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PREFACE 

The work described, i n t h i s t h e s i s concerns two bubble 

chamber experiments which have been performed to i n v e s t i 

gate c e r t a i n a s p e c t s of the s c a t t e r i n g of high energy n 

mesons i n hydrogen and deuterium. 

The trend i n bubble chajnber experiments i s tov/a.rds 

the a n a l y s i s of l a r g e r numbers of photographs to ob t a i n 

g r e a t e r s t a t i s t i c a l a n a l y s i s and to examine eventK which 

occur w i t h very s m a l l c r o s s s e c t i o n s ; g e n e r a l l y the 

f a c i l i t i e s of s e v e r a l l a b o r a t o r i e s are combined f o r the 

a n a l y s i s of the data, Both experiments reported here have 

been performed i n such c o l l a b o r a t i o n s . The study of the 

e l a s t i c s c a t t e r i n g of 6 G-eV/c % + mesons i n deuterium i s 

the combined work of the E c o l e Polytechnique, P a r i s and 

J.iiRii and Durham U n i v e r s i t y . The i n v e s t i g a t i o n of the 

i n e l a s t i c s c a t t e r i n g of 5 G-e'V/c TX1 mesons i n hydrogen has 

been undertaken by the U n i v e r s i t i e s of Bonn, Durham, 

i-Tijmegen, P a r i s (JS.P.), Strasbourg and T u r i n . The exposure 

i n which the author a s s i s t e d , was planned by r e p r e s e n t a t i v e 

of a l l the laborc-.tories and was made a t CEfii'i. 

The r e s u l t s presented i n t h i s t h e s i s r e p r e s e n t til; t 

p ? r t of the a n a l y p i s which was the p a r t i c u l a r concern of 

the author. Acknowledgement i s -liade i n the t e x t to nny 

r.-pecific c o n t r i b u t i o n ^ ^ i ^ j - ^ b j hip c o l l e a g u e s . 
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INTRODUCTION 

The f i r s t beams of pions w i t h e n e r g i e s i n t o the GeV 

r e g i o n became a v a i l a b l e a l i t t l e over ten y e a r s ago and s i n c e 

then an i n t e n s i v e e f f o r t has been .made to examine the p i o n -

nucleon i n t e r a c t i o n which i s fundamental to the understanding 

of s t r o n g i n t e r a c t i o n s . The i n e l a s t i c p r o c e s s e s have proved to 

be p a r t i c u l a r l y s u i t a b l e to be examined by the bubble chamber 

technique as the m u l t i p l e production of p a r t i c l e s , which i s the 

dominating f e a t u r e of pion-nucleon i n t e r a c t i o n s i n the GeV 

region, cannot be observed e a s i l y i n any other way at p r e s e n t . 

Over the l a s t few y e a r s many resonances have been discovered 

between the p a r t i c l e s of the f i n a l s t a t e and many of t h e i r 

p r o p e r t i e s e.g. t h e i r c r o s s s e c t i o n s , l i f e t i m e s and quantum 

numbers have been determined from bubble chamber experiments. 

T h i s information has provided the b a s i s f o r v a r i o u s t h e o r e t i 

c a l models f o r p a r t i c l e production i n t h i s energy region, the 

most s u c c e s s f u l of which has been the p e r i p h e r a l model. There 

i s s t i l l , however, no u n i v e r s a l theory to e x p l a i n a l l pheno

mena observed, and much more information about the L e s s frequent 

p r o c e s s e s i s needed. An i n c r e a s i n g number of bubble chamber 

photographs are becoming a v a i l a b l e f o r a n a l y s i s and the study 

of i n t e r a c t i o n s of v e r y s m a l l c r o s s s e c t i o n has become p o s s i b l e . 
Such a study i s reported i n Chapter 4 concerning the production 

of s i x charged p a r t i c l e s i n the f i n a l sta.te when 5 GeV/c TT+ 

mesons i n t e r a c t i n a hydrogen bubble chamber. 
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Experiments i n deuterium bubble chambers have g e n e r a l l y 

been performed to study s c a t t e r i n g s on the l o o s e l y bound 

neutron which c l o s e l y resembles a f r e e p a r t i c l e i n i t s i n 

e l a s t i c i n t e r a c t i o n s . However, information other than on 

7i-n s c a t t e r i n g can be learned from c o l l i s i o n s of pions i n 

deuterium; knowledge of the bound nucleon-nucleon s t a t e can 

be obtained by observing i n t e r a c t i o n s w i t h the deuteron as a 

whole, such as e l a s t i c s c a t t e r i n g s . At present only bubble 

chambers and n u c l e a r emulsions have s u f f i c i e n t r e s o l u t i o n to 

d i s t i n g u i s h between e l a s t i c s c a t t e r i n g s and i n t e r a c t i o n s i n 

which the proton and neutron are separated. I n Chapter 3 an 

i n v e s t i g a t i o n i n t o the e l a s t i c s c a t t e r i n g of 6 GeV/c 7t + mesons 

i n a deuterium bubble chamber i s d e s c r i b e d . A r e p o r t i s 

given of the determination of 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 pions a t t h i s momentum and of the comparison of 

d i f f e r e n t deuteron wave f u n c t i o n s f o r the i n t e r p r e t a t i o n of 

the experimental d ^ t s . 

The f i r s t two Chapters c o n t a i n a d e s c r i p t i o n of the 

experimental and a n a l y t i c techniques used i n the e v a l u a t i o n of 

the d a t a . The experimental c o n d i t i o n s are described i n 

Chapter 1 and d e t a i l s of the data r e d u c t i o n , common to both 

experiments, are given i n Chapter 2. I t has been considered 

appropriate to introduce the l a s t two chapters s e p a r a t e l y . 
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CHAPTER 1 

jApKaiiiiEi-l'JAL -JOnJITlOl-iS 

Two exposures have been .ir.de r<t CIMN, one v.ith the 

ii'2 b e a i and the S a c l a y 81 c:ri. Bubble Chamber f i l l e d w i t h 

deuterium, and the second u s i n g the U2 be a.", and the 1?0 CM. 

U j j r i t i F i h n a t i o n a l .-tyar'.^.Oii Bubble Cha/Vber ( 3 . : i .B.C . ) . 

Tho cf.-renti^l f e r t u r e r of the bea.'ii? -̂ nd bubble chainbers 

r r e d e s c r i b e d b r i e f l y hore- "nd f u l l e r d e t a i l s can be found 

i n the r e f e r e n c e s given. 

1 • 1 'i'he Deuterium Exposure 

An exposure was mp.de i n June 1963 i n which a t o t a l of 

about 70,000 photograph? were taken of the S a c l a y Bubble 

Chamber to provide data f o r a g e n e r a l study by CERL-I and the 

Ec o l e Poly technique, P a r i s of the i n t e r a c t i o n s of 6 GeV/c TC+ 

mesons i n deuterium, and by Durham, a l s o , of c e r t a i n a s p e c t s 

of the two- and six-pronged i n t e r a c t i o n s . 

1.11 The M2 Beam 

The l a y o u t of the M2 beam i s shown i n f i g u r e 1 and a 

complete d e s c r i p t i o n i s given i n the OERn i n t e r n a l r e p o r t 

of Goldberg and Perrea u ( 1 9 6 3 ) . The beam was b u i l t 

s p e c i f i c a l l y to provide separated, kaon beams up 

http://ir.de
http://mp.de
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to 3.5 G-eV/c and a n t i p r o t o n and pion beans are a l s o 

a v a i l a b l e up to 6 GeV/c. The l e n g t h of the beam from 

t a r g e t to the S a c l a y Bubble Chamber i s 87 ^ i . The beam 

i s produced a t an angle of 8.5° to the i n t e r n a l P.S. 

beam to provide a s u i t a b l e i n t e n s i t y of p a r t i c l e s 

( p a r t i c u l a r l y kaons) i n the chamber. The production of 

secondary p a r t i c l e s from the t a r g e t i s peaked s t r o n g l y 

forward, and the angle i s t h e r e f o r e kept as low as 

p o s s i b l e , momentum s e p a r a t i o n takes p l a c e i n the f i r s t 

p a r t of the beam; the f i r s t bending magnet B.M. 1 

produces d i s p e r s i o n i n the h o r i z o n t a l image at the e l i t 

no. 8 where the momentum b i t e i s d e f i n e d . The quad-

rupole t r i p l e t Ql, y2, and y3 at the s t a r t of the beam 

produces a converging beam i n the f i r s t 10 m. e l e c t r o 

s t a t i c s e p a r a t o r and a focus at the mass s l i t no. 10. 

I n the second i d e n t i c a l mass sep a r a t o r the beam i s 

h o r i z o n t a l so t h a t the maximum s e p a r a t i o n may be 

produced and the f i n a l mass s e p a r a t i o n i s made a t the 

s l i t no. 18 where the beam i s focussed by the doublet 

y7 and yS. Before e n t e r i n g the bubble chamber the beam 

i s given the d e s i r e d spread by the qua,drupo'le magnet Q9. 

The beam momentum during the exposure was computed 

by the programme 1 THALLP 1 to be 6.07 G-eV/c. 
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1.12 The S a c l a y 81 cm. .Bubble Chamber 

The S a c l a y Chamber has a c o n v e n t i o n a l through-

i l l u m i n a t i o n system, shown i n f i g u r e 2, which uses 

v e r t i c a l l i n e a r f l a s h tubes as l i g h t sources focussed by 

two-section condensers. The chamber windows, 81 cm. i n 

length, are r e c t a n g u l a r w ith s e m i - c i r c u l a r ends and the 

depth of the chamber i s 32 cm. For t h i s exposure the 

chamber was f i l l e d w i t h about 100 l i t r e s of l i q u i d 

deuterium. The three cameras were l o c a t e d i n the p o s i t i o n s 

shown i n f i g u r e 3 and 35 mm. unperforated f i l m was used. 

The chamber was expanded and photographed every two 

seconds. The r e f e r e n c e system of c r o s s e s engraved on to 

the i n n e r s u r f a c e s of the windows was used to d e f i n e the 

f i d u c i a l volume as shown i n f i g u r e 4 which i s a photo

graph taken by the lower camera, View 3. I t was n e c e s s a r y 

to d e f i n e the f i d u c i a l volume on t h i s view i n s t e a d of the 

u s u a l c e n t r a l view because the photographs taken by 

camera 2 v/ere of poor q u a l i t y and, d i f f i c u l t to scan. 

The magnetic f i e l d varied, by up to 4$ a t the edges of the 

chamber, having an average v a l u e of 20.0 K i l o g a u s s and 

was measured a c c u r a t e l y throughout the chamber. The d i s 

t o r t i o n of the o p t i c a l system and of the chamber as a 

whole i s v e r y s m a l l and the t r a j e c t o r i e s of the t r a c k s 

have been r e c o n s t r u c t e d i n the geometry programme 'THRESH1 
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without d i f f i c u l t y . Wo c o r r e c t i o n s f o r d i s t o r t i o n s have 

t h e r e f o r e been attempted. 

1.2 The Exposure i n Hydrogen 

Approximately 150,000 photographs were taken of the 

B.N.H.B.C. exposed to a beam of n + mesons of 4.98 GeV/c 

momentum i n an experimental run during February 1965. 

The f i l m was d i v i d e d between the f i v e c o l l a b o r a t i n g 

l a b o r a t o r i e s - Bonn, Durham, P a r i s ( E . P . ) , Nijmegen, and. 

T u r i n ; subsequently the f i l m of the E c o l e Polytechnique 

v/as shared with S t r a s b o u r g . The run was made i n the 

E a s t Experimental Area u s i n g the 02 beam. 

1.21 The 02 Beam 

The 02 beam was b u i l t to provide reasonably w e l l 

separated beams of kaons, protons, a n t i p r o t o n s and pions 

w i t h momenta up to 15 GeV/c. I n i t i a l l y the beam served 

the B r i t i s h 150 cm. chamber and i n t h i s experiment was 

se t up to produce a beam of J I + mesons a t a momentum of 

c l o s e to 5 GeV/c. The beam, d e s c r i b e d f u l l y by K e i l and 

Neale (1963), i s i n t e r e s t i n g t e c h n i c a l l y because i t com

b i n e s i n a s i n g l e channel both e l e c t r o s t a t i c and R.P. 

s e p a r a t i o n . However, f o r the purpose of p r o v i d i n g the 

TC+ beam at t h i s momentum only the e l e c t r o s t a t i c s e p a r a t o r s 

were needed, the R..P. s e p a r a t i o n being of g r e a t e r 
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e f f i c i e n c y a t higher momenta. 

The la y o u t of the beam, which i s about 180 m. long 

between the t a r g e t and chamber, i s shown i n f i g u r e 5. 

The i n t e r n a l t a r g e t produces p o s i t i v e p a r t i c l e s a t an 

angle of 5.1°. The c i r c u l a t i n g proton beam of the P.S. 

had an i n t e n s i t y of about ^.10"^ protons per pu l s e and 

the 02 beam was given about 10$ of the i n t e n s i t y . I n 

the f i r s t p a r t of the beam the angular acceptance and 

the momentum b i t e are i n i t i a l l y d e f i n e d . I n the second 

p a r t , a f t e r mass s e p a r a t i o n the angular acceptance and 

momentum s e l e c t i o n are red e f i n e d and the beam i s f i n a l l y 

shaped f o r entry i n t o the bubble chamber. The angular 

acceptance from the t a r g e t i s defined by the c o l l i m a t o r s 

C I and G2 and l a t e r } i n the f i n a l s t a g e j b y G9 i n the 

v e r t i c a l plane and. by the v e r t i c a l bending magnet i n the 

h o r i z o n t a l p l a n e . The bending magnets Ml, M2, M3, and 

M4 and the h o r i z o n t a l c o l l i m a t o r C3 provide the momentum 

s e l e c t i o n i n the f i r s t stage and G i l r e d e f i n e s the 

momentum b i t e j u s t before the beam e n t e r s the chamber. 

The quadrupole t r i p l e t y l , y2, and. y3 f o c u s s e s the beam 

at the centre of the c o l l i m a t o r C4- i n the v e r t i c a l plane 

which then a c t s as a source f o r the mass a n a l y s i s s t a g e . 

The l e n s t r i p l e t y4, y6, and Q7 produces a p a r a l l e l beajn 
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i n the v e r t i c a l plane and an i n t e r m e d i a t e focus i n s i d e 

the mass s e p a r a t o r s which have a t o t a l p l a t e l e n g t h of 

27 m. The f i n a l mass a n a l y s i s i s made at c o l l i m a t o r 

C6. The beam i s brought to a sharp v e r t i c a l focus j u s t 

i n s i d e the bubble chamber by ^16 and Q17 and t h i s i s 

then swept a c r o s s the chamber by the p u l s e d magnet PM. 

1.22 The B r i t i s h N a t i o n a l Hydrogen Bubble Chamber 

The i n i t i a l t e s t i n g and o p e r a t i o n of the B.N.H.B.C. 

took p l a c e at CliflN. The chamber i s d e s c r i b e d i n s e v e r a l 

papers e.g. Welford ( 1 9 6 4 ) . The aperture of the two 

plane p a r a l l e l windows i s r e c t a n g u l a r w i t h s e m i - c i r c u l a r 

ends and the c l e a r dimensions are 150 cm. by 50 cm. The 

windows are 15.5 cm. t h i c k and the s p a c i n g between the 

i n n e r f a c e s i s 45.0 cm. producing an e f f e c t i v e volume of 

l i q u i d hydrogen seen by the three cameras of about 300 

l i t r e s . The o p t i c a l system i s of the t h r o u g h - i l l u m i n a t i o n 

type u s i n g ring-shaped f l a s h tubes and a condenser system 

i n three s e c t i o n s . The cameras, 122.2 cm. from the f r o n t 

window, have axes which are p e r p e n d i c u l a r to the windov/s 

and they are loaded w i t h 35 inm. unperforated f i l m i n 

3-'0 in. l e n g t h s . The chamber, i t s surrounding magnet and. 

the o p t i c a l system are shown di a g r a m m a t i c a l l y i n f i g u r e 6. 
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Again, the r e f e r e n c e system of the chamber i n the form 

of engraved c r o s s e s on the i n n e r window s u r f a c e s i s used 

to define the f i d u c i a l volume and t h i s may be seen i n a 

photograph taken by the c e n t r a l camera, f i g u r e 7. The 

c r o s s e s on the caiiiera-side have four equal arms and on 

the l i g h t - s i d e have one longer arm. During the e x p e r i 

ment the f i l m v/as monitored ana the chamoer working 

c o n d i t i o n s adjusted to produce minimum i o i s a t i o n t r a c k s 

w i t h twelve bubbles per mm. The magnetic f i e l d had an 

average f i e l d s t r e n g t h of 13.5 k i l o g a u s s and. v a r i e d by 

a.bout 3f' at the s i d e s of the chamber. The f i e l d s t r e n g t h 

was a c c u r a t e l y measured throughout the chamber and the 

r e s u l t s of t h i s survey recorded i n the u s u a l way i n m a t r i x 

form f o r use i n the f i t t i n g programme. 

1.23 D i s t o r t i o n s 

The d i s t o r t i o n s produced by the o p t i c a l system of the 

chamber are not n e g l i g i b l e and r e l i a b l e g e o m e t r i c a l r e c o n 

s t r u c t i o n i s not p o s s i b l e without making c o r r e c t i o n s . 

K e l l n e r (1^65) has made a study of the c o r r e c t i o n s r e 

quired and these are now i n c l u d e d i n the geometry programme 

ThRliSri. The o p t i c a l d i s t o r t i o n s were determined with the 

a i d of a g l a s s p l a t e upon which was engraved a g r i d of 

i n t e r s e c t i n g r u l i n g s . I t was then p o s s i b l e to make use 

of the o p t i c a l c o r r e c t i o n s to determine a c c u r a t e l y the 
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p o s i t i o n s of the cameras r e l a t i v e to the chamber. 

The g r i d p l a t e was photographed i n three p o s i t i o n s 

corresponding to the i n n e r s u r f a c e s of the f r o n t and hack 

windows and to the centr e of the chamber. These p o s i t i o n s 

of the g r i d were a l i g n e d u s i n g a t e l e s c o p e arrangement 

and the p o s i t i o n s of the cameras were estimated c a r e f u l l y . 

With, the r e l a t i v e p o s i t i o n s of g r i d and cameras e s t a b l i s h e d 
T T 

the c o o r d i n a t e s of the g r i d i n t e r s e c t i o n s x^, y\ on an 

i d e a l f i l m plane were then c a l c u l a t e d . The a c t u a l co

o r d i n a t e s x i , y\ on the photographs, were determined by 

a c c u r a t e measurements and the e f f e c t of f i l m s t r e t c h was 

removed by measuring a l s o the camera-based f i d u c i a l s 

p r i n t e d on to the f i l m i n the camera gate. F i l m t i l t and 

l e n s d i s t o r t i o n s were then c a l c u l a t e d by a l e a s t squares 

f i t to the e x p r e s s i o n . 

I v / I ( x'-x ) " + ( y ' - y ) ) = minimum 
i - 1 

where ( ) = 

( * ) ( ! + a-L f + a 2 f + a xy + a + a + a 
f 

Here, w i s a weight and f the f i l m - l e n s d i s t a n c e . 
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The g e n e r a l formula f o r f i t t i n g f i l m t i l t and 

s p h e r i c a l l e n s d i s t o r t i o n s would i n c l u d e c o e f f i c i e n t s 
2 4 2 2 2 

only f o r x, y, r and r , where r = x +y . The co
e f f i c i e n t s a-j, and were introduced to study the 
e f f e c t s of n o n - r o t a t i o n a l arrangement and other c o n t r i 
b u t ions which were not obvious. The c o r r e c t i o n s made by 
these c o e f f i c i e n t s , ct^, i n a t y p i c a l case would be about 
5 microns f o r a t r a c k measured on the f i l m 10 mm. from 
the o p t i c a x i s . 

F i n a l l y i t was n e c e s s a r y to determine the camera 

p o s i t i o n s r e l a t i v e to the chamber and f o r t h i s purpose 

photographs were taken of the chamber f i d u c i a l c r o s s e s . 

The c o o r d i n a t e s of these c r o s s e s were measured and 

c o r r e c t e d by the polynomial e x p r e s s i o n given above and 

the camera p o s i t i o n s were then r e c o n s t r u c t e d . Using the 

camera p o s i t i o n s thus determined and the c o r r e c t i o n 

e x p r e s s i o n given i t has been found t h a t p o i n t s i n the 

chamber space can be r e c o n s t r u c t e d by TriHESri w i t h a 

s i m i l a r p r e c i s i o n to that of the S a c l a y 81 cm. Bubble 

Chamber. 
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CHAPTER 2 

DATA REDUCTION 

The system of data r e d u c t i o n by which events of 

i n t e r e s t were s e l e c t e d , measured and analysed i s shown 

i n the block diagram of f i g u r e 8. 

2.1 Scanning 

2.11 Scanning T a b l e s 

The t a b l e s upon which the f i l m was scanned were 

designed i n Durham and c o n s t r u c t e d i n the Departmental 

Workshop to accomodate a P r e v o s t p r o j e c t i o n system. To 

p r o j e c t the f i l m on to a h o r i z o n t a l r e f l e c t i n g s u r f a c e 

of convenient height i t has been found n e c e s s a r y to t i l t 

the p r o j e c t o r s and to use a s i n g l e r e f l e c t i o n from a 

l a r g e c a n t i l e v e r e d m i r r o r which i s a l s o t i l t e d . The 

l e n s e s of 135 mm. f o c a l l e n g t h allow the projected, images 

to be 2/3 f u l l s i z e and by u s i n g other appropriate l e n s e s 

50 mm. and 70 mm. f i l m may a l s o be scanned. The t a b l e 

tops which serve as r e f l e c t i o n s c r e e n s are designed to 

be unobstructed enabling the images to be viewed from 
three s i d e s i f r e q u i r e d . G e n e r a l l y the f i l m i s scanned 
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by v i e w i n g fro.n the d i r e c t i o n of the ingoing beam. 

2.12 Scanning of the Hydrogen JFilm 

One f i f t h of the t o t a l number of photographs of the 

hydrogen f i l m v/ere analysed a t Durham, comprising of 

30,000 p i c t u r e s on 25 t r i a d s of f i l m . S i x of these were 

r e j e c t e d a f t e r a b r i e f i n i t i a l scan because the p i c t u r e 

q u a l i t y on one or more of the views was bad. The reasons 

f o r the r e j e c t i o n s were v a r i o u s - f a i n t n e s s , b l u r r i n g , 

fogging and too many t r a c k s i n each frame. The remaining 

f i l m v.-as scanned i n i t i a l l y f o r six-pronged i n t e r a c t i o n s 

i n s i d e the chosen f i d u c i a l volume shown i n f i g u r e 7. 

I n t e r a c t i o n s i n s i d e the volume were recorded only i f the 

beam t r a c k entered the volume somewhere along i t s bottom 

edge. The f i d u c i a l volume was divided i n t o s i x zones 

v e r t i c a l l y and h o r i z o n t a l l y and on the scanning s h e e t s 

were recorded both the zone of entry and the zone of 

i n t e r a c t i o n f o r each event. I n a d d i t i o n to t h i s the 

f o l l o w i n g c h a r a c t e r i s t i c s of each i n t e r a c t i o n were recorded: 

( a ) Secondary i n t e r a c t i o n s 

(b) Stopping t r a c k s and decays 

A s s o c i a t e d e l e c t r o n p a i r s and. V°s ( c ) 

I d e n t i f i e d protons 
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The protons were i d e n t i f i e d where p o s s i b l e from t h e i r 
c u r v a t u r e , estimated by comparison w i t h c a l i b r a t e d curves, 
and by Judging t h e i r bubble d e n s i t i e s v i s u a l l y . I t was 
found p o s s i b l e to i d e n t i f y protons up to a momentum of 
about 1.3 GeV/c. 

2.13 E f f i c i e n c y of Scanning 

A complete r e - s c a n of the f i l m f o r six-pronged events 

was made and the scanning e f f i c i e n c i e s c a l c u l a t e d i n the 

u s u a l way (Burhop 1962) f o r the scan and r e - s c a n of each 

t r i a d . For the f i r s t sc?.n the average e f f i c i e n c y f o r a l l 

the f i l m was (94.8-1.0)$ and-for the r e - s c a n (95.6-0.8)$. 

The o v e r a l l e f f i c i e n c y w i t h which six-pronged events were 

found i s t h e r e f o r e (99.77-0.06)$. The assumption has been 

made as always t h a t the f i n d i n g of the events was a 

s t a t i s t i c a l p r o c e s s and th a t the same events were not 

missed i n both the scan and r e - s c a n . T h i s assumption 

should be v a l i d f o r six-pronged events s i n c e the v i s i 

b i l i t y of such events i s g e n e r a l l y much b e t t e r than f o r 

events of s m a l l e r m u l t i p l i c i t i e s . 

2.14 Scanning of the Deuterium F i l m 

The f i l m of the S a c l a y Bubble Chamber which was 



studied a t Durham f o r e l a s t i c s c a t t e r i n g s had a l r e a d y 

been scanned and re-scanned, completely at CERN as p a r t of 

an i n v e s t i g a t i o n of four-pronged i n t e r a c t i o n s i n d e u t e r 

ium. As the r e s u l t s of the study of e l a s t i c s c a t t e r i n g 

were of immediate i n t e r e s t and because at t h a t time the 

scanning equipment was l a r g e l y committed to the hydrogen 

experiment i t was not p o s s i b l e nor thought n e c e s s a r y to 

r e - s c a n the f i l m i n Durham. I n s t e a d the two-pronged 

events recorded on the CiiKi-i scanning s h e e t s were r e 

examined and a s e l e c t i o n made of those events which had 

the v i s u a l c h a r a c t e r i s t i c s of e l a s t i c s c a t t e r s . T h i s 

procedure and. the manner i n which the i n t e r a c t i o n s were 

analysed i s d e s c r i b e d i n s e c t i o n 3.5. The l a t e r comparison 

of the r e s u l t s of the a n a l y s i s w i t h those of the S c o l e 

Polytechnique have shown t h a t the e f f i c i e n c y of the GERi\l 

scanning f o r two-pronged events i n which the r e c o i l t r a c k 

i s s h o r t e r thaji about 2 mm. i s low and t h a t r e - s c a n n i n g 

would be d e s i r a b l e . T h i s has not been p o s s i b l e beca,use 

of the d e t e r i o r a t i o n of the f i l m i n h a n d l i n g and the 

experimental r e s u l t s have been shown w i t h the appropriate 

e r r o r s . 
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2.2 L a b e l l i n g 

Before measurement the six-pronged events were 

' l a b e l l e d ' by a p h y s i c i s t . For each event a sheet was 

prepared w i t h the t r a c k l a b e l s f o r each view i n the order 

i n which they were to be measured. T h i s p r e p a r a t i o n was 

undertaken mainly to save time at the measuring t a b l e s 

and to minimise e r r o r s which might be made by the 

measurer. I n events w i t h s i x secondary t r a c k s i t was 

found t h a t f r e q u e n t l y the r e l a t i v e p o s i t i o n s of the t r a c k s 

changed from view to view. W h i l s t these cha.nges were 

e a s i l y noted a t the scanning t a b l e where the l a b e l l i n g 

took p l a c e whoro and a l l the views could be consulted, 

simultaneously i t was much more d i f f i c u l t to observe them 

at the measuring t a b l e where only one view may be seen a t 

a time. For i n t e r a c t i o n s w i t h s m a l l e r m u l t i p l i c i t i e s the 

l a b e l l i n g was c a r r i e d out by the operators as the t r a c k s 

were measured. 

2.3 Measurement 

A standard measurement procedure was adopted as 

f o l l o w s . For each i n t e r a c t i o n f o u r s e l e c t e d f i d u c i a l 

c r o s s e s were measured f i r s t and then the i n t e r a c t i o n p oint 
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(apex) of the event and the t r a c k s i n counterclockwise 

order s t a r t i n g w i t h the primary. I n g e n e r a l , f o r the 

t r a c k s of non-stopping p a r t i c l e s the coo r d i n a t e s of s i x 

evenly spaced p o i n t s along the t r a c k were measured. For 

some of the slower non-stopping t r a c k s the curvature 

could be seen to change s i g n i f i c a n t l y along i t s l e n g t h 

and f o r these care was taken to measure only t h a t p a r t 

near to the apex where the curvat u r e was e s s e n t i a l l y 

c o n s t a n t . No allowance i s made i n THRESH f o r energy l o s s 

by the p a r t i c l e s and t h e r e f o r e these t r a c k s cannot be 

a c c u r a t e l y reconstructed, u n l e s s t h i s p r e c a u t i o n i s taken. 

For stopping t r a c k s of v e r y short range only the c o o r d i n 

a t e s of the end-point were measured and the momentum was 

then determined i n the ki n e m a t i c s programme 1 GRIND', a f t e r 

a mass assignment had been made, u s i n g known range-

momentum d a t a . I n the case of stopping t r a c k s w i t h v i s i b l e 

curvature, p o i n t s were measured along t h e i r l e n g t h as w e l l 

as the end-point. The momentum was then determined from 

both the range and the curvat u r e and the calculated, v a l u e s 

checked f o r c o m p a t i b i l i t y . A weighted average of the two 

v a l u e s was f i n a l l y used. 
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2.31 Measuring Tables 

The machines used f o r tine measuring were designed, 
i n Durham and. b u i l t w i t h i n the department. The basis of 
each measuring t a b l e i s a stage which moves on l i n e a r 
bearings and the movement of the stage i s d i g i t i z e d i n 
two d i r e c t i o n s u s i n g the well-known technique of count i n g 
Moire f r i n g e s . To provide measurements w i t h s u f f i c i e n t 
accuracy f o r the r e c o n s t r u c t i o n and f i t t i n g of the events 
d i g i t i z e r s w i t h a l e a s t count of two microns are used. 
The f i l j i i i s p r o j e c t e d on t o a v e r t i c a l screen on which 
i s marked a reference p o i n t of about the size of a p r o 
j e c t e d t r a c k bubble. The y-motion of the stage moves the 
o p t i c a l system and. the x-motion moves the clamped f i l m so 
t h a t any p o i n t of the p r o j e c t e d image may be brought t o 
the reference p o i n t . This arrangement allows the stage 
to be of compact dimensions but there i s a d i f f e r e n c e i n 
the m a g n i f i c a t i o n i n the two d i r e c t i o n s . THRESH takes 
t h i s d i f f e r e n c e i n t o account p r o v i d i n g f o u r f i d u c i a l 
crosses are measured. The motion of the stage i s con
t r o l l e d through servo- and stepping motors f o r the course 
motion and the f i n e motion r e s p e c t i v e l y . I t i s found 
t h a t on average the s e t t i n g s can be reproduced, t o an 
accuracy of - 2.5 counts. 
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The coordinates of the measured p o i n t s are punched 
on t o paper tape and. the read-out from the counter banks 
t o the tape punch i s by way of a b u f f e r s t o r e which en
ables immediate movement from one p o i n t t o the next w i t h 
out w a i t i n g f o r the punching cycle t o be completed. The 
counting and read-out system i s i l l u s t r a t e d i n block 
diagrammatic form i n f i g u r e 9. The output from the f o u r 
p h o t o c e l l s of each reading head, a f t e r being a m p l i f i e d 
and shaped, i s taken to a sense d e t e c t o r and then t o the 
gate c o n t r o l which i s connected t o each of the binary 

o 17 
counters. These counters cover the range 2 to 2 counts. 
A read pulse (manually operated when a coordinate i s t o 
be recorded) t r a n s f e r s the i n f o r m a t i o n from the two 
counter banks (x and y ) t o the b u f f e r s t o r e , f i g u r e 10, 
by a p a r a l l e l read system. Each of the b i n a r y counters 
has i t s own l o c a t i o n i n the stor e which i s connected as 
B, s h i f t r e g i s t e r w i t h s i x l o c a t i o n s per row. The upper 
row i s connected through a m p l i f i e r s t o the e i g h t - h o l e 
punch which operates on automatic t r i p . As each row i s 
punched a synchronised s i g n a l r e t u r n s from the punch to 
the s t o r e s h i f t i n g each row up by one p o s i t i o n and f i l l i n g 
the store w i t h 'zeros' from the bottom. A f t e r s i x cycles 
the i n f o r m a t i o n i s completely read out and the s t o r e empty. 
I f one of the rowa of a coordinate i s completely empty 
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(as by chance i t may be J the puncn i s t r i p p e d by a s i x -
row s h i f t r e g i s t e r connected t o act as a counter. Thus 
each coordinate i s punched on t o the tape i n s i x rows. 
Between the s t o r e and the punch a m p l i f i e r s i s an even 
p a r i t y generator. 

Together w i t h the measuring t a b l e i s an e l e c t r i c 
i n p u t t y p e w r i t e r coupled t o the punch Toy way of a diode 
m a t r i x arranged i n the j f l l l i o t t code. A l l the other 
i n f o r m a t i o n needed w i t h the coordinates i s punched on t o 
the tape u s i n g t h i s t y p e w r i t e r . The read pulse i s also 
operated by a key of the t y p e w r i t e r so t h a t a complete 
rec o r d of the order i n v/hich each event i s measured i s 
kept on paper. The i n f o r m a t i o n r e q u i r e d by the computer 
i n a d d i t i o n t o the coordinates i n c l u d e s l a b l e s f o r each 
p o i n t and t r a c k , and a ' t i t l e ' f o r each event. This 
t i t l e i s a s e r i e s of reference numbers f o r a) the frame, 
b) the event i n the frame, c) the event type, and d) the 
operator. 

2.4 Data Processing 

The output from the measuring t a b l e s was recorded 
u s i n g the programme VLiiiAP1 and then put on t o magnetic 
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tape t o serve as i n p u t data f o r the geometry and k i n e 
matics programmes, THRESH and GRIND. These two GERM' 
L i b r a r y programmes were used by a l l the l a b o r a t o r i e s i n 
both c o l l a b o r a t i o n s . Although these programmes are w e l l 
known and wid e l y used a b r i e f review of t h e i r main 
f e a t u r e s i s given here f o r the purpose of Hater r e f e r e n c e . 
The computing of the Durham six - p r o n g events was per
formed u s i n g the Bonn I.B.M. 7090 computer and the 
deuterium two-prong events were processed on a s i m i l a r 
computer i n P a r i s . 

2.41 REAP 

I n the form i n which i t leaves the measuring t a b l e s 
the data cannot be read i n t o the geometry programme. The 
programme REAP, w r i t t e n by H. H a l l i w e l l f o r the p a r t i c u l a r 
requirements of the Durham data, both reorders the data 
and a t the same time checks the accuracy and the complete
ness of the measurements. HEAP i s w r i t t e n i n such away 
t h a t i n r e o r d e r i n g the data considerable l a t i t u d e i s 
allowed i n the exact form the measurements take. E r r o r s 
of measurement noted a t the time they are made may be 
corr e c t e d simply by r e l a b e l l i n g the p o i n t or t r a c k and 
re p e a t i n g the measurement. REAP also allows a general 
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t i t l e , punched on t o the tape w i t h the f i r s t measured 
event, to serve as the t i t l e f o r each of the following-
events, w i t h only those reference numbers a l t e r e d which 
change from event t o event. I n t h i s way u s u a l l y only the 
frame number w i l l need t o be changed by the op e r a t o r . 

The output from REAP, which i s run on the Durham 
E l l i o t t 803 computer, c o n s i s t s of a pa.per tape i n F e r r a n t i 
code w i t h the ordered THRESH i n p u t data and a second tape 
w i t h i n f o r m a t i o n about the q u a l i t y of the measurements. 
I f i n s u f f i c i e n t f i d u c i a l marks have been measured or i f 
they .have been i n c o r r e c t l y measured the event i s r e j e c t e d . 
S i m i l a r l y i f a t r a c k has been badly measured (perhaps as 
a r e s u l t of a counter f a u l t ) a simple f i t t i n g r o u t i n e allow 
t h i s t o be noted and the event can u s u a l l y be remeasured 
before the f i l m leaves the measuring t a b l e so t h a t c o n s i d 
erable time can be saved. 

Before e n t e r i n g THRESH the i n p u t data i s t r a n s f e r r e d , 
on t o a magnetic tape u s i n g an I.B.r.1. 1401 computer and 
the code i s changed from .Ferranti to I.B.M. 

2.42 THRESH 
THRESH i s the mass-independent geometrical recon

s t r u c t i o n programme and the v e r s i o n used f o r these e x p e r i 
ments was w r i t t e n i n the F o r t r a n I I language. Using some 



- 23 -

general i n f o r m a t i o n about the bubble chamber used. e.g. 
the p o s i t i o n s of the cameras and f i d u c i a l crosses and 
data concerning the o p t i c a l system, the measurements of 
each event are used t o c a l c u l a t e the curvature ( o r range) 
and the d i r e c t i o n i n the chamber of each t r a c k and also 
the coordinates of a l l i n t e r a c t i o n p o i n t s . The output 
l i s t s the angles of d i p and azimuth at the s t a r t i n g p o i n t 
of the t r a c k and the curvature a t i t s middle. For each 
of these q u a n t i t i e s the e r r o r i s c a l c u l a t e d from the 
d i f f e r e n c e between the measured and the f i t t e d p o i n t s . 
This i s the ' i n t e r n a l 1 e r r o r of each q u a n t i t y . 

2.43 GRIND 

The kinematics programme GRIND t e s t s the v a r i o u s 
hypotheses f o r the i n t e r p r e t a t i o n of each i n t e r a c t i o n . 
For each experiment the p o s s i b l e e x i t channels of an 
i n t e r a c t i o n are assembled i n a ' t i t l e ' t o the programme 
and these i n d i c a t e the mass assignments t h a t may be made 
to the "Iracks. The other GRIrTD t i t l e s c o n t a i n data con
c e r n i n g the magnetic f i e l d , the range-momentum r e l a t i o n s 
and the ' e x t e r n a l ' e r r o r s . 

Besides enabling the d i f f e r e n t hypotheses t o be 
d i s t i n g u i s h e d GRIND also provides the best estimate o f the 
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complete k i n e m a t i c a l s t a t e of each p a r t i c l e ( given by i t s 
four-momentum) a f t e r the c o r r e c t f i t t i n g has been made. 
These values are then used i n l a t e r a n a l y s i s . The 
r e l a t i v i s t i c conservation laws are imposed upon the i n t e r 
a c t i o n s by f o u r c o n s t r a i n t equations - one f o r each 
component of four-momentum. The masses of the p a r t i c l e s 
are f i x e d by the hypothesis and a l l the measured, q u a n t i t i e s 
are adjusted w i t h i n p r e s c r i b e d l i m i t s u n t i l the best f i t 
t o the c o n s t r a i n t equations i s found. The f i t i s made 

2 
by the m i n i m i s a t i o n of a 36 f u n c t i o n which depends on a l l 
the measured q u a n t i t i e s . I n the case where there are no 
unmeasured v a r i a b l e s the f i t has t o f u l f i l a l l the con
s t r a i n t equations and there are f o u r degrees of freedom. 
Where there are unmeasured v a r i a b l e s , such as the momentum 
and d i r e c t i o n of a n e u t r a l p a r t i c l e , some of the equations 
must be used t o c a l c u l a t e these v a r i a b l e s and i n the case 
of one n e u t r a l p a r t i c l e three of the equations are auto
m a t i c a l l y f u l f i l l e d l e a v i n g o n l y one degree of freedom f o r 
the f i t . rlo f i t a t a l l can be obtained when there i s more 
than one n e u t r a l p a r t i c l e produced i n an i n t e r a c t i o n unless 
the decay products can be measured. I n such cases only 
the missing mass caja be c a l c u l a t e d f o r the i n t e r a c t i o n . 
'.For any one i n t e r a c t i o n the number of f i t s i s not neces
s a r i l y l i m i t e d , t o one. The a c t u a l number w i l l depend 
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l a r g e l y on the p a r t i c u l a r kinematics of the event and 
upon the amount of adjustment which i s allowed. 

The output of I tRLNB contains a geometry record of 
the complete u n f i t t e d event and f o r each hypothesis a 
record of the assigned masses aiid the corresponding value 

p 
of 10'. For each hypothesis, whether f i t t e d or n o t , G-RiHD 
also c a l c u l a t e s the squared missing mass u s i n g the un
f i t t e d q u a n t i t i e s . The r e l a t i v e i o n i z a t i o n s of the t r a c k s 

p 
are determined as seen on the c e n t r a l view from the 1/p 
dependence and these are corr e c t e d f o r d i p . C e r t a i n 
t e s t s are a p p l i e d d u r i n g the f i t t i n g which i f not s a t i s 
f i e d , are i n d i c a t e d as e r r o r s i n the p r i n t e d o u t p u t . For 
example, the expected ' e x t e r n a l ' e r r o r s which are defin e d 
by c e r t a i n formulae, are compared w i t h the i n t e r n a l e r r o r s 
computed by THRESH f o r the curvature and the angle s of 
each t r a c k . I f the i n t e r n a l e r r o r i s g r e a t e r than three 
times the e x t e r n a l e r r o r then the correspond A-error i s 
s i g n a l l e d . 
2.5 Examination and. An a l y s i s 

Each six-pronged, i n t e r a c t i o n was studied, at the scan
n i n g t a b l e together w i t h the output from GRIM and a 
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v i s u a l comparison was made between the computed bubble 
d e n s i t i e s of the t r a c k s and those seen on the f i l m . A l l 
hypotheses which were not c o n s i s t e n t w i t h the i o n i z a t i o n 
of the t r a c k s were excluded. Hypotheses w i t h strange 
p a r t i c l e s were not w r i t t e n i n t o the GRIND t i t l e so i t 
was necessary to i d e n t i f y the proton only t o d i s t i n g u i s h 
between hypotheses. Protons can be d i s t i n g u i s h e d from 
pions up t o a momentum of about 1.3 GeV/c when the proton 
i o n i z a t i o n i s close to the plateau l e v e l . For events 
where more than one hypothesis s a t i s f i e d the above exam-
i n r t i o n the values of the squared missing mass, .••.flvl", and 

p 
of Vf were considered t o choose the more probable i n t e r 
p r e t a t i o n . The necessary c o n d i t i o n f o r the c a l c u l a t e d 

2 
iiiivl t o be acceptable f o r a hypothesis was t h a t 

m 2 - 2A(i*M 2) < M 2 < ivM2 + 2A(;V]M2) 

where r.i was the mass of the missing p a r t i c l e corresponding o 
to the hypothesis e.g. M = 0 f o r 4G f i t s . The g r e a t e s t 
acceptable value f o r % was 6 f o r the 1C f i t s and 24.5 
f o r the 4G f i t s . Y/here two or more hypotheses s t i l l 
remained the f o l l o w i n g order of precedence was observed. 
F o u r - c o n s t r a i n t hypotheses were accepted r a t h e r than 1C 
f i t s and where f u r t h e r d i s t i n c t i o n was r e q u i r e d the 
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hypothesis w i t h the lowest value o f * was chosen. 
Some events which had not been s u f f i c i e n t l y w e l l 

measured f a i l e d t o be re c o n s t r u c t e d i n THSKSH and these 
were picked out from the GRIND p r i n t o u t f o r remeasurement. 
C e r t a i n other events which had produced f i t s i n GRIND 
were also remeasured i f the e r r o r s s i g n a l l e d as a r e s u l t 
of the GRIND t e s t s were s u f f i c i e n t l y important t o cast 
doubts on the v a l i d i t y of the f i t o btained. I f , f o r 
example, an event had one t r a c k too badly measured to be 
re c o n s t r u c t e d a 1C f i t might nevertheless be made which 
could be s a t i s f a c t o r y i n every other way and i n such a 
case the e r r o r s i g n a l l e d would ensure t h a t i t was r e -
measured. 

2.51 V/2 L i m i t s 
2 + The # l i m i t s used f o r the TC p experiment were the 

ones t h a t had been found, p r e v i o u s l y t o be adequate i n 
d i s t i n g u i s h i n g between the f o l l o w i n g i n t e r a c t i o n s of one 
and no degrees of freedom 

— + + - - o 
PP -+ 7t 71 71 7[ 71 

+ + - - 0 0 
H 71 71 71 71 71 



- 28 -

Events of these two types were generated by a Monte Carlo 
programme 'FAKE' w i t h e r r o r s of the v a r i a b l e s s i m i l a r t o 
those found i n experimental v a l u e s . These simulated 
events were then used as i n p u t f o r GRIND and a study of 

2 
the r e s u l t i n g f i t t e d , hypotheses and associated X/ values 
i n d i c a t e d the extent t o which m i s c l a s s i f i c a t i o n of events 
might be expected. I t was found t h a t s e l e c t i n g a value 
of X 4 6 f o r the 1C f i t s gave a confidence l e v e l of 
0.01 and t h i s has been adopted f o r the 1C f i t s of the 
six-pronged 7c" hp i n t e r a c t i o n s a l s o . For the 4C f i t s a 

? 
value of JJ £ 24.5 was thought t o be adequate and 
corresponds t o a confidence l e v e l of 0.0001. 

2.52 Data Summary Tape 

Prom the GRIND output a summary tape was prepared 
which contained o n l y the hypotheses selected by the 
examination. For each event GRIND produced a 'SLICE' 
card and upon t h i s was punched the number corresponding 
to the selected hypothesis. Using these cards the 
programme SLICE compiled the Data Summary Tape (D.S.T.). 
This tape held the records of the u n f i t t e d , and f i t t e d 

? 2 
geometry, KM and % f o r each event. As the experiment 
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progressed and more events were f i t t e d the D.S.T. was 
kept up t o date. 

2.53 SUMX 

The CERN L i b r a r y programme 'SUMX' was used, t o c a l -
2 

c u l a t e the d i f f e r e n t i a l cross sections (do/d& ) and the 
e f f e c t i v e mass and angular d i s t r i b u t i o n s from the D.S.T. 
By adding the a p p r o p r i a t e subroutines SUMS may be used 
to p l o t any d i s t r i b u t i o n r e l e v a n t t o the experiment. 
The d i s t r i b u t i o n s may be p l o t t e d w i t h any 'cuts' needed 
to study p a r t i c u l a r f e a t u r e s of the i n t e r a c t i o n s by 
r e q u i r i n g t h a t c e r t a i n t e s t s be s a t i s f i e d . 

2.6 Phase Space 

The d i s t r i b u t i o n s prepared by SUJVLi from the e x p e r i 
mental r e s u l t s are presented l a t e r and are o f t e n compared 
to the d i s t r i b u t i o n s p r e d i c t e d by s t a t i s t i c a l f a c t o r s 
only - u s u a l l y c a l l e d 'phase space'. The d e n s i t y of n • 
p a r t i c l e s i n Lorentz i n v a r i a n t phase space i s given by 
the i n t e g r a l which i s defined thus 

TT 
1 n n 2E 

n .3 d Jp 1 } n _ n 

- 6 J ( I p.-P)fi(H E. -E ) 
. 1 1 
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where pV are "the momenta and j j ^ the energies of the 
p a r t i c l e s i n the centre of mass system of t o t a l energy Z 
and t o t a l momentum P. 

"For any p a r t i c u l a r f i n a l s t a t e R n i s calculated, 
u s i n g the programme FuV/L which generates events by a 
Monte Carlo method. The programme has been used c h i e f l y . 
to c a l c u l a t e the phase space d i s t r i b u t i o n of e f f e c t i v e 
mass f o r a l l the d i f f e r e n t combinations of p a r t i c l e s 
p o s s i b l e i n the six-pronged i n t e r a c t i o n s . V/hen the d i s 
t r i b u t i o n s are c a l c u l a t e d f o r many thousands o f events 
the r e s u l t s agree w e l l w i t h the curves produced a n a l y t i 
c a l l y . The weight w i t h which each generated event i s 
p l o t t e d i s given by the phase space i n t e g r a l and the 
t o t a l weight i s normalised to one. To take i n t o account 
p o s t u l a t e d resonances i n the f i n a l s t a t e a B r e i t Wigner 
f u n c t i o n i s introduced t o increase the weight of those 
events f o r which the e f f e c t i v e mass of the p a r t i c l e s of 
the f u n c t i o n l i e s w i t h i n the v/idth of the resonance. 
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CHAPTER 3 

ELASTIC SCATTERING QI'1 %+ a-ESONS li'l DEUTERIUM AT 5 GEV/C 

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

The a n a l y s i s of e l a s t i c s c a t t e r i n g of pions and 
protons on n u c l e i i s u s u a l l y made w i t h the o p t i c a l model 
which describes v e r y w e l l i n terms of a Bessel f u n c t i o n 
the c h a r a c t e r i s t i c d i f f r a c t i o n phenomena observed e x p e r i 
m e n t a l l y . B e l l e t t i n i et. a.l. (1966) a t CERN ha,ve studied 
the e l a s t i c s c a t t e r i n g of protons on n u c l e i r a n g i n g from 
L i t o U and have made such an a n a l y s i s w i t h an. o.ptica.1 
model which a d d i t i o n a l l y takes i n t o account the Coulomb 
i n t e r a c t i o n . For the heavier n u c l e i the agreement i s v e r y 
good and evidence f o r the secondary maxima can be seen; 
f o r the l i g h t e r n u c l e i these secondary maxima become 
masked because the s t r u c t u r e of the nucleus, w i t h d i f 
f r a c t i o n from i n d i v i d u a l nucleons, i s then importa-nt. I n 
the ca.se of the heavy n u c l e i the o p t i c a l analogy works 
ver y w e l l because the p a r t i a l v/aves are s t r o n g l y absorbed 
up t o a c l e a r l y defined maximum v a l u e . This maximum i s 

ffiven by 1 = kR, where k i s the reduced wave number of fa 3 max ' 
the i n c i d e n t p a r t i c l e , and de f i n e s the r a d i u s of the 

nucleus R. 

http://ca.se
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I n an approximation u s u a l l y made f o r the B e s s e l 

f u n c t i o n at sma l l angles 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 , 

da/dt, has a simple e x p o n e n t i a l dependence upon t , the 

neg a t i v e square of the four momentum t r a n s f e r . Using 

n u c l e a r emulsions K i r i l l o v a e t a l . (1964) have made a 

study of proton-deuterium e l a s t i c s c a t t e r i n g ahd have 

examined the dependence of da/dt upon t . They have shown 

that t h e i r r e s u l t s are i n f a c t f i t t e d by the r e l a t i o n 

da/dt = ( d a / d t ) . e x p ( b t + c t 2 ) 
x —o 

where ( d a / d t ^ t = o = ^ A n 2 

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 has an energy dependence 

which r e f l e c t s the well-known ' s h r i n k i n g ' of the d i f 

f r a c t i o n peak f o r nucleon-nucleon s c a t t e r i n g . I t i s 

u n l i k e l y t h a t the simple o p t i c a l model f o r a uniform 

n u c l e a r p o t e n t i a l can be used to d e s c r i b e the deuterium 

n u c l e u s which has a v e r y s m a l l b i n d i n g energy and conse

quently d i f f u s e s t r u c t u r e . I n the a n a l y s i s of the pre s e n t 

experiment, t h e r e f o r e , an attempt has been made to i n t r o 

duce more r e a l i s t i c n u c l e a r p o t e n t i a l s i n t o the o p t i c a l 

model c a l c u l a t i o n s , based on the riulthen wave f u n c t i o n and 

an approximation to a 'hard c o r e 1 wave f u n c t i o n . 
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I t has been shown by jFernbach, Green and Watson . 

(1951) and others that the e l a s t i c s c a t t e r i n g i n 

deuterium ma-y be described i n terms of the f r e e neutron 

and proton s c a t t e r i n g amplitudes, f ( n + p ) and f ( n ~ p ) 

r e s p e c t i v e l y . I n the case of 7i +d i n t e r a c t i o n s these are 

both known — f ( i t + p ) from d i r e c t measurements and f(n+n) 

from the measurements of f ( 7 i ~ p ) . Q u a s i - e l a s t i c s c a t t e r i n g , 

i n which the deuteron breaks up, may a l s o be considered 

from the same p o i n t of view and Harrington (1964), ta&ing 

i n t o account double s c a t t e r i n g e f f e c t s , has d e r i v e d 

e x p r e s s i o n s 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 s f o r both 

e l a s t i c and q u a s i - e l a s t i c s c a t t e r i n g . B e l l e t t i n i e t a l . 

(196?) i n t h e i r p-d s c a t t e r i n g experiment at 19.3 CJ-eV/c 

have analysed t h e i r r e s u l t s u s i n g these e x p r e s s i o n s and 

o b t a i n good agreement f o r the assumption t h a t both the 

r e a l and imaginary p a r t s of the p-p and p-n s c a t t e r i n g 

amplitudes are i d e n t i c a l . They have at the same time 

extended the a n a l y s i s to the r e s u l t s of K i r i l l o v a et a l . 

f o r p-d s c a t t e r i n g at 10.9 GeV/c and a g a i n have found 

good agreement. The r e s u l t s of the p r e s e n t experiment 

have a l s o been s t u d i e d i n t h i s way to t r y to confirm that 

the a n a l y s i s holds f o r the s c a t t e r i n g of pions as w e l l 

i n the lower energy region, namely 5 Ge'//c. 
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3 .11 Techniques f o r Studying, E l a s t i c S c a t t e r i n g i n 
Deuterium 

The spark chamber and n u c l e a r emulsion techniques 

ha.ve been used most often to study e l a s t i c s c a t t e r i n g i n 

deuterium. I n both c a s e s only one of the p a r t i c l e s 

t a k i n g p a r t i n the i n t e r a c t i o n i s observed. I n counter 

experiments only the s c a t t e r e d p a r t i c l e i s measured and 

t h i s i s performed w i t h extremely good angular r e s o l u t i o n , 

about 0.1 mrad. The momentum r e s o l u t i o n , however, although 

about a t 19 G-eV/c, does not allow the e l a s t i c i n t e r 

a c t i o n s to be separated from 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 

by means of the k i n e m a t i c a l c o n s t r a i n t s between angle and 

momentum. At pre s e n t t h i s r e p r e s e n t s a l i m i t a t i o n when 

studying deuterium s c a t t e r i n g w i t h t h i s technique but w i t h 

improved momentum r e s o l u t i o n and the v e r y l a r g e s t a t i s t i c s 

obtained by spark chambers v e r y a c c u r a t e measurements of 

e l a s t i c c r o s s s e c t i o n s w i l l be p o s s i b l e . 

I n the emulsion experiments performed at Dubna the 

proton beam i s i n c i d e n t on a t h i n f o i l t a r g e t loaded w i t h 

a heavy hydrocarbon and the r e c o i l deuterons, which are 

e flitted a t almost 90°, are detected w i t h n u c l e a r emulsions 

p l a c e d a short d i s t a n c e away. Very a c c u r a t e measurements 



of the momenta and angles of the deuteron t r a c k s enables 

the e l a s t i c and q u a s i - e l a s t i c i n t e r a c t i o n s to be d i s t i n -

guished . Momentum t r a n s f e r s down to -t*0.005 (G-eV.) 

may be studied i n t h i s way. Experiments on the e l a s t i c 

s c a t t e r i n g of pions are more d i f f i c u l t to perform because 

of the need f o r v e r y i n t e n s e , pure and w e l l c o l l i m a t e d 

pion beams which are not a v a i l a b l e as r e a d i l y as s i m i l a r 

proton beams. 

I n bubble chatiber experiments a t high energy the 

angles through which the i n c i d e n t p a r t i c l e s are e l a s t i c a l l y 

scattered, are too s m a l l to be e a s i l y detected a t the 

scanning table.' The r e c o i l i n g t a r g e t n u c l e i , however, are 

more r e a d i l y v i s i b l e and i t i s by scanning f o r these 

c h a r a c t e r i s t i c ''black' t r a c k s t h a t e l a s t i c s c a t t e r i n g s ma,y 

be s e l e c t e d . I t i s not p o s s i b l e to separate the q u a s i -

e l a s t i c s c a t t e r i n g v i s u a l l y nor simply by the f i t t i n g of 

G-RI.UD. The e l a s t i c sample i s s e l e c t e d by r e q u i r i n g c e r t a i n 

t e s t s to be s a t i s f i e d which are imposed by the c o n s t r a i n t s 

of the i n t e r a c t i o n . The range of momentum t r a n s f e r s which 

can be covered by the bubble chamber technique i s not as 

great as can be obtained u s i n g counters or emulsions 

because deuteron t r a c k s of range l e s s than 1 mm. are not 

seen w h i l s t scanning. Thus the s m a l l e s t t r a n s f e r which can 
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be r e s o l v e d i s - t = 0.015 (GeV) which corresponds a t 

6 Gev/c to an angle of s c a t t e r i n g of about 20 mrad. For 

t h i s reason the bubble chamber would not be u s e f u l to 

study the r e a l p a r t of the s c a t t e r i n g amplitude by obser

v a t i o n of the i n t e r f e r e n c e between t h i s p a r t and the 

Coulo;nb amplitude ( e s s e n t i a l l y r e a l ) which i s important 

only St s m a l l a n g l e s . Hov/ever, to study e l a s t i c s c a t t e r i n g 

at v e r y s m a l l impact parameters, bubble chambers would be 

more s u i t a b l e f o r observing and measuring the long r e c o i l s 

than n u c l e a r emulsions where long t r a c k s would have to be 

followed through the emulsion s t a c k . 

3 .2 The O p t i c a l model 

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

n u c l e u s i s t r e a t e d as a wave propagating through an a t t e n u 

a t i n g medium h-.ving a r e f r a c t i v e index. I n t h i s case 

where a b s o r p t i v e e f f e c t s are considered the i n t e r a c t i o n 

p o t e u t i a l w i l l be complex. The e l a s t i c e f f e c t s , the 

r e f r a c t i o n i n s i d e the nucleus and the d i f f r a c t i o n around 

the n u c l e u s (which i s considered to be s p h e r i c a l ) , are 

described by the r e a l p a r t of the p o t e n t i a l , V . Because 

the t h i n n u c l e a r nurfpce i s considered to be d i f f u s e 
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r e f l e c t i o n may be n e g l e c t e d . The r e f r a c t i o n i n c r e a s e s 

the wave number of the i n c i d e n t p a r t i c l e fro^ri k to k 1 

i n s i d e the p o t e n t i a l and i n the r e l a t i v i s t i c case 

( f o w l e r and P e r k i n s , 1958) 

k- = k ( i + ( p v y p p c ) + ( v y p c ) 2 ) 1 / 2 

where p i s the c e n t r e of mass momentum of the i n c i d e n t 

p a r t i c l e . Then i f pc i s l a r g e i n comparison w i t h V̂ , the 

change i n wave number k-̂  i s given by 

k x = k V ^ p p c ( 1 ) 

The a t t e n u a t i o n i n s i d e the nucleus by the i n e l a s t i c 

channels i s d e s c r i b e d by the imaginary p a r t of the 

p o t e n t i a l , V\, which i s t h e r e f o r e r e l a t e d to the c o e f 

f i c i e n t of absorption, K. T h i s c o e f f i c i e n t i s d e f i n e d by 

the product of the nucleoli d e n s i t y and the average c r o s s 

s e c t i o n f o r s c a t t e r i n g of the p a r t i c l e by a nucleon, and 

i s r e l a t e d to V\ i n the f o l l o w i n g way 

K = 2V i/npc ( 2 ) 

The r e f r a c t e d v/ave f r o n t re-emerges from the n u c l e u s w i t h 

s m a l l e r amplitude and i s out of phase w i t h the v/ave 

d i f f r a c t e d around the n u c l e u s . The r e s u l t i n g i n t e r f e r e n c e 



p a t t e r n may be de s c r i b e d by B e s s e l f u n c t i o n s . Fernbach 

et a l . (1949) have shown t h a t the s c a t t e r i n g amplitude, 

f ( & ) , may be w r i t t e n as f o l l o w s 

R 
f ( e ) = ±kj ( l - e ( 2 i l c l _ K ) s ) J o ( k p s i n & ) p d p ( 3 ) • 

o 

where J i s the zero order B e s s e l f u n c t i o n , 2s the d i s t a n c e o ' 
a c r o s s the nucleus a t d i s t a n c e p from the c e n t r e , and & i s 

the angle of s c a t t e r 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 

i s given by 

da/dQ =|f (e-)| 2 

I n l a r g e n u c l e i the wave p a s s i n g through t h e nu c l e u s i s 

almost wholly absorbed. The e l a s t i c s c a t t e r i n g i s then 

e s s e n t i a l l y d i f f r a c t i v e only and the f o l l o w i n g a p p r o x i 

mation i s u s u a l l y made. 

.204 
da/69. = 

•2J"1(k.Rsin9') 

_ kfisinfc* 

For s m a l l angles of s c a t t e r i n g t h i s may be f u r t h e r s i m p l i 

f i e d and w r i t t e n i n terms of - t , the four-momentum t r a n s 

f e r squa-red, becomes 

da/dt = ^ e x p - r ( f i / 2 h ) 2 | t | ] 
• 4h^ u 
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T h i s e x p r e s s i o n i s v a l i d only i n s i d e the f i r s t minimum of 

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

I t may a l s o be shown ( e . g . Lock, 1960) that the 

imaginary p a r t of the forward s c a t t e r i n g amplitude i s 

r e l a t e d to the sum of the e l a s t i c and i n e l a s t i c c r o s s 

s e c t i o n s , the t o t a l c r o s s s e c t i o n arj,, i n the f o l l o w i n g way 

Imf(O) = ^ T ( 4 ) 

T h i s r e l a t i o n s h i p i s known as the o p t i c a l theorem. 

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

i s g e n e r a l l y taken to be constant but i n the c a l c u l a t i o n s 

presented l a t e r the s t r u c t u r e of the deuteron nucleus has 

been taken i n t o account by c o n s i d e r i n g both the r e a l and 

the imaginary components of the p o t e n t i a l to be dependent 

upon the nucleon d e n s i t y . An a l t e r n a t i v e approach to the 

problem of s c a t t e r i n g on deuterium, the model based, on 

the impulse approximation, c o n s i d e r s the nucleons separately 
i s 

and allowance/made f o r d i f f u s e n e s s of the deuteron by the 

i n c l u s i o n of a strong i n t e r a c t i o n form f a c t o r . 

3.3 High Energy S c a t t e r i n g i n the Impulse Approximation 

The problem of high energy c o l l i s i o n s of p a r t i c l e s 
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w i t h deuterium has been treated, i n d e t a i l by Harrington and 

by Franco and Glauber (1965) whose work i s c l o s e l y followed 

i n t h i s d i s c u s s i o n . I n the approximation used the two 

nucleons are considered to be s t a t i o n a r y d u r i n g the i n t e r 

a c t i o n which takes p l a c e on the mass s h e l l . Both s i n g l e 

and double s c a t t e r i n g s are taken i n t o account and the 

deuteron e l a s t i c s c a t t e r i n g amplitude i s expressed, i n terms 

of the e l a s t i c s c a t t e r i n g amplitudes of the proton and. 

neutron a,nd of the deuteron form f a c t o r . 

High energy s c a t t e r i n g t akes p l a c e predominantly a t 

s m a l l angles and. so double s c a t t e r i n g may occur w i t h 

a p p r e c i a b l e i n t e n s i t y but s c a t t e r i n g of higher orders w i l l 

r e q u i r e one or more backward, s c a t t e r i n g s and i s t h e r e f o r e 

of n e g l i g i b l y s m a l l amplitude. At the high e n e r g i e s con

s i d e r e d the wavelength of the i n c i d e n t p a r t i c l e w i l l be 

much s m a l l e r than the rajnge of i t s i n t e r a c t i o n w i t h a, 

nucleon and. d i f f r a c t i o n theory may be used to d e s c r i b e the 

c o l l i s i o n . 

A g e n e r a l e x p r e s s i o n may be w r i t t e n to d e s c r i b e the 

t w o - p a r t i c l e e l a s t i c s c a t t e r i n g amplitude at s m a l l angles 

f ( k ' , k ) = ^ [ e x p [ ( i ( T c - E ' ) . b j ( l - e x p ( i * ( b ) ) ) d b ( 5 ) 
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where k and k 1 are the propagation v e c t o r s of the p a r t i c l e 

before and a f t e r d e f l e c t i o n , and b i s the impact parameter 

v e c t o r p e r p e n d i c u l a r to the d i r e c t i o n of the i n c i d e n t 

p a r t i c l e . The s c a t t e r i n g process i s c h a r a c t e r i s e d by the 

f u n c t i o n T6(b) which r e p r e s e n t s t.he change i n phase a t a 

poi n t b" of the emerging wave f r o n t r e s u l t i n g from i t s 

passage through the i n t e r a c t i o n r e g i o n . Absorption of the 

v/ave as a r e s u l t of incoherent p r o c e s s e s i s represented 

here again by a l l o w i n g # ( b ) to take complex v a l u e s . Since 

the l o r e n t s t r a n s f o r m a t i o n does not a f f e c t the t r a n s v e r s e 

components of the momentum nor the phase s h i f t s , equation 

5, i s a l s o the correct, r e p r e s e n t a t i o n f o r the s c a t t e r i n g 

amplitude i n the l a b o r a t o r y system when the l a b o r a t o r y 

v a l u e s of k and k 1 are used. 

The i n t e r n a l ground s t ? t e wave f u n c t i o n of the 

deuteron i s ^ ( r ) and ^ ( r ; i s the i n t e r n a l f i n a l s t a t e 

wave f u n c t i o n where r i s the v e c t o r s e p a r a t i o n of the 

nroton and neutron whose coordinates are r and r . I n 
p n 

the case of e l a s t i c s c a t t e r i n g the f i n a l s t a t e v / i l l be 

the ground s t a t e a g a i n . The amplitude f o r the process i n 

which the deuteron i s l e f t i n a f i n a l s t a t e | f ^ and i n 

which the i n c i d e n t p a r t i c l e t r a n s f e r s momentu-u n ^ s f i t k - k 1 ) 



may be w r i t t e n as 

',f iU) = 0eXP(ltl-'F)
 ̂  T o t ^ . 7 p ' ? n M i > d H ( 6 ) 

where the a b b r e v i a t i o n h-ss been introduced 

£ o t a l ( F ' F p ' V = 1 " ^ [ ^ t o t a l ^ ' V ^ ] 

The t o t a l 'ohase s h i f t defends upon the coord in- t e a r and 
p 

r <s w e l l as b. n 
Since i n the p r o c e s s e s considered the momentum trans

f e r i s s ^ i a l l the r e c o i l of the nuc l e u s may be neglected 

without i n t r o d u c i n g any s i g n i f i c a n t e r r o r . The c e n t r e of 

mass of the t a r g e t nucleus i s considered to remain f i x e d 

at the o r i g i n and Eq. 6 may be r e w r i t t e n as 

P f l ( q ) = (7) 

Jex P ( i q. b)db|t* ( r ) [ l - exp ( i * (b - i e ; + i » (E+fcl)}] ̂  ( r ) dF 

Here, s i s the p r o j e c t i o n of r on the il a n e p e r p e n d i c u l a r 

to the u i r e c t i ^ n of i n c i d e n c e and "X/ (^-^fi) and # (b~+-£s) 

'••re the phase s h i f t s produced by t :ie neutron pnd proton 
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i n t h e i r i n Etfi-iitr1 neons p o s i t i o n s . 

To a s s i s t i n s e p a r a t i n g the i n d i v i d u a l s c a t t e r i n g 

c o n t r i b u t i o n s and Vn are introduced f o r the proton and 

neutron r e s p e c t i v e l y . These obey the r e l a t i o n 

Q b ~ i s ) + £ ( F + i a ) - ^ ( F - i s ) Q(F-HLB) ( 8 ) 

i?ro-a J!V.]_. ( 5 ) i t can be seen thr-.t the nucleon s c a t t e r i n g 

amplitude i s a C o u r i e r transform of Hand an approxi.ii?te 

i n v e r s i o n i s •.siade by m u l t i p l y i n g t h i s equation by 

exp( —ITJL.b"' ) and i n t e g r a t i n g the v a r i a b l e ~± over a plane 

p e r p e n d i c u l a r to the d i r e c t i o n of i n c i d e n c e . Then 

T(b) = fe x p ( - i " . b } f ( q ) d 7 [ 
2"-rtikj 

s u b s t i t u t i n g the i d e n t i t y (8) i n t o the i n t e g r a l (7) 

J ? f i ( t [ ) = < f | e x p ( i i - . 7 ) | | { e x p ( i ^ . b ) rri(*)^ 

+ e x p C - i i q . ? , T ^ \ exp(i"^.F) P p(b)db 

- g j e x p ( i ^ . b ) ^ ( o - i B ) ^ ( ^ i i ) d b | i > 

http://approxi.ii
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The f i r s t tv;o i n t e g r a l s are e a s i l y expressed i n teims of 

the neutron and proton e l a s t i c s c a t t e r i n g amplitudes by 

means of Eci. 5. I n the t h i r d i n t e g r a l ["̂  and are 

expressed i n terras of f and f and making use of the 
n P 

F o u r i e r i n t e g r a l r e p r e s e n t a t i o n of the two dimensional 

d e l t a f u n c t i o n i t i s found t h a t 

* f l ( q ) = <f|F(^,¥)| i > 

where J F ( ^ , S ) = exp(-kiq.? ) f n ( q j + ex.>( - a i q . s )f ( q) 

+ — f e x p ( i q ' . i ) f ( q ' + i ^ ) f (-'^,+xq)dq' 

The e f f e c t s of s i n g l e and. double s c a t t e r i n g have been 

separated i n t h i s e x p r e s s i o n . The f i r s t two terms are the 

s i n g l e s c a t t e r i n g amplitudes f o r the proton and neutron 

and the t h i r d term r e p r e s e n t s the double s c a t t e r i n g 

amplitude. The form f a c t o r of the deuteron i n the ground 

s t a t e i s 

S ( q ) = J e x p ( i q . F ) | ^ ( 7 ) | 2 d 7 

and t h i s e x p r e s s i o n i s used to r e w r i t e the e l a s t i c 
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s c a t t e r i n g amplitude i n the form 

S ( l q ) f n U ) + S ( - k o J f (q) 

T h i s i s the d i a g o n a l element of F(^,¥) i n the deuteron 

ground s t a t e and by squaring the modulus of the m a t r i x 

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

s c a t t e r e d i n t e n s i t y may be obtained 

(da/dQ) = I p . . ( n ) I 2 

e l a s t i c | 

da/dQ e l = 3 2 a q ) [ | f n ( q ) | 2
+ | f p ( q ) | 2

+ 2 H e [ f n ( q ) f p ( q ) ] } 

_ i S (iq)IiU' [ f n ( q ) + f p ( q ) ] J s ( q ' ^ ( i q + q ' ) f p ( i q - q ' 

(2nk)' 
S(d' ) f n ( i c J + c . ' ) f p(-kq-Ci')dq' 

The three ter^is above each have a s t r a i g h t f o r w a r d p h y s i c a l 

s i g n i f i c a n c e . The f i r s t term c o n t a i n s the i n t e n s i t i e s f o r 

s c a t t e r i n g by the neutron and the proton and the i n t e r f e r 

ence of the two wave amplitudes. The second term c o r 

responds to the i n t e r f e r e n c e between the double s c a t t e r i n g 
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amplitude and the tv/o s i n g l e s c a t t e r i n g amplitudes. Since 

the form f a c t o r i s peaked s h a r p l y i n the forward d i r e c t i o n 

t h i s term has an a p p r e c i a b l e c o n t r i b u t i o n only i f i n the 

double s c a t t e r i n g p r o c e s s the s c a t t e r i n g by one of the 

p a r t i c l e s occurs w i t h a momentum t r a n s f e r v e r y c l o s e to 

q and the a d d i t i o n a l s c a t t e r i n g by the other nucleon occurs 

w i t h n e a r l y zero momentum t r a n s f e r . The t h i r d g i v e s the 

i n t e n s i t y f o r pure double s c a t t e r i n g . 

To d e r i v e the form f a c t o r , S(xq~), f o r the above 

e x p r e s s i o n two d i f f e r e n t wave f u n c t i o n s have been use, 

des c r i b e d below. These wave f u n c t i o n s have a l s o been 

employed, to d e s c r i b e the s t r u c t u r e of the deuteron i n the 

o p t i c a l model c a l c u l a t i o n s . 

3 A The Deuteron Wave Fu n c t i o n 

I f an a t t r a c t i v e c e n t r a l f o r c e of short range i s 

assumed between the proton and neutron a p o t e n t i a l , which 

must be n e g a t i v e , may be de r i v e d having a value d i f f e r e n t 

from zero only w i t h i n the range of the f o r c e . The ground 

s t a t e of the deuteron would then be a s i n g l e t s t a t e , 

being s p h e r i c a l l y symmetric, and the r a d i a l wave f u n c t i o n 

u ( r ) , (=Tc|r(r)), would be dependent only on the absolut e 

v a l u e of the s e p a r a t i o n r . For l a r g e v a l u e s of r the 
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r a d i a l wa.ve f u n c t i o n i s then given by 

u ( r ) = e " r / P 

where p = k _ 1 = ft( 2|fLB)~'i = 4.31 fermi, 

k being the wave number, \\ the reduced mass of a nucleon 

and B the b i n d i n g energy of the n u c l e u s . From the v a l u e 

of the 'decay l e n g t h 1 p which i s c o n s i d e r a b l y l a r g e r than 

the range of the f o r c e between the nucleons (about 2 f e r m i ) 

i t may be seen t h a t the deuteron has a v e r y d i f f u s e 

s t r u c t u r e . 

Fro:?; measurements of the deuteron quadrupole magnetic 

moment i t i s known that there i s , b e s i d e s the S s t a t e , a 

D s t a t e p r o b a b i l i t y of a,bout 3$. T h i s g i v e s r i s e to a 

s p i n - o r b i t i n t e r a c t i o n so t h a t i n a d d i t i o n to the c e n t r a l 

f o r c e there i s a t e n s o r f o r c e a l s o . Gartenhaus (1955), 

t a k i n g i n t o account the two s t a t e s , has studied the i n t e r 

a c t i o n p o t e n t i a l u s i n g the Yukawa theory w i t h c u t - o f f . 

The r e s u l t i n g p o t e n t i a l at l a r g e s e p a r a t i o n s (>1 f e r m i ) i s 

s i m i l a r to the p o t e n t i a l w i t h no c u t - o f f . At s m a l l distances 

however, the t e n s o r p o t e n t i a l i s c l o s e to zero and the 

c e n t r a l potentiaJL i s s t r o n g l y r e p u l s i v e . The corresponding 
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wave f u n c t i o n , which i s given i n n u m e r i c a l form, d e s c r i b e s 

a deuteron w i t h a 'hard c o r e 1 . The proton and neutron 

cannot then overlap as would be the case without c u t - o f f . 

The b i n d i n g energy and quadrupole moment which may be c a l 

c u l a t e d w i t h t h i s theory are i n good agreement w i t h e x p e r i 

ment. Moravcsik (1958) has approximated the Gartenhaus 

wave f u n c t i o n by s e v e r a l a n a l y t i c a l e x p r e s s i o n s and two 

of these have been used i n the present c a l c u l a t i o n s . The 

f i r s t i s a i-Iulthen type wave f u n c t i o n which has the form 

u ( r ) = C ( e - a r - e - P r ) 

Agreement w i t h the asymptotic behaviour of the Gartenhaus 

S f u n c t i o n determines the v a l u e of G and a (- 1/p) and p 

i s given by the n o r m a l i s a t i o n . The D-wave f u n c t i o n con

t r i b u t e s only 7$ to the t o t a l n o r m a l i s a t i o n and we have 

neglected t h i s . The r e s u l t i n g approximation to the whole 

wave f u n c t i o n i s 

u ( r ) = G ( e - 0 - 2 3 2 r _ e - 1 . 2 0 2 r ) ( 1 Q ) 

T h i s wave f u n c t i o n does not give good agreement at s m a l l 

s e p a r a t i o n s and ca.nnot be thought to resemble a 'hard 

core' d e s c r i p t i o n of the deuteron. A much b e t t e r 
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approximation to the hard core i s given by a second 

f u n c t i o n which, however, r e t a i n s a simple a - n a l y t i c a l form 

u ( r ) = K ( ^ ^ - ^ ^ ( e - 0 - 2 3 2 ^ - 1 - 5 ^ ) (11) 

We have used t h i s approximation as our hard wave f u n c t i o n . 

The two wave f u n c t i o n s are shown i n comparison w i t h the 

Gartenhaus S-wave f u n c t i o n i n f i g u r e 11. 

3.5 Experimental A n a l y s i s 

From the two-pronged events found i n the scan a t 

CERi-i about 1,250 events were s e l e c t e d froi'i 31 t r i a d s of 

f i l m f o r measurement as condidates f o r the e l a s t i c i n t e r 

a c t i o n 7i d*7t d. At the E c o l e Polytechnigue a f u r t h e r 

1550 events, s e l e c t e d from 38 t r i a d s , were measured. As 

e x p l a i n e d p r e v i o u s l y the e l a s t i c s c a t t e r s have a c h a r a c t e r 

i s t i c appearance, namely a t r a c k of minimum i o n i s a t i o n i n 

the forward d i r e c t i o n and a 'black' r e c o i l t r a c k . For 

momentum t r a n s f e r s t y p i c a l of e l a s t i c i n t e r a c t i o n s and f o r 

events i n s i d e the f i d u c i a l volume, the r e c o i l stops i n s i d e 

the chamber. The contamination i n the samn!J.e s e l e c t e d by 

scanning i s l a r g e l y made up of q u a s i — s l s . s t i c i n t e r a c t i o n s 

i n which the deuteron n u c l e u s breaks up, and the proton 
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stops i n the chamber, i n t h ere cases the i n t e r a c t i o n may 

tf..ke place on the neutron when the proton a c t s as a 
1 s p e c t a t o r 1 , or i t .nay take ::>lace w i t h the deuteron as a 

v/hole and r a i s e i t s i n t e r n a l energy so t h a t i t subsequently 

breaks -av>. Since tne deuteron i s a l o o s e l y bound nu c l e u s 

the impact oi' a hi g h energy p a r t i c l e may be expected to 

produce many events of t h i s k i n d . 

Whilst events of the above types cannot be separated 

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

events from s e l e c t i o n by adopting c e r t a i n acceptance 

c r i t e r i a . I t v/as r e q u i r e d t h a t the s e l e c t e d i n t e r a c t i o n s , 

b e s i d e s having a stopping r e c o i l t r a c k , should a l s o be • 

c h a r a c t e r i s e d by a second--ry pion with momentum g r e a t e r 

than 4 G-ev/c, an angular d e v i a t i o n of l e s s than 6° (which 

allowed momentum t r a n s f e r s up to about 0.6 GeV/c) and a 

t r a n s v e r s e momentum opposite to t h a t of the r e c o i l . There 

v/ere no other r e s t r i c t i o n s . The momentum of the secondary 

pion was estimated a t the scanning t a b l e u s i n g s e t s of 

c a l i b r a t e d c u r v e s . 

A f t e r measurement i n Durham and P a r i s the events were 

analysed by the P a r i s v e r s i o n s of TrifiriSH and GRIifD on the 

Sacl a y I.B.iw. 7090 computer. The events were f i t t e d to 

the f o l l o w i n g liypotheses 
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TI d •» % d ( i ) 

•* % p n ( i i ) 

•* 7t d 7C ( i i i ) 

A l l f i t s to the 10 i n e l a s t i c h y p o t h e s i s ( i i i ) were 

r e j e c t e d from f u r t h e r a n a l y s i s . T h i s d i d not introduce 

any b i a s i n t o the sample of e l a s t i c , events f i n a l l y 

s e l e c t e d because ambiguous f i t s were obtained i n a few 

cases only between hypotheses ( i i i ) and ( i i ) . I t was 

found, however, t h a t n e a r l y a l l of the events which make 

a 4-C f i t f o r the e l a s t i c s c a t t e r i n g h y p o t h e s i s ( i ) were 

a l s o a b le to f i t the 10 h y p o t h e s i s ( i i ) f o r q u a s i - e l a s t i c 

s c a t t e r i n g . Thus of the events analysed by GRIND a t o t a l 

of about 21C0 i n t e r a c t i o n s from both l a b o r a t o r i e s gave 

f i t s to the 1G hypothesis ( i i ) and of these about 1200 

events a l s o f i t t e d the e l a s t i c s c a t t e r i n g h y p o t hesis ( i ) . 

That some of the events can be f i t t e d by both hypotheses 

i s mainly a r e s u l t of the comparatively l a r g e e r r o r s which 

are made i n the measurement of v e r y e n e r g e t i c and v e r y 

'slow' p a r t i c l e t r a c k s . When G-RIHD t r i e s to f i t a r e c o i l 

deuteron as a proton i t i s able to a d j u s t the angle and 
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momentum of the neutron u n t i l a reasonable f i t i s made as 

the l i m i t s of adjustment are r a t h e r wide. I n ge n e r a l , f o r 

a f i t made i n t h i s way, the angle which the f i t t e d neutron 

makes to the d i r e c t i o n of the r e c o i l should be v e r y s m a l l 

because the deuteron binding energy i s v e r y low and the 

deuteron can t h e r e f o r e be approximated by a proton and 

neutron moving i n the same d i r e c t i o n . For q u a s i - e l a s t i c 

i n t e r a c t i o n s i n which the r e c o i l i s genuinely a proton the 

f i t t e d neutron i s expected to be d i s t r i b u t e d i s o t r o p i c a l l y . 

Two t e s t s have been made to confirm t h a t the 4C h y p o t h e s i s 

i s the c o r r e c t i n t e r p r e t a t i o n of those events which a l s o 

g ive 1C f i t s . The f i r s t t e s t i s based on the e x p e c t a t i o n 

t h a t i f the r e c o i l i s r e a l l y a deuteron then the angle 

between the f i t t e d proton and neutron should be c l o s e to 

aero. I n f a c t the p r o j e c t e d angle i s examined r a t h e r than 

the s p a t i a l angle because the former i s more a c c u r a t e l y 

known. Fig u r e 12 shows the d i s t r i b u t i o n of the p r o j e c t e d 

angle between the proton and neutron d i r e c t i o n s f o r a,ll 

the 10 f i t s , the shaded part being the c o n t r i b u t i o n of 

those events which a l s o gave a 4C f i t . The d i s t r i b u t i o n 

has been folded about the ord i n a t e a t 0°, and covers a 

range 0° to 180". I t may be seen that the shaded events 

form a narrow peak a t s m a l l angles w h i l s t the other 



LOOO 
DISTRIBUTION OF THE P R O J E C T E D 

ANGLE BETWEEN PRO TON AND NEUTRON 

I FIGURE 12 

i i V/. 
I 5 0 0 7 7, 
7, 7. 

30 60 90 SO ISO 



- 53 -

i n t e r a c t i o n s are i s o t r o p i c a l l y d i s t r i b u t e d as expected. 

The events i n the peak are i d e n t i f i e d as genuine e l a s t i c 

s c a t t e r s . 

I n the second t e s t measured r a t h e r than f i t t e d 

q u a n t i t i e s are used. The r e c o i l t r a c k i s p o s t u l a t e d to be 

a deuteron and the events sub-divided i n t o groups according 

to the momentum d e r i v e d from the range. For each i n t e r 

a c t i o n the f o l l o w i n g q uantity i s c a l c u l a t e d 

A = T - ppcose 

where p i s the momentum, T the k i n e t i c energy, 6r the angle 

of emission and pc the c.m.s. v e l o c i t y of the supposed 

deuteron. For e l a s t i c i n t e r a c t i o n s i t i s expected t h a t 

the t e s t e d q u a n t i t y A should be c l o s e to zero. T h i s 

f o l l o w s because i n the tr a n s f o r m a t i o n r e l a t i o n s h i p 

a'1 = Y(S - ppcose) 

the t o t a l energy of the deuteron i n the l a b o r a t o r y system 

a f t e r the c o l l i s i o n i s given by 

E = Md + T 

where M, i s the r e s t mass of the deuteron. The t o t a l 
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energy of the deuteron i n the centre of mass f o r an 

e l a s t i c c o l l i s i o n w i l l be 

£' = TfMd , Y = V /-L _ p 2 

from which i t f o l l o w s t h a t T - ppcosfr = 0. 

The background expected f o r the other events has not been 

c a l c u l a t e d . The d i s t r i b u t i o n of the events f o r the 

momentum sub-groups i s shown i n f i g u r e 13 a-nd again the 

shaded events are those which give 40 f i t s . I n each sub

group these events a l l f a l l i n t o a narrow peak centred a t 

A = 0 and the background i s f a i r l y i s o t r o p i c . T h i s t e s t 

confirms the r e s u l t s of the f i r s t and i t may be assumed 

t h e r e f o r e that the 4G f i t s a re the r e a l e l a s t i c i n t e r a c t i o n s 

and tha,t the Contamination of the s e l e c t e d sample i s a t 

most a few p e r c e n t . The second t e s t a l s o shows t h a t the 

f i t s a re e q u a l l y good f o r a l l ranges of r e c o i l . 

3.51 C o r r e c t i o n s f o r Scanning L o s s . 

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

f o r scanning l o s s e s has been made to the number of events 

found. iSvents are missed w h i l s t scanning mainly because 

the r e c o i l t r a c k s are v e r y s h o r t . B e s i d e s the l o s s of 

events having r e c o i l s of sh o r t range, events w i t h longer 
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r e c o i l s 'May a l s o be l o s t where the t r a c k s are f o r e s h o r t e n e d 

by steep dip i n the chamber. .For t r a c k s i n the f i l m 

p l c n e the minimum range d e t e c t a b l e i s about 1 jam. as 

pointed out p r e v i o u s l y . The sample has been divided as 

before i n ' t e s t A' according to the momentum of the 

r e c o i l deuteron and f o r each momentum i n t e r v a l a p l o t 

has been mr-de of the d i s t r i b u t i o n of the ?.ngle which the 

r e c o i l makes w i t h the normal to the f i l m p l a n e . These 

d i s t r i b u t i o n s , s e p a r a t e l y f o r each l a b o r a t o r y and com

bined are shown i n f i g u r e 14. I t i s seen t h a t f o r s m a l l 

moments there i s a marked d i f f e r e n c e between the numbers 

of events measured by the two l a b o r a t o r i e s . The high 

l o s s of events w i t h short r e c o i l s (up to 2 mrn.) i n the 

CURn scan may have been the r e s u l t of a primary concern 

w i t h i n t e r a c t i o n s of higher m u l t i p l i c i t i e s . Because of 

t h i s d i s c r e p a n c y only the r e s u l t s of the JJcole P o l y t e c h -

nique have been used to determine c r o s s s e c t i o n s f o r 

deuteron momenta l e s s than 0.22 G-eV/c. Above t h i s 

momentum the scanning e f f i c i e n c i e s of P a r i s and GEfil! 

become comparable as may be seen from the normalised 

diagram of f i g u r e 15, where the r a t i o s of the numbers of 

40 events found by each l a b o r a t o r y i n the d i f f e r e n t 

momentum i n t e r v a l s are shown. 
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To c o r r e c t f o r the l o s s e s r e s u l t i n g from steep t r a c k s 

i t i s n e c e s s a r y to assume t h a t the angle of dip i s d i s 

t r i b u t e d i s o t r o p i c a l l y . For each of the momentum ranges 

of f i g u r e 14 i t i s assumed a.lso t h a t the number of events 

found w i l l r e a c h a p l a t e a u v a l u e when the r e c o i l makes a 

c e r t a i n l a r g e angle w i t h the normal to the f i l m p l a n e . 

The angle and the p l a t e a u v a l u e are defined f o r each 

i n t e r v a l and the corresponding c o r r e c t e d number of ev e n t s 

i s then c a l c u l a t e d . The corrected, number w i l l have only 

the same s t a t i s t i c a l weight as the s m a l l e r number of 

events f a l l i n g under the p l a t e a u . F i g u r e 16 shows the 

c o r r e c t i o n f a c t o r s ( i . e . the r a t i o of the c o r r e c t e d number 

to the uncorrected number) which have been determined f o r 

each of the momentum d i v i s i o n s . A curve has been f i t t e d 

to the v a l u e s which has an asymptotic behaviour f o r v e r y 

l a r g e and v e r y s m a l l r e c o i l momenta. Using t h i s curve 

the c o r r e c t i o n s have been made f o r the p o i n t s of 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 which are separated a t i n t e r v a l s 

of - t = 0.02(GeV) 2. 

3.52 Experimental D i f f e r e n t i a l Cross S e c t i o n 

The e x p e r i m e n t a l l y observed 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 e l a s t i c s c a t t e r i n g of 6 GeV/c n+ mesons i n deuterium 
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i s shown i n f i g u r e 17. The two points closest to the 
o r i g i n are based, on the Paris data and the other eight 
represent the corrected combined data. The errors shown 
have been calculated to have the s t a t i s t i c a l weight of 
the uncorrected events found under the plateaux of 
fi g u r e 14 . The points have been plotted f o r a cross 
section per event of 2.44- u'b. calculated from the 
estimated track length scanned at Paris. 

3.6 Optical Model Calculations 

The d i f f e r e n t i a l cross section predicted by the 
o p t i c a l model f o r a uniform deuteron has been calculated 
f o r a range of possible values of the radius R using the 
expression of 3. For a uniform nucleus the c o e f f i c i e n t 
of absorption, K, may be w r i t t e n as 

from i t s d e f i n i t i o n given i n 3.2, where A i s the atomic 
.weight and a i s the average t o t a l cross section f o r 
Tt-nucleon s c a t t e r i n g . At 6 GeV/c, a = 27.35 nib. (Galbraith 
et a l . , 1965) when f o r R — 2 fermi the c o e f f i c i e n t of 



UNIFORM DEUTERON 
HULTHEN WAVE FUNCTION 

\ \ \ HARD CORE WAVE FUNCTION 

\ V 
M 
\ 1 

/ 
/ 
/ 

I 

0 0 5 CH CM5 62 525 03 Q-35 
-t(GeV)2 

FIG. 17. COMPARISON OF EXPERIMENTAL 
DIFFERENTIAL CROSS SECTION 
WITH PREDICTIONS OF OPTICAL 
MODEL . 



- 58 -

absorption has t y p i c a l l y a value of about 0.13 f e r m i " . 
To determine the change i n wave number', k-̂ , inside the 
nucleus using E q . l . i t i s necessary to assume a value f o r 
the r e a l p o t e n t i a l , V . Examination shows that the exact 
value i s not c r i t i c a l and V = 35 MeV has been taken 

r 
(Evans 1955). Substituting the centre of mass values f o r 
k and. p the value of k^ i s 0.177 fermi""*". 

To calculate the sca t t e r i n g amplitude given by 3q. 3 
the expression has been divided, i n t o i t s r e a l and. 
imaginary parts each of which h?.p been integrated numeri
c a l l y usinft tne E l l i o t t U'J3 computer. The imaginary part 
of the forward scattering amplitude, Imf(O), has been 
normalised to the value given by the o p t i c a l theorem, 
iq.. 4. i'or a t o t a l cross section at 6 GeV/c of a(TC-d ) = 
52.8 mb. (G;..lbraith et al.,1965) the o p t i c a l value of 

Imf(u) i s 4.68 f e r j - i i . Trie r;.tio of the r e a l to imaginary 
parts of the forward scp.t"Lerin&, amplitude i s found to be 
very e ^ a l l , -v-oout 0.02. The d i f f e r e n t i a l cross section 
'/.•as calculated f o r a. run^e of L-n^les i n the centre of m-d-.ss 
of 0° to 15°, cor:r esponc' ing to -ibout 0° to 5° i n the 
labor? t o r y . j'or convenience the d i s t r i b u t i o n i s pl o t t e d 
f i n a l l y a,s da/dt against - t where trie f o l l o w i n g 
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relationships have been used as good approximations f o r 
small angles 

do/at = - -„ da/dQ 
P 

and - t = p 9" 

The d i f f e r e n t i a l cross section predicted by the uniform 
nuclear model gives best agreement w i t h the observed d i s 
t r i b u t i o n f o r a deuteron radius, R = 2.10 fermi and the 
two d i s t r i b u t i o n s a,re shown together i n f i g u r e 17. I t 
can be seen tha,t reasonable agreement i s obtained only up 
to values of - t less than 0.1 (G-eV) and the predicted 
secondary maximum at - t = 0.25 (G-eV) i s not observed 
experimentally. This r e s u l t i s not su r p r i s i n g since the 
deuteron has a d i f f u s e structure rather than a clean edge. 

A more detailed c a l c u l a t i o n has been made using the 
Hulthen and hard core wave functions described i n Eq. 10 
and Eq. 11. To use these wave functions i n an o p t i c a l 
model calculation i t i s necessary to r e w r i t e them i n terms 
of the distance from the centre of the nucleus, the h a l f -
separation, which i s considered to be equivalent to the 
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r a d i a l parameter of the o p t i c a l model. I n t h i s form the 
rLulthen wave function i s w r i t t e n as 

-YR -6R 

with R = - and T = 0.464 f e r m i " 1 and 6 = 2.404 f e r m i " 1 : 
The density of nucleons at radius R i s then proportional 
t o | y ( R ) | 2 , and i s normalised, to the number of nucleons i n 

the usual way. The c o e f f i c i e n t of absorption may then be 
w r i t t e n i n the f o l l o w i n g v/ay, using the previously given 
value of a : 

2 
K = 0.743 [ e-YR_e-6R 

R 
•fermi -1 (12) 

The expected value of K at the centre of the nucleus i s 
the a 

K(0) = 0.743 (6-Y) 2 f e r m i " 1 

= 2.80 fermi' 

and therefore, K = 0.265 -
L R J 

2 K(0) f e r m i " 1 

I f i t i s assumed that the r e a l p o t e n t i a l i s related to the 
density then the change i n wave number may be w r i t t e n from 
i ; ! ^ . 1 as 

k-, . kVr/ Bflc M ° ) 
PPc (6-7) 

->R_e-6R 2 p . -1 
fermi 



- 61 -

where v
r ( 0 ) i s the r e a l p o t e n t i a l at the centre of the 

nucleus given i n MeV. Then f o r T X + mesons at 6 G-eV/c i n 
the laboratory system 

1 

11.13 fermi -1 c . m. s. 

c .m.s. 2.20 10 J jfleV/c 

and using these values 

k± = 1.34 10 JV V (0) 
-6R 2 

fermi .-1 (13) 

Using the expressions above, Eq. 12 and Eg. 13, the 
v a r i a t i o n of Ks and k-̂ s w i t h impact parameter has been 
calculated and the r e s u l t s f o r Ks are shown i n f i g u r e 18 
together with the corresponding curvet? f o r the hard core 
wave function and f o r the uniform nucleus. The curves are 
plotted f o r impact parameters up to 3 fermi, beyond which 
they have values close to zero. 

The r e a l and imaginary parts of the forward scattering 
amplitude have been calculated from Eg. 3 using a numeri
ca l method as before but i n t h i s case w i t h Ks and k^s as 
functions of the impact parameter p. The values of K(0) 
and V (0) were adjusted u n t i l the imaginary part of the 
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forward amplitude, iJnf(O), attained the value given by 
the o p t i c a l theorem. U n t i l recently the r e a l part Ref(O) 
was believed to be zero but there are indications that i t 
may not be n e g l i g i b l e . An a r b i t r a r y value one tenth of 
that of Imf(O) has been adopted; the d i f f e r e n t i a l cross 
section i s not sensitive to the exact value when i t i s 
small. Having normalised the d i s t r i b u t i o n the complete 
d i f f e r e n t i a l cross section was computed f o r a range of 
angles 0° to 15° i n the c.m.s. Again the d i s t r i b u t i o n 
has been f i n a l l y plotted, as dd/'dt. I n fi g u r e 17 the 
d i f f e r e n t i a l cross sections f o r the Hulthen and hard core 
wave functions are shown i n comparison w i t h the experi
mental data and also w i t h the pr e d i c t i o n of the uniform 
nucleus. The secondary maximum associated w i t h the uniform 
deuteron does not appear i n e i t h e r of the two predicted 
d i s t r i b u t i o n s but apart from t h i s feature the agreement 
i s very poor. Both d i s t r i b u t i o n s are too broad, and the 
r a d i i which would correspond to the two d i s t r i b u t i o n s i f 
a uniform model Y'ere f i t t e d are 1.7 fermi f o r the Hulthen 
wave function and 1.85 fermi f o r the hsrd core wave 
fun c t i o n . 
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3.7 Impulse Model Calculations 

I n order to evaluate the expression, 9, given f o r 
the angular d i s t r i b u t i o n v/e require the functions f n ( q ) , 
fp(q.) and S(q') and the forms suggested by Harrington 
have been used. These are 

f
n(P»q) = iA n(p)exp [-a n(p)q. 2 ] 

fp(P.oJ = iA (p)ezp [-a p(p)q 2] + J?c 

S(q' ) = exp(-a dQ' 2) 

The parameters A , A a , a , and a, are functions of the 
n' p, n' p' d 

incident momentum p and are chosen to f i t the low momentum, 
transfer experimental data, l i ^ i s the Coulomb amplitude 
and is- given at these small momentum transfers i n the 
notption of B e l l e t t i n i et a l . to be 

2 
P, = - ̂ | p where 1 = — = — — 

q ^Pc 137(3 

•A-n(p) A^(p) are complex numbers proportional to the 
tot?;.l crosrs sectionp f o r rc-n wci. Tt-p e l a s t i c s c a t t e r i n g 
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respectively. Then 

Vp> = fon< 1 + iPn> ^ Ap(P) = V^V 

PffT(7CXl) 
where f i s an abbreviation f o r , and f f o r 

Ptf T(TUl) arid p and p are the r a t i o s f o r the r e a l to 
4nn n -p 

imaginary amplitudes f o r neutron and proton scattering 
respectively. Making these subs t i t u t i o n s the d i f f e r e n t i a l 
cross section i s obtained a,fter i n t e g r a t i o n to be 

da/dQ e l = S 2 ^ ) [ j f j 2
 + | f p | 2

 + 2 ( H e f n H e f p + Imf n I m f p ) ] 

_ SCtcd r ( I m f + l m f } _ N ( H e f + H e f }1 (UW) 
Ttp L n P n P J ( 2 n p ) 2 

(14) 

la and A are given below, v/ritten i n the above form the 
d i f f e r e n t i a l cross, section d6/dQ may be evaluated 
numerically. 

M = 

( a d + % + a n ) q ( a d + a n ) 
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N = 

2TC( p + p ) p 2 f f exp f-x ̂ p ^n * op on 1 L )q2] I 6 m p 2 f expejo q 2) a_ +a 
( a d + ap + o :n } q 2(cc d + a n) 

The form fac t o r constants o:̂  i n these expressions f o r M 
and H are related to the constants a. used previously thus 

The d i f f e r e n t i a l cross sections have "been calculated 
using iiq_. 14 f o r both form factors of the strong i n t e r 
action, derived from the .,-iulthen and hard core wave 
functions. The f i n a l calculations have htiij.i made on the 
I.B.IVI. 1620 computer i n Paris using a modified. CdRitf 
programme. For the r a t i o s of the r e a l and imaginary 
amplitudes f o r the proton and the neutron p n the 
fo l l o w i n g values have been used ( B e l l e t t i n i et a l . , 1965) 

and f o r the t o t a l cross sections (G-albra.it h et a l . , 1965) 
f o r i t - p and n-n scattering 

o\ T(Tip) = 26.2 mb. 

l 

a. = 2a. 

P P = Pn = "0.33 

http://G-albra.it
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o"T ( ) = ?8 .5 mb. 

For the constants of the form factors s i m i l a r values to 
those of B e l l e t t i n i et al.(1965) have been used. 

o:p = a n = 7,5 ( l i e V / c ) " 2 

a d = 44 (GeV/c)" 2 

The r e s u l t s of the calculations are shown i n comparison 
wi t h the observed d i f f e r e n t i a l cross section i n f i g u r e 19 
and i t can be seen that the predictions of the impulse 
•aodel are i n very good agreement with experiment. For 
the curve derived f o r each v.ave func t i o n has been calcu-
lated the corresponding value of % f o r the ten observed 
values of da/dt . I t i s found that 

°°2 Hard Gore = 8.58 

*>2 Hulthen = 35.3 

and i t may be concluded thet the hard core wave function 
i s a s a t i s f •- ctory description of the deuteron w h i l s t the 
iiulthen wave function i s not. 
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GHAPTErf 4 

MKLASTIC Tt +p lH'Tj j lctAti l'lOna UP HIGri MULTIPLICITY AT 5 GEV/C 

4.1 Introduction 
The majority of the secondary p a r t i c l e s produced 

when meson and proton beams are in c o l l i s i o n w i t h nucleon 
targets are found to be it mesons and a feature of the 
inter a c t i o n s i s the formation of unr-table multi-pion 
resonances and nucleon isobars. The information learned 
from the kinematic c o r r e l a t i o n of the p a r t i c l e s i n the 
f i n a l state i s mostly f o r the energy region up to about 
10 GeV and generally only f i n a l states containing two to 
f i v e p a r t i c l e s have been closely examined. Comparatively 
l i t t l e detailed information i s available f o r int e r a c t i o n s 
i n which more secondary p a r t i c l e s are produced, l a r g e l y 
because of the small cross sections f o r these events and 
also because of the d i f f i c u l t i e s of analysis when so many 
d i f f e r e n t combinations of p a r t i c l e s must be considered. 
U n t i l experimental data are adequately available i t i s 
d i f f i c u l t to devise a dynamical model f o r the analysis of 
very high m u l t i p l i c i t y i n t e r a c t i o n s but l a t e l y a group of 
physicists at CtSHu', under the guidance of Professor Van 
.dove, have begun to study the t h e o r e t i c a l aspects of the 
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problem. At the present time therefore the analysis of 
such inte r a c t i o n s can only be -iade i n general terms 
fo l l o w i n g the models which have been successful i n i n t e r 
p r e t i n g the i n t e r a c t i o n s of lower m u l t i p l i c i t y , and i n 
p a r t i c u l a r the peripheral model whose most important 
features are described b r i e f l y here. 

4 .11 The Peripheral Model 

A detailed analysis of i n e l a s t i c i n t e r a c t i o n s i n 
which there are less than six p a r t i c l e s i n the f i n a l state 
shows that frequently the production takes piece by way of 
a quasi-two-bouj' i n t e r a c t i o n i n which one or both of the 
mass centres are resonances. Such processes are found to 
occur usually f o r small momentum transfers with the decay 
products of the resonances collimated i n t o the forward 
and backward d i r e c t i o n s of the centre of mass system. I t 
nay be i n f e r r e d from t h i s that there i s a tendency f o r 
the d i r e c t i o n s of the incident p a r t i c l e s to be maint?ined 
end. that therefore the i n t e r a c t i o n does not take place 
c e n t r a l l y a f t e r a head on c o l l i s i o n but that ro.ther the 
p a r t i c l e s meet i n a glancing manner. Frou t h i s point of 
view ?. meson scattering on a nucleon w i l l i n t e r a c t only 
w i t h the outer structure of the nucleon, the mesic 'cloud 1 

and not w i t h i t s 'core'. For such peripheral i n t e r a c t i o n s 
the long range force concerned i s described, using the 
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Yukawa theory, i n terms of the exchange of a v i r t u a l 
p a r t i c l e . Generally i t i s assumed ( F e r r a r i and S e l l a r i , 
1962) that the exchanged p a r t i c l e i s a meson since these 
are the l i g h t e s t of the strongly i n t e r a c t i n g p a r t i c l e s and 
have, therefore, the largest i n t e r a c t i o n r a d i i . The 
Jj'eynman diagram f o r a two-body reaction with one meson 
exchange (O.M.Jfi.) of the type 

a + b •* c + d 

i s shown i n f i g u r e 20 and occurs w i t h the exchange of 
p a r t i c l e e. Generally c and d are resonances which l a t e r 
decay i n t o the pa,rticles seen i n the f i n a l state, sometimes 
by way of other l i g h t e r resonances. The invariant square 
of the four-momentum transfer between p a r t i c l e s a and c or 
between b and d i s defined, by 

A 2 = -(P 0-P a> 2 = - ( P d - P b ) 2 

= -Ujj+mf) + 2 J i 0 E a - 2p 0p aeoB« F (15) 

where the are the four-momenta of the p a r t i c l e s and 0 
i s the production angle. The notation i s 

V± = (B i,p i) , from which p 2 = E? - p 2 = m2 
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where S^. p^, end are the t o t a l energy, three-momentum 

and mass of the p a r t i c l e i n d i c a t e d . I t f o l l o w s from the 

c o n s e r v a t i o n of four-momentun thr-t p = p -p and t h e r e f o r e 
e ^ c a 

2 2 
A = -m- where m i s the .nass of the exchange n a r t i c l e . 

2 
Since A i s always p o s i t i v e the i n t e r a c t i o n takes p l a c e o f f 
the m a s s - s h e l l and. ar i s a v i r t u a l mass. The m a t r i x 

e 
ele.ient f o r t h i s r e a c t i o n (.see e.g. b c h u i t t , 1965) i n c l u d e s 

2 2> 
a t e r n , l / ( A +m e), the propagator of the exchanged p a r t i c l e , 
and t h i s term has a s i n g u l a r i t y i n the u n p h y s i c a l r e g i o n 

2 2 

at the point A = -M where the exchange p a r t i c l e i s r e a l , 

M being the p h y s i c a l mass of the p a r t i c l e . The i n f l u e n c e 

of the propagator upon 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 , 

d a / d A , w i l l depend, on the p h y s i c a l raasp of the exchange 

p a r t i c l e and w i l l be g r e a t e s t f o r the exchange of a. pion 

because the pole w i l l then l i e c l o s e to the p h y s i c a l r e g i o n 
2 

and the d i s t r i b u t i o n v : i l l be peaked at s m a l l v a l u e s of A . 

I n a t y p i c a l example of one pion exchange, the r e a c t i o n at 

4 iieV/c 
n p -• H p 

reported by the Anglo-German J o l l r b o r ^ t i o n (1965) the 
d i s t r i b u t i o n of A^ i s peaked at 0.1 (G-eV)^ and almost a l l 

2 ° 
of the events occur f o r A~<0.5 (treV)*". I t i s found, 
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however, t h a 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 p r e d i c t e d by 

the 0.i.i.ii. model has a much l a r g e r peak a t s m a l l ^ and 

f a l l s o f f l e s s r a p i d l y than the observed d i s t r i b u t i o n 

(Jackson, 196f from data of the 3aclay-ursay-j3ari-i3ologna 

C o l l a b o r a t i o n , 1964 ) . ±Jy i n c l u d i n g form f a c t o r s i n the 

ma t r i x element ( F e r r a r i and fciellari, 196'-': ) i t i s p o s s i b l e 

to f i t the experimental d i s t r i b u t i o n u s i n g the O . . . L . j . model 

but the f i t t i n g i s l a r g e l y e m p i r i c a l and i t i s found a l s o 

t h a t the form f a c t o r s have an energy dependence. A more 

s a t i s f a c t o r y e x p l a n a t i o n can be made i f the a b s o r p t i v e 

e f f e c t s of the other open i n e l a s t i c channels are considered 

( G o t t f r i e d and. Jackson, 1964). At high e n e r g i e s there are 

many other open i n e l a s t i c i n t e r a c t i o n s competing w i t h the 

quasi-two-body process and t h i s l e a d s to the r e d u c t i o n of 

the amplitude of the two-body process p a r t i c u l a r l y f o r 

sm a l l impact parameters. The quasi-two-body i n t e r a c t i o n 

then depends almost e n t i r e l y upon high p a r t i a l waves which 

lead to l a r g e s c a t t e r i n g angles and i t becomes p o s s i b l e to 
2 

p r e d i c t s a t i s f a c t o r i l y the observed d i s t r i b u t i o n of A . 

I n p e r i p h e r a l i n t e r a c t i o n s the resonant p a r t i c l e s w i l l be 

produced i n a mixture of s p i n s t a t e s (see e.g. Jackson, 

1965) dependent upon the s p i n and p a r i t y of the exchange 

p a r t i c l e . Information may t h e r e f o r e be obtained about the 

exchange p a r t i c l e by observing the decay d i s t r i b u t i o n of 

the resonances. 
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I n the p r e s e n t experiment the data have been examined 

to see whether the p e r i p h e r a l model i s s t i l l a p p l i c a b l e to 

the i n t e r p r e t a t i o n of very high m u l t i p l i c i t y i n t e r a c t i o n s . 

Evidence f o r p e r i p h e r a l i s m has been looked f o r i n the 

d i s t r i b u t i o n s of the production angles of the s e c o n d a r i e s 
o 

and i n the d i s t r i b u t i o n s of A.' . The e f f e c t i v e mass p l o t s 

of the d i f f e r e n t p a r t i c l e combinations have been studied, 

to see i f quasi-two-body p r o c e s s e s occur and a s y s t e m a t i c 

study has been made of the decay d i s t r i b u t i o n s of the 

resonances which have been observed. • 

4-. 2 jflxperimental R e s u l t s 

Prom the 150,000 photographs of the i n t e r a c t i o n of 

u + mesons i n hydrogen at 4.9b GeV/c the s i x l a b o r a t o r i e s of 

the c o l l a b o r a t i o n have analysed approximately 3>-500 events 

i n which there are s i x charged p a r t i c l e s i n the f i n a l s t a t e 

These i n t e r a c t i o n s have been f i t t e d to the f o l l o w i n g 

i n t e r p r e t a t i o n s which i n c l u d e only non-strange p a r t i c l e s 

TC + p -* p Ti+Tc+n;"''-jt~TT/~ 1052 events ( i ) 

-* p n + n + 1 5 9 5 events ( i i ) 

-» n ii ii 7i -it ic it >/9 events ( i n ) 

•+ n Tt" 1 7i +Tc + TT #
+n; -n;~n 0 152 events ( i v ) 

-»p 7i+Tc+Tt+-n;-Tc~+ m%°, m > 2 389 events ( v ) 
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The a n a l y s i s i n t o the 40 channel, ( i ) , nnd the two 1G 
channels, ( i i ) and ( i i i ) , has been made i n the maimer 

descr i b e d i n s e c t i o n 2.5 u s i n g the bubble d e n s i t i e s of the 
2 

t r a c k s and a c c e p t i n g events with %"< 6 f o r the 10 f i t s and 

X" < 24.5 f o r the 40 f i t s . The tv.'o n o f i t channels, ( i v ) 

and ( v ) , have been separated by ineens of the squared 

. a i s s i n c mass c a l c u l a t e d f o r e&ch i n t e r a c t i o n froin. the 

rue asured quant i t i e s . 
4-. 21 Cross S e c t i o n s 

The c r o s s s e c t i o n s given here have been c a l c u l a t e d 

from the Durham dat?:. a f t e r determining the average number 

of t r a c k s per fraiae . C o r r e c t i o n s have been .nadc to take 

i n t o account 

i ) the dip and curvature of the beam 

i i ) tiie nusiber of t r a c k s l e a v i n g the 
s i d e of the f i d u c i a l volume 

i i i ) the s h o r t e r t r a c k l e n g t h of p a r t i c l e s 
which i n t e r a c t i n the volume, 

and the t o t a l l e n g t h of t r a c k scanned has been c a l c u l a t e d 

to be (16,20 - 0.02) 10^ metres. The e r r o r given i s due 

mainly to the s t a t i s t i c a l e r r o r r e s u l t i n g from counting 

t r a c k s i n only one t e n t h of the frames of each f i l m . The 
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o v e r a l l scanning e f f i c i e n c y i s (99.3 - 0.1)f (see Chapter 

2, 2.13) and the c o r r e c t e d t o t a l number of six-prong events 

i s found to be "7*4-3 . fe&a - CM£»* 

a T o t a l = ^ 1 , I L 3 " 0 , ° 7 ^ m b ' 

The p a r t i a l c r o s s s e c t i o n s f o r the d i f f e r e n t channels are 

summarised i n t a b l e I . 

TABLE I 

Chanrie 1 P a r t i a l Cross 
S e c t i o n |jb . 

-h -r H- — — 
P TC TC TC TC TC 400 + 3 0 

+ + + - - 0 
P I I 71 TC 71 TC Ti 500 - 40 

+ + + + - -
n TC 7t TC 7t TC TC 

110 - 10 
+ + + + - - 0 

l l T C T C T C T C T C T C T C 
> 

+ + + - - 0 
p TC TC TC TC 7t + fUTt • 210 - 20 

m » 2 

A comparison of the cross? s e c t i o n s given above w i t h the 

r e s u l t s d e r i v e d from s m a l l s t a t i s t i c s by the A a c h e n - B e r l i n -
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.Bonn.-tiani'ourg-i.iunich C o l l a b o r a t i o n (1966) f o r the same 

r e a c t i o n s at 4 GeV/c shows t h a t the c r o s s s e c t i o n s f o r 

high m u l t i p l i c i t y i n t e r a c t i o n s have a strong energy 

dependence. I n channel ( i ) , f o r example s the c r o s s s e c t i o n 

at 4 GeV/c i s 250 - 40 |ab. and the same c r o s s s e c t i o n i s 

g i ven f o r channel ( i i ) at t h i s , lov/er momentum. 

I n t h i s d i s s e r t a t i o n a r e p o r t i s given of the r e s u l t s 

of the study of the 40 events i n channel ( i ) . 

2 2 
4.22 . D i s t r i b u t i o n s of ivM and % f o r 4C__events 

The d i s t r i b u t i o n of the m i s s i n g mass squared i s shown 

i n f i g u r e 21 f o r the events of t h i s channel and as expected 
2 

the d i s t r i b u t i o n i s peaked s h a r p l y at MM = 0 having a 
width of 0.0004 ( G e V ) 2 . The d i s t r i b u t i o n i s skewed 

2 
s l i g h t l y towards p o s i t i v e v a l u e s of MM but t h i s asymmetry 
i s not thought to r e p r e s e n t any s i g n i f i c a n t b i a s of the 

2 
sample. The 36 d i s t r i b u t i o n , shown i n f i g u r e 22 i s i n 

r easonably s a t i s f a c t o r y agreement with the t h e o r e t i c a l l y 

p r e d i c t e d curve f o r four degrees of freedom. The sample 

of 40 events i s b e l i e v e d to be f r e e from any s y s t e m a t i c 

b i a s e s due to f a u l t s of measurement or s e l e c t i o n . 
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4. 23 E f f e c t i v e jaass D i s t r i b u t i o n s of p 7 t + , T C + T I ~ , and. yn~ 

The o v e r a l l e f f e c t i v e mass d i s t r i b u t i o n s of the p 7 i + 

and TC+TX combinations are shown i n f i g u r e s 23 and 24- and 

co n t a i n three and s i x e n t r i e s per event r e s p e c t i v e l y . 

Both mass d i s t r i b u t i o n s d i f f e r grea,tly from the p r e d i c t i o n s 

of pure phase space and they show t h a t , as i n the lower 

m u l t i p l i c i t y i n t e r a c t i o n s i n t h i s energy region, there are 

l a r g e numbers of the N' (1236) and of the p resonances 

produced. The pn + mass d i s t r i b u t i o n i s seen to be dominated 

by the N* formation centred a t 1210 MeV. The l a r g e s h i f t 

from the accepted v a l u e of 1236 MeV has been observed, i n 

other experiments (e.g. Boldt et a l . , 1964) and i s thought 

to depend on the angular momentum of the resonant s t a t e 

and the o r b i t a l angular momentum of the two-body decay 

(Jackson, 1964). The w i d t h , T , has been estimated by 

f i t t i n g to the observed mass d i s t r i b u t i o n a B r e i t Wigner 

shape and the be s t f i t has been obtained f o r P = 125 MeV. 

I n the n + T t ~ mass d i s t r i b u t i o n the only observed en

hancement i s the peak centred a t 730 MeV which i s 

a t t r i b u t e d to the production of the p° p a r t i c l e . The 

s h i f t i n g of the centre of the peak from i t s accepted v a l u e 

of 765 MeV may be due i n p a r t to i n t e r f e r e n c e e f f e c t s as 

w e l l as to an angular momentum e f f e c t . I t has not been 
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p o s s i b l e "bo estimate the width of the observed peak because 

the l a r g e background prevents the f i t t i n g from being 

s e n s i t i v e to the v a l u e of the width. An enhancement at 

670 MeV i n the n+n d i s t r i b u t i o n has been reported r e c e n t l y 

f o r the same r e a c t i o n a t 4 G-eV/c (Aachen-Berlin-Bonn-

Hamburg-Munich C o l l a b o r a t i o n , 1966) and i t i s suggested 

t h a t t h i s might be connected w i t h the E meson (Hagopian 

et a l . , 1965). I n the p r e s e n t experiment which has much 

l a r g e r s t a t i s t i c s there i s no evidence f o r t h i s enhancement 

which i s t h e r e f o r e b e l i e v e d to be a s t a t i s t i c a l f l u c t u a t i o n . 

An estimate of the p r o p o r t i o n s of the production of 

the N" and the p has been ms.de as f o l l o w s . Ma,ss spectra, 

have been computed by iFOWL f o r both combinations, pu + and 
+ — 

it it , based on the assumption t h a t a l l the i n t e r a c t i o n s 
take pla.ce by way of 

i ) pure phase space 

or, i i ) the production of an N 

or, i i i ) the production of a p° 

or, i v ) the production of an N* ajid a p ° . 

The two observed e f f e c t i v e .iass d i s t r i b u t i o n s have then 

been f i t t e d w i t h backgrounds which are the sum of these 

fou r s p e c t r a i n proportions V i h i c h have been estimated by 

http://ms.de
http://pla.ce
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a l e a s t squares f i t . The best f i t has been obtained f o r 

the f o l l o w i n g p r o p o r t i o n s 

15?C N*, % p ° , 59?£ N^p 0 , find 21?? pure phase space. 

Whilst i t i s b e l i e v e d t h a t the e s t i a a t i o n s of the t o t a l 

H and p production, 74tf and 64?.' r e s p e c t i v e l y , are v a l i d 

r e p r e s e n t a t i o n s of the dat? i t should be pointed out t h a t 

the p r o p o r t i o n of the c o r r e l a t e d N'^p3 cannot be s e n s i t i v e l y 

determined . Therefore the estimated 595? o f c o r r e l a t e d 

production i s considered to be an upper l i m i t and the true 

proportion iticy l i e between t h i s f i g u r e and the 47^ expected 

s t a t i s t i c a l l y . The c a l c u l a t e d backgrounds are shown w i t h 

the experimental d i s t r i b u t i o n s i n the f i g u r e s and the f i t 

i s seen to be s a t i s f a c t o r y . The background s p e c t r a f o r a l l 

the e f f e c t i v e mass d i s t r i b u t i o n s have been c a l c u l a t e d with 

the p r o p o r t i o n s given and the pure phase space d i s t r i b u t i o n s 

are not shown. I t i s hoped i n t h i s way to avoid, l a r g e 

d e v i a t i o n s from the backgrounds r e s u l t i n g from kinematic 

r e f l e c t i o n s of the lil and. of the p p r o d u c t i o n . 

The e f f e c t i v e mass d i s t r i b u t i o n of the pit" combination 

i s shown i n f i g u r e 25 and no enhancement i s observed, i n the 

r e g i o n of the M*(i23o). 
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4.24 Angular D i s t r i b u t i o n s of the Secondary P a r t i c l e s 

'i'he angular d i s t r i b u t i o n s of the outgoing p a r t i c l e s , 

proton, 7 t + and. % , i n the cent r e of mass of the i n t e r a c t i o n 

hove been p l o t t e d i n f i g u r e 26. The protons show a pro-

nounced peak i n the backward d i r e c t i o n between -1< cos © < 

-0.75 with a forward-backward r a t i o , F/B, of 0.52. The 

secondary it 1" mesons are almost i s o t r o p i c a l l y d i s t r i b u t e d 

w h i l s t the n~ mesons are peaked, though not s t r o n g l y , i n 

the forward d i r e c t i o n . Table I I below c o n t a i n s the r e s u l t s 

f o r the forward-backward r a t i o s and the asymmetry parameter 

(3?-B)/(]?+B), f o r the three d i s t r i b u t i o n s . F and B are 

numbers of e n t r i e s contained i n the forward and. backward, 

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

TABLiJ I I 

Secondary F/B (F-B)/(F+B) 

proton 

+ 
Tt 

T C ~ 

0.52 - 0.03 

1.09 H- 0.04 

1.25 - 0.06 

0.32 * 0.02 

0.05 - 0.002 

0.11 - 0.01 
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P l o t t i n g the o v e r a l l pit* and n+n~ angulor d i s t r i b u t i o n s , 

f i g u r e 27, shows tiv-t the backward pea.king of the proton 

i s r e f l e c t e d i n the r a t h e r broader d i s t r i b u t i o n of the pjt + 

w h i l s t the forward peak of the n~ d i s t r i b u t i o n i s r a t h e r 

more pronounced th.^n t h a t of the n . T h i s forward peak i s 

a t t r i b u t e d to the p and examination of the d i s t r i b u t i o n of 

those pit* c o a b i n a t i o n s which l i e i n the mass r e g i o n 1 1 2 0 

to 1 3 2 0 ., ieV, f i g u r e 2 8 , shows th a t the N* production i s 

s t r o n g l y c o l l i m a t e d i n the backwards d i r e c t i o n . From these 

d i s t r i b u t i o n s i t i s apparent t h a t an a p p r e c i a b l e p r o p o r t i o n 

of the c o l l i s i o n s are g l a n c i n g , and p e r i p h e r a l i s m i s 

t h e r e f o r e s t i l l important. The l a c k of a forward peak i n 

the d i s t r i b u t i o n of the TC + i s not considered, to be i n 

c o n t r a d i c t i o n to t h i s i n view of the l a r g e numbers of N'x 

i s o b a r s which are produced backwards and whose decay 

products a l s o t r a v e l predominantly i n t h a t d i r e c t i o n . 

W h i l s t evidence of c o l l i r a a t i o n of the s e c o n d a r i e s i s 

found i n these d i f f e r e n t i a l c r o s s s e c t i o n s i t should be 

noted that the P-B asymmetry i s :viuch l e s s pronounced than 

i n the cs.se of i n t e r a c t i o n s of s m a l l e r m u l t i p l i c i t i e s . I t 

i s t h e r e f o r e of i n t e r e s t to look a t the r e f l e c t i o n s of 
p 

these angular asytiinietries i n the d i s t r i b u t i o n of f o r 

the prc"1" and. i n p a r t i c u l a r f o r those eventr, which both the 

W* and the p° are produced. 

http://cs.se
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4.25 D i s t r i b u t i o n of A Between the I n c i d e n t Proton 
and the pic* 

2 

The o v e r a l l d i s t r i b u t i o n of A between the i n c i d e n t 

proton and the pit + combination i s shown i n f i g u r e 29 

together w i t h the background p r e d i c t e d by phase space f o r 

an equal number of e v e n t s . Although the observed d i s t r i 

bution i s v e r y broad there i s a marked, tendency towards 

lower v a l u e s of A than would be expected f o r s t a t i s t i c a l 

production only. T h i s r e p r e s e n t s the e f f e c t of the peak 
+ 2 3E 

i n the pit angular d i s t r i b u t i o n , A and cos© being 
2 

r e l a t e d by jiq . 15. To i l l u s t r a t e the v a l u e s of A which 
are a s s o c i a t e d w i t h the most p e r i p h e r a l six-prong i n t e r 
a c t i o n s and to provide a b a s i s f o r comparison w i t h v a l u e s 

2 

of A t y p i c a l f o r quasi-two-body p r o c e s s e s a s e l e c t i o i i has 

been made of the i n t e r a c t i o n s of the type 
TC- p •+ W p 71 71 

where the N K i s produced i n the backwards peak, 

- K c o s © *< -0 .75 . The sample has been chosen by r e q u i r i n g 

t h a t the mass of the prc taken as the N should l i e between 

1120 and 1320 MeV and t h a t the IC +TC~ taken as the p° should 

have a mass between 6 70 and 350 lu'eV. The a d d i t i o n a l 
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angular c o n d i t i o n a l s o r e p r e s e n t s a c o n s t r a i n t upon A 

and the phase space f o r the sample w i l l , as a r e s u l t of 
2 

t h i s , be peaked a t s m a l l v a l u e s of A . T h i s d i s t r i b u t i o n 

must, however, l i e w i t h i n the phase space f o r a l l the 

e v e n t s . I t can be seen i n f i g u r e 29 t h a t the observed 

d i s t r i b u t i o n of the sample has a s i g n i f i c a n t peak outs i d e 

even the o v e r a l l phase space and t h i s may be considered 

to be c o n f i r m a t i o n of the periphera.lism of the events i n 

which the N K i s produced, backwards. The peak i s centred 

at 0 . 8 (G-eV) , and i t i s apparent t h a t , although the 
2 

tendency to s m a l l v a l u e s of A i s s i g n i f i c a n t , the momen

tum t r a n s f e r s t y p i c a l of a p e r i p h e r a l i n t e r a c t i o n of high 

m u l t i p l i c i t y are much l a r g e r than those c h a r a c t e r i s t i c of 

quasi-two-body i n t e r a c t i o n s w i t h four or f i v e p a r t i c l e s 

i n the f i n a l s t a t e . Small p a r t i a l waves e v i d e n t l y are 

s t i l l of importance f o r p e r i p h e r a l i n t e r s e c t i o n s of high 

m u l t i p l i c i t y . G r e a t e r momentum t r a n s f e r s are to be 

expected g e n e r a l l y f o r i n t e r a c t i o n s of higher m u l t i p l i c i t y 

simply i n order to c r e a t e the l a r g e r number of p a r t i c l e s 

but i t seei/is u n l i k e l y t h a t quasi-tv/o-body i n t e r a c t i o n s 
2 

should occur w i t h such high v a l u e s of A u n l e s s the 

exchange p a r t i c l e were p a r t i c u l a r l y massive. I t :iay be 

t h a t the p e r i p h e r a l i s m of the six-pronged i n t e r a c t i o n s 

has a more complicated e x p l a n a t i o n i n ter/.is of m u l t i -

p e r i p h e r a l diagrams w i t h s e v e r a l v e r t i c e s (Amati and 
S t a n g h e l l i n i , 1 9 6 2 ) 
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4.26 Three-pion E f f e c t i v e i-iass D i s t r i b u t i o n s , 
+ + - _. + - -n % TC and n u TI 

The r e s u l t s have been examined f o r evidence of the 

production of the A-̂  and p a r t i c l e s both of which are 

reported to decay p r i n c i p a l l y by way of the up mode 

(Chung e t a l . , 1964 and o t h e r s ) . There i s s t i l l some 

u n c e r t a i n t y concerning the enhancement, seen i n the re g i o n 

of 1100 IvieV i n the up mass d i s t r i b u t i o n s of these e x p e r i 

ments, which i s t e n t a t i v e l y a t t r i b u t e d to the A-̂  resonance. 

L e d : (1964) has suggested t h a t the peak could be the r e s u l t 

of If i n em.-: t i c e f f e c t s whereby up masses j u s t above t h r e s h -

hold s r e favoured. C e r t a i n l y the independently reported 

enhancements which are found i n both charged and n e u t r a l 

modes cannot be explained as s t a t i s t i c a l f l u c t u a t i o n s . 

The i n t e r p r e t a t i o n of the peak at 1320 lieV i n the up 

system as a genuine resonance i s w e l l e s t a b l i s h e d and en

hancements have a l s o been observed, a t t h i s mass i n the KK 

and u systems (Chung et a l . , 1964 and the Anglo-G-er'iign 

C o l l a b o r a t i o n , 1964). I f these are decay modes of the 

sane p a r t i c l e then the quantum numbers of the Ap are 
PG- +-

e s t a b l i s h e d to be, i n the u s u a l n o t a t i o n , J = 2 The 

i s o s p i n i s I = 1 found from the o b s e r v a t i o n of both charged 



- 84 -

and n e u t r a l forms of the • 

The present experiment should be v e r y s u i t a b l e to 

observe resonances which decay i n t o a p° and. a n+ or n~ 

as there i s abundant formation of the p° and. there are 

a d d i t i o n a l pions b e s i d e s those a s s o c i a t e d w i t h the N* and 
Q 

the p . 'Furthermore, i t has been pointed out t h a t the 

p e r i p h e r a l i s m of the six-pronged events i s not dominated 

so completely by high p a r t i a l waves as are four and f i v e 

pronged i n t e r a c t i o n s so t h a t kinematic e f f e c t s dependent 

upon v e r y low lomentum t r a n s f e r s should not be important. 

The o v e r a l l e f f e c t i v e mass d i s t r i b u t i o n s f o r the n^n TI 

and -a+7Tj n combinations are snown i n f i g u r e s 30 and 3 1 . 

Surorisi.ii,-..ly there are no s i g n i f i c a n t enhriicements i n 

e i t h e r d i s t r i b u t i o n . The background of the iCn~n" d i s t r i 

bution i s not i n good agreement w i t h the observed spectrum 

but t n i s i s thought to be the r e s u l t of some dynamical 

r e f l e c t i o n s of the production v.iiich cannot be included i n 

the computation of the bo chromic; u s i n ^ AJ»/L . I f tne m.?se 

d i s t i ' i b u t i o n s f o r the two yion c cab in---ti oris above are 

p l o t t e d w i t h the requirement t h a t one r.+n~ combination 

should l i e i n the nass r e g i o n of the p ° ( 6 7 0 to 850 I.ieV) 

there i s s t i l l no i n d i c a t i o n of any resonance production. 
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only when the a d d i t i o n a l c o n d i t i o n i s imposed t n a t there 

should be a pit combination i n the mass region of the W 

.aoviiifi backwards ( - K c o s Q K < -0.75} itf any evidence f o r a 

ftp resonance observed, f i g u r e 32 shows the e f f e c t i v e mass 

d i s t r i b u t i o n f o r the p°ir/ combination i n these events which 

must l a r g e l y be of the kind 

+ o + -
It p -* W p TC TC 

and an enhancement i s seen, centred at 1300 iJeV, which 

may be a t t r i b u t a b l e to the k^. The d i s t r i b u t i o n hr.s been 

p l o t t e d together w i t h a normalised, c o n t r o l d i s t r i b u t i o n 

produced f o r the same mass r e s t r i c t i o n s but f o r the angular 

r e g i o n -o.75<cos@ x< 0. Against t h i s background the en

hancement h ? s about a three standard d e v i a t i o n e f f e c t . 

The s m a l l e r enhancement observed i n the same d i s t r i b u t i o n 

at about 1000 ueV i s about two standard, d e v i a t i o n s above 

the background but i t has the asymmetric appearance of a 

s t a t i s t i c a l f l u c t u a t i o n . I n the complementary d i s t r i b u t i o n , 

f o r the Tc~p° w i t h the same c o n d i t i o n s there are no enhance

ments and t h i s c a s t s doubt upon the peak at 1300 MeV i n 

the i t + p 0 system. The s u r p r i s i n g r e s u l t of t h i s study seems 

to be thcit i n the six-pronged i n t e r a c t i o n s there i s 

e s s e n t i a l l y no production of the A-^ or A^ p a r t i c l e s i n 
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s p i t s of the g e n e r a l importance of p° formation. I n view 

of the l a c k of evidence f o r the production of the A 2 which 

i s considered to be a genuine resonance i t i s not p o s s i b l e 

to put forward any evidence a g a i n s t the A-̂ . 

4 .27 Four-pion i n f e c t i v e n a s s D i s t r i b u t i o n 7 I + T T + T T : ~ T I ~ 

The e f f e c t i v e mass d i s t r i b u t i o n of the n+ii+n~%~ 

combination i s shown i n f i g u r e 33 and i t can be seen t h a t 

i n s p i t e of the r a t h e r poor agreement of the background 

there are no s t a t i s t i c a l l y s i g n i f i c a n t enhancements. Any 

important quasi-two-body p r o c e s s e s i n v o l v i n g the N x and a 

four-pion resonance are t h e r e f o r e considered to be u n l i k e l y . 

Imposing v a r i o u s c o n d i t i o n s on to the s e l e c t i o n of events 

does not have the e f f e c t of r e v e a l i n g any peaks which are 

d i f f i c u l t to see on account of the background. Both the 

f° meson and the r e c e n t l y reported g p a r t i c l e (G-oldberg 

et a l . , 1 9 6 ? ) , which has a mass of about 1670 i.ieV, may be 

expected to decay i n t o t h i s f o ur-pion mode but peaks i n 

these r e g i o n s are not seen and no c o n c l u s i o n s can be de

r i v e d about the upper l i m i t of the branching r a t i o s of 

these p a r t i c l e s i n t o two and four pions u n t i l the f u l l 

a n a l y s i s has been made of the four-pronged e v e n t s . 



Ul 

Ul 

in 

CM 

U3d SNOUVNISWOD dO glOWON 



- 87 -

4 .28 Higher i'iucleon I s o b a r s 

The p o s s i b l e production of higher nucleon i s o b a r s 

b e i n ^ produced i n the i n t e r a c t i o n and l a t e r decaying i n t o 

the tl lies been i n v e s t i g a t e d by l o o k i n g f o r enhancements 

i n the e f f e c t i v e mass d i s t r i b u t i o n s of the combinations 
+ + + - + - - , + + - . . . p TC v. , p -rt 7i , p Ti TI TI , and p TC TI 7i v/hich are shown m 

f i g u r e s 3i" to 37. The backgrounds are not a l l i n v e r y 

good agreement but none of the d e v i a t i o n s seem to be 

s t a t i s t i c a l l y s i g n i f i c a n t and they are not enhanced by 

.v-king s e l e c t i o n s of those events i n which a pn + combination 

i n the jitiss i-egion of the N . loves backwards. I t seej,"is 

t h a t higher nucleon i s o b a r s are not a f e a t u r e of the s i x -

pronged i n t e r a c t i o n s . Taking i n t o account the n e g a t i v e 

r e s u l t s i n the s e a r c h f o r the multi-pion resonances (other 

then the p°) i t i s c l e a r t h a t the quasi-two-body processes 

v.hich are favoured i n f o u r and f i v e p a r t i c l e f i n a l s t a t e s 

d :> not occur w i t h a p p r e c i a b l e frequency f o r these i n t e r 

a c t i o n s of higher m u l t i p l i c i t y . 

< .2° Decay D i s t r i b u t i o n of the 7 i + 7 t 

The d i s t r i b u t i o n of the decay p n f l e of the d i p i o n 

combinations i n the p° band has been exonined i n a 



O U) Ul 

w o o. ill (£ a 
in 2> 

01 
ul Z 
in ° 

m 

01 

10 
] 

ui 

A3N O? U3d SNOI1VNIBNOD dO UBQWON 



LLl 

£ 2 ui 
- « < 

UJ» 
CM CM 

2sa°-

CM 

3 
in to 

ill 

ui 

i S2 

8 
CM 

A3N OS U3d SNOllVNiawOD JO W38W1N 



not 

ENTRIES 
•Of 

3%/>ai% PHASE SPACE 

40 

20> 

163 145 311 3<27 2-43 2-99 275 M(P**«-«-)GEV 

FIG. 36 EFFECTIVE MASS OF P #•»-«-

SOOh 

6JI2 ENTRIES 
IS%N*JQW/> 

S * f 21% PHASE SPACE 1601 

4 » 

£0 ftB I * til 337 
M(Pv*«*«-)GEV 

FKS. 37 EFFECTIVE MASS OF P « * « * « -



- 88 -

sample of p e r i p h e r a l events of the type 
+ o + -

U p -» M p 71 7i 

The usual c o n s t r a i n t s upon the .nasr o,.,id. sngle of the j > i * + + 

have been i:iipo.sed, 1120<r.J + <13 20 liieV and -Kcos Q *<-0.75 
r e s p e c t i v e l y , and the p ° mas,?, r e g i o n hns been ta!cen between 
670 and 850 i..eV. The angle of decay, hr.s beun defined 

Q. 
as the angle between the d i r e c t i o n of the n~ meson i n the 
centre of m-?sE of the p ° and the d i r e c t i o n of the p ° . The 
r e s u l t i n g d i s t r i b u t i o n f o r the c o n d i t i o n s given i s shown 
i n f i g u r e 3 8 ( a ) . The d i s t r i b u t i o n does not appear to be 
c o n s i s t e n t v/ith i s o t r o p y and a curve of the form 
1 + a cos"~8^ has been f i t t e d by a l e f , s t squares method. 
ij'or the ten observed values of cose"-, the value of P 

decay 
9 

f o r the best f i t , 1 + 1.65 cos~&, i s 20.5 and may be com-
2 

pared v<ith %> = 29.5 f o r an i s o t r o p i c d i s t r i b u t i o n . I n 
case the e f f e c t might be the r e s u l t of kinematic r e f l e c t i o n s 
from the p ion decaying from the nucleon i s o b a r two c o n t r o l 
regions have been p l o t t e d , f i g u r e s 38(b) and ( c ) , f o r the 
d i p i o n mass regions on e i t h e r side of the p ° band, 490 to ' 
570 j.'.eV and 850 t o 1010 i'.teV. .Both d i s t r i b u t i o n s are 
e s s e n t i a l l y i s o t r o p i c and i t i s b e l i e v e d t h e r e f o r e t h a t 
the decay anyonetry of the p ° r e g i o n i s a r e a l e f f e c t 
i n d i c r t i n g a spin p o l a r i z a t i o n of the resonpnee i n i t s 
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p r o d u c t i o n . To c o n f i r m t h i s t e n t a t i v e conclusion 
experiments at higher energies would prove h e l p f u l as 
the c o n t r o l r e g i o n 850 t o 1010 MeV does not c o n t a i n meny 
events i n the present experiment. 
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CONCLUSIONS 

An experiment has been rep o r t e d i n v h i c h the e l a s t i c 
s c a t t e r i n g of 6 GeV/c t c + mesons i n deuterium has been 
i n v e s t i g a t e d . The observed d i f f e r e n t i a l cross s e c t i o n i s 
i n v e r y good agreement v/ith the p r e d i c t i o n of the impulse 
approximation to h i g h energy d i f f r a c t i o n s c a t t e r i n g v;hen 
the deuteron form f a c t o r i s derived from a hard c:pre wave 
f u n c t i o n . I t i s shown t h a t the Hulthen wave f u n c t i o n does 
not provide an adequate d e s c r i p t i o n of the s t r u c t u r e of the 
deuteron. The d i f f u s e n e s s of the deuteron does not allow 
the o p t i c a l model d e s c r i p t i o n of e l a s t i c s c a t t e r i n g to be 
extended to t h i s l i g h t nucleus. 

I n a second experiment which has been rep o r t e d on the 
hi g h m u l t i p l i c i t y i n t e r a c t i o n s of 5 GeV/c it+ mesons i n 
hydrogen the p a r t i a l cross sections have been determined 
f o r the d i f f e r e n t channels l e a d i n g t o s i x charged p a r t i c l e s 
i n the f i n a l s t a t e and these have been shown t o be i n c r e a s 
i n g r a p i d l y w i t h energy. The 4C channel i s dominated by 
the p r o d u c t i o n of the N*(1236) and of the p°; there i s no 
evidence to show t h a t these are the products of the decays 
of heavier resonances. There i s a s u r p r i s i n g absence of 
any s i g n i f i c a n t enhancements i n the Tip system and i n 
p a r t i c u l a r there i s no evidence f o r the and apparently 
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only a small number of A* p a r t i c l e s are formed. The 
examination of the e f f e c t i v e masa d i s t r i b u t i o n of the 
f o u r - p i o n combination, n; + ,n fn _7i~, does not r e v e a l any 
evidence f o r the f o u r - p i o n decay modes of the f° or the 
g p a r t i c l e s . The p° i s t h e r e f o r e e s s e n t i a l l y the only 
pion resonance observed i n the i n t e r a c t i o n s . The search 
f o r h igher nucleon isobars has also produced no p o s i t i v e 
r e s u l t and i t seems t h a t yuasi-two-body processes do not 
pla y any s i g n i f i c a n t p a r t i n i n t e r a c t i o n s of v e r y h i g h 
m u l t i p l i c i t y . 

The angular d i s t r i b u t i o n s of the secondaries, and i n 
+ x 

p a r t i c u l a r t h a t of the pn combinations i n the N mass 
re g i o n , show t h a t a s i g n i f i c a n t p r o p o r t i o n of the reson
ances are produced i n g l a n c i n g c o l l i s i o n s . I n view of 
the absence of quasi-two-body processes i t seems u n l i k e l y 
t h a t the i n t e r a c t i o n s take place by the exchaxige of a 
s i n g l e p a r t i c l e ; such an exchange p a r t i c l e would have t o 
be very masfive t o lead t o the c o m p a r i t i v e l y broed angular 
d i s t r i b u t i o n s . Perhaps a m u l t i - p e r i p h e r a l model w i t h 
s e v e r a l v e r t i c e s should be used t o e x p l a i n the a s s o c i a t i o n 
of the two pions which do not take p a r t i n the N* and p° 
resonances. The s i x p a r t i c l e f i n a l s t a t e i s apparently 
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reached through a more complicated, p r o d u c t i o n mechanism 
than t h a t of f o u r and f i v e p a r t i c l e systems and i s 
dependent upon smaller p a . r t i a l waves. 

A decay asymmetry of the p° i s observed i n the most, 
p e r i p h e r a l i n t e r a c t i o n s which seems to be the r e s u l t of 
p o l a r i z a t i o n of i t s angular momentum at p r o d u c t i o n . 
Confirmation of t h i s e f f e c t should be looked f o r i n 
experiments at higher energies where p o s s i b l e kinematic 
e f f e c t s could be more e a s i l y d i s t i n g u i s h e d . 
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