
 
 
 
 
 
 
 

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


T H E S IS  

P r e s e n t e d  f o r  t h e  D e g r e e

OF

DOCTOR OF PH ILOSOPHY

U N IV E R S IT Y  OF GLASGOW 

1956.



ProQuest Number: 10656315

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.

uest
ProQuest 10656315

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



T I T L E

LOW ENERGY GAMMA-RAD IAT I ON FROM 

NUCLEAR REACTIONS



PREFACE

The w r i t e r  has d e sc r ib e d  in  t h i s  t h e s i s  work c a r r i e d  out  

on th e  d e t e c t i o n  and measurement of  low energy gamma-radiat ion 

e m i t te d  in  c e r t a i n  n u c l e a r  r e a c t i o n s ,  and a t tem p ted  to  show how 

th e  r e s u l t s  g ive in fo rm a t io n  about the  energy l e v e l s  o f  l i g h t  

n u c l e i .

In  th e  f i r s t  c h a p te r ,  th e  im portance of a knowledge of 

n u c l e a r  s t a t e s  i s  b r i e f l y  d i s c u s s e d  and methods of s tu d y in g  

t h e s e  a r e  compared, p a r t i c u l a r  r e f e r e n c e  b e in g  made to  de

e x c i t a t i o n  by gamma-emission.

The second c h a p te r  c o n ta in s  a d i s c u s s io n  on th e  e x p e r i 

m en ta l  methods of s tu dy ing  low-energy  gam m a-radia t ion .  Most 

o f  th e  m a t e r i a l  of th e s e  f i r s t  two c h a p te r s  i s  taken from th e  

l i t e r a t u r e .

C hapter  t h r e e  g iv e s  a d e s c r i p t i o n  of  th e  expe r im en ta l  

equipment used in  th e  ex pe r im en ta l  i n v e s t i g a t i o n s .  Much o f  th e  

e l e c t r o n i c  a p p a ra tu s ,  th e  co u n te r s  used in  p r e l im in a ry  work and 

th e  r o t a t i n g  t a r g e t  chamber had been c o n s t ru c te d  by Dr.R .D .Sm ith  

p r i o r  to  th e  s t a r t  o f  t h i s  work, b u t  the  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 te r  used to  o b ta in  most o f  th e  exp e r im en ta l  d a t a ,  was des igned  

by the  w r i t e r .  This a p p l i e s  a l s o  to  th e  m o d i f i c a t io n s  to  th e  

s i n g l e  channel  pu lse  a n a ly s e r .

The exper im en ta l  te c h n iq u e s  u sed  and t h e  r e s u l t s  o b ta in e d  

a r e  given in  the  fo u r th  and f i f t h  c h a p te r s .  The method of

" d i f f e r e n t i a l  a b s o rp t io n "  was developed and used  f o r  th e



i n i t i a l  s t u d i e s  on th e  r a d i a t i o n  from deu te ron  bombardment of  

Aluminium in  co n ju nc t ion  w i th  Dr. R.D. Smith, who was mainly 

r e s p o n s i b l e  f o r  th e  r e s u l t s  o b ta in e d  u s in g  s c i n t i l l a t i o n  c o u n te r s  

L a t e r  work on t h i s  r e a c t i o n ,  the  development of  t h e  pho tograph ic  

t e c h n iq u e ,  and th e  s t u d i e s  o f  o t h e r  r e a c t i o n s  were c a r r i e d  out  

e n t i r e l y  by th e  a u th o r .

The l a s t  c h a p te r  c o n ta in s  a d i s c u s s io n  and i n t e r p r e t a t i o n  

o f  th e  r e s u l t s ,  which i s  the  so le  r e s p o n s i b i l i t y  o f  th e  w r i t e r .

The a u th o r  would l i k e  to  acknowledge h i s  in d e b te d n e ss  to  

P r o f e s s o r  B . I .  Dee and Dr.S .C . Curran f o r  t h e i r  encouragement 

and ad v ice  given du r ing  t h i s  work and to  Dr.R.D. Smith and Dr. 

J.G-. Rutherg len  f o r  t h e i r  c o -o p e ra t io n  and a s s i s t a n c e .

PUBLICATION

The work on the  gamma-radiation from th e  r e a c t i o n
27 28A1 ( d ,p )  A1 has  been d e s c r ib e d  in  th e  fo l lo w in g  p a p e r : -

” 31 Kev E x c i ted  S ta t e  of Aluminium-28” , by R.D. Smith and 

R.A. Anderson, N atu re ,  London, 168, 429» 1951.



I N D E X

S e c t io n  Contents
L i s t  of f i g u r e s ,  p l a t e s  and t a b l e s .

Chapter  1 
I n t r o d u c t io n

1.1 The importance of n u c l e a r  energy l e v e l s  . .

1 .2  Methods of s tudy  of n u c l e a r  s t a t e s  ......................

1 .3 T h e o r e t i c a l  e x p la n a t io n s  of n u c l e a r  s t a t e s

1 .4  D e - e x c i t a t io n  by gamma-emission. . ,  . .

Page

1

4

14

18

Chapter 2

The Study of Low Energy Camma-Radiation

2.1 Methods of d e t e c t in g  s o f t  gamma-rays and of

de te rm in ing  t h e i r  energy . . ....................................

2 .2  The use of 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 te r s ,

2 .3  Background and e f f i c i e n c y  c o n s i d e r a t io n s

2 .4  P rev ious  ex pe r im en ta l  work ......................................

28

32

35

39

Chapter  3 

Equipment.

3.1 G a s - f i l l e d  p r o p o r t io n a l  c o u n te r s

3 .2  S c i n t i l l a t i o n  Counters

3 .3  Power Supp l ies  ....................................

3 .4  A m p l i f i e r s .................................................

3 .5  P u lse - sh a p in g  equipment .

3 .6  P u lse  a n a ly s e r s  ....................................

43

46

47

47

48

49



S ec t io n  C ontents  Page

3. 7  Low-p'ass d i s c r i m i n a t o r ........................................................ 52

3 . 8  R o ta t in g  t a r g e t  chamber............................................................. 53

C hapter  4.

Exper im enta l  Techniques

4.1 Work with  g a s - f i l l e d  p r o p o r t io n a l  c o u n t e r s . . . .  55

4 .2  Work with  s c i n t i l l a t i o n  c o u n t e r s .................................  58

4.3  C r i t i c a l  a b so rp t io n  r e s u l t s  ............................................  58

4 .4  P u lse  photography ................................................................... 59

C hapter  9.

Exper im enta l  R e s u l t s

9.1  The Deuteron bombardment of aluminium ....................  62

5 . 1 . 1 . P r o p o r t i o n a l  co u n te r  r e s u l t s ,  u s in g  the

s in g le  channel p u lse  a n a ly s e r  ................................  63

5 . 1 . 2  S c i n t i l l a t i o n  c o u n te r  r e s u l t s  .................................  64

5 . 1. 3  F u r th e r  p ro p o r t io n a l  c o u n te r  r e s u l t s ,  u s in g

the f i v e  channel p u lse  a n a ly s e r  ...........................  64

5 . 1 . 4  C r i t i c a l  a b s o rp t io n  r e s u l t s  ...................................... 65

5 . 1.5  S u b s id ia ry  r e s u l t s  ..........................................................  65
275 . 1 . 6  Summary of r e s u l t s  on A1 + d .............................  67

5 . 2  The deuteron bombardment of phosphorus . .  . .  68

5 . 3  Search f o r  f u r t h e r  s o f t  gamma-radiation from

n u c le a r  r e a c t i o n s ....................................  . .  . .  69

5 . 4  The deuteron  bombardment of c a r b o n ..................  70

5 . 4.1  P r o p o r t i o n a l  co u n te r  r e s u l t s  . .  . .  . .  . .  70
5 . 4 . 2  S c i n t i l l a t i o n  c o u n te r  r e s u l t s  ................................ 72



S e c t io n  C onten ts  Page

5 . 4 . 3 . Pho tograph ie  r e s u l t s  u s in g  i s o t o p i c

t a r g e t s ..................................................................  72

5 . 4 . 4  Summary of r e s u l t s  o n C + d  ...................... 73

Chapter  6 

D iscu ss ion  o f  r e s u l t s

6.1 R a d ia t io n  from th e  deu teron  bombardment

of A l ^ ' ^ ................................................................  74

6 .2  R e s u l t s  from deu teron  bombardment of  P . .  78

6.3 R ad ia t io n  from the  deu teron  bombardment of C 78

R e f e r e n c e s ..................................................................  86



LIST OF FIGURES, PLATES AND TABLES

Figure

1

2

3

4

5

6

7

8 

9

10

11

12

13

14

15

16

17

18

19

20 

21 

22

Facing page

Level structure  predicted  by s h e l l  theory 17

Variation of X-ray absorption c o e f f i c i e n t

with A .............................................  . . • . 30

Counter ”A”   .•  • .  43

43

44 

44

46

47

48

49

51

52

53 

56

63

64 

64 

64 

64

64

65 

65

Counter ”B”

Counter ”C”

Counter ”C” end d e t a i l s  

L X-rays from Pb + p.

4 Kv Power supply 

Delay l i n e

S ing le  channel p u lse  a n a ly s e r  

M o d i f ic a t io n s  to p u lse  a n a ly s e r  

Low pass  d i s c r i m i n a t o r  

R o ta t in g  t a r g e t  chamber 

S h ie ld in g  of co u n te r  

A1 + d, n o .1 ( p r o p o r t i o n a l  co u n te r )  

n o .2 ( ” ” )

n o . 3 ( ” ” )

n o . 4 ( s c i n t i l l a t i o n  co u n te r )  

n o . 5 ” ” )

n o . 6 ( p r o p o r t i o n a l  c o u n te r  ) 

n o .7 ” ”

n o . 8 ” ” )



p ig u re Pacing  page

23

24

25

26

27

28

29

30

+ d, w i th  no a b s o r b e r s 

w i th  a b s o rb e rs  

0 + d, n o . 1 ( w ith  no a b so rb e rs )  

n o . 2 (30 K e v . r e s u l t )

n o . 3 

no. 4 

no. 5 

n o . 6

68

68

70

71 

71

71

72 
72

Table

1

2

3

4

5

6

P l a t e

1

2

3

4

5 
6 .

Allowed m u l t ip o le  r a d i a t i o n s

L i fe t im e s  f o r  th e  decay of the 32 hev l e v e l

in

E f f i c i e n c y  o f  co u n te r  ”0”

C r i t i c a l  a b s o rp t io n  r e s u l t s  

Summary of r e s u l t s  on A1 + d 

Summary of  r e s u l t s  on C + d.

Counter  ”C”

R o ta t in g  t a r g e t  chamber

R o ta t in g  t a r g e t  chamber

Gamma-radiation from RaD

R a d ia t io n  from Al^"^(d,p) Al^^ 
R a d ia t io n  from C +d

24

25 

45 

65 

67 

73

44

53

53

61

61
69



1.

CHAPTER 1 

INTRODUCTION.

1 . 1. THE DÆPORTANCE 0? NUCLEAR ENERGY LEVELS.

In  c l a s s i c a l  atomic p h y s ic s ,  t h e  atom was though t  of 

a s  a heavy n u c le u s ,  c a r ry in g  a charge +Ze, where Z was th e  atomic 

number and e th e  e l e c t r o n i c  ch a rg e ,  and surrounded  by Z e l e c t r o n s  

b e a r i n g  n e g a t iv e  cha rge .  This p i c t u r e ,  d e r iv e d  from experim ents  

such a s R u t h e r f o r d ’ s work on a l p h a - s c a t t e r i n g  and th e  p e n e t r a b i l i t y  

o f  b e t a - r a y s  th rough  m a t t e r ,  had , however, l e f t  two main e x p e r i 

m en ta l  f a c t s  u n e x p la in ed .

The f i r s t  of  th e se  was th e  d i s c r e t e  n a tu r e  of th e  e l e c t r o 

m agnetic  r a d i a t i o n s  from e x c i t e d  atoms, t h i s  b e in g  i n c o n s i s t e n t ,  

on c l a s s i c a l  e le c t ro m a g n e t ic  t h e o ry ,  w ith  th e  s t a b i l i t y  of the  

atom. This was ex p la in ed  by Bohr, u s in g  i d e a s  which l a t e r  

developed i n t o  quantum th e o ry  and which p r e d i c t e d  atomic energy 

l e v e l s  f o r  th e  hydrogen atom, assuming t h a t  th e  f o r c e s  invo lved  

were e l e c t r o s t a t i c .

The o t h e r  d i f f i c u l t y  was th e  r e a l i s a t i o n  t h a t  n u c l e a r  f o r c e s  

were n o t  p u re ly  e l e c t r o s t a t i c  i n  n a t u r e .  Experim ents  on th e  

anomalous s c a t t e r i n g  o f  a l p h a - p a r t i c l e s  were ex p la in e d  by assuming 

a s h o r t  range  a t t r a c t i v e  fo r c e  a c t i n g  w i th in  the  n u c leu s  and 

such a f o r c e  a l s o  ex p la in ed  th e  long  l i f e t i m e s  found f o r  a lp h a -  

decay and th e  g e n e ra l  s t a b i l i t y  of n u c l e i .



c .

Meanwhile the  s tudy of p a r t i c l e s  and gamma-rays from 

r a d i o a c t i v e  sources  had shown t h a t  t h e r e  were w e l l - d e f in e d  

groups of a l p h a - p a r t i c l e s  coming from any one n u c leu s  ( e . g .  t h e  

work of Rosenhlum (1930) on th e  f i n e - s t r u c t u r e  of a lp h a  p a r t i c l e  

groups)  and t h a t  t h e r e  was a l i n e  s t r u c t u r e  i n  b e t a - r a y  s p e c t r a ,  

such as  RaB ( E l l i s  & S k inner ,  1924). As in  atomic p h y s ic s  where 

th e  r e l a t i o n s h i p s  between th e  f r e q u e n c i e s  of  X-ray and o p t i c a l  

s p e c t r a  can be ex p la in ed  in  terms o f  t r a n s i t i o n s  between energy 

l e v e l s ,  t h e s e  groups and l i n e  s p e c t r a  from n u c l e i  could  be due to  

a s i m i l a r  s t r u c t u r e  of  energy l e v e l s .

The s tudy  of  atomic s p e c t r a  had given much in fo rm a t io n  about 

th e  i n t e r a c t i o n s  between e l e c t r o n s  in  the  atom. Bohr*s simple 

quantum id ea  of  energy l e v e l s  d e f in e d  by th e  quantum number n 

(Bohr, 1913 ) had been fo l low ed  by Sommerfeld*s i n t r o d u c t i o n  of  the  

o r b i t a l  quantum number, 1 ( Sommerfeld, 1916), and Moseley* s work 

on c h a r a c t e r i s t i c  X-rays of th e  d i f f e r e n t  e lem ents  (M ose ley ,1914) 

had ex p la in ed  th e  p e r io d i c  t a b l e  and sugges ted  the s h e l l  s t r u c t u r e  

of  th e  e l e c t r o n s  in  th e  atom. In c re a s e d  r e s o l v i n g  power of 

o p t i c a l  in s t ru m e n ts  used in  th e  s tudy  o f  more com p l ica ted  s p e c t r a  

r e s u l t e d  in  th e  o b s e rv a t io n  of  d o ub le t  and t r i p l e t  l i n e s  and th e s e  

l e d  to the  idea  of  " s p i n ” (Goudsmit & Uhlenbeck, 1926).

Bohr* 8 simple p i c t u r e  of  e l e c t r o n s  d e s c r i b in g  o r b i t s  round 

th e  n uc leus  has  been re p la c e d  by th e  m a them atica l  developments of 

quantum mechanics.  These l e a d  to  a p a r t i c l e  system hav ing  

s t a t i o n a r y  s t a t e s  of d e f i n i t e  e n e r g i e s ,  o r  energy l e v e l s ,  w i th  

p r o p e r t i e s  a r i s i n g  from the fo rc e  i n t e r a c t i o n s  between the  p a r t i c l e s
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In  th e  atomic case th e s e  a re  p r im a r i l y  e l e c t r o s t a t i c ,  h u t  

i n t e r a c t i o n s  of a n g u la r  moments a r e  a l s o  in v o lv ed .  Such a 

t r e a tm e n t  a l s o  e x p la in s  why c e r t a i n  t r a n s i t i o n s  between energy 

l e v e l s  e i t h e r  do no t  e x i s t  o r  e l s e  have ve ry  low i n t e n s i t y ,  

l e a d in g  to  th e  concept of fo rb id d en  t r a n s i t i o n s  o r  s e l e c t i o n  

r u l e s .

Thus th e  s tudy of atomic s p e c t r a  has l e a d  to quantum 

m echanics ,  which can p r e d i c t  the  s p e c t r a ,  assuming th e  fo rc e  

f i e l d ;  to  th e  idea  of  a n g u la r  momenta and th e  i n t e r a c t i o n s  

, between them; to  a p i c t u r e  of c lo sed  s h e l l s ,  in v o lv in g  f o r c e s  

which can only l i n k  a l i m i t e d  number of p a r t i c l e s  ( " s a t u r a t i o n  

f o r c e s ” ) ;  and to th e  p r i n c i p l e  of s e l e c t i o n  r u l e s .

Now n a t u r a l  r a d i o a c t i v i t y  showed the  same phenomena of 

energy l e v e l s  and th e  s tudy of a r t i f i c i a l  r a d i o - a c t i v i t y  and 

n u c le a r  r e a c t i o n s  produced by h ig h -en e rg y  p a r t i c l e s  and 

gamma-ray8 has r e v e a le d  energy l e v e l s  i n  p r a c t i c a l l y  every 

n u c leus  (M i t c h e l l ,  1950, A lburger  & H afner ,  1950, Ajzenberg 

& L a u r i t s e n ,  1952). These l e v e l s  must be due to  th e  fo rc e  

i n t e r a c t i o n s  w i th in  the  nu c leu s  g iv in g  r i s e  to  s t a t i o n a r y  s t a t e s  

and energy l e v e l s .  Unlike th e  atomic l e v e l s ,  however, the  

p r e c i s e  n a tu r e  of th ese  f o r c e s  i s  no t  known, b u t  a d e t a i l e d  

knowledge of th e  l e v e l s  should g ive in fo rm a t io n  about  th e  

magnitude and n a tu re  of th e s e  i n t e r a c t i o n s ,  and any t h e r o r e t i c a l  

t r e a tm e n t  of th e  f o r c e s  must be c o n s i s t e n t  w ith  th e  exper im en ta l  

da ta  on th e s e  l e v e l s .
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Since  one o f  th e  major problems in  p h y s ic s  i s  th e  

d e te rm in a t io n  of th e s e  n u c l e a r  s h o r t  range f o r c e s  as  much 

in fo rm a t io n  a s  p o s s i b l e  about n u c l e a r  energy l e v e l s  i s  d e s i r 

a b l e .  In p a r t i c u l a r ,  knowledge of c l o s e l y  spaced l e v e l s ,  

e s p e c i a l l y  in  l i g h t  n u c l e i  whose l e v e l  spac ing  i s  u s u a l l y  

l a r g e ,  would be ex trem ely  v a lu a b le ,  as  t h e s e  might l e a d  to  

doub le t  s t r u c t u r e  analogous to  t h a t  found in  atomic s p e c t r a .  

The a b i l i t y  of any th e o ry  of the  n u c leu s  to  p r e d i c t  such 

d o u b le ts  in  agreement w ith  experiment would be a most v a lu a b le  

t e s t  of  such a th e o ry .

1. 2 METHODS OF STUDY 0? IÏÏJCLEAR STATES.

In atomic p h y s ic s ,  our knowledge of energy l e v e l s  i s  

d e r iv e d  c h i e f l y  from X-ray and o p t i c a l  s p e c t r a ,  though i n f o r 

mation a l s o  comes from i o n i s a t i o n  p o t e n t i a l s  and work on 

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

low er s t a t e s ,  d e c re a s in g  f o r  h ig h e r  s t a t e s ,  which tend  asympto

t i c a l l y  to  th e  l e v e l  e q u iv a le n t  to  i o n i s a t i o n ,  i . e .  a t  which 

th e  e l e c t r o n  has  enough energy to le a v e  th e  atom. Above t h i s  

t h e r e  i s  a continuum of s t a t e s ,  a l lo w in g  th e  e l e c t r o n  to  le a v e  

w ith  any energy and re du c in g  th e  va lue  of  s t u d i e s  of  p a r t i c l e  

em iss ion .

The s i t u a t i o n  in  th e  n uc leu s  i s  ve ry  d i f f e r e n t .  There 

i s  a d i s c r e t e  l e v e l  spac ing  above a s  well  a s  below the  energy 

r e q u i r e d  to  e j e c t  a p a r t i c l e .  Below t h i s  we have bound 

s t a t e s  from which gamma-radiation on ly  i s  p o s s i b l e ,  b u t  above
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i t ,  from th e  v i r t u a l  s t a t e s  b o th  gam m a-radiat ion  and groups 

o f  p a r t i c l e s  may be e m i t te d ,  of which th e  l a t t e r  a r e  more 

l i k e l y .  Thus the  s tudy  of p a r t i c l e  em ission  can g ive  i n f o r 

mation about th e s e  l e v e l s .

Due to  th e  continuum of e x c i t e d  s t a t e s  and low en e rg ie s  

inv o lv ed  in  the  atomic c a se ,  i t  i s  u s u a l l y  easy to  e x c i t e  a l l  

th e  bound s t a t e s  in  the  atom. This i s  n o t  th e  case  w i th  

n u c l e a r  l e v e l s ,  h igh  e n e rg ie s  b e in g  invo lved  and resonance 

e f f e c t s  o f te n  r e s t r i c t i n g  the  e x c i t a t i o n .

G e n e ra l ly ,  p a r t i c l e  emission from a v i r t u a l  s t a t e  w i l l

be more p robab le  than  gamma-emission, im ply ing  a s h o r t e r
—20l i f e t i m e  f o r  p a r t i c l e  emission ( t  ~  10“ sec)  than  f o r  gamma-

— 1 2emission ( t  10“ s e c ) . Thus the  emission of gamma-rays 

from h ig h ly  e x c i t e d  l e v e l s  w i l l  be improbable u n l e s s  the  

p r o b a b i l i t y  of p a r t i c l e  emission i s  reduced by a Coulomb b a r r i e r  

o r  i s  fo rb id d en  by o th e r  c o n s i d e r a t i o n s .  I t  w i l l  u s u a l l y  

a r i s e  from r e s i d u a l  n u c l e i  in  an e x c i t e d  case  a f t e r  the  

em ission of a p a r t i c l e  from th e  o r i g i n a l  n u c le u s .

Methods of  s tudy  of n u c l e a r  l e v e l s  depend on th e  atomic 

number, Z. Por l i g h t  n u c l e i  and low e x c i t a t i o n  e n e rg ie s  the  

l e v e l  spac ing  i s  l a r g e ,  g r e a t e r  than  th e  l e v e l  w idths  and th e  

r e s o l v i n g  power of the  expe r im en ta l  t e c h n iq u e s ,  and i t  i s  

f e a s i b l e  to s tudy i n d i v id u a l  l e v e l s .  In t h i s  r e g io n  

(below Z = 20) th e  Coulomb b a r r i e r  i s  sm all  enough to a l low  

a p p r e c ia b le  p e n e t r a t io n  by charged p a r t i c l e s ,  f o r  b o th  

bombarding and em it ted  p a r t i c l e s ,  and th u s  th e  spectrum of
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energy l e v e l s  in  t h i s  reg io n  can be s tu d ie d  f a i r l y  f u l l y .

Por l a r g e r  Z, and h igh  e x c i t a t i o n  e n e r g i e s ,  the  l e v e l  

spac ing  i s  small  and i t  i s  d i f f i c u l t  to  r e s o lv e  th e  l e v e l s  

and u s u a l l y  the  s t a t i s t i c a l  p r o p e r t i e s  of th e  n u c l e a r  l e v e l s  

a r e  s tu d ie d  in  t h i s  r e g io n .  Here a l s o ,  Coulomb e f f e c t s  a r e  

s i g n i f i c a n t  and th e  l e v e l s  s tu d ie d  a r e  g e n e r a l l y  th o se  n o t  

in v o lv in g  charged p a r t i c l e s  -  low l y i n g  l e v e l s  a t  about 1 Mev., 

from b e ta  and gamma-spectra of r a d i o a c t i v e  i s o t o p e s  and l e v e l s  

above th e  b in d in g  energy of  a n eu t ro n  from c r o s s - s e c t i o n  

resonance  in  n eu t ro n  c a p tu r e .

I f  a r e a c t i o n  can be c o n s id e red  as  due to  the  i n t e r m e d ia t e  

fo rm ation  of a compound n u c le u s ,  then  i t  can be r e p r e s e n t e d  

by th e  equ a t io n :

A + P ----» B ------ > C^+ R

  C + hN-

and the  s tudy of t h i s  r e a c t i o n  w i l l  g ive  in fo rm a t io n  about  

tv/o n u c l e i , B and C. However, th e  whole of th e  l e v e l  s t r u c t u r e  

w i l l  not norm ally  be covered in  any one r e a c t i o n ,  t h e  re g io n  

covered depending on the Q of the  r e a c t i o n .  This i s  th e  amount 

of energy evolved i n  the  r e a c t i o n  due to  the  mass d i f f e r e n c e s  

of the r e a c t i n g  p a r t i c l e s ,  n o t  i n c lu d in g  any k i n e t i c  energy 

of the  i n i t i a l  p a r t i c l e s .

Energy l e v e l s  can be s tu d ie d  by v a r io u s  methods, of which 

th e  fo l lo w in g  a re  r e l e v a n t  to  th e  work d e s c r ib e d  in  t h i s  

t h e s i s : -
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(a )  Heavy p a r t i c l e  emission

(b) Gamma-emission

(c)  L i f e t im e s  o r  t r a n s i t i o n  p r o b a b i l i t i e s  of 

e x c i t e d  s t a t e s .

(d) S tu d ie s  of p r o p e r t i e s  of ground s t a t e s .

Heavy p a r t i c l e  e m is s io n .

In th e  compound nucleuis B formed from A + P, the  

emission of a heavy p a r t i c l e  w i l l  no rm ally  occur  i f  e n e r g e t i c a l '  

l y  p o s s i b l e ,  the  re -e m is s io n  of th e  i n i t i a l  p a r t i c l e  be in g  a 

p o s s i b i l i t y  c o m p e t i t iv e  to  any o th e r  r e a c t i o n .  In c a l c u l a t i n g  

th e  r e l a t i v e  p r o b a b i l i t i e s  of charged p a r t i c l e  and gamma 

emission from two e x c i t e d  s t a t e s  of  a n u c le u s ,  th e  Coulomb 

e f f e c t  must be c o n s id e re d ,  f o r  t h i s  may reduce c o n s id e ra b ly  

th e  p r o b a b i l i t y  of emission of charged p a r t i c l e s ,  as  in  

a lp h a -d ecay  of heavy r a d i o a c t i v e  n u c l e i .

G e n e ra l ly ,  i f  two o r  more groups ap p ea r  in  th e  same 

r e a c t i o n ,  f o r  the  same energy of bombarding p a r t i c l e ,  they  

may be a s s ig n e d  to  energy l e v e l s  in  the  r e s i d u a l  n u c leu s .

The measurement of th e  e n e rg ie s  of charged p a r t i c l e s  

can be c a r r i e d  out by v a r io u s  t e c h n iq u e s ,  as  f o l l o w s ; -

By bending  the charged beam in  e l e c t r o s t a t i c  o r  magnetic 

f i e l d s .  The r e s o l u t i o n  o f  t h i s  method has been g r e a t l y  

improved in  r e c e n t  y e a r s ,  l a r g e l y  u s in g  180^ fo c u s s in g  

( s t r a i t ,  Van P a t t e r ,  Buechner, & Sperdu to ,  1951).
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By measurements of th e  range o f  th e  p a r t i c l e s  in  a i r  

o r  in  th in  a b s o rb e r  f o i l s .  This i s  the  s im p le s t  and most 

s t r a i g h t - f o r w a r d ,  bu t  i f  s e v e r a l  groups a r e  p r e s e n t  th e  

s t r a g g l i n g  reduces  th e  r e s o l u t i o n ,  and i t  i s  a l s o  d i f f i c u l t  

to  d e t e c t  s h o r t - r a n g e  groups of low i n t e n s i t y  a g a i n s t  a back

ground of long range p a r t i c l e s .

By co u n te r s  of th e  p r o p o r t i o n a l  ty p e ,  which, in  e f f e c t ,  

measure th e  i o n i s a t i o n  caused by th e  p a r t i c l e  o r  by s u b s id 

i a r y  e f f e c t s  a s s o c i a t e d  w i th  the  i o n i s a t i o n .  These in c lu d e  

i o n i s a t i o n  chambers, 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 te r s  and 

s c i n t i l l a t i o n  c o u n te r s ,  and n u c le a r  emulsion p l a t e s  may a l s o  

be thought  of in  t h i s  c a te g o ry .

The major d i f f i c u l t y ,  p a r t i c u l a r l y  f o r  low energy groups,  

i s  s c a t t e r i n g  of the  bombarding beam or  competing r e a c t i o n s  

which may mask th e  groups b e in g  s tu d i e d .  This has  been 

overcome by combinations of two of th e s e  methods. Thus 

magnetic  a n a l y s i s  w i th  i t s  h ig h  r e s o l v i n g  power has  been 

used w ith  v a r io u s  d e t e c t i n g  systems of co m para t ive ly  low 

r e s o l u t i o n  -  p r o p o r t i o n a l  o r  s c i n t i l l a t i o n  c o u n te r s  (Burcham 

and Freeman, 1949) o r  n u c l e a r  emulsions ( S t r a i t ,  Van P a t t e r ,  

Buechner, & Sperduto ,  1951). Range measurements have been 

improved by u s in g  a p r o p o r t i o n a l  c o u n te r  b i a s s e d  to  count  

p a r t i c l e s  a t  t h e  end of t h e i r  range only  (Benson, 1948).

The r e s o l u t i o n  of  th e s e  charged p a r t i c l e  energy 

d e te rm in a t io n s  i s  h ig h ,  bu t  i t  i s  only  r e c e n t l y  t h a t  i t  has

been reduced  to b e t t e r  than  10 R e v . , r e s u l t i n g  in  th e
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s e p a r a t i o n  of  m u l t i p l e t  l e v e l s  w i th  s e p a r a t i o n s  of th e  o rd e r  

of  50 Kev.

Measurements of  th e  e n e rg ie s  o f  n e u t ro n s  i s  more 

d i f f i c u l t  because  of t h e i r  l a c k  of charge and n e g l i g i b l e  i n t e r 

a c t i o n  w i th  atomic e l e c t r o n s .  For f a s t  n e u t ro n s ,  methods 

i n v o lv in g  e i t h e r  knock-on p ro to n s  o r  n u c l e a r  r e a c t i o n s  a r e  

employed, bu t  th e  r e s o l u t i o n  o b ta in e d  i s  much p o o re r  than  t h a t  

o b ta in e d  w i th  charged p a r t i c l e s .  Such measurements a re  

c e r t a i n l y  in cap a b le  of r e s o l v i n g  c l o s e l y  spaced energy l e v e l s .  

Slow n eu t ro n s  a r e  s tu d ie d  by v e l o c i t y  s e l e c t o r s  o r  c r y s t a l  

d i f f r a c t i o n  methods, b u t  as  such p a r t i c l e s  a r e  no t  g e n e r a l l y  

produced in  any g re a t  i n t e n s i t y  in  n u c l e a r  r e a c t i o n s ,  th e  h igh  

r e s o l u t i o n  p o s s ib l e  i s  of g r e a t e s t  va lue  in  the  s tu d y  of neutron  

re so n a n ces ,  in  the  r e s t r i c t e d  reg ion  j u s t  above t h r e s h o l d  f o r  

t h e  neu tron  induced r e a c t i o n .

Gamma-emission.

The th e o ry  of gamma-emission w i l l  be t r e a t e d  more f u l l y

l a t e r .

Gamma ra y s  a re  absorbed by m a t t e r ,  b u t ,  u n l ik e  charged 

p a r t i c l e s  have no d e f i n i t e  range .  The i n t e n s i t y  of a homogeneous 

beam a f t e r  p a s s in g  through a t h i c k n e s s  of m a t t e r  x i s  given by 

I  = exp. (- /Ux) , where i s  the  o r i g i n a l  i n t e n s i t y  and y t  

th e  a b s o rp t io n  c o e f f i c i e n t .  The a b s o rp t io n  i s  due to  t h r e e  

d i s t i n c t  e f f e c t s  -  the  p h o t o - e l e c t r i c  e f f e c t ,  in  which an



10

e l e c t r o n  i s  e j e c t e d  from the atom w i th  energy g iven  by 

E = hV -  K, where K i s  the  i o n i s a t i o n  p o t e n t i a l  o f  th e  e l e c t r o n  

s h e l l  concerned; th e  Compton o r  s c a t t e r i n g  e f f e c t ,  in  which 

th e  gamma-ray i s  s c a t t e r e d  from one o f  the  atomic e l e c t r o n s  w ith  

a change in  energy (and hence w av e - le n g th ) ,  th e  e l e c t r o n  t a k in g  

up th e  energy l o s t ;  and p a i r - p r o d u c t i o n ,  which occurs  i f  th e  

energy of the  gamma-radiation i s  g r e a t e r  than  1 M ev,, and in  

which an e l e c t r o n - p o s i t r o n  p a i r  i s  produced w i th  energy 

(E =f iV - 2  m c ^ ) .

The a b s o rp t io n  c o - e f f i c i e n t  and th e  r e l a t i v e  im portance 

of  th e  d i f f e r e n t  p ro c e s se s  can be exp ressed  in  th e  fo l lo w in g  

formula f o r  th e  a b s o rp t io n  c o - e f f i c i e n t  pe r  a tom :-

y U , = A2^ A  ̂ + BZ A +, C Z ^f X I /  A )

where th e  t h r e e  te rm s a re  due to  p h o t o - e l e c t r i c ,  Compton and 

p a i r - p r o d u c t i o n  e f f e c t s .  A, B, C a re  c o n s t a n t s ,  Z the  atomic 

number of th e  a b s o rb e r  and A th e  w ave- leng th  of the  r a d i a t i o n .  

G e n e ra l ly ,  i t  i s  t r u e  to say t h a t  th e  p h o t o - e l e c t r i c  

e f f e c t  i s  most im portan t  f o r  s o f t  g am m a-rad ia t io n , ( e n e r g i e s  

up to  about 100 K ev ,) ,  th e  Compton e f f e c t  f o r  e n e rg ie s  from 

100 Kev. to  2 Mev., and p a i r - p r o d u c t io n  f o r  h ig h e r  e n e r g i e s ,  

though th e  va lue  of Z w i l l  i n f lu e n c e  to  a l a r g e  degree th e s e  

f i g u r e s .

There w i l l  a l s o  be n u c l e a r  e f f e c t s ,  such a s  r e a c t i o n s  

l i k e  Cu^^ ( y   ̂ n ) , Gu^^, in  which th e  a c t i v i t y  o f  th e  p rod uc t  

w i l l  only  be found f o r  r a d i a t i o n  above th e  t h r e s h o l d  energy -  

i n  t h i s  case  11 Mev.,  and u s u a l l y  r a t h e r  h ig h .  There i s  a l s o
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t h e  p h o t o - d i s i n t e g r a t i o n  of deu ter ium , = p + n ,  w i th

a t h r e s h o l d  energy of 2 . 1 8  Mev., where a d e te rm in a t io n  of 

the  energy  of  e i t h e r  p roduc t  p a r t i c l e  g iv e s  th e  energy of the  

i n c i d e n t  r a d i a t i o n .  The r e s o l v i n g  power of th e s e  methods i s  

poor ,  and th ey  w i l l  no t  be d i s c u s s e d  f u r t h e r .

For  h ig h  energy gam m a-rad ia t ion ,  the  b e s t  d e te rm in a t io n  

of  energy comes from p a i r - p r o d u c t i o n ,  which had been s tu d ie d  in  

c loud-cham bers , in  o rd e r  to  f i n d  th e  energy of b o th  p a r t i c l e s .  

However, th e  development of th e  p a i r  sp e c t ro m e te r  by Walker 

& McDaniel (1948) ,  has improved th e  e f f i c i e n c y  and r e s o l u t i o n  

of measurements of gamma-ray e n e rg ie s .  The r e s o l v i n g  power 

of t h i s  techn iqu e  i s  abou t '  6fo which i s  s i m i l a r  to  t h a t  ob ta in ed  

in  th e  p h o t o - d i s i n t e g r a t i o n  of deu ter ium  in  n u c l e a r  emulsions 

(Gibson, Green & L ivesey ,  1947), b u t  w i th  much s u p e r i o r  

e f f i c i e n c y  of d e t e c t io n  and s t a t i s t i c s .

The measurement of th e  a b s o rp t io n  c o - e f f i c i e n t  o f  gamma-  

r a d i a t i o n  i s  u s e f u l  f o r  low e n e rg ie s ,  b u t  f o r  h igh  e n e rg ie s  

t h i s  becomes dependent on the  geometry u sed .  Absorp t ion  

c o - e f f i c i e n t  measurements a r e  p robab ly  o f  g r e a t e s t  v a lue  in 

th e  r e g io n  100 Kev. to 1 Mev., where th e  e l e c t r o n s  produced 

a r e  l a r g e l y  due to  Compton e f f e c t .  The energy in  t h i s  reg ion  

may be determ ined  from measurements of the "edge” , o r  maximum 

energy of  th e  d i s t r i b u t i o n  of th e  Compton e l e c t r o n s .  R ecen t ly  

work h a s  been c a r r i e d  out on co in c id e n c e s  between Compton 

e l e c t r o n s  and the  s c a t t e r e d  gamma-rays a t  a f i x e d  a n g le ,  u s in g

two s c i n t i l l a t i o n  c o u n te r s  ( B a i r ,  M ainsche in ,  & Baker ,  1951



12 .

and Bannerman, Lewis & Curran ,  1951).

G en e ra l ly  a l l  t h e s e  methods a re  u s e f u l  f o r  gamma-rays 

of  a s i n g l e  energy but  th ey  have i n s u f f i c i e n t  r e s o l u t i o n  to  

s e p a ra te  gamma-rays em i t te d  from c l o s e l y  spaced l e v e l s ,  and 

a re  a l s o  of l i t t l e  va lu e  in  th e  p re sen ce  of l a r g e  i n t e n s i t i e s  

of background and h igh  energy r a d i a t i o n .

Thus i t  appears  t h a t  gamma-radiat ion from t r a n s i t i o n s  

from c l o s e l y  spaced l e v e l s  w i l l  no t  be r e s o lv e d  by th e  methods 

a v a i l a b l e ,  and i t  w i l l  be n e c e s s a ry  to  look  f o r  r a d i a t i o n  

between such l e v e l s .  This w i l l  have e n e rg ie s  up to  about 100 

K e v . , and we w i l l  d i s c u s s  in  a l a t e r  s e c t i o n  th e  p o s s i b i l i t y  

o f  such r a d i a t i o n  and methods of d e t e c t i n g  i t ,  based  on th e  

p h o t o - e l e c t r i c  e f f e c t .

L i f e t im e s  or  t r a n s i t i o n  p r o b a b i l i t i e s  of e x c i t e d  s t a t e s .

The d e te rm in a t io n  of  p r o b a b i l i t i e s  f o r  t r a n s i t i o n s  by 

gamma-emission i s  o f  g r e a t  im portance in  d e c id in g  the  p o l a r i t y  

and p a r i t y  change of  the  t r a n s i t i o n .  For i so m er ic  s t a t e s  with  

l i f e t i m e s  g r e a t e r  than  seconds,  normal methods of measuring th e  

i n t e n s i t y  a t  i n t e r v a l s  over  a p e r io d  of s e v e r a l  l i f e t i m e s  may 

be used .

For extrem ely  s h o r t  l i f e t i m e s  i t  may be p o s s ib l e  to  u se  

th e  method of Delbruck & Gamow (1931)» in  which a co m p e t i t iv e  

heavy p a r t i c l e  t r a n s i t i o n  from th e  same e x c i t e d  l e v e l  o ccu rs .  

This i s  the  case  p a r t i c u l a r l y  in  n a t u r a l l y  r a d i o a c t i v e  so u rce s .  

By comparing the  i n t e n s i t y  and th e  number of heavy p a r t i c l e s
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e m i t te d ,  the  r e l a t i v e  p r o b a b i l i t y  o f  th e  two p ro c e s s e s  i s  found.

Hence, i f  th e  t r a n s i t i o n  p r o b a b i l i t y  of the  p a r t i c l e  emission

i s  known t h a t  of th e  gamma t r a n s i t i o n  i s  de te rm ined .  This

method has  been used f o r  p a r t i a l  l i f e t i m e s  f o r  gamma-emission 
1 ?as  low as  10“ sec .  , bu t  i t  i s  u s u a l l y  only  in  th e  heavy 

elements  t h a t  th e  Coulomb b a r r i e r  red u ces  th e  p r o b a b i l i t y  of 

p a r t i c l e  em ission  s u f f i c i e n t l y  f o r  i t  to  be m easu rab le .

A more common method f o r  gamma-rays a r i s i n g  from r e s i d u a l  

n u c l e i  i s  th e  techn iq u e  of de layed  co in c id e n c e s  between th e  

gamma-rays and th e  p a r t i c l e s  em i t ted  in th e  fo rm a t io n  of th e  

r e s i d u a l  nuc leus  ( u s u a l l y  b e t a - p a r t i c l e s )  (De D e n e d e t t i  & McGowan 

1946). I f  the number of c o in c id en c es  i s  p l o t t e d  a g a in s t  th e  

d e lay  t im e ,  a decay cu rve  i s  o b ta in e d ,  with  decay c o n s ta n t  

t h a t  of the  gamma t r a n s i t i o n .  This method has  been used  w ith  

l i f e t i m e s  from 10“  ̂ to  10“^ sec .

T r a n s i t i o n  p r o b a b i l i t i e s  and hence h a l f - l i v e s  can 

a l s o  be o b ta in ed  from l e v e l  w id ths  i n  e x c i t a t i o n  f u n c t i o n s .

Ground s t a t e  p r o p e r t i e s .

Most of  the te ch n iq u es  o u t l i n e d  so f a r  do n o t  g ive  any 

d i r e c t  in fo rm a t io n  about the  p r o p e r t i e s  of  energy l e v e l s ,  

merely about t r a n s i t i o n s  to o th e r  l e v e l s  o r  to  th e  ground 

s t a t e  i t s e l f  -  the energy d i f f e r e n c e ,  change of  a n g u la r  

momentum and p a r i t y ,  l i f e t i m e s ,  e t c . To o b ta in  th e  p r o p e r t i e s  

o f  th e s e  s t a t e s  i t  i s  t h e r e f o r e  n e c e s s a ry  to  know th o se  o f  

th e  ground s t a t e .

V/ith u n s t a b l e  n u c l e i ,  i t  may be n e c e s s a r y  to  s tudy
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t h e  r e s u l t s  ob ta in ed  in  b e ta -d e c a y  expe r im en ts ,  b u t  u s u a l l y  

th e  a n g u la r  momentum, sp in  and magnetic  moment w i l l  be found 

by exper im en ts  such as  th e  s tudy of o p t i c a l  f i n e  s t r u c t u r e ,  

t h e  magnetic  d e f l e c t io n  experim ents  of Rabi (1937, 1939) and 

r a d io - f r e q u e n c y  experiments  (A lvarez  and B loch,  1940).

1 .3 .  THEORETICAL EXPLANATIONS OF NUCLEAR STATES.

Many a t te m p ts  have been made to  d e r iv e  models of th e  

n u c leu s  which would ex p la in  th e  ex p e r im en ta l  d a ta  r e g a rd in g  

n u c l e a r  l e v e l s ,  of  which th r e e  main ty p e s  have had a degree of 

su ccess  in  ex p la in in g  c e r t a i n  f e a t u r e s  of  the  d a ta .

In th e  s t a t i s t i c a l  o r  many p a r t i c l e  models ,  no a t tem p t  

i s  made to  c o n s id e r  i n d i v id u a l  l e v e l s  o r  i n d i v i d u a l  n u c leo n s ,  

bu t  a s t a t i s t i c a l  a n a ly s i s  i s  made of th e  l e v e l  d e n s i t y ,  t h i n k in g  

in  term s of th e  nucleons  as  a gas o r  l i q u i d  in  th e  n u c le u s .  

R e s u l t s  o b ta in ed  from such models a r e  s u i t a b l e  f o r  comparison 

w i th  r e s u l t s  on l e v e l s  of h igh  e x c i t a t i o n  in  heavy n u c l e i ,  v/here 

i n d i v i d u a l  l e v e l s  a re  not r e s o lv e d .  We s h a l l  no t  c o n s id e r  t h i s  

type  of model in  any d e t q i l .

At th e  o th e r  extreme i s  th e  independent  p a r t i c l e  model, 

in  which th e  energy l e v e l s  a r e  co n s id e red  as  a r i s i n g  from s i n g l e  

p a r t i c l e s  moving in  a f ix e d  f i e l d ,  in  th e  same way a s  an atomic 

e l e c t r o n  in  a Coulomb f i e l d .  I f  th e  r o t a t i o n a l  o r  v i b r a t i o n a l  

l e v e l s  of such a model a re  c o n s id e r e d , n u c l e i  w ith  medium Z would 

be expec ted  to  have equ i-spaced  l e v e l s .

Thus Wilson (1950,1952) c o n s id e r s  a u n ifo rm  s h e l l  w i th
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r o t a t i o n a l  and v i b r a t i o n a l  l e v e l s  which g ive  a sp ac in g  of

0 . 3 8 7  Mev. f o r  th e  v i b r a t i o n a l  l e v e l s  of a l l  n u c l e i  and 

compares t h i s  to  th e  r e s u l t s  o f  V/iedenbeck (1947) in  which 

l e v e l s  of Ag, Au, and In were found w i th  spac ing  about 0 .4  

M ev .R ota t iona l  l e v e l s  reduce th e  spac ing  to  about 0.1 Mev. 

f o r  a l l  e lements  and e x c i t a t i o n s  and th e  i n t e r a c t i o n  of the  tv/o 

types  of motion give s e t s  of l e v e l s  co r re spo nd ing  to  each 

v i b r a t i o n a l  l e v e l ,  w i th  a spac ing  v a ry in g  vmth the  v a lu e s  of 

A and Z. By ta k in g  d i f f e r e n t  v a lu e s  of th e  c o n s t a n t s  invo lved  

agreement i s  ob ta ined  w ith  ex pe r im en ta l  r e s u l t s  f o r  c e r t a i n  

elements of medium Z and in  p a r t i c u l a r  c e r t a i n  t r i p l e t s  in
28Si a re  exp la in ed  as  due to  o v e r la p p in g  of d i f f e r e n t  s e t s  

of such l e v e l s .  Eowever, r a t h e r  h ig h  v a lu e s  of th e  r o t a t i o n a l  

and v i b r a t i o n a l  quantum numbers a re  r e q u i r e d  and many p o s s ib le  

v a lu e s  f o r  energy l e v e l s  a re  no t  e x p e r im e n ta l ly  found. I t  has 

been sugges ted  t h a t  f u r t h e r  s tudy of l e v e l  schemes v;ith s u f f i 

c i e n t  r e s o lv in g  power w i l l  f i n d  th e s e  l e v e l s  and g ive  the
28t r i p l e t  s t a t e s  in to  which a l l  th e  l e v e l s  should group in  Si , 

on t h i s  th e o ry .

Attempts have been made to  e x p la in  d i s c r e p a n c i e s  between 

exp e r im en ta l  r e s u l t s  and the  p r e d i c t i o n s  of t h i s  type of th e o ry  

by su g g es t in g  t h a t  r o t a t i o n a l  and v i b r a t i o n a l  l e v e l s  do ex p la in  

th e  observed r e g u l a r l y  spaced l e v e l s  b u t t h a t ,  due to  th e  

s e l e c t i o n  r u l e s  f o r  a n g u la r  momentum and p a r i t y ,  n o t  a l l  the  

l e v e l s  w i l l  be d e te c te d  in  any p a r t i c u l a r  r e a c t i o n .  P a r t i c u l a r 

l y  f o r  l i g h t  e lements th e se  t h e o r i e s  a r e  n o t  v e ry  s a t i s f a c t o r y .
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Examination of th e  s t a b i l i t y  p r o p e r t i e s  of  n u c l e i  and 

b in d in g  en e rg ie s  of n eu t ro n s  and p ro to n s  i n d i c a t e  t h a t  c e r t a i n  

numbers of  n eu t ro n s  and p ro to n s  correspond  to  e x c e p t io n a l  

s t a b i l i t y  and th ese  numbers have been termed the  ’’magic” 

numbers ( th e  same f o r  n e u t ro n s  and p r o t o n s ) .  S ince in  th e  

atomic case such h ig h  s t a b i l i t y  in  th e  i n e r t  gases  i s  due to  

th e  c lo s in g  of th e  e l e c t r o n i c  s h e l l s ,  i t  has been sugges ted  

t h a t  t h e r e  might be c lo sed  s h e l l s  of n e u t ro n s  and p ro to n s  in  

n u c l e i .  Severa l  a t t e m p ts  have been made to c o n s t r u c t  s h e l l  

t h e o r i e s  g iv in g  c lo se d  s h e l l s  f o r  t h e  c o r r e c t  numbers and t h a t  

of K.G. Mayer (1950) has been very  s u c c e s s fu l  in  e x p la in in g  

th e se  and o th e r  f e a t u r e s  of n u c l e i  and w i l l  now be d i s c u s s e d .

This model i s  based  on a s i n g l e  p a r t i c l e  t h e o ry  in  which 

th e  p a r t i c l e  moves in  a p o t e n t i a l  which i s  a m ix tu re  of the  

th r e e  d im ensional  o s c i l l a t o r ,  which g iv es  energy l e v e l s

E = (n + i)]^ , f o r  n = 1 , 2 , 3  w i th  p a r i t y  ( - 1 ) ^ \  and the

square well  ty p e ,  which removes the  degeneracy and s p l i t s  th e  

o s c i l l a t o r  l e v e l s  i n t o  s t a t e s  w i th  d i f f e r e n t  v a lu e s  of 1 ,  each 

of which i s  doubly d egenera te  due t o  th e  sp in  of  th e  p a r t i c l e  

g iv in g  j = 1 + ^ and f u r t h e r  d eg en e ra te  as  2j + 1. Such a 

th e o ry  had been advanced b e fo re  ( e . g .  Feenberg, 1950) b u t  gave 

d i f f e r e n t  v a lu e s  f o r  th e  magic numbers from tho se  found 

e x p e r im e n ta l ly .

To o b ta in  the  d e s i r e d  s h e l l s  f u r t h e r  assum ptions  a re  made^

1. t h a t  t h e r e  i s  s t ro n g  s p i n - o r b i t  cou p l ing  ( j - j  coup l ing )

2. t h a t  in  the  low est  energy s t a t e  th e  momenta o f  th e  even 

r u c l e i  combine to  g ive  1 = 0 ,  j = 0^ and hence f o r  an odd
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number o f  n e u t ro n s  o r  p ro to n s ,  the an gu la r  momentum i s  t h a t  of 

the odd n u c leon ,

3. th e re  i s  a n e g a t iv e  p a i r i n g  energy o f  t h e  nuc leons  which 

in c r e a s e s  v/i th  the v a lu e  o f  j  f o r  each  member o f  the p a i r .

4. the  v a lu e  o f  th e  sp in  o r b i t  coup l ing  which s e p a r a t e s  the 

terms j = 1 Ï  i n c r e a s e s  v/ith 1 and re d u ces  the  energy  of th e  

1 + ^  l e v e l .

The r e s u l t  o f  th e se  assum ptions i s  to produce a l e v e l  

s t r u c t u r e  as shov/n in  F i g . 1 which g iv e s  a grouping in  agreement 

w i th  th e  magic numbers.

Other f e a t u r e s  o f  n u c le a r  p r o p e r t i e s  which t h i s  t h e o ry  

p r e d i c t s  in  agreement w i th  experim ent  a r e  th e  s p in s  and mag

n e t i c  moments o f  n u c l e i  w i th  odd A and th e  p o s i t i o n  o f  r e g io n s  

of isomerism in  the  p e r io d i c  t a b l e .

Any s h e l l  w i l l  then  c o n s i s t  o f  l e v e l s  a r i s i n g  frem the  

same o s c i l l a t o r  l e v e l  n and hence w i th  th e  same p a r i t y ,  and 

f o r  h ig h e r  s h e l l s  a l e v e l  from th e  n e x t  o s c i l l a t o r  l e v e l  n = 1, 

w ith  op '^osite  p a r i t y  and v/ith th e  h i g h e s t  value o f  j a v a i l a b l e  

from t h a t  l e v e l .  This w i l l  be j ^  j ’ + 2, where j ' i s  the 

h ig h e s t  j in  the  s h e l l  a p a r t  from t h i s .  Since any low ly in g  

l e v e l s  a r e  presumably from th e  same s h e l l  as the ground s t a t e  

a t r a m s i t i o n  between lo w - ly in g  and ground s t a t e s  o f  a nuc leus  

should e i t h e r  have no p a r i t y  change and a email  change in  j 

p o s s ib le  or  a p a r i t y  change and a change in  j o f  a t  l e a s t  2. 

.E lec t r ic  d ip l e  ga]:rm.a-radiation corresponds to  p a r i t y  changée 

and c a r r i e s  away angu.lar momentum of 1, and hence on t h i s  

p i c t u r e  e l e c t r i c  dipde r a d i a t i o n  between lo w - ly in g  and ground
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s t a t e s  i s  no t  p o s s i b l e .  The e x i s t e n c e  o r  absence  o f  such 

r a d i a t i o n  would be a v a lu a b le  t e s t  o f  t h i s  t h e o r y .

The im portance of t h i s  model i s  th e  p r e d i c t i o n  o f  l e v e l  

p r o p e r t i e s  and p a r t i c u l a r l y  of  th e  ground s t a t e  which i t  makes, 

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

complex th e  p r e d i c t i o n s  f o r  l i g h t  e lem ents  a r e  n o t  i n c o n s i s t e n t  

w i th  th e  th e o ry  ( I n g l i s ,  1953).

1 . 4 DE-EXCITATION BY GA^IMA-EMISSION. .

Gamma-radiation a r i s e s  from a t r a n s i t i o n  from one e x c i t e d  

, s t a t e  to  a n o th e r  in  th e  same n u c le u s ,  th e  f requency  b e in g  g iven 

by hV = E  ̂ -  Eg, th e  d i f f e r e n c e  between the  e n e rg ie s  o f  the  

two s t a t e s .  The i n t e n s i t y  of the  r a d i a t i o n  w i l l  be determ ined  

by the  t r a n s i t i o n  p r o b a b i l i t y ,  which can be ex p ressed  as

A = f ( h \  <1^2

where f  i s  a fu n c t io n  of th e  energy ,  \ | /   ̂ ^ th e  w av e - fu nc t ion s  

of t h e  s t a t e s  and q an o p e r a to r  which depends on th e  typ e  of 

r a d i a t i o n .

In a n u c l e a r  r e a c t i o n ,  t h e r e  w i l l  on ly  be r a d i a t i o n  

a r i s i n g  d i r e c t  from th e  compound n u c leus  formed i f  th e  competi

t i v e  heavy p a r t i c l e  decay i s  im probable ,  and w i l l  a lm ost  

c e r t a i n l y  be of v e ry  low i n t e n s i t y  in  l i g h t  n u c l e i .

For compound n u c le i  from which p a r t i c l e  emission i s  

e n e r g e t i c a l l y  im p o s s ib le ,  and from r e s i d u a l  n u c l e i  l e f t  a f t e r  

p a r t i c l e  em iss ion ,  the  r a d i a t i o n  w i l l  be much more i n t e n s e  and

w i l l  a l s o  have a w e l l - d e f i n e d  ene rgy ,  s in c e  the  lo n g e r  l i f e -
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t im e  compared to  a s t a t e  from which p a r t i c l e  em iss ion  i s  poss

i b l e  im p l i e s  a s m a l l e r  l e v e l  w idth

On a s e m i - c l a s s i c a l  b a s i s ,  i t  may be shown t h a t  i f  th e  

r a d i a t i o n  i s  though t  o f  as  a r i s i n g  from a d ip o le  w i th  dimensions 

about  t h a t  of th e  n u c le u s ,  th e  l i f e t i m e  f o r  r a d i a t i v e  t r a n s i 

t i o n s  should  be about 10"^^ s e c . However, Delbruck  & Gamow 

(1931) t r i e d  to  determ ine th e  l i f e t i m e s  of gamma-rays em it ted  

in  co m p et i t ion  to  lo n g - ra n g e  a l p h a - p a r t i c l e  em ission  by f i n d i n g  

th e  b ra n c h in g  r a t i o  of  a lp h a s  and gammas, which w i l l  be th e  

r e l a t i v e  numbers of  lo n g  and s h o r t  range a l p h a - p a r t i c l e s .

S ince  b o th  groups a r i s e  from t r a n s i t i o n s  to  the  same r e s i d u a l  

n u c le u s ,  Gamow's a lpha  th e o ry  w i l l  g ive  the  t r a n s i t i o n  p r o b a b i l 

i t y  f o r  the  long  range p a r t i c l e s  in  term s of th e  e x p e r im e n ta l ly  

de term ined  l i f e t i m e  f o r  emission of  th e  s h o r t  range a lp h a s .

Hence th e  t r a n s i t i o n  p r o b a b i l i t y  f o r  gamma-emission and th u s  th e  

e f f e c t i v e  l i f e t i m e  may be found. For  th e  i n t e n s e  0 .62  Mev.

gamma-radiat ion from RaC*, th e  l i f e t i m e  was found to  be about 
— 1110" s e c . ,  about  10 t im es g r e a t e r  than  was expec ted .

Weiszacker (1936) sugges ted  t h a t  t h i s  might be due to  

th e  m u l t i p o l a r i t y  of th e  r a d i a t i o n ,  bu t  i t  was th e  s tu d y  of  

isomerism o r  m e ta s ta b le  s t a t e s  which r a i s e d  t h e  n e c e s s i t y  

f o r  a more comprehensive th e o ry .  I t  i s  found t h a t  in  c e r t a i n  

a r t i f i c i a l  r a d i o a c t i v e  m a t e r i a l s  e x c i t e d  s t a t e s  may have 

ex trem ely  long  l i f e t i m e s ,  o f  th e  o rd e r  of seconds o r  lo n g e r ,  

even y e a r s ,  and t h a t  n u c l e i  e x c i t e d  to  th e s e  s t a t e s  may have 

p r o p e r t i e s  v e ry  d i f f e r e n t  from th o s e  in  the ground s t a t e .

Such n u c l e i  a r e  termed i so m ers ,  and i t  i s  n e c e s s a ry  to  e x p la in
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t h e s e  lo n g  l i f e t i m e s .  This i s  done hy assuming t h a t  th e  s t a t e s  

have a n g u la r  momentum v ery  d i f f e r e n t  from t h a t  o f  th e  ground 

s t a t e  ( o r  o t h e r  lower l e v e l s )  and hence th e  t r a n s i t i o n s  can 

o n ly  occu r  by th e  em ission  o f  m u l t ip o le  r a d i a t i o n .  Such 

t r a n s i t i o n s  a re  much l e s s  p robab le  than  d ip o le  r a d i a t i v e  t r a n s i 

t i o n s  and a re  termed fo rb id den  t r a n s i t i o n s .

Tlais i d e a ,  which w i l l  now be more f u l l y  deve loped ,  shows 

t h a t  no t  only  th e  t r a n s i t i o n  p r o b a b i l i t i e s ,  b u t  a l s o  t h e  

i n t e r n a l  convers ion  c o - e f f i c i e n t s  a re  in f lu e n c e d  by the  p o l a r i t y  

o f  th e  r a d i a t i o n ,  and Helmholtz (1941) has s tu d i e d  t h e s e  

r e l a t e d  p r o p e r t i e s  f o r  v a r io u s  i so m er ic  s t a t e s  and found t h a t  

th e y  were c o n s i s t e n t  w ith  a common v a lue  f o r  th e  p o l a r i t y .

M u l t i p o l a r i t y  o f  gam m a-rad ia t ion .

In  de te rm in in g  th e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  gamma- 

em iss ion ,  th e  m a t t e r  may be co n s id e red  c l a s s i c a l l y  a s  due to  

the  em ission of e le c t ro m a g n e t ic  r a d i a t i o n  from a system of 

c u r r e n t s  and charges  in  a n u c l e a r  system. Then Bohr’ s c o r r e s 

pondence p r i n c i p l e  may be used  to  t r a n s p o s e  th e  r e s u l t s  to  a 

form s u i t a b l e  f o r  th e  a p p l i c a t i o n  of quantum methods.

C l a s s i c a l l y  th e  power em i t te d  by a r a d i a t o r  o f  a n g u la r  

f requency  w, and c u r r e n t  d i s t r i b u t i o n  such t h a t  th e  component

p e r p e n d ic u la r  to  th e  l i n e  of o b s e rv a t io n  i s  g iven  by j , may

I  £
I T

be shown to  be
UJ

p e r  u n i t  s o l i d  a n g le ,  where k = w/c i s  t h e  wav e-number, and th e
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i n t e g r a t i o n  i s  c a r r i e d  out over  a l l  th e  c u r r e n t  d i s t r i b u t i o n  

a t  d i s t a n c e  r* from th e  r e f e r e n c e  p o in t  of the r a d i a t i n g  system.

This  e x p re ss io n  can be t r a n s f e r r e d  to  quantum mechanics 

by r e p l a c i n g  the  con tinuous  charge  d i s t r i b u t i o n  by d i s c r e t e  

p a r t i c l e s  of charge e ,  mass M, and momentum P, and t h in k in g  of  

each photon as  c a r r y in g  away energy hV where 2AT V = w. I f  t h i s  

i s  done th e  number of photons em i t te d  p e r  s o l i d  ang le  becomes
I r "  n  I 1 ^ .ur r  ^  _ T

< T T

F or  atomic and n u c l e a r  r a d i a t o r s ,  th e  dimensions a re  

l e s s  than  th e  w ave- leng th  and th u s  k .r*  w i l l  be s m a l l .  I f  

th e  ex p o n e n t ia l  i s  expanded we ge t

T /  ~ = I
and the  f i r s t  term  in  t h i s  expansion w i l l  be p redom inant .  This  

i s  s a id  to  r e p r e s e n t  e l e c t r i c  d ip o le  r a d i a t i o n ,  and w i l l  norm ally  

be g r e a t e r  than  th e  o t h e r  te rm s.  I f  r '  i s  tak en  a s  about  equal 

to R, the r a d iu s  o f  th e  n u c le u s ,  s u c c e s s iv e  terms in  th e  expan- 

s io n  would be reduced by about (kR) due to  t h i s  e f f e c t .  For 

example, i f  R i s  taken  as  6 .5  x 10"^^cm., th e  r e d u c t io n  f o r  an 

energy of  1 Mev., w i l l  be about 10“ ^.

I f ,  however J p Xjy. cLT

d i s a p p e a r s ,  then

I

^ V -  V

may n o t ,  and the  r a d i a t i o n  i n t e n s i t y  w i l l  be l a r g e l y  due to 

t h i s  term and reduced  by abou t  ( k R ) ^ .  Such r a d i a t i o n  ..
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i s  termed e l e c t r i c  quadrupole  r a d i a t i o n .  I f  t h i s  term a l s o  

d i s a p p e a r s ,  t h e  next  one g iv e s  us  e l e c t r i c  o c to p o le .  The v a lue  

o f  th e  i n t e g r a l  i s  termed th e  m a t r ix  element of  th e  t r a n s i t i o n ,  

and i f  t h i s  can he c a l c u l a t e d  th e  t r a n s i t i o n  p r o b a b i l i t y  and 

l i f e - t i m e  f o r  th e  t r a n s i t i o n  may be found. The p r e c i s e  v a lue  

depends on th e  v a lu e  of  R t a k e n ,  b u t  Bethe (1937) has  g iven  as  

an approximate formula f o r  t h e  l i f e - t i m e  of an e x c i t e d  s t a t e  f o r  

d e - e x c i t a t i o n  by gamma-radiat ion

T  =  5  X  1 0 “ ^"’ C l î ) ^  ( 2 0 / E ) ^ ^ ' ^ ' ’
where E i s  in  Mev., and th e  t r a n s i t i o n  i s  E 2 .

A f u l l e r  a n a l y s i s  c o n s id e r s  r a d i a t i o n  due to  m agnetic  

i n t e r a c t i o n s  as  well  a s  e l e c t r i c ,  and th e se  may be th ou gh t  o f  as

due to  c u r r e n t s ,  r a t h e r  than  v a ry in g  ch a rg es .  These w i l l  depend

on th e  v e l o c i t i e s  of th e  cha rg es  w i th in  th e  n u c leu s  and w i l l  

be reduced from th e  c o r re sp o n d in g  e l e c t r i c  r a d i a t i o n  by a f a c t o r  

of  about v / c ,  which i s  a l s o  about 10"^. Note t h a t  w hile  E 2^ 

and M r a d i a t i o n  a re  o f te n  c o n s id e re d  as  a r i s i n g  from th e

l a t e r  terms in  th e  ex p o n e n t ia l  expans ion ,  and hav in g  th e  same 

t r a n s i t i o n  p r o b a b i l i t y ,  t h i s  w i l l  on ly  be t r u e  f o r  gamma e n e rg ie s  

of about 1 Mev.

S e le c t i o n  Rules .

The t r a n s i t i o n  p r o b a b i l i t i e s  a re  governed by the  te rm s 

in  t h e  expansion of ( k . r * ; ^  v/hich g iv e  non-zero  v a lu e s  i n  th e  

in tegral  i . e .  which m a tr ix  e lem ents  a r e  n o n -z e ro .  P r o p e r t i e s  

of  th e  i n i t i a l  and f i n a l  s t a t e s  which e f f e c t  th ese  e lem ents

w i l l  t h e r e f o r e  d e te rm in e  which ty p e  o f  t r a n s i t i o n  i s  p o s s i b l e
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and th u s  g ive  us  s e l e c t i o n  r u l e s .  I f  the  s t a t e s  a r e  such 

t h a t

h *  f r X '  =  0
e l e c t r i c  d ip o le  r a d i a t i o n  i s  fo rb id d e n ,  i f

/ {S' - 1  )  P  ^  O
e l e c t r i c  quadrupole  i s  fo rb idden  and so on.

Angular Momentum.

H e i t l e r  (1936) showed t h a t  a photon from a 2^ r a d i a t i o n  

c a r r i e s  away a n g u la r  momentum Ifi and th u s  i f  th e  i n i t i a l  and 

f i n a l  s t a t e s  of th e  nu c leu s  have a n g u la r  momentum I  and I* , 

then  11 -  I ' I  ^  1 ^  | l  + I ’ I de te rm ines  p o s s ib le

v a lu e s  of th e  p o l a r i t y  of th e  r a d i a t i o n .  This may a l s o  be 

exp ressed  by saying t h a t  4Ü j  P  j x T
v a n is h e s  except f o r  v a lu e s  o f  1 as  given above.

P a r i t y .

Since th e  p a r i t y  of a s e l f - c o n t a i n e d  system cannot 

change, th e  p a r i t y  of a gamma-radiation must be determ ined  

by t h a t  of th e  two n u c l e a r  s t a t e s  in v o lv ed .  I t  can be shown 

t h a t ,  s in ce  th e  o p e r a to r  £  = t . / i . ^  c o n ta in s  the  f i r s t

power of r  on ly ,  i t  must have odd p a r i t y .  Thus r a d i a t i o n s
1 —  1 1co rrespond ing  to  the  term ( k . r ’ ) ” have p a r i t y  (odd) , as

f  ollovjs:

E l e c t r i c  d ip o le  p a r i t y  change yes

E.Q. and M.D. no change no.

E.O. and M.Q. • change yes



E l e c t r i c  R ad ia t io n Dipole Quad Oct 2^ po le

I l  + 1 - 1 ^

| i  -  l ' i  ^
P a r i t y  Change

1

Yes

2

No

3

Yes

4

No

Magnetic R ad ia t io n Dipole Quad Oct

| i  + 1' 1 ^  1 

| i  -  l ' I  4
P a r i t y  Change

k
1

No

2

Yes

3

No

Approximate l i f e t i m e 10-1'' 10-8 10-5 sec

TABLE 1. ALLOWED MJLTIPOLE RADIATIONS



2 4 .

G e n e ra l ly ,  th e  t r a n s i t i o n  w i th  low est  p o l a r i t y  n o t  f o r 

b idden  by th e  above c o n s i d e r a t i o n s  o f  momentum and p a r i t y  w i l l  

be  predominant in  th e  r a d i a t i o n ,  b e in g  o f  t h e  o rd e r  of 10^ t im es 

g r e a t e r  than  any o t h e r .  I t  should  be mentioned however, t h a t  

e x p e r im e n ta l ly  i t  has been found t h a t  e l e c t r i c  d ip o le  r a d i a t i o n  

i s  r a t h e r  l e s s  p robab le  (about  10"^) than  would be expec ted  on 

t h i s  simple t h e o r y .  This can be e x p la in e d  a s  due to  th e  symmetry 

o f  the  n u c le u s ,  which reduces  th e  charge  asymmetry n e c e s s a ry  

f o r  d ip o le  r a d i a t i o n .

Table 1 summarises th e s e  i d e a s .  For  example a t r a n s i t i o n  

between s t a t e s  w i th  1 = 4 ,  and 1 = 2 ,  and d i f f e r e n t  p a r i t i e s  

would g ive  magnetic  quadrupole  and e l e c t r i c  o c to p o le ,  b u t  no t  

e l e c t r i c  quadrupo le .  I t  a l s o  i l l u s t r a t e s  th e  predominant type  

of r a d i a t i o n  a s s o c i a t e d  w i th  d i f f e r e n t  changes in  a n g u la r  

momentum. I t  should be no ted  t h a t  t r a n s i t i o n s  between two 

s t a t e s  w ith  1 = 0  a re  com ple te ly  fo rb id d e n ,  f o r  a r a d i a t i v e  

t r a n s i t i o n  in v o lv e s  a n g u la r  momentum b e in g  c a r r i e d  away.

P r o b a b i l i t y  of emission of low -energy  g am m a-rad ia t io n .

Since th e  t r a n s i t i o n  p r o b a b i l i t y  f o r  e l e c t r i c  d ip o le  r a d i a -  

t i o n  i s  p r o p o r t i o n a l  to  W and th u s  to  E , and f o r  h ig h e r  

p o l a r i t i e s  to  a f u r t h e r  f a c t o r  of (kR) , which i s  p r o p o r t i o n a l  

to  E , the  emission of low energy gamma r a d i a t i o n  of about  100 

Kev. i s  reduced c o n s id e ra b ly .  Hence th e  em iss ion  p r o b a b i l i t y  fo i  

such r a d i a t i o n  i s  l e s s  than t h a t  f o r  a 1 Mev. r a d i a t i o n  by about 

10"^ f o r  e l e c t r i c  d ip o le ,  about 10"^ f o r  quad rupo le ,  and 10"^ 

f o r  e l e c t r i c  o c to p o le ,  and a 100 Kev. d ip o le  t r a n s i t i o n  has  a
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s i m i l a r  t h e o r e t i c a l  em iss ion  p r o b a b i l i t y  to  1 Mev., quadrupole 

r a d i a t i o n .  Hence low energy gamma-radiat ion in  co m p et i t ion  

w i th  h igh  energy r a d i a t i o n  w i l l  have com p ara t ive ly  low i n t e n s i t i e s  

u n l e s s  th e  h igh  energy t r a n s i t i o n s  a r e  fo rb id d e n ,  and any such 

r a d i a t i o n  d e te c te d  i s  more' l i k e l y  to  a r i s e  from a t r a n s i t i o n  

from a lo w - ly in g  s t a t e  to  ground than  from one between two 

e x c i t e d  s t a t e s .  For such low energy r a d i a t i o n ,  to o ,  t h e  . 

degree of co m p et i t ion  from i n t e r n a l  convers ion  w i l l  be h ig h .

This w i l l  no t  e f f e c t  th e  t r a n s i t i o n  p r o b a b i l i t y ,  b u t  f o r  s h o r t  

l i v e d  e x c i te d  s t a t e s  where e q u i l ib r iu m  in  a r e a c t i o n  i s  soon 

reach ed ,  th e  i n t e n s i t y  of the  low energy gamma r a d i a t i o n  w i l l  

be reduced.

See, f o r  example, t a b l e  2, where the  approximate r e s u l t s

to  be expected  f o r  th e  s o f t  gamma-rays which might come from the
28lo w - ly in g  l e v e l  i n  A1 r e p o r t e d  by S t r a i t ,  Van P a t t e r ,  Buechner

& Sperduto (1951).  The formulae used  f o r  th e s e  f i g u r e s  may be

found in th e  fo l lo w in g  r e f e r e n c e s : -

B l a t t  & Weisskopf, 1952, p p .6 l 8 ,  627 
Dancoff & M orr ison ,  1939

The f i n a l  column g iv es  th e  l i f e t i m e s  which would be observed 

e x p e r im e n ta l ly ,  be in g  s h o r t e r  than  f o r  p u re ly  r a d i a t i v e  t r a n s i 

t i o n s  due to  the  co m p e t i t iv e  e f f e c t  o f  i n t e r n a l  convers ion  which 

we now d i s c u s s .

Com peti t ive  p r o c e s s e s .

I f  th e  degree of m u l t i p o l a r i t y  i s  l a r g e  and th e  t r a n s i t i o n  

by e le c t ro m a g n e t ic  r a d i a t i o n  h ig h ly  fo rb id d e n ,  th e  l i f e - t i m e
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f o r  such a t r a n s i t i o n  w i l l  he l a r g e ,  bu t  th e  n u c leu s  may de-

e x c i t e  by i n t e r a c t i n g  w i th  th e  atomic e l e c t r o n s ,  e j e c t i n g  one 

o f  them from th e  K o r  L s h e l l .  This i n t e r n a l  co n v e rs io n  e f f e c t  

i s  s t r i c t l y  a co m p e t i t iv e  p ro c e s s  w i th  a d e f i n i t e  t r a n s i t i o n  

p r o b a b i l i t y ,  caus ing  a r e d u c t io n  i n  th e  l i f e - t i m e  o f  th e  e x c i t e d  

s t a t e  compared to  t h a t  expected  from gamma-emission a l o n e . I t  

i s  n o t  a case of gamma-emission fo l low ed  by a p h o t o e l e c t r i c  

e f f e c t .  The va lue  of oC , th e  r a t i o  of th e  number o f  e j e c te d  

e l e c t r o n s  to th e  number of  gamma-rays e m i t te d ,  w i l l  depend on 

Z, on E th e  energy of the  t r a n s i t i o n ,  and a l s o  on th e  p o l a r i t y  

of  the  t r a n s i t i o n ,  f o r  th e  i n t e r a c t i o n  i s  between th e  wave- 

f u n c t i o n s  of  th e  two n u c l e a r  s t a t e s  and t h a t  of th e  e l e c t r o n ,  

and th e se  w ave -fu nc t ion s  w i l l  depend on th e  momenta of the  

n u c l e a r  s t a t e s .

S e l e c t i o n  r u l e s  f o r  i n t e r n a l  c o n v e r s io n .

These a re  s i m i l a r  to  th o se  f o r  gamma-emission, b u t  

e l e c t r o n s  may be em it ted  when gamma-rays a r e  com ple te ly  f o r 

b idden  e .g .  in  0 —» 0 t r a n s i t i o n s  gamma-emission i s  n o t  p o s s ib l e  

b u t  the  t r a n s i t i o n  may occur  by em ission  o f  a E -she11 e l e c t r o n .

Dancoff & Morrison (1939) and Hebb & Morrison (1940) have 

d e r iv e d  ex p re s s io n s  f o r  as  a fu n c t io n  of the energy and 

p o l a r i t y  of th e  t r a n s i t i o n  and th e  atomic number of the  atom, 

and more exact  v a lu e s  have been worked ou t  by R o s e ,G o e r t z e l , 

S p in rad ,  Harr & S trong  (1951) .  ' I n t e r n a l  convers ion  in  the  1 - shell 

i s  a l s o  p o s s ib le  and th e  r a t i o  of some im por tance ,

i n v o lv in g  th e  p o l a r i t y  of th e  t r a n s i t i o n ,  and t h i s  has  been
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c a l c u l a t e d  by Hebb & Nelson (1940) .

I t  should be no ted  t h a t  t h e  c o n d i t i o n s  f o r  i so m er ic  s t a t e s  

a r e  s i m i l a r  to  th o se  f o r  h igh  i n t e r n a l  convers ion  c o - e f f i c i e n t s ,

i . e .  low E and l a r g e  changes i n  1, and so the  two phenomena may 

be s tu d ie d  in  th e  same n u c le u s ,  w i th  a view to  d e te rm in in g  th e  

p o l a r i t y  o f  th e  t r a n s i t i o n .  This  was done by Helmholtz (1941) 

when he o b ta in ed  r e s u l t s  f o r  T,

A f u r t h e r  d e - e x c i t a t i o n  p ro c e s s  i s  i n t e r n a l  p a i r  p roduc t ion  

f o r  h igh  energy t r a n s i t i o n s  w i th  1 = 1 *  = 0  and no p a r i t y  change. 

This i s  r e l a t i v e l y  r a r e  due to  the  p o s s i b i l i t y  of gamma-  

t r a n s i t i o n s  to  i n t e rm e d ia te  a l lowed s t a t e s  and th e  most n o ta b le  

example i s  th e  p roduc t ion  of e l e c t r o n  p a i r s  of energy 6 Mev in  

th e  r e a c t i o n

0^8 ; 0^8------  ̂ o”18 + + e“ .

E lec t ro m ag n e t ic  t r a n s i t i o n s  by a s in g le  p ro c e s s  w i th  I  = I* = 0 

and p a r i t y  change a re  com ple te ly  fo rb id d e n ,  bu t  th e  fo rm ation  of 

two e l e c t r o n s  o r  two quanta  i s  a t h e o r e t i c a l l y  p o s s i b l e  p ro cess  

o f  small  t r a n s i t i o n  p r o b a b i l i t y  (Sachs,  1940).
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CHAPTER 2.

THE STUDY OF LOW ENERGY GAI#IA-RADIATION

2. 1 . METHODS ÜF DETECTING SOFT ,GAMM-RAYS AND OF
I W Â S W m  “T I Î E Ï R 'Ï Ï M I M Z   -------------- -------------------------

The d e t e c t i o n  of s o f t  gamma-rays whose e n e rg ie s  may 

he de te rm ined  o th e rw ise  i s  u s u a l l y  c a r r i e d  ou t  by th e  e f f e c t  

on p h o to g raph ic  p l a t e s  o r  by th e  i o n i s a t i o n  caused by the  

secondary  e l e c t r o n s  produced in  i o n i s a t i o n  chambers, f o r  

measur ing  t o t a l  i n t e n s i t y ,  o r  in  p h o t o s e n s i t i v e  G e ige r -  

M u l le r  c o u n te r s  w ith  th in  windows, f o r  c o u n t in g  th e  a c tu a l  

number of  photons .  R e ce n t ly ,  t h e  development of s c i n t i l l a 

t i o n  t e c h n iq u e s ,  in  which l i g h t  e x c i t e d  by th e  passage  of 

charged p a r t i c l e s  i s  d e t e c te d  by p h o t o - e l e c t r i c  m u l t i p l i e r  

t u b e s ,  has  prov ided  a s e n s i t i v e  method of d e t e c t i o n  o f  th e  

secondary  e l e c t r o n s  fo l lo w in g  th e  c a p tu re  of gam m a-radiat ion  

in  a c r y s t a l .

The energy of the  r a d i a t i o n  may be de term ined  by 

m easuring the  a c t u a l  w ave- leng th  of th e  beam by methods 

ana logous  to  those  used  in  the  o p t i c a l  and X-ray r e g io n s .

These in v o lv e  c o n s t r u c t iv o re f l e c t io n  of  the beam a t  s u c c e s s iv e  

p la n e s  of atomic s t r u c t u r e  in  c r y s t a l s .  Each p lane  w i l l  

r e f l e c t  th e  beam a t  an ang le  equa l  to th e  an g le  of  i n c id e n c e ,  

bu t  th e  r a d i a t i o n  from s u c c e s s iv e  l a y e r s  w i l l  i n t e r f e r e  w i th  

each o t h e r  and th e  r e f l e c t i o n  w i l l  only  occur  i f  n A = 2d s in  e,

where n i s  i n t e g r a l ,  A  th e  w av e - len g th  of t h e  i n c i d e n t
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r a d i a t i o n ,  d th e  d i s t a n c e  between th e  r e f l e c t i n g  p la n e s  and 

e th e  ang le  of in c id en ce  and r e f l e c t i o n  w ith  th e  p la n e .  This 

e f f e c t  i s  used  in  the  Bragg s p e c t ro m e te r ,  in  which a h ig h ly  

c o l l im a te d  beam of X - r a d ia t io n  f a l l s  on a c r y s t a l  f a c e .  A 

p h o to g rap h ic  p l a t e  o r  i o n i s a t i o n  chamber i s  p o s ib io n e d  to  

measure the. r e f l e c t e d  beam and as  th e  c r y s t a l  i s  r o t a t e d ,  th e  

X-ray i n t e n s i t y  measured w i l l  g ive  the  spectrum of th e  beam. 

Such methods g ive  ex trem ely  good r e s o l u t i o n  and have been used  

in  s tu d y in g  s o f t  gamma-radiation from n a t u r a l  sou rce s  up to  

770 Kev.,  a s  in  R u therfo rd ,  Chadwick & E l l i s  (1930) .  Such 

e n e r g i e s ,  however, a r e  very  d i f f i c u l t  to  measure,  f o r  g la n c in g  

an g le s  of  on ly  about 10' a re  r e q u i r e d  and t h i s  in v o lv e s  very  

good c o l l i m a t i o n ,  c u t t i n g  down the  i n t e n s i t y  o f  th e  beam. Long 

exposures  and h igh  i n t e n s i t i e s  a re  r e q u i r e d  even f o r  e n e rg ie s  

about 20 K e v . , f o r  th e  r e f l e c t i o n  c o - e f f i c i e n t  of c r y s t a l s  a t  

t h i s  energy has  been given by Compton & A l l i s o n  (1935) as  only  

10“ ^. Thus i t  appears  t h a t  f o r  n u c l e a r  r e a c t i o n s  induced  by 

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

te ch n iq u e  o f  l i t t l e  u se .

I f  a gamma-ray beam of homogeneous energy p a sse s  th rough  

m a t t e r ,  a c e r t a i n  number of th e  quanta  w i l l  be s c a t t e r e d  o r  

ab so rbed ,  red uc in g  th e  i n t e n s i t y  o f  the  beam. I t  i s  found 

t h a t  the  i n t e n s i t y  a f t e r  p a s s in g  th rough  a d i s t a n c e  x  of 

a m a t e r i a l  i s  given by I  ^ e where I  i s  th e  o r i g i n a l

i n t e n s i t y ,  a n d / t t h e  a b s o rp t io n  c o - e f f i c i e n t ,  which i s  r e l a t e d  

to  th e  mass and atomic a b s o rp t io n  c o - e f f i c i e n t s .  These vary  

w idely  and depend on the  atomic number of the  a b s o rb e r  and the
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energy of th e  r a d i a t i o n ,  h u t  have been s tu d ie d  e x t e n s i v e l y ,  b o th  

e x p e r im e n ta l ly  and t h e o r e t i c a l l y .  For th e  re g io n  of  s o f t  

gamma-rays we v / i l l  c o n s id e r  c h i e f l y  th e  a b s o rp t io n  c o - e f f i c i e n t  

due to  the  p h o t o - e l e c t r i c  e f f e c t ,  f o r  which , the  atomic

a b s o rp t io n  c o - e f f i c i e n t ,  i s  p r o p o r t i o n a l  to  \  This r u l e

i s  s t r i c t l y  t r u e  f o r  th e  a b s o rp t io n  due to  each e l e c t r o n  s h e l l ,  

no a b so rp t io n  o c c u r r in g  in  a s h e l l  u n t i l  th e  energy i s  g r e a t  

enough to e j e c t  a p h o t o - e l e c t r o n ,  a f t e r  which a b s o rp t io n  occu rs .  

This r e s u l t s  in  d i s c o n t i n u i t i e s  a t  v a lu e s  o f  th e  gamma-ray energy 

co r respond ing  to th e s e  e n e rg ie s ,  a s  shown in  f i g . 2. Thus, 

a l th o u g h  th e  most e f f i c i e n t  a b so rb e rs  a re  g e n e r a l l y  those  of 

h igh  Z, the i n c r e a s e  in  / u  a t  the  IL and L edges can e f f e c t  t h i s  

and t h e  most s u i t a b l e  a b so rb e rs  f o r  d i f f e r e n t  e n e rg ie s  may be 

o b ta in e d  from t a b l e s  of a b so rp t io n  c o - e f f i c i e n t s .

However, a v a lu a b le  way of de te rm in ing  the energy of 

a s o f t - r a d i a t i o n  of homogeneous energy i s  o f t e n ,  i n s t e a d  of 

m easuring i t s  a b s o rp t io n  c o - e f f i c i e n t  v/ith an a r b i t r a r y  a b s o rb e r ,  

by u s in g  the  method of c r i t i c a l  a b s o rb e r s ,  as lo n g  as  E i s  l e s s  

th a n  90 Kev. For one elem ent,  of atomic number Z, the  gamma-ray 

may j u s t  not have enough energy to  e j e c t  a p h o to - e l e c t r o n  and so 

t h e  a b s o rp t io n  w i l l  be small ( e q u iv a le n t  to  p o in t  A in  f i g . 2 ) .

For  th e  element w i th  atomic number Z -1 , however, energy r e q u i r e d  

to  e j e c t  the  p h o to -e le c t r o n  w i l l  be s l i g h t l y  l e s s  and th e  

a b so rp t io n  curve w i l l  be s h i f t e d  s l i g h  bly to  th e  r i g h t . Thus 

th e  a b s o rp t io n  edge w i l l  l i e  a t  a s l i g h t l y  lower energy than  

t h a t  of the  gamma-ray, which v / i l l  have a c o r re sp o n d in g ly  h ig h e r  

a b s o rp t io n  c o - e f f i c i e n t .  By i n s e r t i n g  a b s o rb e r s  of d i f f e r e n t
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atomic numbers and f i n d in g  where a p l o t  of a g a i n s t  2 shov/s a 

sharp  change a va lue  of A can be found. This method i s  s im ple ,  

can be c a r r i e d  out  w i th  low i n t e n s i t i e s ,  and g iv es  a r e s o l v i n g  

power s u f f i c i e n t  to e s t a b l i s h  th e  energy between l i m i t s  in  the  

r a t i o  of about z/Z+2. A bsorp tion  methods, however, a re  not  so 

s u i t a b l e  f o r  complex s p e c t r a  o r  where t h e r e  i s  a l a r g e  back

ground of o th e r  r a d i a t i o n .

When gamma-rays a re  c a p tu r e d ,  secondary e l e c t r o n s  

a re  em it ted  w i th  energy E = hV- W^, S -  KV -W^, e t c . ,  v/here W^,

W^, e t c . ,  a re  th e  b in d in g  e n e rg ie s  of t h e  e l e c t r o n s  in  th e  

atom. Thus gamma-radiation f a l l i n g  on an element may emit 

e l e c t r o n s  of w e l l -d e f in e d  e n e r g i e s ,  whose measurement w i l l  g ive  

t h a t  of th e  i n c i d e n t  r a d i a t i o n .  This measurement may be c a r r i e d

out in  s e v e ra l  ways. The most d i r e c t  i s  the  emission o f  the

p h o to - e l e c t r o n s  from a t h i n  f o i l  of l e a d  p lace d  over the source

and the  study of th e s e  e l e c t r o n s  in  a magnetic  f i e l d ,  a s  in  a

normal b e ta - s p e c t r o m e te r .  Very t h i n  f o i l s  a re  r e q u i r e d  as  con

v e r t e r s  to  reduce the  spread  of energy due to  energy l o s s  of  th e  

secondary e l e c t r o n s  in  the  f o i l ,  and f o r  t h i s  r e a so n ,  i n t e r n a l  

conversion  e l e c t r o n s  a re  v a lu a b le .  They may be compared to 

p h o t o - e l e c t r o n 8 w ithou t  th e  use  of  e x t e r n a l  c o n v e r t e r s .

I f  th e  gamma-rays a r e  ca p tu red  in  a gas the  range o r  

i o n i s a t i o n  of th e  secondary e l e c t r o n s  may be determ ined  in  a 

cloud-chamber o r  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 te r ,  thu s  g iv in g  

a measure of t h e i r  energy. In th e  l a t t e r  c a se ,  th e  X-ray
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e m i t te d  by th e  c o n v e r t in g  atom when i t  d e - e x c i t e s  may a l s o  

g ive  r i s e  to i o n i s a t i o n ,  and th e  r e s u l t  i s  t h a t  i f  t h i s  X-ray 

i s  a l s o  c a p tu re d  th e  i o n i s a t i o n  produced w i l l  be a measure 

o f  th e  t o t a l  energy  of th e  i n c i d e n t  r a d i a t i o n .  A s i m i l a r  

e f f e c t  occurs  in  the  s c i n t i l l a t i o n  c o u n te r ,  in  which th e  

energy of th e  gamm a-radiat ion  absorbed  in  a c r y s t a l  i s  

r è - e m i t t e d  as  l i g h t  which can be d e te c te d  by a p h o t o - m u l t i p l i e r  

tu b e .  The emission of the  tube  g iv e s  a measure o f  th e  energy 

o f  the  i n c i d e n t  gam m a-radia t ion .  In  th e s e  ty p e s  of  measure

ment, the  u n c e r t a i n t y  in  the  energy due to  sp read  in  th e  

o u tp u t  of th e  co u n te r  e t c . ,  i s  due t o  s t a t i s t i c a l  v a r i a t i o n s  

in  th e  p ro c esses  invo lved  and not  to  th e  energy l o s s  of th e  

e l e c t r o n s  in  th e  c o n v e r t e r .  For th e s e  reason s  in c r e a s e d  

e f f i c i e n c y  of d e t e c t i o n  does no t  in v o lv e  a d ec rease  in  r e so lu t io n ,  

a s  i s  the  case  u s in g  f o i l s  as  c o n v e r t e r s .  The use  of p ropor

t i o n a l  and s c i n t i l l a t i o n  c o u n te r s  w i l l  be d i s c u s s e d  more f u l l y  

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

2. 2. THE USE OF (lAS-FILLED PROPORTIONAL COUI^TERS.

Most of th e  methods d e s c r ib e d  in  th e  above s e c t io n  

a r e  u n s a t i s f a c t o r y  in  th e  p resence  of a background o f  h igh  

energy r a d i a t i o n ,  w i th  an i n t e n s i t y  comparable to  t h a t  of 

th e  s o f t  gamma-rays be in g  i n v e s t i g a t e d .  This i s  th e  s i t u a 

t i o n  encountered  in  the  s tudy  o f  lov/-energy t r a n s i t i o n s  

between s t a t e s  of  l i g h t  and medium n u c l e i  e x c i t e d  by p a r t i c l e  

bombardment. However, th e  development of g a s - f i l l e d  pro

p o r t i o n a l  c o u n te r s  (C urran ,  Angus & C o ck c ro f t ,  1949) sugges ted
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th e  p o s s i b i l i t y  of d i s t i n g u i s h i n g  low energy gamma-rays 

from background r a d i a t i o n .  In d e s ig n in g  a c o u n te r  f o r  t h i s  

p u rpose ,  th e  c r i t e r i o n  must be a h igh  coun t ing  e f f i c i e n c y  f o r  

low energy gamma-rays, coupled w i th  a low e f f i c i e n c y  f o r  

o th e r  ty p e s  of  r a d i a t i o n .  B ea r in g  t h i s  in mind, a co u n te r  

w i th  an e x c e p t io n a l ly  l a r g e  window, which could  be o p e ra te d  

a t  p r e s s u r e s  of 3 atmospheres of  f i l l i n g  g a s ,  was des igned  

and b u i l t .

The e s s e n t i a l  f e a t u r e  of 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 te r  

i s  t h a t  th e  p o t e n t i a l  d i f f e r e n c e  between the  ca se  and th e  

c e n t r a l  wire  causes  a m u l t i p l i c a t i o n  of th e  i o n i s a t i o n  causes  

by th e  i n c id e n t  r a d i a t i o n .  In th e  i o n i s a t i o n  chamber, th e  

f i e l d  i s  such t h a t  th e  mean f r e e  p a th  of th e  e l e c t r o n  in  th e  

gas i s  too s h o r t  w ith  th e  f i e l d  s t r e n g t h  a p p l i e d  to g ive  the  

e l e c t r o n s  enough energy to  i o n i s e  th e  atoms i t  s t r i k e s .  Thus 

th e  t o t a l  charge c o l l e c t e d  on th e  c e n t r a l  wire  w i l l  no t  be 

g r e a t e r  than  th e  o r i g i n a l  amount of  i o n i s a t i o n .  In th e  

G-eiger-Huller  c o u n te r ,  on th e  o th e r  hand, th e  p o t e n t i a l  i s  

so g r e a t  t h a t  any o r i g i n a l  i o n i s a t i o n  causes  a d i s c h a rg e  a long  

th e  whole l e n g t h  of  th e  c o u n te r ,  and th e  t o t a l  charge  c o l l e c t e d  

i s  l a r g e ,  many times g r e a t e r  than  th e  o r i g i n a l  i o n i s a t i o n  and 

independent of i t .  The p r o p o r t i o n a l  co u n te r  l i e s  between 

th e s e  two c a s e s  and in  t h i s  th e  o r i g i n a l  e l e c t r o n s  of the  

i o n i s a t i o n  cause no f u r t h e r  i o n i s a t i o n  u n t i l  they  approach a 

c r i t i c a l  d i s t a n c e  from th e  c e n t r a l  wire v/here th e  f i e l d  i s  

h ig h ,  and then  produce a l i m i t e d  number of f u r t h e r  e l e c t r o n s .  

This  r e s u l t s  i n  each i n i t i a l  e l e c t r o n  g iv in g  a number of
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e l e c t r o n s ,  termed gas m u l t i p l i c a t i o n .  I d e a l l y  t h i s  number of  

e l e c t r o n s  produced by each i n i t i a l  e l e c t r o n  i s  c o n s t a n t ,  and 

d e v ia t io n s  from t h i s  a re  r e s p o n s ib l e  f o r  th e  f i n i t e  r e s o l u t i o n  

of  such c o u n te r s ,  bu t  we w i l l  n e g l e c t  t h e se  h e r e .  The t o t a l  

c u r r e n t  c o l l e c t e d  on t h e  c e n t r a l  w ire  i s  then  p r o p o r t i o n a l  to  

th e  o r i g i n a l  i o n i s a t i o n .  The v a lu e  of  th e  gas m u l t i p l i c a t i o n  

f a c t o r  i s  a f u n c t io n  of th e  o p e r a t in g  v o l t a g e , t h e  type  o f  gas 

and th e  p r e s s u r e  used ,  the p re sen ce  of i m p u r i t i e s  and the  

dimensions of  th e  c o u n te r .  While t h e o r e t i c a l l y  i t  might be 

p o s s ib l e  to  c a l c u l a t e  th e  pu lse  s i z e  f o r  a given i o n i s a t i o n  from 

th e s e  v a r i a b l e s  and th e  c a p a c i ty  of  th e  a s s o c i a t e d  c i r c u i t s ,  

t h i s  i s  no t  p r a c t i c a b l e .  To o b ta in  q u a n t i t i v e  r e s u l t s  f o r  

th e  i o n i s a t i o n  produced and hence t h e  energy of th e  r a d i a t i o n  

in c id e n t  on a p r o p o r t i o n a l  c o u n te r ,  i t  i s  n e c e s s a ry  to  c a l i b r a t e  

th e  co u n te r  by u s in g  p a r t i c l e s  o f  known energy ,  E. I f  th e se  

produce a p u lse  h e i g h t ,  h ,  the r a t i o n  E/h g iv e s  a c o n s ta n t  which 

may be used  to determ ine e n e rg ie s  of o th e r  p a r t i c l e s .  The 

assumption of p r o p o r t i o n a l i t y  may be v e r i f i e d  by s tu d y in g  

s e v e ra l  r a d i a t i o n s  of known energy.

For measurements of s o f t  gamma r a d i a t i o n ,  t h e  c a l i b r a 

t i o n  may b e s t  be c a r r i e d  out u s in g  X -ray s ,  produced by one of 

th e  fo l lo w in g  te c h n iq u e s .

An o rd in a ry  X-ray machine w i l l  g ive  white  r a d i a t i o n ,  

b u t  by c o l l im a t in g  the  beam and d i r e c t i n g  i t  on m eta l  f o i l s ,  

o b se rv a t io n  a t  r i g h t  an g le s  to  th e  i n c i d e n t  beam w i l l  g ive

c h a r a c t e r i s t i c  X-rays  of homogeneous energy p r a c t i c a l l y  f r e e  

from w hite  background.
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C e r t a in  r a d i o a c t i v e  so u rces  decay by K -cap tu re  of  an 

o r b i t a l  e l e c t r o n ,  fo l low ed  by emission of th e  c h a r a c t e r i s t i c  

X -rays  of  th e  daugh te r  element as  the  v acan t  E - l e v e l  i s  f i l l e d ,  

f o r  example:

2^65 iL.oapture^ ^^65-----  ̂ %_ray8
This  g iv e s  th e  p o s s i b i l i t y  of a range of  conven ien t  X-ray 

s o u rc e s .

I f  m a t e r i a l s  a r e  bombarded w ith  charged p a r t i c l e s ,  th e se  

w i l l  cause  i o n i s a t i o n ,  v/hich w i l l  be fo l low ed  by em ission of  

c h a r a c t e r i s t i c  X-rays o f  th e  m a t e r i a l .  In  c o n ju n c t io n  w i th  

a source  of  h ig h -en e rg y  p ro to n s ,  such a techn iqu e  can be 

e q u iv a l e n t  to  f a i r l y  s t ro n g  so u rc e s ,  and i f  th e  c o u n te r  i s  

b e in g  used  to  s tudy  e x c i t a t i o n  l e v e l s  a r i s i n g  from p ro ton  o r  

deu teron  bombardment, i t  i s  of g r e a t  v a lu e .  P rev io u s  work by 

Henneberg (1933) ,  P e t e r s  (1936) ,  L iv in g s to n e ,  Genevese & 

Konopinski (1937) and Smith (1950) has shown t h a t  th e  i n t e n s i t y  

o f  the r a d i a t i o n  i s  rough ly  p r o p o r t i o n a l  to  where

E i s  the  energy of the  i n c i d e n t  beam and Z th e  atomic number 

o f  the  r a d i a t o r .

2 .3 .  BACKGROUND AND EFFICIENCY CONSIDERATIONS.

The c o u n te r  used was s i m i l a r  to  an o rd in a r y  p r o p o r t i o n a l  

c o u n te r ,  f i t t e d  w i th  guard r i n g s  and f i e l d  tu b e s  a s  d e s c r ib e d  

by C ockcro f t  & Curran (1951) ,  bu t  to  g ive  a l a r g e  e f f i c i e n c y  

i t  had a l a r g e  window. This had a d iam ete r  of 1 .8 ” , and 

c o n s i s t e d  of a f o i l  of  A1 of th i c k n e s s  0 .0 1 ” . There was an

i n t e r n a l  l i n i n g  of Al,  0 .0 0 2 ” t h i c k .  Such a window has a 

t r a n s m is s io n  f a c t o r  b e t t e r  th a n  50^ f o r  gamma-rays of energy
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g r e a t e r  than  15 Kev.

The co un t in g  d iam ete r  of th e  tube  was 10 cm ., and th e  

co u n t in g  l e n g th  15 cm. Thus i f  th e  c r i t e r i o n  f o r  p r o p o r t i o n a l  

c o u n t in g  i s  taken  t o  be t h a t  th e  range of secondary  e l e c t r o n s  

i s  l e s s  than  the r a d iu s  of th e  c o u n te r ,  i t  can be seen from 

th e  r a n g e s  of  e l e c t r o n s  given in  Curran & Graggs (1949) and 

R a s e t t i  (1936) ,  t h a t  th e  c o u n te r  may be used  s a t i s f a c t o r i l y  

up t o  80 Kev. i f  f i l l e d  to  a p r e s s u r e  of one a tmosphere w i th  

a rgon ,  and up to  150 Kev. i f  f i l l e d  to  th r e e  a tm ospheres .

Because of th e  l a r g e  window, th e  s o l i d  ang le  e f f i c i e n c y  

w i l l  be l a r g e ,  bu t  th e  i n t r i n s i c  e f f i c i e n c y  of the  c o u n t i n g ^ s  

w i l l  be low, about l b̂ f o r  100 Kev. r a d i a t i o n  and 6^ f o r  40 Kev. 

r a d i a t i o n  a t  a p re s s u re  of  t h r e e  a tm ospheres .

S ince th e  purpose of th e  p r o p o r t i o n a l  c o u n te r  i s  l a r g e l y  

to  s e p a r a t e  th e  s o f t  gamma r a d i a t i o n  from g e n e r a l  background, 

some c o n s id e r a t io n  of th e  r e l a t i v e  m agnitudes o f  th e s e  to  be 

expected  and 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  c o u n te r  w i l l  

now be g iven .

F i r s t ,  c o n s id e r  the spectrum produced by soft-gamma r a d i a 

t i o n .  This w i l l  produce in  th e  gas b o th  photo and Compton 

e l e c t r o n s ,  and these  w i l l  be about  equal a t  75 k e v . , w i th  

th e  p h o t o - e f f e c t  of much g r e a t e r  importance a t  lower e n e r g i e s .  

However th e  e lecrons .  a r i s i r g  from Compton s c a t t e r i n g  w i l l  have 

a l a r g e  spread  in  t h e i r  energy d i s t r i b u t i o n  w i th  a maximum 

of i n t e n s i t y  well  below th e  energy of th e  p h o t o - e l e c t r o n s

e .g .  a t  10 Kev. f o r  E = 50 K ev . , and a t  28 Kev. f o r  E = 100 Kei
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The spec trum  due to p h o t o - e l e c t r o n s  w i l l  appear  a s  a peak of 

h a l f - w i d t h  about  20$̂  and a t  a much h ig h e r  energy th an  t h a t  due 

to  th e  Compton e f f e c t ,  and thus  th e  l a t t e r  w i l l  no t  e f f e c t  

the  sh a rp n e ss  o f  th e  p h o t o - e l e c t r i c  peak.

Any s o f t  gamma r a d i a t i o n  i n c i d e n t  on the  w a l l s  o f  th e  

c o u n te r  w i l l  be abso rbed ,  owing to  t h e i r  t h i c k n e s s ,  a s  w i l l  

secondary  e l e c t r o n s  and X-rays r e s u l t i n g  from i n t e r a c t i o n s  by 

h ig h e r  energy r a d i a t i o n .  The purpose of th e  A1 l i n i n g  i s  to  

ensure  t h a t  any c h a r a c t e r i s t i c  r a d i a t i o n  re a c h in g  th e  gas w i l l  

be low energy A1 X-rays r a t h e r  than  Gu o r  Zn X -rays from th e  

b r a s s  of the  co u n te r  body.

S o f t  gamma-rays which a r e  absorbed  in  the  window of 

th e  c o u n te r  w i l l  produce secondary  A1 X-rays  v/hich a r e  so s o f t  

(energy  about  1 Kev) t h a t  they  g ive  n e g l i g i b l y  small  p u l s e s ,  

and a l s o  p h o t o - e l e c t r o n s  from Al, many of  which w i l l  be 

t o t a l l y  absorbed  in  th e  window and the  o t h e r s  w i l l  have an 

energy sp read  due to  energy l o s s  b e fo re  l e a v in g  the  f o i l .

S ince th e  range of p h o t o - e l e c t r o n s  o f  given energy i s  known, 

t h e  number of  gamma-rays which w i l l  be absorbed  in  a l a y e r  

n e a r  enough to  th e  s u r f a c e  to  produce e l e c t r o n s  e n e r g e t i c  

enough to  r e a c h  th e  co u n t ing  gas can be de te rm ined .  This can 

be shown to  be only about 2^ f o r  50 Kev, and 0 .5 ^  f o r  100 Kev. 

g am m a-rad ia t io n , and not  a l l  th e  e l e c t r o n s  produced in  t h i s  

way w i l l  t r a v e l  forward  and re ach  the g as .  Thus, a s  w i th  

Compton e l e c t r o n s ,  th e  background from t h i s  e f f e c t  w i l l  n o t  

be enough to  mask th e  main peak of  p h o t o - e l e c t r o n s .

The background which w i l l  be o f  most concern w i l l  be
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t h a t  a r i s i n g  from h igh  energy gam m a-ray s ,n eu tro ns , and b e t a -  

r a y s  from n u c l e a r  r e a c t i o n s ,  which might be ex p ec ted  to have 

s i m i l a r  i n t e n s i t i e s  to  t h a t  o f  th e  s o f t  r a d i a t i o n  b e in g  

s tu d ie d .  The l a t t e r  may be e l im in a te d  by th e  u se  of hydrogen

ous a b so rb e rs  and magnetic  f i e l d s  and in  any ca se  would only 

be expec ted  to  e n t e r  by th e  window, b u t  gamma-rays and n eu t ro n s  

w i l l  be co n s id e red  f u r t h e r .

I f  we take  gamma-radiat ion of up to  10 M ev . , i t  w i l l  

produce e l e c t r o n  p a i r s  in  t h e  c o u n te r  w a l l s  and su rround ings  

w ith  ran ges  much g r e a t e r  than th e  c o u n te r  d im ensions .  They 

w i l l  tend  to  cause minimum i o n i s a t i o n  in  t h e i r  passage  th rough  

th e  co u n te r  gas .  I f  t h i s  i s  taken  a s  about  50 i o n - p a i r s  p e r  

cm. a t  a tm ospheric  p re s s u re  th e  i o n i s a t i o n  c r e a t e d  in  the  10 cm. 

average p a th  w i l l  be about 500 i o n - p a i r s  o r  e q u iv a le n t  to a 

15 Kev. X-ray .  At 3 a tmospheres t h i s  w i l l  be 45 Kev. Again 

th e r e  w i l l  be a broad spectrum of  p u l s e s  b u t  they  w i l l  l i e  

about th e  energy reg ion  of p a r t i c u l a r  i n t e r e s t .

P a r t i c u l a r l y  w i th  deuteron  induced r e a c t i o n s ,  th e  

p resence  of  n eu t ro n s  w i l l  g ive  h e a v i ly  i o n i s i n g  knock-on 

p a r t i c l e s  from the  gas and w a l l s  o f  th e  c o u n te r .  For argon 

th e s e  w i l l  have an energy about 0.1 t im es  t h a t  o f  th e  neu tron  

and so may produce r a t h e r  l a r g e  p u l s e s .

To o b ta in  an e s t im a te  o f  th e  r e l a t i v e  e f f i c i e n c i e s  

f o r  hard  and s o f t  gam m a-rad ia t ion ,  c o n s id e r  the  c o u n te r  as  

hav ing  dimensions as  fo l lo w s :

Length 6",  d iam e te r  4” , window d ia m e te r  1 . 8 ” .
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The X-rays w i l l  count only  i f  th ey  p ass  th rough  the  window 

h u t  hard  gamma ray s  must he co n s id e red  a s  co u n t in g  i f  th e y  

s t r i k e  the  c o u n te r  anywhere w i th in  th e  co u n t in g  d imensions.  

Therefore  E f f i c i e n c y  of d e t e c t i n g  s o f t  gamma ray s

II II II hard  •' ”

a re a  of window x mass a b s o rp t io n  c o e f f  x mass o f  argon 
“ ” ” c o u n te r  x ” ” ” ” ” b r a s s

= approx im ate ly  l / 7 .

Thus gammas w i l l  be expected  to  g ive  an o rd e r  of

magnitude more counts  than an equal  number of s o f t . o n e s .

2 .4 .  PREVIOUS EXPERD'IENTAl WORK.

A sea rch  of the  l i t e r a t u r e  shows no s ign  of any 

d e t a i l e d  work to  determine th e  e x i s t e n c e  of s o f t  gamma- 

r a d i a t i o n  from n u c l e a r  r e a c t i o n s  w i th  l i g h t  e lem en ts ,  w i th  

Z ^  20, a l th o u g h  the  e x i s te n c e  o f  long  l i v e d  isom ers  w ith  

l a r g e  Z, in v o lv in g  t r a n s i t i o n s  w i th  l a r g e  i n t e r n a l  convers ion  

f a c t o r s ,  i s  known. At th e  time t h i s  work was s t a r t e d  the  

r e s u l t s  of p rev io us  work on energy l e v e l s  of n u c l e i  w ith  Z ^ 10 

had been summarised by Kornyak & L a u r i t s e n  (1948) and Eornyak, 

L a u r i t s e n ,  Morrison & Fowler (1950) ,  and gave no in d i c a t i o n  

of lo w - ly in g  l e v e l s ,  bu t  showed t h a t  c lo se  d o u b le t s  of l e v e l s  

s e p a ra te d  by l e s s  than  100 Kev. were known in  s e v e ra l  c a s e s .

I t  was o r i g i n a l l y  proposed to u n d e r tak e  a g e n e ra l  survey of 

r e a c t i o n s  in  t h i s  r e g io n ,  u s in g  p ro to n s  and dou te rons  of 

energy up to  800 K ev . , b u t  t h i s  was n o t  c a r r i e d  o u t ,  as w i l l  

be exp la ined  l a t e r .
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For s l i g h t l y  h e a v ie r  n u c l e i ,  Z hetv/een 10 and 20, th e  

l e v e l  spac ing  i s  r a t h e r  l e s s ,  and A lhurger  & Hafner (1950) ,  

r e p o r t i n g  th e  known expe r im en ta l  r e s u l t s  in t h i s  r e g io n ,  g ive  

i n d i c a t i o n s  of l e v e l  spac ings  about 50 Eev. f o r  l a r g e  e x c i t a 

t i o n s ,  of th e  o rd e r  of 8 TTev., in  s e v e r a l  of the  n u c l e i  

mentioned. The o b s e rv a t io n s  of s o f t  gamma-rays from t h e s e  

n u c l e i  would v e r i f y  p re v io u s  work and g ive  in fo rm a t io n  r e g a rd 

in g  the  changes of p a r i t y  and a n g u la r  momentum in such 

t r a n s i t i o n s .

These l e v e l s  have been s tu d i e d  m ost ly  by work on neu tron  

a b s o r p t io n .  Such tech n iq u es  g ive  th e  energy l e v e l s  about 

th e  e x c i t a t i o n  energy a v a i l a b l e  from the  c a p tu re  of a neu tron  

o f  zero energy,  i . e .  the  Q va lue  of th e  r e a c t i o n .  The l e v e l  

spac ing  i s  p r e c i s e ,  though the a b s o lu te  va lue  of the e x c i t a 

t i o n  may be u n c e r t a in  to  the  e x t e n t  of th e  u n c e r t a i n t y  o f  th e  

Q-value.  These l e v e l s  have a l s o  been s tu d ie d  by gamma-ray 

e x c i t a t i o n  curves from pro ton  bombardment. I f  i t  i s  assumed 

t h a t  the  r e a c t i o n s  a re  ( p , Y ) ,  t h e s e  curves  give l e v e l s  of th e  

r e s u l t a n t  nuc leus  which a re  h igh  and v/hich may be c l o s e l y  

spaced. There may well  be a p o s s i b i l i t y  of a s o f t  r a d i a t i o n  

between two such l e v e l s  in  co m pe t i t ion  w ith  the  t r a n s i t i o n  to 

t h e  ground s t a t e .  Work done by Erostrom , Huus & Tangen (1947) ,  

B u r l in g  (1941),  Curran and S t r o t h e r s  (1939),  P l a i n ,  Herb 

Hudson & Warren (1940),  Swann, h a n d e v i l l e  & Wliitehead (1950) 

and Tangen (1947) i n d i c a t e d  t h a t  the  fo l lo w in g  r e a c t i o n s  

would g ive r i s e  to l e v e l  spac ing  about 10-100 Kev. w i th  

the  e n e rg ie s  a v a i l a b l e  from th e  Cockcroft-W alton  p a r t i c l e
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a c c e l e r a t o r  in  Glasgow,

Na23(p,V) T,g2g llg25(p,y).
Al^'^(p,y) Si^®; S1^5(p, y) p3°; p3qp,,y)s32

The ( p , y )  r e a c t i o n s  mentioned in  t h i s  rev iew  may 

imply t h a t  the  gamma-radiation may come d i r e c t l y  from the  

c a p tu re  n u c le u s ,  o r  a r i s e  from the daugh te r  n uc leus  fo l lo w in g  

p a r t i c l e  em iss ion .  The l a t t e r  case would s t i l l  i n d i c a t e  l e v e l  

spac ing  in the  in te rm e d ia te  compound n u c le u s ,  h u t  the  probab

i l i t y  of gaimna-emission, p a r t i c u l a r l y  of low energy ,  in  

co m pe t i t io n  w ith  p a r t i c l e  emission would be very  sm a l l .  L a te r  

work on the  energy of the  gamiaa-radiation f o r  p ro ton  bombard

ment of P (Grove, Cooper, & H a r r i s ,  1350) and of Al 

(H u the rg len ,  Eae, & Smith, 1951) i n d i c a t e s  t h a t  in  th e s e  

r e a c t i o n s  a t  l e a s t ,  th e  gamma r a d i a t i o n  comes from th e  d i r e c t  

( p, y ) r e a c t i o n .

However, t r a n s i t i o n s  between c lo s e  bu t  h igh  l e v e l s  a re  

r a t h e r  improbable due to  com pet i t ion  from t r a n s i t i o n s  d i r e c t  

to  the  ground s t a t e ,  u n le s s  the l a t t e r  a r e  fo rb id d e n .  More 

promising from an exper im en ta l  p o in t  o f  view and of  g r e a t e r  

s i g n i f i c a n c e  t h e o r e t i c a l l y  would be t r a n s i t i o n s  from a low- 

l y i n g  l e v e l  to  the  ground s t a t e .

Such l e v e l s  in  l i g h t  n u c l e i  have only been observed by 

s tudy ing  the  emission o f  h igh energy p a r t i c l e s  in  n u c l e a r  

r e a c t i o n s ,  u s in g  m a g n e t ic - fo c u s s in g  sp e c tro m e te rs  to  give th e  

h ig h  r e s o l u t i o n  of l e s s  than  100 K e v . , of  which o th e r  methods 

a r e  no t  c a p a b le .  Using t h i s  t e c h n iq u e .  S t ra i t , .  Van P a t t e r ,
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Buechner & Sperduto (1951) have s tu d ie d  th e  r e a c t i o n s

Al^"^(d,p) Al^^ and P^*^(d,p)P^^ and found t h a t  th e  pro ton

groups p r e v io u s ly  known as due to  t r a n s i t i o n s  to  th e  ground
28s t a t e s  were a c t u a l l y  d o u b le t s ,  i n d i c a t i n g  l e v e l s  in  Al 

a t  31*2 Kev. and in  a t  77 Kev.
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CHAPTER 3 .

E Q U IP L IB N T .

In th i s  chapter no d escr ip t io n  w i l l  be g iven o f  

e l e c t r o n ic  equipment in general use in the beam and contro l  

room of  the Glasgow high vo ltage  generator, such as the gener

ator i t s e l f ,  the current in tegra tor ,  and timing u n i t ,  nor v / i l l  

standard T.R.E. equipment such as the 1008 am p lif ier ,  s c a le r s  

and the 5-channel pulse analyser be d iscussed  in d e t a i l ,

3 .  1, GAS-FIILED PROPORTIONAL COUNTERS.

Three of these  v/ere used in preliminary work, though only

the th ir d  (counter ”C") was used to obtain  the r e s u l t s  described

l a t e r .  The other two w i l l  be described b r i e f l y .

"Counter "A", as shovm in P i g . 3 was a small brass counter

which had been used prev ious ly  by Dr.R.D. Smith, and was knovm

to be in  good working order. This was used to check that  the

e le c t r o n ic  equipment was in correct  working order before using

the other two counters .

Counter "B", as shown in P i g . 4 had been designed to have

a la rg e  s o l id  angle and work at h igh pressures o f  f i l l i n g  g as .

As i l l u s t r a t e d  the windov/ con s is ted  of  the aluminium cen tra l

port ion ,  v/hich had been obtained seamless from a large beaker,

and Joined to end-p leces  with "o" ring; connect ions .  I t  was
7 1found that  the p u lses  from the X-rays o f  a Ge source g ive  very  

poor groups which rapidly  d e ter io ra ted .  I t  was suspected that
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th i s  was due e i t h e r  to small leak s  in  the counter or to p o iso n 

ing of the gases  by vapours coming from in su la to r s ,  e t c . ,  and a 

hot calcium p u r i f i e r ,  with a diaphragm pump to c i r c u la te  the 

gas, was f i t t e d  to  attempt to improve the counter*s performance.  

No improvement v/as not iced ,  hov/ever. By f i l l i n g  counter "A" 

with ^as from t h i s  counter a f t e r  d i f f e r e n t  len gth s  of  time i t  

was v e r i f i e d  that  the poor groups and d e te r io r a t io n  were p a r t ly  

due to progress ive  poisoning o f  the f i l l i n g  gas and p a r t ly  

inherent in the counter i t s e l f .  Work on t h i s  counter was 

f i n a l l y  abandoned and counter "G" designed and b u i l t .

Counter "C", as shovm in F ig s .  5 and 6 and Plate  1, v/as 

designed with  a large  window able to stand f i l l i n g  pressures  of  

3 atmospheres. At t h i s  pressure i t  was estim ated that  gamma- 

rad ia t ion  o f  up to 150 Kev. energy would produce secondary  

e lec tro n s  with a range o f  l e s s  than the radius o f  the counter  

and thus g ive  proportional counting.

This counter was of the end-corrected type, as developed  

by Cockcroft & Curran (1951), with a f i e l d  tube around the  

guard ring to obviate  n on -proportiona l i ty  due to end e f f e c t s .  

This tube i s  maintained at a p o te n t ia l  corresponding to i t s  

diameter in the counter, which i s  g iven  by S^/E^= log  (r^ /r^ )

/ l o g  (r „ /  r. ), vjhere E , E are the p o t e n t i a l s  o f  the f i e l d0 JL 1 0

tube and case,  and r. _ _ the r a d i i  o f  the wire,  the f i e l d  tube,1, (C, L,
and the case .  In th i s  counter using a wire o f  diameter 

0 .0 0 3 ”, th i s  r a t io  i s  thus 0 .725 .

As the large  window might be expected to d i s t o r t  the  

f i e l d ,  some time was snent arranging that  t h i s  would not occur.
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4 5 .
F i n a l l y  the Al l i n i n g  v/as made o f  th ic lm e ss  0 .0 0 2 ” and covered 

the  gap in  the  c y l in d e r  a t  th e  window. I t  was p i e r c e d  many 

t im es ,  ca re  being tak en  t h a t  no sharp  edges were l e f t ,  and 

t h i s  ensured  t h a t  the  fio'il was n o t  d i s tu r b e d  v/hile th e  coun te r  

v/as being evacua ted  o r  f i l l e d .  The s iz e  and number of  th e se  

h o le s  was known and hence the e f f e c t  o f  t h i s  f o i l  in  reducing  

the  e f f i c i e n c y  o f  the  co u n te r  could be c a l c u l a t e d .

P rev ious  ex p e r ien ce  w i th  co un te r  had shown t h a t  the

system would be very  l i a b l e  to p i c k  up the  h ig h -f req uen cy  

su p r ly  used  f o r  h e a t in g  the  valv.es o f  the  h igh  t e n s io n  g en e r 

a t o r  and to  overcome t h i s  th e  coun te r  v;as p laced  in  an 

i n s u l a t e d  box covered w i th  t h i n  aluminium f o i l . A ll  le ad s  

were l e d  s h ie ld e d  in to  t h i s  box v/hlch v/as e a r th e d  and the 

o u tp u t  to the  head a m p l i f i e r  was a lso  s h ie ld e d .  As a r e s u l t  

the  R.F. p ick -up  was reduced to  l i t t l e  more than  the no ise  

due to  the  a m p l i f i e r .  This arrangement a l s o  f a c i l i t a t e d  the  

use of  m eta l  ab so rb e rs  between the  cou n te r  and th e  source ,  as 

th e  v o l ta g e  on the  co u n te r  was n o t  exposed.

A t a b l e  of  the  e f f i c i e n c y  of  t h i s  c o u n te r  i s  g iv en  in  

Table 3. Note t h a t  as the  re g io n  between the window and the  

Al l i n i n g  i s  no t  p a r t  o f  the  counting  gas, bu t  a c t s  as an 

ab so rb e r ,  t h i s  w i l l  reduce the  a c tu a l  e f f i c i e n c y .  The t a b l e  

in c lu d es  the  ap p a ren t  e f f i c i e n c y ,  which n e g le c t s  t h i s  e f f e c t ,  

and the a c tu a l  e f f i c i e n c y .

C a l ib r a t i o n s  c a r r i e d  out  w ith  the  X-rays from p ro to n  

bombardment of i r o n ,  copper and l e a d  v e r i f i e d  t h a t  the  cou n te r  

was counting  p r o p o r t i o n a l l y  and P i g . 7 showing th e  r e s u l t s  f o r
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l e a d  X-rays i l l u s t r a t e s  the  performance o f  the  c o u n te r .

The f i l l i n g  norm ally  employed was 15 cm. p a r t i a l  p re s s u r e  

o f  CĤ  and th ree  atmospheres o f  A. Cases o f  commercial p u r i t y  

were used and i t  was n o t  found n e c e s s a ry  to use co ld  t r a p s  o r  

o t h e r  p u r i f y in g  systems while  f i l l i n g .  The s iz e  o f  the  p u l s e s  

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

p e r io d  o f  days and c a l i b r a t i o n  runs w i th  p ro to n - in d u ce d  X-rays 

were c a r r i e d  out  f o r  each expe r im en ta l  run .  There was l i t t l e  

d e t e r i o r a t i o n  in  r e s o lv in g  power, however, and i t  was found 

adequate  to r e f i l l  the cou n te r  once a week. I t  should be men

t io n e d  t h a t  con tam ina t ion  of  the f i l l i n g  system may s p o i l  the  

performance o f  a cou n te r  f i l l e d  th e re f ro m .  At one s tag e  o f  

th e  work d e s c r ib e d ,  th e  performance of th e  co un te r  d e t e r i o r a t e d  

to  such an e x te n t  t h a t  groups were n o t  o b ta in a b le ,  and t h i s  was 

on ly  overcome by d ism an t l in g  th e  co u n te r  and f i l l i n g  system and 

tho rough ly  c lean in g  them. As o th e r  workers had s i m i l a r  d i f f i 

c u l t i e s  i t  was concluded t h a t  t h i s  was due t o  the  p re sen ce  in  

the  f i l l i n g  system of  Xylene, which was being  used  in  l i q u i d  

s c i n t i l l a t i o n  exper im en ts .  Great ca re  was t h e r e f o r e  tak en  t h a t  

no t r a c e s  of  such o rgan ic  l i q u i d s  were allowed to  e n t e r  f i l l i n g  

systems used f o r  p r o p o r t i o n a l  c o u n te r s .

5. 2. SCINTILLATION COUNTERS.

These were no t  used as much as the  p r o p o r t i o n a l  c o u n te r s .

The d e t e c t in g  system was s i m i l a r  to  t h a t  used by D rs . R.D.Smith

and J .G . Hutherglen ,  and c o n s i s t e d  o f  a t h a l l i u m - a c t i v a t e d

sodium iod id e  c r y s t a l ,  of  dimensions 1 cm. square and th ic lm e s s
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1 mm.., immersed In l iq u id  p a ra ff in  to prevent deliquescence  and 

the top surface covered with a th in  f o i l  o f  aluminium, to in 

crease the l i g h t  in t e n s i t y  reaching the p h o to -m u lt ip l ier  tube.  

This was the h .M .I .  type 5311.

5 .  5 .  POIVER SU PPLIES. •

The h ig h -ten s io n  supply used was obtained from a s t a b i l 

i sed  4 Kev. power back due to  Dr.R.D. Smith and shown in P i g , 8.  

This i s  o f  the s e r ie s  n a r a l l e l  type, in which a smoothed output  

appearing across i s  taken to the H.T. output through the 

c o n tr o l l in g  va lve ,  CV 73. The output i s  a lso  fed  through a 

r e s is ta n c e  chain .  Part of  t h i s  vo ltage  i s  thus fed  to the  

amplifying va lves  (SP 41s) ,  whose output i s  apnlied to the gr id  

of  the GV 75, thus r e s u l t in g  in  s t a b i l i s a t i o n ,  and Gg serve

to feed  r ip r le  to the s t a b i l i s e r ,  while stopping the D.G, from 

reaching i t .  The reference vo ltage  i s  the neon s t a b i l i s e r  

valve 85 A 1 fed  from a -300 v o l t  supply, the screen vo ltage  o f  

the GV 73 i s  maintained by the VS 70 from a +400 v o l t  supply, 

and the output vo ltage  i s  determined by the s e t t in g  o f  the

potentiometer which i s  a standard T.R.E. potentiom eter.
O,  4

3 .4 .  AITLIFISR.

The am p lif ier  used was the T.R.E, type 1008 with h igh-  

frequency head a m p lif ier ,  v/ith the m odif ica t ion  that  the heater  

supnly to the v a lv e s  of the main am p li f ier  fed  separate ly ,

in  order that D.G. might be used to reduce hum from A.G. heat ing .
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4 8 .

o. 5. PULSB-SHAPING.

As d iscussed  by Wilkinson (1950(b)) the pulses  from 

proportional counters are f a i r l y  long (of the order o f  100’ 

u s e e ) ,  due to the ac t ion  o f  p o s i t i v e  ion c o l l e c t i o n .  For f a s t  

counting rates  th i s  may r e s u l t  in d i s t o r t io n  of the spectrum 

due to pu lses  ly in g  on top o f  one another. To overcome th i s  

d i f f i c u l t y  of slow pulse  formation, i t  i s  d es irab le  to sharpen 

the p u ls e s .  This may be done by using small t im e-constants  

of d i f f e r e n t i a t i o n  and in teg ra t io n  before the main amplifying  

stage, and the output pu lses  v / i l l  then have a width about 

that o f  these time con stan ts .  I f  the rate o f  r i s e  o f  the 

pulses  i s  independent o f  the pulse s i z e ,  as i s  u su a l ly  the case 

with proportional counters, the spectrum w i l l  not be d is to r te d ,  

but there i s  a danger o f  overshoots at the back-edge o f  the  

pulse ,  which may be undesirab le .

I t  i s  therefore  more s a t i s f a c t o r y  to use a delay l i n e ,  

as d iscussed  in Elmore & Sands (1949). By using a delay l i n e ,  

the o r ig in a l  pulse  has imposed on i t  another pulse  s im ilar  in 

shape but of  opposite  s ign  which has been delayed by the time 

taken to tr a v e l  down the l i n e .  This second pulse  i s  u sua l ly  

attenuated by the l i n e .  For a square wave th i s  r e s u l t s  in  

a sharp pulse o f  width t ,  the time taken fo r  the pulse  to 

t r a v e l  down the l i n e ,  A s im ila r  e f f e c t  occurs with a pulse  

v/ith a sharp leading and slow back edge. In the work des

cribed, the delay l in e  with lumped parameters shown in  F i g . 9 

was used, having a c h a r a c te r i s t i c  time of  about 2 ’usec.
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4 9 .

Variable r e s i s ta n c e s  were adjusted to ensure that the l i n e  was 

su i ta b ly  matched at the input and output and that  the r e f le c t e d  

p u lses  were attenuated c o r r e c t ly  to prevent over sh o o t in g .

o. 6. PULSE AhALYSERS.

wlien th i s  work was s ta r ted  i t  was decided, rather than 

build  a multi-channel k ic k -s o r te r ,  to use one involving a s in g le  

channel on ly .  Such an instrument requires  s t a b i l i s e d  power 

supp lies  which were a v a i la b le  in the control  room of the proton  

acce lera tor  and should be able to deal with a high counting rate  

to g ive reasonable s t a t i s t i c s .  To do th i s  the c i r c u i t  shown 

in F i g , 10 was used, having been o r i g i n a l l y  designed by DcR.D, 

Smith, but modified during the course o f  t h i s  work.

The output p u lses  from the 1008 am p lif ier  are fed  into  V̂  

and amplified by a fa c to r  o f  about four to up to 200 v o l t s .

This valve normally has i t s  anode s e t  by the zero s e t  p o te n t io 

meter VR 1, at the same vo ltage  as the 250 v o l t  supply, to which 

the p o s i t i v e  terminal o f  the amplitude meter i s  connected. The 

other terminal i s  connected to the anode of the diode V ,̂ and 

hence the meter reads the vo ltage  across the diode, v/hich w i l l  

be the sm allest  pulse  s i z e  v/hich can thus en ter  the "00" channel.  

The sub-standard voltmeter used may be read to 0 .2  v o l t s  which 

i s  therefore  the degree of  amplitude d iscr im in a t ion .

The anodes of  the diodes are held at V and V + V v o l t s  

below th e ir  cathodes, v/her-e V i s  the reading o f  the meter and 

A  V i s  the channel width supplied by a ij- v o l t  b attery ,  

monitored bv a meter. Thus p u lses  greater  than V can pass the
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d i s c r i m i n a t o r  and f i r e  the  "GO" channel ,  tho se  g r e a t e r  than  

V + AV f i r i n g  the  "KO-GO" channel as w e l l .  By tak in g  the

o u tp u ts  o f  the  two channels  in  a n t i - c o in c id e n c e ,  th e  r e s u l t  

w i l l  be a count i f  and only  i f  the  o r i g i n a l  p u ls e  had a v o l tag e  

between V and V +. A  V. Both channels  a re  s i m i l a r ,  a l i m i t i n g  

a m p l i f i e r  f i r i n g  a ca thode coupled  p h a n ta s t ro n  t r i g g e r  c i r c u i t ,  

which g iv e s  square p u l s e s  about 10 .usee. l o n g .  This run dovm 

time i s  de term ined  by th e  t ime c o n s t a n t  of the 200 p f  condenser 

and 100 K r e s i s t a n c e  in  th e  g r i d  c i r c u i t  and v a r i a b l e  r e s i s t o r s  

VR 4 ,5 .  VR 6 a d j u s t s  th e  t r i g g e r i n g  p o t e n t i a l  o f  the  "GO" 

channel and i s  s e t  so t h a t ,  ifAV = 0, bo th  channels  t r i g g e r  

s im u l ta n e o u s ly .

The o u tp u ts  o f  the two channels  a r e  f e d  in to  t h e  mixer

c i r c u i t .  In  t h i s  V i s  norm ally  conducting  and V_ cu t  o f f .
8 ^

Thus, i f  a n e g a t iv e  p u l s e  from the "GO" channel  appears  on 

the  g r i d  o f  ¥g t h i s  w i l l  be c u t  o f f  and a p u lse  appear a t  the 

o u tp u t ,  u n le s s  a t  the  same time a p o s i t i v e  p u ls e  from  the 

"IIO-GO" appears  on the g r i d  of Vg making i t  draw c u r r e n t  

i n s t e a d .

V/hen t h i s  k i c k - s o r t e r  was p u t  in to  o p e r a t io n  i t  was found 

t h a t  c e r t a i n  m o d i f i c a t io n s  were r e q u i r e d  f o r  s a t i s f a c t o r y  

r e s u l t s .  There was a zero e r r o r  due t o  the  f i n i t e  v o l ta g e  r e 

q u i red  to f i r e  the p h a n ta s t r o n s ,  and t h i s  was reduced by 

in c r e a s in g  the  b i a s  on th e  g r i d s  of as f a r  as n o s s i b l e .

This invo lved  in c r e a s in g  th e  su p p re s s io n  g r i d  r e s i s t a n c e s  from 

the o r i g i n a l  2 .2  K to  10 K. There was a tendency f o r  s e l f  

o s c i l l a t i o n  i f  t h i s  b i a s  was made ÿoo g r e a t  and to  ensure

maximuja s e n s i t i v i t y  c o n s i s t e n t  w i th  t h i s  a v a r i a b l e  r e s i s t a n c e  
was a l s o  in c lu d ed  in  the  "FO-GO" channe l .
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5 1 .

I Then t h i s  had been done i t  was found that ,  in  sp i t e  o f  

the 50 p f  condensers fron  earth to the anodes o f  the d iscr im in

ating  diodes,  spurious p u lse s  from the anode-cathode capacitance  

of  these va lves  were large  enough to t r ig g e r  the channels,  

p a r t i c u la r ly  for  large  amplitudes o f  input p u l s e s .  The s iz e  

of these spurious p u lses  was therefore  reduced by feed ing  the  

grid  of  p v/ith a p ort ion  of  the input pu lse  out o f  phaseo
with that coming through the diodes but passing through s im ilar  

RG combinations, where the diodes were represented by variable  

c a p a c i t i e s  o f  about 10 p f .  This reduced the spurious pulse  

s iz e  considerab ly  These m od if ica t ion s  are shown in F i g . 11.

The v;ork described was s tarted  v/ith t h i s  pu lse  analyser  

but only a few experiments were carried  out with i t  before the 

T.R.F* f i v e  channel pulse  analyser was made a v a i la b le  to the 

Glasgow Department o f  Natural Philosophy and most o f  the l a t e r  

work was carried  out using i t .  This instrument has been des

cribed by Cooke-Yarborough, Bradv;ell, F lorida  & Howells (1950).  

In p r in c ip le  i t  counts a l l  p u lses  greater  than a se t  s iz e  and 

d iv id es  them in  four channels whose upper l i m i t s  have to be se t  

and one which takes a l l  p u lses  greater  than the top l i m i t .  As 

a r e s u l t  a l l  p u lses  greater  than the lov/er l e v e l  f i r e  a t r ig g e r  

c i r c u i t  which brings the actua l  analysing and counting c i r c u i t s  

in to  a c t io n .  Following t h i s  there i s  a dead time during which 

no fu rth er  p u lses  are counted. For t h i s  analyser th i s  dead 

time i s  about 60 u sec ,  and th i s  r e s t r i c t s  the to t a l  number of  

counts including those in the top channel v/ith no upper l i m i t .  

Thus a background o f  p u lses  higher than those which are being
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5 2 .

ana lysed  w i l l  reduce the coun t ing  r a t e  a v a i l a b l e .  To overcone 

t h i s  i t  i s  d e s i r a b l e  to p r e v e n t  p u l s e s  w i th  am pli tudes  g r e a t e r  

than  those  being  counted in  the  a n a ly s in g  channels  reach in g  

the t r i g g e r  c i r c u i t  and t h i s  l e d  to the  development of the  low- 

pass  d i s c r i m i n a t o r ,  d e s c r ib e d  l a t e r .

In u s in g  t h i s  p u l s e  a n a ly s e r  i t  i s  n e c e s sa ry  to s e t  the 

channel v/idths and to de term ine  t h e i r  v a lu e s .  This was 

done, in  th e  f i r s t  p l a c e ,  by u s in g  a p u ls e  g e n e r a to r  and s e t t i n g  

the  channel h e i g h t s  in  terms o f  th e  s in g le  channel  k i c k - s o r t e r .  

L a te r ,  when doubts a ro se  about the zero l e v e l  o f  the  l a t t e r ,  

t h i s  p rocedure  was r e p la c e d  by tak in g  the o u tp u t  o f  a p u lse  

g e n e ra to r  th ro ug h  a r e s i s t a n c e  cha in  and hence o b ta in in g  

a c c u ra te  r e l a t i v e  p u l s e  s i z e s  w i th  v/hich the a n a ly s e r  was 

a d ju s t e d .  The r e l a . t i v e  channel v/idths were v e r i f i e d  e x p e r i 

m en ta l ly  by tak in g  re a d in g s  from a r a d i o a c t i v e  source such as 

radium D, and u s in g  d i f f e r e n t  D.G. l e v e l s  in  th e  a n a ly s e r .

This meant t h a t  the same p a r t  o f  the  spectrum would f a l l  in  

d i f f e r e n t  channels  on d i f f e r e n t  re a d in g s  and th u s  the  r e l a t i v e  

numbers o f  counts  gave the  r e l a t i v e  w id ths  o f  th e  chan n e ls .  .

5. 7 .  LOT-PASS DISCHIhlrATOR.

As mentioned b e fo re ,  the  co m para t ive ly  long dead-t ime 

o f  the  T.R.E. 5 channel  p u l s e  a n a ly s e r  makes i t  d e s i r a b l e  

to  p re v e n t  a l l  p u l s e s  g r e a t e r  th an  those  being counted re a c h 

ing th e  in p u t  o f  the  a n a ly s e r .  To do t h i s ,  the  c i r c u i t  as 

shovm in  F i g . 12 was u sed .  In t h i s ,  the  o u tn u t  of the main 

a m p l i f i e r  i s  fe d  th rough  a cathode fo l lo w e r  to p re v e n t  ov e r -
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lo a d in g  o f  the  ariTollf 1 e r ,  and th e n  f i r e s  a t r i g g e r  c i r c u i t ,  

whose t r i g g e r i n g  am pli tude  I s  a d ju s t e d  so t h a t  th e  w id th  o f  the  

top  channel  o f  the  p u l s e  a n a ly s e r ,  as r e s t r i c t e d  by t h i s  

c i r c u i t .  I s  abou t  t h a t  o f  the  o t h e r  ch a n n e ls .  Any p u l s e  g r e a t e r  

th an  t h i s  s i z e  then  p roduces  a 5 u sec b lan k in g  p u l s e  which I s  

a p p l i e d  to a double diode clamp. This  th e n  p r e v e n t s  the o r i g i n a l  

p u l s e  from reach in g  the  o u tp u t  o f  the  system. To g iv e  th e  

t r i g g e r  time to f i r e .  I t  I s  n e c e s s a ry  t h a t  the  p u l s e s  must be 

dela%7-ed b e fo re  re a c h in g  the g a te  and t h i s  Is  done by p a s s in g  

them through  a l e n g t h  o f  d e lay  l i n e ,  fo l lo w ed  by a fe d -b a c k  

a m p l i f i e r  to  o f f - s e t  the  a t t e n u a t i o n .  The c i r c u i t  reduces  

the  p u l s e  am pli tude  by about  40p b u t  I s  l i n e a r  and does n o t  

have any zero e r r o r .  The I n t r o d u c t i o n  o f  th e  de lay  l i n e  

p ro v id e s  f a c i l i t i e s  f o r  t r i g g e r i n g  G.R.O.s, e t c . ,  from the  

o u tp u t  o f  the  ca thode f o l l o w e r  and t h i s  was made use  o f  In 

l a t e r  work.

3 .  8 .  ROTATING TARGET GHAliBhR.

The most co n v en ien t  source  f o r  c a l i b r a t i o n  p u rpo ses  In  

t h i s  'work was the  bombardment o f  t a r g e t s  by e n e r g e t i c  p ro to n s  

from the  Cockcroft-V ia l ton  a c c e l e r a t o r .  T h is ,  however, Invo lves  

changing t a r g e t s  between th e  c a l i b r a t i o n  and the  ex p e r im e n ta l  

run ,  and I t  I s  most u n d e s i r a b l e  to h a v e . to  open th e  t a rg e u  

chamber and admit a i r  du r ing  t h i s  change . To avoid  t h i s  d i f f i 

c u l t y ,  th e  r o t a t i n g  t a r g e t  chamber shown In  Rig 15 and P l a t e s  

2 and 5, was u s e d .  This I s  e s s e n t i a l l y  a s l x - s l d e d  aluminium 

b lo c k  screwed on to a b r a s s  rod  which, by u s in g  a ru b b e r  "0"
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ring as a gasket,  could be rotated  in  the target  chamber v/ith. 

out admitting: a i r .  Suitable  c a l ib r a t io n  and experimental ta r 

g e t s  could be fastened  to the various fa c e s ,  and the blank 

face  was a va i la b le  for  background runs. To reduce s o f t  gamma 

rad ia t ion  as l i t t l e  as p o ss ib le  In In te n s i ty ,  I t  Is necessary  

to have a th in  v/lndoxv on the target  chamber. This must be 

able to withstand v a r ia t io n s  o f  pressure of  up to one atmos

phere and should be f a i r l y  la r g e .  At f i r s t  a f o i l  o f  c e l l o 

phane 0 ,0 0 2 ” th ick  was used but th i s  d is in teg ra ted  under 

pressure.  I t  was replaced by 0 ,0 1 5 ” of  ”Styrene” which, 

however, v/as found to le a k .  F in a l ly  a f o i l  o f  0 ,0 0 5 ” of  

cellonhane was used and th i s  proved s a t i s f a c t o r y .
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CHAPTER 4 .

4. BXPHRIIvBHTAL PROCEDURES

This chapter contains an o u t l in e  o f  the various exp er i

mental techniques used in t h i s  work.

4. 1. hORK iVITH GAS-FILLED PROPOKTIOML COUNTERS.

I t  was soon r e a l i s e d  that a simple a n a ly s is  o f  pulse  

s iz e  would not be capable o f  re so lv in g  any s o f t  ra d ia t io n  from 

background, for  the l a t t e r  v/as large and also  var iab le  v/lth 

time, shov/lng large f lu c tu a t io n s  as w e l l  as a steady Increase .

To determine the s o f t  rad ia t io n  a method using absorbing f o i l s  

was used. The general p r in c ip le  o f  th i s  technique was that  

su ccess ive  readings were taken v/lth and without s u i ta b le  

absorbing f o i l s  betv/een the target  and the counter. The 

d if fer en ce  between these su ccess iv e  counts was then taken as 

being due to the s o f t  gamma rad ia t ion ,  and t h i s  procedure 

could be carried  out a t  d i f f e r e n t  s e t t in g s  of  pu lse  analysers  

being used.

At f i r s t  a f o i l  o f  t in ,  th lc lm ess  0 .0 1 7 ” v/as used, but 

I t  was r e a l i s e d  that  th i s  would a lso  reduce b e ta -r a d la t lo n  

from e i th e r  of Al^^, In the case o f  the deuteron bombard

ment of A1. To overcome t h i s ,  p a ir s  o f  f o i l s  were used, of  

equal surface d e n s i t i e s ,  but d i f f e r e n t  m ater ia ls ,  so that  

th e ir  absorption of  the soft-gamma rad ia t ion  was very d i f f e r e n t ,  

but that  of the beta rad ia t io n  very s im i la r .  The f i r s t  ones 

used v/ere 0 .0 1 7 ” o f  Sn, and 0 .0 4 8 ” o f  Al, but these  were soon
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replaced with 0 .0 02 5” o f  Pb and 0 .0 1 1 ” o f  Al. As there was a 

steady increase  in the background, each s e t t in g  o f  the pulse  

analyser involved two s e t s  o f  two readings, one with the Al 

f o i l ,  and then the Pb f o i l ,  and the other with the Pb f o i l  f i r s t  

This gave two s e t s  o f  d i f fer en ce  counts and the mean o f  these  

was taken.

Since some of  the background came from the beta -  

rad la t lon  mentioned above. I t  was des irab le  to s h ie ld  I t  o f f ,  

and th i s  v/as done by the use o f  perspex or polythene absorbers  

and by using a d e f l e c t in g  permanent magnet to remove any 

e lec tro n s  which might penetrate  these absorbers. The e f f e c t  

of  these methods was v e r i f i e d  by studying the bet a - spectrum 

a f te r  the beam had been cut o f f  fo l low in g  a run, and the 

absorption o f  the gamma-radlatlon by the polythene examined 

by studying I t s  e f f e c t s  on X-rays from the proton bombarment 

o f  t i n .

Some time was spent analysing the large  background. I t  

v/as concluded that much o f  the background arose from the  

reso lv in g  chamber o f  the a cce lera to r ,  where the p a r t i c l e  

beam struck the s id e s ,  and p a r t i c u la r ly  from the ”d on d” 

react ion  when deuteron Induced react io n s  were being s tu d ied .

This would explain  the slov/ Increase In background counts 

during runs and v/hy the background should vary from run to run, 

as did the time necessary f o r  a run. As a r e s u l t  o f  th i s  

a n a ly s i s ,  the counter was f i n a l l y  arranged as shown In F i g . 14, 

the counter I t s e l f  being surrounded with 2 ” -  3” o f  l e a d .

Great care v/as taken during runs that  the acce lera tor  and
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targe t  chamber were c a r e fu l ly  a ligned and that the beam did not  

s tr ik e  the v/alls ,  and the ta r g e t  chamber and counter were placed  

as fa r  as convenient from the reso lv in g  chamber. Such pre

cautions reduced the background to  such an extent that I t  was 

p o s s ib le  to carry out runs fo r  which the spectrum due to the 

s o f t  gamma-radlatlon was c l e a r ly  v i s i b l e  over the background.

I t  was not, however, always p o s s ib le  to reduce the background 

as much as t h i s .

The standard procedure when using g a s - f i l l e d  proportional

counters was to carry out a c a l ib r a t io n ,  using a natural source 
7 1such as Ge of' RaD, or X-rays from the proton bombardment of  

su ita b le  ta rg e ts  such as BaClg, Sn or ho. The pulse  analyser  

was s e t  to count in  the reg ion  to be covered, as Indicated by 

the c a l ib r a t io n ,  and success ive  counts taken with, for  example, 

the Pb, Sn, Sn and Pb absorbers . The pulse  analyser s e t t in g  

was then a ltered  and a fu rth er  group o f  counts taken. This 

procedure ensured that system atic  v a r ia t io n s  of  the background 

during the experiment were not Involved when the counts with  

the Pb absorber were subtracted from those with  the Al absorber 

to g iv e  f ig u res  which were taken as due to s o f t  gamma radiation  

o f  an energy corresponding to the pulse  analyser s e t t in g .

A further  c a l ib r a t io n  was u s u a l ly  taken at the end o f  the  

experiment to ensure that  there had been no d r i f t s  o f  the 

analyser,  am plif ier  or other equipment during the run. To 

keep the background reasonable constant,  the beam current  

was maintained steady, as I t  was found that rapid d r i f t s  o f  

the beam r e su l te d  In v a r ia t io n s  o f  background even I f  the
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in tegrated  reso lved  beam current was the same during each run.

For th i s  reason a note o f  the time taken fo r  each run was u su a l ly  

noted and any runs showing marked d ev ia t io n s  In t h i s  v/ere 

discarded.

4. 2. iVOHK hITH SGIFTILLATIOh COUNTERS.

The techniques used here were s im ilar  to those v/lth the

g a s - f i l l e d  proportional counters.  Shielding was rather  e a s ier

In th i s  case ,  but I t  was found when studying the react ion  
-'51 52F'' (d,p) P that  the high-energy background v/as e x c i t in g

f lu o resc en t  X-rays In the lead  sh ie ld in g  and therefore  the  

absorbers used were o f  Sn and Al rather than of Pb. The 

c r y s ta l  was a lso  sh ie lded  from a l l  lead  by 0 .0 5 2 ” of Sn f o i l  

to prevent t h i s .  Generally I t  v/as found that,  owing to the 

lower r e so lu t io n  of  the s c i n t i l l a t i o n  counter and I t s  e f f i c i e n c y  

fo r  d e te c t io n  of background the r e s u l t s  obtained did not show 

the presence o f  s o f t  gamma ra d ia t io n  as c le a r ly  as did the  

proportional counter r e s u l t s .  A th in  c r y s ta l ,  about 0 .5  m.m. 

was prepared by rubbing dov/n a th icker  c r y s ta l  v/lth a damp 

c lo th ,  to attempt to reduce background. This was p a r t ly  

su cce ss fu l  but s t i l l  did not g ive  r e s u l t s  comparable with  

the proportional counter.

4. 5. CRITICAL ABSORPTION hSTRODS.

These were used to v e r i f y  the arergy o f  the rad iat ion  

found by other methods. Solutions  were made up containing  

equal masses/cm^ of the elements whose K-absorption edges
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l a y  n ea r  the e s t im a te d  energy o f  the  r a d i a t i o n .  The 

s t r e n g th s  o f  th e  s o lu t io n s  were c a lc u la t e d  to  g ive  an optimum 

In c rea se  o f  a b s o rp t io n  In  going th rough  the  a b s o rp t io n  edge. 

Foliov/lng a c a l i b r a t i o n  the p u ls e  a n a ly s e r  s e t t i n g s  were then  

a r ranged  so t h a t  the  assumed energy corresponded to the c e n t r e  

o f  the  counting; channe ls ,  and counts  taken  of the  spectrum 

w ith  th e  d i f f e r e n t  a b so rb e rs  between the  t a r g e t  and the 

c o u n te r ,  A dec rease  In  the t o t a l  counts  In  the  fo u r  channe ls  

was taken  as due to th e  a b s o rp t io n  o f  th e  s o f t  gamma r a d i a t i o n  

whose energy then v/as g iven  to  w i th in  1 o r  2 Kev.

4. 4. PULSE PHOTOGRAPHY.

The methods g iven  above v/ere used f o r  the  s tudy  o f  the
2V 2832 Kev. gam m a-radlat lon  from the  r e a c t i o n  Al (dp) Al , In  

v/hlch r e s u l t s  by o th e r  workers had g iv en  an I n d i c a t i o n  of 

the energy a t  which the  r a d i a t i o n  was to be ex p e c ted .  Even 

v/lth t h i s  In fo rm ation ,  th e  d i f f i c u l t i e s  of background rendered  

experim ents  very slow and l a b o r io u s ,  and I t  was f e l t  t h a t  

the methods would not  be d i r e c t l y  a p p l i c a b le  to  a g e n e ra l  

s tudy o f  o th e r  r e a c t i o n s  In  v/hlch t h e r e  was no I n d i c a t i o n  

of  the  p o s s ib le  e x i s te n c e  and energy o f  soft-gamma r a d i a t i o n .  

I t  was d e s i r a b l e  to develop some tech n iq ue  which v/ould be 

capable  of  de term in ing  th e  e x i s te n c e  o f  low energy gamma- 

r a d l a t l o n  from a r e a c t i o n ,  v/lth an approximate I n d i c a t i o n  

o f  the  energy.

To do t h i s ,  the techn ique  o f  p u ls e  photography as 

o u t l in e d  below v/as developed and i t s  va lue  de term ined  by
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comparing the r e s u l t s  obtained with i t  from the react ion
27 28Al (d ,p ) Al to those obtained by other methods.

The pu lses  were fed  into a cathode ray o s c i l lo s c o p e  

(T.R.S. Monitor C.K.O. type 1000) ,from the^ output t o f  the "■low-pass 

discrim inator ,  the G.R.O, being tr iggered  by the Input. Since 

the s ig n a l  proper has a delay o f  3 .5  u s e c s ,  t h i s  r e s u l t s  In

the s ign a l  appearing In the centre o f  the screen .

An . oad-lloscope camera was attached to the screen and a 

s e r ie s  o f  exposures taken at d i f f e r e n t  screen I n t e n s i t i e s  and 

numbers o f  counts, using R55 f i lm ,  li/hen developed the more 

su ita b le  ones were examined for evidence of maxima of  I n te n s i ty  

denoting low-energy gamma ra d ia t io n .  The best  screen I n te n s i ty  

and number of  counts required v/as obtained by experience, but

I t  was usual to take ten  or a dozen exposures as the work and

time Involved In taking extra exposures was small compared 

with that In s e t t in g  up the equipment and developing the f i lm .

To see whether or not the method v/as q u a n t i ta t iv e  some 

of  the exposures were enlarged on to quarter-p late  s ize  

lantern  p la te s  and examined on a microphotometer. The r e s u l t s  

v/ere not s a t i s f a c t o r y  due to the g ra ln ln e s s  o f  the p la t e s  

and the uncerta inty  o f  the p o s i t io n  o f  the b a s e - l i n e .  However, 

no attempt was made to develop the technique to g iv e  numerical 

r e s u l t s  as I t  v/as f e l t  that the methods described above v/ere 

more su ita b le  and were capable of  g iv in g  I n t e n s i t i e s .  This 

method v/as used only to determine the e x is te n c e  and apnroxlmate 

energy o f  s o f t  gamma rad ia t ion  In nuclear r e a c t io n s ,  v/hlch



PLATE 4, Gamma-radiation from RaD.

PLATE 5, R a d ia t io n  from Al^'^(d,p) Al 28
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could then be ana lysed  more f u l l y  by p u ls e  a n a ly s e r  methods.

Typ ica l  r e s u l t s  a re  shown In  P la te  4, v/hlch I l l u s t r a t e s  

the  r e s u l t s  us ing  the gamma r a d i a t i o n s  from a RaD source In 

the r e g io n  10-20 Kev. P l a t e  5 shows how the  r a d i a t i o n  from 

the  r e a c t i o n  Al^"^ (d ,p)  Al^^ v e r i f i e s  the  v a lu e  o f  t h i s  

t e c h n iq u e .  A rough comparison w i th  a s i m i l a r  f i g u r e  taken  

v/lth Sn X-rays as a c a l i b r a t i o n  g iv e s  the  energy as  betv/een 

30 and 35 Kev., v/hlch Is  an adequate degree o f  p r e c i s i o n  f o r  

the  nurnose f o r  which t h i s  techn ique  was t o  be used .
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CHAPTER 5 .

EXPERIMENTAL RESULTS

5. 1. THE DEUTERON BOMBARDMENT OF ALUMINIUM.

VHien t h i s  work was undertaken i t  had been intended to

examine sy s te m a t ic a l ly  rea c t io n s  caused by protons and

deuterons of  energy up to 750 Kev. from the Glasgow Cockcroft-

V/alton a cc e le r a to r .  However, Enge, Buechner, Sperduto & Van

Patter (1951) reported that a study of the e charged p a r t i c l e s

emitted In the react ion  o f  Al *̂̂  (d, p ) Al^®, carried  out with

a 180^ s in g le - fo c u s s in g  magnetic spectrometer, had Indicated

that the pixton group o f  energy about 5 ,5  Mev. going to the
28ground s ta te  o f  Al was. In fa c t ,  a doublet.  This r e s u l t

28 4 -suggested that there v/as a l e v e l  o f  Al at 31.2 - 2 .0  Kev. 

with a y i e l d  o f  55̂ -j o f  that  o f  the ground s ta te  In th i s  

re a c t io n .  As th is  v/as the lowest l e v e l  reported for  such 

a l i g h t  nucleus,  I t  was f e l t  that  I t  would be w el l  worth v/hlle 

attempting to de tec t  ra d ia t io n  from the d e -e x c l ta t lo n  o f  th i s  

l e v e l  to the ground s ta t e ,  and to measure the energy and y ie ld  

of such ra d ia t io n .  I f  de tec ted .

The e a r l i e r  experimental r e s u l t s  obtained have errors  

due to u n c e r ta in t ie s  In the zero errors of  the pulse  analysers ,  

and hence In the c a l ib r a t io n s ,  and have larger  background 

counts. The errors Indicated In the f ig u res  are the square

root of  the t o t a l  number o f  counts. Including background and
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the f ig u res  g iven  are the d i f f e r e n c e  between the counts v/ith  

the tv/o d i f f e r e n t  absorbing f o i l s .

The p o s i t io n  of  the peak in  the pu lse  d i s t r ib u t io n  could  

be determined grap h ica l ly ,  but the r e s u l t s  quoted were obtained  

on the assumption that the d i s t r ib u t io n  v/ould be Gaussian, 

and the average was taken. When i t  was obvious that t h i s  

asscujg>tlo}i was not j u s t i f i e d ,  as, fo r  example, when a 

s c i n t i l l a t i o n  counter was used, a "background" was taken from 

the experimental f ig u r e s  before th i s  average v/as taken.

5 . 1 . 1 . Proportional counter r e s u l t s  using the s in g le  channel 

pulse  a n a ly ser .

These were the f i r s t  s e t s  of  r e s u l t s  obtained on t h i s  

react ion ,  before the background had been studied and reduced, 

and as only one c a l ib r a t io n  had been taken (v/ith ho X-rays 

from proton bombardment), t h i s  may be in  error due to zero 

errors of  the pulse  analyser .

In the f i r s t  o f  these ,  shown in  P i g . 15 there was no 

sh ie ld in g  and the beta-rays  from the target  v/ere bent av/ay 

from the counter by using the f i e l d  of a large  permanent 

magnet. A f o i l  o f  th ickness  0.017" of  t i n  v/as used and the  

d if feren ce  between counts v/ith and without i t  in  p o s i t io n  

between the ta r g e t  and counter was taken as due to soft-gamma- 

r a d ia t io n .  As shown the d i f fer en ce  counts were at most 60 

per channel. As mentioned before ,  each d i f fer en ce  f ig u re  

invo lves  four counts.

The second and th ird  had the counter sh ie lded  from back
ground and used f o i l s  o f  0.017" o f  t i n  and 0,(148" of  aluminium.
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6 4 .

The second used the magnet to d e f l e c t  the b eta -ra d ia t ion ,  the 

th ird  absorbed them with a polythene absorber. The r e s u l t s  

are shov/n in P ig s ,  16 and 17. Rather longer runs were taken 

and background was reduced, g iv in g  b e t te r  s t a t i s t i c s ,  but 

there i s  uncerta inty  about the energy determination.

5 . 1 . 2 .  S c i n t i l l a t i o n  counter r e s u l t s .

In obtaining these ,  the b e ta -ra d ia t io n  v;as absorbed v/ith  

a polythene absorber, and two s e t s  o f  r e s u l t s  were obtained,  

one using f o i l s  o f  0 .0 1 7 ” o f  t i n  and 0 .0 4 8 ” o f  aluminium, 

and the second f o i l s  o f  0 .0 0 2 5 ” o f  lead and 0 .0 1 1 ” o f  aluminium. 

The d i f fer en ce  counts were about 500 in these  r e s u l t s  and the 

background v/as about 2 ,000 .  The lov/ re so lv in g  pov/er, however, 

renders the r e s u l t s  l e s s  l i a b l e  than those w ith  the p r o p o r t i o n a l  

counter. These r e s u l t s  are shov/n in P igs .  18 and 19.

5 . 1 . 5 .  Further nroportional counter r e s u l t s ,  using the 

5-channel pulse  a n a ly ser .

To obtain  more p rec ise  measurements o f  the energy and 

in t e n s i t y  of  the gamma-radiatlon in  t h i s  react ion ,  the back

ground v/as studied  and reduced as described e a r l i e r ,  and the 

counter sh ie lded ,  v/ith both polythene and magnet placed to  

prevent b e ta -r a d ia t io n  reaching the counter. Following th i s  

three fu rth er  s e t s  o f  readings were obtained. In the f i r s t  

of  these ,  shown in P i g . 20, peak d i f fer en ce  counts o f  600 were 

obtained with a background rate  of  2 ,000,  which gave a very 

prominent peak which could be re a d i ly  seen above background. 

Unfortunately,  the c a l ib r a t io n  carried  out fo r  t h i s  run with  

t i n  X-rays and gamma rad ia t ion  at 14 Kev. and 47 Kev. from RaD
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S o lu t io n s  used Absorption  edge Counts

1*49 gm. o f  t a r t a r  emetic 
( c o n ta in i n g  8b*) in  w a te r ,  
made up to  8 .2  c*c.

30.5 10,640

0*875 gm. o f  Te d i s s o lv e d  
in  HNÔ  and HG1 and made 
up to  10 c.c*

31.9 11,270

1.07 gm. Na1 in  w a te r ,  
made up t o  10 c . c . 33.3 11,536

TABLE 4. R e s u l t s  o f  c r i t i c a l  a b s o rp t io n  experiment 

on r a d i a t i o n  from A1 + d.
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were not c o n s i s te n t ,  and the energy measurement i s  rather  doubtful  

This was before the cathode fo llov/er  v/as added to  the lov/-pass 

discr im inator ,  and the output o f  the am plif ier  was found to  

be overloaded, g iv ing  d i s t o r t io n  o f  the spectrum fo r  large  

p u ls e s .  There was a lso  an error due to the zero error o f  the 

s in g le  channel p u ls e -a n a ly s e r , v/hich has been used fo r  c a l ib r a 

t io n  o f  the 5-channel analyser .

F in a l ly ,  the l a s t  two runs taken were free  from such 

c a l ib r a t io n  errors and had a lov/ background r a t e .  X-rays from 

a ta rg e t  of  BaClg fused on copper were used for  the c a l ib r a t io n  

and the r e s u l t s  obtained are shov/n in Figs 21 and 22. The l inear ,  

i t y  o f  the c a l ib r a t io n  was v e r i f i e d  using 47 Kev. gamma- 

ra d ia t lo n  from RaD and X-rays from Sn and p.

5 . 1 . 4 .  C r i t i c a l  absorption r e s u l t s .

The so lu t io n s  used, shown in table  4, had as co n s t i tu e n ts  

apnroximately equal concentrations o f  the absorbing elements,

8b, Te and I .  They were he ld  in  perspex c e l l s  v/ith a th ickness  

o f  5 mm., and using the f ig u r e s  g iven  in Goript^on & A l l i so n  

(1935) for  the absorption c o - e f f i c i e n t  o f  iodine immediately  

above and below the absorption edge, these absorbers w i l l  reduce 

the i n t e n s i t y  of  gamma-radiation by about 25^ i f  the energy i s  

l e s s  than the absorption edge and by about 80^ i f  i t  i s  grea ter .  

The r e s u l t s ,  shown in tab le  4, are co n s is ten t  with the presence  

o f  a s o f t  gamma rad ia t ion  o f  energy between 30.5 Kev. and 31.9  

Kev.

5 . 1 . 5 .  Subsidiary experiments.

The photographic techniaue was developed prim arily  fo r
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the  d e t e c t i o n  of  f u r t h e r  low energy gamma l i n e s ,  b u t  the  

convenience made i t  u s e f u l  f o r  c a r ry in g  ou t  s u b s id i a r y  

experim ents  to o b ta in  r e s u l t s  which would n o t  have j u s t i f i e d  

the  time involved w ith  the  more e l a b o r a te  te c h n iq u e s .

As a check t h a t  the method u s in g  d i f f e r e n t  ab so rb e rs  

v/as no t  g iv in g  r i s e  to f a l l a c i o u s  r e s u l t s ,  the pho tog raph ic  

method showed the  p re sence  o f  r a d i a t i o n  in  the  re g io n  30-35 Kev. 

when th e re  was no ab so rb e r  between the  t a r g e t  and the  c o u n te r .  

The i n t e n s i t y  of  t h i s  r a d i a t i o n  was s u b s t a n t i a l l y  reduced by 

u s ing  a l e a d  absorb ing  f o i l .

I t  was p o s s i b l e  the  r a d i a t i o n  was coming, n o t  from the  

r e a c t i o n  expected ,  bu t  from e x c i t a t i o n  o f  c h a r a c t e r i s t i c  X-rays 

by douterons  on im p u r i t i e s  in  the Aluminium t a r g e t s  used ,  

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

v/hich has c h a r a c t e r i s t i c  r a d i a t i o n  o f  the  energy d e te c te d ,  

v/ould be p r e s e n t  in  th e  s p e c t r o s c o p i c a l l y  pure  alumihium used 

f o r  t a r g e t s .  I t  might a l so  be co nce iv ab le  t h a t  th e  r a d i a t i o n  

a rose  from background e x c i t i n g  c h a r a c t e r i s t i c  r a d i a t i o n  in  th e  

co u n te r  v /alls  o r  windov/. To v e r i f y  t h a t  th e se  p o s s i b i l i t i e s  

v/ere n o t  o c c u r r ih g ,  the  t a r g e t  v/as bombarded w i th  p ro to ns  

and the  anectrum photographed .  Proton e x c i t a t i o n  o f  

c h a r a c t e r i s t i c  X-rays would g ive  g r e a t e r  i n t e n s i t i e s  than 

dcèuteron e x c i t a t i o n  and the  background would be expec ted  to  be 

s i m i l a r  to t h a t  in  the d e u te ro n  ca se .  however, no s ig n  of 

r a d i a t i o n  o f  the  r e l e v a n t  energy was d e te c te d ,  and t h i s  v/ould 

sugges t  t h a t  the  r a d i a t i o n  d id ,  in  f a c t ,  a r i s e  from the  

r e a c t i o n  su g g es ted .



Expt.
No.

Type o f expt. C alibration
used

Energy of  
rad ia tio n  

( in  Kev.)

Y ie ld  per uC 
of deuterons 
a t  700 Kev. . .

1. Proportional X-rays from 31.7 ———
Counter Mo + p

2. It II 32.9 ——

3. ri II 30.7 0 . 8 9  X 10^.

4. S c in t i l l a t io n Ra 47 Kev. 33.2
Counter l i n e 1.75 X 10^

Mo + p 32.2

5. II Sn + p 31.9 1 .1 6  X 10^

6. Proportional RaD 47 Kev. 32 .7
Counter Sn + p 2 8 . 8 0 .77  X 10^

7. II BaClg + P 31.9 0 . 9 2  X 10^

8. II II 31.0 0 .60  X 10^

9. C r it ic a l  absorption 3 0 . 5  — 3 1 . 9 -----------

TABLE 3* Summary o f  r e s u l t s  on A1 + d.
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The rad ia t ion  a r is in g  from deuteron bombardment may be 

due e i th e r  to d e -e x c i ta t io n  of  a lov/- ly ing ex c i ted  s ta te  

of  or from an ex c ited  s t a t e  o f  Si^^, fo l low ing  the beta

decay. To t e s t  whether i t  could a r i s e  from the l a t t e r  

hypothesis ,  a se t  o f  photographs o f  the bet a - spectrum, taken  

at the end of a run with the beazn turned o f f ,  were examined. 

There was no Ind icat ion  o f  the presence o f  a low-energy gamma 

r a d ia t io n .

Rae & Grant (1951), in the Dept, o f  Natural Philosophy,  

at Glasgow, have attempted to d e te c t  the conversion e lec tro n s  

a r is in g  from the t r a n s i t i o n  g iv in g  t h i s  ra d ia t io n ,  using a 

180^ magnetic spectrometer, but have been unable to do so.  

From the s e n s i t i v i t y  of t h e i r  apparatus and the experimental  

y i e l d  of  the ra d ia t io n ,  they conclude that  the in tern a l  con

vers ion  c o - e f f i c i e n t  fo r  the t r a n s i t io n  i s  l e s s  than 2.

5 . 1 . 6 .  Summaiyof r e s u l t s  on Al^* .̂

The r e s u l t s  of these experiments are summarised in  

Table 5. I t  i s  concluded that a ra d ia t io n  of energy 

31.6 1 0 .4  Kev. with an in t e n s i t y  o f  1 .0  x 10^ j. o .3  x 10^

quanta per u G of deuterons of  energy 700 Kev., i s  emitted
27in  the deuteron bombardment o f  A1
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6 8 .

5 .2 .  DSUTZaON BOmARDIvISNT OF PHOSPHORUS.

S tr a i t ,  Van Patter ,  Buechner & Sperduto (1951) a lso
rzp

reported a low -ly ing  s ta te  in P from the react ipn  P -(d,p)P ,

This was at 77 Kev. above the ground s t a t e .  The proportional  

counter used for the aluminium rea c t io n  would be much reduced 

in s e n s i t i v i t y  fo r  rad ia t ion  from such a l e v e l  and therefore  

th i s  react ion  v/as examined v/ith a s c i n t i l l a t i o n  counter. The 

r e s u l t s  are described below.

A target  o f  Cu P v/as used and the method o f  d i f f e r e n t i a l  

absorbers used, as in the aluminium experiments. The 

absorbers v/ere 0.025" o f  lead and 0,105" o f  aluminium, to 

allow fo r  the increased energy o f  rad ia t ion  expected. In 

the f i r s t  run which v/as carried out, the r e s u l t s  shown in F i g . 25 

were obtained, in d ica t in g  a peak in  the rad ia t ion  a t  74 Kev. 

v/hich could be observed above background. However, i t  v/as 

thought that th i s  might be due to f lu o rescen t  X-rays o f  lead  

ex c ited  in the surrounding sh ie ld in g  by the background.

Therefore a second run v/as carried out, in which the c r y s ta l  

was sh ie lded from a l l  lead by 0.032" o f  t in  f o i l ,  and the  

absorbers used were ,0.032" of t i n  and 0.0S7" o f  aluminium.

The peak corresponding to rad ia t ion  at 74 Kev. was reduced 

very considerably and, as shown in Fig 24, v/as coincident  

v/ith lead X-rays which v/ere ex c i ted  by a strong HaD source 

to simulate the background. I t  v/as concluded from these  

experiments that i t  v/as not p o ss ib le  to d etec t  rad ia t ion  

from the ex c i ted  s t a t e  o f  P̂ ^̂  and, as the s e n s i t i v i t y  o f
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the proportional counter for  the required energy would be 

lower, no attempt v/as made to d e te c t  i t  using t h i s  method,

5 .5 .  SEARCH FOR FURTHER SOFT G-AIHvIA RADIATION FROM OTCLEAR
REACTIONS

Following the in v e s t ig a t io n  of the rad ia t ion  from 

Al *̂̂  (d,p )A1^^, the photographic technique was developed to  

search fo r  further  such rad ia t ion ,  as described e a r l i e r .

Targets o f  Cu, Sn, C, A1 and B on a coppe r backing were 

placed in  the ro ta t ing  target  chamber and s e r ie s  of  

photographs taken for  proton and deuteron bombardment at  

500 Kev. energy. D if feren t  attenus-tions in the am plif ier  

v/ere used and c a l ib r a t io n s  with RaD and G-e*̂  ̂ were also taken, 

and thus a wide coverage o f  energies was taken.

The r e s u l t s  indicated  the p o s s i b i l i t y  o f  the fo l low in g  

l i n e s : -  from C + p, a l i n e  at belov/ the copper X-rays,  

i . e .  from 6 to 8 Kev; from B + d, sleight evidence for  rad iat ion  

of  about 60 Kev. was found; and from C + d, there was a strong  

l i n e  at about 40 -  50 Kev., v/hich appeared c o n s i s t e n t ly  in a l l  

the exposures covering th i s  energy range, a ty p ic a l  exposure 

being shown in Plate 6. There was a lso  a strong l i n e  about 

90 Kev. which appeared in  severa l  cases ,  but i t  was suspected  

that th i s  was due to e x c i t a t i o n  o f  c h a r a c te r i s t i c  X-radiation  

from lead sh ie ld in g .

Of these  r e s u l t s ,  the ra d ia t io n  from C + d appeared 

o f  most value to In ves t ig a te  fu rth er  and therefore  a further  

s e t  o f  exposures was made, which v e r i f i e d  the previous r e s u l t s  

with th i s  r e a c t io n .  To see whether or not the line was due to
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e le c t ro m a g n e t ic  r a d i a t i o n ,  r a t h e r  th a n  o th e r  types  of 

r a d i a t i o n ,  the  spectrum was taken  v ; i thou t  any f o i l s  between 

the  source and coun te r ,  th e n  v/lth an aluminium f o i l  and 

f i n a l l y  w i th  a l e a d  f o i l *  The aluminium f o i l  made very 

l i t t l e  r e d u c t io n  in  the i n t e n s i t y  of  th e  l i n e ,  b u t  i t  was 

c o n s id e ra b ly  weakened by the  l e a d  f o i l .  The b e ta - sp ec t ru ia  

was a l s o  examined a t  th e  end o f  a run ,  and shov/ed no ev idence  

o f  the r a d i a t i o n  in  Question^

5 .4 .  THi; D3TJThR0H B0I.I3ARDI.IdhT OF CARBON

I n .v ie w .o f  the r e s u l t s  obtained from the photographic

methods, as d iscussed  above, i t  v/as decided to in v e s t ig a te

further  the gamma-radiation from deuteron bombardment of

carbon, using pulse  a n a ly s is  tech niou es .  The energy and

in t e n s i t y  v/ere studied with proportional  counter methods

and l a t e r  with a s c i n t i l l a t i o n  counter. F in a l ly ,  the
12  13spectra from iso to n ic  ta rg e ts  o f  C and C were examined 

photographical ly  to f in d  which iso top e  v/as g iv ing  r i s e  to 

the s o f t  gamma-radiation found.

5 . 4 . 1 .  Proportional counter r e s u l t s .

The f i r s t  exneriment was carried  out as a s t r a i g h t 

forward a n a ly s is  o f  the spectrum, using the T.R.E. f i v e  

channel pulse  analyser without any absorbers. The r e s u l t s ,  

as shown in F i g . 25, v e r i f i e d  a l i n e  above the general back

ground, but the l a t t e r  v/as too large  to enable any estimate

of  the energy or In te n s i ty  of the ra d ia t io n  to be made. The 

c a l ib r a t io n s  carried out v/ith .RaD, using the 47 Kev.gamma
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7 1 .

l i n e  were in c o n s i s t e n t ,  due to a small leak  in  the counter  

during the experiment.

Sets of  readings were then taken us in g  f o i l s  o f  0.025"  

of lead and 0.105" o f  aluminium, and an absorber f o r  b eta -  

rad ia t ion  of 1 cm. o f  perspex. As shov/n in  P i g . 26, t h i s  

resu lted  in  a w e l l -d e f in e d  peak corresponding to an energy 

of  about oO Kev. This r e s u l t  i s  much lower than any o f  the  

other determinations of  the energy o f  t h i s  rad ia t io n  made 

e i th er  before or a f t e r . I t  i s  suggested th a t  an aluminium 

target  had been used in the ro ta t ing  ta r g e t  chamber instead

of  a carbon one, and that i t  was the rad ia t ion  at 52 Kev,
pv 2ftfrom A1 (d, p ;A1 which v/as d etected .

The next experiments used about 2" o f  lead  sh ie ld in g  

round the counter, and a permanent magnet v/ith -g-" of  

polythene as a b e ta -p a r t i c l e  absorber, as was done v/ith 

the l a t e r  experiments on the aluminium re a c t io n .  The f i r s t  

of  these (P ig .27) gave an energy of the rad ia t ion  o f  about 

50 Kev., although the c a l ib r a t io n  from RaD was rather wide 

for  an accurate determination of  t h i s .  The second, however, 

used c a l ib r a t io n s  from X-rays from proton bombardment o f  

I'O and Sn as w el l  as the RaD rad iat ion  and gave the r e s u l t s  

of P i g . 28, which g iv es  the energy and i n t e n s i t y  o f  rad ia t ion  

f  ound.

V/ith a viev/ to obtaining b e t te r  s t a t i s t i c s  and v e r i fy in g  

th i s  r e s u l t ,  two further  s e t s  of  readings v/ere taken, in  

v/hich the magnet and polythene were replaced by o f  perspex

as the b e t a - n a r t i c l e  absorber. The f i r s t  of these  gave tne



Fig.29 C + d No. 5, with dbsorb^rs

 ̂ Y =*6*4x10 qucnto/yuuC00
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Fig .30  C + d No. 6^ with  a b s o r b e r s  

E =: 49  Kev.
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r e s u l t s  of ^ ig .2 9 ,  and the second, v/hich involved many more 

readings than e a r l i e r  ones and hence b e t te r  s t a t i s t i c s ,  gave 

those of  F ig .3 0 .  After the l a t t e r  a short a n a ly s i s  o f  

the spectrum from the rad ioact ive  products o f  the react ion  

v/as performed and th i s  gave no in d ica t io n  of  the presence of  

the rad in t ion .

5 . 4 . 2 .  S c i n t i l l a t i o n  counter r e s u l t s .

Measurements s im ilar  to those v/ith the proportional  

counter v/ere carr ied  out, using absorbing f o i l s ,  but i t  was 

found that using a th ick  cr y s ta l  o f  N al(T l) ,  the background 

counts were too large  to enable any peak in the d i s t r ib u t io n  

to be found, even talcing d i f fer en ce  counts.  To try  and reduce 

th i s  background, the th in  c r y s t a l ,  about 0 .3  mm. th ick  was 

used. However, th i s  s t i l l  r e su l te d  in  the s o f t  rad ia t ion  not 

being d etec ta b le ,  and i t  was decided th at  i t  was preferable  

to use the proportional counter.
12 15 . 4 . 3 .  Photographic r e s u l t s  using separated G  ̂ i s o t o p e s .

As th i s  v/ork was being f in i s h e d ,  ta r g e ts  of

separated by the mass spectrometer at A. F. H. F . ,  Harwell,

were rece ived .  As i t  was d es irab le  to determine whether
12 13the rad ia t ion  was due to deuteron in te r a c t io n  with C or C 

the photographic techniaue, using the proportional counter,  

v/as used to study the ra d ia t io n  a r i s in g  from these two

ta rg e ts  on bombardment with deuterons. The exposures  

shov/ed the rather surpris ing r e s u l t  that  the ra d ia t ion  

appeared to be present from both i s o to p e s .  Unfortunately  

time was not av a i la b le  to  v e r i fy  t h i s  r e s u l t  using the pulse



Expt.
No.

Type of  expt. Calibration
used

Energy of  
Radiation  
( in  Kev.)

Yield  per uC 
of deuterons  

at  700 Kev

1 Proportional

counter

RaD 47 Kev. 50 ———

2. ♦t II 30 (?) —

3. II II 49.5 ———

4. II It 51.3 3.8  X 10^

5. 11 II 44.0 6 .4  X 10^

6. II II 49.0

Mo + p 49.3 3 .6  X 10^

TABIE -6. Summary, o f  r e s u l t s  on C + d..
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analyser method, but there would appear to  be l i t t l e  doubt

that th is  i s  the case .

5 . 4 . 4 .  Summary of  r e s u l t s  on C + d .

The bombardment of  Carbon with deuterons therefore  g iv e s

a s o f t  gamma-radiation o f  energy 49 ± 2 Kev., w ith  an in te n s i ty  
3 %of  4 ,0  X 10 i  1 .0  X 10 quanta per uG of  beam cu rren t . The

r e s u l t s  are summarised in tab le  6. There i s  a lso  s l i g h t  

evidence fo r  the presence o f  t h i s  rad ia t ion  from the bombardment 

of  both and



7 4 ,

CHAPTER 6 .

DISCUSSION OF RESULTS

6 .1 .  RADIATION FROM THE DEUTERON BOLIBARDIvlENT OF A l .

The work o f  Buechner^s group as reported in S tr a i t ,

Van Patter ,  Buechner, & Sperduto (1951), Enge ,Buechner,

Sperduto, & Van Patter ,  (1951, a ,b )  and Enge, Buechner,
27 28& Sperduto (1952) in d ica te s  that the rea ct io n  A1 (d,p) A1 

g iv es  proton ['roups, corresponding to t r a n s i t io n s  to the 

ground s ta t e  and to an e x c ited  s t a t e  at 51.2  1 2 .0  Kev. The 

group corresponding to the ex c ited  s ta te  had a y i e l d  o f  55Jb 

of  that to the ground s ta te ,  using deuteron bombarding 

energies  o f  1 .2  and 1 .8  Nev. A search for rad ia t ion  a r is in g  

from t r a n s i t io n s  from th i s  e x c ited  s ta te  to the ground s ta te  

was made by t h i s  group but was u nsu ccess fu l ,  owing to the 

high background.

I t  seems reasonable to suppose that  the rad ia t ion  

reported here did a r i s e  from d e -e x c i ta t io n  o f  th is  l e v e l ,  

and th is  ra d ia t io n  has s ince been reported in  s tud ies  of  the  

decay o f  Mĝ  ̂ (Sheline & Johnson, 1953, Wapstra & Veenendaal, 

1955, and Sheline,  Johnson, B e l l ,  Davie, & McGowan, 1954).
pp 28Mg decays with e lec tro n  emission to A1 and t h i s  work has 

v e r i f i e d  that  the ra d ia t io n  a r i s e s  from decay o f  the ex c ited  

s ta te  of  Al^^.
The doublet represented by the ground and f i r s t  ex c i ted



25.

2 8States  of  Al i s  o f  some i n t e r e s t  in  the d isc u ss io n  o f  

nuclear models and the p o la r i ty  and p a r i ty  change o f  the 

gamma-radiation i s  s i g n i f i c a n t  in th is  r e sp e c t .  These may 

be determined by a study o f  the in tern a l  conversion co

e f f i c i e n t s  o f  the rad ia t ion  or the l i f e t i m e  o f  the ex c i ted  

s t a t e .

Table 2,facing page 25, g iv e s  f ig u res  for  the K -sh e l l  

convei'sion c o e f f i c i e n t  and e f f e c t i v e  l i f e t i m e  o f  the s ta te  

fo r  various p o l a r i t i e s .  These have been derived from the 

formulae o f  Dancoff c: Morrison (1939), for  the conversion  

c o e f f i c i e n t s  and B la t t  & V/eisskopf (1952) for  the l i f e t i m e s .  

However, more recent c a lc u la t io n s  have been made by Spinrad 

& K eller  (1951) and Hose, G-oertzel H Perry (unpublished) 

and these are quoted by 1/apstra & Veenendaal (1953) as leading  

to values for  for  d i f f e r e n t  types of  rad ia t ion  o f  0 .08  (LI.l

0.22 (El) 2 .0  (K2) 4.1  (32) .

Hae & Grant (1951), using a 180^ magnetic spectrometer  

at Glasgow, attempted to d e te c t  the conversion e lec tro n s  

a r is in g  from th is  t r a n s i t io n  but were unable to do so .  Prom 

the s e n s i t i v i t y  o f  t h e i r  apparatus and the experimental y i e ld  

of  s o f t  ra d ia t ion  given above, they concluded th at  the  

in tern a l  conversion c o e f f i c i e n t  i s  l e s s  than 2.

Since the y i e l d  o f  gamma-radiation i s  known, a value 

of  the I.G.G. could be obtained i f  the number o f  t r a n s i t io n s  

to the e x c i t e d  s ta te  v/as known. This could be obtained  

from the proton y i e l d  in the re a c t io n  A1 {^,p)Al^'^ only i f  

the r e la t iv e  t r a n s i t io n  p r o b a b i l i t i e s  from the e x c i t e d  s ta t e s
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to the ground and f i r s t  ex c i ted  s ta t e  were knovm. Since the 

r e s u l t s  in the l i t e r a t u r e  for  proton y i e ld s  are rather uncertain  

and require ex trap o la t ion  from the deuteron energies  used to 

those at which th i s  work was carr ied  out,  i t  was assumed that  

the mean t r a n s i t io n  p r o b a b i l i t i e s  to the ground and f i r s t  

ex c i t e d  s ta te  were the same. McMillan & Lawrence (1935) 

used douterons o f  an energy o f  2 ,2  Mev. and found a t o t a l
Y

y i e l d  o f  protons of  8 per 10 douterons, corresponding to

5 X 10^ per uG. Using the formula o f  Oppenheimer & P h i l l ip s  
(1935) for  the e x c i t a t io n  fu n ct ion  for  d,p react ion s  t h i s

g ives  a y i e ld  of 7 .5 .  x 10^/uG at 700 Kev. though the ex tra 

p o la t io n  to low energies  i s  rather uncerta in .  The f i n a l  

f igu re  of  about 4 x 10^ t r a n s i t io n s  to the f i r s t  ex c i ted  s ta te  

i s  s l i g h t l y  below the number of quanta found, but the uncerta in 

t i e s  involved suggest that thie f ig u r e s  are not in c o n s i s te n t  

v/ith a low in tern a l  conversion c o e f f i c i e n t .

Later work o f  Allan & I'Jilkinson (1948) was carried  out 

at 930 Kev,, but i t  I s  d i f f i c u l t  to determine the y i e ld  of  

protons from th i s  paper, p a r t i c u la r ly  in th e  short-range regdon 

of the proton spectrum. However, a y i e l d  of  about 10^ protons  

per uG per u n it  s o l id  angle at a bombarding energy o f  930 Kev., 

i s  indicated  by the f i g u r e s .  At 700 Kev. bombarding energy 

th i s  would be reduced by a fa c to r  o f  about 6, and hence the 

t o t a l  number o f  t r a n s i t io n s  to the f i r s t  ex c ited  s ta te  wnuld be 

about 10V  uC. The apnroximations involved make t h i s  agreement 

with the number of quanta emitted somewhat fo r tu i to u s ,  but i t  

in d ica tes  that  these r e s u l t s  agree with the in tern a l  conversion
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c o e f f i c i e n t  being small .

These values for  the in tern a l  conversion c o e f f i c i e n t

suggest that the ra d ia t io n  must be e l e c t r i c  or magnetic d ipole ,

or p o s s ib ly  magnetic quadrupole, rad ia t io n .  As we s h a l l  see

la t e r ,  s h e l l  model theory suggests  that the t r a n s i t io n  between
28th i s  low -ly ing  doublet in A1 would be by magnetic d ipole  

rad ia t ion  and the experimental r e s u l t s  are thus in agreement 

v/ith accepted theory.

The s h e l l  model, as described by Mrs.Mayer (1950),  

uses j-. i coupling and d escr ibes  heavy n u c le i  w e l l  but i s  

not so s u cce ss fu l  f o r  l i g h t  n u c le i .  I n g l i s  (1953) has 

suggested t h i s  i s  due to (LS) coupling and intermediate coupling,  

in  a manner s im ila r  to the atomic case ,  Hov/ever, he po ints  

out that complete j - j  coupling i s  to be expected when a s in g le  

s-nucleon spin i s  coupled to the j o f  a s h e l l  which i s  almost 

f u l l .
28In the case o f  A1 , the order of f i l l i n g  of  the energy 

s ta t e s  of  the s h e l l  model i s  such that the 13 protons w i l lb e  

in  the s ta te s

( 1  8 ^ ) 2  ,  ( 1  p ) ®  ,  ( 1

using the usual nomenclature. This i s  one short of the sub- 

s h e l l  o f  6 d^/g nucleons, and hence may be w rit ten  as •

S im ilar ly  the 15 neutrons w i l l  be in the s ta te s

( 1  ,  ( 1  p ) ®  ,  ( 1  ) ® ,  ( 2

pp
hence g-’o*--ncT s ta te  of A1 w i l l  a r i se  from the coupling

o f  the S i  neutron with what, in e f f e c t  i s  a d-y^ proton. I f  

coupling i s  assumed, t h i s  w i l l  lead to doublet c o n s is t in g
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of d-̂  and dg s t a t e s ,  which w i l l  thus have J = 3"*",

I f  th i s  i s  the case ,  the ra d ia t ion  from the t r a n s i t io n  

between these s ta te s  would be magnetic d ipo le ,  in agreement 

with the r e s u l t s  g iven  for  the in tern a l  conversion c o e f f i c i e n t .  

This assignment o f  J values to these s ta te s  i s  further v e r i f i e d  

by the r e la t iv e  y i e ld s  of protons to the two s t a t e s  found 

by Enge, Buechner, & Sperduto (1952), who showed that the 

y ie ld  to the exc ited  s ta te  was 69/  ̂ o f  th at  to the ground' 

s ta te  for  Ed = 2.1  hev. Since the o r b i ta l  angular momentum 

of  the captured neutron i s  1^ = 0, as found by Black (1953) 

from a study o f  the angular d i s t r ib u t io n  of the protons, for  

both s t a t e s ,  the r e la t iv e  y i e l d  of protons should be in  the 

r a t io  of  (2J + 1 ) .  This agrees with the experimental r e s u l t  

i f  the ^round s ta t e  i s  taken as J = 3"̂ , and the exc ited  s ta te  

as J =2"*".

6 .2 .  DISCUSSION OF RESULTS P?.OM D3UT3P.0K B0M3ARD!3NT OP -

I t  was not found p o ss ib le  to d e te c t  any soft-ii-gamma 

rad ia t ion  corresponding to d e -e x c i ta t io n  of  the exc ited  s ta te
pp

at 77 Kev. in P reported by Van patter ,  Endt, Sperduto h

Buechner (1952) from the an a ly s is  o f  the protons in the
32react ion  ? (d,p)P . This.was la r g e ly  due to the e x c i t a t io n  

of  secondary X-rays o f  energy 75 Kev. in the surrounding lead  

sh ie ld in g  of the s c i n t i l l a t i o n  counter used, but i t  i s  

probable that i f  the same in t e n s i t y  had been present as was 

the case v;ith the 32 Kev. ra d ia t io n  from bombardment of Al, 

th i s  would have been d e tec ted .  Since the e f f i c i e n c y  o f  the
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th ick  Nal c r y s ta l  i s  s im ilar  for  the two energ ies ,  t h i s

implies that the y i e ld  o f  the rad ia t ion  must be l e s s  than 10^

quanta per uC o f  deuterons. There appear to be no f ig u res

in the l i t e r a t u r e  for  the proton y i e l d  in  th i s  react ion ,  but,

as i t  i s  f a i r l y  r e cen t ly  that  t h i s  reac t io n  v/as studied

(Pollard, 1940, f i r s t  measured the ground s ta te  protons and

Allen & Rail ,  1951, the protons to the ex c i ted  s t a t e ) ,  the

y i e l d  may w ell  be low. This i s  a lso  reported by Van Patter ,

Endt, Sperduto & Buechner (1952), who mention that the y i e l d

was lower than that from (dp) rea c t ion s  with l i g h t e r  n u c le i .

However, rad ia t ion  o f  energy 77 Kev. has been reported from

neutron capture in sulphur (Day, 1953), and th i s  may w el l  be
32 32fo l low ing  the react io n  S (n,p) P , with subsequent de-  

e x c i t a t io n  of the ex c ited  s ta te  of  . However, there i s

no a v a i la b le  data to determine the nature o f  the rad ia t io n .

6 .3 .  RADIATION FROM THE DEUTERON BOHBaRDFEHT OF CARBON.

As there i s  no previous evidence o f  l e v e l s  fo l low in g  

such bombardment that could account for  th i s  rad ia t ion ,  we 

w i l l  d isc u ss  p o s s ib le  react ion s  which might lead to i t .  I t  

w i l l  not,  hov/ever, be p o ss ib le  to make any d e f i n i t e  

assignment.

G^^(d,p)C^^. According to the review a r t i c l e  o f  Ajzenberg

& Lauritsen (1952), from v/hich many o f  the f ig u res  g iven in 

th is  s e c t io n  are taken, the Q value for  t h i s  react ion  i s  

2.72 Mev. and hence the reac t io n  i s  e n e r g e t i c a l ly  p o ss ib le
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and may a lso  p roceed  v ia  the  e x c i t e d  s t a t e  a t  3.Q9T Mev. The
"13 1 3energy  l e v e l s  in  G and i t s  "m irro r"  N , a re  in  re a so n ab le

agreement w ith  each o th e r ,  and have been a s s ig n ed  v a lu es  o f  J ,  

and p a r i t i e s ,  on the  shell4.model, which agree w i th  th e  e x p e r i 

m enta l  ev idence .  They bo th  c o n s i s t  o f  the  Isj^ s h e l l  c o n ta in in g
■ ' 2

2 n eu t ro n s  and 2 p ro to n s ,  and a f u l l  Ipi^yg s h e l l  w i th  a s in g le  

nuc leon  o u t s id e  in  the  Ip ^  s h e l l .

E x c i ted  l e v e l s  may be formed, by e x c i t a t i o n  o f  the s in g le

nucleon  from i t s  pq̂  s t a t e  to a Si o r  d^y^ l e v e l ,  corresponding
13 +to  th e  l e v e l s  a t  3.09 Mev. in  G (e x p e r im e n ta l ly  ass ign ed  as )

and p t  0.89 Mev. (5 /2 ‘̂ ) ,  A l t e r n a t i v e l y ,  one o f  the  s h e l l  o f

p^yg nuc leons  may be e x c i t e d ,  to  g ive  a c o n f ig u r a t io n  (P^yg 
2

(pj.) . Since e i t h e r  a n eu t ro n  o r  a p ro to n  may be e x c i t e d ,  and
2

then  the P^yg ho le  couple v/ith th e  p a r t i a l  c o n f ig u r a t io n  (py) , 

i t  appears  t h a t  t h i s  e x c i t a t i o n  might g ive  r i s e  to  a doub le t  

o f  s u i t a b l e  s e n a r a t i o n .

However, t h i s  r e a c t i o n  has been s tu d ie d ,  u s ing  magnetic 

a n a l y s i s  o f  the p ro to n  groups ,  by Buechner»s group (Buechner, 

S t r a i t ,  Sperduto & Malm, 1949) and th e r e  appears  to  be no evidence 

f o r  a do u b le t  group, co r respond ing  to an e x c i t e d  s t a t e  nea r  the 

ground s t a t e .  In view of  the  r e so lv in g  powers o b ta in e d  by these  

workers ,  i t  i s  p robab le  t h a t  such a s t a t e  would have been 

d e t e c te d  by them.
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C^^(d,n) The Q o f  th i s  react ion  i s  -0 .2 8  Mev. and

therefore  none of  the reported ex c ited  s t a t e s  would be ex c ited

by the beam energy used. The three exc ited  s t a t e s  which have

been reported in  th is  nucleus appear to correspond to those
1 3mentioned before for  the mirror nucleus C . The exc ited  l e v e l s  

at 3.511 and 3.558 Mev. are o f  some i n t e r e s t ,  th e ir  separation  

being s im ila r  to the energy of  the r a d ia t io n  detected ,  though 

e n e r g e t i c a l ly  i t  i s  not p o s s ib le  for  t h i s  rad ia t ion  to arise  

from a t r a n s i t io n  between these  l e v e l s .  I t  would appear, however 

that these l e v e l s  do not form a true doublet,  but th e ir  p rox i

mity i s  la r g e ly  acc id en ta l ,  for  the corresponding l e v e l s  in  
13C , as found by comparing the assignments o f  J and p a r ity  |

va lues ,  are separated by some 0 .2  Mev. As mentioned in 

the d isc u ss io n  e a r l i e r ,  these l e v e l s ,  on the s h e l l  theory, 

a r is e  from d i f f e r e n t  modes o f  e x c i t a t io n ,  rather than any 

l e v e l  s p l i t t i n g .

The l i t e r a t u r e  g iv e s  no in d ica t io n  of  magnetic a n a lys is  

of  charged p a r t i c l e s  in t r a n s i t io n s  to the ground s ta te  o f  

th is  nucleus,  and th erefore  i t  i s  f e a s i b l e  that th i s  react ion  

might be responsib le  fo r  the rad ia t ion  a r is in g  from a t r a n s i 

t ion  between a low -ly in g  e x c i ted  s ta te  and ground.

C ( d . c < ) B ^ ^ . Since the Q o f  t h i s  rea c t ion  i s  -1 .35  Mev.,

th is  reac t ion  i s  not e n e r g e t i c a l ly  p o s s ib le  and need not be 

considered ,
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C^^(d.p)G^^. The Q f o r  t h i s  r e a c t i o n  i s  5 .94  Kev. and hence

the react ion  i s  e n e r g e t i c a l ly  p o s s ib le  and the reported  

6.1  Mev. l e v e l  may a lso  be e x c i t e d .  The s h e l l  model g iv e s
Q 2

a con figu ration  of  ( ip g /g )  (lp_i) , where the tv/o nucleons

ou ts ide  the su b -sh e l l  are both neutrons. Thus the isobar ic

spin number w i l l  be given by T = 1, and the ground s ta te  should

be given bylTg = 0 ( j - j  coupling) or ^Sq CLS coupling) corres-
14ponding to an ex c ited  s ta te  o f  N . Excited s ta te s  would be

due to r a is in g  one o f  these nucleons to higher l e v e l s ,  or to

r a i s in g  one of  the P^yg nucleons from the su b -sh e l l  to a pi

s t a t e .  This would g ive  a f à i r l y  large value for  the p o s i t io n

o f  the f i r s t  exc ited  s t a t e ,  and l i t t l e  chance o f  s p l i t t i n g  of
14the ground s t a t e .  However, the anomalous long l i f e  o f  C

i s  not in agreement with the s h e l l  theory, and i t  i s  p o s s ib le
14 14that  the assignments made to G , H are not accurate, and 

hence the p o s s i b i l i t y  o f  a low -ly ing  l e v e l  in i s  not com

p l e t e l y  ruled out.  I t  i s  f e l t ,  however, more l i k e l y  to be
1 4found in the H nucleus than in t h i s  as w i l l  be d iscussed  la t e r ,  

This re a c t io n  has been studied  by Sperduto, Holland, .

Van Patter & Buechner (1950).  They used a comparatively thick  

target  about 90 Kev. th ick ,  with the r e s u l t  that the peak in  

the spectrum corresponding to the ground-state protons was wide.  

I t s  shape, as g iven in curve 2 of  th e ir  paper, would not be 

in c o n s i s t e n t  with the ex is ten ce  of  two c l o s e l y  spaced groups.

I t  i s  therefore  p o s s ib le  that the rad ia t ion  was due to t h i s

r e a c t io n .
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The Q-value fo r  t h i s  rea ct io n  i s  5 .32  Mev., and 

hence the t r a n s i t i o n  can occur to the ground and to severa l  o f  

the exc ited  s t a t e s .  Shell  theory p re d ic ts  that  there w i l l  be 

tv/o nucleons (one proton, and one neutron) in the con f igu rat ion

pi_ outs ide  the p  ̂ s u b - s h e l l .  The ground state:, w i l l  be
3

J=l,  on j - j  coupling, or S^, on LS coupling, but higher l e v e l s

w i l l  depend on the type of  coupling* On simple j - j  theory,

the f i r s t  ex c ited  s ta te  w i l l  be due to s p l i t t i n g  o f  the S ta te

with two n u c leo n s , in  the nÿ s h e l l ,  and w i l l  g ive  J = 0, or ^S^,
1 4which i s  analogous to the ^round s ta te  o f  G , Higher s t a t e s

w i l l  be due to e x c i t a t io n  o f  one or tv/o o f  the nucleons

to the pu su bsh e l l ,  with subsequent coupling, between the

"holes" for  these ca se s .  The f i r s t  of such l e v e l s  would,

according to I n g l i s ,  (1953), be a s ta te  with J=0, on j - j

coupling or D s ta te  on LS coupling. I f  LS coupling occurs,

th i s  l e v e l  w i l l  be depressed. I t  has been suggested by Feenberg
1 4& Hammack (1949) that the nnoraalous long l i f e t i m e  of  G-̂  ̂ might

14 3be explained i f  the ground-state of  N was D. Kov/ever, i f  

t h i s  were the case there would be two other low -ly in g  s t a t e s  

o f  the t r i p l e t ,  and these have not p rev iou s ly  been reported,

though Van de Graaf, Sperduto, Buechner, & Enge (1952) have 

studied the react ion  0^^(d, ) l f u s i n g  a magnetic analyser to 

search for  low -ly ing  l e v e l s .  Their targe t  v/as such that  

groups apneared in the analyser as doublets ,  due to the 

react ion s  occurring on e i th e r  s ide o f  the backing m ater ia l ,  

and the in v e s t ig a t io n  was not searching fo r  such low l e v e l s  as

would be required to account fo r  t h i s  ra d ia t io n .  Their
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published graphs a lso  g iv e  an in d ica t io n  o f  a small group at

the low energy edge o f  the main proton group to the ground

s t a t e ,  t h o u g h  i t  i s  not p o s s ib le  to derive any Q u a n t i t a t i v e

r e s u l t s  from th is  a r t i c l e .  Thus, i f  the rad ia t ion  does a r ise

from t h i s  react io n ,  i t  would be compatible with LS coupling
%

giv ing  r i s e  to D ground and ex c ited  s t a t e s .  Such an a ss ig n -
14ment might a lso  exp la in  the long l i f e - t i m e  o f  C .

(d,<<)B^^. The Q fo r  t h i s  r ea c t io n  i s  5.16 Kev., and

thus the react ion  could proceed to the ground s ta te  and also
11the ex c ited  l e v e l s  o f  3 at 2 .14, 4.46 and 5.03  Ilev. She l l

theory would suggest that th is  nucleus i s  one short o f  the

c l o s e d  s h e l l  o f  8 p ^ n u c l e o n s  and t h u s  may be r e p r e s e n t e d

as a (Pgyg) con f igu rat ion .  Higher s ta te s  would occur from

e x c i t a t io n  of  one of  these nucleons to an s  ̂ or d̂  s ta te
^ 5/2

6 1g lv in e  a configuration  ( p , / ^ ) , (s^ ■ ) . a studv o f  t h i s

react ion  was reported b r i e f l y  by S tr a i t ,  Van Patter,

Sperduto & Buechner (1951), who do not mention any s ign  o f  a 

doublet s ta te  of  the ground or low -ly ing  l e v e l s .  The 

■ eaction  B^^(d,p)B^^, to the sane f i n a l  nucleus,  has been 

studied more f u l l y  by Van Patter ,  Buechner, & Sperduto (1951,) 

and there appears to be no evidence in th e ir  work fo r  doublets  

in any o f  these l e v e l s .  I t  i s ,  o f  course, p o s s ib le  that  

t r a n s i t io n s  to a low -ly ing  e x c i t e d  l e v e l  might occur in  one 

rea ct ion  and not in another, but i t  appears that t h i s  reaction  

would not be the one from which the reported ra d ia t io n  a r i s e s .



8 5 .

CONCLUSION.
U n fo r tu n a te ly ,  the r e s u l t s  o b ta in ed  by u s in g

12  13t a r g e t s  o f  s e p a ra te d  i s o to p e s  of  CG. ■ ann 0-L : v/ere n o t

s u f f i c i e n t l y  d e f i n i t e  to be ab le  to a l l o c a t e  the  r a d i a t i o n

to one o r  the o th e r ,  bu t  i t  would appear to be more p ro b a b le
1 3t h a t  i t  was a r i s i n g  from the  G"̂  t a r g e t .  I f  t h i s  were th e

case i t  would agree  w i th  the  most p robab le  a l l o c a t i o n  of the

r a d i a t i o n  on the d i s c u s s io n  above- t h a t  i t  a r i s e s  from a
14t r a n s i t i o n  from an e x c i t e d  s t a t e  of N to  the ground s t a t e ,  

follow'ing the  r e a c t i o n  G^'^(d,n)N^'^. Other r e a c t i o n s  which 

might l e a d  to  the  r a d i a t i o n ,  by a t r a n s i t i o n  from an e x c i t e d  

s t a t e  to the  ground s t a t e  o f  the f i n a l  n uc leu s ,  would be 

C^^(d,n) i l l  and C^'^(d,p)
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