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ABSTRACT 

Hie t h e s i s describes some, features of the interactions of high 
energy protons and negative pions as observed i n nuclear emulsions. 
A.survey i s given of the interactions of jt~-mesons i n the energy range 
(100 -* lj-,000)MeV, and i n p a r t i c u l a r 'the o p t i c a l model an a l y s i s i s 
described. I t i s shown that the o p t i c a l model can be made to f i t the 
data over the -whole energy range. 

The -interactions of 25 GeV protons are described i n some d e t a i l 

with references to the interactions of 16 GeV jt~-mesons. I t i s found 

that there i s l i t t l e difference between the two. Two methods of 

an a l y s i s of the angular dist r i b u t i o n s of produced p a r t i c l e s , the 

Castagnoli a n a l y s i s and the Duller-Walker plot, are described together 

with t h e i r application to the proton and pion induced interactions. 

These analyses suggest that the interaction of the proton with the 

nucleus i s described by the cascade model. The proton makes a s e r i e s 

of c o l l i s i o n s with nucleons i n the nucleus each of which may be 

i n e l a s t i c and produce mesons* - The struck nucleons emerge from the 

c o l l i s i o n s mainly as grey p a r t i c l e s . Those events with zero or one 

associated grey -particle are shown to be single proton-nucleon 

c o l l i s i o n s i n agreement with observations of 16 GeV jf-meson interactions. 

The angular d i s t r i b u t i o n of produced p a r t i c l e s i s found to be almost 

isotropic i n the centre of mass system, i n the laboratory system 

the primary emerges from many of the interactions at small angles 

« 5 ° ) . 



The theory of the so c a l l e d peripheral interactions, coulomb 

dis s o c i a t i o n and i n e l a s t i c d i f f r a c t i o n scattering, i s described and 

the r e s u l t s of a search f o r these -interactions among the 16 GeV 

jt"~-meson events, are given. - A. small number-of such events i s found 

and the cross-section i s shown to be smail. 

The.emulsions which were exposed to protons were a l s o placed 

during the exposure i n a pulsed magnetic f i e l d , of 180 kilograms 

which was s u f f i c i e n t to produce a detectable ..curvature. Trie useful­

ness of the method i s found to be l i m i t e d by-the degree of distortion, 

and the accuracy of i t s measurement. The measurements of the 15 GeV 

proton interactions permitted a value of (49 + 15)$ to be given f o r . 

the i n e l a s t i c i t y . 
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PREFACE 

The material presented i n t h i s t h e s i s describes some of the 

interactions of rt*""-mesons and protons as observed i n nuclear emulsions. 

The study of the interactions of 16 GeVflT"-mesons follows on a s e r i e s 

of four experiments on negative pion interactions i n the energy range 

(100 - 4,000) MeV. The searching for interactions and the measurement 

of angular distributions a t 1-6 GeV has been c a r r i e d out by Mr., Finney, 

Miss Welton and the.author. The work i s described more f u l l y by 

P.J. Finney (Ph.D. Thesis, Durham University) who c a r r i e d out most of 

the a n a l y s i s . Again, the measurement of the interactions of 25 GeV and 

13 GeV protons has been c a r r i e d out by Miss Welton, Dr. Apostolakis, 

Dr. Major and the author, while the analysis i s e n t i r e l y the work of the 

author. 

In the following pages f i r s t an outline i s given of the previous 

work c a r r i e d out on the interactions of7T -mesons, and i n p a r t i c u l a r the 

op t i c a l model analysis i s described. Then follows the a n a l y s i s of the 

present work on high energy protons and pions with s p e c i a l emphasis on 

the proton r e s u l t s . Chapter 3 describes a search f o r a mechanism of 

interaction peculiar to high energies. And f i n a l l y a report i s given on 

the usefulness of pulsed magnetic f i e l d s i n the determination of charged 

p a r t i c l e momenta at high energies. 
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CHAPTER I 

A b r i e f survey of the i n t e r a c t i o n s of 7t~-mesons w i t h 

complex n u c l e i between 0 and 20 GeV 

I n t r o d u c t i o n 

There are a t l e a s t t h r e e reasons f o r s t u d y i n g the 

mechanism of the i n t e r a c t i o n s of fundamental p a r t i c l e s w i t h 

n u c l e i . F i r s t l y i t i s a p h y s i c a l phenomenon i n i t s own r i g h t 

and must a l s o be understood before other p h y s i c a l phenomenon 

can be accounted f o r . For example the cosmic r a d i a t i o n , or 

i f the proton i s contained w i t h i n a n u c l e u s imply f u r t h e r 

i n t e r a c t i o n s by the n mesons e s c a p i n g from the n u c l e u s . 

Before t h i s can be understood, the mechanism of the i n t e r a c t i o n 

of 7i -mesons w i t h n u c l e i must be known. Secondly i t can g i v e 

i n f o r m a t i o n on the more fundamental i n t e r a c t i o n s of elementary 

p a r t i c l e s w i t h each other, and as i n the case of the p e r i p h e r a l 

i n t e r a c t i o n s d e s c r i b e d i n Chapter 3 i t can g i v e such i n f o r m a t i o n 

which i s d i f f i c u l t to o b t a i n more d i r e c t l y . F i n a l l y i t i s 

one of the most important methods of f i n d i n g out about the 

s t r u c t u r e of the n u c l e u s i t s e l f . 

I t has been found p o s s i b l e above about 100 MeV to t r e a t 

the i n t e r a c t i o n s of fundamental p a r t i c l e s w i t h the n u c l e u s as 

t a k i n g p l a c e by a cascade of p a r t i c l e - n u c l e o n c o l l i s i o n s w i t h 

the r e s t of the n u c l e u s i n each case p l a y i n g a r e l a t i v e Q i y 

s m a l l p a r t . Thus a major problem i n t h i s study i s to s e p a r a t e 

p r o c e s s e s such as K + p mi* which + Tt or p + p 

to MAY $ S t 

SECTION 
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out the e f f e c t of the secondary c o l l i s i o n s w i t h the n u c l e u s 

from the primary c o l l i s i o n which i s assumed to take p l a c e 

w i t h a s i n g l e nucleon. T h i s l a t t e r assumption i s sometimes 

c a l l e d the impulse approximation and i s more.true a t h i g h 

e n e r g i e s . At the; same time t h e o r i e s have been developed 

which ignore the mechanism of the i n t e r a c t i o n and seek only 

to d e s c r i b e g e n e r a l f e a t u r e s such as c r o s s s e c t i o n s and how 

they change w i t h energy. Such a theory i s the o p t i c a l model 

and w i l l "be o u t l i n e d together w i t h i t s a p p l i c a t i o n oyer a 

wide range of i n c i d e n t pion e n e r g i e s . T h i s w i l l be f o l l o w e d 

by a survey of the g e n e r a l f e a t u r e s of the i n t e r a c t i o n s of 

7i~-mesons w i t h n u c l e i as d e t e c t e d i n emulsions. T h i s i s 

intended to p l a c e i n p e r s p e c t i v e the r e s u l t s obtained a t 

16 GeV w i t h n -mesons and a t 25 GeV w i t h protons. 

O p t i c a l Model A n a l y s i s 

I n the o p t i c a l model the n u c l e a r f o r c e f i e l d i s 

r e p r e s e n t e d by a smoothed out p o t e n t i a l which may be complex. 

The i n c i d e n t p a r t i c l e i s r e p r e s e n t e d by a plane wave which 

i s both s c a t t e r e d and absorbed by the n u c l e u s , so d i s t o r t i n g 

the plane wave. The s c a t t e r i n g of the wave corresponds 

to the e l a s t i c s c a t t e r i n g of i n c i d e n t p a r t i c l e s , w h i l e the 

a b s o r p t i o n of the wave corresponds to i n e l a s t i c p r o c e s s e s . 

The whole treatment proceeds by analogy w i t h o p t i c a l theory 

and the e l a s t i c s c a t t e r i n g i s e s s e n t i a l l y d i f f r a c t i o n 

s c a t t e r i n g . The degree of a b s o r p t i o n i s c h a r a c t e r i s e d by 

an a b s o r p t i o n c o e f f i c i e n t K which i s r e l a t e d to the imaginary 
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p a r t of the p o t e n t i a l V̂ ^ by the r e l a t i o n : - ( F ernbach 1949) 

where B.C. i s the v e l o c i t y 

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

The c r o s s s e c t i o n f o r i n e l a s t i c i n t e r a c t i o n , Ga, i s 

then g i v e n by:-

where R i s the n u c l e a r r a d i u s . 

The a b s o r p t i o n c r o s s s e c t i o n may a l s o be computed from 

known f r e e p a r t i c l e , c r o s s s e c t i o n s i f a s p e c i f i c model 

f o r the n u c l e a r i n t e r a c t i o n i s assumed. At low e n e r g i e s there 

are two such models, f o r n~-meson nucleus i n t e r a c t i o n s . The 

f i r s t model assumes t h a t the i n t e r a c t i o n i s due to the 

s c a t t e r i n g of mesons by i n d i v i d u a l nucleons i n the n u c l e u s . 

I f t h e r e i s only one such c o l l i s i o n d u r i n g the i n t e r a c t i o n 

then the a b s o r p t i o n c o e f f i c i e n t i s expected to be:- ( A l l e n 

s e c t i o n s f o r u -meson i n t e r a c t i o n s w i t h protons, Z and A 

are the atomic number and atomic weight r e s p e c t i v e l y . 

The second model assumes t h a t the meson i s absorbed by 

e t a l . 1959) 

K - ( 3 / W K - , 1 3 - 2 2 ) 

where r Q i s the nucleon r a d i u s , (JJT- p the f r e e c r o s s 
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a proton neutron p a i r g i v i n g two neutrons which subsequently 

l e a v e the n u c l e u s . Then the a b s o r p t i o n c o e f f i c i e n t i s 

p r e d i c t e d to be:-

K = 3 . N , . « 7 / 4 1 r r ! 

where i s the e f f e c t i v e number of nucleon p a i r s i n the 

n u c l e u s and 05 i s the a b s o r p t i o n c r o s s s e c t i o n of deuterium 

at the a p p r o p r i a t e energy. Thus by a comparison between the 

observed and p r e d i c t e d v a l u e s of K some i n f o r m a t i o n on the 

mechanism of the i n t e r a c t i o n i s obtained. The r e s u l t s a t 
( ft* Ke|. \ 

v a r i o u s i n c i d e n t pion e n e r g i e s w i l l now be d e s c r i b e d . 1 ^ {J 

At 88 M eV,scattering by a nucleon accounted f o r 16$ of 

the e v e n t s . That i s , i n these events the meson reappeared. 

Charge exchange i s expected to occur i n a f u r t h e r 4$ of the 

events. The remaining 80$ i s assumed to c o n s i s t of 7i~-meson 
a b s o r p t i o n . An o p t i c a l model a n a l y s i s gave a v a l u e f o r K 

12 -1 
of *y 4.10 cm . I f i t i s assumed t h a t only the s c a t t e r i n g 
p rocess occurs., then as d e s c r i b e d above, a v a l u e of K may 

1 2 - 1 
be p r e d i c t e d and was found to.be 4.5.10 cm . S i m i l a r l y 

12 —1 

assuming only a b s o r p t i o n p r e d i c t s K to be 3.5.10 cm . From 

these v a l u e s of K i t i s expected t h a t s c a t t e r i n g and 

a b s o r p t i o n . w i l l occur i n 60$ and 40$ of the s t a r s r e s p e c t i v e l y 

( n e g l e c t i n g charge exchange). The d i f f e r e n c e s from the 

expected v a l u e s can be accounted f o r i n two ways. 

The v a l u e of K , ( 4 . 1 0 ^ 2 c m - 1 ) corresponds to a s h o r t 

http://to.be


Table | 

Primary Observed C a l c u l a t e d A f t e r E f f e c t Comments 
Energy K K of P a u l i 

x l 0 1 2 c m - l E x c l u s i o n 
P r i n c i p l e 

88 MeV + 2.5 
7.8 ± 1.6 h.k Assumes modified -'0.75 gaussian d i s t r i ­

bution f o r nucleon 
momenta w i t h cut 
off a t h-00 MeV/c. 

300 MeV 1.5 ± 0.2 5.2 +0.3 • 1.7 As at 88 MeV. 

750 MeV 1.5+0.2 2.7 2.0+0.2 Assumes Fermi • 
d i s t r i b u t i o n which 
i n h i b i t s produc­
t i o n c r o s s s e c t i o n 
completely. 

+ 1.25 P a u l i E f f e c t 
• h GeV 2.75 3 - N e g l i g i b l e . 
(CUJK+llfl) - 0.55 

16 GeV 1.5 2.1+ - Observed K very 
u n c e r t a i n owing 
to p o s s i b l y l a r g e 
degree of beam 
contamination. 
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mean f r e e path i n the nucleus and the meson may be expected 

to make more than one c o l l i s i o n . At the f i r s t c o l l i s i o n 

40$ w i l l be absorbed and 60$ s c a t t e r e d . Of the l a t t e r 40$ 

and 60$ w i l l be absorbed and s c a t t e r e d a t the second c o l l i s i o n . 

Thus a f t e r t h r e e c o l l i s i o n s t h e r e would be a b s o r p t i o n i n 

80$ of the s t a r s . However i n h a l f of the a b s o r p t i v e events 

a t l e a s t one s c a t t e r i n g c o l l i s i o n has occured which i m p l i e s 

t h a t the v e r y l a r g e forward/backward r a t i o of 2.5 which i s 

observed f o r b l a c k t r a c k s i n s t a r s w i t h a meson secondary 

would be i n evidence f o r the a b s o r p t i v e s t a r s . T h i s i s not 

so, the forward/backward r a t i o f o r the b l a c k t r a c k s of 

a b s o r p t i v e s t a r s being u n i t y . 

The l a r g e degree of a b s o r p t i o n can a l s o be e x p l a i n e d by 

the r e d u c t i o n of the s c a t t e r i n g c r o s s s e c t i o n by the Paul.i 

E x c l u s i o n P r i n c i p l e . By t h i s p r i n c i p l e a r e c o i l nucleon 

from a s c a t t e r i n g c o l l i s i o n must have enough energy to l i f t 

i t i n t o ah u n f i l l e d energy l e v e l f o r nucleons i n the n u c l e u s . 

The p r i n c i p l e thus i n h i b i t s those s m a l l angle s c a t t e r s which 

do not f u l f i l l t h i s c o n d i t i o n and could acaount f o r the 

observed r e s u l t s . 

At 300 MeV and 700 MeV t h e r e was a s i m i l a r d i s c r e p a n c y 

between observed and p r e d i c t e d v a l u e s f o r K » the v a l u e s 

being shown i n Table 1 . The e f f e c t of the P a u l i E x c l u s i o n 

P r i n c i p l e was c a l c u l a t e d assuming a Fermi d i s t r i b u t i o n f o r 

the nucleon momenta a t both e n e r g i e s , w h i l e a t 300 MeV b e t t e r 
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agreement was found u s i n g a g a u s s i o n d i s t r i b u t i o n w i t h c u t 

o f f a t 400 MeV . 
c 

At 4.5 GeV the a b s o r p t i v e p r o c e s s by two nucleons i s 

n e g l i g i b l e . S i m i l a r l y because the r e c o i l n ucleons have 

l a r g e momenta the P a u l i E x c l u s i o n P r i n c i p l e has l i t t l e 

e f f e c t . The angular d i s t r i b u t i o n of s c a t t e r e d p a r t i c l e s as 

a t the lower e n e r g i e s i s w e l l d e s c r i b e d by the o p t i c a l 

model, although t h e r e are some anomalously l a r g e - a n g l e 

s c a t t e r s . These could r e p r e s e n t d i f f r a c t i o n s c a t t e r i n g o f f 

i n d i v i d u a l nucleon i n the n u c l e u s . [Steenberg 1961]. The 

observed v a l u e of ^ suggests t h a t the pion makes on 

average two c o l l i s i o n s i n s i d e the average n u c l e u s . 

The de B r o g l i e wavelength a t 16 GeV i s so s m a l l t h a t 

d i f f r a c t i o n s c a t t e r s are r a r e l y observed e x p e r i m e n t a l l y . 

The o p t i c a l model a n a l y s i s was thus r e s t r i c t e d to computing 

a v a l u e f o r the a b s o r p t i o n c o e f f i c i e n t K • Steenberg 

has shown t h a t the o p t i c a l model must be modified i n the GeV 

r e g i o n to take account of the g r a n u l a r nature of n u c l e a r 

matter. T h i s i m p l i e s a c e r t a i n degree of masking of one 

nucleon by o t h e r s i n the n u c l e u s and hence a r e d u c t i o n i n 

the a b s o r p t i o n c o e f f i c i e n t . 

Oohclusion 

The o p t i c a l model i s found to d e s c r i b e f a i r l y w e l l the 

g e n e r a l f e a t u r e s of the i n t e r a c t i o n s . . I n order to c o r r e l a t e 

the model w i t h the i n t e r a c t i o n s of pions on f r e e n ucleons, 
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assumptions concerning the P a u l i e x c l u s i o n e f f e c t and the 

momentum d i s t r i b u t i o n of nucleons i n the n u c l e u s have t o 

be made. These assumptions are being examined e x p e r i m e n t a l l y . 
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Star .characteristics of i n t e r a c t i o n s of n -mesons 
w i t h complex n u c l e i 

The star c h a r a c t e r i s t i c s are the star size, the angular 
d i s t r i b u t i o n of evaporation tracks, and of shower p a r t i c l e s . 
The star size is. characterized by the number of tracks f a l l i n g 
w i t h i n c e r t a i n ranges of i o n i s a t i o n , I . The tracks are 
c l a s s i f i e d as shower, grey or black tracks by the following, 
c r i t e r i a : -

shower tracks, I 4 1-5* X«UA. 
grey tracks, I- 5" tw» < I ^ 5" T«IA 
black tracks, 5" Tut*' ̂  X 

where I min is.th e minimum degree of i o n i s a t i o n as measured 
i n the emulsion. The number of grey tracks N , and black 
tracks c o l l e c t i v e l y form the number of heavy tracks N n. 
These c h a r a c t e r i s t i c s w i l l be described i n t u r n . 
I . Star Sizes 

These are shown' i n Pig. 1. Also shown f o r comparison 
are the star sizes f o r proton induced i n t e r a c t i o n s . The 
diagram shows tha t there i s l i t t l e difference between the 
star sizes of events induced by pions and protons of a com­
parable energy. I t i s -therefore u n l i k e l y t h a t star sizes 
can be used l e g i t i m a t e l y to d i s t i n g u i s h between the two: types 
of events i n cosmic r a d i a t i o n f o r example. 
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I I . Angular d i s t r i b u t i o n of evaporation tracks 
The black tracks are assumed to be the tracks of 

i o n i s i n g p a r t i c l e s emitted by the nucleus which has been 
excited by the i n t e r a c t i o n . They are sometimes re f e r r e d to 
as evaporation tracks and evaporation theory attempts to 
explain the energy d i s t r i b u t i o n and other features of the 
evaporation. Since the nucleus i s p r a c t i c a l l y at r e s t i n the 
emulsion system when it.decays the d i s t r i b u t i o n of tracks 
i s expected to be i s o t r o p i c w i t h an equal forward/backward 
r a t i o . (A s l i g h t forward/backward excess might be expected 
i f the. nucleus acquires some forward momentum i n the i n t e r ­
a c t i o n ) . 

However at 88 MeV, while the i n t e r a c t i o n s i n which no 
meson reappears have a forward/backward r a t i o of u n i t y , those 
i n which the meson continues have a r a t i o of 2.5. This i s 
as yet unexplained. At higher energies the d i s t r i b u t i o n i s 
found to be almost, i f not, i s o t r o p i c . This i s the case at 
16 Gey.. 
I I I . Angular . D i s t r i b u t i o n of .Shower P a r t i c l e s 

I n general the shower p a r t i c l e s w i l l have three components 
F i r s t l y the primary, may continue a f t e r the i n t e r a c t i o n . This 
w i l l be increasingly the case f o r the high incident energies 
when the absorption process disappears. Secondlyj above the 
threshold f o r meson production such mesons w i l l appear as 

shower p a r t i c l e s or occasionally when emitted backward i n 
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the centre of the mass system they w i l l appear grey. T h i r d l y , 
the incident meson and the" created mesons may knock nucleons 
out of the nucleus w i t h s u f f i c i e n t energy t o appear as 
shower p a r t i c l e s although i n general, c e r t a i n l y below the 
GeV region f o r the primaries they w i l l appear grey. 

A1fc 88 MeV the scattered mesons are emitted p r i m a r i l y 
i n the backward d i r e c t i o n w i t h a backward/forward r a t i o of 
2.5 (This may be compared w i t h the forward/backward r a t i o 
of evaporation tracks at the same energy also equal t o 2.5). 
This i s also explained.by the Pauli e f f e c t which i n h i b i t s the 
sma l l momentum transfers which contribute mainly to the 
forward s c a t t e r i n g . This e f f e c t i s reduced for. higher energies 
when the shower p a r t i c l e s become increasingly peaked i n the 
forward d i r e c t i o n . 

When meson production sets i n the angular d i s t r i b u t i o n s 
of the shower p a r t i c l e s vary s i g n i f i c a n t l y from one energy 
to the next as d i f f e r e n t resonances and i s o t r o p i c spin states 
come i n t o play. Below about 600 MeV a p a r t i a l wave analysis 
can be applied. At higher energies isobaric production appears 
to dominate the i n t e r a c t i o n . At 16 GeV however there are 
too many isobars and f a r too many p a r t i a l waves f o r e f f e c t i v e 
c a l c u l a t i o n and new processes may be operating. The angular 
d i s t r i b u t i o n f o r shower p a r t i c l e s at t h i s energy w i l l be 
described i n some d e t a i l i n the next chapter. 



II 

Chapter 2 
Interactions of 25 GeV protons and 16 GeV TT-mesons 

wi t h complex nuclei 

Two sets of plates were exposed, one to 25 GeV 
protons from the proton*synchrotron at CERN, and the other 
to 16 GeV IT'-mesons produced by the same machine. The 
former set of plates were placed, during the exposure i n a 
magnetic f i e l d of 180 kilogauss and the determination of 
momenta by means of the curvature of the tracks i s des­
cribed i n Chapter 4. together with res u l t s obtained at 
13.5 GeV. A l l the plates were " l i n e scanned" and. the 
lengths of track scanned, i n t e r a c t i o n lengths etc. are 
shown i n Table Zt In t h i s chapter the discussion w i l l be 
mainly i n terms of the interactions of the 25 GeV protons 
which were analysed by the author. The results however 
w i l l be constantly compared with those obtained w i t h 16 
GeV IT -mesons and i t w i l l be found th a t , at least i n t h e i r 
more general aspects, there i s l i t t l e difference i n t h e i r 
interactions as observed i n emulsions. 

At these high energies a large number of mesons can 
be produced, and the greatest interest l i e s i n the mechan-̂  
ism or mechanisms of meson production. For t h i s study some 
authors f i n d a large number of events i n emulsions and from 



TABLE 2. 

25 GeV 
Protons 

16 GeV 
% -mesons 

13.5 GeV 
Protons 

Length of tr a c k scanned! 86.3 metres 192.5 metres 15.6 metres 
Total No. of events found 234 374 46 . 

Mean No. of heavy prongs. 
*h 8.5 + 0 . 7 6.8 + .4 7.4 + 1.1 

Mean No. of shower prongs. 
*s 6.0 + 0.5 5.0 + .1 4.5 ± 0 .7 

I n t e r a c t i o n length i n 
emulsion (37 + 2) cms (51.5 + 2)cms. 34 + 6 



them select th©se which they are reasonably sure repre­
sent c o l l i s i o n s between the incoming p a r t i c l e and a 
single nucleon with the rest of the nucleus taking no 
part. However i t i s also of interest to f i n d out jus t 
what effect the rest of the nucleus can have, and for 
t h i s one needs to know the main features of p a r t i c l e -
nucleon i n t e r a c t i o n . So the two studies are closely 
linked. 

I t i s quite clear from the large spread i n star 
sizes alone that at least one i n t e r a c t i o n parameter varies 
widely f o r d i f f e r e n t events. We' s h a l l examine f i r s t some 
of the causes for these differences, 
a) Constitution of the emulsion 

Nuclear emulsion contains two groups of nuclei; the 
l i g h t n u c l e i , carbon, nitrogen, and oxygen, and the heavy 
nucl e i , sulphur, s i l v e r , bromine and iodine. These two 
groups d i f f e r i n the number of nucleons by a factor of 7 
and i n nuclear size by a factor 2. Various c r i t e r i a are 
used to di s t i n g u i s h between events i n l i g h t and heavy 
nuclei. Friedlander for example suggests on the basis of 
results at lower energies that the events with n 4- ̂  occur 

h 
i n l i g h t nuclei and events with ri, ̂  7 i n heavy nuclei. 
Such c r i t e r i a are not pe r f e c t l y v a l i d however. Somewhat 
more interactions are expected to occur with heavy than 
l i g h t n uclei. ( Frie-MavtAer. U f l ) . 
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b) Peripheral nuclear c o l l i s i o n s 
I f the incident p a r t i c l e c o l l i d e s w i t h a nucleon at 

the centre of the nucleus then both the primary and the 
secondaries t o t h i s i n i t i a l c o l l i s i o n w i l l pass through a 
much greater distance i n nuclear matter' than had the 
i n i t i a l c o l l i s i o n taken place at the periphery of the 
nucleus. Thus f o r such events the p r o b a b i l i t y of secondary 
c o l l i s i o n s i s greater and as we s h a l l see, i t i s these 
secondary c o l l i s i o n s which account f o r many of the observed 
i n t e r a c t i o n c h a r a c t e r i s t i c s . Thus the nuclear impact para­
meter which i s the distance between the l i n e of f l i g h t of 
the primary and the centre of the target nucleus i s re l a t e d 
both t o star size and angular d i s t r i b u t i o n of shower p a r t i ­
cles. 
c) Nucleon structure 

To consider the nuclepn to have a structure i s perhaps 
extending c l a s s i c a l concepts too f a r . Nevertheless i n many 
of i t s i n t e r a c t i o n s i t appears t o be characterised by a 
hard core of radius 0.4 fermis, surrounded by a pion cloud 
ranging over 1.3 fermis. I n so ca l l e d peripheral i n t e r ­
actions the .pion from one nucleoh's cloud i n t e r a c t s e i t h e r 
w i t h the core of the other nucleon or w i t h a pion from i t s 
pion cloud. Priedlander points out th a t t h i s model can 
describe many features of proton i n t e r a c t i o n s at accelerator 
energies. (Friedlander: 62). The extent t o which peripheral 
c o l l i s i o n s occur at these energies i s not yet known. 
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Star Characteristics 
The c l a s s i f i c a t i o n of tracks as black, grey or 

shower tracks was carried out v i s u a l l y , and i t has been 
checked, t h a t • l i t t l e error i s introduced i n t h i s way. 
The mean star sizes'are given i n Table X. In Fig.X 
the mean number of heavy tracks and of grey tracks i s 
plotted, as a function of the m u l t i p l i c i t y or number of 
shower tracks. The number of evaporation tracks and the 
number of grey tracks appear' to be d i r e c t l y related 60 
the m u l t i p l i c i t y of shower tracks. 

The mean m u l t i p l i c i t y for those events w i t h zero or 
one grey track was found to be *+.3 + 0.*f 

This may be compared wi t h the value found by proton-
nucleon interactions to be *f.8 + 0.3 which agrees with the 
value *+.95 predicted by the s t a t i s t i c a l theory of Kagedorn. 
(Bandinet-Robinet. 19&2). The mean m u l t i p l i c i t y f o r events 
with more than one grey track was 7»5 ± 0.M-. Si m i l a r l y the 
interactions of TT'-mesons at 16 GeV which had no grey 
tracks had a mean m u l t i p l i c i t y of shower tracks of * f . i + 0 "b 
The mean m u l t i p l i c i t y for pion-proton interactions at 
16 GeV is 4 1 iOKGoldsack. 1962). Thus we may int e r p r e t 
those events w i t h zero or one grey track as single c o l l i ­
sions with one nucleon i n the nucleus not followed by 

1 

secondary c o l l i s i o n s . 
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These star characteristics are consistent with the 
cascade mechanism of i n t e r a c t i o n which w i l l now be 
described together w i t h the alt e r n a t i v e 'tube' mechanism. 
Mechanism of i n t e r a c t i o n 

I t i s shown i n Chapter 3. that at high energies and 
subject to c e r t a i n conditions, the essential region over 
which the i n t e r a c t i o n takes place i s large and. may even be 
as large as to involve the whole nucleus. (Feinberg & 
Pameranchuk 1956).. When many Jmesons are produced i n the 
f i r s t c o l l i s i o n i t i s then possible that the i n t e r a c t i o n 
was not between :the incoming nucleon (or pioh) and a 
nucleon, but w i t h a 'tube' of nucleons c o l l e c t i v e l y . The 
number of nucleons i n such a tube i s 2.h i n l i g h t nuclei 
and. *f.6 i n heavy nuclei (Barashenkov 1959). This reference 
also shows that the interactions of 9 GeV protons are ex-̂  
p l i c a b l e i n terms of a nuclear cascade. 

In t h i s model the mesons are produced i n subsequent . 
c o l l i s i o n s both of the continuing primary and of the pro­
duced p a r t i c l e s . To develop t h i s theory q u a n t i t a t i v e l y i t 
would be necessary to perform Monte Carlo calculations over 
the various competing processes during the nuclear cascade. 
This has not been done so that i t i s only possible to give 
p l a u s a b i l i t y arguments. These are derived mainly from a 
study of the angular d i s t r i b u t i o n of shower tracks which 
w i l l now be described. 



Angular d i s t r i b u t i o n of shower p a r t i c l e s 
To study j e t s , interactions at cosmic ray energies 

i n which large numbers of shower p a r t i c l e s are emitted 
i n a small cone, two methods of deriving information from 
the angular d i s t r i b u t i o n of shower p a r t i c l e s have been 
developed by Castagnoli et a l (19f3) and by Duller and 
Balker (195*4) • They are able to derive 3 c j the v e l o c i t y 
of the centre of mass system of the in t e r a c t i o n r e l a t i v e 
to the laboratory system, and hence the mass of the target 
p a r t i c l e i f . the v e l o c i t y of the. primary i s known. The 
Duller-Walker method also gives information on the 
isotropy or degree of anisotropy i n the centre of mass 
system. The theories are described i n d e t a i l i n the 
appendix, however the basic assumptions are as follows:-

1. The angular d i s t r i b u t i o n of the produced 
p a r t i c l e s i n the centre of mass system i s 
.symmetric about the equatorial plane. 

2. The shower p a r t i c l e s are emitted indepen­
dently of each other. 

3. The v e l o c i t y of the emitted p a r t i c l e s i n 
the centre of mass system equals the 
ve l o c i t y of the centre of mass r e l a t i v e 
to the laboratory system, i . e . &= B&. 



3N M I I 

i s 

Xi i r 
n — a l l ev«nta 

r h I 24-

2 1 i event's wif-h 
2o I . a , 3 . 

18 
r u > f6 

14 

6 12 

10 

8 

2 

fT3 



a) Castagnoli Analysis 
As a consequence of these assumptions and following 

the notation of the appendix we have Cn Itc - ^ S,- bl^^l-
The d i s t r i b u t i o n of t r t J T c obtained from the 231* proton 

events i s shown i n F i g . 3 . I t i s seen that the events of 
law m u l t i p l i c i t y account for most of the t a i l of the dis­
t r i b u t i o n . These are also the events which are least 
l i k e l y to s a t i s f y requirement 2. I n p a r t i c u l a r the 
Castagnoli formula refers to produced p a r t i c l e s and as we 
s h a l l see, the primary appears to emerge from the i n t e r ­
action as a shower p a r t i c l e and t h i s effect w i l l show up 
at low m u l t i p l i c i t i e s . 

I f the primary energy i s known, then the target mass 
is given by the following r e l a t i o n (Friedlander 1959)• 

where & = primary energy i n GeV . 
y . (y.« 0 ) . x 
" e - - 1 "-L v = mass of target i n 

nucleon masses. 
The expected values of 2TC are shown f o r various assumed 

target masses. I t i s tempting to describe the values of tfc 

corresponding to a pion mass as due to peripheral c o l l i s i o n s 
and those corresponding to many nucleon masses as the tube 
e f f e c t . However i n Fig. 4-. i s plotted the mean values of tn.Yc 

corresponding to various m u l t i p l i c i t i e s . This shows the 
source of the spread of infi values. We s h a l l attempt to 
show that the deviation at low h i s the e f f e c t of the 

s 
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continuing primary and that f o r high n g i s due to secon­
dary c o l l i s i o n s . The errors shown -are s t a t i s t i c a l and 
w i l l account f o r the rest of the spread i n in 
Castaenoli Analysis f o r n g = 0 f l . .• 

I t was mentioned above i n connection w i t h mean mul­
t i p l i c i t i e s that the events with n equal to zero or one 
could be interpreted as single protpn-nucleon c o l l i s i o n s . 
The values of were thus plotted against the m u l t i ­
p l i c i t y f o r these events (Fig. 5). To test the assumption 
that the continuing primary affects the low n g the values 
of were recomputed taking out the smallest angle i n 
each case provided that i t was less than, f i v e degrees. 
Some j u s t i f i c a t i o n f o r t h i s procedure i s provided, by the 
momentum measurements made on secondaries of proton i n t e r ­
actions at 13.5 C-eV described i n Chapter 4. These points 
are also p l o t t e d i n Fig. 5" . ( A l l the errors are s t a t i s t i ­
c a l ) . I t i s seen that both for,, lew n and large n_ the 

s * 
values of t*v ffc are consistent w i t h a one nucleon target. 
This analysis has also been carried out on the 16 GeV 
TI interactions with the same r e s u l t f o r n„ equal zero 

• g 
events. 
b) Duller-Walker Plot 

I f the angular d i s t r i b u t i o n of emitted shower p a r t i ­
cles i s isotropic i n the centre of mass system as vieht as 
sa t i s f y i n g the above three conditions then the Duller-
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Walker p l o t should be a s t r a i g h t l i n e of slope "2, passing 

through some s p e c i f i c point given by the expected value 

of X"c. The p l o t i s shown f o r a l l the events i n F i g . 6 , 

together w i t h the l i n e expected f o r i s o t r o p y . The point 

f o r F = -g- corresponds to the median angle &m f o r which 

tan 0 = — . The l i n e drawn i s that expected f o r a If 

appropriate to a nucleon-nucleon c o l l i s i o n . The e x p e r i ­

mental p o i n t s i n d i c a t e t h a t f o r p a r t i c l e s emitted i n the 

forward, d i r e c t i o n i n the c e n t r e of mass there are too many 

peaked at s m a l l angles. From the C a s t a g n o l i a n a l y s i s t h i s 

could be due to the primary continuing at s m a l l angles. 

The d e v i a t i o n s from i s o t r o p y i n the backward d i r e c t i o n 

could be due to two e f f e c t s . F i r s t l y the e f f e c t of secon­

dary c o l l i s i o n s would be to broaden the d i s t r i b u t i o n i n the 

l a b o r a t o r y system. T h i s would e f f e c t i v e l y decrease tfc. 

And secondly i n the primary c o l l i s i o n the c o n d i t i o n &c = 1 
5 * 

may be v i o l a t e d and jS* the v e l o c i t y of p a r t i c l e s emitted i n 

the C.M-. system might be g r e a t e r than the v e l o c i t y of the 

CM. system i n the l a b o r a t o r y w i t h a consequent peaking i n 

the backward d i r e c t i o n . Both of these e f f e c t s could cause 

the observed d e v i a t i o n s at l a r g e angles. The Duller-Walker 

p l o t f o r the 16 GeV IT -meson i n t e r a c t i o n s showed e x a c t l y 

the same f e a t u r e s . 
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Duller-Walker f o r n_ = 0 f l 

F i g . 7. shows the p l o t f o r . a l l events w i t h n > 1 
s 

both f o r a l l observed t r a c k s , and. a l s o excluding the 

p a r t i c l e b e l i e v e d to be the continuing primary. As 

with the C a s t a g n o l i a n a l y s i s t h i s wa.s taken to be the 

p a r t i c l e emerging at the s m a l l e s t angle provided that 

angle was l e s s than 5 degrees. This was the case i n 60 

out of 8*f events-

I t i s seen t h a t the continuing primary hypothesis 

i s supported b e a u t i f u l l y ; by the p l o t . At. l a r g e angles 

tfee d e v i a t i o n from isotropy i s much reduced presumably 

by the absence of secondary c o l l i s i o n s but some anisotropy 

s t i l l e x i s t s . I t i s noted that out of a t o t a l of about 

-̂00 t r a c k s , 10 are emitted backwards i n the l a b o r a t o r y 

system. T h i s i m p l i e s j3*>B»c and accounts f o r the observed 

d e v i a t i o n . I f these backward t r a c k s are a l s o excluded 

from the a n a l y s i s the agreement i s good. A s i m i l a r a n a l ­

y s i s was performed on -the n =0 events for the 16 GeV 

TT^mesons. The behaviour i s s i m i l a r but there i s some 

evidence f o r asymmetry i n the d i s t r i b u t i o n . The e f f e c t s 

of secondary c o l l i s i o n s and of the continuing primary are 

the same however. 

Conclusions 

1. The C a s t a g n o l i and Duller-Walker a n a l y s e s may be use­

f u l l y a p p l i e d a t A c c e l e r a t o r E n e r g i e s ; 
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2. Events with n = 0,1 are collisions with a single nucleon 
in the nucleus. 
3. Events with n > 1 correspond to secondary collisions 
taking place between the particles emerging from the pri­
mary collision and. the rest of the nucleus. The grey tracks 
represent the struck nUcleons. 
5+. In the i n i t i a l collision the primary often continues at 
small angles. The produced particles are mainly isotropic 
in the centre of mass but there i s possibly some peaking at 
small angles backward with ft* >B C. This effect i s small 
however with only 2>% of the tracks emerging backwards in 
the laboratory system. 
5. The effect of peripheral collisions i f they occur i s 
small. 
6. For n > 1 the distribution of loge%c peaks around an 
equivalent target mass of about three nucleon masses. 
This i s interpreted as the effect, of secondary collisions 
which broadens the angular distribution in the laboratory 
system. However this effect could, also be interpreted in 
terms of the tunnel model. The single 'nucleon events then 
correspond to collisions on the periphery of the nucleus. 
A closer analysis of the grey particles i s needed to decide 
definitely between the two theories. Such an analysis i s 
being carried out.by B.J. Finney on the pion interactions 
and seems to support the nuclear cascade model. 



CHAPTER 3; 
Long Range I n t e r a c t i o n s of Pions 

The processes to be considered here are characterised 
by the i n t e r a c t i o n taking place between the incident pion and 
the whole nucleus. This i s despite the f a c t that at these 
energies the de Broglie wavelength of the pion i s s u f f i c i e n t l y 
small for i t to resolve i n d i v i d u a l nucleons i n the nucleus 
and even i n d i v i d u a l pions i n the pion cloud of a nucleon. The 
reason i s as follows. As the energy of the incident pion 
increases, the angle of divergence of the emitted p a r t i c l e s 
decreases i n order to conserve angular momentum. Consequently 
the momentum transf e r r e d to the target decreases. By the 
indeterminacy r e l a t i o n s the s i z e of the e f f e c t i v e i n t e r a c t i o n 
region increases and for s u f f i c i e n t l y high energies may exceed 
the nuclear s i z e . 

Thus i f a pion of energy E and r e s t mass m̂ , i n t e r a c t s 
with a nucleus and emits a pion of energy E , then for small 

it 
angles the longitudinal momentum transferred to the nucleus i s : 

From the indeterminacy r e l a t i o n between the uncertainty 
i n momentum and posi t i o n the s i z e of the e f f e c t i v e i n t e r a c t i o n 
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region r f f. i s given by:-

For s u f f i c i e n t l y large values of the incident pion energy, 
E, the i n t e r a c t i o n region w i l l include the whole nucleus which 
therefore c a r r i e s away the momentum . Because of i t s large 
mass i t c a r r i e s away comparatively l i t t l e energy and may remain 
undisrupted, and as we s h a l l see t h i s i s the case i n the energy 
region we are considering. 

We s h a l l f i r s t examine two postulated processes f o r pion 
production to which the above considerations apply and then 
examine the experimental r e s u l t s obtained at Durham. *><*..eljc-

" i •• T £ . . K .. i • > t 

A) Coulomb D i s s o c i a t i o n 
As i n the previous discussion an incident pibn may under 

c e r t a i n conditions i n t e r a c t with the whole of a target nucleus, 
and i f the i n t e r a c t i o n i s ah electromagnetic one then the pion 
i n t e r a c t s with the t o t a l nuclear coulomb f i e l d . . This f i e l d may 
be quantised and the i n t e r a c t i o n considered to take place 
between the pion and a photon. That i s , the process amounts 
to photodissociation. This i s . t h e Weizsacker-Williams approach. 
That t h i s interaction..results i n small momentum t r a n s f e r may 
be seen as follows. 

Consider a p a r t i c l e of mass M and momentum F. 
I t s energy i 5 v/(P 2 + M 2). I f P.»M then t h i s = l+£ M2/p2+v... 
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I f i t makes a t r a n s i t i o n to a state of mass M* then 
the difference i n energies i s M - « 

Thus by the indeterminacy r e l a t i o n between energy and 
time a p a r t i c l e of mass M may make a v i r t u a l t r a n s i t i o n to a 
p a r t i c l e of mass M* which can e x i s t for times of the order of 

^ f^ri**-n* For s u f f i c i e n t l y large P the v i r t u a l state w i l l 
extend over the nuclear diameter. The momentum t r a n s f e r i s 

D* ~ n so that the target p a r t i c l e which i s the nucleus 
w i l l absorb very l i t t l e energy. Therefore i n the process we 
are considering the incoming pion encounters the nucleus 
and' absorbs a photon from the^iuclear coulomb f i e l d . The 
momentum of t h i s photon i s s u f f i c i e n t to render the v i r t u a l 
state r e a l . I t leaves the nucleus and very ra p i d l y decays 
while the nucleus balances off the momentum and remains 
undisrupted. 
Reaction Threshold 

The maximum momentum that the pion can absorb i s that 
corresponding to the most energetic photon, that can e x i s t 
inside the nuclear volume. This i s given by the indeterminacy 
r e l a t i o n between momentum and position.. 

S 
v r..AH 

The threshold i s then given by:-



The reaction i n which we are interested i s the %, —*» 3 i 
reaction i n which a l l the p a r t i c l e s are observable i n 
emulsions. The threshold for t h i s reaction i s 1.3 GeV i n 
carbon and 3.3 GeV i n lead. The reaction should therefore be 
observable i n emulsions at 16. GeV. 
Reaction Cross-section (Good and Walker 1960) 

I f the process i s considered one of photodissociation 
then the Weizsacker-Williams theory gives the cross-section 
as:-

c r =- 2 H e 
K 

= photoproduction cross-section for pion production, 
photon threshold for t h i s process. 

Kn»*= maximum photon energy i n the nuclear coulomb f i e l d . 
This may be s i m p l i f i e d by s e t t i n g <Tj. = cy^x , where m 

i s the mass of the l i g h t e s t product, i . e . the pion mass. Then 
the formula becomes:-

c r = 1 ^J. 
4TT 

3( 

Where,M" = r e s t energy of the three pions. 
n *«. = r e s t masses of the three pions. . 
This formula gives the cross-section at 16 GeV for the 
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the reaction T I - ^ 3 T I to be 3mb i n s i l v e r and 0.3mb i n carbon. 
A n-n resonance i n the J = 1 , T == 1 state has been 

postulated t h e o r e t i c a l l y by Erazer and Fulco and has been 
observed i n TiTp s c a t t e r i n g by Erwin et a l . and Pickup et a l . 
at a Q-value of about 470 MeV. By considering such a f i n a l 
state i n t e r a c t i o n i n the 7I-3TC reaction F e r r e t t i has derived 
an expression for the 7t-*3"rt c r o s s - s e c t ion i n terms of the 

( T I - T X)cross-section as follows:- (Baldessaro; 1962) 

So a knowledge Of the cross^sectioh for the Coulomb 
Di s s o c i a t i o n process gives some information on.the 
hypothetical n-r%i- resonance. 
C h a r a c t e r i s t i c s of the events 
1) The events as seen i n nuclear emulsions w i l l , c o n s i s t of 

an ingoing minimum i o n i s i n g track and three outgoing 
minimum i o n i s i n g tracks which must be distinguished, 
from electrons. 

2) The momentum t r a n s f e r i n any d i r e c t i o n and thus the 
longitudinal and transverse momenta must be l e s s than 

3) The nucleus therefore acquires energy/v <Vj^e ^!S? ^ — ^ 
X'HA *f!A 4 

and remains undisrupted. (Neutrons are of course not 
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observed i n emulsions). 
4) The energy of the secondaries must balance that of 

the primary. 
D i f f r a c t i o n D i s s o c i a t i o n 

E l a s t i c s c a t t e r i n g i n t h i s energy range i s e.ssentially 
d i f f r a c t i o n s c a t t e r i n g . Because of absorptive processes the 
nucleus appears to the pion as an opaque o r . p a r t i a l l y opaque 
sphere, and consequently the wavefroht i s distorted and the 

K i rchoff d i f f r a c t i o n formulae of wave optics may be applied. 
On a p a r t i c l e picture the pion i s given an impulse and con­
sequently acquires s u f f i c i e n t transverse momentum to d e f l e c t 
i t into a c h a r a c t e r i s t i c d i f f r a c t i o n pattern. Prom the 
discussion on Coulomb d i s s o c i a t i o n i t might be expected that 
t h i s impulse could also bring about the d i s s o c i a t i o n of the 
pion when ra i s e d to a v i r t u a l s t a t e . Good and Walker present 
arguments to show that the d i f f r a c t i o n d i s s o c i a t i o n process 
should be most e f f e c t i v e with l i g h t n u c l e i which are semi-
opaque rather than black spheres, (Good and Walker 1960), and 
experiments at GERN on 24 GeV protons scattered from beryllium 
show an i n e l a s t i c peak associated with the e l a s t i c d i f f r a c t i o n 
scattered peak which can be interpreted as d i f f r a c t i o n 
d i s s o c i a t i o n possibly from a nucleon target. (Wetheral 1961) 
Reaction Threshold 

As i n the case of Coulomb d i s s o c i a t i o n the threshold i s 
determined by the requirement that the nucleus should act as a 
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whole. The threshold i s therefore given by:-

tin* 

Reaction Cross-section 
The t h e o r e t i c a l c r o s s - s e c t ion has not been estimated 

although rough c a l c u l a t i o n s put i t at l e s s than geometrical. 
C h a r a c t e r i s t i c s of the events 

These d i f f e r from- those for Coulomb d i s s o c i a t i o n only 
i n the maximum values for the longitudinal and transverse 
momentum t r a n s f e r s . 
1) The maximum value for i s limited by the requirement 
that the nucleus as a whole takes part i n the i n t e r a c t i o n . 
<̂n must therefore be l e s s than MB/a? 

2) I n order that the nucleus i s not disrupted the momentum 
tr a n s f e r i n any d i r e c t i o n and therefore a^i, must be less: 
than the inverse of the nucleon separation (Peinberg 1956). 

. • ; < MTT ( = c -«) 

Thus the requirements for maximum allowed momentum 
tra n s f e r are l e s s r e s t r i c t i v e for d i f f r a c t i o n d i s s o c i a t i o n 
than for coulomb d i s s o c i a t i o n . However i t has hot yet been 
found possible to separate the two processes experimentally. 
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Analysis of the Durham Data 
The 16.3 GeV n -meson emulsion plates as described i n 

Chapter 2 were l i n e scanned,and i n a t o t a l of 192.5 m. 
of track twelve events of the type (0 + 3)ft were found. The 
space angles of the secondaries were measured and wherever 
pa s s i b l e t h e i r momenta. These l a t t e r measurements however 
were inaccurate and w i l l not be discussed. 

Since nuclear emulsions do not detect n e u t r a l p a r t i c l e s 
i t i s necessary to d i s t i n g u i s h between genuine t r i d e n t events 
and those i n which n e u t r a l p a r t i c l e s are emitted. I t can 
be shown that i n a tr i d e n t event, i n which the momentum 
transfe r r e d to the nucleus i s small, that f o r three given 
angles of emission the momenta of the secondary p a r t i c l e s i s 
uniquely determined. These momenta may be found by solving 
the three simultaneous equations implied by the conservation 
of l i n e a r momentum. The r e s u l t s of the computation as applied 
to the twelve events are shown i n table 3. To check 
the v a l i d i t y of t h i s a n a l y s i s i t was also applied to 38 
events of the type ( N n +.3) with n^, the number of black or 
grey tracks associated with the event i s not zero. Only one 
of these events gave a momentum balance. This event had one 
black t r a c k which suggested low nuclear e x c i t a t i o n and so i t 
was included among the possible t r i d e n t events. 

Having reduced the t h i r t e e n events to 5 possible cases 

of d i f f r a c t i o n or coulomb d i s s o c i a t i o n , the requirements for 
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small momentum t r a n s f e r outlined above were investigated. 
I n practice the momenta of the secondaries i s d i f f i c u l t 

to measure accurately or at a l l , while the space angles 
can be measured with great accuracy. Use was thus made of 
a formula which transforms the momentum t r a n s f e r requirements 
to angular distribution, requirements. The formula i s 

(Baldassaro 1960) where 9^ i s the 
SUi0£ ^ Haie space angle of the I secondary 

i fWtr with respect to the primary 
d i r e c t i o n . 

As shown above, the coulomb; process i s expected to 
predominate i n elements with large atomic numbers and 
therefore i n s i l v e r f k w h i l e the d i f f r a c t i o n process w i l l 
involve mainly the lighter, elements such as carbon. This 
leads to the following requirements being put upon the possibl 
d i s s o c i a t i o n events. 

2?si*B; ^ 0,44 - d i f f r a c t i o n process 
i . 

^ 0 . 2 2 - coulomb process 
As seen from Table 3 , a l l f i v e of the events, which 

showed! momentum balance (and some of those which did not) 
s a t i s f y these r e l a t i o n s . 

Since the existence of these processes i s hypothetical 
we s h a l l consider by what a l t e r n a t i v e mechanisms the above 
f i v e events could be accounted f o r . 
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a) One Pion Exchange 
These processes correspond t o g l a n c i n g c o l l i s i o n s 

w i t h a neutron w i t h e l a s t i c d i f f r a c t i o n s c a t t e r i n g o f f . t h e 
exchanged p i o n . 

TT 
l i 

However i n a l l events of t h i s type a t l e a s t one n e u t r a l 
p a r t i c l e i s e m i t t e d . The p r o b a b i l i t y o f a chance momentum 
balance was shown above t o be s m a l l , 
b) Strange P a r t i c l e P r o d u c t i o n 

Such a process a s i -

. TT' • n. — > n ~ + £.* + K~ 

However t h e . e x c i t a t i o n energy g i v e n t o the nucleus by 
t h i s process i s c a l c u l a t e d t o be ^ 150 MeV and the probab­
i l i t y t h a t t h i s energy i s l o s t s o l e l y by n e u t r o n emission i s 
again s m a l l . 
Conclusion 

There appears t o be no processes which can account f o r 
these f i v e events o t h e r than coulomb d i s s o c i a t i o n and 
d i f f r a c t i o n d i s s o c i a t i o n , but the experiment i s unable t o 
r e s o l v e between them. 

Assuming the f i v e events t o be. examples o f such t r i d e n t 
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events the upper l i m i t o f the cross s e c t i o n i s c a l c u l a t e d 
t o be 

This gives an upper l i m i t t o the n-Tt c r o s s - s e c t i o n 
from F e r r e t t i ' s f ormula t o be:-" . 



CHAPTER 4. 
Det e r m i n a t i o n o f the Momentum u s i n g Pulsed Magnetic 

F i e l d s 

At energies below the GeV range the momentum o f 
i o n i s i n g p a r t i c l e s l e a v i n g t r a c k s i n n u c l e a r emulsions i s 
determined mainly from measurements on the degree of 
s c a t t e r i n g o f the t r a c k . As the energy increases the 
s c a t t e r i n g becomes l e s s d e t e c t a b l e and measurement i s only 
p o s s i b l e f o r t r a c k l e n g t h s o f the order o f c e n t i m e t e r s . The 
development o f pulsed magnetic f i e l d s up t o 200 k-gauss 
u n i f o r m over s e v e r a l square centimeters has enabled the 
technique used i n cloud and bubble chambers f o r d e t e r m i n i n g 
the momentum from t h e curvature o f the t r a c k s t o be used i n 
emulsions a l s o . 

I f a p a r t i c l e o f u n i t charge moves w i t h momentum p, a t 
r i g h t angles t o a u n i f o r m magnetic f i e l d H, i t i s d e f l e c t e d 
.through a curve of r a d i u s r a ̂  • So by measuring r and 
knoulng Hj the value o f the momentum can be determined. Some 
d e t a i l s o f the f i e l d and the techniques i n v o l v e d i n cu r v a t u r e 
and. d i s t o r t i o n measurement w i l l , be gi v e n , t o g e t h e r w i t h some 
r e s u l t s obtained i n Durham and suggestions as t o how the 
method could be improved. 
F i e l d C h a r a c t e r i s t i c s (Hofftaan & Combe) 

The f i e l d was produced by a Helmholtz c o i l energised by 

a bank o f condensers, g i v i n g a pulse o f d u r a t i o n o f about 

• 6 ms w i t h a peak value of 180 k i l o g a u s s i n a volume o f the 
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order o f 100 cm . The stacks o f emulsions were r o u g h l y 
c y l i n d r i c a l w i t h a diameter 6 cm and a t h i c k n e s s 1.5 cm. 
and were placed i n s i d e the c o i l s w i t h the magnetic f i e l d 
p e r p e n d i c u l a r t o the surface o f the p e l l i c l e s . The protons 
are s c a t t e r e d out o f the CEKN p r o t o n s y n c h r o t r o n i n b u r s t s 
of d u r a t i o n about 1 ms. The f i e l d . p u l s e was made t o c o i n c i d e 
w i t h t he p a r t i c l e b u r s t and the s y n c h r o n i s a t i o n was elaimed 
t o be s a t i s f a c t o r y . Even so, not a l l the p a r t i c l e s passed 
through the f i e l d when i t was a t i t s maximum value as can 
be seen from.Pig. 8. I n f a c t t he sources o f e r r o r from the 
u n c e r t a i n t i e s i n f i e l d value are as f o l l o w s . 

1) The v o l t a g e o f the condenser bank which energises the 
e o i l v a r i e s from pulse t o pulse by•+_ 3$ and t h e r e f o r e 
the pulse h e i g h t v a r i e s a l s o . 

2) The f i e l d v a r i e s by up t o 4$ over the volume occupied by 
the emulsions. 

3) From Fig.8 . i t i s seen t h a t 74$ o f the p a r t i c l e s i n a 
b u r s t pass i n t o the.emulsion when the f i e l d l i e s w i t h i n 
3fo o f i t s maximum va l u e , and f o r the o t h e r 26$ i t i s 
w i t h i n 3 and 10$ lower than the maximum. This means t h a t 
t h e r e w i l l be a t a i l a t the h i g h e r end Of the measured 
sp e c t r a o f momenta. 

Curvature Measurement 

Since the magnetic f i e l d was p e r p e n d i c u l a r t o the 

emulsion p e l l i c l e s t h e cu r v a t u r e o f the t r a c k s was i n the 
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plane o f the emulsion and could thus be measured by the 
s t r a i g h t forward second d i f f e r e n c e s a g i t t a method. The 
t r a c k s were a l i g n e d so t h a t t he s a g i t t a l a y along the eye­
piece scale placed i n the y - d i r . e c t i o n . Three x,y,z cor-
o r d i n a t e readings were taken a t t h e beginning, middle, 
and end o f the t r a c k s . The y-reading was taken from an 
eye-piece scale and second d i f f e r e n c e s i n the y-readings 
gave the s a g i t t a Dg. The momentum o f the p a r t i c l e i s t h e n 
gi v e n by: 

™ = 3 x 10" 4. H. l g M a v 

where H i s the f i e l d i n k gauss. 
1 i s the c e l l l e n g t h i n microns 

I>2 i s the s a g i t t a i n microns. 

Before t h i s could be used t o determine the momentum a 
c o r r e c t i o n f o r the d i s t o r t i o n had t o be made. 
D i s t o r t i o n C o r r e c t i o n 

. At some time d u r i n g the processing o f the p l a t e s a 
r e l a t i v e displacement i n the planes of the emulsion takes 
place. This- means t h a t a s t r a i g h t t r a c k which i s not f l a t 
i n t he plane of the emulsion w i l l appear curved a f t e r p r o ­
cessing and a curved t r a c k w i l l have i t s c u r v a t u r e a l t e r e d . . 
To measure t h i s displacement a d d i t i o n a l exposures were made 
t o the beam i n which r e l a t i v i s t i c t r a c k s were made v e r t i c a l l y 
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through the p e l l i c l e s . Two methods of d i s t o r t i o n 
c o r r e c t i o n were used and w i l l , be described. 
Method A 

This method was used w i t h the 13.. 5 G-eV p l a t e s i n 
which the d i s t o r t i o n was f a i r l y small. (Kg ~ 15u) and could 
i n f a c t be neglected f o r t r a c k s o f pronounced c u r v a t u r e . 
The d e n s i t y o f v e r t i c a l t r a c k s was f o r the most p a r t 
s u f f i c i e n t l y h i g h so t h a t w i t h a f i e l d o f view two or 
t h r e e could be seen. Then the displacement of the t r a c k 
under measurement was determined from the displacement a t 
the same h e i g h t o f nearby v e r t i c a l t r a c k s . This d i s p l a c e ­
ment was then s u b t r a c t e d from the measured y-coordihate : 

o f the t r a c k a t t h a t p o i n t , and upon t a k i n g second 
d i f f e r e n c e s the e f f e c t o f d i s t o r t i o n i s e l i m i n a t e d . 
Method B 

The 24.5 GeV p l a t e s d i f f e r e d from the' 13.5 GeV i n 
c e r t a i n r e s p e c t s . F i r s t l y the d e n s i t y o f v e r t i c a l t r a c k s 
was not c o n s i s t e n t l y h i g h and the t r a c k s were not a c c u r a t e l y 
v e r t i c a l . Secondly the d i s t o r t i o n was a t l e a s t t w i c e as.' 
l a r g e , and t h i r d l y the emulsions appeared t o have been 
buckled d u r i n g the exposure. Therefore upon s t i c k i n g 
down and processing, t r a c k s which had been f l a t i n the 
emulsion now appeared t o r i s e towards the middle of the 
p l a t e and f a l l a t the edges. 

With method A, i n c o n s i s t e n t r e s u l t s were obtained and . 
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so the d i s t o r t i o n was measured more d i r e c t l y . The d i s t o r t i o n 
v e c t o r a t each p o i n t was determined arid the displacement 
computed from the for m u l a ( A p o s t o l a k i s and Major 195 ) 

A - «2 [ - « { « * (1)1 

where ^ = displacement 
Kg = d i s t o r t i o n v e c t o r 
T = emulsion t h i c k n e s s 
d = h e i g h t o f t r a d e 

E r r o r s i n d i s t o r t i o n measurement 
The v a r i a t i o n o f d i s t o r t i o n i s l a r g e s t a t the bottom 

surface o f the emulsion* This makes . i t d i f f i c u l t t o . p i c k 
out the exact spot where the v e r t i c a l d i s t o r t i o n t r a c k s e n t e r 
the emulsion and c o n s t i t u t e s the g r e a t e s t source o f e r r o r i n 
d i s t o r t i o n measurement. For t h i s reason whenever p o s s i b l e 4-
d i s t o r t i o n measurements were made and the average taken. 
M u l t i p l e S c a t t e r i n g E r r o r s 

The m u l t i p l e s c a t t e r i n g which a t lower energies can be 
used t o determine p a r t i c l e momenta becomes here a noise upon 
which i s superimposed the magnetic c u r v a t u r e . The s i g n a l t o 
noise r a t i o , or i n ot h e r words the r a t i o of the angle 0 m 

produced by magnetic c u r v a t u r e , t o 9 C, produced by m u l t i p l e 
s c a t t e r i n t r a c k l e n g t h t i s gi v e n by:*!-

http://makes
http://it
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G m 6 x 10~ 5. H. B. ift 

where H = f i e l d i n gauss 
B = s c a t t e r i n g constant. 

Therefore as long a t r a c k Iength,t,as p o s s i b l e i s used. For 
t - 0.4 cm the e r r o r on the cu r v a t u r e measurement i s 12$, 
f o r t = 1.2 cm the e r r o r i s about 6$. 

I t i s possible, by a somewhat complicated procedure t o 
combine both the m u l t i p l e s c a t t e r i n g estimate and the magnetic 
estimate o f the momentum t o achieve g r e a t e r accuracy, p a r t i ­
c u l a r l y i n s i g n d e t e r m i n a t i o n . However the g a i n i n accuracy 
does not appear t o compensate f o r the increase i n labour* 
Results obtained. 

One p l a t e exposed t o 13.5 GeV protons was*line scanned" 
and 42 events found. The p r i m a r i e s o f a l l these s t a r s were 
measured t o ensure t h a t they were i n the f i e l d . The spectrum 
of primary energies obtained i s shown i n f i g . ^. . The t r a c k s 
were f a i r l y f l a t and the d i s t o r t i o n was small, so t h a t the 
spread about 13.5 GeV i s assumed t o be due t o the f i e l d 
c h a r a c t e r i s t i c s described e a r l i e r . [The beam was claimed; t o 
have a momentum spread o f l e s s t h a n 3 $ ] . The measured value 
of the primary was then used t o normalise subsequent momentum 
measurements on each event. 

The s p a t i a l angles o f the secondaries of each event, were 
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measured by r e c o r d i n g the coor d i n a t e s of two p o i n t s on each 
t r a c k . The stage was then r o t a t e d t o b r i n g each secondary 
i n t u r n along the h o r i z o n t a l a x i s of the eye piece scale and 
i f the t r a c k was l o n g enough i t s c u r v a t u r e was measured. No 
r i g i d c r i t e r i o n was l a i d down f o r t h i s but i n ge n e r a l , i f a 
cur v a t u r e could be detected i n f o l l o w i n g t he secondary the n 
i t was measured. There was a c e r t a i n degree o f compensation 
i n t h a t s h o r t t r a c k s were those w i t h l a r g e space angles which 
tended t o have lower momenta and hence l a r g e c u r v a t u r e s . The 
s i g n of the secondary i s g i v e n by the s i g n o f the second 
d i f f e r e n c e . 

Transverse momentum f o r 13.5 GeV. 
The t r a n s v e r s e momentum d i s t r i b u t i o n o f secondary p a r t i c l e s 

i s of p a r t i c u l a r i n t e r e s t since i t remains i n v a r i a n t under 
the Lorentz t r a n s f o r m a t i o n from the centre of mass system, 
and because i t can be used t o d i s t i n g u i s h between v a r i o u s 
t h e o r i e s o f meson p r o d u c t i o n a t h i g h energies. 

A l t o g e t h e r 80 secondaries were measured from 29 events 
which had measurable t r a c k s * Of these 56 were p o s i t i v e and 
24 n e g a t i v e , g i v i n g a +_ r a t i o o f 2.5. I f i t i s assumed t h a t 
the incoming p r o t o n continues i n each case then the +_ r a t i o 
f o r produced p a r t i c l e s i s about u n i t y . Of the secondaries., 
w i t h space angles l e s s than f i v e degrees, twelve are p o s i t i v e 
and two negative suggesting t h a t i t i s the i n c i d e n t p r o t o n 
c o n t i n u i n g . 
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Energy in 
Most energetic Spatial other 

secondary angle in measured 
Event N N (GeV/c) degrees tracks Comments Inelasticity g s 

1 0 3 +5.9 1.5 5 56% 
n n , 0 _ n- . unmeasured n 
2 0 3 + 2 - 7 " track at 8.6° 
12 0 3 +7.9 6.1 1.7 42% 
15 0 2 +9.3 17.5 0 31% 
22 0 4 +5.4 8.2 4.4 ' 60% 

30 0 6 +0.7 '83 0.7 unmeasured 
track at 3*5° 

41 0 2 +2.3 8.4 .2.1 83% 
4 1 6 +4.8 10.4 4.4 

m 1 c z -j c c r» unmeasured „ 31 1 5 "3.7 5.5 0 . . . , ,0 

track at 3.5 

5 1 1 +13.3 3.6 . 0 scatter? (0%) 
14 i 1 +11.3 0.7 0 . 16% 
26 1 2 +11.9 2.3 0 • % .12% 

unmeasured 
track at 3.3 

37 1 3 • +12.4 2.3 3 ? 
38 1 9 -2.5 10.9 2.3 possible 

charge exchange 
39 1 5 +7.5 3.0 3.5 44% 
17 2 4 +3.2 6.2 0.8 76% 
40 2 3 +8.4 ' 3 . 4 0 
10 3 4 +5.9 2.1 6,2 56% 
36 4 3 +9.7 3.3 0 28% 
3 4 6 +4.6 4.6 0.3 64% 
13 5 8 +3.3 16.9 10.1 75% 
m e £ o c o£i n unmeasured 
1 9 5 6 + 2'5 2 6 ^ 0 track at 18.7° 
8 6 8 -2.7 36 5.4 . possible 

. charge exchange 
11 7 10 +6.3 9.3 3.9 53% 
16 6 7 +10.4+3 10*8 4.8 23% 
20 7 8 +4.5 11.8 2.7 67% 
29 8 8 +2.2 18 0 unmeasured 

mean = 49% 
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The tr a n s v e r s e momentum d i s t r i b u t i o n i s shown i n F i g . |Q 
The mean values a r e : -

p A f o r p o s i t i v e p a r t i c l e s = 45Q MeV +_ e x c l u d i n g 
p a r t i c l e s o f momentum 
>1.5 GeV) 

p A f o r negative p a r t i c l e s = 340 MeV _+ 70 

I t w i l l , be noted t h a t the p a r t i c l e s w i t h l a r g e t r a n s v e r s e 
momentum are predominantly p o s i t i v e and could be the con­
t i n u i n g primary. These values are i n agreement w i t h those 
obtained by other authors a t s i m i l a r energies, but the e r r o r s 
are so l a r g e t h a t t h i s i s h a r d l y s s i g n i f i c a n t . 
I n e l a s t i c i t y a t 13.5 GeV 

The i n e l a s t i c i t y of an i n t e r a c t i o n i s d e f i n e d as the 
p r o p o r t i o n o f a v a i l a b l e energy going i n t o p a r t i c l e p r o d u c t i o n . 
As w i t h the tra n s v e r s e momentum d i s t r i b u t i o n i t i s a parameter 
which enables d i f f e r e n t mechanisms o f p a r t i c l e p r o d u c t i o n t o 
be d i s t i n g u i s h e d e x p e r i m e n t a l l y . C u r r e n t l y o f i n t e r e s t i s 
the s u p p o s i t i o n t h a t p e r i p h e r a l i n t e r a c t i o n s o f low i n e l a s t i c i t y 
dominate the i n t e r a c t i o n a t these energies. The primary 
should thus continue w i t h a l a r g e p r o p o r t i o n o f i t s o r i g i n a l 
energy, a t small angles. By measuring the energy of the most 
e n e r g e t i c p o s i t i v e secondary allower l i m i t f o r the i n e l a s t i c i t y 
i s d i r e c t l y obtained. 

The r e s u l t s are shown i n Table 4- • I t i s seen t h a t 

i n seventeen events the most e n e r g e t i c secondary measured has 
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the s m a l l e s t space angle and i s ver y probably the c o n t i n u i n g 
primary. For these events the i n e l a s t i c i t y i s 49$ +. 15$. 

The u n c e r t a i n t y i s l a r g e , but t h e r e i s c e r t a i n l y l i t t l e 
evidence f o r a very low i n e l a s t i c i t y . 
Results a t 25 GeV 

These p l a t e s presented much g r e a t e r d i f f i c u l t y o f 
measurement than the 13.5 GeV p l a t e s , f o r the f o l l o w i n g 
reasons. 
1. Only about h a l f the events proved t o have taken place w h i l e 

the f i e l d was on. 
2. A l l the energies are hi g h e r and the c u r v a t u r e consequently 

more d i f f i c u l t t o measure. 
3. The d i s t o r t i o n was g r e a t e r i n these p l a t e s . 
4. Many o f the events s u f f e r e d from severe c l o u d i n g and 

image f a d i n g due t o f a u l t y processing. 
For these reasons the momentum o f the primary e i t h e r could 

not be measured or was determined w i t h a ver y l a r g e e r r o r . 
A l l secondary momenta are t h e r e f o r e g i v e n unnormalised. 
Transverse Momenta 

The measured d i s t r i b u t i o n i s shown i n F i g . 10'. There 
appears t o be l i t t l e d i f f e r e n c e between e i t h e r the g e n e r a l 
shape o f the d i s t r i b u t i o n , or the mean values o f the tra n s v e r s e 
momenta a t 25 GeV and 13.5 GeV . However the near e q u a l i t y o f 

c c 
the mean tra n s v e r s e momentum f o r p o s i t i v e and negative t r a c k s , 

and the absence o f any h i g h momentum p o s i t i v e t a i l suggests 
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that the proton primary emerges from the i n t e r a c t i o n with a 
lower proportion of i t s energy than at 13.5 GeV. 

These considerations suggest that the i n e l a s t i c i t y i s 
lower at 25 than at 13.5 GeV. This i s supported by the 

c 
observation that i n few of the events was a high energy 
po s i t i v e secondary detected. ThisApartly accounted f o r by 
the d i f f i c u l t y i n detecting the curvature of such high, momenta 
trac k s . 

PL f o r p o « h v e parbcies => 3 I t * 8 0 ffcv. 

S {or n e ^ h v e p * r h d « = ^ ±80 HTev. 
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Comments on the Usefulness of Magnetic Fields 
with Emulsions 

The. usefulness of the method i s limited by three factors. 
a) The time required to carry out the measurements 
b) The l i m i t on the accuracy 
c) Bias introduced by immeasurable tracks. 
The time taken to measure the momentum of a track was 

found to depend mainly upon the f a c i l i t y of d i s t o r t i o n 
measurement. This measurement was hampered by the low density 
of v e r t i c a l tracks which necessitated searching the area 
around the event for them, and also by the fact that the 
v e r t i c a l tracks were not exactly v e r t i c a l thereby introducing 
error and necessitating the somewhat more involved method B. 

The accuracy was found to be limited by the accuracy 
with which the d i s t o r t i o n correction could be determined. 
Again, more ve r t i c a l tracks would help and of course as careful 
a development as possible to keep the general level of dis­
t o r t i o n as low and as uniform as possible. Clearly higher 
f i e l d s and thicker emulsions would increase the accuracy and 
also decrease the bias caused by tracks whose tracklength i s 
too small to be measured. 

Ultimately, as i n most emulsion experiments, the usefulness 
of the method reduces to a question of time and s t a t i s t i c s . 
However with a l i t t l e improvement the pulsed magnetic f i e l d 
could be a very useful t o o l i n the study of nuclear interactions 
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i n emulsions at any rate i n the region of 13 GeV. 
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APPENDIX 

A. Castagnoli Analysis (Castagnoli et a l . 1953) 

Notation 
C ( J t = velocity of the centre of gravity with respect to 

the laboratory. 
C-fi = velocity of emitted particles i n the centre of masa 

system. 
© = angle of emission of a particle measured i n the 

laboratory. 
_ * • • & = angle of emission of a particle i n the centre of mass 

system. 
& = ' . 

7-A? 

Now B i s related t a 0 through the transformation:-

oc T --—<— • . • 
1 e \ | * * i f I 

$* 
Taking logarithms on both sides gives 

Summing over a l l emitted particles, Ng gives:-

Assume, a) that the angular d i s t r i b u t i o n of a l l . the N g emitted 
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particles i s symmetric with respect to the equatorial plane 
i n the centre of mass system. 
b) that there is no correlation between t h e i r angles or th e i r 
energies of emission. 

I f i t i s further assumed that §5 =1 then i t i s shown 
that £n>c. should be distributed about a mean value 

— ^ t c \''[cxtdil with a variance , where T, • 
Thus the expectation value of -fa Jfc i s the mean value 

of C*lc*rf-*L 
B. Dulller^-Walker Analysis (Duller and Walker 1954) 

Let F be the proportion of tracks contained within the 
angle 9 i n the laboratory or 9 * i n the centre of mass system. 
Then for an isotropic d i s t r i b u t i o n i n the centre of mass we 
have 

= 1 ( 1 -

I f i t i s again assumed that =1. then the transformation 
for 9 to 9* gives ^ u - f r ^ r f 

thus a plot of log^£<_^ against log tan 9 should be a straight 
line of slope 2 provided the assumptions are j u s t i f i e d . 
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Note that when P 3 ^ 

I'rF 
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