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BETA DECAY OPENS THE WAY TO WEAK 

INTERACTIONS 

E. Amaldi 

Istituto di F-isica "Guglielmo Marconi", 
Piazzale Aldo Movo, 2, 00185 Roma, Italy 

Résumé : Après une brève in t roduc t ion sur quelques souvenirs personnels, l ' au teur 
résume en sect ion 2 , les points pr incipaux de la théor ie de la désintégrat ion B de 
Fermi e t de l 'hypothèse du neu t r ino , d'abord proposée par Pau l i . Dans les autres 
sect ions, on trouvera : quelques extensions et modi f icat ions de la théor ie de Fermi 
(sect ion 3) ; d i f fé ren tes inves t iga t ions expérimentales f a i t e s dans les années 1930 
pour tes te r l 'hypothèse de Pauli e t l 'approche de Ferai (sect ion 4) ; d 'autres essais , 
raff inements e t proposi t ions (sect ion 5) ; quelques progrès fondamentaux t e l s que 
les découvertes de l ' u n i v e r s a l i t é des in te rac t ions fa ib les e t de la v i o l a t i o n de la 
par i té par les in te rac t ions f a i b l e s , la théor ie du neutr ino à 2 composantes e t la 
théor ie (V-A) des in te rac t ions f a i b l e s . Enfin la sect ion 7 passe en revue quelques 
cont r ibut ions données dans les années 1930-1960 au problème de la double désinté­
grat ion g. 

Abstract. - After a short introduction with some personal recol­
lection, the author summarizes, in Sect 2, the main points of Fermi's 
theory of beta decay and of the neutrino hypothesis first proposed by 
Pauli. The successive Sections refer to: a few extensions and 
modifications of this theory (Sect 3 ) , various experimental 
investigations carried out in the 30s for testing Pauli's hypothesis 
and Fermi's approach (Sect 4 ) , further attempts, refinements and 
proposals (Sect 5) and a few fundamental step forward such as the 
discovery of the universality of weak interactions, of parity 
violation by weak interactions, the 2-component theory of the 
neutrino and the (V-A) theory of weak interactions (Sect 6 ) . Finally 
Section 7 refers to a few contributions given in the period 1930-1960 
to the problem of double beta decay. 

1. Introduction. - The first time that I heard about what much later 
became known as the first step in the theory of weak interactions, 
was from Enrico Fermi, one evening between Christmas 1933 and the 
beginning of 1934, at the Hotel Oswald in Selva, Val Gardena / 1 / . 

A few physicists of the University of Rome were spending their 
Christmas vacations in this beautiful village in the Dolomites, and 
one evening, after a full day of skiing, Fermi invited us to his room 
for explaining the essence of a paper he had sent for publication 
some time before. 
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S i n c e  i n  t h e  room t h e r e  was a t  mos t  one  c h a i r ,  F e r m i  s a t  w i t h  
c r o u t c h e d  l e g s  i n  t h e  m i d d l e  o f  h i s  b e d ,  w h i l e  R a s e t t i ,  S e g r S  and I 
s a t  a r o u n d  him, on  t h e  e d g e  o f  t h e  b e d ,  w i t h  o u r  n e c k s  t w i s t e d  t r y i n g  
t o  s e e  what  h e  was w r i t i n g  on a  p i e c e  o f  p a p e r  l e a n e d  on h i s  k n e e s .  

A s  S e g r l  w r o t e  i n  h i s  book on  " E n r i c o  F e r m i ,  P h y s i c i s t "  / I / :  
" F e r m i  was  f u l l y  a w a r e  o f  t h e  i m p o r t a n c e  o f  h i s  a c c o m p l i s h m e n t  and  
s a i d  h e  t h o u g h t  h e  would b e  remembered f o r  t h i s  p a p e r ,  h i s  b e s t  s o  
f a r " .  

U s e l e s s  t o  s a y  t h a t  w e  w e r e  i m p r e s s e d  and i n  some way c o n f u s e d .  
We had  l e a r n e d ,  m a i n l y  f r o m  F e r m i ,  t h e  u s e  o f  c r e a t i o n  and  
d e s t r u c t i o n  o p e r a t o r s  i n  t h e  t h e o r y  o f  r a d i a t i o n  f o r  d e s c r i b i n g  t h e  
e m i s s i o n  and a b s o r p t i o n  o f  p h o t o n s  by a t o m s ,  b u t  t o  s e e  them e m p l o i e d  
f o r  c r e a t i n g  e l e c t r o n - n e u t r i n o  p a i r s  was s o m e t h i n g  d i f f e r e n t  a n d  
c o m p l e t e l y  new! 

F e r m i  had s e n t ,  p e r h a p s  two weeks  b e f o r e ,  a  s h o r t  p r e s e n t a t i o n  
o f  h i s  " A t t e m p t  o f  a  t h e o r y  o f  e m i s s i o n  o f  b e t a  r a y s "  t o  "La R i c e r c a  
S c i e n t i f i c a "  /2 / ,  t h e  j o u r n a l  o f  t h e  I t a l i a n  C o n s i g l i o  N a z i o n a l e  
d e l l e  R i c e r c h e  (CNR) where  it a p p e a r e d  i n  t h e  i s s u e  o f  December 1933 .  
A t  t h e  same t i m e  h e  had s e n t  a  s h o r t  n o t e  i n  E n g l i s h  t o  N a t u r e ,  b u t  
t h e  E d i t o r  o f  t h i s  j o u r n a l  r e f u s e d  i t s  p u b l i c a t i o n  b e c a u s e  h e  t h o u g h t  
i t  c o n t a i n e d  s p e c u l a t i o n s  t o o  r e m o t e  f r o m  p h y s i c a l  r e a i i t y  t o  b e  o f  
i n t e r e s t  t o  t h e  r e a d e r .  

E x t e n s i v e  p a p e r s  on  t h e  same s u b j e c t  s h o r t l y  l a t e r  w e r e  s e n t  by  
F e r m i  t o  I1  Nuovo Cimento  and  Z e i t s c h r i f t  f i i r  P h y s i k  / 4 / .  The p a p e r  
i n  I t a l i a n  a p p e a r e d  i n  t h e  J a n u a r y  1934 i s s u e ,  i t s  German t r a n s l a t i o n  
was r e c e i v e d  by  Z e i t s c h r i f t  f i i r  P h y s i k  t h e  J a n u a r y  16 ,  1 9 3 4  and 
a p p e a r e d  i n  t h e  March i s s u e  /5/. The l a t t e r  p a p e r  p r o b a b l y  was 
w r i t t e n  a f t e r  t h e  n e g a t i v e  a n s w e r  o f  t h e  E d i t o r  o f  N a t u r e ,  and i t s  
t i t l e ,  " V e r s u c h  e i n e r  T h e o r i e  d e r  8 - S t r a h l e n .  1" d i f f e r s  f r o m  t h e  
I t a l i a n  t i t l e  f o r  t h e  a d d i t i o n  o f  "I". The d i f f e r e n c e  seems t o  
i n d i c a t e  t h a t  i n  t h e  d a y s  b e t w e e n  t h e  c o m p l e t i o n  o f  t h e  t w o  
m a n u s c r i p t s ,  F e r m i  had d o n e  some f u r t h e r  w o r k ,  t h a t  h e  t h o u g h t  
w o r t h w h i l e  o f  p u b l i c a t i o n .  B u t  F e r m i  d i d  n e v e r  p u b l i s h  ony  o t h e r  
p a p e r  on  b e t a - d e c a y .  

The  f i r s t  s e n t e n c e  o f  h i s  two e x t e n s i v e  p a p e r s  / 4 / ,  t r a n s l a t e d  
i n  E n g l i s h ,  s o u n d s  more o r  l e s s  a s  f o l l o w s :  

" I n  t h e  a t t e m p t  t o  c o n s t r u c t  a t h e o r y  o f  n u c l e a r  e l e c t r o n s  a n d  
of  e m i s s i o n  of  1 3 - r a y s ,  two w e l l  known d i f f i c u l t i e s  a r e  met .  The f i r s t  
one  i s  t h e  c o n t i n u o u s  s p e c t r u m  o f  P - r a y s .  I f  t h e  c o n s e r v a t i o n  o f  
e n e r g y  s h o u l d  r e m a i n  v a l i d ,  we s h o u l d  assume t h a t  a f r a c t i o n  of  t h e  
e n e r g y  l i b e r a t e d  i n  t h e  b e t a - d e c a y  p r o c e s s  e s c a p e s  o u r  p r e s e n t  
c a p a c i t y  o f  o b s e r v a t i o n .  A c c o r d i n g  t o  t h e  p r o p o s a l  by  W.Paul i ,  one  
c a n  assume t h e  e x i s t e n c e  o f  a  new p a r t i c l e ,  t h e  s o  c a l l e d  " n e u t r i n o " ,  
w i t h  z e r o  e l e c t r i c  c h a r g e  and a  mass o f  t h e  same o r d e r  o r  i n f e r i o r  t o  
t h a t  o f  t h e  e l e c t r o n .  I n  a d d i t i o n  o n e  a s s u m e s  t h a t  i n  e a c h  P p r o c e s s  
s i m u l t a n e o u s l y  w i t h  a n  e l e c t r o n ,  o b s e r v e d  a s  a  6 - r a y ,  a l s o  a  
n e u t r i n o  i s  e m i t t e d ,  w h i c h  e s c a p e s  o b s e r v a t i o n  a n d  c a r r i e s  away a  
p a r t  o f  t h e  e n e r g y .  The t h e o r y  s u g g e s t e d  h e r e ,  i s  b a s e d  on t h e  
n e u t r i n o  a s s u m p t i o n .  

A s e c o n d  d i f f i c u l t y  f o r  t h e  t h e o r y  o f  n u c l e a r  e l e c t r o n s ,  d e p e n d s  
on t h e  f a c t  t h a t  p r e s e n t  r e l a t i v i s t i c  t h e o r i e s  of  l i g h t  p a r t i c l e s  
( e l e c t r o n s  o r  n e u t r i n o s )  d o  n o t  p r o v i d e  a  s a t i s f a c t o r y  e x p l a n a t i o n  o f  
t h e  p o s s i b i l i t y  t h a t  s u c h  p a r t i c l e s  a r e  bound i n  o r b i t s  o f  n u c l e a r  
d i m e n s i o n s .  



T h e r e f o r e  i t  a p p e a r s  more a p p r o p r i a t e  t o  a s s u m e  w i t h  H e i s e n b e r g  
/6/ t h a t  a l l  n u c l e i  c o n s i s t  o f  h e a v y  p a r t i c l e s ,  p r o t o n s  and  n e u t r o n s .  
F o r  u n d e r s t a n d i n g ,  h o w e v e r ,  t h e  p o s s i b i l i t y  o f  e m i s s i o n  o f  6 - r a y s ,  we 
w i l l  a t t e m p t  t o  c o n s t r u c t  a  t h e o r y  o f  e m i s s i o n  o f  l i g h t  p a r t i c l e s  
f r o m  a  n u c l e u s  i n  a n a l o g y  w i t h  t h e  t h e o r y  o f  e m i s s i o n  o f  l i g h t  q u a n t a  
by a n  e x c i t e d  a tom i n  t h e  u s u a l  r a d i a t i o n  p r o c e s s e s .  I n  t h e  t h e o r y  o f  
r a d i a t i o n  t h e  t o t a l  number o f  l i g h t  q u a n t a  i s  n o t  a  c o n s t a n t ;  t h e  
q u a n t a  a r e  c r e a t e d  when t h e y  a r e  e m i t t e d  by  a n  e x c i t e d  atom a n d ,  on 
t h e  c o n t r a r y ,  d i s a p p e a - r  when t h e y  a r e  a b s o r b e d . . . " .  

The l a s t  p o i n t  had b e e n  a l r e a d y  s u g g e s t e d  by  I w a n e n k o  i n  h i s  
p a p e r  p r e s e n t e d  f o r  p u b l i c a t i o n  i n  Comptes Rendus on A u g u s t  1 7 ,  1932 
7 I n  d e s c r i b i n g  " l a  t h E s e "  t h a t  n u c l e i  a r e  composed o n l y  o f  
p r o t o n s  a n d  n e u t r o n s ,  h e  w r o t e :  "Nous n ' e n t r e r o n s  p a s  i c i  d a n s  d e s  
c o n s i d 6 r a t i o n s  p l u s  a b s t r a i t e s ,  s e l o n  l e s q u e l l e s  c e t t e  t h k s e  p r 6 s e n t  
1 ' a v a n t a g e  d e  g E n E r a l i s e r  1 1 i d 6 e  d e  M .L . D e  B r o g l i e  s u r  1' a n a l o g i e  
trBs g t a n d u e  e n t r e  l a  l u m i k r e  e t  l a  m a t i k r e :  l e s  E l e c t r o n s  
i n t r a n u c l s a i r s  s o n t  r s e l l e m e n t  t r5s  a n a l o g u e s  aux  p h o t o n s  a b s o r b g s ,  
l ' e x p u l s i o n  d ' u n  Q l e c t r o n  p E t a n t  p a r e i l l e  2 l a  n a i s s a n c e  d ' u n  
p a r t i c u l e  n o u v e l l e  q u i ,  e n  S t a t  d ' a s s o r p t i o n ,  n e  p o s s s d a i t  p a s  
d '  i n d i v i d u a l i t s  ." 

F e r m i ,  a p p a r e n t l y ,  d i d  n o t  know t h i s  n o t e .  I n  h i s  p a p e r  on  b e t a -  
d e c a y  h e  q u o t e s  o n l y  I w a n e n k o ' s  L e t t e r  t o  t h e  E d i t o r  o f  N a t u r e  of  
A p r i l  1932 /8 /  w h e r e  t h i s  s e n t e n c e  d o e s  n o t  a p p e a r .  The same i s  t r u e  
f o r  t h e  t h i r d  ( d a t e d  December 22,  1 9 8 2 )  o f  t h e  t h r e e  famous p a p e r s  b y  
H e i s e n b e r g  on  t h e  " S t r u c t u r e  o f  N u c l e i " ,  w h i c h  c o n t a i n s  a  w e l l  known 
c o n t r a d i c t i o n  w i t h  t h e  f i r s t  p a p e r  of  t h e  same s e r i e s .  W h i l e  i n  t h e  
f i r s t  p a p e r  h e  a d o p t s  I w a n e n k o  p o i n t  o f  v i e w  t h a t  n e u t r o n s  a n d  
p r o t o n s  a r e  t h e  o n l y  f u n d a m e , n t a l  c o n s t i t u e n t s  o f  n u c l e i ,  and 
e l e c t r o n s  a r e  d e f i n i t e l y  e x c l u d e d  /8/, i n  h i s  t h i r d  p a p e r ,  H e i s e n b e r g  
i s  f o r c e d  t o  a c c e p t  t h e  e x i s t e n c e  o f  e l e c t r o n s  i n s i d e  t h e  n u c l e u s ,  a t  
l e a s t  i n  t h e  c a s e  o f  h e a v y  e l e m e n t s .  T h e i r  p r e s e n c e  a p p e a r e d  
n e c e s s a r y  t o  him f o r  e x p l a i n i n g  t h e  many c a s e s  o f  b e t a - r a y  e m i t t e r s  
f o u n d  among t h e  n a t u r a l  r a d i o a c t i v e  s u b s t a n c e s .  

Fermi  was a c q u a i n t e d  w i t h  P a u l i  i d e a s  ( a t  l e a s t )  s i n c e  O c t o b e r  
1931 when on o c c a s i o n  o f  t h e  Rome i n t e r n a t i o n a l  " C o n f e r e n c e  on  
N u c l e a r  P h y s i c s ' '  /9 /  t h e  p r o b l e m  o f  b e t a - d e c a y  had  b e e n  amply  
d i s c u s s e d .  

" T h e r e ,  I m e t ,  - w r o t e  P a u l i  many y e a r s  l a t e r  / l o /  - i n  
p a r t i c u l a r  F e r m i  - who showed a  g r e a t  i n t e r e s t  f o r  my i d e a  and a  v e r y  
p o s i t i v e  a t t i t u d e  t o w a r d s  my new n e u t r a l  p a r t i c l e s  - a n d  B o h r ,  who, 
on  t h e  c o n t r a r y  m a i n t a i n e d  h i s  i d e a  t h a t  i n  b e t a  d e c a y  t h e  e n e r g y  i s  
c o n s e r v e d  o n l y  s t a t i s t i c a l l y  ... ". 

P a u l i  p r e s e n t e d  h i s  i d e a s  i n  a  s l i g h t l y  m o d i f i e d  f o r m  /11 /  t o  
t h e  S e v e n t h  S o l v a y  C o n f e r e n c e ,  h e l d  i n  B r u x e l l e s  i n  O c t o b e r  1933  
/ 1 2 / ,  where  Chadwick r e p o r t e d  on  t h e  d i s c o v e r y  of  t h e  n e u t r o n  a n d  t h e  
p o s i t r o n ,  C o c k c r o f t  on t h e  t r a n s m u t a t i o n s  p r o d u c e d  by  a c c e l e r a t e d  
p a r t i c l e s ,  and  H e i s e n b e r g  on  t h e  s t r u c t u r e  o f  n u c l e i .  E n r i c o  F e r m i  
and  F r a n c i s  P e r r i n  w e r e  b o t h  p r e s e n t  and p u b l i s h e d  t h e i r  p a p e r s  on 
t h e  b e t a - d e c a y  l e s s  t h a n  two m o n t h s  l a t e r .  

2. F e r m i ' s  t h e o r y  o f  b e t a - d e c a y .  - A c c o r d i n g  t o  P a u l i ' s  q u a l i t a t i v e  
s u g g e s t i o n  F e r m i  a d o p t e d  a s  f u n d a m e n t a l  p r o c e s s  o f  b e t a - d e c a y  t h e  
t r a n s f o r m a t i o n  o f  a  n e u t r o n  i n t o  a  p r o t o n  a c c o m p a i n e d  by  t h e  e m i s s i o n  
o f  a n  e l e c t r o n  and  a  n e u t r i n o ,  a n d  a s  i n v e r s e  p r o c e s s  t h e  a b s o r p t i o n  
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of  t h e  same two l i g h t  p a r t i c l e s  by a  p r o t o n  w h i c h  i s  t h u s  t r a n s f o r m e d  
i n t o  a  n e u t r o n :  

A s  s t a t e d  i n  S e c t i o n  1 o f  Ref /4/ on t h e  " F u n d a m e n t a l  H y p o t h e s i s  o f  
t h e  T h e o r y "  F e r m i  p r o c e d e s  by  a n a l o g y  w i t h  t h e  t h e o r y  o f  r a d i a t i o n  
d e v e l o p e d  b y  D i r a c ,  J o r d a n  and  K l e i n ,  and  H e i s e n b e r g  b y  t h e  method o f  
s e c o n d  q u a n t i z a t i o n ;  a  method t h a t  F e r m i  h i m s e l f ,  a b o u t  two y e a r s  
b e f o r e ,  h a d  r e c a s t e d  i n  a  f o r m  m a t h e m a t i c a l l y  more f a m i l i a r  t o  h i m  
/13/ .  

I n  t h e  f i r s t  f i v e  o f  t h e  n i n e  s e c t i o n s  t h a t  f o l l o w  t h e  
i n t r o d u c t i o n ,  F e r m i  d e f i n e s  t h e  c r e a t i o n  and d e s t r u c t i o n  o p e r a t o r s  
f o r  t h e  e l e c t r o n  and t h e  n e u t r i n o  ( S e c t .  2 ) ,  p r e s e n t s  t h e  H a m i l t o n i a n  
o f  t h e  s y s t e m ,  w h i c h  i n c l u d e s  t h r e e  t e r m s  c o r r e s p o n d i n g  t o  t h e  e n e r g y  
o f  t h e  h e a v y  p a r t i c l e ,  t h e  l i g h t  p a r t i c l e s  a n d  t h e i r  i n t e r a c t i o n  
( S e c t  3 ) ,  a  d e t a i l e d  d i s c u s s i o n  o f  t h e  i n t e r a c t i o n ,  w h i c h  p l a y s  t h e  
r o l e  o f  a  p e r t u r b a t i o n  w i t h  r e s p e c t  t o  t h e  sum o f  t h e  o t h e r  two t e r m s  
( S e c t  41 ,  t h e  t h e o r y  o f  b e t a - d e c a y  ( S e c t  5 ) ,  t h u s  a r r i v i n g  t o  t h e  
e x p r e s s i o n  f o r  t h e  t r a n s i t i o n  p r o b a b i l i t y  p e r  u n i t  t i m e  w ( S e c t  6), 
c u r r e n t l y  w r i t t e n  i n  p e r t u r b a t i o n  t h e o r y  i n  t h e  f o r m  

w h e r e  t h e  r i g h t  hand  s i d e  c o n t a i n s  two i n g r e d i e n t s .  The m a t r i x  
e l e m e n t  b e t w e e n  t h e  i n i t i a l  and t h e  f i n a l  s t a t e  o f  t h e  s y s t e m  o f  t h e  
i n t e r a c t i o n  H a m i l t o n i a n  a n d  t h e  d e n s i t y  o f  t h e  f i n a l  s t a t e s  pf. 

A few r e m a r k s  a r e  i n  o r d e r  a b o u t  t h e s e  f i v e  s e c t i o n s :  

( a )  i n  w r i t i n g  t h e  H a m i l t o n i a n  o f  t h e  n u c l e o n  /14 /  F e r m i  u s e s  t h e  
i s o t o p i c  s p i n  f o r m a l i s m ,  i n t r o d u c e d  f o r  t h e  f i r s t  t i m e  b y  
H e i s e n b e r g  i n  t h e  f i r s t  o f  t h e  t h r e e  1932  p a p e r s  on  t h e  s t r u c t u r e  
of t h e  n u c l e u s ,  a l r e a d y  q u o t e d  a b o v e  /6/. 

( b )  i n  t h e  c o n s t r u c t i o n  o f  t h e  i n t e r a c t i o n  H a m i l t o n i a n  F e r m i  was 
g u i d e d  by s i m p l i c i t y  and  a n a l o g y  w i t h  t h e  i n t e r a c t i o n  o f  c h a r g e s  
a n d  c u r r e n t s  i n  t h e  e l e c t r o m a g n e t i c  c a s e .  T h e r e f o r e  h i s  d e n s i t y  
o f  i n t e r a c t i o n  H a m i l t o n i a n  H i f  i s  e x p r e s s e d  a s  t h e  p r o d u c t  o f  2  
f o u r v e c t o r s  computed  a t  t h e  same p o i n t  ( c o n t a c t  i n t e r a c t i o n ) ,  o n e  
c o n c e r n i n g  t h e  h e a v y  p a r t i c l e ,  t h e  o t h e r  t h e  l i g h t  p a r t i c l e s :  

( c )  F e r m i  i n t r o d u c e s  a  few a p p r o x i m a t i o n s  a p p r o p r i a t e  t o  t h e  
b e t a - d e c a y  p r o c e s s .  He t r e a t e s  t h e  h e a v y  p a r t i c l e s  i n  
n o n r e l a t i v i s t i c  a p p r o x i m a t i o n  and  a d o p t s  p l a n e  waves  f o r  t h e  
l i g h t  p a r t i c l e s  o r  l e p t o n s ,  a s  we s a y  t o d a y  /15/ .  F u r t h e r m o r e ,  i n  
a n a l o g y  w i t h  t h e  d e v e l o p m e n t  i n  m u l t i p o l e s  o f  t h e  e l e c t r o m & g n e t i c  
f i e l d ,  h e  d e v e l o p s  t h e  p r o d u c t  o f  t h e s e  t w o  p l a n e  waves  % )lu ( o f  
wave l e n g t h  & ) i n  s p h e r i c a l  h a r m o n i c s  and n o t i c e s  t h a t  t h e  
a m p l i t u d e  o f  t h e  s u c c e s s i v e  t e r m s  a r e  i n  t h e  r a t i o s  

w h e r e  t h e  r a d i u s  R  o f  t h e  n u c l e u s  i s  a l w a y s  a t  l e a s t  o n e  o r d e r  o f  
m a g n i t u d e  s m a l l e r  t h a n  ( - 2 x  lo-" cm) . 

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



e q u i v a l e n t  t o  assume % and  yv t o  b e  c o n s t a n t  o v e r  t h e  n u c l e a r  
vo lume and o n e  o b t a i n s  t h e  d e n s i t y  o f  H a m i l t o n i a n  f o r  w h a t  F e r m i  
c a l l s  a l l o w e d  t r a n s i t i o n s ,  c h a r a c t e r i z e d  by  t h e  n u c l e a r  m a t r i x  
e l e m e n t  

Qmn m n  ( 5 )  

w h e r e  vm and  un  a r e  t h e  non r e l a t i v i s t i c  e i g e n f u n c t i o n  o f  t h e  f i n a l  
p r o t o n  and  t h e  i n i t i a l  n e u t r o n  i n s i d e  t h e  n u c l e u s .  

I n  S e c t i o n  6  F e r m i  u s e s  t h e  e x p r e s s i o n  (2) f o r  . d e r i v i n g  t h e  
p r o b a b i l i t y  p e r  u n i t  t i m e  of  a  b e t a  d e c a y  p r o c e s s  w i t h  e m i s s i o n  o f  a n  
e l e c t r o n  i n  a  w e l l  d e f i n e d  momentum i n t e r v a l .  

I n  t h e  f o l l o w i n g  S e c t i o n  7 ,  e n t i t l e d  "The mass o f  t h e  n e u t r i n o " ,  
F e r m i  d e r i v e s  t h e  e x p r e s s i o n  o f  t h e  d e n s i t y  of  f i n a l  s t a t e s  Qf a s  a  
f u n c t i o n  o f  t h e  e n e r g y  E  o f  t h e  e l e c t r o n ;  it c o n t a i n s  a s  p a r a m e t e r s  
t h e  maximum v a l u e  Eo o f  E a n d  t h e  mass ,u, o f  t h e  n e u t r i n o .  

F o r  a l l o w e d  t r a n s i t i o n s  t h e  m a t r i x  e l e m e n t  Qmn i s  a  c o n s t a n t  and 
t h e r e f o r e  t h e i r  e n e r g y  s p e c t r a  a r e  d e t e r m i n e d  o n l y  b y  t h e  d e n s i t y  o f  
f i n a l  s t a t e s  Qf and t h e  Coulomb c o r r e c t i o n  ( s e e  b e l o w ) .  F o r  l a r g e  
v a l u e s  o f  t h e  e l e c t r o n  e n e r g y  t h i s  f a c t o r  t e n d s  t o  1 .  T h e r e f o r e ,  f o r  
E  c l o s e  t o  Eo t h e  e l e c t r o n  s p e c t r u m  i s  ( a l m o s t  c o m p l e t e l y )  d e t e r m i n e d  
by  Qf, w h i c h  becomes v e r y  s e n s i t i v e  t o  t h e  v a l u e  o f  t h e  mass o f  t h e  
n e u t r i n o .  From a  c o m p a r i s o n  o f  t h e  computed  s p e c t r u m  ( F i g . 1 )  w i t h  t h e  

F i g . 1 :  T h i s  f i g u r e ,  t a k e n  f r o m  
F e r m i ' s  p a p e r  / 4 / ,  shows t h e  
b e h a v i o u r  o f  t h e  s p e c t r u m  o f  
b e t a - d e c a y  e l e c t r o n s  n e a r  i t s  
u p p e r  l i m i t  Eo: p = n e u t r i n o  
mass  

e x p e r i m e n t a l  d a t a  a v a i l a b l e  i n  1 9 3 3  f o r  RaE, F e r m i  c o n c l u d e s  t h a t  t h e  
mass  o f  t h e  n e u t r i n o  " s h o u l d  b e  z e r o ,  o r  a t  l e a s t  v e r y  s m a l l  w i t h  
r e s p e c t  t o  t h e  mass o f  t h e  e l e c t r o n " .  

E s s e n t i a l l y  t h e  same c o n c l u s i o n  was r e a c h e d  by F r a n c i s  P e r r i n  i n  
a  p a p e r  p r e s e n t e d  f o r  p u b l i c a t i o n  i n  t h e  Comptes Rendus a t  t h e  
m e e t i n g  o f  December 18 ,  1933  o f  t h e  Academy o f  S c i e n c e s  i n  P a r i s  
1 1 6 1 .  
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P e r r i n  a l s o  s t a r t s  f r o m  P a u l i  h y p o t h e s i s  and  n o t i c e s  t h a t  f r o m  
p h a s e - s p a c e  c o n s i d e r a t i o n s  a p p l i e d  t o  b e t a  d e c a y ,  t h e  mos t  p r o b a b l e  
s t a t e s  s h o u l d  b e  t h o s e  w i t h  t h e  e l e c t r o n  and  t h e  n e u t r i n o  e m i t t e d  
w i t h  e q u a l  and  o f  o p p o s i t e  momenta. He d e r i v e s  t h e  e x p r e s s i o n  f o r  t h e  
e n e r g y  Em o f  t h e  e l e c t r o n  e m i t t e d  u n d e r  t h e s e  k i n e m a t i c  c o n d i t i o n s ,  
a s  a  f u n c t i o n  o f  F,, me and p. and c o m p a r e s  it w i t h  t h e  mean v a l u e  (E 
= 0.36 MeV) o b t a i n e d  f r o m  t h e  m e a s u r e d  s p e c t r u m  o f  RaE (Eo -1 MeV). 
He c o n c l u d e s  t h a t  Em c a n  a p p r o a c h  t o n l y  f o r  &-0. 

A t  t h e  end  o f  h i s  o a p e r ,  P e r r i n  w r i t e s  ( i n d e p e n d e n t l y  f r o m  F e r m i  
a n d  Iwanenko  - a s  I f o u n d  o u t  f r o m  a  p r i v a t e  c o n v e r s a t i o n  i n  J u l y  
1 9 8 2 ) :  " S i  l e  n e u t r i n o  a  u n e  m a s s e  i n t r i n s s q u e  n u l l e  o n  d o i t  a u s s i  
p e n s e r  q u ' i l  ne p r e e x i s t e  p a s  d a n s  l e s  noyaux a t o m i q u e s ,  e t  q u i  il 
e s t  c r 6 6 ,  comme l ' e s t  un p h o t o n ,  l o r s  d e  l 8 Q m i s s i o n " .  The c o n d i t i o n  
o f  z e r o  mass ,  c l e a r l y  i n s p i r e d  by  t h e  a n a l o g y  w i t h  p h o t o n  e m i s s i o n ,  
c l e a r l y  was u n n e c e s s a r y  a n d  a c t u a l l y  n o t  c o r r e c t .  

G o i n g  back  t o  t h e  r e m a i n i n g  S e c t i o n s  o f  F e r m i t s  p a p e r  / 4 / ,  I 
w i l l  r e c a l l  t h a t  S e c t i o n s  8 c o n t a i n s  two i m p o r t a n t  r e s u l t s :  

( a )  t h e  "Coulomb c o r r e c t i o n "  d u e  t o  t h e  d e f o r m a t i o n ,  w i t h  r e s p e c t  t o  
t h e  p l a n e  wave a p p r o x i m a t i o n  a d o p t e d  f o r  t h e  e m i t t e d  e l e c t r o n ,  
d u e  t o  t h e  Coulomb f i e l d  o f  t h e  n u c l e u s :  F(Z, E o ) ;  

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

o b t a i n e d  by i n t e g r a t i n g  t h e  p r o d u c t  o f  t h e  Coulomb c o r r e c t i o n  and  t h e  
s t a t i s t i c a l  f a c t o r  p f ,  w h i c h  l a t e r  was u n i v e r s a l l y  i n d i c a t e d  by means 
o f  t h e  symbol  " f " .  I t  c l e a r l y  c o n t a i n s  a l l  t r i v i a l  f a c t o r s  
i n f l u e n c i n g  t h e  h a l f - l i f e  o f  t h e  b e t a  e m i t t e r s ,  w h i c h  a r e  t h u s  
s e p a r a t e d  f rom lemn 1'. The p r o d u c t  o f  F (  y o )  x  T ~ / ~  o r  c o m p a r a t i v e  
h a l f - l i f e  o r  " f t "  v a l u e  f u l f i l s  t h e  v e r y  u s e f u l  r e l a t i o n  

The  l e f t  hand  s i d e  o f  t h i s  e q u a l i t y  c a n  b e  d e d u c e d  f o r  a n y  b e t a -  
e m i t t e r  f rom t h e  m e a s u r e d  v a l u e s  o f  T , , ~  and pe ,,, by u s i n g  F e r m i  
e x p r e s s i o n  f o r  F (  7 , )  ( o r  some l a t e r  improved  v e r s i o n  of i t ) .  Then  
t h e  e q u a l i t y  ( 6 )  c a n  b e  u s e d  i n  t w o  ways.  

F o r  a l l o w e d  t r a n s i t i o n s  [ Q ~ ~ / ~  i s  known and  t h e  e q u a l i t y  ( 6 )  c a n  
b e  u s e d  f o r  d e t e  m i n i n g  t h e  c o u p 1  ng c o n s t a n t  g. Once q  i s  known, t h e  
v a l u e  o f  i Q  1' c a n  b e  d e d v c e d  f o r  a n y  s p e c i f i c  b e t a  e m i t t e r  b y  
a p p l y i n g  (6):" 

I n  S e c t i o n  9 F e r m i  d e f i n e s  a s  f o r b i d d e n  t r a n s i t i o n s  t h o s e  w i t h  a  
m a t r i x  e l e m e n t  ( 5 )  e q u a l  t o  z e r o .    his o c c u r s  f o r  symmetry  r e a s o n s  
w h e n e v e r  t h e  t o t a l  a n g u l a r  momentum I a n d / o r  t h e  p a r i t y  a r e  
d i f f e r e n t -  f o r  t h e  i n i t i a l  and  f i n a l  n u c l e a r  s t a t e s .  

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



which  o l d  f o r  v e c t o r -  a s  w e l l  a s  f o r  s c a l a r  i n t e r a c t i o n s  ( s e e  
b e l o w ) .  T h e s e  r u l e s  i m p l y  t h a t  t h e  e l e c t r o n  and t h e  n e u t r i n o  a r e  
e m i t t e d  w i t h  a n t i p a r a l l e l  s p i n  i n  a  s t a t e  o f  o r b i t a l  a n g u l a r  momentum 
1 = 0  ( S  w a v e s ) .  

F e r m i  d o e s  n o t  u s e  t h e  word p a r i t y  a n d  d o e s  n o t  w r i t e  ( 7 b ) .  He 
w r i t e s  o n l y  A 1  = 0  and  a d d s  t h e  r e q u i r e m e n t  t h a t  vm and u n  s h o u l d  
o v e r l a p  e a c h  o t h e r  f o r  g i v i n g  a  m a t r i x  e l e m e n t  Q m n  o f  t h e  o r d e r  o f  1 .  
T h i s  c o n d i t i o n  c l e a r l y  i m p l i e s  t h a t  t h e  i n i t i a l  and  f i n a l  n u c l e a r  
e i g e n f u n c t i o n s  s h o u l d  h a v e  t h e  same p a r i t y .  

I f  t h e  c o n d i t i o n s  ( 7 )  a r e  n o t  f u l f i l l e d ,  t h e  b e t a - d e c a y  c a n  
s t i l l  t a k e  p l a c e  b e c a u s e  o f  t h e  s u c c e s s i v e  t e r m s  o f  t h e  s p h e r i c a l  
h a r m o n i c  d e v e l o p m e n t  t h a t  h a v e  b e e n  n e g l e c t e d  i n  t h e  f i r s t  
a p p r o x i m a t i o n  ( 5 ) .  They c o r r e s p o n d  t o  i n c r e a s i n g  v a l u e s  o f  t h e  
o r b i t a l  a n g u l a r  momentum c a r r i e d  away by  t h e  l i g h t  p a r t i c l e s .  U s u a l l y  
t h e y  a r e  i n d i c a t e d  a s  f i r s t ,  s e c o n d ,  ... f o r b i d d e n  t r a n s i t i o n s .  The 
c o r r e s p o n d i n g  m a t r i x  e l e m e n t s  become s m a l l e r  by  a b o u t  two o r d e r  o f  
m a g n i t u d e  a t  e a c h  s t e p ,  a s  c a n  b e  r e c o g n i z e d  f r o m  t h e  r a t i o s  ( 4 ) .  

Thus  we a r r i v e  t o  S e c t i o n  1 0 ,  t h e  l a s t  o f  ~ e r m i ' s  p a p e r ,  d e v o t e d  
t o  t h e  "Compar i son  w i t h  e x p e r i m e n t s " .  He s t a r t s  by d i s c u s s i n g  t h e  
O f t "  v a l u e  which  s h o u l d  b e  o f  t h e  same o r d e r  o f  m a g n i t u d e  f o r  a l l  
a l l o w e d  t r a n s i t i o n s  w h i l e  f o r  ( f i r s t  o r d e r )  f o r b i d d e n  t r a n s i t i o n s  it 
s h o u l d  b e  a b o u t  two o r d e r  o f  m a g n i t u d e  g r e a t e r .  He g i v e s  a  t a b l e  of 
" f t '  v a l u e s  f o r  n i n e  n a t u r a l  b e t a  e m i t t e r s  and  n o t i c e s  t h a t  f i v e  o f  
them a r e  b e t w e e n  1  and  3  h o u r s ,  w h i l e  t h e  o t h e r  f o u r  r a n g e  f r o m  190 
t o  1800 h o u r s .  He s u g g e s t s  t h a t  t h e  g r o u p s  may c o r r e s p o n d  t o  a l l o w e d  
and  f o r b i d d e n  t r a n s i t i o n s  and  q u o t e s  a  p a p e r  p u b l i s h e d  a  few m o n t h s  
b e f o r e  b y  s a r g e n t  /17/ who a r r i v e s  on p u r e  e m p i r i c a l  c o n s i d e r a t i o n s ,  
a t  a  s i m i l a r  g r o u p i n g .  S a r g e n t  u s e d  a  d o u b l e  l o g a r i t m i c  p l o t ,  w h i c h ,  
i n  some way r e m i n d s  G e i g e r - N u t t a l  r e l a t i o n ,  v a l i d  f o r  O < - e m i t t e r s .  He 
had  f o u n d  t h a t ,  w i t h  t h e  e x c e p t i o n  o f  one  c a s e ,  t w e l v e  b e t a  e m i t t e r s  
f a l l  i n t o  t w o  d i s t i n c t  g r o u p s  r e p r e s e n t e d  i n  F i g .  2 b y  o p e n  c i r c l e s  
c o n n e c t e d  by f r e e  hand  l i n e s .  

F e r m i  c o n s i d e r s  S a r g e n t  e m p i r i c a l  r e s u l t s  a s  a  s u p p o r t  o f  h i s  
v i e w s  and  a t t r i b u t e s  t h e  d i f f e r e n c e s  b e t w e e n  e q u a l l y  e n e r g e t i c  
t r a n s i t i o n s  t o  d i f f e r e n c e s  i n  t h e  c h a n g e  o f  a n g u l a r  momentum ( a n d  
p a r i t y )  b e t w e e n  t h e  c o r r e s p o n d i n g  i n i t i a l  a n d  f i n a l  n u c l e i ,  i n  
a n a l o g y  t o  t h e  e m i s s i o n  of  d i p o l e ,  q u a d r u p o l e ,  e t c .  r a d i a t i o n  i n  
a t o m i c  s p e c t r a .  

Then a s s u m i n g  t h a t  t h e  s m a l l e r  " f t "  v a l u e  a p p e a r i n g  i n  h i s  t a b l e  
s h o u l d  c o r r e s p o n d  t o  a l l o w e d  t r a n s i t i o n s ,  F e r m i  u s e s  h i s  e x p r e s s i o n  
f o r  a n  e s t i m a t e  o f  t h e  o r d e r  o f  m a g n i t u d e  o f  t h e  c o u p l i n g  c o n s t a n t  
a n d  f i n d s  g  = 4 x 1 0 - ~ '  e rgxcm3 / i s / .  

Y e a r s  l a t e r  f r o m  t h e  " f t "  v a l u e  o f  w e l l  e s t a b l i s h e d  a l l o w e d  
t r a n s i t i o n s  /19/  w h i c h ,  a s  0'4 0' t r a n s i t i o n ,  c a n  t a k e  p l a c e  only 
t h r o u g h  F e r m i ' s  v e c t o r  c o u p l i n g ,  Wu a n d  Moszkowski  d e r i v e  /20/ 

gF = 1 .4  1 5  x  1 o - ~ ~  e r g  x cm3 
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F i g . 2 :  S a r g e n t  d o u b l e  l o g a r i t -  
mic  r e p r e s e n t a t i o n  o f  t h e  
d e p e n d e n c e  o f  t h e  d e c a y  c o n s -  
t a n t d  = z-' o f  v a r i o u s  n a t u r a l  
b e t a - e m i t t e r s  a s  a  f u n c t i o n  o f  
e l e c t r o n  maximum e n e r g y  E ~ .  

w h i c h  i s  v e r y  c l o s e  t o  t h e  g  v a l u e  d e d u c e d  f r o m  t h e  d e c a y  o f  t h e  
muon. T h i s  r e s u l t  i s  i n  a g r e e m e n t  w i t h  t h e  u n i v e r s a l i t y  o f  weak 
i n t e r a c t i o n s  f o u n d  i n  1 9 4 7  a n d  e x t e n d e d  i n  s u c c e s s i v e  y e a r s  /21/ :  a l l  
weak i n t e r a c t i o n  p r o c e s s e s  a r e  d u e  t o  t h e  same U n i v e r s a l  F e r m i  
I n t e r a c t i o n ,  i n  w h i c h  a p p e a r s  a l w a y s  t h e  same c o u p l i n g  c o n s t a n t  g ,  a s  
i n  a l l  p o s s i b l e  p r o c e s s e s  d u e  t o  e l e c t r o m a g n e t i c  i n t e r a c t i o n s ,  
a p p e a r s  a l w a y s  t h e  same and  u n i q u e  c o u p l i n g  c o n s t a n t  e 2  ( s e e  S e c t i o n  
6 )  

A d e t a i l e d  t h e o r e t i c a l  s t u d y  o f  t h e  f i r s t  a n d  s e c o n d  f o r b i d d e n  
t r a n s i t i o n  f o r  a r b i t r a r y  c h a r g e d  n u c l e i  was made i n  1941 b y  
K o n o p i n s k i  a n d  U h l e n b e c k  / 2 2 / .  T h e i r  t r e a t m e n t  was e x t e n d e d  t o  n- 
f o r b i d d e n  a p p r o x i m a t i o n  by  G r e u l i n g  /23/ .  

Meanwhi le  a  number o f  a t t e m p t s  were  made t o  e l a b o r a t e  a  t h e o r y  
o f  b e t a - d e c a y  b a s e d  on e n e r g y  non c o n s e r v a t i o n .  P e r h a p s  t h e  m o s t  
e l a b o r a t e ,  and  t h e  l a s t ,  a t t e m p t  o f  t h i s  k i n d  was b y  G.Beck a n d  
K . S i t t e  /24/ .  

I n  t h i s  model  b e t a  d e c a y  i n v o l v e s  t h e  c r e a t i o n  o f  a n  e l e c t r o n -  
p o s i t r o n  p a i r ,  o f  w h i c h  t h e  p o s i t r o n  t h e n  d i s a p p e a r s  w i t h o u t  t r a c e ,  
e x c e p t  t h a t  i t s  c h a r g e  r e t u r n s  t o  t h e  n u c l e u s ,  b u t  i t s  e n e r g y  
d i s a p p e a r s .  T h i s  model  g i v e s  a  p r e d i c t i o n  o f  t h e  s h a p e  o f  t h e  
s p e c t r u m  d e t e r m i n e d  by  t h e  e l e c t r o n - p o s i t r o n  p h a s e  s p a c e ,  w h i c h  i s  
q u a l i t a t i v e l y  l i k e  t h e  e l e c t r o n - n e u t r i n o  p h a s e  s p a c e  f a c t o r  o c c u r r i n g  
i n  F e r m i ' s  t h e o r y  f o r  a l l o w e d  t r a n s i t i o n s .  



" I t  i s  c h a r a c t e r i s t i c  o f  t h e  s i t u a t i o n  a t  t h a t  t i m e  t h a t  Beck ,  
u s u a l l y  a  c r i t i c a l  p h y s i c i s t  o f  sound  j u d g e m e n t ,  g o t  c a r r i e d  away 
i n t o  d e f e n d i n g  h i s  t h e o r y  a g a i n s t  F e r m i ' s ,  c l a i m i n g  t h a t  it n o t  o n l y  
a g r e e d  b e t t e r  w i t h  t h e  e x p e r i m e n t s ,  b u t  was a l s o  i n h e r e n t l y  a  more 
s a t i s f a c t o r y  t h e o r y "  / 6 6 / .  

3. E x t e n s i o n  and m o d i f i c a t i o n s .  - When F e r m i  w r o t e  h i s  p a p e r  v e r y  
l i t t l e  was known a b o u t  weak i n t e r a c t i o n .  The o n l y  o b s e r v e d  p r o c e s s  of 
t h i s  t y p e  was t h e  b e t a  d e c a y  w i t h  e m i s s i o n  o f  e l e c t r o n s .  A t  t h e  
b e g i n n i n g  o f  1 9 3 4 ,  i . e .  when F e r m i ' s  e x t e n s i v e  p a p e r s  had  a l r e a d y  
b e e n  s e n t  f o r  p u b l i c a t i o n  b u t  h a d  n o t  y e t  a p p e a r e d  i n  t h e  
i n t e r n a t i o n a l  s c i e n t i f i c  p r e s s ,  t h e  a r t i f i c i a l  r a d i o a c t i v i t y  i n d u c e d  
b y  a l p h a  p a r t i c l e s  was  d i s c o v e r e d  b y  t h e  J o l i o t  C u r i e  / 2 5 /  and  
r e v e a l e d  a  new k i n d  o f  r a d i o a c t i v e  b o d i e s  w h i c h  e m i t  p o s i t r o n s  
i n s t e a d  o f  n e g a t i v e  e l e c t r o n s .  

I m m e d i a t e l y  Wick / 2 6 /  p o i n t e d  o u t  t h a t  F e r m i ' s  t h e o r y  c o n t a i n s  
n a t u r a l l y  t h e  p o s s i b i l i t y  o f  t h e  i n v e r s e  p r o c e s s :  " t r a n s f o r m a t i o n  of 
a  p r o t o n  i n t o  a n e u t r o n  a n d  d e s t r u c t i o n  of  a n  e l e c t r o n  a n d  a  
n e u t r i n o .  F o r  s u c h  a  p r o c e s s  t o  t a k e  p l a c e ,  however ,  it i s  e s s e n t i a l  
t h a t  i n  t h e  v i c i n i t y  o f  t h e  n u c l e u s  t h e r e  i s  a  c e r t a i n  d e n s i t y  o f  
n e u t r i n o s .  T h i s  d e n s i t y  i s  j u s t  p r o v i d e d  by t h e  n e u t r i n o s  o f  n e g a t i v e  
e n e r g y ;  t h e  d e s t r u c t i o n  o f  o n e  o f  them i s  e q u i v a l e n t  t o  t h e  f o r m a t i o n  
of a p a r t i c l e  ( n e u t r i n o ' s  h o l e )  p e r f e c t l y  a n a l o g o u s  t o  t h e  n e u t r i n o .  
I f  t h e  e l e c t r o n  w h i c h  i s  a b s o r b e d  by t h e  p r o t o n  i s  a n  e l e c t r o n  o f  
n e g a t i v e  e n e r g y ,  o n e  h a s  t h e  e m i s s i o n  o f  a  p o s i t r o n .  I t  i s  n a t u r a l  t o  
i d e n t i f y  t h i s  phenomenon w i t h  t h a t  o b s e r v e d  by  C u r i e  and  J o l i o t .  I f ,  
on t h e  c o n t r a r y ,  t h e  d e s t r o y e d  e l e c t r o n  ...... i s  one  o f  t h e  K ,  L ,  M 
...aa. e l e c t r o r a s  b e l o n g i n g  t o  t h e  e x t e r n a l  s t r u c t u r e  o f  t h e  a tom . . . . . o n e  h a s  t h e  e m i s s i o n  o f  X - r a y s ,  o r  o f  Auger  e l e c t r o n s ,  i . e .  a  
phenomenon,  w h i c h  i n  o u r  c a s e ,  c a n  b e  o b s e r v e d  o n l y  w i t h  c o n s i d e r a b l e  
d i f f i c u l t y "  / 2 6 / .  

A f t e r  t h e s e  g e n e r a l  c o n s i d e r a t i o n s  w i c k  d e v e l o p s  i n  a l l  d e t a i l  
F e r m i ' s  t h e o r y  f o r  p o s i t r o n  e m i t t e r s .  H i s  d e r i v a t i o n  i s  b a s e d  on t h e  
f u n d a m e n t a l  p r o c e s s  

I n  Wick t r e a t m e n t  t h e  p a r t i c l e  e m i t t e d  i n  a s s o c i a t i o n  w i t h  a  p o s i t r o n  
was a n  a n t i n e u t r i n o  and  n o t  a  n e u t r i n o ,  a s  shown i n  (9). Such a  
c h o i c e ,  u n t i l  t h e  e a r l y  5 0 s ,  when t h e  c o n s e r v a t i o n  o f  l e p t o n i c  number 
was announced  and a d o p t e d  / 27 /  / 2 8 / ,  was a  m a t t e r  o f  c o n v e n t i o n .  
W i c k ' s  c h o i c e  was c o h e r e n t  w i t h  F e r m i  p o s t u l a t e  (1). 

Wick d o e s  n o t  e n t e r  i n  t h e  f o r m a l  d e t a i l s  o f  t h e  new phenomenon 
h e  p r e d i c t e d :  t h e  c a p t u r e  o f  o r b i t a l  e l e c t r o n s  w h i c h  was e n v i s a g e d ,  
s h o r t l y  l a t e r ,  a l s o  by B e t h e  a n d  P e i e r l s  / 2 9 / .  T h i s  i s  b a s e d  on t h e  
e l e m e n t a r y  p r o c e s s  
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The d e t a i l e d  t h e o r y  o f  t h i s  t y p e  o f  b e t a  i n s t a b i l i t y  was 
d e v e l o p e d  i n  1935  by  Yukawa and S a k a t a  /30 / ,  who q u o t e  F e r m i ' s  and  
W i c k ' s  p a p e r s .  T h i s  i m p o r t a n t  phenomenon was o b s e r v e d  f o r  t h e  f i r s t  
t i m e  i n  1938  by  L  . A l v a r e z  who s t u d i e d  many e l e m e n t s ,  w i t h  p a r t i c u l a r  
a t t e n t i o n  t o  t h e  c a s e  o f  ~ a ~ ~ * ~ n ~ ~  /31 / .  

B e t h e  a n d  P e i e r l s  /32/  c o n s i d e r e d  t h e  c a p t u r e  o f  n e u t r i n o s  b y  
i n v e r s e  b e t a  d e c a y  

3+ ( A ,  z)'(A, z f 1 )  + eT ( 1 1 )  

"which  would b e  i t s  o n l y  i n t e r a c t i o n  i f  it had  no m a g n e t i c  moment, 
and  t h e r e  w e r e  n o  o t h e r  unknown f o r c e s  a c t i n g  o n  it". The c r o s s  
s e c t i o n  was f o u n d  t o  h a v e  a  v a l u e  a s  s m a l l  a s  cm2 and b r o u g h t  
t h e  a u t h o r s  t o  c o n c l u d e  t h a t  o n e  " o b v i o u s l y "  would  n e v e r  b e  a b l e  t o  
s e e  a  n e u t r i n o  by  means o f  t h i s  p r o c e s s .  A few y e a r s  l a t e r  Tomanaga 
and  Tamaki  /33 /  d r e w  a t t e n t i o n  on  t h e  e x t r e m e l y  r a p i d  r i s e  w i t h  
e n e r g y  o f  t h e  c r o s s  s e c t i o n  f o r  i n v e r s e  b e t a  d e c a y  and  p o i n t e d  o u t  
t h a t  n e u t r i n o s  o f  1 0 1 2  eV ( 1  TeV) s h o u l d  be  a b l e  t o  p r o d u c e  s h o w e r s .  
T h u s ,  t h e y  w e r e  t h e  f i r s t  t o  p r e d i c t  t h e  p r e s e n t  r o l e  o f  h i g h  e n e r g y  
n e u t r i n o s  a s  p r a c t i c a l  p r o j e c t i l e s  /34/ .  

A l r e a d y  a  few months  a f t e r  F e r m i ' s  p a p e r ,  Gamow p o i n t e d  o u t  /35 /  
t h a t  d i f f i c u l t i e s  a p p e a r  i n  t h e  d i s c u s s i o n  o f  a n g u l a r  momenta o f  
r a d i o a c t i v e  e l e m e n t s  i f  o n l y  F e r m i ' s  s e l e c t i o n  r u l e  ( 7 )  i s  u s e d .  

I n  1936 Gamow and  T e l l e r  n o t i c e d  /36 /  t h a t  F e r m i  i n t e r a c t i o n  was 
o n l y  one o f  t h e  f i v e  s c a l a r  i n t e r a c t i o n s  t h a t  c a n  b e  b u i l t  s t a r t i n g  
f rom t h e  f i v e  c o v a r i a n t  o p e r a t o r s  O i  t h a t  had b e e n  a l r e a d y  c o n s i d e r e d  
and d i s c u s s e d  i n  1933  b y  P a u l i  i n  t h e  famous a r t i c l e  on 
" Q u a n t e n t h e o r i e "  a p p e a r e d  i n  Handbuck d e r  P h y s i k  /37 / .  The o p e r a t o r s  
O i  ( c o n s t r u c t e d  f r o m  t h e  4x4 D i r a c  m a t r i c e s  ) b e h a v e  l i k e  a  s c a l a r  
(0 = S ) ,  a  v e c t o r  ( 0 2  = V ) ,  a  t e n s o r  ( o3 = T c  a n  a x i a l  v e c t o r  ( 0 4  = 
A) and  a  p s e u d o s c a l a r  ( 0 5  = P ) .  The f i v e  s c a l a r  i n t e r a c t i o n s  a r e  
o b t a i n e d  by  m u l t i p l y i n g  e a c h  o f  t h e  o p e r a t o r s  O i  o f  " h e a v y  p a r t i c l e s "  
w i t h  t h e  c o r r e s p o n d i n g  c o v a r i a n t s  o f  " l i g h t  p a r t i c l e s " .  Thus  t h e  
d e n s i t y  o f  t h e  g e n e r a l i z e d  i n t e r a c t i o n  H a m i l t o n i a n ,  i n d i c a t e d  f o r  t h e  
f i r s t  t i m e  by Gamow and  T e l l e r ,  h a s  t h e  f o r m  

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

F e r m i ' s  c h o i c e  c l e a r l y  c o r r e s p o n d s  t o  C, = C3 = C 4  = C5 = 0 a n d  
C 2  # 0, s o  t h a t  t h e  o n l y  t e r m  s u r v i v i n g  i n  ( 1 2 )  i s  O 2  = V = YcI. . A S  

it was shown b y  Racah ,  i n  a  p a p e r  t h a t  I w i l l  d i s c u s s  l a t e r  ( S e c t . 5 ) ,  
t h e  v e c t o r  u s e d  by  P a u l i  d i f f e r s  f r o m  t h a t  o f  F e r m i  b y  a  L o r e n t z  
t r a n s f o r m a t i o n ,  w h i c h ,  h o w e v e r ,  i s  i n e s s e n t i a l  s i n c e  i t  l e a v e s  t h e  
t r a n s i t i o n  p r o b a b i l i t y  u n c h a n g e d .  

The e x p r e s s i o n  ( 1 2 )  r e m a i n e d  t h e  mos t  g e n e r a l  H a m i l t o n i a n  f o r  



weak interactions for about twenty years, i.e. until 1956, when the 
violation of parity by weak interaction was discovered /38/. 

I n  the same paper presenting the Hamiltonian (12) Gamow and 
Teller /36/ also discussed in detail the axial vector interaction 

- A) and deduced the corresponding Gamow-Teller (GT) -Ywv:5(O4 - 
selection rule: 

& = + 1 and 0, but not I = 0 -+I = 0 

xi.;= n 
f' 

valid for axial vector- (A) as well as tensor- (T) interactions. 

I n  Gamow-Teller allowed transition the two leptons are emitted 
with orbital angular momentum 1 = 0 (S wave) but the spins of the 
electron and the neutrino are parallel. 

This selection rule immediately allowed a satisfactory 
interpretation of beta decay of a few natural radioactive elements 
/36/ /39/. 

I n  the beta decay we do not need to consider the pseudoscalar 
(P) interaction because its greater term is of the order v/c and 
therefore can be neglected for non-relativistic nucleons. The 
situation is different for the other four interactions: only a part 
of each of them becomes negligible in non-relativistic approximation. 

The classification in allowed-transitions, first-forbidden, 
second-forbidden, ..... transitions derived from the expansion in 
spherical harmonics (Sect 2) is independent from the V or A nature of 
the interaction and therefore holds also for G T  transitions. 

The distinction between the successive terms of this expansion, 
together with Fermi and Gamow-Teller selection rules, provides the 
basic scheme for the classification of all possible beta transitions 
/2 o/. 

After the publication of Fermi's paper, the experimental 
investigation of the beta decay spectra became a subject of great 
interest, also because the number of electron emitters at disposal 
was considerably increased by the discovery of artificial 
radioactivity. N .D .Kurie, a n  experimentalist of the University of 
California, Berkeley, introduced /40/ an advantageous method of 
comparison of the experimental results with Fermi's theory, clearly 
based on the expression given by Fermi for the spectra of allowed 
transitions. 

From the measured values of the number of electrons observed as 
a function of pe by means of a magnetic spectrograph in a momentum 
interval A p e ,  

the quantity 

is computed and plotted versus E (Kurie plot or Fermi plot). If the 
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m a t r i x  e l e m e n t  o f  t h e  n u c l e a r  t r a n s i t i o n  d o e s  n o t  d e p e n d  on  t h e  
e n e r g y  and  t h e  m a s s  o f  t h e  n e u t r i n o  i s  z e r o ,  a c c o r d i n g  t o  F e r m i  t h e  
K u r i e - p l o t  s h o u l d  b e  a  s t r a i g h t  l i n e  w h i c h  c r o s s e s  t h e  e n e r g y  a x i s  a t  
E = E 

0' 

I n  t h e  m i d d l e  o f  t h e  3 0 s  t h e  a c c u r a c y  o f  t h e  m e a s u r e m e n t s  was 
n o t  s u f f i c i e n t  f o r  e s t a b l i s h i n g  a  s i g n i f i c a n t  u p p e r  l i m i t  f o r  t h e  
mass o f  t h e  n e u t r i n o .  The  m a i n  s o u r c e  o f  w a r r i e s ,  h o w e v e r ,  was t h e  
e x c e s s  o f  e l e c t r o n s  s y s t e m a t i c a l l y  o b s e r v e d  w i t h  r e s p e c t  t o  t h e  
t h e o r y  i n  t h e  low e n e r q y  r e g i o n .  

The s i t u a t i o n  a p p e a r e d  s e r i o u s  a n d  p r o m p t e d  K o n o p i n s k y  a n d  
U h l e n b e c k  /41/ t o  p r o p o s e ,  i n  1 9 3 5 ,  t o  r e p l a c e  i n  F e r m i  H a m i l t o n i a n  
t h e  n e u t r i n o  wave f u n c t i o n  w i t h  i t s  d e r i v a t i v e .  T h i s  i n t r o d u c e s  a n  
e x t r a  f a c t o r  o f  n e u t r i n o  momentum i n  t h e  m a t r i x  e l e m e n t  and t h e r e f o r e  
s h i f t s  t h e  d i s t r i b u t i o n  t o w a r d s  h i g h e r  n e u t r i n o ,  i . e .  l o w e r  e l e c t r o n  
e n e r g i e s .  T h i s  c h a n g e  i m p r o v e d  t h e  a g r e e m e n t  w i t h  t h e  o b s e r v e d  
s p e c t r a  a n d  t h e r e f o r e  was g e n e r a l l y  a c c e p t e d  a t  l e a s t  f o r  some t i m e .  
A s  U h l e n b e c k  s a i d  y e a r s  l a t e r :  " J u s t  f rom my p e r s o n a l  memory when 
K o n o p i n s k y  and  I t r i e d  t o  compare  w i t h  t h e  s h a p e ,  it d i d n ' t  f i t  w i t h  
a n y o n e ,  a n d  t h e n  by  p u t t i n g  t h e  d e r i v a t i v e  i n ,  it s u d d e n l y  f i t t e d .  S o  
we t h o u g h t  t h a t  had  t o  b e  d o n e .  And I remember R o b e r t  Oppenhe imer  was 
q u i t e  i m p r e s s e d  by  it b e c a u s e  K u r i e  was t h e n  m e a s u r i n g  s h a p e s  and it 
a l w a y s  f i t t e d  t h e  K U  ~ ~ o n o ~ i n s k ~ - ~ h l e n b e c k ~  p l o t  i n  t h o s e  d a y s .  Now 
a l l  t h e s e  e x p e r i m e n t s  w e r e  wrong. And it t h e n  t o o k ,  I t h i n k ,  f i v e  
y e a r s "  /42/ .  

4. A few r e l e v a n t  e x p e r i m e n t a l  i n v e s t i g a t i o n s .  - A few l i n e s  o f  
e x p e r i m e n t a l  r e s e a r c h  s h o u l d  b e  m e n t i o n e d  h e r e  b e c a u s e  o f  t h e i r  
r e l e v a n c e  f o r  t h e  h i s t o r i c a l  d e v e l o p m e n t  of  t h e  t h e o r y  o f  b e t a  d e c a y  
and t h e  p r o o f  o f  t h e  e x i s t e n c e  o f  t h e  n e u t r i n o .  

4 .1  E a r l y  e x p e r i m e n t a l  t e s t s  o f  t h e  n e u t r i n o  h y p o t h e s i s .  - A l r e a d y  i n  
May 1 9 3 3 ,  i . e .  m o n t h s  b e f o r e  t h e  p u b l i c a t i o n  o f  F e r m i ' s  t h e o r y ,  E l l i s  
and  M o t t  /43/ h a d  s u g g e s t e d  t h a t  a c c o r d i n g  t o  P a u l i  p r o p o s a l  a b o u t  
t h e  e m i s s i o n  o f  a  n e u t r i n o  i n  a s s o c i a t i o n  w i t h  a n  e l e c t r o n ,  t h e  
maximum e n e r g y  o f  t h e  b e t a  s p e c t r u m  s h o u l d  r e p r e s e n t  t h e  e n e r g y  
d i f f e r e n c e  b e t w e e n  t h e  i n i t i a l  and t h e  f i n a l  n u c l e u s .  They  c o n f i r m e d  
t h i s  i m p o r t a n t  s u g g e s t i o n  a s  a  c o n c l u s i o n  o f  t h e  a n a l y s i s  o f  t h e  
e n e r g y  r e l e a s e d  in .  t h e  t r a n s f o r m a t i o n  o f  ThC i n t o  ThD( = 8 2 ~ b 2 0 8 ) ,  
w h i c h  t a k e s  p l a c e  a l o n g  two b r a n c h e s  
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T a k i n g  i n t o  a c c o u n t  t h e  e n e r g y  o f  t h e  gamma r a y s  e m i t t e d  a f t e r  t h e  
e m i s s i o n  o f  a  p a r t i c l e  ( d a n d  /3), t h e  d i f f e r e n c e  i n  e n e r g y  b e t w e e n  
ThC and  ThD t u r n s  o u t  t o  h a v e  t h e  same v a l u e  f o r  t h e  two b r a n c h e s  
o n l y  by  a d d i n g  t o  t h e  e n e r g y  o f  t h e  & p a r t i c l e s  t h e  maximum e n e r q y  of  
t h e  e l e c t r o n  e m i t t e d  i n  t h e  a s s o c i a t e d  b e t a  d e c a y .  

D u r i n g  summer 1934 ,  H e n d e r s o n ,  a  p u p i l  o f  E l l i s ,  c a r r i e d  o u t  t h e  
a n a l y s i s  o f  t h e  b e t a  r a y  s p e c t r a  o f  ThC a n d  ThC' b y  means o f  a  
m a g n e t i c  s p e c t r o m e t e r  /44 /  and  showed t h a t  i n  b o t h  c a s e s  t h e i r  u p p e r  
l i m i t  was s h a r p ,  i n  a g r e e m e n t  w i t h  t h e  r e m a r k  made by P a u l i  a t  t h e  
S e v e n t h  S o l v a y  C o n f e r e n c e  /12 / .  I f  i n  b e t a  d e c a y  t h e  e n e r g y  w e r e  
c o n s e r v e d  o n l y  s t a t i s t i c a l l y ,  a s  s u g g e s t e d  b y  N.Bohr, t h e  b e t a - r a y  



s p e c t r u m  s h o u l d  h a v e  a t a i l  e x t e n d i n g ,  w i t h  d e c r e a s i n g  i n t e n s i t y ,  up  
t o  v e r y  l a r g e  e n e r g y ,  w h i l e  it s h o u l d  h a v e  a  s h a r p  u p p e r  l i m i t  u n d e r  
t h e  n e u t r i n o  h y p o t h e s i s .  

A s i m i l a r  e x p e r i m e n t  b u t  o f  e v e n  more d i r e c t  i n t e r p r e t a t i o n ,  w a s  
c a r r i e d  o u t  by C r a n e ,  D e l s a s s o ,  F o w l e r  and  L a u r i t s e n  /45/  a b o u t  o n e  
y e a r  l a t e r .  T h e s e  a u t h o r s  m e a s u r e d  b y  means of  a  c l o u d  chamber  i n  a  
m a g n e t i c  f i e l d ,  t h e  s p e c t r u m  o f  t h e  e l e c t r o n s  e m i t t e d  by  t h e  s h o r t  
l i v e d  n u c l e u s  5 ~ 1 2 ,  

p r o d u c e d  i n  t h e  (D, p )  r e a c t i o n  

a n d  f o u n d  Eo = 11 MeV. 

The e n e r g y  r e l e a s e  Q i n  t h e  r e a c t i o n  

was a l r e a d y  known t o  amount  t o  13  MeV. 

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

I I I ( B ' ~ ) > ~ ( C ' ~ )  + 11 MeV. 

"The c o n c l u s i o n " ,  p o i n t  o u t  t h e  a u t h o r s ,  " t o  b e  drawn f r o m  t h i s  
i s  t h a t  B ' ~ ,  i n  d i s i n t e g r a t i n g ,  l o s e s  a n  amount  o f  m a s s  n o t  l e s s  t h a n  
t h e  c o r r e s p o n d i n g  u p p e r  l i m i t  o f  e n e r g y  o f  t h e  e l e c t r o n  s p e c t r u m " .  

The d e r i v a t i o n  o f  t h e  r i g h t - h a n d  s i d e  o f  t h e  a b o v e  i n e q u a l i t y  
i n v o l v e s  o n l y  t h e  m e a s u r e d  v a l u e s  o f  Eo, Q a n d  t h e  n e u t r o n - p r o t o n  
mass d i f f e r e n c e ,  w e l l  known a f t e r  t h e  d i s c o v e r y  o f  t h e  
p h o t o n d i s i n t e g r a t i o n  o f  t h e  d e u t e r o n  b y  J .Chadwick  a n d  M.Goldhaber  i n  
1934 /46 / .  

4 .2 .  The s h a p e  o f  t h e  s p e c t r u m  o f  b e t a  d e c a y  e l e c t r o n s  - A s  I 
m e n t i o n e d  a t  t h e  end o f  S e c t i o n  3 ,  i n  1 9 3 6  t h e  d i s c r e p a n c y  b e t w e e n  
t h e  m e a s u r e d  s h a p e  o f  t h e  b e t a - d e c a y  s p e c t r a  a n d  t h e  f o r m u l a  
o r i g i n a l l y  d e r i v e d  by F e r m i ,  b r o u g h t  t o  a n  a t t e m p t  o f  m o d i f y i n g  t h e  
weak i n t e r a c t i o n  H a m i l t o n i a n .  B u t  t h e  d i s c r e p a n c y  was d u e  t o  two 
i n d e p e n d e n t  c a u s e s .  The s p e c t r u m  o f  RaE was t h e  o n l y  one  m e a s u r e d  a t  
F e r m i ' s  t i m e ,  b u t ,  a s  it was shown l a t e r ,  it o r i g i n a t e s  f r o m  o n e  o f  
t h e  more p e c u l i a r  f o r b i d d e n  t r a n s i t i o n  e v e r  f o u n d  /20/ .  F u r t h e r m o r e  
d u r i n g  t h e  3 0 s  t h e  e x p e r i m e n t a l  t e c h n i q u e  employed  i n  b e t a - r a y  
s p e c t r o g r a p h y  was c o m p l e t e l y  i n a d e q u a t e  a s  it became c l e a r  t h r o u g h  
y e a r s  o f  c a r e f u l  a n d  p a t i e n t  e x p e r i m e n t a l  work.  

I n  1939 some e x p e r i m e n t e r s  f o u n d  t h a t  i n  t h e  c a s e  o f  
( s u p e r ) a l l o w e d  F e r m i  t r a n s i t i o n s  ( i . e .  t r a n s i t i o n s  w i t h  l o g  f t 4  4  
/ 2 0 / )  t h e  d e v i a t i o n s  o f  t h e  F e r m i  p l o t  ( 1 4 )  f rom a  s t r a i g h t  l i n e  was 
r e d u c e d  by  u s i n g  c o m p a r a t i v e l y  t h i n  s o u r c e s  /47 / .  W h i l e  t h e  m a j o r  
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p o r t i o n  o f  a  s p e c t r u m  f o l l o w e d  F e r m i  d i s t r i b u t i o n  c l o s e l y ,  a n  e x c e s s  
of  e l e c t r o n s  i n  t h e  v e r y  low e n e r g y  r e g i o n  was a l w a y s  p r e s e n t .  

"The i n v e s t i g a t i o n  o f  v e r y  low e n e r g y  e l e c t r o n s  i n v o l v e s  many 
d i f f i c u l t i e s .  O f  t h e s e  t h e  a b s o r p t i o n  and s c a t t e r i n g  e f f e c t  i n  t h e  
f i n i t e  a n d  n o n - u n i f o r m  s o u r c e  t h i c k n e s s  and  i t s  b a c k g r o u n d  m a t e r i a l  
i s  t h e  m o s t  s e r i o u s  o f  a l l .  I t  was o b s e r v e d  by  Wu and A l b e r t  /48/ i n  
t h e  i n v e s t i g a t i o n  o f  t h e  n - s p e c t r a  o f  s~~ a n d  ~ u ~ ~  t h a t  t h e  e x c e s s  
of  p a r t i c l e s  a t  low e n e r g y  was a  f u n c t i o n  o f  s o u r c e  t h i c k n e s s .  The 
t h i n n e r  a n d  more u n i f o r m  t h e  s o u r c e ,  t h e  l o w e r  a n d  l e s s  became t h e  
d e v i a t i o n  f rom l i n e a r i t y  o f  t h e  K u r i e  p l o t "  /49 / .  

F i g . 3 :  K u r i e - p l o t  o f  t h e  
e l e c t r o n s  e m i t t e d  i n  t r i t i u m  
b e t a  d e c a y  ( L a n g e r  and  M o f f a t ,  
1952 / 5 0 / ) .  

1.025 1.027 1.019 1.031 1.033 1033 1 . 1 1 2 ~  

13 14 15 16 17 I R  
KE. keV 

F i g .  3  shows a s  a n  e x a m p l e  t h e  F e r m i  p l o t  o f  t h e  e x p e r i m e n t a l  
d a t a  f o r  t h e p  d e c a y  o f  t r i t i u m  

a n d  t h e i r  c o m p a r i s o n  w i t h  t h e  t h e o r e t i c a l  c u r v e s  computed  f o r  a  few 
v a l u e s  o f  t h e  r e s t  mass o f  t h e  n e u t r i n o  /50/ .  

Two r e m a r k s  c o n c e r n i n g  t h e s e  r e s u l t s  a r e  i n  o r d e r :  ( a )  t h e  l o w e r  
e n e r g y  p a r t  o f  t h e  s p e c t r u m ,  v e r y  i n s e n s i t i v e  t o  t h e  v a l u e  o f  t h e  
n e u t r i n o  mass ,  f o l l o w s  w i t h  good a c c u r a c y  t h e  s p e c t r u m  d e r i v e d  
o r i g i n a l l y  by F e r m i  f o r  a l l o w e d  t r a n s i t i o n s :  f b )  t h e  b e h a v i o u r  o f  t h e  
u p p e r  p a r t  o f  t h e  s p e c t r c m  i n d i c a t e s  a  v e r y  s m a l l  v a l u e  o f  t h e  m a s s  
o f  t h e  n e u t r i n c  and  i s  c o m p a t i b l e  w i t h  z e r o  n e u t r i n o  m a s s .  B u t  t h e  
u p p e r  l i m i t  d e r i v e < .  t o r  examp?,e,  b y  t h e s e  a u t h o r s  f o r  t h e  n e u t r i n o  
mass i s  s t i l l  r e l a t i v e l y  h i g h :  

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

R e c e n t l y  a  Moscow g r o u p  /51/  h a s  announced  t o  h a v e  o b s e r v e d  t h a t  
t h e  end  o f  t h e  s p e c t r u m  o f  t h e  t r i t i u m  b e t a  d e c a y  c o n s i d e r e d  a b o v e ,  
i s  i n c o n s i s t e n t  w i t h  z e r o  n e u t r i n o  mass and i n d i c a t e s  a n  e l e c t r o n -  
a n t i n e u t r i n o  ( F e )  mass b e t w e e n  1 4  eV a n d  46 eV a t  99% c o n f i d e n c e  
l i m i t .  A c o n f i r m a t i o n  o f  t h i s  e x p e r i m e n t a l  r e s u l t  i s  h i g h l y  
d e s i r a b l e ,  b u t  i r r e s p e c t i v e  o f  t h e  f i n a l  r e s u l t ,  we s h o u l d  r e c o g n i z e  
t h a t  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  s h a p e  o f  b e t a - r a y  s p e c t r a  
i s  s t i l l  t o d a y  a  f e r t i l e  method .  



4.3.  F i r s t  a t t e m p t s  t o  o b s e r v e  t h e  momentum of  t h e  n u c l e u s  r e c o i l i n g  
i n  b e t a  d e c a y .  - I n  h i s  i n t e r v e n t i o n  a t  t h e  1933  S o l v a y  C o n f e r e n c e ,  
P a u l i  /12/  p o i n t e d  o u t  t h a t  t h e  e x ~ e r i m e n t a l  s t u d v  o f  t h e  momentum 
b a l a n c e  i n  b e t a  d e c a y  would p r o v i d e  a n  i m p o r t a n t  t e s t  o f  t h e  assum- 
p t i o n  o f  t h e  e m i s s i o n  o f  a  n e u t r i n o  i n  b e t a - d e c a y .  The same k i n d  o f  
e x p e r i m e n t  was p r o p o s e d  b y  B e t h e  a n d  P e i e r l s  /29 /  who examined  
v a r i o u s  methods  f o r  d e c i d i n g  e x p e r i m e n t a l l y  w h e t h e r  n e u t r i n o s  e x i s t .  

They  w r o t e :  " A . . .  way o f  d e c i d i n g  t h e  q u e s t i o n  would  b e  t o  
o b s e r v e  t h e  r e c o i l  o f  t h e  n u c l e u s  i n  B - d e c a y .  W i t h  n a t u r a l  1 3 - r a y s  
t h i s  i s  i n  p r a c t i c e  i m p o s s i b l e  b e c a u s e  t h e  r e c o i l  e n e r g y  i s  t o o  
s m a l l ,  b u t  t h e  n u c l e i  i n v o l v e d  i n  a r t i f i c i a l  6 - d e c a y  a r e  much 
l i g h t e r .  The k i n e t i c  e n e r g y  o f  r e c o i l  o f  a  d i s i n t e g r a t i n g  N~~ n u c l e u s  
would b e  o f  t h e  o r d e r  o f  some h u n d r e d s  o f  v o l t s  i f  t h e r e  w e r e  no 
n e u t r i n o s .  I f  t h e  n e u t r i n o  h y p o t h e s i s  i s  c o r r e c t ,  t h e r e  would b e  a  
d e f e c t  o f  momentum w h i c h  would  b e  u n i q u e l y  c o n n e c t e d  w i t h  t h e  l a c k  o f  
o b s e r v a b l e  e n e r g y  i n  e a c h  i n d i v i d u a l  p r o c e s s " .  

The f i r s t  a t t e m p t  t o  a p p l y  t h i s  method ,  t h a t  i n  modern t e r -  
m i n o l o g y  would b e  c a l l e d  a  m i s s i n g - m a s s  e x p e r i m e n t ,  was  made b y  
L e i  u n s k i  /52 /  who, i n  1 9 3 6 ,  t r i e d  t o  m e a s u r e  t h e  d i s t r i b u t i o n  o f  t h e  
,B1' n u c l e i  p r o d u c e d  i n  t h e  d e c a y  

The  r a d i o a c t i v e  c a r b o n ,  i n  t h e  f o r m  o f  a  t h i n  l a y e r  o f  c o n d e n s e d  
c a r b o n  d i o x i d e ,  was d e p o s i t e d  on  a  s u r f a c e  p l a c e d  a t  a  s h o r t  d i s t a n c e  
f r o m  a  g r i d .  A t  l e a s t  some o f  t h e  B" a t o m s  w h i c h  w e r e  p r o j e c t e d  
o u t w a r d s  from t h e  c o l d  s u r f a c e  w e r e  i o n i z e d .  An e l e c t r i c  r e t a r d i n g  
f i e l d  b e t w e e n  t h e  c o l d  s u r f a c e  and  t h e  g r i d  a l l o w e d  o n l y  t h o s e  
r e c o i l s  h a v i n g  g r e a t e r  e n e r g y  t h a n  some g i v e n  v a l u e  t o  p a s s  t h r o u g h  
t h e  g r i d .  On t h e  o t h e r  s i d e  o f  t h e  g r i d  t h e  r e c o i l s  w e r e  a c c e l e r a t e d  
t o  5000 eV and '  c o u n t e d  by o b s e r v i n g  t h e  s e c o n d a r y  e l e c t r o n s  k n o c k e d  
o u t  o f  a  low work f u n c t i o n  s u r f a c e .  The  a c c u r a c y  o f  t h e  e x p e r i m e n t ,  
h o w e v e r ,  was  n o t  enough  f o r  p r o v i d i n g  a  r e a l  t e s t ,  t h o u g h  t h e  r e s u l t s  
w e r e  c o n s i s t e n t  w i t h  t h e  n e u t r i n o  h y p o t h e s i s .  

More c o n c l u s i v e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  C r a n e  and  
H a l p e r n  i n  1938  /53 /  who m e a s u r e d  t h e  r e c o i l  of  a r g o n  A'' p r o d u c e d  i n  
t h e  d e c a y  

b y  o b s e r v i n g  t h e  m a g n e t i c  d e f l e c t i o n  o f  t h e  e l e c t r o n s  and  t h e  r a n g e  
o f  t h e  r e c o i l i n g  n u c l e u s  i n  a  c l o u d  chamber w h i c h  c o n t a i n e d  some 
r a d i o a c t i v e  c h l o r i n e  i n  t h e  fo rm o f  e t h y l e n e  d i c h l o r 5 . d e .  

The c o n c l u s i o n  drawn f r o m  t h e  e x p e r i m e n t  was t h a t  t h e  momentum 
i s  n o t  c o n s e r v e d  i n  t h e  s y s t e m  c o n s i s t i n g  o f  t h e  e l e c t r o n  and n u c l e u s  
a l o n e .  The e x p e r i m e n t ,  i n  p r i n c i p l e ,  was a l s o  a b l e  t o  g i v e  t h e  
d i s t r i b u t i o n  i n  a n g l e  b e t w e e n  e l e c t r o n  and n e u t r i n o ,  b u t  t h e  e r r o r s  
w e r e  t o o  g r e a t  t o  p e r m i t  o n e  t o  s a y  a n y t h i n g  i n  t h a t  r e s p e c t .  

Many o t h e r  e x p e r i m e n t s  o f  i m p r o v e d  d e s i g n  and i n c r e a s i n g  
a c c u r a c y  w e r e  made b y  o t h e r  a u t h o r s .  The i n t e r e s t e d  r e a d e r  c a n  f i n d  
a n  e x c e l l e n t  p r e s e n t a t i o n  o f  a l l  t h e s e  p a p e r s  i n  t h e  r e v i e w  a r t i c l e  
b y  C r a n e  a p p e a r e d  i n  1948  /54 / .  

Among a l l  t h e s e  e x p e r i m e n t a l  p a p e r s  I w i l l  m e n t i o n  o n l y  t h o s e  of  
J a c o b s e n  and  Kofoed-Hansen  /55/  and S h e r w i n  / 5 6 / .  The l a s t  a u t h o r  
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m e a s u r e d  t h e  a n  u l a r  c o r r e l a t i o n  b e t w e e n  t h e  d i r e c t i o n  o f  e m i s s i o n  o f  4 
t h e  e l e c t r o n s  ( p e )  and  t h a t  o f  r e c o i l i n g  n u c l e u s  ( o b s e r v e d  w i t h  t i m e -  
o f - f l i g h t  t e c h n i q u e ) ,  w h i c h  h a d  b e e n  t h e o r e t i c a l l y  p r e d i c t e d  f o r  
F e r m i  ( a n d  K o n o p i n s k i - U h l e n b e c k )  i n t e r a c t i o n  by  B l o c h  and M d l l e r  i n  
1935 /57/ a n d ,  t w e l v e  y e a r s  l a t e r ,  f o r  t h e  5 d i f f e r e n t  i n t e r a c t i o n s  
a p p e a r i n g  i n  ( 1 2 ) ,  b y  D.R.Hamil ton /58 / .  

The i m p o r t a n c e  o f  a l l  t h e s e  r e s u l t s ,  h o w e v e r ,  was shadowed by  
t h e  work o f  Cowan, R e i n e s  and  c o w o r k e r s  who, i n  1 9 5 6 ,  s u c c e e d e d  i n  
m e a s u r i n g  t h e  c r o s s  s e c t i o n  f o r  t h e  r e a c t i o n  

b y  u s i n g  t h e  a n t i n e u t r i n o  f r o m  a  p o w e r f u l  f i s s i o n  r e a c t o r  a t  t h e  
Savannah  R i v e r  P l a n t  ( U . S . A . )  /59/.  I n  ( 1 5 )  I h a v e  s t a r t e d  t o  u s e  t h e  
n o t a t i o n  ye( Ve) i n s t e a d  o f  t h e  n o t a t i o n  V ( 7 ) u s e d  u n t i l  now, i n  
v i e w  o f  t h e  f a c t  t h a t ,  i n  1962-63 it was p r o v e d  t h a t  t h e  n e u t r i n o s  
e m i t t e d  i n  b e t a  d e c a y 3 & ( q e )  a r e  d i f f e r e n t  f r o m  t h o s e  e m i t t e d  i n  o t h e r  
p r o c e s s e s ,  l i k e ,  f o r  e x a m p l e ,  t h e  d e c a y  o f  t h e  p i o n .  - 

Assuming a n  e m i s s i o n  o f  6 .1Ve p e r  f i s s i o n ,  Cowan, R e i n e s  and 
c o w o r k e r s  a r r i v e d  t o  t h e  c r o s s  s e c t i o n  v a l u e  

The o b s e r v a t i o n  o f  t h e  i n v e r s e  b e t a  d e c a y  ( 1 5 )  a t  a  l o c a t i o n  
r e m o t e  f r o m  t h e  s o u r c e  o f  t h e  b e t a  e m i t t e r  was  t h e  f i n a l  p r o o f  o f  t h e  
e x i s t e n c e  o f  t h e  n e u t r i n o  ( a c t u a l l y  o f  t h e  q e ) .  

5. F u r t h e r  a t t e m p t s ,  r e f i n e m e n t s  a n d  p r o p o s a l s .  - I s h o u l d  m e n t i o n  
h e r e  s e v e n  more p r o b l e m s  r a i s e d  i n  t h e  p e r i o d  1935-1938 w h i c h ,  f o r  
q u i t e  d i f f e r e n t  r e a s o n s ,  s h o u l d  n o t  b e  f o r g o t t e n .  

The f i r s t  p r o b l e m  c o n s i d e r e d  i n  t h o s e  y e a r s  was t h e  p o s s i b i l i t y  
o f  d e r i v i n g  f r o m  F e r m i ' s  t h e o r y  o f  b e t a  d e c a y  t h e  n e u t r o n - p r o t o n  
e x c h a n g e  i n t e r a c t i o n ,  i n t r o d u c e d  i n  1932-33 b y  H e i s e n b e r g  and  
M a j o r a n a .  A n e u t r o n ,  f o r  e x a m p l e ,  c o u l d  e m i t  a n  e l e c t r o n  a n d  a n  
a n t i n e u t r i n o  a c c o r d i n g  t o  t h e  f u n d a m e n t a l  p r o c e s s  ( I ) ,  w h i c h ,  by  t h e  
i n v e r s e  p r o c e s s ,  w e r e  b o t h  a b s o r b e d  by  a  p r o t o n .  B e c a u s e  o f  t h e  
e x c h a n g e  o f  two p a r t i c l e s  o f  s p i n  1/2 t h e  c o n s e r v a t i o n  o f  b o t h  
s t a t i s t i c s  a n d  i n t r i n s i c  a n g u l a r  momentum i s  f u l f i l l e d .  F e r m i  
c o n s i d e r e d  t h i s  p o s s i b i l i t y  a l r e a d y  a t  t h e  b e g i n n i n g  o f  1934  b u t  d i d  
n e v e r  p u b l i s h  a n y t h i n g  a b o u t  t h i s  a t t e m p t :  " I t  d o e s  n o t  work",  a s  h e  
t o l d  u s .  P a p e r s  a l o n g  t h e s e  same l i n e s ,  w e r e  p u b l i s h e d  somet ime l a t e r  
b y  v a r i o u s  a u t h o r s  /60/  who showed,  t h a t :  (a) e x c h a n g e  f o r c e s  o f  t h i s  
t y p e  a r e  t o o  weak b y  a l a r g e  f a c t o r  b e c a u s e  o f  t h e  s m a l l n e s s  of 
F e r m i ' s  c o u p l i n g  c o n s t a n t  g;  ( b )  t h e y  a r e  o f  t h e  H e i s e n b e r g -  a n d  n o t  
o f  t h e  M a j o r a n a - t y p e  a n d ,  t h e r e f o r e ,  t h e  d e u t e r o n  and  n o t  t h e  a l f a  
p a r t i c l e  would b e  t h e  s a t u r e d  sys tem:  ( c )  t h e  e x c h a n g e  p o t e n t i a l  
d e d u c e d  by  s u c h  p r o c e d u r e  d i v e r g e s  a t  v e r y  s h o r t  d i s t a n c e s  s o  t h a t  
c r o s s  s e c t i o n s  a n d  b i n d i n g - e n e r g y  c a n n o t  b e  computed .  

T h e s e  a t t e m p t s ,  however ,  a r e  o f  g r e a t  i n t e r e s t  f r o m  t h e  h i -  
s t o r i c a l  p o i n t  o f  v i e w .  T h e i r  f a i l u r e  c l e a r l y  u n d e r l i n e d ,  a l r e a d y  i n  
1933-34,  t h e  n e c e s s i t y  o f  t w o  new t y p e s  o f  i n t e r a c t i o n s  b e t w e e n  
e l e m e n t a r y  p a r t i c l e :  s t r o n g  a n d  weak i n t e r a c t i o n s .  F u r t h e r m o r e  t h i s  
a p p r o a c h  paved  t h e  way t o  Yukawa i n v e n t i o n  o f  a  b o s o n  a s  a  m e d i a t o r  
o f  s t r o n g  i n t e r a c t i o n s .  



A s e c o n d  p r o b l e m  t h a t  I l i k e  t o  m e n t i o n  h e r e  a r o s e  i n  1933-34 
w i t h  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  m a g n e t i c  moment o f  t h e  
p r o t o n  which  was f o u n d  /61 /  t o  b e  a b o u t  2.8 t i m e s  l a r g e r  t h a n  a  
n u c l e a r  magne ton .  

T h i s  l a r g e  v a l u e  was a  s u r p r i s e .  A f t e r  t h e  r e c o g n i t i o n  t h a t  t h e  
b e h a v i o u r  o f  e l e c t r o n s  i s  d e s c r i b e d ,  i f  n o t  e x a c t l y  a t  l e a s t  w i t h  
good a c c u r a c y ,  b y  means o f  t h e  D i r a c  e q u a t i o n ,  i t  was n a t u r a l  t o  
assume t h a t  a l l  o t h e r  p a r t i c l e s ,  d i f f e r e n t  f r o m  e l e c t r o n s  b u t  w i t h  
s p i n  1 / 2 ,  c o u l d  b e  d e s c r i b e d  b y  t h e  same e q u a t i o n .  B u t  i f  o n e  a p p l i e s  
t h e  D i r a c  e q u a t i o n  t o  t h e  n u c l e o n ,  one  f i n d s  t h a t  t h e  p r o t o n  mus t  
h a v e  a  m a g n e t i c  moment e q u a l  t o  o n e  n u c l e a r  magne ton  & a n d  t h e  
n e u t r o n  a  m a g n e t i c  moment e q u a l  t o  z e r o .  The m a g n e t i c  moment o f  t h e  
n e u t r o n ,  m e a s u r e d  i n  1940 ,  was  f o u n d  t o  be  n e g a t i v e  a n d  e q u a l  t o  
a b o u t  1 .9  n u c l e a r  m a g n e t o n s  /62 / .  

I n  o r d e r  t o  e x p l a i n  t h e  s e r i o u s  d i f f i c u l t y  f o u n d  i n  t h e  c a s e  o f  
t h e  p r o t o n ,  Wick p r o p o s e d ,  a t  t h e  b e g i n n i n g  o f  1935 /63 / ,  t o  d e s c r i b e  
t h e  p r o t o n  e x i s t i n g  i n  n a t u r e ,  i n d i c a t e d  a s  p h y s i c a l  p r o t o n ,  a s  a  
m i x t u r e  o f  s t a t e s :  f o r  p a r t  o f  t h e  t i m e  it i s  r e a l l y  a  p r o t o n  ( a  bare 
p r o t o n )  w i t h  m a g n e t i c  moment e q u a l  t o  4, b u t  f o r  a  f r a c t i o n  *of  t h e  
t i m e  it i s  v i r t u a l l y  d i s s o c i a t e d  a c c o r d i n g  t o  t h e  p r o c e s s  ( 1 0 1  i n t o  a  
b a r e  n e u t r o n ,  a  p o s i t r o n  a n d  a  n e u t r i n o ,  s o  t h a t  t h e  o b s e r v e d  v a l u e  
of  bP i s  g i v e n  by  

6 -CQ%'+ 

flp = ( 1 6 )  

w h e r e  &+ i s  t h e  m a g n e t i c  moment o f  the p o s i t r o n  ( i . e .  one  Bohr 
m a g n e t o n ) .  

Wick knew o f  c o u r s e  t h a t  Tamm /60/  had  shown t h a t  t h e  e x c h a n g e  
i n t e r a c t i o n  d e d u c e d  f rom F e r m i ' s  H a m i l t o n i a n  i s  many o r d e r s  o f  
m a g n i t u d e  s m a l l e r  t h a n  t h a t  d e r i v e d  f r o m  t h e  b i n d i n g  e n e r g y  of  
n u c l e i ,  i f  t h e  v a l u e  o f  g  i s  d e t e r m i n e d  f rom b e t a  d e c a y .  He knew a l s o  
H e i s e n b e r g ' s  r e m a r k  /60/  t h a t  t h e  e x c h a n g e  i n t e r a c t i o n  d e d u c e d  b y  
Tamm c o r r e s p o n d s  t o  a  " H e i s e n b e r g  e x c h a n g e " ,  w h i l e  many good r e a s o n s  
h a d  b e e n  p r e s e n t e d  by  M a j o r a n a  i n  f a v o u r  o f  a  " M a j o r a n a  e x c h a n g e " .  

What Wick d o e s  i s  t o  s t a r t  f rom t h e  e x p r e s s i o n  g i v e n  by  Tamm f o r  
t h e  e x c h a n g e  i n t e r a c t i o n ,  p o i n t  o u t  t h a t  it s h o u l d  become i m p o r t a n t  
f o r  momenta o f  t h e  e x c h a n g e d  p a r t i c l e s  o f  t h e  o r d e r  o f  137.mec,  a n d  
t r y  t o  e s t i m a t e  t h e  v a l u e  o f  C u n d e r  t h e s e  c o n d i t i o n s  b y  u s i n g  
( 1 6 ) .  He f i n d s  t h a t  T s h o u l d  n o t  b e  much s m a l l e r  t h a n  o n e ,  b u t  
r a t h e r  i n  t h e  r a n g e  1 / 2 0  t o  1 / 2 .  

I n  1936 F e r m i ' s  t y p e  p r o c e s s  ( 9 )  was r e p l a c e d  b y  Yukawa p r o c e s s  
/64 /  

+ 
l p l  d o n 1  + y  ( y +  = Yukawa b o s o n )  

b u t  Wick ' s  i d e a  o f  e x p l a i n i n g  t h e  a n o m a l o u s  m a g n e t i c  moment o f  t h e  
p h y s i c a l  p r o t o n  ( a n d  p h y s i c a l  n e u t r o n )  a s  d u e  t o  t h e  f a c t  t h a t  t h e  
" o b s e r v e d  n u c l e o n s "  a r e  m i x t u r e s  o f  v i r t u a l  s t a t e s ,  r e m a i n e d  v a l i d  
and  i s  s t i l l  a c c e p t e d  t o d a y .  

The t h i r d  c o n t r i b u t i o n  t h a t  s h o u l d  b e  m e n t i o n e d  h e r e  was pu- 
b l i s h e d  by  F i e r z  i n  t h e  same p a p e r  I m e n t i o n e d  a b o v e  /60 / .  He t r e a t s  
t h e  b e t a - d e c a y  b y  u s i n g  t h e  m o s t  g e n e r a l  i n t e r a c t i o n  ( 1 2 )  a n d  shows 
t h a t ,  i n  t h i s  c a s e ,  t h e  e n e r g y  s p e c t r u m  c o n t a i n s  a  f u r t h e r  f a c t o r  
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known a s  F i r t z  i n t e r f e r e n c e  t e r m .  The 7 s i g n  r e f e r s  t o  p o s i t r o n  and  
e l e c t r o n  e m i t t e r s .  The c o n s t a n t  b  d e p e n d s  l i n e a r l y  o n  t h e  p r o d u c t s  
CSCV a n d  CACT w h i c h  o r i g i n a t e  f rom t h e  i n t e r f e r e n c e  o f  t h e  S  and  V 
i n t e r a c t i o n s  and  t h e  A a n d  T  i n t e r a c t i o n s .  

The f a c t  t h a t  t h e  F e r m i  p l o t  o f  a l l o w e d  t r a n s i t i o n s  i s  v e r y  w e l l  
r e p r e s e n t e d  b y  a  s t r a i g h t  l i n e  shows t h a t  b  s h o u l d  b e  n u l l  o r  a t  
l e a s t  v e r y  s m a l l .  I f  we assume b  = 0 it f o l l o w s  from i t s  e x p r e s s i o n  
t h a t  one  s h o u l d  h a v e :  

T h e s e  c o n d i t i o n s  a r e  f u l f i l l e d  i f  a l l  weak i n t e r a c t i o n s  a r e  o f  t h e  V -  
A t y p e  a s  we b e l i e v e  t o d a y  ( C S  = CT = 0). The e n e r g y  s p e c t r a  o f  b e t a -  
d e c a y  a p p e a r  t o  b e  i n  a g r e e m e n t  w i t h  t h i s  r e c i p e  b u t  t h e  p r e s e n c e  o f  
v e r y  s m a l l  c o n t r i b u t i o n s  o f  S  and  T i n t e r a c t i o n s  c a n n o t  be e x c l u d e d .  
What c a n  b e  s t a t e 6  is  t h a t  

The  f o u r t h  i d e a  t h a t  I w i l l  m e n t i o n  o n l y  v e r y  b r i e f l y ,  i s  t h e  s o  
c a l l e d  n e u t r i n o  t h e o r y  o f  l i g h t ,  f i r s t  p r o p o s e d  by  L. d e  B r o g l i e  and  
P . J o r d a n  /65/. 

Assuming t h e  n e u t r i n o  mass e x a c t l y  z e r o ,  t h i s  t h e o r y  d e s c r i b e s  
t h e  p h o t o n  a s  c o n s i s t i n g  o f  two n e u t r i n o s .  T h i s  i d e a ,  a l t h o u g h  o p e n  
t o  many c r i t i c i s m s  /66/, h a s  b e e n  t a k e n  up a g a i n  a t  l a t e r  t i m e s  b u t  
d i d  n e v e r  r e a c h  a  s a t i s f a c t o r y  f o r m u l a t i o n .  

The f i f t h  p o i n t  t h a t  I l i k e  t o  m e n t i o n  i n  t h i s  S e c t i o n  i s  
Yukawa's  s u g g e s t i o n  of  a  c o n n e c t i o n  w i t h  F e r m i ' s  t h e o r y  o f  b e t a  d e c a y  
o f  h i s  p r o p o s a l  a b o u t  t h e  e x i s t e n c e  o f  a  new f i e l d ,  t h e  quantum o f  
w h i c h  i s  a  p a r t i c l e  of i n t e r m e d i a t e  mass  which  p l a y s  t h e  r o l e  o f  
m e d i a t o r  o f  t h e  n u c l e a r  f o r c e s .  From t h e  b e g i n n i n g  o f  h i s  p a p e r  /67/ 
Yukawa r e c a l l s  t h e  u n s u c c e s s f u l  a t t e m p t s  m e n t i o n e d  a b o v e  /60/, t o  
d e r i v e  t h e  n u c l e a r  f o r c e s  f r o m  F e r m i ' s  b e t a - d e c a y  i n t e r a c t i o n ,  a n d  
n o t i c e s  t h a t  h i s  new p r o p o s a l  i s  c o m p a t i b l e  w i t h  F e r m i ' s  t h e o r y ,  
p r o v i d e d  t h e  i n t e r a c t i o n  o f  t h e  h e a v y  p a r t i c l e s  C n u c l e o n s J  w i t h  
t h i s  m e s o n i c  f i e l d  i s  much l a r g e r  t h a n  t h a t  o f  t h e  l i g h t  p a r t i -  
c l e s  C l e p t o n s ]  w i t h  it. T h i s  m a t t e r  i s  d e a l t  w i t h  i n  S e c t i o n  4 o f  
Yukawa's  p a p e r ,  w h e r e  h e  s a y s :  ". . . . . a c c o r d i n g  t o  o u r  t h e o r y ,  t h e  
quantum meson e m i t t e d  when a  h e a v y  p a r t i c l e  n u c l e o n  jumps f r o m  a  
n e u t r o n  t o  a  p r o t o n  s t a t e ,  c a n  b e  a b s o r b e d  by  a  l i g h t  p a r t i c l e  w h i c h  
w i l l  t h e n  i n  c o n s e q u e n c e  o f  e n e r g y  a b s o r p t i o n  r i s e  f r o m  a  n e u t r i n o  
s t a t e  o f  n e g a t i v e  e n e r g y  t o  a n  e l e c t r o n  s t a t e  o f  p o s i t i v e  e n e r g y .  
Thus a n  a n t i n e u t r i n o  a n d  a n  e l e c t r o n  a r e  e m i t t e d  s i m u l t a n e o u s l y  f r o m  
t h e  n u c l e u s " .  A few l i n e s  b e l o w  Yukawa a d d s :  ' O u r  t h e o r y ,  t h e r e f o r e ,  
d o e s  n o t  d i f f e r  e s s e n t i a l l y  f r o m  F e r m i ' s  t h e o r y " .  

T h i s  i s  t r u e  b e c a u s e  Yukawa f o l l o w s  v e r y  c l o s e l y  F e r m i ' s  
a p p r o a c h .  H i s  m e s o n i c  f i e l d  i s  a  f o u r v e c t o r ,  l i k e  t h a t  o f  F e r m i .  L i k e  
F e r m i  h e  r e s t r i c t s  h i s  c o n s i d e r a t i o n s  t o  t h e  i n t e r a c t i o n  b e t w e e n  lo'w- 
v e l o c i t y  n u c l e o n s ,  w h i c h  c a n  b e  t r e a t e d  i n  t h e  non r e l a t i v i s t i c  
a p p r o x i m a t i o n .  

U n d e r  t h e s e  c o n d i t i o n s  t h e  o n l y  n o n - v a n i s h i n g  component  o f  t h e  



"Yukawa f o u r p o t e n t i a l "  i s  i t s  f o u r t h  o r  t i m e  component ,  w h i c h  
somet ime i s  c o n f u s e d  w i t h  a  s c a l a r ,  b u t  c l e a r l y  h a s  d i f f e r e n t  
p r o p e r t i e s .  

I n  c o n c l u s i o n  t h e  scheme s u g g e s t e d  b y  Yukawa f o r  t h e  weak 
i n t e r a c t i o n s  is t h e  one  shown i n  F i g . 4 .  The v e r t e x  on t h e  l e f t  i s  
s t r o n g  w h i l e  t h a t  on  t h e  r i g h t  i s  s o  weak t h a t  t h e i r  p r o d u c t  
c o r r e s p o n d s  t o  t h e  F e r m i  c o u p l i n g  c o n s t a n t  g. 

F i g . 4 :  T h i s  scheme w i t h  t h e  
v e c t o r - m e s o n  Y a s  m e d i a t o r  o f  
weak i n t e r a c t i o n s  was t h a t  
s u g g e s t e d  o r i g i n a l l y  by  Yukawa 
f o r  e x p l a i n i n g  t h e  b e t a - d e c a y .  

The f i r s t  p a r t i c l e ,  i d e n t i f i e d  a s  " a  Yukawa meson" was t h e  
n-meson o r  p i o n  /68 / .  

The main  j u s t i f i c a t i o n  f o r  s u c h  a n  i d e n t i f i c a t i o n  was  t h e  
a g r e e m e n t  b e t w e e n  t h e  r a n g e  o f  t h e  n u c l e a r  f o r c e s ,  d e d u c e d  f rom t h e  
n u c l e o n - n u c l e o n  i n t e r a c t i o n  i m p l i e d  b y  a  v a r i e t y  o f  o b s e r v e d  low- 
e n e r g y  phenomena, and t h e  Compton w a v e l e n g t h  of  t h e  p i o n  

The a d e q u a c y  o f  F e r m i ' s  " c o n t a c t  i n t e r a c t i o n "  f o r  i n t e r p r e t i n g  a  
v a r i e t y  o f  weak p r o c e s s e s  e v e n  o f  e n e r g i e s  a s  h i g h  a s  a b o u t  50 GeV, 
i n d i c a t e s  t h a t  t h e  r a n g e  o f  t h e  weak f o r c e s  i s  v e r y  s m a l l  a n d ,  
t h e r e f o r e ,  t h a t  t h e  mass  o f  t h e  m e d i a t o r  o f  t h e  weak i n t e r a c t i o n  i s  
much l a r g e r  ( p e r h a p s  70-90 GeV ) . 

I n  a d d i t i o n ,  i n  t h e  e a r l y  5 0 s ,  P a n o f s k y  e t  a 1  /69 /  showed t h a t  
t h e  p i o n  i s  a  p s e u d o s c a l a r  meson (P = - 1 ) .  

T h e r e f o r e  t h e  i d e a  t h a t  t h e  same ( v e c t o r )  p a r t i c l e  c o u l d  b e  t h e  
m e d i a t o r  o f  b o t h  t h e  s t r o n g  and weak i n t e r a c t i o n  h a s  b e e n  
d e f i n i t i v e l y  a b a n d o n e d .  

The s i x t h  i d e a  i s  t h e  new t y p e  o f  n e u t r i n o  i n v e n t e d  b y  M a j o r a n a  
i n  h i s  1937 p a p e r  on  t h e  " S y m m e t r i c a l  T h e o r y  o f  E l e c t r o n  and 
P o s i t r o n "  /70/ .  

The M a j o r a n a  n e u t r i n o  i s  i d e n t i c a l  w i t h  t h e  a n t i n e u t r i n o  

The q u e s t i o n  w h e t h e r  n e u t r i n o s  o f  M a j o r a n a  t y p e  d o ,  o r  d o  n o t ,  
e x i s t  i n  n a t u r e ,  i s  o f  g r e a t  i m p o r t a n c e  a n d  c a n  b e  a n s w e r e d  b e c a u s e  
t h e  o b s e r v e d  phenomena d i f f e r  c o n s i d e r a b l y  f o r  M a j o r a n a ' s  ( V M )  o r  
D i r a c ' s  (JD n e u t r i n o s .  

An o b v i o u s  r e a s o n  i s  t h a t ,  b e c a u s e  o f  t h e  d e f i n i t i o n  ( 1 8 ) ,  we 
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c a n n o t  a t t r i b u t e  t o  t h e  M a j o r a n a  n e u t r i n o  a  l e p t o n i c  number a s  we d o  
f o r  D i r a c ' s  n e u t r i n o .  T h e r e f o r e  i n  M a j o r a n a  t h e o r y  t h e  c o n s e r v a t i o n  
o f  l e p t o n s  f a i l s ,  and  w i t h o u t  t h i s  c o n s t r a i n t  t h e  number o f  p o s s i b l e  
p r o c e s s e s  i n d u c e d  by  n e u t r i n o  becomes g r e a t e r .  

M a j o r a n a  was f u l l y  a w a r e  t h a t  f o r  n e u t r i n o s  f u l f i l l i n g  c o n d i t i o n  
( 1 8 )  F e r m i ' s  t h e o r y  o f  b e t a  d e c a y  had t o  b e  m o d i f i e d .  I n  c o n n e c t i o n  
w i t h  Wick ' s  t h e o r y  o f  b e t a  d e c a y  by  p o s i t r o n s ,  h e  p o i n t s  o u t  t h a t  
" . . . . . . . t h e  t h e o r y  ........ c a n  b e  o b v i o u s l y  m o d i f i e d  s o  t h a t  t h e  
& - e m i s s i o n ,  b o t h  p o s i t i v e  a n d  n e g a t i v e ,  i s  a l w a y s  a c c o m p a n i e d  by  t h e  
e m i s s i o n  o f  a  n e u t r i n o " .  T h i s  s e n t e n c e  c l e a r l y  means t h a t ,  i n  h i s  
a p p r o a c h ,  t h e  p r o c e s s e s  

o f  t h e  Fermi-Wick t h e o r y  s h o u l d  b e  r e p l a c e d  by  t h e  e x p r e s s i o n s  

w h i c h ,  however ,  a r e  n o t  w r i t t e n  e x p l i c i t l y  i n  h i s  p a p e r .  

About  t h r e e  months  l a t e r  G.Racah p u b l i s h e d  a  p a p e r  / 71 /  i n  which  
he  showed t h a t  t h e  p o s t u l a t e  o f  symmetry b e t w e e n  p a r t i c l e s  and 
a n t i p a r t i c l e s  g i v e s  r i s e  t o  m o d i f i c a t i o n s  o f  F e r m i ' s  t h e o r y  o f  b e t a  
d e c a y ,  and  t h a t  t h e  a d d i t i o n  o f  t h e  p o s t u l a t e  o f  i d e n t i t y  b e t w e e n  
n e u t r i n o  and a n t i n e u t r i n o  b r i n g s  d i r e c t l y  t o  M a j o r a n a  t h e o r y .  He a l s o  
n o t i c e s  t h e  d i f f e r e n t  b e h a v i o u r  b e t w e e n  zjD and YM n o t  o n l y  i n  b e t a  
d e c a y ,  a l r e a d y  d i s c u s s e d  a b o v e ,  b u t  a l s o  i n  t h e  r e a c t i o n  p r o d u c e d  by  
n e u t r i n o s .  I n  F e r m i ' s  t h e o r y  t h e  o n l y  p o s s i b l e  p r o c e s s e s  i n d u c e d  b y  
n e u t r i n o s  a r e  

where  ye i s  p r o d u c e d  o n l y  i n  t h e  d e c a y  ( 1 9 b )  a n d  Te o n l y  i n  ( 1  9 a ) .  
M a j o r a n a  n e u t r i n o s ,  on  t h e  c o n t r a r y ,  s h o u l d  p r o d u c e  i n  m a t t e r  
p o s i t i v e  a s  w e l l  a s  n e g a t i v e  e l e c t r o n s ,  

i r r e s p e c t i v e  o f  w h i c h  o f  t h e  two p r o c e s s e s  (20) i s  t h e  one  i n  w h i c h  
t h e y  a r e  e m i t t e d .  

" I f  some d a y  - n o t i c e s  Racah  - t h e  e x p e r i m e n t s  would d e m o n s t r a t e  
t h a t  s u c h  a  d i s t i n c t i o n  b e t w e e n  Yeand d o e s  n o t  e x i s t  i n  n a t u r e ,  
i . e .  t h a t  a n y  n e u t r i n o  c a n  i n d i f f e r e n t l y  p r o d u c e  e m i s s i o n  o f  
e l e c t r o n s  and p o s i t r o n s ,  it would become n e c e s s a r y . .  . . . . . t o  a p p l y  t o  
t h e  n e u t r i n o s  t h e  f o r m a l i s m  o f  M a j o r a n a " .  

A few l i n e s  be low h e  a d d s :  " . . . t h u s  one s e e s  t h a t  t h e  t h e o r y  o f  
M a j o r a n a  d o e s  n o t  h a v e  o n l y  a  f o r m a l  i n t e r e s t ,  b u t  b r i n g s  t o  p h y s i c a l  



c o n s e q u e n c e s  e s s e n t i a l l y  d i f f e r e n t  f r o m  t h o s e  of F e r m i ' s  t h e o r y " .  

I w i l l  come b a c k  i n  S e c t  7  t o  t h e  p r o b l e m  of  d o u b l e  b e t a  d e c a y ,  
t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  w h i c h  may i n  t h e  f u t u r e  p r o v i d e  a n  
a n s w e r  on  t h e  n a t u r e  o f  t h e  ye: i t s  p r o p e r t i e s  a r e  t h o s e  of a  'yD o r  
a  V,? 

The s e v e n t h  a n d  l a s t  i d e a  t h a t  s h o u l d  b e  r e c a l l e d  i n  t h i s  
s e c t i o n  i s  c o n t a i n e d  i n  a  p a p e r  p r e s e n t e d  by O s c a r  K l e i n  / 7 2 /  t o  a n  
i n t e r n a t i o n a l  c o n f e r e n c e  h e l d  i n  Warsaw i n  1938.  

F o l l o w i n g  t h e  e x a m p l e  o f  Yukawa, K l e i n  s u g g e s t s  t h e  e x i s t e n c e  o f  
a  new f i e l d  Bk w h i c h  m e d i a t e s  t h e  i n t e r a c t i o n  r e s p o n s i b l e  of  b e t a -  
d e c a y .  A s  a  n a t u r a l  g e n e r a l i z a t i o n  o f  c u r r e n t  t h e o r i e s  h e  o b t a i n s  
e q u a t i o n s  o f  t h e  t y p e  o f  t h a t  o f  D i r a c ,  b u t  w i t h  t e r m s ,  i n  a d d i t i o n  
t o  t h o s e  c o n t a i n i n g  t h e  e l e c t r o m a g n e t i c  f i e l d  A k ,  c o n t a i n i n g  a  new 
f i e l d  Bk w h i c h  d e s c r i b e s  t h e  a c t i o n  of  c h a r g e d  f i e l d s  on  s p i n o r i a l  
p a r t i c l e s .  H e  t h u s  i n t r o d u c e s  a n  i s o s p i n  d o u b l e t  ( p r o t o n - n e u t r o n )  o f  
L a g r a n g i a n  Lo ,  r e q u i r e s  l o c a l  g a u g e  i n v a r i a n c e  a n d  g e t s  c h a r g e d  and 
n e u t r a l  f i e l d s  w i t h  s e l f - i n t e r a c t i o n s .  Towards  t h e  end o f  t h e  p a p e r  
h e  a d d s  t h e  r e m a r k :  " I t  s h o u l d  b e  k e p t  i n  mind t h a t  t h e  L a g r a n g i a n  L O  

may b e  r e l a t e d  t o  t h e  n e u t r o n - p r o t o n  p a i r s  a s  w e l l  a s  t o  t h e  
n e u t r i n o - e l e c t r o n  p a i r .  T h e r e f o r e ,  i n  ( 3 3 )  /73/ L O  would  h a v e  t o  b e  
t h e  sum o f  t w o  d i f f e r e n t  L O ,  one  c o n c e r n i n g  t h e  h e a v y  p a r t i c l e s ,  t h e  
o t h e r  t h e  l i g h t  s p i n o r i a l  p a r t i c l e s ,  e a c h ,  w i t h  i t s  a p p r o p r i a t e  9 . 
T h i s  i s  a  q u i t e  o b v i o u s  d e t a i l  t h a t  we h a v e  o m i t t e d  f o r  b r e v i t y .  B u t  
it i s  w o r t h w h i l e  t o  n o t i c e  t h a t  t h e  c o m p l e t e  L a g r a n g i a n  w i l l  i m p l y  a n  
i n t e r a c t i o n  o f  h e a v y  and l i g h t  s p i n o r  p a r t i c l e s  n o t  o n l y  t h r o u g h  
e l e c t r o m a g n e t i c  f i e l d  a s  m e d i a t o r ,  b u t  a l s o  t h r o u g h  t h e  B - f i e l d ,  a n  
i n t e r a c t i o n  which w i l l  e n t a i l  t h e  o c c u r r e n c e  o f  / 3 - p r o c e s s e s ,  t h e  
p r o b a b i l i t y  o f  w h i c h  may b e  c a l c u l a t e d  on t h e  b a s i s  o f  t h e  t h e o r y  
d e v e l o p e d  i n  t h i s  r e p o r t " .  

T h i s  i s  a n  e x t r a o r d i n a r y  a n t i c i p a t i o n  o f  t h e  e x i s t e n c e  o f  
i n t e r m e d i a t e  b o s o n s  p r o p o s e d  many y e a r s  l a t e r  a s  m e d i a t o r s  o f  weak 
i n t e r a c t i o n s  /74/ .  

6. Cosmic r a y s ,  a r t i f i c i a l l y  p r o d u c e d  p a r t i c l e s  a n d  p r o c e s s e s  
i n i t i a t e d  by n u c l e a r  r e a c t o r ' s  n e u t r i n o s  becomes t h e  main l i n e s  
o f  a t t a c k  t o  weak i n t e r a c t i o n s .  - I am now a r r i v e d  t o  t h e  p e r i o d  

1941-59 i n d i c a t e d  i n  P o n t e c o r v o ' s  p a p e r  a s  "The t h i r d  p e r i o d  (1941- 
1 9 5 9 ) :  t h e  y o u t h  o f  n e u t r i n o  p h y s i c s " .  I n  t h i s  p e r i o d  t h e  more 
s i g n i f i c a n t  r e s u l t s  o r i g i n a t e  f r o m  t h e  i n v e s t i g a t i o n  o f  c o s m i c  r a y s ,  
a n d  h a v e  b e e n  a l r e a d y  r e v i e w e d  by  P e y r o u .  O t h e r  i m p o r t a n t  r e s u l t s  
w e r e  d e r i v e d  f rom t h e  s t u d y  o f  t h e  d e c a y  o f  p a r t i c l e s  s u c h  a s  t h e  
muon, t h e x m e s o n ,  a n d  t h e  s t r a n g e  p a r t i c l e s  p r o d u c e d  a t  low e n e r g i e s  
by  means of  a c c e l e r a t o r s ;  s t i l l  o t h e r s  f rom a  c o m p a r i s o n  o f  t h e s e  new 
d e c a y s  among t h e m s e l v e s  a n d / o r  w i t h  t h e  IS - d e c a y  p r o c e s s .  

S i n c e  1956 t h e  n e u t r i n o s  e m i t t e d  i n  b e t a - d e c a y  p r o c e s s e s  t a k i n g  
p l a c e  i n s i d e  f i s s i o n  n u c l e a r  r e a c t o r s ,  s t a r t  t o  b e  a  new way t o  t h e  
s t u d y  of  n e u t r i n o s  and weak i n t e r a c t i o n s  w h i c h  h a s  b e e n  r e v i e w e d  t h i s  
m o r n i n g  by  R e i n e s .  The  h i s t o r y  o f  s t r a n g e n e s s  w i l l  b e  r e p o r t e d  
tomorrow by  M u r r a y  Gell-Mann.  

From c o s m i c  r a y  work it was s u g g e s t e d  t h a t  t h e  n e u t r a l  p a r t i c l e s  
p r o d u c e d  i n  t h e  d e c a y  o f  t h e  p i o n  (K-+W+ 1 )  c o u l d  b e  d i f f e r e n t  f r o m  
t h e  n e u t r i n o  e m i t t e d  i n  b e t a  d e c a y  /75 / ,  a n d  much work was c a r r i e d  
o u t  i n  1947-48 f o r  e s t a b l i s h i n g  t h e  t h r e e - b o d y  d e c a y  o f  t h e  muon /76 /  
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and  f o r  r e c o g n i z i n g  t h a t  it t a k e s  p l a c e  a c c o r d i n g  t o  a  scheme v e r y  
s i m i l a r  t o  t h a t  o f  b e t a  d e c a y  /77 / .  The f u l l  t h e o r y  o f  t h e  l a s t  
p r o c e s s  was d e v e l o p e d  by  M i c h e l  i n  1949  /78/ .  

F o r  what  c o n c e r n s  t h e  b e t a - d e c a y  way t o  weak i n t e r a c t i o n s  I w i l l  
r e m i n d  t h a t  i n  t h e  y e a r s  1949-1951 t h e  b e t a - d e c a y  o f  t h e  f r e e  n e u t r o n  
was o b s e r v e d  /79/  

I t  t a k e s  p l a c e  a c c o r d i n g  t o  t h e  f u n d a m e n t a l  p r o c e s s  h y p o t i z e d  b y  
Fermi .  The i n s t a b i l i t y  o f  t h e  n e u t r o n  was  e x p e c t e d  s i n c e  1 9 3 4 ,  when 
t h e  mass  of  t h e  n e u t r o n  was p r o v e d  t o  b e  s l i g h t l y  l a r g e r  t h a n  t h a t  o f  
t h e  h y d r o g e n  a tom /44/ .  The d e c a y  ( 2 3 )  i s  a  m i x t u r e  o f  F e r m i  a n d  
Gamow-Teller  t r a n s i t i o n s  ( A 1  = 0 ,  AX= 0 ,  I = 1 / 2 ) .  

Today v a l u e  o f  t h e  h a l f  l i f e  o f  t h e  n e u t r o n  i s  

Tl I2  = ( 9 1 7  + 1 4 )  s e c .  

I n  t h e  p e r i o d  1947-49 s e v e r a l  a u t h o r s  s u g g e s t e d  t h e  p o s s i b i l i t y  
( a l r e a d y  m e n t i o n e d  a b o v e )  o f  a  u n i v e r s a l  weak i n t e r a c t i o n  among t h e  
t h r e e  p a i r s  o f  p a r t i c l e s  

i n  o r d e r  t o  a c c o u n t  f o r  t h e  weak d e c a y s  of n u c l e o n ,  muon and  p i o n  ( o r  
e q u i v a l e n t l y  t h e  weak a b s o r p t i o n  p r o c e s s  (LC- + p  + n  + $ 1  /21/ .  The 
r e l a t i o n s h i p s  b e t w e e n  t h e s e  t h r e e  p r o c e s s e s  a p p e a r  p a r t i c u l a r l y  
e v i d e n t  f rom t h e  P u p p i  t r i a n g l e  ( F i g .  5 ) .  A s  I s a i d  a b o v e  t h i s  l a w  
s t a t e s  t h a t  t h e  c o u p l i n g  c o n s t a n t  h a s  t h e  same v a l u e  f o r  a l l  
p r o c e s s e s  due  t o  weak i n t e r a c t i o n s  ( g l  = g2 = g3 i n  F i g .  5 ) .  

F i g . 5 :  The " P u p p i  t r i a n g l e " ,  
u s e d  and amply  d i s c u s s e d  b y  
P u p p i  f o r  a r r i v i n g  t o  s u g g e s t  
t h e  u n i v e r s a l i t y  o f  weak i n -  
t e r a c t i o n s ,  was n o t  p r e s e n t e d  
by  him i n  t h i s  g r a p h i c a l  f o r m .  
T h i s  p r e s e n t a t i o n  was u s e d  b y  
o t h e r  a u t h o r s  o f  h i s  a s  w e l l  
a s  o f  l a t e r  t i m e s ,  b e c a u s e  o f  
i t s  e l e g a n c e  and c l a r i t y .  

Much work was r e q u i r e d  f o r  c o n s o l i d a t i n g  t h i s  c o n c e p t i o n  a n d ,  
l a t e r ,  f o r  e x t e n d i n g  i t  t o  h y p e r o n  i n s t a b i l i t y  /80 /  and  t o  
s e m i l e p t o n i c  d e c a y s  w i t h o u t  and  w i t h  c h a n g e  o f  s t r a n g e n e s s  /81 / .  

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



t h e  @-% p u z z l e  a n d  t o  i t s  s o l u t i o n  by  L e e  a n d  Yang / 3 8 / .  T h e s e  
a u t h o r s ,  i n  1956 ,  r e c o g n i z e d  t h a t  e v e r y t h i n g  g o e s  i n  o r d e r  i f  we a r e  
r e a d y  t o  a c c e p t  t h a t  p a r i t y  i s  v i o l a t e d  by  weak i n t e r a c t i o n s .  

T h i s  s t a t e m e n t  i m p l i e s  t h e  p r e s e n c e  i n  t h e  H a m i l t o n i a n  d e n s i t y  
o f  a  p s e u d o s c a l a r  p a r t  i n  a d d i t i o n  t o  t h e  w e l l  known s c a l a r  p a r t  
s u g g e s t e d  10 y e a r s  b e f o r e  by  Gamow and  T e l l e r .  The a p p r o p r i a t e  
p s e u d o s c a l a r  e x p r e s s i o n  i s  o b t a i n e d  b y  r e p l a c i n g  t h e  l i g h t  p a r t i c l e  
f a c t o r  ( Teoid-$) a p p e a r i n g  i n  e a c h  t e r m  o f  ( 1 2 )  b y  t h e  f a c t o r  
( O i  (L5 V,,), w h e r e  r5 = dl r2 d3 f4, h a s  t h e  p r o p e r t y  (3/5)2 
= + P .  

T h u s ,  t h e  more g e n e r a l  e x p r e s s i o n  f o r  t h e  H a m i l t o n i a n  d e n s i t y  
becomes 

. 
Sometime t h e  c o e f f i c i e n t s  C a r e  c a l l e d  " p a r i t y  non c o n s e r v i n g  
c o u p l i n g  c o n s t a n t s " ,  a l t h o u g h  % h e  p a r i t y  non c o n s e r v a t i o n  o r i g i n a t e s  
o n l y  f rom t h e  c o e s i s t e n c e  o f  t h e  s c a l a r  and  p s e u d o s c a l a r  p a r t - s  of  
(25) (Ci and  C :  # 0 ) .  

I n  t h e  same p a p e r  L e e  a n d  Yang s u g g e s t e d  a  number o f  e x p e r i m e n t s  
a i m i n g  t o  t e s t  t h i s  p r o p o s a l ,  some o f  which  c o n c e r n  t h e  b e t a  d e c a y  o f  
n u c l e i ,  o t h e r s  t h e  d e c a y  o f  t h e  p i o n  a n d  t h e  meson.  They a r e  a l l  
b a s e d  on  t h e  s e a r c h  f o r  a  c o r r e l a t i o n  b e t w e e n  t h e  s p i n - d i r e c t i o n  o f  a 
p a r t i c l e  w i t h  t h e  d i r e c t i o n  o f  t h e  momentum o f  t h e  same o r  o t h e r  
d e c a y  p a r t i c l e .  

A number o f  i m p o r t a n t  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  b y  v a r i o u s  
a u t h o r s  i m m e d i a t e l y  a f t e r  t h e  p u b l i c a t i o n  o f  L e e  and  Yang p a p e r .  

The e x p e r i m e n t s  of  C.S.Wu e t  a 1  /82 /  w e r e  t h e  f i r s t  t o  a l l o w  t h e  
d e t e r m i n a t i o n  of t h e  asymmetry  o f  t h e  d e c a y  e l e c t r o n  e m i t t e d  f r o m  
p o l a r i z e d  n u ~ l e i ~ ~ c o ~ ~ .  The  asymmetry  l o o k e d  f o r ,  a n d  a c t u a l l y  
o b s e r v e d ,  c o n c e r n s  t h e  a n g l e  b e t w e e n  s p i n  I o f  t h e  i n i t i a l  n u c l e u s  
a n d  t h e  momentum Te o f  t h e  d e c a y  e l e c t r o n .  S h o r t l y  l a t e r  F r u a e n f e l d e r  
e t  a 1  /83/ m e a s u r e d  t h e  l o g i t u d i n a l  p o l a r i z a t i o n  o f  t h e  e l e c t r o n s  
e m i t t e d  i n  t h e  same d e c a y  p r o c e s s .  The p o l a r i z a t i o n  was f o u n d  t o  b e  
n e g a t i v e  a n d ,  w i t h i n  a  m o d e r a t e  e r r o r ,  e q u a l  t o  v / c .  

Almos t  a t  t h e  same t i m e  o f  t h e  f i r s t  e x p e r i m e n t  o f  Wu e t  a 1  /82/  
t w o  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  f o r  e s t a b l i s h i n g  t h e  p o s s i b l e  
e x i s t e n c e  o f  a n  e l e c t r o n  asymmetry  i n  t h e R - t & +  e s e q u e n c e  o f  weak 
d e c a y s .  H e r e  t h e  s p i n - d i r e c t i o n  i s  t h a t  o f  t h e  muon, t h e  momentum 
t h a t  o f  i t s  d e c a y  e l e c t r o n  a n d  t h e  asymmetry  h a s  t o  d o  w i t h  t h e  a n g l e  
b e t w e e n  t h e s e  t w o  d i r e c t i o n s .  One o f  t h e s e  t w o  e x p e r i m e n t s  was 
c a r r i e d  o u t  w i t h  e l e c t r o n i c  t e c h n i q u e s  / 8 4 / ,  t h e  o t h e r s  w i t h  n u c l e a r  
e m u l s i o n s  /85 / .  

A l l  t h e s e  e x p e r i m e n t s  p r o v i d e d  s t r i k i n r  e v i d e n c e  f o r  a  c o m p l e t e  
b reakdown o f  p a r i t y  a s  w e l l  a s  o f  c h a r g e  c o n j u g a t i o n  i n v a r i a n c e .  B u t  
c o m p l e t e  b reakdown o f  p a r i t y  means maximum p a r i t y  v i o l a t i o n ,  a n d ,  
t h g r e f o r e ,  i m p l i e s  e ' j s ?  Ci i n  t h e  H a m i l t o n i a n  ( 2 5 ) .  I f  we assume 

Ci  = -+ C i ,  t h e  two t e r m s  a p p e a r i n g  i n  s q u a r e  b r a c k e t s  o f  t h i s  
e x p r e s s i o n  c a n  b e  cpmbincd  i n  t w o  a l t e r n a t i v e  f o r m s  a c c o r d i n g  t o  t h e  
s i g n  a d o p t e d  f o r  C i  : 
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I f  n e u t r i n o s  a r e  m a s s l e s s ,  t h e  o p e r a t o r s  ( 1  f Y 5 ) / 2  a c t  a s  
p r o j e c t o r s  f o r  h e l i c i t y ,  i . e .  t h e  component  o f  s p i n  a l o n g  i t s  
d i r e c t i o n  of m o t i o n  

3 4 

( 2 7 )  

The m a t h e m a t i c a l  r e s u l t  i s  t h a t  w i t h  t h e  p o s i t i v e  s i g n ,  t h e  
H a m i l t o n i a n  t e r m  ( 2 6 )  c o n t a i n s  t h e  n e u t r i n o  wave f u n c t i o n  

w h i c h  d e s c r i b e s  a  l e f t - h a n d e d  ( m a s s l e s s )  n e u t r i n o  w i t h  h e l i c i t y & ( @ )  
= -1 .  I n  t h e  c a s e  o f  t h e  n e g a t i v e  s i g n ,  t h e  same e x p r e s s i o n  ( 2 6 )  
c o n t a i n s  t h e  n e u t r i n o  wave f u n c t i o n  

w h i c h  d e s c r i b e s  a  r i g h t - h a n d e d  ( m a s s l e s s )  n e u t r i n o  o f  h e l i c i t y  fi( Y )  
= + l .  I n  b o t h  c a s e s  t h e  h e l i c i t y  o f  t h e  a n t i n e u t r i n o  i s  o p p o s i t e  t o  
t h a t  o f  t h e  n e u t r i n o .  

A common f e a t u r e  o f  a l l  t h e  e x p e r i m e n t s  d e s c r i b e d  a b o v e  was t h e  
e m i s s i o n  o f  a  n e u t r i n o  w h i c h ,  i n  t h o s e  y e a r s ,  was c u r r e n t l y  ( a n d  
p e r h a p s  a  b i t  a c r i t i c a l l y )  a c c e p t e d  t o  be  m a s s l e s s .  T h i s  p h y s i c a l  
h y p o t h e s i s ,  t o g e t h e r  w i t h  t h e  f o r m a l  s u g g e s t i v e  a l t e r n a t i v e  s o l u t i o n s  
( 2 8 ) ,  p r o m p t e d  s e v e r a l  a u t h o r s  /86/ t o  p r o p o s e  i n  1957  t h a t  t h e  
n e u t r i n o  i s  d e s c r i b e d  b y  t h e  2-component Weyl e q u a t i o n  / 8 7 / ,  r a t h e r  
t h a n  t h e  4-component  D i r a c  e q u a t i o n .  T h i s  2-component  t h e o r y  r e f e r s  
t o  n e u t r i n o s  o f  z e r o  ( p h y s i c a l )  mass.  C o u p l e d  w i t h  l e p t o n  
c o n s e r v a t i o n ,  it e x p l a i n s  a u t o m a t i c a l l y  t h e  non c o n s e r v a t i o n  o f  
p a r i t y  and  c h a r g e  c o n j u g a t i o n  i n v a r i a n c e .  

The 2-component  t h e o r y  o f  t h e  n e u t r i n o s  c a n n o t  d e c i d e ,  h o w e v e r ,  
w h e t h e r  t h e  n e u t r i n o  i s  l e f t - h a n d e n d  o r  r i g h t - h a n d e d  and  none  o f  t h e  
e x p e r i m e n t s  c a r r i e d  o u t  i n  1956-57 c o u l d  f i x  t h e  h e l i c i t y  o f  -V, 
( o r  YF 1 .  F u r t h e r m o r e  it c a n n o t  b e  h e l d  r e s p o n s i b l e  f o r  t h e  n e a r l y  
maximum p a r i t y  v i o l a t i o n  i n  n o n - l e p t o n i c  weak i n t e r a c t i o n  p r o c e s s e s  
l i k e  t h e  d e c a y  of  t h e  h h y p e r o n  

The s i t u a t i o n  b y  t h e  m i d d l e  o f  1957  was r a t h e r  c o m p l i c a t e d  /88 / .  
One c o u l d  e x p l a i n  t h e  b a c k w a r d  e l e c t r o n  asymmetry  b y  muon d e c a y  wi'th 
e i t h e r  h e l i c i t y  o f  t h e  n e u t r i n o  a n d  t h e  e x p e r i m e n t s  on n u c l e a r  b e t a  
d e c a y  c o u l d  b e  e x p l a i n e d  by  means of  a  ST c o m b i n a t i o n  i f  *(Ye) = +1 
o r ,  e q u a l l y  w e l l ,  b y  a  V A  c o m b i n a t i o n  i f  % ( v e )  = -1. - 

Two e l e c t r o n - n e u t r i n o  c o r r e l a t i o n  e x p e r i m e n t s  f a v o u r e d  
c o n t  a d i c g o r y  i n t e r p r e t a t i o n s .  The f i r s t  o n e ,  c a r r i e d  o u t  w i t h  t; 

2 ~ e  - j L i  + e'+ 7 /89 / ,  f a v o u r e d  t h e  ST p o s s i b i l i t y ,  w h i l e  
a n o t h e r  e x p e r i m e n t  wigh t e n d e d  t o  f a v o u r  t h e  V A  c o m b i n a t i o n  / g o / .  

I n  t h e  summer 1957 Marshak  and  S u d a r s h a n  / 91 /  p r o p o s e d  a  new 
p r i n c i p l e ,  c a l l e d  " c h i r a l i t y  i n v a r i a n c e "  which  l e d  t o  a  v e r y  s p e c i f i c  
c o m b i n a t i o n  o f  V and  A  f o u r - f e r m i o n  i n t e r a c t i o n ,  namely  t h e  V - A  
c o m b i n a t i o n .  

They  a r g u e d  t h a t  t h e  " u n i v e r s a l  weak i n t e r a c t i o n "  w h i l e  n o t  
p r e s e r v i n g  p a r i t y  p r e s e r v e s  " c h i r a l i t y "  and  t h e  maximum v i o l a t i o n  o f  



p a r i t y  i s  b r o u g h t  a b o u t  b y  t h e  r e q u i r e m e n t  of c h i r a l i t y  i n v a r i a n c e  
/92 / .  

They  g a v e  a l s o  a  s o u n d  f o o t i n g  t o  t h i s  c o n c l u s i o n  by  a  d e t a i l e d  
a n a l y s i s  o f  t h e  r e s u l t s  o f  t h e  m a j o r i t y  of  t h e  e x p e r i m e n t s  t h e n  
a v a i l a b l e .  A few o t h e r  e x p e r i m e n t s  had  t o  b e  wrong ,  a s  i t  was 
d i r e c t l y  shown s h o r t l y  l a t e r .  

The same c o n c l u s i o n  was d e d u c e d  by  Feynmann a n d  Gell-Mann 
f o l l o w i n g  a  d i f f e r e n t  l i n e  o f  t h o u g h t  / 9 3 / ,  and some t i m e  l a t e r  b y  
S a k u r a i  /94/  who i n v o k e d  a  d i f f e r e n t  p r i n c i p l e  shown, s t i l l  l a t e r ,  t o  
b e  e q u i v a l e n t  t o  c h i r a l i t y  i n v a r i a n c e .  

I s h o u l d  a l s o  r e c a l l  t h a t  Bruno  T o u s c h e k ,  a l r e a d y  a  few months  
b e f o r e  a l l  t h e s e  a u t h o r s ,  had  shown t h a t  t h e  c o n s e r v a t i o n  o f  l e p t o n i c  
number i n  p r e s e n c e  o f  p a r i t y  non c o n s e r v a t i o n  i s  c o m p a t i b l e  o n l y  w i t h  
t h e  V - A  t h e o r y  /95/ .  H i s  d e r i v a t i o n  i s  l e s s  g e n e r a l  and b a s e d  on a  
r a t h e r  l i m i t e d  s e t  o f  e x p e r i m e n t s ,  examined  l e s s  p r o f o u n d l y  t h a n  i n  
t h e  p a p e r s  by  Feynmann and  Gell-Mann and by  Marshak  and S u d a r s h a n .  
The  c o n c l u s i o n ,  h o w e v e r ,  i s  c l e a r l y  t h e r e .  

The (V-A) H a m i l t o n i a n  h a s  t h e  fo rm 

i d e n t i c a l  t o  t h e  o r i g i n a l  e x p r e s s i o n  o f  F e r m i  e x c e p t  f o r  t h e  p r e s e n c e  
o f  t h e  f a c t o r  ( 1  + Y 5 ) .  

A m e a s u r e m e n t  o f  t h e  h e l i c i t y  o f  t h e  n e u t r i n o ,  Ye, c a r r i e d  o u t  
i n  1958  by M.Goldhaber  e t  a 1  /96/ i n  t h e  c a s e  o f  K - c a p t u r e  by  E U " ~  
i n t o  a n  e x c i t e d  s t a t e  o f  s m l S 2  (I  = 1 ) ,  e s t a b l i s h e d  t h a t  t h e  h e l i c i t y  
o f  t h e  n e u t r i n o  i s  

a n d  t h u s  c o n f i r m e d  t h e  (V-A) p r e d i c t i o n .  

I n  t h e  same y e a r  e x p e r i m e n t s  a i m i n g  t o  d e t e r m i n e  t h e  r a t i o  CA/CV 
a n d  i t s  s i g n  by o b s e r v i n g  t h e  i n t e r f e r e n c e  t e r m  b e t w e e n  V -  and A- 
i n t e r a c t i o n  i n  mixed t r a n s i t i o n s ,  w e r e  c a r r i e d  o u t  by  two g r o u p s  /97/  
/98/ .  Of t h e  v a r i o u s  k i n d s  o f  b e t a  d e c a y  t h e  s i m p l e s t  one  i s  t h e  
d e c a y  o f  t h e  n e u t r o n ,  w i t h  p o l a r i z e d  n e u t r o n s ,  s i n c e  it i n v o l v e s  a  
t r a n s i t i o n  b e t w e e n  t w o  n u c l e o n s  and i t s  m a t r i x  e l e m e n t  c a n  b e  
c a l c u l a t e d  e x a c t l y .  Combin ing  t h e  r e s u l t s  o f  t h e  t w o  e x p e r i m e n t s  o n e  
o b t a i n s  

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

The d e p a r t u r e  o f  A f r o m  1 o r i g i n a t e s  f rom t h e  e f f e c t s  of 
r e d i s t r i b u t i o n  o f  t h e  "weak c h a r g e "  o f  t h e  n u c l e o n  a r i s i n g  f r o m  t h e  
s t r o n g  i n t e r a c t i o n s :  t h e  n u c l e o n  p o s s e s  a n  a x i a l - v e c t o r  fo rm f a c t o r .  
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B e f o r e  c l o s i n g  t h i s  s e c t i o n  it a p p e a r s  i n  o r d e r  t o  a s k  f r o m  a n  
h i s t o r i c a l  p o i n t  o f  v i e w  why t h e  v i o l a t i o n  o f  p a r i t y  i n  b e t a - d e c a y  
h a d  n o t  b e e n  l o o k e d  f o r  a n d  d i s c o v e r e d  l o n g  t i m e  b e f o r e .  A c t u a l l y  
a l r e a d y  i n  1928  a n d  1930 / 9 9 / ,  a  few e x p e r i m e n t  had p r o v i d e d  e v i d e n c e  
f o r  a  l o n g i t u d i n a l  p o l a r i z a t i o n  o f  t h e  e l e c t r o n s  e m i t t e d  i n  b e t a  
d e c a y .  T h e s e  p a p e r s  h a v e  b e e n  amply  d i s c u s s e d  i n  r e c e n t  y e a r s  / l o o /  
a n d  t h e  c o n c l u s i o n  h a s  b e e n  r e a c h e d  t h a t  t h e  r e l a t i o n  o f  t h e s e  
r e s u l t s  t o  t h e  c o n s e r v a t i o n  o f  p a r i t y  was n o t  r e c o g n i z e d  o r  
u n d e r s t o o d  by  a n y  c o n t e m p o r a r y  p h y s i c i s t s ,  i n c l u d i n g  t h e  a u t h o r s  
t h e m s e l v e s .  

A t  t h a t  t i m e  nobody was p s y c h o l o g i c a l l y  a n d  c u l t u r a l l y  r e a d y  t o  
a c c e p t  p a r i t y  non c o n s e r v a t i o n .  Twenty  n i n e y e a r s  l a t e r ,  t h e  need  f o r  
a  s o l u t i o n  o f  t h e  s t r i k i n g  $- 2 p u z z l e ,  b r o u g h t  t o  a  new c o n c e p t u a l  
f r a m e  and  t h i s  c o u l d  b e  t e s t e d  w i t h  s a t i s f a c t o r y  a c c u r a c y  d u e  t o  t h e  
e x t r a o r d i n a r y  p r o g r e s s  u n d e r g o n e  i n  t h e  meant ime  b y  t h e  e x p e r i m e n t a l  
t e c h n i q u e s .  

7 .  D o u b l e  b e t a  d e c a y .  - The d o u b l e  b e t a  d e c a y  c a n  t a k e  p l a c e  i n  t h e  
c a s e  o f  t h r e e  i s o b a r i c  n u c l i d e s  

( A , Z )  ( A , Z  T 1 )  ( A , Z  T 2 )  

w i t h  t h e  i n t e r m e d i a t e  one  o f  mass h i g h e r  t h a n  t h e  two o t h e r s .  Such  a  
s i t u a t i o n  c a n  o c c u r  f o r  even-Z a n d  even-A ( a n d  t h e r e f o r e  even-N) 
n u c l i d e s .  Then t h e  d i r e c t  d e c a y  o f  o n e  o f  t h e  two e v e n - e v e n  i s o b a r s  
i n t o  t h e  o t h e r  v i a  t h e  i n t e r m e d i a t e  odd-odd n u c l i d e  i s  e n e r g e t i c a l l y  
f o r b i d d e n ,  and t h e  p r o c e s s  o f  d o u b l e  b e t a  d e c a y  c a n  o c c u r .  Two 
d i f f e r e n t  c h a n n e l s  a r e  p o s s i b l e i  

(A, Z )  - (A, ~ f ; )  + 2e7+2 

(A, Z )  - ( A ,  z':) + 2eT ( 3 2 1  

The f i r s t  was c o n s i d e r e d  f o r  t h e  f i r s t  t i m e  by  M a r i a  Goepper t -Mayer  
i n  1934 /101/  i n  t h e  f r a m e  of  F e r m i ' s  t h e o r y  o f  b e t a  d e c a y .  I t  
c l e a r l y  t a k e s  p l a c e  w i t h  c o n s e r v a t i o n  o f  t h e  l e p t o n  number.  The 
s e c o n d  c h a n n e l  i m p l i e s  l e p t o n  non c o n s e r v a t i o n  and  becomes  p o s s i b l e  
w i t h  M a j o r a n a  n e u t r i n o s .  The v i r t u a l  YM e m i t t e d  i n  a s s o c i a t i o n  w i t h  
t h e  f i r s t  e l e c t r o n  i s  a b s o r b e d  when t h e  s e c o n d  e l e c t r o n  i s  e m i t t e d  
( F i g .  5 ) .  

F i g . 6 :  D o u b l e  b e t a - d e c a y .  ( a )  
A c c o r d i n g  t o  F e r m i ' s  t h e o r y ;  
( b )  a c c o r d i n g  t o  M a j o r a n a ' s  
t h e o r y .  

When p a r i t y  non c o n s e r v a t i o n  h a d  n o t  y e t  b e e n  d i s c o v e r e d ,  
M a j o r a n a  p r o c e s s  ( 3 2 )  was e x p e c t e d  t o  b e  s t r o n g l y  e n h a n c e d  w i t h  
r e s p e c t  t o  F e r m i ' s  p r o c e s s  ( 3 1 )  by t h e  much l a r g e r  a v a i l a b l e  p h a s e  
s p a c e .  F u r t h e r m o r e  s i n c e  i n  ( 3 2 )  t h e r e  a r e  no n e u t r i n o s  t o  c a r r y  o f f  



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

I n  t h o s e  o l d  t i m e s  e i t h e r  t h e  n e u t r i n o  was a  D i r a c  p a r t i c l e  and 
d o u b l e  b e t a  d e c a y  c o u l d  o c c u r  o n l y  i n  c h a n n e l  ( 3 1  ) ,  o r  t h e  n e u t r i n o  
was a  M a j o r a n a  p a r t i c l e  and  t h e  p r o c e s s  would t a k e  p l a c e  i n  c h a n n e l  
( 3 2 ) .  

The t h e o r y  o f  d o u b l e  b e t a  d e c a y  w a s  i n v e s t i g a t e d  by  a  number of  
a u t h o r s  102/  /103/ .  I n  t h e  n e u t r i n o l e s s  p r o c e s s  a  l i f e t i m e  o f  t h e  
o r d e r  t o  l o q 6  y e a r s  would b e  e x p e c t e d  f o r  t y p i c a l  n u c l e i ,  w h i c h  
i s  a b o u t  l o 5  t i m e s  s h o r t e r  t h a n  f o r  t h e  two n e u t r i n o  d o u b l e  b e t a  
d e c a y .  

W i t h  t h e  d i s c o v e r y  o f  maximum p a r i t y  v i o l a t i o n  i n  b e t a  d e c a y  it 
became c l e a r  t h a t ,  i r r e s p e c t i v e  o f  t h e  n a t u r e  o f  t h e  n e u t r i n o  ( y D  
o r  Y M ) ,  t h e  a m p l i t u d e  o f  t h e  n e u t r i n o l e s s  d e c a y  would  b e  s t r o n g l y  
i n h i b i t e d  by  t h e  p e r f e c t  o r  n e a r  p e r f e c t  h e l i c i t y  w i t h  w h i c h  t h e  
n e u t r i n o  f i e l d  a p p e a r s  i n  t h e  v i r t u a l  p r o c e s s e s  o f  e m i s s i o n  and  ab- 
s o r p t i o n  o f  F i g .  5b. C o n s e q u e n t l y  a l l  d o u b l e  b e t a  d e c a y  p r o c e s s e s  a r e  
l i k e l y  t o  p r o c e e d  a t  t h e  more s l o w e r  r a t e  t y p i c a l  o f  t h e  two n e u t r i n o  
p r o c e s s e s  ( 3 1 )  and it i s  now much more d i f f i c u l t  t o  d e t e r m i n e  w h e t h e r  
o r  n o t  t h e  n o - n e u t r i n o  p r o c e s s  o f  Eq ( 3 2 )  r e a l l y  d o e s  o c c u r .  The 
s i g n a t u r e  o f  t h e s e  p r o c e s s e s  s h o u l d  b e  l o o k e d  f o r  i n  t h e  s p e c t r u m  of 
t h e  e m i t t e d  e l e c t r o n s .  

Which o f  t h e  two p r o c e s s e s  ( 3 1 )  ( 3 2 )  r e a l l y  t a k e s  p l a c e  i n  
n a t u r e ,  was a  p r o b l e m  u n s o l v e d  i n  1960 ,  and i s  s t i l l  u n s o l v e d  t o d a y .  
T o g e t h e r  w i t h  t h e  p r o b l e m  o f  t h e  mass o f  t h e  v a r i o u s  n e u t r i n o s  known 
t o d a y ,  it r e m a i n s  a s  o n e  o f  t h e  m o s t  e x c i t i n g  theme o f  r e s e a r c h  f o r  
t h e  f u t u r e .  
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/18 /  F o r  d e r i v i n g  t h i s  v a l u e  F e r m i  a d o p t s  f t  = 1  h o u r  = 3600 s e c ,  
i . e .  a  v a l u e  v e r y  c l o s e  t o  t h e  c o r r e c t  one:  s e e  Ref / 1 9 / .  

/19 /  The s u p e r a l l o w e d  ( l o g  f t , <  4 )  t r a n s i t i o n  

8 ~ 1 4 , C  7 ~ 1 4  + e +  + V  

t a k e s  p l a c e  f r o m  t h e  s t a t q 4 0 +  o f  t h e  e v e n - e v e n  n u c l e u s  0 1 4  t o  
t h e  a n a l o g o u s  s t a t e  of  7 N g  w h i c h ,  t o g e t h e r  w i t h  c 1 4 ,  a r e  t h e  
members (T, = +l, 0 ,  - 1 )  o f  t h e  i s o s p i n  t r i p l e t  T = 1; " f t "  = 
3066  s e c .  

/20 /  C.S.Wu, S.A.Moszkowski: " B e t a  Decay" ,  V o l  X V I  o f  Monographs a n d  
T e s t s  i n  P h y s i c s  and As t ronomy" ,  I n t e r s c i e n c e  P u b l .  London  
( 1 9 6 6 ) .  

/21 /  B .Pontecorvo:  " N u c l e a r  C a p t u r e  o f  mesons a n d  t h e  meson d e c a y s " ,  
Phys.Rev.  72 ( 1 9 4 7 )  246-247; 
0 . K l e i n :  "Mesons a n d  N u c l e o n s " ,  N a t u r e  (London)  161 ( 1  9 4 8 )  897- 
899;  
G.Puppi:  "Mesons o f  Cosmic Rays" ,  Nuovo C i m e n t o  2 ( 1 9 4 8 )  587;  
T.D .Lee,  M .  R o s e n b l u t h ,  C.N .Y ang:  " I n t e r a c t i o n s  o f  mesons  and  
n u c l e o n s  a n d  l i g h t  p a r t i c l e s " ,  Phys.Rev.  75 ( 1 9 4 9 )  905;  
J .Tiomno,  J .A.Wheeler :  "Charge  Exchange  r e a c t i o n  o f  t h e  & -Me- 
s o n  w i t h  t h e  N u c l e u s " .  Rev.Mod.Phys. 21 ( 1 9 4 9 )  144-152. 

/22/  E.1 K o n o p i n s k i ,  G.E.Uhlenbeck:  "On t h e  F e r m i  T h e o r y  of 
- R a d i o a c t i v i t y  - I1 The F o r b i d d e n  S p e c t r a " ,  P h y s  .Rev. 60 ( 1  941 ) 
308-320. 

/23 /  E . G r e u l i ? g :  " T h e o r e t i c a l  H a l f - L i v e s  o f  F o r b i d d e n  /3- T r a n -  
s i t i o n s " ,  Phys.Rev.  61 ( 1 9 4 2 )  568-577. 

/24 /  G .Beck,  K . S i t t e :  "Zur  T h e o r i e  d e r  f i - ~ e r f a l l s " ,  Z e i t .  f  . P h y s .  
86 ( 1 9 3 3 )  105-119, d a t e d  A u g u s t  3 ,  1933 .  "Bemerkung z u r  A r b e i t  - 
von E .Fermi :  " V e r s u c h  e i n e r  T h e o r i e  d e r  /3 - S t r a h l e n W ,  
Z e i t . f  .Phys.  89 ( 1 9 3 4 )  259-260: E.Fermi:  "Zur  Bemerkung von  
G .Beck und K . S i t t e n ,  Z e i t . f  .Phys .  89 ( 1 9 3 4 )  522.  

/2 5/ I . C u r i e ,  F. J o l i o t :  "Un nouveau  t y p e  d e  R a d i o a c t i v i t Q " ,  
C.R.Acad.Sci., P a r i s  198 ( 1 9 3 4 )  254-256. 

/26/  G .C.Wick: " S u g l i  e l e m e n t i  r a d i o a t t i v i  d i  F . J o l i o t  e  I . C u r i e " ,  
Rend. L i n c e i  ( 1 9 3 4 )  319-324,  p r e s e n t e d  b y  E . ~ e r m i  a t  t h e  
March,  4 ,  1934 m e e t i n g  o f  t h e  Academy. 

/27 /  Y a . Z e l ' d o v i c h :  "On t h e  t h e o r y  o f  e l e m e n t a r y  p a r t i c l e s ,  
c o n s e r v a t i o n  o f  t h e  n u c l e a r  c h a r g e  and p o s s i b l e  new t y p e  of 
n e u t r i n o s " ,  D o k l a d i  Akad. Nauk,  USSR 96 ( 1 9 5 2 )  505-508. 
G.Marx: "Die  W e c h s e l w i r k u n g  d e r  E l e m e n t a r t e i l c h e n  und d i e  
E r h a l t u n g s s H t z e " ,  A c t a  P h y s  .Hung. 1 ( 1 9 5 3 )  56-58. 

/28/  E . K o n o p i n s k i ,  H .M .Mahmoud: "The U n i v e r s a l  F e r m i  I n t e r a c t i o n " ,  
Phys.ReV. 92 ( 1 9 5 3 )  1045-1049.  
L e p t o n  c o n s e r v a t i o n  c a n  b e  e x p r e s s e d  a s  f o l l o w s  ( a t  l e a s t  
b e f o r e  t h e  d i s c o v e r y  of  more t h a n  one t y p e  o f  n e u t r i n o s ) :  i f  we 
a t t r i b u t e  t h e  v a l u e  +1 t o  t h e  l e p t o n i c  number L  of  any  l e p t o n  
( f o r  w h i c h  e- i s  c h o s e n  a s  p r o t o t y p e )  t h e  v a l u e  L  = -1 t o  t h e  
c o r r e s p o n d i n g  a n t i l e p t o n s ,  and  L = 0  t o  a l l  o t h e r  p a r t i c l e s ,  
t h e  c o n s e r v a t i o n  o f  l e p t o n s  s t a t e s  t h a t :  i n  a n y  r e a c t i o n  t h e  
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sum o f  t h e  l e p t o n i c  numbers  o f  t h e  v a r i o u s  p a r t i c l e s  s h o u l d  
h a v e  t h e  same v a l u e  i n  t h e  i n i t i a l  and i n  t h e  f i n a l  s t a t e .  

H . B e t h e ,  R . P e i e r l s :  "The N e u t r i n o " ,  N a t u r e  (London)  3 ( 1  9 3 4 )  
689-690 d a t e d  A p r i l  1 ,  and  a p p e a r e d  i n  t h e  i s s u e  o f  May, 5 ,  
1934.  

H.Yukawa, S . S a k a t a :  " T h e o r y  o f  t h e  /3- isi integration and  t h e  
A l l i e d  Phenomena",  Proc .Phys .Math .  Soc.  J a p a n  17 ( 1 9 3 5 )  467-479;  
i b i d e m =  ( 1 9 3 6 )  128-130.  

L.W.Alvarez:  '*The c a p t u r e  o f  o r b i t a l  e l e c t r o n s " ,  P h y s .  Rev. 54 
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H . B e t h e ,  R . P e i e r l s :  "The N e u t r i n o " ,  N a t u r e  (London)  133 ( 1 9 3 4 )  
5 3 2 ,  d a t e d  F e b r u a r y  20 and a p p e a r e d  i n  t h e  i s s u e  o f  A p r i l  7 ,  
1934 .  

S.Tomanaga, H .Tamaki:  ''On t h e  C o l l i s i o n  o f  H i g h  E n e r g y  
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733  ( 1 9 3 7 )  288-298.  - 
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B . P o n t e c o r v o :  " E l e c t r o n  a n d  muon n e u t r i n o s " ,  r e p r i n t  P-376,  
J o i n t  I n s t i t u t e  f o r  N u c l e a r  R e s e a r c h ,  Dubna,  S o v i e t  U n i o n  
( 1 9 5 9 ) ;  

M .  S c h w a r t z :  " F e a s i b i l i t y  o f  U s i n g  H i g h  E n e r g y  N e u t r i n o s  t o  
S t u d y  t h e  Weak I n t e r a c t i o n s " ,  P h y s . R e v . L e t t .  A ( 1 9 6 0 )  306-307. 

G.Gamow: " N u c l e a r  S p i n  of  ~ a d i o a c t i v e  E l e m e n t s " ,  P r o c .  Roy.Soc.  
A146 ( 1 9 3 6 )  217-222; U b e r  d e n  h e u t i g e n  S t a n d  ( 2 0  Mai  1 9 3 4 )  d e r  - 
T h e o r i e  d e s  p - Z e r f a l l s " ,  P h y s  . Z e i t .  35 ( 1 9 3 4 )  533-542. 

G.Gamow, E - T e l l e r :  " S e l e c t i o n  R u l e s  f o r  / 3 - d i s i n t e g r a t i 0 n " ~  
Phys .Rev .  49 ( 1 9 3 6 )  895-899. 

W.Pauli :  " D i e  A l g e m e i n e  P r i n z i p i e n  d e r  W e l l e m e c h a n i k " ,  p .83-272 
o f  V o l  24/1 on " Q u a n t e n t h e o r i e " ,  e d i t e d  b y  A.Smeka1, V e r l a g  von  
J u l i u s  S p r i n g e r ,  B e r l i n  1933 ,  s e e  p.221.  More d e t a i l  a b o u t  t h e  
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" B e i t r X g e  z u r  m a t e m a t i s c h e n  T h e o r i e  d e r  D i r a c s c h e n  M a t r i x e s " ,  
p.31-35 o f  " P e t e r  Zeeman, 1865  - 25 Mai  - 1935 ,  M a r t i n  N i j h o f f ,  
S-Gravenhage 1935 ,  a n d  " C o n t r i b u t i o n s  m a t h e m a t i q u e s  l a  
t h s o r i e  d e s  m a t r i c e s  d e  D i r a c " ,  A n n . l n s t .  H e n r i  P o i n c a r i ?  6 
( 1 9 3 6 )  137-152 a n d  p.  753 o f  P a u l i  C o l l e c t e d  P a p e r s  / l o / .  

T.D.Lee, C.N.Yang: " Q u e s t i o n  o f  P a r i t y  C o n s e r v a t i o n  i n  Weak 
I n t e r a c t i o n s " ,  Phys .Rev .  104 ( 1 9 5 6 )  254-338. 

S e e ,  f o r  e x a m p l e ,  C.S.Wu: "The N e u t r i n o " ,  p .  249-303 of  
" T h e o r e t i c a l  P h y s i c s  i n  t h e  T w e n t i e s  C e n t u r y ,  A M e m o r i a l  Volume 
t o  Wolfgang  P a u l i " ,  e d i t e d  by  M.Fierz and  V.F .Weisskopf ,  
I n t e r s c i e n c e  P u b l .  I n c . ,  New York ( 1 9 6 0 ) .  

N .D . K u r i e ,  J . R . R i c h a r d s o n ,  H .C.Pax t o n :  "The r a d i a t i o n  e m i t t e d  
f r o m  a r t i f i c i a l l y  p r o d u c e d  r a d i o a c t i v e  s u b s t a n c e s " ,  Phys . reV.  
49 ( 1 9 3 6 )  368-381. - 

/41 /  E .I . K o n o p i n s k i ,  G .E . U h l e n b e c k :  ''On F e r m i ' s  Theor-fr o f  f i  -Radio-  
a c t i v i t y " ,  Phys.Rev.  48 ( 1 9 3 5 )  7-12. 



/42 /  C.Weiner ,  E  . H a r t ,  E d i t o r s :  " E x p l o r i n g  t h e  H i s t o r y  o f  N u c l e a r  
P h y s i c s " ,  AIP C o n f e r e n c e  P r o c e e d i n g s  No 7 ,  Amer ican  I n s t i t u t e  
o f  P h y s i c s ,  New Y o r k ,  1972.  

/43 /  C . D . E l l i s ,  N.E.Mott: " E n e r g y  R e l a t i o n  i n  t h e  & -Ray Type o f  
R a d i o a c t i v e  D i s i n t e g r a t i o n " ,  Proc .Roy.  Soc.  A141 ( 1 9 3 3 )  50-51 1 ,  
r e c e i v e d  May 25,  1933 . 

/44 /  W-J-Henderson:  "The U p p e r  L i m i t  o f  t h e  C o n t i n u o u s  &-Ray  
S p e c t r a  o f  ThC and  C ' "  , Proc .Roy.Soc .  A147 ( 1 9 3 4 )  572-582,  
r e c e i v e d  A u g u s t  8 ,  1934.  

/45 /  H.R.Crane, L  . A . D e l s a s s o ,  W.A.Fowler, C . C . L a u r i t s e n :  "The 
E m i s s i o n  o f  N e g a t i v e  E l e c t r o n s  f rom Boron  Bombarded by  
D e u t e r o n s " ,  47 ( 1  9 3 5 )  887-888.  

/46 /  J .Chadwick ,  M.Goldhaber:  "A N u c l e a r  P h o t o - e f f e c t :  D i s i n t e g r a -  
t i o n  o f  t h e  D i p l o n  by ;Y-Rays", N a t u r e  (London)  134 ( 1 9 3 4 )  237- 
238;  "The N u c l e a r  P h o t o e f f e c t " ,  Proc .Roy.Soc .  A? 51 ( 1  9 3 5 )  479- 
493. 
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~ u r o ~ i u m ~ ~ ~ " ,  ~ h y s . ~ e v .  56 ( 1 9 3 9 )  125-130;  
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Phys.Rev.  57 ( 1 9 4 0 )  982-994. 
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( 1 9 4 8 J 4  847-848;  i b i d e m  75 ( 1 9 4 9 )  315- 16;  "The Beta-Ray S p e c t r a  
o f  CU and  t h e  R a t i o N + / N - " ,  i b i d e m z ( 1 9 4 9 )  1107-1108.  

/49/  C.S .Wu: " E x p e r i m e n t s  o n  t h e  s h a p e  o f  6 - s p e c t r a .  The i n t e r -  
a c t i o n  i n  6 - d e c a y " ,  C h a p t e r  X I  ( p . 3 1 4 - 3 5 6 )  o f  "Beta -  a n d  Gam- 
ma-Ray S p e c t r o s c o p y " ,  e d i t e d  by  K a i  S i e g b a h n ,  N o r t h  H o l l a n d  
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301-303. 
D u r i n g  a  c o u p l e  o f  y e a r s  s p e n t  b y  L e i p u n s k i  w o r k i n g  a t  t h e  
C a v e n d i s h  L a b o r a t o r y  i n  Cambr idge ,  h e  c o n v i n c e d  a  few German 
a n d  A u s t r i a n  p h y s i c i s t s ,  t h a t  a l r e a d y  had  l e f t  o r  w e r e  w i l l i n g  
t o  l e a v e  t h e i r  c o u n t r y  o f  o r i g i n  u n d e r  t h e  p o l i t i c a l  and  r a c i a l  
p r e s s u r e  o f  t h e  N a z i s ,  t o  mcve t o  K a r c h o v ,  w h e r e  t h e  U k r a i n i a n  
P h y s i c o - T e c h n i c a l  I n s t i t u t e  had  b e e n  r e c e n t l y  f o u n d e d .  The main  
a t t r a c t i o n  o f  t h i s  new r e s e a r c h  i n s t i t u t e  was t h e  p r e s e n c e  of 
L.Landau.  I n  1937 ,  d u r i n g  t h e  e a r l y  p h a s e s  o f  o n e  o f  t h e  mos t  
s e r i o u s  p u r g e s  i n  U.S.S.R., L e i p u n s k i  had t h e  b u r d e n  o f  t h e  
d i r e c t i o n  o f  t h i s  new I n s t i t u t e .  

/53 /  H .R.Crane, J . H a l p e r n :  " N e w  E x p e r i m e t a l  E v i d e n c e  f o r  t h e  
E x i s t e n c e  o f  a  N e u t r i n o " ,  Phys .Rev .  53 ( 1 9 3 8 )  789-794;  " F u r t h e r  
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Phy.ReV. 73 ( 1 9 4 8 )  216-225. 
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C.F.v.WeizsHcker: "Uber d i e  S p i n a b h a n g i g k e i t  d e r  K e r n k r t f t e " ,  
Z e i t . f  .Phys .  102 ( 1 9 3 6 )  572-602;  
M . F i e r z :  "Zur  F e r m i s c h e n  T h e o r i e  d e s  - Z e r f a l l s W ,  Z e i t .  f  .Phys .  
104 ( 1 9 3 6 )  553-565. - P 

/61 /  K . F r i s c h ,  0  . S t e r n :  " u b e r  d i e  m a g n e t i s c h e  Ablenkung  v o n  
W a s s e r s t o f f  Molek i i l en  und d a s  m a g n e t i s c h e  Moment d e s  P r o t o n s  
I" ,  Z e i t . f . P h y s .  85 ( 1 9 3 3 )  4-16; 
I . E s t e r m a n ,  0 .  S t e r n :  11, i b i d e m  17-24; 
I .I . R a b i ,  3 . M  .B . K e l l o g g ,  3. R . Z a c h a r i a s :  "The m a g n e t i c  moment o f  
t h e  p r o t o n " ,  Phys.Rev.  46 ( 1 9 3 4 )  157-163. 

/62 /  L .W.Alvarez,  F .Bloch :  ''A q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  
n e u t r o n  moment i n  a b s o l u t e  n u c l e a r  m a g n e t o n s " ,  ~ h y s  .Rev. 57 
( 1 9 4 0 )  11-122. The  f i r s t  s t r o n g  i n d i c a t i o n  t h a t  t h e  n e u t r o n  h a s  
a n  i n t r i n s i c  m a g n e t i c  d i p o l e  moment came from t h e  o b s e r v a t i o n  
t h a t  t h e  momenta o f  t h e  p r o t o n  and  d e u t e r o n  a r e  c o n s i d e r a b l y  
d i f f e r e n t :  fi  < f ip  b y  a b o u t  2  n u c l e a r  m a g n e t o n s .  The l a s t  
f a c t  was u s e d d b y  Racah  i n  1937  f o r  e x c l u d i n g  t h a t  t h e  n e u t r o n  
i s  a  M a j o r a n a  p a r t i c l e  /71 / .  

/63 /  G.C.Wick: " T e o r i a  d e i  r a g g i f i e  momento m a g n e t i c 0  d e l  p r o t o n e " ,  
Rend. L i n c e i  21 ( 1 9 3 5 )  170-173. 



/64 /  H . F r S l i c h ,  W . H e i t l e r ,  N.Kemmer: "On t h e  n u c l e a r  f o r c e s  and  t h e  
m a g n e t i c  moment o f  t h e  p r o t o n " ,  Proc .Roy.Soc .  A166 ( 1  9 3 8 )  154- 
177.  

/65 /  L.de B r o g l i e :  " S u r  l e  champ 6 l e c t r o m a t i q u e  d e  l ' o n d e  
l u m i n e u s e " ,  C.R.Acad.Sci.  P a r i s  ( 1 9 3 2 )  862-864;  
P  . J o r d a n :  " Z i i r  N e u t r i n o t h e o r i e  d e s  L i c h t e s " ,  2 e i t . f .  P h y s .  93 
( 1 9 3 5 )  464-472. 

/66/  S e e ,  f o r  example :  R . P e i e r l s :  "The E a r l y  Days  o f  N e u t r i n o  
P h y s i c s " ,  p.1-10 P r o c .  o f  t h e  I n t .  Conf.  on  " N e u t r i n o  P h y s i c s  
a n d  A s t r o p h y s i c s " ,  E r i c e  J u n e  23-28, 1980 ,  e d i t e d  by  E . F i o r i n i ,  
P lenum Co. 1982 .  

/67/  H.Yukawa: "On t h e  i n t e r a c t i o n  o f  e l e m e n t a r y  p a r t i c l e s "  P r o c .  
Phys.Math.Soc.  J a p a n  17 ( 1 9 3 5 )  48-57. 

/68 /  C.M.G.Lattes, G . P . S . O c c h i a l i n i ,  C.F.Powel1: " O b s e r v a t i o n s  on 
t h e  t r a c k s  o f  s l o w  mesons i n  p h o t o g r a p h i c  e m u l s i o n s " ,  N a t u r e  
(London)  2 ( 1  947 ) 453 - 4 5 6 ,  O c t o b e r  4;  
C.M.G . L a t t e s ,  H . M u i r h e a d ,  G .P . S . O c c h i a l i n i ,  C.F.Powel1: "Pro-  
c e s s e s  i n v o l v i n g  c h a r g e d  m e s o n s n ,  i b i d e m  159 ( 1 9 4 7 )  694-697,  
May 24. 

/69 /  W.K .H .Panofsky ,  R.L .Aamodt, J . H a d l e y :  "The Gamma-Ray S p e c t r u m  
R e s u l t i n g  f r o m  C a p t u r e  o f  N e g a t i v e  7T-Mesons i n  Hydrogen  and  
D e u t e r i u m " ,  Phys .Rev .  81 ( 1 9 5 1  ) 565-574. 

/70/  E  .Ma j o r a n a :  " T e o r i a  s i m m e t r i c a  d e l l ' e l e t t r o n e  e  d e l  p o s i t r o n e " ,  
Nuovo C i m e n t o  2 ( 1 9 3 7 )  171-184; I s s u e  o f  A p r i l  1937. F o r  i t s  
E n g l i s h  t r a n s l a t i o n  b y  L . M a i a n i ,  s e e :  S o r y u s h i r o n  Kenkyu 63 
( J u n e  198.1 ) 149-162. 

/71 /  G.Racah: " S u l l a  s i m m e t r i a  t r a  p a r t i c e l l e  e  a n t i p a r t i c e l l e " ,  
Nuovo Cimento  f4 ( 1 9 3 7 )  322-328. I s s u e  o f  J u l y  1937.  I n  t h a t  
p e r i o d  Racah d i v i d e d  h i s  t i m e  b e t w e e n  F l o r e n c e ,  w h e r e  he  was 
a s s o c i a t e  p r o f e s s o r  o f  t h e o r e t i c a l  p h y s i c s ,  Rome and Z i i r i c h ,  
w h e r e  h e  worked u n d e r  P a u l i  i n f l u e n c e .  A t  t h e  e n d  o f  t h i s  p a p e r  
he  e x p r e s s e  h i s  t h a n k s  t o  P a u l i  f o r  f r u i t f u l  d i s c u s s i o n s .  

/72 /  0 - K l e i n :  " S u r  l a  t h e o r i e  d e s  champs a s s o c i s s  a  d e s  p a r t i c u l  
c h a r g & e s " ,  p .81-98 o f  t h e  p r e c e d i n g  o f  a  C o n f e r e n c e  o r g a n i z e d  
i n  Warsaw i n  1 9 3 8  b y  t h e  " I n s t i t u t  I n t e r n a t i o n a l  d e  C o o p e r a t i o n  
I n t e l l e c t u a l " ,  which  a p p e a r e d  i n  F r e n c h  ( L e s  N o u v e l l e s  
T h e o r i s c h e  l a  P h y s i q u e ) ,  a n d  i n  E n g l i s h  (New T h e o r i e s  i n  
P h y s i c s )  P a r i s  11939) .  

/73 /  N o t  g i v e n  h e r e .  

/74 /  The r e v i v a l  o f  t h e  i d e a  o f  a  weak i n t e r a c t i n g  i n t e r m e d i a t e  
b o s o n  i s  o b s c u r e .  F o r  a n  e a r l y  f o r m u l a t i o n  s e e :  
J . S c h w i n g e r :  "A T h e o r y  o f  t h e  F u n d a m e n t a l  I n t e r a c t i o n s " ,  
Ann.Phys. 2 ( 1 9 5 7 )  407-434; 
a n d ,  f o r  l z t e r  d e v e l o p m e n t s :  Ref /88 /  and :  
J .C.  T a y l o r :  "Gauge T h e o r y  o f  Weak I n t e r a c t i o n s " ,  Cambr idge  
U n i v e r s i t y  P r e s s ,  Cambr idge  ( 1  9 7 6 ) .  

/75/ The p o s s i b i l i t y  t h a t  t h e  mass  o f  t h e  n e u t r a l  p a r t i c l e  e m i t t e d  
i n  t h e  two-body d e c a y  o f  72 -meson,  c o u l d  b e  d i f f e r e n t  f r o m  
z e r o ,  was s u g g e s t e d  by  a n  e a r l y  d e t e r m i n a t i o n  of i t s  mass  by  
t h e  B r i s t o l  g r o u p :  C.M.G.Lattes, G . P . S . O c c h i a l i n i ,  C.F.Powel1: 
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" O b s e r v a t i o n  on t h e  t r a c k s  o f  s l o w  mesons i n  p h o t o g r a p h i c  
e m u l s i o n s " ,  N a t u r e  ( L o n d o n )  160 ( 1 9 4 7 )  486-496. 
The symbol  ,kO a n d  t h e  name " n e u t r e t t o "  w e r e  i n  t h o s e  yea?  
f r e q u e n t l y  u s e d  f o r  r e f e r r i n g  t o  t h e  " n e u t r a l  p e n d a n t "  o f  ,&-- 

S e e  a l s o  Ref /78 / .  

B . P o n t e c o r v o :  " N u c l e a r  c a p t u r e  o f  mesons a n d  t h e  meson d e c a y " ,  
Phys.Rev.  72 ( 1 9 4 7 )  246-247; 
H .P . H i n k s ,  B . P o n t e c o r v o :  " S e a r c h  f o r  Gamma-Radiat ion i n  t h e  2.2 
M i c r o s e c o n d  Meson Decay P r o c e s s " ,  P h y s .  Rev. 73 ( 1 9 4 8 )  257-258; 
"The A b s o r p t i o n  o f  t h e  C h a r g e d  P a r t i c l e s  f r o m  t h e  2.2 m e c  
Meson Decay" ,  i b i d e m  74 ( 1 9 4 8 )  697-698; 
J . S t e i n b e r g e r  "On t h e  r a n g e  o f  t h e  e l e c t r o n s  i n  meson d e c a y " ,  
Phys.Rev.  74 ( 1 9 4 8 )  500-502; 
From a  d i s c u s s i o n  o f  t h e  r e s u l t s  o f  C o n v e r s i ,  P a n c i n i  a n d  
P i c c i o n i ,  P o n t e c o r v o  a r r i v e s  t o  s u g g e s t  ( f i r s t  p a p e r  a b o v e )  
t h a t  t h e  c o s m i c  r a y  meson s h o u l d  d e c a y  e i t h e r  i n  a n  e l e c t r o n  
and a  p h o t o n  o r  i n  a n  e l e c t r o n  and  two n e u t r i n o s .  I n  t h e  s e c o n d  
p a p e r  a b o v e ,  H i n k s  a n d  P o n t e c o r v o  r e p o r t  on t h e  a b s e n c e  o f  
p h o t o n s  e m i t t e d  i n  meson d e c a y .  I n  t h e  t h i r d  and f o u r t h  p a p e r  
a b o v e  t h e  a u t h o r s  show t h a t  t h e  e n e r g y  o f  t h e  e l e c t r o n s  e m i t t e d  
i n  t h e  muon d e c a y  i s  s p r e a d  o v e r  a  w i d e  r a n g e  a s  e x p e c t e d  f r o m  
a  t h r e e - b o d y  d e c a y .  

T h i s  s i m i l a r i t y  was  i m m e d i a t e l y  n o t i c e d  by: 
0 . K l e i n :  "Mesons and  N u c l e o n s " ,  N a t u r e  (London)  ( 1 9 4 8 )  897- 
899;  
J . J . H o r o w i t z ,  0  .Kofoed-Hansen,  J . L i n d h a r d :  "On t h e  / 3 - d e c a y  o f  
mesons" ,  Phys .Rev .  74 ( 1 9 4 8 )  713-717. The l a s t  a u t h o r s  d e s c r i b e  
t h e  d e c a y  o f  t h e  muon i n t o  t h r e e  p a r t i c l e s  a s  f o l l o w s :  a n  
e l e c t r o n ,  a  n e u t r i n o  and  t h e  "same ... n e u t r a l  meson e m i t t e d  i n  
t h e p - d e c a y  o f  t h e  f i -meson".  

L.Miche1:  " E n e r g y  S p e c t r u m  o f  S e c o n d a r y  E l e c t r o n s  f r o m  &-Meson 
Decay" ,  N a t u r e  ( L o n d o n )  163 ( 1 9 4 9 )  959-960;  " I n t e r a c t i o n  
b e t w e e n  f o u r  h a l f - s p i n  p a r t i c l e s  and t h e  d e c a y  of  t h e w - m e s o n " ,  
P r o c . P h y s .  Soc.  London A63 ( 1  9 5 0 )  514-532. M i c h e l  u s e s  t h e  d e c a y  
schemes  +*+ E' t. A -+ Y-, w h e r e  ". . . A i s  a  n e u t r a l  p a r t i c l e  o f  
s p i n  1/2 w i t h  a  mass  e i t h e r  n o n - v a n i s h i n g  ( + *  o f  P o w e l l )  o r  
more p r o b a b l y  z e r o ,  i n  w h i c h  c a s e  it c a n  b e  i d e n t i f i e d  w i t h  a  
n e u t r i n o " .  

A.H.Snel1, L . C . M i l l e r :  "On t h e  r a d i o a c t i v e  d e c a y  o f  t h e  
n e u t r o n " ,  ~ h y s . ~ e v .  74 ( 1 9 4 8 )  1217-1218; 
A.H.Snel1, F - P h a s a n t o n ,  R.V.Mc Cord:  " R a d i o a c t i v e  d e c a y  of  t h e  
n e u t r o n " ,  ~ h y s . ~ e v .  78 ( 1 9 5 0 )  310-311; 
J .M .Robson: " R a d i o a c t i v e  d e c a y  o f  t h e  n e u t r o n " ,  P h y s  .Rev. 78 
( 1 9 5 0 )  311-31; i b i d e m  83 ( 1 9 5 1 )  349-358. 

N - D a l l a  P o r t a :  "On t h e  mean l i v e s  of  h e a v y  u n s t a b l e  p a r t i c l e s " ,  
Nuovo C i m e n t o  1 ( 1 9 5 5 )  962-965. 

N .Cabibbo:  " U n i t a r y  Symmetry a n d  L e p t o n i c  Decay" ,  P h y s - R e v .  
L e t t .  10 ( 1 9 6 3 )  531-533.  

C. S-Wu, E-Amber, R.W.Hayward, D .D .Hoppes,  R . P  .Hudson: " E x p e r i -  
m e n t a l  t e s t  o f  p a r i t y  c o n s e r v a t i o n  i n  b e t a  d e c a y " ,  Phys .Rev .  
1 0 5  ( 1 9 5 7 )  1413-1415. 

H . F r a u e n f e l d e r ,  R.Bobone, E.van G o e l e r ,  N . L e v i n e ,  H . R .  L e v i s ,  
N.R.Peacock, A.Ross i ,  G.De P a s q u a l i :  " P a r i t y  and  t h e  P o l a r i -  



z a t i o n  o f  E l e c t r o n s  o f  co6O., ~ h y s . ~ e v .  106 ( 1 9 5 7 )  386-387. 

/84/  R.L .Garwin,  L .Lederman,  M.Weinrich:  " O b s e r v a t i o n  o f  t h e  f a i l u r e  
o f  c o n s e r v a t i o n  o f  p a r i t y  and  c h a r g e  c o n j u g a t i o n  i n  meson 
d e c a y :  t h e  m a g n e t i c  moment o f  t h e  f r e e  muon", P h y s ; R e v .  105 
( 1 9 5 7 )  1415-1417;  

/85 /  J . I . F r i e d m a n ,  V . L . T e l e g d i :  " N u c l e a r  e m u l s i o n  e v i d e n c e  f o r  
p a r i t y  n o n - c o n s e r v a t i o n  i n  t h e  d e c a y  ~ + 4 + + 4  e+" ,  Phys .Rev .  
105  ( 1 9 5 7 )  1681-1682.  - 

/86 /  L.Landau:  "On t h e  c o n s e r v a t i o n  l a w s  f o r  weak i n t e r a c t i o n s " ,  
N u c l - P h y s .  2 ( 1 9 5 7 )  127-183; 
A .  Salam: "On p a r i t y  c o n s e r v a t i o n  a n d  n e u t r i n o  mass" ,  Nuovo 
Cimento  5 ( 1 9 5 7 )  299-301; 
T.D .Lee ,  C.N .Yang: " P a r i t y  N o n - C o n s e r v a t i o n  a n d  a  Two-Component 
T h e o r y  o f  t h e  N e u t r i n o " ,  P h y s - R e v .  105 ( 1 9 5 7 )  1671-1675;  
" E l e m e n t a r y  P a r t i c l e s  a n d  Weak I n t e r a c t i o n " ,  BNL, U.S.A. D e p t .  
o f  Commerce, Of £ i c e  o f  Techn.  S c i e n c e s ,  W a s h i n g t o n ,  D .C., 
O c t o b e r  1957.  

/87 /  H.Wey1: " E l e c t r o n  and  g r a v i t a t i o n  I" ,  Z e i t  . f  . P h y s .  56 ( 1 9 2 9 )  
330-352. 

/88 /  R.E.Marshak, R i a z z u d i n ,  C.P.Ryou: " T h e o r y  o f  Weak I n t e r a c t i o n s  
i n  P a r t i c l e  P h y s i c s " ,  W i l e y - I n t e r s c i e n c e  (New Y o r k )  1969 .  

/89 /  B.M.Rustand, S.L.Ruby: " C o r r e l a t i o n  b e t w e e n  E l e c t r o n  and  R e c o i l  
N u c l e u s  i n  ~ e ~  Decay" ,  Phys .Rev .  89 ( 1 9 5 3 )  880-881.  T h e s e  
a u t h o r s  m o d i f i e d  t h e i r  o r i g i n a l  c o n c l u s i o n s  a t  t h e  1 9 5 8  M e e t i n g  
o f  t h e  A m e r i c a n  P h y s i c a l  S o c i e t y  i n  New York .  

/90 /  W.HermannsPeld, D.Maxson,  stah ah el in, J . A l l e n :  " E l e c t r o n -  
N e u t r i n o  C o r r e l a t i o n  i n  t h e  P o s i t r o n  Decay o f  Argon 35" ,  
Phys.Rev.  107 ( 1 9 5 7 )  641-643.  

/91 /  E.G .C.  S u d a r s h a n ,  R. E.Marshak:  "The N a t u r e  o f  t h e  Four -Fermion  
I n t e r a c t i o n " ,  p .V- 14-22,  P  r o c . P a d u a - V e n i c e  C o n f e r e n c e  on Mesons 
a n d  R e c e n t l y  d i s c o v e r e d  P a r t i c l e s " ,  22-27 S e p t e m b e r  1 9 5 7 ,  and  
" C h i r a l i t y  I n v a r i a n c e  and t h e  U n i v e r s a l  F e r m i  I n t e r a c t i o n s " ,  
P h y s - R e v .  109 ( 1 9 5 8 )  1860-1862.  

/92/ The y5 ( c h i r a l i t y )  o p e r a t o r  a n t i c o m m u n i t e s  w i t h  t h e  p a r i t y  
o p e r a t o r  f 4  when it o p e r a t e s  on a  D i r a c  wave f u n c t i o n v .  S i n c e  
p a r i t y  i s  n o t  c o n s e r v e d  i n  weak i n t e r a c t i o n s ,  S u d e r s h a n  and  
Marshak  a r g u e d  /91 /  t h a t  t h e  f o u r - f  e r m i o n  i n t e r a c t i o n  
d e s c r i b i n g  a  weak d e c a y i n g  p r o c e s s  s h o u l d  n o t  d e p e n d  on w h e t h e r  
o n e  u s e s  t h e  wave f u n c t i o n  9 o r  ( Y 5  y) f o r  e a c h  p a r t i c l e  i n  
t h e  i n t e r a c t i o n .  The r e q u i r e m e n t  t h a t  t h e  f o u r - f e r m i o n  
i n t e r a c t i o n  s h o u l d  b e  i n d i f f e r e n t  t o  t h e  c h o i c e  o f  9 o r  i t s  
" c h i r a l i t y  t r a n s f o r m "  ( f 5 y )  i s  c a l l e d  t h e  p r i n c i p l e  o f  
c h i r a l i t y  i n v a r i a n c e .  

/93 /  R.P .Feynman, M .Gell-Mann: "Theory  o f  F e r m i  I n t e r a c t i o n " ,  
Phys.Rev.  109 ( 1 9 5 8 )  193-198,  r e c e i v e d  S e p t e m b e r  1 6 ,  1957 .  

/94 /  J.J. S a k u r a i :  "Mass R e v e r s a l  and  Weak I n t e r a c t i o n s " ,  Nuovo 
Cimento  1 ( 1 9 5 8 )  649-660.  

/95 /  B.Touschek:  "The mass  o f  t h e  n e u t r i n o  and t h e  n o n - c o n s e r v a t i o n  
o f  p a r i t y " ,  Nuovo C i m e n t o  5 ( 1 9 5 7 )  1281-1291, r e c e i v e d  March  5 ,  
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COMMENTS AFTER THE AMALDI TALK 

L. BROWN.- It is notable that not only physicists but also historians have almost 
ignored Heisenberg's insistence on the presence of electrons in nuclei, within the 
context of his neutron-proton model. In fact, the content of the 1933 series of nu- 
clear papers is much concerned with this. (Wigner, in his 1933 paper on nuclear 
forces, emphasizes this). But it was necessary to have a beta decay theory like 
Fermi's to eliminate electrons from nuclei. In addition, it was necessary to under- 
stand bremsstrahlung and electron-positron pair production to interpret the inter- 
action of cosmic rays with nuclei, something which was very much in Heisenberg's 
mind. Only a few days before Chadwick annouced the neutron, Heisenberg sent a tho- 
rough analysis of cosmic ray phenomena to the Annalen (Ann. der Physik 13, (1932) 
430-521, in which he emphasized the need for light charged particles in the nucleus. 
A second remark : the 1935 paper of Sakata and Yukawa on K-capture is the first the- 
oretical application of Yukawa's meson theory of nuclei forces. In it the electron 
capture is through an interaction with the meson field of the nucleus. 

E. AMALD1.- I fully agree with what Dr. Brown says, buth I thought that if we had 
to discuss the papers of Heisenberg, we will talk at least one half hour more... 

V. TELEGD1.- Several comments : 
1.- The speaker mentioned the problems created by the presence of electrons within 
the nucleus through their magnetic moments. It is almost universally known that 
Kronig first suggested the electron spin but was talked out of it by Pauli. What is 
less known perhaps that after the publication of the spin idea by Uhlenbeck and 
Goudsmit, Kronig published a paper wherever he tried to fight this idea by pointing 
out the immense magnetic effects of the nuclear electrons ! 

2.- Some mention was made of the neutrino cross sections at "large" energy. It is 
remarkable that already in 1937 Heisenberg realized the constantly rising cross 
sections implied by the Fermi contact interaction, i.e. what we call to-day the vio- 
ation of unitarity. 

3.- The speaker mentioned the ruling out of the Konopinski - Uhlenbeck (derivation) 
interaction by spectral measurements. These were also ruled out -in a much simpler 
way- by a measurement of the B+/K capture branching radio (calculated by C. M$ller, 
Phys. Z. der Sowjetunion, about 1937) of a Cu isotope (one paper is by B. Bradt and 
P. Scheuer, Helv. Phys. Acta). 

P.S. In writing down these remarks, I realise that the universal gt- values of the 
"superallowed Fermi" transitions (0' -t 0') would perhaps also exclude Konopinski- 
Uhlenbeck coupling. 

H. BACRY.- I would like to understand one point about the period before 1932, that 
is before the discovery of the neutron. There were at that time two hypothetical 
particles, namely the neutrino and the neutron, to explain two difficulties : 
i) energy conservation in 6 decay, ii) spin-statistics connexion in nuclei. It seemed 
to me at that time, that one particle -the neutrino- would have been enough to solve 
the difficulties by making nuclei composed of protons, electrons and neutrinos. What 
are the real arguments in favour of the second particle, the neutron ? 

E. AMALD1.- The hypothesis of the neutron was expressed for the first time in the 
Bakerian Lecture of Rutherford in 1920(') where he d~scussed the structure of the 
nucleus. At that time it was accepted that the nucleus was composed of protons, 
a particles and electrons. Rutherford said : "Plell we can imagine that inside the 
nucleus an electron and a proton may combine in a very small system, very stongly 
bound and therefore neutral, with a mass close to that of the proton". There is a 
very nice article by Chadwick : a lecture presented at a historical Conference held 
in 1962 in Ithaca (U.S.A.) where he recalls how he arrived to discover the neutron(21. 
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In 1920 Chadwick became the main collaborator of Rutherford. They were sitting in 
the dark room to get the eyes acquainted with the dark to see the scintillations 
produced by a particles or protons : Rutherford was convinced that these neutral 
particles should exist. The reason was exposed by him in a lecture he gave in 
I*lashington some years before, a lecture concerning the formation of elements in 
stars, He noticed that it is not possible to build up nuclei of medium and heavy 
elements only with charged particles but, adding neutral particles with nearly pro- 
tonic mass, that becomes possible. He didn't say that in such an explicit form but 
he implied it. Then in Cambridge there were a number of attempts to find the neutron 
that were all unsuccessful and Chadwick himself was looking for the neutron. This 
happened almost ten years before the publication of the paper of Fr6d6ric Joliot and 
IrPne Curie in which they observed that the penetrating radiation observed by Bothe 
and Becker could give a large momentum to the proton. When Chadwick saw the paper 
of the Joliot-Curie he said : "ha ! this is the neutron". Immediately he tried 
with nitrogen and other light nuclei and while the idea of the Joliot-Curie that the 
incident radiation consisted of y-rays of 5-10 MeV was adequate for explaining the 
observed recoiling protons, with the observed nitrogen nuclei you need y-rays of 
50-60 MeV. So the y-ray hypothesis gave rise to a clear inconsistency. On the contra- 
ry if you adopt the idea that the Bothe and Becker radiation consists (at least in 
part) of neutral particles with a mass very close to that of the proton, then every- 
thing goes in order. 
Thus, in conclusion, I would say : the neutron was foreseen by Rutherford and the 
origin of his idea was the nucleogenesis of elements in stars, - a very elegant idea. 
Then there were discussions between Rutherford and Chadwick and a number of unsucess- 
ful attempts, and finally the neutron was found experimentally by Chadwick. 
On the other hand the neutrino was an invention of Pauli to explain the continuum 
spectrum of the electrons emitted in @-decay. Also the Majorana neutrino is a theo- 
retical invention. 

(1) E. Rutherford : "Nuclear Constitution of Atoms", Proc. Roy. Soc. A97 (1920) 
p. 374-400, delivered the June 3rd, 1920. 

(2) J. Chadwick : "Some personal notes on the search for the neutron", p. 159-162, 
Vol. 1 of "Proceedings of the X Intern. Congress of History of Science", Ithaca 
(New York) , Hermann, Paris ( 1964) . 

P. SINGER.- A field of activity in weak interactions which stated towards the end of 
the period covered in Prof. Amaldi's talk, is the investigation of the nature of the 
weak current of hadrons. I refer to the classification according to first and second 
class currents which was put forward in a paper by Steve Weinberg in 1958. Many ex- 
periments have since been performed in order to clarify this question. 

C.N. YANG.- Listening to the stories of the origins of the concepts of the neutrino 
and the neutron, and recalling yesterday's discussions about the reluctance in the 
1950's to accept more particles, I wonder whether the following thesis is defendable: 
that up to recent times there was great general hesitation to propose a new particle. 
If it is, then it is probably also true that in recent time, there is distinctly less 
such hesitation. 

E. AMALD1.- I agree with you. You are right. I leave to the theoreticians this kind 
of remark. I am just reporting what happend then. 

N. KEMMER.- Prof. Amaldi mentioned Yukawa's (1935) paper for his proposal of a 
*-lepton interaction. Its better known part is of course the n nucleon interaction. 
Should Yukawa perhaps be considered the father of the "intermediate boson" idea, 
though of course not a vector boson at that stage. 



L. M1CHEL.- I would say Yukawa was the first to introduce the intermediate bosons. 
After him, many japanese dit it. In 1950, a mixture of V and A was compatible with 
the 6 decay experimental data. I do remember a paper by H. Essatsu (Progr. Thkor. 

+ 

Phys. 5 (1950) 102) which postulated only one pair of charged intermediate bosons W- 
with spin 1 and both V and A coupling. I wrote that this violated parity but who then 
minded it ? 

J. TIOMN0.- First I like to say that, from the best of my knowledge G. ~eck's theory 
of 8-decay dit not violate conservation of energy but only that of angular momentum. 
I like to mention further : 
- The Cerenkov radiation, so important for experimental particle physics, had among 
the first theoretical analysis that of G. Beck (Phys. Rev. 14, (1948) 795). 
- The proposal for unification of Electromagnetism and Weak Interactions was first 
made by J. Leite Lopes (Nuclear Physics 8, (19581 234), rrho gave the value 30 G ~ V / C ~  
for the weak boson mass. 

- The name Universal Fermi Interaction seems to have been coined in my paper with 
Yang (on space reflection phases) which included the first proposal for a definite 
theory of u.F.I. 

The second UFI theory with conservation of parity was, I believe, proposed by myself 
in 1955, as the S + P - T theory, the V - A possibility discarded there as wrong. 
The first parity non conserving definite theory was also proposed by myself in 1957, 
being again S + P - T. 

G. VON DARDEL.- As chairman, I would like to thank very much Professor Amaldi for his 
impressive review of the wide field of the beginning of the weak interactions inwhich 
he himself took a very active part. It is told of Fermi that oneof hismostdifficult 
achievments was to give a lecture course on modern physics without once mentioning 
his own name. You may have noticed that Amaldi in his review has duplicated this 
monumental task, even though this conference is of a type where it is permitted to 
talk at length about one's own achievments. Since Amaldi did not do so, I would like 
to say a few words about his achievment for the development of European particle 
physics. It was fortunate for Europe that in the great exodus oE the Italian physi- 
cists, to the United States before the war, that for various reasons Amaldi stayed 
on in Italy. Be participated in the war in North Africa, and then came back to take 
the institute in Rome in charge, and discovered that he was not only a goodphysicist, 
but also, to his surprise, but not to us who have known him since then,agreatleader 
of men. Conversi has told at the last conference of this kind of the very difficult 
conditions under which the institute in Rome had to work under the chaotic conditions 
of the invasion of Italy, first by the Germans, then by the Allies. It was Amaldi's 
achievment to keep the physicists safe, and to allow them with the meagre means at 
their disposal, to perform such beautiful and importantexperimentsas the Conversi- 
Pancini-Piccioni experiment which definitely showed that the meson of cosmic rayswas 
not the Yukawa particle. Amaldi guided the institute through the turmoil with inge- 
nuity and prudence and sometimes unconventional means, among others the setting up of 
the means to produce counterfeit identity cards. Piccioni has for example shown a 
false drivers licence with his photo but another name. I can assure thatas everything 
else to which Amaldi puts his hands and his mind, it was first class work. 

The survival of the Institute in Rome under Amaldi's wings paid off in thetremendous 
development of Italian physics by a whole new generation of brilliant physicists to 
replace those who had emigrated. This being achieved Amaldi turned his energy to the 
wider theatre of European particle physics where CERN was just materializing in a 
modest way from being only a sparkle in Rabi's eyes. Amaldi was the secretary of the 
early CERN. By the signing of the convention, the CERN of the "Conseil Europeen pour 
la Recherche NuclBaire" became the European Organisation for Nuclear Research. For a 
few days during the transition CERN was in fact Amaldi's private property, and he was 
truly in those days the "king of CERN". He has continually in one function or another 
devoted his intelligence and his interest to CERN without of course neglecting the 
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institute in Rome and his own research. Not the least of his tasks was the creation 
of ECFA, the European Committee for Future Accelerators, which meant so much for the 
merging of the disjoint European physics groups in the CERN member states into a 
coherent physics community. As I have had the privilege to serve more recently as 
chairman of this committee, I know how much this coherent physics community of which 
Amaldi was the main architect, has meant for the development of the accelerators of 
Europe, the latest example of course being LEP. 


