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ABSTRACT 

A stack of emulsion p e l l i c l e s has been exposed t o a 300 MeV 

beam, of it~-mesons and t h e i r i n t e r a c t i o n s w i t h n u c l e i have been 

observed by f o l l o w i n g ikO m of t r a c k . 

I n order t o analyse the events the usual techniques have 

been employed i n a d d i t i o n t o which a new method due t o the author 

of measuring the i o n i z a t i o n of t r a c k s , s t e e p l y i n c l i n e d t o the '• 

emulsion plane, i s presented. 

The i n t e r a c t i o n lengths f o r the p r o d u c t i o n of i n e l a s t i c 

i n t e r a c t i o n s and e l a s t i c s c a t t e r i n g s are (37*9 :£ 2 .0)cm and 

+ 5 « 8) cro r e s p e c t i v e l y . .An O p t i c a l Model a n a l y s i s leads t o 

an a b s o r p t i o n c o e f f i c i e n t and change i n wave number of ( 1 . 5 + O .15) 
(l-VLlO-lO 

1 0 1 2 cm - 1 and - ( l l i r l _[ 1' ' O l O 1 2 cm - 1 r e s p e c t i v e l y . The d i f f e r e n c e s 

from the expected values are c o n s i s t e n t w i t h a r e d u c t i o n of the 

c r o s s - s e c t i o n f o r e l a s t i c s c a t t e r i n g w i t h i n the nucleus of about 

3 times. 

The average energy f o r i n e l a s t i c a l l y s c a t t e r e d pions v a r i e s 

w i t h the angle of s c a t t e r i n g and resembles t h a t f o r the s c a t t e r i n g 

of pions by f r e e , s t a t i o n a r y nucleons except t h a t the energy i n the 

f o r w a r d d i r e c t i o n i s somewhat reduced. .Ihe angular d i s t r i b u t i o n f o r 

the s c a t t e r e d pions shows near i s o t r o p y whereas the e q u i v a l e n t graph 

f o r s c a t t e r i n g on f r e e nucleons i s s t r o n g l y peaked i n the f o r w a r d 

d i r e c t i o n . 



A mode of i n t e r a c t i o n i n which only a s i n g l e c o l l i s i o n of the 

p i o n w i t h a nucleon occurs is. proposed. !Eie pi-on emerges w i t h o u t 

f u r t h e r c o l l i s i o n and the s t r u c k riucleon goes on t o make other 

c o l l i s i o n s . Bie e x c l u s i o n p r i n c i p l e has been a p p l i e d t o an 

exp e r i m e n t a l l y ^determined d i s t r i b u t i o n of momentum i n the nucleus 

and a s t r o n g l y i n h i b i t l v e e f f e c t r e s u l t s , producing an i s o t r o p i c 

d i s t r i b u t i o n of the secondary, pions and a lo w e r i n g of the average 

energy of these.pibns i n the fo r w a r d d i r e c t i o n . 

For a b s o r p t i o n of the p i o n i t i s proposed t h a t two absorbing 

nucleons are i n v o l v e d which go on t o make other c o l l i s i o n s . 

Energy balances have been performed on the i n e l a s t i c s c a t t e r -

ings and abso r p t i v e events. !Haey show good agreement w i t h the 

a v a i l a b l e energy.. 
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PREFACE 

The m a t e r i a l i n t h i s thesis- i s an account of the work c a r r i e d 

out by the author d u r i n g 1959-1961 a t Durham U n i v e r s i t y . I t i s 

concerned w i t h the e l a s t i c and i n e l a s t i c i n t e r a c t i o n s of 300 MeV 

jf-mesons observed i n nuclear emulsion. • Some of the r e s u l t s 

presented here have already been p u b l i s h e d (Finney e t a l . 1 9 6 1 ) . 

I n the experimental work on e l a s t i c s c a t t e r i n g of the 

it~-meson, the author worked i n c o l l a b o r a t i o n w i t h Mr. P.J. Finney 

and Dr. J. V. Major. The experimental work on the i n e l a s t i c 

i n t e r a c t i o n s has been the sole r e s p o n s i b i l i t y of the author. 

The a n a l y s i s of the work has been made j o i n t l y w i t h 

Dr. Major. 
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1. 

INTRODUCTION 

Since h i g h energy it-mesons have become a v a i l a b l e from 

a c c e l e r a t i n g machines i t has been p o s s i b l e t o study i n d e t a i l 

the elementary i n t e r a c t i o n s between the n-meson and the pr o t o n , 

and, t o some ex t e n t , ©the neutron. The i n t e r a c t i o n schemes have 

been elucidatedand the t o t a l and d i f f e r e n t i a l cross-sections f o r 

many of them have been determined. 

To a much l e s s e r e x t e n t the i n t e r a c t i o n s of jt-mesons w i t h 

complex n u c l e i have been i n v e s t i g a t e d . These may be e l a s t i c 

c o l l i s i o n s i n which the nucleus simply r e c o i l s or i n e l a s t i c i n 

which i t d i s r u p t s . The general f e a t u r e s of these may be under

stood i n terms of. the O p t i c a l Model. I t i s thought t h a t the 

i n e l a s t i c i n t e r a c t i o n takes place predominantly through 

c o l l i s i o n s of the it-meson w i t h s i n g l e nucleons of the nucleus. 

That the meson does i n t e r a c t w i t h groups of nucleons i s shown 

by the process of ab s o r p t i o n of the meson which r e q u i r e s two or 

more nucleons t o be involved. A f t e r an i n i t i a l c o l l i s i o n w i t h 

a nucleon, a meson may make f u r t h e r c o l l i s i o n s i n the nucleus 

before being absorbed or escaping from the nucleus. 

The c o l l i s i o n between the n-meson and a nucleon i n the 

nucleus i s expected t o be s i m i l a r t o a c o l l i s i o n w i t h a f r e e 

nucleon, though there are some m o d i f i c a t i o n s . These m o d i f i c a ^ 

t i o n s are due f i r s t l y t o the motion of the nucleons w h i c h a l t e r s 

ft 
2 4 KM 



2. 

the energy a v a i l a b l e f o r i n t e r a c t i o n s i n the centre of mass systemj 
secondly t o the P a u l i Exclusion P r i n c i p l e which must be a p p l i e d t o 
the nucleons which have been s t r u c k . -Although the beam of it-mesons 
i s mono-energetic the former e f f e c t leads t o v a r i a t i o n s i n the 
cros s - s e c t i o n i n the centre of mass system, though t h e i r average 
value i s u s u a l l y l i t t l e d i f f e r e n t from t h a t of the f r e e nucleon 
c r o s s - s e c t i o n a t the energy of the n-meson beam. The second m o d i f i 
c a t i o n i n h i b i t s those c o l l i s i o n s i n which low values of momentum 
should be t r a n s f e r r e d t o the s t r u c k nucleon and consequently t h i s 
leads t o a r e d u c t i o n of the cross-section. 

I t i s po s s i b l e t o i n t e r p r e t the i n e l a s t i c i n t e r a c t i o n s of 

it-mesons w i t h n u c l e i by t a k i n g i n t o account these m o d i f i c a t i o n s t o 

the free-nucleon c r o s s - s e c t i o n as w e l l as the p o s s i b i l i t y of i n t e r 

a c t i o n s w i t h groups of nucleons. 

I n a d d i t i o n t o Hie inher e n t i n t e r e s t of the i n t e r a c t i o n s of the 

n-meson w i t h n u c l e i , a knowledge of the c h a r a c t e r i s t i c s i s e s s e n t i a l 

t o the understanding of the i n t e r a c t i o n s of K-mesons or a n t i - p r o t o n s 

w i t h n u c l e i . I n these i n t e r a c t i o n s a n-meson i s o f t e n the i n i t i a l 

product of the i n t e r a c t i o n which i s terminated by the i n t e r a c t i o n of 

the n-meson w i t h the nucleus. These mesons are produced w i t h energies 

of a few hundred MeV. 

This l a b o r a t o r y has been i n v e s t i g a t i n g the c h a r a c t e r i s t i c s of 

n-meson i n t e r a c t i o n s w i t h the n u c l e i of nuclear emulsions i n the 

energy range 100 - 800 MeV. Blocks of emulsions have been exposed 



t o 88 ,300 and 750 MeV beams of n-mesons-. The r e s u l t s of the e l a s t i c 

i n t e r a c t i o n s a t these energies have been published. I n "this t h e s i s 

the e l a s t i c and. the i n e l a s t i c i n t e r a c t i o n s of «~-rmesons a t 300 MeV 

are described. 

I n Chapter 1 the main f e a t u r e s of the i n t e r a c t i o n s of jt-mesons 

w i t h f r e e nucleons are described b r i e f l y . The m o d i f i c a t i o n s t o 

these are a l s o considered. These are f o l l o w e d by a b r i e f account 

of the O p t i c a l Model of i n t e r a c t i o n s w i t h the nucleus. This i s used 

e x t e n s i v e l y i n Chapter 3« . 

• The complete a n a l y s i s of the i n e l a s t i c i n t e r a c t i o n s has 

r e q u i r e d the use of most of the i d e n t i f i c a t i o n , techniques of nuclear 

emulsions. These are described i n Chapter 2 where emphasis i s 

given t o the determination of i o n i z a t i o n i n steep t r a c k s i n the 

emulsion. 

The.details of theexposure, processing and scanning are given 

b r i e f l y i n Chapter 3» The cross-sections f o r e l a s t i c and i n e l a s t i c 

i n t e r a c t i o n s are determined and the angular d i s t r i b u t i o n of e l a s t i c 

s c a t t e r i n g i s given. These are analysed i n terms of the O p t i c a l 

Model. 

Chapter k presents the f e a t u r e s of the. i n e l a s t i c i n t e r a c t i o n s . 



CHAPTER 1 

THE INTERACTIONS OF IT-MESONS WITH NUCLEONS AMD NUCLEI 

The. work described i n t h i s t h e s i s i s p a r t of a programme on 

the i n v e s t i g a t i o n of the e l a s t i c and i n e l a s t i c i n t e r a c t i o n s of 

jt --mesons w i t h complex n u c l e i of the nuclear emulsion between 

100 and 800 MeV. The e l a s t i c i n t e r a c t i o n and the cross-sections 

f o r e l a s t i c and i n e l a s t i c i n t e r a c t i o n s are understood i n terms of 

the d i f f r a c t i o n and a t t e n u a t i o n of a meson-wave by the n u c l e i of 

the emulsion. The former corresponds t o the e l a s t i c i n t e r a c t i o n , 

the l a t t e r t o the i n e l a s t i c i n t e r a c t i o n . The understanding ..of 

the d e t a i l s of the i n e l a s t i c i n t e r a c t i o n i s made i n terms of the 
i 

c o l l i s i o n s of the n-meson w i t h i n d i v i d u a l nucleons of the nucleus. 

Moreover the degree of a t t e n u a t i o n .of the meson wave i n the O p t i c a l 

Model i s determined by t h i s process. A summary of the main 

f e a t u r e s of the c o l l i s i o n s of pions w i t h f r e e nucleons i s now 

given w i t h the e x t e n t t o which these c o l l i s i o n s are m o d i f i e d when 

oc c u r r i n g i n n u c l e i . This i s f o l l o w e d by an account of the 

O p t i c a l Model. 

1 .1 I n t e r a c t i o n s of the n-meson w i t h i n d i v i d u a l nucleons 

The main i n t e r a c t i o n s of charged mesons w i t h nucleons i n the 

energy range below' 800 MeV are as f o l l o w s : 



5-

1 . 1 . 1 « + + p -* « + + p i tit" + p -» j t ~ + p 
r e l a s t i c s c a t t e r i n g -j 

1 . 1 . 2 JT+ + n n + + n W~ + n -*• i t - + n 

1 .1.J n + + n -»• it° + p charge exchange ;n~ + p -»• it° p 

1 . 1 . 4 n + + n -* 7 + p -' r a d i a t i v e capture + p -* 7 + n 

The cross-sections f o r the f i r s t t hree equations are of the 

order of tens of mi 1 1ibarns h u t the cr o s s - s e c t i o n f o r r a d i a t i v e 

a b s o r p t i o n i s of the order of 1 mb and so i s n e g l i g i b l e . 

I t should be noted t h a t when e l a s t i c s c a t t e r i n g occurs energy , 

i s t r a n s f e r r e d between the meson and the'nucleon, b o t h of which 

r e t a i n t h e i r i n i t i a l i d e n t i t i e s . 

Although the cross-sections f o r i n t e r a c t i o n w i t h the neutron 

cannot be measured d i r e c t l y , i t i s expected by charge symmetry t h a t 

the t o t a l cross-sections (a + , cr _ ) should be equal as should be 
i t + n ' it p' * 

(a _ , a + ). The cross-sections a + and a _ show a pronounced it n' i t T p ' j t T p it p * 

maximum a t 190 MeV. At 300 MeV the values of the cross-sections are 

r e s p e c t i v e l y 75 ± 5 mb and 3 2 + 2 m b . The l a t t e r c r o s s - s e c t i o n i s 

made up of about 22 mb f o r e l a s t i c s c a t t e r i n g and about 11 mb f o r 

charge exchange•scattering; Yuan ( 1 9 5 6 ) . 

Below 450 MeV the angular d i s t r i b u t i o n f o r the s c a t t e r e d mesons 

has been i n v e s t i g a t e d i n d e t a i l . Above t h i s energy the an g u l a r . d i s 

t r i b u t i o n s are only, p a r t i a l l y known. I n the centre of mass system 

the angular d i s t r i b u t i o n i s given by: 

I s = A + B cos 9 X + C cos* e x 

ail 



where 9 i s the angle of s c a t t e r i n g i n the centre of mass system 

between the s c a t t e r e d it-meson and the i n c i d e n t one. The si g n of 

B determines whether the d i s t r i b u t i o n of s c a t t e r i n g i s predominantly 

f o r w a r d or backward. Above 190 MeV t h i s i s p o s i t i v e ( i m p l y i n g 

f o r w a r d s c a t t e r i n g ) b ut below t h i s energy backward s c a t t e r i n g 

predominates f o r the e l a s t i c s c a t t e r i n g of ^-mesons. I n f i g u r e 1 

the. angular d i s t r i b u t i o n i n the centre of mass system and the 

l a b o r a t o r y system are given f o r t h e e l a s t i c s c a t t e r i n g of it _-mesons 

by protons and neutrons a t 300 MeV. 

1 . 2 I n t e r a c t i o n s w i t h complex n u c l e i 

A meson may. i n t e r a c t with, the whole of the nucleus e l a s t i c a l l y 

or w i t h i n d i v i d u a l nucleons through processes 1 . 1 . 1 t o 1.1. k. 

Although . 1 . 1 . 1 and 1 . 1 . 2 are e l a s t i c c o l l i s i o n s between the p i o n 

and the nucleon, the nucleus i s l e f t i n an e x c i t e d s t a t e because 

the nucleon has changed i t s energy. Hence a l l f o u r i n t e r a c t i o n s , 

1 . 1 . 1 t o 1 .1 .k,* should be taken as i n e l a s t i c i n t e r a c t i o n s w i t h the 

nucleus. 

One or more nucleons may be knocked f o r w a r d as a r e s u l t of the 

i n t e r a c t i o n of the meson w i t h i n d i v i d u a l - n u c l e o n s ; t h i s leaves the 

st r u c k nucleus i n an unstable s t a t e . E q u i l i b r i u m i s subsequently 

a t t a i n e d , u s u a l l y , by f u r t h e r nucleons being e j e c t e d . • These 

nucleons are known as evaporation p a r t i c l e s . 

The jr-nucleon cross-sections i n the nucleus w i l l be m o d i f i e d 

by the motion of the nucleons i n the nucleus. For example., i f a 
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300 MeV n"%meson c o l l i d e s ' w i t h a p r o t o n moving towards i t or d i r e c t l y 
away from i t - t h e n the energy i n the centre of mass w i l l have values 
E x and E g from the two cases g i v i n g r i s e t o two d i f f e r e n t cross-
sections. .For v a r i o u s p o s s i b l e angles of incidence between the 
meson and proton., there w i l l he a continuous range of cross-sections 
f o r the i n t e r a c t i o n s , bounded by the two values associated w i t h E 
and Eg. The mean cr o s s - s e c t i o n , a t 300 MeV, i s s l i g h t l y r a i s e d by 
t h i s process. 

A. more important .consequence of the motion of the nucleons i s 

seen when the P a u l i Exclusion P r i n c i p l e i s a p p l i e d . Any nucleon 

which has been, s t r u c k i s r e q u i r e d t o r e c o i l w i t h a momentum g r e a t e r 

than some minimum value corresponding t o the h i g h e s t f i l l e d energy 

l e v e l of the nucleus. I f the nucleon would have r e c o i l e d w i t h a 

momentum l e s s than the minimum then t h a t c o l l i s i o n , i s f o r b i d d e n . 

These c o l l i s i o n s .'correspond t o the smaller angles of s c a t t e r i n g of 

the n-meson. The expected e f f e c t i s a r e d u c t i o n of the cross-

s e c t i o n and a broadening of the angular d i s t r i b u t i o n of s c a t t e r i n g . 

F i n a l l y the i n t e r a c t i o n s i n n u c l e i w i l l , be d i f f e r e n t from the 

n-nucleon ease by the p o s s i b i l i t y of i n e l a s t i c i n t e r a c t i o n s w i t h « M 

or more, nuele'ons. I t i s known t h a t n-mesons are absorbed a t r e s t 

i n the nucleus c h i e f l y by the f o l l o w i n g processes: 

• n" + p + n -+ n + n 1.2.1 

n + + p H- n r* p + p 1.2.2 



I t i s expected that this process w i l l be important even at 

energies d i f ferent from zero. 

The result of these modifications w i l l be b r i e f l y stated. 

The n-meson-nucleon col l i s ion w i l l be modified by the motion of 

the nucleons within the nucleus and by absorption by nucleon 

pairs. 

The meson w i l l therefore be scattered inelas t ical ly , 

scattered with charge exchange or be absorbed. The last two 

processes are d i f f i c u l t to separate unless the energy and identi ty 

of a l l the secondary particles are known. This is impossible to do, 

using the emulsion technique, since neutral particles leave no tracks. 

I t i s expected that,on average, nucleons emitted from absorption 

processes w i l l carry away about 157 MeV more than i n the case of 

charge exchange. I f there is a known constant r a t i o / i n a l l cases, 

between the t o t a l number and energy of emitted nucleons to charged 

nucleons emitted, i t should theoretically be possible to distinguish 

between the two cases. 

Suppose that the probabili t ies f o r absorption, charge exchange 

and inelastic scattering of jf-mesons by the nucleus are P , P and 
a c 

P then s 
P + P + P = 1 1.2.3 
a c s 

The difference between the average to t a l energy of the incident 

n-meson (Wn) and the average to t a l energy received by a l l secondary 

nucleons ["E_ = L (K.E. S + Binding Energy)] w i l l be shared amongst 



it-mesons undergoing charge exchange and elastic scattering. 

W - I = (P + P ) ( ! + m c 2 ) 1.2.4 jt s c s / x it it 

The probability of scattering, P , is determined simply by iden t i fy-
s 

ing charged mesons in the secondaries to stars. There is uncer

tainty i n the value of E because only the energy of the charged 
s 

particles can be measured. The nf-meson interacts predominantly 

with neutrons than with protons and i t is expected that a large part 

of the energy w i l l be taken o f f by the neutrons. 

1.3 The Optical Model of the nucleus 

Serber (19^7) pointed out that the nucleus w i l l appear 

pa r t i a l l y transparent to a high energy, par t ic le . This means that 

the mean free path in nuclear matter f o r such a part icle is of the 

order of a nuclear diameter. 

Ferribach, Serber and Taylor (19^9) described a model of nuclear 

interaction in which a matter wave (the incident par t ic le) is 

attenuated and d i f f rac ted by a nucleus which is treated as having 

both a refractive index and absorption coeff ic ient . In the 

simplest case this refractive index is assumed constant throughout 

the nucleus. 

The refractive index is related to the wave number of the 

incident meson outside the nucleus, k, and change i n wave number 3̂  

as the wave enters the nucleus. 
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They show that the absorption cross-section w i l l he given by. 

a& = JtR2 j l - [1 - (1 + 2KR)exp(-2KR)]/2K?Rz^ = f^K^R) 1.3.1 

where R is the nucleus radius and K the absorption coeff ic ient . 

I t is also shown that the d i f f r ac t i on scattering cross-section . 

can be represented as 

q d ~ f 2 ^ » s ' - k i ) 1.5.2 ( J L L ALLm e l a l . 19^9) 

= itR2 - | 1. + [1 - (1 + 2KR)exp(-2KR)]/2K 2R 2 

- (1/(K?A • + * 1
A ) 2 B 2 ) [ ( I F A - \ z ) + exp(-KR) 

x {2\^{Y?/k + k ^ 2 ) + ^ K ] sin 2k^BL - exp(-KR) 

x [ ( X « A - k , 2 ) + mitf/k + k ^ ) ] cos a^s] 

The d i f f e r e n t i a l cross-section f o r d i f f r a c t i o n scattering can 

be shown to be 

da aA 

* *f U J K R sin e ) ] 2 [ (1 + cos e ) / 2 ] 2 1.3.3 

where 3± is the f i r s t order Bessel function. . I t should be noted that 

the obliquity factor [ ( l + cos e)/2] 2was not i n the or iginal paper by 

Ferribach, Serber and Taylor", but was suggested by Perkins and :Fowler 

(1958). 

The meson does not interact with the geometrical.cross^section of 

the nucleus so one of two view points may be followed. 

I f there is an attractive force between the negatively charged • 

meson and the posit ively charged nucleus, mesons w i l l be drawn into 
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the nucleus, effect ively increasing' the absorption cross-section 

to O.'i 
a 

I t can be assumed that a•1 = F x a where 
a a 

Z = the nuclear charge, E = t o t a l energy of. the meson whose momentum 

x s ^ p . 

The alternative viewpoint is due to Feshbach and Welsskopf 

(19^9)» Here the meson is supposed to have a characteristic 'size" 

equal to the reduced de Broglie wavelength >i. 

The new cross-section is. a." given by 

a " = (a ''A + jt'A ?0 2 - 1-3-5 

Similarly 
a " = Co.'* + JC* \ ) 2 1.3.6 

d d 

At very low energies "h w i l l be large and the correction w i l l 

be important. •Physically the size of the meson w i l l be as large or 

larger than the geometrical cross-section of the nucleus and so the 

nucleus w i l l then have lost a l l i t s transparency. 

I t is sometimes useful to consider the potential equivalent 

of the refractive index. This pictures the nucleus with a complex 

potential well with both real and imaginary parts, V r and V^. V r 

introduces a phase difference between that part of the wave passing 

through the nucleus and that part not passing through the nucleus. 

Interference between these two wavefronts gives rise to d i f f r ac t i on . 

Vj_ is responsible f o r absorption of the wave' in the nucleus and this 
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can enhance the d i f f r ac t i on ef fec t . 

Fowler and. Perkins give 

and 

k - \ = k [1 + + (V I / pc ) 2 ] ' A 

V ± = i hpcK 

•1.3.7 

1.3.8 

where K islhe absorption coeff icient in nuclear matter. 

K can be expressed as 

a 
*JtE * P 

[a Z * a (A-Z)] 
JT p ic n 1.3.9 

or by 

K = 1.3.10 

when absorption by pairs of nucleons predominates. Here is the 

cross-section f o r absorption i n deuterium and W is the effect ive 

number of deuterium pairs i n the nucleus. 

where ?^ is the mean free path in nuclear matter. 

.1. k Application of the Optical Model to the emulsion 

A value f o r the absorption coeff ic ient , K, may. be found by 

comparing the observed absorption cross-section with 1.3.1. The 

mean free path in nuclear matter then follows from 1.3.11. 

The. change in wave number, k^, of the matter wave on entering 

the nucleus can be found from a comparison of the experimental 

angular dis t r ibut ion f o r d i f f r a c t i on scattering with the theoretical 

one 1.3«3» Most of the contamination, at 300 MeV, from scatterings 

in the coulomb f i e l d can be removed by neglecting any. scattering 

with a projected angle of less than 5°« 

Also K = l /A ; >n 1.3.11 



By using the values f o r K and k i n the equations 1.3*7 

1.3«8 the sizes of the real and imaginary parts of the optical 

potential can be found. 
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CHAPTER 2 
TECHNIQUES OF .IDENTIFICATION 

The work on the Inelastic interactions of «-mesons has required 

the identification of jt-mesons amongst the secondary particles and 

the determination of the energies of a l l the secondary particles in 

order that an energy, balance can be made. The former gives the 

probability of inelast ic scattering whereas the lack of energy 

balance i s used to distinguish between absorption and charge 

exchange of the primary meson. 

The exposure was of 60 pe l l i c l e s of emulsion. • Tracks of 

particles could be traced from one pe l l i c l e to another allowing long 

lengths of track to be measured. 

The characteristics which allow particles to be identif ied and 

their energies to be determined are range, ionization and scattering 

in the emulsion. The principles of the measurements of these 

quantities are now described. 

2.1 Range 

Very exact values of range were not required so the range was 

found by measuring the length of a track in each sheet of the 

emulsion. Ttie length of the track in unprocessed emulsion i s readily 

found i f the shrinkage factor for each sheet i s known. The identity 

of the particle was determined from the end characteristics of the 
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track: jt~-mesons are recognised by a-stars or i n the absence of 
these by the characteristic scattering at the end of their range. 
I f the track was not ident i f ied as a meson i t was assumed to be that 
of a proton. This ignores the presence of a-particles i n the 
secondary particles and leads to an. underestimation of the energy 
carried away by charged secondaries. 

The t o t a l range is converted into an i n i t i a l kinetic energy-

using tables published by. Fay et a l . (l95 i0» Graphs of range 

against energy'have also been published by Powell et a l . (1959). 

The chief errors are i n not being able to determine exactly 

where the track leaves the emulsion and the error in the track not 

being a straight l ine because of scatterings i n the emulsion. The 

t o t a l error from these sources is estimated at 5$« 

2.2 Track Density 

In a developed track the number of grains per unit length is 

a measure of the ionization of the par t ic le . The grains tend to 

coagulate to form groups or blobs. The density of blobs i n a track 

can be found less subjectively than the grain density, which depends 

on the c r i t e r i a adopted by observers as to the number of.grains per 

blob. (Perkins and Daniells, 195*0 • 

The blob density w i l l depend on the degree of development of 

the emulsion; development variation can be corrected, to f i r s t 

order, by normalising the blob density against that of a standard 
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ionization in the emulsion. Such a standard is provided by the blob 
density of electrons which ionize at a constant value f o r energies 
in excess of about 5 MeV. Usually this is the method of normalisa
t ion . In the present work the exposure was deficient i n electrons 
and so normalisation was made using the beam particles which ionize 
at a f ixed value. 

When a track is steeply inclined to the plane of the emulsion 

i t is necessary to take a series of reference tracks throughout the 

depth of the emulsion. Tais is because the degree of •ionination-

varies quite considerably throughout the depth of the emulsion. 

At high ionizations the blob density approaches zero as the 

track becomes to ta l ly clogged with grains. Between this state and 

that of minimum ionization, the normalised blob density passes 

through a maximum value of about 2.6. For tracks whose blob density 

is between zero and the maximum, the gap density is found, which, 

of course, equals the blob density. ..Here, the track has the 

appearance of very long blobs separated by gaps. I t is useful to 

have this dist inct ion i n the measured quantities f o r discussion of 

ionization measurements. 

Fig. 2a shows the experimental relationship between the number 

of blobs (or gaps) and grains in a track. 

This curve was produced by counting the mean number of grains 

and blobs per standard length i n f l a t tracks using a magnification 

(80 x 15 x 1.5). The blob outline enabled the number of grains i n 
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i t to be found with l i t t l e dif"f ieul ty. The accuracy of this 
subjective test can be judged from the fac t that the maximum 
number of grains to a c e l l of 60\i is 8 j , by extrapolation. This 
gives a grain diameter of 0. J2\j., in good agreement with the 
measured diameter, using an eyepiece micrometer. 

I f a track were to pass through two regions of development, 

one of which caused twice as much development as the other, then 

the track should contain twice as many grains i n one region as 

in the other region. Similarly the reference tracks would have 

twice as many grains in one region as i n the other. By normalizing 

on grains the effect of development w i l l be removed. 

But normalising the blob density of the track which passes 

through the two dif ferent development regions w i l l only pa r t i a l l y 

remove the effect of development - i .e . this is the f i r s t order 

correction. The same track w i l l appear to have two di f ferent 

ionizations in the two regions because the relationship between grain 

density and blob density is not l inear. But by normalizing on a 

grain count this anomaly should be removed. 

There are two reasons against such a practice. The f i r s t 

is that normalisation of a grain count gives a f igure f o r the 

ionization (from I t o 10) which is quite d i f ferent from that 

obtained by the usual process of normalisation (from 1 to 2.3). 



The second reason is that i t would be tedious always to count the 

grain density of a track since i t involves the estimation of grains 

in each blob. .A compromise has been evolved. 

The blob or gap density, b, is measured and f i g . 2a is used 

to convert i t into a grain density g. The standard blob density 

b Q is measured in the same region of development: this corresponds 

to a standard grain density g Q . . I f g is d i f ferent from an arb i t 

r a r i l y chosen grain density of 8.5 grains/60u, g Q and g are both 

adjusted proportionally u n t i l g^ is equal to the standard value 

and g is then g ' . These values are then reconverted into b 1 

(equal to 8.5 blobs/60u) and b ' . The normalised grain density is 
Y b ' 

then a = 0 . This gives a good estimation of the ionization of 
8.5 

a track in terms of numbers which are fami l ia r . Fig. 2b shows, i n 

diagramatic form, how the above is achieved. 

An example of the correction w i l l be given. 

A track, gave a blob count of l6 per 60u in a region where that 

of the beam particle was 8.0 per 60u. The simple, f i r s t approxima

t ion , normalisation gives a value of 2.00. Using the method advoca-

ted above a value f o r B ==1.95 is found. I f i t is supposed that 

this track belongs to a proton then the energies corresponding to 

the two values of TS* = 2.00 and B X = I .95 are 390 MeV and 350 MeV 

respectively - a 16$ Variation in energy. 

A correction f o r the incl inat ion of the track i n the emulsion 

must be made. This correction f a l l s into two parts. The f i r s t part 
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is to correct the projected length of the track, as observed, into 
i t s true length. This naturally alters the blob density - the 
observed number of grains in a given projected length i n the plane 
of the emulsion belong to a track length which is longer. The 
second correction is to remove the obscuring of gaps by grains 
in a track which is either steeply inclined or is less steeply 
inclined but which has a high blob density. In both cases the 
track appears blacker than i t would i f viewed normally. 

In 1958 Viriasov and Pisareva, employing a suggestion made 

by Hodgson (1952), showed that the obscuring ef fec t can be 

explained by introducing the concept of "dead-distance" analagous 

to "dead-time" in an electronic counting device, i . e . a grain 

is not seen separated from an adjacent grain by a gap i f the 

grains are closer than some c r i t i c a l distance, the dead distance. 

For a f l a t track this dead distance is a grain diameter. Any two 

grains whose centres are closer than a diameter appear as a single 

blob. 

According to Viriasov and Pisareva, the true number of grains 

in the track, N, is related to the observed number of blobs, n, by 

N = T ^ - T 2. 2.1 1-nd 

where d is the dead-distance. They also show that f o r an inclined 

track, any gap &, where 

£ < 2r (sec p - l ) 2.2.2 
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(the angle 0 is the angle between the track and the plane of the 
emulsion .a.hd r is the radius of the' developed grain) is not seen 
- f i g . 3-

The above formula, (2.2.1) may be applied i n cases where the 

incl inat ion, p, is not large and the grain density is low. I t is 

not va l id when these two conditions are not sat isf ied; this is 

because the formula uses a f i xed dead distance (cp. . f i xed dead time). 

In this work i t has been necessary to ident i fy particles of a l l 

degrees of steepness. This means that measurements have been taken 

on tracks which do not sat isfy the c r i t e r i a of Viriasov and Pisareva. 

. I t has been found that much better results were obtained using the 

following formula: 

n "Nd O O 2 

n = We 2.2.3 

Equation 2.2.1 is a f i r s t approximation of this equation. This 

formula, 2.2.3; uses a variable dead distance, d. But d is s t i l l 

given by 2r(sec 0 - l ) . 

I t should be noted that f o r a particular incl inat ion of the 

track the dead distance is f ixed , "variable dead distance" is 

misleading but the term has been used because of i t s analogue 

"variable dead time". 

' i t follows from the use of a variable dead distance that any 

number of successive grains in. a steep track w i l l be taken as a 

single blob i f a l l the true gaps between the succession satisfy 

2.2.2. This is what would be observed. Using 2.2.1, this same 

set of grains may well have given N 1, which is not true. 



CjO.0 not 6eerv 

P 
Foq 3 T h e o b s c u r i n q .a .cp.p 

b« l i l f l n j the. t r a c k 



21. 

The formula 2.2.3 has been tested experimentally. In the 
absence of tracks of known incl inat ion, f l a t tracks have been used in 
the following way. The length of a l l the gaps i n a set of tracks 
(which were f l a t ) were measured using an eye-piece micrometer. An 
imaginary t i l t was placed upon the track. This ef fec t ive ly chose a 
dead distance d = 2r (sec f3 - l ) . In practice any gap less than this 
would not be seen. The number of blobs which would be seen at a given 
incl inat ion is easily found from the observed gap dis t r ibut ion. Good 
agreement was found between the number given by the formula 2.2.3 
and the number of blobs which would be seen f o r l i g h t l y ionizing 
tracks up to a pre-processed angle of dip of 65°. For tracks having 
an ionization of twice the minimum, i t was necessary to take 2r-as 
greater than 0.75n which had been measured with the micrometer. A 
value of 1.00u was found satisfactory. 

x 

As the ionization increased above B =2.00 the effect ive 

diameter of the grain had to be gradually increased. This has been 

attr ibuted to infectious development, which becomes more important 

as the grains become closer together. 

A note on the application of the equation 2.2.3 in practice 

w i l l be given. I f i t is re-written as nd = Nde ^ 2.2. k 

i t can be easily plotted graphically as nd against Nd. Having 

found d, n is observed and so nd i s known; from the graph Nd and 

hence N may be easily found. 
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This correction has been applied t o a l l tracks. The r e s u l t 
i s that the observed blob densities can be explained i n terms of 
dead distances and equation 2.2.k. The true blob densities can 
be therefore calculated. 

The two corrections, one f o r the steepness of a track (which 

i s i n two parts) and. the other f o r variable development have been 
x 

applied t o a l l measurements of B . I n p a r t i c u l a r the results of 
the correction can be seen on the c a l i b r a t i o n curve showing the 

x 
connexion between B and pS f o r n-mesons. Fig. ka shows uncorrected 

values f o r B X against the corresponding pB values f o r n -mesons. 

Fig. kb shows these same points which have been corrected. The 

continuous l i n e represents the expected r e l a t i o n between the B 

and pB values f o r f l a t n~-tracks. This continuous l i n e has been 

drawn through the points of f i g . kb and also marked on ha. 

2.3 Scattering 

When a charged p a r t i c l e passes through an emulsion i t undergoes 

a large number of e l a s t i c scatterings i n the e l e c t r i c f i e l d s of the 

atoms. The mean change i n d i r e c t i o n of the p a r t i c l e over a f i x e d 

distance i s inversely proportional t o the product, pB f o r the 

p a r t i c l e . 

The coordinate method of Fowler (1950) i s used i n which the 

mean angle of scattering a over a c e l l length of 100|i i s found. 
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Where K i s approximately constant, with a value of 23.8 f o r a 100|i 
c e l l . The value increases slowly as the c e l l length increases. 

For Inclined tracks .the true c e l l length w i l l be t sec 0, where 

t i s the length of the c e l l measured i n the plane of the emulsion 

and P the angle of dip. This correction has been incorporated i n 

the work. I t has been necessary to take measurements on steep 

tracks i n t h i s work because the object has been t o separate jr-mesons 

from other p a r t i c l e s . Such measurements on even, very steep tracks 

have often allowed the i d e n t i f i c a t i o n t o be made wit h some certainty. 

Generally the values of pfJ are not more accurate than 15$ 

because the observed-tracks are r e l a t i v e l y short. 

2 .k Methods of. i d e n t i f y i n g p a r t i c l e s 

During, the early part of the experiment graphs r e l a t i n g t o 

the blob density with range and the product p0 were constructed f o r 

protons and it-mesons. (Some deuterons may' have been taken f o r protons). 

The protons and.jt-mesons were i d e n t i f i e d by t h e i r end-point character

i s t i c s or from a .combination of pP and range. 

There i s i n s u f f i c i e n t energy, at 285 MeV to produce p a r t i c l e s 

other than low energy mesons. 

The maximum momentum which a proton can. be given when struck 

by a beam p a r t i c l e i s of the order of 800 MeV/c. This corresponds 

to a pp value of ~530 MeV"/e and a value of B x of 1.63* Any track 

with a B less than t h i s must be produced, by'a ir-meson. 
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For a set of 125 consecutive stars, a l l prongs of B x > 1.63 

have been followed to t h e i r end, had the B at d i f f e r e n t ranges 

measured or had t h e i r pP determined. Jlk prongs have been i d e n t i 

f i e d . . 

Another set of 58 stars (chosen as l i k e l y t o contain jt-meson 

secondaries) has had a l l i t s 173 tracks f u l l y i d e n t i f i e d . 

Very steep tracks have been most c a r e f u l l y examined i n order 

to make f u l l use of the available information. 

Short tracks of less than lOOp. length have been taken as 

protons. L i t t l e error i s introduced t h i s way. 
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CHAPTER 3 

THE ELASTIC HITEMCTIOKIS OF 28$. MEV II-MESONS 

3.1 Experimental Details 

A stack of 60 p e l l i c l e s of G5 emulsion, each.10 x 10 x 0,k cm, 

was exposed to the beam, of 285 MeV jt~-mesons produced from the 

660 MeV proton synchrotron a t CiE.R. N*, Geneva. Afterwards the 

p e l l i c l e s were mounted on glass backs and processed by the tempera

ture cycle method. The d i s t o r t i o n was approximately. 30\i. 

The plates were examined by following tracks which were each 

picked iip 1' cm from the edge of the stack at which the beam entered. 

A track was followed only i f i t made an angle of less than 3 ° with 

the main beam direction. This was t o remove the p o s s i b i l i t y of 

following secondary mesons. Tracks were followed under a. magnifica

t i o n of ^5 x 15 x 1*5 u n t i l they interacted or t r a v e l l e d the 

maximum traverse of the stage which was 2.5 cm. A l l interactions 

of the meson, including scatterings through a h o r i z o n t a l l y projected 

angle greater than 3 were recorded. Spatial angles of scatter were 

found using the coordinate method. 

Interactions were c l a s s i f i e d using the notation ( h j r + n. )n 
s 

where n H a n d n s are the numbers of heavily and l i g h t l y ionizing 

(B x < 1.6) tracks which are generated.- For example, e l a s t i c 

scatterings are c l a s s i f i e d as GgSjrt, disappearances as (0 + 0)n. 

Each event was checked by two observers to reduce the chance of missing 

tracks which were near the minimum of i o n i z a t i o n or steep. 
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Only an approximate fi g u r e of about 10$ was available as the 
percentage contamination of the beam by u-mesons and electrons. 
An attempt t o compute the proportion of u-mesons i n the beam from 
the beam layout lead t o a fig u r e of a few percent, (~3$)» The 
proportion of electrons was estimated experimentally by f i n d i n g the 
d i s t r i b u t i o n of blob,densities i n 100 tracks, each 2.5 cm long, i n 
the beam. At 285 MeV, an electron w i l l ionize at the minimum, 
which i s about 10$ below the plateau value. Wo evidence f o r 
electrons was found. 

No correction has been applied because of the above findings. 

I t i s usual t o accept 5$ as a working contamination f o r such a beam. 

3.2 Interaction Length 

A t o t a l length of ikO.0 m of track was followed. 255 e l a s t i c 

events, having a hor i z o n t a l l y projected angle greater or equal t o 

3°, and 370 i n e l a s t i c interactions ( a l l other events) were found. 

The i n e l a s t i c events contain k2 disappearances. The mean free path 

f o r i n e l a s t i c i n t e r a c t i o n i s (37?9 + 2.0)cm. • I n the group c l a s s i f i e d 

as being e l a s t i c scatterings, of the jt-meson, 8 events were i d e n t i f i e d , 

dynamically, as being c o l l i s i o n s between the jt~-meson and a free 

proton. 

A calculation has shown that the scattering of • less than 5° 

results largely from Rutherford scattering i n the Coulomb f i e l d 

rather than i n the nuclear f i e l d of the nuclei. Consequently, 
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a t t e n t i o n has been confined t o those scatterings with <fr greater or 
equal to 5° f o r which the measured mean free path i s (77 + 5'8)cm. 

The values of the m.f .p. w i l l be affected by the e f f i c i e n c y 

of the scanning. Stars of small size might w e l l be missed. This 

can be tested by noting the measured frequency of a small sized 

event which occurs with a known cross-section. Such an example i s 

the e l a s t i c scattering of it-mesons by the hydrogen i n the emulsion 

which leads to events of the type, ( l + l ) r t . The e l a s t i c scattering 

occurs with a cross-section of 11 mb. This would lead t o an expected 

number of 5 scatterings. I n f a c t 8 have, been i d e n t i f i e d . This 

observation together with the f a c t that a large number of disappear

ances have been found suggests that there has been a high e f f i c i e n c y 

of detection of small events. 
o+i 

Some of the (€S)n events may have been wrongly c l a s s i f i e d as 

el a s t i c scatterings. Some of these may be i n e l a s t i c interactions 

with neutron emission. I n those stars where secondary mesons have 

been found, the forward-backward r a t i o f o r t h e i r emission i s 

(0.7^+ 0.17). Assuming th a t a l l the 13 scatterings with backwardly 

scattered mesons are r e a l l y i n e l a s t i c interactions with neutron 

emission and also assuming that the F/B' r a t i o of 0.7^ i s appro-

p r i a t e , then^inelastic scatterings are expected, c l a s s i f i e d as 

(0 + l ) j t , i n which the meson i s scattered forwards. These 13+9 

misclassified events would a l t e r the mean free path f o r e l a s t i c 

scattering by 12% and the i n e l a s t i c nuf.p* would be reduced by 5$. 

No corrections have been made as these represent upper l i m i t s . 
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3*3 Application of the. Optical Model t o the results 

The Optical Model can supply various information about the 

nucleus, (see section 1.k). By considering equations 1.3-1 and 

a relationship between the i n e l a s t i c i n t e r a c t i o n length, 

and K, the absorption c o e f f i c i e n t , can be found. This i s shown 

as curve A i n fig u r e 5« The correction f o r the reduced de Broglie 

wavelength and the coulomb a t t r a c t i v e forces (as mentioned i n 1.3) 

are shown as curves B and C' respectively. 

Using the observed value f o r ?\ of (37«9 + 2)cm and curve B 

an'absorption c o e f f i c i e n t , K equal to (1.5 + 0.l5)l0 1 2 cm"1 i s found. 

This corresponds to a m.f.p. f o r i n t e r a c t i o n w i t h i n the nucleus, A n 

of (6.7 + 0.7)l0~ 1 3 cm and to an opacity of the nucleus of 66$. This 

mean free path i s about 1.5 times the mean emulsion constituent 

radius. 

Using the value of the absorption c o e f f i c i e n t K, found above, 

the angular d i s t r i b u t i o n f o r d i f f r a c t i o n scattering can be computed 

from (l.3«3) various assumed values of 1̂ , the change i n wave 

number of the meson wave upon entering the nucleus. These d i s t r i b u 

tions are shown i n f i g . 6 which also shows the Rutherford scattering. 

The appropriate value of ̂  has been found by integrating the curves 

from 8° upwards to determine the mean free path f o r scattering 

through angles greater than 8°. These values were compared w i t h the 

observed value from whence k = (l»32 + 0*12.)l012 cm - 1. The sign of 
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i s expected to be negative (Sternheimer, 1956). 

The above results may be used i n (l»3»7) and (1.3.8) to f i n d 

the r e a l and imaginary components of the nuclear p o t e n t i a l , V r 

and V̂ . They are: 

V r = (25 + l ) MeV 

V ± = - ( l i t + > k ) ' MeV 

I f i t i s assumed t h a t . i n t e r a c t i o n i n the nucleus takes place 

with scatterings on ind i v i d u a l nucleons, then K w i l l be determined 

by the cross-sections i n hydrogen o^—n and o^-p which, are equivalent 
to a + and a _ . These cross-sections have been interpolated from « Tp it p * • 
Yuan (1956) and are (75 + 5)mb and (32 + 2)mb respectively. These 

values lead to a f i g u r e of (5.2 + 0.3)l0 1 2 cm^-for K. 

I f the in t e r a c t i o n were due only t o the absorption of the 

meson by a nucleon pa i r then use must be made of the cross-section 

f o r absorption of a jt"~-meson by deuterium. No data f o r t h i s exists 

a t 300 MeV but the results -of Negariov and Parfenov (1958) suggest 

a l / E 3 dependence of the cross-section with k i n e t i c energy, E. This 

leads t o a value of ( l + 0.1)mb at 300 MeV from which a value f o r K 

of (0.50 + 0.05)l0 1 2 cm - 1 i s obtained. Consequently absorption of 

the meson wave corresponding to i n e l a s t i c scattering should be 

predominant and the expected value of K i s (5*2 + 0.3)l0 1 2 cm - 1 

which i s 3 to k times larger than the observed value. 
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Now the observed value of the absorption c o e f f i c i e n t corresponds 
to a long mean free path inside the nucleus of about 1.5 times the 
nuclear radius.' Most mesons, then, w i l l make one c o l l i s i o n only i n 
passing through the nucleus. .At t h i s c o l l i s i o n scattering or 
absorption occurs. The' values of the observed p r o b a b i l i t i e s of 
in e l a s t i c scattering and absorption can thus be taken t o be the 
p r o b a b i l i t i e s of these processes at the f i r s t c o l l i s i o n . These are 
~30$ and ~70# respectively - i.e. absorption and not scattering i s 
predominant. Adding the expected values of K(scattering) and K 
(absorption) i n the proportions of these p r o b a b i l i t i e s leads to an 
expected value of K of (1.9 t 0.2)l0 l a cm - 1. This i s i n reasonable 
agreement with the observed value. 

Table 1 shows the; values of K found by .-other "-workers. 

I t i s always possible to make the observed and calculated 

values of K agree by adjusting the size of the r a d i a l parameter. 

r Q . I f r Q i s reduced t o 1.12 x 10 - 1 3 cm then the experimental and 

the o r e t i c a l values of K would agree at 9.3 x 10 1 2 cm - 1. A large 

value of K> such as this> implies that the meson makes, on the 

average, about 5 c o l l i s i o n s i n the nucleus. This i s not expected. 

I t implies that the mesons should emerge from the nucleus with an 

energy of about "JO MeV, much lower than the average energy 107 MeV 

observed. The value of r = 1.12 x 10 - 1 3 cm i s also outside the 
o 

accepted range f o r t h i s parameter. 
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These re s u l t s , leading t o agreement between the expected and 
experimental values f o r K, suggest that the basis f o r calculating K 
i s probably correct. i*e. the results are consistent with the 
in e l a s t i c i n t e r a c t i o n taking place by a single c o l l i s i o n i n which 
absorption and not scattering i s the predominating feature. Con
sequently the cross-section f o r scattering of the meson by g£ single 

S 
nucleoni at*300 MeV is reduced by a fac t o r of ~3 w i t h i n the nucleus. 
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CHAPTER k 

THE INELASTIC INTERACTIONS - GF 285 MEV IT-MESONS 

In the process of l i n e scanning, 370 i n e l a s t i c interactions were 

found. As a preliminary, the star sizes were determined together 

with the average number of black and grey tracks per^star (n-g and n^) 

and t h e i r forward to backward r a t i o s of emissionrelative to the 

primary beam ^ ( F / B ) b and ( F / B ) G ^ . 

A f u l l analysis, using the. techniques described i n Chapter 2, 

wasmade on 125 interactions found successively during the scanning 

i n which the i d e n t i t y , energy and sp a t i a l angle of emission of each 

secondary p a r t i c l e was determined. I n 51 of these stars a pion 

secondary was observed. By examining those other stars which seemed 

l i k e l y t o contain a meson secondary - i.e. l a r g e l y those w i t h grey or 

l i g h t l y ionizing secondary tracks - the' number of stars with pion 

secondaries has been increased to 80. 

These 80 events are c l a s s i f i e d as i n e l a s t i c scatterings and 

the remaining 290 as absorptions. Charge exchange scatterings are 

grouped with the absorptive events but they are expected t o be about 

20$ as frequent as the i n e l a s t i c events. This means that they w i l l 

form only 5$ of "the absorption events. 

I n the following sections the i n e l a s t i c scatterings and 

absorption events are considered i n some d e t a i l . 
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4.1 I n e l a s t i c s c a t t e r i n g ; Experimental r e s u l t s 

When a ar-meson c o l l i d e s with a s t a t i o n a r y nucleon. there i s a 

unique r e l a t i o n s h i p between the angle through which the pion i s 

s c a t t e r e d and i t s energy. I n the nucleus t h i s unique r e l a t i o n s h i p 

w i l l not hold because, for i n s t a n c e , the t a r g e t nucleons are 

moving. T h i s means that f or any given-angle of s c a t t e r i n g , 0 there 

i s a spread i n the energies of the s c a t t e r e d pion. 

I n f i g . 7 the mean energy, E^, for four angular i n t e r v a l s of 

s c a t t e r i n g i s shown together with s i m i l a r data for i n e l a s t i c 

s c a t t e r i n g i n carbon (Major 1963) and' i n NTKFI emulsion 

( B e l o v i t s k i i 1959). Also shown, as the curve, i s the unique 

r e l a t i o n s h i p between 0 and E A for the c o l l i s i o n of the pion with 

a stationary^ nucleon. The three s e t s of experimental data show a 

d e f i n i t e dependence of E n upon B and that t h i s dependence i s 

very s i m i l a r to that found when a pion i s s c a t t e r e d by a s i n g l e , 

s t a t i o n a r y nucleon. T h i s suggests that the i n t e r a c t i o n involved 

i n i n e l a s t i c s c a t t e r i n g a t 300 MeV i s one of s c a t t e r i n g of the 

pion by a s i n g l e nucleon i n the nucleus. The d i f f e r e n c e s , l a r g e l y 

i n the forward d i r e c t i o n of s c a t t e r i n g , might be explained, f o r 

example, by m u l t i p l e s c a t t e r i n g s of the pion or the i n h i b i t i p n r i o f 

s mall energy t r a n s f e r s by the e x c l u s i o n p r i n c i p l e . These p o s s i b i l 

i t i e s w i l l be considered i n s e c t i o n 4.3. 

The angular d i s t r i b u t i o n Q o f the s c a t t e r e d pions i 6 shown 

as a histogram i n f i g . 8. The dotted l i n e r e p r e s e n t s an i s o t r o p i c 

d i s t r i b u t i o n of 80 events. The curves represent the angular 
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d i s t r i b u t i o n f o r the s c a t t e r i n g of pions on s t a t i o n a r y protons and 

neutrons, normalised on the t o t a l 80 events (curve A) and 

normalised on those pions which have been s c a t t e r e d backwards 

(curve B). The discrepancies are seen t o be c h i e f l y i n the f o r w a r d 

d i r e c t i o n once again and might be explained by m u l t i p l e c o l l i s i o n s 

or by the e x c l u s i o n p r i n c i p l e . . S i m i l a r experimental r e s u l t s have 

been found by other workers. These r e s u l t s are summarised i n 

t a b l e 2 where the a n g u l a r . - d i s t r i b u t i o n i s expressed as a fo r w a r d t o 

backward r a t i o of the e m i t t e d pions. . Hie mean of the values i s 

about u n i t y . 

Table 2 

The., forwar d t o backward r a t i o f or pjons_which_ have been 

scatteredjby. a t a r g e t . 

«* Energy Target f/B Reference 

260 MeV C (1.29 + 0.29) Wang- Kan-Chang 1959 

rt+ 300 MeV HIKFI (l . 50 .+ 0.33)i \ B e l o v i t s k i i 1959 
Jt~ 300 MeV MKFI (1.19 H-.0.23)J 

Jt~ 300 MeV G5 (o.8it + 0*19.) Chemel (1961) 

sC 285 MeV °5 . • (0.74 + 0.17) t h i s work 

i t " 285 MeV (p,n) 2.8 + 0.2 c a l c u l a t i o n 

h.2 I n e l a s t i c S c a t t e r i n g : Discussion 

I t has been mentioned above t h a t the r e s u l t s of f i g . 7 are 

s i m i l a r t o those expected from a c o l l i s i o n w i t h a s i n g l e , f r e e 

nucleon. I n order t o e s t a b l i s h a mode of i n t e r a c t i o n m o d i f i c a t i o n s 
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w i l l be considered t o s c a t t e r i n g when t h i s process occurs i n the 
nucleus. 

k. 2.1 M u l t i p l e C o l l i s i o n s 

An i s o t r o p i c d i s t r i b u t i o n f o r the s c a t t e r e d pions would be 

expected i f many c o l l i s i o n s , occur between the p i o n and a moving 

nucleon. The mean energy, E should be much smaller f o r a l l angles 

than t h a t represented by the curve of f i g . 7 and there should be no 

c o r r e l a t i o n of E w i t h 8. 

This process could account f o r the observed F/B r a t i o f o r the 

pions b u t f o r n e i t h e r t h e i r average energy nor the observed angular 

dependence on E^. 

k.2.2 Motion of the nucleons 

The nucleons of the nucleus are moving w i t h a momentum of about . 

200 MeV/c. As a consequence of t h i s , an approximate c a l c u l a t i o n 

shows t h a t the angular d i s t r i b u t i o n shown i n f i g . 8 curves A and B 

w i l l be smeared by about 25° b u t nevertheless w i l l s t i l l remain 

s t r o n g l y peaked i n the f o r w a r d d i r e c t i o n . Another c a l c u l a t i o n shows 

t h a t the curve of f i g . 7 w i l l only be m o d i f i e d s l i g h t l y . 

Thus on average the motion of the s t r u c k nucleon w i l l only make 

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

s t a t i o n a r y nucleon. 

If. 2.3 E f f e c t s of the e x c l u s i o n p r i n c i p l e 

Small energy t r a n s f e r s from the p i o n t o a t a r g e t nucleon are 

i n h i b i t e d by the e x c l u s i o n p r i n c i p l e - I n general small energy t r a n s f e r s 

occur when the p i o n i s s c a t t e r e d through a small angle. This means 



t h a t i n h i b i t i o n of small energy t r a n s f e r s i s accompanied by 

i n h i b i t i o n of small angle s c a t t e r i n g s , which occur i n the f o r w a r d 

d i r e c t i o n . I f the i n h i b i t i o n i s severe, then'the expected s t r o n g l y 

f o r w a r d t o backward r a t i o of (2.8 •+ 0.2), obtained by c a l c u l a t i o n , 

may be reduced t o i s o t r o p y or even i n t o backward peaking. The 

expected f o r w a r d mean energy f o r the s c a t t e r e d p i o n w i l l then be 

considerably reduced. The s c a t t e r i n g through a l a r g e angle i n t o 

the backward d i r e c t i o n i s u s u a l l y accompanied by l a r g e energy 

t r a n s f e r s and so w i l l , b.e l e s s i n h i b i t e d * F i g . ? c l e a r l y shows 

t h a t the f o r w a r d mean p i o n energy has been reduced w h i l s t t h a t i n 

the backward d i r e c t i o n i s , i n good agreement w i t h the expected 

energy i f s i n g l e c o l l i s i o n s are the main process f o r i n t e r a c t i o n . 

The near i s o t r b p y of the angular d i s t r i b u t i o n of the pions i s 

i n t e r p r e t e d as a d i r e c t consequence•of the e x c l u s i o n p r i n c i p l e . The 

small, forward, angle s c a t t e r i n g s have been severely i n h i b i t e d . 

Since the backward., s c a t t e r i n g of pi'ons i s less" a f f e c t e d by t h e 

ex c l u s i o n p r i n c i p l e , n o m r a l i s a t i o n ..of the f r e e nucleon angular d i s 

t r i b u t i o n ( f i g . 8) has been..made. on the k6 s c a t t e r i n g s i n - the backr 

ward d i r e c t i o n . . This i s shown as curve B. 

The area under curve B represents the c r o s s - s e c t i o n . f o r 

s c a t t e r i n g of pions on f r e e nucleons whereas .the area under the 

histogram represents the observed c r o s s - s e c t i o n , on bound nucleons. 

The r a t i o of the cross-sections i s a measure of the e f f e c t of the . 

ex c l u s i o n p r i n c i p l e and i t s value i s (2.3 Q. k). This i s a lower 
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l i m i t since the e f f e c t s of the e x c l u s i o n p r i n c i p l e i n the backward 

d i r e c t i o n has been ignored. Thus the. c r o s s - s e c t i o n f o r the 

s c a t t e r i n g of a jt~-meson by a f r e e nucleon i s reduced by a f a c t o r 

of 2.3 when the nucleon i s bound i n the nucleus. 

A r e d u c t i o n f a c t o r of~3 was proposed a t the end of Chapter 3 

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

i n e l a s t i c i n t e r a c t i o n by the O p t i c a l Model. 

Reductions of t h i s magnitude due t o the e x c l u s i o n p r i n c i p l e 

cannot be achieved w i t h the Fermi d i s t r i b u t i o n of momenta f o r 

nucleoris i n the nucleus where the maximum momentum i s about 220 

MeV/c. However, the ex p e r i m e n t a l l y determined d i s t r i b u t i o n of 

momenta (Garron e t a l . 1961) contains components w i t h a momentum 

as h i g h as 350 MeV/c and w i t h such d i s t r i b u t i o n s reductions i n 

cr o s s - s e c t i o n by a f a c t o r of 3 can be r e a l i s e d . P r e l i m i n a r y 

c a l c u l a t i o n s have been made by Apo s t o l a k i s e t a l . (1963) u s i n g 

the d i s t r i b u t i o n of Garron e t a l . I f the d i s t r i b u t i o n extends t o 

about 450 MeV/c, the e f f e c t of the e x c l u s i o n p r i n c i p l e on 300 MeV 

pions i s t o reduce the s c a t t e r i n g cross=-section by a f a c t o r of 3 

and the s c a t t e r e d pions have a F/B r a t i o of u n i t y , i n agreement 

w i t h the present r e s u l t s . 

4.3 A n a l y s i s of the I n e l a s t i c I n t e r a c t i o n 

J+. 3-1 I n e l a s t i c S c a t t e r i n g 

The scheme proposed i s t h a t the i n c i d e n t p i o n makes a s i n g l e 

c o l l i s i o n w i t h a nucleon. From the r e l a t i v e cross-sections f o r 

the i n t e r a c t i o n of a 300 MeV n~-meson w i t h protons and neutrons, 
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90$ of the s c a t t e r i n g s ( e x c l u d i n g charge exchange) occur w i t h a 
neutron, and the p i o r i emerges w i t h o u t f u r t h e r encounter. Hie 
neutron, which may be q u i t e e n e r g e t i c , w i l l probably i n t e r a c t w i t h 
a nucleon before emerging from the nucleus. Again, from r e l a t i v e 
cross-sections, i t i s expected t h a t the neutron w i l l c o l l i d e w i t h a 
proton. . The s t r u c k p r o t o n w i l l , on average, r e c o i l w i t h h a l f the 
energy of the neutron which s t r u c k i t . This r e c o i l i n g p r o t o n w i l l 
g ive r i s e t o a grey prong, which, i n general, should be i n the 
f o r w a r d d i r e c t i o n r e l a t i v e t o the i n c i d e n t meson. Evaporation 
p a r t i c l e s w i l l then be e j e c t e d i s o t r o p i c a l l y . by the nucleus; these 
are the b l a c k prongs of s t a r s . This i s confirmed by the r e s u l t s of 
t h i s experiment, as shown i n t a b l e 3-

Table 3 

The mean energies and fo r w a r d t o backward r a t i o s f o r sec_ondary iCr 

mesons, grey prongs and b l a c k prongs from i n e l a s t i c s c a t t e r i n g s . 

Secondary n~- Secondary grey Secondary b l a c k 
mesons - prongs prongs 

E ^ V (F/B)„ EQMeV ( F / B ) q E ^ V (F/B) B 

A l l it secon- (107+12 )(C174+Ĉ 17) (58+H) (5- 8^5.1X9.8+0.9) (1.3+0.2.) 
d a r i e s 

E n > 85 MeV (l6i^.26)(U.+Q35)(J+5+l6) (7 + 7) (9-5+1) (1.36+0.37) 

E^ < 85 MeV (50+8) (0.16+CU6)(63+14) (5.3+3.3)(10 + l ) (l.3+0.3) 

A f t e r the c o l l i s i o n of primary p i o n w i t h the neutron, the neutron 

s t r i k e s a pr o t o n which.loses about 50 MeV e x c i t a t i o n energy, Pugh and 

R i l e y (1961),before emerging as a grey prong. I t i s p o s s i b l e t o 



estimate the energy of the i n i t i a l neutron E^ as E Q = 2(E^ + 30) MeV. 

I n t h i s case E Q = (176 + 22) MeV, which togeth e r w i t h the value of E^ 

em i t t e d leads t o a value of 283 MeV. 

A s i m i l a r energy balance can be made w i t h the data of table. 3 

f o r the two cases when the value of the emerging p i o n i s e i t h e r 

g r e a t e r or l e s s than 85 MeV, the energy, which d i v i d e s the mesons i n t o 

two groups of hO each. These r e s u l t s are summarised i n t a b l e k. The 

t o t a l energy should be 285 MeV and the r e s u l t s are i n good agreement 

w i t h t h i s . 

" Table k 

The energies i n v o l v e d i n an energy "balanced-performed on 

Energies i n MeV 

A l l it secondaries 

E > 85 MeV 

E < 85 MeV 

i n e l a s t i c s c a t t e r i n g s 

E ~ E . n 

(107+12) 

(164+26) 

(50+8) 

(176+22) 

(150-+32) 

(186+28) 

t o t a l 

(283+25) 

(236+29) 

Primary 
Energy 

285 

On summarising the above r e s u l t s , i t i s seen t h a t the i n e l a s t i c 

s c a t t e r i n g of pions i n n u c l e i i s c o n s i s t e n t w i t h a s i n g l e s c a t t e r i n g 

of a p i o n on a moving nucleon i n the nucleus. The r e c o i l i n g nucleon, 

i n general, has an observed p r o b a b i l i t y of about 50$ of i n t e r a c t i n g 

w i t h a second nucieon before emerging from the nucleus. 
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k.3.2 Absorption of the.p i p n 

I t w i l l be assumed t h a t the p i o n i s absorbed by a pr o t o n -

neutron p a i r t o form a p a i r of neutrons. 
in 

The e f f e c t of the e x c l u s i o n p r i n c i p l e i s t o make^elastic 

s c a t t e r i n g of pions proceed l a r g e l y • t h r o u g h a s i n g l e s c a t t e r i n g of 

the p i o n by a nuclebn, which i m p l i e s a .long mean f r e e path i n 

nuclear matter f o r the ic-meson. Hence i t i s u n l i k e l y t h a t the 

abs o r p t i o n process w i l l be preceded by a s c a t t e r i n g . The two 

neutrons produced by the a b s o r p t i o n w i l l share the t o t a l energy of 

the pion. A c a l c u l a t i o n has been made which shows t h a t the neutron 

recoilSLsg i n the f o r w a r d d i r e c t i o n w i t h an energy range of' 227 t o 
for 

303 MeV whereas^that i n the backward d i r e c t i o n the energy range i s 

between 111 t o 227 MeV. - The average energies of r e c o i l are about 

265 MeV and 169 MeV f o r the f o r w a r d and backwards r e c o i l i n g neutrons. 

The f o r w a r d t o backward r a t i o of the neutrons i s expected t o be 

1.9̂ + . Since the neutron energies are of the same order as the 

neutron energies r e s u l t i n g from the i n e l a s t i c s c a t t e r i n g of the 

p i o n , and since two neutrons are produced i n t h i s case, i t i s 

expected t h a t absorption, w i l l be accompanied by twice as many grey 

prongs as i n e l a s t i c s c a t t e r i n g s . The 'mean energy of the grey 

secondaries E^, should be the same i n the two cases. 

The forwar d t o backward r a t i o w i l l be m o d i f i e d because the 

backward r e c o i l i n g neutron, of lower average, energy, has a l a r g e r 

c r o s s - s e c t i o n .f or i n t e r a c t i o n w i t h protons than the higher energy 

f o r w a r d s c a t t e r e d neutron. . This e f f e c t i s expected t o modify the 
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. (r/B)^, r a t i o f o r grey t r a c k s t o a value of .1.4. The evaporation 

prongs should be bl a c k , d i s t r i b u t e d i s o t r o p i c a l l y . and of the same 

mean energy as the evaporation prongs from i n e l a s t i c s c a t t e r i n g s . 

liable 5 gives the data f o r the ab s o r p t i o n events and average 

prong sizes f o r the i n e l a s t i c s c a t t e r i n g s . The r e s u l t s here should 

be compared w i t h those i n t a b l e 3» 

Table 5' 

The mean energies and fo r w a r d t o backward_rjatios f o r grey and b l a c k 

secondary, t r a c k s from_absorptive events. The mean grey and b l a c k • 

s t a r sizes are given f o r absorptive events' and_ i n e l a s t i c 

s c a t t e r i n g s 

Absorptive events 

% W B h h ( F / B ) B - \ °B 
(64+11) (1.2+0.2) (9.5+0.7) (1.14+0.09) (0.40+0.004) (2.24+0,14) 

I n e l a s t i c s c a t t e r i n g s 

(O.34+O.O7) (1.5+0.25.) 

The f o r w a r d t o backward r a t i o s f o r grey and b l a c k prongs and 

t h e i r energies are c o n s i s t e n t w i t h the p r e d i c t e d values b ut the 

number of grey prongs i s not twice as l a r g e as the number of 

i n e l a s t i c grey prongs. 
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From the average value of the grey prongs the expected energy 

of the p a i r of absorbing neutrons should be (376 + kk) MeV. This 

should be the same as the t o t a l pionenergy of k-22 MeV. Thus t h e r e i s 

good agreement on t h i s energy balance. 

I f the i n c i d e n t meson had been s c a t t e r e d once before a b s o r p t i o n , 

the p i o n a t a b s o r p t i o n would have on the average a k i n e t i c energy of 

107 MeV. Hence the energy shared by the neutron p a i r would be about 

250 MeV. Since t h i s does not agree w i t h the 'observed' value, i t i s 

concluded t h a t a b s o r p t i o n of a p i o n by a p a i r of nucleons i s not 

preceded by a s c a t t e r i n g . 

The s t a r size d i s t r i b u t i o n s f o r heavy secondaries from 

i n e l a s t i c s c a t t e r i n g s and absorptive events i s presented i n 

t a b l e 6. 

Table 6 

Star size d i s t r i b u t i o n f o r i n e l a s t i c s c a t t e r i n g s and 

absorptive events 

No. of heavy secondary prongs 0 1 2 3 ^ 5 6 7 8 

No. i n i n e l a s t i c events 6 29 25 13 6 1 - - ' -

No. i n ab s o r p t i v e events 42 kj .kk 66 kk 31 10 5 1 

k.k Conclusions 

At 285 MeV the i n e l a s t i c s c a t t e r i n g and a b s o r p t i o n of a j t - -

meson i n the nucleus i s r e a d i l y i n t e r p r e t e d by a s i n g l e c o l l i s i o n 

only of the p i o n w i t h one nucleon i n the former case and two i n the 

l a t t e r case. From the known cross-sections f o r s c a t t e r i n g i n hydrogen 



(see Chapter 3) the p r o b a b i l i t y t h a t more than one c o l l i s i o n should 

take place i s quite' •smaJLl. I t would appear t h a t the p r o b a b i l i t y of 

s c a t t e r i n g i n the nucleus i s reduced so t h a t only, a s i n g l e s c a t t e r i n g 

occurs. I n chapter 3> i t was concluded, from an O p t i c a l Model 

a n a l y s i s t h a t the c r o s s - s e c t i o n i s reduced by a f a c t o r of 3« • A 

pos s i b l e mechanism i s the e x c l u s i o n p r i n c i p l e . I n t h i s chapter 

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

s c a t t e r e d pions i s accounted f o r . By making the reasonable assump

t i o n t h a t the backward s c a t t e r e d mesons are not i n h i b i t e d by the 

e x c l u s i o n p r i n c i p l e v e ry much, the r e d u c t i o n f a c t o r f o r the cross-

s e c t i o n i s 2.3. The f o r w a r d s c a t t e r i n g i s most s t r o n g l y i n h i b i t e d 

because t h i s i s the r e g i o n where small energy t r a n s f e r s are f o r 

bidden. Consequently there is.good agreement between the expected 

mean p i o n energy and observed values. 

Such pronounced e f f e c t s through the e x c l u s i o n p r i n c i p l e are 

not p o s s i b l e w i t h a Fermi d i s t r i b u t i o n of momenta. .However, the 

r e c e n t l y measured nuclear momentum d i s t r i b u t i o n i s such t h a t 

p r e l i m i n a r y c a l c u l a t i o n s show t h a t l a r g e i n h i b . i t i v e e f f e c t s may 

occur. 

Experiments are being conducted i n these l a b o r a t o r i e s t o t e s t 

the v a l i d i t y of such c a l c u l a t i o n s . 
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