r g i e s  and abundances o f  

n u c l e i ,  E l s a s s e r  i n  1934 sugges ted  t h a t  a s i m i l a r  p e r i o d i c i t y  

e x i s t s  i n  n u c l e a r  p r o p e r t i e s  ( 9 ) .  Development o f  a .  theory  

w a s  hampered by t h e  l a c k  of  unders tanding  o f  how t h e  s t r o n g ,  . . 

s h o r t  range n u c l e a r  f o r c e  co'uld be c o n s i s t e n t  w i t h  t h e  long 

mean f r e e  pa th  r e q u i r e d  f o r  an  atom-like d r b i t a l  i n t e r p r e -  

t a t i o n  t o  be v a l i d .  I n  1949, Mayer ( 1 0 )  and Haxel e t  a l .  (11) 

proposed a s h e l l  model t heo ry  t h a t  embodied t h e  b a s i c  



assumption t h a t  each nucleon moves i n  an e f f e c t i v e  p o t e n t i a l  

gene ra t ed  by a l l  t h e  o t h e r  nucleons.  Using t h e  harmonic 

o s ' c i l l a t o r  p o t e n t i a l  a long  wi th  s p i n - o r b i t  ' coupl ing  i n  t h e  

Hamiltonian,  Mayer (10) and Haxel e t  a l .  (11) were a b l e  t o  

reproduce t h e  observed p e r i o d i c i t y  iri n u c l e a r  

A diagram of  t h e  s h e l l  model l e v e l s  t aken  from Mayer and 

Jensen  ( 1 2 )  i s  shown i n  F igu re  1. The number o f  neu t rons  

or  protons needed t o  f i l l  a  major s h e l l  i s  c a l l e d  a "magic 

number". Because o f  t h e  - r e l a t i v e l y  l a r g e  energy gap between 

a "magic number" o r b i t a l  and t h e  n e x t  a l lowed s t a t e ,  on ly  

. p a r t i c l e s  above. ( o r  h o l e s  below) such l e v e l s  a r e  a f f e c t e d  i n  

low energy e x c i t a t i o n s .  consequent ly  t h e s e  p a r t i c l e s  ( h o l e s )  

w i l l  de te rmine  p r o p e r t i e s  o f  t h e  ground s t a t e  and low-lying 

e x c i t e d .  states.  
I 

The nuc leus  9Oz.r  has  50 neu t rons  and 4 0  p ro tons .  From 

F igu re  1 it can be  s e e n t h q t  50 nau t rons  f i l l  a l l  l e v e l s  up 

9 t o  and i n c l u d i n g  t h e  ( lgT)  s h e l l  and t h a t  t h e  n e x t  h i g h e r  

7 9  l e v e l ,  t h e  ( lgT)  l e v e l ,  i s  ' s e p a r a t e d  from t h e  ( lgT) l e v e l  

by a  l a r g e  energy gap. Therefore  f o r  low energy e x c i t a t i o n s  

t h e  50 neu t rons  w i l l  remain i n e r t .  

The 40 p ro tons  f i l l  a l l  l e v e l s  up t o  and i n c l u d i n g  t h e  

1 (2pT) l e v e l .  I n  1955, Ford (13) sugges ted  t h a t  t h e  low- 

l y i n g  l e v e l s  of  " ~ r  could b e  accounted f o r  by c o n s i d e r i n g  

1 2  1 9 t h e  l a s t  2 p ro tons  t o  be  i n  tlie (2pg) , (2pT) (15) ,, 
1 

and (I$)* c o n f i g u r a t i o n s .  T,he ( 2 p i ) 2  c o n f i g u r a t i o n  can 
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Figure 1 .  S ingle  p a r t i c l e  s h e l l  model levels 



+ 1 9 only g ive  a  0 l e v e l .  The 2 1 conf igura t ion  can 
2 

g ive  l e v e l s  of  4- and 5-. The (lg;l2 conf igura t ion  can 
+ 

g ive  l e v e l s  of 0'. 2'. 4+ ,  6  , and 8'. A t  t h e  time Ford made 

+ 
h i s  hypothesis  only four  l e v e l s  of " ~ r  were known: 0 g. s.  , 

0' a t  1.75 MeV, 2' a t  2.23 MeV and 5- a t  2.30 MeV. A s  more 

experimental  d a t a  became a v a i l a b l e  t h e  o t h e r  t h r e e  l e v e l s  
+ , . . . + '  9 2 

( 4 + ,  6  , and 8 ) belonging t o  t h e  (gT) conf igura t ion  were 
. . . . . . . .  . 

found ( 1 4 ) .  . ' 

Bayman e t  a l .  (15) .  i n  1958 made d e t a i l e d  spec t roscopic  
. . 

c a l c u l a t i o n  based on l e v e l s  a r i s i n y  from t h e  t h r e e  configura- 
' , 

t i o n s  proposed by Ford. These c a l c u l a t i o n s  were done using 

f in i t e - range ,  spin-dependent, c e n t r a l  forces .  They assumed 

t h e  s i n g l e  p a r t i c l e  wave funckion t o  be those  of  a  p a r t i c l e  
. . 

moving. i n  a  sphe . r ica l ly  symmetrical harmonic o s c i l l a t o r  f i e l d  

ahd took t h e  two body po ten t i a l ' :  t o  b e  t h a t ,  of  Yukawa i n  one 

case  and a  Gaussian i n  another  case.  I n  genera l  t h e  c a l c u l a t e d  

s p e c t r a  were i n  poor agreement with t h e  experimental  s p e c t r a .  

I n  1960 Talmi and Unna ( 1 6 ) ,  using a  semi-empirical t rea tment ,  

wereable  t o  o b t a i n  good s p e c t r a l  f i t s  by assuming t h a t  t h e  

p o t e n t i a l  energy o f  t h e  nucleus was due t o  a  two-body e f f e c t i v e  

i n t e r a c t i o n  between nucleons. The unknown matr ix  elements of  

Chose i n t e r a c t i o n s ,  taken t o  be t h e  same f o r  a l l  n u c l e i  i n  

whioh t h e  same s u b s h c l l s  were being f i l l e d ,  were determined 

by comparison wi th  experimental  d a t a  from 8 9 ~ ,  'Ozr, ' ~ b ,  

9 3 ~ c ,  *'Is,, 8 6 ~ r  and 85~1.. I n  1964, Auerbach and Talmi ( 1 7 ) .  



r epea t ed  t h e   calculation;^ of Talmi and Unna us ing  more r e c e n t  

exper imenta l  d a t a  and ob ta ined  good s p e c t r a l  f i t s  t o  t h e  ' 

expanded d a t a .  

C .  Experiment 

The decay o f   ON^ ha$ been s t u d i e d  by many i n v e s t i g a t o r s .  

I n  1949 Kundu and Pool ( 1 8 )  i d e n t i f i e d    ON^ by way o f  t h e  

n u c l e a r  r e a c t i o n s  'OZ, ( d ,  2n)  ON^ and 9 2 ~ o  ( d ,  a)  ON^. By 

a b s o r p t i o n  techniques  t hey  showed t h e  e x i s t e n c e  o f  pos i -  

t r o n s  w i t h  maximum energy o f ) 1 . 1 9  MeV, gamma r a y s  o f  2.03 

MeV and X-rad ia t ion  fo l lowing  e l e c t r o n  c a p t u r e .  Three y e a r s  

l a te r  Hol lander  -- e t  a l .  ( 1 9 ) ,  u s ing  s c i n t i l l a t i o n  t echn iques ,  

r e p o r t e d  p o s i t r o n s  w i th  endpoin t  energy of  1 .7  MeV and gamma 

ray  e n e r g i e s  o f  2.23, 1 . 1 4  and 0.14 MeV. u s ing  a  double  
. . 

focus ing  spec t rome te r  and a s c i n t i l l a t i o n  spec t rome te r , .  Hok 

e t  a l .  (20)  i n  1954 a t t r i b u t e d  t o  t h e  decay o f   ON^ a  p o s i t r o n  -- 
. . 

spectrum c o n s i s t i n g . o f  t h r e e  components w i t h  maximum e n e r g i e s  

o f  1,500,  0.865 and 0.550 MeV and a  t o t a l  o f  seven gamma r a y  

transitions. They proposed a  decay scheme c o n s i s t i n g  o f  f i v e  

e x c i t e d  s t a t e s  be'low 2.3 MeV. The f i r s t  two e x c i t e d  s t a t e s  

w e r e  p l aced  a t  1 .13 and 1.27 MeV and bo th  w e r e  a s s igned  

+ 
a s p i n  and p a r i t y ' o f  2 . The t h i r d  and f o u r t h  e x c i t e d  

s t a t e s  w e r e  p laced  a t  1.76 and 1.89 MeV and no s p i n  o r  p a r i t y  

ass ignments  w e r e  made f o r  t h e s e .  levels. The f i f t h  and l a s t  

e x c i t e d  s t a t e  w a s  l o c a t e d  a t  ,2.20 MeV above t h e  ground s t a t e  



and had a  s p i n  and p a r i t y  a s s ignment  o f  1-. The ground 

s t a t e  o f  was p l a c e d  b n l y  3.79 MeV above t h e  ground 

s t a t e  o f  ''2,. 

The d i s c o v e r y  by Campbell  e t  a l .  (21)  i n  1955 o f  a 2 .3  -- 
MeV E5 ground s t a t e  t r a n s i t i o n  i n  from a  5- isomeric 

l e v e l  (T 
1 /2  

= 0.83 - +. ' .03  sec) was i n t e r p r e t e d  a s  e v i d e n c e  

1 9  f c r  a  (p-) (gT) s t a t e .  Ford (13)  obse rved  t h a t  t h e  p r e -  2 .  

dominant  ground s t a t e  E5 decay i n d i c a t e d  t h e  a b s e n c e  o f  ex- 

c i t e d  s t a t e s  below 2  MeV w i t h  s p i n  g r e a t e r  t h a n  z e r o ,  and  

p r e d i c t e d  a  O +  f i r s t  e x c i t e d  s t a t e .  

+ 
F u r t h e r  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  t h e  0  e x c i t e d  

l e v e l  i n  ''2, p r e d i c t e d  by Ford  (13)  was found by Johnson  

e t  a l .  ( 2 2 ) .  Using a  magne&ic s p e c t r o m e t e r  and a  s t r o n g  -- 
s o u r c e  o f  g o ~ ,  t h e y  o b s e r v e d  a n  i n t e r n a l  c o n v e r s i o n  l i n e  

c o r r e s p o n d i n g  t o  a  t r a n s i t i o n  o f  1 .75  MeV. A c a r e f u l  s e a r c h  

f o r  gamma r a y s  w i t h  e n e r g i e s  , i n  t h e  1 .75  MeV r e g i o n  produced 

a  n e g a t i v e  r e s u l t .  The 1 .75  MeV t r a n s i t i o n  was t h e r e f o r e  

+ assumed t o  ,be a  monopole t r a n s i t i o n  t o  t h e  0  ground s t a t e  

An e x t e n s i v e  s t u d y  o f  t h e  decay  o f  ' ? ~ b  w a s  c a r r i e d  

o u t  by S h e l i n e  ' ( 1 4 )  i n  1957. , H e  de. termined t h e  b e t a  end 

p o i n t  ene rgy  t o  be  1.48 - + 0.03 MeV. Nine gamma r a y  t r a n s i -  

t i o n s  w e r e  o b s e r v e d  i n  t h e  decay  and p l a c e d  i n  a decay scheme 

c o n t a i n i n g  a l l  t h e  l e v e l s  p r e d i c t e d  by Ford (13)  e x c e p t  t h e  

4- l e v e l .   his work marked a  g r e a t  b r e a k t h r o u g h  i n  



e s t a b l i s h i n g  t h e  low-lying l e v e l s  i n  and i n  t h e  p lace-  

ment o f  t h e  gamma r a y s  i n  t h e  decay scheme. The decay 

scheme proposed by She l ine  is  shown i n  F igu re  2. 

U t i l i z i n g  bo th  s i n g l e  and c o i n c i d e n t  NaI ( T l )  c r y s t a l s  

and a  magnetic spec t rome te r ,  Lazar  e t  a l .  (23) i n  1957 con- -- 
f i rmed t h e  f i n d i n  s o f  She l ine .  They r e p o r t e d  13, gamma r a y s  .7 
and determined convers ion  c o e f f i c i e n t s  f o r  f i v e  o f  t h e  

t r a n s i t i o n s .  They a l s o  proposed t h r e e  l e v e l s  a t  4 . 4 4 ,  5.05, 

and 5.45 MeV n o t  p r e v i o u s l y  r epo r t ed .  T h e i r  decay scheme 

i s  shown i n  F igu re  3. 

More r e c e n t l y  P e t t e r s s o n  e t  a l .  (24) undertook a h igh  -- 
r e s o l u t i o n  s tudy  o f  t h e  decay o f  ' O N ~  i n  an a t t empt  t o  o b t a i n  

i n fo rma t ion  about  levels above 3600 keV i n  ''2,. Using a  

double  focus ing  i r o n  yoke spec t rome te r  and a G e ( ~ i )  d e t e c t o r ,  

they  found 17 t r a n s i t i o n s  i n  t h e  i n t e r n a l  convers ion  spectrum,  
I .  

s i x  o f  which had no t  p r e v i o u s l y  been observed.  The G e  ( L i )  

d e t e c t o r , w a s  mainly used t o  determine gamma r a y  i n t e n s i t i e s  

wh i l e  t h e  e n e r g i e s  w e r e  determined from convers ion  e l e c t r o n  

measurements u s ing  t h e  i r o n  yoke spec t rome te r .  I n t e n s e  

gamma r a y s  a t  1129, 2186,. and 2319 keV produced s u f f i c i e n t  

Compton background t o  o.bscure photopeak;' from many o f  t h e  

weaker, lower energy t r a n s i t i o n s .  Thus they  w e r e  unable  t o  

determine K-conversion c o e f f i c i e n t s  f o r  many o f  t h e  weak 

t r a n s i t i o n s  o r i g i n a t i n g  from t h e  s tates above 3600 keV. 

They a l s o  measured t h e  end-point  energy o f  t h e  i n t e n s e  



Figure 2 .  ~ e c a y  scheme o f  ''PJb proposed by s h e l i n e  



F i g u r e  3 .  Decay scheme of 9 ' 0 ~ b  proposed by L a z a r  -- e t  al. 



(53  - + 6 % )  p o s i t r o n  b ranch  and d e t e r m i n e d  t h e  e n e r g y  t o  be 

1500 - + 4 k e V ,  l e a d i n g  t o  a  Q-value  o f  6111 + 5 keV. The - 
decay scheme proposed by P e t t e r s s o n  e t  a l .  i s  shown i n  -- 
F i g u r e  4 .  

Nordheim's c o u p l i n g  r u l e s  (25 ,  26) s .ugges t  t h a t  t h e  
+ + 

ground s t a t e . o f  t h e  odd-odd n u c l e u s   ON^ i s  e i t h e r  8  or  9  . 
I n  1960 Brennan and B e r n s t e i n  ( 2 7 )  proposed more p r e c i s e  

c o u p l i n g  r u l e s  which s u g g e s t  t h a t  t h e  ground s t a t e  of " ~ b  

+ 
i s  a n  8  s t a t e .  An 8' ground s t a t e  f o r    ON^ i s  c o n s i s t e n t  

1 

w i t h  t h e  r e c e n t  work o f  Cooper -- e t  a l .  (28)  on t h e  decay  o f  

g o ~ ~  t o  s t a t e s  i n  goNb . 
R e a c t i o n  s t u d i e s  by many i n v e s t i g a t o r s  (29-34) r e v e a l  

many more energy  l e v e l s  of ''2, than '  a r e  p o p u l a t e d  i n  t h e  

decay of  ON^. ~ e c e n t l y  B a l l  (35)  h a s  summarized t h e  

e x t e n s i v e  t h e o r e t i c a l  and e x p e r i m e n t a l  work on t h i s  i s o t o p e .  
. i 

Some of t h e  ''2, l e v e l s  e x c i t e d  by n u c l e a r  r e a c t i o n  a r e  

shown i n  F i g u r e  5. 



LOG f t 

Figure 4 .  Decay scheme o f   ON^ proposed by Pettersson 
e t  ,al. -- 
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Figure 5 .  Levels of ''2, e x c i t e d  by nuclear react ions  



11. . CONSTRUCTION OF .A  THREE 

CRYSTAL SPECTROMETER 
1- ; 

i i  
A. Gamma Ray I n t e r a c t i o n s  

An i d e a l  spec t romkter  would g i v e  a  s i g n a l  o f  unique 

ampli tude f o r  each gamma ray  d e t e c t e d .  Real d e t e c t o r s  have 

a  more complicated response which r e s u l t s  i n  unwanted back- 

ground. The t h r e e  b a s i c  . : i n t e r ac t ions  by which t h e  photons 

g i v e  up a l l  o r  p a r t  o f  t h e i r  energy i n  s i n g l e  e v e n t s  a r e :  

p h o t o e l e c t r i c  e f f e c t ,  Compton s c a t t e r i n g  and p a i r  p roduc t ion .  

A schemat ic  r e p r e s e n t a t i o n  of  these t h r e e  p roces ses  i s  shown ' 

i n  F igure  6. I n  t h e  p h o t o e l e c t r i c  e f f e c t  t h e  photon g i v e s  ' 

a l l  o f  i t s  energy t o  one e l e c t r o n .  The e l e c t r o n  i n  coming 

t o  rest g i v e s  up a l l  of i t s  acqui red  energy t o  t h e  d e t e c t o r .  

Thus i n  t h e  p h o t o e l e c ' t r i c  e f f e c t  a l l  of  t h e  energy o f  t h e  

i n c i d e n t  photon' i s  absorbed i n  t h e  d e t e c t o r .  Such e v e n t s  

. g i v e  rise t o  photopeaks i n  t h e  spectrum. This  c o n d i t i o n  i s  

i l l u s t r a t e d  i n  F igu re  6 (a) . .  

I n  t h e  Compton s c a t t e r i n g  p roces s  t h e  gamma ray  photon 

i s  s c a t t e r e d  by an e l e c t r o n  wi th  a n . e n e r g y  l o s s  t h a t  depends 

on t h e  ang le  of s c a t t e r i n g .  I f  t h e  s c a t t e r e d  photon escapes  
i 

t h e  d e t e c t o r ,  on ly  a  f r a c t i o n  o f  t h e  energy o f  t h e  i n c i d e n t  

gamma ray  w i l l  be recorded.  These e v e n t s  are r e s p o n s i b l e  

f o r  Compton background i n : t h e  spectrum. This  p r o c e s s  i s  

i l l u s t r a t e d  i n  F igure  6 (b)  . 
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F i g u r e  6.  Gamma , r a y - d e t e c t o r  i n t e r a c t i o n s  



I n  p a i r  p r o d u c t i o n  a gamma r a y  photon w i t h  a n  energy  

g r e a t e r  t h a n  1.022 MeV upon p a s s i n g  n e a r  a n u c l e u s  g i v e s  up 

a l l  o f  i t s  energy  t o  t h e  c r e a t i o n  o f  a n  e l e c t r o n - p o s i t r o n  

p a i r  w i t h  a  k i n e t i c  ene rgy  e q u a l  t o  t h e  energy  o f  t h e  i n c i d e n t  

photon minus t h e  rest masses o f  a n  e l e c t r o n  and p o s i t r o n  

(1.022 MeV) .  When t h e  p o s i t r o n  comes t o  rest i t  a n n i h i l a t e s  

wi ' th a n  e l e c t r o n  and e m i t s  two back-to-back 511 keV gamma 

r a y s .  When o n l y  one  511 keV photon e s c a p e s  from t h e  

d e t e c t o r ,  t h e  e n e r g y  absorbed  by t h e  d e t e c t o r  i s  t h e  e n e r g y  

o f  t h e  i n c i d e n t  photon minus 511 keV. T h i s  c o n d i t i o n  i s  

. . termed " s i n g l e - e s c a p e "  and i s  i l l u s t r a t e d  i n  F igure .  6 ( c ) .  

. ' The r e s u l t i n g  gamma r a y  p e a k s  i n  t h e  - spec t rum a r e  c a l l e d  

s i n g l e - e s c a p e  peaks .  I n  a  s i m i l a r  manner i f  b o t h  511 keV 

pho tons  e s c a p e  from t h e  d e t e c t o r  t h e  e n e r g y  absorbed  by t h e  

d e t e c t o r  i s  t h e  e n e r g y  o f  t h e  i n c i d e n t  photo'n minus 1.,022 

MeV. T h i s  c o n d i t i o n  i s ,  te rmed "doub le -escape"  and i s  i l l u s -  

t r a t e d  i n  F i g u r e  6 ( d ) .  The r e s u l t i n g  gamma r a y  p e a k s  i n  

the spectrum are called double-escape peak& 

B. Detector C o n f i g u r a t i o n  

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

of  r e d u c i n g  background i n .  t h e  r e c o r d e d  s p e c t r u m  o f  ' p u l s e s  

from t h e  d e t e c t o r  caused  by t h e  c o m p e t i n g ' p r o c e s s e s  d e s c r i b e d  

above.,  A cutaway s i d e  view o f  t h e  s p e c t r o m e t e r  i s  shown i n  

Figure 7 .  The c e n t r a l  d e t e c t o r ,  an  O r t e c  Model 8101-20 h i g h  



Figure 7. 'cutaway s i d e  view of t h e  t h r e e  c r y s t a l  spectrometer  



r e s o l u t i o n  c o a x l a 1  G e ( L i )  d e t e c t o r ,  was mounted i n  a r i g h t  

a n g l e .  c r y o s t a t .  I t  had a d r i f t  d e p t h  o f  8 . 5  m i l l i m e t e r s  and 

! a n  a c t i v e  volume o f  23 cubic c e n t i m e t e r s .  The recommended 

o p e r a t i n g  v o l t a g e  was between 120'0 and 1400 v o l t s  n e g a t i v e  
I 

p o l a r i t y  and t h e  t o t a l  c a p a c i t a n c e  w a s  g i v e n  t o  be a b o u t  
. . 

36 p f .  The detector had a r e s o l u t i o n  o f  a b o u t  3 keV 

f u l l  w i d t h  a t  h a l f  maximum (FWHM) a t  t h e  1332 keV photopeak 
. . 

o f  6 0 ~ ~ .  T.he d e t e c t o r - c r y o s t a t  sys tem was mounted i n  a 3 1  

l i t e r  L inde  dewar where it was m a i n t a i n e d  a t  l i q u i d  n i t r o g e n  

t e m p e r a t u r e .  The two i d e n t i c a l  NaI ( T l )  d e t e c t o r s  w e r e  made 

by t h e  Harshaw Chemical Company upon s p e c i a 1 , r e q u e s t .  Each 

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

. i n c h e s  t h i c k  and f i v e  i n c h e s  i n  d i a m e t e r  w i t h  a one i n c h  

r a d i u s  h e m i c y l i n d r i c a l  s l o t  machined i n  t h e  f r o n t  f a c e .  They 
. . 

were c o u p l e d  by p u r e  sodium i o d i d e  l i g h t  p i p e s  one  i n c h  t h i c k  

t o  RCA 8055 m u l t i p l i e r  p h o t o t u b e s .  The c r y s t a l s  w e r e  herme- 

t i c a l l y  s e a l e d  i n  0.019 i n c h  s t a i n l e s s  s teel  c a n s .  , The 

p h o t o t u b e s  w e r e  equ ipped  w i t h  e x t e r n a l  holddown m a g n e t i c  

s h i e l d s  and low background t u b e  b a s e  a . ssembl ies .  The two 

NaI(T1)  d e t e c t o r s  w e r e  mounted s o  t h a t  t h e  two s e m i - c i r c u l a r  

s l o t s  combine t o  form a f u l l  c i r c u l a r  s l o t  i n  which t h e  G e ( L i )  

d e t e c t o r  w a s  p o s i t i o n e d .  R a d i a t i o n  from t h e  s o u r c e  was 

c o l l i m a t e d  th rough  f o u r  i n c h e s  o f  l e a d  s h i e l d i n g .  
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C. E l e c t r o n i c s  , 

A b l o c k  d iagram o f  t h e  e l e c t r o n i c s  i s  shown i n  F i g u r e  

8. The p u l s e s  from t h e  G e ( ~ i )  d e t e c t o r '  w e r e  a m p l i f i e d  by , ' 

a n  O r t e c  ~ o d e i  118A FET p r e a m p l i f i e r  which was mounted d i r e c t -  

l y  on t h e  c r y o s t a t .  To t a k e  o f f  a  . t i m i n g - s i g n a l  t h e  p r e -  

a m p l i f i e r ' s  o u t p u t  s i g n a l  i s  r o u t e d  th rough  a n  O r t e c  Model 

260 t i m e  p i c k o f f  u n i t .  I n  t h e  main a m p l i f i e r ,  an Ortec 

Model 440A s e l e c t a b l e  a c t i v e  f i l t e r  a m p l i f i e r ,  t h e  p u l s e s  

w e r e  p r o p e r l y  shaped  t o  g i v e  b e s t  sys tem r e s o l u t i o n  (36-38).  

To p r e v e n t  d e g r a d a t i o n  'of t h e  ' r e s o l u t i o n  by p u l s e  pi le  up 

caused  by h i g h  c o u n t i n g  r a t e s ,  t h e  main a m p l i f i e r  w a s  con- 

n e c t e d  t o  t h e  Nuc lea r  Data  S e r i e s  2200 4096 c h a n n e l  p u l s e  

h e i g h t  a n a l y z e r  v i a  a n  O r t e c  Model 438 b a s e l h e  restorer. 

The s i g n a l  from e a c h  NaI ( T l )  d e t e c t o r ,  was s e n t  t h r o u g h  

a n  O r t e c  Model 1 1 3  p r e a m p l i f i e r . t o  a S t u r r u p  1411  d o u b l e  d e l a y  

. . . l i n e  (DDL)  a m p l i f i e r .  The s i g n a l  was t h e n  s e n t  t o  a S t u r r u p  

1435 t i m i n g  s i n g l e  c h a n n e l  a n a l y z e r  (SCA),  which produced a  
< 

s t a n d a r d i z e d  f a s t  l o g i c  p u l s e  f o r  NaI(T1)  p u l s e s  o f . t h e  

selected a m p l i t u d e .  These p u l s e s  and t h e  s i g n a l  f r o m  t h e  

t i m e  p i c k o f f  u n i t  i n  t h e  G e ( L i )  c h a n n e l  w e r e  fed i n t o  a  

C h r o n e t i c s  Model 157 d u a l  A N D / O R U ~ ~ ~ .  The o u t p u t  from t h e  

AND/OR u n i t  t r i g g e r e d  a  g a t i n g  p u l s e  f o r  t h e  a n a l y z e r ,  t imed 

t o  c o i n c i d e  w i t h  t h e  a r r i v a l  o f  t h e  d e l a y e d  G e ( L i )  p u l s e .  

The s y s t e m  had a  60 n ' s e c  r e s o l v i n g  t i m e .  The mode o f  
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Figure 8. Rlock .diagram of the associated electronics 
i 



o p e r a t i o n  o f  t h e  t h r e e  c r y s t a l  s p e c t r o m e t e r  w a s  de te . rmined 

by s e t t i n g s  on t h e  SCA and AND/OR u n i t s .  

1. P a i r  s p e c t r o m e t e r  mode 

The p a i r  s p e c t r o m e t e r  mode r e q u i r e s  t h e  SCA t o  o p e r a t e  

a s  a  "window" f o r  t h e  511 keV a n n i h i l a t i o n  r a d i a t i o n .  Thus 

o n l y  511 keV p u l S e s  produced a n  o u t p u t  f rom t h e  SCA. The 

AND/OR u n i t  was se t  t o  r e q u i r e  t r i p l e  c o i n c i d e n c e s . .  . 
. . 

\ 

F i g u r e  9 shows a  gamma r a y  s p e c t r u m  o f  5 6 ~ o  t a k e n  w i t h  

t h e  s i n g l e  G e ( L i )  d e t e c t o r .  F i g u r e  10  shows t h e  same spec t rum 

t a k e n  i n  t h e  p a i r  s p e c t r o m e t e r  mode. The background h a s , b e e n  

s u b s t a n t i a l l y  r educed  and o n l y  doub le -escape  peaks  ,are p r e s e n t .  

However, t h e  e f f i c i e n c y  o f  t h e  p a i r  s p e c t r o m e t e r  i s  much less 

t h a n  t h a t  o f  a  s i n g l e  ~ e ( L i )  d e t e c t o r  and r e q u i r e s  a l o n g e r .  

accumula t ion  t i m e  f o r  comparable  p e a k . c o u n t s .  For  example,  

t h e  p a i r  s p e c t r u m .  shown i n  F i g u r e  10  r e q u i r e d  a  t w e l v e  t i m e s  

l o n g e r  accumula t ion  t i m e  t h a n  t h e  s i n g l e  s p e c t r u m  shown i n  

F i g u r e  9 .  

2.  Compton s u p p r e s s i o n  mode 

The ,  compton' s u p p r e s s i o n  mode r e q u i r e s  t h e  .SCA t o  o p e r a t e  
< .  

as a d i s c r i m i n a t o r  and t h e  AND/OR u n i t  i s  p l a c e d  i n . ' t h e  "OR" . . 

p o s i t i o n .  Whenever a  p u l s e  i n  t h e  G e ( ~ i j  d e t e c t o r  i s  c o i n -  

c i d e n t  w i t h  a  p u l s e  i n  e i t h e r  NaI . (Tl )  d e t e c t o r  t h i s  i s  

i n t e r p r e t e d  a s  a Compton s c a t t e r i n g  e v e n t .  The a n a l y z e r  i s  
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F i g u r e  10 .  A 4096- c h a n n e l  gamma r a y  s p e c t r u m  o f  5 6 ~ o  t a k e n  w i t h  t h e  
t h r e e  c r y s t a l  s p e c t r o m e t e r  i n  t h e  p a i r  s p e c t r o m e t e r  mode 

. . 



ga ted  o f f  and t h e  s i g n a l  from t h e  G e ( L i )  d e t e c t o r  i s  n o t  

recorded.  A Compton suppres s ion  spectrum of  5 6 ~ o  i s  shown 

i n  F igu re  11. . . 
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111. DECAY OF 'ONb 
. \ 

+ 
The odd-odd nuc leus  , ~ ~ N b q g  undergoes B and ' e l e c t r o n  

c a p t u r e .  (EC)  decay wi th  T 
1/2 

= 14.6 hours  t o  e x c i t e d  s t a t e s  

o f  "2,. The l a r g e  d i f f e r e n c e  between t h e  ground s t a t e  
+ e n e r g i e s  (6 .1  MeV) and s p i n s  ( f o r    ON^, J" = 8 ) causes  t h e  

decay t o  proceed through h igh ly  e x c i t e d ,  h igh-spin  s t a t e s  o f  

( 2 4 ,  28) .  A s tudy  of t h e  i e v e l s  i n  "2, and t h e  e l e c t r o -  

magnetic t r a n s i t i o n s  from s t a t e s ,  populated i n   ON^ decay 

has  been r e p o r t e d  by many i n v e s t i g a t o r s  (24,  29, 39, 4 0 ) .  

~ h &  work r e p o r t e d  i n  t h e  p r e s e n t  s tudy  i s  a  remeasurement o f  

t h e  gamma ray  spectrum w i t h  Compton suppres s ion  t echn iques  

I t o  o b t a i n  i n t e n s i t i e s  s u f f i c i e n t l y  a c c u r a t e  t o  de te rmine  t h e  

convers ion  c o e f f i c i e n t s , a n d  m u l t i p o l a r i t i e s  o f  t h e  weak 

t r a n s i t i o n s  and t h u s  t h e  s p i n s  and p a r i t i e s  o f  t h e  l e v e l s  

involved.  

A. Experiment 

To reduce t h e  Compton background f r o m ' t h e  i n t e n s e  h igh  

energy l i n e s ,  t h e  spec t rome te r  w a s  . ope ra t ed  i n  t h e  Compton 

s 'uppress ion mode exp la ined  p rev ious ly  i n  P a r t  11. This  

system reduced t h e  Compton p l a t e a u  o f  t h e  2319 and 2186 keV 

l . ines  by a  f a c t o r  o f  f o u r '  from t h a t  o b t a i n e d  w i t h  t h e  

G e  ( L i  ) d e t e c t o r  a lone .  

Sources were o b t a i n e d  from t h e  r e a c t i o n  9 2 ~ 0 ( Y r ~ p ) 9 0 ~ b  



and 9 2 ~ o  (y ,2n) 9 0 ~ + g 0 ~ b  by p l a c i n g  a  1 .5  gram sample o f  

molybdenum metal  (16% 9 2 ~ o )  i n  a  b remss t rah lung  beam from 

t h e  I S U  70 MeV e l e c t r o n  synchro t ron .  A f t e r  a  t h r e e  hour  

bombardment, a  s e r i e s  o f  gamma ray  s p e c t r a  were recorded  

du r ing  a  50 hour c o u n t i n g ' p e r i o d .  D i g i t a l  s t a b i l i z a t i o n  was 

used t o  e l i m i n a t e  peak broadening due t o  ga in  s h i f t s .  The 

combined spectrum i s  shown i n  F igure  12.  These d a t a  were 

analyzed by a computer program ~'vhich f i t s  a ~ a u s s i a n  l i n e  

shape t o  each peak a f t e r  s u b t r a c t i n g  a smoothed background 

( 4 1 ) .  Examples of  t h e  computer f i t s  t o  s t r o n g  and weak 

peaks a r e  shown i n  F igure  13. 

Most o f  t h e  gamma r a y s  from 15  hour  ON^ decay could 
\ 

e a s i l y  be d i s t i n g u i s h e d  by decay r a t e  from o t h e r  Mo and Nb 

a c t i v i t i e s .  Th i s  decay was .no t  a  s imple  e x p o n e n t i a l ,  s i n c e  

w a s  c o n t i n u a l l y  be ing  produced i n  t h e  decay o f  5.7 hour 

9 0 ~ 0 .  Therefore  t h e  r a t i o  o f  photopeak a r e a s  t o  t h a t  o f  t h e  

2319 keV gamma ray  was used t o  check t h e  assignment t o   ON^ 
d a y .  F igu re  1 4  i n  a p l o t  o f  t h i s  r a t i o  f o r  a l l  t h e  peaks 

i n v e s t i g a t e d  excep t  f o r  t h e  518 keV t r a n s i t i o n ,  which was 

obscured by t h e  i n t e n s e  a n n i h i l a t i o n  r a d i a t i o n .  The a r e a  

o f  t h i s  peak was e s t ima ted  f r o m , t h e  combined spectrum. This  
- 

gamma ray  w a s  observed by Cooper -- e t  al'. (28) i n  a  s tudy  o f  

' O M ~  decay and a s s igned  t o  t h a t  a c t i v i t y  b u t  no t  p l aced  i n  

t h e  decay scheme. I n  t h e i r  i n v e s t i g a t i o n  of convers ion  

e l e c t r o n s  from chemica l ly  s e p a r a t e d  9'0M0 and s o u r c e s ,  



ENERGY (keV1 

Figure 1 2 .  A 4096  channel gamma ray spectrum o f  i rrad i -  
ated Mo recorded with,Compton su r e s s i o n .  
Lines above 300 keV ass igned t o  BBNb decay 
are l a b e l l e d  with t h e i r  energ ie s  



CHANNEL 

F i g u r e  13 .  Sample computer  f i t s  t o  weak and s t r o n g  peaks  
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Figure  1 4 .  Photopeaks a r e a  r a t i o s  used t o  conf i rm  ON^ 
assignment.  Bombardment and count ing  p e r i o d s  
are i n d i c a t e d  w i t h  B and C 



P e t t e r s s o n  e t  a l .  have  a s s i g n e d  t h i s  t r a n s i t i o n  t o   ON^ -- 
decay (24 ,  42)  

Another  c a s e  which r e q u i r e d  s p e c i a l  t r e a t m e n t  was t h e  

photopeak a t  1271 keV, f o r  decay a l s o  h a s  a  t r a n s i t i o n  

a t  1271.3  keV (28)  ., The c o n t r i b u t i o n  from t h i s  gamma r a y  

was c a l c u l a t e d  from t h e  a r e a  o f  t h e  photopeak o f  t h e  942 

keV 'OM0 gamma r a y ,  t h e  r e l a t i v e  i n t e n s i t y  g i v e n  i n  r e f e r e n c e  

28, and t h e  detector's e f f i c i e n c y  f u n c t i o n  ( F i g u r e  I S ) ,  t h e n  

s u b t r a c t e d  from t h e  t o t a l  peak a r e a .  The s u c c e s s  o f  t h i s  

c o r r e c t i o n  can  be s e e n  i n  ~ i g u r e  14.  

The s p e c t r o m e t e r  was c a l i b r a t e d  w i t h  a 5 6 ~ o  s o u r c e  

which h a s  many gamma r a y s  w i t h  p r e c i s e l y  known e n e r g i e s  and 

i n t e n s i t i e s  i n  t h e  r a n g e  o f  i n t e r e s t  o f  t h i s  e x p e r i m e n t  ( 4 3 ) .  

R e l a t i v e  photopeak d e t e c t i o n  e f f i c i e n c y  a s  a  f u n c t i o n  o f  gamma 

r a y  e n e r g i e s  i s  shown i n  !?igure 15 .  S i n c e  t h e  s o u r c e  had t o  

b e  s e p a r a t e d  from t h e  G e ( L i )  d e t e c t o r  by s e v e r a l  c e n t i m e t e r s  

t o  a l l o w  f o r  s h i e l d i n g  t h e  NaI(T1) s c i n t i l l a t o r s  from t h e  

direct  r a d i a t i o n  t h e  a b s o l u t e  e f f i c i e n c y  w a s  less t h a n  i n  

c o n v e n t i o n a l  G e ( L i )  s i n g l e s  s p e c t r o s c o p y .  

E n e r g i e s  'of t h e  gamma r a y s  were d e t e r m i n e d  w i t h  a  com- 

b i n e d  s o u r c e  t e c h n i q u e .  F i r s t  a  5 6 ~ o  s p e c t r u m  w a s  r e c o r d e d  

and  a n a l y z e d  w i t h  t h e  computer  program d e s c r i b e d  p r e v i o u s l y .  

The d e v i a t i o n  from l i n e a r i t y  o f  t h e  gamma-ray e n e r g y  a s  a 

f u n c t i o n  o f  peak c h a n n e l  number was less t h a n  0.2 keV between 

800 and 2500 keV (see F i g u r e  1 6 ) .  Next a  s p e c t r u m  o f  a 



ENERGY (MeV) 

Figure  15. R e l a t i v e  e f f i c i e n c y  o f  t h e  Com t o n  suppres s ion  
spec t rome te r  determined w i t h  S%CO s o u r c e s  



F i g u r e  16. D e v i a t i o n  from l i n e a r i t y .  measured with a 5 6 ~ o  s o u r c e  
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combined 5 6 ~ o  and i r r a d i a t e d  M o s o b r c e  was r e c o r d e d ,  t h e  

5 6 ~ o  gamma r a y s  p r o v i d i n g  a n  i n t e r n a l  c a l i b r a t i o n  used  t o  

d e t e r m i n e  t h e  e n e r g i e s  o f  t h e  s t r o n g  Mo peaks .  The non- 

l i n e a r i t y  d a t a  o f  F i g u r e  16  w e r e  used  t o  e x t r a p o l a t e  between 

c a l i b r a t i o n  peaks .  Then t h e  5 6 ~ o  s o u r c e  was removed and a 

t h i r d  spec t rum accumula ted .  . E n e r g i e s  o f  t h e  weak l i n e s  w e r e  

measured from t h e s e  d a t a , . w i t h  t h e  s t r o n g  l i n e s  s e r v i n g  a s  

c a l i b r a t i o n  p o i n t s .  A c o n s e r v a t i v e  error e s t i m a t e  is  

+ 0.2  keV f o r  most o f  t h e   ON^ gamma r a y s  s t u d i e d .  - 

. B. R e s u l t s  

T a b l e  1 summarizes t h e  n u m e r i c a l  r e s u l t s  o f  t h i s  e x p e r i -  

ment. T r a n s i t i o n  e n e r g i e s  d e t e r m i n e d  w i t h  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  t e c h n i q u e s  by P e t t e r s s o n  -- e t  a l .  (24)  a r e  i n  
. - 

e x c e l l e n t  agreement  w i t h  th'e gamma r a y  e n e r g i e s  measured i n  

t h e  p r e s e n t  work. Gamma r a y . a b s o l u t e  i n t e n s i t i e s  w e r e  c a l c u -  

l a t e d  from t h e  measured r e l a t i v e  i n t e n s i t i e s  by s e t t i n g  t h e  

sum of  t h e  2186 and 2319 keV ground s t a t e  t r a n s i t i o n s  

e q u a l  to' 100% (see E'igure 1 8 ) .  A 5% s y s t e m a t i c  u n c e r t a i n t y  

i n ' t h e  r e l a t i v e  e f f i c i e n c y  f u n c t i o n  f o r  t h e  s p e c t r o m e t e r  w a s  

cotnbined w i t h  t h e  s t a t i s t i c a l  e r r o r s  i n  photopeak a r e a s  t o  
1 

d e t e r m i n e  errors f o r  t h e  i n t e n s i t i e s .  Convers ion  c o e f f i c i e n t s  

w e r e  c a l c u l a t e d  from t h e  K-conversion e l e c t r o n  i n t e n s i t i e s  

r e p o r t e d  i n  r e f e r e n c e  ( 2 4 ) .  . . 



T a b l e  1. Measured gamma-ray i n t e n s i t i e s  and  deduced  K-convers ion  c o e f f i c i e n t s  
and  m u l t i p o l a r i t i e s  

Gamma i n t e  T r a n s i t i o n  nn . . 
A 

lK x 10 10' Y U  e n e r g y  - (keV) ( %  Nb d e c a y s )  K p o l a r i t y  
P r e s e n t  P e t t e r s s o n  P r e s e n t  P e t t e r s s o n  ~ e t t e r s s o n  P r e s e n t  P e t t e r s s o n  

work e t  a l .  -- work e t  a l .  -- e t  a l .  -- work e t  a l .  -- 

( E r r o r s  i n  t h e  leas t  s i g n i f i c a n t .  d i g i t s  are g i v e n  i n  p a r e n t h e s e s )  

a A b s o l u t e  i n t e n s i t i e s  were d e t e r m i n e d  by e q u a t i n g  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  
t h e  E2 2186 a n d  E5 2319 t r a n s i t i o n s  t o  t h e  t h e o r e t i c a l  v a l u e s  o f  r e f . ( 4 4 ) .  

b ~ a v o r e d  i n  decay  scheme. 



I n  F i g u r e  1 7  t h e  K-conversion c o e f f i c i e n t s  l i s t e d  i n  

T a b l e  1 a r e  compared w i t h  t h e o r e t i c a l  v a l u e s  computed by 

S l i v  and Band ( 4 4 ) .  (Note t h a t  t h e  K-conversion e l e c t r o n  

i n t e n s i t i e s  g i v e n  i n  r e f e f r e n c e  24 w e r e . n o r m a l i z e d  by match ing  

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  t h e  p u r e  E2  and E5 ground 

s ta te  t r a n s i t i o n s  t o  t h e  t h e o r e t i c a l  v a l u e s .  ) The o r d e r  

o f  magnitude o f  k -convers ion  c o e f f i c i e n t s  d o e s  n o t  v a r y  

r a p i d l y  w i t h  m u l t i p o l a r i t y  a t  t h e s e  e n e r g i e s .  However, t h e  

d a t a  a r e  ' s u f f i c i e n t l y  a c c u r a t e  t o  i d e n t i f y  m o s t  o f  . t h e  t r a n s -  

i t i o n s  a s  E2 o r '  M 1 .  

A decay &heme f o r   ON^ i s  prbposed  i n  F i g u r e  18 .  Only 

t h o s e  levels.  i n  " ~ r  i n v o l v e d '  i n  t h e  o b s e r v e d  e l e c t r o m a g n e t i c  

t r a n s i t i o n s  a r e  shown. The 133,. 1 4 1 ,  and 3 7 1  keV t r a n s i t i o n s  

( 2 4 ) ,  which w e r e  n o t  r e s t u d i e d  i n  t h e  p r e s e n t  exper iment  a r e  
. , 

i n c l u d e d  f o r  comple teness .  P lacement  o f  t h e  t r a n s i t i o n s  

i s  t h e  same a s  i n  r e f e r e n c e  ( 2 4 ) .  T o t a l  B+ and EC f e e d i n g  

t o  ,each. l e v e l  w a s  d e t e r m i n e d  f r o m  t h e  d i f f e r e n c e  between gamma 

r a y  i n t e n s i t i e s  i n t o  and o u t  o f  t h e  s t a t e .  Log f t  v a l u e s  w e r e  

c a l c u l a t e d  from t h e s e  b r a n c h i n g s ,  t h e  q u a n t i t i e s  Q = 6.111 MeV 

and T 
1/2 

= 14.6 h o u r ,  t h e  t h e o r e t i c a l  EC/B+ r a t i o s  and B-decay 

nomograms i n  Appendix I V  o f  T a b l e  ,of I s o t o p e s  ( 4 5 ) .  



ENERGY ( M e V )  

Figure 17. Conversion coefficients calculated from 
data summarized in Table 1. Lines are. 
the theoretical values of Sliv and Band 



LOG f t 

Figure 1 8 .  Decay scheme f o r   ON^ proposed from t h i s '  
j n v g ~ t i g a t i o n .  Trans.itions between l e v e l s  
In Zr are l a b e l l e d  with energy, probable 
mult ipolar i ty  and i n t e n s i t y  



I V .  THEORETICAL CALCULATIONS 

I n  1955 K .  W. Ford (13) sugges ted  t h a t  t h e  l e v e l s  o f  

: : ~ r ~ ~  below 3600 keV could be  expla ined  by assuming t h e  
. . 

5 38 p ro tons  which c l o s e  t h e  i f T  s u b s h e l l  and t h e  50 neu t rons  

9 which c l o s e  t h e  lgT "magic number" s h . e l l  form an i n e r t  c o r e  

about which t h e  remaining 2  p ro tons  couple  t o  produce t h e  

low l y i n g  l e v e l s .  I n  t h i s  model t h e  b a s i c  c o n f i g u r a t i o n s  o f  

1 2  9  1 9  2 t h e s e  p ro tons  are (2pT) , I  ( lgT)  (2py) and (lgT) . The 

(2pf )2  and t h e  (lg;l2 c o n f i g u r a t i o n s  a r e  mixed i n  t h e  f i r s t  

+ + 9 2  e x c i t e d  0  l e v e l  and t h e  ground 0 l eve l .  The ( lgT)  

+ + c o n f i g u r a t i o n  a l s o  g i v e s  t h e 2  , 4', 6+, and 8 l e v e l s .  

9  1 The ( lgT)  (2pZ) c o n f i g u r a t i o n  i s  r e s b o n s i b l e  f o r  t h e  5- 

+ and 4- l e v e l s .  However i f .  t h e  wave f u n c t i o n s  f o r  t h e  6 

9 2  9  1 and 5- states w e r e  pure  ( l q )  and (lgT) ( 2 ~ ~ )  r e s p e c t i v e l y ,  

t h e r e  could  be n o . E l  t r a n s i t i o n  between t h e s e  l e v e l s .  The 

E l  o p e r a t o r  can change t h e  o r b i t a l  angu la r  momentum by on ly  

9 ' 1 one u n i t ;  a  g~  + p~  t r a n s i t i o n  would r e q u i r e  emiss ion  o f  an 

M 4  o r  E5 ph i ton .  The exper imenta l  f a c t s  t h a t  a  s t r o n g  E l  

' t r a n s i t i o n  goes hetween t h e s e  two. s t a t e s ,  and . t h a t  t h e  

+ + 
favored 6  +4 E2 t r a n s i t i o n  competes ve ry  weakly ( s e e  F igu re  

18) c o n t r a d i c t s  t h e  s imple  s h e l l  model t heo ry  o f  t h i s  nuc leus .  

Therefore a t  leas t  one o f  t h e  s t a t e s  (6' and 5-) i s  more 

complicated than  p rev ious ly  proposed.  The q u e s t i o n  t o  be 

answered i s  t h e  fo l lowing .  How much must t h e  g iven  conf igura-  



t i o n s  .be a l t e r e d  i n  o r d e r  t o  g i v e  t h i s  s t r o n g  E l  t r a n s i t i o n  

+ between t h e  6 and 5- l e v e l s ?  I f  a l a r g e  amount o f  conf igu-  

r a t i o n  mixing i s  necessary  t h i s  w i l l  l e a d  t o  s e r i o u s  doubt 
I 

i n  u s ing  t h e  s imple  s h e l l  model i n t e r p r e t a t i o n  f o r  t h i s  

nuc leus .  T h i s  i s  an impor tan t  t e s t ,  s i n c e  "2, i s  i n  t h e  

r eg ion  where t h e  s h e l l  model i n t e r p r e t a t i o n  i s  expec ted  t o  

work b e s t ,  nea r  c lo sed  s h e l l s . .  

A s  a' f i r s t  approximation t h e  5-  s t a t e  i s  assumed t o  

9 11 11 have some (lgT) ( lhT) c o n f i g u r a t i o n  mixed i n  it s i n c e  ( lhT) 

i s  t h e  f i r s t  odd p a r i t y  l e v e l  a v a i l a b l e  t o  t h e  two e x t r a -  

9 1 co re  p ro tons  (see F igu re  1) . For  b r e v i t y  t h e  (lgl) , (2pT) , 
11 9 and (lhq) c o n f i g u r a t i o n s  w i l l  be  w r i t t e n  simply a s  ( g ~ ) ,  

1 11 
(pT) and (h7). Thus t h e  5- s t a t e  wavefunction i s  w r i t t e n  

The 6' s t a t e  wavefunction is  ' taken t o  be t h a t  sugges ted  by 

t h e  s imple  s h e l l  model i n  t h i s  c a s e ,  namely: 

4- 
I n  a s imilar  manner t h e  4 s t a t e  wavefunction i s  w r i t t e n  



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

momentum t o  which t h e  two a n g u l a r  momenta are coupled.  The 

o b j e c t i v e  o f  t h i s  c a l c u l a t i o n  i s  t o  f i n d  t h e  v a l u e  o f  b  i n  

Equat ion (1). The program f o r  de t e rmin ing  b  i s  t o  compute 

t h e  r a t i o  o f  (6++5-) - t o  (h+-4-) t r a n s i t i o n  p r o b a b i l i t i e s  a s  a  

f u n c t i o n  o f  b  and t o  set  t h e  r e s u l t  e q u a l  t o  t h e  r a t i o  o f  

t h e  e x p e r i m e n t a l l y  observed  i n t e n s i t i e s :  

where t h e  i n t e n s i t i e s  a r e  deno ted  by I and t h e  t r a n s i t i o n  

p r o b a b i l i t i e s  by T .  The p h y s i c a l l y  meaningful  t r a n s i t i o n  

p r o b a b i l i t y  i s  g i v e n  by ( 4 6 ) :  
4 

where 

J i s  t h e  m u l t i p o l a r i t y  o f  t h e  t r a n s i t i o n  and i and f  d e n o t e  

i n i t i a l  and f i n a l  s t a t e s  r e s p e c t i v e l y .  The re fo re  t h e  fo l low-  

i n g  m a t r i x  e lements  must be  e v a l u a t e d :  

and 



+ 
Normalization of the 16 ) wavefunction is not required 

since the normalization factor will cancel out in the ratio 
/ 

of transition probabilities. However it is important 

+ 
'that the 14 ) and ,I S - )  wavefunctions are normalized. First 

+ consider the 14 ) wavefunction: \ 

The wavefunction is normaLized by the constant N. It is 

written in antisymmetric form since it applies to identical 

particles. The wavefunction in Equation (7) above is formed 

by taking a linear combination of products of wavefunctions 

of the individual particles. The coefficients in the expansion 

are called 3 - j  symbols, the properties of which are fully 

discussed in reference (47). The individual particle wave- 

functi-ons are taken to be those predicted by the simple 

shell ii~vdel (12). The symbol 6 denotes (2p+l) where p is 

some number. Carrying out the multiplication in Equation 

(7) gives: 



4 3  

Equation ( 8 )  can be simplified by interchanging the summation 

indices k and 1 in the second term. This will give a 3 - j  

symbol of the form 

which can be written using the symmetry properties of the 

3-'j symbol as 

With this substitution Equation (8) becomes : 
? 

Inspection of Equation ( 9 )  shows that it is the sum of two 

identical terms which can be combined. Thus: 

The normalization factor N is determined by requiring 

(4+14+)  = 1 where it has been assumed that the single particle .. 
. . 



+ 
wavefunction's are nbrmalized. using Equation (10) for 14 ) 

the normalization condition becomes: 

= N2 1 (-l)m+m8 
k 1 
k'l' 

+ 
N = 1 for the 14 ) wavefunction. The complete normal- 

* 
ized, antisymmetrized 1 4  1 wavefunction is given by 

+ The normalization .of the 14 ) wavefunction was done in 

detail to demonstrate the method used. Using this same 

method of normalization and a great deal more work the 15-1 

wavefunction can be written in its complete normalized, 



ant isymmetr ized form, a s  fo l lows :  

where Equat ion (13) is  s u b j e b t  t o  t h e  r e s t r i c t i o n  

+ The 16 ) wavefunction i s  w r i t t e n  a s  

+ - 
Now as exp la ined  previous . ly  t h e .  ( 6  +5 ) t r a n s i t i o n  

" ~ r  is known t o  go by E l ,  b u t  t h e  E l  o p e r a t o r  cannot  

9 1 connect  a g- s t a t e  w i th  a p~ s ta te .  The re fo re  when t h e  2 
+ 

m a t r i x  element between t h e  1 5-) and 16 ) s t a t e s  a r e  t aken ,  

on ly  t h e  second . t e r m  i n  t h e  exp res s ion  f o r  t h e  151) wave- 
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M u l t i p l y i n g  o u t  E q u a t i o n  (17)  r e s u l t s  i n  t w o  terms as 

f o l l o w s  : 

, C o n s i d e r  t h e  second  t e r m  i n  E q u a t i o n  ( 1 8 ) .  There  i s  a  

summation o v e r  w ,  v  and s and w a n d ' v  r a n g e  o v e r  t h e  same 

discrete pro jectilsi~ quantum numbers . So in the  secoi~d b e r m  

i n   quat ti on (18)  i n t e r c h a n g e  t h e  summation i n d i c e s  w and v. 

Then t h e .  second  t e r m  i n  E q u a t i o n  (18)  becomes : 



Comparing t h e  above exp res s ion  w i t h  t h e  f i . r s t  t e r m  i n  

Equat ion '(18) shows t h a t  the'  on ly  d i f f e r e n c e  between them 

i s  t h a t  t h e  p o s i t i o n s  o f  t h e  w and v  are switched i n  t h e  

second 3 - j  symbol s i n c e  

because t h e  r dependence ii i n t e g r a t e d  ove r  i n  each case .  

Using t h e  column p e r m u t a t i o n , p r o p e r t y  o f  t h e  3 - j  symbol t h e  

p o s i t i o n s  o f  t h e  v and w can be in ' terchanged , . a s  fo l lows :  

With t h e  manipula t ions  d e s c r i b e d  above, Equat ion (18) can be 

w r i t t e n  i n  t h e  form 



I n s p e c t i o n  of E q u a t i o n , ( l 9 )  shows t h a t  it i s  t h e  sum of  

two i d e n t i c a l  t e r m s  which can be combined. Hence Equat ion 

(19) t a k e s  a p a r t i c u l a r l y  s imple  form, namely. 

The Wigner-Echart theorem (46) g i v e s :  



Combining Equa t ions  (20) and (21)  g i v e s  :' 

. - - I  
II - 

1-u 2 -S (22)  ( 5 - 1  ( E l )  1 6 + ) = b ~  L (-1) ( -1 lZ  (-1) x 
OP w v  

By a  series of pe rmu ta t i ons  o f  t h e  columns o f  t h e  3-j  symbo l s '  

t h i s  sum o v e r  t h r e e  3- j 'symbols can b e  . reduced t o  a  p r o d u c t  

o f  a 3-j symbol t i m e s  a 6- j symbol ( 4 7 ) .  T h i s  f a c t  c an  be  

made more e v i d e n t  by w r i t i n g  t h e  m a t r i x  e lement  i n  t h e  fo l low-  

. .  . i n g  form: . / 

+ (23) (5- I ( E l ) o p  16 ) = e .b  5 g (-1) ( f l r l i )  fl x 



'Now t h e  t h r e e  3- j  symbols ' a r e  i n  t h e  proper  form f o r  recoup- 

l i n g  t h e  angu la r  momenta through t h e  g e n e r a l  i d e n t i t y  g iven  

below. This  i d e n t i t y  can be shown t o  ho ld  by apply ing  

t h e  p r o p e r t i e s  o f  t h e  3 - j  symbols t o  t h e  r i g h t .  hand s i d e  s o  

' a s  to'  "obta in  an o r t h o g o n a l i t y  r e l a t i o n  on two of  t h e  3-j 

symbols. The g e n e r a l  i d e n t i t y  i s  expressed  a s  fo l lows  ( 4 7 ) :  

where 

Using Equation (24) t o  s i m p l i f y  Equat ion (23) g i v e s :  

( I f  jf 

where 



i s  known a s  a  6 - j  symbol. The v a l u e s  o f  t h e s e  3 - j  and 6 - j  

symbols are t a b u l a t e d  ( 4 8 ) .  The p h y s i c a l  ' s i gn i f i cance  of  t h i s  

ma t r ix  e lement  i s  o b t a i n e d  by squa r ing  it arid summing ove r  M 

and t h e  f i n a l  s t a t e ' s  p r o j e c t i o n  'quantum numbers. Thus: 

The summation'over M and u  can be t aken  a l l  t h e  way through 

t h e  exp res s ion  t o  t h e  produc t  o f  t h e  ,two 3- j  symbols where 

1 it l e a d s  t o  a  va lue  of  - o r  - Thus 13  ' 

I t  can be shown t h a t  ( 4 9 )  : 



i 
The wavefunct ions  a r e  t hose  ob ta ined  by s o l v i n g  t h e  

I 
Schrodinger  equa t ion  f o r  a  sp:?er ical  harmonic o s c i l l a t o r  s i n g l e  

p a r t i c l e  Hamiltonian ( 4 6 ) ,  s o  t h e  r a d i a l  i n t e g r a l s  can be 

expressed  a s  : 

where / 

+ 
The 6 +5- t r a n s i t i o n  goes between N = 5  and N=4 l e v e l s  s i n c e  

t h e  ( l h )  and ( l g )  c o n f i g u r a t i o n s  are involved .  S ince  N = 

2n 9 1, n  = 0 f o r  bo th  c o n f i g u r a t i o n s .  I t  can be shown 

(49) t h a t  

where ro i s  t h e  n u c l e a r  r a d i u s  

1 - 
3 (31) ro = 1.1 A 

and A i s  t h e  number o f  nucleons  i n  t h e  nuc leus .  I n  t h i s  



p a r t i c u l a r  % c a s e :  

'. . Combining t h e  v a r i o u s  e x p r e s s i o n s  g i v e s  upon s i m p l i f i c a t i o n :  

T h e r e f o r e  t h e  t r a n s i t i o n  P r o b a b i l i t y  f o r  t h e  1.129 MeV 

(6++5-) t r a n s i t i o n  i s  g i v e n  by 

Simpl i fy , jng  g ives , :  

+ + Now c o n s i d e r  t h e  371 keV (6 +4 ) t r a n s i t i o n .  The 
. . + t r a n s i t i o n  goes  by an  E2 m u l t i p o l e  and t h u s  t h e  14 ) s t a t e  

+ 
i s  connec ted  t o  t h e  16 ) s t a t e ,  by t h e  E2 o p e r a t o r :  





Again us ing  t h e  Wigner-Echart theorem w e  g e t  t h e  sum ove r  

t h r e e  3- j symbols a s  be fo re :  

9 --k 
x L (-U2 (-1)2 

klw . 

M 
= 2 (4^) . ( 2 ) .  - 1  - 1  (lf jf 

Hence, 

2 The above q u a n t i t i e s  with  he exception of (f 1 r 1 i) are 
c a l c u l a t e d  a s  p rev ious ly  exp la ined .  I t  i s  impor tan t  t o  

n o t e  t h a t  t h e  i n i t i a l  and f i n a l  s t a t e s  have t h e  same n and 1 



v a l u e s  and f o r  t h i s  c a s e  it c a n  be  shown (49)  t h a t :  

9 The (gT) i n i t i a l  and f i n a l  s t a t e s  r e q u i r e  n=O and 1=4. 

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

Thus p u t t i n g  a l l  t h e  c a l c u l a t e d  v a l u e s  . i n  E q u a t i o n  (40)  

g i v e s  : 

T h e r e f o r e  t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  t h e  0 .371 MeV 

+ + 
(6 -+4 ) t r a n s i t i o n  i s  by: 

S i m p l i f y i n g  g i v e s  : 



+ + 
The r a t i o  o f  T(6++5-) t o .  t h e  T ( 6  +4 ) i s  g i v e n  b y : :  

A s  s t a t e d  p r e v i , o u s l y  i n  Equa t ion  (31)  t h e  n u c l e a r  r a d i u s  

ro  i s  g i v e n  by 1.1 A ~ ' ~ .  I n  t h i s  c'ase A=90 s o  ro = 4 . 5  

Fermis .  The r a t i o  o f . t r a n s i t i o n  p r o b a b i l i t i e s  i s  dimension- 
E 

a l l y  correct s i n c e  t h e  f a c t o r s  (6) have d imens ions  

( length)- ' .  Using t h e  v a l u e  

one  o b t a i n s  : 

From t h e   ON^ decay s t u d i e s  (see F i g u r e  1 8 )  t h e  i n t e n s i t y  

r a t i o  o f  t h e  t w o  t r a n s i t i o n s  are g i v e n  by: 

E q u a t i n g  t h e s e  r a t i o s  g i v e s  b2  t o  b e : ,  

From Equa t ion  ( 1 4 )  t h e n :  



Recalling now that the IS-) state was written as: 

9 1 it is clear that the 5- state is predominantly [ (gT) (py) 1 
5 ' 

However it is surprising to see that such a small amount of 

9 11 
C 

9 11 1 (gy) (hT) 1 configuration. added to the [ (g ) (h-)I basic 7 2 v 

configuration can produce the observed intensity ratio between 

the 11.29 k e V  (6++5-) transitions' and the 371 keV (6++4+) 

transitions. 



The t h r e e  c r y s t a l  s p e c t r o m e t e r  proved t o  .be an  i m p o r t a n t  

i n s t r u m e n t  f o r  o b t a i n i n g  a c c u r a t e  gamma r a y  i n t e n s i t i ~ s  o f  

weak peaks  normal ly  masked by Compton background.  Conver- 

. s i o n  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  f o r  1 3  t r a n s i t i o n s  from 

which p r o b a b l e  m u l t i p o l a r i t i e s  w e r e  deduced.  

0 f . t h e  l e v e l s  i n c l u d e d  i n  t h e  p r o p o s e d d e c a y  scheme 

( F i g u r e  1 8 )  s p i n s  and p a r i t i e s ,  f o r  a l l  b u t  t h e  4232, 5164 and 

t e n t a t i v e  5432 keV s t a t e s  w e r e  c o n s i d e r e d  known from p r e v i o u s  

r e a c t i o n  and decay  s t u d i e s  (24 ,  34,  3 5 ) .  The 4232 keV s t a t e  

d e c a y s  by an  E2 or. M 1 , t r a n s i t i o n  t o  a  5- . l e v e l ,  i t  i s  f e d  by 

+ an E 1 , t r a n s i t i o n  from a  7  l e v e l ,  and . the  l o g  f t  v a l u e  i s  

c o n s i s t e n t  w i t h  f i r s t  f o r i i d d e n  decay o f  8  +  ON^, so i t s  

s p i n  and p a r t i y  must b e  6- o r  7-. The 5164 keV l e v e l  i s  

f e d  .by a l lowed  e l e c t r o n  c a p t u r e  decay o f  8  +  ON^, it d e c a y s  

+ 
v i a  .E2 . o r  M 1  t r a n s i t i o n s  t o  8 and 6' l e v e l s ,  b u t  it does  

n o t  f e e d  t h e  n e g a t i v e  p a r t i y  4232 keV l e v e l .  T h e r e f o r e ,  

t h e ' m o s t  p r o b a b l e  acci 'gnmcnts a r e  6- for t h e  4232 keV s t a k  
. . 

and 8+ f o r  t h e  5164 keV l e v e l .  

The 2+, 5-, 4- ( a t  2738 keV ( 3 4 ) ,  n o t  shown i n  F i g u r e  

+ 
1 8 )  , 4 + ,  6+,  8  sequence  o f  s t a t e s  can  b e  d e s c r i b e d  i n  

1 9  t e r m s  o f  (9:) and (pT) (gy) wave f u n c t i o n s  (13)  . However 

t h e ' o c c u r r e n c e  o f  c o n f i g u r a t i o n . m i x i n g  i s  demons t rased  by 

t h e  1129 and 1271 keV t r a k i ' t i o n s  from t h e  3448 keV 6' and 



3589 keV 8' l e v e l  t o  t he .  2319 keV 5- l e v e l .  The convers ion  

c o e f f i c i e n t s  show t h e s e  t r a n s i t i o n s  t o  be  E l  and E 3  

9  
r e s p e c t i v e l y ,  whereas M 4  o r  E5 i s  r e q u i r e d  t o  connect  (gT) 

1 and (pT) s t a t e s .  I t  has  been shown t h a t  admixture  o f  

11 9 
(hT) (gT) i n t o  t h e  wavefunction f o r  t h e  5- s t a t e  e x p l a i n s  

t h e s e  d a t a .  
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