
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


so INTILLATIONS FROM ALPHA TRACKS IN GASES

and

FAST NEUTRONS FROM LOW ENERGY DEÜTERON REACTIONS

■by 

A. Ward

D ep artm en t o f N a tu r a l  P h i lo s o p h y  

U n i v e r s i t y  o f  Glasgow

P r e s e n t e d  as  a  t h e s i s  f o r  t h e  d e g re e  o f  P h .D . 

i n  th e  U n i v e r s i t y  o f  G lasgow .

D ecem ber, 1 955 .



ProQuest Number: 10646771

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uesL
ProQuest 10646771

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLO.

ProQuest LLO.
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346



CONTENTS.

PREFACE•

SIMÆARY.

PART I .  SCINTILLATIONS FROM ALPHA TRACKS IN GASES.

I n t r o d u c t i o n .

C h a p te r  1 .  The E f f i c i e n c y  o f  P r o d u c t i o n  o f  P h o to n s
E f f e c t i v e  i n  R e le a s in g  E l e c t r o n s  fro m  th e  
P h o to c a th o d e  o f M odern P h o t o m u l t i p l i e r s .

C h a p te r  2 .  The S p e c i f i c  E m is s io n  a s  a  F u n c t io n  o f  th e  
V e l o c i t y  o f  th e  P a r t i c l e .

C h a p te r  3 .  The O r i g i n  o f  th e  L ig h t  E m is s io n  O b se rv ed  
a s  S c i n t i l l a t i o n s  from  G a s e s .

C h a p te r  4 .  The L i f e - t i m e  o f th e  E x c i t e d  S t a t e s  
A g a in s t  E m is s io n .

C h a p te r  5» The V a r i a t i o n  o f  E f f i c i e n c y  w i t h  P r e s s u r e .

*  *  *  *

PART I I .  FAST NEUTRONS FROM LOW ENERGY DEUTERON
REACTIONS.

I n t r o d u c t i o n .

C h a p te r  1 .  The S in g le  P l a s t i c  S c i n t i l l a t o r  a s  a  F a s t  
N e u tro n  S p e c t r o m e te r .

C h a p te r  2 .  The R e a c t io n  ^ lB ( d ,n ) ^ ^ C .

C h a p te r  3 .  The A n g u la r  D i s t r i b u t i o n  o f  N e u tro n s  fro m  
th e  R e a c t i o n  2 n (d ,n )3 H e .

C h a p te r  4 .  The R e a c t io n s  3H(d,n)4-He and 3 n (d ,  y ) 5 H e .



C h a p te r  5 .  D i s c u s s i o n  o f  A (d ,n )A  + p R e a c t io n s  i n
L ig h t  E le m e n ts  a t  D e u te ro n  E n e r g ie s  Below 
t h e  Coulomb B a r r i e r .

C h a p te r  6 .  The R e a c t i o n  ^^ 7 1 (n ,2 n )

C h a p te r  7 .  Time o f  P l i g h t  P a s t  N e u tro n  S p e c t r o m e te r .

C h a p te r  8 .  The E nergy  S pec trum  o f  N e u tro n s  F o l lo w in g  
S c a t t e r i n g  o f  14 Mev N e u tro n s  i n  A lum inium .

C h a p te r  9* R e a c t io n s  o f  t h e  Type A (d ,n )A  + p i n  L ig h t  
E le m e n ts  a s  a  S ource  o f P a s t  N e u tro n s  f o r  
S c a t t e r i n g  and A b s o rp t io n  E x p e r im e n ts .

APPENDIX.

S e c t i o n  1* The P r o d u c t i o n  o f  T h in  D e u te r iu m  T a r g e t s .

S e c t i o n  2 .  Time D e la y  -  V o l ta g e  C o n v e r t e r .

S e c t i o n  3 .  Low L e v e l  P a s t  D i s c r i m i n a t o r  and H igh  S peed  
Time B a s e .



P r e f a c e .

The r e s u l t s  o f  e x p e r im e n ta l  r e s e a r c h  u s in g  

s c i n t i l l a t i o n  c o u n te r  t e c h n iq u e s  a r e  p r e s e n t e d  i n  

th e  t h e s i s ,  w h ich  i s  d i v i d e d  i n t o  two p a r t s .

I n  P a r t  I  -  ** S c i n t i l l â t  io n s  from  A lpha 

T ra ck s  i n  G ases" a  d e s c r i p t i o n  i s  g i v e n  o f  a n  

i n v e s t i g a t i o n  o f t h e  e m is s io n  o f  l i g h t  from  th e  

t r a c k s  o f  5 MeV a lp h a  p a r t i c l e s  i n  g a s e s .  The 

l i g h t  e m is s io n  i s  m easu red  by th e  number o f  p h o to ­

e l e c t r o n s  r e l e a s e d  fro m  th e  p h o to c a th o d e  o f  

p h o t o m u l t i p l i e r s  r a t h e r  t h a n  th e  a b s o l u t e  number 

and w a v e le n g th  o f  e m i t t e d  q u a n ta .

The work d e s c r i b e d  i n  P a r t  I  was done 

e n t i r e l y  by t h e  a u t h o r ,  and th e  r e s u l t s  a r e  

o r i g i n a l .  The e x p e r im e n ts  p e r fo rm e d  were 

i n t e n d e d  t o  c o v e r  th e  m ain  c h a r a c t e r i s t i c s  o f  

th e  l i g h t  e m is s io n  and  th e  r e s u l t s  o b t a in e d  g iv e  

a  f a i r l y  c l e a r  p i c t u r e  o f  th e  m echanism  o f  th e  

p r o c e s s  i n  p u re  g a s e s  and m ix tu r e s  o f  g a s e s .

I n  P a r t  I I  -  " F a s t  N e u tro n s  from  Low 

E nergy  D e u te ro n  R e a c t io n s  i n  L ig h t  E le m e n ts " ,  

e x p e r im e n ts  a r e  d e s c r i b e d  i n  w hich  s c i n t i l l a t i o n



c o u n t e r s  were u s e d  t o  i n v e s t i g a t e  th e  mode o f  

r e a c t i o n s  o f  t h e  ty p e  A (d ,n )A  + p  i n  l i g h t  

e le m e n ts  a t  low d e u te r o n  e n e r g i e s ,  and  t h e  u s e  

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

f o r  s c a t t e r i n g  and a b s o r p t i o n  e x p e r im e n ts *

P r e v io u s  t o  th e  work d e s c r i b e d  i n  P a r t  

I I ,  v e r y  few p r a c t i c a l  a p p l i c a t i o n s  h ad  b e e n  made 

o f  s c i n t i l l a t i o n  c o u n t e r s  i n  e x p e r im e n ts  i n v o lv in g  

th e  d e t e c t i o n  o f  f a s t  n e u t r o n s  i n  th e  e n e rg y  ra n g e  

1 - 1 5  MeV, due t o  d i f f i c u l t i e s  i n h e r e n t  i n  f a s t  

n e u t r o n  s p e c t ro s c o p y *  Two t e c h n i q u e s  d e v e lo p e d  

by th e  a u th o r  a r e  d e s c r i b e d  w h ich  overcome t h e s e  

d i f f i c u l t i e s  t o  t h e  e x t e n t  o f  a l lo w in g  q u a n t i t a t i v e  

m easu rem en ts  on f a s t  n e u t r o n s  w i t h  co m p arab le  

p r e c i s i o n  and g r e a t l y  im proved  e f f i c i e n c y  i n  

c o m p a r iso n  t o  o t h e r  te c h n iq u e s *

The 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  o f  

m easu rem en ts  on f a s t  n e u t r o n s  by th e  a u th o r  i s  

made u s in g  th e  t h e o r y  of d e u te r o n  s t r i p p i n g  by 

B u t l e r  (1951 ) and B h a t i a  (1952) r e v ie w e d  by  

Huby (1953) ;  th e  c o n c e p t  o f th e  f o r m a t i o n  and 

decay  o f a  compound n u c le u s  due t o  N. B ohr (1937) 

and d i s c u s s e d  by B l a t t  and W e issk o p f  ( T h e o r e t i c a l



N u c le a r  P h y s ic s  and th e  t h e o r y  o f  th e  e f f e c t  o f  

Coulomb c h a rg e  i n  d e u te r o n  s t r i p p i n g  by A.B.de B o rd e , 

p r i v a t e  c o m m u n ic a t io n ) .

I n  th e  deve lopm en t o f  th e  t e c h n iq u e  o f 

c o u n t in g  p r o t o n  r e c o i l s  i n  p l a s t i c  s c i n t i l l a t o r s ,  

d e s c r i b e d  i n  c h a p t e r  1 ,  t h e  a u th o r  i s  i n d e b te d  t o  

D r ,  Coon (Los Alamos) f o r  a  s t i m u l a t i n g  d i s c u s s i o n  

d u r in g  th e  N u c le a r  P h y s ic s  C o n fe re n c e  (Glasgow 

1954) on h i s  m easu rem en ts  o f e l a s t i c  s c a t t e r i n g  o f  

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

a n t h r a c e n e .  I n  th e  a p p l i c a t i o n  o f t h i s  t e c h n iq u e  

to  th e  i n v e s t i g a t i o n  o f  t h e  r e a c t i o n  ^-^B(d,n)^-^C 

( c h a p t e r  2) th e  a u th o r  was a s s i s t e d  by D r ,  P . J ,  

G ra n t .

The f i n a l  c h a p t e r  o f  th e  t h e s i s  i s  

d e v o te d  t o  a  d i s c u s s i o n  o f  f u t u r e  e x p e r im e n ta l  

r e s e a r c h  u s i n g  low e n e rg y  d e u te r o n  r e a c t i o n s  i n  

l i g h t  e le m e n ts  a s  s o u r c e s  o f  f a s t  n e u t r o n s  f o r  

s c a t t e r i n g  and a b s o r p t i o n  e x p e r im e n ts  i n  th e  

l i g h t  o f  th e  work by t h e  a u t h o r  d e s c r i b e d  i n  th e  

t h e s i s  and  a l l  known d a t a  and c u r r e n t  t h e o r e t i c a l  

i n t e r p r é t â t ! o n s ,

A m ethod d e v e lo p e d  by th e  a u th o r  t o



pro d u ce  t h i n  d e u te r iu m  t a r g e t s  i s  d e s c r i b e d  i n  

th e  A ppendix ( s e c t i o n  1 ) .  The a d v ic e  o f  D r .  J .G .  

R u th e r g le n  and  th e  a s s i s t a n c e  of M r. R. S to r e y  i n  

th e  c o n s t r u c t i o n  o f  th e  a p p a r a t u s  f o r  m aking t a r g e t s  

i s  g r a t e f u l l y  ackn ow ledged .

The t im e  d e l a y - v o l t a g e  c o n v e r t e r  d e s c r i b e d  

i n  s e c t i o n  2 o f  th e  A ppendix was due e n t i r e l y  t o  

th e  a u t h o r ,  b u t  i n  th e  d ev e lo p m en t o f  th e  e l e c t r o n i c  

c i r c u i t  d e s c r i b e d  i n  s e c t i o n  3 th e  a u th o r  was 

g r e a t l y  a s s i s t e d  by d i s c u s s i o n s  w i t h  D r. G.Vf. 

H u tc h in s o n .  A p a r t  from  t h e s e  acknow ledgm ents  

th e  work d e s c r i b e d  i n  th e  t h e s i s  was done e n t i r e l y  

by th e  a u th o r  and th e  r e s u l t s  o b t a in e d  a r e  o r i g i n a l .

The a u t h o r  i s  i n d e b te d  t o  P r o f e s s o r  P . I .  

Dee f o r  h i s  c o n t i n u e d  s u p p o r t  and e n c o u ra g e m e n t,  and 

many s t i m u l a t i n g  d i s c u s s i o n s  d u r in g  th e  c o u r s e  of 

th e  r e s e a r c h .



Summary#

P a r t  I .

The e m is s io n  o f  l i g h t  from  th e  t r a c k s  o f

a lp h a  p a r t i c l e s  i n  th e  g a s e s  a rg o n ,  h e l iu m , n i t r o g e n

and m ethane h a s  been  s t u d i e d  u s i n g  a  p h o t o m u l t i p l i e r #

The s p e c i f i c  e m is s io n  h a s  b e e n  m easu red

t o g e t h e r  w i th  th e  t o t a l  number o f e m i t t e d  p h o to n s  w h ich
o

a r e  p ro d u c e d  i n  th e  ra n g e  3 ,0 0 0  -  6 ,0 0 0  A# The t o t a l

num ber o f e m i t t e d  p h o to n s  i s  fo u n d  t o  be in d e p e n d e n t  o f

p r e s s u r e  i n  t h e  monatomic g a s e s  a rg o n  and h e l iu m  b u t

v a r i e s  w i th  p r e s s u r e  i n  n i t r o g e n  an d  i n  m i x tu r e s  o f

m ethane w i th  a rg o n  o r  h e l iu m .  The v a r i a t i o n  w i t h

p r e s s u r e  i s  e x p la in e d  i n  te rm s  o f  q u e n c h in g  by  c o l l i s i o n ,

The l i f e t i m e  o f th e  e x c i t e d  s t a t e s  r e s p o n s i b l e  f o r  th e
- 6

e m is s io n  i s  e s t i m a t e d  t o  be l e s s  t h a n  10 s e c .  The 

r e c o m b in a t io n  o f  io n s  i s  shown t o  p l a y  no a p p r e c i a b l e  

p a r t  i n  th e  p r o d u c t io n  o f  th e  p h o to n s .

The r e s u l t s  o f  th e  e x p e r im e n ts  g iv e  a  f a i r l y  

c l e a r  p i c t u r e  of t h e  e v e n t s  i n  a  g a s ,  t r a v e r s e d  by 

heav y  c h a rg e d  p a r t i c l e s ,  w h ich  l e a d  t o  t h e  e m is s io n  

o f  v i s i b l e  l i g h t .



P a r t  I I .

I n  an  i n t r o d u c t i o n  th e  s i g n i f i c a n c e  o f  low 

e n e rg y  d e u t e r o n  r e a c t i o n s  i n  l i g h t  e le m e n ts  a s  s o u r c e s  

o f  f a s t  n e u t r o n s  f o r  s c a t t e r i n g  and a b s o r p t i o n  e x p e r i ­

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

th e m s e lv e s  and th e  l i m i t a t i o n s  o f  e x i s t i n g  f a s t  n e u t r o n  

c o u n t in g  t e c h n iq u e s  a r e  d i s c u s s e d .

Two s c i n t i l l a t i o n  c o u n t e r  t e c h n i q u e s  f o r  

f a s t  n e u t r o n  c o u n t in g  have b e e n  d e v e lo p e d  by  th e  

a u th o r  and a r e  f u l l y  d e s c r i b e d .

One o f  t h e s e  t e c h n i q u e s  r e l i e s  on m e a su re ­

m en ts  o f  th e  e n e r g i e s  o f  r e c o i l  p r o t o n s  i n  h y d ro g e n e o u s  

s c i n t i l l a t o r s  and h a s  b e e n  u s e d  t o  s tu d y  th e  r e a c t i o n s  

Ü B ( d ,n ) ^ ^ C ,  ^ H (d ,n )^E e  and ^H (d ,n )^H e a t  low  d e u te r o n  

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

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

a t  h ig h  d e u te r o n  e n e r g i e s  r e q u i r e s  m o d i f i c a t i o n  a t  low 

e n e r g i e s .  The s o u rc e  o f  t h e  d e v i a t i o n  f ro m  t h e o r y  

and th e  r e q u i r e d  m o d i f i c a t i o n  a r e  d i s c u s s e d .

The o th e r  t e c h n iq u e  r e l i e s  on m easu rem en ts  

o f  n e u t r o n  t im e s  o f  f l i g h t  t o  o b t a i n  n e u t r o n  e n e rg y  

s p e c t r a  and h a s  b ee n  u s e d  t o  m easu re  th e  i n e l a s t i c  

n e u t r o n  sp e c tru m  f o l l o w i n g  s c a t t e r i n g  o f  14 Mev

n e u t r o n s  i n  a lum in ium  •



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

s i g n i f i c a n c e  o f low e n e r g y ,  h ig h  d e u te r o n  beam c u r r e n t  

C o c k c ro f t -W a l to n  a c c e l e r a t o r s  f o r  r e s e a r c h  u s in g  f a s t  

n e u t r o n s  i s  d i s c u s s e d  w i t h  r e f e r e n c e  t o  th e  t e c h n i q u e s  

d e v e lo p e d  and th e  r e s u l t s  o b t a in e d  by th e  a u th o r  and 

r e c e n t l y  by o t h e r s  i n  t h i s  f i e l d .

The A ppendix  c o n t a i n s  d e t a i l s  o f  e l e c t r o n i c  

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

th e  r e s e a r c h  d e s c r i b e d  i n  th e  t h e s i s .
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PART I .

SCINTILLATIONS FROM ALPHA TRACKS IN GASES



f t

I n t r o d u c t i o n

S c i n t i l l a t i o n s  f ro m  g a s e s  r e f e r s  t o  th e  

e m is s io n  o f  l i g h t  fro m  th e  t r a c k s  o f  h e a v i l y  i o n i s i n g  

p a r t i c l e s  i n  g a s e s .  I n  th e  e x p e r im e n ta l  work by th e  

a u th o r ,  d e s c r i b e d  i n  th e  t h e s i s ,  a l p h a  p a r t i c l e s  from  

po lo n iu m  were u s e d ,  b ec au se  t h e y  gave  a  c o n v e n ie n t  

so u rce  o f  m o n o e n e rg e t ic  heavy  c h a rg e d  p a r t i c l e s  w i t h  

an  e n e rg y  o f  f i v e  m i l l i o n  e l e c t r o n  v o l t s .  The e f f e c t s  

o b s e rv e d  w i th  a lp h a  p a r t i c l e s  s u g g e s t  s t r o n g l y  t h a t  

th e  n u m e r ic a l  r e s u l t s  o b ta in e d  c a n  be e x t r a p o l a t e d  t o  

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

d o u te r o n s ,  p r o to n s  and m esons.

I t  h a s  b e e n  known s in c e  t h e  e a r l i e s t  d a y s  o f  

r a d i o a c t i v i t y  t h a t  t h e  e m is s io n  o f  l i g h t  i n  th e  v i s i b l e  

sp e c tru m  c a n  be o b s e rv e d  i n  th e  v i c i n i t y  o f  s t r o n g  

r a d i o a c t i v e  s o u r c e s  i n  a i r .  The beam i n  m odern  

m ach in es  f o r  th e  a c c e l e r a t i o n  o f  heavy  p a r t i c l e s  t o  

h ig h  e n e r g i e s ,  su c h  a s  h ig h  t e n s i o n  a c c e l e r a t o r s .

Van de G ra q f f  g e n e r a t o r s ,  c y c l o t r o n s  and  l i n e a r  

a c c e l e r a t o r s ,  i s  o f t e n  d e t e c t e d  by th e  e x p e r im e n te r s  

o b s e rv in g  th e  f a i n t  e m is s io n  o f  b lu e  l i g h t  fro m  th e  

t r a c k  o f  th e  beam i n  th e  r e s i d u a l  g a s  o f  th e  

a c c e l e r a t i o n  cham ber. The l i g h t  e m is s io n  fro m
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an e x t e r n a l  beam ( i . e .  i n  a i r  a t  a tm o s p h e r ic  

p r e s s u r e )  o f  heavy  p a r t i c l e s  fro m  su c h  a  m achine 

i s  i n t e n s e .

The e m is s io n  of v i s i b l e  l i g h t  fro m  g a s  

atom s e x c i t e d  by e l e c t r o n s  i s  a  phenom enon 

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

l a b o r a t o r i e s .  One o f t h e  m ost im p o r t a n t  s im p le  

a p p l i c a t i o n s  o f  t h i s  e m is s io n  i n  t e c h n o lo g y  i s  

t h e  d e t e c t i o n  o f  l e a k s  i n  h ig h  vacuum sy s te m s  by 

o b s e rv in g  th e  change  i n  c o l o u r  o f a  d i s c h a r g e  tu b e  

when a  l i t t l e  g a s  o r  o rg a n ic  v a p o u r  e n t e r s  th e  

s y s te m  th r o u g h  th e  l e a k .

Owing t o  e x p e r im e n ta l  d i f f i c u l t i e s ,  m a in ly  t h e  

h i g h  c o s t  of s t r o n g  s o u r c e s  of h eav y  p a r t i c l e s  an d  th e  

low i n t e n s i t y  o f  t h e  l i g h t  e m i s s i o n ,  l i t t l e  e x p e r i m e n ta l  

r e s e a r c h  h a s  b e e n  done on  t h e  e m is s io n  o f v i s i b l e  l i g h t  

f ro m  t h e  t r a c k s  of h ea v y  c h a r g e d  p a r t i c l e s  i n  g a s e s .

The deve lo pm en t o f t h e

m odern  p h o t o m u l t i p l i e r ,  w i t h  a  s e n s i t i v i t y  c u rv e
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n o t  v e r y  d i f f e r e n t  from  t h a t  o f  t h e  eye and a  f a r  

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

p u l s e s  h a s  now made i t  p o s s i b l e  t o  i n v e s t i g a t e  

t h i s  e m is s io n  q u a n t i t a t i v e l y  w i t h  weak s o u r c e s  o f  

heavy  p a r t i c l e s .  So l i t t l e  h ad  a p p e a re d  i n  p r i n t  

on t h i s  s u b j e c t  p r e v io u s  t o  1953 (G re# n  and  

S ch opp er 1952) t h a t  when th e  i n i t i a l  e f f e c t s ,  w h ich  

l e d  t o  th e  i n v e s t i g a t i o n s  d e s c r i b e d  h e r e ,  were 

f i r s t  o b se rv e d  i t  was on ly  a f t e r  a  p r o c e s s  o f  

e l i m i n a t i o n  and d e d u c t io n  fro m  o b s e r v a t i o n s  t h a t  

th e  e f f e c t s  were a t t r i b u t e d  t o  s c i n t i l l a t i o n s  from  

g a s e s .  The r e s u l t s  o b ta in e d  by G reen  and  

S chopper show t h a t  th e  l i g h t  e m is s io n  f ro m  n i t r o g e n  

and a rg o n  i s  e q u i v a l e n t  t o  th e  e m is s io n  o f  

a p p ro x im a te ly  1 ,0 0 0  p h o to n s  i n  th e  v i s i b l e  

sp e c tru m  ( p e r  p o lon ium  a lp h a  p a r t i c l e )  i n  so  f a r  

a s  th e  e f f e c t  o f  th e  e m is s io n  i n  r e l e a s i n g  e l e c t r o n s  

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

I n  a d d i t i o n ,  th e  above a u th o r s  fo u n d  t h a t  oxygen 

d id  n o t  s c i n t i l l a t e  a p p r e c i a b l y ,  and t h a t  t r a c e s  

o f  o rg a n ic  v a p o u r s  re d u c e d  th e  e f f i c i e n c y  o f  l i g h t  

p r o d u c t i o n .  The o rd e r  o f  m agn itud e  o f  th e  t o t a l  

l i g h t  e m is s io n  o b se rv e d  by G reen  and  S c h o p p e r , (1952)



w hich  i s  c o n f irm e d  by th e  a u th o r  f o r  n i t r o g e n  and  

a rg o n ,  and s e v e r a l  o th e r  g a s e s ,  i n d i c a t e s  t h a t  

i n  c o m p ar iso n  w i th  l i q u i d  and s o l i d  s c i n t i l l a t i n g  

m a t e r i a l s  (B irk s  1953) th e  g a s e s  s t u d i e d  so  f a r  

have v e r y  low e f f i c i e n c i e s  and have no o b v io u s  

a p p l i c a t i o n s  a s  p r a c t i c a l  s c i n t i l l a t e r s  i n  c o u n t ­

in g  e x p e r im e n ts*  However, so  l i t t l e  a p p e a re d  t o  

b e  known a b o u t  s c i n t i l l a t i o n s  f ro m  h e a v i l y  

i o n i s i n g  p a r t i c l e s  i n  g a s e s  t h a t  th e  s u b j e c t  

i n v i t e d  f u r t h e r  i n v e s t i g a t i o n .  A lth o u g h  th e  

r e s e a r c h  by th e  a u th o r  d e s c r i b e d  i n  th e  t h e s i s  

d o es  n o t  co m p rise  a  co m p le te  and e x h a u s t i v e  s tu d y  

o f  th e  e f f e c t s  a s s o c i a t e d  w i th  s c i n t i l l a t i o n s  

from  g a s e s ,  an  a t te m p t  was made t o j ^ r f o r m  e x p e r i ­

m en ts  d e s ig n e d  t o  throw  l i g h t  on t h e  i n i t i a l  

p r o d u c t io n  o f  th e  e x c i t e d  s t a t e s  and t h e i r  

su b s e q u e n t  d e - e x c i t a t i o n  by q u en c h in g  o r  by 

e m is s io n  o f  r a d i a t i o n .  As a  r e s u l t  o f  th e  

e x p e r im e n ts  d e s c r ib e d  i n  p a r t  I  o f th e  t h e s i s  

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

q u a n t i t a t i v e  p i c t u r e  of th e  e v e n t s  i n  a g a s  o r  

m ix tu re  of g a s e s ,  f o l lo w in g  th e  p a s s a g e  o f  a  

heavy  c h a rg e d  p a r t i c l e ,  w h ich  l e a d  t o  th e  e m is s io n  

o f  l i g h t  i n  th e  v i s i b l e  s p e c tru m  from  th e  g a s .
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CHAPTER 1 .

The E f f i c i e n c y  o f  P r o d u c t io n  of P h o to n s  E f f e c t i v e  
i n  R e le a s in g  E l e c t r o n s  from  th e  P h o to c a th o d e  of 

M odern P h o t o m u l t i p l i e r s .

A d i s c u s s i o n  o f s c i n t i l l a t i o n s  f ro m  g a s e s  when 

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

some re m a rk s  on th e  y i e l d  of u s e f u l  p h o to n s  o b s e rv e d  t o  

be e m i t t e d  from  th e  g a s  when a  known amount o f  e n e rg y  i s  

l o s t  by  an  i o n i s i n g  p a r t i c l e  i n  t h e  g a s .  The p h ra s e  

u s e f u l  p h o to n s  s h o u ld  be u n d e r s to o d  t o  r e f e r  t o  t h e  f a c t  

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

i s  a p p r e c i a b l e  o v e r  a  r e s t r i c t e d  r e g i o n  o f  th e  s p e c tru m , 

t h e n  o n ly  p h o to n s  w i t h  a  w a v e le n g th  i n  t h i s  r e s t r i c t e d  

r e g i o n  c a n  be te rm e d  u s e f u l  i n  th e  s e n s e  t h a t  t h e y  a r e  

l i k e l y  t o  r e l e a s e  p h o t o - e l e c t r o n s  fro m  t h e  p h o to c a th o d e .

U n l ik e  th e  human e y e ,  a  m odem  p h o t o m u l t i p l i e r  

h a s  no  means of i n d i c a t i n g  th e  w a v e le n g th  o f p h o to n s  

r e s p o n s i b l e  f o r  e l e c t r o n  e m is s io n  from  t h e  p h o to c a th o d e ,  

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

e m i t t e d  t h e n  th e  p h o to n s  r e s p o n s i b l e  f o r  th e  e m is s io n  

p r o b a b ly  l i e  w i t h i n  th e  r e g io n  o f w a v e le n g th s  i n  w h ich  

th e  s e n s i t i v i t y  of t h e  p h o t o m u l t i p l i e r  i s  h i g h e s t .

By i n t e r p o s i n g  a b s o r b e r s  b e tw e e n  th e  p h o to c a th o d e  

and  t h e  s c i n t i l l a t o r  i t  i s  c l e a r l y  p o s s i b l e  t o  a r r a n g e
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t h a t  o n ly  l i g h t  w i t h i n  a  v e r y  r e s t r i c t e d  r e g i o n ,  e . g .

100 Â®, o f w a v e le n g th s  i s  a l lo w e d  t o  r e a c h  th e  p h o to c a th o d e .  

By k e e p in g  t h i s  c h a n n e l  w id th  o f t r a n s m i t t e d  w a v e le n g th s  

c o n s t a n t ,  v a r y in g  th e  u p p e r  and lo w e r  e d g e s  and c o r r e c t i n g  

f o r  t h e  known s e n s i t i v i t y  o f t h e  p h o t o m u l t i p l i e r  i t  w ould  

he p o s s i b l e  t o  o b t a i n  th e  t r u e  sp e c tru m  o f  th e  l i g h t  

e m i t t e d  a s  s c i n t i l l a t i o n s  f ro m  a  g a s .  (The u s u a l  ty p e  

o f w a v e le n g th  s p e c t r o m e te r s  w h ich  have b e t t e r  r e s o l u t i o n  

r e q u i r e  somewhat s t r o n g e r  s o u r c e s  of l i g h t  t h a n  a r e  

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

p o lo n iu m ) .  T h is  h a s  n o t  b e e n  a t t e m p te d  h e r e  s i n c e  th e  

a v a i l a b l e  ra n g e  of a b s o r b e r s  c o u ld  n o t  c o v e r  t h e  e x p e c te d  

spec trum *

W hile t h i s  i s  r e g r e t t a b l e ,  i t  h a s  b e e n  p o s s i b l e  

t o  d e f i n e  a  q u a n t i t y  r e l a t e d  t o  th e  e m i t t e d  s p e c tru m , 

w h ich  can  be m easu red  and w h ich  a l l o w s  q u a n t i t a t i v e  

e x p e r im e n ts .  The symbol w i l l  be u s e d  h e r e  f o r

t h i s  q u a n t i t y  w hich  i s  d e f in e d  a s  th e  num ber o f  e q u i v a l e n t  

p h o to n s  w h ich  a r e  e m i t t e d  i n t o  a  s o l i d  a n g le  o f 47T when 

an  a l p h a  p a r t i c l e  lo s e s .  5 Mev e n e rg y  i n  a  g a s .  The 

num ber o f e q u i v a l e n t  p h o to n s  i s  t h a t  num ber o f p h o to n s  

of a  w a v e le n g th  a t  th e  peak  of th e  s e n s i t i v i t y  c u rv e  of 

th e  p h o t o m u l t i p l i e r  w h ich  w ould  r e l e a s e  th e  same num ber



of p h o t o e l e c t r o n s  fro m  th e  p h o to c a th o d e  a s  t h e  a c t u a l  

l i g h t  e m is s io n  when an  a lp h a  p a r t i c l e  l o s e s  5 Mev e n e rg y  

i n  a  g a s .

T h is  q u a n t i t y  Ng w i l l  he d i f f e r e n t  when 

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

r e s p o n s e .  E x p e r im e n ts  w i l l  now he d e s c r i b e d  w h ich  

a l lo w e d  e s t i m a t e s  o f  Ne t o  be made f o r  d i f f e r e n t  g a s e s  

u s in g  an  E .M .I .  p h o t o m u l t i p l i e r ,  ty p e  5311 .

E x p e r im e n ta l  P ro c e d u re

A s m a l l  t u n g s t e n  lam p was p l a c e d  a t  a  d i s t a n c e  

o f  40 y a r d s  from  th e  p h o to - c a th o d e  of a  p h o t o m u l t i p l i e r .  

The t e m p e r a tu r e  o f th e  f i l a m e n t  was fo u n d  by  m e a su r in g  

th e  power d i s s i p a t i o n  i n  i t .  From th e  t e m p e r a tu r e  th e  

s p e c t r a l  d i s t r i b u t i o n  from  th e  lamp was d ed u ced  on th e  

a s s u m p t io n  t h a t  i t  b eh av ed  l i k e  a  b l a c k  body and  t h a t  

th e  e f f i c i e n c y  of c o n v e r s io n  o f  e l e c t r i c  pow er t o  

r a d i a t i o n  was lOOjS.

T u n g s te n  lam ps l o s e  l e s s  t h a n  lO fo  o f  th e  pow er t h e y  

consume i n  p r o c e s s e s  o th e r  t h a n  r a d i a t i o n ,  and  t th e  

s p e c t r a l  d i s t r i b u t i o n  i s  t h e  same a s  a  b l a c k  body o f  

t e m p e r a tu r e  T c o r r e s p o n d in g  t o  pow er d i s s i p a t i o n  ¥  

a c c o r d in g  t o  th e  t a b l e s  of H a r r i s o n  e t  a l  (1 9 4 8 ) .
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The p h o t o e l e c t r o n s  r e l e a s e d  from  th e  p h o to c a th o d e  

by t h e  l i g h t  f ro m  t h e  lamp p a s s e d  w i th  e l e c t r o n  

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

t o  th e  c o l l e c t o r .  The c o l l e c t o r  r e s i s t a n c e  E and  

c a p a c i t y  0 w ere  a d j u s t e d  so  t h a t  C R -~ 1 0 * ^  s e e .  The 

p u l s e s  a p p e a r in g  on th e  c o l l e c t o r  p a s s e d  th r o u g h  a  

c a th o d e  f o l l o w e r  and  were th e n  a m p l i f i e d  by  a n  a m p l i f i e r  

w i th  a  b a n d w id th  o f  500 K c / s ,  T .R .E .  ty p e  1008A. The 

p u l s e s  fro m  th e  o u tp u t  o f t h i s  a m p l i f i e r  w ere f e d  t o  a  

d i s c r i m i n a t o r  and  s c a l a r  ty p e  100 8 . By c o u n t in g  th e  

number o f  p u l s e s  above a  f i x e d  p u l s e  h e i g h t  on t h e  s c a l e r  

when th e  lamp was moved t o  v a r i o u s  d i s t a n c e s  fro m  th e  

p h o t o m u l t i p l i e r  c a th o d e ,  i t  was v e r i f i e d  t h a t  t h i s  m easu red  

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

s q u a re  o f  th e  d i s t a n c e  b e tw een  t h e  lamp an d  th e  p h o to ­

m u l t i p l i e r ,  and t h a t  th e  s t r a i g h t  l i n e  when e x t r a p o l a t e d  

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

The number o f  c o u n ts  i n  t h e  s c a l e r  was o b s e rv e d  

f o r  a  known b i a s  i n  t h e  d i s c r i m i n a t o r  and a  m e asu red  e n e rg y  

d i s s i p a t i o n  i n  t h e  t u n g s t e n  lamp p l a c e d  a t  a  m easu red  

d i s t a n c e  from  th e  p h o t o m u l t i p l i e r .  Im m e d ia te ly  a f t e r w a r d s  

f o r  th e  same b i a s  i n  t h e  d i s c r i m i n a t o r  th e  num ber o f 

c o u n ts  i n  t h e  s c a l e r  was o b se rv e d  f o r  a  m e a su re d  num ber



of a lp h a  p a r t i c l e s  l o s i n g  a  known f r a c t i o n  o f  t h e i r  

e n e rg y  i n  a  g a s  i n  c lo s e  p r o x im i ty  t o  t h e  p h o to e a th o d e  

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

e q u i v a l e n t  p h o to n  e m is s io n  fro m  th e  g a s  i s  g iv e n  by

N .  =* Ê J 2  . ^  . - L -
é  S E  M  .  (1)

where n  i s  th e  number o f  e q u i v a l e n t  p h o to n s  e m i t t e d

by th e  lamp i n  one se c o n d ,  and i s  o b t a i n e d  by  th e  c r o s s ­

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

and th e  a c t u a l  e m is s io n  from  th e  lam p w hich  was fo u n d  

by  th e  m ethod d e s c r i b e d  ab o v e . 0  i s  t h e  f r a c t i o n

of t h e  number of e q u i v a l e n t  p h o to n s  p ro d u c e d  by t h e  

lamp w h ich  f e l l  upon t h e  window of t h e  m u l t i p l i e r ,  6  i s  

t h e  e f f i c i e n c y  of c o l l e c t i o n  o f t h e  l i g h t  p ro d u c e d  by  th e  

cC - p a r t i c l e s  i n  th e  g a s ,  t h e  r a t i o  of t h e

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

e m is s io n  and  th e  lamp r e s p e c t i v e l y ,  i s  th e  f r a c t i o n

o f oC - p a r t i c l e  e n e rg y  a b s o rb e d  i n  th e  g a s ,  and  M i s  

t h e  number of - p a r t i c l e s  a b s o rb e d  p e r  s e c o n d .  F o r  

e q u a t i o n  (1) t o  h o ld  i t  i s  n e c e s s a r y  t o  k ee p  jE s o  s m a l l  

t h a t  r a r e l y  does th e  same d  - p a r t i c l e  c a u s e  t h e  e m is s io n  

o f more t h a n  one p h o t o - e l e c t r o n  f ro m  th e  p h o to c a th o d e .

I t  was v e r i f i e d  t h a t  t h i s  c o n d i t i o n  was s a t i s f i e d  by



A, f

co m p arin g  th e  p u ls e  h e i g h t  d i s t r i b u t i o n  fro m  th e  lam p 

w i t h  t h a t  fro m  th e  cC - p a r t i c l e s  a b s o rb e d  i n  t h e  g a s e s*

The e v a l u a t i o n  of M was f a c i l i t a t e d  by  u s i n g  a  h i g h  

lamp t e m p e r a tu r e  b e c a u se  th e  c r o s s  i n t e g r a t i o n  b e tw e e n  

th e  e m is s io n  sp e c tru m  of th e  lamp and th e  s e n s i t i v i t y  

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

c o n d i t io n *  To a v o id  s a t u r a t i o n  o f  t h e  p h o t o m u l t i p l i e r  

f ro m  su c h  a  b r i g h t  l i g h t  P  was k e p t  v e r y  l a r g e  and  i t  

i s  b e l i e v e d  t h a t  n  was m easu red  t o  w i t h i n  a  f a c t o r  o f  

two* F o r  th e  c a l c u l a t i o n s  6  was e v a l u a t e d  by b l a c k e n in g  

th e  w a l l s  o f th e  - p a r t i c l e  cham ber and  e s t i m a t i n g  th e  

a v e ra g e  s o l i d  a n g le  s u b te n d e d  by th e  p h o to c a th o d e  t o  t h e  

gas*  Some e r r o r  i n  th e  e v a l u a t i o n  o f  é  w i l l  r e m a in  

owing t o  th e  f a c t  t h a t  th e  p h o to n s  f ro m  th e  g a s e s  do n o t  

a l l  p a s s  n o rm a l ly  th r o u g h  th e  s u r f a c e  o f  th e  q u a r tz #  

F u r th e r m o r e ,  th e  p h o to n s  p a s s i n g  o b l i q u e l y  i n t o  t h e  p h o to ­

c a th o d e  a r e  more l i k e l y  t o  p ro d u ce  p h o t o - e l e c t r o n s  t h a n  

a r e  th o s e  w h ich  p a s s  th r o u g h  th e  s u r f a c e  n o rm a lly *  The 

p h o t o m u l t i p l i e r  u s e d  i n  t h e s e  e x p e r im e n ts  h a d  a  s e n s i t i v i t y  

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

The t a b l e  shows th e  v a l u e s  o b ta in e d  f o r  Ne f o r  

d i f f e r e n t  g a s e s  a t  a tm o s p h e r ic  p r e s s u r e  by s u b s t i t u t i o n  

o f th e  above m easu red  q u a n t i t i e s  i n t o  e q u a t i o n  ( l )  *



F o r  c o m p a r is o n ,  th e  c o r r e s p o n d in g  f i g u r e  f o r  an  

a n th r a c e n e  c r y s t a l  i s  in c lu d e d  ( B i r k s  1 9 5 3 )•

T~ AB L E  I A n th ra c e n e
Gas N i t r o g e n  Argon H elium  M ethane C r y s t a l

Ne 150 250 1000 -  9000

Owing t o  th e  u n c e r t a i n t i e s  in v o lv e d  th e s e  f i g u r e s  s h o u ld  

o n ly  he t a k e n  a s  a  g u id e  i n  e x p e r im e n ts  u s i n g  p h o to ­

m u l t i p l i e r s  w i th  r e s p o n s e  c u r v e s  s i m i l a r  t o  t h a t  u s e d  "by 

th e  a u t h o r .  I t  was fo u n d  t h a t  th e  s c i n t i l l a t i o n s  from  

a i r  p ro d u c e d  a lm o s t  th e  same c o u n t in g  r a t e  on th e  s c a l e r  

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

t h i s  ta"ble i t  was assum ed t h a t  i n  a l l  g a s e s  th e  s p e c i f i c  

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

e n e rg y  i n  th e  same way a s  th e  B ragg  c u rv e  o f  i o n i s a t i o n .

As a c h e c k  on th e  q u a n t i t a t i v e  v a lu e  o f  th e  

r e s u l t s  g iv e n  "by t h e  e x p e r im e n t  d e s c r i b e d  a b o v e , th e  

r e s u l t s  o f  a  l a t e r  e x p e r im e n t  may be q u o te d  h e r e .

I n  t h i s  e x p e r im e n t ,  w h ich  w i l l  be d e s c r i b e d  below , 

a n  e f f o r t  was made t o  a c h ie v e  a  h ig h  e f f i c i e n c y  o f l i g h t  

c o l l e c t i o n  from  th e  t r a c k s  of a lp h a  p a r t i c l e s  i n  g a s e s .  

U nder t h e s e  c o n d i t i o n s  v a l u e s  of Ne w ere d ed u ced  from  

m easu rem en ts  of th e  a v e ra g e  p u l s e  h e i g h t  due to  s c i n t i l l ­

a t i o n s  f ro m  th e  g a s e s .  The p o s s i b i l i t y  of o b t a i n i n g  

an  e s t i m a t e  o f  Ne i n  t h i s  way a r i s e s  o u t  o f  s e v e r a l



f a c t o r s .  The v a l u e s  o f  Ne g iv e n  i n  t a b l e  I  s u g g e s t  

t h a t  i f  e a c h  p h o to n  h a s  an  a p p r e c i a b l e  chance  of 

p ro d u c in g  a  p h o t o e l e c t r o n  when i t  p a s s e s  i n t o  t h e  p h o to ­

c a th o d e ,  a  s c i n t i l l a t i o n  n o rm a l ly  r e s u l t s  i n  t h e  r e l e a s e  

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

p u l s e s  from  th e  p h o t o m u l t i p l i e r  c a n ,  t h e r e f o r e ,  be 

c o n s i d e r a b l y  l a r g e r  t h a n  th o s e  due t o  o n ly  one e l e c t r o n  

l e a v i n g  th e  p h o to c a th o d e .

T h is  w i l l  o n ly  b e  t r u e  i f  a  l a r g e  f r a c t i o n  

o f  t h e  l i g h t  e m is s io n  fro m  th e  g a s  i s  * c o l l e c t e d *  by 

th e  p h o to c a th o d e  and  i f  th e  e l e c t r o n  c h a rg e  a t  t h e  

c o l l e c t o r  due t o  t h e  r e l e a s e  of e a c h  s e p a r a t e  p h o to ­

e l e c t r o n  does  n o t  l e a k  away th r o u g h  th e  le a k a g e  

r e s i s t o r  R f a s t e r  t h a n  th e  a v e ra g e  t im e  i n t e r v a l  

b e tw een  th e  e m is s io n  o f  e a c h  p h o t o e l e c t r o n .  T h a t  i s ,  

th e  t im e  c o n s t a n t  f o r  d e c a y ,  CR, o f  t h e  c h a rg e  on th e  

c o l l e c t o r  w i th  c a p a c i t y  C m ust be  much g r e a t e r  t h a n  

T ' t h e  l i f e t i m e  a g a i n s t  d ecay  o f  t h e  e x c i t e d  a tom s i n  

th e  t r a c k  o f  e a c h  a lp h a  p a r t i c l e .  I t  w i l l  be shown 

l a t e r ,  i n  t h e  s e c t i o n  d e s c r i b i n g  t h e  e x p e r im e n t ,  t h a t  

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



s c i n t i l l a t i o n s  i s  l e s s  t h a n  10“ ^ s e c .

The lamp w as o p e r a t e d  a t  t e m p e r a tu r e  T# From 

th e  t e m p e r a tu r e  T th e  a c t u a l  e m is s io n  s p e c tru m  o f th e  

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

body r a d i a t i o n .  The b r i g h t n e s s  o f  th e  lam p a t  t h i s  

t e m p e r a tu r e  was o b t a i n e d  fro m  th e  m a n u f a c t u r e r ’ s d a t a  

and e x p r e s s e d  i n  lu m en s  p e r  s e c o n d .  The num ber o f  

e q u i v a l e n t  p h o to n s  c o r r e s p o n d in g  t o  t h i s  e m is s io n  was 

th e n  fo u n d  by e v a l u a t i n g  th e  o v e r la p  i n t e g r a l  of th e  

e m is s io n  s p e c tru m  and t h e  s p e c t r a l  r e s p o n s e  c u rv e  of 

t h e  p h o t o m u l t i p l i e r .  I n  t h i s  way th e  num ber o f 

ecL u iva len t p h o to n s  e m i t t e d  by th e  lamp f o r  a  d e f i n i t e  

number o f  lum ens was o b t a i n e d .  The number of e l e c t r o n s  

r e l e a s e d  fro m  th e  p h o to c a th o d e  p e r  e q u i v a l e n t  p h o to n  

was t h e n  d e r iv e d  f ro m  t h e  s e n s i t i v i t y  o f  th e  p h o to ­

c a th o d e  i n  m ic ro a m p e re s  p e r  lum en . The v a lu e  o b ta in e d  

was one e l e c t r o n  p e r  t e n  e q u i v a l e n t  p h o to n s .

C l e a r l y  t h i s  v a lu e  c o u ld  have  b ee n  m e a su re d  i n  t h e  

l a b o r a t o r y  u s i n g  th e  p ro c e d u re  of t h e  p r e v io u s  e x p e r im e n t ;  

i t  I s  p e r h a p s  t o  be  r e g r e t t e d  t h a t  t h i s  was n o t  d o n e .

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

s e p a r a t e l y  by  th e  m a n u f a c t u r e r s  t h i s  may n o t  h av e  b e e n  

t o o  im p o r ta n t  a  s o u rc e  o f  e r r o r .



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

6 i s  th e  e f f i c i e n c y  o f  l i g h t  c o l l e c t i o n  by th e  
p h o to c a th o d e ,

E /E ^  i s  th e  f r a c t i o n  of e n e r g y  l o s t  by a  p o lo n ium  
a l p h a  p a r t i c l e  i n  t h e  g a s ,

Y q i s  t h e  mean p u l s e  h e i g h t  due t o  one p h o t o e l e c t r o n ,

Vg i s  t h e  mean p u l s e  h e i g h t  due t o  a  s c i n t i l l a t i o n  
c o r r e s p o n d in g  t o  an  e n e rg y  l o s s  E .

Nq i s  g iv e n  b y  = XS . 1 (ç>\
Vo * E • - f t

The v a l u e s  o f  Eg o b t a in e d  by  i n s e r t i n g  th e  m easu red

q u a n t i t i e s  i n t o  e q u a t i o n  2 i n d i c a t e  t h a t

th e  r e l a t i v e  e f f i c i e n c i e s  of t h e  g a s e s  g i v e n  i n  th e  

above t a b l e  a r e  c o r r e c t  t o  5^  and t h e  a b s o l u t e  

e f f i c i e n c i e s  t o  w i t h i n  50jS, w h ich  i s  c o n s i s t e n t  w i t h  

t h e  s y s t e m a t i c  e r r o r s  i n v o lv e d  i n  b o th  e x p e r im e n t s .

C o n c lu s io n s .

I t  i s  c o n c lu d e d  t h a t  t h e  v a l u e s  g iv e n  i n  th e  

above t a b l e  f o r  th e  r e l a t i v e  e f f i c i e n c i e s  o f th e  

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

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

w rong by more t h a n  a  f a c t o r  o f  tw o , and t h e r e  i s  

i n d i r e c t  e v id e n c e  t h a t  t  = 1 0 ^ .



I t  i s  c l e a r  fro m  th e  v a l u e s  g iv e n  i n  ' t a b l e  I 
and th e  v a lu e  of t h e  t r a n s p a r e n c y  t  t h a t  i t  i s  p o s s i b l e  

t o  a r r a n g e  t h a t  t h e  s c i n t i l l a t i o n  f ro m  an  a lp h a  p a r t i c l e  

i n  a  g a s  v e r y  r a r e l y  r e s u l t s  i n  th e  e m is s io n  o f  more 

t h a n  one p h o t o e l e c t r o n  from  th e  p h o to c a th o d e  b y  c o l l e c t i n g  

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

When su c h  an  a r ra n g e m e n t  i s  u se d  i t  i s  p o s s i b l e  t o  s t a t e  

w i t h o u t  r e s e r v a t i o n  t h a t  th e  c o u n t in g  r a t e  i n  a  s c a l a r  

r e c o r d i n g  p u l s e s  above a  g iv e n  v o l t a g e  h e i g h t  on th e  

c o l l e c t o r  i s  d i r e c t l y  p r o p o r t i o n a l  t o  th e  num ber of 

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

p r o v id e d  th e  number of a l p h a  p a r t i c l e s  re m a in s  c o n s t a n t .

T h is  c o n c lu s io n  i s  e s s e n t i a l  f o r  t h e  i n t e r ­

p r e t a t i o n  o f s e v e r a l  o f  th e  e x p e r im e n ts  t o  be d e s c r i b e d  

b e lo w .



CHAPTER 2 .

The S p e c i f i c  E m is s io n  a s  a F u n c t i o n  o f 
th e  V e l o c i t y  o f  th e  P a r t i c l e .

I n  th e  p r e v io u s  c h a p t e r  e x p e r im e n ts  were 

d e s c r i b e d  w hich  a l lo w e d  a  m easu rem en t o f  th e  t o t a l  

l i g h t  e m is s io n  from  th e  t r a c k  o f  an  a lp h a  p a r t i c l e  

i n  a  g a s ,  i n  te rm s  o f  e q u i v a l e n t  p h o to n s .

I n  t h i s  c h a p t e r  e x p e r im e n ts  a r e  d e s c r i b e d  

w h ich  a l lo w e d  th e  v a r i a t i o n  o f  th e  e m is s io n  o f  l i g h t  

f ro m  th e  t r a c k  o f  an  a lp h a  p a r t i c l e  i n  a  g a s  t o  be 

m easu red . The m easu rem en ts  d e s c r i b e d  h e r e  o f 

a r e  i n  f a c t  m easu rem en ts  o f  a  q u a n t i t y  p r o p o r t i o n a l  

t o  ^ 2  , t h e  v a lu e  of t h e  c o n s t a n t  in v o lv e d

i s  o b ta in e d  by e q u a t in g  th e  whole a r e a  u n d e r  th e  

c u rv e  t o  th e  v a l u e s  g iv e n  i n  th e  t a b l e  o f  t h e  

p r e v io u s  c h a p t e r .  T h e r e f o r e ,  th e  a b s o l u t e  v a l u e  

( i n  te rm s  o f e q u i v a l e n t  p h o to n s )  o f  th e  s p e c i f i c  

e m is s io n  c u rv e  i s  known o n ly  t o  w i t h i n  t h e  

a c c u ra c y  of t h e  v a l u e s  g iv e n  i n  th e  t a b l e  f o r  th e  

t o t a l  e m is s io n .  The e r r o r  i n  t h e  sh ap e  o f  th e  

c u rv e  f o r  th e  s p e c i f i c  e m is s io n  i s  v e r y  much l e s s  

and was d e te rm in e d  by t h e  e r r o r s  in v o lv e d  i n  th e  

e x p e r im e n ts  d e s c r i b e d  i n  t h i s  c h a p t e r .



E x p e r im e n ta l  P r o c e d u r e .

F ig u re  1 shows an  a p p a r a t u s  d e s ig n e d  t o  

m easure  th e  v a r i a t i o n  o f  l i g h t  e m is s io n  a lo n g  th e

t r a c k  of an oC - p a r t i c l e  a s  i t  s lo w s  up and  s t o p s

i n  th e  g a s .  A c l e a n  p o lo n iu m  s o u rc e  was made 

from  s to c k  s o l u t i o n  hy d e p o s i t i o n  on s i l v e r  and 

waxed on t o  a l e a d  b lo c k  a t  t h e  t o p  o f  t h e

chamber* The p a r t i c l e s  t r a v e l l e d  down th e  m id­

s e c t i o n ,  p a s s e d  th ro u g h  a  t h i n  a lum in ium  window 

i n t o  a  sm a l l  cham ber 3 nnn i n  d e p th  and were 

f i n a l l y  s to p p e d  i n  a  p ie c e  o f  c l e a n  c r y s t a l l i n e  q u a r tz



fo rm in g  t h e  b o t to m  p l a t e  of th e  ch am b er. The g a s  

t o  be i n v e s t i g a t e d  was i n t r o d u c e d  i n t o  t h e  cham ber 

th ro u g h  a  c o p p e r  p ip e  and th e  l i g h t  p ro d u c e d  a lo n g  

th e  cC - p a r t i c l e  t r a c k s  p a s s e d  th r o u g h  th e  c r y s t a l l i n e  

q u a r t z  and  was d e t e c t e d  by an E .M .I .  p h o t o m u l t i p l i e r  

ty p e  5311  p l a c e d  in m e d ia te ly  below* No l i q u i d  p a r a f f i n  

o r  s i m i l a r  u s u a l  c o u p l in g  medium was i n s e r t e d  b e tw e e n  

th e  q u a r tz  and th e  g l a s s  en v e lo p e  o f th e  p h o t o m u l t i p l i e r  

i n  c a se  th e  u l t r a - v i o l e t  e m is s io n  f ro m  th e  g a s  m ig h t  

be  c o n v e r te d  t o  v i s i b l e  p h o to n s  w h ich  w ould  have 

p ro d u c e d  s p u r io u s  c o u n t s  i n  th e  m u l t i p l i e r #  The 

p h o t o m u l t i p l i e r  was fo l lo w e d  by an  a m p l i f i e r ,  

d i s c r i m i n a t o r  and  s c a l e r *  A i r  a t  known p r e s s u r e  

i n t r o d u c e d  i n t o  t h e  m i d - s e c t i o n  p r o v id e d  v a r i a b l e  

a b s o r p t i o n  i n  th e  p a th  o f th e  << - p a r t i c l e s ,  w h i le  

th e  a lum in ium  window s e rv e d  a s  a  vacuum s e a l  and  a l s o  

p r e v e n te d  l i g h t  fro m  th e  m i d - s e c t i o n  r e a c h i n g  t h e  

p h o t o m u l t i p l i e r .  T h is  m ethod o f  a b s o r p t i o n  was 

a d o p te d  i n  p r e f e r e n c e  t o  th e  u se  o f f o i l s  i n  o r d e r  

t o  a v o id  th e  p o s s i b i l i t y  of l i g h t  from  th e  room r e a c h i n g  

th e  p h o t o m u l t i p l i e r  be tw een  r e a d i n g s .  I t  h ad  

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

te m p o ra ry  i n c r e a s e  r e s u l t e d  i n  t h e  n o i s e  c u r r e n t



fro m  th e  p h o to - c a th o d e  h a v in g  th e  same p u l s e  h e i g h t  

d i s t r i b u t i o n  a s  th e  s i g n a l s  due t o  p h o to n  e m is s io n  from  

t h e  g a s  i n  th e  ch am ber. C r y s t a l  q u a r t z  was o b s e rv e d  

t o  s c i n t i l l a t e  f e e b l y  u n d e r  << - p a r t i c l e  bom bardm ent, 

b u t  th e  n e c e s s a r y  c o r r e c t i o n  f o r  t h i s  e f f e c t  was 

d e te rm in e d  by  i n t r o d u c i n g  m ethane ( a  n o n - s c i n t i l l a t i n g  

g a s )  i n t o  th e  cham ber and r e p e a t i n g  th e  o b s e r v a t i o n s .

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

r e a c h in g  th e  cham ber, a s  th e  p r e s s u r e  of a i r  i n  t h e  

m i d - s e c t i o n  w as v a r i e d ,  s e p a r a t e  e x p e r im e n ts  w ere  

made w i t h  a  Z n S  s c r e e n  above th e  q u a r t z ,

A d e t e r m i n a t i o n  of t h e  s p e c i f i c  e m is s io n  o f  

p h o to n s  by h e l iu m  u n d e r  o i  - p a r t i c l e  bom bardm ent i s  

shown i n  f i g u r e  2 , and  f o r  c o m p a r is o n  t h e  B ragg  

c u rv e  o f  i o n i z a t i o n .  S in c e  t h e  p o lo n iu m  s o u r c e  was 

weak i t  was n o t  p o s s i b l e  t o  c o l l i m a t e  th e  c i  - p a r t i c l e s  

and th e  s p r e a d  i n  th e  d  - p a r t i c l e  r a n g e s  had  a  h a l f ­

w id th  of of t h e  mean r a n g e .  The v a r i a t i o n  o f  

e m is s io n  a lo n g  t h e  t r a c k  i n  a i r  was fo u n d  t o  be  

s i m i l a r  t o  t h a t  f o r  h e l iu m .

C o n c lu s io n s

I t  i s  c o n c lu d e d  fro m  t h e s e  e x p e r im e n ts  t h a t  

th e  s p e c i f i c  i o n i s a t i o n  and th e  s p e c i f i c  e m is s io n



f o l l o w  e a c h  o t h e r  a s  th e  v e l o c i t y  of th e  a lp h a

p a r t i c l e  v a r i e s  a lo n g  th e  t r a c k #

I t  i s  c l e a r  t h a t  any v a lu e  w h ich  th e  shape of 

t h e  c u rv e  i n  f i g . 2 h a s  i s  d e te r m in e d  hy  th e  d e g re e  of 

l i n e a r i t y  b e tw een  th e  c o u n t in g  r a t e  i n  th e  s c a l e r  and 

t h e  l i g h t  e m is s io n  from  th e  g a s .  I t  was a r r a n g e d  

u s i n g  th e  v a l u e s  of Ng g iv e n  i n  t h e  t a b l e  o f  th e  

p r e v io u s  c h a p te r  t h a t  th e  p r o b a b i l i t y  o f  any one a lp h a  

p a r t i c l e  c a u s in g  th e  r e l e a s e  o f  more t h a n  one p h o to ­

e l e c t r o n  from  th e  p h o to c a th o d e  was v e r y  s m a l l .  U nder 

t h i s  c o n d i t i o n  th e  v a r i a t i o n  o f c o u n t in g  r a t e  i n  th e  

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

e m is s io n  a lo n g  th e  t r a c k  o f t h e  a lp h a  p a r t i c l e .

Only two g a s e s  were i n v e s t i g a t e d ,  a i r  and 

h e l iu m .  These two w ere s p e c i f i c a l l y  c h o se n  b e c a u s e  

t h e y  e a c h  b e lo n g  t o  one o f  th e  two m ain  g ro u p s  o f 

s c i n t i l l a t i n g  p u re  g a s e s ,  and  i t  was th o u g h t  n e c e s s a r y  

t o  o b s e rv e  w h e th e r  t h e r e  was any d i f f e r e n c e  i n  s p e c i f i c  

e m is s io n  b e tw een  g a s e s  b e lo n g in g  t o  th e  two g rou ps#

No d i f f e r e n c e  was o b s e rv e d  b e tw een  th e  c u r v e s  f o r  a i r  

and  h e l iu m .  T h is  c l a s s i f i c a t i o n  o f  t h e  s c i n t i l l a t i n g  

g a s e s  i n t o  two g ro u p s  w i l l  be d i s c u s s e d  l a t e r  i n  th e  

c h a p t e r  d e s c r i b i n g  th e  e f f e c t s  o b s e rv e d  when t h e  p r e s s u r e  

o f t h e  s c i n t i l l a t i n g  g as  i s  v a r i e d .
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CHAPTER 3 .

The O r ig in  o f  th e  L ig h t  E m iss io n  O b se rv ed  
a s  S c i n t i l l a t i o n s  from  G ase s .

In  th e  e x p e r im e n ts  d e s c r i b e d  i n  t h e  p r e v io u s  

c h a p t e r  i t  was shown t h a t  th e  s p e c i f i c  e x c i t a t i o n  v a r i e s  

w i th  v e l o c i t y  i n  t h e  same way a s  th e  s p e c i f i c  i o n i s a t i o n .  

T h is  s i m i l a r i t y  c a n  a r i s e  i n  two w ays, e i t h e r  t h e  l i g h t  

e m i t t e d  from  th e  t r a c k  comes fro m  th e  r e c o m b in a t io n  o f  

io n s  o r  from  th e  d e - e x c i t a t i o n  of atom s e x c i t e d  by th e  

p a s s a g e  of th e  a lp h a  p a r t i c l e .  I n  b o th  t h e s e  c a s e s  i t  

i s  t o  be e x p e c te d  t h a t  t h e  o b s e rv e d  v a r i a t i o n  of s p e c i f i c  

e x c i t a t i o n  as  a  f u n c t i o n  of v e l o c i t y  s h o u ld  f o l l o w  c l o s e l y  

th e  s p e c i f i c  i o n i s a t i o n .  T h a t  t h i s  s h o u ld  be  so  f o r  th e  

fo rm e r  i s  t r i v i a l ,  b u t  i f  i t  c a n  be  shown t h a t  th e  o r i g i n  

o f  t h e  l i g h t  i s  f ro m  th e  l a t t e r  t h e n  d i r e c t  e v id e n c e  h a s  

b e e n  o b ta in e d  f o r  a  s o u rc e  o f e n e rg y  l o s s  b y  a  heav y  

c h a rg e d  p a r t i c l e  i n  a  g a s  w hich  d o es  n o t  i n v o lv e  

i o n i s a t i o n .  The s im p le  m odel f o r  t h e  B ragg  c u rv e  of 

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

s h o u ld  be i d e n t i c a l  t o  t h e  s p e c i f i c  i o n i s a t i o n .  T here  

i s ,  i n  f a c t ,  no r e a l  d i f f e r e n c e  b e tw e e n  th e  two s i n c e  

t h e  io n s  a r e  atom s e x c i t e d  i n t o  th e  co n tin u u m  of e n e rg y  

l e v e l s  above th e  b in d i n g  e n e rg y  o f  th e  e l e c t r o n  t o  th e  

n u c l e u s .

The p o s s i b i l i t y  t h a t  th e  l i g h t  o b s e rv e d  a s



s c i n t i l l a t i o n s  a r i s e s  from  th e  r e c o m b in a t io n  o f  e x c i t e d  

io n s  c a n n o t  be o v e r lo o k e d ,  how ever, so  an  e x p e r im e n t  

was p e r fo rm e d  t o  f i n d  ou t how much, i f  an y , o f t h e  

l i g h t  i n  a  s c i n t i l l a t i o n  from  an a lp h a  p a r t i c l e  t r a c k  

i n  a  g a s  comes from  th e  d e - e x c i t a t i o n  of atom s d i r e c t l y  

e x c i t e d  by  th e  p a s s a g e  of th e  a lp h a  p a r t i c l e .  T h is  

e x p e r im e n t  i s  d e s c r i b e d  b e low .

E xperim en ta l P roced u re .

An a p p a r a tu s  was c o n s t r u c t e d  i n  w h ich  a lp h a  

p a r t i c l e s  from  a  s t r o n g l y  c o l l i m a t e d  s o u rc e  o f  p o lo n iu m  

p a s s e d  th ro u g h  a p p ro x im a te ly  3 cm s. o f g a s .  A t r i g h t  

a n g le s  t o  th e  t r a c k  o f th e  a lp h a  p a r t i c l e s  a  p h o to ­

m u l t i p l i e r  was p la c e d  and by a  s l i t  a r ra n g e m e n t  i t  was 

p o s s i b l e  t o  r e s t r i c t  th e  ”v iew ”’ o f th e  p h o t o m u l t i p l i e r  

t o  th e  g a s  i n  th e  im m edia te  v i c i n i t y  o f  th e  a lp h a  

p a r t i c l e  t r a c k s .  A gain  a t  r i g h t  a n g le s  t o  th e  a l p h a  

p a r t i c l e  t r a c k s ,  b u t  a l s o  a t  r i g h t  a n g le s  t o  t h e  p h o to ­

c a th o d e  o f th e  p h o t o m u l t i p l i e r ,  two e l e c t r o d e s  w ere  

p l a c e d  i n  th e  g a s .  These e l e c t r o d e s ,  one on e i t h e r  

s id e  o f th e  t r a c k s ,  were ou t o f  t h e  "v iew " o f  t h e  p h o to ­

m u l t i p l i e r .  T h is  a r ra n g e m e n t  i s  shown i n  f i g u r e  3 .

The p u lse s  from  the p h o to m u l t ip l ie r  were 

a m p lif ie d  by a 1008 a m p l i f ie r ,  and a t  th e  ou tpu t th ey
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h a d  a  d u r a t i o n  of 2*10"^ s e c .  T hese o u tp u t  p u l s e s  

from  t h e  a m p l i f i e r  were f e d  i n t o  a  d i s c r i m i n a t o r  and  

s c a l e r .  The c o u n t in g  r a t e  i n  th e  s c a l e r  was d i r e c t l y  

p r o p o r t i o n a l  t o  th e  l i g h t  e m is s io n  f ro m  th e  g a s .

When a v o l t a g e  d i f f e r e n c e  was a p p l i e d  t o  t h e  

two e l e c t r o d e s  i n  th e  g a s ,  a  c u r r e n t  was o b ta in e d  

w h ich , f o r  a  s u f f i c i e n t l y  l a r g e  v o l t a g e ,  was o b s e rv e d  

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

v o l t a g e  t o  th e  e l e c t r o d e s .  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  c o l l e c t e d  by th e  e l e c t r o d e s  was v e r y  n e a r l y  

e q u a l  t o  th e  r a t e  of p r o d u c t io n  o f  io n s  by a lp h a  

p a r t i c l e s  i n  th e  g a s .  That i s  l i t t l e  r e c o m b in a t io n  

o f  io n s  o c c u r re d  i n  t h e  im m ediate v i c i n i t y  o f t h e  

a lp h a  p a r t i c l e  t r a c k s .

When th e  g a s  was removed f ro m  th e  cham ber th e  

c o u n t in g  r a t e  i n  th e  s c a l a r  f e l l  t o  l e s s  t h a n  I fo  of 

th e  c o u n t in g  r a t e  when th e  g a s  was p r e s e n t  and  when 

th e  a l p h a  p a r t i c l e s  were b lo c k e d  o f f  by an  o b s t r u c t i o n  

th e  e l e c t r o d e  c u r r e n t  f e l l  t o  z e ro  a t  h ig h  g a s  

p r e s s u r e s .

The e x p e r im e n t  c o n s i s t e d  of o b s e r v in g  th e  

change i n  c o u n t in g  r a t e  i n  th e  s c a l a r  when th e  g a s  

was p r e s e n t  and th e  a p p l i e d  v o l t a g e  on th e  e l e c t r o d e s  

was v a r i e d .



No change i n  c o u n t in g  r a t e  was o b s e rv e d  i n  

th e  s e a l e r  when th e  a p p l i e d  v o l t a g e  t o  th e  e l e c t r o d e s  

was rem oved c o m p le te ly .  T h is  was o b s e rv e d  when th e  

g a s  was a i r  and a l s o  f o r  h e l iu m , t h e  two g a s e s  

i n v e s t i g a t e d .  The i n i t i a l  a p p l i e d  v o l t a g e  was 

s u f f i c i e n t  t o  a c h ie v e  a lm o s t  100^  c o l l e c t i o n  o f  i o n  

p a i r s  fo rm ed  i n  th e  g a s  by  th e  a lp h a  p a r t i c l e s .

C o n c lu s io n .

I t  i s  c o n c lu d e d  t h a t  t h e  o r i g i n  o f  th e  l i g h t  

d e t e c t e d  a s  s c i n t i l l a t i o n s  fro m  g a s e s  i s  n o t  th e  

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

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

shows t h a t  th e  two e f f e c t s ;  p r o d u c t i o n  o f  i o n  p a i r s  

a n d  e m is s io n  of q u a n ta  a r e  q u i t e  s e p a r a t e  i n  t h e  s e n se  

t h a t  one d o es  n o t  f o l l o w  from  th e  p r o d u c t i o n  of th e  

o t h e r .  E ach  e f f e c t  r e s u l t s  i n d e p e n d e n t ly  f o l l o w i n g  

t h e  p r im a r y  l o s s  o f  e n e r g y  by an  a lp h a  p a r t i c l e  i n  a  g a s .
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CHAPTER 4 .

The L i f e t im e  o f  t h e  E x c i t e d  S t a t e s  
a g a i n s t  E m iss io n #

The w a v e le n g th s  of t h e  l i g h t  o b s e rv e d  a s  

s c i n t i l l a t i o n s  i n  th e s e  e x p e r im e n ts  h av e  n o t  b ee n  

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

m u l t i p l i e r  f a l l s  t o  a  v e r y  low v a lu e  o r  z e ro  beyond th e  

l i m i t s  o f  th e  v i s i b l e  r e g i o n  o f t h e  s p e c t r u m .  I t ,  

t h e r e f o r e ,  seems v e r y  p ro b a b le  t h a t  t h e  s c i n t i l l a t i o n s  

c o u n te d  i n  th e s e  e x p e r im e n ts  c o n s i s t e d  of p h o to n s  w i th  

w a v e le n g th s  i n  t h e  v i s i b l e  r e g i o n .

The u p p e r  l i m i t  i n  th e  i n f r a r e d  i s  due t o  t h e  work 

f u n c t i o n  o f  th e  o x id e  f i l m  o f th e  p h o to c a th o d e ,  and  

th e  lo w e r  l i m i t  i n  th e  u l t r a v i o l e t  i s  d e te rm in e d  m a in ly  

by  th e  a b s o r p t i o n  of t h e  g l a s s  e n v e lo p e  o f  th e  p h o to ­

m u l t i p l i e r  u sed *  I n  th e  f a r  u l t r a v i o l e t  t h e  

s e n s i t i v i t y  of p h o t o m u l t i p l i e r s  h a s  n o t  b e e n  i n v e s t ­

i g a t e d  and i t  i s  n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  a  

p o s s i b l e  d e v i a t i o n  f ro m  th e  s im p le  p i c t u r e  d e s c r i b e d  

above f o r  th e  s e n s i t i v i t y  c u rv e  o f  a  p h o t o m u l t i p l i e r .

L ig h t  e m is s io n  from  a  g a s  s u c h  a s  h e l iu m  i s  

v e r y  l i k e l y  t o  be of two m ain  t y p e s ,  f a r  u l t r a v i o l e t  

and v i s i b l e  o r  n e a r  v i s i b l e .  T h is  c a n  be i n f e r r e d



f ro m  th e  l e v e l  s t r u c t u r e  of e x c i t e d  s t a t e s  of a to m ic  

h e l iu m .  The p h o to n s  i n  th e  v i s i b l e  s p e c t ru m  m ust 

r e s u l t  from  t r a n s i t i o n s  b e tw e en  v e r y  h i g h l y  e x c i t e d  

s t a t e s ,  w i t h  t h e  e v e n tu a l  e m is s io n  o f  a  f a r  u l t r a v i o l e t  

p h o to n  a s  t h e  atom  r e t u r n s  t o  th e  g ro u n d  s t a t e .  Only 

a  s m a l l  p r o p o r t i o n  o f  t h e  t r u e  e m is s io n  c a n  be e x p e c te d  

t o  have  w a v e le n g th s  i n  th e  r e g i o n  o f s e n s i t i v i t y  of 

th e  p h o t o m u l t i p l i e r .  T h is  a rgum ent i s  i n d i c a t e d  by 

th e  s i m p l i f i e d  l e v e l  s t r u c t u r e  o f  h e l iu m , shown i n  

f i g u r e  4 . However, th e  p h o to n s  i n  th e  f a r  u l t r a v i o l e t  

r e g i o n  o f  t h e  s p e c tru m  may, when th e y  a r e  a b s o rb e d  by 

th e  g l a s s  e n v e lo p e  o f  th e  p h o t o m u l t i p l i e r ,  c a u se  t h e  

g l a s s  t o  f l u o r e s c e  o r  p h o sp h o re sc e  w i th  t h e  r e s u l t a n t  

e m is s io n  o f  p h o to n s  i n  t h e  v i s i b l e  s p e c tru m .  I f  t h i s  

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

by th e  g l a s s  h a s  a  h ig h  e f f i c i e n c y  th e  c o n t r i b u t i o n  of 

t h e  f a r  u l t r a v i o l e t  e m is s io n  fro m  th e  g a s  t o  t h e  

s c i n t i l l a t i o n  a s  o b s e rv e d  by  th e  p h o t o m u l t i p l i e r  may 

be s u f f i c i e n t l y  l a r g e  t o  com pete w i th  th e  e m is s io n  

o f "v is ib le* *  p h o to n s  by th e  g a s  a to m s .

I t  i s  w e l l  known t h a t  th e  f a r  u l t r a v i o l e t  

e m i t t i n g  l e v e l s  i n  h e l iu m  have l i f e t i m e s  o f t h e  o r d e r  

10"+ s e c . , w h i le  t h e r e  i s  t h e o r e t i c a l  and  e x p e r im e n ta l  

e v id e n c e  t h a t  t h e  l i f e t i m e  o f  "o p tica l* ^  t r a n s i t i o n s



a r e  o f th e  o rd e r  10"?  10"® s e e .  Any p r o c e s s  of

c o n v e r s io n  o f  w a v e le n g th s  c a n  o n ly  l e n g t h e n  th e  o b s e rv e d  

l i f e t i m e .  T h e r e f o r e ,  any e x p e r im e n t  d e s ig n e d  t o  m easu re  

th e  l i f e t i m e  of th e  e x c i t e d  s t a t e s  r e s p o n s i b l e  f o r  th e  

l i g h t  i n  a  s c i n t i l l a t i o n  f ro m  h e l iu m  g i v e s  i n f o r m a t i o n  

on th e  p ro b a b le  w a v e le n g th s  o f  t h e  l i ^ t  e m is s io n  w hich  

e f f e c t s  th e  p h o t o m u l t i p l i e r .

A v e r y  s im p le  e x p e r im e n t  h a s  b e e n  p e r fo rm e d  and 

i s  d e s c r ib e d  below  w hich  made i t  p o s s i b l e  t o  d i s c r i m i n a t e  

b e tw een  th e  two w id e ly  s p a c e d  p o s s i b l e  v a l u e s  f o r  th e  

l i f e t i m e  s t a t e d  a b o v e .

E x p e r im e n ta l  T heory  and  P r o c e d u r e .

T h is  m ethod o f e s t i m a t i n g  th e  e f f e c t i v e  l i f e t i m e  

a g a i n s t  r a d i a t i o n  of th e  e x c i t e d  s t a t e s  r e s p o n s i b l e  f o r  

a  s c i n t i l l a t i o n  fro m  a  gas  i s  b a s e d  on t h e  f o l l o w i n g  

a rg u m e n t .

C o n s id e r  th e  e m is s io n  of Ne e q u i v a l e n t  p h o to n s  

fro m  a  g a s  due t o  th e  p a s s a g e  o f a n  a lp h a  p a r t i c l e  

th ro u g h  th e  g a s .  On th e  a v e ra g e  t h e s e  p h o to n s  w i l l  

r e l e a s e  of th e  o r d e r  E g /lO  p h o t o e l e c t r o n s  f ro m  th e  

p h o to c a th o d e  of th e  ty p e  u s e d  i n  t h e s e  e x p e r i m e n t s .

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

e l e c t r o n s  th ro u g h  th e  dynode s t a g e s  o f  t h e  p h o t o m u l t i p l i e r
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and e v e n t u a l l y  each  c a s c a d e  w i l l  p ro d u c e  a  n e g a t i v e  

v o l t a g e  edge on th e  c o l l e c t i n g  a n o d e .  When CR th e  

le a k a g e  tim e c o n s t a n t  o f th e  c o l l e c t i n g  anode i s  v e r y  

much l e s s  t h a n  th e  t im e  i n t e r v a l  b e tw e e n  t h e s e  e d g e s  

th e  o u tp u t  fro m  a  b ro a d  band  a m p l i f i e r  a t t a c h e d  t o  

th e  c o l l e c t i n g  anode w i l l  c o n s i s t  o f N e /lO  s e p a r a t e  

p u l s e s ,  w i th  an  a v e ra g e  h e i g h t  Vq s a y ,  and  when CR 

i s  v e r y  much lo n g e r  th a n  th e  above t im e  i n t e r v a l  th e  

o u tp u t  from  th e  a m p l i f i e r  w i l l  b e  one l a r g e  v o l t a g e  

p u l s e  of a  h e i g h t  equaü. t o  ^  x  Vq . T h is  c o n d i t i o n  

can  be e x p r e s s e d  by th e  r e l a t i o n s

CR ^  ^  ^® /lO s m a l l  p u l s e s  o f h e i g h t  Vo . . . ( I )

CR >  >  2r 1 l a r g e  p u l s e  o f h e i g h t  ^  x  V^ . . . ( 2 )

C l e a r l y  th e s e  r e l a t i o n s  make i t  p o s s i b l e  t o  make 

e x p e r im e n ta l  o b s e r v a t io n s  w h ich  c a n  d i s c r i m i n a t e  b e tw e e n  

two w id e ly  d i f f e r e n t  p o s s i b l e  v a l u e s  o f  by c h o o s in g

a  s u i t a b l e  v a lu e  o f CR and o b s e rv in g  w h e th e r  one l a r g e

p u l s e  o r  s e v e r a l  s m a l l  p u l s e s  r e s u l t s  fro m  i n c r e a s i n g  

th e  number of p h o to n s  e m i t t e d  fro m  a  g a s  f o r  e a c h  a lp h a  

p a r t i c l e  p a s s i n g  th r o u g h  i t .  T h is  t e c h n iq u e  i s  o n ly  

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

of Re g iv e n  i n  th e  t a b l e  i n  th e  f i r s t  c h a p t e r  show



t h a t  t h i s  i s  th e  c a s e  f o r  5 Mev a l p h a  p a r t i c l e s  i n  

s e v e r a l  g a s e s  i n c l u d i n g  h e l iu m .

The e x p e r im e n ta l  p ro c e d u re  a d o p te d  h e r e  was a s  

f o l l o w s .  The g as  b e in g  i n v e s t i g a t e d  was e n c lo s e d  i n  

a  p r e s s u r e  t i g h t  bo x  w i t h  a  g l a s s  window. A lpha 

p a r t i c l e s  f ro m  a  p o lon ium  s o u rc e  e n c lo s e d  i n  t h e  box 

p ro d u c e d  s c i n t i l l a t i o n s  from  th e  g a s .  The p h o to n s  

com posing  t h e  s c i n t i l l a t i o n  from  e a c h  a lp h a  p a r t i c l e  

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

g l a s s  window and  w ere c f e t s c t e d  by th e  p h o t o m u l t i p l i e r .  

The v o l t a g e  p u l s e s  on th e  c o l l e c t i n g  anode of t h e  

p h o t o m u l t i p l i e r  w i t h  a  v a lu e  of GR e q u a l  t o  

2 «10 s e c . ,  w ere  a m p l i f i e d  w i th o u t  d i s t o r t i o n  by  a  

b ro a d  ban d  a m p l i f i e r .  A s c a l e r  c o u n te d  a l l  o f t h e s e  

p u l s e s  ab o v e  a  v o l t a g e  b i a s  V on a  d i s c r i m i n a t o r  

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

By rem ov ing  th e  g a s  chamber and a l lo w in g  a  

l i t t l e  l i g h t  from  a  t u n g s t e n  lamp t o  f a l l  on th e  

p h o t o m u l t i p l i e r  i t  was p o s s i b l e  t o  o b s e rv e  a  p l a t e a u  

i n  th e  g r a p h  of c o u n t in g  r a t e  N i n  th e  s c a l e r  a g a i n s t  

v o l t a g e  b i a s  V i n  th e  d i s c r i m i n a t o r .  T h is  p l a t e a u  

was i n t e r p r e t e d  a s  b e in g  due t o  c o u n t in g  a l l  t h e  p u l s e s



r e s u l t i n g  fro m  s i n g l e  e l e c t r o n s  b e in g  r e l e a s e d  fro m  

th e  p h o to c a th o d e  by p h o to n s  fro m  th e  t u n g s t e n  lam p .

The v a lu e  of V a t  w hich  th e  c o u n t in g  r a t e  R was 

one h a l f  o f t h e  c o u n t in g  r a t e  on th e  p l a t e a u  was 

e q u a te d  t o  Y q a s  d e f in e d  a b o v e .  The lam p was t h e n  

removed and th e  g a s  chamber r e p l a c e d .  The e x p e r im e n t  

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

p r e s s u r e s  of g a s  and p l o t t i n g  th e  a v e ra g e  p u l s e  h e i g h t  

a g a i n s t  th e  p r e s s u r e  ^  . The a v e ra g e  p u l s e  h e i g h t

was a g a in  t a k e n  as  b e in g  th e  v a lu e  o f  Y  a t  w h ich  

t h e  c o u n t in g  r a t e  i n  th e  s c a l e r  was one h a l f  th e  v a lu e  

on th e  p l a t e a u .

I t  was fo u n d  t h a t  t h e  a v e ra g e  p u l s e  h e i g h t  

from  a i r ,  a rg o n ,  and h e l iu m  c o i n c i d e d  w i th  Y q a t  

low p r e s s u r e s  b u t  r o s e  w i th  no i n d i c a t i o n  o f f l a t t e n i n g  

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

ap p ro a c h e d  b u t  d i d  n o t  ex ceed  th e  number of p a r t i c l e s  

p e r  sec o n d  l e a v i n g  th e  po lon ium  s o u rc e  i n  th e  g a s  

ch am ber. T hese  r e s u l t s  a r e  shown i n  f i g u r e  5 •

C o n c lu s io n s

I t  i s  c o n c lu d e d  t h a t  th e  e f f e c t i v e  l i f e t i m e  

of th e  e x c i t e d  s t a t e s  r e s p o n s i b l e  f o r  t h e  e m is s io n



of th e  p h o to n s  in  a  s c i n t i l l a t i o n  from  a l p h a  p a r t i c l e s  

i n  t h e s e  g a s e s  i s  10“ ^ s e c .  T h is  i n t e r p r e t a t i o n

i s  s u p p o r te d  hy a  c o m p ar iso n  o f t h e  v a l u e s  of Rg w h ich  

ca n  he  c a l c u l a t e d  from  th e  r e s u l t s  i n  f i g u r e  5 r  and  

com pared w i t h  th o s e  g iv e n  i n  th e  t a b l e  i n  t h e  f i r s t  

c h a p t e r ,  by a l lo w in g  f o r  t h e  s o l i d  a n g le  of a c c e p ta n c e  

o f  th e  p h o to c a th o d e  t o  th e  g a s .  I t  h a s  a l r e a d y  b e e n  

s t a t e d  i n  th e  f i r s t  c h a p t e r  t h a t  th e  v a l u e s  of Rg 

o b ta in e d  i n  t h i s  way a r e  i n  good r e l a t i v e  a g reem en t  and 

th e  a b s o lu t e  v a l u e s  a g re e  r e a s o n a b ly  w e l l .

In  th e  p a r t i c u l a r  c a se  o f  h e l iu m  i t  i s  f u r t h e r  

c o n c lu d e d  t h a t  t h e  f a r  u l t r a v i o l e t  e m is s io n  c o n t r i b u t e s  

l i t t l e  t o  th e  s c i n t i l l a t i o n  a s  o b s e rv e d  by th e  p h o to ­

m u l t i p l i e r .
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CHAPTER 5 .

The V a r i a t i o n  of E f f i c i e n c y  w i t h  P r e s s u r e #

I t  was fo u n d  t h a t  t h e  amount o f  l i g h t  e m i t t e d  

f ro m  n i t r o g e n ,  f o r  th e  same amount o f  oC - p a r t i c l e  

e n e rg y  a b s o rb e d ,  v a r i e d  w i t h  th e  p r e s s u r e .  T h is  

v a r i a t i o n  i s  shown a s  th e  b ro k e n  l i n e  i n  f i g u r e  6 ,

An a lm o s t  i d e n t i c a l  c u rv e  was o b t a i n e d  f o r  a i r #  T h is  

cu rv e  was o b ta in e d  u s i n g  a  cham ber whose d im e n s io n s  

w ere s m a l l  com pared  w i th  th e  ra n g e  of th e  cC - p a r t i c l e s  

fro m  a  b a r e  s o u rc e  of p o lo n iu m , a t  t h e  h i g h e s t  

p r e s s u r e s  u s e d .  The e f f i c i e n c y  o f  c o l l e c t i o n  o f  th e  

l i g h t  e m i t t e d  was low t o  a v o id  th e  p o s s i b i l i t y  t h a t  

one oC, - p a r t i c l e  m ig h t  cau se  th e  e m is s io n  o f  more 

t h a n  one p h o t o - e l e e t r o n  from  t h e  p h o t o - c a th o d e .  As 

h a s  a l r e a d y  b e e n  e x p l a i n e d ,  t h i s  a l l o w s  H t h e  

c o u n t in g  r a t e  on a  s c a l e r  f o l l o w i n g  a  p u l s e - h e i g h t  

d i s c r i m i n a t o r  t o  be t a k e n  a s  d i r e c t l y  p r o p o r t i o n a l  t o  

th e  number of p h o to n s  e m i t t e d  fro m  th e  t r a c k s  o f  t h e  

cC - p a r t i c l e s .  I t  c a n  be s e e n  f ro m  f i g u r e  6 t h a t  

E i n c r e a s e s  l i n e a r l y  w i t h  p r e s s u r e ,  b e lo w  10 cm Eg, 

b u t  above t h i s  v a lu e  t h e  cu rv e  f l a t t e n s  o f f .

F a c t o r s  w hich  m ig h t be  t h o u g h t  t o  be  

r e s p o n s i b l e  f o r  t h e  fo rm  o f  t h i s  c u rv e  i n c l u d e  

o x i d a t i o n  o f th e  s o u r c e ,  d e - e x c i t a t i o n  on th e  w a l l s
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of th e  cham ber, s e I f - a b s o r p t i o n  by t h e  n i t r o g e n  and 

th e  e m is s io n  o f  d e n s e ly  i o n i z i n g  s h o r t  r a n g e  p a r t i c l e s  

by th e  s o u r c e .  The e f f e c t s  of su c h  f a c t o r s  w e re  

exam ined  by  t u r n i n g  t h e  s o u rc e  away fro m  th e  

m u l t i p l i e r ,  c h a n g in g  r a d i c a l l y  t h e  sh ap e  of th e  

cham ber and  p a i n t i n g  i t  i n s i d e ,  i n t r o d u c i n g  a n  a i r  

gap  be tw een  th e  cham ber and  th e  p h o to - c a th o d e ,  and  

c o v e r in g  th e  s o u rc e  w i t h  an  a lum in ium  f o i l  o f  

s to p p in g  power e q u i v a l e n t  t o  a  p r e s s u r e  o f  10 cm of 

a i r .  None of t h e s e  c o n t r o l  e x p e r im e n ts  w ere  fo u n d  

t o  a f f e c t  th e  o b s e rv e d  v a r i a t i o n  of N w i th  p r e s s u r e .

I n  a d d i t i o n ,  t h e  same c u rv e  was o b ta in e d  by  p l o t t i n g  

th e  i n c r e a s e  i n  t h e  c u r r e n t  f lo w in g  th ro u g h  t h e  

p h o t o m u l t i p l i e r  a s  th e  p r e s s u r e  was v a r i e d .

I t  i s  n a t u r a l  t o  a t t r i b u t e  t h e  s a t u r a t i o n  

w i t h  p r e s s u r e  o f  t h e  o b s e rv e d  v a r i a t i o n  o f  p h o to n  

e m is s io n  t o  d e - e x c i t â t io n  o f e x c i t e d  m o le c u le s  

(q u e n c h in g )  by c o l l i s i o n  w i th  u n e x c i t e d  m o le c u l e s .

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

q u en c h in g  to  t h i s  p ro b le m  l e a d s  t o  th e  r e s u l t  t h a t  

N ( th e  c o u n t in g  r a t e  i n  th e  s c a l e r , w h i c h  i s  

p r o p o r t i o n a l  t o  th e  r a t e  of e m is s io n  o f  q u a n ta  f ro m  

th e  g a s )  v a r i e s  w i th  p r e s s u r e  a c c o r d in g  t o  t h e  r e l a t i o n

H = K p ( l  + k p ) " ^ ,    (1 )



where kp = >(2 ) ,  z  i s  th e  l i f e t i m e  of th e

e x c i t e d  s t a t e s  i n v o lv e d ,  /Tc i s  t h e  number o f  

c o l l i s i o n s  p e r  seco n d  i n  th e  g a s ,  n o  i s  t h e  mean 

number o f  c o l l i s i o n s  b e f o r e  q u e n c h in g  o c c u r s  and 

K i s  a  c o n s t a n t  in d e p e n d e n t  o f  p r e s s u r e .  A cco rd in g  

t o  e q u a t io n  (1 ) t h e r e  sh o u ld  be a l i n e a r  dependence  

b e tw een  and  p - i .  The e x p e r im e n ta l  o b s e r v a t io n s

a r e  i n  ap p ro x im a te  a c c o rd  w i th  t h i s  r e s u l t ,  b u t  

t h e r e  i s  some i n d i c a t i o n  t h a t  p r o c e s s e s  o t h e r  t h a n  

c o l l i s i o n  q u e n c h in g  may a l s o  have  t o  be t a k e n  i n t o  

a c c o u n t  i n  o r d e r  t o  e x p l a i n  th e  p r e s s u r e  v a r i a t i o n  

p r e c i s e l y .  However, by  assum ing  t h a t  m ost o f th e  

v a r i a t i o n  w i th  p r e s s u r e  o f th e  p h o to n  e m is s io n  from  

th e  o p t i c a l l y  e x c i t e d  s t a t e s  i s  due t o  q u en c h in g  an  

a p p ro x im a te  v a lu e  f o r  H o  c an  be o b t a in e d  fro m  

e q u a t i o n  (2 ) .

The v a l u e  o f  o b t a in e d  i n  t h i s  way f o r  

th e  d ia to m ic  g a s  n i t r o g e n  i s  o f  th e  o r d e r  u n i t y
_ o

when i s  t a k e n  t o  be o f th e  o r d e r  o f  10"  s e c o n d .

I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  s i m i l a r  v a l u e s  f o r  

a r e  fo u n d  f o r  t h e  q u en c h in g  o f  th e  m ercu ry  r e s o n a n c e  

l i n e  by o rg a n ic  v a p o u r s  (Mott and M assey  1 9 4 9 ) .

I t  had  a l r e a d y  b ee n  fo u n d  t h a t  th e  l i g h t  

o u tp u t  from  th e  m onatom ic g a s e s  a rg o n  and  h e l iu m



i n c r e a s e d  l i n e a r l y  w i th  p r e s s u r e  up t o  one a tm o s p h e re ,  

th e  h i g h e s t  p r e s s u r e  u s e d .  T h e r e f o r e  a s  a  f u r t h e r  

t e s t  o f  th e  s im p le  th e o r y  o u t l i n e d  ab o v e , t h e  v a r i a t i o n  

w i th  p r e s s u r e  o f t h e  l i g h t  o u tp u t  fro m  a rg o n  o r  

h e l iu m  was i n v e s t i g a t e d  when t h e y  c o n ta in e d  s m a l l  

c o n c e n t r a t i o n s  of m e th ane , w h ich  i s  known t o  quench  

by  c o l l i s i o n  e x c i t e d  s t a t e s  i n  a rg o n  (C u rra n  and  

C raggs 1 9 4 9 ) .

The r e s u l t s  f o r  argon-methane m ix tu re s  a re

shown a s  th e  f u l l  l i n e  s  i n  f i g u r e  6 .  S i m i l a r

r e s u l t s  were o b ta in e d  f o r  h e l iu m -m e th a n e  m i x tu r e s .

I t  was v e r i f i e d  t h a t  methane d id  n o t  a p p re c ia b ly

a b s o rb  th e  p h o to n s  from  a rg o n  o r  h e l iu m  by s e p a r a t e

e x p e r im e n ts  i n  w h ich  a  cham ber c o n t  a  in ipg  m ethane

was i n t e r p o s e d  b e tw e en  th e  g a se o u s  s c i n t i l l a t o r  and

the  p h o to m u l t ip l ie r .  I f  th e  v a lu e  o f Zr f o r  th e

a rg o n  e x c i t e d  s t a t e s  i s  t a k e n  t o  be of th e  o r d e r  
-8

10  sec o n d , f o r  c o l l i s i o n s  of e x c i t e d  a rg o n  

m o le c u le s  w i th  m ethane i s  a g a in  o f  th e  o r d e r  u n i t y .

I t  can  be se e n  t h a t  a t  low p r e s s u r e s  t h e  c u r v e s  r i s e  

above th e  s t r a i g h t  l i n e  f o r  p u re  a r g o n ,  s u g g e s t i n g  

t h a t  a t  low p r e s s u r e s  th e  r e l a t i v e l y  l o n g - l i v e d  

u l t r a - v i o l e t  e m i t t i n g  m e t a s t a b l e  a rg o n  s t a t e s  a r e  

c o n t r i b u t i n g .



Argon-Methane 0 %
— — Air

0 4 %
N

0 7%

'* 17%

P i g . 6 .

V a r i a t i o n  o f e f f i c i e n c y  w i t h  p r e s s u r e  i n  a i r ,  
p u re  a rg o n  and m ix tu r e s  of a rg o n  and  m ethane #



^ 7

Some Rem arks on th e  L ig h t  E m is s io n  f ro m  
A lpha T rack s  i n  Gases#

The r e s u l t s  o f  th e  e x p e r im e n ts  d e s c r i b e d  i n  th e  

p r e v io u s  c h a p t e r s  make i t  p o s s i b l e  t o  c o n s t r u c t  a  s im p le  

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

e m is s io n  o f  l i g h t ,  f o l l o w in g  th e  a b s o r p t i o n  o f  a  h eav y  

c h a rg e d  p a r t i c l e .

The s i m i l a r i t y  o b se rv e d  b e tw e en  t h e  s p e c i f i c  

e m is s io n  and  th e  s p e c i f i c  i o n i s a t i o n  ( c h a p t e r  2) 

s u g g e s t s  t h a t  th e  s p e c i f i c  e m is s io n  i s  a  f u n c t i o n  of 

s p e e d .  A lth o u g h  i t  i s  p ro b a b le  t h a t  th e  p r im a ry  

e x c i t a t i o n  i n c l u d e s  a  c o n t r i b u t i o n  from  d e l t a  r a y s  

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

l e v e l s  t o  d i r e c t  e x c i t a t i o n  by th e  a lp h a  p a r t i c l e #

B o th  s o u rc e s  o f  e x c i t e d  l e v e l s  l e a d  t o  a  s p e c i f i c  e m is s io n  

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

o f  heavy  p a r t i c l e  speed#  The l i g h t  e m is s io n  f ro m  th e  

t r a c k s  o f  m eso ns , p r o t o n s ,  d e u te r o n ,  t r i t o n s  and o th e r  

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

deduced  from  th e  r e s u l t s  o b ta in e d  i n  th e  e x p e r im e n ts  

d e s c r i b e d  h e r e  ( i n  t h i s  c o n n e c t io n  i t  i s  o f  i n t e r e s t  

t o  n o te  t h a t  t h e s e  r e s u l t s  have b e e n  u s e d  by o th e i^



t o  e s t i m a t e  th e  c o n t r i b u t i o n  t o  t h e  glow 

i n  t h e  n i g h t  sky due t o  Cosmic r a y s ) •

The e s t i m a t e s  o f th e  t o t a l  e f f i c i e n c y  o f 

l i g h t  p r o d u c t i o n  g i v e n  i n  c h a p t e r  1 shovf t h a t  a s  

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

to o  low an  e f f i c i e n c y  f o r  m ost p r a c t i c a l  p u r p o s e s .  

K r y j p t o n . i b e  m ost e f f i c i e n t  g a s - f o u n d  so  f a r ,  h a s  

how ever b ee n  u s e d  byDorcourlflnd ofOUCy^o m easu re  th e  

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

a p p l i c a t i o n  th e  e f f i c i e n c y  was i n c r e a s e d  by c o n v e r t i n g ,  i n  a  

t h i n  p l a s t i c  s c i n t i l l a t o r ,  some o f  t h e  e m is s io n  i n  th e  u l t r a v i o l e t  

i n t o  v i s i b l e  l i g h t .  The r a d i a t i v e  l i f e t i m e  i s  p ro b a b ly  10 -8  

s e c . ,  and i t  seems p r o b a b le  t h a t  some f u r t h e r  a p p l i c a t i o n s  o f  

g a s  s c i n t i l l a t o r s  w i l l  be made i n  e x p e r im e n ts  r e q u i r i n g  s h o r t  

c o in c id e n c e  r e s o l u t i o n  t i m e s .

The r e s u l t  o f  th e  e x p e r im e n t  d e s c r i b e d  i n  

c h a p t e r  3 a p p e a r s  t o  i n d i c a t e  t h a t  th e  l i g h t  o b s e rv e d  

fro m  th e  g a s  comes fro m  th e  v i c i n i t y  o f t h e  t r a c k  and 

n o t  from  d e - e x c i t a t i o n  on t h e  w a l l s  o f  c o n t a i n e r s .

T h is  c o n c lu s i o n  ad d s  w e ig h t  t o  th e  i n t e r p r e t a t i o n  i n  

te rm s  o f  q u e n c h in g  by  c o l l i s i o n ,  o f  th e  v a r i a t i o n  o f  

e f f i c i e n c y  w i t h  p r e s s u r e  d e s c r i b e d  i n  c h a p t e r  5 *

T h is  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  o f  t h e s e  e x p e r im e n ts



M.

im p lie s  t h a t  th e  amount of v i s i b l e  l i ^ t  observed from 

pure monatomic gases  such as he lium , neon, argon and 

k ry p to n  i s  th e  maximum which can  be o b ta in e d  from th e se  

g a se s ,  whereas the  v i s i b l e  l i g h t  observed  from pure 

d iatom ic g ases  such as n i t r o g e n  and oxygen i s  reduced  

by s e lf -q u e n c h in g  by c o l l i s i o n .  Thus a t  low p r e s s u re s ,  

where seI f -q u e n c h in g  i s  sm a ll ,  the  e f f i c i e n c y  of n i t r o g e n  

gas i s  g r e a t e r  th a n  t h a t  of helium , bu t a t  a tm ospheric  

p re s s u re s  he lium  i s  more e f f i c i e n t  th an  n i t r o g e n .  The 

e f f e c t  of polyatom ic im p u r i t ie s  i n  g ase s  i s  i n  g e n e ra l  

a r e d u c t io n  of the  v i s i b l e  l i g h t  em iss io n  from the  

g a ses , p ro b ab ly  because the  l i g h t  em iss io n  observed  

from th e  pure gases  i s  l i k e l y  to  be l o s t  i f  the  energy 

of e x c i t a t i o n  i s  t r a n s f e r r e d  by c o l l i s i o n  to  a po lyatom ic 

m olecule which has  many competing ways i n  which i t  can 

g e t  r i d  of i t s  e x c i t a t i o n  energy , only a few of which 

w i l l  r e s u l t  in  the  em ission  of v i s i b l e  l i g h t .

However, the  f r a c t i o n  of the  t o t a l  energy of 

th e  heavy charged  p a r t i c l e  absorbed  which i s  e m it te d  

as v i s i b l e  l i g h t  i s  v e ry  sm all (c h a p te r  1) , and the  

l e v e l  s t r u c tu r e  of the  atoms of most g a se s  show t h a t  

much of the  energy  must be e m it te d  e v e n tu a l ly  as very  

h a rd  u l t r a - v i o l e t  l i g h t .  (This can  be compared w ith



s o

th e  u l t r a - v i o l e t  em iss ion  from f lu o r e s c e n t  lamps 

which i s  a llow ed to  s t r ik e  m a te r i a l  p a in te d  on the  

in n e r  w a ll  which th e n  f lu o r e s c e s  w ith  the  em iss io n  

of v i s i b l e  l i g h t ) • I t  seems p robab le  t h a t  th e  

e f f i c i e n c y  of a gas may be in c re a se d  very  much by 

the  a d d i t io n  of s e n s i t i s i n g  ag en ts  (v/hich have y e t  

to  be found) which w i l l  p ic k  up th e  energy  of e x c i t a t i o n  

by c o l l i s i o n  and subsequen tly  em it v i s i b l e  l i g h t .  An 

i n d i c a t i o n  of t h i s  e f f e c t  ( a t  low p r e s s u re s  h e liu m - 

me th a n e ) i s  seen  in  the r e s u l t s  of c h a p te r  5, b u t  

methane i s  n o t  suggested  as a s u i t a b le  s e n s i t i s e r .

I t  does, hov;ever, seem p robab le  t h a t  a 

se a rc h  would r e v e a l  s u i ta b le  gas s e n s i t i s e r s  which 

would in c re a se  the  o v e ra l l  e f f i c i e n c y  of p ro d u c tio n  

of v i s i b l e  l i g h t  from th e  t r a c k s  of heavy charged  

p a r t i c l e s  in  pure g a se s ,  the  p ro c e s s  be ing  analogous 

to  those  o c c u r r in g  in  the  w e ll  known m ix tu re s  of 

l i q u i d  and s o l i d  s c i n t i l l a t i n g  l a a t e r i a l s .



o /

PART I I .

PAST KEUTRONS FROM LOW EHERGY DEUTERON REACTIONS



o  «*"

I n t r o d u c t i o n .

The t a b l e  on th e  f o l lo w in g  page shows a l l  

th e  o b se rv e d  and e n e r g e t i c a l l y  p o s s i b l e  r e a c t i o n s  

of th e  ty p e  A (d ,n )A  + p i n  l i g h t  e le m e n ts  up  t o  

c a rb o n .  The t a b l e  h as  b ee n  c o m p ile d  from  d a t a  i n  

th e  re v ie w s  of A jz e n b e rg  and L a u r i t s e n  (1952, 1955) 

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

f o r  th e  r e a c t i o n s  a r e  g iv e n  i n  th e  t a b l e  o n ly  f o r  

th e  g round  s t a t e  t r a n s i t i o n  and f o r  n e u t r o n s  l e a v i n g  

th e  f i n a l  n u c le u s  i n  th e  f i r s t  and seco n d  e x c i t e d  

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

have b een  m easured  u s i n g  n u c l e a r  e m u ls io n s  t o  

d e t e c t  e m i t te d  n e u t r o n s  (see  Huby 1953) • The 

a c c u r a te  Q v a l u e s  g iv e n  i n  th e  t a b l e  a re  n o t  

d e r iv e d  from  th e  r e s u l t s  o f su ch  m e asu rem en ts ,  b u t  

from  r e a c t i o n  d a t a  l e a d i n g  t o  w hat a r e  assum ed t o  

be th e  same l e v e l s  o f th e  f i n a l  n u c l e u s  (A + p ) .

T h is  d a t a  has  b ee n  o b ta in e d  by p r e c i s i o n  m easu rem en ts  

of n u c l e a r  m a sse s ,  m ag n e tic  a n a l y s i s  o f  e n e r g i e s  of 

r e c o i l  o r  a s s o c i a t e d  c h a rg e d  p a r t i c l e s  and p r e c i s e  

m easurem ents  of gamma r a y  e n e r g i e s  u s i n g  p a i r  

s p e c t r o m e te r s .  The a c c u ra c y  i n  t h e  Q v a l u e s  

o b ta in e d  from  d i r e c t  m easu rem en ts  o f  n e u t r o n



s p e c t r a  i s  abou t a f a c t o r  of a t  l e a s t  t e n  l e s s  

t h a n  t h a t  i n  th e  v a l u e s  g iv e n  i n  th e  t a b l e ,  b u t  

w i t h i n  t h i s  e x p e r im e n ta l  e r r o r  th e  n e u t r o n  e n e r g i e s  

o b se rv e d  c o r re s p o n d  t o  th e  known e n e rg y  l e v e l s  and 

g rou nd  s t a t e  o f th e  l i g h t  n u c l e i

A (d ,n )A  + p

R e a c t io n H ^(d ,n)H e^ ^H(d,n)He4- L i^ (d ,n )B e '^

Q]]]L(Mev) 3*27 17*58 3*375

Q]_ (Hev) 2 .9 4 5

Q2  (I.Iev) 1*275

R e a c t io n L i '^ (d ,n )B e8 B e ^ (a ,n )B ^ ° * B e^O (a ,n )B

Qui(Mev) 15*02 4*36 1 2 .3 6 9

Ql (Mev) 12*1 3*64 1 0 .1 2 9

%2 (Mev) 10*8 2 .6 2 7 .9 0 9

R e a c t io n B lO (d ,n ) B l l ( c l , n ) c l 2 c l2 ( a ,n ) lT l3

Qm(Mev) 6 .4 7 2 13*724 - 0 .2 8 1

Ql(Mev) 4 .5 7 2 9*30 - 2 .6 5

Q2 (Mev) 2 . 2 4 6*05 -3*78

R e a c t io n c l3 (d ,n ) IT l4

Qm(l.Iev) 5 .3 7 1

Q]_ (Mev) 3*05

Q2 (Mev) 1 . 4



A p art  from  th e  i d e n t i f i c a t i o n  o f th e  r e a c t i o n s ,  

m easu rem en ts  of n e u t r o n  s p e c t r a  do n o t  r e a d i l y  

g iv e  f u r t h e r  in f o r m a t io n  on th e  r e a c t i o n  m odes.

T h is  in f o r m a t io n  i s  o b ta in e d  more r e a d i l y  

by an a n a l y s i s  o f th e  y i e l d  c u r v e s  and a n g u la r  

d i s t r i b u t i o n s  of th e  r e a c t i o n  p r o d u c t s  a t  

d i f f e r e n t  d e u te r o n  e n e r g i e s .  I n  th e  c a s e  of 

th e  two l i g h t e s t  n u c l e i  t h e s e  c a n  be m easu red  by 

c o u n t in g  r e c o i l  n u c l e i ,  b u t  th e  o n ly  p r a c t i c a l  

m ethod a t  h i g h e r  A v a l u e s  i s  by d e t e c t i n g  th e  

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

s p e c t r o m e te r  w hich  h a s  s u f f i c i e n t  e n e rg y  

r e s o l u t i o n  t o  a l lo w  th e  a n a l y s i s  o f  s e v e r a l  

n e u t r o n  g ro u p s  from  each  r e a c t i o n .  The m ost 

s u c c e s s f u l  m ethod u s e d  p r e v i o u s l y  f o r  su c h  

m easu rem en ts  em ployed n u c ü e a r  e m u ls io n s  w h ich  

have a v e r y  low e f f i c i e n c y  and r e q u i r e  a lo n g  

t im e  ( 6 m onths) s p e n t  i n  th e  a n a l y s i s  o f r e c o i l

p r o t o n  t r a c k s  b e f o r e  th e  r e q u i r e d  r e s u l t s  a r e  

a v a i l a b l e .

The r e s u l t s  o f su c h  m easu rem en ts  and o f 

s i m i l a r  m easu rem en ts  on r e a c t i o n s  o f  th e  ty p e  

A (d ,p )A  + n  a t  h ig h  d e u te r o n  e n e r g i e s  have



r e c e n t l y  b e e n  reviewed, by Huby (1953) • E s s e n t i a l l y  

w hat i s  o b se rv e d  a t  h ig h  d e u te r o n  e n e r g i e s  above 

th e  Coulomb b a r r i e r  o f th e  t a r g e t  n u c le u s  i s  t h a t  

th e  s h a p e s  o f th e  a n g u la r  d i s t r i b u t i o n s  a re  

c h a r a c t e r i s t i c  of th e  s p i n  and p a r i t y  change 

in v o lv e d  i n  t h e  t r a n s i t i o n  b e tw e en  th e  i n i t i a l  

g ro u n d  s t a t e  o f th e  t a r g e t  n u c le u s  and  th e  l e v e l  

o r  g ro u n d  s t a t e  of th e  f i n a l  n u c le u s *  They v a r y  

s lo w ly  w i t h  d e u te r o n  e n e rg y  and a r e  s i m i l a r  i n  

d i f f e r e n t  r e a c t i o n s  i n v o lv in g  th e  same s p i n  and 

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

where i t  h a s  b ee n  m easu red  v a r i e s  m ono ton ie  a l l y  

w i th  i n c i d e n t  d e u te r o n  e n e rg y .

T h is  c h a r a c t e r i s t i c  b e h a v io u r  o f  th e  

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

o b se rv e d  n o t  o n ly  f o r  A v a l u e s  g r e a t e r  t h a n  

one, b u t  a l s o  i n  th e  h y d ro g en  r e a c t i o n s ,  a t  

d e u te r o n  e n e r g i e s  w e l l  above th e  Coulomb b a r r i e r s ,  

b u t  i t  i s  o n ly  r e c e n t l y  t h a t  th e  h y d ro g e n  r e a c t i o n s  

have b ee n  r e c o g n i s e d  a s  fo rm in g  p a r t  of a  g e n e r a l  

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

e le m e n ts ,  ( F a i r b a im  1954, B u t l e r  1951) # B e fo re



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

r e s u l t s  (w hich  have l e d  to  a  new c o n c e p t io n  of 

th e  r e a c t i o n  mode in v o lv e d )  i t  i s  u s e f u l  t o  

c o n s i d e r  th e  r e a c t i o n  mode w h ich  was o r i g i n a l l y  

th o u g h t  t o  he a p p l i c a b l e  to  t h e s e  r e a c t i o n s  

b e f o r e  m easu rem en ts  o f  th e  a n g u l a r  d i s t r i b u t i o n s .

The e a r l i e r  i n t e r p r e t a t i o n  o f  n u c l e a r  

r e a c t i o n s  i s  due t o  B ohr, N, (1936 , 1 9 3 7 ) ,  and  

i s  d e s c r ib e d  a s  th e  f o r m a t io n  and decay  of a  

compound n u c le u s  fo rm ed  i n  t h i s  c a s e  by d e u te r o n  

c a p t u r e .  T ha t i s ,  th e  r e a c t i o n  A (d ,n )A  + p i s  

th o u g h t  t o  p ro c e e d  a s  f o l lo w s

A d  (A + d) ------>  (A + p) + n
Compound N u c le u s .

The compound n u c le u s  (A + d )*  i s  fo rm ed  by th e  

d e u te r o n  e n t e r i n g  th e  t a r g e t  n u c le u s  A and 

s h a r i n g  i t s  e n e rg y  w i th  th e  n u c le o n s  i n  A, w i t h  

th e  f o r m a t io n  o f  an  e x c i t e d  l e v e l  o f  th e  n u c le u s  

(a + d ) . The e n e rg y  of e x c i t a t i o n  o f  th e  

compound n u c le u s  i s  d e te rm in e d  by t h e  i n c i d e n t  

e n e rg y  and th e  b in d in g  e n e rg y  o f t h e  d e u te r o n  

i n  th e  compound n u c l e u s .  The l e v e l  of th e  new



^  f

n u c le u s  (A + d) i s  fo rm ed  by th e  i n t e r p l a y  o f  

n u c l e a r  f o r c e s  b e tw een  th e  n u c l e o n s .  I f ,  i n  th e  

e n e rg y  o f  e x c i t a t i o n  r e g i o n  i n v o lv e d ,  s e v e r a l  

l e v e l s  o v e r la p  t h e n  th e  p o p u l a t i o n  d e n s i t y  i s  

d e te rm in e d  by  th e  n a t u r a l  c o n f i g u r a t i o n s  of 

n u c le o n s  i n  t h e  n u c le u s  (A + d) i n  t h i s  e n e rg y  

r e g i o n .  Once fo rm ed  th e  compound n u c le u s  c a n  

d ecay  th ro u g h  th e  e n t r a n c e  c h a n n e l  ( e l a s t i c  

s c a t t e r i n g )  o r  i t  c a n  d ecay  by any o t h e r  e x i t  

c h a n n e ls  w h ich  a re  e n e r g e t i c a l l y  p o s s i b l e .  I n  

medium and heav y  n u c l e i ,  low e n e rg y  p r o d u c t s  i n  

th e  v a r i o u s  e x i t  c h a n n e ls  w h ich  l e a d  to  h i g h l y  

e x c i t e d  l e v e l s  o f  th e  f i n a l  n u c le u s  a re  i n t e r ­

p r e t e d  i n  te rm s  o f  th e  e v a p o r a t i o n  m o d e l.  T h is  

s t a t i s t i c a l  m odel i s  u s e d  b e c a u se  o f  th e  v e r y  

l a r g e  number o f  e n e rg y  l e v e l s  o b s e rv e d  a t  h ig h  

e n e r g i e s  of e x c i t a t i o n  i n  heavy  n u c l e i .  I n  

th e  ex trem e c a s e  o f a  c o n t in u o u s  d i s t r i b u t i o n  

of a v a i l a b l e  e x i t  c h a n n e l s ,  th e  l e v e l  d e n s i t y  

p ro b lem  h a s  b ee n  shown t h e o r e t i c a l l y  by 

W e issk o p f  ( B l a t t  and W e is s k o p f ,  1952 , p . 370) 

to  be a n a lo g o u s  t o  th e  e n e rg y  d i s t r i b u t i o n  of 

m o le c u le s  i n  a  g a s  and i t  seems p o s s i b l e  t o



d e s c r i b e  th e  d i s t r i b u t i o n  i n  e n e rg y  o f  low e n e rg y  

p r o d u c t s  i n  te rm s  o f an  e q u i v a l e n t  n u c l e a r  

t e m p e r a tu r e  T (M ev). I n  l i g h t  n u c l e i ,  f o r  

t r a n s i t i o n s  t o  d i s c r e t e  l e v e l s  o f  th e  f i n a l  

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

l e v e l s  Y/ith f a i r l y  l a r g e  e n e rg y  s e p a r a t i o n ,  th e  

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

d i f f e r e n t  e x i t  c h a n n e ls  c a n  be i n t e r p r e t e d  i n  

te rm s  of s e p a r a t e  m a t r ix  e le m e n ts  g o v e rn in g  th e  

t r a n s i t i o n  b e tw e en  th e  l e v e l  i n  th e  compound 

n u c le u s  (A + d )*  and th e  f i n a l  l e v e l .  These 

m a t r i x  e le m e n ts  in v o lv e  th e  e n e rg y  o f th e  

t r a n s i t i o n  and th e  s p i n  and p a r i t y  c h a n g e s  

i n v o l v e d .  The a n g u la r  d i s t r i b u t i o n  of th e  

r e a c t i o n  p r o d u c t s  i n  ea ch  e x i t  c h a n n e l  a r e  

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

and p a r i t y  c h a n g e s .

Thus th e  compound n u c l e u s  p i c t u r e  o f 

th e  r e a c t i o n  mode p r e d i c t s  t h a t  t h e  y i e l d  c u rv e  

f o r  r e a c t i o n s  o f th e  ty p e  A (d ,n )A  -f p i n  l i g h t  

e le m e n ts  f o r  v a r y in g  d e u te r o n  e n e rg y  ca n  show 

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

o f th e  compound n u c le u s  (A + d )*  a r e  fo rm e d , o r



a s  th e  e x c i t a t i o n  e n e rg y  a p p ro a c h e s  th e  optimum 

v a lu e  f o r  th e  f o r m a t io n  of a p a r t i c u l a r  l e v e l .

I n  a d d i t i o n ,  th e  sh a p e s  of th e  a n g u l a r  d i s t r i b u t i o n s  

can  v a r y  w i l d l y  a s  th e  d e u te r o n  e n e rg y  v a r i e s  and 

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

and p a r i t y  ch an g es  in v o lv e d  b e tw e en  th e  i n i t i a l  

and f i n a l  n u c l e i  a r e  th e  same.

The e x p e r im e n ta l  r e s u l t s  a t  h ig h  d e u te r o n  

e n e r g i e s  a re  n o t  r e a d i l y  c o m p a t ib le  w i th  th e s e  

c o n c lu s io n s  and have l e d  t o  a  t h e o r y  by B u t l e r  (1951) 

and B h a t i a  (1952) w h ich  i s  c a l l e d  D e u te ro n  S t r i p p i n g .  

The t h e o r y  o f B u t l e r ,  w h ich  u s u a l l y  g i v e s  th e  same 

n u m e r ic a l  r e s u l t s  a s  th e  t h e o r y  o f  B h a t i a ,  i s  more 

am enable t o  a q u a l i t a t i v e  d e s c r i p t i o n ,  and c a n  be 

s t a t e d  a s  f o l l o w s  -

The n e u t r o n  and p r o t o n  i n  t h e  i n c i d e n t  

d e u te r o n  have k i n e t i c  e n e rg y  and momentum due t o  

t h e i r  i n t e r n a l  m o t io n  w i t h i n  th e  d e u te r o n  and  due 

to  th e  k i n e t i c  e n e rg y  of th e  d e u t e r o n  a s  a  w h o le .

The e n e rg y  sp e c tru m  of n e u t r o n s  and p r o to n s  

a p p ro a c h in g  th e  t a r g e t  n u c le u s  i s ,  t h e r e f o r e ,  

c o n t in u o u s .  P r o to n s  o r  n e u t r o n s  a p p ro a c h in g  

th e  t a r g e t  n u c le u s  v / i th  th e  r e q u i r e d  a n g u l a r



momentum and e n e rg y  c a n  be c a p tu r e d  and fo rm  

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

e n e rg y  b e in g  c a r r i e d  away by th e  n e u t r o n  o r  p r o to n  

w h ich  i s  o b s e rv e d  from  th e  r e a c t i o n .  T hus, th e  

p r o c e s s  a l lo w s  th e  i n v e s t i g a t i o n  o f  p r o t o n  and 

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

th e  f i n a l  n u c le u s  l e s s  t h a n  th e  b in d in g  e n e rg y ,  

i n  c o n t r a s t  t o  th e  s i t u a t i o n  u s i n g  f r e e  p r o t o n s  

o r  n e u t r o n s  w h ich  c a n  o n ly  l e a d  t o  th e  i n v e s t ­

i g a t i o n  o f l e v e l s  above th e  n u c le o n  b in d in g  

e n e rg y .  I t  i s  c l e a r  t h a t  th e  p a r t i a l  w id th s  

of th e  l e v e l s  i n  th e  f i n a l  n u c le u s  and s t a t i s t i c a l  

f a c t o r s  i n v o lv in g  th e  s p in  c h a n g es  i n  g o in g  from  

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

th e  r e l a t i v e  i n t e n s i t y  and a b s o l u t e  y i e l d  o f  th e  

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

d i s t r i b u t i o n  of t h e  n e u tro n s  and p r o to n s  a re  

d e te rm in e d  by th e  a n g u la r  momentum of th e  

c a p tu r e d  p r o to n  o r  n e u t r o n  i n  a d d i t i o n  t o  

s m a l l e r  e f f e c t s  due to  th e  i n t e r n a l  m o t io n  and 

th e  k i n e t i c  e n e rg y  o f th e  i n c i d e n t  d e u t e r o n .

The sh a p e s  of th e  a n g u la r  d i s t r i b u t i o n s  a r e ,



6  /

t h e r e f o r e ,  in d e p e n d e n t  o f t h e  p o s s i b l e  s p i n s  and  

p a r i t i e s  o f th e  n u c le u s  (A + d) ( s i n c e  i t  i s  n o t  

form ed) and depend  o n ly  on th e  s p in s  and p a r i t i e s  

o f th e  i n i t i a l  and f i n a l  n u c l e i .  T h is  r e a c t i o n  

mode p r e d i c t s  t h a t  th e  y i e l d  sh o u ld  v a r y  m o n o to n ic -  

a l l y  w i th  d e u te r o n  e n e rg y ,  and t h a t  t h e  a n g u la r  

d i s t r i b u t i o n s  c a n  be th e  same f o r  d i f f e r e n t  n u c l e i  

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

p ro to n )  i f  th e  s p i n  and p a r i t y  c h a n g e s  i n v o lv e d  

a re  th e  sam e.

The sh a p e s  o f a lm o s t  a l l  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  o b s e rv e d  a t  h i g h  d e u te r o n  e n e r g i e s

c a n  be f i t t e d  much b e t t e r  by a p a r t i c u l a r  v a lu e

of Z t h e  a n g u la r  momentum o f th e  c a p t u r e d  n u c le o n

t h a n  by any o t h e r  v a l u e .  From t h i s  v a lu e  o f  Z> ,

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

n u c le u s  (A + p) c a n  o f t e n  be d ed u c ed , and i n  

p r i n c i p l e  th e  p a r t i a l  w id th s  o f  t h e s e  l e v e l s  c a n  

be o b t a i n e d ,  u s in g  B u t l e r ’ s (1951) t h e o r y ,  from  

th e  a b s o l u t e  p a r t i a l  c r o s s  s e c t i o n s  o b se rv e d  

e x p e r i m e n ta l l y .

However, Huby (1953) h a s  p o i n t e d  o u t  t h a t  

v a lu e s  o f  th e  p a r t i a l  w id th s  o b ta in e d  i n  t h i s  way



o

v a r y  w i t h  th e  d e u te r o n  e n e rg y  em p loyed , and t h a t  

t h i s  may he due t o  th e  f a c t  t h a t  t h e  d e u t e r o n  

s t r i p p i n g  th e o r y  ( B u t l e r  1951 , B h a t i a  1952) u s e d  

a t  h ig h  d e u te r o n  e n e r g i e s  c o m p le te ly  i g n o r e s  th e  

p o s s i b l e  e f f e c t s  o f  Coulomb c h a rg e  on th e  

i n c i d e n t . d o u te ro n s  and  on t h e  e m i t t e d  n u c le o n  

( p r o t o n ) .  To o b t a i n  th e  c o r r e c t  v a l u e s  o f  th e  

p a r t i a l  w id th s ,  and so e x p l o i t  d e u te r o n  s t r i p p i n g  

a t  h ig h  d e u te r o n  e n e r g i e s  t o  th e  f u l l ,  i t  a p p e a r s  

t o  be n e c e s s a r y  t o  m od ify  th e  e x i s t i n g  t h e o r y  t o  

in c lu d e  th e  e f f e c t s  o f Coulomb c h a rg e

The p u rp o se  of c u r r e n t  e x p e r im e n ts  a t  

low d e u te r o n  e n e r g i e s  i s ,  t h e r e f o r e ,  two f o l d .  

F i r s t l y ,  t h e r e  a r e  f a r  more low  e n e rg y  C o c k c r o f t -  

W a lto n  a c c e l e r a t o r s  g iv in g  d o u te r o n s  o f  e n e rg y  

up t o  ' ^ l  Mev f o r  low e n e rg y  e x p e r im e n ts  t h a n  

t h e r e  a re  Van de G raa ff  and c y c l o t r o n s  f o r  h i g h  

e n e rg y  s t u d i e s .  I t  i s ,  t h e r e f o r e ,  o f some 

im p o r ta n c e  t o  d i s c o v e r  w h e th e r  t h e  r e s u l t s  a t  

low e n e r g i e s  c a n  be u s e d  w i t h  th e  same p r o f i t  

a s  th o s e  a t  h ig h  e n e r g i e s  i n  n u c l e a r  s p e c t r o s c o p y .  

S e c o n d ly ,  i t  seems p ro b a b le  t h a t  i f  a  s u c c e s s f u l



t h e o r y  i s  d e v e lo p e d  f o r  low e n e rg y  e x p e r im e n ts ,  

vfhere Coulomb c h a rg e  e f f e c t s  a r e  l a r g e r  t h e n  

th e  a c c u ra c y  i n  th e  Coulomb c o r r e c t i o n  a t  h i g h  

e n e r g i e s ,  s h o u ld  be good , and c o r r e c t  v a l u e s  f o r  

p a r t i a l  v ; id th s  o b ta in e d #

However, i t  i s  o n ly  i n  th e  l a s t  f i v e  

y e a r s  t h a t  d e u te r o n  s t r i p p i n g  h a s  become 

r e c o g n i s e d  a s  th e  p re d o m in a n t  r e a c t i o n  mode a t  

h ig h  e n e r g i e s ,  r a t h e r  t h a n  compound n u c le u s  

f o r m a t io n  and d e c a y .  U n t i l  r e c e n t l y ,  a lm o s t  

a l l  o f  th e  e x p e r im e n ts  p e r fo rm e d ,  u s i n g  low 

e n e rg y  a c c e l e r a t o r s ,  were s t u d i e s  o f  gamma 

r a d i a t i o n  f o l l o w in g  p r o t o n  c a p t u r e .  T h is  

s t a t e m e n t  e x c lu d e s  th e  two h y d ro g e n  r e a c t i o n s .  

The r e a c t i o n  2%%(d,n)8He h a s  b e e n  s t u d i e d  

s in c e  th e  n i n e t e e n  t h i r t i e s ,  w h i le  th e  r e a c t i o n  

^ H (d ,n )^ H e  h a s  b e e n  s t u d i e d  v i g o r o u s l y  a s  

t r i t i u m  became more g e n e r a l l y  a v a i l a b l e  i n  t h e  

l a s t  t e n  y e a r s .  The m ain  r e a s o n  b e h in d  t h i s  

s tu d y  o f th e  h y d ro g e n  r e a c t i o n s  was t h a t  i t  was 

t h o u g h t  (and  s t i l l  i s )  t h a t  s in c e  t h e  s t r u c t u r e  

of th e  r e a c t i n g  n u c l e i  a re  r e l a t i v e l y  s im p le .



more would be g a in e d  i n  te rm s  o f f u n d a m e n ta l  

t h e o r y  from  a  s tu d y  o f them  r a t h e r  t h a n  h e a v i e r  

n u c le i#

The h y d ro g e n  r e a c t i o n s  a r e  n o t  v iew ed , 

h e r e ,  from  t h i s  a p p ro a c h .  I n s t e a d ,  th e  r e s u l t s  

of m easu rem en ts  on them a re  r e l a t e d  by t h e  a u t h o r  

t o  th e  g e n e r a l  p ro b lem  of how to  d e s c r i b e  th e  

modes o f  r e a c t i o n s  o f  th e  ty p e  A (d ,n )A  + p i n  

l i g h t  e le m e n ts  a t  low d e u te r o n  e n e r g i e s ,  where 

Coulomb e f f e c t s  may be l a r g e #

At th e  t im e  o f  t h e  b e g in n in g  o f th e  r e s e a r c h  

o f t h e  a u th o r  d e s c r i b e d  h e r e ,  t h e r e  w ere no  m ea su re ­

m en ts  o f  a n g u la r  d i s t r i b u t i o n s  and y i e l d s  fro m  th e  

r e a c t i o n s .  A (d ,n )A  + p a t  low d e u t e r o n  e n e r g i e s  

a p a r t  from  th e  h y d ro g e n  r e a c t i o n s .  T h is  was 

p a r t l y  b ecau se  of t h e  f a c to r s ,  s t a t e d  ab o v e , b u t  

a l s o  b e c a u se  of th e  l a c k  of a c c u r a t e ,  b u t  f a i r l y  

q u ic k ,  t e c h n iq u e s  f o r  m e a su r in g  a n g u l a r  

d i s t r i b u t i o n s  and p a r t i a l  c r o s s  s e c t i o n s  i n  

t h e s e  r e a c t i o n s .  At th e  t im e  of w r i t i n g ,  t h e r e  

i s  a  much g r e a t e r  i n t e r e s t  i n  th e  r e a c t i o n s ,  and 

p a p e r s  have been  p u b l i s h e d  r e c e n t l y  w h ich  show
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th e  r e s u l t s  o f  e x p e r im e n ta l  m easu rem en ts  (G reen  

e t  a l  1955 , I h s a n  1955) a t  low d e u t e r o n  e n e r g i e s  

and t h e o r e t i c a l  a t t e m p t s  (A u s te rn  and B u t l e r  1954 , 

Yoccoa 1954, G ra n t ,  I . P . ,  1955) t o  m o d ify  th e  

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

Coulomb c h a rg e  e f f e c t s .

As a r e s u l t  o f  th e  work by  th e  a u t h o r ,  

d e s c r ib e d  i n  c h a p t e r s  1 - 4 ,  and r e c e n t  r e s u l t s  

by o t h e r s ,  i t  i s  b e g in n in g  t o  be r e c o g n i s e d  t h a t  

th e  i n t e r p r e t a t i o n  o f  th e  a n g u la r  d i s t r i b u t i o n s  

a t  low e n e r g i e s  c a n n o t  be made s im p ly  i n  te rm s  

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

s u c c e s s f u l  i n  f i t t i n g  th e  s h a p e s  a t  h ig h  e n e r g i e s .  

The r e q u i r e d  m o d i f i c a t i o n  to  th e  B u t l e r  and 

B h a t i a  s t r i p p i n g  t h e o r i e s  t o  f i t  t h e  o b s e rv e d  

r e s u l t s  i s  l a r g e ,  and no c o m p le te ly  s u c c e s s f u l  

t h e o r e t i c a l  t r e a t m e n t  h a s  y e t  b e e n  p u t  f o rw a rd ,  

and i t  seems p ro b a b le  t h a t  s e v e r a l  y e a r s  w i l l  

e l a p s e  b e fo re  s u f f i c i e n t  e x p e r im e n ta l  d a t a  

a c c u m u la te s  f o r  t h i s  t o  be p o s s i b l e .

Eovjever, e v e n  t h i s  f a c t  i s  some p r o g r e s s  

i n  a  h i t h e r t o  u n e x p lo r e d  f i e l d ,  and  th e  a u th o r  

h a s  b een  ab le  t o  draw some t e n t a t i v e  c o n c lu s io n s
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from  a  few  c h o se n  e x p e r im e n ts  ( c h a p t e r s  1 - 4 )  

on th e  p ro b a b le  amount and c h a r a c t e r  o f th e  

e f f e c t  o f Coulomb c h a rg e  on d e u t e r o n  s t r i p p i n g  

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

r e a c t i o n s  a t  low d e u te r o n  e n e r g i e s .  These 

c o n c lu s io n s  a re  d i s c u s s e d  i n  c h a p t e r  5* I n  

c h a p t e r  1 a  d e s c r i p t i o n  o f a s im p le ,  b u t  a c c u r a t e  

and r e l i a b l e ,  f a s t  n e u t r o n  s p e c t r o m e te r  i s  g iv e n ,  

w h ich  was d e v e lo p e d  by th e  a u th o r  p r i m a r i l y  t o  

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

th e  lo n g  d e la y  a s s o c i a t e d  w i th  n u c l e a r  e m u ls io n  

t e c h n i q u e .  The aim  o f  t h e  r e s e a r c h  by th e  

a u th o r ,  d e s c r i b e d  i n  c h a p t e r s  2 ,  3 and 4 , was t o  

open up and e x te n d  our know ledge o f d e u te r o n  

r e a c t i o n s  i n  l i g h t  e le m e n ts  a t  low d e u te r o n  

e n e r g i e s ,  by e x p e r im e n ts  on th e  r e a c t i o n s  

l l B ( d ,n ) ^ ^ C ,  ^H (d ,n )^H e and  3H(d,n)4-He. At 

th e  b e g in n in g  o f  e a c h  c h a p t e r ,  o r  em bodied  i n  

th e  c h a p t e r ,  th e  p r e v io u s  r e s u l t s  r e l a t e d  t o  

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

th e  a u th o r  a r e  g iv e n  i n  d e t a i l .
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S in c e  th e  e x p e r im e n ta l  r e s e a r c h  by th e  

a u t h o r ,  d e s c r i b e d  i n  c h a p t e r s  6 , 7 ,  8 and 9 , i s  

r e l a t e d  t o  th e  u se  o f  t h e  r e a c t i o n s  A (d ,n )A  + p 

a t  low d e u te r o n  e n e r g i e s  a s  s o u r c e s  o f  f a s t  

n e u t r o n s  f o r  s c a t t e r i n g  and a b s o r p t i o n  e x p e r i ­

m e n ts ,  th e  r e s t  o f  t h i s  i n t r o d u c t i o n  i s  d e v o te d  

t o  a  d i s c u s s i o n  o f  th e  s i g n i f i c a n c e  o f  t h e s e  

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

The t a b l e  g iv e n  a t  th e  b e g in n in g  o f  

th e  I n t r o d u c t i o n  shows t h a t  th e  r e a c t i o n s  

A (d ,n )A  + p a r e  s o u r c e s  o f  f a s t  n e u t r o n s  i n  

th e  e n e rg y  ra n g e  1 - 1 5  Mev, u s i n g  d o u te r o n s  

o f  a  few  h u n d re d  K ev. These r e a c t i o n s  c a n  be 

com pared  w i t h  o t h e r  s o u r c e s  o f  n e u t r o n s  i n  

c u r r e n t  u s e ,  w hich  a r e  m a in ly  f i s s i o n  r e a c t i o n s



i n  f a s t  r e a c t o r s ,  p h o t o - n e u t r o n  s o u r c e s ,  and  

r e a c t i o n s  of th e  ty p e  A (p ,n )A  i n  l i g h t  e l e m e n t s .

The n e u t r o n  f l u x  from  f a s t  r e a c t o r s  i s  

i n t e n s e ,  "but th e  e n e rg y  d i s t r i " b u t i o n  d e c r e a s e s  

v e r y  r a p i d l y  w i th  i n c r e a s i n g  n e u t r o n  e n e rg y .  

P h o to - n e u t r o n  s o u r c e s  a re  u s u a l l y  f a i r l y  weak, 

have a low n e u t r o n  e n e rg y ,  and a  v e r y  h ig h  gamma 

r a y  "background.

The most c o n v e n ie n t  s o u r c e s  o f  f a s t  

n e u t r o n s  a re  th e  r e a c t i o n s  7 ] j i ( p ,n ) 7 p e  and 

3 H (p ,n )3 H e . The f i r s t  r e a c t i o n  was o r i g i n a l l y  

t h o u g h t  t o  "be a  l i n e  so u rc e  o f n e u t r o n s ,  "but 

l a t e r  work (see  Ajzen"berg and L a u r i t s e n )  h a s  

shown t h a t  t h e r e  a r e  two Q v a l u e s ,  -  1*645 Mev 

and  -  1#21 Mev, and t h a t  th e  r e l a t i v e  i n t e n s i t i e s  

v a r y  w i th  p r o to n  e n e r g y .  The t r i t i u m  r e a c t i o n  

i s  now r e c o g n i s e d  a s  a  s t a n d a r d  l i n e  s o u rc e  o f  

f a s t  n e u t r o n s  u s i n g  f a s t  p r o t o n s  fro m  Van de Graaf-f 

a c c e l e r a t o r s  (Freem an 1953)* However, one o f  

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

p ro v e  of c o n s i d e r a b l e  s i g n i f i c a n c e  i n  th e  

dev e lopm en t of f a s t  n e u t r o n  s o u r c e s  i s  th e  c o s t  

of th e  a c c e l e r a t i n g  m achine w h ich  i s  much g r e a t e r



f o r  a  Van de G raa ff  t h a n  i t  i s  f o r  a  h i g h  beam 

c u r r e n t  C o c k e ro f t -W a l to n  a c c e l e r a t o r  o f  a  few  

h u n d re d  Kev, and many such  m a ch in es  have e i t h e r  

b ee n  c o n s t r u c t e d  o r  a r e  u n d e r  c o n s t r u c t i o n  i n  

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

th e  d e u te r o n  r e a c t i o n s  a r e  co m p arab le  w i th  t h a t  

of th e  p r o t o n - t r i t i u m  r e a c t i o n .  The beam 

c u r r e n t  o f a  Van de G ra a ff  i s  of th e  o r d e r  5/%/A, 

w h i le  d e u te r o n  beam c u r r e n t s  a r e  o f  t h e  o r d e r  10 m .a , 

i n  m odern  m a c h in e s  r u n  a t  s e v e r a l  h u n d re d  KeV.

The v a lu e  o f  th e  Gamov; p e n e t r a t i o n  f a c t o r  i n  

t a r g e t s  w i th  a to m ic  num bers of th e  o r d e r  5 i s

lQ -1  ------ IQ -2 a t  d e u t e r o n  e n e r g i e s  o f  a  few

h u n d re d  Kev. A p a r t  from  th e  two h y d ro g e n  

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

n e u t r o n s ,  th e  o t h e r  r e a c t i o n s  have  s e v e r a l  h i g h  

e n e rg y  l i n e s  and o f t e n  a co n tin u u m  a t  low n e u t r o n  

e n e r g i e s ,  and e m it  gamma r a d i a t i o n  o f  s e v e r a l  

Mev. The r a t i o  o f  th e  number o f  n e u t r o n s  i n  

h ig h  e n e rg y  w e l l  s e p a r a t e d  l i n e s  t o  t h e  r e s t  

of t h e  r a d i a t i o n  i s  u s u a l l y  o f  t h e  o r d e r  f i v e  

o r t e n  t o  o ne . T h u s , p r o v id e d  f a s t  n e u t r o n  

c o u n t in g  t e c h n iq u e s  a r e  a v a i l a b l e  w h ich  c a n  co pe
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w i th  b a c k g ro u n d s  o f  t h i s  n a t u r e  and o r d e r  o f  

m a g n itu d e ,  low  e n e rg y  d e u t e r o n  r e a c t i o n s  i n  l i g h t  

e le m e n ts  c a n  become v e r y  c o n v e n ie n t  l i n e  s o u r c e s  

o f  n e u t r o n s  o v e r  t h e  w hole e n e rg y  ra n g e  1 - 1 5  Mev* 

The a p p a r e n t  c h a rg e  in d ep e n d e n c e  o f  

n u c l e a r  f o r c e s  and th e  ^dual n a tu r e  o f  p r o t o n s  

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

e x p e r im e n ts  u s in g  f a s t  n e u t r o n s  t h e r e  a r e  

c o r r e s p o n d in g  e x p e r im e n ts  u s i n g  f a s t  p r o t o n s .

The e x p e r im e n ts  o f F erm i and M a r s h a l l  (1947) 

and Havens e t  a l  (1949 , 1951) s u p p o r te d  by  th e  

t h e o r y  o f S chw inger (1948) and F o ld y  (1951 , 1952) 

show t h a t  th e  c o n t r i b u t i o n  t o  t h e  t o t a l  c r o s s  

s e c t i o n  o f f a s t  n e u t r o n s ,  due t o  a  s p in - in d e p e n d e n t  

i n t e r a c t i o n  b e tw e en  o r b i t a l  e l e c t r o n s  and th e  

Coulomb f i e l d  a s s o c i a t e d  w i th  th e  c o n c e p t  o f  th e  

n e u t r o n  e x i s t i n g  a s  a  d i s s o c i a t e d  p r o t o n - p i o n  

p a i r ,  i s  of th e  o r d e r  1 0 " ^ .  The c a l c u l a t i o n s  

o f  S chw inger and F o ld y  a l s o  p r e d i c t  t h a t  th e  

c o n t r i b u t i o n  t o  th e  t o t a l  c r o s s  s e c t i o n  due t o  

th e  i n t e r a c t i o n  o f th e  i n t r i n s i c  d i p o l e  moment 

o f  th e  n e u t r o n  w i th  th e  Coulomb f i e l d  of th e  

h e a v i e s t  n u c l e i  i s  a l s o  o f  th e  o r d e r  10“"^* The
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r e s u l t s  o f  e x p e r im e n ts  u s i n g  f a s t  n e u t r o n s ,  t h e r e f o r e ,  

r e f l e c t  v e r y  a c c u r a t e l y  th e  e f f e c t s  o f  s p e c i f i c a l l y  

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

i n v e s t i g a t e  n u c l e a r  i n t e r a c t i o n s  r e s u l t s  o b ta in e d  

u s in g  f a s t  n e u t r o n s  a re  much more e a s i l y  i n t e r p r e t e d  

and made u se  o f t h a n  t h o s e  o b t a in e d  u s i n g  f a s t  

p ro to n s  w h ich  c o n t a i n  th e  e f f e c t s  of Coulomb c h a r g e .  

U n f o r tu n a te ly  th e  same argum en t shows t h a t  t h e  

e x p e r im e n ta l  d i f f i c u l t i e s  i n  f a s t  n e u t r o n  e x p e r i ­

m en ts  a re  g r e a t e r  t h a n  i n  th e  c o r r e s p o n d in g  

e x p e r im e n ts  u s in g  c h a rg e d  p a r t i c l e s .  F a s t  

n e u t r o n s  c a n  on ly  be p ro d u c e d  and d e t e c t e d  u s i n g  

c h a rg e d  p a r t i c l e s  o r  gamma r a y s  f ro m  a s s o c i a t e d  

n u c l e a r  r e a c t i o n s  w h ich  a r e  i n f l u e n c e d  by th e  

lo n g  ran g e  e l e c t r o m a g n e t i c  f o r c e s  w h ich  a r e  th e  

b a s i s  o f  a l l  e x i s t i n g  e x p e r im e n ta l  t e c h n i q u e s .

The d i v i s i o n  o f  l a b o u r  b e tw een  th e  u s e  o f  

c h a rg e d  p a r t i c l e s  and n e u t r o n s  i n  many e x p e r i ­

m en ts  i s  c u r r e n t l y  d e te rm in e d  by w h e th e r  th e  

e f f e c t  o f  Coulomb c h a r g e s  in t r o d u c e  g r e a t e r  

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

o b s e rv in g  n u c l e a r  e f f e c t s  i n  c o m p a r is o n  

w i th  th e  u n c e r t a i n t i e s  and  d i f f i c u l t i e s



a s s o c ia te d  w ith  e x i s t in g  f a s t  n e u tro n  ex p e r im en ta l 

te c h n iq u e s .

The purpose of the  techn ique  d e sc r ib e d  

in  c h a p te r  7 i s  to  e x p lo i t  th e  speed and h ig h  

e f f i c i e n c y  of s c i n t i l l a t i o n  c o u n te rs  f o r  experim en ts  

on n e u tro n s  which re q u ire  good energy  r e s o l u t i o n .

The tech n iq u e  u se s  the time of f l i g h t  of n e u tro n s  

to  d is c r im in a te  between them and gamma r a y s ,  and 

to  allow  measurements of n eu tro n  e n e r g ie s .  In  

c o n t r a s t  to  the  use of a s in g le  p l a s t i c  s c i n t i l l a t o r  

as a f a s t  n eu tro n  sp ec tro m e te r ,  d e sc r ib e d  i n  c h a p te r  

1, th e  tim e of f l i g h t  techn ique i s  in te n d e d  f o r  

measurements of n eu tro n  energy d i s t r i b u t i o n s  which 

are c o n t in u o u s .  That i s ,  i t  i s  in ten d ed  f o r  

measurements of the  low energy n e u tro n s  from 

s c a t t e r i n g  experim ents on medium and heavy n u c le i  

r a t h e r  th a n  measurements of the  h ig h  energy w e l l  

s e p a ra te d  d i s c r e t e  n eu tro n  groups i n  experim en ts  

on l i g h t  n u c l e i .  As has been a l re a d y  m entioned, 

i t  i s  th ough t t h a t  the energy d i s t r i b u t i o n  of 

such low energy p ro d u c ts  may be d e sc r ib e d  by th e  

E v ap o ra t io n  Model. The purpose of th e  experim ent 

d e sc r ib e d  i n  c h a p te r  8 was to  apply  t h i s  time of



f l i g h t  t e c h n iq u e  i n  an  i n v e s t i g a t i o n  o f  th e  

r e a c t i o n  A (n ,n ^ )  A u s i n g  a  he am o f 14 Mev 

n e u t r o n s  f ro m  th e  r e a c t i o n  3H (d ,n )4 H e , and , i n  

p a r t i c u l a r ,  t o  m easure  th e  low e n e rg y  d i s t r i b u t i o n  

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

p r e d i c t i o n s  o f t h i s  m o d e l .

D u r in g  th e  c o u r s e  o f  t h i s  r e s e a r c h ,  a  

s i m i l a r  e x p e r im e n t  was done by G rav es  and R osen  

(1953 ) u s i n g  n u c l e a r  e m u ls io n s  t o  m easu re  th e  

i n e l a s t i c  n e u t r o n  e n e rg y  d i s t r i b u t i o n .  A f t e r  

th e  e x p e r im e n t ,  th e  r e s u l t s  o f a  c o m p le te ly  

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

u s i n g  an  a lm o s t  i d e n t i c a l  t im e  o f  f l i g h t  t e c h n i q u e ,  

were p u b l i s h e d  by O' N e i l l  (1 9 5 4 ) .

I n  c h a p t e r  8 t h e s e  r e s u l t s  a r e  com pared 

s a t i s f a c t o r i l y  w i t h  t h o s e  o b s e rv e d  by th e  a u t h o r ,  

and i t  seems t h a t  t im e  o f f l i g h t  t e c h n iq u e s  of 

t h i s  ty p e  h av e  some a d v a n ta g e s  i n  p o s s i b l e  e n e rg y  

r e s o l u t i o n  and sp e e d  o f  o b t a in i n g  r e s u l t s  i n  

t h e s e  e x p e r im e n t s .  The t im e  o f  f l i g h t  t e c h n iq u e  

d e s c r i b e d  i s  n o t  so e a s y  t o  u se  i n  p r a c t i c e  a s  

th e  s i n g l e  p l a s t i c  s c i n t i l l a t o r ,  d e s c r i b e d  i n  

c h a p t e r  1 .  The s u c c e s s  o f  th e  t e c h n iq u e  i n
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a c h ie v in g  a  low s t a t i s t i c a l  e r r o r  d ep en d s  on 

th e  u se  o f  m u l t i - c h a n n e l  t im e  d e l a y  a n a l y s i s  

i n  th e  m i l l im ic r o s e c o n d  r e g i o n ,  w h ich  r e q u i r e d  

th e  e x t e n s i o n  of e x i s t i n g  e l e c t r o n i c  c i r c u i t s .

The c i r c u i t s  u s e d  and t h e i r  mode o f o p e r a t i o n  

a re  g iv e n  i n  th e  A ppend ix . I n  c h a p t e r  6 of 

th e  t h e s i s  i s  a d e s c r i p t i o n  of some e x p e r im e n ts  

on th e  r e a c t i o n  I ( n ,2 n ) 1 2 6 i ^  T h is  i n v e s t ­

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

th e  s e a r c h  f o r  th e  r e a c t i o n  ^H (d, îT)^He, d e s c r i b e d  

i n  c h a p t e r  5 , b u t  i t  i s  in c lu d e d  h e r e  a s  an  

exam ple o f  th e  u se  of f a s t  n e u t r o n s  f o r  th e  

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

f o r  th e  p r a c t i c a l  v a lu e  of know ing th e  c h a r a c t e r ­

i s t i c s  of th e  a c t i v i t y  in d u c e d  i n  sod ium  io d id e  

c r y s t a l s  by f a s t  n e u t r o n s .

R e c e n t ly ,  and q u i t e  i n d e p e n d e n t ly  of 

th e  r e s e a r c h  by th e  a u th o r  d e s c r i b e d  i n  th e  

t h e s i s ,  t h e r e  have b e e n  s e v e r a l  i n t e r e s t i n g  

d ev e lo p m en ts  i n  th e  i n t e r p r e t a t i o n  o f f a s t  

n e u t r o n  s c a t t e r i n g  and a b s o r p t i o n  e x p e r im e n ts ,  

w h ich  s u g g e s t  t h a t  th e  n e u t r o n  e n e rg y  r e g i o n  

1 - 1 5  Mev i s  o f p a r t i c u l a r  s i g n i f i c a n c e , and



t h a t  s o u rc e s  o f n e u t r o n s  and f a s t  n e u t r o n  

s p e c t r o m e te r s  i n  t h i s  e n e rg y  r e g i o n  have 

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

e n e rg y  n u c l e a r  p h y s i c s .  I n  c h a p t e r  9 , t h e s e  

d e v e lo p m e n ts ,  and p o s s i b l e  f u t u r e  t r e n d s  i n  

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

s c i n t i l l a t i o n  c o u n te r  t e c h n iq u e s  and d a t a  

d e v e lo p e d  and  o b ta in e d  i n  th e  c o u r s e  o f  th e  

r e s e a r c h  by th e  a u t h o r ,  d e s c r i b e d  i n  th e  

t h e s i s .

The A ppendix c o n t a i n s  a  s e c t i o n ,  g i v i n g  

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

d e u te r iu m  t a r g e t s  d e v e lo p e d  p r i m a r i l y  f o r  th e  

i n v e s t i g a t i o n  of th e  r e a c t i o n  ^ H (d ,n )3 H e , 

d e s c r i b e d  i n  c h a p t e r  3 .

At t h e  b e g in n in g  o f e a c h  c h a p t e r  i n  

th e  t h e s i s ,  t h e r e  i s  a d e t a i l e d  a n a l y s i s  and 

c r i t i c a l  r e v ie w  o f  th e  r e s u l t s  o f p r e v io u s  

e x p e r im e n ts  by o t h e r s  w h ich  a r e  r e l a t e d  t o  

t h e  r e s e a r c h  by th e  a u th o r  d e s c r i b e d  i n  th e  

c h a p t e r .



C H A P T E R  I .

The S in g le  P l a s t i c  S c i n t i l l a t o r  a s  a  F a s t  
N e u tro n  S p e c t r o m e te r .

The t e c h n iq u e  d e s c r i b e d  i n  t h i s  c h a p t e r  

was d e v e lo p e d  by th e  a u th o r  p r i m a r i l y  f o r  

m easu rem en ts  of a b s o l u t e  y i e l d s  and a n g u la r  

d i s t r i b u t i o n s  of h i g h  e n e rg y  n e u t r o n  g ro u p s  f ro m  

r e a c t i o n s  o f th e  ty p e  A (d ,n )A  + p i n  l i g h t  

e l e m e n t s .  A part from  i n d i r e c t  m easu rem en ts  on 

r e c o i l  n u c l e i  i n  th e  r e a c t i o n s  ^H (d ,n )^H e and 

3H (d ,n )4 H e , th e  r e a c t i o n s  c a n  o n ly  be f u l l y  

i n v e s t i g a t e d  by d i r e c t  m easu rem en ts  on th e  

e m i t t e d  n e u t r o n s .  Any f a s t  n e u t r o n  s p e c t r o ­

m e te r  in t e n d e d  f o r  su c h  m easu rem en ts  m ust be 

c a p a b le  of r e s o l v i n g  n e u t r o n  g ro u p s  i n  th e  e n e rg y  

r a n g e  1 — 15 Me"%, s e p a r a t e d  by a  few  MeV.^in t h e  

p r e s e n c e  of gamma r a d i a t i o n  w i t h  quantum  e n e r g i e s  o f  

s e v e r a l  MeV*, r e s u l t i n g  fro m  th e  d e - e x c i t a t i o n  o f  p r o d u c t  

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

d i f f e r e n t  d e u te r o n  e n e r g i e s  and r e l a t i v e  m e a su re ­

m en ts  a t  d i f f e r e n t  a n g le s ,  th e  a b s o lu t e  c o u n t in g  

e f f i c i e n c y  and v a r i a t i o n  o f  e f f i c i e n c y  w i t h  

n e u t r o n  e n e rg y  m ust be known a c c u r a t e l y ,  s in c e



th e  r e a c t i o n  e n e rg y  i n c lu d e s  t h e  i n c i d e n t ,  

d e u te r o n  e n e rg y  and c e n t r e  o f  m ass e f f e c t s  a r e  

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

n e u t r o n  en e rg y  a t  d i f f e r e n t  a n g l e s .

The o n ly  s u i t a b l e  n u c l e a r  r e a c t i o n  w h ich  

a l lo w s  th e s e  c r i t e r i a  t o  be s a t i s f i e d  and g i v e s  

c o n v e n ie n t  c h a rg e d  p a r t i c l e s  f o r  d e t e c t i o n  i s  

e l a s t i c  s c a t t e r i n g  by  p r o t o n s .  The t h e o r e t i c a l  

c a l c u l a t i o n s  o f H am ilto n  (1949) f o r  r a d i a t i v e  

c a p tu r e  of n e u t r o n s  by p r o to n s  i n  th e  e n e rg y  

r e g i o n  1 - 1 5  Mev s u g g e s t  t h a t  th e  r a t i o  o f  

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

10“"^. There a p p e a r s  t o  be no e x p e r im e n ta l  

o b s e r v a t io n s  o f  r a d i a t i v e  c a p tu r e  by p r o to n s  

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

The a b s o r p t io n  o f  f a s t  n e u tr o n s b y  h y d ro g e n  i n  

t r a n s m i s s i o n  e x p e r im e n ts  i s  i n t e r p r e t e d  a s  b e i n g  

due t o  e l a s t i c  n -p  s c a t t e r i n g ,  and p r e c i s i o n  

v a l u e s  f o r  th e  c r o s s  s e c t i o n  have b ee n  m e a su re d  

i n  t h i s  way by S t o r r s  e t  a l  (1 9 5 3 ) ,  F i e l d s  e t  a l  

(1 9 5 3 ) ,  H afn e r  e t  a l  (1953) and  Rose e t  a l  (1952) 

a t  n e u t r o n  e n e r g i e s  E ii( la b )  of 1*32 Mev, 2*5 Mev, 

4*75 Mev, and 14*1 Mev, r e s p e c t i v e l y  w i th  e r r o r s
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l e s s  t h a n  0 * 1 ^ .  L e ss  a c c u r a t e  v a l u e s  o v e r  th e  

c o n t in u o u s  e n e rg y  ra n g e  3 - 1 2  Mev have  b e e n  

o b ta in e d  by N ere so n  and D arden  (1 9 5 3 ) ,  w h ich  l i e  

on th e  sm ooth c u rv e  p r e d i c t e d  by th e  t h e o r y  o f  

B ie d e n h a rn  and  Hose (1949) • The t h e o r e t i c a l  

c u rv e  d e c r e a s e s  m o n o to n iea l l y  w i t h  i n c r e a s i n g  

e n e rg y ,  v a r i e s  ro u g h ly  a s  En ^ i n  t h i s  e n e rg y  

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

p a r a m e te r s  d e s c r i b i n g  th e  t o t a l  s c a t t e r i n g  i n  

te rm s  of th e  sum of t r i p l e t  and s i n g l e t  i n t e r ­

a c t i o n .  The b e s t  v a l u e s  o f th e s e  p a r a m e te r s  

a r e  d i s c u s s e d  by  B l a t t  and W e is s k o p f , p . 7 0 ,  and 

i t  seems p o s s i b l e  t o  c a l c u l a t e  th e  t o t a l  n -p  

c r o s s  s e c t i o n  a t  any e n e rg y  i n  th e  ra n g e  1 - 1 5  

Mev t o  w e l l  w i t h i n  an  e r r o r  of 1^ u s i n g  th e  

t h e o r e t i c a l  c u rv e  and th e  p r e c i s i o n  v a l u e s  from  

th e  t r a n s m i s s i o n  e x p e r im e n ts  a t  a  few e n e r g i e s .

The a n g u l a r  d i s t r i b u t i o n  o f r e c o i l  

p r o t o n s  h a s  b e e n  m easu red  by W a lt  and B a r s c h a l l  

(1 9 5 3 ) I and A rm stron g  e t  a l  (1953) a t  n e u t r o n  

e n e r g i e s  of 1 Mev and 14 Mev. To w i t h i n  th e  

e x p e r im e n ta l  e r r o r  o f  5^ a t  th e  h i g h e r  n e u t r o n  

e n e rg y  th e  a n g u la r  d i s t r i b u t i o n  i s  i s o t r o p i c  i n
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c e n t r e  o f m ass ,  and th e  t h e o r y  o f B ie d e n h a rn  and 

Rose s u g g e s t s  t h a t  w i t h i n  t h i s  e n e rg y  r e g i o n  th e  

a n g u la r  d i s t r i b u t i o n  s h o u ld  be i s o t r o p i c  c o r r e s p o n d ­

in g  t o  s  wave s c a t t e r i n g .  Assuming t h a t  t h i s  i s  

s t r i c t l y  t r u e ,  th e  e n e rg y  s p e c tru m  of r e c o i l  p r o t o n s  

i n  l a b .  i s ,  t h e r e f o r e ,  f l a t .  To w i t h i n  O.lfo th e  

n e u t r o n  and p r o t o n  m asses  a r e  e q u a l ;  t h e r e f o r e ,  

a  s i n g l e  n e u t r o n  g ro u p  of e n e rg y  En r e s u l t s  i n  a 

f l a t  d i s t r i b u t i o n  o f  r e c o i l  p r o t o n s  up t o  an  e n e rg y  

of E n .  F o r s e v e r a l  n e u t r o n  g ro u p s  th e  p r o t o n  

sp e c tru m  c o n s i s t s  o f s e v e r a l  p l a t e a u s  and a b r u p t  

s t e p s .  A l l  f a s t  n e u t r o n  s p e c t r o m e te r s  r e l y i n g  

on n -p  s c a t t e r i n g  m easure  t h e  n e u t r o n  sp e c tru m  by 

o b s e r v a t io n s  on t h i s  e n e rg y  d i s t r i b u t i o n  of r e c o i l  

p r o t o n s ,  and a v o id a n c e  o f  e f f e c t s  p ro d u c e d  by 

gamma r a y s .  The t h r e e  c h a rg e d  p a r t i c l e  t e c h n i q u e s  

u s e d  t o  o b se rv e  r e c o i l  p r o to n s  a r e  n u c l e a r  e m u ls io n s ,  

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

I n  n u c l e a r  e m u ls io n s ,  th e  t r a c k s  o f  

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

e l e c t r o n  t r a c k s  due t o  gamma r a y s  by th e  d i f f e r e n c e  

i n  g r a i n  d e n s i t y .  I f  th e  i n c i d e n t  d i r e c t i o n  o f 

n e u t r o n s  w hich  e n t e r e d  th e  p l a t e s  i s  known, th e
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number and ran g e  o f  r e c o i l  p r o t o n s  l y i n g  w i t h i n  

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

c a n  be m easu red . A p l o t  o f t h e  number of t h e s e  

"knock-on"  p r o to n s  a g a i n s t  th e  ra n g e  g iv e s  a  

pealced sp e c tru m , e a c h  peak  c o r r e s p o n d in g  t o  a  

n e u t r o n  g ro u p .  U s in g  th e  r a n g e - e n e r g y  r e l a t i o n  

of p r o to n s  i n  th e  e m u ls io n  and th e  n -p  s c a t t e r i n g  

c r o s s  s e c t i o n  th e  n e u t r o n  e n e rg y  d i s t r i b u t i o n  ca n  

th e n  be o b ta in e d  f ro m  th e s e  r e s u l t s .  The 

e f f i c i e n c y  of n e u t r o n  d e t e c t i o n  i s  e x t r e m e ly  low , 

due t o  th e  t h i n n e s s  o f  th e  p l a t e s  i n  c o m p a r iso n  

w i th  n e u t r o n  mean f r e e  p a th s  o f  th e  o rd e r  o f  

s e v e r a l  i n c h e s ,  and t h i s  im p l i e s  lo n g  m achine 

ru n n in g  t im e s  d u r in g  w hich  d r i f t  may o c c u r .

Much more s i g n i f i c a n t  th o u g h ,  i s  th e  e x t r e m e ly  

lo n g  t im e  w hich  e l a p s e s  ( 6 m onths) f o r  th e

a n a l y s i s  of th e  p l a t e s  b e f o re  r e s u l t s  a re  o b t a in e d  

and th e  d e la y  i n  i n i t i a l  s e t t i n g  up o f e x p e r im e n ts .  

The n u c l e a r  e m u ls io n  i s  p r o b a b ly  th e  b e s t  t e c h n iq u e  

t o  u se  t o  e s t a b l i s h  th e  f a c t  t h a t  a  r e a c t i o n  e x i s t s ,  

b u t  i t  i s  to o  t im e -co n su m in g  f o r  i n v e s t i g a t i o n s  

r e q u i r i n g  a l a r g e  number of m e a su re m e n ts .

C o in c id en ce  m easu rem en ts  a r e ,  o f c o u r s e , i m p o s s ib l e .



a  I

P r o p o r t i o n a l  c o u n t e r s  f i l l e d  v^ith  a  

h ig h  c o n c e n t r a t i o n  o f  m ethane  have to o  low an  

e f f i c i e n c y  f o r  m ost e x p e r im e n ts ,  due t o  th e  low  

n u c l e a r  a b s o r p t i o n  o f  a  g a s .  T h is  low e f f i c i e n c y  

r e s u l t s  i n  v e r y  p o o r  s t a t i s t i c s ,  w h i le  w o  11 e f f e c t s  

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

pow er.

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

w i th  no hy d ro g en  have b e e n  u s e d  to  d e t e c t  r e c o i l  

p r o to n s  from  a  t h i n  h y d ro g e n eo u s  r a d i a t o r  bom barded 

by a p a r a l l e l  beam o f  f a s t  n e u t r o n s .  /By c o l l i m a t ­

in g  th e  r e c o i l  p r o to n s  th e  p u l s e  s p e c tru m  fro m  

th e  c o u n te r ,  v/hen c o r r e c t e d  f o r  n -p  c r o s s  s e c t i o n  

i n  th e  r a d i a t o r ,  g i v e s  th e  i n c i d e n t  n e u t r o n  sp ec tru m , 

The r e s o l u t i o n  a c h ie v e d  d epen ds  m a in ly  on th e  

t h i c k n e s s  o f r a d i a t o r  u s e d .  F o r  a r a d i a t o r  w i t h  

a t o t a l  t r a n s p a r e n c y  f o r  f a s t  n e u t r o n s  o f 10"*^, 

th e  e n e rg y  s p re a d  i n  r e c o i l  p r o t o n s  o f 10 Mev i s  

1055. C o l l im a t io n  may r e d u c e  t h e  e f f e c t i v e  

e f f i c i e n c y  t o  10“ 5 .  Any i n c r e a s e  i n  e n e rg y  

r e s o l u t i o n  r e s u l t s  i n  a  r o u g h ly  p r o p o r t i o n a l  

d e c re a s e  i n  e f f i c i e n c y .  W hile  th e  t e c h n iq u e  

h a s  b ee n  u s e d  by N ere so n  and B a rd e n  (1 9 5 3 ) ,  

u s i n g  n e u t r o n s  from  th e  Los Alamos f a s t  r e a c t o r .



th e  e f f i c i e n c y  i s  to o  low f o r  an  i n v e s t i g a t i o n  

of th e  r e a c t i o n s  A (d ,n )A  + p .

A f a s t  n e u t r o n  s p e c t r o m e te r  u s i n g  

hydrogeneous  s c i n t i l l a t o r s  and m e a s u r in g  t h e  

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

th e  s c i n t i l l a t o r  h a s  b ee n  d e s c r i b e d  by B eg h ia n  

e t  a l  (1 9 5 2 ) .  T h is  m ethod  u s e s  a  s e c o n d  

s c i n t i l l a t i o n  c o u n t e r  w i t h  a  sodium  i o d i d e  

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

"knock-on"  n -p  c o l l i s i o n s  i n  th e  f i r s t  

(hy d rogen eou s)  s c i n t i l l a t o r .  By c o u n t in g  o n ly  

th e  p u l s e s  from  th e  f a s t  n e u t r o n  c o u n t e r ,  w h ich  

a re  i n  c o in c id e n c e  w i th  p u l s e s  i n  th e  slow  n e u t r o n  

c o u n te r  (due t o  gamma r a y s  f o l lo w in g  slow  n e u t r o n  

c a p tu r e  i n  i o d in e  o r s o d iu m ) , a  s i n g l e  p e a k  w i t h  

a  low p u l s e  h e i g h t  t a i l  i s  o b s e rv e d  f o r  a  s i n g l e  

n e u t r o n  g ro u p .  By u s i n g  d e la y e d  c o in c id e n c e  

be tw een  th e  p u l s e s  i t  i s  p o s s i b l e  t o  a v o id  

o b s e rv in g  gamma r a y s  due t o  Compton s c a t t e r i n g .  

T h is  m ethod i s  o n ly  one of many p o s s i b l e  

v a r i a t i o n s  of d o u b le  s c a t t e r i n g  and c o in c id e n c e  

te c h n iq u e  w hich  aim  a t  a  m e c h a n ic a l  d i f f e r e n t ­

i a t i o n  of th e  r e c o i l  p r o t o n  p u l s e  h e i g h t
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d i s t r i b u t i o n  i n  h y d ro g e n eo u s  s c i n t i l l a t o r s *  

U n f o r t u n a t e l y ,  t h e s e  m ethods  i n t r o d u c e  s e v e re  

p r a c t i c a l  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  th e  

c a l c u l a t i o n  o f  th e  a b s o lu t e  n e u t r o n  c o u n t in g  

e f f i c i e n c y  and th e  v a r i a t i o n  of e f f i c i e n c y  w i th  

n e u t r o n  e n e rg y  f o r  y i e l d  and a n g u la r  d i s t r i b u t i o n  

m easu rem en ts ,  th e  m e c h a n ic a l  movement o f two 

c o u n t e r s ,  and c o m p l i c a t i o n  o f  e l e c t r o n i c s .  A lso 

th e  r e d u c t i o n  i n  e f f i c i e n c y  makes c o in c id e n c e  

m easu rem en ts  b e tw e en  gamma r a y s  and a s s o c i a t e d  

n e u t r o n s  a lm o s t  u s e l e s s  due t o  th e  v e r y  low 

c o u n t in g  r a t e s .  No r e s u l t s  on n u c l e a r  r e a c t i o n s  

beyond th e  m easurem ent o f  n e u t r o n  e n e r g i e s  have 

been  r e p o r t e d  u s i n g  t h e s e  m e th o d s .  These 

m easu rem en ts  of n e u t r o n  e n e r g i e s  c a n  u s u a l l y  be 

o b ta in e d  much more a c c u r a t e l y  by o t h e r  m eans, i f  

th e y  a re  s i g n i f i c a n t .  F o r  t h e s e  r e a s o n s ,  d o u b le  

s c a t t e r i n g  and c o in c id e n c e  t e c h n iq u e s  have b e e n  

n e g l e c t e d  i n  th e  d ev e lo p m en t of a m ethod  of 

m e a su r in g  th e  r e c o i l  p r o t o n  sp e c tru m  i n  h y d ro g e n eo u s  

s c i n t i l l a t o r s .

The m ethod d e s c r i b e d  h e r e  u s e s  p l a s t i c  

s c i n t i l l a t o r s  b e c a u se  t h e y  a r e  e a s i l y  m ach in ed  

and p o l i s h e d ,  th e  e f f i c i e n c y  i s  l e s s  l i k e l y  t o



change due t o  i m p u r i t i e s ,  and i n  c o m b in a t io n  w i th  

a du Mond p h o t o m u l t i p l i e r  ty p e  6292, t h e  co m p le te  

u n i t  i s  co m p ac t,  l i g h t  and p e r m a n e n t ly  s e a l e d .

The b a s i s  o f  th e  m ethod i s  v e r y  s im p le .

A t h i c k n e s s  o f  p l a s t i c  s c i n t i l l a t o r  i s  c h o s e n ,  

su ch  t h a t  e l e c t r o n s  w h ich  p a s s  r i g h t  th ro u g h  i t  

p ro d u ce  a  p u l s e  w hich  i s  s m a l l e r  t h a n  t h a t  

p ro d u c e d  by "kn ock-on"  p r o to n s  f o r  t h e  lo w e s t  

e n e rg y  g roup  o f n e u t r o n s  i n  th e  n e u t r o n  sp e c tru m  

w h ich  i s  b e in g  i n v e s t i g a t e d .  The p u l s e  h e i g h t  

d i s t r i b u t i o n  from  th e  p l a s t i c  s c i n t i l l a t o r ,  when 

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

h ig h  e n e rg y  g ro u p s  of n e u t r o n s  and h ig h  e n e rg y  

gamma r a d i a t i o n ,  c o n s i s t s  o f  s e v e r a l  e d g e s  and 

p l a t e a u s  a t  l a r g e  p u l s e  h e i g h t s  and a  r i s i n g  t a i l  

o f v e r y  s m a l l  p u l s e s .  E ach  edge an d  p l a t e a u  

c o r r e s p o n d s  t o  a s i n g l e  h ig h  e n e rg y  n e u t r o n  g ro up  

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

e l e c t r o n s  from  th e  a b s o r p t i o n  o f  gamma r a d i a t i o n  

(m a in ly  by  th e  c a rb o n  p r e s e n t  i n  th e  p l a s t i c ) .

The o b se rv e d  p u l s e  h e i g h t  d i s t r i b u t i o n s  f o r  h i g h  

e n e rg y  n e u t r o n s  from  th e  r e a c t i o n s  

and  3H (d,n)^H e a re  shown i n  f i g u r e  1 .  The 

p l a s t i c  u s e d  was p o ly s t y r e n e  and 2 *5^  t e r p h e n y l -



b u t a d i e n e ,  and  was 7 m .m .s .  i n  d e p th  by 1-|" 

d i a m e te r ,  s u r ro u n d e d  by magnesium o x id e  and 

s e a l e d  t o  th e  g l a s s  of a  du Mond p h o t o m u l t i p l i e r  

6292 by s i l i c o n  o i l .

The n o n - l i n e a r  r e s p o n s e  of o rg a n ic  

s c i n t i l l a t o r s  t o  p r o t o n s  means t h a t  th e  shape 

of th e  o b se rv e d  p u l s e  h e i g h t  d i s t r i b u t i o n s  f o r  

a  s i n g l e  n e u t r o n  group  a r e  n o t  e x a c t l y  r e c t a n g u l a r ,  

b u t  a re  more p ea k e d  to w a rd s  lo w e r  p u l s e  h e i g h t s .  

A lso th e  h a l f  v a lu e  a t  th e  edge o f e a c h  p l a t e a u  

o c c u rs  a t  p u l s e  h e i g h t s  w h ich  do n o t  v a r y  l i n e a r l y  

w i th  n e u t r o n  e n e rg y .  By m e a s u r in g  th e  p u l s e  

h e i g h t s  a t  h a l f  v a l u e s  o f  p l a t e a u s  i n  th e  p u l s e  

h e i g h t  d i s t r i b u t i o n s  due t o  n e u t r o n s  fro m  th e  

r e a c t i o n s  ^H (d,n)4-Ee, ^^ B (d ,n )^^ C  and  ^H (d ,n )4H e 

w i th  e n e r g i e s  o f a p p ro x im a te ly  2*5 , 9 and 1 3 , and 

14 Mev r e s p e c t i v e l y ,  and from  e l e c t r o n s  due t o  

Compton s c a t t e r i n g  of gamma r a y s  f ro m  s t a n d a r d  

s o u rc e s  o f 13 7 ces iu m , 22godium , ^ ^ c o b a l t ,  w i t h  

gamma r a y  e n e r g i e s  o f *663 , *511 and 1 *2 7 , 1*12  

and 1 *3 2 , th e  r e s p o n s e  c u rv e  o f  t h i s  p l a s t i c  

s c i n t i l l a t o r  h a s  b e e n  m easu red  and i s  shown i n  

f i g u r e  2 .  A c o m p a r iso n  of t h e s e  r e s u l t s  w i t h
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th e  r a n g e s  o f  p r o to n s  and  e l e c t r o n s  i n  th e  p l a s t i c

( c a l c u l a t e d  from  th e  t a b l e s  o f  Aaron e t  a l  (1953)

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

of th e  s c i n t i l l a t o r  i s  l e s s  f o r  p r o to n s  t h a n  i t

i s  f o r  e l e c t r o n s ,  i t  i s  a lw ays  p o s s i b l e  t o  s e l e c t

a  s u i t a b l e  t h i c k n e s s  of p l a s t i c  s in c e  th e  r a n g e s

of r e c o i l  p r o to n s  a re  ^  10"^  x  ra n g e  o f  f a s t

e l e c t r o n s ,  w h i le  th e  f l u o r e s c e n c e  e f f i c i e n c i e s

d i f f e r  o n ly  by a f a c t o r  o f  2 - 3  i n  t h i s  e n e rg y

r e g i o n .  The p o s s i b i l i t y  of c a rb o n  r e c o i l s  b e in g

c o u n te d  i s  re d u c e d  to  v a n i s h i n g  by th e  f o l lo v / in g

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

i n  c a rb o n  o b se rv e d  by Ner e s o n  and  D arden  (1953)

does  n o t  r i s e  above t h a t  f o r  h y d ro g e n  by more

t h a n  a  f a c t o r  o f  a b o u t  t h r e e  o v e r  t h e  e n e rg y

r e g i o n  1 - 1 5  Mev. The r e s u l t s  o f Coon ( p r i v a t e

com m unica tion ) f o r  e l a s t i c  s c a t t e r i n g  i n  c a r b o n

show t h a t  a b o u t  80^  of th e  n e u t r o n s  a r e  s c a t t e r e d

a t  a n g le s  l e s s  t h a n  2 5 ° .  The maximum e n e rg y  o f

a  c a rb o n  r e c o i l  i s  - i -  th e  i n c i d e n t  n e u t r o n  e n e r g y ,
3*5

and th e y  p r o b a b ly  c a r r y  an  e f f e c t i v e  c h a rg e  g r e a t e r  

t h a n  u n i t y ,  b u t  ev e n  on th e  a s s u m p t io n  o f  u n i t  

c h a rg e  th e  l i n e a r  r e l a t i o n  b e tw een  p u l s e  h e i g h t  

and ra n g e  shows t h a t  t h e  p u l s e  h e i g h t s  due t o



y  /

r e c o i l  c a r b o n  n u c l e i  a r e  t r i v i a l .

B i r k s  (1953 ) h a s  s u g g e s te d  on t h e o r e t ­

i c a l  g ro u n d s  t h a t  th e  r e l a t i o n

a i  ^  1
3Ë = dE X 1 + -

Heavy P a r t i c l e s  E l e c t r o n s

b e tw e en  th e  s p e c i f i c  f l u o r e s c e n c e ( ^ )  and th edbi
s p e c i f i c  i o n i s a t i o n  ( ^ )  s h o u ld  h o ld  f o r  a l l  

t y p e s  o f  o rg a n ic  s c i n t i l l a t o r s ,  where a  i s  

a  c o n s t a n t  f o r  any p a r t i c u l a r  s c i n t i l l a t o r .

The n u m e r ic a l  i n t e g r a t i o n  of t h i s  r e l a t i o n ,  

u s i n g  th e  r a n g e - e n e r g y  c u r v e s  o f  Aaron e t  a l  

(194-9), g i v e s  th e  f u l l  l i n e s  i n  f i g u r e  2 ,  u s i n g  

a  b e s t  v a lu e  o f  a  = 0*0175 (Kev/m g/cm ^)”*  ̂ t o  

f i t  t h e  e x p e r im e n ta l  p o i n t s  f o r  t h e  p l a s t i c  

s c i n t i l l a t o r .  V ery  r e c e n t l y  S to r e y  ( p r i v a t e  

com m unica tion ) h a s  m easu red  th e  r e s p o n s e  c u rv e  

o f  t h i s  p l a s t i c  s c i n t i l l a t o r  f o r  s e v e r a l  Mev 

a lp h a  p a r t i c l e s ,  and th e  r e s u l t s  i n d i c a t e  t h a t  

t h e  l i g h t  o u tp u t  i s  p r o p o r t i o n a l  t o  ra n g e  

w h ich  i s  c o n s i s t e n t  w i th  th e  above r e l a t i o n  

and th e  v a lu e  o f a  o b ta in e d  fro m  f i g u r e  2 .

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

( •^ )  due t o  r e c o i l  p r o to n s  fro m  a  s i n g l e  n e u t r o n
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g roup  c a n  be d e r iv e d  f ro m  th e  e q u a t i o n  f o r  qg , 

s in c e

—  = —  and —  i s  c o n s t a n t  due t o
dL dE /  (3X ^  8 v/ave s c a t t e r i n g .

dE
The f u l l  l i n e  i n  f i g u r e  3 i s  th e  t h e o r e t i c a l  

cu rv e  f o r  a  = 0 *0 1 7 5 , and  c a n  be com pared  w i t h  

th e  e x p e r im e n ta l  p o i n t s  f o r  th e  n e u t r o n  g roup  

from  th e  r e a c t i o n  ^H (d ,n)^H e* I t  c a n  be s e e n  

t h a t  a t  h ig h  r e c o i l  p r o t o n  e n e r g i e s  th e  p u l s e  

sp e c tru m  becomes e f f e c t i v e l y  f l a t .

The c h e m ic a l  c o n s t i t u t i o n  of t h e  p l a s t i c  

s c i n t i l l a t o r  u se d  i s  e f f e c t i v e l y  ( C H ) n  and th e  d e n s i t y  

i s  1 . 1  g m . / c . c .  The n - p  s c a t t e r i n g  c r o s s - s e c t i o n  i n  

th e  e n e rg y  ra n g e  1 - 1 4  MeV can  be c a l c u l a t e d  a c c u r a t e l y  

from  t h e  t h e o r e t i c a l  e x p r e s s i o n  o f  B ie d e n h a rn  and R o se ,  

u s in g  a  t r i p l e t  s c a t t e r i n g  ra n g e  o f  2 .1 0 " ^ ^  cm s. These 

q u a n t i t i e s  were u s e d  t o  d e r iv e  th e  c u rv e  shown i n  

f i g u r e  4 f o r  th e  e f f i c i e n c y  o f  n -p  s c a t t e r i n g  i n  a  

p l a s t i c  s c i n t i l l a t o r  1 cm. d ia m e te r  x  1 cm. d e p t h .  F o r

co m p a r iso n  f i g u r e  4 a l s o  shows th e  e f f i c i e n c y  o f  

gamma r a y  s c a t t e r i n g  i n  th e  same p l a s t i c ,  w h ich  

h as  b e e n  c a l c u l a t e d  f ro m  th e  t h e o r y  by  He i t  1 e r



8 q

(Quantum Theory  o f  R a d i a t i o n ,  p . 2 2 3 ) .

The a c t u a l  a n a l y s i s  o f  th e  e x p e r im e n ta l  

p u l s e  h e i g h t  d i s t r i b u t i o n s  t o  o b t a i n  th e  num ber 

o f  n e u t r o n s  i n  e a c h  en e rg y  g ro u p  d ep en d s  on t h e  

p a r t i c u l a r  e x p e r im e n t ,  and i s  i l l u s t r a t e d  by  th e  

d e s c r i p t i o n s  g iv e n  i n  th e  s u c c e e d in g  two c h a p t e r s .  

E s s e n t i a l l y ,  th e  p l a t e a u s  and ed g e s  a r e  s u b t r a c t e d ,  

and  th e  r e c t a n g u l a r  shape o f  th e  r e c o i l  e n e rg y  

s p e c tru m  i s  c o n s t r u c t e d  u s in g  th e  r e s p o n s e  c u r v e s  

i n  f i g u r e  2 .  The a b s o lu te  f l u x  o f  i n c i d e n t  

n e u t r o n s  i s  t h e n  o b ta in e d  u s i n g  th e  c u rv e  i n  

f i g u r e  4 .  I n  p r a c t i c e  th e  known r e l a t i o n  b e tw e e n  

t h e  r e s p o n s e  c u rv e  f o r  e l e c t r o n s  and p r o t o n s  a l lo w s  

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

c o m p a r iso n  w i th  Compton e d g e s  fro m  c o n v e n ie n t  

s o u r c e s  of gamma r a y s ,  w h ich  a r e  v e r y  c o n v e n ie n t  

i n  t h e  p r e l i m i n a r y  s e t t i n g  up o f  e x p e r im e n ts .

The e n e rg y  r e s o l u t i o n  i s  o f  th e  o r d e r  10^ 

a t  h ig h  e n e r g i e s  and th e  t e c h n iq u e  i s  l i m i t e d  t o  

th e  i n v e s t i g a t i o n  of r e a c t i o n s  w i th  n e u t r o n  

g ro u p s  s e p a r a t e d  by  a t  l e a s t  t h i s  am ount. An 

e x a m in a t io n  o f th e  t a b l e  a t  th e  b e g in n in g  o f  th e  

i n t r o d u c t i o n  shows t h a t  m ost o f  t h e  d i s c r e t e



i o

h ig h  e n e rg y  n e u t r o n  g ro u p s  fro m  th e  r e a c t i o n s  

A (d ,n )A  -f p c a n  he i n v e s t i g a t e d  u s i n g  t h i s  t e c h n i q u e .

The e n e rg y  r e s o l u t i o n  i s  l i m i t e d  m a in ly  by 

th e  e f f i c i e n c y  o f  l i g h t  p r o d u c t i o n  i n  t h e  known 

o rg a n ic  s c i n t i l l a t o r s .
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CHAPTER 2 .

The R e a c t io n  ^ ^ ( d , n ) ^ ^ C .

The e n e r g i e s  and i n t e n s i t i e s  o f  th e
11 12n e u t r o n  g ro u p s  e m i t t e d  i n  th e  r e a c t i o n  B (d ,n )C  

have "been s t u d i e d  hy G ihson  (1949) and  Jo h n so n  

(19 5 2 )•  The a n g u la r  d i s t r i b u t i o n s  o f  th e  

e m i t t e d  n e u t r o n s  have n o t  so f a r  b e e n  v e r y  

th o ro u g h ly  exam ined , owing t o  th e  e x p e r i m e n ta l  

d i f f i c u l t i e s  i n v o lv e d ,  i n  p a r t i c u l a r  th e  l a c k  o f 

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

The e x p e r im e n ts  d e s c r i b e d  i n  t h i s  c h a p t e r  

and th e  n e x t  two w ere c a r r i e d  o u t  t o  i n v e s t i g a t e  

th e  modes of r e a c t i o n s  o f t h e  ty p e  A (d ,n )  A + p  

a t  low d e u te r o n  e n e r g i e s  and  h e n c e ,  p o s s i b l y ,  t o  

i n d i c a t e  th e  d i r e c t i o n s  i n  w h ich  th e  p r e s e n t  

t h e o r y  r e q u i r e s  m o d i f i c a t i o n .  The m ain  r e q u i r e ­

ment Y/as, t h e r e f o r e ,  t o  m easure  th e  n e u t r o n  

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

s in c e  an  a n a l y s i s  o f  t h e s e  i s  e x p e c te d  t o  g iv e  

i n f o r m a t io n  on t h i s  p ro b le m . T h is  was done 

u s i n g  th e  s i n g l e  p l a s t i c  s c i n t i l l â t  o r  te c h n iq .u e ,  

d e s c r i b e d  i n  th e  p r e v i o u s  c h a p t e r ,  ^^E oron  was 

c h o s e n  b ec a u se  t a r g e t s  were a v a i l a b l e  and th e  

l a r g e  s e p a r a t i o n  b e tw e e n  t h e  h ig h  e n e rg y  g ro u p s



made th e  a n a l y s i s  more a c c u r a t e .

A t a r g e t  o f s e p a r a t e d  b H ,  on a  h a c k in g  

of 1/ 32** c o p p e r ,  was bom barded w i th  c u r r e n t s  o f  

a few m ic roam p eres  of d o u te ro n s  fro m  a h ig h  

t e n s i o n  a c c e l e r a t o r  o p e r a te d  a t  600 KV. The 

a n g u la r  d i s t r i b u t i o n s  were m e a su re d  u s in g  th e  

a p p a r a tu s  shown i n  f i g u r e  5 , w h ich  i s  a  copy  o f  

t h a t  u s e d  by R u th e r g le n  e t  a l ,  th e  n e u t r o n  

d e t e c t o r  b e in g  s u b s t i t u t e d  f o r  a y  - r a y  d e t e c t o r .  ,

The n e u t r o n  d e t e c t o r  c o n s i s t e d  o f  a  

p ie c e  o f  p l a s t i c  s c i n t i l l a t o r ,  a p p r o x im a te ly  

4 cm. i n  d ia m e te r  by  0*7 cm. t h i c k ,  t o g e t h e r  

w i th  a Du t io n t  p h o t o m u l t i p l i e r  ty p e  6292 f o r  

d e t e c t i o n  of th e  l i g h t  e m is s io n  from  r e c o i l  

p ro to n s  i n  th e  p l a s t i c .  O p t i c a l  c o n t a c t  b e tw een  

th e  s c i n t i l l a t o r  and th e  p h o to - tu b e  was made by 

a t h i n  f i l m  o f s i l i c o n e  g r e a s e ,  w h i le  th e  

s c i n t i l l a t o r  was s u r ro u n d e d  w i t h  t i g h t l y  p ac k ed  

magnesium ox ide  t o  improve th e  e f f i c i e n c y  of 

l i g h t  c o l l e c t i o n .

P u l s e s  from  th e  p h o t o m u l t i p l i e r ,  a f t e r  

a m p l i f i c a t i o n ,  were f e d  i n t o  a  1 0 0 -c h a n n e l  p u l s e  

h e ig h t  a n a l y s e r ,  H u tc h in s o n  and S c a r r o t t  (1 9 5 1 ) .  

P r e l im in a r y  e x p e r im e n ts  w i th  n e u t r o n s  f ro m  th e



b o ro n  r e a c t i o n  ^H (d,n) '^H e, ^H (d ,n )^H e and gamma 

r a y s  from  s t a n d a r d  s o u rc e s  e s t a b l i s h e d  th e  

r e s p o n s e  cu rv e  d e s c r i b e d  i n  c h a p t e r  1 , and gave 

c o n f id e n c e  in  th e  i d e n t i f i c a t i o n  o f  n e u t r o n  g ro u p s  

i n  th e  o b se rv e d  p u l s e  h e i g h t  d i s t r i b u t i o n s .

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

a n g u la r  p o s i t i o n  was r e c o r d e d ,  m easu rem en ts  b e in g  

t a k e n  f o r  a d e f i n i t e  number o f  c o u n t s  i n  a  f i x e d  

m o n i to r  c o u n t e r .  T h is  p ro c e d u re  rem oves p o s s i b l e  

e r r o r s  due t o  in h o m o g en e ity  o r  d e t e r i o r a t i o n  o f  

th e  t a r g e t .  M easurem ents  a t  t h e  d i f f e r e n t  

p o s i t i o n s  were t a k e n  i n  a  random  o r d e r ,  and 

a f t e r w a r d s  r e p e a t e d  in  th e  r e v e r s e  o r d e r ,  t h u s  

m in im is in g  th e  e f f e c t s  o f any  slow  c h a n g es  i n  

th e  e l e c t r o n i c  p a r t  of t h e  a p p a r a t u s .

A b lo c k  o f  l e a d ,  t h i c k ,  was i n s e r t e d  

b e tw een  th e  t a r g e t  and th e  d e t e c t o r  t o  a b so rb  

th e  ^  - p a r t i c l e s  from  th e  d ec ay  o f  12g fo rm ed  

i n  th e  r e a c t i o n  ^ ^ B (d ,p )^ ^ B . I f  n o t  a b s o rb e d ,  

t h e s e  e l e c t r o n s ,  w h ich  c o u ld  p a s s  r i g h t  th ro u g h  

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

th e  r e g i o n  c o r r e s p o n d in g  t o  a n e u t r o n  e n e rg y  o f 

a b o u t  4 Mev.



The o v e r a l l  d e t e c t i o n  e f f i c i e n c y  o f  t h e

p h o sp ho r f o r  a  g iv e n  e n e rg y -g ro u p  i s  v e r y  c l o s e l y

in d e p e n d e n t  of th e  d i r e c t i o n  of o b s e r v a t i o n

r e l a t i v e  t o  th e  i n c i d e n t  d e n te r o n  beam. The

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

d i r e c t i o n  (due t o  c e n t r e - o f - m a s s  m o tio n )  i n  th e

same way as  th e  m easu red  n e u t r o n  e n e rg y

w h ile  th e  i n t r i n s i c  d e t e c t i o n  e f f i c i e n c y  o f th e

p h o sp h o r (w hich  i s  p r o p o r t i o n a l  t o  th e  n -p
—1

s c a t t e r i n g  c r o s s - s e c t i o n )  v a r i e s  a s  E^ o v e r  

th e  sm a l l  e n e rg y - ra n g e  i n v o lv e d .

The m o n i to r  c o n s i s t e d  o f  a n o th e r  p l a s t i c  

s c i n t i l l a t o r  s i m i l a r  t o  th e  f i r s t .  F o r  m o n i to r ­

in g  p u rp o s e s  no l e a d  was i n s e r t e d  b e tw een  th e  

t a r g e t  and th e  d e t e c t o r ,  s in c e  t h e , e l e c t r o n -  

p ro d u ced  p ea k  from  th e  m i r r o r  r e a c t i o n  c a n  be 

u s e d  t o  h e lp  th e  m o n i to r  s t a b i l i t y .  A 

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

c o r r e s p o n d in g  t o  th e  e l e c t r o n  p u l s e s  (b u t  above 

t h a t  c o r r e s p o n d in g  to  th e  b ac k g ro u n d  of n e u t r o n s  

from  th e  D-D r e a c t i o n )  r e s u l t e d  i n  a  c o u n t in g  

r a t e  a lm o s t  in d e p e n d e n t  o f  s m a l l  v a r i a t i o n s  i n  

e i t h e r  th e  g a i n  on th e  m o n i to r  a m p l i f i e r  sy s tem  

o r th e  d i s c r i m i n a t o r  t h r e s h o l d .
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-l  ̂ 12̂
R e s o lv e d  n e u t r o n  g ro u p s  f ro m  t h e  r e a c t i o n  B (d ,n )  C*

A t y p i c a l  sp e c tru m  fro m  t h i s  r e a c t i o n  i s  

shown i n  th e  u p p e r  h a l f  o f  f i g u r e  6 . I t  w i l l  he 

s e e n  t h a t  th e  g ro u p s  c o r r e s p o n d in g  t o  t h e  g ro u n d  

s t a t e  and f i r s t  e x c i t e d  s t a t e  of a t  4*43 Mev 

a re  w e l l  r e s o l v e d .

Neutron-Gamma C o in c id e n c e s  from  t h e  R e a c t i o n  ^ ^ B (d ,n )  C.

The sp e c tru m  of p u l s e s  from  th e  n e u t r o n
!

c o u n te r  was m easu red  i n  c o in c id e n c e  w i th  p u l s e s  

due t o  gamma r a y s  above 2*5 Mev d e t e c t e d  i n  a  

sodium  io d id e  c r y s t a l  (2 ”" d ia m e te r  x  l-l-**" lo n g )  

mounted on a second  du Mond 6292 p h o t o m u l t i p l i e r .

The o b se rv e d  s p e c tru m  from  th e  n e u t r o n  c o u n t e r  

t a k e n  im m e d ia te ly  a f t e r  th e  s i n g l e s  s p e c tru m  i s  

shown i n  th e  b o tto m  h a l f  o f f i g u r e  6 . A 

co m p ariso n  of th e  two s p e c t r a  c o n f i rm s  t h a t  t h e  

secon d  p l a t e a u  i n  th e  s i n g l e s  sp e c tru m  i s  i n  

c o in c id e n c e  w i th  gamma r a d i a t i o n  above 2*5 Mev 

e n e rg y .  The sp e c tru m  i n  th e  gamma c o u n t e r  was 

m easured  i n  c o in c id e n c e  w i t h  p u l s e s  from  th e  

n e u t r o n  c o u n te r  due t o  p r o t o n s  o f  e n e rg y  g r e a t e r  

th a n  7 Mev, and was c o n s i s t e n t  w i th  t h a t  

e x p e c te d  from  a 4*4 Mev gamma r a y .  The number
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of c o in c id e n c e s  o b s e rv e d  was much g r e a t e r  t h a n  

c o u ld  be a t t r i b u t e d  t o  random  c o i n c i d e n c e s .

These e x p e r im e n ts  c o n f i rm  t h a t  th e  9 Mev n e u t r o n  

g ro u p  i n  th e  s i n g l e s  sp e c tru m  l e a v e s  th e  f i n a l  

n u c le u s  of ^-^oarbon i n  an  e x c i t e d  l e v e l  a t  

4*4 Mev.

I n t e n s i t i e s .

The r e l a t i v e  i n t e n s i t i e s  o f th e  g ro u p s  

to  th e  g ro u n d  and f i r s t  e x c i t e d  s t a t e s  o f 

were d e te rm in e d  from  th e  a r e a s  u n d e r  th e  

s e p a r a t e d  s p e c t r a .  A f t e r  c o r r e c t i o n  f o r  th e  

d e t e c t i o n  e f f i c i e n c y  of th e  p h o s p h o r ,  u s i n g  t h e  

v a l u e s  f o r  th e  n -p  s c a t t e r i n g  c r o s s - s e c t i o n  

g iv e n  by B l a t t  and J a c k s o n  ( a t  a  bom bard ing  

e n e rg y  o f 600 Kev)

^ 4 . 43/ j ^  ^  i  *5 (G = 90 ) .

T h is  f i g u r e  i s  c l o s e  t o  t h a t  o b t a in e d  by G ib so n  

(1949 ) a t  a  bom bard ing  e n e rg y  o f 0 . 9  Mev.

The a b s o lu t e  i n t e n s i t y  ( t h i c k  t a r g e t  

y i e l d )  was d e te rm in e d  a t  600, 500 and  400 Kev. 

A f te r  c o r r e c t i o n  f o r  th e  e f f e c t  o f th e  l e a d  

a b s o r b e r  th e  i n t e g r a t e d  y i e l d s  f o r  th e  g ro u n d -  

s t a t e  and f i r s t  e x c i t e d  s t a t e  g ro u p s  a r e :



f •

D e u te ro n  e n e rg y  
i n  Kev. 400 500 600

Y ie ld  p e r  
IQlO

ground  s t a t e 9 .4 41*5 190

d e u te r o n s
(+20/0) 1 s t  e x c i t e d  

s t a t e 24 108 530

A lo g a r i t h m ic  p l o t  o f t h e s e  r e s u l t s  i s  shown i n  

f i g u r e  7 ,  V7hich a l s o  shows ( d o t t e d  l i n e )  th e  Gamow 

cu rv e  c a l c u l a t e d  from  th e  t h e o r y  i n  th e  t a b l e  o f 

M a tta u c h  (1946) •

A ng u la r  d i s t r i b u t i o n s .

(a) G ro u n d - s ta te  g ro u p .

F ig u re  8 shov/s th e  a n g u la r  d i s t r i b u t i o n  

of th e  n e u t r o n  g roup  l e a d i n g  t o  th e  g ro u n d  s t a t e  

o f 0^ 2 , The av e ra g e  e r r o r  o f any p o i n t  on th e  

c u rv e  i s  1*5 -  2^ .

The m ost im p o r ta n t  o f th e  p o s s i b l e  

s y s te m a t ic  e r r o r s  was an  i n s t r u m e n t a l  a n i s o t r o p y  

due t o  m is a l ig n m e n t  o f th e  t a r g e t  s p o t .  T h is  

was d e te rm in e d  by means of th e  r e a c t i o n  F^9 

(p ,  , y )0 ^ ^  a t  340 Kev, w here th e  2T - r a d i a t i o n

i s  known to  be i s o t r o p i c , and  fo u n d  t o  be l e s s  

t h a n  3.^ .
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The cu rv e  r e p r e s e n t s  th e  b e s t  f i t  

t h a t  c a n  be o b ta in e d  t o  th e  e x p e r im e n ta l  p o i n t s  

by s u p e r p o s in g  a  s t r i p p i n g  c u rv e  f o r  Z p = 1 

( c a l c u l a t e d  by th e  th e o r y  o f  B h a t i a  e t  a l ,  u s i n g  

a  n u c l e a r  r a d i u s  R = 5*4 x 10*^3 cm) on an  

assum ed in c o h e r e n t  i s o t r o p i c  b a c k g ro u n d .

I t  w i l l  be n o te d  t h a t  th e  e x p e r im e n ta l  

p o i n t s  show th e  anom alous d ip  a t  low fo rw a rd  

a n g le s  w hich  h a s  b e e n  p r e v i o u s l y  o b se rv e d  i n  

some o th e r  s t r i p p i n g  r e a c t i o n s .  (Ruby 1 9 5 3 ) .

(b) E x c i t e d - s t a t e  g ro u p .

F ig u r e  9 shows th e  a n g u l a r  d i s t r i b u t i o n  

of th e  n e u t r o n  g ro u p  l e a d i n g  t o  th e  f i r s t  e x c i t e d  

s t a t e  o f I t  i s  s e e n  t o  be v e r y  c l o s e l y

s y m m e tr ic a l  a b o u t  th e  90^ p o s i t i o n ,  a  r e s u l t  

w h ich  i s  n o rm a l ly  c h a r a c t e r i s t i c  o f compound 

n u c le u s  f o r m a t io n  and n o t  o f  th e  s t r i p p i n g  

m echanism . The e x p e r im e n ta l  d i s t r i b u t i o n  i s  

b e s t  f i t t e d  by th e  e x p r e s s i o n  W(9)=1 + Q *41(+  

•03) co s^  9 ( f u l l  c u r v e ) .  A f t e r  c o r r e c t i o n  

f o r  th e  f i n i t e  a n g le  o f  a c c e p ta n c e  of th e  

d e t e c t o r  th e  r e s u l t  W o (9 )= l + 0#4 5 (+  .0 4 )c o s ^ 9

i s  o b t a i n e d .



C om parison  w i t h  r e c e n t  r e s u l t s .

S in c e  t h e s e  r e s u l t s  were o b t a in e d ,

th e  r e s u l t s  o f  s i m i l a r  e x p e r im e n ts  have b e e n

p u b l i s h e d  by G reen e t  a l  (1955) on th e  r e a c t i o n s

^ B e (d ,n )^ ^ B , ^3q ( cL,ii) ^ %  a t  860 Kev and I h s a n
11 1?

(1955) on th e  r e a c t i o n  B (d ,n )  C a t  870 K ev. 

I h s a n * s  r e s u l t s  a t  870 Kev (u s in g  n u c l e a r  

e m u ls io n  t e c h n iq u e )  a r e  shown by a  s e p a r a t e

sym bol i n  f i g u r e s  8 and 9 f o r  c o m p a r iso n  w i th

th o s e  o b s e rv e d  h e re  a t  600 Kev. These r e s u l t s ,  

and th o s e  o b s e rv e d  i n  t h e  e x p e r im e n ts  by  th e  

a u th o r  d e s c r i b e d  h e r e ,  a r e  d i s c u s s e d  i n  

c h a p t e r  5 .

The z e r o s  o f  th e  t h e o r e t i c a l  c u r v e s  

draw n u s in g  th e  d e u te r o n  s t r i p p i n g  t h e o r y  o f  

B h a t i a  i n  f i g u r e s  8 and 9 a r e  a t  o r d i n a t e

V a lu e s  o f  3 .5  and 4 r e s p e c t i v e l y .
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CHAPTER 3  .

The A ngular D i s t r i b u t i o n  of H eutrons from 
th e  R e a c tio n  2H(d,n)3He*

The in t e g r a te d  y ie ld  in  th e  r e a c t i o n  

2H(d,n)3He has  been measured by Arnold e t  a l  

(1954) and P re s to n  e t  a l  (1954) a t  v a lu e s  of 

E^ up to  250 Kev* (E^ i s  th e  r e a c t i o n  energy  

i n  c e n tre  of mass) • At h ig h e r  d eu te ro n  e n e rg ie s  

the  y i e l d  h a s  been m easured by B e n n e tt  e t  a l  

(1946) and by H unter and H ichards  (1949) • The 

y i e l d  curve o b ta in e d  from th e se  experim en ts  i s  

v e ry  w e ll  f i t t e d  by the  Gamow Coulomb b a r r i e r  

func tion*  The an g u la r  d i s t r i b u t i o n s  have been 

measured by B ennett e t  a l  (1946), H unter and 

R ichards  (1949), B a r th o ld so n  (1950), B aker and 

Vf a l t  ne r  (1952), E l l i o t  e t  a l  (1953) and P re s to n  

e t  a l  (1954) , a t  e n e rg ie s  E^ <  250 Kev, and a t  

h ig h e r  d e u te ro n  e n e rg ie s  by B ennett e t  a l ,  H unter 

and R ic h a rd s  and Freeman t i e  (see F a i r b a i r n  1954) ♦ 

The shape of the d i s t r i b u t i o n  observed by 

Free m antle a t  E^ = 9*5 Mev has been f i t t e d  

f a i r l y  w e l l  by th e  simple B u t le r  (1951) d e u te ro n  

s t r ip p in g  th e o ry  m od if ied  by F a i r b a i r n  (1954) to  

a l lo w  f o r  i d e n t i c a l  r e a c t i n g  n u c l e i ,  b u t n o t  for:



l O i

Coulomb charge e f f e c t s *  T his  th e o ry  p r e d i c t s  

too  h ig h  an assym etry  r a t i o  f o r  the  r e a c t i o n  a t  

low er d eu te ro n  e n e rg ie s ,  and g iv e s  no in d i c a t i o n  

f o r  the  r a p id  r e d u c t io n  in  t h i s  r a t i o  as the  

d eu te ro n  energy  f a l l s  below the  Coulomb b a r r i e r  

E b .

At e n e r g ie s  ^  E"b th e  c ro s s  s e c t io n  has 

been ex p ressed  by the  e m p ir ic a l  r e l a t i o n

2
0 "  (9) =: 1 + A C O S  Qq + B c o s 4  a  ( in  c e n t r e  

o of mass) *

P re s to n  (1954) has p o in ted  out t h a t  th e  v a lu e s  of 

A + B measured by E l l i o t  e t  a l  (1953) and P re s to n  

e t  a l  (1954) l i e  on a smooth curve as  a fu n c t io n  

of d e u te ro n  energy which does n o t p ass  th ro u g h  

the e a r l i e r  r e s u l t s  of o th e r  i n v e s t i g a t o r s .

The e a r l i e r  r e s u l t s  were a l l  made u s in g  f a s t  

n e u tro n  c o u n te r s  of v a r io u s  ty p e s ,  w hile  P re s to n  

e t  a l  and E l l i o t  e t  a l  used  p r o p o r t io n a l  c o u n te rs  

to  d e te c t  r e c o i l  ^helium  n u c le i*  In  c o n t r a s t  

to  the  e a r ly  measurements of A + B: the  v a lu e s  

of P re s to n  e t  a l  and E l l i o t  e t  a l  do no t l i e  

near the  w e l l  e s ta b l i s h e d  curve of v a lu e s  of 

A + E f o r  the  m ir ro r  r e a c t io n  ^H(d,p)3H Q =

4*04 Mev, bu t are approx im ate ly  40^ l a r g e r .



P re s to n  e t  aX measured A + B: v a lu e s  f o r  t h i s  

r e a c t io n  a t  the  same time as  the  measurements 

f o r  th e  n eu tro n  r e a c t io n ,  and found v a lu e s  in  

good agreement w ith  e a r l i e r  v a lu e s .

The purpose of the  ex p erim en ts  hy the  

a u th o r  d e sc r ib e d  below was to  measure the  

an g u la r  d i s t r i b u t i o n  of n eu tro n s  from th e  r e a c t i o n  

2H(d,n)^He a t  d eu te ro n  e n e rg ie s  n e a r  those  used  

by P re s to n  e t  a l  (200 ^  E 450 Kev) by co u n tin g  

n eu tro n s  d i r e c t l y .  By doing t h i s ,  i t  was hoped 

to  e s t a b l i s h  w hether or n e t  th e re  i s  any 

s i g n i f i c a n t  d i f f e re n c e  between th e  n e u tro n  and 

p ro to n  r e a c t io n s  and, i f  so , w hether t h i s  r e s u l t  

can be used  to  in d ic a te  the  e f f e c t  of Coulomb 

charge in  m odifying deu te ron  s t r i p p i n g  th e o ry .

The s in g le  p l a s t i c  s c i n t i l l a t o r  te c h n iq u e , 

d e sc r ib e d  i n  c h a p te r  1, was used  to  measure the  

an g u la r  d i s t r i b u t i o n s .

In  the  ex p erim en ts , t h i n  deu terium  

t a r g e t s  were u se d . These t a r g e t s  were p reap red  

by bombarding b lo ck s  of s i l v e r ,  2 mm. x 1 cm. x  

3 cm, w ith  deu terium  i n  a 50 Kev a c c e le r a t in g  

tube b u i l t  f o r  t h i s  p u rp o se . The tech n iq u e



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

d i s c u s s e d  i n  th e  A ppend ix . The t a r g e t s  u s e d  

i n  th e  e x p e r im e n ts  d e s c r i b e d  h e r e  had  a  c a l c u l a t e d  

t h i c k n e s s  o f + 30 Kev, and d e p th  i n  th e  s i l v e r  

of Kev, a t  i n c i d e n t  bom bard ing  e n e r g i e s  Ej_ 

on th e  s u r f a c e  of th e  s i l v e r  of 500 and 400 Kev 

(see  A p p e n d ix ) .  The r e a c t i o n  e n e r g i e s  Ed 

c o r r e s p o n d in g  t o  th e s e  i n c i d e n t  e n e r g i e s  w e re ,  

t h e r e f o r e ,  445 i  30 Kev and 345 ±  30 Kev.

The d e u te r iu m  t a r g e t s  were t r a n s f e r r e d  

from  th e  50 Kev a c c e l e r a t i n g  colum n and  m ounted  

i n  t h e  a p p a r a tu s  shown i n  f i g u r e  1 0 .  The 

i n c i d e n t  bom bard ing  d e u te r o n  beam p a s s e d  th r o u g h  

two s l i t s  and e n t e r e d  th e  s i l v e r  o v e r  an  a r e a  of 

0*2 mm. X 1 cm. N eu tro n s  from  th e  r e a c t i o n  

^ H (d ,n )3 n e  were d e t e c t e d  by a  s i n g l e  p l a s t i c  

s c i n t i l l a t o r  (1  cm. d ia m e te r  x 0*7  mm.) m ounted  

on a  du Mond 6292 p h o t o m u l t i p l i e r ,  and r o t a t e d  

a t  a  d i s t a n c e  of 10 cm s. from  th e  t a r g e t .

The a n g u la r  a n i s o t r o p y  o f  t h e  a p p a r a tu s  

was m easu red  by m o u n tin g  a v e r y  t h i n  so u rc e  

of 137 ce s iu m  i n  t h e  same p o s i t i o n  a s  th e  

d e u te r iu m  t a r g e t ,  and was fo u n d  t o  be l e s s  t h a n  

2 fo .



The r e a c t i o n  was m o n i to r e d  hy c o u n t in g  

p r o t o n s  from  th e  m i r r o r  r e a c t i o n  ^H (d ,p )3H  i n  a 

t h i n  ( 1 mm.) p l a s t i c  s c i n t i l l a t o r ,  m ounted  i n

a  f i x e d  p o s i t i o n  a t  90^ t o  th e  d e u t e r o n  beam. 

P r o to n s  from  th e  t a r g e t  were a l lo w e d  t o  p a s s  a lo n g  

an  e v a c u a te d  tu b e ,  14 cm. lo n g ,  b e f o r e  em erg ing  

from  a t h i n  m ica  v^indow and e n t e r i n g  th e  p l a s t i c .

C o u n tin g  r a t e s  of 104 p e r  5 m in u te s  p e r  

5 / ^ A of d e u te r o n  c u r r e n t  a t  445 Kev were o b s e rv e d  

from  th e  t a r g e t s  i n  ag reem ent w i th  t h e  e s t i m a t e  

of th e  y i e l d  b a se d  on th e  amount o f  d e u te r iu m  

i n s e r t e d  i n t o  th e  l a t t i c e  a t  50 Kev. -

A f t e r  50/t/ A h o u rs  a t  500 Kev th e  y i e l d  

of p r o t o n s  from  s i l v e r  o r i g i n a l l y  c o n t a i n i n g  no 

d e u te r iu m  was l e s s  t h a n  1^  of th e  y i e l d  from  a  

d e u te r iu m  t a r g e t .

A l a r g e  b ack g ro u n d  of 25^ was e n c o u n te r e d  

d u r in g  th e  e x p e r im e n ts  and i s  a t t r i b u t e d  t o  

d e u te r iu m  b u i l d  up on th e  s u r f a c e  o f  th e  s l i t s  

and w a l l s  o f  th e  a p p a r a t u s .  T h is  was k e p t  t o  

a minimum by u s i n g  v e r y  t h i n  m e ta l  f o r  th e  s l i t s  

and l i n i n g  th e . i n s i d e  w a l l  be tw een  th e  s l i t s  w i th  

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



th e  t h i n  m e ta l  u n d e r  homhardment hy s t r a y  d e u te r o n  

beam a s s i s t s  i n  th e  e sc a p e  o f d e u te r iu m .  A f t e r  

a b o u t  lOOyt/A h o u rs  bombardment th e  b ack g ro u n d  d i d  

n o t  a p p e a r  t o  change a p p r e c i a b l y  f o r  f u r t h e r  

bombardment* I t  was e s t a b l i s h e d  t h a t ,  p r o v id e d  

th e  beam c u r r e n t  r e a c h in g  th e  t a r g e t  d id  n o t  v a r y  

by more t h a n  20^ ,  th e  b a c k g ro u n d  d id  n o t  f l u c t u a t e  

by more t h a n  10^  of i t s  mean v a l u e ,  w h ich  c o r re s p o n d e d  

t o  a 2 *5̂ 0 e r r o r  i n  c o u n t in g  n e u t r o n s  and t r i v i a l  

e r r o r  i n  c o u n t in g  p ro to n s *  These low v a l u e s  were 

on ly  a c h ie v e d  by a v o id in g  c h a n g e s  i n  d e u te r o n  

energy*

N e u tro n  Spectrum *

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

s u b t r a c t e d ,  o b s e rv e d  a t  0 ® and 90^ from  th e  n e u t r o n  

c o u n te r  a r e  shown i n  f i g u r e  3 o f c h a p t e r  1 .  The 

ed g es  o f  th e  o b s e rv e d  d i s t r i b u t i o n s  were c o n s i s t e n t  

w i th  th e  r e s p o n s e  c u rv e  of c h a p t e r  1 .

A ngu la r  D i s t r i b u t i o n s .

The a n g u la r  d i s t r i b u t i o n  of n e u t r o n s  

from  a  d e u te r iu m  t a r g e t  bom barded a t  500 Kev 

(w hich  c o r re s p o n d e d  t o  a r e a c t i o n  e n e rg y  o f  

445 + 30 Kev) i s  shown i n  f i g u r e  1 1 .



The two sym bols u se d  t o  show r e s u l t s  a t  d i f f e r e n t  

a n g le s  r e f e r  to  th e  a p p l i c a t i o n  of two s e p a r a t e  

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

of r e c o i l  p r o t o n s .  I n  a d d i t i o n  t o  t h e s e  m ea su re ­

m e n ts ,  t e n  s e p a r a t e  o b s e r v a t io n s  w ere  made a t  QO 

and 90^, and th e  av e rag e  v a l u e s  fo u n d  a re  shown 

by a t h i r d  symbol i n  f i g u r e  1 1 . [  x ]

S i m i l a r l y ,  o b s e r v a t io n s  were made a t  0^ 

and 90° f o r  an  i n c i d e n t  e n e rg y  o f  400 Kev 

(“  345 + 30 K e v ) , and t h e s e  a re  shown i n  f i g u r e  

1 1 , j o i n e d  by a  l i n e  w i th  a  cos^G v a r i a t i o n *  [  x ]

E r r o r s  on V a lu e s  o f  A + B.

The v a l u e s  of n^ = number o f  n e u t r o n s  

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

mass fram e o f r e f e r e n c e ,  w ere o b ta in e d  u s i n g  

th e  e q u a t i o n

n

a t  c e n t r e  of m ass a n g le  c o r r e s p o n d in g  t o  

l a b o r a t o r y  a n g le  G, where

IT = number o f  c o u n ts  r e c o r d e d  by th e  n e u t r o n  
c o u n te r  a t  e a c h  a n g le  (b ack g ro u n d  su b ­
t r a c t e d )  above th e  c u t  o f f  v o l t a g e  i n  
th e  p u l s e  h e ig h t  d i s t r i b u t i o n .
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E = n e u t r o n  e n e rg y  i n  l a b .  a t  l a b .  arîg le  G.

E^ = p r o to n  e n e rg y  i n  th e  t h i c k  p l a s t i c
s c i n t i l l a t o r  c o r r e s p o n d in g  t o  th e  c u t  
o f f  i n  th e  p u ls e  h e i g h t  d i s t r i b u t i o n  
(0*5 Mev and 0*85 M ev).

= n -p  c r o s s  s e c t i o n  a t  e n e rg y  E .

f g  = c o r r e c t i o n  f a c t o r  b e tw e e n  38^  100^
w hich  o c c u r s  i n  th e  r e l a t i o n  = K fg .E .

il. = s o l i d  a n g le  of th e  d e t e c t o r  i n  th e  c e n t r e
of mass fram e

and kK i s  in d e p e n d e n t  o f  G.

The e r r o r s  a s s o c i a t e d  w i th  th e  v a l u e s  o f  

A + B were a r r i v e d  a t  by th e  f o l l o w i n g  c o n s i d e r ­

a t i o n s .  The e r r o r  i n  A + B i s  d i v i d e d  i n t o  

two -  th e  e r r o r ,  b o th  s y s t e m a t i c  and  random  i n

th e  m easurem ent o f  N (0O )/N (90°) and  th e  e r r o r  i n  
nc (O^)

c a l c u l a t i n g  xi'cTS’O'̂ y  th e  e q u a t i o n  g iv e n

above r e l a t i n g  nc to  N.

The s y s te m a t ic  e r r o r  i n  N(0 ) /E (9 0 o )  was 

th e  a n g u la r  a n i s o t r o p y  of t h e  a p p a r a t u s ,  w h ich  

was e s t im a te d  t o  be 1*5^* The random  e r r o r  

i n  N(0O)/n(90O) was t a k e n  a s  t h e  s t a n d a r d  

d e v i a t i o n  o b se rv e d  i n  th e  mean v a lu e  o f  th e  

r a t i o  f o r  a l l  th e  o b s e r v a t io n s  a t  e a c h  e n e rg y ;  

th e s e  were o b se rv e d  t o  be 2fo and  3^ a t  Ej_ s  500 

and 400 Kev. The t o t a l  e r r o r s  i n  t h e  r a t i o s



l o ^

N(0 ^ ) /N ( 90°)  w e re ,  t h e r e f o r e ,  3*5/5 and  4.555.

The e r r o r s  i n  th e  t h r e e  v a l u e s  of 

n c ( 0 ° ) / n c ( 90°)  due to  th e  m u l t i p l y i n g  f a c t o r

1 . E . E . 1
F IT  E -  E l  E . fE '

a re  e s s e n t i a l l y  due t o  e r r o r s  i n  th e  v a lu e s  o f  

E and e 1 ,  and t h e i r  c o n t r i b u t i o n  t o  th e  t o t a l  

e r r o r  i s  shown i n  th e  f o l lo w in g  t a b l e .  The 

v a l u e s  of A + B g iv e n  have b een  c o r r e c t e d  f o r  

f i n i t e  a n g u la r  r e s o l u t i o n  due t o  t h e  a p p a r a tu s  

(5^) and  Coulomb s c a t t e r i n g  ( 5 ° ) .

no (Qo)
E r r o r  i n  m easu red  v a l u e s  o f  hp-fCAoT = 

1  4k A + B.

E^(Kev) 445+30 345+30

H(0 ) B ackground
H(9G0) p lu s

'  S t a t i s t i c s
3/»

A p p a ra tu s
a n i s o t r o p y 1 .5 ^ 1 .5 ^

15Î 2^

E 4.55^ 4^

T o ta l  E r r o r  i n  
1  + A + B % 1 0 . 5^

E r r o r  i n  
A + B

12fo 15^

A + B 2 .3 + 0 .2 7 2 . 0 +0 . 2 8



G OHO l u s  i o n s .

W i th in  th e  e x p e r im e n ta l  e r r o r  th e  v a l u e s  

o f A + B o b s e rv e d  by th e  a u th o r  and  shown i n  

f i g u r e  1 2 , t o g e t h e r  w i th  p r e v io u s  r e s u l t s  by 

o t h e r s ,  ( th e  d o t t e d  l i n e  i s  th e  c u rv e  f o r  t h e  

p r o t o n  r e a c t i o n )  a r e  c o n s i s t e n t  w i th  th o s e  of 

P r e s t o n  e t  a l  (1954) and a r e  n o t  i n  a g reem en t  w i th  

th o s e  o f  p r e v io u s  w o rk e rs  who c o u n te d  n e u t r o n s  

d i r e c t l y .

Even i f  t h e  i n c i d e n t  e n e rg y  i s  e q u a te d  

t o  th e  r e a c t i o n  e n e rg y  th e  v a l u e s  o f A + B 

o b se rv e d  f o r  th e  n e u t r o n  r e a c t i o n  a r e  s i g n i f i c a n t l y  

h ig h e r  t h a n  th o s e  f o r  th e  p r o t o n  r e a c t i o n .  The 

s m a l l  d ro p  below  th e  v a l u e s  of P r e s t o n  e t  a l  may 

be due t o  an  u n d e r e s t im a te  o f  t h e  t a r g e t  d e p th  

i n  th e  s i l v e r  i n  th e  c a l c u l a t i o n  i n  th e  

A ppend ix . T h is  i s  a l s o  s u g g e s te d  by th e  l a r g e r  

v a lu e  o f th e  r a t i o  A/B o b s e rv e d  by th e  a u t h o r .

I n  f i g u r e  11 th e  d o t t e d  l i n e  a t  445 Kev i s  t h e  

cu rv e  f o r  A/B = 1 w h ich  i s  s u g g e s te d  by th e  

r e s u l t s  o f P r e s t o n  e t  a l ,  w h i le  th e  f u l l  l i n e  

i s  drawn f o r  B = 0 .  At 360 Kev P r e s t o n  e t  

a l  o b s e rv e d  A/B = 3 and  th e  r a t i o  i n c r e a s e s  

r a p i d l y  w i th  d e c r e a s i n g  e n e r g y .
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The d e s c r i p t i o n s  of th e  e x p e r im e n ts  

g iv e n  hy p r e v io u s  w o rk e rs  who c o u n te d  n e u t r o n s  

d i r e c t l y  have b ee n  c a r e f u l l y  s t u d i e d  t o  see  

w h e th e r  i t  i s  p o s s i b l e  t o  g iv e  any r e a s o n  f o r  

th e  lo w e r  v a l u e s  o f A + B o b s e rv e d  by t h e s e  

a u t h o r s .

B aker bombarded a c o p p e r  p l a t e  t o  

" s a t u r a t i o n "  w i th  50 Kev d e u t e r o n s  t o  p ro d u ce  

a  d e u te r iu m  t a r g e t ,  t h e n  o b s e rv e d  th e  a n g u la r  

d i s t r i b u t i o n  of n e u t r o n s  f ro m  t h i s  t a r g e t  f o r  

th e  same i n c i d e n t  en e rg y  o f  50 Kev, u s i n g  

n u c l e a r  e m u ls io n  t e c h n i q u e . I t  i s ,  t h e r e f o r e , 

s u r p r i s i n g  t o  f i n d  t h a t  B aker e x p e c te d  th e  

r e a c t i o n  e n e rg y  t o  be a s  much a s  50 Kev. I f  

a lo w e r  r e a c t i o n  e n e rg y  i s  u s e d ,  Baker* s  p o i n t  

i n  f i g u r e  1% moves away from  th e  p r o t o n  r e a c t i o n  

c u rv e  to w a rd s  th e  v a l u e s  o f  E l l i o t  e t  a l .  

B a r th o ld  so n  u s e d  a  heavy ic e  t a r g e t  and  c o u n te d  

n e u t r o n s  u s i n g  a  BF3 p r o p o r t i o n a l  c o u n t e r  

s u r ro u n d e d  by a  p a r a f f i n  m o d e r a to r .  W hile  

th e  u se  o f  a  t h i c k  t a r g e t  m ust i n t r o d u c e  a  

l a r g e r  e r r o r ,  th e  m ost l i k e l y  s o u rc e  o f  a  

s y s t e m a t i c  e r r o r  would seem t o  be th e  v a r i a t i o n
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of th e  e f f i c i e n c y  of t h e  n e u t r o n  c o u n t e r  w i t h  

n e u t r o n  e n e r g y . B ennet e t  a l  u s e d  d e u te r iu m

g a s  t a r g e t s  s e p a r a t e d  from  th e  vacuum hy a  t h i n  

a lum in ium  f o i l  (1 . 4  m g./cm ^) w h ich  c o r r e s p o n d s  

t o  an  e n e rg y  l o s s  of 300 Kev i n  d e u te r iu m  

p a s s i n g  th ro u g h  th e  f o i l  (w hich  was u n d e r  p r e s s u r e )  

f o r  an  i n c i d e n t  e n e rg y  o f  800 K ev. The n e u t r o n s  

w ere c o u n te d  u s i n g  a q u a r t z  f i b r e  e l e c t r o s c o p e ,  

w h ich  was o n ly  s e n s i t i v e  n e a r  t h e  s i l v e r e d  q u a r t z  

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

r e q u i r e d  f o r  s a t u r a t i o n .  T h is  n e u t r o n  c o u n t e r  

i s  l i k e l y  t o  have l a r g e  end  e f f e c t s  due t o  l o s s  

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

The a u t h o r s  r e a l i s e d  t h i s  and s t a t e  t h a t  t h e  

e f f e c t  w i l l  be t o  r e d u c e  th e  o b s e rv e d  a s s y m e try  

r a t i o .  B e n n e t t  e t  a l  a p p e a r  t o  have b een  more 

c o n c e rn e d  w i t h  th e  l a r g e  s c a le  v a r i a t i o n  of 

th e  a n g u la r  d i s t r i b u t i o n s  o b s e rv e d  b e tw een  

%  = 300 Kev and  1*8  Mev. I t  seems p ro b a b le  t h a t

th e  n e u t r o n  c o u n t e r  u s e d  was l e s s  s e n s i t i v e  

t o  h i g h e r  n e u t r o n  e n e r g i e s  t h a n  was a l lo w e d  

f o r  i n  o b t a i n i n g  th e  v a lu e s ;  o f  A + B.

H u n te r  and R ic h a r d s  a l s o  u s e d  g a s  t a r g e t s
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w i th  a somewhat t h i n n e r  f o i l ^ E  = 150 Kev a t  

E = 600 Kev) • The n e u t r o n  d e t e c t o r  was a  

s h i e l d e d  lo n g  c o u n t e r ,  w h ich  was b e l i e v e d  t o  

have a  f l a t  r e s p o n s e  t o  d i f f e r e n t  n e u t r o n  

e n e r g i e s .  As i n  th e  c a s e  o f B e n n e t t  e t  a l .

H u n te r  and R ic h a r d s  were m a in ly  i n t e r e s t e d  i n  

t h e  c h a n g e s  i n  t h e  a n g u la r  d i s t r i b u t i o n  o v e r  th e  

l a r g e  d e u te r o n  e n e rg y  r e g i o n  o f  0 .4 9  Mev —  3 .6  Mev.

A p a r t  fro m  t h e  p o i n t  i n  f i g u r e  12 , due t o  

B a k e r ,  w h ich  a p p e a r s  t o  be due t o  a  m is ta k e  i n  

i n t e r p r e t a t i o n  o f  r e s u l t s ,  th e  o n ly  s u g g e s t i o n  

w h ic h  c a n  be p u t  fo rw a rd  t o  e x p l a i n  th e  d i s c r e p ­

ancy  b e tw e en  th e  r e s u l t s  o f  p r e v io u s  w o rk e rs  who 

c o u n te d  n e u t r o n s  d i r e c t l y ,  and th o s e  d e r iv e d  h e r e ,  

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

c o u n t in g  w i th  n e u t r o n  e n e rg y  o f  th e  n e u t r o n  c o u n t e r s  

Used was n o t  known a c c u r a t e l y .

I n  c h a p t e r  5 th e  r e s u l t s  o b t a in e d  i n  th e  

e x p e r im e n ts  d e s c r i b e d  i n  t h i s  c h a p t e r  a r e  d i s c u s s e d  

i n  r e l a t i o n  t o  th e  p ro b lem  o f  th e  d e s c r i p t i o n  o f  

d e u t e r o n  r e a c t i o n s  a t  low e n e r g i e s  n e a r  and below  

th e  Coulomb b a r r i e r  and th e  e f f e c t  o f  Coulomb 

c h a r g e .
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THIN C O P P E R  
FOIL
/ '  DEUTERIUM 

TARGET

MONITOR

NEUTRON 
COUNTER

7 ^ - MICA
WINDOW

F i g . 1 0 .

A n g u la r  d i s t r i l D u t i o n  a p p a r a t u s

CT(9)

A=2U 
8 =  0

A=2

F i g . 1 1 .

A ngular d i s t r i b u t i o n  o f  n e u t r o n s  fro m  t h e  r e a c t i o n  
2 H (d ,n )3 s e  ' E d  = 445 K ev.
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or (0°)
O ' (900)

P i g . 1 2 ,

-  1  = A + B, p l o t t e d  a s  a  f u n c t i o n  o f
"bombarding e n e r g y .  

Q  B a r tb o ld s o n  (1 9 5 0 .

X B ak er  and W a l tn e r  (1952) .

O E l l i o t  e t  a l  (1953)

^  H u n te r  and R ic h a r d s  (1949)

+  B e n n e t  e t  a l  (1946)

J  P r e s t o n  e t  a l  (1954)

4 ^  V a lu e s  o b t a i n e d  by a u t h o r .



CHAPTER 4 .

The R e a c t io n s  ^H (d,n)^H e and % ( d ,  îD ^ H e .

T h is  c h a p te r  i s  d e v o te d  t o  a d i s c u s s i o n  o f  
3 , N 4

th e  r e a c t i o n  H (d ,n )  He and a  d e s c r i p t i o n  o f  an

e x p e r im e n t  d e s ig n e d  t o  g iv e  i n f o r m a t i o n  on th e  mode

o f  t h e  r e a c t i o n  a t  low d e u te r o n  e n e r g i e s .

The a n g u la r  d i s t r i b u t i o n s  i n  th e  r e a c t i o n s

3 n (d ,n )^ H e  have b een  m easured  f o r  d i f f e r e n t  v a l u e s

o f  th e  r e a c t i o n  e n e rg y  (Ep i n  c e n t r e  o f  m ass

c o o r d in a t e s )  by B r e t c h e r  and F re n c h  (1 9 4 9 ) ,  Argo

e t  a l  (1952) ,  Hemmendinger and Argo (1955) f S t r a t t o n

e t  a l  ( 1952) and B r o l l e y  e t  a l  (1951) 9 a t  E .̂

100 Kev, 1 5 2 , 228 , 392, 480 Kev, 600 Kev, 1 .3 2  Mev

and 6 .3  Mev r e s p e c t i v e l y .  These m easu rem en ts  show

t h a t  f o r  v a l u e s  of Ej. 3OO Kev th e  a n g u la r

d i s t r i b u t i o n  i s  i s o t r o p i c  t o  w i t h i n  1 0 ^ , b u t  as

E r i n c r e a s e s  above t h i s  v a lu e  more n e u t r o n s  a r e

e m i t t e d  i n  th e  d i r e c t i o n  o f  th e  i n c i d e n t  d e u te r o n

beam. The two m easurem ents  above 1 Mev i n d i c a t e

t h a t c r ( 0 ^ ) / c r ( l 8 0 ^ )  ^ 3 : 1  f o r  n e u t r o n  e m is s io n  i n
o

c e n t r e  o f  m a ss .  An an g le  o f  0 r e f e r s  v t o  

n e u t r o n s  e m i t t e d  a lo n g  th e  d i r e c t i o n  o f  th e  

i n c i d e n t  d e u t e r o n s .  At E^ = 6 .3  Mev ( B r o l l e y  

e t  a l )  th e  a n g u la r  d i s t r i b u t i o n  shows a  se c o n d a ry
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maxima a t  90 and th e  c u rv e  h a s  b e e n  f i t t e d  f a i r l y  

w e l l  hy th e  d e u te r o n  s t r i p p i n g  t h e o r y  (a s  com pared 

w i t h  t r i t o n  s t r i p p i n g )  o f  B u t l e r  (1950) hy  B u t l e r  

(1 9 5 1 ) .

The i n t e g r a t e d  y i e l d  c u rv e  h a s  b e e n  m easu red  

by A rno ld  e t  a l  (1954) and C onner e t  a l  (1952) o v e r  

th e  ra n g e  By = 6 Kev 1*02 Mev, and a t  Ep = 6 .3  

Mev ( B r o l l e y  e t  a l ) .  The c u rv e  o f  y i e l d  v e r s u s  

e n e rg y  Ey shows a p ea k  a t  E^ = 110 Kev. The v a lu e  

o f  t h e  c r o s s  s e c t i o n  a t  t h i s  e n e rg y  i s  5 b a r n s ,  and^ 

i s  2 .0  b a r n s  a t  E^ =  55 Kev and  250 K ev. The 

shape o f  th e  y i e l d  c u rv e  i n  th e  e n e rg y  r e g i o n  

Ey 500 Kev h a s  b e e n  f i t t e d  v e r y  e x a c t l y  by 

th e  s i n g l e  l e v e l  r e s o n a n c e  fo rm u la  m u l t i p l i e d  by 

th e  Gamow Coulomb f u n c t i o n .  The y i e l d  a t  e n e r g i e s  

E]. 500 Kev an d , i n  p a r t i c u l a r ,  a t  Ê * = 6 .3  Mev,

a p p e a r s  t o  d e v i a t e  above th e  v a lu e  e x p e c te d  from  

th e  s i n g l e  l e v e l  fo rm u la  w h ic h  f i t s  so  w e l l  a t  

E y  500 Kev. A lth o u g h  an  a l t e r n a t i v e  

e x p l a n a t i o n  h a s  b e e n  p u t  fo rw a rd  by B low ers  (1 9 5 1 ) ,  

t h e s e  r e s u l t s  f o r  th e  y i e l d  c u rv e  i n d i c a t e  th e  

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

i n  ^He a t  E 1 6 .7  Mev. T h is  w ould  a l s o  a p p e a r



t o  f o l lo w  from  a  co m p a r iso n  o f  t h e s e  a n g u la r

d i s t r i b u t i o n s  and  th o s e  w h ich  have b e e n  m easu red

f o r  th e  r e a c t i o n  + n  ( P r e s t o n  e t  a l

1954, and o t h e r s  d e s c r i b e d  i n  c h a p t e r  3) • W hile

a t  h ig h  e n e r g i e s  above th e  Coulomb b a r r i e r  b o th

r e a c t i o n s  c a n  be f i t t e d  f a i r l y  w e l l  by d e u te r o n

s t r i p p i n g  t h e o r y ,  a t  e n e r g i e s  below  th e  Coulomb

b a r r i e r  th e  l a t t e r  r e a c t i o n  i s  s t i l l  v e r y  much

p eak ed  i n  th e  fo rw a rd  d i r e c t i o n .  The l a c k  of
/ *

e x c i t e d  l e v e l s  o f  ^He a t  bom bard ing  e n e r g i e s  

Ej, wd b a r r i e r  h e i ^ t  s u g g e s t s  t h a t  th e  a n g u la r  

d i s t r i b u t i o n s  i n  th e  d e u te r o n  r e a c t i o n  w i l l  

i n d i c a t e  th e  d e g re e  o f sm o o th in g  o u t  o f  th e  

n u c l e a r  a n g u la r  d i s t r i b u t i o n  by Coulomb e f f e c t s  

a l o n e .  The d e g re e  o f  i s o t r o p y  o b s e rv e d  and 

th e  v e r y  h ig h  y i e l d  i n  th e  t r i t i u m  r e a c t i o n  

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

and y i e l d  i n  th e  d e u te r iu m  r e a c t i o n  i f  any 

a t t e m p t  i s  made t o  e x p l a i n  i s o t r o p y  and y i e l d  

i n  t h e  fo rm e r  r e a c t i o n  e n t i r e l y  i n  te rm s  o f  

th e  e f f e c t s  o f  th e  Coulomb b a r r i e r .  T hese 

a re  s t r o n g  a rg u m e n ts  i n  f a v o u r  o f  d e s c r i b i n g  

th e  r e a c t i o n  ^ H (d ,n )% e  a t  E^ 500 Kev i n



te rm s  o f  th e  f o r m a t io n  and d ecay  o f  a  s i n g l e  l e v e l  

i n  th e  compound n u c l e u s  5He*.

The o b s e rv e d  i s o t r o p y  and  th e  e n e rg y  ra n g e  

o f By in v o lv e d  i n d i c a t e  s  wave d e u te r o n  i n t e r a c t i o n .  

C o n s e r v a t io n  o f  t o t a l  s p i n  and  p a r i t y  show t h a t  

th e  i n t e r m e d i a t e  s t a t e  o f  ^He* m ust have  e v e n  p a r i t y ,  

s in c e  th e  o b s e rv e d  l a r g e  v a lu e  f o r  th e  y i e l d  a t  

r e s o n a n c e  c a n  o n ly  be e x p la in e d  i f  th e  l e v e l  

in v o lv e d  h a s  t o t a l  s p i n  J  = 3 / 2 .  (C onner e t  a l  

and A rno ld  e t  a l ) .

On th e  b a s i s  o f  t h e s e  e x i s t i n g  r e s u l t s ,  

i t  was th o u g h t  t h a t  th e  f i n a l  p r o o f  f o r  th e  

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

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

n u c l e i  i s  n o t  due t o  a  s t r i p p i n g  mode b u t  t o  t h e  

decay  o f  a  compound n u c le u s  w ou ld  be th e  d e t e c t i o n  

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

c o n s i s t e n t  w i th  th e  above p a r a m e t e r s .  The y i e l d  

o f  gamma r a d i a t i o n  e x p e c te d  on t h e  b a s i s  o f  t h e s e  

p a r a m e te r s  and an  e x p e r im e n ta l  c o n f i r m a t i o n  o f  

su c h  a  y i e l d  i s  d e s c r i b e d  b e lo w .

An a n a l y s i s  o f  a l l  a v a i l a b l e  d a t a  on th e  

n u c le u s  5He (A jz e n b e rg  and L a u r i t s e n ,  1955) shows



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

5He* a t  E* = 2 .6  Mev. The l e v e l  w id th  may he 

^  3 Mev. I f  t h i s  l e v e l  i s  th e  s t a t e  

p r e d i c t e d  by th e  S h e l l  M odel t h e n  th e  p a r i t y  i s  

n e g a t i v e .  The g round  s t a t e  o f  5He* h a s  b e e n  

shown t o  be ^ P j /g  azi a n a l y s i s  o f th e  s c a t t e r ­

in g  o f  f a s t  n e u t r o n s .  The p a r i t y  i s  odd, and 

th e  w id th  i s 0 . 8  Mev (A jz e n b e rg  and L a u r i t s e n ) .  

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

by th e  S h e l l  M odel, and th e  w id th  i s  due t o  th e  

t r a n s i t i o n  ^He —>^He + n  Q = 0 .9 5  Mev.

F ig u r e  13 shows th e  p o s s i b l e  t r a n s i t i o n s  

i n  ^He*. E s t im a te s  o f t h e  p a r t i a l  w id th s  

a s s o c i a t e d  w i t h  th e  t r a n s i t i o n s  a r e  made u s i n g  

th e  r a d i a t i o n  t r a n s i t i o n  fo rm u la  o f  W e is s k o p f , 

(W ilk in so n  1953) and th e  u s u a l  s e l e c t i o n  r u l e s .  

These c a l c u l a t i o n s  show t h a t  th e  e x i s t e n c e  o f  

t h i s  l e v e l  i n  ^He* a t  1 6 .6  Mev w i l l  r e s u l t  i n  

th e  e m is s io n  o f  s e v e r a l  gamma r a y s ,  th e  m ost 

i n t e n s e  b e in g  ZT, , t h e  e l e c t r i c  d ip o le  t r a n s ­

i t i o n  t o  th e  g roun d  s t a t e .  T h is  t r a n s i t i o n  

i s  th e  o n ly  one w hich  n eed  be c o n s i d e r e d  h e r e .

The p a r t i a l  w id th  o f  th e  l e v e l  c a n  be



i d e n t i f i e d  w i th  th e  e m is s io n  of y ,  , w i th o u t  

i n t r o d u c i n g  any  e r r o r  >  2 0 ^ .

The a n a l y s i s  o f th e  y i e l d  c u rv e  f o r  t h e  

r e a c t i o n  a t  e n e r g i e s  n e a r  th e  r e s o n a n c e  hy C onner 

e t  a l  (1952 ) and  hy  Argo e t  a l  (1952) shows t h a t  

Q  ^  Q ^ r ^ a ^ c l  Q  a r e  th e  o b s e rv e d  p a r t i a l  w id th s  

f o r  th e  d ecay  o f th e  l e v e l  by  n e u t r o n  e m is s io n  

and by t r i t o n  e m is s io n  ( e l a s t i c  n u c l e a r  s c a t t e r i n g ) . 

The o b se rv e d  t o t a l  w id th  o f  t h e  l e v e l  P  i s ,  

t h e r e f o r e ,  g iv e n  by

I '  —  A  a n d  ^  ^  X
\ /  X  «  '

and where i s  th e  r a t i o  o f  th e  o b s e rv e d

gamma r a y  and n e u t r o n  i n t e g r a t e d  y i e l d s  a t  th e  

r e s o n a n c e .  S in ce  th e  o b s e rv e d  n e u t r o n  y i e l d  n e a r  

re s o n a n c e  i s  e x p la in e d  on th e  b a s i s  o f s  wave 

d e u t e r o n  i n t e r a c t i o n  and t h e  p o s s i b l e  gamma t r a n s ­

i t i o n  i s  e l e c t r i c  d i p o l e ,  th e  a n g u l a r  d i s t r i b u t i o n  

of th e  1 6 .6  Mev gamma r a y  s h o u ld  be i s o t r o p i c .  

T h e r e f o r e ,

7 T „
where e q u a l s  th e  r a t i o  o f 1 6 .6  Mev gamma r a y s  

t o  14  Mev n e u t r o n s  o b s e rv e d  a t  90® i n  c e n t r e  o f  m ass



The t h e o r e t i c a l  e x p r e s s i o n  g iv e n  hy 

W e issk o p f  ( B l a t t  and W e is sk o p f ,  p . 627) f o r  

an e l e c t r i c  d ip o le  t r a n s i t i o n  r e d u c e s  t o

1  =  O . U  s ,

where A i s  th e  a to m ic  w e ig h t  o f  th e  n u c l e u s .

S i s  a  s t a t i s t i c a l  w e ig h t  f a c t o r  e q u a l  t o  1 /5  f o r  

th e  v a l u e s  o f s p i n  change in v o lv e d  i n  t h i s  t r a n s ­

i t i o n  (s e e  H ughes, 1954, and W ilk in s o n ,  1 9 5 4 ) .  

However, t h e r e  i s  s u f f i c i e n t  d a t a  a v a i l a b l e  on 

e l e c t r i c  d i p o l e  t r a n s i t i o n s  now (W ilk in s o n ,  1953) 

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

l a r g e  and s h o u ld  be re d u c e d  by  a  f a c t o r  o f  t h e  

o r d e r  0 * 0 5 . I f  t h i s  i s  done th e  ’’t h e o r e t i c a l "  

gamma w id th  o f  t h i s  l e v e l  f o r  th e  e l e c t r i c  

d ip o le  t r a n s i t i o n  if'/ i s  ^  = 15 e . v .

( t o  w i t h i n  a  f a c t o r  o f  tw o ) « S in c e  th e

o b s e rv e d  t o t a l  w id th  P  = 80 Kev, ( c e n t r e  o f  

m ass) a  m easurem ent o f  ^  g iv e s  an  e x p e r im e n ta l

v a lu e  f o r  g iv e n  by

.  4 a  10* « .V .

The e x p e r im e n t  d e s c r i b e d  h e r e  c o n s i s t e d  o f  

%m e a su r in g  ^  a t  —  200 Kev.



A t h i n  ( 50 Kev) t r i t i u m - z i r c o n i u m  t a r g e t

was bombarde cl by 200 Kev d e u te r o n s  and th e  number 

o f  14 Mev n e u t r o n s  and 17 Mev gamma r a y s  e m i t t e d  

fro m  th e  t a r g e t  were m easu red  s i m u l t a n e o u s ly .

The n e u t r o n  c o u n te r  was a  t h i n  s t i l b e n e  

c r y s t a l  i n  th e  vacuum o f  t h e  d e u t e r o n  a c c e l e r a t o r .  

S t i l b e n e  was u s e d  i n  p r e f e r e n c e  t o  sodium  io d id e  

b ec au se  th e  n o n - l i n e a r  r e s p o n s e  o f  h y d ro g e n e o u s  

s c i n t i l l a t o r s  (B irk s  1952) a c t s  e f f e c t i v e l y  a s  a 

m ass s p e c t r o m e te r  and w id e ly  s e p a r a t e s  t h e  p u l s e s  

from  p r o t o n s  and a lp h a  p a r t i c l e s  from  th e  r e a c t i o n s  

^H (d ,p )^H  and ^ E (d ,n )4 y e  i n t o  two p e a k s  i n  a  

p u l s e  h e i g h t  d i s t r i b u t i o n ,  ev en  th o u g h  th e  

e n e r g i e s  a r e  so  s i m i l a r  (Ep =  3 Mev, E ^ =  2 .5  Mev)
p ^

The r e a c t i o n  H(d,p)*^H a p p e a r s  a s  a  r e s u l t  o f  

d e u te r iu m  b u i l d  up i n  th e  t r i t l u m - z i r c o n i u m  t a r g e t ,  

and i t  was n e c e s s a r y  t o  be s u r e  t h a t  c o u n ts  were 

n o t  r e c o r d e d  d u r in g  th e  e x p e r im e n t  from  t h i s  

r e a c t i o n  r a t h e r  t h a n  ^ H (d ,n )^ H e . T h is  was done 

by o b s e rv in g  th e  p u l s e  h e ig h t  d i s t r i b u t i o n  from  

th e  s t i l b e n e  c r y s t a l ,  m o n i to r in g  th e  t r i t i u m  u n d e r  

d e u te r o n  bom bardm ent, b e fo re  and a f t e r  th e  

e x p e r im e n t .  The p o s i t i o n  o f  th e  p ea k  due t o



2 .5  Mev a lp h a  p a r t i c l e s  was v e r i f i e d  u s i n g  

a lp h a  p a r t i c l e s  f ro m  p o lo n iu m . A f t e r  th e  

e x p e r im e n t  th e  e f f e c t  o f p u l s e s  c o r r e s p o n d in g  

t o  p r o t o n s  from  th e  r e a c t i o n  ^ H (d ,p )^ H  was 

o b s e rv e d  t o  be l e s s  th a n  5$( o f  t h e  c o u n t in g  

r a t e  d u r in g  th e  e x p e r im e n t .  I n  a d d i t i o n  t o  

e n s u r i n g  t h a t  n o t  to o  many s p u r i o u s  p u l s e s  were 

c o u n te d  w hich  were l a r g e r  t h a n  th o s e  due t o  a lp h a  

p a r t i c l e s  from  th e  t r i t i u m  r e a c t i o n ,  i t  was 

n e c e s s a r y  t o  a r r a n g e  a  low e n e rg y  c u t  o f f  i n  

t h e  p u l s e s  c o u n te d .  Towards lo w e r  e n e r g i e s  i n  

th e  sp e c tru m  t h e r e  was a  r i s i n g  b a c k g ro u n d , 

p r o b a b ly  due t o  n e u t r o n s  from  th e  r e a c t i o n  

2H (d ,n )^H e and X - r a y s .  The n e u t r o n s  came fro m  

d e u te r iu m  p i l e  up  on th e  s l i t s  and h ave  an e n e rg y  

2*5 Mev. The X - ra y  en e rg y  i s  p r o b a b ly  low  

b u t  i s  e f f e c t i v e l y  en h an ced  by th e  n o n - l i n e a r  

r e s p o n s e  o f  th e  s t i l b e n e .  By a r r a n g i n g  t h a t  th e  p u l s e  

h e i g h t  d i s t r i b u t i o n  from  th e  s t i l b e n e  was g a t e d  by th e  

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

was p o s s i b l e

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

e n s u r e d  t h a t  90^ o f  th e  p u l s e s  o p e r a t i n g  th e



d i s c r i m i n a t o r  were due t o  a lp h a  p a r t i c l e s  f ro m  

th e  r e a c t i o n  3 H (d ,n )4 H e .

A p p ly in g  r e a s o n a b le  c o r r e c t i o n s  f o r  l o s s  

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

p u l s e s ,  i t  was r e a s o n a b le  t o  e x p e c t  t h a t  t h e  

e r r o r  due t o  a l l  c a u s e s  i n  c o u n t i n g  a lp h a  

p a r t i c l e s  by  c o u n t in g  th e  num ber o f  p u l s e s  fro m  

th e  d i s c r i m i n a t o r  was lOjS. Assum ing i s o t r o p y  

and c o r r e c t i n g  f o r  c e n t r e  o f  m ass e f f e c t s  th e  

n e u t r o n  e m is s io n  from  th e  t a r g e t  was

c a l c u l a t e d  by m e a su r in g  th e  g eo m e try  o f  th e  

s o l i d  a n g le  s u b te n d e d  by th e  s t i l b e n e  c r y s t a l  

t o  th e  t r i t i u m  t a r g e t .

The gamma r a y  c o u n te r  was a  l a r g e  (2" lo n g  

by 1 .7 5 "  d ia m e te r )  sodium  io d id e  c r y s t a l  m ounted  

on a  p h o t o m u l t i p l i e r .  D u r in g  th e  e x p e r im e n t  

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

was o b se rv e d  f o r  a  m easu red  number o f  c o u n ts  on 

th e  d i s c r i m i n a t o r  c o u n t in g  n e u t r o n s .  The gamma 

r a y  c o u n te r  was c a l i b r a t e d  by o b s e r v in g  th e  p u l s e  

s p e c tru m  f o r  gamma r a y s  from  th e  r e a c t i o n  

^ ^ B (p , y  )^ ^ C . The gamma r a y  e n e r g i e s  above 

10 Mev from  t h i s  r e a c t i o n  a t  = 580 Kev a r e
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1 6 .4  Mev and 12 Mev (A jz en b e rg  and  L a u r i t s e n  1955) * 

The o b se rv e d  p u l s e  h e i g h t  s p e c tru m  i s  shown i n  

f i g u r e  1 4 .

F o u r  r u n s  o f  d e u te r o n s  on t r i t i u m  were 

made d u r in g  th e  e x p e r im e n t  and th e  p u l s e  h e i g h t  

d i s t r i b u t i o n s  from  th e  gamma r a y  c o u n t e r  w ere 

r e c o r d e d  s e p a r a t e l y  f o r  o b s e rv e d  c o u n t s  fro m  

th e  d i s c r i m i n a t o r  c o u n t in g  n e u t r o n s .  Each  o f  

th e  f o u r  gamma r a y  s p e c t r a  w ere p l o t t e d  on 

g ra p h s  and showed th e  same shape  and i n t e n s i t y  

c o r r e s p o n d in g  t o  e q u a l  num bers o f  n e u t r o n s .  The 

r e s u l t s  o f  one r u n ,  i n c l u d i n g  b a c k g ro u n d ,  a r e  

shown i n  f i g u r e  1 4 . The u n s c r e e n e d  b a c k g ro u n d  

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

t a r g e t  was m easu red  i n  th e  r a n g e  12 Mev — - 20 Mev, 

f o r  a  t im e  e q u a l  t o  t h a t  t a k e n  i n  th e  f o u r  r u n s ,  

i n  b e tw e en  e a c h  r u n .  T h is  b a c k g ro u n d  o b s e rv e d  

i n  t h e  e n e rg y  r e g i o n  12 —  20 Mev i s  a l s o  shown 

i n  f  ig u r e  1 4 , and was m easu red  by  moving th e  

d e u te r o n  beam j u s t  o f f  th e  t r i t i u m  t a r g e t .  I n  

a d d i t i o n ,  t h e  b ack g ro u n d  i n  th e  sodium  i o d id e  

c r y s t a l s  was v e r y  c a r e f u l l y  m easu red  b e f o r e  

th e  e x p e r im e n t  and a t  i n t e r v a l s  o f  d ay s  f o r



s e v e r a l  m onths a f t e r w a r d s ,  o v e r  t h e  e n e rg y  ra n g e  

20 Mev — ' 1 Kev. T h is  was done i n  a  h e a v i l y  

s c r e e n e d  l e a d  cham ber.

The num ber o f  c o u n ts  in  t h e  n e u t r o n  c o u n te r  was 

r e c o r d e d  f o r  e a c h  m easu red  gamma r a y  s p e c t ru m .  Prom 

th e s e  r e a d i n g s  i t  i s  p o s s i b l e  t o  e s t i m a t e  th e  v a lu e  o f 

Ny -  th e  r a t i o  o f  th e  number o f  14 MeV n e u t r o n s  t o  

th e  number o f  17 MeV gamma r a y s  e m i t t e d  a t  90^ ( i n  c e n t r e  

o f  m ass c o o r d i n a t e s )  f ro m  a  t r i t i u m  t a r g e t  u n d e r  bom bard­

m ent by 200 KeV d e u t e r o n s .  T h is  c a l c u l a t i o n  d o es

how ever, r e q u i r e  one a s s u m p tio n  and in v o lv e s  

f a c t o r s  w h ich  a r e  somewhat u n c e r t a i n .  These 

a r e  d i s c u s s e d  b e lo w .

The a s s u m p tio n  t h a t  i s  made h e re  i s  

o u t l i n e d  i n  th e  f o l lo w in g  d i s c u s s i o n .  I t  i s  

c l e a r  from  f i g u r e  14 t h a t  t h e  gamma r a y  o b s e rv e d  

i s  n o t  1 6 .6  Mev b u t  i s  1 7 .5  Mev. I t  i s  

assum ed t h a t  t h i s  i s  due t o  th e  f a c t o r  i n  

th e  W e issk o p f  t r a n s i t i o n  f o rm u la  and  t h a t  

b e c a u se  th e  g ro u n d  s t a t e  o f  ^He i s  u n s t a b l e  

w i th  a  w id th  ^ 0 . 8  Mev th e  e n e rg y  o f  gamma r a y  

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

s t a t e  o f  ^He a s  m easu red  by  th e  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  of low e n e rg y  ( 1 Mev) n e u t r o n s

i n  ^He. The c e n t r o i d  o f  gamma r a y  e n e r g i e s

o b se rv e d  sh o u ld  be g iv e n  by th e  f a c t o r  B,

where B i s  th e  v a lu e  o f  th e  B r e i t - W ig n e r  fo rm u la

f o r  th e  g ro u n d  s t a t e  w i d t h .  I t  i s  assum ed h e re

t h a t  an e x a c t  a n a l y s i s  i n  t h i s  way w i l l  g iv e  a

v a lu e  f o r  E = 1 7 * 5  Mev i n  ag reem en t w i th  th e  
o

o b se rv e d  edge i n  f i g u r e  1 4 .  T h is  d i f f i c u l t y  

h a s  been  r e c o g n i s e d  by B l a i r  e t  a l  (1954) f o r  

th e  m i r r o r  t r a n s i t i o n  5 L i* -^ ^ L i  and w i l l  be 

d i s c u s s e d  b e lo w .

To o b t a i n  a c c u r a t e l y  t h e  num ber o f gamma 

r a y s  e m i t t e d  fro m  th e  t a r g e t  from  th e  edge i n  

t h e  p u l s e  sp e c tru m  in  f i g u r e  14 r e q u i r e s  a  

knowledge o f  t h e  p u l s e  shape  f o r  1 7 .5  Mev gamma 

r a y s  i n  t h i s  s i z e  o f  sodium  io d id e  c r y s t a l s .

Due a l lo w an ce  m ust a l s o  be made f o r  s o l i d  a n g l e ,  

and gamma r a y  a b s o r p t i o n .  At th e  p r e s e n t  t im e  

th e s e  c o r r e c t i o n s  can  o n ly  be made t o  w i t h i n  an  

e r r o r  o f 20^ , th e  l a r g e s t  s o u rc e  o f  e r r o r  

b e in g  th e  sh ap e  o f  th e  p u l s e  sp e c tru m  from  a
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s i n g l e  1 7 .5  Mev gamma r a y .  No s i n g l e  gamma r a y  

o f  t h i s  e n e rg y  was a v a i l a b l e .  The shap e  o f  th e  

p u l s e  sp e c tru m  assumed h e r e  was t h a t  w h ich  w ould 

g iv e  a  t o t a l  number o f  p u l s e s  e q u a l  t o  one t h i r d  

o f  th e  p r o d u c t  o f  th e  c h a n n e l  number a t  th e  edge 

and th e  number p e r  c h a n n e l  on th e  p l a t e a u .  T h is  

f i g u r e  i s  s u g g e s te d  by t h e  shape  o f  th e  

H b ( p ,  y  s p e c t r a .  The s o l i d  a n g le  S t  o f

th e  c r y s t a l  t o  th e  t a r g e t  was m ea su re d , and th e  

gamma r a y  a b s o r p t i o n  c a l c u l a t e d  fro m  th e  t o t a l  

c r o s s  s e c t i o n s  f o r  sodium  and  i o d i n e .  The r e s u l t  

o f  t h e s e  c a l c u l a t i o n s  were t h a t  th e  N al c r y s t a l  

was t r a n s p a r e n t  t o  1 7 .5  Mev gamma r a y s ,  a l l

th e  gamma r a y s  a b so rb e d  p ro d u c e d  p u l s e s  and th e  

shap e  o f  th e  p u l s e  sp e c tru m  was t h a t  d e s c r i b e d  

a b o v e .  Thus N i s  g iv e n  by

N = 4 rr  X(number of 17.5 p u l s e s  i n  t h e  sp ec tru m )X  2 
*  S L

I n s e r t i n g  th e  m easu red  q u a n t i t i e s  i n t o  t h i s  e q u a t i o n

and th e  s i m i l a r  one f o r  th e  v a lu e  o f  I^^Nn

m e asu red  i s  c
^ J^ n  ~ 15 • 10 (+ 7)

and s in c e  f2 = 4 .  10^ e . v .
^ Nn
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( e x p e r im e n ta l )  = 6 + 3 e . v .

w h ic h  c a n  he com pared  w i th  t h e  " t h e o r e t i c a l "  v a lu e

o f  r L  ( t h e o r e t i c a l )  = 15 e . v .  ( t o  w i t h i n
^  O f a c t o r  o f  two) •

C o n c lu s io n s  ,

W hile  i t  i s  c l e a r  t h a t  b o t h  th e  t h e o r e t i c a l  

and  th e  e x p e r i m e n ta l  v a l u e s  g iv e n  above a r e  some­

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

t h a t  t h e y  a g r e e  s u f f i c i e n t l y  w e l l  t o  p ro v e  t h a t
£- *

th e  l e v e l  i n  ^He a t  1 6 .6  Mev d o e s  e x i s t  and  

t h e  gamma t r a n s i t i o n  t o  th e  g ro u n d  s t a t e  h a s  b e e n  

o b s e rv e d .  I t  i s  o f  i n t e r e s t  t o  com pare t h i s  

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

t r a n s i t i o n  ^L i* —^ ^ L i ,  by  B l a i r  e t  a l  (1 9 5 4 ) ,  

u s i n g  th e  m i r r o r  r e a c t i o n  ^H e(d , y ) ^ L i , who

o b t a i n e d  a  v a l u e  f o r  [ ^ ( e x p e r i m e n t a l )  = 1 1 + 2  e . v .

The o b s e rv e d  gamma r a y  e n e rg y  q u o te d  by t h e s e  a u t h o r s  i s  

1 6 .6  MeV b u t - a n a l y s i s  o f  t h e i r  p u b l i s h e d  s p e c t r a  i n d i c a t e s  

t h a t  a  v a lu e  o f  17 MeT c a n  be o b t a i n e d  i f  a  l i n e a r  

r e l a t i o n  i s  assum ed b e tw e e n  p u l s e  h e i g h t  and  e l e c t r o n  

e n e rg y  d i s s i p a t e d  i n  t h e i r  so d iu m  io d id e  c r y s t a l  th e

t h e o r e t i c c f l  xrci/tres are the same
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CHAPTER 5 .

D i s c u s s io n  o f  A (d ,n )A  + p R e a c t i o n s  i n  
L ig h t  E lem en ts  a t  D e u te ro n  E n e r g i e s  "below 

th e  Coulomh B a r r i e r .

2 H ( a .n . )% Q

The e v id e n c e  f o r  t h e  v iew  t h a t  a t  h i g h  

d e u t e r o n  e n e r g i e s ,  t h e  n e u t r o n s  w h ich  a r e  o"bserved 

from  t h i s  r e a c t i o n  a r e  ” s t r i p p e d ” o f f  by t h e  

i n t e r a c t i o n  o f  n u c l e a r  f o r c e s ,  and  t h a t  a t  low 

d e u te r o n  e n e r g i e s  t h e r e  i s  n o th i n g  t o  i n d i c a t e  

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

p r e s e n t e d  a t  th e  b e g in n in g  o f  c h a p t e r  3*

At low  d e u te r o n  e n e r g i e s  th e  o r i g i n a l  . 

B u t l e r  t h e o r y  f o r  ( n u c le a r )  d e u t e r o n  s t r i p p i n g  

g iv e s  much to o  h i g h  ( f a c t o r  5 -  10) an  a s s y m e try  

r a t i o ,  a l th o u g h  th e  q u a l i t a t i v e  a p p e a ra n c e  o f  t h e  

a n g u la r  d i s t r i b u t i o n s  (p e ak ed  i n  t h e  d i r e c t i o n  o f  

th e  i n c i d e n t  d e u te r o n s  i n  c e n t r e  o f  m ass) s u g g e s t s  

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

i s  a c c e p te d ,  t h e r e  a p p e a r  t o  be two a l t e r n a t i v e s ,  

e i t h e r  t h e  r e a c t i o n  mode i s  ( n u c l e a r )  d e u te r o n  

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

o f  t h e  c o l l i d i n g  d e u te r o n s  b e f o r e * t h e  s t r i p p i n g  

o c c u r s ,  o r  th e  s t r i p p i n g  o c c u r s  due t o - t h e  

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



d e u te r o n s  by th e  e l e c t r i c  f o r c e  b e tw e en  th e  p r o t o n s  

i n  t h e  two d e u t e r o n s .

The l a t t e r  h a s  been  exam ined  q u a n t i t a t i v e l y  

by P h i l l i p s  and O ppenheim er (1 9 3 5 ) .  As w ould  be 

e x p e c te d  from  th e  n a t u r e  o f  th e  p r o c e s s  (two p r o t o n s  

p u s h in g  e a c h  o t h e r  aw ay), t h e s e  c a l c u l a t i o n s  

p r e d i c t  t h a t  th e  a s s y m e try  r a t i o  i n  t h e  a n g u la r  

d i s t r i b u t i o n s  f o r  th e  m i r r o r  r e a c t i o n  (2H (d ,p)3H ) 

and th e  i n t e g r a t e d  y i e l d  s h o u ld  be h ig h e r  t h a n  

th o s e  f o r  th e  n e u t r o n  r e a c t i o n  a t  th e  same d e u te r o n  

e n e rg y .  The r e s u l t s  o f  th e  e x p e r im e n t  by th e  

a u th o r ,  d e s c r i b e d  i n  c h a p t e r  3 , s u p p o r t  P r e s t o n  

e t  a l  (1954) and E l l i o t  e t  a l  (1953) i n  show ing  

t h a t  th e  o b s e rv e d  a s sy m e try  r a t i o s  f o r  t h e  n e u t r o n  

r e a c t i o n  have s i g n i f i c a n t l y  ( 30^) h i g h e r  v a l u e s

th a n  th o s e  f o r  th e  p r o t o n  r e a c t i o n .  I n  a d d i t i o n  

P r e s to n  e t  a l  (1954) and B o o th  (1955 p r i v a t e  

com m unication) have  shown t h a t  t h e  i n t e g r a t e d  

y i e l d  i s  g r e a t e r  i n  th e  n e u t r o n  r e a c t i o n  by 

10 -  2 0 ^ .  B o th  o f  t h e s e  r e s u l t s  a r e  i n  

c o n t r a d i c t i o n  t o  w hat i s  e x p e c te d  ^ if  t h e  r e a c t i o n  

i s  d e s c r i b e d  by  t h e  P h i l l i p s - O p p e n h e im e r  t h e o r y .

However, t h e s e  r e s u l t s  and th e  g e n e r a l



r e d u c t i o n  o b s e rv e d  i n  th e  a s sy m e try  r a t i o  f o r  

b o th  r e a c t i o n s  a s  th e  d e u te r o n  e n e rg y  d e c r e a s e s  

a p p e a r  q u a l i t a t i v e l y  a t  l e a s t  t o  be c o n s i s t e n t  

w i th  th e  v iew  t h a t ,  a s  th e  d e u te r o n  e n e rg y  f a l l s  

below  th e  Coulomb b a r r i e r ,  th e  d e u t e r o n s  s u f f e r  

s i g n i f i c a n t  R u th e r f o r d  s c a t t e r i n g  w h ich  sm ears  

ou t th e  w e l l  d e f in e d  l a b o r a t o r y  d i r e c t i o n ,  b e f o r e  

th e  n u c l e a r  ( B u t l e r )  s t r i p p i n g  o c c u r s .  Q u a l i t a t ­

i v e l y  th e  r e s u l t s  o b s e rv e d  a r e  v e r y  s i m i l a r  t o  

what w ould  be e x p e c te d  i f  an  e x t r a  a n g u la r  w id th  

(v a ry in g  w i th  a n g le )  were i n t r o d u c e d  e x p e r im e n ta l ly ,  

I n  p r i n c i p l e ,  th e  i n t r o d u c t i o n  o f  Coulomb 

s c a t t e r i n g  i n t o  F a i r b a i r n ’ s t h e o r y  ( i . e .  B u t l e r  

t h e o r y  m o d i f ie d  t o  a l lo w  f o r  th e  i d e n t i c a l  

r e a c t i n g  d e u te r o n s )  i s  p o s s i b l e  by c o n s i d e r i n g  

th e  i n t e r f e r e n c e  b e tw e en  th e  i n c i d e n t  and 

s c a t t e r e d  waves o f  d e u t e r o n s .  U n f o r t u n a t e l y ,  

a  d e t a i l e d  c a l c u l a t i o n  i s  v e r y  c o m p l ic a te d  an d , 

a t  th e  t im e  o f w r i t i n g ,  n e i t h e r  th e  a u th o r  o r  

anyone e l s e  h a s  s u c c e e d e d .  I t  i s  n o t  p o s s i b l e  

h e r e  t o  do more t h a n  s u g g e s t  t h a t  r e s u l t s  

o b s e rv e d  i n  t h e  2H (d ,n)^H e r e a c t i o n  a r e  i n  

q u a l i t a t i v e  ag reem en t w i th  th o s e  e x p e c te d  fro m



n u c l e a r  ( B u t l e r )  d e u te r o n  s t r i p p i n g  m o d i f ie d  by 

Coulomb s c a t t e r i n g .  The a d d i t i o n a l  s m a l l  

r e d u c t i o n  i n  t h e  a s sy m e try  r a t i o  f o r  t h e  p r o t o n  

r e a c t i o n  may be due t o  Coulomb s c a t t e r i n g  o f 

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

i n  th e  r a t i o  f o r  b o th  r e a c t i o n s  may be due t o  

Coulomb s c a t t e r i n g  of th e  i n c i d e n t  d e u t e r o n s .

%(d,n)^He

The c o n c lu s i o n  r e a c h e d  ab o v e , t h a t  

Coulomb s c a t t e r i n g  may sm ooth o u t  th e  o b s e rv e d  

a n g u la r  d i s t r i b u t i o n s  due t o  ’ n u c l e a r ’ s t r i p p i n g ,  

does  n o t  a f f e c t  th e  i n t e r p r e t a t i o n  o f  t h i s  

r e a c t i o n  a t  low d e u te r o n  e n e r g i e s ,  s i n c e  th e  

a n g u la r  d i s t r i b u t i o n  i s  i s o t r o p i c . The 

e v id e n c e  i n  th e  y i e l d  a t  low e n e r g i e s ,  and th e  

shape o f  th e  a n g u l a r  d i s t r i b u t i o n  a t  h ig h  e n e r g i e s  

w h ich  l e a d s  t o  th e  v iew  t h a t  th e  r e a c t i o n  mode 

a t  low e n e r g i e s  i s  due t o  compound n u c l e u s ,  was 

d i s c u s s e d  i n  c h a p t e r  4 .  The o b s e r v a t i o n  o f  a  

y i e l d  o f  gamma r a d i a t i o n  by th e  a u t h o r ,  c o n s i s t e n t  

w i t h  th e  l i f e - t i m e  of th e  l e v e l  o f ^ h e liu m  

in v o lv e d ,  adds  w e ig h t  t o  t h e  p r e v io u s  e v id e n c e .



f  ^  %

I t  seems q u i t e  im p o s s ib le  t o  r e c o n c i l e  th e  d e g re e  

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

a n i s o t r o p y  i n  th e  r e a c t i o n  ^H (d ,n )^H e a t  t h e  same 

d e u te r o n  e n e rg y  ^  200 Kev, on th e  b a s i s  t h a t  th e  

r e a c t i o n  mode i n  t h e  t r i t i u m  r e a c t i o n  i s  d e u te r o n  

s t r i p p i n g  m o d i f ie d  by Coulomb s c a t t e r i n g ,  w h ich  

i s ,  i n d i r e c t l y ,  s u g g e s te d  by F lo w e rs  (1951)#  A l l  

th e  e v id e n c e  s u g g e s t s  t h a t  a t  low d e u te r o n  e n e r g i e s  

a p p r o x im a te ly  98?  ̂ o f th e  o b s e rv e d  n e u t r o n  y i e l d  

comes from  th e  decay  o f  a  l e v e l  i n  5h e l iu m , and 

o n ly  2^ c a n  be due t o  d e u t e r o n  s t r i p p i n g .  (These 

f i g u r e s  a r e  o b t a in e d  by co m p ar in g  th e  o b s e rv e d  

c r o s s  s e c t i o n s  i n  3 n (d ,n )^ H e  and ^ H (d ,n )^ H e ) .

An i n t e r e s t i n g  r e s u l t ,  w h ich  c a n  e a s i l y  

be ded uced  fro m  th e  a n g u la r  d i s t r i b u t i o n  a t  h ig h  

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

th e  n e u t r o n s  a r e  o b se rv e d  m a in ly  i n  t h e  d i r e c t i o n  

o f  th e  d e u te r o n  i n  c e n t r e  o f  m ass , i t  i s  th e  

d e u te r o n  w h ich  l o s e s  th e  n e u t r o n  and n o t  th e  

t r i t o n .  I t  i s  i n t e r e s t i n g  t o  s p e c u la t e  w h e th e r  

a  s m a l l  i n c r e a s e  a t  180^ m ig h t  be o b s e rv e d  a t  

h ig h  e n e r g i e s  due t o  n e u t r o n s  l e a v i n g  th e  t r i t o n .  

The a n g u la r  s e p a r a t i o n  o f n e u t r o n s  from  th e



d i f f e r e n t  n u c l e i  i n  t h i s  way s h o u ld  p r o v id e  an  

i n t e r e s t i n g  co m p a r iso n  of th e  two p o s s i b i l i t i e s .  

B oth  a r e ,  o f c o u r s e ,  Z = o t r a n s i t i o n s ,  b u t  a r e  

p ea k ed  i n  t h e  i n i t i a l  d i r e c t i o n  o f  th e  n u c le u s  

th e y  l e a v e .

I f  i t  i s  a c c e p te d  t h a t  t h i s  r e a c t i o n  i s

due t o  compound n u c le u s  f o r m a t io n  and d e c a y  a t

low d e u te r o n  e n e r g i e s ,  t h e n  i t  i s  c l e a r  t h a t  th e

e x i s t e n c e  o f  a  s t r o n g  l e v e l  i n  th e  compound
*

n u c le u s  (A + d) c a n  e a s i l y  c a u se  th e  y i e l d  i n  

th e  r e a c t i o n  t o  r i s e  w e l l  above t h a t  due t o  

d e u te r o n  s t r i p p i n g ,  and t h a t  th e  y i e l d  c u rv e  w i l l  

show a  p ro n o u n c ed  r e s o n a n c e .

The two h y d ro g e n  r e a c t i o n s  ^H (d ,n )^H e 

and 3H (d ,n)^H e a p p e a r  t o  be exam ples  o f  th e  

e x t r e m e s ,  p re d o m in a n t ly  d e u te r o n  s t r i p p i n g  and 

compound n u c le u s  r e a c t i o n  modes r e s p e c t i v e l y .

The r e s u l t s  shown i n  f i g u r e  8 o f  c h a p t e r  

2 f o r  th e  g ro u n d  s t a t e  t r a n s i t i o n  i n  ^ ^ B (d ,n )  

o b s e rv e d  by th e  a u t h o r ,  c a n  be f i t t e d  f a i r l y  w e l l  

by th e  s im p le  B u t l e r  d e u te r o n  s t r i p p i n g  c u rv e  

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



I

When t h i s  r e s u l t  a t  600 Kev i s  com pared  w i t h  

t h a t  o f  I h s a n  (1955) a t  870 Kev, a l s o  shown i n  

f i g u r e  8 ,  th e  e f f e c t  o f  lo w e r in g  th e  d e u te r o n  

en e rg y  i s  a p p a r e n t l y  t o  i n c r e a s e  th e  c o n t r i b u t i o n  

o f th e  i s o t r o p i c  b a c k g ro u n d .

The c u rv e  i n  f i g u r e  9 f o r  t h e  a n g u la r
“I p

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

th e  f i r s t  e x c i t e d  s t a t e  o b s e rv e d  by th e  a u th o r  

a t  600 Kev c a n n o t  be f i t t e d  by a  B u t l e r  c u rv e  

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

C om parison w i th  th e  r e s u l t s  o f I h s a n  a t  870 Kev 

s u g g e s t s  t h a t  th e  g e n e r a l  shape  o f  th e  c u rv e  

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

e x p e c te d  from  th e  f o r m a t io n  o f  d i f f e r e n t  l e v e l s  

o f th e  compound n u c le u s  c a r b o n .

However, t h e  y i e l d  c u r v e s ,  shown i n  

f i g u r e  7 1 f o r  b o th  n e u t r o n  g ro u p s  show no 

i n d i c a t i o n  o f  a  re so n a n c e  and th e  c u r v e s  a r e  

v e r y  s i m i l a r .  T here  i s  a l s o  a  c o n s i s t e n t  

ag reem en t i n  th e  r e l a t i v e  i n t e n s i t i e s  o f  th e  

n e u t r o n  g ro u p s  m easu red  a t  h i g h e r  e n e r g i e s  

(G ibson  1949 and Jo h n so n  1 9 5 2 ) .

The a u th o r  i s  v e r y  much i n d e b te d  t o



AJLde Borde ( p r i v a t e  com m unica tion ) f o r  th e

f o l lo w in g  o u t l i n e  o f  a  t h e o r e t i c a l  a p p ro a c h  t o

t h i s  p ro b lem  w h ich  a p p e a rs  t o  g iv e  a  r e a s o n a b le

e x p l a n a t i o n  o f  t h e s e  r e s u l t s ,  w h ich  a r e  v e r y

s i m i l a r  i n  t h e i r  g e n e r a l  c h a r a c t e r i s t i c s  t o

th o s e  o b se rv e d  by G reen  e t  a l  (1955) f o r  t h e

r e a c t i o n s  % e ( d ,n ) ^ ^ B  and 1 3 c (d ,n )^ ^ N , u s i n g

n u c l e a r  e m u ls io n  t e c h n i q u e .  At low

d e u te r o n  e n e r g i e s  th e  i n c i d e n t  p la n e  wave 
% ̂  %

( ^  ) o f  d e u te r o n s  w i l l  s u f f e r  s i g n i f i c a n t

Coulomb s c a t t e r i n g .  I f  th e  p la n e  wave i s  

e x p r e s s e d  a s  th e  sum of p a r t i a l  waves o f

a n g u la r  momentum 2 = 0 ,  1 ,  2 .......... .. t h e n  o n ly

th e  c o n t r i b u t i o n  due t o  b  waves i s  l i k e l y  t o  

i n t e r a c t  w i t h  th e  t a r g e t  n u c l e u s ,  and o n ly  th e  

s c a t t e r i n g  o f  t h e  b  wave com ponent n eed  be 

c o n s i d e r e d .  Thus th e  e f f e c t  o f  Coulomb s c a t t e r ­

i n g  c a n  be r e p r e s e n t e d  a p p r o x im a te ly  by  a  p la n e  

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

s y m m e tr ic a l  wave o f  s c a t t e r e d  d e u t e r o n s .  T h a t  i s
« I

± f  ux / where i s  t h e  wave f u n c t i o n  o f
th e  e m i t t e d  n e u t r o n s  i n  t h e  s im p le  
B u t l e r  d e u te r o n  s t r i p p i n g  t h e o r y  
and  ̂ i s  r e a l .



and "Vl = e  i s  r e a l  and in d e p e n d e n t
of 0  c o r r e s p o n d in g  t o  th e  £  
wave o f  s c a t t e r e d  deu terons"*  
and ^ i s  th e  p h ase  s h i f t  
be tw een  and ,

t h e n  = /vf+ V i  = ( y^/ +

where ^  i s  t h e  t o t a l  wave f u n c t i o n  f o r  t h e

e m i t t e d  n e u t r o n s ,

and ^  ^

2 , X f. . < T { & ) o i  + 2 ^ ^ Q o s  (f> +

i . e .  < r ( 9 )  o( f(© ) + 2 c o s ^ [ f (©)] + Z,

where f (G )  i s  th e  s im p le  B u t l e r  d e u te r o n  

s t r i p p i n g  c u r v e ;  K i s  in d e p e n d e n t  o f  G and 

d e c r e a s e s  w i th  i n c i d e n t  d e u te r o n  e n e rg y ;  c o s  ^  

may be e i t h e r  p o s i t i v e  o r  n e g a t i v e ,  and i s  

in d e p e n d e n t  of G, b u t  may v a r y  w i th  d e u te r o n  

e n e rg y  and from  one n e u t r o n  g ro u p  t o  a n o th e r  a t  

th e  same d e u te r o n  e n e rg y .

I n  te rm s  o f  t h i s  t h e o r y ,  t h e  p h a se  s h i f t  

f o r  th e  g ro u n d  s t a t e  t r a n s i t i o n  i n  th e  r e a c t i o n  

l lB ( d ,n ) ^ ^ C  a t  600 Kev i s s i n c e  t h e r e  i s  no 

i n d i c a t i o n  o f  th e  i n t e r f e r e n c e  te rm

2 [ z j ^ c o 8 ^ [ f ( © ] J ^

a l s o  K / f  (©) 2 ,  0  =:
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w hich  i n d i c a t e s  t h a t  th e  c o n t r i b u t i o n  from  £  

wave s c a t t e r e d  d e u te r o n s  i s  l a r g e .  The p h ase  

s h i f t  (f> f o r  th e  e x c i t e d  s t a t e  t r a n s i t i o n  c a n n o t  

be su ch  t h a t  o o s p  i s  z e r o ,  s in c e  th e  c u rv e  

r i s e s  i n  th e  b ack  d i r e c t i o n ,  . No

a t te m p t  h a s  b ee n  made t o  f i t  t h e  r e s u l t s  e x a c t l y  

by t h i s  t h e o r y ,  s i n c e  i t  i s  hoped  t h a t  f u r t h e r  

c a l c u l a t i o n s  (de Borde p r i v a t e  com m unica tion ) 

w i l l  g iv e  v a l u e s  f o r  K and re d u c e  th e  number o f  

unknown v a r i a b l e s  t o  one i n s t e a d  o f  tw o . However, 

q u a l i t a t i v e l y ,  i t  c a n  be s e e n  t h a t  th e  v a lu e  o f  

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

t r a n s i t i o n .

I n  a d d i t i o n  t o  th e  t h e o r y  by de B o rd e , 

o u t l i n e d  above , t h e r e  have b een  t h r e e  o th e r  

a t t e m p ts  r e c e n t l y  t o  d e r iv e  th e  Coulomb 

c o r r e c t i o n  i n  d e u te r o n  s t r i p p i n g .

A u s te rn  and  B u t l e r  (1954) and Yoccoz

(1954) have s t a t e d  t h a t  t h e  r e s u l t  o f  n u m e r ic a l  

c a l c u l a t i o n s  of t h e  e f f e c t  o f  Coulomb c h a rg e  i n  

d e u te r o n  s t r i p p i n g  i s  t o  show t h a t  t h e r e  i s  v e r y  

l i t t l e  e f f e c t .  No g e n e r a l i s e d  fo rm u la  o r  o t h e r  

r e a s o n  f o r  t h i s  s t a t e m e n t  i s  g iv e n ,  and th e



r e s u l t s  o b s e rv e d  by th e  a u th o r  and o t h e r s ,  

e s p e c i a l l y  f o r  t h e  r e a c t i o n  ^ H (d ,n )^ H e , a r e  

d e f i n i t e l y  n o t  c o n s i s t e n t  w i th  t h i s  v ie w .

A r e c e n t  a t t e m p t  t o  in c lu d e  Coulomb 

c h a rg e  e f f e c t s  i n  th e  o r i g i n a l  B u t l e r  d e u te r o n  

s t r i p p i n g  th e o r y  h a s  b ee n  made by G ra n t ,  I . P .

(1955) who g i v e s  a  g e n e r a l i s e d  fo rm u la  i n v o lv in g  

two a d d i t i o n a l  v a r i a b l e  p a ra m e te ; r s .  U n f o r t u n a t e l y ,  

th e  fo rm u la  i s  e x t r e m e ly  c o m p l ic a te d ,  and i t  i s  

s t a t e d  t h a t  i t  i s  v e r y  t e d i o u s  t o  compute r e s u l t s  

from  i t .  I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  th e  

two r e s u l t s  so  f a r  com puted by G ra n t  s u g g e s t  

t h a t  Coulomb c h a rg e  e f f e c t s  c a n  g r e a t l y  m o d ify  

th e  s h a p e s  o f  th e  c u r v e s .

E x a m in a t io n  o f  th e  e x i s t i n g  e x p e r im e n ta l  

r e s u l t s  s u g g e s t s  t h a t  i t  may be p o s s i b l e  t o  

e x p l a i n  a lm o s t  a l l  o f  th e  a n g u la r  d i s t r i b u t i o n s  

i n  r e a c t i o n s  o f  th e  ty p e  A (d ,n )A  + p i n  l i g h t  

e le m e n ts  by th e  B u t l e r  d e u te r o n  s t r i p p i n g  t h e o r y ,  

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

b a c k g ro u n d , a s  s u g g e s te d  by de B o rd e .  T here 

may, h ow ever, be one o r  two c a s e s  i n  w h ich  

s t r o n g  l e v e l s  o f  th e  compound n u c le u s  (A + d )*



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

t h e r e  s h o u ld  be e v id e n c e  f o r  th e  l e v e l  i n  th e  

y i e l d  c u rv e  f o r  th e  r e a c t i o n .  I t  seems p o s s i b l e  

t h a t  f u r t h e r  work a lo n g  th e s e  l i n e s  w i l l  p e r m i t  

th e  d ev e lo p m en t o f  a  d e t a i l e d  m a th e m a t ic a l  t h e o r y  

f o r  th e  Coulomb c o r r e c t i o n  t o  d e u te r o n  s t r i p p i n g  

f o r  p a r t i a l  w id th  m easu rem en ts  a t  h i g h  e n e r g i e s ,  

and t o  e x p l a i n  th e  r e s u l t s  a t  low e n e r g i e s .  T h is  

w i l l ,  how ever, r e q u i r e  many f u r t h e r  m easu rem en ts  

a t  d i f f e r e n t  d e u te r o n  e n e r g i e s  on d i f f e r e n t  

t a r g e t s .



CHAPTER 6 ,

The R e a c t io n  ^ ^ * ^ I (n ,2 n )^ ^ ^ I .

P a r i n g  t h e  e x p e r im e n t  d e s c r i b e d  i n  c h a p t e r  

4 , th e  sodium  io d id e  c r y s t a l  became r a d i o a c t i v e .

I t  i s  v e r y  u n l i k e l y  t h a t  sodium  io d id e  c r y s t a l s  

w i l l  o f t e n  be i r r a d i a t e d  i n  t h i s  m anner i n t e n t i o n ­

a l l y ,  b u t  t h e r e  w i l l  be o c c a s io n s  when, i n  th e  

c o u r s e  o f  an  e x p e r im e n t ,  an  u n a v o id a b le  a c t i v i t y  

w i l l  be b u i l t  up i n  a  sodium  io d id e  c r y s t a l  by  

f a s t  n e u t r o n s .  I t  i s  im p o r ta n t  t o  know th e  

c h a r a c t e r i s t i c s  o f th e  r a d i o a c t i v i t y  p ro d u c e d .

F o r  t h i s  r e a s o n ,  th e  decay  o f  th e  r a d i o a c t i v i t y  

p ro d u c e d  i n  th e  c r y s t a l  was o b s e rv e d  o v e r  a  

p e r i o d  o f one m on th . To a s s i s t  i n  th e  

i d e n t i f i c a t i o n  o f th e  a c t i v i t y  i n  th e  c r y s t a l  

a  sam ple o f  o r d i n a r y  io d in e  was i r r a d i a t e d

w i th  14 Mev n e u t r o n s  and  th e  r a d i o a c t i v i t y  

p ro d u c e d  was a n a ly s e d  and t h e  decay  o b s e rv e d  

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

The p u l s e  h e i g h t  s p e c tru m  from  th e  

sodium  i o d id e  c r y s t a l  was m easu red  a t  i n t e r v a l s  

o f  a  few d a y s ,  and a  t y p i c a l  s p e c tru m  i s  shown 

i n  f i g u r e  1 5 .  A d e t a i l s  d a n a l y s i s  o f  th e  d ecay  

r a t e  o f  e a c h  e le m e n t  i n  th e  s p e c tru m  was fo u n d
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t o  have a  l a r g e  u n c e r t a i n t y  due t o  s t a t i s t i c a l  

e r r o r ,  e l e c t r o n i c  d r i f t  and t h e  l a r g e  num ber o f 

e le m e n ts  p r e s e n t .  I t  seem ed, how ever, fro m  th e  

c u r v e s  t h a t  a l l  th e  e le m e n ts  i n  th e  sp e c tru m  

d ec ay ed  w i th  a  h a l f - l i f e  o f  t h e  o r d e r  15. + 3 .5  

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

i r r a d i a t i o n  c l e a r l y  showed t h a t  w h a te v e r  th e  

r a d i o a c t i v i t y  w as, i t  d ec ay ed  w i th  th e  e m is s io n  

o f  a  gamma r a y  of e n e rg y  675 + 5 Kev, un accom p an ied  

by an  e l e c t r o n .  T h is  i n d i c a t e d  t h a t  an  e l e c t r o n  

c a p tu r e  p r o c e s s  t o  an e x c i t e d  s t a t e  was in v o lv e d ,  

and an  e x a m in a t io n  of th e  v e r y  low e n e rg y  p u l s e  

sp e c tru m  fro m  th e  c r y s t a l  showed t h a t  X - r a y s  of 

e n e rg y  27 Kev were a p p e a r in g  i n  th e  c r y s t a l ,  

u naccom pan ied  by any o t h e r  i o n i s i n g  r a d i a t i o n .

The e n e rg y  o f  th e  X -ra y  was m e a su re d  by 

c o m p a r iso n  w i t h  th e  X -ra y s  f ro m  a  ra d iu m  D s o u r c e .  

Ex = 12 and 45 Kev. A t y p i c a l  s p e c tru m  i s  shown 

i n  f i g u r e  1 6 .  The r a t e  o f  d ecay  a p p e a re d  t o  be 

c o n s i s t e n t  w i t h  a  h a l f  l i f e  o f  13 days_^ These 

o b s e r v a t io n s  s u g g e s te d  an  e l e c t r o n  c a p tu r e  

p r o c e s s  t o  a  g round  s t a t e .

I n  a d d i t i o n  t o  th e  p ro m in e n t  gamma l i n e



a t  675 Kev, t h e r e  a p p e a re d  t o  he two low i n t e n s i t y  

gamma r a y s  a t  1 .4 2  + .0 1  Mev and 1 .7 2  + .0 1  Mev 

i n  th e  s p e c t r a  o f  f i g u r e  15 , w h ich  m ig h t  a l s o  he 

due t o  e l e c t r o n  c a p tu r e  t o  e x c i t e d  s t a t e s  o f

126o;e.

The s u b t r a c t i o n  o f  p u l s e s  due t o  a l l

t h r e e  gamma r a y s  i n  th e  s p e c t r a  was p o s s i b l e

u s i n g  p u l s e  sp e c tru m  sh a p e s  e x t r a p o l a t e d  from

th o s e  .o b se rv ed  u s i n g  a 137ces iu m  s o u rc e

(E = 677 Kev) and ^^sod ium  so u rc e  (E = 511 Kev

and 1 .2 7  M ev). When t h i s  was done , and th e

i n i t i a l  b ac k g ro u n d  was a l s o  s u b t r a c t e d ,  th e

shape  o f  th e  re m a in d e r  o f  t h e  s p e c tru m  was

r a t h e r  u n c e r t a i n ,  due t o  s t a t i s t i c a l  e r r o r .

However, on th e  a s su m p tio n  t h a t  i t  was due t o

an  e l e c t r o n  t r a n s i t i o n ,  i t  was p o s s i b l e  t o  f i x

th e  maximum e n e rg y  of th e  t r a n s i t i o n  a t  a

v a lu e  o f  1 .3  Mev.

The r a d i o a c t i v i t y  i n  th e  c r y s t a l  w as,
12^

t h e r e f o r e ,  a t t r i b u t e d  t o  t h e  d ecay  o f  I ,

s in c e  i t  was known ( M i t c h e l l  e t  a l ,  1949 , and
126P e r lm a n  and E r i e d l a n d e r ,  1951) t h a t  I  d ec a y s



w i th  a  h a l f  l i f e  o f  13 days (N u c le a r  D a ta )  

th r o u g h  e l e c t r o n  c a p tu r e  and b e t a  d e c a y

t o  s t a b l e  l^ ô q ^ e iiu r iu m  and ^^^X enon ( s e e  f i g u r e  

1 7 ) .

As a  f u r t h e r  ch e ck  t o  t h i s  i d e n t i f i c a t i o n ,  

a  sam ple of n o rm a l io d in e  was i r r a d i a t e d  w i t h  a  

v e r y  s t r o n g  f l u x  o f  14 Mev n e u t r o n s ,  and  th e  

i n t e n s e  r a d i o a c t i v i t y  p ro d u c e d  was a n a ly s e d  u s i n g  

th e  same sodium  io d id e  c r y s t a l .  I n  t h i s  a n a l y s i s  

o n ly  th e  gamma r a y  t r a n s i t i o n s  were o b s e rv e d ,  

s in c e  t h e  r a d i o a c t i v i t y  came fro m  o u t s id e  t h e  

c r y s t a l .  The c o u n t in g  r a t e s  in v o lv e d  were o f  

th e  o r d e r  one h u n d re d  t im e s  t h a t  due t o  t h e  

r e s i d u a l  a c t i v i t y  i n  th e  c r y s t a l .  T y p ic a l ,  gamma 

r a y  s p e c t r a  o b s e rv e d  a re  shown i n  f i g u r e  IÇ .  

O b s e r v a t io n s  e x te n d e d  o v e r  a  p e r i o d  o f  one m onth  

showed t h a t  th e  d e t a i l e d  shape  of t h e  p u l s e  

h e i g h t  d i s t r i b u t i o n  d id  n o t  c h a n g e ,  and th e  

t o t a l  r a d i o a c t i v i t y  d ecay ed  w i t h  a  h a l f  l i f e  

13 d a y s .  The gamma r a y s  o b s e rv e d  w ere , 

t h e r e f o r e ,  a t t r i b u t e d  t o  t r a n s i t i o n s  i n  th e  

d e c a y  o f  ^ ^ ^ I .  The two p ro m in e n t  l i n e s  i n  

f i g u r e  Iff (E = 370 + 10 Kev and  E = 650 + 10 Kev)
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c a n  be i d e n t i f i e d  w i th  gamma r a y  t r a n s i t i o n s  i n  

th e  b e t a  e m is s io n  and e l e c t r o n  c a p tu r e  b r a n c h e s  

r e s p e c t i v e l y .  A gamma r a y  o f  e n e rg y  382 Kev 

h a s  b ee n  o b s e rv e d  by P e r lm a n  and F r i e d l a n d e r  i n  

c o in c id e n c e  w i th  t h e  0 .8 5  Mev b e t a  s p e c tru m  o f  

1 2 6 1 .
T here  i s  a  s i g n i f i c a n t  d i f f e r e n c e  

b e tw een  th e  o b s e rv e d  gamma r a y  e n e r g i e s  o f t h e  

e l e c t r o n  c a p tu r e  t r a n s i t i o n  when i t  was o b s e rv e d  

from  th e  io d in e  i n  th e  c r y s t a l  (E = 675 + 5 Kev, 

f i g u r e  18) and f ro m  i o d in e  o u t s i d e  t h e  c r y s t a l  

(E = 650 ^  10 Kev, f i g u r e  1 5 ) .  T h is  d i f f e r e n c e  

i n  e n e rg y  o f 25 Kev c a n  be a t t r i b u t e d  t o  th e  

a d d i t i o n  i n  th e  c r y s t a l  o f a  gamma r a y  o f e n e rg y  

650 Kev and  a  ^^^Te X -ra y  o f  e n e rg y  23 Kev ( s e e  

f i g u r e  1 6 ) .

C o n c lu s io n s .

These o b s e r v a t io n s  were s u f f i c i e n t  t o  

show t h a t  when a  sodium  io d id e  c r y s t a l  i s  

e x p o sed  t o  f a s t  n e u t r o n s  o f  e n e rg y  n e a r  14  Mev, 

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

m onths a f t e r w a r d s  i s  e s s e n t i a l l y  due t o  t h e



decay  o f  w i t h  a  h a l f  l i f e  o f 13 d a y s ,

fo rm ed  i n  th e  r e a c t i o n  1 2 7 i ( n ,2 n ) 1 2 6 i ,  The 

b u lk  o f  th e  d ecay  p r o d u c t s  have  an  e n e rg y  

^  1 .3  Mev, p l u s  two weak gamma l i n e s  a t  1 .4 2  

Mev and 1 .7 2  Mev. ( b u t  s e e  M

The o t h e r  m ost l i k e l y  r e a c t i o n s  w h ich  

m ig h t have  c o n t r i b u t e d  t o  t h e  a c t i v i t y  a r e

^ ^ N a ( n ,2 n )^ % a  0 * =  1 3 .8  + mb. P re s tw o o d  (1955)
y  = 2*8 y e a r s  N u c le a r  D a ta .

23Na(n,p)^3iTe = 34 mb. P a u l  and C la r k  (1953)
Z  = 40 s e c s .  N u c le a r  D a ta .

2 3 n a (n ,d )2 0 p  ^  = n o t  o b s e rv e d  p r o b a b ly  50 mb.
Z  = 12 s e c s .  N u c le a r  D a ta .

23]jra(n, 2T)24Na «  n o t  o b s e rv e d  a t  14 Mev.
p ro b a b ly  v e r y  s m a l l .

7? = 15 h o u rs  N u c le a r  D a ta .

^^"^l(n,p)^^"^Te <r = 231 mb. (P a u l  an d  C la rk )
Z  = 90 days N u c le a r  D a ta .

123 ^
1 2 7 i ( n ,  c i  ) S b  = 1 8 .4  mb. (P a u l  and C la rk )

Z  = 21 m in u te s  N u c le a r  D a ta .

^^"^I(n , y  ) ^ ^ ^ I  c r  = n o t  o b s e rv e d  a t  14 Mev
p r o b a b ly  v e r y  s m a l l .

Z  -  25 m in u te s  N u c le a r  D a ta .

The o n ly  r e a c t i o n  w h ich  n e e d s  t o  be t a k e n  i n t o  

a c c o u n t  i s  a p p a r e n t l y  127I ( n , p ) 1^7T e , w h ich



w i l l  c o n t r i b u t e  a p p r o x im a te ly  5^ t o  th e  o b s e rv e d  

a c t i v i t y  i n  a  sodium  io d id e  i r r a d i a t e d  w i t h  14 MeV 

n e u t r o n s .  The v a lu e  o f  t h e  c r o s s  s e c t i o n  f o r  th e  

r e a c t i o n  1 2 7 i ( n ,2 n )  a t  14 MeV i s  o f 1 . 5  b a r n s ,  

and a c c o u n ts  f o r  95^ o f  th e  o b s e rv e d  a c t i v i t y .

NOTE ADDED IN PROOF.

A r e c e n t  m easurem ent o f  th e  r e s i d u a l  

a c t i v i t y  i n  t h e  sodium  io d id e  c r y s t a l  shows t h a t  

th e  two weak gamma l i n e s  a t  1 .42  MeV and 1.72  MeV 

i n  f i g u r e  15 c a n n o t  be a t t r i b u t e d  t o  t h e  d ecay  o f  

126l w i th  a  h a l f  l i f e  of 13 d a y s ,  s i n c e  t h e  

i n t e n s i t y  o f  t h e s e  l i n e s  r e l a t i v e  t o  th e  r e s t  o f  

t h e  sp e c tru m  i s  now c o n s i d e r a b l y  h i g h e r .  The 

r e l a t i v e  i n t e n s i t i e s  o f  th e  two l i n e s  h a s  n o t  

c h a n g e d .
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CHAPTER 7 .

Time o f  P l i g h t  P a s t  N e u t ro n  S p e c t r o m e te r .

N u c le a r  e m u ls io n s  a s  f a s t  n e u t r o n  s p e c t r o ­

m e te r s  r a p i d l y  I p s e  t h e i r  v a l u e  a t  n e u t r o n  e n e r g i e s  

l e s s  t h a n  3 Mev, due t o  l a c k  o f  e n e rg y  r e s o l u t i o n  

f ro m  s t r a g g l i n g  i n  t h e  s m a l l  r a n g e s  and  s c a t t e r ­

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

i n  t h e  e m u ls io n .  M easu rem en ts  o f  p u l s e  h e i g h t  

d i s t r i b u t i o n s ,  due t o  r e c o i l  p r o t o n s  i n  o rg a n ic  

s c i n t i l l a t o r s ,  aJLso have p o o r  e n e rg y  r e s o l u t i o n  

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

n e u t r o n  e n e rg y  d e c r e a s e s .  V ery  r e c e n t l y  a  new 

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

w i t h  a  h i g h  c o n c e n t r a t i o n  o f  3 h e l iu m , h a s  b e e n  

d e v e lo p e d  a t  A .E .R .E . ,  H a rw e l l  ( E n g la n d ) .  The 

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

p r o t o n s  f ro m  th e  r e a c t i o n  ( p ,n ) 3 n ,  Q =  770 K ev. 

Some p r e l i m i n a r y  d e t a i l s  g iv e n  a t  t h e  1955 

N e u tro n  P h y s i c s  C o n fe re n c e  a t  H a rw e l l  c a n  be 

sum m arised  h e r e .  E n e rg y  r e s o l u t i o n  lOÿG, m a in ly  

due t o  edge e f f e c t s ;  t h e  e f f i c i e n c y  i s  a  few  

p e r  c e n t ;  th e  c o s t  i s  £ 5 0 0 ,0 0 0 ,  due t o  th e  

c u r r e n t  p r i c e  o f  3h e l iu m ;  and a t  e n e r g i e s  above 

1 Mev t h e  p u l s e  h e i g h t  d i s t r i b u t i o n  i n c l u d e s



a  co m parab le  number o f  r e c o i l  ^ h e liu m  n u c l e i .  

W hile  t h i s  in s t r u m e n t  i s  an  im provem ent o v er  

o th e r  t e c h n i q u e s ,  th e  h i g h  c o s t  i s  l i k e l y  t o  

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

Time of f l i g h t  t e c h n iq u e  e x p l o i t i n g  th e  

sp ee d  and e f f i c i e n c y  o f  o rg a n ic  s c i n t i l l a t o r s  

o f f e r s ,  i n  p r i n c i p l e ,  good e n e rg y  r e s o l u t i o n  i n  

th e  e n e rg y  r e g i o n  3 Mev. The t im e  of f l i g h t  

t  p e r  m e tre  o f  p a t h  f o r  a  n e u t r o n  o f  e n e rg y  E 

i s  g iv e n  by t  = 7 2 .1  E "^  • 10"^  s e c s ,  and  th e  

tim e  r e s o l u t i o n  o f  s c i n t i l l a t i o n  c o u n te r

c o in c id e n c e  c i r c u i t s  l i e s  w i t h i n  10""®----- 10"^

s e c s ,  d e p e n d in g  on th e  r e q u i r e d  e f f i c i e n c y  o f 

c o in c id e n c e  d e t e c t i o n . a n d  th e  p h o t o m u l t i p l i e r s .

The t im e  o f  f l i g h t  t e c h n i q u e ,  d e s c r i b e d  

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

u se  w i th  th e  r e a c t i o n  3 n (d ,n )^ H e . E s s e n t i a l l y ,  

th e  te c h n iq u e  c o n s i s t s  o f  m e a s u r in g  th e  t im e  

d e la y  b e tw een  two p u l s e s  f ro m  s e p a r a t e  p h o to ­

m u l t i p l i e r s .  The f i r s t  p u l s e  i s  due t o  th e  

r e c o i l  a lp h a  p a r t i c l e  from  th e  t r i t i u m  r e a c t i o n  

d e t e c t e d  i n  ^  t h i n  s t i l b e n e  c r y s t a l .  The 

se c o n d  p u l s e  i s  due t o  a  r e c o i l  p r o t o n  i n  an



o rg a n ic  s c i n t i l l a t o r  a t  t h e  end  o f  th e  n e u t r o n  

f l i g h t  p a t h .  A p a r t  from  c e n t r e  o f  m ass e f f e c t s ,  

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

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

The s o l i d  a n g le  s u b te n d e d  by  th e  s t i l b e n e  c r y s t a l  

t o  th e  t r i t i u m  t a r g e t  d e f i n e s  a  s o l i d  a n g le  f o r  

n e u t r o n s  e m i t t e d  i n  c o in c id e n c e  w i th  d e t e c t e d  

a lp h a  p a r t i c l e s .  A " t a r g e t "  p l a c e d  w i t h i n  t h i s  

"beam" o f  n e u t r o n s  c a u s e s  th e  beam t o  be s c a t t e r e d .  

Gamma r a y s ,  and

n e u t r o n s  r e s u l t i n g  from  th e  s c a t t e r i n g  p r o c e s s e s  

i n  th e  " t a r g e t "  a r e  e m i t t e d ,  and c a n  be d e t e c t e d  

by th e  seco n d  o rg a n ic  s c i n t i l l a t o r ,  w h ich  i s  

p l a c e d  a t  a  p o s i t i o n  o u t  o f t h e  "beam" of 14  Mev 

n e u t r o n s .  ^The d i s t a n c e  b e tw e en  t h e  s c a t t e r i n g  

" t a r g e t "  and  th e  seco n d  s c i n t i l l a t o r  i s  th e  

e f f e c t i v e  f l i g h t  p a t h  f o r  m easu rem en ts  on t h e  

s c a t t e r i n g  p r o d u c t s .  By m e a s u r in g  th e  t im e  

d e la y  sp e c tru m  b e tw een  th e  p u l s e s  f ro m  th e  two 

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

n e u t r o n  e n e rg y  d i s t r i b u t i o n ,  i f  two f a c t o r s  a r e  

known a c c u r a t e l y .  These f a c t o r s  a r e ; -



(1) t h e  n -p  s c a t t e r i n g  c r o s s  s e c t i o n  i n  th e  
sec o n d  s c i n t i l l a t o r ,

(2) th e  e n e rg y  o f r e c o i l  p r o t o n  i n  th e  seco n d  
s c i n t i l l a t o r  w h ich  j u s t  f a i l s  t o  o p e r a te  
th e  t im e  d e la y  m e a s u r in g  d e v ic e  ( c o in c id e n c e  
u n i t ) •

The f i r s t  f a c t o r  i s  known v e r y  a c c u r a t e l y ,  and 

i s  d i s c u s s e d  i n  c h a p t e r  1 .  The sec o n d  f a c t o r  

c a n  he m easu red  e x p e r i m e n ta l ly  hy o b s e rv in g  t h e  

p u l s e  h e i g h t  d i s t r i b u t i o n  i n  th e  sec o n d  

s c i n t i l l a t o r ,  i n  c o in c id e n c e  w i t h  o u tp u t  p u l s e s  

from  th e  c o in c id e n c e  u n i t .  T h is  i s  done by 

o p e r a t i n g  t h e  c o in c id e n c e  u n i t  fro m  th e  

c o l l e c t o r s  o f  b o th  m u l t i p l i e r s  and m e a s u r in g  

th e  p u l s e  h e i g h t  d i s t r i b u t i o n  a p p e a r in g  on e a r l i e r  

dynodes s t a g e s .  To a c h ie v e  l i n e a r i t y  i n  th e  

o b s e rv e d  p u l s e  sp e c tru m , t h e  t h i r d  o r  f o u r t h  

dynode s t a g e  h a s  b ee n  fo u n d  s u i t a b l e .

U s in g  th e  known r e s p o n s e  c u rv e  f o r  

o rg a n ic  s c i n t i l l a t o r s ,  d i s c u s s e d  i n  c h a p t e r  1 ,  

i t  i s  p o s s i b l e  t o  m easure  th e  c u t  o f f  u s i n g  

c o i n c id e n c e s  from  a n n i h i l a t i o n  r a d i a t i o n .  The 

u se  o f  gamma r a y  s o u rc e s  i s  o f  c o n s i d e r a b l e  

h e l p ,  and i s  s t r o n g l y  a d v i s e d  i n  s e t t i n g  up 

a p p a r a tu s  b e f o r e  e x p e r im e n ts  on n e u t r o n s  w h ich



r e q u i r e  t h e  o p e r a t i o n  of d e u te r o n  a c c e l e r a t o r s ^  

and th e  u s e  o f  c o s t l y  t r i t i u m  t a r g e t s  w i t h  

d a n g e ro u s  n e u t r o n  f l u x e s .

The c i r c u i t  o f  t h e  s im p le  c o in c id e n c e  

u n i t  d e v e lo p e d  hy th e  a u th o r  t o  a l lo w  s i m u l t ­

an eous  m easu rem en ts  o f t im e  d e l a y s  o v e r  th e  

r e g i o n  0 -  10"7 s e c .  i n  s t e p s  o f  10""9 s e c .  i s  

g iv e n ,  and i t s  o p e r a t io n  e x p l a i n e d ,  i n  th e  

A ppend ix . F o r  c o n v e n ie n c e ,  i t  i s  c a l l e d  

h e re  —  th e  t im e  c o n v e r t e r .  The b a s i s  o f  

t h i s  m ethod  o f  m u l t i c h a n n e l  t im e  d e la y  a n a l y s i s  

i s  t h a t  a  s i n g l e  o u tp u t  p u l s e  i s  p ro d u c e d  by 

th e  t im e  c o n v e r t e r  f o r  e a c h  p a i r  o f  d e la y e d  

p u l s e s  from  th e  two s c i n t i l l a t i o n  c o u n t e r s .

The h e i g h t  ( i n  v o l t s )  o f  th e  s i n g l e  o u tp u t  

p u l s e  i s  l i n e a r l y  r e l a t e d  t o  th e  tim e  d e l a y  

( i n  m i l l im ic r o s e c o n d s )  b e tw e e n  th e  p a i r  o f  

i n p u t  p u l s e s , a n d  a  t r i v i a l  p u l s e  o u tp u t  i s  

o b s e rv e d  when t h i s  t im e  d e l a y  i s  g r e a t e r  t h a n  

1 0 -7  s e c .  (The v a lu e  o f  10 -7  q u o te d  h e r e  i s  

e a s i l y  ch an g ed  i f  r e q u i r e d ) . Thus th e  t im e  

d e la y  s p e c tru m  i n  th e  p a i r s  o f p u l s e s  from  

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



a  p u l s e  h e i g h t  d i s t r i b u t i o n  w h ich  c a n  be a n a ly s e d  

by p u l s e  h e i g h t  a n a l y s e r s .  The H u tc h in s o n -  

S c a r r o t  (1951) p u l s e  h e i g h t  a n a l y s e r  was u s e d  by  

th e  a u th o r  t o  o b t a i n  100 c h a n n e l s ,  e a c h  c h a n n e l  

c o r r e s p o n d in g  t o  a  tim e  d e la y  o f  10 "9  s e c .  o v e r  

th e  ra n g e  0 -  10""^ s e c .  T h is  t e c h n iq u e  was 

d e v e lo p e d  f o l l o w i n g  p r e l i m i n a r y  m easu rem en ts  o f  

t im e  d e l a y s  by th e  a u t h o r ,  u s i n g  a s im p le  h ig h  

sp e e d  t im e  b a s e  on an  o s c i l l o s c o p e  ( s e e  A ppendix)

Time C a l i b r a t i o n

I n  th e  A ppendix  i t  i s  shown t h a t  th e  

p u l s e  o u tp u t  V fro m  th e  t im e  c o n v e r t e r  and th e  

t im e  d e la y  t  o f  n e u t r o n s  i n  th e  f l i g h t  p a t h  a r e  

r e l a t e d  by th e  e q u a t i o n

Y  c< To -  t ,

w here Tq i s  a t im e  d e p e n d in g  on th e  d i s t a n c e s  

of th e  s c a t t e r i n g  " t a r g e t "  and th e  s t i l b e n e  

c r y s t a l  t o  th e  s o u rc e  o f 14 Mev n e u t r o n s ,  and 

on th e  l e n g t h  o f  t h e  d e la y  c a b le  i n s e r t e d  b e tw e en  

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

d e t e c t  n e u t r o n s  and th e  c o r r e s p o n d in g  in p u t  t o  

th e  tiÿ ie  c o n v e r t e r .



U sin g  c o i n c i d e n c e s  p ro d u c e d  by th e  

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

i t i o n  i n  ® ^ c o b a lt  d e t e c t e d  i n  two l i q u i d  

(x y le n e  + t e r p h e n y l )  s c i n t i l l a t o r s  ( 2" x  2 "  x  2")

th e  l i n e a r i t y  o f  V a s  a  f u n c t i o n  o f  To was 

m e a s u re d .  F ig u r e  19 shows th e  p u l s e  h e i g h t  

d i s t r i b u t i o n  f ro m  th e  t im e  c o n v e r t e r  f o r  a  

f i x e d  v a lu e  o f  To, and  th e  v a r i a t i o n  o f th e  mean 

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

c a b l e ,  g i v i n g  d i f f e r e n t  v a l u e s  o f  To* The 

c a b le  em ployed h e r e  was i n s u l a t e d  by p o ly th e n e  

and h ad  a  v e l o c i t y  o f  p r o p a g a t io n  o f  2 .1 0 ^ ^  

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

U s in g  t h i s  c a l i b r a t i o n  c u r v e ,  th e  

v e l o c i t y  o f  gamma r a y s ,  fro m  th e  p o s i t r o n  s o u rc e  

22sod ium , was m e a s u re d .  The two l i q u i d  

s c i n t i l l a t o r s  were s e p a r a t e d  by a b o u t  two m e t r e s  

and th e  s h i f t  i n  th e  p e a k  on th e  p u l s e  h e i g h t  

a n a l y s e r  p ro d u c e d  by s h i f t i n g  th e  s o u rc e  fro m  

one s c i n t i l l a t o r  t o  th e  o t h e r  was com pared w i th  

t h a t  p ro d u c e d  by a  known l e n g t h  o f  i n s e r t e d  d e la y  

c a b l e .  F ig u r e  20 shows th e  p e a k s  o b s e rv e d .

The v a lu e  o f C f o r  gamma r a y s  o b ta in e d  i n  

t h i s  way by c a r e f u l  s t a t i s t i c a l  a n a l y s i s  i s



3*09 + *23 10^^ c m s . / s e c .  The l a r g e  e r r o r  i s  

due t o  th e  p o o r  s t a t i s t i c s .

U s in g  th e  r e a c t i o n  3 H ( d , n ) ^ e  and 

d e t e c t i n g  r e c o i l  ^ h e liu m  n u c l e i  and e m i t t e d  14 

Mev n e u t r o n s  a t  d i f f e r e n t  d i s t a n c e s  t o  th e  t a r g e t  

th e  v e l o c i t y  v ^  of 14 Mev n e u t r o n s  and v^  

o f  3*5 Mev a lp h a  p a r t i c l e s  was m easu red  t o  

e s t a b l i s h  w h e th e r  th e  d e la y  c a b le  p r o p a g a t io n  

c o n s t a n t  c o u ld  be u s e d  w i th  c o n f id e n c e  t o  

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

v a l u e s  o f Vn and v ^  o b s e rv e d  a g r e e d  w i t h i n  

an  e r r o r  o f  one o r  two p e r  c e n t  (a lm o s t  th e  

s t a t i s t i c a l  e r r o r )  w i th  th e  v a lu e  o f  th e  c a b le  

v e l o c i t y  q u o te d  ab o v e . I n  a d d i t i o n ,  th e  d e l a y  

o b s e rv e d  f o r  two p o s i t i o n s  o f  th e  n e u t r o n  

d e t e c t o r  a p p e a re d  t o  i n d i c a t e  t h a t  V v a r i e d  

l i n e a r l y  w i t h  t .  The p eak  o b s e rv e d  f o r  n e u t r o n -  

a lp h a  c o in c i d e n c e s  a t  a  f i x e d  v a lu e  o f  Tq 

and t ,  w i th  t h e  n e u t r o n  d e t e c t o r  i n  th e  

c o in c id e n c e  "beam" i s  shown i n  an  i n s e t  o f 

f i g u r e  22 i n  th e  f o l lo w in g  c h a p t e r .



Time R e s o l u t i o n

The t im e  r e s o l u t i o n  i n  th e  p ea k  i n  

f i g u r e  22 and o f t h a t  p ro d u c e d  hy gamma r a y  

c o i n c i d e n c e s ,  shown i n  f i g u r e  1 9 , i s  o f  t h e  

o r d e r  10"®s e c . By s e l e c t i n g  p u l s e s  w i t h i n  a 

l i m i t e d  ra n g e  o f h e i g h t  on e a c h  o f  t h e  two 

c o l l e c t o r s  and a r r a n g in g  t h a t  c o i n c i d e n c e s  

w ere c o u n te d  o n ly  when th e y  w ere due t o  p u l s e s  

w i t h i n  t h i s  ra n g e  th e  r e s o l u t i o n  was im proved  

o n ly  a t  th e  ex p en se  o f a  d r a s t i c  r e d u c t i o n  i n  

th e  o v e r a l l  e f f i c i e n c y  o f  c o in c id e n c e  c o u n t i n g .  

I t  seems p ro b a b le  t h a t  th e  r e s o l u t i o n  o b s e rv e d  

h e r e  w ould  be im proved  w i th o u t  s a c r i f i c i n g  

e f f i c i e n c y  by u s i n g  B .C .A . 5819 p h o t o m u l t i p l i e r s  

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

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

o b se rv e d  w id th  f o r  E .M .I .  t u b e s  i s  due t o  t h e i r  

c h a r a c t e r i s t i c  b an d w id th  f o r  h ig h  f r e q u e n c i e s  

b e in g  .^ 1 0 0  m e g a c y c le s .

A f t e r  th e  c o n c lu s io n  o f  th e  work 

d e s c r i b e d  i n  t h i s  c h a p te r  and th e  n e x t ,  O’ N e i l l  

(1954) p u b l i s h e d  a n  a c c o u n t  o f  an  in d e p e n d e n t  

d ev e lo p m en t and a p p l i c a t i o n  o f  an  a lm o s t



i d e n t i c a l  t e c h n i q u e .  The te rm  tim e  c h ro n o m e te r  

i s  u s e d  by O’ N e i l l  i n s t e a d  o f  t im e  c o n v e r t e r ,  and 

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

h e i g h t s  i s  n o t  u s e d  f o r  tim e m e a su re m e n ts .  Only 

9 c h a n n e l s  a re  a v a i l a b l e  w i th  a  t im e  r e s o l u t i o n  

o f  4 * 7 .1 0 "^  s e c .  e a c h ,  i n  O’ N e i l l ’ s m ethod , i n  

c o n t r a s t  w i t h  100 c h a n n e ls  and  10"9  s e c .  i n  th e  

m ethod  d e s c r i b e d  h e re  by th e  a u t h o r .

R e c e n t l y ,  S nyder and  P a r k e r  (1954) have m easu red  

n e u t r o n  t im e  d e l a y s  o v e r  a  f l i g h t  p a t h  of t e n  m e t r e s  by 

p u l s i n g  t h e  d e u te r o n  beam i n  a  C o c k c r o f t -W a l to n  a c c e l e r ­

a t o r  a t  a  f r e q u e n c y  o f two m e g a c y c le s  and  w i t h  a  p u l s e  

d u r a t i o n  o f  10"^  s e c .  The t e c h n i c a l  p ro b le m  of

m e a su r in g  n e u t r o n  e n e r g i e s  i s  e s s e n t i a l l y  th e

same and th e  r e s u l t s  o b ta in e d  i n  th e  c o u r s e  o f

th e  r e s e a r c h  d e s c r i b e d  h e re  a r e  o f  i n t e r e s t

i n  c o n n e c t io n  w i t h  u s i n g  r e a c t i o n s  o f th e  ty p e

A (d ,n )A  + p w i t h  p u l s e d  d e u te r o n  s o u r c e s ,  a s
0 4

w e l l  a s  w i t h  th e  p a r t i c u l a r  r e a c t i o n  H (d ,n )  He, 

i n  w h ich  t h e r e  i s  a  c o n v e n ie n t  r e c o i l  p a r t i c l e  

t o  i n d i c a t e  t im e  z e r o .  The m ain  draw back  t o  

u s i n g  r e c o i l  p a r t i c l e s  i s  t h a t  o n ly  one n e u t r o n



/sy

i s  e m i t t e d  f o r  e a c h  tim e z e ro  p u l s e ,  w h i le  o n ly  

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

a r e  d e t e c t e d .  T h is  draw back  i s  overcome u s i n g  

a p u l s e d  i n t e n s e  beam of d o u te r o n s ,  and  i t  seems 

l i k e l y  t h a t  f u r t h e r  d ev e lo p m en ts  w i l l  be made 

a lo n g  th e s e  l i n e s .
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CHAPTER 8 .

The E n e rg y  S pec trum  o f  N e u tro n s  f o l l o w in g  
S c a t t e r i n g  of 14 Mev N e u tro n s  i n  A lum inium .

G i t t i n g s  e t  a l  (1949) and P h i l l i p s  e t  a l

(1952) have u s e d  t h r e s h o l d  d e t e c t o r s  t o  e s t i m a t e  

c r u d e ly  th e  e n e rg y  d i s t r i b u t i o n  o f  n e u t r o n s  

f o l lo w in g  th e  s c a t t e r i n g  o f 1 4 to 15 Mev n e u t r o n s  

i n  s e v e r a l  e le m e n ts ,  i n c lu d in g  a lu m in iu m . They 

e s t i m a t e  t h a t  m ost o f  th e  i n e l a s t i c  n e u t r o n s  a r e  

s c a t t e r e d  w i th  e n e r g i e s  l e s s  t h a n  3 Mev. T h is  

r e s u l t  i s  c o n f i m e d  by  o b s e r v a t io n s  o f  S t e l s o n  

and Goodman (1 9 5 0 ) ,  and Whitmore and  D en n is  (1951) 

u s in g  n u c l e a r  e m u ls io n s .

The e m is s io n  o f  i n e l a s t i c a l l y  s c a t t e r e d  

n e u t r o n s  h a s  b ee n  s t u d i e d  t h e o r e t i c a l l y  by  

W e issk o p f  ( B l a t t  and W e is sk o p f ,  p . 3 6 6 ) who have 

shown t h a t  on th e  b a s i s  o f  th e  E v a p o r a t io n  m odel 

and u n d e r  th e  c o n d i t i o n s  of a  v e r y  l a r g e  number 

o f  l e v e l s  i n  th e  f i n a l  n u c l e u s ,  t h e  e n e rg y  

s p e c tru m  of e m i t t e d  n e u t r o n s  s h o u ld  be g iv e n  by

^  E e

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

n u c le u s  ( i n  th e  c a se  of n e u t r o n  s c a t t e r i n g ,  th e  

f i n a l  n u c le u s  i s  th e  t a r g e t  n u c l e u s )  and i t s



v a lu e  i s  u n c e r t a i n  i n  th e  t h e o r y  due t o  t h e  l a c k  

o f d a t a  on e n e rg y  l e v e l s  a t  h ig h  e x c i t a t i o n  e n e r g i e s .  

The a v a i l a b l e  in f o r m a t io n  (A jz e n b e rg  and L a u r i t s e n  

1952 , 1955) on th e  l e v e l  s t r u c t u r e  a t  h ig h  e n e r g i e s  

s u g g e s t s  t h a t  ev e n  i n  medium and f a i r l y  l i g h t  

n u c l e i  th e  l e v e l  d e n s i t y  may be s u f f i c i e n t l y  l a r g e  

f o r  th e  e q u a t i o n  g iv e n  above t o  h o ld  f o r  i n e l a s t i c  

n e u t r o n  e m is s io n  f o l lo w in g  t h e  s c a t t e r i n g  o f  14 

Mev n e u t r o n s .  The e q u a t io n  i s  o n ly  e x p e c te d  t o  

be f o l lo w e d  where e i t h e r  th e  l e v e l s  o v e r la p  o r  

th e  e n e rg y  r e s o l u t i o n  i s  n o t  s u f f i c i e n t l y  good 

t o  r e s o l v e  d i s c r e t e  l e v e l s .

The p u rp o se  o f th e  e x p e r im e n t  d e s c r i b e d  

i n  t h i s  c h a p t e r  was t o  d i s c o v e r  w h e th e r  i t  i s  

p r a c t i c a l  t o  m easu re  t h e  i n e l a s t i c  n e u t r o n  

sp e c tru m  f o l lo w in g  th e  s c a t t e r i n g  o f  14 Mev 

n e u t r o n s  i n  a lum in ium  u s i n g  th e  t im e  o f  f l i g h t  

t e c h n iq u e  d e s c r i b e d  in  th e  p r e v i o u s  c h a p t e r ,  

and i f  p o s s i b l e  t o  r e l a t e  t h e  low  e n e rg y  

d i s t r i b u t i o n  t o  th e  p r e d i c t i o n s  o f  th e  W e issk o p f  

e v a p o r a t i o n  m o d e l.



N e u tro n  "Beam"

The i n t e n s i t y  c o n to u r s  o f  t h e  14 Mev 

n e u t r o n  "beam "*form ed by o b s e r v in g  c o in c i d e n c e s  

b e tw een  r e c o i l  a lp h a  p a r t i c l e s  and  e m i t t e d  

n e u t r o n s  from  a  t h i c k  t r i t i u m  t a r g e t  bom barded 

by 200 Kev d e u te r o n s  a re  shown i n  f i g u r e  21 , 

t o g e t h e r  w i th  th e  a n g u la r  s i z e  o f  th e  a lp h a  

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

Aluminium " T a rg e t"

The t a r g e t  c o n s i s t e d  o f  two p i e c e s  o f 

a lu m in iu m , e a c h  one c e n t i m e t r e  t h i c k ,  p l a c e d  i n  

th e  p o s i t i o n  i n d i c a t e d  i n  f i g u r e  2 1 .  T h is  t h i c k ­

n e s s  was c h o s e n  t o  be l e s s  t h a n  th e  mean f r e e  

p a t h  o f  e m i t t e d  n e u t r o n s .

N e u tro n  D e t e c t o r

The n e u t r o n  d e t e c t o r  was a  g l a s s  b o t t l e  

2" X 2" X 2 " ,  c o n t a i n i n g  a  x y l e n e - t e r p h e n y l  

m ix tu r e ,  m ounted  on a  1 4 - s t a g e  E .M .I .  p h o to ­

m u l t i p l i e r  ty p e  number 6262 .

The n e u t r o n  d e t e c t o r  was p l a c e d  a t  an  
0

a n g le  o f  45 t o  t h e  t a r g e t  i n  th e  p la n e  o f  th e  

n e u t r o n  "beam" and th e  c o in c id e n c e  t im e  sp e c tru m



m easu red  w i t h  " t a r g e t "  i n  and " t a r g e t "  o u t .  The 

b ac k g ro u n d  w i th  t a r g e t  o u t  was o f  t h e  o r d e r  o f  

205S o f  th e  t r u e  s c a t t e r e d  c o u n t i n g  r a t e ,  and  i s  

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

room and ch a n ce  c o in c id e n c e s  b e tw e en  a lp h a  

p a r t i c l e s  and  n e u t r o n s  from  th e  t a r g e t .  The 

o b s e rv e d  p u l s e  h e i g h t  d i s t r i b u t i o n  from  th e  

t im e  c o n v e r t e r  i s  shown i n  f i g u r e  2 2 .  To 

c o n v e r t  t h i s  t im e  sp e c tru m  i n t o  an  e n e rg y  

sp e c tru m  i t  i s  n e c e s s a r y  t o  know th e  v a r i a t i o n  

o f  n -p  c r o s s  s e c t i o n  w i th  n e u t r o n  e n e rg y  and  

th e  p r o t o n  e n e rg y  w h ich , d i s s i p a t e d  i n  t h e  

s c i n t i l l a t o r ,  j u s t  f a i l s  t o  o p e r a t e  th e  t im e  

c o n v e r t e r .  T h is  i s  m easu red  by o b s e rv in g  th e  

p u l s e  h e i g h t  d i s t r i b u t i o n  i n  th e  n e u t r o n  

d e t e c t o r  g a t e d  by c o in c id e n c e  b e tw e en  i t  and  

an  i d e n t i c a l  l i q u i d  s c i n t i l l a t o r  f o r  gamma r a y s  

from  N a^^. The v a lu e  o f  t h e  c u t  o f f  i n  p r o t o n  

e n e rg y ,  u s i n g  th e  e l e c t r o n - p r 01on r e s p o n s e  

c u r v e s  o f  c h a p t e r  1 , was 450 Kev. By co m b in in g  

t h i s  w i th  th e  n -p  c r o s s  s e c t i o n  and a n g u la r  

d i s t r i b u t i o n  d a t a  of B l a t t  and J a c k s o n  (1 9 4 9 ) ,  

and assum ing  t h a t  th e  i n e l a s t i c  n e u t r o n s  i n



the . e n e rg y  r e g i o n  1 —  3 Mev h ave  a  c o n t in u .one 

d i s t r i b u t i o n ,  th e  i ^ u t r o n  e n e rg y  sp e c tru m  i s  . 

o b ta in e d *  An i n s e t  of f i g u r e  22 shows a  p l o t

E ‘ Ë

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

g ra p h  d e f i n e s  th e  q u a n t i t y  T* The r e g i o n  o f  

t im e  d e l a y s  in v o lv e d  i s  i n d i c a t e d  by th e  a r ro w s  

i n  f i g u r e  22*

D i f f r a c t i o n  P eak  i n  th e  A n g u la r  D i s t r i b u t i o n  
o f  E l a s t i c a l l y  S c a t t e r e d  N e u t r o n s *

A d i s c r i m i n a t o r  and s c a l e r  b i a s e d  o f f  t o  

c o u n t  o n ly  p u l s e s  from  th e  t im e  c o n v e r t e r  c o r r e s ­

p o n d in g  t o  th e  e l a s t i c a l l y  s c a t t e r e d  n e u t r o n  p ea k  

i n  f i g u r e  21 was u s e d  to  i n v e s t i g a t e  th e  v a r i a t i o n

o f  CJi (©() i n  th e  r e g i o n  = 55^------ 85°* The

o b s e rv e d  v a r i a t i o n  o f  th e  c o u n t in g  r a t e  i n  th e  

s c a l e r  i s  shown i n  f i g u r e  2 3 * F o r  t h e s e  

m easu rem en ts  th e  s o l i d  single o f  t h e  a lp h a  

p a r t i c l e  d e t e c t o r  t o  th e  t r i t i u m  t a r g e t  was 

r e d u c e d  by m oving i t  f u r t h e r  away, and a  t h i n  

50 Kev t r i t i u m  t a r g e t  was bom barded a t



200 Zev t o  fo rm  a  c o in c id e n c e  n e u t r o n  "beam" 

c o n s i d e r a b l y  n a r ro w e r  t h a n  t h a t  u s e d  i n  th e  

e n e rg y  d i s t r i b u t i o n  e x p e r im e n t .  The a n g le s  

a t  w h ich  m easu rem en ts  were t a k e n  w ere s e l e c t e d  

b e c a u se  o f  th e  d i f f i c u l t y  i n  m aking  m easu rem en ts  

a t  s m a l l  a n g le s  t o  t h e  i n c i d e n t  n e u t r o n  "beam" 

and b e c a u se  a  s im p le  c a l c u l a t i o n  on th e  b a s i s  o f  

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

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

maximum i n  th e  d i f f r a c t i o n  p a t t e r n  s h o u ld  a p p e a r  

i n  t h i s  r e g i o n .  The a n g u la r  r e s o l u t i o n  due t o  

th e  a n g u la r  s i z e  o f  th e  n e u t r o n  "beam" and th e  

s o l i d  a n g le  s u b te n d e d  by t h e  n e u t r o n  d e t e c t o r  

a r e  shown i n  th e  f i g u r e .

D i s c u s s i o n  o f  R e s u l t s

P ro b a b ly  th e  m ost s i g n i f i c a n t  r e s u l t  o f  

t h i s  e x p e r im e n t  i s  t h a t  a  new t e c h n iq u e  f o r  

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

n e u t r o n  "beam" i s  s e e n  t o  be c a p a b le  o f  g i v i n g  

q u a n t i t a t i v e  r e s u l t s .

The m easu rem en ts  o f  th e  a n g u l a r  v a r i a t i o n  

o f  o r  a r e  o n ly  s i g n i f i c a n t  i n  i n d i c a t i n g



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

c o n f i r m a t i o n  o f t h e  e x t e n s i v e  a c c u r a t e  m ea su re ­

m en ts  o f  Coon e t  a l  (1955 p r i v a t e  c o m m u n ic a t io n ) .  

The c u rv e  i n  f i g u r e  23 i s  drawn u s i n g  th e  r e c e n t  

t h e o r y  o f  F e rh h a c h  e t  a l  (1955 u n p u b l i s h e d  r e p o r t ) ,  

w h ich  i s  d i s c u s s e d  i n  c h a p t e r  9 .  The m ethod

u s e d  by Coon e t  a l  i s  v e r y  s i m i l a r  t o  t h a t

d e s c r i b e d  i n  c h a p t e r  1 ,  and i s  much s u p e r i o r  t o  

tim e  o f  f l i g h t  m etho ds  f o r  m easu rem en ts  of 

e l a s t i c  s c a t t e r i n g  a t  t h i s  n e u t r o n  e n e rg y  (14 M ev).

The r e s u l t s  o b se rv e d  by  C ra v e s  and R osen

( 1 9 5 3 ) f u s in g  n u c l e a r  e m u ls io n s ,  and  0*R e i l l

(1 9 5 4 ) ,  u s i n g  t im e  of f l i g h t , a r e  shown i n  th e

i n s e t  of f i g u r e  22 on th e  l o g  p l o t  f o r  th e

n u c l e a r  t e m p e r a tu r e .  The v a l u e s  o f  T o b se rv e d  

a re  o f  th e  same o r d e r  o f  m ag n itu d e  a s  i s  e x p e c te d  

fro m  th e  E v a p o r a t io n  M odel, w h ich  d o es  n o t  c l a im  

p r e c i s i o n  due t o  l a c k  o f  d a t a  on l e v e l  d e n s i t i e s .

A p o s s i b l e  c o n t r i b u t i o n  fro m  t h e  (n ,2 n )  r e a c t i o n  

h a s  b e e n  ig n o r e d .  However, th e  r e s u l t s  

o b s e rv e d  add  s u p p o r t  t o  t h e  c o n c e p t  o f  th e  

E v a p o r a t io n  Model and i n d i c a t e  t h a t  t im e  o f  

f l i g h t  t e c h n iq u e  i s  c a p a b le  o f  a t  l e a s t  g i v i n g



r e s u l t s  a s  good a s  th o s e  o b ta in e d  u s i n g  n u c l e a r  

e m u ls io n  t e c h n i q u e . As c o n f id e n c e  i n  t e c h n i q u e s  

em p lo y in g  s c i n t i l l a t i o n  c o u n t e r s  i n c r e a s e s ,  i t  

seems p ro b a b le  t h a t  t im e  of f l i g h t  w i l l  be u s e d  

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

s u b s e q u e n t  im provem ent i n  e n e rg y  r e s o l u t i o n ,  

w h ich  w i l l  a l lo w  more d e t a i l e d  e x a m in a t io n  o f  

low e n e rg y  n e u t r o n  s p e c t r a .
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CHAPTER 9»

R e a c t i o n s  o f t h e  Type A (d ,n )A  + p  i n  L ig h t  
E le m e n ts  a s  a  S ou rce  o f  F a s t  N e u tro n s  f o r  
S c a t t e r i n g  an d  A b s o r p t io n  E x p e r im e n ts .

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

some r e c e n t  d e v e lo p m e n ts  i n  th e  i n t e r p r e t a t i o n  o f  

f a s t  n e u t r o n  e x p e r im e n ts  and t o  s u g g e s t  how th e  

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

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

d e v e lo p e d  i n  th e  c o u r s e  o f  t h e  r e s e a r c h  by th e  

a u t h o r ,  c a n  be u s e d  w i th  a d v a n ta g e  i n  f u t u r e  

in v e  s t i g a t i o n s •

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

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

n e u t r o n s  i s  due t o  F e sh b a c h  (1 9 4 9 ) ,  and i s  b a s e d  

on th e  c o n c e p t  o f  th e  compound n u c l e u s  (N. B ohr) 

d i s c u s s e d  i n  th e  I n t r o d u c t i o n .  The e a r l y  t h e o r y  

(1949 ) c a n  be s t a t e d  a s  f o l l o w s  -  i n c i d e n t  f a s t  

n e u t r o n s  a r e  r e p r e s e n t e d  s t a t i s t i c a l l y  by  a  

p la n e  wave w h ich  i s  p a r t i a l l y  r e f l e c t e d  a t  t h e  

s u r f a c e  o f  t h e  t a r g e t  n u c le u s  A. A n e u t r o n  

c o r r e s p o n d in g  t o  th e  f r a c t i o n  o f  t h e  wave t r a n s ­

m i t t e d  th r o u g h  th e  s u r f a c e  i s  assum ed t o  s h a re  

i t s  e n e rg y  w i th  t h e  n u c le o n s  and fo rm  a  compound



n u c le u s  im m e d ia te ly .  The d ec ay  o f  th e  compound 

n u c l e i  t h u s  fo rm ed  can  o c c u r  t h r o u g h  any e n e r g e t ­

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

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

s c a t t e r i n g  c r o s s  s e c t i o n  i s  e x p e c te d  t o  be m a in ly  

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

( p o t e n t i a l  s c a t t e r i n g )  p l u s  a  u s u a l l y  s m a l l  

c o n t r i b u t i o n  due to  th e  decay  o f  compound n u c l e i .  

The t h e o r y  was an  a t te m p t  t o  p r e d i c t  t o t a l  c r o s s  

s e c t i o n s ,  r e a c t i o n  and e l a s t i c  c r o s s  s e c t i o n s  f o r  

f a s t  n e u t r o n s .  I t  was n o t  c o n c e rn e d  w i t h  a  

s tu d y  o f  i n d i v i d u a l  l e v e l s  b u t  w i th  th e  g r o s s  

s t r u c t u r e  p ro b le m  of t h e  mean e f f e c t i v e  p o t e n t i a l  

Y q I n  a  n u c le u s  o f  r a d i u s  R f o r  in co m in g  f a s t  

n e u t r o n s .  I t  i s ,  t h e r e f o r e ,  e x p e c te d  t o  be 

more a p p l i c a b l e  t o  medium and h ea v y  t a r g e t  n u c l e i  

and  t h a t  r e s u l t s  showing s h a rp  r e s o n a n c e s  due t o  

l e v e l s  i n  t h e  compound n u c l e u s  (A + n) m ust be 

sm oothed  o u t  b e f o r e  c o m p a r iso n  w i t h  th e  p r e d i c t i o n s  

o f  t h e  t h e o r y .

The m easu rem en ts  o f B a r s o h a l l  e t  a l  

(1952 ) and o t h e r s  o f  t o t a l  n e u t r o n  c r o s s  s e c t i o n s  

i n  th e  ra n g e  1 — 15 Mev show t h a t  th e  sm oothed 

o u t  v a l u e s  v a r i e d  s lo w ly  and c o n t i n u o u s l y  a s  a



f u n c t i o n  o f  a tom ic  w e ig h t  and n e u t r o n  e n e rg y  a s  

e x p e c te d  from  th e  t h e o r y  "but showed a  low r i s e  

and f a l l  i n s t e a d  o f  th e  e x p e c te d  m ono ton ie  

v a r i a t i o n .  S in ce  th e  r i g h t  o r d e r  o f  m ag n itu d e  

o f  e l a s t i c  and r e a c t i o n  c r o s s  s e c t i o n s  was 

p r e d i c t e d ,  and th e  o b s e rv e d  t o t a l  c r o s s  s e c t i o n  

i s  c o n t in u o u s  f o r  b o th  v a r y in g  a to m ic  w e ig h t  and 

n e u t r o n  e n e rg y ,  i t  d o es  n o t  seem p r o b a b le  t h a t  

th e  f a u l t  i n  th e  i n t e r p r e t a t i o n  i s  due t o  th e  

r e l a t i v e l y  narrow  r e s o n a n c e s  i n  th e  compound 

n u c l e i  fo rm e d . As a  r e s u l t  o f  t h e s e  m easu rem en ts  

F e sh b a c h  e t  a l  (1954) have p ro p o s e d  t h a t  t h e  

e a r l y  t h e o r y  be m o d i f ie d  by th e  i n t r o d u c t i o n  o f  

t h e  c o n c e p t  o f  a  n u c le a r  a b s o r p t i o n  c o e f f i c i e n t  

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

s u r f a c e .  I n s t e a d  of th e  im m ed ia te  and i n e v i t a b l e  

f o r m a t i o n  o f  a  compound n u c le u s  (A + n) i t  i s  

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

i n d i v i d u a l  n u c le o n s  and knock  them  o u t  o f  t h e  

n u c l e u s  (o r  be s c a t t e r e d  o u t  i t s e l f )  d u r in g  a  

f i n i t e  t im e  b e f o r e  th e  f o r m a t i o n  o f  th e  compound 

n u c l e u s  by l e s s  e n e r g e t i c  c o l l i s i o n s .  T h is  

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



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

I n s t e a d  o f  a  c o m p le te ly  r e a l  p o t e n t i a l  Vo> th e  

p o t e n t i a l  V w h ich  th e  n e u t r o n  " s e e s "  w i t h i n  

th e  n u c l e a r  s u r f a c e  a t  r a d i u s  R i s  com plex  

and r e p r e s e n t e d  by

V = V o ( i  + i  e ) .

T h is  change r e s u l t s  i n  a  s c a t t e r e d  c o h e r e n t  

wave from  w i t h i n  th e  n u c le u s  w h ic h  i n t e r f e r e s  

w i th  th e  s u r f a c e  s c a t t e r e d  wave and i n t r o d u c e s  

an  a b s o r p t i o n  i n t o  th e  t r a n s m i t t e d  wave b e f o r e  

th e  fo r m a t io n  o f  a compound n u c l e u s .

A co m p a r iso n  of c a l c u l a t i o n s  b a s e d  on 

t h i s  Complex P o t e n t i a l  w e l l  m odel w i th  th e  t o t a l  

c r o s s  s e c t i o n s  m easu red  by B ar  sc h a l l  e t  a l  and 

o t h e r s  shows t h a t  th e  th e o r y  c a n  r e p ro d u c e  t h e  

r e s u l t s  v e r y  p r e c i s e l y  o v e r  th e  e n e rg y  ra n g e  

1 - 1 5  Mev and i n  th e  ra n g e  0 - 3  Mev i n  

p a r t i c u l a r  f o r  v a l u e s  o f  Vq = 42 Mev, and B = 

.0 3 ,  w hich  c o r r e s p o n d s  t o  a  mean f r e e  p a t h  o f  

f a s t  n e u t r o n s  i n  n u c l e a r  m a t t e r  ( b e f o r e  

f o r m a t io n  o f  a  compound n u c le u s )  o f  24.10""^^cms. 

(F e rn b a c h  e t  a l  1 9 5 4 ) .  E x p e r im e n ta l  r e s u l t s  

f o r  th e  e l a s t i c  a n g u la r  d i s t r i b u t i o n s  and



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

due t o  th e  l i m i t a t i o n s  and d e l a y s  i n  e x p e r im e n ta l  

t e c h n i q u e s .  P h i l l i p s  e t  a l  (1952) and  W alt and 

B a r s c h a l l  (1954) have m e a su re d  r e a c t i o n  c r o s s  

s e c t i o n s  a t  14  Mev and 1 Mev r e s p e c t i v e l y .  The 

r e s u l t s  a t  14 Mev c a n  he i n t e r p r e t e d  i n  te rm s  of 

th e  e a r l y  t h e o r y ,  s u g g e s t in g  t h a t  th e  mean f r e e  

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

a t  1 Mev a re  n o t  i n  good ag reem en t w i th  th o s e  

p r e d i c t e d  by th e  Complex P o t e n t i a l  w e l l  t h e o r y ,  

b u t  th e  c h a r a c t e r i s t i c  o s c i l l a t o i y  shape o f  

t h e  v a r i a t i o n  w i t h  a to m ic  w e ig h t  i s  r e p r o d u c e d .  

F esh b ac h  e t  a l  (1954) i n t e r p r e t  t h e s e  r e s u l t s  

t o  i n d i c a t e  t h a t  th e  n u c l e a r  mean f r e e  p a t h  

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

1 - 5  Mev. The few e x i s t i n g  m easu rem en ts  o f  

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

by th e  Complex w e l l  t h e o r y  o r  by th e  e a r l i e r  

t h e o r y .  However, a  v e r y  r e c e n t  (1955 u n ­

p u b l i s h e d )  r e p o r t  by F e rn b a c h  e t  a l  shows t h a t  

t h e  i n t r o d u c t i o n  o f  a  d e g re e  of ro u n d in g  o f f  

o f  th e  n u c l e a r  s u r f a c e  i s  s u f f i c i e n t  t o  f i t  th e  

r e s u l t  o f  Coon e t  a l  (1955 u n p u b l i s h e d )  a t



14 Mev. I t  i s  e x p e c te d  t h a t  th e  c o m b in a t io n  o f 

a  com plex p o t e n t i a l  w e l l  and ro u n d e d  n u c l e a r  

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

e n e r g i e s .  I n  t h i s  r e p o r t  some p r e d i c t i o n s  o f  

14 Mev n e u t r o n  p o l a r i s a t i o n s  f o l lo w in g  e l a s t i c  

s c a t t e r i n g  i n  medium and h ea v y  n u c l e i  a r e  m ade, 

by th e  i n t r o d u c t i o n  o f  a  s p i n - o r b i t  te rm  s  ) 

i n t o  th e  p o t e n t i a l  w e l l .  At some a n g le s  th e  

p r e d i c t e d  p o l a r i s a t i o n  i s  o f  - ^ 1 0 0 ^ .

The c o n c e p t  o f a  n u c l e a r  a b s o r p t i o n  

c o e f f i c i e n t  i m p l i e s  t h a t  n u c le o n s  and g ro u p s  o f  

n u c le o n s  may be o b s e rv e d  fro m  n u c l e i  by  d i r e c t  

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

a  compound n u c l e u s .  P a u l  and C la rk e  (1953) 

have o b s e rv e d  v a l u e s  f o r  r e a c t i o n s  o f  th e  ty p e  

-A.(u,p), A (n , cC) and A (n ,2n ) a t  14 Mev, w h ich  a r e  

much h i g h e r  t h a n  th o s e  p r e d i c t e d  by th e  E v a p o r a t io n  

M odel b a s e d  on th e  v a lu e  o f  t h e  r e a c t i o n  c r o s s  

s e c t i o n  u s i n g  th e  e a r l y  t h e o r y  (F esh b ac h  1 9 4 9 ) .  

W hile th e  r e c e n t  d e v e lo p m e n ts  d e s c r i b e d  above 

a p p ly  t o  medium and heavy  n u c l e i ,  t h e r e  a r e  a l s o  

ad v a n c e s  b e in g  made i n  th e  i n t e r p r e t a t i o n  and 

s i g n i f i c a n c e  of e x p e r im e n ts  i n v o l v i n g  d i s c r e t e



l e v e l s  o f  l i g h t  n u c l e i .  S a t c h e l o r  (1955 p r i v a t e

co m m u n ica tio n ) h a s  shown t h a t  th e  c o n c e p t  o f

d i r e c t  c o l l i s i o n  p r o c e s s e s  i n  medium and  heavy

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

n u c l e i  w h ich  ca n  be te rm e d  n u c le o n  s t r i p p i n g .

T h is  t h e o r y  i s  v e r y  s i m i l a r  t o  B u t l e r ' s  d e u te r o n

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

c a l c u l a t i o n s  and th e  n u m e r ic a l  r e s u l t s .  N u c leo n

s t r i p p i n g  i s  an im m edia te  p r o c e s s  i n  c o m p e t i t i o n

w i th  th e  f o r m a t io n  and decay  o f  compound n u c l e i  
*

(A + n) fo rm ed  by n e u t r o n  c a p t u r e . The r e l a t i v e

c o n t r i b u t i o n s  o f  th e  two r e a c t i o n  modes c a n  be

fo u n d  by m easu rem en ts  o f  th e  a n g u l a r  d i s t r i b u t i o n

and  c o r r e l a t i o n s  i n  e x p e r im e n ts  o f  t h e  typB  
1 ^A (n ,n  ) A .  The f i n a l  n u c le u s  c a n  be any 

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

same th e o r y  a p p l i e s  t o  th e  n u c l e a r  e f f e c t s  

o b s e rv e d  i n  f a s t  p r o t o n  s c a t t e r i n g  e x p e r im e n ts .  

A lth o u g h  Coulomb c h a rg e  e f f e c t s  a r e  v e r y  

d i f f i c u l t  t o  a l lo w  f o r ,  th e  r e c e n t  e x p e r im e n ts  

o f  S ch ra n k  (1954) on i n e l a s t i c  s c a t t e r i n g  o f  

1 7 .Mev p r o t o n s  i n  i r o n  s u g g e s t  t h a t  th e  co n ­

t r i b u t i o n  t o  th e  r e a c t i o n  mode from  n u c le o n



i 7 3

s t r i p p i n g  may be l a r g e .

Some m easu rem en ts  o f p o l a r i s a t i o n  o f 

n e u t r o n s  have b e e n  made f o r  t h e  r e a c t i o n  

2H (d ,n )^H e a t  low d e u te r o n  e n e r g i e s ,  a l th o u g h  

t h e y  a re  n o t  i n  v e r y  good ag reem en t w i t h  e a c h  

o t h e r ,  t h e y  ca n  be com pared  w i th  t h e  th e o r y  o f  

B l i n - S t o y l e  (1951 , 1952 and p r i v a t e  c o m m u n ic a t io n ) . 

I t  seems p r o b a b le  t h a t  th e  p o l a r i s a t i o n  o f 

n e u t r o n s  f ro m  th e  r e a c t i o n  ^H (d ,n )^H e a t  d e u te r o n  

e n e r g i e s  l e s s  t h a n  300 Kev w i l l  be o f  th e  o r d e r  

30fo  a t  some a n g l e s .  T h is  r e a c t i o n  i s ,  t h e r e f o r e ,  

a  m ost c o n v e n ie n t  so u rc e  o f  p o l a r i s e d  n e u t r o n s  

f o r  f u t u r e  s c a t t e r i n g  e x p e r im e n ts  ( B l i n - S t o y l e ,  

1 9 5 1 ) .  I t  seems p ro b a b le  t h a t  h ig h  d e u t e r o n  

beam c u r r e n t  ( 10 m .a . )  0 oc kc r  o f t-W a l t  on

a c c e l e r a t o r s  o f  a  few h u n d re d  Kev w i l l  be v e r y  

c o n v e n ie n t  and p o w e r fu l  s o u r c e s  of f a s t  n e u t r o n s  

u s i n g  th e  r e a c t i o n s  l i s t e d  i n  th e  I n t r o d u c t i o n .

The Q v a l u e s  f o r  t h e s e  r e a c t i o n s  c o v e r  th e  ra n g e  

o f  n e u t r o n  e n e rg y  i n  w h ich  many i n t e r e s t i n g  

d ev e lo p m en ts  a r e  a p p e a r in g .  The d i f f i c u l t y  i n  

u s in g  th e  r e a c t i o n s  a s  s o u r c e s  o f  n e u t r o n s  i n  

th e  e n e rg y  r a n g é  1 - 1 5  Mev i s  m a in ly  t h a t  t h e y  

a re  r o u g h ly  i s o t r o p i c  and , a p a r t  f ro m  th e
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h y d ro g e n  r e a c t i o n s ,  t h e y  do n o t  e m it  s i n g l e  

n e u t r o n  l i n e s ,  and th e y  do e m it  gamma r a y s .

W hile  many f u r t h e r  d e v e lo p m en ts  i n  te c h n iq u e  

w i l l  a p p e a r ,  and p r e v io u s  t e c h n i q u e s  su c h  a s  

n u c l e a r  em u ls io n s  s t i l l  have  v a l u e ,  an  a t t e m p t  

i s  made h e r e  t o  t r y  t o  s u g g e s t  how s i g n i f i c a n t  

and p u r p o s e f u l  r e s e a r c h  c a n  he d o n e , w h ich  i s  

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

f i e l d  v e r y  b r i e f l y  re v ie w e d  ab o v e , u s i n g  t h e s e  

s o u r c e s  and th e  t e c h n i q u e s  d e v e lo p e d  i n  th e  

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

D i s c r e t e  N e u tro n  G roups

The p l a s t i c  s c i n t i l l a t o r  a s  a  f a s t  

n e u t r o n  s p e c t r o m e te r ,  d e s c r i b e d  i n  c h a p t e r  1 ,  c a n  

p r o b a b ly  be u s e d  f o r  a n g u la r  d i s t r i b u t i o n  m e a su re ­

m en ts  o f  e l a s t i c a l l y  s c a t t e r e d  n e u t r o n s  and f o r  

i n e l a s t i c  n e u t r o n s  c o r r e s p o n d in g  t o  low l y i n g  

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

a r ra n g e m e n t  f o r  t h e s e  m easu rem en ts  i s  t o  u se  

c y l i n d r i c a l  s c a t t e r e r s  and a  n e u t r o n  a b s o r b e r  

a s  a  s h i e l d  b e tw een  th e  n e u t r o n  s o u rc e  and th e  

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



e n e r g i e s  a r e  u s e d  ( d i f f e r e n t  t a r g e t s  and c e n t r e  

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

s c i n t i l l a t o r  c a n  he s e l e c t e d  t o  a v o id  gamma r a y s .  

A no ther m ethod  w h ich  w ould  a v o id  gamma r a y  e f f e c t s  

c o m p le te ly  w ould  he t o  g a te  th e  p u l s e  h e i g h t  

d i s t r i b u t i o n  o f  p r o t o n  r e c o i l s  i n  th e  p l a s t i c  

by a  d e la y e d  c o in c id e n c e  w i t h  a  s h a rp  m achine  

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

f o r  t h i s  may be j u s t i f i e d  i n  some c a s e s  w here 

s e v e r a l  i n e l a s t i c  g ro u p s  c a n  be m easu red  a t  o n c e .

The b e s t  m ethod  o f p u l s i n g  th e  m achine i s  

p r o b a b ly  t o  s h i f t  th e  beam w i th  a  s e l f - r u n n i n g  

o s c i l l a t o r  a t  th e  io n  s o u rc e  where t h e  d e u t e r o n  

e n e rg y  i s  lo w . A p u l s e  a t  t im e  z e r o ^ f o r  c o i n c i d e n c e  

g a t i n g , c o u l d  be p ro d u c e d  by  a r r a n g i n g  t h a t  t h e  d e u te r o n  

beam s t r u c k  a  p i e c e  o f  q u a r t z ,  v iew ed  by  a  p h o t o m u l t i p l i e i j  

im m e d ia te ly  b e f o r e  i t  f e l l  upo n  th e  t a r g e t .

Low E nergy  C o n tin u o u s  D i s t r i b u t i o n s

A p a r t  from  d i r e c t  m easu rem en ts  o f  low 

e n e rg y  n e u t r o n  d i s t r i b u t i o n s  from  th e  r e a c t i o n s  

th e m s e lv e s ,  w h ich  h a s  n o t  b e e n  done t o  any  g r e a t  

e x t e n t ,  i t  seem s p ro b a b le  t h a t  m easu rem en ts  o f  

i n e l a s t i c  n e u t r o n  s p e c t r a  ca n  be made a c c u r a t e l y



by Time o f F l i g h t .  I f  t h e  m ach ine  c a n  be 

p u l s e d  w i t h  a  p u l s e  d u r a t i o n  of th e  o r d e r  o f  a  

few t im e s  10"9  s e c ,  and lo n g  f l i g h t  p a t h s  a r e  

u s e d ,  th e  e n e rg y  r e s o l u t i o n  a c h ie v e d  w i l l  be 

b e t t e r  t h a n  any o t h e r  t e c h n i q u e . I t  seems 

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

s h a rp  l i n e s  c o r r e s p o n d in g  t o  th e  d ecay  of 

compound n u c l e i  and  p e rh a p s  a  c o n t in u o u s  

d i s t r i b u t i o n  due t o  d i r e c t  c o l l i s i o n  p r o c e s s e s .  

The l a c k  o f  e f f i c i e n c y  w i l l  r e s u l t  i n  lo n g  

m achine t im e s  b e in g  r e q u i r e d ,  b u t  t h i s  i s  q u i t e  

f e a s i b l e  u s i n g  su ch  a s im p le  a c c e l e r a t o r ,  w h ich  

s h o u ld  be c a p a b le  o f r u n n in g  n i g h t  and  day by 

i t s e l f  w i th o u t  s e r v i c i n g  f o r  s e v e r a l  w eek s . I n  

t h i s  way th e  s p e c t r a  c a n  be m easu red  a t  d i f f e r e n t  

a n g l e s .  These r e s u l t s  w i l l  be o f g r e a t  v a lu e  

i n  e x te n d in g  o u r  knowledge o f  d i r e c t  c o l l i s i o n  

p r o c e s s e s .

P o l a r i s a t i o n  E x p e r im e n ts

These e x p e r im e n ts  w i l l  be aim ed a t  

m e a s u r in g  th e  p o l a r i s a t i o n  o f  th e  n e u t r o n s  f ro m  

th e  r e a c t i o n s  A (d ,n )A  + p ,  e s p e c i a l l y  t h e  D-D 

r e a c t i o n ,  and th e  u se  o f  t h e  p a r t i a l l y  p o l a r i s e d
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beams f o r  s c a t t e r i n g  e x p e r im e n ts  o f  th e  ty p e  

d e s c r i b e d  a b o v e .  I t  i s  e x p e c te d  t h a t  t h e r e  

w i l l  be a d v a n c e s  i n  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  

a s  a r e s u l t  o f  p r e l i m i n a r y  e x p e r im e n ts ,  and  t h a t  

f u r t h e r  e x p e r im e n ts  w i l l  be g u id e d  by t h e o r y .  

A n o ther ty p e  o f  e x p e r im e n t  w i l l  be th e  p r o d u c t i o n  

o r  enhancem ent o f  p o l a r i s a t i o n .  The e x p e r im e n ta l  

a r ra n g e m e n t f o r  p o l a r i s a t i o n  e x p e r im e n ts  o f  a l l  

t y p e s  w i l l  p r o b a b ly  u se  d o u b le  s c a t t e r i n g  w h ich  

s h o u ld  become f e a s i b l e  u s in g  h ig h  n e u t r o n  f l u x e s  

and h ig h  e f f i c i e n c y  p l a s t i c  s c i n t i l l a t o r s ,  w i t h  

o r  w i th o u t  m achine p u l s i n g .

P r o d u c t io n  o f  I s o t o p e s

The p r o d u c t i o n  of i s o t o p e s  u s i n g  t h e  

i n t e n s e  n e u t r o n  f l u x e s  from  t h e s e  r e a c t i o n s  and 

th e  a n a l y s i s  o f  t h e i r  d ecay  schem es s h o u ld  a l lo w  

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

A lth o u g h  th e  e x p e r im e n t  u s i n g  i o d i n e ,  d e s c r i b e d  

i n  th e  t h e s i s ,  in v o lv e d  no v e r y  s h o r t  h a l f  l i f e s ,  

i t  seems p ro b a b le  t h a t  v e r y  s h o r t  l i v e d  i s o t o p e s  

c a n  be p ro d u c e d  and t h e i r  d ecay  a n a ly s e d  by 

l i n k i n g  th e  a n a ly s i n g  a p p a r a t u s  t o  th e



a c c e l e r a t o r .  I n  some c a s e s  t h i s  w i l l  mean

s im p ly  r e p e a t e d l y  b lo c k in g  o f f  t h e  beam f o r  a

m in u te  o r  s o ,w i t h  a  m e c h a n ic a l  s h u t t e r ,  b u t

m easu rem en ts  c a n  be e x te n d e d  t o  t im e s  of th e  
—8o r d e r  o f 10 by p u l s i n g  th e  a c c e l e r a t o r  and 

o b s e rv in g  d ec ay  p r o d u c t s  i n  b e tw e en  p u l s e s .

B ackground fro m  th e  D-D R e a c t i o n

At v e r y  h ig h  d e u t e r o n  beam c u r r e n t s ,  

d e u te r iu m  b u i l d  up  i n  s l i t s  and  i n  t a r g e t s  w i l l  

r a p i d l y  r e s u l t  i n  a  b ack g ro u n d  o f n e u t r o n s  from  

th e  r e a c t i o n  ^ H ( d , n ) . S l i t s  s h o u ld  be made 

o f  t h i n  m e ta l  and h e a t e d  t o  o ver 600^0 t o  keep  

them  c l e a n  o f  d e u te r iu m .  T a r g e t s  s h o u ld  be 

r o t a t e d  t o  expose  f r e s h  s u r f a c e s  u n c o n ta m in a te d  

by d e u te r iu m  b u i l d  up i n  e x p e r im e n ts  i n  w h ich  

a b ack g ro u n d  o f  2 .5  Mev n e u t r o n s  w i l l  be 

t r o u b le s o m e .  A c o n v e n ie n t  ty p e  o f  d e u te r iu m  

t a r g e t  i s  made o f  a  c y l i n d e r  w i th  d e u te r iu m  

i n s e r t e d  i n t o  th e  s u r f a c e  by bombardment u s i n g  

th e  t e c h n iq u e  d e s c r i b e d  i n  t h e  A ppend ix , and 

r o t a t e d  s lo w ly  w i th  a  l a t e r a l  movement t o  

o b t a i n  a  v e r y  l a r g e  s u r f a c e  a r e a .  C e n tre  o f



m ass e f f e c t s  a r e  v e r y  l a r g e  i n  th e  D-D r e a c t i o n ,  

and th e  n e u t r o n  e n e rg y  o b s e rv e d  a t  QO from  

r e a c t i o n s  i n  d e u te r iu m  i n s e r t e d  t o  fo rm  a  t a r g e t  

may be 1 Mev h i g h e r  t h a n  t h a t  o f  n e u t r o n s  from  

d e u te r iu m  b u i l d  up i n  th e  t a r g e t  d u r in g  an  

e x p e r im e n t .



APPENDIX 
S e c t i o n  1

The P r o d u c t i o n  o f  T h in  D e u te r iu m  T a r g e t s

Gras t a r g e t s  o f d e u te r iu m  a r e  u n s u i t a b l e  

f o r  e x p e r im e n ts  u s i n g  th e  r e a c t i o n  2H (d ,n)3H e a t  

d e u t e r o n  e n e r g i e s  o f  a  few h u n d re d  Kev. The 

t h i c k n e s s  o f  window r e q u i r e d  t o  s e p a r a t e  th e  

vacuum o f th e  a c c e l e r a t o r  and th e  t a r g e t  i s  to o  

t h i n  a t  t h e s e  d e u te r o n  e n e r g i e s ,  and p ro d u c e s  

l a r g e  e n e rg y  s t r a g g l i n g  and i s  m e c h a n ic a l ly  

d i f f i c u l t  t o  m a i n t a i n .  When no window i s  u s e d ,  

and th e  p r e s s u r e  d i f f e r e n c e  i s  m a in t a in e d  by th e  

im pedance o f  a  lo n g  narrow  c a n a l  down w h ich  th e  

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

t a r g e t  vo lu m e , th e  b ac k g ro u n d  o f  n e u t r o n s  from  

r e a c t i o n s  i n  t h e  c a n a l  i s  e x t r e m e ly  h ig h ,  and 

g a s  t a r g e t s  o f  t h i s  ty p e  a r e  o n ly  s u i t a b l e  f o r  

e x p e r im e n ts  i n  w h ich  r e c o i l  ^ h e l iu m  and t r i t i u m  

n u c l e i  a r e  d e t e c t e d .  (A rno ld  e t  a l  1954 ,

P r e s t o n  e t  a l  1 9 5 4 ) .

S o l i d  d e u te r iu m  i c e  t a r g e t s  a r e ,  i n  

p r a c t i c e ,  t h i c k  t a r g e t s  and t h e  b a c k g ro u n d  c a n  

be c o n s i d e r a b l e  from e v a p o r a te d  d e u te r iu m .



T h in  h y d ro g e n  t a r g e t s  c a n  he p r e p a r e d  by 

a d s o r p t i o n  on  z i r c o n iu m , b u t  t h i s  t e c h n iq u e  o f  

p ro d u c in g  t a r g e t s  o f a  s p e c i f i e d  t h i c k n e s s  i s

so m e th in g  o f  a  f i n e  a r t  f o r  s t o p p i n g  pow ers  of t h e  o r d e r  

of 25 KeY.

' ; A t

th e  moment o n ly  t r i t i u m - z i r c o n i u m  t a r g e t s  a r e  

s u p p l i e d  by H a rw e l l ,  and thfese a r e  u s u a l l y  t h i c k  

t o  s e v e r a l  h u n d re d  Kev d o u te ro n s*

The m ethod u s e d  h e re  t o  p ro d u c e  t h i n  

d e u te r iu m  t a r g e t s  c o n s i s t e d  o f  bom bard ing  s i l v e r  

w i th  50 Kev d o u t e r o n s .  T h ere  a re  s e v e r a l  

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

t a r g e t s  o f m a t e r i a l s , n o r m a l l y  g a s e o u s ,  i n  th e  

l i t e r a t u r e  (S ie g b a h n  1951) •

T h is  m ethod  o f  p r e p a r i n g  t h i n  t a r g e t s  

r e l i e s  on th e  a b i l i t y  o f  a  m e ta l  t o  t r a p  g a s  

atom s i n  th e  c r y s t a l  l a t t i c e .  The m e ta l  c h o s e n  

m ust a l s o  s a t i s f y  th e  c r i t e r i a  o f  c l e a n  r e p r o d u c i b l e  

s u r f a c e s  and good th e r m a l  c o n d u c t i v i t y .  S i l v e r  

a p p e a r s  t o  be th e  b e s t  c h o ic e  o f  m e t a l  t o  s a t i s f y  

t h e s e  r e q u i r e m e n t s .  The b lo c k s  o f  s i l v e r  u s e d  

i n  th e  e x p e r im e n ts  o f  c h a p t e r  3 w ere 2 mm. x  

1 cm. X 3 cm. and were c a r e f u l l y  t u r n e d ,  t h e n



p o l i s h e d  w i th  th e  f i n e s t  em ery c l o t h  a v a i l a b l e ;  

t h e n  m ounted  on a  t a r g e t  h o l d e r  w i t h  a  v e r y  f l a t  

t h i n  m e t a l  s u r f a c e .  Im m e d ia te ly  be low  t h i s  

s u r f a c e  a  c i r c u l a t i n g  w a te r  s u p p ly  k e p t  th e  

t a r g e t  b a c k in g  c o o l .

The d e u te r o n s  were a c c e l e r a t e d  i n  a

colum n w h ich  was made o f g l a s s  t o  p r o v id e

i n s u l a t i o n  and a l lo w  th e  t a r g e t  s u r f a c e  t o  be

o b se rv e d  d u r in g  th e  bom bardm ent. F ig u r e  24

shows th e  e l e c t r o d e  d e s ig n  w h ich  was f i n a l l y

a r r i v e d  a t .  The m e ta l  s c r e e n s  shown a s  d o t t e d

l i n e s  i n  f i g u r e  24 were e s s e n t i a l  t o  p r e v e n t  th e

a c c e l e r a t i n g  v o l t a g e  s h o r t  c i r c u i t i n g  down th e

g l a s s  w a l l s .  The a c c e l e r a t i n g
WdS

colum n im m e d ia te ly  above a  2" o i l  d i f f u s i o n  

pump (b a ck ed  by a s m a l l  r o t a r y  pump)^ It was 

fo u n d  t o  be u n n e c e s s a r y  t o  u s e  a  l i q u i d  a i r  

t r a p .  W ith  c l e a n  o i l  i n  th e  d i f f u s i o n  pump i t  

r e q u i r e d  t h i r t y  m in u te s  t o  lo w e r  t h e  vacuum i n  

th e  cham ber from  a tm o s p h e r ic  p r e s s u r e  t o  o p e r a t ­

in g  p r e s s u r e .  F o r  c o n v e n ie n c e  i n  s u p p ly in g  

th e  io n  s o u rc e  w i t h  g a s ,  • m agnet c u r r e n t ,  

and p ro b e  v o l t a g e ,  th e  io n  s o u rc e  was a t  g ro u n d



p o t e n t i a l  and th e  t a r g e t  a t  -5 0  K ev. An 

i s o l a t e d  w a te r  s u p p ly  was u s e d  f o r  t a r g e t  c o o l ­

i n g .  The h ig h  v o l t a g e  was o b ta in e d  fro m  a  

c o n v e n t i o n a l  O o c k c ro f t -W a l to n  power p a c k .  No 

f o c u s s i n g  e l e c t r o d e  was u s e d ,  b u t  i t  i s  d o u b t f u l  

w h e th e r  t h i s  was e n t i r e l y  s a t i s f a c t o r y ,  a s  i t  

was n e c e s s a r y  t o  change th e  d im e n s io n s  o f  th e  

a c c e l e r a t i n g  l e n s  u n t i l  th e  f i n a l  r e q u i r e d  beam 

s i z e  on th e  s i l v e r  t a r g e t  b lo c k  was a c h ie v e d .

I t  was a r r a n g e d  t h a t  th e  beam f o c u s  p o i n t  

o c c u r r e d  above th e  t a r g e t ,  and t h a t  th e  a r e a

o f th e  d i v e r g in g  beam a s  i t  e n t e r e d  th e  s i l v e r
2

b lo c k  was 0 .2 5  cm .

The t a r g e t s  were p r e p a r e d  by  m o u n tin g
0

th e  s i l v e r  b lo c k s  a t  45 t o  th e  d e u t e r o n  beam. 

They w ere t h e n  t r a n s f e r r e d  t o  th e  h i g h  t e n s i o n  

a c c e l e r a t o r  and u s e d  a t  45^ t o  th e  bom bard ing  

h ig h  e n e rg y  d e u t e r o n s .  The r e a s o n  f o r  t h i s  

p ro c e d u re  was t o  a v o id  th e  e f f e c t s  o f  any 

i r r e g u l a r i t i e s  i n  th e  s u r f a c e  of th e  s i l v e r .

The e f f e c t  o f  d i f f e r e n t  p r e p a r a t i o n  t im e s  T 

f o r  a  f i x e d  t a r g e t  p ro d u c in g  c u r r e n t  was 

i n v e s t i g a t e d  by o b s e rv in g  th e  y i e l d  o f  p r o t o n s
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2 3
from  th e  r e a c t i o n  H(d,p)-^H a t  a  b om bard ing  

d e u te r o n  e n e rg y  Ed = 500 K ev. I t  was o b s e rv e d  

t h a t  f o r  a  t a r g e t  d e u te r o n  c u r r e n t  o f  2 5 C ^ A  a t  

50 Kev th e  y i e l d  o f p r o to n s  from  th e  t a r g e t s  

i n c r e a s e d  w i t h  T f o r  v a l u e s  o f T l e s s  t h a n  one 

h o u r ,  f o r  a  t a r g e t  a r e a  of 0 .2 5  cm^.

The t a r g e t s  u s e d  f o r  i n v e s t i g a t i o n  o f

th e  r e a c t i o n  ^ H ( d ,n ) % e  were p r e p a r e d  a t  1=  200^uA
2

and T = one h o u r ,  a r e a  = 0 .2 5  cm , Ed = 50 Kev. 

When bom barded f o r  a  s h o r t  t im e  a t  500 Kev and 

th e n  s e v e r a l  days  l a t e r  bom barded a g a in  i n  th e  

same p o s i t i o n ,  th e  y i e l d  of p r o t o n s  f ro m  th e  

t a r g e t  f o r  th e  same bom bard ing  c u r r e n t  d id  n o t  

a p p e a r  t o  change by more them  5^ = t h e  e x p e r im e n ta l  

e r r o r .

A lth o u g h  i t  s h o u ld  be p o s s i b l e  t o  m easu re  

th e  c h a r a c t e r i s t i c s  .(d ep th  i n  t h e  s i l v e r  d and 

t a r g e t  t h i c k n e s s  t )  o f  t a r g e t s  p ro d u c e d  i n  t h i s  

way by p r e c i s e  m a tc h in g  o f  th e  two d e u te r o n  beam s, 

and a  m easurem ent o f  th e  o b se rv e d  n e u t r o n  o r  

p r o to n  c r o s s  s e c t i o n  f o r  th e  i n c i d e n t  bom bard ing  

e n e rg y ,  t h i s  was n o t  d o n e . To be o f any 

p r a c t i c a l  u s e ,  s u c h  m easu rem en ts  w ould  r e q u i r e



a  lo n g  and d e t a i l e d  e x p e r im e n ta l  program m e, and 

th e  p rim e r e q u i r e m e n t  a t  t h i s  t im e  was s im p ly  th e  

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

c h a r a c t e r i s t i c s  known o n ly  t o  w i t h i n  th e  a c c u ra c y  

r e q u i r e d  by th e  e x p e r im e n t  i n  v ie w .  The 

c a l c u l a t i o n  o f  d and t  was made a s  f o l l o w s .

The e m p i r i c a l  r e s u l t s  f o r  ^  o f  p r o to n s
dx

i n  s i l v e r ,  r e v ie w e d  by  A l l i s o n  and Warshaw 1953, 

end  a t  a  p r o t o n  e n e rg y  o f  50 Kev. I f  th e  f i n a l  

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

z e ro  e n e rg y  and a p p l i e d  t o  th e  c a s e  o f  d e u te r o n s  

t h e n
^  = 50 + 0 . 6  E ,
dx

where E i s  th e  d e u te r o n  e n e rg y  i n  Kev and  dx 

i s  i n  m g ./cm ^ . The ra n g e  R i s  g iv e n  by

50 Kev

50 + 0«6 E
-  1 lo g e  50 + 0 .6  E

0*6

= 0 .8 0  m g ./cm ^ .

F o r d e u te r o n s  i n  s i l v e r  th e  R u t h e r f o r d  s c a t t e r i n g

fo rm u la  r e d u c e s  t o

n (9 )  _ 1 .6  n^3 dx 9  s i n  9
^o - 2 e 2 92 dx i n  m g./cm  .

E i n  Kev,
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where h I S I  i s  th e  r a t i o  o f th e  num her o f  
no -

d e u te r o n s  s c a t t e r e d  a t  a n g l e s  g r e a t e r  t h a n  9

d iv id e d  hy th e  numher o f  d e u te r o n s  i n  th e  beam.
dE

R e p la c in g  dx hy 50 + 0 .6  E > e q u a t i n g  9  t o

u n i t y  ^ E
n ( l )  _ l i i  . 103 f  dE ___________

no 2 j  e2  (50 + 0 .6 E )
50 Kev,

ITum erical i n t e g r a t i o n  o f  t h i s  e q u a t i o n  g iv e s  th e  

r e s u l t  E = 16 Kev, when
no

T h a t i s ,  assu m ing  p r im a ry  s c a t t e r i n g  o n ly ,  th e  

v a lu e  o f th e  d e u te r o n  e n e rg y  i n  th e  s i l v e r  a t  

w h ich  one h a l f  o f  th e  i n c i d e n t  d e u te r o n  he am h a s  

h ee n  s c a t t e r e d  i s  - ^ 1 6  Kev, f o r  an  i n c i d e n t  e n e rg y  

o f  50 Kev, and t h i s  e n e rg y  i s  r e a c h e d  a t  a  

d i s t a n c e  o f  0 .4 0  m g ./cm ^, w h ich  i s  i d e n t i f i e d  

w i th  d .

On th e  h a s i s  o f  t h e s e  s im p le  c a l c u l a t i o n s  

th e  v a l u e s  o f t  and d a r e

2
d ^  0 . 4  m g./cm  

and  t  — 0 .4 0  m g ./cm ^ .

From th e  t a b l e s  o f  A l l i s o n  an d  Warshaw th e  v a l u e s
dEof —  i n  s i l v e r  f o r  d e u te r o n  e n e r g i e s  o f  500 and ox



2
400 Kev a r e  140 Kev p e r  mg . /c m  . The e f f e c t i v e  

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

"bombarding e n e r g i e s  o f  500 and 400 Kev a r e ,  

t h e r e f o r e ,  445 + 30 and 345 ±  30 Kev r e s p e c t i v e l y .

The d e u te r o n  e n e rg y  o f  50 Kev, u s e d  f o r  

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

com prom ise be tw een  v a r i o u s  f a c t o r s .  I t  was 

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

t a r g e t s  t o  a c h ie v e  a  h ig h  s ig n a l :b a c k g r o u n d  

r a t i o  d u r in g  e x p e r im e n ts  u s i n g  t h e  t a r g e t s .

S in ce  th e  e f f e c t  t o  be i n v e s t i g a t e d  v a r i e d  

r a p i d l y  w i th  d e u te r o n  e n e rg y ,  i t  was a l s o  

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

i n  th e  s i l v e r .  A lso  i t  was n e c e s s a r y  t o  

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

and o v e r lo a d in g  th e  s i l v e r  l a t t i c e  w i t h  d e u te r iu m  

a to m s . A f i g u r e  o f  1 0 :1  s i l v e r  a tom s t o  

d e u te r iu m  a tom s in  t h e  t a r g e t  r e g i o n  was c h o s e n ,
2

and t h e  d e u te r o n  c h a rg e  Q f o r  a n  a r e a  S = 0 .2 5  cm
2

and t h i c k n e s s  o f  s i l v e r  t  = 0 .4  mg . /c m  was

c a l c u l a t e d  from  th e  e q u a t i o n  -  _ ^
2 3 .  10"^^ 

number of s i l v e r  a tom s = 5 * 5  «10 S . t  = 10 x
= 10 X  n u m b e r  o f  d e u t e r o n  a t o m s ,

i . e .  Q = 0 .9  Coulombs,

w h ich  c o r r e s p o n d s  t o  a  c u r r e n t  o f  Z O O y u A  x  one

h o u r .
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APPEITDIX 

S e c t i o n  2 .

Time D e la y  -  V o l ta g e  C o n v e r te r

P i g . 25 i s  th e  c i r c u i t  d ia g ra m  o f  a  u n i t  

w h ich  l i n e a r l y  c o n v e r t s  t im e  d e l a y s  i n t o  v o l t a g e  

p u l s e s  i n  th e  r e g i o n  0 -  10"*^ s e c .  P i g . 26

s h o w s . th e  p u l s e  w aveform s a t  d i f f e r e n t  p o i n t s  

i n  f i g . 2 J '.

The o p e r a t i o n  o f  t h e  c i r c u i t  shown i n  

f i g . 25 i s  a s  f o l l o w s .  C o n s id e r  a  c u r r e n t  p u l s e  

Ada) a p p e a r in g  on th e  c o l l e c t o r  K i o f  p h o to ­

m u l t i p l i e r  1 .  The v o l t a g e  w aveform  p ro d u c e d  

hy t h i s  on th e  g r i d  o f  th e  p e n to d e  V% h a s  th e  

fo rm  shown i n  f i g î é h .  The i n i t i a l  f a s t  r e c o v e r y  

i s  t o  a p p r o x im a te ly  -  7*5 v o l t s  a s  Cg d i s c h a r g e s  

th ro u g h  th e  c la m p in g  d io d e  D^. The a lm o s t  l i n e a r  

r i s e  t o  z e r o  heyond  t h i s  i s  due t o  Cg t r y i n g  t o  

d i s c h a r g e  t o  e a r t h  p o t e n t i a l  th r o u g h  B.2* The 

h o ld in g  d io d e  %  h e lp s  t o  p r e v e n t  Vgk fro m  g o in g  

p o s i t i v e .  The p u rp o se  o f  t h e s e  d io d e s  D i and  

D2 i s  t o  a v o id  e x c e s s iv e  p u l s e  p i l e  up on t h e  

g r i d  a t  h ig h  c o u n t in g  r a t e s .  A  s i m i l a r  v o l t a g e



w aveform  a p p e a r s  on t h e  g r i d  o f th e  p e n to d e

when a  c u r r e n t  p u l s e  i s  p ro d u c e d  hy  p h o to -  
1

m u l t i p l i e r  2(^ 2  ) •

When a  c u r r e n t  p u l s e  a p p e a r s  on th e  

c o l l e c t o r  o f  o n ly  one p h o t o - m u l t i p l i e r  th e  

shape o f  t h e  v o l t a g e  w aveform  a t  th e  anode o f  

V]_ i s  a s  shown i n  f i g . 2 6 c .  The e f f e c t  o f  th e  

d e l a y  c a h l e  1]] i s  t o  d i s p l a c e  t h i s  w aveform  

t o  th e  r i g h t  when th e  c u r r e n t  p u l s e  a p p e a r s  on 

The amount o f  th e  d i s p la c e m e n t  Tp i s  

g iv e n  hy  t h e  t im e  t a k e n  hy th e  p u l s e  t o  t r a v e l  

down Lp. The d u r a t i o n  o f  t h e  p u l s e  T, i s  

tw ic e  t h e  t im e  t a k e n  hy  a  p u l s e  t o  t r a v e l  f ro m  

th e  anode o f  t o  th e  s h o r t e d  e n d  o f  t h e  c a h le  

Iig; T = 10"'^ s e c .  i n  t h e  t e s t s  d e s c r i b e d  i n  

c h a p t e r  7 .  When i s  s h u t  o f f  a t  t im e  t  = o 

and a  t im e  t  l a t e r ,  th e  v o l t a g e  w aveform  

on th e  anode o f Vp i s  a s  shown i n  f i g . 2 6 d .

The d u r a t i o n  o f  th e  s t e p  o r  o v e r la p  i s  

T -  (Tp + t ) .

The c a th o d e  of t h e  germ anium  c r y s t a l  

d io d e  ID3 i s  b i a s e d  hy V th r o u g h  Hio> Bg, Eg 

and  E7 t o  a  p o s i t i v e  v o l t a g e  s l i g h t l y  ‘l a r g e r



t h a n  th e  h e i g h t  of t h e  v o l t a g e  w aveform  i n  

f i g . 2 6 c .  T h is  d io de  o n ly  c o n d u c ts  a p p r e c i a b l y  

d u r in g  th e  o v e r la p  shown i n  f i g . 2 6 d .  The t im e  

c o n s t a n t  Rg 0 ^  i s  a d j u s t e d  t o  be much lo n g e r  

t h a n  th e  maximum d u r a t i o n  o f  o v e r l a p .  The 

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

f u n c t i o n  of T -  (Tj) + t ) . i s  a m p l i f i e d  by

an e x t e r n a l  a m p l i f i e r  and  f e d  t o  a  m u l t i c h a n n e l  

p u l s e  h e i g h t  a n a l y s e r .  A change i n  p u l s e  

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

c l e a r l y  c o r re s p o n d s  t o  a s h i f t  i n  t im e  d e la y  

b e tw een  th e  o r i g i n a l  v e r y  f a s t  p h o t o m u l t i p l i e r  

p u l s e s .

O c c a s io n a l ly ,  th e  p u l s e  r e c o r d e d  by th e  

p u l s e  h e i g h t  a n a ly s e r  c a n  be much s m a l l e r  t h a n  

i t  s h o u ld  be t o  c o r r e s p o n d  t o  t h e  t im e  d e la y  

b e tw een  th e  o r i g i n a l  e v e n t s  p r o d u c in g  th e  

c o in c i d e n c e s .  The o u tp u t  from  t h e  p o i n t  B 

i n  f i g . 25 i s  em ployed f o r  t h i s  p u r p o s e ;  f i g . 2 6 f  

shows th e  v o l t a g e  waveform  a t  t h i s  p o i n t .

When a waveform , su c h  a s  i s  shown i n  f i g . 2 6 d ,  

i s  a m p l i f i e d  w i th o u t  d i s c r i m i n a t i o n  .by a  slow  

a m p l i f i e r  th e  s i z e  o f th e  o u tp u t  v o l t a g e  p u l s e



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

waveform , t h a t  i s  th e  o u tp u t  i s  r e a s o n a b l y  

i n s e n s i t i v e  t o  th e  p o s i t i o n  of t h e  s t e p  o r  o v e r ­

l a p  i n  f i g . 2 6 d .  The c o n d i t i o n  t h a t  m ust be 

s a t i s f i e d  i s  t h a t  1 /T  i s  much g r e a t e r  t h a n  th e

b andw id th  of th e  a m p l i f i e r .  The n e tw o rk  R5 ,
—7Cb > Rg s a t i s f i e s  t h e s e  c o n d i t i o n s  f o r  T = 1 0 "  sec*  

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

b i a s e d  so t h a t  i t  o n ly  d e l i v e r s  an  o u tp u t  p u l s e  

when two s ta n d a r d  p u l s e s  o f  t h e  ty p e  shown i n  

f i g . 2 6 f  have a p p e a re d  a t  t h e  anode o f  V]_ i n s i d e  

a t im e  l e s s  t h a n  10"^  s e c .  The o u tp u t  fro m  

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

h e ig h t  a n a ly s e r ;  a  c o n v e n t io n a l  c i r c u i t  c a n  be 

u se d  f o r  t h i s  p u r p o s e .  The 100 c h a n n e l  p u l s e  

h e ig h t  a n a ly s e r  u s e d  by th e  a u t h o r  (H u tc h in s o n  

and S c a r r o t t )  h a s  a  b u i l t  i n  c o in c id e n c e  g a te  

c i r c u i t .  The r e a s o n  why th e  p u l s e  o u tp u t  from  

th e  tim e c o n v e r t e r  i s  som etim es s m a l l e r  t h a n  

i t  sh o u ld  be i s  p ro b a b ly  due t o  th e  c l i p p i n g  

v a l v e s  b e in g  p a r t l y  s h u t  o f f  b e f o r e  th e  r e a l  

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

I t  i s  e s s e n t i a l  i n  any p r a c t i c a l  a p p l i c a t i o n  o f



t h i s  c i r c u i t ,  o r  s i m i l a r  c i r c u i t s ,  t o  choose  

p h o t o m u l t i p l i e r s  w i t h  low n o i s e ,  and t o  a v o id  

e x c e s s iv e  b ac k g ro u n d  o f  s m a l l  p u l s e s  i f  th e  

number of c o in c i d e n c e s  d i s c a r d e d  by th e  

o p e r a t io n  o f  th e  g a te  i s  t o  be k e p t  s m a l l .

S in ce  th e  number o f  n o i s e  p u l s e s  f ro m  p h o to ­

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

i t  i s  an im provem ent t o  u se  d i s t r i b u t e d  

a m p l i f i e r s  ( E l e c t r o n i c  E n g in e e r in g  1952) b e tw e e n  

th e  c o l l e c t o r  of th e  p h o t o m u l t i p l i e r  and th e  i n ­

p u t  t o  th e  c o in c id e n c e  u n i t ,  t h u s  a l lo w in g  s m a l l e r  

v o l t a g e s  on th e  p h o t o m u l t i p l i e r s .

I t  c a n  be s e e n  from  f i g . 25 t h a t  th e  v a l v e s  

V i and  have no fe e d b a c k  o r  n e g a t i v e  g r i d  b i a s ,  

t h e r e f o r e  t h e i r  s t a n d i n g  c u r r e n t s  I  and I^  a r e  

s e n s i t i v e  t o  c h a n g e s  i n  h e a t e r  v o l t a g e .  To 

a v o id  d r i f t  i t  i s  p r e f e r a b l e  t o  p r o v id e  th e  h e a t ­

in g  c u r r e n t  f o r  t h e s e  v a l v e s  fro m  " t r i c k l e "  c h a rg e d  

a c c u m u la to r s  and t o  m o n i to r  v i s u a l l y  I  and I ^ .

The p o s i t i v e  l i n e  i s  a t  e a r t h  p o t e n t i a l  t o  a v o id  

50 c y c le  hum. E x c e s s iv e  t e m p e r a tu r e  ch a n g e s  i n  

th e  tim e c o n v e r t e r  s h o u ld  be a v o id e d  by  a l lo w in g  

th e  a i r  t o  c i r c u l a t e  f r e e l y  a s  t h e  c h a r a c t e r i s t i c s



o f  th e  d io d e s  change w i t h  t e m p e r a t u r e .  The 

b i a s  on th e  g a te  d i s c r i m i n a t o r  s h o u ld  be m o n i to r e d  

a s  th e  e f f i c i e n c y  depends  on i t s  v a l u e .  W ith o u t  

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

( 1 4 - s ta g e  E .M .I .  6262) a r e  r u n  a t  a p p r o x im a te ly  

+ 2 KV on th e  c o l l e c t o r s .  The pow er p a c k s  

s u p p ly in g  th e  -  150 V a r e  c a r e f u l l y  s t a b i l i s e d  

and th e  m ains  v o l t a g e  a p p l i e d  t o  a l l  t h e  

e l e c t r o n i c  s i s  m o n i to re d  v i s u a l l y  by a  m e te r  

on th e  o u tp u t  o f  a  " V a r ia c "  t r a n s f o r m e r .
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APPENDIX 

S e c t i o n  3#

Low L e v e l  F a s t  D i s c r im i n a t o r  and H i ^  Speed
Time B ase .

F ig u re  27 shows th e  c i r c u i t  d iag ram  o f  a  

f a s t  d i s c r i m i n a t o r  d ev e lo p e d  hy th e  a u th o r  t o  

o p e r a te  from  f a s t  p u l s e s  a s  s m a l l  a s  0 .2  v o l t s .

I t  i s  e s s e n t i a l l y  a  b lo c k in g  o s c i l l a t o r ,  i n  w h ic h  

a  b i a s e d - o f f  d io d e  i n  th e  lo o p  l i n e  r e d u c e s  th e  

lo o p  g a i n  t o  l e s s  t h a n  u n i t y ,  t h u s  a l lo w in g  th e  

o s c i l l a t o r  v a lv e  (6CH6) t o  c a r r y  a  n o rm a l c u r r e n t  

and p ro v id e  a m p l i f i c a t i o n  o f  th e  incom ing  p u l s e  

b e f o r e  th e  t r i g g e r  a c t i o n .

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

f i r s t  v a lv e  (CV138) i s  r e v e r s e d  by t h i s  v a lv e  and 

f e d  t o  th e  g r i d  o f th e  o s c i l l a t o r  v a lv e  th r o u g h  

t h e  in p u t  d i o d e .  S in ce  th e  o s c i l l a t o r  v a lv e  i s  

r u n n in g ,  t h e  p u l s e  i s  a m p l i f i e d  a t  t h e  anode and  

i s  r e v e r s e d  by  th e  f e r r o x - c u b e  t r a n s f o r m e r  and 

a p p e a r s  a c r o s s  th e  b i a s e d - o f f  d io d e  i n  th e  lo o p  

l i n e .  A s u f f i c i e n t l y  l a r g e  i n p u t  p u l s e  c a u s e s  

t h i s  d io d e  t o  c o n d u c t  and th e  lo o p  g a i n  r a p i d l y  

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



and  th e  c i r c u i t  t h e n  b eh a v es  a s  a  n o rm a l b lo c k i n g  

o s c i l l a t o r .  The p u rp o se  of th e  i n p u t  d io d e  i s  t o  

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

p a r a l l e l  w i th  t h e  g r i d  t o  c a th o d e  p a t h  d u r in g  th e  

p o s i t i v e  sw ing  o f  th e  g r i d  i n  th e  b lo c k in g  

o s c i l l a t o r  a c t i o n .  The i n i t i a l  b i a s  o f  th e  

o s c i l l a t o r  v a lv e  i s  s u p p l i e d  by a  c a th o d e  f o l l o w e r  

(6Aiyi6) t o  a l lo w  f a s t  r e c o v e r y  a f t e r  a  p u l s e .

The c h a r a c t e r i s t i c s  o f  th e  o u tp u t  p u l s e

fro m  th e  c i r c u i t  g iv e n  h e re  a r e  a  c u r r e n t  o f  one

ampere t u r n e d  on f o r  10"^  s e c .  w i th  a  l e a d i n g
—8edge o f  2 .1 0 "  s e c .  The o s c i l l a t o r  w i l l  

o p e r a t e  f ro m  p u l s e s  a s  low a s  0 .2  v o l t s  by 

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

v a l v e .  The f e r r o x - c u b e  t r a n s f o r m e r  was wound 

w i t h  e i g h t  t u r n s  on th e  p r im a ry  and e i g h t  t u r n s  

on th e  s e c o n d a r y .

The c i r c u i t  shown i n  f i g u r e  28 i s  a  

s im p le  h ig h  sp e e d  t im e  b a se  w h ich  c a n  be o p e r a te d  

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

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

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



v a lv e  w hich  i s  n o rm a l ly  h e l d  o f f  hy a b o u t  -  10 

v o l t s .  An in p u t  p u l s e  l a r g e r  t h a n  15 v o l t s  

causes  th e  o s c i l l a t o r  v a lv e  t o  c o n d u c t  s u f f i c i e n t l y  

f o r  b lo c k in g  a c t i o n .  The o u tp u t  p u l s e  o f  c u r r e n t  

i n  th e  c a th o d e  lo a d  of th e  o s c i l l a t o r  v a lv e  h a s  

a d u r a t i o n  o f ^  2 .1 0 " ^  s e c .  and r i s e s  t o  1 .5  amps
o

i n  1 0 "  s e c .  The f e r r o x - c u b e  f e e d b a c k  t r a n s ­

fo rm e r  was wound w i th  e i g h t  t u r n s  on th e  p r im a ry  

and s e c o n d a ry .  The o u tp u t  v o l t a g e  p u l s e  on th e  

c a th o d e  i s  a m p l i f i e d  and f e d  t o  t h e  X d e f l e c t i o n  

p l a t e s  of an  o s c i l l o s c o p e  th r o u g h  th e  s t e p  up 

t r a n s f o r m e r  ( f e r r o x - c u b e  c o r e )  w h ich  h a d  f i v e  

t u r n s  on th e  p r im a ry  and t h i r t y  on th e  s e c o n d a ry .

I t  i s  im p o r ta n t  t o  remember t h a t  a t  

t h e s e  f re c ^ u e n c ie s  th e  c a th o d e  l o a d  of th e  

o s c i l l a t o r  v a lv e  i s  th e  c a p a c i t y  o f  t h e  X p l a t e s  

m u l t i p l i e d  by th e  sq u a re  o f  t h e  t u r n s  r a t i o  o f  

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

m ust have low c a p a c i t y  d e f l e c t i o n  p l a t e s  t o  a v o id  

i n t e g r a t i o n  of th e  sweep and th e  c a p a c i t y  o f  

w i r in g  on th e  se c o n d a ry  m ust be k e p t  t o  a  minimum.

F ig u re  2^ shows th e  l i n e a r i t y  and sp e e d  

o f  t h e  sweep o b se rv e d  on a  h ig h  sp ee d  o s c i l l o s c o p e



/ 9 7

tu b e  ty p e  number 3 S 7 A  when a  s in e  wave was 

a p p l i e d  t o  th e  Y d e f l e c t i o n  p l a t e s .  F ig u r e  30 

shows a  d i s p l a y  of d e la y e d  d o u b le  p u l s e s  w i th  

l e a d in g  ed g e s  o f  10"^ s e c .  f o r  a  s lo w e r  t im e  

b ase  sp ee d  o b ta in e d  by i n c r e a s i n g  th e  c a p a c i t y  

on th e  s e c o n d a ry  of th e  s t e p  up t r a n s f o r m e r .

The doub le  p u l s e  g e n e r a t o r  u s e d  t o  p r o v id e  t h e s e  

p u l s e s  was a s im p le  e x t e n s i o n  by t h e  a u th o r  o f  a  

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

H u tc h in so n  (1 9 5 3 ) .  I n  t h i s  e x t e n s i o n  two b lo c k ­

in g  o s c i l l a t o r s  b i a s e d  o f f  by  v a r i a b l e  am ounts 

were t r i g g e r e d  by e s s e n t i a l l y  t h e  same l e a d i n g  

edge g e n e r a te d  by a  M i l l e r  t im e  b a s e .  By 

v a r y in g  th e  b i a s  on e a c h  o s c i l l a t o r  th e  tim e 

d e la y  be tw een  th e  o u tp u t  p u l s e s  was v a r i e d .

The h ig h  sp ee d  c i r c u i t r y  d e s c r i b e d  above 

was u s e d  e x t e n s i v e l y  by th e  a u t h o r  f o r  th e  

dev e lopm en t and t e s t i n g  o f  h i g h  sp e e d  c i r c u i t r y  

and p r e l i m i n a r y  e x p e r im e n ts  on t h e  f e a s i b i l i t y  

o f u s in g  m i l l im ic r o s e c o n d  s p e c t r o s c o p y  f o r  

m easurem ents  o f  n e u t r o n  e n e r g i e s  by  t im e  o f  

f l i g h t .  F ig u re  31 shows a  g r a p h  o f  th e  l i n e  

o b se rv e d  on th e  h ig h  sp ee d  o s c i l l o s c o p e  t im e



1 9 S

b a se  due t o  14 Mev n e u t r o n s  d e t e c t e d  o v e r  a  f l i g h t  

p a t h  o f  f i v e  m e t r e s .  The a r ra n g e m e n t  u s e d  t o  

o b t a i n  t h i s  l i n e  i s  shown i n  f i g u r e  @1. The 

r e s u l t s  o b t a in e d  u s i n g  t h i s  s im p le  t e c h n iq u e  i n  

w h ich  th e  p o s i t i o n  o f  p u l s e s  on th e  t im e b a se  

was r e c o r d e d  by eye  l e d  t o  th e  d ev e lo p m en t o f  

th e  t im e d e la y  -  v o l t a g e  c o n v e r t e r  m ethod  

d e s c r i b e d  i n  th e  t h e s i s  i n  w h ich  th e  t im e  d e l a y s  

a r e  m easu red  by p u l s e  h e i g h t  a n a l y s e r s .
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