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THE INFANCY AND YOUTH OF NEUTRINO PHYSICS : 

SOME RECOLLECTIONS 

B. Pontecorvo 

JINR, Dubna, U.S.S.R. 

Résume.- Mon exposé est de caractère subjectif et ne se veut complet en aucune façon. 
Ce n'est pas un chapitre d'histoire de la physique des particules. C'est une collec­
tion de quelques brefs commentaires historiques relatifs à la physique du neutrino. 
Deux d'entre eux, à propos de Pauli et de Ferai, ont trait à des sujets couverts déjà 
par d'autres physiciens, dont l'auteur lui-même. Suit une histoire du travail de 
Majorana sur les fermions de Majorana, sujet qui a été beaucoup moins abordé, au 
moins en anglais. Suivent quelques souvenirs, très personnels, relatifs au travail 
expérimental et théorique de l'auteur : la détection du neutrino par la méthode de 
transformation du chlore en argon, l'établissement de la notion de processus faibles 
et la proposition d'un nouveau type d'investigations d'interactions faibles, les 
expériences avec des neutrinos de haute énergie. 

Abstract.- The talk is quite subjective in character, and is in no way complete. It 
is not a chapter of history of particle physics. It is a collection of a few short 
stories related to neutrino physics. Two of these, about Pauli and Fermi, touch on 
subjects already covered by a number of physicists, including the suthor, in connec­
tion with the recent neutrino's fiftieth birthday. A story about Majorana's work on 
Majorana's fermions, which is following, has been covered much less extensively, at 
least in English. There follow a few recollections, very personal indeed, related to 
the experimental and theoretical work of the author in proposing and developing the 
Cl-A method of neutrino detection, in establishing the notion of weak processes and 
in proposing a new type of weak interaction investigations - high energy neutrino 
experiments. 

1. Introduction.- When I started to prepare the present report for the 1982 Paris 
International Colloquium on the history of elementary particle physics, I was faced 
right away with the circumstance that the program included talks on both neutrino and 
weak interaction physics, which are very close subjects indeed. Thus I decided to 
underline those moments in the field under consideration which are related to the 
properties of neutrinos as such (their detection methods, penetrating power, number, 
lepton charges, sources, importance in astrophysics . . . ) . I decided also that I 
should not worry too much about covering arguments treated also in other talks at our 
Colloquium and that I would write mainly for professional physicists of the young 
generation who are acquainted very well with the things which are being done now in 
neutrino physics, but not so well with the very background from which neutrino phy­
sics came to be what it is nowadays. Now I am not going to write a small book on 
neutrinos and I must select a few episodes. I shall talk about events which had a 
deep influence upon me. They are either extremely significant or not necessarily very 
important, but familiar to me and perhaps somewhat curious. In a word my talk is 
quite subjective. All the episodes I have "seen" with either my eyes or the eyes of 
physicists close to me. I am preparing my talk at first digging out of my memory and 
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on ly  subsequent ly  (and q u i t e  seldom!) ou t  of l i t e r a t u r e ,  w i th  t h e  aim of checking and 
p r e c i s i n g .  

Le t  nobody express  t h e  op in ion  t h a t  such a " s t r a t egy"  i s  d i c t a t e d  by my l a z i n e s s .  
Of cour se  t h e r e  is  some t r u t h  i n  such a n  opinion,  a s  t h e  proverb "excusa t i a  non p e t i -  
t a ,  a c c u s a t i a  manifes ta"  is suggest ing,  but t h e  f u l l  s t o r y  i s  : t h e r e  a r e  some o l d  
s c i e n t i s t s  ( appa ren t ly  I am one of them) who would l i k e  very  much t o  l e t  people know 
what i n  t h e i r  l i f e  they ( t h i n k  they)  have accomplished, but  a r e  usua l ly  ashamed t o  
a c t  openly according t o  such a des i r e .  Well, our p resen t  colloquium ( p l u s  t h e  s t r a -  
tegy I have chosen),  provides  a good (and poss ibly  decent!)  chance of s a t i s f y i n g  t h e  
d e s i r e .  

I apologize  t o  many p h y s i c i s t s ,  i nc lud ing  a few c l o s e  f r i e n d s ,  f o r  not  having 
given them t h e  c r e d i t  they would deserve i n  an  o b j e c t i v e  r e p o r t  of t h e  neu t r ino  phy- 
s i c s  development. 

Two words concerning t h e  ques t ion  about t h e  time a t  which happened t h e  even t s  I 
s h a l l  cover : according t o  t h e  d e s i r e  of t h e  o rgan i s ing  committee, I should no t  touch 
upon ep i sodes  which took p lace  l a t e r  than t h e  l a t e s t  f i f t i e s .  

Even a d ry ,  sub jec t ive  and incomplete enumeration of events  may se rve  a s  a quick 
i n t r o d u c t i o n  of t h e r e a d e r  t o  t h e  atmosphere of t h e  pas t .  Well informed people should  
n o t  read the  next fou r  paragraphs,  where t h e r e  i s  presented such enumeration. Neu- 
t r i n o  physics  passed through per iods ,  not n e c e s s a r i l y  implying a s t r i c t  time 
sequence, which may be chosen i n  a more o r  l e s s  a r b i t r a r y  way a s  fo l lows.  

2. F i r s t  per iod (1896-1930) : t he  g e s t a t i o n  of  neu t r ino  physics.- It inc ludes ,  a s  
f a r  a s  experiment i s  concerned, t h e  d iscovery of r a d i o a c t i v i t y  (Becquerel 1896), of 
b e t a  r ays  (Rutherford  1899), of t he  continuous b e t a  spectrum (Chadwick 1914), t h e  
measurement of t h e  hea t  r e l eased  by b e t a  r a y s  ( E l l i s  and Wooster 1927); a s  f a r  a s  
t h e o r e t i c a l  work i s  concerned, t h e  quantum theory  of  r a d i a t i o n  (Di rac  19271, t h e  
r e l a t i v i s t i c  equa t ion  of s p i n  112 p a r t i c l e s  (Di rac  1928); a s  f a r  a s  new exper imenta l  
methods a r e  concerned, t h e  i n v e n t i o n  of coun te r s  capable  of d e t e c t i n g  s i n g l e  charged 
p a r t i c l e s  (Geiger,  Rutherford  and Muller 1908),  of t h e  cloud chamber (Wilson 1912),  
of nuc lea r  photoemulsions (Misovsky 1925). I s h a l l  no t  cover t h i s  per iod i n  my t a l k .  

3. Second per iod (1930 - t h e  e a r l y  f i f t i e s )  : t h e  in fancy  of  n e u t r i n o  physics.- 
Among t h e o r e t i c a l  achievements i t  inc ludes  the  inven t ion  of t h e  neu t r ino  (Pau l i  
1930), t h e  theory of atomic n u c l e i  made up of protons  and neutrons  (Ivanenko; 
Heisenberg; Majorana 1932), t h e  b e t a  decay theory (Fermi; P e r r i n  1933),  t h e  meson 
theory of nuc lea r  f o r c e s  (Yukawa 1935), t h e  f i r s t  d i s c u s s i o n  of double be ta  decay 
(Geppert-Maier 1935),  t h e  Gamov-Teller s e l e c t i o n  r u l e s  i n  beta  decay (Gamov and 
T e l l e r  1936),  t h e  " t r u l y  n e u t r a l "  neu t r ino  (Majorana 1937),  t h e  f i r s t  cons ide ra t ion  
of n e u t r i n o l e s s  double B decay (Furry  1939),  t h e  i n v e s t i g a t i o n  of n e u t r i n o  emiss ion 
i n  thermonuclear r e a c t i o n s  i n  t h e  Sun and o t h e r  s t a r s  (Bethe 1939), t h e  URKA process  - t h e  f i r s t  d i s c u s s i o n  of the  neu t r ino  r o l e  i n  s t a r  evo lu t ion  (Gamov and Schonberg 
1941) ,  t h e  "big-bang'' theory (Gamov 1946), t h e  i n t r o d u c t i o n  of l e p t o n  charge (Marx; 
Zeldovich; Konopinsky and Mahmoud 1953); a s  f a r  a s  experiment is  concerned, t h e  
second per iod inc ludes  t h e  d iscovery of t h e  p o s i t r o n  (Anderson 1932), of t h e  neutron 
(Chadwick 1932),  of a r t i f i c i a l  r a d i o a c t i v i t y  (Curie and J o l i o t  1934), of p o s i t r o n  
emiss ion i n  beta  decay (Cur ie  and J o l i o t  1934),  t h e  f i r s t  search experiment of nu- 
c l e a r  r e c o i l s  i n  be ta  decay (Leipunsky 1935),  t he  obse rva t ion  of o r b i t a l  e l e c t r o n  
c a p t u r e  by n u c l e i  (Alvarez 1937),  t he  d iscovery of muon (Anderson and Neddermayer 
1938),  of t h e  neutron r a d i o a c t i v i t y  ( S n e l l ;  Robson 1948) ,  t h e  f i r s t  s e n s i t i v e  de te r -  
minat ion of t h e  ( a n t i )  neu t r ino  mass upper l i m i t  from t h e  3~ beta  decay (Curran e t  
a l . ;  Hanna and Pontecorvo 1949), t h e  obse rva t ion  t h a t  a n t i n e u t r i n o s  a r e  not i n t e r -  
a c t i n g  wi th  3 7 ~ 1  n u c l e i  i n  t h e  r e a c t i o n  3, + 3 7 ~ 1  + e- + 3 7 ~  (Davis 1956) and, l a s t  
b u t  no t  l e a s t ,  t h e  obse rva t ion  of f r e e  a n t i n e u t r i n o s  from a nuc lea r  r e a c t o r  through 
t h e  i n v e r s e  b e t a  p rocess  (Reines and Cowan 1956);  among t h e  new exper imenta l  methods 
i t  inc ludes  t h e  inven t ion  of t h e  d i f f u s i o n  chamber (Langsdorf 1939), of t h e  nuc lea r  
r e a c t o r  (Fermi 1942),  of t h e  p r i n c i p l e  of phase s t a b i l i t y  i n  high energy a c c e l e r a t o r s  
(Veksler ;  McMillan 1944),  of radiochemical methods, i nc lud ing  the  3 7 ~ 1  - 3 7 ~  method, 
f o r  d e t e c t i n g  neu t r ino  (Pontecorvo 1946), of t h e  s c i n t i l l a t i o n  counter  (Kallman 
1947),  o f  t h e  Cerenkov coun te r  ( J e l l e y  1950) ,  of  t h e  bubble chamber (Glaser  1952). 



4. Third per iod (1941-1959) : t h e  youth  of n e u t r i n o  physics.- It i s  extending 
from t h e  obse rva t ion  and i n v e s t i g a t i o n  of neu t r ino  Drocesses o t h e r  than the  beta  - 
decay and from the  concept ion of t h e  no t ion  of weak processes  t o  t h e  d iscovery of P 
and C v i o l a t i o n ,  t h e  V-A theory and t h e  b i r t h  of high energy neu t r ino  physics.  It is  
d i f f i c u l t  t o  mention he re  a l l  t h e  most s i g n i f i c a n t  con t r ibu t ions ,  and only even t s  
connected d i r e c t l y  with neu t r ino  p r o p e r t i e s  a r e  being considered. m e  t h i r d  per iod 
i n c l u d e s  a number of cosmic ray experiments,  such a s  t h e  d i r e c t  proof of t h e  muon 
decay and t h e  measurement of i t s  mean l i f e  ( R a s e t t i ;  Auger e t  a l .  1941), t h e  d isco-  
very  t h a t  t h e  muon i s  no t  an  hadron (Conversi ,  Pancini ,  P i c c i o n i  1947),  t h e  d iscovery 
of t h e  pion and t h e  n - p decay (La t t e s ,  Occh ia l in i  and Powell 1947), t h e  observat ion 
t h a t  t h e  p + e + y decay does not t ake  p l ace  (Hincks and Pontecorvo; Sard and A l t -  
haus;  P i c c i o n i  1948),  t h a t  i n  t h e  muon decay t h r e e  p a r t i c l e s  a r e  emi t t ed ,  t h e  charged 
one being an  e l e c t r o n  (Hincks and Pontecorvo; S te inbe rge r ;  Anderson e t  a l . ;  Jdanov 
1949) and o t h e r  exper imenta l  r e s u l t s  such a s  the  obse rva t ion  of a r t i f i c i a l  p ions  a t  
t h e  Berkeley phasotron (Gardner and L a t t e s  1948), t h e  obse rva t ion  of r and 9 modes i n  
t h e  kaon decay (Whitehead e t  a l . ;  Barkas e t  a l . ;  D a l i t z  e t  a l . ;  H a r r i s  e t  a l . ;  F i t ch  
e t  a l .  1956), t h e  d iscovery of P and C v i o l a t i o n  i n  t h e  6 0 ~ o  decay (Wu e t  a l .  1957),  
i n  t h e  pion and muon decays (Gamin e t  a l .  1957), e l ec t ron -neu t r ino  angular  corre-  
l a t i o n  i n  b e t a  decay ( 3 5 ~ ,  6 ~ e )  f i n a l l y  found i n  agreement wi th  t h e  V-A theory (Her- 
mannsfelt  e t  a l .  1957), t h e  r + e + v p rocess  f i n a l l y  observed wi th  a p r o b a b i l i t y  i n  
agreement wi th  t h e  V-A theory (Fazz in i  e t  a l . ;  Schwartz,  S t e inbe rge r  e t  a l .  1958), 
t h e  demonstra t ion t h a t  neu t r inos  a r e  left-handed (Goldhaber 1958); a s  f a r  a s  new 
methods a r e  concerned, t h i s  per iod inc ludes  t h e  i n t r o d u c t i o n  of t h e  " e l e c t r o n i c  
s e l e c t i v e  t r i g g e r  p r inc ip le"  (Conversi ,  Gozzini ; Tyapkin 19 55) , on which important  
t r a c k  d e t e c t o r s  such a s  spark  chambers (Fukui, Miyamoto 1959) and s t reamer  chambers 
(Cikovani;  Dolgoshein 1964) a r e  based and a proposal  which opened a new f i e l d  i n  a 
weak i n t e r a c t i o n  physics  - t h e  use  of high energy n e u t r i n o  beams from r - p and o t h e r  
decays  (Pontecorvo; Markov; Schwartz 1959); a s  f a r  a s  theory is  concerned, t he  
pe r iod  under c o n s i d e r a t i o n  includes  t h e  c o n c e p ~ i o n  of c'ne deep analogy between the  
e l e c t r o n  and t h e  muon and the  no t ion  of weak processes  (Pontecorvo 1947; Klein;  
Puppi 1948),  t he  "two meson" p r e d i c t i o n  (Marschak and Bethe 1947), t h e  i n t r o d u c t i o n  
of t h e  p parameter  f o r  t h e  d e s c r i p t i o n  of the  y + evv' decay (Niche1 1950),  t h e  
d i s c u s s i o n  of poss ib l e  p a r i t y  v i o l a t i o n  i n  weak i n t e r a c t i o n  (Lee and Yang 1956),  PC 
inva r i ance  (Landau; Lee and Yang 1957), l o n g i t u d i n a l  neu t r inos  (Landau; Lee and Yang; 
Salam; Sakura i  1957),  t he  V-A u n i v e r s a l  weak i n t e r a c t i o n  (Marshak and Sudarshan; 
Gell-Mann and Feynman 1958),  n e u t r i n o  o s c i l l a t i o n s  (Pontecorvo 1957),  t h e  suggest ion 
t h a t  8~ i s  a source  of r e l a t i v e l y  high energy s o l a r  neu t r inos  (Fowler 1958), t h e  
"Kiev symmetry" o r  the  "prequark" lepton-hadron symmetry (Gamba e t  a l .  1959),  t h e  
n e u t r i n o  emiss ion from ho t  s t a r s  due t o  t h e  Fermi i n t e r a c t i o n  (Pontecorvo 1959). 

Not ice  t h a t  t h e  average number N of authors  i n  a t y p i c a l  exper imenta l  i n v e s t i -  
g a t i o n  is s t i l l  < 5 .  I n  t h e  subsequent,  f o u r t h  pe r iod ,  which might be c a l l e d  t h e  
per iod of  mature n e u t r i n o  physics ,  N > 10  ! 

5. Four th  per iod (1960 - ) : t h e  m a t u r i t y  of neu t r ino  physics.-  It i s  exten- 
d i n g  from t h e  discovery of two types  of neu t r inos  t o  the  d iscovery of n e u t r a l  cur- 
r e n t s ,  of t a u  l ep tons ,  t h e  weak decays of charmed p a r t i c l e s ,  e t c . ,  t h e  theory of 
electro-weak i n t e r a c t i o n s  and ... GUT. 

I s h a l l  not  touch upon t h i s  per iod,  because i t  is  s t a r t i n g  i n  t h e  s i x t i e s .  Notice 
t h a t  t h e  per iods  considered sooner do d i f f e r  from t h e  "period of matur i ty"  by an  
a d d i t i o n a l  c i rcumstance : a given r e s u l t  o r  experiment being planned e t c .  nowadays i s  
a s s o c i a t e d  u s u a l l y  wi th  a g iven f a c i l i t y  ( l e t  u s  say CERN-Gargamelle, Fermilab-HPWF, 
Serpukhov-SKAT . . .) r a t h e r  than  with t h e  surname(s) o f  t h e  au thor ( s ) .  

A comparison of t h e  va r ious  per iods  i n d i c a t e s  an  amazingly f a s t  growth of neu t r i -  
no physics  which, t oge the r  wi th  i t s  f a r  reaching r a m i f i c a t i o n s  i n  t h e  f i e l d  of a s t r o -  
physics  and cosmology, i s  today a d e f i n i t e l y  q u a n t i t a t i v e  sc i ence ,  hea l thy  and power- 
f u l ,  and y e t  l eav ing  l o t s  of room f o r  q u a l i t a t i v e  s u r p r i s e s .  

6 .  P a u l i  : a giant . -  It is d i f f i c u l t  t o  f ind  a c a s e  where t h e  word " i n t u i t i o n "  
c h a r a c t e r i s e s  a human achievement b e t t e r  than i n  t h e  c a s e  of t h e  neu t r ino  inven t ion  
by P a u l i .  
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F i r s t ,  50 years  ago t h e r e  were known only two "elementary" p a r t i c l e s ,  t h e  e lec-  - 
t r o n  and t h e  proton,  and t h e  very  i d e a  t h a t  f o r  t he  unders tanding of th ings  t h e  ex i s -  
t e n c e  of a new p a r t i c l e  becomes imperat ive  was i n  i t s e l f  a r evo lu t iona ry  conception. 
What a d i f f e r e n c e  from the  p resen t  day s i t u a t i o n ,  when a t  t h e  s l i g h t e s t  provocat ion 
l o t s  of people a r e  ready t o  inven t  any number of p a r t i c l e s  ! 

Second, t h e  invented p a r t i c l e ,  t h e  neu t r ino ,  should have q u i t e  e x o t i c  p r o p e r t i e s ,  
e s p e c i a l l y  an  enormous p e n e t r a t i n g  power. True, P a u l i  a t  t h e  beginning d i d  not recog- 
n i z e  f u l l y  such unescapable impl i ca t ions  of h i s  i dea  and modestly conceeded t h a t  t h e  
n e u t r i n o  may have a p e n e t r a t i n g  power about equa l  o r  t e n  t imes  l a r g e r  than  a quantum. 
I n c i d e n t a l l y ,  a d imensional  thermodynamical argument, showing t h a t  neu t r inos  of ener- 
gy - 1 M e V  o r  wave l eng th  7\ must have an  as t ronomical ly  l a r g e  mean f r e e  path,  l e t ' s  
s a y  equa l  t o  a t h i ckness  of water  m i l l i a r d  of t imes g r e a t e r  t han  t h e  Earth-Sun d i s -  
t ance ,  was f i r s t  g iven by Bethe and P e i e r l s  /l/ who considered t h e  two i n v e r s e  pro- 
c e s s e s  ( I  am us ing  modern n o t a t i o n s )  : Z + ( 2  + 1) + e- + ye ( t h i s  i s  a _ b e t a  pro- 
c e s s  t ak ing  p lace  wi th  a c h a r a c t e r i s t i c  time T) and t h e  i n v e r s e  r e a c t i o n  ve + ( Z  + 
1) -t Z + e+, c h a r a c t e r i z e d  a t  t h e  mentionned n e u t r i n o  energy by a c r o s s  s e c t i o n  : 

The argument, which today is se l f - ev iden t  (almost a l l  good arguments look obvious "a 
p o s t e r i o r i " )  made a deep impress ion upon me. I did  not f o r g e t  i t  many years  l a t e r ,  
when I suggested how f r e e  neu t r ino  experiments might be performed wi th  t h e  help of 
r e a c t o r s  121. 

Thi rd ,  t h e  n e u t r i n o ,  because of i t s  f a n t a s t i c  p e n e t r a t i n g  power appeared f i r s t  a s  
a p a a e  which, a s  i t  were, cannot be r evea led  i n  t h e  f r e e  s t a t e ,  and on t h e  ex i s -  
t e n c e  of which you can judge on t h e  b a s i s  of t h e  laws of energy and moment conser- 
v a t i o n s ,  by d e t e c t i n g  t h e  nuc lea r  r e c o i l s  i n  b e t a  decay, t h a t  is wi th  t h e  help  of a 
method which today is  q u i t e  c u r r e n t l y  used i n  sea.?c:.es ior 11ruLra1 p a r t i c l e s  - t h e  
so-cal led  "missing-mass" method. Experiments of t h i s  t ype  were suggested by Pau l i  and 
t h e  f i r s t  of t h e s e  was performed i n  Cambridge by Leipunsky 131. Here I would l i k e  t o  
u n d e r l i n e  t h a t  50 yea r s  ago t h e r e  was known only one process  involving t h e  neu t r ino ,  
t h e  be ta  decay of heavy nuc le i ,  which i s  a 3 - p a r t i c l e  process  i n  t h e  f i n a l  s t a t e .  
Extremely important  experiments of E l l i s  and o t h e r s  showed t h a t  t h e  average energy 
(measured i n  a ca lo r ime te r )  of t h e  be ta  r ays  i s  equal  t o  t h e  average energy of t h e  
b e t a  spectrum, measured i n  a magnetic spect rometer .  This c lue ,  t oge the r  with t h e  
no t ion  t h a t  t h e r e  is a maximum energy of $ r a y s ,  was c e r t a i n l y  not  missed by Paul i .  
411 t h e  o t h e r  p rocesses  i n  which, as we know now, n e u t r i n o  take  p a r t ,  were not  known 
a t  t h e  t ime. Among t h e s e  s e v e r a l  two-par t ic le  decays from charged p a r t i c l e s  s topp ing  
i n  a t r ack  d e t e c t o r  (TC+ + p+ + vP ; p- + 3 ~ e  + 3~ + vP ...) l eave  behind beau t i -  
f u l  s i g n a t u r e s ,  s i n c e  t h e  emi t t ed  charged p a r t i c l e  has  always t h e  same momentum, of 
cour se  equa l  t o  t h a t  of t he  i n v i s i b l e  neutr ino.  Examples of t hese  p rocesses  a r e  w e l l  
known today. If i n  t h e  time previous t o  the  Paul i  hypothes is  such a two-par t ic le  
even t s  had been discovered,  t h e r e  would not have been the  need of Pau l i  genious t o  
i n v e n t  t h e  neutr ino.  However, I would l i k e  t o  mention he re  t h a t ,  a t  t h e  time, Bohr 
thought t h a t  t he  continuous b e t a  spectrum might a r i s e  from energy non-conservation i n  
i n d i v i d u a l  processes ,  so  t h a t ,  s t r i c t l y  speaking,  i n  o r d e r  t o  solve  t h e  dilemma neu- 
t r i n o  ve r sus  energy non-conservation, one may not be allowed i n  p r i n c i p l e  t o  make use  
of conse rva t ion  laws. 

Some more words on t h e  Pau l i  i nven t ion ,  about which he wrote himself a few t e n s  
of years  a f t e r  h i s  famous proposal ,  which, i n c i d e n t a l l y ,  was never published i n  a 
s c i e n t i f i c  p e r i o d i c a l .  Maybe no t  a l l  of you know t h a t  t h e  f i r s t  i dea  on t h e  e x i s t e n c e  
of the  neu t r ino  appeared i n  a l e t t e r  /4/ t o  a group of s p e c i a l i s t s  i n  r a d i o a c t i v i t y ,  
who were t o  meet i n  Tubingen, t h e  l e t t e r  s t a r t i n g  with these  words : "Dear r a d i o a c t i -  
ve l a d i e s  and gentlemen". At t h i s  meeting Pau l i  was not  p re sen t  because he  was expec- 
t i n g  much more from a b a l l  which he wished t o  a t t e n d  i n  Zurich, t he  n igh t  of December 
6, 1930. But i n  t h a t  l e t t e r  t h e r e  were not  only jokes. There a r e  two i d e a s  t h a t  only  
a man of g r e a t  i n t u i t i o n  could have. These i d e a s  I w i l l  formulate  i n  t h e  today and 
t h e  P a u l i  terminology. 



1 )  In  t h e  n u c l e i  t h e r e  must e x i s t  e l e c t r i c a l l y  n e u t r a l  p a r t i c l e s ,  neu t rons  ( P a u l i  
a l s o  c a l l e d  them neu t rons )  having s p i n  112. 

2 )  I n  t h e  b e t a  decay toge the r  wi th  t h e  e l e c t r o n  t h e r e  must be emit ted  a  n e u t r a l  
p a r t i c l e ,  t h e  neu t r ino  ( P a u l i  c a l l e d  it neutron) ,  s o  t h a t  t h e  t o t a l  energy of t h e  
e l e c t r o n ,  n e u t r i n o  and r e c o i l  nucleus  i s  d e f i n i t e ,  a s  i t  should be. 

Thus P a u l i  "invented" two p a r t i c l e s  a t  t h e  same time and both  were very  necessary  
(keep i n  mind, among o t h e r  th ings  *) t h e  so-cal led  n i t r o g e n  ca t a s t rophe ,  t h a t  i s  t h e  

roo f ,  given i n  the  c l a s s i c a l  spec t roscop ic  i n v e s t i g a t i o n s  of R a s e t t i ,  t h a t  n u c l e i  
P4N obey t h e  Bose s t a t i s t i c s ,  so  t h a t  they can ha rd ly  c o n s i s t  of protons  and e lec-  
t r o n s  only) .  P a u l i  f o r  a  time thought he had invented only one p a r t i c l e ,  and n o t  two, 
because mis takenly  he considered them t o  be i d e n t i c a l .  Soon, however, he  understood 
h i s  e r r o r ,  namely, i n  t h e  f i r s t  o f f i c i a l  p u b l i c a t i o n  151 about the  neu t r ino  ( s o  i t  
was c a l l e d  by Fermi) a t  t h e  1933 Solvay Congress. The subsequent c o l o s s a l  s t e p  was 
done by Fermi. 

7 .  Fermi : one more g i an t . -  Fermi got  acquainted wi th  Pau l i  hypo thes i s  i n  Rome a t  
an  I n t e r n a t i o n a l  Conference of Nuclear Physics (1931),  where t h e  $ decay problem was 
d i scussed .  There Bohr t a lked  i n  favour of energy non-conservation. Fermi was q u i t e  
impressed by t h e  Pau l i  p a r t i c l e ,  which he  s t a r t e d  t o  c a l l  "neutr ino" .  Fermi e v i d e n t l y  
was a l r eady  th ink ing  deeply about t h e  problem a t  t h e  time of t h e  Solvay Congress; h i s  
famous paper "A Ten ta t ive  Theory of b e t a  Decay" / 6 /  appeared only 2  months a f t e r  t h e  
end of such Congress (1933). This  i s  a  q u a n t i t a t i v e  theory,  which had a  g r e a t  
i n f l u e n c e  on t h e  development of physics.  Without any doubt t h e  i d e a  on t h e  e x i s t e n c e  
of t h e  n e u t r i n o  would have remained a  vague n o t i o n  wi thout  Fermi ' s  con t r ibu t ion .  Th i s  
theo ry  amazingly r e s i s t e d  almost wi thout  change u n t i l  t h e  Glashow-We inberg-Salam 
s y n t h e s i s  and underwent o n l y r e l a t i v e l y  smal l ,  a l though q u i t e  important  and numerous 
a d d i t i o n s .  I f e e l  q u i t e  conf iden t  t h a t ,  had been Fermi a l i v e ,  he would have made 
himself a t  l e a s t  most of t h e  add i t ions ,  under t h e  p r e s s u r e  of new exper imenta l  f a c t s ,  
about some of which I w i l l  t a l k  l a t e r .  

I would l i k e  now t o  say some cu r ious  f a c t s  aho~vt the sppear ing of t h e  theory,  
f a c t s ,  which I have seen wi th  my eyes ,  s i n c e  i n  t h a t  pe r iod  I was working i n  Rome. 

1 )  The Journa l  "Nature" refused t h e  paper of Fermi, because i t  appeared too  abs- 
t r a c t  t o  be of i n t e r e s t  f o r  t he  readers .  I a m  s u r e  the  e d i t o r  has r e g r e t t e d  such 
episode f o r  a l l  h i s  l i f e .  

2 )  The second cu r ious  th ing  has  t o  do wi th  t h e  d i f f i c u l t i e s  Fermi encountered. 
Such d i f f i c u l t i e s  were not mathematical,  but phys ica l .  The necessary  mathematics, t h e  
secondary q u a n t i s a t i o n ,  he l ea rned  qu ick ly ,  but t h e  most s e r i o u s  d i f f i c u l t y  was t o  
recognize  t h e  f a c t  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  c rea t ed  when a  neutron 
t ransforms i n t o  a  proton. Of course ,  t h i s  i s  a  t h i n g  t h a t  every s tuden t  knows today : 
elementary  p a r t i c l e  i n t e r a c t i o n s  a r e  expla ined by t h e  exchange of elementary p a r t i -  
c l e s .  This  is  quantum f i e l d  theory and i s  an unescapable consequence of t h e  quantum 
theory  and of t h e  theory of r e l a t i v i t y .  P a r t i c l e s  a r e  c r e a t e d  and destroyed. This  
was the  d i f f i c u l t  po in t  f o r  Fermi. P a u l i ,  i n  s p i t e  of i t s  pioneer  work i n  quantum 
elect rodynamics ,  d id  no t  formulate  c l e a r l y  t h i s  p o i n t  i n  t h e  b e t a  decay case.  I f  you 
read the  famous Fermi a r t i c l e  on $ decay,  you s e e  how he worked making an  analogy 
w i t h  t h e  Di rac  quantum theory of r a d i a t i o n  (photons are c r e a t e d  and des t royed !) and 
how by analogy he  s e l e c t e d  t h e  V v a r i a n t  of t h e  $ decay. 0 

I s t i l l  remember - h i s  words : when t h e  e x c i t e d  Na atom emits  t h e  5890 A l i n e ,  t h e  
photon i s  no t  s i t t i n g  i n  t h e  atom ( i t  is  c r e a t e d ) ;  s i m i l a r l y  the  e l e c t r o n  and t h e  
n e u t r i n o  a r e  c r e a t e d  when a  neu t ron  i s  changing i n t o  a  proton. 

*) Deta i l s  on t h e  t h e o r e t i c a l  t h ink ing  (Rutherford ,  Pau l i  and e s p e c i a l l y  Majorana) 
about t h e  neutron be fo re  i t s  exper imenta l  d iscovery by Chadwick a r e  most i n t e r e s t i n g ,  
b u t  I have not  t h e  p o s s i b i l i t y  t o  d i s c u s s  them here.  I s h a l l  mention only t h a t  a f t e r  
having read t h e  famous Curie-Jol io t  paper about t h e  p r o j e c t i o n  of protons  by the  
r a d i a t i o n  from a  Po + Be sources ,  Majorana no t i ced  t h a t  obviously  t h e r e  was evidence 
i n  favour  of " n e u t r a l  protons" ( t h a t  i s  : neu t rons ) .  
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Here I should say tha t  a t  about the  same time and independently of Fermi, Per r in  
/ 7 /  solved the same conceptual d i f f i c u l t i e s  which I have jus t  mentioned. Per r in  a l s o  
made conclusions about t h e  neutr ino mass i d e n t i c a l  t o  those of Fermi and very modern 
indeed, i n  the sense t h a t  Perr in and Fermi talked both of the  neutr ino mass question 
( a  paramount quest ion today !) i n  an absolutely undogmatic way and pointed out t h a t  
t h e  neutr ino mass, i f  f i n i t e ,  could be determined by measuring beta decay spec t ra  
near the end point. In the most favored case ( 3 ~  beta decay) such experiments were 
i n i t i a t e d  i n  the  f o r t i e s  /8,9/. The r e s u l t s  of t h i s  type of measurements i n  the eigh- 
t i e s  a r e  expected with g rea t  excitement by the  e n t i r e  community of phys ic i s t s ,  fol lo-  
wing a  most i n t e r e s t i n g  recent paper by V. Lyubimov, Tretjakov which claimed a def i -  
n i t e  f i n i t e  value of the  neutr ino mass. Let us  come back t o  the  be ta  decay theory. 

A t  a  variance with the electromagnetic i n t e r a c t i o n  (through the exchange of a  
photon) Fermi assumed tha t  the two currents ,  the heavy p a r t i c l e  (n, p) and the  l i g h t  
p a r t i c l e  (e ,  v )  cur ren ts  have a  con tac t  i n t e r a c t i o n  

where k i s  a  constant  of the  order  of e rg  cm3 (today we a l l  know t h a t  k  = ~ / a  - where G = $ i s  the Fermi constant,  h  = c = I ) ,  Gp ,  +n a r e  the c rea t ion  
operator  of the proton and the  des t ruc t ion  operator  of t h e  neutron, e tc .  Fermi assu- 
med t h a t  weak currents ,  a s  we c a l l  them now, a r e  four-vectors, a s  i n  electrodynamics. 
At t h e  beginning, Fermi f e l t  t h a t  th_e nucleon weak current  Tp y p  +, is analo- 
gous t o  the electromagnetic current  G p  yp (Gp. and t h a t  the lepton weak current  

+" i s  analogous to  the electro-magnetlc f i e l d .  However, i n  h i s  formula- 
::onrethe heavy p a r t i c l e " ,  ( i n  Fermi's words) and "the l i g h t  par t i c le"  currents ,  a s  a  
matter  of f a c t ,  a r e  cn i d e n t i c a l  fcot .  Thus Fermi created i t s  perfect  btlilding s t a r -  
t i n g  from a few experimental r e s u l t s  on the beta  decay of heavy nuclei ,  especial ly  
RaE and from an analogy with Dirac theory of rad ia t ion .  

I would l i k e  t o  underline here tha t  our knowledge s ince  t h a t  time has increased 
tremendously; however (almost) a l l  the new things f i t  wonderfully i n t o  the  Fermi 
p ic ture .  

8. Majorana.- In  1937 Majorana raised a  most important problem i n  neutr ino phy- 
s i c s  and, i n  general,  i n  elementary p a r t i c l e  physics : t h e  problem about the t rue  
n e u t r a l i t y  of e l e c t r i c a l l y  neu t ra l  fermions. The question a t  i s sue  i s  tha t  of the  
Majorana neutr ino (and neutron !) . 

I f e e l  now t h a t  a  few introductory words a r e  i n  place about a  t h i r d  g ian t  - 
E t t o r e  Majorana, whose personal i ty  should be of g rea t  i n t e r e s t  not only t o  phys ic i s t s  
but a l s o  t o  wr i te r s .  

When I joined a s  a  t h i r d  year student the  Physical I n s t i t u t e  of the  Royal Univer- 
s i t y  of Rome (1931) Majorana, a t  the  time 25 years old,  was already qu i te  famous 
within the community of a  few i t a l i a n  phys ic i s t s  and foreign s c i e n t i s t s  who were 
spending some time i n  Rome t o  work under Fermi. The fame re f lec ted  f i r s t  of a l l  t h e  
deep respect  and admiration f o r  him of Fermi, of whom I remember exact ly these words 
: "once a  physical  question has been posed, no man i n  the  world i s  capable of answe- 
r i n g  i t  b e t t e r  and f a s t e r  than Majorana". According t o  the  joking lexicon used i n  t h e  
Rome Iaboratory,  the physicis ts ,  pretending to be associated within a  re l ig ious  or- 
der ,  nicknamed t h e  i n f a l l i b l e  Fermi a s  the Pope and the  int imidat ing Majorana a s  the  
Great Inquis i to r .  A t  seminars he was usually s i l e n t  but occasionally made s a r c a s t i c  
and paradoxal comments, always t o  the point. Majorana was permanently unhappy with 
himself (and not only with himself !). He was a  pessimist,  but had a  very acute  sense 
of humour. It i s  d i f f i c u l t  t o  imagine persons a s  d i f f e r e n t  i n  character  a s  Fermi and 
Majorana. Whereas Fermi was a  very simple man (with a  small reservat ion : he was a  
genious !) who considered ordinary common sense t o  be a  very posi t ive human qua l i ty  



(which he was c e r t a i n l y  we l l  provided wi th  !), Majorana was condi t ioned by compli- 
c a t e d  and a b s o l u t e l y  non t r i v i a l  l i v i n g  ru l e s .  S t a r t i n g  from 1934 he met w i t h  o t h e r  
p h y s i c i s t s  and f requented t h e  Laboratory more and more seldom. I n  1938 he  l i t e r a l l y  
d isappeared.  Probably he committed s u i c i d e ,  but t h e r e  i s  no a b s o l u t e  c e r t a i n t y  about 
t h i s  point .  He was q u i t e  r i c h  and I cannot avoid th ink ing  t h a t  h i s  l i f e  might not  
have f i n i s h e d  s o  t r a g i c a l l y ,  should he have been ob l iged  t o  work f o r  a  l i v i n g .  Thus 
t h e  s c i e n t i f i c  a c t i v i t y  of Majorana l a s t e d  l e s s  than  t e n  yea r s  (1928-1937). For t h i s  
reason,  and a l s o  because he d i d  not  l i k e  t o  pub l i sh  t h e  r e s u l t s  of a l l  t h e  inves t iga -  
t i o n s  he had made, Majorana's c o n t r i b u t i o n  t o  s c i e n c e  i s  much l e s s  than  i t  could have 
been. The p u b l i c a t i o n  of t h e  famous paper / l o /  r e l e v a n t  t o  neu t r ino  physics ,  f o r  
example, was prompted by a  f o r t u n a t e  circumstance. I n  1937 Majorana decided t o  take  
p a r t  i n  a  compet i t ion f o r  an  u n i v e r s i t y  c h a i r .  He j u s t  wrote t h e  paper a t  i s s u e  i n  
o r d e r  t o  i n c r e a s e  h i s  chance t o  g e t  t h e  c h a i r  ! Had i t  not  been f o r  such an occas ion,  
t h e  paper probably would never have appeared i n  p r i n t .  

I n c i d e n t a l l y  Majorana was a  c l o s e  f r i e n d  of E. Amaldi, t o  whom we owe t h e  publ i -  
c a t i o n  of Majorana's c o l l e c t e d  papers,  a  most i n t e r e s t i n g  book /11/ on h i s  l i f e  and 
work, and a  number of a r t i c l e s  i n  which he (E.A.) has  been f i g h t i n g  s u c c e s s f u l l y  
a g a i n s t  deformations of t h e  g r e a t  f i g u r e s  of Majorana and Fermi. Now I am coming back 
t o  physics .  

I n  t h e  l a t e  f i f t i e s  and i n  the  s i x t i e s  the  op in ion  was f r equen t ly  expressed t h a t  
n e u t r i n o s  a ' l a  Majorana, although b e a u t i f u l  and i n t e r e s t i n g  o b j e c t s ,  a r e  no t  r e a l i s e d  
i n  nature .  It is  c e r t a i n l y  no t  p o s s i b l e  t o  ag ree  today wi th  such an  opinion. On t h e  
c o n t r a r y ,  t h e  ques t ion  r a i s e d  by Majorana has become more and more important  and 
nowaday is, i n  f a c t ,  t h e  c e n t r a l  problem i n  n e u t r i n o  physics.  

The paper  / l o /  is  t h e  l a s t  o r i g i n a l  one w r i t t e n  by Majorana. I wish t o  cover only 
t h e  main phys ica l  and q u a l i t a t i v e  a s p e c t s  of t h e  paper which has  a n t i c i p a t e d  t h e  
t imes  by some f o r t h y  yea r s  and I s h a l l  n o t  touch upon i t s  very important  formal as- 
pec t s .  m y b e  t h e  b e s t  t o  do is  t o  t r a n s l a t e  i n  e n g l i s h  t h e  summary, t h e  i n t r o d u c t i o n  
and a  few more phrases  of t h e  paper,  which a s  f a r  a s  I know, was w r i t t e n  only i n  
i t a l i a n .  

Symmetrical theory of t h e  e l e c t r o n  and t h e  p o s i t r o n  
E. Majorana, k o v o  Cimento, 5, 171-184, 1937 

S m a r y . -  The p o s s i b i l i t y  i s  demonstrated of reaching a  f u l l  formal symmetriza- 
t i o n  of t h e  quantum theory of t h e  e l e c t r o n  and t h e  p o s i t r o n  us ing a  new q u a n t i z a t i o n  
process .  This  is modifying somewhat t h e  meaning of t h e  Dirac  equat ions  i n  t h e  sense  
t h a t  t h e r e  a r e  no more reasons  e i t h e r  t o  t a l k  about negat ive  energy s t a t e s  o r  t o  
presume t h e  e x i s t e n c e  of " a n t i p a r t i c l e s "  corresponding t o  negat ive  energy "holes" f o r  
new types  of p a r t i c l e s ,  e s p e c i a l l y  n e u t r a l  ones.  

The i n t e r p r e t a t i o n  of t h e  so  c a l l e d  "negat ive  energy s t a t e s "  proposed by Dirac  
(P.A. Dirac ,  Proc. Camb. Ph i l .  Soc. 30, 150 (1924). See a l s o  W. Heisenberg, Z. 
Physik 90, 209 (1934) ) ,  a s  i t  is  well-known, l eads  t o  a  d e s c r i p t i o n  e s s e n t i a l l y  
symmetrical  of e l e c t r o n s  and posi t rons .  The e s s e n t i a l  symmetry of t h e  formalism is  
p r e c i s e l y  due t o  the  c i rcumstance t h a t  t h e  theory y i e l d s  r e s u l t s  indeed symmetrical  
a s  f a r  a s  t h e  convergence d i f f i c u l t i e s  can be avoided. However t h e  a r t i f i c i a l  ways 
which have been suggested i n  o r d e r  t o  g ive  t h e  theory a  symmetrical  form i n  agreement 
w i t h  i t s  con ten t  a r e  no t  e n t i r e l y  s a t i s f a c t o r y  e i t h e r  because t h e  s t a r t i n g  approach 
i s  always asymmetrical  o r  because t h e  symmetrization i s  obta ined l a t e r  through 
methods which should be avoided (such a s  t h e  c a n c e l l a t i o n  of i n f i n i t e  cons tan t s ) .  
Thus we have t r i e d  a  new way which l e a d s  more d i r e c t l y  t o  t h e  d e s i r e d  aim. 

As f a r  a s  e l e c t r o n s  and p o s i t r o n s  a r e  concerned, we should expect from t h e  theory 
on ly  a  formal improvement; however i n  our  opinion i t  i s  important  ( f o r  p o s s i b l e  ex- 
t e n s i o n s  of t he  theory)  t h a t  t h e  very no t ion  of negat ive  energy s t a t e s  d isappears .  
As a  ma t t e r  of f a c t  we s h a l l  s e e  t h a t  i t  i s  p e r f e c t l y  p o s s i b l e  t o  c o n s t r u c t  i n  a  very 
n a t u r a l  way a  theo ry  of n e u t r a l  p a r t i c l e s  without nega t ive  s t a t e s .  
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From t h e  f i r s t  paragraph I wish t o  quote t h e  fo l lowing words : ... "It ( t h a t  i s  
t h e  new proposed rnethod of q u a n t i z a t i o n  B.P.) is  of importance e s p e c i a l l y  f o r  Fermi 
f i e l d s ,  whereas f o r  t h e  e lec t ro-magnet ic  f i e l d  s i m p l i c i t y  sugges t s  t h a t  no th ing  must 
be added t o  o ld  methods. I n c i d e n t a l l y  we s h a l l  not  f a c e  t h e  sys t ema t i c  s tudy of t h e  
l o g i c a l  p o s s i b i l i t i e s  o f f e r e d  by our new po in t  of view and l i m i t  ou r se lves  t o  t h e  
d e s c r i p t i o n  of t h e  process  of q u a n t i z a t i o n  which, a s  i t  seems, i s  of importance f o r  
a c t u a l  a p p l i c a t i o n s ;  i t  appears t o  be a  g e n e r a l i z a t i o n  of the  Jordan-Wigner Method 
(P. Jordan and E. Wigner, Z .  Physik 7, 631(1928) )and a l lows no t  only  t o  g ive  a  sym- 
m e t r i c a l  form t o  t h e  e l ec t ron -pos i t ron  theory,  but a l s o  t o  cons t ruc t  an  e s s e n t i a l l y  
new theory  f o r  p a r t i c l e s  wi thout  e l e c t r i c a l  charge (neu t rons  and h y p o t h e t i c a l  n e u t r i -  
nos) .  Although i t  is  perhaps no t  p o s s i b l e  now t o  a sk  t o  t h e  experiment a  cho ice  be- 
tween t h e  new theory and t h a t  i n  which the  Dirac  equat ions  a r e  simply extended t o  
n e u t r a l  p a r t i c l e s ,  one should keep i n  mind t h a t  t h e  new theory is  in t roduc ing  i n  t h i s  
unexplored f i e l d  a  smal ler  number of h y p o t h e t i c a l  e n t i t i e s . "  ... 

From t h e  second paragraph : "...The advantage of t h i s  method ( t h a t  i s  t h e  theory 
of Majorana. B.P.) over t h e  elementary i n t e r p r e t a t i o n  of Dirac  equa t ions ,  a s  we s h a l l  
s e e  b e t t e r  below, i s  t h a t  t h e r e  is  no more any reason t o  assume t h e  e x i s t e n c e  of 
a n t i n e u t r o n s  o r  an t ineu t r inos .  Of t h e  l a s t  ones a c t u a l l y  t h e  use  i s  made of i n  t h e  
theo ry  of the  b e t a  decay wi th  emiss ion of p o s i t r o n s  ( s e e  G.C. Wick, Rend. Accad. 
L i n c e i  z, 170 (1935) ), but  such theory,  obviously ,  can be modified i n  such a  way 
t h a t  t h e  emiss ion of a  p o s i t r o n  a s  wel l  a s  an  e l e c t r o n  i s  always accompanied by t h e  
emission of  a  n e u t r i n o  . . ." 

For t h e  b e n e f i t  of t he  young reade r  who from t h e  beginning of h i s  a c t i v i t y  has  
been used t o  hea r  not  only about e l e c t r i c  charges  but  a l s o  about o t h e r  types  of 
"charge" (baryon, l e p t o n  ...) I would l i k e  t o  unde r l ine  t h a t  i n  1937 only t h e  n o t i o n  
of e l e c t r i c  charge was known. Now Majorana f i r s t  invented e x p l i c i t l y  t r u l y  n e u t r a l  
fermions o r  Majorana p a r t i c l e s ,  t h a t  i s  fermions which a r e  i d e n t i c a l  t o  t h e i r  own 
a n t i p a r t i c l e s .  Majorana p a r t i c l e s  a r e  c a l l e d  by him "two-componentw (one p a r t i c l e  
w i t h  two s p i n  o r i e n t a t i o n s ) ,  t h e  Dirac p a r t i c l e s  being four-component ones ( p a r t i c l e  
and a n t i p a r t i c l e ,  each wi th  two s p i n  o r i e n t a t i o n s ) .  Majorana considered "ma te r i a l "  
p a r t i c l e s  (wi th  f i n i t e  r e s t  mass). Second Majorana, p u t t i n g  t h e  ques t ion  about an  
e l e c t r i c a l l y  neutra l .  fermion being descr ibed e i t h e r  by h i s  theory o r  by t h e  Dirac  
theo ry ,  i m p l i c i t e l y  in t roduced t h e  no t ion  of charges  o t h e r  than e l e c t r i c a l .  Majorana 
p a r t i c l e s  a r e  fermions which have n e i t h e r  e l e c t r i c a l  no r  any o t h e r  charges.  E l e c t r i -  
c a l l y  n e u t r a l  fermions which a r e  no t  Majorana p a r t i c l e s  a r e  desc r ibed  by t h e  Di rac  
theory,  a r e  not  t r u l y  n e u t r a l  and have a  (non e l e c t r i c )  charge. Not ice  t h a t  e x p l i c i t -  
l y  t h e  no t ion  of baryon and l e p t o n  charges  were in t roduced only i n  1949 /12/ and 
1953 ! /13/.  

From one phrase  of Majorana I quoted above i t  i s  seen  t h a t  he had i n  mind d e f i n i -  
t e l y  t h e  ques t ion  a s  t o  whether t h e  Majorana ve r sus  Di rac  n a t u r e  of a  fermion can be  
e s t a b l i s h e d  by modern (1937 !) experiments.  Concerning t h i s  ques t ion,  I s h a l l  consi -  
d e r  f i r s t  t h e  c a s e  of neu t r inos ,  i gnor ing  now two very  important  c i rcumstances  t h a t  
Majorana then  could no t  have i n  mind : a )  t h e  n e u t r i n o  l o n g i t u d i n a l  p o l a r i z a t i o n  /14/ 
connected wi th  p a r i t y  non-conservation (1957) and b) t h e  p o s s i b i l i t y  of smal l  v i o l a -  
t i o n s  of ( l e p t o n )  charge conse rva t ion  and of t h e  r e l a t e d  p o s s i b l e  e x i s t e n c e  (1958) of 
non-s ta t ionary  n e u t r i n o  s t a t e s  ( o s c i l l a t i o n s )  /15/ ( i n  modern terminology, weak in- 
t e r a c t i o n  e i g e n s t a t e s  a r e  not  n e c e s s a r i l y  mass e i g e n s t a t e s ) .  A s  it can be guessed 
from one of the  above quo ta t ions ,  Majorana probably thought about experiments which 
i n  p r i n c i p l e  might answer t h e  fo l lowing ques t ion  : a r e  n e u t r a l  l e p t o n s  emi t t ed ,  say,  
t o g e t h e r  wi th  nega t ive  be ta  r ays ,  capable  of being absorbed by n u c l e i  w i th  t h e  emis- 
s ion ,  aga in ,  of negat ive  e l e c t r o n s  ? I t h i n k  t h a t  probably he d i d  no t  mention exp l i -  
c i t e l y  such a  p o s s i b i l i t y  because a t  t h e  time d e t e c t i n g  neu t r inos  was un fo r tuna te ly  
and wrongly considered n e i t h e r  a  s e r i o u s  proposal  nor  even a  decent  argument of Con- 
v e r s a t i o n  ( t h e  expected c r o s s  s e c t i o n  being r i d i c u l o u s l y  small  !). 



I personally was faced with the  Majorana neutr ino - Dirac neutrino dilemma more 
than once and each time f o r  long periods. The first time when I proposed and develop- 
ed /2 /  the  C1-A method of detect ing neutrinos, the  second time when I invented pos- 
s i b l e  neutrino o s c i l l a t i o n s  1151 (about these episodes I s h a l l  t a l k  below i n  other  
paragraphs) and again i n  the  s i x t i e s ,  sevent ies  and the  e i g h t i e s  i n  connection with 
t h e  theory of o s c i l l a t i o n s  and double be ta  decay. Racah almost immediately/l6/ react-  
ed t o  t h e  Majorana paper and was the  f i r s t  t o  wr i te  c l e a r l y  about t h e  idea  mentioned 
above on the  d i f f e r e n t  inverse beta decay behaviour of Dirac and Ma jorana neutrinos. 

Because uranium reac tors  and methods of de tec t ing  neutrinos had not ye t  come i n t o  
being a t  the  time of the  Racah paper, t h i s  had no d i r e c t  inf luence upon the  develop- 
ment of experiments with f r e e  neutrinos. However i t  should be mentioned t h a t  the 
t h e o r e t i c a l  i n t e r p r e t a t i o n  of the "negative" r e s u l t  i n  the successful  reac tor  C1-A- 
experiment of Davis /17/ res ted  a t  the  time on an idea  f i r s t  expressed by Racah. A t  
f i r s t  view the r e s u l t  of Davis, t h a t  an t ineu t r inos  from reactors  a r e  not a b l e  t o  be 
absorbed with the  emission of negative e lec t rons ,  can be in te rpre ted  (and so  it was) 
a s  a  demonstration of t h e  Dirac nature of neutr inos,  i f  you wish, a s  a  demonstration 
of t h e  exis tence of a  (non e l e c t r i c a l )  neutrino charge. However, a s  i t  i s  known now, 
t h i s  i n t e r p r e t a t i o n  is  premature, because of the important circumstances a) and b) 
mentioned above. Two words about t h i s  a t  t h e  end of t h i s  paragraph. 

Let us come back t o  the Majorana idea. In 1938 a paper of Furry appeared /18/, 
which looks t o  me as  a  typ ica l  "incubation" paper. It was stimulated by the Majorana 
and Racah thinking, and does not contain very important new resu l t s .  However i t  is  
describing i n  d e t a i l  t h e  l i n e  of thought of Racah about possible  nuclear reac t ions  
induced by Majorana and Dirac neutrinos, is  qu i te  pessimist about the  p o s s i b i l i t y  of 
solving the dilemma Dirac neutrino-Majorana neutrino experimentally and i s  obviously 
t h e  fore-runner of the  following, most c lever  and important paper of Furry /19/, 
where the  neu t r ino less  double P decay is f i r s t  considered. In  neutr inoless  double $ 
decay the neu t ra l  lepton v i r t u a l l y  emitted together with a  negative e lec t ron  by a  
neutron, must be absorbed by a  second neutron with the  emission of a  second negative 
electron.  The "Racah chain" i s  present here but the idea of the experiment i s  new and 
very s u b t i l e  i n  t g i s  case. The search f o r  neutr inoless  double beta decay nowadays 
even more than i n  the pas t  i s  a  very important t o o l  and may answer the quest ion rela-  
t ed  t o  the neutr ino (Majorana or  Dirac) nature. Neutrinoless double beta  decay has 
not yet  been observed : brave important experiments have been performed and a r e  per- 
formed now i n  order  t o  search f o r  it. An observation of neutr inoless  double P decay 
would d e f i n i t e l y  imply a  Majorana nature of the neutrinos described by s ta t ionary  
s t a t e s .  A negative r e s u l t  i n  the search f o r  neu t r ino less  double P decay i s  not easy 
t o  i n t e r p r e t  because of the  circumstances a) and b) mentioned above i n  t h i s  para- 
graph. Here may be it i s  worth t o  underl ine t h a t  negative r e s u l t s  i n  experiments of 
t h e  C1-A type i n  a  reac tor  and espec ia l ly  i n  t h e  search f o r  neutr inoless  double $ 
decay have already shown t h a t  the h e l i c i t y  of neutr inos  l laying the  r o l e  of lepton 
charge) i s  almost per fec t ,  if not absolutely perfect  *). Were i t  not f o r  such he l ic i -  
t y  the  p robabi l i ty  of double P decay would be l a r g e r  by .. . , but i n  i t a l i a n  there  is  
such a  proverb : "ifmy grandmother had wheels, she would be a  car". Let us re tu rn  t o  
Majorana and consider a l s o  t h e  case of neutrons. 

It  is  amazing how much i s  implied, e x p l i c i t l y ,  o r  impl ic i t ly ,  i n  h i s  famous pa- 
per. I have already s t ressed  t h a t  there  one can e i t h e r  see o r  see  between the  l i n e s  
e l e c t r i c a l l y  neu t ra l  fermions both without any charge and with some charge (lepton, 
baryon ...). True, impl ic i t ly  a l l  charges a r e  supposed t o  be s t r u c t l y  conserved, but 
t h i s  i s  not s t a t e d  i n  words. Now we know t h a t  among bosons there  may be "hybrid par- 
t i c l e s " ,  t h a t  i s  bosons having a charge which is  not s t r i c t l y  conserved 1201 and 

*) For the sake of c l e a r i t y  I would l i k e  t o  underline here t h a t  the "phenomenolo- 
g ica l"  neutr ino and an t ineu t r ino  beams, t h e  very words and notat ions v ,  'Y with which 
every experimental is t  i s  used t o  dea l ,  a r e  bound t o  remain i n  physics f o r  a  long time 
even i f  t h e  Majorana point of view i s  t h e  c o r r e c t  one. 
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o s c i l l a t i n g  between two d i f f e r e n t  s t a t e s  l i k e  n e u t r a l  kaons. If t h e r e  e x i s t  such 
e l e c t r i c a l l y  n e u t r a l  hybr ids  among fermions 1151, we would expect t h a t  they a r e  no t  
desc r ibed  by s t a t i o n a r y  s t a t e s ;  t h a t  they o s c i l l a t e  one i n t o  ano the r  and t h a t  they 
a r e  supe rpos i t ions  of p a r t i c l e s  w i t h  d e f i n i t e ,  d i f f e r e n t  masses, which a r e  desc r ibed  
by s t a t i o n a r y  s t a t e s  and a r e  t r u l y  n e u t r a l  ( o r  Majorana) fermions. Now l e t  me joke 
f o r  a  minute and you w i l l  s e e  where I am d r i v i n g  t o  : t h e  Majorana neu t rons  and neu- 
t r i n o s  desc r ibed  i n  t h e  1937 paper p r o p h e t i c a l l y  a n t i c i p a t e  t h e  modern f r e s h  GUT 
wind, w i th  n e u t r i n o  f i n i t e  masses, n e u t r i n o  and neutron o s c i l l a t i o n s  nucleon decay 
and a l l  t h a t  ! 

9. The 3 7 ~ 1 - 3 7 ~  method.- I would l i k e  now t o  g ive  a  s u b j e c t i v e  account of a  few 
pages i n  t h e  development of n e u t r i n o  physics ,  i n  which i n  some ways I was involved. 
I n  1946 neu t r inos  were gene ra l ly  considered unde tec t ab le  p a r t i c l e s .  Many r e s p e c t a b l e  
p h y s i c i s t s  were of t h e  opinion t h a t  t h e  very  ques t ion  about d e t e c t i n g  f r e e  neu t r inos  
was nonsense (no t  only because of temporary d i f f i c u l t i e s ) ,  j u s t  a s  nonsense i s  t h e  
q u e s t i o n  a s  t o  whether the  p res s ion  i n  a  v e s s e l  is  o r  i s  no t ,  say ,  l e s s  than  
atmospheres. I remembered we l l  t h e  Bethe-Peierls / I /  argument and i t  occurred t o  me 
a t  t h e  time t h a t  t h e  appearance of powerful nuc lea r  r e a c t o r s  made f r e e  n e u t r i n o  de- 
t e c t i n g  a  p e r f e c t l y  decent  occupation. I was l i v i n g  i n  Canada then and was w e l l  ac- 
qua in ted  wi th  r e a c t o r  physics.  The NRX Canadian r e a c t o r ,  i n  t h e  des ign  of which I was 
t a k i n g  p a r t ,  was no t  working yet ,  but  i t  was c l e a r  t o  me t h a t  under t h e  very  compact 
s h i e l d ,  where t h e  cosmic ray s o f t  component was considerably  weakened, one might 
d i spose  of a  n e u t r i n o  f l u x  - lo1* cm-* sec- l .  At t h e  time, s c i n t i l l a t o r s ,  which were 
s o  s u c c e s s f u l l y  used many yea r s  l a t e r  by Reines and Cowan /21/ t o  d e t e c t  f r e e  r e a c t o r  
a n t i n e u t r i n o s ,  had no t  yet  been invented. Well, i t  occurred t o  me t h a t  t h e  problem 
could be solved by radiochemical methods, t h a t  is, by concen t ra t ing  chemically t h e  
i s o t o p e  r e s u l t i n g  from the  i n v e r s e  b e t a  process  from a  very l a r g e  mass of ma t t e r  
i r r a d i a t e d  by n e u t r i n o s  /2 / .  A c a r e f u l  i n s p e c t i o n  of t h e  famous Seaborg t a b l e  of 
a r t i f i c i a l  r a d i o i s o t o p e s  ind ica t ed  a  few p o s s i b l e  t a r g e t  candidates ,  by f a r  t h e  b e s t  
of which was a c h l o r i n e  compound, t h e  r e a c t i o n  a t  i s s u e  being : 

n e u t r i n o  + 3 7 ~ 1  + 3 7 ~  + e- , ( 1 )  

where 3 7 ~  decays by K-capture wi th  t h e  l i b e r a t i o n  of 2.8 keV energy i n  t h e  form of X- 
r a y s  and Auger e l e c t r o n s .  I wrote  he re  "neu t r ino"  and not  ye because a t  t h e  time 
t h e  q u e s t i o n  as t o  whether v 4 was n o t  c l e a r  *). Now t h e r e  a r e  l o t s  of p r a c t i c a l  
reasons  why 3 7 ~ 1  i s  s o  good and I s h a l l  no t  l i s t  them here.  One of them, however, was 
n o t  known t o  me "a p r io r i "  and was discovered by chance. I n  o rde r  t o  experiment on 
t h e  f u t u r e  n e u t r i n o  d e t e c t o r ,  a t  Chalk River we were prepar ing convent ional ly  i n  a  
r e a c t o r  3 7 ~ ,  and p u t t i n g  it i n s i d e  a  d e t e c t o r ,  which, according t o  ou r  i n t e n t i o n s ,  
was supposed t o  be and i n  f a c t  was, a  Geiger-Muller counter .  Well, once, looking a t  
an  osc i l lo scope  connected t o  t h e  counter ,  we saw p len ty  of pu l ses  from 3 7 ~  about 
equa l  i n  amplitude a t  vo l t ages  on t h e  coun te r  much lower than t h e  Geiger th re sho ld ,  
and discovered /22/ ( independent ly  of Curran e t  a l .  i n  Glasgow) t h e  high gas g a i n  (up 
t o  lo6 )  p ropor t iona l  regime. Now t h i s  was very important,  of course ,  from t h e  po in t  
of view of d e t e c t i n g  neu t r inos ,  s i n c e  it permits  t o  dec rease  t h e  e f f e c t i v e  background 
of t h e  counter .  A t  t h e  time t h e r e  was a  s o r t  of dogma about p ropor t iona l  coun te r s ,  
i.e., t h a t  they cannot work a t  m u l t i p l i c a t i o n  f a c t o r s  l a r g e r  than  - 100, which is  
t r u e  of course ,  i f  you have a  l a r g e  inpu t  i o n i z a t i o n  ( a lpha  p a r t i c l e s ,  e t c , ) ,  bu t  i s  
absurd i f  you have an  i n p u t  i o n i z a t i o n  of a  few i o n  p a i r s .  

*) The ques t ion  is  s t i l l  unc lea r  now (1982) ,  but  a t  a  d i f f e r e n t  l e v e l  ! Today t h e  
"phenomenological" answer, is, of cour se  t h a t  v 9 7, i n  t h e  sense  t h a t  t h e  n e u t r a l  
l e p t o n  emit ted  i n  fi--siecay t o g e t h e r  wi th  t h e  e l e c t r o n  has  an  h e l i c i t y  d i f f e r e n t  from 
t h a t  of t h e  n e u t r a i  l e p t o n  emi t t ed  toge the r  wi th  t h e  p o s i t r o n  i n  $+ decay. However, 
a s  expla ined i n  t h e  preceding paragraph, such an answer does  not  s e t t l e  one of t h e  
main ques t ions  i n  today n e u t r i n o  physics  : have neu t r inos  a  Majorana mass ? i n  o t h e r  
words, a r e  p a r t i c l e s  desc r ibed  by mass e i g e n s t a t e s  Majorana p a r t i c l e s  ? 



I n  my 1946 paper /2 /  I a l r eady  considered a s  a source  of n e u t r a l  l e p t o n s  n o t  only 
a powerful r e a c t o r ,  but a l s o  a concen t ra t e  of radioelement(s)  e x t r a c t e d  from a re- 
a c t o r  and ... t h e  Sun. 

I d i scussed  t h e  3 7 ~ 1 - 3 7 ~  method wi th  Fermi i n  Chicago (1948 ? )  and l a t e r  a t  t h e  
Basel-Como conference i n  1949 ( inc lud ing  s o l a r  p o s s i b i l i t i e s ) .  Fermi was no t  a t  a l l  
e n t h u s i a s t  about n e u t r i n o  a p p l i c a t i o n s  of t h e  method, bu t  l i k e d  very  much our  propor- 
t i o n a l  counters ,  wi th  t h e  help  of which toge the r  wi th  Hanna we f i r s t  observed L-cap- 
t u r e  ( i n  3 7 ~ ,  - 250 eV, - 10  i o n  p a i r s )  /23/ and measured t h e  3~ spectrum going q u i t e  
down a t  t h e  time wi th  t h e  upper l i m i t  of t h e  neu t r ino  mass /8 / .  I n  r e t r o s p e c t  I un- 
d e r s t a n d  very  w e l l  Fermi's  r eac t ion .  As I th ink  t h a t  Segre s a i d ,  Don Quixote was not  
t h e  he ro  of Fermi. He could n o t  have sympathy f o r  an  experiment which, t r u e ,  g race  t o  
t h e  h e r o i c  e f f o r t s  of R. Davis /17/,  te rminated very b r i l l i a n t l y ,  bu t  many many years  
a f t e r  i t s  concept ion.  

Now I am coming back t o  the  ques t ion  a s  t o  whether r e a c t o r  a n t i n e u t r i n o s  may 
induce t h e  r e a c t i o n  (1) .  Well, pass ing through Zurich sometimes between 1947 and 1948 
I had lunch wi th  Preiswerk and Pau l i .  I t o l d  Pau l i  about my p lans  wi th  t h e  37~1-37~  
method; he l i k e d  very  much t h e  gene ra l  i d e a  and remarked t h a t  i t  was no t  c l e a r  whe- 
t h e r  " r e a c t o r  neutr inos"  should d e f i n i t e l y  be e f f e c t i v e  i n  producing t h e  r e a c t i o n  
( I ) ,  bu t  he thought t h a t  they probably would ( a s  you see ,  t h i s  i s  t h e  Majorana po in t  
of  view). U n t i l  1950 I cont inued t o  th ink  about t h e  problem and t o  t e s t  low back- 
ground p ropor t iona l  coun te r s  i n  t h a t  connect ion and i n  connect ion wi th  s o l a r  pro- 
blems. For example I remember t h a t  Camerini, who a t  t h e  time was working i n  B r i s t o l  
and was a g r e a t  s p e c i a l i s t  i n  cosmic ray s t a r s ,  he lped me t o  c a l c u l a t e  t h e  cosmic ray  
background i n  va r ious  C1-A experiments which I was planning t o  do. Anyway t h e  ef fec-  
t i v e  background of my coun te r s  was s u f f i c i e n t l y  lw t o  d e t e c t  s o l a r  neu t r inos  through 
3 7 ~  decay, a s  n w  i t  may be seen from recen t  success fu l  s o l a r  experiments of R. 
Davis. Since  1950 I s topped experimenting on t h e  problem because I happened t o  work 
i n  an  a c c e l e r a t o r  Laboratory (and not  i n  a r e a c t o r  Laboratory) and a l s o  a s  t h e r e  was 
no s i t e  deep underground enough i n  t h e  USSR f o r  a s o l a r  experiment (however a t  t h e  
E lb rus  neu t r ino  observatory  such a s i t e  w i l l  be soon a v a i l a b l e ) .  However, I kept  
t h i n k i n g  about coun te r s  (... and t h e  Sun) and when I had t h e  p r i v i l e g e  t o  meet R. 
Davis a t  t h e  f i r s t  Neutrino Conference i n  Moscow (1968),  I expressed t h e  op in ion  t h a t  
measuring t h e  form of t h e  counter  pulse ,  i n  a d d i t i o n  t o  t h e  amplitude, should r e s u l t  
i n  a cons ide rab le  dec rease  of t h e  e f f e c t i v e  background i n  i t s  s o l a r  experiment. As I 
found out l a t e r  from him a t  t h e  v '72 conference i n  Hungary i t  works r e a l l y  t h a t  way. 

As f a r  a s  t h e  i n t e r p r e t a t i o n  of s o l a r  neu t r ino  experiments is  concerned, I exten- 
s i v e l y  i n v e s t i g a t e d  the  importance of p o s s i b l e  n e u t r i n o  o s c i l l a t i o n s  i n  s o l a r  neu t r i -  
no astronomy even before  t h e  f i r s t  r e s u l t s  of R. Davis had been obta ined,  t h a t  is  
b e f o r e  t h e  so-cal led  " s o l a r  neu t r ino  puzzle" came i n t o  being. I would l i k e  t o  t a l k  
about t h i s  bu t  i t  i s  a s t o r y  too  r e c e n t  t o  be t o l d  a t  our  Colloquium. 

10. The muon p r o p e r t i e s  and t h e  n o t i o n  o f  weak in t e rac t ions . -  Many p h y s i c i s t s  do 
n o t  know t h a t ,  a f t e r  the  di  s rovery  of r a d i o a r t f v i  t y ,  i t  took a per ind of sbout fifty . . 
y e a r s  f o r  t h e  n o t i o n  of weak i n t e r a c t i o n  t o  be conceived and u n i v e r s a l l y  recognized. 
About a s h o r t  phase of t h i s  per iod,  which i s  r e l a t e d  t o  t h e  development of our  know- 
l edge  of muon p r o p e r t i e s ,  below t h e r e  a r e  given some r e c o l l e c t i o n s ,  beginning wi th  
t h e  famous experiment of Conversi ,  Panc in i  and P i c c i o n i  /24/. 

About t h i s  experiment I heard whi le  working i n  Canada. U n t i l  1947 cosmic ray 
physics  f o r  me was a q u i t e  remote f i e l d  some knowledge of which I had acquired from 
my f r i e n d s  i n  Florence (Bernardini  and O c c h i a l i n i ) ,  i n  P a r i s  (P. Ehrenfes t  Jr., a 
ve ry  promising expe r imen ta l i s t ,  working i n  t h e  cosmic r ay  Auger team, who prematurely 
l o s t  h i s  l i f e  i n  a mountain a c c i d e n t ) ,  i n  Montreal ( R a s e t t i ,  one of my t eache r s ,  who 
i n  Quebec f i r s t  measured d i r e c t l y  t h e  mean l i f e  of t h e  "mesotron", and Auger, who d i d  
t h e  same measurement toge the r  wi th  Maze, and under whom I was working i n  Canada du- 
r i n g  t h e  war). 
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Now a s  soon a s  I read t h e  Conversi  e t  a l .  paper and the  cons ide ra t ions  of Fermi 
e t  a l .  1251 r e l a t e d  t o  it, I became f a s c i n a t e d  by t h e  p a r t i c l e  t h a t  we c a l l  now t h e  
muon. m a t  was indeed an i n t r i g i n g  p a r t i c l e ,  "ordered" by Yukawa, d iscovered by 
Anderson, and found by Conversi e t  a l .  t o  be ill behaved t o  t h e  po in t  t h a t  i t  had 
no th ing  t o  do wi th  t h e  Yukawa p a r t i c l e  ! I found myself caught i n  an  ant idogmat ic  
wind and I s t a r t e d  t o  put  l o t s  of ques t ions ,  such a s  : why t h e  s p i n  of t h e  muon 
should  be i n t e g e r  ? who s a i d  t h a t  t h e  muon must decay i n t o  an  e l e c t r o n  and a n e u t r i n o  
and not  i n  an e l e c t r o n  and two neu t r inos ,  o r  i n t o  an  e l e c t r o n  and a photon ? i s  t h e  
charge  p a r t i c l e  emi t t ed  i n  t h e  muon decay an  e l e c t r o n  ? a r e  p a r t i c l e s  o t h e r  than 
e l e c t r o n s  and neu t r inos  emi t t ed  i n  t h e  muon decay ? i n  what form t h e r e  i s  r e l e a s e d  
t h e  nuc lea r  muon c a p t u r e  energy ? 

To t h e  ques t ions  which were r e l a t e d  t o  t h e  muon cap tu re  I r e p l i e d  1261 almost 
immediately and, a s  i t  turned o u t ,  c o r r e c t l y ,  moving from t h e  remark t h a t  t h e  r a t e  of 
(nuc lea r )  e l e c t r o n  cap tu re  and t h a t  of muon cap tu re  a r e  q u i t e  c l o s e  (when proper  
account  i s  taken of t h e  d i f f e r e n t  e l e c t r o n  and muon o r b i t  volumes). The answers were 
: 1)  t h e  muon cap tu re  must be a process  p r a c t i c a l l y  i d e n t i c a l  t o  t h e  b e t a  process  
proceeding according t o  t h e  r e a c t i o n s  *) p- + p = n e u t r i n o  + n; 2) i n  t h e  muon 
c a p t u r e  most of t h e  r e l e a s e d  energy i s  " i n v i s i b l e " ,  because i t  i s  ca r ryed  away i n  t h e  
form of neu t r inos ,  a con jec tu re  which was suppor ted by experiments and ag rees  wi th  
1); 3) t h e  muon s p i n  m u s t  b e  112. 

A very  d i f f i c u l t  po in t  t o  e x p l a i n  f o r  me was : how t h e  muons a r e  copiously  produ- 
ced i n  cosmic r ays  ? I f e l t  s u r e  t h a t  t h e  muon is a fermion. A fermion cannot be 
produced s ing ly .  Muon-neutrino p a i r s  cannot be produced copiously  because of my main 
conclus ion,  t h a t  t h e  muon-neutrino coupl ing t o  n u c l e i  i s  weak. I had t o  invoke a muon 
p a i r  theory of nuc lea r  fo rces  by Marshak, which I r e a l l y  d id  not understand, and 
missed t h e  po in t ,  t h a t  i s  t h e  r e a l  muon source.  Such a source  should have been a muon 
"pregnant" ob jec t ,  i n  t h e  v iv id  and proper  expres s ion  of Weiskopf /27/ ,  who missed 
t h e  po in t  too f o r  some reason. The source  i s ,  of course ,  t h e  pion. The r i g h t  answer 
was t o  be  given soon by Marshak and Bethe 1281 i n  t h e i r  remarkable paper "On t h e  two 
meson hypothes is" ,  publ ished a t  about t h e  same time a s  t h e  epoch-making discovery of 
t h e  p ion and of t h e  n-p decay by L a t t e s ,  O c c h i a l i n i  and Powell 1291. 

That t h e  muon and e l e c t r o n  nuc lea r  c a p t u r e  processes  a r e  very c l o s e l y  r e l a t e d ,  
i . e .  t h a t  they a r e  bo th  "weak processes" ,  was a b s o l u t e l y  c l e a r  t o  me a t  t h e  time 1261 
and then t o  a few o t h e r  p h y s i c i s t s  1301. Such electron-muon symmetry was t h e  f i r s t  
h i n t  of an  u n i v e r s a l  weak i n t e r a c t i o n  ( b u t  how f a r  away s t i l l  from t h e  1958 form of 
such i n t e r a c t i o n ,  t h e  V-A theory of Marshak-Sudarshan and Feynman-Gell-Mann /31/ 
implemented l a t e r  wi th  t h e  Cabibbo hadron mixing !). 

As f a r  a s  t h e  ques t ions  r e l a t e d  t o  t h e  muon decay a r e  concerned, they could be 
answered only by performing exper iments  t o  t h e  point .  I became a c t i v e l y  i n t e r e s t e d  i n  
cosmic ray  physics ,  quickly  read and d i g e s t e d  a very  good conc i se  book le t  on  cosmic 
r ays  e d i t e d  by Heisenberg /32/,  a s o r t  of vade-mecum f o r  beginners.  Together w i t h  T. 
Hincks, a wonderful p h y s i c i s t  g i f t e d  of an  a c u t e  s e n s e  of humour, we s t a r t e d  a very  
f r i e n d l y ,  u n f o r g e t t a b l e  and s t i m u l a t i n g  exper imenta l  co l l abora t ion .  W e  prepared i n  a 
s h o r t  time an exper imenta l  s e t  up, which, f o r  t h e  time, was r e l a t i v e l y  complicated. 
Prompt and delayedcoincidencetechniques were used and of course  t h e  p a r t i c l e  detec- 
t o r s  were Geiger i s ~ n t e r s .  We were working i n  a radciror Laboratory and because of 
t h a t  we developed a s o r t  of f e e l i n g  of g u i l t  i n  doing cosmic ray  r e sea rch .  True, our  
head W. Sargent  ( t h e  p h y s i c i s t  who discovered t h e  r u l e s  r e l a t i n g  b e t a  decay probabi- 
l i t i e s  t o  t h e  e n e r g i e s  of t h e  e l e c t r o n s  emit ted)  was looking wi th  sympathy t o  our  
work. Never theless  I cannot f o r g e t  t h a t  Ted and I were r e l u c t a n t  t o  spend Laboratory 
money and how happy we were when Ted invented a " th resho ld  ampl i f i e r " ,  which saved a 

*) It took 1 5  years  before  t h e  r e a c t i o n s  p- + p + n + vp, k- + 3 ~ e  + 3~ + vk 
were d i r e c t l y  observed i n  t h e  exper iments  of R. Hildebrand and i n  our  own experiments 
( t o g e t h e r  with Sulyaev e t  a l . ) .  



l o t  of coun te r s ,  pe rmi t t ing  t o  i n c r e a s e  e s s e n t i a l l y  t h e  e f f i c i e n c y  of d e t e c t i n g  pho- 
t o n s  i n  coincidence wi th  e l e c t r o n s  from t h e  h y p o t h e t i c a l  p + ey decay ! I n c i d e n t a l l y  
t h e  money spen t  f o r  a l l  our cosmic muon re sea rch  i n  Canada was i n f i n i t e s i m a l  i n  com- 
p a r i s o n  wi th  t h a t  which i s  spen t  today i n  a t y p i c a l  high energy experiment running 
f o r  on ly  a few hours. 

We found ou t  1 )  t h a t  t h e  decay p + e + y does  n o t  t a k e  p l a c e  ( sea rch ing  f o r  elec- 
t r o n  photon delayed coincidences)  1331; 2) t h a t  i n  t h e  muon decay 3 p a r t i c l e s  a r e  
emi t t ed ;  p + e + v + V '  (measuring t h e  e l e c t r o n  spectrum by t h e  abso rp t ion  method) 
1341; 3) t h a t  t h e  charged p a r t i c l e  emi t t ed  i n  t h e  muon decay i s  indeed an  e l e c t r o n  
(measuring t h e  i n t e n s i t y  of i t s  bremsst rahlung r a d i a t i o n )  1341. The f i r s t  r e s u l t  was 
ob ta ined  /35/ a l s o  independent ly  by o t h e r  groups and s o  was t h e  second one 1361. The 
t h i r d  result has  been obta ined by our group only.  It i s  t h e  one which took up most of 
o u r  e f f o r t  and ingenu i ty ,  and yet ,  i t  i s  probably t h e  l e s s  s i g n i f i c a n t  from today 
p o i n t  of view : what e l s e  could  be  t h e  muon decay charged p a r t i c l e  if n o t  an  e l e c t r o n ?  

But one should have i n  mind t h e  seve re  antidogmatism which was w e l l  i n  p l a c e  a t  t h e  
t ime. I n c i d e n t a l l y  t h e  pragmat ic  atmosphere we were b rea th ing  can be recognized a l s o  
i n  t h e  t i t l e  of one of our papers  : "On t h e  s t a b i l i t y  of t h e  n e u t r a l  meson". I n  t h e  
i n v e s t i g a t i o n  /37/ we demonstrated t h a t  i n  the  muon decay e i t h e r  a n e u t r a l  meson, 
hypothes ised a t  t h e  time, i s  n o t  emit ted  o r ,  i f  i t  is  emi t t ed ,  i t  does  no t  decay i n t o  
two photons wi th  a mean l i f e  5 10-lo sec .  

I n  concluding t h i s  l i m i t e d  and s u b j e c t i v e  r e c o l l e c t i o n s  of some of t h e  e a r l y  muon 
i n v e s t i g a t i o n s ,  I must mention he re  a t h e o r e t i c a l  i n v e s t i g a t i o n  which was and i s  
s t i l l  today of  g r e a t  importance : t h e  i n t r o d u c t i o n  of t h e  Michel parameter p i n  t h e  
muon decay 1381, more g e n e r a l l y ,  t h e  d e s c r i p t i o n  by Michel of p rocesses  i n  which two 
r e a l  n e u t r a l  l e p t o n s  a r e  p a r t i c i p a t i n g .  

Well, we have seen t h a t  t h e  obse rva t ion  of n e u t r i n o l e s s  double $ decay ( a  process  
i n  which two v i r t u a l  n e u t r i n o s  p a r t i c i p a t e )  would show t h a t  t h e  n e u t r i n o  has  a 
Majorana mass. Now t h e  Michel ideology,  i n  a success fu l  experiment wi th  r e a l  
n e u t r i n o s ,  might permit t o  conclude t h a t  two n e u t r a l  l e p t o n s  a r e  of t h e  Di rac  type .  

Th i s  has  been under l ined by S.P. Rosen f o r  t h e  c a s e  of neu t r ino -e l ec t ron  s c a t t e r i n g  
( s o  r e c e n t l y ,  t h a t  I do no t  f e e l  e n t i t l e d  t o  quote  him according t o  t h e  r u l e s  of our  
Colloquium). 

With t h e  advent of t h e  f i r s t  r e l a t i v i s t i c  a c c e l e r a t o r s ,  p ions  and muons were 
produced a r t i f i c i a l l y .  I n  t h e  f i f t i e s  t h e i r  p r o p e r t i e s  s t a r t e d  t o  be s tud ied  i n  con- 
d i t i o n s  uncomparably more favourable  than  before ,  bu t  now I am not  going t o  t e l l  
t h i s  s t o r y ,  which culminated wi th  t h e  g r e a t  t h e o r e t i c a l  /14/ and exper imenta l  1391 
d i s c o v e r i e s  of t h e  n e u t r i n o  h e l i c i t y .  

11. High energy neu t r ino  physics.- My s t o r y  h e r e  i s  aga in  very personal .  Of cour- 
s e  t h e  s t o r y  would sound q u i t e  d i f f e r e n t  i f  i t  were t o l d  by e i t h e r  Markov or  
Schwartz. I am going t o  t e l l  you how I came t o  propose experiments wi th  high energy 
n e u t r i n o s  from meson f a c t o r i e s  and from very  high energy a c c e l e r a t o r s .  A t  t h e  Labora- 
t o r y  of Nuclear Problems of the  J I N R  i n  1958 a proton r e l a t i v i s t i c  c y c l o t r o n  was 
be ing  designed wi th  a beam energy 800 MeV and a beam c u r r e n t  500 A. By t h e  way, t h i s  
a c c e l e r a t o r  even tua l ly  was not  b u i l t .  Anyway a t  t h e  beginning of 1959 I s t a r t e d  t o  
t h i n k  about t h e  exper imenta l  r e sea rch  program f o r  such an a c c e l e r a t o r .  First, i t  
occur red  t o  me t h a t  n e u t r i n o  i n v e s t i g a t i o n s  a t  a c c e l e r a t o r  f a c i l i t i e s  a r e  p e r f e c t l y  
f e a s i b l e  and t h a t  a hea l thy  and r e l a t i v e l y  cheap neu t r ino  program could be accom- 
p l i s h e d  by dumping the  proton beam i n  a l a r g e  Fe block, f u l f i l l i n g  a t  t h e  same time 
t h e  func t ion  of n e u t r i n o  source  and s h i e l d .  I would say t h a t  t h e  ideology of the  
LAMF'F a c c e l e r a t o r  neu t r ino  experiments which have been i n i t i a t e d  r e c e n t l y  is very 
s i m i l a r  t o  t h a t  of va r ious  experiments planned 20 yea r s  be fo re  f o r  an  a c c e l e r a t o r  
which was not  b u i l t .  About one of them, which was in tended t o  c l e a r  up t h e  ques t ion  
a s  t o  whether ve + vG I would l i k e  t o  say a few words. 
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I have t o  come back a  long way (1947-1950). Seve ra l  groups, among which J. 
Ste inbe rge r ,  E. Hincks and I, and o t h e r s  were i n v e s t i g a t i n g  t h e  (cosmic) muon decay. 
The r e s u l t  of t h e  i n v e s t i g a t i o n s  was t h a t  t h e  decaying muon emi t s  3 p a r t i c l e s  : one 
e l e c t r o n  ( t h i s  we found by measuring the  e l e c t r o n  bremsstrahlung) and two n e u t r a l  
p a r t i c l e s ,  which were c a l l e d  by va r ious  people i n  d i f f e r e n t  ways : two neu t r inos ,  
n e u t r i n o  and n e u t r e t t o ,  v  and v ' ,  e t c .  I am saying t h i s  t o  make c l e a r  t h a t  f o r  people 
working on muons i n  t h e  o ld  t imes,  t h e  ques t ion  about d i f f e r e n t  types  of neu t r inos  
h a s  always been present .  True, l a t e r  on many t h e o r e t i c i a n s  fo rgo t  a l l  about i t ,  and 
some of them "invented" aga in  t h e  two neu t r inos  ( f o r  example M. Markov), but  f o r  
people  l i k e  Bernardini ,  S t e inbe rge r ,  Hincks and me .. . t h e  two n e u t r i n o  ques t ion  was 
never  fo rgo t t en .  Of course ,  t h e  ques t ion  became much more p r e c i s e  i n  my mind, i n  t h e  
sense  t h a t  p o s s i b l e  "par tners"  a rose  : maybe ve is  always t h e  p a r t n e r  of t h e  e l ec -  
t r o n ,  vp of t h e  muon ... How t o  perform t h e  dec i s ive  experiment I was a b l e  t o  for-  
mulate  1401 c l e a r l y  enough ( t h e  use  of muon n e u t r i n o  beams). At t h e  time t h e  i d e a  of 
t h e  experiment was not  obvious,  a l though t h e  s ta tement  may be s t r a n g e  today : one 
must s ea rch  f o r  e l e c t r o n s  and muons produced i n  ma t t e r  by muon neu t r inos ;  i f  up f 
ve, one should f i n d  t h a t  bIe <<  Np, Ne and Np being the  numbers of e l e c t r o n s  
and muons produced correspondingly .  

I n  1959 ano the r  problem was of g r e a t  importance; i s  t h e  four-fermion i n t e r a c t i o n  
a  c o n t a c t  i n t e r a c t i o n  o r  i s  i t  due t o  t h e  exchange of an  in t e rmed ia t ed  boson ? T h i s  
q u e s t i o n  i s  s t i l l  v a l i d  today, bu t  now we have t h e  Glashow, Salam, Weinberg theo ry ,  
which p r e d i c t s  masses of i n t e rmed ia t ed  mesons a t  about  100 GeV, whereas i n  1959 t h e  
in t e rmed ia t ed  boson (wi thout  s e r i o u s  reasons)  was supposed t o  have a  mass of a  few 
GeV. Obviously t h e  in t e rmed ia t ed  boson could  no t  be produced a t  meson f a c t o r i e s  and 
a t  t h e  1959 Kiev i n t e r n a t i o n a l  conference,  Ryndin and I proposed, second, t o  look f o r  
t h e  boson making use  of n e u t r i n o  beams from very  high energy a c c e l e r a t o r s  1411. The 
t h e o r e t i c a l  i d e a  i n  t h e  proposal  was t h a t  i n  the  c r o s s  s e c t i o n  f o r  t h e  product ion by 
n e u t r i n o s  of t h e  in t e rmed ia t e  boson a t  s u f f i c i e n t l y  h igh ene rg ie s  t h e r e  w i l l  appear  G 
i n s t e a d  of G ~ .  A s  you know, t h e  ques t ion  about in t e rmed ia t e  bosons i s  n o t  going t o  be 
solved anymore i n  n e u t r i n o  experiments ( a s  i t  seems). The ques t ion  about  two types  of 
n e u t r i n o s  has  been solved a t  Brookhaven i n  a  b e a u t i f u l  experiment (1962) by Lederman, 
Schwartz,  S t e inbe rge r  e t  a l .  

12. Conclusions.- Below t h e r e  a r e  l i s t e d  some of t h e  main problems, of today 
n e u t r i n o  physFcs. The q u e s t i o n s  a r e ,  of cour se ,  connected one t o  another .  

1) Are n e u t r i n o  masses f i n i t e  ? 
2) Are a l l  t h e  n e u t r a l  l e p t o n s  much l i g h t e r  than e l e c t r o n s  ? 
3 )  If the  n e u t r i n o  masses a r e  f i n i t e  have they a l l  Majorana masses ( i n  which c a s e  
t h e r e  a r e  no l e p t o n  charges)  ? o r  have they a l l  D i rac  masses ( i n  which c a s e  t h e r e  
e x i s t  s t r i c t l y  conserved l e p t o n  charges)  ? Maybe some neu t r inos  have Majorana 
masses, o t h e r  n e u t r i n o s  have Di rac  masses ? 
4) Does n e u t r i n o l e s s  double decay take  p l ace  ? 
5) Do n e u t r i n o  o s c i l l a t i o n s  t a k e  p l ace  ? 
6)  How many neu t r ino  types  t h e r e  a r e  ? 

A l l  t h e s e  ques t ions  have been put s i n c e  a  long time, unny of them by Pau l i ,  
Fermi, P e r r i n  and Majorana; y e t  i t  does no t  seem probably t h a t  t h e r e  w i l l  be d e f i n i t e  
answers t o  such ques t ions  i n  t h e  immediate f u t u r e ,  although neu t r ino  physics  i s  now- 
aday a  b ig  e n t e r p r i s e  indeed. 

I am g r a t e f u l  t o  S. Bilenky f o r  u s e f u l  d i scuss ions .  



Notice  t h a t ,  i n  t h e  s p i r i t  of t h e  Colloquium, no papers published i n  t h e  s i x t i e s  o r  
l a t e r  a r e  quoted here ,  except pub l i ca t ions  connected w i t h h i s t o r y  of physics. 

/1/ BETHE H. AND PEIERLS R., Nature 133 (1934) 689. 

/2 /  PONTECORVO B., Nat ional  Res. Council Canada, Rep. (1946) PD 205 ; 
Helv. Phys. Acta Suppl. 2 (1950) 97. 

/3/  LEIPUNSKY A., ? roc -  Camb. P h i l .  Soc. 32 (1936) 301. 

/4/  PAULI W., L e t t e r  (December 4 ,  1930) t o  a meeting of p h y s i c i s t s ,  among which H. 
GEIGER and L. MEITNER, t ak ing  p lace  i n  Tubingen. The l e t t e r  was conserved by 
k i t n e r  and i t s  content  was d i scussed  s i n c e  1930. One can read  t h e  l e t t e r ,  f o r  
example, i n  L. BROWN, Physics Today, Sept. 1978, p. 23. 

/5/  PAULI W. ,  "Septisme Conseil  d e  Physique Solvay 1933", Gauthier-Vi l lars ,  P a r i s  
1934, p. 324. 

/6/  FERMI E. Ricerca S c i e n t i f i c a L ,  No 12  (1933) ; Z. P h y s i k E ( 1 9 3 4 )  161. 

171 PERRIN F., C.R. 197 (1933) 1625. 

/8/ HANNA G. and PONTECORVO B., Phys. Rev. 75 (1949) 983. 

/9/ CURRAN S. e t  a l . ,  Phil.?.lag. 40_(1949) 53. 

/ l o /  MAJORANA E., Nuovo Cimento 5 (1937) 171. 

/ l l /  AMALDI E., La v i t a  e l ' ope ra  d i  E t t o r e  Majorana, Roma, A c c a d d a  Nazionale d e i  
Lincei ,  1966. 

/12/ WIGNER E., Proc. Am. P h i l .  Soc. 93 (1949) 521, s e e  a l s o  STUCKF.LBERG E., Helv. 
Phys. Acta - 11 (1939) 225 ; W E Y L ~ . ,  Z. Phys. 2 (1929) 330. 

/13/ MARX G., Acta Phys. Hung. 2 (1953) 56 : ZEL'DOVICH Ya. DAN S S S R E  (1952) 505 ; 
KONOPINSKY E. and MAHMOUD H., Phys. Rev. 92 (1953) 1045. 

1141 LANDAU L., Nucl. Phys. 3 (1957) 127 ; LEE T., YANG C., Phys. Rev. 105 (1957) 
1671. JETP 2 (1957) 407 ; SALAM A., Nuovo Cimento 2 (1957) 299. 

/15/ PONTECORVO B., JETP 2 (1957) 549 ; 34 (1958) 247. 

/16/ RACAH G., Nuovo Cimento 14 (1937) 322. 

/17/ DAVIS R., Phys. Rev. 97 (1955) 766. 

/18/ FURRY W., Phys. Rev. 54 (1938) 56. 

/19/ FURRY W., Phys. Rev. 56 (1939) 1184 (Neu t r ino less  double decay).  The double  P 
decay with  t h e  emiss ion of two n e u t r a l  l ep tons  was considered by GOEPPERT-MAYER 
Fl.,Phys. Rev. 48 (1935) 512. Ear ly  d e t a i l e d  t h e o r e t i c a l  i n v e s t i g a t i o n s  of 
n e u t r i n o l e s s  d G b l e  b e t a  decay a r e  presented i n  ZEL'DOVICH Ya. e t  a l . ,  Usp. Fiz.  
Nauk 54 (1954) 361 ; PRIMAKOFF H. and ROSEN S., Rep. Prog. Phys. 12 (1959) 121, 
where one can f i n d  a l s o  previous r e fe rences  t o  experimental work. 



C8-236 JOURNAL DE PHYSIQUE 

/20/ GELL-MANN M. and PAIS A., Phys. Rev. 100 (1959) 1487. 

1211 COWAN C., REINES F., HARRISON F., =USE H. ,  McGUIRE A . ,  Science 124 (1956) 103. 

1221 KIRKWOOD D. , PONTECORVO B. and HANNA G., Phys. Rev. 74 (1948) 497 ; HANNA G. , 
KIRKWOOD D. and PONTECORVO B., Phys. Rev. 2 (1949) 985  ; PONTECORVO B., Helv. 
Phys. Acta r e f .  121. 

1231 PONTECORVO B., KIRKWOOD D. and HANNA G., Phys. Rev. 75 (1949) 982. 

/241 CONVERSI M., PANCINI E., PICCIONI O., Phys. Rev. 71 (1947) 209. 

1251 FERMI El, TELLER E., WEISKOPF V. ,  Phys. Rev. 2 (1947) 314. 

126/ PONTECORVO B., Phys. Rev. 72 (1947) 246. 

1271 WEISKOPF V., Phys. Rev. 72 (1947) 510. 

I281 MARSHAK R., BETHE H., Phys. Rev. 72 (1947) 506. 

1291 LATTES G., OCCHIALINI G., P M L L  C. ,  Nature 160 (1947) 453. 

/30/ KLEIN O., Nature 161 (1948) 897 ; PUPPI G.,  Nuovo Cimento 5 (1948) 587. 

1311 MARSHAK R., SUDARSHAN E., Phys. Rev. 109 (1958) 1860 ; FEYNMAN R., GELL-MANN M., 
Phys. Rev. 109 (1958) 193. 

1321 "Cosmic r a d i a t i o n "  ed i t ed  by Heisenberg W. (Dover Pub l i ca t ions ,  New York 1946). 

/331 HINCKS E-, PONTECORVO B., Phys. Rev. 2 (1948) 257 ; Can. J. Res. 3 (1950) 29. 

1341 HINCKS E-, PONTECORVO B., Phys. Rev. 2 (1949) 698 ; 77 (1950) 102. 

/351 SARD R., ALTHAUS E., Phys. Rev. 2 (1948) 1251 ; PICCIONI O., Phys. Rev. 2 
(1948) 1754. 

I361 STEINBERGER J., Phys. Rev. 2 (1949) 1136 ; LEIGHTON R., ANDERSON C.,  SERIFF A. ,  
Phys. Rev. 15 (1949) 1432. 

1371 HINCKS E., PONTECORVO B., Phys. Rev. 2 (1948) 1122. 

1381 MICHEL L., Proc. Roy. Soc. London. Ser. A63 (1950) 514. 

1391 GARWIN R., LEDERMAN L., WEINRICH M., Phys. Rev. 105 (1957) 1415 ; GOLDHABER M., 
GRODZINS L., SUNYER A * ,  Phys. Rev. 109 (1958) 1015 ; WU C., AMBLER E. e t  a l . ,  
Phys. Rev. 105 (1957) 1413. 

/40/ PONTECORVO B., JETP x ( 1 9 5 9 )  1751. 

1411 PONTECORVO B., RYNDIN R., Proc.Kiev I n t .  High Energy Phys. Conf. (1959) p. 233. 


