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[INTRODUCTION 

The study of nuclear i n t e r a c t i o n s produced by high energy 

cosmic rays has l e d t o a number of t h e o r i e s on multi-meson produc

t i o n i n c o l l i s i o n s between a primary p a r t i c l e and a t a r g e t nucleon. 

I n such c o l l i s i o n s the energy of the primary p a r t i c l e i s not known 

nor can i t be measured d i r e c t l y . Consequently methods, such as the 

Castagnoli formula, have been devised t o estimate the primary energy 

from the angular d i s t r i b u t i o n of the secondary p a r t i c l e s . B a s i c a l l y 

t h i s method determines the v e l o c i t y of the centre of mass of the 

int e r a c t i n g s y s t e m and assuming t h a t the t a r g e t i s a s i n g l e nucleon 

the primary energy can be estimated. 

The advent of high energy a c c e l e r a t o r s has made i t p ossible t o 

produce beams of known p a r t i c l e s of known h i g h energy. With these 

i t i s possible t o check the method of e s t i m a t i n g the primary energy 

from the angular d i s t r i b u t i o n of the secondary p a r t i c l e s and t o t e s t 

the p r e d i c t i o n s of some of the t h e o r i e s . 

Most of the work on high energy meson produc t i o n has been 

c a r r i e d out w i t h the emulsion technique. Consequently the observed 

i n t e r a c t i o n s have r e s u l t e d from c o l l i s i o n s between the primary 

p a r t i c l e s and the complex n u c l e i of the emulsion. The basic 

i n t e r a c t i o n i n s i d e the nucleus w i l l be w i t h s i n g l e nucleons or 

groups of nucleons and may be f o l l o w e d by secondary i n t e r a c t i o n s 
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w i t h i n the same nucleus. I t i s necessary t o devise methods whereby 

those i n t e r a c t i o n s i n v o l v i n g only one c o l l i s i o n can be selected. 

Then the c h a r a c t e r i s t i c s of meson pro d u c t i o n can be i n v e s t i g a t e d . 

I f the primary energy i s known the a p p l i c a t i o n of the Castagnoli 

formula t o the secondary p a r t i c l e s leads f i n a l l y t o an estimate of 

the masse of the s t r u c k t a r g e t p a r t i c l e . This type of a n a l y s i s has 

been c a r r i e d out by Friedlander (1960) w i t h 7*3 G-eV negative it-mesons. 

His a n a l y s i s y i e l d s a spectrum of t a r g e t masses w i t h peaks corres

ponding t o one and two nucleon and one, two and three n-meson masses. 

The Castagnoli formula has been a p p l i e d t o i n t e r a c t i o n s , a t 

machine energies, w i t h complex n u c l e i on the assumption t h a t t h e t a r g e t 

i s always a s i n g l e nucleon i n c o n t r a s t t o Friedlander's r e s u l t s . 

I n the above work no allowance has been made f o r secondary 

i n t e r a c t i o n s . 

I n t h i s t h e s i s the i n t e r a c t i o n s of l6 GeV negative rt-mesons have 

been i n v e s t i g a t e d . I t has not been pos s i b l e t o confirm the observa

t i o n s of Friedlander. I t i s found t h a t there are two classes of 

i n t e r a c t i o n , both i n v o l v i n g a c o l l i s i o n w i t h a s i n g l e nucleon but 

i n one group t h i s i s f o l l o w e d by secondary c o l l i s i o n s . For the 

former group the Castagnoli formula i s found t o h o l d f o r a l l s t a r 

sizes subject t o a c o r r e c t i o n a l l o w i n g f o r the m i s c l a s s i f i c a t i o n of 

the c o n t i n u i n g primary as a secondary meson. 
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I n Chapter 1 a summary of the methods of determining the 
energy of primary p a r t i c l e s from the angular d i s t r i b u t i o n of 
secondary p a r t i c l e s i s given. The v a r i o u s models of multi-meson 
production are described and these are f o l l o w e d by same r e s u l t s on 
the a p p l i c a t i o n of the methods f o r determining the energies of 
primary p a r t i c l e s . The chapter i s concluded w i t h a discussion of 
d i f f i c u l t i e s encountered when applying these methods. 

I n Chapter 2 the general r e s u l t s of the i n t e r a c t i o n s of l6.3 6"«V 

Tt~-mesons are given and t h i s i s f o l l o w e d by a comparison of the 

experimentally determined values of the primary energy w i t h the 

known value. The observed discrepancies are then discussed. 

Chapter 3 shows how i t i s possible t o account f o r the discrepancies 

i n Chapter 2 i n terms of secondary i n t e r a c t i o n s i n the complex n u c l e i 

and the c o n t i n u i n g primary. This chapter includes a d e t a i l e d a n a l y s i s 

of the secondary i n t e r a c t i o n s . 

Chapter i d e a l s w i t h the p a i r p r o d u c t i o n of n-mesons i n the 

Coulomb and nuclear f i e l d s of n u c l e i . 

F urther work i n these l a b o r a t o r i e s has been concerned w i t h the 

i n t e r a c t i o n s of 25 GeV protons inemulsion. The methods of a n a l y s i s 

devised i n t h i s t h e s i s have been a p p l i e d s u c c e s s f u l l y there. 
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CHAPTER 1 

Determination of the Primary Energy i n High Energy I n t e r a c t i o n s 

Two methods of e s t i m a t i n g the energy of the primary p a r t i c l e s i n 

very h i g h energy i n t e r a c t i o n s , which have been developed by Castagnoli 

(1953) and D u l l e r and Walker (195*0J a r e discussed i n sections 1.1 and 

1.2. These methods depend on the angular d i s t r i b u t i o n of the secon

dary p a r t i c l e s produced i n the i n t e r a c t i o n s . 

1.1 The Castagnoli Formula 

This formula i s based on three assumptions which are:-

( i ) The i n t e r a c t i o n i s due t o a nucleon-nucleon c o l l i s i o n . 

( i i ) The angular d i s t r i b u t i o n of a l l the shower p a r t i c l e s 
interatified or 

e m i t t e d i n t h e ^ j e t i s symmetrical w i t h respect t o the 

e q u a t o r i a l plane i n the centre of mass system, 

( i i i ) The shower p a r t i c l e s are independent i n the sense t h a t 

there i s no c o r r e l a t i o n between t h e i r angles or between 

t h e i r energies of emission. 

The formula can be a p p l i e d by successive approximations. I n 

the f i r s t approximation the assumption i s made t h a t a l l the em i t t e d 

p a r t i c l e s have the same v e l o c i t y as the two c o l l i d i n g nucleons i n 

the centre of mass system i . e . p = p^c 

The second approximation takes i n t o account the energy spectrum 

of the produced p a r t i c l e s and needs the i n t r o d u c t i o n of some s p e c i a l 

assumptions. 



Consider the t r a n s f o r m a t i o n of the angles from the centre of 

mass system t o the l a b o r a t o r y system. 

_ i ( i - c o s * e * L ) * 
7 c Itane|' (z + cos e*) 

6 i s the angle of the shower p a r t i c l e r e l a t i v e t o the primary 
X 

p a r t i c l e i n the l a b o r a t o r y system and 8 the corresponding angle 

i n the centre of mass system. Z i s the r a t i o — and 7 i s given 

by ( l - ( 3 C
2 ) - ' / S . 

The equation 1 i s u s u a l l y used i n the form 

Jin 7 = I n l c o t B l + in / ( l - c o s a 9 M ). 
' c 1 1 I ( z + cos 9 ) 

Since each t r a c k can be t r e a t e d independently t o o b t a i n a 

value of 7 , equation 2 can be a p p l i e d t o a l l t r a c k s and t a k i n g the 

sum of a l l values i t f o l l o w s t h a t 
n n 
s s ... 

iny =±, V i n l c o t e j V in W ^ l ^ ' X ) c n g
 1 i i n g ^ [ ( z + cos 6 * ) J 

i = l i = l 

The f i r s t term of the r i g h t hand side of equation J contains the 

r e s u l t s of the angular measurements, w h i l e the second term contains 

unknowns which depend on the energy and angular d i s t r i b u t i o n of the 

emitte d p a r t i c l e s i n the centre of mass system. 

Equation 3 ca-n be used t o determine y from experimental angular 

d i s t r i b u t i o n s i f the second term can be evaluated. From the assump-
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2£ t i o n p = p c of the f i r s t approximation i t f o l l o w s t h a t Z = 1 and 
consequently the second term of equation J becomes 

x = i n I ( l ; C O s l ^ " / i = i n t a n 6 * / 2 1* 
(^(1 + cos 8**; J ' 

On the assumption t h a t the angular d i s t r i b u t i o n i n the centre 

of mass system i s symmetrical, i t f o l l o w s t h a t the p r o b a b i l i t y of x 

having a value between x and x+dx, f ( x ) d x ; i s an even f u n c t i o n of x. 

Therefore the average value of x i s given by 

/

+00 

x ^"(x)dx = 0 5 

f o r l a r g e n g. 

Equation 2 can be w r i t t e n 

in y - in\cote . I = x. 6 

and can be i n t e r p r e t e d by saying t h a t the v a r i a b l e x. f l u c t u a t e s 

about the average v a l u e / 5 ; w i t h a variance given by 
p +00 

a 2 = x 2 = / x 2 f ( x ) d x 7 
"-£•00 

Thus i f the emitted p a r t i c l e s are independent (assumption 

( i i i ) ) , and using equations 3 ; 5 a n d - 1, in jQ i s given by 
n s 

i n 7 c = i I H c o t e J + ^ 8 
s {—L . S 

1 = 1 

o q has been c a l c u l a t e d by Castagnoli f o r an i s o t r o p i c angular dis 

t r i b u t i o n i n the centre of mass system and i s 0 . 9 0 6 . 
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I n the case of the second approximation the second term of 

equation 5 i s evaluated. The assumption = Z = 1 i s not made 

and the range of values of Z can be estimated using one of the 

t h e o r e t i c a l models of Fermi or Heisenberg. These models also give 

the angular d i s t r i b u t i o n of the secondary p a r t i c l e s i n the centre 

of mass system and hence i t i s possible t o evaluate the second term 

f o r each model. However, previous experimental work has been 

analysed using the f i r s t approximation and consequently the present 

work has been s i m i l a r l y analysed. Moreover, i t w i l l be shown t h a t 

the f i r s t approximation leads t o a r e s u l t which i s i n good agree

ment w i t h the known value of y . 
' c 

1 . 2 The D u l l e r and Walker P l o t 

This method of d i s p l a y i n g the angular d i s t r i b u t i o n of the 

shower p a r t i c l e s i n a j e t produced i n a N-N c o l l i s i o n takes as i t s 

s t a r t i n g p o i n t the same tr a n s f o r m a t i o n 1 as used i n the Castagnoli 

formula but expressed s l i g h t l y d i f f e r e n t l y 

, . 1 s i n 8* 
tan 8 = — 77;—• -5TT 9 

7 c (Z + cos 8*) y 

where the v a r i a b l e s are denoted as i n equation 1 . For an i s o t r o p i c 

angular d i s t r i b u t i o n of emitted p a r t i c l e s i n the centre of mass 

system, the f r a c t i o n of p a r t i c l e s e m i t t e d w i t h angles up t o 8 i s 

given by 
8* 

F = s i n 2 1 0 

Making the assumption Z = 1 , equation 9 can be w r i t t e n 
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, 1 s i n 6*/2 i n 

tan 0 = ZxTX 1 1 7 cos 8*72 
' c ' 

Taking logarithms of the square of t h i s equation and using 

equation 1 0 the equation, 

2 ^ n tan 9 = - i n l i ^ V 4 n (MK . ... 12 

i s obtained. 

This equation represents a l i n e of slope 2 passing through the 

p o i n t F ( e ) / l - F ( 6 ) = 7 C
2 a t t a n 6 = 1 . 

Both the Castagnoli formula and the D u l l e r and Walker p l o t were 

i n i t i a l l y v e r i f i e d t o some extent w i t h cosmic ray data on nucleon 

i n t e r a c t i o n s i n n u c l e i . (Castagnoli 1 9 5 5 ; D u l l e r and Walker 1 9 5 ^ ) * 

I n each case care was taken t o s e l e c t those events which probably 

correspond t o nucleon^-nucleon c o l l i s i o n s . 

1 . 3 Models of Multi-meson Production 

The Castagnoli Formula and the D u l l e r and Walker P l o t have 

been used i n the a n a l y s i s of very h i g h energy cosmic ray i n t e r a c 

t i o n s observed i n nuclear emulsions, (Ciok e t a l . 1 9 5 7 and 1 9 5 8 ; 

G i e r u l a e t a l . 1 9 6 0 a , b and c ) . 

From t h i s work two groups of i n t e r a c t i o n s have been observed. 

For nucleon-nucleon i n t e r a c t i o n s a t energies up t o about 1 0 0 GeV 

the a nalysis i n d i c a t e s t h a t the angular d i s t r i b u t i o n i s i s o t r o p i c 
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i n the centre of mass of the c o l l i d i n g nucleons. For i n t e r a c t i o n s 
a t energies greater than 1 0 0 GeV the angular d i s t r i b u t i o n i n the 
centre of mass i s a n i s o t r o p i c but symmetric. 

The f i r s t group of i n t e r a c t i o n s has been i n t e r p r e t e d as due 

t o the production of mesons from one e x c i t e d centre. This centre 

i s t r a v e l l i n g w i t h the v e l o c i t y of the centre of mass, and i s 

p o s s i b l y an e x c i t e d compound s t a t e of the two i n t e r a c t i n g p a r t i c l e s . 

Several authors have produced t h e o r i e s of m u l t i p l e meson produc

t i o n i n order t o e x p l a i n the a n i s o t r o p i c angular d i s t r i b u t i o n of 

p a r t i c l e s produced i n very high energy i n t e r a c t i o n s i . e . > 1 0 0 GeV. 

A l l the t h e o r i e s are based on the assumption t h a t the created mesons 

are emit t e d independently from two centres moving i n opposite d i r e c 

t i o n s i n the centre of mass system. 

Takagi ( 1 9 5 2 ) assumed t h a t the secondary p a r t i c l e s are emitted 

i s o t r o p i c a l l y i n the frames of reference associated w i t h each centre. 

This r e s u l t s i n the p a r t i c l e s being concentrated i n the forward and 

backward d i r e c t i o n s i n the centre of mass system. 

Kraushaar and Marks ( 1 9 5 * 0 suggested a s i m i l a r model i n which 

the two centres are assumed t o be h i g h l y e x c i t e d nucleons. 

Further studies by Ciok e t a l . 1 9 5 8 have shown t h a t f o r very 

high energy i n t e r a c t i o n s the values of 7 f o r the e m i t t i n g centres, i n 

the centre of mass system, are much smaller than the corresponding 

values of y f o r the nucleons. This r u l e s out the p o s s i b i l i t y t h a t 

the two e m i t t i n g centres are e x c i t e d nucleons. 
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Helsenberg ( 1 9 5 2 ) and Landau and Belenky ( 1 9 5 6 ) have produced 
th e o r i e s which p r e d i c t an a n i s o t r o p i c angular d i s t r i b u t i o n i n the 
centre of mass which leads t o l i n e s of slope 1 on the D u l l e r and 
Walker P l o t . These d i s t r i b u t i o n s do not agree w i t h the data f o r 
very high energy c o l l i s i o n s . The best f i t t o the experimental 
data i s given by the two centre model of Takagi. 

I t i s possible t o i n t e r p r e t nucleon-nucleon i n t e r a c t i o n s a t 

energies less than 1 0 0 GeV i n terms of the two centre model also. 

I f the d i s t r i b u t i o n of i n | c o t 9 | f o r each t r a c k i s p l o t t e d then the 

d i s t r i b u t i o n should comprise the separate d i s t r i b u t i o n s of i n | c o t 0 | 

f o r the two centres. These w i l l c o n s i s t of gaussian d i s t r i b u t i o n s 

w i t h a standard d e v i a t i o n of aQ = O .906 centred a t the values of i n / , 

f o r the two centres. The d i s t r i b u t i o n s overlap and may not be d i s 

t i n g u i s h a b l e from a gaussian d i s t r i b u t i o n which i s d i s t r i b u t e d about 

the value of iny f o r the centre of mass system of the c o l l i d i n g 

nucleons. However i f these centres are separated by 1 . 0 7 then the 

two d i s t r i b u t i o n s should be resolved. The standard d e v i a t i o n of 

the t o t a l d i s t r i b u t i o n w i l l be l.^hoz • 

Although the fore g o i n g c a l c u l a t i o n s have been based on a 

nucleon-nucleon i n t e r a c t i o n , the formulae derived are q u i t e general 

and w i l l h o l d f o r the i n t e r a c t i o n between a it-meson and a nucleon. 

1 . k The a p p l i c a t i o n of the Castagnoli Formula and D u l l e r and Walker 

P l o t 

The f i r s t d e t a i l e d i n v e s t i g a t i o n using the type of a n a l y s i s 
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described i n s e c t i o n 1 . 1 and 1 . 2 has been c a r r i e d out by Friedlander 

( 1 9 6 0 ) using a beam of 7 * 3 GeV negative it-mesons. Friedlander shows 

t h a t using the Castagnoli formula i t should be possible t o d i s t i n g u i s h 

i n d i v i d u a l t a r g e t masses of n, 2 J T, N, 2W etc. The d i f f e r e n c e s between 

i n 7 C f o r c o l l i s i o n s of 7 * 3 GeV jc"~-mesons w i t h these t a r g e t masses are 

approximately 0.H6 whereas the d i s t r i b u t i o n of the experimental 

values f o r each t a r g e t mass has a w i d t h which i s expected t o be about 

0 . ^ 5 f o r an average m u l t i p l i c i t y of k. The d i s t r i b u t i o n of i n f o r 

a l l i n t e r a c t i o n s should t h e r e f o r e show a series of overlapping 

gaussians w i t h maxima a t values of i n 7 corresponding t o c o l l i s i o n s 

between it _-mesons and t a r g e t masses of n, 2 J T, N and 2 N . 

The d i s t r i b u t i o n s of i n 7 f o r i n t e r a c t i o n s i n heavy and l i g h t 

n u c l e i given by Friedlander ( f i g u r e s 1 and 2 ) show some c o r r e l a t i o n 

w i t h the expected values of i n 7 . Furthermore, when the events are 

c l a s s i f i e d according t o the range of i n 7 and the D u l l e r and Walker 

diagrams are constructed, the experimental r e s u l t s i n d i c a t e t h a t the 

emitted p a r t i c l e s have an i s o t r o p i c angular d i s t r i b u t i o n i n the centre 

of mass system f o r c o l l i s i o n s w i t h one and two nucleons. C o l l i s i o n s 

between one and two it-mesons have a symmetric but a n i s o t r o p i c ^ d i s 

t r i b u t i o n , which i s s i m i l a r t o the two centre e f f e c t discussed i n 

se c t i o n 1 . 3 -

However, i n Friedlander's work events are considered w i t h n^ 

ranging from 1 t o and no allowance has been made f o r the po s s i b l e 

e f f e c t of secondary c o l l i s i o n s i n heavy n u c l e i . 



20I 

>-u 
3 
o 10 

TT-2 N TTj N TT |3tT T 

_ i i _ — i 1_ o 0 5 
L O C l o K 

The distribution of l o q | 0 $ c for events with n ^ ^ 4 produced by 7-3 CeV TT-mesons 

(Friedlander 1960) 

IO 

2 0 h 

>-u z 
LLJ 

o 

IO 

o 

TT-2N T T - N 
» i 

Tr-3n 

_ i , i , i , i _ J , i _ 

T - T T 

i 

O 0-5 l-O 
L O G l o S c 

2.The distribution of l o q , Q }fc for events with n^>4 produced by 7-3GeV TT -mesons 
(Friedlander 1960) 



- 1 2 -

1 . 5 D i f f i c u l t i e s i n v o l ved i n the a p p l i c a t i o n of the Castagnoli 

Formula and D u l l e r and Walker P l o t 

1 . 5 1 Secondary C o l l i s i o n s 

The use of nuclear emulsions leads t o the observation 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 r e s u l t i n g from 

several c o l l i s i o n s w i t h i n n u c l e i by the primary and secondary 

p a r t i c l e s . 

Figure 3 shows the v a r i a t i o n of m u l t i p l i c i t y w i t h energy f o r 

the i n t e r a c t i o n of jt-mesons and protons w i t h nucleons and n u c l e i . 

For energies below approximately 8 GeV i t can be seen t h a t the 

m u l t i p l i c i t y f o r the i n t e r a c t i o n s of jt-mesons and protons w i t h 

n u c l e i i s less than t h a t f o r i n t e r a c t i o n s w i t h s i n g l e nucleons. 

For energies above 8 GeV the reverse i s the case. 

This e f f e c t can be i n t e r p r e t e d i n terms of secondary c o l l i 

sions. For i n t e r a c t i o n s i n the energy range up t o 8 GeV the 

average energy of the secondary p a r t i c l e s i s too low t o lead t o 

f u r t h e r p r o d u c t i o n i n a secondary c o l l i s i o n . I n f a c t the secon

dary mesons of lower energy w i l l tend t o be absorbed, leading t o 

a lower m u l t i p l i c i t y f o r i n t e r a c t i o n s w i t h n u c l e i than w i t h 

nucleons. 
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Above 8 GeV the energies of the secondary p a r t i c l e s are some
what higher, and i f secondary c o l l i s i o n s occur f u r t h e r production 
of n-mesons i s l i k e l y t o take place, leading t o a higher m u l t i 
p l i c i t y i n the case of i n t e r a c t i o n s w i t h n u c l e i than w i t h the 
i n t e r a c t i o n s w i t h nucleons. 

A t 1 6 GeV secondary c o l l i s i o n s lead t o f u r t h e r p r o d u c t i o n of 

it-mesons and consequently t o a broadening of 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 which r e s u l t s i n a low value of i n | c o t 0 | . 

I n the a n a l y s i s of Friedlander t h i s would be i n t e r p r e t e d as an i n t e r 

a c t i o n between the i n c i d e n t p a r t i c l e and a t a r g e t heavier than a 

nucleon. 

1 . 5 2 Continuing Primary 

According t o Menon ( p r i v a t e communication) the cross-section 

f o r charge exchange of 1 6 GeV jt --mesons i s n e g l i g i b l e . Consequently 

i n t h e i r i n t e r a c t i o n the primary :t~-mesons w i l l emerge and w i l l be 

c l a s s i f i e d e xperimentally as shower p a r t i c l e s . 

Moreover the c o n t i n u i n g primary i s l i k e l y t o be h i g h l y c o l l i -

mated i n the l a b o r a t o r y system. I f i t i s c l a s s i f i e d as a secondary 

p a r t i c l e i t s value of i n | c o t 9 | w i l l be large and i t w i l l lead t o an 

abnormally large value of Zn y p a r t i c u l a r l y f o r small values of n . 
c s 

Again, i n the a n a l y s i s of Fr i e d l a n d e r , t h i s would "be i n t e r p r e t e d as 

an i n t e r a c t i o n between the i n c i d e n t it-meson and some t a r g e t mass 

which i s smaller than t h a t of a nucleon. The e f f e c t of the c o n t i n -
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u i n g primary w i l l become p r o g r e s s i v l y smaller as the value of n 
s 

increases. 

1 . 5 3 D i s t r i b u t i o n of V e l o c i t i e s i n the Centre of Mass System 

I n the a p p l i c a t i o n of both the Castagnoli Formula and the D u l l e r 

and Walker p l o t the assumption i s made t h a t 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 i . e . fi = I n f a c t there 

w i l l be a d i s t r i b u t i o n of the v e l o c i t i e s of the emitted p a r t i c l e s and 

consequently the above assumption i s not s t r i c t l y v a l i d . Figure k 

shows the r e l a t i o n between the angle of emission i n the centre of mass 

and l a b o r a t o r y systems f o r secondary p a r t i c l e s whose v e l o c i t i e s are 

given by P C/P X = 0 * 9 5 , 1 and 1 . 2 . I t can be seen from t h i s f i g u r e 

t h a t only those p a r t i c l e s e m i t t e d i n the backward d i r e c t i o n , i n the 

centre of mass system, w i l l be a f f e c t e d g r e a t l y by the assumption. 

During the course of the present work an experiment has been 

completed (Goldsack et a l . 1 9 6 2 ) on the i n t e r a c t i o n s of rt~-mesons a t 

I 6 . 3 GeV i n a hydrogen bubble chamber, i n which the momentum d i s t r i 

b u t i o n of the secondary 7t~-mesons and protons i n the centre of mass 

system, has been determined. This has made i t possible t o estimate 

the a f f e c t of the momentum d i s t r i b u t i o n on the D u l l e r and Walker 

p l o t . Two angular d i s t r i b u t i o n s , i n the centre of mass, have been 

used i n c a l c u l a t i n g the D u l l e r and Walker p l o t . One i s an i s o t r o p i c 

d i s t r i b u t i o n and the other i s one i n which the i n t e n s i t y of the 

emitted p a r t i c l e s v a r i e s as cos 28, 6 being the angle of emission of 

the secondary p a r t i c l e i n the centre of mass system. Figure 5 
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shows the v a r i a t i o n of F/l-F w i t h tan 9 f o r these two d i s t r i b u t i o n s . 
Fran these curves i t can be seen t h a t the e f f e c t of the v e l o c i t i e s 
of the secondary p a r t i c l e s appears a t l a r g e r angles i . e . about 50° -
60° i n the l a b o r a t o r y system. 

1.5^ Conclusion 

I t can be seen from the preceding discussion t h a t the a n a l y s i s 

of nuclear i n t e r a c t i o n s w i l l be complicated by three f a c t o r s , namely, 

the existence of secondary c o l l i s i o n s , the c o n t i n u i n g primary and 

the v e l o c i t y d i s t r i b u t i o n of the secondary p a r t i c l e s . As seen above 

an allowance can be made f o r the v e l o c i t y d i s t r i b u t i o n . The correc

t i o n f o r the e f f e c t s of secondary c o l l i s i o n s and the c o n t i n u i n g 

primary w i l l be discussed l a t e r . 
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CHAPTER 2 

P r e l i m i n a r y Results on the I n t e r a c t i o n s of 16.3 GeV it~-mesons 

2.1 Emulsion Stack and Exposure 

A stack of 222 I l f o r d G.5 p e l l i c l e s , each 29 cm x Ik cm x 600[x 

i n s i z e , has been exposed t o the 16.3 GeV negative p i o n beam of the 

25 GeV proton synchrotron a t CERN Geneva. The beam i s r e p o r t e d t o 

have n e g l i g i b l e e l e c t r o n contamination and about 10$ contamination 

from muons. Of the stack 20 p e l l i c l e s have been processed and 

scanned by t h i s l a b o r a t o r y i n order t o c a r r y out a study of the 

i n t e r a c t i o n of 16.3 GeV negative pions w i t h complex n u c l e i . 

Before exposure the stack i s m i l l e d t o provide each p e l l i c l e 

w i t h two accurate reference edges. These reference edges enable 

the stack t o be a l i g n e d very a c c u r a t e l y w i t h the beam. Accurate 

alignment ensures t h a t the beam p a r t i c l e s t r a v e l a l a r g e distance 

i n each p e l l i c l e . A f t e r exposure the p e l l i c l e s are. l o c a t e d 

a c c u r a t e l y w i t h respect t o a ' g r i d ' which when i l l u m i n a t e d produces 

a very shallow image on the bottom of each p e l l i c l e . Each square 

of the g r i d , which i s 1 mm x 1 mm i n size has two co-ordinates 

which give the p o s i t i o n of the square w i t h respect t o the two 

reference edges. This arrangement f a c i l i t a t e s the recording of 

the p o s i t i o n of events and the f o l l o w i n g of tra c k s from one p l a t e 

t o another. 

The processing of these p l a t e s i s described i n Appendix A l . 
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2.11 Scanning of the p l a t e s and the c l a s s i f i c a t i o n of the events 

The p l a t e s have been scanned under a m a g n i f i c a t i o n of ̂ 5 x 1.5 x 

15 on Cooke M̂ OOO microscopes. Tracks are selected about 1 cm from 

the edge of the emulsion on which the beam i s i n c i d e n t . The t r a c k s 

are f o l l o w e d using the ' l i n e scanning' technique u n t i l they are 

terminated by an i n t e r a c t i o n , by l e a v i n g the emulsion, or by merely 

reaching the end of the tra v e r s e of the microscope stage. The 

distance t r a v e l l e d along the t r a c k i s noted and i f an i n t e r a c t i o n 

occurs i t i s recorded and c l a s s i f i e d as a 'star' or a ' s c a t t e r i n g ' . 

An event i s u s u a l l y considered as a s c a t t e r i n g i f there i s a 

p e r c e p t i b l e change i n the d i r e c t i o n of the t r a c k a t a p a r t i c u l a r 

p o i n t , whereas the sudden c r e a t i o n of any number of secondary 

p a r t i c l e s a t the t e r m i n a t i o n ofthe t r a c k i s c a l l e d a s t a r . 

I n i t i a l l y the p l a t e i s set up so t h a t the beam i s p a r a l l e l t o 

one of the axes of the microscope. The eyepiece h a i r l i n e i s a l i g n e d 

p a r a l l e l t o the beam d i r e c t i o n also. This f a c i l i t a t e s the s e l e c t i o n 

of beam tra c k s as opposed t o the t r a c k s of secondary p a r t i c l e s . 

When a t r a c k i s f o l l o w e d i t s d i r e c t i o n i s compared w i t h the h a i r l i n e 

every few f i e l d s of view. I n t h i s way i t i s possible t o detect 

changes i n d i r e c t i o n of approximately ^ ° , using a r e l i a b l e micro

scope stage. 

When an event i s recorded a d e t a i l e d reference t o the g r i d 

on the bottom of the emulsion i s made i n order t h a t the event can 

be found again a t some l a t e r date. 
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When a s c a t t e r i n g i s observed the sc a t t e r e d t r a c k i s f o l l o w e d 
f o r a large distance. I f the s c a t t e r e d p a r t i c l e g i v i n g r i s e t o the 
t r a c k i s an e l e c t r o n and not/jf-meson then i t i s u s u a l l y s c a t t e r e d 
again a f t e r a few f i e l d s of view and can t h e r e f o r e be recognised and 
r e j e c t e d . Both the secondary p a r t i c l e s i n events w i t h two l i g h t l y 
i o n i z i n g p a r t i c l e s are s c r u t i n i z e d i n a s i m i l a r way t o e l i m i n a t e 
events due t o knock-on el e c t r o n s . 

When the scanning i s complete a l l events are c a r e f u l l y checked 

a second time and co-ordinate measurements made on both the minimum 

and h e a v i l y i o n i z i n g secondaries i n order t h a t the angular d i s t r i b u 

t i o n r e l a t i v e t o the primary can be computed. The events are al s o 

c l a s s i f i e d according t o the number of bla c k , grey and minimum 

tr a c k s n^, n^ and n g r e s p e c t i v e l y . This c l a s s i f i c a t i o n i s c a r r i e d 

out v i s u a l l y . The g r a i n d e n s i t i e s of these groups of t r a c k s are 

given by, 

'black' tracks 6.8 < g X 

'grey' tracks l.l+*£g X< 6.8 

'minimum' tr a c k s g X <C 1.1+ 

where g X = •J^, the normalised g r a i n density. g Q i s the g r a i n 

d e n s i t y of tracks of pla t e a u i o n i z a t i o n . 

The angular d i s t r i b u t i o n of the minimum i o n i z i n g secondary 

p a r t i c l e s i s such t h a t , g e n e r a l l y , t r a c k s are not long enough f o r 

measurements of t h e i r momenta t o be made. I n view of t h i s the 
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a n a l y s i s has c o n s i s t e d o f a d e t a i l e d s t u d y o f t h e a n g u l a r d i s t r i 
b u t i o n o f secondary p a r t i c l e s . 

Data f r o m t h e e v e n t s have been c l a s s i f i e d a c c o r d i n g t o t h e 

number o f minimum secondary p a r t i c l e s n g . 

2 . 2 G e n e r a l R e s u l t s 

A t o t a l o f 192-5 ni o f t r a c k has been f o l l o w e d i n which t h e r e 

have been f o u n d 3 5 1 s t a r s , 25 s c a t t e r i n g s and Ik- knock-on e l e c t r o n s . 

S i n c e t h e knock-on e l e c t r o n s a r e produ c e d w i t h o u t any a p p r e c i a b l e 

change i n t h e d i r e c t i o n o f t h e jt~-meson t h e y can be e a s i l y m i s s e d when 

s c a n n i n g q u i c k l y . C onsequently t h e h i g h number o f knock-on e l e c t r o n s 

o b s erved i s i n d i c a t i v e o f h i g h s c a n n i n g e f f i c i e n c y . 

A t 1 6 . 3 GeV t h e n --mesons r e s u l t i n g f r o m 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 a r e h i g h l y c o l l i m a t e d i n t h e f o r w a r d d i r e c t i o n and t h e 

m a j o r i t y o f t h e it~-mesons w i l l be s c a t t e r e d a t a n g l e s o f l e s s t h a n 

0 . 5 ° « However, t h e m a j o r i t y o f s c a t t e r i n g s have a n g l e s o f s c a t t e r 

w h i c h a r e g r e a t e r t h a n 0 . 5 ° and have been c l a s s i f i e d as i n e l a s t i c 

i n t e r a c t i o n s i n w h i c h a l l o t h e r secondary p a r t i c l e s a r e n e u t r a l . 

E vents o f t h e t y p e ( l + 0 + l ) ^ a n d ( 0 + 0 + 2 ) have been 

s t u d i e d t o s e l e c t n~-p s c a t t e r i n g s . F i g u r e 6 shows t h e r e l a t i o n 

between t h e r e c o i l i n g p r o t o n and t h e s c a t t e r e d jt~-meson f o r an 

i n c i d e n t jt~-meson energy o f 1 6 . 3 GeV. Events o f t h e t y p e ( 0 + 0 + 2 ) 

a r e p l o t t e d t w i c e because i t i s n o t p o s s i b l e t o d i s t i n g u i s h between 

t h e TC_-meson and p r o t o n . Events l y i n g w i t h i n t h e d o t t e d l i n e s w i l l 

have r e c o i l i n g p r o t o n s w i t h s u f f i c i e n t l y h i g h momenta t o g i v e r i s e 
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t o minimum t r a c k s . Other e v e n t s w i l l have 'grey' o r ' b l a c k ' 
p r o t o n t r a c k s e m i t t e d a t l a r g e a n g l e s , and c o n s e q u e n t l y a r e 
c l a s s i f i e d as ( l + 0 + l ) o r (0 + 1 + l ) e v e n t s . Events o f t h i s 
t y p e a r e marked 1 and 2 i n t h e f i g u r e , whereas e v e n t 3 i s 
c l a s s i f i e d as (0 + 0 + 2 ) . However, s i n c e i t l i e s c l o s e t o t h e 
a c c e p t e d r e g i o n f o r ( 0 + 0 + 2 ) e v e n t s i t i s t o "be c o n s i d e r e d as 
a p o s s i b l e n~-p e l a s t i c s c a t t e r i n g t o g e t h e r w i t h e v e n t s 1 and 2 . 
These t h r e e e v e n t s must be s u b t r a c t e d f r o m t h e t o t a l number o f 
s t a r s . 

The c o r r e c t e d i n t e r a c t i o n l e n g t h f o r j t ~ - p e l a s t i c s c a t t e r i n g 

i s 57*75 m e t r e s g i v i n g a c r o s s - s e c t i o n o f 2 . 3 + 1 . 1 mb. w h i c h 

compares w i t h a v a l u e o f 3 . 5 + 0 . 5 mb. d e t e r m i n e d u s i n g a hy d r o g e n 

b u b b l e chamber (Goldsack 1 9 6 2 ) . 

The t o t a l number o f i n e l a s t i c i n t e r a c t i o n s i s t h e n 3 7 1 a n c ^ 

t a k i n g t h e q u o t e d c o n t a m i n a t i o n o f 10$ t h e mean f r e e p a t h f o r 

s t a r p r o d u c t i o n i s 46 . 6 + 2.4 cm. A c c o r d i n g t o t h e o p t i c a l 

model o f Fernbach e t a l . (19A9) t h i s i n t e r a c t i o n l e n g t h c o r r e s p o n d s 

t o an a b s o r p t i o n c o e f f i c i e n t o f K = ( 1 . 7 + O. l ) x 1 0 1 2 cm - 1. T h i s 

can be compared w i t h t h e e x p e c t e d v a l u e o f K = ( 2 . 4 + 0 . 2 ) x 1 0 1 2 cm' 

c a l c u l a t e d u s i n g t h e t o t a l c r o s s - s e c t i o n f o r t h e i n t e r a c t i o n o f 

jt~-mesons w i t h p r o t o n s q u o t e d by Goldsack ( 1 9 6 2 ) . T h i s a b s o r p t i o n 

c o e f f i c i e n t c o r r e s p o n d s t o a mean f r e e p a t h i n n u c l e a r e m u l s i o n of 

( 3 9 - 0 + 1*5) c m « T h i s d i s c r e p a n c y o f (7*6 c m * p r o b a b l y 

a r i s e s f r o m u n c e r t a i n t y a b o u t t h e e x t e n t o f t h e c o n t a m i n a t i o n o f 

t h e beam. 
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I n f i g u r e 7 and 8 t h e a v a i l a b l e d a t a has been c o l l e c t e d t o g e t h e r 
f o r t h e t o t a l c r o s s - s e c t i o n f o r t h e i n t e r a c t i o n o f jT"-mesons and 
p r o t o n s w i t h t h e n u c l e i of b e r y l l i u m , c a r b o n , a l u m i n i u m , copper, 
cadmium, t i n , l e a d , b i s m u t h , and uranium. F o r h i g h e n e r g i e s t h e 
c r o s s - s e c t i o n s appear t o be independent o f energy. From t h i s d a t a 
t h e mean f r e e p a t h f o r it~-meson i n t e r a c t i o n s i n n u c l e a r e m u l s i o n has 
been c a l c u l a t e d t o be 57 cm. a g r e e i n g w i t h t h e p r e d i c t e d v a l u e o f t h e 
o p t i c a l model. T h i s i m p l i e s a c o n t a m i n a t i o n o f t h e beam o f 21$ 
w h i c h i s w e l l i n excess o f t h e q u o t e d v a l u e o f 10$ . T h i s conclusion..-
has been v e r i f i e d b y some d e t a i l e d work on beam c o n t a m i n a t i o n c a r r i e d 
o u t b y t h e M i l a n group on p l a t e s f r o m t h e same s t a c k as t h e p l a t e s 
used i n t h i s l a b o r a t o r y . A l t h o u g h no a b s o l u t e f i g u r e f o r t h e 
c o n t a m i n a t i o n has been d e t e r m i n e d , i t has been e s t a b l i s h e d t h a t t h e 
beam c o n t a m i n a t i o n i s w e l l i n excess o f t h e q u o t e d 10$ . 

T h i s c o n c l u s i o n i n v a l i d a t e s t h e c r o s s - s e c t i o n f o r t h e s c a t t e r i n g 

o f jt~-mesons on hydrogen n u c l e i g i v e n e a r l i e r i n t h i s s e c t i o n . The 

c o r r e c t e d v a l u e o f t h i s c r o s s - s e c t i o n , u s i n g t h e f i g u r e o f 21$ f o r 

t h e c o n t a m i n a t i o n , i s 2 . 6 + 1.5 mb. 

Since t h e 2J s c a t t e r i n g s have been c l a s s i f i e d as i n e l a s t i c 

e v e n t s i t i s n o t p o s s i b l e t o make any f u r t h e r comparison w i t h t h e 

o p t i c a l model. 

F i g u r e s 9> 10 and 1 1 show t h e d i s t r i b u t i o n s o f t h e numbers o f 

minimum, g r e y and b l a c k t r a c k s . The average number o f minimum 
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t r a c k s i s k.JJ + 0 . 1 2 w h i c h compares w i t h 3 . 8 2 + 0 .25 f o r t h e 

i n e l a s t i c i n t e r a c t i o n s o f ir~-mesons w i t h p r o t o n s (Goldsack 1 9 6 2 ) . 

The average number o f heavy t r a c k s i s 6.hO + 0 .13 w h i c h i s made up 

of I . 7 6 + 0 . 0 7 g r e y t r a c k s and k. 6k + 0 . 1 1 b l a c k t r a c k s . F u r t h e r 

d e t a i l s o f t h e d i s t r i b u t i o n o f e v e n t s between t h e v a l u e s of n , 
s 

n^ and n^, can be seen i n Appendix A.2. 

The d i f f e r e n c e i n t h e average number o f minimum t r a c k s , 

between t h e j t ~ - n u c l e u s and rt--nucleon c o l l i s i o n s i s due t o t h e 

e x i s t e n c e o f secondary c o l l i s i o n s i n t h e complex n u c l e i , g i v i n g 

r i s e t o f u r t h e r ir~-meson p r o d u c t i o n . F u r t h e r e v i d e n c e f o r secondary 

c o l l i s i o n s i s shown by t h e i n c r e a s e o f n^ w i t h n , f i g u r e 1 2 . The 

e v e n t s w i t h h i g h e x c i t a t i o n energy, u s u a l l y a t t r i b u t e d t o s e v e r a l 

c o l l i s i o n s , have l a r g e v a l u e s o f n . 
' 0 s 

2 .3 I n i t i a l a p p l i c a t i o n o f t h e C a s t a g n o l i and D u l l e r and Walker 

Formulae 

The i n t e r a c t i o n s o f l 6 . 3, GeV it _-mesons w i t h t h e e m u l s i o n n u c l e i 

have been a n a l y s e d a c c o r d i n g t o t h e methods o f F r i e d l a n d e r . Of 

t h e 3 7 1 s t a r s f o u n d b y l i n e s c a n n i n g t h e s p a t i a l a n g l e s o f a l l 

shower, g r e y , and b l a c k t r a c k s f o r 310 s t a r s have been measured. 

F o r each s t a r a v a l u e o f i n y u s i n g e q u a t i o n 8, has been computed. 

The d i s t r i b u t i o n o f i n / c i s shown i n f i g u r e 13- The ar r o w s i n d i c a t e 

t h e e x p e c t e d v a l u e o f i n jc f o r j t - n , n - 2 n , j t - N and n-2W c o l l i s i o n s 

a t 1 6 . 3 GeV. The smooth c u r v e i n d i c a t e s t h e normal d i s t r i b u t i o n 
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e x p e c t e d i f o n l y s i n g l e jr-N c o l l i s i o n s occur. The d e v i a t i o n a o f 

t h e e x p e c t e d d i s t r i b u t i o n i s O.kl and i s g i v e n b y a(J'J~n~s' ° Q i s 

e q u a l t o 0.9 ( C a s t a g n o l i 1953)' The e x p e r i m e n t a l d i s t r i b u t i o n i s 

much b r o a d e r t h a n t h e e x p e c t e d n o r m a l d i s t r i b u t i o n . I t can be 

seen f r o m t h i s d i s t r i b u t i o n t h a t t h e r e i s no c o r r e l a t i o n between 

t h e e x p e r i m e n t a l v a l u e s and t h e e x p e c t e d v a l u e s o f i n 7 f o r 

j t - n , rr-2jt, n-N and jr-2N c o l l i s i o n s . I n f a c t t h e d i s t r i b u t i o n i s 

s y m m e t r i c a l about t h e v a l u e of £n f o r t h e n-N c o l l i s i o n s . A t 

16.3 GeV i t i s n o t p o s s i b l e t o s u b s t a n t i a t e t h e o b s e r v a t i o n s o f 

F r i e d l a n d e r ( s e c t i o n 1.4). 

F i g u r e ih shows how t h e v a l u e o f In 7 depends on n . The 

d o t t e d l i n e r e p r e s e n t s t h e e x p e c t e d v a l u e f o r In 7 f o r a n-N 

c o l l i s i o n . The v e r y h i g h v a l u e s o f i n 7 a r e t y p i c a l of ev e n t s 

w i t h low n , whereas t h e v e r y low v a l u e s a r e t y p i c a l of e v e n t s 

w i t h h i g h n . S i m i l a r v a r i a t i o n s o f i n 7 w i t h n have been o b s e r v e d s ' o. s 

f o r t h e i n t e r a c t i o n s , w i t h complex n u c l e i , o f 6.2 GeV p r o t o n s 

( W i n z e l e r e t a l . 1960), 9 GeV p r o t o n s ( C u i l l i e t a l . 1962) and 

27 GeV p r o t o n s ( B a r b a r o e t a l . 1961). 

The D u l l e r and Walker p l o t s f o r t h e v a r i o u s v a l u e s o f n g a r e 

shown i n f i g u r e s ( i ) and ( x i v ) o f append i x A.3. F i g u r e 15 shows 

one o f t h e s e p l o t s f o r n g = k. The s o l i d l i n e shows t h e e x p e c t e d 

v a r i a t i o n o f F/', ^ w i t h t a n 9 f o r an i s o t r o p i c d i s t r i b u t i o n o f ' 1-F 
e m i t t e d p a r t i c l e s , i n t h e c e n t r e o f mass system o f a n-N c o l l i s i o n . 
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Tne p o s i t i o n o f t h e e x p e r i m e n t a l p o i n t s f o r each o f t h e groups 

of n i s s y s t e m a t i c a l l y d i s p l a c e d t o h i g h v a l u e s o f t a n 8 as n 
s 

i n c r e a s e s . T h i s c o r r e s p o n d s t o t h e decreases i n i n y as n 
' c s 

i n c r e a s e s . 

2. h D e v i a t i o n s f r o m t h e JT-N D i s t r i b u t i o n 

I n s e c t i o n 1.5 t h e p r o b a b l e e f f e c t s o f secondary c o l l i s i o n s , 

t h e c o n t i n u i n g p r i m a r y and 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 n t h e c e n t r e o f mass, have been d i s c u s s e d . The e f f e c t 

o f t h e momentum d i s t r i b u t i o n has been t a k e n i n t o a c c o u n t i n t h e 

e x p e c t e d curve p l o t t e d on each of t h e f i g u r e s A3(3*) t o (S"|.v) and 

v e r i f i e s t h e c o n c l u s i o n r e a c h e d i n s e c t i o n 1.5; i . e . t h a t o n l y 

p a r t i c l e s e m i t t e d a t v e r y l a r g e a n g l e s i n t h e c e n t r e o f mass system 

w i l l be a f f e c t e d g r e a t l y b y t h e d i s t r i b u t i o n o f momentum. 

F u r t h e r m o r e , i t has been p o i n t e d o u t i n s e c t i o n 1.5 t h a t 

secondary c o l l i s i o n s l e a d t o a b r o a d e n i n g of t h e a n g u l a r d i s t r i b u 

t i o n i n t h e l a b o r a t o r y system, r e s u l t i n g i n v a l u e s of i n 7c l o w e r 

t h a n e x p e c t e d . From f i g u r e 13 i t can be seen t h a t t h e r e a r e 

c o n s i d e r a b l y more ev e n t s w i t h l o w v a l u e s o f i n 7 t h a n e x p e c t e d 

and f i g u r e 1 ^ shows t h a t t h e s e e v e n t s a l s o have h i g h v a l u e s o f n . 

T h i s i s c o n s i s t e n t w i t h t h e o c c u r r e n c e o f secondary c o l l i s i o n s . 

I n f i g u r e 13 i t can a l s o be seen t h a t t h e r e a r e c o n s i d e r a b l y 

more e v e n t s w i t h h i g h v a l u e s o f i n yc t h a n expected. I n f i g u r e s 

A3(3?) t o (Sh) i t can be seen t h a t t h e s l o p e o f t h e s t r a i g h t p o r t i o n 
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expert menial 

o f t h e ^ c u r v e s i s l e s s t h a n 2 f o r e v e n t s w i t h low n g and t e n d s t o 

2 as n i n c r e a s e s . Moreover, f i g u r e 1̂4- shows t h a t t h e e v e n t s s 
w i t h v e r y h i g h v a l u e s o f i n j a r e c o n f i n e d t o t h o s e e v e n t s w i t h 

l o w n . These f a c t s a r e c o n s i s t e n t w i t h t h e e x i s t e n c e o f t h e s 
c o n t i n u i n g p r i m a r y w h i c h i s more e a s i l y o b served i n e v e n t s of 

low n . 
s 

I t appears t h a t t h e e x p e r i m e n t a l e v i d e n c e i s c o n s i s t e n t 

w i t h t h e p r e d i c t i o n s of s e c t i o n 1.5> 

The b r o a d d i s t r i b u t i o n of in y i s caused by t h e e x i s t e n c e 

o f secondary c o l l i s i o n s and t h e c o n t i n u i n g p r i m a r y , w h i c h p r o d u c e d 

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

j t - j t , i t - 2 j r , rt-N and n-2W c o l l i s i o n s i n t h e work of F r i e d l a n d e r i s 

p r o b a b l y f o r t u i t o u s . 

C l e a r l y b e f o r e f u r t h e r a n a l y s i s can be done e v e n t s due t o 

s i n g l e c o l l i s i o n s must be s e p a r a t e d f r o m t h o s e due t o m u l t i p l e 

c o l l i s i o n s . T h i s group must t h e n have t h e . . c o n t i n u i n g p r i m a r y 

removed. A r e a s o n a b l e method f o r removing t h e c o n t i n u i n g p r i m a r y 

i s t o remove f r o m t h e d a t a o f each s t a r t h e t r a c k w i t h t h e s m a l l e s t 

a n g l e o f e m i s s i o n . I n t h e m a j o r i t y of cases t h i s t r a c k w i l l , i n 

f a c t , be t h e c o n t i n u i n g p r i m a r y . 

The p r o b l e m o f s e l e c t i n g e v e n t s due t o s i n g l e c o l l i s i o n s 

w i l l be d i s c u s s e d i n t h e n e x t s e c t i o n . 
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CHAPTER 5 
Secondary C o l l i s i o n s 

I n t h i s c h a p t e r t h e u s u a l c l a s s i f i c a t i o n of i n t e r a c t i o n s i n t o 

those w h i c h have t a k e n p l a c e i n t h e l i g h t o r heavy elements o f t h e 

em u l s i o n i s n o t f o l l o w e d . I n s t e a d an a t t e m p t i s made t o c l a s s i f y 

t h e i n t e r a c t i o n s a c c o r d i n g t o t h e number o f c o l l i s i o n s w h i c h have 

t a k e n p l a c e i n t h e n u c l e u s . T h i s l e a d s t o a method o f s e l e c t i n g 

n u c l e a r i n t e r a c t i o n s i n whic h t h e r e has been o n l y one c o l l i s i o n . 

The c l a s s i f i c a t i o n a l s o l e a d s t o an e s t i m a t e o f t h e average 

c r o s s - s e c t i o n f o r i n t e r a c t i o n o f t h e secondary it-mesons w i t h 

n u c l eons i n t h e n u c l e u s . T h i s c r o s s - s e c t i o n i s c o n s i s t e n t w i t h 

t h e known v a l u e f o r it-mesons a t 2 . 7 G-eV w h i c h i s t h e mean energy o f 

th e secondary p a r t i c l e s . F u r t h e r m o r e a r e l a t i o n can be deve l o p e d 

between t h e number o f secondary c o l l i s i o n s and t h e e v a p o r a t i o n energy 

i n t h e i n t e r a c t i o n . 

3 « 1 The I n i t i a l C o l l i s i o n 

I t has been p o i n t e d o u t i n s e c t i o n 1 .52 t h a t t h e p r o b a b i l i t y 

f o r charge exchange f o r t h e i n t e r a c t i o n o f 7t _-mesons w i t h n u c l e o n s 

a t 16 .3 GeV i s v e r y s m a l l . Consequently a t a r g e t p r o t o n o r n e u t r o n 

w i l l r e t a i n i t s i d e n t i t y a f t e r a c o l l i s i o n . A t 16 .3 GeV i t i s 

h i g h l y p r o b a b l e t h a t a t a r g e t n u c l e o n w i l l a c q u i r e an energy g r e a t e r 

t h a n 1 GeV i n a c o l l i s i o n so t h a t t h e r e c o i l i n g t a r g e t p r o t o n w i l l 
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g i v e r i s e t o a t r a c k of minimum i o n i z a t i o n i n t h e e m u l s i o n . Such 
a t a r g e t p r o t o n w i l l be i n d i s t i n g u i s h a b l e f r o m t h e secondary Ja
mesons which a l s o g i v e r i s e t o minimum t r a c k s . 

I n t h e work on Tt~-p i n t e r a c t i o n s a t l 6 . 3 GeV (Goldsack 1962) 

i t was p o s s i b l e t o i d e n t i f y t h e t a r g e t p r o t o n i n 29$ o f t h e 

e v e n t s . I n t h e s e e v e n t s t h e p r o t o n gave r i s e t o a g r e y t r a c k . 

I n t h e case o f c o l l i s i o n s w i t h n e u t r o n s , t h e t a r g e t w i l l n o t 

produce a t r a c k i n t h e e m u l s i o n . The t r a c k s observed i n t h e s e 

e v e n t s w i l l be due t o t h e c o n t i n u i n g p r i m a r y and t h e c r e a t e d 

p a r t i c l e s and w i l l be o f minimum i o n i z a t i o n . 

I f t h e a s s u m p t i o n i s made t h a t t h e r e a r e e q u a l numbers o f 

c o l l i s i o n s w i t h p r o t o n s and n e u t r o n s t h e n o n l y 1^ .5$ o f a l l 

i n t e r a c t i o n s i n v o l v i n g s i n g l e c o l l i s i o n s w i l l have a g r e y secondary 

t r a c k . 

I n complex n u c l e i t h e i n i t i a l c o l l i s i o n i s f o l l o w e d b y secondary 

c o l l i s i o n s o f t h e p r i m a r y and p r o d u c e d p a r t i c l e s . I n t h e average j t - - p 

c o l l i s i o n a t l 6 . J GeV k charged secondary p a r t i c l e s a r e o b s e r v e d ; 

one i s t h e c o n t i n u i n g p r i m a r y , one t h e s t r u c k nucleon. and two a r e 

t h e c r e a t e d .jt-mesons, w h i c h w i l l be accompanied by one a d d i t i o n a l 

n e u t r a l Tt°-meson. The t o t a l number o f secondary p a r t i c l e s i s t h e n 

5 l e a d i n g t o an average energy f o r secondary p a r t i c l e s o f a p p r o x i m a t e l y 

3 GeV. I n t h e i r secondary c o l l i s i o n s t h e t a r g e t n u c l e o n w i l l n o t 

a c q u i r e a l a r g e energy. I t i s l i k e l y t h a t t h e s e t a r g e t p r o t o n s w i l l 
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l e a v e grey t r a c k s and consequently the number of grey t r a c k s w i l l 

g ive some information on secondary c o l l i s i o n s . T h i s c o n c l u s i o n i s 

s u b s t a n t i a t e d by the f a c t t h a t f o r the i n t e r a c t i o n s of 16 .3 Gev 

it~~-mesons w i t h emulsion n u c l e i 6 l $ of the events have one or more 

grey t r a c k s whereas only 29$ of the events i n j r - - p i n t e r a c t i o n s 

are accompanied by a grey t r a c k . 

T h i s c o n c l u s i o n has a l s o been reached by Zhdanov e t a l . ( 1 9 6 0 ) 

who have shown t h a t the i n t e g r a l angular d i s t r i b u t i o n of grey t r a c k s 

f o r the i n t e r a c t i o n s of 8 . 7 GeV protons with emulsion n u c l e i i s the 

same as the i n t e g r a l angular d i s t r i b u t i o n of grey t r a c k s f o r the 

i n t e r a c t i o n of 1.5 GeV ^"-mesons with emulsion n u c l e i (Crew and H i l l 

1 9 5 8 ) . F i g u r e l 6 shows the i n t e g r a l angular d i s t r i b u t i o n of grey 

t r a c k s of Crew and H i l l together with the experimental p o i n t s from 

t h i s l a b o r a t o r y f o r the i n t e r a c t i o n s of 16.3 GeV jt~-mesons w i t h the 

n u c l e i of the emulsion. I t can be seen t h a t the agreement between 

the experimental p o i n t s and the curve of Crew and H i l l i s very good. 

This i s a strong i n d i c a t i o n t h a t the grey protons r e s u l t from 

c o l l i s i o n s of p a r t i c l e s with an energy c l o s e to 1.5 GeV. The average 

energy of the secondary p a r t i c l e s produced by 8 . 7 GeV protons and 

16 .3 GeV Tt~-mesons i s approximately 2 GeV and 3 GeV r e s p e c t i v e l y 

which are s i m i l a r to the 1.5 GeV of Crew and H i l l . Consequently 

i t can be concluded t h a t the grey t r a c k s r e s u l t from c o l l i s i o n s of 

the secondary p a r t i c l e s . 
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T h i s d i s c u s s i o n l e a d s t o t h e c o n c l u s i o n t h a t t h e group o f 
ev e n t s w i t h n = o w i l l c o n s i s t p r e d o m i n a n t l y o f eve n t s i n w h i c h 
t h e r e a r e no secondary c o l l i s i o n s . The group o f e v e n t s w i t h n = 1 
w i l l on average c o r r e s p o n d t o i n t e r a c t i o n s i n w h i c h t h e r e has been 
th e i n i t i a l c o l l i s i o n and two secondary c o l l i s i o n s i . e . one c o l l i 
s i o n w i t h a p r o t o n and one w i t h a n e u t r o n . I t f o l l o w s t h a t t h e 
t o t a l number o f c o l l i s i o n s n , w i l l be g i v e n by t h e e q u a t i o n 
n c - 2ng + 1. T h i s e q u a t i o n w i l l o n l y be an a p p r o x i m a t e r e l a t i o n 
b u t i t i s e x p e c t e d to a p p l y f o r low v a l u e s o f n and t o become l e s s 
e x a c t a t h i g h v a l u e s . 

3.11 Hie R e l a t i o n between t h e Number o f Grey Tracks and t h e Number o f 

Minimum Tracks 

From t h e p r e c e d i n g s e c t i o n i t has been c o n c l u d e d t h a t t h e number 

of g r e y t r a c k s i n d i c a t e s t h e number o f secondary c o l l i s i o n s . I t 
as 

f o l l o w s t h e n t h a t ^ n g i n c r e a s e s t h e p r o b a b i l i t y o f secondary c o l l i s i o n s 

i n c r e a s e s and c o n s e q u e n t l y t h e average v a l u e o f t h e number o f g r e y 

t r a c k s s h o u l d a l s o i n c r e a s e . 

F i g u r e 17 shows t h e r e l a t i o n between n and n and i t can be 
g s 

seen t h a t n i n c r e a s e s s t e a d i l y w i t h n . 
g s 

An e s t i m a t e o f t h e average c r o s s - s e c t i o n f o r i n t e r a c t i o n o f t h e 

secondary p a r t i c l e s on a s i n g l e n u c l e o n can be o b t a i n e d f r o m t h e 

average number o f g r e y t r a c k s t o g e t h e r w i t h t h e average number o f 

minimum t r a c k s p r o d u c e d i n a s i n g l e n u c l e o n c o l l i s i o n . 
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From t h e average v a l u e o f n = 1. 76 + 0 .07 i t i s e s t i m a t e d 
f r o m above t h a t 3 - 5 2 + 0 .10 secondary c o l l i s i o n s o c c u r on average. 
The average number o f f a s t p a r t i c l e s a f t e r t h e i n i t i a l c o l l i s i o n 
i s k.OJ + 0 . 1 2 l e a d i n g t o an average p r o b a b i l i t y f o r i n t e r a c t i o n of 
86 + 3»5%« The average p o t e n t i a l p a t h l e n g t h of secondary p a r t i c l e s 
has been c a l c u l a t e d , f o r t h e i n t e r a c t i o n o f 16 .3 GeV it --mesons w i t h 
e m u l s i o n n u c l e i ; i n appendix A.h and i s 3 f e r m i s l e a d i n g t o t h e mean 
f r e e p a t h i n n u c l e a r m a t t e r c o r r e s p o n d s t o an average c r o s s - s e c t i o n 
o f ( 2 9 . i l + 1 . 2 ) mb. 

I f on average, t h e secondary p a r t i c l e s c o n s i s t o f t h e c o n t i n u i n g 

p r i m a r y , t a r g e t n u c l e o n , 2 c r e a t e d c h a r g e d ^-mesons and 1 n e u t r a l 

jt-meson w h i c h have c r o s s - s e c t i o n s f o r i n t e r a c t i o n w i t h n u c l e o n s o f 

J0> ^3 ; JO and 10 mb r e s p e c t i v e l y , t h e e x p e c t e d average c r o s s - s e c t i o n 

i s 29 mb. T h i s i s i n r e a s o n a b l e agreement w i t h t h e e s t i m a t e based 

on t h e average number o f g r e y t r a c k s . T h i s c o n f i r m s t h e method o f 

e s t i m a t i n g t h e number o f secondary c o l l i s i o n s f r o m t h e number o f 

g r e y t r a c k s . 

3«12 Tne r e l a t i o n between t h e M u l t i p l i c i t y and t h e Number o f Grey 

Tracks 

U s i n g t h e e x p r e s s i o n n c = 2ng + 1 t o g i v e t h e t o t a l number o f 

c o l l i s i o n s and assuming t h a t t h e charged p a r t i c l e m u l t i p l i c i t y f o r 

secondary c o l l i s i o n s i s t h a t g i v e n by F i g u r e 3 f o r i n t e r a c t i o n s o f 

http://29.il
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n-mesons of 3 GeV w i t h f r e e n u c l e o n s , a v a r i a t i o n o f t h e mean v a l u e 
o f n g f o r t h e groups of e v e n t s w i t h n^ -0,1,2 and 3 has been 
c a l c u l a t e d . 

The s t r a i g h t l i n e of f i g u r e 18 shows t h e e x p e c t e d r e l a t i o n 

between n and n . Tne agreement between t h e e x p e r i m e n t a l p o i n t g s 
and t h i s l i n e i s good between n = o and 3«5« Between n - 3 and 6 

g g 

t h e v a l u e o f n g does n o t appear t o change and t h i s i s p r o b a b l y due 

t o t h e s a t u r a t i o n i n t h e number o f c o l l i s i o n s t h a t t a k e p l a c e . 

The e v e n t s o f n_ = 3*5 w i l l p r o b a b l y have a e r e a t e r p r o p o r t i o n o f 

secondary t a r g e t p r o t o n s t h a n t h e u s u a l ^0°/o. 

3«13 The R e l a t i o n between t h e Number of Grey Tracks and t h e Number 

of E v a p o r a t i o n Tracks 

I n s e c t i o n 2 . 2 t h e v a r i a t i o n o f n^ w i t h n g i n d i c a t e d an i n c r e a s e 

o f e x c i t a t i o n energy w i t h i n c r e a s e of n . T h i s has been a t t r i b u t e d 
s 

t o t h e e f f e c t s o f secondary c o l l i s i o n s . Since t h e number o f g r e y 

t r a c k s v a r i e s w i t h n g i n a s i m i l a r way i t i s e x p e c t e d t h a t n^ 

w i l l i n c r e a s e w i t h n . T h i s v a r i a t i o n i s shown i n F i g u r e 19 and 

t h e e x p e c t e d i n c r e a s e o f n^ w i t h n i s c l e a r l y v i s i b l e . 

U n t i l now i t has n o t been p o s s i b l e t o d e r i v e a q u a n t i t a t i v e 

r e l a t i o n f o r t h e v a r i a t i o n o f e v a p o r a t i o n energy, w h i c h i s 

c h a r a c t e r i s e d b y n^, and t h e number o f g r e y t r a c k s . However, some 

r e c e n t work by Gooding and Pugh (1960) and Pugh and R i l e y (1961) 

i n d i c a t e s t h a t i t i s p o s s i b l e t o p r e d i c t t h e r e l a t i o n between t h e 

e v a p o r a t i o n energy and t h e number o f n u c l e o n s removed f r o m t h e 

n u c l e u s . 
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Gooding and Pugh and Pugh and R i l e y have examined t h e ( p , 2 p ) 

r e a c t i o n a t ikO MeV. Tney have f o u n d t h a t t h e sum of t h e e n e r g i e s 

of t h e secondary p r o t o n s i s s m a l l e r by kO MeV t h a n t h e energy o f 

the p r i m a r y p r o t o n , when a p r o t o n i s removed f r o m a n u c l e u s o f 

Z = 20. T n i s energy d i f f e r e n c e l e a d s t o t h e e x c i t a t i o n o f t h e nuc

l e u s when a s i n g l e n u c l e o n i s removed. I n t h e f o l l o w i n g d i s c u s s i o n 

i t w i l l be assumed t h a t t h e v a l u e o f hO MeV a l s o r e p r e s e n t s t h e 

e x c i t a t i o n energy f o r each n u c l e o n t h a t i s removedfor a l l n u c l e i . 

I t i s t h e n p o s s i b l e , on t h e s e a s s u m p t i o n s , t o d e t e r m i n e t h e 

number of e v a p o r a t i o n t r a c k s e m i t t e d f r o m a n u c l e u s . The i n t e r 

a c t i o n between an i n c i d e n t p a r t i c l e and a n u c l e u s can be e x p r e s s e d 

e n e r g e t i c a l l y by:-

W1 + W(A,Z) = W2 + W + W[(A-n), ( Z - p ) ] + n'W 

+ (p - 2n ' - n )W 
gP P 

+ ( n - 2n ' - n_ n)W 13 
gn' n 

where W1 i s t h e t o t a l energy o f t h e bombarding p a r t i c l e , W(A,Z) t h e 

t o t a l energy o f t h e s t r u c k n u c l e u s , W2 i s t h e t o t a l e n e r g y of t h e 

p r i m a r y p a r t i c l e a f t e r t h e i n t e r a c t i o n t o g e t h e r w i t h t h e t o t a l 

e nergy o f t h e c r e a t e d p a r t i c l e s , n ^ and n r e p r e s e n t t h e number 
oP &n 

of g r e y p r o t o n s and n e u t r o n s removed f r o m t h e n u c l e u s . These t a r g e t 

p a r t i c l e s have a t o t a l energy o f W . p and N a r e t h e numbers o f 
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e v a p o r a t i o n p r o t o n s and n e u t r o n s w h i c h have average t o t a l e n e r g i e s 

o f Wp and Wn r e s p e c t i v e l y . n' i s t h e number o f a l p h a p a r t i c l e s 

e m i t t e d w i t h an average t o t a l energy of W. W[ ( A - n ) , ( Z - p ) ] i s t h e 

t o t a l energy o f the f i n a l n u c l e u s . 

The e q u a t i o n 13 can be w r i t t e n i n t h e f o r m 

r . 

w i " W 2 " % = [ W [ ( A - n ) ( Z - p ) ] + ngp Mp + n g n M n + n' M' J 

J+ (p - 2n ' - n g p ) ^ + ( n - 2 n ' - n g n ) M n - w(A,Z)j 

+ n'E' + ( p - 2 n ' - ngp) E p + ( n - 2 n ' - n g n ) E n Ik 

The terms i n e q u a t i o n Ik, e n c l o s e d b y t h e d o t t e d l i n e r e p r e s e n t 

t h e b i n d i n g energy o f t h e v a r i o u s groups o f nu c l e o n s . S u b s t i t u t i n g 

now t h e number of b l a c k t r a c k s observed i n an ev e n t n^, and F as t h e 

f r a c t i o n of b l a c k t r a c k s w h i c h a r e due t o a p a r t i c l e s t h e n e q u a t i o n i l l -

can be w r i t t e n 

W -W2-E = ( l - F ) n b (BE + I p ) + 1 . 2 ( l - F ) n , (BE + E n ) + Fn^(BE' +E' ) 

15 

The q u a n t i t y F has been d e t e r m i n e d e x p e r i m e n t a l l y by Lees e t a l . 

(1953) a n d i s g i v e n f o r v a r i o u s v a l u e s o f n^. E p + E' have been t a k e n 

f r o m t h e d a t a o f Le Couteur (1950) and E n f r o m Skyrme ( 1 9 6 2 ) . I t has 

a l s o been assumed t h a t on average t h e r a t i o of e v a p o r a t i o n n e u t r o n s t o 

e v a p o r a t i o n p r o t o n s i s 1 .2 : 1. 

W -W -F! rpnrpspnt.p +.hi= p>n(=-rcnr which i s ICS"1" " i " 0 t h o "UClSUS • ± 2 -g - - J . - -

d u r i n g an i n t e r a c t i o n . T h i s w i l l be kO MeV f o r t h e p r i m a r y c o l l i s i o n 
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by 16-3 Cev. TT-mesons w i l h n q - O . 
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and h-G MeV f o r each secondary i n t e r a c t i o n . The average number o f 

b l a c k t r a c k s as a f u n c t i o n o f t h e t o t a l number of c o l l i s i o n s can now 

be d e t e r m i n e d . Hie r e s u l t s o f t h i s s i m p l e c a l c u l a t i o n a r e shown as 

t h e s t r a i g h t l i n e i n F i g . 19. The agreement between t h e e x p e c t e d 

l i n e and t h e e x p e r i m e n t a l p o i n t s i s n o t good b u t t h e r e i s s u f f i c i e n t 

agreement t o concl u d e t h a t t h e c a l c u l a t i o n i s c o r r e c t i n g e n e r a l 

concept i f n o t i n d e t a i l . 

From t h e p r e c e d i n g d i s c u s s i o n i t can be seen t h a t t h e number 
•tkit 

o f c o l l i s i o n s i s g i v e n b y n = 2n + 1,/expression b e i n g more s i g n i -
c ^ \ 

f i c a n t f o r t h e l o w e r v a l u e s o f n . I t f o l l o w s f r o m t h i s approach 

t h a t a group o f e v e n t s w i t h c o n s t a n t n s h o u l d have a c o n s t a n t 

average number of e v a p o r a t i o n t r a c k s f o r t h e v a r i o u s v a l u e s o f n . 
s 

I n f a c t f o r n = o t h e average n^ i s e x p e c t e d t o be 1 .0 f r o m 

F i g u r e 19 and f o r n^. = 1 and 2, n^ i s e x p e c t e d t o be 3,k and 5 -8 

r e s p e c t i v e l y . 

F i g u r e 20 shows t h e v a r i a t i o n o f n-D w i t h n^ f o r groups o f 

ev e n t s w i t h c o n s t a n t n o f 0 , 1 and 2, t o g e t h e r w i t h t h e e x p e c t e d 
6 

v a l u e s of n^. A g a i n t h e agreement i s o n l y s u f f i c i e n t t o i n d i c a t e 

t h a t t h e g e n e r a l approach i s c o r r e c t and t h a t t h e c a l c u l a t i o n must 

be r e f i n e d t o e x p l a i n t h e v a r i o u s d e v i a t i o n s . 

3 . I k C o n c l u s i o n 

I n s e c t i o n s J>.!0 - 3=15 i - 1 n a s been shown t h a t t h e number of 

g r e y t r a c k s g i v e s a good i n d i c a t i o n o f t h e number o f secondary 

c o l l i s i o n s t a k i n g p l a c e i n a n u c l e u s , p a r t i c u l a r l y f o r low v a l u e s 
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Fiq.23 1. The r e l a t i o n b e t w e e n l o q e i and the number o f minimum 

t racks fo reven ts p r o d u c e d by l 6 3 G e v . Tf -mesons with n q =o. 
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o f n . The p r i n c i p a l c o n c l u s i o n h e r e i s t h a t t h e group o f e v e n t s 
S 

w i t h n = o i s dominated by e v e n t s i n w h i c h t h e r e a r e no secondary 

c o l l i s i o n s . 

3 . 2 A n a l y s i s o f S i n g l e C o l l i s i o n Events 

From t h e p r e c e d i n g s e c t i o n i t i s e v i d e n t t h a t t h e group o f 

e v e n t s w i t h n = o i s dominated by s i n g l e jt-rneson - n u c l e o n 

i n t e r a c t i o n s . T h i s group of e v e n t s has now been a n a l y s e d s i m i l a r l y 

t o t h e a n a l y s i s of s e c t i o n 2 .3 -

F i g u r e 21 shows t h e d i s t r i b u t i o n of Jin c o t 6 f o r a l l t h e t r a c k s 

o f t h e group o f e v e n t s w i t h n = o. The smooth c u r v e r e p r e s e n t s t h e 

e x p e c t e d d i s t r i b u t i o n of t hese t r a c k s . F i g u r e 21 s h o u l d be compared 

w i t h f i g u r e 13 which i s f o r a l l v a l u e s of ng. From f i g u r e 21 i t 

can be seen t h a t t h e r e i s a c o n s i d e r a b l e excess o f t r a c k s w i t h h i g h 

v a l u e s of JJn c o t 8 . T h i s excess i s a l s o seen i n t h e D u l l e r and 

Walker P l o t , ( f i g u r e 2 2 ) . 

F i g u r e 23 shows t h e v a r i a t i o n o f In 7 w i t h t h e number o f 

minimum t r a c k s , n . I t can be seen t h a t f o r e v e n t s w i t h n = 1, 2 , 

3 , h-, and 5 t h e v a l u e o f i n yQ i s s l i g h t l y h i g h e r t h a n e x p e c t e d 

w h i l e f o r e v e n t s w i t h n g = 6, J, 8 and 9 t h e agreement w i t h t h e 

e x p e c t e d v a l u e o f In yc i s v e r y good. T h i s i s c o n s i s t e n t w i t h t h e 

e f f e c t o f t h e c o n t i n u i n g p r i m a r y d i s c u s s e d i n s e c t i o n 1 .5 . Since 

charge exchange i s a v e r y u n l i k e l y p r o c e s s (Menon, p r i v a t e communi

c a t i o n ) t h e n t h e v a l u e o f in f o r t h o s e e v e n t s w i t h n g = 1 must be 

t y p i c a l o f t h e c o n t i n u i n g p r i m a r y . 
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Fiq. 25. The d is t r ibut ion of l>oq. e cot8 fo r events produced by 16-3 Gev. 

Tr"mesons w i th n q = o and excludinq the continuinq primary. 
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The t r a c k w i t h t h e s m a l l e s t a n g l e of e m i s s i o n has been e l i m i n a t e d 

f r o m each e v e n t , and a new v a l u e o f i n jc has been c a l c u l a t e d . The 

v a l u e s o f i n 7 c a l c u l a t e d i n t h i s way a r e shown i n f i g u r e 2k, 

t o g e t h e r w i t h t h e mean v a l u e o f i n c o t 9 f o r t h e d i s c a r d e d p a r t i c l e 

assumed t o be t h e c o n t i n u i n g p r i m a r y f o r each group o f c o n s t a n t n . 
s 

The agreement w i t h t h e e x p e c t e d v a l u e o f i n 7 i s now good. Thus t h e 

C a s t a g n o l i f o r m u l a l e a d s t o t h e c o r r e c t r e s u l t f o r s i n g l e c o l l i s i o n s 

when a c o r r e c t i o n f o r t h e c o n t i n u i n g p r i m a r y i s made. The average 

v a l u e s o f i n c o t G f o r t h e d i s c a r d e d p a r t i c l e s a r e c o n s t a n t w i t h t h e 

v a l u e o f i n c o t 6 f o r e v e n t s w i t h n g = 1. w h i c h j u s t i f i e s t h e assump

t i o n t h a t t h e s e p a r t i c l e s a r e t h e c o n t i n u i n g p r i m a r y . 

F i g u r e s 22 and 25 show t h e d i s t r i b u t i o n of i n c o t 9 and D u l l e r 

and Walker p l o t , a f t e r removing t h e c o n t i n u i n g p r i m a r y p a r t i c l e s , 

t o g e t h e r w i t h t h e e x p e c t e d d i s t r i b u t i o n s . From these f i g u r e s i t can 

be seen t h a t t h e r e i s s t i l l a s l i g h t excess o f h i g h v a l u e s o f i n c o t 9. 

I t has been suggested by Zhdanov ( p r i v a t e communication) t h a t 
e v e n t s w i t h n = 1 a r e a l s o s i n g l e c o l l i s i o n e v e n t s . From t h e work S 

of Goldsack e t a l . (1962) t h e number o f s i n g l e c o l l i s i o n e v e n t s 

w i t h ng = 1 e x p e c t e d i n t h e p r e s e n t work i s 2J. However, 86 e v e n t s 

w i t h n = 1 have been observed. F i g u r e s 26, 27 and 28 show t h e 

d i s t r i b u t i o n o f i n c o t 9 and t h e D u l l e r and Walker p l o t f o r t h e s e 
9ve<^5, and 

f i g u r e • i t can be seen t h a t t h e e x p e r i m e n t a l p o i n t s a r e i n good 

agreement w i t h t h e e x p e c t e d c u r v e s . 

F i g u r e 29 shows t h e D u l l e r and Walker p l o t b o t h w i t h and w i t h o u t 

t h e c o n t i n u i n g p r i m a r y , f o r i n t e r a c t i o n s w i t h n = o and 1 p r o d u c e d 
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by 25 GeV p r o t o n s i n em u l s i o n . A g a i n i t can be seen -chat t h e agree
ment between t h e c o r r e c t e d c u r v e and t h e e x p e c t e d c u r v e i s v e r y good, 
g i v i n g f u r t h e r w e i g h t t o t h i s method o f s e l e c t i n g s i n g l e c o l l i s i o n 
e v e n t s . ( W i l l i a m s , Thesis \1(>l) 

3o D i f f e r e n c e s between e v e n t s w i t h h i g h and l o w v a l u e s of n _ 
• ' S 

I t has been m e n t i o n e d I n t h e p r e v i o u s s e c t i o n t h a t , even a f t e r 

c o r r e c t i n g f o r t h e c o n t i n u i n g p r i m a r y , t h e r e i s s t i l l a s l i g h t 

excess o f h i g h v a l u e s o f in c o t 6. I f o n l y one c o l l i s i o n t a k e s p l a c e 

t h e n o n l y c o l l i s i o n s w i t h t a r g e t s l i g h t e r t h a n one n u c l e o n can l e a d 

t o v a l u e s o f in c o t 0 h i g h e r t h a n t h e e x p e c t e d v a l u e s . I t i s t h e r e f o r e , 

of i n t e r e s t t o see i f t h e r e s u l t s a r e i n agreement w i t h t h e a s s u m p t i o n 

t h a t a p r o p o r t i o n of t h e e v e n t s a r e due t o c o l l i s i o n s w i t h a n-meson i n 

t h e meson c l o u d o f t h e nucleon. 

The e v e n t s w i t h n_ = o have been d i v i d e d , i n t o two grou p s , those 
S 

ev e n t s w i t h n = 2, 3> ^ a n ( i 5 a r i d t h o s e w i t h n > 5* F i g u r e s 30 s s 

and 31 show t h e d i s t r i b u t i o n o f in c o t 0 and t h e D u l l e r and Walker 

p l o t f o r e v e n t s w i t h n g > 5. ^ n each case an e x p e c t e d c u r v e i s drawn 

f o r comparison. For t h e s e e v e n t s t h e e x p e r i m e n t a l r e s u l t s a r e i n 

agreement w i t h t h e c r e a t e d p a r t i c l e s b e i n g e m i t t e d i s o t r o p i c a l l y i n 

t h e c e n t r e o f mass system. 

F i g u r e s 32 and 33 show t h e same d i s t r i b u t i o n f o r e v e n t s w i t h 

n s 5* I n t h i s case t h e r e i s poor agreement between t h e e x p e r i m e n t a l 

r e s u l t s and t h e e x p e c t e d c u r v e , ( a ) , f o r an i s o t r o p i c a n g u l a r d i s t r i 

b u t i o n o f p a r t i c l e s i n t h e c e n t r e o f mass system. However, t h e s e 

d i s t r i b u t i o n s a r e i n agreement w i t h an e q u a l number o f t r a c k s e m i t t e d 
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primary. 
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Fiq 32 The d is t r ibu t ion of l o q e c o t 9 fo r events p roduced by 16-3Gev. 

Tf-mesons w i th n ^ - O , n$= 2,3,4 t 5, excludinq the cont inuinq primary. 
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i s o t r o p i c a l l y i n the centre of mass systems f o r jt-me son-nucleon 

Figure shows the d i s t r i b u t i o n of in f o r these events and 

f o r comparison an expected curve i s drawn based on the assumptions 

t h a t h a l f the events are due t o c o l l i s i o n s between the i n c i d e n t 

jt-meson and a ir-meson i n the meson cloud of the nucleon, and h a l f 

are due t o c o l l i s i o n between the i n c i d e n t it-meson and a nucleon and 

t h a t the w i d t h of each d i s t r i b u t i o n i s given by 0 / y j t = 0 . ^-8. 

There i s general agreement between the expected curve and the 

histogram. On the b a s i s of the measured events and c o r r e c t i n g f o r 

those s i n g l e c o l l i s i o n events w i t h n = 1 , 32$ are consistent w i t h a 

c o l l i s i o n between the i n c i d e n t n-meson and a jt-meson i n the cloud of 

a nucleon. This compares w i t h a value of 3 0 $ determined by Bozoki 

et a l . ( 1 9 6 2 ) i n a study of j t --meson-nucleon i n t e r a c t i o n s a t 7*3 GeV. 

3 . k Conclusions 

I n the preceding sections i t has been shown t h a t the group of 

events w i t h n = o consists predominantly of s i n g l e c o l l i s i o n events. 

However, f i g u r e s 27 and 28 show t h a t the angular d i s t r i b u t i o n of 

minimum t r a c k s f o r events w i t h ng = o and 1 are i n agreement w i t h the 

expected d i s t r i b u t i o n s of Castagnoli and D u l l e r and Walker, showing 

t h a t i n general the secondary p a r t i c l e s ( o t h e r than the i n c i d e n t 

jt-meson) are produced i s o t r o p i c a l l y i n the centre of mass system f o r 

a c o l l i s i o n between the i n c i d e n t jt-meson and a s t a t i o n a r y nucleon. 

and Jt-meson - it-meson c o l l i s i o n s , curve ( b ) . 
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The events w i t h n = 1 have a somewhat higher e x c i t a t i o n energy 

than i s expected f o r events due t o only one c o l l i s i o n . Consequently 

the s e l e c t i o n of events w i t h h = 0 and 1 w i l l l e a d t o a sample of 
g 

events which are contaminated by events i n which more than one c o l l i 

s i o n has occurred. 

S e l e c t i o n of events w i t h n = o, however, w i l l give a sample of 

events w i t h considerably less contamination from m u l t i p l e c o l l i s i o n 

events but i n t h i s case some genuine s i n g l e c o l l i s i o n events w i t h 

ng = 1 w i l l be overlooked. 

I n the past, s i n g l e c o l l i s i o n events have been selected by 

t a k i n g those w i t h < 5 a n ( i t h i s method of s e l e c t i o n r e s t r i c t s the 

range of values of n g which are a t t r i b u t e d t o s i n g l e c o l l i s i o n s . A 

more r e s t r i c t i v e s e l e c t i o n has a l s o been used where events w i t h 0, 1 

and 2 heavy prongs are selected. However, the s e l e c t i o n events w i t h 

n = o gives a good sample of si n g l e c o l l i s i o n events even though 

n^ ranges from 0 t o 9« 

For those events i n which more than one c o l l i s i o n occurs i t i s 

found t h a t the p r o p e r t i e s of the i n t e r a c t i o n can be understood i n 

terms of a cascade process i n which the nucleons appear t o act 

independently. A consequence of the f a c t t h a t the nucleons act 

independently i s t h a t the parent nucleus w i l l acquire very l i t t l e 

r e c o i l momentum and t h e r e f o r e the angular d i s t r i b u t i o n of the 

evaporation t r a c k s , i n the l a b o r a t o r y system w i l l be i s o t r o p i c . 
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Figures 55 a n d 56 show the angular d i s t r i b u t i o n of b l a c k t r a c k s 

f o r a l l events and events w i t h = o. I n each case the expected 

curve, f o r an i s o t r o p i c d i s t r i b u t i o n , i s given. The angular d i s 

t r i b u t i o n i s i s o t r o p i c i n both cases confirming t h a t the nucleons 

ac t independently. 
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CHAPTER k 

Long Range I n t e r a c t i o n s 

k.1 I n t e r a c t i o n s between n-mesons and the Coulomb f i e l d of the 

nucleus Good & Walker 1962a 

At l a r g e values of momentum, the t o t a l energies of p a r t i c l e s 

w i t h d i f f e r e n t masses but w i t h the same momentum become almost 

i d e n t i c a l . The d i f f e r e n c e i n t o t a l energy of two p a r t i c l e s of mass 

M and a t momentum p (pc » M and M*) i s given by 

AW = (M* 2 + p 2 ) * - (M 2 + p 2 ) * = ^ M g 16 

By the u n c e r t a i n t y p r i n c i p l e the mass M can e x i s t i n the st a t e 

of mass f o r a time A t and during t h i s time the p a r t i c l e w i l l 

t r a v e l a distance of the order of cAt = 2pc fi/C^-M2). This process 

may be observed i f t h i s t r a n s i t i o n takes place close t o a l a r g e body 

such as a nucleus. I n these circumstances momentum can be conserved 
2 

and the nucleus acquires a small momentum Ap = (M* - M 2 ) / 2 p , and an 
AP 2 

energy which i s also very small. This small momentum t r a n s f e r 

can take place by an i n t e r a c t i o n w i t h the coulomb f i e l d . For 

momentum t r a n s f e r s of the order of 20 MeV"/c the intermediate s t a t e 

can e x i s t long enough t o t r a v e l distances ~ 1 0 - 1 2 cm. 
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I t i s possible t o i n t e r p r e t the phenomenon of bremsstrahlung 

or p a i r p r o d u c t i o n i n t h i s way. I n the case of bremsstrahlung or 

p a i r p r o d u c t i o n the intermediate states are, e -» e + 7 and 7 -* e + + e 

Other elementary p a r t i c l e s can also e x h i b i t the same p r o p e r t i e s . I n 

the case of the negative it-meson, the process i t - -»• p + n might occur 

i f the it --meson has very high energy. 

Table 1 shows a l i s t of processes which may f o l l o w t h i s scheme 

(Good & Walker 1 9 6 0 a ) . 

TABLE 1 

Reaction Threshold Threshold 
i n C i n Pb 
Cev/. 

1 . TC -* 2lt 0 . 5 1 .2 
2 . TC - * 3« 1.3 3 . 3 
3 . it - K + K 8 21 
k. it -> K + K * TC 1 1 27 
5- it -»• p + n 29 lk 
6. re -* Z + A 0 ^5 Ilk 
7. K -> K + STC 1-3 3 -3 
8. K - K + 2TC 3 . 0 8 . 0 
9*- K ••-» K + K + K 17 1+3 

10 . K + - Z"+ n 39 100 
1 1 . K+ - = + A° 5^ 138 
1 2 . u + -» f 3 + + v 8 22 
13 . u + -» • T C + + V 0 . 1 8 0 . 3 2 
Ik. p -» n it- T C + 5 ^ Ik 
15 . p + It 

p - A 0 + K + 38 

The process it -» 3n i s a s u i t a b l e one f o r i n v e s t i g a t i o n w i t h 

the emulsion technique since the t h r e s h o l d of the r e a c t i o n i s low 

f o r a l l the n u c l e i of the emulsion and the three secondary p a r t i c l e s 

can a l l be charged. 
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P h y s i c a l l y the process can be described by the Weizsaker-Williams 

method. The coulomb f i e l d of the nucleus can be considered as a 

spectrum of photons and the i n t e r a c t i o n proceeds as j t~ + y -» Tt~ + i t + + i t -

The thresholds given i n t a b l e 1 have been c a l c u l a t e d assuming t h a t the 

most energetic photon, t o be found i n the f i e l d of a nucleus, has a 
i_ i_ 2 

momentum q = - f i / r Q A 3 ~ m^/cA3, and using the expression q = (M* - M2)/2P. 

Following the Weizsa'cker-Williams method an approximate expression 

f o r the cro s s - s e c t i o n of the processes i n t a b l e 1 , has been derived. 

The cross-section i s given by:-

o = f z 2 e 2 o f in ̂ ? I T 
^ h p . 

where i s the photo-production cross- s e c t i o n f o r the process con

sidered and K, the energy of the photon. 

The approximate r e l a t i o n i s obtained by s u b s t i t u t i n g f o r the 

term e2/m2 and i s : -

= 3 z 2 ^ n... 2 ( p / m n ) 

"Sir m2_ 

in 18 
[(M x/M ) 2 - (M/m ) 2 ] A 3 

where M* , i s the r e s t energy of the p r o d u c t s j M, the r e s t energy of 

the i n c i d e n t p a r t i c l e ; m, the r e s t mass of the l i g h t e s t product and 

e, the charge of the t a r g e t nucleus. 

The cross-sections a , f o r Carbon and S i l v e r , f o r the process 

a t l 6 . 3 GeV/c are 0 . 1 mb and 2.2 mb, r e s p e c t i v e l y . 
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k.2 F e r r e t t i Tridents 

F e r r e t t i ( 1 9 6 1 ) has considered the p o s s i b i l i t y of p a i r produc

t i o n of it-mesons when a rt-meson i n t e r a c t s w i t h the Coulomb f i e l d of 

a nucleus. He has shown t h a t , f o r energies of about 10 GeV, the 

cross-section f o r the process 

n~ + nucleus -+ i t - + i t + + j t - + nucleus 

becomes appreciable i f the produced n-mesons are formed i n a resonant 

s t a t e of ( J = 1 , T = l ) w i t h an energy of ^Wti^. F e r r e t t i a l s o p o i n t s 

out t h a t the cross-section, f o r the jt -*• 3jr. process, i s dependent upon 

the i t - j t i n t e r a c t i o n and i s given by the expression 

a _ = 1 0 - 8 K (2
 Y a 19 

where p i s the i n c i d e n t jt-meson momentum; Z and A, the atomic and 

mass numbers of the t a r g e t nucleus; and a the t o t a l j t - i t cross-
i t - Jt 

s e c t i o n of the assumed resonance. 

The experimental data on the j t-Jit process gives i n f o r m a t i o n 

on the magnitude of n 

j t -J t 

if.3 D i f f r a c t i o n D i s s o c i a t i o n of n-mesons 

The problem of the d i f f r a c t i o n of p a r t i c l e s by a nucleus has 

been discussed by Feinberg and Pomeranchuk ( 1 9 5 6 ) , and Good and 

Walker ( 1 9 6 0 b ) . 
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For h i g h momenta the angles of divergence, of the p a r t i c l e s 

i n v o l ved i n a c o l l i s i o n , are small. I n t h i s case the l o n g i t u d i n a l 

component of the momentum t r a n s f e r t o the t a r g e t ( l 1 1 ; i s a l s o small, 

(see equation 22). For these h i g h energies the r e l a t i o n 20 may be 

s a t i s f i e d , where R i s the radius of the t a r g e t , the nucleus i n t h i s 

case. 

q x l R « 1 20 

Using the u n c e r t a i n t y p r i n c i p l e the dimensions of the reg i o n 

i n which the c o l l i s i o n takes place i s given by the expression 21 

and f o r high 

r « " = i l l 

energies ^ ^ becomes very l a r g e compared w i t h R. This leads t o 

the conclusion t h a t a c o l l i s i o n can take place, w i t h i n t h i s r e g i o n , 

w i t h the nucleus as a whole. However, f o r the nucleus not t o be 

dis$rupted the transverse momentum t r a n s f e r q must s a t i s f y the 

c o n d i t i o n q =S m . Since the nucleus acts as a whole the s c a t t e r i n g 

and subsequent production of p a r t i c l e s can be considered as t a k i n g 

place ' e x t e r n a l l y ' w i t h respect t o the nucleus. 

As an example, consider the case of a n-meson c o l l i d i n g w i t h a 

nucleus. The s c a t t e r e d it-meson receives a transverse r e c o i l momentum 

q-]_ ~ p9 and t h i s can lead t o the emission of a it-meson. For small 

angles the l o n g i t u d i n a l momentum t r a n s f e r i s given by, 



k6 

q = [W 2-m 2 ] v ' - [(W -W ' ) 2 - m 2 ] ' / j - [W , 2-ra 2 ] ' A 

11 n it i t i t it i t i t 

m 2 W ' I it it _|_ 222lL 22 
T C * it if ' ZWrr 

5 3 2W (W -W ' ) 

I f i t i s assumed t h a t the s c a t t e r e d and created meson energies 

are of the same order of magnitude then q i s given by. 
If rV7 

i n * "W 2 5 

It 

Evaluating expression 23 f o r the case of an i n c i d e n t it-meson of 

l 6 . 3 Gev/c, q i s approximately K MeV/c, which w i l l not cause the 

d i s r u p t i o n of the nucleus. 

The same process may be i n t e r p r e t e d i n a somewhat d i f f e r e n t 

manner. Consider t h a t the i n c i d e n t it-meson i s d i s s o c i a t e d i n t o a 

v i r t u a l s t a t e c o n s i s t i n g of two it-mesons. The d i f f e r e n c e i n energy 
between the two states i s E = ( p 2 + ( 2 m ) 2 ) ' / s - ( p 2 + m2 which 

3 m 2 

reduces t o E - f o r l a r g e values of p. Using the u n c e r t a i n t y 

r e l a t i o n t h i s s t a t e can e x i s t long enough t o t r a v e l across a 

nucleus. I f there i s d i f f e r e n t i a l a b s o r p t i o n of these two components 

then the v i r t u a l it-meson s t a t e can be brought i n t o existence through 

the d i f f r a c t i o n s c a t t e r i n g of the i n c i d e n t p a r t i c l e . 
p o l a r o i d 

This phenomenon can be compared w i t h the a c t i o n of a na i ra i t io 

orys . ta>l i n the path of a beam of p o l a r i s e d l i g h t . I f the plane of 

p o l a r i s a t i o n of the l i g h t i s a t ^ 5 ° "to the a x i s of the c r y s t a l then 

the l i g h t which passes through the p o l a r o i d w i l l c o n s i s t of two 

beams which have t h e i r planes of p o l a r i s a t i o n a t r i g h t angles, one 



- kl -

component being p a r a l l e l t o the d i r e c t i o n of the plane of 

p o l a r i z a t i o n of the i n i t i a l beam. The component a t r i g h t angles 

t o t h i s d i r e c t i o n has been brought i n t o existence because of the 

d i f f e r e n t i a l a bsorption, i n two perpendicular d i r e c t i o n s , of the 

c r y s t a l . I t f o l l o w s then t h a t the semi-transparent n u c l e i can give 

r i s e t o t h i s type of i n t e r a c t i o n . 

k.k Experimental C h a r a c t e r i s t i c s of Coulomb and D i f f r a c t i o n 

The c h a r a c t e r i s t i c s of the Coulomb and D i f f r a c t i o n processes, f o r 

negative n-mesons, are:- the only secondaries are three charged rt-

mesons, the t o t a l energies of three secondaries i s very n e a r l y equal 

t o t h a t of the i n c i d e n t it-meson, and both the l o n g i t u d i n a l and t r a n s 

verse components of the momentum t r a n s f e r , q, t o the t a r g e t are small. 

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

secondaries so t h a t i t i s not possible t o check the energy balance 

or t h a t the momentum t r a n s f e r i s small. 

However, the l i m i t a t i o n t o the momentum t r a n s f e r i s r e f l e c t e d 

i n the angular d i s t r i b u t i o n of the secondaries. I t can be shown t h a t 

and s u b s t i t u t i n g f o r the components of the momentum t r a n s f e r q 

D i s s o c i a t i o n Events 

I s i n 6 . < 

max 
2k 

V 
L 

i 

s i n 9. < A 25 
l 
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I n s e c t i o n km 1 i t has been shownthat the cross-section f o r the 

Coulomb process i s p r o p o r t i o n a l t o Z 2 and so the expected value f o r 
v 

} s i n 0-^ i s determined by the heavier elements of the emulsion, f o r 

which the average value of A 3 i s 0 . 2 J . Thus ) s i n 8 < 0 . 2 J . 

I n s e c t i o n km 3 i t i s st a t e d t h a t semi-transparent n u c l e i are 

necessary f o r i n 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 t o take place. I n 

chapter 2 i t was concluded from the o p t i c a l model t h a t , a t 16 GeV/c, 

the absorption c o e f f i c i e n t K i s equal t o (2.k + 0 . 2 ) x 1 0 _ 1 2 c m _ 1 . 

The corresponding transparencies of the heavy and l i g h t elements 

are 17$ and kofy r e s p e c t i v e l y . These numbers i n d i c a t e t h a t i n 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 w i l l be predominant i n the l i g h t e r n u c l e i of 

the emulsion. Carbon i s t y p i c a l of the l i g h t elements and f o r these 

^ s i n 9^ 2t O.kk. Events of the Coulomb and I n e l a s t i c D i f f r a c t i o n type 

must s a t i s f y these angular c r i t e r i a , but i t must be p o i n t e d out t h a t 

i t i s possible f o r normal i n e l a s t i c i n t e r a c t i o n s t o s a t i s f y these 

c o n d i t i o n s also. 

km 5 Experimental 

I n the 1 9 2 . 5 metres of t r a c k which has been f o l l o w e d 13 events 

of the type (0 + 3 ) have been observed and analysed. The s p a t i a l 

angles of the secondaries, r e l a t i v e t o the primary, have been 

measured and s c a t t e r i n g measurements made on a l l secondaries long 

enough t o y i e l d a r e s u l t . Table 2 gives a summary of these r e s u l t s 

(Table 2 over page). 
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Events of t h i s type i n which three charged secondaries are 
produced a r i s e i n three ways, 

( i ) the processes discussed i n the previous sections, 

( i i ) by the re a c t i o n s i n n u c l e i 

i t - + n -> p + tC + n~ 

n~ + n -> t ~ + K + + i t " 

i n which momentum i s approximately balanced and the e x c i t a t i o n energy 

of the nucleus being l o s t i n the form of evaporation neutrons. Also 

( i i i ) by the i n e l a s t i c nuclear i n t e r a c t i o n . 

i t " + nucleus -» f i n a l nucleus + 3it + other n e u t r a l secondaries, i n 

which momentum i s not balanced amongst the charged secondaries. 

By v i s u a l i n s p e c t i o n one of the events has been c l a s s i f i e d as an 

i n e l a s t i c nuclear i n t e r a c t i o n and consequently r e j e c t e d . 

From t a b l e 2 i t can be seen t h a t i t has not been po s s i b l e t o 

make complete momentum measurements f o r any of the 12 other events. 

Consequently i t has not been po s s i b l e t o check any event f o r 

momentum balance or small transverse momentum t r a n s f e r . However, 

7 of the 12 events have been r e j e c t e d since i t i s not possible t o 

conserve both momentum and t o t a l energy w i t h the measured s p a t i a l 

angles of the produced jt-mesons. Events of the coulomb or i n e l a s t i c 

d i f f r a c t i o n type have momentum vectors described by the equations, 
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P l &X + P 2 £S + P 3 £3 = 16-3 " 

P i m2 + P 2
 m

2
 + P3 m 3 = " *3y 

p, n + p n + p„ n = - qz 26 

•^l 1 ^2 2 -̂ 3 3 u 

where p , p 2 and p 3 are the momentum vectors and I, m and n the 

d i r e c t i o n cosines of the three produced mesons, qx, qy and qz are 

the components of the momentum t r a n s f e r r e d t o the nucleus. Since 

these are of the order of a few MeV they can be neglected w i t h 

respect t o the other q u a n t i t i e s thus enabling the equations t o be 

solved simultaneously, g i v i n g values f o r p n , p^ and p„. Now since 

these components of momentum are of the order of a few GeV/c the 

t o t a l energy f o r the case of Jjt-meson secondaries i s given numerically 

by Z|p^|. Thus any event which does not s a t i s f y the r e l a t i o n 

Z|p^| = 16.3 can be r e j e c t e d . 

The r e s u l t of the computation i s t h a t 7 of the events can be 

f i t t e d only i f one or more of the values of momentum are negative 

( i . e . the secondary t r a v e l s i n the opposite d i r e c t i o n t o i t s observed 

d i r e c t i o n ) . These events are excluded. The remaining f i v e events 

which are shown i n Table 3 a l l s a t i s f y £|p.;| = 16.3 GeV. I t i s 

emphasised t h a t t h i s i s a r e j e c t i o n technique. The events s a t i s f y i n g 

the equations are not nec e s s a r i l y of the coulomb or i n e l a s t i c d i f f r a c 

t i o n type. I t i s pos s i b l e t h a t the measured angles f o r t u i t o u s l y 

s a t i s f y the equations. The measured values of p x are shown i n Table 3 

f o r comparison. 
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TABLE 3 

Event No. 

214 - 4 

Observed 

219 - 25 

Observed. 

211 - 23 

Observed 

217 - 13 

Observed 

9-235 

( 4 . 0 + 1 . 0 ) 

7.691 

(5.3 + 0.6) 

9.496 

(4.3 + 0.6) 

5-487 
(2.5 + 0.5) 

216 - 4(1+3) 4.283 

Observed 4. 7 + 1. 2 

P 2 GeV/c 

3.738 

(0.8 + 0.4) 

6.101 
(4.8 + 1.2) 

1.378 

too short 

9.216 

(8.1 + 1.6) 

2.623 

too short 

P 3 GeV/c 

3.366 

(1.5 + 0.5) 

2.538 

too short 

5.459 

(3-4 + 0.8) 

1.610 

too short 

9-459 

(4.6 + 1.8) 

£|p.|GeV/c 

16.338 

16.330 

16.333 

16.313 

16.365 
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Table k shows the r e s u l t s of the r e j e c t i o n technique as a p p l i e d 
t o accepted events, from the r e s u l t s obtained by the CERN emulsion 
group (Baldassarre e t a l . 1961). The measured momenta are al s o given 
f o r comparison. 

TABLE h 

Event Nos. 

21 - k2 

Observed p 

21 - 50 

Observed p 

125 A 

Observed p 

lk6 A 

Observed p 

lk2 

Observed p 

^ GeV/c 

3.00 

6.8 

-8.125 

0.7 

9.80 

5-8 

3-95 

2. 70 

O.65 

O.63 

P a GeV/c 

10.836 

6.7 

17. 087 

7.0 

k.12 

8.8 

6.19 

6.10 

5.0^ 

p 3 GeV/c £| P i|GeV/c 

0.153 

0.7 

5.0^8 

0.8 

0.086 

0.4-1 

3.93 

3-10 

8-33 

5-4o 

13.989 

lk. 2 

30.260 

8.5 

lh. 006 

15.01 

14.07 

11.90 

14.02 
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The technique r e j e c t s one event from the CERN r e s u l t s which i s 

acceptable from the measured momenta. 

The f i v e events, from t h i s l a b o r a t o r y , have been subjected t o 

f u r t h e r a n a l y s i s i n terms of the r e a c t i o n s , 

Each secondary has been classed as e, K or it i n t u r n . I n the 

most favourable case the i n t e r a c t i o n would have an associated e x c i t a 

t i o n energy of J+50 MeV which i s l o s t i n the form of evaporation neutrons. 

This energy i s too large t o be considered as being l o s t s o l e l y as 

evaporation neutrons. 

These give events are now c l e a r l y coulomb or i n e l a s t i c d i f f r a c t i o n 

events or i n e l a s t i c nuclear i n t e r a c t i o n s i n which momentum i s f o r t u i 

t o u s l y balanced. To ob t a i n f u r t h e r evidence on t h i s p o i n t 38 known 

i n e l a s t i c events of the type (rL + J>)n have been analysed i n t h i s way. 

I n one event only, of the type ( l + 3)jt, i t i s possible t o conserve 

both momentum and t o t a l energy. Since the heavy t r a c k i s short and 

of low energy i t i s possible t h a t t h i s event i s of the coulomb or 

i n e l a s t i c d i f f r a c t i o n type. This then probably e l i m i n a t e s the 

p o s s i b i l i t y t h a t these f i v e events are of type ( i i i ) l e a v i n g only 

the type ( i ) . 

F i g . 37 shows the d i s t r i b u t i o n of \ s i n 9. f o r the 12 events from 

n + n - » p + n + jt' 

- + n + K + + n~ 

i n e l a s t i c events of the type (rL + 3 ) rt 

t h i s l a b o r a t o r y together w i t h the 13 events from the CERN group. 
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The arrows marked C and D represent the expected p o s i t i o n of the 

maximum values of ) s i n 0 f o r Coulomb and D i f f r a c t i o n events respec

t i v e l y . The d o t t e d l i n e i s the d i s t r i b u t i o n of events not r e j e c t e d 

by the simultaneous equation technique. The events f a l l w i t h i n the 

region of the i n e l a s t i c d i f f r a c t i o n process, but close t o the 

acceptable r e g i o n f o r the Coulomb process. 

However, assuming t h a t the events, from t h i s l a b o r a t o r y , are 

from the Coulomb process, they have been t r e a t e d as F e r r e t t i 

' t r i d e n t s ' and the mass of the resonant s t a t e has been c a l c u l a t e d 

on the basis t h a t the two rt-mesons of lower momenta are the products 

of the resonant s t a t e . The r e s u l t s are given i n t a b l e 5« 

TABLE 5 

Event Nos. M* MeV/c2 

21k 380 

219 13 70? 

211 23 536 

217 13 610 

2l6 695 

Mean 586 + 60 
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This value i s consistent w i t h the value of p r e d i c t e d by 
F e r r e t t i i . e . t̂m = 560 MeV. The two other possible combinations 
of n-mesons give mean values of 7̂ +0 and 770 MeV/c2. 

k.6 Conclusions 

I n both the Coulomb and D i f f r a c t i o n processes the energy 

r e q u i r e d t o form the new mass state of the pi o n i s the same and 

the l i m i t a t i o n s t o the momentum t r a n s f e r are very s i m i l a r . D i f f e r 

ences a r i s e from the f a c t t h a t the Coulomb process occurs predomi

n a n t l y from c o l l i s i o n s w i t h heavy n u c l e i ; whereas the D i f f r a c t i o n 

process occurs w i t h less opaque l i g h t n u c l e i . The evidence of t h i s 

l a b o r a t o r y , together w i t h t h a t of the CERN group, i n d i c a t e s t h a t the 

process jt + nucleus -» 3n + nucleus e x i s t s b ut t h a t the nature of the 

process i s u n c e r t a i n . 

Assuming then t h a t the f i v e non-rejected events occur when the 

i n c i d e n t jt~-meson i n t e r a c t s w i t h the heavy n u c l e i i n the emulsion, 

the mean f r e e path i s 25.9 metres a f t e r c o r r e c t i n g f o r contamination 

of the beam. This corresponds t o a cross-section a ~ = 18.9 mb 
* it-pit 

which i s nece s s a r i l y an upper l i m i t . 

From equation 1 i t f o l l o w s t h a t i f the process occurs as 

described by F e r r e t t i then the upper l i m i t t o the n-ix c r o s s - s e c t i o n 
i s given by a = 66.k a , = 1252 mb a t the (J = 1 , T = l ) • i t - f l n-3« 

resonance. The mass of the st a t e i s (586 + 60) MeV/c2. 
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Doubt i s cast on t h i s r e s u l t , however, since a l l p ossible 
combinations of the secondaries give values of M* of the same order 
of magnitude and close t o the expected value. 

Moreover, the d i s t r i b u t i o n of s i n 0 shows t h a t those events, 

which are not r e j e c t e d on conservation of momentum grounds, s a t i s f y 

the c o n d i t i o n ^ ^ i - 1 1 8 < O.kk, i . e . the c o n d i t i o n f o r i n 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 . The c o n d i t i o n f o r coulomb d i s s o c i a t i o n , 
r 1 

; s i n 0 < 0.22 i s not completely s a t i s f i e d by t h i s group of events. 
L i 

Taking the CERN r e s u l t s together w i t h those of t h i s l a b o r a t o r y , a 

t o t a l of 26 t r i d e n t s w i t h 3 secondary rt-mesons have been observed 

and of these 9 s a t i s f y the condi t i o n s f o r i n 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 i . e . 35$ of the t r i d e n t events. 

This r e s u l t i s consistent w i t h t h a t of B e l l i n i e t a l . (1962) 

where a study of t r i d e n t s produced by 18 GeV it~-mesons i n a heavy 

l i q u i d bubble chamber shows t h a t 30% of the t r i d e n t s s a t i s f y the 

cond i t i o n s f o r i n 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 . 
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CHAPTER 5 
Conclusions 

I n the preceding chapters the i n e l a s t i c i n t e r a c t i o n s , Coulomb 

D i s 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 s c a t t e r i n g of Tt~-mesons have 

been studied. 

I n e l a s t i c I n t e r a c t i o n s 

The angular d i s t r i b u t i o n of minimum t r a c k s does not show the 

spectrum of t a r g e t masses as suggested by the r e s u l t s of Friedlander 

(1960). Taking a l l events together the d i s t r i b u t i o n of £n cot 8 does 

not agree w i t h the d i s t r i b u t i o n s c a l c u l a t e d by Castagnoli e t a l . (1953) 

and D u l l e r and Walker (l95^-)« The experimental d i s t r i b u t i o n s are much 

broader than the c a l c u l a t e d d i s t r i b u t i o n s . The de v i a t i o n s from the 

c a l c u l a t e d d i s t r i b u t i o n s have been explained i n terms of secondary 

c o l l i s i o n s and the e f f e c t of the co n t i n u i n g primary and the momentum 

d i s t r i b u t i o n i n the centre of mass system. The e f f e c t of secondary 

c o l l i s i o n s i s t o give values of Zn which are lower than the expected 

value whereas the e f f e c t of the c o n t i n u i n g primary i s t o give values 

of £n 7 c which are l a r g e r than the expected value. 

A method of s e l e c t i n g i n t e r a c t i o n s due t o s i n g l e c o l l i s i o n s 

between the jf-meson and a nucleon has been developed. The method 

does not f o l l o w the usual p r a c t i c e of d i v i d i n g the events i n t o those 

o c c u r r i n g i n l i g h t and heavy n u c l e i , nor are the events selected on 
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the basis of being very small. I n f a c t i t i s the number of 
grey tr a c k s which gives a b e t t e r i n d i c a t i o n of the number of 
c o l l i s i o n s t a k i n g place i n s i d e a given nucleus. The r e s u l t of the 
method i s t h a t those events w i t h n = o are due t o i n t e r a c t i o n s i n 

o 

which only one c o l l i s i o n has occurred. These events show c l e a r l y 

an excess of p a r t i c l e s emitted a t small angles which i s expected 

on the basis of the e f f e c t of the c o n t i n u i n g primary. The c o r r e c t i o n 

f o r the c o n t i n u i n g primary b r i n g s agreement between the experimental 

and c a l c u l a t e d angular d i s t r i b u t i o n s of Castagnoli e t a l . (1953) 

and D u l l e r and Walker (195^). 

Agreement between the c a l c u l a t e d d i s t r i b u t i o n s and the e x p e r i 

mental angular d i s t r i b u t i o n of minimum t r a c k s has also been found 

f o r events w i t h n^ = 1. A comparison of the present data and t h a t 

obtained by Goldsack (1962) f o r the i n t e r a c t i o n s of 16.3 GeV 

mesons w i t h protons i n d i c a t e s t h a t one t h i r d of the events w i t h 

n = 1 are probably s i n g l e c o l l i s i o n events. Furthermore the group 

of events w i t h n = 1 have a s l i g h t l y l a r g e r evaporation energy than 

i s expected f o r s i n g l e c o l l i s i o n s . Consequently the s e l e c t i o n of 

sin g l e c o l l i s i o n events on the c r i t e r i o n of n = o w i l l lead t o a 
o 

more pure sample of events than t a k i n g those w i t h n = o and 1 but 

a d e t a i l e d study of s i n g l e c o l l i s i o n s w i l l s u f f e r by the omission 

of events i n which the r e c o i l proton i s slow. 
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For some time i t has been r e a l i s e d t h a t events w i t h large 

numbers of black t r a c k s are events i n which more than one 

c o l l i s i o n has occurred w i t h i n a nucleus but u n t i l now i t has not 

been possible t o r e l a t e the number of c o l l i s i o n s t o the observed 

number of black t r a c k s . I n the present work a r e l a t i o n between 

the number of c o l l i s i o n s and the evaporation energy has been 

derived. Comparison of t h i s r e l a t i o n w i t h the experimental r e s u l t s 

shows t h a t i t explains the general f e a t u r e s but i s not c o r r e c t i n 

d e t a i l , the d e t a i l e d discrepancy being i n e v i t a b l e w h i l e n e u t r a l 

p a r t i c l e s cannot be detected. I t can be concluded, however, t h a t 

the evaporation energy i s c l o s e l y r e l a t e d t o the number of nucleons 

removed from the nucleus. 

From the observed average number of grey t r a c k s the average 

cross-section f o r i n t e r a c t i o n of the secondary p a r t i c l e s has been 

estimated and i s i n good agreement w i t h the average of the measured 

t o t a l cross-sections f o r the i n t e r a c t i o n of protons and jt-mesons 

w i t h nucleons. The r e l a t i o n between the number of grey and minimum 

tra c k s derived on the basis of several quasi-independent c o l l i s i o n s 

i s a l s o i n good agreement w i t h the experimental r e s u l t s . 

Coulomb and D i f f r a c t i o n D i s s o c i a t i o n of Tt~-mesons 

The s e l e c t i o n c r i t e r i a f o r Coulomb and D i f f r a c t i o n D i s s o c i a t i o n 

of: rt--mesons are very s i m i l a r . I f these processes occur i t i s 

expected t o f i n d t h a t Coulomb D i s s o c i a t i o n w i l l occur i n the 

e l e c t r i c f i e l d of the heavy n u c l e i and D i f f r a c t i o n D i s s o c i a t i o n i n 
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the nuclear f i e l d of the l i g h t n u c l e i of the emulsion. I n each case 
the t a r g e t nucleus must a c t coherently and consequently there are 
d i f f e r e n t upper l i m i t s t o momentum t r a n s f e r t o the nucleus i n each 
case. On the basis of t h i s alone those events i n which i t i s 
possible t o conserve momentum w i t h the measured angles have been 
c l a s s i f i e d as D i f f r a c t i o n D i s s o c i a t i o n . The events of t h i s l a b 
o r a t o r y taken w i t h t h a t of the CERN group show t h a t 35$ of a l l 
t r i d e n t s are due t o 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 which i s 
i n f a i r agreement w i t h the r e s u l t of 30$ obtained by B e l l i n i e t a l . 
I t has been concluded from the present data t h a t there are two 
types of i n e l a s t i c nuclear i n t e r a c t i o n s , one i n which the nucleons 
act independently, i n e l a s t i c s c a t t e r i n g ; and one i n which the 
nucleons act coherently; i n 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 . 
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APPENDIX A.l 

The Processing of the 600|i Plates Exposed to the 1.6. J) GeV Negative 

it-meson Beam 

After the g r i d has been put on each p e l l i c l e the p e l l i c l e s are 

stuck down centrally on treated glass sheets J2 cm x l 6 cm. The 

treated glasses have been soaked i n a solution of d i s t i l l e d 

water, h9% alcohol, 2$> glycerine and a few drops of a wetting agent. 

A plate i s selected i f an unbroken f i l m of l i q u i d covers the surface. 

Any imperfection i n the f i l m of l i q u i d covering the plate can cause 

bubbles to appear on a plate during the processing of the stuck down 

p e l l i c l e s . The selected plate is then l a i d f l a t and one surface of 

the emulsion quickly wetted with the solution. The emulsion i s l a i d , 

wet face downwards, on the glass plate and the emulsion i s then r o l l e d 

with a squeegee from which several kilograms weight i s hung. The 

sticking down must be completed before the solution penetrates and 

softens the emulsion. The whole procedure i s therefore carried out 

at a low temperature. The plates are placed on each other under a 

weight of several kilograms and l e f t f o r at least 12 hours i n order 

to dry out. 

Before s t a r t i n g the processing of the plates they are placed i n 

a dry enclosure at ̂  C and^the plates are allowed to soak^for 2% 

hours. This enables the developer to penetrate more quickly i n the 

following stage. From the pre-soak the plates are placed i n the 
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developer, the composition of which i s given at the end of t h i s 
appendix, at 5°C a n ( i allowed to soak f o r a further 2\ hours. 
This enables a uniform d i s t r i b u t i o n of developer to be obtained 
i n the emulsion with no development. 

The plates are removed from the cold developer a f t e r the 2\ 

hours soak i s complete and the excess developer is removed. The 

plates are then put into the hot stage which i s set at 17°C where 

development takes place, and are l e f t f o r 1-g- hours. 

The development i s stopped by putting the plates into a washing 

solution which i s at 5°C, f o r a period of 3 hours. 

Fixing takes place i n the hypo solution at 5°C a n d as the 

plates f i x so they become clear. This takes approximately 8k hours. 

The f i x i n g solution i s replenished regularly with fresh hypo during 

f i x i n g . The replenishing solution contains 2% of sodium sulphate 

which hardens the emulsion and reduces swelling and bubbling. 

When the plates are clear the f i x i n g solution i s slowly reduced 

i n concentration, over a similar period as i s taken to f i x i.e. 

8*1- hours, to 0 .1$ . At t h i s stage dire c t washing i s substituted u n t i l 

the test f o r hypo with potassium permanganate gives a negative re s u l t . 

F i n a l l y the plates are soaked i n a 2% glycerine solution at 5°C f o r 

2\ hours. This plasticises the emulsion and reduces the strains when 

drying. The plates are bl o t t e d and dried at room temperature by 

blowing a i r over them with a small fan. The drying takes about 

12 hours during which time the emulsion shrinks to half i t s o r i g i n a l 

thickness. The dry plates have a surface fog and t h i s i s cleaned off 
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with a l i t t l e alcohol. 
Solutions used f o r processing 
Developer = 18 gm Sodium Sulphite 

0.8 gra Potassium Bromide 

k.5 gm Amidol 

The chemicals are dissolved i n d i s t i l l e d water and made up to 

1 l i t r e , f i l t e r e d and cooled to 5°C« The pH of the solution i s 

adjusted t o 6.8 with a solution of potassium metabisulphite (85 gm 

to J20 cc of d i s t i l l e d water). 

Wash:- A solution of 18 gm of Sodium Sulphite to 1 l i t r e of d i s t i l l e d 

water. The pH i s again adjusted to 6 .8 . 

Fixer:- 300 gm Hypo 

25 gm Potassium metabisiilphite 

12 gm Silver Bromide 

The chemicals are dissolved i n d i s t i l l e d water and made up to 

1 l i t r e , f i l t e r e d and cooled to 5°C. 
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APPENDIX A. 2. 

Star size d i s t r i b u t i o n s 
A l l events 

N 0 1 2 3 4 5 6 7 8 9 10 11 12 

N 
s 

0 3 3 1 7 

1 4o 4 3 l 48 

2 13 14 3 l l l 33 

3 32 10 6 „ 3 2 l 54 

4 13 18 6 3 3 2 l 3 49 

5 23 7 5 5 4 2 2 1 1 50 

6 11 8 4 2 2 2 2 1 1 33 

7 8 9 3 5 3 3 1 2 2 1 37 

8 4 8 5 1 2 3 1 24 

9 2 2 2 3 3 4 16 

10 2 1 1 4 

11 1 2 1 2 1 7 

12 1 1 1 1 1 5 
13 l l l l l l 6 

14 1 l 

147 86 45 21 21 19 19 9 5 1 1 374 
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A l l events 
N 0 l 2 3 k 5 6 7 8 9 10 11 12 13 ik 

0 76 15 2 2 95 

1 25 12 5 1 kj> 

2 12 10 6 3 3 34-

3 12 11 2 1 1 31 

h Ik 7 2 1 2 26 

5 5 7 3 1 1 1 1 19 

6 1 ^ 5 1 1 3 2 17 

7 ^ 5 1 1 1 12 

8 1 3 3 1 2 3 1 1 15 

9 1 2 1 2 1 1 1 9 

10 1 6 2 2 2 2 1 1 17 

11 2 2 3 1 2 1 1 12 

12 k 1 3 1 9 

13 3 l 2 ^ 10 

lU 2 1 2 5 

15 1 1 2 1 1 6 

16 1 1 1 3 

17 l l l l l 5 

18 1 1 2 

19 1 1 

20 1 1 2 

21 

22 1 1 

i k j 86 is 21 19 19 9 5 l l 37^ 
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A l l events 
N 0 1 2 3 k 5 6 7 8 9 10 11 12 13 i ^ 

0 l 23 io 16 11 16 9 6 3 95 

1 l 15 5 8 7 3 1 1 2 i£ 

2 1 3 ^ 10 5 5 2 1 1 1 1 34 

3 2 3 4 3 ^ 7 5 1 1 1 31 

k 1 2 3 6 I + U 2 1 2 1 26 

5 1 1 5 1 2 2 2 3 1 1 19 

6 2 5 2 U 3 1 17 

7 1 1 1 3 1 2 1 1 1 12 

8 1 1 ^ 2 3 1 15 

9 1 3 1 2 1 1 9 

10 2 2 3 3 1 3 1 1 1 17 

11 3 2 2 3 1 1 12 

12 1 2 1 2 1 1 1 9 

13 1 1 2 1 1 1 3 10 

lk 1 2 1 1 - 5 

15 1 1 1 1 1 1 6 

16 2 1 3 

17 1 2 2 5 

18 1 1 2 

19 1 1 

20 .1 1 2 

21 

22 1 1 

7 k8 33 5k i+9 50 33 37 2it- 16 ^ 7 5 6 1 37U 
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Events with N = 0 g 
Ws 0 1 2 3 1 + 5 6 7 8 9 10 11 12 

0 23 9 13 6 Ik 7 2 2 76 
1 11 2 6 2 2 1 1 25 
2 3 1 5 1 1 1 12 
3 1 1 1 2 3 3 1 12 
k I I 6 3 2 1 li(-
5 l l l l l 5 

6 1 1 

7 

8 1 l 

9 1 1 
. J r T " 13 32 13 23 11 8 k 2 1 .Jr2*r 

1*7 •I 
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Events with W = 1 

N g 0 l 2 3 4 5 6 7 8 9 10 i i 12 13 

0 1 1 2 6 1 2 2 1 16 

1 1 2 3 1 3 1 1 12 

2 2 3 2 1 1 1 10 

3 1 2 3 1 1 1 1 1 11 

4 1 2 1 1 1 6 

5 1 1 1 2 1 1 7 

6 1 2 1 1 5 

7 1 1 1 3 

8 1 1 1 1 4 

9 1 l 

10 1 1 

11 1 1 2 

12 

13 1 1 1 3 

14 1 1 2 

15 1 1 

16 1 1 

17 

18 1 1 

3 3 l ^ 11 18 6 9 9 7 2 l 1 l 86 



76 
Events with N = 2 

N g o 1 2 3 4 5 6 7 8 9 io n 12 13 

1^ X X X X X X 

0 1 1 2 

1 2 1 1 4 

2 1 3 + 1 1 6 

3 1 1 2 

4 1 1 1 3 

5 i l l 3 

6 2 1 1 1 5 

7 i l l 1 1 5 

8 i l l 3 

9 1 1 

10 2 2 1 1 6 

11 1 1 2 

12 

13 

14 

15 1 1 

16 

17 1 1 

18 

19 

20 

21 

22 

23 1 1 

3 3 3 6 6 5 4 4 2 2 1 1 1 1 4 5 
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APPENDIX AQ. 

Duller and Walker Plots f o r events with n = 1 to 1^ . 
. — — , s 
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APPENDIX A. k. 

Calculation of the average Potent ia l Path Length i n Nuclear Matter 

Secondary Par t ic les Produced by l6Q GeV n~-mesons i n the Nuclei of 

I l f o r d G.5 Emulsion 

dx | 

If 
in t e rac t ion i j , 

[I -f~: -. v V d y 

i T t — x ~ ^ 

I f - -R-

The secondary pa r t i c l e s are assumed to t r a v e l i n the forward d i r ec t ion . 

The average po ten t i a l path length I i s given by 

•j _ £ po ten t i a l length 
nos. of produced jt-mesons 

s=o X—o 
R 2s 

f f M -x/A dx 

s=o x=o 

This reduces to 
- L j . A -2R/A A 2 / , - 2 R / A J - 1 . 

5 l R e 2R2 ( J 
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where R i s the radius of the nucleus concerned and A the mean f r ee 

path i n nuclear matter f o r 16.3 GeV mesons. A table of values of 

G.5 emulsion i s given below:-

Nucleus I Ag Br S O N C 

7 i n fermis 5.16 k.Jl 3.93 1.77 O.63 0.39 0.19 

The weighted mean of the values of I i s given by 

2 N . R . 2 i . /ZN.R. 2 and is 3 fermis . 
1 1 r 1 1 
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