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ABSTRACT 

This t h e s i s contains an account o f some of the work 

c a r r i e d out by the author w h i l s t at Durham U n i v e r s i t y . The 

work has been c a r r i e d out by the High Energy Nuclear Physics 

Group of the U n i v e r s i t y o f Durham i n c o l l a b o r a t i o n w i t h s i m i l a r 

groups f rom the U n i v e r s i t i e s of Bonn, Nijmegen, Pa r i s , T u r i n 

and Strasbourgo 

Bubble Chamber ana ly s i s i s concentra ted on those events i n 

which a t most there i s only one n e u t r a l p a r t i c l e i n v o l v e d . The 

remainder, the NOFIT events , can o f t e n amount t o a. cons iderable 

p r o p o r t i o n of the t o t a l events unless these are analysed they 

represent a loss i n the t b t . a l .knowledge o f the physics , of. the 

i n t e r a c t i o n . The events , i n a sense,, are o f lower q u a l i t y 

than the normal se ts of events t h a t are analysed, since -the 

l a t t e r haW£undergone the f i t t i n g process which reduces the 

e f f e c t s of e r r o r s o f measurements and a l so reduces ambigu i t i e s 

of i n t e r p r e t a t i o n . 

I n t h i s t h e s i s events produced by 5 Gev/c p o s i t i v e pions 

on p ro tons , i n which the|fe are two charged secondary p a r t i c l e s 

and two or more n e u t r a l p a r t i c l e s have been se lec ted f o r a n a l y s i s . 

The problem o f ambigui ty of i d e n t i t y o f the charged secondaries 

i s discussed a t l e n g t h and a s u c c e s s f u l method has been devised 

t o d i v i d e c l e a r l y these two pronged events i n t o those w i t h PJT* 

and those w i t h J T + 7T* as the two charged secondaries . 

For each o f these groups the e f f e c t s o f measuring e r r o r s 

on the est imated i n v a r i a n t masses i s considered i n d e t a i l and 

the expected mass r e s o l u t i o n i n each i n v a r i a n t mass combinations 

is. determined* 
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With the r e s o l u t i o n of ambiguity and the c a l c u l a t e d 

p r e c i s i o n of mass de te rmina t ion , re sonan t p a r t i c l e p roduc t ion 

i s sought. Clear s igna l s corresponding t o the p roduc t ion o f 

A + + , y°, f ° , and A£+ are seen. There i s some evidence 

f o r the N x + ( 1 7 0 0 ) resonance. 

The c o n s i d e r a t i o n o f mass r e s o l u t i o n i s preceded by a 

general c o n s i d e r a t i o n o f the accuracy of the d e t e r m i n a t i o n o f 

momentum i n the chamber. 
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CHAPTER 1 

INTRODUCTION 

C u r r e n t l y , i n p repa ra t ion f o r bubble chamber experiments 

a t 300 Gev, the re i s cons iderable p r e d i c t i o n on the kinds o f 

imated t h a t at 150 Gev about 5% of i n t e r a c t i o n s w i l l comprise 

charged secondary p a r t i c l e s ( t o form an e l a s t i c or. an i n e l a s t i c 

event , i . e . 4 -Cons t r a in t FIT channe l ) , about 10% w i l l a lso 

inc lude one n e u t r a l p a r t i c l e i n the f i n a l s t a t e o f known mass 

( n e u t r a l pi-meson or neut ron and to fo rm an i n e l a s t i c event , 
o 

i . e . 1 - C o n s t r a i n t ( o r i l ) F I T channel) and. where the: remaining 

85% of events w i l l inc lude two or more n e u t r a l p a r t i c l e s 

( i . e . NOFIT channe l ) . Only the 4~C and 1-C ( " T T ' o r n ) FIT 

channels ( i . e . 15% of the t o t a l ) w i l l be a v a i l a b l e f o r convent­

i o n a l f i l m a n a l y s i s . 

The problem at 300 Gev i s obvious. To a. lesser ex ten t 

the problem i s s t i l l a se r ious one at 5 Gev/c. I n a l l the 

i n e l a s t i c r e a c t i o n s t h a t have been considered by Bonn - Durham -

Nijmegen - Paris - T u r i n (B .D.N.P .T . ) c o l l a b o r a t i o n i n i t s 

ana lys i s of i n t e r a c t i o n s o f 5 Gev/c p o s i t i v e pi-mesons i n hyd­

rogen about 43% have g iven 4-C F IT , about 35% have g i v e n 1-C 

( 7T and Jl ) FIT ch annels w h i l s t the remaining 22% have f a l l e n 

i n t o the NOFIT ca tegory . These numbers are averages over 

a l l s izes o f i n t e r a c t i o n s ( l a r g e l y two and f o u r pronged e v e n t s ) . 

I n t ab l e ( 1 - 1 ) there i s a d e t a i l e d break down o f the t o p o l o g i c a l 

c ross - sec t ions (4-C FIT, 1-C ( TT° or Tl ) FIT and NOFIT channels) 

f o r the 7?P c o l l i s i o n s at an i n c i d e n t momentum of 5 Gev/c i n 

i n t e r a c t i o n s t h a t w i l l be a v a i l a b l e f o r a n a l y s i s . I t i s e s t -

M U H I V L 

) 
M I E B Q E 

\ 4 JUM1973 
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Table ( 1 - 1 ) Cross-Sections f o r the Various Pronged of Reactions 
at 5 . 0 Gev/c i n the B.N-H.B.C. 

REACTION 7T p 5 . 0 Gev/c NO. OF 
EVENTS 

CROSS-SECTION 
(mb) 

% RATIO 
OF EVENTS 

TWO PRONGED INTERACTIONS : -

P 7T T 

P 7T + 7T° 

n 7 r + 7 T + 

P 7T* m 2 7T° 

4-C FIT 

1-C( **)FIT 

1-C( 21) FIT 

NOFITx 
0 NOFIT* 

TOTAL 

. 13992 

3100 

1700 

8562 

5286 

32640 

5.85 - 0 .18 

1 . 3 0 ± 0 . 0 3 

0 . 7 1 £ 0 . 0 4 

3 .57 - 0 . 4 0 

2 . 2 1 1 0 . 4 0 

1 3 . 6 4 - 0 .14 

42.9 

9.5 

5.2 

26.2 

16.2 

FOUR PRONGED INTERACTIONS:-

P ZT+TT 

P lW* TT'IT0 

n 37T+TT~ 

TOTAL 

4-C FIT 

1-C (77*) FIT 

1-C( 11) FIT 

NOFIT 

NOFIT 

6994 

7300 

2164 

6O3O 

2976 

25464 

2.76 - 0 . 0 4 

2.88 £ 0 . 0 4 

0 .85 - 0.02 

2.39 * 0 . 1 7 

1.18 ± 0.17 

10.06 £ 0.06 

2 7 . 4 

2 8 . 6 

8 . 5 

2 3 . 8 

1 1 . 7 

SIX PRONGED INTERACTIONS:- ' 

P 3JT XTT 

p *Tr*Ljf7T° 

n H7T*ZTr 

TOTAL 

4-C FIT 

1-C (7T)FIT 

1-C cn) FIT 

NOFIT 

NOFIT 

i 0 5 5 

1597 

279 

378 

140 

3449 

0 . 4 1 - 0 . 0 2 

0 . 6 1 - 0 . 0 3 

0 . 1 1 £ 0 . 0 1 

0 . 1 5 i 0 . 0 1 

0 . 0 5 i 0 . 0 1 

1 . 3 3 £ 0 . 0 5 

3 0 . 8 

4 5 . 9 

8 . 3 

1 1 . 3 

3 . 7 

TOTAL OF 2 ,4 and 6 PRONGED 
EVENTS 61553 2 5 . 0 3 £ 0 . 0 9 

Where g rea te r than 0 and m 2 g rea te r than 1 
x These are r ev i s ed i n chapter 4« 



the B r i t i s h Nat iona l Hydrogen Bubble Chamber ( B . N . H . B . C . ) of 

the two, four and s i x pronged events (see r e f . 1 , 2 and 3 

r e s p e c t i v e l y ) e x c l u d i n g the s t r a n g e p a r t i c l e events a The t o t a l 

7 f t c r o s s - s e c t i o n (obtained by i n t e r p o l a t i o n from counter 

r e s u l t s , see r e f . I * ) i s 26 .60 i 0 .01 mb. I n the case of the 

two pronged events ambigu i t i e s between the two NOFIT channe l s 

have been d i v i d e d between both channels on the b a s i s of the 

l a b o r a t o r y momentum s p e c t r a of the charged s e c o n d a r i e s (see 

r e f . 2) as observed i n the unambiguous and ambiguous events 

r e s p e c t i v e l y , these are r e v i s e d i n chapter 4« I f the two 

pronged events s e p a r a t e l y are cons idered then about U,2% of 

these f a l l i n t o the NOFIT c a t e g o r i e s and are l o s t to convent ­

i o n a l a n a l y s i s . T h i s r e p r e s e n t s a c o n s i d e r a b l e l o s s of in form­

a t i o n and i n t h i s t h e s i s an attempt i s made to e x p l o i t the two 

pronged NOFIT c h a n n e l s . . I t begins, w i t h an account of r e s o l v ­

i n g the ambiguous events fo l l owed by a d i s c u s s i o n of the p r e c ­

i s i o n of measurements i n these channels i n Chapter 4 . 

The aim of the work i s to show t h a t the m u l t i - n e u t r a l 

p a r t i c l e s f i n a l s t a t e events can be analysed by u s i n g the 

m i s s i n g mass t e c h n i q u e . The way i n w h i c h . t h i s i s done i s to 

p r e d i c t from the four-pronged events which have been ana lysed 

i n the normal way what i s to be expected i n the two pronged 

NOFIT e v e n t s . For t h i s purpose , the p r e d i c t i o n s t h a t may be 

made are g iven i n c h a pte r 5» 

I n c h a p t e r s 6 and 7 r e s u l t s of the o b s e r v a t i o n of r e s o n ­

ances i n the two pronged NOFIT channe l s are d e s c r i b e d and a check 

has been made on these p r e d i c t i o n s . 

G e n e r a l c o n c l u s i o n s are g i v e n i n a s h o r t f i n a l chapter 8. 

P r e c i s i o n of measurement i s an important f e a t u r e of t h i s 



- 4 -

work. Because of t h i s i t has been of g r e a t i n t e r e s t to examine 
the b a s i c e r r o r s i n bubble chamber measurements. The bubble 
chamber, dev i sed and developed by G l a s e r (1952) , has been of 
g r e a t importance i n the study of high energy n u c l e a r p h y s i c s 
and elementary p a r t i c l e s . The present chambers, when backed 
by a c c u r a t e measuring machine.g^are capable of c o n s i d e r a b l e 
p r e c i s i o n o 

When a chamber i s p laced i n a magnetic f i e l d , the c u r v ­

ature of a t r a c k can be used to c a l c u l a t e the momentum of a 

p a r t i c l e o I n the B . N . H . B . C . , 1.5 m long , the magnetic f i e l d 

i s 13•5 k i l o g a u s s . An accuracy of 1.4% i n momentum can be 

achieved a t 5 Gev/c when t r a c k s 100 cm long a r e measured wi th 

nine po in t s over the t r a c k . T h i s accuracy can be determined 

from the spread of the measured po ints about the f i t t e d t r a c k 

(so c a l l e d " i n t e r n a l e r r o r ' ' ) or an expected v a l u e can be c a l ­

c u l a t e d by knowing the b a s i c accuracy of the measuring machines , 

the l ength of a. t r a c k arid the geometry of r e c o n s t r u c t i o n from 

the t h r e e views (so c a l l e d " e x t e r n a l e r r o r " ) . The e x t e r n a l 

e r r o r i s used i n subsequent a n a l y s i s , s u c h as tha t of hypotheses 

- f i t t in-gjwhereas the i n t e r n a l e r r o r i s only used as a gu ide . 

I t w i l l be worthwhile to c o n s i d e r the v a l i d i t y of e r r o r formulae 

t h a t are used i n programmes such as THRESH and GRIND. For t h i s 

purpose, c h a p t e r s 2 and 3 have d e s c r i b e d b r i e f l y the exposure 

at 5 Gev/c i n the B . N . H . B . C . f o r the 7 T + P c o l l i s i o n s fo l lowed 

by the sources of e r r o r i n a t y p i c a l bubble chamber whereas 

the m u l t i p l e s c a t t e r i n g and the measuring e r r o r are cons idered 

i n some d e t a i l . 
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CHAPTER 2 

GENERAL EXPERIMENTAL CONSIDERATIONS 

2 . 1 The Exposure 

The exposure took p lace i n the beg inning of 1965» u s i n g 

the 02 beam at C . E . R . N . , with p o s i t i v e pi-mesons a t an i n c i d e n t 

momentum of 5 « 0 G e v / c , d i r e c t e d i n t o the B r i t i s h N a t i o n a l 

Hydrogen Bubble Chamber ( B . N . H . B . C . ) . At the end of the expos­

u r e , about 150,000 p i c t u r e s had been obta ined . The f i l m s have 

been d i s t r i b u t e d among the f o l l o w i n g 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 - Nijmegen - P a r i s (Ecb le Po ly technique) and T u r i n 

f o r the a n a l y s i s of two, f o u r and s i x prong i n t e r a c t i o n s . 

L a t e r , the f i l m of P a r i s was shared by S trasbourg f o r four prong 

event a n a l y s i s . 

B r i e f d e s c r i p t i o n s of the beam and of the chamber are g iven 

i n the f o l l o w i n g two s e c t i o n s . 

2 . 2 The Beam 

The 02 beam (see r e f . l ) i n which 5-0 Gev/c p o s i t i v e pions 

were s e l e c t e d by e l e c t r o s t a t i c s e p a r a t i o n was reduced to about 

12 pions per p i c t u r e f o r the exposure . The beam momentum as 

d e f i n e d by the beam l i n e , and confirmed by measurements on the 

f i l m was (4.9^5 * 0 .006) Gev/c wi th a momentum b i t e of 0 .15 

G e v / c . The contaminat ion of the beam from ha.dro.ns i s n e g l i g ­

i b l e and t h a t from muons and e l e c t r o n s (from pion decay) i s e s t ­

imated (see r e f . 2 ) to be 3%. 
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2. 3 The B r i t i s h Nat iona l Hydrogen Bubble Chamber 
TB.N.H.B.C.T 

The B . N . H . B . C . (see r e f . 3a and 3b) was f i l l e d wi th l i q u i d 

hydrogen at a temperature of 27°Ko F i g u r e (2 -1) shows the 

B . N . H . B . C . wi th surrounding magnet. I t s volume i s 150 by 45 by 

50 cm . The chamber was photographed by three cameras p l a c e d , 

1.4 m away from the chamber, on the c o r n e r s of an i s o s c e l e s t r i ­

ang l e , of which the base (= h e i g h t ) i s 480 - O . O i mm. The 

observable volume, t h e r e f o r e , was 300 l i t r e s . 

2 . 3 . 1 .The Operat ion of the Chamber 

An automatic system i s used to c o n t r o l the opera t ing c y c l e s 

of the expansion system. The Proton Synchrotron g ives a s i g n a l 

be fore the beam a r r i v e s ; t h e r e a f t e r the expansion c y c l e s t a r t s 

from a s t a t i c p r e s s u r e P s ( i n t h i s experiment P s = 6 .3 Kilograms 

cm" ) which i s h i g h e r than the vapour p r e s s u r e ' P v . Then the P s 

i s r a p i d l y removed and the p r e s s u r e i n the l i q u i d f a l l s below P v 

p a s s i n g i n t o the s e n s i t i v e r e g i o n and d e c r e a s i n g to the minimum 

pressure Pmin a t the time t ( P m i n ) . At t h i s t ime , the p r e s s u r e 

i s constant and the chamber i s s e n s i t i v e to ingoing and outgoing 

p a r t i c l e s . The paths of the charged p a r t i c l e s appear as a 

s t r i n g of b u b b l e s . These are a l lowed to grow f o r 1 or 2 ms 

be fore they are photographed under s t r o n g i l l u m i n a t i o n . The 

f i n a l phase i s the recompress ion c y c l e , when the p r e s s u r e i s 

r a i s e d back to i t s i n i t i a l va lue of the P 9 and the chamber i s 

ready f o r the next expans ion . 

However, the expansion and the recompress ion c y c l e s are the 

c r i t i c a l p a r t s of the operat ing system f o r the f o l l o w i n g reasons 

I - i f the expansion c y c l e i s not f a s t enough, the b o i l i n g 
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at v a r i o u s s u r f a c e s w i l l prevent the P s from dropping below the 

P v and so the l i q u i d w i l l not become s e n s i t i v e . 

I I - i f the recompress ion c y c l e i s s low, then so much l i q u i d 

w i l l be b o i l i n g o f f t h a t i t w i l l take a long time before a l l 

vapour i s r e t u r n e d t o the l i q u i d phase . 

A t y p i c a l p r e s s u r e curve of the operat ing system i s shown 

i n f i g u r e ( 2 - 2 ) . 

F i g u r e (2-3) shows a. four prong i n t e r a c t i o n as. observed i n 

the B . N . H . B . C . where the bubbles are photographed some 1 or 2 ms 

a f t e r format ion . The bubbles are s t i l l s m a l l but t h e i r apparent 

s i z e which i s determined from t h e i r images on the photographic 

f i l m corresponds to about 250yim i n the chamber. The image on 

the f i l m i s a d i f f r a c t i o n image s i n c e the problem of depth of 

focus n e c e s s i t a t e s t h a t the lens a p e r t u r e s are stopped down and 

these reduced a p e r t u r e s produce images which are i n f a c t the 

Airy d i s c images of the bubbles . 

2 . 3 . 2 The R e l a t i o n between Bubble Dens i ty and P a r t i c l e 
V e l o c i t y 

Many experiments (see r e f . ^ ) have been made t o determine a. 

r e l a t i o n s h i p between the bubble d e n s i t y (number of bubbles per 

cm of t r a c k ) and the p a r t i c l e v e l o c i t y (/*c). E x p e r i m e n t a l l y , 

the bubble d e n s i t y n i s i n v e r s e l y p r o p o r t i o n a l to the p a r t i c l e 

v e l o c i t y squared i n the bubble,., chamber, i . e . 

n e c l / £ 2 = n 0 / y S 2 2 .1 

R e w r i t i n g ( f t ) as a f u n c t i o n of momentum P and the mass M of the 

p a r t i c l e , then 

n = n Q / / 3 2 = n 0 ( l + H?/?2) 2.2 

For l a r g e v a l u e s of momentum n approaches n 0 which i s the m i n i -
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mum v a l u e of the i o n i s a t i o n . Hence the r e l a t i v e bubble d e n s i t y 

( i . e . bubble d e n s i t y r e f e r r e d to the minimum v a l u e ) i s g iven b y : -

n / n Q = 1 + M 2 / P 2 2 .3 

T h i s i s shown i n f i g u r e (2 -4 ) f o r p i o n , kaon and proton . 

E x p e r i m e n t a l l y , r e l a t i v e bubble d e n s i t y i n excess of about 1.4 

can be d i s t i n g u i s h e d by eye from the minimum v a l u e of 1 .0 . I n 

terms of momentum i t means tha t pions can be d i s t i n g u i s h e d from 

protons a t momentum below 1.5 Gev/c and pions from kaons below 

0.8 G e v / c . 

2 . 4 The L i m i t a t i o n of Accuracy i n a T y p i c a l Chamber 

The accuracy of the chamber i s an important f e a t u r e 6f an 

experiment , o b v i o u s l y , s i n c e i t c o n t r o l s the o v e r a l l p r e c i s i o n . 

I n d i r e c t l y i t i s important i n t h a t s e l e c t i o n c r i t e r i a are based 

on assumptions about the p r e c i s i o n . In t h i s s e c t i o n the p r e c i ­

s i o n i s cons idered t h e o r e t i c a l l y and l a t e r , i n chapter 3> an 

exper imenta l check on the accuracy i s d e s c r i b e d . 

There are many d i f f e r e n t sources of e r r o r which c o n t r i b u t e 

to the o v e r a l l i n a c c u r a c y of the d e t e r m i n a t i o n , from i t s t r a c k , 

- of momentum (or c u r v a t u r e ) and the s p a t i a l angles of a p a r t i c l e 

i n the chamber i n a known magnetic f i e l d . These may be d i v i d e d 

i n t o two groups. F i r s t l y there are the i n t r i n s i c e r r o r s i n the 

chamber due to thermal c o n v e c t i o n , thermal t u r b u l e n c e and mul t ­

i p l e (Coulomb) s c a t t e r i n g , and secondly t h e r e a r e e r r o r s due to 

d i s t o r t i o n i n the o p t i c a l system, i n a c c u r a c y i n the s t r e n g t h of 

the magnetic f i e l d and e r r o r s i n measurement. The m u l t i p l e 

s c a t t e r i n g and the measuring e r r o r are very important and are 

c o n s i d e r e d i n some d e t a i l . The other sources are cons idered 

f i r s t and d e s c r i b e d b r i e f l y . 
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2.4*1 V a r i a t i o n of Magnetic F i e l d 

The magnetic f i e l d i n the chamber i s u s u a l l y denoted by 

i t s c e n t r a l v a l u e (see r e f . 5 ) and i n the B . N . H . B . C . t h i s i s 

(13.46 - O.O3) k i l o g a u s s . However, the f i e l d v a r i e s through­

out the chamber but the v a r i a t i o n , which i s wors t a t the edges, 

amounts to about 5%» S ince the f i e l d i s the s a t u r a t i o n va lue 

of the e lec tromagnet , c u r r e n t v a r i a t i o n s produce v i r t u a l l y no 

f i e l d v a r i a t i o n . The magnetic f i e l d i s a c c u r a t e l y mapped and 

the d e v i a t i o n s from the c e n t r a l va lue known to about 1%. 

Hence v a r i a t i o n s i n the paths of a p a r t i c l e due to f i e l d v a r i a ­

t i o n s may be c o r r e c t e d . 

2 . 4 » 2 O p t i c a l D i s t o r t i o n s of the Chamber and Camera System 

By a c c u r a t e s u r v e y i n g of the sys tem, i t i s found (see 

r e f . 6 ) t h a t the d i s t o r t i o n s can be represented as a s imple 

power s e r i e s . By means of t h a t the apparent c o o r d i n a t e s (x , 

y ) on the i d e a l f i l m plane can be w r i t t e n as f o l l o w s : -
i 2 2 o 2 2 

x = x ( l + a-̂ x + a 2 y + a^xy + a^x + a.̂ y + 35 (x + y ) + . . . ) 

y 0 y ( l + b ] X + bgy + b^xy + b^x^ + b^y + b^(x + y ) + . . . ) 

when the e f f e c t of f i l m s t r e t c h has been removed. The terms 

i n c l u d i n g a.£ and b^ correspond to d i s t o r t i o n s i n the o p t i c a l 

system and these are determined from measurements on the f i l m 

of the known p o s i t i o n s of the f i d u c i a l marks (they are shown i n 

f i g u r e ( 2 - 5 ) ) . U s u a l l y terms w i t h i l e s s than 7 are s u f f i c i e n t . 

2 . 4 . 3 Thermal Convect ion and Turbulence 

These are motions of the l i q u i d a r i s i n g from the temperature 

d i f f e r e n c e s i n the systemc The convec t ion g ives r i s e t o l i q u i d 
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(and hence bubble v e l o c i t i e s ) of about 3 c m . s e c ~ \ For a 
growth time of 1 ras f o r the bubble b e f o r e photography, the 
bubble w i l l have moved 30 Jim from i t s o r i g i n a l pos i t ion . . 

The o p t i c a l e f f e c t s of turbu lence r e s u l t from a s s o c i a t e d 

v a r i a t i o n s i n r e f r a c t i v e index of the l i q u i d . Thomas (see 

r e f « 7 ) has es t imated the r . m . s . d e v i a t i o n of the apparent move­

ment of the bubble due to t h i s " t w i n k l i n g " e f f e c t . I n l i q u i d 

hydrogen he has shown t h a t at d i s t a n c e S cm (from bubble to 

chamber window) where the heat f l u x i s watts cm the dev­

i a t i o n i s g iven b y : -

E t = 45 .6 H f ^ S 3 / 2 pm 2 .5 

For example, assuming t h a t S = 40 cm and Hf = 10"^ wat t s cm , 

then the above e x p r e s s i o n g i v e s , E t = 27 ^um. Both of these 

are s m a l l compared to the apparent s i z e of a bubble . 

2 . 4 « 4 M u l t i p l e S c a t t e r i n g 

M u l t i p l e s c a t t e r i n g g ives a s p u r i o u s c u r v a t u r e to a t r a c k 

even when the magnetic f i e l d i s z e r o . I n the presence of a 

magnetic f i e l d t h i s e r r o r i n the measured c u r v a t u r e i s i n t e r ­

preted as an e r r o r i n the momentum. S i m i l a r l y there are e r r o r s 

i n the measurement of ang les (see r e f . 8 , 9 and 1 0 ) . The e x p e r i ­

mental a n a l y s i s which f o l l o w s l a t e r ( i n chapter 3) i s concerned 

almost e n t i r e l y w i th primary t r a c k s . These are s e l e c t e d be ­

cause t h e i r momentum i s constant and known. T h e i r angles are 

not so w e l l d e f i n e d . Hence, i n what f o l l o w s , the e r r o r s on 

momentum only are c o n s i d e r e d . 

The r e l a t i v e e r r o r i n the measured momentum P from the 

m u l t i p l e s c a t t e r i n g i s g iven by;-
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d P / P = 4 5 . 0 / ipH L l / 2

X o

l / 2 ) 2 .6 

The s c a t t e r i n g cons tant ( 4 5 ° 0 i n hydrogen) r e p r e s e n t s the b a s i c 

q u a l i t y of the l i q u i d to cause m u l t i p l e s c a t t e r i n g . I t depends 

upon the atomic number. (/Sc) i s the v e l o c i t y of the p a r t i c l e 

and H i s the magnetic f i e l d i n k i l o g a u s s . L and x 0 are the 

length of a t r a c k and the r a d i a t i o n length of the l i q u i d , both 

i n cm. 

From the above e x p r e s s i o n , i t can be seen t h a t the m u l t i p l e 

s c a t t e r i n g becomes important f o r s h o r t t r a c k s and f o r low va lues 

of /B ( H and x Q are c o n s t a n t s ) . 

Now, w r i t i n g momentum P i n terms of the magnetic f i e l d and 

the r a d i u s of c u r v a t u r e ( R i n cm) as f o l l o w s : -

P = 0*3 H R Mev/c 2 .7 

= 0 . 3 H / C Mev/c 2 .8 

where C i s the c u r v a t u r e (C = l / R ) , then 

| d P / p ( - | d C / C | 2 . 9 

T h e r e f o r e , 

| d P / P l M . S . - ( d C / C ) M . s . = 4 5 . O / ( £ H L l / 2 x p

l / 2 ) 2 .10 

2..4.5 Measuring E r r o r 

The source of the measuring e r r o r on the f i l m can be seen 

from the d e t e r m i n a t i o n of c u r v a t u r e of the t r a c k by three po int 

l o c a t i o n . 

Assuming t h a t the t r a c k of l ength L , which i s a c c u r a t e l y 

known, has a s a g i t t a S (both i n cm) and t h a t i t i s measured 

s y m m e t r i c a l l y at t h r e e p o i n t s (see f i g u r e ( 2 - 6 ) ) then the c u r v ­

ature C i s g iven b y : -
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C = S S / L 2 cm" 1 2.11 

Hence, the r e l a t i v e e r r o r i n the measured c u r v a t u r e i s r e l a t e d 

to t h a t i n the s a g i t t a b y : -

dC/C = dS/S 2.12 

1/2 

But dS = f-jj 3 /2 ) , where f̂  i s the r . m . s . e r r o r made i n 

measuring a po int on a t r a c k , the r e l a t i v e e r r o r on c u r v a t u r e 

i s 

dC/C = 8 f l ( 3 / 2 ) l / y C L 2 2 .13 

where s u b s t i t u t i o n has been made f o r S . T h i s c a l c u l a t i o n 

r e f e r s t o measurements made on a s i n g l e f i l m . I n p r a c t i c e 

t h r e e s t e r e o g r a p h i c f i l m s are measured and from these t h r e e -

d imens iona l r e c o n s t r u c t i o n i s made i n chamber space . Equat ion 

2.13 w i l l hold approximate ly i n s i d e the chamber where C i s now 

the c u r v a t u r e of the t r a c k ( r a t h e r than on the f i l m ) , prov ided 

L i s i n t e r p r e t e d as the l eng th i n chamber space and f^ i s the 

"measuring e r r o r i n chamber space". U s u a l l y about N = 9 po in t s 

are used i n measurement which l e a d s t o an improvement i n accuracy 

g iven approximately by ( N / 3 J 1 / 2 . Then the r e l a t i v e e r r o r i n the 

measured c u r v a t u r e due to the measuring e r r o r i s g iven b y : -

( d C / C ) M . E T 8 ( 3 /2 ) l / 2 fy ( ( N / 3 ) 1 / 2 G L 2 ) 2.14 
Hence, the r e l a t i v e e r r o r i n the c u r v a t u r e i s g i v e n b y : -

( d P / P ) M . E = ( d C / C ) M . E . = S f l P / ( ° - 3 ( 2 ) 1 / 2 H L 2 ) 2.15 

where s u b s t i t u t i o n has been made f o r C« 

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

r e c o n s t r u c t i o n of the t r a c k tend to i n c r e a s e the e r r o r i n the 

c u r v a t u r e . I t i s found t h a t f o r t r a c k s measured with nine 

po in t s t h a t the working va lue of the measuring e r r o r i n c u r v ­

a ture (or momentum) i n chamber space i s g iven by , (CERN k i n e -
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matics programme, GRIND)8 

( D P / P ' M . E . " ( D C / C ' M . B . " ( 6 0 ' l / 2 V / ( ° - 3 H L 2 ) 2 . 1 6 

where f-^ and L i n cm, P i n Mev/c and H i n kilogausso 

Rewriting the above expression when f ^ in^um and P i n Gev/c 

(dP/P) M o E_ = (dC/C) = ( 6 0 ) l / 2 f 1 p / ( 3 . 0 HL 2) 2.17 

The t o t a l r e l a t i v e error i n the curvature (or momentum) 

from the multiple scattering and the measuring error can be 

w r i t t e n i n the form 

(dP/P) T = (dC/C)T = ( ( < 1 P / P ) M . S . + ( c l p / p ) M . E . ) L / 2 2 - 1 8 

using equations 2.10 and 2.17. 

One can define a momentum Pg when the r e l a t i v e errors 

from the multiple scattering and the measuring error are equal 

as follows (using equations 2.10 and 2.17)1-

PE = 135 L3/2/ ( (60) 1/ J5Sf 1 x ^ / 2 ) Gev/c 2.19 

The t o t a l r e l a t i v e error i n momentum i s not a minimum at Pg, 

but below Pg the coulomb term dominates and above Pg the error 

i s dominated by the measuring error. 

S i m i l a r l y , i t can be seen that the track length Lg when 

both are equal i s given bys-

L E = ( ( 6 O ) l / 2 / 0 f i P x

0

1 / / 2 / 1 3 5 ) 2 / ' 3 cm 2.20 

Again, the t o t a l r e l a t i v e error i s not a minimum at Lg, 

but below t h i s length the error i s dominated by measuring error 

and above Lg by multiple scattering. For any given value of 

momentum P i t i s possible to calculate a track length Lg f o r a 

given f 1(ygand x Q are constants). For example i n the B.N.H.B.C. 

t h i s length Lg i s of about 96 cm at P = 5»0 Gev/c, f^ = 100 ̂ im, 

fi = 1.0 and x Q = 1050 cm ( l i q u i d hydrogen at 27°K). 
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In f i g u r e ( 2 - 7 ) the expected inaccuracies due to Coulomb 
scattering and measuring error are compared f o r primary par t i c l e s 
of 5 * 0 Gev/c i n the B.N.H.B.C. For most of the lengths 
( L = 1 0 0 cm) available i n t h i s exposure, measuring error i s the 
dominating source of inaccuracy (using primary tracks only). 

S i m i l a r l y , i n the CERN 2 M H(D) BC the c r i t i c a l length 

L E i s i n excess of about 1 6 8 ( 1 5 2 ) cm at P = 1 1 . 7 Gev/c, f ^ = 

1 0 0 ̂ um, /& = 1 . 0 and X Q = 1 0 5 0 ( = 7 6 4 ) cm. In the exposures 

which are considered l a t e r the lengths available are less than 

1 0 0 . 0 cm and so the precision i s dominated by measuring error. 
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CHAPTER 3 

THE EXPERIMENTAL DETERMINATION OF CURVATURE ERRORS 

In section 2. 4 sn outline of sources of error i n a bubble 

chamber experiment has been given, i n p a r t i c u l a r t h e o r e t i c a l 

estimates of the magnitudes for the important multiple scatter­

ing and measuring error have been presented. With the accumul­

ation of data from three experiments i n Durham (these are, the 

5.0 Gev/c 7T+P i n B.N.H.B.C and 11.7 Gev/c 7T+P(d) i n CERN 

2MH(D)BC) an experimental check on accuracy has been possible. 

The methods and the results are given i n the ensuing sections. 

3 • 1 The Experimental Data. 

No special attempt has been made to measure tracks specif­

i c a l l y f o r the purpose of determining error» Instead the accum­

ulated data on GRIND output tapes has been used. This accummul-

ated data i s the better sample to test sinces-

a) i t has been measured under ordinary working conditions 

b) the track lengths are the normal ones available, i n that 

they have been selected by scanning f o r interactions. 

In the B.N.H.B.C. and the CERN 2MH(D)BC films the maximum 

length of these primary tracks i s about 100 cm. From figures 

(2-7) and (3-1) i t i s not expected that the measurements on the 

primaries w i l l be li m i t e d i n any way by Coulomb scattering. 

The only way of making measurements under multiple scattering 

l i m i t a t i o n i s by selecting secondary tracks whose measured momen­

t a are r e l a t i v e l y small. 

The advantage of using primary tracks i s that they are of 
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w e l l determined momentum from the characteristics of the beam 

l i n e . The danger of selecting secondary tracks i s that they 

are selected on t h e i r measured momentum rather than t h e i r true 

(but unknown) momentum. 

A summary of the data is given i n table (3-l)« 

3. 2 A comparison of Expected and Measured Errors as 
Determined i n THRESH and GRIND 

The CERN programmes THRESH and GRIND have been used t o 

reconstruct events i n chamber space and to determine t h e i r 

kinematics. In THRESH the curvature is estimated from the 

nine points measured on a track i n each view. From the recon­

structed track an "in t e r n a l error" on the curvature i s estimated 

from the spread of these points about the f i t t e d curve by least 

squares f i t t i n g . In GRIND the "external e r r o r " on the curvat­

ure is calculated from equation 2.17 assuming that measuring 

error alone i s important. The measurement i s defined t o be 

good when the i n t e r n a l error i s less than three times the exter­

nal error. 

Obviously, the average value of the i n t e r n a l error should be 

equal to the average value of the external error and i t should 

vary with length according to equation 2.18. A comparison of 

the errors calculated i n THRESH and GRIND w i l l form an experi­

mental check on equations 2.17 and 2.18. 

An overall comparison of errors i s given i n table (3 - D 

where the average i n t e r n a l and external errors (columns 9 and 

10) f o r a l l data are compared. A more detailed check has been 

made by di v i d i n g primary track lengths in t o groups i n 10 cm 

steps. For each group the average i n t e r n a l and external error 
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has been determined from GRIND output records. In fi g u r e 

(3-2) the average i n t e r n a l errors are shown f o r the three 

sets of the primary data. Through them i s drawn the l i n e 

corresponding t o the average external errors ( i . e . a li n e of 

slope = - 2 , see equation 2.17). In each case i t can be seen 

that there i s a good agreement between the i n t e r n a l and the ext­

ernal error. 

In table (3-2) the f i t t e d slopes t o the i n t e r n a l errors 

(by least squares f i t t i n g ) are given. There is. some indica­

t i o n that the i n t e r n a l errors do not f a l l o f f quite so rapidly 

as a slope of -2 would imply. 

TAB IE (3-2) 

CHAMBER B • N.H.B.C. CERN 2M H.B.C. CERN 2 M D.B.C. 

The f i t t e d 
slopes by 
Least Squares 
F i t t i n g 

-1.76 - 0.04 -1.64 - 0.03 -1.60 - 0.04 

Some fur t h e r evidence for t h i s is given i n figure (3-3)• There 

the i n t e r n a l errors and the external errors are directly.compared 

for the 11.7 Gev/c P exposure. Through them i s drawn the 

l i n e corresponding to the r a t i o between the average values of the 

i n t e r n a l error and the external over a l l the data ( E 0 i / E o e ) ; the 

dashed l i n e i s the expected lin e and corresponds t o the average 

i n t e r n a l error ( E 0 i ) being equal t o the average external ( E o e ) . 

It~can be seen that the i n t e r n a l error i s about 90$ of the ext­

ernal. This means that the i n t e r n a l error i s related t o the 

external as follows 
E i = t Ee 3.1 
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where t i s the slope (equal t o about E o i / E o e ) . A summary 

of the results for the three exposures i s given i n table (3-3) 

where the value of t (the f i t t e d slope by least squares f i t t i n g ) 

of equation 3«1 and the r a t i o between the errors calculated i n 

THRESH and GRIND are shown. 

TABLE (3-3) 

CHAMBER B.N.H.B.C. CERN 2M H.B.C. CERN 2M D.B.C. 

t 

E o i / E o e 

0.92 1 0.03 

O.98 ± 0.04 

0.83 - 0.02 

0.89 - 0.02 

0.83 ± 0.03 

0.93 ± 0.03 

The Expected value is t = E 0 i / E o e = 1 

As indicated i n section 3. 1 Coulomb scattering i s not 

expected t o c o n t r i b u t e t o the o v e r a l l accuracy. This can be 

3een also i n figure (3 -? ) where the dashed lines corresponding 

t o the expected multiple scattering contribution are shown. 

3. 3 Demonstration of Multiple Scattering Limitation 

In figure (3 -4 ) the expected multiple scattering (dashed 

l i n e ) , measuring error (solid l i n e ) and the t o t a l error (solid 

curve) are shown fo r tracks with momentum of 2 .0 Gev/c (i n the 

CERN 2M HBC).. From equation 2 .20 and figure (3 -4 ) i t can be 

seen that f o r lengths i n excess of about 50 cm the accuracy 

should be l i m i t e d by Coulomb scattering. On the other hand, 

below t h i s length the accuracy should be l i m i t e d by measuring 

error. 

About 370 secondary tracks with a variety of lengths whose 

measured values of momentum were i n the range (1 .6 - 2 .4 ) Gev/c 
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were selected from interactions i n the CERN 2M HBC at an incident, 

momentum of 11*7 Gev/c. I t i s assumed that these measured 

values correspond to an average true momentum of 2 Gev/c. 

For various intervals of track lengths the average i n t e r n a l 

errors were determined. The r e l a t i v e errors on the curvature 

are displayed i n figure (3-4K 

The t r a n s i t i o n from l i m i t a t i o n by measuring errors to 

l i m i t a t i o n by Coulomb errors can be cle a r l y seen. There 

may be a discrepancy i n the apparent size of the multiple 

scattering as displayed by the i n t e r n a l error. This could 

arise from the f i t t i n g procedure i n THRESH which' adjusts the 

curva.ture ; of the f i t t e d c i r c l e to a track, u n t i l the r.m.s. 

deviations are a minimum. This process w i l l tend t o reduce 

the effect of multiple scattering. 

3. 4 An Experimental Check on the Measuring Errors 

The results i n figures (3-2), (3-3) and (3-4) seem to 

show that errors calculated i n THRESH and GRIND are consistent 

with one another. This may not be so surprising sirice.the 

expression i n GRIND which i s used to determine the external 

error contains a parameter f ^ (see equation 2.17) which can be 

adjusted to give consistency. A much better check, on accuracy 

would be afforded by a d i r e c t comparison of the error calculated 

i n THRESH with the experimental error determined by some experi­

mental means. Working with primaries provides t h i s p o s s i b i l i t y 

since they form a monoenergetic sample of known momentum. 

Measured momenta or curvatures can be compared d i r e c t l y with the 

known values. From t h e i r r.m.s. deviations an error can be 

determined experimentally and compared with that estimated error 
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FIG. (3-4) EXPECTED AND OBSERVED RELATIVE ERRORS AS A FUNCTION 
OF THE SECONDARY TRACK LENGTH IN THE CERN 2M H.B.C. 
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by THRESH or that calculated error by GRIND, 

The data i n table (3 -1) was used for t h i s purpose. The 

primaries, as before, were divided into groups according to 

length. For each group the average i n t e r n a l error was deter­

mined from THRESH. Also f o r each group the deviations of the 

measured curvatures from the average primary curvature were 

determined and from these the r.m.s. deviations were found. 

A comparison of both estimates of error i s shown i n figure 

(3 -5) f o r the data from 11.7 Gev/c 7r+H2» I t can be seen 

that zero i n t e r n a l error does not correspond to a. zero of the 

experimentally determined error. The r e l a t i o n between the 

errors can be seen when t h e i r squares are pl o t t e d . I t i s 

found that the experimentally determined error Dc is related 

to the i n t e r n a l error Ej_ as follows;-
2 o o 7 =2 
Dc a A + Ŝ  E^ jim 3c2 

where A . 0.149 - 0.003 /lm"1 and S • 1.195 - 0 .022. This i s 

shown also on figure (3-5) as the s o l i d curve. On the whole 

the measured errors are about 28% larger than the expected errors 

from the programmes THRESH or GRIND. An adjustment t o the 

programmes would correct t h i s . However, from the expression 

3.2 the minimum value of Dc i s A(= 0.149 * 0.003) ^im' 1. Now . 

t h i s minimum i s reached with extremely long tracks only and 

t h i s r e s u l t means that the benefit of measuring long tracks i s 

not being f u l l y realised. For example, for tracks of 90 cm 

length the standard deviation determined above would be, from 

figure (3-5)> equal to (0.12 t 0,01) yum"3" which i s twice as 

large as the value expected from THRESH or GRIND, f o r t h i s 

length, which i s about (0.07 i 0 .01) jam"1. 

The corresponding r e s u l t s f o r the other two exposures of 




















































































































































































































































































