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A b s t r a c t 

I n o r d e r to s t u d y f u r t h e r t h e r e a c t i o n o f 300 MeV 

7 i ~ mesons w i t h c a r b o n n u c l e i , i t was n e c e s s a r y t o a c q u i r e 

w i t h good s t a t i s t i c s the e n e r g y of the s e c o n d a r i e s a t 

d i f f e r e n t a n g u l a r i n t e r v a l s . A p p a r a t u s was d e s i g n e d and 

b u i l t to s u p p o r t n u c l e a r e m u l s i o n p l a t e s i n a v e r t i c a l 

p l a n e around a c e n t r a l t a r g e t . The a p p a r a t u s was 

i n s e r t e d between the p o l e s o f a magnet i n a f i e l d o f 25.5 

k i l o g a u s s d u r i n g the exposure. The p l a t e s were t h e n 

a r e a scanned f o r s u i t a b l e t r a c k s . A method of a n a l y s i s 

was d e v e l o p e d e s p e c i a l l y to cope w i t h t h e problem of a 

f i n i t e t a r g e t . 

pP measurements were a l s o made on s e c o n d a r i e s from 

i n t e r a c t i o n s i n a carbon t a r g e t . The a c t u a l i n c i d e n t 

beam energy was d e t e r m i n e d and was 285 MeV i n b o t h c a s e s . 

The two s e t s of r e s u l t s a g r e e d w e l l o v e r t h e a n g u l a r 

i n t e r v a l where comparison c o u l d be made. The r e s u l t s 



were a l s o c o m p a t i b l e w i t h p r e v i o u s e x p e r i m e n t a l r e s u l t s 

a t 300 MeV. 
Comparison was a l s o made w i t h t h e r e s u l t s p r e d i c t e d 

by a Monte C a r l o n u c l e a r c a s c a d e c a l c u l a t i o n ( B e r t i n i ) , 

but a l t h o u g h t h e e n e r g y - a n g u l a r d i s t r i b u t i o n s were a l m o s t 

i d e n t i c a l , t h e momentum d i s t r i b u t i o n s a t any one s p e c i f i c 

e m i s s i o n a n g l e d i d not g i v e good agreement. The 

ob s e r v e d a n g u l a r d i s t r i b u t i o n c a n be e x p l a i n e d i f t h e 

p i o n i s s u b j e c t t o a p o t e n t i a l on e n t e r i n g t h e n u c l e u s , 

and i f t he n u c l e o n s have a momentum d i s t r i b u t i o n 

e x t e n d i n g up t o a t l e a s t 275 MeV/c. The n u c l e a r w e l l 

d e p th i s e s t i m a t e d t o be on a v e r a g e 53 MeV. An e x c l u s i o n 

p r i n c i p l e o p e r a t e s p r e v e n t i n g p i o n - n u c l e o n i n t e r a c t i o n 

i f t h e n u c l e o n i s n o t t h e r e b y r a i s e d to t h e top of t h e 

n u c l e a r w e l l . 
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P r e f a c e 

The aim o f t h e e x p e r i m e n t s d e s c r i b e d i n t h i s t h e s i s 

was t o f i n d a method o f d e t e c t i n g t h e s e c o n d a r i e s f r o m a 

i t - n u c l e u s i n t e r a c t i o n , and o f a c c u r a t e l y and r a p i d l y 

m e a s u r i n g t h e s e c o n d a r y p i o n e n e r g y so t h a t good s t a t i s t i c s 

c o u l d be a c h i e v e d . A framework t o h o l d and a c c u r a t e l y 

l o c a t e e m u l s i o n p l a t e s was d e s i g n e d and c a l i b r a t e d by 

Dr. A . J . A p o s t a l a k i s and t h e a u t h o r , and made i n t h e 

P h y s i c s Department workshop. The m a t r i x method o f 

a n a l y s i s was worked out by Dr. J.V. M a j o r . The computer 

programs were w r i t t e n and r u n by t h e a u t h o r . The 

s c a n n i n g o f t h e s p e c t r o g r a p h i c p l a t e s was done by 

Mrs. E . E r r i n g t o n and t h e a u t h o r . p(3 measurements were 

made by D r s . J.V. Major, A . J . A p o s t a l a k i s , N.A. Kahn, 

G.A. B r i g g s and C. K i t c h e n . The n beam was l o c a t e d and 

a l i g n e d from t h e d a t a s u p p l i e d by t h e CERN L a b o r a t o r y , 

and t h e e x p o s u r e made by D r s . J.V, Major, A . J . A p o s t a l a k i s , 

P . J . F i n n e y and t h e a u t h o r . 
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1. PION INTERACTIONS WITH*' COMPLEX NUCLEI. 

S i n c e t h e s m a l l e s t a t o m i c n u c l e u s , t h a t o f hydrogen, 

has a p p r o x i m a t e l y n i n e t i m e s t h e mass o f a p i meson, a 

t a r g e t p i o n o f s u f f i c i e n t l y low e n e r g y may s e e a n u c l e u s 

a s a c o l l e c t i o n o f s e p a r a t e n u c l e o n s . E x a m i n a t i o n o f 

e m u l s i o n s t a c k s exposed t o meson beams have shown t h a t i n 

t h e r e g i o n o f 300 MeV p i - n u c l e u s i n t e r a c t i o n s g i v e r i s e 

t o a t t h e most o n l y one emerging n u c l e o n of h i g h e n e r g y , 

and s e v e r a l p r o t o n s o f low e n e r g y . The c r o s s - s e c t i o n 

f o r p i - n u c l e o n i n t e r a c t i o n p r e d i c t s o n l y one c o l l i s i o n 

between t h e meson and a n u c l e o n w i t h i n t h e n u c l e u s ( F i n n e y 

e t a l . 1962.; Yuan, 1956). T h i s s t r u c k n u c l e o n w i l l 

emerge w i t h a h i g h e r e n e r g y t h a n t h e n u c l e o n s e m i t t e d by 

t h e u n s t a b l e r e s i d u a l n u c l e u s , and h e n ce a l l t h e e v i d e n c e 

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

a s p r e d o m i n a t i n g . 

I n t h e f o l l o w i n g r e p o r t t h e r e f o r e , p i - n u c l e o n 

i n t e r a c t i o n s w i l l be c o n s i d e r e d f i r s t , f o l l o w e d by an 

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

on t h e i n t e r a c t i o n . 
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1.1. Summary o f P i o n - N u c l e o n I n t e r a c t i o n s . 

The o b s e r v e d i n t e r a c t i o n s o f pi-mesons w i t h n u c l e o n s 

a t e n e r g i e s below 1 GeV a r e a s f o l l o w s : -

e l a s t i c s c a t t e r i n g T J ~ + p->ir~ + p) 1.1.1. 

w~ + n-»rc~ + n) 1.1.2. 

c h a r g e exchange n~ + p-»n* + n 1.1.3. 

r a d i a t i v e c a p t u r e it~ + + n 1.1.4. 

The c r 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 n e g l i g i b l e 

compared w i t h t h e f i r s t t h r e e . I t i s e x p e c t e d from 

c h a r g e symmetry t h a t 5 " ( n + n ) = £~(n~p) andtf"(n~n) = ^ * ( n + p ) . 

A t 190 MeV, t h e c r o s s - s e c t i o n s £ (rc- +p) a n d t f ( T i " p ) show a 

d e f i n i t e maximum, t h e \ - \ r e s o n a n c e . A t 300 MeV t h e 

v a l u e s o f t h e s e c r o s s - s e c t i o n s a r e (75& - 5) mb and 

(32 - 2) mb r e s p e c t i v e l y . The l a t t e r c r o s s - s e c t i o n 

i n c l u d i n g about 22 mb f o r e l a s t i c s c a t t e r i n g and 11 mb 

f o r exchange s c a t t e r i n g (Yuan, 1956). 

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 . 

E v e n when a p i o n i n t e r a c t s o n l y w i t h a s i n g l e 



n u c l e o n w i t h i n a n u c l e u s t h r o u g h p r o c e s s e s 1.1.1 t o 

l . l . Z l , t h e t r a n s f e r o f e n e r g y by t h e meson t o t h e s t r u c k 

n u c l e o n u p s e t s t h e n u c l e a r e q u i l i b r i u m , and t h e 

i n t e r a c t i o n l e a v e s t h e n u c l e u s i n an e x c i t e d s t a t e . 

The i m p u l s e a p p r o x i m a t i o n assumes t h a t no t r a n s f e r 

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

time o f t h e c o l l i s i o n , and i s v a l i d i n i n t e r a c t i o n s where 

t h e p r o j e c t i l e p a r t i c l e on a v e r a g e makes o n l y one 

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

from t h e n u c l e u s w i t h o u t making any f u r t h e r c o l l i s i o n s , 

i t must have r e c e i v e d enough e n e r g y t o l i f t i t out o f t h e 

n u c l e a r p o t e n t i a l w e l l . The r e s i d u a l n u c l e u s r e c o i l s i n 

o r d e r t h a t momentum may be c o n s e r v e d , and a t t a i n s 

e q u i l i b r i u m by t h e e j e c t i o n o f p a r t i c l e s o r ph o t o n s . 

When a l a r g e momentum t r a n s f e r t o t h e n u c l e u s o c c u r s , t h e n 

e q u i l i b r i u m i s a t t a i n e d by t h e e j e c t i o n o f s e v e r a l low 

e n e r g y n u c l e o n s , known a s ' e v a p o r a t i o n p a r t i c l e s ' . 

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 two o r more n u c l e o n s a r e 

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

a p p l y a t t h e i n t e r a c t i o n e n e r g y . An example i s t h e 

a b s o r p t i o n o f pi-mesons i n t he n u c l e u s by t h e f o l l o w i n g 

p r o c e s s e s : -
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rt + p + n-^ n + n 

and n + + p + n-*p + p 

T h e s e p r o c e s s e s c a n o c c u r p a r t i c u l a r l y a t z e r o and low 

k i n e t i c e n e r g i e s . 

A meson i n c i d e n t on a n u c l e u s may t h u s be s c a t t e r e d 

e l a s t i c a l l y by t h e whole n u c l e u s , or r e a c t i n e l a s t i c a l l y , 

b e i n g s c a t t e r e d by one o r more n u c l e o n s , u n d e r g o i n g 

c h a r g e exchange, o r b e i n g a b s o r b e d . A p r o c e s s c a n n o t be 

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

o b s e r v e d . T h e r e i s however, no means o f d i r e c t l y 

o b s e r v i n g t h e n e u t r a l p a r t i c l e s . 

As a n a s s o c i a t i o n o f e l e m e n t a r y p a r t i c l e s t h e 

n u c l e u s i t s e l f p r e s e n t s many pr o b l e m s , and n o t l e a s t among 

t h e s e i s t h e d i s t r i b u t i o n w i t h i n t h e n u c l e u s o f t h e s e 

p a r t i c l e s , t h e e n e r g y s t a t e s w h i c h t h e y occupy, and t h e 

a p p e a r a n c e w h i c h t h i s e n t i t y p r e s e n t s t o an i n c i d e n t 

p a r t i c l e . Probe p a r t i c l e s u s e d t o examine t h e n u c l e u s , 

w h i c h a p p e a r t o i n t e r a c t o n l y w i t h one n u c l e o n , i n d i c a t e 

t h a t t h e n u c l e o n s a r e d i s t r i b u t e d i n momenta. V a r i o u s 

models h a v e been p r o p o s e d t o e x p l a i n t h e d i s t r i b u t i o n o f 

n u c l e o n i c momenta and e n e r g i e s . 
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a) The Fermi Model. One of the f i r s t hypotheses 

concerning the s t r u c t u r e of the nucleus was t h a t the 

nucleus was a gas of protons and neutrons confined to the 

n u c l e a r volume. To each nucleon i s as s i g n e d an energy 

s t a t e and as they are Fermions, no two nucleons can 

occupy i d e n t i c a l s t a t e s . Furthermore i t i s assumed t h a t 

t here are no c o l l i s i o n s between nucleons. Except a t 

high e x c i t a t i o n e n e r g i e s , the gas would be completely 

degenerate (zero temperature, T=0) and the momentum 

d i s t r i b u t i o n would be:-

N(p)dp = 3p 2.dp. 1.2.1 
P 
max 

where P i s the Fermi momentum corresponding to the. max 
Fermi energy, E_, and i s the maximum p o s s i b l e momentum, 

r 
determined by the n u c l e a r volume. The Fermi energy i s 

about 25 MeV, ( p
m a x ^ 2 2 0 MeV/c). The t o t a l depth of the 

p o t e n t i a l w e l l f o r protons i s about 30 MeV. 

b) The S h e l l Model. T h i s model d e s c r i b e s the 

nucleus by a system of nucleon o r b i t s s i m i l a r to the 

e l e c t r o n o r b i t s of the atom. As the nucleons a r e 

Fermions the same e x c l u s i o n r u l e s apply. These n u c l e o n i c 
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energy s t a t e s or l e v e l s may have a s p e c i f i e d s p a t i a l 

d e n s i t y , but no momentum d e n s i t y i s a s c r i b e d to them. 

However, f o r an un e x c i t e d nucleus the lowest s t a t e s w i l l 

be f i l l e d , and the P a u l i e x c l u s i o n p r i n c i p l e w i l l 

p r o h i b i t i n t e r a c t i o n s i n v o l v i n g the t r a n s f e r of nucleons 

to a l r e a d y occupied s t a t e s . 

The o r b i t a l angular momentum of an energy s t a t e i s 

denoted by £= 0, 1, 2, 3, e t c , or the o r b i t a l l e t t e r s 

s, p, d, f, g An o r b i t or s h e l l i s r e f e r r e d to as 

I s , 4s, 2p, e t c , where the number before the l e t t e r i s the 

r a d i a l number. A l l o w i n g f o r s p i n - o r b i t coupling (Mayer, 

1949 and Haxel ejb a l . 1949) the energi e s of the p a r t i c l e s 

i n the s h e l l s a r e s p l i t i n t o s u b s h e l l s c h a r a c t e r i s e d by 

j ( = £ + s ) . F o r example, i n carbon the s i x protons ( o r 

the s i x neutrons) a r e d i s t r i b u t e d as f o l l o w s , two protons 

i n the ls ^ y , , energy s t a t e s , and the remaining four i n the 
enerSY s t a t e s ; i . e . I s ^ 2 l p 4 ^ 2 > The four 

P3/2 P r o * o n s a r e d i f f e r e n t i a t e d by t h e i r r e l a t i v e 

o r i e n t a t i o n of the j v e c t o r . 

c) C l u s t e r Models. These models d e s c r i b e the 

nucleus as c o n f i g u r a t i o n s of s t a b l e u n i t s such as alpha 
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p a r t i c l e s or deuterons. The nucleons are thus bound to 

s m a l l e r u n i t s w i t h i n the nucleus, and a r e more l o c a l i s e d 

than i n the Fermi model. T h i s l o c a l i s a t i o n of the 

t a r g e t nucleon w i t h i n the nucleus during impact w i l l g i v e 

r i s e to apparent higher momentum components through the 

operation of the U n c e r t a i n t y P r i n c i p l e . The c l u s t e r 

models have only l i m i t e d s u c c e s s i n e x p l a i n i n g n u c l e a r 

phenomena, e s p e c i a l l y i n n u c l e i where a l l the nucleons 

cannot be in c o r p o r a t e d i n t o alpha or deutron u n i t s . 

d) The O p t i c a l Model. Although the f o l l o w i n g 

model does not y i e l d i n f o r m a t i o n on the momentum 

d i s t r i b u t i o n w i t h i n the nucleus, i t provides an i n v a l u a b l e 

o v e r a l l d e s c r i p t i o n of n u c l e a r i n t e r a c t i o n s . A p a r t i c l e 

i n c i d e n t on a nucleus can be compared w i t h a l i g h t wave 

i n c i d e n t on a f i n i t e medium which both d i f f r a c t s and 

r e f r a c t s the l i g h t w i t h a b s o r p t i o n of the r e f r a c t e d beam. 

The nucleus i s thus a r e g i o n of complex r e f r a c t i v e index, 

or complex p o t e n t i a l . T h i s model tends to d i s r e g a r d the 

s t r u c t u r e of the nucleus, and hence the d e n s i t y 

f l u c t u a t i o n s a c r o s s the n u c l e a r volume. I t has no means 

of d e s c r i b i n g changes which take p l a c e i n the nucleus 

due to an i n t e r a c t i o n , but does give an e x p r e s s i o n f o r 
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the s c a t t e r e d p a r t i c l e i n e l a s t i c s c a t t e r i n g . A l l other 

processes are c l a s s e d as abso r p t i o n . I t a l s o y i e l d s 

only the average v a l u e s f o r the c r o s s - s e c t i o n , and 

ignores any s t r u c t u r a l e f f e c t s such as resonances. 

The complex p o t e n t i a l was f i r s t introduced to 

d e s c r i b e the s c a t t e r i n g of nucleons by n u c l e i , (Pernbach 

et a l . (19U9); Feshbach et a l . (l95k))t and l a t e r 

extended to cover the s c a t t e r i n g of alpha p a r t i c l e s and 

mesons. I f the nucleus i s considered as having a complex 

p o t e n t i a l , then the r e a l p a r t V ( r ) i n t r o d u c e s a phase 

d i f f e r e n c e between t h a t p a r t of the wave t r a v e r s i n g the 

nucleus and the r e s t of the wave. I n t e r f e r e n c e between 

these two wave f r o n t s produces d i f f r a c t i o n , and a b s o r p t i o n 

of the wave i n the nucleus due to w( r ) can enhance the 

d i f f r a c t i o n e f f e c t . I f the complex p o t e n t i a l i s V, 

then 

V = V ( r ) + i W ( r ) . 

The Schroedinger equation and i t s complex conjugate f o r an 

i n c i d e n t p a r t i c l e a r e : -

\7 20/ + 2M/A2 (E - V - iW)y/ = 0 
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V 2«^* + 2M/A2 (E - V 1 + iW) = 0 

* 
m u l t i p l y i n g by and W , and s u b t r a c t i n g g i v e s -

t f / V 2 ^ _ ^ = 4M/X2.iW 

i . e . V21M.7. («^*V 2^- ^ v* 2^*) = 2Vlf> 

The l e f t - h a n d s i d e i s the divergence of the p r o b a b i l i t y 

c u r r e n t , and equals the i n c r e a s e of p a r t i c l e d e n s i t y per 

u n i t volume. For a b s o r p t i o n t h i s must be n e g a t i v e . On 

the right-hand s i d e t h e r e f o r e W<0, and the a b s o r p t i o n i s 

p r o p o r t i o n a l to the imaginary p a r t of the p o t e n t i a l and 

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

Nuclear f o r c e s are s h o r t range, and t h e r e f o r e , as 

the nucleus i s s t a b l e , the r e s u l t a n t f o r c e a t the c e n t r e 

i s zero and hence the p o t e n t i a l i s constant, w h i l e at the 

s u r f a c e a s t r o n g l y a t t r a c t i v e f o r c e operates. The r e a l 

p a r t of the p o t e n t i a l i s thus s i m i l a r to the n u c l e a r 

d e n s i t y , and an equation of the f o l l o w i n g form has been 

w i d e l y used 

V ( r ) = -V / ( l + e
( r ~ c ) / a ) 
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where c and a a r e c l o s e l y r e l a t e d to the corresponding 

q u a n t i t i e s f o r the n u c l e a r r a d i u s . 

W(r) i s much more d i f f i c u l t to d e r i v e . Because of 

the s h o r t range of n u c l e a r f o r c e s , i t should, l i k e V ' ( r ) , 

be constant i n the c e n t r a l n u c l e a r region, and i t seems 

reasonable t h a t a b s o r p t i o n by the nucleus should be 

p r o p o r t i o n a l to the n u c l e a r d e n s i t y . Hence one can use 

W(r) = -W 0/(l + e
( r " c ) / a ) 

where c and a a r e not n e c e s s a r i l y the same as before. 

There i s however an a l t e r n a t i v e view which c o n s i d e r s 

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

nucl e u s . As the nucleus i s a h i g h l y degenerate Fermi-

D i r a c system, the p r i n c i p l e prevents the t r a n s f e r of 

momentum and energy between p a r t i c l e s , vrhich would 

normally occur due to the s t r o n g f o r c e s p r e s e n t . I n t h i s 

case the mean-free-path of a p a r t i c l e i n the system may 

be much longer than i t would be i f the e x c l u s i o n p r i n c i p l e 

did not operate. However i n the s u r f a c e r e g i o n t h i s 

e x c l u s i o n e f f e c t i s much reduced, and hence the 

abs o r p t i o n r a t e may be hig h e r d e s p i t e the r e d u c t i o n i n 

n u c l e o n i c d e n s i t y . An a l t e r n a t i v e equation i s thus 
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W(r) = -w .e( r-°) / b 

v ' o 
Again, n e i t h e r W nor c a r e n e c e s s a r i l y the same as i n 

the previous equations. I n the absence of experimental 

determination the former equation i s more commonly used 

to d e f i n e W(r). 

The e f f e c t of the p o t e n t i a l s i s seen when 

c o n s i d e r i n g the i n c i d e n c e of a beam of p a r t i c l e s of 

momentum p on a n u c l e u s . The beam can be r e p r e s e n t e d as 

a wave of wave number k (where k = p/1i), and wavelength ^ 

(where ft =^f/p). As t h i s beam en t e r s the nucleus the 

wave number changes by k^, and i n the n o n - r e l a t i v i s t i c 

case w i t h a constant n u c l e a r p o t e n t i a l then 

4 

k x = k . ( ( l + V/E) -1) (Pernbach e t a l . 1949). 

I n the r e l a t i v i s t i c case 
2 "J 

k - k x = k ( l + 2.V'/ppc + (V'/pc) ) 
The e f f e c t of the imaginary p o t e n t i a l can be r e p r e s e n t e d 

by the abso r p t i o n c o e f f i c i e n t K («£W), or the mean-free 

path f o r i n t e r a c t i o n i n n u c l e a r matter X N (where X N = 1/K). 
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The a b s o r p t i o n c o e f f i c i e n t f o r s c a t t e r i n g by a nucleus, 

where s c a t t e r i n g takes p l a c e on s i n g l e nucleons of 

s c a t t e r i n g c r o s s - s e c t i o n 6 i s 

K = 3A6"A*R3. 

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

T h e r e f o r e f o r an i n c i d e n t pion 

K = 3A («T _ Z + 6 - (A - Z ) ) 1.2.2 

or i f capture by nucleon p a i r s predominates 

K = 3A6^ 1.2.3 

Experiments on pion-nucleus s c a t t e r i n g r e v e a l e d t h a t 

the c r o s s - s e c t i o n was not geometric. Two reasons f o r 

t h i s have been suggested. One i s t h a t the c r o s s - s e c t i o n 

could be i n c r e a s e d by the coulomb e f f e c t , the n e g a t i v e 

mesons being a t t r a c t e d towards the p o s i t i v e nucleus 

r e s u l t i n g i n a c r o s s - s e c t i o n S 1. 
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* A = * R 2 ( l - [1 - (1 + 2KR)exp(-2KR)] / 2 K 2 R 2 ) 

(Fernbach e t a l . 1949) 

R ( p c ) 2 

where E and p are the pion energy and momentum 

r e s p e c t i v e l y . A l t e r n a t i v e l y Feshbach and Weisskopf 

(1949) suggested t h a t the meson had a c h a r a c t e r i s t i c 

" s i z e " equal to the reduced de B r o g l i e wavelength X 

y i e l d i n g the new c r o s s - s e c t i o n € 1•. 

At lovr energies where X i s l a r g e , the c o r r e c t i o n w i l l be 

important and the nucleus w i l l l o s e a l l i t s t r a n s p a r e n c y 

as the s i z e of the pion w i l l be comparable w i t h 

Having measured the c r o s s - s e c t i o n , and obtained K from 

equations 1.2.2 or 1.2.3, then the imaginary p o t e n t i a l W 

can be c a l c u l a t e d 

The change i n wave number k^ on e n t e r i n g the nucleus can 

be determined from the angular d i s t r i b u t i o n of the 

s c a t t e r e d p a r t i c l e s , and hence V and W can be c a l c u l a t e d . 

+ n X) 

W = i.hcKp 
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1.3. Experimental R e s u l t s . 

a) Nuclear Momentum D i s t r i b u t i o n s . Some of the 

e a r l i e s t work which i n d i c a t e d a momentum d i s t r i b u t i o n of 

the nucleons, -was work on the formation of deuterons, 

where a nucleon from the nucleus u n i t e s w i t h the i n c i d e n t 

nucleon. From ob s e r v a t i o n s of the emission angle and 

energy of the deuteron, the momentum d i s t r i b u t i o n of the 

ta r g e t nucleons can be obtained. The fermi d i s t r i b u t i o n 

(eq: 1.2.1) f o r nucleon momenta w i t h E ^ = 25 MeV did not 

produce the observed deuteron d i s t r i b u t i o n , and from data 
12 

where the t a r g e t nucleus was C , the f o l l o w i n g 

d i s t r i b u t i o n was de r i v e d , where N(p) i s the number of 

nucleons w i t h momentum p. 
N(p) = 8 * * . 1.3.1 

^ + p ; (Chew and Goldberger,1950) 

w i t h - C 2 = 18 MeV. 

A d i s t r i b u t i o n was needed which would provide a 

high momentum component, which the Fermi d i s t r i b u t i o n does 

not possess, and such a d i s t r i b u t i o n had a l r e a d y been 
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d e r i v e d from proton-nucleon s c a t t e r i n g , where i t had been 

assumed t h a t the high momenta were c o n t r i b u t e d by the 

st r o n g i n t e r a c t i o n s between a p a i r of nucleons. 

The above equation (1.3.2) f i t t e d the experimental r e s u l t s 

f o r deuteron pick-up s a t i s f a c t o r i l y . 

S i multaneously the r e s u l t s of many nucleon-nucleon 

s c a t t e r i n g experiments were being e x p l a i n e d by the 

hypothesis of a d i s t r i b u t i o n of nucleon momenta i n the 

nucl e u s . 

I n one such experiment 314 MeV protons were i n c i d e n t 
12 

on C , and the s c a t t e r i n g and proton-nucleon c r o s s -

s e c t i o n s f o r s c a t t e r i n g were determined. Attempts were 

made to f i t the data u s i n g a Chew - Goldberger d i s t r i b u t i o n 

(eq: 1.3.1), and an equation of the form 

P7* N(p) 
0/2 

2 

(Henley, 1952) 
1.3.2 

w i t h ot2/2M ~ 14. 

N(p) = C A ( ( ^ 2
+ p 2 ) 2 ( P 2

+ P
2 ) 2 ) 1.3.3 

where p = 2.5 cL , and C. i s a n o r m a l i s a t i o n f a c t o r . 



28 

The above momentum d i s t r i b u t i o n gave an average k i n e t i c 

energy of 48.1 MeV f o r the nucleons, whereas a Fermi 

d i s t r i b u t i o n w i t h a P of 200 MeV/c would have an 
max 

average k i n e t i c energy of 12.8 MeV, which was not 

compatible w i t h the experimental r e s u l t s . However, the 

best f i t was a c q u i r e d w i t h a ga u s s i a n d i s t r i b u t i o n 

(eq: 1.3.2), which g i v e s an average k i n e t i c energy of 

19.3, but any e x c l u s i o n e f f e c t was ignored s i n c e i t was 

expected to be observable only i n the beam d i r e c t i o n 

(Henley, 1952). 

I n l a t e r work (Winsberg and Clements, 1960) 

examining the theory of nucleon-nucleon s c a t t e r i n g , i t 

was assumed t h a t the n u c l e a r p a r t i c l e s had the same 

nucleon-nucleon c r o s s - s e c t i o n s as they would have had i n 

the unbound s t a t e . The only a l t e r a t i o n being due to the 

P a u l i e x c l u s i o n p r i n c i p l e . I s o t o p i c e l a s t i c s c a t t e r i n g 

i n the re g i o n 10 MeV - 6 GeV was i n v e s t i g a t e d . 

C o n s i d e r a t i o n of a Fermi gas of nucleons w i t h E_ of 18.8 -

33.4 MeV, l e d to the c o n c l u s i o n t h a t the data r e q u i r e d an 

E p of 48.I MeV which i m p l i e s a P m a x of 303 MeV/c f o r the 

nucleons, which i s f a r above the accepted range of 

v a l u e s . 
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E x t e n s i v e i n v e s t i g a t i o n s of the n u c l e o n i c momentum 

d i s t r i b u t i o n have been made u s i n g q u a s i - e l a s t i c 

s c a t t e r i n g . T h i s i s s c a t t e r i n g of an i n c i d e n t p a r t i c l e 

by a bound nucleoli, which a t the moment of impact i s 

considered to a c t as a f r e e p a r t i c l e w i t h i t s n u c l e a r 

momentum. 

Before 1958 q u a s i - e l a s t i c p-p s c a t t e r i n g was 

a l r e a d y being considered as a means of o b t a i n i n g 

i n f o r m a t i o n about the n u c l e a r s t r u c t u r e (Maris e_t a l . 

195&)« The nucleons were considered to make only one 

c o l l i s i o n w i t h i n the nucleus, and thus needed a high 

energy and s m a l l de B r o g l i e wavelength. I t was decided 

to use c l o s e d s h e l l n u c l e i w i t h assumed j - j c oupling i n 

the s h e l l s . I f the l a s t s h e l l i s not f i l l e d , the 

c o l l i s i o n can l e a v e the r e s i d u a l nucleus i n one of many 

s t a t e s so t h a t the energy balance i s not unique. The 

e x c l u s i o n p r i n c i p l e would not have an observable e f f e c t 

f o r i n c i d e n t nucleons of above 400 MeV. The r e s u l t s 

obtained i n a q u a s i - e l a s t i c experiment were expected to 

be s i m i l a r to those from deuteron pick-up except t h a t the 

l a t t e r probably favoured s u r f a c e nucleons and hence 

higher momentum components, whereas q u a s i - e l a s t i c 
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s c a t t e r i n g would sample throughout the nuc l e u s . The 

method i n v o l v e d the simultaneous d e t e c t i o n of two 

sec o n d a r i e s of equal e n e r g i e s and emission angles 

(/v2j.5° to beam d i r e c t i o n ) when a proton beam was i n c i d e n t 

on l i g h t n u c l e i ^ A s e r i e s of such experiments were 

c a r r i e d out i n d i f f e r e n t l a b o r a t o r i e s . 

At 185 MeV the bi n d i n g e n e r g i e s f o r the s and p 

s h e l l s of l i g h t n u c l e i were measured (Tyren _et a l . 1958). 

These are compared i n Table I w i t h v a l u e s obtained by 

other workers performing s i m i l a r experiments and w i t h i n 

the estimated e r r o r s the r e s u l t s agree. A t a b l e of the 

ex p e r i m e n t a l l y determined v a l u e s of the bindin g e n e r g i e s 

of l i g h t n u c l e i has been drawn up by Ajzenberg-Selove 

et a l . (1959), which i n c l u d e s the Tyren e_t a l . r e s u l t s . 

Among attempts to f i t momentum d i s t r i b u t i o n s f o r 

the nucleons i n these experiments were the f o l l o w i n g . 
12 

For 660 MeV protons on b e r y l l i u m and C , the Fermi 

d i s t r i b u t i o n was r e j e c t e d o u t r i g h t because of the l a c k of 

high momentum components, and t h r e e other d i s t r i b u t i o n s 

were t r i e d (Azhgirey e_t a l . 1959). 
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P r o j e c t i l e 

energy 

Tar g e t Binding energy 

p s h e l l . MeV. 

Binding energy 

s s h e l l . MeV. 

Reference 

155 MeV L i 6 4.5 * 1.5 20.3 - 1.5 a 

155 MeV 

185 MeV 

L i ? 10.2 i 1.6 

10 - 1.5 
23 * 1.5 
24 - 1.5 

a 

b 

185 MeV Be* 18 i 1.5 25 t 1.5 b 

155 MeV B 1 0 7 i 1.1 
13 1 1.2 

31.5 1 1.5 a 

155 MeV B 1 1 10.4 i 1.6 
15.2 i 1.7 
14 ± 1.5 

34 ± 3 

37 1 5 

a 

b 

155 MeV 

158 MeV 

185 MeV 

c 1 2 15.8 * 1.2 

17 
16 

17 1 1.5 

34.5 1 1.5 

35 1 1.5 

a 

d 

e 

b 

185 MeV 8 ± 1.5 
16 ± 1.5 

b 

185 MeV o 1 6 12 i 1.5 

19 1 1.5 

b 

R e s u l t s of proton q u a s i - e l a s t i c s c a t t e r i n g . 

a) Garron et a l . (1962) 
bj Tyren et a l . (1958) 
d) G o t t s c h a l k and S t r a u c h (1960) 
e) Gooding et a l . (1960) 

TABLE I 



l ) a g a u s s i a n . N(p)-<. e " p ^ 1.3.4 

w i t h 2/2M = 16, 18, 20 and 22 MeV. 

2 , 2 2 , 2 
2) a Selove _ d i s t r i b u t i o n . _ N(p)«* e + 0.15e 

wit h a 1
2/2M = 7 MeV, a,^ = 50 MeV. 1.3.5 

2 / 2 2 / 2 -P /a--, -P / a 2 . „ 
3) sum of two ga u s s i a n s . N(p) (^-e + e m J ' 

The b e s t f i t was i n f a c t obtained u s i n g 1.3.6 w i t h 

a 1
2/2M = 16 MeV, a.^/2K = 50 MeV and p = 0.09. For 

copper and uranium t a r g e t s m u l t i p l e c o l l i s i o n s prevented 

d e t e c t i o n of the nucleon energy. 

For l i g h t elements w i t h 155 MeV i n c i d e n t protons 

the f o l l o w i n g two d i s t r i b u t i o n s were t r i e d as a r e s u l t of 

a p r e l i m i n a r y Born approximation c a l c u l a t i o n . 

f o r the s s h e l l . N ( p ) ^ e " p ^ a 1.3.7 

? 2/ 2 
f o r the p s h e l l . N(p)«* (p/a) . e " p / a 1.3.8 

By a d j u s t i n g a a s a t i s f a c t o r y f i t was obtained f o r the 

energy d i s t r i b u t i o n of the se c o n d a r i e s , the f i n a l v a l u e s 

of a are shown i n Table I I . 



a i n MeV L i 6 L i 7 B 1 0 B 1 1 B 1 2 

s s h e l l 110 115 120 120 160 

p s h e l l 110 , 70 _80 90 95 

Garron et a l . (1962) 

p s h e l l 

G o t t s c h a l k & S t r a u c h 
(1960) 

74 

Experimental determinations of a f o r nucleon momenta 

d i s t r i b u t i o n s 

N(p)a e _ p 2 / d 2 

TABLE I I 
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1.3*6 was used s u c c e s s f u l l y to e x p l a i n the q u a s i -

e l a s t i c i n t e r a c t i o n s of 660 MeV protons on C (Zhadonov 

and Fedotov, 1961). 
The q u a s i - e l a s t i c s c a t t e r i n g i n t e r a c t i o n 

_12 8 p + C -^Be + p + a 

has been s t u d i e d a t 150 MeV. R e j e c t i n g f r e e helium 

c o l l i s i o n s the momentum d i s t r i b u t i o n of the emitted a 

was s t u d i e d f o r a f i x e d momentum t r a n s f e r , q = 2.0 fm-"*' 

and E = 22.5 MeV. I t was concluded t h a t the ground 
Q# 

12 
s t a t e of C probably could be d e s c r i b e d completely i n 

terms of a c l u s t e r model, but the experiment was not 

ac c u r a t e enough to d e r i v e an e x p r e s s i o n f o r the a momenta, 

(James and Pugh, 196*2). 
F u r t h e r i n the r e a c t i o n 

p + C - ^ p + n + C 

the r e c o i l momentum w i l l be equal i n magnitude and 

opposite i n d i r e c t i o n to the t a r g e t nucleon momentum 

before the c o l l i s i o n . For i n c i d e n t proton beams of 

0.25 to 6.2 GeV the r e c o i l momentum was independent of 



the i n c i d e n t energy and corresponds to an average k i n e t i c 

energy of 19 MeV, which agrees w i t h the deuteron pick-up 

r e s u l t s , ( S a r j a n t Singh and Alexander, 1962). 
Deuteron s u b - u n i t s i n the nucleus have been s t u d i e d 

u s i n g the r e a c t i o n 

&+ N-»N' + p + n 

where the momenta of the out-going p a r t i c l e s can provide 

i n f o r m a t i o n about the quasi-deuteron momenta. F u r t h e r , 

the r e a c t i o n 

y+ N-fN' ' + p 
y i e l d s i n f o r m a t i o n about the binding energy of the 

protons. To form deuteron sub-units the nucleons should 

be w i t h i n a r a d i u s ~k/]ic (y. i s the pion r e s t mass), and 

t h i s i s more probable f o r nucleons belonging to the same 

s h e l l than f o r those from d i f f e r e n t s h e l l s . Kim (1963) 
12 

examined the experimental r e s u l t s e x i s t i n g f o r C , 

assuming t h a t the p a i r i n g f o r I s nucleons was s t r o n g e r 

than f o r the l p ones. He obtained the f o l l o w i n g 

d i s t r i b u t i o n s and b i n d i n g energies 
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I s nucleons E_ = 20 MeV 
ii 

N(p) = (3*M)" 3 / 2exp(-p 2/3M) 1.3.9 

l p nucleons E_ = 5 MeV 

N(p) = ( 2 7 i " ^ / 3 ) ( l O M ) " 5 / 2 e x p ( - p 2 / l O M ) 1.3.10 

2 4" deutrons N ( p D ) = (0.37 e x p t - p j A M B ^ / U i i M I ^ ) 

+ 0.82 e x p f p 2 A M E 2 ) / l . 5 UME.,) 2 , 5 1.3.11 

where E1 = 1.5 MeV E 2 = 5 MeV 

The d i f f e r e n t q u a s i - e l a s t i c proton-proton experiments 

give compatible r e s u l t s f o r the b i n d i n g e n e r g i e s of the 

nucleons i n the s and p s h e l l s of the l i g h t n u c l e i . 

These b i n d i n g energies of 10 - 30 MeV a r e not completely-

c o n t r a d i c t e d even when deuteron subunits only are 

considered as i n Kim's work. Both the deuteron pick-up 

experiments and the i n c i d e n t proton work a t 0.25 to 

6.2 GeV suggest an average n u c l e o n i c k i n e t i c energy of 

19 MeV which i s i n c o n s i s t e n t w i t h the Permi d i s t r i b u t i o n . 
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F i n a l l y the d i s t r i b u t i o n of nucleon momenta i n d i c a t e d by 

both deuteron pick-up and q u a s i - e l a s t i c s c a t t e r i n g from 

100 - 660 MeV i s of a g a u s s i a n form w i t h a always i n the 

re g i o n of 100 MeV. 

b) Nuclear P o t e n t i a l s . I n the q u a s i - e l a s t i c 

s c a t t e r i n g experiments, no a c c u r a t e determination of the 

p o t e n t i a l has been made. Table I I I shows the only 

measured v a l u e s . 

I t has been pointed out by Strnad (1962) t h a t 

although d i s t r i b u t i o n s of the form shown i n 1.3.7 and 

1,3.8 can, w i t h a s u i t a b l e choice of a , be f i t t e d to the 

c r o s s - s e c t i o n curves, estimates of the bi n d i n g energy 

based on these d i s t r i b u t i o n s d i f f e r g r e a t l y from the 

measured v a l u e s . Using the observed b i n d i n g e n e r g i e s and 

p o t e n t i a l w e l l form f a c t o r s , curves were f i t t e d to the 
7 12 

r e s u l t s of Garron e t a l . f o r L i and C with the r a d i u s 

of the p o t e n t i a l w e l l , r , as the v a r i a b l e parameter. The 

n u c l e a r p o t e n t i a l can then be estimated from the equation, 

and i n f a c t the p o t e n t i a l r a d i i which gave the be s t f i t 

almost c o i n c i d e w i t h r a d i i found by high energy e l e c t r o n 

s c a t t e r i n g (see T a b l e I V ) . 
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P r o j e c t i l e Energy T a r g e t P o t e n t i a l 
i n MeV. 

P 660 MeV Be 

c 1 2 

30 

30 

P 0.25 -

6.2 GeV 

c 1 2 37 - k5 

Azhgirey e_t al.1959 

S a r j a n t Singh and 

Alexander, 1962. 

E s t i m a t i o n s of the Nuclear P o t e n t i a l from Experimental 

R e s u l t s . 

TABLE I I I 
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By experiment From equation V a r i a b l e parameter 

B MeV s B MeV P V MeV s 
: V MeV P r fm 

8 
r fm P 

L i ? 23.5 10 43 25 2.5 4.5 

c 1 2 36 16 79 4o 1.6 3.4 

B - binding energy 

V - p o t e n t i a l w e l l depth 

r e f f ( f m ) r (fm) equ N ' 

L i 7 3.5 3.5 

c 1 2 2.94 3.0 

r e f f - e f f e c t i v e p o t e n t i a l r a d i u s 
r e q u ~ e < l u ^ v a l e n * r a d i u s from e l e c t r o n s c a t t e r i n g 

( H o f s t a d t e r , 1956) 

TABLE IV. 



38 

l.k. P a u l i E x c l u s i o n P r i n c i p l e E f f e c t s . 

a) General O u t l i n e . The P a u l i e x c l u s i o n p r i n c i p l e 

f o r b i d s any two Fermions to occupy i d e n t i c a l energy 

s t a t e s . 

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 the 

r e f r a c t i v e index of n u c l e i a t high ener g i e s was examined 

by Glauber (1956). Glauber s t a t e d t h a t to f i n d the 

e f f e c t i v e s c a t t e r i n g p r o p e r t i e s of nucleons i n n u c l e i , i t 

i s b e t t e r to use the p o s i t i o n c o r r e l a t i o n s of the 

p a r t i c l e s i n the Fermi gas than t h e i r momentum d i s t r i b u t i o n . 

C o r r e l a t i o n which keeps s i m i l a r p a r t i c l e s a p a r t , l e a d s to 

d e s t r u c t i v e i n t e r f e r e n c e e f f e c t s , and at low ener g i e s the 

nucleon-nucleon c r o s s - s e c t i o n s i n the o p a c i t y e x p r e s s i o n 

a r e s m a l l e r than the f r e e p a r t i c l e c r o s s - s e c t i o n s . At 

high e n e r g i e s ( A < nucleon-nucleon range) shadowing and 

m u l t i p l e s c a t t e r i n g e f f e c t s a l s o become important. I n 

t h i s case the tendency of nucleons to s t a y a p a r t i n c r e a s e s 

t h e i r e f f e c t i v e n e s s as c o l l i s i o n t a r g e t s . T h e r e f o r e 

the nucleon-nucleon c r o s s - s e c t i o n s f o r n u c l e a r o p a c i t y 

are g r e a t e r than the f r e e nucleon-nucleon c r o s s - s e c t i o n s 

by a term p r o p o r t i o n a l to 
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i . f 2 ( 0 ) . p 2 
v ' max 
2 

P 

where p i s the i n i t i a l momentum. 

T h i s term changes s i g n when 

l m | f ( 0 ) l 2 = Re l f ( 0 ) | 2 

The e f f e c t of nucleon s e p a r a t i o n i s e x a c t l y the i n v e r s e 

to t h a t which causes n o n - a d d i t i v i t y of c r o s s - s e c t i o n s , as 

f o r example i n deuterium, where the nucleons a r e drawn 

together. 

Examining proton c o l l i s i o n s w i th a 30 MeV proton 

beam, E l t o n and Gomes (1957) concluded t h a t the e x c l u s i o n 

p r i n c i p l e does not operate i n the d i f f u s e r im of the 

nucleus xriiere the nucleons a r e almost f r e e , and t h e i r 

momentum can be re p r e s e n t e d by a g a u s s i a n f u n c t i o n 

(e.g. 1.3.2). 
The e x c l u s i o n p r i n c i p l e tends to f r e e z e p a r t i c l e 

motion and to minimise the e f f e c t s of the e x c i t a t i o n of 

s m a l l c l u s t e r s (Bruecker, 1958). I f however, a l l the 

lowest energy l e v e l s are not f i l l e d , s m a l l momentum 

t r a n s f e r s can take p l a c e , moving nucleons i n t o unoccupied 
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p o s i t i o n s . A l t e r n a t i v e l y the nucleus can be considered 

as a Thomas-Fermi gas, where the d e n s i t y i s given by 

/O(r) = 2/*3. W 3 . P p ( r ) l.k.l 

where p ( r ) i s the maximum momentum a t r a d i u s r . r 
I f N>Z, then the neutron d e n s i t y has a l a r g e r r a d i u s than 

the proton d e n s i t y (Oda and Harada, 1958). 
E l e c t r o n s c a t t e r i n g data i n d i c a t e t h a t 

, o ( r ) = a ( e x p ( ( r - c ) / b ) + l ) " 1 1.4.2 

where a i s a n o r m a l i s a t i o n f a c t o r , c i s the half-way 

r a d i u s , and b i s a d i f f u s e n e s s parameter w i t h b = 0.57 
1/3 

f and c = l . l x A ' f . P p ( r ) c a n D e obtained from 1.4.2 

and 1.4.1. E s t i m a t i n g the p o t e n t i a l f o r an i n c i d e n t 

proton, the d i f f e r e n t i a l 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 can 

then be c a l c u l a t e d . I n the n u c l e a r r e g i o n chosen, the 

e x c l u s i o n p r i n c i p l e was found to make no d i f f e r e n c e to 

proton-nucleon s c a t t e r i n g a t 31 MeV, and f a i r l y s a t i s f a c t o r y 

agreement was obtained w i t h the experimental p o i n t s . 

I n e s t i m a t i n g 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 

a t high energies K a r p l u s and Yamaguchi (1961) used a 



g a u s s i a n momentum d i s t r i b u t i o n f o r u n c o r r e l a t e d nucleons 

( i n c i d e n t e nergies 300 MeV). T h e i r v a l u e of *C was 

168 MeV/c (see 1.3) f o r i n c i d e n t nucleon e n e r g i e s between 

15 and 26 GeV. They n e g l e c t e d the e f f e c t of n u c l e a r 

b i n d i n g on c r o s s - s e c t i o n except to the extent which the 

P a u l i e x l c u s i o n p r i n c i p l e and coherent e f f e c t s , reduce 

the q u a s i - e l a s t i c s c a t t e r i n g a t v e r y s m a l l a n g l e s . They 

obtained a d i s t r i b u t i o n width 

f o r the secondary nucleons a t angle 0 due to the Fermi 

motion of the nucleons, and then considered a degenerate 

Fermi d i s t r i b u t i o n making a g a u s s i a n approximation to the 

average f r a c t i o n , f, of s t a t e s not a v a i l a b l e to a nucleon 

when i t r e c e i v e s an impulse p9. 

f i s given by 

P.9.P, max 
M 

f = 
1 

1 + 1A.P© t>9 
2p max max 

2 2 
/vexp(-l.25.P Q 

max 

= .CL.pV2) 
2 
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S c a t t e r i n g a t angles such t h a t p O £ 2 P m a x
 i s °nly s l i g h t l y 

reduced, but the amplitude of the momentum spectrum i s 
2 2 

reduced by a f a c t o r ( l - exp(-5p aO / 2 ) ) . T h i s g i v e s the 

same e f f e c t as i f the s t r u c k nucleons were s m a l l e r 

s c a t t e r e r s than f r e e nucleons. 

Watson and Zemach (1958) performed a Monte C a r l o 

c a l c u l a t i o n f o r pions i n c i d e n t on a nu c l e u s . They found 

an e f f e c t i v e mass f o r the pion, as the d i s p e r s i v e nature 

of the medium a l t e r s the magnitude of the pion f l u x and 

the d e n s i t y of the s t a t e s . However, t h e i r c a l c u l a t i o n s 

d i d not agree with experimental r e s u l t s . 

F u r t h e r c a l c u l a t i o n s have been c a r r i e d out f o r 

n-nucleon s c a t t e r i n g , above 600 MeV, which d i s a g r e e w i t h 

Watson and Zemach's r e s u l t s . The c a l c u l a t i o n s i n d i c a t e 

an i n c r e a s e i n c r o s s - s e c t i o n due to the e x c l u s i o n p r i n c i p l e , 

and i n the l i m i t agree with Glauber's e a r l i e r c a l c u l a t i o n s . 

They a l s o give good agreement w i t h the experimental 

r e s u l t s i n t h i s r e g i o n (Baqui Beg, 1960). 

b) 300 MeV Meson I n t e r a c t i o n s w i t h Complex N u c l e i . 

Continuing observations on the i n t e r a c t i o n s of TC mesons 

i n complex n u c l e i , t h i s l a b o r a t o r y a n a l y s e d the s c a t t e r i n g 



of a 300 MeV 11 beam i n c i d e n t on a G5 emulsion s t a c k . 

P r e v i o u s l y a t 750 MeV and 4.2 GeV the o p t i c a l model of 

the nucleus was used to e x p l a i n the r e s u l t s and 

s a t i s f a c t o r y agreement was obtained u s i n g a reduced meson 

s i z e ( A l l e n et a l . 1961; C l a r k e and Major, 1957). At 

300 MeV ( F i n n e y et a l . 1962) and 88 MeV ( A l l e n et a l . 1959) 

however, the v a l u e of K, the a b s o r p t i o n c o e f f i c i e n t , 

obtained d i f f e r e d g r e a t l y from the t h e o r e t i c a l v a l u e . 

For 300 MeV the observed v a l u e of K was 3 to 4 times 

s m a l l e r than the expected v a l u e . 140 metres of t r a c k 

were scanned, and 255 e l a s t i c events i n c l u d i n g 42 

disappearances were found. Thus the mean-free-path f o r 

e l a s t i c s c a t t e r i n g ( 5°) was (77 - 5.8) cm. The 

forward-backward r a t i o , F/B, i s the r a t i o of the number of 

mesons emitted i n the forward d i r e c t i o n , t h a t of the 

i n c i d e n t beam, to the number emitted i n the backward 

d i r e c t i o n . The v a l u e obtained e x p e r i m e n t a l l y was 

F/B = 0.74 - 0.17 f o r s t a r s w i t h secondary mesons. 

M i s c l a s s i f i c a t i o n would i n c r e a s e the e l a s t i c mean-free-

path by a maximum of 12% and decrease the i n e l a s t i c 

mean-free-path by 5%. 
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The mean i n t e r a c t i o n c r o s s - s e c t i o n i n emulsion i s 

€- = £ (N ±<5- i)/.£N i 1.4.3 

where there are nuclei/cm of the i t h element whose 

i n t e r a c t i o n c r o s s - s e c t i o n i s tf"^. 

Using the observed i n e l a s t i c mean-free-path, 1.4.3 and 

1.2.3, a v a l u e f o r K was obtained 

K = (1.5 - 0.15).10 1 2cm" 1. 

which give s = 6.7 - 0.7. 10~^3cm, and an o p a c i t y of 

66%. Thus the mean-free-path i n n u c l e a r matter i s 

c a l c u l a t e d to be (1.5 x n u c l e a r r a d i u s ) . 

C a l c u l a t i o n s performed w i t h the i n d i v i d u a l f r e e nucleon 

c r o s s - s e c t i o n s (75 - 5.6 and 3 2 - 2 see e a r l i e r ) g ive 

K = (5.2 - 0.3).10 1 2cm" 1. 

Because of the long mean-free-path i n n u c l e a r matter 

only one s c a t t e r i n g of the p r o j e c t i l e i s expected to 

occur, and t h e r e f o r e the r e l a t i v e p r o b a b i l i t i e s of 

s c a t t e r i n g and a b s o r p t i o n a r e 30% and 70% r e s p e c t i v e l y . 

Adding the expected v a l u e s of K ( s c a t t e r i n g ) and K 

(a b s o r p t i o n ) i n these proportions l e a d s to an expected 



45 

v a l u e which agrees w i t h the observed v a l u e . 

K = K s c a t t + K a b s = I 1 ' 9 1 ° - 2 ) ' l O 1 2 ^ " 1 

The average k i n e t i c energy of the secondary mesons was 

107 MeV (corresponding to E = 250 MeV and p = 205 MeV/c). 

For secondary pion e n e r g i e s g r e a t e r than 85 MeV, then the 

average k i n e t i c energy \*as (164 - 26) MeV, and the F/B 

r a t i o was ( l . l - 0.35)» which corresponds to the f o l l o w i n g 

n u c l e a r p o t e n t i a l components:-

V»(r) = (25 i l ) MeV 

W Q ( r ) = -(14 i 1) MeV 

The observed and c a l c u l a t e d K v a l u e s could be 

brought i n t o agreement only i f r was reduced to 
-13 12 -1 1.12.10 cm, when the v a l u e s were both 9.3 10 cm . 

However t h i s v a l u e of K would imply t h a t the meson makes 

on average about f i v e c o l l i s i o n s i n the n u c l e u s . A l s o 

t h i s high v a l u e f o r K p r e d i c t s an average energy f o r the 

secondary mesons of about 70 MeV, not the observed 

107 MeV, and the v a l u e f o r r i s o u t s i d e the accepted 
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range. The r e s u l t s are c o n s i s t e n t t h e r e f o r e with a 

s i n g l e c o l l i s i o n w i t h i n the nucleus, w i t h a b s o r p t i o n not 

s c a t t e r i n g as the predominant f e a t u r e . The 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 of a meson wi t h a s i n g l e nucleon i s 

however s m a l l e r by a f a c t o r of 3. 

I f the mean energy of the s c a t t e r e d n~ mesons i s 

p l o t t e d a g a i n s t the l a b o r a t o r y angle of s c a t t e r i n g , then 

i n the forward d i r e c t i o n the energy i s found to be much 

lower than would be observed i f the s t r u c k nucleons were 

s t a t i o n a r y . T h i s suggests that s m a l l momentum t r a n s f e r s 

are forbidden, and t h a t the e x c l u s i o n p r i n c i p l e i s 

opera t i n g w i t h i n the nucleus. D e s c r i b i n g the nucleon 

s t a t e s w i t h i n the nucleus u s i n g a Fermi momentum 

d i s t r i b u t i o n , i t proved imp o s s i b l e e i t h e r to account f o r 

the r e d u c t i o n i n c r o s s - s e c t i o n of about 3 f or f o r the F/B 

r a t i o of about u n i t y (Finney et a l . 1962; P.G.J.T. 

Parkhouse, M.Sc. T h e s i s , Durham U n i v e r s i t y ) . 

1.5. Monte C a r l o C a l c u l a t i o n s . 

Metropolis (1958) performed n u c l e a r cascade 

c a l c u l a t i o n s f o r heavy n u c l e i , A l , B i , U, e t c . The 
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e a r l i e r c a l c u l a t i o n s were made f o r i n c i d e n t protons and 

neutrons of 82 to 365 MeV, and were general Monte-Carlo 

c a l c u l a t i o n s p i c k i n g a point of en t r y to the nucleus, and 

then f o l l o w i n g the p a r t i c l e u n t i l a b s o r p t i o n occurred or 

i t escaped. The Fermi model of a degenerate gas was 

used to d e s c r i b e the nucleus, comprising a n u c l e a r volume 
1/3 

whose r a d i u s was R = rA ' . The degree of forbiddenness 

of a c o l l i s i o n depended on whether or not the r e s u l t i n g 

energy of the nucleon was l e s s than E_. O v e r a l l good 
i? 

agreement was obtained both q u a n t i t a t i v e l y and 

q u a l i t a t i v e l y w i t h the experimental r e s u l t s . 

The c a l c u l a t i o n s were then extended f o r i n c i d e n t 

e n e r g i e s of up to 1.8 BeV and i n c i d e n t pions, pion 

production! s c a t t e r i n g and a b s o r p t i o n were i n c l u d e d . The 

c a l c u l a t e d emission angle s p e c t r a of protons agreed w e l l 

w i t h the experimental r e s u l t s except a t angles ^ 1 0 ° . 

However, f o r pions the emission s p e c t r a d i d not agree. 

At s m a l l e r angles of emission the c a l c u l a t i o n s gave f a r 

too many high energy pions, which had the e f f e c t of 

r a i s i n g the average k i n e t i c energy. I n f a c t , the 

experiments i n d i c a t e d t h a t s m a l l energy t r a n s f e r s were 
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being p r o h i b i t e d thus reducing the forward s c a t t e r i n g . 

For example, f o r 500 MeV n~ i n c i d e n t on heavy emulsion 

n u c l e i the c a l c u l a t e d average k i n e t i c energy was 174 MeV, 

but the observed average was 110 MeV. For 162 MeV n" 

a s i m i l a r d i s c r e p a n c y was observed, but i t was not as 

g r e a t . 

An attempt was made to f o l l o w a suggestion of 

N i k o l ' s k i i ' s (1957) and to i n t r o d u c e a pion-nucleon 

p o t e n t i a l . With an a t t r a c t i v e p o t e n t i a l of 18 MeV the 

agreement was b e t t e r f o r the energy spectrum of the 

s e c o n d a r i e s . Any s e c o n d a r i e s w i t h negative k i n e t i c 

energy were assumed to be absorbed. However, the angular 

d i s t r i b u t i o n s s t i l l d i d not agree, and the c a l c u l a t e d 

d i s t r i b u t i o n was not i s o t r o p i c enough. I t was thought 

that the i n t r o d u c t i o n of a d i f f u s e n u c l e a r boundary, a l s o 

suggested by N i k o l ' s k i i , might remedy t h i s . 

B e r t i n i (1963) followed up t h i s work by i n t r o d u c i n g 

such a n u c l e a r boundary e f f e c t i n t o the c a l c u l a t i o n s . 

The d i f f u s e n u c l e a r boundary was approximated to, by 

d i v i d i n g the nucleus i n t o t h r e e c o n c e n t r i c spheres of 

d e c r e a s i n g d e n s i t y as the r a d i u s i n c r e a s e d . I n each 

r e g i o n the nucleus was assumed to be behaving as a 
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degenerate Fermi gas, but the o v e r a l l e f f e c t approximated 

to a g a u s s i a n d i s t r i b u t i o n w i t h a kT of 15 MeV. T h i s 

agreed w e l l w i t h experimental r e s u l t s (see 1.3), and i t 

appears that_ the d e t e c t e d d i s t r i b u t i o n s are. p a r t l y the 

e f f e c t of v a r y i n g n u c l e a r d e n s i t y . 

Here, the pion p o t e n t i a l was assumed to equal the 

p o t e n t i a l of the s t r u c k nucleon, and agai n c o l l i s i o n s were 

forbidden, i f a nucleon energy occurred below E_. The 
r 

r e s u l t s agreed w e l l with experimental data f o r i n c i d e n t 

nucleons as long as A<12, except t h a t a g a i n more s m a l l 

momentum t r a n s f e r s were expected than observed. The 

pion data however, showed l a r g e d i s c r e p a n c i e s , the most 

extreme being f o r charge exchange. Xt was p o s t u l a t e d 

t h a t the d i s c r e p a n c y might be due to the incoherence 

i n d i c a t e d by the resonance i n the pion-nucleon c r o s s -

s e c t i o n . 

1.6. Pion P o t e n t i a l s 

I n 1958 Watson and Zemach performed a s e r i e s of 

c a l c u l a t i o n s , which gave the momentum of the pion w i t h i n 

the n u c l e u s . T h i s momentum had two components, and from 
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t h i s i t was p o s s i b l e to c a l c u l a t e the pion p o t e n t i a l 

corresponding to a p a r t i c u l a r pion k i n e t i c energy. 

T h e i r c a l c u l a t i o n s were f o r the 10 to l±00 MeV reg i o n . 

T h e i r r e s u l t s however, only gave q u a l i t a t i v e agreement 

w i t h experimental data. 

N i k o l ' s k i i (1957) es t i m a t e s the pion p o t e n t i a l f o r 

a k i n e t i c energy of 160 MeV as V = -(2Zf - 6) MeV. The 

minus s i g n i n d i c a t i n g t h a t the p o t e n t i a l i s a t t r a c t i v e . 

I t was a l s o found that a change i n V of 30 MeV l e d to a 

change i n k i n e t i c energy of 7 MeV f o r backward s c a t t e r e d 

pions, Xn Table V a l i s t of e x p e r i m e n t a l l y determined 

pion p o t e n t i a l s a r e shown. Within experimental e r r o r 

the v a l u e s a r e c o n s i s t e n t , but the a c c u r a c y i s not high. 

1.7. Reasons f o r t h i s Experiment. 

I t i s obvious t h a t theory and experiment do not 

agree on the r e s u l t s of pion i n t e r a c t i o n s w i t h complex 

n u c l e i . Previous work a t 300 MeV (see l . k ) had shown 

t h a t the o p t i c a l model was not a p p l i c a b l e , and no 

e x p l a n a t i o n of the r e s u l t s other than t h a t a P a u l i e f f e c t 

might be r e s p o n s i b l e f o r the d i s c r e p a n c y , could be found. 
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E x p e r i m e n t a l l y Determined Pion P o t e n t i a l s 

Energy P a r t i c l e T arget V 

48 
+ 

71 C -(15 ~ 15) 

62 n G5 - v -19 
- 80 

120 

70 

+ 
Tt 
+ 

71 ~ 
+ 

71 ~ 

G5 

G5 

C -18 

~ -24 — 

~ -24 

~ -9 

78 
+ 

71 ~ Cu ~ - ( 3 5 - 40) -v -20 

80 + 
71 A l <x/ -20 -(10 - 25) 

80 71 ~ A l /u-(30 - 40) -
88 71 G5 -(28 t 3) -(32 - + J ° ) 

300 71 G5 (25 i 1) -(14.1 * 1.4) 
60 

62 

105 

+ 
7t 
+ 

7 I ~ 
+ 

7 t ~ 

He 

C 

He 

-(20 - 10) 

-18 

-(18 ± 14) 

-

125 71 C -30 -
A l l v a l u e s i n MeV. 

Values taken from t a b l e s i n 

N i k o l ' s k i i et, a l . (1957) 

A l l e n e± a l . (1959) 

Finney et a l . (1962) 

TABLE V 
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However, i n order to be able to c o n s t r u c t a model f o r the 

s t r u c k nucleons i t i s n e c e s s a r y to have more a c c u r a t e 

data on the emitted pions. T h i s means measuring l a r g e 

numbers of i n e l a s t i c s c a t t e r s q u i c k l y and a c c u r a t e l y . 

Making normal p(3 measurements on secondary t r a c k s 

from i n t e r a c t i o n s i s a slow process, as each t r a c k has to 

be a l i g n e d along the t r a v e r s e of the stage. S c a t t e r i n g 

measurements and g r a i n counts have then to be made on the 

t r a c k i n order to i d e n t i f y i t , and i f the t r a c k s a r e 

steep, p a s s i n g r a p i d l y i n t o another p l a t e , measurements 

are i m p o s s i b l e . Often the t r a c k cannot be r e s o l v e d as 

d e f i n i t e l y belonging to a pion, but could be t h a t of a 

charged p a r t i c l e of h i g h e r mass. A l s o i n cases of charge 

exchange, p o s i t i v e and n e g a t i v e pions cannot be 

d i s t i n g u i s h e d . 

The spectrograph, d e s c r i b e d i n chapter 2, uses a 

magnetic f i e l d to s o r t the charged p a r t i c l e s . Thus 

u s i n g an i n c i d e n t pion beam, only a n e g l i g i b l e number of 

the s e c o n d a r i e s which have negative c u r v a t u r e w i l l not 

be pions. A l s o u s i n g t h i s method, of the order of 100 

t r a c k s per scanner per day, can be measured. 

The experiment was thus planned i n the hopes of 
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o b t a i n i n g energy and angular d i s t r i b u t i o n s w i t h good 

s t a t i s t i c s . Prom these d i s t r i b u t i o n s , the d i s c r e p a n c i e s 

between the experimental r e s u l t s and the p r e d i c t i o n of 

a p a r t i c u l a r model, could be a c c u r a t e l y determined, and 

the model a l t e r e d or r e j e c t e d a c c o r d i n g l y . 

1.8. B a s i c C a l c u l a t i o n s made f o r the Present Experiment. 

These c a l c u l a t i o n s were based o r i g i n a l l y on a 

c l a s s i c a l model of the nucleus as an a s s o c i a t i o n of 

i s o t r o p i c a l l y moving nucleons. A pion of momentum n^, 

and energy W, i s i n c i d e n t on t h i s nucleus, and c o l l i d e s 

w i t h a nucleon, moving w i t h momentum P and energy Wp, a t 

an angle a to the d i r e c t i o n of motion of the pion. The 

r e s u l t a n t momenta and angles of emission can then be 

c a l c u l a t e d . 

The c e n t r e of mass of the two p a r t i c l e s i s found, 

and the c r o s s - s e c t i o n corresponding to the ce n t r e of mass 

momentum of the pion i s c a l c u l a t e d , u s i n g the d i f f e r e n t i a l 

c r o s s - s e c t i o n (df/d-A<) of 1.9, and the equation 

+ 
&€ ~ = 2. sina.d.a.sinQ.d 6 .n./(number of angular 

i n t e r v a l s ) 1.8.1 
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where 9 i s the angle of emission. 

A t a b l e i s then drawn up showing 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 i n t o a c e r t a i n angular i n t e r v a l w i t h a given 

momentum f o r t h a t v a l u e of P. Each t a b l e contained the 

t o t a l c r o s s - s e c t i o n f o r 18 v a l u e s of a from 0 - 180°. 

The c a l c u l a t i o n s were then repeated u s i n g a d i f f e r e n t P. 

P ranged from 25 -> 475 MeV/c i n 50 MeV/c i n t e r v a l s and a 

i n 10° i n t e r v a l s from 5° upwards. 

Three nucleon momentum d i s t r i b u t i o n s were assumed, 

g i v i n g the f r a c t i o n F with momentum P. 

a) the Fermi w i t h F = 3.P 2.dP/P 2 

' ' ma -v max 

w i t h P max = 2^0 MeV/c. 

b) the ga u s s i a n w i t h F = 2.e 
2/ 2 -p / a .dP/rc .a. 

w i t h a = 191 MeV/c. 

c) a composite w i t h F = 4.P .e 
o 2,2 2 -P /a dP/n a 

w i t h a = 191 MeV/c. 



S e t s of c r o s s - s e c t i o n t a b l e s were then produced f o r each 

d i s t r i b u t i o n . Summing over a l l t a b l e s f o r a d i s t r i b u t i o n 

gave the t o t a l c r o s s - s e c t i o n . 

C u t - o f f s could then be a p p l i e d by f o r b i d d i n g 

c o l l i s i o n s i n which the secondary momentum or energy of 

the s t r u c k nucleon f a i l e d to s a t i s f y some chosen c o n d i t i o n . 

The c a l c u l a t i o n s were c a r r i e d out o r i g i n a l l y on the 

F e r r a n t i Pegasus computer a t the U n i v e r s i t y of Newcastle-

on-Tyne. Subsequent adaption of the c r o s s - s e c t i o n a l 

t a b l e s was done on the E l l i o t t 803 computer of Durham 

U n i v e r s i t y . 

1.9. Pion I n t e r a c t i o n C r o s s - S e c t i o n s . 

I n order to c a l c u l a t e the e f f e c t of the P a u l i 

e x c l u s i o n p r i n c i p l e i n n-nucleon c o l l i s i o n s , d e t a i l e d 

i n f o r m a t i o n on the i t - n u c l e o n c r o s s - s e c t i o n i s r e q u i r e d . 

For a pion i n c i d e n t on a f r e e nucleon, the 

d i f f e r e n t i a l c r o s s - s e c t i o n i n the cen t r e of momentum a t 

an angle 9, can be re p r e s e n t e d by the f o l l o w i n g s e r i e s 

2 3 
d € _ = A + B.cosO + C.cos 0 + D.cos^O + .... 1.9.1 
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where A, B, C, e t c . are f u n c t i o n s of the phase s h i f t s a t 

the energy under c o n s i d e r a t i o n . I t i s p o s s i b l e to o b t a i n 

e x p r e s s i o n s of the form 

2 
A = a + hq + cq . ._ 1.9.2 

f o r each of these f u n c t i o n s , where a, b and c are 

numerical c o n s t a n t s , and q i s the momentum of the pion. 

The terms of 1.9.1 are of d e c r e a s i n g importance, and only 

the f i r s t t h r ee or four need be considered. 

I n order to o b t a i n the c o n s t a n t s a, b and c, and 

thus be able to c a l c u l a t e the d i f f e r e n t i a l c r o s s - s e c t i o n , 

experimental v a l u e s f o r A, B, C and D were p l o t t e d f o r 

v a r i o u s v a l u e s of q. These experimental v a l u e s were 

obtained from the f o l l o w i n g papers:- Deahl _et a l . (196O, 

1961), Kellman et a l . (1963), Zinov and Korenchenko (1959), 

Ashkin et a l . (1956, 1957), H e l l a n d et a l . (1962) and 

Yuan (1956). The curves were p l o t t e d f o r both n -P 

c o l l i s i o n s ( F i g . 1«$ and n +-P c o l l i s i o n s ( F i g . lb). 

Assuming charge independence the i t + - P curves a l s o apply 

to 7i~-N c o l l i s i o n s . The constants were found f o r 

equation 1.9.2 by curve f i t t i n g to the experimental 
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q range 
i i n MeV/c 

f. 
1 a b c 

q < 270 A -15.997 +0.29850 -0.00082 
B -30.203 +0.13453 0 
C -0.368 +0.32098 -0.000986 

q < 250 D 0 0 0 

250 < q < 355 D -1.724 +0.029 -0.000088 
270 < q ^ 46O A +29.565 -0.13209 +0.000150 

270 /L q 355 B -22.128 +0.17528 -0.0002735 
C +76.36 -0.3235 +0.000349 

355 jL. q 460 B +12.30 -0.01481 -0.0000114 
C +61.27 -0.2810 +0.000349 
D +41.096 -0.2218 +0.00028 

where f ^ = a + bq + cq . 
and the f\ are the phase s h i f t f u n c t i o n s i n the equation 
f o r the d i f f e r e n t i a l c r o s s - s e c t i o n . 

TABLE V I 
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p o i n t s . The e x p r e s s i o n f o r pi-nucleons c r o s s - s e c t i o n i s 

the sum of it~P and n~N c r o s s - s e c t i o n s . The con s t a n t s 

f o r A, B, C and D are shown i n Table VI f o r the v a r i o u s 

.ranges of_q. ___ __. __ __ _ 

1.10. Some R e s u l t s of the C a l c u l a t i o n s . 

a) E f f e c t of n u c l e o n i c momentum d i s t r i b u t i o n s on 

the s c a t t e r i n g of pions. I n f i g u r e 2a, i s shown the 

energy of the pioh as a f u n c t i o n of s c a t t e r i n g angle 

r e s u l t i n g from a pion c o l l i s i o n w ith a s t a t i o n a r y nucleon, 

a t a pion energy of 300 MeV. Compared with i t a r e the 

mean energ i e s of pions f o r s c a t t e r i n g angles determined 

from the c a l c u l a t i o n s o u t l i n e d above. I n the 

c a l c u l a t i o n s the c o l l i s i o n s are with moving t a r g e t 

nucleons. I t i s found t h a t f o r the Fermi and the 

composite Gaussian d i s t r i b u t i o n s , the mean e n e r g i e s a r e 

almost e x a c t l y equal to each other, and ve r y c l o s e to 

t h a t of a pion s c a t t e r e d from a s t a t i o n a r y t a r g e t . 

The d i f f e r e n t i a l 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 on a 

s t a t i o n a r y nucleon becomes modified as seen i n f i g u r e 2b, 
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where the nucleon i s allowed to move ac c o r d i n g to the 

Fermi and composite Gaussian d i s t r i b u t i o n s . 

b) The e f f e c t of the n u c l e a r p o t e n t i a l . The 

n u c l e a r p o t e n t i a l experienced by pions has been d e s c r i b e d 

i n t a b l e V ( s e c t i o n 1.6) and i s shown i n f i g u r e 2c. I n 

the same f i g u r e , the r e l a t i o n between k i n e t i c energy 

w i t h i n and without the nucleus i s shown. The p o t e n t i a l s 

were determined e x p e r i m e n t a l l y f o r s e v e r a l n u c l e i , and i t 

i s assumed t h a t they are constant throughout the 

p e r i o d i c t a b l e . S i n c e the p o t e n t i a l v a r i e s w i t h energy, 

i t i n t r o d u c e s a c o n s i d e r a b l e modulation on the mean 

energy of the s c a t t e r e d pions. 

A primary pion of 285 MeV i s reduced to 260 MeV 

i n s i d e the n u c l e u s . Therefore the s c a t t e r i n g of a 260 

MeV pion i s the r e a c t i o n being i n v e s t i g a t e d . Using the 

Oxford K i n e t i c T a b l e s , the energy of the secondary pion 

w i t h i n the nucleus can be found a f t e r the c o l l i s i o n w i t h 

a s t a t i o n a r y nucleon. As t h i s pion l e a v e s the nucleus 

there i s a f u r t h e r p o t e n t i a l e f f e c t which can be 

estimated u s i n g f i g u r e 2c. The expected modulation f o r 

a p i o n - s t a t i o n a r y nucleon c o l l i s i o n i s shown i n f i g u r e 2a, 
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Variation of Mean In©rgy with Scattering Angle 6 
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where i t i s seen to be most pronounced a t l a r g e r angles 

of s c a t t e r i n g . I n a s i m i l a r manner u s i n g the assumed 

momentum d i s t r i b u t i o n s , the p o t e n t i a l e f f e c t can be 

determined, and the modulation of the mean energy curve 

i s i n f a c t the same whether the nucleons are considered 

to be s t a t i o n a r y or d i s t r i b u t e d over a momentum range. 

The modulation depends on the shape of the p o t e n t i a l 

curve i n f i g u r e 2c. 

c) E x c l u s i o n e f f e c t s . The e x c l u s i o n p r i n c i p l e 

i n h i b i t s s m a l l momentum t r a n s f e r s of momentum, so t h a t 

i t depresses the s c a t t e r i n g through s m a l l a n g l e s . For 

the Fermi and composite Gaussian (p e p ' ) d i s t r i b u t i o n s 

the e f f e c t i s shown i n f i g u r e 2b, where the r e d u c t i o n of 

forward s c a t t e r i n g i s p l a i n l y seen. Using the Fermi 

model, the r e a c t i o n was assumed forbidden under d i f f e r e n t 

c o n d i t i o n s . I f a momentum r e s t r i c t i o n was assumed, such 

t h a t the nucleon must be r a i s e d to 2Zj.O MeV/c i f the 

r e a c t i o n was allowed, a decrease of the forward c r o s s -

s e c t i o n was obtained, but not of the mean energy. The 

other two momentum d i s t r i b u t i o n s t r i e d gave the same 

r e s u l t . 
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I f a n u c l e o n i c p o t e n t i a l w e l l i s assumed of depth 

V, then the energy r e q u i r e d by the nucleon to escape i s 

("V- K.E . ) , where K.E. i s the k i n e t i c energy of the 

nucleon i n the n u c l e u s . Using the e x c l u s i o n p r i n c i p l e , 

a c o l l i s i o n w i l l be forbidden i f the energy t r a n s f e r r e d 

to the nucleon i s not enough to a l l o w i t to escape. An 

example of such an energy l i m i t a t i o n i s shown i n f i g u r e 

2b, where i t can be seen t h a t the e f f e c t becomes 

n e g l i g i b l e a t around 70°. I n f i g u r e 2a, the e f f e c t on 

the mean energy of the s c a t t e r e d pions i s shown. 

d) D i s t r i b u t i o n of momenta a t a f i x e d angle of 

s c a t t e r i n g . The e f f e c t s of momenta d i s t r i b u t i o n s of the 

s t r u c k nucleons i s seen to be n e g l i g i b l e i f average 

e f f e c t s a r e considered. For example, the mean energy 

and mean c r o s s - s e c t i o n of the s c a t t e r e d pion are 

v i r t u a l l y unchanged. Hoi^ever, the d i f f e r e n t i a l c r o s s -

s e c t i o n i s smeared out. So are the i n d i v i d u a l momenta 

of the secondary pions as i s shown i n f i g u r e 2d. Here 

as an example, the s c a t t e r i n g of 290 MeV pions through 

90° i s shown. The e f f e c t of the momentum d i s t r i b u t i o n 

i s to broaden the l i n e spectrum by about - 150 MeV/c. 
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E x c l u s i o n e f f e c t s which are s m a l l a t 90° have been 

excluded. 



6.9 
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2. THE SPECTROGRAPH. 

2.1. The P r i n c i p l e of the Spectrograph. 

As was s t a t e d i n the f i r s t chapter, s e c t i o n 1.7, 

the emission angles and momenta of the se c o n d a r i e s from 

a p i - n u c l e u s i n t e r a c t i o n a r e r e q u i r e d with -good 

s t a t i s t i c s . The i d e a l system would have c y l i n d r i c a l 

symmetry and would c o n s i s t of a point t a r g e t s e t i n a 

magnetic f i e l d and surrounded by a c i r c u l a r d e t e c t i n g 

d e v i c e . The d e t e c t i n g d e v i c e i n t h i s case being f l a t 

s h e e t s of n u c l e a r emulsion i n the plane of the magnetic 

f i e l d . 

The beam e n t e r s the system and s t r i k e s the t a r g e t . 

The s e c o n d a r i e s then s t r i k e the emulsion a t an angle to 

the p e r p e n d i c u l a r to the s u r f a c e , and pass through, out 

of the spectrograph. Knowing the c e n t r a l t a r g e t point 

and the angle of the t r a c k i n the emulsion, i t i s p o s s i b l e 

to determine £ the angle of emission. I f £. i s the 

h o r i z o n t a l , and £' the v e r t i c a l component of the angle of 

emission, then:-

cos£ = cos £ .cos £' . 2.1.1. 



By p l a c i n g the spectrograph i n a magnetic f i e l d an 

estimate of the p a r t i c l e momentum p, can be made. A 

s i n g l y charged p a r t i c l e i n a magnetic f i e l d of s t r e n g t h 

H, w i l l d e s c r i b e a c i r c u l a r t r a j e c t o r y w i t h r a d i u s of 

cur v a t u r e R, p e r p e n d i c u l a r to the f i e l d d i r e c t i o n , 

where:-

p = 300.H.R. eV/c 2.1.2 

l f / o i s the chord of t h i s c i r c l e from the t a r g e t , 0, to 

the point of contact w i t h the emulsion, Z, (see F i g . 3b) 

then:-

s i n 0 =yo/2R. 2.1.3 

and from 2.1.2 and 2.1.3 -

p = 300.H>o. 
2 . s i n 0 

With a known magnetic f i e l d , H, p can be c a l c u l a t e d i f /o 

and 0 are determined by measurement. 

The presence of the magnetic f i e l d w i l l g i ve 

a n t i t r o p i c c u r v a t u r e to the t r a c k s of o p p o s i t e l y charged 

p a r t i c l e s . Thus from the angle i n the emulsion i t w i l l 



72 

n 
9 

BF «=» th<a perpendicular to 
the target fac©0 

0 e the point of scattering 
i a the target 0 

FIQt 3ao Horizontal Plane of Interaction 



73 

R 

0 «> point on the target 9 

Z » point on the plate© 

FIOi 3b* Trajectory of a Particle in a Magnetic Fieldo 



7 

be p o s s i b l e to d i s t i n g u i s h the t r a c k s of n e g a t i v e l y 

charged p a r t i c l e s and to make measurements only on these 

t r a c k s . T h e r e f o r e pions which undergo charge exchange 

are a u t o m a t i c a l l y excluded. 

With regard to the magnetic f i e l d , there were two 

requirements, a steady constant v a l u e over the a r e a of 

the spectrograph and a v a l u e high enough to render the 

c u r v a t u r e of the t r a c k s easy to d e t e c t and measure. I t 

was obvious t h a t the s m a l l e r the r a d i u s of the 

spectrograph the e a s i e r i t was to have a constant v a l u e 

f o r the f i e l d s t r e n g t h over the experimental a r e a , but the 

d e f l e c t i o n of the p a r t i c l e would be v e r y s m a l l and the 

c u r v a t u r e of the t r a c k hard to d e t e c t . A l s o the f i n i t e 

s i z e of the t a r g e t n e c e s s i t a t e d having a l a r g e r a d i u s ( s e e 

below). The v a l u e of the f i e l d r e q u i r e d was of the order 

of 10 k i l o g a u s s . 

P a r t i c l e F l u x . One of the most important f a c t o r s 

a f f e c t i n g the choice of the r a d i u s of d e t e c t i o n , i s the 

f l u x per u n i t a r e a of d e t e c t o r . I f the i n c i d e n t pion 

f l u x on a t a r g e t of t h i c k n e s s t , i s F, then the t o t a l path 

l e n g t h i s F t . T h e r e f o r e the number of i n e l a s t i c events 

g i v i n g r i s e to s e c o n d a r i e s i s : -



F t 
X 

where X i s the i n t e r a c t i o n path l e n g t h . I f d i s the 

r a d i u s of the o i r c l e on which the d e t e c t o r s a r e s e t , the 

f l u x per u n i t a r e a per pu l s e i s 

F t 
X k « d 2 

3 
The maximum t o l e r a b l e f l u x i s about 2.10 p a r t i c l e s per 

cm. The time to o b t a i n t h i s i s then 
X k n d 2.2.10 3 

F t 

T h i s time should be as s h o r t as p o s s i b l e i n order to keep 

the background low, and so t h a t the experiment i s fe.asible 

w i t h regard to the use of a beam from a high energy 

a c c e l e r a t o r f o r t h i s exposure. Obviously once F i s the 

maximum p o s s i b l e , the time depends on the r a t i o between 

d and t . T h i s r a t i o i s v e r y important because on i t 

depends a l s o the s i z e of the e r r o r i n the det e r m i n a t i o n 

of p (see l a t e r ) . I f t i s l a r g e compared w i t h d then the 

e r r o r s on both p and E i n c r e a s e . 
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The h i g h e s t f l u x of 300 MeV ne g a t i v e pi-mesons was 

obt a i n a b l e from the C.E.R.N, s y n c h r o c y c l o t r o n , where a 

beam of the order MeV had a l r e a d y been b u i l t . The f l u x 

was quoted a t about 4.10** n~ per second over an a r e a of 
2 2 3 — 6 x 8 cm . On a t a r g e t of 2 x 2 cm , t h i s i s 4.10 Tt~ 

per second. X f o r I n e l a s t i c s c a t t e r i n g i s 3 x 38 cm 

( f o r s c a t t e r i n g w i t h an emergent p i o n ) , and t a k i n g d as 

5 cm and t as 1 cm, t h i s r e q u i r e s an exposure time of 6 

hours; whereas f o r the same t but w i t h d i n c r e a s e d to 

10 cm, the exposure time i s 22 hours. Hence i n a d j u s t i n g 

d and t to the p r a c t i c a l optimum some s a c r i f i c e i n 

a c c u r a c y was n e c e s s a r y i n order to achieve b e t t e r 

s t a t i s t i c s and v i c e v e r s a . 

2.2. The A c t u a l Spectrograph. 

Xn p r a c t i c e the i d e a l system of a c e n t r a l point 

t a r g e t surrounded by a c i r c u l a r d e t e c t o r can only be 

approximated t o . The aim i s to s e t a f i n i t e t a r g e t i n 

the cen t r e of a c i r c l e of frames, which support f l a t 

n u c l e a r photographic emulsion i n a v e r t i c a l plane ( s e e 

F i g . 2i). Each frame supports a g l a s s coated on both 
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s i d e s with n u c l e a r emulsion. The p o s i t i o n of each frame 

must be l o c a t e d a c c u r a t e l y , so t h a t a frame can be 

removed, and r e p l a c e d i n e x a c t l y the same p o s i t i o n . To 

achieve t h i s a c c u r a c y a three point l o c a t i n g system was 

used. 

Each frame i s s e t along a tangent of the d e t e c t i o n 

c i r c l e , r a d i u s d. The equations i n s e c t i o n 2.1. have to 

be modified, s i n c e they assumed c y l i n d r i c a l symmetry. 

L e t 0 now be the angle i n the h o r i z o n t a l plane which the 

t r a c k makes w i t h the p e r p e n d i c u l a r to the p l a t e a t the 

point of entry, Z, (see F i g . 5 a ) . I t i s n e c e s s a r y to 

determine f o r each p l a t e both d, the l e n g t h of the 

p e r p e n d i c u l a r from the t a r g e t to the p l a t e , and the 

p o s i t i o n D, where t h i s p e r p e n d i c u l a r reaches the p l a t e . 

For each t r a c k then, 0, and x the h o r i z o n t a l co-ordinate 

of the t r a c k r e l a t i v e to D, can be measured. Thus -

tan(0 - 0) = x/d. 2.2.1. 

and 0 i s the only unknown i n the equation. A l s o 

= ( x 2
 + d 2 ) * 2« 2 a 2 • 

and by s u b s t i t u t i n g f o r f> and 0 i n 2.1.4 P can be found 
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i f the point of emi s s i o n i s known ( s e e chapter /(.). 

£* can be obtained from measurements on the t r a c k 

i n the emulsion s i n c e the v e r t i c a l angle i s u n a f f e c t e d 

by the magnetic f i e l d . L e t d make an angle A w i t h the 

emerging u n s c a t t e r e d beam. Then 

£ = A - ( O - / f l ) - / 0 2.2.3. 

0 and j6 may be p o s i t i v e or nega t i v e depending on the 

charge of the p a r t i c l e and the segment of the d e t e c t i n g 

c i r c l e i n which the frame i s l o c a t e d . I n f a c t i t i s no 

longer p o s s i b l e by simple v i s u a l i n s p e c t i o n to s e p a r a t e 

p o s i t i v e l y from n e g a t i v e l y charged p a r t i c l e s ( s e e F i g . 6), 

f o r two reasons. F i r s t l y , the f a c t t h a t the frame l i e s 

along a tangent to the d e t e c t i o n c i r c l e means t h a t t r a c k s 

r e a c h i n g opposite edges of the frame appear to have 

d i f f e r e n t c u r v a t u r e even when they have the same momentum. 

Secondly, because the t a r g e t has a f i n i t e s i z e , i f a l l 

t r a c k s a r e assumed to have come from the t a r g e t c e n t r e then 

some negative p a r t i c l e s w i l l appear p o s i t i v e and v i c e 

v e r s a (see chapter 4 ) . 

Once d has been determined, £ and p may be estimated 
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from the co-ordinate measurements made f o r each t r a c k . 

Accuracy-

Misalignments of the frames. Small misalignments 

of the frames would v e r y q u i c k l y i n t r o d u c e l a r g e e r r o r s 

i n t o the e v a l u a t i o n s . Examples of misalignments a r e 

shown i n F i g . 7» where A-B i s the emulsion plane. 

I n a) 0 i s the a c t u a l angle of the t r a c k w i t h the 

pe r p e n d i c u l a r to the emulsion, i f the p l a t e i s c o r r e c t l y 

a l i g n e d . When m i s a l i g n e d by bf6 the e r r o r i n momentum i s 

given by:-

P = p ( l - sinQ ) 
si n ( 6 0 + 0 

and i f 60 = 1°, then the e r r o r a t 400 MeV/c i s 102 MeV/c. 

However, by a c c u r a t e l y determining the plane of the p l a t e 

t h i s e r r o r can be reduced to below 40 MeV/c. 

I n b) one end of the frame i s h i g h e r than the other. 

As long as bfi i s l e s s than 0.5° the e r r o r i n p i s 

n e g l i g i b l e , and the e r r o r i n the angle of emission i s 

about (0.3 x 60°). 

From c ) i t can be seen t h a t i f the p l a t e i s i n c l i n e d 
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towards the t a r g e t i n the v e r t i c a l plane, then the e r r o r 

i n p i s of the same order as t h a t introduced by the 

i n c r e a s e d t a r g e t s i z e . The e r r o r i n the angle of 

emission i s (0.3 x 6/0 x tan9), and i s 1°, i f 9 equals 

k5° and 60 i s 5°. 
Obviously when the alignment of the p l a t e s was known 

a c c u r a t e l y , c o r r e c t i o n s could be made to a l l measurements. 

Targ e t S i z e . A l l the equations given above assume 

t h a t the p a r t i c l e s are emitted from a known po i n t i n the 

t a r g e t . F o r a f i n i t e t a r g e t t h i s i s obv i o u s l y not the 

case. From F i g u r e 5 i t can be e a s i l y seen t h a t moving 

the point of emission from 0 to some other point 0'f 

a l t e r s completely the r e f e r e n c e system used to o b t a i n the 

co-ordinates of any t r a c k i n the emulsion. The l e n g t h 

d i s a l t e r e d and a l s o the point D where the p e r p e n d i c u l a r 

meets the p l a t e , and hence the curva t u r e of the t r a c k 

cannot be estimated without knowing the point of emission. 

S i m i l a r l y the h o r i z o n t a l angle of emission r e l i e s on a 

knowledge of the point of emission. The v e r t i c a l angle 

of emission i s unchanged and can s t i l l be a c c u r a t e l y 

estimated. To cope w i t h t h i s problem of the f i n i t e 

t a r g e t s i z e , a new method of a n a l y s i s was introduced 
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( s e e chapter k), and proved s u c c e s s f u l . 

Accuracy of Measurements. The e r r o r i n t r o d u c e d 

d u r i n g measurement of the t r a c k angles i n the p l a t e s was 

v e r y s m a l l . The t r a c k could be l o c a t e d to w i t h i n 3y 

under the m a g n i f i c a t i o n used, which would i n t r o d u c e a 

maximum e r r o r of 6% f o r high energy p a r t i c l e s , f o r low 

energy p a r t i c l e s the e r r o r i s about 1%. On t r a v e l l i n g 

through the g l a s s and the emulsion, the p a r t i c l e s w i l l 

l o s e energy due to m u l t i p l e s c a t t e r i n g . Because of i t s 

g r e a t e r t h i c k n e s s more s c a t t e r i n g takes p l a c e i n the 

g l a s s . The e r r o r s a r i s i n g from u n c e r t a i n t y i n l o c a t i o n 

and s c a t t e r i n g l e a d to a t o t a l maximum e r r o r i n p of 15%* 

The maximum e r r o r i n £ i s of the order of 2°. 

2.3. The C o n s t r u c t i o n of the Spectrograph. 

The t a r g e t f o r the exposure was to be s e t on an 

a c c u r a t e l y machined b r a s s base, which could then be used 

to l o c a t e and p o s i t i o n the frames c a r r y i n g the emulsion. 

The height of the t a r g e t was determined by the s p a c i n g 

of the magnet f a c e s , ( s e e below) and the f i n a l dimensions 
3 

were 2 x 1 x 5 cm , the f a c e presented to the i n c i d e n t 
2 

beam being 2 x 5 cm . 
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The Frames. I n order to r e c o n s t r u c t a c c u r a t e l y the 

p a r t i c l e t r a j e c t o r y , I t i s n e c e s s a r y to know the p o s i t i o n 

of the t r a c k r e l a t i v e to a co-ordinate system i n each 

p l a t e , and a l s o the r e l a t i o n s h i p between the co-ordinate 

systems of the d i f f e r e n t p l a t e s and the c e n t r e of the 

t a r g e t . The determination of these r e l a t i o n s h i p s i s 

termed ' c a l i b r a t i o n 1 . T h i s c a l i b r a t i o n must be 

permanent, and to ac h i e v e t h i s , the c o n s t r u c t i o n must be 

such t h a t i n d i v i d u a l p l a t e s can be removed from t h e i r 

p o s i t i o n s , and r e p l a c e d without d e s t r o y i n g the exact 

r e l a t i o n s h i p between them, i n order to be able to measure 

a c c u r a t e l y the t r a c k d e f l e c t i o n , and to make i t p o s s i b l e 

to coat, process and examine each p l a t e s e p a r a t e l y . 

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

the f i e l d , the p l a t e s must be supported v e r t i c a l l y . 

A kinematic method of l o c a t i n g the frames on the 

supports i s employed u s i n g a hole, a groove and a plane 

( P i g . 8 ) . The grooves and holes a r e cut i n ap p r o p r i a t e 

p o s i t i o n s on the upper s u r f a c e of b r a s s p i l l a r s , p l a c e d 

behind the edges of the frame to e l i m i n a t e as much back 

s c a t t e r i n g i n t o the p l a t e s as p o s s i b l e . The complementary 
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members of the l o c a t i o n on the frames a r e s t e e l b a l l s 

2 mm i n diameter a t t a c h e d one a t each end to the underside 

of the supporting e x t e n s i o n . The b a l l s a r e a t t a c h e d i n 

a - p o s i t i o n s l i g h t l y removed from the a x i a l plane of the 

frame, so t h a t under i t s own weight the frame r e s t s w i t h 

i t s lower end a g a i n s t a p r o j e c t i o n ; t h i s c o n s t i t u t e s the 

t h i r d member of the l o c a t i o n . T h i s method of a c c u r a t e 

l o c a t i o n has a l r e a d y been used s u c c e s s f u l l y i n t h i s 

l a b o r a t o r y ( A l l e n and A p o s t a l a k i s , 1 9 6 l ) . Great c a r e i s 

taken to ensure t h a t the frames are p e r p e n d i c u l a r to the 

b r a s s base when r e s t i n g i n p o s i t i o n on the supports. 

I d e a l l y , the k i n e m a t i c l o c a t i o n should be s o l e l y under a 

g r a v i t y c o n s t r a i n t but, to avoid the p o s s i b i l i t y of 

movement of the p l a t e s w h i l e being i n s e r t e d between the 

magnet poles, they a r e clamped by e x e r t i n g p r e s s u r e 

a g a i n s t a s m a l l b a l l on t h e i r upper s u r f a c e s . J u s t 

s u f f i c i e n t p r e s s u r e i s exe r t e d to prevent movement; no 

deformation of the system i s introduced thereby. Even 

w i t h t h i s a d d i t i o n a l c o n s t r a i n t , the p o s i t i o n of each 

frame i s r e p r o d u c i b l e to b e t t e r than l j i . 

I n a l l three s e t s of s i x frames were a c c u r a t e l y 



machined f o r two exposures and a dummy run, plus an 

a d d i t i o n a l two spare frames. The d e t e c t i n g c i r c l e 

comprises two s e m i - c i r c l e s of t h r e e frames each around 

the t a r g e t . 

The g l a s s e s were a f f i x e d to the f r o n t of the frames 

by g l u i n g round the edges of the g l a s s , and ho l d i n g the 

g l a s s permanently a g a i n s t the frame w i t h a metal clamp 

screwed to the s i d e of the frame. 

The P l a t e s . Each p l a t e c o n s i s t e d of a s p e c i a l l y 

coated g l a s s about 800y, t h i c k , w i t h an emulsion lOOy 

t h i c k , s t u c k onto both s u r f a c e s . The t h i c k n e s s of the 

g l a s s being a c c u r a t e l y determined f o r each p l a t e . The 

b a s i s of the co-ordinate system i s a g r i d of f i n e l i n e s 

r u l e d on one s u r f a c e of the g l a s s of each p l a t e . F o r 

the g r e a t e s t u s e f u l n e s s of the spectrograph the a c c u r a c y 

of the c a l i b r a t i o n should be of the order of ly,. 

By means of an engraving diamond a r e f e r e n c e g r i d 

was i n s c r i b e d on the g l a s s s u r f a c e n e a r e s t the t a r g e t , 

and the c a l i b r a t i o n c a r r i e d out w i t h the frames i n 

p o s i t i o n . The g r i d i s a s i n g l e l i n e a c r o s s the p l a t e 

h o r i z o n t a l l y , w i t h t h r e e l i n e s p e r p e n d i c u l a r to i t a t 

i n t e r v a l s of about 1.5 cm, the i n t e r v a l s being known 
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e x a c t l y f o r each frame, and the l i n e s being p e r p e n d i c u l a r 

to w i t h i n 5'. The d i s t a n c e s of the c r o s s i n g - p o i n t s on 

the g r i d from the t a r g e t c e n t r e were measured a c c u r a t e l y 

u s i n g t r a v e l l i n g microscopes, w i t h each frame i n i t s 

c o r r e c t p o s i t i o n . The frames and t h e i r p o s i t i o n s a r e 

correspondingly numbered, to ensure c o r r e c t replacement. 

From these measurements d, and the point D, where t h i s 

p e r p e n d i c u l a r meets the p l a t e r e l a t i v e to the g r i d can be 

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

Once the emulsion had been a f f i x e d to the g l a s s , 

they were covered w i t h b l a c k paper to s h i e l d them from 

a l l l i g h t . 

C a l i b r a t i o n . As has been shown each p l a t e now has 

a f i x e d p o s i t i o n r e l a t i v e to the t a r g e t c e n t r e , d i s 

known, and i t s d i s t a n c e from any r e c o g n i s a b l e point, C, 

on the g r i d i n the same h o r i z o n t a l plane (see F i g . 5b). 

When scanning the p l a t e s the co - o r d i n a t e s of C were 

recorded, and the co-ordinates of each t r a c k can be 

obtained u s i n g C as the o r i g i n . I f the co-ordinates of 

a t r a c k a t Z, a r e (x', y') w i t h r e s p e c t to C, then -

x = x 1 + tT 2.3.1. 
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and hence /> i n 2.2.2 can be found. 

2.4. The Magnetic F i e l d . 

A f i e l d s t r e n g t h of the- order of 20 k i l o g a u s s was 

r e q u i r e d over the t a r g e t and frames, i n order to 

f a c i l i t a t e o b s e r v a t i o n of the r e q u i r e d t r a c k s . At t h i s 

f i e l d s t r e n g t h , even a 300 MeV pion would undergo an 

e a s i l y d e t e c t a b l e d e f l e c t i o n ( > 1°) over a d i s t a n c e of 

6 cm. Al s o low energy p a r t i c l e s would s u f f e r l a r g e 

d e f l e c t i o n s . F o r example, the protons emitted from the 

t a r g e t would have a much lower momentum than the pions, 

and many of them would thus move i n t i g h t s p i r a l s , never 

r e a c h i n g the p l a t e s , and t h e r e f o r e not adding to the 

background. 

To achieve t h i s high f i e l d over the d e t e c t o r s a 

p a i r of metal cones was att a c h e d to the magnetic p o l e s . 

The cone f a c e s were h e l d a t a f i x e d d i s t a n c e of 5.5 cm 

ap a r t by three metal s p a c e r s b o l t e d on (se e F i g . 9 ) . 

The f a c e a r e a of the cones was the d e t e c t i n g c i r c l e of 

the spectrograph. With t h i s arrangement a high uniform 

f i e l d was produced, and i t was s t i l l p o s s i b l e to s l i d e the 
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spectrograph i n and out e a s i l y i n order to r e p l a c e t a r g e t 

and frames. 

The base of the spectrograph was so shaped t h a t i t 

could be s l i d e a s i l y i n t o p o s i t i o n between the spa c e r s y 

and r e t u r n e d to i t s former p o s i t i o n ( see F i g . 1 0 ) . 

2.5. The Spectrograph as adapted to Experimental C o n d i t i o n s . 

Experimental Adaption. I t was decided to make two 

exposures w i t h d i f f e r e n t t a r g e t s . For one t a r g e t carbon 

was chosen, as work with proton beams had p r e v i o u s l y 

s t r e s s e d the need to examine c l o s e d s h e l l n u c l e i ( see 1.3), 

and many experiments had been c a r r i e d out u s i n g a carbon 

t a r g e t . The other t a r g e t was to be s i l v e r , an important 

c o n s t i t u e n t of photographic emulsion and a h e a v i e r nucleus 

than carbon. 

The o r i g i n a l spectrograph (as d e s c r i b e d i n 2.3) 

c o n s i s t e d of two s e m i - c i r c l e s of t h r e e frames each; s i x 

frames i n a l l . Each frame subtended an angle of 2*0° a t 

the t a r g e t , and a l l o w i n g f o r t r a c k curvature, a l l angles 

of emission except those i n the extreme forward and 

backward d i r e c t i o n s were covered. The e x i t and entrance 

were Z.k cm. The magnetic f i e l d a p p l i e d , caused the beam 
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t o d e f l e c t by 5 nun w i t h i n t h e s p e c t r o g r a p h b e f o r e 

r e a c h i n g t h e t a r g e t . I n o r d e r t o f o c u s t h e most i n t e n s e 

s e c t i o n o f t h e beam on t h e t a r g e t , t h e t a r g e t was moved 

5 mm from i t s c e n t r a l p o s i t i o n . T h i s was n e c e s s a r y 

s i n c e t h e c a l c u l a t e d number o f s e c o n d a r i e s o b s e r v a b l e 

depended on the c e n t r e o f t h e beam p a s s i n g i n t o t h e 

t a r g e t and b e i n g s c a t t e r e d . The r e p o s i t i o n i n g d i d n o t 

a l t e r t h e e s s e n t i a l measurements t o be made f o r e a c h 

t r a c k , s i n c e t h e s y s t e m c o u l d e a s i l y be r e c a l i b r a t e d , and 

a f t e r t h e e x p o s u r e s had been made, t h e r e c a l i b r a t i o n was 

pe r f o r m e d f o r e a c h o f t h e f r a m e s , w i t h t h e t a r g e t i n t h e 

new p o s i t i o n . 

The s e c o n d m o d i f i c a t i o n w h i c h was made, was more 

i m p o r t a n t . Due t o d i f f i c u l t i e s i n f o c u s s i n g t h e beam 

( s e e c h a p t e r 3) , i t s f i n a l p r o f i l e l a t e r a l l y e x t e n d e d 

beyond t h e s p e c t r o g r a p h a p e r t u r e , so t h a t a p o r t i o n o f 

low, b ut by no means n e g l i g i b l e i n t e n s i t y p a s s e d t h r o u g h 

t h e p i l l a r s and p l a t e s on e i t h e r s i d e o f the e n t r a n c e and 

e x i t . T h i s meant t h a t two p l a t e s a t l e a s t would have 

too h i g h a b a c k g r o u n d t o be o f any u s e , f o r n o t o n l y w ould 

t h e r e be t r a c k s d i r e c t l y made by t h e beam, b u t a l s o 

s c a t t e r i n g and i n t e r a c t i o n s i n t h e p i l l a r s would f i l l t h e 
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two n e a r e s t p l a t e s w i t h t r a c k s and i n c r e a s e t h e b a c k g r o u n d 

i n t h e o t h e r s . L e a d s h i e l d i n g and c o l l i m a t o r s d i d n o t 

remove t h i s t a i l on t h e p r o f i l e . I t was d e c i d e d 

t h e r e f o r e , t o remove two o f t h e f r a m e s , so t h a t the 

s p e c t r o g r a p h e n t r a n c e and e x i t f o r t h e beam were i n c r e a s e d , 

and t h e c h a n c e o f s c a t t e r i n g i n t h e s u p p o r t s was 

c o n s i d e r a b l y r e d u c e d . The f r a m e s removed were t h o s e i n 

p o s i t i o n s 6 and 3 I n F i g u r e 4. The whole s y s t e m was 

t h e n r o t a t e d u n t i l t h e beam was once more i n c i d e n t 

p e r p e n d i c u l a r l y on t h e t a r g e t . 

The r e m o v a l o f t h e s e f r a m e s meant t h a t a much 

s m a l l e r r a n g e o f e m i s s i o n a n g l e s was c o v e r e d , and a l s o 

t h a t t h e d e t e c t e d p a r t i c l e s were a l l s c a t t e r e d 

a p p r o x i m a t e l y p e r p e n d i c u l a r l y t o t h e i n c i d e n t beam. 

U n f o r t u n a t e l y t h i s i s t h e l e a s t s e n s i t i v e r e g i o n i n a l l 

t h e n u c l e a r models f o r w h i c h c o m p u t a t i o n s had been 

p e r f o r m e d . The f o r w a r d d i r e c t i o n i s t h e most s e n s i t i v e 

r e g i o n , and t h e r e g i o n i n w h i c h t h e g r e a t e s t d i s c r e p a n c y 

had been o b s e r v e d so f a r i n a l l e x p e r i m e n t s . 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 a r o u n d 90° i s a l m o s t c o n s t a n t , 

but t h e shape o f t h e e n e r g y s p e c t r u m i n t h i s r e g i o n 
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d i f f e r e n t i a t e s between t h e v a r i o u s models. P r o b a b l y t h e 

most s e n s i t i v e v a r i a b l e i n t h i s r e g i o n i s t h e a v e r a g e 

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

i n t e r v a l . However, i t was n e c e s s a r y t o a l t e r t h e 

s p e c t r o g r a p h t o make t h e e x p o s u r e s i n t h e t i m e a v a i l a b l e . 

T h e s e m o d i f i c a t i o n s d i d n o t i n any way a l t e r t h e 

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

r e g i o n c o v e r e d i t was s t i l l p o s s i b l e t o c a l c u l a t e b o t h p 

and £ from s i m p l e r e c o r d i n g s o f t h e t r a c k s c o - o r d i n a t e s 

r e l a t i v e t o t h e g r i d . A dummy r u n w i t h o u t any t a r g e t 

w o u ld be made t o r e c o r d t h e ba c k g r o u n d . T h i s r u n would 

a l s o r e v e a l , i f t h e beam a t any ti m e p a s s e d t h r o u g h any 

o f t h e r e m a i n i n g p l a t e s . 

The s p e c t r o g r a p h a s u s e d w i t h f o u r f r a m e s i n 

p o s i t i o n and a c a r b o n t a r g e t c a n be s e e n i n t h e p h o t o g r a p h 

F i g u r e 11. The g l a s s e s w i t h o u t e m u l s i o n a r e a f f i x e d t o 

t h e f r a m e s , b u t t h e f r a m e s a r e u n d a m p e d . The s h a p i n g 

o f t h e b a s e w h i c h l o c a t e s i t between t h e magnet s p a c e r s 

i s shown. The beam e n t e r s from t h e r i g h t , and was 

d e f l e c t e d by t h e f i e l d t o w a r d s t h e top o f t h e p h o t o g r a p h 

and b a c k a g a i n , on t r a v e r s i n g t h e s p e c t r o g r a p h . 
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C o r r e c t i o n F a c t o r s . I t \>ras n e c e s s a r y t o a d j u s t 

a l l computed v a l u e s f o r two f a c t o r s w h i c h a f f e c t e d t h e 

e x p e r i m e n t a l d a t a . The f i r s t was f o r t h e s o l i d a n g l e 

s u b t e n d e d by t h e p l a t e a t t h e c e n t r e o f t h e t a r g e t . 

U s i n g d i a g r a m Jh t h e s o l i d a n g l e c a n be c a l c u l a t e d . The 

h o r i z o n t a l p a t h l e n g t h f o r a p a r t i c l e i s t h e a r c o f the 

c i r c l e c u t - o f f by t h e c h o r d /O , 2 0 R . I n t h r e e d i m e n s i o n s 

t h e p a t h l e n g t h i s -

20R = yQ 0. 1 2 . 6 .1 
cos£' sin0 cos£* 

The a n g l e t h e beam makes w i t h t h e p e r p e n d i c u l a r t o t h e 

p l a t e i s J- and -

cos«i = cos O.cos£» 2 . 6 . 2 

a l s o /a = d/cos(/0 - 9 ) 

l e t iff = $ - Q 

The s o l i d a n g l e p e r u n i t a r e a i s dw, where 

dw = c o s a*- 2 . 6 . 3 
( p a t h l e n g t h ) 
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Thus from 2 . 6.1, 2 .6.2 and 2 .6.3 

2 2 3 dw = cos(jfl - , cos yp. s i n fl.cos 2 .6.4 
0*.d* 

so t h a t f o r a p a r t i c u l a r £ and p,/© and jfl a r e found f o r 

e a c h £. , and dw c a n be c a l c u l a t e d , u s i n g t h e r e l a t i o n -

s i n ( 2 0 - ( A - £ ) ) = 300Hd - s i n (A - £.) 2 . 6.5 
P 

and 2 . 6.4. T h i s s o l i d a n g l e v a r i e d o n l y s l i g h t l y o v e r 

t h e a r e a s c a n n e d ; t h e maximum v a r i a t i o n b e i n g 6% f o r 

p a r t i c l e s a l l t r a v e l l i n g i n t h e same p l a n e , and 20% f o r 

a l l p a r t i c l e s t r a v e l l i n g from t h e t a r g e t t o any one p l a t e . 

The s e c o n d f a c t o r was due t o t h e s e l e c t i v e d e t e c t i o n 

a t t h e edges o f t h e p l a t e s . P a r t i c l e s e m i t t e d a t t h e 

same s p a t i a l a n g l e c a n have d i f f e r e n t p r o j e c t e d h o r i z o n t a l 

a n g l e s o f e m i s s i o n , and hence one may be d e t e c t e d w h i l e 

a n o t h e r m i s s e s t h e edge of t h e p l a t e ( s e e F i g . 6 ) . A l s o 

i t i s t h e p r o j e c t i o n h o r i z o n t a l l y w h i c h d e t e r m i n e s t h e 

r a d i u s o f c u r v a t u r e o f t h e t r a c k . Hence a t t h e p l a t e 

end A f o r p a r t i c l e s e m i t t e d w i t h a v e r t i c a l component o f 

momentum more low e n e r g y p a r t i c l e s w i l l be l o s t t h a n h i g h 

e n e r g y ones. S i m i l a r l y a t t h e end B more h i g h e n e r g y 
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p a r t i c l e s w i l l be l o s t . As c o n s i d e r e d h e r e t h i s e f f e c t 

i s due t o t h e f i n i t e s i z e o f t h e d e t e c t i n g a r e a , t h e 

p l a t e s , and t he c u r v a t u r e v a r i a t i o n w i t h momentum, and i s 

i n d e p e n d e n t o f t h e t a r g e t s i z e . The e f f e c t o f t h e 

t a r g e t s i z e was c o n s i d e r e d s e p a r a t e l y . The method of 

a n a l y s i s d e s c r i b e d i n c h a p t e r l\ t o o k i n t o a c c o u n t t h e 

l o s s due t o t h e f i n i t e d e t e c t o r and shape . 

A c c u r a c y . The g r i d was c a l i b r a t e d to w i t h i n 1 

m i c r o n . The a c c u r a c y o f l o c a t i o n o f t h e f r a m e s ( s e e 2.2) 

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

was h o r i z o n t a l to w i t h i n lOp,, t h e a c t u a l s l o p e b e i n g known 

f o r e a c h f r ame. T h i s meant t h a t t h e i n d u c e d e r r o r i n p 

and £ was n e g l i g i b l e . 

The p l a t e s were v e r t i c a l t o w i t h i n 3u, and h a v e o n l y 

been s c a n n e d a c r o s s t h e c e n t r a l r e g i o n , t h u s no 

c o r r e c t i o n s have been i n t r o d u c e d t o compensate f o r t h i s 

v e r y s l i g h t i n c l i n a t i o n w i t h r e s p e c t t o t h e v e r t i c a l . 

E f f e c t of t h e t a r g e t . The c h a n c e o f an i n c i d e n t 

p i o n making two c o l l i s i o n s i n t h e t a r g e t i s l/^OO. 

S c a t t e r i n g i n t h e t a r g e t g i v e s r i s e t o a n e r r o r i n £ o f 

l e s s t h a n 5 ° > and o n l y below 160 MeV/c does i t have an 
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a p p r e c i a b l e e f f e c t on t h e momentum. F o r a p a r t i c l e o f 

120 MeV/c p a s s i n g t h r o u g h 1 cm o f t a r g e t , t h e e x p e c t e d 

d e c r e a s e i n momentum i s 10 MeV/c f o r carbon , and 19 MeV/c 

f o r s i l v e r . T h e r e f o r e a t a momentum a s low a s 

120 MeV/c t h e e r r o r i s 16%, and above 200 MeV/c i t i s 

n e g l i g i b l e . The t a r g e t s i z e i n t r o d u c e s e r r o r s i n /O and 

<£ w h i c h a r e c o n s i d e r e d f u r t h e r i n c h a p t e r 4. 

E f f e c t o f f i e l d . The h i g h m a g n e t i c f i e l d c a u s e s 

low momentum p a r t i c l e s t o s p i r a l , so t h a t t h e y n e v e r 

r e a c h t h e f r a m e s . W i t h 25 k g t h e l o w e s t momentum w h i c h 

c o u l d be d e t e c t e d i s about 50 MeV/c, w h i c h would g i v e a 

v e r y b l a c k t r a c k f o r a p i o n w i t h 9 e q u a l t o about 180°. 

I n a d d i t i o n t h e t a r g e t s i z e would e f f e c t i v e l y p r e v e n t t h e 

d e t e c t i o n of any p a r t i c l e s below 80 MeV/c f o r c a r b o n , and 

below 90 MeV/c f o r s i l v e r , due t o a b s o r p t i o n o f 

s e c o n d a r i e s w i t h i n t h e t a r g e t . 

The e f f e c t o f t h e s e e r r o r s i s summed i n T a b l e 13 

( s e e c h a p t e r 4) f o r p l a t e 5 f a s an example o f t h e 

v a r i a t i o n i n e x p e c t e d e r r o r i n any one p l a t e . 
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3. THE EXPERIMENTAL RUN. 

3.1. P r o d u c t i o n o f P i o n Beam. 

The beam u s e d was produced f r o m an i n t e r n a l t a r g e t 

i n t h e 600MeV C.E.R.N, s y n c h r o c y c l o t r o n . A s i m i l a r beam 

had a l r e a d y been p r o d u c e d once, so t h e e s s e n t i a l d e t a i l s 

o f t h e t r a n s p o r t s y s t e m were a l r e a d y known. The 

r e q u i r e m e n t was a n e g a t i v e p i o n beam o f about 300MeV w i t h 

a s h i g h a n i n t e n s i t y a s c o u l d be a c h i e v e d . I t was 

n e c e s s a r y b e f o r e t h e e x p o s u r e t o measure b o t h t h e e n e r g y 

and t h e c o n t a m i n a t i o n o f t h i s beam, and t o f o c u s i t onto 

t h e t a r g e t . The a c t u a l f l o o r s p a c e a v a i l a b l e f o r s e t t i n g 

up t h e t r a n s p o r t s y s t e m was l i m i t e d by t h e need t o a v o i d 

t h e muon c h a n n e l on one s i d e , and t h e n e u t r o n beam on t h e 

o t h e r ( s e e F i g . 1 2 ) . I n f a c t t h e geography o f t h e 

n e u t r o n room where t h e e x p o s u r e s were made, d e t e r m i n e d 

t h e l o c a t i o n o f t h e t a r g e t r e l a t i v e t o t h e c h a n n e l 

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

I t was hoped t o f i n a l l y p r o d u c e a beam w h i c h i n a 

r e a s o n a b l e e x p o s u r e t i m e would p r o v i d e one t r a c k p e r f i e l d 

o f v i e w when s c a n n i n g t h e p l a t e s . T h i s meant i n f a c t 
3 2 about 5 x 10 s e c o n d a r i e s p e r cm . F o r t h i s was r e q u i r e d 

a beam o f i n t e n s i t y <+ x 10^ p a r t i c l e s p e r se c o n d , w h i c h 
2 

c o u l d be f o c u s s e d s h a r p l y on t o an a r e a o f 2 x 5 cm . 
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The e x p o s u r e t i m e would t h e n be about e i g h t h o u r s , 

( s e e 2 . l ) . 

3.2 Beam T r a n s p o r t System. 

The beam t r a n s p o r t s y s t e m c o n s i s t e d o f t h e f r i n g i n g 

f i e l d o f t h e s y n c h r o c y c l o t r o n , and t h e n a p a i r o f 

q u a d r u p o l e magnets, p l a c e d a s n e a r t o t h e t a r g e t a s 

p o s s i b l e i n o r d e r t o o b t a i n a h i g h beam i n t e n s i t y . 

T h e s e magnets a r e marked Q l , Q2, i n F i g u r e 12. O u t s i d e 

t h e s h i e l d i n g w a l l was an a n a l y s i n g magnet, MC, and a 

f u r t h e r two q u a d r u p o l e s , Q3, 04, w h i c h i n d e p e n d e n t l y 

f o c u s t h e beam h o r i z o n t a l l y and v e r t i c a l l y . The f i n a l 

component o f t h e s y s t e m was t h e magnet i n t o w h i c h t h e 

s p e c t r o g r a p h was t o be i n s e r t e d , h e r e a f t e r r e f e r r e d t o a s 

t h e 'bending m a g n e t 1 . 

The magnet u s e d f o r t h e b e n d i n g magnet was a 

C.E.R.N, one me t r e b e n d i n g magnet w i t h t a p e r e d p o l e s , 

w h i c h would p r o d u c e a maximum f i e l d o f 17*5 k i l o g a u s s 

( s e e CPS U s e r ' s Handbook 02, page 2 ) . W i t h t h e cones i n 

p o s i t i o n n e a r t h e f r o n t ( w i t h r e f e r e n c e t o t h e beam 

s o u r c e ) o f t h e magnet, t h e m a g n e t i c f i e l d s t r e n g t h was 

measured u s i n g b o t h a f l u x m e t e r and a g a u s s m e t e r . The 
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two i n s t r u m e n t s gave e q u a l r e a d i n g s w i t h i n t h e 

e x p e r i m e n t a l e r r o r s f o r the f i e l d s t r e n g t h , w h i c h was 

25.5 k i l o g a u s s b e t w e e n t h e cones d u r i n g t h e e x p o s u r e . 

I n o r d e r to_ be a b l e t o d e f i n e t h e t r a j e c t o r y o f the beam 

between t h e p o i n t o f e n t r y i n t o t h e m a g n e t i c f i e l d and 

t h e t a r g e t , i t was n e c e s s a r y to p l o t t h e f i e l d s t r e n g t h 

o v e r t h e a r e a o f t h e b e n d i n g magnet. A t y p i c a l p l o t o f 

t h e f i e l d v a r i a t i o n i s shown i n F i g u r e 13. 

I n o r d e r t o d e f i n e t h e t r a j e c t o r y i n t h e e x p o s u r e 

a r e a , u s e was made of t h e f l o a t i n g w i r e t e c h n i q u e ( s e e 

B r a u n e r s r e u t h e r , 196l) . A w i r e c a r r y i n g a n e l e c t r i c 

c u r r e n t , had one end f i x e d on t h e a x i s o f t h e beam between 

t h e a n a l y s i n g magnet and t h e s e c o n d p a i r o f q u a d r u p o l e s . 

T h i s w i r e p a s s e d t h r o u g h t h e q u a d r u p o l e s and t h r o u g h t h e 

b e n d i n g magnet between t h e c o n e s , and was h e l d t a u t on 

t h e f a r s i d e . The c o r r e c t d e f l e c t i o n f o r a g i v e n beam 

momentum s h o u l d be o b t a i n e d by p a s s i n g t h e a p p r o p r i a t e 

c u r r e n t t h r o u g h t h e w i r e . The w i r e i t s e l f , must n o t 

p a s s t h r o u g h two f o c a l p o i n t s , s i n c e a l l t r a j e c t o r i e s w i l l 

go t h r o u g h t h e s e two p o i n t s and t h e w i r e t h e r e f o r e becomes 

u n s t a b l e . The f i e l d s t r e n g t h changed so r a p i d l y o v e r 

t h e cones t h a t t h e w i r e m e r e l y a v e r a g e d t h e e f f e c t , and 
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only a rough estimate of the d e f l e c t i o n and hence the 

t r a j e c t o r y could be estimated. However, the w i r e i n d i c a t e d 

t h a t the u n s c a t t e r e d beam would pass out through the s i d e 

of the magnet, no matter which p o s i t i o n the cones were 

pl a c e d i n r e l a t i v e to the geometry of the bending magnet. 

The P r o f i l e . The p r o f i l e of the beam was examined 

wi t h the a i d of a beam scanner c o n s i s t i n g of s c i n t i l l a t i o n 

c ounters. The i n t e n s i t y of the beam was f i r s t optimised 

by v a r y i n g the c u r r e n t s i n the quadrupoles and the 

a n a l y s i n g magnet. Three counters were used. Counter 2, 

the monitor, was between the channel through the s h i e l d i n g 

w a l l and the quadrupoles Q3, Q4. Counters 3 and k were 

pl a c e d on a scanning t a b l e , beyond these quadrupoles, one 

d i r e c t l y behind the other. The t a b l e provides the means 

f o r these two counters to be moved by remote c o n t r o l 

v e r t i c a l l y and h o r i z o n t a l l y , a c c u r a t e l y and together, 

through the beam. 

For o p t i m i s a t i o n the c u r r e n t s i n each component 

were v a r i e d i n d i v i d u a l l y keeping e v e r y t h i n g e l s e constant. 

When a l t e r i n g the c u r r e n t s i n a p a i r of quadrupoles, one 

c u r r e n t was i n c r e a s e d , as the other was decreased, and 

then the p o l a r i t y of each was r e v e r s e d . As each 
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quadrupole tends to focus the beam i n one plane and 

defocus i t i n the p e r p e n d i c u l a r plane, t h i s s e l e c t e d the 

best combination f o r f o c u s s i n g the beam a t one unique 

po i n t i n both p l a n e s . The beam p r o f i l e was almost 

gua s s i a n , both h o r i z o n t a l l y and v e r t i c a l l y . The peak 

of the i n t e n s i t y curve a t the f o c a l point, about one metre 

from Q4i was made as sharp as p o s s i b l e by a l t e r i n g the 

magnet c u r r e n t s , but th e r e was s t i l l a long, low i n t e n s i t y 

t a i l . 

A c o l l i m a t o r was e r e c t e d beyond the second p a i r of 

quadrupoles Q3, Q4. T h i s reduced the peak of the 

i n t e n s i t y d i s t r i b u t i o n r a t h e r than the t a i l . The 

i n t e n s i t y was measured a t the image and a t v a r i o u s 

d i s t a n c e s from i t . F i n a l l y a long c o l l i m a t o r was b u i l t 
2 

w i t h an e x i t p u p i l 1 x 4cm , which gave a h a l f width f o r 

the d i s t r i b u t i o n of 1cm. T h i s s t i l l l e f t the beam too 

d i f f u s e to reach the t a r g e t without the t a i l p a s s i n g 

through the s i d e of the f r o n t frames. Two of the frames, 

those i n p o s i t i o n s 3 and 6, were removed i n order to widen 

the entrance and e x i t , and the cones were r o t a t e d s l i g h t l y . 

The f i n a l p r o f i l e i s shown i n F i g u r e l i i . 
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I n order to f i n d the c o r r e c t p o s i t i o n f o r the t a r g e t 

i n s i d e the bending magnet, use was made of a s c i n t i l l a t i o n 

counter w i t h a long l i g h t guide. The counter could be 

p l a c e d between the cones, and the system a d j u s t e d so t h a t 

the t a r g e t was i n the optimum p o s i t i o n . 

The beam i n t e n s i t y was a l s o monitored u s i n g a 

s c i n t i l l a t i o n i n t e n s i f y i n g p o l a r o i d camera made by one 

of the C.E.R.N, s t a f f . (M. Roberts, p r i v a t e communication) 

T h i s produced photographs of the beam i n t e n s i t y 

d i s t r i b u t i o n , but the pion f l u x was so low t h a t a long 

exposure was needed. 

With the s c i n t i l l a t i o n counter i n the t a r g e t p o s i t i o n , 

the cones were moved a c r o s s the magnet f a c e u n t i l the 

counter was i n the beam. The f i n a l adjustment was then 

made by v a r y i n g the magnet c u r r e n t u n t i l the beam c e n t r e 

impinged p e r p e n d i c u l a r l y on the counter. Once the cones 

were i n t h e i r f i n a l p o s i t i o n , t h i s p o s i t i o n was marked on 

the lower magnet f a c e and the cones were not moved 

throughout the exposures. The spectrograph was i n s e r t e d 

and removed without u p s e t t i n g t h i s arrangement. The 

magnetic f i e l d used f o r the exposures was 25.5 k i l o g a u s s . 
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3.3. Contamination and R a d i o a c t i v e Background. 

Contamination. An attempt was made to measure the 

contamination of the beam u s i n g a time of f l i g h t technique. 

(Dick, p r i v a t e communication). Two s c i n t i l l a t o r s a r e 

used, both p l a c e d i n the beam, but a d i s t a n c e , L, a p a r t . 

The f i n a l output of the equipment has a s e r i e s of peaks, 

one f o r each type of p a r t i c l e p r e s e n t i n the beam. The 

s e p a r a t i o n between two of these f i n a l peaks i s given by:-

A T = L ( l / p x - l / ^ 2 ) / c 

where 4 T i s the time i n t e r v a l between the peaks, and 

and 0 2 are the momentum-energy r a t i o s f o r the two d i f f e r e n t 

p a r t i c l e s . 

The d i s t a n c e L was 10.53 metres. The r e s o l u t i o n 

of the peaks was not a c c u r a t e enough w i t h the counter 

s e p a r a t i o n a v a i l a b l e , so t h a t a l l t h a t could be concluded 

was, t h a t t h e r e was a low muon but p o s s i b l y high e l e c t r o n 

contamination. A t y p i c a l curve obtained by t h i s method 

i s shown i n F i g u r e 15. By observ i n g the s h i f t of the 

peak when a known d e l a y was a p p l i e d between the counters, 

the d i s t a n c e between the channels could be c a l i b r a t e d i n 

terms of the time i n t e r v a l A T. 
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The muon contajnination was examined by exposing 

some p l a t e s f o r ten seconds d i r e c t l y to the i n c i d e n t beam. 

The p l a t e s were then r o t a t e d through 90° and exposed f o r 

one minute to the beam, a f t e r the beam had passed through 

15 cm of copper. The c o l l i m a t o r used during the 

exposures was i n p o s i t i o n and the s t a c k was exposed beyond 

i t . The range of the p a r t i c l e s i n these p l a t e s was 

examined and the ap p r o p r i a t e p a r t i c l e masses determined. 

T h i s method showed the muon contamination to be 10%. 

Background. I n order to reduce the background a 

le a d w a l l was e r e c t e d i n f r o n t of the cones, w i t h a 

s u i t a b l e beam a p e r t u r e . T h i s would s h i e l d the p l a t e s 

from background o r i g i n a t i n g o u t s i d e the magnet, but could 

not reduce any background a r i s i n g a f t e r the beam had 

entered the spectrograph. S i n c e as a l r e a d y mentioned i n 

3.2, the beam passed out through the s i d e of the magnet 

some background was i n e v i t a b l e . The dummy run would 

provide the n e c e s s a r y data f o r the s u b t r a c t i o n of the 

background from the s i g n a l . 

F i n a l l y the best p o s s i b l e arrangement i n the time 

a v a i l a b l e was achieved. 
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3.k. Exposures Made. 

Three f o u r hour exposures were completed w i t h the 

spectrograph and w i t h p l a t e s i n p o s i t i o n s 1, 2, 4 and 5; 

(see F i g . 4) f o r one a s i l v e r t a r g e t was used, f o r one a 

carbon t a r g e t , and one was without a t a r g e t . For each 

exposure four f r e s h p l a t e s were used. 

Because of the high background and the broad p r o f i l e 

of the beam, i t was decided to make an a l t e r n a t i v e 

exposure with no magnetic f i e l d . The s i m p l e s t 

arrangement was used, employing l a r g e s o l i d a n gles, and 

i s shown i n F i g u r e 16. R e j e c t i n g the use of a magnetic 

f i e l d meant t h a t m u l t i p l e s c a t t e r i n g measurements would 

have to be made i n order to ob t a i n the secondary pion 

e n e r g i e s , and t h e r e f o r e the lay o u t was designed w i t h t h i s 

i n mind. S i n c e the technique used i s not uncommon i n 

n u c l e a r p h y s i c s and cosmic r a y work, t h i s w i l l be r e f e r r e d 

to as the 'conventional' exposure. 

The use of i r o n s h i e l d i n g s u c c e s s f u l l y l i m i t e d the 

extent of the beam i n the v e r t i c a l plane, so t h a t i t was 

i n c i d e n t on a 10cm long carbon t a r g e t , but not on the 

s t a c k of n u c l e a r emulsion p e l l i c l e s . I n the h o r i z o n t a l 
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plane the beam p r o f i l e was s a t i s f a c t o r y . The s t a c k 

c o n s i s t e d of 25, liOOy. t h i c k p e l l i c l e s , l y i n g between two 

t h i c k p i e c e s of perspex, and the whole covered w i t h b l a c k 

paper to s h i e l d the emulsion from the l i g h t . T h i s s t a c k 

was supported a t a d i s t a n c e of 1cm from the carbon, so 

th a t low energy p a r t i c l e s would not r e a c h i t . The 

exposure l a s t e d t h ree hours. Secondaries emitted between 

6° and 174° could be recorded i n the s t a c k , but the 

angular i n t e r v a l between 35° and 1^5° i s the most 

completely covered. 

The disadvantages i n c u r r e d by t h i s design were 

those which had l e d i n the f i r s t p l a c e to the de s i g n of 

the spectrograph. A l i g n i n g the p l a t e f o r each angle of 

emission, f i n d i n g and measuring the t r a c k s was a slow and 

tedious p r o c e s s . Also, though f o r most t r a c k s the pion 

mass could be f a i r l y c o n f i d e n t l y assumed there was no 

way of determining the charge of the p a r t i c l e . 

Momentum Determination. The exposure a l r e a d y 

mentioned i n 3.3. would enable the momentum of the beam 

to be determined w i t h i n the a c c u r a c y needed. The 

p a r t i c l e s which had passed through 15cm of copper would 
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have l o s t on average a l l but a few MeV of t h e i r i n i t i a l 

energy. T h e r e f o r e the p a r t i c l e s w i l l come to r e s t i n 

the emulsion and from the l e n g t h of the t r a c k i n the 

emulsion the i n i t i a l energy of the . p a r t i c l e can be 

estimated. The t r a c k s running p e r p e n d i c u l a r to these 

stopping p a r t i c l e s were of u n s c a t t e r e d p a r t i c l e s from the 

main beam, and on these t r a c k s p(3 measurements could be 

made. Thus two methods were a v a i l a b l e f o r determining 

the momentum of the beam, and the v a l u e s obtained could 

be compared. 

3.5. P r o c e s s i n g . 

Development of a l l the emulsions was by a 

temperature c y c l e method. The p l a t e s were presoaked and 

c o l d developed a t 6°C, and then p l a c e d i n a dry hot stage 

at 23°C. The d u r a t i o n of each stage depended on the 

emulsion t h i c k n e s s . T h i s system produced even 

development throughout the emulsion w i t h a c l e a r image. 

Before development the emulsions from both the 

conventional exposure and the momentum-contamination 

exposure were gridded on one s u r f a c e , and numbered and 
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l a b e l l e d on the other s u r f a c e u s i n g a s o f t p e n c i l . The 

p e n c i l mark would show a f t e r p r o c e s s i n g s i n c e a l l p r e s s u r e 

marks cause l o c a l development. The emulsion gridded s i d e 

down and then a f f i x e d to a g l a s s p l a t e which had been 

s p e c i a l l y coated by Messrs I l f o r d L t d . 

The spectrograph p l a t e s were removed from the 

frames before p r o c e s s i n g . S i n c e these p l a t e s were so 

s m a l l a s p e c i a l developing tank was c o n s t r u c t e d . The 
2 

p l a t e s , approximately 5.4 x 5cm , were h e l d i n a perspex 

r a c k . As t h e r e was emulsion on both s i d e s of the g l a s s , 

the r a c k was n e c e s s a r y to prevent the sodden emulsion 

being damaged by handling d u r i n g the p r o c e s s i n g . T h i s 

r a c k f i t t e d comfortably i n t o the developing tank which 

could then be supported i n a tank of water a t a s u i t a b l e 

temperature. Before removing from the frame, each p l a t e 

was marked on the s u r f a c e n e a r e s t the t a r g e t so t h a t both 

i t s p o s i t i o n on the c i r c l e , and the type of t a r g e t , i f 

any, were recorded. The spectrograph p l a t e s were 

processed immediately a f t e r exposure. 
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4. SCANNING AND MEASURING THE PLATES AND REDUCTION OF DATA 

I n chapter 3 three k i n d s of exposure have been 

d e s c r i b e d . F i r s t l y exposures to determine the mean 

momentum of the beam were made. Secondly t h e r e were •'h 

exposures u s i n g the emulsion spectrograph, and t h i r d l y 

exposures to determine the s c a t t e r i n g i n carbon u s i n g 

emulsion i n a conventional way. I n t h i s chapter the 

e v a l u a t i o n of the momentum of the beam based on s c a t t e r i n g 

measurements and r a n g e - s c a t t e r i n g measurements i s 
is 

d e s c r i b e d . T h i s ^ f o l l o w e d by an account of the scanning 

and a n a l y s i s of the p l a t e s and the r e s u l t s of the 

sp e c t r o g r a p h i c exposures. The r e s u K s from these 

exposures are compared w i t h those from the co n v e n t i o n a l 

emulsion s t a c k exposure. 

4.1. Determination of the Energy of the Beam. 

The experimental arrangement and exposures f o r 

determining the i n c i d e n t beam energy have a l r e a d y been 

d e s c r i b e d i n 3.3• I t was arranged t h a t the k i n e t i c 

energy would be i n the r e g i o n of 300 MeV (see 1.7)» and 

the apparatus was designed with t h i s energy i n mind. 

I n order to be able to estimate the energy l o s s of the 
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s c a t t e r e d pions, i t was n e c e s s a r y to know as a c c u r a t e l y 

as p o s s i b l e the average energy of the i n c i d e n t p a r t i c l e s , 

and t h e i r energy d i s t r i b u t i o n . Without these v a l u e s 

the determination of the number of low energy t r a n s f e r s 

which take p l a c e would not be p o s s i b l e . Two methods 

were used to measure the beam energy. 

a) Absorption of the beam. The s t a c k which had 

been exposed behind the copper absorber was scanned as 

f o l l o w s . T r a c k s , which from t h e i r i n c l i n a t i o n and 

p o s i t i o n must have passed through the copper were p i c k e d 

up 1 centimetre from the edge of the p l a t e . Bach t r a c k 

was a l i g n e d p a r a l l e l to the motion of the microscope 

stage, and i t s l e n g t h and angle of i n c l i n a t i o n recorded. 

Using a c e l l l e n g t h of 200]i, the s c a t t e r i n g of the t r a c k 

was measured, moving away from the p l a t e edge, and hence 

p0 f o r each t r a c k was determined. About 50 readings 

were made f o r each t r a c k . 

Nineteen t r a c k s were measured thus, and three of 

these were r e j e c t e d a f t e r measurement s i n c e t h e i r p[3 were 

too high f o r them to belong to a 300 MeV it" beam, but 

were c o n s i s t e n t w i t h them being muons. For the remaining 

s i x t e e n t r a c k s , the average p(3 was (122 - 3) MeV/c w i t h 
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a standard d e v i a t i o n of 15 MeV, corresponding to a 

k i n e t i c energy of 62 MeV a f t e r 15 cm of copper. The 

range-energy determinations of Barkas (1958) were used i n 

con j u n c t i o n with the data of Sternheimer (1959) to 

eva l u a t e the i n i t i a l energy i n c i d e n t on the copper. From 

the measurement of pp the energy and t h e r e f o r e the 

r e s i d u a l range of the p a r t i c l e l e a v i n g the copper can be 

deduced. T h i s r e s i d u a l range added to the e q u i v a l e n t 

path i n emulsion f o r 15 cm of copper gives the t o t a l range 

and hence the energy. 

The i n c i d e n t k i n e t i c energy was c a l c u l a t e d by the 

above method to be (285 - 2) MeV. 

b) Measurements on the i n c i d e n t beam. S c a t t e r i n g 

measurements f o r determining pp were made as f o l l o w s . 

Beam t r a c k s were pick e d up 1 cm from the p l a t e edge, 

a l i g n e d p a r a l l e l to the t r a v e r s e of the stage, and the 

s c a t t e r i n g recorded on c e l l l engths of 200 or 300y,. 

Over 40 readings were made on each t r a c k , so t h a t pp was 

determined to 10% accuracy. 

31 t r a c k s had an average pp of (376 - 12) MeV/c, 

which i s e q u i v a l e n t to a k i n e t i c energy of (285 - 15) MeV, 
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c) F i n a l e stimate of energy. Good agreement f o r 

the energy of the i n c i d e n t meson beam was obtained u s i n g 

the two methods d e s c r i b e d above. The v a l u e used i n a l l 

subsequent c a l c u l a t i o n s f o r the i n c i d e n t k i n e t i c energy 

was (285 - 15) MeV, e q u i v a l e n t to a t o t a l energy of 421 

MeV and a momentum of 400 MeV/c. 

4 . 2 . Scanning of the P l a t e s from the Spectrograph Exposure. 

a) D e t a i l s of the method. The p l a t e s were 

examined on Cooke microscopes under a m a g n i f i c a t i o n of 

45 x 1.5 x 15. 

The upper emulsion s u r f a c e , t h a t which had been 

neare r the t a r g e t during the exposure, was a r e a scanned. 

S u i t a b l e t r a c k s were picked up and followed to the 

emulsion-glass i n t e r f a c e , and were p a i r e d i n the other 

emulsion, matching s i m i l a r lengths and the same apparent 

d i r e c t i o n s a t the e m u l s i o n - a i r i n t e r f a c e ; the d i r e c t i o n 

a t t h i s s u r f a c e i s not a f f e c t e d by d i s t o r t i o n because the 

emulsion can move f r e e l y here ( F i g . 17a) . The co-ordinates 

(X, Y) of the t r a c k a t the two emulsion-glass i n t e r f a c e s 

were recorded, and a t the beginning of each days scanning 
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the co-ordinates of the c e n t r a l c r o s s i n g - p o i n t of the 

g r i d - l i n e s on the g l a s s were a l s o recorded a l l to an 

a c c u r a c y of -2-\L. 

Equal ar e a s e i t h e r s i d e of the c e n t r a l g r i d l i n e 

were scanned, each scan s t a r t i n g and f i n i s h i n g a t l e a s t 

2 cm from the edge of the emulsion thus e l i m i n a t i n g edge 

d i s t o r t i o n . The scanning was s t a r t e d above the h o r i z o n t a l 

c r o s s g r i d l i n e , and that s e c t i o n of the p l a t e which had 

been the upper a r e a v e r t i c a l l y d u r i n g the exposure was 

s canned. 

To e l i m i n a t e obvious low energy and background 

p a r t i c l e s , t r a c k s whose l e n g t h was g r e a t e r than 250y. i n 

the upper emulsion were r e j e c t e d . Even i f a p a r t i c l e 

were emitted from the extremes of the t a r g e t , i t s t r a c k 

l e n g t h should be l e s s than 250y, i n the upper emulsion, 

and most low energy second a r i e s w i l l have been absorbed 

by the t a r g e t ( i . e . those w i t h momentum < 80 MeV/c, see 

2 . 5 ) . Thus any long t r a c k s should be background or 

secondary s c a t t e r s . 

b) C o l l e c t i o n of data. 

H o r i z o n t a l component. From the co-ordinates of 
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the t r a c k a t the emulsion-glass i n t e r f a c e s , the h o r i z o n t a l 

component of the t r a c k length, A x, i n the g l a s s was 

obtained by s u b t r a c t i o n (see 17b). Now 

tanO = £ x / t . 4 .2 .1 

where t i s the g l a s s t h i c k n e s s (see 2 . 2 ) . At low 9 

th e r e f o r e there i s an almost l i n e a r r e l a t i o n s h i p between 

0 and Ax. From t h i s stage, i n a l l subsequent work, 

only t r a c k s f o r which a pa r t n e r had been found i n the 

lower emulsion are considered. On a pi e c e of graph 

paper, with X i n the upper emulsion and A x as 

co-ord i n a t e s , the p o s i t i o n s of a l l such t r a c k s were 

recorded. A x runs from -250y. to + 250y.f the corresponding 

v a l u e of 0 depending on t . X depends on the a r e a 

scanned but was i n the range 0 to 25 mm i n a l l c a s e s . 

On the X s c a l e was recorded the average p o s i t i o n of the 

f i x e d point, the c e n t r a l c r o s s i n g point (C i n F i g . 5b) 

of the g r i d l i n e s . 

V e r t i c a l components. The v e r t i c a l d i s t r i b u t i o n of 

the t r a c k s was examined, where 
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I n f i g u r e 18 the v e r t i c a l d i s t r i b u t i o n of emission p o i n t s 

i n the t a r g e t as recorded i n C5 i s compared w i t h the 

v e r t i c a l beam p r o f i l e ( F i g u r e ) . Allowing f o r the 

d i s t o r t i o n of the d i s t r i b u t i o n due to emission angle, and 

emission p o i n t s o f f centre i n the t a r g e t , i t can be seen 

t h a t p a r t i c l e s d e tected i n the c e n t r a l r e g i o n of the p l a t e 

were de t e c t e d predominately i n the same h o r i z o n t a l plane. 

The maximum v e r t i c a l angle of emission to re a c h the 

cen t r e of the p l a t e i s 27°. For t h i s angle the 

h o r i z o n t a l component of the momentum w i l l be a t i t s 

minimum val u e of 90% of the t o t a l momentum. T h i s w i l l 

tend to s h i f t the h i g h e s t momenta down by /(.0 MeV/c, but 

at 200 MeV/c the e r r o r i s only 20 MeV/c. From f i g u r e 18 

i t can be seen t h a t Q2% of the p a r t i c l e s have a h o r i z o n t a l 

component of more than 99% of t h e i r t o t a l momentum. 

Therefore, as assumed i n chapter 2, the cu r v a t u r e of the 

t r a c k w i l l give an a c c u r a t e estimate of the momentum. 

k.3. Method of A n a l y s i s 

a) Reason f o r t h i s method. Already i n chapter 2 

(see 2 S 2 S and f i g u r e 6) the e f f e c t of the t a r g e t has been 
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mentioned. I f a l l the p a r t i c l e s come from a point 

t a r g e t , the charge on the p a r t i c l e would be e a s i l y 

determined from the curva t u r e of the t r a c k , but the extent 

of the t a r g e t i n the h o r i z o n t a l plane a l t e r s both the 

apparent charge (see F i g . 19a) and the apparent momentum 

(see F i g s . 6a and 19) . Consider the t r a c k s i n f i g u r e 19b, 

OF i s a s t r a i g h t l i n e from 0 to the p l a t e , and i n f a c t 

r e p r e s e n t s i n f i n i t e momentum of e i t h e r charge a t a given 

emission angle, P i s the t r a c k of a negat i v e p a r t i c l e 

emitted from 0 w i t h 400 MeV/c. Many p a r t i c l e s from the 

t a r g e t of high momentum which s t r i k e the p l a t e between P 

and F w i l l l e a v e a t r a c k of l i t t l e or no apparent 

c u r v a t u r e with r e s p e c t to 0. The p a r t i c l e t h e r e f o r e 

w i l l appear n e g a t i v e and of even higher energy, the ne a r e r 

to F the higher the energy. T h i s i s so only f o r t r a c k s 

which appear to have v e r y l i t t l e c u r v a t u r e w i t h r e s p e c t 

to 0. Track A, the same curvature as P and t h e r e f o r e 

a c t u a l l y w ith the same momentum, when t r a c e d back to 0, 

appears as a v e r y high energy p o s i t i v e p a r t i c l e . 

S i m i l a r l y t r a c k B, a l s o the same c u r v a t u r e as P, appears 

as a negative p a r t i c l e of much lower energy, i f 0 i s the 
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a) It 0 I s taken as the poinfc of origin then S and U which 
are negative and of the same momentum9 appear to hav© 
diff e r e n t track curvatures,, and S i n fact appears to 
carry a positive charge* 

P 
B 

/ 

Alteration of track charge and momentumG 

P i s a negative p a r t i c l e emitted from 0 with abont 
400 BSeV/Ce 

Figuro 19o 
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assumed emission p o i n t . Thus t r a c k s of 400 MeV/c ne g a t i v e 

pions emitted uniformly from a l l points i n a h o r i z o n t a l 

c r o s s - s e c t i o n of the t a r g e t w i l l appear with r e s p e c t to 

0 as ver y low energy n e g a t i v e pions through the whole 

range to i n f i n i t e l y high energy pions of e i t h e r charge 

and as high energy p o s i t i v e pions. 

S i m i l a r l y t r a c k s D and E are of low energy n e g a t i v e 

p a r t i c l e s . I f t r a c e d back to 0, D appears to be of much 

high energy, and can even appear as of p o s i t i v e charge, 

w h i l e E appears to be of much lower energy. 

When a simple computer program was run u s i n g 0 as 

the s o l e point of emission, as many p o s i t i v e as ne g a t i v e 

p a r t i c l e s were obtained w i t h apparent momenta running a l l 

the way up to i n f i n i t e . T h e r efore a new method of 

a n a l y s i s was used. 

b) The a n a l y s i s . F o r a p a r t i c u l a r p l a t e of t h i c k n e s s 

t, the v a l u e s of sinO and Ax were p l o t t e d ( s e e equ. 

4 . 2 . 1 ) . For t h i s same p l a t e the v a l u e s of d (see 2 .2) 

and A (equ. 2 .2 .3 ) a r e c a l c u l a t e d from the o r i g i n a l 

c a l i b r a t i o n s f o r each of the po i n t s B Q, 0, and F Q (see 

F i g . 20a). S e l e c t i n g a p a r t i c u l a r point of emission, 

v a l u e s of x ( F i g . 5a) ( e q u i v a l e n t to d i f f e r e n t angles of 
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emission) from 0 to 2 cm are chosen, and v a l u e s of (9 - 0) 

(equ. 2 .2 .1 ) can then be obtained, a l s o v a l u e s foTyO f o r 

each x (equ. 2 . 2 . 2 ) . The steps are as f o l l o w s . Once 

x i s chosen, then from equation 2.2.2,^4 i s un i q u e l y 

determined. A val u e of p i s now s e l e c t e d . From 

equation 2.1.4* i t can be seen that these v a l u e s of 

and p f i x 0. 0 i s then s u b s t i t u t e d i n 9 - fb i n equation 

2.2.1 and 9 i s obtained. Using t h i s v a l u e of 9, Ax. 

can now be c a l c u l a t e d (see 4 . 2 . 1 ) . For each p t h e r e f o r e 

we have x and A x. F i v e v a l u e s of p, 100, 200, 300, 400 

and 500 MeV/c, were used. So i t i s now p o s s i b l e f o r 

each emission point, f o r example F , to choose a 

p a r t i c u l a r momentum, and from the above c a l c u l a t i o n 

determine the v a l u e s of A x and x which w i l l be observed 

f o r a p a r t i c l e emitted from F q w i t h t h i s momentum. 

On the X- A x p l o t (see 4.2b) curves a r e drawn f o r 

each momentum, showing where the t r a c k s w i l l occur f o r 

t a r g e t p o s i t i o n s corresponding to B Q, 0 and F Q . F o r 

any one t a r g e t p o s i t i o n , the momentum curves t u r n out to 

be almost p a r a l l e l and s e n s i b l y s t r a i g h t l i n e s . The 

diagram i s then d i v i d e d i n t o e q u a l l y spaced channels, 
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which a r e a r b i t r a r i l y numbered. The channels run 

p a r a l l e l to the l i n e s of constant momentum. F i g u r e 21 

shows a t y p i c a l p l o t without the p o i n t s f o r the observed 

t r a c k s . A l l p l a t e s which occupied the same p o s i t i o n i n 

the spectrograph, have the channels marked o f f i n the same 

x- A x p o s i t i o n s . The r e l a t i v e v a l u e s of x and X depend 

on the co-ordinates of C, and i t s d i s t a n c e from d (see 

2 . 3 ) . I t can be seen i n f i g u r e 21, t h a t p a r t i c l e s of 

d i f f e r e n t momentum can re a c h the same p a r t s of a p l a t e 

w ith i d e n t i c a l i n c l i n a t i o n s provided they o r i g i n a t e i n 

d i f f e r e n t regions of the t a r g e t . Moreover, any high 

momentum p o s i t i v e p a r t i c l e s w i l l f a l l i n t o the channels 

expected f o r the high momentum n e g a t i v e p a r t i c l e s . 

I f the i n i t i a l momentum spectrum of the s c a t t e r e d 

p a r t i c l e s i s lcnown; from the d i s t r i b u t i o n of s c a t t e r i n g 

p o i n t s i n the t a r g e t the number of p a r t i c l e s f a l l i n g i n t o 

each of these channels could i n theory be c a l c u l a t e d . 

I n f a c t the number of t a r g e t s c a t t e r i n g p o i n t s i s uniform 

i n depth ( F q - * 0 - * B o ) and p r o p o r t i o n a l to the beam 

i n t e n s i t y (S -*0-*N, F i g . 19a) . The number of t r a c k s 

f a l l i n g i n t o some a r b i t r a r v channel A i s N.. where 
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A«*d_£. . & £ . ( n ( p o ) A p o + n ( p p )A P p + n ( p B ) A p f i 

6.JBL o o o o 

+ a l l intermediate p o s i t i o n s ) 

f o r B -> 0->F . o o 

where n(p^) i s the number emitted i n momentum i n t e r v a l p 

a t p o s i t i o n 1. 

Now A £ , the angular width subtended by channel A 

at the t a r g e t , i s p r o p o r t i o n a l to the le n g t h of the 

s t r a i g h t l i n e on the graph (see F i g . 21), and i s constant 

over a l a r g e a r e a of the p l o t and d £ , the d i f f e r e n t i a l 
d-rt 

c r o s s - s e c t i o n i s approximately constant. T h e r e f o r e the 

' d e n s i t y 1 of t r a c k s i s 

N A * N A ^ n ( P i ) A P i Z...3.1, 
Length of A £ i = F o 

i . e . the t r a c k d e n s i t y a u t o m a t i c a l l y e l i m i n a t e s the 

angular dependence and depends only on the momentum 

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

The problem i s to f i n d n(p) from the t r a c k d e n s i t y , 

f o r t h i s a f i x e d A p of 50 MeV/c i s assumed. A mat r i x 



1 3 9 

i s formed which g i v e s the proportion of t h i s A-p a t a 

p a r t i c u l a r v a l u e of p which f a l l s i n t o channel A, channel 

B, e t c . f o r p a r t i c l e s s c a t t e r e d a t a p a r t i c u l a r l e v e l i n 

the t a r g e t . 

The t a r g e t i s d i v i d e d i n t o 10 0.1 cm s t r i p s p a r a l l e l 

to the beam, as shown i n f i g u r e 20b. For a t a r g e t 

p o s i t i o n i n the ce n t r e of each s t r i p , X and A x f o r each 

p a r e determined. I n p r a c t i c e i t i s p o s s i b l e to 

i n t e r p o l a t e between p o s i t i o n s , and c a l c u l a t i o n s need not 

be made f o r every s t r i p . 

The channels i n t o which the v a r i o u s momenta from 

each t a r g e t p o s i t i o n f a l l , a re p l o t t e d as shown i n f i g u r e 

22. The matrix i s assembled from t h i s graph by 

t a b u l a t i n g as f o l l o w s : -

Channel A co n t a i n s - 110 - 1Z*0 MeV/c from B Q ' 60% of Ap = 50 

Channel B co n t a i n s - 140 - 160 MeV/c from B Q k0% of Ap = 50 

and 100 - 120 MeV/c from C k0% of A p = 50 

e t c . 

The matrix i s then modified to allow f o r emission p o i n t s 

a c r o s s the width of each s t r i p (S -*0->N). The beam 

i n t e n s i t y however f a l l s o f f r a p i d l y , dropping to h a l f -



140 

B P 500 

LOO 

300 

1 
A B C E P 6 channel uumbers 

The channels into which the various momenta from 
each target position f a l l 0 

Figure 22 



141 

h e i g h t a t 0.1 cm from the c e n t r a l peak and having a t o t a l 
w i d t h of less than Q.k cm a l t o g e t h e r (see f i g u r e Ik) • 
Therefore the m o d i f i c a t i o n f o r beam w i d t h i s q u i t e s m a l l . 
Then the m a t r i x i s normalised t o 100% f o r each momentum 
i n t e r v a l . This gives the m a t r i x N(s, p) where s i s the 
channel number and p the momentum. 

A computer program was w r i t t e n , which, given an 
i n i t i a l momentum spectrum l ( p ) of p a r t i c l e s e mitted from 
the t a r g e t , would c a l c u l a t e the expected d i s t r i b u t i o n of 
tr a c k s per channel. For each p a r t i c u l a r p l a t e the 
m a t r i x N(S, p) was c a l c u l a t e d as given above f o r channel 
number s and f o r momentum p from 100 t o 500 MeV/c. An 
assumed emission spectrum l ( p ) f o r the t a r g e t was then 
chosen, and the m a t r i x M(s) formed, where 

M(s) = N(s, p) x I ( p ) . 

M(s) i s the expected t r a c k d e n s i t y i n channels and can 
be compared a f t e r c o r r e c t i o n f o r spurious c o n t r i b u t i o n 
from the dummy run. 

As has alread y been mentioned, h i g h energy p o s i t i v e 
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p a r t i c l e s w i l l f a l l i n t o the same channels as the h i g h 
energy negative p a r t i c l e s . Those channels i n which 
p o s i t i v e p a r t i c l e s w i l l be found can be determined, but 
the exact p o s i t i v e c o n t r i b u t i o n cannot be determined w i t h 
accuracy. The e f f e c t i s more important i n Ck where the 
negative p a r t i c l e s occupy a smaller number of channels. 
The momentum spectrum l ( p ) was t h e r e f o r e f i t t e d over 
those channels which could not be occupied by any 
c o n t r i b u t i o n from p o s i t i v e p a r t i c l e s , channels 1-* 3 i n 
CZj., and channels 1-9 6 i n C5. The p o s i t i v e p a r t i c l e s 
cannot be i d e n t i f i e d since only momenta and charge, but 
not mass, occur i n the t r a j e c t o r y equations (see s e c t i o n 
2.1) . 

U.k. Results of the Spectrographic Exposures 

a) Results of the dummy run. The c o n d i t i o n s under 
which the dummy run was made have already been described 
i n 3.3 and 3.U. Despite the changes made i n the 
spectrograph, a p r e l i m i n a r y scanning of the p l a t e s 
revealed a very h i g h background i n p l a t e s from p o s i t i o n s 
1 and 2. A f t e r comparing the dummy p l a t e s w i t h those 
exposed around a carbon t a r g e t , i t was concluded t h a t the 
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r a t i o o f background t o secondary t r a c k s was too h i g h i n 
these two p o s i t i o n s . For the dummy run t h e r e f o r e 
p l a t e s from p o s i t i o n s 4 and 5 were concentrated on, and 
h e r e a f t e r are r e f e r r e d t o as p l a t e s DZj. and D5 
r e s p e c t i v e l y . 

Table V I I shows the r e s u l t s as the d e n s i t y of 
tr a c k s per channel f o r D5. As expected f o r general 
background, the d e n s i t y i s evenly d i s t r i b u t e d over a l l 
channels, and t h e r e f o r e over the whole area of the scan. 
This background w i l l i n c l u d e e x t e r n a l r a d i a t i o n , and 
p a r t i c l e s s c a t t e r e d w i t h i n the d e t e c t i n g system. 

The r e s u l t s f o r D4, Table V I I I , show the same even 
background d i s t r i b u t i o n per channel. The f l u c t u a t i o n s 
are w i t h i n the experimental e r r o r . 

b) The exposure t o a carbon t a r g e t . The p l a t e s 
exposed w i t h the carbon t a r g e t i n p o s i t i o n were l a b e l l e d 
C4 and C5 i n p o s i t i o n s 4 and 5 r e s p e c t i v e l y . The angle 
A the perp e n d i c u l a r t o the p l a t e makes w i t h the beam 
( a l r e a d t d e f i n e d i n chapter 2) i s 68° f o r p o s i t i o n s 5 
and 121° f o r p o s i t i o n k» Sampling i s t h e r e f o r e 
predominantly centred on these two angles. 
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Observed Track ' D e n s i t i e s ' i n D5. 

channel no: 0 

'density' 0.50 0.95 0.82* 0 . 8 3 0 . 88 1.02* 0.69 
e r r o r - 0.20 0.20 0.17 0.12* 0.13 0.13 0.10 

channel no; J § 2 10 11 12 

'density' l.OZj 1.08 1.01 1.27 0.93 0.78 
e r r o r ± 0.13 0.13 0.13 0.15 0.13 0.13 

channel no: 13 1U lj> 16 

' d e n s i t y ' 0.86 0.96 0.51 1.06 
e r r o r - 0.12* 0.20 0.16 0.30 

TABLE V I I 
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Observed Track 'Densities' i n D4. 

channel no; 0 1 2 2 k 2 6 

•density' 0.97 1.2k 1.25 1.15 1.08 0.78 0.99 
e r r o r - 0.25 0.21 0.18 0.15 0.1k 0.16 0.20 

TABLE V I I I 
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Table IX gives the value f o r t , d and 8 (see 
f i g u r e s 5*> and 17) f o r the p l a t e s on which extensive 
measurements were made. The most important v a r i a t i o n 
i s i n 8 , which was t h e r e f o r e measured w i t h a very h i g h 
degree of accuracy. 

2 
I n C5 and D5, equal areas of 51.7 mm were scanned. 

The r e s u l t s are shown i n Table X, and f i g u r e 23. The 
c e n t r a l channels can c l e a r l y be seen t o c o n t a i n the 
s c a t t e r e d pions. 

The channels i n Ck are spaced and numbered as i n 
D2j, the f o o t of the perpendicular t o the p l a t e being 
used as the reference i n both cases. The area scanned 

2 2 i n Ck was 13.2 mm compared w i t h 24.7 nun i n D/.|. A 
gr e a t e r area was scanned i n the dummy p l a t e i n order to 
achieve b e t t e r s t a t i s t i c s f o r the background. U n l i k e 
Di+, the t r a c k d e n s i t y i n CI+ v a r i e s w i t h channel number 
w i t h a maximum i n channel 3 (see Table X l ) . 

c) The p l a t e s exposed w i t h a s i l v e r t a r g e t . 
P r e l i m i n a r y examination of the p l a t e s exposed w i t h a 
s i l v e r t a r g e t i n p o s i t i o n revealed t h a t because of the 
extremely h i g h background, the signal/background r a t i o 
was very small. Much l a r g e r areas would have t o be 
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P l a t e constants 

P l a t e t i n y. d -in mm £ i n mm 
+ + + e r r o r - 20 u e r r o r - 0.1 mm e r r o r - 0.005 mm 

D5 865 53.84 -2.19 

C5 82+5 54.16 -1.68 

D4 850 54.50 +2.79 

C4 885 54.50 +2.79 

t i s shown i n f i g u r e 17. 
d and £ are shown i n f i g u r e 5t>. 

TABLE IX 
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scanned, than i n the p l a t e s exposed w i t h a carbon t a r g e t , 
i n order t o achieve good s t a t i s t i c s . 

d) The s i g n a l . I n order t o estimate the s i g n a l 
a c c u r a t e l y i t i s necessary t o normalise the r e s u l t s from 
the dummy pl a t e s so t h a t the t o t a l exposure and area 
scanned are e q u i v a l e n t to t h a t i n the p l a t e s exposed w i t h 
a t a r g e t . 

Equal areas have been scanned i n C5 and D5, 
t h e r e f o r e D5 was normalised, so t h a t the d e n s i t i e s were 
co r r e c t e d only f o r the d i f f e r e n t exposure times by the 
f a c t o r 

l e n g t h of C exposure , n_ i i i 
l e n g t h of D exposure 4.4. J-

The normalised d e n s i t i e s i n D5 and the r e s u l t i n g s i g n a l 
are shown i n Table X 

The d e n s i t i e s i n DJ+ n a t u r a l l y r e q u i r e the same 
c o r r e c t i o n f o r exposure time as those i n D5, see equ. 
li.k.l. I n Ck the area scanned was 0.53 (13.2/24.7) of 
t h a t scanned i n D4. An a d d i t i o n a l c o r r e c t i o n was needed 
since the channel lengths were not equal i n the two 
p l a t e s . This a d d i t i o n a l c o r r e c t i o n was the r a t i o o f the 
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channel 
D5 

unsealed 
D5 

scaled 
C5 

density- s i g n a l 

0.95 - 0.20 

0.84 1 0.17 

0.83 - 0.1k 

0.88 - 0.13 

1.04 - 0.13 

0.69 - 0.10 

1.04 - 0.13 

1.08 i 0.13 

1.01 - 0.13 

1.27 - 0.15 

1.02 i 0.20 

0.90 - 0.17 

0.89 - 0.14 

0.94 - 0.13 

1.11 i 0.13 

0.74 1 0.10 

l . i i i 0.13 

1.16 i 0.13 

1.08 i 0.13 

1.36 i 0.15 

0.76 i 0.16 

1.48 - 0.20 

1.46 i 0.18 

1.83 i 0.18 

2.47 - 0.20 

2.20 i 0.18 

2.29 - 0.17 

2.28 - 0.19 

1.98 ± 0.17 

1.68 - 0.16 

-0.26 - 0.3 

0.58 - 0.3 

0.57 1 0.2 

0.89 - 0.2 

1.36 - 0.2 

1.46 - 0.2 

1.18 - 0.2 

1.12 - 0.2 

0.90 - 0.2 

0.32 - 0.2 

I n channels 0 and 11 t o 16, the s i g n a l i s very low and 
o s c i l l a t e s around zero. 
The s i g n a l i n C5» 

TABLE X 
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lengths of the channel i n D2* and Ck. The f i n a l 
c o r r e c t i o n was t h e r e f o r e 

1.07 x 0.53 x l e n g t h i n D 
l e n g t h i n C 

The scaled d e n s i t i e s and r e s u l t i n g s i g n a l are shown i n 
Table XI. 

e) Pl a t e e f f i c i e n c i e s . The p l a t e d e t e c t i o n 
e f f i c i e n c y has already been discussed i n chapter 2 
(see 2.5), where the s o l i d angle subtended a t the centre 
of the t a r g e t was c a l c u l a t e d , and the s e l e c t i v e d e t e c t i o n 
of momentum was mentioned. 

The size of the t a r g e t has a n e g l i g i b l e e f f e c t on 
the s o l i d angle, the v a r i a t i o n f o r d i f f e r e n t emission 
p o i n t s n a t u r a l l y being of the same order as t h a t f o r the 
d i f f e r e n t emission angles - an average of 12%. For 
p a r t i c l e s i n the same plane, i t i s 6%. 

The s e l e c t i v e d e t e c t i o n of momenta a t the p l a t e 
edges can be seen from the channel-momenta matr i c e s . 
Channel 1 which l i e s to one side of the p l a t e contains 
predominantly low momenta. However as l o n g as 
^ ( t a n " 1 X/d) remains small ( ̂  20°) the channel l e n g t h 
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channel unsealed 
D4 

scaled density- s i g n a l 

1.24 - 0.21 

1.25 - 0.18 

1.15 - 0.15 

1.08 i 0.14 

0.78 - 0.16 

0.99 - 0.20 

0.98 - 0.17 

0.99 - 0.14 

0.91 - 0.12 

0.85 - 0.11 

0.62 ± 0.13 

0.78 i 0.16 

1.13 - 0.25 

1.97 - 0.25 

3.16 i 0.29 

2.54 1 O.25 

1.77 1 0.22 

1.23 i 0.18 

0.15 1 0.3 

0.98 - 0.3 

2.25 1 0.2 

1.69 - 0.2 

1.15 1 0.2 

0.45 - 0.3 

The S i g n a l i n C4 

TABLE X I 
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i s p r o p o r t i o n a l t o the emission angle over which p a r t i c l e s 
are detected. Table X I I shows t h i s range f o r CZj. and C5. 
The t o t a l angular range detected by the p l a t e f o r any one 
t a r g e t emission p o i n t i s about 20°. The emission angle 
detected f a l l s o f f very s l o w l y w i t h the v e r t i c a l co-ordinate 
of the emission p o i n t on the t a r g e t , the g r e a t e s t v a r i a t i o n 
being 5° between the centre and the e x t r e m i t y of the 
t a r g e t . I f the mean emission angle i s c a l c u l a t e d f o r the 
t a r g e t centre, and taken as the mean f o r the whole t a r g e t , 
the e r r o r i s only - 1°. The 'density* of t r a c k s per 
channel was the v a r i a b l e used, and t h i s should be 
p r o p o r t i o n a l t o the d e n s i t y of t r a c k s per angle of emission. 
I n those cases inhere approximate c a l c u l a t i o n s were made 
to check t h i s assumption, the e r r o r was - 5%. The 
m a t r i x method t h e r e f o r e a u t o m a t i c a l l y c o r r e c t s f o r p l a t e 
e f f i c i e n c i e s d u r i n g the c a l c u l a t i o n . 

f ) Scanning e f f i c i e n c y . The e f f i c i e n c y of 
d e t e c t i n g a t r a c k depends on i t s t o t a l p r o j e c t e d l e n g t h 
i n the top emulsion. Steep t r a c k s perpendicular t o the 
surface are more e f f i c i e n t l y detected than those t r a c k s 
w i t h a much g r e a t e r p r o j e c t e d l e n g t h , since i t was the 
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centre of 
_ t a r g e t 

P l a t e p MeV/c angular range mean angle 

C4 100 126 - 140 "I32 

200 120 - 135 127 

400 117 - 132 124 

C5 100 69 - 91 80 
200 63 - 87 75 

400 61 - 82 72 

angular range - average range from t o t a l h e i g h t of t a r g e t 
along c e n t r a l c e r t i c a l l i n e . 

mean angle - mean angle f o r c e n t r a l p o i n t of t a r g e t , 
the e r r o r on t h i s i s only - 1° i f i t i s 
taken as the mean f o r the whole t a r g e t 
(see t e x t ) . 

TABLE X I I 
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steep t r a c k s f o r which the scanner was l o o k i n g , and longer 
t r a c k s were t o some extent l o s t i n the background of l o n g 
t r a c k s running across the emulsion. U s u a l l y t h e r e f o r e 
h i g h momenta were detected more e f f i c i e n t l y than low 
momenta. The c o r r e c t i o n s are shown i n Table X I I I . 

g) The d e t e r m i n a t i o n of the i n i t i a l momentum spectrum. 
The best f i t t o the observed data, t a b l e s X and X I , was 
obtained u s i n g the computer program mentioned above 
( s e c t i o n 4«3.h) by which the momentum spectrum of the 
s c a t t e r e d mesons i s determined. I t i s shown i n f i g u r e 24 
f o r p l a t e C5 and f i g u r e 25 f o r p l a t e C4. The corresponding 
momentum d i s t r i b u t i o n s are shown i n t a b l e XIV. The 
program was o r i g i n a l l y run i g n o r i n g the p o s s i b i l i t y of 
p o s i t i v e p a r t i c l e s reaching the p l a t e s . Under these 
circumstances the r e s u l t s f o r C5 were acceptable because 
6 channels r e c e i v e n e g a t i v e l y but not p o s i t i v e l y charged 
p a r t i c l e s . P l a t e C4 r e q u i r e s a double peaked momentum 
curve, the peaks o c c u r r i n g a t 125 MeV/c and 325 MeV/c, 
i f a l l t r a c k d e n s i t i e s are assumed t o be due t o negative 
p a r t i c l e s . F i t s were t h e r e f o r e made t o those channels 
which could not c o n t a i n p o s i t i v e p a r t i c l e s . 
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Scanning E f f i c i e n c y -
Momentum MeV/ c CZj. C5 

100 90 i 10% 6k - 20% 

400 92 t 6% 8k - 12% 

Estimated E r r o r s 
E r r o r as % Momentum MeV/c. 
due t o - Pla t e 100 200 400 

C5 
s o l i d angle 0 11 6 
energy l o s s i n t a r g e t 10 2 0 
T o t a l 10 13 6 

Oh 

s o l i d angle 0 0 0 
energy l o s s i n t a r g e t 10 2 0 
T o t a l 10 2 0 

TABLE X I I I 
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I n p l a t e C5 the f i t was made t o channels 1 - 6 , 
since any p o s i t i v e p a r t i c l e s would be expected to f a l l 
i n channels 7 - 1U. I t i s t h i s f i t which i s shown i n 
f i g u r e 2l\. 

P l a t e 2k samples angles i n the backward d i r e c t i o n , 
where the momentum i s expected t o be low. I t i s 
p r e c i s e l y t h i s area where the g r e a t e s t u n c e r t a i n t y w i l l 
occur. F i r s t l y , f o r example, pions w i t h momenta o f 
100 MeV/c a f t e r s c a t t e r i n g may leave the t a r g e t w i t h 
only 80 MeV/c because of energy l o s s (see s e c t i o n 2.5). 
This w i l l tend t o bias the measured momenta towards low 
values, t h a t i s the lower momentum channels w i l l c o n t a i n 
p a r t i c l e s whose o r i g i n a l s c a t t e r e d momenta belonged t o 
higher channels. This e f f e c t i s only important f o r 
momenta below 150 MeV/c. Secondly, pions emitted w i t h 
very low momenta are so s t r o n g l y d e f l e c t e d i n the 
magnetic f i e l d , t h a t they never reach the r e c o r d i n g p l a t e . 
For t h i s spectrograph, pions emi t t e d w i t h momenta le s s 
than 80 MeV/c w i l l f i r s t l y lose energy i n the t a r g e t , 
and secondly be trapped i n the magnetic f i e l d . The bias 
to low momenta and the t r a p p i n g i n the f i e l d are 
important i n momentum channels 1 and 2. Channel 1 w i l l 



The momentum spectra which provide the best f i t t o 
the channel d e n s i t y curves. 

Spectra were f i t t e d over channels 1 - 6 i n C5 and 
channels 2 and 3 i n C4. 

momentum 
MeV/c. 

100 - 150 

150 - 200 

200 - 250 

250 - 300 

300 - 350 

350 - 400 

400 - 450 

450 - 500 

mean p 

C4 

15 (20) 

10 (15) 
7 

4 

2 

1 
0 

0 

188 - 20 MeV/c 

C5 

2 (5) 
20 (22) 

33 
20 

5 

3 

2 

0 

239 - 10 MeV/c 

TABLE XIV 
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c o n t a i n p a r t i c l e s o r i g i n a l l y s c a t t e r e d w i t h momenta of 
less than 100 MeV/c, and also p a r t i c l e s which have l o s t 
energy i n the t a r g e t . This means t h a t a momentum 
spectrum f i t can only be made to channels 2 and 3, and 
t h a t only the ver y roughest estimate of the spectrum 
can be made. The channel contents f o r p l a t e C4 are 
summarised i n t a b l e XV. 

Since low momenta p a r t i c l e s are l o s t , and h i g h 
momenta p a r t i c l e s are obscured by p o s i t i v e t r a c k s , the 
ends of the momentum spectrum are u n c e r t a i n . The e r r o r s 
quoted on the mean p i n t a b l e XIV are due t o the 
u n c e r t a i n t y of the momentum spectrum at high and low 
momenta. The f i g u r e s i n brackets, i n t a b l e XIV show the 
cor r e c t e d f i g u r e s i f maximum ab s o r p t i o n took place. 

4.5. P3 Measurements i n Conventional Exposure. 

The p l a t e s from the emulsion stack were examined 
on a Cooke microscope under a m a g n i f i c a t i o n of 80 x 1.5 x 
15, and on a K o r i s t k a R4 under a m a g n i f i c a t i o n of 
62 x 2 x 15. Tracks w i t h i n f i v e degrees of a chosen 
angle t o the beam d i r e c t i o n , were picked up 1 cm from the 
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Occupation of channels i n p l a t e C4. 

channel c o n t r i b u t i o n 

1 a) negative p a r t i c l e s below 100 MeV/c from 
back of t a r g e t . 

b) negative p a r t i c l e s between 100 - 150 MeV/c, 
which have undergone f u r t h e r energy l o s s . 

2 negative p a r t i c l e s between 100 - 150 MeV/c, 
from the back h a l f of the t a r g e t . 

3 negative p a r t i c l e s between 100 - 500 MeV/c. 
4 a) negative p a r t i c l e s of 200 - 500 MeV/c, 

from f r o n t h a l f of t a r g e t . 
b) p o s i t i v e p a r t i c l e s of 500 - 250 MeV/c, 

from back h a l f of t a r g e t . 
5 p o s i t i v e p a r t i c l e s between 500 - 80 MeV/c. 
6 p o s i t i v e p a r t i c l e s of below 200 MeV/c, from 

the f r o n t h a l f o f the t a r g e t . 

The momenta quoted are those of the secondary meson 
a f t e r the i n i t i a l s c a t t e r i n the carbon t a r g e t . 

TABLE XV 



163 

edge of the p l a t e , and s c a t t e r i n g measurements made on 
them. The c e l l lengths used were 200y. and 300)1, and 
the angles s e l e c t e d were 20°, 45°, 75°, 90°, 135° and 
157° (see F i g . 2 6 ) . The accuracy on each measurement 
was about 10%. Ten or more i n d i v i d u a l measurements were 
made a t each angle. 

The evaluated p(J was assumed t o r e f e r t o the centre 
of the t r a c k . The dis t a n c e of t h i s p o i n t from the 
emulsion edge a t the p o i n t of e n t r y was measured, and the 
momentum c a l c u l a t e d a t e n t r y from the t a b l e s of Barkas 
(1958). Further c o r r e c t i o n was made f o r the range of 
the secondary i n the carbon t a r g e t . I t was assumed t h a t 
the s c a t t e r i n g occurred along the c e n t r a l a x i s o f the 
t a r g e t . I n the case of 20° s c a t t e r i n g s the i n t e r a c t i o n s 
take place near the entrance of the t a r g e t ; f o r 135°, 
near the e x i t . The primary energies d i f f e r by about 
25 MeV. To a l l o w f o r t h i s the secondary p i o n energies 
were scaled so t h a t the primary energy i s 285 MeV. 

a) 75°. D e t a i l e d measurements were'made a t 75 - 5° 
t o the o r i g i n a l beam d i r e c t i o n . 79 p i o n t r a c k s were 
measured i n a l l . The r e s u l t s a f t e r c o r r e c t i o n f o r energy 
l o s s i n emulsion and carbon are shown i n f i g u r e 27. 
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The d i s t r i b u t i o n i s u n i q u e l y peaked between 200 and 225 
MeV/c, the peak being broader on the h i g h momentum s i d e . 
The average momentum i s 2^5 - 2 MeV/c. 

b) 90° . 180 tr a c k s whose angle i i r i t h the beam 
d i r e c t i o n was 90 - 5° were measured. The values f o r pp 
were c o r r e c t e d f o r energy loss i n the t a r g e t and emulsion 
as before. The r e s u l t s are shown i n f i g u r e 28. There 
i s one broad peak a t around 200 MeV/c, and the average 
momentum i s 228 - 2 MeV/c. 

c) Other angles. Only a b r i e f i n s p e c t i o n of the 
secondary momentum a t other emission angles was made. 

10 t r a c k s were measured up whose average emission 
angle was (20 - l)°. Of these 10 t r a c k s , one appeared 
t o be an e l a s t i c s c a t t e r w i t h momentum approaching t h a t 
of the i n c i d e n t beam. The average momentum of the 
remaining 9 was 343 - 13 MeV/c. 

At l\5 - 2° t o the i n c i d e n t beam, 17 t r a c k s gave an 
average momentum of 283 - 15 MeV/c. 

9 t r a c k s a t (135 - 5)° t o the main beam had an 
average of 171 - 12 MeV/c, and t e n t r a c k s a t (157 - 3)° 
gave an average of 181 - 12 MeV/c. A l l momenta* have 
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been c o r r e c t e d f o r energy loss i n the emulsion and 
t a r g e t . 

d) Momentum spectrum. I n f i g u r e 29 i s shown the 
secondary momentum versus emission angle spectrum obtained 
from the p(3 measurements. This shows the expected 
decrease i n momentum a t high angles of emission, the 
average momentum i n the backward d i r e c t i o n being around 
180 MeV/c. At each emission angle the a c t u a l momentum 
spread i s q u i t e considerable however, as can be seen from 
f i g u r e s 27 and 28. 

4.6. Results and Conclusions on Technique. 

a) Comparison of conventional and spectrographic 
exposures. I f the mean momentum i n t a b l e XVI f o r C5 i s 
compared \ * i t h t h a t obtained a t 75° , very good agreement 
i s observed. Comparison of the a c t u a l momentum 
d i s t r i b u t i o n s u s i n g a X t e s t , has a p r o b a b i l i t y p = 0.5. 
I n the conventional pp measurements, p a r t i c l e s w i t h low 
momenta would lose energy and be s c a t t e r e d as i n the 
spectrographic exposure, and t h e r e f o r e t h i s end of the 
d i s t r i b u t i o n has the l a r g e s t e r r o r s . The d i s t r i b u t i o n s 
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The momentum spectra which provide the best f i t 
t o the channel d e n s i t y curves. A c o r r e c t i o n 
i s then a p p l i e d f o r scanning e r r o r s e t c . 

Momentum C2j. C5 
MeV/c. best f i t c o r r e c t e d best f i t c o r r e c t e d 

100 - 150 15 18 2 3 

150 - 200 10 12 20 19 

200 - 250 7 7.9 33 33 

250 - 300 2* k.k 20 17 

300 - 350 2 2.2 5 5 

350 - 2*00 1 1 3 3 

2+00 - U50 0 0 2 1 

k50 - 500 0 0 0 0 

mean p. 188 - 20 185 - 20 239 - 10 23** - 10 

TABLE XVI 
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are compared i n f i g u r e 30, normalised t o equal areas. 
For Ck the mean angle i s 127°. I f the r e s u l t s 

are compared w i t h those a t 135° » the mean momenta are 
seen t o be compatible. As the p(3 of only a small number 
of t r a c k s was measured a t 135° meaningful comparison of 
momentum d i s t r i b u t i o n s i s impossible. 

b) Conclusions on the technique. Scanning i s 
much quicker of the spectrographic p l a t e s than by the 
conventional pp method. The a n a l y s i s of the present 
spectrographic exposure was made d i f f i c u l t by the h i g h 
background, which could i n f u t u r e be avoided. Much of 
the background arose from s c a t t e r i n g of the beam 
p a r t i c l e s i n the side of the magnet. The a v a i l a b i l i t y 
of a d i f f e r e n t l y constructed magnet, a smaller face area 
f o r i nstance, would have reduced the background 
considerably, and made scanning e a s i e r , quicker and more 
e f f i c i e n t . The hi g h background not only slowed up the 
task of a c h i e v i n g good s t a t i s t i c s but also made i t 
extremely d i f f i c u l t , almost impossible i n p l a t e s 1 and 2, 
to p i c k out t r a c k s of the r i g h t type. 

A good beam i s e s s e n t i a l f o r both methods. I n the 
spectrographic exposures, a higher f l u x of p a r t i c l e s per 
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u n i t a r e a would be p r e f e r a b l e . With such a higher f l u x 

and a sharper beam i t would be p o s s i b l e to use a much 

sm a l l e r , t h i n n e r , t a r g e t , and s t i l l o b t a i n a reasonable 

f l u x of d e t e c t a b l e s e c o n d a r i e s . The s h o r t e r the path 

l e n g t h of the p a r t i c l e s i n the t a r g e t , the l e s s a b s o r p t i o n 

w i l l take p l a c e (see chapter 2), thus r e d u c i n g the 

u n c e r t a i n t y on the momentum. A s m a l l e r t a r g e t a r e a 

would a l s o s i m p l i f y the matrix i n the A x - X system of 

a n a l y s i s , and s i m p l i f y the range of the emission angles 

s e l e c t e d by each p l a t e . 

The method of a n a l y s i s of the s p e c t r o g r a p h i c p l a t e s , 

w h i l e needing good s t a t i s t i c s , proved i n f a c t simple to 

use. The matrix f o r each p l a t e can be worked out 

beforehand and the p a r t i c l e p o s i t i o n s entered on the 

A x - X p l o t as the p l a t e i s scanned. Comparison w i t h 

the conventional pp exposure shows t h a t the method i s 

ac c u r a t e , 

F u r t h e r use of t h i s method would t h e r e f o r e r e q u i r e 

f i r s t of a l l the production of a high f l u x ( o f the order 

of 2 x 10^ p a r t i c l e s / s e c cm ) w e l l - d e f i n e d beam, and 

the use of a magnet whose s t r u c t u r e a l l o w s the primary 
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beam to pass through unimpeded. A l l s i x p l a t e s of the 

spectrograph can then be used w i t h a much s m a l l e r t a r g e t 

volume (about 0.25 cm square h o r i z o n t a l c r o s s - s e c t i o n ) . 

The great r e d u c t i o n i n background should then render 

scanning much more e f f i c i e n t w ith a much higher s i g n a l 

to background r a t i o . 
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5. DISCUSSION OF THE RESULTS. 

I n chapter l\ the momenta of s c a t t e r e d pions were 

determined a t angles of s c a t t e r i n g around 75° and.127° 

u s i n g the emulsion spectrograph. The "co n v e n t i o n a l " 

exposure was made to check the r e s u l t s a t 75° > and to 

confirm the use of the spectrograph. F u r t h e r 

measurements were made at 90° wi t h the conventional 

exposure, and a t other angles, i . e . 20°, 45°, 135° and 

155° 5 s m a l l numbers of t r a c k s were measured to e s t a b l i s h 

the v a r i a t i o n of mean energy w i t h angles of s c a t t e r i n g . 

I n t h i s chapter the d i s t r i b u t i o n of pion momenta 

a t f i x e d angles of s c a t t e r i n g , and the d i s t r i b u t i o n of 

mean momenta (or e n e r g i e s ) as a f u n c t i o n of the 

s c a t t e r i n g angle are compared w i t h the c a l c u l a t i o n s t h a t 

were d e s c r i b e d and summarised i n chapter I , and w i t h the 

Monte C a r l o c a l c u l a t i o n s of B e r t i n i (1963). Evidence 

i s sought f o r the e f f e c t s of a) n u c l e o n i c momenta and to 

determine i f p o s s i b l e t h e i r d i s t r i b u t i o n , b) pion 

p o t e n t i a l s , and c) the e x c l u s i o n e f f e c t and i t s magnitude. 



177 

5.1. D i s t r i b u t i o n of Pion Momenta a t S c a t t e r i n g Angles 

of 75° and 90°. 

From f i g u r e s 27 and 28 i t can be seen t h a t a 

d i s t r i b u t i o n of n u c l e o n i c momenta i s i n d i c a t e d , r a t h e r 

than a l i n e spectrum from a s t a t i o n a r y nucleon. F i g u r e 

2d shows the expected spread of secondary momenta a t 

90° u s i n g a n u c l e o n i c momentum d i s t r i b u t i o n . The 

momentum spread i s over some 300 MeV/c. The observed 

momentum spread a t 90° i s g r e a t e r than t h i s . 

The type of e x c l u s i o n p r i n c i p l e a p p l i e d was 

d i s c u s s e d i n chapter I , s e c t i o n 10, where i t was decided 

t h a t the depth of the p o t e n t i a l w e l l , V, was the 

determining f a c t o r . Carbon has l\ nucleons i n the l s ^ . 

and 8 nucleons i n the 2 p ^ 2 (see 1.2, the s h e l l model). 

Using Strnad's e s t i m a t i o n s of V and V (see 1.3), two-
s p 

t h i r d s of the nucleons r e q u i r e momentum t r a n s f e r s of 

g r e a t e r than (40 - KE) MeV, and the remaining nucleons 

of g r e a t e r than (79 - ICE) MeV. I f the average k i n e t i c 

energy i s 20 MeV, the average energy l o s s to the nucleons 

i s t h e r e f o r e U3 MeV. 

a) B e r t i n i ' s Monte C a r l o c a l c u l a t i o n s . B e r t i n i 
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(1963) performed a s e r i e s of n u c l e a r cascade c a l c u l a t i o n s , 

assuming a v a r y i n g n u c l e a r d e n s i t y , A pion p o t e n t i a l 

was inco r p o r a t e d , which was equal to the p o t e n t i a l of 

the nucleon with which i t was i n t e r a c t i n g . The n u c l e a r 

p o t e n t i a l being i n f a c t 7 MeV g r e a t e r than the 

corresponding zero temperature Fermi energy ( s e e s e c t i o n 

1.5). 
B e r t i n i r a n h i s Monte C a r l o c a l c u l a t i o n s f o r 300 

MeV n - C i n t e r a c t i o n s ( p r i v a t e communication). Our 

i n c i d e n t energy was 285 MeV, so assuming t h a t over such 

a s h o r t range the v a r i a t i o n s are p r o p o r t i o n a l , the 

r e s u l t s have been s c a l e d . The energy - angle 

d i s t r i b u t i o n i s shown on f i g u r e 38 and there i s good 

agreement with our r e s u l t s . 

The angular d i s t r i b u t i o n from the B e r t i n i 

c a l c u l a t i o n s i s shown i n f i g u r e 31. I n f i g u r e 32, a 

comparison i s made of the p r e d i c t e d energy d i s t r i b u t i o n 

and the observed one a t 90°. The comparison i s only 

f a i r . As with other Tt-nucleon c a l c u l a t i o n s ( s e e B e r t i n i 

1963), the observed peak i s a t a much lower energy than 

the p r e d i c t e d peak. The observed peak i n c l u d e s some 
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pions of high estimated energy, which the r e s t r i c t i o n s 

on the c a l c u l a t i o n s do not al l o w to occur. The 

d i f f e r e n c e between the peaks i s about 90 MeV and t h e r e f o r e 

outside the range of the p o s t u l a t e d e x c l u s i o n p r i n c i p l e 

e f f e c t f o r one nucleon. 

b) Momentum d i s t r i b u t i o n of nucleons and pion 

p o t e n t i a l . As s t a t e d i n chapter I , three p o s s i b l e 

n u c l e o n i c momentum d i s t r i b u t i o n s have been considered; 

the Fermi, the Gaussian and a composite Gaussian. I n 

many i n s t a n c e s the Gaussian r e s u l t s were i d e n t i c a l w i t h 

those from the Fermi, and never d i f f e r e d v e r y much from 

the c a l c u l a t i o n s u s i n g one of the other two d i s t r i b u t i o n s . 

I n f i g u r e s 33 and 34 are shown the r e s u l t s of pp 

measurements a t 90° compared w i t h the expected r e s u l t s 

f o r two n u c l e o n i c momenta d i s t r i b u t i o n s . One 

d i s t r i b u t i o n i s the Fermi w i t h a p of 225 MeV/c 
max 

(KE = 12.8 MeV) as an average f o r a l l nucleons. The 

other i s the composite Gaussian w i t h a p m_„ of 275 MeV/c 

(average n u c l e o n i c KE = 18.6 MeV). For the composite 

d i s t r i b u t i o n r a i s i n g p to Zj25 MeV/c, a l t e r s only 

s l i g h t l y the expected d i s t r i b u t i o n of secondary pion 
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momenta, but r a i s e s the average n u c l e o n i c k i n e t i c energy 

to 2l± MeV, which i s r a t h e r higher than expected ( see 

s e c t i o n 1.3). Both the d i s t r i b u t i o n s shown i n f i g u r e s 

33 and 3U were obtained by assuming t h a t under the 

i n f l u e n c e of the p o t e n t i a l , the pion energy a t the 

moment of impact i s 260 MeV (se e s e c t i o n 1.10) and a f t e r 

the c o l l i s i o n t h e re i s a f u r t h e r p o t e n t i a l e f f e c t as the 

pion l e a v e s the nuc l e u s . The l a b o r a t o r y energy i s 

estimated from the curve i n f i g u r e 2c. Both d i s t r i b u t i o n s 

f i t b e t t e r than B e r t i n i ' s , but the Fermi g i v e s the b e t t e r 

f i t . 

At 75° (see f i g u r e s 35 and 36) the f i t s f o r the two 

d i s t r i b u t i o n s to the observed histogram a r e again good. 

A momentum d i s t r i b u t i o n of the nucleons w i l l 

t h e r e f o r e e x p l a i n the spread i n secondary momenta, i f i n 

a d d i t i o n the pion p o t e n t i a l i s considered. T h i s 

p o t e n t i a l both tends to s h i f t the peak of the momentum 

d i s t r i b u t i o n a t any given s c a t t e r i n g angle, and 

e f f e c t i v e l y i n c r e a s e s the momentum spread. 
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5.2. V a r i a t i o n of Momentum and Energy with S c a t t e r i n g 

Angle. 

I n f i g u r e 37 the r e s u l t s f o r the v a r i a t i o n of 

momentum wi t h emission angle are shown. The dotted 

curve shows the r e s u l t s expected f o r s c a t t e r i n g o f f a 

s t a t i o n a r y proton. The ge n e r a l shape of the curve i s 

followed by the experimental r e s u l t s , but the observed 

energy of the s c a t t e r e d pion i s c o n s i s t e n t l y l e s s than 

t h a t expected from f r e e proton s c a t t e r i n g . 

I n f i g u r e 38 the r e s u l t s are compared w i t h the 

expected curve i f a d i s t r i b u t i o n of n u c l e o n i c momenta 

i s assumed and the pion p o t e n t i a l e f f e c t i s taken i n t o 

account (see f i g u r e 2 a ) . The g e n e r a l agreement i s good 

i n the backward, but bad i n the forward d i r e c t i o n . The 

p o t e n t i a l e f f e c t f o r the average energy i s not dependent 

on the p a r t i c u l a r momentum d i s t r i b u t i o n chosen. 

I n f i g u r e 39 the r e s u l t s expected f o r the 

c a l c u l a t i o n s are shown with an e x c l u s i o n e f f e c t ( s e e 

s e c t i o n 5.3) i n a d d i t i o n to the pion p o t e n t i a l . T h i s 

e x c l u s i o n e f f e c t depends upon the depth of the n u c l e a r 

w e l l and the n u c l e o n i c momenta w i t h i n the n u c l e u s . 
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Variation of Secondary Momentum with Scattering 
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Figure 37o 
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The r e s u l t s o f B e r t i n i ' s Monte C a r l o c a l c u l a t i o n s a r e 

shown on t h e same g r a p h . A l l g i v e good agreement w i t h 

one a n o t h e r . 

C o m p a r i s o n w i t h o t h e r r e s u l t s . B e l o v i t s k i i (1959) 

measured t h e s c a t t e r i n g a n g l e s and e n e r g i e s o f 300 MeV 

n and ti i n G5 e m u l s i o n . I n f i g u r e kO, t h e a v e r a g e 

e n e r g y o f t h e s c a t t e r e d meson i s shown from B e l o v i t s k i i 1 s 

r e s u l t s . T h e s e a r e t o be compared w i t h our r e s u l t s a t 

285 MeV i n f i g u r e 38. G e n e r a l l y t h e B e l o v i t s k i i d a t a 

g i v e a l o w e r a v e r a g e e n e r g y and t h u s a g r e a t e r e n e r g y 

t r a n s f e r . The s t a t i s t i c s a r e n o t good enough t o p e r m i t 

c o m p a r i s o n o f t h e e n e r g y d i s t r i b u t i o n s o v e r a g i v e n 

a n g u l a r r a n g e . 

B e l o v i t s k i i 1 s a v e r a g e e n e r g y was 133 MeV. S i n c e 

o n l y t r a c k s 1500y. l o n g had measurements made on them, 

t h e r e i s a l o w e r c u t - o f f i n t he r e g i o n o f 60 MeV. The 

f o r w a r d - b a c k w a r d r a t i o was, F/B = 1.15 - 0.1 ( a l l ETI > 60 MeV) . 

O n l y a t h i r d o f t h e p a r t i c l e s w h i c h s h o u l d be f o r w a r d 

s c a t t e r e d were found ( s e e c o m p a r i s o n w i t h t h e r e s u l t s o f 

F i n n e y e t a l . b e l o w ) . 

C o n c l u s i o n . The r e s u l t s of s c a t t e r i n g e x p e r i m e n t s 
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Variation of secondary pion energy with scattering 
angle 9 from the data of G 0E 0 B e l o v i t s k i i (1959) 

400 Energy in MeV0 

200 

0 -1 
180 0 90 

Scattering angl© in °. 
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o - a l i n " p a r t i c l e s r 

Figure 40 
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r e q u i r e t h e s t r u c k n u c l e o n s t o be d i s t r i b u t e d i n momenta 

w i t h i n a p o t e n t i a l w e l l , and an e x c l u s i o n p r i n c i p l e 

d e p e n d i n g on t h e d e p t h o f t h e n u c l e a r p o t e n t i a l w e l l 

a p p l i e s . 

5.3. The P a u l i E x c l u s i o n P r i n c i p l e . 

S i n c e b o t h t h e F e r m i d i s t r i b u t i o n and t h e c o m p o s i t e 

G a u s s i a n d i s t r i b u t i o n a c c o u n t f o r t h e r e d u c t i o n i n mean 

e n e r g y and s c a t t e r i n g o f p i o n s , i t i s o f i n t e r e s t t o 

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

As a l r e a d y s t a t e d an e x c l u s i o n p r i n c i p l e w h i c h 

r e q u i r e s t h e n u c l e o n t o e s c a p e w i t h g r e a t e r t h a n a g i v e n 

minimum momentum, d i d n o t g i v e t h e o b s e r v e d d e c r e a s e i n 

mean e n e r g y a t low s c a t t e r i n g a n g l e s . I f however V i s 

assumed t o be 53 MeV ( a v e r a g e f o r c a r b o n s and p n u c l e o n s ) , 

t h e n t h e d e c r e a s e shown i n f i g u r e 39 i s o b t a i n e d . I f 

e n e r g y t r a n s f e r s o f l e s s t h a n t h e r e q u i r e d amount t o 

e s c a p e from t h e v r e l l a r e f o r b i d d e n t h e n a t b o t h 75° and 

90° o n l y a v e r y s m a l l e f f e c t i s e x p e c t e d . C a l c u l a t i o n s 

made u s i n g b o t h t h e F e r m i and c o m p o s i t e G a u s s i a n 

d i s t r i b u t i o n s , r e v e a l e d t h a t t h e f o r b i d d e n t r a n s f e r s 
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o c c u r r e d o n l y a t emergent p i o n mementa a t 275 MeV/c and 

above, and a t t h e most r e d u c e t h e e x p e c t e d f r e q u e n c y by 

o n e - s i x t h . 

The e f f e c t o f t h e e x c l u s i o n p r i n c i p l e v i a t h e 

co m p o s i t e G a u s s i a n d i s t r i b u t i o n s w i t h a maximum momentum 

of 275 MeV/c, i s t o r e d u c e t h e p i o n n u c l e o n c r o s s - s e c t i o n 

by 6l\%t and t o g i v e a f o r w a r d / b a c k w a r d r a t i o o f O.89 - 0.1. 

The F e r m i d i s t r i b u t i o n when t h e e x c l u s i o n p r i n c i p l e was 

a p p l i e d gave a c r o s s - s e c t i o n r e d u c t i o n of 62%, and a 

f o r w a r d / b a c k w a r d r a t i o o f 1.00 - 0.1. T h i s c a n be 

compared w i t h t h e r e s u l t s o f F i n n e y e t a l . (1962) who 

c o n c l u d e d t h a t t h e d e v i a t i o n o f p i o n - c o m p l e x n u c l e i 

i n t e r a c t i o n s from t h e p r e d i c t i o n o f t h e o p t i c a l model o f 

t h e n u c l e u s r e q u i r e d a r e d u c t i o n o f t h e p i o n n u c l e o n 

c r o s s - s e c t i o n by 63%, and f o r w a r d / b a c k w a r d r a t i o o f 

1.1 - 0.35 ( a l l En > 85 MeV). The a v e r a g e e n e r g y o f t h e 

s e c o n d a r i e s was l6Z». - 26 MeV. The s t a t i s t i c s were too 

low ( 80 t r a c k s o v e r c o m p l e t e 180° r a n g e ) t o compare i n 

d e t a i l . A l t o g e t h e r t h e r e s u l t s of F i n n e y e t a l . and o f 

B e l o v i t s k i i ( s e e 5.2) a r e i n good agreement w i t h our 

r e s u l t s u s i n g e i t h e r momentum d i s t r i b u t i o n and t h e 

e x c l u s i o n p r i n c i p l e . 
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By c o n t r a s t t h e f o r w a r d / b a c k w a r d r a t i o from 

B e r t i n i ' s c a l c u l a t i o n s i s 1.88 w i t h o u t any c u t - o f f , and 

t h e r a t i o would be i n c r e a s e d i f any low e n e r g y c u t - o f f 

were a p p l i e d . I f i t i s assumed t h a t f o r w a r d s c a t t e r s 

of l e s s t h a n 20° a r e r a r e l y d e t e c t e d t h e n t h e B e r t i n i 

r a t i o does drop t o 1.16, but t h i s i s a v e r y u n l i k e l y 

a s s u m p t i o n a s 20° i s an e a s i l y d e t e c t e d s c a t t e r . 

C o n c l u s i o n and Summary 

The r e s u l t s q u o t e d h e r e a r e c o n s i s t e n t w i t h t h e 

p i o n b e i n g a c t e d upon by a p o t e n t i a l of t h e o r d e r o f 

30 MeV. The p o t e n t i a l i s e n e r g y dependent. The 

a n g u l a r d i s t r i b u t i o n a g r e e s w e l l w i t h B e r t i n i ' s p r e d i c t i o n s . 

B e r t i n i h a s i n f a c t u s e d a n u c l e a r momentum d i s t r i b u t i o n 

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

15 MeV. T h i s v a l u e a g r e e s w e l l and l i e s w i t h i n t h e 

r a n g e o f ei. v a l u e s quoted i n 1.3.U ( A z h g i r e y , 1959). 

The momentum r e s u l t s a t 90° a r e n o t however 

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

t a i l , w h e reas t h e B e r t i n i r e s u l t s have a s h a r p c u t - o f f 
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on t h e h i g h e n e r g y s i d e . I t i s o b v i o u s t h a t i n some 

i n t e r a c t i o n s much more e n e r g y i s t r a n s f e r r e d t o t h e 

n u c l e u s t h a n i s a l l o w e d f o r on B e r t i n i ' s model. I t 

Tirould seem t h a t t h e p i o n - p o t e n t i a l and w e l l d e p t h u s e d 

by B e r t i n i a r e n o t l a r g e enough. However, i f t h e 

s p r e a d above 285 MeV ( f i g u r e 32) i s t a k e n a s an i n d i c a t i o n 

o f t h e g e n e r a l e r r o r a t h i g h p|3 measurements, t h e n t h e 

a v e r a g e e n e r g y i s l o w e r e d s l i g h t l y i n f i g u r e 38, b u t t h e 

d i s t r i b u t i o n peak i n f i g u r e 32 r e m a i n s a t 80 MeV. 

Assuming a r a n g e of n u c l e o n i c momenta from 0 t o 

275 MeV/c and u s i n g e x p e r i m e n t a l l y d e t e r m i n e d p i o n 

p o t e n t i a l s we c a n o b t a i n a b e t t e r f i t t o t h e r e s u l t s a t 

90° t h a n B e r t i n i ' s model, and t h i s f i t i s a l s o good a t 

75°. The e x c l u s i o n p r i n c i p l e h a s however, a n e g l i g i b l e 

e f f e c t a t t h e s e two a n g l e s . 

Summary. 

a ) Momentum d i s t r i b u t i o n . 

The n u c l e o n s have a r a n g e o f momenta from 0 t o a t l e a s t 

275 MeV/c. E x t e n d i n g t h e c o m p o s i t e G a u s s i a n t o Zj.25 MeV/c 
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makes o n l y a s m a l l d i f f e r e n c e t o t h e p a r a m e t e r s d i s c u s s e d 

h e r e . The b i g g e s t d i f f e r e n c e i s i n t h e a v e r a g e n u c l e o n 

e n e r g y , r a i s i n g i t f r o m 20 t o 2l\ MeV. Measurements a t 

s m a l l s c a t t e r i n g a n g l e s may l e a d t o a d e t e r m i n a t i o n o f 

t h e momentum d i s t r i b u t i o n . The two a l t e r n a t i v e s f o und 

s u i t a b l e so f a r a r e : 

N(p) p t h e F e r m i d i s t r i b u t i o n . 

2 
N ( p ) «C p e ~ p / ( l 9 l ) t h e c o m p o s i t e G a u s s i a n d i s t r i b u t i o n . 

b) P i o n p o t e n t i a l s . 

A p o t e n t i a l i n t h e r e g i o n o f 30 MeV, w h i c h i s v e r y 

s e n s i t i v e t o t h e p i o n i c e n e r g y i s needed t o e x p l a i n t h e 

e x p e r i m e n t a l r e s u l t s . The f u n c t i o n u s e d i s shown i n 

f i g u r e 2c. 

c ) P a u l i E x c l u s i o n P r i n c i p l e . 

An e x c l u s i o n p r i n c i p l e i s a p p l i e d s u c h t h a t t h e s t r u c k 

n u c l e o n must r e c e i v e (53 - K E ) MeV i s t h e r e a c t i o n i s 

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

n o t been d e t e r m i n e d , 53 MeV h a v i n g b e en a v e r a g e d from t h e 

c a l c u l a t i o n s o f S t r n a d , but i t g i v e s r e a s o n a b l e agreement 



w i t h t h e e x p e r i m e n t a l r e s u l t s ( s e e f i g u r e 
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