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T h is  t h e s i s  d e s c r i b e s  a  s e r i e s  of e x p e r im e n t s  w hich  w e re  

c a r r i e d  out on the  C a n b e r r a  T a n d e m  V an de G ra a f f  a c c e l e r a t o r  in  

th e  D e p a r t m e n t  of N u c le a r  P h y s ic s  of th e  A u s t r a l i a n  N a tio n a l  

U n iv e r s i ty .

T h e  w o rk  d e s c r ib e d  in  c h a p te r s  1 to  5 in c lu s iv e  w as  c a r r i e d  

out in  c o l l a b o r a t io n  w ith  M r. J . G .  J e n k in  u n d e r  the  s u p e r v i s io n  of 

P r o f e s s o r  E .W .  T i t t e r t o n .  A p p ro x im a te ly  50 p e r c e n t  of th e  s u p e r ­

v is e d  e f fo r t  w as  my own. T h e  r e m a in in g  ex p e r im en t . ,  d e s c r ib e d  in  

c h a p te r  6, w a s  c a r r i e d  out in  c o l la b o ra t io n  w ith  D r .  D . F .  H e b b ard .  

A gain  50 p e r c e n t  of th e  e f fo r t  w as  m y own.

T h e  e x p e r im e n t s  d e s c r ib e d  in  th i s  t h e s i s  have  b e e n  p u b lish ed  

u n d e r  th e  fo llow ing  t i t l e s :

H a lf  L iv e s  of C ^  and N e ^
L . G .  E a r w a k e r ,  J . G .  J e n k in  and E . W. T i t t e r t o n ,
N a tu re  ( L o n d . ) 195 (1962) 217.

T h e  B ^ ( p , n ) C ^  E x c i ta t io n  F u n c t io n  f r o m  T h r e s h o ld  to  10. 6 MeV 
L . G .  E a r w a k e r ,  J . G .  J e n k in  and E .W .  T i t t e r t o n ,
N u c le a r  P h y s ic s  42 (1963) 521.

19 19T h e  F  (p ,n ) N e  R e a c t io n  B e tw e e n  5 and 11 MeV.
J . G .  J e n k in ,  L .G .  E a r w a k e r  and E .W .  T i t t e r t o n ,
N u c le a r  P h y s ic s  44 (1963) 453.

T h e  B 10( p , H e 3) B e 8 R e a c t io n
J . G .  J e n k in ,  L . G .  E a r w a k e r  and E .W .  T i t t e r t o n ,
P h y s i c s  L e t t e r s  4 (1963) 142.
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1 n 7T he  B ( p ,ß ) B e  R e a c t io n  B e tw een  2 and  11 MeV.
J . G .  J e n k in ,  L . G .  E a r w a k e r  and E .W .  T i t t e r t o n ,
N u c le a r  P h y s i c s  (in p r e s s ) .

g
E n e rg y  L e v e l s  of B .

L .G .  E a r w a k e r ,  J . G .  Jen k in  and E .W .  T i t t e r t o n ,
N u c le a r  P h y s i c s  (in p r e s s ) .

14S ta te s  in  N N e a r  th e  P r o to n  T h r e s h o ld .
L . G .  E a r w a k e r  and  D . F .  H e b b a rd ,
N u c le a r  P h y s i c s  (in p r e s s ) .

It i s  a  p l e a s u r e  to  th a n k  th e  m any people  who have  h e lp ed  

in  th e  w o rk  d e s c r ib e d  in  t h i s  t h e s i s .  I would e s p e c ia l ly  like  to  

th a n k  P r o f e s s o r  E .W .  T i t t e r t o n  fo r  h is  c o n s ta n t  e n c o u ra g e m e n t  

d u r in g  the  p a s t  t h r e e  y e a r s .  T h an k s  a r e  a lso  due to  D r .  D . F .  

H e b b a rd  f o r  h is  p a t ie n t  s u p e r v i s io n  d u r in g  the  l a t t e r  p a r t  of th is  

w o rk  and f o r  h is  m any  h e lp fu l  c o m m e n ts  d u r in g  th e  p r e p a r a t i o n  of 

th is  t h e s i s .

It h a s  b e e n  a p l e a s u r e  to  w o rk  w ith  M r. J . G .  J e n k in ,  

w hose  f r i e n d s h ip  o v e r  th e  c o u r s e  of th i s  w ork  h a s  b e en  in v a lu a b le .

I a p p r e c i a t e  th e  w o rk  done by M r. F .  A . Howe and a s s o c i a t e s  

at A . W. R . E .  , U. K. , who m ad e  the  s e l f - s u p p o r t in g  B ^  t a r g e t s  u s e d  

in  t h r e e  of the  e x p e r im e n t s  d e s c r ib e d  in  th is  t h e s i s .

I am  g ra te fu l  to  D r .  F . C .  B a r k e r  who gave  m u ch  h e lp fu l 

ad v ice  d u r in g  th e  p r e p a r a t i o n  of s o m e  of the  above  p a p e r s ,  and a lso  

D r .  T . R .  O phel f o r  h is  m an y  h e lp fu l d i s c u s s io n s  on e x p e r im e n ta l  

t e c h n i q u e s .



- i i i -

F in a l ly  I would lik e  to  th an k  th e  A u s t r a l ia n  In s t i tu te  of 

N u c le a r  S c ie n c e  and E n g in e e r in g  w hose s c h o la r s h ip  I h e ld  th ro u g h o u t 

th e  c o u rs e  of th is  w o rk .

No p a r t  of th is  th e s i s  h as  b e en  s u b m itte d  fo r  a  d e g re e  a t 

any o th e r  u n iv e r s i ty .
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IN TRO D U CTIO N

One of th e  m a j o r  f ie ld s  of r e s e a r c h  in  n u c le a r  p h y s ic s  is  

th e  a c c u m u la t io n  of e x p e r im e n t a l  d a ta  on the  p r o p e r t i e s  of en e rg y  

le v e l s  in  th e  v a r io u s  l ig h t  n u c le i .  In  g e n e r a l ,  th e  m o s t  u se fu l  

in f o r m a t io n  th a t  c a n  b e  o b ta in ed  is  w h e th e r  o r  not an e n e rg y  le v e l  

e x i s t s ,  i t s  e x c i t a t io n  e n e r g y ,  i t s  w id th ,  i t s  to ta l  a n g u la r  m o m e n tu m  

o r  s p in ,  i t s  r e l a t i v e  p ro b a b i l i ty  of d i f f e r e n t  m o d es  of decay  and  i t s  

i s o b a r i c  s p in  a d m i x t u r e s .  Such in fo r m a t io n  should  be  u se fu l  in  

a c q u i r in g  f u r t h e r  u n d e r s ta n d in g  of n u c l e a r  f o r c e s  and n u c le a r  

s t r u c t u r e .

T h e  r e s e a r c h  r e p o r t e d  in  t h i s  th e s i s  i s  a  p a r t  of th is  

s y s te m a t i c  s e a r c h  f o r  and c l a s s i f i c a t i o n  of n u c le a r  e n e rg y  le v e l s .  

F iv e  s e p a r a t e  e x p e r im e n t s  have  b e e n  c a r r i e d  out and d a ta  h a s  b e en  

c o l le c te d  on p a r t  of th e  l e v e l  s t r u c t u r e  of the  n u c le i  B ^ ,  C ^ ,  C ^  , 

N 1 4 , O 15 and N e 2 0 .

C h a p te r  1 d e s c r i b e s  th e  d e s ig n  f e a tu r e s  and a s s o c ia te d  

e l e c t r o n i c s  f o r  an  a c t iv a t io n  a p p a r a tu s  w hich w as c o n s t r u c te d  fo r  

u se  in  in v e s t ig a t i n g  r e a c t i o n s  in  w hich  the  r e s id u a l  n u c le u s  is  

p o s i t r o n  a c t i v e .

A f o r m u l a  w as  d e r iv e d  fo r  th e  a b so lu te  c r o s s  s e c t io n  of

r e a c t io n s  m e a s u r e d  by th e  a c t iv a t io n  a p p a r a tu s .  C h a p te r s  2 and 3
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19 19d e s c r i b e  c r o s s  s e c t i o n s  m e a s u r e d  in  th i s  m a n n e r ,  f o r  the  F  (p ,n ) N e  

and B ^ ( p , n ) C ^  r e a c t i o n s  r e s p e c t iv e ly .  In  a d d it io n  to  th e  u s u a l  

q u a n t i t i e s  th a t  m u s t  b e  m e a s u r e d  to  o b ta in  c r o s s  s e c t i o n s ,  the

r a d io a c t iv e  decay  c o n s ta n t  i s  a lso  r e q u i r e d .  B e c a u s e  an  a c c u r a te

19e v a lu a t io n  of th i s  had  not p re v io u s ly  b e e n  m a d e  f o r  e i t h e r  Ne o r  

C ^ ,  th e  h a lf  l ife  f o r  e a c h  e le m e n t  w as  m e a s u r e d .

19 19C o n s id e r a b le  s t r u c t u r e  w as found in  th e  F  1 ( p ,n ) N e

e x c i ta t io n  fu n c t io n .  F r o m  a c o m p a r i s o n  w ith  th e  s t r u c t u r e  o b s e r v e d

20in  o th e r  r e a c t i o n s  le a d in g  to  th e  com pound  n u c le u s  Ne , an  i n t e r ­

p r e ta t io n  of the  s t r u c t u r e  h a s  b e e n  m ad e  in  t e r m s  of com pound  

n u c le u s  s t a t e s ,  in f lu e n c e d  a t  h ig h e r  e n e r g ie s  by a  s t r o n g  d i r e c t  

in t e r a c t i o n  c o n t r ib u t io n .  S e v e ra l  new le v e ls  in  w e re  found f ro m  

th e  s tudy  of th e  B ^ ( p , n )  r e a c t io n ,  and a m o r e  a c c u r a t e  v a lu e

w as o b ta in ed  f o r  th e  e n e rg y  of the  f i r s t  ex c i ted  s t a t e  of C ^ .

10 7T h e  a  p a r t i c l e s  f r o m  th e  B ( p , a ) B e  r e a c t io n  w e re  s tu d ie d  

in  an  e f fo r t  to  c o n f i r m ,  and to  m e a s u r e  s o m e  of th e  p r o p e r t i e s  of the  

le v e l s  in  o b s e r v e d  in  th e  B ^ ^ ( p ,n ) C '1'^ r e a c t i o n  (d e s c r ib e d  in  

c h a p te r  3). E x c i ta t io n  fu n c tio n s  w e re  m e a s u r e d  a t  c lo s e  e n e rg y  

in t e r v a l s  a t  tw o  a n g le s ,  and th i r ty  a n g u la r  d i s t r ib u t io n s  w e re  

m e a s u r e d  f o r  b o th  th e  g ro u n d  and f i r s t  e x c i ted  s t a t e  ß /-p a r t ic le  

g ro u p s .  T h e s e  w e r e  a n a ly s e d  in  t e r m s  of a  s e r i e s  e x p a n s io n  of 

L e g e n d re  p o ly n o m ia ls .  T he  sp in  of th e  a  p a r t i c l e  i s  z e r o ,  and th i s
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r e d u c e d  th e  n u m b e r  of unknow n p a r a m e t e r s  e n te r in g  in to  th e

t h e o r e t i c a l  d i s t r ib u t io n s  su f f ic ie n t ly  to  a llow  an  a s s ig n m e n t  to  be

m a d e  of a  s p in  and p a r i t y  to  one of the  l e v e l s .  T he  e x p e r im e n t ,

and th e  a n a ly s i s  of th e  r e s u l t s ,  a r e  d e s c r ib e d  in  c h a p te r  4 , to g e th e r

10 3 8w ith  the  r e s u l t s  of an  in v e s t ig a t io n  of th e  B 1 ( p ,H e ° ) B e  r e a c t io n

w hich  w as  m e a s u r e d  c o n c u r r e n t ly  w ith  th e  (p ,# )  w o rk .

C h a p te r  5 d e s c r i b e s  th e  r e s u l t s  of an  in v e s t ig a t io n  of th e  

9
le v e l  s t r u c t u r e  of B f r o m  a s tu d y  of th e  a  p a r t i c l e s  f r o m  th e  

10 3 9B (He , q̂ B  r e a c t io n .  No new  le v e ls  w e re  s e e n .  H o w ev e r ,

s e v e r a l  p o s s ib le  l e v e l s ,  r e p o r t e d  by o th e r  w o r k e r s ,  w e re  not s een .

13T he  e x c i te d  co m p o u n d  n u c le u s  N in  th i s  r e a c t io n  i s  e x t r e m e ly

u n s ta b le  to  b r e a k u p  in to  3# + p. T h e  sh ap e  of th i s  con tinuum  of

a  p a r t i c l e s  and tw o  p o s s ib le  m o d e s  of decay  w hich  cou ld  r e s u l t  in

th e  o b s e r v e d  co n t in u u m  a r e  d i s c u s s e d .

12 13In  o r d e r  to  c o m p u te  th e  C / C abundance  r a t i o  p ro d u c e d

at e q u i l ib r iu m  in  s t a r s  b u rn in g  in  th e  C a r b o n -N i t ro g e n -O x y g e n  c y c le ,  

13th e  C (p ,y) c r o s s  s e c t io n  at s t e l l a r  e n e r g ie s  m u s t  be  known. T he

13u s u a l  e x t r a p o la t io n  of th e  m e a s u r e d  C (p ,y) c r o s s  s e c t io n s  down to

s t e l l a r  e n e r g i e s  a s s u m e s  th a t  t h e r e  a r e  no le v e l s  in  N ^  ju s t  above  

13the  C + p t h r e s h o l d .  U n fo r tu n a te ly ,  a  le v e l  ju s t  above the  th r e s h o ld  

h a s  b e e n  r e p o r t e d  f r o m  a  s tudy  of the  N'*‘̂ ( p ,p ' )  r e a c t i o n .  T he  

p u r p o s e  of th e  e x p e r im e n t  d e s c r ib e d  in  c h a p te r  6 i s  to  r e p e a t  th i s
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in e l a s t i c  p ro to n  s c a t t e r i n g  e x p e r im e n t  u n d e r  a s  n e a r ly  a s  p o s s ib le  

id e n t i c a l  c o n d it io n s  to  c h e c k  on the  r e p o r t e d  le v e l .  T he  e x p e r im e n t  

w as  r e p e a t e d  o v e r  a  r a n g e  of p ro to n  e n e r g i e s  and o b s e r v a t io n  a n g les  

c o m p le te ly  c o v e r in g  th a t  of th e  p r e v io u s  m e a s u r e m e n t s .  T h e  i n t e r ­

p r e t a t i o n  of the  p re v io u s  r e s u l t s  w as  found to  be  in  e r r o r .  H o w e v e r ,  

a n  a d e q u a te  e x p la n a t io n  h a s  b e e n  found w hich  d o es  not r e q u i r e  a 

le v e l  in  n e a r  th e  + p th r e s h o ld .

A ppend ix  A d e s c r i b e s  th e  r e s u l t s  of s o m e  c a lc u la t io n s  on 

the  e f fe c t  of o b s e r v e d  b e a m  c u r r e n t  v a r i a t i o n s  on th e  c r o s s  s e c t io n s  

m e a s u r e d  u s in g  the  a c t iv a t io n  a p p a r a tu s .  T h e  c r o s s  s e c t io n  f o r m u la  

g iven  in  c h a p te r  2 w as  d e r iv e d  u s in g  th e  a s s u m p t io n  th a t  th e  b e a m  

c u r r e n t  w as  c o n s ta n t  th ro u g h o u t  the  b o m b a r d m e n t .

F i n a l l y ,  ap p en d ix  B d e s c r i b e s  c a lc u la t io n s  w hich  w e re

c a r r i e d  out to  d e t e r m in e  th e  e n e rg y  r e s o lu t io n  of c h a rg e d  p a r t i c l e  

14g ro u p s  f r o m  N + p r e a c t i o n s ,  o b ta in ab le  w ith  the  gas  t a r g e t  

d e s c r ib e d  in  c h a p te r  6. B ro a d e n in g  of the  g ro u p s  due to  bo th  

g e o m e t r i c a l  e f fe c t s  and to  e n e rg y  s t r a g g l in g  a r e  t r e a t e d .



C H A P T E R  1

T H E  A CTIV A TIO N  TE C H N IQ U E AND A PP A R A T U S 

1. 1 In t ro d u c t io n

T h e  w o rk  d e s c r ib e d  in  th i s  t h e s i s  i s  d i r e c te d  to w a r d s  a 

b e t t e r  u n d e r s ta n d in g  of th e  le v e l  s t r u c t u r e  and p r o p e r t i e s  of s o m e  

l ig h t  n u c le i .  M uch u s e fu l  in fo r m a t io n  can  be  ob ta in ed  f r o m  e x p e r i ­

m e n ts  in  w hich  th e  n u c le u s  c o n c e rn e d  i s  s tu d ied  a s  th e  in t e r m e d ia t e  

o r  com pound  n u c le u s .  A s tudy  of the  r e a c t io n  c r o s s  s e c t io n  a s  a 

fu n c tio n  of b o m b a rd in g  e n e rg y  w il l  o ften  p ro v id e  in fo r m a t io n  on  th e  

n u m b e r ,  p o s i t io n s  and w id ths  of the  le v e l s  in  a  g iven  e x c i ta t io n  r e g io n .  

If th e  le v e l  s p a c in g  in  th e  r e g io n  of i n t e r e s t  is  m u ch  g r e a t e r  th a n  th e  

le v e l  w id th ,  th e  le v e l s  c an  b e  a n a ly s e d  in  t e r m s  of com pound  n u c le u s  

f o r m a t io n .  P r o p e r t i e s  of the  l e v e l s ,  su ch  a s  s p in ,  p a r i ty  and r e ­

duced  w id th  c a n  th e n  o ften  be  d e te r m in e d  f r o m  a s tudy  of the  a n g u la r  

d i s t r ib u t io n  of th e  r e a c t io n  p r o d u c ts .

In the  s im p le s t  e x p e r im e n t s ,  the  r e a c t io n  c r o s s  s e c t io n  is  

m e a s u r e d ,  as a  fu n c tio n  of e n e r g y ,  at. a s in g le  ang le  w ith  r e s p e c t  to  

th e  in c id e n t  b e a m .  B e c a u s e  of i n t e r f e r e n c e  b e tw ee n  v a r io u s  l e v e l s ,  

and b e tw e e n  th e  le v e l s  and b a c k g ro u n d  c o n t r ib u t io n s ,  th i s  in f o r m a t io n  

m ay  need  to  be  s u p p le m e n te d .  I n te r f e r e n c e  e f fe c ts  in  th e  e x c i t a t io n  

fu n c t io n s ,  m e a s u r e d  a t a  s in g le  an g le  on ly , m a n i f e s t  t h e m s e lv e s  as  

d i s p la c e m e n ts  of th e  r e s o n a n c e  e n e r g y ,  a s  m o d if ic a t io n s  of th e  to ta l



- 2 -

le v e l  w id th  and ev en  a s  a d d i t io n a l  m in o r  a n o m a l ie s .

If 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  i n t e g r a t e d  o v e r  4 % s t e r a d i a n s  

h o w e v e r ,  i n t e r f e r e n c e  e f f e c t s ,  ex cep t  th o s e  due to  l e v e l s  of th e  s a m e  

sp in  and p a r i t y ,  a r e  e l im in a te d .  T he  e x p e r im e n t a l  p r o c e d u r e  w hich  

p ro v id e s  th e  m o s t  in f o r m a t io n  is  one in  w h ich  th e  e x c i ta t io n  fu n c t io n s  

a r e  m e a s u r e d  at a  l a r g e  n u m b e r  of a n g le s  r e l a t i v e  to  th e  in c id e n t  b e a m  

d i r e c t io n .  T h e  c r o s s  s e c t io n  c an  th e n  b e  in te g r a te d  o v e r  4** s t e r a d i a n s  

to  give th e  r e s o n a n c e  e n e rg y  and to ta l  w id th ,  and th e  a n g u la r  d i s t r ib u t io n s  

c an  o ften  b e  u s e d  to  d e r iv e  th e  s p in ,  p a r i ty  and  r e d u c e d  w idth  of the  

le v e l .

W hen  th e  r e s i d u a l  n u c leu s  of a  n u c l e a r  r e a c t io n  i s  r a d io a c t iv e ,  

a  r e la t iv e ly  s im p le  m e th o d  of m e a s u r in g  the  in te g r a te d  c r o s s  s e c t io n  is  

a v a i la b le .  T h i s  i s  th e  a c t iv a t io n  t e c h n i q u e , w h ich  c o n s i s t s  in  m e a s u r in g  

th e  r e a c t i o n  c r o s s  s e c t io n  by r e c o r d in g  th e  r a d io a c t iv i ty  p ro d u c e d .

T he  te c h n iq u e  is  m o s t  p o w e rfu l  w hen th e  in c id e n t  b e a m  is  m o n o e n e rg e t ic  

and c an  b e  c o n t ro l le d  in  e n e rg y .  High e n e rg y  r e s o lu t io n  c a n  th e n  be  

o b ta in ed  by u s in g  v e ry  th in  t a r g e t s  and m e a s u r in g  the  c r o s s  s e c t io n  

a s  a  fu n c t io n  of th e  in c id e n t  b e a m  e n e rg y .  I f ,  on th e  o th e r  h an d , th e  

in c id e n t  b e a m  i s  m o n o e n e r g e t i c  bu t c an n o t b e  so  c o n t r o l le d ,  a  m ethod  

known a s  th e  s ta c k e d  fo i l  te c h n iq u e  can  b e  u s e d .  In  th i s  m e th o d ,  the  

t a r g e t  i s  a  s t a c k  of th in  fo i l s  th ro u g h  w hich  th e  b e a m  is  p a s s e d .  As 

th e  b e a m  p a s s e s  th ro u g h  th e  s t a c k ,  i t  l o s e s  e n e r g y .  H e n c e ,  th e  r e a c t io n
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c r o s s  s e c t io n  c o r r e s p o n d in g  to the  a v e r a g e  b e a m  e n e rg y  in  e a c h  fo il 

c a n  b e  found f r o m  a  s e p a r a t e  m e a s u r e m e n t  of th o s e  f o i l s .  In th is  

way a c o m p le te  e x c i ta t io n  func tion  can  b e  m e a s u r e d  a f t e r  one i r r a d i a t i o n .  

H o w e v e r ,  b e c a u s e  of th e  s e v e r e  e n e rg y  s t r a g g l in g  of th e  b e a m  in  the  

f o i l s , th e  e n e rg y  r e s o lu t io n  ob ta ined  u s in g  th i s  te ch n iq u e  is  v e r y  p o o r .

T h e  d e te c t io n  s y s te m  u s e d  w ith  an  a c t iv a t io n  a p p a r a tu s  d ep en d s  

upon  th e  m ode  of d ecay  of th e  r e s id u a l  n u c le i .  T he  m o s t  co m m o n  

m o d e s  of d e ca y  a r e  by p o s i t r o n  and e l e c t r o n  e m is s io n .  T h e s e  e l e c t r o n s  

can  b e  m e a s u r e d  u s in g  C s l  o r  o rg a n ic  s c i n t i l l a t o r s ,  o r  w ith  a  m ag n e t ic  

o r  e l e c t r o s t a t i c  fo c u s in g  s p e c t r o m e t e r .  A 7- r a y  s p e c t r o m e t e r  h o w e v e r ,  

i s  p ro b a b ly  th e  m o s t  g e n e r a l ly  u s e fu l  d e t e c to r  f o r  m any  a c t i v i t i e s .

W hen th e  ß r a y s  t h e m s e l v e s  a r e  not d e te c te d ,  the  c h a r a c t e r i s t i c  7 r a y s  

f r o m  th e  e x c i te d  s t a t e s  of th e  d a u g h te r  n u c le i  c a n  be  m e a s u r e d .  A ls o ,  

in  th e  c a s e  of p o s i t r o n  e m is s io n ,  the  0. 511 MeV a n n ih i la t io n  q u an ta  

can  b e  m e a s u r e d ,  e i t h e r  s in g ly  o r  in  c o in c id e n c e .  O th e r  r a d ia t io n s  

w hich  c a n  b e  m e a s u r e d  by 7- r a y  s p e c t r o m e t e r s  a r e  th e  X r a y s  f ro m  

e le c t r o n  c a p t u r e ,  and th e  7-d e c a y  of i s o m e r i c  s t a t e s .

T h e  a c t iv a t io n  te c h n iq u e  i s  a  u s e fu l  m e th o d  of in v e s t ig a t in g  

m any r e a c t i o n s .  It i s  e s p e c ia l l y  u s e fu l  w hen th e  e m i t te d  r e a c t io n  

p a r t i c l e s  a r e  n e u t r o n s .  N e u t ro n  d e te c t io n  i s  d i f f ic u l t ,  and no r e a l ly  

s a t i s f a c to r y  d i r e c t i o n a l  n e u t ro n  c o u n te r  i s  a v a i l a b le .  It i s  t h e r e f o r e  

v e r y  d if f icu l t  to  d i s c r i m i n a t e  b e tw e e n  r e a c t io n  and b a c k g ro u n d  n e u t ro n s .
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T h is  p ro b le m  i s  p a r t i c u l a r l y  s e v e r e  w hen (p ,n )  r e a c t io n s  a r e  m e a s u r e d  

at p r o to n  e n e r g i e s  n e a r  10 M eV , b e c a u s e  of the  l a r g e  n e u t ro n  b a c k ­

g ro u n d  p ro d u c e d  in  th e  b e a m  c o l l i m a t o r s ,  t a r g e t  b a c k in g s  and th e  

F a r a d a y  cup . T h e  a c t iv a t io n  te ch n iq u e  i s  a l s o  v e r y  u s e fu l  f o r  d i s t i n ­

g u ish in g  b e tw e e n  s im p le  and  c o m p le x  r e a c t io n s  s u c h  a s  ( a ,b )  and (a , 2b) 

r e s p e c t iv e ly .  H e re  a g a in  th i s  i s  p a r t i c u l a r ly  t r u e  w hen one o r  b o th  of 

th e  r e a c t i o n  p a r t i c l e s  a r e  n e u t r o n s .  A th i r d  type  of m e a s u r e m e n t  

w h e re  th e  a c t iv a t io n  te c h n iq u e  m ay  be  v e r y  u s e f u l  i s  in  c a s e s  w h e r e  

i t  i s  v e r y  d if f icu l t  to  s e p a r a t e  th e  c h a rg e d  r e a c t io n  p a r t i c l e s  of i n t e r e s t  

f r o m  o th e r  c h a r g e d  p a r t i c l e  g ro u p s .  T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  low 

y ie ld  r e a c t io n s  e m i t t in g  low e n e rg y  p a r t i c l e s ,  p ro v id e d  th e  d e lay e d  

r a d ia t io n  is  s u f f ic ie n t ly  d i f f e r e n t  f ro m  th a t  of c o m p e t in g  r e a c t io n s .

An e x a m p le  of th i s  c l a s s  of r e a c t i o n  m ig h t  b e  the  o b s e r v a t io n  of

3 3(He , t )  r e a c t i o n s  in  th e  f a c e  of s t ro n g  c o m p e t i t io n  f r o m  the  (He , q-)

3
and (He ,p )  r e a c t i o n s .  T h e  t r i t o n s  c an  o ften  be  s e p a r a t e d  f r o m  a 

p a r t i c l e s  and p r o to n s  by m a g n e t ic  a n a ly s i s .  H o w ev e r  th i s  in v o lv e s  

a  l o s s  of d e te c t io n  e f f ic ie n cy  w h ich  can  g e n e r a l ly  be avo ided  by u s e  

of an  a c t iv a t io n  te c h n iq u e .

C o m p e tin g  r e a c t io n s  c a n  g e n e ra l ly  b e  s e p a r a t e d  by t h e i r  

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

D iff icu lty  m ay  b e  e x p e r ie n c e d  h o w e v e r ,  w hen b o th  the  h a l f - l i v e s  and  

th e  c h a r a c t e r i s t i c  r a d ia t io n s  a r e  c o m p a r a b le  fo r  th e  c o m p e t in g  r e a c t i o n s .
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1* ^ T h e  A c t iv a t io n  A p p a ra tu s

T h e  a c t iv a t io n  a p p a r a tu s  d e s c r ib e d  in  th i s  c h a p te r  w as  

d e s ig n e d  fo r  u s e  in  in v e s t ig a t in g  n u c le a r  r e a c t io n s  in  w hich  th e  

r e s id u a l  n u c le u s  is  p o s i t r o n - a c t i v e .  It w as  u s e d ,  in  co n ju n c t io n  

w ith  th e  C a n b e r r a  ta n d e m  V an de G r a a f f  a c c e l e r a t o r ,  to  in v e s t ig a te  

tw o (p ,n )  r e a c t i o n s  a t  p r o to n  e n e r g ie s  up to  11. 0 MeV. T h e  p o s i t ro n s  

w e re  d e te c te d  by m e a s u r in g  c o in c id e n c e s  b e tw e e n  the  p o s i t r o n  a n ­

n ih i la t io n  q u an ta  u s in g  two N aI(T>t) 7- ra y  s p e c t r o m e t e r s  p la ce d  on 

e i t h e r  s id e  of th e  t a r g e t .  T h i s  m ethod  e n ab led  b a c k g r o u n d s ,  o th e r  

th a n  th o s e  f r o m  p o s i t r o n  a c t i v i t i e s ,  to  be  e l im in a te d .

T h e  d e s ig n  of such  an  a p p a r a tu s  m ay  ta k e  m any  f o r m s .  

H o w ev e r  t h e r e  a r e  c e r t a i n  b a s i c  r e q u i r e m e n t s  w hich  m u s t  be  i n c o r ­

p o r a te d .  T h e  f a c to r s  c o n s id e r e d  in  th e  d e s ig n  of th e  p r e s e n t  a p p a r a tu s  

a r e  o u t l in e d  be low :

(i) O v e r  p e r io d s  of t i m e ,  c o n ta m in a n ts  su ch  a s  c a rb o n  f r o m  

b a ck in g  p um p  o r  ro u g h in g  p um p  v a p o u rs  and m e r c u r y  

f r o m  th e  d iffu s io n  p u m p ,  b u ild  up  a l a y e r  on th e  t a r g e t  

s u r f a c e .  Such l a y e r s  m ay p ro d u c e  unw an ted  b a c k g ro u n d  

p o s i t r o n  a c t i v i t i e s ,  and  c an  a ls o  p ro d u c e  a sh if t  in  the  

e n e rg y  a t  w hich  a s h a r p  r e s o n a n c e  i s  o b s e r v e d .  T h is  

bu ild  up  c a n  be  r e d u c e d  by p la c in g  a  l iq u id  a i r  t r a p  

n e a r  th e  t a r g e t .
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(ii) If th e  m e a s u r e m e n t s  a r e  to  be c o n s i s t e n t ,  th e  g e o m e try

of the  coun ting  s y s te m  m u s t  be  w e l l  known and r e p ro d u c ib le .  

H ence  th e  p ro v is io n  of a  b e am  v iew in g  d e v ic e ,  u s u a l ly  in  

th e  fo r m  of a  q u a r tz  d is k ,  i s  e s s e n t i a l  to  e n ab le  th e  p o s i t io n  

of th e  p ro to n  b e a m  to  be  a d ju s te d  and m o n i to r e d .

(iii) W hen th e  a c t iv i ty  to  b e  m e a s u r e d  h a s  a  r e la t iv e ly  long h a lf  

l i f e ,  ( g r e a t e r  th a n  a few m in u te s )  th e  t a r g e t s  a r e  o ften  

r e m o v e d  f r o m  th e  t a r g e t  c h a m b e r  a f t e r  i r r a d i a t i o n ,  and 

ta k e n  to  a s h ie ld e d  coun ting  s y s te m  f o r  m e a s u r e m e n t .

T h is  p r o c e d u r e  g re a t ly  r e d u c e s  a l l  u n w an ted  b a ck g ro u n d  

a c t i v i t i e s  e x c e p t  th o s e  a c tu a l ly  p r e s e n t  on th e  t a r g e t .  

H o w e v e r ,  th e  p r e s e n t  a p p a r a tu s  w as  d e s ig n e d  fo r  e x p e r i ­

m e n ts  in  w h ich  th e  a c t iv i ty  can  have  a  d e ca y  h a lf  life  a s  

s h o r t  a s  a  few  s e c o n d s .  F o r  th is  r e a s o n  i t  w as  d ec id e d

to  k eep  th e  t a r g e t s  f ix e d ,  and to  p la c e  th e  coun ting  s y s t e m  

b e s id e  th e  t a r g e t  c h a m b e r .

(iv) W hen the  above  coun ting  p r o c e d u r e  i s  a d o p te d ,  the  i n t e r i o r  

of th e  t a r g e t  c h a m b e r  m u s t  be  c o n s t r u c te d  f r o m  a m a t e r i a l  

w hich  d o es  not b e c o m e  p o s i t r o n  a c t iv e  w hen i r r a d i a t e d  by 

s c a t t e r e d  b e a m .

(v) In o r d e r  to  m a k e  the  eq u ip m en t s e n s i t iv e  to  v e r y  s m a l l  

c r o s s  s e c t i o n s ,  i t  i s  d e s i r a b l e  to  a r r a n g e  th e  coun ting
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e q u ip m e n t  in  s u c h  a m a n n e r  th a t  th e  d e te c t io n  e ff ic ie n cy  

is  a s  h igh  a s  p o s s ib le .  T h e  a c t iv i ty  i s  m e a s u r e d  by 

d e te c t in g  c o in c id e n c e s  b e tw e e n  th e  tw o  a n n ih i la t io n  q u an ta  

f r o m  a p o s i t r o n  a t  r e s t .  B e c a u s e  of th e  180° c o r r e l a t i o n  

b e tw e e n  th e  tw o a n n ih i la t io n  q u a n ta ,  th e  p o s i t r o n s  m u s t  be  

m ade  to  a n n ih i la te  in  so m e  r e la t iv e ly  s m a l l  c e n t r a l  r e g io n  

b e tw e e n  th e  two c o u n te r s  in  o r d e r  th a t  they  b e  d e te c te d .

(vi) Of th e  r e a d i ly  a v a i la b le  t a r g e t  b a c k in g  m a t e r i a l s  w h ich  do 

not b e c o m e  p o s i t r o n  a c t iv e  w hen i r r a d i a t e d  w ith  p r o to n s ,  

a s u i ta b le  one w as  ta n ta lu m .  T a n ta lu m  w as  u s e d  on s o m e  

t a r g e t  b a c k in g s  and w as a lso  u s e d  to  l in e  the  in s id e  of the  

f a r a d a y  cup . F o r  p ro to n  e n e r g ie s  above  abou t 5 M eV, th e  

(p ,n )  r e a c t i o n  c r o s s  s e c t io n  f o r  t a n ta lu m  (Ha 62) i n c r e a s e s  

r a p id ly .  T h e s e  n e u t ro n s  a c t iv a te  th e  N a and I n u c le i  in the  

N a l ( T ^ )  c r y s t a l  d e t e c t o r s ,  and th e  r e s u l t in g  a c t iv i ty  c a n  

bu ild  up  to  p ro h ib i t iv e ly  h igh  b a c k g ro u n d s  a f t e r  two o r  

t h r e e  h o u r s  of m e a s u r e m e n t s .  T he  m o s t  d a m ag in g  n e u t ro n  

r e a c t io n s  a r e  I ^ 27( n ,7) I 1^^ and N a23( n ,7) N a 2^ g iv ing  ß 

a c t iv i t i e s  w ith  25 m in u te  and 15 h o u r  h a l f  l iv e s  r e s p e c t iv e ly .  

It i s  t h e r e f o r e  e s s e n t i a l  to  p r o te c t  th e  c r y s t a l  d e t e c to r s  

w ith  n e u t ro n  m o d e ra t in g  m a t e r i a l .  A d e q u a te  sh ie ld in g  

f r o m  7- r a y  b a c k g ro u n d s  f r o m  th e  t a r g e t  c h a m b e r  and 

f r o m  th e  q u a r tz  v ie w e r  m u s t  a lso  b e  p ro v id e d .



F IG . 1. 1 S c h e m a tic  r e p r e s e n ta t io n  of th e  a c tiv a tio n
a p p a ra tu s .
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1. 3 D e s c r ip t io n  of A p p a ra tu s

T he  t a r g e t  c h a m b e r  and c o u n te r  s y s te m  is  show n in  fig . 1 .1 .  

T h e  v acuum  c h a m b e r  w as  m ad e  f ro m  b r a s s ,  and th e  p o r t io n s  v is ib le  

to  th e  b e am  w e re  lined  w ith  0. 02 c m . ta n ta lu m  s h e e t .  T h e  t a n ta lu m ,  

w hich  does  not b e c o m e  p o s i t r o n  a c t iv e  w hen i r r a d i a t e d  w ith  p r o to n s ,  

p re v e n te d  s c a t t e r e d  p r o to n s  f ro m  a c t iv a t in g  the Cu and Zn  n u c le i  in  

the  b r a s s .  P r in c i p a l  r e a c t i o n s  w hich would le a d  to  p o s i t r o n  a c t iv i ty  

in  th e  b r a s s  a r e  C u ^ ( p , n ) Z n ^ ,  38 m in  Z n ^ ( p , n ) G a ^ ,  2. 5 m in  

ß ; Z n  ( p ,y ) G a  and Z n  (p ,n ) G a  , 68 m in  ß .

T he  t a r g e t s  w e re  he ld  in  a  v e r t i c a l  t a n ta lu m  tube  0. 05 c m .  

th ic k ,  2 c m .  in  d i a m e t e r  and 23 c m .  long . F iv e  h o le s ,  each  1. 6 c m .  

in  d i a m e t e r ,  w e re  cu t h o r iz o n ta l ly  th ro u g h  th e  tu b e .  T a r g e t s  w e re  

m ounted  in  fo u r  of th e s e  s p a c e s ,  the  f if th  b e in g  le f t  em p ty  to  a llow  th e  

b e a m  to p a s s  th ro u g h  on to  a  q u a r tz  d i s k ,  a l low ing  the  p o s i t io n  and 

focus of the  b e a m  to  be  o b s e r v e d .  T h e  p o s i t io n  of th e  t a r g e t s  cou ld  

be  ch an g ed  by m e a n s  of a  s m a l l  r e v e r s i b l e  d i r e c t io n  m o to r  w h ich  

o p e ra te d  a r a c k  and p in io n  a t ta c h e d  to  the  t a r g e t  ho ld ing  a s s e m b ly .  

T h e  p o s i t io n  of th e  t a r g e t s  cou ld  be  a c c u r a te ly  r e p ro d u c e d  by l in in g  

up a s m a l l  p o in te r  m o u n ted  on the  r a c k  w ith  a  m a r k e r  on th e  s id e  of 

th e  t a r g e t  c h a m b e r .  A s m a l l  O - r in g  c la m p e d  a ro u n d  a 0. 63 c m .  

d i a m e te r  s i l v e r  s t e e l  ro d  a t ta c h e d  to  the  ta n ta lu m  tu b e  m ad e  an  a d e ­

qua te  s l id in g  v a cu u m  s e a l .
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A s l ig h t ly  m o d if ied  H igh V o ltag e  E n g in e e r in g  C o rp o ra t io n  

q u a r tz  v ie w e r  and  v iew in g  p o r t  w e r e  p la c e d  in  th e  b e a m  lin e  abou t 

15 cm  beh ind  th e  t a r g e t  p o s i t io n .  A f in e  ta n ta lu m  m a s k  d e f in ed  an 

a r e a  0. 2 cm  in  d i a m e t e r  in  th e  c e n t r e  of the  q u a r t z ,  and th i s  a llo w ed  

th e  b e a m  a lw ay s  to  b e  f o c u s s e d  in  th e  s a m e  p o s i t io n  th ro u g h o u t  th e  

e x p e r im e n t .  W hen  th e  q u a r tz  w as  b o m b a r d e d  w ith  p ro to n s  of e n e rg y

g r e a t e r  th a n  abou t 5 M eV, s e v e r a l  r e a c t i o n s  led  to  p o s i t r o n  a c t iv e

1n u c le i .  T he  m o s t  s e r io u s  r e a c t i o n  w as  O ( p , < * ) N  w hich  h a s  a  10 

m in u te  h a l f - l i f e  a c t iv i ty .  W hen th e  b e a m  w as  p o s i t io n e d  and  

f o c u s s e d  on th e  v i e w e r ,  th e  q u a r tz  b e c a m e  h igh ly  a c t iv a te d  and i t  

w as n e c e s s a r y  to  s h ie ld  th e  c o u n te r s  f r o m  th i s  s o u r c e  of b a c k g ro u n d .  

T h e  v ie w e r  w as t h e r e f o r e  m o u n te d  on th e  end of a  72 cm  long 2 cm  

d i a m e t e r  s i l v e r  s t e e l  ro d  w h ich  cou ld  b e  w ith d ra w n  along th e  b e a m  

a x is  to  th e  end of th e  b e a m  tu b e  when not b e in g  u s e d .  B e c a u s e  of 

th e  l a r g e  d i a m e te r  of the  s t e e l  r o d ,  a  double  O - r i n g  v acu u m  s e a l ,  

and d i f f e r e n t ia l  pum ping  w as  u s e d .  W hen the  q u a r tz  w as  in  th e  v iew in g  

p o s i t io n ,  i t  w as a c c u r a te ly  lo c a te d  by guide r a i l s  a t ta c h e d  to  th e  in s id e  

of th e  t a r g e t  c h a m b e r .  A s m a l l  t a n ta lu m  c o v e r  w as  h inged  on to  th e  

v ie w e r  in  su ch  a m a n n e r  th a t  i t  d id  not o b s t r u c t  th e  b e a m  o r  v iew in g  

w indow  w h ile  the  v ie w e r  w as  in  u s e ,  b u t  fo lded  a c r o s s  the  f a c e  of 

the  q u a r t z  when th e  v ie w e r  w a s  r o ta te d  th ro u g h  an  an g le  of 90°. T h i s  

p r e v e n te d  th e  b e a m ,  w h ich  p a s s e d  th ro u g h  th in  s e l f  su p p o r t in g  t a r g e t s



_____ *«.__ /

F IG . 1 .2  A h o r iz o n ta l  s e c t io n  of th e  a c t iv a t io n  a p p a r a tu s  
show ing  the  ta n ta lu m  lin in g  and d i s t r ib u t io n  of s h ie ld in g  
m a t e r i a l s  fo r  the  N a l(T l)  c r y s t a l s .
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onto  th e  v i e w e r ,  f r o m  a c t iv a t in g  the  q u a r tz .

In o r d e r  to  m in im iz e  b u i ld -u p  of c o n ta m in a n ts  on th e  t a r g e t s ,  

a s im p le  l iq u id  a i r  t r a p  w as  p la ce d  in  f r o n t  of th e  t a r g e t s .  T h e  d e s ig n  

w as e s s e n t i a l l y  th e  s a m e  a s  th a t  u sed  p re v io u s ly  (Ba 62) in  th i s  

l a b o r a t o r y ,  e x c e p t  th a t  h e r e ,  the  b e am  p a s s e d  a x ia l ly  down th e  

c y l in d r i c a l  t r a p .

T w o  7. 6 cm  x 7. 6 c m  N a I (T ^ ,)  c r y s t a l s  w e re  u s e d  to  d e te c t  

the  7  r a y s  a s s o c i a t e d  w ith  th e  p o s i t ro n  d e c a y .  D e te c t io n  e ff ic ien cy  

w as  i n c r e a s e d  by in s e r t i n g  tw o f la t  s e c t io n s  in to  th e  s id e  of the  t a r g e t  

c h a m b e r  w h ich  a llo w ed  th e  tw o c r y s t a l s  to  b e  p la c e d  w ith in  1 . 2 5 cm  

of th e  t a r g e t .  In o r d e r  to  r e d u c e  n e u t ro n  a c t iv a t io n  of th e  N a and I 

n u c le i  in  the  c r y s t a l s ,  th e  c r y s t a l s  w e re  m o u n ted  on s m a l l  p n e u m a t ic a l ly  

c o n t ro l le d  t r o l l e y s  w h ich  w e r e  m oved  away f r o m  the  t a r g e t  d u r in g  th e  

i r r a d i a t i o n  p e r io d .

T h e  c r y s t a l s  w e re  s h ie ld e d  f r o m  n e u t ro n s  o r ig in a t in g  in  th e  

F a r a d a y  cup  by 100 c m  of c o n c r e te  l in ed  w ith  c a d m iu m  s h e e t .  (See 

fig  1. 2). L e a d  s h e e t  0. 3 c m  th ic k  w as  w ra p p ed  a ro u n d  the  c r y s t a l s  

to  r e d u c e  th e  in te n s i ty  of low en e rg y  7 r a y s  f r o m  th e  t a r g e t  and a lso  

f r o m  s lo w - n e u t r o n  c a p tu r e  in  the  c a d m iu m .  W hen  the  c r y s t a l s  w e re  

in  th e  co u n tin g  p o s i t io n  on e i th e r  s id e  of th e  t a r g e t ,  they  w e re  p r o ­

te c t e d  f r o m  r e s id u a l  a c t iv i ty  in  th e  q u a r tz  v ie w e r  by 15 cm  of le ad .

T h e  m o s t  e n e r g e t i c  p o s i t r o n s  e n c o u n te re d  in  the  a c t iv a t io n
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FIG  1. 3 S e c tio n s  of th e  a c tiv a tio n  a p p a ra tu s  show ing  th e  r e la t iv e  
p o s itio n  of th e  tw o d e te c to r s  and th e  ta n ta lu m  ta r g e t  h o ld in g  c y lin d e r  
in  w hich  a la rg e  f r a c t io n  of th e  p o s i t ro n s  a r e  m ad e  to  a n n ih ila te .
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e x p e r im e n t s  w e re  f r o m  N e ^ ,  and th e s e  had an e n e rg y  of 2. 2 MeV.

T h e  t a n ta lu m  c y l in d e r  w hich  co n ta in ed  th e  t a r g e t s  w as c a p a b le  of 

s to p p in g  only 1. 9 MeV p o s i t r o n s .  B e c a u s e  of th e  e n e rg y  d i s t r ib u t io n  

of th e  p o s i t r o n s ,  only about 8 p e r c e n t  have  e n e r g ie s  b e tw e e n  1. 9 and 

2. 2 MeV. H o w e v e r ,  of a l l  th e  p o s i t r o n s  s t r ik in g  th e  ta n ta lu m  c y l in d e r ,  

only  abou t 3 .5  p e r c e n t ,  w hich  s t r i k e  th e  c y l in d e r  a lm o s t  p e r p e n d ic u l a r ly ,  

w il l  p a s s  th ro u g h  i t .  T h e s e  w ill  s t i l l  s to p  b e tw e e n  the  c r y s t a l s  (see  

f ig  1 .3 ) ,  and th e  d e te c t io n  e ff ic ien cy  f o r  th e m  does  not d i f f e r  s i g n i f i ­

c an tly  f r o m  th a t  fo r  th o s e  s to p p ed  in  th e  c y l in d e r .  P o s i t r o n s  f r o m  

C 1 0 , w h ich  w e re  a l s o  m e a s u r e d ,  have  a m a x im u m  e n e rg y  of 2. 1 MeV, 

and l e s s  th a n  1 p e r c e n t  of t h e s e  w hich  s t r i k e  th e  c y l in d e r  p a s s  th ro u g h  

i t .  T he  b e a m  e n t ry  and ex it  h o le s  in  th e  c y l in d e r  su b ten d  a so l id  ang le  

of 0. 23 x 4 n  s t e r a d i a n s  a t th e  t a r g e t .  M ost of th e  p o s i t r o n s  e m i t te d  

in to  th is  so l id  ang le  t r a v e l  up o r  down th e  b e a m  tube  and a r e  lo s t  to  

the  coun ting  re g io n .  H o w e v e r ,  s o m e  s t r i k e  the  s id e  of the  c h a m b e r  

b e tw ee n  th e  c o u n te r s  ( s e e  fig  1 .3 ) .  P o s i t r o n  e s c a p e  v e r t i c a l l y ,  up o r  

down th e  t a r g e t  c y l in d e r ,  w as  p r e v e n te d  by  ta n ta lu m  s h e e ts  0. 06 cm

O O

th ic k .  T h e  d e te c t io n  e ff ic ie n cy  w as m e a s u r e d  u s in g  a c a l i b r a t e d  Na 

s o u r c e  w h ich  g iv e s  p o s i t r o n s  w ith  = 0. 5 MeV. T h e  s o u r c e  w as

m ounted  on a  th in  m y la r  fo il  and  p la ce d  on a t a r g e t  h o ld e r  of th e  type  

u s e d  in  th e  e x p e r im e n t .  T h is  w as  th e n  m o u n ted  in  th e  t a r g e t  c h a m b e r  

u n d e r  th e  s a m e  p h y s ic a l  c o n d i t io n s  a s  th e  t a r g e t s .  T h e  s a m e  f r a c t io n
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of p o s i t r o n s  would t h e r e f o r e  be  lo s t  f r o m  the  co u n tin g  re g io n  d u r in g  

th e  c a l i b r a t io n  as  would b e  lo s t  d u r in g  an a c tu a l  e x p e r im e n t .

1. 4 A s s o c ia te d  E l e c t r o n ic s

P u l s e s  f ro m  th e  two p h o to m u l t ip l ie r s  w e r e  a m p lif ie d  by 

c h a r g e  s e n s i t iv e  p r e a m p l i f i e r s  fe e d in g  double  d e la y  l in e  l i n e a r  a m p ­

l i f i e r s .  (F ra n k l in  E l e c t r o n i c s  In c .  m o d e l  358). D ouble  d e lay  line  

a m p l i f i e r s  a r e  p a r t i c u l a r ly  s u i ta b le  b e c a u s e  of t h e i r  a b i l i ty  to  han d le  

heavy  o v e r lo a d  p u ls e s  w ithout in t ro d u c in g  e x c e s s iv e  dead  t i m e ,  and 

t h e i r  ab il i ty  to  han d le  h igh  count r a t e s  w ithout e x c e s s iv e  b a s e  l ine  

s h i f t s .  A lso , t im e  j i t t e r  c a n  be  g re a t ly  r e d u c e d  by u s in g  d i s c r i m i n a t o r s  

and s in g le  ch an n e l  a n a l y s e r s  w h ich  t r i g g e r  off th e  " c r o s s - o v e r "  po in t 

of th e s e  p u l s e s .  Such r e d u c e d  t im e  j i t t e r  a l lo w s  s m a l l e r  r e s o lv in g  

t im e s  to  be  u s e d  in  th e  c o in c id e n c e  c i r c u i t s  and t h e r e f o r e  r e d u c e s  the  

a cc id e n ta l  c o in c id e n c e  r a t e .

P u l s e s  f r o m  th e  p h o to p eak s  of th e  c o in c id e n t  7  r a y s  to  be  

m e a s u r e d  w e re  s e l e c t e d  by m e a n s  of s in g le  c h a n n e l  a n a l y s e r s  and 

fed in to  a c o in c id e n c e  u n i t .  T h e  p o s i t io n  of th e  a n a l y s e r  w indow s w as 

ad ju s ted  b e f o r e  e a c h  d a y 's  ru n  and  th e  ga in  of th e  s y s te m  w as  ch ec k e d  

p e r io d ic a l ly  d u r in g  th e  ru n .  In i t ia l ly  i t  w as  found th a t  the  g a in s  of the  

p h o to m u l t ip l ie r s  w e r e  a f fe c te d  by th e  v e ry  h igh  coun t r a t e s  e x p e r ie n c e d  

d u r in g  the  t a r g e t  i r r a d i a t i o n ;  c h a n g e s  of up  to  25 p e r c e n t  o c c u r r e d ,  

ta k in g  up to  30 m in u te s  to  r e c o v e r .  T h is  e f fe c t  w a s  e l im in a te d  by
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ap p ly in g  a r e v e r s e  b i a s  of -90  v o l ts  b e tw e e n  th e  p h o to ca th o d es  and 

focus  g r id s  of th e  p h o to m u l t ip l ie r s  (F a  58) to  d is a b le  th e m  d u r in g  

i r r a d i a t i o n .  Any s u b s e q u e n t  s low  g a in  d r i f t s  d u r in g  a ru n  w e re  c o r ­

r e c t e d  by  a d ju s t in g  th e  h igh  v o l ta g e  supp ly  of e ac h  p h o to m u l t ip l ie r .

F in e  c o n t ro l  w as o b ta in ed  by m e a n s  of a  t e n  t u r n  h e lip o t  c o n tro l l in g  

15 p e r c e n t  of th e  h igh  v o l ta g e .

T h ro u g h o u t  th e  B ^ ( p , n) e x p e r im e n t ,  d e s c r ib e d  in  c h a p te r  

3, a  D y n a tro n  R ad io  L td .  , ty p e  1036C c o in c id e n c e  u n i t ,  hav ing  a 

r e s o lv in g  t im e  2 ‘V  -  0. 2 ^ s e c  w as  u s e d .  A c c id e n ta l  c o in c id e n c e s  

w e re  r e c o r d e d  w ith  a  s e c o n d  c o in c id e n c e  u n it  h av ing  a 1 jusec de lay  

in  one ch an n e l .  F o r  the  F  ^ ( p , n ) N e ^  e x p e r im e n t ,  d e s c r ib e d  in  

c h a p te r  2, a  C o sm ic  R a d ia t io n  L a b .  In c .  , m o d e l  801 m u lt ip le  f a s t / 

s low  c o in c id e n c e  u n i t  b e c a m e  a v a i l a b le .  T h is  u n it  c o n ta in ed  low le v e l  

d i s c r i m i n a t o r s  f o r  u s e  w ith  th e  f a s t  c h a n n e ls  and s in g le  ch an n e l  

a n a ly s e r s  f o r  a m p l i tu d e  s e le c t io n  f o r  th e  slow  c h a n n e ls .  T he  r e s o lv in g  

t im e  of the  s lo w  u n i t  w as  2 ‘V  = 2 jusec and th a t  of th e  f a s t  un it  w as  s e t  

at 2 V  = 0. 050 n s e c .  T h e  r e s o lv in g  t im e  of th e  f a s t  u n it  w as  c a p a b le  

of v a r i a t i o n  f r o m  O to  0. 180 ^ s e c .  T h e  lo w e s t  va lu e  w hich  cou ld  be  

u s e d  w ithout lo s in g  t r u e  c o in c id e n c e s  h o w e v e r ,  w as  l im i te d  to  0. 050 

jusec by the  t im e  j i t t e r  of th e  " c r o s s - o v e r "  p o in ts  of the  p u ls e s  f r o m  

th e  a m p l i f i e r s .  T h e  i n c r e a s e d  t im e  r e s o lu t io n  ob ta in ed  w ith  th i s  un it

e l im in a te d  th e  n e e d  f o r  a  s e c o n d  c o in c id e n c e  u n i t  to  r e c o r d  a c c id e n ta l



- 1 4 -

c o i n c i d e n c e s .  T h e  b e a m  c u r r e n t  w as  m e a s u r e d  by an  E l c o r  m o d e l  

A 309 A c u r r e n t  i n t e g r a t o r  which  was  a c c u r a t e  to  t  1 p e r c e n t .



C H A P T E R  2

T H E  F 19( p ,n ) N e 19 R EA C TIO N  B E T W E E N  5 AND 11 MeV

2, 1 In tro d u c t io n

19 19T he  F  1 ( p ,n ) N e  r e a c t io n  is  p a r t i c u l a r l y  su i ta b le  f o r  s tudy

u s in g  the  a c t iv a t io n  a p p a r a tu s  d e s c r ib e d  in  c h a p te r  1. T he  p ro d u c t  

19n u c le u s ,  Ne , d e c a y s  by p o s i t r o n  e m is s io n  w ith  a  h a l f - l i f e  of a p p ­

r o x im a te ly  17 s e c o n d s ,  and th e r e  a r e  no c o m p e t in g  r e a c t io n s  w hich  

r e s u l t  in  p o s i t r o n  a c t iv i ty .  T h e  r e a c t io n  is  e x t r e m e ly  d iff icu lt  to  

s tudy  (above about 5 MeV p ro to n  e n e rg y )  by any o th e r  te ch n iq u e  

b e c a u s e  of the  d iff icu lty  of ob ta in in g  a f lu o r in e  com pound  f o r  the  

t a r g e t ,  w hich  d o es  not a l s o  p ro d u c e  l a r g e  n u m b e r s  of n e u t ro n s  by 

(p ,n )  r e a c t i o n s .  T he  a c t iv a t io n  te c h n iq u e  c a n  d i s t in g u is h  th e s e

r e a c t io n s  by th e  d if fe r in g  r e s i d u a l  a c t i v i t i e s .

20T h e  e x c i ta t io n  re g io n  in  Ne above  about 13 MeV h a s  b e e n

19in v e s t ig a te d  m a in ly  th ro u g h  F  + p r e a c t i o n s .  A t th i s  e x c i ta t io n

20e n e r g y ,  th e  le v e l s  of Ne a r e  v e ry  c lo s e ly  s p a c e d ,  and only e x p e r i ­

m e n ts  c a r r i e d  out w ith  good e n e rg y  r e s o lu t io n  have  b e e n  ab le  to  s e e  

the  f ine  s t r u c t u r e .  S e v e r a l  g ro u p s  of w o r k e r s  (B1 51), (Wi 52), (Ma 55) 

have  s tu d ie d  th e  (p ,n )  r e a c t i o n  up  to  abou t 6 MeV p r o to n  e n e rg y  w hile  

the  ( p ,7 ) r e a c t i o n  h a s  b e e n  s tu d ie d  (Ge 59), (B r  60) o v e r  th e  p ro to n  

e n e rg y  r a n g e  0 to  11 MeV. S ta te s  in  N e 20 have  a l s o  b e e n  s tu d ie d  

th ro u g h  th e  (p ,n )  r e a c t i o n  in  th e  p r o to n  e n e rg y  r a n g e  up to  12 MeV.



T A B L E  2. 1

RESONANCES IN T H E  COM POUND SYSTEM Ne.*°

PROTO N EN ER G IES (MEV)

F 19(p .n ) F l V n ) F 19(p .n )  F l9 (p .n )  F 19(p,Y ) F 19(P .or) F 19(P,Y ) F l 9 (P .0 o ) F l 9 ( p .a o ) F l 9 ( p . o , ) F ,9 ( p .a o ) o ‘ * ( a .a ) Ex(N e*°)

• (Wi 52) (B1 51) (Ma 55) (B r 60) (WI 52) (Ge 59) (W a 83) (Ra 58) (Ra 58) (B r 60) (Hu 62) MeV

10. 2 10 22
9 8 9. 82 22. 1

9 60
9 .5 9. 50

9. 30 9 32
9 .2
9. 08
8. 82 8. 88 8780
8. 70 8. 70 21. 1
8. 37
8 28 8730 8. 30 8732
8. 15
8 .0 2

7. 80 7782
7. 74 n o

(7. 60)
7. 52 7. 55 7. 50 7750 2070
7. 41 (7 .8 5 )* *  *** 1. 37
7. 27 T T f
7. 14 . — — 0 3

8. «1
«,«7

6. 81______________________________________________________________________ ______________________________________________________________
8 . 66

6 .5 3 . 8. 5 6 .5 0 (6. 85)** 6 .4 5 6 .5 0 19. 0
6 .3 5 6 .3 5

(6. 25) 6. 25
6. 15 6. 1 b7T3
6 .0 3 6 .0 0 5. 96

(5. 88)
5. 73 5. 8 5. 75 5. 80 5. 72

• 5753
5. 37 5. 4 5 .4 5. 38 5. 37 5. 38 1870
5. 26 5 .3

5. 20 5 .2 0 5. 20 (5. 5)** 5. 17 5. 20 5. 19
5. 11 5. 07 5. 1 5. 07

•5. 03 8. 05
4. 96 4 .9 9 5. 0 4. 99 4. 97 5 .0 0 4. 95 4 .9 5

(4 85) 4. 85 4. 90 4 . 90
4. 78 4. 8 4. 8 4. 78
4. 71 4. 71 4 .6 8 4. 71 4 .7 0 4 .71
4. 62 4 .6 4 4 .8 5
4 57 4 .5 7
4. 49 4 .4 9 4 .4 9 4 .5 0
4 .4 6 4 .4 8 4 .4 7

4. 38 4 .3 7 4. 35 1 7 .0
4 .2 9 4 .2 9 4. 32 4 26

M i *41 t.l x+s 2 . K £••1 t . l t« 2 l.M £41 M l » • o r

T h e  p re s e n t  e x p e rim e n t

•*  It h a s  been  su g g ested  (B r 80) th s t  th e s e  f ig u re s  s r e  a p p ro x im a te ly  300 keV too  la rg e .

*** R eso n an ces  s e en  In 0 16( a . a )  e x p re s s e d  In t e r m s  of th e  p ro to n  en e rg y  g iv ing  the  sa m e  e x c ita tio n  to  NeJ ° .
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(B r 60), (Ra 58), (Wi 52), (Wa 63). A t the  h ig h e r  e x c i ta t io n  e n e r g i e s ,  

i t  i s  d if f icu l t  to  r e l a t e  th e  energy  le v e l s  r e p o r te d  by d i f f e r e n t  r e a c t i o n s .  

H o w e v e r ,  a  c o m p le te  s u m m a r y  of th e  r e p o r t e d  l e v e l s ,  and th e i r  

p o s s ib l e  r e l a t io n s h ip  i s  g iven  in  ta b le  2 . 1.

B l a s e r  et a l .  (Bl 51) have s tu d ie d  th e  (p ,n )  r e a c t io n  u s in g  an  

a c t iv a t io n  te c h n iq u e .  A fixed  en e rg y  c y c lo t r o n  p ro v id e d  6 . 84 MeV 

p r o t o n s ,  and a lu m in iu m  a b s o r b e r s  w e re  u s e d  to  v a r y  th e  in c id en t  

b e a m  e n e r g y .  T h e  r e s u l t in g  en e rg y  r e s o lu t io n  w as  p o o r ,  and only 

th e  g r o s s  s t r u c t u r e  w as s e e n .  W il la rd  et a l .  (Wi 52) s tu d ie d  th e  

(p ,n )  and (p,<ry) r e a c t i o n s ,  u s in g  p ro to n s  f r o m  a  6 MV Van de G r a a f f  

a c c e l e r a t o r .  N e u tro n s  w e r e  d e te c te d  by a long c o u n te r ,  and the  7 r a y s  

by a N a I ( T ^  ) c r y s t a l .  T h e  e n e rg y  r e s o lu t io n  o b ta in ed  w as  good , and 

m any  s h a r p  r e s o n a n c e s  w e r e  o b s e rv e d  in  b o th  r e a c t i o n s .  T h e  (p ,n )  

r e a c t i o n  w as  a ls o  s tu d ie d ,  u s in g  a long  c o u n te r ,  by M ar io n  e t a l .

(Ma 55). P r o to n s  f r o m  a 6 MV Van de G r a a f f  a c c e l e r a t o r  w e r e  u s e d .  

H o w ev e r  a r e l a t iv e ly  th ic k  t a r g e t  w as u s e d  and  only m o d e r a te  en e rg y  

r e s o lu t i o n  w as  o b ta in ed .

G e m m e l l  et a l .  (Ge 59) c a r r i e d  out a  s tu d y  of th e  7 r a y s  f r o m
^19

th e  F  (p ,y )  r e a c t i o n  u s in g  7. 7 MeV p ro to n s  f r o m  a c y c lo t ro n .  T h e  

b e a m  e n e rg y  w as  m o d if ied  by  a b s o r b e r  fo i l s .  T h e i r  e x c i ta t io n  func tion  

i s  n o tab le  f o r  i t s  la c k  of s t r u c t u r e ,  b u t  th i s  i s  p ro b a b ly  due in  p a r t  

to  th e  p o o r  e n e rg y  r e s o lu t io n .  T h e  s a m e  r e a c t io n  w as  s tu d ie d  by
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B r o u d e  and  G ove  (B r 60), up to  p ro to n  e n e r g ie s  of 11 MeV u s in g  a

t a n d e m  V an de G r a a f f  a c c e l e r a t o r .  A lthough  th e i r  e n e rg y  r e s o lu t io n

(100 keV ) w as  m u c h  b e t t e r  th a n  th a t  o b ta in ed  by G e m m e l l  e t a l .  ,

t h e i r  e x c i t a t io n  fu n c t io n  show ed th e  s a m e  s t r ik in g  la ck  of s t r u c t u r e .

19 /T h e s e  a u th o r s  a l s o  s tu d ie d  th e  F  (P»<*0 ) r e a c t i o n  o v e r  th e  s a m e  

e n e r g y  r a n g e ,  w ith  so m e w h a t  b e t t e r  r e s o lu t io n .  T h is  e x c i ta t io n  

fu n c t io n  show ed  c o n s id e ra b ly  m o re  s t r u c t u r e  th a n  did th a t  f r o m  th e  

y - r a y  w o rk .

U s in g  p r o to n s  f ro m  a 5 MV Van de G r a a f f  a c c e l e r a t o r ,

R a n k e n  e t a l .  (Ra 58) o b ta in ed  e x c i ta t io n  fu n c tio n s  w ith  good e n e rg y

r e s o lu t io n  fo r  th e  ( p ,n  ), ( p , ar„), (Pjcry) and (p ,p 'y) r e a c t i o n s .  C o n -

s i d e r a b l e  s t r u c t u r e  w as  ev id en t  in  a l l  th e  e x c i ta t io n  fu n c t io n s ,  and

good a g r e e m e n t  w as  o b ta in ed  w ith  the  r e s u l t s  of o th e r  w o r k e r s .

T h e  (P jQ'o) r e a c t i o n  d a ta  h a s  b e e n  ex ten d ed  up  to  a  p ro to n  e n e rg y  of

12 MeV w ith  good e n e r g y  r e s o lu t io n  by W a r s h  e t a l .  (Wa 63). T h e

p ro to n  b e a m  w as  o b ta in e d  f r o m  a ta n d e m  V an de G r a a f f  a c c e l e r a t o r .

H e re  a g a in  c o n s id e r a b l e  s t r u c t u r e  w as r e p o r t e d .  T h e  e n e rg y  le v e l s

2o
of Ne h av e  b e e n  in v e s t ig a te d  b e tw e e n  th e  e x c i ta t io n  e n e r g ie s  of 16 

and 20 MeV by H unt e t  a l .  (Hu 62) by m e a n s  of the  O^(or,or) r e a c t i o n .  

Q uite  good a g r e e m e n t  w as  o b ta in e d  w ith  le v e l s  r e p o r t e d  by o th e r  

w o r k e r s  in  th e  lo w e r  e x c i t a t io n  e n e rg y  r e g io n .

20C lo se  a g r e e m e n t  i s  found fo r  th e  le v e l s  in  Ne up  to  abou t
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18 MeV e x c i ta t io n  a s  s e e n  by v a r io u s  d i f f e r e n t  r e a c t i o n s .  H o w ev e r ,  

above  th is  e n e rg y  c o n s id e r a b le  d i f f e r e n c e s  e x is t  in  the  am o u n t of 

s t r u c t u r e  s e e n  by d i f f e r e n t  r e a c t i o n s .  It w as t h e r e f o r e  a p p a re n t  

th a t  an  e x te n s io n  of th e  e a r l i e r  (p ,n )  w o rk  in to  th e  p ro to n  en e rg y  

re g io n  up to  11 M eV , w ith  good e n e rg y  r e s o lu t io n ,  would p ro v id e  

u s e fu l  in fo r m a t io n  on th e  le v e l  s t r u c t u r e ,  and p o s s ib ly  th e  r e a c t io n  

m e c h a n is m .

2. 2 E x p e r im e n ta l  A p p a ra tu s

T he  a c t iv a t io n  a p p a r a tu s  and  th e  t r i p l e  ( f a s t - s lo w )  c o in ­

c id en c e  un it  u s e d  in  th i s  e x p e r im e n t  h av e  b e e n  d e s c r ib e d  in  c h a p te r  1.

T h e  f lu o r in e  t a r g e t  w as o b ta in ed  by v a c u u m  e v a p o ra t io n  of 

M n F 2  onto a  th in  gold  fo i l .  T h e  com pound  M n F 2  w as  c h o se n  fo r  th e  

t a r g e t  fo r  two r e a s o n s .  B e c a u se  of i t s  low  m e l t in g  po in t of 8 56°C , 

i t  i s  v e ry  e a s i ly  e v a p o r a te d  u n d e r  v a c u u m  f r o m  a ta n ta lu m  b o a t .

A ls o ,  m a n g a n e se  i s  a  s in g le  i so to p e  w h ich  d o es  not b e c o m e  p o s i t r o n  

ac t iv e  w hen i r r a d i a t e d  w ith  p r o to n s .  Only th e  M nü^ ( p , n ) F e ^  r e a c t io n  

le ad s  to a  r a d io a c t iv e  n u c le u s .  H o w e v e r  th e  X r a y s  r e s u l t in g  f ro m  

th is  2. 9 y e a r  K c a p tu r e  a c t iv i ty  do not a f fe c t  th e  p r e s e n t  e x p e r im e n t .

T h e  t a r g e t  b a ck in g  w as  c h o s e n  to  b e  a s  th in  a s  p o s s ib le  in  

o r d e r  to  r e d u c e  th e  n u m b e r  of n e u t r o n s  p ro d u c e d  by i t .  Sh ie ld ing  

cannot e a s i ly  b e  p ro v id e d  to  p r e v e n t  t h e s e  n e u t r o n s  f r o m  a c t iv a t in g  

the  Nal c r y s t a l  d e t e c t o r s .  T h e  th ic k n e s s  of th e  fo il  h o w e v e r ,  w as



<  >
o o

FIG  2. 1 C i r c u i t  d ia g ra m  f o r  a 100 K c / s  c r y s t a l  c o n t ro l le d  
. A ll  r e s i s t a n c e s  a r e  in  o h m s  and a l l  c a p a c i ta n c e s  in  

m i c r o - f a r a d s .
o s c i l l a to r
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t h ic k  enough to  p re v e n t  the  N e ^  n u c le i  r e c o i l in g  out of th e  t a r g e t

and b e in g  lo s t  f r o m  the  counting  re g io n .  G old  fo i ls  3 m g m /c m ^

th ic k  w e re  found to  be  su i ta b le  f o r  th i s  p u r p o s e .

2. 3 T h e  H a lf -L ife  of N e 19

19T h e  h a lf - l i f e  of Ne w as not w ell know n, and  m any  c o n ­

f l i c t in g  v a lu e s ,  ran g in g  f ro m  17 .4  i - 0. 2 s e c .  up to  20. 3 t  0. 5 s e c .  , 

had  b e e n  r e p o r te d  (Aj 59). F o r  th i s  r e a s o n ,  and b e c a u s e  an a c c u r a t e  

v a lu e  of th e  decay  c o n s ta n t  w as r e q u i r e d  f o r  an  a b so lu te  c r o s s  s e c t io n  

m e a s u r e m e n t  (see  s e c t io n  2. 5), i t  w as  d e c id ed  to  m e a s u r e  th e  N e ^  

d e ca y  h a l f - l i f e .

A 400 c h an n e l  p u ls e  he igh t a n a l y s e r ,  o p e ra te d  in  i t s  t im e  

a n a ly s e r  (m u l t i - c h a n n e l  s c a l e r )  m o d e ,  w as  u s e d  to  fo llow  the  decay  

of th e  a c t iv i ty .  P a r t  of the  a n a ly s e r  b e h a v e s  a s  a  s im p le  s c a l e r  w h ich  

r e c o r d s  th e  in c o m in g  p u l s e s .  On an  e x te r n a l  s ig n a l  f r o m  a p u ls e  

g e n e r a to r ,  the  c o n te n ts  of the  s c a l e r  a r e  r e c o r d e d  in  an  a p p r o p r ia t e  

ch an n e l  of th e  p u ls e  h e ig h t  a n a l y s e r ,  th e  s c a l e r  i s  c l e a r e d ,  and th e  

coun ting  i s  b eg u n  ag a in .  T h i s  c y c le  is  r e p e a t e d ,  s te p p in g  f ro m  c h an n e l  

to  c h an n e l  f o r  a s  long a s  i s  d e s i r e d .  T h e  d ecay  h a l f - l i f e  i s  of the  

o r d e r  of 17 s e c o n d s .  H ence  a coun ting  i n t e r v a l  of 2 s e c o n d s  w as 

c h o se n .  T h i s  a llow ed  r e a s o n a b le  s t a t i s t i c a l  a c c u r a c y  to  be  b u i l t  up 

f o r  e ac h  p o in t .  It a l s o  gave  a r e a s o n a b le  n u m b e r  of p o in ts  on th e  

f i r s t  tw o o r  t h r e e  h a l f - l i v e s  of th e  c u r v e ,  f r o m  w hich  an  a c c u r a te
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F IG . 2 .2  A g a m m a  ra y  s p e c t r u m  ta k e n  w ith  one of the  
7. 6 c m  x 7. 6 cm  s p e c t r o m e t e r s  a f t e r  b o m b a r d m e n t  w ith  
4. 8 MeV p ro to n s .  T he  h a tch ed  a r e a  in d ic a te s  th e  e n e rg y  
in te r v a l  s e l e c te d  f o r  th e  c o in c id en c e  m e a s u r e m e n t s .
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e s t i m a t e  of the  h a lf  l ife  could  be  m a d e .  T h e  c h an n e l  advance  p u l s e s  

w e r e  c o n t r o l le d  by a s c a le d  down 100 K c / s e c .  c r y s t a l  o s c i l l a t o r .

T h e  s im p le  o s c i l l a to r  c i r c u i t  u s e d  (see  fig  2. 1), w as  m e a s u r e d  to  

h av e  a  s ta b i l i ty  b e t t e r  th a n  one p a r t  in  10 . T h e  in t r o d u c t io n ,  in  th e  

l a s t  f o u r  o r  f ive  y e a r s ,  of m u l t i - c h a n n e l  a n a l y s e r s  which c a n  be  

o p e r a t e d  in  the  t im e  a n a ly s e r  m ode  h a s  g r e a t ly  i n c r e a s e d  th e  e a s e  

w ith  w h ich  h a l f - l i f e  m e a s u r e m e n t s  c an  be  m a d e .  U sin g  th e s e  i n s t r u ­

m e n t s ,  a s  m any  a s  fo u r  o r  five  h u n d re d  p o in ts  can  be  m e a s u r e d  on 

one d e ca y  c u r v e .  T h is  a l lo w s  th e  decay  to  b e  fo llow ed  o v e r  v e r y  

m any  h a l f - l i v e s  and  le a d s  to  a  m o r e  a c c u r a te  e s t i m a te  of b a c k g ro u n d  

c o n t r ib u t io n s .  F o r t u n a t e l y ,  th e  in t ro d u c t io n  of c o m p u tin g  f a c i l i t i e s  

to  m o s t  l a b o r a t o r i e s  h a s  g re a t ly  l ig h ten ed  th e  b u rd e n  of a n a ly s in g  

th is  in c r e a s e d  v o lu m e  of d a ta .

T he  F  t a r g e t  w as  b o m b a rd e d  f o r  60 s e c .  w ith  0. ljuA of 

4. 8 MeV p r o to n s ,  and th e  d e ca y  of th e  in d u ced  a c t iv i ty  fo llow ed  fo r

290 s e c s .  , th a t  i s  about 15 h a l f - l i v e s .  T h e  N e ^  d ecay  goes  100

1 Qp e rc e n t  to  the  g ro u n d  s t a t e  of F  (Aj 59), and t h e r e f o r e  th e  0„ 511 MeV 

a n n ih i la t io n  q u a n ta  a r e  the  only c h a r a c t e r i s t i c  y  r a y s .  P u l s e s  f r o m  

e a c h  y - r a y  d e t e c t o r  w e r e  fed  in to  s in g le  c h an n e l  a n a l y s e r s  w ith  th e  

w indows s e t  o v e r  th e  y - r a y  p h o to p e ak s  (see  f ig  2. 2). By fo llo w in g  

the  decay  of c o u n ts  in  th e  w indow , s in g le  c o m p o n en t decay  c u r v e s  

on c o n s ta n t ,  low b a c k g r o u n d s  w e r e  o b ta in ed . T h e  s t a t i s t i c a l  a c c u r a c y



F IG . 2. 3 A ty p ic a l  Ne-*-  ̂ d ecay  c u r v e ,  t o g e th e r  w ith  a lo g a r i th m ic  
p lo t  of th e  d a ta  a f t e r  b a c k g ro u n d  s u b t r a c t i o n .  T h is  c u rv e  c o n s i s t s  of 
th e  s u m  of a  n u m b e r  of r u n s ,  in  e ac h  of w h ich  coun ting  l o s s e s  and g a in -

c h an g e  e f fe c t s  w e re  n e g l ig ib le .



- 2 1 -

of the  d e c a y  c u r v e s  w as i n c r e a s e d  by adding  a l a r g e  n u m b e r  of r u n s ,  

in  e ac h  of w h ich  coun ting  lo s s e s  and g a in -c h a n g e  e f fe c ts  w e re  n e g ­

l ig ib le .  A s a c h ec k  th a t  o th e r  a c t iv i t i e s  w e re  not a f fec t in g  the  r e s u l t s ,  

s e v e r a l  d e te r m in a t io n s  w e re  m ad e  by  fo llow ing the  d ecay  of th e  coun t 

r a t e  of c o in c id e n c e s  b e tw ee n  the a n n ih i la t io n  q u an ta .  T h is  d o es  no t 

ex c lu d e  f r o m  the  m e a s u r e m e n t ,  o th e r  p o s i t r o n  a c t iv i t i e s  p o s s ib ly  

p r e s e n t  on th e  t a r g e t .  No a t te m p t  w as  m ad e  to  ch eck  fo r  o th e r  a c t i v i ­

t i e s .  H o w e v e r ,  i t  w as  a p p a re n t  f r o m  the  l in e a r i ty  of th e  lo g a r i th m ic  

p lo ts  ( s e e  f ig  2. 3) th a t  th e  e ffec t  of any su ch  i m p u r i t i e s ,  e x ce p t  th o s e  

g iv ing  p o s i t r o n  a c t i v i t i e s  w ith  a h a l f - l i f e  v e ry  c lo s e  to  th a t  of N e ^ ,  

w as n e g l ig ib le .

19T h e  Ne h a l f - l i f e  w as d e te r m in e d  f o r  each  m e a s u r e m e n t ,

by a w e ig h ted  l e a s t - s q u a r e s  f i t  of a s t r a ig h t  l in e  to  th e  lo g a r i th m  of

th e  n e tt  cou n tin g  r a t e  ( i . e .  , to ta l  coun ts  m in u s  th e  c o n s ta n t  b a c k g ro u n d )

p lo tted  a g a in s t  t i m e .  T h e  r e c i p r o c a l  of th e  s t a n d a r d  d e v ia t io n  w as

u s e d  a s  a  w e ig h tin g  f a c to r  fo r  e a c h  po in t.  If the  a c tu a l  m e a s u r e d
x

n u m b e r  i s  N , th e n  th e  s ta n d a r d  d e v ia t io n  i s  0~(N) = N 2 . T h e  n u m ­

b e r s  p lo t ted  h o w e v e r ,  a r e  of th e  fo r m  y = log  N. D if f e r e n t ia t io n  g iv e s

, dN
dy = —

J N

T h e r e f o r e  i f  th e  a s s u m p t io n  i s  m a d e  th a t  th e  s t a n d a r d  d e v ia t io n  of th e  

tw o n u m b e r s  fo l lo w s  the  s a m e  f o r m ,
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cr (y)
g ( N )

N

S u b s t i tu t io n  fo r  C T ( N )  g ives

cr(y)  = n

and t h e r e f o r e  th e  a p p ro p r ia te  w e ig h tin g  f a c to r  f o r  log N is

— —  =  N ¥
cr{ y)

A to ta l  of five  in d ep en d en t m e a s u r e m e n t s  w e re  m ad e  and

a n a ly s e d  at d i f f e r e n t  t i m e s .  T he  r e s u l t s  f r o m  th e s e  m e a s u r e m e n t s

show ed th a t  the  eq u ip m en t w as fu n c tio n in g  c o n s i s t e n t ly .  T h e  r e s u l t s  

1 Qf o r  the  N e h a l f - l i f e  a r e  17. 40 , 1 7 .4 8 ,  1 7 .2 9 ,  17. 32 and 17. 64 s e c .  

(all - 0. 13 s e c . )  F r o m  th i s  d a ta ,  th e  h a l f - l i f e  and i t s  s ta n d a r d  

d e v ia t io n  w as  d e te r m in e d  a s

X  (N e19) = 1 7 .4 3  + 0. 06 s e c .

2. 4 A b so lu te  C r o s s  S ec tion

2 . 4 . 2  C r o s s  S ec t io n  F o r m u l a

In th i s  s e c t io n ,  th e  f a c t o r s  inv o lv ed  in  th e  d e te r m in a t io n  of 

an  a b so lu te  c r o s s  s e c t io n  u s in g  an a c t iv a t io n  te c h n iq u e  a r e  o u tl in ed .

A s s u m in g  a c o n s ta n t  c u r r e n t  a r r i v i n g  at th e  t a r g e t ,  the  

n u m b e r  of r e a c t i o n s  p e r  s e c o n d  in d u c ed  in  th e  t a r g e t  i s

R O’ —  I s e c  
M

(2 . 1)
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w h e re  R  i s  th e  n u m b e r  of p r o t o n s / s e c .  s t r ik in g  the  t a r g e t .

o
0 " i s  the  r e a c t io n  c r o s s  s e c t io n  in  cm  . 

x  i s  th e  t a r g e t  th ic k n e s s  in  g m /c m  , 

and M is  the  m a s s  of a F ^  n u c leu s  in  g m s .

19It fo l lo w s  t h e r e f o r e ,  th a t  the  n u m b e r  of r a d io a c t iv e  Ne n u c le i  

p r e s e n t  i n  th e  t a r g e t  a f t e r  t-  ̂ s e c o n d s  b o m b a r d m e n t  i s

N = (1 - e "  ^  )
M A

(2 . 2)

w h e re  A i s  the  Ne*'® d ecay  c o n s ta n t .

In  o r d e r  to  d e te r m in e  th e  c r o s s  s e c t io n  CT , a  r e l a t i o n  m u s t  

be  found b e tw ee n  the  n u m b e r  of ev en ts  r e c o r d e d ,  and the  n u m b e r  of 

r a d io a c t iv e  n uc le i  p ro d u c e d  by th e  b o m b a r d m e n t .  T h e  to ta l  e f f ic ie n cy  £, 

of th e  d e t e c to r  fo r  0. 511 MeV y  r a y s  w ill  b e  de fined  a s  th e  p ro b a b i l i ty  

th a t  an  0. 511 MeV a n n ih i la t io n  quan tum  e m i t te d  in to  4 *  s t e r a d i a n s ,  

w ill  be  d e te c te d  by th e  c r y s t a l .  It i s  c o n v en ie n t  to  de fine  an  i n t r i n s i c  

e ff ic ie n cy  £  ' by th e  r e l a t io n  6 = (XX/ 4  * )  £'  , w h e re  £ ,1 i s  now the

p ro b a b i l i ty  th a t  an  0. 511 MeV a n n ih i la t io n  qu an tu m  w ill be  d e te c te d ,  

p ro v id e d  it e n t e r s  th e  c r y s t a l  w h ich  s u b te n d s  a  so l id  an g le  of XX at 

th e  t a r g e t .  F o r  e v e ry  p o s i t r o n  d e c a y ,  tw o 0, 511 MeV q u a n ta  a r e  

p ro d u c e d .  H ence  th e  p ro b a b i l i ty  th a t  one w ill  be  co u n ted  in  one of the  

d e t e c to r s  i s  2 £  . F o r  p o s i t r o n s  d eca y in g  a t  r e s t ,  t h e r e  i s  a  180° 

c o r r e l a t i o n  b e tw ee n  the  a n n ih i la t io n  q uan ta . A lso  th e  tw o 7 - r a y  c o u n te r s
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a r e  p la c e d  s y m m e t r i c a l l y  about th e  t a r g e t .  H ence  i f  one y  ra y  is  

d e te c te d  in  one of the  c r y s t a l s ,  th e  o th e r  y  r a y  m u s t  e n t e r  the  seco n d  

c r y s t a l .  T h e  p ro b a b i l i ty  of th i s  s eco n d  y  r a y  b e in g  d e te c te d  is  £ '  . 

T h e r e f o r e  th e  p ro b a b i l i ty  of d e te c t in g  a c o in c id e n t  even t i s  2 £  £ '  ,

In th e  p r e s e n t  e x p e r im e n t ,  c o in c id e n c e s  w e r e  m e a s u r e d  b e tw ee n  

p u ls e s  in  th e  y  r a y  p h o to p e a k s .  H ence  th e  c o in c id e n c e  e ff ic ien cy  

m u s t  b e  m o d if ied  by th e  r a t i o  P ,  of th e  p h o to p eak  co u n ts  to  the  to ta l  

c o u n ts .  T h e  p ro b a b i l i ty  of o b s e rv in g  a p o s i t r o n  decay  a s  a c o in ­

c id e n c e  b e tw e e n  the  a n n ih i la t io n  quan ta  i s  t h e r e f o r e

( 2 £ P 1 £ ' P 2) (2 .3 )

w h e re  the  su f f ic e s  r e f e r  to  th e  d i f f e r e n t  c r y s t a l s .

We r e q u i r e  to  know  th e  f r a c t io n  of th e  a c t iv e  n u c le i  p ro d u c e d  

d u r in g  the  b o m b a rd m e n t  f r o m  t  = O t o t  = t^ w h ich  d ecay  d u r in g  the  

counting  i n t e r v a l  f ro m  t im e  t = t 2 to  t = tg  s e c o n d s .  T h e  f r a c t io n  

of th e  ac t iv e  n u c le i  le f t  a t t im e  t = t 2 s e c o n d s  i s  e ^  and

th e  f r a c t io n  le ft  a t t im e  t  = tg  s e c o n d s  is  e t l ) X   ̂ H ence

the  f r a c t io n  w hich  have  d e c a y e d  d u r in g  the  t im e  in t e r v a l  f r o m  t 2 to  

tß s e c o n d s  i s

j - e - ( t2 - t 1) X _  e-(t3 - t!)X ] (2. 4)

C om bin ing  eq u a t io n s  2. 4 and  2. 3 g iv e s  th e  f r a c t i o n  of th e  r a d io a c t iv e  

n u c le i  p r e s e n t  im m e d ia te ly  a f t e r  b o m b a r d m e n t ,  w hich  a r e  d e te c te d  

by th e  c o u n te r  s y s t e m .  T h i s  i s
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[2  €  P t £  1 P , ]  [  e " ^ 2 " — e ~*t3 " ]  (2. 5)

H en ce  th e  a c tu a l  n u m b e r  of d e c a y s  m e a s u r e d  i s  found f r o m  eq u a tio n s  

2. 5 an d  2. 2 to  be

Y
R crx

m X [ l  - e t l ^ 3 [ 2 £ P 1£ ' P 2 ] [  e e ^ 3 (2.

T h e  n u m b e r  of p ro to n s  s t r ik in g  th e  t a r g e t  p e r  s e c o n d  i s  found f r o m  

th e  in te g r a t e d  c u r r e n t  I ,  (a s su m in g  a c o n s ta n t  c u r r e n t )  to  be

I

R = t l  . 1 .6 0  . 1 0 " 19 P r 0 t ° nS 1 S6C (2‘ 7)

w h e re  t^  i s  the  t im e  of the  b o m b a r d m e n t ,

I i s  m e a s u r e d  in  c o u lo m b s ,

- 19and 1. 60 x 10 ' c o u lo m b s  i s  th e  c h a r g e  on a p ro to n .

S u b s t i tu t in g  eq u a tio n  2. 7 in to  2. 6 and r e - a r r a n g i n g  g iv e s ,

Y X M t-, . 1. 60 . 10"
O' _ ----------------------------------------------------------------------------------------——_cm  2̂ g^

I X ^ 2  e P j C ' P j  [ l  - [ e ' * t2 ■ T * — e '  T * ]

2. 5. 1 C r o s s  S ec tio n  D e te r m in a t io n

T h e  t a r g e t  th ic k n e s s  w as  m e a s u r e d  u s in g  p r o to n s  f r o m  th e  

C a n b e r r a  1. 2 MV C o c k c ro f t -W a l to n  a c c e l e r a t o r .  T h e  e v a p o r a t io n  of 

th e  M n F 2 t a r g e t  w as  c a r r i e d  out w ith  a p ie c e  of th ic k  a lu m in iu m  fo il  

p la c e d  a lo n g s id e  the  gold b a c k in g .  It w a s  found e x p e r im e n ta l ly  th a t  

th e  th ic k n e s s  of th e  t a r g e t  l a y e r  w as  u n i f o r m .  T he  d i s p la c e m e n t  of



T

O  UJ

cnaiA
F IG . 2 .4  T h e  m e a s u r e m e n t  of th e  M n F 2  t a r g e t  th i c k n e s s .
T h e  c lo se d  c i r c l e s  r e p r e s e n t  th e  y ie ld  of 12. 3 MeV y r a y s  f r o m  
th e  th ic k  A1 t a r g e t  a ro u n d  th e  773 keV  A l^ ^ ( p ,y ) S i^ ^  r e s o n a n c e .  
T h e  open  c i r c l e s  show  the  a p p a r e n t  e n e rg y  sh if t  of t h i s  r e s o n a n c e  
w hen  th e  M n F 2  c o a te d  s id e  of th e  A1 t a r g e t  w as  p r e s e n t e d  to  the

p ro to n  b e a m .
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27th e  n a r r o w  773 keV  A1 (p ,y )  r e s o n a n c e  w as  t h e r e f o r e  u s e d  a s  a

m e a s u r e  of th e  a c tu a l  t a r g e t  th i c k n e s s .  B e c a u s e  of th e  p o s s ib i l i ty

of u n d e s i r a b l e  c o n ta m in a t io n  by oil f r o m  th e  d if fu s io n  p u m p s ,  th e

gold  b a c k e d  t a r g e t  i t s e l f  w as  not in v e s t ig a te d  d i r e c t ly .

2 7 28An e x c i ta t io n  fu n c tio n  o v e r  th e  773 keV  A1 (p ,y ) S i  r e s o n a n c e

w as  m e a s u r e d  u s in g  a 13 c m  d i a m e te r  by 10 cm  th ic k  N a l (T ^ )  c r y s t a l

to  d e te c t  th e  12. 3 MeV y  r a y s  p ro c e e d in g  to  the  g ro u n d  s t a t e  of Si^ .

T h e  a p p a r e n t  sh if t  in  th e  r e s o n a n c e  when th e  M n F 2  co a te d  s id e  of the

a lu m in iu m  fo il  w as  p r e s e n t e d  to  the  b e a m  (see  fig  2 .4 )  w as  th e n  a

m e a s u r e  of the  e n e rg y  lo s s  of 773 keV p ro to n s  in  th e  l a y e r .  T h e

e n e r g y  lo s s  w as  found to  b e  8. 7 t  0 .6  keV , and u s in g  th e  c o m p i la t io n s

of p ro to n  s to p p in g  c r o s s  s e c t io n s  (Wh 58) (De 63), th e  co n ten t  of

2
f lu o r in e  w as  c a lc u la te d  a s  19. 5 + 2. 5 ju g m /cm  .

T h e  d e te c t io n  e ff ic ie n cy  of th e  p o s i t r o n  coun ting  s y s t e m

22(2 £ P ^  £ ' P 2 ), w as  d e te r m in e d  d i r e c t ly  u s in g  a  c a l i b r a t e d  N a u s o u r c e . *  

22T h e  decay  of N a p r o c e e d s  p a r t ly  (89. 7 p e r c e n t )  by p o s i t r o n  d ecay

22to  th e  f i r s t  e x c i ted  s t a t e  of Ne , and p a r t ly  (10. 2 p e r c e n t )  by e l e c t r o n  

c a p tu r e  to  the  s a m e  le v e l  (En 62). (See fig  2. 5). T he  d ecay  of th i s  

le v e l  g iv e s  a  1. 28 MeV y  r a y  in  c o in c id en c e  w ith  the  a n n ih i la t io n  qu an ta .

* T h i s  s o u r c e  w as  c a l i b r a t e d  to  an  a c c u ra c y  of l - 2. 5 p e r c e n t ,  u s in g  a 
4x ß - y  c o in c id e n c e  c o u n te r ,  by the  A u s t r a l i a n  A to m ic  E n e rg y  
C o m m is s io n  R e s e a r c h  E s t a b l i s h m e n t ,  L u c a s  H e ig h ts .
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F IG . 2. 5 T h e  d ecay  s c h e m e  of N a 22
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22T h e  c o in c id en c e  e ff ic ien cy  m e a s u r e d  w ith  the  N a s o u r c e  w as  c o r ­

r e c t e d  f o r  the  c o n t r ib u t io n  f r o m  c o in c id e n c e s  b e tw e e n  an  0. 511 MeV

7 r a y  in one c r y s t a l  and the  C o m p to n  t a i l  of a  1. 28 MeV 7 ra y  in  th e

22o th e r .  A s p e c t r u m  of th e  N a 7 r a y s  o b ta in ed  w ith  the  s a m e  g e o ­

m e t r y  w as u s e d  to  e s t im a te  th e  f r a c t io n  of th e  1. 28 MeV 7 r a y s  w hose  

p u ls e  h e ig h ts  fe l l  w ith in  th e  w indow o v e r  the  0. 511 MeV pho topeak . 

A p p ro x im a te ly  10 p e r c e n t  of th e  m e a s u r e d  c o in c id e n c e s  w e re  b e tw e e n  

0. 511 and 1. 28 MeV 7 r a y s .  T he  c h an g e  in  c o in c id en c e  e ff ic ien cy  

c a u s e d  by the  sec o n d  o r d e r  e ffe c t  of 0. 511 and 1. 28 MeV p u ls e s  

b e in g  r e c o r d e d  in  the  one c r y s t a l  and th u s  r e m o v in g  a p u lse  f r o m  

th e  0. 511 MeV p h o to p e ak ,  w as  n e g le c te d .

In d e r iv in g  th e  c r o s s  s e c t io n  f o r m u la ,  i t  w as a s s u m e d  th a t  

th e  b e a m  c u r r e n t  w as c o n s ta n t  d u r in g  the  b o m b a r d m e n t .  T h e  e ffe c t  

of v a r io u s  o s c i l l a t io n s  and c h a n g e s  in  th e  b e a m  c u r r e n t  d u r in g  b o m ­

b a r d m e n t  w e re  c a lc u la te d  (see  ap p en d ix  A) and i t  w as  found th a t  a 

m a x im u m  e r r o r  of 1 p e r c e n t  w as  in t r o d u c e d  d u r in g  n o r m a l  ru n n in g  

c o n d i t io n s .  T h e  in te g r a te d  c u r r e n t  w as  a c c u r a t e  to  "t 1 p e r c e n t  and 

th e  t im in g  of th e  b o m b a rd m e n t  and  cou n tin g  p e r io d s  w e re  a c c u r a t e  

to  t  0 .5  p e r c e n t .  T h e  a c c u r a c y  of th e  m e a s u r e d  " e q u iv a le n t  c o n s ta n t  

c u r r e n t "  w as  t h e r e f o r e  t  1.5 p e r c e n t .  T h e  d ecay  c o n s ta n t  X  w a s  

m e a s u r e d  and i s  a c c u r a t e  to  d- 0. 4 p e r c e n t ,  and  th e  s t a t i s t i c a l  a c ­

c u r a c i e s  of th e  m e a s u r e d  y ie ld s  w e r e  b e t t e r  th a n  l - 1 p e r c e n t .  T h e



- 2 8 -

d i s t r i b u t io n  of e r r o r s  in  th e  c r o s s  s e c t io n  m e a s u r e m e n t  i s  shown 

in  t a b le  2. 2.

T A B L E  2. 2

D is t r ib u t io n  of e r r o r s  in  the  a b so lu te  c r o s s  s e c t io n  m e a s u r e m e n t

SOURCE OF E R R O R P E R C E N T A G E

T a r g e t  th ic k n e s s + 15%

D ecay  c o n s ta n t + 0.4%

E q u iv a le n t  c u r r e n t + 1. 5%

Counting  s t a t i s t i c s + 1%

D e te c t io n  e ff ic ien cy
( 2 £ P 1 £ '  P 2)

+ 2. 7%

T o ta l  e r r o r + 16%

19 192. 5 T he  F  ( p , n ) N e  E x c i ta t io n  F u n c t io n ;  E x p e r im e n ta l  
P r o c e d u r e  and R e s u l t s

At t im e  t  = 0 s e c .  , th e  b e a m  w as  sw itch e d  onto  th e  t a r g e t .  

B o m b a rd m e n t  w as co n tinued  f o r  s l ig h t ly  m o r e  th a n  t h r e e  h a l f - l i v e s  

by w hich  t im e  90 p e r c e n t  of th e  e q u i l ib r iu m  a c t iv i ty  w as  e s ta b l i s h e d .  

T h e  e ffec t  on th e  n u m b e r  of a c t iv e  n u c le i  p ro d u c e d ,  of s m a l l  e r r o r s  

in  the  b o m b a rd m e n t  t im e  w as  t h e r e f o r e  n e g l ig ib le .  D u r in g  the  b e a m -  

on p e r io d ,  th e  p h o to m u l t ip l ie r s  w e r e  sw i tc h e d  off by app ly ing  a
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r e v e r s e  b ia s  of -90  v o l ts  b e tw e e n  t h e i r  fo cu s  g r id s  and p h o to c a th o d e s .  

At t im e  t = 60 s e c s .  , a  sw i tch  s t a r t e d  a t i m e r ,  and a l s o  o p e ra te d  a 

f a s t  b e a m  s to p  w hich  in t e r r u p t e d  th e  b e a m  6 m e t r e s  s h o r t  of the  

t a r g e t .  A t th e  s a m e  t i m e ,  th e  c r y s t a l s ,  w hich  took  1. 5 s e c s  to  m ove 

in to  p o s i t io n ,  b e g a n  to  m ove  up  to  th e  coun ting  p o s i t io n .  At t im e  

t = 62 s e c s .  , th e  t i m e r  s t a r t e d  th e  cou n tin g  by r e m o v in g  th e  b ia s  

f r o m  the  p h o to m u l t ip l ie r s .  B e c a u s e  of th e  ex p o n en t ia l  c h a r a c t e r  of 

the  d e c a y ,  s m a l l  e r r o r s  in  the  t im e  b e tw e e n  sw itch in g  off the  b e a m  

and b eg in n in g  th e  count a r e  v e r y  i m p o r t a n t .  T h is  in t e r v a l  w as  t h e r e ­

fo re  a c c u r a te ly  c o n tro l le d  by th e  e l e c t r o n i c  t i m e r .  A ll o th e r  i n t e r v a l s  

w e re  c o n t ro l le d  m an u a l ly  u s in g  a s to p w a tch . T im e  c o in c id e n t  p u ls e s  

in  the  two d e te c to r s  w e re  coun ted  f o r  60 s e c s .  , and th e  p h o to m u l ­

t i p l i e r s  w e re  tu rn e d  off a g a in  a t  t im e  t  = 122 s e c s .  T im e  c o in c id e n t  

p u ls e s  w e re  ag a in  coun ted  fo r  60 s e c s ,  b e tw e e n  t im e s  t  = 180 and 

t  = 240 s e c s .  C oun ts  in  th e  seco n d  in t e r v a l  w e r e  th e n  s u b t r a c t e d

f r o m  th o s e  in  th e  f i r s t ,  a  c o r r e c t i o n  b e in g  m a d e  fo r  th e  0. 75 p e r c e n t

3 9of th e  Ne ' decay  ev en ts  o c c u r r in g  in  th e  s e c o n d  i n t e r v a l .

By k eep in g  the  coun ting  r a t e  d u r in g  th e  f i r s t  10 s e c s ,  b e lo w  

a p r e d e t e r m in e d  f i g u r e ,  coun ting  l o s s e s  w e r e  a lw ay s  l e s s  th a n  1 p e r ­

cen t .  T y p ic a l  v a lu e s  of the  b e a m  c u r r e n t s  u s e d  w e re  b e tw e e n  0. 2 

and 0. 3 /iA . D u r in g  a ru n  o v e r  a s e l e c te d  p ro to n  e n e rg y  r a n g e ,  

t h r e e  d e te r m in a t io n s  of th e  a c t iv i ty  w e r e  m ad e  and a v e r a g e d  a t
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20 keV i n t e r v a l s .  A ll  s e c t io n s  of th e  e x c i ta t io n  fu n c tio n  w e re  

m e a s u r e d  a t  l e a s t  tw ic e ,  and so m e  e n e rg y  in t e r v a l s  a s  m any a s  

fo u r  t i m e s .  R e la t iv e  e r r o r s  on th e  f in a l  c u r v e ,  a r i s i n g  f ro m  

counting  s t a t i s t i c s  and  f r o m  the  a s s u m p t io n  of a c o n s ta n t  c u r r e n t  

w e re  abou t i - 2 p e r c e n t .

T h e  a c t iv a t io n  t e c h n iq u e , a s  a p p lied  h e r e ,  m e a s u r e s  the

c r o s s  s e c t io n  f o r  a l l  n e u tro n  g ro u p s  f r o m  th e  F  ^ ( p , n) Ne"*-  ̂ r e a c t i o n

19w hich  le ad  to  p o s i t r o n  decay  of Ne . N e u t ro n  g ro u p s  to  e x c i te d  

s t a t e s  in  N e 1^ above  the  O 15 + a  t h r e s h o ld  (3. 52 MeV) p ro b a b ly

decay  p r e f e r e n t i a l l y  by p a r t i c l e  e m is s io n  and t h e r e f o r e  a r e  no t ex -

19p ec te d  to  c o n t r ib u te  s ig n if ic a n t ly  to  th e  Ne a c t iv i ty .  By c o m p a r i s o n

19w ith  the  l e v e l s  in  F  , a l a r g e  n u m b e r  of l e v e l s  a r e  l ik e ly  to  b e

15p r e s e n t  n e a r  th e  O + a t h r e s h o ld .  H ence  f o r  p ro to n  e n e r g ie s  at

19w hich  e x c i ta t io n  of unbound le v e l s  in  Ne i s  p o s s ib le  (E ^  7. 94 M eV),

the  m e a s u r e d  c r o s s  s e c t io n  c o n ta in s  c o n t r ib u t io n s  only f ro m  th o s e

19n e u tro n  g ro u p s  to  N e le v e l s  below  abou t 3. 5 MeV e x c i ta t io n .

19 19T h e  a b so lu te  F  (p ,n ) N e  c r o s s  s e c t io n  w as  d e te r m in e d  

as  27 t  4 m b a t  a  p ro to n  e n e rg y  of 5. 58 MeV. C o m p a r i s o n  w ith  the  

two p re v io u s ly  r e p o r t e d  m e a s u r e m e n t s  of th i s  c r o s s  s e c t io n  (B1 51)

(Gi 59) ls d i f f ic u l t  b e c a u s e  of th e  s m a l l  e n e rg y  re g io n  in  c o m m o n ,  

th e  thicic t a r g e t s  u s e d  by th e  o th e r  w o r k e r s  and the  la c k  of good e r r o r  

e s t i m a te s .  H o w e v e r ,  a g r e e m e n t  o c c u r s  b e tw e e n  th e  t h r e e  g ro u p s  of
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w o r k e r s ,  to  b e t t e r  th a n  a f a c to r  of tw o ,  a t  4. 9 MeV p ro to n  e n e r g y .

T he  e x c i ta t io n  func tion  i s  show n in  f ig u re  2. 6. M ax im a  

o c c u r  a t  p ro to n  b o m b a rd in g  e n e r g ie s  of 4. 96, 5. 03 , 5. 11, 5 .2 6 ,

5. 37, 5. 73, 6. 03, 6. 15, 6. 35, 6. 53, 6. 81, 7. 14, 7. 27, 7. 41 , 7. 52,

7. 74, 8. 02, 8. 15, 8. 28, 8. 37, 8. 70, 8. 82, 9. 08 MeV (all t  0. 02 M eV), 

9. 2, 9. 5, 9. 8 and 10. 2 MeV, c o r r e s p o n d in g  to  p o s s ib le  le v e l s  in  th e  

com pound  n u c le u s  N e ^  at 17. 55, 17. 62, 17. 69, 17. 84, 1 7 .9 4 ,  18. 28,

18. 57, 18. 68, 18. 87, 19. 04 , 19. 31, 19. 62, 1 9 .7 5 ,  19. 88, 19. 98,

2 0 .1 9 ,  2 0 .4 6 ,  20. 58, 2 0 .7 1 ,  2 0 .7 9 ,  21. 11, 21. 22, 21. 47 (a ll  ± 0. 02 

M eV), 21. 6, 21. 9, 22. 1 and 22. 5 MeV.

2. 6 D is c u s s io n

A c o m p a r i s o n  of th e  p o s i t io n s  of the  m a x im a  in  th e  p r e s e n t

(p ,n )  e x c i ta t io n  fu n c tio n  w ith  th e  p o s i t io n s  of o th e r  r e p o r t e d  r e s o n a n c e s

20above  17 MeV e x c i ta t io n  in  Ne , i s  show n in  ta b le  2. 1. Up to  an

e x c i ta t io n  e n e rg y  of about 18. 5 MeV, th e  a g r e e m e n t  b e tw e e n  th e  s e t s

of d a ta  f ro m  th e  (p ,n ) ,  (p,<ry), ( p ,u 0 ), (p.or* ) and  (c^u) r e a c t i o n s  i s

v e ry  good. It is  no t to  be  e x p e c te d  th a t  a l l  r e a c t i o n s  w ill  show  e v e r y  

20r e s o n a n c e  in  Ne , a s  s e l e c t io n  r u l e s  apply w hich  a r e  e s p e c ia l ly  

s t r o n g  in  r e a c t i o n s  w h e re  an  ou tgo ing  & p a r t i c l e  i s  in v o lv e d .  T h e  

a g re e m e n t  ev id en t  b e tw e e n  th e  l e v e l s  up  to  18. 5 MeV e x c i ta t io n  s u g g e s t s  

an  i n t e r p r e t a t i o n  of the  m a x im a  o v e r  th e  e n e rg y  ra n g e  of th e  p r e s e n t  

(p ,n )  e x p e r im e n t ,  a s  r e p r e s e n t i n g  in d iv id u a l  Ne com pound  n u c le u s

le v e l s .
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A t e x c i ta t io n  e n e r g ie s  w e ll  above 18. 5 MeV, th e  c o n n e c t io n  

b e tw ee n  th e  p o s i t io n s  of th e  r e s o n a n c e s  s e e n  in  th e  d i f f e r e n t  r e a c t i o n s  

b e c o m e s  m u ch  l e s s  a p p a r e n t .  In  t h e i r  w o rk  on th e  F  ^ (p ,^ )  r e a c t i o n ,  

W a r s h  et a l .  (Wa 63) s tu d ied  th e  a n g u la r  d i s t r ib u t io n s  of th e  a  p a r t i c l e s  

at p r o to n  e n e r g ie s  in  the  r a n g e  3 to  12 MeV. T hey  found th a t  they  

could  f i t  t h e i r  d a ta  a t  th e  m in im a  (but no t a t th e  m a x im a )  of th e  to ta l  

c r o s s  s e c t io n  by a d i r e c t  i n t e r a c t i o n  t r e a t m e n t .  T e p lo v  e t a l .  (Te 61), 

who in v e s t ig a te d  th e  (p , a )  r e a c t i o n ,  h av e  a ls o  s u g g e s te d  th a t  in  th e  

p ro to n  e n e rg y  r a n g e  f r o m  5. 1 to  6. 5 MeV t h e r e  a r e  s i z e a b le  c o n ­

t r ib u t io n s  f ro m  bo th  d i r e c t  and com pound  n u c le u s  i n t e r a c t i o n s .  I t  i s  

p ro b a b le  t h e r e f o r e  th a t  t h e r e  w ill  b e  a  c o n s id e r a b le  d i r e c t  i n t e r a c t i o n  

c o n tr ib u t io n  o v e r  the  e n e rg y  r a n g e  of th e  p r e s e n t  (p ,n )  e x p e r im e n t .  

I n te r f e r e n c e  e f fe c ts  b e tw e e n  th i s  c o n t r ib u t io n  and th a t  f r o m  co m p o u n d  

n u c leu s  fo r m a t io n  w ill  have  a m a rk e d  in f lu en c e  on th e  s t r u c t u r e  of 

the  e x c i ta t io n  fu n c tio n .  T he  d i r e c t  in t e r a c t i o n  c o n t r ib u t io n  shou ld  

i n c r e a s e  as  the  e x c i ta t io n  e n e rg y  i n c r e a s e s .  It i s  to  be e x p e c te d  

t h e r e f o r e ,  th a t  a  d e c r e a s e d  c o r r e l a t i o n  b e tw e e n  th e  s t r u c t u r e  o b s e r v e d  

by d i f f e r e n t  r e a c t io n s  w ill  r e s u l t .

C a lc u la t io n  h a s  show n th a t  if  th e  m a x im a  in  th e  e x c i t a t io n  

func tion  n e a r  21 MeV e x c i ta t io n  a r e  i n t e r p r e t e d  a s  co m pound  n u c le u s  

r e s o n a n c e s ,  the  d e n s i ty  of le v e l s  im p l ie d  i s  about tw o o r d e r s  of 

m ag n itu d e  s m a l l e r  th a n  th a t  p re d ic te d  by le v e l  d e n s i ty  f o r m u la e .



- 3 3 -

T h e  a p p a r e n t  e x p e r im e n ta l  d e n s i ty  a t  th i s  e n e rg y  i s  about one le v e l  

p e r  100 to  150 keV , w h e r e a s  th e  w o rk  of L a n g  and L e  C o u te u r  (L a  54) 

and of L e  C o u te u r  and L an g  (Le 59) p r e d i c t s  a  d e n s i ty  of s t a t e s  of 

abou t one le v e l  e v e ry  1. 5 keV . A p p l ic a t io n  of th e  fo r m u la  d e r iv e d  

by  C a m e r o n  (Ca 58) g iv e s  a  s i m i l a r  v a lu e  a lthough  i t  i s  not e x p e c te d  

to  be  a c c u r a t e  at e n e r g ie s  so  f a r  above th e  n e u t ro n  th r e s h o ld .  If the  

le v e l  sp a c in g  a t  th e s e  e x c i ta t io n  e n e r g ie s  i s  only a  few keV , th e n  i t  

i s  p o s s ib le  th a t  th e  s t r u c t u r e  o b s e r v e d  i s  th e  r e s u l t  of a s t a t i s t i c a l  

a v e r a g e  o v e r  m any  l e v e l s .  T h e  m a g n itu d e  of th e  f lu c tu a t io n s  w h ich  

can  b e  ex p ec te d  u n d e r  th e s e  c i r c u m s t a n c e s  h a s  b e e n  c a lc u la te d ,  on 

the  b a s i s  of th e  s t a t i s t i c a l  m o d e l  of th e  n u c le u s ,  by E r i c s o n  (E r  60). 

T h e  b a s ic  a s s u m p t io n  of th e  s t a t i s t i c a l  m o d e l  i s  th a t  th e  i n t e r m e d i a t e  

s ta t e  i s  long l iv ed  and t h e r e f o r e  th a t  th e  n u c leo n s  r e a c h  an e n e rg y  

e q u i l ib r iu m  b e fo re  th e  com pound  n u c le u s  d e c a y s .  U n d e r  t h e s e  c o n ­

d i t io n s ,  the  fo r m a t io n  and decay  of th e  com pound  n u c leu s  a r e  

in d ep en d en t and th e  p h a s e s  of th e  m any  o v e r la p p in g  le v e l s  ta k in g  

p a r t  in  the  r e a c t io n  c a n  be  t r e a t e d  on a  p u re ly  s t a t i s t i c a l  b a s i s .

A s w ell a s  m ak ing  p r e d ic t io n s  about th e  m a g n itu d e  of th e  f lu c tu a t io n s  

in  th e  to ta l  c r o s s  s e c t io n ,  th e  th e o r y  i n d i c a t e s ,  th a t  i f  th e  a n g u la r  

d i s t r ib u t io n s  a r e  a v e r a g e d  o v e r  a  l a r g e  e n e rg y  r a n g e ,  th ey  w il l  be  

s y m m e t r i c a l  about a  c e n t r e  of m a s s  an g le  of 90°.

In  an e f fo r t  to  c h ec k  th e  E r i c s o n  p r e d ic t io n ,  W a r s h  et a l .
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(Wa 63) a v e r a g e d  12 of t h e i r  a n g u la r  d i s t r ib u t io n s  o v e r  th e  e n e rg y  

ra n g e  9. 9 to  12. 3 MeV. T he  r e s u l t  w as not s y m m e t r i c  about 90° .

The b a s ic  a s s u m p t io n  of th e  s t a t i s t i c a l  m o d e l  i s  not fu lf i l led  by 

r e a c t io n s  of th e  d i r e c t  i n t e r a c t i o n  ty p e .  T h e r e f o r e  in  v iew  of th e  

e x p ec ted  l a r g e  c o n t r ib u t io n  f ro m  d i r e c t  i n t e r a c t i o n  m e c h a n is m s  a t  

th e s e  e n e r g i e s ,  th e  m a g n itu d e  and e f fe c t  of b o th  th e  d i r e c t  i n t e r ­

a c t io n  c o n tr ib u t io n  and  of i n t e r f e r e n c e  b e tw ee n  th i s  and th e  co m p o u n d  

n u c leu s  c o n t r ib u t io n s  w ould have to  be  e s t im a te d  b e fo re  any th e o ry  

of th e  s t a t i s t i c a l  m o d e l  n a tu r e  cou ld  be  e f fe c t iv e ly  ap p lied .
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F IG . 3 .1 T h e  p o s i t r o n  d e ca y  s c h e m e  of C ^ .



C H A P T E R  3

T H E  B 10( p , n ) C 10 EX C IT A TIO N  FU N C TIO N  F R O M  
TH RESH OLD  TO  1 0 .6  MeV

3. 1 In t ro d u c t io n

In f o rm a t io n  on h igh  ly ing  le v e l s  of C ^  i s  s c a r c e .  T he  

e x p e r im e n t  d e s c r ib e d  in  th i s  c h a p te r  w as  t h e r e f o r e  u n d e r ta k e n  to  

m e a s u r e  th e  B ^ ( p , n )  e x c i ta t io n  fu n c tio n  f r o m  th e  t h r e s h o ld  (4 .8  MeV) 

to  10. 6 MeV and to  s e a r c h  fo r  le v e l s  in  C ^  b e tw ee n  13. 1 and 18. 3 

MeV e x c i ta t io n .  T h e  r e a c t io n  c a n  be  r e a d i ly  in v e s t ig a te d  u s in g  the  

a c t iv a t io n  a p p a r a tu s  d e s c r ib e d  in  c h a p te r  1 s in c e  th e  p o s i t r o n  decay  

of C ^  (see  fig  3. 1) p r o c e e d s  a lm o s t  e n t i r e ly  v ia  th e  0. 717 MeV 

le v e l  of B ^  (Sh 53). C o in c id e n c e s  b e tw e e n  th e  0. 717 MeV 7  ra y  

and one of th e  0. 511 MeV a n n ih i la t io n  q u a n ta  th e n  a l lo w s  a un ique  

id e n t i f ic a t io n  of the  C ^^ a c t iv i ty  even  in  th e  p r e s e n c e  of o th e r  like ly  

p o s i t r o n  a c t i v i t i e s .

T r a n s i t i o n s  to  the  g ro u n d  s t a t e  of C ^  a r e  in h ib i te d  by the  

la rg e  s p in  c h an g e  ( A J  = 3) in v o lv e d .  A s  a r e s u l t ,  the  c r o s s  s e c t io n  

below  the  f i r s t  e x c i ted  s ta t e  th r e s h o ld  i s  s m a l l ,  and no e x c i ta t io n  

function  f o r  the  r e a c t i o n  h a s  b e e n  m e a s u r e d .

K a lin in  e t a l .  (Ka 57) c a r r i e d  ou t a s ta c k e d  fo il e x p e r im e n t  

with p o o r  e n e rg y  r e s o lu t io n ,  w h ic h  s u g g e s te d  th e  p r e s e n c e  of b ro a d  

r e s o n a n c e s  in  th e  B ^ ^ p , # )  e x c i t a t io n  fu n c t io n  a t  E = 4. 0, 5. 6 and
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7. 8 MeV c o r r e s p o n d in g  to b ro a d  le v e l s  in  a t 12. 3 t  0. 2,

13. 8 t  0 .2  and 15. 7 t  0. 2 MeV e x c i t a t io n  e n e rg y  r e s p e c t iv e ly .

M ore  r e c e n t  e x p e r im e n t s  in  th i s  l a b o r a to r y  by O phe l et al (Op 62) 

u s in g  th e  r e a c t i o n s  B ^ ^ ( p ,p '7 ), B ^^ (p ,t ry )  and B ^ ( p , y0 ) h a v e  e s t a b ­

l ish e d  le v e l s  in  a t e x c i ta t io n  e n e r g i e s  of 1 1 .4 7  "t 0 .0 1 ,

12. 69 t  o. 01 and 13. 95 ± 0. 02 MeV.

3 .2  E x p e r im e n ta l  A p p a ra tu s

T he  a c t iv a t io n  a p p a r a tu s  and e le c t r o n i c  e q u ip m en t u s e d  in  

th is  e x p e r im e n t  h av e  b e e n  d e s c r ib e d  in  c h a p te r  1.

F o r  p ro to n  e n e r g i e s  up  to  8. 5 M eV, a  t a r g e t  of e l e c t r o -

m a g n e t ic a l ly  s e p a r a t e d  b o ro n  m e ta l  ( > 9 9 .  9 p e r c e n t  B ^ ) ,  of n o m in a l

2
t h ic k n e s s  600 ju g m /c m  d e p o s i te d  on a  th ic k  ta n ta lu m  b a c k in g  * ,  w a s  

u s e d .  T h is  t a r g e t  w as  44 keV  th ic k  to  5 MeV p r o to n s .  P r e l i m i n a r y  

m e a s u r e m e n t s  show ed  th a t  the  d e p o s i t  w as  n o n - u n i f o r m ,  v a r y in g  by 

about 15 p e r c e n t  a c r o s s  the  1 cm  w ide t a r g e t .  H e n c e ,  c a r e  w as  

ta k en  to  b o m b a rd  th e  s a m e  p o r t io n  of th e  t a r g e t  th ro u g h o u t  th e  

e x p e r im e n t .  F o r  e a c h  e n e rg y  m e a s u r e d ,  th e  b e a m  w as  fo c u s s e d  

onto th e  q u a r tz  v ie w e r  to  a  sp o t  l e s s  th a n  0. 2 cm  in  d i a m e t e r  lo c a te d  

c e n t r a l ly  to  b e t t e r  th a n  0. 06 c m .  R e p r o d u c e a b le  r e s u l t s  w e r e  o b ­

ta in e d  by fo llow ing  th i s  p r o c e d u r e .

A bove a p ro to n  e n e rg y  of 8. 5 M eV, th e  l a r g e  n u m b e r s  of

* O b ta in ed  f r o m  the  H a rw e l l  E l e c t r o m a g n e t i c  S e p a r a to r  G ro u p .
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n e u t r o n s  p ro d u c e d  in  the  ta n ta lu m  b a c k in g  of th e  t a r g e t  (Ha 62) i n ­

d u ced  p ro h ib i t iv e ly  h igh  a c t i v i t i e s  in  th e  N a l d e t e c t o r s .  F o r  th e  

h igh  e n e rg y  s e c t io n  of the  e x p e r im e n t  t h e r e f o r e ,  a s e l f  su p p o r t in g  

b o r o n  f i lm  * co n ta in in g  105 ju g m /cm  of B w as  u s e d .  T h is  t a r g e t  

w as  m ad e  by v a cu u m  e v a p o r a t io n  of e n r ic h e d  b o ro n  f r o m  a ta n ta lu m  

c r u c ib le  u s in g  e l e c t r o n  b o m b a r d m e n t  h e a t in g .  It co n ta in ed  89 p e r c e n t  

and 8 p e r c e n t  B ^  by w e ig h t ,  s o m e  c a r b o n ,  and t r a c e s  of t a n ta lu m .  

T o  p r e v e n t  the  n u c le i  f ro m  re c o i l in g  out of the  t a r g e t  and b e in g  

lo s t  f r o m  th e  coun ting  re g io n ,  a  3 m g m / c m  gold fo il  w as  p la c e d  

d i r e c t ly  b eh ind  th e  t a r g e t .  T h e  b e a m  p a s s e d  th ro u g h  b o th  th e  t a r g e t  

and th e  gold fo il  and w as  c o l le c te d  on t a n ta lu m  in  a  s h ie ld e d  s e c t io n  

of th e  b e a m  tu b e  aw ay f r o m  th e  d e t e c t o r s .

3. 3 T he H a l f -L i f e  of C 1Q

At th e  t im e  th is  e x p e r im e n t  w as  c a r r i e d  ou t ,  only tw o m e a s u r e ­

m e n ts  of the  h a l f  l i fe  had b e e n  r e p o r t e d .  T h e  f i r s t ,  of 8. 8 s ec  

(De 40 ) ,  w as in  e r r o r  due to  an  im p u r i ty  in  th e  b o ro n  p o w d e r  u s e d ,  

and th e  s e c o n d ,  by S h e r r  et a l .  (Sh 49),  w as  19. 1 t  0. 8 s e c .  B e c a u s e  

an a c c u r a t e  v a lu e  of th e  d ecay  c o n s ta n t  i s  r e q u i r e d  fo r  an  a b so lu te  

c r o s s  s e c t io n  m e a s u r e m e n t ,  i t  w as  n e c e s s a r y  to  m e a s u r e  th e  

d e ca y  h a lf  l i fe .

>1« T h a n k s  a r e  due to  M r. F . A .  Howe and a s s o c i a t e s  at A . W . R . E .  , 
U .K .  who m a d e  th i s  t a r g e t .
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F IG . 3. 2 A g a m m a  ra y  s p e c t r u m  ta k e n  w ith  one of the  
7. 6cm  x 7. 6 cm  s p e c t r o m e t e r s  a f t e r  a  b o m b a r d m e n t  w ith  
8 MeV p r o to n s .  T h e  h a tch e d  a r e a s  in d ic a te  th e  e n e rg y  
in t e r v a l s  s e le c te d  f o r  th e  c o in c id en c e  m e a s u r e m e n t s .
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A 200 - 250 jugrn /cm ^ s e l f  s u p p o r t in g  t a r g e t  (a lso  

o b ta in ed  f r o m  M r. F . A .  Howe) w as  b o m b a rd e d  f o r  60 s e c .  , w ith  

0. 1 juA of p r o to n s  f ro m  th e  ta n d e m  a c c e l e r a t o r ,  and th e  decay  of 

th e  in d u ced  a c t iv i ty  fo llow ed fo r  290 s e c ,  i . e .  , about 15 h a l f - l i v e s .  

S ince  th e  decay  i s  un ique ly  id e n t i f ie d  by th e  0. 717 MeV y  r a y s ,  

( s e e  fig  3. 1) th e  a c t iv i ty  w as m e a s u r e d  by fo llow ing  the  decay  of 

c o u n ts  in  a  s in g le  ch an n e l  a n a ly s e r  window p la c e d  o v e r  th e  p h o to - 

p e ak  of th a t  y  r a y  (see  fig  3. 2). A s in  the  h a l f - l i f e  m e a s u r e m e n t s  

d e s c r ib e d  in  c h a p te r  2, s t a t i s t i c a l  a c c u r a c y  w as  i n c r e a s e d  by add ing  

a  l a r g e  n u m b e r  of r u n s .  A c h e c k  th a t  o th e r  p o s i t r o n  a c t iv i t i e s  w e re  

not a f fec t in g  th e  r e s u l t s  w as  a l s o  m ade  by fo llow ing  th e  decay  of th e  

coun t r a t e  of c o in c id e n c e s  b e tw e e n  a n  a n n ih i la t io n  quan tum  in  one 

c r y s t a l  and an  0. 717 MeV y  r a y  in  the  o th e r .  B o th  m e th o d s  show ed  

th a t  the  b a c k g ro u n d s  w e re  c o n s ta n t  w ith  t im e  (see  fig  3. 3) and th a t  

a c c u r a te  s u b t r a c t i o n s  cou ld  be  m a d e .

T h e  e x p e r im e n ta l  p r o c e d u r e ,  a p p a r a tu s  u s e d  and th e  m e thod  

of a n a ly s i s  h av e  b e en  fully  d e s c r ib e d  in  c h a p t e r  2. A to ta l  of s ix  

in d ep en d en t m e a s u r e m e n t s  w e r e  m ad e  a t p r o to n  b o m b a rd in g  e n e r g ie s  

b e tw e e n  7. 0 and  9. 2 MeV. T he  r e s u l t s  f o r  th e  h a l f - l i f e  a r e  

19. 37, 19. 55, 19. 62, 19. 63, 19. 33 and 19. 40 s e c  (a ll  t  0. 12 s e c ) .  

F r o m  th i s  d a ta  the  h a l f - l i f e  and  i t s  s t a n d a r d  d e v ia t io n  w as d e te r m in e d  

a s



A ty p ic a l  C iU d ecay  c u r v e ,  to g e th e r  w ith  a  lo g a r i th m icF IG . 3 .3
p lo t of the  d a ta  a f t e r  s u b t r a c t i o n  of th e  b a c k g r o u n d .  T h i s  c u rv e  c o n s i s t s  
of th e  su m  of a n u m b e r  of r u n s ,  in  e a c h  of w h ich  co u n tin g  l o s s  and g a in -  
c h an g e  e f fe c ts  w e re  n e g l ig ib le .
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TT (C 10) = 19 .48  t  0 .0 5  s e c .

3. 4 A b so lu te  C r o s s  S ec tion

In c h a p te r  2, a  f o r m u la  w as  d ev e lo p ed  fo r  th e  d e t e r m in a t io n

of an  a b so lu te  c r o s s  s e c t io n  u s in g  an  a c t iv a t io n  a p p a r a tu s .  In th a t  

19d e r iv a t io n ,  Ne a c t iv i ty  w as  m e a s u r e d  by th e  c o in c id e n t  coun ts

b e tw e e n  the  two a n n ih i la t io n  qu an ta .  T h e  d e ca y  of h o w e v e r ,

h a s  b e e n  m e a s u r e d  by  o b s e rv in g  c o in c id e n c e s  b e tw e e n  a n  a n n ih i la t io n

quan tum  in  one c r y s t a l  and th e  0. 717 MeV 7 ra y  in  the  o th e r .  If th e

to ta l  e f f ic ie n c y ,  a s  de fin ed  in  c h a p te r  2, of one d e t e c to r  f o r  0. 511

MeV 7 r a y s  i s  £  -̂ t h e n  the  p ro b a b i l i ty  th a t  one of th e  a n n ih i la t io n

quan ta  w ill  b e  d e te c te d  a s  a p u ls e  in  the  p h o to p eak  i s  2P^ £  T h e r e

is  no a n g u la r  c o r r e l a t i o n  b e tw ee n  th e  0. 717 MeV 7 r a y s  and th e

an n ih i la t io n  q u an ta .  T h e r e f o r e ,  if  the  to ta l  d e te c t io n  e f f ic ien cy  of

the  seco n d  c r y s t a l  f o r  0. 717 MeV 7 r a y s  is  £ 9 , th e n  the  p ro b a b i l i ty

of d e tec t in g  a c o in c id e n t  ev en t  b e tw ee n  one a n n ih i la t io n  quan tum  and

th e  0. 717 MeV 7 ra y  i s  2P^ £ ^P^ w h e re  P ^  and P n a r e  the

r a t i o s  in  th e  tw o c o u n te r s  of th e  p h o topeak  to  to ta l  c o u n ts  of th e

r e s p e c t iv e  7 r a y s .  A f te r  m ak in g  th i s  c h a n g e ,  th e  c r o s s  s e c t io n

fo r m u la  f o r  th i s  e x p e r im e n t  b e c o m e s ,  u s in g  the  n o ta t io n  of c h a p te r  2,

,-19Y \ M t 1 , 1 .6 0  . 10'

I X [ 2 e i P 1£ 2r >23 Q l  - e - X t l ] [ e ' ( t2 - U J X  -  e ‘ ( t3 - * ! > * ]
cm
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F IG . 3 .4  A m e a s u r e m e n t  of th e  th ic k n e s s  of th e  
s e l f - s u p p o r t in g  t a r g e t .  T h e  do ts  r e p r e s e n t  th e  
C ^ ( p , n )  t h r e s h o ld  d a ta  t a k e n  w ith  the  s low  n e u t ro n  
d e t e c to r .  T h e  o th e r  c u rv e  sh o w s  th e  e n e rg y  sh if t  
of th e  th r e s h o ld  w hen th e  f i lm  w as  p la c e d  in  

f r o n t  of th e  t a r g e t .
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w h e r e  h e r e  \  i s  th e  decay  c o n s ta n t  of

x i s  the  th ic k n e s s  of th e  t a r g e t  in  g m /c m  

and M i s  the  m a s s  of a  n u c leu s  in  g m s .

T h e  " th ic k "  t a r g e t  u s e d  in  th is  e x p e r im e n t  b e tw ee n  t h r e s ­

hold  and E p  = 8. 5 MeV w as  n o n -u n ifo rm  and u n s u i ta b le  f o r  an  

a b s o lu te  c r o s s  s e c t io n  m e a s u r e m e n t .  H ow ever  th e  s e l f  su p p o r t in g  

t a r g e t  u s e d  to  o b ta in  d a ta  f r o m  E p  = 8. 5 to  10. 6 MeV w as  m uch

m o r e  u n i fo rm .  I ts  th ic k n e s s  w as  m e a s u r e d  by  o b s e rv in g  th e  e n e rg y  

13sh if t  of th e  C (p ,n )  t h r e s h o ld  w hen the  p ro to n  b e a m  f r o m  th e  ta n d e m  

a c c e l e r a t o r  w as  p a s s e d  th ro u g h  i t .  T he  y ie ld  of s low  n e u t ro n s  o v e r  

th e  r e g io n  of th e  th r e s h o ld  w as  m e a s u r e d  u s in g  a b o ro n  lo ad ed  p la s t ic  

s c i n t i l l a t o r  (type N .E .  401), p la ce d  a t  an ang le  of 0° to  th e  t a r g e t .  

T h e  a p p a r e n t  sh if t  in  th e  th r e s h o ld  e n e rg y  w hen  th e  b e a m  had f i r s t  

p a s s e d  th ro u g h  th e  B ^  t a r g e t  w as a  m e a s u r e  of the  e n e rg y  lo s t  by

3. 24 MeV p ro to n s  in  th e  b o ro n  (see  fig  3. 4). F r o m  th i s  e n e rg y  l o s s ,

10 2 the  c o n ten t  of B 1 w as  c a lc u la te d  a s  105 -  15 ju g m /cm  . T h e  m a g ­

n itude  of th e  e r r o r  in  th i s  m e a s u r e m e n t  w as  due m a in ly  to  th e  v e ry  

s m a l l  e n e r g y  lo s s  and the  e f fe c ts  of h y s t e r y s i s  in  th e  90° b e a m -  

a n a ly s in g  m a g n e t .

T h e  d e te c t io n  e ff ic ien cy  of th e  coun ting  s y s te m  2 £ ^ P i & 2 ^ 2  

w as d e te r m in e d  in  two p a r t s .  T h e  d e te c t io n  e f f ic ie n c y  of one c r y s t a l  

fo r  0. 511 MeV a n n ih i la t io n  qu an ta  w as  d e te r m in e d  d i r e c t ly  u s in g  the

2
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c a l i b r a t e d  N a s o u r c e  d e s c r ib e d  in  c h a p te r  2. A 5 p e r c e n t  c o r r e c t i o n  

w as  m a d e  f o r  th e  c o n tr ib u t io n  in  the  w indow o v e r  th e  0. 511 MeV 7 - r a y  

p h o to p e ak  of th e  C om pton  ta i l  f ro m  the  1. 28 MeV 7 r a y .  D e te r m in a t io n  

of th e  d e te c t io n  e ff ic ien cy  fo r  th e  0. 717 MeV 7 r a y s  in  the  seco n d  

c r y s t a l  w as  m o r e  d iff icu lt  h o w e v e r .  In i t ia l ly  th is  e f f ic ien cy  w as 

c a lc u la te d  f r o m

22

s in  9 d 0 (3 .2 )

w h e re  [” 1 - e ^  ^ ^  J  s in  9 is  th e  p ro b a b i l i ty  th a t  a  7 ray

e n te r in g  the  c r y s t a l  at an  ang le  9 w ith  r e s p e c t  to  the

l in e  jo in in g  th e  s o u r c e  and the  c e n t r a l  ax is  of th e  c r y s t a l ,

w il l  b e  d e te c te d  in  th e  leng th  y (9) of the  c r y s t a l .

- £ £ i  Y i  ( 6 )
e 1 is  the  p ro b a b i l i ty  th a t  the  s a m e  7 r a y s  w ill

not b e  s c a t t e r e d  by  th e  th ic k n e s s  y^ (9) of a b s o r b e r  

b e f o r e  r e a c h in g  th e  c r y s t a l ,

th e  X  a r e  th e  a b s o r p t io n  c o e f f ic ie n ts  fo r  th e  a b s o r b in g  

m a t e r i a l s  and th e  c r y s t a l

and th e  s u b s c r i p t  i r e p r e s e n t s  the  d i f f e r e n t  a b s o r b e r  m a t e r i a l s  

b e tw e e n  th e  s o u r c e  and c r y s t a l .

E v a lu a t io n  of th i s  in t e g r a l  show ed th a t  th e  0. 717 MeV

7 r a y s  s u f f e r e d  a l i t t l e  o v e r  50 p e r c e n t  a b so rp t io n  in  th e  ta n ta lu m  

t a r g e t  ho ld ing  c y l in d e r ,  ta n ta lu m  l in in g ,  b r a s s  t a r g e t  c h a m b e r  w a l ls
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and th e  lead  sh ie ld in g  fo i ls  on the  face  of th e  c r y s t a l s .  A s th is  

a b s o r p t io n  w as  l a r g e ,  i t  w as check ed  e x p e r im e n ta l ly  u s in g  0. 662 MeV 

y  r a y s  f ro m  a Cs s o u r c e .  T he  d e te c t io n  e ff ic ien cy  w ithout a b s o r ­

b e r s  p r e s e n t  c an  be  a c c u r a te ly  c a lc u la te d .  T h e r e f o r e  an  o rd in a ry  

u n c a l ib r a t e d  s o u r c e  w as  u sed  to  m e a s u r e  th e  a b s o r p t io n  by o b s e r v in g  

th e  count r a t e  b o th  w ith  and w ithout th e  a b s o r b in g  m a t e r i a l  in  f ro n t  

of th e  c r y s t a l .  T he  c r y s t a l  w as  p la ce d  w ith in  2 c m  of th e  s o u r c e  

d u r in g  u s e .  H ence  th e  count r a t e  w as e x t r e m e ly  s e n s i t iv e  to  s m a l l  

d i f f e r e n c e s  in  t h i s  d i s ta n c e .  T h e  s o u r c e  and  c r y s t a l  w e re  t h e r e f o r e  

c lam p ed  in  p o s i t io n  and an a c c u r a te  r e p l i c a  of th e  a p p r o p r ia t e  s e c t io n  

of th e  t a r g e t  c h a m b e r  and le ad  sh ie ld in g  w as  c o n s t r u c te d  and p la c e d  

b e tw ee n  th e m .  T h e  a b so rb in g  m a t e r i a l  cou ld  th e n  b e  p la c e d  in  

p o s i t io n  and r e m o v e d  ag a in  w ithout d is tu rb in g  th e  c r y s t a l - s o u r c e  

sp ac in g . T h e  v a lu e  ob ta in ed  fo r  th e  a b s o r p t io n  by th e  tw o m e th o d s  

d if fe red  by 15 p e r c e n t .  H o w ev e r  th e  e x p e r im e n ta l  v a lu e  w as  v e r y  

re p ro d u c e a b le  and w as  s t a t i s t i c a l l y  a c c u r a te  to  b e t t e r  th a n  1 p e r c e n t .  

H ence  the  d e te c t io n  e ff ic ie n cy  d e te r m in e d  e x p e r im e n ta l ly  w as u s e d  

in  th e  e v a lu a t io n  of th e  a b so lu te  c r o s s  s e c t io n .  A s m a l l  c o r r e c t i o n  

w as m ade  f o r  th e  d i f f e r e n c e  in  th e  a b s o r p t io n  c o e f f ic ie n ts  f o r  0. 662 

MeV and 0. 717 MeV y  r a y s .

T he f a c t o r s  c o n tr ib u t in g  to  the  e r r o r  in  th e  a b so lu te  c r o s s  

s e c t io n  m e a s u r e m e n t  a r e  e s s e n t i a l ly  th e  s a m e  a s  th o s e  o u tl in ed  in
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c h a p te r  2. T a b le  3. 1 s u m m a r i s e s  the  d i s t r ib u t io n  of t h e s e  e r r o r s .

T A B L E  3. 1

D is t r ib u t io n  of 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  
m e a s u r e m e n t

SOURCE O F E R R O R P E R C E N T A G E

T a r g e t  th ic k n e s s + 15 %

D ecay  c o n s ta n t + 0. 3 %

E q u iv a le n t  c u r r e n t + 1 . 5 %

D e te c t io n  e ff ic ien cy  £  |P ^ + 2 . 5 %

D e te c t io n  e ff ic ie n cy  £ 2 ^ 2 + 3 %

r . m . s .  e r r o r  on a v e r a g e  
c u rv e  (f ro m  th e  d e v ia t io n  
of th e  m e a s u r e d  p o in ts  
f r o m  th e  a v e r a g e )

+ 2 %

T o ta l  e r r o r + 16 %

3. 5 E x c i ta t io n  F u n c t io n ,  P r o c e d u r e  and R e s u l t s

T h e  e x p e r im e n ta l  p r o c e d u r e  w as  e x ac t ly  th e  s a m e  a s  th a t  

u s e d  fo r  the  F ^ ( p , n ) N e ^  e x p e r im e n t  and h a s  b e e n  fu lly  d e s c r ib e d  

in  c h a p te r  2. C oun ting  l o s s e s  w e re  a g a in  kep t to  l e s s  th a n  1 p e r c e n t .  

D u r in g  a ru n  o v e r  a  s e l e c te d  e n e rg y  r a n g e ,  a t  l e a s t  t h r e e  m e a s u r e ­

m e n t s  of th e  y ie ld  w e re  m a d e  a t each  p ro to n  e n e rg y  and a v e r a g e d .



T T
c n _
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F IG . 3 .5  T h e  to ta l  (p, n) c r o s s  s e c t io n  a s  a 
fu n c tio n  of e n e rg y .  T he  in s e t  i s  a d e ta i l  of the  c u rv e  in  
th e  r e g io n  of E p  = 8. 5 M eV, th e  s o l id  l in e  b e in g  an E n 2

fit to  the  p o in ts .
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T h e  s t a t i s t i c a l  e r r o r  on th i s  a v e r a g e  w as  t - 3 p e r c e n t .  O v e r  th e  

h ig h e r  e n e rg y  p o r t io n  of the  e x c i ta t io n  fu n c t io n  th e  r e p e a ta b i l i ty  of 

th e  c u rv e  w as  not good. T h e r e f o r e ,  e a c h  e n e r g y  i n t e r v a l  w as  c o v e r e d  

b e tw e e n  s ix  and n ine  t im e s  and the  e x c i t a t io n  fu n c tio n  shown in  f ig u r e  

3. 5 r e p r e s e n t s  an  a v e r a g e  of th e s e  in d iv id u a l  r u n s  w e ig h ted  eq u a lly  

a f t e r  n o r m a l i s a t io n .  T he  s p r e a d  of p o in ts  on th e  c u rv e  w as m u c h  

g r e a t e r  th a n  the  s t a t i s t i c a l  e r r o r .  T h e r e f o r e  th e  r .  m . s .  e r r o r  on 

th e  a v e r a g e  c u rv e  w as o b ta ined  f r o m  th e  d e v ia t io n  of each  m e a s u r e ­

m e n t  f r o m  th e  m e a n .  T h e  r e s u l t in g  e r r o r  w as  + 2 p e r c e n t .  T h i s  

m e a n s  th a t  th e  s t r u c t u r e  of th e  c u rv e  in  th e  r e g io n  E p  = 7. 5 MeV is  

not a b so lu te ly  c e r t a i n .  H o w e v e r ,  th e  fac t  th a t  th e  a v e r a g in g  h a s  

f a i le d  to  s m e a r  th e  double  peak  o b s e r v e d  in  th e  in d iv id u a l  r u n s  in to  

a s in g le  p e a k ,  s u g g e s t s  th e  e x is te n c e  of two r e s o n a n c e s  in  th i s  r e g io n .

T h e  a b so lu te  B ^ ( p , n )  c r o s s  s e c t io n  w as  d e te r m in e d  as  

2 . 0 ^  0. 3 mb a t a  p ro to n  e n e rg y  of 8. 5 MeV. A c r o s s  s e c t io n  f o r  the  

r e a c t i o n  h a s  b e e n  r e p o r t e d  by only one o th e r  g ro u p .  G ibbons  and  

M aklin  (Gi 59) r e p o r t e d  th e  v a lu e  O' ^  2 mb at 5. 51 MeV w hile  th e  

p r e s e n t  m e a s u r e m e n t  g iv e s  0. 50 f  0. 08 mb at 5. 51 MeV.

A lthough  th e  B ^ ( p , n )  r e a c t i o n  h a s  not b e e n  s tu d ie d  p r e v io u s ly ,  

th e  lo w e r  e x c i ta t io n  e n e r g ie s  in  r e a c h e d  in  th i s  e x p e r im e n t  have  

b e e n  a t ta in e d  th r o u g h  th e  (p ,p 'y) and (p ,# )  r e a c t i o n s .  E a r l i e r  r e s u l t s  

in t h i s  re g io n  show  a m a r k e d  la c k  of s t r u c t u r e  (Ka 57) (Op 62) and
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in d ic a te  w idely  sp a c e d  b ro a d  l e v e l s ,  and th i s  i s  s u p p o r te d  in  th e

p r e s e n t  w o rk .  T h e  m a x im a  in  th e  e x c i ta t io n  fu n c t io n ,  a t p ro to n

e n e r g i e s  of 5. 92 t  0. 02, 6. 68 ± 0. 04, 7. 33 ± 0. 05 and 7. 60 ± 0. 05

1 1
MeV c o r r e s p o n d  to  b ro a d  le v e l s  in  th e  com pound  n u c le u s  C at 

e x c i t a t io n  e n e r g ie s  of 1 4 .08  + 0. 02, 14. 78 T O . 04,  15. 36 1" 0 .0 5  

and 15. 61 t  0. 05 MeV.

T ak in g  in to  acco u n t the  b ro a d  n a tu re  of th e  l e v e l s ,  i t  i s  

p o s s ib le  th a t  th e  p r e s e n t  le v e l  at 1 4 .0 8  MeV m ig h t b e  id e n t i f ie d  w ith  

th e  le v e l  r e p o r t e d  at 13. 8 t  0. 2 MeV f r o m  th e  s ta c k e d  fo il  e x p e r i ­

m e n t  by K a lin in  et a l .  (Ka 57). T h e  i l l - d e f in e d  le v e l  of K a lin in  et a l .  

a t  15. 7 t  0. 2 MeV p ro b a b ly  r e f l e c t s  th e  "double  r e s o n a n c e "  o b s e r v e d  

in  th i s  e x p e r im e n t  n e a r  15. 5 MeV e x c i ta t io n .

T h e  s h a r p  r i s e  in  c r o s s  s e c t io n  at Ep  = 8. 55 MeV is  in t e r e s t i n g .  

It c o r r e s p o n d s  c lo se ly  to  th e  e n e rg y  a t  w hich  n e u t ro n  t r a n s i t i o n s  to 

th e  f i r s t  e x c i te d  s t a t e  of b e c o m e  e n e r g e t ic a l ly  p o s s ib le .  B e c a u se  

of th e  la r g e  sp in  d i f f e r e n c e ,  n e u t ro n  e m is s io n  to  th e  g round  s t a t e  of 

is  r e s t r i c t e d ,  and th e  y ie ld  i s  low . At the  t h r e s h o ld  of th e  f i r s t  

e x c i te d  s t a t e  h o w e v e r ,  s -w a v e  n e u t ro n  e m is s io n  b e c o m e s  p o s s ib le  

a n d ,  in  th e  a b s e n c e  of r e s o n a n c e s  in  th i s  e n e rg y  r e g io n ,  th e  y ie ld  

above  th r e s h o ld  m ay  b e  e x p e c te d  to  r i s e  a s  f o r  an  s -w a v e  n e u t ro n  

th r e s h o ld .  T h e  c r o s s  s e c t io n  im m e d ia te ly  above  a (p ,n )  t h r e s h o ld  

h a s  th e  fo r m  (B1 52)
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CT ( p ,n ) a S n + i

w h e re  £  n i s  the  ch an n e l  e n e rg y  of the  ou tgo ing  n e u t ro n ,  

and £  i s  i t s  o r b i t a l  a n g u la r  m o m e n tu m .

T h e  ch an n e l  e n e rg y  i s  p ro p o r t io n a l  to  th e  e n e rg y  of th e  

n e u t ro n  in  th e  c e n t r e  of m a s s .  H ence  fo r  s -w a v e  n e u t ro n s  (^= 0)

0 M P , n ) t f E ni  (3 .3 )

w h e re  E n i s  th e  c e n t r e  of m a s s  n e u tro n  e n e rg y .

T h e  re g io n  a ro u n d  E p  = 8. 55 MeV w as r e p e a te d  in  e n e rg y  

s t e p s  of 20 keV . If th e  s h a r p  r i s e  c o r r e s p o n d s  to  the  f i r s t  e x c i te d  

s t a t e  t h r e s h o l d ,  i t  sh o u ld  follow  a r e l a t io n  a p p ro x im a t in g  th e  fo r m  

of eq u a tio n  3 .3 .  It w as  a s s u m e d  th a t  the  b a ck g ro u n d  b e fo re  th e  

s h a r p  r i s e  w as  e n t i r e ly  due to  n e u t ro n s  to  the  g round  s t a t e  of C"1"® 

and th a t  i t  r e m a in e d  th e  s a m e  u n d e r  th e  r i s e .  T h e  d a ta ,  a f t e r  s u b ­

t r a c t i o n  of th i s  "g ro u n d  s t a t e "  c o n t r ib u t io n  w as th e n  f i t te d  by a  c u rv e
i_

of th e  fo rm  CTa  E n 2 (see  in s e t  in  fig  3. 5). T h e  co n tin u o u s  line
i_

r e p r e s e n t s  th e  f i t te d  E n 2 c u r v e ,  and i t  can  be s e e n  th a t  a  r e a s o n a b ly  

good fit  to  th e  e x p e r im e n ta l  d a ta  w as  o b ta in ed . T h e  t a r g e t  th ic k n e s s  

a t th is  e n e rg y  w as  only 5 keV . H ence  i t  w as  a s s u m e d  th a t  the  d a ta  

w as a good a p p ro x im a t io n  to  p e r f e c t  e n e rg y  r e s o lu t io n .  A ss u m in g  

th e n ,  th a t  th e  c r o s s  s e c t io n  r i s e  at E p  = 8. 55 MeV i s  a  t h r e s h o ld  

c o r r e s p o n d in g  to  th e  f i r s t  e x c i te d  s t a t e ,  th en  th e  le v e l  i s  lo c a te d  at
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3. 38 ^  0. 03 MeV c o m p a r e d  w ith  the  p re v io u s  d e te r m in a t io n  of 

3 ,4  t  0. 2 MeV (Aj 54). In  c a lc u la t in g  th is  e x c i ta t io n  e n e r g y ,  th e  

B ^ ( p , n )  C ^  r e a c t io n  t h r e s h o ld  v a lu e  of 4 .8 3 5  t  0 .0 2 5  MeV r e p o r t e d  

by T a k a y a n a g i  et a l .  (T a  61) w as u s e d .

It i s  of i n t e r e s t  to  c o m p a r e  th is  e n e rg y  of th e  f i r s t  e x c i te d  

s t a t e  of C 10 w ith  th e  c o r r e s p o n d in g  e n e r g ie s  (Aj 59) in  th e  o th e r  

m e m b e r s  of the  i s o b a r i c  t r i p l e t ,  B e ^  and B ^ .  T h e s e  a r e  3. 37, 3. 42 

and 3 .3 8  MeV f o r  B e ^ ,  B ^  and r e s p e c t iv e ly .  D if f e r e n c e s  in  

t h e s e  e n e r g i e s  cou ld  be  due to  d i f f e r e n t  C oulom b e n e r g i e s  in  th e  J  = 0 

and J  = 2 s t a t e s .  T h e s e  have  b e e n  c a lc u la te d  by D r .  E .  B ra d fo rd  

(B r 62), u s in g  f o r  s im p l ic i ty ,  j - j coupled  w ave fu n c t io n s .  T h e  c o n ­

t r i b u t io n s  to  th e  e x c i ta t io n  e n e r g ie s  of the  J  = 2 s t a t e s  r e l a t iv e  to  the  

J  = 0 s t a t e s  a r e  -0 .  08, 0 and 0 MeV in  the  t h r e e  n u c le i .  T h u s  the  

e x c i ta t io n  e n e r g i e s  c o r r e c t e d  fo r  Coulom b e n e r g ie s  a r e  3 .4 5 ,  3 .4 2  

and 3 .3 8  MeV and s u c h  a l i n e a r  t r e n d  could p o ss ib ly  be  due to  T h o m a s  

s h i f t s  o r  to  i n c r e a s e d  s iz e  of th e  n u c le i  due to  C oulom b r e p u ls io n .



C H A P T E R  4

T H E  B 10( p , t f ) B e 7 AND B 10( p ,H e 3) B e 8 R E A C TIO N  
B E T W E E N  2 AND 11 MeV

4. 1 In t ro d u c t io n

M e a s u r e m e n ts  of th e  e x c i ta t io n  fu n c tio n s  fo r  th e  r e a c t io n s  

B 1(3( p , a y ) , B ^ P j P ’y ) and B ^ ( p , y )  fo r  p ro to n  b o m b a rd in g  e n e r g ie s  

up to  2. 7 M eV, c o r r e s p o n d in g  to  a n  e x c i ta t io n  e n e rg y  of 11. 2 MeV in  

C 1^ , h a v e  e s ta b l i s h e d  le v e l s  in   ̂ a t 9. 74 t  0. 01 and  10. 09 l - 0. 01 

MeV (Da 54) (Ch 56) (Hu 57). B a i r  et a l .  (Ba 55) h av e  s tu d ie d  the  

B 10( p , T ) r e a c t i o n  and have  r e p o r t e d  a b ro a d  le v e l  a t 12. 3 : 0. 1 MeV. 

O phel e t a l .  (Op 62), have  m e a s u r e d  th e  e x c i ta t io n  fu n c tio n s  fo r  the  

above  t h r e e  r e a c t i o n s  o v e r  th e  p ro to n  e n e rg y  r a n g e  2 .4  to  7. 2 MeV, 

and h a v e  r e p o r te d  le v e l s  in  C ^  a t  1 1 . 4 5 *  0 .0 1 ,  1 2 .6 6  * 0 .0 1  and 

13. 9 i t  0 .0 2  MeV. T h e  le v e l  r e p o r t e d  by B a i r  e t a l .  at 1 2 .3  MeV 

w as no t s e e n .

L e v e ls  have  b e e n  r e p o r t e d  at 9. 1, 10. 7 and  1 1 .4  MeV by 

A n d reev  et a l .  (An 62) who s tu d ie d  th e  B ^ ( p , p )  r e a c t io n .  F r o m  t h e i r  

s tudy  of the  s a m e  r e a c t io n ,  O v e r le y  and W haling  (Ov 62) o b s e r v e d  

le v e l s  a t 10. 06 t  0. 02 and 10. 68 t  0. 01 MeV. T h e y  a lso  o b s e r v e d  

th e  l a t t e r  le v e l  th ro u g h  the  B ‘*'^(p,Q') r e a c t io n .

C ro n in  (C r 56) m e a s u r e d  th e  B ^ ( p , q/) e x c i ta t io n  fu n c tio n  

b e tw e e n  the  p ro to n  e n e r g ie s  of 0. 8 and 1. 6 5 MeV, and r e p o r te d  le v e l s
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at 9. 76 + 0. 05 and 10. 09 t  0. 05 MeV. K a lin in  et a l .  (Ka 57), u s in g

th e  s ta c k e d  fo il  m e th o d ,  o b ta in ed  th e  B ^ ( p ,ö r )  e x c i ta t io n  fu n c t io n  in

th e  r a n g e  E p  = 3 to  8 MeV and found s t r u c t u r e  w hich  in d ic a te d  p o s s ib le

b r o a d  le v e l s  in  C 11 a t 12. 3 t  0. 2, 13. 8 t  0. 2 and 15. 7 t  0. 2 MeV.

T h e  o b s e r v a t io n  of n e u t ro n  g ro u p s  f r o m  th e  s t r ip p in g  r e a c t io n

B ^ ( d , n ) C ^  h a s  in d ic a te d  th e  p r e s e n c e  of f u r t h e r  le v e l s  in  a t

e x c i ta t io n  e n e r g ie s  of 11. 26 t  0. 02 and 11. 52 t  0. 02 MeV (Ce 56)

(G r 57). T h e  e x p e r im e n t  on the  B ^ ( p , n ) C ^  r e a c t io n  d e s c r ib e d  in

th e  p r e v io u s  c h a p te r  h a s  e s ta b l i s h e d  le v e l s  a t  1 4 .0 8  t  0. 02, 14. 78 “t  0. 04

15. 36 t  0. 05 and 15. 61 t  0. 05 MeV.

The p r e s e n t  e x p e r im e n t  w as  u n d e r ta k e n  to  ex tend  th e  e x -  

10 7c i ta t io n  fu n c tio n  fo r  th e  B ( p , a ) B e  r e a c t io n  up to  a  p ro to n  e n e rg y

of 10. 8 MeV in  the  hope of c o n f i rm in g  the  le v e l s  o b s e r v e d  in  o th e r

r e a c t io n s  and of d e te r m in in g  s o m e  of t h e i r  p r o p e r t i e s .  T h e r e  i s  only

one chan n e l sp in  a v a i la b le  to  th e  outgoing  s y s t e m ,  and th is  sh o u ld

i n c r e a s e  the  p o s s ib i l i ty  of m ak in g  a s s ig n m e n ts  of s p i n s ,  p a r i t i e s  and

re d u c e d  w idths of s t a t e s  of th e  in t e r m e d ia t e  s y s te m  C ^ ,  by s tu d y in g

th e  a n g u la r  d i s t r ib u t io n s  of th e  a  p a r t i c l e s .

A c c o rd in g ly ,  in  th e  e x p e r im e n t  d e s c r ib e d  in  th i s  c h a p t e r ,

e x c i ta t io n  fu n c tio n s  w e r e  ta k e n  fo r  & p a r t i c l e  g ro u p s  f ro m  th e  

10 7B (p ,o ')B e  r e a c t io n  p r o c e e d in g  to  the  g ro u n d  (# ) and f i r s t  e x c i te d

n
(o^) s t a t e s  of B e , f o r  p ro to n  b o m b a rd in g  e n e r g ie s  f r o m  1. 8 to  10. 8 MeV
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T h i r ty  a n g u la r  d i s t r ib u t io n s  fo r  b o th  q?0 and w e re  ta k e n  b e tw e e n

p r o to n  e n e r g i e s  of 2. 8 and 7. 0 MeV. E x c i ta t io n  fu n c t io n s  and

10 3 8a n g u la r  d i s t r ib u t io n s  fo r  th e  B 1 (p ,H e  ) Be r e a c t io n  w e re  m e a s u r e d  

c o n c u r r e n t ly  w ith  th e  p r e s e n t  w o rk .

4. 2 E x p e r im e n ta l  P r o c e d u r e  and R e s u l ts
n

A 100 ju gm /c rn  s e l f  s u p p o r t in g  t a r g e t  * (co n ta in ing  89 p e r c e n t  

B ^  and 8 p e r c e n t  B ^  by w eigh t)  w as  m ounted  on a r o ta ta b le  s u p p o r t  

at th e  c e n t r e  of a  s c a t t e r i n g  c h a m b e r ,  and w as b o m b a rd e d  w ith  a 

0. 02 juA p ro to n  b e a m  f ro m  th e  C a n b e r r a  ta n d e m  a c c e l e r a t o r .  T h e  

b e a m  e n te r e d  th e  c h a m b e r  th ro u g h  tw o 1. 6 m m  d i a m e t e r  c o l l im a t in g  

h o le s  in  c a r b o n  d i s c s ,  p la ce d  6 cm  a p a r t .  E a c h  c o l l im a t in g  d is c  w as  

fo l lo w ed , at a  d i s t a n c e  of 3 c m ,  by a c a rb o n  a n t i s c a t t e r  d is c  w ith  

3. 2 m m  d i a m e t e r  h o le s .  T h e  a  p a r t i c l e s  w e re  d e te c te d  by a 4. 5 x 4. 5 

m m ,  3 0 0 i l - c m ,  g o ld - s i l i c o n  s u r f a c e  b a r r i e r  d e te c to r  w h ich  w as 

m oun ted  in s id e  th e  v a c u u m ,  6. 35 cm  f ro m  th e  t a r g e t ,  in  s u c h  a 

m a n n e r  th a t  i t  cou ld  be  p la ce d  a t any ang le  in  a  h o r iz o n ta l  p la n e ,  

w ith  r e s p e c t  to  th e  b e a m  a x is .  An a p e r t u r e ,  2 cm  in  d i a m e t e r ,  

p la c e d  4 cm  in  f r o n t  of th e  c o u n te r ,  p ro v id e d  a c e r t a i n  a m o u n t of 

c o l l im a t io n .  T h e  s e n s i t iv e  dep th  of th e  c o u n te r  w as  a d ju s te d ,  by 

v a ry in g  the  r e v e r s e  b ia s  on i t ,  so  th a t  th e  a Q g ro u p  w as  ju s t  s to p p ed  

w ith in  th e  s e n s i t iv e  dep th . T h e  s c a t t e r e d  p ro to n  p u l s e s  w e re  th e n

* T h a n k s  a r e  due to  M r.  F . A .  Howe and a s s o c i a t e s  at 
A . W . R . E .  , U. K. , who m a d e  th is  t a r g e t .
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F IG . 4. 1 A s p e c t r u m  of h e l iu m  p a r t i c l e s  f r o m  th e  b o m b a rd m e n t  
of B iU by p ro to n s  of e n e rg y  4. 70 MeV, o b s e r v e d  a t a  la b o ra to ry

ang le  of 90°.
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F IG . 4. 2 E x c i ta t io n  fu n c tio n s  f o r  th e  a Q a n d . g r o u p s  f r o m  
th e  B iU(p,ö ')Be^ r e a c t io n ,  ta k e n  at l a b o r a to r y  a n g le s  of 50° and 
90°. S ta t i s t i c a l  e r r o r s  a r e  of th e  o r d e r  of the  s iz e  of th e  t r i a n g l e s .  
T h e  a r r o w s  in d ic a te  e n e r g ie s  w h e re  a n g u la r  d i s t r ib u t io n s  w e r e

m e a s u r e d .
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s m a l l  and w e re  ab le  to  b e  s u p p r e s s e d .  T he  p u l s e s  f r o m  th e  d e t e c t o r  

w e r e  a m p l i f ie d  by an O r te c  c h a r g e - s e n s i t i v e  p r e a m p l i f i e r - a m p l i f i e r  

s y s t e m ,  and w e r e  r e c o r d e d  by a m u l t ic h a n n e l  a n a l y s e r .  By k e ep in g  

th e  dead  t im e  of the  a n a ly s e r  be low  5 p e r c e n t ,  " p i le - u p "  of p u l s e s  

in  th e  e l e c t r o n i c s  w as m ad e  n e g l ig ib le .  A s p e c t r u m ,  ta k e n  a t a  

p r o to n  e n e rg y  of 4. 70 M eV , i s  show n in  fig 4. 1.

T o  o b ta in  a b so lu te  c r o s s  s e c t io n s  f o r  the  r e a c t i o n s ,  i t  w as  

n e c e s s a r y  to  m e a s u r e  th e  th ic k n e s s  of in  th e  t a r g e t .  T h i s  w as  

done by c o m p a r in g  the  y ie ld s  of B ^ ( p ,ß / )  r e a c t io n  a  p a r t i c l e s  f r o m  

th e  p r e s e n t  t a r g e t  and f r o m  the  t a r g e t  of the  s a m e  c o m p o s i t io n  and  

m e th o d  of m a n u fa c tu r e ,  w hose  th ic k n e s s  w as  m e a s u r e d  f o r  th e  e x ­

p e r im e n t  d e s c r ib e d  in  c h a p te r  3. T h e  c o m p a r i s o n  w as  m ad e  a t  

s e v e r a l  p ro to n  e n e r g i e s ,  and th e  th ic k n e s s  of B ^  d e te r m in e d  a s

■ 9
(77 T 12) ju g m /cm  . T h e  s t a t i s t i c a l  a c c u r a c y  of th e  c o m p a r i s o n  w as  

b e t t e r  th a n  *  2 p e r c e n t .

T he y ie ld s  of b o th  a Q and a ^  w e re  m e a s u r e d ,  a s  fu n c t io n s  of 

p ro to n  b o m b a rd in g  e n e r g y ,  e v e ry  50 keV  f r o m  1. 8 to  10. 8 M eV, at 

l a b o r a to r y  a n g le s  of 50° and 90°. T h e  e x c i ta t io n  fu n c t io n s  o b ta in ed  

a r e  show n p lo t te d  a s  d i f f e r e n t ia l  c r o s s  s e c t io n s  in  fig  4. 2. T h e  ca0 

e x c i ta t io n  func tion  a t 50° w as  m e a s u r e d  up  to  10. 8 MeV p ro to n  e n e r g y ,  

bu t th a t  at 90° w as m e a s u r e d  to  only 9, 5 MeV b e c a u s e  of i n c r e a s e d  

o v e r la p p in g  above th is  e n e rg y  of the  g round  s ta t e  ^ - p a r t i c l e  g ro u p
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CENTRE OF MASS ANGLE

F IG . 4, 3 S e lec ted  a n g u la r  d is t r ib u t io n s  o f th e  a 0 g ro u p  f ro m  
the  B 10(p,£*)B e^  re a c t io n .  T he  c u rv e s  a re  e x p e r im e n ta l,  and 
the  n u m b e rin g  c o rre s p o n d s  to  th a t o f f ig .  4. 2. S ta t is t ic a l e r r o r s  
a re  o f the  o rd e r  o f the  s iz e  o f the p o in ts .
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CENTRE OF MASS ANGLE

F IG . 4. 4 S e le c te d  a n g u la r  d i s t r ib u t io n s  of th e  g ro u p s  f ro m  
th e  B l u (p ,ß /)B e^  r e a c t io n .  T h e  c u r v e s  a r e  e x p e r im e n t a l ,  and th e  
n u m b e r in g  c o r r e s p o n d s  to  th a t  of fig . 4. 2. S ta t i s t i c a l  e r r o r s  a r e  
of th e  o r d e r  of th e  s i z e  of th e  p o in ts .
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and th e  He^ g ro u p  f r o m  th e  B ^ ( p , H e ^ )  r e a c t i o n .  F o r  a s i m i l a r  

r e a s o n  th e  e x c i ta t io n  fu n c tio n  at 90° c e a s e s  w e ll  be low  th e  c o r ­

re s p o n d in g  one a t  50°. T he  lo w e r  l im i t  of th e  e x c i ta t io n  fu n c t io n s ,  

n a m e ly  E p  = 1 . 8  M eV , w as  im p o se d  by th e  m in im u m  e n e rg y  a  

p a r t i c l e s  th a t  cou ld  be  d e te c te d  by th e  so lid  s t a t e  c o u n te r .

A va lu e  of (10 2) m b / s r  w as o b ta in e d  fo r  th e  B ^ ( p , ö 'Q)

d i f f e r e n t i a l  c r o s s  s e c t io n  a t 90° a t the  E p  = 2 .2  MeV r e s o n a n c e .

T h i s  i s  no t in  a g r e e m e n t  w ith  the  (18 t  2) m b / s r  r e p o r t e d  p re v io u s ly  

(Ov 62). (See s e c t io n  4. 3. 3 f o r  f u r th e r  d e ta i l s ) .

A n g u la r  d i s t r ib u t io n s  f o r  bo th  a Q and w e re  m e a s u r e d  at 

th e  t h i r t y  p ro to n  e n e r g i e s  show n a r ro w e d  in  fig  4. 2, and s e le c t io n s  

of th e m  a r e  shown in  f ig s  4. 3 and 4 . 4 .  M ost a r e  t a k e n  w ith  t h i r t e e n  

a n g le s  f r o m  9^ = 30° to  150° in  10° s t e p s ,  en ab lin g  an  e s t i m a te  to

b e  m a d e  of the  m ag n itu d e  of th e  c o n tr ib u t io n s  of t e r m s  of o r d e r s  

0 to  6 to  the  p o ly n o m ia l  e x p a n s io n  d e s c r ib e d  in  s e c t io n  4. 3. 1. M e a s u r e ­

m e n ts  w e r e  not m a d e  at s m a l l e r  and l a r g e r  a n g le s  b e c a u s e  of th e  

p r o b le m  of in te r c e p t in g  th e  b e a m  w ith the  c o u n te r  a s s e m b ly .

D a ta  w e r e  ta k e n  w ith  th e  t a r g e t  a t  45° to  th e  b e a m  d i r e c t io n .

T h e  a n g u la r  ra n g e  30° to  100° w as c o v e r e d  w ith th e  t a r g e t  fo il  in  one 

p o s i t io n .  T he  fo il  w as  th e n  r o ta te d  th ro u g h  90° to  en ab le  th e  r a n g e  of 

a n g le s  f r o m  80° to  150° to  be  c o v e re d .  T h e  e f fe c t iv e  th ic k n e s s  of th e  

t a r g e t  i s  a  v e ry  s e n s i t iv e  fu n c tio n  of the  an g le  w h en  i t  i s  n e a r  45°.
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F IG . 4. 5 T h e  e n e rg y  d e p en d e n c e  of th e  to ta l  c r o s s  s e c t io n  
4 JT A q , f o r  th e  a 0 g ro u p  f r o m  th e  B ^ ^ p , # )  r e a c t i o n ,  d e r iv e d  
f r o m  a c o m p le te  L e g e n d r e  p o ly n o m ia l  a n a ly s is  of th e  a 0 a n g u la r

d i s t r ib u t io n s .
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® F IG . 4. 6 T h e  e n e rg y  d e p en d en ce  of th e  c o e f f ic ie n ts  A - ^ ( 1 ^ L ^ 4 )  
o b ta in ed  f r o m  th e  e x p a n s io n  ^  A ^  (cos 9) of th e  a n g u la r
d i s t r ib u t io n s  of th e  a Q g ro u p  f r o m  th e  B-*-^(p,o')Be^ r e a c t io n .
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H en ce  a m o n i to r  d e t e c t o r ,  f ixed  a t a l a b o r a to r y  ang le  of 90° , w as  u s e d  

th ro u g h o u t  the  m e a s u r e m e n t  of the  a n g u la r  d i s t r ib u t io n  to  a llow  n o r ­

m a l i s a t i o n  of the  f o r w a r d  and b a c k w a rd  ang le  d a ta .

4. 3 A n a ly s is  and D is c u s s io n  of R e s u l t s

4. 3. 1 L e a s t  S q u a re s  A n a ly s is  of A n g u la r  D is t r ib u t io n s

T he  a n g u la r  d i s t r ib u t io n s  a r e  m o s t  a m e n a b le  to  a n a ly s i s  in  

t e r m s  of r e s o n a n c e  th e o r y  i f  they  a r e  e x p r e s s e d  a s  a  s e r i e s  e x p a n s io n  

of th e  fo rm

N

W(0) = Z.Ar p t (cos 9) .
L=0

A ll of th e  a 0 and  a n g u la r  d i s t r ib u t io n s  ta k e n  w e re  a n a ly s e d  

in th i s  way on an  I . B .  M. 1620 c o m p u te r  u s in g  th e  l e a s t  s q u a r e s  m e thod  

of R o se  (Ro 53). It w as  found th a t  th e s e  t h i r t e e n - a n g le  d i s t r ib u t io n s  

cou ld  be exp an d ed  in  a  p h y s ic a l ly  m ean ing fu l way w ith  t e r m s  up  to  

L  = 6. T h e  c o e f f ic ie n ts  A ^ , A^ and A^ do not d i f f e r  s ig n if ic a n t ly  f r o m  

z e r o  o v e r  th e  e n e rg y  ra n g e  c o v e r e d .  T h e  d e ta i le d  r e s u l t s  f o r  a Q a r e  

d is p la y e d  in  f ig s  4. 5 and 4. 6, and th o s e  f o r  in  fig  4. 7. B o th  r e ­

s id u a l  and  s t a t i s t i c a l  e r r o r s  w e re  c a lc u la te d  (Ro 53) fo r  a l l  c o e f f ic ie n ts ,  

and  th o s e  quo ted  h e r e  a r e  in  e ac h  c a s e  th e  l a r g e r  of th e  tw o.

4 . 3 . 2  T h e  E p  = 2. 2 MeV L e v e l

T h e  know n r e s o n a n c e  (Ov 62) (An 62) (Ce 56) a t E p  = 2. 18 MeV 

(10. 67 MeV e x c i t a t io n  in  C ^ )  is  v e ry  e v id en t .  O v e r le y  and W h aling
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F IG . 4. 7 The  ene rg y  dependence o f th e  c o e ff ic ie n ts
(L  = 0 , 2 , 4) ob ta in e d  f ro m  th e  expa ns io n  2 ^  A j^  (c o s  9)

o f th e  a n g u la r  d is t r ib u t io n s  o f the  a\ g ro u p  f r o m  the  B lO (p jQ,)B e ^
re a c t io n .
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(Ov 62), on the  b a s i s  of t h e i r  p ro to n  e la s t i c  s c a t t e r i n g  c r o s s  s e c t io n  

and th e  n o n - r e s o n a n t  b e h a v io u r  of th e  a  ̂ g r o u p ,  have  s u g g e s te d  th a t  

th e  le v e l  i s  J  % = ^ 2  , w ith  the  p ro to n  and &  p a r t i a l  w id ths  c o n t r i ­

b u t in g  equally  to  th e  to ta l  w id th  of 200 keV . T h is  f ig u r e  fo r  P i s  

c o n f i rm e d  h e r e  by a  m e a s u r e m e n t  of (220 t  30) keV . U n fo r tu n a te ly  

it  w as  not p o s s ib le  in  th e  p r e s e n t  e x p e r im e n t  to  ta k e  a n g u la r  d i s t r i ­

b u t io n s  o v e r  th is  r e s o n a n c e  in  an  a t te m p t  to  v e r i fy  th is  sp in  and 

p a r i ty  a s s ig n m e n t  b e c a u s e  th e  low e n e rg y  cy -p a r t ic les  cou ld  no t be  

d e te c te d  at b a c k w a rd  a n g le s .

4 . 3 . 3  T h e  E p  = 4 . 4  MeV L e v e l

T h e  d o m in a n t  r e s o n a n c e  in  th e  r e m a i n d e r  of th e  e n e rg y  

ra n g e  c o v e r e d  is  th a t  a t a  b o m b a rd in g  e n e rg y  of 4. 4 MeV. T h i s  

l e v e l ,  a t  12. 6 5 MeV e x c i ta t io n  in  C ^ ,  i s  r e s o n a n t  fo r  b o th  &  and 

a , and  h a s  a  to ta l  w id th  of a p p ro x im a te ly  400 keV . T h e s e  v a lu e s  

a r e  in  a g r e e m e n t  w ith  th o s e  of O phel e t  a l .  (Op 62),  who r e p o r t e d  a 

le v e l  a t 4. 36 M eV , 400 keV  w id e ,  f r o m  s tu d ie s  of the  B^^(p,<ry) and 

B 10( p , p 'T) r e a c t i o n s .  T he  a b so lu te  i n te g r a te d  c r o s s  s e c t io n s  

(4** A q ) f o r  th e  B ^ ( p ,o ? 0 ) and B ^ (p ,< ? ^ )  r e a c t io n s  at E p  = 4 .4  MeV 

a r e  (160 t  30) m b and  (75 *  15) mb r e s p e c t iv e ly .  T h e  m a j o r  c o n t r i ­

b u t io n  to  the  e r r o r  i s  f ro m  the  u n c e r ta in ty  in  th e  t a r g e t  th i c k n e s s  

m e a s u r e m e n t .

If i t  i s  a s s u m e d  th a t  t h e r e  i s  only a s in g le  le v e l  in  th e  p e ak
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at 4. 4 M eV, a  lo w e r  l im i t  on th e  sp in  va lu e  J  m ay  b e  im p o s e d  f r o m  

a know ledge  of the  to ta l  c r o s s  s e c t io n .  T he  s u m  of th e  r e s o n a n t  

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

be  e x p r e s s e d  in  th e  f o r m  (B1 52a)

^  _ 2J + 1 a y2 [p  Fr
U = (2s + 1) (21 + 1) • ^ A  ( p p + pr ) 2

w h e re  Pp  i s  th e  p a r t i a l  w id th  f o r  the  in c o m in g  c h a n n e l ,

PJ. i s  th e  p a r t i a l  w idth  fo r  a l l  open  r e a c t io n  c h a n n e l s ,

I i s  th e  t a r g e t  n u c le u s  s p in ,  

s i s  th e  p r o j e c t i l e  sp in ,

and \  i s  th e  r e d u c e d  de B ro g l ie  w av e len g th  of th e  in c id e n t  p a r t i c l e .  

T h e  m a x im u m  v a lu e  th a t  th e  e x p r e s s io n  P^ /  ( P p + P ^ P  h a s  

is  V4 w hen P = P* so  th a t  one h a s  th e  in e q u a l i ty

O '  ^ ( 2J +
(2s + 1)(2I + 1)

T he  lo w e r  l im i t  on th e  sp in  of th e  p r e s e n t  co m pound  s t a t e ,  

im p o se d  by th e  i n t e g r a t e d  ( p , ^ )  and ( p )Ĝ )  c r o s s  s e c t io n s  a f t e r  s u b ­

t r a c t i o n  of an  e s t i m a te d  b a ck g ro u n d  f r o m  o th e r  s t a t e s ,  i s  J  ^  H /2  • 

H o w ev e r ,  t h e s e  a l lo w ed  sp in s  a ll  g ive a  p a r t i c l e  r e d u c e d  w id th s  

ex ceed in g  the  W ig n e r  su m  r u le  l im i t  (Te 52), w hich  s u g g e s t s  th a t  the  

p r e s e n t  v a lu e s  fo r  th e  c r o s s  s e c t io n s  m u s t  b e  to o  l a r g e  and  th a t  lo w e r  

sp in s  th a n  J  =  ̂V2 m u s t  be  c o n s id e r e d .  (It i s  n o ta b le  th a t  i f  th e
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p r e s e n t  d a ta  w e r e  n o r m a l i s e d  to  th a t  of O v e r le y  and W haling  (Ov 62) 

a t E p  = 2. 2 M eV , th en  th e  in te g ra te d  c r o s s  s e c t io n  a t  4. 4 MeV would 

be  a p p ro x im a te ly  280 m b . A f te r  b a c k g ro u n d  s u b t r a c t i o n ,  th is  would 

im p ly  a s p in  J  ^ l ^ . )

T h e  m e a s u r e d  to ta l  w id th  I = 400 keV  is  m o r e  a c c u r a te  

th a n  th e  i n t e g r a t e d  c r o s s  s e c t io n ,  and th is  c an  b e  u s e d  to  d e r iv e  an  

u p p e r  l im i t  to  th e  p o s s ib le  sp in  v a lu e s  of th e  le v e l .  T h e  to ta l  w id th  

of th e  le v e l  i s  th e  su m  of th e  c o n t r ib u t io n s  f r o m  a l l  op en  c h a n n e ls .  

T h e  c o n t r ib u t io n  f r o m  th e  (p ,H e  ) r e a c t i o n  (see  fig  4. 8) c an  be  n e g ­

l e c t e d ,  a s  c a n  th a t  f r o m  th e  (p ,y) r e a c t io n  (Op 62). T h e  to ta l  w id th  

i s  t h e r e f o r e  g iv e n  by

r
At th e  p e ak  of th e  r e s o n a n c e  / f 1 -  CT ( p , ^ )  /  (T ( p ,u  ) = 0. 37.u 1 I o

T h e  m a x im u m  t h e o r e t i c a l  c r o s s  s e c t io n  i s  ob ta ined  i f  fT. = 1 .37  P* .P O' Q

F o r  sp in s  ^  H /2  t h i s  w ill  r e s u l t  in  th e  s m a l l e s t  d i f f e r e n c e  b e tw ee n  

th e  m e a s u r e d  and  th e  m a x im u m  t h e o r e t i c a l  c r o s s  s e c t io n .  U sing  

th is  r e l a t i o n ,  th e  v a lu e s  P^ = 0. 20 MeV, P ^  = 0 .1 5  MeV and 

I“1 a  = 0. 05 MeV a r e  d e r iv e d .  B e c a u s e  of th e  s m a l l  p e n e t r a b i l i t i e s  

of th e  a p a r t i c l e s  r e l a t iv e  to  the  p r o to n s ,  the  u p p e r  l im i t  to  th e  p o s s ib le  

sp in  v a lu e s  of th e  le v e l  a r e  im p o s e d  by th e  a p a r t i c l e s .  T h e  re d u c e d  

p a r t i a l  w id th s  f o r  a Q and a fo r  d i f f e r e n t  o r b i t a l  a n g u la r  m o m e n ta ,

a r e  show n in  t a b le  4. 1. A lso  shown i s  the  ß " P a r t i c l e  W ig n e r  l im i t
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and th e  m a x im u m  p o s s ib le  sp in  v a lu e  f o r  each  a n g u la r  m o m e n tu m .

T A B L E  4. 1

i n  n
T h e  re d u c e d  p a r t i a l  w id ths  f o r  a Q and f ro m  th e  B ( p ,ö ) B e  

r e a c t io n  at the  E p  = 4 .4  MeV re s o n a n c e

4
2

T
ö o

MeV

2
7

a l
MeV

U p p e r  l im i t  to  

* 0  “ 1
W .L .

MeV

0 0. 027 0. 009 3 / 2 ~ 1/2

1 0. 030 0. O il 5/ 2+ 3/2+
2 0. 047 0. 016 72- 5A
3 0. 077 0. 030 V 7 2+ 2 ^  17 5  ̂ 1a
4 0. 385 0. 16 n l i V
5 4. 78 1. 90 13/2+ u/2+

2 2T h e  above v a lu e s  of y  and y  a r e  l e s s  than  th e  W ig n e r  l im i t  f o r

a °  0
o r b i t a l  a n g u la r  m o m e n ta  ^ 4  and ^ 5 ,  g iv ing  J /  2 .

C o n t r ib u t io n s  f r o m  any A ^ ,  w ith  L odd, m u s t  be  due to 

i n t e r f e r e n c e  e f fe c t s  f ro m  o th e r  l e v e l s .  O v e r  th e  r e g io n  of the  

r e s o n a n c e ,  a ll  A ^  w ith  L  ev en  and g r e a t e r  th an  2, a r e  z e r o .  A lso  

a t the  r e s o n a n c e  (Ep = 4 .4  MeV) A 2  g o es  th ro u g h  z e r o  w h ich  s u g g e s ts  

th a t  th e  r e s o n a n c e  c o n t r ib u t io n s  to  b o th  th e  a Q and a  ̂ a n g u la r  d i s ­

t r i b u t io n s  t h e r e  a r e  i s o t r o p i c .  T h e  p o s s ib le  sp in  and p a r i ty  a s s ig n m e n ts
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9/ 2 , 9 / 2 a n d ^72 c a n n ° t  give i s o t ro p ic  d i s t r ib u t io n s .  T h e  va lu e  

2+ d o es  y ie ld  an i s o t r o p i c  d i s t r ib u t io n  fo r  and h o w e v e r  i f  it  

i s  a s s u m e d  th a t  only s - w a v e  p ro to n s  c o n t r ib u te ,  th e  m a x im u m  

p o s s ib le  c r o s s  s e c t io n s  a t th e  p e ak  fo r  J  = ^ / 2 a r e  th e n  64 p e r c e n t  

of th e  m e a s u r e d  v a lu e s .  T h e  e x is te n c e  of th e  l a r g e  r e s o n a n t  Ag 

t e r m  in  th e  aQ d i s t r ib u t io n  cou ld  be ex p la in ed  a s  i n t e r f e r e n c e  b e tw ee n  

th e  ^ I o + s ta te  and a n e ig h b o u r in g  s ta t e  of 1 / 2 ” , a s  s u c h  an  i n t e r ­

f e r e n c e  would c o n t r ib u te  an  L  = 3 t e r m  only.

A te n ta t iv e  a s s ig n m e n t  of J  % = ^ / 2+ w as t h e r e f o r e  a d o p ted ,

and  u s in g  i t ,  p a r t i a l  w id ths r r and rP* a w e re  c a lc u la te d  f r o m

th e  m e a s u r e d  ( p , ^ )  and ( p ,U |)  to ta l  c r o s s  s e c t io n s  ( r e d u c e d  by 

36 p e r c e n t )  and a to ta l  w id th  of 400 keV . T h e  d im e n s io n le s s  re d u c e d  

w id ths  f o r  th e  s t a t e ,

6 = Y2 [ 2 n a 2 /  (3ft2 ) ]

w h e re  fj, i s  the  r e d u c e d  m a s s  of p a r t i c l e s  A^ and A 2 

and a i s  the  c h an n e l  r a d iu s  de fined  a s

a = 1 .4 0  (A | + A | )  x 10 ^  c m ,

do not e x c e e d  th e  W ig n e r  s u m  r u le  l i m i t s .  T he  p a r t i a l  w id th s  have  

no t b e e n  m o d if ied  by th e  e f fe c t  of le v e l  s h i f t s  (La 58). T a b le  4. 2 

g iv e s  th e  p r o p e r t i e s  of th e  12. 65 MeV s ta t e  of C ^  d e r iv e d  f ro m  

th e  p r e s e n t  e x p e r im e n t .
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T A B L E  4 .2

P r o p e r t i e s  of the  12 .65  MeV le v e l ,  f r o m  th e  B ^ (̂ (p ,ß ')B e^

r e a c t io n

J *

LA BO RATO RY  ENERGY MeV 

E P p «o a 1
Q2

a o
o2

“ i

7 / + 
1 2 4. 36 0. 20 0. 15 0 .0 5 0. 02 0. 29 0. 08

4 , 3 . 4  O th e r  L e v e ls

T h e  q'-ĵ y ie ld  i s  peaked  s t ro n g ly  a t  fo r w a rd  a n g le s  at 

Ep  = 3. 0 MeV (se e  f ig  4 .4 ) ,  w h ich  cou ld  be  due to  the  s t a t e  w hich  

h a s  b e e n  r e p o r t e d  (Op 62) (An 62) (Ce 56) a t 11 .44  MeV e x c i ta t io n  

in  C 11. T h e  & y ie ld  i s  only w eak ly  r e s o n a n t  at th is  e n e r g y .  T he  

ano m aly  at a p r o to n  e n e rg y  of 5. 10 MeV d ep ic ted  by O phe l et a l.

(Op 62), c o r r e s p o n d in g  to  an  e x c i ta t io n  e n e rg y  of 13. 33 MeV in  C ^ ,  

is  c o n f i rm e d .  T h e  b ro a d  p e ak  a t E p  = 6. 3 MeV c o v e r s  th e  r e g io n  

w h e re  s e v e r a l  r e s o n a n c e s  have  b e e n  o b s e r v e d  by K alin in  et a l 

(Ka 57) and  in  th e  B ^ ( p , n )  w o rk  d e s c r ib e d  in  c h a p te r  3. T he  

a n a ly s is  of s e c t io n  4. 3. 3 s u g g e s ts  th a t  one of th e s e  s t a t e s  could  be  

the  J  = 1  s t a t e  i n t e r f e r i n g  w ith  th a t  at 4 .4  MeV.



/

FIG  4. 9 R e p re s e n ta t iv e  a n g u la r  d is t r ib u t io n s  of th e  g round  
s ta te  He"3 g ro u p  f ro m  th e  B 10(p , H e3) B e 8 re a c t io n  o v e r  th e  p ro to n  
e n e rg y  ra n g e  E p  = 4 to  7 M eV. No th e o r e t ic a l  f it t in g  h a s  b e e n

a tte m p te d .
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T h e  m e a s u r e d  e x c i ta t io n  fu n c t io n s  a r e  show n in  fig  4. 8

10 7t o g e th e r  w ith  one fo r  the  B (p ,o ,)B e  g ro u n d  s ta t e  a  p a r t i c l e s ,  

ta k e n  at a  l a b o r a to r y  ang le  of 90 . T h e  ( p ,H e ’ ) r e a c t i o n  i s  only 

w eak ly  r e s o n a n t ,  in  c o n t r a s t  to  the  (p ,^ )  r e a c t i o n .  T he  e x c i ta t io n  

fu n c t io n s  do p a s s  th ro u g h  s l ig h t  m a x im a  a t  s i m i l a r  e n e r g i e s  to  th o s e  

o c c u r r in g  in  th e  (p ,# )  r e a c t io n .  H o w ev e r  i t  i s  s ig n i f ic a n t  th a t  th e  

B (p ,H e  ) a n g u la r  d i s t r ib u t io n s  do not v a r y  a p p re c ia b ly  o v e r  the  

p ro to n  e n e rg y  r a n g e  4, 5 to  7. 0 MeV (see  f ig  4. 9) and t h i s ,  t o g e th e r  

w ith  the  la ck  of s t r u c t u r e  in  th e  e x c i ta t io n  fu n c t io n ,  s u g g e s ts  a 

p re d o m in a n t ly  d i r e c t  in t e r a c t io n  m e c h a n i s m .



14.7

11.62
12.14
B?°+He-e<

9.35
Li7 +  He—n

\
\

- 7.56
-12c  +p—t*

- 1.85 
Be9+ p—n

F IG , 5, 1 T h e  en erg y  le v e l d ia g ra m  of B®. D e fin ite ly  
e s ta b lis h e d  le v e ls  a r e  show n a s  fu ll l in e s  and o th e r  r e p o r te d  

le v e ls  a r e  show n d a sh e d .



C H A P T E R  5

T H E  EN ERG Y  L E V E L S  OF B
9

5. 1 In t ro d u c t io n

g
T h e  e n e rg y  le v e l  s t r u c t u r e  of B h a s  b e e n  in v e s t ig a te d  

by m any  w o r k e r s .  M ost of th e  e x p e r im e n t s  invo lved  m e a s u r in g  

n e u t r o n  g r o u p s ,  and the  d iff icu lty  of th e s e  m e a s u r e m e n t s  h a s  r e ­

su l te d  in  c o n s id e r a b le  u n c e r ta in ty  a s  to  the  n u m b e r  and e x c i ta t io n

g
e n e rg y  of th e  le v e l s  of B . Up to  an  e x c i ta t io n  e n e rg y  of 17 M eV,

only th e  g ro u n d  s t a t e ,  2. 34 and 2. 81 MeV le v e l s  (L a  62) and a

le v e l  a t  11. 62 MeV (Wh 63) have  b e e n  e s ta b l i s h e d  d e f in i te ly .

In  f ig u r e  5. 1, th e  d e f in i te ly  e s ta b l i s h e d  le v e l s  of B^ a r e

show n a s  fu ll  l in e s  and o th e r  r e p o r t e d  le v e l s  a r e  shown d a sh e d .

A p o s s ib le  le v e l  n e a r  1 .4  MeV h a s  b e e n  s u g g e s te d  f r o m  in d ep en d en t 

9 9s tu d ie s  of th e  B e '  (p ,n ) B  n e u tro n s  by M ar io n  and L e v in  (Ma 59), 

T a k a y a n a g i  et a l .  (Ta 61) and Saji (Sa 60). F r o m  th e  s a m e  e x p e r i ­

m e n ta l  d a ta  Saji  (Sa 60) a lso  su g g e s te d  f u r t h e r  le v e l s  at 4. 1 and

4. 9 MeV e x c i ta t io n  e n e r g y .  Sym ons and T r e a c y  (Sy 62) have

12 9s u g g e s te d  a le v e l  a t 1. 7 MeV f ro m  a s tudy  of th e  C (p ,ö ) B

r e a c t io n ,  w h ile  K now les (Kn 58) su g g e s te d  a  p o s s ib le  le v e l  at

7. 0 MeV f r o m  h is  p r e l im in a r y  s tudy  of th e  s a m e  r e a c t io n .  A

7 3 9r e c e n t  e x p e r im e n t  on th e  L i  (He , n ) B  r e a c t i o n  by D ie t r ic h  et a l .
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(Di 6 3) h a s  in d ic a te d  a  f u r t h e r  le v e l  at an  e x c i t a t io n  e n e rg y  of 

14. 70 MeV.

T h e  p r e s e n t  e x p e r im e n t  w as  u n d e r ta k e n  in  an  e f fo r t  to

9
c h e c k  th e  r e p o r t e d  l e v e l s ,  and to  s e a r c h  f o r  new  le v e l s  in  B by

10 3 9s tu d y in g  cy -p a r t ic le  s p e c t r a  f r o m  th e  B (He , q')B "  r e a c t i o n  in  th e

e n e rg y  r a n g e  f r o m  3. 0 to  10. 5 MeV.

5. 2 E x p e r im e n ta l  P r o c e d u r e  and R e s u l t s

T h e  a p p a r a tu s  u sed  fo r  th is  e x p e r im e n t  w as  th e  s a m e  as  

10 7th a t  u sed  f o r  th e  B ( p ,a ) B e  e x p e r im e n t  and h a s  b e e n  d e s c r ib e d  

in  c h a p te r  4.

2
A 50 / i g m /c m  th ic k  s e l f - s u p p o r t in g  b o r o n  t a r g e t  * 

(co n ta in in g  89 p e r c e n t  B ^  and 8 p e r c e n t  B ^  by w eigh t)  w as b o m -

3
b a rd e d  w ith  0. 1 of doubly c h a r g e d  He io n s  f r o m  th e  C a n b e r r a

ta n d e m  a c c e l e r a t o r  w ith  h e l iu m  in j e c to r .  T h e  t a r g e t  w as  m oun ted

at 45° to  th e  b e a m  a x is  in  th e  c e n t r e  of a  s c a t t e r i n g  c h a m b e r  and a

3002TL-cm  s u r f a c e  b a r r i e r  c o u n te r ,  a l s o  in s id e  the  c h a m b e r ,  w as

m oun ted  6. 45 c m  f r o m  the  t a r g e t  a t a  l a b o r a to r y  a n g le  of 90°. T he

r e v e r s e  b ia s  on  th e  c o u n te r  w as  a d ju s te d  so  t h a t  th e  r a n g e  in  th e

10 3 9c o u n te r  of th e  g ro u n d  s ta t e  cy -partic le  g ro u p  f r o m  th e  B (He ,tf)B  

r e a c t io n  w as  a lw a y s  l e s s  th a n  th e  s e n s i t iv e  d e p th ,  e v en  though  th e

* T h a n k s  a r e  due to  M r. F .  A. Howe and  a s s o c i a t e s  at
A . W . R . E .  , U .K .  , who m ad e  th i s  t a r g e t .
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F IG . 5. 2 A r e p r e s e n t a t i o n  of th e  m ethod  u s e d  to  a n a ly s e  
ö f -p a r t ic le  s p e c t r a  f r o m  the He^ b o m b a rd m e n t  of an  e n r ic h e d  

t a r g e t ,  in  a  s e a r c h  f o r  e x c i te d  s t a t e s  of B ^. E v e r y  s e c o n d  
a n a ly s e r  c h an n e l  h a s  b e e n  p lo t te d  and s t a t i s t i c a l  e r r o r s  a r e  of 
th e  o r d e r  of th e  s iz e  of th e  p o in ts .  T h e  d a sh e d  c u r v e s  a r e  th e  
f i t s  to  e ach  ^ - p a r t i c l e  c o n t in u u m , of a d i r e c t  fo u r -b o d y  b re a k u p  
f o r m u la  of the  fo r m

N (E ) = k E i  (Em a x  - E ) 2
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3
b ia s  r e q u i r e d  a t the  m a x im u m  He e n e rg y  u s e d  c a u s e d  a s l ig h t  lo s s  

of r e s o lu t io n .

S p e c t r a  w e re  r e c o r d e d  a t  a l a b o r a to r y  an g le  of 90° e v e ry  

0. 5 MeV f r o m  3 .0  to  10. 5 MeV in c id e n t  He^ e n e r g y .  T h e s e  s p e c t r a  

w e re  p lo t ted  a s  in  f ig u re  5. 2, and th e  p o s i t io n s  of the  v a r io u s  p e ak s  

w e re  m a rk e d  on th e  a x is  of e a c h .  T h e  e n e rg y  of a  r e a c t io n  p ro d u c t ,  

w hen d e te c te d  a t a  l a b o r a to r y  ang le  of 90° , i s  g iv en  by

{ M 1 + M2) (Mg + M4 ) _ M4 ( M 1 + M2)

(m 2 m 4 - m 4 m 3)
Q

(M2 M4 - M 1 Mg)
(5. 1)

w h e re  E-  ̂ and Eg a r e  the  e n e rg y  of the  in c id e n t  and d e te c te d  

p a r t i c l e s  r e s p e c t iv e ly .

Q i s  th e  e n e rg y  r e l e a s e d  in  the  r e a c t io n .

M-  ̂ and M2 a r e  th e  m a s s e s  of the  in c id e n t  and t a r g e t  

n u c le i  r e s p e c t iv e ly ,

Mg and M^ a r e  th e  m a s s e s  of th e  d e te c te d  and r e c o i l  

n u c le i  r e s p e c t iv e ly .

and

T he  e n e rg y  of the  r e a c t io n  p r o d u c ts  i s  a  l i n e a r  fu n c tio n  of the  

3
in c id en t  He e n e rg y .  H ence  the  s lope  and in t e r c e p t  of the  l ine  

p ro d u ced  by e ac h  r e a c t io n  in  f ig u re  5. 2 a s s i s t  in  the  id e n t i f ic a t io n  

of the  r e a c t io n .  F o r  the  s ak e  of c l a r i t y ,  only fo u r  of th e  s p e c t r a  

a r e  shown in  f ig u re  5. 2. As a f u r t h e r  c h e c k  on the  id e n t i f ic a t io n ,

the  en e rg y  of e ac h  g ro u p  w as c o m p a r e d  w ith  th a t  c a lc u la te d  f ro m



SiNflOO

F IG . 5. 3 An » - p a r t i c l e  s p e c t r u m  f r o m  th e ^ b o m b a rd m e n t  
of a  B 11 e n r ic h e d  B 2C>3 t a r g e t  by 3. 0 MeV H e 3 p a r t i c l e s .
T h e  g r o u p s ,  o b s e r v e d  at a l a b o r a to r y  an g le  of 90°» a r e  
la b e l le d  by th e  e x c i ta t io n  e n e rg y  in  MeV of th e  B 10 le v e l s  
to  w h ich  th ey  a r e  a s s ig n e d .  T h e  g roup  f r o m  th e  O i 6 (H e3 , » 0 ) 

r e a c t io n  i s  a l s o  o b s e r v e d .
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th e  r e a c t i o n  k in e m a t ic s .  T h e  d e te c to r  en e rg y  c a l i b r a t i o n  w as  

ob ta in ed  f r o m  th e  e n e rg y  of th e  w e l l -d e f in e d  Q' - p a r t i c l e  g ro u p s  

to  th e  g ro u n d  and 2. 34 MeV le v e ls  of B® (m a rk e d  a Q and ^2 on 

f ig u r e  5. 2).

T h e  im p u r i ty  e le m e n t  r e a c t io n s  o b s e r v e d  w e re  c o n s i s te n t

w ith  th o s e  e le m e n ts  r e p o r t e d  by th e  s u p p l ie r  to  b e  p r e s e n t  in  s m a l l

a m o u n ts  in  th e  t a r g e t  m a t e r i a l .  T a n ta lu m  w as  p r e s e n t  b e c a u s e  the

t a r g e t  w as  m ad e  by e v a p o r a t io n  f r o m  a ta n ta lu m  b o a t .

A lp h a - p a r t i c l e  g ro u p s  f r o m  th e  B* ^(He^ , cn) B ^  r e a c t io n

b eh av e  w ith  in c id e n t  b e a m  e n e rg y  in  v e ry  n e a r ly  th e  s a m e  m a n n e r

10 3 9as  th o s e  f ro m  th e  B (He , a ) B  r e a c t io n .  In  o r d e r  th a t  g ro u p s  

f ro m  th e  f o r m e r  r e a c t io n  shou ld  not be  m is ta k e n  f o r  new  g ro u p s  

f ro m  the  l a t t e r ,  a  s e p a r a t e  s p e c t r u m ,  u s in g  a B ^  e n r ic h e d  B 2O 3 

t a r g e t ,  w as ta k e n  f o r  c o m p a r i s o n .  A ty p ic a l  s p e c t r u m  i s  show n 

in  f ig u re  5. 3.

10 3 9S p e c t r a  f ro m  th e  B (He , n ) B  r e a c t io n  w e re  a ls o  r e c o r d e d

at l a b o r a to r y  a n g le s  of 5 0 ° ,  75°, 120° and 150° a t  He^ e n e r g i e s  of

3. 5 and 8 . 0 M eV , b u t  no f u r t h e r  o '-p a r t ic le  g ro u p s  w e re  r e v e a le d .

No ev id en c e  w as  found in  any of the  s p e c t r a  f o r  l e v e l s  of 

9
B b e low  10 MeV e x c i ta t io n ,  o th e r  th a n  f ro m  th o s e  p re v io u s ly  e s ­

ta b l i s h e d .  In p a r t i c u l a r ,  th e  su g g e s te d  le v e l s  a t  4. 1, 4. 9 and  7 .0  

MeV w e re  not o b s e r v e d ,  a lthough  th e  f i r s t  tw o m ay  have  b e e n
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o b s c u r e d  by the  ve ry  w eak  a 2 and p e a k s  f r o m  th e  B ^ ( H e ^  , & )

16 3 16r e a c t i o n  at low  e n e r g i e s ,  and th e  a 0  g ro u p  f ro m  th e  O 1 (He ,<*)Oa

r e a c t i o n  at h ig h e r  e n e r g i e s .  T he  le v e l  r e p o r te d  a t  1. 7 MeV w as

f i t te d  by a  r e d u c e d  w id th  (Sy 62) of 1 MeV. Such a b r o a d  le v e l

w ould  be  in d is t in g u is h a b le  f r o m  the  o^-partic le  co n tin u u m  r e s u l t in g

13f r o m  th e  d i s in te g r a t io n  of N in to  t h r e e  a  p a r t i c l e s  and a p ro to n

e v en  i f  i t s  in t e g r a te d  y ie ld  w as  an a p p re c ia b le  f r a c t io n  of th a t  of

th e  g ro u n d  s t a t e  g ro u p .  T h is  c o n tin u u m , w hich  w as  a ls o  s e e n  by

P o v h  (Po  59) and by S p e n c e r  et a l .  (Sp 60) m a k e s  i t  d if f icu l t  to

9 10 3 9d e te c t  b r o a d  le v e l s  in  B by  m e a n s  of th e  B (He ,<y)B‘ r e a c t io n .

A few m o n th s  a f t e r  th is  w o rk  had b e en  c o m p le te d ,  W haling

9
(Wh 63) s e a r c h e d  fo r  le v e l s  in  B" u s in g  the  s a m e  r e a c t io n .  A double

f o c u s s in g  m a g n e t ic  s p e c t r o m e t e r  w as  u s e d  to  a n a ly s e  the  r e a c t i o n

p r o d u c t s .  It w as  th u s  p o s s ib le  to  d i s c r im in a t e  m uch  m o r e  s t ro n g ly

3
a g a in s t  p ro to n s  and s c a t t e r e d  He' p a r t i c l e s  th a n  in  th e  p r e s e n t

9
e x p e r im e n t .  T he  r a n g e  of e x c i ta t io n  f r o m  z e r o  to  17 MeV in  B

3
w as  in v e s t ig a te d  by W h aling  u s in g  10 MeV in c id e n t  He p a r t i c l e s .  

Only one le v e l ,  a t  11. 62 MeV, w as s e e n  in  a d d it io n  to  th o s e  a l r e a d y  

d e f in i te ly  e s ta b l i s h e d  (see  f ig  5. 1), in  a g r e e m e n t  w ith  th e  p r e s e n t  

r e s u l t s .

5. 3 D is c u s s io n

T he  r e a c t io n  m e c h a n is m  in  th e  p r e s e n t  c a s e  i s  not know n,



26.646.5 MeV He

B + He

Lf+2<

F IG . 5 .4  T h e  e x tre m e ly  la r g e  n u m b e r  of d ecay  c h a n n e ls  
a v a ila b le  fo r  th e  e x c ite d  n u c le u s , p ro d u c e d  by th e  
b o m b a rd m e n t of by 6. 5 MeV H e^ io n s ,  i s  show n. L e v e ls  
show n d a sh e d  in  r e p r e s e n t  any one of a  la rg e  n u m b e r  of 
p o s s ib le  le v e ls  in  th a t  e x c ite d  n u c le u s .
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but i f  a  com pound  n u c le u s  i s  f o r m e d ,  th i s  i s  h igh ly  u n s ta b le  to

b r e a k  up in to  (3# + p). T he  e x t r e m e ly  l a r g e  n u m b e r  of d ecay  c h a n n e ls

13a v a i la b le  f o r  the  e x c i ted  N n u c leu s  a r e  show n in  f ig u re  5 .4 .  Many

13n u c le a r  e m u ls io n  s tu d ie s  have b e e n  m ade  of the  b re a k u p  of N 

f r o m  h igh ly  e x c ited  s t a t e s  bu t t h e s e  p ro v id e  co n f l ic t in g  ev id en ce  

on the  p r o c e s s .  A lthough  m o s t  a u th o r s  find th a t  a p r o p o r t io n  of th e  

d e c a y s  p r o c e e d  th ro u g h  e x c i ted  s t a t e s  of i n t e r m e d ia t e  n u c le i  su ch  

a s  C , B , Be and L i °  (see  f o r  e x am p le  (Ne 55)), o th e r s  s u g g e s t  

th a t  fo u r -b o d y  b re a k u p  o c c u r s  (see  f o r  e x am p le  (Va 63)).

If an  e x t r e m e  c a s e  i s  ta k e n  and i t  i s  a s s u m e d  th a t  th e  

d ecay  i s  p u re ly  a  d i r e c t  fo u r -b o d y  p r o c e s s ,  th e n  the  e n e rg y  d i s ­

t r ib u t io n  of the  ö ' - p a r t i c l e s  c an  b e  c a lc u la te d .  A s s u m in g  th a t  t h e r e  

i s  no in t e r a c t i o n  b e tw e e n  th e  p a r t i c l e s ,  th e  e n e rg y  d i s t r ib u t io n  of 

one of th e m  is  (Ro 55)

N(E) = k E *  (E m ax  - E ) 2 (5 .2 )

w h e re  k i s  a n o r m a l i z a t io n  c o n s ta n t ,

E i s  th e  p a r t i c l e  e n e rg y  in  th e  c e n t r e  of m a s s  s p a c e ,  

and E m a x  m a x im u m  c e n t r e  of m a s s  e n e rg y  a v a i la b le  to

a s in g le  p a r t i c l e  in  th e  b re a k u p .

It c an  b e  show n , u s in g  th e  m e th o d  of L a g r a n g ia n  m u l t ip l i e r s  th a t  in  

the  c e n t r e  of m a s s  s p a c e ,  one p a r t i c l e  h a s  i t s  m a x im u m  e n e rg y  

when th e  o th e r  t h r e e  m ove  off w ith  eq u a l  v e lo c i t i e s  in  th e  o p p o s i te
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d i r e c t i o n .  If th e  s p e c t r u m  is  r e c o r d e d  at a  l a b o r a to r y  an g le  of 90° 

th e n  a n  e x p r e s s i o n  of th e  s a m e  fo r m  as  e q u a t io n  5. 2 a p p l ie s  w ith  

th e  e n e r g i e s  m e a s u r e d  in  the  la b o r a to r y  s y s t e m .  T h e  d a sh e d  

c u r v e s  in  f ig u r e  5. 2 a r e  an  e v a lu a t io n  of e q u a t io n  5. 2 , n o r m a l iz e d  

to  f i t  e a c h  c o n t in u u m . I t  i s  w o r th  noting  th a t  only one p a r a m e t e r ,  

th e  v e r t i c a l  s c a l e ,  h a s  b e e n  a d ju s te d  w hen m ak in g  th e s e  f i t s .  A 

m o r e  c r i t i c a l  t e s t  of th e  d i r e c t  fo u r -b o d y  b r e a k u p  a s s u m p t io n  would 

be  to  c o m p a r e  th e  f i t  in  the  re g io n  of th e  m a x im u m  of th e  co n tin u u m . 

U n fo r tu n a te ly ,  th i s  r e g io n  canno t be  o b s e r v e d  u s in g  so l id  s ta t e  

c o u n te r s  b e c a u s e  of th e  l a r g e  b a c k g ro u n d  of p ro to n s  a t lo w e r  e n e r g i e s .

T h e  fo u r -b o d y  b re a k u p  f o r m u la  f i t s  th e  d a ta  qu ite  w e ll  in  

th e  e n e rg y  r e g io n  o v e r  w hich  it  i s  a p p l ie d .  It can n o t be th e  whole  

e x p lan a t io n  h o w e v e r ,  s in c e  th e  e x p e r im e n t  i t s e l f ,  th ro u g h  th e  a~

9
p a r t i c l e  t r a n s i t i o n s  to  B s t a t e s  and p ro to n  t r a n s i t i o n s  to  h igh  e x c i ted

12s t a t e s  of C , sh o w s  th a t  th e s e  in te r m e d ia te  n u c le i  c e r t a in ly  ta k e  

p a r t .  In  f a c t ,  th e  cy -partic le  b a c k g ro u n d  in  th e  e n e rg y  re g io n  u n d e r  

c o n s id e r a t io n  cou ld  p ro b a b ly  be  f i t te d  equally  w e ll  by c o n s id e r in g  

th e  b r e a k u p  a s  a  s e r i e s  of tw o -b o d y  p r o c e s s e s .  B re a k u p  th ro u g h  

d i f f e r e n t  l e v e l s  of th e  i n t e r m e d ia t e  n uc le i  g ive  r i s e  to  b ro a d  o v e r ­

lap p in g  g ro u p s  of a  p a r t i c l e s .  Such g ro u p s  a r e  e s p e c ia l ly  s p r e a d

o
out w hen  v e r y  b r o a d  le v e l s  s u c h  as  the  e x c i ted  s t a t e s  of Be a r e  

in v o lv ed . T h e r e  a r e  a  l a r g e  n u m b e r  of s u c h  decay  m o d e s  a v a i la b le
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(see  f ig  5. 4) and  i t  s e e m s  p ro b a b le  th a t  th e s e  b ro a d  g ro u p s  cou ld  be

c o m b in e d  to  f i t  th e  o b s e rv e d  co n tin u u m .

In o r d e r  to  c a lc u la te  th e  sh ap e  of the  b a c k g ro u n d  of a  p a r t i c l e s

f r o m  s u c h  a p r o c e s s  a v e ry  l a r g e  am o u n t of e x p e r im e n ta l  d a ta  on the  

13d e ca y  m ode  of N would be  r e q u i r e d .  Som e of th e  d a ta  r e q u i r e d  

would b e :

1 2(i) C r o s s  s e c t io n s  f o r  d e ca y  to  a l l  the  ex c i ted  s t a t e s  of C 

f r o m  7. 656 MeV to  a t  l e a s t  24 MeV.

(ii) C r o s s  s e c t io n s  f o r  th e  decay  to  a ll  l e v e ls  in  up to  

a t l e a s t  16 MeV.

(ii i)  B ra n c h in g  r a t i o s  f o r  th e  decay  of each  e x c i te d  s t a t e  of

12 9 8 5
b o th  C and B to  le v e l s  in  Be , and a lso  to  L i  fo r

q
s o m e  h ig h  e x c i te d  s t a t e s  of B " .

(iv) F o r  e a c h  decay  m o d e ,  th e  sh ap e  of th e  r e s u l t in g  b ro a d  

o ' - p a r t i c le  g ro u p  i s  r e q u i r e d .  T h is  sh ap e  would be  

d if f icu l t  to  c a lc u la te  when th e  b ro a d  ex c i ted  s t a t e s  of 

B e^  a r e  in v o lv ed .

V e ry  few  of th e  above  m e a s u r e m e n t s  have b e e n  m a d e  a t p r e s e n t ,  

and none  at a l l  a t  the  v e ry  high e x c i ta t io n  e n e r g ie s  r e q u i r e d .  L a c k  

of t h i s  know ledge  m a k e s  i t  im p o s s ib le  to  c a r r y  out b a c k g ro u n d  s u b ­

t r a c t i o n s  w hich  m ig h t  a llow  e v id en ce  to  be  o f fe re d  f o r  o r  a g a in s t  

the  p r e s e n c e  of b r o a d  s t a t e s  su ch  as  th o s e  s u g g e s te d  in  th e  1 .4  to

1. 7 MeV re g io n .



(2) T=0

3~ T=0

(CD T=0

N + p - o c

V  T=0

F IG . 6. 1 T he e n e rg y  le v e l d ia g ra m  of N ^ .  Only 
w e ll-c o n f irm e d  le v e ls  a r e  show n.



C H A P T E R  6

E N E R G Y  L E V E L S  IN N 14 N EA R  T H E  PR O T O N  TH RESH OLD

6. 1 In t ro d u c t io n

14T h e  e n e rg y  le v e l s  of N up  to  8. 71 MeV e x c i ta t io n  en e rg y

w h ich  have  b e e n  w ell  c o n f i rm e d  a r e  show n in  f ig u r e  6. 1. T h e  leve l

13s t r u c t u r e  in  th e  re g io n  im m e d ia te ly  above  th e  C + p th r e s h o ld  i s  

of p a r t i c u l a r  a s t r o p h y s ic a l  i n t e r e s t  (Ca 62) a s  any le v e l  e x is t in g  in  

th i s  r e g io n  cou ld  in f lu en ce  th e  C ^ / C ^  ab u n d an ce  r a t io  in  s t a r s  

b u rn in g  on th e  C a r b o n -N i t ro g e n -O x y g e n  c y c le .  Two r e p o r t e d  le v e ls  

fa ll  in to  t h i s  c a te g o r y .

In h i s  s tudy  of the  n e u t ro n  g ro u p s  f r o m  th e  C ^ ( d , n) N ^4

14r e a c t i o n ,  B en e n so n (B e  53) o b s e r v e d  a le v e l  in  N a t  7. 72 MeV

and a p o s s ib le  le v e l  at 7. 50 MeV in  ad d it io n  to  th e  w e l l - c o n f i rm e d

le v e l s .  T h e  le v e l  r e p o r te d  at 7. 72 MeV cou ld  in f lu en c e  the  

13 14C (p , y )N  r e a c t io n  r a t e  a t s t e l l a r  e n e r g i e s .  In t h e i r  s tudy  of the  

7  r a y s  f r o m  the  s a m e  r e a c t io n  h o w e v e r ,  R an k en  et a l .  (Ra 58a) saw  

7  r a y s  f r o m  th e  w e ll  c o n f i rm e d  le v e l s  up  to  7. 03 MeV b u t  found no 

e v id e n c e  f o r  le v e l s  b e tw e e n  7. 50 and 8. 6 MeV e x c i ta t io n .  T h e  

C ^ ( p , y ) N 44 r e a c t io n  c r o s s  s e c t io n  h a s  b e e n  s tu d ie d  by H eb b ard  

and Vogl (He 60) at p ro to n  e n e r g ie s  down to  130 k eV , and l a t e r  by 

Vogl (F o  62) down to  100 keV . L e v e ls  a t  7. 97 and 8. 06 MeV w e re  

s e e n ,  b u t  no e v id en c e  w as found fo r  th e  le v e l  r e p o r te d  by B en en so n
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at 7. 72 MeV. No o th e r  le v e l s  w e re  s e e n  down to  an  e x c i ta t io n

e n e rg y  of 7. 64 MeV. If a le v e l  d o es  e x is t  a t 7. 72 M eV, the  w o rk

13 14of H e b b a rd  and Vogl show s th a t  i t  would not in f lu e n c e  th e  C (p ,y )N

r e a c t io n  r a t e  a t  s t e l l a r  e n e r g i e s .

B u rg e  and P r o w s e  (Bu 56), (Ho 57) o b s e r v e d  the  in e la s t i c

s c a t t e r in g  of p ro to n s  f r o m  u s in g  p h o to g ra p h ic  e m u ls io n s .  In

ad d it io n  to  th e  w e l l - c o n f i rm e d  l e v e l s ,  th ey  r e p o r t e d  le v e l s  at 7 .4 0

and 7. 60 MeV w ith  p o s s ib le  le v e l s  a t  5. 95 and 6. 60 MeV. T h e  le v e l

r e p o r te d  at 7. 60 MeV i s  a l s o  of c o n s id e r a b le  a s t r o p h y s i c a l  i n t e r e s t .

H o w ev er  th e  ev id en ce  p ro v id e d  fo r  th i s  le v e l  in  the  w o rk  of B u rg e

and P r o w s e  i s  not c o n c lu s iv e  a s  the  g ro u p  a t t r ib u te d  to  i t  w as

s u sp ic io u s ly  n a r r o w ,  and w as  s e e n  a t one a n g le  on ly .

M il le r  e t  a l .  (Mi 56) o b s e r v e d  ^ - p a r t i c l e  g ro u p s  f ro m  th e

14in e la s t i c  s c a t t e r in g  of 21. 5 MeV a  p a r t i c l e s  f r o m  N . A ll le v e l s

r e p o r te d  by th e m  up to  8 MeV e x c i ta t io n  h av e  b e e n  w ell c o n f i rm e d .

An ad d it io n a l  le v e l  w as r e p o r te d  a t  8 .4 5  MeV b u t  no ev id en ce  w as

found fo r  le v e l s  a t  7 .4 0  o r  7. 60 MeV. G ro u p s  f r o m  T  = 1 le v e ls

would be s t ro n g ly  in h ib i te d  by i s o b a r i c  sp in  s e le c t io n  r u l e s  h o w e v e r ,

and would not n e c e s s a r i l y  be s e e n  w ith  th i s  r e a c t i o n .  R ecen tly

C lay ton  (Cl 62) h a s  in v e s t ig a te d  th e  le v e l  s t r u c t u r e  of b e tw e e n

4 and 8 MeV e x c i ta t io n  en e rg y  by o b s e r v in g  th e  ^ - p a r t i c l e  g ro u p s  

15 3 14f r o m  th e  N (He , & )  N r e a c t io n .  He o b s e r v e d  a l l  th e  w e l l - c o n f i r m e d
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l e v e l s  up  to  8. 06 MeV as  w e ll  as  a  p o s s ib le  new le v e l  at 6. 048 MeV. 

H o w e v e r ,  he  did not find any ev id en ce  f o r  the  le v e l s  r e p o r te d  a t 

6. 70, 7 .4 0  and 7. 60 MeV.

14I n e la s t i c  p ro to n  s c a t t e r in g  f ro m  N h a s  b e e n  s tu d ie d  by

O da e t a l .  (Od 60) u s in g  p ro to n s  at s e v e r a l  e n e r g ie s  b e tw e e n  7. 6 and

14. 2 MeV. P r o t o n  g ro u p s  w e re  o b s e r v e d ,  c o r r e s p o n d in g  to  the  w e l l-

c o n f i rm e d  le v e l s  up  to  8 MeV e x c i ta t io n .  H o w e v e r ,  only r e la t iv e ly

s t r o n g  g ro u p s  w e r e  o b s e rv e d  and no t a ll  l e v e l s  w e re  r e s o lv e d .

F u r t h e r  r e p o r t s  of in e la s t i c  p ro to n  s c a t t e r in g  s tu d i e s ,  by B row n

(B r 63) u s in g  10. 5 MeV p ro to n s  and by D onovan e t  a l .  (Do 63) u s in g

10. 2 MeV p r o to n s  have  re c e n t ly  b e c o m e  a v a i la b le .  B o th  of th e s e

14e x p e r im e n t s  r e v e a le d  the  w e l l - c o n f i rm e d  le v e l s  in  N up to  8 MeV 

e x c i ta t io n  bu t show ed  no s ign  of l e v e l s  a t 6. 05, 6. 60, 7. 40 o r  7. 60 

MeV.

In v iew  of th e  p o s s ib i l i ty  of ra p id  c h an g e s  in  th e  in e la s t i c  

p ro to n  s c a t t e r i n g  c r o s s  s e c t io n  w ith  e n e r g y ,  i t  w as  c o n s id e r e d  

d e s i r a b l e  to  o b s e r v e  th e  N ^ ( p , p !) r e a c t io n  in  a s e a r c h  f o r  th e  7. 60 

MeV le v e l  r e p o r t e d  by B u rg e  and P r o w s e  u s in g  th e  s a m e  b o m b a rd in g  

e n e rg y  and  an g le  of o b s e r v a t io n  a s  w e re  u s e d  p re v io u s ly .

6. 2 E x p e r im e n ta l  A p p a ra tu s

T h e  e x p e r im e n t  w as c a r r i e d  out u s in g  m o n o e n e r g e t ic  p ro to n s

f r o m  th e  C a n b e r r a  ta n d e m  a c c e l e r a t o r .  T h e  b e a m  e n te r e d  a 43 c m .
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1.

2.

3.

4.

5.

6 .

7.

8.

S ch e m a t ic  r e p r e s e n t a t i o n  of the  s c a t t e r i n g  c h a m b e r .  
N u m b e re d  i t e m s  a r e :

P o r t io n  of th e  b e a m  c o l l im a to r  and b a ff le  s y s t e m .

T h e  gas  t a r g e t .
n

M y la r  w indow s (1 m g m /c m  , A l - c o a te d  on eac h  s id e ) .  

T h in  Ni w indow s (0. 63 m ic r o n  e n t r y ,  1. 26 m ic r o n  e x it) .  

Solid s ta t e  c o u n te r .

D e te c to r  c o l l im a t in g  a s s e m b ly .

L u c i te  n e u t r o n  m o d e r a to r .

E l e c t r o n  s u p p r e s s o r  and F a r a d a y  cup .
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d i a m e t e r  s c a t t e r in g  c h a m b e r  th ro u g h  two c o l l im a t in g  a p e r t u r e s  

0. 15 cm  in  d i a m e t e r  p la c e d  20 cm . a p a r t .  An a n t i s c a t t e r  a p e r t u r e ,  

0 .2 3  c m .  in  d i a m e t e r ,  w as p la ce d  10 cm . beh in d  eac h  c o l l i m a t o r .  

B e a m  c u r r e n t s  of th e  o r d e r  of 1 w e re  u s e d ,  and the  c h a r g e  w a s  

c o l le c te d  in  a F a r a d a y  cup  w ith  b o th  m ag n e t ic  and e l e c t r o s t a t i c  

s u p p r e s s io n ,

A g a s - c e l l  t a r g e t ,  a l r e a d y  in  u s e  in  t h i s  l a b o r a t o r y ,  w as

found to  b e  su i ta b le  f o r  th e  p r e s e n t  e x p e r im e n t .  C a lc u la t io n  show ed

(se e  a p p en d ix  B) th a t  fo r  10 MeV in c id e n t  p ro to n s  and a f i l l in g

p r e s s u r e  of 180 m m  of m e r c u r y ,  the  e n e rg y  r e s o lu t io n  (full w id th

at h a l f  m a x im u m )  w a s  a p p ro x im a te ly  58 keV fo r  a  1 MeV p ro to n

g ro u p  le av in g  the  t a r g e t  a t a l a b o r a to r y  ang le  of 6 0° , and w as  b e t t e r

fo r  h ig h e r  e n e rg y  g r o u p s .  T h is  r e s o lu t io n  w as a d eq u a te  to  a llow  a ll

14the  w e l l - c o n f i r m e d  le v e l s  in  N to  be  r e s o lv e d .  T h e  e x p e r im e n t a l  

a p p a r a tu s  i s  show n in  f ig u re  6 . 2 .  A d e ta i le d  d e s c r ip t i o n  of th e  

s c a t t e r i n g  c h a m b e r ,  gas  t a r g e t ,  b e a m  and c o u n te r  c o l l i m a t o r s  i s  

g iven  by O h lse n  and  Young (Oh 63). T h e  b e a m  e n te r e d  and le f t  th e  

7. 6 c m .  d i a m e t e r  g a s  t a r g e t  th ro u g h  Ni fo i ls  of th i c k n e s s  0. 63 m ic r o n  

and 1. 20 m ic r o n  r e s p e c t iv e ly .  T he  e n t r a n c e  fo il  w as  m o u n ted  on a 

5. 7 c m .  " sn o u t"  and w as  10. 3 c m .  f r o m  th e  c e n t r e  of th e  t a r g e t .

T h e  p u r p o s e  of th e  sn o u t w as  to  p re v e n t  p r o to n s  s c a t t e r e d  by th e  

Ni fo il  f r o m  i l lu m in a t in g  th e  f ro n t  s l i t  of th e  c o u n te r  c o l l i m a t o r .
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T h e  r e a c t io n  p r o d u c ts  le f t  the  t a r g e t  th ro u g h  an  a lu m in iu m  co a te d  

m y la r  fo il  1 m g m /c m  th ic k .  The f i l l in g  g a s  w as  d ry  o x y g e n - f r e e  

n i t r o g e n ,  and  v a r io u s  f i l l in g  p r e s s u r e s  b e tw e e n  40 and 180 m m  of 

m e r c u r y  w e re  u s e d .  A s m a l l  t r a y  co n ta in in g  KOH p e l l e t s  w as 

m oun ted  in s id e  th e  t a r g e t  l id  in  o r d e r  to  h e lp  e l im in a te  the  build  

up of w a te r  v a p o u r .

Tw o 6 0 0 0 - f l - c m  g o ld - s i l i c o n  s u r f a c e  b a r r i e r  d e t e c to r s  of

2
50 m m  a r e a ,  and c ap a b le  of s topp ing  8 MeV p r o to n s  w e r e  m oun ted  

in s id e  the  s c a t t e r in g  c h a m b e r ,  19 cm  f r o m  th e  c e n t r e  of the  t a r g e t .  

Two r e c t a n g u la r  c o l l im a t in g  s l i t s  w e re  p la c e d  b e tw e e n  e a c h  c o u n te r  

and th e  t a r g e t .  T h e  d im e n s io n s  of th e  c o l l im a to r  s y s t e m s  a r e  g iv e n ,  

fo llow ing th e  n o ta t io n  of S i l v e r s t e in  (Si 59), in  t a b le  6. 1.

T A B L E  6 .1

NOTATION D E S C R IP T IO N DIMENSION

2b x f r o n t  s l i t  w id th 0 .3 0  cm

2b a r e a r  s l i t  w id th 0. 30 cm

l r e a r  s l i t  h e igh t 0. 50 cm

R o d is ta n c e  f r o m  c e n t r e  
of t a r g e t  to  r e a r  s l i t 18. 5 cm

h d is ta n c e  b e tw ee n  s l i t s  
s l i t  t h ic k n e s s  
a n g u la r  r e s o lu t io n

13 .2  cm  
0. 038 cm  

2°
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An a n t i s c a t t e r  s l i t  0 .4 0  c m .  w ide and 0. 60 c m  h igh  w as  p la ce d  m i d ­

way be tw een  the  f r o n t  and r e a r  s l i t s .  P u l s e s  f r o m  th e  c o u n te r s  

w e re  am p lif ied  by c h a r g e - s e n s i t i v e  p r e a m p l i f i e r s  and O r te c  m ode l 

203 a m p l i f i e r s  o p e r a te d  in  t h e i r  double  d e la y  l in e  m o d e ,  and s p e c t r a  

w e re  r e c o r d e d  on 400 c h an n e l  p u ls e - h e ig h t  a n a l y s e r s .

6. 3 E x p e r im e n ta l  P r o c e d u r e

D a ta  w e r e  r e c o r d e d  a t  l a b o r a to r y  a n g le s  of 6 0 ° ,  90° and 

o
120 e v e ry  20 keV  b e tw e e n  the  p ro to n  e n e r g i e s  of 9. 30 and 10. 00

M eV, and e v e ry  100 keV b e tw e e n  1 0 .0 0  and 10. 50 MeV. In i t i a l ly ,

s p e c t r a  w e re  ta k e n  w ith  m a x im u m  p e r m i s s i b l e  b ia s  on th e  c o u n te r s

to  en ab le  a l l  i n e l a s t i c  p ro to n  g ro u p s  to  be  s to p p ed  w ith in  th e  d e p le t io n

14l a y e r .  P e a k s  f r o m  th e  w ell c o n f i rm e d  le v e l s  in  N w e r e  u s e d  to  

p ro v id e  an  e n e rg y  c a l i b r a t i o n  fo r  the  c o u n te r s .  O th e r  p ro to n  g ro u p s  

w e re  th e n  id e n t i f ie d ,  b o th  by t h e i r  c a lc u la te d  e n e r g y ,  and  by t h e i r  

e n e rg y  v a r i a t io n  w ith  a n g le .  In a d d i t io n  to  t h e i r  e n e rg y  v a r i a t io n  

w ith  in c id e n t  b e a m  e n e rg y  and ang le  of o b s e r v a t io n ,  ^ - p a r t i c l e  and 

He g ro u p s  w e re  id e n t i f ie d  by th e i r  i n c r e a s e d  e n e rg y  lo s s  in  an  

0. 88 m g m /c m  m y l a r  fo il  w hich  cou ld  be  p la c e d  in  f ro n t  of the  

c o u n te r s .  H e liu m  p e a k s  w e r e  a lso  ty p ic a l ly  about tw ic e  a s  b ro a d  

a s  p ro to n  p e a k s .

T he  e n e rg y  lo s s  of th e  in c id e n t  b e a m  in  r e a c h in g  the  c e n t r e  

of th e  t a r g e t ,  and of th e  r e a c t i o n  p r o d u c ts  in  le av in g  th e  t a r g e t ,  w as
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c a lc u la te d ,  u s in g  the  s topp ing  c r o s s  s e c t io n s  c o m p ile d  by W haling  

(Wh 58). T h e  s to p p in g  c r o s s  s e c t io n  f o r  low  e n e rg y  r e a c t io n  

p ro d u c ts  (below abou t 2 MeV) v a r i e d  m a rk e d ly  a long  t h e i r  p a th  

len g th  in  th e  t a r g e t  gas  and in  the  m y la r .  T h e  p r o c e d u r e  adop ted  

at t h e s e  e n e r g i e s  t h e r e f o r e ,  w as  to  u s e  th e  s to p p in g  c r o s s  s e c t io n  

a p p r o p r ia t e  to  th e  e n e rg y  of the  p a r t i c l e  e n te r in g  the  a b s o r b e r  to  

c a lc u la te  a f i r s t  o r d e r  e n e rg y  lo s s .  T h i s  w as  u s e d  to  find  an 

a p p ro x im a te  a v e r a g e  e n e rg y  of the  p a r t i c l e  in  th e  a b s o r b e r ,  and th e  

s topp ing  c r o s s  s e c t io n  a p p r o p r ia te  to  t h i s  e n e rg y  w as  th e n  u s e d  to  

o b ta in  a  c o r r e c t e d  e n e rg y  lo s s .  V a lu es  o b ta in ed  in  th i s  way a g re e d  

w ith  th o s e  o b ta in e d  by n u m e r ic a l  in t e g r a t io n  to  w ith in  th e  a c c u r a c y  

of r e a d in g  th e  s to p p in g  c r o s s  s e c t io n  c u r v e s .  In c a lc u la t in g  the 

e n e rg y  lo s s  in  th e  m y la r  w indow , a  s l ig h t  c o r r e c t i o n  w as  m ade  to  

the  n o m in a l  th ic k n e s s  in  o r d e r  to  a c h ie v e  c o n s is te n c y  b e tw e e n  the  

p ro to n  and  heavy  p a r t i c l e  c a l i b r a t io n  c u r v e s .  T h is  c o r r e c t i o n  m a d e  

n e g l ig ib le  d i f f e r e n c e  to the  p ro to n  c a l i b r a t io n .

In a l l  s p e c t r a  r e c o r d e d ,  a v e r y  l a r g e  b a c k g ro u n d  of low 

e n e rg y  p u l s e s  w as  ev id en t .  P a r t  of th i s  w as  p ro b a b ly  due to  p i le -u p  

of p u ls e s  f r o m  ß p a r t i c l e s  f r o m  the  t a r g e t .  If V i s  th e  r e v e r s e  b ia s  

a p p lied  to  th e  c o u n te r ,  th en  th e  s e n s i t iv e  v o lu m e  i s  p r o p o r t io n a l  to  

V 2 . F o r  th e  h igh ly  p e n e t r a t in g  ß p a r t i c l e s  t h e r e f o r e ,  the  e n e rg y  

d e p o s i te d  in  the  d e p le t io n  l a y e r  w ill  be  rough ly  p ro p o r t io n a l  to  V 2 .
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It fo llow s  th a t  th e  e n e rg y  of p i le -u p  p u l s e s  w il l  a lso  b e  p r o p o r t io n a l
i

to  V 2 . S u b s ta n t ia l  re d u c t io n  in  the  e n e rg y  of p i l e - u p  p u ls e s  f r o m  

ß  p a r t i c l e s  can  t h e r e f o r e  be  ga ined  by lo w e r in g  th e  c o u n te r  b i a s .

P a r t  of the  b a c k g ro u n d  w as a lso  cau se d  by  S i(n ,p )  and S i ( n ,a )  

r e a c t io n s  in d u c ed  in  th e  c o u n te r  d ep le t io n  l a y e r  by th e  l a r g e  flux 

of n e u t ro n s  o r ig in a t in g  in  the  b e a m  c o l l im a to r ,  t a r g e t  and F a r a d a y  

cup . F o r  s in g le  n e u t ro n - in d u c e d  p u l s e s ,  i f  n i s  th e  n u m b e r  of 

r e a c t io n s  p e r  s e c o n d  p e r  un it v o lu m e  of th e  c o u n te r ,  th e  n u m b e r  

r e c o r d e d  p e r  s e c o n d  i s  p ro p o r t io n a l  to  n V 2 . If th e  r e s o lv in g  t im e  

of p u ls e s  f r o m  th e  c o u n te r  i s  H , th e  n u m b e r  of doub le  n e u t ro n -  

in d u ced  p u l s e s  r e c o r d e d  i s  p r o p o r t io n a l  to  n ^ t v ,  L o w e r in g  the  

c o u n te r  b ia s  w il l  t h e r e f o r e  g re a t ly  r e d u c e  the  n u m b e r  of th o s e  

b a c k g ro u n d  p u l s e s ,  e sp e c ia l ly  th o s e  at h ig h e r  e n e rg y  c a u s e d  by 

m u lt ip le  p u ls e  d e te c t io n .  In  th e  p r e s e n t  e x p e r im e n t ,  th e  b a ck g ro u n d  

in  the  p ro to n  e n e r g y  re g io n  c o r r e s p o n d in g  to th e  e x c i ta t io n  e n e rg y  

n e a r  the  C + p t h r e s h o l d ,  w as re d u c e d  by a f a c to r  of t h r e e .  T h is  

b a ck g ro u n d  w as  r e d u c e d  by a f u r t h e r  f a c to r  of tw o  u n d e r  low b ia s  

c o n d i t io n s ,  by s u r ro u n d in g  the  c o u n te r  by a 2. 5 c m .  th ic k  lu c i te  

n e u t ro n  m o d e r a t o r  (see  fig  6. 2) w h ich  lo w e re d  th e  a v e r a g e  en e rg y  

of the  n e u t ro n s  in c id e n t  on the c o u n te r .  In a l l  th e  s p e c t r a  r e c o r d e d  

in  the  in v e s t ig a t io n  of th e  e x c i ta t io n  re g io n  n e a r  th e  C + p t h r e s h o ld ,  

th e  c o u n te r  b ia s  w as  re d u c ed  u n t i l  th e  b ro a d  g ro u p  due  to  th e  p a r t i a l ly



F IG . 6. 3 A p u ls e - h e ig h t  s p e c t r u m  of c h a r g e d  p a r t i c l e s  f ro m  
th e  + p r e a c t i o n ,  ta k e n  at a l a b o r a to r y  a n g le  of 60° and  a 
p r o to n  r e a c t io n  e n e rg y  of 9 .4 5  MeV. P r o to n  g ro u p s  a r e  la b e l le d  
by the  e n e rg y  of th e  a p p r o p r ia te  le v e l  in  and  heav y  p a r t i c l e  
g ro u p s  a r e  la b e l le d  by th e  r e a c t io n  p ro d u c in g  th e m .  T h e  e x p ec ted  
p o s i t io n  of th e  p e a k s  f ro m  le v e ls  r e p o r te d  at 7. 40 and 7. 60 MeV 
a r e  m a r k e d  by a r r o w s .  A t a r g e t - g a s  f i l l in g  p r e s s u r e  of 180 m m  
of m e r c u r y  w as  u s e d  and  th e  c h a r g e  in c id e n t  on  th e  t a r g e t  w as 
100 p C  of p r o to n s .  In the  r e g io n  b e tw ee n  th e  p e a k s ,  th e  s t a t i s t i c a l  
e r r o r s  a r e  a p p ro x im a te ly  th e  m ag n itu d e  of th e  p lo t ted  p o in ts .
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s to p p ed  e la s t ic  p ro to n s  w as  ju s t  above th e  re g io n  of i n t e r e s t .

6. 4 R e s u l t s  and D is c u s s io n

6. 4. 1 T he  E n e rg y  L e v e ls  of

S p e c t r a  w e r e  t a k e n  at su f f ic ie n t ly  c lo se  i n t e r v a l s  in  e n e r g y ,  

so  th a t  the  whole of the  r e a c t i o n  e n e rg y  ra n g e  b e tw e e n  9. 15 and  

9 .8 5  MeV w as in v e s t ig a te d .  A ll  s p e c t r a  showed s i m i l a r  c h a r a c t e r i s ­

t i c s .  F ig u r e  6. 3 show s a s p e c t r u m  ta k e n  a t the  s a m e  p ro to n  r e a c t i o n  

e n e rg y  ( la b o ra to ry  e n e rg y  a t th e  t a r g e t  c e n t r e )  and an g le  of o b s e r v a t io n  

a s  w as  u s e d  by B u rg e  and P r o w s e  (Bu 56). The  e x p ec te d  p o s i t io n  of 

th e  p e a k s  f ro m  the  le v e l s  r e p o r te d  by th e s e  w o r k e r s  at 7. 40 and  7. 60 

MeV a r e  show n by a r r o w s  on the  f ig u r e .  F ig u r e  6. 3 sh o w s  c l e a r ly  

th a t  no p ro to n  g ro u p s  to  t h e s e  s t a t e s  o c c u r  in  th e  p r e s e n t  s p e c t r u m .

At h ig h e r  p ro to n  e n e r g i e s , s t a t e s  of h ig h e r  e x c i ta t io n  a p p e a r  out of 

th e  low~ e n e rg y  b a c k g ro u n d ,  d e m o n s t r a t in g  th a t  th e  e q u ip m e n t  w o rk s  

s a t i s f a c to r i l y  fo r  low e n e rg y  p ro to n s .

Of p a r t i c u l a r  i n t e r e s t  i s  the  g round  s t a t e  c r -p a r t ic le  g ro u p  

14f r o m  th e  N (p ,# )  r e a c t io n  show n in  fig  6. 3. T r a c k s  f r o m  th i s  

o - -p a r t ic le  g ro u p  shou ld  be  v i s ib le  on th e  e m u ls io n s  e x p o sed  by 

B u rg e  and P r o w s e .  A c c o rd in g ly ,  th e  p r o p e r t i e s  of th is  g ro u p  of 

t r a c k s  have  b e e n  c a lc u la te d .  T he  ra n g e  of p ro to n s  and a  p a r t i c l e s  

in  th e  e m u ls io n s  w as  o b ta ined  f r o m  the  N u c le a r  E m u ls io n  s e c t io n  of 

th i s  L a b o r a to r y  (B r 63a), and the  g e o m e try  and g a s  p r e s s u r e  of the
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e x p e r im e n t  w as  o b ta in e d  f r o m  the  p u b l ic a t io n  by B u rg e  and P r o w s e  

(Bu 56). It w as  found th a t  the g ro u p  would have  a t r a c k - l e n g t h  d i s ­

t r ib u t io n  w h o se  m e a n  le n g th ,  w id th  a t  h a lf  he igh t and  in te n s i ty

c o r r e s p o n d  c lo s e ly  to  th e  p r o p e r t i e s  of th e  g ro u p  a t t r ib u te d  to

14in e la s t ic  p ro to n s  f r o m  a  le v e l  at 7. 60 MeV in  N . T h e  in te n s i ty

is  m e a s u r e d  r e l a t i v e  to  th e  p ro to n  g ro u p  to  th e  7. 03 MeV s ta t e  of 

14N , show n in  th e  s a m e  h i s to g r a m  (Bu 56). At th e  o th e r  a n g le s  

u se d  by B u rg e  and P r o w s e ,  the  ^ - p a r t i c l e  g ro u p  would no t be  v i s ib le .  

B u rg e  and P r o w s e  found th a t  the  a n a ly s i s  of t h e i r  e m u ls io n s  w as 

m ade  d if f icu l t  by  a  c o n c e n t r a t io n  of b ack g ro u n d  g r a in s  n e a r  the  

s u r f a c e .  In  s o m e  of t h e i r  w o rk  th i s  s u r f a c e  d e p o s i t  w as  r e m o v e d  

by rubb ing  th e  e m u ls io n s  w ith  co tto n  wool d ipped  in  a lco h o l .  It 

s e e m s  p ro b a b le  t h e r e f o r e ,  th a t  the  ends of th e  cy -partic le  t r a c k s  

could  e a s i ly  h a v e  b e e n  m is ta k e n  fo r  p ro to n  t r a c k s .  In o r d e r  to  

ch eck  th i s  h y p o th e s i s ,  D r .  B u rg e  h a s  r e - e x a m in e d  h i s  e m u ls io n s  

a t 60° and c h e c k e d  th e  p r e s e n t  c a lc u la t io n s .  He h a s  in d ic a te d  

(Bu 63) th a t  th e  c o n c lu s io n s  r e a c h e d  h e r e  a p p e a r  to  be  w e ll  founded , 

and th a t  th e  g ro u p  c o n c e rn e d  cou ld  e a s i ly  be th e  N ^ ( p , q-) g ro u p . 

P o s i t iv e  id e n t i f ic a t io n  of th e  t r a c k s ,  a s  r e s u l t in g  f r o m  a  p a r t i c l e s ,  

w as m ade  d if f icu l t  by t h e i r  s h o r tn e s s  and by th e  r e m o v a l  of the  

s u r f a c e  l a y e r  of th e  e m u ls io n .

F o l lo w in g  the  in i t i a l  s u r v e y ,  s e v e r a l  f ixed  e n e r g ie s  w e re



F IG . 6 .4  A p o r t io n  of a s p e c t r u m  of c h a r g e d  p a r t i c l e s  f r o m  
th e  N-*-4 + p r e a c t i o n ,  ta k e n  at a  l a b o r a to r y  a n g le  of 60° and  an  
in c id e n t  p ro to n  r e a c t io n  e n e rg y  of 1 0 .1 4  MeV. An in c id e n t  c h a r g e  
of 10^ juC of p ro to n s  and a g a s - f i l l in g  p r e s s u r e  of 60 m m  of m e r c u r y  
w e re  u s e d .  A b ro a d  p r o to n  g ro u p ,  c a u s e d  by e la s t i c  s c a t t e r i n g  
f r o m  h y d ro g e n  a c c u m u la t in g  a s  w a te r  v a p o u r  in  th e  gas  t a r g e t ,  and 
a f i r s t  ex c i ted  s t a t e  ^ - p a r t i c l e  g ro u p  f ro m  th e  N ^^(p ,o ')  r e a c t i o n  a r e  
v i s ib le .  T h e  p o r t io n  of th e  s p e c t r u m  expanded  by 10 show s  tw o 
w eak  p ro to n  g ro u p s  f r o m  known le v e ls  in  and at 7. 66 and 
7. 57 MeV e x c i ta t io n  r e s p e c t iv e ly .  T h e  b u lg e  la b e l le d  ’A ’ i s  c a u s e d  
by a  lo w -e n e rg y  p ro to n  g ro u p  f r o m  the  N ^ ^ ( p ,p ')  r e a c t i o n  to  a le v e l  
in  at an  e x c i ta t io n  e n e rg y  of a p p ro x im a te ly  8. 57 MeV.



COUNTS
Kj oj -fc* cn



- 8 0 -

s e le c te d  and  b o m b a r d m e n ts  m ade  to  o b ta in  good s t a t i s t i c s  f o r  the  

known p r o to n  g ro u p s  and to  in v e s t ig a te  m o r e  c lo s e ly  th e  r e g io n s  

b e tw e e n  th e s e  g r o u p s .  T he  s p e c t r u m  of fig  6 .4  i s  ty p ic a l  of a l l  

th e  s p e c t r a  o b ta in ed  w ith  good s t a t i s t i c s  e v e r y  100 keV  b e tw e e n  

9. 95 and 1 0 .4 5  MeV ( r e a c t io n  en e rg y )  a t a n g le s  of 60° and 9 0 ° ,  and 

at 10. 25 MeV a t  a n  ang le  of 120°. S t a t i s t i c a l  a c c u r a c y  i s  h ig h ,  

ty p ic a l  e r r o r s  b e in g  of the  o r d e r  of the  s iz e  of th e  p lo t te d  p o in ts  

on the  exp an d ed  p o r t io n  of the  c u rv e .  Tw o f u r t h e r  p r o to n  g ro u p s ,  

to  th e  7. 97 and 8. 06 MeV le v e ls  of a r e  c l e a r ly  v i s ib le  above  the  

low  e n e rg y  b a c k g ro u n d .  T h e  c r o s s  s e c t io n  of th e  g ro u p  to  th e  8. 06 

MeV le v e l  i s  v e r y  s m a l l  f o r  a l l  e n e r g ie s  and a n g le s  o b s e r v e d ,  even  

though  i t  i s  not in h ib i te d  by any known s e le c t io n  r u l e s .  A p ro to n  

g ro u p ,  m a r k e d  A on th e  f i g u r e ,  i s  a lso  ev id en t  on th e  s id e  of the  

r i s in g  b a c k g r o u n d .  At h ig h e r  in c id e n t  p r o to n  e n e r g i e s ,  th is  g ro u p  

w as fully  r e s o lv e d .  B e c a u se  of i t s  low e n e r g y ,  i t  cou ld  not be 

p o s i t iv e ly  id e n t i f ie d  by k in e m a t ic s  a t o th e r  a n g le s .  H o w ev e r  b e c a u s e  

of th e  in te n s i ty  of the  g ro u p ,  i t  w as a t t r ib u te d  to  a  le v e l  in  a t an  

e x c i ta t io n  e n e rg y  of (8. 57 t  0. 05) MeV. T h e  e n e rg y  c a l i b r a t i o n  

te c h n iq u e ,  w h ich  w as  p re v io u s ly  t e s t e d  on th e  g ro u p  to  th e  7. 97 MeV 

le v e l  w hen  th i s  g ro u p  w as of c o m p a r a b le  e n e r g y ,  i s  b e l ie v e d  to  be  

s a t i s f a c t o r y .  T h e  p o s i t io n  of th i s  le v e l  i s  not in  a g r e e m e n t  w ith  th e  

w e l l - c o n f i r m e d  le v e l  in  th i s  r e g io n  a t 8 .6 3  MeV (Aj 59), H o w e v e r ,
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th e re  is  a r e la t iv e ly  la rg e  b a c kg ro u n d  u n d e r the g ro u p  w h ic h  p ro b a b ly  

co n ta in s  a c o n t r ib u t io n  f ro m  the  b ro a d  p ro to n  g ro u p  re s u lt in g  f ro m  

the  b re a k u p  o f the  e x c ite d  N i4  nu c le u s  in to  C 1 + p. I t  is  p o s s ib le  

th e r e fo re ,  th a t a s m a ll  g ro u p  f ro m  the  8. 63 M eV  le v e l c o u ld  have 

been o b s c u re d . T h e  p re s e n t le v e l cou ld  p o s s ib ly  be id e n t if ie d  w ith  

the  le v e l re p o r te d  by  M i l le r  e t a l.  a t (8 .4 5  t  0 .0 7 ) M eV  (M i 56).

A ls o  p re s e n t in  th is  s p e c tru m  ( f ig  6 .4 )  is  the  f i r s t - e x c i t e d -  

s ta te  o - -p a r t ic le  g ro u p  f ro m  th e  N ^ ^ p , # )  re a c t io n ,  and a b ro a d  g ro u p  

f ro m  th e  H ^ (p ,p )  re a c t io n  re s u lt in g  f ro m  w a te r  v a p o u r p re s e n t in  

the  ta rg e t .  T he  expanded s e c t io n  o f the  s p e c tru m  show s p ro to n  

g ro u p s  f ro m  the  7. 57 M eV  le v e l o f and the  7. 66 M eV  le v e l o f

- I O  i O  i r  1 /?

C 1 . O th e r  C 1 , N 1 , and O 1 peaks w e re  a lso  o b s e rv e d  in  o th e r  

re g io n s  o f the s p e c tru m .

None o f th e  s p e c tra  ta k e n  p ro v id e d  ev idence  fo r  g ro u p s  to  

14the  le v e ls  o f N  re p o r te d  at 7. 40 and 7. 60 M eV . A  g ro u p  to  the  

14N le v e l,  o f the  sam e m a g n itu d e  as th a t to  th e  7. 57 M eV  le v e l o f 

N  (see f ig  6 .4 ) ,  w o u ld  have a la b o ra to ry  c ro s s  s e c t io n  o f 11. 5 ^ b / s r .  

A n  u p p e r l im i t  o f 2 ju b /s r  is  th e re fo re  set to  the  c ro s s  s e c t io n  o f a 

g ro u p  (w h ich  w o u ld  a p p e a r as a s ta t is t ic a l ly  s ig n if ic a n t  peak) to  any 

le v e l in  n e a r th e  + p th re s h o ld .

A n  u p p e r l im i t  o f 5 ju b /s r  has been found  f o r  the  c ro s s  s e c tio n  

to  a 6. 05 M eV  s ta te  o f suggested  by  C la y to n  (C l 62). In  som e o f
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th e  s p e c t r a ,  a  w eak  g ro u p  a p p e a re d  a t  an  e n e rg y  c lo s e  to  th a t  e x p ec ted  

f o r  t h i s  l e v e l .  It w as  d e m o n s t r a t e d  h o w e v e r ,  b o th  by th e  en e rg y  

v a r i a t i o n  of th i s  p e ak  w ith  the  ang le  of o b s e r v a t io n ,  and by r e c o r d in g  

a s p e c t r u m  w ith  a i r  in  th e  t a r g e t ,  th a t  th e  g ro u p  w as  f r o m  th e  6. 13

1 fiMeV le v e l  of O . It w as  e s t im a te d  f r o m  th e  in te n s i ty  of th e  g ro u p ,

16th a t  up to  0. 5 p e r c e n t  O w as  p r e s e n t  in  th e  t a r g e t  w hen b ad ly  c o n ­

ta m in a te d  w ith  w a te r  v a p o u r .

In s u m m a r y , i t  m ay  be  s a id  th a t  a lth o u g h  p ro to n  g ro u p s  to

14all  the  w e l l - c o n f i r m e d  le v e l s  in  N up  to  8. 06 MeV e x c i ta t io n  w e re

o b s e r v e d ,  no ev id en c e  w as found fo r  th e  le v e l s  r e p o r te d  a t  6. 0, 6. 6,

7. 4 and 7. 6 MeV (Bu 56), o r  a t 6. 05 MeV (Cl 62), A p ro to n  g ro u p ,

14p o s s ib ly  c o r r e s p o n d in g  to  a  new le v e l  in  N at 8. 56 MeV w as s e e n .

An u p p e r  l im i t  of 2 fj,b / s r  h a s  b e e n  p la c e d  on th e  i n e l a s t i c  p ro to n  

s c a t t e r in g  c r o s s  s e c t io n  f ro m  any le v e l  of a s t r o p h y s i c a l  im p o r ta n c e  

at an  e x c i t a t io n  in  N 1 n e a r  th e  C 1 + p th r e s h o ld .

156 . 4 . 2  E x c i ta t io n  F u n c t io n s  and L e v e l s  in  O 

A n g u la r  d i s t r ib u t io n s  of th e  f i r s t  n ine  in e la s t i c  p ro to n  

g ro u p s  f r o m  th e  N^ ^ ( p , p ' )  r e a c t i o n  have  b e e n  m e a s u r e d  by B ro w n  

(B r 63). F o r  th e s e  m e a s u r e m e n t s  an  in c id e n t  r e a c t io n  p ro to n  e n e rg y  

of 10. 36 MeV w as  u s e d .  An a t te m p t  i s  b e in g  m a d e  by B ro w n  to  f it  

th e s e  d i s t r ib u t io n s  by a  d i r e c t  i n t e r a c t i o n  d i s to r t e d  w ave  c a lc u la t io n  

le ad in g  to  s t a t e s  of c o n f ig u ra t io n s  p ro p o s e d  by W a r b u r to n  and 

P in k s to n .  I t  i s  t h e r e f o r e  of i n t e r e s t  to  lo o k  a t th e s e  c r o s s  s e c t io n s



FIG 6. 5 T h e  e x c i ta t io n  fu n c tio n ,  at t h r e e  a n g le s  of th e  
p ro to n  g ro u p  to  th e  2 .3 1  MeV s ta t e  of N ^ .  At th e  h ig h e r  
e n e r g ie s  t h e r e  i s  a p ro n o u n c e d  m in im u m  in  th e  a n g u la r  
d i s t r ib u t io n  at 90°.

F IG . 6, 6 T h e  e x c i ta t io n  fu n c t io n ,  at t h r e e  a n g le s ,  of th e  
p ro to n  g ro u p  to  th e  3. 95 MeV s ta t e  of T he  0 ^ 5  le v e l s
c o r r e s p o n d in g  to  th e  r e s o n a n c e s  shown in  f ig s .  5. 10 and 5. 12 
a p p e a r  to  h av e  s o m e  in f lu en ce  on th e  c r o s s  s e c t io n .  T h is  i s  
p a r t i c u l a r ly  n o t ic e a b le  at 90°. T h e  a n g u la r  d is t r ib u t io n  i s  
v a ry in g  w ith  e n e rg y  n e a r  1 0 .4  MeV p ro to n  r e a c t io n  e n e rg y .
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FIG . 6. 7 T h e  e x c i ta t io n  fu n c t io n ,  a t t h r e e  a n g le s ,  of the  
p ro to n  g ro u p  to  th e  4. 91 MeV s ta t e  of N ^ .  T he  0 ^ 5  le v e ls  
c o r r e s p o n d in g  to  th e  r e s o n a n c e s  show n in  f ig s .  5. 10 and 5. 12 
m ay  have  s o m e  in f lu en c e  on the  c r o s s  s e c t io n .  T h e  a n g u la r  
d i s t r ib u t io n  i s  v a ry in g  w ith  e n e rg y  n e a r  1 0 .4  MeV p ro to n  
r e a c t io n  e n e rg y .

F IG . 6. 8 T h e  e x c i ta t io n  fu n c tio n ,  a t  t h r e e  a n g le s ,  of the  
p ro to n  g ro u p  to  th e  5. 10 MeV s ta t e  of N ^ .  T he  c r o s s  s e c t io n  
is  in f lu en c ed  by th e  0^-5 le v e l s  c o r r e s p o n d in g  to  th e  r e s o n a n c e s  
show n in  f ig s .  5. 10 and 5. 12. T h i s  i s  ev id en t  f r o m  the  s ig n i f i ­
c an t  ch an g e s  in  the  a n g u la r  d i s t r ib u t io n s  o v e r  m uch  of the  e n e rg y  
r a n g e  show n.
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F IG . 6. 9 T h e  e x c i ta t io n  fu n c t io n ,  a t t h r e e  a n g le s ,  of th e  p ro to n  
g ro u p  to  th e  5. 69 MeV s ta t e  of B o th  th e  c r o s s  s e c t io n  and
a n g u la r  d i s t r ib u t io n s  a r e  in f lu en c ed  by th e  le v e l s  i n O ^  c o r r e s ­
ponding to  the  r e s o n a n c e s  show n in  f ig s .  5. 10 and 5. 12.

F IG . 6. 10 T he  e x c i ta t io n  fu n c t io n ,  a t  t h r e e  a n g le s ,  of th e  p ro to n  
g ro u p  to  th e  5. 83 MeV s ta t e  of T h e  p ro m in e n t  r e s o n a n c e  at
a  p ro to n  en e rg y  of 9. 58 MeV c o r r e s p o n d s  to  a n O ^  le v e l  a t 16. 25 
MeV e x c i ta t io n .  T h e  p e a k s  at d i f f e r e n t  a n g le s  a r e  s l ig h t ly  d i s ­
p la c e d ,  p o s s ib ly  b e c a u s e  of th e  in f lu en c e  of th e  n e a rb y  r e s o n a n c e  
shown in  f ig . 5. 12.



5.69 l*"*
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F IG . 6 .1 1  T h e  e x c i ta t io n  fu n c t io n ,  a t  t h r e e  a n g le s ,  of th e  
p ro to n  g ro u p  to  th e  6 .21  MeV s ta t e  of T h e  c r o s s  s e c t io n
is  in f lu en c ed  by th e  le v e l s  c o r r e s p o n d in g  to  th e  r e s o n a n c e s  
shown in  f ig s .  5. 10 and 5. 12. T he  a n g u la r  d is t r ib u t io n  i s  
v a ry in g  w ith  e n e rg y  n e a r  1 0 .4  MeV p ro to n  r e a c t io n  e n e rg y .

F IG . 6. 12 T he  e x c i ta t io n  fu n c t io n ,  a t  t h r e e  a n g le s ,  of th e  
p ro to n  g ro u p  to  th e  6 .4 4  MeV s ta t e  of T h e  p ro m in e n t
r e s o n a n c e  a t  a  p ro to n  e n e rg y  of 9. 38 MeV c o r r e s p o n d s  to  an  
0 ^ 5  le v e l  a t 1 6 .0 4  MeV e x c i ta t io n .  T he  p e a k s  a t th e  d i f f e r e n t  
a n g le s  a r e  s l ig h t ly  d i s p la c e d ,  p o s s ib ly  b e c a u s e  of the  in f lu en c e  
of the  n e a rb y  r e s o n a n c e  shown in  f ig . 5. 10. T h e  a n g u la r  
d i s t r ib u t io n  is  v a ry in g  w ith e n e rg y  n e a r  1 0 .4  MeV p ro to n  
r e a c t io n  e n e rg y .
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FIG« 6. 13 T h e  e x c i ta t io n  fu n c tio n ,  a t t h r e e  a n g le s ,  of the  
p ro to n  g ro u p  to  th e  7 .0 3  MeV s ta t e  of The c r o s s  s e c t io n
is  in f lu en c ed  by the  le v e l s  c o r r e s p o n d in g  to  the  r e s o n a n c e s  
show n in  f ig s .  5. 10 and 5. 12. T he  a n g u la r  d i s t r ib u t io n  i s  
v a ry in g  w ith  e n e rg y  n e a r  1 0 .4  MeV p ro to n  r e a c t io n  e n e rg y .

F IG . 6« 14 T h e  e x c i ta t io n  fu n c tio n ,  a t  two a n g le s ,  of the  
p ro to n  g ro u p  to  th e  7. 97 MeV s ta t e  of N ^ .  T h is  g ro u p  w as  
in su ff ic ie n t ly  r e s o lv e d  at 120° f o r  a l l  e n e r g ie s  u s e d .
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as  a fu n c tio n  of e n e rg y  in  o r d e r  to  in d ic a te  th e  c o n t r ib u t io n  of c o m ­

pound n u c le u s  e f fe c ts .

E x c i ta t io n  fu n c tio n s  f o r  in e la s t ic  p ro to n  g ro u p s  f r o m  a ll

14th e  w e l l - c o n f i r m e d  le v e ls  in  N up to  7. 97 MeV h av e  b e e n  e x t r a c te d

f r o m  th e  d a ta  a t l a b o r a to r y  a n g le s  of 6 0° , 90° and 120° b e tw e e n  th e

p ro to n  e n e r g ie s  of 9. 30 and 10. 50 MeV (see  f ig s .  6. 5 to  6. 14). T h e

c r o s s  s e c t i o n s ,  w hich  w e re  c a lc u la te d  u s in g  th e  f o r m u la  d e r iv e d  by

S i lv e r s t e in  (Si 59), a r e  a c c u r a te  to  t  10 p e r c e n t .

Q u ite  l a r g e  and ra p id  v a r i a t io n s  in  c r o s s  s e c t io n  a r e  show n

by two g ro u p s .  T h e  g ro u p s  to  th e  5, 83 MeV le v e l  (fig 6. 10) and to

th e  6. 44 MeV le v e l  (fig 6. 12) show m a rk e d  p e a k s  a t p ro to n  r e a c t io n

e n e r g ie s  of 9. 58 and 9. 38 MeV r e s p e c t iv e ly .  T h e s e  p e a k s  c o r r e s p o n d

15to  s e p a r a t e  le v e l s  in  th e  com pound  n u c le u s ,  O , a t 1 6 .2 4  and 16 .04  

MeV. M ost of th e  o th e r  g ro u p s  a r e  in f lu en c ed  by th e s e  com pound  

n u c le u s  l e v e l s ,  and so m e  show  a n o m a l ie s  n e a r  1 0 .4  MeV. T h e  

c r o s s  s e c t io n s  a r e  l e a s t  a f fec ted  by com pound  n u c le u s  fo r m a t io n  in  

th e  p ro to n  r e a c t io n  e n e rg y  re g io n  n e a r  10. 0 MeV. A n g u la r  d i s t r i ­

b u t io n s  ta k e n  in  th i s  e n e rg y  re g io n  would t h e r e f o r e  b e  m o s t  l ik e ly  

to  be  a m e n a b le  to  a  d i r e c t  i n t e r a c t i o n  t r e a t m e n t .

1 r

In fo rm a t io n  on th e  le v e l  s t r u c t u r e  of O ° at th e  e x c i ta t io n  

e n e rg y  r e a c h e d  h e r e ,  i s  s c a r c e .  T h e  only p r e v io u s  r e p o r t  w as  of 

le v e l s  a t 16. 1 and  16. 5 MeV by T o w le  and M ace f ie ld  (To 61). In
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th a t  e x p e r im e n t ,  n e u t ro n s  f ro m  th e  C ^ ( H e ^ , n) r e a c t i o n  w e re  

s tu d ie d  by a t im e  of f l igh t te ch n iq u e  and w ith  a long c o u n te r .

It i s  of i n t e r e s t  to  note  th a t  th e  tw o  g ro u p s  show ing  th e

s t r o n g e s t  e v id en c e  f o r  com pound  n u c le u s  f o r m a t io n ,  p o p u la te  le v e l s

14 15in  N w ith  the  h ig h e s t  sp in  (J = 3). Tw o s e p a r a t e  l e v e l s  in  O a r e

in v o lv e d ,  e ac h  w ith  a w id th  of a p p ro x im a te ly  170 keV. T h e s e  two

le v e ls  have  a m o d e r a t e ,  bu t not s t r o n g ,  in f lu e n c e  on th e  c r o s s

14s e c t io n s  fo r  p ro to n  g ro u p s  to  th e  N s t a t e s  w ith  J  = 2 o r  1, and

a w eak  o r  n e g l ig ib le  in f lu en c e  on the  c r o s s  s e c t io n s  f o r  p ro to n

g ro u p s  to  N s t a t e s  w ith  J  = 0. T he  w ays  in  w h ich  th e  O ° l e v e l s

b r e a k  up  a p p e a r  to  be  s t ro n g ly  c o r r e l a t e d  w ith  th e  m a g n i tu d e s  of

14the  sp in s  of th e  r e s id u a l  N s t a t e s .  In o r d e r  th a t  r e s id u a l  le v e l s  

w ith  J  = 3 shou ld  b e  p r e f e r r e d  to  th o s e  w ith  J  = 2 o r  1, a  sp in  fo r  

th e  O 15 le v e ls  of a t  l e a s t  5 / 9 i s  in d ic a te d .  A sp in  ^  i s  p r o b a b le ,  

b e c a u s e  th e  b a r r i e r  p e n e t r a b i l i t i e s  fo r  th e  i n e l a s t i c  p ro to n s  a r e  not 

s ig n if ic a n t ly  d i f f e r e n t  f o r  o r b i t a l  a n g u la r  m o m e n ta  i p '  2. An 

u p p e r  l im i t  ( Irr of th e  s p in s  of th e  s t a t e s  m ay  be  o b ta in ed

f ro m  th e  to ta l  w id th s  of th e  s t a t e s  by a p p l ic a t io n  of th e  W ig n e r  l im i t .  

T he  l im i t  to  the  s p in  i s  o b ta in e d ,  in d e p e n d e n t  of any a s s u m p t io n  

c o n c e rn in g  th e  r e l a t i v e  m a g n itu d e s  of the  e l a s t i c  and in e la s t i c  p ro to n  

p a r t i a l  w id th s .

It shou ld  be  noted  th a t  m any  of th e  a n g u la r  d i s t r ib u t io n s  of
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th e  in e la s t ic  p ro to n  g ro u p s  a r e  ch an g in g  s ig n if ic a n tly  w ith  e n e rg y

n e a r  a  p ro to n  re a c t io n  e n e rg y  of 10. 3 M eV. I t is  th e r e f o r e  lik e ly

15th a t  an  a d d itio n a l le v e l in  O , ju s t  above an  e x c ita tio n  e n e rg y  of 

16. 9 M eV , i s  in flu en c in g  th e  c r o s s  s e c tio n s  and a n g u la r  d is t r ib u t io n s

of th e s e  g ro u p s .



A P P E N D IX  A

TH E E F F E C T  OF VARYING B E A M  CU RREN TS ON CROSS 
SECTIONS MEASURED BY AN ACTIV A TIO N  TEC H N IQ U E

In d e r iv in g  the  fo r m u la  f o r  c r o s s  s e c t io n  d e te r m in a t io n s  

w hen u s in g  an  a c t iv a t io n  a p p a r a tu s  (see  c h a p te r  2), a  c o n s ta n t  

c u r r e n t  w as a s s u m e d .  In a c tu a l  f a c t ,  the  b e am  c u r r e n t  f r o m  th e  

ta n d e m  a c c e l e r a t o r  i s  no t a b so lu te ly  c o n s ta n t  w ith  t i m e .  In  th is  

append ix  t h e r e f o r e ,  th e  e ffec t  on th e  a c c u ra c y  of the  c r o s s  s e c t io n  

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

c u la te d .  In  a l l  c a s e s  t r e a t e d ,  th e  v a lu e  of the  c u r r e n t  in t e g r a te d  

o v e r  th e  b o m b a rd m e n t  p e r io d  w as  the  s a m e .  H ence  any d i f f e r e n c e s  

in  th e  n u m b e r  of a c t iv e  n u c le i  p ro d u c e d  a r e  a m e a s u r e  of the  e r r o r  

in t ro d u c e d  by a s s u m in g  a c o n s ta n t  c u r r e n t .  T h r e e  d i f f e r e n t  

e x a m p le s  have  b e e n  c a lc u la te d .

(a) C o n s tan t  c u r r e n t

W ith a c o n s ta n t  c u r r e n t ,  th e  r a t e  of r e a c t i o n s  k ,  is  p r o ­

p o r t io n a l  to  th e  b e a m  c u r r e n t .  H o w ev er  th e  r a d io a c t iv e  n uc le i  

d ecay  a t a r a t e  p ro p o r t io n a l  to  the  n u m b e r  N , p r e s e n t  a t any t im e .  

T h e  n u m b e r  d ecay in g  i s  N X  w h e re  A  i s  the  d ecay  c o n s ta n t .  H ence  

th e  r a t e  of b u ild  up of a c t iv e  n u c le i  i s  g iven  by

dN
dt

k - X n A. 1
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In te g ra t io n  f ro m  the  beg inn ing  o f the  b o m b a rd m e n t to  t im e  t  = t^  

se co n d s , g iv e s  as the  n u m b e r o f a c t iv e  n u c le i p re s e n t a t t im e  t-^

N ( tx ) = ^  (1 - e ' X t l )  A . 2

(b) A  s m a ll s in u s o id a l r ip p le  on a c o n s ta n t c u r re n t

I f  the  a m p litu d e  o f the  o s c i l la t io n  is  ka  (w h e re  a « . 1 )  then  

the  ra te  o f b u i ld  up  o f a c t iv e  n u c le i is  g ive n  by

—  = k ( l  + a s in  U> t )  - N \  A . 3
dt

w h e re  UJ is  the  a n g u la r  fre q u e n c y  o f the o s c i l la t io n  in  

ra d ia n s  /  second.

In te g ra t io n  o v e r  the  t im e  t  = O t o t  = t^  g ive s  as the  n u m b e r o f 

a c t iv e  n u c le i p ro d u ce d

\  t kci \  \
N (t ) = T - (1 - e 1) + —ö------  ( A s in O ) t ,  -U>coso>t + iüe  1) A . 4

1 A ( X  + w 2) 1 1

F o r  o s c i l la t io n s  in  w h ich  U )>>  X , e qu a tion  A ,  4 can be a p p ro x im a te d  

by

N ( F )  = ~ ( l - e  ^ Ll )  + —  (e - c o s tü t^ )  A . 5

T he  n u m b e r o f a c t iv e  n u c le i g iv e n  b y  equa tions  A . 2 and A . 5 

d i f f e r  by the  te rm

ka
( j J (e

- X t 1 - COSCOt-j )̂ A . 6
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(c) A s low  l i n e a r  change  in  c u r r e n t

S uppose  th e  b e a m  c u r r e n t  at the  b eg in n in g  of th e  b o m b a r d ­

m e n t  i s  I (1 - b ) ,  and at th e  end of the  b o m b a r d m e n t  i s  1(1 + b) w h e re  

b 1. T h e n  th e  r a t e  of bu ild  up of a c t iv e  n u c le i  would be

I n te g r a t in g  f r o m  the  b eg in n in g  of th e  b o m b a r d m e n t  to  t im e  t  = t-  ̂

s e c s .  , g iv e s  a s  th e  n u m b e r  of a c t iv e  n u c le i  p ro d u c e d ,

N ( t , ) X (1
- e

t  ̂( kb
A (1 - e ' X t l) +

2kb

h (X "X2+

- A t i

V ) A. 8

In  th i s  c a s e ,  th e  n u m b e r  of a c t iv e  n uc le i  p ro d u c e d  d i f f e r s  f ro m

th a t  of th e  s te a d y  c u r r e n t  by th e  t e r m

2kb , t x 1 e ' X t l  kb , ,  _ \ t l
) - (1 -  e A !)u  ( X - j y  x2 T A. 9

On s e v e r a l  o c c a s io n s  the  b e a m  c u r r e n t  f r o m  th e  T a n d e m  Van de 

G ra a f f  a c c e l e r a t o r  w a s  r e c o r d e d  on  a  B ro w n  R e c o r d e r .  The  

r e c o r d e r  t r a c e  show ed  th r e e  ty p e s  of b e a m  c u r r e n t  v a r ia t io n .

T w o a r e  of the  o s c i l l a to r y  ty p e ,  and th e  o th e r  i s  a  s low  l i n e a r  

c h an g e .  Of the  tw o o s c i l l a to r y  t y p e s ,  one had  a f r e q u e n c y  of about 

2 c y c le s  p e r  s e c .  , and w as a s s o c ia te d  with th e  f r e q u e n c y  of r e ­

v o lu tio n  of th e  b e l t  in  the  a c c e l e r a t o r .  T h e  m a g n itu d e  of the  

o s c i l l a t i o n  w as ty p ic a l ly  about a = 0 .0 1 .  T h e  s e c o n d  ty p e  of
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o s c i l l a to r y  v a r i a t i o n  w hich  had  a f r e q u e n c y  of a p p ro x im a te ly  0. 2 

c y c le s  p e r  s e c o n d ,  w as  o f ten  s e e n ,  b u t  w as  of unknow n o r ig in .  I ts  

m ag n itu d e  w as  ty p ic a l ly  about a  » 0. 02. T y p ic a l  v a r i a t io n s  of the  

l i n e a r  c h an g e  ty p e ,  o b s e r v e d  d u r in g  the  b o m b a r d m e n t  t i m e ,  w e re  

up to  about b = 0. 03, i .  e . , a  6 p e r c e n t  ch an g e  f r o m  b eg inn ing  to  

end of the  b o m b a r d m e n t .

T h e  d e ca y  c o n s ta n t  fo r  N e ^  ( c h a p te r  2) i s  X = 0. 0398 

p e r  s e c .  T h e  t a r g e t  w as  b o m b a rd e d  f o r  60 s e c o n d s .  H ence  th e  

n u m b e r  of a c t iv e  n u c le i  p ro d u c e d  by th e  s te a d y  c u r r e n t  i s  (f rom  

eq u a tio n  A. 2)

N(60) = 22. 6 k A. 10

By s u b s t i tu t in g  th e  ab o v e  v a lu e s  in  e q u a t io n s  A . 6 and A. 9, and by 

le t t in g  cos6Jt-^ = -1 in  eq u a tio n  A . 6, th e  m a x im u m  d i f f e r e n c e s  in  

th e  ac tiv ity  p ro d u c e d  a r e

(i) f o r  th e  f a s t  o s c i l l a t io n  1 0. 001k

(ii) f o r  th e  s lo w e r  o s c i l la t io n  t  0. 02k

(iii) f o r  th e  l i n e a r  ch an g e  t  0. 2k.

By c o m p a r i s o n  w ith  th e  s te a d y  c u r r e n t  y ie ld  (equa tion  A. 10) th e s e  

r e p r e s e n t  d i f f e r e n c e s  of 1* 0. 005, - 0. 1 and t  1 p e r c e n t  r e s p e c t iv e ly .

T h e  d e ca y  c o n s ta n t  f o r  ( c h a p te r  3) i s  \ =  0. 0355 p e r  

s e c .  , w h ich  i s  no t v e r y  d i f f e r e n t  f ro m  th e  v a lu e  f o r  Ne^®. It i s  

conc luded  t h e r e f o r e ,  th a t  f o r  b o th  th e  F ^ ( p , n ) N e ^  and the
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B ^ ( p , n ) C ^  e x p e r i m e n t ,  qui te  l a r g e  am p l i tu d e  o s c i l l a t i o n s  can  be  

t o l e r a t e d  p r o v id e d  they have  a fa i r ly  high f r e q u e n c y .  L i n e a r  d r i f t s  

h o w e v e r ,  c a n  le ad  to  m u c h  g r e a t e r  e r r o r s .  U n d e r  n o r m a l  o p e ra t in g  

c o n d i t i o n s ,  the  v a r i a t i o n s  in b e a m  c u r r e n t  f r o m  th e  t a n d e m  a c c e l e r a t o r  

c a n  in t r o d u c e  an  e r r o r  of up  to  t  1 p e r c e n t  in to  the  c r o s s  s e c t i o n  

m e a s u r e m e n t .



A P P E N D IX  B

T H E  EN ERG Y  RESOLUTION O B T A IN A B L E  USING 
A GAS T A R G E T

T h is  append ix  d e s c r i b e s  c a lc u la t io n s  w hich  w e re  c a r r i e d

out to  d e te r m in e  th e  e n e rg y  r e s o lu t io n  of the  p ro to n  g ro u p s  f r o m  

14th e  N (P ,P ')  r e a c t i o n ,  o b ta in a b le  w ith  the  g a s  t a r g e t  d e s c r ib e d  

in  c h a p te r  6. B ro a d e n in g  of the  g ro u p s  i s  in t r o d u c e d  b o th  by the  

g e o m e t ry  of th e  s y s t e m  and by e n e rg y  s t r a g g l in g  in  th e  f i l l in g  gas  

and c o n ta in in g  fo i l s .

E n e rg y  s t r a g g l in g  in  an  a b s o r b e r  i s  p ro d u c e d  by s t a t i s ­

t i c a l  f lu c tu a t io n s  in  th e  a v e r a g e  n u m b e r  of c o l l i s io n s  a p a r t i c l e  

m a k e s  p e r  un it  le n g th .  T h e  d e r iv a t io n  of e n e rg y  s t r a g g l in g  

fo r m u la e  i s  w ell d o c u m en ted  (Li 3 7), and only the  r e s u l t s  w ill  b e  

quoted  h e r e .  U sin g  a quan tum  m e c h a n ic a l  a p p r o a c h ,  th e  v a r i a n c e  

in  th e  e n e rg y  lo s s  by m o n o e n e rg e t ic  p a r t i c l e s  in  u n it  len g th  of an  

a b s o r b e r  i s  found to  be

4 9P  = 4 e z~N
[ * • * £

1 zn 2 m v ‘
k — — T l o g -------n 2 s  tm v 1 ] e r g s  / c m  B.

w h e re  ze  is  th e  c h a r g e  of th e  in c id e n t  p a r t i c l e  in  ( e r g - c m ) 2 , 

e i s  the  p ro to n  c h a r g e  in  ( e r g - c m ) 2 ,

N i s  the  n u m b e r  of a b s o r b e r  a to m s  p e r  cm  ,

m  i s  th e  m a s s  of an  e l e c t r o n  in  g m s ,
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v i s  th e  v e lo c i ty  of the  in c id e n t  p a r t i c l e ,  

th e  kn a r e  n u m e r ic a l  c o n s ta n ts  of o r d e r  u n i ty ,

Z n i s  the  n u m b e r  of e l e c t r o n s  in  th e  nth s h e l l  of the  

a b s o r b e r  a to m ,

In i s  t h e i r  a v e r a g e  e x c i ta t io n  e n e rg y ,

Z ' i s  the  to ta l  n u m b e r  of " e f fe c t iv e "  e l e c t r o n s  de fined  

a s  th e  n u m b e r  of e l e c t r o n s  in  the  a to m  exc lud ing  th o s e
O

in  th e  in n e r  s h e l l s  fo r  w hich  I >  2mv , and the  s u m ­

m a t io n  i s  o v e r  a l l  s h e l l s  w hich a r e  not e x c lu d ed .

T h e  v a r i a n c e  of the  e n e rg y  lo s s  of p a r t i c l e s  p a s s in g  th ro u g h  a t h i c k ­

n e s s  A  x of a b s o r b e r ,  i s  t h e r e f o r e  P .  A x ,  and th e  fu ll  w id th  at h a lf  

m a x im u m  of th e  e n e rg y  d i s t r ib u t io n  i s  A e  = 2 .4  £ p . A x ] ]  2 .

W hen u s in g  eq u a tio n  B. 1, s e v e r a l  s im p l i fy in g  a s s u m p t io n s  

m ay  be m a d e .  T h e  c o n s ta n ts  kn ta k e  th e  v a lu e  k = ^3  f o r  h y d ro g e n ­

like  e l e c t r o n s ,  and  th is  v a lu e  c a n  be  u s e d  to  o b ta in  a p p ro x im a te  

r e s u l t s  fo r  any a to m . A p p ro x im a te  r e s u l t s  m ay  b e  o b ta in ed  by 

u s in g  ta b u la te d  v a lu e s  (Se 53) of the  a v e r a g e  io n iz a t io n  p o te n t ia l  

o v e r  a l l  e l e c t r o n  s h e l l s  invo lved  in  the  a b so rp t io n .  By u s in g  the  

a v e r a g e  v a lu e s  of I and k ,  the  s u m m a t io n  t e r m  in  e q u a tio n  B . 1 

r e d u c e s  to

4 I Z '  

3mv^

2mv^
B. 2log

I
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In g e n e r a l ,  Z ' i s  so m e w h a t  s m a l l e r  th an  th e  to ta l  n u m b e r  of e l e c t r o n s  , 

Z ,  in  the  a b s o r b e r  a to m .  H o w ev er an  u p p e r  l im i t  on th e  s t r a g g l in g  

i s  o b ta in ed  if  Z ' i s  r e p la c e d  by Z in  eq u a tio n  B. 1. M aking th is  s u b ­

s t i tu t io n ,  and us ing  eq u a t io n  B . 2 ,  the  v a r i a n c e  eq u a t io n  b e c o m e s

2 4 r  41 2mv^ 1 2 #P  = 4'TCz e Z N 1 +  -------— l o g ---------  e r g s  / c m  B. 3
L 3m v^ I J

T y p ic a l  v a lu e s  of th e  sec o n d  t e r m  in  the  s q u a r e  b r a c k e t s ,  f o r  s t r a g -
p

gling in  1 m g m /c m  th ic k  m y l a r ,  r a n g e  f r o m  0 .0 2  f o r  10 MeV

p ro to n s  to  0 .2  fo r  1 MeV p ro to n s .

T he  v a r io u s  c o n t r ib u t io n s  to  th e  e n e rg y  s p r e a d  of an

14in e la s t i c  p ro to n  g ro u p  f r o m  th e  N ( p ,P !) r e a c t io n  a r e  l i s te d  be low . 

T h e  ex am p le  h a s  b e e n  ta k e n  of a  p ro to n  g ro u p  le av in g  th e  r e a c t io n  

v o lu m e  of th e  t a r g e t  at a l a b o r a to r y  ang le  of 60° , w ith  1 MeV e n e rg y .

A t a r g e t - g a s  p r e s s u r e  of 180 m m  of m e r c u r y ,  and a 10 MeV in c id e n t  

p ro to n  b e am  a r e  a s s u m e d .

T h e  w id ths  a t  h a lf  m a x im u m , A  E ,  fo r  the  a p p ro x im a te ly  

g a u s s ia n  e n e rg y  d i s t r ib u t io n s  r e s u l t in g  f r o m  e n e rg y  s t r a g g l in g ,  

have  b een  c a lc u la te d  fo r  the  fo llow ing  a b s o r b e r s .

(i) F o r  the  10 MeV in c id e n t  p ro to n s  p a s s in g  th ro u g h  th e  

0. 63 m ic r o n  Ni e n t r a n c e  fo il  A E = 16 keV .

(ii) F o r  th e  in c id e n t  b e am  p a s s in g  th ro u g h  1 0 .3  cm  of gas  

(at 180 m m  of m e r c u r y  p r e s s u r e )  to  th e  c e n t r e  of the
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t a r g e t Z ^ E  = 38 keV .

(iii) F o r  th e  1 MeV r e a c t io n  p ro to n  g ro u p  p a s s in g  th ro u g h

3. 8 cm  of gas  to  th e  t a r g e t  c h a m b e r  window = 24 keV .

(iv) F o r  th e  r e a c t io n  p ro to n  g ro u p  p a s s in g  th ro u g h  th e  n o m in a l  

1 m g m /c m ^  m y la r  t a r g e t  c h a m b e r  w i n d o w ^ E  = 23 keV.

T h e s e  e n e rg y  d i s t r ib u t io n s  a r e  in d e p en d e n t  of one a n o th e r  and c a n  

th e r e f o r e  be  co m b in ed  to  give a d i s t r ib u t io n  of w id th

Z \ E  = [ l 6 2 + 382 + 242 + 232 ]  ?*

= 53 keV

T he  f in i te  s iz e  of th e  c o u n te r  and le n g th  of b e a m  v is ib le  

to  th e  c o u n te r ,  in t r o d u c e  f u r t h e r  s p r e a d s  in to  th e  e n e rg y  of an  

o b s e rv e d  p ro to n  g ro u p . F o u r  f a c to r s  w hich  c o n t r ib u te  to  th e  e n e rg y  

s p r e a d  in t ro d u c e d  by th e  g e o m e t ry  a r e :

(i) T he  in c id e n t  b e am  lo s e s  e n e rg y  in  th e  gas  a s  i t  p r o g r e s s e s  

a long  th e  s e c t io n  v i s ib le  to  th e  c o u n te r .  T h e  m a x im u m  

d i f f e r e n c e  in  th e  b e a m  e n e r g ie s  v iew ed  by th e  c o u n te r  

i s  5 keV .

(ii) R e a c t io n  p r o to n s ,  o r ig in a t in g  at o p p o s i te  ends  of th e  le n g th  

of b e a m  v is ib le  to  th e  c o u n te r ,  m u s t  t r a v e l  th ro u g h  

d i f f e r e n t  a m o u n ts  of gas  to  r e a c h  th e  c o u n te r .  T h e  m a x i ­

m um  s p r e a d  in  r e a c t i o n  p ro to n  e n e r g ie s  due to  th is  e ffec t

is  17 keV .
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(iii) T h e  f in i te  a n g u la r  r e s o lu t io n ,  and the  r e a c t io n  k in e m a t ic s  

r e s u l t  in  an e n e rg y  d i s t r ib u t io n  w ith  a  m a x im u m  w idth  of 

16 keV .

(iv) W ith  th e  c o u n te r  a t  a  l a b o r a to r y  ang le  of 6 0 ° ,  a  s e c t io n  

of b e a m  0. 35 cm  long i s  v i s ib le  to  th e  c o m p le te  a r e a  of 

th e  c o u n te r  defined  by th e  r e a r  c o l l im a to r  s l i t .  A f u r t h e r  

s e c t io n  of th e  b e a m  a p p ro x im a te ly  0. 2 cm  long is  v is ib le  

only to  p a r t  of th e  de fined  a r e a  of th e  c o u n te r .  T h e  d e te c t io n  

e ff ic ien cy  i s  d i f f e r e n t  f o r  d i f f e r e n t  p a r t s  of th e  b e a m  v is ib le  

to  th e  c o u n te r .  H ence  th e  e ff ic ien cy  d i s t r ib u t io n ,  w hich

is  t r a p e z o id a l  a long  the  v i s ib le  leng th  of b e a m ,  m u s t  be 

fo lded  w ith  eac h  of the  above t h r e e  en e rg y  d i s t r ib u t io n s .

T h e  fo u r  g e o m e t r i c a l  c o n t r ib u t io n s  a r e  not in d e p en d e n t .  

H o w e v e r ,  they  can  be c o m b in e d  w ith  each  o th e r ,  and w ith  the  

s t r a g g l in g  d i s t r ib u t io n s .  T h e  r e s u l t  i s  a  fu ll w id th  a t  h a l f  m a x im u m  

of a p p ro x im a te ly  58 keV f o r  the  e n e rg y  s p r e a d  of a 1 MeV p ro to n  

g ro u p ,  e m e r g in g  f r o m  the gas  t a r g e t  a t  a  l a b o r a to r y  ang le  of 60°.
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