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P r e f a c e .

I n  t h i s  t h e s i s  I  h a v e  d e s c r i b e d  some o f  t h e  m ethods  

by w h ic h  d a t a  can  be  o b t a i n e d  on t h e  e n e r g y  l e v e l s  o f  

l i g h t  n u c l e i .  P a r t  I .  c o n t a i n s  a  summary o f  t h e  

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

l e v e l s ,  t h e i r  g e n e r a l  p r o p e r t i e s  and t h e  b a s i c  m e tho d s  

w h ich  a r e  u s e d  i n  t h e  s t u d y  o f  them .  T h i s  p a r t  h a s  b een  

l a r g e l y  drawn f ro m  Devons ( E x c i t e d  S t a t e s  o f  N u c l e i )  and 

B e th e  (Rev iew s o f  Modern P h y s i c s .  V o l . 9 ,  1 9 3 7 ) .

P a r t  I I .  d e s c r i b e s  t h e  m e th o d s  w h ic h  a r e  u s e d  t o  

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

d i s i n t e g r a t i o n  e x p e r i m e n t s .  A f t e r  a  g e n e r a l  summary, 

t h i s  p a r t  c o n t a i n s  a  d e s c r i p t i o n  o f  t h e  d e s i g n  and 

c o n s t r u c t i o n  o f  t h e  800 k i l o v o l t  h i g h  t e n s i o n  a c c e l e r a t o r  

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

p r e s e n t e d  i n  t h i s  t h e s i s  were p e r f o r m e d .  Much o f  t h i s  

work i s  new, i n  p a r t i c u l a r ,  a  new t y p e  o f  p o s i t i v e  i o n  

s o u r c e  i s  d e s c r i b e d ,  w h ich  h a s  a  g r e a t l y  im proved  p e r f o r m a n c e  

compared w i t h  s o u r c e s  p r e v i o u s l y  u s e d .  I  s h o u l d  l i k e  to  

acknow ledge  t h e  a s s i s t a n c e  o f  Mr. J .  E. I .  C o le  d u r i n g  some 

o f  t h e  e a r l y  work on t h e  i o n  s o u r c e .  The work on t h e  d e s i g n  

and c o n s t r u c t i o n  o f  t h e  H.T. g e n e r a t o r ,  t h e  a c c e l e r a t o r  t u b e ,  

and i t s  a s s o c i a t e d  e q u ip m e n t ,  was p e r f o r m e d  i n  c o l l a b o r a t i o n  

w i t h  Mr. R. D. S m i th .

P a r t  I I I .  c o n t a i n s  a  d e s c r i p t i o n  o f  t h e  s p e c t r o m e t e r  

u s e d  i n  m ea su re m e n ts  on t h e  d i s i n t e g r a t i o n  p r o d u c t s  f rom



n u c l e a r  r e a c t i o n s .  The work on t h e  d e s i g n  and d e v e lo p m e n t  

o f  t h e  s p e c t r o m e t e r  f o r  c h a r g e d  p a r t i c l e  m ea su re m e n ts  was 

p e r f o r m e d  s o l e l y  by  m y s e l f .  The gamma-ray s p e c t r o m e t e r  

was d e s i g n e d  by Dr .  E. R. Rae and I  was o n l y  c o n c e r n e d  

w i t h  c e r t a i n  s m a l l  m o d i f i c a t i o n s  w h ich  h a d  t o  be made f o r  

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

I n  P a r t  IV. t h e  r e s u l t s  o f  a  number o f  n u c l e a r  

d i s i n t e g r a t i o n  e x p e r i m e n t s  a r e  p r e s e n t e d ,  t o g e t h e r  w i t h  a  

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

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

o r i g i n a l ,  b u t  I  s h o u l d  l i k e  t o  a ck n o w ledg e  t h e  a s s i s t a n c e  

o f  D r .  E. R. Rae and Mr. R. D. S m i th  i n  t h e  e x p e r i m e n t a l  

work on t h e  gamma-ray m e a su re m e n ts  and o f  Mr. R. D. Sm ith
2^ j .

i n  t h e  work on t h e  r e a c t i o n  A1 ( /> ,* ) M g  .

I n  P a r t  V. I  h a v e  c o n c l u d e d  by d i s c u s s i n g  t h e  p r e s e n t  

s t a t e  o f  our  know ledge  o f  n u c l e a r  e n e r g y  l e v e l s  and t h e  

a t t e m p t s  w h ic h  have  b e e n  made t o  f i n d  a  t h e o r y  o f  n u c l e a r  

s t r u c t u r e  and n u c l e a r  f o r c e s  w h ich  w i l l  e x p l a i n  t h e  

e x p e r i m e n t a l  d a t a .

I  s h o u l d  l i k e  t o  t h a n k  P r o f e s s o r  P. I .  Dee f o r  h i s  

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

d i s c u s s i o n s  d u r i n g  t h e  c o u r s e  of t h e  work .

May, 1 95 1 .  J .G .R .
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The a to m ic  n u c l e u s  c o n s i s t s  o f  an a s s e m b ly  o f  p r o t o n s  

and n e u t r o n s  w h ich  a r e  bound  t o g e t h e r  by  f o r c e s  which  a r e  

known t o  be v e r y  s t r o n g  com pared  w i t h  t h e  Coulomb f o r c e s  

w h ich  b i n d  t h e  a to m ic  e l e c t r o n s  t o  t h e  n u c l e u s .  One o f  t h e  

m o s t  f u n d a m e n t a l  p r o b le m s  w h ic h  r e m a i n s  t o  be s o l v e d  i s  t h a t  

o f  t h e  n a t u r e  o f  t h e s e  n u c l e a r  f o r c e s .  I n  t h e  c a s e  o f  

a to m ic  s t r u c t u r e  a  v e r y  c o m p le te  t h e o r y  h a s  b e e n  d e v e l o p e d ,  

b a s e d  on t h e  o r i g i n a l  c o n c e p t i o n s  o f  R u t h e r f o r d  and  B o h r .  

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

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

m a t t e r  and  r a d i a t i o n .  The p r i n c i p a l  e x p e r i m e n t a l  d a t a  on 

w h ic h  t h i s  t h e o r y  was b a s e d  was a  know ledge  o f  t h e  e x c i t e d  

s t a t e s  o f  t h e  a to m ic  e l e c t r o n s .  T h i s  d a t a  was o b t a i n e d  

f rom  t h e  s t u d y ,  by s p e c t r o s c o p i c  m e th o d s ,  o f  t h e  r a d i a t i o n  

e m i t t e d  by  e x c i t e d  a tom s i n  r e t u r n i n g  t o  t h e  g ro u n d  s t a t e ,  

o r  t o  e x c i t e d  a t a t e s  o f  l o w e r  e n e r g y .

Now i n  t h e  c a s e  o f  t h e  n u c l e u s ,  a s  i n  t h e  c a s e  o f  t h e  

a tom ,  t h e  p r i n c i p l e s  o f  quantum m e c h a n i c s  would  l e a d  u s  t o  

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

assume a  s e t  o f  d i s c r e t e  v a l u e s ,  t h e  ’e n e r g y  l e v e l s ’ o f  t h e  

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

o b t a i n e d  t o  c o n f i r m  t h i s  e x p e c t a t i o n ,  f o r  example  t h e
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phenomena o f  r e s o n a n c e  a b s o r p t i o n  o f  p r o t o n s  and n e u t r o n s  

and t h e  e m i s s i o n  o f  gamma-rays  o f  d i s c r e t e  e n e r g y  v a l u e s  

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

o f  t h e s e  e n e r g y  l e v e l s ,  su c h  a s  t h e i r  s p a c i n g  from t h e  

g ro u n d  s t a t e ,  t h e i r  a n g u l a r  momentum, e n e r g y  w i d t h  e t c .  

m u s t  d epend  u p on  t h e  f o r c e s  b e tw e e n  i n d i v i d u a l  n u c l e o n s  and 

u p on  t h e  s t r u c t u r e  o f  t h e  n u c l e u s .  Thus i t  i s  c l e a r l y  

d e s i r a b l e  t o  have  a s  c o m p le t e  a  know ledge  a s  p o s s i b l e  o f  

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

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

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

s t r u c t u r e .

* * * * * *
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I • ^ . I l e t h o d s  o f  E x c i t a t i o n  a v a i l a b l e  f o r  L i g h t  N u c l e i .

I n  o r d e r  t o  make m e a s u re m e n ts  on n u c l e a r  e n e r g y  l e v e l s  

i t  i s  c l e a r l y  n e c e s s a r y  t o  h ave  some method  o f  e x c i t i n g  t h e  

n u c l e u s  c o n c e r n e d .  Now t h e  e n e r g y  o f  even  t h e  l o w e s t  l e v e l

o f  m o s t  n u c l e i  i s  o f  t h e  o r d e r  o f  10 v o l t s  ahove t h e  g ro un d  

s t a t e  and  c o n s e q u e n t l y  t h e  n o rm a l  m e th o d s  u s e d  f o r  t h e  

e x c i t a t i o n  o f  o p t i c a l  s p e c t r a  a r e  q u i t e  i m p r a c t i c a l .

The two m e th o d s  o f  n u c l e a r  e x c i t a t i o n  w h ich  have  h a d  t h e  

w i d e s t  u s e  a r e  ( a )  bombardment  o f  n u c l e i  by n u c l e o n s  o r  s m a l l  

g r o u p s  o f  n u c l e o n s  and (b )  r a d i o - a c t i v e  d e c a y .  I n  t h e  c a s e  

( a )  t h e  o r i g i n a l  n u c l e u s  may be  l e f t  e x c i t e d  by  an i n e l a s t i c  

c o l l i s o n ,  o r  a n u c l e a r  r e a c t i o n  may o c c u r ,  l e a v i n g  a 

r e s i d u a l  n u c l e u s  i n  an e x c i t e d  s t a t e .  I n  t h e  c a s e  (b)  t h e  

r e s i d u a l  n u c l e u s  o f ^ - d e c a y  may be l e f t  i n  an  e x c i t e d  s t a t e .  

I t  i s  a l s o  p o s s i b l e  t o  e x c i t e  n u c l e i  by  i r r a d i a t i n g  them  

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

t h i s  m e th o d  h a s  o n l y  h a d  l i m i t e d  a p p l i c a t i o n  a t  t h e  p r e s e n t  

t im e  on a c c o u n t  o f  t h e  t e c h n i c a l  d i f f i c u l t i e s  i n v o l v e d .  The 

‘ m ethod  w h ich  h a s  by f a r  t h e  w i d e s t  f i e l d  o f  a p p l i c a t i o n ,  

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

b o m b ard in g  t h e  n u c l e i ; w i t h  h i g h  e n e r g y  p a r t i c l e s .

* * * * * *



1 . 3 .  C l a s s i f i c a t i o n  of  N u c l e a r  R e a c t i o n s .

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

t y p e :

A + p C - * B  + R

Here  a  p a r t i c l e  P c o l l i d e s  w i t h  a  n u c l e u s  A, 

fo r m in g  t h e  compound n u c l e u s  C, 'which w i l l  n o r m a l l y  he 

i n  a  h i g h l y  e x c i t e d  s t a t e .  T h i s  compound n u c l e u s  may 

t h e n  d e - e x c i t e  i n  two p r i n c i p a l  ways,  ( a )  by e m i t t i n g  

one o r  more gamma q u a n t a  t o  t h e  g round  s t a t e  o f  C, (b )  

by e m i t t i n g  a  p a r t i c l e  R and l e a v i n g  t h e  r e s i d u a l  

n u c l e u s  B i n  i t s  g ro u n d  s t a t e  o r  i n  a n  e x c i t e d  s t a t e .

We may c o n v e n i e n t l y  i l l u s t r a t e  s u c h  a  r e a c t i o n  by means 

of  t h e  e n e r g y  l e v e l  d ia g ra m  shown i n  P i g .  I  ( l ) .

Here  we r e p r e s e n t  e n e r g y  on a  v e r t i c a l  s c a l e  and 

p l o t  t h e  e n e r g y  l e v e l s  o f  t h e  t h r e e  s y s te m s  A + P, C 

and B + R. The s o l i d  h o r i z o n t a l  l i n e s  r e p r e s e n t  t h e  

g round  s t a t e  o f  t h e  t h r e e  s y s te m s  and t h e  d o t t e d  

h o r i z o n t a l  l i n e s  r e p r e s e n t  e x c i t e d  s t a t e s .  We assume 

t h a t  t h e  p a r t i c l e s  P and R a r e  e i t h e r  e l e m e n t a r y  

p a r t i c l e s  o r  s im p le  c o m b i n a t i o n s  such  a s  d e u t e r o n s  

o r  a l x i h a - p a r t i c l e s  f o r  which  t h e r e  a r e  no e x c i t e d  s t a t e s  

i n  t h e  e n e rg y  r e g i o n  w h ich  we a r e  c o n s i d e r i n g .  Thus
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Fig.l(i). Nuclear Energy Level Diagram.
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t h e  e x c i t e d  s t a t e s  r e p r e s e n t e d  i n  F i g . 1 (4  a r e  s im p ly  t h o s e  of  

t h e  compound n u c l e u s  G and t h e  r e s i d u a l  n u c l e u s  B. The 

a rrov /s  r e p r e s e n t  t r a n s i t i o n s  f rom one s t a t e  t o  a n o t h e r ,  t h e  

d i a g o n a l  a r r o w s  r e p r e s e n t i n g  e m i s s i o n  o r  a b s o r p t i o n  o f  a 

p a r t i c l e  and  t h e  v e r t i c a l  a r r o w s  r e p r e s e n t i n g  t h e  e m i s s i o n  

o f  gamma - q u a n t a .  The e n e r g y  l i b e r a t e d  d u r i n g  a  p a r t i c u l a r  

t r a n s i t i o n  i s  u s u a l l y  d e n o t e d  by  Q. L e t  u s  c o n s i d e r  t h e  

r e a c t i o n  A + P B + R, w h ich  f o r  c o n v e n i e n c e  i s  u s u a l l y  

w r i t t e n  A (P ,R )  B. Then,  i f , B i s  l e f t  i n  t h e  g ro u n d  s t a t e  B0 , 

we may d e n o te  t h e  e n e r g y  r e l e a s e d  by  Q0 and t h e  t o t a l  k i n e t i c  

e n e r g y  w h ich  w i l l  be d i v i d e d  b e tw e e n  R and  B w i l l  be Qe + E^,  

where  E P i s  t h e  k i n e t i c  e n e r g y  o f  t h e  i n c i d e n t  p a r t i c l e  P .

On t h e  e n e r g y  l e v e l  d ia g r a m  Qe i s  t h e  v e r t i c a l  s e p a r a t i o n  

b e tw e e n  t h e  l i n e s  r e p r e s e n t i n g  t h e  g ro u n d  s t a t e s  o f  A + P 

and B + R. I f  t h e  r e s i d u a l  n u c l e u s  B i s  l e f t  i n  an e x c i t e d  

s t a t e  B, , and t h e  e n e r g y  r e l e a s e d  i s  Qf , t h e n  t h e  t o t a l  

k i n e t i c  e n e r g y  w i l l  be Q, + E P. I n  o r d e r  t o  m e a su re  Q0 

and Q, i t  i s  o n l y  n e c e s s a r y  t o  m ea su re  t h e  k i n e t i c  e n e r g y  

o f  t h e  p a r t i c l e  R i n  e a c h  c a s e ,  s i n c e  t h e  g e o m e t ry  o f  t h e  

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

momentum d e f i n e  t h e  d i v i s i o n  o f  e n e r g y  b e tw e e n  R and B. We 

may n o t e  t h a t ,  s i n c e  R i s  u s u a l l y  o f  much s m a l l e r  mass t h a n  

B, i t  w i l l  u s u a l l y  t a k e  up  a  l a r g e  f r a c t i o n  o f  t h e  k i n e t i c  

e n e r g y .  H a v in g  t h u s  m e a s u re d  Q0 and Q, , t h e  e n e r g y  o f  t h e  

e x c i t e d  s t a t e  B,  i s  known t o  be e q u a l  t o  Q0 -  Q , w i t h

r e s p e c t  t o  t h e  g ro u n d  s t a t e  3 ,  . The v a l u e  o f  Q„ mav a l s oQ ^
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be c a l c u l a t e d  i f  t h e  m ass  v a l u e s  o f  A, 3 ,  P and R a r e  known

w i t h  s u f f i c i e n t  a c c u r a c y .  Thus i f  AM i s  t h e  mass d i f f e r e n c e

b e tw e e n  A + P and B + R, t h e n  t h e  t h e o r y  o f  r e l a t i v i t y
2p r e d i c t s  t h a t  Q.c = AM C where  C i s  t h e  v e l o c i t y  o f  l i g h t .  

Much o f  t h e  e a r l y  work on n u c l e a r  r e a c t i o n s  was d e v o te d  t o  

v e r i f y i n g  t h i s  r e l a t i o n  b e tw e e n  m ass  and  e n e r g y ,  b u t  i s  now 

assum ed t o  be  c o r r e c t  and t h e  g ro u n d  s t a t e  Q - v a l u e s  o f  

n u c l e a r  r e a c t i o n s  a r e  u s e d  t o  s u p p le m e n t  m ass  s p e c t r o s c o p i c  

d a t a  on t h e  e x a c t  mass  vaAues o f  s t a b l e  i s o t o p e s  and t o  

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

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

q u a n t i t i e s  f o r  m ass  s p e c t r o s c o p i c  a n a l y s i s .  To r e t u r n  t o  

t h e  m e a su re m e n t  o f  e n e r g y  l e v e l s ,  we s e e  t h a t  by  m easu rem en t  

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

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

n u c l e u s .  T h i s  i n f o r m a t i o n  may be c o n f i r m e d  and s u p p le m e n te d  

by m ea su re m e n t  o f  t h e  gamma r a d i a t i o n  f rom  t h e  r e s i d u a l  

n u c l e u s .  P o r  e x am p le ,  i n  t h e  c a s e  c o n s i d e r e d  a b o v e ,  we 

s h o u l d  e x p e c t  t o  o b s e r v e  gamma r a y s  o f  e n e r g y  Q0 -  Q, 

e m i t t e d  i n  t r a n s i t i o n s  f ro m  t h e  e x c i t e d  s t a t e  B ,  t o  t h e  

g ro u n d  s t a t e  B a .

I n  t h e  c a s e  o f  ' r a d i a t i v e  c a p t u r e ' ,  where  t h e  n u c l e u s  

0 d e - e x c i t e s  by e m i t t i n g  gam m a-rays ,  we can  o n ly  make 

m e a s u re m e n ts  on t h e s e  g am m a-rays .  Such  a  p r o c e s s  i s  

n o r m a l l y  d e n o t e d  by A(P()f)C. I f  o n l y  one gamma quantum i s  

e m i t t e d  d i r e c t  t o  t h e  g ro u n d  s t a t e  o f  t h e  n u c l e u s  C, t h e n  a



m ea su re m e n t  o f  i t s  e n e r g y  o n ly  s e r v e s  t o  m ea su re  t h e  g ro u nd  

s t a t e  Q v a l u e  f o r  t h e  r e a c t i o n .  Hoy/ever, i f  more t h a n  one 

gamma quantum i s  e m i t t e d ,  t h e n  we s h a l l  o b t a i n  i n f o r m a t i o n  

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

t a k e  p l a c e .

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

above i t  may be  p o s s i b l e  t o  o b t a i n  i n f o r m a t i o n  on t h e  more 

h i g h l y  e x c i t e d  e n e r g y  l e v e l s  o f  t h e  compound n u c l e u s  C by 

a  s t u d y  o f  t h e  ' e x c i t a t i o n  f u n c t i o n 1 o f  t h e  n u c l e a r  r e a c t i o n .  

I ' f  t h e  r e g i o n  o f  e x c i t a t i o n  e n e r g y  i n  w h ich  t h e  compound
i

n u c l e u s  0 i s  fo rm ed  by  a b s o r p t i o n  o f  t h e  p a r t i c l e  P i s  n o t  

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

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

o f  t h e  i n c i d e n t  p a r t i c l e  P w hich  c an  r e s u l t  i n  t h e  f o r m a t i o n  

o f  t h e  compound n u c l e u s  C i n  one o f  i t s  e n e r g y  l e v e l s .  Thus 

t h e  y i e l d ,  o r  c r o s s - s e c t i o n ,  o f  t h e  r e a c t i o n  w i l l  e x h i b i t  

s h a r p  maxima o r  ' r e s o n a n c e s '  a t  t h e s e  e n e r g i e s ,  and  a  

m easu rem en t  o f  t h e i r  e n e r g y  v a l u e s ,  a b s o l u t e  y i e l d s ,  and 

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

l e v e l s  o f  t h e  compound n u c l e u s  C. I t  i s  u s u a l  t o  d e f i n e  

t h e  t o t a l  w i d t h  o f  su c h  a  l e v e l  by P  and t o  d e f i n e  t h e  

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

o r  gamma-ray by  /J! , Q  , , w h e re :

r = £ ’ + £ ’ + ^ , +  - - -

The p a r t i a l  w i d t h s  a r e  p r o p o r t i o n a l  ' t o  t h e  r e l a t i v e  

p r o b a b i l i t i e s  f o r  t h e  decay  o f  t h e  l e v e l  by  t h e  a p p r o p r i a t e
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p r o c e s s e s .  I t  c a n  be s h o r n  t h a t  t h e  c r o s s - s e c t i o n  CT f o r  

a r e a c t i o n  o f  t h e  t y p e  A ( P ,  JO'S i s  g i v e n  by t h e  B r e i t - W i g n e r  

d i s p e r s i o n  f o r m u l a :

o '  = W G  ( I )
™ (c-ery+ ‘a r l

where A i s  t h e  de B r o g l i e  w a v e - l e n g t h  o f  t h e  bo m b ard in g  

p a r t i c l e  P , fp and a r e  t h e  p a r t i a l  w i d t h s  f o r  

e m i s s i o n  o f  t h e  p a r t i c l e s  P and R r e s p e c t i v e l y ,  E i s  t h e  

k i n e t i c  e n e r g y  o f  P,  E y i s  t h e  r e s o n a n c e  e n e r g y  and i s  

a  f a c t o r  w h ic h  d e p en d s  upon  t h e  a n g u l a r  momentum c h a n g e s  

i n v o l v e d  i n  t h e  t r a n s i t i o n  and w hich  i s  o f  t h e  o r d e r  o f  

u n i t y  f o r  s m a l l  c h a n g e s  o f  a n g u l a r  momentum. I f  we 

i n t e g r a t e  e q u a t i o n  ( l )  o v e r  a l l  v a l u e s  o f  E c l o s e  t o  E T 

f o r  w h ich  <T i s  a p p r e c i a b l y  d i f f e r e n t  f rom  z e r o  we o b t a i n  

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

i n  d i s i n t e g r a t i o n s  p e r  i n c i d e n t  p a r t i c l e .

y  = £  £  (2)
4neye r

Here 6 i s  t h e  r a t e  o f  l o s s  o f  e n e r g y  o f  t h e  i n c i d e n t  

p a r t i c l e  i n  t h e  t a r g e t  m a t e r i a l  p e r  d i s i n t e g r a b l e  n u c l e u s  

p e r  c . c .  and  X h a s  b e e n  r e p l a c e d  by v/here M i s

t h e  m ass  o f  t h e  i n c i d e n t  p a r t i c l e  and h  i s  P l a n c k ! s 

c o n s t a n t .  . We n o t e  t h a t  i f  /p* , $.<x t h a t  P  - ,

t h e n  e q u a t i o n  (2 )  r e d u c e s  t o :

y  = / , l u j —t (3)
4 M E ,  €  *



S i m i l a r l y ,  i f  fp

lo

we h a v e ;

y  = [ ?  ( «
-f tl£fi €

Thus we s e e  t h a t  a  m easu re m e n t  o f  t h e  t h i c k  t a r g e t  y i e l d  

p r o v i d e s  a  m e th o d  o f  m e a s u r i n g  t h e  s m a l l e r  o f  t h e  two 

q u a n t i t i e s  /£* and  . The t o t a l  w i d t h  r c an  he 

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

e x c i t a t i o n  c u r v e ,  p r o v i d e d  t h a t  i t  i s  g r e a t e r  t h a n  t h e  

e x p e r i m e n t a l  r e s o l u t i o n .

We s e e  t h a t  m e a s u r e m e n ts  o f  t h e  t y p e  d e s c r i b e d  above 

e n a b l e  u s  t o  m e a su re  t h e  e n e r g y  v a l u e  and t h e  e n e r g y  w i d t h  

o f  a  n u c l e a r  l e v e l .  Two f u r t h e r  p a r a m e t e r s  a r e  n o r m a l l y  

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

n u c l e a r  e n e r g y  l e v e l s .  These  a r e  t h e  a n g u l a r  momentum and 

t h e  p a r i t y .  A c c o r d i n g  t o  t h e  p r i n c i p l e s  o f  quantum 

m e c h a n ic s  t h e  o r b i t a l  a n g u l a r  momentum j  o f  an  a s se m b ly  

o f  p a r t i c l e s  c a n  o n l y  assume i n t e g r a l  v a l u e s  i n  u n i t s  o f

• However,  t h e  i n d i v i d u a l  n u c l e o n s  w h ich  c o n s t i t u t e  

an a to m ic  n u c l e u s  a r e  known t o  h a v e  an i n t r i n s i c  s p i n  o f  

The t o t a l  a n g u l a r  momentum J ,  o f  a  n u c l e u s  i n  a  g i v e n  s t a t e ,  

w i l l  be  t h e  v e c t o r  sum o f  t h e  o r b i t a l  a n g u l a r  momentum and 

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

assume i n t e g r a l ,  o r  h a l f - i n t e g r a l  v a l u e s ,  d e p e n d i n g  on w h e t h e r  

t h e  number o f  n u c l e o n s  i n  t h e  n u c l e u s  i s  ev en  o r  odd .  The 

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

d e s c r i p t i o n  o f  t h e  s t a t e  t o  d e f i n e  i t s  symmetry  p r o p e r t i e s .



a .

\

The p a r i t y  i s  d e f i n e d  as  b e i n g  odd ( - )  o r  even  (+)

a c c o r d i n g  t o  w h e t h e r  t h e  wave f u n c t i o n  d e s c r i b i n g  t h e

s t a t e  d o e s  o r  d o es  n o t  change  s i g n  v/hen t h e  c o - o r d i n a t e s
%

o f  t h e  p a r t i c l e s  a r e  f e a to rc h a n g e d . wv s ^ .

The a n g u l a r  momentum and p a r i t y  a r e  i m p o r t a n t  i n  

d e t e r m i n i n g  t h e  t y p e  o f  t r a n s i t i o n s  w h ich  c a n  t a k e  p l a c e  

b e tw e e n  d i f f e r e n t  e n e r g y  l e v e l s .  I n  t h e  c a s e  o f  gamma- 

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

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

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

e l e c t r i c  cpuadrupole e t c . ) . .  I n  t h e  c a s e  o f  p a r t i c l e  

e m i s s i o n  t h e  a n g u l a r  momentum and p a r i t y  c h a n g e s  d e te r m in e  

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

p a r t i c l e  s u c h  a s  a  p r o t o n ,  a l p h a - p a r t i c l e . o r  n e u t r o n  w i t h  

an  ev en  number o f  u n i t s  o f  a n g u l a r  momentum i s  o n ly  p o s s i b l e  

i f  t h e  p a r i t y  o f  t h e  i n i t i a l  and  f i n a l  s t a t e s  i s  t h e  same. 

S i m i l a r l y  t h e  e m i s s i o n  o f  a  p a r t i c l e  w i t h  odd a n g u l a r  

momentum i s  o n l y  p o s s i b l e  i f  t h e  p a r i t i e s  a r e  d i f f e r e n t .

I n  a d d i t i o n  t o  t h e s e  s e l e c t i o n  r u l e s ,  t h e  e m i s s i o n  and 

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

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

lo w  a n g u l a r  momentum b e c a u s e  o f  t h e  i n c r e a s e d  e f f e c t i v e  

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

a n g u l a r  momentum.

* * * * * *
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r .  4.  C o n s i d e r a t i o n  o f  t h e  Re g u i r e m e n t s  f o r  t h e  Beam o f

I n c i d e n t  P a r t i c l e s .

I n  t h e  p r e v i o u s  d i s c u s s i o n  we have  o u t l i n e d  b r i e f l y  t h e  

t y p e  o f  i n f o r m a t i o n  w h ich  c an  he o b t a i n e d  f rom n u c l e a r  r e ­

a c t i o n s .  We c a n  now c o n s i d e r  t h e  g e n e r a l  p r o p e r t i e s  which  

t h e  beam o f  b o m b a rd in g  p a r t i c l e s  s h o u l d  h a v e  i n  o r d e r  t h a t  

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

n u c l e a r  r e s e a r c h  a s  p o s s i b l e .

F i r s t ,  l e t  u s  c o n s i d e r  t h e  e n e r g y  o f  t h e  b om b ard in g  

p a r t i c l e s .  I t  i s  c l e a r  t h a t  t h e  r a n g e  o f  e x c i t a t i o n  

e n e r g i e s  o f  t h e  compound n u c l e u s  C w hich  can  be i n v e s t i g a t e d

by m e a su re m e n t  o f  t h e  e x c i t a t i o n  f u n c t i o n ,  w i l l  e x t e n d  f rom 
/

t h e  e n e r g y  Q0 c o r r e s p o n d i n g  t o  t h e  mass d i f f e r e n c e  b e tw ee n
/

A + P and C, and  t h e  e n e r g y  Qo +■ E p , where  E i s  t h e  

• k i n e t i c  e n e r g y  o f  t h e  p a r t i c l e  P .  Thus i t  would  seem 

d e s i r a b l e  t o  be  a b l e  t o  v a r y  E p  f rom  z e r o  t o  a s  h i g h  a  

v a lu e  a s  p o s s i b l e  t o  c o v e r  t h e  w i d e s t  p o s s i b l e  f i e l d .  

However,  t h e  s p a c i n g  b e tw e e n  e n e r g y  l e v e l s  i n  a  g i v e n  

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

u n t i l  f i n a l l y  t h e y  o v e r l a p  and form a  c o n t in u u m  i n  which  i t  

i s  no l o n g e r  p o s s i b l e  t o  d i s c e r n  d i s c r e t e  l e v e l  s t r u c t u r e .

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

t h e  e n e r g y  l e v e l s  o f  t h e  compound n u c l e u s  i s  c o v e r e d  by t h e  

r a n g e  o f  S P f rom  0 t o  3 o r  4 Ivlev, and much u s e f u l  work can  

be done i n  t h e  r a n g e  f rom  0 t o  1 Ivlev.
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I n  a d d i t i o n  t o  t h e  m easu rem en t  o f  t h e  p o s i t i o n  of  

e n e r g y  l e v e l s  i t  i s  o f  i n t e r e s t  t o  m easu re  t h e  e n e rg y  

w i d t h  o f  t h e s e  l e v e l s .  The d e g r e e  o f  r e s o l u t i o n  which  

c a n  he o b t a i n e d  i n  su c h  m e a su re m e n ts  w i l l  depend  upon t h e  

e n e r g y  h o m o g e n e i ty  o f  t h e  b o m b a rd in g  p a r t i c l e s  when t h e y  

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

depend  upon  ( a )  t h e  h o m o g e n e i ty  o f  t h e  p a r t i c l e s  i n  t h e  

beam and (b )  t h e  t h i c k n e s s  o f  t h e  t a r g e t .  The l a t t e r  

e f f e c t  i s  due t o  t h e  f a c t  t h a t  t h e  p a r t i c l e s  w i l l  l o s e  

e n e r g y  i n  t r a v e r s i n g  t h e  t a r g e t  and h e n c e  w i l l  h ave  a  

l o w e r  e n e r g y  i f  t h e y  make n u c l e a r  r e a c t i o n s  a t  t h e  b a ck  

o f  t h e  t a r g e t .  However,  t h e  u l t i m a t e  r e s o l u t i o n  

a t t a i n a b l e  w i t h  a v e r y  t h i n  t a r g e t  w i l l  depend  upon  t h e  

h o m o g e n e i ty  o f  t h e  beam. The l e v e l  w i d t h s  w hich  axe 

c o n c e r n e d  i n ,  f o r  e x am p le ,  p r o t o n  i n d u c e d  r e a c t i o n s  r a n g e  

from a b o u t  1000 v o l t s  up t o  100 k i l o v o l t s  o r  m o re .  Thus 

an e n e r g y  h o m o g e n e i ty  o f  b e t t e r  t h a n  1000 v o l t s  i s  

d e s i r a b l e .  I n  p r a c t i c e  t h i s  d e g r e e  o f  h o m o g e n e i ty  i s  

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

su c h  a s  a  c a s c a d e  g e n e r a t o r  o r  Van d e r  G r a a f  m ac h in e  and 

c an  o n l y  be o b t a i n e d  w i t h  a  m u l t i p l e  a c c e l e r a t o r ,  s u c h  as  

a  c y c l o t r o n ,  by  t h e  u s e  o f  e n e r g y  a n a l y s e r s  w hich  redLice 

t h e  beam i n t e n s i t y  by a  l a r g e  f a c t o r .

I n  t h e  c a s e  o f  e x p e r i m e n t s  d e s i g n e d  t o  m ea su re  t h e  

e n e r g y  l e v e l s  o f  t h e  r e s i d u a l  n u c l e u s  by  m e a su re m e n ts  o f  

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



i 4

r e q u i r e m e n t s  o f  t h e  i n c i d e n t  beam a r e  n o t  u s u a l l y  as

s t r i n g e n t  a s  i n  t h e  c a s e  o f  e x c i t a t i o n  f u n c t i o n

m e a s u r e m e n ts .  T here  a r e  two m ain  r e a s o n s  f o r  t h i s ,  

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

e n e r g y  l e v e l  i n  t h e  compound n u c l e u s  t h e  e n e r g y

h o m o g e n e i ty  o f  t h e  i n c i d e n t  beam w i l l  n o t  a f f e c t  t h e  

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

s u f f i c i e n t l y  s m a l l  t o  e x c i t e  o n l y  one e n e r g y  l e v e l  i n  

t h e  compound n u c l e u s .  S e c o n d l y ,  even  i f  a  b r o a d  s t a t e  

o r  c o n t in u u m  i n  t h e  compound n u c l e u s  i s  i n v o l v e d ,  t h e  

t e c h n i q u e s  f o r  m easu re m e n t  o f  t h e  e n e r g y  o f  t h e  o u t ­

g o in g  p a r t i c l e  do n o t  n o r m a l l y  h ave  a  s u f f i c i e n t l y  h i g h  

r e s o l u t i o n  t o  j u s t i f y  a  h i g h  d e g r e e  o f  h o m o g e n e i ty  i n  

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

be m e n t i o n e d  t h a t  r e c e n t  d e v e lo p m e n t s  i n  t h e  t e c h n i q u e  

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

p a r t i c l e s  make an e x c e p t i o n  t o  t h e  above s t a t e m e n t .  I f  

m e a s u r e m e n ts  on t h e  e n e r g y  l e v e l s  o f  t h e  r e s i d u a l  n u c l e u s  

a r e  made by  o b s e r v i n g  t h e  g a m m a - r a d i a t i o n  f rom t h e s e  

l e v e l s ,  t h e n  t h e  h o m o g e n e i ty  o f  t h e  i n c i d e n t  beam i s  q u i t e  

u n i m p o r t a n t .

The i n t e n s i t y  o f  t h e  beam o f  p a r t i c l e s  i s  a l s o  of  

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

p a r t i c u l a r l y  a t  low b o m b ard in g  e n e r g i e s ,  b e c a u s e  o f  t h e  

s m a l l  y i e l d  o f  d i s i n t e g r a t i o n s  p e r  i n c i d e n t  p a r t i c l e .  F o r
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example? l e t  u s  c o n s i d e r  t h e  r e a c t i o n  L\ ( ,Y)B-*- , which  

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

t h e  e n e r g y  r a n g e  b e lo w  1 i l e v .  The t h i c k  t a r g e t  y i e l d  

o f  t h e  440 k e v  r e s o n a n c e  o f  t h i s  r e a c t i o n  i s  o f  t h e  o r d e r  

o f  m a g n i tu d e  o f  one d i s i n t e g r a t i o n  p e r  10 i n c i d e n t  

p r o t o n s .  To make a  p r e c i s i o n  m e a su re m e n t  o f  t h e  e n e r g y  

o f  t h e  e m i t t e d  gam m a-rays  i t  may be n e c e s s a r y  t o  u se  a
7

s p e c t r o m e t e r  w i t h  an  e f f i c i e n c y  o f  one c o u n t  p e r  10 

gamma-rays  f rom  t h e  s o u r c e ,  t h u s  g i v i n g  an  o v e r a l l  c o u n t i n g
IJT

r a t e  o f  one c o u n t  p e r  10 i n c i d e n t  p r o t o n s .  A c u r r e n t  o f
|2

1 c o r r e s p o n d s  t o  a  f l u x  o f  6 x 10 p r o t o n s  p e r  se c o n d  

and t h i s  c u r r e n t  w ould  t h e r e f o r e  g i v e  a  c o u n t i n g  r a t e  o f  

a b o u t  0*3 c o u n t s  p e r  m in u te  i n  t h e  e x p e r i m e n t  c o n s i d e r e d  

ab o v e .  I t  would  t h e r e f o r e  be n e c e s s a r y  t o  c o u n t  f o r  

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

on a  s i n g l e  p o i n t .  However,  a  c u r r e n t  o f  1 0 0 ^  f t -would  

r e d u c e  t h e  n e c e s s a r y  d u r a t i o n  o f  e a c h  m easu rem en t  t o  a  few 

m i n u t e s .  S i n c e  many i n t e r e s t i n g  r e a c t i o n s  h a v e  y i e l d s  

c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  one c o n s i d e r e d  above we 

see  t h a t  i t  i s  d e s i r a b l e  t h a t  t h e  beam o f  i n c i d e n t  

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

*  *  *  *  *  *  *
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1*5 .  The De t e c t i o n  and m easur e m e n t  o f  t he Re a c t i o n  P r o d u c t s .

The r a n g e  o f  t e c h n i q u e s  w h ich  h a s  h e en  d e v e l o p e d  f o r  t h e  

d e t e c t i o n  and m e a su re m e n t  o f  t h e  p r o d u c t s  o f  n u c l e a r  r e a c t i o n s  

c o v e r  s u c h  a  w ide  f i e l d  t h a t  we s h a l l  make no a t t e m p t  t o  

d i s c u s s  them  a l l  i n  t h i s  t h e s i s *  The d i s c u s s i o n  w i l l  

t h e r e f o r e  be l i m i t e d  t o  t h e  t e c h n i q u e s  r e l e v a n t  t o  t h e  

e x p e r i m e n t a l  work t o  be  d e s c r i b e d  l a t e r *

5 ( a ) C h a rg ed  P a r t i c l e s .

L e t  u s  f i r s t  c o n s i d e r  t h e  c a s e  o f  a  n u c l e a r  r e a c t i o n  

i n  w h ich  a  c h a r g e d  p a r t i c l e  i s  e m i t t e d . '  The p a r t i c l e s
.X

w h ich  a r e  m o s t  f r e q u e n t l y  i n v o l v e d  a r e  t h e  p r o t o n  ( I I 1 )
la A ^ 3 3

and t h e  « C - p a r t i c l e  (ft* ) ,  b u t  H , H and H a  a r e  a l s o  

som et im es  o b s e r v e d .  The dynam ics  o f  s u c h  a  r e a c t i o n  a r e  

i l l u s t r a t e d  i n  P i g . I  ( i i ) .  A b o m b ard in g  p a r t i c l e  P o f  mass 

M, and e n e r g y  E ,  c o l l i d e s  w i t h  a n u c l e u s  A w hich  i s  

i n i t i a l l y  a t  r e s t .  A n u c l e a r  r e a c t i o n  o c c u r s  and a 

p a r t i c l e  R o f  m ass  Ivl  ̂ i s  e m i t t e d  w i t h  e n e r g y  E* i n  a  

d i r e c t i o n  w h ich  makes  an a n g le  8 w i t h  t h e  i n i t i a l  d i r e c t i o n  

o f  P .  The r e s i d u a l  n u c l e u s  B o f  m ass  Ms r e c o i l s  w i t h  

e n e r g y  Bs  i n  a  d i r e c t i o n  m ak ing  an  a n g l e  fi w i t h  t h e  

i n i t i a l  d i r e c t i o n  o f  P .  Prom t h e  p r i n c i p l e s  o f  t h e  

c o n s e r v a t i o n  o f  e n e r g y  and momentum we can  now c a l c u l a t e  

P 2 as  a  f u n c t i o n  o f  Q, E, and 0 , where Q i s  t h e  e n e r g y  

r e l e a s e  a s  d e f i n e d  i n  s e c t i o n  1 . 3 .  I n  t h e  s p e c i a l  c a s e  

where  8  = 90°  t h e  r e l a t i o n  i s  e a s i l y  shown t o  bes
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( i )

Thus we s e e  t h a t  we can  c a l c u l a t e  t h e  e n e r g y  r e l e a s e

Q by m e a s u r i n g  E z •

The m o s t  w i d e l y  u s e d  m e th o d  o f  m e a s u r i n g  t h e  e n e rg y  

.E x °£  c h a r g e d  p a r t i c l e s  h a s  b e e n  t o  m ea su re  t h e  ’r a n g e 1 

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

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

w i t h  t h e  a tom s i n  i t s  p a t h  u n t i l  f i n a l l y  a l l  i t s  e n e r g y  h a s  

b e e n  d i s s i p a t e d  -and i t  comes t o  r e s t .  The d i s t a n c e  which  

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

’ r a n g e * .  B e c a u se  o f  t h e  s t a t i s t i c a l  n a t u r e  o f  t h e  

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

a beam o f  p a r t i c l e s  w h ich  a r e  i n i t i a l l y  homogeneous i n  

e n e r g y .  However,  t h i s  s p r e a d  o r  ’ s t r a g g l i n g 1 i n  r a n g e  

o n ly  am oun ts  t o  a  few p e r  c e n t  and  h e n c e  a  m easu rem en t  o f  

t h e  mean r a n g e  o f  a  homogeneous g ro u p  o f  p a r t i c l e s  s e r v e s  

t o  m ea su re  t h e  e n e r g y  o f  t h e  p a r t i c l e s  w i t h  an  a c c u r a c y  

o f  t h e  o r d e r  o f  1 fo. I t  i s ,  o f  c o u r s e ,  n e c e s s a r y  t o  know 

t h e  r e l a t i o n  b e tw e e n  r a n g e  and e n e r g y  i n  t h e  m a t e r i a l  u s e d  

t o  s low  down t h e  p a r t i c l e s .  One o f  t h e  e a r l i e s t  and m ost  

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

was t o  p h o t o g r a p h  t h e i r  t r a c k s  i n  an  e x p a n s i o n  chamber 

and t h u s  o b t a i n  a  d i r e c t  m easu rem en t  o f  t h e  r a n g e  i n  t h e  

g a s  i n  t h e  ch am ber .  T h i s  m ethod  was n o t  v e r y  s a t i s f a c t o r y  

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



Ff

o f  t h e  v a r i o u s  t e c h n i c a l  d i f f i c u l t i e s  i n v o l v e d .  More 

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

t h i c k  e m u l s i o n s  have  b e e n  u s e d  t o  m easu re  t h e  r a n g e  o f  

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

I o n i s a t i o n  c h am b ers  and  p r o p o r t i o n a l  c o u n t e r s  have  a l s o  

been  w i d e l y  u s e d  t o  m ea su re  t h e  r a n g e  o f  p a r t i c l e s  by 

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

p a r t i c l e s  and  t h e  c o u n t e r .  The f i r s t  q u a n t i t a t i v e  

m e a su re m e n ts  on a r t i f i c i a l  d i s i n t e g r a t i o n s  were  made by 

G o c k r o f t  and  W a l to n  by  t h i s  m ethod  and t h e  t e c h n i q u e  was 

d e v e l o p e d  t o  a h i g h e r  d e g r e e  o f  p r e c i s i o n  by L e w is ,  Wynn 

W i l l i a m s  and many o t h e r  w o r k e r s ,  b o t h  i n  t h e  f i e l d  o f  

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

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

i s  o u t s i d e  t h e  r a n g e  o f  t h i s  t h e s i s  b u t  we m u s t  n o t e  two 

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

m e a su re m e n t .  F i r s t ,  i t s  r e s o l u t i o n  e v e n ' w i t h  t h e  b e s t  

t e c h n i q u e  i s  l i m i t e d  by  t h e  e f f e c t  o f  s t r a g g l i n g .  T h i s  

means t h a t  i t  i s  n o t  p o s s i b l e  t o  r e s o l v e  p a r t i c l e  g ro u p s  

whose e n e r g y  d i f f e r s  by l e s s  t h a n  a  few p e r c e n t  and t h i s  

may c a u s e  d i f f i c u l t y  i f  a  n u c l e u s  w i t h  c l o s e l y  sp a c e d  

e n e r g y  l e v e l s  i s  b e i n g  i n v e s t i g a t e d .  S e c o n d ,  and more 

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

w h ich  h av e  a  r a n g e  c o m p a rab le  w i t h  t h a t  o f  t h e  i n c i d e n t  

p a r t i c l e s  w hich  h av e  b e e n  s c a t t e r e d  f rom  t h e  t a r g e t  

m a t e r i a l  and i t s  b a c k i n g  m a t e r i a l .  The e n e rg y  o f  t h e s e
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s c a t t e r e d  p a r t i c l e s  w i l l  depend  upon  t h e  mass o f  t h e  t a r g e t  

n u c l e i  and upo n  t h e  a n g l e  o f  o b s e r v a t i o n  r e l a t i v e  t o  t h e  

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

n u c l e i  w i l l  g e n e r a l l y  be o f  c o n s i d e r a b l y  g r e a t e r  mass t h a n  

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

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

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

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

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

r e a c t i o n s  i n  t h e  e n e r g y  r a n g e  we a r e  c o n s i d e r i n g  and hence  

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

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

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

s e r i o u s  i n  t h e  c a s e  o f  (/*,«<) r e a c t i o n s  b e c a u s e  o f  t h e  

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

o f  t h e  same e n e r g y .  The r a n g e - e n e r g y  c u r v e s  f o r  a l p h a -  

p a r t i c l e s  and  p r o t o n s  a r e  shown i n  P i g . I  ( i i i ) .  I t  w i l l  

be s e e n ,  f o r  ex am p le ,  t h a t  a  500 KeV p r o t o n  h a s  t h e  same 

r a n g e  a s  a  1 . 7  MeV a l p h a - p a r t i c l e  and h e n ce  i t  would  n o t  

be p o s s i b l e  t o  o b s e r v e  by  t h e  r a n g e  m ethod  a l p h a - p a r t i c l e s  

o f  e n e r g y  l e s s  t h a n  1 . 7  MeV from a  n u c l e a r  r e a c t i o n  i n d u c e d  

by 500 ICeV p r o t o n s .  I n  p r a c t i c e  t h e  l i m i t  would  p r o b a b l y  

be somewhat h i g h e r  on a c c o u n t  o f  t h e  e f f e c t s  o f  s t r a g g l i n g .

A s e c o n d  m ethod  o f  m e a s u r i n g  t h e  e n e r g y  o f  c h a r g e d  

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

m a g n e t i c  f i e l d .  T h i s  m ethod  h a s  a l s o  b e en  u s e d  f o r  a
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c o n s i d e r a b l e  time.- i n  m e a su re m e n ts  -on t h e  p a r t i c l e s  from 

r a d i o a c t i v e  d i s i n t e g r a t i o n s  b u t  i t  i s  o n ly  c o m p a r a t i v e l y  

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

m e a s u r e m e n t s  on p a r t i c l e s  from n u c l e a r  r e a c t i o n s  h ave  b e en  

d e v e l o p e d .  The p a r t i c u l a r  p r o b le m s  i n v o l v e d  i n  t h e  d e s i g n  

o f  s u c h  s p e c t r o m e t e r s  w i l l  be  d i s c u s s e d  i n  s e c t i o n  I I I . l .  

and  we s h a l l  o n l y  d i s c u s s  t h e  ba s ic ,  p r o p e r t i e s  o f  t h e  

m e th o d .  I t  c a n  e a s i l y  be shown t h a t  t h e  r a d i u s  o f  

c u r v a t u r e o f  -a c h a r g e d  i D a r t i c l e  o f  m ass  M, c h a r g e  Ze # 

and e n e r g y  E e l e c t r o n  v o l t s  i n  a  u n i f o r m  m a g n e t i c  f i e l d  

H i s  g i v e n  by  t h e  r e l a t i o n :

We n o t e  t h a t  t h e  q u a n t i t y  M/Zx i s  t h e  same f o r  b o t h  a 

p r o t o n  and an a l p h a - p a r t i c l e  and  t h a t  c o n s e q u e n t l y  t h e y  

w i l l  h ave  t h e  same Iiyo v a l u e  i f  t h e i r  e n e r g i e s  a r e  t h e  

same. Thus i n  t h e  c a s e  o f  a, (/■*,*) r e a c t i o n  i t  w i l l  be 

p o s s i b l e  t o  r e s o l v e  a l p h a  p a r t i c l e  g r o u p s  from  t h e  

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

t h a n  t h a t  o f  t h e  p r o t o n s .  T h i s  r e p r e s e n t s  a  c o n s i d e r a b l e  

im provem en t  on t h e  lo w e r  l i m i t  im posed  by  t h e  r a n g e  m e th o d .  

The c a s e  o f  (cf j» ) and (d t o( ) r e a c t i o n s  i s  n o t  so 

f a v o u r a b l e  b e c a u s e  t h e  q u a n t i t y  M/Z2, i s  t w i c e  a s  l a r g e  

f o r  d e u t e r o n s  and h e n c e  i t  w i l l  o n ly  be p o s s i b l e  t o  r e s o l v e  

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

m a g n e t i c  a n a l y s i s  a lo n e  i f  t h e i r  e n e r g y  i s  more t h a n  t w i c e



t h a t  o f  t h e  d e u t e r o n s .  However, i n  t h e  c a s e  o f  {d, p. ) 

r e a c t i o n s  i t  i s  a lw ay s  p o s s i b l e  t o  p r e v e n t  t h e  s c a t t e r e d  

d e u t e r o n s  f rom  r e a c h i n g  t h e  d e t e c t o r  o f  t h e  s p e c t r o m e t e r ' 

by p l a c i n g  an a b s o r b e r  o f  s u i t a b l e  t h i c k n e s s  i n  f r o n t  o f  

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

a t  t h e  d e t e c t o r  w i l l  a lw ay s  be g r e a t e r  t h a n  t h a t  o f  t h e  

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

t h e  d e u t e r o n s  w i l l  h av e  o n ly  h a l f  t h e  e n e r g y  o f  t h e  p r o t o n s .  

I t  w i l l ,  o f  c o u r s e ,  be n e c e s s a r y  t o  change  t h e  t h i c k n e s s  o f  

t h e  a b s o r b e r  t o  c o v e r  a  l a r g e  r a n g e  o f  e n e r g i e s .  T h i s  

t e c h n i q u e  i s  n o t  s u i t a b l e  f o r  { d t e() r e a c t i o n s  b e c a u s e  o f  

the ,  s m a l l e r  r a n g e  o f  a l p h a  p a r t i c l e s .  The m ethod  o f  

m a g n e t i c  a n a l y s i s  f o r  t h e  e n e r g y  m easu rem en t  o f  c h a r g e d  

p a r t i c l e s  i s  a l s o  c a p a b l e  o f  much g r e a t e r  p r e c i s i o n  and 

r e s o l u t i o n  t h a n  i s  p o s s i b l e  w i t h  t h e  r a n g e  m e th o d .

5 (b)  G-amma-Rays.

Y/e s h a l l  now c o n s i d e r  t h e  d e t e c t i o n  and m easu rem en t

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

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

e n e rg y  e l e c t r o n s  by t h r e e  s e p a r a t e  p r o c e s s e s  and i t  i s  by

means o f  t h e s e  e l e c t r o n s  t h a t  we a r e  a b l e  t o  d e t e c t  t h e

p r e s e n c e  and m e a su re  t h e  e n e rg y  o f  t h e  r a d i a t i o n .  The

t h r e e  p r o c e s s e s  i n v o l v e d  a r e  ( a )  t h e  Compton e f f e c t ,  (b )  
o

t h e  p h o t o e l e c t r i c  e f f e c t  and ( c )  t h e  p a i r  p r o d u c t i o n  p r o c e s s .  

The Compton e f f e c t  r e s u l t s  i n  t h e  p r o d u c t i o n  o f  e l e c t r o n s  o f
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a l l  e n e r g i e s  f rom  a e r o  up t o  sin e n e r g y  s l i g h t l y  l e s s  t h a n  

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

p r o d u c e s  homogeneous g r o u p s  o f  e l e c t r o n s  o f  e n e r g y  e q u a l  t o  

t h a t  o f  t h e  o r i g i n a l  gamma-rays m inus  t h e  b i n d i n g  e n e r g y  o f  

t h e  .atomic e l e c t r o n  s h e l l  f rom  which  t h e  e l e c t r o n  h a s  b e en  

e j e c t e d .  The p a i r  p r o d u c t i o n  p r o c e s s  g i v e s  r i s e  t o  

e l e c t r o n - p o s i t i o n  p a i r s  whose t o t a l  e n e r g y  i s  e q u a l  t o  t h e  

o r i g i n a l  gamma-ray e n e r g y  m in us  t h e  r e s t  e n e r g y ,  2 m c %, o f  

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

n e c e s s a r i l y  d i v i d e d  e q u a l l y  b e tw een  t h e  e l e c t r o n  and 

p o s i t r o n ,  so t h a t  t h e  s p e c t r u m  o f  e i t h e r  i s  a  c o n t i n u o u s  

f u n c t i o n  o f  e n e r g y .  The c r o s s - s e c t i o n s  f o r  t h e s e  t h r e e  

p r o c e s s e s  a r e  a l l  f u n c t i o n s  o f  t h e  e n e r g y  k  o f  t h e  gamma- 

r a y s  and o f  t h e  a to m ic  number Z o f  t h e  n u c l e i  w i t h  w hich  t h e  

gamma-rays i n t e r a c t .  These  c r o s s - s e c t i o n s  a r e  shown a s  a  

f u n c t i o n  o f  e n e r g y  f o r  l e a d  i n  F i g . I  ( i v ) ,  v/hich i s  t a k e n  

from H e i t l e r * s  "Quantum T heory  o f  R a d i a t i o n " .  I t  w i l l  be 

se en  t h a t  t h e  c r o s s - s e c t i o n s  f o r  t h e  Compton and p h o t o ­

e l e c t r i c  e f f e c t s  d e c r e a s e  w i t h  i n c r e a s i n g  e n e r g y ,  w h i l s t  

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

w i t h  e n e r g y  f rom  t h e  t h r e s h o l d  a t  k  = 2 tnc% .

We c a n  now7 c o n s i d e r  t h e  b a s i c  m e th o ds  o f  gamma-ray 

e n e r g y  m e a su re m e n t  b a s e d  on t h e s e  t h r e e  p r o c e s s e s .

The o n l y  p r e c i s e  m etho d s  a r e  t h o s e  i n  which  a m a g n e t i c  

s p e c t r o m e t e r  i s  u s e d  t o  m ea su re  t h e  e n e r g y  o f  t h e  e l e c t r o n s  

o r  p o s i t i o n s  p r o d u c e d  by one o r  o t h e r  o f  t h e  above p r o c e s s e s .
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M ethods  i n v o l v i n g  t h e  m easu rem en t  o f  t h e  t o t a l  a b s o r p t i o n -  

c o e f f i c i e n t  o f  t h e  gamma•r a d i a t i o n  o r  t h e  a b s o r p t i o n  

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

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

s p e c t r u m  o f  t h e  gamma r a d i a t i o n  i s  com plex .  I n  t h e  

e n e r g y  r a n g e  b e lo w  a b o u t  3 Mev i t  i s  p o s s i b l e  t o  m easu re  

t h e  e n e r g y  o f  t h e  p h o t o - e l e c t r o n s  e j e c t e d  f rem  a  t h i n  f o i l  

w i t h  a  m a g n e t i c  s p e c t r o m e t e r  and hen ce  t o  c a l c u l a t e  t h e  

gamma-ray e n e r g y  w i t h  h i g h  p r e c i s i o n .  A m easu rem en t  o f  

t h e  e n d - p o i n t  o f  t h e  Compton e l e c t r o n  d i s t r i b u t i o n  can  

a l s o  be  made t o  y i e l d  an  a c c u r a t e  v a l u e  f o r  t h e  gamma-ray 

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

m eth o d  i s  s u b j e c t  t o  d i f f i c u l t y  i n  t h e  c a s e  o f  a  complex 

gamma-ray s p e c t r u m .  These m e th o d s  have  h a d  v e r y  wide 

a p p l i c a t i o n  i n  t h e  m easu rem en t  o f  t h e  gamma-rays e m i t t e d  

i n  r a d i o - a c t i v e  d e c a y  p r o c e s s e s ,  where  t h e  gamma-ray 

e n e r g y  i s  se ldom  g r e a t e r  t h a n  2 -5  Mev. However, i n  t h e  

c a s e  o f  n u c l e a r  r e a c t i o n s ,  gamma-ray e n e r g i e s  o f  up  t o  

18 Mev a r e  o b s e r v e d  and e n e r g i e s  i n  t h e  r e g i o n  o f  10 Mev 

a r e  q u i t e  common. We s e e  f rom  P i g . I  ( i v )  t h a t  t h e  c r o s s -  

s e c t i o n  f o r  t h e  p h o t o - e l e c t r i c  e f f e c t  i s  v e r y  s m a l l  i n  

t h i s  r e g i o n  and h e n ce  i t  i s  n o t  p r a c t i c a l  t o  make use  o f  

t h e  e f f e c t  t o  m e a su re  gamma-ray e n e r g i e s .  The Compton 

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

a  p o s s i b l e  m ethod  o f  m easu rem en t  i f  t h e  s p e c t r u m  i s  f a i r l y  

s i m p l e .  The m os t  s a t i s f a c t o r y  m e a su re m e n ts  i n  t h i s  h i g h
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e n e r g y  r e g i o n ,  h o w ever ,  have  b een  t h o s e  b a s e d  on t h e  p a i r  

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

t o  t h e  m e a s u r e m e n t . o f  gamma r a y  e n e r g i e s  was made i n  

c o n j u n c t i o n  w i t h  an e x p a n s i o n  chamber  p l a c e d  i n  a  u n i f o r m  

m a g n e t i c  f i e l d .  The gamma r a y s  were a l l o w e d  t o  f a l l  on a  

t h i n  l e a d  f o i l  p l a c e d  i n  t h e  e x p a n s i o n  chamber and th e  

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

f rom  a  m ea su re m e n t  o f  t h e i r  r a d i i  of c u r v a t u r e  i n  t h e  

m a g n e t i c  f i e l d .  T h i s  t e c h n i q u e  was a p p l i e d  t o  t h e  

m easu rem en t  o f  gam m a-rays  f rom  n u c l e a r  r e a c t i o n s  i n  l i g h t  

e l e m e n t s  by Fow le r  e t  a l  (1939)  and  H a l p e r n  and C rane  (1 9 3 9 ) .  

A l th o u g h  t h i s  method was much s u p e r i o r . t o  any o t h e r  

a v a i l a b l e  a t  t h e  t im e  i t  h a s  c e r t a i n  d i s a d v a n t a g e s .  The 

p r i n c i p a l  d i s a d v a n t a g e  i s  t h e  t im e  i n v o l v e d  i n  t a k i n g  t h e  

l a r g e  number of  e x p a n s i o n  chamber p h o t o g r a p h s  w h ic h  a r e  

n e c e s s a r y  t o  o b t a i n  r e a s o n a b l e  s t a t i s t i c a l  a c c u r a c y .  The 

a c c u r a c y  o f  t h e  method i s  a l s o  l i m i t e d  by t h e  e f f e c t  o f  

m u l t i p l e  s c a t t e r i n g  of  t h e  e l e c t r o n  and p o s i t r o n  t r a c k s  i n  

t h e  g a s  o f  t h e  c lo u d  cham ber .  However, i n  1948 W alker  

and M cDanie l  d e v e lo p e d  a  c o i n c i d e n c e  m a g n e t i c  s p e c t r o m e t e r , 

b a se d  on t h e  p a i r  p r o d u c t i o n  p r o c e s s ,  'which overcame t h e  

d i f f i c u l t i e s  i n h e r e n t  i n  t h e  e x p a n s i o n  chamber t e c h n i q u e .

The d e v e lo p m e n t  o f  t h i s  s p e c t r o m e t e r  made i t  p o s s i b l e  to  

make p r e c i s i o n  m ea su re m e n ts  o f  th e  e n e r g y  and i n t e n s i t y  o f  

h i g h  e n e r g y  n u c l e a r  gamma-rays i n  a  r e a s o n a b l e  t im e  w i th  

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



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

l a b o r a t o r y ‘and a  more d e t a i l e d  d e s c r i p t i o n  o f  i t s  

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

t h e s i s ,  t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  m ea su re m e n ts  made 

w i t h  i t .

* * * * * * *

\
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P a r t  I I .  The A c c e l e r a t i o n  o f  C h a rg ed  P a r t i c l e s .

Summary o f  G e n e r a l  M e th o d s .

We may d i v i d e  t h e  m e th od s  u s e d  f o r  t h e  a c c e l e r a t i o n  

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

c a t e g o r i e s :  ( a )  t h e  ‘ d i r e c t *  m ethod  and  (b )  t h e  m u l t i p l e  

a c c e l e r a t i o n  m e th o d .

The f i r s t  m ethod  u s e s  a  h i g h  t e n s i o n  D .C .  g e n e r a t o r  

t o  a c c e l e r a t e  t h e  c h a r g e d  p a r t i c l e s  down an e v a c u a t e d  

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

up t o  t h e  maximum v o l t a g e  p r o v i d e d  by t h e  g e n e r a t o r .

T h i s  was t h e  m ethod  u s e d  by  C o c k r o f t  and W a l to n  (1932)  

i n  t h e i r  p i o n e e r  e x p e r i m e n t s  on t h e  a r t i f i c i a l  d i s ­

i n t e g r a t i o n  o f  n u c l e i .  T h e i r  h i g h  t e n s i o n  g e n e r a t o r  

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

w hich  w i l l  be d e s c r i b e d  l a t e r  i n  t h i s  t h e s i s .

E l e c t r o s t a t i c  g e n e r a t o r s  o f  t h e  t y p e  d e v e l o p e d  by  Van 

d e r  G-raaff  (19 3 1 )  have  a l s o  b e e n  w i d e l y  u s e d  t o  a c c e l e r a t e  

p a r t i c l e s  by t h e  d i r e c t  m e th o d .  The maximum p a r t i c l e  

e n e rg y  v/hich c a n  be o b t a i n e d  by t h i s  method  i s  l i m i t e d  

by c o r o n a  and  s p a r k  d i s c h a r g e  from t h e  h i g h  v o l t a g e  

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

l i m i t s  t h e  v o l t a g e  t o  a b o u t  2 x 1 0 6 v o l t s  i n  a i r  a t  

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

Some im provem en t  c an  be o b t a i n e d  by p l a c i n g  t h e  g e n e r a t o r

ana  a c c e l e r a t o r  t u b e  i n  a chamber  c o n t a i n i n g  g a s  a t  h i g h
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p r e s s u r e ,  "but t h e  m e c h a n i c a l  d i f f i c u l t i e s  i n v o l v e d  a r e  

v e r y  c o n s i d e r a b l e .  So f a r ,  t h i s  t e c h n i q u e  h a s  o n ly  

b een  a p p l i e d  t o  e l e c t r o s t a t i c  g e n e r a t o r s  and t h e  maximum 

v o l t a g e  w hich  h a s  been  a t t a i n e d  i s  o f  t h e  o r d e r  o f  4 Mv.

The m u l t i p l e  a c c e l e r a t i o n  m ethod  u s e s  a  c o m p a r a t i v e l y  

low a l t e r n a t i n g  v o l t a g e  t o  a c c e l e r a t e  t h e  p a r t i c l e s  many 

t i m e s  u n t i l  t h e y  a t t a i n  a  h i g h  e n e r g y .  The f i r s t  

s u c c e s s f u l  a c c e l e r a t o r  o f  t h i s  t y p e  was t h e  c y c l o t r o n  

d e v e l o p e d  by  Lawrence  e t  a l  ( 1 9 3 2 ) .  T h is  t y p e  o f  m ach ine  

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

400 Mev and m a c h in e s  t o  g i v e  e n e r g i e s  i n  e x c e s s  o f  1000 

Mev a r e  u n d e r  c o n s t r u c t i o n .

However i n  t h e  e n e r g y  r a n g e  up t o  a  few  Mev, t h e  

d i r e c t  m e th o d  h a s  many a d v a n t a g e s  o v e r  t h e  m u l t i p l e  

a c c e l e r a t i o n  m e th o d .  I n  p a r t i c u l a r  i t  g i v e s  a  beam o f  

p a r t i c l e s  w i t h  a  much g r e a t e r  d e g r e e  o f  h o m o g e n e i ty  i n  

e n e r g y  t h a n  i s  p o s s i b l e  w i t h  m u l t i p l e  a c c e l e r a t o r s .  I t  

a l s o  g i v e s  a  much l a r g e r  beam c u r r e n t ,  which  i s  an  

i m p o r t a n t  f a c t o r  a t  low e n e r g i e s  b e c a u s e  o f  t h e  

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

e n e r g i e s .  I t  i s  a l s o  v e r y  much more s im p le  t o  c o n s t r u c t  

and o p e r a t e .

The h i g h  t e n s i o n  s e t  w hich  h a s  b een  c o n s t r u c t e d  and 

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

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

c o n s t r u c t i o n  and o p e r a t i o n  o f  t h i s  s e t  w i l l  be d e s c r i b e d
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i n  t h e  f o l l o w i n g  p a r t s  o f  t h i s  s e c t i o n .  The r e s e a r c h  

work w h ich  was p e r f o r m e d  i n  t h e  d e s i g n  o f  t h i s  equ ip m en t  

w i l l  a l s o  he d e s c r i b e d  i n  d e t a i l ,  where  t h e  work i n v o l v e d  

i s  new and was p e r f o r m e d  by t h e  a u t h o r .  T h i s  work i s  

m a i n l y  c o n c e r n e d  w i t h  t h e  d e v e lo p m e n t  o f  a  new t y p e  o f  

i o n  s o u r c e .

A g e n e r a l  v i e w  o f  t h e  h i g h  t e n s i o n  e q u ip m e n t ,  which  

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

b u i l d i n g ,  i s  shown i n  t h e  p h o t o g r a p h  o f  P i g . I I  ( 1 ) .  . I t  

c o n s i s t s  o f  t h r e e  p r i n c i p a l  p i e c e s  o f  e q u ip m e n t ,  t h e  800 

kv  D .C .  g e n e r a t o r ,  t h e  a c c e l e r a t o r  t u b e  and  t h e  power 

co lum n .  The a c c e l e r a t e d  beam o f  p a r t i c l e s  p a s s e s  

t h r o u g h  a  t u b e  t h r o u g h  t h e  f l o o r  o f  t h i s  room i n t o  t h e  

'beam room* on t h e  g ro u n d  f l o o r ,  where  i t  i s  u s e d  f o r  

d i s i n t e g r a t i o n  e x p e r i m e n t s .  The c o n t r o l  e q u ip m en t  f o r  

t h e  H .T .  s e t  and  a  l a r g e  p a r t  o f  t h e  e l e c t r o n i c  

e q u ip m e n t  n e c e s s a r y  f o r  t h e  e x p e r i m e n t a l  work i s  s i t u a t e d  

i n  a  s m a l l  room a d j a c e n t  t o  t h e  beam room.

We s h a l l  now d e s c r i b e  t h e  d e s i g n  and  d e v e lo p m e n t  o f  

t h e  v a r i o u s  p a r t s  o f  t h i s  equ ip m en t  i n  d e t a i l .

*  *  *  *  *  *  *
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l l . 2 .  The High T e n s io n  G e n e r a t o r .

( a )  P r i n c i p l e  o f  O p e r a t i o n .v"*’" ' *"

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

t h e  G lasgow a c c e l e r a t o r  s e t  was c o n s t r u c t e d  by  M e s s r s .  

P h i l i p s  o f  E in d h o v e n .  I t  c o n s i s t s  ©f a  f i v e  s t a g e  c a s c a d e  

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

C o c k r o f t  and  W a l to n .  The e s s e n t i a l  d e t a i l s  o f  t h e  

o p e r a t i o n  o f  t h e  g e n e r a t o r  may be s e e n  f rom  t h e  s c h e m a t i c  

c i r c u i t  d i a g r a m  o f  P i g . I I  ( i i ) a ,  and t h e  v o l t a g e  wave-
i

fo rm s  a t  v a r i o u s  p o i n t s  i n  t h e  c i r c u i t  w h ich  a r e  shown i n  

P i g . I I  ( i i ) b .  The t r a n s f o r m e r  T, i s  s u p p l i e d  w i t h  a 

c o n t r o l l e d  v a r i a b l e  A.C. v o l t a g e  w i t h  a  f r e q u e n c y  o f  400 

c y c l e s  p e r  s e c o n d .  T h i s  v o l t a g e  i s  s u p p l i e d  by a  250 

v o l t  g e n e r a t o r  and  can  be v a r i e d  f rom  0 t o  250 v o l t s  by 

means o f  a  v a r i a c .  The s e c o n d a r y  o f  T, d e v e l o p s  a 

v o l t a g e  w i t h  a  p e a k  a m p l i t u d e  o f  up t o  80 k V, The 

c o n d e n s e r  C, and  t h e  m e r c u r y  v a p o u r  r e c t i f y i n g  v a l v e  Vf 

a c t  a s  a  s i m p le  h a l f - w a v e  r e c t i f i e r  c i r c u i t  so t h a t  0, 

becomes c h a r g e d  t o  t h e  peak: v o l t a g e  V© o f  t h e  t r a n s f o r m e r .  

The c o n d e n s e r  i s  t h e n  c h a r g e d  t o  t h e  p e ak  v o l t a g e  2VC 

r e a c h e d  by t h e  p o i n t  B ,  t h r o u g h  t h e  r e c t i f i e r  Vj, . By 

an  e x a c t l y  s i m i l a r  p r o c e s s  t h e  c o n d e n s e r s  C 7 , Cs , 0^  

and 0 10 a l s o  become c h a r g e d  t o  a  v o l t a g e  o f  27© and s i n c e  

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

m i n a l  IC r e a c h e s  a  v o l t a g e  o f  10Vo w i t h  r e s p e c t  t o  g r o u n d .
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Thus a  v o l t a g e  o f  800 k V i s  o b t a i n e d  w i t h  a  p e ak  v o l t a g e  

o f  80 k V f rom  t h e  s e c o n d a r y  o f  t h e  t r a n s f o r m e r  T, . The 

f i l a m e n t s  o f  t h e  r e c t i f y i n g  v a l v e s  a r e  h e a t e d  by means o f  

a  r a d i o - f r e q u e n c y  c u r r e n t  s u p p l i e d  by t h e  5 00 -kc 

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

a  s e r i e s  t u n e d  c i r c u i t  C/4 , 1 ,  t u n e d  t o  500 kc  , t h e  

c o n d e n s e r  C* ■ s e r v i n g  t o  i n s u l a t e  t h e  o s c i l l a t o r  o u t p u t  

. f rom  t h e  p o i n t  A. The c u r r e n t  t h e n  f l o w s  t h r o u g h  t h e  

c o n d e n s e r s  C, t o  Ĉ - t h r o u g h  a n o t h e r  s e r i e s  t u n e d  c i r c u i t  

C 17 > f i n a l l y  t h r o u g h  t h e  c o n d e n s e r s  C #0 t o  C6 t o

g r o u n d .  , S m a l l  d u s t - c o r e  t r a n s f o r m e r s ,  n o t  shown i n  

F i g . I I  ( i i ) a  have  t h e i r  p r i m a r y  w in d in g s  c o n n e c t e d  b e tw ee n  

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

a c r o s s  t h e i r  s e c o n d a r y  w in d i n g s  a r e  t h e n  u s e d  t o  h e a t  t h e  

r e c t i f i e r  f i l a m e n t s .

(b )  R i p p l e  V o l t a g e .

The h i g h  v o l t a g e  t e r m i n a l  o f  t h e  g e n e r a t o r  i s  

c o n n e c t e d  t o  t h e  t o p  t e r m i n a l  o f  t h e  a c c e l e r a t o r  column 

t h r o u g h  t h e  10 MU s m o o th in g  r e s i s t a n c e  R, and t h e  1 . 5  Mil 

s u r g e  p r e v e n t i o n  r e s i s t a n c e  • The sm o o th in g  c o n d e n s e r s  

C |, t o  C |S- a r e  c o n n e c t e d  i n  s e r i e s  b e tw een  t h e  j u n c t i o n  o f  

R, and R v end g r o u n d ,  v i a  t h e  s e c o n d a r y  o f  a  t r a n s f o r m e r  T3 

whose f u n c t i o n  w i l l  be d e s c r i b e d  l a t e r .  Thus any r i p p l e  

w hich  i s  p r e s e n t  on t h e  h i g h  v o l t a g e  t e r m i n a l  o f  t h e

g e n e r a t o r  i s  r e d u c e d  by  a f a c t o r  k  = R, Cui, where C i s  t h e
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e f f e c t i v e  s e r i e s  c a p a c i t y  o f  t h e  c o n d e n s e r s  C t  t o  0 /s 

and i s  t h e  f r e q u e n c y  o f  t h e  r i p p l e  v o l t a g e .  The

v a lu e  o f  C i s  . 0 0 3/*fd and i f  we assume t h a t  t h e  r i p p l e  

f r e q u e n c y  i s  400 c . p . s .  t h e n  k = 75 .  The maximum r i p p l e  

v o l t a g e  on t h e  g e n e r a t o r  i s  o f  t h e  o r d e r  o f  10 kV a t  500 

k v ,  and h e n c e  t h e  sm o o th in g  c i r c u i t  s h o u l d  r e d u c e  t h i s  

r i p p l e  t o  a b o u t  130 v o l t s .  I t  was f o u n d ,  h o w e v e r ,  t h a t  

t h e  r i p p l e  on t h e  h i g h  v o l t a g e  t e r m i n a l  o f  t h e  a c c e l e r a t o r  

t u b e  was s t i l l  o f  t h e  o r d e r  o f  1500 v o l t s .  A f t e r  some 

i n v e s t i g a t i o n  i t  was f o u n d  t h a t  t h e  m a j o r i t y  o f  t h i s  

r i p p l e  was due t o  d i r e c t  c a p a c i t y  p i c k - u p  f rom  t h e  A.C. 

s i d e  o f  t h e  g e n e r a t o r  t o  t h e  s p i n n i n g s  on t o p  o f  t h e  

a c c e l e r a t o r  column and power s t a c k .  T h i s  component  o f  

t h e  r i p p l e  was mes,sured d i r e c t l y  by  s w i t c h i n g  o f f  t h e  

f i l a m e n t  h e a t i n g  o f  t h e  r e c t i f y i n g  v a l v e s  t o  remove t h e  

B .C .  v o l t a g e  and o b s e r v i n g  t h e  r i p p l e  v o l t a g  on an 

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

t e r m i n a l  o f  t h e  a c c e l e r a t o r  co lum n.  The e s t i m a t e d  

c a p a c i t y  o f  3 j p f d  b e tw e e n  t h e  A.C. s i d e  o f  t h e  g e n e r a t o r  

and t h e  s p i n n i n g s  i s  q u i t e  s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  

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

v o l t a g e ,  o f  t h e  o r d e r  o f  160 kV p e ak  t o  p e a k ,  on t h e  AC. 

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

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

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

R2 > s i n c e  t h e  l a t t e r  i s  t h e  e f f e c t i v e  im pedance  a c r o s s
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w hich  t h e  r i p p l e  v o l t  ape i s  d e v e l o p e d .  T here  was no 

p r a c t i c a l  m ethod  o f  r e d u c i n g  t h e  c a p a c i t y  and i t  was f e l t  

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

p o s s i b l e  damage t o  t h e  a c c e l e r a t o r  t u b e  e l e c t r o d e s  end t h e  

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

a c c e l e r a t o r  t u b e .  The m ethod  f i n a l l y  a d o p t e d  was t o  

' b a c k - o f f *  t h e  r i p p l e  v o l t a g e  by  means o f  a  s u i t a b l e  a n t i ­

p h a se  v o l t a g e  f e d  t h r o u g h  t h e  s m o o th in g  c o n d e n s e r s  from 

t h e  t r a n s f o r m e r  T 3 . F o r  t h i s  p u r p o s e  i t  i s  n e c e s s a r y  

t o  h ave  a  v o l t a g e  w h ich  i s  p r o p o r t i o n a l  t o  t h e  A.C. 

v o l t a g e  on t h e  g e n e r a t o r .  A c o n v e n i e n t  s o u r c e  - o f  such  

a v o l t a g e  was fo u n d  t o  be  t h e  o u t p u t  t e r m i n a l  o f  t h e  

r a d i o - f r e q u e n c y  o s c i l l a t o r ,  s i n c e  i t  i s  c o n n e c t e d  t o  t h e  

h i g h  v o l t a g e  t e r m i n a l  A o f  t h e  t r a n s f o r m e r  v i a  t h e  .0001  

/ * f d .  c o n d e n s e r  C,6 and i s  e f f e c t i v e l y  c o n n e c t e d  t o  g round  

i n  t h e  o s c i l l a t o r  v i a  a  . 0 3 / i f d  c o n d e n s e r .  Thus a  

v o l t a g e  o f  a b o u t  1 /3 0 0  o f  t h e  t r a n s f o r m e r  s e c o n d a r y  

v o l t a g e  a p p e a r s  a t  t h i s  p o i n t .  The R .F .  choke L j  i s  

u s e d  t o  remove t h e  500 k c s / s e c  S . F .  v o l t a g e  and t h e  

r e m a i n i n g  400 c . p . s .  v o l t a g e  i s  f e d  t o  a  c a t h o d e  f o l l o w e r  

v i a  c i r c u i t s  which  c o n t r o l  i t s  p h a se  and a m p l i t u d e .  The 

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

T j  , w h ich  h a s  a s t e p - u p  r a t i o  o f  1 0 / 1 .  The sy s te m  was 

s e t  up  by  o b s e r v i n g  t h e  r i p p l e  v o l t a g e  on t h e  t o p  o f  t h e  

a c c e l e r a t o r  column by t h e  m ethod  p r e v i o u s l y  d e s c r i b e d  and 

a d j u s t i n g  t h e  p h a s e  and a m p l i t u d e  c o n t r o l s  u n t i l  t h e  r i p p l e
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was r e d u c e d  t o  a  minimum. I t  was n o t  p o s s i b l e  t o  r e d u c e  

t h e  r i p p l e  t o  z e r o  b e c a u s e  o f  t h e  d i f f e r e n t  components  o f  

h i g h e r  h a r m o n i c s  i n  t h e  two w avefo rm s ,  b u t  a  r e d u c t i o n  by 

a f a c t o r  o f  1 0 / 1  was a c h i e v e d  and t h i s  was f e l t  t o  be 

s u f f i c i e n t  i n  v ie w  o f  o t h e r  u n a v o i d a b l e  s o u r c e s  o f  v o l t a g e  

f l u c t u a t i o n .

* * * * * * *
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( c) V o l t a g e  M easu rem en t  and S t a b i l i s a t i o n *

The v o l t a g e  on t h e  a c c e l e r a t o r  t u b e  i s  m e a su re d  by 

means o f  t h e  o i l  c o o l e d  r e s i s t a n c e  R3 . T h i s  r e s i s t a n c e  

h a s  a  v a l u e  o f  a b o u t  1200 Mil and  c o n s i s t s  o f  1200 1 Mil- 

c a r b o n  r e s i s t a n c e s  wound i n  a  s p i r a l  on a  p e r s p e x  f o r m e r .  

The whole  a s s e m b ly  i s  p l a c e d  i n  a  c y l i n d r i c a l  c o n t a i n e r  

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

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

t h e  m e t e r  M,and t h e  r e s i s t a n c e s  R ^  and R^. • The m e t e r  M, 

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

b e i n g  m ark ed  i n  i n t e r v a l s  o f  10 k v  from  0 t o  1000 k v .

A p r e - s e t  s h u n t  a c r o s s  t h e  m e t e r  i s  p r o v i d e d  and was s e t  

a f t e r  m e a s u r e m e n ts  h a d  b e e n  made on t h e  e x c i t a t i o n  c u rv e  

o f  t h e  w e l l -k n o w n  440 EcV r e s o n a n c e  i n  t h e  r e a c t i o n
7 JL i  Be . F o r  more a c c u r a t e  m easu rem en t  o f  t h e

v o l t a g e  t h e  p o t e n t i a l  d e v e l o p e d  a c r o s s  t h e  r e s i s t a n c e  R3 

i s  m e a su re d  by  means o f  a  s t a n d a r d  p o t e n t i o m e t e r  u n i t .

The r e s i s t a n c e  R^ c o n s i s t s  o f  a  number o f  h i g h  s t a b i l i t y  

w i re  wound r e s i s t a n c e s  c o n n e c t e d  i n  s e r i e s ,  w i t h  a  t o t a l  

v a lu e  o f  a b o u t  1200X1. The p o t e n t i o m e t e r  u n i t  uses a  

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

a c r o s s  R^ c an  t h u s  be m e a su re d  t o  an a c c u r a c y  o f  100 m i c r o ­

v o l t s .  The v a l u e  o f  R^ was a d j u s t e d  by m ea su re m e n ts  on 

s e v e r a l  a c c u r a t e l y  known n u c l e a r  r e s o n a n c e s  so t h a t  i t  was 

a lm o s t  e x a c t l y  one m i l l i o n t h  o f  t h e  v a l u e  o f  R 3 + + R^. .



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

t h e r e f o r e  g i v e  d i r e c t l y  t h e  v o l t a g e  on t h e  s e t  i n  k i l o ­

v o l t s  t o  a r e l a t i v e  a c c u r a c y  o f  a b o u t  100 v o l t s .  The 

a b s o l u t e  a c c u r a c y  o f  t h i s  m easu re m e n t  i s  n o t  b e t t e r  t h a n  

a b o u t  Ifo a t  p r e s e n t  b e c a u s e  o f  t h e  r a t h e r  l a r g e  

t e m p e r a t u r e  and  v o l t a g e  c o e f f i c i e n t s  o f  t h e  m ain  

r e s i s t a n c e  R 3 , b u t  i t  i s  h o p ed  t o  im prove  t h i s  i n  t h e  

n e a r  f u t u r e  when b e t t e r  q u a l i t y  r e s i s t a n c e s  a r e  p r o v i d e d  

by M e s s r s .  P h i l i p s .  However, i t  i s  p o s s i b l e  t o  make 

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

r e s o n a n c e s  by  c o m p a r i s o n  w i t h  m e a su re m e n ts  made 

i m m e d i a t e l y  b e f o r e  o r  a f t e r  on t h e  p o s i t i o n  o f  known 

r e s o n a n c e s  i n  t h e  same v o l t a g e  r e g i o n .  The l a r g e  number

o f  s h a r p  r e s o n a n c e s  i n  t h e  r e a c t i o n  ) 5 i 2* which

h ave  b e e n  a c c u r a t e l y  m e a s u r e d  by  B r o s t r o m  e t  a l  (1948)  

a r e  p a r t i c u l a r l y  u s e f u l  f o r  su ch  c o m p a r i s o n s .

I n  o r d e r  t o  h o l d  t h e  s e t  v o l t a g e  c o n s t a n t  a g a i n s t  

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

l o a d  c u r r e n t ,  e t c . ,  a  s t a b i l i s e r  h a s  b een  c o n s t r u c t e d .

The r e s i s t a n c e s  R 4. and  Rs  a r e  u s e d  t o  d e v e l o p  a  v o l t a g e  

o f  a b o u t  10 o f  t h a t  on t h e  s e t .  T h i s  v o l t a g e  i s  t h e n  

b a c k e d  o f f  by means o f  a  c o n t r o l l a b l e  v o l t a g e  f rom a  120 

v o l t  r e f e r e n c e  b a t t e r y .  The ganged  d ecade  r e s i s t a n c e s  

R7 and Rj  and  t h e  p o t e n t i o m e t e r  R^ s e r v e  t o  c o n t r o l  t h e  

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

t o  t h e  i n p u t  o f  a  B .C .  a m p l i f i e r  w i t h  a  v o l t a g e  g a i n  of



a b o u t  1 0 00 .  The c i r c u i t  o f  t h i s  a m p l i f i e r  i s  shown i n  

F i g . I I  ( i i i ) .  I t  w i l l  be s e e n  t o  c o n s i s t  o f  a 

c o n v e n t i o n a l  t y p e  o f  1 c h o p p e r 1 a m p l i f i e r  end i s  f r e e  f rom  

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

o f  more t h a n  50 m i c r o - v o l t s ,  w h ich  i s  a  c o n s i d e r a b l y  

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

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

c o n t r o l  t h e  g r i d - c a t h o d e  p o t e n t i a l  o f  two l a r g e  power 

t r i o d e s  V* and VIX . These  v a l v e s  a r e  c o n n e c t e d  a c r o s s  

t h e  two h a l v e s  o f  t h e  s p l i t  s e c o n d a r y  w in d in g  o f  t h e  

t r a n s f o r m e r  T 2 , whose p r i m a r y  i s  c o n n e c t e d  i n  s e r i e s  

w i t h  t h e  p r i m a r y  o f  t h e  m a in  H.T.  t r a n s f o r m e r  T, . The 

t r a n s f o r m e r  T2 h a s  a  s t e p - u p  r a t i o  o f  2 4 0 / 1 .  The 

im pedance  p r e s e n t e d  by  t h e  p r i m a r y  o f  T x i s  t h e r e f o r e  

c o n t r o l l e d  by  t h e  g r i d - c a t h o d e  v o l t a g e  o f  t h e  c o n t r o l  

v a l v e s  Vj, and Vn  . The r a n g e  o f  c o n t r o l  i s  l i m i t e d  by 

t h e  maximum a l l o w e d  power d i s s i p a t i o n  o f  t h e  v a l v e s  V,| 

and V n  and t h i s  c o r r e s p o n d s  t o  a  ch ange  o f  a b o u t  15$ 

i n  t h e  v o l t a g e  on t h e  p r i m a r y  o f  t h e  m ain  t r a n s f o r m e r  T, 

w i t h  t h e  c i r c u i t  u s e d .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  

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

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

v o l t m e t e r  M* i s  u s e d  t o  m o n i t o r  t h e  o u t p u t  o f  t h e  B .C .  

a m p l i f i e r  and t h e  v a r i a c  i s  s e t  so t h a t  t h e  sy s tem  

s t a b i l i s e s  w i t h  t h i s  rue t e r  a p p r o x i m a t e l y  i n  t h e  m id d le  o f  

i t s  r a n g e .  The p e r f o r m a n c e  o f  t h i s  s t a b i l i s e r  h a s  b e en
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v e r y  s a t i s f a c t o r y .  I t  h a s  a r e s p o n s e  t im e  o f  l / l O  s e c .

and r e d u c e s  any f l u c t u a t i o n s  o f  l o w e r  f r e q u e n c y  t h a n  t h i s

by a f a c t o r  o f  1 0 0 .  The p r i n c i p l e  r e m a i n i n g  v o l t a g e

f l u c t u a t i o n s  on t h e  s e t  a r e  due t o  i r r e g u l a r  s t r i k i n g

o f  t h e  r e c t i f i e r  v a l v e s ,  w hich  h a s  b e e n  a  f r e q u e n t  s o u r c e

o f  t r o u b l e .  T hese  f l u c t u a t i o n s  a r e  t o o  f a s t  t o  be

c o m p l e t e l y  rem oved  by t h e  s t a b i l i s e r  and  c a n  o n l y  be

rem oved  by  c a r e f u l  s e l e c t i o n  o f  t h e  r e c t i f i e r  v a l v e s  -  a

p r o c e s s  w h ich  h a s  n o t  a lw a y s  b e e n  p o s s i b l e  b e c a u s e  o f

s h o r t a g e  o f  s u p p l y .  I t  may be  m e n t i o n e d  t h a t  t h e  room

t e m p e r a t u r e  m u s t  be  m a i n t a i n e d  a t  a t  l e a s t  22° C. t o

o b t a i n  s a t i s f a c t o r y  o p e r a t i o n  o f  t h e s e  v a l v e s .

*  *  *  *  *  *  *
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I I .  3 • The I o n  S o u r c e  and I n i t i a l  Beam F o c u s s i n g .

( a) G e n e r a l  K e q u i r e n e n t s .

The p a r t i c l e s  w h ich  a r e  m o s t  f r e q u e n t l y  r e q u i r e d  f o r

d i s i n t e g r a t i o n  e x p e r i m e n t s  a r e  t h e  p r o t o n  and  t h e  d e u t r o n .
/

T hese  a r e  n o r m a l l y  p r o d u c e d  i n  an i o n  s o u r c e  by  r u n n i n g  

some fo rm  o f  d i s c h a r g e  i n  h y d r o g e n  o r  d e u t e r i u m .  P o r  

c o n c i s e n e s s  we s h a l l  d i s c u s s  t h e  p ro b le m  i n  t e r m s  o f  

h y d r o g e n ,  a l t h o u g h  a l m o s t  e v e r y t h i n g  t h a t  w i l l  he s a i d  

a p p l i e s  e q u a l l y  t o  d e u t e r i u m .

We n o t e  a t  t h i s  s t a g e  t h a t  t h r e e  t y p e s  o f  i o n  w i l l  

he p r o d u c e d  i n  a  d i s c h a r g e  i n  h y d r o g e n ,  p r o t o n s  (H* ) , 

m o l e c u l a r  i o n s  ( H *  ) and t r i a t o m i c  i o n s  ( H j  ) .  The 

f a c t o r s  e f f e c t i n g  t h e i r  r e l a t i v e  abundance  w i l l  he 

d e s c r i b e d  l a t e r .  Now a l l  t h e s e  i o n s  w i l l  he a c c e l e r a t e d  

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

t h e  i n d i v i d u a l  p r o t o n s  i n  t h e  and H* i o n s  w i l l  o n ly

h ave  r e s p e c t i v e l y  one h a l f  and one t h i r d  o f  t h a t  k i n e t i c  

e n e r g y  and a r e  t h e r e f o r e  o f  l i t t l e  u s e .  I t  i s  u s u a l l y  

d e s i r a b l e  t o  s e p a r a t e  t h e  p r o t o n s  f rom  t h e  o t h e r  i o n s  by 

m a g n e t i c  a n a l y s i s  b e f o r e  u s i n g  them  f o r  d i s i n t e g r a t i o n  

e x p e r i m e n t s .

Thus i n  o r d e r  t o  o b t a i n  a  l a r g e  p r o t o n  beam c u r r e n t  

we r e q u i r e  an  i o n  s o u r c e  w hich  w i l l  d e l i v e r  a  l a r g e  i o n  

c u r r e n t  c o n t a i n i n g  a  h i g h  p e r c e n t a g e  o f  p r o t o n s  t o  t h e  

a c c e l e r a t o r  t u b e .  I t  i s  f u r t h e r  d e s i r a b l e  t h a t  t h e
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i n i t i a l  e n e r g y  i n h o m o g e n e i t y  o f  t h e  i o n  s o u r c e  beam 

s h o u l d  be l e s s  t h a n  t h e  norma,! v a r i a t i o n s  i n  v o l t a g e  on 

t h e  H.T .  s e t  i n  o r d e r  t h a t  i t  s h o u l d  n o t  c o n t r i b u t e  t o  

t h e  f i n a l  e n e r g y  s p r e a d  o f  t h e  beam a t  t h e  t a r g e t .

I t  i s  a l s o  d e s i r a b l e  t h a t  t h e  i o n  s o u r c e  and i t s  

a s s o c i a t e d  e q u ip m e n t  s h o u l d  be r e a s o n a b l y  com pac t  and 

u s e  a s  l i t t l e  power a s  p o s s i b l e ,  s i n c e  t h e  whole  a s s e m b ly ,  

i n c l u d i n g  t h e  g e n e r a t o r  s u p p l y i n g  t h e  po w er ,  m u s t  be 

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

a c c e l e r a t o r  column and  power s t a c k ,

* * * * * * *
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(b )  P r e v i o u s  Work#

A g r e a t  d e a l  o f  work h a s  b e e n  done b e tw e e n  1933 and 

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

t h e s e  r e q u i r e m e n t s  and i t  i s  c o n v e n i e n t  f i r s t  t o  

sum m arise  v e r y  b r i e f l y  t h e  work w hich  h a d  b e e n  p u b l i s h e d  

up  t o  t h e  commencement o f  t h e  p r e s e n t  work i n  194 6 .

The s o u r c e  u s e d  by  C o c k r o f t  a n d  W a l to n  i n  t h e i r  e a r l y  

e x p e r i m e n t s  was d e s i g n e d  by  O l i p h a n t  and  em ployed  a, h i g h  

v o l t a g e  (30  kV) c o l d  c a t h o d e  d i s c h a r g e .  Such  s o u r c e s  

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

and r e a s o n a b l y  good i o n  c u r r e n t  and p r o t o n  p e r c e n t a g e .  

U n f o r t u n a t e l y ,  t h e y  h av e  a  l a r g e  e n e r g y  s p r e a d ,  o f  t h e  

o r d e r  o f  m a g n i tu d e  o f  t h e  v o l t a g e  u s e d  t o  m a i n t a i n  t h e  

d i s c h a r g e .  They a l s o  r e q u i r e  a  r a t h e r  l a r g e  power i n p u t ,  

o f  t h e  o r d e r  o f  3 kW.

A se co n d  t y p e  o f  s o u r c e  w hich  became v e r y  p o p u l a r ,  

p a r t i c u l a r l y  w i t h  w o r k e r s  on Van d e r  G-raaf g e n e r a t o r s ,  

was t h e  h o t  c a t h o d e ,  low v o l t a g e  a r c ,  t y p e  o f  s o u r c e  

d e v e l o p e d  p a r t i c u l a r l y  by Tuve e t  a l .  and Lamar e t  a l .

T h i s  gave  a ! r a t h e r  s m a l l e r  o u t p u t  t h a n  t h e  O l i p h a n t  s o u r c e ,  

b u t  t h e  e n e r g y  s p r e a d  was v e r y  s m a l l ,  p r o b a b l y '  l e s s  t h a n  

100 v o l t s .  The h o t  f i l a m e n t  w h ich  was r e q u i r e d  t o  

m a i n t a i n  t h e  a r c  v/as a  s o u r c e  o f  t r o u b l e ,  a s  i t  r e q u i r e d  

f r e q u e n t  r e p l a c e m e n t .

The f i r s t  s u g g e s t i o n  f o r  t h e  u s e  o f  r a d i o  f r e q u e n c y



v o l t a g e s  f o r  m a i n t a i n i n g  an i o n  s o u r c e  d i s c h a r g e  was 

made by  G e t t i n g  ( 1 9 4 1 ) .  D u r i n g  t h e  war g r e a t  a d v a n c e s  

were  made i n  r a d i o - f r e q u e n c y  t e c h n i q u e  and i t  was n a t u r a l  

t h a t  w o r k e r s  i n  t h e  f i e l d  o f  i o n  s o u r c e s  s h o u l d  c o n s i d e r  

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

p r o b le m s  a f t e r  t h e  w a r .  The f i r s t  r e p o r t  o f  work on 

t h e s e  l i n e s  was p u b l i s h e d  by Thoneman (1946)  j u s t  p r i o r  

t o  t h e  commencement o f  t h i s  w ork .  H i s  a p p a r a t u s  

P i g . I I  ( i i i )  c o n s i s t e d  o f  a  2 - l i t r e  P y r e x  f l a s k  c o n t a i n i n g  

E2 a t  lo w  p r e s s u r e , i n  w h ich  a  d i s c h a r g e  was m a i n t a i n e d  by 

a  60 m c s / s e c  R .F .  v o l t a g e  a p p l i e d  b e tw e e n  r i n g  e l e c t r o d e s  

r o u n d  t h e  b u l b .  D .C .  p o t e n t i a l s  o f  up t o  20  TO/, were 

a p p l i e d  b e tw e e n  a  t u n g s t e n  p r o b e  i n  t h e  t o p  o f  t h e  b u lb  

and  a  c y l i n d r i c a l  e l e c t r o d e  i n  t h e  n e ck  o f  t h e  f l a s k ,  

t h e  p r o b e  b e i n g  made p o s i t i v e .  B e ca u se  o f  t h e ' h i g h  

m o b i l i t y  o f  t h e  e l e c t r o n s  a s  com pared  w i t h  t h e  p o s i t i v e  

i o n s  t h e  m a in  p la s m a  o f  t h e  d i s c h a r g e  t a k e s  up  t h e  same 

p o t e n t i a l  a s  t h e  p o s i t i v e  p r o b e  and l e a v e s  a  s h o r t  ’d a rk  

space*  above t h e  n e g a t i v e  e l e c t r o d e ,  a c r o s s  w h ic h  a lm o s t  

a l l  t h e  D .C.  p o t e n t i a l  i s  d e v e l o p e d .  I t  was fo u n d  t h a t  

t h e  b o u n d a ry  o f  t h i s  d a r k  sp ace  was s h a r p l y  d e f i n e d  and  

a p p r o x i m a t e l y  s p h e r i c a l  i n  s h a p e .  Thus p o s i t i v e  i o n s  

w h ich  d i f f u s e d  a c r o s s  i t  f rom t h e  m ain  p l a s m a  were 

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

a  n a r r o w  beam which  p a s s e d  t h r o u g h  t h e  c y l i n d e r  and  was 

c o l l e c t e d  by an e l e c t r o d e  a t  t h e  b o t to m  o f  t h e  n e ck  o f
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t h e  f l a s k .  Thoneman was a b l e  t o  o b t a i n  c u r r e n t s  o f  up 

t o  1 0 m-a. t o  t h e  c o l l e c t o r  e l e c t r o d e ,  th o u g h  i t  i s  

p o s s i b l e  t h a t  some o f  t h i s  c u r r e n t  was due t o  s e c o n d a r y  

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

a t t e m p t  t o  t a k e  t h e  i o n  beam t h r o u g h  a  s m a l l  a p e r t u r e  o r  

c a n a l ,  a s  would  be  n e c e s s a r y  i n  t h e  c a s e  o f  an  .ion s o u r c e  

s u p p l y i n g  a  h i g h  vacuum a c c e l e r a t o r  t u b e ,  n o r  d i d  he 

m e a su re  t h e  p r o p o r t i o n  o f  p r o t o n s  i n  t h e  i o n  beam. 

However, i t  was  c l e a r  t h a t  t h e r e  was a  good p r o b a b i l i t y  

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

on t h e s e  l i n e s .

*  *  * *  *  *



so.

( c ) P r e s e n t  Work.

I t  was t h e r e f o r e  d e c i d e d  t o  ' b u i l d  an  a p p a r a t u s  

r a t h e r  s i m i l a r  t o  t h a t  o f  Thoneman t o  o b t a i n  some 

e z jp e r i e n c e  o f  t h i s  t e c h n i q u e  and t o  p r o c e e d  f ro m  t h a t  

t o  a  m e a su re m e n t  o f  t h e  p r o t o n  p e r c e n t a g e  a t  a n  e a r l y  

s t a g e .  T h i s  a p p a r a t u s  i s  shown i n  F i g * I I  ( i v )  . A 

200 m e s / s e c .  o s c i l l a t o r  d e s i g n e d  f o r  p u l s e  o p e r a t i o n  

a s  a  r a d a r  t r a n s m i t t e r  was a v a i l a b l e  f rom  Government 

s u r p l u s  d i s p o s a l s  and  was m o d i f i e d  t o  g i v e  a  c o n t i n u o u s  

o u t p u t  o f  a b o u t  30 w a t t s .  T h i s  was u s e d  t o  s u p p l y  

r i n g  e l e c t r o d e s  S 5* s u r r o u n d i n g  t h e  b u l b  o f  a  1 - l i t r e  

P y r e x  f l a s k .  A t u n g s t e n  p r o b e  was f i r s t  u s e d  f o r  t h e  

p o s i t i v e  D .C.  e l e c t r o d e ,  b u t  i t  was soon  fo u n d  t h a t  

d u r i n g  o p e r a t i o n  a  f a i r l y  w e l l  f o c u s s e d  beam o f  e l e c t r o n s  

was p r o j e c t e d  up  t h e  c e n t r e  o f  t h e  f l a s k  and c a u s e d  

i n t e n s e  l o c a l  h e a t i n g  o f  t h e  p ro b e  and i t s  s e a l ,  which 

f r e q u e n t l y  c r a c k e d  t h e  g l a s s .  These  e l e c t r o n s  o r i g i n a t e d  

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

t h e  c o l l e c t o r  and  g u a r d  e l e c t r o d e s  i n  t h e  n e c k  o f  t h e  

f l a s k .  C o n s e q u e n t l y  t h i s  p r o b e  was r e p l a c e d  by t h e  a i r  

c o o l e d  b l o c k  o f  a lu m in iu m  A shown i n  t h e  d i a g r a m .  The 

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

t h r o u g h  a  d i s i n t e r  h o l e  i n  t h e  g u a rd  p l a t e  C. Pumping 

sp e e d  c a l c u l a t i o n s  showed t h a n  an  a p e r t u r e  o f  t h i s  s i z e

c o u l d  w e l l  be t o l e r a t e d  b e tw e e n  t h e  i o n  s o u r c e  and t h e
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a c c e l e r a t o r  t u b e  on t h e H . T .  s e t *  S e c o n d a r y  e l e c t r o n s  

were  p r e v e n t e d  f rom  l e a v i n g  t h e  c o l l e c t o r  by t h e  e l e c t r o d e  

D w h ich  c o u l d  be made up  t o  400 v o l t s  n e g a t i v e  w i t h  

r e s p e c t  t o  1 and  C, b u t  c o u l d  n o t  i t s e l f  be \bombarded by 

t h e  beam. A p o t e n t i a l  o f  300 v o l t s  was n e c e s s a r y  t o  

s u p p r e s s  s e c o n d a r y  e l e c t r o n s  c o m p l e t e l y  and w i t h  no 

s u p p r e s s i o n  v o l ta .g e  t h e  t a r g e t  c u r r e n t  was e x a g g e r a t e d  by  

a  f a c t o r  o f  f i v e  by  s e c o n d a r y  e l e c t r o n s .  The i o n  c u r r e n t  

was m e a s u r e d  a s  a  f u n c t i o n  o f  t h e  e x t r a c t i o n  v o l t a g e  and 

t h e  r e s u l t s  a r e  shown i n  P i g . I I  ( v ) . I t  w i l l  be  s e e n  t h a t  

a n  i o n  c u r r e n t  o f  TOÔ /ca.was o b t a i n e d  ai> uhe maximum v o lo  age 

o f  6 Kv p r o d u c e d  by  t h e  -main power pack  and t h a t  t h e  

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

I n  v ie w  o f  t h e  p r o m i s i n g  r e s u l t s  o b t a i n e d  i n  t h e s e  

p r e l i m i n a r y  e x p e r i m e n t s  i t  was d e c i d e d  t o  p r o c e e d  a t  once 

t o  m e a su re  t h e  c o n s t i t u t i o n  o f  t h e  i o n  beam by m a g n e t i c  

a n a l y s i s .  The a p p a r a t u s  shown i n  P i g . I I  ( v i )  was 

c o n s t r u c t e d .  The i o n  beam p a s s e d  t h r o u g h  a  •§-'* d i a m e te r '  

h o l e  i n t o  a  f l a t  fp i i l - b o x ’ sh a p e d  vacuum chamber  p l a c e d  

b e tw e e n  t h e  3" d i a m e t e r  p o l e s  o f  an  e l e c t r o - m a g n e t *  A

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

t h e  cham ber  a t  a  p o i n t  on t h e  c i r c u m f e r e n c e  90° from t h e  

e n t r a n c e  a p e r t u r e .  A l / l 6 H s l i t  i n  t h e  chamber  w a l l  i n  

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

d e f l e c t e d  t h r o u g h  90°  by t h e  m a g n e t i c  f i e l d  t o  r e a c h  t h e  

c o l l e c t o r .
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Thus ,  by m e a s u r i n g  t h e  c o l l e c t o r  c u r r e n t  a s  a  

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

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

w i t h  t h i s  a p p a r a t u s  i s  shown i n  P i g . I I  ( v i i ) .  I t  w i l l  

be s e e n  t h a t  t h e  beam c o n s i s t s  m a i n l y  o f  ' and  H ,  i o n s  

and o n l y  4$ o f  t h e  i o n s  a r e  p r o t o n s .  No im provem ent  i n  

p r o t o n  p e r c e n t a g e  c o u l d  be o b t a i n e d  by v a r y i n g  t h e  

p r e s s u r e  t h r o u g h  t h e  r a n g e  f rom  2 t o  10 m i c r o n s  o v e r  

w h ich  t h e  s o u r c e  would o p e r a t e  s a t i s f a c t o r i l y .  I t  was 

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

s m a l l  . p r o t o n  p e r c e n t a g e  was r e q u i r e d .

B e f o r e  d e s c r i b i n g  f u r t h e r  e x p e r i m e n t a l  work i t  i s  

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

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

a  d i s c h a r g e  o f  t h i s  t y p e .  F i r s t . ,  i t  i s  c l e a r  t h a t  

a lmost-  a l l  t h e  i o n i s a t i o n  p r o d u c e d  w i l l  be due t o  

e l e c t r o n s  which  h ave  g a i n e d  e n e r g y  f rom  t h e  R .F .  f i e l d ,  

s i n c e  t h e  l a r g e  m ass  o f  t h e  p o s i t i v e  i o n s  o n l y  a l l o w s  them 

t o  a c q u i r e  a  v e r y  s m a l l  amount o f  e n e r g y .  L e t  u s  c o n s i d e r  

a  p a r t i c l e  o f  c h a r g e  ie and mass  m  s i t u a t e d  I n  an  e l e c t r i c  

f i e l d  E g i v e n  b y ;

E » Ec  s i n  «rt. ( l )

L e t  x be  t h e  d i s t a n c e  o f  t h e  p a r t i c l e  f rom  a  f i x e d  p o i n t ,  

m e a s u r e d  i n  t h e  d i r e c t i o n  o f ' E .  Then t h e  e q u a t i o n  o f  

m o t i o n  o f  t h e  p a r t i c l e  w i l l  b e :

Til d x = s  g  ( 2 )
a t *



We s h a l l  assume f i r s t  t h a t  t h e  p r e s s u r e  i s  s u f f i c i e n t l y  

low that the f r e q u e n c y  o f  c o l l i s i o n s  o f  t h e  p a r t i c l e  

w i t h  y a s  m o l e c u l e s  i s  v e r y  s m a l l  compared  w i t h  t h e  

f r e q u e n c y , , o f  t h e  e l e c t r i c  f i e l d .  We c an  t h e n

f i n d  t h e  s t e a d y  s t a t e  s o l u t i o n  o f  e q u a t i o n  (2 )  t o  

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

f o r  (1 )  i n  (2 )  we o b t a i n ;

3 ^  = •—  s i n  «wt. (3)

T h i s  h a s  t h e  s t e a d y  s t a t e  s o l u t i o n ;

7[§- = e  Eq c o s  urb. (4 )
tn w

z  = e  s i n  »»t. (5 )
hr, i o v

Assuming t h a t  t h e  p a r t i c l e  h a s  no d r i f t  v e l o c i t y  

( 3F ~  ® a  ̂ ^  ] and  t h a t  t h e  o r i g i n  i s  c h o s e n  a t  t h e

c e n t r e  o f  o s c i l l a t i o n  ( x  = o t-O ) , t h e  k i n e t i c  e n e r g y  T 

o f  t h e  p a r t i c l e  i s  t h e n  g i v e n  by ;

■  ( . y
T = t  g*  £ o cos*  » t .  (6 )

h\ t j l

o r ,  i f  V i s  t h e  k i n e t i c  e n e r g y  i n  e l e c t r o n  v o l t s ;

V = 2L = §  e  Eg c o s 2 a r t .  (7 )
e  hr, U*1-

The maximum e n e r g y  V0 a t  t  = 0 i s ;

V = & ?  (8 )
#T| Ui1'
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f h u s  we se e  t h a t  t h e  e n e r g y  a c q u i r e d  by a  p a r t i c l e  i n  t h  

f i e l d  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  i t s  mass  and hence  a 

p r o t o n  w i l l  o n l y  a c q u i r e  1 /2 0 0 0  o f  t h e  e n e r g y  o f  an 

e l e c t r o n  i n  t h e  same f i e l d .  I f ,  f o r  e x am ple ,  we t a k e  

w/ i i r  = 200 me s / s e c  and  Eo = 200 v o l t s / c m  t h e n  Vô 4 0  

e l e c t r o n  v o l t s  f o r  e l e c t r o n s  and Ve ~ ,0 2  e l e c t r o n  v o l t s  

f o r  p r o t o n s .  I t  i s  t h e r e f o r e  c l e a r  t h a t  t h e  e l e c t r o n s  

w i l l  be t h e  p r i m a r y  a g e n t s  i n  p r o d u c i n g  i o n i s a t i o n .  I t  

i s  a l s o  s a t i s f a c t o r y  t o  o b s e r v e  t h a t  t h e  R .F .  f i e l d  w i l l  

n o t  c o n t r i b u t e  t o  any e n e r g y  i n h o m o g e n e i t y  o f  t h e  p r o t o n  

beam.

L e t  u s  now c o n s i d e r  t h e  p r o c e s s e s  w h ich  w i l l  o c c u r  

i n  a n - R . F .  d i s c h a r g e  i n  h y d r o g e n .  F i r s t  we may d e f i n e  

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

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

a s  t h o s e  i n  w h ich  t h e  p r o d u c t s  o f  t h e  p r i m a r y  p r o c e s s e s  

a r e  i n v o l v e d .  The p r i m a r y  p r o c e s s e s  a r e s -

Hi + e~ - * H2 + 2 e* (A)

Hi + e " H,+ H,+ + 2 e (B)

Hi + e — it, + h , + e" (c)

.A) i s t h e normE■1 i o n i s i n g p ro c e s s ,

m o l e c u l a r  i o n ,  r e a c t i o n  (B) p r o d u c e s  i o n i s a t i o n  and 

d i s s o c i a t i o n  and r e a c t i o n  (C) p r o d u c e s  d i s s o c i a t i o n  i n t o  

n e u t r a l  a to m ic  h y d r o g e n .  I t  i s  known f rom  e x p e r i m e n t s

w i t h  e l e c t r o n  beams p a s s i n g  t h r o u g h  Hz a t  low p r e s s u r e



s$ .

(Smyth 1931) t h a t  t h e  c r o s s  s e c t i o n  f o r  r e a c t i o n  (A) i s  

a b o u t  20 t i m e s  t h a t  f o r  r e a c t i o n  (B) f o r  e l e c t r o n s  of  

e n e r g i e s  o f  t h e  o r d e r  o f  100 v o l t s  o r  l e s s .  Thus o n ly  

o f  t h e  i o n s  p r o d u c e d  i n  t h e s e  p r o c e s s e s  w i l l  be  p r o t o n s  

and t h e  r e m a i n i n g  95^ w i l l  be  m o l e c u l a r  i o n s .  Now l e t  u s  

c o n s i d e r  t h e  s e c o n d a r y  p r o c e s s e s  w hich  w i l l  o c c u r .  F i r s t l y ,

t h o s e  c o n c e r n i n g  t h e  i o n s  w i l l  b e :

H* + e "  H* (D)

H *  + H,, - »  H j  + H, (S)

h t  + e "  - *  h ,+ h ?  + e ( F )

R e a c t i o n  (D) c o n s i s t s  o f  s im p le  r e c o m b i n a t i o n  w i t h  a  low 

e n e r g y  e l e c t r o n  ( ) and  i s  m os t  l i k e l y  t o  o c c u r  when t h e

i o n  c o l l i d e s  w i t h  t h e  w a l l s  o f  t h e  v e s s e l .  R e a c t i o n

(E) c a n  o c c u r  when t h e  i o n  c o l l i d e s  w i t h  a  n e u t r a l  gas  

m o l e c u l e  and seems t o  have  a  h i g h  p r o b a b i l i t y ,  s i n c e  i t  i s  

t h e  o n l y  r e a c t i o n  w hich  c an  e x p l a i n  t h e  h i g h  p r o p o r t i o n

o f  H 3 i o n s  o b s e r v e d  u n d e r  c o n d i t i o n s  where  t h e  p r o p o r t i o n

o f  H* i o n s  ( a n d  h e n ce  o f  H a toms)  i s  v e r y  s m a l l .  R e a c t i o n

(F )  c o n s i s t s  o f  d i s s o c i a t i o n  o f  t h e  i o n  by  a  f a s t

e l e c t r o n  and w i l l  c l e a r l y  n o t  be a s e r i o u s  c o m p e t i t o r  t o

(D) and  (E) u n d e r  any n o rm a l  c o n d i t i o n s  o f  i o n i s a t i o n

d e n s i t y .  The i o n s  form ed by r e a c t i o n  (E) w i l l

f i n a l l y  r e c o m b in e  w i t h  a  f r e e  e l e c t r o n  and w i l l  i m m e d i a t e l y  

d i s s o c i a t e ,  s i n c e  H3 i s  n o t  s t a b l e .

H j  + <?” —* Ha + H, (G)



SI.

Thus we s e e  t h a t  t h e  p r i m a r y  p r o c e s s  (C) and t h e  

s e c o n d a r y  p r o c e s s e s  (S) and (G-) r e s u l t  i n  t h e  f o r m a t i o n  

o f  a to m ic  ■ h y d r o g e n .  Nov/ t h e s e  a toms o f  h y d r o g e n  w i l l  

f i n a l l y  r e c o m b in e  w i t h  e ach  o t h e r  t o  fo rm  n o rm a l  m o l e c u l a r  

h y d r o g e n .  However, i t  i s  known t h a t  t h e  p r o b a b i l i t y  o f  

such  r e c o m b i n a t i o n  t a l c in g  p l a c e  i n  t h e  volume o f  t h e  gas  

i t s e l f  i s  v e r y  s m a l l  end t h a t  a l m o s t  a l l  t h e  r e c o m b i n a t i o n  

t a k e s  p l a c e  on t h e  w a l l s  o f  t h e  v e s s e l  e n c l o s i n g  t h e  g a s .

I t  i s  c l e a r  t h a n  an  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  a to m ic  

h y d r o g e n  w i l l  be b u i l t  u p ,  su c h  t h a t  t h e  r a t e  o f  p r o d u c t i o n  

o f  a to m ic  h y d r o g e n  by t h e  d i s c h a r g e '  p r o c e s s e s  i s  e q u a l  t o  

t h e  r a t e  o f  r e c o m b i n a t i o n .  I f  a  h i g h  c o n c e n t r a t i o n  of  

a to m ic  h y d ro g e n  i s  p r o d u c e d ,  t h e n  a  h i g h  p r o p o r t i o n  o f  

p r o t o n s  w i l l  be p r o d u c e d  by  d i r e c t  i o n i s a t i o n .

H ,+  e" H p  2 c"  (H)

I t  i s  c l e a r  f ro m  t h e s e  g e n e r a l  c o n s i d e r a t i o n s  t h a t  . 

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

c o n c e n t r a t i o n  o f  a to m ic  h y d r o g e n  w i l l  be ( i )  a  h i g h  r a t e  

o f  i o n i s a t i o n  ( i i )  a  low  r a t e  o f  r e c o m b i n a t i o n  o f  a to m ic  

h y d r o g e n  on t h e  w a l l s  o f  t h e  v e s s e l .  The f o r m e r  c an  be 

o b t a i n e d  by u s i n g  a s  much R .F .  power a s  p o s s i b l e  and we 

s h a l l  l a t e r  s e e  t h a t  some im provem ent  can  be o b t a i n e d  by 

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

l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  a v a i l a b l e  on t h e  r a t e  o f  

r e c o m b i n a t i o n  on d i f f e r e n t  m a t e r i a l s .  However, i t  i s  

c l e a r  f rom  t h e  work o f  Wood on t h e  s p e c t r a  e m i t t e d  f rom



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

a much lo w e r  r e c o m b i n a t i o n  r a t e  t h a n  any o t h e r  common 

m a t e r i a l .

W ith  t h e s e  c o n s i d e r a t i o n s  i n  mind i t  was d e c i d e d  t o  

e x p e r i m e n t  w i t h  an  1R . F . c a p i l l a r y 1 s o u r c e  shown i n  F i g .

I I  ( v i i i ) . The d i s c h a r g e  was m a i n t a i n e d  i n  a  P y r e x  t u b e  

A o f  5 mm b o r e  c o n n e c t e d  b e tw e e n  two c y l i n d r i c a l  b u l b s  BB 

s u r r o u n d e d  by t h e  R .F .  e l e c t r o d e s  CC. The. i o n s  were 

e x t r a c t e d  t h r o u g h  t h e  c a n a l  E by  a p p l y i n g  a  p o t e n t i a l  

b e tw e e n  i t  and  t h e  p r o b e  F .  I t  was t h u s  h o p e d  t o  o b t a i n  

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

o f  m e t a l  e x p o se d  t o  t h e  d i s c h a r g e .  At t h e  same t im e  a 

more c o n v e n i e n t  fo rm  o f  m a g n e t i c  a n a l y s e r  was b u i l t  and 

t h i s  i s  shown b e lo w  t h e  s o u r c e  i n  F i g . I I .  ( v i i i ) .  The 

i o n s  e m e rg in g  f rom  t h e  c a n a l  were a c c e l e r a t e d  and f o c u s s e d  

by, t h e  e l e c t r o s t a t i c  l e n s  G-. The v o l t a g e  a c r o s s  t h i s  gap 

c o u l d  be  a d j u s t e d  f rom  0 -1 5  k v  and was n o r m a l l y  s e t  so t h a t  

t h e  beam was f o c u s s e d '  o n to  t h e  s l i t  S pierced i n  f r o n t  o f  t h e  

F a r a d a y  c o l l e c t i n g  c y l i n d e r  H. An a n a l y s e r ,  c o n s i s t i n g  o f  

c r o s s e d  e l e c t r i c  and  m a g n e t i c  f i e l d s ,  was p l a c e d  b e tw ee n  

t h e  f o c u s s i n g  sy s te m  ana  t h e  c o l l e c t o r .  The e l e c t r i c  f i e l d  

was p r o v i d e d  by  t h e  two p a r a l l e l  p l a t e s  I  I .  The m a g n e t i c  

f i e l d  i n  a  p l a n e  a t  90° t o  t h e  e l e c t r i c  f i e l d  was p r o v i d e d  

by a s m a l l  p e rm a n e n t  m agne t  w i t h  1 ” d i a m e t e r  p o l e s ,  w hich  

gave  a  f i e l d  o f  a b o u t  400 g a u s s .  Now i f  a  p a r t i c l e  o f  

c h a r g e  e ,  m ass  M and v e l o c i t y  v  p a s s e s  t h r o u g h  t h e  a n a l y s e r



Pump

Fig.Il(viii). R.F. Capillary Source and 
Crossed Field Analyser.



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

p  g i v e n  by :

Mv1, = (Hev -  Ze) (9)
p

Where S i s  t h e  e l e c t r i c  f i e l d  and  H t h e  m a g n e t i c  f i e l d ,  

b o t h  b e i n g  assumed t o  a c t  o v e r  t h e  same l e n g t h  o f  p a t h .  

I f  V i s  t h e  e n e r g y  o f  t h e  p a r t i c l e  i n  e l e c t r o n  v o l t s :

Ve =  i  Mv-2 (1 0 )

H ence :  2_V _  H _ x
P  /  M

F o r  p a r t i c l e s  w h ich  r e m a in  u n d e f l e c t e d  and p a s s  t h r o u g h  

t h e  s l i t  S we h av e  p  = oo and h e n c e :

X =  H f M .  ( 1 2 )

Thus by  m e a s u r i n g  t h e  c o l l e c t o r  c u r r e n t  a s  a  f u n c t i o n  o f

Z we o b t a i n  t h e  m ass  s p e c t r u m  o f  t h e  i o n s  i n  t h e  beam. 

T h i s  m ethod  o f  a n a l y s i s  was fo u n d  t o  be v e r y  c o n v e n i e n t  

and s i m p le  t o  u s e  f o r  t h e  f o l l o w i n g  r e a s o n s ,  ( i )  S i n c e  

t h e  whole  a p p a r a t u s  was i n  a  v e r t i c a l  l i n e  i t  was e a s i l y  

a s s e m b le d  and s u p p o r t e d  d i r e c t l y  on t o p  o f  t h e  f l a n g e  o f  

t h e  vacuum pump, ( i i )  O n l y  a  c o m p a r a t i v e l y  s m a l l  and l i g h t  

p e rm a n e n t  m agne t  was r e q u i r e d ,  i n s t e a d  o f  a  l a r g e  e l e c t r o  

m a g n e t ,  ( i i i )  The t o t a l  f o c u s e d  beam c u r r e n t  c o u l d  be 

m e a s u r e d  q u i c k l y  and d i r e c t l y  by rem o v in g  t h e  m agne t  and 

r e d u c i n g  t h e  d e f l e c t o r  v o l t a g e  t o  a e r o ,  ( i v )  The i o n  

s o u r c e  and f o c u s i n g  e l e c t r o d e s  c o u l d  be ch an g e d  w i t h o u t  

d i s t u r b i n g  the a n a l y s i n g  s y s te m .  The r e s o l u t i o n  was



L 5

s u f f i c i e n t  to .  g i v e  a l m o s t  c o m p le te  s e p a r a t i o n  o f  t h e  H f+
+  ■#■

peal?; f rom  t h e  I I ^  p e a k ,  h u t  t h e  H 3 peel: was n o t  c o m p l e t e l y

r e s o l v e d  f rom  t h e  Ez  p e a k ,  a l t h o u g h  i t s  m a g n i tu d e  c o u ld  

u s u a l l y  he e s t i m a t e d  f a i r l y  a c c u r a t e l y *  A t y p i c a l  

s p e c t r u m  o b t a i n e d  w i t h  t h i s  a n a l y s e r  o f  t h e  beam f rom  t h e  

c a p i l l a r y  s o u r c e  d e s c r i b e d  above  i s  shown i n  P i g , I I  ( i x ) *  

A f t e r  c a r e f u l  c l e a n i n g  and  o u t g a s s i n g ,  t h e  c a p i l l a r y  

s o u r c e  was fo u n d  t o  give, a  y i e l d  o f  a b o u t  25$ p r o t o n s .  

A l t h o u g h  t h i s  was n o t  a s  h i g h  a s  was d e s i r e d ,  i t  was 

c o n s i d e r a b l y  b e t t e r  t h a n  t h a t  w hich  h ad  b e e n  o b t a i n e d  w i t h  

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

d e v e lo p m e n t  was p r o c e e d i n g  a l o n g  t h e  r i g h t  l i n e s .  I n  

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

maximum i o n  c u r r e n t  b e i n g  lOCym. w i t h  a  p r o b e  v o l t a g e  o f  

a b o u t  1600 v o l t s .  At h i g h e r  p ro b e  v o l t a g e s  t h e  d i s c h a r g e  

i n  t h e  c a p i l l a r y  was c o m p l e t e l y  'b low n  out* i n  t h e  r e g i o n  

o f  t h e  e l e c t r o d e s  and t h e  o u t p u t  d ro p p e d  a l m o s t  t o  s e r o .  

When t h e  s o u r c e  was g i v i n g  25$ p r o t o n s  t h e  c o l o u r  o f  t h e  

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

w h ich  h a d  been '  o b s e r v e d  w i t h  t h e  Thoneman s o u r c e ,  and ,  

i n d e e d ,  v / i th  t h e  c a p i l l a r y  s o u r c e  when i t  was f i r s t  u s e d  

b e f o r e  i t  h a d  b e e n  o u t g a s s e d .  T h i s  change  i n  c o l o u r  was 

due t o  t h e  i n c r e a s e d  s t r e n g t h  o f  t h e  B a lm er  l i n e s  e m i t t e d  

by e x c i t e d  h y d r o g e n  a to m s ,  r e l a t i v e  t o  t h e  band  s p e c t r u m  

e m i t t e d  by t h e  h y d r o g e n  m o l e c u l e s ,  t h e  r e d  c o l o u r  b e i n g  

due t o  bhe s t r o n g  II ̂  l a n e  o f  t h e  B a lm er  s e r i e s .  T h is



/ *is* **

i H

6

5

4

3
iH

2

O 1*0 20
Deflector Potential, kv.

Fig.II(ix). Ion Spectrum of Capillary Source.



b-S

c o l o u r  change  gave  a v e r y  u s e f u l  q u i c k  v i s u a l  i n d i c a t i o n  

o f  t h e  o r d e r  o f  m a g n i tu d e  o f  t h e  p r o t o n  p e r c e n t a g e ,  A 

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

s o u r c e  when g i v i n g  a b o u t  6C$> p r o t o n s  i s  shown i n  P i g , I I  (x )  • 

I t  was o b s e r v e d  t h a t  t h e  c o l o u r  o f  t h e  d i s c h a r g e  i n  t h e  

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

c a p i l l a r y ,  and i t  seemed p r o b a b l e  t h a t  t h e  c o n c e n t r a t i o n  

o f  a to m ic  h y d r o g e n  was more o r  l e s s  c o n s t a n t  t h r o u g h o u t  

t h e  a p p a r a t u s #

I n  v ie w  o f  t h e  r e s u l t s  .o b ta in e d  w i t h  t h e  c a p i l l a r y  

s o u r c e  a  new s o u r c e  o f  t h e  t y p e  shown i n  P i g . I I  ( x i )  was 

c o n s t r u c t e d .  T h i s  s o u r c e  r e t a i n e d  t h e  e s s e n t i a , !  f e a t u r e  

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

w h ich  h a d  b e en  fo u n d  n e c e s s a r y  f o r  f o r m in g  a  h i g h  

c o n c e n t r a t i o n  o f  a to m ic  h y d r o g e n .  B u t  i t  was hoped  t h a t ,  

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

i n  t h e  Thoneman s o u r c e ,  an i n c r e a s e d  beam c u r r e n t  would be 

o b t a i n e d .  The d i s c h a r g e  was m a i n t a i n e d  i n  t h e  P y re x  tu b e  

A by t h e  R.F# v o l t a g e  a p p l i e d  b e tw e e n  t h e  c y l i n d r i c a l  

e l e c t r o d e s  B B. The i o n s  were  e x t r a c t e d  t h r o u g h  t h e  e x i t  

c a n a l  C, i "  d i a m e t e r  by  -J" l o n g ,  i n  t h e  aluminium, b l o c k  I) 

by  a p p l y i n g  a  p o t e n t i a l  b e tw e e n  i t  and t h e  p ro b e  P .  The 

t u n g s t e n  p ro b e  was s e t  b a c k  i n  t h e  s i d e  t u b e  t h r o u g h  which, 

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

m in im is e  i t s  e f f e c t  a s  a  s u r f a c e  f o r  r e c o m b i n a t i o n  o f  

a to m ic  h y d r o g e n .  As i n  t h e  Thoneman s o u r c e ,  t h e  e x t r a c t i o n
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v o l t a g e  p r o d u c e d  a  s m a l l  ' d a r k  s p a c e 1 above t h e  c a n a l ,  

whose b o u n d a ry  w i t h  t h e  b r i g h t  p l a s m a  o f  t h e  d i s c h a r g e  

was r o u g h l y  s p h e r i c a l  i n  s h a p e .  T h i s  b o u n d a ry  moved 

u p w ards  a s  t h e  e x t r a c t i o n .v o l t a g e  was r a i s e d .  The 

s e c o n d a r y  e l e c t r o n  beam a c c e l e r a t e d  up t h e  t u b e  from 

t h e  c a n a l  was a g a i n  a  s o u r c e  o f  t r o u b l e  and  a  s m a l l  o i l  

b a t h  was f i t t e d  t o  t h e  t o p  o f  t h e  t u b e  t o  c o n d u c t  t h e  

h e a t  away f rom  t h e  bom barded a r e a .  B e f o r e  t h e  b a t h  was 

f i t t e d  t h e  g l a s s - w a s  f r e q u e n t l y  c r a c k e d  o r  m e l t e d  and 

ev en  a f t e r w a r d s  t h i s  e f f e c t  l i m i t e d  t h e  maximum p ro b e  

v o l t a g e  w h ic h  c o u l d  be a p p l i e d .  P r o v i s i o n  was a l s o  

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

d i s c h a r g e  t u b e .  T h i s  was p r o v i d e d  by t h e  H e lm h o l t z  

c o i l s  xx ,  w h ich  p r o d u c e d  a f i e l d  o f  up  t o  300 g a u s s  i n  

t h e  r e g i o n  o f  t h e  t u b e . T h e  p u r p o s e  o f  t h i s  f i e l d  was as 

f o l l o w s .  We h a v e  a l r e a d y  o b s e r v e d  t h a t  t h e  c o n c e n t r a t i o n  

o f  a to m i c  h y d ro g e n  s h o u l d  depend  on t h e  r a t e  o f  i o n i s a t i o n ,  

now an  e l e c t r o n  w hich  i s  O s c i l l a t i n g  u n d e r  t h e  i n f l u e n c e  

o f  t h e  R .F .  f i e l d  w i l l ,  i n  g e n e r a l ,  h av e  a  d r i f t  v e l o c i t y  

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

f i n a l l y  c a u s e  i t  t o  c o l l i d e  w i t h  t h e  w a l l s ,  i f  i t  does  

n o t  c o l l i d e  w i t h  a g a s  m o le c u l e  f i r s t .  How i f  t h e r e  i s  

an a x i a l  m a g n e t i c  f i e l d ,  t h e  component  o f  v e l o c i t y  

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

e l e c t r o n  t o  move i n  a  c i r c u l a r  p a t h  i n  t h i s  p l a n e .  The 

component  o f  v e l o c i t y  p a r a l l e l  t o  t h e  f i e l d  d i r e c t i o n



is

w i l l  "be u n a f f e c t e d  and t h e  e l e c t r o n  w i l l  t h e r e f o r e  s p i r a l  

a l o n j  t h e  l i n e s  o f  f o r c e *  T h i s  means t h a t  t h e  e l e c t r o n  

w i l l  sp en d  a l o n g e r  t im e  i n  t h e  g a s  b e f o r e  i t  i s  l o s t  by 

c o l l i s i o n  w i t h  t h e  w a l l  and  h e n ce  a  l a r g e r  f r a c t i o n  o f  

t h e  R.F* power w i l l  be e x pen d ed  i n  i o n i s i n g  t h e  g a s  

r e l a t i v e  t o  t h a t  e x p en d e d  i n  c o l l i s i o n s  w i t h  t h e  w a l l s *

I t  was fo u n d  t h a t  when a  m a g n e t i c  f i e l d  o f  a b o u t  100 g a u s s  

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

i n c r e a s e d  c o n s i d e r a b l y  and t h e  c o l o u r  showed a  m arked  

r e d d e n i n g .  The q u a n t i t a t i v e  e f f e c t  on t h e  p r o t o n  

p e r c e n t a g e  c a n  be s e e n  f rom  t h e  g r a p h s  o f  F i g . I I  ( x i i ) .

I t  w i l l  be  s e e n  t h a t  t h e  p r o t o n  p e r c e n t a g e  i n c r e a s e d  f rom 

30fo t o  54$ when t h e  f i e l d  was s w i t c h e d  on .  The e f f e c t  

o f  t h e  g a s  p r e s s u r e  on t h e  p r o t o n  p e r c e n t a g e  was a l s o  

i n v e s t i g a t e d  and i s  shown i n  F i g . I I  ( x i i i ) . I t  w i l l  be 

s e e n  t h a t  t h e  p r o t o n  p e r c e n t a g e  was a l m o s t  c o n s t a n t  a t  

p r e s s u r e s  above a b o u t  10 m i c r o n s  (10~3 mm Hg) b u t  began  t o  

f a i l  a t  l o w e r  p r e s s u r e s .  H a v in g  t h u s  a t t a i n e d  t h e  

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

t o t a l  i o n  c u r r e n t  was m e a su re d  a s  a  f u n c t i o n  o f  t h e  p ro b e  

v o l t a g e  and t h e  p r e s s u r e .  The c u r r e n t  was n o t  fo u n d  t o  

be c r i t i c a l l y  d e p e n d a n t  on t h e  p r e s s u r e  a t  p r e s s u r e s  above 

a b o u t  10 m i c r o n s ,  p r o v i d e d  t h a t  t h e  o u t p u t  m a t c h i n g  c o n t r o l s  

on t h e  R .F .  o s c i l l a t o r  were a d j u s t e d  f o r  maximum power a t  

e a c h  p r e s s u r e .  At p r e s s u r e s  b e lo w  10 m ic r o n s  t h e  d i s c h a r g e

became r a t h e r  u n s t a b l e  and i t  became d i f f i c u l t  t o  m atch  t h e
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o s c i l l a t o r  p r o p e r l y .  A g r a p h  'o f  t h e  t o t a l  i o n  c u r r e n t  

a s  a  f u n c t i o n  o f  t h e  protoe v o l  "fccl̂ d,© cl 1/ cl p r e s s u r e  o f  15 

m i c r o n s  i s  shown i n  F i g .  I I  ( x i v ) . F o r  t h i s  m easu rem en t  

t h e  a n a l y s i n g  cham ber  and t h e  c o l l e c t i n g  sy s tem  were 

c o n n e c t e d  t o g e t h e r  and u s e d  a s  a  deep  F a r a d a y  c a g e .  I t  

w i l l  toe s e e n  t h a t  t h e  . ion  c u r r e n t  r o s e  r a p i d l y  t o  500 

a t  a  protoe v o l t a g e  o f  2 .5  Kv and t h e n  t e n d e d  t o  l e v e l  o f f  

a t  h i g h e r  v o l t a g e s .  W ith  t h e  maximum f o c u s i n g  v o l t a g e  

o f  15 Kv w h ich  was a v a i l a b l e  i t  was o n ly  p o s s i b l e  t o  

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

c y l i n d e r  H a t  p r o b e  v o l t a g e s  up t o  2 . 8  Kv. Under  t h e s e  

c o n d i t i o n s  t h e  c u r r e n t  t o  t h e  c y l i n d e r  was 4 0 0 ^ * - w i t h o u t  

m a g n e t i c  a n a l y s i s  and  2 4 0 ^ * .  w i t h  t h e  a n a l y s e r  m agne t  i n  

p o s i t i o n  and t h e  e l e c t r o s t a t i c  d e f l e c t i n g  f i e l d  s e t  f o r  

t h e  p r o t o n  maximum.

As t h e  c o n s t r u c t i o n  o f  t h e  H.T .  s e t  was p r o c e e d i n g  

i t  was f e l t  t h a t  t h e  t im e  h ad  come t o  d e s i g n  a  s o u r c e  and 

f o c u s i n g  a r r a n g e m e n t s  w h ich  c o u ld  be p u t  on t h e  a c c e l e r a t o r  

t u b e ,  even  i f  m o d i f i c a t i o n s  h a d  t o  be made l a t e r .  F o r  

t h i s  p u r p o s e  t h e  s o u r c e  shown i n  F i g . I I  (xv)  was 

c o n s t r u c t e d .  I t  w i l l  be  s e e n  t h a t  some s m a l l  m o d i f i c a t i o n s  

h a d  b e e n  made.  I n  o r d e r  t o  s a v e  s p a c e ,  which  would be a t  

a  premium i n  t h e  s p i n n i n g  on t o p  o f  t h e  a c c e l e r a t o r  co lum n,  

t h e  s i z e  o f  t h e  m agne t  c o i l s  had  b een  c o n s i d e r a b l y  r e d u c e d .  

The b r a s s  f o r m e r s  o f  t h e s e  c o i l s  were i n s u l a t e d  f rom each  

o t h e r  and  from  g r o u n d ,  so t h a t  t h e y  c o u l d  be u s e d  as  t h e
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E . F .  e l e c t r o d e s .  Two p i e c e s  o f  c o p p e r  t u b e ,  s l i g h t l y  

l e s s  t h a n  a  q u a r t e r  o f  a  w a v e le n g th  l o n g ,  were  f i x e d  t o  

t h e  c o i l  f o r m e r s  and s o l d e r e d  i n t o  a  b r a s s  s h o r t i n g  b a r  

a t  t h e i r  f a r  e n d s .  A s l i d i n g  s h o r t i n g  b a r  ( n o t  shown, 

i n  F i g . I I  (xv)  ) was a l s o  f i t t e d  so t h a t  t h e  whole fo rm ed  

a  *s tub*  o f  v a r i a b l e  i n d u c t a n c e  w h ich  c o u ld  be u s e d  t o  

m a tc h  o u t  t h e  s e l f - c a p a c i t y  o f  t h e  e l e c t r o d e s .  The 

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

o n to  t h i s  s t u b  a t '  a  p o i n t  which  was fo u n d  by e x p e r im e n t  

t o  g i v e  t h e  b e s t  m a tc h  t o  t h e  c h a r a c t e r i s t i c  impedance 

o f  t h e  c a b l e s .  The D .C.  c o n n e c t i o n s  t o  t h e  m agne t  c o i l s  

were  b r o u g h t  o u t  down t h e  c e n t r e  o f  t h e  c o p p e r  t u b e s  

fo r m in g  t h e  m a t c h i n g  s t u b  and emerged a t  t h e  r e a r  o f  

t h e  s h o r t i n g  b a r  so t h a t  t h e y  d i d  n o t  a f f e c t  t h e  R . F .  

c i r c u i t .  The s o u r c e  t u b e  i t s e l f  was s i m i l a r  t o  t h e  

p r e v i o u s  ones  e x c e p t  f o r  t h e  i n v e r t e d  g l a s s  1 s k i r t *  

r o u n d  t h e  c 'a n a l .  The p u r p o s e  o f  t h i s  was t o  r e d u c e  t h e  

e f f e c t  o f  s p u t t e r i n g  o f  t h e  a lu m in iu m  c a n a l  on to  t h e  

g l a s s ' o f  t h e  s o u r c e ,  w h ich  had  p r e v i o u s l y  b e e n  fo u n d  t o  

c a u s e  e r r a t i c  o p e r a t i o n  o f  t h e  s o u r c e  a f t e r  a  few h o u r s  

r u n n i n g .  We may sa y  h e r e  t h a t  a l t h o u g h  t h i s  m o d i f i c a t i o n  

i n c r e a s e d  t h e  u s e f u l  l i f e  o f  a  s o u r c e  t o  a b o u t  30 h o u r s ,  

i t  was s t i l l  a  m a j o r  s o u r c e  o f  t r o u b l e  and l a t e r  

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

a r r a n g e m e n t s .  The t o t a l  i o n  c u r r e n t  f rom t h i s  s o u r c e  was

m e a s u r e d ,  u s i n g  a  c o l l e c t o r  a  s h o r t  d i s t a n c e  be low  t h e  e x i t



c a n a l .  As u s u a l ,  an e l e c t r o d e  was p l a c e d  above t h e  

c o l l e c t o r  t o  p r e v e n t  s e c o n d a r y  e m i s s i o n  e l e c t r o n s  f rom  

l e a v i n g  t h e  c o l l e c t o r .  A number o f  m e a s u r e m e n t s ,  made 

w i t h  d i f f e r n e t  b i a s  v o l t a g e s  on t h e  c o l l e c t o r  and t h e  

e l e c t r o d e  showed t h a t ,  w i t h  t h e  c o r r e c t  b i a s  v o l t a g e s ,  

t h e  c o l l e c t o r  c u r r e n t  was a t r u e  m easu re  o f  t h e  i o n  

c u r r e n t .  A g r a p h  o f  t h e  i o n  c u r r e n t  and p r o b e  c u r r e n t  

a s  a f u n c t i o n  o f  t h e  p ro b e  v o l t a g e  i s  shown i n  

P i g . I I  ( x v i ) .  I t  w i l l  be  s e e n  t h a t  t h e  p e r f o r m a n c e  o f  

t h i s  s o u r c e  was q u i t e  s a t i s f a c t o r y .

T h i s  s o u r c e  was i n s t a l l e d  on t h e  a c c e l e r a t o r  t u b e  

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

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

The o r i g i n a l  f o c u s i n g  s y s te m  w hich  h a d  b e e n  

c o n s t r u c t e d  t o  f o c u s  t h e  i o n  beam from t h e  s o u r c e  t o  

t h e  f i r s t  m a in  a c c e l e r a t o r  t u b e  was fo u nd  t o  be  r a t h e r  

u n s a t i s f a c t o r y • The d e s i g n  o f  t h e  a c c e l e r a t o r  t u b e  had  

b e e n  t a k e n ,  w i t h  o n ly  m in o r  m o d i f i c a t i o n s ,  f rom  a tu b e  

w h ich  h a t  b e en  o p e r a t e d  s u c c e s s f u l l y  by t h e  P h i l i p s  

Company i n  E in d h o v e n  i n  c o n j u n c t i o n  w i t h  an O l i p h a n t  

t y p e  o f  i o n  so u rc e . ,  The f i r s t  a c c e l e r a t o r  gap was a t  a  

d i s t a n c e  o f  a b o u t  50 cms. b e lo w  t h e  t o p  p l a t e  o f  t h e  

a c c e l e r a t o r  t u b e ,  011 which  ou r  i o n  s o u r c e  h a d  t o  be 

m o u n ted ,  and h en ce  t h e  beam had  t o  t r a v e l  t h i s  d i s t a n c e  

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

o f  10 k v ,  w h ich  were a v a i l a b l e  f rom t h e  i o n  s o u r c e  power
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s u p p l i e s .  I t  was fo u n d  t h a t  t h i s  was a  d i f f i c u l t
*

p r o b le m ,  m a i n l y  b e c a u s e  o f  t h e  sp ace  c h a r g e  r e p u l s i o n  

e f f e c t s  i n  a  low v o l t a g e ,  h i g h  c u r r e n t  beam. These 

sp a ce  c h a r g e . e f f e c t s  p r e v e n t e d  t h e  f o r m a t i o n  o f  a - f i n e l y  

f o c u s e d  beam a t  h i g h  c u r r e n t  d e n s i t i e s  and c a u s e d  a 

l a r g e  p a r t  o f  t h e  beam t o  s t r i k e  t h e  a c c e l e r a t o r  

e l e c t r o d e s .

I n  v ie w  o f  t h e s e  f o c u s i n g  d i f f i c u l t i e s  a  c o m p l e t e l y  

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

beam. At t h e  same t im e  a.-new method o f  e x t r a c t i n g  t h e  

i o n s  f rom t h e  i o n  s o u r c e  was d e v e l o p e d  i n  o r d e r  t o  o v e r ­

come t h e  s p u t t e r i n g  t r o u b l e s  w h ich  were r e s p o n s i b l e  f o r  

t h e  s h o r t  u s e f u l  l i f e - t i m e  o f  t h e  s o u r c e .

The f i n a l  sy s te m  w h ich  was d e v e l o p e d  and i n s t a l l e d  

on t h e  a c c e l e r a t o r  t u b e  i s  s h o r n  i n  F i g . I I  ( x v i i ) . The 

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

i s  i n  t h e  m ethod  o f  e x t r a c t i n g  t h e  i o n s . . ’ T h i s  m ethod  i s  

b a s e d  on t h a t  d e s c r i b e d  by B a y ly  and Ward ( 1 9 4 8 ) .  The 

d i s c h a r g e  t u b e  A i s  made a l m o s t  f l a t  on i t s  lo w e r  end and 

r e s t s  on t h e  a lu m in iu m  e l e c t r o d e  C. The vacuum s e a l  

b e tw e e n  A and  C i s  made w i t h  a  r u b b e r  r i n g  r o u n d  t h e  

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

f l a t  end o f  A and a c i r c u l a r  l i p ,  t u r n e d  on t h e  e l e c t r o d e  

C, p r o j e c t s  t h r o u g h  t h i s  h o l e .  The a lu m in iu m  c a n a l  E i s  

f i x e d  t o  t h e  m a in  s t e e l  s u p p o r t i n g  p l a t e  D and  p r o j e c t s  

i n t o  t h e  c e n t r a l  h o l e  i n  t h e  . e l e c t r o d e  0 .  The e l e c t r o d e
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0 i s  ir isnls /cect  f rom  t h e  p l a t e  D by  means o f  a g l a s s  

p l a t e  H, w hich  i s  i n  t h e  form o f  an a n n u l a r  r i n g .  The 

vacuum s e a l s  b e tw e e n  C, N and I) a r e  made w i t h  r u b b e r  

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

e l e c t r o d e  C and t h e  c a n a l  E,  The p r o j e c t i n g  l i p  on C 

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

o f  s o u r c e .  When t h e  e x t r a c t i o n  v o l t a g e  i s  a p p l i e d ,  a  

d a r k  sp a c e  i s  fo rm ed  above t h e  c a n a l ,  i t s  b o u n d a ry  w i t h  

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

h e m i s p h e r i c a l  and b ounded  by t h e  u p p e r  edge o f  t h e  

p r o j e c t i n g  l i p  on C, Thus t h e  i o n s  a r e  a c c e l e r a t e d  and 

f o c u s e d  t h r o u g h  the-  c a n a l  a s  b e f o r e .  However, w i t h  t h i s  

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

t h e  m e t a l  e l e c t r o d e s  and i t  i s  t h e r e f o r e  q u i t e  u n a f f e c t e d  

by s p u t t e r i n g .  I t  i s ,  o f  c o i i r s e ,  s t i l l  p o s s i b l e  f o r  

s p u t t e r e d  a lu m in iu m  t o  r e a c h  t h e  u p p e r  p a r t s  o f  t h e  i n s i d e  

w a l l s  o f  t h e  d i s c h a r g e  t u b e  A and a f t e r  a  l o n g  t im e  t h i s  

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

i n c r e a s e s  t h e  r e c o m b i n a t i o n  c o e f f i c i e n t  f o r  a to m ic  

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

o f  t h e  s o u r c e  u n d e r  t h e s e  c o n d i t i o n s  i s  fo u n d  t o  be a t  

l e a s t  ICO h o u r s ,  a f t e r  w h ich  t im e  i t  i s  n e c e s s a r y  t o  

remove t h e  s o u r c e  t u b e  and remove t h e  a lu m in ium  d e p o s i t  

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

s o u r c e  m o u n t in g  makes t h e  r em o v a l  and r e p l a c e m e n t  o f  t h e

tu b e  a  c o m p a r a t i v e l y  s im p le  m a t t e r  and t h e  a l i g n m e n t  o f



$o.

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

I t  was f o u n d  d u r i n g  i n i t i a l  e x p e r i m e n t s  w i t h  t h i s  sy s te m  

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

o f  t h e  c a n a l  i n  t h e  h o l e  i n  t h e  e l e c t r o d e  C. I n  t h e  

f i n a l  a r r a n g e m e n t  t h i s  a l i g n m e n t  i s  made a d j u s t a b l e  by 

means o f  f o u r  s c re w s  t a p p e d  i n t o  an e b o n i t e  r i n g  and 

b e a r i n g  on t h e  p e r i p h e r y  o f  t h e  e l e c t r o d e  C, which  i s  

o t h e r w i s e  f r e e  t o  s l i d e  r e l a t i v e  t o  t h e  g l a s s  p l a t e  N.

F o r  s i m p l i c i t y  o n l y  one o f  t h e s e  sc re w s  I  i s  shown i n  F i g .  

I I  ( x v i i . ) . A f t e r  t h e  s o u r c e  h a d  b e e n  i n s t a l l e d  t h e s e  

s c r e w s  were  a d j u s t e d  u n t i l  t h e  e x i t  c u r r e n t  t h r o u g h  t h e  

c a n a l  was a  maximum. D u r i n g  t h i s  a d j u s t m e n t  t h e  e x i t  

c u r r e n t  was m e a s u r e d  by c o n n e c t i n g  a l l  t h e  a c c e l e r a t o r  

t u b e  e l e c t r o d e s  t o g e t h e r  and  c o n n e c t i n g  a  m e t e r  betv/een 

them  and g r o u n d .  The t o p  t e r m i n a l  o f  t h e  a c c e l e r a t o r  

co lum n was ,  o f  c o u r s e ,  a l s o  c o n n e c t e d  t o  g ro u n d  d u r i n g  

t h i s  m e a s u r e m e n t .

The h y d r o g e n  o r  d e u t e r i u m  e n t e r s  t h e  i o n  s o u r c e  

t h r o u g h  a  s m a l l  t u b e  l e t  i n  t h r o u g h  t h e  p l a t e  D, w h ich  

l e a d s  i n t o  t h e  sp a ce  b e tw e e n  D and C. F o r  s i m p l i c i t y  

t h i s  t u b e  i s  n o t  shov/n i n  F i g .  I I  ( x v i i ) .

B e f o r e  t h i s  s o u r c e  a s se m b ly  was mounted  on t h e  

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

way. T y p i c a l  c u r v e s  o f  t h e  t o t a l  i o n  c u r r e n t  em e rg in g  

f rom  t h e  c a n a l  and o f  t h e  c u r r e n t  f l o w i n g  t o  t h e  c a n a l  

a r e  shown 121 F i g .  I I  ( x v i i i )  . I t  w i l l  be s e e n  t h a t  an
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i o n  c u r r e n t  o f  1300 m ic ro -a m p s  i s  o b t a i n e d  w i t h  an 

e x t r a c t i o n  v o l t a g e  o f  2 , 6  Ev and t h a t  t h e  c a n a l  c u r r e n t  

i s  o f  t h e  o r d e r  o f  8 211 a .  A l a r g e  p a r t  o f  t h e  c a n a l  

c u r r e n t  i s ,  o f  c o u r s e ,  due t o  s e c o n d a r y  e l e c t r o n s .

The whole  o f  t h e  i o n  s o u r c e  a s se m b ly  i s  i n s u l a t e d  

f rom  t h e  m a in  s t e e l  t o p  p l a t e  Ii o f  t h e  a c c e l e r a t o r  column 

and  i s  s u p p o r t e d  f rom  i t  by t h e  g l a s s  c y l i n d e r  M. The 

' f o c u s *  power p a c k ,  w h ich  s u p p l i e s  a  p o t e n t i a l  o f  up 

t o  14 kV, i s  c o n n e c t e d  b e tw e e n  t h e  p l a t e  D and t h e  p l a t e  

II. Thus t h e  i o n s  a r e  a c c e l e r a t e d  by  t h i s  p o t e n t i a l  a s  

t h e y  p a s s  a c r o s s  t h e  gap  be tw een  t h e  c y l i n d r i c a l  

e l e c t r o d e s  F and G-. I t  w i l l  be s e e n  t h a t  t h i s  gap i s  

o n l y  ,a s h o r t  d i s t a n c e  be low  t h e  e x i t  c a n a l  E and t h i s  

d i s t a n c e  i s  v e r y  much s m a l l e r  t h a n  t h e  f o c a l  l e n g t h  o f  

t h e  l e n s  fo rm ed  by  F and G-. Thus t h i s  l e n s  h a s  v e r y  

l i t t l e  e f f e c t  on t h e  d i v e r g e n c e  o f  t h e  i o n  beam l e a v i n g  

t h e  c a n a l  and s e r v e s  m e r e l y  t o  a c c e l e r a t e  i t .  The beam 

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

a c c e l e r a t i n g  gap fo rm ed  by t h e  c y l i n d r i c a l  e l e c t r o d e s  I  

and J .  The e l e c t r o d e  J  i s  s u p p o r t e d  f rom  t h e  p l a t e  which  

i s  a t  t h e  f i r s t  j u n c t i o n  o f  t h e  a c c e l e r a t o r  column be low  

t h e  t o p .  Thus a p o t e n t i a l  e q u a l  t o  t h a t  p r o d u c e d  by one 

s t a g e  o f  t h e  H.T.  g e n e r a t o r  i s  a p p l i e d  b e tw ee n  I  and J .  

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

p o t e n t i a l  p r o d u c e d  by t h e  g e n e r a t o r  and t h e r e f o r e  v a r i e s  

f rom 0 t o  160 kv  a s  t h e  g e n e r a t o r  v o l t a g e  v a r i e s  f rom  0
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t o  uOO k v .  Now t h e  f o c a l  l e n g t h  o f  a g iv e n  e l e c t r o s t a t i c  

l e n s  i s  a  f u n c t i o n  o f  t h e  v o l t a g e  r a t i o  / \ j t where V, 

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

l e n s  and Yz i s  t h e i r  v o l t a g e  a f t e r w a r d s .  i t  i s  

i n d e p e n d e n t  o f  t h e  a c t u a l  v a l u e s  o f  V ■ and p r o v i d e d  

t h a t  sp a c e  c h a r g e  e f f e c t s  a r e  n e g l i g i b l e .  The f o c a l  

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

and t h e  e l e c t r o d e  d i a m e t e r s  a r e  known from work on e l e c t r o n  

o p t i c s .  ( E p s t e i n  1 9 3 6 ) .

I n  t h i s  a p p l i c a t i o n  i t  i s  n e c e s s a r y  t h a t  t h e  l e n s  

fo rm ed  by  t h e  e l e c t r o d e s  I  and  J  s h o u l d  have  a  f o c a l  

l e n g t h  s u c h  t h a t  i t  fo rm s  a  r e a l  image o f  t h e  e x i t  c a n a l  

E a t  t h e  n e x t  a c c e l e r a t i n g  gap o f  t h e  a c c e l e r a t o r  t u b e ,  

w h ich  i s  a t  a  d i s t a n c e  o f  a b o u t  1 m e t r e  be lo w  t h e  t o p  

p l a t e  o f  t h e  t u b e .  Thus ,  t o  a  f i r s t  a p p r o x i m a t i o n ,  t h e  

f o c a l  l e n g t h  o f  t h i s  l e n s  m ust  be e q u a l  t o  i t s  d i s t a n c e  

f rom  t h e  c a n a l .  F u r t h e r ,  t h i s  f o c a l  l e n g t h  m ust  be 

m a i n t a i n e d  a t  t h i s  v a l u e  o v e r  t h e  f u l l  r a n g e  o f  v o l t a g e  

o v e r  w h ich  t h e  H .T .  s e t  i s  r e q u i r e d  t o  o p e r a t e .  Now 

t h e  u s e f u l  r a n g e  o f  t h e  H.T.  s e t  i s  c o n s i d e r e d  t o  be 

f rom  150 kv  t o  800 k v ,  which c o r r e s p o n d s  t o  a  r a n g e  o f  

f rom 30 kv  t o  160 kv  f o r  t h e  v o l t a g e  be tw een  t h e  

e l e c t r o d e s  I  and J .  We d e n o te  t h i s  v o l t a g e  Dy Y^ , t h e  

e x t r a c t i o n  v o l t s ,g e  o f  t h e  s o u rc e  by Vj and t h e  a c c e l e r a t i n g  

v o l t a g e  b e tw e e n  F and G- by V^ • Then t h e  v o l t a g e  r a t i o

a c r o s s  t h e  l e n s  I  J  i s  g iv e n  by :



( 9 )

To a f i r s t  a p p r o x i m a t i o n  we can  n e g l e c t  Y  ̂ +• V3 i n  

c o m p a r i s o n  w i t h  V̂ * and o b t a i n :

( 10)

how t h e  n o rm a l  maximum e x t r a c t i o n  v o l t a g e  a p p l i e d  to-  

t h e  s o u r c e  i s  a b o u t  2 k v .  The d im e n s io n s  o f  t h e  

e l e c t r o d e s  I  and J  were  c h o se n  so t h a t  t h e  c a l c u l a t e d  

f o c a l  l e n g t h  o f  t h e  l e n s  formed by them was e q u a l  t o  

i t s  d i s t a n c e  f rom t h e  c a n a l  E when t h e  v o l t a g e  r a t i o ,

R, was e q u a l  t o  1 5 .  I f  t h e  H.T. s e t  i s  a t  i t s  minimum 

u s e f u l  v o l t a g e  o f  150 k v ,  so t h a t  Vj- = 30 k v ,  t h e n  R 

w i l l  be e q u a l  t o  15 when Y3 = 2 kv  and Y  ̂ -  0 .  As Ys  

i s  i n c r e a s e d ,  Y+ may be i n c r e a s e d  a t  t h e  same t im e  t o  

m a i n t a i n  R a t  t h e  r e q u i r e d  v a l u e  o f  1 5 .  When Y$ r e a c h e s  

i t s  maximum v a l u e  o f  160 k v ,  Ŷ  + V3 w i l l  r e q u i r e  t o  be 

a p p r o x i m a t e l y  11 kv  and hence  w i l l  be 9 k v .  D u r in g  

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

gap  fo rm ed  by E and G- w i l l  v a r y  f rom  1 t o  4 .5  a s  V4  

i s  v a r i e d  f rom  0 t o  9 k v .  Over t h i s  r a n g e  t h e  f o c a l  

l e n g t h  o f  t h e  l e n s  fo rm ed  by t h i s  a c c e l e r a t i n g  gap i s  

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

and h e n ce  i t s  o n l y  e f f e c t  w i l l  be t o  form a  v i r t u a l  

image o f  t h e  c a n a l  which  w i l l  be v e r y  s l i g h t l y  above t h e

a c t u a l  p o s i t i o n  o f  t h e  c a n a l  and t h i s  w i l l  have  a
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n e g l i g i b l e  e f f e c t  on t h e  f o c u s i n g  p r o p e r t i e s  o f  t h e  m ain  

l e n s  I  J .  I n  p r a c t i c e  t h e  ' f o c u s 1 v o l t a g e  V+ i s  

r e m o t e l y  c o n t r o l l e d  from  t h e  beam room and i s  m a n u a l ly  

a d j u s t e d  f o r  optimum f o c u s  o f  t h e  beam which  f i n a l l y  

r e a c h e s  t h e  t a r g e t *  I t  m ust  be m e n t io n e d  t h a t  t h e  

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

g a p s  down t h e  t u b e  r e m a in  c o n s t a n t  a s  t h e  H .T .  s e t  v o l t a g e
4

i s  v a r i e d *  T h i s  s y s te m  i s  fo u n d  t o  work i n  a  v e r y  

s a t i s f a c t o r y  m anner  and g i v e s  a  w e l l  f o c u s e d  beam o v e r  

t h e  f u l l  r e q u i r e d  r a n g e  o f  H.T* s e t  v o l t a g e  f o r  t o t a l  

beam c u r r e n t s  up  t o  a b o u t  300 m ic ro  amps* At h i g h e r  

beam c u r r e n t s  t h e  beam becomes more d i f f u s e  and p a r t  o f  

i t  i s  l o s t  by c o l l i s i o n  w i t h  t h e  w a l l s  o f  t h e  r e s o l v i n g  

chamber* T h i s  e f f e c t  i s  a lm o s t  c e r t a i n l y  due t o  t h e  

e f f e c t s  o f  sp a c e  c h a r g e  r e p u l s i o n  i n  t h e  f i r s t  s t a g e  o f  

t h e  a c c e l e r a t o r  t u b e .  However a  r e s o l v e d  p r o t o n  beam 

o f  b e tw e e n  150 and 200 m ic ro -am p s  can  be o b t a i n e d  a t  t h e  

t a r g e t ,  which  i s  c o n s i d e r a b l y  more t h a n  t h a t  o b t a i n e d  by 

p r e v i o u s  w o r k e r s  on s i m i l a r  i n s t a l l a t i o n s *

* * * * * * *



(4 )  • The A c c e l e r a t o r  Tube and A s s o c i a t e d  E qu ip m en t .

( a) Tube and E l e c t r o d e D e s i g n .

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

I I  ( x i x ) .  The a c c e l e r a t i o n  o f  the" p a r t i c l e s  t a k e s  p l a c e  

i n  f i v e  s e p a r a t e  s t a g e s .  T h i s  number o f  s t a g e s  was 

c h o s e n  b e c a u s e  t h e  H.T .  g e n e r a t o r  p r o v i d e s  f i v e  e q u a l l y  

s p a c e d  v o l t a g e  p o i n t s  be tw ee n  g ro u n d  and i t s  h i g h  v o l t a g e  

t e r m i n a l .  The m ain  body o f  t h e  t u b e  c o n s i s t s  o f  f i v e  

s e c t i o n s  o f  p o r c e l a i n  t u b e  12" i n s i d e  d i a m e t e r ,  14 M 

o u t s i d e  d i a m e t e r  and 20" l o n g .  The a c c e l e r a t i n g  

e l e c t r o d e s  a r e  s u p p o r t e d  from s t e e l  p l a t e s  mounted  

b e tw e e n  t h e  j u n c t i o n s  o f  t h e  p o r c e l a i n  t u b e s .  The 

vacuum s e a l s  b e tw e e n  t h e  s t e e l  p l a t e s  and t h e  p o r c e l a i n  

t u b e s  . a re  made w i t h  r u b b e r  g a s k e t s  l o c a t e d  i n  g ro o v es  

i n  t h e  p l a t e s .  A l a t e r a l  movement o f  t h e  p o r c e l a i n  

t u b e s  r e l a t i v e  t o  t h e  s t e e l  p l a t e s  i s  p r o v i d e d  by th e  

a d j u s t i n g  sc rew s  w h ich  b e a r  on to  s m a l l  b r a s s  sh o e s  on 

t h e  o u t s i d e  o f  t h e  t u b e s .  I t  was fouxld t o  be p o s s i b l e  

t o  make s m a l l  a d j u s t m e n t s  o f  t h e s e  sc rew s  even  when t h e  

a c c e l e r a t o r  t u b e  was e v a c u a t e d ,  p r o v i d e d  t h a t  t h e  r u b b e r  

g a s k e t s  h a d  b e en  w e l l  g r e a s e d  b e f o r e  a s s e m b ly .  T h is  

f a c i l i t y  p r o v e d  t o  be o f  g r e a t  v a l u e  i n  a l i g n i n g  t h e  

e l e c t r o d e s .  The e x t e r n a l  p a r t s  o f  t h e  p l a t e s  and t h e  

a d j u s t i n g  sc re w s  a r e  n o r m a l l y  e n c l o s e d  i n  smooth 

a lum in ium  s p i n n i n g s  t o  r e d u c e  t h e  e l e c t r i c  f i e l d  g r a d i e n t
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a t  t h e  s u r f a c e .  These  s p i n n i n g s  a r e  c o n n e c t e d  a c r o s s  

t o  t h e  a p p r o p r i a t e  s p i n n i n g s  on t h e  g e n e r a t o r  t h r o u g h  10 Ml] 

r e s i s t a n c e s .  These  r e s i s t a n c e s  c o n s i s t  o f  200, 50 ka . . ,  

c a r b o n  r e s i s t a n c e s  c o n n e c t e d  i n  s e r i e s  and p l a c e d  i n s i d e  

2U d i a m e t e r  p a x o l i n  tu b e s *

The a c c e l e r a t i n g  e l e c t r o d e s  t h e m s e l v e s  a r e  made t o  

a  s t a n d a r d  d e s i g n  w h ich  had  been  s u c c e s s f u l l y  u s e d  by 

M e s s r s .  P h i l i p s .  I t  w i l l  be n o t e d  t h a t  e ac h  a c c e l e r a t o r  

gap i s  s u r r o u n d e d  by a  s h i e l d i n g  e l e c t r o d e ,  whose p u r p o s e  

i s  t o  p r e v e n t  any s u r f a c e  c h a r g e s  which  may become b u i l t  

up  on t h e  w a l l s  o f  t h e .p o r c e l a i n  t u b e s  f rom c a u s i n g  

s m a l l  random d e f l e c t i o n s  o f  t h e  beam. The f i r s t  

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

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

r e m a i n i n g  a c c e l e r a t i n g  g aps  have  m u c h - s m a l l e r  a p e r t u r e s ,  

t h e  u p p e r  e l e c t r o d e  o f  e ach  gap h a v i n g  a  t "  d i a m e t e r  

h o l e  and t h e  lov /e r  one a  l | - ,f d i a m e t e r  h o l e .  T h i s  i s  

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

c e n s e d  by  bombardment o f  t h e  e l e c t r o d e s  by  s t r a y  i o n s ,  

t o  a s  s m a l l  a  v a l u e  a s  p o s s i b l e .  .

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

e l e c t r o d e s  t h e  c u r r e n t  t o  e ac h  e l e c t r o d e  was m e a su re d  by 

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

t h e  e l e c t r o d e s  t o  t h e  H.T .  g e n e r a t o r .  F o r  t h e  s a f e t y  

o f  t h e  o b s e r v e r ,  t h e s e  m e t e r s  were o b s e r v e d  t h r o u g h  a 

t e l e s c o p e f  The a d j u s t i n g  sc rew s  on t h e  s t e e l  p l a t e s



c a r r y i n g  t h e  e l e c t r o d e s  were a d j u s t e d  f o r  minimum c u r r e n t  

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

co lum n.  I t  was fo u n d  t o  he p o s s i b l e  t o  r e d u c e  t h e  

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

20 m ic r o a m p s , w i t h  a  beam c u r r e n t  o f  s e v e r a l  h u n d r e d  

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

u s u a l l y  o f  t h e  o r d e r  o f  300 m ic ro am p s ,  b u t  a  c o n s i d e r a b l e  

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

e l e c t r o n s  which  a r e  a b l e  t o  t r a v e r s e  t h i s  s e c t i o n  more 

e a s i l y  t h a n  t h e  s u b s e q u e n t  ones  b e c a u s e  o f  t h e  l a r g e r  

d i a m e t e r  o f  t h e  e l e c t r o d e s .

A f t e r  t r a v e r s i n g  t h e  l a s t  a c c e l e r a t o r  gap  t h e  i o n  

beam p a s s e s  down.a  4" d i a m e t e r  t u b e  t h r o u g h  t h e  f l o o r  

o f  t h e  room i n  w hich  t h e  H.T. s e t  i s  h o u se d  and i n t o  

t h e  beam room b e lo w .  The m a g n e t i c  a n a l y s e r  and t a r g e t  

a r r a n g e m e n t s  w i l l  be d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .

The whole sy s te m  i s  c o n t i n u o u s l y  e v a c u a t e d  by means 

o f  a  1 6 11 d i a m e t e r  o i l  d i f f u s i o n  pump o f  s t a n d a r d  d e s i g n ,  

w h ich  i s  b a c k e d  by a  4" d i a m e t e r  d i f f u s i o n  pump and a  

K inn e y  m e c h a n i c a l  pump. P e n n in g  i o n i s a t i o n  gau g es  and 

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

column' and t h e  t o p  o f  t h e  m ain  d i f f u s i o n  purnp and t h e i r  

a s s o c i a t e d  m e t e r s  a r e  mounted  i n  t h e  c o n t r o l  room b e s i d e  

t h e  c o n t r o l  d e sk  o f  t h e  H.T. g e n e r a t o r .

* * * * * *
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( )  S l L  ^Power  Column,

The i o n  s o u r c e  power s u p p l i e s  a r e  p r o v i d e d  f rom  a 

s e p a r a t e  power column* T h i s  column c o n s i s t s  o f  a  l a r g e  

p a x o l i n  t u b e  32 M i n  d i a m e t e r  and 9 1 h igh*  A g e n e r a t o r  

i s  m oun ted  i n  t h e  s p i n n i n g  a t  t h e  t o p  o f  t h i s  column and 

i s  d r i v e n  f rom an i n d u c t i o n  m o to r  a t  t h e  b o t to m  by means 

o f  a  l e a t h e r  b e l t *  The g e n e r a t o r  p r o v i d e s  1 . 5  Kw o f  

A.G. power a t  80 v o l t s  2000 c y c l e s  and 500 w a t t s  o f  D.C. 

power a t  24 v o l t s .  T h i s  g e n e r a t o r  was a v a i l a b l e  f rom  

ex -G o vern m en t  d i s p o s a l s  and t h e  D.C.  power i s  n o t  r e a l l y  

r e q u i r e d ,  i t  i s  o n l y  u s e d  f o r  s u p p l y i n g  t h e  m agne t  c o i l s  

on t h e  i o n  s o u r c e .  The 200 mes. o s c i l l a t o r  f o r  t h e  i o n  

s o u r c e ,  t h e  power p a c k s  f o r  t h e  p r o b e  and f o c u s  v o l t a g e s  

and t h e  c u r r e n t  f o r  t h e  p a l l a d i u m  l e a k s . w h i c h  c o n t r o l  t h e- 3
s u p p l y  o f  h y d r o g e n  o r  d e u t e r i u m  t o  t h e  i o n  s o u r c e ^ a r e  

s u p p l i e d  f rom  t h e  A.C. o u t p u t  o f  t h e  g e n e r a t o r .  I t  i s  

n e c e s s a r y  t o  c o n t r o l  t h e  p rob e  and f o c u s  v o l t a g e s  and t h e  

p a l l a d i u m  l e a k  c u r r e n t  f rom  t h e  beam room when t h e  H.T.  

s e t  i s  o p e r a t i n g .  These  v o l t a g e s  and c u r r e n t s  a r e  

c o n t r o l l e d  by  v a r i a c s  s i t u a t e d  i n  t h e  s p i n n i n g  on t o p  o f  

t h e  'power co lum n,  w h ich  a r e  d r i v e n  by n y l o n  s t r i n g s  f rom 

p u l l e y s  a t  t h e  b a s e  o f  t h e  column.  These  p u l l e y s  a r e ,  

i n  t u r n ,  r e m o t e l y  d r i v e n  from c o n t r o l  knobs  i n  t h e  beam 

room by means o f  S e l s y n  m o t o r s .

* * * * * * *



( c) ;ne t i c  An a l y s e r  and Target A r r a n gem en ts

7e have already seen that the b e en  o f  c h a r g e d

particles f rom  the i o n  s o u r c e  c o n t a i n s  a  number o f  

unv/an ted  i o n s  a s  w e l l  a s  t h e  p r o t o n s  o r  d e u t e r o n s  which 

a r e  r e q u i r e d  f o r  d i s i n t e g r a t i o n  e x p e r im e n t s *  I n  o r d e r  

t o  s e p a r a t e  t h e  p r o t o n s  o r  d e u t e r o n s  f rom  t h e  o t h e r  

t y p e s  o f  i o n  we u s e  a  m a g n e t i c  a n a l y s e r .

U s in g  t h e  n o m e n c la t u r e  o f  s e c t i o n  I  5 ( a ) ,  we have  

s e e n  t h a t :

Uow i f  a  p a r t i c l e  o f  c h a r g e  Ze i s  a c c e l e r a t e d  t h r o u g h  a  

p o t e n t i a l  d i f f e r e n c e  V v o l t s  i t  a c q u i r e s  a , k i n e t i c  

e n e r g y  E e l e c t r o n  v o l t s ,  w he re :  £  ^ V  Z.

Thus we s e e  t h a t  i f  a  beam o f  p a r t i c l e s  i s  a c c e l e r a t e d  

throLigh a  f i x e d  p o t e n t i a l  d i f f e r e n c e  V, we c a n  s e p a r a t e  

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

v a l u e s  o f  M/Z. T h i s  e n a b l e s  u s  t o  s e p a r a t e  t h e  a to m ic  

i o n s  f rom  t h e  a s s o c i a t e d  m o l e c u l a r  and t r i a t o m i c  i o n s  o f  

t h e  same .gas* However i t  m us t  be n o t e d  t h a t  t h e  d e u t e r o n  

h a s  t h e  same v a l u e  of M/S a s  t h e  h y d ro g e n  m o l e c u l a r  ion 

and h e n c e  t h e s e  p a r t i c l e s  a r e  n o t  s e p a r a t e d  by  m a g n e t i c  

a n a l y s i s *

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

Thus  t ip  = /pM 
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a n a l y s e r  f o r  t h i s  p u r p o s e  a r e  v e r y  s i m i l a r  t o  t h o s e  

d i s c u s s e d  l a t e r  i n  t h i s  t h e s i s  ( S e c t i o n  III ( l )  ) i n  

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

t o r  e n e r g y  m e a s u r e m e n ts  on c h a r g e d  p a r t i c l e s *  The beam 

o f  p a r t i c l e s  i s  i n i t i a l l y  p a r a l l e l  i n  t h i s  c a s e  and hen ce  

we c an  o b t a i n  f o c u s i n g  o f  t h e  beam by e m p lo y ing  t h e  t y p e  

o f  d e f l e c t i o n  shown i n  F i g .  I l l  ( l ) .  The c h o ic e  o f  t h e  

v a l u e  o f  t h e  a n g le  o f  d e f l e c t i o n ,  0 , i s  d e t e r m i n e d  by  a 

number o f  f a c t o r s .  The v a l u e  o f  90° h a s  b e e n  u s e d  i n  

a  number o f  i n s t a l l a t i o n s  o f  t h i s  t y p e .  I t  h a s  t h e  

a d v a n t a g e  t h a t ,  w i t h  a  v e r t i c a l  a c c e l e r a t o r  t u b e ,  t h e  

ernergen i  . beam i s  h o r i z o n t a l ,  wh ich  i s  c o n v e n i e n t  f o r  

many e x p e r i m e n t a l  a r r a n g e m e n t s .  H o w e v e r , th e  beam i s  

t h e n  f o c u s e d  a t  t h e  p o i n t  where  i t  emerges  f rom  t h e  

m agne t  p o l e s  and d i v e r g e s  a f t e r  t h a t ,  w i t h  c o n s e q u e n t  

l o s s  o f  beam c u r r e n t  p e r  u n i t  a r e a  i f  t h e  t a r g e t .m ust  

be p l a c e d  some d i s t a n c e  away. A l s o ,  t h i s  t y p e  o f  

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

A f t e r  a  c a r e f u l  c o n s i d e r a t i o n  o f  a l l  t h e  f a c t o r s  

i n v o l v e d  we f i n a l l y  d e c i d e d  t o  u se  a  d e f l e c t i o n  a n g l e  o f  

3 0 ° .  A s c h e m a t i c  d iag ra m  o f  t h e  r e s o l v i n g  chamber i s  

shown i n  F i g . I I  ( x x ) .  I t  w i l l  be s e e n  t h a t  c i r c u l a r  

m agne t  p o l e  p i e c e s  a r e  u s e d  and t h e  whole sy s te m  i s  

made s y m m e t r i c a l  a b o u t  t h e  a x i s  o f  t h e  beam. Thus t h e  

p r o t o n  beam can  be d e f l e c t e d  t o  t h e  l e f t  o r  r i g h t  hand

f
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Fig. II(xx)• Schematic Diagram of Eesolving Chamber.
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target ports by simply changing the direction of the 

current through the magnet coils. This a l l o w s  a 

rapid change-over to he made between two separate 

experiments w i t h o u t  the n e c e s s i t y  of changing the 

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

f l a p - t y p e  vacuum v a l v e  i s  p l a c e d  i n  t h e  beam tu b e  

i m m e d ia t e l y  above t h e  r e s o l v i n g  chamber  so t h a t  t h e  

chamber  cam be f i l l e d  w i t h  a i r  when i t  i s  n e c e s s a r y  

t o  chang e  a  t a r g e t ,  w i t h o u t  l e t t i n g  a i r  i n t o  t h e  

a c c e l e r a t o r  t u b e .  The chamber can  be r o u g h l y  

r e - e v a c u a t e d  v i a  a  b y - p a s s  t u b e  from t h e  b a c k i n g  pump 

b e f o r e  o p e n in g  t h e  f l a p  v a l v e .

The c u r r e n t  f o r  t h e  d e f l e c t i n g  magnet  i s  s u p p l i e d  

f rom  a  s m a l l  80 v o l t  2000 c y c l e  g e n e r a t o r  v i a  a  

r e c t i f i e r  and s t a b i l i s e r  sy s te m  e s s e n t i a l l y  s i m i l a r  

t o  t h a t  d e s i g n e d  f o r  t h e  H.T. g e n e r a t o r .  T h is  sys tem  

was o r i g i n a l l y  d e s i g n e d  t o  work f rom  t h e  50 c y c l e  m a in s ,  

b u t  i t  was f o u n d  t o  be d i f f i c u l t  t'o r e d u c e  t h e  r i p p l e  

v o l t a g e  t o  a  s u f f i c i e n t l y  low l e v e l .

* * * * * * *
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P a r t  I I I .  I n s t r u m e n t s  f o r  M easu rem en ts  on Re ac t i  on Pro  due t  s .

1 11 . 1 .  The Heavy P a r t i c l e  S p e c t r o m e t e r .

( a) P u n d g m e n ta l  C o n s i d e r a t i o n s .

We have  a l r e a d y  n o t e d  t h a t  t h e  m ethod  o f  m a g n e t i c  

a n a l y s i s  h a s  many a d v a n t a g e s  f o r  t h e  d e t e c t i o n  and p r e c i s e  

m easu re m e n t  o f  t h e  e n e r g y  o f  t h e  heavy  c h a r g e d  p a r t i c l e s  

e m i t t e d  i n  n u c l e a r  r e a c t i o n s .  We now c o n s i d e r  t h e  d e s i g n  

o f  a  s p e c t r o m e t e r  f o r  t h i s  p u r p o s e .

The p r i n c i p l e  r e q u i r e m e n t s  o f '  su c h  a s p e c t r o m e t e r  a r e
\

( a )  a  h i g h  d e g r e e  o f  r e s o l u t i o n  i n  e n e rg y  and (b)  a  l a r g e  

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

I t  i s  a l s o  d e s i r a b l e  t h a t  t h e s e  r e q u i r e m e n t s  s h o u l d  be 

a c h i e v e d  w i t h  a  m agne t  o f  r e a s o n a b l e  d im e n s i o n s .

I n  o r d e r  t o  a c h i e v e  t h e  maximum r e s o l u t i o n  and s o l i d  

a n g le  w i t h  a  m agne t  o f  g i v e n  s i z e  i t  i s  n e c e s s a r y  t o  

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

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

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

p l a n e  o f  d e f l e c t i o n  o f  p a r t i c l e s  moving i n  a  u n i f o r m  

m a g n e t i c  f i e l d .  The w e l l -k no w n  c a s e  o f  l 8 0 °  f o c u s i n g ,  

w i t h  t h e  s o u r c e  and c o l l e c t o r  b o t h  i n  t n e  r e g i o n  o f  th e  

f i e l d ,  i s  a  s p e c i a l  c a s e  o f  t h i s  g e n e r a l  p r o p e r t y .  L e t  us  

c o n s i d e r  t h e  c a s e  i l l u s t r a t e d  i n  P i g . I I I . ( 1 ) .  Here  t h e

m a g n e t i c  f i e l d  h a s  t h e  u n i f o r m  v a l u e  H o v e r  t h e  r e g i o n
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Fig.Ill(i). Focusing of Parallel Beam by Wedge-Shaped Poles.



e n c l o s e d  by  t h e  l i n e s  Oil and Ob and h a s  t h e  v a l u e  a e r o  

ove r  t h e  r e g i o n  o u t s i d e  t h e s e  b o u n d a r i e s .  Suppose  t h a t

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

on t h e  b o u n d a ry  OL and  t h a t  DA and D A a re  t h e  p a t h s  o f  

two s u c h  p a r t i c l e s ,  where  AA* = *• . A f t e r  e n t e r i n g  t h e  

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

o f  r a d i u s  , g i v e n  by  t h e  r e l a t i o n  d e f i n e d  i n  s e c t i o n  1 . 5 :

I. z £  n
'  v

low l e t  H be  a d j u s t e d  so t h a t  ^  = OA. The p a r t i c l e s  w i l l
/ /

t h e n  t r a v e l  a l o n g  t h e  c i r c u l a r  a r c s  AC and A C, c e n t r e d  on 

0 and 0 '  r e s p e c t i v e l y , where o o '  = AA' = ^  . A f t e r  

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

t h e  s t r a i g h t  l i n e s  OS and C/ S ,  which  a r e  t a n g e n t s  t o  t h e  

a r c s  AC and  AC* r e s p e c t i v e l y .  We assume t h a t  z 0 «  and 

c o n s i d e r  t h e  t r i a n g l e  BC C, where B i s  t h e  i n t e r s e c t i o n  o f  

a  l i n e  t h r o u g h  C7 p a r a l l e l  t o  OL w i t h  t h e  a r c  AC.

L e t :  LOM = 9
S ' S k  a

t h e n :  BC'C = LOIvl = 9  

A l s o ;  BC* = OO' = 

and since-;- BCC' = 90°

cc' = Zo c o s e  ( l)

esc' = 8ff = Cc/, = Zo Cos 9  (2
SC SC

t i
how s i n c e  SC and SC a r e  t a n g e n t s  a t  C end C ,

A  A  /
0C'-0# = CSC = S 9



o r  30 =  cot 9  (4)
/» ,

Fovr l e t  SOC = y  and c o n s i d e r  t h e  t r i a n g l e  SOC i n
A

_ c i  300 = 9 0 ° .

H e r .  tm.n jf=  SC
OC

r_ fa#* ^  =  ^fcot 9  f rom (4)

P

U n  ^  ^

h e n c e  0  + ^  = 90°  , ( 5 )

S m s  we s e e  t h a t ,  s i n c e  t h e  r e l a t i o n s  (4)  and (5)  a r e  

i n d e s e n d a n t  o f  z+ , a l l  t h e  p a r t i c l e s  which  a r e  i n i t i a l l y

i n c i d e n t  i n  d i r e c t i o n s  p a r a l l e l  t o  PA w i l l  he f o c u s e d  a t  a

p o i n t  3 w h i c h  l i e s  on t h e  no rm al  t o  01 t h r o u g h  t h e  p o i n t  0 ,

p ro v ided ,  t h a t  p  .

l aw  i t  i s  c l e a r  t h a t  t h e  p a t h s  o f  t h e  p a r t i c l e s  a r e

r e v e r  s i l l s ,  and h e n c e  i f  we have a  p o i n t  so u r c e  o f  p a r t i c l e s  

a t  S Then The p a r t i c l e s  l e a v i n g  Q i n  d i r e c t i o n s  making s m a l l  

a n g l e s  w i t h  30 w i l l  emerge a s  a  p a r a l l e l  beam a f t e r  p a r s i n g



Y/e c a n  now amply this treatment to the case shown

in Fig. I l l  (2). Here v/e have the magnetic field contained

i n  t h e  wedge s h a p e d  r e g i o n  d e f i n e d  by  t h e  l i n e s  ON end OH,

e a c h  o f  w h ic h  make an a n g l e  Q w i t h  r e s p e c t  t o  OL. Then

i t  i s  c l e a r  t h a t  t h e  p a r t i c l e s  f ro m  a  p o i n t  s o u r c e  S will

he  f o c u s e d  a t  t h e  p o i n t  3 /  , where  SOS/  i s  t h e  l i n e  through

0 n o r m a l  t o  OL. V/e a r e  a g a i n  o n l y  c o n s i d e r i n g  p a r t i c l e s
a  0

w h ic h  l e a v e  S i n  d i r e c t i o n s  n e a r  t o  SD, where  3D0 = 90 .

V/e c a n  now c o n s i d e r  t h e  d e s i g n  o f  s p e c t r o m e t e r s  based 

on t h i s  f o c u s i n g  p r i n c i p l e .  The s p e c i a l  c a s e  when 2 0 -  

180°  i s  t h e  c a s e  o f  ’18 0 °  f o c u s i n g *  w h ich  h a s  h e e n  widely 

u s e d  i n  s p e c t r o m e t e r s  f o r  b o t h p  - r a y s  and  h e a v y  c h a r g e d  

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

c o n v e n i e n t  f o r  m e a s u r e m e n ts  on n u c l e a r  r e a c t i o n s  because 

o f  t h e  d i f f i c u l t i e s  i n v o l v e d  i n  g e t t i n g  t h e  i n c i d e n t  proton 

o r  d e u t e r o n  beam o n to  t h e  t a r g e t ,  w hich  i s  i n s i d e  t h e  

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

d i f f i c u l t i e s  a r e  n o t  i n s u r m o u n t a b l e  and  c an  be overcome 

by  b r i n g i n g  t h e  i n c i d e n t '  p r o t o n  beam o n to  t h e  t a r g e t  through 

a  h o l e  i n  t h e  m ag n e t  p o l e ,  so  t h a t  i t  t r a v e l s  p a r a l l e l  to 

t h e  d i r e c t i o n  o f  t h e  m a g n e t i c  f i e l d  and i s  n o t  deflected 

by i t .  T h i s  t e c h n i q u e  h a s  b e e n  u s e d  by  B u e c h n e r  e t  a l

(1 9 4 8 )  i n  t h e  d e s i g n  o f  a  s p e c t r o m e t e r  o f  h i g h  p r e c i s i o n .  

Such a spectrometer h a s  t h e  advantage t h a t  i t  i s  possible 

to make absolute measurements of the particle energies by 

measurement of the magnetic field and the distance between
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Fig.IIl(ii). Slit to Slit Focusing by Wedg*-»Sha.:pe<i



t h e  s o u r c e  and t h e  c o l l e c t o r .  I n  t h e  c a s e  o f  a  

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

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

t h e  f r i n g i n g  f i e l d  make a  p r e c i s e  a b s o l u t e  c a l i b r a t i o n
#

v e r y  d i f f i c u l t .  . W ith  t h i s  t y p e  o f  s p e c t r o m e t e r  i t  i s  

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

of '  known e n e r g y .  ' A s p e c t r o m e t e r  o f  t h i s  t y p e  w i t h  a  

d e f l e c t i o n  a n g l e  o f  90°  h a s  b e en  d e s c r i b e d  by  Burcham

( 1 9 4 9 ) .

The s p e c t r o m e t e r  w h ich  h a s  b e e n  u s e d  f o r  t h e

e x p e r i m e n t a l  v^ork d e s c r i b e d  i n  t h i s  t h e s i s  was c o n s t r u c t e d

t o  s u i t  a  m agne t  w h ich  was a v a i l a b l e  i n  t h e  l a b o r a t o r y .

.T h is -m agnet  h a d  c i r c u l a r  p o l e s  4" i n  d i a m e t e r  and  was

c a p a b l e  o f  p r o d u c i n g  a  f i e l d  o f  up  t o  1 1 ,0 0 0  gauss  w i t h  a

gap  o f  2 cms. F o r  t h e  e x p e r i m e n t s  p l a n n e d  a t  t h e  t im e

i t  was n e c e s s a r y  t o  m ea su re  t h e  e n e r g y  o f  a l p h a - p a r t i c l e s

u p  t o  a t  l e a s t  2 MeV. T h i s  m ean t  t h a t  t h e  s p e c t r o m e t e r

h a d  t o  be d e s i g n e d  so t h a t  t h e  r a d i u s  o f  c u r v a t u r e  yo o f

t h e  p a t h s  o f  t h e  p a r t i c l e s  was n o t  l e s s  t h a n  15 cms. W ith

t h i s  r a d i u s  o f  c u r v a t u r e  t h e  maximum d e f l e c t i o n  a n g le

a l l o w e d  by  t h e  s i z e  o f  t h e  m agne t  p o l e s  was o f  t h e  o r d e r

o f  4 5° .  I f  we c o n s i d e r  a  s p e c t r o m e t e r  o f  t h e  t y p e  shown

i n  F i g . I l l  ( i i )  withy® = 15 cms.  and 2 & = 45° we f i n d  t h a t  
/

SB = SC = 34 cms.  Now we can  s e e  f rom  t h e  g e o m e t ry  o f  

F i g .  I l l  ( i i )  t h a t  t h e  s o l i d  a n g le  o f  a c c e p t  since o f  t h e  

s p e c t r o m e t e r  w i l l  be g i v e n  by :



where t  i s  t h e  l e n g t h  o f  t h e  c o l l e c t o r  s l i t  n o rm a l  t o  t h e  

p l a n e  o f  t h e  d i a g r a m .  I f  we assume t h a t  z* and £  a r e  

"both made e q u a l  t o  2 cms, which  a r e  o f  t h e  o r d e r  o f  

m a g n i tu d e  o f  t h e  v a l u e s  a l l o w e d  by t h e  d im e n s io n s  o f  t h e  

m ag n e t  p o l e s ,  t h e n  we f i n d  t h a t  = 1 /5 0 0  s t e r a d i a n s .

We now c o n s i d e r  a  s p e c t r o m e t e r  o f  t h e  t y p e  shown i n  

P i g , I I I  ( 1 ) ,  where  S i s  now t h e  s o u r c e  o f  p a r t i c l e s  and 

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

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

d i r e c t i o n s  p a r a l l e l  t o  AD, Then w i th^d  = 15 cms. and 

& — 45° we s e e  t h a t  SC = 15 cms.  The s o l i d  a n g l e  _QX i s  

g i v e n  b y :

Q ,  = z 0 cos 0  x ^
S C  SC +  / O f }  +  d .

where  £  i s  t h e  w i d t h  o f  t h e  c o l l e c t o r  n o rm a l  t o  t h e  p l a n e

o f  t h e  d ia g ra m  and d i s  t h e  d i s t a n c e  o f  t h e  c o l l e c t o r  f rom 

t h e  p o i n t  A. I f  we p u t  Z* — /  -  2cms a s  b e f o r e  and

make d = 12 cms, w h ich  i s  a  r e a s o n a b l e  p r a c t i c a l  l e n g t h  f o r  

t h e  c o l l i m a t o r ,  v/e f i n d  t h a t  12 L = l / lO O  s t e r a d i a n s .  Thus
i

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

a p p r o x i m a t e l y  f i v e  t i m e s  a s  l a r g e  a s  t h a t  g i v e n  by a  

c o n v e n t i o n a l  wedge s p e c t r o m e t e r  w i t h  t h e  same m agne t  p o l e s .  

I t  m u s t  be n o t e d  t h a t  i n  o r d e r  t o  o b t a i n  t h i s  r e s u l t  i t  i s  

n e c e s s a r y  t o  u s e  a  c o l l e c t o r  which  i s  s e n s i t i v e  o v e r  t h e  

f u l l  a r e a  o f  2 cms. s q u a r e .  F u r th e r m o r e  i t  h a s  b e en

assumed cho/o t h e  c o l l i m a t o r  w i l l  be 100^ t r a n s p a r e n t  t o



S 1

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

and t h a t  t h e  f o c u s i n g  i s  p e r f e c t ,  so t h a t  m o n o - e n e r g e t i c  

p a r t i c l e s  f rom t h e  s o u r c e  w i l l  emerge i n  a p a r a l l e l  be  on .  

However i t  was f e l t  t o  be w o r t h w h i l e  t o  c o n s t r u c t  such  a 

s p e c t r o m e t e r  s i n c e  i t  was d i f f e r e n t  f rom  any p r e v i o u s  

d e s i g n  and s h o u l d  be a t  l e a s t  a s  good a s  t h e  c o n v e n t i o n a l  

wedge t y p e .

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

shown i n  F i g . I l l  ( i l l )  . The beam o f  bo m bard in g  p a r t i c l e s  

f rom  t h e  a c c e l e r a t o r  t u b e  p a s s e s  t h r o u g h  t h e  s l i t  S and 

s t r i k e s  t h e  t a r g e t  T. The t a r g e t  i s  w a t e r  c o o l e d  and 

i n s u l a t e d  from g ro u n d  so t h a t  t h e  t a r g e t  c u r r e n t  can  be 

m e a s u r e d .  The t a r g e t  i s  s u r r o u n d e d  by  an i n s u l a t e d  tu b e  

A w hich  i s  n o r m a l l y  m a i n t a i n e d  a t  a  p o t e n t i a l  o f  a b o u t  

-1 0 0  v o l t s  w i t h  r e s p e c t  t o  g ro u n d  i n  o r d e r  t o  p r e v e n t  

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

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

t h i s  t u b e  and t h e  r e a c t i o n  p a r t i c l e s  emerge t h r o u g h  wide 

s l i t s  a t  t h e  end o f  i t .  The m ain  body o f  t h e  s p e c t r o m e t e r  

c o n s i s t s  o f  an i r o n  t u b e  B, w h ich  i s  s o l d e r e d  t o  a  t u b e  C 

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

T h i s  r e c t a n g u l a r  t u b e  f i t s  b e tw e e n  t h e  m agne t  p o l e s  and i s  

b e n t  i n  a  r a d i u s  o f  c u r v a t u r e  o f  15 cms. A secon d  i r o n  

t u b e  I) i s  s o l d e r e d  t o  O' and c o n t a i n s  t h e  c o l l i m a t o r  E.

T h i s  c o l l i m a t o r  c o n s i s t s  o f  t h i n  s h e e t s  o f  m ic a  10 cms l o n g  

with a spacing of .36 cms. The mica is sufficiently thick
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t o  s t o p  p r o t o n s  o r  a l p h a  p a r t i c l e s  o f  t h e  e n e r g i e s  w i t h  

w h ich  t h e  s p e c t r o m e t e r  c a n  be u s e d ,  b u t  i t s  t h i c k n e s s  i s  

n e g l i g i b l e  i n  c o m p a r i s o n  w i t h  t h e  s p a c i n g  b e tw ee n  t h e  

s h e e t s .  The c u t - o f f  a n g le  o f  t h e  c o l l i m a t o r  i s  t  Jt° •

Two t y p e s  o f  c o l l e c t o r  have  b e e n  u s e d  f o r  d e t e c t i n g  t h e  

p a r t i c l e s  a f t e r  t h e y  emerge f rom  t h e  c o l l i m a t o r .  The 

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

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

p u l s e s  e m i t t e d  when t h e  p a r t i c l e s ,  im p in g e  on t h e  s c r e e n .

The e l e c t r i c a l  p u l s e s  f rom  t h e  m u l t i p l i e r  a r e  t h e n  

a m p l i f i e d  and c o u n t e d  i n  t h e  u s u a l  way. The s e co n d  t y p e  

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

shown i n  F i g . I l l  ( i i i ) .  The window b e tw e e n  t h e  c o u n t e r  

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

o f  a b o u t  3 mms. a i r  e q u i v a l e n t  t h i c k n e s s .  T h i s  f i l m  i s  

s u p p o r t e d  on a  g r i d  which  was made by d r i l l i n g  1 mm. 

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

p l a t e .  T h i s  g r i d  h a s  a  t r a n s p a r e n c y  o f  45^ .  The c o u n t e r  

i s  f i l l e d  d i f f e r e n t i a l l y  i n  s i t u . w i t h  p u r e  m ethane  t o  a  

p r e s s u r e  o f  a b o u t  5 cms. o f  m e r c u r y .  I t  o p e r a t e s  w i t h  

a  p o t e n t i a l  o f  a b o u t  1200 v o l t s  on t h e  c e n t r a l . w i r e  and  

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

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

I t  was fo u n d  t h a t  a  c o n s i d e r a b l e  number o f  s c a t t e r e d  

p r o t o n s  were a b l e  t o  r e a c h  t h e  c o l l e c t o r  even  when t h e  

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



t o  t h e  e n e r g y  o f  t h e s e  p r o t o n s .  T h i s  e f f e c t  i s  

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

t h e  w a l l s  o f  t h e  s p e c t r o m e t e r .  The number o f  p r o t o n s  

e l a s t i c a l l y  s c a t t e r e d  from t h e  t a r g e t  i s ,  o f  c o u r s e ,  many 

o r d e r s  o f  m a g n i tu d e  l a r g e r  t h a n  t h e  number o f  r e a c t i o n  

p a r t i c l e s  p r o d u c e d .  I n  t h e  c a s e  o f  ( p so( ) r e a c t i o n s ,  i t  

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

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

d i s c r i m i n a t o r .  The p r o p o r t i o n a l  c o u n t e r  was fo u n d  t o  

g i v e  a  v e r y  much b e t t e r  u n i f o r m i t y  o f  p u l s e  s i z e  f o r  mono- 

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

and f o r  t h i s  r e a s o n  i t  w a s .u s e d  i n  m o s t  o f  t h e  work 

d e s c r i b e d  i n  t h i s  t h e s i s .

I n  t h e  p r o p o r t i o n a l  c o u n t e r  t h e  p u l s e  s i z e  due t o  

a l p h a  p a r t i c l e s  o f  t h e  o r d e r  o f  1 , 5  MeV i s  a b o u t  t h r e e  

t i m e s  t h e  maximum p u l s e  s i z e  due t o  s c a t t e r e d  p r o t o n s  and 

i s  c o n s t a n t  t o  b e t t e r  t h a n  2 0^ .  I t  i s  t h e r e f o r e  p o s s i b l e  

t o  s e t  t h e  d i s c r i m i n a t o r  so t h a t  t h e  e f f e c t  o f  t h e  s c a t t e r e d  

p r o t o n s  i s  c o m p l e t e l y  e l i m i n a t e d ,  w h i l s t  m a i n t a i n i n g  100^ 

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

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

shown i n  P i g . I l l  ( i v )  f o r  b o t h  t y p e s  o f  c o l l e c t o r  and 

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

i n  t h i s  r e s p e c t .  I t  m ust  be e m p h a s i s e d  t h a t  t h i s  r e s u l t  i s  

o n l y  a c h i e v e d  a t  t h e  expen se  o f  a, r e d u c t i o n  o f  t h e  e f f e c t i v e  

s o l i d  a n g l e  o f  t h e  s p e c t r o m e t e r  by a f a c t o r  o f  45/^ due t o
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t h e  p r e s e n c e  o f  t h e  g r i d  s u p p o r t i n g  t h e  c o u n t e r  'window.

I n  o r d e r  t o  a t t a i n  t h e  maximum p o s s i b l e  f i e l d  o v e r  

t h e  r e q u i r e d  a r e a  w i t h  t h e  m agne t  a v a i l a b l e ,  s p e c i a l  p o l e  

p i e c e s  were c o n s t r u c t e d .  A c r o s s  s e c t i o n  t h r o u g h  t h e s e
j .  #  c-j

p o l e  p i e c e s  i s  shown i n  T i g . I l l  ( i i i ) .  They were 

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

c r o s s - s e c t i o n  shown, w i t h  a  mean r a d i u s  o f  15 c m s . ,  and 

t h e n  m i l l i n g  two 45° s e c t o r s  f rom t h i s  r i n g .  Shims were 

f i t t e d  t o  t h e  e d g e s  o f  t h e  p o l e s  t o  improve  t h e  c o n s t a n c y  

o f  t h e  f i e l d  o v e r  t h e  c e n t r a l  r e g i o n  and were a d j u s t e d  

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

ifo o v e r  r a d i a l  d i s t a n c e  o f  1 1 cm. f rom  t h e  c e n t r a l  r a d i u s .

The m agne t  c u r r e n t  i s  s u p p l i e d  f rom a  g e n e r a t o r  and 

i s  s t a b i l i s e d  and c o n t r o l l e d  t o  an  a c c u r a c y  o f  a b o u t  0 . 1 ^ .  

The c u r r e n t  i s  m e a s u r e d  by  means o f  a  15 amp. m e t e r  and 

c an  be m e a s u re d  t o  an  a c c u r a c y  o f  a b o u t  0 . 2 ^ .  A c a r e f u l  

c a l i b r a t i o n  was made o f  t h e  m a g n e t i c  f i e l d  a g a i n s t  t h e  

m agne t  c u r r e n t  by means o f  a  f l u x m e t e r  and  t h i s  c a l i b r a t i o n  

h a s  b e e n  u s e d  i n  a l l  s u b s e q u e n t  work t o  c o n v e r t  m agnet  

c u r r e n t  r e a d i n g s  t o  e q u i v a l e n t  f l u x m e t e r  r e a d i n g s .  I n  

o r d e r  t o  r e d u c e  h y s t e r e s i s  e f f e c t s  t h e  m agne t  c u r r e n t  i s  

a lw ay s  r a i s e d  t o  i t s  maximum v a l u e  and t h e n  r e d u c e d  t o  t h e  

r e q u i r e d  v a l u e  b e f o r e  t a k i n g  a r e a d i n g .  I n  o r d e r  t o  make 

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

p a r t i c l e s  f rom  t h e  r e a c t i o n  r  { / we r e  u s e d .  T h is  

r e a c t i o n  p r o c e e d s  t o  a, number o f  e x c i t e d  s t a t e s  o f  a s
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w e l l  a s  t o  t h e  " ro u n d  s t a t e .  The a l p h a  p a r t i c l e s  u s e d  i n

t h i s  c a l i b r a t i o n  were  t h o s e  which  l e a d  t o  an e x c i t e d  s t a t e  
* 16

o f  O a t  6 ,1 3  UeV. The Q -v a lu e  f o r  t h i s  t r a n s i t i o n  h a s  

b e en  m e a su re d  by a  number o f  w o r k e r s  and t h e  b e s t  mean 

v a l u e  i s  1 .9 7 7  MeV. A n a r r o w  r e s o n a n c e  w i t h  a  c o m p a r i t i v e l y  

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

340 keV. A t h i c k  t a r g e t  o f  c a l c i u m  f l u o r i d e  was bombarded 

w i t h  p r o t o n s  whose e n e r g y  was j u s t  s u f f i c i e n t  t o  p ro d u c e  t h e  

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

t h e  r e s u l t i n g  a l p h a  p a r t i c l e s  i s  shown i n  F i g . I l l  ( v ) . The 

v a l u e  o f  t h e  f l u x  a t  t h e  maximum o f  t h i s  s p e c t r u m  was 8 9 .2  

and t h e  c a l c u l a t e d  e n e r g y  o f  t h e  a l p h a  p a r t i c l e s  was 1 .8 3 7  

MeV. Now vre have  s e e n  t h a t  t h e  H f  v a l u e  i s  p r o p o r t i o n a l  

t o  t h e  s q u a r e  r o o t  o f  t h e  e n e r g y  o f  t h e  p a r t i c l e s  and i f  we 

assume t h a t  t h e  f l u x m e t e r  r e a d i n g s  F a r e  p r o p o r t i o n a l  t o  I l f  

and t h a t  f  i s  c o n s t a n t  we have  F = K f » where  K i s  

c o n s t a n t .  From t h e  above m easu rem en t  t h e  v a l u e  o f  K was 

c a l c u l a t e d .  The v a l u e  o f  E f o r  a  g ro u p  o f  p a r t i c l e s  o f  

unknown e n e r g y  c an  t h e n  be c a l c u l a t e d  f rom  a m easu rem en t  o f  

F, t h e ■f l u x m e t e r  r e a d i n g  a t  t h e  p eak  o f  t h e  s p e c t r u m .  F o r  

c o n v e n i e n c e  a  g r a p h  o f  F a g a i n s t  E was p l o t t e d ,  f rom  which  

t h e  v a l u e s  o f  E c o u l d  r e a d  o f f  d i r e c t l y *

The s p e c t r u m  o f  F i g . I l l  (v )  i l l u s t r a t e s  t h e  r e s o l v i n g  

power o f  t h e  i n s t r u m e n t .  I t  w i l l  be s e e n  t h a t  t h e  w i d t h  

o f  t h e  pe ak  a t  h a l f  a m p l i t u d e  i s  6 . 1 $ .  T h i s  i s  i n  good 

a g re e m e n t  w i t h  t h e  v a l u e  o f  6$ c a l c u l a t e d  f rom t h e  g e o m e try
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o f  t h e  c o l l i m a t o r  and t h e  w i d t h  o f  t h e  t a r g e t .  I t  i s  

e s t i m a t e d  t h a t  t h e  c e n t r e  o f  t h e  p e ak  c an  he m e a su re d  t o  

an a c c u r a c y  o f  -  0*5/* i n  f l u x ,  w h ich  c o r r e s p o n d s  t o  * It* 

i n  e n e r g y .

* * * * * * *



1 1 1 . 2 .  She (xgmma-Kay Spec t r  one t e r .

The b a s i c  p r i n c i ' p l e s  i n v o l v e d  i n  t h e  m easu rem en t  o f  

t h e  e n e r g y  o f  gamma-rays have  a l r e a d y  b e en  d i s c u s s e d  i n  

s e c t i o n  1*5 .  The s p e c t r o m e t e r  w h ich  was u s e d  i n  t h e  

e x p e r i m e n t a l  m e a su re m e n ts  d e s c r i b e d  i n  p a r t  17  o f  t h i s  

t h e s i s  was d e s i g n e d  and  t e s t e d  by D r .E .R .R a e *  However,  

f o r  t h e  sake  o f  c o m p l e t e n e s s ,  we s h a l l  g i v e  a  b r i e f  

d e s c r i p t i o n  o f  t h e  s p e c t r o m e t e r  and t h e  way i n  w hich  i t  

was u s e d  i n  t h e  p r e s e n t  work*

The g e n e r a l  a r r a n g e m e n t  o f  t h e  t a r g e t  and p a i r  

s p e c t r o m e t e r  i s  shown i n  f i g . I l l  ( v i ) .  The r e s o l v e d  beam 

f ro m  t h e  a c c e l e r a t o r  t u b e  em erges  f rom  t h e  r e s o l v i n g  

chamber  down t h e  a x i s  o f  a  g l a s s  t u b e  i n c l i n e d  a t  30° t o  

t h e  v e r t i c a l .  A s h a l l o w  w a t e r - c o o l e d  b r a s s  cup i s  s e a l e d  

by  a d e m o u n tab le  r u b b e r  g a s k e t  j o i n t  t o  t h e  end o f  t h i s  

t u b e .  T a r g e t s  a r e  n o r m a l l y  p r e p a r e d  on t h i n  b r a s s '  o r  

c o p p e r  d i s c s ,  w h ich  a r e  c lamped  t o  t h e  i n s i d e  o f  t h e  c u p .  

The cup i s  i n s u l a t e d  f rom  ground  and i s  c o n n e c t e d  t o  t h e  

i n p u t  o f  t h e  c u r r e n t  i n t e g r a t o r .

A G-eiger c o u n t e r  w i t h  t h i c k  a lum in ium  w a l l s  i s  mounted  

a t  a  f i x e d  d i s t a n c e  f rom  t h e  t a r g e t  and  was u s e d  t o  m o n i t o r  

t h e  gamma-ray i n t e n s i t y .  A l l  r u n s  were made f o r  a  f i x e d  

number o f  c o u n t s  i n  t h i s  c o u n t e r .  The c u r r e n t  i n t e g r a t o r  

r e a d i n g s  were  u s e d  m a i n l y  t o  c h eck  t a r g e t  d e t e r i o r a t i o n .

The vacuum chamber  o f  t h e  s p e c t r o m e t e r  c o n s i s t s  o f  a
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c i r c u l a r  c o p p e r  c y l i n d e r  12 ” i n  d i a m e t e r  and  2-g~u l o n g ,  

w i t h  c i r c u l a r  s t e e l  end p l a t e s  1 4 ” i n  d i a m e t e r  and 

t h i c k  s e a l e d  t o  t h e  c y l i n d e r  on one s i d e  w i t h  a s o l d e r e d  

j o i n t  and on t h e  o t h e r  w i t h  a  r u b b e r  g a s k e t *  The gamma- 

r a y s  f rom  t h e  t a r g e t  a r e  c o l l i m a t e d  by  t h e  l e a d  s h i e l d i n g  

b l o c k s  and a l l o w e d  t o  f a l l  on a  t h i n  l e a d  f o i l  p l a c e d  a t  

t h e  c e n t r e  o f  t h e  vacuum cham ber .  T h is  f o i l  i s  mounted  

on a  l i g h t  f ram e which  c an  be r o t a t e d  a b o u t  an a x i s  t h r o u g h  

one edge by means o f  a  r o d  p a s s i n g  t h r o u g h  a r o t a r y  vacuum 

' sealL. Thus i t  i s  p o s s i b l e  t o  t a k e  m ea su re m e n ts  o f  t h e  

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

t h r o u g h  9 0 ° ,  so t h a t  i t  l i e s  a g a i n s t  t h e  v e r t i c a l  end

p l a t e s  o f  t h e  vacuum cham ber .  These b a c k g ro u n d  r s , t e s  were 

n e g l i g i b l e  when m e a su re m e n ts  were made on p r o t o n  in d u c e d  

r e a c t i o n s ,  b u t  were  o f t e n  s e r i o u s  i n  d e u t e r o n  in d u c e d  

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

. s c r e e n i n g  o f  t h e  c o u n t e r  f rom t h e  gamma r a y s  p r o d u c e d  by 

t h e  accom pany ing  n e u t r o n s *

The chamber  i s  p l a c e d  b e tw e e n  t h e  12 ,f d i a m e t e r  p o l e s  

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

a  f i e l d  o f  up  t o  7000 gauss  T h i s  f i e l d  i s  s u f f i c i e n t  t o

m e a su re  gsmma-ray e n e r g i e s  up t o  30 HeV. The f i e l d  i s  

m e a s u r e d  by means o f  a ' f l i p  c o i l  and f l u x m e t e r .  The

r e l a t i v e  a c c u r a c y  o f  t h i s  m easu rem en t  i s  e s t i m a t e d  t o  be o f

t h e  o r d e r  o f  0.3/*, An a b s o l u t e  c a l i b r a t i o n  o f  t h e  

i n s t r u m e n t  was made by  m e a s u r i n g  t h e  s p e c t r a  o f  t h e  gamma
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r a y s  f rom F l u o r i n e  and l i t h i u m  u n d e r  p r o t o n  bombardment and 

w i l l  be d e s c r i b e d  l a t e r *  A m agne t  c u r r e n t  o f  50 amps a t  

50 v o l t s  i s  r e q u i r e d  and t h i s  i s  s u p p l i e d  by a B .C .  

g e n e r a t o r *  The c u r r e n t '  i s  s t a b i l i s e d  and c o n t r o l l e d  t o  an 

a c c u r a c y  o f  0 . 1 $  by a  f e e d - b a c k  c i r c u i t  o p e r a t i n g  on t h e  

f i e l d  c u r r e n t  o f  t h e  g e n e r a t o r .

The e l e c t r o n - p o s i t r o n  p a i r s ,  w h ich  a r e  e j e c t e d  p r e ­

d o m i n a n t l y  n o rm a l  t o  t h e  l e a d  f o i l  by  t h e  gam m a-rays ,  a r e  

d e f l e c t e d  t h r o u g h  180°  by  t h e  m a g n e t i c  f i e l d  and  d e t e c t e d  

by  two s e t s  o f  f i v e  G e i g e r  c o u n t e r s  p l a c e d  i n  t h e  p l a n e  o f  

t h e  f o i l ,  b u t  s c r e e n e d  f rom  d i r e c t  g a m m a - r a d i a t i o n  by t h e  

l e a d  b l o c k s .  These c o u n t e r s  have  windows o f  0 . 0 0 1 11 c o p p e r  

f o i l  t o  a l l o w  t h e  e l e c t r o n s  and p o s i t r o n s  t o  e n t e r  them 

w i t h ! a  minimum o f  s c a t t e r i n g .  B a f f l e s  a r e  p l a c e d  i n  t h e  

vacuum chamber  t o  r e d u c e  t h e  b a c k g r o u n d  due t o  e l e c t r o n s  

p r o d u c e d  by  gamm a-rays  f rom  Cr t , ^ )  r e a c t i o n s  i n  t h e  c o u n t e r  

w a l l s  and t h e  l e a d  s h i e l d i n g  b e h i n d  them ,  w h ich  c o u l d  

o t h e r w i s e  t r a v e r s e  t h e  s p e c t r o m e t e r  and  c a u s e  s p u r i o u s  

c o i n c i d e n c e s .

The o u t p u t  p u l s e s  f rom  t h e  c o u n t e r s  a r e  f e d  v i a  

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

f i v e  c o i n c i d e n c e  c i r c u i t s ,  e a c h  w i t h  a  r e s o l v i n g  t im e  of  

a b o u t  2̂ *. s e e s .  The a r r a n g e m e n t  o f  t h e s e  c i r c u i t s  i s  

shown i n  t h e  s c h e m a t i c  d i a g ra m  o f  F i g . I l l  ( v i i ) . The 

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

i n t o  n i n e  d i f f e r e n t  e n e r g y  c h a n n e l s ,  a s  shown i n  P i g . I l l  ( v i i ) ,
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and t h e  o u t p u t  o f  each '  c h a n n e l  i s  r e c o r d e d  on a  m e c h a n i c a l  

c o u n t e r .  These c o u n t e r s  a r e  s w i t c h e d  011 and o f f  by a 

m a s t e r  c o n t r o l  u n i t .  The o u t p u t  p u l s e s  f rom  t h e  m o n i t o r  

G e i g e r  c o u n t e r  a r e  r e c o r d e d  on a  s c a l e  o f  100 and t h e  

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

u n i t .  Thus a l l  r u n s  can  he made f o r  a  f i x e d  number o f  

m o n i t o r  c o u n t s .

I n  m e a s u r i n g  a  p a r t i c u l a r  gsmma-ray s p e c t r u m  a  s e r i e s  

o f  r u n s  a r e  u s u a l l y  made a t  a  s e q u en c e  o f  v a l u e s  o f  t h e  

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

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

c h a n n e l s ,  t h e  s p a c i n g  b e tw e e n  c h a n n e l s  c o r r e s p o n d i n g  t o  5 .8 $  

o f  t h e  tip  v a l u e  o f  t h e  c e n t r e  c h a n n e l .  The i n t e r v a l  

b e tw e e n  s u c c e s s i v e  v a l u e s  o f  t h e  m a g n e t i c  f i e l d  i s  u s u a l l y  

o f  t h e  o r d e r  o f  10$ o r  l e s s ,  so t h a t  t h e r e  i s  c o n s i d e r a b l e  

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

f o r  c h a n n e l  number and  f l u x  and p l o t t e d  a s  a  f u n c t i o n  o f  

t h e  mean Hp v a l u e  o f  a  s i n g l e  p a r t i c l e .  The p r e c i s e  

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

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

o f  t h e  pea l : ,  a s  t h i s  p o i n t  c an  be m e a su re d  more a c c .u ra te  i y  

t h a n  t h e  Hp v a l u e  o f  t h e  peak  i t s e l f  and  a l s o  s h o u l d  be 

l e s s  d e p e n d e n t  upon  t h e  e f f e c t s  o f  s c a t t e r i n g  and e n e r g y  

l o s s  i n  t h e  f o i l .  An a n a l y s i s  s i m i l a r  t o  t h a t  o f  W alker  

and M cD anie l  (1948)  shows t h a t  a  r e l a t i o n  o f  t h e  fo rm ;
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s h o u l d  he a c c i i r a t e  t o  w i t h i n  0.5/a o v e r  t h e  e n e r g y  r a n g e  

f rom  3 .5  MeV u p w a r d s ,  where  k  i s  t h e  e n e r g y  o f  t h e  gamma- 

r a y s  and f*. t h e  r e s t  e n e r g y  o f  an e l e c t r o n .  ho a b s o l u t e

c a l i b r a t i o n  o f  t h e  f l u x m e t e r  c o i l  was made.  I t  was

assum ed t h a t  t h e  f l u x m e t e r  r e a d i n g s  were  p r o p o r t i o n a l  t o  

t h e  m agne t  f i e l d .  The s p e c t r a  o f  t h e  6 .1 3  MeV gamma r a y s  

f rom  t h e  340 keV r e s o n a n c e  o f  t h e  r e a c t i o n  If )

and o f  t h e  1 7 . 6  MeV gamma r a y  f rom  t h e  440 keV r e s o n a n c e  

o f  t h e  r e a c t i o n  were m e a su re d  and u s e d  t o

c a l c u l a t e  t h e  c o n v e r s i o n  f a c t o r  b e tw e e n  f l u x m e t e r  r e a d i n g s  

and  H f> v a l u e s .  The v a l u e s  o f  t h e  c o n v e r s i o n  f a c t o r  

o b t a i n e d  f rom  t h e  two m e a su re m e n ts  d i f f e r e d  by  o n l y  0.5/b 

and t h e  mean v a l u e  was u s e d  i n  t h e  c a l c u l a t i o n  o f  

s u b s e q u e n t  r e , s u i t s .

The s p e c t r u m  o f  t h e  6 .1 3  MeV gamma r a y s  f rom  F 

i s  shown i n  F i g * I I I  ( v i i i )  t o  i l l u s t r a t e  t h e  r e s o l u t i o n  o f  

t h e  s p e c t r o m e t e r .

* * * * * * *
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o f  t h e  compound n u c l e u s  Be* * The e x c i t e d  Be* n u c l e u s  can  

t h e n  d e ca y  by t h e  e m i s s i o n  o f  two a l p h a - p a r t i c l e s  o r  by t h e  

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

e x c i t e d  s t a t e s  o f  Be* . An e n e r g y  l e v e l  d ia g ra m  which  

i l l u s t r a t e s  t h e s e  p r o c e s s e s  i s  shown i n  B i g . I V  ( l ) .  I f  t h e  

e x c i t e d .  B e*  n u c l e u s  i s  fo rm ed  i n  a  s t a t e  h a v i n g  a n g u l a r  

momentum and p a r i t y  v a l u e s  su c h  t h a t  t h e  e m i s s i o n  o f  two 

a l p h a - p a r t i c l e s  i s  a l l o w e d ,  t h e n  t h i s  p r o c e s s  w i l l  t a k e  

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

e n e r g y  w i l l  be many o r d e r s  o f  m a g n i tu d e  s h o r t e r  t h a n  t h a t  

f o r  t h e  e m i s s i o n  o f  gamma q u a n t a .  However i f ,  f o r  e x am p le ,  

an  e x c i t e d  s t a t e . o f  Be* i s  fo rm ed  w i t h  an  odd number o f  

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

i s  c o m p l e t e l y  f o r b i d d e n ,  t h e n  t h e  s t a t e  can  o n ly  d eca y  by 

t h e  e m i s s i o n  o f  g a m m a - r a d i a t i o n .  The r e - e m i s s i o n  o f  a  

p r o t o n  i s ,  o f  c o u r s e ,  a lw ays  a l l o w e d ,  b u t  t h i s  w i l l  s im p ly  

be  o b s e r v e d  a s  e l a s t i c  o r  i n e l a s t i c  s c a t t e r i n g .  The 

e m i s s i o n  o f  g a m m a - r a d i a t i o n  w i t h  e n e r g y  o f  t h e  o r d e r  o f  

17 IvieV f rom  t h e  bombardment o f  L i 7 w i t h  p r o t o n s  h a s  been  

o b s e r v e d  and m e a s u re d  by a  number o f  w o r k e r s .  T h is  

r a d i a t i o n  h a s  b e e n  found  t o  show a  s t r o n g  r e s o n a n t  

e x c i t a t i o n  a t  a  p r o t o n  e n e r g y  o f  440 k e v ,  t h e  w i d t h  o f  t h e  

r e s o n a n c e  b e i n g  a b o u t  11 k e v .  T h i s  r a d i a t i o n  i s  a ssum ed
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t o  come f rom a  l e v e l  i n  Be® a t  a b o u t  17 Ivlev above t h e

g ro u n d  s t a t e ,  which  h a s  a n g u l a r  momentum and p a r i t y  v a l u e s

w hich  f o r b i d  t h e  e m i s s i o n  o f  two a l p h a - p a r t i c l e s .  E a r l y

m e a su re m e n ts  o f  t h e  gamma-ray s p e c t r u m  ( D e l s a s s o  e t  a l  1937)

showed a  s t r o n g  l i n e  a t  a b o u t  17 MeV and i n d i c a t e d  t h e

p r e s e n c e  o f  r a d i a t i o n  i n  t h e  r e g i o n  o f  14 MeV, b u t  t h e

r e s o l u t i o n  o f  t h e  m e t h o d s ’u s e d  were n o t  s u f f i c i e n t  t o

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

r a d i a t i o n .  However, i n  1948 W alk e r  and  M cD anie l  made a

p r e c i s i o n  m ea su rem en t  w i t h  t h e i r  n e w l y - d e v e l o p e d  p a i r

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

o f  a  s h a r p  l i n e  a t  1 7 . 6  MeV and a  b r o a d  l i n e  c e n t r e d  a t

1 4 . 8  Mev w i t h  an  e n e r g y . w i d t h  o f  a b o u t  2 . 1  Mev. The

m o s t  r e a s o n a b l e  a s s u m p t i o n  f o r  t h e  p r e s e n c e  o f  t h e  14 iieV
♦

r a d i a t i o n  i s  t h a t  i t  i s  due t o  a  t r a n s i t i o n  t o  a  b r o a d  

l e v e l ,  i n  Bef  a t  a b o u t  2 . 8  MeV above the '  g ro u n d  s t a t e .

The p r e s e n c e  o f  su c h  a  s t a t e  h a d  a l r e a d y  b e e n  s u g g e s t e d  by 

t h e  m e a s u re m e n ts  o f  Dee and G i l b e r t  .(1936) on t h e  r e a c t i o n  

•Bv’C y t ,#  ) Be* . T h i s  l e v e l  m ust  d e cay  e i t h e r  by t h e  

e m i s s i o n  o f  two a l p h a - p a r t i c l e s  o r  by  t h e  e m i s s i o n  o f  a  

gam m a-ray .  The w i d t h  o f  t h e  l e v e l  s u g g e s t s  v e r y  s t r o n g l y  

t h a t  t h e  f o r m e r  p r o c e s s  t a k e s  p l a c e .  The e m i s s i o n  of. 

a l p h a  p a r t i c l e s  o f  t h e  o r d e r  o f  1 . 5  Mev was s e a r c h e d  f o r  by 

Rumbaugh e t  a l  (1938)  f o l l o w i n g  t h e  gamma-ray m easu rem en ts  

o f  D e l s a s s o  e t  a l  ( 1 9 3 7 ) .  However, t h e s e  w o r k e r s  u s e d  t h e  

r a n g e  m ethod  o f  m ea su re m e n t  and t h e  p r e s e n c e  o f  t h e  s c a t t e r e d



i l l -

p r o t o n s ,  whose maximum r a n g e  i s  a lm o s t  e q u a l  t o  t h a t  o f

1 . 5  Mev a l p h a - p a r t i c l e s ,  p r e v e n t e d  o b s e r v a t i o n  o f  t h e  

a l p h a - p a r t i c l e s .

A f t e r  t h e  p u b l i c a t i o n  o f  t h e  r e s u l t s  o f  W alker  and 

M cD an ie l  we d e c i d e d  t o  s e a r c h  f o r  t h e s e  a l p h a - p a r t i c l e s  

w i t h  t h e  m a g n e t i c  s p e c t r o m e t e r  d e s c r i b e d  i n  s e c t i o n  I I I  ( l ) .  

P r e l i m i n a r y  m e a s u r e m e n ts  were made w i t h  a  t a r g e t  o f  n o rm al  

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

p a r t i c l e s  f rom t h e  r e a c t i o n  L i  6 (^ i ,<x)He3 p r e v e n t e d  

o b s e r v a t i o n  o f  t h e  p a r t i c l e s  f rom L i 7 . A s e p a r a t e d  

i s o t o p i c  t a r g e t  o f  L i 7 was t h e r e f o r e  o b t a i n e d  f rom  A .B .B .E .  

H a r w e l l .  W ith  t h i s  t a r g e t  a l p h a - p a r t i c l e s  were o b s e r v e d  

w i t h  an e n e r g y  o f  t h e  o r d e r  o f  1 . 5  Mev which  showed a 

r e s o n a n t  e x c i t a t i o n  v e r y  s i m i l a r  t o  t h a t  f o r  t h e  gam m a-rays .  

The f i n a l  r e s u l t s  a r e  shown i n  P i g .  I T  ( i i )  end P i g .  IT  ( i i i ) .  

These  m e a su re m e n ts  were made w i t h  a  l i t h i u m  h y d r o x i d e  t a r g e t  

o f  t h i c k n e s s  e q u i v a l e n t  t o  a b o u t  15 k e v  f o r  p r o t o n s  o f  

500 k e v .  P i g . I T  ( i i )  shows t h e  e x c i t a t i o n  c u rv e  o f  t h e

a l p h a  p a r t i c l e s  and  t h e  gamma-rays a s  a  f u n c t i o n  o f  p r o t o n  

e n e r g y .  P o r  t h i s  m easu re m e n t  t h e  m agne t  c u r r e n t  o f  t h e  

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

maximum o f  t h e  a l p h a - p a r t i c l e  s p e c t r u m .  I t  w i l l  be s e e n  

t h a t  t h e  e x c i t a t i o n  c u r v e  o f  t h e  a l p h a - p a r t i c l e s  i s  a lm o s t  

i d e n t i c a l  i n  shape  w i t h  t h a t  o f  t h e  gam m a-rays ,  p r o v i d i n g  

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

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

t h e  maximum o f  t h e  e x c i t a t i o n  c u r v e , i s  shown i n  P i g .  IV ( i i i ) . 

I t  w i l l  be  s e e n  t h a t  t h e  s p e c t r u m  -.shows a  b r o a d  g ro up  w i t h  a  

maximum a t  an e n e r g y  o f  1 . 5  Mev and an e x p e r i m e n t a l  w i d t h  a t  

h a l f  a m p l i t u d e  o f  1 . 2  Mev. The oaergy w i d t h  a f t e r  a l l o w a n c e  

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

i s  1 .0 5  Mev.

I n  o r d e r  t o  c a l c u l a t e  t h e  p o s i t i o n  and  w i d t h  o f  t h e  

e n e r g y  l e v e l  i n  Be* from  t h i s  d a t a  i t  ' i s  n e c e s s a r y  t o  make 

a l l o w a n c e  f o r  t h e  momentum.of t h e  in c o m in g  p r o t o n  and  o f  t h e  

o u t g o i n g  1 4 . 8  Mev. gamma r a y .  The e f f e c t  o f  t h e  momentum 

r e c o i l  due t o  t h e  gamma r a y  i s  n e g l i g i b l e  on t h e  p o s i t i o n  

o f  t h e  maximum e n e r g y  b u t  h a s  an a p p r e c i a b l e  e f f e c t  on t h e ‘ 

e n e r g y  w i d t h .  I f  we assume t h a t  t h e  a n g u l a r  d i s t r i b u t i o n  

o f  t h e  gamma-ray i s  i s o t r o p i c  (Devons and  Hine  1949) the r i  we 

c a n  c a l c u l a t e  t h a t  i t  would  c o n t r i b u t e  an e n e r g y  w id th  o f  

a b o u t  400 keV t o  a  homogeneous g ro u p  o f  a l p h a - p a r t i c l e s '  o f  

t h e  e n e r g y  o b s e r v e d  i n  t h i s  e x p e r i m e n t .  I f  we c a l l  t h i s  

w i d t h  Jf and  t h e  t r u e  w i d t h  o f  t h e  Be* l e v e l 2Q , t h e n  t h e  

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

s h o u l d  be  g i v e n  b y ;

r '  = c t r 1 (1 )

Talcing t h e  o b s e r v e d  v a l u e  o f  f* t o  be 1 .0 5  Mev we o b t a i n  a  

v a l u e  o f  0 . 9 7  Mev f o r  Q  and hence  a  v a l u e  o f  1 . 9 4  Mev f o r

2 Q  , t h e  t r u e  w i d t h  o f  t h e  Be* l e v e l .  T h is  i s  i n  good
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1 1 “

a g re e m e n t  with,  t h e  v a l u e  o f  2 . 1  Mev o b t a i n e d  by W alk e r  and 

M acD an ie l  (1948)  f rom  t h e  g a m m a-ra y s . Prom t h e  e n e r g y  o f  

1 . 9  Mev f o r  t h e  maximum o f  t h e  g ro u p  and t h e  p r o t o n  

b o m b ard in g  e n e r g y  o f  450 k e v  we c a l c u l a t e  t h e  p o s i t i o n  o f

t h e  c e n t r e  o f  t h e  l e v e l  i n  Be*  t o  be 2 . 7  Mev above t h e

s t a t e  o f  two f r e e ' a l p h a - p a r t i c l e s . The b e s t  v a l u e  f o r
*

t h e  e n e r g y  r e l e a s e  i n  t h e  d i s i n t e g r a t i o n  o f  t h e  g ro un d  

s t a t e  o f  Be* i n t o  two a l p h a - p a r t i c l e s  i s  0 .0 9  Mev 

( T o l l e s t r a p  e t  a l  1 9 4 9 ) .  T ak in g  t h i s  v a l u e , -  we o b t a i n  

an  e n e r g y  o f  2 . 6  Mev f o r  t h e  p o s i t i o n  o f  t h i s  l e v e l  above 

t h e  g ro u n d  s t a t e  o f  Be * , which  i s  i n  r e a s o n a b l e  a g re e m e n t  

w i t h  t h e  v a l u e  "of 2 . 8  Mev fo u n d  by  W alker  and M a c D a n ie l .

A s i m i l a r  i n v e s t i g a t i o n  o f  t h i s  r e a c t i o n  h a s  b e en

made by Burcham and Freeman (1950)  and t h e i r  r e s u l t s  a r e  

i n  s a t i s f a c t o r y  a g re e m e n t  w i t h  t h o s e  p r e s e n t e d  h e r e .

* * * * * * *



IV. 2 . The Reactions B *° + d and b" + d.

( a) The G-anmia-R ays  and t h e i r  a s s i g n m e n t .

The r e a c t i o n s  i n d u c e d  i n  t h e  two i s o t o p e s  o f  b o r o n  

by d e u t e r o n  bombardment  have  b e en  s t u d i e d  by  a  v a r i e t y  o f  

m e th o d s  and have  y i e l d e d  a  c o n s i d e r a b l e  amount o f  

i n f o r m a t i o n  on t h e  e n e r g y  l e v e l s  o f  t h e  v a r i o u s  r e s i d u a l  

n u c l e i  i n v o l v e d ,  namely  Be * , Be 9 , B #* , B / z , C n and  G . 

The gamma-ray s p e c t r u m  f rom  t h e  bombardment o f  n a t i i r a l  

b o r o n ,  w hich  c o n s i s t s  o f  8 Ofo B * and 20  ̂ B /0 , h a s  b e e n

s t u d i e d  by G-aertfc.ner e t  a l  (1939)  and H a l p e r n  and Crane  

(1939)  by  t h e  c l o u d  chamber  t e c h n i q u e  d i s c u s s e d  i n  

s e c t i o n  1*5* However,  b e c a u s e  o f  t h e  c o m p l i c a t i o n  o f  

t h e  sp e c t r u m  and t h e  c o m p a r i t i v e l y  p o o r  r e s o l u t i o n  and 

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

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

p a r t i c u l a r  r e a c t i o n s  w i t h  any d e g r e e  o f  c e r t a i n t y .  I t  

was t h e r e f o r e  d e c i d e d  t o  i n v e s t i g a t e  t h e s e  gamma-rays w i t h  

t h e  s p e c t r o m e t e r  d e s c r i b e d  i n  s e c t i o n  I I I  2 .  and  t o  u s e
/O ||

s e p a r a t e d  i s o t o p i c  t a r g e t s  o f  B and B t o  a s s i s t  i n  

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

M e asu rem en ts  were f i r s t  made w i t h  a  t a r g e t  o f  n a t u r a l  

b o r o n  i n  o r d e r  t o  o b t a i n  a  d i r e c t  c o m p a r i s o n  w i t h  t h e  

e a r l i e r  work .  The t a r g e t  was p r e p a r e d  by  m ak ing  a  p a s t e  

o f  f i n e l y  powdered  amorphous b o r o n  i n  a l c o h o l  and a l l o w i n g

i t  t o  e v a p o r a t e  on a b r a s s  p l a t e .  The t a r g e t  was



bombarded w i t h  600 keV d e u t e r o n s  i n  t h e  manner  d e s c r i b e d  

i n  S e c t i o n  I I I  2 .  and t h e  m e a su re d  gamma-ray s p e c t r u m  i s  

shown i n  F i g . I V  ( i v ) . A t  t h e  t im e  o f  t h i s  m easu rem en t  t h e  

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

m e n t i o n e d  i n  S e c t i o n  I I I  2 .  and t h e  b a c k g ro u n d  c o i n c i d a n c e  

r a t e  due t o  n e u t r o n s  was o f  t h e  same o r d e r  o f  m a g n i tu d e  a s  

t h a t  due t o  p a i r s  p r o d u c e d  by  gamma-rays i n  t h e  f o i l .  T h is  

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

shown i n  F i g , I V  ( i v ) ,  b u t ,  a s  a  r e s u l t ,  t h e  s t a t i s t i c a l  

e r r o r s  were r a t h e r  l a r g e ,

A t a r g e t  o f  B f° , p r e p a r e d  i n  t h e  H a r w e l l  e l e c t r o ­

m a g n e t i c  s e p a r a t o r ,  was t h e n  bom barded  w i t h  600 keV 

d e u t e r o n s  and t h e  m e a s u r e d  gamma r a y  s p e c t r u m  i s  shown i n  

F i g , I V  ( v ) . The b a c k g ro u n d  was c o n s i d e r a b l y  s m a l l e r  on

t h i s  r u n ,  p a r t l y  b e c a u s e  o f  t h e  v e r y  much s m a l l e r  n e u t r o n
to  f  t . H

f l u x  from  t h e  B >n ) C r e a c t i o n  a s  compared  w i t h  t h a t

f rom  B (d* h  ) c ,t  , and  p a r t l y  b e c a u s e  o f  t h e  b a f f l e s  

w h ich  had  b een  f i t t e d  t o  t h e  s p e c t r o m e t e r .  The gamma-ray 

y i e l d  was a l s o  g r e a t e r  b e c a u s e  o f  t h e  u se  o f  an  i s o t o p i c  

t a r g e t .  The s t a t i s t i c a l  a c c u r a c y  was,  t h e r e f o r e ,  v e r y  

much b e t t e r  on t h i s  r u n  t h a n  on t h e  p r e v i o u s  on e .

A t h i r d  r u n  was made w i t h  a  t a r g e t  o f  s e p a r a t e d  B 11 

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

shown i n  F i g . I V  ( v i ) . The b a c k g ro u n d  on t h i s  r u n  was o f  

t h e  o r d e r  o f  one t h i r d  o f  t h e  t r u e  c o i n c i d e n c e  r a t e  a t  t h e  

p e a k  o f  t h e  s p e c t r u m  and h a s  b e e n  s u b t r a c t e d  t o  g i v e  t h e
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s p e c t r u m  shown.

The r e s u l t s  o f  t h e s e  t h r e e  r u n s  a r e  sum m ar ised  i n  

T ab le  I ,  t o g e t h e r  w i t h  t h e  m e a su re m e n ts  o f  p r e v i o u s  w o rk e r s  

on t h e  same r e a c t i o n .  I t  w i l l  he s e e n  t h a t  t h e  m a j o r i t y  

o f  t h e  h i g h  e n e r g y  gamma-rays  f rom  B + d r e a c t i o n s  a r e  due
IO if

t o  t h e  B i s o t o p e  and t h a t  B + d does  n o t  p ro d u c e  any 

gamma r a y s  o f  e n e r g y  g r e a t e r  t h a n  4 .4 4  MeV. The s p e c t r u m  

f rom  B 10 + d i s  c l e a r l y  complex i n  t h e  r e g i o n  b e tw e e n  6 and 

7 MeV and i s  n o t  c o m p l e t e l y  r e s o l v e d .  However, b o t h  t h e  

B + d and B /0 + d r u n s  i n d i c a t e  two gamma-rays o f  t h e  same 

o r d e r  o f  i n t e n s i t y  a t  6 . 4  and 6 . 7  MeV. T h ere  i s  a l s o  a  

p ro n o u n c e d  ' t a i l 1 on t h e  h i g h  e n e r g y  s i d e  o f  t h e s e  p e a k s  

w h ich  s u g g e s t s  t h e  p r e s e n c e  o f  a  gamma-ray o f  s m a l l e r  

i n t e n s i t y  a t  a b o u t  7 MeV.

We c an  now c o n s i d e r  t h e  i n t e r p r e t a t i o n  o f  t h e s e  

r e s u l t s .  I n  t h e  c a s e  o f  B 10 + d ,  t h r e e  r e a c t i o n s  a r e  

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

d i a g r a m  o f  P i g .  IV ( v i i )  . These  a r e :  B /0 {<L, fi ) B #l ,
Q = 9 . 2 4  Me?; b ' °  ( A , «() B e * , Q = 1 7 . 8  Me?; and B ' ° ( d . n  )C " ,

Q = 6 .5 3  Me?.

The r e a c t i o n  B B M l e a d s  t o  a  number o f

e x c i t e d  s t a t e s  i n  B H . The m os t  p r e c i s e  m ea su re m e n ts  o f

t h e  e n e r g i e s  o f  t h e s e  p r o t o n  g ro u p s  have  been  made by 

Buaechner and  h i s  c o - w o r k e r s  u s i n g  1 . 5  MeV d e u t e r o n s ,  and 

h i s  r e s u l t s  a r e  shown i n  T a b le  I I ,  w h ich  a r e  t a k e n  from 

t h e  r e c e n t  r e v i e w  by Hornyak e t  a l  ( 1 9 5 0 ) .  These r e s u l t s
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were n o t  a v a i l a b l e  a t  t h e  t im e  a t  w hich  t h e  p r e s e n t  

m e a su re m e n ts  were made. We a l s o  i n c l u d e  i n  T ab le  I I  t h e  

r e s u l t s  o f  m e a su re m e n ts  on t h e s e  p r o t o n  g r o u p s  w hich  were 

made w i t h  600 keV d e u t e r o n s  and w i l l  be d e s c r i b e d  l a t e r  

i n  t h i s  s e c t i o n .  I t  w i l l  be been t h a t  t h e  e n e r g i e s  o f  

t h e  m e a s u r e d  gamma r a y s  a t  4 . 5 ,  6 , 7  and 8 . 9  MeV a r e  i n  

good a g re e m e n t  w i t h  t h e  e n e r g y  l e v e l s  p r e d i c t e d  by t h e  

t h r e e  m os t  i n t e n s e  p r o t o n  g r o u p s .  The i n t e n s i t i e s  o f  

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

o b s e r v a b l e  gamma-rays  i n  t h i s  work ,  b u t  t h e  p r o t o n  g rou p  

c o r r e s p o n d i n g  t o  t h e  7 . 3  MeV l e v e l  i s  a lm o s t  c e r t a i n l y  

r e s p o n s i b l e  f o r  t h e  sh ap e  o f  t h e  gamma-ray s p e c t r u m  on 

t h e  h i g h  e n e r g y  s i d e  o f  t h e  6 . 7  MeV p e a k .
IO ^

The B (< i ,« f)Be  r e a c t i o n  i s  known t o  l e a d  t o  

l e v e l s  i n  B e 8 a t  7 . 5  MeV and 2 .9  MeV. ( S m i th  and M u r r e l l  

1939)  b u t  i t  i s  a lm o s t  c e r t a i n  t h a t  t h e s e  l e v e l s  decay  

w i t h  t h e  e m i s s i o n  o f  two a l p h a - p a r t i c l e s  and would n o t ,  

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

The n e u t r o n s  f rom  B #° { d y h)  C* h a v e  b e e n  s t u d i e d  

by  G ibson  (1949)  a t  Ed = 0 .9 3  MeV and by Swann and 

H u d sp e th  (1949)  a t  Ed == 1 . 4  MeV. The f o r m e r  f i n d  n e u t r o n  

g r o u p s  c o r r e s p o n d i n g  t o  t h e  g round  s t a t e  and t o  a  2 .0  MeV 

e x c i t e d  s t a t e  i n  CM . The l a t t e r  f i n d  e v i d e n c e  f o r  o n ly  

two l e v e l s  i n  C H a t  4 .5  and 6 . 7  MeV, b u t  t h e r e  i s  a  

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

t o  c o n t a m i n a t i o n .  I f  a  l e v e l  e x i s t s  i n  t h e  r e g i o n  o f  6 .7



MeV i t  n a y  be r e s p o n s i b l e  f o r  t h e  c o m p l e x i t y  o f  t h e  gamma- 

r a y  s p e c t r u m  i n  t h i s  r e g i o n .  Cur r e s u l t s  would be b e t t e r  

e x p l a i n e d  by a  l e v e l  a t  6 . 4  MeV, b u t  t h i s  i s  n o t  o u t s i d e  

t h e  e x p e r i m e n t a l  e r r o r  o f  t h e  m e a su re m e n ts  o f  Swann and 

H u d s p e t h .

We may sum m arise  t h e s e  c o n c l u s i o n s  by  s a y i n g  t h a t  t h e

m a j o r i t y  o f  t h e  h i g h  e n e r g y  gamma r a y s  f rom B*° + d a r i s e s

f rom  t r a n s i t i o n s  b e tw e e n  e x c i t e d  s t a t e s  o f  B 11 and t h e

g ro u n d  s t a t e ,  f o l l o w i n g  t h e  B m B** r e a c t i o n ,  b u t

t h a t  t h e r e  may be some g a m m a - r a d i a t i o n  o f  e n e r g y  a b o u t  6 .4

MeV f rom  t h e  3*° {d9 h ) c ## r e a c t i o n .

I n  t h e  c a s e  o f  B n + d ,  we m us t  c o n s i d e r  t h e  r e p l e t i o n s

b "  ( d , »  ) e x , Q = 1 3 . 7 8  IvleV; B* (<£, /v ) b '* '  , Q = 1 . 0 6  MeV and

B* ( d , e ( ) Be , Q = 8 . 0 3  IvleV., a s  shown i n  t h e  e n e r g y  l e v e l

d ia g r a m  o f  P i g . I V  ( v i i i ) . The f i r s t  r e a c t i o n  h a s  b e e n

r e c e n t l y  s t u d i e d  by  G-ibson (1949)  and i s  fo u n d  t o  y i e l d
t z  +n e u t r o n  g r o u p s  l e a d i n g  t o  e x c i t e d  s t a t e s  o f  C a t  9 .7 2  -

0 . 1 5  MeV and 4 .4 7  -  0 . 1 0  MeV w i t h  r e l a t i v e  i n t e n s i t i e s  o f

0 . 6 7  : I .  The seco n d  g ro u p  c o r r e s p o n d s  w e l l  w i t h  t h e
+

gamma-ray e n e r g y  o f  4 .4 4  -  0 . 0 5  MeV m e a su re d  i n  t h i s  work.  

However,  t h e r e  i s  no e v id e n c e  o f  a  gamma-ray a t  9 . 7  MeV.

T h i s  i s  n o t  u n e x p e c t e d ,  s i n c e  t h i s  l e v e l  c an  d e c sy  by t h e  

e m i s s i o n  o f  an a l p h a - p a r t i c l e  t o  t h e  g ro u nd  s t a t e  o f  B e * . , 

w i t h  an e n e r g y  r e l e a s e  o f  2 .3  MeV and one would e x p e c t  t h e  

l i f e t i m e  f o r  t h i s  p r o c e s s  t o  be v e r y  much s h o r t e r  t h a n  t h a t  

f o r  e m i s s i o n  o f  a  gamma-ray .  The p o s s i b i l i t y  o f  a  c a s c a d e
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t r a n s i t i o n  t h r o u g h  t h e  4 .5  MeV l e v e l  seems t o  he r u l e d  o u t  

by t h e  f a c t  t h a t  a  gamma r a y  o f  e n e r g y  5 .2  MeV i*s n o t  

o b s e r v e d ,
H /Z-The r e a c t i o n  B ( d , f i ) B  n e e d  n o t  be c o n s i d e r e d  

b e c a u s e  o f  i t s  low  Q - v a l u e .  The r e a c t i o n  B J ( d , *  )Be 9 

h a s  r e c e n t l y  b e e n  s t u d i e d  by  Van P a t t e r  and B u e ch n e r  

(H ornyak  e t  a l  1950) and  h a s  b e e n  fo u n d  t o  l e a d  o n l y  t o  

t h e  2 . 4  MeV l e v e l  i n  Be . I t  would n o t ,  t h e r e f o r e ,  be 

e x p e c t e d  t o  c o n t r i b u t e  t o  the-gamma r a d i a t i o n  o b s e r v e d  

i n  t h i s  w ork .

We may sum m arise  t h e s e  c o n c l u s i o n s  by s a y i n g  t h a t  t h e  

h i g h  e n e r g y  g a m m a - r a d i a t i o n  from B + d a r i s e s  f rom  t h e  

t r a n s i t i o n  from t h e  4 .4 7 MeV l e v e l  i n  C/^to  t h e  g ro u n d  

s t a t e  and t h a t  t h e  9 . 7  MeV l e v e l  i n  C* d e c a y s  by a l p h a -  

p a r t i c l e  e m i s s i o n  t o  Be* .

(b )  The P r o t o n  G ro u ps .

We h ave  a l r e a d y  n o t e d  t h a t  t h e  p r o t o n  g r o u p s  f rom  

t h e  B #° ( d , / \ ) B #l r e a c t i o n  h av e  r e c e n t l y  b e e n  m e a su re d  by 

Bu.echner e t  a l  w i t h  a  h i g h  d e g r e e  o f  p r e c i s i o n .  However,  

h i s  m e a s u re m e n ts  were  made a t  a  d e u t e r o n  e n e r g y  o f  1 . 2  MeV 

and no ' i n f o r m a t i o n  was g i v e n  on t h e  r e l a t i v e  i n t e n s i t i e s  

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

i n t e r p r e t a t i o n  o f  t h e  gamma-ray m ea su re m e n ts  we w ish e d  t o  

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

d e u t e r o n  e n e r g y  o f  600 keV. We t h e r e f o r e  made an 

i n v e s t i g a t i o n  o f  t h e s e  p r o t o n  g r o u p s  w i t h  t h e  s p e c t r o m e t e r



d e s c r i b e d  i n  S e c t i o n  I I I . I .

A t a r g e t  o f  s e p a r a t e d  B 10 was bom barded  w i t h  600 keV 

d e u t e r o n s  and t h e  d i s i n t e g r a t i o n  p r o t o n s  were o b s e r v e d  i n  

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

e n e r g y  p r o t o n  g ro u p  w h ich  was t o  be o b s e r v e d  had  an e n e r g y  

o f  o n l y  700 keV and t h e r e f o r e  h ad  a  c o n s i d e r a b l y  s m a l l e r  Hf  

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

However,  t h e  r a n g e  o f  a  700 k e v  p r o t o n  i s  g r e a t e r  t h a n  t h a t  

o f  a  600 keV d e u t e r o n  and hence  i t  was p o s s i b l e  t o  p r e v e n t  

t h e  d e u t e r o n s  from e n t e r i n g  t h e  c o u n t e r  by  means o f  a  f o i l  

o f  s u i t a b l e  t h i c k n e s s .  Prom t h e  c u r v e s  o f  P i g . I  ( i i i )  

we f i n d  t h a t  t h e  r a n g e  o f  a  700 keV p r o t o n  i s  1 .2 3  cms.  

o f  a i r  and t h a t  o f  a  600 keV d e u t e r o n  i s  0 .9 2  cms.

The f i r s t  m e a su re m e n ts  were made w i t h  a  f o i l  o f  0 . 7  

cms. a i r  e q u i v a l e n t  t h i c k n e s s .  The e f f e c t i v e  s t o p p i n g  

power o f  t h e  c o u n t e r  window i t s e l f  and  t h e  c o u n t e r  g a s  i n  

t h e  i n i t i a l  i n s e n s i t i v e  volume o f  t h e  c o u n t e r  was a b o u t  

0 . 3  cms, so t h a t  t h e  t o t a l  e f f e c t i v e  a b s o r b e r  t h i c k n e s s  

was a b o u t  1 . 0  cms. The s p e c t r u m  o b t a i n e d  u n d e r  t h e s e  

c o n d i t i o n s  i s  shown i n  P i g . I V  ( i x )  ( a ) .  I t  w i l l  be se en  

t h a t  g r o u p s  a r e  fo u n d  a t  f l u x m e t e r  r e a d i n g s  o f  56,  6 8 .5 ,

8 2 .5  and 1 00 ,  and t h e r e  i s  no s i g n  o f  t h e  p r e s e n c e  o f  

s c a t t e r e d  d e u t e r o n s .  The window t h i c k n e s s  was t h e n  

r e d u c e d ,  so t h a t  t h e  t o t a l  a b s o r b e r  t h i c k n e s s  was o f  t h e  

o r d e r  o f  0 . 7  cms, and t h e  s p e c t r u m  shown i n  P i g . I V  ( i x ) ( b )  

was t a k e n .  I t  w i l l  be  s e e n  t h a t  a  v e r y  i n t e n s e  b r o a d
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g rou p  a p p e a r s ,  w hich  i s  due t o  e l e a s t i c a l i y  s c a t t e r e d  

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

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

w h ich  have  t h e  same fif> a s  t h i s  730 keV p r o t o n  g ro u p  have  

an e n e r g y  o f  o n ly  365 keV and a r e  t h e r e f o r e  c o m p l e t e l y  

s t o p p e d  by  t h e  f o i l .

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

t h e  m easu rem en t  o f  t h e  p r o t o n  g r o u p s  o f  h i g h e r  e n e r g y .

The uppQr e n e r g y  l i m i t  im posed  by t h e  maximum f i e l d  

a v a i l a b l e  f rom the. s p e c t r o m e t e r  m a g n e t - i s  a b o u t  2 . 3  MeV.

I n  o r d e r  t o  o b s e r v e  g r o u p s  o f  h i g h e r  e n e r g y ,  a lum in ium  

f o i l s  o f  known t h i c k n e s s  were p l a c e d  o v e r  t h e  s l i t  a t  t h e  

open end o f  t h e  t u b e  A i n  P i g . I l l  ( i i i ) .  Thus t h e  d i s ­

i n t e g r a t i o n  p r o t o n s  were s low ed  down i m m e d i a t e l y  a f t e r  

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

any  d e s i r e d  p r o t o n  g ro u p  c o h l d  be b r o u g h t  w i t h i n  t h e  

r a n g e  o f  t h e  s p e c t r o m e t e r .  The t h i c k n e s s  o f  t h e ' f o i l s  

was m e a s u r e d  by  c a r e f u l  m easu rem en t  o f  t h e i r  m ass  and a r e a .  

The e n e r g y  o f  t h e  p r o t o n s  l e a v i n g  t h e  t a r g e t  was t h e n  

c a l c u l a t e d  f rom  t h e i r  m e a su re d  e n e r g y  a f t e r  t r a v e r s i n g  

t h e  f o i l  by  means o f  t h e  p u b l i s h e d  r a n g e - e n e r g y  c u r v e s .

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

t h i c k n e s s  6 . 3 ,  1 2 . 6 ,  3 2 .0  and  3 8 .3  Mg/cms1 a r e  shown i n  

P i g s .  IV ( i x ) ( c ) ,  ( d ) ,  ( e )  and  ( f )  r e s p e c t i v e l y .  P o r  

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

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

m e a su re m e n ts  a  G e ig e r  c o u n t e r  was u s e d  t o  m o n i t o r  t h e

gamma-ray o u t p u t  and t h e  o r d i n a . t e s  o f  t h e  g r a p h s  axe t h e  

p r o t o n  c o u n t s  f o r  a f i x e d  number o f  c o u n t s  i n  t h e  m o n i t o r  

c o u n t e r .  A l l  t h e  o b s e r v e d  p r o t o n  g r o u p s  a r e  due t o  t h e
IQ / j  \  !•B r e a c t i o n  w i t h  t h e  e x c e p t i o n  o f  t h e  g ro u p

a t  1*6 MeV, w hich  i s  due t o  t h e  0 ( d 9p. )  0 r e a c t i o n ,

and t h e  g rou p  a t  3 . 1  MeV, which  i s  due t o  t h e  

r e a c t i o n .  The r e s u l t s  a r e  sum m arised  i n  T a b le  I I I ,  

w hich  i l l u s t r a t e s  t h e  method  o f  c a l c u l a t i n g  t h e  p r o t o n  

e n e r g y  E c f rom  t h e  m e a s u r e d  e n e r g y  E and t h e  f o i l  

t h i c k n e s s .  'The Q v a l u e s  a r e  c a l c u l a t e d  f rom  t h e  f o r m u la  

( i )  o f  s e c t i o n  1 . 5 .  F o r  c o m p a r i s o n ,  t h e  Q v a l u e s  o b t a i n e d

by B u e c h n e r  e t  a l  (1950)  a r e  a l s o  l i s t e d  i n  T a b le  I I I .  The

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

i n  T a b le  I I I .  These r e l a t i v e  i n t e n s i t i e s  were  o b t a i n e d  i n  

t h e  u s u a l  way by m e a s u r i n g  t h e  a r e a  u n d e r  e a c h  p e ak  and 

d i v i d i n g  i t  by  t h e  f l u x  P a t  t h e  p e a k ,  t o  a l l o w  f o r  t h e  

f a c t  t h a t  t h e  r e s o l u t i o n  w i d t h  i s  p r o p o r t i o n a l  t o  P .  I t  

m u s t  be  n o t e d  t h a t  t h e s e  r e l a t i v e  i n t e n s i t i e s  r e f e r  t o  

p r o t o n s  w hich  l e a v e  t h e  t a r g e t  a t  9 0 ° t o  t h e  d i r e c t i o n  o f  

t h e  i n c i d e n t  beam and  c a n n o t  be  p r e c i s e l y  r e l a t e d  t o  t h e  

t o t a l  y i e l d s  w i t h o u t  a  knowledge  o f  t h e  a n g u l a r  d i s t r i b u t i o n s ,  

w h ich  i s  n o t  a v a i l a b l e  a t  p r e s e n t .  However,  t h e y  g iv e  t h e  

o r d e r  o f  m a g n i tu d e  o f  t h e  r e l a t i v e  y i e l d s  and we h ave  s e e n  

i n  t h e  p r e c e d i n g  p a r t  o f  t h i s  s e c t i o n  t h a t  t h e y  a r e  i n
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q u a l i t a t i v e  a g re e m e n t  w i t h  t h e  r e l a t i v e  i n t e n s i t i e s  o f  

t h e  c o r r e s p o n d i n g  gamma r a y s  f rom t h e  d e - e x c i t a t i o n  o f  

t h e  e x c i t e d  s t a t e s  i n  B .

* * * * * * *



/4-g.

IV. 3. The Reaction A l 17 + f> .

7( a) The G-amma-rays f rom A1* ( f t ,  If) S i

The e x c i t a t i o n  c u r v e  o f  t h e  gamma-rays f rom  t h e  p r o t o n  

bombardment  o f  a lu m in iu m  h a s  b e e n  s t u d i e d  by  a  number o f  

w o r k e r s ,  b u t  v e r y  l i t t l e  was known o f  t h e  e n e r g y  s p e c t r u m  

o f  t h e  gamma-rays p r i o r  t o  t h e  p r e s e n t  work* P l a i n  e t  a l  

(1940)  made an e s t i m a t e  o f  t h e  mean e n e r g y  o f  t h e  gamma-rays 

by  t h e  m ethod  o f  c o i n c i d e n c e  a b s o r p t i o n  o f  t h e  s e c o n d a r y  

e l e c t r o n s  f ro m  an  a lu m in ium  c o n v e r t e r  and showed i t  t o  be 

i n  t h e  r e g i o n  o f  7 MeV, b u t  t h i s  m ethod  i s  known t o  be 

r a t h e r  u n s a t i s f a c t o r y  i f  t h e  gamma-ray s p e c t r u m  i s  com plex .  

The .Q-va lue  f o r  t h e  r e a c t i o n  A l  ( f t t , T ) S i  was known t o  

be  i n  t h e  r e g i o n  o f  12 MeV from t h e  m ass  v a l u e s ,  so i t  

a p p e a r e d  c e r t a i n  t h a t  t h e  gamma-ray s p e c t r u m  m u s t ,  i n  f a c t ,  

be  co m plex .  The o n ly  o t h e r  p o s s i b l e  r e a c t i o n  i n  t h i s  

c a s e  i s  A l *7 (/*, *  )Mg'** , b u t  t h e  Q -v a lu e  o f  t h i s  r e a c t i o n

i s  o n l y  1 . 6  MeV and h e n c e  i t  c a n n o t  be r e s p o n s i b l e  f o r  t h e  

p r o d u c t i o n  o f  h a r d  gamma-rays*

The p r i n c i p l e  d i f f i c u l t y  i n  t h e  m easu rem en t  o f  t h i s  

gamma-ray s p e c t r u m  i s  t h a t  t h e  y i e l d  i s  r a t h e r  s m a l l  a t  

low  p r o t o n  e n e r g i e s  b e c a u s e  o f  t h e  e f f e c t  o f  t h e  p o t e n t i a l  

b a r r i e r .  The e x c i t a t i o n  c u r v e  shows a  number o f  s h a r p  

r e s o n a n c e s ,  whose p o s i t i o n  and y i e l d  have  b e e n  a c c u r a t e l y  

m e a s u r e d  by  B r o s t r o m  e t  a l  ( 1 9 4 7 ) .  We s h a l l  d i s c u s s  t h e s e  

r e s o n a n c e s  i n  more d e t a i l  i n  t h e  s e co n d  p a r t  o f  t h i s  s e c t i o n .



However we may n o t e  h e r e  t h a t  even  i f  a  t h i c k  t a r g e t  i s  

u s e d  w i t h  a  b o m b ard in g  p r o t o n  e n e r g y  o f  750 keV, t h e  

t o t a l  y i e l d  due t o  a l l  t h e  r e s o n a n c e s  below t h i s  e n e r g y  

i s  o n ly  a b o u t  1 /1 5  o f  t h a t  p r o d u c e d  by  t h e  340 keV 

r e s o n a n c e  o f  P 19 «  , Y ) 0 . T h i s  i n t e n s i t y  was

s u f f i c i e n t  t o  a l l o w  a  m easu rem en t  o f  t h e  gamma-ray 

s p e c t r u m  t o  be  made w i t h  t h e  p a i r  s p e c t r o m e t e r ,  b u t  i t  

was n o t  p r a c t i c a l  t o  m e a su re  t h e  s p e c t r u m  f rom  s e p a r a t e  

r e s o n a n c e s *

The s p e c t r u m  o b t a i n e d  f rom a  t h i c k  a lum in ium  t a r g e t  

bom barded  w i t h  750 keV p r o t o n s  i s  shown i n  P i g . I V  h ) .  T h i s  

s p e c t r u m  was o b t a i n e d  f rom  t w e n ty  s e p a r a t e  r u n s ,  e ac h  o f  

d u r a t i o n  o f  a b o u t  t w e n ty  m i n u t e s . w i t h  a  p r o t o n  beam c u r r e n t  

o f  a b o u t  150i/cA. I t  w i l l  be s e e n  t h a t  t h r e e  gamma-ray 

p e a k s  o f  e n e r g i e s  1 2 .1 2  -  0 .1  MeV, 1 0 . 4 6  -  . 0 7  MeV and 

7 .6 2  -  0 . 1  MeV a r e  c l e a r l y  r e s o l v e d ,  b u t  t h e  b a c k g ro u n d  b o t h  

above and be lo w  t h e  7 . 6  MeV p e ak  s u g g e s t s  t h e  p r e s e n c e  o f  

o t h e r  weak gam m a-rays .  The r e l a t i v e  i n t e n s i t i e s  o f  t h e  

t h r e e  m a in  p e a k s  a r e  i n  t h e  r a t i o  o f  1 : 7*5 : 3 . 5 .

The i n t e r p r e t a t i o n  o f  t h e s e  gamma-rays c a n  be d i s c u s s e d

i n  t e r m s  o f  t h e  e n e r g y  l e v e l  d ia g ra m  o f  S±Z1 shown i n  
Cxi)

P i g . I V A .The m os t  e n e r g e t i c  gamma-ray i s  p resum ed  t o  

c o r r e s p o n d  t o  t h e  d i r e c t  t r a n s i t i o n  t o  t h e  g round  s t a t e  

o f  S i  . Prom t h e  r e s u l t s  o f  B r o s t r o m  e t  a l  (1948)  on 

t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  r e s o n a n c e s  b e lo w  our  

b om b ard in g  e n e r g y  o f  750 keV we assume t h e  e f f e c t i v e  mean
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I s 2

bom b ard in g  e n e r g y  t o  be 630 k e ? ,  wliicli c o r r e s p o n d s  t o  an

a d d i t i o n a l  e x c i t a t i o n  e n e r g y  o f  610 keV i n  c e n t r e  o f  mass

c o - o r d i n a t e s .  We t h u s  o b t a i n  a  v a l u e  o f  1 1 .5 1  -  0 . 1  He?

f o r  t h e  Q -v a lu e  o f  t h e  g ro u n d  s t a t e  t r a n s i t i o n .  T h is  Q-

v a l u e  may be c a l c u l a t e d  b y  two o t h e r  m e th o d s .  F i r s t ,  t h e

r e a c t i o n s  A l *7 {d,p.  ) A ] 21 , Q = 5 .4 5  -  0 .0 5  Me? ( P o l l a r d

e t  a l  1949) and A 2** { aT  ) S i *8 , Q = 4 .8 0  -  .05  MeV, (B enes

e t  a l  1948) p r e d i c t  a  Q -v a lu e  o f  1 1 . 7 0  ± 0 . 1  MeV f o r

A l *7 ( *  . S e c o nd ,  t h e  r e a c t i o n  A l 17 (J, ft ) S i * g  ,

Q = 9 . 0 8  -  0 . 2  MeV (P e c k  1949) p r e d i c t s  a  Q -v a lu e  o f  
+

1 1 .3 1  -  0 . 2  Me?. I t  w i l l  be s e e n  t h a t  t h e r e  i s  no s e r i o u s  

d i s c r e p a n c y  b e tw e e n  t h e s e  t h r e e  d e t e r m i n a t i o n s  and t h e y  

y i e l d  a  w e i g h t e d  mean v a l u e  o f  1 1 .5 5  -  .0 7  Me?.

The gamma-ray o f  e n e r g y  1 0 . 4 6  -  . 0 7  Me? i s  a lm o s t  

c e r t a i n l y  due t o  a  c a s c a d e  t r a n s i t i o n  w h ich  p r o c e e d s  

t h r o u g h  a  l e v e l  i n  S i  i n  t h e  r e g i o n  o f  1 . 7  Me?, s i n c e  i t  

i s  v e r y  u n l i k e l y  t h a t  a gamma r a y  w i t h  an e n e r g y  a s  low as  

1 . 7  Me? would be  e m i t t e d  d i r e c t l y  f rom  such  a  h i g h l y  

e x c i t e d ' s t a t e  i n  c o m p e t i t i o n  w i t h  h i g h  e n e r g y  gam m a-rays .

On t h i s  a s s u m p t io n  o u r  m e a su re m e n ts  g i v e  a  v a lu e  o f  

1 . 6 6  + 0 . 1 2  Me? f o r  t h i s  l e v e l  i n  S i -** . The r e a c t i o n  

A l* *  ( p~ ) Si**  p r o c e e d s  v i a  a  l e v e l  a t  1 . 8 0  -  .05  Me?
7̂ 3 v(B e n es  e t  a l .  1948) and t h e  r e a c t i o n  A I ( ^ M ) S i  p r o c e e d s  

v i a  a  l e v e l  w h ich  h a s  b e e n  m e a su re d  a s  1 . 7 8  -  0 .1 3  Me? f rom 

t h e  n e u t r o n  g ro u p s  (P e ck  1949) and a s  1 .7 2  -  0 . 0 8  Me? f rom  

t h e  g a m m a - r a d i a t i o n  ( A l l b u r g e r  1 9 4 9 ) .  Thus ,  a l l  t h e



i s  2i ,

d e t e r m i n a t i o n s  a r e  c o n s i s t e n t  w i t h  a  w e i g h t e d  mean

v a l u e  o f  1 , 7 5  ± 0 . 0 4  MeV f o r  t h e  e n e r g y  o f  t h i s  l e v e l
. i fm  S i

The i n t e r p r e t a t i o n  o f  t h e  gamma-ray a t  7 .6 2  Mev 

i s  l e s s  c e r t a i n ,  b u t  i t  seems p r o b a b l e  t h a t  i t  i s  due 

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

i n  S i * *  a t  4*50 -  0 . 1 5  MeV. T h i s  i n t e r p r e t a t i o n  i s  

c o n s i s t e n t  w i t h  t h e  l e v e l  a t  4 .4 7  -  0 .1 3  MeV found  by  

P eck  (1949)  i n  t h e  A l *7 r e a c t i o n .

* * * * * *



AS

(b )  -The A l p h a - P a r t i c l e s  f rom

The a l p h a - p e p t i c l e s  f rom t h i s  r e a c t i o n  were f i r s t  

o b s e r v e d ' b y  Freeman and B a x t e r  (194-8) , who m e a su re d  t h e  

Q -v a lu e  t o  be 1 ,3 2  IvIeV. They u s e d  a  m a g n e t i c  a n a l y s e r  

t o  s e p a r a t e  t h e  a l p h a - p a r t i c l e s  f rom  t h e  e l a s t i c a l l y  

s c a t t e r e d  p r o t o n s  b u t  u s e d  a range a b s o r p t i o n  m ethod t o  

m e a su re  t h e  e n e r g y  o f  t h e  a l p h a - p a r t i c l e s  a f t e r  t h e y  

emerged  f ro m  t h e  a n a l y s e r .  I n  a  l a t e r  p a p e r  (F reem an ,  

1950) t h e y  r e p o r t e d  a  Q -v a lu e  o f  1 .5 8 5  -  0 .0 1 5  Mev, 

o b t a i n e d  by  d i r e c t  m easu rem en t  o f  t h e  v a l u e  o f  t h e  

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

d i s c r e p a n c y  b e tw e e n  t h e  two Q - v a lu e s  was a t t r i b u t e d  t o  

an  e r r o r  i n  t h e  r a n g e - e n e r g y  r e l a t i o n  u s e d  i n  t h e  e a r l i e r  

m e a s u r e m e n t .  I n  t h e i r  f i r s t  p a p e r  Freeman and B a x t e r  

gave  a  r o u g h  e x c i t a t i o n  c u r v e ,  w hich  i n d i c a t e d  a  r e s o n a n c e  

a t  a  p r o t o n  e n e r g y  o f  a b o u t  730 keV and a  w eaker  r e s o n a n c e  

i n  t h e  r e g i o n  o f  650 keV. The Cambridge  H .T .  s e t ,  w i t h  

w hich  t h i s  work was p e r f o r m e d ,  i s  n o t  v e r y  s u i t a b l e  f o r  

e x c i t a t i o n  c u r v e  m ea su re m e n ts  b e c a u s e  o f  t h e  r a t h e r  l a r g e  

e n e r g y  s p r e a d  on t h e  p r o t o n  beam due t o  t h e  t y p e  o f  i o n  

s o u r c e .  We t h e r e f o r e  d e c i d e d  t o  u n d e r t a k e  some m e a s u r e ­

m e n ts  on t h i s  r e a c t i o n  w i t h  a  v iew  t o  o b t a i n i n g  a more 

p r e c i s e  e x c i t a t i o n  c u r v e  and a t  t h e  same t im e  c h e c k i n g  t h e  

Q - v a l u e .  We have  a l r e a f l y  n o t e d  t h a t  t h e  e x c i t a t i o n  c u rv e  

f o r  t h e  r e a c t i o n  A l '  ) S i  shows a  number o f  s h a r p

r e s o n a n c e s  corresponding t o  h i g h l y  e x c i t e d  s t a t e s  o f  S i 2l? ,



i SS .

and  i t  was f e l t  t o  be o f  some i n t e r e s t  t o  se e  w h e th e r
j .

t h e  same l e v e l s  d e cay  'hj a l p h a - p a r t i c l e  e m i s s i o n  t o  H a  

i n  c o m p e t i t i o n  w i t h  t h e  gamma-ray e m i s s i o n  t o  l o w e r  

s t a t e s  o f  S i -2* , o r  w h e th e r  d i f f e r e n t  l e v e l s  a r e  

i n v o l v e d .  These r e a c t i o n s  a r e  i l l u s t r a t e d  i n  t h e  

e n e r g y  l e v e l  d i a g ra m  o f  S i 2* shown i n  F i g . I V / x i ) .

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

I I I . l .  was u s e d  i n  t h i s  work and t h e  a l p h a - p a r t i c l e s  were 

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

G e i g e r  c o u n t e r  was p l a c e d  c l o s e  t o  t h e  t a r g e t  so t h a t  t h e  

gamma-rays  f rom  t h e  r e a  c t i o n  A l  ( f i , Y ) S i  c o u l d  he 

o b s e r v e d  a t  t h e  same t i m e .  A t h i c k  t a r g e t  o f  o r d i n a r y  

co m m erc ia l  a lum in ium  was u s e d  i n  p r e l i m i n a r y  e x p e r i m e n t s ,  

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

o f  p a r t i c l e  g r o u p s  due t o  c o n t a m i n a n t s ,  p r o b a b l y  m a i n l y  o f  

f l u o r i n e ,  i n  t h e  a lu m in iu m .  We may m e n t i o n  t h a t  t h e  y i e l d  

o f  t h e  r e a c t i o n  i s  v e r y  s m a l l  compared  w i t h  t h a t  i n  l i g h t e r  

e l e m e n t  r e a c t i o n s  su c h  a s  F ) 0 /6 . The f i n a l

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

e v a p o r a t i n g  s p e c t r o s c o p i c a l l y  p u r e  a lu m in iu m  i n  vacuum on 

t o  b r a s s  b a c k i n g  p l a t e s

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

and gamma-rays a r e  shown i n  Fig.IV(xj/).  The t a r g e t  t h i c k n e s s  

was 10 keV f o r  t h e  m ea su re m e n ts  b e lo w  700 keV and was 5 keV 

f o r  t h e  m ea su re m e n ts  b e tw ee n  700 and 750 keV, so t h a t  t h e  

gamma-ray r e s o n a n c e s  a t  728 and 733 keV c o u ld  be r e s o l v e d
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f ro m  e a c h  o t h e r .  The w i d t h s  o f  t h e  p e a k s  i n  t h e  

e x c i t a t i o n  c u r v e  a r e  e n t i r e l y  due t o  t h e  t a r g e t  t h i c k n e s s  

and t h e  p e a k s  a r e  a p p r o x i m a t e l y  f l a t - t o p p e d ,  a s ’ would  he 

e x p e c t e d  i n  t h i s  c a s e .  The c o u n t i n g  r a t e  a t  e a c h  peak  

t h e r e f o r e  g i v e s  a  m e a su re  o f  t h e  ft h i c k  t a r g e t 1 y i e l d  o f  

t h e  r e s o n a n c e .  The ms,gnet c u r r e n t  o f  t h e  s p e c t r o m e t e r  

was a d j u s t e d  d u r i n g  t h e  r u n s  so t h a t  t h e  m a g n e t i c  f i e l d  

was a lw ay s  a t  t h e  v a l u e  c o r r e s p o n d i n g  t o  t h e  p e ak  o f  t h e  

e n e r g y  s p e c t r u m  a t  t h e  p r o t o n  b om b ard in g  e n e r g y  u s e d .

The a p p r o p r i a t e  v a l u e s  o f  t h e  m agnet  c u r r e n t  hs.d a l r e a d y  

b e e n  d e t e r m i n e d  i n  p r e l i m i n a r y  m e a s u r e m e n t s .  ■ The s l o p e  

o f  t h e  f r o n t  edge o f  e a c h  peek  i s  e n t i r e l y  due t o  t h e  

r i p p l e  and v o l t a g e  f l u c t u a t i o n s  on t h e  H . T . , s e t ,  w h ich  

w a s . a b o u t  1 . 5  keV a t  t h e  t im e  t h e s e  m e a su re m e n ts  were 

made.  I t  i s  t h e r e f o r e  o n l y  p o s s i b l e  t o  s a y  t h a t  t h e  

a c t u a l  w i d t h s  o f  t h e  n u c l e a r  r e s o n a n c e s  a r e  l e s s  t h a n  1 .5  

keV.

A m easu rem en t  was made o f  t h e  e n e r g y  s p e c t r u m  o f  t h e  a l p h a -  

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

p r o t o n  e n e r g i e s  o f  503,  630 and 728 keV. These  s p e c t r a  

a r e  shown i n  F i g . I V  ( x i u )  . I n  o r d e r  t o  r e d u c e  t h e  e f f e c t s  

o f  t a r g e t  d e t e r i o r a t i o n ,  t h e  gamma-ray c o u n t e r  was u s e d  a s  

a  m o n i t o r  i n  t h e s e  m e a su re m e n ts  r a t h e r  t h a n  t h e  c u r r e n t  

i n t e g r a t o r  and t h e  o r d i n a t e s  o f  t h e  g r a p h  i n  F i g . I V  (xiii) 

a r e  t h e r e f o r e  t h e  r a t i o  o f  t h e  a l p h a - c o u n t s  t o  gam m a-coun ts .  

From t h e  p o s i t i o n  o f  t h e  p e a k s  t h e  a l p h a - p a r t i c l e  e n e r g i e s



w ere  c a l c u l a t e d  t o  be 1*79 ,  1 .3 9  and 1 . 9 8  MeV a t  t h e  503,

630 and 728 KeV r e s o n a n c e s  r e s p e c t i v e l y .  The Q - v a lu e s  

c a l c u l a t e d  from t h e s e  r e s u l t s  a r e  1 . 6 2 ,  1 . 6 0  and  1 . 6 1  MeV.

We e s t i m a t e  t h e  t o t a l  p r o b a b l e  e r r o r  o f  t h e s e  m easu re m e n ts
+ +t o  be  -  Ufa and t h u s  o b t a i n  a  f i n a l  Q v a l u e  o f  1 . 6 1  -  .02  MeV.

T h i s  v a l u e  i s  i n  r e a s o n a b l e  a g re e m e n t  w i t h  t h e  v a l u e  o f

1 .5 8 5  -  .015  fo u n d  by  Freeman (1950)  and t h e  v a l u e  o f  
+

1 .6 0 0  -  . 0 1 4  MeV" c a l c u l a t e d  by S t r a i t  e t  a l  (1951)  f rom  t h e i r  

m e a su re m e n ts  o f  t h e  Q - v a lu e s  o f  t h e  r e a c t i o n s  Al*7 ( d ,  •( )Mg2s  

and Mg** (d , /■* )Mgzs  .

I m m e d ia t e l y  a f t e r  t h e  above m ea su re m e n ts  h ad  b e e n  made 

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

c a l i b r a t i o n  p u r p o s e s .  The p u r p o s e  o f  t h e s e  m e a su re m e n ts  

was t w o - f o l d ,  f i r s t  t o  c h eck  t h e  e n e r g y  c a l i b r a t i o n  a s  

d e s c r i b e d  i n  S e c t i o n  I I I . l .  and seco n d  t o  make an a b s o l u t e  

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

i n  t h e  a lum in ium  e x p e r i m e n t s .  The a b s o l u t e  y i e l d  o f  t h e  

330 keV r e s o n a n c e  i n  t h e  r e a c t i o n  F (A1/* ,  " )0  h a s  b een  

a c c u r a t e l y  m e a su re d  by Chao e t  a l  (1950)  t o  be 0 .1 5  a l p h a  

p a r t i c l e s  p e r  10 p r o t o n s  a n d ,  s i n c e  t h e r e  i s  one 6 .1 3  MeV 

gamma-ray i n  c a s c a d e  w i t h  e a c h  a l p h a - p a r t i c l e ,  t h e  y i e l d  o f  

gamma-rays w i l l  be  t h e  same. The c u r v e  p u b l i s h e d  by  F o w le r  

e t  a l  (1948)  f o r  t h e  e f f i c i e n c y  o f  an  a lu m in iu m  w a l l  G-eiger 

c o u n t e r  a s  a  f u n c t i o n  o f  gamma-ray e n e r g y  was u s e d  t o  

e s t i m a t e  t h e  r e l a t i v e  e f f i c i e n c y  o f  t h e  gamma c o u n t e r  f o r  

t h e  12 MeV r a d i a t i o n  from  A l ” ( ^ /T ) S i MI a s  com pared  w i t h



t h a t  f o r  t h e  6 .1 3  MeV r a d i a t i o n  f rom  F  ( [ * , . I t  

m u s t  be n o t e d  t h a t  t h e  f a c t  t h a t  t h e  r a d i a t i o n  from 

a lum in ium  i s  com plex ,  due t o  c a s c a d e  t r a n s i t i o n s ,  i t  i s  

n o t  i m p o r t a n t  b e c a u s e  t h e  c o u n t e r  e f f i c i e n c y  i s  a lm o s t  

e x a c t l y  l i n e a r  w i t h  e n e rg y  and h e n c e  t h e  number o f  gamma 

c o u n t s  p e r  d i s i n t e g r a t i o n  i s  i n d e p e n d a n t  o f  .the mode o f  

d e - e x c i t a t i o n  t o  a  f i r s t  o r d e r .  The r e s u l t s  o f  t h e s e  

y i e l d  m ea su re m e n ts  a r e  sum m arised  i n  T ab le  IV.  The 

y i e l d  m ea su re m e n ts  o f  B r o s t r o m  e t  a l  (1947)  f o r  t h e  

gamma-rays a r e  a l s o  i n c l u d e d  f o r  c o m p a r i s o n  p u r p o s e s .

I t  w i l l  be s e e n  t h a t  o u r  y i e l d  m ea su re m e n ts  a r e  u n i f o r m l y  

lo w e r  t h a n  t h o s e  o f  B r o s t r o m  e t  a l .  by a  f a c t o r  o f  a b o u t  

tw o .  P a r t  o f  t h i s  d i f f e r e n c e  i s  due t o  t h e  f a c t  t h a t  we 

have  u s e d  t h e  v a l u e  o f  0 .1 5  d i s i n t e g r a t i o n s  p e r  10 7 p r o t o n s  

f o r  t h e  P ) 0* r e a c t i o n .  (Chao e t  a l  1 9 5 0 ) ,  w h e reas

B r o s t r o m  e t  a l . ,  who a l s o  u s e d  t h i s  r e a c t i o n  f o r  c a l i b r a t i o n ,  

u s e d  t h e  e a r l i e r  v a l u e  o f  0 . 1 8  (Van A l l e n  and Sm i th  1 9 4 / ) .

A f u r t h e r  d i f f e r e n c e  o f  a b o u t  20$ may be a c c o u n te d  f o r  by 

t h e  s l i g h t l y  d i f f e r e n t  a s s u m p t io n  'which t h e y  made a s  t o  t h e  

r e l a t i v e  e f f i c i e n c y  o f  t h e i r  gamma c o u n t e r  f o r  f l u o r i n e  and 

a lum in ium  r a d i a t i o n .  However,  t h e r e  r e m a in s  a  d i s c r e p a n c y  

o f  a b o u t  50$ f o r  which i t  i s  d i f f i c u l t  t o  a c c o u n t .  The 

r a t i o s  o f  a l p h a - p a r t i c l e  t o  gamma-ray y i e l d s  a r e  a l s o  

g i v e n  i n  T ab le  IV f o r  t h e  v a r i o u s  r e s o n a n c e s .  I t  w i l l  be 

s e e n  t h a t  t h e  t h r e e  r e s o n a n c e s  a t  503, 630 and 728 keV 

g i v e  a l p h a  and gamma y i e l d s  o f  t h e  same o r d e r  o f  m a g n i t u d e ,
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H»X,

w h e r e a s  a l p h a - p a r t i c l e  e m i s s i o n  a p p e a r s  t o  he c o m p l e t e l y  

f o r b i d d e n  from t h e  t h r e e  gamma-ray r e s o n a n c e s  a t  6 5 2 , 677 

and 733 keV. No r e s o n a n c e s  a r e  o b s e r v e d  which  o n ly  e m i t  

a l p h a - p a r t i c l e s .

We can  now d i s c u s s  t h e s e  r e s u l t s  on t h e  b a s i s  o f  t h e  

t h e o r e t i c a l  c o n s i d e r a t i o n s  m e n t io n e d  i n  S e c t i o n  I . 3 «  We

se e  f rom  e q u a t i o n  ( 2 ) o f  t h a t  s e c t i o n  t h a t  i f  /JT , Q  and

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

t h e  e m i s s i o n  o f  a  p r o t o n ,  a l p h a - p a r t i c l e  and gamma-ray 

r e s p e c t i v e l y ,  - th e n :  «

v = i  JL 5 L  (d
u  4r»£ve r

and V. = "■ ^  ^  ( 2 ) —
r  r

where F  = +  Q  +  ( 3 )

and  and 7y a r e  t h e  a l p h a - p a r t i c l e  and gamma-ray

y i e l d s  r e s p e c t i v e l y .

F o r  s i m p l i c i t y  we w r i t e :

V OJtL
X« = 7 ^  (4>

’ and V- = ^ ^  ( 5 )
* r

The q u a l i t i e s  lo Y* and Aj Yy may be c a l c u l a t e d  d i r e c t l y  from 

t h e  o b s e r v e d  y i e l d s  by t h e  u s e  o f  e q u a t i o n s  ( 1 ) and ( 2 ) and

t h e  r e s u l t s  a r e  t a b u l a t e d  i n  T a b le  IV. F o r  t h e  s p e c i f i c



16 3

s t o p p i n g  power ,  £  , o f  a lu m in iu m  we have  u s e d  t h e  v a l u e s

g i v e n  by P a r k i n s o n  e t  a l .  (1937)*

I t  w i l l  be s e e n  t h a t  t h e  v a l u e s  so o b t a i n e d  f o r

and uj Yy l i e  i n  t h e  r a n g e  f rom  0 .1  t o  0 .5  e l e c t r o n  v o l t s

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

gamma-rays a r e  a c t u a l l y  o b s e r v e d .  We can  now c o n s i d e r

t h e  r e l a t i v e  o r d e r s  o f  m a g n i tu d e  t o  be e x p e c t e d  f o r  t h e

p a r t i a l  w i d t h s  Q  , £  and . The v a l u e s  o f  Q.

and w i l l  be d e t e r m i n e d  m a i n l y  by t h e  a p p r o p r i a t e

b a r r i e r  p e n e t r a b i l i t y  f a c t o r s .  'We have  e s t i m a t e d  t h e s e

f a c t o r s ,  G-, f ro m  t h e  d a t a  g i v e n  by C h r i s t y  and L a t t e r

(1948)  and  M a t ta u c h  ( N u c l e a r  P h y s i c s  T a b l e s ) .  F o r

p r o t o n s  i n  t h e  r a n g e  f rom  400 keV t o  800 keV, G i s  o f  t h e  
- 4 - 2

o r d e r  o f  10 t o  10 f o r  a lu m in iu m .  F o r  a l p h a - p a r t i c l e s  

o f  1 . 8  MeV, G- i s  o f  t h e  o r d e r  o f  10 . These  f a c t o r s  a r e

g i v e n  f o r  5 - wave p a r t i c l e s ,  i . e .  f o r  t r a n s i t i o n s  w i t h  a e r o  

change  o f  a n g u l a r  momentum. F o r  P-wave p a r t i c l e s  (42 = 1) 

t h e  b a r r i e r  p e n e t r a b i l i t y  f a c t o r s  w i l l  be l o w e r  by a  f a c t o r  

o f  t h e  o r d e r  o f  m a g n i tu d e  o f  t e n .  Thus i t  seems c e r t a i n  

t h a t  t h e  b a r r i e r  p e n e t r a b i l i t y  f a c t o r s  w i l l  make t h e  p r o t o n  

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

t h e  o r d e r  o f  10 2 t o ' 1 0 *  . Thus t h e  t o t a l  w i d t h  w i l l

s im p ly  be e q u a l  t o  t h e  p r o t o n  w i d t h  end we se e  t h a t

e q u a t i o n s  ( 4) and ( 5 ) become:

y -  rV  -  v

and Yy = Q



The a c t u a l  v a l u e s  o f  t h e  l e v e l  w i d t h s  c a n n o t  he

c a l c u l a t e d  w i t h o u t  m aking  some a s s u m p t io n  a s  t o  t h e  l e v e l

w i d t h s  w i t h o u t  b a r r i e r .  P l a u s i b l e  v a l u e s  f o r  t h e s e  l e v e l
S’ 6w i d t h s  w i t h o u t  b a r r i e r  a r e  o f  t h e  o r d e r  o f  10 t o  10 e .

( F o w le r  e t  a l . 1 9 4 8 ) .  T a k in g  a  v a l u e  o f  1 0 *  e . v .  and t h e
-3 -6

p e n e t r a b i l i t y  f a c t o r s  t o  be 10 f o r  t h e  p r o t o n s  and  10

f o r  t h e  a l p h a - p a r t i c l e s ,  we f i n d  £  ~ l ^ 3 e *v. and £  -  1 e 

Thus we se e  t h a t  t h e  o b s e r v e d  v a l u e s  o f  Xc g i v e n  i n  T ab le  

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

s t a t e  o f  t h e  t h e o r y  d oes  n o t  p e r m i t  o f  a  more a c c u r a t e  

c o m p a r i s o n .

We can  now a t t e m p t  t o  make a s s i g n m e n t s  o f  t h e  a n g u l a r

momentum and p a r i t y  o f  t h e  l e v e l s  o f  t h e  compound n u c l e u s  
Z 7S i  i n v o l v e d  i n  t h e s e  t r a n s i t i o n s .  The g ro u n d  s t a t e  o f  

A l 27 i s  known f rom s p e c t r o s c o p i c  d a t a  t o  be a  D ^  s t a t e  

i . e .  i t  h a s  an  o r b i t a l  a n g u l a r  momentum quantum number o f  

2 and a  t o t a l  a n g u l a r  momentum o f  S in c e  i t  i s  a  D

s t a t e  i t  m u s t  have  even  p a r i t y .  The p a r i t y  o f  t h e
2 7compound s t a t e s  fo rm ed i n  S i  w i l l  t h e r e f o r e  be even  o r

odd a c c o r d i n g  t o  w h e th e r  t h e  o r b i t a l  a n g u l a r  momentum o f

t h e  in c o m in g  p r o t o n s  i s  even  o r  odd .  I f  we assume t h a t  .

t h e  in c o m in g  p r o t o n s  have  z e r o  a n g u l a r  momentum (S-wave)
»«

t h e n  t h e  s t a t e s  o f  S i  w i l l  have  a n g u l a r  momentum o f  

e i t h e r  2 o r  3 u n i t s ,  d e p e n d in g  on w h e th e r  t h e  p r o t o n  s p i n  

i s  p a r a l l e l  o r  a n t i - p a r a l l e l  t o  t h e  a n g u l a r  momentum a x i s  

o f  t h e  A2 17 n u c l e u s .  The p a r i t y  o f  t h e  s t a t e s  w i l l  be



even  i n  b o t h  c a s e s .  Now i t  i s  known t h a t  t h e  g ro u nd  

s t a t e  o f  Mg2 *  , which  i s  t h e  r e s i d u a l  n u c l e u s  a f t e r  t h e  

e m i s s i o n  o f  an a l p h a - p a r t i c l e ,  i s  an S - s t a t e  w i t h  z e r o  

a n g u l a r  momentum and even  p a r i t y .  Thus i n  t h e  c a s e  

c o n s i d e r e d  a b o v e ,  t h e  a l p h a - p a r t i c l e s  m us t  be e m i t t e d  

w i t h  no change  o f  p a r i t y .  T h i s  i s  o n ly  p o s s i b l e  i f  t h e  

a l p h a - p a r t i c l e s  c a r r y  away an even  number o f  u n i t s  o f  

a n g u l a r  momentum. Thus i f  we assume t h a t  o n ly  S-wave 

p r o t o n s  a r e  c a p t u r e d  t o  form t h e  compound s t a t e s  i n  S i 2 * 

we can  say  t h a t  t h e  l e v e l s  which  a r e  o b s e r v e d  t o  e m i t  

a l p h a - p a r t i c l e s  m u s t  have  an a n g u l a r  momentum quantum 

number o f  2 and  t h o s e  which  o n ly  e m i t  gamma-rays m ust  

have  an  a n g u l a r  momentum quantum number o f  3 .  The
99

g ro u n d  s t a t e  o f  S i  i s  known t o  be an  S - s t a t e  w i t h  

z e r o  a n g u l a r  momentum and even  p a r i t y .  The s e l e c t i o n  

r u l e s  f o r  gamma-ray t r a n s i t i o n s  would t h e r e f o r e  o n ly  

a l l o w  e l e c t r i c  q u a d ru p o le  r a d i a t i o n  t o  t h e  g ro u nd  s t a t e  

i n  t h e  c a s e  o f  t h e  2 (+) l e v e l s  and  m a g n e t i c  o c t u p o l e  

r a d i a t i o n  i n  t h e  c a s e  o f  t h e  3(+)  l e v e l s .  T h e re  i s  n o t  

s u f f i c i e n t  i n f o r m a t i o n  a v a i l a b l e  a t  p r e s e n t  t o  make 

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

Si"2* a t  1 . 8  MeV o r  t o  t h e  h i g h e r  l e v e l s  b u t  i t  i s  q u i t e  

l i k e l y  t h a t  e l e c t r i c  d i p o l e  r a d i a t i o n  may be a l l o w e d  from 

e i t h e r  t h e  2(+)  o r  3(+)  l e v e l s  t o  t h e  l e v e l  a t  1 . 8  MeV 

and t o  t h e  i n t e r m e d i a t e  l e v e l s .  We have  s e e n  t h a t  t h e  

gamma-ray s p e c t r u m  f rom  a l l  t h e  l e v e l s  e x c i t e d  by 750 keV



i U

p r o t o n s  shows t h a t  t h e  c a s c a d e  t r a n s i t i o n s  a r e  more 

f a v o u r e d  t h a n  t h e  g ro u n d  s t a t e  t r a n s i t i o n ,  w hich  i s  

c o n s i s t e n t  w i t h  t h i s  p i c t u r e .  I f  t h e  gamma-ray sp e c t r u m  

c o u l d  he m e a su re d  f rom  t h e  s e p a r a t e  l e v e l s  by  t h e  u se  o f  

a  t h i n  t a r g e t  and t h e  a p p r o p r i a t e  p r o t o n  e n e r g y ,  a  more 

d e f i n i t e  c h ec k  on t h e s e  a s s i g n m e n t s  c o u l d  he made,  s i n c e  

one would o n ly  e x p e c t  t o  o b s e r v e  t h e  g ro un d  s t a t e  

t r a n s i t i o n s  i n  a p p r e c i a b l e  i n t e n s i t y  f rom  t h e  2 (+) l e v e l s ,  

i . e .  f rom t h o s e  l e v e l s  w hich  a l s o  e m i t  a l p h a - p a r t i c l e s .

I f  we a l l o w  t h e  c a p t u r e  o f  P-wave p r o t o n s ,  which  i s  

l e s s  p r o b a b l e  t h a n  S-wave c a p t u r e  on a c c o u n t  o f  t h e  

b a r r i e r  p e n e t r a b i l i t y  e f f e c t s >b u t  w hich  c a n n o t  be 

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

i n  S i  a r e  p o s s i b l e .  The v a r i o u s  p o s s i b i l i t i e s  a r e  

sum m arised  i n  T ab le  V, t o g e t h e r  w i t h  t h e  p o s s i b i l i t i e s  

a l r e a d y  d i s c u s s e d  f o r  S-wave c a p t u r e .  I t  w i l l  be s e e n  

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

l e v e l s  c an  be e i t h e r  l ( - )  o r  3 ( - ) ,  b u t  t h e  f o r m e r  would 

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

which  seems u n l i k e l y  i n  v iew  o f  t h e  o b s e r v e d  low i n t e n s i t y .  

I t  may be m e n t io n e d  t h a t  a  m easu rem en t  o f  t h e  a n g u l a r  

d i s t r i b u t i o n  o f  t h e  gamma-rays r e l a t i v e  t o  t h e  d i r e c t i o n  

o f  t h e  in co m in g  p r o t o n s  s h o u ld  p r o v i d e  f u r t h e r  i n f o r m a t i o n ,  

s i n c e  one would e x p e c t  t h i s  d i s t r i b u t i o n  t o  be i s o t r o p i c  

f o r  S-wave c a p t u r e  b u t  n o t  f o r  P-wave c a p t u r e .  I t  i s  

h oped  t o  make t h i s  m easu rem en t  i n  t h i s  l a b o r a t o r y  s h o r t l y .

* * * * * *
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P a r t  V. G o n e l a s i o n .

I n  t h i s  t h e s i s  we have  d e s c r i b e d  t h e  e x p e r i m e n t a l  ■ 

work which  h a s  b e e n  p e r f o r m e d  w i t h  t h e  Glasgow H.T.  and 

d i s c u s s e d  t h e  new knowledge  w hich  h a s  b een  o b t a i n e d  f rom  

t h i s  work .  T here  i s  now a  v e r y  c o n s i d e r a b l e  amount o f

i n f o r m a t i o n  on t h e  e n e r g y  l e v e l s  o f  n u c l e i  which  h a s  b e e n

o b t a i n e d  f rom  e x p e r i m e n t s  o f  t h i s  t y p e .  E x c e l l e n t  

sum m aries  o f  t h i s  i n f o r m a t i o n  have  been  made f rom  t im e  

t o  t i m e ,  n o t a b l y  by  B e th e  ( 1 9 3 7 ) ,  Hornyak and l a u r i t s e n  

( 1 9 4 3 ) ,  Hornyak e t  a l  (1950)  and A lb u r  g e r  and H a fn e r  

( 1 9 5 0 ) .  I t  was from i n f o r m a t i o n  o f  t h i s  t y p e  t h a t  t h e  

R u t h e r f o r d - B o h r  t h e o r y  o f  t h e  atom was d e v e l o p e d  and we 

m ig h t  hope t h a t  s i m i l a r  i n f o r m a t i o n  a b o u t  n u c l e a r  e n e r g y  

l e v e l s  would l e a d  t o  some s i m i l a r  t h e o r y  o f  n u c l e a r  

f o r c e s  and n u c l e a r  s t r u c t u r e .  U n f o r t u n a t e l y  t h i s  i s

n o t  a t  p r e s e n t  t h e  c a s e .

I n  t h e  c a s e  o f  t h e  a tom ,  t h e  p ro b lem  i s  v e r y  much 

s i m p l i f i e d  by t h e  f a c t  t h a t  t h e  e l e c t r o n s  move i n  a  

c e n t r a l  f i e l d  o f  f o r c e  and a r e  v e r y  l i t t l e  i n f l u e n c e d  

by e a c h  o t h e r .  T h i s  r e s u l t s  i n  a  s e r i e s  o f  e n e r g y  

l e v e l s  w h ich  have  s im p le  i n t e g r a l  r e l a t i o n s  t o  e a c h  o t h e r  

and t h i s  c h a r a c t e r i s t i c  f e a t u r e ,  o f  which  t h e  Rhydberg  

r e l a t i o n  f o r  t h e  h y d ro g e n  s p e c t r u m  i s  an  o b v io u s  exam ple ,  

was q u i c k l y  o b s e r v e d  f rom  t h e  e x p e r i m e n t a l  d a t a  and form ed 

one o f  t h e  s t a r t i n g  p o i n t s  o f  t h e  R u t h e r f o r d - B o h r  t h e o r y .



I n  t h e  c a s e  o f  t h e  n u c l e u s  t h e r e  i s  no such  c e n t r a l  

f i e l d  o f  f o r c e  and t h e  t h e o r y  t h e r e f o r e  h a s  t o  d e a l  w i t h  

a  'm a n y -b o d y 1 p ro b le m  o f  an e x t r e m e l y  c o m p l i c a t e d  n a t u r e .  

E x a c t  c a l c u l a t i o n s  have  been  a t t e m p t e d  f o r  t h e  v e r y  

s i m p l e s t  o f  n u c l e i ,  such  a s  H* , b u t  even  h e r e  t h e y  have  

met  w i t h  v e r y  l i m i t e d  s u c c e s s .  A s t u d y  o f  t h e  e m p i r i c a l  

d a t a  on n u c l e a r  e n e r g y  l e v e l s  does  n o t ,  i n  g e n e r a l ,  y i e l d  

any s im p le  i n t e g r a l  r e l a t i o n s  s i m i l a r  t o  t h e  Khydberg  

r e l a t i o n ,  w h ic h  m ig h t  g i v e  a  l e a d  t o  t h e o r e t i c a l  

i n t e r p r e t a t i o n s •

I n  v iew  o f  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h e  

f o r m u l a t i o n  o f  any e x a c t  t h e o r y ,  a  c o n s i d e r a b l e  amount 

o f  e f f o r t  h a s  b e e n  d e v o t e d  t o  ’n u c l e a r  m o d e l ’ t h e o r i e s .  

These  t h e o r i e s  make s i m p l i f y i n g  a s s u m p t io n s  w hich  a l l o w  

t h e  p ro b le m  t o  be t r e a t e d  i n  t e r m s  o f  a  s im p le  d y n a m ic a l  

m odel  a b o u t  which  c a l c u l a t i o n s  can  be m ade .  These 

t h e o r i e s  have  h ad  a  c e r t a i n  l i m i t e d  d e g re e  o f  s u c c e s s  i n  

t h e  q u a l i t a t i v e  e x p l a n a t i o n  o f  p a r t i c u l a r  f e a t u r e s  o f  

n u c l e i . '  F o r  ex am ple ,  t h e  ’l i q u i d  drop* model  d e v e lo p e d  

by B ohr  g i v e s  a  q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  s t a b i l i t y  

o f  heavy  n u c l e i  and  o f  t h e  phenomenon o f  n u c l e a r  f i s s i o n  

w h ich  i s  i n  r e a s o n a b l e  a g re em e n t  w i t h  t h e  o b s e r v e d  d a t a .  

N u c l e a r  ’ s h e l l ’ m o d e ls  have  a l s o  had  some s u c c e s s  i n  

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

n u c l e i ,  su ch  a s  t h e  s p i n  and m a g n e t i c  moment and t h e  

p a r t i c u l a r  s t a b i l i t y  o f  n u c l e i  w i t h  c e r t a i n  numbers  o f
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n e u t r o n s  and protons. However,  none of th e so mo do Ip 

are a b l e  to make quantitative predictions about tb.e 

energy levels of nuclei because of the drastic nature 

of the assumptions on w hich  they are based*

The e x p e r i m e n t a l  d a t a  on t h e  e n e rgy l e v e l s  of 

n u c l e i ,  a l t h o u g h  v e r y  c o n s id e ra b le  in  q u a n t i ty ,  i s  very  

f a r  f rom  c o m p le te  and we m ust  hope t h a t  v/hon f u r th e r  

d a t a  i s  o b t a i n e d  i t  w i l l  give a le a d  t o  th e  d ev e lo p m e n t  

o f  more f r u i t f u l  t h e o r i e s  o f  n u c le a r  s t r u c t u r e  and to  a 

b e t t e r  u n d e r s t a n d i n g  of n u c le a r  fo rces#

# * * # # # #
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