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ABSTR.A

3 3 3 3
S tu d ie s  on ( d , d ) ; (  He, H e );(d , lie) ; ( He,d) and (d ,n )  r e a c t io n s  are

r e p o r te d  i n  t h i s  work. The (d ,d )  a n g u la r  d i s t r i b u t i o n s  were m easured

a t  an i n c id e n t  energy  o r 12 .0  MeV on ^^S c , ^^Ca and a t  13.0  McV cn ^^C l,
3^ 27 23 3 3

^C l, A1 and Na. The ( He, He) angular d i s t r i b u t i o n s  were m easured
29 25

a t  an i n c id e n t  energy of 14 .0  MeV on S i and " Mg. The r e s u l t s  of 

e l a s t i c  s c a t t e r in g  s tu d ie s  w ere a n a ly se d  to  e x t r a c t  o p t i c a l  p o t e n t ia l

p a ra m e te rs  f o r  th e  a n a ly s i s  o f the  t r a n s f e r  r e a c t io n  e x p e rim e n ts .

3 45The (d . He) a n g u la r  d i s t r i b u t io n s  w ere m easured on t a r g e t s  ‘ S c,

"̂ Ca a t  an in c id e n t  energy  o f  12 ,0  MeV and on C l, ^ C l, A1 and Na
3

a t  13,0  MeV, The ( H e,d) angular d is tr ib u t io n s  were measured on t a r g e t s

29 25 ■ ■' 29o f  S i ^ id  Mg a t  an in c id e n t  energy of 14 .0  MeV. The r e a c t io n  Si(d/i) P

was s tu d ie d  a t  3 .0  MeV, The r e s u l t s  o f t r a n s f e r  r e a c t io n  s tu d ie s  were

a n a ly se d  u s in g  DWBA and H auser-F eshbach  th e o r i e s  and d is c u s s e d  i n  th e

l i g h t  of th e  stru c tu re  o f th e  n u c le a r  s t a t e s  in v o lv e d . I t  has been

p o s s ib le  i n  some c a s e s  to  a s s ig n  sp ins and p a r i t ie s  to  n u clear  r e v e ls

from th e s e  s tu d ie s . Im p lic a t io n s  o f r e a c t io n  mechanism in  some c a se s

have a ls o  been c o n s id e re d . The problem  o f a b s o lu te  n orm aliza tion  of

DWBA c a lc u la t io n s  has been in v e s t ig a te d  u s in g  th e  r e s u l t s  from some

(d,^He) s tu d i e s .
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CHAPTER I
......................   I

t

GENERAL INTROSUCTICN

I t  has  been Imown f o r  a  lon g  tim e  t h a t  a la r g e  amount of in fo rm a tio n  

can  be obtain ed  about n u c le a r  s t a t e s  by s tu d y in g  t r a n s f e r  r e a c tio n s o  By 

t r a n s f e r  r e a c t io n ,  a rearrangement c o l l i s i o n  i s  m eant, in  which a nu c leo n  

o r  a  c l u s t e r  of n u c le o n s  i s  d i r e c t l y  t r a n s f e r r e d  between two c o l l id in g  

n u c le i  i n  a one s te p  p r o c e ss . Such a r e a c t io n  talces p la c e  in  tim e 

com parable  t o  t r a n s i t  t im e .o f  th e  in c id e n t  p a r t ic le  (~10  sec) over 

the d im ension  o f th e  ta r g e t  n u c le u s .  The d i s t i n c t i v e  f e a tu r e  o f suchfli 

r e a c t io n  i s  t h a t  i t  shows v e ry  strong dependence on d i r e c t i o n  o f  em iss io n  

o f the  r e a c t i o n  p r o d u c ts .

By m easu rin g  th e  angular d is tr ib u t io n s  o f th e  r e a c t io n  products 

a n g u la r  momentum t r a n s f e r s  can be deduced. Mhcing u se  o f th e  angular  

momentum s e le c t io n  r u le s  in form ation  on the r e l a t i v e  s p in s  and p a r i t ie s  

o f  th e  n u clear  s t a t e s  can be o b ta in e d . From th e  stren g th  o f 'o n e  p a ro ic u la r  

t r a n s i t i o n  i t  i s  p o s s ib le  to  e x t r a c t  th e  o v e rla p  betw een ohe i n i t i a l  and 

f i n a l  s t a t e s  o f one ta r g e t  n u c le u s . TM s i s  u s u a l ly  done i n  term s o f 

s 'p e c tro sco p ie  f a c t o r s  which ai^e defined  as th e  reduced widtli am p litu d e  

f o r  th e  tr a n sfe r re d  p a r t i c l e  and are d i r e c t l y  r e l a t e d  to  f r a c t i o n a l  

p a re n ta g e  c o e f f i c i e n t s  betw een th e  s ta te s o  These s p e c tro s c o p ic  i a c to r s

-S-



can  be used  to  i d e n t i  c  s p e c i f ic  c o n f ig u r a t io n s  o f th e  n u c le a r  s t a t e s  

in v o lv e d . D is to r t e d  wave Born approxim ation (DVvB.A) c a lc u la t io n s  are used  

to  e v a lu a te  th e s e  f a c to r s o

I t  w i l l  be shown i n  l a t e r  ch ap ters th a t  th e  d i f f e r e n t i a l  c r o s s - s e c t io n  

fo r  a d i r e c t  r e a c t io n  can be f a c to r i s e d  in  th e  form

w here d i f f e r e n t  a llo w ed  v a lu e s  o f s p in  and angular momentum c o n tr ib u te  

s e p a r a te ly  t o  th e  y i e l d .  The s p e c tro sc o p ic  f a c t o r s  S . . con tain  a l l  th e
J  3 ^

n u c le a r  s tr u c tu r e  in fo rm a tio n  and R i s  a s t a t i s t i c a l  f a c to r  in v o lv in g  

sp in  and i s o - s p in  o f  th e  s t a t e s  invo lvedo  The r e a c t io n  mechanism i s  

a s s o c ia te d  w ith  th e  te rm  cr. ( 6) whicln co n ta in s th e  energy and an g u la r
J  3 ^

dciwr.l en ce o f  th e  c r o s s - s e c t io n  e v a lu a te d  from the Dh/BA c a lc u la t io n .

In  r e c e n t  y e a r s  due to  the a v a i l a b i l i t y  of la rg e  computing power, 

s h e l l  model c a lc u la t io n s  in c lu d in g  many a c t iv e  nuc leons o u ts id e  th e  

c lo se d  core have become f e a s i b l e .  These c a lc u la t io n s  have succeeded  in  

y ie ld in g  energy  sp ec tra  o f l a r g e  number of n u c le i  in  re a s o n a b le  agreem ent 

w ith  th e  experim ental p i c t u r e s .  However, th e s e  agreements are only  

m eaningful i f  th e  th e o r e t ic a l  wave f u n c t io n s  of th e  v a r io u s  l e v e l s  a re
(Wl

also^  e q u iv a le n t ly  good approxim ation to  th e  p h y s ic a l  s i t u a t io n .  Tiiis 

r e l a t i o n s h ip  betw een th e  s h e l l  model and a ctu a l n u c le a r  wave fu n c t io n s  

i s  one o f  the m ain co n cern s  of t h i s  work. Com parison o f th e  e x p e rim e n ta l 

s p e c tro s c o p ic  fa c to r s  t o  the c o rre sp o n d in g  th e o r e t ic a l  v a lu e s  p ro v id e s  

an in d ex  o f  th e  e x te n t  to  which the  a c tu a l  n u clea r  l e v e l s  are c o n s tru c te d

- 9 -



according to  th e  p a r tic u la r  s h e l l  model p r e s c r ip t io n  u se d .

Com parisons w ith  th e  r o t a t i o n a l  model p r e d ic t io n s  have a ls o  been

made in  a p p ro p r ia te  c a se s  w here t h e r e  was any p re v io u s  ev idence  o f th e

a p p l i c a b i l i t y  o f t h i s  m odel.

The s tu d ie s  r e p o r te d  i n  t h i s  work a re  on th e  proton t r a n s f e r

r e a c t io n s  (d ,^ H e), (^ h e ,d )  and ( d ,n ) .  Some e l a s t i c  s c a t t e r in g  s tu d ie s  

3 3[ (d ,d )  and ( He, H e)] have a lso  been reported  which w ere fonducted t o  

e v a lu a te  th e  o p t i c a l  p o t e n t i a l  param eters fo r  u se  i n  th e  DWBA c a lc u la t io n s  

fo r  th e  t r a n s f e r  r e a c t i o n s .  '

The scheme o f  p r e s e n t a t io n  o f th e  m ain body of in fo rm a tio n  i s  as 

fo llo w s . I n  th e  2nd chapter t h e o r e t i c a l  background and th e  problems 

a s s o c ia te d  w ith th e  v a r io u s  c a lc u la t io n s  performed i n  t h i s  work a re  

rep o rted . The 3rd  c h a p te r  c o n ta in s  th e  d e sc r ip t io n s  of th e  v a r io u s  

in s t r u m e n ta t io n  system s and th e  a c c e le r a to r s  u sed  in  th e  e x p e r im e n ts . .

The e x p e rim e n ta l and daua r e d u c t io n  procedures a re  r e p o r te d  i n  th e  4 th  

c h a p te r .  The e l a s t i c  s c a t t e r i n g ,  p ick -u p  and s tr ip p in g  r e a c t io n  s tu d ie s  

arc r e p o r te d  i n  th e  5 th ,  6 t h  and 7 th  ch ap ters r e s p e c t iv e ly .  The 

c o n c lu s io n s  from  th e  s tu d ie s  a re  p re s e n te d  in  each chapter.

-1 0 -



CHAPTER I I

2 .1  I n tr o d u c t io n

One v e ry  s t r i k i n g  phenomena ab o u t n u c le a r  r e a c t io n s  i s  th e  p re se n c e  

o f  a l a r g e  number o f  v i a b l e  com peting  t h e o r i e s .  Some, such theories g iv e  

an e x a c t  fo rm u la  f o r  th e  s c a t t e r in g  am p litu d e  which can  a p p ly , i n  

p r i n c i p l e ,  to  any r e a c t i o n .  However, i n  o rd e r  to  apply such a th eo ry  

to  p r a c t ic a l  c a s e s ,  i t  i s  n e c e s s a ry  to  a s s ig n  a c e n t r a l  r o le  to  some 

p a r tic u la r  p h y s ic a l  m echanism . Once such an ap p ro x im atio n  has been 

in troduced  t o  the e x a c t fo rm u la , th e  r e s u l t s  a re  j u s t  good, fo r  th o se  

c a se s  where t h i s  mechanism a c tu a lly  d o m in a te s .'

Two ex trem e c a s e s  can be d i s t in g u is h e d .  F i r s t l y ,  th e  ca se  o f sharp 

r e s o n a n c e s , when we say a compound n u c le u s  i.s form ed and th e  B re it-W ig n e r 

resonances fo rm u la  a p p l i e s .

Second ly , th e  c a se  o f d ir e c t  r e a c t io n s ,  a  t r a n s i t i o n  tak es p la c e  

d ir e c t ly  between i n i t i a l  and f i n a l  s t a t e s ,  w hich can t y p ic a l ly  be 

expressed  by some s o r t  o f Born a p p ro x im a tio n . The c r o s s - s e c t io n  v a r i e s  

slo w ly  w ith  energy .

However, t h is  i s  n o t  to  say t h a t  they a re  th e  only two ty p e s  of

phenomena encountered . In  r e c e n t  y e a r s  ex perim en t has thrown up a

-1 1 -



g rea t v a r i e ty  and s u b t l e ty  of phenomena which show f e a tu r e s  in te rm e d ia te  

betw een th e se  two extrem es*

T h is  work i s  m ain ly  concerned  w ith  th e  d i r e c t  r e a c t io n ,  hence a 

fo rm alism  of th e  d i r e c t  r e a c t io n  th e o ry  i s  in c lu d e d  h ere. The DWBA 

c a lc u la t io n s  have been used  e x te n s iv e ly  i n  t h i s  work fo r  th e  e x t r a c t io n  

o f  sp e c tr o sc o p ic  f a c t o r s  as p o in te d  o u t i n  th e  chapter I .  Hence the  

p roblem s a s s o c ia te d  w ith  th e  DP/BA c a lc u la t io n s  a re  re p o r te d  in  d e t a i l  in  

t h i s  c h a p te r .  A lso  in c lu d e d  i n  t l i i s  c h a p te r  a re  some d isc u ss io n s  on 

s p e c tro s c o p ic  f a c t o r s  and t h e i r  r e l a t i o n  to  th e  n u c le a r  m odels.

2 .2  D ir e c t  R e a c tio n  Theory

The d i r e c t  r e a c t io n  theory  of n u c le a r  r e a c t io n  can be consid ered  

a s  an e x te n s io n  o f th e  o p t i c a l  m odel. A ccord ing  t o  th e  o p t ic a l  m odel, 

th e  e l a s t i c  s c a t t e r in g  between two n u c le i  c a n ‘be describ ed  by a complex 

p o t e n t i a l  w e l l .  The d i r e c t  r e a c t io n  theory a c c e p ts  th e  o p t ic a l  model 

as a f i r s t  a p p ro x im a tio n , b u t in tro d u ces as a  p ertu rb ation  an a d d it io n a l  

i n t e r a c t i o n  which g iv e s  r i s e  to  the n o n - e l a s t i c  p ro c e s s e s .  T his 

a d d itio n a l i n t e r a c t i o n  a f f e c t s  some sim ple i n t e r n a l  d e g rees  o f freedom  

o f  one or two n u c le i  in v o lv e d  i n  th e  c o l l i s i o n .

The s im p le s t  and m ost w id e ly  e x p lo ite d  ty p e  of in te r n a l d e g re e  of 

freedom , used  in  d i r e c t  r e a c t io n  th e o r y , i s  t h e  c a se  when one n u c le u s  i s  

consid ered  to  be composed of two n u c l id e s  h e ld  to g eth e r  in  a bound s t a t e  

by m utual ubL raction . The other n u c leu s  i s  a llow ed  to  i n t e r a c t  d i r e c t l y  

w ith  one o f  th e se  two s u b -u n i ts  to  produce an i n e l a s t i c  s c a t t e r in g  or 

a rearrangement c o l l i s i o n .  The p ro c e s s  o f s tr ip p in g  and p ick -u p  are shown 

p ic t o r ia l ly  i n  f ig u r e s  2 .2 .1 *
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T h is  in te r a c t io n  i s  t r e a te d  a s  a pertarba\aon  added to  tlie o p t ic a l  

p o t e n t ia l ,  w hich a c ts  between th e  c e n t r e  c f  mass o f th e  i n c id e n t  and 

ehe t a r g e t  n a c le i*  A more s o p h is t ic a te d  m odel would be to  re g a rd  the 

t a r g e t  n u c le u s  as c o n s is t in g  of a core w ith  s e v e ra l  n u c le o n s  bound to  

i t ,  tiie  core  r e s u l t i n g  from a l l  th e  n u c le o n s  i n  the  c lo s e d  s h e l l  and 

th e  n u c leo n s bound to  th e  c o re  b eing tlie  n u c le o n s  i n  th e  in co m p le te  

s h e llo

A th ir d  ty p e  o f i n t e r a c t i o n  which has been u s e d , i s  th e  i n t e r a c t io n  

o f  one n u c le u s  w ith  c o l l e c t i v e  modes o f  m otion  o f th e  o th er . T his k ind  

o f in te r a c t io n  g iv e s  r i s e  to  i n e l a s t i c  s c a tte r in g  due to  r o ta t io n a l and 

v ib r a t io n a l  s ta te s *

Such sim ple  p ic tu r e  o f n u clear  r e a c t io n  p ro c e ss  r e p r e s e n ts  an over 

s im p l if ic a t io n  of the tru e  s itu a t io n *  However, t h i s  model has proved to  

be  u s e f u l  to  th e  u n d e rs ta n d in g  o f many stru c tu re  problem s and has become 

a v e ry  im portant t o o l  o f n u c le a r  spectroscopy*

IVe g iv e  below  a d e s c r ip t io n  of th e  fo rm alism  of d is to r te d  wave 

bo rn  ap p ro x im atio n  (D;Y3A) th eo ry  which shows i t s  s a l i e n t  fe a tu r e s  b u t 

n o t th e  d e t a i l s  of e v a lu a t io n  o f th e  c r o s s - s e c t io n s .  The d e sc r ip t io n  

i s  s im ila r  to  t h a t  o f  S a tc h le r  [Sa 64]*

The t r a n s it io n  am plitude o f r e a c t io n  A (a,b )B  can be w r itte n  i n  

th e  biV fo rm alism  as

A,V = J [  f  %  4 " ^  k  ( 2 -2 - »
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H ere 13 th e  r e l a t i v e  d isp la c em e n t of ”a ” from  ''A" and th e  d i s p la c e 

m ent o f  from  'B%  where J  i s  th e  J a c o b ia n  o f th e  t ra n s fo rm a tio n  to  

th e s e  r e l a t i v e  c o o r d in a te s .  The fu n c t io n s  arid a re  the  " d i s to r t e d  

waves". They .-.re e l a s t i c  s c a t t e r in g  wave fu n c tio n s  which d e s c r ib e  th e  

r e l a t i v e  m o tion  o f th e  pair "a,A " (a s y m p to t ic a l ly  w ith  momentum k^) 

b e fo re  the  c o l l i s i o n  o r the  p a i r  " b ,3 "  (w ith  kj^) a f t e r  th e  c o l l i s i o n *  

AsympcoticALly, th e  s have th e  form  o f  a plane p lu s  a s c a t t e r e d  wave 

when th e r e  i s  no coulooib f i e l d  p r e s e n t ,  s can Ll, w r i t t e n  a s

X*^(k>r) exp(ikoY ) 4- f ( 6) ( 2 *2 *2)

The s u p e r s c r ip t  (-f) o r ( - )  d e n o te s^ u su a l o u t-g o in g  or in -g o in g  boundary 

c o n d i t io n ,  the two a re  r e l a t e d  by tim e r e v e r s a l w hich in  th e  absence  of 

sp in  has the. form

- (2 * 2 .3 )

In  th e  o p t i c a l  m odel ap p ro d , ma t i  o n , th e  d i s t o r t e d  waves a re  g e n e ra te d  

from  a S c h ro d in g e r e q u a tio n

ÎV" + i f  -  %  [U(Y) + W ( y ) ]  i x(k;Y) = 0 (2.2.4-)

where U(Y) l.s th e  o p t ic a l  model p o t e n t ia l ,  the coulomb p o te n tia l  and 

p i s  the reduced  mass o f  th e  p a ir*

VTicn the  p a r t i c l e s  "a" and "b" have s p in ,  a sp in  o r b i t  p o te n tia l  

i s  in c lu d e d  in  U(y ) i n  eq u ation  2 .2 .4 .  The fu n c t io n  X th en  becomes a.

-15-



m atrix i n  s p in  space x,.,! u h e re  m i s  th e  Z comps cen t o f spin* Terms 

m '/m  a llo w  th e  p o s s i b i l i t y  c f  s p i n - f l i p  d u r in g  th e  e l a s t i c  s c a t t e r in g .  

The tim e r e v e r s a l  r e l a t i o n  2*2*5 th e n  becomes

(k.X) = ( U . Ï )  ( 2 .2 .5 )

In  s im i la r  way, c o u p lin g  to  th e  n u c le a r  s p in  would malee x dependen t 

upon sp in s a l s o .

The rem aining f a c to r  in  the am plitude 2 .2 .1  i s  th e  m a tr ix  e lem ent 

o f .the in te r a c t io n  c a u s in g  th e  n o n - e l a s t i c  e v e n t,  talcen between the  

i n t e r n a l  s t a t e s  o f  th e  c o l l id in g  p a i r s ,

< B ,b |v |A ,a >  = f  V d^ (2 .2 .G )

where ^ r e p r e s e n t s  a l l  th e  c o o rd in a te s  independent o f y  and T his

fa c to r  i s  a fu n c tio n  o f  Y and y, and plays the r o le  of an e ffe c tiv e
— a  — D

in te r a c t io n  between th e  e l a s t i c  s c a t t e r in g  s t a t e s  x^ und x^ . I t  c o n ta in s  

a l l  th e  in fo rm a tio n  on n u clear  s tr u c tu r e , angular momentum s e le c t io n

r u l e s  and the ty p e  o f r e a c t io n  bein g  considered*
■

T h is  f a c t o r i z a t i o n  o f th e  in te g r a n d  o f am p litu d e  212*1 has g r e a t  

a d v a n ta g e s . I t  makes i t  p o s s ib le  to  t r e a t  th e  dynamics o f  e l a s t i c  

s c a t t e r i n g  w h ile  m aking u se  o f  v e ry  general ( fo r  example r o t a t i o n a l )  

p r o p e r t ie s  o f  th e  n u c le a r  m a tr ix  e lem en ts  2 .2 * 5 . The "physics" of th e  

r e a c t io n  then a p p e a rs  in  Une m agnitude and ra d ic l  shape o f t h i s  f a c t o r  

( i . e .  eq* 2.2*5)*

—16—



:Vi0 m a tr ix  e lem en ts  2*2*6 can be expanded i n to  term s w hich 

c o rre sp o n d  to  th e  tr a n sfe r  t o  th e  n u c le u s  o f  a d e f in i t e  angular momentum 

J ,  w hich i n  turn i s  com prised  o f o r b i t a l  p a r t  i and a s p in  p a r t  S. I f  

the p a r t i c l e s   ̂a' and *b' have sp in s  and 'S ^ ' ,  and th e  ten g e t  and

r e s id u a l  n u clear  s p in s  a re  and r e s p e c t iv e ly ,  we d e f in e

j = S = ! = J -S  ( 2 .2 .7 )

V ery o fte n  only one v a lu e  o f &, S and j i s  allow ed or i s  im p o rta n t in  

a g iv e n  tr a n s it io n *  The m u ltip o le  s e r ie s  expansion o f  2.2*6 may be 

w r i t t e n  w ith  Clebsch-Cordan c o e f f i c i e n t  ccrrcsp cn d in g  to  the v e c to r  

c o u p lin g  o f th e  q u a n t it ie s  i n  (2*2*7) as

S .
X (-1 ) , < 1 % ,  |S

X <&sm, > * (2*2*3)

w here rn = M^Avh-hrn^-m^, The symbol "aA ", "bB" as argum ents o f  G denote  

dependence on th e  v a r io u s  n u c le a r  quantum numbers ( o th e r  th a n  Z 

component o f  s p in ) * The f u n c t io n  G may be d e f in e d  by th e  in v e r te d  

form  of expansion 2.2*8*
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( - 1) < jg W  , < S a U Y - h  h  Y - y :

X <13 m, | j  M^-4,I^> (2 .2*9 )

I t  i s  u s e f u l  to  w r ite  G as p ro d u c t of two f a c to r s

" ; s j ,m  -  ^& sj ^& sj,m  (2 .2 .1 0 )  .

T h is  s e p a r a t io n  in to  s p e c tro s c o p ic  c o e f f ic i e n t  ‘/ I  and a form fa c to r  ^ f' 

i s  one o f  c o n v e n ie n c e , so t h a t ,  f o r  e x a e p le , s ta n d a rd  ty p e  of form  

fa c to r s  ivith sim ple n o r m a l is a t io n  may be u sed  i n  ccm putaticc» I t  i s  

n a tu r a l  to  choose to  in c lu d e  such q u a n t i t i e s  as f r a c t i o n a l  p a re n ta g e  

c o e f f i c i e n t s  fo r  th e  i r i t i a l  or th e  f in a l  n u c le a r  s t a t e s  and th e  

in te r a c t io n  s tr e n g th .

The am p litu d e  2.2*1 in v o lv e s  an i n t e g r a t i o n  o v e r th e  space o f both  

T ,T, and th e  n u m erica l e v a lu a tio n  o f such a s ix  d im e n sio n a l in te g r a l
— 'd  D

i s  q u i te  d i f f i c u l t *  F or t h i s  r e a s o n , th e  so c a l le d  "ze ro  range" 

ap p ro x im atio n  i s  o f te n  in trod u ced . T h is  z e ro  range assum ption  has  th e  

p h y s ic a l  m eaning t h a t  th e  p a r t i c l e  ’b- i s  em itted  a t  th e  same p o in t  a t  

which p a r t i c l e  ^ a ’ i s  ab so rb ed , so t h a t  Uq (^^here A and 3 a re

th e  m asses o f th e  corresponding n u c le i ) .  The form fa c to r  2.2*10 can 

then be w r itte n

—1S—



= V s j ' h '  W ( V V  ® %  “ i P ?  d o 2 . 11)

As a r e s u l t ,  th e  a m p litu d e  2 .2 ,1  i s  reduced  to  a th re e -d im e n s io n a l 

i n t e g r a l  which is ,  c o n s id e ra b ly  e a s ie r  t o  e v a lu a te .  U sing expansion  

c o e f f i c i e n t  2 . 2 . 8 , th e  t r a n s i t i o n  a m p litu d e  can be w r i t t e n  as

U a  /  U ,  x ÿ , *  (% W b) A >

nv

.  A ^ i ' U ’3 > % . '  ( A U P  ( 2 , 2 . 12)

2s j  ,

where m = . The reduced  a m p litu d e  p i s  g iv e n  by

1, dm m-, m
( 2j 4- l) '-  3 ,̂  ̂ ^ ^ = )  <dsr.f ,n f -m ' I j  m-m +m ^' * jJ CL / cL L) Jj (h.

X <3.S, r.h-iih S m* -  rrr > (-1 ) ' / dy dva n  a b ' a n  / - a  - o

^ i , y *  % ' A )  U s j . m i A 'A )  (2 .2 .1 3 )
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l ii  l . e  u - A.Û8 of s p in  o r b i t  c o u p lin g , th e  becomes d ia g o n a l in

and in d e p e n d e n t c f  th e  s p in  components . The s p in  dependence o f  

th e  red u ced  am p litu d e  may th e n  be f a c t o r i s e d  o u t as

<.2j+1)’“ .6IV "b "a (ho S .O .) = <&snnm -np jm-rn,+im > ,'b j  ' a b  ' D a '

S -mq 1 .
:< ^ ^ ^ (2&4-1)"- pgj (2.2*14)

rvnere now

( 2 ^ . 1) f %

( h - r J  (2 .2 .1 5 )ts j^ m  —b -^a a a / - a

T ills p w i l l  depend upon and * j ‘ i f  th e  form  o f ' f ' depends upon 

thc;..a quantum numbers* ' ' '

The d i f f e r e n t i a l  c r o s s - s e c t io n  f o r  th e  u n p c la r is e d  p r o j e c t i l e s  and 

u n p o la r is e d  t a r g e t  n u c le i  i s  g iv en  by

u. K 9
^  _ U i l   ( 2 . 2 . 1G)un (2%!?)^ (2 j,+ 1 )(2S ^ + 1)a

w here and p.. a re  th e  red u ced  m asses o f th e  r e s p e c t iv e  p a r t i c l e s ,  

th e  sum i s  over !V^,ni,AIg, m^» In  term s o f red u ced  am p litu d e  2*2*13, 

t h i s  becomes

—20—



i l l   5  \ i  I T A |2
( 2 . 1 ) "  A  ( 2 J , A ) ( 2 3 . 1 )  a  ' i  I

j m  r,Y !« „  w a

(2 .2o17)

we n o te  th a t  sum over and i'.L has made d i f f e r e n t  j  v a lu e s  in c o h e re n t ,  

b u t i n t e r f e r e n c e  between d i f f e r e n t  s and t  re m a in s . I f  on ly  one v a lu e  

o f  s and I a re  im p o r ta n t  o r a llo w ed , e q u a tio n  2.2* :7 may be w r i t te n

V
2 ] -T- '■•̂ 3 \  ■ ' Zsj

'a2 j y '  L  23 ^1
o r . ,  (G) (2 .2 .1 8 )

j

w here th e  reduced c r o s s - s e c t io n  i ;

O- (ft) = _ J L y  “  > I p  d  1 “  (2 .9 .1 9 )
‘ "J ( 2 ,1 ) ^  A

IVhen where i s  no s p i n - o r b i t  co u p lin g , we u se  eq u a tio n  2 .2 .1 4  to  o b ta in

m nr m
D c

(No S .O .) = y   ^ ---- cr (No S .O .) (2 .2 .2 0 )

vgsj a

w here th e  reduced c r o s s - s e c t io n  now becomes

0-, (No S.O.) = - i ü -  -±  y  I y f  f '  (2.2.21)
- - J  2 j  ^  1 A  h  Sj '

A m

I n  t h i s  c a s e , th e  f r e e  sum over m and m.̂  has made, t  and s sum in c o h e re n t  

as  w e l l . In  th e  n e x t  s e c t io n  we s h a l l  see  e x p l i c i t l y  th e  d if fe r e n t  

q u a n tit ie s  i n  th e  g e n e ra l  fo ru iu lism  o u t l in e d  above a s  a p p lie d  t o  th e  

r e a c t io n s  reported  in  t h i s  work*
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3 32 .3  The ( He,d) (d . He) r e a c t io n s  and DWBA

In t h is  s e c t io n  s p e c ia l  c o n s id er a tio n s  are given  to  some o f the

fa c to r s  in  tlie  gen era l form ulation  o f the previous s e c t io n  as app lied  

3 3to  th e  r e a c t io n s  ( He, d) and (d . H e). F igure 2 .3 .1  shows sch em a tica lly
3the s i t u a t io n  in  the c a se  o f  A(d, He)B.

- . A  B

F ig . 2 .3 .1  Schem atic diagram o f  r e a c t io n  A(d,^He)B

The ham ilton ian  o f the system  can be w r itte n  as

«  = ( 2 - 3 - 'a)

= Tb > + Td,p + _  (2 .3 .1 b )

The i n i t i a l  and f in a l  s ta t e  h am ilton ian s are

" l  = ?d,A + ^B.p + ^B ,p ( 2 ,3 .2 )

« F =  ^ ( 2 .3 .3 )
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So th e  i n t e r a c t io n  p o te n t i a l  w hich p ro d u ces  the  r e a c t i o n  u s in g  p r io r  

i n t e r a c t i o n  form  would be

(2 .3 .4 )

where i s  th e  o p t ic a l  p o t e n t i a l  chosen t o  d e s c r ib e  e l a s t i c  s c a t t e r in g

i n  th e  'd-rA' sy s tem . A rgu ing  t h a t  V a n d  c a n c e l l  ench o th e r ,  th e  .

i n t e r a c t io n  p o t e n t i a l  becomes T h is  a p p ro x im atio n  seems re a so n a b le

enough p h y s ic a l ly o

h i t h  t h i s  ap o ro x im a tio n  th e  n u c le a r  m a tr ix  e lem en t can be ^ s r i t te n

<B '^K e |v^^ |d ,A  > =  <B|A> <^He |v^ ^ |d  >: ' ( 2 .3 .5 )

The f i r s t  te rm  w i l l  be ta k e n  up i n  th e  s e c t io n  on bound s t a t e  wave 

fu n c t io n s  and w i l l  be snown to  be concerned  w ith  s p e c tro s c o p ic  f a c to r s ,  

The second can be v .T itte n  i n  th e  form

=  J-C  D(y) (2 .3 .6 )

Avhere p i s  the  i n t e r n a l  c o o rd in a te  o f  th e  d eu te ro n  and r  i s  th e  c o o rd in a te  

o f  th e  n u c leo n  r e l a t i v e  to  d e u te ro n  c e n tr e  o f m ass. The f a c to r  v a r i s e s  

from  a n ti- s y m m c tr iz a tio n  and i s  eq u a l to  th e  number o f  e q u iv a le n t  n u c leo n s



i n  th e  th re e  n u c leo n  sy stem , a r t  C i s  t h e  c o e f f i c i e n t  o f f r a c t i o n a l  

p a re n t a g e . F o r d eco m p o sitio n  c f  t h r e e  nu c leo n  sysoem i n to  t r i p l e t ' 

d e u te ro n  and c a p tu re d  n u c le o n , the p ro d u c t ,  v'C = Vh* I t  i s  c o n v e n ie n t 

to  f a c to r  th e  i n te g r a l  i n  2 .3 .6  in to  an  a m p litu d e  D and a range  

f u n c t io n  f (Y) w ith

D^.= / dy  / dp ^^(p)  ^ \y ,p ) ( 2 .3 .7 )

and

(2 .3 .8 )

in  th e  z e ro - ra n g e  a p p ro x im a tio n  th e  range f u n c t io n  f(Y) i s  t alien as 

a d e l t a  fu n c t io n

f(Y) = 6(Y) (2 .3 .9 )

The z e ro -ra n g e  distorted  wave cross-section  i s  proportional to

d e f in e d  as

2

2

D
X

1.08
(2 .3 .1 0 )

where D i s  i n  MeV fm .

'.Vith t h i s  d e f i n i t i o n  o f 'N ’ th e  d iffe re n tia l c r o s s - s e c t io n  for 

th e  (^He,d)  becomes [lii 67]
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T 3 ' I   ̂ I 9
( i i&jd) =  N - .ir r r r  c r s ( z , j )  o)  (G) ( 2 . 5 . 1 1 )Ll ̂  t I JL̂\J . “i* J V I2 J . + i

ro r me in v erse  reac tio n  one oi

^ ,̂9 i 3 9 9 *
( 6 , Be) - | N C - *  z : : , S )  c-j, ( 6) ( 2 . 3 . 12)

Where S( ^ j )  i s  th e  u s u a l  s p e c tro s c o p ic  f a c t o r .  i s  th e  i s o s p in  

C leb sch -G o rtan  c o e f f i c i e n t

C = < T^4, M-ra . |t^M>

w here Ivl = o f th e  t a r g e t ,  m = The reduced  c r o s s - s e c t io n

cTj . ( G) h as  already been d e f in e d  i n  the  eq u ation  2 .2 .9 .  The n o rm a liz a tio n

c o n s ta n t  has  been d e f in e d  h e re  i n  such a way [by the i n c lu s io n  o f -5 in
3 3uhe ca se  o f (d . He) ] t h a t  i t  i s  th e  same fo r  b o th  th e  (d , He) and

3
( He, d) r e a c t io n s .

The n o rm a l iz a t io n -  con stan t ’N' has been e v a lu a te d  both t h e o r e t i c a l l y  

and e x p e r im e n ta l ly  on a number o f o c c a sio n s . T here i s  c o n s id e ra b le  s c a t t e r  

on th e  v a lu e s  q u o te d . The v a lu e  o f 4 .4 2  eva lu ated  by E asse l [Bao6 ] 

hus been w ide ly  u sed .

One o f th e  aims o f t h i s  work, i n  th e  study  o f some o f t h e  ( d , % e )  

r e a c t io n s  has been  to  i n v e s t ig a t e  t h i s  v a r ia t io n  in  Tne problem

c o n c e rn in g  th e  v a r i a t i o n  i n  ' is  c o n s id e red  in  d e t a i l  i n  

c h a p te r  VI where (d,^He) work . .  ts rep o rted .
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The DWBA c a lc u la t io n s  reported  in  t h i s  work were performed hy ..-■y'.--

, u sin g  the U n iv e r s ity  o f Colorado sp in  o r b it  v e r s io n  o f . the programme ' I  

DWAKE m odified  to  run on the Heirwell IBM 360/75  computer ( c . f .  appendix B ).

The c a lc u la t io n s  were performed in  the zero range approxim ation . 

u sin g  lo c a l  p o te n t ia ls  o n ly , because the n e t  e f f e c t  o f n o n - lo c a lity  o f t  

n u clear  p o te n tia l  and the f i n i t e  range approxim ation in  the DWBA 

c a lc u la t io n s  i s  to  in c r e a se  th e  magnitude o f  th e  c r o ss  s e c t io n s  [Hi67]« . , 

T h is i s  e q u iv a le n t  to  a d ecrease  in  the value o f 'N' and hence i s  o f nog : 

consequence in  the e x tr a c t io n  o f  t i e . reLa t iv e  sp ec tro sco p ic  f a c to r s .

2o4 Bound S ta te  Wave Functions and DWBA

In  th e  form ulation  fo r  d i r e c t  r e a c t i on A (a,b)B  where one nucleon  

i s  tra n sfe r re d  to or from ta r g e t  n u c le u s , the t r a n s i t io n  am plitude 

c o n ta in s  as a fa c to r  th e  overlap  o f  the i n i t i a l  and th e  f in a l  n u clear  

wave fu n ctio n s  ( i . e .  equation  2 .3 .5 ) .  T his fa c to r  can be w r itten  as

<Ja  j  m|jBMB> I  /

.. dm  f  - ' . ;/:/■

In equation  2 .4 ,1  an expansion in to  s t a t e s o f  d e f in i t e  t o ta l  angular  

momentum J  has been done, J . and J .a r e  the sp in s o f  the ta r g e t  and 

r e s id u a l n u c le i  r e sp e c t iv e ly ;  and Mg are t h e ir  Z -p r o je c tio n s .

Clebsch-jGordan c o e f f ic i e n t s  take care o f  th e  angular momentum co u p lin g . 

I f  th e  i s o - s p in  form alism  i s  used 2 .4 .1  w i l l  a lso  con ta in  an i s o - s p in  

C-<5 c o e f f i c i e n t .  The symbol ^ stands fo r  in te r n a l co o rd in a tes  o f  the
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t a r g e t  n u c le u s , v l ' l l e  x s ta n d s  fo r  s p a t i a l ,  sp in  and i s o - s p in  c o o rd in a te s  

o f  th e  c a p tu re d  n u c le o n . D efined  i n  t h is  way, i n  g e n e ra l  6 i s  n o t 

n o rm a lise d  to  u n ity  ^ . en i f  i|/, end t  are . S ince  c f "  i s  a fu n c t io n  o f ■
A  b  ‘

th e  tra n sfe r re d  nucleon  c o o r d ic a tes  a lo n e , i t  i s  fre q u en tly  r e ferred

to  as  th e  wave f u n c t io n  o f  th e  captured (p ick ed -u p ) p a r t ic l e .

The q u e s tio n  now a r i s e s  hcrw do we s p e c ify  t h i s  form  fa c  ;.cr c/>?

I t  can t e  expanded in  term s of th e  * S h e l l  tic d e l"  s in g le  p a r t ic le  

o r b ita l  (x) i . e .  e ig e n s t a t e s  o f some s in g le  p a r t ic le  p o t e n t i a l  w e l l .  

The o r b ita l  angular momentum I i s  r e s t r ic t e d  to  one o f th e  v a lu e s  

l=j± '2  a c c o rd in g  to  the p a r i t y  change i n  th e  t r a n s i t io n ,  s in c e

= (-1 )^  (2 .4 ,2 )

The exp an sio n  then i s  ev e r p r in c ip a l  quantum n ccber n and o f course  

continuum s t a t e s  i f  the w e ll  chosen  i s  o f f i n i t e  depths We would l ik e  

to  th ink  th a t  on ly  one such term i s  im p o rta n t and i t  i s  on t h i s . b a s i s  

t h a t  m ost o f th e  d i s t o r t e d  wave c a lc u la t io n s  o f s tr ip p in g  h a v e ,been 

made. T h is  ap p roach  i s  v e ry  reasonable fo r  c lo se d  s h e l l  ta r g e ts . I f  

th e r e  i s  n e g l ig ib le  rearrangem ent of t h e  c lo s e d  s h e l l  c a se  when e x t r a  

n u c leo n  i s  added, th en  eq u ation  2 . 4 . T d e f in e s  th e  s h e l l  model s in g le ,  

p a r t ic le  wave fu n c tio n . T h is  alone i s  not o f cou rse, s u f f i c i e n t  to  

d e te rm in e  the  s h e l l  model p o t e n t i a l  w e ll o f  which i t  i s  an e ig e n fu n c tio n . 

However we can be guided by o p t ic a l  model an a lyses  of n u c le o n  e l a s t i c  

s c a t t e r in g  from  th e  t a r g e t s  and assume t h a t  the bound n u c leo n s move in  

a p o t e n t ia l  w e ll  s im i la r  shape w ith  same rad iu s and s u rfa c e  d if fu s e n e s s .
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a

We then a d ju st th e  depth o f  the w e ll to g.lve lln d ir ig  enera^ equal to  

the observed sep a ra tio n  energy o f the nucleon» One of th e  p r o p e r tie s

th e  fo rm  f a c t o r  ^ i n  equation  2.4*1 of w hich  we are c e r ta in  i s  t h a t ,  

y m p to t i c a l l y ,  i t  must d e c re a s e  e x p o n o n t i a i i y  as exp (-K r) w ith  decay
&-# "j

len g th  K determ ined by th e  sep a ra tio n  energy s ,

~ ^3 '̂ A (2«4o5)

IC =2M G (3,A)/h^ ' ( 2 .4 .4 )

so  the u s u a l  p r e s c r ip t io n  i s  to  gen erate  6 as an e ig e n  fu n ctio n  i n  a 

p o te n t ia l  w e ll w ith  a b inding energy equal to  sep a ra tio n  energy wliich

l e a d s  to  the  c o r r e c t  asym ptotic form of t a i l  (b u t  n o t  n e c e s s a r i l y  w i th  

c o r r e c t  nor ' . l i s a t io n ) . TMs p r e s c r i p t i o n  i s  l<nown as  th e  sep aration  

energy'- procedure. But we do n o t  leaow where and hc.v to  match t h i s  t a i l
-wv

on the model 0 which we are u s in g ^ th e  n u clear  in t e r io r .  This  azabiguous 

t r a n s i t io n  occu rs  a t  s u r f a c e  reg ion  from where the  m ost important 

co n tr ib u tio n  to  s tr ip p in g  comes.

T,vo a s p e c t s  o f  th e s e  u n c e r ta in t ie s  i n  6  may be d is t in g u is h e d . They 

a re  shape and magnitude of 6 i n  one s u r f a c e  r e g io n . The shape o f  à 

a f f e c t s  the shape o f  the s tr ip p in g  a n g u la r  d is t r ib u t io n ,  because i t  

determ ines the r e l a t i v e  w eight w ith  which v a r io u s  p a r t ia l  waves 

c o n tr ib u te . The dependence i s  not strong provided the teJ.1 f a l l s  

ex p o n e n tia lly  w ith  decay , which does not v i o l a t e  eq u a t io n  2*4.3 and 

2 .4 .4 .  to o  v i o le n t ly .
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The magnitude o f the s tr ip p in g  c r c s s - s e c t i o n  i s  roughly p roportional 

to  th e  v a lu e  of j 0 | "  i n  th e  s u r f a c e  r e g i o n ,  ( o th e r  thi;-...;s be ing  equal) 

s in c e  t h e  u s u o l - in te r p r e ta t io n  o f  6 i s  as t h e  produen o f  a n o rm alised  

s i n g l e  p a r t i c l e  wave fu n c tio n  t im es  a sp e c tro sco p ic  am plitude [frGO],

' ( 2 .4 .5 )

I t  i s  c l e a r  t h a t  v a lu e s  of S ex tr a c ted  from experim ents depend s e n s i t i v e l y  

upon th e  model chosen for

An e x a tp l e  of th e  cliff: 

c o n f i g u r a t io n s  h a s  t e e n  g iven  t y  P in k s to n  [PiG o]. I t  i s  f . e  c a se  of
Tiuc-leon.

the a d d i t i o n  o f . a  fu r th er  nuc leon  to  a c lo s e d  s h e l l  plus one^nucleus.

I f  i n  the s h e l l  .model sen se, i t  e n ter s  th e  same o r b i t  a s  the e x t r a  c lo se d

s h e l l  nucleon o f  th e  ta r g e t , th e  r e s u l t i n g  c o n fig u r a tio n  can form

s t a t e s  of s p in  r a n g in g  from 0 to  2j . These w i l l  have d i f f e r e n t

e n e r g i e s ,  t h a t  i s  to  say , the se p a ra tio n  energy fo r  removing an

a d d i t i o n a l  nuc leon  from 3, l e a v in g  the t a r g e t  n u c le u s  À i n  i t s  g ro u .a

s t a t e ,  depends upon On the other hand th e  s h e l l  model p i c t u r e  l e a d s

us to  t h in k  of the  second nuc leon  ' i n  the same o r b i t ' ,  t h a t  i s ,  having

th e  Scume wave f u n c t io n  as th e  f i r s t  one, ir r e s p e c t iv e  of The

d i s c r e p a n c y ,  of course, i s  due to  th e  r e s i d u a l  i n t e r n e c ion  between the  
ike

two nuc leons  and to ^ u s e  o f two p i c t u r e s  which t i c e  account of t h i s  

i n  d i f f e r e n t  ord ers. Indeed , the u s u a l  s h e l l  model c a l c u l a t i o n s  ig n o re  

th e  e f f e c t  of t h i s  i n t e r a c t i o n  on the  ra d ia l wave f u n c t i o n  of the  two 

n u c le o n s ,  but talce acco u n t  of i t s  e f f e c t  on th e ir  t o t a l  energy and i t s

dependence on
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s t r i p p i n g  p r e d i c t i o n s  from th e  s e p a r a t i o n  energy p ro ce d u re  h as, 

i n  sc.:..e c a s e s  [Sh64, YnG5, 1 1 6 2 ], l e d  to  r e s u l t s  d i f f e r i n g  s t ro . .p iy  

from th o s e  expec ted  from s h e l l  model c o n s id e r a t io n .  T h is  has l e d  to  

an a l t e r n a t i v e  p r e s c r ip t io n  [Sh64, YnG3, 1162] o f f i x i n g  w e l l  d e p th  

so os  to  g ive  a b in d in g  energy eq u a l  to  the z e r o - o r d e r  (or K artree--?och) 

s in g l e  p a r t i c l e  energy fo r  t h a t  o r b i t ,  i r r e s p e c t i v e  of s e p a r a t i o n  energy. 

The d is c r e p m c ie s  j u s t  m entioned  th en  seem to  be la r g e ly  removed. On 

t h e  other hand, t h e r e  a re  c a se s  where t h i s  second p r e s c r i p t i o n  does n o t  

seem to  g ive  r e s u lt s  as  good a s  th e  f i r s t  [3 j64 ]o

R e c e n t ly  P rakash  [PrGSJ has  examined the pro tle ru  o f  the r e l a t i o n s h i p  

between d i f f e r e n t  ty p e s  o f  form f a c t o r s .  The form fa c to r  0'('Xx) i n  

p re se n c e  of e x t r a  c o re  n u c le o n s  w i th  r e s id u a l in te r a c t io n s  s a t i s f i e s  

t lie  e q u a t io n

-  h ( x ) ]  ( t y  (x) = p " ' ( x )  ( 2 .4 .6 )J J

where

T  = — - ~ 2 ~  Z ( f i l ) ]
2m X

ana

P"̂ ' (̂x) = / f  dg- dx [ X \

i  = S'

where g' stands fo r  c o o rd in a te s  of - th e  e x t r a  co re  nucleoris. (x) i s  t h e  

e f f e c t i v e  c e n t r a l  f i e l d  as e x p la in e d  by Prakash and A u ste rn  (Pr69)«

Other q u a n t i t i e s  have been d e f in e d  i n  c o n te x t  o f  e q u a t io n  2 .4 .1 ,
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E q u a tio n  2 .4 .G  can be r e - w r i t t e n  a:

-  u'f(x) -  l f ( x )  ] 0:'̂  (x)  = 0  ( 2 .4 .7 )

p  P ^ 'X x )
w here U (x) =

i s  th e  p s e u d o - p o te n t i a l  whose a d d i t io n  to  (x) would i m i t a t e  th e  e f f e c t
BA ^

o f  th e  inhomogeneous term  P ' (xl  Agreement o r  o th e rw is e  o f  t h e  s o lu t io n s

from e q u a t io n  2 .4 .7  w i th  th e  s e p a r a t i o n  energy  p ro ce d u re  depends on th e  

P,shape o f  U. (x)  because  t h i s  ore s c r i p t !  on assumes t h a t  t h e  e f f e c t  o f  :
BA • • ■ ■

tlie  inhoniGgeneous term  P (x) i s  t o  add a p s e u d o - p o te n t i a l  t h a t  on ly

a l t e r s  th e  dep th  of U j(x )  w i th o u t  a l t e r i n g  th e  Saxon-wood shape.

So, i n  p r i n c i p l e  one can d isp e n s e  w ith  th e  e m p i r ic a l  p r e s c r i p t i o n s
fts

by so lv in g  e q u a t io n  2.4oG.^this can n o t  be done w i th  th e  computer 

programmes a v a i l a b l e  t o  u s ,  we s h a l l  c o n t in u e  to  use  d i f f e r e n t  e m p ir ic a l  

p r e s c r i p t i o n s .  The p ro ce d u re  adopted and consequent e f f e c t s  w i l l  be 

p o in te d  ou t i n  each c a se  unde r  consideration .- ,

2 .5  E i a s r i c  f - ‘̂t t a r i n g .  O p t i c a l  P o t e n t i a l  and DWBA

E l a s t i c  s c a t t e r i n g  of nuc leons  and v a r i o u s  l i g h t  n u c le i  from 

a g r e a t  num ber,of t a r g e t s  have been s tu d i e d  i n  g r e a t  d e t a i l  i n  the  

l a s t  de c ad e .  I t  h a s  become custom ary to  a n a ly se  e l a s t i c  s c a t t e r i n g  

d a t a  i n  te rm s of an o p t i c a l  model.

O p t i c a l  model a n a ly s i s  i s  r e l e v a n t  to  n u c le a r  s t r u c t u r e  f o r  two 

incin r e a s o n s .  F i r s t l y ,  th e  o p t i c a l  model p o t e n t i a l  i s  s im ply  the  s l ic l l  

mod e l  p o t e n t i a l  ex tcnued  i n t o  r e g io n  of p o s i t i v e  energ}^, acid second ly ,
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knowledge o f the o p t ic a l  p o te n t ia l  i s  needed to  e x tr a c t  in form ation  

on the n u clear  stru c tu re  from the d ir e c t  r e a c tio n  measurements ©

The most fre q u en tly  used phenom enological o p t ic a l  p o te n tia l  has 

the form .

' I ;

V(y) = V^(y) + U f(y) + iWg(y) + Ugh(y) U S  ' ( 2 .5 .1 )

where i s  the coulomb p o t e n t ia l ,  U and W are th e  rea l and imaginary  

depths o f n u clear  c e n tr a l p o t e n t ia l ,  i s  th e  s p in -o r b it  p o te n t ia l  > 

depth , f ( y ) ,  g (y ) and h(y) th e ir  r e sp e c t iv e  form fa c to r s , and ^ .S  th e  

s p in -o r b it  op era to r . There i s  l i t t l e  phenom enological evidence fo r  

an im aginary part o f the sp in  o r b it  p o te n tia l  so i t  i s  u su a lly  consid ered  

to  be absent©

I t  i s  a s u f f i c i e n t ly  good approxim ation to  assume th a t  the charge 

o f  the in c id e n t  nucleon  or n u c le i i s  con cen trated  a t  a p o in t and n uclear  

charge i s  uniform ly d is tr ib u te d  throughout a sphere o f rad iu s R. • This 

g iv e s

—  (3 -  - ^  ) ■ fo r  y  •< r '
R

V ^ ( y )  =  ' ( 2 . 5 . 2 )

Zze'
Y fo r  Y > R

I t  t u r n s  o u t ,  h o w e v e r ,  t h a t  t h e  c a l c u l a t e d  c r o s s - s e c t i o n  a r e  v e r y  

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

The form fa c to r  f (y )  i s  g e n e r a lly  taken to  be Wood*-Saxon type
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f ( r )  = ------------------------  • ( 2 .5 .3 )
1 + exp (

a p p ifô x i

In t h i s  ex p ress io n  R i s  the r a d ia l d is ta n c e  a t  which f (v )  h as^ h a lf  

i t s  maximum v a lu e  and a ls o  i t s  g r e a te s t  r a te  o f change. I t  thus 

corresponds approxim ately to  th e  reg ion  where n u c lea r  d e n s ity  i s  

l ik e w is e  f a l l in g  r a p id ly  and so i s  re ferred  to  as th e  n u clear  r a d iu s .
V

The quan tity  R = A? where A i s  the mass number and Y q  ~  1o3f.

The parameter 'a* determ ines th e  ra te  a t  Wiich the fu n ction  f (y )

f a l l s  from i t s  maximum va lu e to  z e r o . I f  i t  i s  sm all the fu n ctio n  f a l l s

o f f  sharp ly  around y=R w h ile  i f  i t  i s  la r g e , the f a l l  i s  gradual. I t

i s  th u s conven ien t to  r e fe r  to  i t  as the su rface  d if fu s e n e s s  parameter 

and has a value around .5  to  I f .  T h e o r e t ic a l arguments '[Ho66] su g g est  

th a t  imaginary p art o f th e  p o te n t ia l  i s  predom inantly peaked^in the  

reg io n  of nu clear  su r fa ce  a t  low  e n e r g ie s  and p r o g r e ss iv e ly  spreads 

through out the n u clear  in t e r io r  as energy in c r e a s e s . The required  

su r fa ce  peaJcing and exp on en tia l f a l l - o f f  can be obtained by a llow in g  

g (y ) to have the form o f the r a d ia l d e r iv a t iv e  f (y )  norm alised so th a t  

g(R) = 1, Thus the su rface  absorbing p o te n tia l

4  exp[('ywR)/a]
g (y ) = ---------------:------------------9 (2 .5 .4 )

[1 + exp [(Y-R)/a] J

A Gaussian fu n c tio n  peaked a t  su r fa c e  g iven  by
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g^Cy) = exp [ -  ( . ( 2 .5 .5 )

has a lso  some tim es been used for  g ( y ) .

I t  i s  however found th a t  th e  c a lc u la te d  c r o s s - s e c t io n s  are very  

in s e n s i t iv e  to  the form chosen fo r  g ( y ) ,  prov id in g  th a t  in  each ca se  

a l l  the v a r ia b le  param eters are optim ised  and indeed  many s u c c e s s fu l  

c a lc u la t io n s  have been made u sin g  th e  same S^on-W oods form fo r  g(y) 

as f (y )o  C on verse ly , t h is  im p lie s  th a t  a n a ly ses  o f experim ental data  

can n ot be used to  determ ine the form of th e  im aginary part o f th e  

p o t e n t ia l .  The sp in  dependent terms in  the o p t ic a l  p o t e n t ia l ,  a r is e  

from the sp in  o r b it  and ten sor  fo rc e s  in  nucleon -n u cleon  in te r a c t io n .

The sp in  o r b it  form fa c to r  h(Y) has been found to  have the Thomas 

form,

■ i  ^  • ' ( 2 .5 .6 )

Deuteron O p tica l P o te n tia l

' A g r e a t number of s tu d ie s  and rev iew s have been p ub lished  about 

th e  deuteron o p t ic a l  p o te n t ia l  [Ho66, D i65 , H a64]. I t  has been found 

th a t  th ere  i s  a s e r ie s  o f depths for  th e  r e a l  p o te n tia l  [Ho66, E165] 

which can be used to  f i t  the e l a s t i c  s c a tte r in g  angular d is tr ib u t io n  

d a ta . I f  the wave fu n ction s corresponding to  d i f f e r e n t  depths o f the 

p o te n tia l  are examined, i t  i s  found th a t  fo r  a g iv en  p a r t ia l  wave they  ' 

a l l  have the same a^mptotic form and hence the same phase s h i f t ,  so th a t  

they can not be separated b y ,fu r th er  measurements. They d i f f e r  in  t h a t ,  

the wave fu n c tio n  corresponding t o  each p o t e n t ia l ,  in  the s e r i e s ,  has
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one h a l f  wave more in s id e  tJie n u cleu s than th e  n ex t sh a llow  p o te n t ia l  

[Pe63]o

T h eo r e tic a l c o n s id er a tio n s  ’[Ro6 5 , Ab66] in d ic a te  th a t  to  f i r s t  

order the p h y s ic a lly  appropriate, p o te n t ia l  i s  th a t  obta in ed  by adding 

th e  c o n tr ib u tio n  from each n u cleon . This i s  indeed vh a t i s  to  be 

expected  s in c e  th e  binding energy o f deuteron i s  v ery  sm all compared 

to  th e  nuclear p o t e n t ia l .

The deuteron o p t ic a l  p o te n t ia ls  show on ly  a few ra th er  i l l  d efined  

sy stem a tic  v a r ia t io n s  and the d e v ia tio n s  from them do n ot c o r r e la te  

w ith  any obvious fe a tu r e  o f n u clear  s tr u c tu r e .

I t  has been found th a t  th e  d i f f e r e n t ia l  c r o s s - s e c t io n  i s  u su a lly  

in s e n s i t iv e  t o  th e  presence o f  sp in  dependent terms in  the o p t ic a l  

p o t e n t ia l .  The a n a ly s is  o f such d ata  can not be used a t  a l l  to  e x tr a c t  

p o te n tia l  depth r e l ia b ly .  I t  i s  thus p re fera b le  to  u se a c e n tr a l  

p o te n t ia l  o n ly .

As pointed  out e a r l i e r ,  e l a s t i c  sc a tte r in g  d ata  i s  determ ined by 

the asymptotic form o f the wave fu n c tio n . Nuclear r e a c t io n s  in v o lv in g  

douterons depend however on m atrix  elem ents th a t  are e s s e n t ia l ly  overlap  

in te g r a ls  o f th e  deuteron wave fu n c tio n s , an in te r a c t io n  p o t e n t ia l ,  and 

the wave fu n ctio n  o f  the other p a r t ic le  in vo lved  in  the r e a c t io n . T his  

in te g r a l  i s  eva lu a ted  through out the n u clear  volume and i s  th e re fo r e  

s e n s i t iv e  to the deuteron wave fu n c tio n  in  the in t e r io r  o f  the n u c le u s . 

T h is in tro d u ces u n ce r ta in ty  in  the sp e c tr o sc o p ic  fa c to r s  c a lc u la te d .  

E f f e c t s  a r is in g  from t h is  source w i l l  be pointed  out in  r e le v a n t  p la c e s .
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'̂ He O p tica l p o te n t ia ls
3

A rev iew  o f He (h e lio n )  opticEil p o te n t ia l  has r e c e n t ly  been 

conducted by Hodgson [K068], I t  has been found, as in  the case  o f  

d euteron , th a t a s e r ie s  o f  p o te n t ia ls  are capable o f e x p la in in g  e la s t i c  

s c a t t e r in g  data . To f i r s t  o rd er ,th e  p h y s ic a lly  appropriate p o te n tia l i s  

• ob ta in ed  by adding the th ree  c o n tr ib u tin g  nuCleon p o te n tia ls  

[Ro65,Ab66]. As poin ted  out b efore  in  deuteron c a se , t h i s  i s  to  be 

expected  s in c e  th e  b ind ing energy o f h e lio n  i s  sm all compared w ith  

depth o f  th e  n u clear  p o t e n t ia l ,

A few  s tu d ie s  o f the v a r ia t io n  [G i67, Ha67] o f  the p o te n t ia l  w ith

3 - 3He energy have been made for  s e le c te d  n u c le i .  The r e s u lt s  for He

s c a tte r e d  by "̂ Ĉa and ^^Ni show very sm all v a r ia t io n s  [G i67],

Study conducted by Hubert e t  a l .  [H i67] for  and w ith a

* 3s e r ie s  of p o te n t ia ls  in  the DWBA fo r  the (d . He) r e a c t io n  show th a t  the

shape o f angular d is tr ib u t io n  i s  u n a ffec te d  for  0 < 5 0 ° . However th e

magnitude o f the c r o s s - s e c t io n  has been found to  be a f fe c te d . As in

th e  ca se  of deuteron p o te n t ia l ,  e f f e c t s  from t h is  source w i l l  be

d iscu sse d  in  r e le v a n t  c a s e s .

There has been l i t t l e  ev idence fo r  the importance o f sp in  o r b it

p o te n t ia l  in  ^He o p t ic a l  p o te n t ia l  [Hi67,Ho6S]o So, in  a l l  our

c a lc u la t io n s  a sp in  o r b it  p o te n t ia l  was. not in c lu d ed .

2 .6  The C o e f f ic ie n t s  o f F r a c tio n r l Parentage and the S p ectroscop ic  
F a c to r s . ' ■

In t h is  s e c t io n  only the r e la t io n sh ip  between the c o e f f ic i e n t s

o f fr a c t io n a l parentage (c fp ) and the sp e c tr o sc o p ic  fa c to r s  are shown,

and no e x p l i c i t  co n sid era tio n s  are g iven  t o  the s h e l l  model or th e
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schemes o f  angular momentum co u p lin g  apart from a few comments.

The antisym m etrised N-nucleon wave fu n ction  can be expanded in  

terms o f the s t a t e s  o f the f i r s t  (N-1) p a r t ic l e s ,  the n -th  p a r t ic le  

being v e c to r  coupled  to  th e se  s t a t e s .  U sing t h e d ir e c t  product n o ta tio n  

of French and MacFarlane [Fr60] we have

< C J T I V „To>U

(2.6. 1)
^0^0

Z+S-j-T
( - 1 )  < C J T U ( j , s  x

C o t
4jZ

(2.6. 2)

I f  only id e n t ic a l  p a r t ic le s  are in vo lved  or neutrons and protons are 

antisym m etrised se p a r a te ly , th e  i s o - s p in s  may be ignored . On the l e f t  

hand s id e  o f the equation  2 .6 .1  the symbol ‘C’ stands for  a l l  the  

quantum numbers, apart from J and T and th e ir  Z-com ponents, n ecessary  

to  d e fin e  the s t a t e .  For example ’C*' might d e f in e  a s h e l l  model 

c o n fig u r a tio n  along w ith  L-S cou p lin g  s h e l l  model s ta t e s  or i t  m ight 

d e fin e  the so c a l le d  s e n io r ity  or sym p lectic  symmetry i f  the system  

i s  a pure JJ s t a t e .  Or i f  the s ta t e  i s  n o t sim ply describ ed  in  terms
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o f  some w e ll  known scheme, *C’ might stand for  an e n t ir e  s e t  o f  

expansion c o e f f i c i e n t s  g iv in g  th e  s ta t e  in  terms o f a com plete s e t .

The symbol 'C^' on the r ig h t  hand s id e  o f equation  2 .6 .1  does the same 

th in g  for  th e  (N-1) p a r t ic le  s t a t e s .  On the RHS the p a r t ic le  numbered 

*n’ has been separated  out and. i t s  &,S(=^) and J are s p e c if ie d  and of

course a ls o  the r a d ia l quantum number or o th er  such n ecessary  inform ation

i s  to  be understood . Each term in  the expansion i s  anti-sym m etric

in  p a r t ic le s  1 , 2 , ............(N-1) but not in  gen era l in  a l l  ’N* p a r t ic l e s ,

though tlie sum i s .  The q u an tity  <C J T  ̂ g e n e r a lise d

c o e f f ic i e n t  o f f r a c t io n a l  parentage connecting  s ta t e s  (CJT) and /

^^o'^o'^o  ̂ v a lu e  i s  determ ined by th e  p a r ity  and the J v a lu e .

I t  i s  con ven ien t to  change from th e  rep r ese n ta tio n  in  equation  

2 . 6 ,0 1 to  th a t g iv en  in  equation  2 .6 .2  u s in g  reco u p lin g  techn ique o f 

angular momenta. The sp e c tr o sc o p ic  fa c to r  fo r  o r b ita ls  angular  

momentum i  and channel sp in  Z i s  g iven  by

1/ 1/ T—' Z -S -j-J
s2 (a ,Z ) = N  ̂ \  ( -1 )  U(J^S j ^:ZJ) <C J

j
( 2 .6 .3 )

Summing over the channel sp in  and u sin g  the uni ta r i  ty  property o f  

the ’U' fu n c tio n , i t  can be shown th a t  th e  in te r fe r e n c e  between  

d if f e r e n t  J v a n ish e s  and th e  sp ec tro sco p ic  fa c to r  becomes

S ( « ) = N  y  < C J T ( 2 .6 .4 )

i
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The fa c to r  occurs because c fp  d e sc r ib e s  the sep aration  o f  p a r t ic le  

n where as the r e a c t io n  a llow s every p a r t ic le  to  be em itted  on the  

same fo o t in g  but o f  course w ith  no in te r fe r e n c e .

Usual s h e l l  model c a lc u la t io n s  y ie ld  the c fp  which can be used  

to  ev a lu a te  the sp e c tr o sc o p ic  fa c t o r s .  The model c a lc u la t io n s  vary  

in  com plexity  depending on the numbers o f a c t iv e  nucleons con sid ered  

o u ts id e  the c lo s e d  s h e l l s .  The comparison of the experim ental 

sp e c tr o sc o p ic  fa c to r s  w ith  c a lc u la te d  v a lu e s  from the s h e l l  model 

g iv e s  an index of the c o r r e c tn e ss  or o therw ise o f th e  s h e l l  model wave 

fu n c tio n s  from a p a r t ic u la r  c a lc u la t io n . In the la t e r  case  the  

comparison p rov id es guide to  fu tu re  ex ten sio n  o f  c a lc u la t io n s  by 

in d ic a t in g  where and how th e  e x is t in g  model begins to  f a i l ,

2o7 R o ta tio n a l Model and S p ectroscop ic  Factors

In  the r o ta t io n a l  m odel, the wave fu n c tio n  o f th e  nucleus i s  

expressed  as a product o f  a fu n c tio n  0 , d e sc r ib in g  the v ib r a tio n  of
J  .

the n u c le u s , the fu n c tio n  D^(a, p y) d e sc r ib in g  the r o ta t io n  o f  the  

n u c leu s , and o f  the fu n c tio n  d e sc r ib in g  the in te r n a l motion in  

a deform ed, a x ia l ly  symmetric p o t e n t ia l .

The in te r n a l wave fu n ction s Xq i s  the a n ti symmetri sed product o f  s in g le  

p a r t ic l e  wave fu n ctio n  ; w ith  the p r o jec tio n  o f  angular momentum 

v e c to r  on the symmetry a x is  0 , th e  p a r ity  oo and the energy a as g o o d . 

quantum numbers.
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According t o  N ils s o n  [N i55] the fu n c tio n s  Xp, are the s o lu t io n s'■fiooa

to  the Hamiltonian

H a Hg + CL.S + ( 2 ,7 .2 )

w ith

H  ̂ = (-A+ Y )̂ -  6hco^/3 (- )̂  ̂ ( 2 .7 ,3 )

The deform ation o f the p o te n tia l  i s  expressed  here w ith  parameter 5 ,  

b u t  more o ften  g iv e n  in  terms o f parameter q, which i s  r e la te d  to  

6 as:

^ = i  ^  = | C  ^  (2 .7 .4)^
“o

where K = 1^(C/hco^) and cô  = w^('6 = 0 ) ,  The num erical va lu e  o f K, 

adopted by N ils so n  was 0 .0 5 .

The fu n c tio n s  are e x p r e ss ib le  in  term s of wave fu n ctio n s

o f  a sp h e r ic a l p o t e n t ia l ,

^Qooa 2 j  (2 ,7 ,5 )

N&j

The summation r e fe r s  a c tu a lly  only to  d i f f e r e n t  o r b ita ls  l , j  o f  the

same s h e l l  (N = constan t), s in c e  the model n e g le c ts  the in te r a c t io n

between d i f f e r e n t  s h e l l s .  The c o e f f ic ie n t  . (Ocoa) are r e la te d  toNLj •
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c o e f f ic i e n t  ta b u la ted  by N ilsso n  as

. <2 % AL|j Q > ( 2 .7 .6 )

A

The c o e f f ic i e n t s  C^^ ĵ(Oo)a) obey the fo llo w in g ' sum r u le s  

^  ‘^NLj = ’

( 2 . 7 . 7 )

Ocoa = c o n s t .

and

y  ( n w  = 2j+ i

ficoa ( 2 .7 .8 )
* »» 1

, NLj = c o n st.

In  the f i r s t  ca se  the summation r e fe r  to  a l l  o r b its  j  o f  p a r t ic u la r  

s ta t e  N th a t  co n tr ib u te  to  c e r ta in  le v e l  Ocoa, w h ile  in  the second i t  

r e fe r s  to  a l l  l e v e l s  fiooa th a t  r e c e iv e  some co n tr ib u tio n  from the  

unperturbed o r b it  NLj.

As d erived  by S a tch ler  [Sa58] the sp ec tro sco p ic  fa c to r  e x p ress in g  

the overlap between i n i t i a l  and f in a l  nucleus of a s tr ip p in g  r e a c t io n  i s

21 +1
s (+ ) = < Ij^j K n llj-iq A  < _ ( 2 .7 .9 )

f
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where the q u a n t it ie s  w ith  su b sc r ip t  *i* r e fe r  to  i n i t i a l  nucleus

and th o se  w ithout su b scr ip t to  tra n sfe r re d  p a r t ic l e .  The c o e f f ic i e n t
2 2 

g = 2 , i f  e ith e r  Kĵ =0 or = 0 and g =1 o th erw ise . Another s p e c ia l case
2

where g =2 i s  the c a se  o f odd-odd o f  n u c le i  w ith  and p a r a l le l

co u p lin g , ’j* i s  th e  angular momentum o f  the tra n sfe r re d  p a r t ic l e .

For p ick  up

( —) 2 I I ' I 2
s' /  = g < f̂J V  l^i

(2 .7 .1 0 )

where the q u a n t it ie s  have meaning mentioned e a r l i e r .  The core  overlap  

< (p ^ \< p ^ >  o f  the i n i t i a l  and th e  f i n a l  n u cleu s i s  norm ally taken to  be 

u n ity . In  c a lc u la t in g  the sp ec tro sco p ic  fa c to r s  from the r o ta t io n a l  

model quoted in  t h is  work th e  core  overlap was assumed to  be u n ity  

throughout. An incom plete overlap  tends to  d ecrease  th e  sp ec tro sco p ic  

f a c t o r s .  The v a lu e s  of the ^ ' c o e f f ic i e n t s  used in  c a lc u la t io n s  

reported  here were taken from the ta b u la tio n  by Chi [Ch66]J
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CHAPTER I I I

INSTRmfENTATION

' i ; : I
3 o 1 In tro d u ctio n  -,

S evera l d i s t i n c t  typ es o f in stru m en tation  system s have been used  

in  th e  experim ents reported  w ith in  t h is  work. They are:

1) p a r t ic le  id e n t i f ic a t io n  system  w ith sem iconductor d e te c to r s ,'

2) p a r t ic le  id e n t i f ic a t io n  system w ith  Buechner m agnetic

spectrograph u s in g  p o s it io n  s e n s i t iv e  d e te c to r s ,

3) m ultigap m agnetic spectrograph w ith  n u clear  em ulsion p la te s

4) tim e o f  f l i g h t  neutron spectrom eter w ith  s c in t i l l a t i o n

co u n te rs .

The p a r t ic le  id e n t i f ic a t io n  system  u sin g  a sem iconductor counter
'

t e le s c o p e , i t s  c o o lin g  system  and s p e c ia l  e le c tr o n ic s  were design ed  by 

the author. The other system s were a v a ila b le  as standard H arw ell 

f a c i l i t i e s .

, In  th e  fo llo w in g  s e c t io n s  the in stru m en tation  system s are d escrib ed  

in  some d e t a i l .  B r ie f  d e sc r ip t io n s  o f  the a c c le r a to r s  used i . e .  the  

Tandem and IBIS Van-de-G raaff are a lso  in c lu d ed .
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3o2 P a r t ic le  I d e n t if ic a t io n  ,

Measurements o f the sp e c tr a  o f p a r t ic le s  em itted  in  nu clear  

r e a c t io n s  c o n s t i tu te  one o f the p r in c ip le  methods o f nu clear  sp ectroscop y . 

In energy ranges a v a ila b le  from machines l ik e  the Tandem-Van-de-Graaff,

n u clear  r e a c t io n s  in  gen era l le a d  to  a very  many d i f f e r e n t  channels.
27For example bombardment of Al by douterons (say  a t 13 MeV) lea d s  to  

e l a s t i c  and i n e la s t i c  s c a t t e r in g , ( d ,p ) ,  (d , H e), (d ,a lp h a) and (d ,n) 

r e a c t io n  c h a n n e ls . S ince the f in a l  nucleus can be produced in  a s e r ie s  

o f  e x c ite d  s t a t e s ,  the energy of the outgoing p a r t ic le s  in  each case  w i l l  

have a s e r i e s  o f v a lu e s  determ ined by the l e v e l s  in  the f in a l  n u c leu s .

In  a d d it io n  th e re  w i l l  be p a r t ic le  groups from im purity and contam inants 

in  the t a r g e t ,  s p e c ia l ly  and ^^0.

I n te r p r e ta t io n  o f  th e  energy sp ectra  in  such ca ses  i s  v ir t u a l ly  

im p o ss ib le . Peaks due to  low er y ie ld  r e a c t io n s  may not even be 

d is c e r n ib le  from the back-ground. U n less some means of id e n t i f ic a t io n  

and sep a ra tio n  o f d i f f e r e n t  p a r t ic le  groups can be ach ieved , p rop sects  

o f  stu d yin g  r e a c t io n s  oth er  than e la s t i c  s c a t te r in g  and a few  s p e c ia l ly  

favoured c a se s  are cp iite h o p e le s s .

Two typ es o f p a r t ic le  id e n t i f ic a t io n  system s were used fo r  our 

experim ents; (1) a system  made o f semiconductor d e te c to r s  and (2) a system  

u sin g  a m agnetic spectrograph . Both system s have advantages and 

d isad van tages. They w ere used in  a complementary way to  g e t  maximum 

advantage.
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3o3 P a r t ic le  I d e n t if ic a t io n  w ith Semiconductor D etecto rs  

In trod u ction

The sem iconductor p a r t ic le  id e n t i f ic a t io n  system s are based on the 

f a c t  th a t  d i f f e r e n t  k inds o f  p a r t ic le s  o f th e  same energy lo o se  energy  

in  absorbers a t  d i f f e r e n t  r a te s ,  A th in  tran sm ission  p a r t ic le  d e tec to r  

(AE d e te c to r )  p laced  in  fr o n t  o f  a th ic k  d e tec to r  (E -d e tec to r ) a llow s  

sim ultaneous determ in ation  of r a te  o f energy l o s s  ( s ig n a l  in  AE d e tec to r )  

and t o t a l  energy ( s ig n a l  in  AE and E d e te c to r s  added to g e th e r ) , fo r  

p a r t ic l e s  passin g  in to  counter system . I f  a su ita b le  c a lc u la t io n  u sin g  

th e  two s ig n a ls  i s  c a r r ie d  out i t  i s  p o s s ib le  in  p r in c ip le  t o  determ ine  

what type o f p a r t ic le  has been r e g is te r e d . Early system s based on t h i s  

concept used s c i n t i l l a t i o n  d e te c to r s  or gas chambers. But w ith  th e  

a v a i la b i l i t y  of s u ita b le  s i l i c o n  sem iconductor d e te c to r s  th e  r e so lu t io n  

and energy range o f such system s have been trem endously improved and 

extended .

To ach ieve i t s  maximum u se fu ln e s s  a p a r t ic le  id e n t i f i e r  must 

produce an output s ig n a l whose am plitude determ ines the type o f  p a r t ic le  

w ith  no am biguity even though . se v er a l typ es o f  p a r t ic le s  each covering  

a wider range o f en erg ie s  may pass through the counter system . Thus a 

5 MeV proton should id e a l ly  produce the same id e n t i f i e r  s ig n a l a s a 

30 MeV proton w iiile  10 MeV and 50 MeV alpha p a r t ic le s  should produce th e  

same output s ig n a l as each other but q u ite  d if f e r e n t  from th a t  produced 

by p roton s. T h is case  i s  a sim ple one as alpha p a r t ic le s  and protons 

d i f f e r  g r e a t ly  in  th e ir  energy lo s s  r a te . However the problems become ,
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q u ite  d i f f i c u l t  in  oth er  c a s e s , fo r  example, i f  one w ish es to  separate  

and alpha p a r t ic le s  fo r  which the r a te  of lo s s  o f energy d i f f e r  

only by 25 per c e n t . There are two p r in c ip le s  fo r  p a r t ic le  id e n t i f ic a t io n ,  

w ith  sem iconductor d e te c to r s , one based on B eth e-L iv in gston e r a te  of 

energy lo s s  eq u ation  and th e  o th er  on th e  em perical range energy 

r e la t io n s h ip . We s h a ll  d e sc r ib e  the second p r in c ip le  below which  

was used in  our system . This method o f  p a r t ic le  id e n t i f ic a t io n  was 

in trodu ced  by Goulding [Go 6 4 ] .

P r in c ip le  of p a r t ic le  id e n t i f ic a t io n

E m p irica lly  i t  has been found th a t  the range of charged p a r t ic le s

in  m atter can be w e ll  approximated by th e  formula

R = a E  ̂ ( 5 o3 .1 )

where R = p a r t ic le  range in  absorber

a = a co n sta n t depending on the p a r t ic le  type

E = in c id e n t  energy of the p a r t ic le  ' - — -  - ■ .

b = a con stan t independent o f p a r t ic le  ty p e ,

A s l i g h t  d e v ia tio n  from th is  r e la t io n  occurs fo r  helium  io n s  a t low  

e n e r g ie s , but th e se  are only about 2%. Over an energy range o f  1 to  

30 MeV the g ra d ien t i s  f a ir ly  co n sta n t a t 1 ,7 3 , In  f a c t  a grad ien t  

between 1.65 to  1 .75 can be f i t t e d  f a ir ly  w e l l .

In  f ig u r e  3 .3 .1  the u se of t h is  range-energy r e la t io n  i s  i l lu s t r a t e d

in  a p a r t ic le  i d e n t i f i e r .  The p a r t ic le  p asses  through a AE d etec tor  

and produces a s ig n a l AE, then e n te r s  and stop s in  an E d e te c to r  and

- 4 6 -
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produces a s ig n a l E. The r e la t io n  g iven  in  equation 3 .3 .4  sliows th a t  the

q u an tity  T /a  i s  c h a r a c te r is t ic  o f p a r t ic le  typ e only because 'a* i s  a

fu n c tio n  o f  p a r t ic le  type and 'T' i s  a c o n sta n t. So we can see  th a t th e

id e n t i t y  o f a p a r t ic le  can be e s ta b lish e d  by generating  th e  fu n ction  
1 73 1 73

(E+AE) ° -  E “ fo r  each p a r t ic le  p assin g  through the system  of

c o u n te rs . This fu n c tio n  b ein g  energy independent has advantage over 

other methods mentioned e a r l i e r .  In th e  fo llo w in g  we s h a l l  d escr ib e  

p r in c ip le  and working of an id e n t i f i e r  based on t h i s  p r in c ip le .

The I d e n t i f ie r

The i d e n t i f i e r  wos based on the p r in c ip le  and design  d escrib ed  by .. 

F ish e r  and S c o tt  [F i67] . A p laner f i e l d  e f f e c t  tr a n s is to r  has a v o lta g e  

c h a r a c te r is t ic  o f th e  form [Sh52]

i  = G R - l  1

, ( 3 ,3 .5 )

where i  i s  the source to  drain  cu rren t, bs the d if fu s io n  p o te n tia l

fo r  the c o n tr o ll in g  ju n c tio n  and V ,,V  are the v o lta g e  o f the drain  andQ g
ga te  term inal measured r e la t iv e  to  th e  so u rce  term in a l. G_ is  a con stan t  

o f the p a r t ic u la r  f i e l d  e f f e c t  t r a n s is to r ,  e s s e n t ia l ly  source to  drain  

conductance a t zero  v o lta g e  and i s  the pinch o f f  or sa tu ra tio n  v o lta g e .  

The above v o lta g e  cu rren t c h a r a c te r is t ic  i s  obeyed only fo r  v o lta g e s  belovy 

the v o lta g e  and v a r ie s  w id e ly  fo r  th e  type o f t r a n s is to r .  For Texas 

2N2499 ty p ic a l ly  th e  value i s  about ~  5V. I f  i s  id e n t i f ie d  w ith  AE

-4 8 -



and (V + w ith  E, i t  can be seen  th a t  (<"-GV )̂ has approxim ately >

the same fu n c tio n a l dependence as T /a  in  equation  3 .3 ,4 ,

Equation 3 .3 .5  i s  fo r  id e a l i n f i n i t e  p lanar d e v ic e . In  p r a c tic e  

a power in d ex  between l.G and 1 .7  ra th er  than 1.5 f i t s  the experim ental 

data b e s t .  A d i f f i c u l t y  a r is e s  in  id e n t i fy in g 'th e  power law  

umambi^piously because the part o f the t o t a l  drain  current l in e a r ly  

p rop ortion a l to  th e  d ra in  v o lta g e  must be subtracted  to  y ie ld  the part 

depending on the power law . The c o n s ta n t , G i s  a lso  a parameter to  be 

exp er im en ta lly  determ ined and an u n cer ta in ty  in  G r e s u lt s  in  q u ite  la rg e  

u n c e r ta in ty  in  e s tim a te s  o f th e  power in d ex . This d i f f i c u l t y  su ggests  

th a t  in  p r a c t ic e  th e  power law dependence o f (i-G  V^) on and may 

be v a r ie d  over a sm all range by s e le c t in g  d if f e r e n t  v a lu e s  of G. I t  i s  

p o ss ib le  to  ob ta in  an e f f e c t iv e  power in d ex  o f  1 .50 to  1 .75 for  input 

s ig n a l am plitude co v er in g  a range 50:1 w ith  only 5 %  departure from the  

t h e o r e t ic a l  form ula. T yp ical v a lu e s  o f d i f f e r e n t  param eters for  

Texas 2N2499 are: G= 3 .3  x 10 A/V^V^iff = -=32V, V^= 5.5V and power

index  ~  1 .6 . The v a lu e s  are a lso  tem perature dependent.

The b lock  diagram of th e  com plete mass a n a ly ser  i s  shown in  f ig u r e  

3 .3 .2 .  F igure 3 ,3 .3  shows tlie com plete c i r c u i t  ̂ diagram. The F ET was 

chosen so th a t  i t  had n e a r e st  required  c h a r a c te r is t ic  among the a v a ila b le  

sample.

The u n it s  were b u i l t  as s in g le  width modules com patible w ith  standard  

Hainvell 2000^ se  r i e s .  The counter s ig n a ls  were atten u ated  to  % o f th e ir  

am plitude b efore  being  app lied  to  the FET, so th a t  the pinch o f f  v o lta g e  

Vq i s  not exceeded and the c h a r a c te r is t ic  equation  obeyed for  in p u t in to  7

—4 9 —
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v o l t s .  The FET was mounted on to  a b ra ss  b lock  k ep t a t  a c o n s ta n t  

tem perature o f  38°C to  en su re  th a t  the c h a r a c t e r i s t ic s  o f th e  FET did  not  

vary  w ith  th e  change in  th e  am bient tem peratu re. The sh o r t c i r c u i t  g a te  

i n  th e  in p u t was used  to  g a te  on ly  th e  wanted s ig n a l s .

The summing a m p lif ie r  combined E and AE s ig n a ls  to  g iv e  a p u lse  

corresp on d in g  to  t o t a l  en ergy . In, our c a se  o f low  energy  a p p lic a t io n s  

a s u b s t a n t ia l ly  la r g e  f r a c t io n  o f  energy was l o s t  in  th e  AE cou n ter  

so i t  was n e c e ssa r y  to  add both the s ig n a ls  to  g e t  th e  f u l l  energy  

spectrum .

The g a in  o f th e  adding c i r c u i t  had th e  same v a lu e  fo r  each  in p u t

ch a n n e l. To s a t i s f y  th e  equal g a in  c o n d it io n , n e c e ss a r y , fo r  p u ls e s  fed

t o  th e  mass a n a ly se r  c i r c u i t ,  i t  was n e c essa ry  on ly  to  s e t  AE and E g a in s

such th a t  th ey  g iv e  th e  same ou tp u t am plitude fr o n  th e  summing a m p lif ie r

241f o r  some energy c a l ib r a t io n  l i n e  (u s u a lly  2Ln Am alpha s o u r c e ) .

S e t  up and Perform ance o f th e  i d e n t i f i e r  System

The b lock  diagram o f  the c o u p le t e  e le c t r o n ic  s e t  up f o r  a t y p ic a l

experim en t i s  shown in  f ig u r e  3 .5 .4 .  The m onitor co u n ter  i s  u sed  t o  have

a co n tin u o u s check on th e  ta r g e t  c o n d it io n . The power in d ex  o f  th e

i d e n t i f i e r  i s  s e t  up by a d ju s t in g  G in  th e  i d e n t i f i e r  c i r c u i t  and checked

u s in g  a p u lse  g e n e r a to r  b e fo re  th e  s t a r t  o f  th e  exp er im en t.

F ig u re  3 .3 .5  shows th e  i d e n t i f i e r  spectrum  fo r  12 MeV dueteron  

40
bombardment o f Ca t a r g e t  on carbon . The c o u n ters  used  had a th ic k n e s s  

(000

o f  25 m icron s^ for  th e  AE and E c o u n ters  r e s p e c t iv e ly .

A not v ery  good s e p a r a tio n  between th e  p rotons and th e  deuteron  

was due to  th e  u se  o f a very  th in  AE cou n ter  w hich was n e c e ssa r y  so as

—5 2 ““
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3
n o t  t o  s to p  th e  He p a r t ic l e s  in  th e  AE d e tec to r *

■■ ' 3  ■ •' ' ■ ' ■ ■■ ■■'.. ' ■'The se p a r a tio n  between He and a lp h as was n ot v ery  good and became

worse a t  forward a n g le s  where le a k in g  a lpha t a i l  caused s e r io u s  background

' ■ 3  ■' 'problem . F ig u re  3 .3 ,6  shows a sep ara ted  spectrum  o f  He p a r t ic l e s  fo r  th e
’27

deu teron  bombardment o f  A1 a t  1 3 .0  MeV. The la r g e  lea k a g e  a lpha t a i l  , 

was due to  w ide g a te  s e t t in g  fo r  the He p a r t ic l e s  so th a t  none o f  them  

was m isse d . > '

O v era ll energy r e s o lu t io n  o f  th e  system  was about ~  100 KeV and t h is  

was one o f  th e  l im it a t io n s  w hich made the system  unu sable  when th e  l e v e l s  

o f  th e  r e s id u a l  n u c le i  w ere c lo s e  to g e th e r . A nother s e r io u s  l im it a t io n  

o f  th e  system  was i t s  in c a p a c ity  to  d e a l w ith  h ig h  count r a t e .  T his ; 

p o s s ib ly  a ro se  due to  c a p a c it iv e  co u p lin g s  i n  th e  i d e n t i f i e r  c i r c u i t .

T h is made th e  system  unu sab le  a t  forward a n g le s  fu r th e r  than  20 to  25

“d e g r e es  due to  the la r g e  number o f  e l a s t i c a l l y  s c a t te r e d  p a r t ic l e s  

p a s s in g  through th e  system . v ''i--

3 .4  The S c a t te r in g  Chamber

F ig u re  3*4 .1  shows th e  photograph o f  th e  s c a t t e r in g  chamber which^ ; y

i s  made m ostly  o f  aluminium  a l lo y .  The s id e  p la te  fa b r ic a te d  s p e c ia l ly

f o r  our purpose i s  shown demounted from the chamber in  f ig u r e  3 .4 .2 .  f

The r o t a t in g  arms were k ep t vacuum t i g h t  by u s in g  c y l in d r ic a l  0 - r in g  i

s e a l s .  The two arms formed a c o n c e n tr ic  assem bly and could  be m o v e d '  

around in d ep en d en tly  o f  each  o th e r . For e a se  o f  movanent under vacuum.̂ ^̂ ^̂ ^̂  ̂ Y: 

th e  arms w ere supported on r o l l e r  b e a r in g s . T his was s p e c ia l ly  im portant  ̂

fo r  th e  o u te r  arm b ecau se  i t  had c o n s id e r a b le  area  supported a g a in s t  

vacuum. Even th en  i t  was com p ara tively  s t i f f e r  than th e  c e n tr a l  arm.

- 5 6 -
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Fig: 3 .4 .2  The s c a t t e r in g  chamber w ith  the s id e  p l a t e  demounted,
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F igu re  3 „ 4 ,3  shows a s e c t io n a l  v iew  o f th e  s id e  p la t e .  The p o s i t io n  

o f  th e  co u n ter  arms are shown by p o in te r s  on a c ir c u la r  an gu lar  s c a le  

on th e  o u te r  s id e  o f  the p la t e .  There was some b a ck la sh  erro r  in  th e  

movanent o f th e  arms and th e  an gu lar  accuracy o f  s e t t i n g  was e s tim a ted  

t o  be ~  1 d e g r e e .

The e l e c t r i c a l  fe e d  th roughs were provided  t o  each o f  th e  c e n tr a l  

b e a r in g s  o f  th e  moving arms so a s  to  avoid  e n ta r g l in g  o f  tn e  w ir e s  

i n s id e .  S ix  fe e d  throughs w ere a v a ila b le  f o r  each arm, two 15 amperes 

p o r c e la in  in s u la te d  con d u ctors fo r  th e  power to  th e  c o o lin g  d e v ic e ,  two 

ajnperes p o r c e la in  in s u la te d  con d u ctors fo r  th e  th e rm isto r  f o r  tem perature  

c o n t r o l ,  two c o - a x ia l  100 ohm PET con n ector  fo r  s ig n a ls  and EHT supply  

to  th e  c o u n te r s . There w ere a ls o  fou r  c o - a x ia l  fee d  throughs on th e  

p la te  i t s e l f  fo r  th e  f ix e d  c o u n te r s .

F a c i l i t y  fo r  c o o lin g  th e  c o u n te rs  was prov ided  by sem iconductor  

th e r m o -e le c tr ic  d e v ic e s  based on th e  P e l t i e r  e f f e c t .  The d e v ic e s  used  

were made by M elcor Ltd (USA) and were o f  ty p e  CP 2 -31-10*  T h eir  quoted  

c a p a c ity  was 51 Bthu/hour fo r  tem perature d i f f e r e n c e  o f  15°C a t  27°C .

I t  req u ired  a c u r r en t o f 8 .5  amperes a t  3 .6 5  v o l t s .  F igu re  3 .4 .4  shows 

a s e c t io n a l  diagram o f  th e  co u n ter  holder*

F igu re  3 .4 .5  shows the power su p p ly  and c o n tr o l e le c t r o p ic s  fo r  th e  

c o o l in g  d e v ic e . The tem peratu re o f  t i e  co u n ter  h o ld er  was sensed  by a 

th e r m isto r  w hich was e s s e n t i a l l y  ‘a n e g a t iv e  tem perature c o e f f i c i e n t  

r e s i s t o r .  The th e rm isto r  formed a p a r t  o f a r e s i s ta n c e  b r id g e . The 

c o n tr o l  c i r c u i t  co u ld  compare the p o t e n t ia l  a t  th e  b r id g e  ju n c tio n  to  a 

p r e s e t  p o te n t ia l  which r e p r e s e n ts  tJie tem perature r e q u ir e d . Whenever •
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t h i s  tem perature was reached  c o o lin g  was sw itch ed  o f f  and i f  the  

tem peratu re had r is e n  a g a in  i t  was turned  on by th e  o p e r a tio n  o f  a r e la y  

by th e  c o n tr o l c i r c u i t .  The tem perature c o n tr o l system  was d esig n ed  by 

th e  au t ’n or .

3 .5  Spectrograph  System  

I n tr o d u c tio n

In  d is c u s s in g  th e  l im it a t io n s  o f th e  co u n ter  t e le s c o p e  p a r t ic l e   ̂

i d e n t i f i c a t i o n  system , i t  was p o in ted  out t h a t  th e  system  was in ca p a b le  

o f  d e a lin g  w ith  h igii count r a te  (>  per se c o n d ). So th e  system  

cou ld  n o t be used  a t  forward a n g le s  where the count r a te  due t o  e l a s t i c a l l y  

s c a tte r e d  p a r t ic l e s  in c r e a se d  trem endously .

For t h i s  reason  i t  became n e c e ssa r y  to  u se  th e  Buechner m agnetic  

sp e c tr o g r a p h ,to  g e t  d ata  a t  a n g le s  l e s s  than 20 t o  25 d e g r e e s . I t  was 

p o s s ib le  w ith  s u i ta b le  s e t t in g  o f  th e  m agnetic f i e l d  and d e te c to r s  to  

lo o k  on ly  a t  req u ired  groups o f  p a r t i c l e s .  The main d isad van tage  o f th e  

sp ectrograp h  was i t s  poor g e o m e tr ic a l e f f i c i e n c y  and hence was n ot used  

when co u n t r a te ,a n d  r e s o lu t io n  p erm itted  the u se  o f th e  te le s c o p e  system .

The M agnetic f i e l d  o f  th e  sp ectrograp h  i s  uniform  w ith  a c ir c u la r  

boundary and i s  c a p a b le  o f  fo c u ss in g  p a r t ic l e s  fro n  a so u rce  o u ts id e  th e  

f i e l d  on to  a h y p e r b o lic  f o c a l  s u r fa c e . P a r t ic le s  o f  energy v a ry in g  as  

much by a fa c to r  o f  2 .5  can  be fo cu sse d  on to  the fo c a l  p la n e . D e t a i l s  

o f  th e  sp ectrograp h  have been d esc r ib e d  e lsew h ere  [Br56]

U n t i l  r e c e n t ly  th e  o n ly  p r a c t ic a l  fo c a l  p lan e  d e te c to r  fo r  use  

w ith  th e  sp ectro g ra p h  has been n u c lea r  em u lsion  p la t e s .  They s u f fe r e d  |
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from s e r io u s  d isa d v a n ta g es  th a t  ( i )  d a ta  are n ot a v a i la b le  q u ic k ly ,

( i i )  a c c id e n ts  l ik e  l i g l i t  fo g g in g  and in c o r r e c t  exposure rem ain  

u n d ete c te d  u n t i l  i t  i s  to e  . a te  to  remedy th e  s i t u a t io n .

But w ith  the a v a i la b i l i t y  o f  the p o s i t io n  s e n s i t iv e  d e t e c t o r s ,  

s i t u a t io n  lias changed and i t  i s  now p o s s ib le  to  g e t  d a ta  ’ on l i n e ’ 

e l e c t r o n i c a l l y .  The system  which we have u sed  was d esig n ed  by 

A llan  e t  a l .  [a1 6 8 ] . A b r i e f  d e s c r ip t io n  o f  th e  u se  o f  p o s i t io n  

s e n s i t iv e  d e t e c t o r s  (PSD) in  c o n ju n c tio n  w ith  th e  m agnetic sp ectrograp h  

i s  g iv e n  below .

Use o f  P o s it io n  S e n s i t iv e  D e te c to r s  (PSD) v /ith  th e  Spectrograph

The method o f u s in g  a PSD i s  i l l u s t r a t e d  in  f ig u r e  5 , 5 . 1 .  The 

c o n s tr u c t io n  and perform ance o f  th e  PSD’ s used  have been d e scr ib ed  

e lsew h ere  [Ow67]. A PSD i s  a s u r fa c e  b a r r ie r  d e te c to r  w ith  r e s i s t i v e  

la y e r  coa ted  on one f a c e ,  one end o f  which i s  e a r th e d  and the o th er  

con n ected  to  p r e -a m p lif ie r  ( f ig u r e  3 . 5 . 1 ) .  The charge d e p o s ite d  in  th e  

d e te c to r  by a charged p a r t ic l e  i s  d iv id e d  betv/een th e  two ends o f  th e  

r e s i s t i v e  la y e r  in  such  a way th a t  th e  f r a c t io n  a r r iv in g  a t  th e  in p u t  

o f  th e  p r e -a m p lif ie r  i s  p ro p o r tio n a l to  the t o t a l  energy E d e p o s ite d

m u lt ip l ie d  by th e  d is ta n c e  x"between the p o in t  o f e n try  o f  the p a r t ic l e

and th e  earth ed  end .

The r e la t io n s h ip  betw een the e n e r g ie s  o f the v a r io u s  ty p e s  o f  

r e a c t io n  p roduct i s  g iv en  by '

E = E„ = 2E, = 2E. = %, E ,  ( 3 . 5 . 1 )
p a  a ^ ' H e
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fo r  a g iv en  m agnetic r i g i d i t y  o f  th e se  product th e  p rotons w i l l  

alw ays have th e  g r e a t e s t  range and i f  th e  d e p le t io n  la y e r  depth i s  

i n s u f f i c i e n t  to  s to p  them w h ile  s to p p in g  th e  o th er  p a r t i c l e s ,  th e  energy  

spectrum  appears as i l l u s t r a t e d  in  th e  f ig u r e  3 .5 .2 .  P a r t ic le  s e le c t io n  

can be accom plished  by s e t t in g  a window a c r o ss  th e  energy group 

corresp on d in g  to  th e  d e s ir e d  p a r t i c l e .

To e x tr a c t  the p o s i t io n  in fo r m a tio n  x from the ou tp u t p u ls e s  E«x 

i t  was n e c e ssa r y  to  d iv id e  t h i s  output s ig n a l  by th e  energy  s ig n a l  E„ 

T n i s  had the added advantage o f  e l im in a t in g  p o s i t i o n a l  in a c c u r a c ie s  

caused by spread in  th e  E s ig n a l .  The spectrum  co rresp o n d in g  to  chosen- 

r e a c t io n  product i s  o b ta in ed  by a n a ly s in g  the output o f  a d iv id e r

c i r c u i t  in  c o in c id e n c e  w ith  th e  window output o f th e  p a r t ic l e  s e le c t io n  

c ir c u i t o

The system  was capable o f u s in g  a maximum o f  e ig h t  d e t e c t o r s .  The 

f ig u r e  5 .5 ,3  shows th e  b lo ck  diagram  o f  th e  e le c t r o n ic  system  used  in  

co n ju n c tio n  w ith  a PDP-8 com puter. However in  our c a se  i t  was n ot  

n e c e ssa r y  to  u se  a l l  e ig h t  d e t e c t o r s  on any s in g le  o c c a s io n .

The d e te c to r s  u sed  w ere o f  th ic k n e s s  o f  one m il l im e te r  and had 

p o s i t io n a l  r e s o lu t io n  o f  ~  Oo5 mm. They were used  w ith  a tantalum . . 

mask o f  5mm x 4̂ -irm d im en sion .

3 o6 Mu lt ig a p  sp ectrograp h

As m entioned e a r l i e r ,  due to  n o n - a v a i la b i l i t y  o f  h igh  enough 

beam cu rren t the m ultigap  sp ectrograp h  had to  be used  fo r  some o f  our 

s t u d ie s .  The advantage o f  th e  m ultigap  over the o th er  methods i s  th e  <
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p o s s i b i l i t y  o f o b se r v in g  r e a c t io n  p rod u cts a t  mciny a n g le s  sim u ltarieou sly  

and e lim in a t io n  o f  th e  t a r g e t  d e t e r io r a t io n  problem . A b r ie f  d e s c r ip t io n  

o f  th e  H arw ell m u lt i-g a p  sp ectrograph  i s  in c lu d ed  h e r e . More d e t a i le d  

d e s c r ip t io n  o f  m u lti-g a p  sp ectrograp h s can be found in  l i t e r a t u r e  

[MiG2 , E n63].

The m u ltigap  spectrograp h  i s  based on the same p r in c ip le  as th e  

s in g le  gap spectrograph  d e sc r ib e d  e a r l i e r .  The H arw ell m u ltigap  

sp ectrograp h  ( o r i g i n a l l y  o f  A lderm aston) i s  e s s e n t i a l l y  a com bination  o f

24 s in g le  gap sp ectrograp h  arranged around th e  t a r g e t  in  a c i r c l e .

o -The se p a r a tio n  betw een th e  gaps i s  7 ,5  w ith  th e  e x c e p tio n  betw een the

l2 th  and 13thW here i t  i s  2 .5 ° .  The angle o f th e  f i r s t  and th e  l a s t

gaps a re  5 and 175 d eg rees  r e s p e c t iv e ly .  The s o l id  a n g le s  fo r  the  

—4gaps i s  ~  3  ̂ 10 s t r .  fo r  4 th  to  24th  g a p . . The f i r s t ,  second and 

th ir d  have m agnitudes o f 3̂ , 1 /1 ,3 3  o f th e  normal v a lu e  r e s p e c t iv e ly .  

The s o l id  a n g le  v a r ie s  a lo n g  th e  f o c a l  p lan e  so th a t  c o r r e c t io n  

has to  be a p p lied  to  d a ta  on t h i s  a cco u n t.

The le n g th  o f the f o c a l  p la n e  i s  one m eter . The on ly  p r a c t ic a l  

method of d e t e c t io h  o f  p a r t i c l e s  a t  tlie  f o c a l  p lane a v a i la b le  a t  the  

moment i s  n u c le a r  e m u ls io n . The maximum and the minimum r a d i i  o f  

cu rva tu re  o f  th e  fo c a l  p la n e  are 5 9 ,0 8  and 3 1 ,2 6  cm r e s p e c t iv e ly .  

C o n tr ib u tio n s  o f  th e  sp ectrograp h  geom etry to  energy r e s o lu t io n  i s  o f  

the order o f ~  10 KeV,



5o7 N eu tro n  D e te c t io n  and Time o f  F l i g h t  System

N e u tro n s  b ein g  e l e c t r i c a l l y  n e u tr a l  have to  be d e te c te d  i n d i r e c t ly ,  

such as lo o k in g  a t  r e c o i l  p ro ton s in  hydrogeneous m a te r ia l  due to  

c o l l i s i o n  w ith  th e  neutron  or c/iarged p a r t ic l e s  produced in  neutron  

induced  r e a c t io n . T h is makes i t  very  d i f f i c u l t  to  m easure energy o f  the  

n eu tro n s  p r e c is e ly .

The m ost s u ita b le  method o f  energy measurement fo r  neutrons in  the  

energy r e g io n  o f  100 keV to  20 MeV i s  the tim e o f f l i g h t  m ethod. In  

t h i s  method tim e of f l i g h t  o f  n eu tron s betw een two f ix e d  p o in ts  and hence  

th e  v e lo c i t y  o f  n eu tron s i s  d eterm in ed . Energy i s  th en  deduced from  

v e l o c i t y .  What i s  r e q u ired  fo r  t h is  method i s  a neu tron  sou rce  which  

should  em it n eu tron s during  a sh o r t  i n t e r v a l ,  so th a t  tim e o f  em issio n  

can be determ ined a c c u r a te ly .

P u lsed  V an -de-G raaff a t  H arw ell (IB IS) has a p u lse  le n g th  o f  

~  1 n ano-secon d  and i s  v e r y  w e l l  s u ite d  f o r  t h i s  tec im iq u e . S c i n t i l l a t i o n  

c o u n ters  are norm ally  used  to  d e t e c t  th e  n eu tro n s because o f  t h e ir  f a s t  

resp o n se  t im e . In  th e  fo llo w in g  we s h a l l  g iv e  a b r i e f  d e s c r ip t io n  o f  the  

actueil d e te c to r  used  and i t s  a s s o c ia te d  e le c t r o n ic s .

The system  used  fo r  our exp erim en ts was c o n str u c te d  by Adams e t  a l  

[A d67], The s c i n t i l l a t o r  used  was NE-213 and the p h o to -m u lti p l i e r  ŵ as 

XP-1040 (AVP-56) which has a r i s e  tim e o f  about ~  2 n s , Two p u ls e s  were  

taken from th e  d e te c to r . A f a s t  p u lse  from a f lo a t in g  anode wes used  

fo r  tim in g  a s  w e l l  as p u lse  shape d is c r im in a t io n . A l in e a r  p u lse  from  

th e  11th dynode was tak en  o u t and was used  f o r  energy (n o is e )

- 6 9 -
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24-1d is c r im in a t io n  p u rp ose . The energy  b ia s  was s e t  by u s in g  an. Am 

so u r c e , w hich  produces 60 KeV v - r a y s ,  which approxim ately  corresp on d s  

to  500 KeV n e u tr o n s . T his i s  i l l u s t r a t e d  in  f ig u r e  3 .7 .1 .

, The tim in g  p u ls e  from th e  d e te c to r  was used  as s t a r t  p u lse  o f  th e  

tim e to  am plitude c o n v e r te r  (TAG). The p u ls e , corresp on d in g  to  a r r iv a l  

o f  th e  charge p a r t ic l e  beam a t  neutron  producing t a r g e t  was p icked  by 

a h o llo w  copper c y l in d e r  p laced  near th e  ta r g e t  and was u se d , w ith  

s u i t a b le  d e la y , a s  s to p  p u ls e . T h is  r e v e r s a l  o f  sequence has the  

advantage th a t  i t  a v o id s  u n n ecessary  dead tim e in  the TAG*

S e n s i t i v i t y  o f  th e  s c i n t i l l a t o r  to  ''p-rays c o n s t i t u t e s  background problem  

as y -r a y s  are  in v a r ia b ly  p r e sen t in  a l l  ex p er im en ts . The prompt y -r a y s  

are the f a s t e s t  a r r iv in g  p a r t ic l e s  a t  th e  d e te c to r s  and so g iv e  a s in g le  

peak i r r e s p e c t iv e  o f  en erg y . But more troublesom e ones are the random 

'\'^rays produced by th e  decay o f  th e  r e a c t io n  products in  th e  ta r g e t  and 

o tlier  so u rces  which may be p r e se n t  in  th e  v i c in i t y o  T h is  gave r i s e  to  

w h ite  background which ca u ses  s e r io u s  problem s fo r  low  y i e l d  experim entso  

In  order to  e l im in a te  t h i s  random background a p u ls e  shape 

d is c r im in a t io n  (PSD) systQ ii h as been d evelop ed  a t  H arw ell [Wh66, Ad67] 

wliich i s  based on the f a c t  th a t  y -ray  p u ls e s  decay f a s t e r  than neutron  

p u ls e s .  The ou tp u t o f th e  d e te c to r  i s  d iv id e d  in  .two p a r ts  which a r e  

in te g r a te d  over 30 and 500 nano-secon ds r e s p e c t iv e ly .  The am plitudes  

from both th e  in te g r a t o r s  are  equal in  the c a s e  o f y -r a y s  s in c e  y-rqy  

p u ls e s  decay w ith in  30 n s and th ey  are unequal fo r  n eutrons due to  the  

p resen ce  o f a lo n g  t a i l  in  the neutron p u ls e s .  F igu re  3 .7 .2  shavs the  

b lo ck  d ia g ra m .o f th e  PSD s e t  up . F igu re 3o7o3 shows th e  com p lete
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co u n tin g  system  u s in g  p u lse  shape c - c r i,..'.n a tio n ,

3 .8  Tandem V an-D e~G raaff G enerator

In  tlie ta/.dem var .-d e-G raaff a s in g le  h i ^  v o lta g e  term in a l i s  used  

tv /ice  to  a c c e le r a t e  charged p a r t ic l e s  u s in g  the cl u r g e  exchange p r in c ip le ,  

F igu re 3 .8 .1  shows a sch em atic  diagram o f th e  H arw ell taridem to g e th e r  

w ith  th e  p lan and s e c t io n  o f  th e  b u i ld in g .

The io n -s o u r ce a t  the top  i n j e c t s  s in g ly  charged n e g a t iv e  io n s  in to  

th e  a c c e le r a to r  tu b e . These n e g a t iv e  io n s  g e t  a c c e le r a te d  to  the  

p o s i t i v e ly  charged term in al where th ey  undergo char^ge exchange to  become 

p o s i t iv e  io n s .  These p o s i t i v e  io n s  r e c e iv e  fu r th e r  a c c e le r a t io n  due to  

r e p u ls io n  from  the p o s i t i v e ly  charged te r m in a l. The maximum a t ta in a b le  

v o lta g e  o f  th e  term in a l i s  6 ,5  m i l l io n  v o l t s .  Main a t t r a c t iv e  fe a tu r e s  

o f  tandem are: ' " -  -  , .

1) Good energy s t a b i l i t y ,  w liich i s  o f th e  order o f  few  KeV.

2) C ontinuous v a r i a b i l i t y  o f th e  e n erg y .

3) Higii beam c p ia lity  and low  machine background,

3o9 The I b i s  V an -de-G raaff

The IBIS ( I n te n s e  bunched io n  so u rce) V an -d e-G raaff i s  a n om in a lly  

3 MeV m achine. The p r in c ip a l  fe a tu r e  o f t h i s  m achine i s  i t s  c a p a c ity  

t o  produce p u lsed  io n  beams o f very  sh o r t  d u ra tio n  (1 n s ) .  The p r in c ip le  

o f  p u ls in g  i s  i l l u s t r a t e d  in  the f ig u r e  3 .9 .1 .  A 10 ns io n  b r u s t , a t  

one Mliz r e p e t i t io n  r a t e ,  i s  produced a t  th e  io n  sou rce  by u s in g  r f  

e le c t r o  s t a t i c  d e f l e c t i o n .  A fte r  th e  a c c e le r a t io n  t h i s  10 ns p u lse  i s  

com pressed t o  1 n s  u s in g  Mobley bunching mechnism.
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v;ith  t h i s  typ e o f bunching th ere  i s  no l o s s  o f io n s  in  com pressing  

th e  io n  b u rst by a fa c to r  o f ten  and v i r t u a l ly  no in c r e a s e  in  th e  

i n t r i n s i c  beam energy sp read . There i s  in tro d u ced , however, an angular  

spread in  th e  io n  beam wliicli depending on the io n  v e lo c i t y  can be up to

2 o 5 ° . The IBIS i s  used  m ainly to  a c c e le r a te  l i g h t  io n s ,  ^ .e .  p ro to n s ,

3 4
d e u te ro n s , He and Kco
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CHAPTER IV 

EXPERDÆNTS, DATA MD THEIR REDUCTION

4 o 1 In tr o d u c tio n

In  t h i s  ch a p ter  d i f f e r e n t  experim en ts and d a ta  a n a ly s is  procedures  

are d isc u sse d »  The d e s c r ip t io n  o f d i f f e r e n t  exp erim en ts have been  

grouped to g e th e r  in  s e c t io n s  where same in str u m e n ta tio n  w ere u se d . The 

d ata  r e d u c tio n  procedures have been c o l l e c t e d  to g e th e r  in  an oth er  

se c t io n »

4o2, Beam and T arget Technique»

A sch em atic  s e t-u p  o f th e  beam o p t ic s  i s  shewn in  f ig u r e  4»2»1» 

Beam from th e  m achine was b en t through 90 d egrees  by th e  bending  

(a n a ly s in g )  m agnet, which was th en  fo c u sse d  by a p a ir  o f m agnetic  

quadrupole le n se s»  The f la p  box had the f a c i l i t y  fo r  m on itor in g  th$  

beam» The shape o f  th e  beam sp o t cou ld  be m onitored by p u tt in g  

a qu artz  f la p  in  the path o f  th e  beam and lo o k in g  t h r c u ^  a c lo s e d  

c i r c u i t  t e l e v i s i o n  cam era. The beam cu rren t cou ld  be m onitored  by 

b r in g in g  in  a tanta lum  f la p  in  th e  beam path» The beam was then  

c o ll im a te d  by a system  o f  a p er tu res  to  s a t i s f y  th e  g e o m e tr ic a l

- 7 8 -
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req u irem en ts o f th e  exp er im en t. S p e c i f ic  d e t a i l s  o f  the c o ll im a t in g  

req u irem en ts are p o in ted  ou t in  each experim en t under d isc u ss io n »

Beam m on itor in g

A fte r  p a ss in g  through th e  t a r g e t  the team was c o l le c t e d  in  a
' i :

Faraday cup. Charge c o l l e c t e d  in  the cup was measured by u s in g  

standard  H arw ell 2040 sy stem . I t  gave m easurem ents d ir e c t ly  in  

f r a c t io n s  o f a coulom b, th e  a b s o lu te  v a lu e  o f w hich  was b e l ie v e d  to  be 

c o r r e c t  w ith in  The r e la t iv e  v a lu e s  were more a c c u r a te . The

c a l ib r a t io n  of the beam m o n ito r in g  system  was checked from tim e to  tim e  

by u s in g  a p r e c is io n  cu rren t g e n e r a to r .

In  order to  avo id  erro r  in  th e  in te g r a te d  charge due to  e m iss io n  

o f  secondary e le c tr o n s  from th e  Faraday cup m agnetic and e l e c t r i c  

su p p ress io n s  were u se d . M agnetic su p p ress io n  was u sed  in  the s in g le  gap 

sp ectrograp h  experim ents»  T h is was ach ieved  by m a in ta in in g  a c o n sta n t  

m agnetic f i e l d  ( ~  1 KG) near the en tran ce  o f the Faraday cup. E le c t r ic  

su p p ress io n  was u sed  in  the s c a t t e r in g  chamber exp erim en ts 'which was 

a ch iev ed  by m a in ta in in g  a one in c h  d iam eter guard r in g  a t  a v o lta g e  

o f  -1 2 0  near the en tra n ce  to  the Faraday cup. A perture o f th e  Faraday 

cup was chosen  so th a t  i t  was la r g e  enough to  c o l l e c t  the beam w ith o u t  

s i g n i f i c a n t  lo s s »

T a r g e ts

T a rg e ts  w ere made by e v a p o r a tio n  o f  the e lem en ts in  s u ita b le  form 

onto proper b ack in g . In  a few  c a s e s  the ta r g e t s  were s e l f  supporting»  

T able 4 .2 ,1  shows th e  com p osition  o f the ta r g e t s  used»
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4 o3 S c a t te r in g  Chamber Expe •'•'.inents

The S c a t te r in g  chamber d e sc r ib e d  in  s e c t io n  3 .4  was used  fo r  both  

e l a s t i c  s c a t t e r in g  and t r a n s fe r  r e a c t io n  s tu d ie s  fo r  a n g le s  g r e a te r  than  

20 to  25 d e g r e e s . A schem atic  s e t  up o f  an experim ent u s in g  s c a t t e r in g  

chamber i s  shown in  f ig u r e s  4 . 3 . 1 .

A s in g le  a p ertu re  o f 2mm d iam eter  about a m eter away was used  as 

c o l l im a t o r .  There w ere s e v e r a l  (2  to  3) a n t i - s c a t t e r in g  s l i t s  o f 5mm 

d ia m e te r .

In  e l a s t i c  s c a t t e r in g  exp erim en ts s in g le  cou n ters  were used  fo r  

m o n ito r in g  and angular d i s t r ib u t io n  m easurem ents. For th e  t r a n s fe r  

r e a c t io n s  the angu lar d is t r ib u t io n s  were measured u s in g  the co u n ter  

t e l e s c o p e .  The m onitor was a s in g le  cou n ter  a s  in  th e  e l a s t i c  s c a t t e r in g  

c a s e s .  The m onitor cou n ter  gave th e  s ta t u s  o f th e  ta r g e t  w h ile  the  

experim ent was go in g  on. The d a ta  from th e m onitor were a ls o  used  to  

c o r r e c t  fo r  changes in  ta r g e t  th ic k n e s s  due to  change o f ta r g e t  

o r ie n t a t io n  or ev a p o r a tio n  o f  the m a te r ia l o f the t a r g e t  due to  h e a tin g  

by beam.

The t e le s c o p e  was s e t -u p  fo r  equal g a in  fo r  both E and AE cou n ter

241p r io r  to  the experim ent u s in g  an alpha' sou rce  u s u a lly  Am. The energy • 

r e s o lu t io n  o f th e  system  w ith  c o u n ters  c o o le d  to  10*̂ C was 90 KeV.

C o o lin g  to  low er tem perature was not p o s s ib le  due to  d i f f e r e n t  c o e f f i c i e n t  

o f  exp a n sio n  o f s i l i c o n  and the mount o f AE d e t e c t o r .  The energy  

r e s o lu t io n  was found to  be ~  150 KeV w ith  the beam on. As su g g ested  by 

Anderson e t  a l .  [A n67], th e  d e te r io r a t io n  in  th e  r e s o lu t io n  w ith  the beam . 

on was assumed to  be la r g e ly  due to  e le c tr o n s  produced in  th e  t a r g e t .

-S2.
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ir, o r d e r  to  s to p  t h e s e  lev/ en e rg y  e l e c t r o n s  r e a c h in g  th e  d e t e c t o r s ,  s m a l l  

pe rm anen t  m agnets  w i t h  f i e l d  s t r e n g t h  o f  ~  1 KG were p l a c e d  i n  f r o n t  of 

b o th  th e  t e l e s c o p e  and th e  m o n i to r .  The f i e l d  was s t r o n g  enougli to  

sweep away th e  e l e c t r o n s  w i th o u t  e f f e c t i n g  th e  h e a v ie r  p a r t i c l e s .  W ith 

t h i s  a r ra n g e m e n t  an o v e r a l l  r e s o l u t i o n  o f  90 to  100 KeV was o b ta in e d ^

A b lo c k  d iag ram  o f  th e  t o t a l  e l e c t r o n i c  c o u n t in g  sys tem  h a s  been 

shown i n  t h e  f i g u r e  3 . 4 . 1 .  The v a r i o u s  s c a l e r s  shown i n  t h e  d iag ram  

w ere  hooked t o  a m a s te r  c o n t r o l l e r  o f  H a rw e l l  t y p e  1857B, w h ich  c o u ld  be 

u se d  f o r  p r i n t i n g  o u t  th e  c o u n t s  i n  a l l  t h e  s c a l e r s ,  s t a r t i n g  and s to p p in g  

a l l  of  tliem a s  n e c e s s a r y  i n  s i n g l e  o p e r a t i o n .  I n  f a c t  t h e  m a s t e r  

c o n t r o l l e r  was a l s o  co u p le d  t o  th e  c u r r e n t  i n t e g r a t i n g  s y s te m .  A p r e - s e t  

s c a l e r  was u s e d  to  p roduce  a s i g n a l  when th e  bombardment o f  t h e  t a r g e t  was 

c om ple ted  f o r  t h e  r e q u i r e d  c h a r g e .  T h is  s i g n a l  i n i t i a t e d  th e  c o n t r o l l e r  

a c t i o n  w hich  s h u t  o f f  t h e  s c a l e r s  and beam c u r r e n t .  The be ait c u r r e n t  was 

c u t  o f f  by u s i n g  an  e l e c t r i c a l l y  o p e ra te d  t a n t a lu m  f l a p .

A PDP-3 com pu te r  i n t e r f a c e d  to  a c c e p t  d a t a  f rom  ana logue  t o  d i g i t a l  

c o n v e r t e r s  was u s e d  f o r  sp ec tru m  a n a l y s i s .  T h is  com puter  has  8k memory 

o f  12 b i t  w o rd s ,  one t e l e t y p e  u n i t ,  two DEC m a g n e t ic  t a p e  t r a n s p o r t ,  and 

a d i s p l a y  w it l i  l i g h t  pen f a c i l i t y .  For o p e r a t i o n  o f  t h e  com puter  i n  

d a t a  a c q u i s i t i o n  mode, a  d i s p l a y  programme w i th  i n t e r r u p t  f a c i l i t y  was 

u s e d .  Whenever any d a t a  a r r i v e d  from  the  ADC, th e  d i s p l a y  was 

i n t e r r u p t e d .  The c o u n t in g  o f  tiie a d d r e s s  advance  i n  th e  i n t e r f a c e  u n i t  

was i n i t i a t e d  by a s t a r t  p u l s e  from  ADC. The number o f  a d d re s s  advance  

p u l s e s  g iv e  t h e  c h a n n e l  a d d r e s s .  On a r r i v a l  of an a c cu m u la te  p u l s e  

d i s p l a y  was i n t e r r u p t e d  and one was added i n  th e  a d d r e s s  r e g i s t e r e d *
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T h is  o p e r a t i o n  to o k  a b o u t  ~  2 p -se c  and so d id  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  

t o  th e  dead t im e  c" t h e  sy s te m . The dead  t im e  was s t l y  due  t o  

c o n v e r s io n  t im e  i n  t h e  ADC. For th e  H a rw e l l  ADC ty p e  2011 w i th  a
4

c o n v e r s io n  ra te & 4  MHz , th e  dead  tim e was one m ic ro second  p e r  f o u r  

c h a n n e l . , A p a r t  from t h i s  t h e r e  was a dead  tim e o f  5 [ i-sec  f o r  e v e ry  

p u l s e  r e j e c t e d  due t o  n o n - f u l f i l m e n t  o f  c o in c i d e n c e  c o n d i t i o n .  Tlie dead 

t im e  e s t i m a t e  was o b ta in e d  by g a t i n g  a one m eg a -cy c le  c lo c k  ( n o t  shown 

i n  d iag ram  3 . 4 . 1 )  w i th  t h e  dead  tim e o u tp u t  o f  th e  ADC u n i t .  S i m i la r  

sy s tem  was u s e d  t o  r e g i s t e r  m o n i to r  dead  t im e .  I n  m ost o f  ou r  u s e s  th e  

com pute r  was u s e d  a s  two in d e p e n d e n t  m u l t ic h a n n e l  a n a l y s e r s  w i th  two ADC 

i n p u t  e a c h  o f  1024 c h a n n e l s .  I t  co u ld  a l s o  be u se d  i n  o t h e r  modes such 

a s  'o n e  g ro u p  w i th  2048 c h a n n e l s '  or ' e i g h t  g roups  w i th  256 c h a n n e ls  e a c h '  

A t the  end o f  a r u n  d a t a  was s t o r e d  on DEC m a g n e t ic  t a p e  by u s in g  a n o th e r  

programme. The d a t a  t r a n s f e r  r a t e  t o  t h e  m ag n e t ic  t a p e  was v e ry  h ig h  and 

i t  to o k  o n ly  few  se co n d s  t o  t r a n s f e r  a  sp e c t ru m  o f  2048 c h a n n e l s .  About 

45 such ru n s  cou ld  be s t o r e d  on a s i n g l e  DEC m ag n e t ic  ta p e *  A t t h e  end 

o f  t h e  e x p e r im e n t  d a t a  t a p e s  were p r i n t e d  o u t  on t h e  l i n e  p r i n t e r  of 

H a rw e l l  IBM 360 c e n t r a l  com puter  and w r i t t e n  on IBM 7 - t r a c k  m ag n e t ic  

t a p e  f o r  s u b s e q u e n t  a n a l y s i s .

4 . 4  The S p e c t r o g r a p h  E x p e r im e n ts .

The s p e c t r o g r a p h  sys tem  was u s e d  when r e s o l u t i o n  r e q u i r e m e n ts  w ere  

beyond th e  c a p a b i l i t y  o f  t h e  c o u n te r  t e l e s c o p e  qystem o r  t o  check  th e  

d a t a  o b ta in e d  w i t h  t h e  c o u n te r  t e l e s c o p e  sy s te m . T h e r e f o r e  i n  some 

c a s e s  th e  system  was u sed  a s  an a l t e r n a t i v e  r a t h e r  th a n  i n  a  com plem entary  

m anner .  The e x p e r im e n ts  w ere  p e rfo rm e d  i n  l o t s  o f  2 t o  3 day s  w hich a r e
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r e f e rc c i  to  a s  ru n s  h e r e a f t e r ,  ±t was more e f f i c i e n t  to  u s e  a s i n g l e  

s y s te n  i n  any one ru n  due t o  t im e  w a s ta g e  in v o lv e d  i n  th e  beam l i n e

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

been  d e s c r i b e d  i n  s e c t i o n  3*5. The beam o p t i c s  w ere  s i m i l a r  t o  t h o s e

d e s c r i b e d  i n  s e c t i o n  4 . 2 .  A r e c t a n g u l a r  a p e r t u r e  1mm h ig h  and 3mm w id e ,

h a l f  a m e te r  away from  th e  t a r g e t  was u s e d  as  c o l l i m a t i n g  s l i t *  A s i n g l e

5mm X 5mm a n t i - s c a t t e r i n g  s l i t  was u se d . The a n t i - s c a t t e r in g  s l i t  system

was e q u ip e d  w i th  a  p a p e r  r o l l  d e v ic e  so t h a t  a b u rn  mark co u ld  be  u sed

t o  check  th e  beam s p o t  d im en s io n  and a l i g n m e n t s .  .•

I n  o r d e r  t o  u s e  t h e  sy s tem  f o r  e x p e r im e n t s ,  d e t e c t o r s  w ere  p o s i t i o n e d

a t  r e q u i r e d  p l a c e s  a lo n g  t h e  f o c a l  p la n e  from  K inem atic  c o n s i d e r a t i o n  of

th e  r e a c t i o n  to  be s t u d i e d .  T h is  p o s i t i o n i n g  cou ld  be done on ly  ro u g l i ly ,

t h e  e x a c t  l i m i t i n g  r a d i i  of  th e  d e t e c t o r s  w ere  d e te rm in e d  l a t e r  by u s in g  

241e i t h e r  a Am s o u rc e  or e l a s t i c  s c a t t e r i n g  from  a t h i n  g o ld  t a r g e t .

The g a in s  o f  th e  E and E .x  a m p l i f i e r s  were s e t  up so t h a t  t h e  f u l l  l e n g t h  

o f  a d e t e c t o r  co u ld  be accommodated i n  th e  256 c h a n n e ls  a l l o c a t e d  t o  i t *  

T h i s  was a c h ie v e d  by u s in g  e l a s t i c  s c a t t e r i n g  from  a t h i c k  t a r g e t  and 

s e t t i n g  up th e  m a g n e t ic  f i e l d  so a s  t o  p r o v id e  a u n ifo rm  sp ra y  of 

p a r t i c l e s  o v e r  a l l  t h e  c o u n t e r s  and a d j u s t i n g  t h e  g a i n s  u n t i l  r e c t a n g l e s  

c o r r e s p o n d in g  t o  f u l l  l e n g t h  o f  th e  d e t e c t o r s  were o b se rv e d  i n  th e  s p e c t r a .  

The r e s o l u t i o n  o f  th e  d e t e c t i n g  system  was ab o u t  ~  30 KeV *

The r e q u i r e d  r e a c t i o n s  w ere  s t u d i e d  by s e t t i n g  up th e  m a g n e t ic  f i e l d  

t o  r e q u i r e d  v a l u e s  from  k in e m a t i c  c a l c u l a t i o n s ,  so  t h a t  peaks  w ere  ;
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p o s i t i o n e d  a t  t h e  c e n t r e s  o f  the  d e t e c t o r s .  The m ag n e tic  f i e l d s  w ere

s e t  by u s in g  a p r o to n  r e s o n a n c e  f i e l d  m easu r in g  p ro b e .  The r e q u i r e d

ty p e  o f  p a r t i c l e  was chosen  by s e t t i n g  up th e  energ)^ c o n d it io n s  as

G:\p ialned  i n  s e c t i o n  3 .5 .  The u s e  o f  t h e  PD?-S com puter  f o r  d a t a

a c q u i s i t i o n  was p a r a l l e l  t o  t h e  d e s c r i p t i o n  i n  s e c t io n  4 . 5 o

A s o l i d  s t a t e  d e t e c t o r  was u s e d  a t  to  th e  beam d i r e c t i o n  to

m o n i to r  t h e  t a r g e t  d u r in g  t h e  e x p e r im e n t s .  The e l a s t i c  s c a t t e r i n g  from

t h e  t a r g e t  ccem by m o n i to r  was u s e d  t o  c o r r e c t  t h e  changes  i n  t a r g e t

t h i c k n e s s  a r i s i n g  e i t h e r  from  e v a p o r a t i o n  o r  change i n  t h e  ta r g e t

o r i e n t a t i o n .  The m o n i to r  was a ls o  u s e d  fo r  n o r m a l i z a t i o n  p u rp o se s

when th e  in te g r a te d  beam cu rren t m easurem ent w ere  n o t a v a i l a b l e ,  w h ich

0
occu rred  f o r  s t u d i e s  a t  a n g le s  l e s s  than 15 when th e  F araday  Cup had  

t o  be removed t o  a v o id  o b s tr u c t io n  o f  t.ic s p e c t r o g r a p h  a p e r tu re . '

C o r r e c t i o n s  had t o  be a p p lied  to  th e  d a t a  from t h e  sp ectrograp h

s y s tem  due t o  c h an g es  i n  s o l i d  a n g le  a lo n g  th e  f o c a l  p l a n e .  T h is  was 

done by u s in g  th e  c a l ib r a t io n  c u rv e  shown i n  t h e  f i g u r e  4 , 4 . 1 .  The 

q u a n t i t y  i n  th e  f i g u r e  r e f e r  t o  mean r a d i u s  w hich  was taken a s  

50 cm,

4 .5  M u l t ig a p  S p e c t r o g r a p h  E x p e r im e n ts .  . r

The Hai-ivçll m u l t ig a p  s p e c t r o g r a p h  h a s  been  d e s c r i b e d  i n  s e c t i o n

5 .6  w here th e  r e a s o n  f o r  t h e  u s e  o f  t h e  sy s te m  was a l s o  p o in te d  o u t ,  '

The beam o p t i c s  u s e d  i n  t h e  m u l t i g a p  e x p e r im e n ts  were d i f f e r e n t  

f rom  th e  d e s c r i p t i o n  i n  s e c t i o n  4 , 2  i n  s e v e r a l  w ays. N o - c o l l im a t in g  s l i t s  

w ere  u s e d  a t  a l l  i n  t h i s  c a s e .  The m achine  s l i t s  w ere  s e t  t o  t h e  

d im e n s io n s  0 .0 6 0 "  i n c h  h ig h  x  0 .0 4 0 "  in c h  w id e . The m a g n e t ic  q u a d rq p o le s

- 8 8 -



were used  to  produce an image o f  th e  maciiine s l i t  on th e  ta r g e t  w ith  a 

m a g n if ic a t io n  o f % in  th e  v e r t i c a l  d ir e c t io n  and one in  th e  h o r iz o n ta l  

d ir e c t io n .  The f i e l d  ad justm ents o f  the quadrupoles were done by 

p o s i t io n in g  a 0„020" x 0.04-0" s l i t  a t  th e  ta r g e t  p o s i t io n ,  fo u r  s id e s  

o f  which w ere in s u la te d  from each o th er  and each  could  be connected  to  a 

cu rren t m on itor in g  d e v ic e .  I t  was p o s s ib le  to  o b ta in  f i e l d  s e t t in g s  fo r  

th e  quadrupoles by t r i a l  to  g e t  a tr a n sm iss io n  b e t t e r  than 90^ through  

th e  s l i t .  Once, th e  beam geom etry was s e t  up , th e  s l i p  was rep la ced  by 

the t a r g e t .  T his c o u ld  be done w ith o u t brealcing the vacuum by s l id in g  

th e  t a r g e t  assem bly w h ich  cou ld  hold, many t a r g e t s  u s in g  a s te p p in g  

motor d e v ic e .  The p o s i t io n in g  o f  the t a r g e t  cou ld  be done a c c u r a te ly  to  

w ith in  a few  th ou san d th s o f  an in c h .

The d e te c to r s  used  w ere I l f o r d  L4 em u lsion  p later, o f 50 micrOn 

t h ic k n e s s .  P o ly th en e  ab sorb ers o f 0 ,015"  th ic k n e s s  were used  in  fr o n t  

o f  the em u lsion  p la t e s .  The e f f e c t  o f  th e  ab sorb ers was t o  s to p  the  

douterons in  th e  em u lsion  which made J.t p o s s ib le  to  d is t in g u is h  th e  

d outerons from th e  p roton s w hich were n ot s to p p ed  in  the em u lsio n .

The m agnetic  f i e l d  was s e t  in  each experim ent so th a t  the f i r s t  

r e q u ired  group a r r iv e d  in  th e  f i r s t  gap , a t  l e a s t  10 cm from th e to p  end 

o f  th e  em u lsion  p l a t e ,

A s o l i d  s t a t e  d e te c to r  was used  t o  m onitor the t a r g e t  c o n d it io n  ’by 

lo o k in g  a t  th e  e l a s t i c  s c a t t e r in g .  The problem o f  ta r g e t  d e te r io r a t io n  

does n o t a r is e  in  m u lti-g a p  exp erim en ts b ecau se  a l l  th e  gap s are eq u a lly  

a f f e c t e d  by any change in  th e  ta r g e t  c o n d it io n .

- 8 9 -



A r o u tin e  procedure was used  to  p r o c e ss  th e  p la t e s  b e fo re  sc a n n in g . 

The scan n in g  of th e  p la t e s  were done in  knni s t r i p s ,  o n ly , in  s e le c t e d  

_ c e s  from the Im owl edge o f t h e  energy l e v e l s  o f  r e s id u e .  w .cleons and 

K in em atics n s id e r a t io n s .

The on ly  c o r r e c t io n  needed fo r  th e  d a ta  was the s o l id  arigle 

v a r ia t io n  a lon g  th e  f o c a l  p la n e . T h is c o r r e c t io n  a lon g  w ith  th e  

tra n sfo r m a tio n  to  the c e n tr e  o f  mass system  was a ch iev ed  by u s in g  a 

computer programme (C o f, Appendix B)o,

4 .6  Time o f F l ig h t  E xp erim ents.

29 30 'The tim e o f  f l i g h t  system  was used  to  study th e  S i(d ,n )  P 

r e a c t io n .  The in s tr u m e n ta tio n  fo r  th e  tim e o f  f l i g h t  experim en ts had 

a lrea d y  been d e sc r ib e d  in  s e c t io n  3 .7 .  Two d e te c to r s  w ith  p u lse  shape  

d is c r im in a t io n  w ere used  in  th e  ex p e r im en ts . One o f  th e  d e te c to r s  was 

u sed  fo r  angular d i s t r ib u t io n  m easurem ents and th e  o th e r  was s e t  a t  a 

f ix e d  a n g le  (15*  ̂ to  the beam d ir e c t io n )  to  m onitor the t a r g e t  c o n d it io n .  

The d e te c to r  used  in  th e  angu lar d i s t r ib u t io n  m easurem ents had a 

s c i n t i l l a t o r  (NE215) o f  4" in c h  d iam eter and '1" in cli t h ic k n e s s .  The 

m onitor d e te c to r  s c i n t i l l a t o r  had 2" d iam eter  and 1" t h ic k n e s s .

An i l l u s t r a t i o n  o f  the tim e o f f l i g h t  s e t -u p  i s  shown in  the  

f ig u r e  4 . 6 , 1 .  The c y l in d r ic a l  ta r g e t  in  th e  p ic tu r e  was ab sen t in  our 

c a s e .  The t a r g e t  used  in  she experim en t was 100 pg/cm“ th ic k  (^^Si) 

made by ev a p o ra tio n  on a 0 .0 5 "  t h ic k  g o ld  back ing a n d 'p laced  a t  the^end  

o f  the beams l i n e  in  a r o ta t in g  can which was c o o le d  by a stream  o f  

com pressed a i r .
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b e fo re  ore ex p er im en ts , l in e a r i t y  checks w ere done on the

in s tr u m e n ta tio n  system  u s in g  th e  "w hite spcctm m  m ethod". In  t h i s  method

s t a r t  and s to p  p u ls e s  w ere gen era ted  from th e  random e v e n ts  in  th e
0/1.1

d e te c to r  due to  an .tm sou rce  and a one Mhz c lo c k  r e s p e c t iv e ly  and th e

param eters in  the e le c t r o n ic  s e t  up w ere a d ju sted  u n t i l  a f l a t  tim e

spectrum  was o b ta in e d . F igu re 4 ,6 ,2  shows a t y p ic a l  w h ite  spectrum .

A part from v ery  la v  p u ls e  h e ig h t  r e g io n  a l in e a r i t y  t e s t e r  than 1^

was a c h ie v e d . A s  th e  experim en ts w ere in  th e  l in e a r  r e g io n , th e  low

p u lse  h e ig h t  n o n - l in e a r i t y  was o f no con seq u en ce , ‘

The f l i g h t  path  used  was about ~  6 m eters fo r  both th e  d e t e c t o r s .

The an gu lrr  d is t r ib u t io n s  w ere ob ta in ed  by r o ta t in g  th e  la r g e r  d e te c to r

around the t a r g e t .  In  order to  keep th e  d is ta n c e  between the ta r g e t  and

th e  d e te c to r  f ix e d ,  th e  b ase  o f  th e  r o ta ta b le  cou n ter  tow er w as" fixed

to  a s t e e l  bar which p iv o te d  about a p o in t  d i r e c t ly  below  th e  ta r g e t

(o b ta in e d  by drop ing  a plumb l i n e ) .  The angular p o s i t io n s  were

determ in ed  from permanent m arkings on th e  f lo o r  which a r e  b e l ie v e d  to  be 

■ 1 o
a c c u r a te  w ith in  ± « The b e s t  tim e r e s o lu t io n  o b ta in ed  was b e t t e r

than 4  n s .  A neu tron  tim e o f f l i g h t  from ^^Si(d ,n)^^P  i s  shown in  

th e  f ig u r e  4 , 6 , 3 .

C o r r e c tio n s  due t o  v a r ia t io n  i n  th e  e f f i c i e n c y  o f th e  d e te c to r s  

were a p p lie d  i n  th e  d e term in a tio n  o f  an gu lar  d is t r ib u t io n s  u s in g  the  

c a l ib r a t io n  m easurem ents by Adams (A d69). The r e la t iv e  e f f i c i e n c y  curve  

i s  shown in  th e  f ig u r e  4 , 6 , 4 ,
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4*7 C ros f -Secv ion  C a l c u l a t i o n s

F o r  t h e  c r o s s - s e c t i o n  c a l c u l a t i o n  p u r p o s e ,  an e s s e n t i a l l y  p a r a l l e l  

bean  was assumed t o  s t r i k e  th e  ta r g e t*  The d i f f e r e n t i a l  y i e ld  m easured  

by th e  d e t e c b o r  i s  g iv e n  by

dY(8) = n G o(G) dD ( 4 .7 .1 )

w here Nq = Number of p a r t i c l e s  i n  tdie beam

n = Atomic d e n s i t y  o f  t h e  t a r g e t

G = e f f i c i e n c y  o f  t h e  d e te c to r

o (6 )=  d i f f e r e n t i a l  c r o s s - s e c t i o n s

dn = s o l i d  a n g le  subtended by the  

d e te c to r  a t  t h e  d e t e c t o r .

The e x p e r im e n ta l  r e s u l t s  were e s s e n t i a l l y  m easu rem en ts  o f  dV(6) f o r  

known v a lu e s  o f  No w hich  was m easu red  by m o n i to r in g  t h e  i n t e g r a t e d  beam. 

The p rob lem s of  beam m o n itor in g  h a .e  a l r e a d y  been  d e a l t  w i th  i n  s e c t i o n  

4 o 2 ,  The q u a n t i t i e s  n t  dO w ere  e l i m i n a t e d  from  the, e q u a t i o n  by 

I n .o h e r fo rd  s c a t t e r i n g  m easurem ents. The R u therford  y i e l d  i s  g iv e n  by:

dYj^(e^) = Nn dn ( 4 .7 .2 )

where th e  symbols have  p a r a l l e l  m eaning t o  4 . 7 . ' .  d o m b in a t io n  o f  two 

e q u a t i o n s  y i e l d

- 9 5 -



d'( û) =  — h j — X —rf"  X d; (G^ )  (4 -o7o3)
cl Y .- ,(e j  ‘d  -

Too RuA.ci’forci c r o s s - s e c t io n s  b e in g  known cj( o) could  be c a lc u la t e d .  The

c r o s s - s e c t io n s  thus c a lc u la te d  w ere transform ed in to  c e n tr e  o f mass

system  f o r  subsequent a n a ly s is .  A ,com puter programme was w r it te n  fo r  th e  

c a lc u la t io n s  o f th e  c r o s s - s e c t io n s  and no e f f e c t  the tra n sfo rm a tio n s  to  

the c e n tr e  o f mass sy stem  ( c . f .  Appendix A and B ) .

The fo llo w in g  p r e c a u tio n s  were taken  1 /  order t o  ensure the  

c o r r e c tn e s s  o f c a lc u la t e d  o ( 6):

( i )  Chariges in  th e  t a r g e t  th ic k n e s s  due to  e v a p o ra tio n  during the

experim en t were c o r r e c te d  by u s in g  a f ix e d  m onitor co u n ter  and

loo lc in g  a t  the e l a s t i c  y i e l d  and n o rm a lis in g  the y i e l d  to  

th e  vux-ue j u s t  b e fo r e  or a f t e r  the R u therford  m easurem ents.

( i i )  In c o r r e c t  n o r m a liz a tio n  o f  o'(ô) could  a r is e  from ot n ot b e in g  

pure R u th erfo rd . In  f a c t  o n ' s  w ere taken to  be o p t ic a l  

c r o s s - s e c t io n s  due to  some rea so n a b le  param eters in s te a d  o f  

pure R u th erford , The m easurem ents o f cn were made a t  s e v e r a l  

a n g le s  so t h a t  c o n s is te n c y  ch eck s cou ld  be made.

4o8 D ata A n a ly s is

In  t h is  s e c t io n  on ly  g e n e r a l i t i e s  o f t /.e  d a ta  a n a ly s is  are c o n s id e r e d ,  

p e c u l i a r i t i e s  a s s o c ia te d  to  each tec lin iq u e  w ere co n s id er e d  e a r l i e r  in  t h i s  

chapter*

The exp er im en ta l d a ta  were e s s e n t i a l l y  s p e c tr a  o f  p a r t ic l e s  

c o n s is t in g  o f  a s e r i e s  o f  pealcs. The f i r s t  s te p  in  th e  d ata  a n a ly s is  was

-9 6 -



t o  f i n d  th e  a r e a s  o f  t h e  p eak s, h'hcn th e  pealcs w ere  w e l l  r e so lv e d , t h i s  

was done by u s i n g  th e  l i g h t  pen f a c i l i t i e s  of  t h e  PDP-S and DDP-5'iô 

co m p u te rs  a t  t h e  N u c le a r  P h y s ic s  D i v i s i o n ,  Ilaiwvello I t  was a ls o  p o s s i b l e  

t o  do s im p le  s t r a i g h t  l i n e  background s u b t r a c t i o n  i n  t h i s  p r o c e ss .

I n  t h e  c a s e s  o f  o v e r l a p p in g  pealcs, a l e a s t  s q u a re  f i t t i n g  com puter 

p r ^ ^ r a n n c  ( c . f .  Appendix B) was u se d  f o r  t h e  purpose. T h is  programme 

f i t t e d  th e  o v e r l a p p in g  peaks  t o  a  g iv e n  l i n e  shape  u s i n g  a l e a s t  square  

method and gave a r e a s  due t o  i n d i v i d u a l  peaks  a t  b e s t  f i t .  I t  was 

p o s s i b l e  to  do l in e a r ,  p a r a b o l i c  o r  cu b ic  background  f i t  and s u b t r a c t i o n  

w ith  t h i s  programme.

The n e x t  s te p  c o n s i s t e d  of n o r m a l i s a t i o n  o f  th e  c a lc u la te d  peaks  

a rea s  t o  a common charge e x p o s u re  and c o r r e c t io n  o f  t h e s e  a r e a s  due to  

t a r g e t  d e t e r i o r a t i o n  e f f e c t .  .The d a t a  so ob ta in ed  were u se d  f o r  t h e  

c r o s s - s e c t i o n  c a l c u l a t i o n s  as d e sc r ib e d  i n  s e c t i o n  4 .7*

The c e n t r e  o f  mass c r o s s - s e c t io n  o b t a i n e d  from  th e  c r o s s - s e c t io n  

programme were g e n e r a lly  a t  ir r e g u la r  a n g u la r  i n t e r v a l s .  As i t  was 

c o n v e n ie n t  t o  have  d ata  a t  r e g u la r  a n g u la r  i n t e r v a l s  f o r  s u b s e q u e n t  

a n a l y s i s  i n  many c a s e s ,  t h e  C.M. c r o s s - s e c t i o n s  w ere  found a t  req u ired  

i n t e r v a l s  f o r  t h e  n e c e s s a r y  c a s e s  by i n t e r p o l a t i o n  u s in g  a L egendre  

P o ly n o m ia l  l e a s t  s q u a r e  f i t t i n g  com pute r  programme ( c . f a p p e n d i x  B ) .

I n  some c a s e s . s a t i s f a c t o r y  f i t s  co u ld  n o t  be o b ta in e d  u s i n g  t h e  above 

m ethod and f r e e  hand  f i t t i n g  was u s e d .

The n e x t  s t e p  i n  t h e  d a t a  a n a l y s i s  c o n s is o  i n  f i t t i n g  t h e  data  

t o  th e  t h e o r i e s .  I n  t h e  c a s e  o f  e l a s t i c  s c a t t e r i n g ,  t h e  o p t i c a l  model 

f i t t i n g  i s  d e s c r i b e d  i n  d e t a i l  i n  ch ap ter  V*
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F o r  t h e  t r a n s f e r  r e a c t i o n  c a s e s  ' -.A f i t t i n g s  w ere ;h o n e  t o  t h e  

e x p e r i i o ; ; t a i  angu lar d i s t r i b u t i o n s  t o  e x to a c t  ' .e s p e c t r o s c o p i c  f a c t o r s .

I n  t h e  p u re  c a s e s ,  i . e .  th e  c a s e s  where o n ly  one o r b i t a l  a n g u la r  

aonientu;;! L r a i f t f e r  was a llo w ed , th e  s p e c t r o s c o p i c  f a c t o r s  were found  by ; 

m ooching th e  f i r o o  e x p e r i m e n t a l l y  o b se rv e d  pealc i n  th e  angular u i o t r i b u t i o n :  

to  t h e  DW3A c r o s s - s e c t io n s .

I n  th e  c a s e s  w here  more t h a n  one o r b i t a l  a n g u la r  momentum t r a n s f e r  

was a l lo w e d ,  a co m p u te r  programme ( c . f .  Appendix  B) was u se d  fo r  

d ecom p osition  o f  t h e  d i s t r i b u t i o n  i n t o  i t s  com ponents. In  t h i s  work 

c o m p o s i te  d is t r ib u t io n s  w ere  due on ly  to  I = 0+2 t r a n s f e r s .  T hree  

t y p ic a l  c a s e s  o f  d e c o m p o s i t io n s  are shown i n  f i g u r e  4 . 8 * 1 .  I n  t h e  

piclv up c a s e s  d a t a  w ere  n o t  a v a i l a b l e  a t  a n g le s  n e a r  z e r o -d e g r e e  where  

l-O d i s t r i b u t i o n s  a r e  c h a r a c te r is e d  by t h e i r  l a r g e  c r o s s - s e c t io n .  So 

t h e  s p e c t r o s c o p i c  f a c t o r s  found u s in g  th e  d e c o m p o s i t io n  procedure w ere  

n o t  v e r y  a c c u r a t e .  F o r  t h e  s tr ip p in g  c a s e s  th e  maximum CVvBA c r o s s - s e c t i o n  

f o r  6=2 t r a n s f e r  i s  t y p ic a l ly  an o r d e r  o f  m ag n i tu d e  s m a l l e r  th a n  th e  

maximum DW3A c r o s s - s e c t io n  f o r  1=0 t r a n s f e r .  T h is  g i v e s  r i s e  to  l a r g e  

u n c e r ta in ty  i n  th e  s p e c t r o s c o p i c  f a c t o r s  f o r  1=2, e x t r a c t e d  by u s i n g  

t h e  f i t t i n g  p roced u re. As even th e  pure d i s t r i b u t i o n s  d id  n o t  f i t  

v e r y  w e l l  w i th  th e  DiVBA c a l c u l a t i o n s  f o r  8  ̂ 40^ , i t  was n o t  p o s s i b l e

t o  e s t i m a t e  a c c u r a t e l y  t h e  v a r i a n c e  on the s p e c t r o s c o p i c  fa c t o r s  

e x tr a c te d  by t h e  f i t t i n g  p roced u re . F o r  th e  s t r i p p i n g  c a s e s  e s t i m a t e s  

show t h a t  t h e  1=0 s p e c t r o s c o p i c  f a c t o r s  are q u i t e  a c c u r a t e  but t h e  1=2 

s p e c t r o s c o p i c  f a c t o r s  a r e  a c c u r a t e  w i t h i n  a f a c t o r  o f  2.
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U n c ê rc JL / .c ic s  i n  t i e  s p e c t r o s c o p i c  f a c t o r  ariL._::^ from th e  

cj-.ib igu ities i n  t h e  d e c o m p o s i t io n  a r e  n o t  s h o rn  i n  she t a b u l a t i o n s  o f  

s p e c t r o s c o p i c  f a c t o r s .

4oD ' ■ os and T h e i r  E v a l u a t io n

T here  a r e  v a r i o u s  s o u rc e s  of e r r o r  i n  a  s c a t t e r i n g  e x p e r im e n t .

The im portance o f  d i f f e r e n t  e r r o r s  d ep en d s  on the geom etry o f  th e  

exp er im en t. Some o f  tr.e common e r r o r s  are

1) s t a t i s t i c a l  error*

2) e r ro r  due t o  f i n i t e  a n g u la r  opening o f  t h e  c o u n te r

3) e r ro r  due t o  s i z e  o f  th e  beam s p o t .

4) e r r o r s  due t o  m u l t i p l e  s c a t t e r in g  i n  a b s o r b e r s

5) e r r o r s  due t o  s l i t  sy s te m  u se d .

S t a t i s t i c a l  e r r o r  are th e re  i n  common w i t h  a l l  i o j  c o u n t in g  

p r o c e s s e s .  I t  i s  p a r t i c u l a r l y  s e r io u s  i n  c a se s  o f  o v er la p p in g  peaks 

and p eak s  w i t h  h ig h  b ac k g ro u n d .  Standard procedure was adopted , t o  

e v a l u a t e  them. The s t a t i s t i c a l  e r r o r s  a r e  n o t  shown i n  th e  t a b u l a t i o n  

o f  th e  s p e c t r o s c o p i c  f a c t o r s  u n l e s s  th e y  a r e  g r e a te r  t h a n  10^.

E r r o r  due t o  f i n i t e  a n g u la r  opening o f  c o u n te r s  a r e  im portant 

where  c r o s s - s e c t io n  v a ry  v e r y  r a p id ly  w i th  a n g le .  T n is  i s  a  second 

order e f f e c t  becc-u.,. \ l i n e a r  change c a n c e ls  each o th er  on two s i d e s  o f  

c e n t r a l  a n g le .  T his  cou ld  be im portant i n  o u r  c o u n te r  t e l e s c o p e  sys tem  

f o r  e l a s t i c  s c a t t e r i n g  a t  fo rw a rd  a n g le s  b e c a u s e  o f  i t s  r a t h e r  l a r g e  

angular o p e n in g  b u t  t h i s  sy s tem  was n o t  u s e d  a t  v e ry  forw ard a n g le s .

F o r  sp ectrograp h  e x p e r im e n t s  t h i s  was n o t  v e ry  im portant because o f
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i t s  v e ry  s m a l l  a n g u la r  o p e n in g .

Beam s p o t  d im e n s io n s  i n  a l l  our exp erim en ts w ere  v e ry  sm all

CO...pared to  the d is ta n ce  o f  the coun ter  fro... th e  t a r g e t  so t h a t  e r r o r

due t o  be a;; s p o t  s i z e  was u n i m p o r t c n t .

I t  m ig h t  he su sp ected  t h a t  th e  e r r o r  due t o  m u l t i p l e  s c a t t e r i n g

i n  t h e  ah c o u n t e r ,  i n  t h e  t e l e s c o p e  e x p e r im e n t s  may be s i g n i f i c a n t .

how ever , c a l c u l a t i o n s  show t h a t  even i n  t h e  w o r s t  c a se  <3> was l e s sav.

th a n  2 d e g r e e s . C o u n te r s  i n  tr .e  t e l e s c o p e  were arranged w i t h o u t  any 

c o ll im a t in g  s l i t s  be tw een  E and  AS c o u n te r s , so  th a t  th e r e  was no 

c o u n t in g  l o s s  due t o  t h is  e f f e c t .

E r r o r  due t o  s l i t  edge p e n e t r a t i o n  i s  u n im p o r ta n t  f o r  e n e rg y  

m easuring e x p e r im e n t s  b e c au se  t h i s  e f f e c t  shows up i n  energy  change and 

i s  a u to m a tic a lly  e lim in a te d .

Cdher  e r r o r s  a r i s in g  i n  s p e c i f i c  c a s e s  a r e  d i s c u s s e d  i n  r e l e v a n t  

p l a c e s .  Examples o f  t h e s e  ty p e  o f  e r r o r s  a r e :  e r r o r s  i n  pealc a r e a s  due 

t o  o v er la p p in g  o f  peal-cs, e r ro r s  i n  t a r g e t  t h ic k n e s s ,  e r r o r s  i n  th e  

s p e c tr o s c o p ic  f a c t o r s  a r i s i n g  from d e c o m p o s i t io n  i n t o  com ponents e t c .
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CHAPTER V

ELASTIC SCATTERING STUDIES

O o  I In tr o d u c tio n

The u t i l i t y  o f  o p t i c a l  p o t e n t i a l  p a ra m e te r s  i n  o u r  s t u d i e s  h a s

a lrea d y  been p o i n te d  o u t  i n  s e c t io n  2*5. I t  was a ls o  n o te d  th a t

d c u te r o n  and '^Ke o p t i c a l  p o t e n t i a l s  sho.v a few  i l l  d e f in e d  s y s te m a t ic

v a r i a t i o n s  and so i t  i s  n o t  q u i t e  s a f e  t o  e x t r a p o l a t e  p o t e n t i a l s  from

n e i g i : t o u r i n g 'n u c l e i  and  even from t h e  same n u c l e i  a t  d i f f e r e n t  e n e r g i e s ,

So i t  v;as d e c id e d  we s h o u ld  e v a l u a t e  th e  n e c e s s a r y  o p t i c a l  param eters

as  much a s  p o s s i b l e  i n  order to  reduce t h e  v a g a r i e s  i n  DVvBA a s s o c i a t e d

w ith  o p t i c a l  param eters. In  p r a c t i c e  m easurem ents w ere  l i m i t e d  to

t a r g e t s  on which o t h e r  s tu d ie s  were  done a s  w e l l*

Deuteron e l a s t i c  s c a t t e r i n g  a n g u la r  d i s t r i b u t i o n s  were m easured

a t  an i n c i d e n t  energy o f  12*0 MeV f o r  ta r g e t s  ^ C a ,  ^^Sc and a t  an

in c id e n t  e n e rg y - o f  13*0 MeV fo r  t a r g e t s  ^ ^ C l ,  ^ ^ C l ,  ^^Al and ^^Na.

s in g u la r  d i s t r i b u t i o n s  o f  '^He e l a s t i c  s c a t t e r in g  c r o s s - s e c t i o n s  

25 29
on Mg and “ S i  w ere  measured a t  an i n c i d e n t  energ}^ o f  14*0 MeV*
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V::o E x p e r im e n ta l  m ethods u se d  were t h o s e ;  d e s c r ib e d  i n  s e c t i o n s  4 .3  

ctp.d 4 * 4 .  Both  th e  cou n ter  t e l e s c o p e  and th e  sp ectrograp h  sys tem s  were  

u s e d  i n  ( c , d )  s t u d i e s . The c o u n te r  t e l e s c o p e  cr- h., n o t  be u s e d  a t  

fo rw a rd  a n g le s  due t o  w o rse n in g  r e s o l u t i o n  from  h ig h  count r a t e , a n d  

p r o g r e s s iv e  s m a l ln e s s  o f  the  k in e m a t ic  s h i f t  which made th e  r e s o lu t io n  

o f  t h e  i m p u r i ty  groups i m p o s s ib l e .  A t  forw ard a n g le s  t h e  sp ectrograp h  

sy s tem  was u sed . T h is  a l s o  provided  an in dependent check  on th e

n o r m a iisa o io n . Even w i th  th e  spec\. l  ,/iwph s y s t e n  i t  was n o t  p o s s i b l e

0 45 0t o  e x p lo r e  forward a n g le  l e s s  t h a n  25 f o r  Sc and Na and 20 f o r

c h l o r i n e  due to  th e  p r e s e n c e  o f  i m p u r i ty  groups and t h e  t a r g e t  t h i c k n e s s

e f f e c t .  E rrors i n  c r o s s - s e c t io n s  a re  q u i t e  hi.p*. even a t  t h e s e  a n g le s  due

3 3
t o  o v e r l a p p in g  o f  pealcs. For ( l ie ,  lie) c a s e s  sp ectrograp h  was used  

b e c a u se  i t  was n o t  c o n s id e r e d  w orthw h ile  to  change th e  beam l i n e  a s  some 

ch eck s on ( a ,  ^He) r e a c t i o n s  w ere  a l s o  b e in g  made on t h e  same r u n .

The c o m p o s i t io n  of t h e  t a r g e t s  u s e d  have a lread y  b e e n  d escr ib ed  i n  

t a b l e  4 . 2 * 1 .

F ig u r e s  5.2*1 show some r e p r e s e n t a t i v e  c o u n te r  t e l e s c o p e  s p e c t r a  

o b t a in e d  i n  e x p e r im e n ts  to  determ ine ( d , d)  c r o s s - s e c t i o n s .  F igure 5*2  

shows a t y p i c a l  p o s i t i o n  s e n s i t i v e  d e te c to r  spectrum . Tne r a t h e r  poor 

r e s o l u t i o n  i n  t h e  f ig u r e  was due  t o  t a r g e t  t h i c k n e s s .  A b s o lu te  

n o r m a l i s a t i o n s  fo r  ( d , d )  c a s e s  w ere  o b t a in e d  by com paring  th e  c r o s s -  

s e c t i o n s  w i th  e l a s t i c  c r o s s - s e c t i o n s  a t  4*0 MeV, by ta lcing  t h e  c r o s s -  

s e c t i o n s  t o  be due t o  some r e a s o n a b le  o p t i c a l  p o t e n t ia l  r a t h e r  th a n  p u re
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Rutherford as po in ted  out in  s e c t io n  4 ,7 .  A fter  the ev a lu a tio n  o f ,th e  

f in a l  p o te n t ia ls  checks were made on th e se  c o r r e c t io n s  u sing  the fin a l.

p o te n t ia ls  which showed the goodness of the approjiim ation. Procedure
3 3 " ■■ ■" ;

fo r  fin d in g  a b so lu te  n orm alisa tion  for  ( He, He) c a se s  are mentioned • ■

in  each case under c o n s id era tio n . : , î

General aim was to  keep s t a t i s t i c a l  error l e s s  than 3%, which was .[
■ . - ■ , I

ta k en  a s  the c r i t e r io n  o f  good s t a t i s t i c s .  However i n  some c a se s  e r ro r s  ;

turned  o u t to  be la r g e r  than t h i s .  V' f

5 .3  Methods o f A n a ly s is  4  v ,  4  .

--------------------------------------------------------------------- ■ ■■ : 4  i
The method o f  fin d in g  o p t ic a l  p o te n t ia l fo r  a g iven  data s e t  ; ; : •

c o n s is t s  in  vary ing  the parameters o f th e  o p t ic a l p o te n tia l u n t i l  the ■ > ' 4 4: 

d iffe r e n c e  between th e  c a lc u la te d  and measured c r o s s -s e c t io n s  i s  as sm all ; ‘ I  

as p o s s ib le .  A conven ient measure o f th is  d iffe r e n c e  i s  the q u antity

: . : . , N  . ■, ■ ■ ■

where ctp and oz ± ocr are  th e  c a lc u la te d  and exp erim en ta l c r o s s - s e c t io n  - 1 L  E ' ,■

a t a p a r tic u la r  angle and the summation runs over a l l  the N experim ental 

p o in ts . This quantity  may be minimised by ^ s te m a tic  parameter v a r ia t io n  

u sin g  an appropriate computer programme. In  t h is  way a s a t is fa c to r y  

f i t  to  the experim ental data  may u su a lly  be found, w ith  some exceptions  

to  be d iscu ssed  in  the fo llo w in g  s e c t io n s .  -4 :4  E

The r e s u l t s  of th e  a n a ly s is  o f a p a r tic u la r  s e t  o f experim ental data  

depends on th e number of param eters o f  the p o te n t ia l . th a t  are a lla v ed
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to  vary. The number.of param eters to be v a r ied  depends on the type of 

a n a ly s is  req u ired . ' '

I f  the o b jec t i s  to  obtain  as good a f i t  to a s e t  of data as p o s s ib le ,  

then t h is  w i l l  be achieved by vary in g  a l l  the param eters. I f  i t  i s  * ...

d es ired  to  obtain  th e  b e s t  o v e r a ll f i t  to  a range of n u c le i then i t  i s

more appropriate to  vary a few param eters o n ly . ,

Even when the v a r ia b le  parameters have been se le c te d  according to

the aim o f the a n a ly s is ,  i t  i s  not n e c e s s a r ily  b est  to  vary, them a l l  a t y

once, as some tim es t h is  g iv e s  r i s e  to  i l l  determined equations for  

optimum parameter s h i f t s  and hence to  e r r a t ic  behaviour o f  th e  autom atic ' 

search r o u t in e . I t  may be b e tte r  t o  vary the parameters 2 or 3 a t a time 

u n t i l  the b e s t  f i t  i s  found. No general r u le s  can be g iven  for  t h is  as .E.i 

i t  depends very much on the p e c u l ia r i t i e s  o f the p a r tic u la r  ejqperimental 

d a ta . ' . ; . :
/ 4 !

I t  i s  u sual to  s t a r t  the p rocess w ith parameters th a t  have already |

been found to  g iv e  a good f i t  to  data on s im ila r  n u c le i a t  s im ila r  '' . ;

en e r g ie s . However, i f  the c a lc u la t io n s  are s ta r te d  w ith markedly d if fe r e n t  =
. . . . .  ■ : .. .. : 

parameters i t  i s  freq u en tly  found to  converge to  q u ite  a d if f e r e n t  s e t  ; ]

o f  param eters. Thus, th ere  may be more than one o p tic a l p o te n t ia l th a t  ]

g iv e s  an eq u a lly  acceptab le f i t  to  a p a r tic u la r  s e t  o f experim ental data. ; ; |

I t  turns out th a t  th ere are sev era l d i s t in c t  s e t s  o f parameter am biguities^_  ,

Some are con tin u ou s, so th a t  a l l  s e t s  of parameters in  a p a r tic u la r  

' reg ion  o f  parameter space g iv e  eq u a lly  good f i t .  Other am b igu ities  are 

d is c r e te  in  the sense th a t only a s e r ie s  of p a r t ic u la r  v a lu es  of the  

parameters g iv e  acceptab le f i t s  w h ile  in term ed ia te  va lu es  do n o t .
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5o4 Types of Parameter A m bigu ities  

' 5 o4o1 N orm aiisation  a n b ig u it ie s .  :

E xperim entally measured c r o s s - s e c t io n s  are su b jec ted  not o n ly . -

to  a s t a t i s t i c a l  error depending on the number of p a r t ic le s  counted a t  

each angle but a lso  an o v e r a ll norm alisa tion  error depending on the - ,  

c a lib r a t io n  o f the d e te c t in g  apparatus and th ick n ess  o f the ta r g e t .  I t  ;,

i s  only th e  s t a t i s t i c a l  error th a t i s  taken in to  account in  c a lc u la t in g  •

A, but even i f  the n orm alization  error o f the order o f  5% i s  added to  

dcr, the u n certa in ty  in  the c r o s s - s e c t io n s ,  the ambiguity s t i l l  rem ains.

Dickens and Perey [D i65] analysed  data on e la s t i c  s c a tte r in g  of 

12 MeV deuterons by N i, Zr eind Cd u sin g  d if f e r e n t  n orm aliza tion s. Their 

r e s u lt s  showed th a t  some parameters are q u ite  s e n s i t iv e  to  the n orm aliza- ; . 

t io n  fa c to r •

I t  i s  p o ss ib le  to  determine the norm alization  fa c to r  by a llow ing  i t  

to  be one of the param eters th a t i s  varied  to  optim ize the f i t ,  but . 

exp erien ce shows th a t  t h is  i s  not r e l ia b le  and u su a lly  in trod u ces a 

s u b s ta n t ia lly  a d d it io n a l u n certa in ty  in  the v a lu es  o f the o p tic a l model 

param eters. For e l a s t i c a l l y  sca ttered  p a r t ic le s ,  the coulonb f ie ld  

dom inates the s c a t te r in g  a t sm all an g les and th is  f a c t  can be used fo r  ;

n orm alization  o f the c r o s s - s e c t io n s .  However in  t h is  reg ion  the c r o s s -  . ; 

s e c t io n  i s  both la r g e  and varying very  rap id ly  w ith  an g le , so i t  i s  not j

easy to  measure i t  w ith the necessary  p r e c is io n . Indeed , i t  i s  u su a lly  ,

the case th a t the accuracy in  n orm alisa tion  obtained by th is  method i s  [

s im ila r  to  the accuracy obtainab le by the techn ique o f ab so lu te  J !

measurement. The presence of the n orm alisa tion  am biguity show the  

im portance of the accurate measurement o f  a b so lu te  c r o ss -se c t io n *  4



5 .4 .2  V a lle y  A m biguities

The va lu e of A may u s e fu l ly  be thought as d e f in in g  a su rface  

in  sp ace.w ith  as many dim ensions as th ere  are v a r ia b le  parameters p lus one. 

The b e s t  f i t ,  corresponds to  th e  d eep est minimum and the presence o f  

am b igu ities  imply th a t  th ere  are se v e r a l such minima. In p ra c tic e  i t  i s  

o fte n  found th a t a minimum i s  very broad and sh allow , so i t  i s  p o s s ib le  . 

t o  vary sev era l parameters a t once in  a p a r ticu la r  way w ithout , 

s ig n if ic a n t ly  varying  Al The more accurate th e  sp ectro sco p ic  data  

the more r e s tr ic te d  are the areas o f allow ed param eters. Some tim es a . 

minimum i s  broad and shallow  in  one d ir e c t io n  and s te e p  in  the other so  

th a t reg ion  o f b e s t  f i t  corresponds to  the f lo o r  of th e  narrow v a l l e y .

This im p lie s  th a t the f i t  remains u n a ltered  i f  say j u s t  two parameters

are v a r ied  in  a s p e c ia l way to g e th er . An example d s  the Ur am biguity, . r
■ . . , . . ■  , ■

in  which the f i t  remains alm ost the same i f  r i s  v a r ie d  as much as

10^ e ith e r  way from i t s  optimumi va lu e provided U i s  v a r ied  a t  the same
n ' ' ' - ' 4 / .

time so th a t Ur remains co n sta n t. S im ilar  am biguity in v o lv in g  W and a

has a lso  been noted [Ho6 6 ] ,  ,

5 .4 .3  P o te n tia l Depth A m bigu ities.

These have already been d iscu ssed  in  se c t io n s  2 .5 ,  Wiere 

i t  has been pointed  out th a t there are a s e r ie s  o f p o te n t ia l depths to  

which e l a s t i c  s c a t te r in g  can be f i t t e d .  ! r;

5 . 4 .4 . Form Factor A m bigu ities. /

I t  i s  p o ss ib le  to  ob ta in  good f i t  to  deuteron and ^He e la s t i c  

s c a tte r in g  w ith  wide range o f p o te n t ia l form s. This range mpy be g rea tly  

reduced by the p h y sica l co n d itio n s  but th ere  s t i l l  remains many forms 

th a t are eq u a lly  acceptab le “purely from the poin t of v iew  o f f i t t i n g  d a ta .

' _ 1 0 9 - - É  .



For example e x c e lle n t  f i t s  can be obtained  u sing e ith e r  volume or 

su rface  absorption  p o te n t ia ls .f o r  a s e r ie s  o f p o te n t ia l depths [PE63, 

H0 6 6 ] .  Even rea c tio n  c r o s s - s e c t io n s  remain s u b s ta n t ia lly  the same.

So, i t  i s  not p o s s ib le  to  d is t in g u ish  volume and su rface absorption by 

measuring th is  q u a n tity .

The a n ib igu ities  a sso c ia te d  with d if fe r e n t  form fa c to r s  are u su a lly  ".' 

d e a lt  w ith  in  p r a c tic e  by ch oosing  one form and u sing  i t  c o n s is te n t ly .

I f  t h i s  i s  done an a lyses o f d if fe r e n t  s e t s  o f data are a l l  comparable 

and the v a r ia t io n s  o f  parameters may be in terp re ted  p h y s ic a lly .  A ll the  

r e s u lt s  th a t  are obtained u s in g  one eq u iv a le n t form could a ls o  be 

obtained w ith  any of the o th e r s .

5 .5  R esu lts  and D iscu ssio n s "

The f ig u r e s  5 .5 .1  show the experim ental c r o s s - s e c t io n s  togeth er  

w ith  the o p tic a l model f i t .  The data p o in ts  where no error bar has been 

shown means th a t errors come w ith in  the c i r c l e s .

In  order to  ev a lu a te  the o p t ic a l model parameters a programme due 

to  Wilmore [Wi69J was u sed . Errors in  th e data p o in ts  were the actu a l 

s t a t i s t i c a l  errors o f th e experim ental data . We s h a ll  now b r ie f ly  

d is c u s s  the case o f each of the n u c le i stu d ied .

This r e a c t io n  has p rev io u sly  been stu d ied  by Zurmuhle [Zh6 8 ] a t  

15 .0  MeV. This study was conducted a t 14.0 MeV to  ob ta in  o p t ic a l
29 3  30

p o te n t ia l  for  DWBA s tu d ie s  of S i ( He, d) P which has a lso  been 

stu d ied  a t the same energy . The s t a t i s t i c s  were good iand th e  angular 

reg ion  covered was adequate. A bsolute n orm alisa tion  o f th e  c r o s s -s e c t io n s
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Q
was done by tak in g  the c r o s s - s e c t io n  at 20 (Lab) to  be equal to  the

o p tic a l model c r o s s - s e c t io n  due to  the p o te n t ia l by Zurmuhle shown in  \
0

ta b le  5 .5 * 1 . Data p o in t a t 20 was chosen because t h is  was the sm a lle st

angle where the im purity groups were w e ll r e so lv e d . The value of t h i s

norm alising  c r o s s - s e c t io n  i s  in  good agreement w ith the c r o s s - s e c t io n

c a lc u la te d  w ith  th e f in a l  p o te n t ia l a f te r  the sea rch . .. . ‘

The same p o te n t ia l by Zurinahle was a lso  used as the s ta r t in g  •

p o te n t ia l fo r  the o p t ic a l model sea rch . I n i t i a l l y  a four parameter

search  (U, a^, W, r ) was ca rr ied  out on th e argument th a t ,  as the

i n i t i a l  p o te n t ia l i s  fo r  the same nu cleu s a t  comparable energy only a.

sm all v a r ia tio n  in  the parameters would be needed so  th a t (U ,r ) and

(W,a^) am b igu ities w i l l  be o p era tiv e . However i t  was found th a t the

f i t  about 50^ (CM) was not good, so  a f iv e  parameter (U,a, >W,r ,a  )u w w

search was c a r r ie d • out vhich gave an improved f i t .  The lo g ic  for a 5

parameter search b e in g , whereas (U ,r^) ambiguity i s  known to  be

o p era tiv e  for  ~  10^ v a r ia t io n  in  U, th e  range o f (W,a^) i s  not so  w e ll  

known. Actual experim ental errors on th e  data p o in ts  were used in  th e  

search in  order to  avoid  f i t t i n g  some p o in ts  a t  the c o s t  o f some o th e r s . 

Search was carr ied  ou t a lso  by u sin g  5^ errors on a l l  data p o in ts, which - 

gave a comparable f i t .  The angular d is tr ib u t io n  w ith  o p t ic a l model f i t  

i s  shown in  f i g .  5 .5 .1 ,  the f in a l  p o te n t ia l parameters are shown in  

ta b le  5 .5 .2 .  ' ' ' . ^"^'44 ' " - :
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The reaction  has previously been reported at 33,0 MeV by - ;

Dehnhard [Dh67], This study was conducted a t 14.0 MeV to fin d  o p tic a l  

p o te n t ia ls  for  use in  DWBA s tu d ie s  of ^M g(^He,d)^^Al, Both s t a t i s t i c s  

and angular range coverage of d ata  were good. A bsolute n orm alisation  

has been obtained by tak in g  the c r o s s - s e c t io n  a t  15°(Lab) to  be due to
29 ■

p o te n t ia l by Dehnhard. Like the S i case  c r o s s - s e c t io n  c a lc u la te d

w ith  f in a l  p o te n t ia l a t  t h is  angle agrees very w e ll  w ith  the v a lu es

used* , ' . .
29Due to  reasons already pointed  out in  S i ca se  a four parameter

■ •• • ■ i:
(U ,a^, W,r^) search was carr ied  out u sin g  the p o te n t ia l by Dehnhard 

shown in  ta b le  5 .5 .1 .  F inal p o te n t ia l a f te r  search  i s  shewn in  ta b le
:  ' b -

5o5o2. The rather la r g e  value of A i s  due to  a s in g le  p o in t a t 22.36 (CM) 

which fo r  some unknown reason turned out to  have a very la r g e  v a lu e .

The angular d is tr ib u t io n  w ith  o p t ic a l model f i t  i s  shown in  f ig u r e  5 .5 .1 .

4Ssc(d.d)4Ssc '4 4  ■: V-.:4
This study has been conducted a t  12 .0  MeV for  u se  in  DWBA for  '

45 . 3 .4 4  ■
S c(d , He) Ca r e a c t io n . On previous study on th is  rea c tio n  has been ' -

reported  by Hansen [Ha6 8 ] ,  th e  p o te n t ia l parameters from which i s  shown ,

in  ta b le  5 .5 .1 .  • . - ^

The q u a lity  of data was n o t good and the coverage of angular range ,4 4

was a lso  ra th er  sm all. The poor q u a lity  of data was due to  the presence
' Ik tL Y i. 4 -  . ' \ 4  4 , "  4 4

o f  la rg e  amounts o f tantalum  and another heavl er^ but l e s s  m assive Awm,lôu

u n id e n t if ie d  im purity group in  the ta r g e t . N orm alization procedure
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F i g :  5 . 5 . 1  E l a s t i c  s c a t t e r i n g  a n g u l a r  c l i s t r i n u t i o n s  

\Nith o p t i c a l  model  f i t .
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T ab le  5 .5 .1  I n i t i a l  P o te n t i a l  u sed  i n  O p tic a l  Model Search

R e a c tio n
U

MeV . fm
%
fm

W*

MeV fm fm

E
MeV

P aram ete rs
V a rie d Comments

173 .0 1.25 0 .6 3 17.06 S 1.580 0 .7 8 15.0 29
S i p o te n t ia l  [Zh6S]

^M g ( e , e ) ^^Ig 167.1 1 .10 0 .6 8 8 2 0 .5  S 1.668 0 .7 5 3 3 .0 Mg p o te n t ia l  [Dh67]

'^ S c ( d ,d ) ' '^ S c 113.7 1 .0 0.7iB5 12.96 D 1.418 0 .6 4 775
V  :  '

/^ S c  p o te n t ia l  [Ha68]

^ C a (d ,d ) '* ^ C a 9 3 .5 1.168 0.791 21 .55  D 1.477 0 .4 2 8 12.1 U ,ay ,W ,r^ ^ C a  p o te n t ia l  [Rj'63]

^ ^ C l(d ,d )^ ^ C l 112.8 1.021 • 0 .8 4 6  - 19.8  D 1.47 0 .4 4 4 12 .0 ^ C a  p o te n t ia l  [Pe63]

^ .^C l(d ,d )^^C l 112.8 1.021 0 .8 4 6 19 .8  D 1.47 0 .4 4 4 12.0 "^Ca p o te n t ia l  [Pe633

^ ^ A l(d ,d )^ ^ A l 103 .0 1 .0 0 .9 4 3  ' 29 .6  D 1 .5 0 1 . 0 .5 2 7 10.95 U ,a^,1V,r^ ^A 1  p o te n t ia l  [Sa65]

^^N a(d ,d) ^ N a 108.9 1 .0 0 .881 25.37D 1.507 0 .5 2 7 13 .0  - ^^A l p o te n t ia l  ( t h i s  
work)

The l e t t e r s  S and D in th e  im ag in a ry  p o te n t i a l  p a ra m e te r  column r e f e r  t o  Saxon4Vood a n d  Saxon-Wood d e r iv a tiv e  
form  f a c t o r s .  T h is  co n v en tio n  i s  fo llo w ed  th ro u g h o u t % f t -  i  t /



d escribed  in  se c t io n  5 ,2  was used fo r  ob ta in in g  a b so lu te  va lu es  o f th e  

c r o s s - s e c t io n s ,  ' '

The parameters by Hansen was taken a s , the s ta r t in g  fo r  a four ,

parameter search  (U ,a^,W ,r^). The angular d is tr ib u t io n  tog eth er  w ith  .the 

o p t ic a l  model f i t  i s  shown in  f ig u r e  5 ,5 ,1 .  The f i t  could be improved 

by d ecrea sin g  th e  errors on the data but t h i s  was not con sid ered  

d e s ir a b le  because of the am biguity i t  in tro d u ces in  the parameters found. 

The f in a l  p o te n t ia l parameters are shown in  ta b le  5 .5 .2 ,

fca (d ,d )^ C a  '

40
C r o ss-se c tio n  fo r  e l a s t i c  sc a tte r in g  of deuterons on Ca has been

measured and o p t ic a l  p o t e n t ia l  e x tr a c te d  on numerous O ccasions [Ho6 6 ] .

40T argets used in  our measuronents was n atu ra l calcium  (abundance o f  Ca = 

96,97% ). S t a t i s t i c s  of the data i s  f a ir ly  good but n orm alization  for ■ 

. t a r g e t  th ick n ess  change was in a ccu ra te  a t  an g les g rea ter  than 70 due • 

to  acc id en ta l lo s s  o f monitor sp e c tr a . So the n orm alization  for  th ese  

an g les was done by u sin g  t o t a l  in teg ra te d  m onitor count which was 

recorded on a sc a la r  which was ob v iou sly  not very s a t is fa c to r y  and a ; 

bulge in  th e  angular d is tr ib u t io n  can be seen  corresponding to  the ,1 .

beginn ing o f  t h i s  reg ion  around 70 , To g et the ab so lu te  v a lu es  o f th e  ; ' 

c r o s s -s e c t io n s  procedure in  s e c t io n  5 ,2  was adopted, v ;. i-

The p o te n tia l by Raynal [Ry63] which i s  shown in  ta b le  5 .5 .1  

was used as the s ta r t in g  p o te n t ia l fo r  a fou r parameter (U,a^,W,r )

' sea rch . Due to  th e norm alization  problem mentioned above, the aim had 

been to  g e t  a reasonable f i t  w ith  a p o te n t ia l c lo s e  to  the s ta r t in g  

one and to o  good a f i t  was avoided. The f in a l  p o te n t ia l i s  shown in  

ta b le  5 .5 ,2 .  The angular d is tr ib u t io n  along w ith  o p t ic a l  model f i t  

: ■ ■ ■



i s  shown in  figu re. 5 .5 .1 *

37ci(d ,d )^ ^ C l and ^^Cl(d,d)^^Cl •

Deuteron e l a s t i c  s c a tte r in g  from e ith e r  o f th e se  n u c le i has not

been reported . Our s tu d ie s  were conducted a t 13.0  MeV. T argets u sed . ,

were same as those shown in  ta b le  4 .2 .1 .

The q u a lity  of data  was hot good and angular range coverage was v

a ls o  sm a ll. In  the absence of o p tic a l p o te n t ia ls  fo r  th e se  n u c le i ,  the

s ta r t in g  p o te n tia l for o p t ic a l model search used was th a t  by Perey (Pe63) 
40

fo r  Ca which i s  shown in  ta b le  5 .5 .1 *  In both cases  f iv e  parameter

( U , a .  W, r , a, ) were ca rr ied  out. F igures 5 ,5 .2  show the f i t  to  th e  u w w

d ata . The f in a l  p o te n t ia l  param eters are shown in  ta b le  5 .5 .2 *

27E la s t ic  s c a t te r in g  o f  deuterons from A1 has been stu d ied  on 

numerous occasions [Ho6 6 ] .  Our s tu d ie s  avers conducted a t  1 3 ,0  MeV 

fo r  u se  in  DWBA fo r  ^^Al(d,^He)^^Mg.

The s ta r t in g  p o te n t ia l used for  o p t ic a l model search i s  shown 

in  ta b le  5 .5 .1  which i s  due to  S a tch ler  [S a65 ]. A four parameter (U ,a_, , 

W,r ) search was ca rr ied  o u t. F igure 5 .5 * 2  show the f i t  to  th e d ata . 

F in a l p o te n t ia l param eters.are shown in  the ta b le  5 .5 .2 .  ‘

^^Na(d,d)^^Na , :
23

Deuteron e l a s t i c  s c a t te r in g  from Na has not been reported  

p r e v io u s ly . Our s tu d ie s  were conducted a t  13 .0  MeV.

The q u a lity  o f data i s ,  not p a r t ic u la r ly  good due to  contam inants 

oxygen and carbon in  the ta r g e t s .  The Al p o te n t ia l eva luated  in  th is  . %

- 1 1 6 -
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§  D A T A  P O I N T S  

—  O P T I C A L  M O D E L  F I T

b
b

e

b“

L

6 0 U O

C l  ( d , d ) ^ ®  C l

Ô

» C M  ( D E C . )

^ ^ N o  ( d ,  d Nq  

{  D A T A  P O I N T S  

 O P T I C A L  M O D E L  F I T .

b

b

e

F ig: 5 .5 .2  E la s t i c  s c a t t e r in g  an ga lar  d is t r ib u t io n s  

w ith  o p t ic a l  model f i t ,
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work was used  as s ta r t in g  p o t e n t ia l  fo r  f i v e  param eter (U,a^,W,r^,a^^)

se a rc h . F i t  to  th e  d ata  i s  n o t very  good and th e r e  i s  a marked phase '

o ■ ' ■ - , :
s h i f t  about 70 • The f i t  to  th e  h ig h er  an g le  cou ld  not be improved i

w ith o u t changing  the e r r o r s  on th e  d a ta  p o in ts  which fo r  r e a so n s

m entioned e a r l i e r  was n o t  c o n s id er e d  a d v is a b le . The f in a l  p o t e n t ia l  ■;

i s  shown in  t a b le  5 .5 . 2 .  The f i t  to  th e  d a ta  i s  shown, in  f ig u r e  5 .5 .2 . ;

5 .6  C on clu sion

The d i f f e r e n t i a l  c r o s s - s e c t io n s  f o r  e l a s t i c a l l y  s c a tte r e d  d eu teron s

were measured a t  a bombarding energy o f  1 2 .0  MeV from "^^Sc, ^ C a  and a t
37 3^ 27 23 '

1 3 .0  MeV from C l ,  C l ,  A l ,  Na. The d i f f e r e n t i a l  e l a s t i c  s c a t t e r in g

3 29 25c r o s s - s e c t io n  f o r  He from  S i  and Mg were m easured a t  a bombarding '

energy o f  1 4 .0  MeV. O p tic a l p o t e n t ia l  param eters w ere e x tr a c te d  by , -

f i t t i n g  t h e s e ,  d a ta  fo r  u se  in  p ic k  up and s tr ip p in g  r e a c t io n  s tu d ie s

rep o r ted  i n  ch a p te rs  VI and V I I .



CHAPTER VI

THE (d,^He) REACTION STUDIES

6 .1  The (d,^H e) r e a c t io n s  le a d in g  to  ground s t a t e s  o f  ^ C a ,  ^^S

and 3<s ' ' - ' ' ' . . ' : '

6 . 1 . 1 o I n tr o d u c t io n .

The eq u a tio n s f o r  th e  d ir e c t  r e a c t io n  c r o s s - s e c t io n s  

( i .e .e q u a t io n s  2 .3 .1 1  and 2 .3 .1 2 )  c o n ta in  a n o r m a liz a tio n  f a c t o r  

’N* a r is in g  from th e  o ver lap  betw een th e  l i g h t  p a r t ic le  wave fu n c tio n s  

. which has a lrea d y  been d is c u s s e d  in  s e c t io n  2 .3 .  As t i i i s  occu rs as a 

co n ju g a te  m u lt ip l i c a t iv e  fa c tq r  w ith  th e  DWBA c r o s s - s e c t io n s ,  a p r e c is e  

e s tim a te  o f  t h i s  fa c to r  i s  n e c e ssa r y  in  order t o  e v a lu a te  a cc u r a te

a b so lu te  s p e c tr o s c o p ic  f a c t o r s .  For th e  z e ro -r a n g e  DWBA c a lc u la t io n s
3 3 ■ ' ' *

o f  ( H e,d) and (d . He) r e a c t io n s ,  th e  v a lu e  by B a sse l (Ba6 6 ) o f , 4 .4 2

has been w id e ly  u sed  but v a r io u s  o th er  v a lu e s  b oth  t h e o r e t ic a l  and

exp er im en ta l have been r e p o r te d . As DWBA c r o s s - s e c t io n s  are  s u b je c t

t o  v a r ia t io n  w ith  th e  c h o ic e  o f  o p t ic a l  m odel param eters and bound

s t a t e  wave f u n c t io n s ,  th e  e v a lu a t io n  o f  *N* i s  a l s o  s u b je c t  t o  t h e s e ,

v a g a r ie s .
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Here an a ttem p t has been made to  e v a lu a te  the zero -ra n g e  

from th e  s tu d ie s  o f  (d,^H e) t r a n s i t io n s  to  the ground s t a t e s  o f  ^^Ca,

K, S , So The d eu teron  channel o p t ic a l  p o t e n t ia l  has been  

e v a lu a te d  a t  th e  c o r r e c t  in c id e n t  e n e r g ie s  fo r  a l l  th e s e  r e a c t io n s

w h ich  h o p e fu lly  w ould m inim ise the a m b ig u it ie s  a r is in g  from t h is  so u r c e .
3 ' . '

The o p t ic a l  param eters f o r  th e  He channel have been tak en  from th e

l i t e r a t u r e  a t  c lo s e  enough e n e r g ie s  fo r  the same n u c leu s  or the

n eig h b o u r in g  n u c leu s  b e in g  s tu d ie d . In  any ca se  th e  o u t g o in g  e n e r g ie s
3

o f  the He p a r t ic l e s  w hich are  doubly charged^are low , and th e  dom inant 

c o n tr ib u t io n  to  e l a s t i c  s c a t t e r in g  i s  from th e coulomb f i e l d  and hence
'3 - V-

th e  c a lc u la t io n s  sh ou ld  be s ta b le  a g a in s t  sm a ll v a r ia t io n s  i n  th e  He ’ 

p aram eters. I t  i s  hoped t o  m in im ise  th e  bound s ta te -  am bigu ity  by 

u s in g  a" c o n s ta n t  p r e s c r ip t io n  throu gh ou t.

Of co u rse  t e s t s  and comments w i l l  be made on th e  r e l i a b i l i t y  or . - 

o th e r w ise  o f the v a lu e s  o b ta in ed . Some d iè c u ss io n s  w i l l  a l s o  be made 

on th e  in d iv id u a l  t r a n s i t io n s .  A b r i e f  rev iew  o f th e  p a s t  work on th e  - 

n o r m a liz a tio n  i s  in c lu d e d  b e low . " , r,

6 .1 . 2  R eview  o f  th e  p a s t  work on n o r m a lis a t io n ; ' ■ 7 . ‘ '

The ta b le  6 .1 . 1 .  summarises the exp erim en ta l v a lu e s  o f  the  

n o r m a liz a tio n  c o n sta n t  r ep o r ted  in  l i t e r a t u r e .
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T a b l e  6 .1 .1

Summary o f exp erim en ta l v a lu e s  o f  n o r m a liz a tio n  c o n sta n t

R eaction N  ̂ R eferences

4 .4 Ro67a

"*^Ca(^He,d)'*'^Sc 4 .1 7 Er66

(^He,d) on 

28 neutron n u c le i 3 .7+ 0 .6 Ar66

"^Ca(d/He)^^K 4 .4 2  

2 .4± 0 .45  

■ 1 .44  .

Hi67

Yn64

Cu62

^^0 (d,^He)^^N 4 .4 2

1.45

Hi67

Cu62

I t  can be seen from th e ta b le  above th a t th ere  is«con sid erab le; ^

s c a t te r  in  t h e  experim ental v a lu es  o f ’N*. Many attem pts have 

been made in  order to  eva lu a te  the n orm alization  cens tan t th e o r e t ic a l ly  

as w ell*  The ta b le  6*1.2  summarises the th e o r e t ic a l  v a lu es  o f D .
P

(d efin ed  in  eq u ation  2 .3 .7 )  and ’N* evaluated  u sin g  various  

p r e sc r ip t io n s .
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Tab le  6 . 1 . 2

T h e o r e t ic a l  v a lu e s  o f  the n o r m a liz a tio n  c o n sta n t,

Theory ?

in  10%eV Fm N R eferences

Hu 1 th en Wave fu n c tio n s  for  
both d a iteron  and % e.

2o V e lo c ity  dependent nucleon- 
nucleon  p o te n t ia l ,  Hulthen  
fu n ctio n  fo r  deuteron , 
tr i-n u c le o n  wave fu n ctio n  
w ith  2^ /m ixture,

Ohmura Wave fu n ctio n  w ith  
hard core p o te n t ia l  
(r^ = 0 .2  fm)

4 . H ulthen fu n ctio n  for  
deuteron and Irving-<lunn 

3
fo r  He wave fu n ctio n

2 .3 4

3 .13

7 .4

2 .99 •

3 .45

4 .6 8

10.9

4 .4 2

[Th70]

[L i69]

[Ro67]

[Ba66]

The c a lc u la t io n s  by Rook [Ro67] are too  s e n s i t iv e  to  th e  

parameters and the v a lu e s  are too la r g e . The o th er th ree v a lu es  / 

are w ith in  20^ o f  the mean va lu e  4 .1 8 .  The v a lu es  by B assel [Ba66], 

i t  has been poin ted  out by Lim [L i69] i s  due to  ch o ice  o f a wave 

fu n ctio n  fo r  He which has s in ce  been proved wrong. The v a lu e  by 

Thompson [Th70] has been c a lc u la te d  u sin g  the same parameters fo r  

a number o f r e a c tio n s  which gave agreement with the experim ental _ 

va lu es  and hence p o ss ib ly  more c o n s is te n t ,  .
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6 , 1 o3 Data
3 ■ ' : _

The (d . He) t r a n s i t io n s  le a d in g  to  the ground s t a t e  o f

Ca, Ca, S , S w ere s tu d ie d  a t  an in c id e n t  e n e r g y  o f  1 2 .0  fo r

th e  f i r s t  two c a s e s  and a t  an in c id e n t  energy cf 1 3 .0  fo r  th e  l a s t  two

c a s e s .  The ex p er im en ta l procedures adopted were th e  same, as th o s e
; -

d e sc r ib e d  in  th e  s e c t io n s  4 .3  and 4 .4 .  Both th e  c o u n ter  t e le s c o p e  and

45 4 0
th e  sp ectrograp h  sy stem s w ere used* For Sc and Ca t a r g e t s  th e

co u n ter  t e le s c o p e  was used  to  f in d  th e  angular d i s t r ib u t io n s  ^h ich  w ere

: . 37 .
checked  a t  s e v e r a l  a n g le s  w ith  th e  sp ectrograp h  ^ s t e m . For th e  Cl

' 25
c a s e  o n ly  th e  sp ectrograp h  system  was u se d . The c a s e  f o r  the Cl 

t a r g e t  has been d e sc r ib e d  in  s e c t io n  6 ,2 .  The c o m p o sitio n  o f  th e  t a r g e t s

have a lre a d y  been d e sc r ib e d  in  th e  t a b le  4 . 2 . 1 .

' ■ ■' 3The absolute norm alizations for the (d . He) c ro ss-sec tio n s  were ;

o b ta in ed  by com parison w ith  the e l a s t i c  s c a t t e r in g  c r o s s - s e c t io n s  a t

4*0 Mev w hich were assumed to  be due to  o p t ic a l  p o t e n t ia l s  as ex p la in ed
45

in  s e c t io n s 4*7 and 5 .2 .  There were contam inant problem s w ith  th e  Sc 

t a r g e t  and th e  e r r o r s  in  th e  a b so lu te  c r o s s - s e c t io n s  can be q u ite  h ig h . . 

The a b s o lu te  e s t im a te s  f o r  the o th e r  c a s e s  are b e l ie v e d  to  be c o r r e c t  

w ith in  10^ « No c o r r e c t io n  f o r  th e  i s o t o p ic  abundances h as been a p p lie d  

as they  are on ly  a few  p e r c e n t . The f ig u r e s  6 .1 .1  ( a ,b ,c )  show the  

an gu lar  d i s t r ib u t io n s ,  a lon g  w ith  DWBA f i t s  fo r  th e  ground s t a t e  

t r a n s i t io n s  to  ,^ C a , and ^ ^ S . The c a s e  i s  shown in  ’ 

f ig u r e s  6 *2 . 1 .

-124 -



b O b

Î  O A T *  P O I N T S

b

F ig : o . l . ' i  (d , He) .angular d i s t r ib u t io n s  w ith  LZR Dh'BA f i t .
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6 ,1 .4  DWBA an gd ysis  ’ ;

L ocal z e ro -ra n g e  DWBA c a lc u la t io n s  w ere done fo r  th e  

t r a n s i t io n s  s tu d ie d . The param eters used  in  th e  c a lc u la t io n s  are  

shcMTi in  th e  t a b le  6 . 1 , 3 .  For th e  bound s t a t e  form fa c to r  th e  

se p a r a tio n  energy p r e s c r ip t io n  was used th rou gh ou t. The param eters  

fo r  the ^^C l(d,^H e)^^S(0 ) are n o t shown in  th e  t a b le  a s  th ey  are

in c lu d ed  in  s e c t io n  6 , 2 ,

T ab le  6 .1 ,3

Param eters u sed  in  th e  DWBA C a lc u la t io n s

CHANNEL U *u Au W
A v - A ■ 

. w Rc

L
a) 120.69 1 . 0 0 .7 7 2 7 ,2 8  D 1 .138 0 .6 4 8 1 .3
b) 167.9 1,07 0 .7 7 5 16 .79  S 1.611 0 .6 0 1 .3

c) 90 .8 9 1 J6 8 0 ,8 1 7 1 8 ,2 2  D 1 .540 0 ,4 3 1.3 , A:
d) 181.0 1 .07 0 .8 5 4 1 6 .1 2  S 1.81 ^ 0 .5 9 2 1 .3

r ( 3 6 (̂ 4 ^) e) 1 1 3 ,3 4 1 . 0 2 0 ,8 4  • 15 ,93  D 1 .4 4 0 .5 7 8 i  .3
( S+^He) f ) 1 7 3 ,0 1 ,25 0 ,6 3 17 .06  S 1 .5 8 0 .7 8 1 ,3 g

Bound S ta te s g)

' "Ca+p 6 7 .0 9 1 , 2 0 .6 5 — , 1 .3

■
- 5 3 .5 9 0 ,6 5 — • 1 ,3

3Gg+p 5 4 .2 0 1 , 2 0 .6 5 — ■ — 1.3

a) T h is work ( Sc+d) param eters a t  1 2 ,0  MeV ( c o f .  .ta b le  5 .5 ,2 )  ;
b) [Do67](46Ti+3H e) param eters a t  1 2 ,0  MeV.
c) T h is work C^%a+d) param eters a t  1 2 .0  MeV ( c , f .  ta b le  5 ,5 ,2 )
d) [B165] (^^K+ He) param eters a t  9 ,0  MeV^- / . ..
e) T h is  work (^^Cl+d) param eters a t 1 3 .0  MeV ( c , f .  ta b le  5 ,5 ,2 )
f )  [Ga62] (^2s+3jje) param eters a t 15;.̂ 6 MeV > . . ’ - Â A
g) Bound s t a t e  p o t e n t ia l  d ep th s have been a d ju ste d  to  s a t i s f y  b in d in g  

energy c o n d it io n .
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The ta b le  6 . 1 . 4  shows the r e s u lt s  from the c a lc u la t io n s .  The v a lu es  
2 2
~  NC S have been ex tra c ted  by matching the f i r s t  maximum to  the DWBA.

Table 6 . 1 . 4

R eaction 1  NC^S c^s N ■

"’■^Sc(d,^He)'^Ca(0 ) 0 .7 3 0 .4 5 . 2 .43  ;

" ^ C a (d ,^ H e )^ \(0 ) 8 .7 4 .0 3 .2 6  '

3?C l(d ,^H e)^G s(0) 2 .9 1.13 3 .8 6

^ ^ C l(d /H e )^ ^ S (0 ) 2.17 0 .7 3 . 4 .7 6

a) T his work ■ •

b) The v a lu es  in  t h i s  column have been d erived  by making the 

sum o f th e experim ental sp ec tro sco p ic  fa c to r s

2 . ' : : -

2 C S = S h e ll model va lue

c) [Ma69]

d) sim ple s h e l l  model va lu e

e) *[Pu69]
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6 .1 .5  S e n s i t i v i t y  t e s t  on the^DWRA c a lc u la t io n s  to  O p tic a l Param eters

The s e n s i t i v i t y  o f  tJie DWBA c a lc u la t io n s  to  o p t ic a l  param eters

44  39has been t e s t e d  f o r  th e  t r a n s i t io n s  t o  Ca and K ground s t a t e  u s in g  

a d i f f e r e n t  s e t  o f p o t e n t ia l s  than sh w n  in  the ta b le  6 , 1 , 3 .  S e n s i t i v i t y  

ch eck s fo r  t r a n s i t io n s  t o  and ^^5 were n o t done due to  n o n a v a i la b i l i t y  

o f  s u i ta b le  param eters in  th e  deu teron  c h a n n e ls . The ta b le  6 .1 .5  

sum m arises th e  r e s u l t s  o f  the c a lc u la t io n s .  The p o t e n t ia l  s e t s  *A* in  

th e  t a b le  6 .1 .5  r e f e r  to  th e  same p o t e n t ia l  as l i s t e d  in  th e  ta b le  6 . 1 . 3 .

In  th e  p o t e n t ia l  s e t  *B* deuteron  param eters have been rep la ced  by th e  ; 

v a lu e s  shewn in  th e  ta b le  6 . 1 . 6 . ' A

Table 6 .1 .5

R e s u lts  o f  s e n s i t i v i t y  t e s t s  on DWBA c a lc u la t io n s ,

T r a n s it io n s Param eter s e t ' 1 . N

'*^Sc(d,^He))"‘̂ Ca(0 ) - A - : 0 .7 3 2 .4 3

B 1 . 0  , 3 .3 3

^C a(d ,^H e)^^K (0 ) A 8 .7 3 .2 6

B < 7 .5 ' 2 .5 0 .
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T a b l e  6 . 1 . 6

D euteron Channel Param eters used  in  S e t  B.

Channel ' U % Au W / ■ V %c

( ^ S c  + d) a) 113,7 1 . 0 0 ,7 8 5 12 ,96  D 1,418 0 ,6 4 8 1 .3

(^ C a+  d) b) 9 3 .5 1.168 0 .791 2 1 ,5 5  D 1.477 0 .4 2 8 1,3

a) [Ha6 8 ] (^^Sc + d) param eters a t  7 .5  MeV.

.40
b) [Pe63] ( Ca+ d) param eters a t  1 2 .0  MeV.

6 0 I 0 6  D is c u s s io ns and c o n c lu s io n

I t  can be seen  from th e  ta b le  6 .1 .4  th a t  v a lu e s  o f  the ,

n o r m a liz a tio n  o b ta in ed  are f a i r l y  c lo s e  e x cep t in  th e  c a se  o f  
45 3 44

S c (d , He) Ca. I t  has a lre a d y  been p o in ted  ou t th a t  th e r e  was .

■ . - ■ ■ 45 ' ■■■'contam inants problem w ith  th e  Sc t a r g e t  which m ight have le a d  to

sm a lle r  c r o s s - s e c t io n .  T h is problem may have a f f e c t e d  th e  o p t ic a l
4 5  4 5

param eters as w e l l  fo r  S c (d ,d )  Sc which in  turn  may have lea d  to  

even  sm a ller  v a lu e  o f  as i t  can be seen  from the s e n s i t i v i t y  

t e s t  on o p t ic a l  param eters ( i ' . e .  t a b le  6 i1 .5 )  th a t  u se  o f  ( Sc + d) 

param eters by Hansen [Ha6 8 ] le a d s  t o  35^ in c r e a s e  in  th e  v a lu e  o f  'N* 

w hich b r in g s  th e  v a lu e  in  l i n e  w ith  th e  o th er  v a lu e s .  The average val^ue 

o f  3 .8  ± 0 ,6  f o r  the rem aining th r e e  t r a n s i t io n s  i s  i n  agreem ent w ith  the
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v a lu e  o f  3o7 ± 0 , 6  from another d e t a i l e d  study by Arm strong e t  a l  

[Ar6 6 ] on 28 n eu tron  t a r g e t s .  From th e se  r e s u l t s  i t  seems very  l i k e l y  

th a t  th e  v a lu e  o f  *N* l i e s  in  betw een th e  t h e o r e t ic a l  v a lu e s  o f  3 .4 5  

by Thompson [Th70] and 4 .4 2  by B a sse l [Ba6 6 ] .  However i t  can" be seen  

from th e  s e n s i t i v i t y  t e s t  on th e  *^Ca(d,^He)^^K(0 ) c a s e  ( i . e .  t a b le  

6 .1 .5 )  th a t  th e  d i f f e r e n c e  n oted  from e i t h e r  t h e o r e t i c a l  v a lu e  cou ld  

a r i s e  from th e a m b ig u it ie s  in  th e  o p t ic a l  p aram eters. . ' . '

6 .2  The ^^Cl(d,^He)^'^S r e a c t io n

6 .2 .1  In tr o d u c tio n

The r e g io n  o f  n u c le i  in  th e  upper h a l f  o f  s -d  s h e l l

( 2 s - 1d^) has come under c o n s id e r a b le  a t t e n t io n  both  ex p e r im en ta lly  and 
'2

t h e o r e t i c a l ly  r e c e n t ly .  The r ea so n  i s  t h a t  t h i s  reg io n  o f  n u c le i  

p ro v id es  a good t e s t i n g  ground fo r  s h e l l  model c a lc u la t io n s  [Go6 8 ] .  

S h e l l  model c a lc u la t io n s  in  t h i s  re g io n  have been rep orted  [G 164 ,S t67]  

which rep rod u ces observed s p e c tr a  reason ab ly  w e l l .  Hovvever, t h i s  

agreem ent i s  o n ly  m ean ingfu l i f  th e  t h e o r e t ic a l  wave fu n c t io n s  o f the • 

v a r io u s  l e v e l s  a re  e q u iv a le n t ly  good ap p roxim ation s. I t  h a s ,a lr e a d y  

been p o in ted  o u t ( c . f .  ch a p ter  I  and I I )  th a t  th e  sp e c tr o sc o p ic  fa c to r s  

f o r  s in g le  n u c leo n  tr a n s fe r  are d ir e c t ly  r e la t e d  to  the wave fu n c t io n  

o f  th e  n u c le a r  s t a t e s ,  hence a com parison betw een th e  t h e o r e t ic a l  and 

exp erim en ta l s p e c tr o s c o p ic  f a c t o r  p ro v id es  a c r i t e r i o n  fo r  th e  goodness  

or o th erw ise  o f  th e  wave fu n c t io n s  o f the n u c le a r  s t a t e s  con cern ed .

I t  was rep orted  by Taras [Ta6 6 ] th a t  low  ly in g  s t a t e s  of. C l 

c o u ld  be e x p la in e d  as r o ta t io n a l  e x c i t a t io n s  b u i l t  on th e  ground s t a t e  

w hich was assumed t o  correspond to  N ils s o n  o r b i t  no- 8  w ith  "q = —2 .0 .
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T h is v a lu e  o f q i s  c o n s is t e n t  w ith  ground s t a t e  e l e c t r i c  quadrupole 

moment. Hence com parison o f  th e  s p e c tr o s c o p ic  fa c t o r s  t o  th e  r o ta t io n a l  

model v a lu e s  are a ls o  made. '

Two s tu d ie s  on t h i s  r e a c t io n  have been rep o r ted  r e c e n t ly  a t .

3 4 .5  MeV [Wi6 8 ] and a t  23*35 MeV[Pu69]. One o th er  study fo r  the ground À 

s t a t e  t r a n s i t io n  on ly  was r e p o r te d  by C ujec [C u62]. /

6 . 2 . 2 .  Data

The r e a c t io n  ^^Cl(d,^He)^^S has been s tu d ie d  a t  an in c id e n t  

energy o f  1 3 .0  MeV. T r a n s it io n s  to  th e  ground (0  ) ,  2 .1 3  MeV(2 ) 

and 3 .1 3  MeV(2 ) s t a t e s  have been ob served . The experim en ta l procedure  

adopted has a lread y  been d e s c r ib e d  in  s e c t io n s  4 .3  and 4 . 4 , .  Both the ’ 

co u n ter  t e le s c o p e  and th e  sp ectrograp h  system  w ere used  in  a complementary 

manner.

I n i t i a l l y ,  exp erim en ts were conducted  w ith  th e  co u n ter  te le s c o p e ' ‘
- ^  ;..i

system  u s in g  a n a tu r a l NaCl t a r g e t .  The f i r s t  e x c it e d  s t a t e  o f  S j
36 ■ ' A/'

■and the ground s t a t e  o f  S cou ld  n o t be r e s o lv e d  and th e  data  could

n ot be n orm alised  b ecau se  i t  was n o t p o s s ib le  t o  r e s o lv e  th e  contam inant •

groups in  the e l a s t i c  s c a t t e r in g  a t  4 .0  MeV. L ater  exp erim en ts to  f in d  /

th e  a b s o lu te  n o r m a liz a tio n  and th e  an gu lar  d i s t r ib u t io n  to  th e  f i r s t

e x c it e d  s t a t e  { 2 .1 3  MeV(2^)) w ere conducted w ith  th e" sp ectrograp h
• 35

system  u s in g  sep ara ted  Àg C l t a r g e t ,  th e  co m p o sitio n  o f  which i s  shown 

in  th e  t a b le  4 . 2 . 1 .  The a b s o lu te  n o r m a liz a tio n  was e v a lu a te d  by “ 

ccm parison w ith  the e l a s t i c  s c a t t e r in g  c r o s s - s e c t io n s  a t  4 .0  M eV,-as 

p o in ted  ou t in  s e c t io n  4 . 7 .  An approxim ate e s t im a te  o f th e  e r ro r  in  

the a b s o lu te  n o r m a liz a t io n ,is  ~  10^. F ig u r e s  6 .2 .1  ( a ,b ,c )  shows th e  . 

angular d is t r ib u t io n s  a lo n g  w ith  lo c a l  z e r o -r a n g e  (LZR) DWBA c u r v e s .
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6 , 2 , 3 ,  DWBA a n a ly s is

L ocal z e ro -r a n g e  DWBA c a lc u la t io n s  were done fo r  th e  o b se r v e d ,♦

t r a n s i t i o n s .  Bound s t a t e  form f a c t o r s  were assumed to  be Ids, ^or th e  

' 2 = 2  t r a n s i t io n s ,  fo r  th e  2 = 0  t r a n s i t io n s  2 Si. form f a c t o r s  were assumed. 

The t a b le  6 ,2 .1  shows the param eters u sed  in  the DWBA c a lc u la t io n s .

T ab le 6 .2 .1  : . A

Param eters used  in  th e  DWBA c a lc u la t io n s ,

Channel
u

MeV %u
fm fm

-MeV
Rw
fm ' fm fm

^^Cl + d a) 108.66 1 , 0 2 0 .7 8 4 12 .55  D 1 .36 0 .7 7 2 1 .3

"̂̂ Cl + ^He b) 1 7 3 .0  ; 1 .25 0 .6 3 17.06  S 1 .5 8 0 ,7 8 1 ,3

+ p .... c)

E x=0,0  MeV

5 2 .7 5 1 , 2 0 ,6 5 1 ,3

E x=2.13 MeV

5 5 ,9 8 1 , 2 ^ 0 .6 5 " : ■ 1 .3

5 8 ,2 4 1 , 2 0 .6 5 1 ,3

E x=3.13 MeV

5 7 .7 2 1 . 2 0 .6 5 ■- —• 1 .3

6 0 .0 9 1 . 2 0 .6 5 - — 1.3

35,a) T h is work ( C l + d) param eters a t  1 3 ,0  MeV(c. f ,  ta b le  5 , 5 , 2 ) ,

b) [Zr6 8 ] ( S + He) param eters a t  1 5 ,0  MeV, , /

c) P o t e n t ia l  depths w ere a d ju sted  to  s a t i s f y  b in d in g  energy c o n d it io n ,

- 1 3 3 -



For ü ie  ground s t a t e  t r a n s i t io n  th e  exp erim en ta l an gu lar  d is t r ib u t io n  

a g r e e s  w e l l  w ith  th e  DWBA c a lc u la t io n .  The angular d is t r ib u t io n  fo r  the fir st  

e x c it e d  s t a t e  i s  a v e iila b le  over a sm a ll reg io n  o n ly . For th e  second

s t a t e  o n ly  an 2 = 0  d i s t r ib u t io n  i s  p lo t t e d  as th e  c o n tr ib u t io n  from th e  • A

■ o'2=2 d is t r ib u t io n  i s  v ery  s m a ll. The deep minima a t  2 0  shown by th e  

DWBA i s  n ot seen  i n  th e  exp er im en t.

The t a b le  6 .2 .2  shows th e  s p e c tr o s c o p ic  fa c to r s  o b ta in ed  a lon g  w ith  

a l l  th e  o th e r  t h e o r e t ic a l  and experim en ta l v a lu e s  a v a i la b le  in  the  

l i t e r a t u r e .  The n o r m a liz a tio n  f a c t o r  o f 4 .4 2  by B a sse l (Ba6 6 ) was used  . . 

t o  e x tr a c t  th e  s p e c tr o s c o p ic  f a c t o r s .  For th e  ground s t a t e  t r a n s i t io n s  

a s p e c tr o s c o p ic  f a c t o r  was ob ta in ed  by m atching th e  f i r s t  maxima w ith  ; 

th e  DWBA c a lc u la t io n s .  The 2=0 and 2 = 2 d ecom p osition  fo r  th e  

t r a n s i t io n  fo r  th e  t r a n s i t io n  to  2 .1 3  and 3 .31  MeV s t a t e s  were done u s in g  '

a l e a s t  square f i t t i n g  computer programme. S t a t i s t i c a l  e r r o r s  l e s s  th an  .

10^ a re  n o t shewn in  th e  t a b le .  The deccxnposition  in t o  2 = 0  and 2 = 2 

d i s t r ib u t io n s  p ro v id es  b e s t  v a lu e s  and hence no e r ro r s  are  shown on them#

6 .2 .4  D is c u s s io n s , •'

A com parison o f  th e  s p e c tr o s c o p ic  f a c t o r s  i n  th e  ta b le  6 .2 ,2  

shows th a t  th e  v a lu e s  o f  th e  sp e c tr o s c o p ic  f a c t o r s  ob ta in ed  in  t h i s  work, 

i s  in  f a i r  agreem ent w ith  th e  v a lu e s  a t  23 ,35  MeV [Pu69] and 3 4 .5  MeV 

[Wi6 8 ] ,  For th e  2=0 t r a n s i t io n  a t  3 4 ,5  MeV th e s p e c tr o s c o p ic  fa c to r  

fo r  th e  f i r s t  e x c it e d  s t a t e  i s  i n  e x c e l le n t  agreem ent w ith  t h i s  work but 

th e  2 = 0  t r a n s i t io n  fo r  th e  second e x c it e d  s t a t e  i s  about 30^ lo w e r . i

The v a lu e s  fo r  t h e . 2=2 t r a n s i t io n s  are c o n s is t e n t ly  h ig h er  in  2 3 ,3 5  MeVg^ ( ?

work than e i t h e r  t h i s  or 3 4 ,5 0  MeV work but th e  2=0 t r a n s i t io n s  a r e  in  ' ; : |

-1 3 4 -



Table 6 .2 .2
- • • • • • • • 25 ’ 3 34 .....

S p e c tro sco p ic  f a c to r s  f o r  C l(d ,  He) S t r a n s i t i o n s .

Group Level
MeV j% T

B .E. o f 
se p a ra te d  
p a r t i c l e

E=13.0 MeV®̂  

C^S
C =  0  1 = 2

E=150 MeV^^

c ŝ
e= 2

E=23.35 MeV^ 

C^S
6 = 0  6 = 2

E=34.5 MeV^I

C^S 
6 = 0  6 = 2

............... ml
S h e ll Mod e l  ̂  

6 =0 6 = 2

S h e ll  Model^) 

6 = 0 6 = 2

R ot. M odelÿ ; 
Pick up C S 

««"bit : (=2

1 0 .0 o+,i -6 .3 6 6  . — .735 1.26 — 1.0 -  : 0 .86
8

4  =
0.32

2 2.13 2%1 .126 0 .25 0 .3 7 .26 <.21 8 ■
4  = 0

Ô.34-8 .4 9 6 .2 4
“

0 .39 .14 ,061 .11

3 3.31 -9 .6 6 6 1 / # 2 .012 - 0 .9 8 - • .70 <.07 6 .69 .004 0.81 .07 9
4 = 2 0.35

a) t h i s  work

b) [Cu62] 

o) [Pu69]

d) [mss] .

è) [Wi68] (S e t  A)

f )  [Wi68] (S e t  B) .

g) C a lc u la te d  u s in g  eq . 2 .7 .1 0

- -  ■ • • •
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‘ e x c e l le n t  agreem ent w ith  t h i s  work. The d iv erg en ce  may be p a r t ia l ly  

due to  th e  am bigu ity  in  d eco m p o sitio n  in t o  2 = 0  and 2 = 2  d i s t r ib u t io n s  ;; 

and p a r t ia l ly  due t o  am bigu ity  in  th e  a b s o lu te  n o r m a liz a tio n  a r is in g  ; 

from o p t ic a l  param eter a m b ig u it ie s . The d isagreem en t o f th e  ground 

s t a t e  s p e c tr o s c o p ic  fa c to r  by C ujec [Cu62] i s  due to  the u se  o f  

d i f f e r e n t  n o r m a liz a tio n  fo r  th e  DWBA c a lc u la t io n s  than th e  o th er  w orks, . - 

The s p e c tr o s c o p ic  fa c t o r s  ob ta in ed  i n  t h i s  work are in  good agreem ent' 

w ith  th e  s h e l l  model c a lc u la t io n s  .*s e t  A’ ( ta b le  6 .2 .2 )  fo r  th e  ground • ■ 

and th e  f i r s t  e x c it e d  s t a t e  bu t t h i s  c a lc u la t io n  p r e d ic t s  a 3C% low er  

v a lu e  fo r  th e  second e x c ite d  s t a t e .  The c a lc u la t io n s  in  * s e t  B* ( t a b le  6,2.2) 

im proves the agreem ent w ith  th e  second e x c ite d  s t a t e  but a t  th e  c o s t  o f  

d iv e rg e n c e  from th e  f i r s t  e x c it e d  s t a t e .  The exp er im en ta l sp e c tr o sc o p ic  : - 

f a c t o r s  d is a g r e e s  v e r y  s tr o n g ly  w ith  th e  r o ta t io n a l  model v a lu e s .  Such . 

a s tr o n g  d isagreem en t even fo r  th e  ground s t a t e  t r a n s i t io n  p o in ts  a g a in s t  , 

a r o t a t io n a l  d e s c r ip t io n  fo r  th e  ground s t a t e  o f  C l ( c . f .  s e c t io n  2 ,7 )

6 .2 .5  C on clu sion  /  , V V. .

The ^^Cl(d,^He)^^S r e a c t io n  s tu d ie d  a t  an in c id e n t  energy o f

1 3 .0  MeV. The t r a n s i t io n s  to  th e  ground s t a t e  and th e  f i r s t  two 

e x c it e d  s t a t e s  have been observed  and th e  sp e c tr o sc o p ic , f a c t o r s  fo r  th e-L  b L- 

t r a n s i t io n s  have been e x tr a c te d  u s in g  DWBA. The sp e c tr o s c o p ic  f a c t o r s  

show f a i r  agreem ent w ith  th e  p rev io u s work and th e  s h e l l  model 

c a lc u la t io n s .  The sp e c tr o s c o p ic  f a c t o r s  d i f f e r  v e iy  s t r o n g ly  from th e  

r o t a t io n a l  model v a lu e s .  • i
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27 3 • ' ■
6o3 The A l(d , He) Mg r e a c t io n

6o3ol In tr o d u c tio n  , •

A g r e a t  d ea l o f  exp erim en ta l work has been perform ed to
26 ' • V '

i n v e s t ig a t e  v a r io u s  f e a tu r e s  o f  Mg. The i n t e r e s t  is" due to  th e  f a c t  

t h a t  i t  l i e s  i n  th e  t r a n s i t io n ,  reg io n  from p r o la te  to  o b la te  d eform ation

[Go60] and from  stro n g  to  weak co u p lin g  [C r6 5 ]. . .. -

27 3 26 '
The A l(d , He) Mg r e a c t io n  has been s tu d ie d  p r e v io u s ly  a t  82 MeV .'

[W a69], 34 MeV [Wi6 8 ] ,  15 MeV [Cu62] and 1 2 .8  MeV [P e 6 3 ]. The , / A

s p e c tr o s c o p ic  f a c t o r s  e x h ib i t  marked energy dependence. They e s s e n t i a l l y  '

f a l l  in t o  two g r o u p s. The s t u d ie s  a t  82 MeV and 34 MeV are  q u ite

c o n s is t e n t  w ith  each o th e r  and the s h e l l  model d e s c r ip t io n  o f  th e  low

l y in g  s t a t e s  seem r e a so n a b le . - On the o th er  hand low  energy m easurem ents

a t  15 MeV and 1 2 . 8  MeV are in  b e t t e r  agreem ent w ith  th e  r o t a t io n a l -

27 26
v ib r a t io n a l  m odel. The A l(n ,d )  Mg r e a c t io n  a t  1 4 .0  MeV [G161] a l s o  i

: ' . '■

le a d s  t o  th e  same c o n c lu s io n . However, t h e s e  low er  energy s tu d ie s  were  

conducted  em ploying d i f f i c u l t  t e c h n iq u e s . The s p e c tr o s c o p ic  f a c t o r s  fo r  • 

1 2 .8  MeV and the (n ,d )  ex p er im en ts  were e x tr a c te d  u s in g  ÇWBA. /  -

The purpose o f  th e  p r e se n t  study i s  to  i n v e s t i g a t e ,t h i s  energy  

dependence o f  s p e c tr o s c o p ic  fa c t o r s  and hence a lso  to  u n d erstand  th e  t  ' 

c o n f ig u r a t io n s  o f  th e  lew  l y in g  s t a t e s .  V ; : - AL, - : ‘ b,

6 .3 .2  Data , , ‘
27 3 26 ' ■

. ' :: The r e a c t io n  A l( d , He) Mg was s tu d ie d  a t  ah in c id e n t

energy, o f  1 3 .0  MeV. T r a n s it io n s  to  th e  ground and th e  f i r s t  two e x c it e d  /

s t a t e s  w ere o b se r v ed . The an gu lar  d i s t r ib u t io n s  o f  th e  He p a r t ic l e s

- 1 3 7 -



w ere measured u s in g  th e  co u n ter  t e le s c o p e  system  and checked a t  some .

a n g le s  u s in g  th e  sp ectrograp h  sy stem . In  the f i g u r e ,3 .3 ,8  a spectrum

27 3 26o b ta in ed  w ith  th e  cou n ter  t e le s c o p e  system  fo r  A l(d , He) has a lread y  

been shewn.

A b so lu te  c r o s s - s e c t io n s  w ere found by com parison w ith  s c a t t e r in g  

c r o s s - s e c t io n  a t  4 .0  MeV and assum ing the c r o s s - s e c t io n  to  be r e a so n a b le

o p t ic a l  p o t e n t ia l  a s  e x p la in e d  in  s e c t io n  4 .7 .  For an elem ent as l i g h t
27 ' -

a s A l, n u c lea r  c o n tr ib u t io n s  to  th e  e l a s t i c  s c a t t e r in g  even a t  4 .0  MeV .

are q u ite  s u b s t a n t ia l  and are th e  main ca u se  o f u n c e r ta in ty  i n  th e

a b s o lu te  n o r m a liz a tio n . An e rro r  o f  10 to  15^ in  the a b so lu te  c r o s s -  V

s e c t io n s  i s  c o n s id er e d  t o  be a c o n s e r v a t iv e  e s t im a te .  F ig u res  6 .3 .1

( a ,b ,c )  show th e  an gu lar  d i s t r ib u t io n  along w ith  LZR ( lo c a l  zero  range) ■

DWBA c u r v e s . The e r r o r s  shown in  th e  f ig u r e s  are  p u re ly  s t a t i s t i c a l  i n
■ t -  . ' . - ■■■ ;  •

n a tu r e . The t r a n s i t io n  to  th e  2 .9 4  MeV l e v e l  shows poor agreem ent w ith  '

th e  DWBA c a lc u la t io n .  . r • ; ;

6 .3 .3  DWBA A n a ly s is

The f i r s t  s e t  o f  DWBA c a lc u la t io n s  were done u s in g  th e  

se p a r a tio n  energy  procedure fo r  bound s t a t e  form f a c t o r s  i . e . ,  w ith  

bound s t a t e  e n e r g ie s  equal to  a c tu a l se p a r a tio n  e n e r g ie s .  L ocal z e r o -  

range approxim ation  was used  i n  th e  c a lc u la t io n s .  The ta b le  6 .3 .1  

sum marises th e  o p t ic a l  p o t e n t ia l  a s  w e ll  a s  t h e  bound s t a t e  param eters  

u sed  in  th e  c a lc u la t io n s .

—138—
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T a b le ,  6 .3o1

Parameters used in  the DWBA c a lc u la t io n s

Channel U
MeV

R
fm fm

W
MeV

Rw
fm

^w
fm ^0

a) 108.8 1 .0 0 .8 8 25.37 D 1.507 0 .527 1.3

^^Mg+^He b) 173.0 1.11 0 .7 4 36.36 S 1.430 0 .7 5 1.3

26., c)m +  p

S.E . Proc 

Ex = 0 .0 /d^ y^ 61.43 1.2 0 .6 5

Ex = 1 .809/dg 64.29 1.2 0 .6 5 - 1.3

2s^ 66 .10 1.2 0 .6 5 — ■ ■ -  : 1 .3

Ex = 2 .9 4  Idg 66 .04 1 .2 0 .6 5 - — 1.3

67 .98 1 .2 . 0 .6 5 • — 1.3

E.B .E , Proc. 1

Ex = 1.809/d^y^ 61 .43 1.2 0 .6 5 1.3

63.01 1 .2 0 .6 5 — . 1.3

Ex = 2.94/dgy^ 64.06 1.2 0 .6 5 1.3

23% 65.85 1.2 0 .6 5 - 1.3

27 • <
a) T his work ( Al+d) parameters c . f .  ta b le  5 .5 .2

b) [Zr68] (^^Mg+^He) parameters a t 15 .0  MeV. > ' ,

c) Bound s ta t e  p o te n t ia ls  were obtained by varying the depth o f th e  w e ll  
to  s u i t  the b inding ^ e r g y  c o n d it io n .
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I # # - '   ̂ : ' •;

Table 6 .3 .2  shows the sp ectro sco p ic  fa c to r s  u sin g  the norm alization

fa c to r  by B assel [Ba66] o f  4 .4 2 . For the two ex c ited  s t a t e s  the angular

momentum tr a n sfe r  o f ^=0 i s  allow ed in  ad d ition  to  1 = 2 ,  so i t  i s

im perative th a t  one should try  to  f i t  t h e  angular d is tr ib u t io n s  fo r  th ese

s t a t e s  w ith w eighted combination o f  1= 0  and 1 = 2  DWBA d is tr ib u t io n s .  This

was attempted and sp ectroscop ic  fa c to r s  have been c a lc u la te d  assuming .

both pure 1 =2  d is tr ib u t io n  and|&=0+2 com posite d is tr ib u t io n .  The

sp ectro sco p ic  fa c to r s  in  the former case  were ex tra c ted  by matching DWBA

c r o s s - s e c t io n  to  the f i r s t  observed peak fo r  th e  ground and the f i r s t
o '

e x c ite d  s ta t e s  and fo r  th e  2 .9 4  MeV s ta te  by matching to  15 d a ta . For 

decom position o f  th e  angular d is tr ib u t io n s  in to  1 =0  and ^=2 components 

procedure d escrib ed  in  se c t io n  4 .8  was adopted. The sp ectroscop ic  

fa c to r s  ex trac ted  were not very r e l ia b le  because data  were not a v a ila b le  

fo r  an gles near zero degrees where 2=0 d is tr ib u t io n s  have very la r g e

v a lu e s . This was more so because th e  f i t  to  the DWBA c a lc u la t io n s  was
- - ■ ' ' '  "  0  not very  good even for pure d is tr ib u t io n s  a t  an g les g rea ter  than ~  40

The DWBA f i t s  to  the two e x c ite d  s t a t e  angular d is tr ib u t io n s  are shavn ■

in  the f ig u r e  6 .3 .2  w ith  com posite (^=0+2) DWBA f i t .
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Table 6 .3 .2

Sp ectroscop ic  fa c to r s  from sep aration  energy c a lc u la t io n s  for
26,Mg s ta te s ,

L evel
MeV

B.E. o f  
tra n sfered  

proton

Allowed 
& -, 

tr a n s f  er

C^S a)

1 =  2 .

c^s

f  = 0 '

b)

1 =  2  .

0 ,0 o'*" -8 .2 7 2 2 0 ,4 3 0 .4 3

1,809 2^ -1 0 ,0 8 2 Of 2 1.47 , 0 .11 1.32

2 .9 4 2^ -1 1 .2 1 2 Qf2 0 .3 8 0 .0 4  i 0 .3 7  .

a) Assuming pure 1 = 2  tr a n s fe r

b) From l e a s t  square f i t  w ith  t  =  Of2 d is tr ib u t io n  (varian ce 10^)

The second s e t  o f  DWBA c a lc u la t io n s  were done u sin g  the e f f e c t iv e
27

binding energy procedure assuming a r o ta t io n a l d e sc r ip t io n  fo r  A l.

The same binding energy of 8 .2 4  MeV was used fo r  the ground s ta te  and

th e  f i r s t  ex c ite d  s t a t e  since in  the r o ta t io n a l model p ic tu re  they  are

members o f a K=0 ground s ta te  band formed by pickup from N ilsso n  o r b it

n o .5 . For the second ex c ited  s t a t e  pickup has been assumed from

N ils so n  o rb it n o .7 which i s  1.69 MeV below o r b it  n o .5 fo r  Tp= 3 .0 ,  a
27

value w id ely  quoted fo r  A l, Hence a b inding energy o f 9 .93  MeV was 

used in  the c a lc u la t io n  for  th is , l e v e l .  These b inding en erg ies  are ,; 

the same as th o se  used by Cujec [Cu62]. O p tica l parameters and the  

n orm alization  used were the same as in  the previous c a lc u la t io n s .  ‘ 

The ta b le  6 .3 .3  summarises the sp ectro sco p ic  fa c to r s .  ;
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The same procedure fo r  d ecom p osition  in to  1 = 0  and I  =  2 d i s t r ib u t io n  

was adopted f o r  th e  two e x c i t e d  s t a t e s  as in  the p rev io u s  c a s e  and th e  

same comments apply t o  th e  v a lu e s  o b ta in ed . As th e  d i s t r ib u t io n s  are  

very  s im ila r  to  the p r e v io u s  c a lc u la t io n s  th e y  have n ot been p lo t t e d .

t  T ab le  6 .3 .3

S p e c tr o sc o p ic  fa c t o r s  from e f f e c t i v e  b in d in g  energy procedure

26
Mg s t a t e s .

' L evel 
MeV

B .E . o f  ; 
tr a n s fe r r e d  

proton

A llow ed
tr a n s fe r

C^S 

Ù = 2

A

I  — 0

b ) o  

1 =  2 .

0 .0 0+ - 8 .2 7 2 2 0 .4 3 0 .4 3

1 .809 2 ^ - 8 .2 7 2 0+2 0 .91 0 .0 9 0 .7 8 6

2 .9 4 2 ^ - 9 .9 3 0+2 0 .2 9 0 .0 4 0 .2 5 5

a) Assuming pure 1 = 2  t r a n s f e r

b) From l e a s t  square f i t  w ith  t  =  0+2 d i s t r ib u t io n  (v a r ia n c e  10^ ).

6 .3 .4  S e n s i t i v i t y  o f  s p e c tr o s c o p ic  fa c to r s  to  o p t ic a l  p aram eters.

In  order t o  check th e  s e n s i t i v i t y  o f  dependence o f th e  

s p e c tr o s c o p ic  f a c t o r s  on the o p t ic a l  p o t e n t ia l  param eters, DWBA : 

c a lc u la t io n s  w ere done fo r  th e  ground s t a t e  t r a n s i t io n  u s in g  th e  th ree  

s e t s  o f  param eters shown in  th e  ta b le  6 . 3 . 4 .  The s e t  *A* i s  th e  sam.e 

as used  in  the p rev io u s  c a lc u la t io n s  ( c . f .  t a b le  6 .3 .1 )  Table 6 .3 .5  

shows th e  s p e c tr o s c o p ic  f a c t o r s  f o r  th e  ground s t a t e  t r a n s i t io n  fo r



T a b le  6 . 3 . 4

O p tic a l param eters u sed  in  s e n s i t i v i t y  check on DWBA

S e t Channel
U

MeV
Ru W %w ^w ' ■ Rc
fm fm MeV fm fm fm

+ d
a)

108.8 L o 0 .8 8 2 5 .2 7  D 1.507 0 .5 2 7 1 .3
A

' ^^Mg + ^He
b)

173 .0 1.11 0 .7 4 3 6 .3 6  S 1 .430 0 .7 5 0 1 .3

B :' ^^Al + d c) 103 .0 1 .0 0.945 2 9 .6  D 1.501 0 .5 2 7 1 .3
I

^®Mg +^He b)
1 7 3 .0 1.11 0 .7 4 3 6 .3 6  S 1 .43 0 ,7 5 1 .3

4
' ^^Al + d d) 184 .0 1 .25 0.765 15 .5  D 1 .275 0 .6 4 5 1 .3

^^Mg +^He e) 174.15 1 .1 0 0 .7 1 4 17.96 S 1.631 0 .7 5 1 .3

a) T his work (^^Al+d) param eters c . f .  t a b le  5 . 5 . 2 .
26 ' ' 3

b) [Zr68] .( Mg + He) param eters a t  1 5 .0  MeVo

c) [Sa65] (^^Al + d) param eters a t  10 .95  MeV.

d) [Co66] ( Al+d) param eters a t  15 .8  MeV.

25 3
e) T h is  work ( Mg + He) param eters a t  1 4 .0  MeV ( c . f .  ta b le  5 .5 .2 )

T ab le  6 .3 .5

26.S e n s i t i v i t y  t e s t  on DWBA fo r  Mg ground s t a t e .

Param eter c f s ;

s e t , 1 = 2
' . ' f ; : , - -A".  ̂ A:,-J

'■•■'■A ■ 0 .4 3

, B 0 .4 3

C . ■ 0 .3 2

' -1 4 6



d i f f e r e n t  s e t s  o f  p aram eters. F ig u re  6 .3 .2  ( c )  sh avs th e  p lo t  fo r  th e  . 

th r e e  d i s t r i b u t io n s .  V ,

The p o t e n t ia l  s e t  g iv 'es remarkably p r e c is e  agreanent w ith  s e t  

*A* where as s e t  ‘C’ y i e l d s  v a lu e  which i s  about 2 5 %  lo w er . T h is ra th er  

la r g e  d i f f e r e n c e  e s s e n t i a l l y  p o in ts  to  th e  d egree  o f  c o n fid e n c e  in  th e  , ,  

a b so lu te  v a lu e s  o f  th e  s p e c tr o s c o p ic  f a c t o r s  rep o rted  h ere [H i6 7 ] .

However i t  sh ou ld  a ls o  be remembered th a t  s e t  *C* p o t e n t ia l  f o r  the
3

d eu tero n , i s  a t  a d i f f e r e n t  energy from t h i s  exp er im en t, and the He 

p o t e n t ia l  i s  n o t  fo r  th e  same n u c le u s . The r e l a t i v e  s p e c tr o s c o p ic  

f a c t o r s  are q u it e  s ta b le  w ith  th e  v a r ia t io n  o f  th e  o p t ic a l  p aram eters.

6 .3 .5  P is c u s s io n s
. 3

The ta b le  6 ,5 .6  shavs th e  c o m p ila tio n  o f  a l l  th e  (d . He) s p e c tr o -  .

26 ' 
s c o p ic  f a c to r s  fo r  th e  s t a t e s  o f  Mg th a t  have been observed  in  t h i s  :

work and a lso  th e  (n ,d )  sp e c tr o sc o p ic  f a c to r s  fo r  th e  f i r s t  two s t a t e s .

I t  can now be c le a r ly  seen  th a t  th e  d iscrep a n cy  between th e  - -

s p e c tr o s c o p ic  f a c t o r s  d er iv ed  from low er and h ig h e r  energy experim ents
. . .  ■■■ :.'‘

can be e;q )la ined  due t o  d i f f e r e n t  bound s t a t e  wave fu n c t io n s  u sed  in  

DWBA c a lc u la t io n s .

The s p e c tr o s c o p ic  f a c t o r s  ( r e l a t i v e )  found by u s in g  th e  a c tu a l  

se p a r a tio n  energy as th e  b in d in g  energy f o r  c a lc u la t io n  o f  w a v e .fu n c tio n  

o f  p ick ed  up p a r t i c l e ,  a r e  i n  e x c e l le n t  agreem ent w ith  the r e s u l t s  o f  

Wagner [Wa69] and W ild en th a l [Wi68] a t  82 MeV and 3 4 .4  MeV r e s p e c t iv e ly  

in  w h ich  c a s e s  a s im i la r  procedure f o r  th e  bound s t a t e  wave fu n c t io n s  

was u sed  to  e x tr a c t  s p e c tr o s c o p ic  f a c t o r s .

. . . - 1 4 6 -



T able 6 .3 .6

C om pilation  o f  S p ec tro sco p ic  F a c to rs  f o r  ^ ^ A l ( d a n d

f A ü ! k &  : '

Group

E=13.0 MeV^^ E=13.0 MeV ' E=12.8^^
MeV

S/Sg

E=15.0 MeV^^ E=34.4 MeV f)E=82.0 MeV / 27 2Q S) 
, A l(n ,d ) IMg R ot. Model^^ i)S h e ll Model /

Ĉ S
f=2

S/Sg C^S

f=2
S/Sg Ĉ S

.1=2
S/Sg

(=2

's
(=o

S/Sg
1=2

c ŝ
1=2

. \ 8/Sg c s
1=2

S/Sg c'
t=2

'S

1=0

S/%
I:

0 0 .4 3 1.0 0 .4 3 1 .0 1.0 0 .4 6 - .0 .30 - 1 .0 0 .27 1 .0 0.33 1.0 0.29 1.0

1 1.47 3.42 0.91 2.1 1.52 0 .86 1.87 1.05 <.01 3 .5 0 .9 2 3 .4 2.18 0 .5 9 1.78 0.75 .001 2.5

2 0 .3 8 0 .8 8 0 .29 0 .6 7 0 .3 2 0 .29 0 .63 0 .23 <01 0 .77 0 .19 0.71 - .36 1.10 : 0.29 .003 1.0

a) T h is  work S .E . P ro c . c a lc u la t io n s  ( c . f .  T able 6 .3 .2 )

b) T h is work Ë .B.E. P roc. c a lc u la t io n s  ( c . f .  Table 6 .3 .3 )

c) [Pe62] (S p ec tro sco p ic  f a c to r s  e x tra c te d  usin g  DWBA).

d) [Cu62]

e) [Wi68]

f )  [ W a 6 9 ]

g )  [ G 1 6 1 ]

h) [ P e 6 2 ]

i )  IWi68]
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The a b so lu te  v a lu e s  in  t h i s  work are  c o n s is t e n t ly  h ig h er  in  each  

c a se  from tJie v a lu e s  by Wagner and W ild en th a l but are w ith in ' the combined 

u n c e r ta in ty  o f  the v a lu e s  h ere and the v a lu e s  m entioned e a r l i e r .  I t  

a l s o  be seen  th a t  by u s in g  b o u n d .s ta te  wave fu n c tio n s  from r o ta t io n a l  

model c o n s id e r a t io n s  s im ila r  to  th o se  u sed  by C ujec [C u62], i t  i s  p o s s ib le

if"f /: f  w i '  "bo g e t  sp e c tr o s c o p ic  f a c t o r s  ( r e la t iv e )  which are in  f a i r  agreem ent w ith  

, th e  r e s u l t s  o f  Cujec [Cu62j and P e l ia g r in i  [Pe63J and the (n ,d )  r e s u l t s  

Of G lover  [G 161], c o n s id e r in g  th a t  in  th e  l a s t  two s e t s  th e  sP e c tr o sc o p ic  

f a c t o r s  w ere e x tr a c te d  u s in g  PWBA and a ls o  th a t  d i f f i c u l t  exp er im en ta l A  

tech n iq u e  was u sed  in  th e  work by P e l ia g r in i .
3

In  th e  fo llo w in g  we s h a l l  d is c u s s  th e  im p lic a t io n s  o f  (d . He)
* 26

s p e c tr o s c o p ic  f a c t o r s  le a d in g  to  the f i r s t  th r e e  s t a t e s  o f  Mg observed  , .  

in  t h i s  worko

S h e l l  Model and th e  S p e c tr o sc o p ic  F a c to r s  ^

In  th e  extrem e s h e l l  model p ic tu r e  1 = 2  p ickup can be co n sid ered

a s  b e in g  due to  ( H^y2  ̂  ̂ t o  ( d^y2  ̂  ̂ T = 1 t r a n s i t io n s .  In  such c a se
2 ^ ^ ' ' 

s p e c tr o s c o p ic  f a c t o r s  are  C S = 0 * 3 3 , 1*66 fo r  J  =  0  , 2 s t a t e s

r e s p e c t iv e ly .  These v a lu e s  ( r e l a t i v e )  a re  in  good a g reen en t w ith  th e

v a lu e s  o f  Wagner and W ild en th a l and th e  v a lu e s  ob ta in ed  in  t h i s  work

from c a lc u la t io n s  u s in g  se p a r a tio n  energy p roced u re , i f  sp e c tr o sc o p ic

f a c t o r s  fo r  th e  f i r s t  two 2 s t a t e s  are summed, , ; I

The more r e f in e d  e f f e c t i v e  in t e r a c t io n  c a lc u la t io n s  [Wi68] i n  d^y,^

and Si/ c o n f ig u r a t io n s  g iv e  r e s u l t s  shown i n  t a b le  6 ,5 . 6 ,  w hich a ls o  -

agree  w e l l  w ith  th e  ex p er im en ts . T h is c a lc u la t io n  p r e d ic t s  v e r y  sm allV  .,

&=0 s tr e n g th s  fo r  th e  t r a n s i t i o n s .  The v a lu e s  o f  th e  s p e c tr o s c o p ic  .-
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' f a c to r  fo r  t  = 0  t r a n s i t io n s  ob ta in ed  in  t h i s  work ( c . f ,  . ta b le s  6 .3 .2  

and 6 o 3 .3 )  i s  r a th er  la r g e r .  However t h i s  i s  n o t n e c e s s a r i ly  a 

d isagreem en t a s  i t  has a lrea d y  been p o in ted  o u t ,  the d ecom p osition s in  

t o  i  =  0  and 1 - 2  s tr e n g th s  are  n ot very  r e l ia b le *  T h is c a lc u la t io n  ,

by W ild en th a l [Wi68] d e s c r ib e s  n e a r ly  q u a n t i t a t iv e ly  th e  s p l i t t i n g  o f
+ 10 2 

th e  2 s tr e n g th  which i s  e s s e n t i a l l y  due t o  ( d^y^) ( 2 S y )  c o n fig u r a tio n '.

An in c r e a s e  o f th e  m ix in g  o f  th e  s t a t e s  should ca rry  p a r t o f th e  1 = 2
+ ■ + : ■ .• • ■  ̂

s tr e n g th  from th e  2nd 2 s t a t e  to  th e  f i r s t  2 s t a t e  and a t  th e  same tim e

push ing th e  s t a t e s  fu r th e r  ap a rt and thus im proving th e  agreem ent w ith

exp erim en t. ...

R o ta t io n a l model and s p e c tr o s c o p ic  f a c t o r s .  . ^

The r o ta t io n a l  model w ith  p r o la te  d eform ation  g iv e s  a good

q u a l i t a t iv e  d e s c r ip t io n  o f  many o f th e  p r o p e r t ie s  o f  low  ly in g  l e v e l s  o f  

A1 [a1 6 0 , K e64], so i t  i s  im p e r a tiv e  th a t  one should  c o n s id e r  pickup  

from th e  deform ed o r b i t .  The deform ation  param eter o f  t] = 3 ,0  has been :

w id e ly  q u oted . F ig u re  6 ,3 ,3  shows s c h e m a tic a lly  th e  ground s t a t e
-27 - . . ". :. . ' ' - }

c o n f ig u r a t io n  o f A1 in  th e  r o ta t io n a l  m odel. The s p e c tr o s c o p ic  f a c t o r s

fo r  pickup from the r o ta t io n a l  o r b it  are  g iv e n  by e q u a tio n  2 ,7 ,1 0 .  The____i-

ta b le  6 ,5 ,2  shows th e  s p e c tr o s c o p ic  f a c t o r s  fo r  t h i s  model fo r  a ,

d eform ation  o f  T] = 3 cO. The r e s u l t s  co n cern in g  o r b it - 5  are independent

o f  th e  d eform ation  param eter.
■ ■ '  '  ' .  '  .

The ground and th e  1.81 MeV S t a t e s .

+  +There i s  e v id e n c e  th a t  th e  0  ground s t a t e  and th e  2 f i r s t

e x c it e d  s t a t e s  o f  Mg are members o f  K=0 r o ta t io n a l  band. The

enhancement c h a r a c t e r is t ic  o f  E2 w ith in  th e  same r o ta t io n a l  band i s  p r e sen t
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P r o to n s  

O  N e u tr o n s
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n
4
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I
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1 /2
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5
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7

F ig : 6 .3 .3  Schem atic ground s t a t e  N ils s o n  c o n f ig u r a t io n  
27

fo r  Ai ( N = 3 . 0 ) .
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+  ' .-1 %
' The mean l i f e  tim e o f  th e  2 s t a t e  i s  ( 6 .0  ± 1 .3 ) x 10 s e c ,  which ,

■ -13
i s  c lo s e  t o  l i f e  tim e o f 3 x 10 d er iv ed  from corresp on d in g  t r a n s i t io n  

24
in  Mg a p p ly in g  energy c o r r e c t io n  i s  t h ir t y  t im e s  f a s t e r  th an  th e  E2

—11 '
s in g le  p a r t ic l e  v a lu e  o f 10 s e c  [C u64],

S p e c tr o sc o p ic  f a c t o r s  from t h i s  work shown in  t a b l e s  6 .3 .3  and

6 .3 .6  a re  in  f a i r  agreem ent w ith  th e  r o t a t io n a l  model assum ption . T his  

c a lc u la t io n  assum es com plete o v e r la p  between th e  deform ed c o r e  s t a t e s  

o f  th e  t a r g e t  and th e  f in a l  n u c le u s  which i s  n ot n e c e s s a r i ly  t r u e .  The 3.

b a s is  fo r  u s in g  EBE procedure has a lrea d y  been p o in ted  ou t in  th e  

s e c t io n  2 .4 .  The p o in t  i s  t h a t ,  w ith o u t s o lv in g  eq u a tio n  2 .4 .6 ,  one 

can n o t  vouch fo r  th e  accuracy or o th erw ise  o f th e  wave fu n c tio n s  

gen era ted  in  th e  p roced u re . So t h i s  apparent agreem ent does n ot n e c e s s a r ily  

prove th e  K=0 band assign m en t. ,

On th e  o th er  hand as  p o in ted  out e a r l i e r  u s in g  bound s t a t e  wave . iP-

fu n c t io n  w ith  b in d in gs energy equal to  th e  a c tu a l s e p a r a tio n  energy which , ■ ■ 

has a s y m p to t ic a lly  th e  c o r r e c t  shape le a d s  to  much to o  b ig  a v a lu e  fo r  ;

th e  r a t io  o f  the s p e c tr o s c o p ic  fa c t o r s  betw een th e  two s t a t e s  than  

ex p ected  from th e  r o t a t io n a l  m o d e l . , T h erefore  unperturbed K=0 band „—

assign m en t fo r  th e s e  s t a t e s  i s - i n  c o n f l i c t  w ith  th e  (d . He) d a t a . ,

T h is i s  a ls o  : supported  by M g (d ,p )fttr a n s itio n s  [Lu66, Cu64J.

The r a t io , o f  s p e c tr o s c o p ic  f a c t o r s  betw een th e se  two s t a t e s  i n  (d ,p )  

t r a n s i t io n  has been found 'to ;b e  0 .2 4  compared t o  th e  v a lu e  o f  0 .3 6  

from th e  r o ta t io n a l  m o d e l .T h i s  50^ d i f f e r e n c e  in  r e la t iv e  sp e c tr o s c o p ic  

f a c to r s  can n ot be e x p la in e d  away as due t o  v a g a r ie s  i n  DWBA.
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2o94 MeV S tate  : v

The Y - tr a n s it io n  p r o b a b il ity  fo r  t h i s  s t a t e  i s  c o n s is t e n t  w ith  

th e  assum ption  th a t  t h i s  i s  a member o f  N = 1 , K=2 r o ta t io n  v ib r a t io n a l  

band [Cu64]. Comparable s p e c tr o s c o p ic  f a c t o r s  are  found in  the ■ 

s tr ip p in g  r e a c t io n  [Cu34] fo r  t h i s  s t a t e  and t h e  o t h e r  supposed member

O f th e  band 3 ( 3 ,9 4  MeV) s t a t é  in  agreem ent w ith  t h i s  a ssum p tion ,
3 ■ ' . ' .

However (d , He) r e s u l t s  a t  84 MeV and 34 MeV are n o t in  agreem ent w ith

t h i s .  I t  has been p o in ted  out by Wagner e t  a l ,  [Wa69], th a t  t h i s  c o u ld ,

p o in t  t o  th e  f a c t  t h a t  th e  i n t r i n s i c  N = 1 band i s  n o t e x c it e d  a t  a l l
. ■ ■ +

b u t o n ly  th e  p a rt o f  th e  wave fu n c tio n  o f  th e  second 2 s t a t e  mixed in

from th e  f i r s t  i s  s e e n . T h is in t e r p r e t a t io n  would r e q u ir e  an in c r e a s e

i n  2 s tr e n g th  in  th e  f i r s t  e x c it e d  s t a t e  w hich i s  a lre a d y  to o  b ig

from th e  r o ta t io n a l  model d e s c r ip t io n ,

3 ,5 .6  C on clu sion s

The A l( d ,  He) Mg r e a c t io n  has been s tu d ie d  a t  an in c id e n t

energy o f  1 3 ,0  MeV, T r a n s it io n s  t o  the f i r s t  th r e e  s t a t e s  in  the

r e s id u a l  n u c le i  have been observed  and th e  s p e c tr o s c o p ic  f a c t o r s  fo r

th e se  s t a t e s  have been e x tr a c te d ,

The energy dependence o f  th e  s p e c tr o s c o p ic  f a c t o r s  fo r  t h e s e

s t a t e s  from e a r l i e r  s tu d ie s  has been e x p la in e d . The s p e c tr o s c o p ic  fa c to r s

have been found to  be in  b e t t e r  agreem ent w ith  s h e l l  model c a lc u la t io n s

w ith  e f f e c t i v e  in t e r a c t io n  than w ith  r o ta t io n a l  m odel.
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23 3 22
6 .4  The N a(d , He) Na r e a c t io n  . . .

6 .4 .1  In tr o d u c tio n
: -V X: ' ' - ' ■ 23 ^

The s t a t i c  p r o p e r t ie s  o f  low ly in g  e x c it e d  s t a t e s  o f  Na

a re  c o n s i s t e n t  w i th  N i ls so n  r o t a t i o n a l  d e s c r i p t i o n  [Ho67] w i th  a p r o l a t e

d eform ation  in  th e  re g io n  o f  4oO.

Tew ari and B anarjee-L T e66j have done s h e l l  mode c a lc u la t io n s
+ + . +  ̂ 22 ■ ^ ' 

fo r  th e  0 , 2  and 4  s t a t e s  in  N e. A ccording to  t h e ir  c a lc u la t io n s

the wave fu n c tio n  have q u ite  pure K=0 c o n f ig u r a t io n s  and th e  adm ixture

o f  K=2 band i s  q u ite  sm a ll .

The purpose o f  t h i s  work i s  to  s e e  to  what e x te n t  th e s e  o b se r v a tio n s
3 "■ ■ ■ ;

are supported  by (d . He) s t u d ie s ,  A com parison w i l l  a lso  be done w ith

the s h e l l  model p r e d ic t io n s ,  A stu d y  on t h i s  r e a c t io n  conducted  a t

3 4 oO MeV has been rep o rted  r e c e n t ly  [W i68],

6 .4 .2  Data :

T h is  study has been conducted  a t  an in c id e n t  energy o f

1 3 .0  MeV, T r a n s it io n s  t o  the ground s t a t e  and th e  1 .2 7 4  MeV f i r s t

e x c it e d  s t a t e s  have been o b served . The exp erim en ta l procedure was the

same a s  m entioned in  s e c t io n  4 , 7 ,  Both the co u n ter  t e le s c o p e  and the

sp ectrograp h  system  w ere used  in  a com plonentary way a s  d esc r ib e d

e lsew h ere  ( e . g .  s e c t io n  6 , 2 . 2 ) .

F ig u r e s  6 ,4 .1  shows the exp er im en ta l angular d is t r ib u t io n

a lo n g  w ith  l o c a l  zero -r a n g e  DWBA, which shows s tro n g  d iv erg en ce

" o ' 27from th e  e^qDeriments a t   ̂ 40  . The same comments a s  in  Al c a se  ..........

( s e c t io n  6 .3 .2 )  a p p l ie s  fo r  th e  n o r m a liz a t io n .
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6 .4 .3  DWBA c a lc u la t io n s  ;

L oca l zero -ra n g e  DWBA c a lc u la t io n s  were done w ith  th e  

param eters shown in  th e  t a b le  6 .4 ,1 .  The sp e c tr o s c o p ic  f a c t o r s  were 

ob ta in ed  by m atching th e  p r in c ip a l  peal<cs w ith  the DWBA c a lc u la t io n s .  

The s p e c tr o s c o p ic  f a c t o r s  are  shown in  th e  ta b le  6 .4 .2  a lo n g  w ith  th e  

v a lu e s  by W ild en th a l [W i69] and th e  ones c a lc u la te d  from th e m od els . 

The second v a lu e  quoted fo r  th e  1 .2 7 4  MeV s t a t e  has been o b ta in ed  by 

u s in g  th e  same s e p a r a tio n  energy as th e  ground s t a t e .

6 .4 .4  D is c u s s io n s

I t  has a lread y  been p o in ted  out t h a t  th e  s p e c tr o s c o p ic  

fa c t o r s  have been o b ta in ed  by m atching th e  p r in c ip a l  peak in  th e  

angular d i s t r ib u t io n s  w ith  the DWBA c a lc u la t io n s ,  th e  rea so n  i s . t h a t  

th e  DWBA c a lc u la t io n s  have been found to  be more s ta b le  in  th e  re g io n  

w ith  th e  changes in  th e  p aram eters. The a b so lu te  s p e c tr o s c o p ic  fa c to r s  

from thi^s work are c o n s is t e n t ly  h ig h er  than  the v a lu e s  rep o rted  by 

W ild en th a l e t  a l  [Wi69] ( c . f .  ta b le  6 .4 .2  column a and b) b u t the  

d iv e r g e n c e s  are w ith in  the combined u n c e r ta in ty  o f  th e  two s e t s .

In  the s h e l l  m odel p ic tu r e ,  th e  ground s t a t e '

t r a n s i t io n  i s  J fo rb id d en  and the t r a n s i t io n  i s  due to  1 adm ixture.

In  th e  r o ta t io n a l  model", th e  t r a n s i t o n  p roceed s w ith  sm all am p litu d e . 

The ta b le  6 .4 .2  (colum n c) shows th e  s p e c tr o s c o p ic  fa c t o r s  from the  

r o ta t io n a l  model w ith  th e  assum ption  o f  p ickup from th e  N ils s o n  o r b it  ' 

N o .7 . The ground s t a t e  c o n f ig u r a t io n  o f  Na i s  shown sc h e m a tic a lly  ' 

i n  th e  f ig u r e  6 . 4 . 2 .
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T a b le  6 .4 .1

Param eters u sed  in  DWBA C a lc u la t io n s  • •’

Channel w Au R
w A ' 

w

2^Na + d a) 80.73 1 oO 0 .9 2 37.28D 1 .3 9 0 .583 1.3

^^Nc + ^He b)
165 .19 1 .1 4 0 .7 2 13.19S 1.86 0 .7 2 1 .3

22Nc + p 

S .E . Proc

Ex = 0

c )

66.634

1

1 .2 0 .6 5

Ex = 1 .2 7 4 68.690 1 .2 0 .6 5 — ■ ■ — ■ -  ; 1.3

EBE Proc 

Ex = 1 .2 7 4 66 ,6 3 4 1.2 0 .6 5 ■ — 1.3

23
a) T h is work ( Na + d) param eters a t  1 3 .0  MeV ( c . f .  ta b le  5 .5 .2 )

22 3
b) [Z r68] ( Ne + He) param eters a t  1 5 ,0  MeV

c ) Bound s t a t e  p o t e n t ia l s  have been found by v a r y in g  th e  depth to  

s a t i s f y  the b in d in g  energy c o n d it io n s .
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4 .

oo
. 4—

3 .

P r o to n s  

O  N e u tr o n s

j

3 / 2 1 /2

1 /2

1 /2

66 0 2-4

S I .  O rbi'

8

11

5

9

7

F ig : 6 ,4 .2  Schem atic ground s ta b e  N ils s o n

c o n f ig u r a t io n  for  Na ( t] = 4 . 0 ) .
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The s h e l l  m odel s p e c tr o s c o p ic  fa c t o r s  quoted in  ta b le  6 .4 .2  (column d) 

are th e  same a s  W ildentJial [W i68]. The ob served  s p e c tr o s c o p ic  fa c to r  

fo r  tlie ground s t a t e  t r a n s i t io n  though sm a ll i s  la r g e  compared t o  th e

v a lu e s  p r e d ic te d  from e it h e r  m odel. The e x te n t  o f  the Idg, adm ixture
23 ' -

in  th e  ground s t a t e  o f  Na (~ 1 0 ^ ), shows the inadequacy o f  th e

tr u n c a tio n  o f  the s h e l l  model c a lc u la t io n s  by in c lu d in g  o n ly

c o n f ig u r a t io n s .

The com parison o f  th e  r e l a t i v e  sp e c tr o s c o p ic  f a c t o r s  would n o t  

be m ean ingfu l b ecau se  o f t h i s  co m p a ra tiv e ly  la f g e  v a lu e  fo r  the ground 

s t a t e  t r a n s i t io n .  The a b so lu te  v a lu e  fo r  the s p e c tr o s c o p ic  fa c to r  

f o r  th e  1 .2 7 4  MeV s t a t e  i s  in  agreem ent w ith  both th e  models w ith in  

th e  v a g a r ie s  i n  DWBA as p o in ted  o u t e a r l i e r  ( c . f .  s e c t io n  6 . 3 . 3 ) .
••• -■ I ■ ..."

The s p e c tr o s c o p ic  fa c t o r  fo r  t h i s  s t a t e  c a lc u la te d  in  the e f f e c t i v e  

b in d in g  energy procedure assum ing th e  same bound s t a t e  energy .as the  

ground s t a t e  i s  n ea rer  in  v a lu e  to  th e  r o ta t io n a l  model v a lu e . However, 

a s  i t  has been alreac^y p o in ted  ou t ( c . f .  s e c t io n  6 .3 .5 )  t h i s  cou ld  be ' 

f o r t u i t o u s .  -3%i

6 ,4 .5  C on clu sion  ' .
23 3 22

The N a(d , He)Ne r e a c t io n  h as been s tu d ie d  a t  an '

in c id e n t  energy o f  13oO«.MeVo The t r a n s i t io n s  to  th e  ground s t a t e  (0  )
+ • 22 ' ■' ■ ■ 

and th e  1 .2 7 4  MeV ( 2 ) s t a t e s  in  Ne have been ob served . The

s p e c tr o s c o p ic  f a c t o r s  have been e x tr a c te d  fo r  th e se  s t a t e s  u s in g  LZR

DWBA and compared w ith  th e  r o ta t io n a l  and th e  s h e l l  model p r e d ic t io n s .

The ground s t a t e  t r a n s i t io n  has been found to  have la r g e r  sp e c tr o sc o p ic

f a c t o r  than p r e d ic te d  by e i t h e r  model w hich in d ic a t e s  th e  degree o f  1d^

adm ixture i n  th e  ^ N a  ground s t a t e .

- 1 5 9 -



CHAPTER VII

3 .

THE ( H e,d) AND THE (d ,n )  REACTION STUDIES

7 .1  In tr o d u c tio n
3 '

The primary in c e n t iv e  to  stu d y  th e  ( H e,d) and (d ,n )  r e a c t io n s  

le a d in g  to  T  ̂ = 0  f in a l  n u c le i  in  th e  s -d  s h e l l  came from work by .

. S iem ssen  e t  a l ,  [ S i6 6 ] .  In  t h i s  work a d iscrep an cy  o f  th e  s p e c tr o s c o p ic
• 3 • ■

f a c t o r s  betw een T=0 and T=1 s t a t e s  in  ( H e,d) r e a c t io n  was found from

model c o n s id e r a t io n s .  D isc r e p a n c ie s  w ere a ls o  r e p o r ted  between  
3

( H e,d ) and (d ,n )  r e a c t io n s  fo r  t r a n s i t io n s  le a d in g  to  th e  same T=1 -

• ' ■ ■- 
f i n a l  s t a t e s  in  th e  r e s id u a l  n u c le i  in  th is 'w o r k .

The exp er im en ts r ep o r ted  in  t h i s  ch a p ter  were perform ed to

i n v e s t i g a t e  the d iscrep a n cy  o f s p e c tr o s c o p ic  f a c to r s  m entioned e a r l i e r

and a l s o  t o  compare th e  sp e c tr o sc o p ic , f a c t o r s  ob ta in ed  w ith  th e  v a r io u s

model c a lc u la t io n s  r e p o r te d . , Each r e a c t io n  s tu d ie d  i s  r e p o r te d  under

a se p a r a te  s e c t io n .

7 .2  The ^^Si(^H e.d)^^P R e a c tio n  . 4

7 .2 .1  I n tr o d u c tio n  . . > : . ' :
■ ■ ■, — - - ;

The energy l e v e l s  o f  th e  s e l f  co n ju g a te  P n u c le u s

are w e l l  e s ta b l is h e d  from  th e  s tu d ie s  o f  ( p ,r )  [Va58,Ba62,M o63,Ha66a,
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3 .

H a66b,H a67], (d ,a )  [En58] and ( H e,p) [Ve69] s tu d ie s .  ■ .

Firm sp in  and p a r ity  a ss ig n m en ts  have been made fo r  th e  0 .0 ,  0 .6 7  

0 .7 1 ,  1 .4 5 , 1 .9 8 ,  2 .5 4 , 2 .9 6  and 4 .1 8  MeV s t a t e s  o n ly . For t h e 'o t h e r  

s t a t e s  th e r e  are  e ith e r , s e v e r a l  a l t e r n a t iv e  assign m en ts  or th e  

assign m en ts are d isp u te d . The sp in s  and p a r i t i e s  o f  th e  s t a t e s  are

co n s id er e d  in  d e t a i l  in  s e c t io n  7 .2 .4 .  '

30 •
A s h e l l  model c a lc u la t io n  o f P has been rep o r ted  by Glaudman e t  a l

[G164] wtiich e x p la in e d  q u ite  w e l l  th e  e n e r g ie s  o f  th e  low  ly in g  s t a t e s .

A com parison o f th e  s p e c tr o s c o p ic  f a c t o r s  from t h is  work was done w ith  ’ ,
: tWe

th e  sp e c tr o s c o p ic  f a c t o r s  from^Glaudman c a lc u la t io n s  to  check  th e  

c o r r e c tn e s s  or o th e r w ise  o f  the wave fu n c t io n  o f  th e  c a lc u la te d  s t a t e s .

R o ta t io n a l model c a lc u la t io n s  w ith  r e s id u a l  n eutron  proton  V ;

in t e r a c t io n  have been rep o rted  by P ickard and de Pinho [P i6 6 ]  and by 

A sc u ito  e t  a l .  [As 6 8 ] .  T hese a ls o  show good agreem ent w ith  th e  f i r s t  

th r e e  l e v e l s .  However, no s p e c tr o s c o p ic  f a c t o r s  were rep o r te d  in  th e s e  

p ap ers. ' ' i . -, ", \  y

No exp erim en ta l s p e c tr o s c o p ic  f a c t o r s  fo r  t h i s  n u c leu s have so fa r  

been  r e p o r te d . Hence t h i s  work p ro v id es  a s u b s t a n t ia l  body o f  c o m p le te ly  

new in fo r m a tio n .

7 .2 .2  D ata
29 3 30

The r e a c t io n  S i (  H e,d) P was s tu d ie d  a t  an in c id e n t  energy  

o f  1 4 .0  MeV. T r a n s it io n s  t o  19 s t a t e s  up to  4 .61  MeV e x c i t a t io n  were 

o b se r v ed . Angular d is tr ib u t io n s ,  fo r  th e  15 t r a n s i t io n s  up tq  4 .2 3  MeV , 

e x c i t a t io n  w ere d eterm in ed . • \ 4

The H arw ell m u lti gap sp ectrograp h  was used  in  t h e . expe r im en t. The

' -161- ■ ' : '



p r o p e r t ie s  o f th e  t a r g e t  used  has te e n  shown in  the t a b le  2 .4 .1 .

A lthough exp osu res w ere talc en in  a l l  th e  24 gaps o f th e  sp ectrograp h ,
' ■ ' ' - ' - - ; '' o o .

on ly  the f i r s t  n in e  gaps ( i . e .  from 5 to  65 (Lab) a t  bn in te r v a l  

o f  7 .5  ) w ere scanned . The over a l l  r e s o lu t io n  was about ~  30 KeV. 

which was m ostly  due to  t a r g e t  t h ic k n e s s .  The ground s t a t e  Q -value  

and th e  e x c i t a t i o n ■e n e r g ie s  o f4 th e  e x c it e d  s t a t e s  w ere found to  be in  

agreem ent w ith  th e  v a lu e s  by, Endt and Van der Leun [En67 ] t o  w ith in  

± 20 KeV. / .

The a b s o lu te  n o r m a liz a tio n  o f  th e  d ata  was ob ta in ed  by comparing ,
3 ■

th e  ( H e,d ) ground s t a t e  c r o s s - s e c t io n  w ith  th e  e l a s t i c  c r o s s - s e c t io n

o '
.a t  15 a t  14o0 MeV u s in g  th e  s in g le  gap system  ( c . f .  s e c t io n  5 . 5 ) .  The 

a b so lu te  v a lu e s  are b e l ie v e d  to  be c o r r e c t  w ith in  ~  20^. The la r g e  

u n c e r ta in ty  in  th e  a b s o lu te  vaj.ue o f th e  s p e c tr o s c o p ic  f a c t o r s  i s  due 

to  th e  f a c t  th a t  measurement was done a t  a s in g le  p o in t (^^ 3̂ 23 ~ 4 0 °)  

where th e  c r o s s - s e c t io n  v a r ie s  r a th er  r a p id ly  w ith  th e  a n g le . A spectrum  

o f  th e  d ou teron s a t  12 .5  (Lab) i s  shewn in  f ig u r e  7 .2 .1 .  The angular, 

d i s t r ib u t io n s  a lon g  w ith  ap p ro p r ia te  DWBA are  shown in  f ig u r e s  7 .2 .2 *

7 .2 .3  DWBA C a lc u la t io n s

The DWBA c a lc u la t io n s  w ere done fo r  the observed  t r a n s i t io n s

u s in g  th e  param eters shown in  the t a b le  7 .2 . 1 .  The se p a r a tio n  energy
. . .

p r e s c r ip t io n  was u sed  for  a l l  th e  bound s t a t e  form f a c t o r s .  ^

t 1 6 2 -



D I S T A N C E  A L O N G  T H E  P L A T E

U L
D IS T A N C E  A L O N G  T H E  P L A T E  ( ' / 4 mm' )  -

F i g :  7 . 2 . 1  D eu te ron  s p e c t ru m  from t h e  ~ ^ S i (^ K e ,d )^ ^ P

r e a c t i o n s  o b t a i n e d  ^\it]i m u i t i g a p  s p e c t r o g r a p h .  

E n e r g i e s  r e f e r  t o  e x c i t a t i o n  o f  the f i n a l  

n u c l e u s .



The f ig u r e s  7 .2 .2  show th e  exp er im en ta l angular d i s t r ib u t io n s  a lon g

w ith  a p p rop r ia te  DWBA f i t s .  The s t a t e s  a t  0 .6 7  and 2 .4 8  MeV cou ld  be

f i t t e d  w e l l  w ith  pure 1 = 0  DWBÀ. Pure 1 = 2  DWBA f i t t e d  f a i r l y  w e l l ,  th e  ,

s t a t e s  a t  1 .4 5 , 1 .9 8 , 2 .5 4 , 2 .7 2 ,  2 .9 4 , 3 .8 4 ,  4 .1 8  and 4 .2 3  MeV. The
’ tfus-

s t a t e  a t  3 .9 3  MeV was very  wealcly e x c it e d  and was seen, on ly  at^ f i r s t  

two a n g le s  o f  th e  m u ltigap  exp osu re . For th e  rem ain ing  s t a t e s  up to  • 

4o23 MeV e x c i t a t io n  a com bination  o f  I  =  0  and t = 2  DWBA d is t r ib u t io n s  v 

were req u ired  t o  o b ta in  a c c ep ta b le  f i t s . *  The d ecom p osition  procedure /  

in t o  ^=0 a n d  1 = 2  com ponents was th e  same as d e sc r ib e d  in  s e c t io n  4 . 8 .  .. 

The comments about th e .^ u n certa in ty  in  th e  s p e c tr o s c o p ic  f a c t o r s  are  

a l s o  v a l i d .  The ta b le  7 .2 .2  shows th e  v a lu e  o f th e  sp e c tr o sc o p ic  

f a c t o r s  e x tr a c te d . As th e  f in a l  sp in  o f  th e  some o f  th e  s t a t e s  are  

n o t  known w ith  c e r t a in t y  on ly  ( 2J,^+l)C s v a lu e s  are  shown fo r  th e s e  

s t a t e s .  The v a lu e  o f  th e  n o r m a liz a tio n  c o n s ta n t  u sed  fo r  th e  e x tr a c t io n  

o f  th e  s p e c tr o s c o p ic  f a c t o r s  was 4 .4 2  [Ba66] .
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i'.')':

g ' ■ ■; . V
Ta b le  7o2o1

' . ' ' . - . 7. s'.

Channel U
MeV

r  u ■
fm

au
fm

W
MeV

r 'w
fm -

a :
w •

fm,, .
V

fm

+ d

a)

101 .7 1 .1 0 0 .8 1 5 21.22D 1 .376 0 .5 5 6 , 1

29^ . h) 188.99 1 .25S i  + He 0 .601 25.27S U 327 0 .8 1 3 1 .3

+ p
c)

1

1 .2 0 .6 5 _ 1 .3
1 -■ ■

Z \
a) ( p+d) param eters ob ta in ed  by f i t t i n g  d ata  by D e n o r tie r  e t  a l .

[DeGI ] a t  1 1 .5  MeV. . . ' - / • :

' 29 ' 3 :
b) T h is  work ( S i  + He) param eters a t  1 4 .0  MeV ( c . f .  Table 5 . 5 . 2 ) .

c )  P o te n t ia l  depth  was v a r ie d  to  s a t i s f y  th e  b in d in g  energy c o n d it io n .
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Table 7 .2 .2

29 3 30
S p e c tr o sc o p ic  f a c t o r s  from S i(  H e,d ) r e a c t io n ,

L evel
MeV

j ^ T L
T ransfer.

(2J^+1)C^S . 

t  =  0  1 =  2

2 C S

& . = 0 1 =  2

0 .0 0 ,2 1 .65 1 .9 7 0 .5 4 2  ;  ̂v'. / 0 .6 5

0 .6 7 0  , 0 .6 2 — 0 .6 2  ;• ; — '

0 .71 r  ; 0 ,2 T 0 .3 2 7 0 .9 7 0 .1 0 7 0 .3 2 4

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

1 .9 8 3+ 2 - 0 .5 8 5 ' 0 .0 8 4

2 .5 4 3+ 2 0 .3 3 2 0 .0 4 8

2 .7 2 1+.2+* 2 ' — 0 .1 9 6

2 .8 4 0+ ,1+ * 0 ; 0 .4 5

2 .9 4 2^ ;l 2 - 2 .0 7 0 .4 1 5

3 .0 2 0 ,2 , 0 .1 8 0 .2 7 5 0 .0 6  • 0 .0 9 2

3 .7 3 0 , 2 . 0 .0 6 2 ■ 0 .1 8  ; ; 0 .0 2 1  - 0 .0 6

3 .8 4 2 — . 0 .3 5 3

3 .9 3  

* 4 .1 4 0 ,2  . 0 .1 9 3 1 .2 4 : 0 .0 6 4 ^  0 :  '. 0 .41

4 ,1 8 2 ■ M»' ’ ■ 0 .4 0 7 0 .081

4 .2 3 t , 2 + * 2 0 .2 5

A ssignm ents from t h i s  work ( c . f .  s e c t io n  7 * 2 .4  ) .
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7 .2 o 4  Sp in  and P a r ity  Assi.gnm ents ,

In g en era l d e f in i t e  sp in  assign m en ts  can n o t be made from th e

study o f  s in g le  nucleon  t r a n s f e r  r e a c t io n s  on odd n u c le i .  However, in

29t h i s  p a r t ic u la r  c a s e  the i n i t i a l  sp in  \  o f  the ground s t a t e  o f  S i ,

l i m i t s  the number o f  p o s s i b i l i t i e s  o f the f i n a l  s t a t e  sp in s  t o  two

o n ly  and in  some c a s e s  un ique a ssign m en ts can be made. ,

,  i t
The p a r ity  i s  o f cou rse  ( -1 )  where *2 ', th e  o r b i t a l  angular momentum 

t r a n s f e r .  In  tl\e t r a n s i t io n s  s tu d ie d , th e  angular momentum tr a n s fe r  

i s  e i t h e r  0  or 2 or a com bination  o f  th e  two d i s t r i b u t io n s .  For th e  

^=0 t r a n s i t io n s  th e  f in a l  s t a t e  sp in  i s  l im ite d  t o  0 or 1 .: For the .

1 - 2  t r a n s i t io n s  f i n a l  s t a t e  s p in s  o f  1 or  2 are  p e r m itte d , i f  a 

t r a n s f e r  i s  assumed t o .b e  to  th e  en p ty  1(%, s h e l l .  The e x c e p tio n s  are  — ^  

th e  c a s e s  o f  1 .9 8  and 2 .5 4  MeV s t a t e s  where firm  3 a ssign m en ts have been . 

made from o th er  m easurem ents. ;A  d^y^ t r a n s fe r  corresp on d in g  t o  th e

h o le s  in  th e  su p p osed ly  ; f i l i e d  1 d -̂>„ s h e l l  has t o  be [assumed in

t h e s e  two c a s e s .  I f  a com b ination  o f . 2=0 and 1 - 2  d i s t r ib u t io n s  occur

t h e  f i n a l  s ta t e  s p in s  can on ly  be 1 . The f ig u r e  7 .2 .3  shows th e
30 '"V:'

p r e s e n t  and th e  p r e v io u s  sp in  a ssig n m en ts  fo r  th e  s t a t e s  in  P. The • 

*T* v a lu e s  fo r  th e  s t a t e s  o th er  than T=0 are o n ly  shown in  column (b) 

o f  th e  f ig u r e .  In  th e  column shew ing th e  a ssign m en ts from t h i s  w ork, 

th e  c a s e s  where a l t e r n a t iv e  sp in s  are p erm itted  from t h i s  work but firm  

assign m en ts  have been made from p rev io u s  s tu d ie s ,  have been l e f t  o u t .  

The v a lu e s  in  th e  b r a c k e ts  are d o u b tfu l a ss ig n m en ts.

From th e  above c o n s id e r a t io n s  a d e f i n i t e  assignm ent o f  .1 was made

to  th e  3 .0 2 ,  3 .7 5  and 4 .1 4  MeV, s t a t e  s .  \  A lt e r n a t iv e  assign m en ts o f

- 1 7 1 -
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4" +
( l  , 2  )  w ere made to  th e  s t a t e s  a t  2 .7 2 ,  3 .8 4  and 4 .2 3  MeV. The

assign m en t o f  4  to  4 .2 3  MeV s t a t e  by H arris  and Hyder [HaGG^'is very

u n l ik e ly  to  be c o r r e c t  b ecau se  th e  f i t  t o  ^=2 DWBA d i s t r ib u t io n  to  t h i s

s t a t e  i s  a s  good as t o  the f i t  to  th e  4 ,1 8  MeV (2  , T =l) s t a t e .  I t  i g

a ls o  very  u n l ik e ly  th a t  t h i s  s t a t e ^ is  a d o u b le t  because s t a t e s  e x c ite d
. 3

in  (PjY) sliould be seen  in  ( H e,d) as w e l l .  S im ila r ly  in  th e  absence  

o f  any e v id en ce  o f d o u b le t  n atu re  fo r  3 .0 2  MeV l e v e l ,  the 2 assignm ent 

[En67] f o r  t h i s  s t a t e  i s  ex trem ely  u n l ik e ly .  .‘The s t a t e  a t  2 .8 4  MeV 

was a ss ig n e d  a l t e r n a t iv e  sp in s  o f  (0  ,1 ). due t o  th e  p resen ce  o f  on ly  

pure 1 = 0  t r a n s i t io n .

7 .2 .5  D is c u s s io n s  ■ ■ .

In  t h i s  s e c t io n  th e  im p lic a t io n s  o f  th e  exp erim en ta l r e s u l t s  

p resen ted  i n  e a r l i e r  s e c t io n s  are  d is c u s s e d . .

S h e l l  Model and th e  S p e c tr o sc o p ic  F a cto rs  •

The ta b le  ; 7 ,2 .3 . :  shows th e  com parison o f th e  e x p e r im en ta l  

s p e c tr o s c o p ic  f a c t o r s  w ith  th e  v a lu e s  from th e  s h e ll .m o d e l c a lc u la t io n s  

h y  Glaudman [g1 6 4 ] .  The t h e o r e t ic a l  v a lu e s  fo r  th e  0*68 and, 2 .9 4  MeV , . 

T=1 s t a t e s  agree v e r y  w e l l  w ith  th e  exp erim en ts but fo r  th e  o th e r  s t a t e s  

t h i s  i s  n o t so* ; v . ,
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T a b le  7o2o3

Comparison betw een sh e ll model exp erim en ta l s p e c tr o s c o p ic  fa c t o r s

L ev e l
MeV

C a lc u la te d  
L evel . 

MeV
S h e l l  Model 

1 = 0 t = 2

c b  _
.Experim ental 

& = 0  1 =  2

OoO 0 .0 2 0 .2 3 2 0 .3 7 5 0 .5 4 2 0 .6 5

0o68 o b  1 , 0 .7 2 6 O r 0 .6 2 : 0

0 .71 0 .6 9  ; 1+ . .0 .7 6 8  ' 0 .111 0 .1 0 7 0 .3 2 4

2 .5 4 2 .7 3 0 0 — 0 .0 4 8

2 .7 2 ^ 2.91 2^ 0 0 .5 - 0 .0 4 0

2 .9 4 3 .0 2"*;i , 0 0 .471 0 .4 1 5

4 .1 8 5 .6 9  

.  .. .

0 0 .029 0 .0 8 1

a) [G164] I

b )  T h is work
+ +

c) Two sp in  v a lu e s  1 and 2 are p o s s ib le  f o r  t h is  s ta te »  By

id e n t i f y in g  i t  w ith  th e  c a lc u la t e d  2.91 MeV l e v e l ,  the s p e c tr o sc o p ic
+  ■■ V

fa c to r  was e x tr a c te d  assum ing 2 assignm ent»
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I t  can be seen  by exam in in g  th e  wave fu n c t io n s  ta b u la te d  by Glaudman

'30 ' ' ' ' ' - T :  ' ^
e t  a l .  [G164] f o r  th e  P (J=1, T=0) s t a t e s  shavn in  th e  ta b le  7 .2 .4

th a t  in v e r s io n  in  l e v e l  order has probably takoa p la c e  in  th e  c a lc u la t io n

betw een th e  f i r s t  (ground s t a t e )  and th e  second 1 s t a t e s .  . . .

Table 7 .2 .4
30 ■ .

Wave F u n ction s o f  P (J= 1 , T=0) S t a t e s .

C a lc u la te d
L evel
(MeV)

S2
10

S ld l
1131 • 10 :

+ 0 .0 2 + 23 o 2 + 7 4 .9 + 1*9

. + 0 .6 9 -  7 6 .8 + 2 2 .2 , + 1 .0  ■ ■

+ 4 .5 8 + 0  . -  2 ,8 ; + 97 .1  -..V

The nom enclature used  f o r  t h e  c o n f ig u r a t io n  in  ta b le  7 .1 .4  i s

S n d m = t  <̂ 7 t  ^ 1 1  ' 2̂ ^2

where u n d e r lin in g  in d ic a t e s  h a l f  in t e g e r .  From q u a l i t a t iv e  r e a so n in g  ■ 

one w ould e x p e c t  t h a t  t h e  [ .^ 1  component would, be th e  l a r g e s t  f o r  th e  

ground s t a t e  w hereas th e  c a lc u la te d  + 0 .6 9  MeV s t a t e  has th e  la r g e r  ] 

com ponent. I f  on t h i s  l o g i c  the sp e c tr o s c o p ic  f a c to r s  fo r  th e  ground 

and th e  f i r s t  e x c it e d  1 s t a t e  are in te r c h a n g e d , th e  agreem ent betw een



th e  ex p ér im en ta l and th e  t h e o r e t ic a l  s p e c tr o s c o p ic  f a c t o r s  fo r  th e  

ground s t a t e  i s  com parable w ith  th e  agreem ent for  th e  T=1 s t a t e s  ' ■

m entioned e a r l i e r .  The com parison fo r  th e  ground s t a t e  i s  o f  co u rse  ; v.

l im ite d  to  th e  1 = 0  component o n ly  b ecau se  o f  the la r g e  u n c e r ta in ty  in  

the 1 = 2  s p e c tr o s c o p ic  f a c t o r s  a r is in g  out o f  th e  decom p osition  

procedure a s  p o in ted  ou t e a r l i e r .  Even w ith  t h i s  in v e r s io n  the -b

exp erim en ta l sp e c tr o s c o p ic  fa c t o r  fo r  the 0 .71  MeV s t a t e  i s  s t i l l  

sm a ller  than th e  th eo ry . X ;: * .

The t r a n s i t io n  to  th e  2 .5 4  MeV 3 s t a t e  i s  'J* fo rb id d en  i n  th e  ; 

model and o n ly  t lie  p a r t  o f  th e  wave fu n c t io n  m ixed in  from th e  : ■

Idgy^ c o n f ig u r a t io n  can be seen  in  t h i s  r e a c t io n .  The f a i r l y  la r g e  ■  ̂ , - b

v a lu e s  o f  th e  sp e c tr o s c o p ic  f a c t o r s  to  t h i s  and th e  1 .9 8  MeV s t a t e  T' X'b. 

shows th e  inadequacy o f  th e  2 s^ -ld ^  m odel.

The i d e n t i f i c a t i o n  o f  th e  2 .7 2  and 4 .1 8  MeV exp er im en ta l l e v e l s  ; 

w ith  the t h e o r e t ic a l  2 .91 and 5 .6 9  MeV s t a t e s  r e s p e c t iv e ly ,  i s  n o t  

c o n s is t e n t  w ith  th e  g r o ss  d isagreem en t between th e  exp er im en ta l and - 

th e  c a lc u la te d  s p e c tr o s c o p ic  f a c t o r s  fo r  th e s e  s t a t e s .  From t h e ’ 

d is c u s s io n s  above i t  can a lso  be in fe r e d  th a t  no discrepancy^ betw een  

th e  exp er im en ta l v a lu e s  o f s p e c tr o s c o p ic  f a c t o r s  fo r  th e  T=0 and the  

T=1 s t a t e s  have been  observed  from th e model v a lu e s .

R o ta t io n a l model and th e  s p e c tr o s c o p ic  f a c t o r s .  .

B r ie f  m ention has a lrea d y  been made about th e  r o t a t io n a l  model

c a lc u la t io n s  in  th e  in tr o d u c t io n . B&art e t  a l .  [Ba62] in v e s t ig a te d
: ' ■ 30

th e a p p l i c a b i l i t y  o f th e  s tr o n g  co u p lin g  c o l l e c t i v e  model to  P and '

- 1 7 6 -



con clu d ed  ü ia t  a d e s c r ip t io n  in  tenus of r o ta t io n a l  behaviour, i s  

probably in a p p r o p r ia te . D e ta ile d  c a lc u la t io n  by P icard  and DePinho [PIGGJ 

u sin g  a r o ta t io n a l  N ils s o n  model w ith  a Soper two body n cu tron -p roton  - , ■

in t e r a c t io n  w ith  tq = 2 .0  ( P - O . l )  le d  to  a s a t i s f a c t o r y  p r e d ic t io n  of  

o n ly  f i r s t  two e x c it e d  s t a t e s .  A nother s im i la r  c a lc u la t io n  by V:

A s c u it to  e t  a l ,  [As 68] u s in g  fo r  th e  n eu tro n -p ro to n  in t e r a c t io n ,  a 

Serber fo r c e  w ith  a G aussian  r a d ia l  dependence and p = 0 . 1 5 ,  a l s o  le d  

t o  agreem ent w ith  the f i r s t  two e x c it e d  s t a t e s  o n ly . N e ith e r  o f  th e  '

l a s t  two papers gave any s p e c tr o s c o p ic  factors,"  hence a com parison o f  

th e  exp erim en ta l sp e c tr o s c o p ic  f a c t o r s  fo r  the ground and th e  f i r s t  two

. e x c it e d  s t a t e s  was done w ith  th e  v a lu e s  ob ta in ed  from th e s im p le
' b X b

r o t a t io n a l  model u s in g  eq u a tio n  2 . 7 .9 .  The N ils s o n  o r b i t a l s  in ^ s-d  

are  shown in  f ig u r e  7 .3 .3 .  The ta b le  7 .2 .5  shows th e  com parison fo r  

v a r io u s  d e fo rm a tio n s . I t  can be seen  th a t  no s in g le  v a lu e  o f  p g iv e s  X ;

agreem ent w ith  th e  s p e c tr o s c o p ic  f a c t o r s  fo r  a l l  the th r e e  s t a t e s  

( d is c u s s io n s  l im it e d  to  t = 0  com ponents in  ca se  o f  th e  ground and th e  

0 .7 1  MeV s t a t e ) .  T h is i s  o f c o u r s e , n o t s u r p r is in g  because both, th e  

n eu tro n -p ro to n  in t e r a c t io n  and th e  r o ta t io n  p a r t ic l e  co u p lin g  w ere not 

c o n s id e r e d . The exp er im en ta l s p e c tr o s c o p ic  fa c to r  fo r  th e  0 .6 7  MeV 

T=1 f i r s t  e x c it e d  s t a t e  i s  in  e x c e l le n t  agreem ent w ith  th e  t h e o r e t ic a l  v 

v a lu e  o f  th e  s p e c tr o s c o p ic  f a c t o r s ,  fo r  p = 0 . 1 ,  th e  v a lu e  quoted by - b '

P ica rd  and De P inho [P i6 6 ] .  . . . _ - '
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7*2o6 C o n c lu s io n  •.

The r e a c t io n  ^^Si(^rie,d)^^P was s tu d ie d  a t  an in c id e n t  energy o f ’ 

14o0 MeVo A ngular d i s t r ib u t io n s  fo r  th e  t r a n s i t io n s  to  16 s t a t e s  up to  

4 .2 3  MeV w ere determ ined  and s p e c tr o s c o p ic  f a c t o r s  w ere e x tr a c te d  u s in g  -Uv* 

DWBA m ethod. . V

A sp in  assignm ent o f 1 h as been made t o  th e  3 .0 2 ,.  3 .7 3  and 4 ,1 4  MeV- yv 

s t a t e s .  .A lt e r n a t iv e  a ssign m en ts  o f  ( l  ,  2 ) were made to  th e  2 .7 2 , 3 .8 4  

and 4 .2 3  MeV s t a t e s .  The s t a t e  a t  2 .8 4  MeV Was a ss ig n e d  a l t e r n a t iv e  :

sp in s  o f  (0 ^ , 1^ ).

The exp er im en ta l s p e c tr o s c o p ic  f a c to r s  have been compared w ith  

v a r io u s  model c a lc u la t io n s .  S p e c tr o sc o p ic  f a c t o r s  from s h e l l  model 

c a lc u la t io n s  by Glaudman [G164] were in  good agreem ent w ith  th e  

exp er im en ta l v a lu e s  f o r  th e  0 .6 8  and 2 .9 4  MeV T=1 s t a t e s .  A s im ila r  

.agreem ent w ith  th e  ground s t a t e  t r a n s i t io n  could  be o b ta in ed  by assum ing’ 

an in v e r s io n  in  l e v e l  ord er  be,tween th e  f i r s t  e x c i t e d . ( l  ) and th e  ■ 

ground s t a t e  ( l  ) .  No d iscrep a n cy  o f th e  sp e c tr o sc o p ic  f a c t o r s  betw een  

th e  T=0 and T=1 t r a n s i t io n s  have been n o t ic e d  from th e  s h e l l  model ■ X 

c o n s id e r a t io n s .  . * b X"

The s im p le , s tro n g  c o u p lin g  r o ta t io n a l  model can n o t e x p la in  th e  . 

s p e c tr o s c o p ic  f a c t o r s  even fo r  th e  lo w e s t  th r e e  s t a t e s .
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25 3 2G
7 .3  The Mg( He,cl) Al r e a c t io n .

7 o 3 .2  In tr o d u c tio n

The rea so n s fo r  t h is  stuc|y have a lread y  been noted  in  th e

in tr o d u c t io n  to  t h i s  ch a p ter . The energy l e v e l s  o f th e  s e l f
26 : 

c o n ju g a te  n u c le u s  Al are w e l l  e s ta b l is h e d  from the s t u d ie s  o f  ih e

^^Mg(^He,p) ^A l, ^A1 ( ^He, a)^^Al [H i5 9 ], ^^Mg(p,Y)^^Al [Ho63 ] r e a c t io n s .  •

I t  h as been r e p o r ted  in  a r e c e n t  work by Hausser e t  a l .  [Ha68] th a t  the

2 .0 7  MeV l e v e l  i s  a t r i p l e t  c o n s is t in g  o f 2 .0687  (3 ) ,  2 .0695  (2  , l )

and 2 .0 7 1 7  (1 or 2) MeV s t a t e s .  S p in s and p a r i t i e s  fo r  th e  s t a t e s

up t o  2 .3 7  MeV w ere a s s ig n e d  from  p -d e c a y , (p ,y )  and t r i p l e  c o r r e la t io n

exp erim en ts [Ho6 3 , N e62, G r64]. A lt e r n a t iv e  a ssign m en ts o f  (2^ ,3^) '

w ere made by W eid inger e t  a l .  [We68] t o  2 .5 5 , 2 .9 2  MeV s t a t e s .
25 3 26 '' : •

The r e a c t io n  Mg( H e,d ) Al was s tu d ie d  by W eid inger e t  a l .  a t .

ah in c id e n t  energy o f  1 2 .0  MeV up to  an e x c i t a t io n  o f  4 .2  MeV. In  th e

o th e r  p r e v io u s  study [S i6 6 ]  t r a n s i t io n s  to  on ly  a few  low  ly in g  s t a t e s  ■ X

were o b serv ed .

On s e v e r a l o c c a s io n s  a ttem p ts  were made to  e x p la in  energy l e v e l s  X
26 " '■ 

and o th e r  p r o p e r t ie s  o f  A l from th e r o t a t io n a l  model [Ho63, P 166 ]. X

The c a lc u la t io n s  by P icard  and De Pinho [P i6 6 ]  which in c lu d ed  resid u a lX  X

n eu tro n -p ro to n  in t e r a c t io n  gave good agreem ent w ith  th e  low  ly in g  s t a t e s .  X
' ' ' X' ' ■ vX ; -bx'

However, a s  no s p e c tr o s c o p ic  factor^^given i n  t h i s  paper, th e  com parison

w ith  th e  r o t a t io n a l  model i s  l im it e d  t o  a sim ple s tr o n g  co u p lin g  . b '

N i ls s o n  model i n  p a r a l le l  w ith  W eidinger e t  a l .  [W e68].
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S h e l l  model c a lc u la t io n s  by W ild en th a l [Wi68] in  the s-d  s h e l l  .

26
d id  n ot succeed  in  the case  o f  A l. In an in te r m e d ia te  cou p lin g  

c a lc u la t io n  by Bouten e t  a l .  [Bo6 7 ]  o f  the energy l e v e l s  a s  a fu n c t io n  

o f  a param eter w hich measured the r e l a t i v e  s tr e n g th s  o f th e  sp in  o r b it  

and c e n tr a l  f o r c e ,  th e  Ic w e st  l e v e l s  were w e l l  p r e d ic te d . As 

s p e c tr o s c o p ic  f a c t o r s  w ere a l s o  n ot rep o r ted  in  t h is  wqrk, no comments 

can be made on th e  goodness or o th erw ise  o f  th e  wave fu n c tio n s  in v o lv e d ,

D a ^ X b i\: ,  X X'X ' : 'T-
' ; 25 3 26

The r e a c t io n  Mg( H e,d ) Al was s tu d ie d  a t  an in c id e n t  energy

o f  1 4 .0  MeV. T r a n s it io n s  to  a l l  th e  s t a t e s  in  th e  r e s id u a l n u c leu s

up to  an e x c i t a t io n  energy of 3 ,1 6  MeV w ere ob served  and th e  an gu lar  •

d is t r ib u t io n s  fo r  a l l  th e se  t r a n s i t io n s  w ere m easured. The 2 .0 7  MeV -

t r i p l e t  was n ot r e s o lv e d .

The H arw ell m u ltigap  sp ectrograp h  was used  in  th e  exp er im en ts .

The p r o p e r t ie s  o f  the t a r g e t  used  has been d e sc r ib e d  in  ta b le  2 .4 .1 .

The o v e r a l l  r e s o lu t io n  o b ta in ed  was 60 KeV. The main c o n tr ib u t io n s

t o  th e  r e s o lu t io n  came from th e  t a r g e t  th ic k n e s s  and th e  beam geom etry ,

w hich had t o  be r e la x e d  due to  th e  low  in t e n s i t y  , o f  th e  beam a v a i la b le .

The trea tm en t o f  d a ta  from m u ltigap  experim en ts have a lre a d y  been

d e sc r ib e d  in  s e c t io n  4 . 5 .  “ 7 V

Due to  in stru m en t m a lfu n c tio n  th e  r e s u l t s  o f  th e  n o r m a liz a tio n

exp erim en ts turned  ou t t o  be erro n eo u s, so n o r m a liz a tio n  o f  th e  data

was done assum ing th e  ground s t a t e  s p e c tr o s c o p ic  fa c to r  to  be th e  same

as th a t  o f  W eidinger e t  a l .
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DISTANCE ALO NG THE P L A T E  ('/Amm")

d i s t a n c e  a l o n g  t h e  'P L A T E  (  '/4 mm ")

F i g :  7 ,5 ,1  D e u te ro n  sp e c t ru m  from the  r e a c t i o n  

^^Mg(^Ke,d)~^Ai o b t a i n e d  with, 

m u l t i g a p  s p e c t r o g r a p h .
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A spectrum  o f  th e  d euteron s a t  12o5°(Lab) i . e .  from the 2nd channel 

i s  shavn in  the f ig u r e  7 .3 .1 .  F ig u r e s  7 .3 .2  show the angular  

d is t r ib u t io n s  o f  th e  observed  s t a t e s  to g e th e r  w ith  th e  a p p ro p r ia te  

DWBA c a lc u la t io n s .  '

7 ,3 .3  DWBA C a lc u la t io n s  ♦*

DWBA c a lc u la t io n s  were perform ed f o r  the ob served  tr a n s it io n 's  , 

u s in g  th e  param eters shown in  th e  ta b le  7 o 2 .1. The se p a r a tio n  energy ■

p r e s c r ip t io n  was u sed  fo r  th e  bound s t a t e  form f a c t o r s  fo r  a l l  th e  

t r a n s i t io n s .  Pure 1 - 2  DWBA c a lc u la t io n s  f i t t e d  f a i r l y  w e ll  the :■

. OoO, 0 .2 2 9 , 1 .0 6 0 , and 2 .7 4  MeV s t a t e s ,  fo r  a l l  th e  o th e r  s t a t e s  a 

com b in ation  o f l - O  and 1 - 2 ,  DWBA d i s t r ib u t io n s  w ere req u ired  to  o b ta in  ; 

an a c c e p ta b le  f i t .

C o n serva tion  o f  angular momentum and p a r ity  a llo w s  t - 0  s tr ip p in g
+ 4- ■ ' .

t o  le a d  to  o n ly  2 and 3 f in a l  s t a t e s  b ecau se  th e  ground s t a t e  sp in  o f  

i s  5 / 2 ^ . .The ^=0 adm ixture l im i t s  the s p in s  and p a r i t i e s  o f  2 .6 6
4.  . ( ^  :

and 3 .0 7  MeV s t a t e s  to  2 or 3 fo r  w hich no p rev io u s  a ssign m en ts e x i s t .  

S im ila r ly  the pure ^=2 t r a n s i t io n  t o  the 2 .7 4  MeV s t a t e  f i x e s  the p a r ity  

t o  be p o s i t i v e .

The exp er im en ta l an gu lar  d is t r ib u t io n s ^ to g e th e r  w ith  a p p ro p r ia te  ,

DWBA. are shown i n  th e  f ig u r e s  7 . 3 . 2 .  /  ’ . .
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T a b le  7 ,3 .1

■ 25 3 26Param eters used  in  H e,d) Al DWBA c a lc u la t io n s .

Channel
u

MeV

Ru
fm fm

W
MeV

R' ' w 
fm

A
■ w . 
. fm .

Rc
fm

7 3 .9 1 .63 0 .5 2 23*85 1 .63 0*52 1 .3

3 b)
l\'Ig+ He 174*15 1 .1 0 0*764 17.96S 1*631

■

0*75 :

25
Mg+P - 1*2 0 .6 5 - -

_

.26
a) [G165] -  ( Mg+d) param eters a t  10*0 MeV

( . .
25 3

b) T h is  work -  ( Mg+ He) param eters a t  1 4 .0  MeV ( c ; f .  ta b le  5 .5 .2 )

c )  P o t e n t ia l  depth was v a r ie d  to  s u i t  the b in d in g  energy c o n d it io n .

The s p e c tr o s c o p ic  f a c t o r s  o b ta in ed  in  t h i s  work to g e th e r  w ith  th e  

v a lu e s  by W eid inger e t  a l ,  [We68] shown in  ta b le  7 .3 . 2 .  For the

■■■ - ■■"v - ' ■ ■ ■ \  2s t a t e s  w ith  non-unique s p in s ,  on ly  th e  q u a n t i t ie s  (2J^+l)C  S are shown 

" i n  the t a b le .  The s p e c tr o s c o p ic  f a c t o r s  from t h i s  work ore in  e x c e l le n t  

agreem ent w ith  the v a lu e s  a t  W eid inger e t  a l .  [We68] e x cep t in  th e  c a se  

o f  th e  2 .91 and 3*16 MeV s t a t e s .  In  th e  l a t e r  c a se  the v a lu e s  d i f f e r  - 

by a fa c t o r  o f  ~2*5*
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7 . 3 . 4  D i s c u s s io n

In  t h i s  s e c t io n ^ im p lic a t io n s  oT th e  exp er im en ta l sp e c tr o sc o p ic  

f a c t o r s  are d is c u s s e d .  -  ' :

R o ta tio n a l m odels and the s p e c tr o s c o p ic  f a c t o r s . .

S p e c tro sc o p ic  f a c t o r s  from th e  stro n g  c o u p lin g  r o ta t io n a l  m odel, /
26 ■ ' .:■ ■■. • 

w ith  p r o la te  deform ation  fo r  A l ,  were used .fo r  com parison w ith  t h e  t

ex p er im en ta l work o f W eid inger e t  a l .  The a p p l ic a t io n  o f  the s tr o n g

c o u p lin g  N ils s o n  model to^ ^^Al c a se  was in tro d u ced  e a r l i e r  by ’

H orvat e t  a l*  [Ho6 3 ]  in  c o n n ec tio n  w ith  ( p , y) work * The schem atic

diagram s o f  th e  N ils s o n  o r b i t a l s  in  th e  s -d  s h e l l  and th e  ground s t a t e  . .

N i ls s o n  c o n f ig u r a t io n  o f  A l are shown in  th e  f ig u r e  7 * 3 .3  fo r  p r o la te  .

d e fo rm a tio n . The s p e c tr o s c o p ic  f a c t o r s  quoted here are  the same as  ' v

W eid inger e t  a l ,  which w ere c a lc u la te d  u s in g  th e  S a tch 1 er  form ula

( i . e .  eq u a tio n  2 . 7 . 9 ) .  Table 7 ,3 .3 .  shows th e  m easured and th e

c a lc u la te d  s p e c tr o s c o p ic  f a c t o r s  each m u lt ip lie d  by [(2J^+l)/(2Jj^+1 ) ]C^

to g e th e r  w ith  the v a lu e s  by W eid inger e t  a l .  The c o n f ig u r a t io n  o f

K=5 and two K=0 bands fo r  th e  ground and th e  f i r s t  and th ir d  e x c it e d

s t a t e s  r e s p e c t iv e ly  i s  due to  H orvat e t  a l .  These s t a t e s  should be pure .

N i ls s o n  c o n f ig u r a t io n s  and th e r e  should  be no adm ixtures because no

■ o th e r  lew  ly in g  s t a t e s  w ith  th e  same sp in  and p a r ity  are  p red icted *  . '

The t h e o r e t ic a l  and th e  exp er im en ta l v a lu e s  o f th e  sp e c tr o sc o p ic

f a c t o r s  f o r  th e se  3 s t a t e s  are i n  agreem ent w ith in  th e  u n c e r ta in ty

o f  DWBA c a lc u la t io n s .  For t h i s  work o n ly  th e  com parison betw een th e  '
: - - \  ' 

r e l a t i v e  v a lu e s  i s  im portant as th e  ground s t a t e  was norm alized  t o  th e

v a lu e  by W eid inger e t  a l .  One p o in t  about t h i s  agreem ent i s  t h a t  i t  .
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does n o t  n e c e s s a r i ly  prove th a t  th e  N ils s o n  model i s  a p p lie a b le  in  th e  ■ ;

26 ' / .  - ; '

A l c a se  b ecau se  the .c a lc u la te d  s p e c tr o s c o p ic  fa c t o r s  fo r  th e se  s t a t e s

are in d ep en d en t o f  d e fo rm a tio n . '

The r e la t iv e  v a lu e  o f th e  sp e c tr o s c o p ic  fa c to r  fo r  th e  0-.23 MeV

s t a t e  i s  r a th e r  h igh  compared to  th e  model v a lu e .  i

For th e  0*42 and 1 .76  MeV s t a t e s  c o n f ig u r a t io n s  o f  "

[■|(No5) |',J^(No9)f] and [-|(No5) |,.^ (N o9) Jj were proposed [Ho6 3 ] .  ■ ’

The c a lc u la te d  s p e c tr o s c o p ic  f a c t o r s  fo r  th e s e  twp s t a t e s  f o r  |3=0,1,

0 , 2 ,  Oo3, and 0o4 are  shown i n  th e  t a b le  7 .3 .3  a lon g  w ith  th e  ex p er im en ta l

v a lu e s .  ' I t  can be seen  th a t  r a t io  o f  th e  experim en ta l sp e c tr o sc o p ic  . ..

f a c t o r s  between th e  two s t a t e s  i s  ~4  compared to  the t h e o r e t ic a l  v a lu e

o f  1 .2  which i s  a lm o st independent o f th e  d efo rm a tio n . I t  has been

p o in te d  out by W eid inger e t  a l .  t h a t  t h i s  d isa g re o n e n t m i ^ t  e i t h e r  be :

due to  in c o r r e c t  trea tm en t o f  th e  r o ta t io n  p a r t ic le  c o u p lin g  or f a i l u r e  ->

o f  th e  u n i f ie d  model t,o e x p la in  the p r o p e r t ie s  o f  n u c le u s .

The c o n f ig u r a t io n  [-^(NoS) [ ,^ (N o l 1) [ ]  by H orvat e t  a l .  fo r  th e  1 .85  MeV

s t a t e  i s  in co m p a tib le  w ith  th e  ( H e,d) r e s u l t s  b ecau se  o f  th e  absence

o f  a p r e d ic te d  s tr o n g  ^=0 t r a n s i t io n .  The a lte r n a t iv e -p r o p o s a l  to

a s s ig n  th e  a b o v e -c o n fig u r a tio n  to  3 s t a t e  o f  the 2 .0 7  MeV t r i p l e t

-to g a th er  w ith  th e  in te r p r e ta t io n  o f  th e  2 , T=1 s t a t e  as r o ta t io n a l
. . 26 - ' ■ ' ■ -j '

number o f  K=0 band ( in  an alogy  w ith  Mg) a l s o  g iv e s  to o  la r g e  a 

2=0 s tr e n g th  fo r  th e  2 .0 7  MeV t r i p l e t  even w ith o u t c o n s id e r in g  i t s  -

th ir d  membero '

No attem pt was made to  a s s ig n  N ils s o n  c o n f ig u r a t io n s  fo r  th e  

rem ain ing s t a t e s  due to  th e  d i f f i c u l t i e s  a r is in g  from th e fo llo w in g
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r e a so n s  [We68] ( l )  the p resen ce  o f a v ery  la r g e  number o f  c o n f ig u r a t io n s ,

(2 ) absence o f any rea so n a b le  procedure fo r  o b ta in in g  l e v e l  o rd er in g  ",
* *

and, (3) p o s s ib le  s tro n g  band m ixing due to  r o ta t io n  p a r t ic l e  c o u p lin g . .
3

Cômparison o f ( H e ,d ) ,(d ,n )  and (d ,p )  s p e c tr o s c o p ic  f a c t o r s .

A com parison o f  the r e la t iv e  sp e c tr o sc o p ic  f a c t o r s  fo r  th r e e  ’ ,

25 26 25 3 26
s t a t e s  from M g(d,n) A l and Mg( H e,d ) A l is .  shavn in  th e  ta b le  7 ,3 .4 .

I t  can be seen  th a t  th e  d iscrep a n cy  rep o rted  by S iem ssen  e t  a l .  [S i6 6 ]  ' . .,'

and W eid inger e t  a l .  [We68] fo r  th e  0 .2 3  MeV, T=1 s t a t e  i s  a lso  seen  i n  '

t h i s  w ork. ' . ^

- ■ T ab le 7 .3 ,4  ' ' ,

Comparison between r e la t iv e  sp e c tr o sc o p ic  f a c t o r s  from M g(d,n) A l ..

and ^^Mg(^He,d) ^^Al r e a c t io n s  %' • ' , ; .

S ' a) SEx
MeV j^;T r e l

(d ,n )
 ̂ r e l  

( H e,d )
E=5.5 MeV E = 14o0 MeV^^ E=12.0 MeV^^

OoO 5 + ;0 1 .0 1 .0

0 ,2 3 o + ,i 1 .8 2 ,8 . . 2 , 7

lo06 i+ ,0 1 ,5 5 1 ,6 1 .6

a) [S i6 6 ]

b) T his work

c )  [We68]
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I t  h as been shown by Taiiiura [Ta68] th a t  the d iscrep a n cy  between the

(^H c,d) and (d ,n )  s p e c tr o s c o p ic  f a c t o r s  in  tiie c a s e  o f T=1 f in a l

10 . - ' . . 
s t a t e s  in  B, can be removed to  a c e r t a in  e x te n t  by in c lu d in g  a

c o r r e c t io n  term in  th e  DWBA am plitude d e r iv e d  by- u s in g  Lanes t .T

in t e r a c t io n  [L a62], T h is  in t e r a c t io n  e f f e c t s  th e  en tra n ce  channel in
, 5  , ' tW ' ■ . '
( H e,d) r e a c t io n  and th e  e x i t  channel in  (d ,n )  r e a c t io n .  However i t  %

s t i l l  rem ains to  be seen  how fa r  t h i s  ty p e  o f c a lc u la t io n  can e x p la in

in d iv id u a l  c a s e s .  The teib le  7 * 3 .5  shows th e  com parison o f  th e

s p e c tr o s c o p ic  f a c t o r s  fo r  T=l s t a t e s  observed  in  t h i s  work w ith  th e  (d ,p )

26s p e c tr o s c o p ic  f a c t o r s  le a d in g  to  an alogu e s t a t e s  i n  Mg. From accu racy  - 

c o n s id e r a t io n s  th e  fo llo w in g  d is c u s s io n s  are l im it e d  t o  £=0 sp e c tr o sc o p ic v  

f a c t o r s  fo r  th e  1 ,81 and 3 .1 6  MeV s t a t e s .  , ■

. T able 7 .3 .5  ' . -'V

E x c i  t a t i  on MeV 

2®a i  ' 2®ms
L

S p e c tr o sc o p ic  fa c to r s  

(d ,p )^ ^ ' ( d ,p ) ^ ) : (^He,d)^^ % e ,d )" ^ )

0 ,2 3 0 ,0 2 , 1 .9 0 1 ,8 0 2 .5 5 2 ,5

. 2 ,0 7 1.81 0
1 ,1

0 .0 2  . 0 ,0 1 8 0.047® ^ 0 ,0 4 4  ■

. 0 .4 0 .0 ,4 4 0Ô52 : ,0 .5 5  ,

3 .1 6 2 .9 6

:

> 0,12 0 .1 5 0 ,1 4

<0 .18 0 .3 2 0 ,0 6 4 0 ,6 5

a) [Cu64]
b) [Lu66]
c )  T h is work ( c . f i  t a b le  7 .3 ,2 )
d) [W e 6 8 ] ,( c .f .  ta b le  7 .3 .2 )  ,

e )  A l l  s tr e n g th  o f  2*07 s t a t e  has been  a t t r ib u te d  t o  T=1 s t a t e .
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The d iscrep a n cy  s e e n , in  the sp e c tr o s c o p ic  f a c to r s  f o r  th e  0 ,2 3  MeV 

s t a t e  between^(^H e,d) and (d ,p )  r e a c t io n s ,  as p o in ted  out by W eidinger  

e t  a l ,  may a r is e  from d i f f e r e n t  bound s t a t e  form f a c t o r s  used  in  DWBA '

c a lc u la t io n s .  I f  how ever, the ground s t a t e  v a lu e  i s  n orm alised  to  , :  

th e  (d ,p )  v a lu e , th e  v a lu e  o f  th e  s p e c tr o s c o p ic  f a c t o r  ( ' O .1) fo r  th e  : 

3o16 MeV s t a t e  from t h i s  work a g r e es  w ith  t h e  (d ,p )  v a l u e s , , con trary  

t o  th e  r e s u l t s  by W eid inger e t  a l .  The norm alized  Value ( ~  0 ,3 3 )  fo r  

th e  2 .0 7  MeV s t a t e  i s  about tw ic e  th e  v a lu e  from (d ,p )  r e a c t io n ,  ; V

The so u rce  o f  t h is  d i f f e r e n c e  can n o t be i d e n t i f i e d  w ith  any d egree
tke the. . . ' .

o f  r e l i a b i l i t y ,  due t o ^ t r i p l e t  n a tu re  o f^ 2 .07  MeV s t a t e ,

7 ,3 ,5 ,  C on clusio n  ' ,

25 3 26 ,
The r e a c t io n  Mg( H e,d) A l was s tu d ie d  a t  an in c id e n t  energy . .

o f  1 4 .0  MeV, A l l  the known s t a t e s  up to  an e x c i t a t io n  o f  3 ,1 6  MeV , , y

. w ere se e n , th e  2 .0 7  MeV t r i p l e t  was not r e s o lv e d . Angular d i s t r ib u t io n s  t

f o r  a l l  th e  14 t r a n s i t io n s  w ere measured and s p e c tr o s c o p ic  f a c t o r s  fo r
■ ■ '

th e  t r a n s i t io n s  w ere e x tr a c te d  u s in g  DWBA.

From th e c o n se r v a t io n  o f  angu lar momentum and p a r ity  a l t e r n a t iv e  ... ^

a ss ig n m en ts  o f  ( 2  ,3  ) w ere made fo r  th e  2.-66 and 3 .0 7  MeV s t a t e s  fo r  

which th e r e  were no p r e v io u s  a ss ig n m e n ts . The p a r ity  fo r  the 2 .7 4  MeV 

s t a t e  was determ in ed  to  be p o s i t i v e .

The s p e c tr o s c o p ic  f a c t o r s  from t h i s  work were found t o  be in  

e x c e l l e n t  agreem ent w ith  th e  work o f  W eid in ger  e t  a l  [We68] ex cep t  

i n  the c a s e s  o f  2 ,91 and 3 .1 6  MeV s t a t e s .  The s p e c tr o s c o p ic  f a c to r s  - 

were compared w ith  the r o ta t io n a l  model p r e d ic t io n s .
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The d iscrep a n cy  in  th e  r e l a t i v e  s p e c tr o s c o p ic  f a c t o r . f o r  the 0 ,2 3  MeV
3

s t a t e  between^! H e,d) and (d ,n )  r e a c t io n s  rep o rted  e a r l i e r  was a l s o . 

ob served  i n  t h i s  w ork.

No d iscrep an cy  in  th e  sp e c tr o s c o p ic  fa c to r  f o r . t h e  3 .1 6  MeV s t a t e  

r e la t iv e  to  th e  0 ,2 3  MeV s t a t e  was found betw een the ( H e,d) and th e  - 

(d ,p )  r e a c t io n s .  The la r g e r  v a lu e  o f  r e l a t i v e  s p e c tr o s c o p ic  fa c to r  in  

th e  c a s e  o f  2 .0 7  MeV l e v e l  cou ld  n ot be a t tr ib u te d  t o  a s in g le , c a u se ,

due to  th e  t r i p l e t  n a tu re  o f  th e  s t a t e .   ̂ ^
29 3f\

7 ,4  The S i (d ,n )  P r e a c t io n

7 .4 ,1  In tro d u c tio n

One study o f  t h i s  r e a c t io n  a t  1 .4  MeV has p r e v io u s ly  been ..

rep o r ted  [M a52], T his study was concerned  w ith  th e  lo c a t io n  o f  energy .
30 '

l e v e l s  o f  P . The rep o r te d  s t a t e s  were a t  0 .0 ;  0 ,7 5 + 0 .0 6 ; . 1.4 6 ± 0 .06 /

and 2o0± 0 ,06  MeV. No s p e c tr o s c o p ic  in fo r m a tio n  about th e  s t a t e s  o f  

h as so  fa r  been rep o r ted  u s in g  th e  (d ,n )  r e a c t io n .

30'As in fo r m a tio n  reg a rd in g  the energy l e v e l s  o f  P has a lread y  been  

co n sid ered  in  c o n n e c tio n  w ith  th e  ( H e,d) r e a c t io n  s tu d ie s  ( c ' . f .  s e c t io n  

7 , 2 ) ,  i t  i s  n ot in c lu d ed  h e r e . The main concern  o f  th e  (d ,n )  study i s  '

th e  com parison o f  the sp e c tr o sc o p ic  f a c t o r s  o b ta in ed  w ith  th e  sp e c tr o sc o p ic  >

f a c t o r s  from ( H e,d) work rep o r ted  in  s e c t io n  7 .2  -

7 .4 .2  Data

The r e a c t io n  ^^Si(d ,n)^^P  was s tu d ie d  a t  an in c id e n t  energy i

o f  3 ,0  MeV u s in g  th e  tim e o f  f l i g h t  sy stem . The tim e o f  f l , ig h t  Q/'stern

h as been d e sc r ib e d  i n  th e  s e c t io n  4 ,  The d e t a i l s  o f  th e  experim en ts  

and trea tm en t o f  d a ta  have been d e s c r ib e d  in  s e c t io n  4 . 6 ,  A spectrum  .

-1 9 7 -



o f  n eutrons from the r e a c t io n  a t  0 °  i s  shown in  th e  f ig u r e  4 . 6 . 3 .

Angular d i s t r ib u t io n s  fo r  s ix  c a s e s  were d eterm in ed . These in c lu d ed  

th e  d i s t r ib u t io n s  fo r  th e  u n r eso lv ed  s t a t e s  0 .6 7 8  and 0 .7 0 9  MeV and , ' .  

th e  s t a t e s  2 .9 4  and 3 .0 2  MeV. The angu lar d is t r ib u t io n s  covered  the  

r e g io n  from 0^ to  120° (L a b .) ,

I t  was not p o s s ib le  to  determ ine the a b s o lu te  n o r m a liz a tio n  o f  t l^  . 

exp er im en ta l d a ta  due to ^ n o n -a v a ila b ili& y  o f^ a b so lu te  e f f i c i e n c y  o f th e  

neutron  d e te c to r  used  in  th e  exp erim en ts and th e  th ic k n e s s  o f th e  t a r g e t .

The ground s t a t e  (d ,n )  c r o s s - s e c t io n  a t  0  was norm alized  to  y ie ld  t h e • •
3 ' : '

same s p e c tr o s c o p ic  f a c t o r s  as th e  ( H e,d) ground s t a t e  t r a n s i t io n .  T his y

i s  i l l u s t r a t e d  i n  f ig u r e  7 .4 .1 ( a ) .  A ttem pt was a l s o  made t o  take in to  ' ;

account the compound n u c leu s  c o n tr ib u t io n s  in  th e  ground s t a t e  c r o ss -sec tL o ^  i

u s in g  H auser-Feshbach (HF) c a lc u la t io n s ,  in  order to  f in d  a b so lu te

n o r m a liz a tio n  o f  th e  d a ta . T h is i s  i l l u s t r a t e d  in  the f ig u r e  7 .4 .1 ( b )  . -  V \

However, t h i s  procedure was n ot adopted f i n a l l y  becau se  th e-com parison  i

o f  th e  shape o f  th e  an gu lar  d i s t r ib u t io n  in c lu d in g  th e  HF c o n tr ib u t io n  • }

w ith  the exp er im en ta l an gu lar  d is t r ib u t io n  in d ic a te d  th a t  th e  compound •• i

n u c leu s  c o n tr ib u t io n  was ov er  e s tim a ted  by th e  HF c a lc u la t io n .  The HF

c a lc u la t io n s  are d is c u ss e d  in  d e t a i l  in  th e  n e x t  s e c t io n .  •

The angu lar d is t r ib u t io n s  a lon g  w ith  t h e  DWBA cu rv es are shown in  :

th e  f ig u r e s  7 .4 .1 .

7 .4 .3  H auser-Feshbach and DWBA C a lc u la t io n s . -

A H auser-Feshbach c a lc u la t io n  u s in g  th e  programme o f

Wilmore [W i66,W i69] w ith  th e  c o r r e c t io n  f o r  l e v e l  w idth  f lu c t u a t io n s  was ‘

c a r r ie d  out fo r  th e  r e a c t io n  ,^ ^ S i(d ,n )^ ^ P . The ch an n els in c lu d ed  in  - >
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th e  c a lc u la t io n s  w e r e  (d ,c i) ; (d ,p )  ; (cl, a) ; (d ,T ) are ( d ,n ) .  The, o p tica l"  

p o t e n t ia l  param eters u sed  are .shown in  t a h le  7 o 4 o l .

T able 7 .4 .1

O p tic a l p o te n t ia l  param eters used  in  H auser-Feshbach and DWBA 

I c a lc u la t io n s  - , " '

Channel U
MeV fm

Au
fm

W
MeV fm

a "W , :
fm

Rc
fm

2 9 s i  + d
a) 101.7 1 .1 0 0 .8 1 5 21.22D 1,376 0 .5 5 6 1 .3

30
S i  + p

b) 42 .05 1 .3 2 0 .6 2 3.65D 1 .3 2 0 ,6 5  ; 1 .3

%  4 n c) 37,21 1 .32, 0 .6 2 3.55D 1 .3 2  ' 0 .6 5 1 .3

^^Al + "̂ He
d)

100.0 1,570 0 .6 1 5 ,0  5 1 .5 7 0 .6 ■ 1 .3

^ S 1  + c e) 188 .99 1 .2 5 0 .601 2 2 . 2 7 3 1 ,327 0 .8 1 3 1 .3 ' -4  : '

V ,31 , - \ '
a) ( P +d) param eters a t  1 1 ,5  MeV. Found by f i t t i n g  d ata  by. , 

D e n o r tie r  e t  a l  [De61 1 , -

B) [P e62]
29 ■ ■

c ) ( S i  + n) param eters a t  4 .1  MeV [P e67]
27 4

d) ( A1 + He) param eters a t  ,18 .0  MeV [ lg 5 9 ]  .
29 3 ’ ■ '

e) ( S i  + He) param eters a t  1 4 ,0  MeV. T his work [ c , f .  t a b l e .5 ,5 ,2 ]
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M ost o f  th e  r e le v a n t  f in a l  s t a t e s  g iv en  by Endt and Van der Leun [En67]

w ere in c lu d e d . Some o f  th e  s t a t e s  had to  be l e f t  out because no sp in

29 'f'a ssign m en ts w ere a v a ila b le  fo r  them . For S i  th e  s t a t e s  were OoO(% );

1 .273  (%^); 2 .0 3 2  (5 /2 ^ ) and 2 .4 2 7  MeV(%^). For ^^Si the s t a t e s  were:. , ' '

0.0(0'*'); 2 .2 3 2  (2'*') ;3.507(2'*') ; 3 .7 6 7 (1 ^ );  (3 .7 8 6 (0 ^ )  ; 4 . 408(2^) ;5 .2 2 2 (3 ~ ) ;

5 .222(3~ ) ;  5 .2 7 4 (4 * ) ;  5 .4 8 0 ( 3 ~ ) ; 5 . 6 1 l ( 2 * ) ;  6 .528 (2* ) ;  6 .6 3 0 (0 * ) and

6 .7 3 5  MeV ( l “ ) .  The s t a t e s  o f  ^^Al were: 0 .0 ( 5 / 2 * ) ,  0 .842(% *);1 .013(% *); .

2 .2 0 9 (7 /2 * ) ;  2 .7 3 2 (5 /2 * )  ;2 .979(% *); 3 .0 (9 /2 * )  and 3 .6 7 8  MeV (%*). Only X
' • ■ ■

28 " ■ i

th e  ground s t a t e  was in c lu d ed  fo r  S i  because o f  th e  la r g e  n e g a t iv e  . .
30 ■ -

Q -va lu e  ( -2 .2 1 8 )  o f  th e  (d ,T ) r e a c t io n .  For P th e  s t a t e s  w ere: ' , ;

0 . 0 ( 1 * ) ; 0 .6 7 8 (0 * );  1.4 5 5 ( 2*); 1 .9 7 6 (3 * );  2 .5 3 9 ( 3 * ) ; 2 .7 2 ( 2 * ) ,2 .8 4 ( 1 * ) ,  ; ;j

2 .9 4 ( 2 * ) ; 3 .0 2 ( 1 * ) ,  3 .7 3 (1 * ) ;  3 .8 4 ( 2 * ) ;  4 . 1 4 (1 * ) , 4 .1 8 ( 2 * )  and 4 .2 3  MeV ( 2 * ) .  /  

As has a lread y  been p o in ted  in  s e c t io n  7 .4 .2 ,  t h e  HF c a lc u la t io n s  .

o v e r -e s t im a te d  the compound n u c le u s  c o n tr ib u t io n s  to  th e  (d ,n )  c r o s s - . ,  . /

s e c t io n s .  T h is  was m ost l i k e l y  t o  be due t o  th e  f a c t s  t h a t  (d ,p ) r e a c t io n  J 

had v ery  h i ^  p o s i t i v e  Q -value ( 8 .4  MeV) and a l l  th e  open ch a n n e ls  [

i n  (d ,p )  i . e .  up to  an e x c i t a t io n  o f  M 1 MeV were n o t  in c lu d e d . They ' ; ,

cou ld  n ot be in c o rp o ra te d  i n  th e  c a lc u la t io n s  due t o  t h e  n o n - a v a i la b i l i t y  / i 

o f  energy  l e v e l  d a ta  fo r  S i  up to  a ich  a h igh  e x c i t a t i o n .  I

The DWBA c a lc u la t io n s  were done a l s o  u s in g  the o p t ic a l  p o te n t ia l  . ;
29 30 ■ [

param eters i n  ta b le  7 .4 .1  fo r  th e  ( Si+‘d) and ( P+h) c h a n n e ls . In

th e  e x tr a c t io n  o f  the s p e c tr o s c o p ic  f a c t o r s ,  su b tr a c t io n  o f  the' compound ^

n u c leu s  c o n tr ib u t io n s  w ere n ot done becau se  o f  the problem s in  the HF

c a lc u la t io n s  m entioned e a r l i e r .  The agreem ent betw een th e  d is t r ib u t io n s

from th e  DWBA c a lc u la t io n s  and th e  exp erim en ts i s  poor. The & v a lu e s
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3tr a n s fe r r e d  in  th e  (d ,n )  r e a c t io n  were the same as  in  ( H e,d) c a se

i . e .  as to  be in  s e c t io n  7 .2 .  For th e  2 .8 4  MeV l e v e l  th e  t r a n s i t io n

should be pure, C = 0  from ( H e,d) c o n s id e r a t io n s  but th e  f i t  w ith  the
■■ ■ 0 ' ■■■^■4'.:

DWBA shows very  poor agreon en t fo r  8 > 20 . For the 1 .445  and 1 .85  MeV 

s t a t e s  o n ly  t = 2  t r a n s i t io n s  are a llo w ed . The an gu lar  d i s t r ib u t io n s  

fo r  th e se  two s t a t e s  a ls o  show poor agreem ent w ith  the DWBA d is t r ib u t io n s ,  i  

For th e  above th r e e  s t a t e s  the s p e c tr o s c o p ic  f a c t o r s  were found by ;

• m atching th e  p r in c ip a l  maxima in  the exp er im en ta l angu lar d i s t r ib u t io n s  . r j 

w ith  th e  DWBA d i s t r ib u t io n s .  , ‘ , '

For the rem aining two d is t r ib u t io n s  i . e .  f o r  th e  u n reso lv ed  0 .6 7 8  

and 0 .7 0 9  MeV and 2 .9 4  and 3 .0 2  MeV s t a t e s ,  th e  sp e c tr o s c o p ic  f a c t o r s  ‘  ̂ i;
/ : ' - ' /L i

were c a lc u la te d  u s in g  th e  l e a s t  square f i t t i n g  procedure d e sc r ib e d  in  1

s e c t io n  4 .8 .  The con seq u en ces o f  th e  f i t t i n g  procedure was a l s o  p o in ted  ■ - - 4  

ou t in  th e  s e c t io n  4 .8 .  However, we n o te  here th a t  due to  poor agreem ent : :  ̂

. even th e  pure t r a n s i t io n s  and t h e  DWBA d is t r ib u t io n s  and th e  sm a ll i"

m agnitude o f 2=2 c r o s s - s e c t io n s  compared to  2=0 c r o s s - s e c t io n s ,  th e  . \
' ■ •• ' ' i

s p e c tr o s c o p ic  f a c t o r s  fo r  th e  2=2 components e x tr a c te d  by u s in g  th e  v : 

f i t t i n g  procedure are  u n r e l ia b le  and p o s s ib ly  c o r r e c t  on ly  w ith in  a .  \ . v. |,

f a c to r  o f 3 or s o .  The s p e c tr o s c o p ic  f a c t o r s  from  th e  (d ,n )  s t u d ie s  i

m u lt ip l ie d  by (2J^ + l) are shorn in  t a b le  7 .4 .2  a lo n g  w ith  th e  v a lu e s  . ; p

from (^H e,d) s t u d ie s .  • ■ . !
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T ab le  7 .4 .2

S p e c tro sc o p ic  f a c t o r s  from (d ,n )  and ( H e,d) r e a c t io n s

' 30^l ead in g  to  P.

.

j*;T
(ci,n) (^He,d) : i

Level ( 2 J > 1 )  C^S . (2J^+1) C^S :

. 1 =  0 2 = 2 . 2 = 0 * :  ̂ = 2-

OoO . P 1 .65 1.97 1.65 - 1 .97

0 .678 o 4 n • 0 .4 5 4 .2 0 .9 5 2  ’ : 0 .9 7

0 .709 P  J

1.445 2* 1 — 3.81 ■ -  • 2.47

1.98 3* 3 .4 : 0 .585

2 .84 (0 * ; l+ ) 0 .19 0 .4 5

2 .9 4 2+,1 1 0 .19 2.6 0 .1 8  . j  2.34-

3 .02 1* J

a) This work ( c . f .  ta b le  7 .2 .2 )

f. 'I
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7 .4 .4  D is c u s s io n s  ■ ' •

The d is c u s s io n s  here are l im it e d  to  th e  com parison between th e

s p e c tr o s c o p ic  f a c t o r s  from ( H e,d) and (d ,n )  s t u d ie s  as th e  o th er

a s p e c ts  have a lrea d y  been c o n s id er e d  in  s e c t io n  7 .2 .  The com parisons

are  on ly  m ean ingfu l fo r  2=0 s p e c tr o s c o p ic  f a c t o r s ,  in  c a s e s  where th e

an gu lar  d i s t r ib u t io n s  are due to  com b inations o f  2=0 and 2=2 .

d i s t r ib u t io n s ,  and as the (d ,n )  ground s t a t e  s p e c tr o s c o p ic  f a c t o r s

3 '
w ere n orm alised  to  th e  ( H e,d) ground s t a t e  Value ( e . g .  ta b le  7 . 4 . 2 ) ,  

o n ly  th e  r e l a t i v e  (d ,n )  s p e c tr o s c o p ic  f a c t o r s  are o f  im portance.

A com parison o f  the sp e c tr o sc o p ic  f a c t o r s  in  th e  t a b le  7 .4 .2  i

sh o w s ,th a t  th e  sp e c tr o s c o p ic  fa c to r  fo r  th e  u n r eso lv ed  0 .6 7 8  and 0 .7 0 9  MeV . J 

s t a t e s  in  (d ,n )  c a s e  i s  sm a lle r  by a fa c to r  o f  "^2 from th e  ( H e,d) ■ . ■

c a s e .  T h is i s  m ost probably th e  same e f f e c t  a s  observed  in  th e  0 .2 3  MeV : .

26 ■ - - 
. s t a t e  i n  th e  A1 c a s e .  Of c o u rse  r e s id u a l  d ou b t as to  w hether to  ;

' ■ + 
a t tr ib u t e  th e  w hole d e c r ea se  ^o the 0 .6 7 8  MeV (0  ; T=l) s t a t e  s t i l l  • /  v - r

rem ains I For th e  o th er  T=1 s t a t e  a t  2 .9 4  MeV, no s ig n i f i c a n t  d i f f e r e n c e  ?
, .  ■ 2 ' f-'

i s  seen  betw een th e  (d ,n )  and ( H e,d) s p e c tr o s c o p ic  f a c t o r s .  However - . p

+ ; 
th in g s  are u n c e r ta in  for  t h i s  c a s e  because t h e  2 .9 4  MeV (2  ;T = l) and ; .

-j-
3,.02 MeV (1 ; T=0) s t a t e s  are  n ot r e so lv e d  and th e  s p e c tr o sc o p ic  fa c to r  

in v o lv e d  i s  due to  2=2 t r a n s f e r .  As has been p o in ted  out in  s e c t io n  7 .3 ,
3

th e  d iscrep a n cy  betw een s p e c tr o s c o p ic  f a c t o r s  from  ( H e,d) and (d ,n )

r e a c t io n s  f o r  T s t a t e s  can be removed t o  some e x te n t  by c o n s id e r in g
^  V  ̂ /  3 '

i s o s p in  c o u p lin g  in  th e  in c id e n t  channel fo r  ( H e,d) and i n  th e  o u t '

go in g  channel fpr^ 'td ,n ) , r e a c t io n  ' [Ta68 ]
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+ 3
For th e  1 .445  MeV (2  ;. T=0) s t a t e  the (d ,n ) and ( IIe,d)

s p e c tr o s c o p ic  f a c t o r s  are in  agreem ent c o n s id e r in g  th a t  th e  compound.

n u c le u s  e f f e c t  has not been talcen in t o  c o n s id e r a t io n  in ' t h e  e x tr a c t io n

o f  (d ,n )  s p e c tr o s c o p ic  f a c t o r s .  For th e  1 .9 8  MeV (3  ; T=0) s t a t e  th e

(d ,n )  s p e c tr o s c o p ic  fa c to r  i s  t o o  la r g e  even i f  some a llow ance i s  made

f o r  .• - I c ' f  'ch. .For th e  2 .8 4  MeV s t a t e  th e  ,(d ,n )
3

s p e c tr o s c o p ic  fa c t o r  i s  sm a ller  by a f a c t o r  o f  2 from th e  ( H e,d) 

v a lu e .

7 .4 .5  C o n c lu sio n s  '

29 30
The S i (d ,n )  P r e a c t io n  was s tu d ie d  a t  an in c id e n t

' ' - :
energy o f  3 .0  MeV u s in g  th e  tim e o f  f l i g h t  tec h n iq u e . The r e a c tio n , 

proceeded m ainly through  a d ir e c t  p r o c e s s . Angular d is t r ib u t io n s  ' 

f o r  t r a n s i t io n s  to  8  l e v e l s  ( 6  groups) upto an e x c i t a t io n  o f  3 .0 2  MeV 

w ere determ ined and th e  sp e c tr o sc o p ic  f a c t o r s  were e x tr a c te d  fo r  t h e  

t r a n s i t io n s  u s in g  th e  DWBA th e o r y . The sp e c tr o s c o p ic  f a c t o r s  were  

compared w ith  th o se  o b ta in ed  from th e  ( H e,d) r e a c t io n .  The d iscrep a n cy  

o f  s p e c tr o s c o p ic  f a c t o r s  fo r  th e  T=1 s t a t e s  between th e  (d ,n ) and 

( H e,d) i s  m ost'p rob ab ly  p r e se n t. , 4:
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01 t u o  o c / v

K i n c n a t i c a l  q u a n t i t i e s  c f  uhe tvvo t o i y  n u c l e a r  r e a c r : 'a n s  v .h ich  w ere  

u s e f u l  i n  t h e  work . -c g iv e n  be lo w . C lasses, Q - v a lu e  and t h e  a n g le s  f o r  

such a two body r e a c t i o n  a r e  d e f in e d  i n  t h e  f i g u r e ;  AK The forrr.u lae  

were :r .ostly  talcen from  th e  c o m p i l a t i o n  by Clarion e t  a l . [llaGSjc

Pr im ed  cn c i  j’ics in C M .

Inc id ent

H e a v y

(j — ( M  ),-s-

iiv — .‘ij + “  i , j -}-£4

F i g u r e :  Al -  S chem atic  diagram  o f  a uwo body r e a c t i o n .

We d e f i n e :

B =
/ E  j

I I 1

(M ,+ i \ 'L ) (A 'L + M ,,)

C  =

D =

. AyvL

(AQ+M_)(AL4-MjI S O H-

%

(AL+AI_̂ )

I 4-

1 +

M,Q

MoEk

Al.
= E3

-2 0 7 -



The above d e f in i t io n s  le a d  to  i d e n t i t i e s :

. A(-B+C+D = 1 and AC=BD

Using the above definitions we have for thc.kineniatical quantities;

1 ) CM a n g le  o f  l i g h t  p roduct: - :

s in  8 = ( —  j s in  i|/ • • ; ' ( A ,l )

2) Lab a n g le  o f  heavy product: ; w

■ y  M E A  ■ ■ ' ■
s in  % = s in  (* -2 )

* ' ' ■ ■ ■
3) Lab. energy o f  l i g h t  product: ■ :

E
. = B + D + 2 (AC)"  ̂ cos'3 % . n

. \  ■ - y  - V;; '
= B [c o s  ijr ± (D/B -  sin ^  0 ^ ] ^  ' ■ j': (A .3)

O nly th e  p o s i t i v e  s ig n  i s  to  be used  u n le s s  B > D i n  w hich c a se

V x  = r ^ “ ’  ( A . 4 ) ,

4) Lab. energy o f  heavy p roduct:

1  ■ ■
^  = A + C + 2 (AC)^ c o s  cjf)

• ' ■ T • : V , . o V 9
, * ‘ = A[ cos:^ ± (c /A  -  s in  (A .5 )
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Only th e  p o s i t i v e  s ig n  i s  to  be u sed  u n le s s  A > C in  which c a se

^ a x  “ (C /a )"̂  , (AoG)

5) S o lid  a n g le  r a t i o  fo r  th e  l i g h t  product:

6) Time o f  f l i g h t  o f  l i g h t  p a r t ic le  when i t  i s  a neutron:

In th e  above eq u a tio n s a l l  th e  m asses are in  amu and a l l  th e  e n e r g ie s  

are in  MeV. •• • %' ' • • •■■ ■;
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APPENDik B ,

The Computer Programs. . :

B .l K inem atics program: ; f

T his program was e s s e n t i a l l y  th e  cod in g  o f th e  eq u a tio n s i n  , ' i

appendix A. For a g iv e n  r e a c t io n  A (a ,b )B  s p e c i f ie d  by r e a c t io n  m a sses , i
■ ■ , . ' . ■ ■■ , ■ : ! 

in c id e n t  en erg y , ground s t a t e  Q -va lu e  and th e  e x c i t a t io n  e n e r g ie s  o f

th e  f in a l  n u c le u s , th e  programme c a lc u la te d  th e  k in e m a tica l q u a n t i t ie s

s p e c i f ie d  in  append ix  A, The program was w r it te n  in  two v e r s io n s ,  one ;

v e r s io n  was fo r  th e  neutron producing r e a c t io n s  wiien tim e o f  f l i g h t s  ;

were computed i n  a d d it io n  t o  o th e r  q u a n t i t ie s  and th e  second v e r s io n  -
■ ■ ■ M - ' - .  •

was fo r  a l l  th e  o th e r  r e a c t io n s  where tim e o f  f l i g h t  d a ta  were n o t  

n e c e ss a r y . Upto e ig h t  in c id e n t  e n e r g ie s  and e ig h t  l e v e l s  in  t h e  r e s id u a l  

n u c le u s  cou ld  be in c lu d ed  in  a s in g le  s e t  o f  d a ta . - ; --y 1;. ■

B .2  C r o s s -s e c t io n  Program: ' Q .,

T h is  program c a lc u la t e d  c e n tr e  o f  mass c r o s s - s e c t io n  from th e  

r e a c t io n  y i e l d s  and th e  y i e l d  from a R u therford  s c a t t e r in g  experim en t 

as e x p la in e d  in  s e c t io n  4 .7  u sin g  th e  e q u a tio n  4 . 7„3. . The R utherford  

c r o s s - s e c t io n s  w ere c a lc u la t e d  from th e  eq u a tio n  '

/  ZiZ« \2  p  M o  ~ ]
)Lab = ^ j  ( W  -  2( m b /s tr .

w here and are th e \a to m ic  numbers o f  th e  in c id e n t  and th e  t a r g e t  

n u c le u s  r e s p e c t iv e ly .  The o th er  q u a n t i t ie s  have th e  same meaning a s  in  

A ppendix A. , "'f/ Q ' '
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The tra n sfo r m a tio n  o f  th e  c r o s s - s e c t io n s  to  QVl system  was ach ieved  , ;■
; ■ 4

by u s in g  th e  eq u a tio n  A .7 , The CM a n g les  w ere c a lc u la te d  by u s in g  th e  ^

eq u a tio n  A .I .  The program a ls o  c a lc u la te d  the s t a t i s t i c a l  e r ro r s  in  th e

c r o s s - s e c t io n s .  I t  a ls o  c a lc u la te d  the Q -v a lu es  o f  th e  r e a c t io n s  i f

was fe d  in  or v ic e  v e r sa  c a lc u la t e d  E_ i f  th e  Q -va lu es w ere fe d  i n .
- ' :

B .3  M ultigap spectrograph  d a ta  a n a ly s is  program:

T h is program was o r ig in a l ly  w r it t e n  a t  AWRE, Alderm aston [Ch69] . 

and was m o d ified  to  run on th e  H arw ell IBM 3 6 0 /7 5  machine fo r  our purpose. 

The programme r e q u ired  in  a d d it io n  t o  th e  scanned d a ta , th e  m asses o f  

th e  in c id e n t  p a r t i c l e ,  ou t go in g  p a r t ic l e  and the t a r g e t  n u c leu s and th e  

n u c le a r  m agnetic reson an ce freq u en cy  fo r  the f i e l d  s e t t in g  o f  th e  

sp ectro g ra p h .

The program lo c a te d  th e  peaks i n  th e  scanned d ata  and from th e  

p o s i t io n  o f  th e  peats a lo n g  th e  f o c a l  p la n e , the program c a lc u la te d  th e  

energy  o f  th e  p a r t ic l e s  in  th e  peak and the a b so lu te  Q -v a lu e s . : V

The program a ls o  in te g r a te d  th e  peaks a f t e r  s t r a ig h t  l i n e  background 

s u b tr a c t io n  i f  n e c e ss a r y , c o r r e c te d  th e  peak area s fo r  th e  s o l id  an g le  

v a r ia t io n  a lo n g  th e  f o c a l  p la n e  and a ls o  c a r r ie d  out th e  tra n sfo rm a tio n  

t o  the CM system . The program a ls o  p lo t t e d  th e  p a r t ic l e  s p e c tr a , •

B .4  A ngular d i s t r ib u t io n  d eco m p o sitio n  program

T h is program was used  to  f in d  th e  b e s t  m ix tu re  o f  two to  fo u r  f 

t h e o r e t ic a l  an gu lar  d i s t r ib u t io n s  to  a g iv en  exp er im en ta l angu lar / ■

d i s t r ib u t io n .  For t h i s  program both  t h e  exp er im en ta l and th e  t h e o r e t ic a l  

c r o s s - s e c t io n s  w ere req u ired  a t  th e  same s e t  o f a n g le s .  The exp er im en ta l 

and the t h e o r e t ic a l  c r o s s - s e c t io n s  are  denoted b e low  as cr (e?q)) and o^Th)
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R e s p e c t iv e ly .  A w e ig h t  was a s s o c ia te d  w ith  each exp er im en ta l p o in t  

u s in g  th e  form ula . '

Act (exp ) . . : ;

" " i ;  ; (B .4 .1 )
Z , A ct.

. ' .

SO t h a t

Wj_ = 1  ( B .4 .2)

S = \  (exp ) -  o \)  ( B .4 .3)

w here nmax

■■ n= r ' \

where n. i s  th e  number o f  t h e o r e t ic a l  angu lar d i s t r ib u t io n s .  The — ^

m in im isa tio n  was' done by u s in g  a H arw ell l ib r a r y  r o u t in e  by P ow ell [P o65 ], 

The q u a n t i t ie s  *a^ '̂ ob ta in ed  in  th e  m in im isa tio n  p rocedure, are th e  

- re q u ire d  f r a c t io n s  o f  th e  t h e o r e t ic a l  angular d i s t r ib u t io n s ,  f o r  th e  

b e s t  f i t  to  the exp erim en ta l an gu lar  d i s t r ib u t io n .  ;  ̂ ^

■ ~B«5 Spectrum a n a ly s is  program.

The program was o r ig in a l ly  w r it t e n  a t  Hamburg U n iv e r s ity  by Tapel . 

[T e6 5 ]. I t  was m o d ified  to  run on th e  H arw ell IBM 3 6 0 /7 5  computer fo r  

our p u rp ose , ' .

f

where *m* i s  the number o f  p o in ts  i n  th e  an gu lar  d i s t r ib u t io n .  The v  ij; 

program m inim ised  the fu n c t io n  k

- : - ■ ■ J;



The program was cap ab le  o f  d e a lin g  w ith  sp e c tr a  up to  iOpO c h a n n e ls .-  y 

V ariou s in p u t m edia such a s  paper ta p e , c a r d s , m agnetic ta p e  e t c .  cou ld  ; ; 

be used  fo r  the d a ta . The i n i t i a l  s te p  c o n s is t e d  in  break ing o f f  a g iven-; , ?

spectrim r in to  r e g io n s  l e s s  than 512 ch an n els which could  be done ■ *
. ;■ ■■ ■■■ ' 

a u to m a tic a lly  or by fe e d in g  in  bredicing o f f  c h a n n e ls . The r e g io n s  were. ' ' j-;

so  chosen th a t  ,a t  both ends th e r e  w ere a few  p o in t s  through which a , -N

background cou ld  be f i t t e d  u s in g  the l e a s t  square m ethod. Three o p tio n s  ;

were a v a ila b le  fo r  c h o ic e  o f background i . e .  l in e a r ,  p a r a b o lic  and c u b ic .

A fte r  th e  background s u b tr a c t io n  the program f i t t e d  a g iven  l i n e  dk

shape to  s in g le  or o v e r la p p in g  pealcs u s in g  l e a s t  square tec h n iq u e . The 1/

•number and the p o s i t io n  o f  th e  peaks in  a re g io n  o f  o v er la p p in g  peaks '. •

cou ld  be d ec id ed  by the p rogrcp . However in  com plex .ca ses  th e re  were

a ls o  p r o v is io n  f o r  fe e d in g  in  th e  approxim ate peak p o s i t io n s  and o th e r

param eters which r e s u lt e d  in  c o n s id e r a b le  sa v in g  in  computer tim e . - ^
: -, 2 ■

The program gave areas o f  the peaks a n a ly sed  and a ls o  th e  % 

o f  f i t  to  th e  experim en tal spectrum* The program a ls o  p lo t t e d  on top  

o f  each  o th e r  the exp er im en ta l and th e  f i t t e d  peaks and th e  background ;

. p o in t s ,  so th a t  a quick eye e s t im a t io n  o f th e  goodness o f th e  f i t  cou ld  

be done. ' ' ' / v  v y y  k'

B .6  Legendre polynom ial f i t t i p g  program.

The purpose o f  t h i s  program was t o  in te r p o la te  v a lu e s  o f th e  

d i f f e r e n t i a l  c r o s s - s e c t io n s  a t  r e g u la r  an gu lar  in t e r v a l s  a s  the ex p er im en ta l 

c r o s s - s e c t io n s  w ere norm ally  a v a i la b le  a t  ir r e g u la r  i n t e r v a l s .  For the % :

f i t t i n g  purpose a w e i r i n g  fa c to r  was a tta c h e d  to  each exp er im en ta l p o in t  

0 % ( 8) accord in g  to  th e  fo rm u la .
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Ao\ - :
• W. = — —  . ;; (B .6 .1 )  •. j

Z* 'Ao\ ' : ' / A ':

■ : : : : v k  r :  - 1 :
so t h a t  T - . ' ' .

■= 1 ( B .6 .2)

where 'n ' i s  th e  number o f  p o in t s  i n  th e  an gu lar  d i s t r ib u t io n s .  The 

program m inim ised  th e  fu n c tio n

n : ■ . ,
S = V  ( o \ ( e )  -  o (0 ) ) • y  ( B . 6 . 3)

1=1 . ' : '

where o ( 0) are  g iv e n  by

^ 0 )  = ^ a^ ( c o s  0) (B o6 .4 )

&=i . ' ./■ V a :

where *m* i s  th e  degree o f f i t  r e q u ire d . The Legendre P olyn om ia ls

w ere c a lc u la te d  u s in g  the r e la t io n s
(

P (c o s  0)= COS 0 . L : (B .6 .3 1
I / ' : T 4 .........

- 1 ■■■ ■■ 1 ‘ / ' • : ? i,
P^(cos 0) = ( 2 - - )  cos 0 P^_.j(cos 0) -  ( 1 - - )  P^^^Ccos 0) ' I

The m in im isa tio n  procedure y ie ld e d  the b e s t  v a lu e s  o f th e  c o e f f i c i e n t s  j

* a f . U sing  th e se , v a lu e s  in  th e  eq u a tio n  B .6 .4  in te r p o la te d  c r o s s - s e c t io n s  : ; 

a t  req u ired  a n g le s  were com puted. • . f



B .7  O p tic a l Model Programme „

T h is  program was due to  Wilmore [W i69] . D is c u s s io n s  on O p tic a l  

model are in c lu d ed  in  c h a p te rs  I I  and V , so th ey  are  n ot co n sid ered  h e r e . 

The program cou ld  e i t h e r  be used fo r  c a lc u la t io n  o f  th e  c r o s s - s e c t io n s  

f o r  a g iv en  s e t  o f p o t e n t ia l  param eters ( in c lu d in g  sp in  o r b it )  or cou ld  

be used  to  f i t  a g iv en  s e t  o f  d a ta  by v a ry in g  th e  p o t e n t ia l  param eters 

u sin g  th e  l e a s t  square m ethod.

The program was cap ab le  o f  in c lu d in g  a compound e l a s t i c  c r o s s - s e c t io n  

in  the f i t t i n g  procedure e i t h e r  by assum ing i t  to  be i s o t r o p ic  or to  have 

a s p e c i f ie d  sh ap e. I f  n e c e ssa r y  i t  was p o s s ib le  to  v a ry  th e  m agnitude 

o f  th e  compound n u c leu s c r o s s - s e c t io n  tx) o b ta in  the b e s t  f i t  t o  th e  

exp erim en ta l d a ta .

The programme had a ls o  th e  o p tio n  fo r  u s in g  non lo c a l  p o t e n t ia l  

p aram eters. '

B .8  Hau.ser-Feshbach programme k . . ; .

T h is  programme was due to  Wilmore [W i66, W i69], Some comments . .

On H auser-Feshbach c a lc u la t io n s  are in c lu d e d  here as H auser-Feshbach  

th eo ry  h as n ot been d is c u ss e d  in  the t e x t ,  • .. . '

When a n u c le a r  p r o j e c t i l e  i s  in c id e n t  a t  low  e n e r g ie s  on a ta r g e t

n u c le u s  i t  i s  e ith e r  e l a s t i c a l l y  s c a tte r e d  or absorbed to  form a y ••

compound n u c le u s . The compound n u c leu s su b seq u en tly  decays in to  one or 

o th er  o f  the e n e r g e t ic a l ly  a llo w ed  c h a n n e ls , h The o p t ic a l  model can b e ' . 

c o n v e n ie n tly  used  to  c a lc u la t e  the e l a s t i c  s c a t t e r in g  an gu lar  d is t r ib u t io n  

and th e  a b so r p tio n  or th e  compound n u c le a r  c r o s s - s e c t io n ,  which i s  the  

t o t a l  c r o s s - s e c t io n  fo r  a l l  th e  c h a n n e ls . . Qd.v /
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H auser and Feshbach [Ha52] showed th a t  i f  th e  p r o c e ss  o f form ation

and decay o f th e  compound n u c le u s  are assumed to  be in d ep en d en t, th e  ;

u se  o f r e c ip r o c it y  theorem a llo w s  the d i f f e r e n t i a l  c r o s s - s e c t io n s  in  a l l  ' 

r e a c t io n  ch a n n e ls  to  be c a lc u la t e d  as w e l l .  T h is c a lc u la t io n  req u ired  .

• th e  tr a n sm iss io n  c o e f f i c i e n t s  o f  a l l  th e  in v e r s e  r e a c t io n s  and th e se

may be c a lc u la te d  u s in g  o p t ic a l  p o t e n t ia ls  ap p rop r ia te  to  th e s e  . .

r e a c t io n s .

The program cou ld  c a lc u la t e  the H auser-Feshbach c r o s s - s e c t io n s  • ' - i
: ' '  / .  r:

fo r  any m ass, charge and sp in s  o f  th e  in c id e n t  p a r t ic l e  and t a r g e t  n u c le u s . ' ;

The tr a n sm iss io n  c o e f f i c i e n t s  fo r  the incom ing and a l l  th e  o u t go in g  ; : ?

ch a n n e ls  cou ld  be fe d  in  i f  th ey  w ere known or th ey  could  be c a lc u la te d  

■ from o p t ic a l  p o t e n t ia l s .  The program' th en  c a lc u la te d  d i f f e r e n t i a l

c r o s s - s e c t io n  in  a l l  th e  two body r e a c t io n  c h a n n e ls , in c lu d in g  th e  ■
■ . ■ . -  : , 

compound e l a s t i c  s c a t t e r in g  c r o s s - s e c t io n s .  The c r o s s - s e c t io n s  w^ere .

■ ' ■■ 'a l l  sym m etric about 90 . Sp in  o r b it  f o r c e s  w ere n ot taken  in to

c o n s id e r a t io n  in  th e  programme. ' . •

The program had th e  o p tio n  fo r  th e  c o r r e c t io n  o f  th e  Hauser-Feshbach. y

c r o s s - s e c t io n s  b ecau se  o f th e  f lu c t u a t io n s  o f  t h e  w id th s o f  th e  compound

l e v e l s .  The f lu c t u a t io n s  a r ise s  due to  th e  f a c t  t h a t  th e  assum ption  o f

th e  independence o f  th e  form ation  and decay o f th e  compound n u c le u s  i s

n o t a ccu ra te  enough [L.a57 ] .

Bo9 DWBA program:

T h is program was the U n iv e r s ity  o f  C olorado v e r s io n  o f  th e  program 
. .. .: - - - ; ' . ' ' '

DWAKE. The program was adopted to  run on th e  H arw ell I M  5 6 0 /7 5  machine

f o r  our pu rp ose . The DWBA form alism  and o th e r  a s p e c ts  o f  DWBA

; ■



c a lc u la t io n s  have a lrea d y  been d is c u ss e d  in  Chapter I I ,  We d e sc r ib e  

h ere  on ly  the c h a r a c t e r i s t ic s  o f  th e  program.

The program co u ld  be used  DWBA c a lc u la t io n s  o f c r o s s - s e c t io n s  f o r • 

any s in g le  nucleon  tr a n s fe r , r e a c t io n  e i t h e r  s tr ip p in g  o r  pickup and' a s  

w e l l  a s  i n e l a s t i c  s c a t t e r in g .

The p o t e n t ia l s  in  a l l  th e  channels ( i . e .  the in  g o in g , t h e  ou t going*, 

and the bound) could  be b u i l t  up by super p o s i t io n  so t h a t  a m ixture o f  

shapes cou ld  be used  i f  n e c e s s a r y . The form fa c to r  o p tio n s  a v a i la b le  

were Saxon-Wood, Saxon-Wood d e r iv a t iv e  and Saxon-lYood second d e r iv a t iv e .

There w ere o p tio n s  a v a i la b le  fo r  u s in g  sp in  o r b it  p o t e n t ia l  in  a l l  

th e  c h a n n e ls . ' There were a ls o  p r o v is io n  fo r  p s in g  f i n i t e  range in te r a c t io n  

and n o n - lo c a l  p o t e n t ia l s ,

A maximum o f  51 p a r t ia l  waves could  be in c lu d ed  in  th e  c a lc u la t io n s  

and s e v e r a l  an gu lar  momentum t r a n s f e r s  cou ld  be c a lc u la t e d  in  a s in g le  

o c c a s io n .

In term ed ia te  s te p s  in  th e  c a lc u la t io n s  such as bound s t a t e  form ' 

f a c t o r s ,  e l a s t i c  s c a t t e r in g  am plitude ( c r o s s - s e c t io n s )  e t c .  could  be 

p r in te d  out f o r  check in g  p urpose. The c r o s s - s e c t io n s  c a lc u la te d  -

by the program w ere in  Fermi squared . The d e f in i t i o n  o f  th e  c r o s s - s e c t io n

c a lc u la te d  by th e  program (r e fe r r e d  to  a s  ox . ( 8 ) b e l ow) were r e la te d  t o
■ . - . ■ ■ % 

a c tu a l  c r o s s - s e c t io n s  by the fo llo w in g  r e la t io n s  f o r  t h e  r e a c t io n s

r e p o r te d  in  t h i s  work. A-',-
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R ea ctio n

(d ,n )

(^He,d)

1 .53
— 2J^+1 —

2 r  2s+i
2Ji+1 2 2J+1

4o42
— 2J^+1 —

o r  2S+1 1
2Jj^+l 2 2J+ r

where

2o95 S 2 s + l °DW
2J+1

s  = sp in  angular momentum o f  th e  tr a n sfe r r e d  p a r t ic l e  
used  in  the c a lc u la t io n  ;

J  = T o ta l angu lar momentum o f  tr a n s fe r r e d  p a r t ic l e  used
in  t h e - c a lc u la t io n

S = S p e c tro sc o p ic  f a c t o r '

J . = T arget sp in  .
, J. .

= Spin  o f  th e  r e s id u a l  n u c le u s , .  , .y  :

The n o r m a liz a tio n  o f  4 ,4 2  by B a sse l [Ba66] have been u sed  i n  the
3 ' 3

above r e la t io n s  fo r  (d . He) and ( H e,d) r e a c t io n s ,  •

■•i:' ' ■||

I II
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