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ABSTRACT

The s ta te s  p o p u la te d  i n  th e  beta  decay o f  As and Ga were 

in v e s t i g a t e d  by m easur ing  th e  gamma-ray t r a n s i t i o n s  in  Se^^ and Ge^^ 

u s in g  2 5 c c . ,  33cc. and BOcc. t r u e - c o a x ia l  G e [L i)  d e te c to r s .

A d u a l-p a ra m e te r  d a ta  c o l l e c t i o n  system was c o n s t ru c te d  to  s tu d y  

gamma-gamma c o in c id e n c e .  O p t io n s  were p ro v id e d  to  enab le  - c o r re c t io n s  

o f  th e  u n d e s ire d  c o n t r i b u t i o n s  from  Compton background and chance 

c o in c id e n c e s . I t s  perfo rm ance  was shown to  be v e ry  r e l i a b l e  and 

e f f e c t i v e .

C o in c id en ce  e xp e r im e n ts  were perfo rm ed  w i t h  th e  25cc.;- and 33cc.

GeCLi] d e te c to r s  u s in g  th e  c o n v e n t io n a l  f a s t - s lo w  system in  th e  case
7 B 'o f  As and th e  d u a l-p a ra m e te r  system was used i n  c o in c id e n c e

72work on Ga em p loy ing  th e  33cc. and BOcc. d e te c to r s .

The e n e rg ie s  and i n t e n s i t i e s  o f  measured gamma-rays were 

d e te rm in e d .  The l e v e l  schemes were c o n s t ru c te d  and th e  lo g  f t  and p a r i t y  

were deduced. The c o l l e c t i v e  a spe c ts  o f  c e r t a i n  s t a t e s  were d iscu ssed  

and some com parisons w i t h  th e  pure  v i b r a t i o n a l  and two o th e r  c o l l e c t i v e  

models were a t te m p te d .
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CHAPTER 1 INTRODUCTION

The nuc leus  may be s m a l l ,  y e t  re m a rk a b ly ,  i t  embodies th r e e  o f  th e  

f o u r  Known p h y s ic a l  f o r c e s .  In  essence, th e  s tu d y  o f  th e  nuc leus  i s  

d i r e c t e d  tow ards  the  u n d e rs ta n d in g  o f  these  fo r c e s  more than  a n y th in g  

e ls e .  Nowadays, one can in  p r i n c i p l e  c l a s s i f y ,  th e  typ e s  o f  re s e a rc h  

i n  t h i s  f i e l d  i n t o  t h r e e  main c a te g o r ie s ,  namely h ig h ,  in te r m e d ia te  

and low energy p h y s ic s .  Each has i t  own m e r i t s  and u s e fu ln e s s  in  

a c c o u n t in g  f o r  th e  w ide v a r i e t i e s  o f  p h y s ic a l  phenomena.

S ince  the  l a s t  decade, many deve lopm ents have been made in  th e

f i e l d  o f  low energy n u c le a r  p h y s ic s .  The i n t r o d u c t i o n  o f  se m ico nd u c to r
1*

d e te c to r s  has superseded th e  s c i n t i l l a t i o n  d e te c to r s  i n  maby re s p e c ts ,  

and now even la r g e r  volume d e te c to r s  a re  be ing  p roduced. These 

d e te c to r s  have r e s o lu t i o n s  com parab le  t o  th e  c r y s t a l  and m agne tic  

s p e c t ro m e te rs  y e t  th e y  fe a tu r e  h ig h e r  e f f i c i e n c y .  The advancement 

made i n  th e  f i e l d  o f  s o l i d  s t a t e  f a b r i c a t i o n ,  has r e s u l t e d  i n  ■ 

i n t r i n s i c  germanium d e te c to r s  b e in g  mass p roduced. The advantage 

o f f e r e d  by th e se  d e te c to r s  i s  t h a t  th e y  can c o n v e n ie n t ly  be s to re d  a t  

room te m p e ra tu re .

The im proved r e s o lu t i o n  and co un t r a t e  c a p a b i l i t i e s  o f  th e  

se m ic o n d u c to r  d e te c to r s  have r e s u l t e d  i n  th e  need t o  deve lop  th e  

s u p p o r t in g  e le c t r o n i c s  b o th  f o r  energy and t im in g  measurements.

Ind e ed , use o f  f a s t  p u ls e  a m p l i f i e r s ,  p ro c e s s o rs ,  t im e - p i c k o f f s  and 

megachannel c a p a c i t y  a n a l o g - t o - d i g i t a l  c o n v e r te rs  have been re p o r te d  

(H a m i l to n  .and M a n th u r u th i l ,  1969; H a m i l to n ,  1 9 7 5 ].  W ith  th e  

a v a i l a b i l i t y  o f  cheap in t e g r a t e d  c i r c u i t s  and m ic ro p ro c e s s o rs ,  

h a rd -w i re d  m u l t ic h a n n e l  a n a ly z e rs  a re  s lo w ly  b e in g  re p la c e d  by 

m in ic o m p u te rs  o f f e r i n g  f l e x i b i l i t y  i n  th e  o p e ra t io n  o f  th e  system .

In  c o in c id e n c e  e x p e r im e n ts ,  th e  more e f f i c i e n t  d u a l-p a ra m e te r  

d a ta  c o l l e c t i o n  system o f f e r  enormous advan tages o v e r  th e  c o n v e n t io n a l  

f a s t - s lo w  c o in c id e n c e  system f o r  use i n  decay scheme, l i f e t i m e  and 

a n g u la r  c o r r e l a t i o n  s tu d ie s .

In  low energy p h y s ic s ,  th e re  a re  many ways one can s tu d y  th e  

s t u r u c t u r e  o f  th e  n u c le u s .  B u t ,  by f a r ,  gamma-ray sp e c tro s c o p y  o f  

n u c le a r  decay o f f e r s  th e  most com prehensive  mean o f  i n v e s t i g a t i n g  

th e  decay scheme o f  th e  n u c le u s .  In  th e  p re s e n t  w o rk ,  we u nd e r too k  

t o  i n v e s t i g a t e  th e  decay schemes o f  Se^^ and Ge^^ f ro m  th e  b e ta -  

decay o f  As^^ and Ga^^, by m easur ing  th e  gamma-ray t r a n s i t i o n s  

u s in g  G e (L i )  d e te c to r s  o pe ra ted  i n  s in g le s  and c o in c id e n c e  modes.
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The d e t a i l s  a re  re p o r te d  in  c h a p te rs  B and 7. C hapte r 3 d e s c r ib e s  

th e  c a l i b r a t i o n  te c h n iq u e s  and d a ta  a n a ly s is  in  th e  s in g le  measurement 

w h i le  c h a p te r  4 g iv e s  th e  d e t a i l s  r e le v a n t  t o  th e  c o in c id e n c e  

measurement, i n c lu d in g  th e  d e s c r ip t io n  o f  th e  d u a l-p a ra m e te r  da ta  

c o l l e c t i o n  a rrange m ent.  The t e c h n ic a l  d e t a i l s  o f  th e  l a t t e r  a re  

d e s c r ib e d  i n  c h a p te r  5. Some t h e o r e t i c a l  works r e la t e d  to  th e  

p re s e n t  n u c le i  a re  g ive n  in  th e  n e x t  s e c t io n .
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CHA-TER 2 THED-ETICA, CONSIDERATIONS

The t h e o r e t i c a l  fo rm a l is m  o f  th e  nuc leus  s t i l l  poses a c h a l le n g in g  

p rob lem . In  tn e  p a s t ,  many t h e o r e t i c a l  a t te m p ts  have been made to  

accoun t f o r  th e  e x p e r im e n ta l  f a c t s  observed in  many n u c le i  th ro u g h o u t  

th e  p e r io d i c  t a c l e .  Many o f  these  can a t  le a s t  e x p la in  q u a l i t a t i v e l y  

th e  s y s te m a t ic  f e a tu r e s  o f  n u c le a r  p r o p e r t ie s .  However, q u a n t i t a t i v e l y  

th e  agreement i s  p oo r.

An a c c u ra te  d e s c r ip t io n  o f  th e  n u c le a r  system wh ich  c o n s is ts  o f

many i n t e r a c t i n g  p a r t i c l e s  i s  never p o s s ib le .  Tne c o m p l ic a te d  n u c le a r

p rocess  i s  f a r  f rom  f u l l y  u n c e rs tc o d .  A m ic ro s c o p ic  approach t o  th e

p rob lem  u s in g  p e r t u r b a t i o n  methods and quantum f i e l d  th e o ry  i s  more

p r a c t i c a b le  b u t o th rw is e  i s  no t ve ry  im p re s s iv e .  Thus, th e
{

phenom eno log ica l models based on o th e r  s o lv a b le  systems [a to m ic ,  

s u p e rc o n d u c t in g ,  m o le c u la r  system s) re p re s e n t  by f a r  th e  b e s t  approach 

t o  th e  p rob lem . I n t r o d u c t i o n  o f  e m p i r i c a l  o r  s e m i- e m p i r ic a l  p a ra m e te rs ,  

b u t  e s s e n t i a l l y  w i t h o u t  an a t te m p t  t o  und e rs tan d  th e  d e t a i l s  o f  th e  

p ro c e s s ,  h e lp  overcome many p ro b lem s .

In  t h i s  c h a p te r ,  we w i l l  c o n c e n t ra te  on th e  c o l l e c t i v e  models 

t h a t  have bean p u t  fo rw a rd  t o  e x p la in  th e  p r o p e r t ie s  o f  even-even 

s p h e r i c a l  n u c le i  o r  n u c le i  h av in g  s m a l l  d e fo rm a t io n s .  We w i l l  a ls o  

m en tion  th e  s h e l l  model w h ich  had so much success i n  th e  p a s t  n o t  o n ly  

i n  e x p la in in g  th e  p r o p e r t ie s  r e la t e d  to  s in g le  p a r t i c l e  e x c i t a t i o n  b u t  

a ls o  i n  a c c o u n t in g  f o r  th e  c o l l e c t i v e  m o t ion  a f t e r  s u i t a b le  a d ju s tm e n t  

o f  th e  i n t e r a c t i o n s . B u r y f i r s t r w e  w i l l  s t a r t  w i t h  th e  summary o f  th e  

e le c t r o m a g n e t ic  t r a n s i t i o n  p rocess  t h a t  i s  th e  main concern  o f  t h i s  

w o rk .

2 .1  E le c t ro m a g n e t ic  t r a n s i t i o n s

The em iss io n  o f  e le c t r o m a g n e t ic  r a d ia t i o n  i s  caused by changes i n  

th e  p h y s ic a l  s t a t e  o f  th e  movingg charges and c u r r e n t  d e n s i t y  

d i s t r i b u t i o n s ,  w h ich  a c t  as th e  source  o f  th e  f i e l d .  The p rocess  i s  by 

f a r  th e  b e s t  unde rs tood  o f  a l l  th e  e m iss io n  p ro cesse s .

E s s e n t i a l l y ,  th e  charges and c u r r e n t  d e n s i t y  d i s t r i b u t i o n s  can 

be expanded i n t o  m u l t i p o le  moments, and th e  p r o p e r t ie s  and c h a r a c t e r i s t i c s  

o f  th e  e m it te d  r a d ia t i o n s  depend on th e  dom inant m u l t i p o le  te rm  o r  te rm s  

in  th e  i n t e r a c t i o n  between th e  f i e l d s  and th e  so u rce .  F u r t h e r ,  th e  

m u l t i p o l e  moments can a ls o  be c l a s s i f i e d  a c c o rd in g  t o  e l e c t r i c  and 

m agne t ic  type s  and a s s o c ia te d  w i t h  them a re  th e  e l e c t r i c  and m agne tic  

r a d ia t i o n  f i e l d s .  The t h e o r e t i c a l  deve lopment o f  th e  e m iss io n  p rocess



i s  v s ry  le n g th y  so t h a t  via a re  n o t  g o in g  i n t o  i t s  d e t a i l  here bu t m e re ly  

quo te  th e  r e s u l t s .  A f u l l  accoun t o f  the  m a th e m a t ica l methods i s  g iv e n  

in  B la tü  and W eissKopf, 1952,

The law o f  c o n s e rv a t io n  o f  a n g u la r  momentum r e q u i r e s  t h a t

and

= I f  + i  [ 2 .1 )

M. = + m [ 2 . 2 ] :
1 f

where i .  , M. ; and £, m a re  th e  a n g u la r  momenta and t h e i r
— i  ' '

c o r re s p o n d in g  z-components o f  th e  i n i t i a l  s t a t e ,  f i n a l  s t a t e  and th e  

m u l t i p o le  r a d ia t i o n  r e s p e c t i v e l y .  The v e c t o r i a l  r e l a t i o n  o f  [ 2 . 1 ]  

s i g n i f i e s

h i  -  I f  I /  I i  + I f  C2.3) j

E q u a t io n  [ 2 . 3 ]  i s  th e  fundam en ta l a n g u la r  momenta s e le c t i o n  r u l e  

a s s o c ia te d  w i t h  e le c t r o m a g n e t ic  t r a n s i t i o n .

The a d d i t i o n a l  s e le c t i o n  r u le s  f o r  th e  p a r i t y  a re  o b ta in e d  from  

c o n s id e r a t io n  o f  th e  m u l t ip o le  m a t r ix  e le m en ts .  T h is  g iv e s  us ,  f o r  

th e  e l e c t r i c  m u l t ip o le

TT.TT [ - 1 ] ^  [ 2 . 4 ]1 T
and f o r  th e  m agne tic  m u l t i p o le

TT̂ TT̂  = [ - 1 ] * ^ ^  [ 2 . 5 ]  ^

In  g e n e ra l ,  more than  one ty p e  o f  m u l t i p o le  t r a n s i t i o n  i s  p o s s ib le

between th e  two s t a t e s .  However, th e  e l e c t r i c  t r a n s i t i o n  p r o b a b i l i t y

decreases v e ry  r a p i d l y  w i t h  in c r e a s in g  m u l t i p o l a r i t y  a c c o rd in g  to

CR/X) where R i s  th e  n u c le a r  r a d iu s  and a i s  th e  w a ve len g th  o f  th e

r a d ia t i o n  in  u n i t  o f  h. A t  th e  same t im e ,  th e  m agne tic  r a d ia t i o n

i s  weaker than  e l e c t r i c  r a d ia t i o n  o f  th e  same m u l t i p o l a r i t y  by a 
2

f a c t o r  [ v / c ]  where v i s  th e  speed o f  th e  nuc leons  i n  a p a r t i c u l a r  

o r b i t ,  so t h a t  u s u a l ly  o n ly  th e  lo w e s t  two % -va lues a re  im p o r ta n t .

F o r a t r a n s i t i o n  w h ich  i s  n o t  p u re ,  th e  amount o f  m ix in g  i s  de te rm ined

by th e  m ix in g  r a t i o  w h ich  i s  d e f in e d  as

6^ -  i n t e n s i t y  o f  [£ + 1 ] component g ^
i n t e n s i t y  o f "£ component

Of co u rse ,  when I .  o r  I  equa ls  ze ro  o n ly  e l e c t r i c  o r  o n ly  m a gne t ic
^ £ - 

r a d i a t i o n  can o c c u r .  The fo rm e r  i f  th e  p a r i t y  change i s  [ - 1 ]  and
£+1th e  l a t t e r  i f  i t  i s  [ - 1 ]  . I f  I_ = I^ = 0 ,  then  no r a d ia t i o n  w h a te ve r

can o c c u r  by s in g le  photon e m is s io n .

One o f  the  most s e n s i t i v e  means a v a i la b le  to  i n v e s t i g a t e  th e  

wave f u n c t io n s  o f  n u c le i  i s  the  comparison o f  e x p e r im e n ta l ly  d e te rm ined
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a b s o lu ts  t r a n s i t i o n  p r o b a b i l i t i e s  between n u c le a r  s ta te s  w i t h  th e  

t h e o r e t i c a l  p r e d i c t i o n s  o f  n u c le a r  m odels . T h is  comes about s in c e  

th e  gamma-ray m a t r i x  e lem en ts  depend on the  a m p l i tu d e s  and phases o f  

th e  wave f u n c t io n s  o f  th e  n u c le a r  s ta te s  in v o lv e d .  In  a d d i t i o n ,  th e  

e le c t r o m a g n e t ic  i n t e r a c t i o n  o p e ra to rs  have a s im p le  and to  a la rg e  

e x te n t  w e l l-kno w n  s t r u c t u r e .  Then, th 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  

emmission o f  a photon o f  energy Mw, a n g u la r  momentum £ and o f  e l e c t r i c  

CX=E) o r  m agne tic  (X=M) c h a r a c te r ,  w i t h  a n uc leu s  g o in g  f ro m  an i n i t i a l  

s t a te  I ^ ,  t o  a f i n a l  s t a te  I ^ ,  i s  g iv e n  by

V f  s

 ( 2 .7 )  >

where M [X ;£ ,p )  s tands  f o r  e l e c t r i c  X=E o r  m agne tic  X=M m u l t ip o le  

o p e ra to r s .  U s u a l ly ,  one i s  n o t  i n t e r e s t e d  i n  th e  o r i e n t a t i o n  o f  

e i t h e r  th e  i n i t i a l  o r  th e  f i n a l  n u c le a r  s t a t e .  T h e r e f o r e , o n e  

sums o v e r  th e  m a gne t ic  quantum number o f  th e  f i n a l  s t a t e  and 

averages o v e r  th e  m agne tic  quantum number o f  th e  i n i t i a l  s t a t e  

The s o - c a l le d  reduced t r a n s i t i o n  p r o b a b i l i t y  i s  then  d e f in e d  as

^ ^  n .> | 2

C2.8)

U sing  th e  W ig n e r -E c k a r t  theo rem ,

B C X a , ! ^ ^ ! ^ )  = l < I f ' Î M C X , ) l ] : | l . > P  t 2 .9 )

where <1 ^ HmCXj£) | | l ^ >  i s  th e  reduced  m a t r i x  e le m e n t .

The t r a n s i t i o n  p r o b a b i l i t y  can the n  be re d e f in e d  as

To e v a lu a te  th e  t r a n s i t i o n  p r o b a b i l i t y  f ro m  e x p e r im e n ta l  d a ta  we 

have t o  know th e  b ra n c h in g  r a t i o s ,  m ix in g  r a t i o s  and i n t e r n a l  c o n v e rs io n  

c o e f f i c i e n t s  f o r  th o se  t r a n s i t i o n s  w h ich  a re  n o t  p u re .  Then, th e  

p a r t i a l  gamma-ray t r a n s i t i o n  p r o b a b i l i t y  i s  o b ta in e d  f ro m  th e  t o t a l  

t r a n s i t i o n  p r o b a b i l i t y  by

P (X£) = P C leveD N  CX£)/EN . (2 .1 1 )Y Y d d

where P C le v e l)  i s  th e  sum o f  th e  t r a n s i t i o n  p r o b a b i l i t i e s  o f  a l l  

d e p o p u la t in g  (e le c t ro m a g n e t ic  and p a r t i c l e )  t r a n s i t i o n s  and i s  t f  

sum o f  th e  i n t e n s i t i e s  o f  a l l  t r a n s i t i o n s  d e p o p u la t in g  the  l e v e l  o f
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i n t e r e s t  i n  th e  same r e l a t i v e  u n i t s  as th e  i n t e n s i t y  N CX£) o f  th e
Y

gamma-ray t r a n s i t i o n  w i t h  m u l t i p o l a r i t y  X£ f o r  wh ich  PCX£] i s  to  be 

c a lc u la t e d .  Fo r a s im p le  case, w i t h  a s in g le  d e p o p u la t in g  gamma-ray 

t r a n s i t i o n  w i t h  M1-E2 m ix in g  th e  r e l a t i o n  between th e  p a r t i a l  gamma- 

ra y  t r a n s i t i o n  p r o b a b i l i t y  and th e  t o t a l  t r a n s i t i o n  p r o b a b i l i t y  o f  th e  

l e v e l  can be g ive n  as a f u n c t io n  o f  th e  t o t a l  i n t e r n a l  c o n v e rs io n  

c o e f f i c i e n t  and th e  m u l t ip o le  m ix in g  r a t i o  '

P (M1) = P [ le v e l ] / { l+ a 2 + a ^ C M 1 )+ a 2 a ^ [E 2 ] }  [2 .1 2 )  ■
Y T T .

P (E2) = P ( l e v e l ) / { l + 5 " 2  + a ^ (E 2 ) + 0 '^  a^C M I)} (2 .1 3 )  ^
Y T T

In  many cases we need to  compare th e  reduced t r a n s i t i o n  p r o b a b i l i t y  

o b ta in e d  in  coulomb e x c i t a t i o n  e x p e r im e n ts  w i t h  t h a t  o b ta in e d  i n  

gamma decay w ork . The r a t i o  between th e  two can be w r i t t e n  as ,

B(X;£;Ij^->- If)riRP.ay = ^ I f+ 1  |-2 ,,4 ]
B ( X ; £ j I l +  I f ) e x §  2 I i+ 1  '

F o r  th e  com parison  o f  e x p e r im e n ta l  gamma-ray t r a n s i t i o n  p r o b a b i l i t i e s  

w i t h  t h e o r e t i c a l  v a lu e s ,  h in d ra n c e  f a c t o r  F : i s  v e ry  o f t e n  used where

F = B(X£)^. /  B(X£) . . (2 .1 5 )th e o ry  e xpe r im e n t

2 ,2  N u c le a r  s h e l l  model

In  i t s  e a r l y  s tage  o f  i t s  deve lopm en t,  one o f  th e  main o b je c t i v e s  

o f  s h e l l  model was to  rep roduce  th e  s o - c a l le d  magic numbers. As more 

re f in e m e n ts  were in t r o d u c e d ,  i t  was fou n d  t h a t  t h i s  model was capab le  

o f  e x p la in in g  n o t  o n ly  th e  magic numbers b u t  many o th e r  n u c le a r  

p r o p e r t i e s .  By in t r o d u c in g  a deformed p o t e n t i a l  as i n  N i ls s o n  model 

( N i ls s o n ,  1955) th e  m o t ions  between th e  s in g le  p a r t i c l e  and c o l l e c t i v e  

degrees o f  freedom  can a c t u a l l y  be c o r r e la t e d .

There a re  v a r io u s  v e rs io n s  o f  th e  s h e l l  model n o ta b ly  th e  extrem e

s in g le  p a r t i c l e  model, th e  s in g le  p a r t i c l e  model and th e  indep enden t

p a r t i c l e  model; a l l  o f  w h ich  possess a common p r o p e r t y ,  t h a t  i s ,  th e

p a r t i c l e s  i n  th e  n uc leu s  a re  assumed t o  move i n  a mean p o t e n t i a l
s in g le

in dependen t o f  each o th e r .  E s s e n t i a l l y ,  i n  th e  e x t r e m e / p a r t i c le  m odel, 

th e  p r o p e r t ie s  o f  th e  n u c leu s  a re  assumed t o  be a t t r i b u t e d  t o  th e  

s in g le  u n p a ire d  n u c le o n .  W ith  th e  s in g le  p a r t i c l e  model th e  nuc leus  

i s  v i s u a l i z e d  as c o n s i s t i n g  o f  f i l l e d  s h e l l s  t h a t  c o n ta in  th e  maximum 

number o f  n e u tro n s  and p ro to n s  p e r m i t te d  by th e  P a u l i  e x c lu s io n  

p r i n c i p l e  and u n f i l l e d  s h e l l s  c o n ta in in g  th e  re m a in in g  number o f



" - i l e a n s .  In  c o n t r a s t  t o  tn sse  " c t s l s ,  i n  the  independ en t p a r t i c l e  

r :c ce l a l l  the  p a r t i c l e s  a re  taken  i n t o  a cco u n t.

S in g le  p a r t i c l e  e s t im a te  o f  gamma t r a n s i t i o n  p r o b a b i l i t y  p ro v id e s  

3 c r j c e  buc u s e fu l  e s t im a te  o f  th e  o r d e r  o f  m agn itude  o f  t h i s  

c . .a n c i t y ,  - j r t h e r m o r e  the  s i n g l e - p a r t i c l e  e s t im a te s  c o n s t i t u t e  

cc-.- . 'S 'ien t " u n i t s ' ,  in  wh ich  th e  e x p e r im e n ta l ly  observed p r o p e r t ie s  

:  a- ce exp resse d . W i th in  the  fram ew ork  o f  th e  s in g le  p a r t i c l e  model, 

t " e  reduced c ra n s i t io .n  p r o b a c i l i t y  can be expressed  as ?

E:E£] = — 2 ^ ^ { 2A2&/3e2rfm)2% [2 .1 5 ]  ■

S [ M£ ]  = —  C 1 . 2 ] 2 £ - 2 { ^ } 2  A 2 & - 2 / 3 . .^2 ^ ^ 21-2 [ 2 . 1 7  ^
rr £+2  M ;•

\

T^ese e x p re s s io n s ,  w h ich  a re  n o rm a l ly  r e f e r r e d  t o  as W e issK opf-  

e s t im a te s  [W’e is s K o p f ,  195 1 ],  a re  in d ep e nd e n t o f  th e  a n g u la r  momenta 

o f  th e  n u c le a r  s ta te s  in v o lv e d  in  th e  t r a n s i t i o n .  '

2 .3  The c o l l e c t i v e  e f f e c t

The f i r s t  s i g n i f i c a n t  deve lopm ent a f t e r  th e  p ro p o s a l  o f  th e  s h e l l  

model was th e  e x p e r im e n ta l  d is c o v e r ie s  o f  la r g e  n u c le a r  quad ru po le  

mcments in  re g io n s  away f ro m  c lo s e d  s h e l l s .  These e f f e c t s  were f i r s t  

no ted  by Townes e t  a l .  (1949] i n  th e  s t a t i c  moments and l a t e r  by 

G o ldhaber and Sunyar (1951) i n  t h e i r  s tu d y  o f  E2 t r a n s i t i o n  p r o b a b i l i t i e s  

R a in w a te r  (1950) no ted  t h a t  i f  th e  n u c l e i  a re  assumed t o  be deformed 

so t h a t  th e y  have permanent n o n - s p h e r ic a l  shapes ( s p h e r o id a l  shapes),  

th e  many p a r t i c l e s  i n  th e  n uc leu s  can g iv e  la r g e  v a lu e s  o f  th e  e l e c t r i c  

q ua d ru po le  moments. As more e x p e r im e n ta l  in f o r m a t io n  i s  o b ta in e d ,  th e  

r e g u l a r i t i e s  observed  i n  even-even n u c le i  a re  becoming more o b v io u s .

In  the  re g io n  150 <A< 185 and A>225, th e s e  r e g u l a r i t i e s  a re  th e  

e s p e c ia l l y  s im p le  ones c h a r a c t e r i s t i c  o f  r o t a t i o n a l  s p e c t ra  (B ohr ,  1954 ),  

and a re  e x p la in e d  w i t h  g re a t  accu racy  by th e  B o h r -M o t te ls o n  s t ro n g  

c o u p l in g  c o l l e c t i v e  model (B ohr and M o t te ls o n ,  1953; Bohr, 1952 ).  In  

th o se  n u c le i  o u ts id e  these  r e g io n s ,  e x p e r im e n ta l  r e g u l a r i t i e s  

c h a r a c t e r i s t i c  o f  v i b r a t i o n a l  s p e c t ra  a re  obse rved , and th e  t y p i c a l  • 

ones can be summarized as f o l l o w s :

(1) The r a t i o  o f  th e  energy o f  th e  second e x c i t e d  s t a te  t o  t h a t  o f  th e

f i r s t  i s  abou t 2, v a ry in g  f rom  about 1 .5  n ea r th e  magic numbers t o  abou t

2 .5  f a r  f ro m  them. Those n u c le i  t h a t  have e i t h e r  c lo s e d  n e u t ro n  s h e l l s

o r  c lo se d  p ro to n  s h e l l s  have th e  r a t i o  le s s  than  2  and have th e  s p in  
+ + +

ss iueoce  7 , 2 ,  4 (F rench and Raz, 1056). As th e  v a lu e s  o f  Z o r
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N move away from  th e  magic numbers, a second s p in - tw o  le v e l  moves c lo s e  

to  th e  s p in - f o u r  l e v e l  and comes below th e  f o u r  l e v e l  (Van P a t t e r ,  1958] 

In  t h i s  re g io n  th e  above r a t i o  in c re a s e s  f ro m  about 1 .5  to  a va lu e  o f  

about 2 .2  o r  2 .3  w h i le  th e  energy o f  th e  f i r s t  e x c i te d  s t a te  decreases . 

In  th e  v i b r a t i o n a l  o r  near harm onic re g io n  th e  r a t i o  i s  about 2 .2  w i t h  

tn e  energy o f  th e  second 2 l e v e l  b e ing  s l i g h t l y  lo w e r  than  t h a t  o f  th e  

4 l e v e l  f o r  most cases. As th e  r o t a t i o n a l  re g io n  i s  approached a 

d i f f e r e n t  t r e n d  i s  n o te d .  The r a t i o  becomes la r g e r  re a c h in g  a va lu e  

o f  10 /3  in  th a  r o t a t i o n a l  r e g io n ,  and th e  energy o f  th e  second 2 

l e v e l  aga in  moves h ig h e r  than  th e  energy o f  th e  4 l e v e l .

[ 2 j  The E2 gamma-ray t r a n s i t i o n s  between n e ig h b o u r in g l le v e l s  a re  

g r e a t l y  enhanced so t h a t  the  c ro s s o v e r  t r a n s i t i o n  f ro m  the ' second 

e x c i t e d  s t a t e  to  th e  ground s t a t e  i s  much s m a l le r ,  i n  g e n e ra l ,  than 

th e  t r a n s i t i o n  f rom  th e  second to  th e  f i r s t  e x c i t e d  s t a t e . '  In  a d d i t i o n ,  

th e  r a t i o  o f  Ml t o  E2 i s  o f t e n  le s s  tha n  one i n  th e  t r a n s i t i o n s  

between th e  two le v e l s  w i t h  1 =2 .

2 .4  The c o l l e c t i v e  c o o rd in a te s  and q ua d ru po le  s u r fa c e  H a m il to n ia n

The s u r fa c e  v i b r a t i o n s  o f  th e  n u c le a r  shape a re  a m o tion  o f  

nuc leo n s  f ro m  one re g io n  o f  th e  n u c le a r  sphere  i n t o  a n o th e r  one.

U s u a l ly ,  th e  p rob lem  i s  approached by c o n v e n ie n t ly  in t r o d u c in g  

a r b i t r a r y  c o l l e c t i v e  c o o rd in a te s  ( x ^ , . . . . . x ^ ^ ]  f o r  th e  X -p o le  

m o t io n .  One o f  th e  sho r tcom ings  o f  such a model i s  t h a t  the se  

f u n c t io n s  a re  n o t  known. In  o th e r  words th e  dependence o f  th e  a  

on th e  n u c le a r  c o o rd in a te s  i s  i n  most cases c o m p le te ly  ig n o re d .  

N a t u r a l l y ,  one does n o t  know fro m  th e  b e g in n in g  w he the r one r e a l l y  

has chosen th e  p ro p e r  c o l l e c t i v e  c o o r d in a te s .  T h is  i s  j u s t  what 

one must a t te m p t  t o  e s ta b l i s h  by s u c c e s s fu l l y  e x p la in in g  n u c le a r  

p r o p e r t i e s .

The c o l l e c t i v e  c o o rd in a te s  d e s c r ib in g  th e  n u c le a r  s u r fa c e  m o tion  

o ^ ^ a re  d e f in e d  by th e  expans ion  o f  th e  s u r fa c e  i n t o  s p h e r ic a l  harmonics

R [ 8 , * ]  = Ro{1+Ç ( - l ) ^ a ,  Y, [ 8 , * ] }  [ 2 .1 8 ]
Ay A - y  Ay

Under t im e  r e v e r s a l  (complex c o n ju g a t i o n ] ,  a can be shown t o  be
Ay

a *  = ( - 1 ] ^  a  [ 2 , 1 9 ]
Ay A-y

The p a r i t y  o f  a i s  j u s t  ( - 1 ) ^  One can a ls o  d e f in e  th e  c o n ju g a te  
Ay

TT, wh ich  to g e th e r  w i t h  a, obey the  f o l l o w in g  commutation r u le s ,  -\;j ^ Ay
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(iT ,31. ,  J  = - iT i5 .  . .5 .  (2 .203Au y A \ y y

and

,3 = (a, , 3 . ,  .3 = 0 (2 .213Ay A y xy A y

The symmetry p r o p e r t y  o f  tt* i sAy

IT* = - ( - 1 3 ^  TT, (2.223Ay A-y
w i th

P(-r,  3P-1 = ( - 1 3 ^  7T, (2 .2 33  'Ay Ay
where P i s  th e  p a r i t y  o p e ra to r .

The - u o le a r  s u r fa c e  m a m il to n ia n  ^ 3 has t o  bê  i n v a r i a n t

under space r o t a t i o n s  and space r e f l e c t i o n s  i n  o r d e r  t o  conserve
I

a n g u la r  momentum and p a r i t y .  T h e re fo re ,  o n ly  r o t a t i o n a l l y '  i n v a r i a n t  

and p a r i t y  c o n s e rv in g  c o m o in a t io n s  o f  and have ,to be

c o n s id e re d .  F u r th e rm o re ,  because o f  th e  t im e  r e v e r s a l  in v a r ia n c e  

o f  th e  H a m i l to n ia n  i s  r e q u i r e d ,  and as a r e s u l t  o f  e q u a t io n  (2 .2 2 3 ,  

T (n ^ ^ ^ ,a ^ * ^ 3  must c o n ta in  an even number o f  c o n ju g a te  momenta. In  

g e n e ra l ,  th e  k i n e t i c  and p o t e n t i a l  energy te rm s  e n te r  th e  H a m i l to n ia n  

a c c o rd in g  to

H = T (w ^^^ ,a ^^^3  + V(a^^^3 (2.243

F o r  th e  q ua d ru p o le  ty p e  o f  n u c le a r  s u r fa c e  m o t io n ,  we assume a 

s e r ie s  expans ion  o f  H i n  te rm s o f  th e  s m a l l  q u a n t i t i e s  and

and o b ta in  up t o  f o u r t h  o r d e r ,

. ( a ‘ 2 ) x a f 2 ) , C J ) , ( 0 )  ^ „ y 2 ) ^ y 2 ) , ( J )

(2 .2 5 )

w i t h  J=0, 2 ,4  (two  nuc leons  i n  th e  same s h e l l ]  

and

V(a^^^3  = p ̂   ̂ + p 3 0 ((a (^ 3 x a ^ ^ ^ 3 ^ ^ ^ x a ^ 2 3 ] (0 3

+ p ^ 0 [a (2 lx a ^ ^ ^ 3 ^ 0 ^  . (2 .2 6 ]

where

y x - )  ,  ( y x ) ^ 3 ( x ' ) y x " )  (2 . 2 7 )

means t h a t

C x " * .  '  E ;  p. .  ( X p X ' p ' I x . p . )  ( 2 . 2 6 )

end ( AyA ' y ' j A "y ’’ 3 i s  a C lebsh-Gordan c o e f f i c i e n t .  The c o u p l in g  o f  th e
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v a r io u s  te n s o rs  in  e q u a t io n s  2 .25  and 2 .26  to  a t o t a l  a n g u la r  

momentum ze ro  i . e .  to  a s c a la r ,  ensures the  r o t a t i o n a l  in v a r ia n c e  

o f  th e  H a m i l to n ia n .

2 .5  Harmonic v i b r a t i o n s  o f  n u c le a r  s u r fa c e  -  pure  v i b r a t i o n a l  model

Fo r a d e s c r ip t io n  o f  th e  dynamic b e h a v io u r  o f  th e  qua d ru p o le  degrees

o f  freedom  f o r  harm onic n u c le i  we assume o n ly  th e  f i r s t  te rm  in  th e  
( 2 3 ( 2 3expans ion  o f  T(m , a 3 in  e q u a t io n  2 .25  and f i r s t  two te rm s in  th e  
( 2 3

expans ion  o f  V (a  3 in  e q u a t io n  2 .26  to  be im p o r ta n t  and dom inan t.  Thus,

H = p + p22(% ^23x^(23)r03  + p 20  [qj T23 j TO! (2.293
n'J

1 1  iw i t h  pOO=0 , p 2 2 =_g2 j  p 2 O=5 2 0 ^ c

28.^ 2

we have

2

In  e q u a t io n  2 .3 0 ,  th e  i n e r t i a  p a ram ete r and s t i f f n e s s  pa ram e te r 

a re  t r e a t e d  as pa ram ete rs  o f  th e  t h e o r y .

F o r a s o lu t i o n  to  th e  H a m i l to n ia n  o f  e q u a t io n  2 .3 0  we in t r o d u c e  th e  

q ua d ru po le  c r e a t i o n  and a n n i h i l a t i o n  o p e ra to r s  f o r  phonons b^^  and 

b ^ ^  th ro u g h  th e  c a n o n ic a l  t r a n s fo r m a t io n ,

“ 2w " ^ 2 3 ^ ’ ^ 2 -u ’ (2 .3 1 )

V  '  '3 .3 2 )

w i t h

Ü1- = (^2.)^ (2 .3 3 )
z cj2

The c r e a t i o n  and a n n i h i l a t i o n  o p e ra to r s  s a t i s f y  th e  f o l l o w i n g  commutation 

r e l a t i o n s

' N w ' h f  = V ' V '  '3 -3 4 )

" ' h - y ’ V ’ " °  '3 -3 5 :

The H a m i l to n ia n  can then  be w r i t t e n  as

Hh q  '  ' " h )  V  ' 3 - 3 5 :

v;nere N-E2 _2 ^ 2 y the  t o t a l  number o f  quad rupo le  phonons and
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+
n =b_ b_ i s  th e  number o p e r a to r .2y 2y 2y

T h e re fo re ,  f rom  e q u a t io n  2 .3 6 ,  th e  spectrum  o f  the  harmonic 

qua d rupo le  o s c i l l a t o r  com prises e q u a l ly  spaced phonon le v e ls  and 

th e  energy d i f f e r e n c e  between a d ja c e n t  l e v e l  i s

The s p in s  o f  the se  phcnon le v e ls  can be found  oy a p p ly in g

th e  a n g u la r  momentum a lg e b ra  to  s p in -2  phonons o bey ing  Bose-

s t a t i s t i c s  whose w a v e - fu n c t io n s  a re  t o t a l l y  sym m etr ic .  The r e s u l t s

are f o r  th e  one-phonon s ta te  we have 1 =2 ; f o r  th e  two-phonbn s ta te  we

have th e  t r i p l e t  w i t h  1=0, 2, 4 and f o r  th e  th re e -p h o n o n  P ta te  we

have th e  q u i n t u p l e t  w i t h  1=0, 2, 3, 4 , 6 . In  th e  ze ro  o r d e r

a p p ro x im a t io n ,  a l l  these  s ta te s  a re  d e g e ne ra te .  \
I*

In  o rd e r  t o  have a measure f o r  th e  a m p l i tu d e s  o f  th e  v i b r a t i n g

nuc leu s  we d e f in e  th e  mean square  d e fo rm a t io n  as th e  e x p e c ta t io n

v a lu e  o f  I  |a j ^ i n t h e  N-phonon s t a t e .  I t  can be shown t h a t  ( B o h r ,1952) 
y 2y

; (2 .3 7 )

Under th e  assum ption  t h a t  th e  e l e c t r i c  charge d i s t r i b u t i o n  o f  

th e  n uc leu s  i s  t h a t  o f  a u n i fo r m ly  smeared o u t  volume d i s t r i b u t i o n ,  

th e  E 2 - t r a n s i t i o n  o p e r a to r  can be w r i t t e n  as

r i (E 2 ,p )  = 3 | | R o ( ^ ) V b ; ^  .  ( - D b ^ . y  (2 .3 5 )

T h is  le a ds  t o  th e  s e le c t i o n  r u l e  AN=±1 f o r  th e  e l e c t r i c  q ua d rupo le  

t r a n s i t i o n .  A ls o ,  i n  th e  fram ew ork  o f  th e  pure  v i b r a t i o n a l  model, 

th e  s p e c t ro s c o p ic  ( s t a t i c )  e l e c t r i c  quad ru po le  moments o f  th e  

phonon s ta te s  a re  t h e r e f o r e  z e ro .

The m a gne t ic  d ip o le  o p e r a to r  f o r  th e  s u r fa c e  v i b r a t i o n s  can be 

w r i t t e n  as

M(M^,y) = y = g ^ I  (2 .3 9 )

where ĝ  ̂ i s  o f  th e  o rd e r  o f  z /R  (R i s  th e  n u c le a r  r a d i u s ) . As lo n g  

as gp i s  c o n s ta n t  and I  r e s u l t s  f ro m  o n ly  c o l l e c t i v e  m o t io n ,  th e  

o p e r a to r  i s  d ia g o n a l  i n  N space. Hence, th e  s e le c t i o n  r u l e  AN=0, 

f o r b i d s  m agne tic  d ip o le  t r a n s i t i o n s  between v i b r a t i o n a l  s t a t e s .  Thus, 

i n  th e  c o n te x t  o f  th e  v i b r a t i o n a l  model th e  E2/M1 m ix in g  r a t i o  shou ld  

be more than  t h a t  p r e d ic te d  by th e  s in g le  p a r t i c l e  model.

The E2 m a t r ix  e lq p e n ts  can be shown to  be (B oh r ,  1952)
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T h e re fo re ,  th e  reduced E2 t r a n s i t i o n  p r o b a b i l i t y  f o r  the  pure  

v i b r a t i o n a l  model i s ,

-- : (2 .4 1 )

I d e n t i f y i n g  th e  energy o f  t h e , f i r s t  2 s t a t e ,  E^-^, w i t h  th e  phonon 

e n e rg y ,  ^ 2 , we ge t th e  mass pa ram ete r as,

g 7 .  : (2 .4 2 )
4 i ( ^ ^ ) ^ { 2 E - ^ 8 ( E 2 ; 1 2 % 0 0 h }

2.B Enharmonic v i b r a t o r  model

To accoun t f o r  th e  s p l i t t i n g  o f  th e  m u l t i p l e t s  and th e ’ d e v ia t io n s  

o f  t r a n s i t i o n  m a t r ix  e lem ents f ro m  pure  o s c i l l a t o r  va lu es , ; ’ a d e s c r ip t i o n  

in  te rm s o f  a p u r e ly  c o l l e c t i v e  o s c i l l a t o r  H a m i l to n ia n  wib.h sm a ll  

a n h a r m o n ic i t ie s  i s  r e q u i r e d .  (

A u s u a l approach i s  t o  assume a r a p id l y  c o n v e rg in g  expans ion  o f  

th e  q ua d ru po le  o p e ra to r  i n  powers o f  th e  phonon o p e ra to r s  CGneuss and 

G r e in e r ,  1971; Kermann and S h a k in ,  1962; H o lz w a r th  and L ie ,  1 97 2 ) .  The 

f o u r t h - o r d e r  H a m i l to n ia n  the n  c o n ta in s  a l l  p o s s ib le  o f f - d i a g o n a l  

te rm s  w i t h  a l t o g e t h e r  seven pa ram ete rs  (a p a r t  f ro m  a s c a le )  w h ich  can 

be foun d  by p h e n o m e n o lo g ic a l ly  f i t t i n g  i t  t o  th e  e x p e r im e n ta l  s p e c t r a .  

U s u a l l y ,  i t  i s  a ls o  p r o f i t a b l e  t o  fo r m u la te  th e  th e o r y  so t h a t  th e  

fe a t u r e s  o f  th e  phenom eno log ica l f i t  can be o b ta in e d  f ro m  a g e n u in e ly  

m ic ro s c o p ic  approach .

The most a p p r o p r ia te  means t o  c o n s t r u c t  th e  c o l l e c t i v e  H a m i l to n ia n  

on a m ic ro s c o p ic  b a s is  seems t o  be th e  boson -expans ion  method (B e lya ev  

and Z e le v in s k y ,  1962; Marumori e t  a l . ,  1964; Sorensen, 1967, 1970 ).

These expans io ns  have been o r i g i n a l l y  fo rm u la te d  i n  te rm s o f  pure  

q u a s i p a r t i c l e  o p e ra to r s  o r  two q u a s ip a r t i c l e  s t a te s  where t h e i r  

convergence  may be q u i t e  p o o r .  I t  has been dem ons tra ted  i n  s o lv a b le  

models t h a t  th e  convergence o f  the se  expans ions  i s  e x c e l l e n t  i f  th e y  

a re  fo r m u la te d  f rom  th e  v e ry  b e g in n in g  i n  te rm s o f  th e  c o l l e c t i v e  

o p e r a to r s ,  and a c o r re s p o n d in g  f o u r t h - o r d e r  expans ion  reads  (H o lz w a r th  

and L ie ,  1972)

H = &Eo + & h^^(B *xB )^°^  + h2 o(B +xB *)^°^  h3 Q( (b ’'x B ‘' / ^ ^ x b " ’ / ° ^

+ h 2 ^ ( (B *x B * )^ 2 ^ x B )^ ° ^  + h ^ o ( B * x B * ) ( ° ^ ( B * x B * ) ( ° ]  + h^^ ( b \ b "‘ ) 

( B * x B ) ( ° )  + 2 4 & 2 2 ( ( B * x B * ) ( J ] x ( B x B ) ( J ] ) [ ° )

+ H e rm i t ia n  c o n ju g a te  (2 .4 3 )
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where 3 and B are  th e  boson o p e ra to r s .  T h is  B o s e -H a m il to n ia n  

c o n ta in s  n in e  m ic ro s c o p ic  m a t r i x  e lem ents  (hu^) w h ich  can be c a lc u la t e d  

once r e s id u a l  i n t e r a c t i o n  and boson s t r u c t u r e  a re  g iv e n .  .By u n i t a r y  

t r a n s fo r m a t io n s  i t  i s  a lways p o s s ib le  to  choose h^g^O- T h is  c h o ice  

d e f in e s  th e  dynam ica l boson b a s is  (Sorensen, 1970).

The d e f i n i t i o n  o f  c o l l e c t i v e  normal c o o rd in a te s

a_ = q(EL + ( -1 ]^ B ^  3 ' (2 .4 4 )2y 2y 2 -y

TT = (3_ - ( - 1 ) ^ B *  ) : (2 .4 5 )2y 2q 2y 2 -y

where q i s  a s c a le  f a c t o r ,  leads  t o  a s e p a ra t io n  o f  th e  t o t a l
!‘

H a m il to n ia n  i n t o  k i n e t i c  energy and p o t e n t i a l  energy p a r ts ’! as i n  

e q u a t io n s  2 .25  and 2 .26  w i t h

pOO = Eo -  i  ^ 4 0  + + ^2 2  '  I ̂2 2 ^

° * ‘''20 4 ~  '’31 ’  2 (5 ) ^  '^31 ’  2 ( S ) ' 3 j  t2J  + 1) )
(2 .4 7 )

p “  = -  3^20 '  'S ) '  V  *  T & :  ^̂ 31 '  '3 J  + 1 ) i  h ( J ) )
, (2 .4 8 )

p32 = q ( -3 h ^ n  + (2 .4 9 )30 21

4 q ^ ^ ' ’3G ^ ^21

p*^^ = 2q4(h^g  -  hg^ 4. l ( & ° )  4. ^ ' 1̂ 2 ) ^ 6 |(4) (2 .5 1 )

, 4 2  -  i h ( ^ ^  + l E j ,  ( 2 J  + 1 ] : ( 2 J . + 1 ) { 2  %

(2 .5 2 )

p " "  = '  V  '  ^ ' ^ 2 2 ’  '  4 ^ ' h ' 3 )  .  I  h ' 4 ) , ]  (2 .S 3 ,

I n t r o d u c in g  th e  i n t r i n s i c  v a r ia b le

= Z D (f)) (2 .5 4 )^2y V yv 2 ’ v

and p u t t i n g  as u s u a l .

O g ' l  ^ 2 ’ -1 ^ °
(2 .5 5 )

Q^.g = Qo COS Y (2 .5 6 )
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1
^2 •7  " % 2 '-2  ^ [ 2 ) ^  s in  y (2 .5 7 )

w i t h  Qo I.OSA^/Sgo fm^ , th e  p o t e n t i a l  energy can be w r i t t e n  i n  the  

fo rm

V(Qo , y ) = 4- ^ QQü - ( - ^ )  ^^ Co cos 3y + ^p^-Q o (2 .5 8 )

The 52 t r a n s i t i o n  o p e ra to r  can be w r i t t e n  in  te rm s o f  dynam ica l 
+ '

bosons and the  fo rm u la  o f  th e  E2 m a t r ix  e lem ents  a re  g ive n  in

H o lz w a r th  and L ie  (1972) and th e  re fe re n c e s  c i t e d  t h e r e in .  The

m ic ro s c o p ic  d e r i v a t io n  o f  th e  expans ions  i s  r e p o r te d  by L ie  and

H o lz w a r th  (1 9 75 ) .  i:'
I'

2 .7  Core e x c i t a t i o n s  \

I t  i s  t o  be expected  t h a t  i n  s p h e r ic a l  n u c le i  in te r m e d ia te  

between c lo s e d  s h e l l s ,  th e  s o le  c o l l e c t i v e  approach t o  th e  t h e o r e t i c a l  

p rob lem  would  be u n r e a l i s t i c .  The e f f e c t  o f  p a r t i c l e  e x c i t a t i o n s  

as w e l l  as in te r n u c le o n  fo r c e s  have t o  be take n  i n t o  a c c o u n t.  In  

o th e r  w ords , a u n i f i e d  d e s c r ip t io n  i n  te rm s  o f  th e  weak c o u p l in g  

models (Thankappan and Pandya, 1960,1962, 1962) wou ld  be more 

a p p r o p r ia t e .  T h is  means t h a t  th e  p a r t i c l e s  a re  coup led  t o  th e  

v i b r a t i n g  co re  to  produce th e  c o l l e c t i v e  e f f e c t .

B a s i c a l l y ,  th e  H a m i l to n ia n  can be sepa ra ted  i n t o  f o u r  p a r t s  

H '  " c  '  %  '  V t  '  "1 2  '3 . 5 9 )  ■

Q/here H i s  th e  H a m il to n ia n  f o r  th e  c o re  v i b r a t i o n ,  H i s  th e  c sp
u s u a l s in g le  p a r t i c l e  model H a m i l to n ia n ,  HL^^ d e s c r ib e s  th e  i n t e r a c t i o n  

between th e  p a r t i c l e  and th e  co re  and H^^ appears o n ly  when two 

p a r t i c l e s  a re  coup led  to  th e  co re  and re p re s e n ts  the n  th e  tw o -body  

i n t e r a c t i o n .

Many fo rm s o f  H^^^ have been used t o  d e s c r ib e  th e  c o u p l in g  between 

th e  p a r t i c l e  and th e  c o re ,  and u s u a l l y  o n ly  q ua d ru po lenquad rupo le  

i n t e r a c t i o n  i s  c o n s id e re d  (Thankappan and Pandya, 1962; C a s te l  e t  a l . ,  

1971 ),

Sometimes, i t  i s  advantages t o  exp ress  H^^^ i n  te rm s o f  

q u a d ru p o le  o p e ra to r  o f  th e  c o re ,  so t h a t  H^^^ can be e v a lu a te d  f ro m  

th e  e x p e r im e n ta l  observed q u a n t i t i e s  o f  th e  n e ig h b o u r in g  even-even 

n u c l e i .
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Thus re p r e s e n t in g  as (C a s te l  e t  a l .  1971]

N n t  "  S  V  '3 .6 0 )

where th e  quad rupo le  o p e ra to r ,  and re p re s e n t in g  th e  b a s is  wave-

f u n c t i o n  as ] ( j  j  ) J:NR;IM> we have f o r  the  m a t r ix  e lem ent o f  H . ^ ,I / int

{ p  j  g }  ( ( - 1 ) ' ^  <WR | |g | | n ’ R ’ > + ( - 1 ) ' ^ < N ' R ’ 1|q |1n r > 

< ' j y 3 2 ’ J ' ) J l 6 i Y 2 ' l )  l l ' j y y i y )  ; 12.61)

where 1( j ^ j 2 J ]^> d e n o te s  an a n t is y m m e tr ic  wave f u n c t io n  o f  th e  p a r t i c l e s .  

The o f f - d i a g o n a l  m a t r ix  e lem ents  o f  Q a re  chosen to  be •

< N ' R '  IIQ ||NR> cc (2R+1]= (B (E 2 :R + R '] ]=  [2 .6 2 ]

w i t h

<12 | q [0 € >  = (5 )2  (2 .6 3 ]

A ls o ,  th e  d ia g o n a l  m a t r ix  e lem ents  a re  d e f in e d  by

<MR IIq ||NR> .  Q|^p (2 .6 4 )

where i s  th e  quad rupo le  moment o f  th e  co re  n u c le u s .

I n  th e  fram e work o f  t h i s  m odel, th e  reduced t r a n s i t i o n  p r o b a b i l i t y  

i s  g iv e n  by ,

B (E 2 ; I -> I» ]  = ( 2 I ' + l ] ( < r ? ^ -  i  (e -  I f ]  A ' + ZeRo ( ^ ]  B ' ]  =IT p A 4ir ZL
(2 .6 5 )

where

A ' = V e : J - r R '  ) a ( ( j  .HR : I )  ( - 1 ) " ^ ^

(|-)^  l l ^ i '^ 2 ’'^^ il ^'^1'^2'^^a'^RR'^NN»

(2 . 66 )

B' = :J N R :J 'N .R ' a ( ( j , j 2 ) J , N R : I )

( - 1 ) I '+ J + R  {% ' R, 2} <N,R, IQ  WNR> C j j ,

(2 .6 7 )
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and a ( , NR: I )  i s  the  c o e f f i c i e n t  i n  the  expans ion  o f  th e  

e ig e n f jn c c io n s  o f  H in  te rm s o f  th e  b a s is  wave f u n c t i o n s ,  th u s

° ^ ( ( J i j 2 J . N R : I ) | [ j i j 2 ) J . N R : I M >  C2.68)

The id e a  o f  c o u p l in g  nuc leons t o  a co re  s t a t e  i s  o f  course  no t

new. I t  i s  th e  n a tu r a l  t h in g  to  do w i t h i n  th e  fram ework o f  Bohr

and M o t t e l s o n '5 c o l l e c t i v e  model. Many e x te n s iv e  c a l c u la t i o n s

(Thankappan, 1962; Thankappan and Pandya, 1960; C a s te l  e t  a l .  1971)

have been c a r r ie d  ou t w i t h  th e  aim o f  r e l a t i n g  v a r io u s  qua d ru po le

e f fe c p s  to  th e  s u r fa c e  d e f o r m a b i l i t y . The r e s u l t  o f  th e  a p p l i c a t i o n
72

o f  t h i s  p rob lem  to  Ge i s  g ive n  in  c h a p te r  7. '
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CHr~TER 3 MEASUREMENTS OF SINGLES SPECTRA AND DATA ANALYSIS

In  gamma-ray s p e c tro s c o p y ,  most o f  th s  e f f o r t s  a re  a c t u a l l y  

conce n c ra te d  on a c h ie v in g  h ig h  q u a l i t y  s p e c t r a l  da ta  f o r  a c c u ra te  

d e te r m in a t io n s  o- energy and i n t e n s i t y .  T h is  c h a p te r  d e s c r ib e s  th e  

mec.nccE use f o r  energy and i n t e n s i t y  d e te r m in a t io n s .  The d e s c r ip t io n s  

o f  the  da ta  a n a ly s is  are g iv e n ^ iO ^ th e - lg g t ^ S G c t io n .

3.1 E x p e r im e n ta l  appara tus

C u r in g  th e  course  o f  t h i s  w ork , we have made use o f  th r e e  t r u e -  

c o a x ia l  G e (L i)  t e c e c t c r s ,  each equ ipped w i t h  co o le d  FETs low n o is e

p r e a m p l i f i e r s .  T h e i r  e q u iv a le n t  volumes a re  25cc . , 33cc.\ and BOcc.
60 I'

1 he FWHM s p e c i f i c a t i o n s  f o r  th e  1332 keV peak o f  Co a re  :3.Q, 2 .9  

and 2.Ü keVs f o r  the  2 5 c c . ,  33cc. and BOcc. d e te c to r s  r e s p e c t i v e l y  

and t h e i r  r e s p e c t iv e  e f f i c i e n c i e s  compared to  a 3 " X 3" Na l d e te c to r

f o r  3 s o u r c e - d e te c to r  d is ta n c e  o f  25cm. a re  3%, 3.3% and 11% a t

1332 keV. The 25cc. and 33cc. d e te c to r s  have abou t 10:1 peak to  

Compton r a t i o  f o r  th e  1332 keV peak w h i le  th e  BOcc, d e te c to r  has 

abou t 3 3 :1 .

The b lo c k  d iagram  o f  th e  e x p e r im e n ta l  p u ls e  h e ig h t  system and 

a pp a ra tu s  used i s  shown in  f i g .  3 .1 .  The a m p l i f i e r s  a re  equ ipped 

w i t h  a d ju s ta b le  p o le - z e ro  ne tw o rk  (K n ow lin  and B la k e n s h ip ,  1965) 

and u t i l i z e  a c t i v e  f i l t e r  shap ing  c i r c u i t s .

3 .2  Energy c a l i b r a t i o n  and accuracy

133 137
F o r  th e  energy c a l i b r a t i o n ,  we have made use o f  Ba , Cs ,

Co^^, Co^^, Mn^^, Na^^, Y^^, B i^ ^ ^  and Co^^ o b ta in e d  f ro m  th e

R a d ioch e m ica l C en tre  Amersham as re fe re n c e  s o u rc e s .  T h e i r  c a l i b r a te d  

e n e rg ie s  and u n c e r t a in t i e s  were taken  f ro m  Heath [1 9 6 9 ) ,  Tab le  o f  

Is o to p e s  C1987) and Camp (1 9 7 1 ) .  Each o f  them was p la ce d  i n  t u r n  a t  

d i f f e r e n t  d is ta n c e s  a lo n g  th e  a x is  o f  th e  d e t e c t o r ,  th u s  e n s u r in g  about 

th e  same coun t r a te  f o r  each o f  them. A t abou t 2000 c . p . s .  , a 2ysec 

a m p l i f i e r  shap ing  t im e  c o n s ta n t  seemed t o  i n d i c a t e  a re a son a b le  

compromise b o th  w i t h  re s p e c t  to  s ig n a l - t o - n o i s e  r a t i o  and p u ls e  p i l e  

up. The c e n t r o id s  o f  th e  peaks were o b ta in e d  u s in g  a com puter program 

SAMPO ( s e c t io n  3 .4 ) .  A p l o t  o f  energy a g a in s t  th e  peak c e n t r o id  

p ro v id e s  th e  energy c a l i b r a t i o n  c u rv e .

E s s e n t i a l l y  th e  u n c e r t a in t i e s  i n  energy d e te rm in a t io n  can be 

a t t r i b u t e d  t o  two so u rces ,  nam ely, th e  c a l i b r a t i o n  and e x p e r im e n ta l  

u n c e r t a i n t i e s . The c a l i b r a t i o n  e r r o r  r e f l e c t s  the  in a c c u ra c y  in  the  

e n e rg ie s  o f  th e  s ta n d a rd  sources  and t h e i r  methods o f  c a l i b r a t i o n .
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n o s t  C3S53 e x p e r im e n ta l  u n c e r t a in t i e s  a r i s e  f rom  in a c c u ra c y  

in  GBcerm in ing the  peak c e n t r o id s  and e r r o r  b ro u g h t  about by system 

n o n i i n e a r i t y . E f f e c t s  o f  n o n - l i n e a r i t y  are u s u a l l y  accoun ted  f o r  

by e x p e r im e n ta l ly  c a l i b r a t i n g  the  system. We have, however, f i t t e d  

th e  " on l i n e a r i t y  c o n t r i b u t i o n  to  a t h i r d  o rd e r  p o ly n o m ia l .

3 .3  E f f i c i e n c y  c a l i b r a t i o n  f o r  i n t e n s i t y  d e te rm in a t io n

-•s w i t h  th e  energy d e te rm in a t io n  ( s e c t io n  3 .2 ] *  s i m i l a r  s ta n d a rd  

sources  ..ere used f o r  the  e f f i c i e n c y  c a l i b r a t i o n .  These sources  were 

w e l l  c a l i b r a t e d  ( t o  w i t h in  2%] oy th e  R a d iochem ica l C en tre  Amersham 

a n : ,.s rc  p repa red  co p ro v id e  c o n v e n ie n t  p o in t  s o u rce s .  The gamma-ray 

i n c e n s i t i e s  were taken from  Tab le  o f  Is o to p e s  (1967] and Clata shee ts  

s u p p l ie r  by th e  R ad iochem ica l C e n tre .  Each spec trum  was take n  a t  15 cm. 

ano 25 cm. from  th e  33cc. and 5Qcc. d e te c to r s  r e s p e c t iv e ly * .  The peak 

a reas  were de te rm ine d  by com puter a n a ly s is  ( s e c t io n  3 . 4 ] .  The 

r e s p e c t iv e  e f f i c i e n c y  v a lu e s  f o r  th e  energy  range between 100 -  2800 

KeV o f  th e  33cc. and BOcc, d e te c to r s  a re  g iv e n  i n  T ab le  3 .1 .  T h e i r  

cu rves  a re  shown i n  f i g s .  3 .2  and 3 .3  r e s p e c t i v e l y .  The e f f i c i e n c i e s  

o f  th e  25cc. d e te c to r  can be found i n  Thomas (1 9 7 3 ] .

The c a l c u la t i o n  o f  th e  f u l l - e n e r g y  peak e f f i c i e n c y  o f t e n  does n o t 

g iv e  s u f f i c i e n t l y  a c c u ra te  r e s u l t s  because o f  th e  d i f f i c u l t y  in  

d e f i n in g  th e  a c t i v e  s iz e  o f  th e  G e (L i ]  d e te c to r s .  The u sua l te c h n iq u e  

t o  d e s c r ib e  th e  e f f i c i e n c y  cu rve  i s  t o  use th e  s e m i- e m p i r ic a l  method 

and, to  d a te ,  many fo rm u la e  have been proposed (Freeman and J e n k in ,  1966; 

P a r a d e l l i s  and H ontzeas, 1969; E as t ,  1971; M cN e lles  and Cam pbe ll ,  1973; 

H a jn a l  and K lu s e k ,  1974 ].  The v a l i d i t y  o f  these  fo rm u la e  was te s te d  

f o r  c o a x ia l  G e (L i ]  and p la n a r  d e te c to r s  by S ingh  (1976] and th e y  were 

found  to  be i n  f a i r  agreement w i t h  e x p e r im e n ta l  v a lu e s  o n ly  f o r  

c e r t a i n  energy  ran ge s . In  g e n e ra l ,  th e  f u n c t io n  o f  M cN e lles  and 

Campbell (1973] tu rn e d  ou t t o  be by f a r  th e  b e s t  r e p r e s e n ta t io n  o f  

th e  e f f i c i e n c y  o f  G e (L i ]  c o a x ia l  d e t e c t o r .  However, i n  t h i s  work 

in te r m e d ia te  e f f i c i e n c y  v a lu e s  were o b ta in e d  by lo g a r i t h m ic  i n t e r p o l a t i o n

3 .4  A n a l y t i c a l  peak shapes and da ta  a n a ly s is

As w i t h  th e  e f f i c i e n c y  f u n c t i o n ,  fundam en ta l c a l c u la t i o n s  o f  

d e t e c t o r  response to  m onoenerge t ic  pho tons a re  v e ry  d i f f i c u l t ,  due 

to  the  complex p h y s ic a l  and s t a t i s t i c a l  phenomena in v o lv e d .  These 

c a l c u la t i o n s  r e q u i r e  p re c is e  knowledge o f  p r o p e r t ie s  o f  th e  d e te c to r  

w h ich  i n  most cases a re  p o o r ly  Known. A s e n s ib le  method o f  f o r m u la t i n g  

r s -pense f u n c t i o n ,  t h e r e f o r e ,  makes use o f  measured data  d i r e c t l y .

'h e r e  a re  many a n a l y t i c a l  f u n c t io n s  ( R o u t t i  and P ru s s in s ,  1963;
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A b s o lu te  e f f i c i e n c y  X I0 ^

ksV 3See. a t  15cm. SOcc. a t  25cm.

122.1 14.3C±1.50 12.6910 .85

135.5 13 .60± 1 .40 11.9110 .83

275.4 ■ 5 .7 1 ± : .7 0 6 .1 3 1 0 .4 3

302.8 5.35+0.61 5 .5 8 1 0 .3 9

555.'^. 4 .83+0.50 4 .7 910 .34

363.9 4 .1 910 .44 4.3210.30:

511.0 3 .1110 .32 3 .6 3 1 0 .2 3

661.6 2 .1810 .22 2 .8 8 10 .1 8

834.8 1 .8610 .19 2 .3 7 10 .1 5

846.8 1 .6510 .22 2 .3 3 10 .1 7

898.0 1 .5410 .16 2 .1 7 10 .1 5

1173.2 1 .2210 .12 1 .6610 .09

1233.3 1 .1010 .12 1 .6510 .12

1274.5 1 .1010 .10 1 .5 410 .10

1332.5 1.0610.11 1 .4710 .08

1771.5 0 .73 10 .90 1 .2610 .09

1836.1 0 .6810 .07 1 .1410 .08

2034.9 0 .6010 .08 1 .0810 .06

2598.6 0 .4410 .06 0 .8110.01

Tab le  3.1 A b s o lu te  photopeak e f f i c i e n c y  o f  th e  33cc. and BGcc, 

G e (L i ]  d e te c to r s .
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2 5
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X10ENERGY (HeV)

F ig .  3 .3  A b so lu te  e f f i c i e n c y  o f  th e  BOcc. d e te c to r  a t  25cm.
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KoKta, 1973; Rob inson . 1970; Graham e t  a l . ,  1972; D o jo ,  1974;

Kern , 1970) b e ing  proposed f o r  th e  d e s c r ip t i o n  o f  th e  f u l l  energy peak

f ro m  a s e m ico nd u c to r  d e te c to r .  These f u n c t i o n a l  fo rm s have been te s te d

by M cN elles  and Campbell [19753 f o r  two s e m ico nd u c to r  d e te c to r s  and

t h e i r  v a l i d i t y  compared. They showed t h a t  th e  f u n c t i o n a l  fo rm  o f

Kern (1970) g iv e  th e  bes t  r e p r e s e n ta t io n  o f  th e  peak shape f o r  th e
2c o a x ia l  G e (L i )  d e te c to r  w i th  a % o f  1 .0 .  E s s e n t i a l l y ,  th e  goodness

2o f  f i t  i s  measured by the  reduced x v a lu e  where

X2 _ 1  y (n-î -  f i )  [3 .11
N i = l  n^

The 1, u a re  th e  channe ls  s p e c i f y in g  th e  f i t t i n g  in t e r v a l ; ' .  1 i s  the  

channe l number; f , th e  a n a l y t i c  a p p ro x im a t io n  a t  channel; i ;  n ^ , th e  

co u n ts  i n  channe l i  and N, th e  number o f  degrees o f  f reedom  g ive n  by

N = u -  1 + 1 -  number o f  v a r ia b le  pa ram ete rs  [ 3 .2 )

Because o f  i t s  w ide range o f  a p p l i c a b i l i t y ,  th e  program o f  R o u t t i  

and P ru s s in  [19691, code word SAMPO, was used th ro u g h o u t  t h i s  work f o r  

th e  a n a ly s is  o f  th e  gamma-ray s p e c t ra .  The program in c lu d e s  an 

a lg o r i t h m  f o r  a u to m a t ic  peak s e a rc h in g  and peak f i t t i n g  r o u t i n e s  as 

w e l l  as f o r  l i n e  shape, energy and e f f i c i e n c y  c a l i b r a t i o n s .  The 

f u n c t i o n a l  fo rm  c o n s is ts  o f  a Gaussian d e s c r ib in g  th e  c e n t r a l  p a r t  o f  

th e  peak p lu s  h ig h  and low energy e x p o n e n t ia l  t a i l s .  The- lo w -e n e rg y  

e x p o n e n t ia l  app rox im a tes  t a i l i n g  due t o  bad charge c o l l e c t i o n  and 

th e  h ig h  energy t a i l  accoun ts  f o r  some d i s t o r t i o n  due t o  p i l e  up a t  

h ig h e r  coun t r a t e s .  The h ig h -  and lo w -  energy e x p o n e n t ia ls  a re  

jo in e d  t o  th e  Gaussian so t h a t  th e  f u n c t io n  and i t s  f i r s t  d e r i v a t i v e  

a re  c o n t in u o u s .

When a spectrum  i s  ana lysed  w i t h  SAMPO, i n t e r n a l  peak shape

pa ram ete rs  a re  re q u i r e d  f o r  th e  purpose o f  c a l i b r a t i o n .  D i f f e r e n t

and w e l l  d e f in e d  l i n e s  i n  th e  spectrum  a re  f i r s t  f i t t e d  i n  th e  le a s t

square  sense w i t h  th e  a n a l y t i c a l  fo rm  d e s c r ib e d  above p lu s  a l i n e a r

background . As th e  peak shape param ete rs  a re  found  to  v a ry  sm oo th ly

w i t h  e n e rg y ,  l i n e a r  i n t e r p o l a t i o n  between a d ja c e n t  c a l i b r a t i o n  p o in t s

d e f in e s  th e  shape o f  th e  l i n e s  between th e se  p o in t s .  In  g e n e ra l ,

f o r  each e x p e r im e n ta l  s e t  up th e  c a l i b r a t i o n  needs t o  be done once.

The peaks i n  th e  whole spectrum  can then  be a u t o m a t i c a l l y  f i t t e d  by

assuming a more r e a l i s t i c  background f u n c t io n  i n  th e  fo rm  o f  a
2

p o ly n o m ia l .  The m in im iz a t io n  o f  the  % i s  pe r fo rm ed  by an i t e r a t i v e  

g r a d ie n t  a lg o r i t h m  w i t h  v a r ia b le  m e t r i c .  A p a r t  f rom  th e  peak c e n t r o id s  ,
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areas -nd c a l i b r a t i o n  and s t a t i s t i c a l  e r r o r s ,  th e  r e s u l t  o f  th e  f i t
2a ls o  in c lu d e s  th e  bes t  va lues  o f  th e  % and th e  pa ram ete rs  and th e  

2
g r a d ie n t  o f  th e  % in  th e  param ete r space. These v a lu e s  t o g e th e r  w i t h  

th e  g r a p h ic a l  i n fo r m a t io n  can be used to  e s t a b l i s h  th e  goodness o f  

th e  f i t  and th e  presence o f  unobserved pho topeaks .

The energy and i n t e n s i t y  o f  th e  peaks can a ls o  be computed i n  th e  

program  i f  th e  energy and e f f i c i e n c y  c a l i b r a t i o n  p o in t s  a re  g iv e n .

Energy c a l i b r a t i o n  can be done in  two ways. The f i r s t  i s  t o  i n t e r p o la t e  

l i n e a r l y  between a number o f  s u p p l ie d  energy c a l i b r a t i o n  p o in t s  w h i le  

th e  second method makes use o f  a p o ly n o m ia l  l e a s t  square f i t t i n g  o f  

the se  p o in t s .  ]

S i m i l a r l y ,  two methods o f  e f f i c i e n c y  c a l i b r a t i o n s  have been 

in c o rp o ra te d  i n t o  th e  program. The f i r s t  scheme uses a number o f  

c a l i b r a t i o n  p o in t s  and in t e r p o la t e s  l o g a r i t h m i c a l l y  between these  

p o in t s .  The second method employs a f u n c t i o n a l  r e p r e s e n ta t io n  o f  th e  

e f f i c i e n c y  cu rve  expressed as '

F = p ,j{E ^2 + expCp^E)} C3.3)

where p ^ ,  p^ and p^ a re  de te rm ined  by m in im iz a t io n .

In  g e n e ra l ,  a l th o u g h  th e  f u n c t i o n a l  r e p r e s e n ta t io n  o f  th e  f u l l  

energy peak o f  SAMPO has been shown t o  be i n f e r i o r  t o  o th e r  fo rm s 

(M cN e lles  and Cam pbe ll ,  1975 ),  th e  g e n e ra l  a p p l i c a b i l i t y  o f  th e  

program seems t o  ou tw e igh  t h i s  l i m i t a t i o n .
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:HAPTbR 4 MEASUREMENTS Or COINCIDENCE SPECTRA

An e xpe r im en t where the  c o in c id e n c e  i s  s i g n i f i e d  by t im e  

c o r r e l a t i o n ,  i s  p a r t i c u l a r l y  u s e fu l  f o r  d e te rm in in g  th e  l i f e t i m e  o f  

an e x c i t e d  s t a te  o r  f o r  d e v is in g  a n u c le a r  decay scheme. The l a t t e r  

i s  th e  aim o f  t h i s  w o rk . T h is  c h a p te r  c o n c e n tra te s  on gamma-gamma 

c o in c id e n c e  measurement and c o n s id e ra t io n s  p e r t i n e n t  to  i t s  p ro p e r  

o p e r a t io n .  We w i l l  f i r s t l y  d e s c r ib e  th e  in f lu e n c e  o f  th e  d e te c to r s  

on the  t im e  d i s t r i b u t i o n .  T h is  w i l l  be fo l lo w e d  by a d is c u s s io n  on 

the  p a r t i c u l a r  method used f o r  t im e  d e r i v a t i o n  i n  t h i s  w o rk .  The l a s t  

s e c t io n  c e s c r ib e s  the  e x o e r im e n ta l  c o in c id e n c e  a rrangem ents .

4 .1  I n f lu e n c e  o f  d e te c to r  response on th e  t im e  d i s t r i b u t i o n .

The s t a t i s t i c a l  v a r i a t i o n  o f  th e  d u r a t io n  o f  a nuc lea .r  s t a te  can 

be d e s c r ib e d  by a Gaussian d i s t r i b u t i o n  w i t h  a f u l l - w i d t h - a t - h a l f -  

maximum CFWHM) equa l to  i t s  l i f e t i m e  %. In  t im e  s p e c t ro m e t ry ,  th e  

o r i g i n a l  r e s o lu t i o n  o f  a t im e  d i s t r i b u t i o n  i s  ne ve r  p re s e rv e d .  T h is  

i s  because th e  t im e  r e s o lu t i o n  i s  governed by th e  a m p l i tu d e s  and r i s e  

t im e s  o f  th e  p u ls e s  f ro m  th e  d e te c to r .

I f  th e  t im e  in fo r m a t io n  i s  d e r iv e d  a t  th e  moment a s i g n a l ,  

c ro sse s  a f i x e d  t h r e s h o ld ,  as i n  le a d in g  edge t im in g ,  then  two s ig n a ls  

h av ing  v a r y in g  r a te s  o f  r i s e  w i l l  have to  t r i g g e r  th e  d i s c r im in a t o r  

l e v e l  a t  d i f f e r e n t  t im e s  [ f i g .  4 . 1 ) .  A s i m i l a r  e f f e c t  i s  observed 

f o r  s ig n a ls  h a v in g  d i f f e r e n t  a m p l i tu d e s  [ f i g .  4 . 2 ) .  T h is  p r a c t i c a l  

s h o r tc o m in g  i s  commonly r e f e r r e d  t o  as w a lk .  In  a d d i t i o n ,  th e  non

i d e a l  b e h a v io u r  o f  th e  d i s c r im in a t o r  a ls o  c o n t r i b u t e s  t o  w a lk  s in c e  i t  

r e q u i r e s  a c e r t a i n  amount o f  charge t o  be c o l l e c t e d  b e fo re  i t  i s  

t r i g g e r e d .  The presence o f  n o is e  s ig n a ls  superim posed on th e  r e a l  

s ig n a ls  can a ls o  cause u n c e r t a in t y  in  th e  t im e  th e  s ig n a ls  a re  

d e r iv e d  [ f i g .  4 .3 )  a l th o u g h  to  a le s s e r  e x te n t .  T h is  i s  c a l le d  

j i t t e r .  N e v e r th e le s s ,  i n  cases where th e  e f f e c t  o f  w a lk  i s  c o n s id e ra b ly  

reduced , j i t t e r  can be im p o r ta n t .

The d i f f e r e n t  response to  gamma-rays o f  th e  s c i n t i l l a t i o n  and 

s e m ico nd u c to r  d e te c to r s  g iv e  r i s e  to  d i f f e r e n t  t im in g  c h a r a c t e r i s t i c s  

i n  p r a c t i c e .  F o r th e  s c i n t i l l a t i o n  d e te c to r s ,  where th e  r i s e  t im e s  o f  

th e  s ig n a ls  a re  a p p ro x im a te ly  th e  same, th e  t im e  d i s t r i b u t i o n  i s  

governed by th e  decay t im e s  o f  th e  s c i n t i l l a t o r s .  On th e  o th e r  hand, 

th e  r i s e  t im e s  o f  se m iconduc to r  d e te c to r  s ig n a ls  a re  n o t  o n ly  a f u n c t i o n  

o f  th e  geometry o f  th e  d e te c to r  bu t a ls o  dependent on th e  lo c a t i o n s  o f  

th e  p o in t  o f  i n t e r a c t i o n s .
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D is c r im in a to r
T h re sho ld

F ig .  4.1 Time w a lk  due to  v a ry in g  r i s e  t im e
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Fig. 4.3 Time jitter due to noise
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The o f  w a lk  caused by d i f f e r e n c e s  in  p u ls e  a m p l i tu d e s  i s

in d ic a t e d  by a reduced FWHiT o f  a t im e  d i s t r i b u t i o n  f o r  narrow  dynamic 

ra n g e . E s s e n t i a l l y ,  a dynamic range i s  d e f in e d  as th e  r a t i o  o f  th e  

maximum to  minimum p u lse  h e ig h ts  accep ted  by a t im in g  system . T y p ic a l  

t im e  r e s u lu t io n s  f o r  the  s c i n t i l l a t i o n  d e te c to r s  a re  between 100 psec 

CO aoout 3 nsec [Lobne r,  1S75j f o r  v a ry in g  dynamic ra nge , w i t h  the  

p l a s t i c  d e te c c c r  b e ing  s u p e r io r .  C o rrespond in g  v a lu e s  f o r  sem i

c o n d u c to r  d e te c to r s  va ry  from  about 1 t o  10 nsec depend ing  on th e  

dynamic range and methods o f  t im in g  d e r i v a t i o n .

4 .2  C ons tan t f r a c t i o n  t im in g  mode ■

Due to  th e  p r a c t i c a l  l i m i t a t i o n  o f  th e  s im p le  le a d in g  edge mode,

m o d i f ie d  v e rs io n s  have been deve loped . T h e o r e t ic a l  and e x p e r im e n ta l

i n v e s t i g a t i o n s  on th e  le a d in g  edge m o d e (B ra u n s fu r th  and K o rn e r ,  1965;

Gedcke and McDonald, 1967, 1968; Bengston and M oszyask i,  1970] have

re v e a le d  t h a t  f o r  p u ls e s  ha v ing  c o n s ta n t  a m p l i tu d e s  and r i s e  t im e s ,

an optimum t im e  r e s o lu t io n  i s  o b ta in a b le  i f  th e y  a re  t r i g g e r e d  a t  a

c e r t a i n  f r a c t i o n  f  o f  t h e i r  a m p l i tu d e s .  The f r a c t i o n  f  ranges f ro m

10 t o  20 % f o r  s c i n t i l l a t i o n  d e te c to r s .  T h is  method o f f e r s  c o n s id e ra b le

advan tage  t o  s c i n t i l l a t i o n  d e te c to r  s ig n a ls  w h ich  s u f f e r  f rom  t im e

w a lk  as a r e s u l t  o f  t h e i r  a m p l i tu d e  v a r i a t i o n s .  Such d is c r im a n a to r  has

been deve loped  by Gedcke and McDonald, 1967, 1968 and M a ie r  and S p e r r ,

1970 who o b ta in e d  a 20% t o  30% improvement o v e r  th e  le a d in g  edge mode

f o r  a narrow  dynamic range . The method i s  commonly r e f e r r e d  t o  as

c o n s ta n t  f r a c t i o n  d i s c r im in a t i o n .  E s s e n t i a l l y ,  i n  t h i s  mode, th e

p u ls e s  a re  manupulated to  g iv e  a ze ro  c ro s s in g  p o in t  r e p r e s e n t in g  th e

p re s e le c te d  f r a c t i o n  f  o f  th e  p u lse  h e ig h t .  To do t h i s  th e  p u ls e  i s

f i r s t  s p l i t  [ f i g .  4 . 4 ] .  One p u ls e  i s  a t te n u a te d  by a f a c t o r  f .  The '

o t h e r  p u ls e  i s  de layed  by a t im e  t  ,  ̂ e qu a ls  t o  C l - f ] t  . , r e l a t i v ed e la y  r i s e
to  th e  a t te n u a te d  p u ls e ,  where t  . i s  th e  r i s e  t im e  o f  th e  in p u tr i s e
p u ls e .  Then th e  p u lse s  a re  s u b t ra c te d  f rom  each o th e r .  The z e ro -  

c ro s s in g  o f  these  s u b t ra c te d  p u ls e s  o ccu rs  a t  th e  same t im e  re fe r e n c e ,  

^ r i s e '  independen t o f  th e  p u ls e  a m p l i tu d e .  A f a s t  z e r o - c r o s s in g  

d i s c r im in a t o r  i s  t r i g g e r e d  a t : t b i s _ z e r o : c r g s s io g . t im e .

Chase(1968] then  r e a l i z e d  th e  p o s s i b i l i t y  o f  e x te n d in g  t h i s  method 

t o  GeCLi] d e te c to r  p u ls e s .  The v a r i a t i o n  i n  th e  r i s e  t im e s  o f  th e  

GsCLi] d e t e c t o r  s ig n a ls  means t h a t  o n ly  l i m i t e d  com pensation  can be 

a c h iv e d .  N e v e r th e le s s ,  i t s  perfo rm ance  has been shown (Cho and Chase, 

1972] t o  be s u p e r io r  to  th e  le a d in g  edge mode s e t  a t  th e  same 

f r a c t i o n  as the  c o n s ta n t  f r a c t i o n  u n i t .  The te c h n iq u e  i s  u s u a l ly  Known
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33 a rn p l i iu d e  and r i s e  t im e  compensation d i s c r im in a t i o n .  A p p ly in g  

th e  same p r i n c i p l e  as in  the  case o f  th e  c o n s ta n t  f r a c t i o n  d i s c r im in a t i o n  

i t  can be shown t h a t  [ f i g .  4 .5 ]  f o r  in p u t  s ig n a ls  hav ing  th e  same 

a m p l i tu d e s  b u t d i f f e r e n t  r i s e  t im e s  th e  b a s e l in e  i s  c rossed  a t  th e  

same t im e .  However, the  z e r o - c r o s s in g  t im e  o f  th e  d e t e c t o r  s ig n a l  

i s  now dependent on the  amount, the  u n a t te n u a te d  s ig n a l  i s  de laye d .

Fo r tho se  p u ls e s  where th e  in p u t  s lo p e s  change b e fo re  th e  sum o f  th e  

two s ig n a ls  has crossed th e  b a s e l in e  th e  w a lk  due t o  v a r y in g  r i s e  

t im e s  i s  n o t  e n t i r e l y  e l im in a te d .  Such p u ls e s  a re  u s u a l ly  d is c r im in a te d  

by u s in g  s in g le  channel a n a ly z e r  on th e  energy arm.

4 .3  Time measurement

To show th e  perform ance o f  th e  system , th e  t im in g  measurement 

shown i n  f i g .  4 .5  was c a r r ie d  o u t .  The O rte c  453 c o n s ta n t '  f r a c t i o n  

d i s c r im in a t o r s  were each equipped w i t h  th re e  shap ing  modes! f o r  use 

w i t h  p l a s t i c ,  Nal and GeCLi] d e te c to r s .  When o p e ra te d  i n  GeCLi] 

sh ap in g  mode, th e  u n i t  s e le c ts  a 12 nsec d e la y  and a c o m p a t ib le  

p u ls e  h e ig h t  f r a c t i o n  f o r  optimum shap ing  o f  s ig n a ls  f ro m  t h i s  

d e t e c t o r .  The O rtec  454 t im in g  f i l t e r  a m p l i f i e r  has t o  be used w i t h  

t h i s  u n i t  f o r  GeCLi] s ig n a ls  so t h a t  m an up u la t io n  o f  p u ls e  shapes and 

p u ls e  a m p l i f i c a t i o n  can be made. The 2 ” X 2 .5 "  p l a s t i c  d e te c to r  

mounted on an EMI 95943 p h o t o m u l t i p l i e r  was used as re fe re n c e  f o r  th e  

t im e  measurement as i t  g e n e r a l l y  produced v e ry  s m a l l  t im e  r e s o lu t i o n .

The e n t i r e  t im in g  d i s t r i b u t i o n  can then  be a t t r i b u t e d  t o  th e  GeCLi) 

d e t e c t o r  s ig n a ls .

The p u ls e s  from  th e  p l a s t i c  d e te c to r  were used t o  s to p  th e  t im e -

t o - p u l s e - h e ig h t  c o n v e r te r .  S e le c t io n  o f  dynamic range was made by a

s in g le  channe l a n a ly z e r  on th e  GeCLi] arm. F ig .  4 .7  shows a t y p i c a l
22t im e  d i s t r i b u t i o n  o b ta in e d  i n  t h i s  work u s in g  Na so u rce . Time 

c a l i b r a t i o n  o f  th e  m u l t ic h a n n e l  a n a ly z e r  was perfo rm ed  u s in g  th e  s e t  

up shown in  f i g .  4 .8 .

4 .4  Problems a s s o c ia te d  w i t h  c o in c id e n c e  measurement and e x p e r im e n ta l

arrangem ents

One o f  th e  s e r io u s  problem s in  c o in c id e n c e  measurement i s  th e  

d e t e c t io n  o f  u n d e s ire d  e v e n ts .  These even ts  g e n e r a l l y  a r i s e  from  

chance o r  a c c id e n ta l  c o in c id e n c e s  and c o in c id e n c e s  w i t h  background 

unde r th e  g a t in g  peak due to  h ig h e r  energy gamma-rays wh ich  have 

produced o n ly  Compton e ven ts  i n  th e  d e te c to r .

Chance c o in c id e n c e s  depend on the  r e s o lv in g  t im e  % o f  th e  t im in g  

peak and the  source  s t r e n g th  N. More p r e c i s e l y ,  th e  chance c o in c id e n c e s



i 1 -

11:
3 r  3 r>r ■

CF:
:or. c - -

GsCLi]

D e te c to r

□ r t 454

CFO 
O rtec  463

Delay
U n i t

S t a r t Stop

Delay 
A m p l i f i e r  
O rtec  427A

g a te

TPHC
O rtec

467

l i n e a i IMS 630

MCA

A m p l i f i e r  
O r te c  472

TSCA 
O r te c  420A

Gate P u lse  

G en e ra to r

F ig .  4 .6  Time measurement b lo c k  d i a g ram



-32-

□ r te c  454

CFD 
O r te c  4S3

TFA

O rte c  454

CFD

O rte c  463

De lay

U n i t

S t a r t S top

L in e a r
s/

O rtec
419

Puisa
G enera to r

TPHC
O rtec

467

IMS 630

MCA

Fig. 4.8 Block diagram of time calibaration of analyzer



-33-

600. CO —

N a rro u  dyn tT .lc  ra n g e  l i t
C onscan: f r a c t io n  d ls c r im Ir .a c a r
6 0 c c .  C o l L t I  -  P l a s t i c  c o r b i n a t  io n  ( 2 . O ' x  2 . S )
C c n v c r s ! on g a ln =  1 5 6 . 2  p s ^ c h a n n e l
S o u rc e  Ho '
Fl/nX= 7 . 0  tis 
FUTfU 1 7 . 7  ns

500.00 -

0)

I
■s
bQ,

•200.00 —

100.00 -

c.co
'.00

eô
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p e r  u n i t  t im e  a re  g ive n  by

(4.1)
where and are the  i n d i v i d u a l  coun t r a te s  f rom  d e te c to r s  1 and 2 

r e s p e c t i v e l y ,  and e^ a re  t h e i r  r e s p e c t iv e  e f f i c i e n c i e s .  On th e  

o th e r  hand, the  t o t a l  c o in c id e n c e  r a te  can be expressed  as

>̂ t = ^1^2^ (4 .2 )

g i v in g  th e  t o t a l  to  chance r a t i o  R,

^  \  '^o "  2 ^  (4 -3 )
From e q u a t io n  (4 .3 )  i t  i s  seen t h a t  th e  t o t a l  t o  chance r a t i o  R i s  

in v e r s e l y  p r o p o r t io n a l  to  th e  r e s o lv in g  t im e  t and th e  source  s t r e n g th  

IM. F o r f i x e d  N, R in c re a s e s  as x decreases th u s  i n d i c a t i n g  th e  need to  

keep X as s m a l l  as p o s s ib le .

Unwanted c o in c id e n c e s  from  h ig h e r  energy gamma-rays f a l l i n g  i n t o  

th e  Compton background o f  th e  gated  peak a re  u s u a l l y  d i f f i c u l t  t o  accoun t 

f o r  u n le s s  i t s  spectrum  i s  m o n ito red  d u r in g  an e x p e r im e n t .  However, 

i t  can be reduced , a t  th e  expense o f  th e  e f f i c i e n c y ,  by making th e  

g a t in g  re g io n  as sm a ll  as p o s s ib le .

D u r in g  th e  course o f  t h i s  work, two c o in c id e n c e  systems have been
76employed. The f i r s t  wh ich  was used i n  th e  s tu d y  o f  th e  decay o f  As 

u t i l i z e d  th e  c o n v e n t io n a l  f a s t - s lo w  c o in c id e n c e  sys tem . F ig .  4 .9  shows 

th e  b lo c k  d iagram  o f  t h i s  system . The w o rk in g  p r i n c i p l e  o f  t h i s  method 

i s  w e l l  e s ta b l i s h e d .

In  th e  second method, a d u a l-p a ra m e te r  d a ta  c o l l e c t i o n  system 

was used. The system was more e f f i c i e n t  s in c e  a l l  c o in c id e n c e  even ts  

were re c o rd e d  d u r in g  a s in g le  measurement. F ig .  4 .1 0  shows th e  

b lo c k  d iagram  o f  th e  e x p e r im e n ta l  a rrangem ent.  F o r th e  purpose  o f  

c o r r e c t i n g  chance c o in c id e n c e s ,  an a d d i t i o n a l  s in g le  channe l a n a ly z e r  

was used t o  g a te  on th e  c o r re s p o n d in g  chance peak. The windows on th e  

two s in g le  channe l a n a ly z e rs  were s e t  t o  have e q u a l r e s o lv in g  t im e s  

to  ensure  th e  r i g h t  chance com pensa tion . These p u ls e s  were then  used 

t o  open th e  ga tes  o f  two a n a l o g - t o - d i g i t a l  c o n v e r te rs  (spec trum  ADC 

and g a t in g  ADC) v ia  th e  p u ls e  shape g e n e ra to r ,  a l lo w in g  c o in c id e n c e  

e ven ts  f ro m  th e  two d e te c to r s  to  be ana lyzed !by  th e  c o r re s p o n d in g  ADCs.

The addresses f rom  the se  ADCsi were t e m p o r a r i l y  s t o r B d i in s a z 2 0 4 8 - b i t  

s to ra g e  b u f f e r  and e v e n tu a l l y  reco rded  on a 7 - t r a c k  m agne t ic  tape  

b u t  f i r s t  t h e i r  n a tu re  and fo rm a t  had to  be e s ta b l is h e d  and coded by a 

a d u a l-p a ra m e te r  i n t e r f a c e  ( w r i t e  i n t e r f a c e )  b u i l t  f o r  t h i s  purpose .

The in f o r m a t io n  w r i t t e n  on the  m agne tic  tape  can s u b se q u e n t ly  be
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i d e n t i f i e d  as a r i s i n g  from  a t o t a l  c o in c id e n c e  even t o r  a chance 

c o in c id e n c e  e v e n t .  Each even t w i l l  produce two addresses on the  

m a g ne t ic  tap e  c o r re s p o n d in g  to  p u lse s  o r i g i n a t i n g  from  th e  two d e te c to r s  

The in f o r m a t io n  on th e  m agne tic  tape  was then  read  back v ia  a n o th e r  

i n t e r f a c e  c a l le d  th e  read i n t e r f a c e  i n t o  th e  m u l t ic h a n n e l  a n a ly z e r  

memory. T o ta l  o r  chance s p e c t ra ,  c o in c id e n t  w i t h  d i f f e r e n t  re g io n s  o f  

th e  spec trum  were o b ta in e d  by s e le c t i n g  th e  g a t in g  channe l re g io n  

and by s e le c t i n g  t o t a l  o r  chance s p e c t ra .  The fo rm e r  was f a c i l i t a t e d  

by th e  use o f  two thumbwheel s w itch e s  a c t in g  as th e  lo w e r  and upper 

channe l l i m i t s  o f  th e  g a t in g  re g io n  and th e  l a t t e r  was made by 

chang ing  th e  p o s i t i o n s  o f  a s w i tc h .  In  t h i s  manner, c o r r e c t io n s  t o  

Compton background co in c id e n c e s  and chance c o in c id e n c e s  were p o s s ib le .  

F ig .  4 .11 shows a v iew  o f  th e  e x p e r im e n ta l  arrangem ent o f  th e  d u a l 

p a ra m e te r  d a ta  c o l l e c t i o n  system.
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CHAPTER 5 DUAL-PARAMETER DATA COLLECTION SYSTEM

In  a c o n v e n t io n a l  f a s t - s lo w  c o in c id e n c e  expe r im en t a m a jo r  

p r o p o r t io n  o f  th e  u s e fu l  in fo r m a t io n  i s  i n e v i t a b l y  l o s t  i n  a s in g le  

measurement. In  such a case, th e  wasted in fo r m a t io n  i s  o b ta in e d  o n ly  

by re p e a te d  measurements. The l i m i t a t i o n  i s  overcome in  a c o in c id e n c e  

e xp e r im e n t  em p loy ing  a d u a l-p a ra m e te r  system s in c e  a l l  p o t e n t i a l l y  

u s e fu l  in f o r m a t io n  i s  e v e n tu a l l y  reco rded  on a la r g e  s to ra g e  medium. 

T h e re fo re ,  i t  i s  g e n e r a l ly  more e f f i c i e n t  b u t  e xp e n s ive .

In  t h i s  c h a p te r ,  we w i l l  d e s c r ib e  th e  t e c h n ic a l  d e t a i l s  o f  a 

d u a l-p a ra m e te r  da ta  c o l l e c t i o n  system c o n s t ru c te d  a t  a r e l a t i v e l y  low 

c o s t  d u r in g  th e  course  o f  t h i s  work.

5.1 G enera l f e a tu re s  o f  the  system

The o u t l i n e  o f  the  whole arrangement i s  d e p ic te d  i n  th e  b lo c k  

d iag ram  o f  f i g .  5 .0 .  The f a s t  c o in c id e n c e  p a r t  has been d e s c r ib e d  

i n  c h a p te r  4.

5 .1 .1  W r i te  i n t e r f a c e

The b lo c k  d iagram  f o r  t h i s  system i s  shown in  f i g .  5 ,1 .  

E s s e n t i a l l y ,  a c o in c id e n c e  even t C e i t h e r  t r u e  p lu s  chance wh ich  we 

s h a l l  d e s ig n a te d  as t o t a l ,  o r  chance ] i s  in d ic a te d  by a p u ls e  f rom  

th e  f a s t  c o in c id e n c e  system. The p u ls e  opens th e  ga tes  o f  the  

r e s p e c t iv e  g a t in g  and spectrum  ADCs e n a b l in g  th e  l i n e a r  s ig n a ls  from  

th e  two d e te c to r s  t o  be d i g i t i z e d .  A t  th e  same t im e ,  th e  t im in g  

p u ls e  w h ich  i s  connected to  th e  r e s p e c t iv e  t o t a l  and chance c o in c id e n c e  

in p u t s  o f  th e  w r i t e  i n t e r f a c e  i s  s u i t a b l y  de layed  t o  ta k e  i n t o  accoun t 

o f  th e  t im e  re q u i r e d  f o r  th e  co n v e rs io n  p rocess  i n  th e  two ADCs.

When th e  c o n v e rs io n  i s  completed as i s  i n d ic a te d  by th e  presence o f  

s to r e  s ig n a ls  on th e  ADCs, th e  re c o rd in g  p rocess  i s  the n  i n i t i a t e d .

To ensure  c o m p a t i b i l i t y  w i t h  U n iv e r s i t y  o f  London Computer Cen tre  

tap e  s p e c i f i c a t i o n ,  th e  b in a ry  addresses f rom  th e  ADCs have t o  be 

coded i n t o  b in a r y  d ec im a ls .  They a re  then  made a v a i la b le  t o  a 

m u l t i p l e x e r  u n i t  wh ich  c o n v e r ts  th e  p a r a l l e l  da ta  i n t o  s e r i a l  fo rm .

The t im in g  p u ls e  i s  a ls o  used to  i d e n t i f y  th e  words on th e  tape  

a c c o rd in g  to  w he th e r a t o t a l  o r  chance c o in c id e n c e  even t i s  b e ing  

re c o rd e d .  The addresses a re  f i r s t  s to re d  on th e  tape  mounted b u f f e r .

A t e m p o r a r i l y  s to ra g e  b u f f e r  i s  used s in c e  c o in c id e n c e  even ts  o ccu r  a t  

random in  t im e  w h i le  e f f i c i e n t  w r i t i n g  on tape  r e q u i r e s  a r e g u la r  

p r e s e n ta t io n  o f  d a ta .  Thus th e  b u f f e r  c o l l e c t s  asynchronous da ta  and 

s to r e s  i t  u n t i l  i t  i s  about f u l l ,  then  dumps i t s  c o n te n ts  syn ch ron o us ly
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on th e  ta p e ,  fo rm in g  a 'b lo c k '  o r  ' r e c o r d '  o f  d a ta .  D u r in g  the  

t r a n s f e r  o p e ra t io n  the  system i s  i n h i b i t e d  by th e  deadtim e s ig n a l  

f rom  th e  tape  t r a n s p o r t .  The app rox im a te  deadtim e i s  g ive n  by 

(3 + 0.02G+ 50 + T) ysecs where G i s  th e  c o n v e rs io n  g a in  o f  th e  ADC 

and T i s  th e  t im e  i t  takes  to  t r a n s f e r  th e  c o n te n t  o f  th e  b u f f e r  

o n to  th e  m agne t ic  ta p e ,  which i s  a p p ro x im a te ly  81 msec.

5 .1 .2  Read in t e r f a c e

S e le c te d  c o in c id e n c e  data  on the  tape  can be d i r e c t l y  read  i n t o  

th e  NS 630 a n a ly z e r  memory e n a b l in g  a v i s u a l  d is p la y  o f  th e  c o in c id e n c e

s p e c t ra  w h ich  l a t e r  can be pu t on to  paper ta p e .

T r a n s fe r in g  da ta  i n t o  th e  a n a ly z e r  memory r e q u i r e s  a u n i t  wh ich

compares th e  incom ing  data  (on th e  ta p e )  w i t h  window bou n da r ie s  t h a t

c o rre sp o n d  t o  th e  lo w e r  and upper channe l l i m i t s  o f  th e  ga ted  peaks.

In  t h i s  way, th e  spectrum  i n  c o in c id e n c e  w i t h  any re g io n  can be s to re d  

i n  th e  a n a ly z e r  memory by s e t t i n g  th e  window b ou n da r ie s  a p p r o p r ia t e l y .  

T h is  i s  p a r t i c u l a r l y  u s e fu l  when th e  e f f e c t  o f  spectrum  backgrounds on 

th e  c o in c id e n c e  peaks i s  to  be s u b t ra c te d .  The s t r i p p i n g  w i t h  re s p e c t  

t o  chance can a ls o  be pe r fo rm ed , as th e re  i s  in c o rp o ra te d  i n  th e  system 

a u n i t  w h ich  can s e le c t  th e  t o t a l  o r  chance even t by se ns in g  th e  ta g  

word t h a t  p roceeds th e  o th e r  e ig h t  words c o r re s p o n d in g  to  th e  

addresses f rom  th e  two ADCs. The b lo c k  d iagram  o f  th e  read  system i s  

shown i n  f i g .  5 .2 .

5 .1 .3  Tape t r a n s p o r t

The tap e  t r a n s p o r t  i s  an SE 8000 s e r ie s  synchronous ty p e  w i t h  

r e a d - a f t e r - w r i t e  c o n f ig u r a t i o n  and re c o d in g  speed o f  45 i p s .  I t  has 

a v a r ia b l e  re c o rd in g  c a p a c i ty  and o u r  c h o ice  co rresponds  t o  th e  

7 - t r a c k  n o n - r e tu r n - t o - z e r o  re c o rd in g  a t  d e n s i t y  o f  556 b y te s  p e r  in c h .

5 .2  Tape fo rm a t

Data a re  w r i t t e n  on a 5 - in c h  m agne tic  tape  i n  c o m p a t i b i l i t y  w i t h  

th e  IBM re c o rd in g  fo rm a t .  F ig .  5 .3  i l l u s t r a t e s  th e  way odd p a r i t y  

d a ta  a re  re co rded  on th e  ta p e .  The seven t r a c k s  a re  c o n v e n ie n t ly  

ass ig ne d  as t r a c k  1 , 2 , 4 , 8 , A,B and P. T rack  P i s  th e  p a r i t y  column 

and i s  n o t  r e le v a n t  to  th e  p re s e n t  d is c u s s io n .

F o r  e ve ry  c o in c id e n c e  e v e n t ,  t h e re  w i l l  a l t o g e th e r  be n in e  words 

w r i t t e n  a lo n g  th e  tape  w i t h  each 4 - b i t  word re co rd ed  on th e  a p p ro p r ia te  

t r a c k  a c ross  th e  w id th  o f  th e  ta p e .  The f i r s t  i s  th e  i n d i c a t o r  o r  ta g  

w ord , w h ich  i s  used to  s i g n i f y  w he the r th e  even t f o l l o w in g  i t  a r is e s  

f rom  t o t a l  o r  chance c o in c id e n c e .  I t  has a l l  'z e r o e s '  on t r a c k s
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1 ,2 ,4  and 8 an a 'o n e ' on t r a c k  3. T rack A i s  w r i t t e n  a 'o n e '  i f  

th e  words f o l l o w in g  i t  co rrespond to  t o t a l  c o in c id e n c e  even t and a 

' z e r o '  o th e rw is e .

The re m a in in g  e ig h t  words t h a t  f o l l o w  th e  i n d i c a t o r  word are 

addresses from  the  two ADCs. The f i r s t  f o u r  a re  addresses f ro m  the  

g a t in g  ADC w i t h  the  most s i g n i f i c a n t  d i g i t  im m e d ia te ly  f o l l o w in g  th e  

i n d i c a t o r  word. The o th e r  f o u r  words a re  addresses f rom  th e  spectrum  

ADC a rranged  in  such a manner t h a t  i t s  most s i g n i f i c a n t  d i g i t  f o l lo w s  

im m e d ia te ly  th e  le a s t  s i g n i f i c a n t  d i g i t  o f  th e  addresses f ro m  the  

g a t in g  ADC. In  a l l  the  e ig h t  words o n ly  'z e ro e s '  a re  re co rd ed  on 

t r a c k s  A and B.

5 .3  C i r c u i t  d e s c r ip t io n

5 .3 .1  W r i te  system

The t o t a l  o r  chance c o in c id e n c e  s ig n a l  i s  f u r n is h e d  to  th e  

w r i t e  system th ro u g h  two BNC co nn e c to rs  on th e  f r o n t  p an e l o f  the  

s t o r e  c y c le  u n i t  ( f i g .  5 .4 ) .  A f t e r  s w i t c h in g  on th e  mains power a 

number o f  f l i p - f l o p s  on th e  w r i t e  system have t o  be r e s e t  by o p e ra t io n  

o f  th e  r e s e t  b u t to n  lo c a te d  on th e  f r o n t  pane l o f  th e  s to r e  c y c le .

The f l i p - f l o p s  c o n s is t  o f  ICs 9 and 10; ICs 13 and 14; ICs 15 and IB

on th e  s to r e  c y c le  u n i t  ( f i g .  5 . 4 ) ;  ICs 61 and 62 on th e  t o t a l - c h a n c e

i n d i c a t o r  u n i t  ( f i g .  5 , 7 ) .  O pe ra t io n  o f  th e  re s e t  s w i tc h  a ls o  enab les  

th e  ADCs and c le a r s  a l l  co u n te rs  on th e  m u l t i p le x e r  c y c le  u n i t  ( IC  39,

IC 46 and IC 50 o f  f i g .  5 . 6 ) .

R e s e t t in g  o f  f l i p - f l o p  9 and 10 opens th e  c o n t r o l  NANO g a te  5 

w h ich  the n  a l lo w s  an incom ing  even t ( c a l le d  even t p re s e n te d ) t o  

t r i g g e r  th e  d e la y  monostab le  6. The d e la y  on th e  m onostab le  i s  s w i tc h  

s e le c ta b le .  F o r a p a r t i c u l a r  ADC c o n v e rs io n  g a in ,  i t  co rresponds  to  

th e  d e la y  re q u i r e d  f o r  a com plete  d i g i t a l  c o n v e rs io n  o f  an 8V p u ls e  by 

th e  ADC. Thus, th e  o u tp u t  o f  th e  m onostable  causes th e  t r i p l e  in p u t  

NAND g a te  7 t o  in d i c a t e  an o u tp u t  whenever th e  c o n v e rs io n s  i n  bo th  

ADCs a re  com p le ted . M eanwhile, th e  even t p re sen ted  s ig n a l  i s  passed 

to  th e  m agne tic  tap e  c o n t r o l  u n i t  ( f i g .  5 .9 )  and i s  b u f fe re d  th ro u g h  to  

a BNC c o n n e c to r  on i t s  f r o n t  pane l f o r  use i n  m o n i to r in g  th e  in p u t  

co un t r a t e .  An LED i l l u m in a t e s  whenever a coun t i s  p re s e n te d .

The o u tp u t  o f  th e  t r i p l e  in p u t  NAND ga tes  7 and 8 ( c a l l e d  even t 

p rocessed ) i s  f r i s t  in v e r t e d  by IC 17 and then  p re sen ted  to  th e  tw o -  

in p u t  NAND ga tes  18 and 19. By t h i s  t im e ,  o n ly  one o f  th e  ga tes  rem ains  

a c t i v e  depend ing on w he the r a t o t a l  o r  chance event has been p re se n ted  

e a r l i e r .  I t s  o u tp u t  i s  then  fu r n is h e d  to  th e  r e s p e c t iv e  t o t a l  o r  chance
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i n p u t  on th e  to ta l - c h a n c e  in d i c a t o r  u n i t  ( f i g .  5 . 7 ) .  The even t 

p rocessed  i s  a ls o  a t  the  same t im e  a l lo w e d  to  s e t  f l i p - f l o p  9 and 10 

w h ich  then  i n h i b i t s  f u r t h e r  acceptance o f  in p u t  p u ls e s  by c lo s in g  th e  

in p u t  MAND ga te  5. I t  i s  a ls o  used to  t r i g g e r  m onostab le  23 which 

s ig n a ls  the  s t a r t  o f  th e  e n t i r e  cod ing  process whenever the  tape  

t r a n s p o r t  i s  n o t  busy. The busy s ig n a l  i s  used to  lo c k  gate  31 on 

th e  m u l t i p l e x e r  c y c le  u n i t  ( f i g .  5 .6 ) .

The o u tp u t  from  NANO gate 31 i s  then de layed  by abou t 4ysec.

W i th in  t h i s  t im e  th e  a p p ro p r ia te  s ig n a ls  shou ld  have been e s ta b l is h e d  

a t  th e  o u tp u ts  o f  t r a c k s  A and B o f  th e  to ta l - c h a n c e  i n d i c a t o r  u n i t  

( f i g .  5 . 7 ) .

ICs 63 and 64 on th e  to ta l - c h a n c e  i n d i c a t o r  u n i t  ( f i g .  5 .7 )  a re  

two NANO ga te s  which remain a c t i v e  when f l i p - f l o p  61 and 62 i s  i n  a 

r e s e t  s t a t e .  When e i t h e r  a t o t a l  o r  chance c o in c id e n c e  s ig n a l  i s  

p re s e n te d ,  e i t h e r  IC 63 o r  10 64 g iv e s  an o u tp u t .  T h is  o u tp u t  

c o n t r o l s  th e  re s e t  and s e t  in p u ts  o f  f l i p - f l o p  66 and 67. M eanwhile, 

th e  o u tp u t  o f  e i t h e r  ga te  63 o r  ga te  64 i s  passed v ia  g a te  65 to  th e  

f l i p - f l o p  61 and 62 wh ich  i n  t u r n  c lo s e s  ga tes  63 and 64 making them 

in c a p a b le  o f  a c c e p t in g  anymore p u ls e s .

The o u tp u t  o f  f l i p - f l o p  66 and 67 w i l l  be h ig h  ( lo w )  depending 

on w h e th e r  a t o t a l  (chance) c o in c id e n c e  even t has been accep ted  

e a r l i e r .  A t  t h i s  s ta g e ,  th e  c o u n te r  o u tp u ts  A ,B ,C ,D  ( f ro m  ICs 39 

and 40 on th e  m u l t i p le x e r  c y c le  u n i t  ( f i g .  5 .6 ) )  a re  a l l  a t  low 

l e v e l s .  Com b ination  o f  ga tes  70, 71, 72 and 74 r e s u l t s  i n  a h ig h  l e v e l  

a t  th e  o u tp u t  o f  ga te  74. A c c o rd in g ly  ga te  68 ( t r a c k  A) g iv e s  a h ig h

l e v e l  f o r  t o t a l  c o in c id e n c e  even t and a low le v e l  f o r  chance

c o in c id e n c e  e v e n t .  The o u tp u t  o f  ga te  69 ( t r a c k  B) i s  a lways i n  a 

h ig h  s t a t e .

To change th e  s ta te s  o f  t r a c k s  A and B and t o  f a c i l i t a t e  th e  

p a r a l l e l  t o  s e r i a l  co nve rs io n  a t  the  m u l t i p le x e r ,  c o u n te r  39 on th e  

m u l t i p l e x e r  c y c le  u n i t  ( f i g .  5 .6 )  has to  be a c t i v a t e d .  The de layed  

s ig n a l  f ro m  m onostab les 32 and 33 ( c a l le d  even t a c c e p te d ) i s  used to  

s e t  th e  f l i p - f l o p  34 and 35 which enab les  c lo c k  36. The o u tp u t  o f  the  

c lo c k  i s  passed th rou g h  to  th e  m agnetic  tape  c o n t r o l  u n i t  ( f i g .  5 . 9 ) ,  

w h ich  i s  b u f fe r e d  and p resen ted  to  th e  b u f f e r  in p u t  on th e  tape  

t r a n s p o r t  as s to r e  in p u t  da ta  c lo c k  used to  s t ro b e  th e  d a ta .  A t th e  

same t im e ,  th e  c lo c k  o u tp u t  i s  r e g is t e r e d  by c o u n te r  39 w h ich  th ro u g h  

ICs 41, 42, 43, 44 and 45 re s e ts  f l i p - f l o p  34 and 35 and s to p s  th e

c lo c k  a f t e r  every  n in e  p u ls e s .
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The b u f fe re d  o u tp u ts  o f  c o u n te r  39 (A, B, C, D] a re  p resen ted  to  

uhe m u l t i p l e x e r  u n i t  ( f i g .  5 .8 ]  and to ta l - c h a n c e  i n d i c a t o r  u n i t  ( f i g .  

5 . 7 ) .  The chang ing  s ta te s  o f  A, B, C, D from  c o u n te r  39 cause t r a c k  

A and t r a c ^  B on th e  to ta l - c h a n c e  i n d i c a t o r  u n i t  ( f i g .  5 .7 )  t o  r e v e r t  

to  low s t a t e s .  A t the  m u l t i p le x e r  u n i t  th e  c o u n te r  o u tp u ts  a re  used 

to  c o n v e r t  th e  p a r a l l e l  in p u ts  o f  th e  f o u r  m u l t ip le x e r s  ( f ro m  th e  

b in a ry - to -B C D  c o n v e r te r  u n i t  ( f i g .  5 .5 ) )  to  s e r i a l  fo rm . The o u tp u ts  

o f  th e  m u l t i p le x e r s  appear as t r a c k s  1. 2, 4 and 8.

F u r th e r  p u lse s  are ready to  be accepted a t  the  c o n c lu s io n  o f  th e  

d e la y  t im e  o f  monostable 23 on the  s to re  c y c le  u n i t  ( f i g .  5 . 4 ) ,  wh ich  

c l e a r  a l l  f l i p - f l o p s ,  co un te rs  and ga tes  h i t h e r t o  re m a in in g  i n h i b i t e d .  

The number o f  p u lse s  t h a t  a re ana lyzed  i s  counted by IC 46 t o  IC 59 

on th e  m u l t i p l e x e r  c y c le  u n i t  ( f i g .  5 .5 ) .  A t  th e  end o f  225 e v e n ts ,  

th e  c o n te n t  o f  th e  b u f f e r  on th e  tape t r a n s p o r t  i s  t r a n s fe r e d  on to  

th e  m a gne t ic  tape  on r e c e ip t  o f  the  'w r i t e  b lo c k ’ command.

5 .3 .2  Read system

D u r in g  th e  read sequence, a read da ta  s t ro b e  i s  gene ra ted  f o r  

e ve ry  d a ta  l i n e .  A data  l i n e  co rresponds  to  row o f  s e v e n -b i t s  

w r i t t e n  a c ro ss  th e  ta p e .  O ther c h a ra c te rs  w i l l  be a d d i t i o n a l l y  

accompanied by mark check c h a r a c te r  s ig n a ls . In  f i g .  5 .1 4 ,  th e  read  

da ta  s t ro b e s  accompanying o th e r  und es ire d  c h a ra c te rs  a re  su rp ressed  

by ICs 33, 34 and 35. The read data  c lo c k  produced i s  f u r n is h e d  t o  

a c o u n te r  ( IC  25) and two ga tes  (ICs 22 and 23) on th e  read  t o t a l -  

chance u n i t  ( f i g .  5 .1 2 ) .

P a r t  o f  th e  s e r i a l  data  l i n e  ( t r a c k s  1, 2 , 4 ,  8) i s  c o n ve r te d  t o  

p a r a l l e l  fo rm  by th e  s h i f t  r e g i s t e r  ( f i g .  5 .1 3 ) .  The o u tp u ts  o f  th e  

s h i f t  r e g i s t e r  t h a t  co rrespond  to  addresses from  th e  g a t in g  ADC are  

connec ted  t o  th e  com parato rs  on the  s e le c t  ga te  u n i t  ( f i g .  5 .1 1 ) .  The 

re m a in in g  o u tp u ts  (addresses from  spectrum  ADC) a re  p re sen ted  t o  th e  

B C D - to -b in a ry  c o n v e r te r  u n i t  ( f i g .  5 .1 0 ) ,  wh ich  i s  connected t o  th e  

m u l t ic h a n n e l  a n a ly z e r .  T racks A and B are  connected t o  th e  t o t a l -  

chance i n d i c a t o r  u n i t  ( f i g .  5 .1 2 ) .  The p a r i t y  t r a c k  i s  l e f t  unused.

I n i t i a l l y ,  th e  s h i f t  r e g is t e r s  remain i n h i b i t e d  by th e  f l i p - f l o p  

29 and 30 on th e  read  to ta l - c h a n c e  u n i t  ( f i g .  5 .1 2 ) ,  s in c e  i t  i s  i n  th e  

r e s e t  s t a t e .  T o ta l  co in c id e n c e  data  a re  preceeded by a ta g  word w i t h  

t r a c k  A i n  a h ig h  s t a t e .  T h is  causes ga te  22 ( f i g .  5 .12 )  t o  go h ig h  

whenever s ig n a ls  from  t r a c k  A and read d a ta  c lo c k  a re  p re s e n t  

s im u l ta n e o u s ly .  Outpu t o f  gate  22 se ts  f l i p - f l o p  29 and 30, th u s  

e n a b l in g  th e  s h i f t  r e g i s t e r s .  The s h i f t  r e g i s t e r s  then  re c o rd  th e  

da ta  f rom  t r a c k s  1, 2, 4, 8 o f  the  ta g  word. But t h e i r  c o n te n ts  a,.-e
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ADDRESSES IN BCD 
( 1000 ) ( 100 ) (  10 ) (  1 3
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Fig. 5.10 BCD-to-Binary converter unit
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xm m ed ia te ly  c le a re d  by a pu lse  from  monostable 26 wh ich  i s  t r i g g e r e d  

by g a te  23. In  the  presence o f  the  read data  c lo c k ,  th e  l a t t e r  changes 

s t a t e ,  s in c e  t r a c k  B o f  the  ta g  word i s  in  a h ig h  s t a t e .  The pu lse  

f ro m  m onostab le  23 i s  a lso  used a t  the  same t im e ,  to  c le a r  c o u n te r  25.

Subsequent words on the  tape  are addresses f rom  th e  two ADCs.

These words have 'z e ro e s '  i n  t r a c k s  A and B. T h e re fo re ,  th e  s h i f t

r e g i s t e r s  w i l l  c o n t in u e  to  remain i n  th e  enab le  s t a te  and w i l l  p e r fo rm  

th e  s e r i a l  t o  p a r a l l e l  conve rs ion  whenever a read da ta  c lo c k  i s  

p re s e n te d .  The l a t t e r  i s  m on ito red  by c o u n te r  25. A t th e  end o f  

n in e  c lo c k  p u lse s  ( to  read two ADC addresses and a ta g  w o r d ] , th e  

c o u n te r  i s  c le a re d .  A t the  same t im e ,  th e  de layed  m onostab les 23 and 

31 a re  t r i g g e r e d .  T h is  re s e ts  f l i p - f l o p  29 and 30 and i n h i b i t s  the  

s h i r t  r e g i s t e r s .

By t h i s  t im e ,  a l l  o u tp u ts  a t  th e  s h i f t  r e g i s t e r s  a re  i n  a s teady  

s t a t e  e n a b l in g  th e  s e le c t  ga te  u n i t  ( f i g .  5 .1 1 ]  t o  compare i t s  in p u t  

d a ta  ( f ro m  th e  s h i f t  r e g i s t e r s ]  w i t h  le v e ls  s e t  on two thumbwheel 

s w itc h e s  ( a c t in g  as low e r and upper le v e l  w indow s ].  I f  th e  d a ta  f a l l s  

w i t h i n  th e  p re s e le c te d  window th r e s h o ld s ,  o u tp u t  o f  ga te  13 ( f i g .  5 .1 1 ]  

w i l l  go h ig h .  In  t h i s  case, a p u lse  f rom  m onostab le  31 ( f i g .  5 .1 2 ]

changes th e  s t a te  o f  gate  14 which s e ts  f l i p - f l o p  15 and IB .  The

o u tp u t  o f  th e  f l i p - f l o p  causes th e  m u l t ic h a n n e l  a n a ly z e r  memory t o  

s to r e  th e  s ig n a ls  from  the  B C D -to -b in a ry  c o n v e r te r .  When th e  s to r e  

p rocess  i s  com p le ted , a c le a r  s ig n a l  f rom  th e  m u l t ic h a n n e l  a n a ly z e r  i s  

gen e ra te d  wh ich  re s e ts  f l i p - f l o p  15 and 16 ( f i g .  5 .1 1 ]  back t o  i t s  

o r i g i n a l  s t a t e .

F o r  a chance c o in c id e n ce  e ve n t ,  t r a c k  A o f  th e  ta g  word i s  i n  a 

low s t a t e  w h i le  t r a c k  B i s  i n  a h igh  s t a t e .  These t r a c k s  a re  p re sen ted  

t o  th e  e x c lu s iv e  OR gate  18 ( f i g .  5 .1 2 ]  v ia  a s w i tc h  lo c a te d  on th e  

f r o n t  p ane l o f  th e  to ta l - c h a n c e  u n i t  ( f i g . 5 .1 2 ] ,  The e x c lu s iv e  OR 

g a te  w i l l  n o t  change s ta te  un less  t r a c k  A i s  low and t r a c k  B i s  h ig h .  

The com p le te  sequence d e sc r ibe d  above i s  repea ted  when t h i s  c o n d i t io n  

i s  met.

5 ,4  System perform ance

In  o rd e r  t o  i l l u s t r a t e  th e  perform ance o f  th e  system, we have 

measured th e  c o in c id e n c e  s p e c t ra  o f  th e  decay o f  Ag'*'**^'^. The decay 

scheme o f  i s  shown in  f i g .  5 ,15 ( T h e in ,  1977 ],  The measurement

was pe r fo rm ed  w i t h  the  33cc. and BOcc. G e (L i ]  d e te c to r s ,  th e  fo rm e r  

used as th e  g a t in g  d e te c to r .  Chapte r 4 d e s c r ib e s  th e  d e t a i l s  o f  the^ 

measurement.
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Energy

KeV

S in g le s

I n t e n s i t y

U n c o rre c te d  C o rre c te d U n c o rre c te d  C o r re c te d

653 KeV 764 KeV

4 45 .6a ±0 .0 3 3 .4 6 10 .1 3 2 6 .0 1 1 .5 3 1 .5 12 .9

620 .33 ±0 .03 2 .8110 .07 3 6 .2 11 .7 3 5 .3 1 1 .5 3 5 .7 11 .2 6 2 .1 1 2 .2

657 .73±0 .03 94 .3012 .33 127 .715 .6 595 .2111 .3 492 .6110.1

677.59±Q.Q3 10.8010 .30 126 .21 6 .0 1 22 .315 .8

686 .9o±0 .03 6 .5510 .18 4 3 .4 1 1 .5 4 4 .3 1 1 .6 139 .31 4 .5 1 40 .91 4 :7

706 .70±0 .03 16.57±0.39 1 24 .8± 5 .8 118 .01 5 .2

744 .30 ± 0 .0 3 4 .7410 .11 2 6 .4 ± 1 .2 2 0 .7 1 0 .9

763 .91 ± 0 .0 3 22 .57± 0 .58 2 2 0 .8 ± 8 .2 2 2 3 .41 8 .0

818 .04 ±0 .03 7.42±0 .21 100 100 100 100

8 84 .67±0 .04 73.98+1 .83 868 .2+31 .2 808.4129.1 146 .41 8 .7 7 4 .9 1 8 .5

937 .45+0 .04 34 .42±0 .75 413 .9±15 .1 410 .41 1 5 .0 3 0 .4 1 4 .5 7 .2 1 1 .3

1384 .32+0.05 26 .07+0 .60 2 01 .7+ 6 .7 2 0 1 .21 6 .5

1475 .75+0.05 4 .38±0 .10 4 5 .812 .1 4 3 .3 1 2 .0

1504 .95±0 .05 13.90+0 .42 78 .6+3 .1 8 1 .7 1 3 .3 2 7 8 .0 1 8 .0 281 .81 8 .1

1552 .10±0 .05 1 .23+0.04 1 0 .7 + 0 .8 1 4 .6 10 .9

T a b le  15.1 A n a ly s is  o f  th e  s p e c t ra  i n  c o in c id e n c e  w i t h  658 keV 

and 764 KeV in  th e  decay o f
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The r e s u l t s  o f  the measurements are I l l u s t r a t e d  i n  the  s p e c t ra  

o f  f i g .  5 .1 6 (a ]  to  5 . 1 6 ( 1 ] .  Tab le  15.1 shows th e  r e s u l t s  o f  th e  

a n a ly s is  o f  th e  s p e c t ra  in  c o in c id e n c e  w i t h  th e  658 and 764 KeV. The 

i n t e n s i t i e s  have been a r b i t r a r i l y  n o rm a l is e d  to  th e  818 KeV t r a n s i t i o n .

From t a b le  1 5 .1 ,  we f i n d  t n a t  th e  r e s u l t  e x p la in s  v e ry  w e l l  th e  

f e a t u r e  o f  the  decay scheme shown in  f i g .  5 .1 5 .  In  p a r t i c u l a r ,  we n o te  

t h a t ,  b e fo re  chance and background c o r r e c t i o n s ,  th e  chance peaks a t  

658 KeV and 337 KeV in  the  c o in c id e n c e  s p e c t ra  o f  653 KeV and 754KeV 

r e s p e c t i v e l y  appear to  be v e ry  p ronounced . However, a f t e r  s u b t r a c t i o n ,  

th e  653 KeV i s  t o t a l l y  e l im in a te d  w h i le  th e  337 KeV i s  reduced by a 

f a c t o r  o f  about 4. A lso  we f i n d  t h a t  peaks t h a t  a re  t r u e l y  i n  

c o in c id e n c e  have i n t e n s i t i e s  a p p a re n t ly  g r e a t e r  than  t h e i r  s in g le s  

i n t e n s i t i e s .  The o n ly  e x c e p t io n  i s  th e  peak a t  885 KeV in  th e  

c o in c id e n c e  spec trum  o f  764 KeV. However, a c c o rd in g  to  th e  decay 

schema o f  f i g .  5 .15  o n ly  cascade t r a n s i t i o n s  v ia  th e  620 KeV can be 

i n  c o in c id e n c e  w i t h  th e  764 KeV. T h is  r e p re s e n ts  o n ly  a s m a l l  f r a c t i o n  

o f  th e  t o t a l  number o f  th e  885 KeV t r a n s i t i o n s .
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The As n uc leus  decays by 3 -e m is s io n  to  th e  s ta b le  even mass 

Sg w i t h  a h a l f - l i f e  o f  26 .5  hours (T ab le  o f  I s o to p e s ,  1967 ).  The 

n o ta b le  f e a tu r e  o f  Se i s  t h a t  i t  e x h i b i t s  c o l l e c t i v e  e x c i t a t i o n s  o f  

v i b r a t i o n a l  c h a r a c te r s .  In  th e  p a s t ,  many e x p e r im e n ta l  i n v e s t i g a t i o n s  

have been c a r r ie d  o u t ,  no t  o n ly  i n  an a t te m p t  t o  f u r n i s h  a l e v e l  

scheme f o r  Se b u t a ls o  to  i d e n t i f y  th e se  v i b r a t i o n a l  l e v e l s .

A l th o u g h ,  th e  r e s u l t s  o f  p re v io u s  i n v e s t i g a t i o n s  showed some 

agreement in  th e  g ross  fe a tu r e s  o f  th e  low  e x c i t e d  s ta te s  ( a t  l e a s t  

up t o  th e  t h i r d  member o f  th e  t r i p l e t ) ,  d is c re p h a n c ie s  p e r s i s t  

r e g a r d in g  th e  p o s i t i o n s  o f  th e  h ig h e r  le v e ls  (above about 1 .8  Mev).

So f a r ,  no ev idence  has been found f o r  th e  e x is te n c e  o f  any member o f  

th e  q u i n t e t .

In  th e  p re s e n t  w ork , we have r e in v e s t i g a t e d  th e  decay scheme o f  

Se^^ th ro u g h  th e  s tu d y  o f  th e  b e ta  decay o f  As^^ by means o f  G e (L i)  

d e te c to r s  o pe ra te d  i n  s in g le s  and c o in c id e n c e  modes i n  th e  hope o f  

c o n s o l i d a t i n g  some o f  th e  p re v io u s  r e p o r t s .  The e le c t r o m a g n e t ic  

p r o p e r t i e s  a re  then  d iscu sse d  i n  th e  c o n te x t  o f  th e  pu re  v i b r a t i o n a l  

model and one o th e r  due to  L ie  and H o lz w a r th  (1975) t h a t  accoun ts  f o r  

th e  a n h a rm o n ic i t y  i n  th e  s u r fa c e  i n t e r a c t i o n s .

6.1  P re v io u s  i n v e s t i g a t i o n s

E a r ly  in f o r m a t io n s  on th e  n u c le a r  s t r u c t u r e  o f  Se^^ were o b ta in e d  

f ro m  many measurements ra n g in g  f ro m  th e  use o f  b e n t - c r y s t a l  t o  Nal 

d e t e c t o r s .  A com prehensive  re fe r e n c e  t o  th e se  works can be found  i n  

th e  p ap e r by M c M il la n  and Pate  (1 9 7 1 ) .

The deve lopm ent o f  G e (L i)  d e te c to r s  had i n s p i r e d  many s tu d ie s  

(A ten  e t  a l .  1967; Murray e t  a l . 1967; M c M il la n  and Pate  1971;

A rd is s o n  e t  a l .  1972; l iz à w a  e t  a l .  1971; F une l and Y t h ie r ,  1971, 1972b 

Nagahara, 1973 and Thomas, 1973) on th e  r a d io a c t i v e  decay o f  A s ^ ° .  

Among them l iz a w a  e t  a l .  proposed new energy l e v e l s  a t  2026, 2348,

2365 and 2514 KeV, w h ich  m o s t ly  were l a t e r  c o n f i rm e d  by s i m i l a r  work 

p e r fo rm ed  by Nagahara (1 9 73 ) .  M c M il la n  and Pate (1971) a ls o  

re p o r te d  a new l e v e l  a t  2866 Kev based on 3“ Y and Y"Y c o in c id e n c e  

measurements. In  th e  l a t e s t  work on th e  decay on As , Thomas (1973) 

obse rved  two new gamma-rays o f  e n e rg ie s  220 and 317 KeVs and a new 

le v e l  a t  2006 KeV was p roposed.

In  re c e n t  y e a rs ,  e x te n s iv e  measurements on th e  e le c t r o m a g n e t ic  

p r o p e r t i e s  o f  th e  phonon s ta te s  have been made by means o f  coulomb
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e x c i t a t i o n s .  Thus, u s in g  He p r o j e c t i l e s  o f  e n e rg ie s  between 3 to  

10 MeV, S te ls o n  and McGowan (1962) i n v e s t i g a t e d  th e  p r o p e r t ie s  o f  th e

f i r s t  e x c i t e d  s t a t e ,  w h i le  McGowan and S te ls o n  (1962) a ls o  s tu d ie d  th e
+ 4

2^ member o f  th e  two phonon group w i t h  6 .7  to  8 MeV He p a r t i c l e s .  In

th e  work  o f  Bygrave e t  a l .  (1964) a l l  b u t  one o f  th e  f i r s t  and second

phonon s ta te s  were e f f e c te d  w i t h  37 MeV oxygen io n s .  The p o s i t i v e  
+ +

s p in s  o f  th e  2 and 4 member o f  th e  t r i p l e t  were a ls o  d e te rm ined  in  

t h e i r  o"*°-y a n g u la r  c o r r e l a t i o n  e x p e r im e n t .  The l a t e s t  i n v e s t i g a t i o n  

on th e  p r o p e r t i e s  o f  th e  low l y i n g  s t a te s  o f  Se^^ was c a r r i e d  ou t  

by B a r r e t t e  e t  a l .  (1974) v ia  m u l t i p l e  coulomb e x c i t a t i o n  e f f e c te d  

w i t h  29 .2  MeV p r o j e c t i l e s .  The e x c i t a t i o n  p r o b a b i l i t y  o f  th e  

f i r s t  2 s t a t e  was de te rm ine d  d i r e c t l y  by r e s o l v in g  i n e l a s t i c a l l y  and
4

e l a s t i c a l l y  s c a t te r e d  He p r o j e c t i l e s  on t h i n  t a r g e t s .  A s t a te  

i n t e r p r e t e d  as th e  r e s u l t  o f  d i r e c t  E3 coulomb e x c i t a t i o n  was a ls o  

obse rve d .  T a b le  6 .7  summarizes th e  coulomb e x c i t a t i o n  r e s u l t s .

O th e r  works on t h i s  n uc leu s  in c lu d e  th e  ass ignm en t o f  s p in  

t o  most o f  th e  le v e ls  by L in  (1965) f ro m  measurement o f  th e  i n e l a s t i c  

s c a t t e r i n g  o f  15 MeV d eu te ron s  and th e  i n v e s t i g a t i o n  o f  q u a s i r o t a t i o n a l  

g round s t a t e  bands o f  up t o  10^ by L e id e r  and D rape r (1970) i n  

t h e i r  G e^^ (a ,2 n y )S e ^^  r e a c t i o n .  The n u c le a r  g - f a c t o r  o f  th e  f i r s t  

e x c i t e d  s t a t e  was a ls o  measured by M urray e t  a l .  (1967) and a 

v a lu e  o f  Q .4±0.12  was re p o r te d .  Nagahara (1973) r e p o r te d  measurements 

o f  d i r e c t i o n a l  c o r r e l a t i o n  on f o u r  cascades w i t h  G e ( L i ) - N a K T l )  

d e t e c t o r  a rrangem en ts .  The s p in s  f o r  th e  le v e l s  a t  1122, 1216,

1689 and 1787 keVs (see energy l e v e l  d iagram  o f  f i g .  6 .7 )  were 

fo u n d  t o  be 0 , 2 ,  3 and 2 r e s p e c t i v e l y .  I n  a d d i t i o n ,  th e  M1 

c o n te n t  o f  th e  657 keV t r a n s i t i o n  was d e te rm in e d  t o  be 3% and a 

c o r re s p o n d in g  53% f o r  th e  1228 keV gamma-ray. The 1129 keV gamma- 

ra y  was fou n d  t o  be n e a r ly  M l.

6 .2  E x p e r im e n ta l  p rocedu re s

6 .2 .1  S in g le s  s p e c t ra

76
R a d io a c t iv e  As was o b ta in e d  by n e u t ro n  i r r a d i a t i o n .  Two fo rm s

o f  a r s e n ic  -  As^O^ and As m e ta l -  were used in  o r d e r  t o  h e lp  i d e n t i f y

i m p u r i t i e s  t h a t  m igh t be p re s e n t .  Samples o f  in c r e a s in g  w e ig h t  were

each p re p a re d  i n  a s m a l l  sea led  p o ly th e n e  tub e  and were th e n  i r r a d i a t e d

f o r  8 hours  in  th e  co re  tub e  o f  th e  U n i v e r s i t y  o f  London R e a c to r  
12 2h a v in g  10 n/cm / s e c .  The r a d io a c t i v e  a r s e n ic  th u s  p roduced , had 

a range  o f  a c t i v i t i e s  s u f f i c i e n t  t o  l a s t  a who le  week and th e  weakest 

was l e f t  t o  decay f o r  a t  le a s t  24 hours  b e fo re  measurements were 

i n i t i a t e d .  By t h i s  t im e ,  some o f  th e  s h o r t - l i v e d  components had
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üac5_,5d ou t ai "3 sample had reached a rs a s a e a d le  s t r e n g th  (abou t 

50 u C i ) .

i n i t i a l l y ,  s in g le s  s p e c t ra  were reco rd ed  w i t h  t+ie 2 5 c c . ,3 3 c c .  and 

SOcc. c o a x ia l  G ec^ i)  d e te c to r s ,  each t im e  a c o n s ta n t  c o u n t in g  r a te  

was m a in ta in e d  oy “ o v in g  the  source tsw ards  the  d e t e c t o r  as i t  decayed. 

T h is  .-.'as p o s s io ie  oy making use o f  a c o n t r o l  system deve loped  by 

Thomas and Thomas (1372 ).  F o r a f i x e d  geom etry , a r a p id  f a l l  o f f  i n  

c o u n t in g  r a te  would r e s u l t  i n  r e s o lu t i o n  changes and p o s s ib le  p u ls e  

h e ig ’- t  d r i f t s .

.ne e n e rg ie s  o f  th e  s t ro n g  l i n e s  i n  th e  spectrum  were de te rm ine d  

from  c a l i b r a t i o n  s p e c t ra  (c h a p te r  3) taken  p r i o r  t o  and d u r in g  th e  run . 

These l i n e s  were l a t e r  used as i n t e r n a l  c a l i b r a t i o n  re fe re n c e s  f o r  

s p e c t ra  accum ula ted  o v e r  a lo n g  p e r io d  l a s t i n g  f o r  severa l^  h a l f - l i v e s  

i n  o r d e r  t o  o b ta in  s u f f i c i e n t  s t a t i s t i c s  on th e  weak peaks.

A spec trum  from  th e  BOcc. d e t e c t o r  was a ls o  remeasured by 

ke ep in g  th e  source  s t a t i o n a r y  a t  a d is ta n c e  o f  25cm. f ro m  th e  d e te c to r .  

To m in im iz e  any p ro b a b le  peak d i s t o r t i o n s  caused by chang ing  c o u n t in g  

r a t e  and e l e c t r o n i c  d r i f t s ,  th e  spectrum  was accum ula ted  o v e r  a 

p e r io d  o f  abou t one h a l f  l i f e  o n ly .  The i n t e n s i t i e s  o f  th e  s t ro n g  

l i n e s  were then  e v a lu a te d  u s in g  th e  com puter program SAMPÜ (c h a p te r  3) 

and th e y  were l a t e r  used as s ta n d a rd  p o in t s  i n  th e  a n a ly s is  o f  th e  

s p e c t ra  o b ta in e d  e a r l i e r .

8 .2 . 2  C o in c id en ce  s p e c t ra

C o in c id e n ce  measurements were pe r fo rm ed  w i t h  th e  25cc . and 33cc. 

d e te c to r s  a t  100° geom etry . The c o n v e n t io n a l  f a s t - s l o w  s e t  up was 

used , w i t h  a f a s t  r e s o lv in g  t im e  o f  100ns. Some c o n s id e r a t io n  on th e  

t r u e - to - c h a n c e  prob lem s had in d ic a t e d  th e  n e c e s s i t y  t o  keep th e  

c o in c id e n c e  geometry f i x e d .  V a r ia b le  geometry would  degrade th e  

t r u e - to - c h a n c e  r a t i o  (Thomas, 1973).  T h e re fo re ,  i n  a l l  subsequent 

c o in c id e n c e  measurements, th e  source  was ke p t s t a t i o n a r y  and w i t h  th e  

a id  o f  a source  changer deve loped by Thomas and Thomas (1 9 7 2 ) ,  i t  

was p o s s ib le  t o  r e s to r e  th e  c o u n t in g  r a te  t o  i t s  i n i t i a l  v a lu e  

whenever th e  source  had decayed t o  h a l f  i t s  l i f e  by fe e d in g  i n  a 

new source  a u t o m a t i c a l l y .  The system proved c o n v e n ie n t ,  and w i t h  

i t ,  i t  was p o s s ib le  t o  m a in ta in  a lo w e r  l im i t  o f  10:1 f o r  th e  t r u e -  

to -c h a n c e  r a t i o .  Four c o in c id e n c e  measurements were made, each 

l a s t i n g  f o r  about a week, u s in g  energy ga tes  s e t  on th e  25cc . 

d e t e c t o r  a t  around th e  559, 657, 772 and 1228 keVs.
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6 .3  E x p e r im e n ta l  r o G u l ts

The s i n g l e s  and c o in c id e n c e  s p e c t r a  o b ta in e d  i n  t h i s  work are 

shown i n  f i g s .  6.1 a -e ,  6 .2  a -e ,  6 .3  a - c ,  6 .4  and 5 .5  T ab les  6.1 

and 6 .2  g i v e  t h e  e n e rg ie s  and i n t e n s i t i e s  o f  t h e  gamma-rays observed ,  

t o g e t h e r  w i t h  those  o b ta in e d  f rom  A rd i s s o n  e t  a l .  [19723,  Funel  and 

Y t h i e r  (19713,  l i z a w a  e t  a l .  (19713,  Nagahara (19733 and Thomas (19733.  

The i n t e n s i t i e s  are  g iv e n  r e l a t i v e  t o  t h e  559 keV gamma-ray.  A 

summary o f  t h e  c o in c id e n c e  r e s u l t s  i s  g i v e n  i n  Tab le  6 .3 .  . R e s u l t s  

o f  t h e  c o in c id e n c e  e xpe r im en ts  a re  shown i n  t h e  l e v e l  scheme o f  f i g .  6 . 6 .

There were a l t o g e t h e r  39 t r a n s i t i o n s  observed  i n  t h e  s i n g l e s  

spec t rum.  The peaks a t  e n e rg ie s  o f  485,  795 and 1393 keV r e p o r t e d  

by A rd i s s o n  e t  a l .  (19723 were a l s o  d e te c te d  i n  t h e  p r e s e n t  work .  And

one o f  them, t h e  795 keV gamma-ray was a l s o  found  t o  be i n  c o in c id e n c e
!

w i t h  t h e  559 keV gamma-ray.  The 485 keV was a l s o  observed,  by Fune l  and 

Y t h i e r  (19713.  There was ev idence  i n  t h e  s i n g l e  spec t rum o f  the  

p resence  o f  t h e  1051 keV gamma-ray observed by l i z a w a  e t  a l .  (19713 

and Thomas (19733,  and th e  presence  o f  t h e  487 keV peak r e p o r t e d  by 

Nagahara (19733.  B u t ,  because o f  t h e i r  s m a l l  s t a t i s t i c a l  s i g n i f i c a n c e  

and l a r g e  energy  u n c e r t a i n t i e s ,  t h e y  were l e f t  o u t  o f  t h e  decay 

scheme.

A r d i s s o n  e t  a l .  (19723,  Fune l  and Y t h i e r  (19713 and l i z a w a  (19713 

r e p o r t e d  t h e  p resence  o f  t h e  755 keV peak i n  t h e i r  s p e c t r a .  The 

p r e s e n t  work  c o n f i r m e d  t h i s  o b s e r v a t i o n .  I n  a d d i t i o n  t o  b e ing  

d e t e c t e d  i n  t h e  s i n g l e s  s p e c t r a ,  i t  was a l s o  found  t o  be i n  c o in c id e n c e  

w i t h  t h e  559 and 772 keV gamma-rays.

The 318 keV peak observed  by Thomas (19733 showed up i n  o u r

s i n g l e s  s p e c t r a  as a s t r o n g  and w e l l - d e f i n e d  peak.  A n a l y s i s  on th e
192i n t e n s i t y  i n d i c a t e d  th e  p resence o f  I r  i n  t h é  background .  And 

s in c e  i t  was a l s o  n o t  found i n  t h e  c o in c id e n c e  s p e c t r a ,  t h e  p o s s i b i l i t y  

o f  i t  o r i g i n a t i n g  f ro m  th e  decay o f  As had t o  be r u l e d  o u t .

The 685 keV and 1131 keV gamma-rays were r e p o r t e d  by l i z a w a  e t  a l .

(19713 and Nagahara (19733 as d o u b l e t s .  The f a c t  t h a t  t h e y  were found

t o  be i n  c o i n c i d e n c e  w i t h  o n l y  t h e  559 keV o f f e r e d  v e ry  l i t t l e  s u p p o r t  

f o r  t h i s  o b s e r v a t i o n .  Both these  a u th o r s  a l s o  proposed a new l e v e l  

a t  2346 keV, based on th e  o b s e r v a t i o n  o f  t h e  1130 keV t r a n s i t i o n  

a ss ig ne d  as a d o u b le t  i n  c o in c id e n c e  w i t h  t h e  1216 keV gamma-ray and 

on th e  energy sum r e l a t i o n  o f  t h r e e  t r a n s i t i o n s  o f  466,  665 and 1216 keVs 

Our work c o u ld  no t  v e r i f y  t h i s  ass ignm en t .
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C o in c id e n ce  gates  Gamma-rays i n  c o in c id e n c e

559 KeV

772 keV

403, 457, 473, 583, 572,

575,  657, 665,  740, 755,

772,  795,  809,  858, 882,

981,  1130, 1213,  1228 ,1439 ,

1454,  1533,  1611,  1870,  2096,  

2110.

403,  473,  559,  572,  740,  

657 keV 809,  868,  882, 1213,  1439,

1454.

403,  457,  559,  575,  695,  

727, 755,  868,  882.

1228 keV 559,  575, 727, 868, 882.

T a b le :  6 .3  Summary o f  c o in c id e n c e  r e s u l t s
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Tiiü f o l l o w i n g  a d d i t i o n a l  gorrirna-rays r e p o r t e d  i n  t h e  decay o f
70

As were no t  d e te c te d  i n  t h i s  work ,  v i z ,  639, 864, 2670 keVs 

( A rd i s s o n  e t  a l .  19723; 356, 854, 1098, 1117 keVs (Fune l  and Y t h i e r ,  

19713; 546. 639, 955, 1101, 1807, 1908, 2173,  2370 keVs Cl izawa e t  a l . ,  

19713; 220 keV (Thomas, 19733 and 955,  1029, 1099, 1468, 1562 and 

1805 keVs [Nagahara,  19733.

6 .4  L eve l  scheme

The gamrna-ray e n e rg ie s  and r e l a t i v e  i n t e n s i t i e s  and t h e i r

c o in c id e n c e  r e l a t i o n s h i p  were used t o  c o n s t r u c t  th e  l e v e l  'scheme o f
76 76

Se f ro m  th e  decay o f  As shown i n  f i g .  6 .7 .  The energy, sum

r e l a t i o n  f o r  t h e  c o n s t r u c t i o n  o f  t h e  l e v e l s  i s  g i v e n  i n  t a b l e  6 .4 .

Tab le  6 .5  l i s t s  t h e  energy l e v e l s  r e p o r t e d  by o t h e r  a u th o r s  and
76found i n  the  p r e s e n t  work ,  f rom  th e  decay o f  As . The be . ta -ray  

e n e r g ie s  were de te rm ine d  f ro m  th e  o b ta in e d  l e v e l  e n e r g ie s  by 

assuming th e  Q -va lue  o f  2972 keV taken  f rom  N u c le a r  Data sh ee ts  (19513.

By assuming th e  v a lu e  o f  50.5% f o r  t h e  3 - f e e d i n g  t o  t h e  ground 

s t a t e  o f  Se as r e p o r t e d  by Nagara jan  e t  a l .  (19713,  t h e  p e rcen tage  

o f  be ta  f e e d in g  were worked o u t  f ro m  th e  gamma-ray i n t e n s i t y  b a la n c e .

The c o r r e s p o n d in g  l o g  f t  v a lu e s  were e s t im a te d  by u s in g  t h e  Moszkowski  

nomograms as g iv e n  i n  t h e  T a b le  o f  I s o t o p e s  (19673.  D e duc t io n  o f  t h e  

s p in s  and p a r i t i e s  were then  made f ro m  t h e  knowledge o f  t h e  t y p e s  o f  

b e ta  decay and t h e  s e l e c t i o n  r u l e s  g o v e rn in g  th e s e  t r a n s i t i o n s .  The 

t y p e  t o  wh ich  a b e ta  decay b e lon g  was a ss igned  a c c o r d in g  t o  t h e  v a lu e s  

o f  t h e  lo g  f t .  Tab le  6 .6  g i v e s  th e  deduced s p i n s ,  p a r i t i e s  and t h e  

q u a n t i t i e s  r e l a t e d  t o  t h e  b e ta  t r a n s i t i o n s .

From T ab le  6 . 5 ,  t h e  l e v e l s  a t  559,  1121, 1216,  1331,  1689,  1788,

2026, 2127,  2170,  2428,  2514,  2655 and 2670 keVs appear  t o  be w e l l

e s t a b l i s h e d .  Among the s e  l e v e l s ,  t h e  559, 1121,  1216 and 1331 have been

i d e n t i f i e d  as th e  one and two phonon s t a t e s  w i t h  s p in  and p a r i t y  
+ + + +

sequence o f  2 , 0 , 2 and 4 r e s p e c t i v e l y .  These s p in s  have been 

c o n f i r m e d  f rom  measurements w i t h  d i r e c t i o n a l  c o r r e l a t i o n  (Nagahara,  

19733,  Cp,p ’ 3 r e a c t i o n  (Darcey e t  a l .  19633 and coulomb e x c i t a t i o n  

(Bygrave  e t  a l .  19643.

D i r e c t i o n a l  c o r r e l a t i o n  da ta  o f  Nagahara (19733 a l s o  i n d i c a t e d  t h e  

s p in s  o f  3 and 2 f o r  t h e  1689 and 1788 keV. These l e v e l s  were p o p u la te d  

by t h e  be ta  decay ha v ing  l o g  f t  v a lu e s  o f  9 .5  and 8 .3  r e s p e c t i v e l y  

i n d i c a t i n g  t h e  f i r s t  f o r b i d d e n  t r a n s i t i o n s .  The ass ignment  o f  3 and 

2 were t h e r e f o r e  c o n s i s t e n t  w i t h  t h i s  d e d u c t i o n .  The p o s s i b l e  t h r e e

phonon c h a r a c t e r  o f  these  l e v e l s  has been p o i n t e d  o u t  by l i z a w a  e t  a l .
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Energy sum Mean

1122.4

1216.0

1330.6

1683.7

1787.5

2025.5

2085.6

2127.3

2170.4

2362.5

2428.7

563.4 + 559.0 = 1122.4

1216.1 + 0 1216.1
656.9 + 559.0 - 1215.9

771.6 + 559.0 = 1330.6

1129.8 + 559.0 1688.8
472.6 + 1216.0 = 1688.6

1787.6 -H 0 1787.6
1228.4 + 559.0 = 1787.4

571.5 + 1216.0 = 1787.5
455 .5 + 1330.6 = 1787.2

809.2 + 1216.0 = 2025.2
695.2 + 1330.6 = 2025.8

1330.6 + 755 .0 = 2085.6

2127.3 + 0 2127.3
1568.3 + 559.0 = 2127.3

1611.4 + 559.0 = 2170.4

575.0 + 1787.5 = 2362.5

2428.3 + 0 = 2428.3
1870.0 + 559.0 = 2429.0
1212.9 + 1216.0 = 2428.9

740.1 + 1688.7 = 2428.8
402.7 + 2025.5 = 2428.2
301.7 + 2127.3 = 2429.0

1955.3 + 559.0 2514 .3
727.1 + 1787.5 = 2514.6

2655 .3 + 0 2655.3
2095.9 + 559.0 = 2654.9
1439.1 + 1216.0 = 2655.1

867.6 + 1787.5 2655.1

2110.4 + 559 .0 2669.4
1453.6 + 1216.0 = 2669.6

980.9 + 1688.7 = 2669.5
882.0 + 1787.5 = 2669.5

2514.4

2655.1

2669.5

76Table 6.4 Energy sum relation for the level scheme of Se
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A rd is s o n  
B~ a 1, 
[ "5 72 )

Fune l  S
Y t h i e r
(1G71)

l i z a w a  
e t  a l . 
(1971)

Thomas
(1973)

Nagahara
(1973)

P resen t
work

2663.7 2669.2 2669.8 2669.2 2669.71 2669.5

2555.7 2654.8 2655.7 2654.8 2555.19 2655.1

2542.1 2541.9

2527.0

2514.4 2514.3 2514.0 2514.2 2514.6 2514.4

2447.8

2423.8 2428.8 2429.4 2428.5 2428.5 2 ^28 .7

2335.1 2362.7 2362.5

2343.0 2346.4

2170.5 2170.4 2173.7 2172.0 2170.2 2170.4

2126.6 2127.0 2127.3 2126.5 2127.2 2127.3

2033.4 2085.6

2025.2 2025.7 2026.4 2024.8 2025.92 2025,5

2006.0

1881.1

1791.1

1787.2 1787.3 1788.1 1787.4 1787.64 1787.5

1688.8 1688.9 1691.5 1688.7 1688.97 1688.7

1330.0 1330.6 1331.4 1330.5 1330.86 1330.6

1215.9 1215.1 1216.5 1215.9 1216.08 1216.0

1122.0 1121.9 1122.7 1121.8 1122.33 1121.4

559.0 558.9 559.3 559.1 559.1 559.0

T ab le  6 .5  Energy l e v e l s  o f  Se^^ f ro m  t h e  decay o f  As^^



- 1 0 4 -

Energy
levels

% of beta j 
feeding

-nergy 
of beta

log
ft

Deduced
parity

IT

Deduced 
spins 

J '

Assigned 
TT and J

0 .0 50.5 2972.3 8 .4 + 0 ,
+

0

559.0 35.1 2413.0 8.2 + 01234 2''

1121.4 0.51 1850.6 9 .5 + 01234
+

0

1216.0 7.75 1755.9 8 .2 + 0123.4
+

2

1330.6 0.06 1641.4 10.2 + 01234
+

4

1688.7 0 .14 1283.3 9 .5 + 01234
+

3

1787.5 1.54 1164.4 8 .3 + 01234
+

2

2025.5 0.04 946.2 9 .5 + 012345
+

4

2035.6 0.005 886.1 5 .9 - 123 ( 2 3 ) "

2127 .3 0.01 844.7 10.0 + 01234 (0 1234 ) “

2170.4 0 .002 801.6 10 .5 + 01234 : ( 034 ) T

2362.5 0.06 608.4 8 .6 + 01234 ( 2 3 4 ) *

2428.7 1.68 543.6 7 .0 - 123 i23"-:

2514 .4 0 .05 457 .3 8 .2 + 01234 (2 3 4 ) *

2655.1 1 .04 316.8 6 .4 - 123 ( 1 2 3 ) "

2669.5 0 .53 302.6 6 .6 - 123 ( 1 2 3 ) "

T a b le  6 .6  Deduced s p in s  and p a r i t i e s  o f  l e v e l s  i n  Se 

f ro m  beta  decay i n f o r m a t i o n .

76
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( 1 9 71 ) .  However, I ' e s u l t s  o f  B a r r e t t e  e t  a l .  (1971) showed t h a t  the  

1788 keV l e v e l  d id  no t  seem t o  have th e  c o l l e c t i v e  c h a r a c t e s i s t i c .

The 2068,  2555 and 2570 keV l e v e l s  were a l l  f ed  by a l lo w e d  beta  

t r a n s i t i o n s .  A c c o r d i n g l y ,  p o s s i b l e  s p in  and p a r i t y  va lu es  o f  ( 1 , 2 , 3 )  

were a ss ig ned  t o  these  l e v e l s .  The l e v e l  a t  2429 keV was a l s o  

p o p u la te d  by an a l lo w e d  be ta  t r a n s i t i o n .  Measurements by L i n  e t  a l .  

(1965) u s in g  ( p , p ' )  r e a c t i o n s  had i n d i c a t e d  a s p in  and p a r i t y  o f  

3 f o r  t h i s  l e v e l .  The p o s s i b i l i t y  o f  i t  a r i s i n g  f rom o c tu p o l e  

e x c i t a t i o n  has been suggested by Dzhe lepov (1969 ) .

I n  t h e  p r e s e n t  work ,  a l e v e l  a t  2086 kev has been t e n t a t i v e l y  

p roposed.  The o b s e r v a t i o n  o f  t h e  755 keV i n  t h e  s i n g l e s  spec t rum as 

w e l l  as i n  t h e  559 and 772 keVs c o in c i d e n c e  s p e c t r a  a l l o w e d  us t o  

i n f e r  t h i s  l e v e l ,  w i t h  t h e  755 keV gamma-ray l e a v i n g  i t  to '  fee d  th e  

1331 keV l e v e l .  The l o g  f t  sugges ted  t h a t  t h i s  l e v e l  i s  p o p u la te d  

by an a l l o w e d  b e ta  t r a n s i t i o n  and th u s  has a p o s s i b l e  s p in  and p a r i t y  

o f  ( 1 , 2 , 3 ) " .  '

6 .5  The phonon s t a t e s  -  e l e c t r o m a g n e t i c  p r o p e r t i e s  and anharmonic  

v i b r a t o r  H a m i l t o n ia n

Se i s  l o c a te d  between t h e  s e m i - c l o s e d  s h e l l  o f  38 p r o to n s  and

th e  magic s h e l l  o f  50 n e u t ro n s  and c o u ld  be expec ted  t o  be n e a r l y

s p h e r i c a l .  Compar ison o f  t h e  energy  o f  t h e  f i r s t  e x c i t e d  s t a t e

between t h e  Se len ium i s o t o p e s  seems t o  i n d i c a t e  t h a t  t h e  s t a t e  i s  n o t

a p p r e c i a b l y  i n f l u e n c e d  by t h e  f i l l i n g  o f  t h e  n e u t ro n  s h e l l  1g . , s i n c e
74 82

th e  energy  d i f f e r e n c e  i s  o n l y  107 keV i n  g o ing  f ro m  Se t ; t o  Se 

Thus t h e  Se len ium n u c l e i  appear  t o  be th e  s o f t e s t  w i t h  r e s p e c t  t o  

d e f o r m a t i o n s  and c o l l e c t i v e  m o t ion  e f f e c t s  and t h e i r  l e v e l  s t r u c t u r e :  

s h o u ld  be w e l l  e x p l a i n e d  by t h e  v i b r a t i o n a l  model ,

+ + + +
I n  p a r t i c u l a r ,  t h e  appearance o f  t h e  2 , 0 , 2  and 4 s t a t e s  a t  

e n e r g ie s  o f  559,  1121, 1215 and 1331 keVs resemble  c l o s e l y  t h e  one 

and two phonon s t a t e s  p r e d i c t e d  by t h e  v i b r a t i o n a l  model .  More so i s  

t h e  0* member o f  t h e  two phonon s t a t e  wh ich  has energy (1121 keV) 

o f  abou t  t w i c e  th e  energy  o f  t h e  one phonon s t a t e  (559 keV) .  The

r a t i o  o f  t h e  B(E2;22^- 0 ) i 2 1 6 ^ ^ ^ ^ ^ ' ^ 2 ^  ^1^657 equ a ls  0 .02 6±0 .0 03  

( t a b l e  6 .8 )  i s  s m a l l  and t h e r e f o r e  i s  i n  agreement w i t h  t h e  v i b r a t i o n a l  

p r e d i c t i o n  f o r  c r o s s o v e r  t o  cascade t r a n s i t i o n s .  T h i s  v a lu e  i s  

d e te rm ine d  by t a k i n g  accoun t  o f  t h e  3% Ml c o n t e n t  f o r  t h e  657 

t r a n s i t i o n  as r e p o r t e d  by Nagahara (1 9 7 3 ) .  The c o r r e c t i o n  due t o  

i n t e r n a l  c o n v e rs io n  e l e c t r o n s  i s  no t  a p p l i e d ,  as th e  t h e o r e t i c a l

a (E 2 )= 2 .3 2  x 1 0 ' ^  and a (M 1)=2 .0  x 10"^ are  s m a l l  (N u c le a r  Da ta ,  1968) .
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T h is  r a t i o  appears  t o  agree w e l l  w i t h  t h a t  r e p o r t e d  by B a r r e t t e  e t  a l .

(1974]  o f  0 .029 .

+ *f* +
The p o s s i b l e  t h ree -p hon on  c h a r a c t e r  o f  the  3^ , 2^ and 4^ l e v e l s  

a t  1689,  1788 and 2026 KeVs have been p o i n t e d  ou t  by l i z a w a  e t  a l .

( 1 9 7 1 ] ,  A rd is s o n  e t  a l .  (1972]  and Nagahara (1 9 7 3 ] .  A rd i s s o n  e t  a l .

(1972]  have o b ta in e d  f o r  t h e  B(E2;  3 p 2 ^ ] / B ( E 2 ;  3 p 2 ^ ]  a v a lu e  o f  

4 .2 6  X 10 w h i l e  we have de te rm in e d  i t  t o  be (7 .0 6 ± 0 .2 0 ]  x 10 ^ .

S i m a l a r l y ,  A rd i s s o n  e t  a l .  (1972]  r e p o r t e d  va lu es  o f  E ( E 2 ; 2 p O  ] / B ( E 2 ; 2  ^2  ]
+ + + + - 2  - 2

and B (E 2 ;2 2 ^ 2 ^ ] /B ( E 2 ;2 g ^ 2 2 ]  t o  be 1.1 x 10 and 20 .3  x 10 r e s p e c t i v e l y .

Our r e s p e c t i v e  va lu es  f o r  t hese  q u a n t i t i e s  a re  (0 .9 6 ± 0 .1 1 ]  x 10 ^ and 
-2

( 2 5 .2 ± 2 . 0 ]  X 10 . I n  a d d i t i o n  we have deduced a v a lu e  o f  0 .8 1±0 .12

f o r  t h e  B(E2;4  ->2 ] / B ( E 2 ; 4  ->-2 ] (see t a b l e  6 . 8 ] .  I n  e v a l u a t i n g  
+ + + +

t h e  B (E2;2  ->-2 ] / B ( E 2 ; 2  4-2 ] we have accoun ted  f o r  t h e  amount o f  Ml m i x i n g  
+ +

i n  t h e  2^4-2^ t r a n s i t i o n  e qua ls  t o  53% as r e p o r t e d  by Nagahara ( 1 9 7 3 ] ,

F o r  o t h e r  E2 t r a n s i t i o n s  where t h e  p o s s i b i l i t y  o f  o t h e r  compet ing  

t r a n s i t i o n s  i s  p r e s e n t  t h e y  a re  assumed pure  E2 because o f  t h e  l a c k  

o f  e x p e r im e n t a l  d a ta  and no c o r r e c t i o n s  t o  i n t e r n a l  c o n v e rs io n  have 

been a p p l i e d .  Tab le  6 .8  summarizes th e  r e s u l t s .  The s m a l l  va lu es  

f o r  t h e  r a t i o  o f  t h e  c r o s s o v e r  t o  cascade t r a n s i t i o n  g iv e n  above seem 

t o  suggest  t h e  p o s s i b i l i t y  o f  t h e  l e v e l s  a t  1689,  1788 and 2026 KeVs 

b e in g  p a r t  o f  t h e  q u i n t e t s  o f  t h e  t h r e e  phonon s t a t e  i n  accordance 

w i t h  t h e  p r e d i c t i o n  o f  t h e  pure  phonon model .

We have t r i e d  t o  supp lement  t h i s  r e s u l t  by e x p l i c i t l y  e v a l u a t i n g

t h e  reduced t r a n s i t i o n  p r o b a b i l i t y  o f  t h e  r e l a t e d  t r a n s i t i o n s .  F o r

t h a t ,  we have t o  assume th e  r e p o r t e d  B ( E 2 ; 2 ^ 4 0 * ] ,  B ( E 2 j2^4 -2^ ) ]and 
+ +

B(E 2 ;4242^ ]  v a lu e s  o f  B a r r e t t e  e t  a l .  ( 1 9 7 4 ] .  The r e s u l t s  a re

d e p i c t e d  i n  t a b l e  6 .9 .  The B (E2 ;1 .4 - l  ] f o r  t h e  pure  v i b r a t i o n a l
1 f  Ey

case i s  o b t a i n e d  u s in g  th e  e x p r e s s io n

Q S + +
B ( E 2 ; 1 . 4 l ^ ] ^  v i b  = —  B(E2;1 2^+0 0 ] ^ ^g  ( 6 . 1 ]

Y i  Y

where we have assumed t h a t  t h e  f i r s t  e x c i t e d  s t a t e  i s  t h e  one phonon

s t a t e  w i t h  Tiw= 559 KeV. From t a b l e  6 .9 ,  t h e  B(E2;2^4-2^]
+ + + + 3 2 3/<-

B(E2;2^4-4^ ] ^ ^ ^  and B (E 2 ;4^44,1 ] v a l ues  a re  i n  re a son a b le  agreement 

w i t h  t h e  p r e d i c t i o n s  o f  t h e  s im p le  harmonic  model .  These r e s u l t s  

t o g e t h e r  w i t h  t h e  s m a l l  v a lu e s  o f  t h e  c r o s s o v e r  t r a n s i t i o n s  o f f e r  

s t r o n g  e v idence  f o r  t h e i r  i n t e r p r e t a t i o n s  as t h e  members o f  th e

t h r e e  phonon s t a t e s .  The r a t h e r  l a r g e  v a lu e  o f  1 8 .9 + 9 .5  f o r  t h e
"f*

B(E2;2g4Q^]ggg wh ich  i s  about  t w i c e  the  v a lu e  p r e d i c t e d  by the  

pu re  v i b r a t i o n a l  model i . e .  7 .9 + 0 .3  c o u ld  bs t h e  r e s u l t  o f  an
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B (E 2 ;2 ^ -0  )1216 

B(E2;2+^2+)657*

P re sen t  work B a r r e t t e  
e t  a l .

L ie  & 
H o lzw a r th  

( t h e o r y )
Q.026±0.DG3 0.029 0.060

B(E2;2g4o" ' ] ' i 7ô8

B [E 2 ;2 + 4 2 + ) l2 2 8 *
0.082±0.0Q9 0 .03 85.3

B (E 2 ;2g 40 + ) i7 88

B(E2;2+40+)665
(4 .5 2 ± 0 .D 5 6 ) x 1 0 "^ - 0.013

B (E 2 ;2 *4 0 * )1 7 8 8

B[E2;2+42+)572+
( 9 . 6 ± 1 . 1 ) x 1 0 " ^ 4 .3x10~^ 0.06

B (E 2 ;2g 40+ ) i78 8

BCE2;2+44+]457+
C 9 .G ± 0 .1 )x 1 0 ' ^ - 0.031

B(E2;4%42*)809+2 1
B(E2;4+44+)695+

0 .8 1+0 .12 - 0 .06

BCE2j 3 ^ 4 2 J 1 1 3 0  + 1 1
B(E2;3+42+)665+

(7 . 0 6 ± 0 . 2 0 ) x 1 0 " ^ - -

T ab le  6 .8  R a t io s  o f  BCE2] v a lu e s  r e l a t e d  t o  t h e  tw o -  and 

th ree -p h o n o n  s t a t e s  and compar ison  between 

e xpe r im en t  and t h e o r y .  T r a n s i t i o n s  marked + 

a re  assumed pure  E2. M ix i n g  r a t i o s  f o r  t r a n s i t i o n s  

marked * a re  o b ta in e d  f ro m  Nagahara (1 9 73 ) .
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o v e r o G t im a t io n  i n  the  r e l a t i v e  I n t e n s i t y  o f  th e  655 KeV In  the  

s i n g l e  spec t rum.  However, i t s  l o w e r  l i m i t  l i e s  o n l y  s l i g h t l y  

o u t s i d e  th e  e r r o r  range o f  t h e  v a lu e  f o r  t h e  v i b r a t i o n a l  model .

The pure  v i b r a t i o n a l  H a m i l t o n ia n  I s  o f  course  an i d e a l i s e d  

r e p r e s e n t a t i o n  o f  the  n u c l e a r  I n t e r a c t i o n .  I t s  i n c a p a b i l i t y  t o  

p r e d i c t  the  s p l i t t i n g  o f  the  m u l t i p l e t s  accoun ts  f o r  most o f  i t s  

o t h e r  t h e o r e t i c a l  i n a d e q u a c ie s .  I t  i s  t h e r e f o r e  appa ren t  t h a t  i n  

o r d e r  t o  c i r c u m v e n t  t h i s  s h o r tcom ing s  h i g h e r  o r d e r  terms must be 

c o n s id e r e d .  Indeed ,  L i e  and H o lz w a r th  (1375) have c o n s id e re d  th e  

anharmonic e f f e c t  by p h e n o m e n o lo g ic a l l y  f i t t i n g  a f o u r t h  o r d e r  

H a m i l t o n ia n  t o  t h e  e x p e r im e n ta l  spec t rum .  Some f e a t u r e s  o f  t h e  

phe nom en o lo g ica l  f i t  a re  then  i n v e s t i g a t e d  t o  see w h e th e r  t h e y  co u ld  

be o b t a in e d  f ro m  a g e n u in e l y  m i c r o s c o p i c  approach .  E q u a t io n  2 .4 3  o f  

c h a p t e r  2 d e s c r ib e s  the  f o u r t h  o r d e r  anharmonic  v i b r a t o r  H a m i l t o n ia n ,  

wh ich  c o n t a i n s  th e  c o l l e c t i v e  degree o f  f reedom w i t h  seven p a ra m e te rs .  

S e p a r a t i n g  th e  H a m i l t o n ia n  i n t o  t h e  K i n e t i c  and p o t e n t i a l  energy 

te rms  (e q u a t i o n s  2 .25  and 2 .2 6  o f  c h a p t e r  2) a l l o w s  one t o  g e t  an 

i n s i g h t  on th e  b e h a v io u r  o f  t h e  p o t e n t i a l  energy  as a f u n c t i o n  o f  

d e f o r m a t i o n .  A p l o t  o f  t h e  p o t e n t i a l  energy  f u n c t i o n  ( e q u a t i o n  

2 .5 8  o f  c h a p t e r  2) i n  t h e  i n t r i n s i c  g -y  f rame a lo n g  t h e  y=0° 

a x i s  i s  shown i n  f i g .  6 .9 .  I t  i s  o b t a i n e d  f ro m  t h e  f i t t e d  H a m i l t o n ia n  

w i t h  t h e  a n h a r m o n i c i t y  c o e f f i c i e n t s  and k i n e t i c  and p o t e n t i a l  

ene rgy  c o e f f i c i e n t s  shown i n  t a b l e  6 .1 0 .  E v i d e n t l y ,  t h e  n uc leu s  

d i s p l a y s  a miximum f o r  t h e  p o t e n t i a l  a t  ze ro  d e f o r m a t i o n .  The two 

u n s y m m e t r i c a l  m inim a f o r  d i f f e r e n t  d e fo r m a t io n  v a lu e s  seem t o  

i n d i c a t e  t h a t  t h e  nuc leus  i s  s l i g h t l y  deformed i n  t h e  ground s t a t e .

Tab le  6 ,8  and t a b l e  6 .9  show r e s p e c t i v e l y  t h e  r a t i o  o f  t h e  c r o s s o v e r  

t o  cascade t r a n s i t i o n s  and some s e le c te d  B(E2) v a lu e s  i n  s i n g l e  

p a r t i c l e  u n i t  o b ta in e d  i n  t h i s  a p p r o x im a t io n  a lo ng  w i t h  t h e  c o r re s p o n d in g  

measured v a lu e s .  One can obse rve  t h a t  f o r  t h e  supposed ly  t h i r d  

phonon s t a t e ,  t h e  agreement between t h e o r e t i c a l  and e x p e r im e n t a l  

da ta  i s  s l i g h t l y  im proved .  I n  p a r t i c u l a r ,  t h e  f i n i t e  e x p e r im e n t a l
■}* *f*

va lu e  o f  t h e  c r o s s o v e r  t r a n s i t i o n  B(E2j224-0  ̂ now rep roduced

a l t h o u g h  n o t  t o  a h ig h  degree o f  a c c u ra c y .  Almoney and Borse (1971) 

p e r fo rm ed  a n o th e r  m i c r o s c o p i c  c a l c u l a t i o n s  wh ich  p roduce a d m ix tu r e s  

o f  t h e  q u a s i p a r t i c l e  random phase phonon s o u l u t i o n s .  T h e i r  r e s u l t s  a re  

n o t  b e t t e r  than  those  o f  L i e  and H o lz w a r th  (1 9 75 ) .  F i n a l l y ,  f o r  

co m p le teness ,  we have l i s t e d  i n  t a b l e  6,11 th e  t h e o r e t i c a l  va lu e s  

o f  t h e  s t a t i c  quad ru po le  moments d e te rm ined  by L i e  and H o lz w a r th  

(1974) wh ich  are  y e t  t o  be measured.
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B(E2] e^ fm^ B [E 2 ] /B sp
*

[c,]
BCE2] , ^ / B  : 

V I  b sp.

Cb]
(BCE2]/B ]^ .sp Tneo

B ( E 2 , 2 ^ - . 2 ; ) g 5 7 164.6±8.1 9 .7 1 0 .4 8 .0 1 0 .3  '■ 9 .7

B(E2;234Q 1.6 410 .82 0 .0 9 10 .0 5 0 \ -

B ( E 2 ; 2 3 4 0 i ] 6 g 5 362 .81181 .4 1 8 .9 1 9 .5 7 .9 1 0 .3 7 .6

B ( E 2 ; 2 3 4 2 2 ] 5 7 2 170 .8185 .4 8 .9 1 5 .0 9 .2 1 0 . 4 -

B(E 2 ;23 44 i ] ^57 182.2191.1 9 .5 1 4 .8 1 1 .5 10 .5 -

B C E 2 ; 4 2 4 4 ^ ] g g g 86 .7 134 .7 4 .5 1 1 .8 7 .6 1 0 .3 -

B [ E 2 ; 2 ; 4 0 + ] ^ 2 iG 4.810.2*-^^ 0 .2510 .01 0 0.58

B(E 2 ;23 42 i ] i 22q 20110 1 .1 1 0 .6 0 -

B C E 2 ; 4 2 4 2 ^ ] g g g 3 .7 1 1 .0 0 -

T a b le :  6 .9  Reduced t r a n s i t i o n  p r o b a b i l i t i e s  r e l a t e d  t o  t h e  tw o -  

and th re e -p h on o n  s t a t e s .

[ a ]  Data ta k e n  f rom  B a r r e t t e  e t  a l .  (1 9 7 4 ) .

(b )  (B (E 2 } /B  i s  o b ta in e d  f ro m  L i e  and H o lz w a r th  [1975]  w i t h
^ sp Jheo

B[E2 ;22  4  2^ ]  n o r m a l i s e d  t o  9 .7

Cc] B ( E 2 ; I ^ 4 l ^ ] ^  i s  g i v e n  by e q u a t i o n  5 . 1 .  The BCE2;1 2^40

i s  t h e  average v a lu e  f ro m  S te l s o n  and McGowan [1962]  and B a r r e t t e
2 4

e t  a l .  [1974]  equa ls  t o  180±4 e fm .

' *  B i s  g i v e n  by e q u a t i o n  2 .16  o f  c h a p t e r  2.sp
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"ir. 6.8 Relative B(E2) values of the-phonon states.

• 2

F i r .  6 . 9  P o t e n t i a l  e n e r g y  c u r v e  o f  i n  t h e  i n t r i n s i c
n Y f r a m e  f o r  y = 0 *  o b t a i n e d  b y  p h e n o m e n o l o g i c a l  x i t u i n g  
T m l f ^ i r v e )  a n d  m i c r o s c o p i c  c a l c u l a t i o n  ( d a s h e d  c u r v e ) ,  
^ p r o d u c e d  f r o m  L i e  a n d  H o l z w a r t h  ( 1 9 7 5 ) .
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[ 0 ] [ 2 ] [4 ]
^ 1 2 ^30 ^ 2 2 ^ 2 2 ^ 2 2 ^31 ^40

[a ]  0 .278 0 .062 0.192 0 .023 0.375 0.389 0 .070

[b ]  0 .272 0 .060 0 .228 0.165 0 .360 0.397 0 .073

2 0 30 40 2 2 32 42 42 42 44
P P P P P Po P2 P4 P

[a ] - 0 .5 5 6 0.131 0.139 1.516 0 .142 0 .062 0 . 1 1 2 -0 .1 0 9 -0 .1 6 4

[b ] - 0 . 6 4 2 0 .123 0.146 1 .098 0.137 0 .088 0 .042 -0 .0 4 6 - 0 . 0 1 0

T a b le :  6 .1 0  The a n h a rm o n ic i t y  c o e f f i c i e n t s  and c o e f f i c i e n t s  f o r  

K in e t i c  and p o t e n t i a l  energy  [e q u a t io n s  2 .4 3  -  2 .5 3  

o f  c h a p te r  2 ; r ^ ^  = f o r  Se^^.

(a ) deno tes  p he n om en o lo g ica l f i t

[b )  deno tes  m ic ro s c o p ic  c a l c u l a t i o n  

Data taken  f ro m  L ie  and H o lz w a r th  [1 9 7 5 ] .
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4 Q(eb]

+
-0 .471

^2 +0.377

+
-0 .6 8 8

+
^3 -0 .3 9 0

+
^2 -0 .0 7 3

+
6^ -0 .9311

T a b le ;  6 .11 T h e o r e t i c a l  v a lu e s  f o r  th e  s t a t i c

q ua d ru po le  moments [ o n ly  r e l a t i v e  s ig n s  

a re  d e te rm ine d  by th e  t h e o r y ] . Data 

ta k e n  f ro m  L ie  and H o lz w a r th  [1 9 7 5 ] .
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0 . 6  C o n c lu s io n

The decay scheme o f  Se^^ has been i n v e s t i g a t e d  w i t h  GeCLi) 

d e te c to r s  o p e ra te d  i n  s in g le s  and c o in c id e n c e  modes. L e v e ls  a t  

1791 .1 , 2 4 4 7 .8 ,  2527.0  and 2542.1 KeV re p o r te d  by F une l and Y t h ie r  

(1 9 71 ) ;  2348.0  and 2541.9 KeV re p o r te d  by l iz a w a  e t  a l .  [1 9 7 1 ) ;

2005 .0  KeV re p o r te d  by Thomas [1 9 7 3 ) ;  1881.1 and 2343.4  KeV 

re p o r te d  by Nagahara [1973) a re  no t  su p p o r te d  by t h i s  w o rk . On 

th e  o th e r  hand, th e r e  seems to  be some ev id en ce  on th e  presence  o f  

th e  l e v e ls  a t  2332 .5  keV re p o r te d  by l iz a w a  [1971) and Nagahara 

[1 9 7 3 ) .  A new le v e l  a t  2085.6  keV i s  t e n t a t i v e l y  p roposed .

The le v e l s  a t  5 5 9 .0 ,  1121 .4 ,  1215.0  and 1330.6 keV appear t o  

have th e  c h a r a c te r  o f  one- and tw o -  phonon modes o f  e x c i t a t i o n s .

The p o s s ib le  t h r e e  phonon s t a te s  a t  energy o f  1787.5 and 2025.5  keV 

have been d is c u s s e d  and su gge s ted . There i s  n o t  enough e v id ence  to  

i d e n t i f y  th e  s t a t e  a t  1688.7 keV h av ing  s p in  3 w i t h  one o f  th e  

members o f  th e  th r e e  phonon s t a t e .  •
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C H A P T E R  7  D E C A Y  O F

The Ge^^ n uc leu s  i s  one o f  th e  few even-even n u c le i  t o  have a 0

f i r s t  e x c i t e d  s t a t e  in s te a d  o f  th e  u su a l 2 . However, a l l  b u t  one o f

th e  e x c e p t io n a l  n u c le i  [0 ^ ^ ,  Ca^^, Z r^ ^ ,  Mo^^, P b^^^ ] have e i t h e r  one
72o r  b o th  n e u tro n  and p ro to n  s h e l l s  c lo s e d .  The Ge n uc leus  has n e i t h e r ;

98
so does HQ" (H uben tha l e t  a l . ,  19691

S ince  th e  d is c o v e ry  o f  th e  is o m e r ic  f i r s t  e x c i t e d  s t a t e  by 

Bowe e t  a l .  i n  1948, many i n v e s t i g a t i o n s  had been c a r r i e d  o u t  on t h i s  

n u c le u s .  A su rve y  o f  th e  p re v io u s  work w i l l  be g iv e n  i n  th e  n e x t

s e c t i o n .  In  th e  r e s t  o f  th e  c h a p te r  we w i l l  r e p o r t  ou r i n v e s t i g a t i o n
72 c

on th e  3 -decay o f  Ga by m easur ing  th e  s in g le s  and c o in c id e n c e

s p e c t ra  c f  th e  gamma-rays. The l a t t e r  was mads u s in g  th e  s p e c i a l l y

c o n s t ru c te d  d u a l-p a ra m e te r  d a ta  c o l l e c t i o n  sys tem . The low l y i n g  l e v e l s
72 72

o f  Ge are  p o p u la te d  by th e  3 -decay  o f  Ga (g round  s t a t e  s p in  3 1

w i t h  a h a l f - l i f e  o f  14.1 hours  and a Q -va lu e  o f  4000 keV (R e s te r  e t  a l . l
+ 72 -

and by 3 -decay  o f  As (g round  s t a t e  s p in  2 1 w i t h  a h a l f - l i f e  o f

26 .0  hours and a Q -va lu e  o f  4357 keV (R e s te r  e t  a l . ,  1971).

7.1 P re v io u s  i n v e s t i g a t i o n s  and summary o f  r e s u l t s

72 72
E a r ly  i n v e s t i g a t i o n s  on th e  decay o f  Ga and As em p loy ing

Na l d e te c to r s  have been re p o r te d  by K ra usha a r e t  a l .  (1956) and th e

re fe re n c e s  c i t e d  t h e r e i n - .  S in ce  th e n  e x te n s iv e  and d e t a i l e d  s tu d ie s  
72

o f  th e  Ge n uc leu s  u s in g  G e (L i )  d e te c to r s  were c a r r i e d  o u t  by O ttm ar 

(1 9 6 8 ) ,  Camp (1968) and R e s te r  e t  a l .  (1 9 7 1 ) .

72Camp (1963) observed  85 gamma-rays f ro m  th e  decay o f  Ga and

proposed 20 new le v e l s  w h i le  R e s te r  e t  a l .  (1971) measured 71 gamma-rays,
72 72Both  the se  a u th o rs  a ls o  s tu d ie d  th e  Ge n u c le u s  f ro m  th e  decay o f  As

In  a d d i t i o n .  R e s te r  e t  a l .  (1971) c a r r i e d  o u t  e le c t r o n  and e le c t r o n -

gamma de laye d  c o in c id e n c e  measurements u s in g  S i ( L i )  and a n tra ce ne

d e te c to r s  and d e te rm ine d  th e  i n t e n s i t y  o f  th e  691 keV EO t r a n s i t i o n

t o  be 0.52±0.05% r e l a t i v e  t o  th e  t o t a l  i n t e n s i t y  o f  100% f o r  th e

834 keV t r a n s i t i o n  (see decay scheme shown i n  f i g .  7 . 3 ) .  I t s

K -c o n v e rs io n  c o e f f i c i e n t  a was found  to  be >14. A s i m i l a r  c o e f f i c i e n t
-4

d e te rm in e d  f o r  th e  630 keV t r a n s i t i o n  was 1 .6 ± 0 .1  x 10 . Gamma-rays

p o p u la t in g  th e  f i r s t  0^ s t a t e  were a ls o  i d e n t i f i e d .

U s ing  th e  n u c le a r  f lu o r e s c e n c e  te c h n iq u e  M e tze r (1956) found

th e  s p in s  o f  th e  ground and second e x c i t e d  s t a te s  t o  be 0 and 2

r e s p e c t i v e l y .  The mean l i f e  o f  th e  834 keV t r a n s i t i o n  ( f i g .  7 .3 )
-12

was a ls o  d e te rm ine d  to  be (4 .6 ± 1 .2 )  x 10 second. The s p in  and
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p a r i t y  o f  th e  2 second e x c i t e d  s t a t e  was l a t e r  c o n f i rm e d  by

A lb e r g in i  and S te f f a n  (1963) u s in g  B-y d i r e c t i o n a l  c o r r e l a t i o n

and by Arns and Wiedenbeck (1958) i n  t h e i r  d i r e c t i o n a l  c o r r e l a t i o n

work e m p loy ing  Nal d e te c to r s .  Sp ins  and p a r i t i e s  o f  th e  1 .4 6 ,

3 .0 4 ,  3 .32  and 3 .34  flaV le v e ls  were measured by Arns and Weidanbeck
— — —

(1958) to  be 2 , ( 2 ,3 )  , 3 and 2 r e s p e c t i v e l y .  These ass ignm en ts  

were f u r t h e r  c o n f i rm e d  by th e  measurements o f  Monahan and Arns (1969) 

u s in g  a s i m i l a r  te c h n iq u e  e m p loy ing  G e (L i)  and Nal d e t e c t o r s .  The 3 .04  

MeV le v e l  has been a ss ig ne d  a s p in  and p a r i t y  o f  2 . In  a d d i t i o n ,  th e

1728 keV l e v e l  was found  to  have a s p in  o f  4. Monahan and Arns (1969)

found  two p o s s ib le  s p in s  o f  e i t h e r  1 o r  3 f o r  th e  2065 keV,' l e v e l  and

argued a g a in s t  th e  ass ignm ent o f  1 t o  t h i s  l e v e l .  The c h o ic e  o f

s p in  3 to  th e  2065 keV l e v e l  was l a t e r  c o n f i rm e d  by Chan e t  a l .  (1974) 

i n  h is  d i r e c t i o n a l  c o r r e l a t i o n  i n v e s t i g a t i o n  i n v o l v i n g  tw o rC e (L i )  

d e t e c t o r s .  Chen e t  a l .  (1974) a ls o  measured th e  lo w -e n e rg y  gamma-rays 

u s in g  a 2m c u r v e d - c r y s t a l  s p e c t ro m e te r .

Monahan and Arns (1969) gave an uppe r l i m i t  o f  10% Ml a d m ix tu re  

f o r  th e  601 keV t r a n s i t i o n .  Chen e t  a l .  (1974) o b ta in e d  ô (601)=42
“ 13

c o r re s p o n d in g  to  0.06% o f  Ml c o n te n t .  The 630 keV t r a n s i t i o n  was found

t o  be n e a r ly  E2 by Monahan and A rns (1969) and Chen (1974) e s t im a te d

6 (6 3 0 )= 1 0 .3±1 .3  f o r  th e  E2:M1 r a t i o  i n d i c a t i n g  a 0.93% Ml c o n te n t .  The

amount o f  EO a d m ix tu re  i n  th e  630 keV gamma-ray was found  t o  be le s s

tha n  2% (Chen e t  a l . ,  1974 ).  The o c tu p o le  m ix tu r e  o f  th e  894 keV t

t r a n s i t i o n  was d e te rm in e d  t o  be between 0 .4  and 1.3% (Monahan and

A rn s ,  1969 ).  Chen e t  a l .  (1974) o b ta in e d  6 (8 9 4 ) = -0 .0 3 9 ± 0 .09 f o r

th e  E3:M2 r a t i o .  The 786, 1597, 2202, 2491 and 2508 keVs t r a n s i t i o n s

were a l l  fou n d  t o  be n e a r ly  pu re  E l (Monahan and A rn s ,  1 96 9 ) .  F o r  th e

1051 keV gamma-ray, 6 (1 0 5 1 )= 0 . 3 1 ± 0 .05 foun d  by Chen e t  a l .  (1974) i n d ic a t e d

an E 1+ (8 .8  ^ ‘ ^)% Ml t r a n s i t i o n .-Z . 4

One ares where t h e r e  appered t o  be a d is c re p h a n c y  was th e
+ +

d e te r m in a t io n  o f  th e  B (E2;2^4Q^) o f  th e  t r a n s i t i o n  f ro m  th e  second

to  th e  f i r s t  e x c i t e d  s t a t e s .  The la r g e  v a lu e  o f  B (E 2 ;2^402 ) i n  Ge^^

i . e  abou t 15 spu in s te a d  o f  8 spu as p r e d ic t e d  by th e  pure  v i b r a t i o n a l

model c o u ld  be th e  r e s u l t  o f  some o th e r  c o l l e c t i v e  modes. T h is  le d
72

K re g a r  and E lb e k  (1967) t o  i n v e s t i g a t e  th e  Ge f o r  s i m i l a r  e f f e c t

u s in g  e l a s t i c  and i n e l a s t i c  12 MeV d e u te ro n  s c a t t e r i n g  and doub le  - r.' ;7
16

coulomb e x c i t a t i o n  by means o f  3 0 -3 7 .5  MeV 0 io n s .  They o b ta in e d  
+ + 2 4

a B(E2j 2^->G^)=51±5 e fm w h ich  i s  abou t 0 .25  th e  v a lu e  f o r  a pure  

v i b r a t i o n a l  t r a n s i t i o n  and about 2 t im e s  th e  s in g le  p a r t i c l e  e s t im a te .
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Eassd on the  v a lu e  o f  B (E 2 ;2 ^4 0^ )  g iv e n  by S te ls o n  and G rodz ins  (1368)

and th e  average b ra n c h in g  r a t i o  measured by R e s te r  e t  a l .  (1971)

and Camp (1 9 6 8 ) ,  H a ig h t  (1972) c a lc u la te d  th e  B (E 2 ;2 ^ 4 0 ^ ) .  i t  was

then  found  t h a t  th e  va lu e  measured by K re ga r  and E lbek  (1967) seemed

d o u b t f u l .  H a ig h t  (1972) then  remeasured th e  B(E2;2^-+02) u s in g

io n s  o f  e n e rg ie s  between 32 t o  36 MeV, and o b ta in e d  a v a lu e  o f  
2 4

266 .4±4S .2  e fm w h ich  i s  abou t 5 .2  t im e s  l a r g e r  than  th e  v a lu e  o f  

K re g a r  and E lb e k  (1 9 6 7 ) .

7 .2  E x p e r im e n ta l  p ro cedu re

7 .2 .1  Measurement o f  s in g le s  s p e c t ra

72
S in g le s  s p e c t ra  o f  Ga were o b ta in e d  u s in g  th e  2 5 c c .', 33cc. and

GDcc. G e (L i )  d e te c to r s .  The sou rces  were p re p a re d  from  99.9939%

pure  Ga 0 i r r a d i a t e d  f o r  8 hours  i n  th e  0 co re  tu b e  o f  th e
12 . 2

U n i v e r s i t y  o f  London R e a c to r  h a v in g  0 .9  x 10 n e u t ro n s /c m .  / s e c .
70Measurements were i n i t i a t e d  a f t e r  s e v e r a l  days t o  a l lo w  f o r  th e  Ga 

whose h a l f - l i f e  i s  20 m ins .  t o  c o m p le te ly  decay o u t .

F o r  th e  energy  d e te r m in a t io n ,  th e  coun t r a t e  was kep t f i x e d  w i t h

th e  a id  o f  a c o n t r o l l e r  deve loped  by Thomas and Thomas (1 9 7 3 ) .  T h is

a v o id s  any p u ls e  h e ig h t  d r i f t s  and peak d i s t o r t i o n s  due t o  chang ing

co u n t  r a t e .  Three s p e c t ra  were measured w i t h  each d e t e c t o r ;  one

was ta k e n  t o g e th e r  w i t h  th e  re fe r e n c e  s ta n d a rd s  as d e s c r ib e d  i n

c h a p te r  3, th e  o th e r  two s p e c t r a  were measured f o r  d i f f e r e n t  c o u n t in g

t im e s .  In  a d d i t i o n ,  th e  s p e c t ra  o f  th e  re fe r e n c e  s ta n d a rd s  were ta k e n

b e fo re  and a f t e r  each e x p e r im e n t  f o r  a l l  d e t e c t o r s .  These s p e c t ra  and
72t h e i r  p o s i t i o n s  i n  th e  f i r s t  Ga spec trum  were used t o  c a l i b r a t e  th e  

ene rgy  o f  th e  s t ro n g  l i n e s .  The l a t e r  were i n  t u r n  used as i n t e r n a l  

c a l i b r a t i o n  l i n e s  f o r  d e te rm in in g  th e  energy o f  th e  re m a in in g  peaks .

F o r  some peaks, t h e i r  e n e rg ie s  re p re s e n t  th e  w e ig h te d  average  f ro m  

a l l  measurements.

F o r  th e  i n t e n s i t y  d e te r m in a t io n ,  th e  s in g le s  s p e c t ra  were 

remeasured a t  a f i x e d  geom etry  c o r re s p o n d in g  t o  th e  source  d e t e c t o r  

d is ta n c e  used i n  th e  e f f i c i e n c y  d e te r m in a t io n  o f  th e  r e s p e c t iv e  

d e t e c t o r s .  The a reas  and i n t e n s i t i e s  were computed u s in g  th e  com pute r 

p rogram  as d e s c r ib e d  i n  c h a p te r  3.

7 .2 .2  Measurement o f  c o in c id e n c e  s p e c t ra

The c o in c id e n c e  s p e c t ra  were measured by means o f  th e  d u a l -  

p a ra m e te r  d a ta  c o l l e c t i o n  sys tem . I t s  e x p e r im e n ta l  a rrangem ent and

p ro ce d u re  has been d e s c r ib e d  i n  c h a p te r  4. The two d e te c to r s  used were 

th e  33cc. and BOcc., th e  fo rm e r  used as th e  g a t in g  d e t e c t o r .  The
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Camp (1963J - e s t e r  e t  a l .  [1971) 1 h is  work

5 0 .8 7 i0 .0 5 5 0 .8310 .05
112 .5+0 .05 112 .52 10 .03
113.5+0 .1 113 .410 .1
142.5+0.1 142 .5410 .06 1 42 .610 .2
2 30 .6 1 0 .5 2 30 .7 1 0 .2
2 3 9 .51 0 .2 2 8 3 .3 1 0 .3 2 89 .410 .1
3 06 .0 1 0 .3 306 .31 0 .2
3 1 7 .5 1 0 .4 315 .210 .1 .
336 .610 .2 3 36 .3 1 0 .3 353 .810 .1
3 31 .2+0 .2 3 8 1 .2 1 0 .2 331 .710 .1 :
4 01 .3 1 0 .4
4 2 3 .41 0 .2 4 2 8 .3 1 0 .3 423 .810 .1 :
4 4 9 .5 1 0 .3 4 4 9 .6 1 0 .3 4 49 .916 . r
4 7 3 .6 1 0 .3 4 7 3 .1 1 0 .3 473 .610 .1
49 5 .7 1 0 .3 4 9 6 .2 1 0 .4 4 96 .010 .1 '
5 2 0 .7 1 0 .3 5 20 .8 1 0 .4 5 2 1 .1 1 0 .1>
5 37 .4 1 0 .3 5 37 .9 1 0 .4 537 .410 .1 -
500 .919 .1 6 0 0 .35 1 0 .0 3 6 0 0 .9 1 0 .1 ;
629 .910 .1 629 .8610 .04 6 2 3 .9 1 0 .1 ;
7 35 .610 .2 7 35 .9 1 0 .2 7 3 5 .6 1 0 .1 '
7 3 8 .51 0 .4
7 7 2 .61 0 .3 77211 7 7 2 .5 1 0 .1 ,
786 .510 .1 786 .41 0 .1 7 8 6 .4 1 0 .1 '
8 10 .21 0 .2 810 .24 10 .09 810 .210 .1
833 .9510 .05 8 34 .0210 .03 834 .0210 .05
8 61 .01 0 .2 661 .1110 .05 861 .110 .1
6 78 .4+ 0 .2 8 7 8 .0 1 0 .4 878 .510 .1
894 .210 .1 8 94 .22+0 .05 894 .310 .1
9 2 4 .51 0 .3 9 2 4 .1 1 0 .2 924 .510 .1
9 38 .41 0 .2
9 39 .41 0 .2 9 39 .3510 .08 939 .410 .1
9 4 0 .61 0 .3 9 40 .510 .1
9 7 0 .61 0 .2 9 70 .5410 .06 970 .61 0 .1
9 7 5 .51 0 .5
9 99 .91 0 .2 9 99 .86 10 .06 999 .91 0 .1

1032 .010 .11 032 .0 10 .3 1 0 3 2 .8 1 0 .4
1 037 .210 .6
1050.710.1 1050 .6910 .05 1050 .710 .1
1155 .710 .6
1 163 .110 .2 1 16 3 .2 1 0 .4 1163 .310 .1
1 133 .4 10 .3 1 192 .4 1 0 .4
1215 .110 .2 1215 .1610 .08 1215.110.1
1 23 0 .910 .2 1230 .8610 .07 1230 .910.1
1260 .110 .2 1260 .1010 .08 1260 .110.1
1276 .8+0 .2 1 276 .7510 .08 1276.710.1
1 29 1 .310 .4 129 1 .7 10 .2
139 0 .4 10 .2 1 390 .510 .4 1390.210.1
1464.010.1 1464 .010 .1 1454.010.1
1500 .910 .6 150011 1500 .310 .2

151 9 .1 10 .21519 .210 .6 152011
1541 .210 .6
1 568 .2 1 0 .3 1 56 7 .9 1 0 .4 1567 .710 .2

(a ) unass igned  gamma-rays

Tab le  7.1 E n e rg ie s  o f  th e  gamma-rays
72in the decay of Ga
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Camp [1968) R e s te r  e t  a l .  [1971) T h is  work

157 1 .7 +0 .2 157 1 .5 +0 .2 1571 .710 .1
1595 .810 .2 1596 .6510 .09 1596.8+0.1
1 61 3 .5 + 0 .3 161511 1613.1+0 .1

163011 163 1 .9 10 .5
1680 .810 .2 1680 .7710 .08 1680.810.1
1 71 0 .910 .2 1 71 0 .9 1 0 .2
1711 .010 .2 1 711 .310 .2 171 1 .1 10 .2
1 83 7 .1 1 0 .3 1837 .810 .2 1837 .210.1
1851 .110 .1 1861 .09+0 .08 1851 .110.1
1 87 7 .8 1 0 .3 1 87 8 ,0 1 0 .3 1877 .810.1  .
1920 .210 .2 1 92 0 .2 1 0 .3 1920 .310 .1
1991 .310 .3
2 0 2 9 .1 1 0 .4 2 03 0 .4 1 0 .8 2 02 9 .1 1 0 .2
2 1 0 9 .5 1 0 .2 2109 .510 .1 2109 .510 .1
2 20 1 .6 1 0 .2 2 201 .6 710 .08 2 201 .710 .1
2 21 4 .3 1 0 .3 2 2 1 4 .5 1 0 .8 2214 .210 .1
2 40 2 .2 1 0 .4 :
2 4 0 2 .5 1 0 .3 2 40 4 .3 1 0 .8 2 40 2 .2 1 0 .2
2 49 1 .0 1 0 .2 2 49 0 .9810 .08 2 491 .010 .1
2 50 7 .7 1 0 .2 2 507 .8 010 .08 2 507 .710 .1
2 5 1 4 .6 1 0 .4 2 51 5 .6 1 0 .5 2 514 .610 .1
2 58 2 .2 1 1 .2 2 5 8 3 .5 1 0 .4 2 5 8 2 .6 1 0 .3
2 60 5 .4 1 0 .4 2606+1 2 60 5 .3 1 0 .2
2 6 2 1 .1 1 0 .3 2 6 2 1 .0 1 0 .4 2 6 2 1 .0 1 0 .3
2634 .0 1 0 .7 2 6 3 3 .8 1 0 .4

2 78 5 .9 1 0 .52 78 5 .1 1 0 .5 2 7 8 5 .2 1 0 .6
2 84 3 .9 1 0 .2 2 84 4 .1 1 0 .2 2 8 4 4 .0 1 0 .3
2 89 7 .1 1 0 .8 2 89 7 .7 1 0 .6  , . 

2 93 9 .3 1 0 .52 9 3 9 .6 1 0 .4
2 94 2 .4 1 0 .9

2 95 0 .0 1 0 .5
2 9 8 1 .0 1 0 .3 2 9 8 1 .4 1 0 .4 2 9 8 1 .1 1 0 .3
3035 .010 .9 3 03 4 .5 1 0 .5 3 03 5 .310 .5
3 06 7 .010 .6 3067 .2 10 .6
3 09 3 .7 1 0 .3 3 09 3 .910 .7 3093 .4 10 .6
3 32 5 .010 .6 3 32 4 .4 1 0 .5 3325 .210 .5
3 33 8 .0 1 0 .4 334011 333 8 .4 1 0 .6

(a )  unass igned  gamma-rays

Table 7.1 Ccon’t) Energies of the gamma-rays
72in the decay of Ga
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Energy

(KeV)
Camp C l968) R e s te r  e t  a l .  C1371) 1 h is  work

113 0 .14210 .005 0 .1 1 1 0 .0 5 0 .1 1 10 .0 3
143 0.01110 .001 0 .01310 .002 0 .01210 .003
231 0 .0 2410 .007 0 .03110 .003
289 0 .21010 .007 0 .1810 .01 0 .2210 .01
306 0 .0221 0 .002 0 .0410 .01
316 0 .02310 .002 0 .0 8 1 0 .0 3
337 0 .11210 .003 0 .1110 .01 0 .1 4 1 0 .0 2
332 0 .26910 .080 0 .2310 .01 0 .3 4 1 0 .0 5
429 0 .19210 .008 0 .2310 .01 0 .2310 .01
450 0 .09210 .006 0 .1 6 1 0 .0 2 0 .1 1 10 .0 2
480 0 .0901 0 .006 0 .1110 .01 0 .1010 .01
496 0 .0 5910 .005 0 .05 01 0 .008 0 .06510 .005
521 0 .05 41 0 .004 0 .0 6610 .007 0 .0 5310 .005
587 0 .13 01 0 .004 0 .1 110 .01 0 .1 5 1 0 .0 5
601 5 .84010 .135 5 .7 1 0 .2 5 .7 5 10 .0 8
630 25 .50010 .670 2 6 .4 1 0 .8 2 6 .1510 .08
736 0 .37610 .011 : 0 .3 910 .01 0 .3 7 10 .0 2
773 0 .04 51 0 .009 0 .0 4810 .005
786 3 .31410 .073 3 .4 1 1 0 .0 9 3 .3 2 10 .05
810 2 .10010 .046 2 .1 0 1 0 .0 9 2 .0 5 1 0 .0 5
834 100 100 100
861 0 .95310 .026 0 .9 6 1 0 .0 3 0 .9 4 10 .0 6
879 0 .07410 .007 0 .0 7910 .008 0 .07010 .005
894 10.30010.220 1 0 .4 1 0 .3 10 .0510 .02
924 0 .14910 .004 0 .1 510 .01 0 .1 2 1 0 .0 2
939 0 ,27110 .007 0 .2 7 1 0 .0 2 0 .2 9 1 0 .0 5
971 1 .15510 .024 1 .1 4 1 0 .0 3 1 .1 010 .05
1000 0 .83210 .024 0 .8 4 1 0 .0 2 0 .8 0 10 .0 7
1032 0 .06510 .005 0 .07910 .00 9 0 .06910 .003
1051 7 .24310 .150 7 .2 1 0 .2 7 .7210 .01
1163 0 .08210 .006 0 .06810 .009 0 .09210 .005
1215 0 .83310 .022 0 .8 2 1 0 .0 2 0 .7 9 1 0 .0 5
1231 1 .51310 .032 1 .5 3 1 0 .0 4 1 .3 910 .05
1260 1 .20010 .025 1 .1 5 1 0 .0 3 1 .1 810 .0 6
1277 1 ,64 61 0 .034 1 .6 3 10 .0 2 1 .5910 .05
1292 0 .05910 .005 0 .07 91 0 .003

Table 7.2 Relative intensities of the gamma-rays

72in the decay of Ga
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Energy 

C keV]
Camp (1968) R e s te r  e t  a l .  (1969) T h is  work

1390 0 .08 9± 0 .0 07 0 .09010 .009 0 .0 8 51 0 .00 3
1464 3 .717± 0 .07 8 3 .7 1 0 .1 3 .3 0 10 .0 2
1500 0 .02010 .001 0 .0 1 81 0 .00 4 0 .0 2710 .003
1519 0 .03510 .002 0 .0 2 11 0 .00 4 0.02 '610.002
1568 0 .20810 .007 0 .2 1 1 0 .0 4 0 .2 5 1 0 .0 6
1572 0 .87310 .025 0 .8 4 1 0 .0 3 0 .1 0 1 0 .0 3
1597 4 .42810 .091 4 .5 1 0 .4 4 .2 4 1 0 .0 2
1613 0 .04210 .008 0 .0 4 01 0 .00 8 0 .04110 .005
1632 0 .03410 .006 0 .0 3 41 0 .00 6 0 .09710 .005
1681 0 .9 0710 .024 1 .0410 .004 0 .8 9 1 0 .0 2
1711 0 .4001 0 .010 0 .4 3 1 0 .0 2 0 .4310 .01
1837 0 .2121 0 .006 0 .2 4 10 .0 1 0 .2410 .01
1861 5 .47010 .116 5 .5 1 0 .1 5 .4 4 10 .0 2
1878 0 .24 21 0 .006 0 .2 4 1 0 .0 2 0 .2 2 1 0 .0 2
1920 0 .1 6610 .005 0 .1 5 1 0 .0 2 0 .1 9 1 0 .0 2
2029 0 .13010 .004 0 .1 0 1 0 .0 2 0 .1 2 1 0 .0 5
2110 1 .08110 .023 1 .1 2 1 0 .0 3  ■ 1 .0 6 10 .0 8
2202 27 .27010 .570 2 6 .8 1 0 .8 2 7 .0 61 0 .07
2214 0.19410 .011 0 .1 6 1 0 .0 2 0 .1510 .01
2402 0 .02 51 0 .002 0 .0 1 61 0 .00 4 0 .04310 .006
2491 7 .62010 .175 8 .3 1 0 .2 7 .5 8 1 0 .0 2
2508 13.40010.295 1 3 .3 1 0 .4 13 .1 8 1 0 .05
2515 0 .26410 .010 0 .2 5 1 0 .0 2 0 .4 2 1 0 .0 2
2583 0 .01510 .001 0 .0 3510 .007 0 .0 2110 .002
2605 0 .02110 .002 0 .0 1 31 0 .00 3 0 .02010 .005
2621 0 .1 3710 .004 0 :1 5 1 0 .0 2 0 .1 4 1 0 .0 5
2786 0 .03110 .002 0 .0 3210 .006 0 .0 3710 .003
2844 0 .42910 .012 0 .5 0 1 0 .0 2 0 .4 5 1 0 .1 0
2897 0.00510 .001 0 .01010 .00 5
2940 0.01110 .001 0 .01410 .00 6
2981 0 .05510 .005 0 .0 7 21 0 .01 3 0 .0641 0 .006
3035 0.00510 .001 0 .00410 .002 <0.005
3067 0.00310 .001 <CU005
3094 0 .0171 0 .002 0 .02610 .00 8 0 .02010 .002
3325 0.00310 .001 0 .0 0 41 0 .00 2 <.0.005
3338 0.00310 .001 0 .00510 .002 <.0.005

Table 7.2 (con’t) Relative intensities of the gamma-

rays in the decay of Ga72
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c o in c id e n c e  r e s o lv in g  t im e  was s e t  to  80 ns.

C o in c id e n ce  s p e c t ra  were e x t r a c te d  f rom  th e  d a ta  tape  f o r  

n in e te e n  energy  g a te s .  Each spec trum  was c o r r e c te d  f o r  c o in c id e n c e  

w i t h  compton e ve n ts  due to  h ig h  energy  gamma-rays c o n t r u b u t in g  t o  th e  

background o f  th e  g a t in g  peak. C o r r e c t io n  t o  chance c o in c id e n c e s  

was a ls o  p e r fo rm e d .  The a reas o f  th e  f i n a l  peaks were then  o b ta in e d  

by hand a n a ly s is  and t h e i r  i n t e n s i t i e s  e v a lu a te d  and n o rm a l is e d  w i t h  

r e fe re n c e  t o  th e  s t r o n g e s t  peak.

7 .3  E x p e r im e n ta l  r e s u l t s  i

The e n e rg ie s  and i n t e n s i t i e s  d e te rm in e d  f ro m  th e  s in g le s  

measurements a re  l i s t e d  i n  t a b le s  7.1 and 7 .2 ,  w i t h  th e  measured 

v a lu e s  o f  Camp (1958) and R e s te r  e t  a l .  (1 9 7 1 ) .  The i n t e n s i t y  i s
i

r e f e r r e d  to  th e  834 keV t r a n s i t i o n  n o rm a l is e d  t o  100%. The 

c o r re s p o n d in g  s in g le s  s p e c t ra  are  shown i n  f i g .  7 .1  a - c .

There were a l t o g e t h e r  72 t r a n s i t i o n s  o b se rve d .  Many t r a n s i t i o n s

r e p o r te d  by Camp (1958) were n o t  d e te c te d ;  b u t  some t r a n s i t i o n s  i . e

2 3 0 .7 ,  3 0 6 .3 ,  3 1 6 .2 ,  1291 .7 ,  2939 .3  and 3067.2  keV Which were n o t found

by R e s te r  e t  a l .  (1971) were c o n f i rm e d .  In  g e n e r a l ,  th e  energy v a lu e s

agree  c l o s e l y  w i t h  th o se  r e p o r te d  by Camp (1968) and R e s te r  e t  a l .  (1971)
192The 316 .2  keV gamma-ray w h ich  was a t t r i b u t e d  t o  I r  c o n ta m in a t io n  

76
i n  th e  As measurement was a ls o  d e te c te d  i n  t h i s  w o rk .  Because o f  th e

192
a p p a re n t  absence o f  o t h e r  I r  components i n  th e  spec trum  we have

72
accep ted  i t  as o r i g i n a t i n g  f ro m  th e  decay o f  Ga , a l th o u g h  i t s  

i n t e n s i t y  i s  abou t f o u r  t im e s  t h a t  o f  Camp(1968).

The 1 0 3 2 .0 ,  1 51 9 .1 ,  2785.9  and 2897 .7  keV were n o t  ass ig ne d  t o

th e  decay scheme. A l th o u g h ,  th e s e  t r a n s i t i o n s  were a ls o  observed

by Camp (1968) and R e s te r  e t  a l .  (1971) ( w i t h  th e  e x c e p t io n  o f  th e

2898 keV w h ich  was n o t  found  by R e s te r  e t  a l . )  n e i t h e r  o f  them were

a b le  t o  f i n d  t h e i r  o r i g i n s .  The d e te c t io n  o f  th e s e  gamma-rays i n

th e  p re s e n t  w ork  le d  us to  b e l ie v e  t h a t  th e y  m ig h t  o r i g i n a t e  from  
72

th e  decay o f  Ga . In  p a r t i c u l a r ,  t h e i r  p re s e n t  i n t e n s i t i e s  w h ich  

were found  t o  be i n  good agreement w i t h  th e  v a lu e s  o b ta in e d  by 

Camp (1968) and R e s te r  e t  a l .  (1 9 7 1 ) ,  r u le d  o u t  t h e i r  p o s s i b i l i t y  

as a r i s i n g  f ro m  c o n ta m in a t io n  o r  background r a d i a t i o n s .  However, 

ow ing t o  th e  la c k  o f  f u r t h e r  s u p p o r t ,  th e  c r e a t i o n  o f  new energy  

l e v e l s  i n  th e  decay scheme t o  accomodate th e s e  t r a n s i t i o n s  seemed 

u n j u s t i f i e d .  They were t h e r e f o r e  l e f t  o u t  o f  th e  deOay scheme.
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The energy l e v e l  scheme was c o n s t ru c te d  based on th e  energy sum 

r e l a t i o n  and i n t e n s i t y  ba lan ce  o f  th e  measured gamma-rays. Tab le  7 .3  

g iv e s  th e  mean le v e ls  found  from  th e  energy  sum r e l a t i o n .

The measured gamma-rays f i t  23 e x c i t e d  s t a t e s .  The p lacem ent o f  

some o f  them in  th e  decay scheme were based on th e  c o in c id e n c e  

r e s u l t s .  F ig s .  7 .2  a -v  show th e  c o in c id e n c e  s p e c t ra  c o r r e c te d  f o r  

chance and background c o in c id e n c e s ,  o b ta in e d  w i t h  th e  d u a l -  p a ram e te r 

d a ta  c o l l e c t i o n  system . The c o in c id e n c e  i n t e n s i t i e s  a re  l i s t e d  in  

t a b le  7 .4 .

A l th o u g h  th e  s p e c t ra  were c o r r e c te d  f o r  chance and background 

c o in c id e n c e s ,  i n  some cases u n d e s ire d  c o in c id e n c e s  were n o t  e n t i r e l y  

e l im in a t e d .  F o r  in s ta n c e ,  i n  th e  case o f  th e  spec trum  i n  c o in c id e n c e  

w i t h  th e  600 keV ( t a b le  7 . 4 ) ,  th e  c o in c id e n c e  i n t e n s i t i e s  o f  th e  peaks 

a t  786, 894, 1051 and 2202 keV were found  t o  be 2 .7 ,  0 .2 .  3 .7  and 7 .6  

r e s p e c t i v e l y .  These were a l l  chance peaks . T h e i r  c o in c id e n c e  

i n t e n s i t i e s  were a p p a re n t ly  le s s  tha n  t h e i r  s in g le s  i n t e n s i t i e s .

Even th o u g h ,  t h i s  i s  by no means a nece ssa ry  c o n d i t i o n  f o r  d e te rm in in g  

w h e th e r  a peak i s  genu ine  o r  o th e r w is e ,  s in c e  t h i s  depends on th e  

i n t e n s i t y  o f  n o r m a l is a t io n  w h ich  has been a r b i t r a r y  chosen, i t  i s  c l e a r  

t h a t  t h i s  t r e n d  . seemed t o  be obse rved  th r o u g h o u t  th e  s p e c t r a .  In  

p a r t i c u l a r  we f i n d  t h a t  t r u e  c o in c id e n c e  peaks have i n t e n s i t i e s  

somewhat g r e a t e r  tha n  th e  s in g le s  i n t e n s i t i e s .  A g a in ,  i n  th e  case 

o f  th e  spec trum  i n  c o in c id e n c e  w i t h  th e  600 keV, we f i n d  t h a t  f ro m  

t a b le  7 .4 ,  th e  630, 971, 1260, 1277 and 1464ke.y7wers a l l  enhanced by 

f a c t o r s  o f  abou t 3 .5 ,  23, 20 , 17 and 3 .5  r e s p e c t i v e l y .  S i m i l a r  

o b s e rv a t io n s  a re  found  f o r  o th e r  c o in c id e n c e  s p e c t r a .  The o n ly  

e x c e p t io n  i s  th e  spec trum  i n  c o in c id e n c e  w i t h  1464 keV. I n  t h i s  

case , we f i n d i  t h a t  th e  peaks a t  834 keV and 894 keV w h ich  were n o t 

i n  c o in c id e n c e  w i t h  th e  1464 keV have i n t e n s i t i e s  g r e a t e r  tha n  t h e i r  

s in g le s  i n t e n s i t i e s .  We b e l ie v e  t h a t ,  th e y  were caused by c o in c id e n c e  

w i t h  th e  630 keV and 834 keV w h ich  sum t o  1464 keV. The 834 keV 

i s  i n  c o in c id e n c e  w i t h  th e  630 keV w h i le  th e  894 keV i s  i n  c o in c id e n c e  

w i t h  th e  834 keV. Chance c o in c id e n c e s  w i t h  th e  630 keV and 834 keV 

can a ls o  c o n t r i b u t e  t o  th e  894 keV and 834 keV peaks r e s p e c t i v e l y .

7 .4  Decay scheme -  s p in  and p a r i t y  ass ignm en ts

72
The decay scheme o f  Ga o b ta in e d  f ro m  t h i s  w ork  i s  shown in  

f i g .  7 .3 .  T a b le  7 .5  g iv e s  th e  b e ta - e n e r g ie s ,  p e rc e n ta g e  o f  b e ta -  

fe e d in g s ,  lo g  f t  and s p in s  and p a r i t y  a s s in g m e n ts .  The l a t t e r  was
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aos igned  u s in g  r e p o r t e d  va lu es  and,  where the se  were n o t  measured,  

the y  were deduced f rom  the  lo g  f t .  The l o g  f t  was e v a lu a te d  u s in g  

the  MozKowsKi nomograms found i n  Table  o f  I s o to p e s  ( 1 9 6 7 ] ,  The 

Q -va lue  o f  4 MeV was taken  f rom  R e s te r  e t  a l .  [1971)

The s p in s  and p a r i t i e s  o f  t h e  l e v e l s  a t  691,  834, 1464,  1723, 2065,  

2515,  2943,  3036,  3324 and 3342 KeV have a l l  been de te rm ined  by 

M e tze r ,  1956; Arns  and WiedenbecK, 1958; A l b e r g i n i  and S t e f f a n ,  1953; 

K re ga r  and E lb e k ,  1967; Monahan and A rns ,  1969 and Chen e t  a l .  1974.

From th e  va lu es  o f  the  l o g  f t ,  t h e  l e v e l s  a t  2402,  2464,  2584,

2755,  2933,  3093 and 3333 KeV do appear  t o  be fe d  by f i r s t  f o r b i d d e n
72beta  t r a n s i t i o n s .  S ince th e  ground s t a t e  s p in  o f  Ga i s  3 (Tab le  

o f  I s o t o p e s ,  1967),  th e  s p in s  o f  the se  l e v e l s  a re  l i m i t e d  t o  1 , 2 , 3 , 4  

w i t h  p o s i t i v e  p a r i t i e s .  Fo r  t h e  l e v e l s  a t  2584,  2939,  3093 and 3338 

KeV, we f i n d  t h a t ,  o n l y  t r a n s i t i o n s  t o  t h e  0 s t a t e s  o c c u r .  T h e r e f o r e ,  

th e  s p in s  can be e i t h e r  1 o r  2.  F u r th e rm o r e ,  f o r  t h e  3093 KeV l e v e l ,  

t h e  f e e d i n g  o f  t h i s  l e v e l  by a t r a n s i t i o n  f ro m  t h e  3325 KeV 3 s t a t e  

i m p l i e s  a s p in  o f  2 . To c h a r a c t e r i z e  th e  735 KeV t r a n s i t i o n ,  f rom  

th e  2464 KeV l e v e l  t o  t h e  1728 KeV 4 l e v e l  a c c o r d in g  t o  M1 o r  E2 

t r a n s i t i o n  [w h ich  seems t o  be th e  l i K e l y  m u l t i p o l e  c h a r a c t e r ) , th e  

2464 KeV l e v e l  has t o  be ass igned  a s p in  o f  3 o r  4.  S i m i l a r  

c o n s i d e r a t i o n s  g i v e  a s p in  [ 1 , 2 )  t o  t h e  2402 KeV l e v e l  and ( 1 , 2 , 3 )  

t o  t h e  2755 KeV l e v e l .

O th e r  l e v e l s  a t  3439,  3455,  3565,  3678,  3757 and 3815 are  formed 

by a l l o w e d  b e ta  t r a n s i t i o n s  and t h e r e f o r e  g i v e  r i s e  t o  n e g a t i v e  

p a r i t y  s t a t e s  w i t h  s p in s  r a n g in g  f ro m  2 t o  4.  F u r t h e r  c o n s i d e r a t i o n s  

on th e  s p in s  o f  t h e  l e v e l s  g i v i n g  r i s e  t o  t h e  t r a n s i t i o n s  f e e d i n g  and 

l e a v i n g  t h e  above s t a t e s  h e lp  one t o  l i m i t  t h e  f i n a l  c h o i c e  o f  t h e  

s p i n s .  F o r  i n s t a n c e ,  t h e  3565 KeV l e v e l  i s  d e e x c i t e d  by two gamma-rays 

(1500 .3  KeV and 1837.2 KeV) f e e d i n g  t h e  2065 KeV 3 and 1728 KeV 4 

l e v e l s  r e s p e c t i v e l y .  I f  t h e  3 5 6 5 .KeV l e v e l  has a s p in  o f  e i t h e r  3 o r  4 

w i t h  n e g a t i v e  p a r i t y , t h e n  a c c o r d in g  t o  t h e  a n g u la r  momentum s e l e c t i o n  

r u l e ,  t h e  1500.3  KeV and 1837.2  KeV t r a n s i t i o n s  w i l l  have t o  be 

El a n d / o r  M2 e t c .  I f  on th e  o t h e r  hand,  i t  has a s p in  o f  2 ,  t h e

1837.2 KeV t r a n s i t i o n  w i l l  t he n  have t o  be M2 e t c .  To i n c l u d e  th e  

p o s s i b i l i t y  o f  a m i x t u r e  o f  El  and M2 [as g e n e r a l l y  t h e  case) we have 

t o  r u l e  o u t  t h e  ass ignment  o f  s p in  2 t o  t h i s  l e v e l .  T h e r e f o r e ,  t h e  

p o s s i b l e  s p in  o f  t h e  3565 KeV l e v e l  i s  e i t h e r  3 o r  4 . T ab le  7 .5  

summarizes th e  r e s u l t s .
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Energy sum
691 .2

834.02
691 .2+142 .6=833 .8

629 .9+833 .9=1463 .8  
772 .6+691.2=1463 .8  
1464 .0+0 .0  =1464.0

894 .3+833.9=1728 .2

335.8+1728 .2=2065.0
600 .9+1463 .9=2064.8
1230.9+833 .9=2064.3

1567.7+833 .9=2401.6  
1711 .1+691 .2=2402.3

735 .6+1723 .2=2463.8
999 .9+1463 .9=2463.8

449 .9+2064 .9=2514.8  
786 .4+1728 .2=2514.6  
1050.7+1463.9=2514.6  
1680.8+833 .9=2514.7  
2 514 .6 +0 .0  =2514.6

373 .9+2210 .3=2584.2  
2 58 2 .6+ 0 .0  =2582.6

1291 .7+1463.9=2755.6
1920.3+833 .9=2754.2

2 93 9 .3 + 0 .0  =2939.9

428 .8+2514 .6=2943.4
479 .6+2463 .8=2943 .4
878 .5+2054 .9=2943 .4
1215.1+1728 .2=2943 .3
2109 .5+833 .9=2943 .4

521 .1+2514 .6=3035.7
1571 .7+1453 .9=3035 .6
2201 .7+833 .9=3035.6
3035 .3 +0 .0=30 35 .3

Mean
691.2

833.9

1463.9

1728.2

2064.9

2402.0

2463.8

2514.6

2583.4

2754.9

2939 .3

2943 .4

3035.5

Energy sum
2402 .2+691 .2=3093.4  
3093 .4+0 .0=3093 .4

289.4+3035 .5=3324.9
381 .7+2943.4=3325.1
810 .2+2514 .6=3324.8
861.1+2463 .8=3324.9
1260.1+2064 .9=3325 .0
1596 .8+1728.2=3325.0
1861 .1+1463.9=3325.0
2491 .0+833 .9=3324.9

3338 .4+0 .0=3338 .4

306 .3+3035 .5=3341.8  
587 .4+2754 .9=3342.3  
939 .4+2402 .0=3341.4  
1276 .7+2064.9=3341.6  
1877.8+1463.9=3341.7  
2507 .7+833 .9=3341.6

496 .0+2943 .4=3439.4
924.5+2514.6=3439.1
2605 .3+833 .9=3439.2

113.4+3341.7=3455.1
1390.2+2064.9=3455 .1
2621 .0+833 .9=3454.9

1500 .3+2064.9=3565.2
1837 .2+1728 .2=3565 .4

1163 .3+2514.6=3677.9
1613 .1+2064.9=3578.0
2214 .2+1463.9=3678.1
2844 .0+833 .9=3677.9

316 .2+3439 .2=3755.4
2029 .1+1728 .2=3757 .3
3067 .2+691 .2=3758.4

2981 .1+833 .9=3815 .0

Mean

3093.4

3324.0

3338.4

3341.7

3439.2

3455.0

3565,3

3678.0

3757.0

3815.0

Table 7.3 Energy sum relations.
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7.5  D is c u s s io n  o f  c o l l e c t i v e  s t a t e s

S ince  th e  d oub ly  even germanium i s o t o p e s  a re  i n t e r m e d i a t e  i n

mass, t h e y  are  a l s o  expec ted  t o  have s p h e r i c a l  e q u i l i b r i u m  d e f o r m a t i o n .

However,  t h e  d i s t i n c t i o n  i n t o  v i b r a t i o n a l  mode o f  e x c i t a t i o n s  i n

these  n u c l e i  i s  l e s s  c l e a r  than  i n  t h e  se len iu m  i s o t o p e s .  I n  p a r t i c u l a r ,
72

th e  l o w - l y i n g  energy l e v e l s  o f  Ge d i f f e r  r a t h e r  m arked ly  w i t h  th e  

s y s t e m a t i c  b e h a v io u r  o f  i t s  n e ig h b o u r in g  even-even i s o t o p e s .  The

n o ta b l e  f e a t u r e  i s  t h e  p o s i t i o n  o f  t h e  0 s t a t e  wh ich  i n  Ge^^ and
74 72

Ge l i e s  h i g h e r  than  t h e  f i r s t  e x c i t e d  s t a t e .  I n  Ge however,

t h i s  s t a t e  a c t u a l l y  appears as the  f i r s t  e x c i t e d  s t a t e .  No 0^ e x c i t e d

s t a t e  has been r e p o r t e d  i n  Ge^°,  I n  v iew o f  t h i s ,  t h e  f o l l o w i n g
72

c l a s s i f i c a t i o n  o f  t h e  low l y i n g  s t a t e s  i n  th e  Ge n u c leu s  i n t o  phonon 

s t a t e s  must be somewhat s p e c u l a t i v e .  Tab le  7 .6  g i v e s  th e  r a t i o s  o f  

t h e  BCE2] i n  c o n n e c t i o n  w i t h  t h e  l e v e l s  a t  834, 1464,  2055,  2402 and 

2464 KeV wh ich  appear t o  have c o l l e c t i v e  c h a r a c t e r i s t i c s .  The va lu e s  

o b ta in e d  f ro m  R e s te r  e t  a l .  [1971]  a re  a l s o  g iv e n  f o r  compar ison .

The l e v e l s  a t  634 KeV and 1484 KeV have been sugges ted  by Monahan 

and Arns [1969]  and R e s te r  e t  a l .  [1971]  as t h e  one- and two-phonon 

s t a t e s  r e s p e c t i v e l y .  These l e v e l s  were a l s o  e x c i t e d  i n  t h e  [ d , d ’ ] 

r e a c t i o n  o f  K re g a r  and ElbeK [ 1 9 6 7 ] ,  i n d i c a t i n g  t h a t  t h e y  a re  c o l l e c t i v e  

i n  n a t u r e .

2 4 + +
Us ing  t h e  v a lu e  o f  442±50 e fm f o r  t h e  B [E2 ;2  -+0 ] „  o b ta in e d

+ + 2 4
f rom  S t e l s o n  and G rodz ins  [ 1 9 6 8 ] ,  and e qu a ls  t o  1 .5  e fm

f rom  Monahan and Arns [ 1 9 6 9 ] ,  we have c a l c u l a t e d  t h e  B[E2]  v a lu e s  

r e l a t e d  t o  t h e s e  l e v e l s .  These a re  g i v e n  i n  t a b l e  7 .7  and 7 . 8 .  I f  we 

assume t h a t  t h e  834 KeV l e v e l  i s  t h e  one phonon s t a t e  [ i n  v ie w  o f  t h e  

l a r g e  B [ E 2 ; 2 ^ + - 0 ^ ] o f  18±3 spu]  t h e n ,  t h e  r a t h e r  l a r g e  B [ E 2 j 22-^2^]

o f  44±12 spu s t r o n g l y  sugges ts  t h a t  t h e  1464 KeV l e v e l  i s  p r o b a b ly

a s s o c i a t e d  w i t h  one o f  t h e  members o f  t h e  two phonon s t a t e .  F u r th e rm o r e ,  

t h e  s m a l l  Q i E 2 } 2 ^ - ^ Q ^ ]  v a lu e  o f  1 .9x10  ^ i s  i n

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

o v e r  t r a n s i t i o n s .

+ +
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  t h e  r a t h e r  l a r g e  B [E2 ;2  o f

+ +
15±2 spu and s m a l l  B [E2 ;2  ->-0 ] o f  0 .03+0.01  spu i n d i c a t e s  t h a t  t h eZ 2 / / Z | ^ 0
691.2  KeV 0^ l e v e l  c o u ld  p r o b a b l y / c o l l e c t i v e  w i t h  some phonon components,

a l t h o u g h  Monahan and Arns [1969]  had sugges ted  t h a t  i t  i s  more r e l a t e d

t o  s i n g l e  p a r t i c l e  s t r u c t u r e .  However, t h i s  s t a t e  was foun d  t o  be

weaKly e x c i t e d  i n  t h e  [ d , d M  r e a c t i o n  o f  K re g a r  and ElbeK [1969]  
i n d i c a t i n g  c e r t a i n  c o l l e c t i v e  b e h a v io u r .
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Frorn t a b l e  7 .7 ,  we f i n d  t h a t  t h e  o f  3G2.4±28.5 e^fm^

i s  ve ry  much l a r g e r  than  th e  v a lu e  measured by K re ga r  and E lbek  (19B7]
2 4

o f  51±5 e fm , a l t h o u g h  o u r  v a lu e  does no t  agree w i t h  H a ig h t  [1972]  

e i t h e r .  However,  f rom  t a b l e  7 ,7 ,  t h e  agreement,  t h a t  t h e  v a lu e  o f  

K re ga r  and E lb ek  [1967]  had been u n d e re s t im a te d  seems unanimous.

The l e v e l  a t  2065 keV has been sugges ted  by R e s te r  e t  a l ,  [1971]

as the  member o f  t h e  t h r e e  phonon s t a t e .  From t a b l e  7 . 6 ,  t h e  s m a l l

B [E2 ;3Y ^2 ^ ]^2 3 ^ /G [E 2 ;3 Y + 2 2 ]gg ^  o f  6 .7x10  ^ s u p p o r t s  t h i s  ass ig nm en t .

But  t h e n ,  t h e  B [E 2 ;3 ^ + 4 ^ ]g g ^ /B [E 2 ;3 ^ + 2 2 ]g g ^  wh ich  a c c o r d in g  t o  t h e

v i b r a t i o n a l  model s h o u ld  be n ea r  t h e  v a lu e  o f  1 i s  o n l y  0 .4 4 .  T h i s  i s
72p r o b a b ly  because th e  Ge i s  n o t  s t r i c t l y  an harmon ic  n u c l e i .

R e s te r  e t  a l .  [1971]  a l s o  suggested  t h a t  t h e  l e v e l  a t  2464 keV 

as a n o t h e r  member o f  t h e  t h r e e  phonon s t a t e .  L i k e  th e  2065 KeV l e v e l ,  

t h e  c r o s s o v e r  t r a n s i t i o n  seems t o  be r e t a r d e d  w i t h  the  

B [ E 2 ; [ 3 , 4 ]  ^ 2 ^ ] ^ g 2 2 / B ( E 2 ; [ 3 , 4 ]  + 4 ^ ] ^ g g  e qu a ls  t o  4 ,9 x10  However, 

t h e  r a t h e r  s m a l l  v a lu e  o f  t h e  B [ E 2 ; [ 3 , 4 ] * + 2 2 ] ^ g g g / B [ E 2 ; [ 3 , 4 ] * + 4 * ] 2 2 g  

eq u a ls  t o  0 .47  makes t h i s  ass ignment  n o t  v e ry  c o n v i n c i n g .

The absence o f  any s t r o n g  t r a n s i t i o n s  f ro m  t h e  2402 KeV [ 1 , 2 ]

l e v e l  t o  t h e  two phonon s t a t e s  r u l e s  o u t  i t s  p o s s i b i l i t y  as a n o th e r

member o f  t h e  t h r e e  phonon s t a t e .  Because o f  t h e  s t r o n g  t r a n s i t i o n

t o  t h e  f i r s t  e x c i t e d  s t a t e .  Camp [1968]  sugges ted  t h a t ,  p r o v id e d  t h i s

s t a t e  has a s p in  o f  2 the n  i t  p r o b a b l y  c o r re s p o n d s  t o  t h e  f i r s t

e x c i t e d  2 s t a t e  b e lo n g in g  t o  t h e  n u c l e a r  c o n f i g u r a t i o n ,  wh ich  makes

up th e  691 KeV 0^ l e v e l .  B u t ,  i f  t h i s  i s  so,  t h e  B [ E 2 ;2 g + 2 ^ ] ^ g g y /

B [E2 ;2  -HD ] o f  0 .9 9 ,  wh ich  co nn e c ts  s t r o n g l y  t h e  m a t r i x  e lement
+

between t h i s  s t a t e  and th e  834 KeV 2^ s t a t e ,  w i l l  make t h e  ass ignment  

o f  t h e  l a t t e r  as t h e  one phonon s t a t e  i n c o r r e c t .

The 2515 KeV s t a t e  has been s t r o n g l y  e x c i t e d  i n  t h e  [ d , d ' ]  work  

o f  K re g a r  and E lbek  [1967]  who o b t a in e d  a B[E3;G^-+3 ]=36x10^  e^fm 

o r  17 spu.  They then  sugges ted  t h a t  t h i s  c o u ld  be t h e  3 o c tu p o l e  

phonon s t a t e .  The s t r o n g  ground s t a t e  t r a n s i t i o n  observed  i n  o u r  

work  makes t h i s  ass ignment  more l i K e l y .  However,  Monahan and Arns [ 1 9 6 9 ] ,  

deduced t h e  o c tu p o l e  c h a r a c t e r  o f  t h i s  s t a t e  based on compar ison  w i t h  

th e  energy l e v e l s  i n  n i c k e l  and germanium i s o t o p e s .  I n  t h e  l a t t e r ,  

t h e  l e v e l s  were found  t o  be ind ep end en t  o f  n e u t ro n  c o n f i g u r a t i o n .  T h i s  

was n o t  t o  be expec ted  because,  b e in g  c lo s e  t o  t h e  energy  gap,  t h e  

p a r t i c l e  c o n f i g u r a t i o n  sh ou ld  c o n t r i b u t e  h e a v i l y  t o  t h i s  s t a t e .
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T h is  work
R e s te r  
e t  a l ,  
C1971]

834 keV 

B C E 2 ;2 *+ 0 * ] , a ^ 0 .62 0.911 2 143 

B C E 2 ;2 *^o I ]n ^a 1 1

[a ]

1 1 634 

1464 keV

B C E2;2*+2* ]^^n 1 12 1 630

6.6x10 5 .8x10  ■

-3
BCE2;22+0^]^^g^ 1 .9x10 2 .1x10

[b ]

2065 keV

B ( E 2 ; 3 l+ 4 Î ) 3 3 7 0 .44 0.35

Cc3
BC E2;3^+2* ]^n . 1 1

Cb]
1 2 601

-3
6 .7x10 7.4x10

(b)

2402 keV 

B C E 2 j 2 % 2 J ^ ^ ^ ^ 0 .9 0 .83 1 1567 

BCE2;2^»0%]^^ , , 1 1

(b ]

3 2 1711 

2464 keV

BCE2;C3,4 ]%»4*]^^c 1 1

Cb]
1 736

B ( E 2 , [ 3 . 4 ) t » 2 ; ) , o o o 0 .47 0 .46

Cb]
BCE2;C3,4]  ^ 2 k ] ^ c o n 4 .9x10 1.6x10

1 1632

T a b le  7 .6  R a t i o  o f  BCE2] va lu e s

[a ]  0.93% Ml c o n t e n t  t ak e n  f ro m  Chen e t  a l .

C1974)

Cb) assumed E2

( c ]  0.05% M1 c o n t e n t  take n  f ro m  Chen e t  a l .

C1974)
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R e s te r  e t  a l . C a s te l  e t  a l .
T h i s  work [1971] [1973]

THEORY

B (E 2 ;2 Y + 02 ] i4 3 15+2 23±4 12

18±3 25±3 18

B(E2;22*+2,|]g3Q 44+12 90±30 6

B'-E2i 22-^02 ̂ 772 0 .0 3±0 .01 0 .0 6 ± 0 .0 2 4

BCE2;22-+0^ 0 .0 8 ± 0 .0 3 0 .2 0 ± 0 .05 -

T a b le  7 .8  B(E2) v a lu e s  i n  s i n g l e  p a r t i c l e  u n i t s .
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7.6  Core e x c i t a t i o n s

Many i n t e r p r e t a t i o n s  have been p u t  f o r w a r d  t o  e x p l a i n  t h e  low 
72

l y i n g  l e v e l s  o f  Ge [Monahan and A rn s ,  1969;  K rega r  and E lb e k ,  1967;

S te w a r t  and C a s t e l ,  1970;  R e s te r  e t  a l ,  1971).  S t r i c t  s i n g l e  p a r t i c l e
90

c a l c u l a t i o n s  as have been done w i t h  Z r  [Bayman e t  a l . ,  1959]
+ +

f a i l e d  t o  re p roduce  the  l a r g e  B i E 2 ; 2 ^ - y Q ^ ) , T h is  i n d i c a t e s  th e  

inadequacy  o f  i g n o r i n g  core  e x c i t a t i o n  e f f e c t s .

C a s t e l  e t  a l .  [1973]  have a t te m p te d  t o  c a l c u l a t e  t h e  low l y i n g  
72

l e v e l s  i n  Ge by c o u p l i n g  th e  two v a le n ce  n e u t ro n s  t o  t h e  observed 

c o l l e c t i v e  e x c i t a t i o n s  o f  t h e  Ge^^ co re  u s in g  a q u a d ru p o le -q u a d ru p o le  

i n t e r a c t i o n .  The b a s i c  f o r m a l i s m ,  c a l c u l a t i o n  o f  energy  l e v e l s  

and t r a n s i t i o n  p r o b a b i l i t i e s  have been d e s c r ib e d  i n  s e c t i o n  2 .7  o f  

c h a p t e r  2.

I n  o r d e r  t o  t a k e  i n t o  accoun t  t h e  a n h a r m o n i c i t y  o f  t h e  co re

s t a t e s ,  t h e  H a m i l t o n ia n  o f  t h e  co re  has t o  be m o d i f i e d ,  by r e l a t i n g

th e  m a t r i x  e lemen t  o f  t h e  co re  qu a d ru po le  o p e r a t o r  t o  t h e  observed
70 +

t r a n s i t i o n  r a t e s  i n  Ge and v a lu e .  The f i v e  lo w e s t  s t a t e s  o f  t h e  

co re  were th e n  coup led  t o  t h e  two v a le n c e  n e u t ro n s  o ccupy in g  th e  

Pi  and gg/ 2  s u b s h e l l s .

I n  t h e  c a l c u l a t i o n ,  t h e  c o u p l i n g  s t r e n g t h  between t h e  p a r t i c l e s  

and t h e  co re  was taken  t o  be 30 MeV wh ich  i s  c o n s i s t e n t  w i t h  t h e  

v a lu e  adopted  i n  p r e v io u s  a p p l i c a t i o n s  o f  t h e  model i n  t h e  s -d  

and f - p  s h e l l  [ C a s t e l  e t  a l . ,  1 9 7 1 ] .  The energy  d i f f e r e n c e  between 

th e  s i n g l e  p a r t i c l e  l e v e l s  gg/ 2  p ,  was 1 .2  MeV and i n  t h e  

c a l c u l a t i o n  o f  t h e  H^^ t e r m ,  t h e  s t r e n g t h  o f  t h e  two -body  i n t e r a c t i o n  

was tak e n  t o  be Vo=-40 MeV; t h e  r e s u l t  b e ing  f a i r l y  i n s e n s i t i v e  t o  

s m a l l  changes o f  t h i s  p a ra m e te r .

The reduced t r a n s i t i o n  p r o b a b i l i t y  o b ta in e d  f rom  t h i s  c a l c u l a t i o n

i s  g iv e n  i n  t a b l e s  7 .7  and 7 . 8 .  The B [ E 2 ; 2 ^ + f l ^ ] . .. has been
2  4  1 1 834 t h e o r y

n o r m a l i s e d  t o  322 e fm . From t a b l e  7 . 8 ,  we see t h a t  t h e  i d e n t i f i c a t i o n  

o f  t h e  1464 keV l e v e l  w i t h  t h e  two phonon s t a t e  i s  no l o n g e r  p o s s i b l e ,  

as a r e s u l t  o f  t h e  s i n g l e  p a r t i c l e  e f f e c t .  The r e d u c t i o n  i n  t h e  

B [E2 ;22^2^ ]g3Q f ro m  44±12 spu t o  6 spu and t h e  i n c r e a s e d  i n  t h e  

B[E2;22*+Q232 7 2  f r o m  0 .03±0 .01  spu t o  4 spu i s  n o t  c h a r a c t e r i s t i c  

o f '  v i b r a t i o n a l  e x c i t a t i o n  a l t h o u g h  t h e  c o l l e c t i v e  a spec t  o f  t h i s  

l e v e l  i s  s t i l l  observed  t o  some e x t e n t .  Thus,  i t  l o o k s  as though 

the  s i n g l e  p a r t i c l e  components have been o v e r e s t im a t e d .  The energy 

l e v e l  d iagrams and wave f u n c t i o n s  can be found  i n  C a s te l  e t  a l .  [ 1 9 7 3 ] .
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7.7  C o n c lu s io n

72
The decay scheme o f  Ga has been i n v e s t i g a t e d  u s in g  GeCLi) 

d e t e c t o r s  a r ra nge d  i n  s i n g l e s  and c o in c id e n c e  modes. Many gamma-rays 

r e p o r t e d  by Camp (1963) were no t  c o n f i r m e d .  The gamma-rays f i t t e d  

23 e x c i t e d  s t a t e s  and the  s p in s  and p a r i t i e s  o f  t h e s e  l e v e l s  were 

deduced.

The c o l l e c t i v e  aspec ts  o f  t h e  low l y i n g  s t a t e s  were d iscussed  

based on th e  p r e s e n t  and p r e v io u s  measurements.  The i d e n t i f i c a t i o n  

o f  t he se  s t a t e s  a c c o r d in g  t o  t h e  v i b r a t i o n a l  modes o f  e x c i t a t i o n s  

was n o t  v e ry  o b v io u s .  A t h e o r e t i c a l  d e s c r i p t i o n  o f  th e  c o l l e c t i v e  

s t a t e s  i n  te rm s  o f  t h e  co re  e x c i t a t i o n s  has been i n c l u d e d .
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most  u s e f u l .

I  am v e ry  g r a t e f u l  t o  t h e  Board o f  S c h o la r s h ip  and S tudy Leave, 

U n i v e r s i t y  o f  A g r i c u l t u r e ,  M a la y s ia ,  f o r  t h e  award o f  the  g r a n t  and le ave

F i n a l l y ,  t h e  Encouragement,  p a t i e n c e ,  s a c r i f i e s  and c h e e r f u l  

env i ron m e n t  p r o v id e d  by my w i f e ,  Asmah, my two c h i l d r e n ,  A z r i n a  and 

Z a i r i ,  my p a r e n t s ,  b r o t h e r s  and s i s t e r s  a re  g r e a t l y  a p p r e c i a t e d .


