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S e s s i o n X 

ANTIBARYON P H E N O M E N A 
C h a i r m a n : E . A m a l d i 

C H A M B E R L A I N : I n t r o d u c t o r y s u r v e y . 

Below a r e l i s t e d t h e n a m e s of t h e p e o p l e in t h e t h r e e m a i n 
g r o u p s t ha t have done m o s t of t h e w o r k I want to r e p o r t : 

When we s t a r t e d to look in to the p r o b l e m of w h e t h e r the a n t i p r o t o n s 
could be found, I t e n d e d to t a k e a r a t h e r o p t i m i s t i c v i ew b e c a u s e I 
had a s s u m e d tha t we had i n v a r i a n c e u n d e r c h a r g e c o n j u g a t i o n . Th i s 
w a s , in a s e n s e , an e x c e l l e n t g u e s s b e c a u s e it p r o v i d e d t h e n e c e s s a r y 
i m p e t u s at t he t i m e , but i t now t u r n s out a p p a r e n t l y not to be t r u e . 
H o w e v e r , i n v a r i a n c e u n d e r C P T f o r t u n a t e l y h a s s o m e of t he n e e d e d 
p r o p e r t i e s : i n p a r t i c u l a r t he m a s s of an a n t i p r o t o n m u s t be j u s t 
t he s a m e a s t h e m a s s of t h e p r o t o n , and for u n s t a b l e p a r t i c l e s the 
l ife of t he p a r t i c l e and a n t i p a r t i c l e , m u s t be the s a m e . 

T a b l e 1 s h o w s ou r p r e s e n t p i c t u r e of the s p e c t r u m of t h e 
b a r y o n s and a n t i b a r y o n s . Of the p a r t i c l e s in t h e t a b l e 3" 
as f a r a s I know, h a s not b e e n o b s e r v e d . A m o n g the a n t i p a r t i c l e s 
only the a n t i p r o t o n and a n t i n e u t r o n h a v e b e e n o b s e r v e d . We expec t 
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the o t h e r a n t i b a r y o n s would be p r o d u c e d in any r e a c t i o n t h a t cou ld go v i a 
a s t r o n g i n t e r a c t i o n , p r o v i d e d w e s a t i s f y a l l of t h e u s u a l c o n s e r v a t i o n 
l a w s , i n c l u d i n g t h e c o n s e r v a t i o n of b a r y o n s and of s t r a n g e n e s s . F o r 
i n s t a n c e one cou ld h a v e p -f n •—» p -+ n - f Z + -/- . The 
t h r e s h o l d fo r t h i s r e a c t i o n i s 7 , 8 B e v , and now tha t the w o r l d h a s an 
a c c e l e r a t o r a b o v e tha t e n e r g y I e x p e c t t ha t s u c h r e a c t i o n s w i l l be 
o b s e r v e d f a i r l y s o o n . I s h a l l conf ine the r e s t of m y t a l k t o t h e 
o b s e r v e d a n t i b a r y o n s : t h e a n t i p r o t o n and the a n t i n e u t r o n . 

T h e i d e n t i f i c a t i o n of a n t i p r o t o n s i s u s u a l l y done by a 
d e t e r m i n a t i o n of m o m e n t u m by m a g n e t i c c u r v a t u r e , and a s i m u l t a n 
e o u s d e t e r m i n a t i o n of v e l o c i t y , e . g . in c o u n t e r e x p e r i m e n t s by t i m e 
of f l ight and in e m u l s i o n by g r a i n d e n s i t y . In e m u l s i o n s t h e r e a r e 
a d d i t i o n a l t y p e s of m e a s u r e m e n t s u c h a s m u l t i p l e s c a t t e r i n g and 
r a n g e . F i n a l l y t h e y a r e i den t i f i ed by the e n e r g y r e l e a s e at 
a n n i h i l a t i o n . F i g , 1 s h o w s a r e c e n t s p e c t r o g r a p h , w h i c h i s r a t h e r 
s i m i l a r to the f i r s t s p e c t r o g r a p h u s e d . F r o m the t a r g e t T a 
m a g n e t i c l e n s and b e n d i n g m a g n e t b r i n g t he p a r t i c l e s to a 

T a b l e 1 

Known and h y p o t h e t i c a l b a r y o n s and a n t i b a r y o n s 
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f i r s t focus at . T h e y 
a r e aga in bent by M2 and 
f o c u s s e d at F 2 by l e n s 
Q 2 f ina l ly e n t e r i n g at E 
t h e a p p a r a t u s u s e d to 
s t u d y the a n t i p r o t o n 
i n t e r a c t i o n s . The on ly 
m a j o r c h a n g e s f r o m the 
e a r l i e s t i n s t r u m e n t 
w e r e to u s e l a r g e r 
m a g n e t s , i n c r e a s e the 
a p e r t u r e , and accep t 
a p o o r e r m o m e n t u m 
def in i t ion to get a g r e a t e r 
i n t e n s i t y . We a l s o u s e 
what we c a l l F i t c h 
c o u n t e r ^ , i . e . 
C e r e n k o v c o u n t e r s wi th 
a v e l o c i t y band p a s s . 
The C e r e n k o v l ight 
f r o m r e l a t i v i s t i c 
p a r t i c l e s cannot r e a c h 
the p h o t o m u l t i p l i e r 
t ube b e c a u s e of t o t a l 
i n t e r n a l r e f l e c t i o n . 
T h e s e c o u n t e r s s e r v e 
to p r e v e n t fas t m e s o n s 
f r o m ge t t i ng in to t h e 
e l e c t r o n i c s y s t e m . 
T h i s a r r a n g e m e n t p r e v e n t s s o m e of the m e a s u r e m e n t s we could 
o t h e r w i s e m a k e , but it i s v e r y conven ien t b e c a u s e of t he high T r " / p " 
r a t i o in the b e a m . F i g . 2 s h o w s o u r a p p a r a t u s fo r the iden t i f i ca t ion 
of a n t i n e u t r o n s . It i s b a s i c a l l y s i m i l a r to t h e a p p a r a t u s f i r s t u s e d 
to find t h e a n t i n e u t r o n by C o r k , L a m b e r t s o n , P i c c i o n i and W e n z e l . 
So f a r a n t i n e u t r o n s have b e e n p r o d u c e d , o r , I should s a y , p r o d u c e d 
and o b s e r v e d only in c h a r g e - e x c h a n g e r e a c t i o n s s u c h a s 
p + p —* "n n . T h e a n t i p r o t o n b e a m f r o m our s p e c t r o g r a p h 
i s i nc iden t f r o m t h e lef t , y i s a w a t e r C e r e n k o v c o u n t e r in wh ich 
v a r i o u s m a t e r i a l s c a n be i n s e r t e d . The l a r g e s t r u c t u r e at the r i g h t 
i s a 2 ' x 2 f x V c o u n t e r m a d e up of a l t e r n a t e l a y e r s of l ead and 
p l a s t i c s c i n t i l l a t o r . An a n t i n e u t r o n event i s iden t i f i ed by a l a r g e 
p u l s e in t h e s a n d w i c h c o u n t e r wi thout p u l s e s in S4 and Sg and without 
l a r g e p u l s e s in t he C e r e n k o v c o u n t e r . The l a t t e r e x c l u d e s t h o s e 
a n t i p r o t o n s wh ich a n n i h i l a t e and cannot t h e r e f o r e m a k e a n t i n e u t r o n s , 

F i g . 1 
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wh i l e t h e 1 1 / 2 " 
l e a d c o n v e r t e r 
i s u s e d t o 
m a t e r i a l i z e 
h i g h - e n e r g y 
p h o t o n s . One 
e x p e c t s a 
p u l s e he igh t 
s p e c t r u m f r o m 
t h e l e a d 
s a n d w i c h 
c o u n t e r qu i t e 
s i m i l a r t o 
tha t o b t a i n e d 
w i t h t h e a n t i -
p r o t o n s s i n c e 
t h e energy-
r e l e a s e i s t h e 
s a m e in the 
a n n i h i l a t i o n of 
a n t i n e u t r o n s o r 
of a n t i p r o t o n s . 
F i g . 3 s h o w s 
t h e p u l s e h e i g h t 
s p e c t r a o b t a i n e d 
wi th p r o t o n s , 77~, 
p~ and f o r t h o s e 
e v e n t s w h i c h we 
c l a s s i f y a s 
a n t i n e u t r o n s . T h e 
p u l s e he igh t 
d i s t r i b u t i o n i s no t 
qu i te t h e s a m e 
fo r n a s fo r p 
b e c a u s e t h e a n t i -
n e u t r o n s do not 
a l w a y s hi t a s 
c l o s e to t h e 
c e n t e r of t h e 
c o u n t e r a s do t h e 
a n t i p r o t o n s . 
H o w e v e r , it d o e s 
ex t end in to t h e 
l a r g e p u l s e 
he igh t r e g i o n . £ l g . o 
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Th i s va lue i s quite different f r o m that given by P r o f , S e g r e at the 
CERN s y m p o s i u m of l a s t s u m m e r . Some of the change h a s a r i s e n 
f r o m c o r r e c t i o n s for the l a r g e n u c l e a r a b s o r p t i o n c r o s s s e c t i o n for 
p , f r o m b e t t e r e s t i m a t e s for the effect ive s i z e of s o m e of our m a g n e t i c 
l e n s e s , but t h e r e w a s a l so an e r r o r in ou r p r e v i o u s c o m p u t a t i o n . 
Our m a g n e t i c s p e c t r o g r a p h c o n s i s t s r e a l l y of two s p e c t r o g r a p h s in 
s e r i e s . B e c a u s e of the l a r g e n u m b e r of s tops involved the effect ive 
so l id angle i s not e a s y to c a l c u l a t e . We did t h i s i n c o r r e c t l y before 
but I th ink we have now done it c o r r e c t l y . The va lue of the c r o s s 
s e c t i o n i s ac tua l ly in f a i r a g r e e m e n t wi th the p r e d i c t i o n of the F e r m i 
s t a t i s t i c a l m o d e l , in fac t , I be l i eve the e x p e r i m e n t a l va lue i s a 
l i t t l e l a r g e r t han the t h e o r e t i c a l va lue but it i s c e r t a i n l y of the 
s a m e o r d e r of m a g n i t u d e . Something i s known a l s o about the 
v a r i a t i o n of the y ie ld wi th the m o m e n t u m of the o b s e r v e d an t ip ro tons 
(at fixed p r o t o n e n e r g y ) f r o m s o m e w o r k of C o r k , L a m b e r t s o n , 
P i c c i o n i , and W e n z e l . The va lues a r e : 

T h e s e v a l u e s should be t aken as no m o r e than rough but p e r h a p s 
r e a l i s t i c e s t i m a t e s . P e r h a p s P ro f . P i c c i o n i wil l d i s c u s s th i s point 
in m o r e de ta i l than I h a v e . If one m a k e s a s t a t i s t i c a l m o d e l ca l cu la t ion 
of the y ie ld of an t ip ro tons by 6 .2 Bev p r o t o n s on hyd rogen , on the one 
hand, and on c a r b o n , on the o t h e r , one conc ludes that a nuc léon in 
c a r b o n should be about 8 t i m e s as effective as a f r ee nuc léon b e c a u s e 
of the F e r m i m o m e n t u m of the nuc léons in c a r b o n . Th i s f a c t o r i s 
not so l a r g e as to d i s c o u r a g e one c o m p l e t e l y f r o m looking for the 
p roduc t i on of an t ip ro tons in p r o t o n - p r o t o n c o l l i s i o n s . We be l i eve 

I would l ike to speak now about the p roduc t ion c r o s s s e c t i o n s of 
a n t i n u c l e o n s . We have d e t e r m i n e d the d i f fe ren t ia l p roduc t ion c r o s s 
s e c t i o n for an t i p ro tons by 6 .2 Bev p r o t o n s on c o p p e r . At 0° and at an 
an t ip ro ton m o m e n t u m of 1 .19 B e v / c we find: 



X - 6 

we have o b s e r v e d the p r o d u c t i o n f r o m h y d r o g e n by u s i n g t a r g e t s in the 
B e v a t r o n of bo th CH2 and c a r b o n . The r a t i o of a n t i p r o t o n y ie ld f r o m a 
h y d r o g e n n u c l e u s to tha t f r o m a c a r b o n n u c l e u s w a s 0 .11 ^ 0. 06 . 
Mul t ip ly ing t h i s by the n u m b e r of n u c l é o n s in c a r b o n we get a r a t i o of 
1.3 + 0 .7 for the y ie ld f r o m f r e e p r o t o n s r e l a t i v e to tha t f r o m a 
nuc léon in the c a r b o n n u c l e u s . T h i s i s s u r p r i s i n g l y l a r g e , s i n c e we 
had p r e d i c t e d tha t t h i s r a t i o should be 1 / 8 . The d i s c r e p a n c y i s , at 
l e a s t in p a r t , due to a l a r g e r e a b s o r p t i o n in the c a r b o n n u c l e u s which 
w a s n e g l e c t e d in the o r i g i n a l e s t i m a t e s . Sti l l t h e r e i s no ge t t ing a r o u n d 
the fact tha t t h i s y ie ld i s s u r p r i s i n g l y h igh, and I th ink we wi l l have 
to do c o n s i d e r a b l e w o r k in the not too d i s t an t fu tu re to r e c h e c k t h i s 
m e a s u r e m e n t and to m a k e qui te s u r e of the a b s o l u t e c r o s s s e c t i o n s . 

I h a r e no new i n f o r m a t i o n on the e x c i t a t i o n funct ion , t ha t i s , 
t he y ie ld of a n t i p r o t o n s a s t he b o m b a r d i n g p r o t o n e n e r g y i s v a r i e d 
and IT11 s a y no th ing about t h a t . T h e r e i s only t he v e r y c r u d e 
e x c i t a t i o n funct ion of s o m e y e a r s a g o . 

Le t m e t a lk about the p r o d u c t i o n of a n t i n e u t r o n s by c h a r g e 
exchange of p r o t o n s . We had 497 Mev a n t i p r o t o n s i nc iden t on 
c a r b o n , CH2 , and l e a d . The a p p a r a t u s u s e d w a s tha t shown in 
F i g . 2, excep t tha t in the c a s e of l e ad m o s t m e a s u r e m e n t s w e r e 
done wi th the C e r e n k o v c o u n t e r r e p l a c e d by a so l id l a y e r of l e a d . 
The r e s u l t s ob ta ined w e r e : 

The c r o s s s e c t i o n r e f e r s of c o u r s e only to a n t i n e u t r o n s p r o d u c e d 
in a f o r w a r d cone of h a l f - a p e r t u r e 17° . The r e s u l t s s e e m to 
i nd i ca t e tha t a p r o t o n i s about a s ef fec t ive a s a c a r b o n o r l ead 
n u c l e u s . 

I w i s h now to d i s c u s s the i n t e r a c t i o n c r o s s s e c t i o n of 
a n t i p r o t o n s . The a p p a r a t u s u s e d i s shown in F i g . 4 . y i s aga in 
a C e r e n k o v c o u n t e r to de t ec t ann ih i l a t ion p r o c e s s e s . In add i t ion 
the c o u n t e r s Sg and S^ s e r v e for t r a n s m i s s i o n m e a s u r e m e n t s . 
The a t t e n t u a t i o n c r o s s s e c t i o n s m e a s u r e d inc lude s c a t t e r i n g 
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t h rough ang le s 
l a r g e r than 14° 
(or 2 0 ° ) . The 
r e s u l t s a r e 
shown in Tab le 2, 
which i n c l u d e s 
m e a s u r e m e n t s 
with pos i t i ve 
p r o t o n s . The 
r a t i o of a n t i -
p r o t o n to 
p r o t o n c r o s s 
s ec t i on 
d e c r e a s e s wi th 
a tomic n u m b e r 
f r o m oxygen 
to s i l v e r . It 
should be even 
s m a l l e r in 
l e a d . As a 
m a t t e r of fac t , 
the m e a s u r e d 
lead c r o s s s ec t i o r 
i s s u s p i c i o u s l y 
l a r g e , ind ica t ing s o m e l ikel ihood of difficulty with m u l t i p l e 
s c a t t e r i n g in th i s m e a s u r e m e n t . I had to omit the m e a s u r e m e n t s 
at 14° b e c a u s e they showed v e r y obvious ly the effect of mu l t i p l e 

F i g . 4 

Table 2 

Ant ip ro ton and p r o t o n c r o s s s e c t i o n s on v a r i o u s e l e m e n t s 
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sca t te r ing and that throws doubt on the r e su l t s in lead with the 20° cut
off angle as wel l . Table 3 shows some re su l t s of Cork, Lamber t son , 

Table 3 

Antiproton c r o s s sect ions 

Piccioni and Wenzel . The measu red c ros s sect ions for carbon at 
300 Mev (lower than in our work) s eem to show a su rpr i s ing ly smal l 
amount of e last ic sca t te r ing in the forward di rec t ion. I think our 
f irst react ion when the annihilation c r o s s section turned out to be 
so large was that nuclei must appear to antiprotons as black d i s c s . 
If so , the forward sca t te r ing c r o s s section should be equal to the 
absorption c r o s s sect ion. Apparently this is not a ve ry good model 
since there is not much forward sca t te r ing . 

We also have some measu remen t s for the interact ion of 
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452 Mev antiprotons on hydrogen. These were done by water- l iquid 
oxygen difference with the apparatus shown in F ig . 5 . The liquid in 
ei ther case is 
used as a 
Cerenkov 
rad ia tor to 
detect 
annihilat ions. 
Measurements 
with D2 0 were 
also made to 
get the p -n 
c r o s s section 
by D 2 0 - H 2 0 
difference. 
The r e su l t s 
a re given in 
Table 4, where 
the e r r o r s 
quoted a re 
only the 
s ta t i s t ica l 
e r r o r s . 
Real is t ic overal l 
e r r o r s have not 
yet been es t imated . The measu remen t of <T at 20° cutoff gave a 
resul t which differs by 7 mb from the accept l v a l u e . The origin of 
this d iscrepancy is not known. The r e su l t s in the thi rd line give the 
es t imate of the p -n c r o s s section after applying the Glauber 
co r rec t ion . This cor rec t ion takes into account the hiding of one 
nucléon behind the other in deu te r ium. I think when we s ta r t ed this 
experiment we didn l t r ea l i ze how la rge the Glauber cor rec t ion 
would be . It i s a l ready 5 or 10% for sca t t e r ing of protons on 
deu te r ium. Since the antiproton has a c r o s s section seve ra l t imes -
let us say four t imes - l a r g e r , the Glauber cor rec t ion becomes 
four t imes as l a r g e . This cor rec t ion we have endeavored to make 
with an important ass i s t from John Blair from the Universi ty of 
Washington and Dr . Henley will r epor t on this method l a t e r . 
According to our co r rec ted r e su l t s the Ç p and p n c r o s s sect ion 
a r e not ve ry different. Our data both for total and annihilation 
c r o s s sect ions a re cer ta in ly compatible with identical values for 
proton and neutron. If I subt rac t our resu l t for <T (p p) with a 
14° cutoff from the total c r o s s sect ion given by the work of Cork, 
Lamber t son , Piccioni and Wenzel this leaves a c r o s s sect ion of 
-6+10 mb for sca t te r ing at angles l e s s than 14° . 

F ig . 5 
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Table 4 

Antiproton and proton c r o s s sections on protons and neutrons 

(a) F r o m liquid hydrogen data of Cork, Lamber tson , Piccioni 
and Wenzel. 

(b) By subtract ion of proton c ro s s section from deuter on c r o s s 
sect ion. 

There cer ta in ly has to be some elas t ic sca t te r ing in the forward 
di rect ion. If one accepts both m e a s u r e m e n t s , which I am inclined 
to do at the moment , I think they indicate that the forward sca t te r ing 
is probably re la t ive ly smal l , just as for carbon (but I p r e s u m e it is 
not negative) . Some forward sca t te r ing is guaranteed by the optical 
theorem but it does not have to extend over a ve ry wide range of 
angles in the forward di rec t ion. We don !t know quite what to do with 
t h i s . It is a bit of a puzz le . 

I would like to d i scuss next whether one can explain the c r o s s 
section of nuclei using the e lementa ry c r o s s sect ions for antiproton 
on proton and antiproton on neut ron . One attempt in this direct ion 
has been made by Gerson Goldhaber. He calculated 

where b is the impact p a r a m e t e r and the nuclear density p has 
been taken from the Saxon potential a s : 
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i s the 
a v e r a g e 
to ta l c r o s s 
sec t ion for 
p and n . 
The r e s u l t s 
shown in 
F i g . 6 ind ica te 
r e a s o n a b l e 
a g r e e m e n t 
with the da t a . 
One does 
not s ee any-
g r e a t 
d i s c r e p a n c y 
h e r e be tween 
the obse rved 
c r o s s 
s ec t i ons for 
heavy 
e l e m e n t s 
and those 
expec ted 
f rom an 
opt ica l 
mode l 
ca l cu la t ion . 
D r . Dre l l 
wi l l r e p o r t 
on ano ther 
opt ica l model 
ca lcu la t ion . 

I sha l l 
now d i s c u s s 
s o m e of the 
r e s u l t s of the 
photographic 
emul s ion work 
done at 
B e r k e l e y in 
co l l abora t ion 
with the group 
at R o m e . F i g . 
7 shows the 
method of 
e x p o s u r e . I F i g . 7 
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would like to call attention in pa r t i cu la r to the bending magnet M c . It 
allows an unequivocal distinction to be made between posi t ive and 
negative pa r t i c l e s on the bas is of the i r direct ion of en t rance in the 
s tack . 

Table 5 

Emuls ion data on antiprotons 

Number of s t a r s 35 
O-prong stops 2 (a) 
Annihilations at r e s t 14 
Annihilations in flight 21 
Mean free path in emulsion 12.5 + 2 . 8 cm 
Annihilation m . f . p . 1 4 . 3 + 3 . 4 cm 
<r (ann. )/ & (geometr ical) 2 .6 + 0.6 (b) 
<T ( total)/ <r (geometr ical ) 2 . 9 + 0 . 7 

Average number of pions 5. 3 + 0.4 (c) 
Average pion kinetic energy (d) 182 Mev 
Same, co r r ec t ed for nuclear 206 Mev 

excitation 

(a) Excluded from analysis of annihilation p r o c e s s 
(b) Based on geometr ic c r o s s sect ion: irr* with r x 1 . 2 . 1 0 ~ i c 5 c m 
(c) The observed number of charged pions is 2 . 6 . We add 0.3 charged 

pions es t imated to have escaped detection, 1.45 r r 0 , s and an 
es t imated 1. 0 7T reabsorbed in nucleus : 2 . 6 + G.3 + 1 . 4 - f l . O r: 5 . 3 . 

(d) A lower l imit only can be given because the energy of some fast 
pions could not be m e a s u r e d . 

F ig . 8 
shows the vis ible 
energy r e l e a s e 
in the 35 s t a r s 
(as a fraction 
of 2 M p c 2 ) . 
Clear ly the 
two O-prong 
events could 
fit nicely at 
the tai l of the 
dis tr ibut ion. 
F ig . 9 shows 
the charged 
pion number 
distr ibution F ig . 8 
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in the s ame s t a r s . 
An attempt has 
been made to 
compare 
calculations based 
on the F e r m i 
model with these 
data and I think 
one should say-
that the 
s ta t i s t i ca l 
calculation 
s imply does 
not give the 
right answer . 
In o rder to pull 
the exper imenta l 
r e su l t s into 
agreement with 
the s ta t i s t ica l 
calculation one 
has to use a 
volume twelve 
t imes l a r g e r 
than the volume 
chosen by F e r m i . 
I think this is an 
unreasonable 
s t re tching of the p a r a m e t e r s and one should rea l ly say that the 
s ta t i s t i ca l analysis does not agree with these events . The difficulty 
of course is that the observed pion mult ipl ic i t ies a re much too high. 

F ig . 9 

Recently at tempts have been made at Berkeley to obtain 
par t ia l ly separa ted antiproton b e a m s . The f i rs t attempt was made 
by placing some 20 g /cm^ of l i thium hydride at the f i rs t focus (F^) 
of the spec t rograph of F ig . 1, with the counters then replaced by 
the emulsion stack (preceded by a s teer ing magnet as in F ig . 7). 
A 6 M separa t ion between mesons and antiprotons at the stack was 
expected. The exposure was fa i r ly successful since the ra t io of 
antiprotons to background had been improved by a factor of about 
10, so that one could get about 10 t imes as many antiprotons in one 
s tack before the emulsion was overloaded with minimum ionizing 
t r a c k s . Goldhaber and Jauneau have found some 90 antiproton 
s t a r s in one s tack which is quite a lot . The contamination of pions 
was g rea t ly reduced; the final background consisted of 4% TT~ , 
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40% fjT and 56 % e l e c t r o n s . I should m e n t i o n a l s o tha t C o r k and 
Wenze l in B e r k e l e y a r e w o r k i n g on an e l e c t r o s t a t i c s e p a r a t i o n s c h e m e 
which I would s a y at t he m o m e n t looks v e r y p r o m i s i n g . 

F i n a l l y I would l ike to c o m m e n t b r i e f l y on the a t t e m p t s tha t 
have been m a d e to e x p l a i n the l a r g e ann ih i l a t i on c r o s s s e c t i o n s . A 
p o s s i b l e m o d e l j u s t m a k e s u s e of an a b s o r p t i v e c o r e to r e p r e s e n t 
the ann ih i l a t ion p r o c e s s . Th i s m o d e l h a s b e e n u s e d by Koba and 
T a k e d a who got a s c a t t e r i n g c r o s s s e c t i o n of 33 m i l l i b a r n s and an 
ann ih i l a t ion c r o s s s e c t i o n of 61 m i l l i b a r n s . To get t h i s r e s u l t , 
t hey had to u s e a r a d i u s for t h i s a b s o r p t i v e r e g i o n of 2 / 3 ft/m^c 
which s e e m s r a t h e r i n c o n s i s t e n t wi th the n u c l é o n s t r u c t u r e we h e a r d 
d i s c u s s e d e a r l i e r . T h e y point out that a c c o r d i n g to m e s o n t h e o r y 
for an t i nuc l eon and n u c l é o n t h e s e c o n d o r d e r p o t e n t i a l shou ld be of 
oppos i t e s i gn to the n u c l é o n - n u c l é o n p o t e n t i a l . The fou r th o r d e r 
p o t e n t i a l shou ld be of t h e s a m e s i g n . Chew h a s s u g g e s t e d tha t one 
should t r y to u s e t he p o t e n t i a l d i s c u s s e d by M a r s h a k and a l s o by 
T h a l e r and G a m m e l t o g e t h e r wi th an a b s o r p t i v e r e g i o n tha t would 
c o r r e s p o n d to t h e ann ih i l a t i on p r o c e s s . Th i s h a s not b e e n t r i e d ye t , 
but it s e e m s to be a v e r y n a t u r a l s u g g e s t i o n . 

DISCUSSION 

SACHS: Does t he v i s i b l e e n e r g y r e l e a s e ( F i g . 8) i nc lude the 
r e s t e n e r g y of the o t h e r ( unseen ) K - p a r t i c l e in t h o s e s t a r s w h e r e 
one K - p a r t i c l e i s s e e n ? 

CHAMBERLAIN: The m a s s of the i n v i s i b l e K m e s o n h a s 
not been added , s i n c e K m e s o n s could p r e s u m a b l y be r e a b s o r b e d in 
the n u c l e u s f o r m i n g a h y p e r on . 

F E L D : Could you give an e s t i m a t e of the r a t i o of K - p a r t i c l e s 
to p ions in a n n i h i l a t i o n s ? 

CHAMBERLAIN: The o b s e r v e d K - m e s o n s d iv ided by the to t a l 
n u m b e r of ~tT f s ( c h a r g e d and n e u t r a l ) i s - I b e l i e v e - 2%. 
P r e s u m a b l y t he a c t u a l K f s p r o d u c e d a r e about tw ice t h i s b e c a u s e 
half the K - p a r t i c l e s shou ld be n e u t r a l . Also I b e l i e v e t h e r e m a y be 
s o m e add i t iona l p r o n g s which could be K - p a r t i c l e s , but which could 
not be ident i f ied a s s u c h . 

PICCIONI: E x p e r i m e n t s on a n t i p r o t o n i n t e r a c t i o n s . 

The r e s e a r c h I a m r e p o r t i n g i s t he w o r k of B . C o r k , G. L . 
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Lamber t son , W. 
Wenzel, and 
myself at the 
Radiation 
Labora tory , 
Berke ley . The 
exper iment was 
per formed before 
the construct ion 
of the 8 1 1 d iameter 
focusing l enses , 
thus exclusively 
4 n d iameter lenses 
were used . M Five 
such lenses 
formed the 
magnetic channel 
with magnetic 
fields so adjusted 
that each lens was 
making the image 
of the preceding 
lens on the following 
one. Two s imple , 
but l a rge , deflecting 
magnets determined 
the momentum of the 
p a r t i c l e s . The-
accepted in terva l was 
close to *+ 5% at all 
e n e r g i e s . Six 
sc in t i l la tors 
a r ranged in two 
c i rcu i t s of t r ip le 
coincidences were 
placed along the 
magnetic channel 
(Fig. 10). 

The t ime of 
flight of the pa r t i c l e s 
along the 70 foot 
path determined the 
m a s s , as shown by 
the resolut ion curve of 

F ig . 10 

3-FOLD COINCIDENCE CABLE DELAY ( F E E T OF RG 6 3 / U ) 

F i g . 11 
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F i g . 1 1 , w h e r e t h e c o u n t i n g , r a t e i s p l o t t e d v e r s u s t h e delay, w h i c h 
i s t h e p a r a m e t e r t h a t d e t e r m i n e s t h e m a s s b e s t d e t e c t e d by t h e 
a p p a r a t u s . T h e c u r v e a l s o s h o w s tha t t h e c o n t a m i n a t i o n in t h e a n t i -
p r o t o n c o u n t s i s not m o r e t h a n a few p e r c e n t . Such c u r v e s w e r e 
r e p e a t e d of ten d u r i n g t h e m e a s u r e m e n t s ; o b s e r v a t i o n s w i th a 
C e r e n k o v c o u n t e r w e r e a l s o m a d e at t i m e s and c o n f i r m e d t h e 
i d e n t i f i c a t i o n of a n t i p r o t o n s . 

Whi le t he c u r v e 
of F i g . 11 w a s o b t a i n e d 
at 1 .42 B e V / c 
m o m e n t u m , F i g . 12 
s h o w s the c u r v e 
ob t a ined at . 9 B e V / c . 
H e r e t h e d e t e c t i o n 
of n e g a t i v e K - p a r t i c l e s 
w a s p o s s i b l e , d e s p i t e 
t he l a r g e p r o b a b i l i t y 
of d e c a y b e t w e e n t h e 
s o u r c e of s u c h 
p a r t i c l e s and the 
l a s t of o u r c o u n t e r s . 
A m e a s u r e m e n t of 
t he m e a n l ife of 
n e g a t i v e K a o n s w a s 
p o s s i b l e by m e a s u r i n g 
t h e d e c a y r a t e 
b e t w e e n t h e two l a s t 
c o u n t e r s w i th the 
r e s u l t 
X - 1 . 5+2 . 5 x 1 0 " 8 s e c 
in good a g r e e m e n t 
wi th the n u m b e r 
p r e v i o u s l y r e p o r t e d 
by A l v a r e z at t h i s 
c o n f e r e n c e . Wi th t h e 
s a m e h y d r o g e n t a r g e t 
w h i c h w a s u s e d f o r t h e a n t i p r o t o n . m e a s u r e m e n t , t he t o t a l c r o s s 
s e c t i o n of n e g a t i v e K f s wi th p r o t o n s w a s found to be 52 ^ 9 m b . 

F i g . 12 

F o r t h e m e a s u r e m e n t of t h e a n t i p r o t o n - p r o t o n t o t a l c r o s s 
s e c t i o n t h e g e o m e t r y of F i g . 13 w a s u s e d . 

The c o n e s u b t e n d e d by t h e l a s t c o u n t e r b e h i n d t h e h y d r o g e n , 
had a s e m i a p e r t u r e of 3 . 5 d e g r e e s . An a p p r o x i m a t e c o r r e c t i o n fo r 
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was only about 2 
m i l l i b a r n s . 

The r e su l t s 
a r e plotted in F ig . 14 
where the p-p and 
n-p total c r o s s 
sect ions a r e a lso 
shown for compar i son . 

The la rge 
value of the antiproton -
proton c r o s s sect ion 
appears to be a 
salient feature of an t i -
proton-proton 
interact ion, and the 
energy dependence shown 
by our curve makes 150 
one think that ve ry 
probably the total 
c r o s s sect ion will 
r ema in high at 
energ ies l a r g e r than 
700 MeV. 

Working with 
the same antiproton 
beam we have also 
m e a s u r e d thfe total 
c r o s s sect ions of 
some nucle i . Using 
a scint i l lat ing 
liquid, viewed by 
photomul t ip l iers , 
as an absorbe r it 
was possible to 
m e a s u r e the 
interact ion c r o s s 
section of carbon 

F ig . 14 

this blind cone, 
calculated from 
the optical theorem 
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The e las t ic c r o s s section of carbon therefore seems to be 
not more than 220 + 80 mb, which would indicate that the carbon 
element, even though offering a la rge c ro s s section to ant iprotons, 
is by no means everywhere 100% opaque to such p a r t i c l e s . A 
comparison between the recent data of Chamberlain et a l . ( inelastic 
c r o s s section of antiprotons c 89 -f 7) and our value for the 
total c ros s sect ion s eems to point to a very s imi la r si tuation for 
the e lementa ry ant iproton-proton coll is ion. 

DISCUSSION 

GELL-MANN: Does anyone have any plan - in the case of 
the h igh-energy ant i -protons - for looking for p + p —-> Y -f Y, 
or is this too hard an exper iment? 

PICCIONI: I don't know. 

EKSPONG: Report on combined antiproton data . 

The repor t is made on behalf of the following groups: 

1. Antiproton Collaboration, P h y s . Rev. 105; 1035 (1957) 
2. W. W. Chupp (Berkeley) 
3 . H. Heckman, Smith (Berkeley) 
4. G. Goldhaber, Jaune au (Berkeley) 
5. J . Sandweiss (Berkeley) 
6. E . Amaldi, Castagnoli , Fe r ro luzz i , Franz ine t t i , and 

Manfredini (Rome) 
7. G. Ekspong, Johansson, and Ronne (Uppsala) 
8. G. F r y e , Rosen (Los Alamos) 
9. O. Chamberla in , G. Goldhaber, Jauneau, Kalogero-

polous, Segre, and Si lberberg (Berkeley) 

(the very preponderant element in the liquid). The following table 
gives the data obtained with this method. 



(a) Ana lys i s i ncomple te 

The da ta f rom g roups 1 to 8 have been obta ined in an e x p e r i m e n t at the 
B e v a t r o n iden t i ca l wi th the one d e s c r i b e d in the co l l abora t ion p a p e r ; the 
l a s t one i s an e x p e r i m e n t with a p a r t l y s e p a r a t e d b e a m , in which the 
r a t i o of an t ip ro ton flux to background flux h a s been i n c r e a s e d by a 
f ac to r of 10 as c o m p a r e d to the e a r l i e r e x p e r i m e n t . Some de ta i l s 
about the s e p a r a t e d b e a m w e r e given by O. C h a m b e r l a i n . 

The s i tua t ion a s to the amount of in fo rmat ion about a n t i -
p r o t o n s co l lec ted by e m u l s i o n work i s the following; at l a s t y e a r ' s 
R o c h e s t e r Confe rence only a handful of an t ipro ton s t a r s w e r e r e p o r t e d ; 
in the co l l abo ra t ion p a p e r , da ta on 35 even t s w e r e given; in t h i s 
r e p o r t t h e r e a r e da ta on 233 a n t i p r o t o n s . The d i s t r ibu t ion of the 
even ts among the r e s e a r c h g r oups i s de ta i led in Tab le 6. 

Tab le 6 

Ant ipro ton even t s r e p o r t e d by v a r i o u s g roups 

X - 19 
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The m a s s of the ant ipro tons . The following tab les , given by the 
Rome group, (Tables 7 and 8) show the m a s s of the pa r t i c l e s in units 
of the proton m a s s . Several methods have been applied and the r e su l t s 

Table 7 

Mass m e a s u r e m e n t s of antiprotons annihilating at r e s t (a) 
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a g r e e with p ro ton ic m a s s of the p a r t i c l e s . It should be noted that the 
me thods l abe led R-p ( r a n g e - m o m e n t u m ) for the s topping p a r t i c l e s have 
been n o r m a l i z e d to 1.00 in m a s s by a s l ight change of the m o m e n t u m in 
the r e f e r e n c e orbi t f rom nomina l ly 700 + 4% M e V / c to 690 + 7 M e V / c . 

Annihi la t ion c r o s s s e c t i o n . F r o m the da ta in Table 6 it i s 
evident that out of 218 an t ip ro tons 114 have annihi la ted in f l ight . The 
o b s e r v e d pa th length i s 1 8 . 9 3 m e t e r s . T h e r e a r e among the t r a c k s 
s ix which a r e labe led dubious even t s ; the r e a s o n being that they cannot 
be p roved to be due to an t i p ro tons , b e c a u s e they i n t e r a c t in flight and 
r e l e a s e a v i s ib l e e n e r g y which i s l e s s than the k ine t ic e n e r g y . If 
t h e s e p a r t i c l e s a r e an t ip ro tons (and they fulfill the r a t h e r s t r i ngen t 
e n t r a n c e c r i t e r i a ) one could expect s o m e i n t e r a c t i o n s at r e s t which 
give no (or a lmos t no) v i s ib le e n e r g y . T h e r e a r e four such c a s e s 
r e p o r t e d s o t a r , which of c o u r s e a r e difficult to d i s t ingu i sh f rom a 
pos s ib l e background flux of pos i t i ve p r o t o n s . If we leave out a l l 
even ts of th i s type in comput ing the m e a n f ree pa th the s y s t e m a t i c 
e r r o r left b e c o m e s p robab ly ins ign i f ican t . In doing so we have 108 
annih i la t ions in flight on an o b s e r v e d pa th length of 1859 c m in the 
e n e r g y r eg ion 20 - 230 MeV. The m e a n f r ee pa th i s then 

The e r r o r i s the s t a t i s t i c a l e r r o r only ( s t andard e r r o r ) . The 
s y s t e m a t i c e r r o r i s p robab ly l e s s than 0 .5 c m . F r o m th i s va lue of 
the m e a n f ree pa th we find for the c r o s s sec t ion 

w h e r e ° ° ha s been computed for e m u l s i o n with a n u c l e a r r a d i u s 
R ~ 1.2 A 1 / 3 x 10""1 3 c m . Th i s va lue for the c r o s s s ec t ion ha s been 
obtained for an t ip ro tons in the e n e r g y r a n g e 230 - 20 MeV, with a 
m e a n va lue at about 140 MeV. 

p - p s c a t t e r i n g . T h e r e a r e five even t s which have been 
i n t e r p r e t e d as e l a s t i c s c a t t e r i n g on p r o t o n s , s e e Table 6. A c r o s s 
sec t ion for t h i s p r o c e s s m a y be found f rom the known n u m b e r of 
hydrogen a t o m s in the e m u l s i o n . The r e s u l t i s 

E l a s t i c s c a t t e r i n g on n u c l e i . This s e e m s to be a r a r e p r o c e s s . 
Only two even t s have been found with s c a t t e r i n g ang les B > 30° and 
with a k ine t ic e n e r g y T^ > 30 MeV. 
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Inelast ic s ca t t e r ing . Only one event is repor ted (in the p 
collaboration pape r ) . In addition one non-definite event was a lso 
repor ted (the t r ack left the s tack before annihilating). No new event 
has been found. The c r o s s sect ion is ^ 1% of the total c r o s s 
sect ion. 

Small angle sca t t e r ing . In the p collaboration paper data on 
about 1.6 m e t e r s of t r ack length were r epor t ed . Now about 12 m e t e r s 
of antiproton t r ack length have been examined for sma l l angle 
sca t te r ing by the groups in Berke ley . About 4 .5 m e t e r s of this 
comes from e a r l i e r exposures (Sandweiss) and about 7 .5 m e t e r s 
from the separa ted beam exposure (G. Goldhaber) . The method is 
descr ibed in the p collaborat ion pape r . The r e su l t s a r e shown in 
F ig . 15 
together 
with a 
calculated 
curve 
based on 
a specific 
model, 
the 
! l Charged 
Black 
Sphere 
Model" 
(Sandweiss). 
The 
agreement is 
good at higher 
angles but 
there is a 
lack of 
sca t te r ings 
in the region 
2° - 6° . F u r t h e r 
work on the 
accuracy of the 2° cutoff angle is in p r o g r e s s . 

F ig . 15 

The Annihilation P r o c e s s * 

The pion mult ipl ic i ty . By this we mean the "e lementa ry" 
multiplici ty in the annihilation with a nucléon. The observed 
multiplicity has to be co r rec ted for the pions which get absorbed 
when the annihilation takes place at a nuc leus . In the p collaboration 
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it was found that on the average 1. 0 pion gets absorbed in each p r o c e s s . 
There a r e some events where the re i s no visible nuclear excitation 
and where only pions a re emit ted . We begin by a study of the 
mult ipl ici ty for these events for which no absorption cor rec t ion has to 
be applied. The events have the following charged pion mul t ip l ic i t ies : 
5, 5, 4, 4, 2 , % 1 ( 7 events) . The average charged pion mult ipl ici ty is 
3 . 3 . Including the neut ra l pions (multiplying by the factor 3/2) gives 
total average pion mult ipl ici ty ~ 4.9 + 1.0. 

Turning now to all analyzed s t a r s (73 in number) we have seen 
157 charged pions a l together . There is a cor rec t ion to the number 
of annihilatinn s t a r s which is -3 £3, for s t a r s which might be due to 
charge exchange sca t te r ing of antiprotons or to a background flux of 
posit ive p ro tons . There is also a cor rec t ion to the number of 
observed pions which i nc r ea se s the number by 10% + 7% (This 
figure has been es t imated by rechecking a sample of the s t a r s ) . Thus 
we have an es t imated number of 157 x (1.1 + 0. 07) pions in 70 + 3 
s t a r s which give an average charged pion mult ipl ici ty of 2.46 4- 0 .28 . 
Including the neut ra l pions by multiplication with the factor 3/2 and 
adding the absorbed number of pions (1 . 0) we have finally a total 
average pion mult ipl ici ty of 4.7 + 0 .4 , This figure agrees within 
s ta t i s t i c s with the value 5.3 + 0 . 6 given in the p collaboration paper 
and obtained by the same p r o c e d u r e . 

K-mesons : there were four observed K-mesons in the p 
collaboration paper (and one possible hyperon) . Two of the K-mesons 
were found in the same event . Now the re a r e only two new K-mesons 
r epor t ed . Heckman and Smith have one for which the identification is 
based on the var ia t ion of ionization with r a n g e . This gives us 5 K-
mesons in 7 0 + 3 annihilation events . Among 15 s t a r s G. Goldhaber 
and Jauneau have repor ted a definite case of a stopping K-meson, 
which was shown to decay in the K ^ ^ ~ mode , (see F ig . IS) . Thus 
there a r e 6 charged K-mesons observed in 8 5 + 3 s t a r s . The 
K/TT - r a t io i s found to be: 

Number of charged K-mesons _ 6 ^ 1 
Number of pions (charged and neut ra l ) 400 67 

The fraction of events with charged K-meson emiss ion i s : 

Number of s t a r s with charged K-meson emiss ion 5 ^ 1 
Total number of s t a r s 85 17 

The energy of the charged p ions . The kinetic energy d i s t r ibu-
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tion of 157 
charged pions 
is shown in 
F ig . 17. To 
29 out of 157 
pions the re 
has been given 
only a lower 
limit to the 
kinetic energy . 
This is because 
the t rack does 
not lend itself 
to accurate 
measu remen t s 
due to a high 
angle of dip or 
to a short 
available path 
length e t c . 
The lower 
limit to the 
kinetic energy 
in the major i ty 
of the 29 t r acks 
is set at 140 
MeV. We have 
t rea ted them 
as follows: we 
have divided the 
128 measured 
t r acks in two 
groups, one 
consist ing of 
74 t r acks with 
energies below 
140 MeV and one 
group consist ing 
of 54 t r acks with 
energies above 
140 MeV. Then 
it has been 
assumed that 
the 29 t r acks 
with a lower 

F ig . 17 
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limit given are distr ibuted in energy in the same manner as a r e the 
measured t racks in the higher energy group. This procedure gives 
for the average pion kinetic energy T-^ z> 180 MeV. (This should 
be compared to the value given in the p collaboration paper , 
T-jj. ~ 182 MeV). This figure is somewhat lower than the average 
kinetic energy in the e lementary p roces s because some pions (0.3 
per s t a r ) have been sca t te red by the nucleus and come out with a 
lower kinetic energy. Adopting a simplified vers ion of the procedure 
in the p collaboration paper we find that the correc t ion to the energy is 

The ave rage pion kinetic energy in the e lementary annihi
lation p r o c e s s is thus found to be close to 20G MeV. The new data 
thus confirms the conclusions made in the p collaboration paper . 

Visible energy. About half of the s t a r s (31 out of 73) show a 
visible energy r e l ea se which is g rea te r than M n c ^ . 

Special events . The observation made in the p collaboration 
paper that s t a r s with a la rge nuclear excitation were the resul t of 
annihilation in flight has been confirmed by the new data. The 
in terpreta t ion given is that the p-nucléon annihilation at r e s t usually 
takes place at the surface of the nucleus - but that in flight some p 
may penetra te deep into nuclear ma t t e r re leas ing some 5 pions on 
the average . The energy of the pions is close to the big resonance 
(3/2 , 3/2) so their mean free path in nuclear ma t t e r is much reduced. 
This model is consistent with the observation of some unusually 
large s t a r s . As an example we may take a s t a r (observed by the 
Uppsala group) caused by a p of 96 MeV kinetic energy in which one 
pion is emitted together with 15 heavy par t i c les (mostly pro tons) . 
Among these a re 5 protons with high energy ( f ! knock-on M protons): 
the energies ranging from 70 MeV to 275 MeV. 

The f i rs t p event with an e lectron pa i r re la ted to it has 
been observed by G, F r y e , Los Alamos. The pai r is in terpre ted 
as due to the decay of a 7 T ° into 2 y with subsequent pa i r 
production of one of the y r a y s . It should be noted that this is not 
a "Dal i tz n - type p a i r . P r e l imina ry measu remen t s indicate an 
energy > 100 MeV for the pai r and shows that i ts origin is 
probably at the s t a r ; the distance from the center of the s t a r to the 
plane defined by the pa i r t r acks being < 0.2 ju . The event is the 
resul t of an annihilation in flight of a 110 MeV antiproton. 
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DISCUSSION 

CHEW: This is cer ta in ly not an explanation (of the big c r o s s 
section), but I just wanted to draw attention to a c i rcumstance which 
must have been obvious to lots of people but which did not occur to m e 
until a couple of days ago when I was listening to the nuclear force 
d i scuss ions . If you believe the pic ture that outside the core the only 
thing that counts ve ry much is the TT -meson cloud, then we should 
be able to say what the interact ion outside the core region is between 
the nucléon and the antinucleon. If the nuclear forces a r e 
predominantly due to the exchange of one meson and two mesons then 
the one-meson exchange gives r i s e mainly to a tensor force , the two-
meson exchange mainly to a cent ra l fo rce . According to the theory 
the one-meson exchange would have the opposite sign for the nucleon-
antinucleon combination and the two-meson exchange would have the 
same sign. So that a s emi f ie ld- theoret ical model which suggests 
itself is to take the two-nucleon force that we now have and change 
the sign of the tensor pa r t , keep the same cent ra l par t and rep lace 
the core by an absorpt ive region and just see what comes out. My 
intuition is nowhere near good enough to say what is going to happen, 
I think it is ve ry complicated. 

SAL AM: As there seem to be no other comments I will t r y 
to reca l l some comments I heard from Levy about th ree or four 
months back. He has the following picture for the force between 
the proton and the ant iproton. He r e m a r k s that the pion multiplici ty 
of 5.3 is roughly the total energy divided by the resonance energy 
in the p-wave sca t t e r ing of p ions . F r o m this he deduces that the 
proton-ant iproton force p roceeds mainly through an exchange of a 
large number of pions whereas the proton-proton force and the 
neutron-proton force can be explained mainly by an exchange of one 
or two mesons at m o s t . In this case where we have an ant ipar t ic le 
in the p roces s the number of mesons which a re exchanged is ve ry 
much l a rge r , and in fact the p ic ture as he proposes is that 
annihilation takes place through a graph where most of the ve r t i ces 
correspond to p-wave interact ions and there is just one ve r tex 
which cor responds with an s - s t a t e and which i s responsib le for the 
actual nucléon antinucleon annihilation p r o c e s s . He then makes the 
simple observat ion that with a la rge number of mesons the energy 
denominator can vanish. This gives him a large imaginary par t 
and the large absorpt ion. This is the pic ture which he has proposed. 

CHEW: It s e e m s to me that although this effect cer ta in ly 
is important , it would be rep resen ted only by a very sho r t - r ange 
part of the in te rac t ion . I don't quite see why the f ive-meson exchange 
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could r each out to dis tances of the o rde r of a full meson Compton 
wavelength. 

MARSHAK: One point which is connected with this high 
mult ipl ici ty: I would like again to emphasize how difficult it is to 
unders tand this 5.3 on the bas i s of the s ta t i s t ica l mode l . The Berkeley 
group has been r e q u i r e ^ to use something like 20 t imes the usual 
volume 47T / *fî \ in o rder to get this high mult ipl ic i ty . For 

3 V mjrcl 
example, we t r ied postulat ing the existence of nucleonium, a s t rongly 
bound s ta te of nucléon and antinucleon, which could only decay into a 
minimum of four mesons , a s ta te which Goebel and o thers have shown 
may exist on the bas is of the G - invar iance p r inc ip le . But even so , 
it is just ve ry hard to push up the mult ipl ici ty which you predic t on 
the bas i s of the s ta t i s t i ca l model . You can reach 3.7 but to get to 
5. 3 is r ea l ly ve ry tough. 

FULTON: I would just l ike to re fe r back to the discuss ion of 
Dr . Salam. At Hopkins we have been thinking along a s i m i l a r line 
and we haven' t r ea l ly completed the calculation but the indications a re 
that there a re a la rge number of mesons in the in te rmedia te s ta te in 
the annihilation p r o c e s s e s and that the c r o s s sect ions tend to i nc rea se 
above what you would normal ly expect . 

CHAMBERLAIN: I had meant to point out that the average 
kinetic energy of the pions emit ted is r emarkab ly close to the r e s o n 
ance energy. I suppose this is a lso a consequence of just the 
mult ipl ici ty but it is r emarkab l e how even in the energy spec t rum of 
the mesons the energy comes ve ry close to the resonance and this 
may perhaps be tied in with the same explanation. 

In answer to questions from the floor Matthews commented 
on the Levy model . 

MATTHEWS: I think i t f s ve ry hard to get anything quantitative 
out of this p ic tu re , because it does involve ve ry complicated g r a p h s . 
There doesn' t s eem to be any reason in this case to think that at long 
range the potential will be given at all well by the f i rs t and second 
o rde r per turba t ion theory . 

SALAM: This is just the opposite of what Chew has sa id . 

H ARA: A reformulat ion of pion-nucleon in te rac t ions . 

The ve ry la rge nucléon-antinucleon c r o s s sect ions and the 
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Stanford exper iments throw some doubt about the type of pion-nucleon 
interact ions that have been used thus fa r . I will talk about an attempt 
to reformulate the in terac t ion . The s ta r t ing point is charge 
conjugation. In a recent paper ( O. Hara and Y. Fuji i , P r o g . Theor . 
Physics 17 (1957), in p r e s s . ) we proposed a scheme where the degree 
of freedom associa ted with the par t ic le and ant ipart icle s ta tes is 
re la ted to the third component of a vector K_. In this theory the 
e lec t r ic charge of nucléons and antinucleons i s given by: 

I3 and K3 a r e the third components of the isotopic spin vector I and of 
the new vector K . 

The invar iance of the theory under rotat ions in I -spaee 
consti tutes charge independence. We assumed the TT -nucléon in t e r 
action to be invariant also under rotat ions in K-space . Roughly 
speaking we go from nucleonic charge symmet ry to nucleonic charge 
independence. If this is assumed the pion-nucleon in teract ion, and 
in par t icu la r the par t responsib le for the creat ion and annihilation of 
p a i r s , cannot be local . To show th i s , consider the usual form of 
pseudoscalar IT -N interact ion: 
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where ^ ^ ( x ) and ^ (x) a re posit ive and negative f r e 
quency pa r t s of (x) respec t ive ly . 

In addition to non-local i ty the other cha rac t e r i s t i c of this 

where p(n) and p(n) denote the crea t ion and annihilation ope ra to r s for 
proton (neutron) r e spec t ive ly . 

where Kg is one of the Paul i m a t r i c e s in the K-space . Therefore , 
this is not a s ca l a r but the third component of a vector in the K- space . 
To make this invar iant , it is n e c e s s a r y to rep lace K3 by the unit 
m a t r i x . If this modification is made , however, (1) van i shes . The 
minimum modification n e c e s s a r y to avoid this difficulty i s to r e v e r s e 
the sign before the second t e r m and to make the th i rd and the fourth 
t e r m non-local (Exactly the same situation also occurs in the case of 
the pseudovector in te rac t ion . ) The form of the form factors appearing 
the re is r e s t r i c t e d by the condition of hermi t ic i ty , and the modified 
interact ion Hamiltonian is given by: 

Written in the form resembl ing the usual one as c losely as poss ib le , 
it is 
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in te rac t ion is that tfc * v e r t e x r e spons ib l e for the emi s s ion and the 
absorp t ion of a pion yy an ant inucleon has the opposite s ign compared 
to the o r d i n a r y one c s the r e s u l t of r ep lac ing K3 by the unit m a t r i x 
in (1). T h e r e f o r e th Î nuc leon-an t inuc leon potent ia l r e su l t i ng f rom the 
exchange of an odd n imber of pions has the opposite sign c o m p a r e d to 
the o r d i n a r y one , 

It would c l e a r l y be d e s i r a b l e to check the val id i ty of the theory 
by c o m p a r i s o n with e x p e r i m e n t . One t es t is p rovided by N-N 
s c a t t e r i n g s ince the t h e o r y g ives a v e r y s i m p l e r e l a t ion between N-N 
and N-N s c a t t e r i n g . Another t e s t i s the annihilat ion p r o c e s s . 
Cons ide r , for e x a m p l e , the s y s t e m composed of a nucléon and an 
ant inucleon. I ts p a r t i c l e n u m b e r i s z e r o . Accord ing to our theory , 
however , t h e r e can be two s t a t e s c o r r e s p o n d i n g to K - 0 and 1 
r e s p e c t i v e l y . The f o r m e r can annihi late into pions as u sua l , but 
for the l a t t e r t h i s i s imposs ib l e f rom the conse rva t ion law of K, and 
it can annihi late only by f i r s t emi t t ing a - r a y . (The se lec t ion 
ru le for the y - t r a n s i t i o n is given by A I - ± 1, 0; A l ^ = 0, 
and À K - ± 1, 0; A K3 r 0, s ince the e l e c t r o m a g n e t i c i n t e r 
act ion is the t h i r d component of a vec to r in cha rge s p a c e . ) 

The f rac t ion of the ene rgy c a r r i e d by the }f - r a y i s 
e s t ima ted to be about 40%. Since the s t a t e s c o r r e s p o n d i n g to 
K — 0 and 1 occur equal ly , the ave rage pe rcen tage of the ene rgy 
c a r r i e d by the y - r a y b e c o m e s about 20%. This i s cons ide rab ly 
l a r g e r than would be expected f rom the usua l t h e o r y . 

DISCUSSION 

CHAMBERLAIN: T h e r e is one thing I l ike v e r y much about 
D r . H a r a ' s p r o p o s a l . It m a k e s a v e r y definite p red ic t ion in the 
case of an t ip ro ton-p ro ton s c a t t e r i n g in that half of the s t a t e s involved 
should imi t a t e exac t ly the nuc leon-nucleon s c a t t e r i n g . This m e a n s 
that if we can show that t h e r e is v e r y l i t t le an t ip ro ton-p ro ton 
s c a t t e r i n g c o m p a r e d to p ro ton -p ro ton s c a t t e r i n g we would then 
d i sprove h is t h e o r y . 

DRELL: Optical mode l ana lys i s of an t ip ro ton-nuc leus i n t e r a c t i o n s . 

The opt ica l model p rov ides a well known connect ion between 
the ine las t i c c r o s s sec t ion for a pa r t i c l e p incident on a nucleus 
A, the dens i ty d i s t r ibu t ion of the nuc l ea r m a t t e r Ç , and the 
to ta l i n t e rac t ion c r o s s sec t ion of the incident p a r t i c l e with a nucléon, 0~ : 
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where b is the impact p a r a m e t e r of the par t ic le and s the co 
ordinate along i ts (assumed) s t raight line path . Fernbach , Serber , 
and Taylor , P h y s . Rev. 75, 1352 (1949) . The s impl ic i ty of Eq . (1) 
l ies in the fact that only the absorptivi ty of the nucleus appears and 
not the r e a l par t of the nuclear potent ia l . Eq . (1) has provided 
sa t is factory in te rpre ta t ions of exper imenta l data in numerous 
applications to h igh-energy pion and nucléon inelas t ic nuclear c r o s s 
sec t ions . 

We repor t he re the application of Eq . (1) to the inelast ic 
c r o s s sect ions of antiprotons of K . E . - 400-450 Mev incident on O, 
Cu, Ag, and P b as repor ted e a r l i e r in this sess ion by Chamber la in . 
The aim of this calculation is s imply to see if the observed c r o s s 
sect ions a re compatible with the s imple optical model or if t he re 
a r e significant co r rec t ions due to polar izat ion of the nuclear ma t t e r 
or due to deflection of the incident antiproton in a deep a t t rac t ive 
nuclear potential as proposed by Duerr and Tel le r f P h y s . Rev. 
103, 469 (1956)] . 

In o rde r to avoid the question of the re la t ive s izes of the 
neutron and proton distr ibutions in |° , we consider the ra t io of 
antiproton to proton c ro s s sec t ions , which, to f irs t o rde r , depends 
only on the fall-off distance of f and not on i ts actual s i z e . 
Taking for the fall-off distance of {> the Hofstadter r e su l t s for 
the charge density, [ Rev. Mod. P h y s . 28, 214 (1956)] , we 
obtain an approximate analytic formula for this ra t io 

The physics in Eq. (2) is as follows: Rpp - 1 m e a s u r e s , as a 
function of A and of e lementary c r o s s sec t ions , the difference in 
impact p a r a m e t e r s at which the nucleus provides a mean free path 
for absorption, i . e . , makes the t ransi t ion from opaque to t r a n s 
parent . The dependence exp re s se s Hofstadter f s r e su l t s 
that the surface layer has a constant thickness independent of A. 
The logari thmic dependence on the e lementary interact ion c ros s 
section r e su l t s because of the rapid dec rease of Ç at the 
surface and the fact that it can be accura te ly fitted to a gaussian 
shape in the region in which p drops from one-half to one-tenth 
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of i ts maximum value . This i s the region of in te res t he re since it 
contains the impact p a r a m e t e r s for which the nucleus changes from 
opaque to t r a n s p a r e n t . The numer ica l constant r e su l t s f rom 
averaging f> in Eq . (1) over a region corresponding to the finite 
range of the e l emen ta ry in teract ion (taken to be, for convenience, 
of gaussian shape with a half width of a pion compton-wave length). 

Eq. (2) is intended then to provide a convenient analytic 
form for exper imenta l compar ison, with accuracy & 10%. (A m o r e 
detailed study suggests inc reas ing the "constant" 1.7 by 5% for 
A < 20 and decreas ing it 3% for A > 200). 

In compar ing Eq. (2) with experiment we note that 
^PP ^ ~ m b > as is deduced from the Berkeley m e a s u r e 

ments on ^jf^D when the double sca t te r ing cor rec t ion to the 

impulse approximation analysis is taken into account. (This double-
sca t te r ing cor rec t ion is equivalent to the shadow effect of Glauber 
(Phys . Rev. 100, 242, 1955)). 

The compar i son is as follows: 

The observed agreement and t rend (except in the questionable case 
of lead mentioned by Prof. Chamberla in) suppor ts the validi ty of a 
s imple optical model in te rpre ta t ion for the inelast ic c r o s s sect ions 
of antiprotons in nuclear m a t t e r . It sheds no light, however , on the 
question of the l a rge magnitude of (jr t itself. 

pN 

DISCUSSION 

GLAUBER: It may be worthwhile to point out that the optical 
model may requ i re l a rge r co r rec t ions in the case of antinucleons 
than in the case of the nucléons . The optical model is derived on the 
assumption that the re is no cor re la t ion at all in the posit ion of 
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nucléons in a nucleus . As soon as there is a corre la t ion then 
shadowing effects become important as they do in the deuteron. You 
can show for example that the F e r m i corre la t ion which keeps nucléons 
apart from one another, will actually inc rease the effective c r o s s 
section of par t ic les in a nucleus making it a trifle l a rge r than the 
free nucléon c r o s s section (as it en te rs the opacity formula) . This 
i s an effect which is proport ional to the square of the c r o s s section: 
the double sca t te r ing effect as in the deuteron. This will be more 
important in nuclei than it is in the deuteron. 

Let us f i rs t fit ^ - m by choosing &~^\ we find < ^ p N - 85 mb (which 
fits well with the observed pN c r o s s sec t ions) . This implies 

pC ~ 205 mb which is actually within the exper imental e r r o r 
of P icc ion i f s m e a s u r e m e n t s . However, let us take the exper imental 
c r o s s sect ions ser iously , and fit both ^ i n and the ra t io ^in ~ • 31 
by giving the pN interact ion a finite r ange . We take each nucléon to be 
seen by the p as a Gaussian shaped absorptive dis tr ibut ion. The fit 
is accomplished with <Tp]\j - 80 mb and ( " r p " ^ ^ — 2.7 x 1 0 ~ 1 3 c m < 

(One should emphasize that these calculated numbers should not be 
taken any more ser ious ly than the experimental numbers : they must 
be strongly dependent on the ta i ls of the shape dis t r ibut ions . For 
instance, it is a pecul iar i ty of the Gaussian distr ibution that 
^"el ^ 1/2 <T i n > compared to ®~ e\{^ ^ for a uniform disk. ) 
This s ize of the p is so large and therefore its t r ansparency is so 
great , that the ra t io ( < ^ e j / <T i n ) ~ N is ex t remely smal l : 
^""el, pN ^ 1 m h . This is consistent with the measu remen t s of 

Chamberlain and Piccioni , which at the moment s ta te & ^ pp < 0! 
The p-hydrogen sca t te r ings repor ted by Ekspong in emulsion a r e 
"large angle 1 1 and have no bear ing on the question of the absence of 

GOEBEL: Optical model fitting of the elast ic antiproton c r o s s sect ion. 

This i s a calculation s imi la r to Dr . D r e l l ! s , except that we 
a r e especial ly in teres ted in fitting the elast ic c r o s s sect ion. Because 
this is so smal l , we shall at the s t a r t minimize it by assuming a 
purely absorptive pN interact ion, i . e . a purely imaginary sca t ter ing 
ampli tude. We neglect the thickness of the nucleus in the calculation 
of the elast ic sca t te r ing . We use a Gaussian shape for the carbon 
nucleus, because then the calculation becomes completely analyt ical . 
The size we take from Hofstadter: r r m s - 2.47 x 1 0 ~ ^ c m . The 
data we shall fit are the average of Piec ioni ' s at 300 and 700 MeV; 
i . e . n a t 500 MeV H : 
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the p p diffraction peak; of course they do indicate (as does 
Chamber la in ' s measuremen t of <r ^ i a r g e angle ^ 1 5 m b ^ 
that the pN interact ion is not pure ly absorpt ive, i . e , t he re i s a r e a l 
part to the sca t te r ing amplitude which will add to the pC elas t ic 
sca t te r ing . 

The above " t ransparency 1 1 model of the pN interact ion may 
have a bear ing on the mult ipl ici ty problem, since it impl ies that a 
large proport ion of annihilations take place in large angular momentum 
s t a t e s . Pe rhaps emiss ion of a few pions in large X s t a tes is 
difficult compared to the emiss ion of many pions, each in a smal l 

Jl s t a t e . 

DISCUSSION 

BERNARDINI: In view of the large c r o s s section of ant i -
protons , I wonder whether the production of nucléon antinucleon 
pa i r s would be affected by the s t rong interact ion in the final s t a t e . 

HENLEY: Calculation of the shadow effect in ant iproton-deuteron 
sca t te r ing . 

I would like to repor t ve ry briefly on a calculation performed 
by Dr. Blair which takes into account the shadow effect in antiproton 
deuteron c r o s s sec t ions . Since the wavelength of the incoming ant i -
proton is so shor t , you can use the impulse approximation. If you 
take the p r i m a r y interact ion between antiproton and proton and 
between antiproton and neutron to be represen ted by black absorbing 
discs of radi i a and b say, then one can per form such a calculation 
and per form the cor rec t ion r a the r s imply. Of course the assumption 
of a black disc r ea l ly becomes quite questionable after what we have 
heard, e a r l i e r this afternoon. The calculation is per formed by 
first project ing the deuteron wave function on a plane at right 
angles to the beam. For the deuteron he used the Hulthen wave 
function: 

Chamberlain presented e a r l i e r come out by integrat ing the projected 
a r ea over the eclipsed a r e a of the neutron and proton on the plane at 
right angles to the beam. The re su l t s which were presen ted e a r l i e r 
a re that if the ant iproton-proton c r o s s section is 105 mb and the 
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apparen t an t ipro ton neu t ron c r o s s sec t ion i s 70 m b the c o r r e c t e d a r e a 
adds 42 m b to t h i s , so one gets 112 m b for the t r u e ant ipro ton neu t ron 
c r o s s sec t ion which i s quite c o m p a r a b l e to 105 m b for the ant iproton 
p ro ton c r o s s s ec t i on . 


