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ABSTRACT 

The i n t e r a c t i o n s o f antinucleons i n complex n u c l e i o f 
emulsion have been studied. The three main l i n e s of inves
t i g a t i o n are the f o l l o w i n g : 

1) The a n n i h i l a t i o n at res t of a n t i p r o t o n s i n the 
complex n u c l e i of emulsion has been studied and a method 
has been devised of separating the a n n i h i l a t i o n s i n the 
l i g h t and the heavy elements. By i d e n t i f y i n g the a n n i h i l a 
t i o n s on the neutrons and protons i n l i g h t elements i t i s 
shown t h a t the r a t i o o f the p r o b a b i l i t i e s of a n n i h i l a t i o n 
o f a n t i p r o t o n s on the two nucleons i s the same, i n co n t r a s t 
t o e a r l i e r work i n t h i s f i e l d . This i m p l i e s that a n n i h i l a 
t i o n proceeds equally through the s i n g l e t and t r i p l e t 
i s o s p i n channels. The apparent departures from t h i s r e s u l t 
f o r heavy eloments have been accounted f o r by the secondary 
i n t e r a c t i o n s of the a n n i h i l a t i o n products i n the parent 
n u c l e i , 

2) The a n t i p r o t o n i s used as a nuclear probe t o deter
mine the d i s t r i b u t i o n of momenta of the nucleons of l i g h t 
elements such as carbon. I t i s found t h a t the momenta 
f o l l o w the d i s t r i b u t i o n expected from a harmonic o s c i l l a t o r 
model of the nucleus as found by other techniques and t h a t 
these momenta extend up to about *+00 MeV/c. 



3) The i n t e r a c t i o n s of antineutrons produced by the 
charge exchange o f an t i p r o t o n s w i t h the emulsion n u c l e i 
have been studied and i t has been shown t h a t the general 
c h a r a c t e r i s t i c s o f the a n t i n e u t r o n s t a r s such as the sizes, 
the mean m u l t i p l i c i t i e s of secondary mesons and t h e i r energy 
spectra are s i m i l a r t o those of a n t i p r o t o n s t a r s . F i n a l l y , 
the charge exchange cross-section f o r a n t i p r o t o n s of moan 
energy 125 »'teV has been determined and i s found t o be 
(17 + 6) inb. This i s close t o the value expected from the 
c a l c u l a t i o n s made f o r the charge exchange cross-section o f 
an t i p r o t o n s i n complex n u c l e i . 



i . 
PREFACE 

This th e s i s i s an account of the work c a r r i e d out by 
the author w h i l s t at the U n i v e r s i t y o f Durham. I t i s 
concerned w i t h the i n t e r a c t i o n s i n nuclear emulsion o f 
a n t i p r o t o n s at r e s t and antineutrons i n f l i g h t . The 
exposure t o the 700 MeV/c a n t l p r o t o n beam was c a r r i e d 
out by the CERW Emulsion Group. The experiment was 
c a r r i e d out w i t h the c o l l a b o r a t i o n o f Dr. A.J. Apostolakls 
Mr. G.A. Briggs and Dr. J.V. Major. 

The author has been responsible f o r a considerable 
p a r t of the measurements, r e d u c t i o n o f data and analyses 
of the r e s u l t s . I n p a r t i c u l a r the work on the i n t e r a c t i o n 
o f antineutrons and o f the mechanism o f meson production 
on a n n i h i l a t i o n has been the sole r e s p o n s i b i l i t y o f the 
author. 
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INTRODUCTION 

Anderson's discovery o f p o s i t r o n s among the p a r t i c l e s 
produced by cosmic rays i n a cloud chamber, not only con
firmed Dirac's p r e d i c t i o n about a n t i p a r t i c l e s o f e l e c t r o n i c 
mass and o f charge +e, but also brought about the search 
f o r the "charge conjugates" o f nucleons. Although Bridge 
et a l . (195*0 and Amaldi et a l . (1955), using the Wilson 
Cloud Chamber and photographic plates r e s p e c t i v e l y , had 
each observed a cosmic ray event which they a t t r i b u t e d to 
the a n n i h i l a t i o n o f an a n t i p r o t o n w i t h a nucleon, the 
evidence was not conclusive. 

The Bevatron at the U n i v e r s i t y o f C a l i f o r n i a was b u i l t 
t o produce a n t i p r o t o n s , i t being designed t o accelerate 
protons t o energies greater than the thr e s h o l d energy needed 
f o r the production of nucleon-antinucl-©en7pairs. A f t e r the 
f i r s t successful d e t e c t i o n o f the a n t i p r o t o n i n 1955» a t the 
Berkeley Laboratory, the main p r o p e r t i e s o f the a n t i p r o t o n 
v/ere established such as i t s mass, charge and s t a b i l i t y 
against spontaneous decay. Since then, a number of e x p e r i 
ments w i t h improved y i e l d of ant i p r o t o n s f o r a given f l u x 
o f accelerated protons have been c a r r i e d out at Berkeley as 
w e l l as at Brookhaven, Ctern and Dubao,'. Whereas i n the 
f i r s t experiment a t Berkeley, the r a t i o o f an t i p r o t o n s t o 
contamination pions was of the order o f 1 t o 50»000, i n 
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1961, w i t h the Corn Proton Synchrotron, employing r e f i n e d 
o p t i c s and using e l e c t r o s t a t i c separators, t h i s r a t i o was 
increased t o 3 t o 1 a t lovjror and t o almost pure a n t i p r o t o n 
beam at higher momenta (Araaldi et a l . (196*0). I n the 
experiment of Amaldi et a l . , the average y i e l d was from 
two to s i x a n t i p r o t o n s per pulse (1 pulse equivalent t o 
1 0 1 1 c i r c u l a t i n g p r o t o n s ) . 

With a n t i p r o t o n s a v a i l a b l e i n such copious numbers, a 
l a r g e v a r i e t y of experiments has been performed t o study 
the i n t e r a c t i o n of antinucleons w i t h nucleons. A l l the 
modern techniques f o r the d e t e c t i o n of elementary p a r t i c l e s 
have been employed i n determining the e l a s t i c , i n e l a s t i c , 
charge exchange and t o t a l cross-sections of these p a r t i c l e s . 
The present i n v e s t i g a t i o n i s l i m i t e d t o the a n n i h i l a t i o n and 
charge exchange p r o p e r t i e s o f antinucleons employinp the 
emulsion technique. 

I n Chapter 1 are summarised the main p r o p e r t i e s o f 
antinucleons as w e l l as the antinucleon-nucleon and a n t i -
nucleon-nucleus cross-sections at various energies of the 
i n c i d e n t antinucleons. These are compared w i t h the 
corresponding H-W cross-sections. 

I n Chapter 2, n n n i h i l a t i o n of a n t i p r o t o n s i n f l i g h t 
and at r e s t i s discussed end the r e l a t i v e p r o b a b i l i t i e s 
o f a n n i h i l a t i o n on protons and neutrons as found by 
d i f f e r e n t workers i s given, along w i t h t h e i r explanation 



3-
f o r the discrepancy between r e s u l t s i n f l i g h t and at r e s t 
I n the same chapter there i s also described work t o resolve 
the d i f f i c u l t y mentioned above. On the basis o f s t a t i s t i c s 
l a r g e r than bhose of previous experiments, i t i s found t h a t 
the a n n i h i l a t i o n o f a n t i p r o t o n s proceeds equally through the 
s i n g l e t and t r i p l e t i s o s p i n channels. The apparent l a c k of 
e q u a l i t y o f p r o b a b i l i t i e s of a n n i h i l a t i o n on protons and 
neutrons found i n heavy elements i s accounted f o r by the 
i n t e r a c t i o n s of the a n n i h i l a t i o n products i n the parent 
n u c l e i f o r which d e t a i l e d c a l c u l a t i o n s are given. 

The general features of the antiproton-nucleon a n n i h i l a 
t i o n are described i n Chapter 3» The mean charged and t o t a l 
m u l t i p l i c i t i e s , the s t a r size d i s t r i b u t i o n s , and the number 
of mesons absorbed per a n n i h i l a t i o n s t a r , are a l l determined. 
The stoppinp ant i p r o t on i s used as a probe o f nuclear s t r u c 
t u r e . This technique i s employed t o study the d i s t r i b u t i o n 
o f momenta of the nucleons of l i g h t elements o f emulsion. 

I n Chapter *f there i s o u t l i n e d a method f o r the deter
mination of the charge exchange cro s s - s e c t i o n of a n t i p r o t o n s 
i n an emulsion stack. The cross-section f o r production o f 
an t i n e u t r o n s f o r a mean a n t i p r o t o n energy of 12J> MeV.is 
found t o be (17 ± 6)mb. The a n n i h i l a t i o n s o f ant.tr c i t r o n s 
thus produced are studied and the moan energy o f the secondary 
mesons and the s t a r sizes of the a n n i h i l a t i o n s determined. 
These are found t o be very s i m i l a r t o those f o r a n t i p r o t o n s . 

http://ant.tr
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I n tho l a s t chapter, tho more important t h e o r i e s o f 
nucleon-antinuclGon a n n i h i l a t i o n are described and the 
experimental r e s u l t s about m u l t i p l i c i t y d i s t r i b u t i o n s are 
compared w i t h the predicted values. I t i s concluded t h a t 
the Koba and. Takeda model gives a s a t i s f a c t o r y p i c t u r e o f 
the NN a n n i h i l a t i o n phenomenon. 
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CHAPTER 1 
Review of the I n t e r a c t i o n s o f Antinucleons 

1.1 The Production of Antinucleong 
1.1.1 A n t l p r o t o f l s 
Antiprotons are u s u a l l y produced i n an a c c e l e r a t i n g 

machine by the bombardment c f the nucleons i n a t a r g e t 
c o n s i s t i n g of complex n u c l e i , (such as b e r y l l i u m or 
copper), by energetic protons. The p r i n c i p a l process I s 

p + N - * p + 3N + me sons 
For s t a t i o n a r y t a r g e t nucleons the threshold energy i n 
the l a b o r a t o r y system f o r the i n c i d e n t protons i s about 
6 GeV. However, the threshold i s reduced on account of 
the motion of the nucleons i n s i d e a complex nucleus. For 
a nucleonic momentum of 200 MeV/c, f o r example, the 
thr e s h o l d i s reduced t o 5»3 GeV. 

A comparison between d i f f e r e n t t a r g e t s shows t h a t 
f o r the same c o n d i t i o n s , l i g h t n u c l e i are as e f f e c t i v e 
f o r the production of a n t i p r o t o n s as heavy n u c l e i . Since 
the p r o b a b i l i t y of c o l l i s i o n of an i n c i d e n t proton w i t h 
a nucleon i s greater f o r a heavy than f o r a l i g h t nucleus 
the e q u a l i t y of the cross - s e c t i o n o f production f o r a i t i -
protons i n d i f f e r e n t elements i n d i c a t e s t h a t the absorp
t i o n of an t i p r o t o n s i n heavy n u c l e i i s considerable. 
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1,1.2 Antineutrons 
Antineutrons are also produced by the process mentioned 

above but i t i s d i f f i c u l t t o recognise them i n the n e u t r a l 
beam emerging from the ac c e l e r a t o r . An attempt was made, 
without success, by Youtz (1958) t o detect antineutrons 
formed i n the r e a c t i o n 

p + p n + He^ 
However, the most convenient and p r a c t i c a l way of 

producing antineutrons i s by the charge exchange o f a n t i -
protons. Although the cross-section f o r charge exchange i s 
small, experiments have been successfully performed, both 
by counter and bubble chamber techniques, and w i t h emul
sions ( t h i s t h e s i s ) , t o study the a n n i h i l a t i o n p r o p e r t i e s 
of a n t i n e u t r o n s . The charge exchange rea c t i o n s are the 
f o l l o w i n g : 

p + p —» n + n .... E l a s t i c charge exchange 
p + N—*n + N + mesons .... I n e l a s t i c charge exchange 

The second r e a c t i o n , however, competes poorly w i t h the 
e l a s t i c charge exchange. At an a n t i p r o t o n momentum o f 
1.61 GeV/c, f o r example, Xuong et a l . (1961) have found 
the cross-sections f o r 

p + p-» p + n + t t" t o be (0.96 + 0.22)mb, and f o r 
p + p-> n + n + t t 0 t o be (1.6 + 0,3)mb. 

The l a t t e r c r oss-section was not d i r e c t l y measured but 
was deduced from the r e a c t i o n 
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p + p - > p + p + - r r ° 

The value f o r the e l a s t i c charge exchange o f ant i p r o t o n s a t 
the same energy i s about 6 mb (Hin r i c h s et a l . (1962)) 

and ( E l i o f f et a l . 1962). The r a t i o o f i n e l a s t i c t o 
e l a s t i c charge exchange decreases w i t h the decrease i n 
the a n t i p r o t o n energy. 

1.2 The Pro p e r t i e s of Antinucleons 
The main p r o p e r t i e s of antinucleons, some found 

d i r e c t l y since the discovery o f a n t i p r o t o n i n 1955» and 
others i n f e r r e d from the known p r o p e r t i e s o f nucleons, are 
summarised i n Table 1. 

Ta,ble 1 

P r o p e r t i e s o f Antinucleons 
Property A n t i p r o t o n Antineutron — , 

Remarks 
Mass (1.00»f+0*025)Mp Same as Mtf D i r e c t l y meas

ured 
Charge -e zero 11 
L i f e t i m e stable (1050±200)sec I n f e r r e d 
Decay mode 11 n—>e ++p+^ 11 
Magnetic moment -2.79 +1.91 D i r e c t l y deter

mined f o r the 
a n t i p r o t o n 

Spin * I n f e r r e d 
I s o t o p i c spin i 11 
3rd component o f 

I spin 
-4 * ii 

P a r i t y odd odd t» 
I n t r i n s i c P a r i t y -1 

i n p a i r s 
-1 11 

Creation 
-1 

i n p a i r s i n p a i r s D i r e c t l y ob
served 

A n n i h i l a t i o n 11 11 11 
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1.3 The I n t e r a c t i o n s of Antinucleons 
The study of the I n t e r a c t i o n s of antinucleons w i t h 

protons and complex n u c l e i i s o f importance f o r the proper 
understanding o f nuclear f o r c e s , and can give valuable 
i n f o r m a t i o n about the s t r u c t u r e of complex n u c l e i . The 
a n n i h i l a t i o n o f the a n t l p r o t o n - p r o t o n system t o mesons a f f o r d s 
an opportunity o f studying t h e n - t t i n t e r a c t i o n s without the 
complicating presence of a nucleon i n the f i n a l s t a t g . 

A l a r g e number of experiments on the I n t e r a c t i o n s o f 
antinucleons w i t h nucleons have been performed, notably at 
Berkeley and Cern, and cross-sections f o r various processes 
have been measured. Although I n t e r a c t i o n s o f both a n t i 
protons and antineutrons have been st u d i e d , the experiments 
w i t h the l a t t e r are fewer i n number on account of the 
obvious d i f f i c u l t y of t h e i r production and d e t e c t i o n . 
These experiments w i l l be b r i e f l y described i n a separate 
s e c t i o n . Experiments on a n t i p r o t o n s , on the other hand, are 
too many t o permit d e t a i l e d d e s c r i p t i o n of each. Only 
general features w i l l be described. Moreover, i t w i l l be 
assumed t h a t the i n t e r a c t i o n s of a n t i p r o t o n s are t y p i c a l 
o f a l l antinucleons. 

1.3»1 I n t e r a c t i o n cross-secti,ons of a n t i p r o t o n s 
C o l l i s i o n s of a n t i p r o t o n s w i t h n u c l e i may lead t o 

e l a s t i c s c a t t e r i n g , I n e l a s t i c s c a t t e r i n g , charge exchange 
or a n n i h i l a t i o n as i s shown i n the f o l l o w i n g r e a c t i o n s : 



9. 

1 p + N—?p + N .... e l a s t i c s c a t t e r i n g 
2 p + N—>p + n + mesons .... i n e l a s t i c s c a t t e r i n g 
3 p + p —> n + n .... charge exchange 
k p + N—> n + N + mesons .... i n e l a s t i c charge exchange 
5 p + N—»mesons .... A n n i h i l a t i o n 
A n n i h i l a t i o n may also lead t o hyperon production but the 
cross- s e c t i o n f o r t h i s process i s very small. 

The term " t o t a l c r o s s - s e c t i o n " w i l l be used f o r the 
sura o f the cross-sections f o r rea c t i o n s 1 t o 5- Some 
counter experiments have been performed t o measure t o t a l 
c ross-sections up t o as high an a n t i p r o t o n momentum as 
?.k GeV/c. The most recent measurement of the t o t a l cross-
s e c t i o n i s by Amaldi e t a l . (196*+) i n the momentum range 
(0.575 - 5»35)GeV/c. The t o t a l cross-section decreases 
monotonically w i t h increasing momentum o f the a n t i p r o t o n s 
and i s given by the e m p i r i c a l formula, 

cr t o t = ( 8 ? - 8 ± °' I f ) 

(.where p i s the a n t i p r o t o n v e l o c i t y i n the l a b o r a t o r y 
system,) up t o a momentum o f 1.6 GeV/c. Beyond t h i s 
momentum the formula 

cr t o t = • i h 1 + V 
holds. Here,<3"« i s the asymptotic value of the t o t a l 
c r o s s - s e c t i o n at high energy and i s taken to be *t0 mb. 
The constants a and X have values 2.1 and 0.8; = ( l - | i ~ ) ~ 
The r e s u l t s are summarised i n Tables 2(a) and 2(b). 
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Table 2(b) 
Antiproton-proton c r o s s - s e c t i o n s ( M l l l l b a r n s ) 

Hydrogen 

K i n e t i c 
Energy 
(MeV) 

Momentum 
(MeV/c) 

Cro s s - e e c t i o n (mb) K i n e t i c 
Energy 
(MeV) 

Momentum 
(MeV/c) 

E l a s t i c I n e l a s t i c Charge 
Exchange 

T o t a l Reference 

1(5+20 
90+20 

11*5+17 
21*5+20 

290 
1*20 
535 
725 

80+10 
66+6 
52+6 
1(5+5 

lTS+^S 
101+9 

66+5 

27+5 
19+3 
12+3 
7+2 

281+1*6 
185+13 
163+12 
118+9 

Cork e t a l . 1962 

75+137-5 
137+200 

1*58 
588 

66+17 
56+lU 

112+23 
6O+18 

Agnew e t a l . 1960 

i*-70 1050 51+10 Goldhaber e t a l . 1961 

53U+25 
700+33 
816+37 
91*8+1(2 

1068+1(6 

113U 
13>*3 
1515 
1637 
1773 

1*2+5 
1*2+1* 
3fc5i* 
33+3 
30+2 

70+3 
6 6 $ 
63+3 
56+2 
60+2 

.0+1.3 
7.2+1.5 
7.1+1. 2 
6.8+1.0 
5.7+1.1 

118+6 
II6+5 
108+5 
9 $ 3 
96+3 

E l i o f f e t a l . 1962 

925 1610 7.82+O.5; H i n r i c h s e t a l . 1962 

1000 1696 33+2 62+3 5-1.5 100+3 Armenteros e t a l . 1960 

1250 1977 28+2 57+1* i*+l 89+1* 

2000 2781* 25+1* 1*9+6 80+6 

3060 21.2+1.0 72-3±l-9 Goldschmidt-Cle rmont 
e t a l . 1962 

21(1*5 3250 20.7+1.6 35.8+3 1.0+0.8 72.5+1-9 F e r b e l , 1963 

6320 
8010 
9060 

11060 

7200 
8900 

10000 
12000 

13.79+1-0 
13.89+0.35 
l'i.6+3.3 
11.59+0.1*1 

Foley e t a l . , 1963 
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The v a r i a t i o n of the t o t a l pp cross-section w i t h the 
a n t i p r o t o n momentum i s shown i n Figure 1. Also shown 
i n the same f i g u r e are the proton-proton cross-sections 
a t various momenta. I t can be seen t h a t although the 
t o t a l a n t i p r o t o n - p r o t o n cross-sections are much l a r g e r 
than the corresponding proton-proton cross-sections a t 
low and medium energies, the d i f f e r e n c e between them i s 
much smaller a t higher energies. According t o 
Poraeranchuk, d i s p e r s i o n r e l a t i o n s i n d i c a t e t h a t the 
two cross-sections should converge t o the same constant 
value a t s u f f i c i e n t l y high energies. Very high energies 
are required t o t e s t t h i s p r e d i c t i o n . 

Measurements of angular d i s t r i b u t i o n s i n the centre 
of mass system f o r the e l a s t i c s c a t t e r i n g of a n t i p r o t o n s 
i n the energy range (0.02 - 2.. 5) GeV show that the 
d i f f e r e n t i a l cross-section decreases r a p i d l y w i t h the 
centre of mass s c a t t e r i n g angle. ^20-lh0) MeV, Hossain 
and Sbaukat (196 1*), (75-200) MeV, A^new et a l . (1960), 

(1-2) C-eV, Armenteros, et a l . (1960), 2 GeV, 
Goldschmidt-Clormont et a l . and 2."+5 GeV, Ferbel (1963)]. 

This i s s i m i l a r t o proton and pion s c a t t e r i n g and. i m p l i e s 
a small momentum t r a n s f e r t o the t a r g e t nucleon* 



o» (ppl 
A R M E N T E R O S t t o l A ASHMORE i t a 

VON OARDELctol a VON QARDEL c l al 

LIM3CNBAUM f t Ol A b O N G O l t a l 
100 -

U N O E N B A U M c t a l * AMALtM * \ a l 

E L C f T • ! a l 

C O O M K S c t a l 

cone «1 a l 160 

F E R o E L 

l«0 -

1JO -

I C O 

•o 

so 

i 
» i Hi • i t I » 1 

MOMENTUM (' Gc '£ ) 

m. I Tbini i>l> T«) ft> c ron - • • t t ion i 



11. 

I n s p i t e o f the small d i f f e r e n t i a l cross-sections 
at l a r g e angles, the a n t i p r o t o n - p r o t o n c o l l i s i o n s have 
the advantage compared v;ith the p-p s c a t t e r i n g t h a t 
angles o f s c a t t e r i n g up to 180° can be i n v e s t i g a t e d . 
I n p-p s c a t t e r i n g , f o r example, only angles up t o 90° 
i n the centre o f mass can be determined because i t i s 
not possible t o d i s t i n g u i s h between the primary and the 
t a r g e t protons. 

The l a r p e pp cross-sections have been explained by 
B a l l and Chew (1958) by a theory which r e s t s on an 
analogy w i t h the nucleon-nucleon s c a t t e r i n g , where the 
nucleon i s thought of as a hard r e p u l s i v e core o f radius 
(* -JL.) surrounded by a pion cloud. For a nucleon-m c 
antlnucleon system, the hard r e p u l s i v e core i s replaced 
by an absorbing core t o account f o r the l a r g e a n n i h i l a 
t i o n cross-section. The pion cloud surrounding an a n t i -
nucleon must be the charge conjugate o f the cloud 
surrounding a nucleon. With these assumptions, the 
i n t e r a c t i o n cross-section between a proton and an a n t i 
p roton can be c a l c u l a t e d i n the same way as f o r the 
proton-proton i n t e r a c t i o n . These c a l c u l a t i o n s r e f e r t o 
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a n t i p r o t o n energies of up to 200 MeV, and the r e s u l t s 
f i t the experimental cross-sections q u i t e w e l l . Pulco 
(1958) has computed the angular d i s t r i b u t i o n s i n the pp 
centre o f mass system f o r e l a s t i c s c a t t e r i n g o f a n t i 
protons on the B a l l and Chew model and f i n d s a peak i n 
the forward d i r e c t i o n . As mentioned before, the 
experimental d i s t r i b u t i o n shows a s i m i l a r behaviour. 

I t i s found t h a t the cross-sections f o r e l a s t i c 
s c a t t e r i n g and i n e l a s t i c i n t e r a c t i o n are approximately 
equal. Thus the Ball-Chew model i s e s s e n t i a l l y l i k e 
a c l a s s i c a l black-sphere region of size X (pion 

IT 

Compton wavelength). I n the opinion o f E l i o f f et a l . , 
t h i s i s explained by the ef f e c t i v e n e s s o f the outer 
p o t e n t i a l due to the pion cloud which draws the a n t i -
proton i n t o the core region where I t a n n i h i l a t e s . 

For higher energies, the method of B a l l and Chew 
I s not a p p l i c a b l e , and a model has been proposed by 
Koba and Takeda which accords very w e l l w i t h the 
measured cross-sections. This w i l l be described I n 
Chapter U. 
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1.3«2 Antiproton-nuclegs cross-sections 
The i n t e r a c t i o n s of a n t i p r o t o n s i n complex n u c l e i 

are also characterised by t h e i r l a r g e cross-sections. 
As f o r the a n t i p r o t o n - p r o t o n i n t e r a c t i o n s , the cross-section 
increases r a p i d l y as the a n t i p r o t o n slows down. The major 
c o n t r i b u t i o n t o t h i s increase comes from the a n n i h i l a t i o n 
process. The r e s u l t s at various energies f o r d i f f e r e n t 
t a r g e t s are summarised i n Table 3. The a n n i h i l a t i o n cross-
s e c t i o n f o r deuterium, carbon and emulsion are displayed i n 
Figure 2. The t o t a l and p a r t i a l pp cross-sections are 
displayed i n Figure 3. I t can be seen t h a t the charge 
exchange, e l a s t i c and i n e l a s t i c cross-sections a l l increase 
w i t h the decrease i n a n t i p r o t o n energy. The curves i n the 
f i g u r e have been drawn t o show t h i s t r e n d . The cross-
sections f o r a n t i p r o t o n s i n complex n u c l e i f o l l o w a s i m i l a r 
v a r i a t i o n . 

1.3*3 Antlproton-neutron cross-sections 
The d i r e c t determination of antiproton-neutron cross-

s e c t i o n i s d i f f i c u l t because the neutron i s always bound 
i n complex n u c l e i . I n d i r e c t methods have, t h e r e f o r e , t o 
be used. The cross-sect ions f o r neutrons (given i n Table 3) 

have been determined by E l i o f f et a l . by the s u b t r a c t i o n 
o f pp cross-sections from p-d measurements. I n t h i s deter
mination of the p*-n cross-sections the c o r r e c t i o n f o r the 
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Table 3 

Antlproton-complex nuclei cross-sect Ions ( m l l l l b a m s ) 

ik. 

Target 

P 
Ki n e t i c 
Energy 
(MeV) 

P 
Momentum 
(MeV/c 

Cross-section rab. 

E l a s t i c I n e l a s t l : Charge 
Exchange 

Total Reference 

'Neutron' 
(by the difference 
technique from p-D 
cre s s - s e c t i o n s ) 

534 
700 
816 
948 

1068 

1134 
131+3 
1482 
1636 
1773 

1(0+10 
25+8 
44+9 
39+7 
k2%> 

79+6 
71+5 
68-15 
63+4 
67+5 

119+8 
96+7 

112+8 
102+6 
109+4 

E l i o f f et a l . 
1962 

Deuterium 

Beryllium 

531* 
700 
816 
91*8 

1068 

13*0 
1482 
1636 
1773 

80+6 
67+5 
78$ 

126*5 
117+4 
112+4 
102+4 
109+5 

3-3+1.3 
5.4+1.1* 
6.5+I.5 
4.4+1.1 
5.6+I.O 

210*5 
189+5 
196+6 
178+5 
184+3 

E l i o f f e t a l . 
1962 

320 838 297+40 10 +6 730+40 

Carbon 75+137-5 
137.5+200 

96 

320 

470 

458 
588 

434 

838 

1050 

345+60 
255+45 

270+23 

474+76 
360+55 

40 +1.6 
1-5 

11 +4 670+30 

368+50 

Wenzel Proc. 
Alx-en-Provence 
Conference 

Agnew e t al» 
1960 

Button e t a l . 
1957 

Wenzel 

Goldhaber et a l , 
1960 

Lead 426 3.8. +4.2 
2.5 Button et a l . 

1957 
Emulsion Nuclei 5-20 

20-40 
40-60 

150 
239 
310 

93- 7+20 
8?.0+15 
86.5+16 

Hossaln et a l . 
1964 

Target 

K i n e t i c 
Energy 
(MeV) 

Momentum 
(MeV/c) 

Cross-section 
Annihilation 
and charge 
exchange 

I n e l a s t i c T otal Reference 

Emulsion nuclei .140 
140 
150 
150 

Average 
125 

531 
531 
551 
551 

Average 
479 

1485 
1045 
984 

1133 

C.E. 
(17+6) 

143 
60.5 
41.8 
85.3 

1650 

1045 
1216 

Amaldi et a l . 
1959 

Khan and Major 
1965 
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shielding of one nucleon by the other i n the deuterium 
nucleus i s to be applied. B l a i r (1958) has made special 
calculations for the antinucleon-nucleon case where the 
range of interaction i s comparable to the radius of the 
deuteron. Another way of studying the antiproton-neutron 
i n t e r a c t i o n i s to obtain an antineutron beam and look f o r 
t h e i r interactions i n a l i q u i d hydrogen bubble chamber. 
This process i s charge symmetric to p-n and has been 
investigated by Hinrichs et a l . (1962) i n the 72-inch 
hydrogen bubble chamber. This i s mentioned i n section La
under charge exchange of antiprotons. Experimentally i t 
i s found that the cross-section f o r i n e l a s t i c interaction 

of antiprotons i n hydrogen (cr_ ) i s equal to the antiproton-
PP 

neutron cross-section (cr_ ) . The consequences of t h i s are 
pn 

discussed i n Chapter 2, 

l . * f The Charge Exchange of Antiprotons 
An early experiment to demonstrate the charge exchange 

production of antineutrons was carried out by Button et a l . 
(1957)• An antiproton selected from a beam entered an 
absorber. I f no charged p a r t i c l e was recorded by a counter 
immediately behind the absorber but an anni h i l a t i o n pulse 
was observed i n a calibrated s c i n t i l l a t i o n counter further 
down stream, i t was concluded that the antiproton had 
undergone charge exchange i n the absorber and that the 
resultant antineutron had been annihilated i n the 
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s c i n t i l l a t o r . The cross-sections for the charge exchange 
of antiprotons i n lead, carbon and hydrogen were determined 
and were found to be the same within s t a t i n t i c a l l i m i t s . 
Assuming that the angular d i s t r i b u t i o n of the pp charge 
exchange cross-section was the 3ame as that for the p-n 
charge exchange, i t was found that the d i f f e r e n t i a l cross-
section at 0° i n the laboratory system was (38 + 20)mb/st... At 
the same energy and laboratory angle the p-n charge exchange 
i s nib. 

In addition to the counter technique, bubble chambers 
have been employed to determine the charge exchange cross-
sections of antiprotons as well as to study the subsequent 
a n n i h i l a t i o n of antineutrons. In the hydrogen bubble 
chamber, the charge exchange i s recognised by the disappearance 
i l l f l i g h t of an antiproton accompanied by an in t e r a c t i o n , 
f u r t h e r downstream, which has been produced by a neutral 
p a r t i c l e This secondary star i s required to distinguish 
charge exchange from the a n n i h i l a t i o n of an antiproton i n 
which no charged part i c l e s are emitted. The number of 
such stars i s l i m i t e d by the size of the chamber and i n 
estimating the cross-section for charge exchange, correc
tions for the geometry of the chamber must be made* 
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The main contribution to t h i s investigation comes 
from the Berkeley Laboratory where the process has been 
studied up to an antiproton momentum of about 2 GeV/c. 
Hinrichs et a l . (19-62) measured the angular d i s t r i b u t i o n 
of the produced antineutrons as well as the antineutron-
proton a n n i h i l a t i o n cross-section. The energy to which 
t h i s cross-section refers was estimated by assuming that 
the production i s elastic5 the momentum of an antineutron 
was determined from i t s angle of production. For an 
energy of 930 MeV for the incident antiprotons, i t was 
found that 80$ of the antineutrons produced by charge 
exchange had energies between 800 and 930 MeV. 

The cross-section for charge exchanne was found to 
be strongly peaked forward, thus confirming the result 
obtained, previously by Goldhaber et a l . (1961) who 
reported the absence of charge exchange events at centre 
of mass angles greater than 60° . This i s not unexpected 
since large-momentum-transfer c o l l i s i o n s lead p r i n c i p a l l y 
to annihilations, leaving the p o s s i b i l i t y of charge exchang 
to low momentum transfers only. Wenzel pointed out that th 
opt i c a l theorem r e l a t i n g the pp charge exchange forward 
scattering cross-section and the t o t a l pp and pncross-
sections i s s a t i s f i e d by the results of these experiments. 
The theorem states that: 
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da- 2 „ a 
H O T 

e =00 

where K Is the wave number f o r the antiproton. This 
formula i s independent of any models f o r nucleon-anti-
nucleon in t e r a c t i o n and i s based only on the charge 
independence of nuclear forces. (Segre, 1958). 

A summary of the various experiments performed so 
fa r to determine the charge exchange cross-sections at 
various antiproton energies i s given i n Table h. 

Since the charge exchange cross-sections i n hydrogen 
and heavier elements at similar energies are approximately 
equal, i t follows that the ef f e c t i v e charge exchange cross-
section per proton of a target nucleus decreases with 
increasing Z. This i s not unexpected since the a n t i -
neutrons are readily absorbed i n the parent complex nuclei. 
I t can thus be concluded that i n complex nuclei interac
tions the observable antineutron3 are produced only when 
the incident antiprotons make grazing c o l l i s i o n s with the 
nu c l e i . (Button et a l . , 1957). 

1.5 T^.AnA^hAa^iQn, Prpcgss, 
The property of antinucleons to annihilate on nucleons 

f i n a l l y establishes t h e i r i d e n t i t y beyond any doubt. The 
f i r s t detailed work on the ann i h i l a t i o n process was carried 
out by Barkas et a l . , (1957) using the emulsion technique. 



CD 

cd 

00 CM 
\ T \ vO 
ON OJ ON 

OJ rH VO iH 
•H NO ON 
CD Q> ON • rH • 

rH O H H rH 
a c CO • CD 

CD • H r o 
fci H •P a) NO •P 
0> cd CD ON CD 

• P H 
CD 0) V) CD CO 

r 4 £K 0) (1) 
CD 

X I 
P X> Cw iH o 
S X B CD •H 
O O o X ! 

O o O •H q 
o u rH 

•o 
u 

ca 
a «s 0> q q 

H CD CD 
q X > - ~ bO bO 
0) 0) O O 
bi p CD •p fcl 
O c T3 •a 
«H CD CD P > , «H 
• d P t j q ^ i o X! CD X! CD 
s> C O ) CD U o 1 X) X>^-« 

•H >» boa> H ~ 
r » a TJ B > , 

S ° o m c CD > , •H CO •H (d CD 
q o •P CD P X J P X ! H 

•H O P . •H W rH C O 
<u a •P >> CD •H •H 

01 H CD X I 0 cd iH CD H 0) t i 
C XI H u r - l i H CD 
O X! El H U CD X! XI X!X1 cq 
•P o cd •H <DCq O Xt O X > w 
o CXS 

•H cj 
•P 
q 

• P w q P 
•H X I •5 . a 

p 1 1 1 
•H ITS o o o CM 
•P H to u CM ts. 
C u 

0) 
bO 

O C « UN 
CM cd o r o l r \ O J O H 00 UN 

X ! -H • • • * • • • 
VI O +» v o mmc\i CVJ i—1 iH i—1 i—1 rH o o 
C X o • 

+ I + I + M 

i—1 iH i—1 i—1 rH 

+1 +1 o f r j <DXJ + I + I + M + i + i + J + | +1 +1 
•H a 0 

+ I + I + M 
O H CO 

+1 
CM 

•P 0) t CN-OCM Cv. H H O- O OJ HCO l>- VO CO 
O bO W W H H • • • • • • • 
<U t« V I 

W H H 
NO t>-t>>-VO UN 1-1 

in cd O 
NO t>-t>>-VO UN 

i £ t» 
O O 

0) 
O 
SH 

U o c 
o r o vO I S - I N - IfNrOJNOJsO 

0} H i H H H O J r o r O J - Jr 
bi 

a 
bOO ^ > 
** £ O + 1 +1 +1 +1 

cd J - OVd-J -
+ 1 +1 +1 +1 

x i C - H ( J rH CM rO t>~ ITN no J± OVOCOCO CM o 
o r o ON so r o r O O H J - N O IN. r o 

£ r l H CM rO UNCVCO ONO 
H 

H 
CM 

Ov 

tu 
t t 

ss o 
u q q C a C a a o O CD <D . CD 

4J bO bO bo to bO 
V) o O O O o 

X) u fH 
P •3 •a x< T3 TS 

03 !>• e»» >» >» >» 
W W ta 

19. 



Re
fe
re
nc
e 

CM 
\ o 
ON 
rH 

•» 
rH 
CO 

© 

o 
•H 

Co
rk
, 

et
 

al
., 

19
57
 

. 
vD 
l r \ 
O 
H 

. 
rH 
cd 
•P 
<U 

Li 
o 

O Bu
tt
on
 e
t 

al
. 

19
57

 • 
\ 0 
ON 
rH 
Li 
o 

•r-B 
cd 

-a c 
cd 

c 
cd xs 

Te
ch
ni
qu
e 

em
pl
oy
ed
 

Co
un
te
r 

sy
st
em
 

(B
er
ke
le
y)
 

Co
un
te
r 

Co
un
te
r 

Ch
ar
ge
 E
xc
ha
ng
e 

cr
os
s-
se
ct
io
n 

mb.
. 

• a • * • 
r-1 r-\ r-\ r-1 H 

r O J - U \ J r \ D 
• • • • a 

m i r w o J - vr \ 

i 1 ? 
iH 
H 

V 
H 

CO 

OVrs 
. . 

H r H 
f 1 
O 
• 

J -

CM U> 
. • 

co 
. 

rO 

vO 

+-I 
t>-
H 

K.
En
er
gy
 o
f 

An
ti
pr
ot
on
 

l r \ r O t N . C M \ D 
CM rOrOJr..:?-

J - OvOCOoO 

H 

O 
CM 

O 
CM 
r o 

o o 
J -

J-
rO 
Jr 

vD 
CM 
J-

O 

H 

m 
Su
bs
ta
nc
e 

De
ut
er
iu
m 1 

•H 
rH 
rH 
Sf 
(1) 

PQ Ca
rb
on
 

Ca
rb
on
 

Ca
rb
on
 

Le
ad
 

Em
ul
si
on
 



21. 

Measurements were made to establish the i d e n t i t y and energy 
of the products of a n n i h i l a t i o n . A d i f f i c u l t y arises i n 
the i n t e r p r e t a t i o n of these observations from the fact that 
i n emulsions, the antiproton annihilates usually i n a com
plex nucleus. The secondary p a r t i c l e s may interact with 
the nucleus i n escaping from the centre of a n n i h i l a t i o n 
leading t o changes in m u l t i p l i c i t y and energies of the 
secondary p a r t i c l e s . From t h i s point of view, hydrogen 
bubble chambers are more useful than emulsions and have 
been therefore widely employed. However, the antiproton 
can be used as a nuclear probe to investigate the proper
t i e s of complex nuc l e i . A study of the interactions i n 
emulsions and proper recognition of the secondary processes, 
therefore, becomes of importance. This point i s discussed 
i n d e t a i l i n Chapters 2 and 3* As an example, the region 
of the nucleus where an n i h i l a t i o n takes place may be d i s 
cussed now. The energy of the escaping mesons i s about 200 

MeV for which the mean free path i n nuclear matter i s 
about 10-^3 c m (Lindenbaum, 1957). For ann i h i l a t i o n at 
rest about 20% of the pions are absorbed before escaping 
whereas f o r a n n i h i l a t i o n i n f l i g h t , about -̂0̂  are absorbed. 
These numbers can be understood i f the a n n i h i l a t i o n at 
rest occurs in the surface of the nucleus where the escape 
pr o b a b i l i t y i s high and the a n n i h i l a t i o n i n f l i g h t takes 
place w i t h i n the body of the nucleus. 
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1.5.1 Plon m u l t i p l i c i t i e s and energy spectra 
The average charged m u l t i p l i c i t y for antiproton-nucleon 

an n i h i l a t i o n at rest i s three and the t o t a l m u l t i p l i c i t y 
i s about f i v e (see section 1 .5.2) . Even f o r annihilations 
i n f l i g h t , the m u l t i p l i c i t y i s r e l a t i v e l y independent of 
energy as can be seen from Figure which summarises the 
results i n the energy range (O-l)GeV given i n Table 5. 

The energy spectra of the secondary mesons have been 
determined f o r annihilations at rest and i n f l i g h t . Ekspong 
et a l . (1961) have computed the combined values by taking 
the weighted averages of the results from Uppsala, Berkeley, 
Rome and Saelay groups. The mean t o t a l energies at r e s t and 
i n f l i g h t are (365+8) KeV and (356+3.1) MeV respectively. 

1-5*2 Estimation of Neutral pions emitted i n MN 
anni h i l a t i o n 

There are two methods by which the number of neutral 
mesons accompanying a given charged p a r t i c l e m u l t i p l i c i t y 
can be estimated: 

a) From missing energy: f o r a given m u l t i p l i c i t y of 
charged p a r t i c l e s , the mean energy of the charged plons i n 
the centre of mass system i s determined. Assuming that 
the neutral mesons have the same mean energy, t h e i r number 
i s estimated from 

Number of n e u t r a l mesons = flQ"-vi3*ble energy Numoer ot neutral mesons - M e a n t o t a l e n e r g y o f 

charged pions 
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b) From the decay of IT 0—*• 2*-* *+e. In heavy 

l i q u i d chambers, the decay of neutral pions into pairs 
of gamma rays which materialise in t o electrons, occurs 
with f a i r p r o b a b i l i t y , thus making a dir e c t observation 
possible. 

Both methods have been used over a wide range of 
energies. I t i s found that the average value of t o t a l 
m u l t i p l i c i t y remains constant. The extra energy available 
i n energetic antinucleon annihilations appears to result 
i n an increased average energy of the pions rather than an 
increase i n m u l t i p l i c i t y . The mean number of neutral 
mesons accompanying charged mesons as estimated by the 
above mentioned two methods are given i n Table 6 and are 
shown i n Figure 5» 

The dotted l i n e s have been dra'.m from the following 
simple viewpoint. The sum of the neutral and charged 
mesons i s constant and equal to the mean t o t a l m u l t i p l i c i t y . 
Obviously t h i s does not hold for large values of the charged 
p a r t i c l e m u l t i p l i c i t y but i t should be va l i d enough at low 
values to enable approximate extrapolation to be made. 

The r a t i o of the mean values of the neutral and 
charged p a r t i c l e m u l t i p l i c i t i e s thus found i s consistent 
with charge independence. Conversely, i f charge indepen
dence i s assumed to hold i n antiproton-nucleon a n n i h i l a t i o n , 
i t can be concluded that the energy going i n t o electro
magnetic radiation or neutrinos must be small. (Barkas 
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Table 6 

Number of neutral mesons accompanying charged mesons In 
the a n n i h i l a t i o n of antinrotons 

\1 Weighted 
mean 

Method 
employed 

^Reference Total 
M u l t i p l i c i t y 

2 3.0+0.2 
2.5+0.5 

1.9+0.3 2.6^+0.27 

energy balance 
TT° decay 
^ ° decay 
energy balance 

1 
2 
1 
3 

( .̂6>++0.27) 

3 1.8±0.2 1.8+0.2 energy balance h (*+.8 + 0.2) 

h 1.5+0.3 
1.3+0.M-

1.1+0.1 
1.1+0.1 1.13+0.12 

energy balance 
energy balance 

TT 0 decay 
energy balance 
•R° decay 

1 
3 
1 
2 
2 

(5.13+0.12) 

5 1.0+0.2 1 .0±0.2 energy balance k (6.0 + 0.2) 

6 0.8+0A 
0.7++.3 
0.5+0.3 
0.5+1.5 0.65±0.39 

Tt o decay 
energy balance 
energy balance 
energy balance 

2 
1 
2 
3 

(6.65+0.39) 

3f 1 - Agneu et a l . (1960) 2 - Goldhaber et a l . (1961) 

3 - Honvitz et a l . (1959) - Hinrlchs (l $ 6 l ) 

et a l . , 1957). 

1.5.3 Strange p a r t i c l e production 
In addition to the pions, K-mesons are also created as 

a re s u l t of M a n n i h i l a t i o n . To conserve strangeness they 
must be produced i n pairs. The combinations K K , K K , 
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K°,K° and K°K" may be expected. 
o**o 

In emulsion, K K pairs w i l l escape detection. Moreover, 
i t has been estimated by Nilsson and Frisk (1958) that 
about of negative K-mesons w i l l be reabsorbed i n 
parent nuclei. According to Ekspong et a l . , (1961) the 
KK-pairs not detectable i n emulsion constitute about 
of a l l charge states. Allowing f o r t h i s they conclude 
from t h e i r observations that (3 ± 2)% of the antiproton 
stars emit KK-pairs, and that the average t o t a l energy 
carried by them per ann i h i l a t i o n star i s ERR - (33 ± 22) 

MeV. Heavy l i q u i d bubble chambers are highly e f f i c i e n t 
f o r the observation of short-lived neutral K-mesons. 
Charged K-mesons can also be detected i n good ioni s a t i o n 
conditions. This makes the bubble chamber a much more 
suitable instrument f o r the study of strange p a r t i c l e 
production i n NTT ann i h i l a t i o n than emulsion. 

A detailed study of t h i s process has been carried out 
by Kalbfleisch (1961) w i t h the Lawrence Radiation Laboratory' 
72-inch liquid-hydrogen bubble chamber at antiproton momenta 
of 1 .6l GQV/C and 1.99 GeV/c. The average m u l t i p l i c i t y i s 
found to be (2K + 2Air) at 1.6l GeV/c and (2K + 2.6TT) at 
1.99 GeV/c and the fractions of an n i h i l a t i o n y i e l d i n g KK n-rr 
f i n a l states are (0.103 ± 0.011) and (0.13 + 0.03) respec
t i v e l y . The f r a c t i o n of an n i h i l a t i o n y i e l d i n g KK nir i s 
smaller s t i l l f o r a n n i h i l a t i o n of antlprotons at rest. 
The values found are h% (Kalogeropoulous, 1959) and~5$ 
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(Agnew et a l . , 1960). At an antiproton momentum of 
1,05 GeV/c, Goldhaber et a l . (196D f i n d K-meson produc
t i o n to be 8$ of a l l a n n i h i l a t i o n . These values are very 
much lower than the values predicted by the s t a t i s t i c a l 
theory. (See Chapter 5)» At an antiproton momentum of 
about 2 GeV/c, the production of A A °A»i: also 

becomes possible. Such pairs have been detected but the 
cross-sections f o r t h e i r production are of the order of a 
few microbarns only. 

1 .5A Pion-plon correlations 
The angular d i s t r i b u t i o n of pairs of pions from p-p 

an n i h i l a t i o n at 1.05 GeV/c momentum was measured by 
Goldhaber et a l . (1959) from 2J00 "hydrogen l i k e " a n n i h i l a 
t i o n events observed i n the 30-inch propane bubble chamber. 
I t was found that pairs of l i k e pions ( i . e . pions i n the 
isotopic spin state 1 = 2 ) and unlike pions ( i . e . pions i n 
the isotopic spin states I = 0, 1 or 2) have d i f f e r e n t 
d i s t r i b u t i o n s of angles i n the centre of mass of the a n t i -
nucleon-nucleon system. The r a t i o if between the number of 
pion pairs emitted i n the backward hemisphere to those i n 
the forward was found to be 1.23 + 0.10 for l i k e pions and 
2.18 + 0.12 f o r unlike pions. I t was pointed out that the 
value of fo r l i k e pion-pairs d i f f e r e d from that predicted 
by the Lorentz-Invariant-Phase-Space Model of the s t a t i s t i c a l 
theory by about four standard deviations. This was ascribed 
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t o the presence of additional pion-pion correlations. 
These strong asymmetries i n the production angular dis
t r i b u t i o n s of the chargedTT-mesons are, however, found to 
be i n general agreement with the predictions of the 
Koba-Takeda model which assumes that the peripheral pion 
clouds surrounding the nuclear cores are free to move i n 
t h e i r o r i g i n a l d i r e c t i o n a f t e r the a n n i h i l a t i o n of the 
cores. A b r i e f description of t h i s model w i l l be made i n 
Chapter 5« I t i s , however, relevant here to mention that 
contrary to the isotropic d i s t r i b u t i o n of mesons of a l l 
charges as predicted by the s t a t i s t i c a l theory, annihila
tions i n t o K+K" pairs suggest forward peaking f o r K . 
(Lynch 196l). A similar asymmetry f o r pions i s reported 
by Maglic et a l . (I96I) at 1.6 GeV/c f o r the reactions 

p + p — > 2rf + 2TT + + T T 0 

—> 2TT" + 2TT + 

and —> 2TT" + 2ir + nrr , 
+ 

whereTT - d i s t r i b u t i o n displays a forward peak andvv a 
backward peak. The observation of Goldhaber et a l . of an 
angular asymmetry between l i k e and unlike pion pairs i s 
also confirmed. 
1»6 The Selection Rules Involved i n A nnihilation 

1.6.1 Selection rules f o r antjproton-nucleon annihila
t i o n and the multinion resonances 

The i n i t i a l p"-H state can result i n a f i n a l state con-
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taining either an even or an odd number of cnarged mesons, 
i f the annihilat ion is purely mesic. Selection rules fo r 
the various mesic states can be established on the basis 
of the conservation of angular momentum, par i ty , charge 
conjugation, and isotopic spin. Lee and Yang (19J>6) have 
compiled tables giving s t r i c t l y forbidden states and states 
forbidden so far as isotopic spin is a good quantum number 
(see Tables 7(a) and 7(b). 

Selection rules for the emission of K-particles as well 

as for the formation of pions in non-annihilating col l is ions 

of antiprotons and nuclei have also been established. 

The si tuation, however, has become much more complex since 

i t has been discovered that the f i n a l states may also bo 

reached through the production of multlpion resonances as 

a result of nucleon-antinucleon annihilat ion. These new 

particles have been studied in great detai l and work is 

going on fo r the determination of their quantum numbers. 

The various resonance particles which have been observed 
V 

i n NN annihilation and their known properties are 

summarised in Table 8. 

The complexities become manyfold when i t is realised 

that the same f i n a l state configuration may be reached 

through several alternative resonant states. As an 

example the following annihilation process may be quoted: 



30. 

IN 

0) 

Eh 

T 
B 

I P 
*4 
o 
w 
rH 
<s B o 
•H 
4-5 
13 

a; 
(D to 

i 
1= 

1 1 

o 
+ CVJ 

CM^r 
1 1 

1 1 

o 
ro 
• f 1 
1= 

i i i 1 

O fc + + 
CM + 

i i i 1 

O 1= 
CVJ + 1 
1= 

1 1 S! 

CM 

1 1 X 

> 
1 
fc 

X X 1 1 

O i + + 1 1 1 
M H H H H H H 

Sp
in

 
P

ar
it

y 

1 
O 

1 
H 

+ 
H o + 

i H 
+ 

CM 

S
ta

te
 

o 
CO H 

H 
CO WJ 

H o a. m 
rH GU 

rO 

CM a* m 

in
 

ft 
n 

o 
•H 
a o 4J 
O 
(0 

•H 

© 
x: 4-3 
CA 
CO 

u 
rt 
<u • 
o © 
(A 

S c 0) B •o E •H PJ 
ja 4-3 
u B o 

D« 
V) c TJ 

o OJ o bO 

i «j 
•o W 

B •H 
rj 
B 
0) 

T3 
•H 
.Q 
(4 O 

H 
+3 
O 

•H 
(4 4-5 
in 

w 
B cd d> 
a 
X 



i 

a 
+ 

is 
O 

T 
P 
+ 

I P 
u 
o 

in 
03 

c o 
•H 
•P 
O 
0) 

to 

CM 
+ 

i i • i i 1 

V- + i i i i i 1 

o i X X X X i i 1 

CM + + 
CM 

1 i i i 1 

i 1 i i i 1 

1 i X X X X i i 1 

W 
+ 
If 

i 1 1 X X i 1 

% i X X X X •< X i 1 

+ 
F 

X X 1 X X 1 X X 1 

o 
k X X X X X x 1 X X 1 

o + 1 1 + 1 + + 1 + 1 + 1 
rH O H O H O H O rH O H O H 

O + 1 1 + + + 

S
p

in
 

p
a

ri
ty

 

1 
a 

1 
H 

+ 
H 

+ 
o 

+ 
H 

+ 
CM 

S
ta

te
 

o w 
H 

CO"1 iH 
a« 

H 
o 

a. 
ro 

rH ft. 
fO 

CM 
ft. 

m 

<D 
•o 
T3 
•H 
.O lH 
O V< 
!>» rH 4J 
O 

•H Li 
4-> 
CO 

CO 
C m a) s 
X 



32. 

Table 8 

Resonance Particles i n HW Annihilation and their properties 

Particle I G J p NN M r s 

0 0 -1 \ 5^8.5 
+ 

o76 

? 0 

?• 1 + 1 -1 \ 751 ± 6 100+J.O ,0 

w 0 mm 1 -1 \ 781 + 1 
782.8+0.5 

^<r<n -.0 

K*° \ 1 - 891 ± l 50 + 2 ±1 
K 
c 

1 
2 

1? +? 1215 15 60 + 10 +1 

p P +TT 
po + T r o 

+ 

- > -TT + + T T ~ + 7 T 0 

V ' +7T + J 

For stopping antiprotons, i t has been shown by Chadwick 

et a l . (1962) that a l l the three resonance bands appear 

strongly in the phase space plot with comparable strength. 

The presence of these bands not only controls the i n i t i a l 

capture but also affects the to ta l amplitude for the 

process. Dalitz (1963) has discussed the effects of 

the d i f fe ren t configurations on the i n i t i a l states from 

which capture can take place for annihilation at rest. 

For absorption from the ^SQ pp state, for example, G-parity 

conservation requires 1 = 1 fo r the f i n a l state which then 

has the charge structure (p'V* or^» ~ r r + ) . For 3s^ capture, 
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G-parity conservation requires 1 = 0 , which corresponds 
to the charge structure (^"V", p °Tr° or p"-rr+). Since the 
three bands observed have nearly the same strength, i t 

can be concluded that thep -production is dominantly from 
3 1 the "'S state. The S capture, however, can lead direct ly 

to the emission of three s-wave pions in a I = 1 state. 

This is a much more dominant mode than p -production. 

1.6.2 Selection rules and annihilation In complex 

nuclej, 

The states •'•S^, etc. mentioned in connection 

with the discussion of 1.6 refer to the re la t ive orbi ta l 

angular momentum of the antiproton and the annihilated 

nucleon. For protonium and deuterium, S, P, D, . . . also 

represent the angular momenta of the antiprotons in their 

"atomic" orb i t s . In heavier eleients, the nucleon to be 

annihilated has angular momentum •£ about the centre of 

the nucleus. The relative angular momentum of the nucleon-

antinucleon pair i s given by the sum of the •atomic1 and 

the •nucleonic' orb i ta l angular momenta (L+T). For 

example, annihilation from an 3 state atomic orbi t need 

no longer imply a relative angular momentum of zero. 

Thus, even i f Stark mixing (see paragraph below) leads to 

absorption from nS atomic states in complex nuclei , 

because of the 'nucleonic' angular momenta, the appropriate 

selection rules correspond to 0, 1, 2, . . etc. units of 

angular momentum. 



3k. 

For annihilation both in hydrogen and in complex 

nuclei , because of the thermal motion and recoi l from 

capture, the p-nucleus system w i l l move into the v i c i n i t y 

of other atoms and experience their pa r t i a l ly shielded 

electric f i e l d s . An interaction can take place between 

the antiproton and the neighbouring atom via the electr ic 

f i e l d and angular momentum is transferred from or to the 

antiproton. Consequently, an antiproton captured into 

(n,L) may be transferred into (n,S) which i s a more 

favourable state fo r annihi lat ion. This result of the 

Stark effect may not be very predominant in heavy nuclei 

since the stray electric f i e lds are comparatively small 

and absorption may be from atomic states other than the 

•S-states, which leads to further mixing of the selection 

rules. Moreover, especially in deuterium, a coulomb 

effect w i l l be an additional complication, since the 

antiproton i s attracted by the electric f i e l d of the 

proton. 

The above discussion shows that the factors control

l i n g the annihilation of antiprotons in complex nuclei are 

many and varied and that proper consideration should be 

given to each before any conclusion i s drawn from the 

selection rules. This aspect of annihilation at rest i s 

discussed again in Chapter 2. 



35 

CHAPTER 2 

The Antlproton-Nucleon Annihilation 

2.1 The Interactions o f Antiprotons i n Flight 

Antiprotons in f l i g h t may interact with nucleons by 

elastic and inelastic processes. In the l a t t e r , the 

interaction may involve the inelastic scattering of the 

antiproton or the mutual annihilation of the antiproton 

and the target nucleon. In both processes, mesons are 

Inelastic scattering 

Inelastic charge exchange 

Elastic charge exchange 

Annihilation 

The interaction with the proton involves the T = 1 and the 

T = 0 isospin channels whereas the interaction with the 

neutron involves only the T = 1 isospin state. Thus, 

^ (pp) = *[cr(0) +o-(D] 

cr (pn) =cr ( l ) 

wherecr(O) ando"(l) are the cross-sections for the two isospin 

channels. By measuring the interaction cross-sections, the 

C r o s s e sect ions <T (0) andcr (1) can be determined. 

p + p(n)—• p + p(n) + mesons 

p + p —» n + n + mesons 

—* n + n 

—»mesons 
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The elastic and inelastic interaction cross-sections 

fo r antiprotons have been measured by E l i o f f et a l . (1962) 

in the energy range 0,5 to 1 GeV, both in hydrogen and in 

deuterium. I t is found that the anti-proton-deuteron to ta l 

and inelastic cross-sections are 1.8 times as large as the 

antiproton-proton cross-sections. Correction has, however, 

to be made fo r the shielding of one nucleon by the other in 

the deuterium nucleus. Experimental information on nucleon-

deuteron and nucleon-nucleon cross-sections indicates that 

the sum of free-nucleon cross-sections is 10$ greater than 

the deuteron cross-section. Using the calculations of 

Blair (1958) fo r the shadow effec t in the deuteron on the 

antinucleon interactions, E l i o f f et a l . obtain the an t i -

proton-neutron cross-sections by subtracting p-p from the 

corrected p-d cross-sections at the corresponding energies. 

Their results are summarised in Table 9» 

Table 9 

Comparison of PP and pn cross-sections (/afeT) 

p 
energy 
(MeV) 

Total Elastic Inelastic Charge Exchange p 
energy 
(MeV) PP pn PP pn PP pn PP 

53̂ +25 
700+33 
816+37 
9I+8+1+2 

1068+>6 

118+6 
116+5 
108+5 

96+3 
96+3 

119+8 
96+7 

112+7 
102+6 
109+> 

2̂+5 
if2+> 
38+>+ 
33+3 
30+2 

1+0+10 
25+8 
W+9 
39+7 
1+2+6 

70+3 
66+3 
63+3 
56+2 
60+2 

79+6 
71+5 
68+5 
63+^ 
67+5 

6.0+L.3 
7.2+1.5 
7.1+1.2 
6.8+^.0 
5,7+1.1 



A comparison of pp and pn cross-sections shows that 

within experimental errors, the cross-section for inter

action with protons is the same as that for neutrons. 

Since the p-p system may interact through the isotopic 

spin states T = 1 and T = 0 while the pn system can 

interact only through the state T = 1, the equality of 

these cross-sections shows that the two states are equally 

e f fec t ive . This conclusion is further supported by the 

experiment of Hinrichs et a l . (1962) on the antineutron-

proton interaction which i s charge symmetric to the 

antiproton-neutron interaction and should take place with 

the same cross-section. The observed value ofcf(np) is 
rab _ 

(^5.2+5.^)/which compares very well withcr(pp) of (51+3)mb 
at similar energies. 

2.1.1 Annihilation i n f l i g h t in nuclear emulsion 

In emulsions, whce the interactions take place in 

complex nuclei, the annihilation on a proton is d i s t i n 

guished from that on a neutron by the number of mesons 

produced, which should be even in the case of a proton 

and odd in the case of a neutron. The ra t io of the 

number of events with odd to the number of events with 

even number of mesons gives the ra t io of the relat ive 

frequencies of annihilation on neutrons and protons. 

This odd/even ra t io , when compared with the neutron/proton 

ra t io fo r the emulsion nuclei, gives the ra t io of the 
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relat ive probabil i t ies of annihilation on neutrons and 
protons. However, confusion arises by the secondary 
interactions of the mesons wi thin the parent nuclei . 
Proper allowance has, therefore, to be made for cases where 
secondary interactions do take place and the odd/even 
ra t io is modified accordingly. I f the two isospin channels 
are in fact equally operative, the modified ra t io should be 
consistent with the neutron/proton ra t io of the emulsion 
nuclei . The mesons comprise both pions and kaons but i n 
the present work kaons have not been distinguished from 
pions since they constitute only a small f rac t ion 0+%) of 
the t o t a l . 

2.1.2 Relative probabil i t ies of annihilat ion in 

f l i g h t on neutrons and protons i n emulsion 

The relat ive probabili t ies of annihilation of an t i -

protons in the energy region (0-250 MeV) on neutrons and 

protons have been inferred by Ekspong and Ronne (1959) 

from the annihilat ion cross-section per nucleon measured 

by them for emulsion. They have compared their value of 

annihilation cross-section per nucleon of (98^9j)mb with 

the value of the annihilation cross-section per proton of 

(80+13)mb found direct ly on protons by Coombes et a l . 

(1958), and have concluded that the p-n cross-sections 

are at least as large as, i f not larger than, the 

corresponding p-p cross-sections. 
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The evidence quoted from the counter experiment of 

E l l o f f et a l . , the Bubble Chamber results of Hinrichs 

et a l . , and the emulsion data of Ekspong and Ronne a l l 

point towards equal probability of inelastic interaction 

of an antiproton in f l i g h t with neutrons and protons and 

when interpreted in terms of isospin, show that interac

t ion takes place equally through the T = 1 and T = 0 

channels. This is shown in Figure 6 where the ra t io of 

the two channels i s plotted against the kinetic energy of 

the antiproton. 

2.2 The Annihilation of Antlprotons at Rest 

2,2.1 Process of absorption and annihilation in 

complex nuc^eJ, 

As the antiproton slows down and reaches the end of 

i t s range, i t may be captured in a Bohr orbi t of the 

nucleus and make many radiative or ^luger transitions to 

lower orbits u n t i l i t i s f i n a l l y absorbed on the surface 

of a nucleus and annihilates on a nucleon. The de-

excitation by these radiative .and Auger transitions may, 

however, be affected by the electr ic f i e lds of the 

neighbouring atoms and the antiproton may undergo Stark 

transit ions which increase the probability of the an t i -

proton populating the low angular momentum states. Whether 

the nuclear capture takes place from a particular angular 

momentum state w i l l depend upon the relat ive values of the 
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electromagnetic t ransi t ion rates and the capture rate from 

that state. For example, Desai (19&0) has calculated the 

re la t ive capture rates for a n t l p r o t o n 3 i n protonium as 

well as the Stark transit ion rates and finds the following 

values: 

i ) Capture rates for S and P states 

P c(nS) = 5.3 10 l 8 / n 3 sec-1 

p c (nP) = M-.3 lC^Vn3 sec' 1 

i i ) Stark Transition rate 

P (nP-nS) = H (nS-nP)~ n 2 .̂2x10 -̂3 f 0 - - e x p 

i s i s tUtJ Q.q 

where R(t) is the distance of a hydrogen atom from protonium 

at time t and a i s the radius of the f i r s t Bohr orbi t fo r 
o 

the electron. For 5< n < 20 and R ( t ) ~ aQ, 
P gdhP-nS)̂  10 1 3 sec"1 * n 2 

p c(nS) > 1013 sec"1 ^ i / n 3 

p' c(nP) > 10 1 3 sec"1 ^ i / n 3 

For protonium , therefore, P state capture becomes comparable 

to the S state capture only for values of n smaller than 

10. Much before the antiproton reaches such low values of 

n, the Stark e f fec t coll isions become effect ive and the 

capture takes place predominantly from S-states of orbi t 

n ~ 5-20. The absorption of antiprotons in deuterium may 

also take place from n S states where S refers to the angular 

momentum of the antiproton in i t s atomic o r b i t . Corresponding 
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calculations for the annihilation of antiprotons in complex 

nuclei have not been made. However, for the entirely 

similar process of the absorption of negative K-mesons by 

emulsion nuclei , calculations by Martin (1962) and Condo 

et a l . (196^) indicate that the nuclear capture of the 

meson occurs dominantly from states of 1 = 3,*+ for the 

heavy nuclei and from X = 2 for the l i g h t elements. For 

antiprotons the capture w i l l be favoured from higher values 

of X because of the increased mass, for example, ~ 5 for 

heavy and-£ ~ 3 f o r l i g h t elements. (Martin, private 

communication). Thus, contrary to the case of hydrogen and 

deuterium, on account of the motion of the nucleons in the 

nucleus, the capture w i l l not occur from a specific state 

of p-nucleon angular momentum. 

Selection rules (Tables 7a,b Chapter 1) which deter-

mine the probability of annihilation on nucleons on the 

basis of the relative angular momentum of the antiproton and 

the absorbing nucleon can be ver i f i ed only for the case of 

hydrogen and deuterium where the i n i t i a l angular momentum 

state of the p-N system is unique. 

For annihilation in emulsions, complications arise fo r 

two reasons. F i r s t l y , the angular momentum of the absorbing 

nucleon maJces the relative p-nucleon angular momentum on 

capture non-unique so i t i s not possible to apply selection 

rules. Secondly, although the probabil i ty of atomic capture 
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of an antiproton on a given constituent of emulsion is 

proportional to the number of atoms/c.c. of that element, 

not much is known about the relat ive probability of 

capture on d i f fe ren t constituents of the emulsion. 

Fermi-Teller (19^7) predict that capture obeys the 

Z-rule, which i s val id separately for Ag Br and the l igh t 

elements (CNO) but may not be va l id for the emulsion as a 

whole. Experiments with muons show that their absorption 

l i e s between an N-rule and an NZ rule . A similar conclusion 

has been reached from observations on pion annihilat ion. 

The absorption of antiprotons may also be governed by some 

intermediate ru le . Moreover, in heavy nuclei, the composi

t ion of the nuclear surface may be d i f ferent from the core 

composition. The relat ive proton and neutron densities in 

the nuclear surface being unknown, the comparison between 

the probabil i t ies of annihilation on neutrons and protons 

becomes d i f f i c u l t . Even when the relative number of 

d i f fe ren t nucleons in the nuclear surface can be accurately 

determined, the annihilation products cannot be used un

ambiguously to ident i fy the annihilated nuclson since the 

secondary pions confuse the or iginal characteristics by 

their interactions with other nucleons of the nucleus. 

2.2.2 Relative probabil i t ies of annihilat ion at rest 

on neutrons and protons 
The relat ive probabili t ies o? annihilation of antiprotons 
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at rest on neutrons and protons of emulsion nuclei have 

been determined by Amaldi et a l . (1959)• The experimental 

value of the odd/even ra t io which is the ra t io of the 

frequencies of annihilations on neutrons and protons is 

found to be (0.91 + 0.15), which value, when corrected for 

the efficiency of detection of pions, the dip angle of grey 

tracks, the production of charged secondaries and fo r the 

charge exchange of neutral and charged pions, becomes 

(0,78 + 13)• The correction for charge exchange is 

arbitrary and inadequate, and i s allowed fo r by increasing 

the value of the probability of absorption of pions without 

allowing f o r the charge exchange of neutral and charged 

mesons separately. From this ra t io of relative frequencies, 

taking into account the secondary interactions of pions 

with the nucleons of the parent nuclei, a modified value 

of (0.64-+0.26) is obtained. This i s then compared with 

the neutron/proton ra t io of 1.2 which is derived a f te r 

weighting according to the frequency d is t r ibut ion of 

nuclei in the emulsion. 

From the apparently much smaller role played by the 

neutron than the proton, i t is concluded that the prob

a b i l i t y of annihilation i s larger in the T = 0 than i n 

the T = 1 state. Another interpretation by Araaldi et a l . 

is based on the assumption that the annihilation takes 

place mainly from the S and P states relat ive to the 

absorbing nucleon. Imposing the selection rules of tables 



7a and b, an n i h i l a t i o n on a proton i s much more probable 
than on a neutron because for the S and P states, there 
are twice as many allowed transitions f o r the pp as for 
the pn system. However i n view of the discussion of 
section 2.2.1, t h i s i n t e r p r e t a t i o n cannot be j u s t i f i e d . 

The experiment has been repeated by Ekspong at a l . 
who give a value of (0.73+0.09) for the odd/even r a t i o . 
Their experimental result has been derived i n the following 
way. The m u l t i p l i c i t y d i s t r i b u t i o n of charged pions predic
ted by the s t a t i s t i c a l theory of Fermi i s assumed to be the 
o r i g i n a l d i s t r i b u t i o n on an n i h i l a t i o n subsequently modified 
by the absorption due to secondary interactions of the 
pions. For various degrees of absorption, a series of 
curves corresponding to d i f f e r e n t r a t i o s of p r o b a b i l i t i e s 
of a n n i h i l a t i o n on neutrons and protons i s obtained, and i t 
i s found that the experimental value corresponds to a one 
to four p r o b a b i l i t y of a n n i h i l a t i o n on neutrons as compared 
to protons. I t i s , therefore, concluded that the T = 0 

isospln channel predominates over the T = 1 channel. 
Figure 6 summarises the results of the experiments 
referred to above. Whereas at f i n i t e energies, the 
experiments show the r a t i o of the p r o b a b i l i t y of interac
t i o n through the isospin channel T = 1 to that for T = 0 

to be unit y , the points corresponding t o zero energy of 
antiprotons f a l l well below. The points due to Amaldi 



et a l . and Ekspong et a l . corrospond to the observed and 
the corrected experimental values. 

2.2,3 Annihilation at rest i n deuterium 
The experiments on an n i h i l a t i o n of antiprotons at rest 

i n emulsion indicate that the neutron i s less e f f e c t i v e i n 
the a n n i h i l a t i o n process than the proton. This i s i n con
t r a d i c t i o n to the results at f i n i t e energies where the two 
have been found to be equally e f f e c t i v e . I f the selection 
rules are operative, t h e i r effect should become apparent 
i n the an n i h i l a t i o n of antiprotons i n deuterium, which w i l l 
take place mainly from the S-states of the p-D system. The 
effe c t w i l l , however, be masked by the Coulomb a t t r a c t i o n 
between the proton and the antiproton which i s bound to 
enhance the pr o b a b i l i t y of ann i h i l a t i o n on protons. More
over, allowance must be made f o r the secondary interactions 
of pions with the second nucleon i n the deuteron before any 
f i n a l conclusion about r e l a t i v e p r o b a b i l i t i e s of annihila
t i o n on neutrons and protons can be reached. 

I f the average k i n e t i c energy of the secondary pions 
i s about 200 MeV, the cross-sections f o r e l a s t i c scattering 
and charge exchange can be estimated from the plon-nucleon 
scattering data. The cross-section f o r e l a s t i c scattering 
of neutral pions i s twice i t s charge exchange cross-section. 

maximum 
The/effects of the secondary interactions of pions on the 
f i n a l products of antiproton-deuteron a n n i h i l a t i o n can be 
estimated and are summarised i n Table 10. 
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Table 10 

Effect of secondary interactions of Dions on the f i n a l 
products of PD a n n i h i l a t i o n 

Secondary 
Interaction 
of pions 

x-section 
(mb) 

Number of 
pions per 
annihila

t i o n 

1 
Total 
contri
bution 

Charge 

t f P — > TTP 23 2 M-6 odd 
J+6 

even 
* VJ 

XT P > IT P J+6 2 92 even t o t a l 
P > TCP 210 1 210 odd 162.5 

*59.5 
•Dr°P — * Xt°P 9^ 1 .5 1»U odd =0.290 

TtPp — > tc+n »+7 1 .5 70.5 even 

Xfn — > Tt"n 210 1 .5 315 even 

odd 
t o t a l 

t t + n —>xc+n 23 1 .5 36 even 
^6 69 

139^5 
TS+n —»tc°P ^6 1 .5 69 odd 631.5 

=0.221 
Tj?n —»Tt°n 9»f 1 .5 1*U even 
^ f n —> tc"p >*7 1 .5 70.5 odd 

D i f f . =0,069 

even 1+0.069 

The approximate calculation summarised i n Table 10 i s based 
on the extreme assumption that the spectator nucleon i s 
always struck by one of the secondary pions. Since the 
secondary inter a c t i o n and the coulomb effect both lead to 
the reduction of the odd/even r a t i o , i t i s d i f f i c u l t to 
come to any f i r m conclusion concerning the eff e c t of the 
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selection rules on the odd/even r a t i o observed for deuterium. 
This r a t i o has been found to be (0.763+.019) by Barnes et a l . 
(196M0 (private communication). 

To decide whether or not the p r o b a b i l i t y of a n n i h i l a t i o n 
at rest on neutrons and protons i s the same, some other method 
has to be devised which w i l l take int o proper account the various 
processes involved. To avoid the biases that r e s u l t from 
selection rules and from Coulomb effect i n deuterium, the 
r e l a t i v e p r o b a b i l i t i e s of an n i h i l a t i o n on neutrons and protons 
are best determined i n large nuclei. F i r s t l y , a n n i h i l a t i o n 
takes place from orbi t s o f high angular momentum which leads 
to mixing of the selection rules. Secondly, the spherically 
symmetric Coulomb f i e l d ensures that there i s no pr e f e r e n t i a l 
absorption by protons. However, there i s the disadvantage 
that with large nuclei, secondary interactions of the products 
of a n n i h i l a t i o n w i l l destroy the relationship between odd 
(even) m u l t i p l i c i t i e s and annihilations on neutron (proton). 
Consequently a compromise must be made to nuclei of i n t e r 
mediate size. To t h i s end the following experiment has been 
carried out i n which the annihilations of antiprotons i n the 
l i g h t elements (CNO) and the heavy elements of emulsion have 
been separately examined. 

2.3 The 'Experimental Set-up 
2.3*1 Exposure of the emulsion stack 
A stack of K5 emulsion of size (25 cm x 15 cm x 600^ ) 
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was exposed at the Cern Proton Synchrotron to a separated 
beam of antiprotons of momentum 700 MeV/c, developed by 
Amaldi et a l . Tho diameter of the beam was 5 cms and i n 
seven and a half hours a t o t a l of 96,000 antiprotons and 
33,000 negative pions (contamination) passed through the 

if - p 
stack, thus yielding fluxes of 0.*+9 x 10 p/cnr and 

h. , p 
0.17 x 10 TT "/cm respectively. 

2.3«2 Scanning for a n n i h i l a t i o n stars 
x!V5xl5 

Scanning was carried out under XPO/on Cooke microscopes 
i n a region about 10 cms from the edge of the plates and 
tracks were followed u n t i l the antiprotons annihilated or 
escaped from the plate. Annihilations i n f l i g h t were 
rejected. I n i t i a l l y 929 stars were recorded of which 223 

were accompanied by l i g h t l y ioni3ing secondaries only. A 
furt h e r ^99 such stars were found i n a scan exclusively 
made for t h i s purpose, giving a t o t a l of 722. Single 
tracks were not included i n t h i s sample because of the 
p o s s i b i l i t y of confusion with protons. The number of 
annihilations with zero prongs was assumed to be 3^ of a l l 
events of even m u l t i p l i c i t y (Horwitz et a l . (1959)), thus 
bringing the t o t a l number of such stars to 733 and of a l l 
interactions to lM-39. 
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2.3.3 The c l a g s i f i c a t i o n of an n i h i l a t i o n stars 
The a n n i h i l a t i o n of an antlproton at rest takes place 

on a nucleon i n the surface of a nucleus with the produc
t i o n , c h i e f l y , of about f i v e pions. I f the pions escape 
from the nucleus without making any interactions with i t s 
nucleons, i t may r e c o i l i n t a c t and give r i s e to a short 
black track whose length w i l l depend on the mass of the 
nucleus and i t s momentum. The p o s s i b i l i t y of a nucleus 
remaining i n t a c t and giving r i s e to a v i s i b l e r e c o i l 
track a f t e r one of i t s nucleons i s annihilated i s greater 
for the l i g h t than f o r the heavy elements of the emulsion. 
Interactions consisting of l i g h t l y i o n i s i n g secondaries 
and none or one short black track are, therefore, assumed 
to take place predominantly i n the l i g h t elements of 
emulsion and are termed "white stars". A l l others are 
called "black stars" since they are accompanied by one or 
more heavily ionising secondary p a r t i c l e s . The method 
used here i s similar to the one followed by Barbaro-
O a l t i e r i et a l . (1963) for the negative K-mesons i n 
emulsion. 

2.M- Annihilation i n the Light Elements 
Carbon, nitrogen, oxygen and hydrogen form the group 

of l i g h t elements i n the emulsion. Annihilation of an 
antlproton on hydrogen can lead to even m u l t i p l i c i t y only 
whereas annihilations i n the other members of the group 
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may lead to both odd and even m u l t i p l i c i t i e s , depending on 
whether the capture i s on a neutron or a proton. The 
a n n i h i l a t i o n of a nucleon leaves the rest of the nucleus 
i n an excited state. To estimate the excitation of the 
r e c o i l i n g nucleus, we can assume that the process consists 
of 

i ) the separation of the parent nucleus int o the 
excited daughter nucleus and a nucleon, and 

i i ) the a n n i h i l a t i o n of the nucleon. 
Thus, fo r a nucleus K of mass A and charge Z, the annihila
t i o n on a neutron or a proton unaccompanied by secondary 
interactions can be represented as 

p + N(A,2)—>N(A~1,Z)K + mesons 
and p + N(A,Z)—»11(4-1,2-1)* + mesons, 
respectively, where K indicates the excited state of the 
daughter nucleus. 

I t i s d i f f i c u l t to estimate the exc i t a t i o n energy but 
a value has been calculated on the basis of assumption ( i ) 
above. The e x c i t a t i o n energy i s then the exc i t a t i o n 
produced when a nucleon i s removed from the nucleus. 

Considering annihilations on neutrons and protons of 
the nuclei of carbon, nitrogen and oxygen respectively, the 
following reactions are obtained: 

p + n (C^ J—^C^ 1 + 10,3 MeV + ann2- products 
n ( N i ^ ) — + 2.2 MeV + ann^ products 



51. 

n (O g ) — • 0*5 + 7.2 MeV + anic products 

p + p (C-j: 2)—> B^1 + 8.*+ MeV + annS products 

p (N^)—>C^ 3 + o MeV + ann n products 

p ( O j 6 ) u s i * + if.5 MeV + annS products 

From the energy l e v e l s of l i g h t n u c l e i , (Ajzenberg et a l . 
(1955))» the following transitions are possible f o r the 
excited nuclei of C 1 1, N1^ and O1^ produced as a result of 
antiproton a n n i h i l a t i o n on neutrons: 

( i ) (C^ 1 + 10.3 MeV)—* Be? + ^ or Be 8 ( 2 MeV) 
— > C^1 + X to ground state and 

( l i ) (N^3 + 2.2 MeV)—>C 1 2 + p(0.2 MeV) 
—* N^J' +K to ground state and 

N£3 (A3 + p + 

( i i l ) (Og^ + 7.2 MeV)-^0g^ + ̂  to ground and 

I t can be seen thatp -emission nearly always takes place. 
In the case of annihilations on protons, the excited nuclei 
B1-1-, C*3 a n d can undergo onlyy -emission as given below: 
(1) (B^ 1 + 8.*f MeV)—^B^1 + to ground l e v e l 
( i l ) (C^3 + ~0MeV)—»c£3 + jr to ground l e v e l 
( i i i ) (N^ 5 + h.5 MeV)—>N*5 + t o ground l e v e l 
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Summarising, the antiproton-neutron a n n i h i l a t i o n w i l l 
nearly always be followed byp -emission and antiproton-
proton a n n i h i l a t i o n only by -emission. Since neutron 
a n n i h i l a t i o n leads to odd and proton a n n i h i l a t i o n to even 
m u l t i p l i c i t y , emission may accompany odd but not even 
m u l t i p l i c i t y . 

2.M-.1 Probability of absorption bv hydrogen i n the 
emulsion 

The Fermi-Teller Z-rule f o r pion and muon absorption 
depends on energy loss being uniform i n the absorbing 
medium, i.e., a uniformly mixed medium. Since K5 emulsion 
i s i n the form of crystals of Ag Br i n a gelatine matrix, 
the Z-rule breaks down though i t may be expected to hold 
separately for the crystals and the gelatine. In the CNOH 
group, i.e., i n the gelatine, the r e l a t i v e contribution of 
hydrogen should be 0.17 as shown i n Table 11. 

Table 11 

Relative Probabillties.cf Capture bv each Element of the 
Gelatine Matrix of Emulsion 

Element N (x l0 2 2 ) z NZ (xl0 2 2 ) Relative contribution 
on Z-rule 

C 1 6 6 0.316 

N 0.3 7 2.1 0.111 

0 1 8 8 O.tel 
H 3 1 3 



Now the r e l a t i v e p r o b a b i l i t y of absorption of pions by 
hydrogen i n p a r a f f i n (CH2) and l i t h i u m hydride ( L i H) i s 
found to be 1:1000 rather than 1:3 as expected from the 
Z-rule. As pointed out i n Section 2.2.2, the molecular 
c o l l i s i o n s lead to the transfer of the pion from hydrogen 
to carbon or l i t h i u m since i t s t r a n s i t i o n s through the 
op t i c a l levels of pionium are r e l a t i v e l y slow* Baker 
(1960) has estimated that for negative K-aiesons, less 
than 10$ of the mesons which form mesic atoms i n hydrogen 
are f i n a l l y absorbed by the proton* I f a similar process 
occurs for antiprotons, there should be only a small 
contribution from hydrogen. This has indeed been found 
to be the case by Agnew et a l . (1960) who studied the 
antiproton interactions i n propane and discovered that 
the stopping antiprotons p r e f e r e n t i a l l y annihilate on 
carbon. The explanation i s that the r e l a t i v e l y few 
antiprotons o r i g i n a l l y captured on hydrogen are sub
sequently transferred to carbon by the c o l l i s i o n s of 
protonium (about 1 0 ^ c o l l i s i o n s per sec) with the 
neighbouring carbon atoms i n propane. They assume t h i s 
transfer mechanism to be so e f f i c i e n t as to make a l l 
annihilations of stopped antiprotons to occur on carbon 
nuclei* 

The neutron/proton r a t i o for CN0H group of emulsion, 
i n view of the very low possible contribution from 
hydrogen can therefore be taken as unity instead of 0.73 



which w i l l be expected i f hydrogen contributed according 
to the Z-rule. 

2 .5 Results 
Of the 1^28 stars recorded i n scanning, each has been 

scrutinised twice to determine the number of secondary mesons 
and to i d e n t i f y associated low energy electrons. The data 
are summarised i n Tables 12 and 13 f o r the two categories 
of white and black stars. The charged p a r t i c l e m u l t i p l i c i t y 
d i s t r i b u t i o n , the mean m u l t i p l i c i t y and the odd/even r a t i o 
for each group are given. The proportion of white stars with 
and without accompanying low energy electrons and with and 
without v i s i b l e r e c o i l i n g nuclei i s also shown i n Table 12. 

Table 12 
Characteristics of White Star3 

a) M u l t i p l i c i t y d i s t r i b u t i o n 
n g = 0 1 2 1 ^ 5 6 

1 1 s 82 187 231 159 *+5 l 1 * 
n„ = (2.90 ± 0.0*O 

1 
3 1 

8 

b) n„ odd n s even 
Total number of events 
Proportion with r e c o i l s 
Proportion with electrons 
Mean m u l t i p l i c i t y 

Otl±3)S5 3 ( 5 7 ± W (2.8lf±0.06) 

361 372 
(3**±3)J8 
(13±2)# 
(2.97+0.06) 

c) Odd/even r a t i o i s (0.97 1 0.05) 

H This number has been calculated from the data of Horwitz 
et a l . (1959). 
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Table » 
Characteristics of Black Stars 

a) M u l t i p l i c i t y d i s t r i b u t i o n 
n = 0 1 2 3 
S 

h 5 6 7 

Mf 153 196 171 111 22 6 3 

n g = (2.36 + 0.03) 

b) n odd n even 
s s 

Total number of events 3^9 357 

Mean m u l t i p l i c i t y * (2.28+0.0*1-) (2.Mf+0.05> 

c) Odd/even r a t i o i s (0.98 + 0.05) 

K The observed m u l t i p l i c i t y d i s t r i b u t i o n s f o r white and 
black stars are not Poissonian. To estimate the error 
on the mean, the procedure adopted i s to take n g odd and n g even separately i n small groups (of 36 each) and t o 
determine the mean n s f o r each group. These means are 
supposed to be d i s t r i b u t e d as a Gaussian, the standard 
deviation of which i s determined and hence the error on 
the mean. 

2*5«1 The neutron/proton r a t i o for white stars 
Before the r e l a t i v e p r o b a b i l i t i e s of an n i h i l a t i o n on 

neutrons and protons could be determined, the neutron/proton 
r a t i o to which the odd/even r a t i o i s to be compared, must be 
known. 

As pointed out i n Section 2 A . 1 , t h i s i s expected to 
be unity i f no annihilations occur i n hydrogen. From 
Table 1% the r o l e of hydrogen can be estimated from the 
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proportion of annihilations without v i s i b l e r e c o i l i n g 
nuclei f o r even m u l t i p l i c i t y which i s 66$ compared to 
59$ f o r the odd m u l t i p l i c i t y . Thus, only (9 ± W of 
a l l m u l t i p l i c i t i e s can be considered to have arisen i n 
hydrogen. Considering the large error, t h i s r esult i s 
not inconsistent with a zero contribution from hydrogen. 

The assumption of sections 2.3.3 and 2 A , namely, 
that the white stars represent an n i h i l a t i o n i n the l i g h t 
elements of emulsion (carbon, nitrogen and oxygen) do 
seem to be confirmed by the experimental results i n view 
of the following: 

i ) Odd m u l t i p l i c i t y i s usually accompanied by low 
energy electrons whereas even m u l t i p l i c i t y i s not. The 
13$ of even m u l t i p l i c i t y events which are accompanied by 
low energy electrons may be cases of Auger electron emission. 
Background electrons may also be present though t h e i r c o n t r i 
bution should be the same f o r even as well as fo r odd 
m u l t i p l i c i t y events. For the l a t t e r , i t i s generally 
observed that where both an electron and a r e c o i l i n g 
nucleus are found, the electron does appear to be emitted 
from the end of the r e c o i l , thus confirming i t s i d e n t i t y 
d e f i n i t e l y asp -emission from the excited daughter nucleus 
of one of the CNO group. 

i i ) The mean m u l t i p l i c i t y , (2.97 + 0.06), of the even-
pronged stars compares well with the value of (3»21 + 0.35) 

obtained by Horwitz et a l . (1959) for annihilations of 
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a n t i p r o t o n s at r e s t i n hydrogen and also w i t h t h a t o f 
(3.06 + 0.26) found by Agnew et a l . (1960) at an a n t l 
proton k i n e t i c energy o f 80 MeV. This shows t h a t there 
have been few secondary i n t e r a c t i o n s between the mesons 
and the nucleons in s i d e the absorbing n u c l e i . Moreover, 
the mean m u l t i p l i c i t y o f the black s t a r s (Table 13) i s 
appreciably lower than i t s value f o r the white s t a r s , 
i n d i c a t i n g the absence o f secondary c o l l i s i o n s i n the 
l a t t e r and t h e i r presence i n the former. 

i i i ) An a n a l y s i s o f the r e c o i l t r a c k s of white stars 
shows tha t t h e i r l e n g t h d i s t r i b u t i o n i s co n s i s t e n t w i t h 
a n n i h i l a t i o n i n the l i g h t elements. This i s discussed 
i n greater d e t a i l i n Section 3.6 o f Chapter 3. 

To suiamarise, the events given i n Table 5 represent 
a n n i h i l a t i o n s , unaccompanied by secondary c o l l i s i o n s , 
o c c u r r i n g predominantly i n carbon, n i t r o g e n and oxygen, 
f o r which the neutron/proton r a t i o i s u n i t y . 

2*5-2 The r e l a t i v e importance of I = 1 and T = 0 

cJaanncfls 
I t has been shown above t h a t the neutron/proton r a t i o 

f o r l i g h t elements which give r i s e t o white stars i s close 
t o u n i t y . The odd/even r a t i o f o r t h i s group i s (O.97+O.C-3). 

The close agreement between these two means t h a t the 
p r o b a b i l i t y o f a n n i h i l a t i o n o f an a n t i p r o t o n a t r e s t i s the 
same as the p r o b a b i l i t y of a n n i h i l a t i o n on a proton. Hence 
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the amplitudes for annihilation of the T = 1 and T = 0 

channels are equal, i n agreement with the results found 
at f i n i t e energies, but i n disagreement with the results 
of Amaldi et a l . (1959) and Ekspong et a l . (196D at zero 
energy. This i s not surprising i n view of the fact that 
the r e s u l t s i n the l a t t e r cases are derived from annihila
tions i n a l l elements of the emulsion for which corrections 
for absorption have been made but charge exchange has either 
been ignored altogether or inadequately allowed f o r . 

In the work described here, the results are derived 
from the group of l i g h t elements of the emulsion f o r which 
no corrections f o r secondary interactions need to be made. 

2.5*3 Characteristics of black stars 
The results f o r the black stars are siven i n Table 13. 

The mean m u l t i p l i c i t y i s (2.36 + O.03) and the odd/even 
r a t i o i s (O.98 + 0.05) which i s to be compared with a n/p 
r a t i o of 1.29. Since the black stars are characterised by 
the secondary interactions of the pions w i t h i n the nuclei, 
the mean m u l t i p l i c i t y and the odd/even r a t i o w i l l be 
modified by the extent of these interactions, involving 
the absorption and the charge exchange of a meson. The 
m u l t i p l i c i t y of a particular a n n i h i l a t i o n as well as the 
mean m u l t i p l i c i t y of the group i s reduced on the absorp
t i o n of a meson. The charge exchange of a charged meson 
reduces, and the charge exchange of a neutral meson 
Increases, the m u l t i p l i c i t y of a pa r t i c u l a r a n n i h i l a t i o n 
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although the mean m u l t i p l i c i t y may remain unaffected. 
The mean m u l t i p l i c i t y of (2.36 + 0.03) found f o r black 
stars when compared with (2.90 ± 0.01*) f o r the white stars 
shows the extent to which i t has been modified by absorp
t i o n and charge exchange. 

2.6 The Calculation of the Effects of Secondary Interactions 
There are two main assumptions on which the detailed 

calculations for the secondary effects are based: 
i ) that the pro b a b i l i t y of an n i h i l a t i o n on a neutron 

i s the same as the pr o b a b i l i t y of ann i h i l a t i o n of an a n t i -
proton at rest on a proton, and 

i i ) the m u l t i p l i c i t y d i s t r i b u t i o n of the white stars, 
a f t e r adjustment f o r a neutron/proton r a t i o of 1.29 which 
i s t y p i c a l of heavy elements, i s the true d i s t r i b u t i o n 
r e s u l t i n g from a n n i h i l a t i o n . This i s modified subsequently 
by the secondary interactions of mesons. Both these 
assumptions are borne out by the experimental resu l t s 
mentioned e a r l i e r . Hence there i 3 an advantage over 
previous calculations which are based on theoretical 
values of absorption and d i s t r i b u t i o n of pions. The 
d e t a i l s of the calculation are given i n the appendix. 

2.6.1 Effects of charge exchange 
To calculate the ef f e c t of charge exchange of mesons 

i t i s necessary f i r s t to know the number of neutral mesons 
which accompany each charged p a r t i c l e m u l t i p l i c i t y . A 
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summary o f the previous estimates based on the observa
t i o n o f p a i r production i n heavy l i q u i d chambers and on 
the method of energy balance has already been given i n 
Table 6, o f Chapter 1. These include charged m u l t i 
p l i c i t i e s o f 2 and upwards. E x t r a p o l a t i o n t o n values 

s 
of 1 and 0 i s u n c e r t a i n but the number o f zero and one 
pronged st a r s entering, the c a l c u l a t i o n i s small. Figure 
5 (Chapter 1) shows the v a r i a t i o n o f mean number of 
n e u t r a l pions w i t h each charged m u l t i p l i c i t y . The mean 
number o f n e u t r a l mesons averaged over various values of 
charged m u l t i p l i c i t y i s (2.02 + 0.15). 

The r e l a t i v e p r o b a b i l i t y f o r the charge exchange o f 
a n e u t r a l meson on a neutron or a proton i n the energy range 
o f the secondary pions has been estimated from the i s o s p i n 
amplitudes and i s twice the corresponding p r o b a b i l i t y f o r 
the charge exchange of a charged pion. From the known 
cross-section f o r charge exchange and the mean path l e n g t h 
i n l a r g e n u c l e i , the expected p r o b a b i l i t y i s about 0.1. 
At t h i s value the e f f e c t o f charge exchange i s t o increase 
the mean m u l t i p l i c i t y by about 5$ and reduce the odd/even 
r a t i o by about 20$. 

2.6.2 E f f e c t s o f absorption 
The absorption o f mesons w i l l tend t o reduce the mean 

m u l t i p l i c i t y and the odd/even r a t i o . This can be observed 
from curve 1 i n f i g u r e s 7 and 8. The p r o b a b i l i t y o f 
absorption can be estimated from the observed charged 
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p a r t i c l e m u l t i p l i c i t y from Figure ft. I t i s found t o be 
0.27 » a r a t h e r high but not unexpected value since i t 

corresponds to a n n i h i l a t i o n s i n the heavy elements of 
emulsion. 

The observed odd/even r a t i o f o r the black stars i s 
shown i n Figure % f o r the value of absorption p r o b a b i l i t y 
corresponding t o the mean m u l t i p l i c i t y of (2.36 + 0.03), 
and i s i n good agreement w i t h the c a l c u l a t e d value. 

I f the e f f e c t of charge exchange i s ignored (curve 1 
o f Figure 8) the p r o b a b i l i t y o f absorption i s reduced t o 
0.19 and the agreement between the expected and the 
observed odd/even r a t i o s can be brought about only i f the 
p r o b a b i l i t y o f a n n i h i l a t i o n on the neutrons i s reduced t o 
about 0.75 o f the p r o b a b i l i t y of a n n i h i l a t i o n on the 
protons. Both Amaldi and Ekspong f i n d a r a t i o close t o 
t h i s value. 

2.6.3 Comparison o f observed and expected charged 
p a r t i c l e m u l t i p l i c i t i e s 

The charged p a r t i c l e m u l t i p l i c i t y f o r the white s t a r s 
when normalised t o the neutron/proton r a t i o o f 1.29 f o r 
the heavy elements of emulsion gives the m u l t i p l i c i t y 
expected before any secondary i n t e r a c t i o n s take place. 
This i s modified by charge exchange and absorption. The 
f i n a l d i s t r i b u t i o n i s computed f o r the values of charge 
exchange and absorption expected i n the experiment and 
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i s shown i n Figure 9. Also shown i n the same f i g u r e i s 
the observed d i s t r i b u t i o n f o r the sample o f black s t a r s . 
There i s good agreement between the computed and the 
observed d i s t r i b u t i o n s . 

2,7 Conclusions 
The mean m u l t i p l i c i t i e s , the m u l t i p l i c i t y d i s t r i b u 

t i o n s and the odd/even r a t i o s have been determined f o r the 
a n n i h i l a t i o n i n the l i g h t and heavy elements o f emulsion 
o f stopping a n t i p r o t o n s . The i s o s p i n amplitudes f o r the 
T = 0 and T = 1 channels are found t o be the same f o r 
a n n i h i l a t i o n s i n the l i g h t elements o f emulsion. The 
apparent l a c k of e q u a l i t y o f the p r o b a b i l i t i e s o f a n n i h i l a 
t i o n on neutrons and protons found i n heavy elements r e s u l t s 
from the I n t e r a c t i o n s o f the a n n i h i l a t i o n products i n the 
parent nuclei. 
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CHAPTER 3 
General Features of A n t i p r o t o n A n n i h i l a t i o n At Rest 

3.1 Average Number of Secondary Pions I n t e r a c t i n g I n s i d e 
the Parent Nucleus 
A f t e r the a n n i h i l a t i o n o f an a n t i p r o t o n on a nucleon 

a t the surface o f a nucleus, some of the mesons created 
pass through the nucleus and may i n t e r a c t w i t h i t s nucleons. 
A p a r t o f the energy of th.ese i n t e r a c t i n g mesons i s given 
t o the nucleus and manifests i t s e l f i n the form o f knock-on 
and evaporation t r a c k s i n the emulsion. These nucleonic 
t r a c k s inOifeate the extent t o which secondary i n t e r a c t i o n s 
o f the mesons have taken place. I n the absence o f any 
such c o l l i s i o n s there are no heavily i o n i s i n g p a r t i c l e s 
and the a n n i h i l a t i o n event i s c a l l e d a white s t a r . 

The number of pions i n t e r a c t i n g w i t h i n the parent 
nucleus, a f t e r the a n t i p r o t o n has a n n i h i l a t e d on one of 
i t s nucleons, can t h e r e f o r e be determined from the r e l a t i v e 
frequency of white s t a r s . This method o f ana l y s i s i s 
derived from Amaldi e t a l . (1959). The p r o b a b i l i t y o f 
observing N w white s t a r s out of a t o t a l number N t o t o f a l l 
type o f st a r s i s given by 

where \ i s the p r o b a b i l i t y t h a t a secondary pion escapes 
from the nucleus w i t h o u t i n t e r a c t i o n and< N^> i s the 



average number of charged and n e u t r a l mesons produced i n 
a n n i h i l a t i o n . I t i s expected t h a t there w i l l be a c o n t r i 
b u t i o n t o white s t a r s from i n t e r a c t i o n s i n hydrogen and 
from s t a r s i n emulsion n u c l e i i n which a l l nucleonic 
secondaries are n e u t r a l . The l a t t e r w i l l be small and the 
former has already been shown i n Chapter 2 t o be n e g l i g i b l e . 
R e l a t i o n ( i ) i s , t h e r e f o r e , v a l i d . 

I n the present experiment the f r a c t i o n o f white s t a r s 
i s (0.2^ + 0.01) and the t o t a l m u l t i p l i c i t y i s ('+.92 ± 0.15) 
(see s e c t i o n 3-31). s u b s t i t u t i n g i n ( i ) gives a value 
(0.75 ± O.Di) f o r . Now \ i s r e l a t e d t o the number V, o f 
pions i n t e r a c t i n g w i t h i n the nucleus by 

v i - < ^ ••••<"> 
Hence the number o f i n t e r a c t i n g pions, V, i s (1.23 + 0.05). 
This number i s not very s e n s i t i v e t o the value of N^. I t 
comprises the number o f pions which has been absorbed and 
those which have been scattered. I n the next s e c t i o n t h e i r 
r e l a t i v e p r o p o r t i o n s are determined. 

3.2 The Absorption P r o b a b i l i t y Calculated from the Number 
of Pions t h a t have I n t e r a c t e d 
The value of charged m u l t i p l i c i t y found f o r black 

s t a r s i s (2.36 + 0.03). Following the methods o f Barkas 
et a l . (1957) and Amaldi e t a l . (1959), i f we denote by "a" 
the f r a c t i o n o f i n t e r a c t i n g pions absorbed i n the emulsion 
nucleus, we have 
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<N-.> = - I ^ <N +> + aV 

IT W f l 

where 
<K^> = Average t o t a l m u l t i p l i c i t y 
<NTf—> = Average charged p a r t i c l e m u l t i p l i c i t y 

V = Number o f pions which I n t e r a c t w i t h i n 
the parent nucleus, 

and e = i s the e f f i c i e n c y of d e t e c t i o n of pions. 
This expression i s v a l i d i f absorption i s the only 
mechanism by which secondary mesons I n t e r a c t . However, 
as was pointed out i n Chapter 2, charge exchange may be 
an important process by which charged p a r t i c l e m u l t i 
p l i c i t i e s are a l t e r e d . The expression would s t i l l be 
v a l i d under the f o l l o w i n g r e s t r i c t i o n s : 

a) the charged p a r t i c l e r a t i o N ^ / I ^ i = 3/2 
b) the p r o b a b i l i t y o f charge exchange o f n e u t r a l 

mesons by a proton or a neutron i s twice t h a t 
o f charged mesons, and 

c) the neutron/proton r a t i o i s u n i t y . 
I n the energy range of the experiment r e s t r i c t i o n (b) 
holds whereas r e s t r i c t i o n s (a) and ( c ) hold only 
approximately. 

The a p p l i c a t i o n of the expression must be understood 
t o lead only t o an approximate estimate o f the r e l a t i v e 
numbers of secondary mesons which are absorbed and are 
charge exchanged or s c a t t e r e d . I t i s now applied w i t h 
the assumption t h a t the three r e s t r i c t i o n s hold. 
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The e f f i c i e n c y of d e t e c t i o n i s defined as the r a t i o 

o f the number of pions found t o the tr u e number o f pions 
present. Besides the emulsion and microscope p r o p e r t i e s , 
i t depends on the energy and angle of dip of the t r a c k and 
on the distance o f the st a r from the glass surface. This 
l a s t f a c t o r can, however, be e a s i l y avoided by excluding 
s t a r s very near the top and the bottom o f the emulsion 
surface. I n the present work each s t a r was examined by 
two p h y s i c i s t s a f t e r i t s I n i t i a l d e t e c t i o n by the scanners; 
i t i s considered that the e f f i c i e n c y o f d e t e c t i o n o f pions 
i s almost 100$. The d e t e c t i o n e f f i c i e n c y i n previous work 
has been estimated and found t o be q u i t e high. [(Barkas 
e t a l . (1957) - 90$, Amaldi et a l . (1959) - 93$, Ekspong 
et a l . (1969) - 98$).J Assuming t h a t the r a t i o —2 i s 3/2 
and t a k i n g the value (2.90 + O.Oh) f o r the charged p a r t i c l e 
m u l t i p l i c i t y from section 3»31» the number of pions absorbed 
aY, i s (0.8l + 0.08), a value which compares q u i t e w e l l 
w i t h t h a t of u n i t y found by previous workers. (Barkas 
et a l . , 1957, Amaldi et a l . , 1959). The number o f i n t e r 
a c t i n g pions i s 1.23 ± 0.05 (Y) made up o f (0.81 + 0.08) 
pions which are absorbed and ( O . ^ + 0.09) pions which are 
charged exchanged or scattered. These average numbers 
r e f e r t o the t o t a l sample o f white and black s t a r s and 
are r e p r e s e n t a t i v e t o the extent t h a t the r e s t r i c t i o n s 
mentioned e a r l i e r hold. 
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3.3 Average Pion M u l t i p l i c i t y 

The mean charged m u l t i p l i c i t y from white stars i s 
(2.90 + 0.0*+) from Table 12 o f Chapter 2. The n e u t r a l 
m u l t i p l i c i t y corresponding t o t h i s i s (2.02 + 0.15) 
g i v i n g an average t o t a l m u l t i p l i c i t y o f (^.92 + 0.15). 
The charged p a r t i c l e and t o t a l m u l t i p l i c i t i e s f o r a n t i -
proton a n n i h i l a t i o n a t r e s t and i n f l i g h t obtained by 
d i f f e r e n t workers have been summarised i n Table 5» 

3.^ C o r r e l a t i o n of Charged Plon M u l t i p l i c i t y and the 
Number of Heavily I o n i s i n g P a r t i c l e s 
From the considerations o f section 3*1 i t i s c l e a r 

t h a t there must be a c o r r e l a t i o n between the number o f 
charged pions observed and the corresponding average 
energy shown by the heavily i o n i s i n g nucleons. On the 
average a high pion m u l t i p l i c i t y probably i m p l i e s few 
secondary c o l l i s i o n s and should be associated w i t h a 
small number o f heavy tracks and v i c e versa. I f such a 
c o r r e l a t i o n does a c t u a l l y e x i s t , i t w i l l c onfirm the 
assumption t h a t nuclear e x c i t a t i o n depends c h i e f l y on 
the secondary i n t e r a c t i o n s . 

3.^.1 R e l a t i o n 'between shower and grey t r a c k s 
On account of the i n e l a s t i c and charge exchange 

i n t e r a c t i o n s o f mesons produced on a n n i h i l a t i o n , the 
nucleons of the parent nucleus w i l l be knocked out and 
the protons w i l l give r i s e t o grey tracks emerging from 
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the s t a r . Prom the sample o f black s t a r s , the mean number 
of grey t r a c k s was determined corresponding t o d i f f e r e n t 
values o f charged p a r t i c l e m u l t i p l i c i t y . The r e s u l t s are 
summarised i n Table ih, 

TftbJle, }.k 
Mean Number ,of Grey Tracks 

versus 
Charged Pion M u l t i p l i c i t y 

Number o f Shower 
Tracks 0 l 2 3 5 

Mean Number o f 
Grey Tracks 1.7 

+ 
o7i7 

l.¥f 
+ 
o7o9 

1.̂ -7 + 
0709 

1.08 
+ 
o7o8 

0.88 
+ 

o7i 
e.73 
+ 
0721 

The r e s u l t s o f Table 1*+ are shown i n Figure 10. The dotted 
l i n e corresponds t o the average number o f grey t r a c k s per 
a n n i h i l a t i o n s t a r and the f u l l l i n e i s the best s t r a i g h t 
l i n e through the experimental p o i n t s . 

3/H-.2 R e l a t i o n between shower and black t r a c k s 
Whereas the number o f grey tracks associated w i t h a 

star r e f l e c t , by and l a r g e , d i r e c t c o l l i s i o n s between 
the mesons and. the nucleons, the emission o f evaporation 
prongs i s a more i n d i r e c t phenomenon. Nevertheless, the 
enerpy release i n the form o f black t r a c k s does represent 
the e x c i t a t i o n produced i n the nucleus on account of 
mesonic i n t e r a c t i o n s . A c o r r e l a t i o n between the two 
should, t h e r e f o r e , be observed. This i s shown i n Table 15, 
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from the mean number o f black t r a c k s associated w i t h 
d i f f e r e n t charged p a r t i c l e m u l t i p l i c i t y . 

Table X? 

Number o f Shower Tracks Versus 
Mean Number of Black Track3 

Number of Shower 
Tracks 0 1 2 3 h 5 6 

Mean Number of 
Black Tracks 

3.81 + 
o7i6 

3.50 • 
o7i7 

2.93 + 
o7i5 

2.90 + 
o7i9 

2.90 + 
o73^ 

2.2 
+ 
6>5 

I n Figure 11, the mean numbers o f black t r a c k s are p l o t t e d 
against each value o f the charged p a r t i c l e m u l t i p l i c i t y and 
a l i n e a r r e l a t i o n s h i p s i m i l a r t o t h a t o f grey tracks i s 
found. The dotted l i n e represents the average number o f 
black t r a c k s per s t a r . The f u l l l i n e i s the best s t r a i g h t 
l i n e through the experimental p o i n t s . 

3.^.3 R e l a t i o n between grey and black t r a c k s 
I t has been explained before t h a t the number o f grey 

t r a c k s represents the extent t o which the secondary mesons 
have i n t e r a c t e d w i t h the nucleons. The e x c i t a t i o n energy 
o f the nucleus should t h e r e f o r e be l a r g e or small according 
as there are more or l e s s grey t r a c k s . 'Since the energy o f 
e x c i t a t i o n i s released i n the form o f evaporation p a r t i c l e s , 
the number of black t r a c k s should vary as the number o f 
grey t r a c k s . Thus a l i n e a r r e l a t i o n s h i p , s i m i l a r t o the 
previous too cases, ought t o be observed i f the mean 
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numbers o f black t r a c k s are p l o t t e d against each grey 
m u l t i p l i c i t y . This i s confirmed by Figure 12 and shows 
t h a t the mechanism of a n n i h i l a t i o n proceeds through the 
primary production of about 5 mesons which may i n t e r a c t 
w i t h , and t r a n s f e r some of t h e i r energy t o , the nucleons 
which escape from the nucleus, l e a v i n g i t e x c i t e d . On de-
e x c i t a t i o n the heavily i o n i s i n g p a r t i c l e s are emitted. 
Some of the energy i s shared by n e u t r a l s which do not 
leave any v i s i b l e tracks i n the emulsion. 

V a r i a t i o n o f mean, number of pions w i t h grev 
and black t r a c k m u l t i p l i c i t y 

Another way o f l o o k i n g at the c o r r e l a t i o n o f shower 
and heavy prongs i n the a n n i h i l a t i o n s t a r s would be t o 
f i n d out the mean number of shower t r a c k s corresponding 
t o a p a r t i c u l a r grey or black t r a c k m u l t i p l i c i t y . This 
i s Just the reverse of what has been done i n the previous 
sections. The r e s u l t s of t h i s a n alysis are given i n Tables 
16 and 17. 

Table 16 
Mean Number o f Shower Tracks versus Ore? Track M u l t i p l i c i t y 
Number o f 
Grey Tracks 0 l 2 3 if 5 6 -7 8 
Mean Number 

of 
Shower 
Tracks 

2.61 
+ 

o7l7 

2.39 + 
o7i7 

2.13 + 
07l8 

2.13 + 
o730 

1.67 + 
o733 

1.8*r 
+ 
0767 

1.17 + 
0?59 

- 0.5 
+ 
o75 
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Figures 13 and ih give i n a graphical form the r e l a t i o n 
ship expressed by the results of Tables 16 and 17. In 
both cases the v a r i a t i o n i s l i n e a r as expected from the 
considerations of sections 3»^»1 and 3«1+«2. From the 
slopes of the best straight l i n e s through the experimental 
points i t can be seen that approximately, 

mean number of shower tracks = 0.85 NB = 0.53 Nb 

3.5 Size D i s t r i b u t i o n of Annihilation Stars 
The size d i s t r i b u t i o n f o r the t o t a l sample of white 

and black stars has been determined. The average number 
of grey tracks i s (0.95 1 0.03) and that of blacks tracks 
i s (2.M-3 + 0.05) giving an average size of (3«3*i ± 0.06). 

The results of Ekspong et a l . (1961) show that the mean 
number of heavy prongs (grey and black) i s for a n n i h i l a t i o n 

at rest = (3.18 ± 0*2*1-) 
i n f l i g h t <%> = (5.77 + 0,3LO 
combined <NR> = (M-.51 ± 0.22) 

The average number of heavy prongs per star f o r annihila
t i o n at rest (3.18 + 0.2*+) thus compares very well with 
the number found i n the present work (3*38 + 0.06). 

The size d i s t r i b u t i o n s f o r the sample of black stars 
with n » 2 and 3, and for the whole group containing a l l s 
m u l t i p l i c i t i e s are displayed i n figures 15» 16 and 17 

respectively. They bring out the general characteristics 
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mentioned i n the previous sections and are given here since 
they w i l l be required i n Chapter *+ f o r the analysis of 
antineutron annih i l a t i o n s . No attempt has been made to 
measure the energy of heavy prongs, though an i n i t i a l 
measurement on a small sample of stars confirms the 
estimate of Ekspong et a l . that about 6$ of the t o t a l 
available energy of an n i h i l a t i o n i s seen i n heavy prongs. 
This estimate of energy carried away by the v i s i b l e 
nuclear fragments i s multiplied by a factor 2.6 i n order 
to tfeke in t o account the energy carried by neutrons. The 
empirical formula used by Chamberlain et a l . (1959) i s 
U * h " where U i s the energy taken o f f by the nucleons 

and h = 2.6. 

3.6 Momentum D i s t r i b u t i o n of Recoiling Nuclei 
In Chapter 2 a method i s described by which the 

ann i h i l a t i o n of antiprotons at rest i n the l i g h t elements 
of nuclear emulsion may be distinguished from the larger 
number of annihilations i n the heavy elements. I t i s shown 
that i n the l i g h t elements carbon, nitrogen and oxygen, 
there i s a high p r o b a b i l i t y that a f t e r the ann i h i l a t i o n 
on a target nucleon, the residual nucleus recoils i n t a c t 
since the exci t a t i o n i s low. The momentum of the r e c o i l 
ing nucleus may be determined from the range of the 
rec o i l i n g nucleus. 
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I t i s considered that the momentum of the r e c o i l i n g 
nucleus i s equal and opposite to that of the annihilated, 
nucleon. By examining a large number of annihilations, 
the d i s t r i b u t i o n i n momentum of the target nucleons i s 
determined. In t h i s sense the antiproton i s used as a 
nuclear probe. 

There are two main d i f f i c u l t i e s . F i r s t l y the ranges 
of the r e c o i l nuclei are only a few microns long and great 
care has to be exercised i n t h e i r measurement. The point 
of o r i g i n of the r e c o i l nucleus i s determined by the i n t e r 
section of the l i g h t l y i onising secondary p a r t i c l e s accom
panying the a n n i h i l a t i o n . The end point of the range i s 
more d i f f i c u l t to decide since the grain size i s about 
0.55/land t h i s leads to an average uncertainty of about 
0.3/^on the range. Moreover the minimum range that can 
be determined i s about 1/*. 

Secondly the i d e n t i f i c a t i o n of the r e c o i l i n g nucleus 
i s ambiguous. Carbon 12 and oxygen 16 are the predominant 
l i g h t nuclei i n the emulsion. On the anni h i l a t i o n of a 
proton boron 11 or nitrogen 15 i s produced; i f a neutron 
i s annihilated carbon 11 or oxygen 15 i s produced. From 
the even (or odd) number of mesons accompanying the 
an n i h i l a t i o n i t follows that a proton (or neutron) has 
been annihilated. However, no way has been found to 
distinguish between the nucleides of mass 11 and mass 15. 



75. 
Consequently i t i s necessary t o assume that when a proton 
i s annihilated carbon 13 i s formed and s i m i l a r l y that 
nitrogen 13 i s formed when a neutron i s annihilated. In 
fa c t , for the ranges i n t h i s experiment a s u f f i c i e n t com
promise i s to take an average of the various curves of 
Figure 18. The error associated with t h i s i s about ho MeV/c. 
The range-momentum relationship (Papineau (1956) and 
Heckraan (1960)) are shown i n t h i s figure for the nuclei 
boron 11, carbon 11 and 13» nitrogen 13 and 15 and oxygen 15. 

3.6.1 Measurement of r e c o i l tracks 
As mentioned i n Chapter 2, a t o t a l of 733 stars from 

the t o t a l sample of events were selected which were con
sidered to be annihilations i n the l i g h t elements. Of 
these 298 were accompanied by v i s i b l e r e c o i l tracks. The 
range of each r e c o i l was measured on a Koristka R.̂ f micro
scope under a magnification of X100 x 15 x 1.5* 

The d i s t r i b u t i o n i n length of the r e c o i l nuclei i s 
given i n Table 18. By use of Figure 18 the ranges are 
converted i n t o momenta and t h e i r d i s t r i b u t i o n i s given 
i n Table 19, f o r a momentum i n t e r v a l of ̂ 0 MeV/c>. Only 
ranges i n excess of 0.8 are considered. In Figure 19 

the momentum d i s t r i b u t i o n i s expressed as a f r a c t i o n of 
the t o t a l number of annihilations i n l i g h t elements which 
includes those without v i s i b l e r e c o i l s . This l a t t e r 
group w i l l include the annihilations at rest i n the 
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hydrogen of the emulsion. However, i n Chapter 2 t h i s 
number has been shown to be ne g l i g i b l e . The erros shown 
i n Figure 19 correspond to the numbers of events i n the 
sample and to the uncertainty on the range. 

3.6.2 Discussion and i n t e r p r e t a t i o n 
The d i s t r i b u t i o n of momenta of protons i n l i g h t elements 

has been determined by Gooding and Pugh (1960) and Garron 
et a l . (1962). Similar investigations have been carried out 
by Hillman et a l . (1960) and Pugh and Riley (1961). For 
carbon 12 (nucleon states 1 s* 1 P^/2

 f o r D o t l 1 protons 
and neutrons) the momenta for the protons in the p and s 
states have been determined by Garron et a l . , and i t i s 
found that w i t h i n the range of momentum imposed by the 
technique (about 0-200 MeV/c), the d i s t r i b u t i o n s are given 

n(p)dp = ( p / p Q ) 2 exp[- (p/po)2](£E) 

... for s protons, 
where p Q = 160 MeV/c, and n Q = 2 and 

n(p)dp = ^2= Cp/p^ expf- (p/p ) 2](|P-) 
3JF L ^o 

... f o r p protons, 
where p Q = 95 MeV/c and n Q = 
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Distributions of these kinds are expected from the 

harmonic o s c i l l a t o r model. Similar d i s t r i b u t i o n s are 
expected f o r the s and p nucleons of oxygen (1 i. P3/2 
1 p,). Since there are no published results for oxygen t 
the d i s t r i b u t i o n s are assumed to be i d e n t i c a l with those 
of carbon. These s and p d i s t r i b u t i o n s are also p l o t t e d i n 
Figure 19» where they can be compared d i r e c t l y with the 
momenta of the r e c o i l i n g nuclei and hence with the momenta 
of the annihilated nucleons. The greatest correspondence 
appears to be with curve 3 of Figure 19 f o r a mixing of s 
and p nueleons i n the r a t i o I s 2 , as i n carbon. Because of 
t h e i r higher frequency of occurrence, a n n i h i l a t i o n occurs 
c h i e f l y on the p-nucleons. A similar r e s u l t has been found 
by Chadwick et a l . (1958) f o r K~-meson absorption i n the 
l i g h t elements of emulsion. 

Scanning c r i t e r i a may bias the selection of events to 
those involving p nucleons. From Garron et a l . (1962), 

a f t e r the (p ,2p) reaction i n a l i g h t element the residual 
nucleus i s formed i n the ground state i f a p-proton has 
been struck or with an e x c i t a t i o n of 20 HeV i f an s proton 
has been involved. I f similar considerations apply i n 
the a n n i h i l a t i o n process the break up of the excited resid
ual nucleus might lead to a loss of events involving s-
protons. However, i t i s expected from Ajzenberg and Lauritsen 
(1955) that de-excitation by Y emission w i l l follow and the 
r e c o i l i n g nucleus remains I n t a c t . 
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3.7 Conclusions, 
I t i s concluded that:-
a) the momentum d i s t r i b u t i o n of nucleons i n l i g h t 

elements i s of the form given by Carron et a l . f o r the 
protons of carbon. This confirms the use of the a n t i -
proton as< a nuclear probe. The momenta extend at least 
to hOO MeV/c, 

b) the a n n i h i l a t i o n appears to take place on p 
and s-nucleons i n the same proportions i n which they 
occur i n l i g h t n u c l e i . Since the majority are i n the 
p-state, a n n i h i l a t i o n i s c h i e f l y on the p-nucleons, 

c) at a n n i h i l a t i o n , from the white stars, the mean 
m u l t i p l i c i t y of charged mesons is (2.90 + 0 .03) . Allowing 
for neutral mesons the t o t a l m u l t i p l i c i t y i s 0*-.92 + 0 .15 ) , 

d) i n complex nuclei the secondary mesons interact 
before escaping from tho nucleus. The number that Interact 
i s estimated to be (1.23 + 0.25) of which ( 0 . 8 l + 0.08) 

are absorbed. The remainder are scattered or undergo 
charge exchange, 

e) the secondary c o l l i s i o n s lead to the knocking out 
of nucleons and the exc i t a t i o n of the residual nucleus so 
that correlations e x i s t between the numbers of black, 
grey and l i g h t l y i o n i s i n g tracks. 
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CHAPTER If 
The Production and Annihilation of Antineutrons 

i n on Emulsion Stack 
*+.l Production 

Prpdu,ct;lpri J,n, hydrggen, 
The production of antineutrons by the charge exchange 

of antiprotons has been described i n section 1.M-, and the 
result s of various experiments i n hydrogen and complex 
nuclei have been summarised i n Table h. I t can be seen 
from the table that f o r energies of antiprotons above 
150 MeV, the value of the charge exchange cross-section 
i s about 10 mb, whereas at lower energies, i n common with 
the a n n i h i l a t i o n cross-section, i t rises with decreasing 
energy of the antiproton. Throughout the energy range 
of these experiments, charge exchange represents about 
13$ of the t o t a l i n e l a s t i c cross-section. The useful 
range of antiproton k i n e t i c energy f o r a copious produc
t i o n of antineutrons i n hydrogen i s below 80 MeV, where 
the average value of charge exchange cross-section may 
be several tens of raillibarns. 

Hinrichs et a l . (19&2) have determined, i n a 
hydrogen bubble chamber, the cross-sections for the e l a s t i c 
and i n e l a s t i c charge exchange production of antineutrons 
at 930 MeV. I t i s found that the i n e l a s t i c charge exchange 
i s less than 20% of the t o t a l charge exchange cross-section. 
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The momentum d i s t r i b u t i o n of the antineutrons has 
also been determined. I t i s found that 80$ of the 
an n i h i l a t i n g antinoutrons have energies between 800 and. 
93-0 MeV. The cross-section f o r a n n i h i l a t i o n of the a n t i -
neutron, the mean m u l t i p l i c i t y of charged p a r t i c l e s and 
the mean energy of the secondary products are found to 
be similar to those f o r antiprotons. Counter experiments 
of E l i o f f et a l . (1962) and Coorabes et a l . (1958) sub
stantiate these results so f a r as cross-sections are 
concerned though the l a t t e r experiments y i e l d no informa
t i o n about the secondary products of the a n n i h i l a t i o n . 

In hydrogen bubble chambers the track of an a n t i -
proton may come to a sudden end. I f an a n n i h i l a t i o n star 
appears at some distance from t h i s end i t confirms unam
biguously the creation and subsequent a n n i h i l a t i o n of an 
anti-neutron. The disadvantage of the technique i s that 
the density of hydrogen i s low and the mean free path f o r 
the a n n i h i l a t i o n of antineutrons i s long, so that the 
y i e l d of a n n i h i l a t i n g antineutrons corresponding to a 
given beam of antiprotons i s small. 

h.1.2 production. In, convex nuclei 
In complex nuclei, the incident antiproton c o l l i d e s 

with a nucleus and may charge exchange with one of i t s 
nuoleons. The antineutron thus produced must escape from 
the parent nucleus before i t can be observed. The 
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p r o b a b i l i t y of such an escape i s small since the antineutron 
may annihilate on a nucleon during i t s short passage through 
the nucleus. The beam of antineutrons w i l l thus be strongly 
attenuated. To what extent t h i s attenuation w i l l act can be 
judged from the following expression f o r the charge exchange 
eroansection f o r the production of antineutrons i n complex 
nuclei (see Appendix). 

whore f i s the f r a c t i o n a l y i e l d of antineutrons i n hydrogen 
and K and R are the absorption c o e f f i c i e n t and radius of 
the nucleus. The expression i s r e l a t i v e l y insensitive to 
the size of the nucleus. In Figure 20 the cross-section 
i s shown as a function of K, f o r the known value of f , i n 
carbon, s i l v e r and lead. At the estimated value of K, 
~3 .5 1 0 1 2 cm"1 the cross-section l i e s i n the range (8-T&mb. 
For antiprotons at '+30 MeV, the charge exchange cross-sections 
f o r carbon and lead have been measured by Button et a l . 
(1957) and found to be(*f ,0^*|)mb and (3.8^||)mb respectively. 
The values f o r 320 MeV antiprotons i n beryllium and carbon are 
( l l ^ ) m b and (10^)mb. Considering the experimental inaccura
cies and the assumptions made i n the calculations the agree
ment between the calculated and the experimental values i s 
good. 

) e- 2 K RJ/K*| (TTf Z/A) [(1-(1+2KR+K R c.e. 
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The above considerations j u s t i f y the use of the 
expression obtained f o r the charge exchange of antiprotons 
i n complex nuclei to calculate the cross-section i n emulsion. 
The average cross-section i n emulsion i s determined by the 
heavy elements (such as s i l v e r ) with a cross-section of 
about 1*2, mb, by l i g h t elements (such as carbon) with a 
cross-section of 8 mb and by hydrogen with a cross-section 
which i s energy dependent. Hydrogen contributes more than 
h a l f the charge exchange cross-section in emulsion and hence 
introduces energy dependence. At the energy ("-'125 MeV) at 
which the antineutrons are produced i n the present experi
ment, the calculated cross-section i s about 12 mb. From 
the above i t i s seen that nuclear emulsion i s no more 
ef f e c t i v e i n the production of antineutrons than hydrogen. 
However, since emulsion has greater density than hydrogen, 
i t o f f e r s a much shorter mean free path to antinucleons for 
a n n i h i l a t i o n with a consequent greater y i e l d of antineutrons 
followed by t h e i r a n n i h i l a t i o n i n a given volume. 

U-,1.3 Production i n the emulsion stack 
The exposure of the stack of emulsion to an antiproton 

beam of momentum 700 MeV/c has been described i n section 
2 . 3 « 1 . Antineutrons are produced by charge exchange and i n 
turn are annihilated. In the appendix an approximate 
calculation i s given of the f l u x of antineutrons at any 
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point down the antiproton beam, namely, 

Since the range of the antiprotons (~13 cm) i s less than 
the mean free path i n emulsion (~l8 cms), the f l u x of 
antineutrons i s a maximum at the end of t h e i r range and 
drops exponentially beyond that range. The density of 
antineutron a n n i h i l a t i o n stars w i l l also, therefore, be a 
maximum and at the end of the antiproton range. I t would 
seem advantageous t o search fo r antineutron a n n i h i l a t i o n 
events i n t h i s region of the emulsion plate. However, 
t h i s i s also the region i n whose proximity the maximum 
number of antiproton annihilations at rest take place, 
with the resultant creation of large nurabersof pions, 
some of which t r a v e l i n the forward d i r e c t i o n and may 
interact with the emulsion nuclei. These interaction 
events may confuse further the recognition of genuine 
antineutron stars which already have to be selected 
apainst a background of events due to contamination 
from the beam. A compromise has, therefore, been made 
by seeking f o r antineutron events a few centimetres 
further downstream than j u s t beyond the antiproton range. 
The background from contamination of the beam can only 
be reduced by use of selection c r i t e r i a which enrich 
the sample i n antineutron annihilations. 
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U-.2 Scanning f o r Antlneutron Stars 
Area scanning lias been carried out between 3 and 1G cms 

beyond the end of the antiproton range under a magnification 
of 10 x 15 x 1.5 on Cooke M̂ OOO microscopes. A low value of 
magnification ha3 been chosen to allow the volume of 
**8.8 cm^ to be scanned within a reasonable time. The 
reduced efficiency of detection of stars on account of the 
low magnification, i s estimated to be about 85$. Since 
there w i l l be many stars due to 650 MeV pions contaminating 
the beam or due to 300 MeV plons and low energy neutrons 
from annihilations of ahtlprotons, a scanning c r i t e r i o n has 
been adopted to reduce the acceptance of a large number of 
these spurious events, namely, an acceptable sta^r should be 
accompanied by one or more l i g h t l y ionising tracks. This 
discriminates against the low energy neutron stars. Again, 
i f there i s only one l i g h t l y i o n i s i n g track i t must l i e i n 
the forward d i r e c t i o n . Thi3 discriminates against the 
pions. The breakdown of the o r i g i n a l sample of stars 
recorded on scanning i s given i n Table 20. 

M-.3 Contamination 
The stars found by area scanning contain a large 

proportion of spurious events which arise from d i f f e r e n t 
types of contamination, the chief source being the f l u x 
of l i g h t l y ionising p a r t i c l e s , mostly pions, which i s 
as large as one-third of the antiproton f l u x . 
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Table 20 

Breakdown of o r i g i n a l sample of stars recorded on 
scanning f o r antineutrons 

Number of 
Shower 
Tracks 

1 2 3 if 5 6 7 8 

Frequency 
65 226 of 65 226 13 1 2 3 2 

Stars 
Total number = 367 

Total Volume scanned = *+8.8 era1 

Number per cra^ = 7 . 5 stars/cm^ 

(0.17 x 10 per cm against a f l u x of 0.^9 x 10 p/cm ) . 
The energy of the pions i s about 650 M,eV and i t i s e s t i 
mated that they w i l l give r i s e to a maximum number of 10 

stars per cm^. The second major source of contamination 
are the secondary pions produced as a result of a n t i -
proton a n n i h i l a t i o n i n f l i g h t and at rest. However, the 
isotropic emission of these pions leads to a rapid reduc
t i o n of t h e i r i n t e n s i t y beyond the range of the antiprotons 
so that the density of the pion stars f a l l s quickly. The 
average of these pions i s about 220 MeV and they are 
expected to produce about 2 stars per cm^. From the 
scanning c r i t e r i o n the stars produced by pions from the two 
sources mentioned above, w i l l be c l a s s i f i e d as possible 
antineutron stars of n_ > 2 . A large proportion of these 
w i l l consist of two only l i g h t l y ionising p a r t i c l e s as the 
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p r o b a b i l i t y of the creation of a t h i r d shower p a r t i c l e i s 
small. The n = 2 events are, therefore, expected to 
contain the largest amount of pion interactions. This i s 
confirmed by the number of such stars shown i n Table 20. 

A t h i r d source of contamination arises from a small 
f l u x of pions moving i n the backward d i r e c t i o n through 
the scanning volume which has resulted from the back 
scattering of pions further downstream. This consists 
c h i e f l y of the beam pions which are scattered backward, 
thus l o s i n g about one-half of t h e i r energy. They w i l l be 
absorbed i n the emulsion nuclei giving r i s e to one-shower-
track events and may thus be classifiedras possible a n t i 
neutron stars with n s = 1. Their number i s estimated at 

rs 
0.5 stars per cm . 

Other sources of contamination include energetic 
neutrons and K-mesons; these are produced with too low a 
frequency to introduce any s i g n i f i c a n t contamination. 

^•3«1 Contamination from cosmic rays 
The stack, of emulsion has been transported by a i r 

from London t o Geneva at an a l t i t u d e of 18,000 f t . , the 
f l i g h t taking about two hours. Some contamination on 
account of cosmic ray interactions may be present. These 
inte r a c t i o n events are expected to consist largely of 
higher shower m u l t i p l i c i t i e s since the energy of the 
cosmic ray p a r t i c l e s w i l l be high. The emulsion stack 
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was shuffled and the p e l l i c l e s rearranged before i t was 
exposed to the antiproton beam. Since the tracks from 
cosmic ray events, (which were produced before the 
s h u f f l i n g ) , cannot cross between adjoining plates, 
whereas those from the genuine stars produced a f t e r the 
exposure can be followed through the plates, the cosmic 
ray events can be easily distinguished from the r e s t . 
Contamination from t h i s source can, therefore, be 
eliminated by looking at the f i n a l sample of events and 
tracing the? tracks of a star from one plate i n t o the next. 

Selection C r i t e r i a 
With the exception of cosmic ray interactions, a l l 

other sources of contamination discussed i n section ^.3 

can give r i s e to stars of low n g values only. The Inters 
actions w i t h high shower track m u l t i p l i c i t i e s (n > h) 

s 
can safely be taken as genuine antineutron annihilations 
provided t h e i r tracks are traceable i n t o plates adjacent 
to the one i n which a p a r t i c u l a r event occurred, so as to 
ensure that i t was not a cosmic ray star. 

For the lower n values, selection c r i t e r i a have been s 
developed by comparing the d i s t r i b u t i o n of sizes of stars 
of antiprotons with those of pions which have energies 
similar to those i n the present experiment. I t i s assumed 
that the star sizes f o r the antiproton and antineutron 
annihilations are similar. By star size, here, i s meant 
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the number of grey and black tracks associated with a star. 
The data used f o r t h i s comparison have previously been 
found i n these laboratories i n experiments on the interac
tions of pions and antlprotons i n G5 emulsion. The compari
son of star sizes can be based on several combinations of 
the numbers of grey and black tracks and d i f f e r e n t selec
t i o n c r i t e r i a devised. From t h i s variety of c r i t e r i a , 
only those have been used which act most p r e f e r e n t i a l l y 
against the background stars. For each value of n g, therefore, 
the most selective c r i t e r i o n has been employed as considered 
below. 

( i ) n = 1: i n t h i s category, the background events can 
arise from pions i n the beam which have been scattered back
ward further downstream from the area of scanning. On 
average the i r energy w i l l be about 300 MeV and f o r pions of 
t h i s energy, previous experiments from these laboratories 
show the following d i s t r i b u t i o n of star sizes. 

Tab^e, 21 
Star size d i s t r i b u t i o n for ^00 MeV pions i n 05 Emulsion 

(nj, + K + 0 ) l f 

n b 
0 l 2 3 h Total 

o _ 7 2 _ m. 9 
1 8 if 2 1 _ 15 
2 8 7 - 1 — 16 
3 16 3 1 — 20 
h k- 6 «* 10 
5 6 1 - - 7 
6 3 1 _ mm 4-
7 1 - - 1 

Total **5 30 5 2 - 82 
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From Table 21 I t can be seen that only 9% of the t o t a l 
number of stars which arise from the back scattered pions 
are expected to be accompanied by two or more grey tracks. 
Compared to t h i s , hy$> of the antiproton stars of n g = 1 
have two or more grey tracks as given by Table 22. 

Tatfle 22 
Size D i s t r i b u t i o n f o r Antiproton Stars of n. = 1 

i n K5 Emulsion 

n b \ ^ 
0 1 2 3 h 5 6 Total 

0 - 1 3 _ _ _ _ if 
1 6 6 2 3 2 19 
2 7 8 5 Mi l - 21 
3 10 12' 6 3 «• - - 31 

8 6 3 1 2 20 
5 5 3 5 m 1 - - 15 
6 l 3 h : 1 - 1 10 
7 2 3 ; 1 2 - 8 
8 1 - 1 2 l - 5 
9 - 1 1 1 1 - - - 3 

10 ok - i . ; - 2 - - 3 
11 - - 11 1 - - mi 2 

From the t o t a l number of 65 events with n g = l j there are 
only 12 which are accompanied by two or more grey tracks. 
The comparison of Tables 21 and 22 3hows that these must 
be made up of about 8 antineutron annihilations and pion 
stars and that the o r i g i n a l sample of 65 stars comprises 
18 antineutrons and M-7 pion stars* Since events w i t h n g = 1 

from the backward d i r e c t i o n have been rejected at scanning, 
the above number of annihilations must be doubled t o give 
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the t o t a l estimate of about 36 stars i n t h i s category. 
( i i ) n = 2: there are 226 events i n t h i s class, s 

No selective c r i t e r i o n based on star sizes can be chosen 
f o r t h i 3 category as each leaves more pion stars i n the 
selected sample than genuine annihilations. The method 
applied here i s to select stars with both shower pa r t i c l e s 
i n the forward d i r e c t i o n , since the p r o b a b i l i t y of t h e i r 
production due to back scattered pions i s very small. There 
are 1^ such events which are accepted as genuine annihila
t i o n s . This number must be m u l t i p l i e d by h to allow f o r 
other orientations, thus obtaining a t o t a l of 56 estimated 
antineutron stars and 170 pion events in t h i s category. 
In Figures 21 and 22 there are compared the size d i s t r i b u 
t i o ns of selected events with antiproton annihilations of 
n s = 2. 

( i l l ) n„ = 3s t h i s sample comprises 5^ events. Only 
pions i n the beam are energetic enough to give r i s e to 
stars of t h i s class. I t i s , therefore, assumed to be 
the major source of contamination. Some contamination 
may arise from the interactions of energetic secondary 
pions from antiproton annihilations. The selection 
c r i t e r i o n f o r t h i s category i s based on the r e l a t i v e 
propertions of events which are accompanied by two or 
more grey tracks i n the interactions of 750 MeV pions and 
antiproton annihilations i n K5 emulsion. For the i n t e r 
actions of 750 MeV pions i t has been found (Major, private 
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communication and Blau and O l i v e r , 1956) t h a t about o n e - t h i r d 
are accompanied by one or more grey t r a c k s . The corresponding 
number f o r the a n t i p r o t o n a n n i h i l a t i o n s can be estimated from 
the d i s t r i b u t i o n 6 f s t a r sizes given i n Table 23. 

Table 23 
S.̂ ae D i s t r i b u t i o n , for, An.fr 3»prot on, Sfrarg o f n,s, 

i n Emulsion. 

n b / \ 
0 1 2 3 k 5 T o t a l 

.0 - 8 2 1 - 1 12 

1 13 Ih h - - - 31 
2 17 6 6 5 - - 3^ 

3 11 17 2 2 1 1 & 
h 7 10 3 1 - - 21 

5 2 6 >f 2 1 - 15 
6 3 2 2 - - - 7 

7 1 1 1 1 - mm i t 
8 2 - a* - 1 mm 3 

9 - 1 - 1 1 - 3 
T o t a l 56 65 2^ 13 h 2 16>+ 

The number o f events w i t h grey t r a c k s equal t o or greater 
than one i s 30. Since 66% of the a n t i p r o t o n and 33$ of the 
pion s t a r s are accepted by t h i s c r i t e r i o n , the number f u l 
f i l l i n g the c o n d i t i o n must comprise 2*4- a n n i h i l a t i o n s and 
6 pion s t a r s . The o r i g i n a l sample o f 51* i s thus made up 

http://An.fr


o f 36 a n n i h i l a t i o n s and 18 pion s t a r s . This number of 
approximately of 12 pion events 

plon s t a r s agrees/with the estimate/from class n =2 . 
s 

The f a c t t h a t the o r i g i n a l sample o f n = 3 i s r i c h i n 
s 

genuine a n n i h i l a t i o n s can be seen from a comparison o f 
Figures 23 and 16 which give the s t a r size d i s t r i b u t i o n s 
f o r t h i s sample and f o r the a n t i p r o t o n s t a r s of c o r r e s 
ponding category. 

( i v ) n ^ hi the 21 events are assumed t o be genuine s 
examples of a n t l n e u t r o n a n n i h i l a t i o n s . 

There are 76 events which emerge a f t e r the a p p l i c a t i o n 
o f s e l e c t i o n c r i t e r i a t o the o r i g i n a l sample o f 3&7 s t a r s . 
These must be examined f o r any cosmic ray contamination. 
Of the 76 events examined only 8 f a i l e d , t o be traced between 
neighbouring p e l l i c l e s . Two o f these were i n the l a s t 
p e l l i c l e and a l l t h e i r t r a c k s passed out o f the stack, 
thus l e a v i n g t h e i r i d e n t i t y d i f f i c u l t t o e s t a b l i s h . Never
t h e l e s s , since there i s some doubt, these events have al s o 
been excluded from the f i n a l l i s t o f accepted events* 

A f t e r the a p p l i c a t i o n o f s e l e c t i o n c r i t e r i a and correc
t i o n f o r cosmic ray contamination, an enriched sample o f 68 

events i s selected which comprises about 62 a n n i h i l a t i o n s 
and 6 pion s t a r s . I t i s estimated from the considerations 
o f h9h t h a t the o r i g i n a l sample of 370 s t a r s contains 
(138 + 29) a n t l n e u t r o n a n n i h i l a t i o n s . 
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^•5«1 M u l t i p l i c i t y d i s t r i b u t i o n o f a n t l n e u t r o n 

arinlh^atAon.s, 

Prom the c r i t e r i o n o f demanding at l e a s t one l i g h t l y 
i o n i s i n g t r a c k i n the forward d i r e c t i o n , the events w i t h 
n = 0 have been r e j e c t e d a t scanning. The m u l t i p l i c i t y 
d i s t r i b u t i o n can only be estimated f o r values o f n g ^ 1 . 

Prom section the number o f an t i n e u t r o n s t a r s i n each 
category o f n i s shown i n Table 2*+. The m u l t i p l i c i t i e s 
are also represented as percentages and are compared w i t h 
the corresponding values f o r a n t i p r o t o n a n n i h i l a t i o n s a t 
r e s t i n emulsion as found i n these l a b o r a t o r i e s and d i s 
cussed i n Chapter 2. 

Table 2h 

Comparison of the m u l t i p l i c i t y d i s t r i b u t i o n s o f mesons from 
the a n n i h i l a t i o n s of antineutrons and an t i p r o t o n s 

n x 

"s 
1 2 3 1+ 5 6 7 8 

A n t i n e u t r o n 
A n n i h i l a 

t i o n s 

(52+1*4-) (3^+21) 11 l l 2 1 

A n t i n e u t r o n 
% 

(26^10) (38+3-0) (25±15) (8+2) (»+ + 2) 

A n t i p r o t o n (23+2) (30±2) (26+2) (17+2) (5 + l ) 

s only m u l t i p l i c i t i e s n_> 0 are considered. 
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I t can be seen from the t a b l e t h a t the a n n i h i l a t i o n s 

o f a n t i n e u t r o n s and a n t i p r o t o n s are very s i m i l a r , thus 
co n f i r m i n g the method o f s e l e c t i o n and est i m a t i o n o f the 
an t i n e u t r o n a n n i h i l a t i o n s . From t h i s s i m i l a r i t y the 
number o f an t i n e u t r o n events w i t h n = 0 i s about 8 

s 
(6$ o f a l l a n n i h i l a t i o n s ) , l e a d i n g t o a mean m u l t i p l i c i t y 
o f (2.2 + 0 .?) , which i s t o be compared w i t h (2.19 + 0.11), 

the corresponding f i g u r e o f Ekspong et a l . (1961) f o r 
a n t i p r o t o n a n n i h i l a t i o n s I n f l i g h t a t s i m i l a r energies. 
The r e s u l t s o f Table 2h are displayed i n Figure 2h. 

h.5.2 Measurements i n the enriched sample, o f stars. 
The c h a r a c t e r i s t i c s o f the enriched sample o f 68 s t a r s 

have been determined, and also of the events r e j e c t e d on 
the a p p l i c a t i o n of various c r i t e r i a mentioned before. 
Comparison i s then made between the selected events and 
the a n t i p r o t o n a n n i h i l a t i o n s i n emulsion studied by the 
various ]£boratories. The c h a r a c t e r i s t i c s of the r e j e c t e d 
s t a r s are contrasted w i t h those o f antineutrons and a n t i -
protons. 

( i ) Mean energy o f the meson secondaries 
S c a t t e r i n g measurements have been made on the long 

f l a t t r a c k s o f low i o n i s a t i o n which are assumed t o be due 
t o pions. An average value o f {22k- + 37) MeV i s obtained. 
This i s t o be compared w i t h a mean energy of (216 + 11) MeV 



CHARGED MULTIPLICITIES 

Selected Antiproton S t a r s 
-Original Sample Of Anti-

neutron Stars 
-Selected Antlneutron Stars 

IO% • 

i 
y 

i 
i 
i 
i 
i 

• 
i 
i 

• ez . 1 

I 2 3 * 5 6 7 8 9 IO 

CHARG£D MULTIPLICITY Ns 

FIG. 24 The comparison of charged multiplicities 



97. 
found f o r meson secondaries by the combined r e s u l t s o f 
Uppsala, Berkeley and Rome groups (Ekspong, 1961). For 
the rejected, s t a r s , the mean energy o f the shower p a r t i c l e s 
i s (36O + 60) MeV. The energy spectra o f mesons from the 
above mentioned three sources are shown i n Figures 25 and 
26. 

C i i ) The st a r sizes 
The mean s t a r - s i z e i s represented by the number o f 

black and grey tr a c k s and may be denoted by where h 
stands f o r h e a v i l y i o n i s i n g tracks (black and grey ) . For 
the f i n a l sample, the mean s t a r size i s (5.7 ± 0.2), 

which i s t o be compared t o a value (5»77 + 0.3 lf) found 
by Ekspong et a l . f o r a n t i p r o t o n a n n i h i l a t i o n s i n the 
range (0-250) MeV. This range i s approximately the same 
as the range of energies f o r the antineutron. a n n i h i l a t i o n s 
i n the present experiment. Figures 17 and 27 d i s p l a y the 
d i s t r i b u t i o n s of sizes f o r the a n t i p r o t o n and the selected 
sample o f a n t i n e u t r o n a n n i h i l a t i o n s . Since the s e l e c t i o n 
c r i t e r i a are based on s t a r - s i z e s , the above mentioned 
agreement as w e l l as the s i m i l a r i t y between the two d i s t r i 
butions shown by Figures 17 and 27 may be a consequential 
r e s u l t . 

If.5 Cross-section f o r Charge Exchange 
As mentioned before the number o f a n t i n e u t r o n a n n i h i l a 

t i o n s of n s s 0 are estimated a t 8 from the a n t i p r o t o n 
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r e s u l t s of Chapter 2. I n c l u d i n g these n g = 0 events, the 
volume density of a n n i h i l a t i o n s i s (3»0 + 016) per cm^. 
From the c a l c u l a t i o n o f t h i s q u a n t i t y given i n the appendix, 
the mean cro s s - s e c t i o n f o r charge exchange o f a n t i p r o t o n s by 
complex n u c l e i o f the emulsion i s (17 i 6)mb. The e r r o r 
does not include any estimate o f the accuracy o f the c a l 
c u l a t i o n . I n Figure 28 the cross-sections are p l o t t e d as a 
f u n c t i o n of energy o f the a n t i p r o t o n s , and both the values 
f o r complex n u c l e i and hydrogen are shown. Also shown i s 
the charge exchange cross-section i n emulsion as measured 
i n t h i s experiment. 

Conclusions 
I f the a n t i p r o t o n beam i s fr e e from contamination, 

(Amaldi et a l . , 196*+) an emulsion stack provides a convenient 
and s u i t a b l e way o f observing the a n n i h i l a t i o n s o f a n t i -
neutrons produced by the charge exchange o f a n t i p r o t o n s . 

I t i s found t h a t the st a r c h a r a c t e r i s t i c s f o r a n t i -
neutrons are the same as f o r a n t i p r o t o n s . The charge 
exchange cross-section f o r production of the antiheutrons 
has been determined f o r a mean k i n e t i c energy o f 125 MeV 
f o r the a n t i p r o t o n s and i s found t o be (17 + 6) mb compared 
t o a c a l c u l a t e d value of about 11 mb. 
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CHAPTER 5 

Comparison of Meson M u l t i p l i c i t i e s w i t h Theories o f Nucleon-
Antinucleon AnnihiJ.ati.pn 

5.1 General Features o f A n n i h i l a t i o n at Rest 
The nucleon-antinucleon a n n i h i l a t i o n i s characterised 

by the c r e a t i o n o f about f i v e mesons. I n general these are 
made up of pions though i n about 5$ of a l l a n n i h i l a t i o n s a 
p a i r o f K-mesons i s produced. The m u l t i p l i c i t y of mesons 
ranges from a minimum of two up t o about e i g h t f o r which the 
charged m u l t i p l i c i t y i s concentrated i n the values 2, h and 6. 

On average there are about 3 charged and 1.5 n e u t r a l plons. 
The prod u c t i o n of resonant p a r t i c l e s takes place i n about 
10$ of a l l a n n i h i l a t i o n s . 

The raodels o f a n n i h i l a t i o n must account f o r the 
features mentioned above. A l l are based t o some extent on 
the Fermi s t a t i s t i c a l model f o r meson production of which a 
b r i e f d e s c r i p t i o n i s given i n the f o l l o w i n g s e c t i o n . This 
i s followed by subsequent m o d i f i c a t i o n s t o the theory. 
Experimental r e s u l t s are then compared w i t h the p r e d i c t i o n s 
of various models i n an attempt t o d i s t i n g u i s h between them. 

5.2 Fermi's S t a t i s t i c a l Theory 
The s t a t i s t i c a l theory o f Fermi has been successful 

i n accounting f o r the m u l t i p l e production of pions i n high 
energy nucleon-nucleon i n t e r a c t i o n s . I t can, t h e r e f o r e , be 
expected t o give good r e s u l t s i n the s i m i l a r phenomenon of 

http://AnnihiJ.ati.pn
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nucleon-antinucleon a n n i h i l a t i o n whore l a r g e amounts o f 
energy are suddenly released. 

I t i s considered t h a t when two nucleons c o l l i d e w i t h 
very great energy i n t h e i r centre o f mass system, t h i s 
energy w i l l be suddenly released i n a small volume 
surrounding the two nucleons. This energy leads t o the 
c r e a t i o n o f mesons and i s d i s t r i b u t e d between them and 
the o r i g i n a l nucleons according t o the s t a t i s t i c a l laws 
associated w i t h t h e i r spins and charge states. The 
p r o b a b i l i t y o f the c r e a t i o n of a c e r t a i n number of mesons 
w i t h a given energy d i s t r i b u t i o n can, t h e r e f o r e , be c a l 
c u l a t e d . 

The p r o b a b i l i t y of producing a given m u l t i p l i c i t y of 
mesons i s the p r o b a b i l i t y of f i n d i n g the mesons i n the 
volume i n t o which the energy i s concentrated. Hence the 
m u l t i p l i c i t y d i s t r i b u t i o n i s determined by the size o f the 
volume. Since the pion f i e l d surrounding the nucleons 
extends t o a distance o f "ti/m^c, the volume i n t o which the 
energy o f the two c o l l i d i n g nucleons i s concentrated w i l l 
a l so have l i n e a r dimensions of t h i s order of magnitude. 
However, when the two nucleons approach each other w i t h 
very high energies i n the centre of mass system t h e i r 
surrounding pion clouds w i l l be Lorentz contracted and the 
volume w i l l be correspondingly reduced. The volume i s , 
t h e r e f o r e , taken as energy dependent according t o the 
r e l a t i o n s h i p 
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n - a 2 Mc2 

where& n - ^ f-—-| 13 the uncontracted volume, o 3 Vm̂ c / 

Fermi obtained pood agreement w i t h experimental r e s u l t s 
o f nucleon-nucleon c o l l i s i o n s w i t h a volume o f radius of the 
order of the pion Compton wavelength g j S - i . e . l.h x lO^^cm, 
but suggested t h a t the choice o f the volume was a r b i t r a r y and 
could be changed t o improve agreement w i t h experiment. I t 
was also pointed out t h a t the theory was only a rough 
approach to the ac t u a l s t a t e of a f f a i r s since many f a c t o r s 
a f f e c t i n g the s t a t i s t i c a l e q u i l i b r i u m such as the spin of 
the p a r t i c l e s and the conservation of angular momentum had 
been ignored. 

The s t a t i s t i c a l theory of Feral has been ap p l i e d t o 
the nucleon-antinucleon a n n i h i l a t i o n . Here, the i n t e r a c 
t i o n volume, the only adjustable parameter o f the theory, 
has been found which best f i t t e d experimental r e s u l t s . Thus 
values o f JL ranging from two t o f i f t e e n times the uncon
t r a c t e d volume ( i i 0 ) have been used t o f i t the experimental 
r e s u l t s of charged m u l t i p l i c i t i e s and energy spectra o f 
pions. This i s p h y s i c a l l y u n s a t i s f a c t o r y since the i n t e r 
a c t i o n range between a nucleon and an antinucleon should 
be of the order of the Compton wavelength of the pion. 
Moreover, the theory f a i l s i n i t s p r e d i c t i o n f o r the ' 1 

K-meson production which i s much l a r g e r than the observed 
value. The observed K-meson production can be accounted f o r 
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only I f the inte r a c t i o n volume i s about one tenth of the 
volume required f o r pion production. 

A modification to the s t a t i s t i c a l theory has been 
used by Desai (1960 I I ) who has Imposed on the production 
mechanism the selection rules which follow from the applica
t i o n of the conservation laws of angular momentum (Desai 
(1960 I ) has shown that '. fo r protonium the capture takes 
place from the ^SQ and Ŝ-̂  states). The effect i s to change 
the m u l t i p l i c i t y d i s t r i b u t i o n of a l l pions (charged and 
neutral) by the suppression, l a r g e l y , of the two-pion 
a n n i h i l a t i o n . However, when the m u l t i p l i c i t y d i s t r i b u t i o n 
of charged pions i s abstracted, there i s l i t t l e difference 
between i t and the d i s t r i b u t i o n when selection rules are 
not imposed. This implies once again that an i n t e r a c t i o n 
volume of about 1 0 i l o i s required to account for the 
observed m u l t i p l i c i t i e s . 

In the work of Cerulus (1959)» the production of some 
mesons by resonance formation Is introduced i n t o the 
s t a t i s t i c a l model. Two resonant states were considered, 
one with a mass of the other with a mass of 3m-n> 
M u l t i p l i c i t i e s were calculated f o r a n n i h i l a t i o n at rest f o r 
i n t e r a c t i o n volumes of 0.5, 1 and 2 timeslL 0. Since the 
work of Cerulus, pion resonances have been observed. The 
important ones i n t h i s connection w i l l be the p andu-mesons 
with masses of (5-6) 1 % . Further calculations are necessary 
with t h i s mass value before the predictions of the model of 
Cerulus can bo tested by the experimental r e s u l t s . 
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At f i n i t e energies the inte r a c t i o n volume required to 

inte r p r e t the m u l t i p l i c i t y of pions decreases with increase 
i n energy. McConnell and Shapiro (19&3) analysed th© e x i s t 
ing data at momenta below 2 GeV/c and of low s t a t i s t i c s and 
determined the energy v a r i a t i o n of the volume, normalising 
at the "best" experimental result i t was claimed that the 
var i a t i o n of the inte r a c t i o n volume was consistant with 
the Lorentz contraction of a rest volume of about 6-ft-0» 
More recent results at 3*25 GeV/c (Ferbel (1963) - thesis) 
are inconsistent with t h i s . 

5-3 The Theory of Koba and Takeda 
The d i f f i c u l t y of the s t a t i s t i c a l model i s the large 

K-meson m u l t i p l i c i t y . In the model of Koba and Takeda (1958) 

t h i s i s avoided by considering the production of mesons from 
two independent sources, the meson clouds surrounding the 
nucleon and the antlnucleon and t h e i r cores. The production 
of K-mesons occurs only i n the core-core a n n i h i l a t i o n so that 
r e l a t i v e to the t o t a l number of mesons, the creation of 
Kaons i s reduced. 

The core i s supposed to have the following two properties: 
i ) i t acts as a nearly black, body f o r the incoming 

a n t i p a r t i c l e wave, and 
i i ) i t s characteristic time for a n n i h i l a t i o n CR/SM̂ c"") 

i s much shorter than the o s c i l l a t i o n period (hAsfc where &tr 
i s the energy of the pion) of the outer pion cloud. Upon 
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overlap of the nucleon-antinucleon cores, a n n i h i l a t i o n 
proceeds without changing the state or the number of 
pions i n the cloud. Devoid of t h e i r cores the meson clouds 
then emerge from the intera c t i o n contributing from 2 to 3 
pions on the average. The core an n i h i l a t i o n contributes 
about 2.2 pions. The l a t t e r number i s determined by 
applying the s t a t i s t i c a l theory to the core a n n i h i l a t i o n . 
A t o t a l pion m u l t i p l i c i t y of h,b per an n i h i l a t i o n i s 
predicted by t h i s model. 

On account of assumption ( i ) , a n n i h i l a t i o n occurs 
every time the incoming antinucleon wave h i t s the core 
surface. Considering a n n i h i l a t i o n i n f l i g h t , therefore, a 
cross-section of f a i s expected f o r the antinucleon. Here, 
a i s the radius of the nucloonic core. When the distance 
between the nucleon and the antinucleon i s greater than a, a 
pote n t i a l due to pion exchanges acts and a n n i h i l a t i o n occurs 
i f the antinucleonic wave passes through a refeion w i t h i n a 
distance from the core surface, where i s the reduced 
de Brodglie wave length of the antinucleon. The annihila-
t i o n cross-section thus becomes (a + £ ) ' instead of the 

2 
c l a s s i c a l value tTa . Comparing t h i s with the experimental 
r e s u l t s , Koba and Takeda estimated the radius of the core 

This model has successfully explained the high pion 
m u l t i p l i c i t y i n a n n i h i l a t i o n at rest as well as the asym
metry of negative and positi v e mesons for annihilations 
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at f i n i t e energies. The model, however, does not take i n t o 
account the resonant mode of production of mesons. 

Summary of the Models of Mespn Production 
5.^.1 M u l t i p l i c i t y of charged pions i n a n n i h i l a t i o n 

at rest 
The charged pion m u l t i p l i c i t i e s are almost e n t i r e l y 

contained i n the 2, '+ and 6 pion modes. Because of t h i s , 
the results of calculations of the various models are best 
summarised on an equi l a t e r a l triangular p l o t (as i n a Dalitz 
p l o t ) where a single point represents the percentage of 
m u l t i p l i c i t i e s i n each pion mode as shown i n Figure 29. 

The l i n e s represent the results of Cerulus based on meson 
production through the formation of a resonance of mass 
3m-tror ^m-rrrespectively, and those of Desai for annihilations 

1 
i n protonium from the S Q and -,3-|_ states with and without 
the application of selection rules f o r volumes of 1, ht 8, 

10 and 12JIQ. The size of the intera c t i o n volume i s 
indicated along the curves. F i n a l l y , the results of 
Horwitz et a l . (1959) from calculations based on the Koba 
and Takeda model, are shown. 

Variation of mean m u l t i p l i c i t i e s of mesons with 
the energy of antiprotons 

For a n n i h i l a t i o n i n f l i g h t , the additional available 
energy may either increase the average m u l t i p l i c i t y or the 
momenta of pions. A correct model should be able to decide 
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between these two p o s s i b i l i t i e s . The predicted va r i a t i o n 
of the average pion m u l t i p l i c i t y with the antiproton 
energy has been summarised by Goldhaber et a l . (196D 

f o r three d i f f e r e n t models. This i s shown i n Figure 30 

where the f u l l ines indicate the v a r i a t i o n predicted by 
(a) the s t a t i s t i c a l theory with a Lorentz invariant 
i n t e r a c t i o n volume of ( A = 8J1Q), (b) the same model 
with Lorentz contraction of the int e r a c t i o n volume, 

8 j i q x ~b and (c) the Koba and Takeda model. 
The curves are normalised to an average m u l t i p l i c i t y of 
*+.9 f o r a n n i h i l a t i o n at rest. 

Also plotted on the figure are the experimental points 
from some more recent determinations of mean m u l t i p l i c i t i e s . 

5«5 Comparison with Bxperlmental Results 
In Figure 31 the m u l t i p l i c i t i e s of 2, h and 6 charged 

mesons are compared with the predicted values. The results 
shown are those of Horwltz et a l . (1959), Chadwick et a l . 
(1961), Barnes et a l . (196*0 and Apostolakis et a l . (1965) 
( t h i s t h e s i s ) . The f i r s t three experiments were conducted 
i n hydrogen or deuterium, the l a t t e r i n the l i g h t elements 
of emulsion. 

For a n n i h i l a t i o n at rest i n hydrogen and deuterium 
(S-state absorption) the m u l t i p l i c i t y d i s t r i b u t i o n i s 
consistent with the s t a t i s t i c a l theory (with or without 
selection rules) provided the in t e r a c t i o n volume chosen i s 
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7_n_ • The results are also consistent with the calculations 

o 
of Cerulus vfith resonance production of mass k-mf i n an 
in t e r a c t i o n volume of-o. Q. However, i f the experimentally 
observed resonances with masses 5-6 times the pion mass 
are introduced i n t o the calculations an int e r a c t i o n volume 
of ( 3 - l l - ) i l 0 w i l l probably be required. 

The m u l t i p l i c i t y d i s t r i b u t i o n reported e a r l i e r i n t h i s 
thesis (Apostolalcis et a l . ) f o r a n n i h i l a t i o n i n the l i g h t 
elements of emulsion I s seen to be inconsistent with the 
results from annihilations i n hydrogen and deuterium. On 
the s t a t i s t i c a l model, these m u l t i p l i c i t i e s are understood 
by reference t o an in t e r a c t i o n volume of ^ - f l - 0 . Also, the 
agreement with the Koba and Takeda model i s close. 

The reason f o r discrepancy between the two sets of 
results has not been found. I t may be clue to the fact 
that a n n i h i l a t i o n i n protonium occurs from S-state whereas 
I n the l i g h t elements such as carbon, a n n i h i l a t i o n i s from 
higher states. The conservation of angular momentum then 
leads to a reduction i n m u l t i p l i c i t y ; the equivalent effect 
i s an apparent reduction i n the int e r a c t i o n volume. 

A similar v a r i a t i o n for a n n i h i l a t i o n i n hydrogen i n 
the i n t e r a c t i o n volume i s observed, at f i n i t e energies 
(McConnell and Shapiro, 1963). There, the v a r i a t i o n i s 
interpreted as a Lorentz contraction of the in t e r a c t i n g 
volume. However, increase i n energy i s also associated 
with higher i n i t i a l angular momentum, which, on the argument 



108. 

above, would lead to an apparent reduction i n the Interacting 
volume. 

On the other hand the Durham results are well accounted 
for by the Koba and Takeda model of an n i h i l a t i o n and i t i s 
relevant t o consider other successes with t h i s model. In 
Figure 31 the observed v a r i a t i o n of mean m u l t i p l i c i t y of 
a l l mesons i s shown and compared with the Koba and Takeda. 
model and the s t a t i s t i c a l model with a Lorentz invariant 
and a Lorentz contracted i n t e r a c t i o n volume of 7_/3_Q. 
The agreement l i e s with the former model which predicts 
that m u l t i p l i c i t y i s independent of energy. 

A feature of antiproton a n n i h i l a t i o n i n f l i g h t i 3 that 
the angular d i s t r i b u t i o n of negative mesons i s peaked i n the 
forward d i r e c t i o n i n the centre of mass of the pp system and 
that of the positive mesons i n the backward d i r e c t i o n . On 
the Koba and Takeda model there i s a natural explanation of 
t h i s since the core-core a n n i h i l a t i o n i s not supposed to 
a f f e c t the motion of the peripheral pion clouds which are 
free to proceed i n t h e i r i n i t i a l directions. A check of 
the Koba and Takeda model could be made by examining the 
centre of mass d i s t r i b u t i o n of mesons from the a n n i h i l a t i o n 
of antiprotons i n deuterium. On the protons there should 
be the forward/backward peaking described above, whereas 
on the neutron there should be forward peaking only. 

F i n a l l y , whereas on the s t a t i s t i c a l model the K-meson 
production can be explained only by reducing the in t e r a c t i o n 



volume to one-tenth of i t s size for the pion production, 
the reduced production of K-mesons follows natu r a l l y from 
the Koba and Takeda model because of the smaller energy 
available i n the smaller core-core an n i h i l a t i o n volume. 

In general i t is concluded that the theory of Koba 
and Takeda gives a satisfactory picture of the nucleon-
ant inucleon a n n i h i l a t i o n . 
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Appendix 

A.l. Interactions of the secondary pions within the parent nuclei 

The effect to be considered here Is the change of charged multiplicity 

n = M, by absorption and charge exchange of charged pions and by charge 

exchange only of the neutral pions. 

I f the probability i s P that a charged pion undergoes charge exchange 

or absorption in a nucleus then the probability that r out of M mesons w i l l 

interact in this way in a single nucleus i s given by 

where Q = 1 - P. 

The charged multiplicity M i s accompanied by a mean neutral multiplicity 

m. To calculate the probability that r neutral mesons w i l l undergo charge 

exchange in a single nucleus the distribution of the neutral multiplicity for 

a given M is required. Since this i s unknown i t i s assumed to follow the 

Poisson distribution. The probability can be shown to be given by 

where p i s the probability for charge exchange of a neutral meson in the 

The charged multiplicity i s increased by the charge exchange of neutral 

mesons and reduced by the charge exchange and absorption of charged mesons. 

The probabilities that the charged multiplicity changes by An = 0, +1, + 2 

etc. are calculated by combining the probabilities for the two processes above. 

The i n i t i a l multiplicity distribution which i s expected when an anti-

proton annihilates in a large nucleus i s given by mixing the multiplicities 

M M Pr(r) r U 

pr(r) = SS5&£ e-»P 

nucleus. 
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for the odd and even white stare in the ratio of the neutrons to protons 

for the large nuclei. 

The f i n a l multiplicity distribution i s obtained by taking each 

charged multiplicity in turn and multiplying i t by the probabilities that 

i t w i l l change by An and summing over a l l An and n . This is repeated 
S S o 

for seceral values of the probabilities of charge exchange and absorption. 

The odd/even ratio i s computed from the f i n a l multiplicity distribution. 

I t s variation has been shown in Figure $. The f i n a l multiplicity d i s t r i 

bution has been shown already in Figure 8 for the probabilities of charge 

exchange and absorption expected in the experiment. 
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Appendix 

A.2. Cross-section for charge exchange In a complex nuclei 

I t i s assumed that within the nucleus the antineutrons are produced 

mainly in the forward direction by the antiprotons. After they are pro

duced the antineutrons are attenuated with an absorption coefficient K 

in the nucleus and a mean free path "h In the target material. These are . 

assumed to be equal to those for antiprotons. 

The number of antiprotons (see Figure J2) entering nuclei of radius R 

at distance p , p + d p from the centre is given by 

N Q(p) = 2nN pdp/jtBp 

where N i s the total number of antiprotons entering the nucleus. These 

are attenuated so that at distance x along the chord of length 28 the 

number i s 

N (p) = 2N p d p e'^/R 2 

Consequently the number of antineutrons produced In dx i s 

N (n) = N g 2 pdp K e'^dx/R2 

where g i s the probability of charge exchange per nucleon. The number of 

antineutrons escaping from the nucleus after attenuation along the chord 

i s 

N (n) = 2g N p d p K e ^ e'K{2S-x)6x/tf 

Integrating over the nucleus the number of antineutrons per incident anti-

proton Is o m 

F = [1 - (1+2KR + KPR3) e" 2™] g/K?B? 

= g C/K^R2 

1- This fraction i s also expressed as the ratio of the charge exchange 

cross-section to the geometrical cross-section. vj 



parameters of a r * * * * ! . 

» T a complex nucleus 
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i.e. o s 0 F 
c e . g 

- « g C/K? 
where o = flR2. g 

The probability, g, for charge exchange per nucleon i s determined by 

the ratio of protons to neutrons in the nuclei since the predominant 

channel for charge exchange occurs on protons. I f the probability i s f 

on protons then in the nucleus 
g ss f z/A to yfa accuracy 

so that f i n a l l y 
a = n f C Z/A K? c.e. ' 

This cross-section for carbon, silver and lead i s plotted in Figure 20 

for a range of values of the absorption coefficient K. The radii of nuclei 

have been assumed to be r Q A 3 where rQ i s 1.35 fermis. The probability f, 

for charge exchange on the proton i s 0.13 (from the literature) over a 

vide band of energies. 

The relevant value of the absorption coefficient i s calculated from 

K = lAo/kati1 a Ja/Uar^ 

where a i s the cross-section for inelastic interaction of antiprotons in 

hydrogen. However according to Ball & Chew (1960), the inelastic cross-

section in hydrogen i s large by the "finite size" effect represented by 

the reduced de Broglie wavelength A and the cross-section i s n ( a Q + 7v)2. 

Over the energy range (0 - l ) GeV a Q i s constant at 1.08 10"~13 cm (from a 

survey of the literature). Using «a Q
a for the cross-section above the 

absorption coefficient i s 3.6 10 X 2 cm™ . 

For this value of K, the cross-section for charge exchange in carbon 
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and in lead are 8.0 and 12 nib respectively. Experimental values are 
di f f i c u l t to determine and few measurements have been made. However 
for antiprotons at kJO MeV, Button et a l . (1957)» the cross-sections 
in carbon and lead are (^.0 + mb and (3*8 + mb respectively. 
At 320 MeV, (Wenzel (1962)) the values in beryllium and carbon are 
(11^) nib and (10^) mb. Considering the experimental inaccuracies and 
the simplifying assumptions of the calculations, there i s reasonable 
agreement between calculation and experiment. Consequently the calcula
tions can be used to estimate the cross-section for charge exchange in 
the complex medium of nuclear emulsion. 

To the extent that the absorption coefficient i s constant the 

cross-sections for charge exchange in the complex nuclei of the elements 

in the emulsion are independent of energy. What energy dependence there 

i s of the average cross-section arises from that of the hydrogen in the 

emulsion. At the mean energy of 125 MeV at which antiproton interactions 

take place in the present experiment the expected cross-section i s 12 mb. 

In an inelastic interaction in emulsion this crosswsection corresponds to 

a probability, P c, that charge exchange w i l l take place, of 3.1$. I t i s 

made up of 1.6$ from the hydrogen of the emulsion, 0.7$ from the other 

light elements (C 9 N 9 0) and 0.8$ from the heavy elements (S, Br, Ag, I ) 
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Appendix 

A.3» Flux of antlneutrons in the emulsion stack 

I f the energy dependence of the cross-section for charge exchange i s 

ignored, the flux of antineutrons, N. at distance x down the antiproton 

beam in the emulsion i s given by 

N =sP N x e" x ^A X c o ' 
•where A, i s the m. f.p. for interaction of the antinucleons. Since the cross-

section for charge exchange increases towards the end of the range of the 

antiprotons ( i . e . at low energies), i s an underestimate of the antineutron 

flux. 
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Appendix 

A. 14-. Density of antineutron annihilations 

At distance y beyond the end of the range, r, of the antiprotons, 

the number of antineutron annihilations per can3 i s given by 

Mann > P N r e" r^e" y^A' - c o ' 
ehere the inequality refers to the underestimation of flux in A. 2. 

Substituting for I t and the known values for this experiment 

Nann ~ 2 stars/cm 3 

in the region of scanning. 
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