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ABSTRACT 

A magnet spectrograph s i t u a t e d a t the B r i t i s h U n i v e r s i t i e s j o i n t 

a i r shower array a t Haverah Park, near Harrogate, has been used f o r 

studies of various aspects of the muon component of extensive a i r 

showers (EAS). 

An i n t r o d u c t i o n t o EAS and the relevance of muon studies i s g i v e n , 

and two momentum spectrographs are described, the second being an 

improvement over the f i r s t , y i e l d i n g higher p r e c i s i o n and momentum 

r e s o l u t i o n . 

A d e t a i l e d survey of t r a c k - f i t t i n g methods a p p l i c a b l e t o neon 

f l a s h tube data from muon spectrographs i s made, and an accurate method i s 

described. The r e s u l t s of t r a c k f i t t i n g data from both instruments are 

presented and discussed. 

T h e o r e t i c a l model c a l c u l a t i o n s on the muon component are described, 

and have been used t o p r e d i c t possible areas f o r f u r t h e r experiments. 

Comparisons are made between the p r e d i c t i o n of model c a l c u l a t i o n s and 

experimental data from the spectrograph i n an attempt t o determine 

several parameters governing the development of EAS. 

Two methods of o b t a i n i n g the mean production h e i g h t of muons 

i n EAS are described, and the r e s u l t s i n t e r p r e t e d i n terms of the 

development of EAS. Further experiments which may be r e l e v a n t t o 

measurements of the primary p a r t i c l e mass are described. 
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Preface 

This thesis contains an account of the work done i n Durham and at 

Haverah Park during the period October, 1968 t o August, 1971 by the 

author while under the supervision of Dr. K.E. Turvero 

Extensive a i r showers are detected a t Haverah Park by arrays of 

water Cerenkov d e t e c t o r s . These arrays are operated by workers from 

Leeds U n i v e r s i t y , and d e t e c t showers due t o p a r t i c l e s i n the primary 

energy range from about lO^eV to above lO^eV. 

The o r i g i n a l spectrograph was designed and constructed by Professor 

G.D. Rochester and Dr. K.E. Turver, i n 1964, but was p a r t i a l l y dismantled 

i n A p r i l 1969. A modified v e r s i o n , designed and constructed by Dp. K.E. 

Turver, Mr. D.R. P i c k e r s g i l l and the author, was completed i n November 

1969. 

Together w i t h h i s colleagues the author shared r e s p o n s i b i l i t y f o r 

ope r a t i o n of the spectrograph artl treatment of the data, and i s e n t i r e l y 

responsible f o r the work presented i n Chapter 3. The r e s u l t s of Chapter 5 

i s a c o n t i n u a t i o n o f work begun by Dr. K.J. O r f o r d , and Chapter 6 i s a 

complete r e c a l c u l a t i o n amd improvement of the work of Dr. J.C. Earnshaw. 

Recent r e p o r t s of the work c a r r i e d out by the group include 

Orford and Turver (1968), Machin e t a l (1969) and Earnshaw et a l (l971a 

and 1971b). 



1. 

CHAPTER ONE 

INTRODUCTION 

1.1. The P r i m a r y Cosmic Radiation. 

Primary cosmic rays reaching the Earth's atmosphere comprise a wide 

range of p a r t i c l e types and energies. The m a j o r i t y of the p a r t i c l e s are 

protons and l i g h t n u c l e i , w i t h a smaller c o n t r i b u t i o n from gamma ray s , 

e l e c t r o n s and heavy n u c l e i . The range of energies extends from less than 
9 20 10 eV t o a t l e a s t 10 eV, although the p o s s i b i l i t y of a high energy c u t - o f f 

20 
above about 10 eV has been suggested. The primary energy spectrum shown 
i n f i g . 1.1 f a l l s very s t e e p l y , and the r a t e of a r r i v a l of primaries 

18 

possessing energies greater than 10 eV i s about one per 3000 years per 

square metre, so t h a t d i r e c t observation of such p a r t i c l e s i s impossible. 

However, several techniques have been used t o make d i r e c t measurements on 
14 

primaries of energy less than about 5.10 eV, notably the use of nuclear 

emulsion stacks flown i n balloons and rockets (e.g. Fowler e t a l . (1967)) 

and large s a t e l l i t e experiments (Grigorov e*t a l Cl967)ii Par^maExyi'idosmi^iaravf's of 

energy gre a t e r than t h i s f i g u r e are the only (present) source of u l t r a high 

energy p a r t i c l e s , and the study of the nuclear i n t e r a c t i o n s of these p a r t i c l e s 

provides a r i c h source of i n f o r m a t i o n on the character of fundamental p a r t i c l e s . 

1.2. The Extensive A i r Shower 

1.2.1 General 

Primary cosmic rays e n t e r i n g the atmosphere i n t e r a c t s t r o n g l y w i t h 

an a i r nucleus, producing a large number of secondary p a r t i c l e s . Most of 

these secondaries are thought t o be pions (both charged and uncharged), 

w i t h a small p r o p o r t i o n of strange p a r t i c l e s and heavy mesons; i t i s also 

passible t h a t isobars are produced. I f the energy of the primary p a r t i c l e 

i s great enough, the secondary p a r t i c l e s may undergo i n t e r a c t i o n s w i t h 

f u r t h e r a i r n u c l e i , thus producing more p a r t i c l e s . This successive 

production of p a r t i c l e s r e s u l t s i n the extensive a i r shower (SAS). 
f 
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The m a j o r i t y of p a r t i c l e s i n an a i r shower are r e l a t i v i s t i c e l e c t r o n s , and 

they move through the atmosphere i n s u b s t a n t i a l l y the same d i r e c t i o n s as the 

primary p a r t i c l e . When a shower reaches sea level> i t may cover an area of 

tens of square k i l o m e t r e s , so t h a t the chance of detecting the a r r i v a l of the 

,high energy primary i n the atmosphere i s much magnified by the composition 

and e f f e c t of the atmosphere i t s e l f . 

1.2.2 The Electron-Photon Component 

The electron-photon component of an a i r shower arises from the decay of 

uncharged pions, and subsequent p a i r production and bremsstrahlung. I t i s 

subject t o wide s t a t i s t i c a l f l u c t u a t i o n s , but the average number of p a r t i c l e s 

i n a shower at a given observation l e v e l (the "size") i s generally used to 

determine the energy of the p a r t i c l e i n i t i a t i n g the shower. An approximate 

r e l a t i o n given by Clark et a l (1958) shows E(primary) = 2.10^. N GeVj 
met x 

where N i s the number of p a r t i c l e s i n the shower at the point of maximum max ^ r 

development. However, accurate measurements of the shower size axe d i f f i c u l t 

because of the large detector area required. I t i s more usual to measure some 

parameter which i s dependent on shower s i z e , and t o use t h i s t o estimate the 

primary p a r t i c l e energy (e.g. H i l l a s et a l ( l 9 7 l ) ) . 

1.2.3 The Muon Component 

Muons i n a i r showers a r i s e from the decay of charged pions produced 

i n t h e nuclear i n t e r a c t i o n s . The h i g h l y r e l a b i v i s t i c pions produced high 

i n the atmosphere are time d i l a t e d ; f u r t h e r , because of the low atmospheric 

d e n s i t y a t such h e i g h t s , the p r o b a b i l i t y of t h e i r i n t e r a c t i o n i s decreased. 

The r e s u l t o f these competing processes i s t h a t muons ( p a r t i c u l a r l y those of 

energies greater than 50 GeV) tend to o r i g i n a t e i n the early region of the 

cascade. Further, the low i n t e r a c t i o n cross-section and the r e l a t i v e l y 

long l i f e t i m e (also d i l a t e d because of the energies i n question) of the muon 

mean; t h a t a very large p r o p o r t i o n of muons, even those o r i g i n a t i n g very 

high i n the atmosphere, survive to reach sea l e v e l . The e f f e c t s of coulomb 

s c a t t e r i n g and geomagnetic d e f l e c t i o n on the muon t r a j e c t o r i e s are r e l a t i v e l y 
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sma l l , so t h a t the muon component on the whole r e t a i n s f a r more i n f o r m a t i o n 

about the region of the production of the parent pions than the e l e c t r o n -

photon component. 

1.3. Experimental Work on Extensive A i r Showers 

The most s t r a i g h t f o r w a r d experimental measurement on EAS i s t h a t of the 

l a t e r a l density d i s t r i b u t i o n of a l l charged p a r t i c l e s above a f i x e d detector 

threshhold. Many such measurements have been made, and a l l are consistent 

over a large range of shower size and measurement a l t i t u d e (and t h e r e f o r e 

s t a t e of shower development). The r e s u l t s also agree c l o s e l y w i t h the 

form computed f o r a pure electromagnetic cascade (Nishimura and Kamata 

(l950r,- 1951, 1952)): 

P = - . f ( s , r / r : ) 1.1 
1 r l 

where N i s the number of e l e c t r o n s , r the perpendicular distance from the 

shower a x i s , a nd r ^ the Moliere u n i t . The f u n c t i o n f ( s , r / r ^ ) has been 

derived by Kamata and Nishimura (1958) and shown to be a close f i t t o many 

experimental r e s u l t s (Greisen (1960)). Many simpler approximations have 

been made t o the l a t e r a l * i i s t r i b u t i o n f u n c t i o n to f a c i l i t a t e the analysis of 

showers a t c e r t a i n r e s t r i c t e d core d i s t a n c e s , e.g: 

p (N,r) = f exp | ^ J 1.2 

1 * »v ̂  J . A x v-/ J. J . ^ X i L W U iliO 

Several experimenters have also measured the energy spectrum of the 

electromagnetic component, using cloud chambers or i o n i s a t i o n chambers below 

lead absorbers. Such experiments showed the lack of high energy e l e c t r o n s 

i n EAS, and suggested t h a t the p r o p o r t i o n of the t o t a l energy c a r r i e d by the 

electron-photon component i s by no means as la r g e as the r e l a t i v e abundance 

of e l e c t r o n s i n the shower (about 20% of the t o t a l energy c a r r i e d by some 

90% of shower p a r t i c l e s ) . 

Experiments performed on the nu c l e a r - a c t i v e component of EAS ( e.g. 

Dovzenko et a l (1960)) i n d i c a t e t h a t the l a t e r a l d i s t r i b u t i o n of these 

p a r t i c l e s i s much steeper than t h a t of e l e c t r o n s , so t h a t almost a l l NAPS'" 
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are found very close t o the core. This makes precise conclusions about t h e i r 
energy spectrum very d i f f i c u l t because of the high l e v e l of electron-photon 
accompaniment (Hook e t a l (1969)). I n the energy range 3 t o 100 GeV, i t has 
been shown t h a t the m a j o r i t y of NAPs i n a i r showers are protons and neutrons> 
w i t h a smaller c o n t r i b u t i o n from7f(or K) mesons (Greisen (1960)). The t o t a l 
energy c a r r i e d by the nuclear-active component i s roughly the same as t h a t 
c a r r i e d by the electron-photon component. 

I t was suggested by G a l b r a i t h and J e l l e y (1952) t h a t most of the e l e c t r o n s 

i n EAS are s u f f i c i e n t l y energetic to cause emission of Cerenkov l i g h t during 

t h e i r passage through the atmosphere. Chudakov e t a l (1960) and J e l l e y et 

a l (1965) have shown t h a t the r a d i a t i o n produced c a r r i e s much i n f o r m a t i o n 

on the development of the shower, and the technique may be a u s e f u l one f o r 

comparison w i t h the p r e d i c t e d l o n g i t u d i n a l development of the shower. The 

experimental d i f f i c u l t i e s are enormous, and the o v e r a l l d e t e c t i n g e f f i c i e n c y 

of a Cerenkov system i s only of the order of 10%. 

Porter e t a l (1970) have reported the d e t e c t i o n of s c i n t i l l a t i o n l i g h t 

from the atmosphere, using e l e c t r o n i c techniques s i m i l a r t o those of J e l l e y . 

S c i n t i l l a t i o n l i g h t i s emitted i s o t r o p i c a l l y ( u n l i k e Cerenkov l i g h t , which 

i s emitted i n a r a t h e r narrow cone about the shower a x i s ) , and t h i s means 

t h a t an a i r shower could be detected a t a distance of several k i l o m e t e r s 

from the core. The e f f i c i e n c y i s again low (5-15%), Dut the technique 

has p o s s i b i l i t i e s considering the l a r g e r acceptance area covered by one 

f a i r l y small d e t e c t i n g s t a t i o n . Both t h i s and the Cerenkov l i g h t technique 

could best be i n v e s t i g a t e d by the operation of detectors i n c o n j u n c t i o n w i t h 

a large EAS a r r a y , i n order to o b t a i n precise i n f o r m a t i o n on i n d i v i d u a l 

events. 

The d e t e c t i o n of r a d i o pulses associated w i t h EAS was f i r s t reported 

by J e l l e y e t a l (1965) and Porter e t a l (1965), although suggestions 

concerning t h e i r existence were made several years e a r l i e r . T h e o r e t i c a l 

work by Askaryan (1965) and Kahn and Lerche (1965) succeeded i n p r e d i c t i n g 

the general form of the pulses, and also the frequency dependence, but 



experimental work has been d i f f i c u l t because of the very low s i g n a l levelso 

Clay (1970) and A l l a n (1971) r e p o r t e f f i c i e n t d e t e c t i o n of pulses a t 

frequencies > 30 MHz, and the technique i s now w e l l e s t a b l i s h e d . The 

progression from observing r a d i o pulses i n showers t o the l o g i c a l extremej 

t h a t of d e t e c t i n g large showers, s t i l l appears remote, but the advances 

made i n the l a s t s i x years i n d i c a t e t h a t the prospects may be promising 

as a means of es t i m a t i n g the pr imary p a r t i c l e mass. 

Experimental work on the muon component of EAS i s f a r more s t r a i g h t f o r w a r d 

than a l l the methods mentioned above. The e a r l y work of B a r r e t t et a l (1952), 

Clerk e t a l (1958) and Dovzenko (1957) e s t a b l i s h e d the broad c h a r a c t e r i s t i c s 

of muon energy and la t e r a l d i s t r i b u t i o n , but the f i r s t r e l i a b l e muon energy 

spectrum was t'hat obtained by Bennett and Greisen ( l 9 6 l ) . They used a small 

air-gap magnet spectrograph ( w i t h Geiger-Muller counters as muon detectors) 

i n an array of p l a s t i c s c i n t i l l a t o r s . Coincidences were recorded between 

the spectrograph and any s c i n t i l l a t o r , so t h a t the core p o s i t i o n and size of 

i n d i v i d u a l showers were not ac c u r a t e l y determined. However, t h e i r r e s u l t s 

have been shown t o be s u b s t a n t i a l l y c o r r e c t by l a t e r experiments. I n view o f 

the comments above about the necessity i n a l l measurements of a d e t a i l e d 

knowledge of shower parameters (e.g. s i z e , core d i s t a n c e , a r r i v a l d i r e c t i o n ) , 

a magnet spectrograph ,,to be described l a t e r , was constructed f o r use i n 

co n j u n c t i o n w i t h t h e Haverah Park A i r Shower array. The d e t a i l e d r e s u l t s 

obtained from t h i s experiment make possible the s u b d i v i s i o n of the data on 

the basis of both muon and EAS parameters, and enable the maximum amount of 

i n f o r m a t i o n t o be drawn from each measurement. Early r e s u l t s from t h i s 

experiment have been published., Earnshaw e t a l (1967) , Machin e t a l (1969). 

1*4. Current Topics of I n t e r e s t i n Cosmic Rays 

1.4.1 The Primary Energy Spectrum a t High Energies 

The d i f f i c u l t i e s i n determining the shape of the primary energy spectrum 
17 

a t high energies ( > 1 0 eV) have been o u t l i n e d e a r l i e r . B a s i c a l l y , the 

problem i s one of converting an experimentally measured shower parameter 

(e.g. s i z e , energy f l u x ) i n t o an appropriate value of primary p a r t i c l e 

energy. This requires some form of t h e o r e t i c a l treatment and H i l l a s e t a l 



( l 9 7 l ) r e p o r t on the basis of model simulations t h a t , f o r an array such as 

Haverah Park the detect o r s i g n a l amplitude a t a distance of some 500m from 

the core i s almost l i n e a r l y r e l a t e d ' t o primary energy, and i s almost 

independent of the s t r u c t u r e f u n c t i o n exponent used i n the analysis of the 

shower. Andrews e t a l (1971), using t h i s form of conversion, r e p o r t an 
17 

i n t e g r a l primary spectrum of slope -2.24 + 0.04 f o r t h e energy range 3 010 eV 
to 1 0 ^ eV, L i n s l e y (1963) had e a r l i e r suggested t h a t a change of shape takes 

18 

place a t about 10 eV. However, Andrews et a l . p o i n t out t h a t the weakness 

of the previous methods of converting measurement to primary p a r t i c l e energy may 

cause an apparent r e d u c t i o n i n the s p e c t r a l exponent at the highest energies. 

Fi g . 1.1 shows the l a t e s t r e s u l t s a v a i l a b l e on the primary spectruirio The 
Sydney group (Brownlee e t a l (1969)) suggested a possible change i n slope 

19 

a t about 10 eV although more recent data support the Haverah Park conclusions. 

The very wide detector spacing of the Sydney array may cause systematic e r r o r s 

i n the conversion from muon size to primary energy, but the small number 
19 / of showers from p r i m a r i e s ,>10 eV detected a t Sydney and Haverah Park (31 

f o r the data shown here) does not allow f i r m conclusions t o be drawn about 

the existence of a change i n slope a t such high energies. 

1.4.2 The Mass Composition of the Primary Radiation 

The mass composition of the primary cosmic r a d i a t i o n i s w e l l known up 
15 

to energies of about 10 eV from emulsion data. The r e s u l t s as summarised 

by Ginzbergand Syrovatsky (1964) are shown i n Table 1.1. The end-point of 

d i r e c t measurement i s s l i g h t l y below the "knee" ( ( i ) i n f i g . l . l ) i n the 

energy spectrum, and t h i s change i n slope has been w i d e l y i n t e r p r e t e d as the 

beginning of a change i n the mass composition of primary p a r t i c l e s . The 

argument i n favour of t h i s i n t e r p r e t a t i o n i s t h a t the magnetic c u t - o f f 

r i g i d i t y of the galaxy p r o g r e s s i v e l y excludes protons, l i g h t n u c l e i etc. 

from a r r i v i n g at the Earth. A l t e r n a t i v e l y , the change i n slope could be 

due t o a fundamental change i n the c h a r a c t e r i s t i c s of high energy nuclear 

i n t e r a c t i o n s t a k i n g place i n EAS (Glencross (1962)). The former view 
17 

i m p l i e s t h a t the pri m a r i e s a t about 10 eV should be predominantly heavy 



Figure 1.1 The Primary Energy Spectrum 

The experimental points are the highest 

energy points quoted by Brownlee e t a l 

(1969) and Andrews et a l (1971) f o r the 

Sydney and Haverah Park arrays 

r e s p e c t i v e l y . 
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Table 1.1 

Comoosition o f Primarv Cosmic Rays 

Nucleus Z A % of f l u x 
Proton 1 1 93 

Helium 2 4 6.3 

L i g h t 3-5 10 0.14 

Medium 6-9 14 0.41 

Heavy 10-20 25 0.10 

Very Heavy > 20 51 0,04 

while the l a t t e r suggests t h a t the composition should be b a s i c a l l y the same 

as t h a t below lO^eV and be mainly p r o t b n i c . L i n s l e y (1963) reported the 

existence of a f u r t h e r " k i n k " ( ( i i ) i n f i g . l . l ) , and i n t e r p r e t e d t h i s as 

a t o t a l f a i l u r e of containment w i t h i n the magnetic f i e l d o f the galaxy, 
18 

so t h a t primaries above about 10 eV should be e x t r a g a l a c t i c i n o r i g i n , 

and presumably protons. The existence of (the'second "kink" now seems 

u n l i k e l y . 

Experimental evidence on the mass composition lags behind the various 

containment and propagation t h e o r i e s proposed above. Zatsepin e t a l . (1963) 

concluded t h a t from observations of Cerenkov l i g h t at mountain a l t i t u d e s 
15 

the composition below 10 eV was s i m i l a r t o t h a t measured d i r e c t l y . Several 

workers have studied the core s t r u c t u r e of EAS, and have reported the existence 

of m u l t i p l e cores (e.g. Bray et a l (1965), Matano e t a l (1967), Shibata e t a l 

(1965), Thielheim and Karius (1965)). M u l t i p l e cores may a r i s e on a simple 

model when heavy primary p a r t i c l e s fragment i n the atmosphere, r e l e a s i n g 

energetic nucleons g i v i n g sub-cores. McCusker e t a l (1968) r e p o r t s a 
change-over from equal numbers of s i n g l e and m u l t i p l e - c o r e d events below 

15 • 
10 . eV, t o predominantly m u l t i p l e core events at energies g r e a t e r than 

15 

about 3»10 eV. This i s i n t e r p r e t e d as a change-over to predominantly 
heavy primaries a t these energies. However, the K i e l group (Samorski e t a l (1969)) do not f i n d a l a r g e p r o p o r t i o n of m u l t i p l e - c o r e d events a t 
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energies around 10*5eV. Hasegawa e t a l (1962) conclude from f l u c t u a t i o n 
16 

studies t h a t an appreciable number of primaries greater than 10 eV must 
be heavier than protonso L i n s l e y and Scarsi (1962a) and Toyoda e t a l (1966) 

17 

conclude t h a t f o r energies greater than 10 eV, the composition of t a b l e 1.1 

i s incompatible w i t h observed f l u c t u a t i o n s , and t h a t e i t h e r pure protons or 

heavy n u c l e i are r e q u i r e d . L i n s l e y f u r t h e r concludes from the narrow band of 

f l u c t u a t i o n s of muon numbers i n showers t h a t the primaries are probably 

protons. One of many problems i n i n t e r p r e t i n g any experimental r e s u l t s i s the 

lack of d e t a i l e d knowledge about the i n t e r a c t i o n c h a r a c t e r i s t i c s of heavy 

n u c l e i a t high energies. Most workers consider t h a t a shower r e s u l t i n g from 

a mass A primary of energy E i s equal t o the superposition of A proton-

i n i t i a t e d showers each of energy E/A and t h i s r a t h e r crude approximation may 

be misleading f o r some aspects of EA§. 

1.4.3 The Existence of a High-Energy Cut-off t o t h e Primary Radiation 

The discovery of an i s o t r o p i c microwave background r a d i a t i o n corresponding 

to a black-body temprature of about 3°K (Penzias and Wilson (1965), R o l l and 

Wilkinson (1966)) l e d Greisen (1966) t o consider the p o s s i b i l i t y o f energy 

loss by high energy primary protons (by photo-pion production) i n i n t e r a c t i o n s 

w i t h t h e low energy photons of the 3°K background. Greisen suggested t h a t 
20 

the upper l i m i t f o r the primary energy should be less than 10 eV, because 

energies higher than t h i s r e q u i r e d long path lengths and containment times, 

so t h a t the p r o b a b i l i t y of energy loss was increased. H i l l a s (1967) suggests 

t h a t the removal of protons w i l l occur a t about 3. lO^eV, t h a t of heavy 

n u c l e i (by p h o t o - d i s i n t e g r a t i o n ) a t lower energies. However, several events 

(~'17) of primary energy greater than 10 1 9eV have been detected a t Haverah 
19 

Park, i n c l u d i n g two showers>5.10 eV, and Brownlee et a l (1969) r e p o r t 19 20 41 showers > 10 eV, w i t h 4 showers > 10 eV, so t h a t the p o s s i b i l i t y of a 
r e a l c u t - o f f i s at present i n doubt. Konstantinov e t a l (1968) p o i n t out 

19 

t h a t the shape of the spectrum above 10 eV should give i n f o r m a t i o n on the 

containment time of cosmic ray p r i m a r i e s , and t h e r e f o r e on the e v o l u t i o n of 

the universe. 



l a 5 Scope of the Present Work 

The r e s u l t s presented i n t h i s t h e s i s r e l a t e t o the muon component of EAS 
17 

of primary energy confined t o a narrow band centred on 2.10 eV„ The 

experimental r e s u l t s have been compared w i t h model p r e d i c t i o n s i n an e f f o r t 

t o determine the approximate mass composition a t tiiese^primary energieso E ar.ly 

r e s u l t s ;.(Earnshaw (1968), O r f o r d (1968)) and model c a l c u l a t i o n s (Orford (1968), 

Orford and Turver (1968), O r f o r d and Turver (1969)) i n d i c a t e d t h a t a primary 

mass of A-* 10, together w i t h a change i n the nuclear i n t e r a c t i o n c h a r a c t e r i s t i c s 

were r e q u i r e d to agree with experiment However, with improved model 

c a l c u l a t i o n s and completely re-analysed a i r shower data, some of the discrepancies 

have been removedo C e r t a i n regions of i n t e r e s t s t i l l e x i s t , and an improved 

experiment designed to i n v e s t i g a t e these regions has been constructed and put 

i n t o o peration. The r e s u l t s from both experiments are compared, and p r e d i c t i o n s 

of primary p a r t i c l e mass-sensitive q u a n t i t i e s f o r f u r t h e r experiments are also 

madeo 
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CHAPTER TWO 

EXPERIMENTAL EQUIPMENT 

2.1 The Haverah Park EAS Arrays 

2 o l o l I n t r o d u c t i o n 

The Haverah Park EAS array i s s i t u a t e d some 3 miles NW.of Harrogate, 

Yorkshire a t a l a t i t u d e of 53° 58.2' N. , l o n g i t u d e 1 38.1 W., and i s a t a 

mean a l t i t u d e of 220m above sea l e v e l , corresponding t o an atmospheric depth 
-2 

of 1016 gm cm . A plan of the arrays i s shown i n f i g . 2*1, and the 

arrays which are operated by s c i e n t i s t s from the U n i v e r s i t y of Leeds are best 

described i n three sections. The 500m., or main array, c o n s i s t s of four 
2 

d e t e c t i n g s t a t i o n s , each of area 34m and provides a l l t r i g g e r i n g requirements. 

The 150m. array ( s e c t i o n 2.1.3) provides a d d i t i o n a l d e n s i t y samples close to 

the core of showers, and so improves the EAS a n a l y s i s . The 2Krii array ( s e c t i o n 

2.1,5) i s used f o r accurate a n a l y s i s of very large showers, where the core can 

f a l l w e l l outside the bounds of the main 500m. array. 

2.1.2 The I n d i v i d u a l Detectors 

Each detector u n i t c o n s i t s of a galvanised s t e e l tank 1.85 x 1.24 x 1.29m. 

f i l l e d t o a depth of 120 cm. w i t h c l e a r water. The i n t e r n a l surfaces of the 

tank are l i n e d w i t h white p l a s t i c , g i v i n g a d i f f u s e r e f l e c t i o n of the Cerenkov 

l i g h t produced i n the water by the passage of a r e l a t i v i s t i c shower p a r t i c l e . 

A f r a c t i o n of the l i g h t produced i s detected by a si n g l e 5" p h o t o m u l t i p l i e r , 

s i t u a t e d a t the top of the tank, w i t h i t s photocathode immersed i n the water 

t o provide o p t i c a l coupling. The design and operation of these detectors 

i s described by L i l l i c r a p (1963) and Turver (1963). 

2.1.3 The 500 m Array 

Each s t a t i o n c onsists of f i f t e e n of the above detector u n i t s ; the pulses 

from each u n i t are added e l e c t r o n i c a l l y and combine to give a " s t a t i o n " pulse. 

The f o u r " s t a t i o n " pulses so obtained are recorded p h o t o g r a p h i c a l l y on a f o u r -

beam o s c i l l o s c o p e * so t h a t the r e l a t i v e times of a r r i v a l and the pulse heights 

corresponding t o each s t a t i o n may be determined from the f i l m record. A f u l l 

account of the e l e c t r o n i c s and t e s t procedures employed i n the recording system 
i s given by Hollows (1968). 



Figure 2,,], The Haverah Park Arrays 



4 

N 

© O 
o 

e 

\ 
H 

e e 
A 4 8 A 

A 

0 

13-5 M 
© 34 M 5 0 0 M • 



11 

2.1.4 The 150m. Array 

The geometry of t h i s array i s s i m i l a r t o t h a t of the 500m. a r r a y , but the 
2 

i n d i v i d u a l s t a t i o n s comprise four detector u n i t s of t o t a l area 13,5m , and the 

s t a t i o n spacing i s 150 m. Whenever the 500m. array detects a shower, the 

pulse heights from the 150m. array are recorded (as i n 2ol<>3) f o r use i n 

shower a n a l y s i s . The s h o r t baseline of the array p r o h i b i t s any s i g n i f i c a n t 

c o n t r i b u t i o n towards t i m i n g accuracy, but the extra d e n s i t y samples provide 

data f o r more accurate core l o c a t i o n than the 500m. array alone. The extr a 

samples have been a v a i l a b l e from May 1971, so t h a t none of the EAS data 

associated w i t h 'the muon events reported i n t h i s t h e s i s have b e n e f i t e d from 

t h i s improvement i n shower data« I n place of the normal c e n t r a l d e t e c t o r i n 

t h i s array (since i t i s co i n c i d e n t w i t h the 500m. array d e t e c t o r ) , two u n i t s 

are run w i t h a low p h o t o m u l t i p l i e r EHT, thus making the pulse heights f o r a 

given p a r t i c l e density much lower than from a conventional u n i t . This allows 

an estimate of very high p a r t i c l e d e n s i t i e s , when the conventional u n i t s have 

reached the l i m i t s of t h e i r dynamic range. This array i s described f u r t h e r 

by Andrews (l970)« 

2.1.5 The 2KM Array 

This array consists of s i x s i t e s , each one a small array of e i t h e r 50m. 

or 150m. spacing, s i t u a t e d approximately on the circumference of a c i r c l e , 

radius 2Km, centred on the 500m. array. The low r a t e of the la r g e showers 

detected by t h i s a r r a y , together w i t h i n e large mean distance from the 

spectrograph, and the r e l a t i v e l y small acceptance area of the spectrograph, 

mean t h a t the r a t e of u s e f u l muon events from 2Kip showers i s extremely low, 

and no useable data sample has y e t been accumulated. 

2.1.6 The Measurement of A r r i v a l D i r e c t i o n s from the 500m. Array 

A f t e r d e t e c t i o n of a shower by the 500m. a r r a y , the s t a t i o n pulses are 

delayed e l e c t r o n i c a l l y to al l o w each of them t o appear f u l l y on the timebase 

of the re c o r d i n g o s c i l l o s c o p e . The r e l a t i v e times of a r r i v a l of the f o u r pulses 

can then be measured by reference t o time markers (which appear simultaneously 

on a l l f o u r channels). Only three "times" are r e q u i r e d i n order t o f i t a plane 
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f r o n t t o the shower and o b t a i n the a r r i v a l d i r e c t i o n . I t i s usual to s e l e c t 

the three longest time i n t e r v a l s from the f o u r a v a i l a b l e , i n the i n t e r e s t s 

of accuracy. These g e n e r a l l y correspond t o the three outer s t a t i o n s , and the 

symmetry of the array permits the four times t o be reduced to t h r e e , by quoting 

them as r e l a t i v e t o the c e n t r a l detector. The a r r i v a l d i r e c t i o n s ( 9 , $ ) 

derived from these times correspond t o a shower possessing a plane f r o n t . 

Dennis (1964) gives a set of c o r r e c t i o n s to be applied to the p l a n e - f r o n t 

angles t o a l l o w f o r the e f f e c t of shower f r o n t curvature. Although these 

transformations are i l l - c o n d i t i o n e d i n c e r t a i n areas of 0,(Zf and core p o s i t i o n , 

there i s a d i s t i n c t o v e r a l l improvement i n accuracy (see Ch. 6 ) . 

From measurements of simulated shower pulses recorded via each channel, 

i t has been found t h a t the width of the d i s t r i b u t i o n i n time measurement 

corresponds to a standard d e v i a t i o n i n time of 0.08^«ec. This f i g u r e may 

be.use'd t o p r e d i c t the o v e r a l l u n c e r t a i n t i e s i n (9,|tf) by d i f f e r e n t i a t i n g 

the appropriate equations and the r e s u l t s of such c a l c u l a t i o n s are given 

by Hollows (1968). T y p i c a l f i g u r e s are 2.5° i n 9 and 7° i n fS. The o v e r a l l 

e r r o r i n 9 and $ i s important f o r the studies o f the hei g h t of production of 

muons t o be described i n Chapter 6. 

2.1.7 E r r o r s i n Core Location 

Hollows (1968) gives an account of the methods used to estimate the core 

l o c a t i o n accuracy by means of simulated dhowers. P i c k e r s g i l l (1971) gives 

an a l t e r n a t i v e method, which r e l i e s upon a knowledge of the l a t e r a l d i s t r i b u t i o n 

of muons of known energies (as determined by Earnshaw (1968)). B r i e f l y , the 

method consists of i n v e s t i g a t i n g the change i n muon density p r e d i c t e d f o r 

d i f f e r e n t energies by small movements i n core d i s t a n c e , from the l a t e r a l 

d i s t r i b u t i o n . Both methods y i e l d an accuracy of about 30m. and i t i s 

u n l i k e l y t h a t such e r r o r s w i l l have any s i g n i f i c a n t e f f e c t on the muon 

momentum spectra described i n section 4.1. The i n c l u s i o n of the 150m. array 

data, f o r the period since May 1971, har shown one i n t e r e s t i n g f e a t u r e w i t h 

regard t o core l o c a t i o n . Core p o s i t i o n s determined from the 500m. data 

alone are generally s u b s t a n t i a t e d when the (500m. +150m) data are analysed, 

and any movements i n core p o s i t i o n tend t o be transverse r a t h e r than r a d i a l . 

This adds confidence to t h e r a t h e r small o v e r a l l e f f e c t on measurements made 
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a t the centre of the array expected from e r r o r s i n core l o c a t i o n . 
2.2. The Mark I Spectrograph 

2.2.1 Dimensions and S t a t i s t i c s 

A f u l l d e s c r i p t i o n of t h i s instrument has been given by Walton (1966), 

but a b r i e f account i s included to show the improvements made i n the updated 

ver s i o n ( s e c t i o n 2.3), Figure 2.2 i s a scale drawing of the spectrograph. 

The neon f l a s h tubes used f o r t r a c k d e l i n e a t i o n were 17mm. e x t e r n a l diameter, 

and h a l f were accurately located i n m i l l e d duralumin supports, w h i l e the 

remainder r e s t on top of the accurately, p o s i t i o n e d l a y e r s . The small t r a y s 

(A2,B2) played no p a r t i n d e f l e c t i o n measurements, but were included i n an 

attempt t o resolve p a r a l l e l muon t r a c k s . The magnet i s of the " p i c t u r e -

frame" t y p e , 60cm. t o t a l t h i c k n e s s , comprising 45 low-carbon-content s t e e l 

p l a t e s . The energising c u r r e n t of some 13,5 amperes (power d i s s i p a t i o n 

2KW) i s passed through 325 tu r n s of enamelled, double c o t t o n covered 14 

gauge copper wire on each arm. The r e s u l t i n g i n d u c t i o n i s found t o be 

14.6 + 0.3 K gauss, uniform over the useable magnet volume. 

2.2.2 The Use of the Instrument, as a Muon Detector 

Apart from mechanical c o n s i d e r a t i o n s , three main f a c t o r s govern the 

choice of magnet and detectors f o r use i n EAS muon spectrograph work. F i r s t l y , 

the minimum momentum acceptable i n the instrument:^, depends on the angular 

acceptance and the amount of matter t r a v e r s e d , and t h i s i s roughly f i x e d by 

the o v e r a l l dimensions and thickness of the component p a r t s . Secondly, the 

si g n a l t o noise r a t i o (taken here as the r a t i o of magnetic d e f l e c t i o n of a 

p a r t i c l e t r a j e c t o r y t o the r o o t mean square angle of Coulomb s c a t t e r i n g ) 

is.', not .momentum ^ dependent., since,, t p a f i r s t approximation,, bo £h 

magnetic d e f l e c t i o n and s c a t t e r i n g angle vary as the r e c i p r o c a l of the muon 

momentum (Rossi (1952)). F i n a l l y , the maximum detectable momentum .(hereafter 

c a l l e d the m.d.m), which depends upon the o v e r a l l d e f l e c t i o n of the muon 

( i . e . on the value of J Hdl i n the magnet), and upon the r e s o l u t i o n of the 

v i s u a l detectors. These three f a c t o r s are not independent, and a design of 

a useable instrument u s u a l l y involves some compromise us u a l l y i n terms 



Figure 2o2 A scale diagram of the 
Mk. I Haverah Park Magnet 
Spectrograph 
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of o v e r a l l s i z e , and t h e r e f o r e i n terms of event rateo. The Mark I instrument 

described above covers the range 1-60 GeV/c w i t h a si g n a l to noise r a t i o of 

3:1. I t i s important t h a t the three q u a n t i t i e s are accur a t e l y d e f i n e d , i n 

order t h a t the necessary c o r r e c t i o n s may be ap p l i e d during the d e r i v a t i o n of 

spectra (see Chapter 4 ) , The f i r s t q u a n t i t y i s r e l a t i v e l y s t r a i g h t forward 

to determine (basic trigonometry and computation of the o v e r a l l thickness 

i n gm cm i s r e q u i r e d ) , and the s i g n a l to noise r a t i o i s s i m i l a r l y s t r a i g h t 

forward. However, the m.d.m i s a r a t h e r more d i f f i c u l t q u a n t i t y to measure. 

Orf o r d (1968) quotes fo u r d i f f e r e n t methods which have been used t o o b t a i n 

the o v e r a l l angular e r r o r , and hence the m.d.m. 

1. The d e f l e c t i o n d i s t r i b u t i o n of s i n g l e unassociated cosmic ray muons 

t r a v e r s i n g the magnet before the energising c u r r e n t was switched on. 

2. The d i s t r i b u t i o n i n angular d e f l e c t i o n of a t r a c k simulated by hand 

repeatedly over a period of time. 

3. The d i s t r i b u t i o n i n l a t e r a l separation of the intersection! p o i n t s of the 

two h a l f - t r a c k s w i t h the mid-plane of the magnet. 

4. The d e f l e c t i o n d i s t r i b u t i o n of muons t r a v e r s i n g the c e n t r a l hole of the 

magnet and thus not undergoing Coulomb s c a t t e r i n g i n the magnet i r o n . 

The f i r s t method s u f f e r s from the r e l a t i v e l y large amount of angular 

s c a t t e r i n g undergone by unassociated muons (since their mean energy i s l o w ) , and 

the measurement' i s d i f f i c u l t t o make w i t h accuracy. The second method 

gives a good estimate of the s i m u l a t i o n and operator e r r o r s , but does not 

give an accurate estimate of the o v e r a l l e r r o r i n t r a c k l o c a t i o n because 

of systematic e r r o r s i n c o n s t r u c t i n g the simulator. The t h i r d method 

requ i r e s some mathematical treatment t o remove the e f f e c t s of l a t e r a l 

s c a t t e r i n g i n the magnet, and i s not as d i r e c t as the f o u r t h method. The 

o v e r a l l e r r o r deduced from these methods i s c l o s e l y gaussian i n form, w i t h a 

standard d e r i v a t i o n of 0.3 + 0.03°. The m.d.m i s then the momentum 

corresponding t o t h i s value of angular d e f l e c t i o n , namely 58+5 GeV/c. 
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2.3. The Mark I I Spectrograph 

2.3.1 Design Considerations 

The data gathered during the operating period of the Mk I spectrograph 

l e d to i n t e r e s t i n regions of momentum which were close to the modom. of the 

instrument (e.g. d e n s i t i e s of muons greater than 50 GeV/c). Accordingly} 

i t was decided t o r e b u i l d the spectrograph, i n order to increase the momentum 

r e s o l u t i o n , and also t o extend the u s e f u l operating range t o include smaller 

values o f core distance than were p r e v i o u s l y possible. An improvement i n 

m.d.m. of about 3 times was chosen as the t a r g e t f o r the new instrument,. so 

t h a t i n f o r m a t i o n on muons of momentum > 100 GeV/c could be quoted w i t h 

confidence. There are two basic methods by which such an m.d.m can be obtained: 

f i r s t l y , the magnitude of the d e f l e c t i o n i n the magnet f o r a given momentum 

can be increased ( i . e . increase the value of / H d l ) , or secondly, increase the 

p r e c i s i o n of t r a c k l o c a t i o n by the use of s m a l l , accurately located d e t e c t o r s . 

There are two avenues of approach to the f i r s t of these methods. 

E i t h e r the magnetic i n d u c t i o n over the useable magnet volume must be increased 

( e i t h e r by the use of high p e r m e a b i l i t y metal or by increasing the energising 

c u r r e n t ) , or the t o t a l path length i n the magnet may be increased a t a constant 

i n d u c t i o n . The s t e e l p l a t e s used i n the Mk I spectrograph combined the 

advantages of r e l a t i v e l y low c o s t , ready a v a i l a b i l i t y and f a i r l y high p e r m e a b i l i t y , 

so a change i n magnet m a t e r i a l from i r o n was not considered. The method of 

inc r e a s i n g the i n d u c t i o n by an increase i n energising c u r r e n t i s very dependent 

on the closeness of the magnet p l a t e s to s a t u r a t i o n ; i n the case of the Mk I 

spectrograph magnet, a 100$ increase i n curr e n t would only increase the 

i n d u c t i o n by some and the power d i s s i p a t i o n e n t a i l e d (about 4KW) would 

increase the l i k e l i h o o d of mechanical f a i l u r e due t o overheating. I t was 

th e r e f o r e thought i m p r a c t i c a l t o consider increasing the t o t a l i n d u c t i o n 

i n t e g r a l i n the magnet, other than by t h i c k e n i n g the magneto 

The advantages of in c r e a s i n g the t o t a l path length i n the magnet are much 

more apparent i n p r a c t i c a l terms. The magnitude of the d e f l e c t i o n of a muon 

depends l i n e a r l y ( t o a f i r s t approximation) on the magnet t h i c k n e s s , while 
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the apparent r.m.s angular d e f l e c t i o n due t o Coulomb s c a t t e r i n g r i s e s as the 

square r o o t of the thickness. However, t h i s basic f a c t cannot be f u l l y 

e x p l o i t e d i f the mea surement noise i s much greater than t h a t due to s c a t t e r i n g 

(as the o v e r a l l noise i s computed q u a d r a t i c a l l y ) , and the major mechanical 

r e c o n s t r u c t i o n necessary to increase the o v e r a l l h e i g h t of the instrument 

r u l e d out t h i s course of a c t i o n . 

The remarks above concerning the comparison of measurement noise and 

Coulomb s c a t t e r i n g noise provide the basis of the improvements c a r r i e d out 

i n the spectrograph c o n s t r u c t i o n . I t was decided to achieve the improved 

m.d.m by decreasing the e f f e c t i v e noise from 0.3° to 0.1° by the use of 

small diameter, a c c u r a t e l y located neon f l a s h tubes. The use of tubes 

of diameter 0.7 cm. ( i n t e r n a l ) , 1.0 cm ( e x t e r n a l ) , f i l l e d t o a pressure 

of 2.4 atmospheres i n d i v i d u a l l y located i n d u r a l supports t o an accuracy 

of 0.1 mm, gave an estimated noise of the desired value of 0.1°^ and the r e s t 

of the mechanical design was made t o meet the above requirements. 

2.3.2 Mechanical Design 

A f u l l d e s c r i p t i o n of the mechanical design of the Mark I I instrument 

i s given by P i c k e r s g i l l (1971) and f i g . 2.3 i s a scale drawing of the 

spectrograph. The 7mm. f l a s h tubes are used as the t r a c k l o c a t o r s , and 

the 17mm. tubes (removed from the Mark I spectrograph) are used only t o . r e s o l v e 

close muon tr a c k s and provide i n f o r m a t i o n u s e f u l f o r the s e l e c t i o n of 

tr a c k s f o r a n a l y s i s . The o v e r a l l l o c a t i o n accuracy would not be s i g n i f i c a n t l y 

improved by also using the l a r g e r tubes f o r l o c a t i o n purposes. The spectrograph 

acceptance f u n c t i o n i s shown i n fig. 2.4. 

2.3.3 The Small (7mm.) Flash Tubes 

2.3.3 ( i ) Location of tubes 

The high accuracy of t r a c k l o c a t i o n s p e c i f i e d f o r the Mk I I spectrograph 

necessitates i n d i v i d u a l l y mounted f l a s h tubes. This i s accomplished by 

supporting the f r o n t and rear of each tube i n m i l l e d s l o t s i n duralumin 

bar of 1.27 x 0.63 cm s e c t i o n f o r the 7 mm tubes, and i n hollow t u b i n g of 

1.52 x 1.52 cm. box s e c t i o n f o r the 17mm. tubes. Production of these supports 

on the scale necessary required a large number of c u t t i n g s t r o k e s , and i t has 



Figure 2o4 The spectrograph acceptance f u n c t i o n 
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been noted t h a t the shape of the s l o t i n the s o l i d duralumin supports f o r the 
7mm. tubes i s not constant.. This does not imply .'inaccurate tuDe l o c a t i o n 
(the p i t c h of the s l o t s i s s t i l l c o n s t a n t ) , since the e f f e c t of s l i g h t 
e r r o r s i n l o c a t i o n i n a v e r t i c a l d i r e c t i o n imparted by a change i n s l o t 
shape i s small when converted i n t o a net l a t e r a l e r r o r (because of the l i m i t e d 
range of i n c i d e n t p a r t i c l e angles considered, 0 3 -30°),, • The main problem 
caused by the v a r i a t i o n i n shape occurs during measurement, as i t is impossible 
to d efine "Universal" key points f o r a l l s l o t s (see s e c t i o n 2.3.3 ( i i ) ) . During 
i n i t i a l t e s t i n g of the small tubes, i t was found t h a t the sag at the centre of 
the 2m. long tubes was too great to be t o l e r a t e d (about 1.5cm).j but the 1.2m. 
tubes were self-supportingt. A c c o r d i n g l y , the design f o r the t r a y s f o r the 
longer tubes i s s l i g h t l y d i f f e r e n t - each la y e r of small tubes i s supported 
at the centre by s t r i p s of i n s u l a t i n g m a t e r i a l over the whole width of the 
t r a y . However, t h i s form of support allows the tube centre t o move l a t e r a l l y 
away from the plane j o i n i n g the mid-points of the supporting s l o t s , so t h a t 
f u r t h e r i n s u l a t i n g mid-tray r e s t r a i n t s are also i n c l u d e d , and these are adjusted 
during measurement of the spectrograph t o ensure t h a t each tube remains s t r a i g h t . 
2.3.3 ( i i ) Measurement of p o s i t i o n of flash tubes 

The purpose of t h i s measurement i s t o provide a knowledge of the 

coordinates of each tube centre. During manufacture, the tube supports were 

m i l l e d t o a constant p i t c h , so t h a t the problem reduces t o measuring a t l e a s t 

one tube i n each la y e r (hence check measurements are simple t o c a r r y o u t ) i 

Dummy tubes are used to i n d i c a t e the tube centres - these are short perspex 

rods (l.Ocm. diameter), marked w i t h a cross, and are checked f o r e c c e n t r i c i t y by 

r o t a t i n g about the "tube" axis w h i l s t viewing the cross through a t r a v e l l i n g 

microscope. F i r s t of a l l a plane, defined by three t h i n nylon plumb l i n e s , i s 

set p a r a l l e l to the edge of the magnet i n a p o s i t i o n such t h a t a l l four t r a y s 

contain small tubes close t o t h e p o s i t i o n of the plane. The necessary tubes 

are removed, and the f r o n t and back tube supports adjusted as r e q u i r e d t o make 

the l i n e j o i n i n g the mid-points of each p a i r of s l o t s p a r a l l e l t o the defined 

plane. I n the case of t h e 2 metre tubes, the c e n t r a l supports are also adjusted 

to coincide w i t h t h e plane. Repeated measurements are then taken of t h e l a t e r a l 
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separation of the n^"1 tube ( i n a g i v e n l a y e r ) from the plane. The v e r t i c a l 
coordinates of the tube centres are obtained using a cathetometer and 
engineer's scale, the l a t t e r being f i x e d close t o the tube f r o n t s as a 
check on the cathetometer readings.. Check measurements were performed a t 
the other side of the spectrograph t o i n v e s t i g a t e the constancy of the tube 
p i t c h ; such measurements showed t h a t , i n the case of the Mk I I instrument 
the p i t c h i s constant w i t h i n the measuring e r r o r . The measurements obtained 
using the above procedure may be reduced t o any s u i t a b l e a r b i t r a r y zero p o i n t -
t h a t chosen f o r the Mk. I I instrument i s the centre of the (zero) tube i n 
the bottom l a y e r of t r a y A l . The o v e r a l l noise f i g u r e on the l o c a t i o n of any 
small f l a s h tube centre i s estimated t o be + 0.2mm. , which i s s l i g h t l y 
l a r g e r than the design f i g u r e . I t i s d i f f i c u l t to see how t h i s f i g u r e 
could be reduced, as the e f f e c t s of v a r i a t i o n i n tube diameter and shape 
are only s l i g h t l y smaller than t h e quoted f i g u r e ( implying l i t t l e scope 
f o r improvement i n the measurements). 

2.3.4 Flash Tube Operating Conditions - P r e l i m i n a r y Tests 

A small section of one t r a y was set up i n Durham before the r e c o n s t r u c t i o n 

of the spectrograph i n an attempt t o d e f i n e the operating c o n d i t i o n s necessary 

f o r the 7mm. f l a s h tubes. I n order t o minimise the c o s t s , the s p e c i f i c a t i o n 

of the Mk.II instrument provided f o r only h a l f the 7mm. tubes t o be painted 

f u l l y , the other h a l f being clear glass. When the two types are placed 

a l t e r n a t e l y , spurious f l a s h i n g caused by p h o t o - i o n l s a t i o n should be a small 

e f f e c t , but experimental v e r i f i c a t i o n of t h i s suggestion was required. Aluminium 

electrodes were placed between every three layers of lubes, and the whole stack 

was d r i v e n by a p u l s i n g system s i m i l a r to t i a t used i n the Mark. I spectrograph. 

T r i g g e r i n g was provided by a simple three f o l d Geiger-Muller telescope. Two 

camera p o s i t i o n s were used, the f i r s t , close-up t o the tray f r o n t , was used f o r 

e f f i c i e n c y counts, while the second,-at a path length of 30 f e e t c ontaining 

two r e f l e c t i o n s , d u p l i c a t e d the l i k e l y o p e r a t i n g c o n d i t i o n s a t Haverah Park. 

These r e s u l t s i n d i c a t e d t h a t an EHT f i e l d of about 8kV cm ^ gives an i n t e r n a l 

f l a s h i n g e f f i c i e n c y close t o 100$ a t zero t i m e delay, f a l l i n g t o about 90% 
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a t 15 ̂ ec delay i n agreement w i t h the theory of Lloyd (1960),. The 

v i s i b i l i t y t e s t s suggested t h a t acceptable f i l m records could be obtained 

f o r tubes at the centre and edges of t r a y s . The spurious f l a s h i n g r a t e of 

the small tubes was extremely lowo 

2,3.5 Operating Conditions of the 7mm Flash Tubes i n s i t u 

2.3.5 ( i ) I n t r o d u c t i o n 

I n s p i t e of the i n d i c a t i o n s of the p r e l i m i n a r y t e s t s , very low f l a s h tube 

e f f i c i e n c i e s were found when the complete Mk. I I spectrograph was f i r s t 

t e s t e d . Because of the nature of the p u l s i n g system ( s e c t i o n 2»3.5(ii))» 

a l t e r n a t e electrodes are " l i v e " ( i . e . the EHT pulse i s a p p l i e d d i r e c t l y t o 

them) s while the remainder are earthed. The low f l a s h tube e f f i c i e n c i e s 

apparently occurred because tubes adjacent t o an " e a r t h " electrode fire'd 

very i n f r e q u e n t l y while those adjacent t o a " l i v e " e lectrode performed 

normally. A l i k e l y e xplanation f o r t h i s e f f e c t i s d i s t o r t i o n of the 

e l e c t r i c f i e l d caused by the tubes themselves. Whenever a tube f l a s h e s , 

i t causes a l o c a l s h o r t - c i r c u i t ( i . e . a very low resistance compared 

w i t h the steady s t a t e ) , and the high-voltage f i e l d i s grossly d i s t o r t e d . 

The f i e l d g radient across a tube close t o a " l i v e " electrode w i l l be s l i g h t l y 

greater than f o r the corresponding case near an " e a r t h " e l e c t r o d e , because 

of the e f f e c t of the glass t u b i n g , so t h a t tubes near a " l i v e " electrode 

w i l l tend t o f i r e s l i g h t l y before any other tube. The r e s u l t i n g f i e l d 

d i s t o r t i o n i s s u f f i c i e n t t o prevent "earthy" tubes from f i r i n g a t a l l , 

thus y i e l d i n g low o v e r a l l e f f i c i e n c i e s . S l i g h t mismatching of the p i i l s e r 

and t r a y w i l l tend t o reduce the e f f i c i e n c y even more, and t h i s mismatching 

i s very d i f f i c u l t t o avoid. However, the major p a r t of the problem was solved 

by i n s e r t i n g extra e l e c t r o d e s , so t h a t each l a y e r was contained w i t h i n a 

"l i v e - g a r t h " electrode p a i r , and t h i s s o l u t i o n removed the uneven e f f i c i e n c y 

e n t i r e l y , 

2.3.5 ( i i ) The Hi ah Voltaae Pulsing System 

The system used i n the A/Ik. I spectrograph, and also f o r i n i t i a l t e s t s 

of the improved instrumentp• i s shown i n f i g . 2 . 5 . ( i ) . When t r i g g e r e d , the 

thyratron earths one end of the c a p a c i t o r , which discharges through the 



Figure 2.5 ( i ) The Mk. I Pulsing system 

( i i ) The Mk. I I Pulsing system 
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primary of the pulse transformer. The output of the transformer i s 

approximately matched and fed t o the electrodes. This system worked w e l l 

f o r the 17mm. tubes, but gave low e f f i c i e n c i e s and a high spurious r a t e when 

used w i t h t h e 7mm. tubes. The e f f e c t of the pulse transformer i s to step 

up the high voltage pulse (about 4 s l ) , but also to slow the pulse r i s e t i m e 

due t o the inherent inductances present i n the transformer. The s t r a i g h t 

forward RC pu l s i n g system of f i g . 2 . 5 ( i i ) works s a t i s f a c t o r i l y w i t h the 

7mm. t u b e s j although i t is necessary t o work a t a higher voltage i n order 

t o o b t a i n the necessary EHT f i e l d a t the electrodes. The ap p l i e d EHT pulse 

t o the 7mm. tubes i s now »*14kV, l a s t i n g f o r some 20yUsec ( 3 f ) , and the 

peak e l e c t r i c f i e l d i s about 9 kV cm ^. The tube brightness under these 

con d i t i o n s i s adequate f o r normal photography (see s e c t i o n 2.3.6), and 

the i n t e r n a l e f f i c i e n c y a t zero time delay i s 95%. 

2.3.5 ( i i i ) The Control E l e c t r o n i c s 

The c o n t r o l e l e c t r o n i c s , shown i n f i g . 2.6, i s concerned mainly w i t h 

the c o r r e c t sequencing of a p p l i e d EHT pulse, f i d u c i a l l i g h t s and camera 

operat i o n . There i s one a d d i t i o n a l f e a t u r e not found i n the Mk. I spectrograph 

system, namely, the p r o v i s i o n of Geiger-Muller counters, s i t u a t e d i n the 

c e n t r a l hole of the magnet. These counters are included t o give p o s i t i v e 

i d e n t i f i c a t i o n of an (EAS) muon t r a v e r s i n g the hole of the magnet, and such 

muons may be-used f o r noise e s t i m a t i o n (see Chapter 4 ) . There are eleven 

counters i n a l l , close-packed i n two l a y e r s , and each counter i s 60 cm. longs 

3 cm. diameter. The cathodes are grounded a t the magnet end, and the anodes', 

are fed i n d i v i d u a l l y t o a l l o w separate "plateau" s e t t i n g s t o be made (and 

also to a l l o w f u l l readout i f necessary), I t has been found s a t i s f a c t o r y 

t o operate the hole d e t e c t o r i n two "commoned"layers, r a t h e r than eleven 

separate counters. On. d e t e c t i o n of a coincidence between the two layers of 

counters, a A^sec gate pulse i s generated (to a l l o w f o r the v a r i a b l e a r r i v a l 

time of the a i r shower t r i g g e r ) , and, i f . a shower t r i g g e r pulse a r r i v e s 

during the gate, an i n d i c a t o r lamp on the spectrograph i s flashed. 

Subsequent scanning of the f i l m shows i f the-event :is due t o a ( u s e f u l ) s i n g l e 

muon t r a c k i n the region of the h o l e , or whether i t i s due to a high e l e c t r o n 



Figure 2o6 Block diagram of c o n t r o l 

e l e c t r o n i c s . 
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photon density which cbes not provide u s e f u l i n f o r m a t i o n . 

2.3„5 ( i v ) The Attainment of Stable Running Conditions 

Because of the e l e c t r o n i c pickup generated by the EHT p u l s i n g system, 

and by other experiments a t Haveia h Park, i t i s desirable t o reduce the 

p o s s i b i l i t y of spurious t r i g g e r i n g of the spectrograph as much as possible. 

This has been accomplished i n two ways. F i r s t l y , the t h y r a t r o n g r i d s are 

maintained a t a steady DC l e v e l of -50V. A l e v e l of about +100V i s r e q u i r e d 

t o " f i r e " the v a l v e , and t h i s i s provided by AC-coupling the t h y r i s t o r d r i v e 

u n i t i n t o the t h y r a t r o n g r i d . This simple precaution makes spurious t r i g g e r i n g 

of t h e t h y r a t r o n s (due t o mechanical v i b r a t i o n , e t c ) , very r a r e . Secondly, 

a p a r a l y s i s u n i t , which i s o l a t e s the pulser inputs f o r some ten seconds a f t e r 

each event, prevents any possible m u l t i p l e t r i g g e r i n g from any e x t e r n a l sourceo 

These two precautions have reduced spurious e f f e c t s (apart from e l e c t r i c a l 

f a i l u r e s ) t o a n e g l i g i b l e l e v e l . 

2,3.6 Optics and Photography 

I n order t o reduce the loss of data due to f a u l t y camera o p e r a t i o n , i t 

i s d e s i r a b l e t o photograph the e n t i r e spectrograph on one frame, i f possible. 

I n t h e Mk. I instruments, t h i s was accomplished by r e f l e c t i n g the images 

between the t r a y s and p l a c i n g the camera at the r e a r , so t h a t the o p t i c a l 

path was long enough. The design of the Mk I I spectrograph p r o h i b i t s t h i s 

s o l u t i o n , so small m i r r o r s are s i t u a t e d on the f r o n t of the magnet, and the 

t r a y s are viewed from the f r o n t a l d i r e c t i o n . This system gives an o v e r a l l 

( c e n t r a l ) path length of 28 f e e t , as opposed to 34 f e e t i n t h e Mk I v e r s i o n , 

but r e q u i r e s only two r e f l e c t i o n s instead of three. However, the angle 

subtended by the edges of the t r a y s at the camera i s r a t h e r l a r g e r than 

could be desired (about 20°), but t h i s "polar angle" e f f e c t i s shown l a t e r 

( s e c t i o n 4.2*3) to be r e l a t i v e l y unimportant. The chosen camera p o s i t i o n 

has the advantage of f i l l i n g a 35mm. frame f u l l y , so t h a t the l a r g e s t 

possible image size i s obtainedo The diameter of the image of a 7mm. tube 

a t the f o c a l plane of the camera i s approximately 0.09 mm. , and adjacent 

tubes i n the same lay e r have an apparent separation of 0.13 mm. between 

centres. A compromise between high f i l m speed (necessary because of the 
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20 ^\sec. l i g h t pulse from the tubes) and r e s o l u t i o n ( l i m i t e d by the g r a i n 

size of the f i l m ) has t o be found, and I l f o r d HP4 has been found t o s a t i s f y 

both c r i t e r i a adequately. I n f a c t , the r e s o l v i n g power of HP4 i s about 40 

lines/mm. , corresponding t o about one quarter of a tube image, f o r k i n g close 

to the l i m i t of r e s o l u t i o n of the f i l m means t h a t c l e a n l i n e s s i n handling i s 

e s s e n t i a l , and the mode of processing must be standardised. A simple form of 

continuous a g i t a t i o n during development ( t o prevent l o c a l exhaustion of 

developer) has been provided, and has y i e l d e d c o n s i s t e n t l y good r e s u l t s . 

2.4. The Track Reconstruction System 

2.4.1 General Requirements 

The two main r e q u i s i t e s of any data r e c o n s t r u c t i o n system are t h a t i t 

should be capable of e x p l o i t i n g the accuracy of the o r i g i n a l instrument, f u l l y , 

and t h a t the r o u t i n e r e q u i r e d should be as simple as possible ( i n order to 

avoid systematic and operator e r r o r s r e s p e c t i v e l y ) , A complete spectrograph 

record of an a i r shower event i s d e s i r a b l e , so t h a t possible o b l i t e r a t i o n 

and confusion of muon tra c k s can be reduced t o a minimum. I t i s possible to 

achieve the f i r s t c o n d i t i o n by p r o j e c t i n g the f i l m record and drawing out a l l 

the f l a s h e d tube images, as i n the Mk. I system, but t h i s method i s laborious 

and prcne t o e r r o r . I t was t h e r e f o r e decided t o p r i n t a l l u s e f u l events 

p h o t o g r a p h i c a l l y , and t o lo c a t e the flashed tubes by means of a transparent 

overlay. 

2.4.2. Ov e r a l l D e s c r i p t i o n 

P r e l i m i n a r y t r a c k s e l e c t i o n and c l a s s i f i c a t i o n i s c a r r i e d out by d i r e c t 

i n s p e c t i o n of the f i l m negative . Useful events are p r i n t e d to 15" x 12" w i t h 

a good q u a l i t y 35mm. enlarger. The exposed p r i n t i s developed and s t a b i l i s e d 

i n about ten seconds using a p r i n t processor, enabling large numbers of events 

to be handled i n a short time. Each frame i s checked against the overlay 

during p r i n t i n g , and the lens-paper distance a l t e r e d t o preserve constant 

m a g n i f i c a t i o n . The great advantages of t h i s system are the ease w i t h which 

a f u l l copy of each event i s produced, and the s i m p l i c i t y of producing 

f u r t h e r copies at any time. 
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2.4.3 Errors i n Reconstruction and the E f f e c t on Track Location 
9 

Some evidence of non-uniform s h r i n k i n g of the p r i n t s during d r y i n g has 

been found - t h i s makes i t impossible t o lo c a t e the overlay on a l l e i g h t 

f i d u c i a l marks simultaneously. However, the p r o v i s i o n of background 

i l l u m i n a t i o n of the t r a y s ( s e c t i o n 2.3„5 ( i i i ) ) enables d i s t i n c t i v e p o r t i o n s 

of the tube supports t o be used f o r precise l o c a t i o n of the overlay i n the 

region of the muon t r a c k . The most common e r r o r caused by shrinkage i s mis= 

l o c a t i o n of a t r a c k by one tube spacing, e i t h e r i n a t r a y or i n a h a l f - t r a c k . 

This problem has been generated a r t i f i c i a l l y , and i s included i n the checks Q 

the t r a c k f i t t i n g programme (Chapter 3 ) , Since a l l events are checked, 

p a r t i c u l a r l y those e x h i b i t i n g small angular d e f l e c t i o n s , the problem should 

only occur very r a r e l y , and i f any doubt remains, a f u r t h e r copy of the event 

may be made. A m o d i f i c a t i o n has been made t o i n s t a l l some 50 small neon tube 

at a r e g u l a r spacing a t four l e v e l s on 1he spectrograph - t h i s should a l l o w 

unambiguous l o c a t i o n of the overlay close t o a t r a c k i n any se c t i o n of the 

instrument.. 

2.4.4 The Overlay 

The overlay used i n tube l o c a t i o n i s a sheet of cle a r p l a s t i c f i l m , 

marked out by hand from a master p r i n t of the spectrograph. The f i l m used 

f o r the production of the master was slow, f i n e g r a i n m a t e r i a l w i t h a 

r e s o l u t i o n of about f i v e times t h a t of HP4 ( 200 lines/mm.), and the 

spectrograph was i l l u m i n a t e d w i t h f l o o d l i g h t s i n order to produce shadow -

fr e e l i g h t i n g over the e n t i r e recording area. 
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CHAPTER THREE 
COMPUTER ANALYSIS OF FLASH TUBE DATA 

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

Neon f l a s h tubes have been used i n cosmic ray experiments i n two 

main a p p l i c a t i o n s : f i r s t l y , as a means of i n d i c a t i n g the presence of a 

charged p a r t i c l e (e.g. f o r density determinations i n l a t e r a l d i s t r i b u t i o n 

experiments), and secondly, as a means of d e l i n e a t i n g the t r a j e c t o r y of a 

p a r t i c l e (e.g. the d e f l e c t i o n of a charged p a r t i c l e i n a magnetic f i e l d ) . I n 

the former a p p l i c a t i o n , the tubes are used only t o i n d i c a t e the presence of 

p a r t i c l e s , although the general d i r e c t i o n of the t r a c k may be used as a check 

on instrumental acceptance, so t h a t accurately located tubes and w e l l defined 

tracks are not req u i r e d . I n the second use, an accurate r e c o n s t r u c t i o n of the 

p a r t i c l e t r a j e c t o r y i s e s s e n t i a l and to optimise the p r e c i s i o n of measurements 

accurately located f l a s h tubes are required. Some possible methods of achieving 

an accurate analysis of the data are discussed i n t h i s chapter. 

3.2. General P r i n c i p l e s i n the F i t t i n g of P a r t i c l e Tracks 

The f i t t i n g of a t r a c k t o an observed p a r t i c l e t r a j e c t o r y ( i e . a series 

of f lashed and non-flashed tubes) i s very s i m i l a r t o the mathematical problem 

of producing a "best f i t " l i n e to .a series of data p o i n t s . Hence, the best 

estimate (however derived) i s an approximation t o the " t r u e " t r a c k , and the 

mean d e v i a t i o n of the estimate from the " t r u e " t r a c k should be as small as 

possible. P r e f e r a b l y , the d i s t r i b u t i o n of the d e v i a t i o n s of best estimate 

from " t r u e " should be gaussian, so t h a t t h i s form of "noise" i s r e a d i l y 

combined w i t h e r r o r s a r i s i n g from other sources. ~^he number of data p o i n t s 

i n t h i s case i s l i m i t e d by experimental design c o n s i d e r a t i o n s , and the range 

of possible t r a c k s i s l i m i t e d by the physical size of the f l a s h tubes 

( b r o a d l y , a t r a c k should not pass outside a flashed tube, except under 

sp e c i a l circumstances). A comparision may be made w i t h a spark chamber 

where the range of possible t r a c k s i s l i m i t e d by the spark width. I n e i t h e r 

case, i t i s necessary to consider a l l possible t r a c k s t h a t l i e w i t h i n the 

experimental bounds defined by detector size - t h i s , of course, i s very 
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r e l e v a n t to the o v e r a l l time r e q u i r e d to process each track,, F i n a l l y , some 

means of d e f i n i n g the "best estimate" must be found, and t h i s i s one of the 

most d i f f i c u l t c r i t e r i a to define. Several methods have been t r i e d , and the 

o v e r a l l r e s u l t s are i n f a i r agreemento However, there i s a s i g n i f i c a n t 

p o p u l a t i o n of tracks which y i e l d widely d i f f e r i n g "best estimates" depending 

on the method used - t h i s problem i s discussed l a t e r i n connection w i t h t h e 

mean e r r o r expected on a f i t t e d track* 

3-. 3 The Mark I Spectrograph Track F i t t i n g Programmes 

3.3.1 General Method 

The method used i n t h i s computer programme followed the suggestion by 

B u l l e t a l (1962) (see se c t i o n 3.7) t h a t the tube f l a s h i n g p r o b a b i l i t y , as 

a f u n c t i o n of l a t e r a l p o s i t i o n of the t r a c k w i t h i n the tube, may be determined 

e x p e r i m e n t a l l y , and then used i n order to f i n d the "most probable" t r a c k . 

The p r o b a b i l i t y f u n c t i o n s was not determined during the course of the 

experiment, instead the form given by B u l l e t a l . s u i t a b l y modified f o r 

the d i f f e r e n t tube size and e f f i c i e n c y , was used. 

3o3„2 I n t e r n a l Working of the Programme 

The in p u t data f o r the programme consisted of the tube numbers of the 

flashed tubes belonging t o a muon t r a c k (one tube per l a y e r only) i n a l l 

28 layers i n the spectrograph. The data f o r layers not co n t a i n i n g a flashed 

tube was i n i t a l l y set t o zero. The h o r i z o n t a l and v e r t i c a l coordinates 

of the reference tubes i n each la y e r were stored i n t e r n a l l y , so t h a t the 

coordinates of the flashed tube centres (assuming a constant support p i t c h ) 

were r e a d i l y determined. From t h i s p o i n t , the two arms of the spectrograph 

were t r e a t e d a l i k e , and the upper h a l f - t r a c k was processed f i r s t . A t r i a l 

h a l f - t r a c k was found by t a k i n g the extreme upper and lower flashed tubes. 

This t r a c k was used t o p r e d i c t the nearest "gap" centre f o r those l a y e r s 

not c o n t a i n i n g a flashed t u b e , since i t i s most l i k e l y (but not c e r t a i n ) 

t h a t a l a y e r w i l l give no fl a s h e d tubes only i f the muon does not traverse 

any tube i n t h a t l a y e r . Each of the fo u r t e e n layers i n a " h a l f t r a c k " 

then had a p o s i t i o n coordinate associated w i t h i t ( e i t h e r a tube centre 

or a gap c e n t r e ) , A "best f i t " l i n e was then found by Gauss' method, t o 



give the mathematically most probable f i t to the observed data. This l i n e 

was then taken as the s t a r t i n g p o i n t f o r f u r t h e r processing. T r i a l l i n e s 

were p r e d i c t e d , ranging from -0.5° to +0.5° d i f f e r e n c e i n angle from the 

i n i t i a l l i n e , and also + 0.5 cm0 i n l a t e r a l p o s i t i o n of the centre of 

g r a v i t y of the i n i t i a l l i n e . For each t r i a l l i n e , the o v e r a l l p r o b a b i l i t y 

found by m u l t i p l y i n g the p r o b a b i l i t y determined f o r each la y e r i n t u r n , was 

compared with the previous l a r g e s t value, and when the complete set of t r i a l 

l i n e s had been attempted, the best t r a c k taken was t h a t e x h i b i t i n g the 

l a r g e s t o v e r a l l p r o b a b i l i t y ^ This process was then repeated f o r the lower 

h a l f - t r a c k . The two best h a l f - t r a c k s so found were then checked to 

a s c e r t a i n whether t h e i r i n t e r s e c t i o n p o i n t f e l l w i t h i n the magnet. This 

i n t e r s e c t i o n t e s t gave much invaluable i n f o r m a t i o n about each muon event, 

and f u r t h e r mention w i l l be made of the use of t h i s p a r t of the programme 

when dealing w i t h t h a t v e r s i o n adopted f o r use w i t h the Mk. I I spectrograph 

data. 

3 03„3 Performance of the Programme 

Although the o v e r a l l r e s u l t s of the programme agreed f a i r l y w e l l w i t h 

those determined by hand s i m u l a t i o n , a p o p u l a t i o n of events was found which 

contained marked d i f f e r e n c e s i n angular d e v i a t i o n between the two methods. 

I n many of these cases, no simple explanation (e.g. i n c o r r e c t i n p u t data) 

could be found f o r the d e v i a t i o n of the computer f i t from a reasonable 

simulated r e s u l t . I n d i c a t i o n s of t h i s drawback l e d Earnshaw (1968) and 

O r f o r d (1968) t o conclude t h a t the then a v a i l a b l e computer f i t t i n g method 

was not r e l i a b l e f o r high energy EAS muon work. Refinements i n the 

procedure have confirmed the r e l i a b i l i t y of the methods and isuch methods 

are now considered acceptable although, to insure against large d e v i a t i o n s , 

a l l muons e x h i b i t i n g angular d e f l e c t i o n s less than 2°, according t o the 

computer f i t , were checked exhaustively by hand s i m u l a t i o n . The r e s u l t s 

of the checks on the data presented.by Machin e t a l (1969), i n d i c a t e d t h a t 

the major l i m i t a t i o n i n t h i s method of f i t t i n g l a y i n the form of p r o b a b i l i t y 

f u n c t i o n used, and an a l t e r n a t i v e method was proposed f o r the analysis o f 

the data from the modified spectrograph. 



27 

3..4. The Mk. I I Spectrograph T r a c k - F i t t i n g Programme 

3.4.1 I n t r o d u c t i o n . 

I n order t h a t the high p r e c i s i o n of the angular measurements from the 

Mk. I I instrument may be f u l l y e x p l o i t e d , a f i t t i n g programme of greater 

r e l i a b i l i t y than the previous version i s r e q u i r e d . I n view of the d i f f i c u l t i e 

discussed i n s e c t i o n 3.3, i t was decided t o abandon the " p r o b a b i l i t y f u n c t i o n " 

method, and t o use the geometric path length i n a tube as a measure of the 

f l a s h i n g p r o b a b i l i t y . There i s no d e f i n i t e experimental evidence t h a t , f o r a l 

possible t r a c k s , t h i s f u n c t i o n represents the t r u e case less accurately 

than any other proposed shape. 

3.4.2 General D e s c r i p t i o n of the Method 

As i n the e a r l i e r programme, the i n p u t data consists of the numbers of 

the f l a s h e d tubes i n each of the 40 layers of the spectrograph, and these 

numbers are converted i n t o h o r i z o n t a l p o s i t i o n coordinates. The associated 

v e r t i c a l coordinates are known from the stored measurement data, 3nd from 

the o r d e r i n g of the i n p u t data- A t r i a l l i n e i s f i t t e d t o the flashed 

tube centres by a least-squares m i n i m i s a t i o n method. I n t h i s way only the 

" a c t i v e " i n f o r m a t i o n i s used i n determining the slope and p o s i t i o n of the 

t r i a l l i n e . The l i n e s used from now on are simply of the form : y = mx+c, 

and the i n i t i a l values f o r m (or t a n i ^ ) and c are given by the least-squares 

s o l u t i o n . Small changes 3f a f i x e d step size are made i n both m and c 

(angular change 0.025°, p o s i t i o n change 0.25 mm.) so t h a t a m a t r i x of 

combinations of g r a d i e n t and constant i s covered f u l l y . For each combination 

( t o t a l 41 x 41 = 1681 attempts) a check i s performed to a s c e r t a i n whether the 

l i n e passes through a l l the flashed tubes. I f n o t , then a n u l l e n t r y i s made 

i n the m a t r i x corresponding to t h a t combination. E v i d e n t l y , the p r o v i s i o n 

of such extreme values of +0.5°, +0 . 5 cm. means t h a t many of the t r a c k s 

w i l l not be acceptable, and t h i s p r e l i m i n a r y check saves a t l e a s t a f a c t o r 

of ten i n the computing time f o r each event. F 0 r a l l acceptable t r a c k s , 

f u r t h e r i n v e s t i g a t i o n i s thai c a r r i e d out i n which the t r i a l l i n e i s used 

(as before) t o p r e d i c t the nearest "gap" centres i n l a y e r s c o n t a i n i n g 

non-flashed tubes. For each attempt having a non-zero e n t r y i n the m a t r i x 
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the geometric path length of the l i n e i n the gas of each tube i s c a l c u l a t e d , 

and the value stored,. I f the l i n e passes through a non-flashed tube, the path 

length i s assigned w i t h a negative value. A q u a n t i t y termed the " e f f i c i e n c y " 

may then be c a l c u l a t e d by d i v i d i n g the t o t a l path length i n a l l the flashed 

tubes by the o v e r a l l t o t a l path length ( i n c l u d i n g non-flashed tubes). The l i n e 

possessing the highest value of " e f f i c i e n c y " s a t i s f i e s two c r i t e r i a ! i t 

chooses the longest path length i n the flashed tubes, and the s h o r t e s t i n 

non-flashed tubes, which i s the clos e s t possible r e c o n s t r u c t i o n of the " t r u e " 

t r a c k . I f no non-flashed tubes are f.ound9 the longest o v e r a l l path length i s 

taken. Conversely, i f no t r a c k passing through a l l the flashed tubes i s 

found ( i e . no acceptable t r a c k e x i s t s ) * the least-squares i n f o r m a t i o n i s 

displayed and the inp u t data checked, 

When the two best estimate t r a c k s f o r the arms of the spectrograph have 

been found, an i n t e r s e c t i o n t e s t i s c a r r i e d out t o a s c e r t a i n whether the 

combination of the two h a l f - t r a c k s i s acceptable. The t e s t c onsists 

b a s i c a l l y of f i n d i n g the i n t e r s e c t i o n p o i n t of two l i n e s of the form 

y-mx+c, together w i t h t h e associated e r r o r s (assuming an angular e r r o r of 

0., 15° on each h a l f - t r a c k ) . Several ex t r a t e s t s are also performed, i n 

connection w i t h the p o s i t i o n of the tracks r e l a t i v e t o the magnetic volume, 

and these are of great help i n subsequent c l a s s i f i c a t i o n of the event 

since they provide a f i r m c r i t e r i o n f o r r e j e c t i o n or acceptance of data. 

3,4«3 Performance of the Programme on Spectrograph Events 

The v a r i a t i o n of the best t r a c k e f f i c i e n c y value w i t h the number of 

fla s h e d tubes on the t r a c k (taken from events a t core distances 1 5 0 < r < 2 5 0 m) 

i s shown i n f i g . 3.1. The mean number of flashed tubes i n a h a l f - t r a c k 

( i . e . out of a t o t a l of 20 tubes) i s 10.44, corresponding t o a f l a s h tube 

i n t e r n a l e f f i c i e n c y of 81.5%. This means t h a t there a r e , on average, 2.6 

non-flashed tubes per t r a c k (since the maximum layer e f f i c i e n c y i s less 

than 70$, the mean number of tubes traversed i s s l i g h t l y g reater than 13). 

The treatment of non-flashed tubes i s t h e r e f o r e important i n the present 

experiment i f gross e r r o r s are t o be avoided. The method of s e c t i o n 3.4.2 

shows t h a t the non-flashed tubes are t r e a t e d i n almost e x a c t l y the same 



Figure 3.1 ( i ) The mean number of flashed tubes 

as a f u n c t i o n of the t r a c k 

e f f i c i e n c y found by the f i t t i n g 

programme. 

C i i ) The mean e f f i c i e n c y as a f u n c t i o n 

of t h e number of flashed tubes. 

Both the above r e s u l t s are taken from 

15Q-250m. Mk.II Spectrograph events. 
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manner as flashed tubes ( u n l i k e the e a r l i e r version of the programme), and 

i t appears t h a t t h i s form of treatment reduces the p o s s i b i l i t y of very large 

d e v i a t i o n s markedly. The data have also been checked f o r any momentum biass 

a sample of events w i t h d e f l e c t i o n s less than 2° (corresponding t o momenta 

>8 GeV/c) had a mean e f f i c i e n c y value of 83.2 + 1%, while a sample of events 

w i t h d e f l e c t i o n s greater than 6° (momentum < 3 GeV/c) had a mean of 83.5 + 1%, 

I t i s concluded t h a t there i s no apparent momentum bias i n the value of 

e f f i c i e n c y p r e d i c t e d by the programme - the s l i g h t discrepancy between the 

o v e r a l l mean pre d i c t e d e f f i c i e n c y value and the measured value (some 2%) 

probably a r i s e s from s l i g h t d e v i a t i o n s i n the form of the path length f u n c t i o n 

from the " t r u t h " , and also i n cumulative e r r o r s i n tube l o c a t i o n and measurement. 

3.5, Tests of the T r a c k - F i t t i n g Programme 

3,. 5., 1 I n t r o d u c t i o n 

I n view of the discussion of sec t i o n 3.2 concerning the d i f f e r e n c e 

between the "true" t r a c k and the "best estimate" t r a c k , i t i s e s s e n t i a l t o 

devise a thorough checking procedure t o determine the o v e r a l l t r a c k - f i t t i n g 

e r r o r . Since the e r r o r was expected to be i n the region of 0.1° or l e s s , 

an analogue devise (such as a hand s i m u l a t o r ) would be impossible to use, 

i n terms of physical size alone, i r r e s p e c t i v e of the possible r e s o l u t i o n and 

s e t t i n g l i m i t a t i o n s . I t was decided t o approach the problem using computer-

generated a r t i f i c i a l t r a c k s , so t h a t no manual operations are necessary i n 

assessing the accuracy of t r a c k f i t t i n g . 

3.5.2 The Production of A r t i f i c i a l Tracks ("Hole" Events) 

The method uses computer-generated pseudo-random numbers to se l e c t 

i n c i d e n t angles and p o s i t i o n s , and to "decide" whether a tube traversed 

by the chosen " t r a c k " has fl a s h e d or not. The procedure adopted i s as 

f o l l o w s s -

i ) the random-number generator i s s t a r t e d w i t h a tabulated random number 

( f u r t h e r d e t a i l s are given i n Appendix l ) , The output i s a u n i f o r m l y 

d i s t r i b u t e d number i n the range 0.0 t o 1.0, so t h a t t h i s range must be 

transformed t o s u i t each measure of the t r a c k . 
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i i ) an i n c i d e n t angle i s chosen (the i n i t i a l t e s t s covered the range -10° to 
+10°, but some runs out t o 30° have been performed). 

i i i ) the s i g n of the angle i s found by c a l l i n g a new random number; i f the 

value i s less than 0.5, the sign of the angle i s negatives 

i v ) the l a t e r a l p o s i t i o n of the t r a c k (constrained to make the t r a c k f a l l 

w i t h i n the acceptance l i m i t s of the spectrograph h o l e ) i s found from a f u r t h e r 

random number. 

v) the p o s i t i o n of the t r a c k with respect to each of the 20 l a y e r s i n the top 

h a l f of the spectrograph i s evaluated - i f the t r a c k f a l l s w i t h i n a "gap" 

than the "tube number" f o r t h a t l a y e r i s a u t o m a t i c a l l y zero. I f the t r a c k 

f a l l s w i t h i n a tube at a perpendicular distance Z from i t s c e n t r e , the value 

of P(Z) = 1 - (Z/R)^ when the i n t e r n a l r a d i u s of the tube i s evaluated, 

(the j u s t i f i c a t i o n of t h i s i s discussed i n 3.5.3). I f on c a l l i n g a new random 

number, the value i s ̂  ? ( Z ) , the tube i s said t o have flashed (and i t s tube 

number i s c a l c u l a t e d ) . I f the value is p- P(Z), the tube number i s set t o 

zero ( i e a non-flashed t u b e ) . 

v i ) the upper h a l f - t r a c k i s complete, and the l a t e r a l p o s i t i o n of the 

i n t e r s e c t i o n of the t r a c k w i t h t h e mid-plane of the magnet i s ca l c u l a t e d . 

v i i ) i t i s shown i n s e c t i o n 4.2 t h a t the standard d e v i a t i o n of the d i f f e r e n c e 

i n l a t e r a l p o s i t i o n of upper and lower h a l f - t r a c k s at the mid-plane of the 

magnet i s 3.8 mm. f o r "hole" events, so t h a t a random l a t e r a l p o s i t i o n f o r 

the lower h a l f t r a c k i s chosen by the second generator (see Appendix 1 ) 

which ensures t h a t the d i f f e r e n c e between the two l a t e r a l p o s i t i o n s conforms 

to a normal d i s t r i b u t i o n w i t h the c o r r e c t mean and standard d e v i a t i o n . Since 

the aim i s t o generate "hole" events the above f i g u r e of 3.8mm. i s appropriate 

and i s used. S i m i l a r l y , the standard d e v i a t i o n i n d e f l e c t i o n f o r "hol9" events 

i s 0,16°, so t h a t the lower h a l f t r a c k i s so generated as t o be d i s t r i b u t e d 

normally i n angle and p o s i t i o n about the upper (selected) h a l f - t r a c k . 

v i i i ) the r o u t i n e of (v) i s used to determine the flashed tube numbers f o r the 

lower h a l f - t r a c k . 



Figure 3.2 ( i ) Various forms of f l a s h i n g p r o b a b i l i t y 

w i t h the associated value of i n t e r n a l 

e f f i c i e n c y . The curve 1-AL i s t h a t 

used i n the Mk.I programme w i t h 

A = 0.95, t= 6.5 o 

( i i ) The p r o b a b i l i t y f u n c t i o n determined 

by B u l l e t a l (1962), showing the 

c o n t r i b u t i o n to the o v e r a l l f l a s h i n g 

e f f i c i e n c y due to muons t r a v e r s i n g 

the glass w a l l of the tube. 
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i x ) the e n t i r e event i s output on cards i n a format s u i t a b l e f o r the t r a c k -
f i t t i n g programme. A l s o , the t o t a l number of flashed tubes i n the track i s 
s t o r e d , t o be output as end-of-run accounting i n f o r m a t i o n . 

This programme generates 85 complete events i n t e n seconds, so t h a t the 

l i m i t i n g f a c t o r i n t h i s a n a l y s i s i s the time taken t o t r a c k - f i t each 

generated or r e a l event (at present some seven seconds). 

3.5.3 Usefulness of A r t i f i c i a l Trar.lcs 

I t i s important t h a t the a r t i f i c i a l tracks should be as s i m i l a r as 

possible t o r e a l t r a c k s when d i r e c t comparisions are to be made. For t h i s 

reason, several forms of the f u n c t i o n P(Z) have been i n v e s t i g a t e d , and f i g 3.2 

summarises tho.-e which f i t the experimental data best. I f P(Z) i s regarded *' 

as a p r o b a b i l i t y of f l a s h i n g (as i n f e r r e d from the use of the random number 

method), theK\ J P(Z) dR = *] n̂̂ .» the i n t e r n a l f l a s h i n g e f f i c i e n c y of the tube 
o 

(not the e f f i c i e n c y value given by the programme). The cl o s e s t form of P(Z) 

i s t h e r e f o r e t h a t which y i e l d s 1 i f r t

a 81.5%. A form of ( l - L 4 ) , where L i s 

defined as (z/R), gives 80%, and ( l - L ^ ) gives 83.3%. The two forms are i n 

f a c t very s i m i l a r , and the former has been chosen so t h a t any e r r o r i s made 

rathe r on the side of too many non-flashed tubes per t r a c k . 

The genuine p a r t i c l e t r a c k s described i n the previous s e c t i o n passed 

through the "hole" of the magnet, t h a t i s , they d i d not undergo any magnetic 

d e f l e c t i o n . This s i m u l a t i o n of such events was chosen because of i t s 

s i m p l i c i t y ; any attempt to simulate r e a l magnetic d e f l e c t i o n means t h a t the 

appropriate degree of Coulomb s c a t t e r i n g must be introduced, and t h i s would 

only make the task of comparison more d i f f i c u l t . However, the r e s u l t s of 

t h i s work give a good estimate of the o v e r a l l noise, both instrumental and 

t r a c k - f i t t i n g , and there i s no reason why the s i m u l a t i o n should not be 

extended to cover tracks w i t h magnetic d e f l e c t i o n and s c a t t e r i n g included. 

3.5.4 Results Obtained by F i t t i n g a Generated Track 

The d i f f e r e n c e between the angular d e f l e c t i o n of a generated t r a c k 

and the d e f l e c t i o n found f o r t h a t event by the t r a c k - f i t t i n g programme has 

been recorded f o r 489 a r t i f i c i a l events, and the d i s t r i b u t i o n s i s shown 

i n f i g . 3.3. The f a c t t h a t the d i s t r i b u t i o n i s c l o s e l y gaussian i n d i c a t e s 



( i ) The d i f f e r e n c e i n l a t e r a l separation 

of h a l f - t r a c k s i n the mid-plane of 

the magnetic ^M m) between the 

" t r u e " t r a c k and t h a t determined 

by the f i t t i n g programme. 

( i i ) As above but showing the d i f f e r e n c e 

i n angular d e v i a t i o n ( A-jy), 
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t h a t the f i t t i n g programme i s i n f a c t g i v i n g a value d i s t r i b u t e d u n i f o r m l y 

about the t r u e value w i t h a standard d e v i a t i o n of 0.0^° ( the mean absolute 

e r r o r i s 0.064°). I f the experimental value f o r the o v e r a l l noise of 0.16° 

i s assumed to be compounded only of t r a c k - f i t t i n g noise and tube l o c a t i o n 

e r r o r s , t h en, since (T" , t h i s gives = 0.13 . Hence the 
n *Ci 

t r a c k - f i t t i n g e r r o r i s considerably smaller than t h a t introduced by the tube 

l o c a t i o n (and the l o c a t i o n e r r o r i s very close to the design f i g u r e of 0.10°). 

Fig. 3.3 also shows the d i f f e r e n c e i n the l a t e r a l separation of tracks 

a t the mid-plane of the magnet (^x ). The standard d e v i a t i o n of t h i s 

d i s t r i b u t i o n i s some 1.2mm, which i s considerably smaller than the o v e r a l l 

f i g u r e of 3.8mm found experimentally. The f i t t i n g programme appears t h e r e f o r e 

t o give a very good estimate of t h e A x m value - which i s e s s e n t i a l f o r the 

proper c l a s s i f i c a t i o n of events. 

Fig,, 3,4 shows the d i f f e r e n c e i n angular d e f l e c t i o n between the t r u e 

value and t h a t given by the least-squares f i t value. The standard d e v i a t i o n 

i s 0.20°, i n d i c a t i n g t h a t the improvement i n accuracy using the path-length 

o p t i m i s a t i o n i s s l i g h t l y greater than a f a c t o r of two. However, the t o t a l 

noise on a least-squares d e f l e c t i o n w i l l be about 0.24° (using O"^=0.13°), so 

t h a t t h i s method i s q u i t e acceptable i f a less precise measure of the d e f l e c t i o n 

i s r e q u i r e d (the time taken t o least-square analyse an event i s only about 

one second). 

I t should be noted t h a t , while the f u n c t i o n P(Z) = 1-(Z/R) 4 was used 

f o r generating t r a c k s , the path length (analogous to the use of P(Z) = 

was used t o f i t the t r a c k s . This was done mainly t o introduce 

a s l i g h t d i f f e r e n c e i n the f u n c t i o n s used (a form P(Z) = 1-(Z/R)^ p r e d i c t s 

T i n t = 7 8 s 5^' o r o n lY l o w e r t h a n a f u n c t i o n of form P(z) =1-(Z/R) 4K 

However, as a check on the method of f i t t i n g , a standard t r a c k - f i t t i n g 

programme was modified t o use the r e l a t i o n P(z) = l - ( z / r i ) 4 . 

The r e s u l t s on generated tracks were very s i m i l a r t o those using the 

path length o p t i m i s a t i o n , so the conclusion drawn from t h i s t e s t i s t h a t the 

t r u e form of f u n c t i o n i s e i t h e r r e l a t i v e l y i n s e n s i t i v e (which .seems u n l i k e l y 

i n view of previous i n d i c a t i o n s ) or t h a t i t i s very s i m i l a r t o the two 
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forms used here. C e r t a i n l y , i t appears t h a t the geometric path length 
r e p r e s e n t a t i o n i s s u f f i c i e n t l y accurate f o r the small f l a s h tubes, and 
l i t t l e advantage i s gained by using a more complex f u n c t i o n . 

3.6 Comoarision w i t h Other Work 

B u l l et a l (1962) described the method used to f i t t r a c k s from the 

Nottingham spectrograph, and suggested the use of a p r o b a b i l i t y f u n c t i o n of 

the form shown i n - f i g . . 3.2. From an a n a l y s i s of 30 p a r t i c l e s , they claimed 

an e r r o r of 0..0450 on a t r a c k , corresponding to an e r r o r of 0.065° on a 

d e f l e c t i o n measurement, f o r only twenty l a y e r s of tubes. The f l a s h tubes 

had an i n t e r n a l e f f i c i e n c y of almost 100%, so t h a t there was on average less 

than one non-flashed tube per t r a c k . The f l a s h i n g p r o b a b i l i t y f u n c t i o n was 

determined e x p e r i m e n t a l l y , using ten l a y e r s of tubes to define the t r a c k , 

while observing the " i n t e r c e p t " on the remaining ten l a y e r s . 580 l a y e r 

t r a n s i t s were observed from the passage of 58. p a r t i c l e s . The authors 

d i d not quote the method used to f i t the t r a c k f o r t h i s p a r t of the 

experiment; but i t i s t o be expected t h a t the form of the r e s u l t i n g p r o b a b i l i t y 

f u n c t i o n must depend s t r o n g l y upon the method of f i t t i n g the t r a c k , as the 

frequency of observation of a given " i n t e r c e p t " on a t e s t l a y e r depends 

upon the p r o b a b i l i t y assigned t o the associated p o s i t i o n s onthe f i t t i n g 

l a y e r s . The small e r r o r s quoted by the authors probably r e s u l t from the high 

e f f i c i e n c y of the tubes ( i e . the treatment of non-flashed tubes a r i s e s only 

r a r e l y ) , and from the c a r e f u l l y selected sample of tracks used. I t i s e s s e n t i a l 

t h a t a representative, sample of t r a c k s should be used f o r such . t e s t i n g 

p r e f e r a b l y of a s i m i l a r size t o the data sample. 

3.7 Discussion 

This chapter has described two d i f f e r e n t methods of f i t t i n g t r a c k s to 

f l a s h tube data. For h i g h l y e f f i c i e n t tubes,, t h e d i f f e r e n c e s between the two 

are probably small. However, when the i n t e r n a l e f f i c i e n c y of the tubes i s 

considerably d i f f e r e n t from 100% (as i s unavoidable then the Mk I I spectrograph 

because of the 15^Asec delay i n applying the EHT p u l s e ) , the treatment of 

non-flashed tubes i s c r i t i c a l , and a very sharply changing p r o b a b i l i t y f u n c t i o n 

can lead t o large d e v i a t i o n s from the " t r u t h " i n c e r t a i n cases. I n view 
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of the l ack o f prec ise knowledge about the p r o b a b i l i t y f u n c t i o n , i t appears 
t h a t the geometric path l eng th method ( b a s i c a l l y saying t ha t the i o n i s a t i o n 
i s p r o p o r t i o n a l t o t r a c k l e n g t h ) i s more l i k e l y t o g ive a b e t t e r o v e r a l l f i t o 
Accurate exper imental i n f o r m a t i o n about t h e behaviour o f f l a s h tubes may be 
poss ib le us ing spark chambers to d e f i n e muon t r acks , and observing the f l a s h i n g 
frequency a t va r ious i n t e r c e p t s . However, spark widths o f the order of 0.5 mm. 
are necessary f o r the c r i t i c a l r eg ion near the tube edge, where the change 
i n shape i s very r a p i d . I t i s l i k e l y t h a t tube m i s l o c a t i o n and v a r i a t i o n s 
i n tube diameter would render such an experiment d i f f i c u l t t o i n t e r p r e t . 

The fo rm o f the present programme a l lows simple examinat ion of "s t range" 

events . Many t r a c k parameters are c a l c u l a t e d and o u t p u t , and d i f f i c u l t i e s 

caused by spurious tubes ( u s u a l l y f rom knock-on e l ec t rons and m a t e r i a l i s i n g 

l f= rays ) are r e a d i l y r e s o l v e d . Two improvements are a t present i n progress ; 

f i r s t l y , a m o d i f i c a t i o n to the i npu t fo rmat to a l l o w two tubes i n a l a y e r 

t o be read ( to a l l o w the computer t o r e j e c t spurious tubes a u t o m a t i c a l l y ) , 

and secondly , an i n v e s t i g a t i o n of the e f f e c t on f l a s h i n g o f the glass w a l l 

o f the tube . I t i s apparent t ha t a t r a c k passing very close to the gas 

but w i t h i n the glass w a l l must have a f i n i t e p r o b a b i l i t y o f causing the 

tube to f l a s h . I n i t i a l t r i a l s assigned a f l a t 5% chance t o these even t s , 

and had some success i n r e s o l v i n g some "s t range" t r a c k s . Fur ther i n v e s t i g a t i o n 

o f t h i s e f f e c t may lead to an improvement i n the accuracy o b t a i n a b l e , but 

the ga in i s on ly l i k e l y t o be marg ina l . 



CHAPTER FOUR 

RESULTS FROM Mk. I and Mk. I I SPECTROGRAPHS 

4.1 • Tha Mk. I Spectrograph 

4 . 1 . 1 I n t r o d u c t i o n 

The Mk„ I spectrograph was i n o p e r a t i o n i n c o n j u n c t i o n w i t h the 500 m. 

array f o r a t o t a l of 4.38 y e a r s , and an o v e r a l l e f f i c i e n c y o f 70.7% was 

o b t a i n e d 9 w h i l e the 500m. a r r ay d u r i n g a s i m i l a r pe r iod y i e l d e d some 91% 

(Andrews e t a l (1969))» The loss of a f u r t h e r 20% o f data over the main 

array f i g u r e was main ly due to f a u l t y o p e r a t i o n o f the camera and h igh 

vol tage systems. The number of acceptable showers recorded dur ing t h i s 

pe r iod was 2497 5 y i e l d i n g a t o t a l of 3187 muons i n the energy range 1-100 

GeVs a t core dis tances ranging f rom 150m. to 600m. Data accumulated f o r 

showers f a l l i n g ou ts ide these l i m i t s have been considered separa te ly 

(Earnshaw ( 1 9 6 8 ) ) , but are s u b j e c t t o l i m i t a t i o n s i n the accuracy of the 

analysed shower parameters. 

4 .1 .2 The Momentum Spectra Der ived f rom the Mk. I Spectrograph Data 

When d e r i v i n g momentum spectra f rom the data on the angular d e f l e c t i o n s 

of muons recorded w i t h a spec t rograph , i t i s e s s e n t i a l to determine severa l 

basic parameters concerned w i t h the geometry and design of the ins t rument . 

The most impor tan t f a c t o r s are the geometr ica l acceptance ( as a f u n c t i o n o f 

momentum)5 the r e l a t i o n of momentum to magnetic d e f l e c t i o n , c o r r e c t i n c l u s i o n 

of the e f f e c t s of s c a t t e r i n g , both i n the f l a s h tube t r a y s and the magnet 

i r o n , and allowance f o r the u n c e r t a i n t i e s i n measurement o f angles a r i s i n g 

f rom the m i s l o c a t i o n of f l a s h tubes and measurement e r r o r s . The geometr ica l 

acceptance was evaluated by O r f o r d (1968) , us ing an analogue method, and a 

computer s i m u l a t i o n o f the problem gave s u b s t a n t i a l l y the same r e s u l t s 

(D.R„ P i c k e r s g i l l , p r i v a t e communication). The t y p i c a l acceptance f u n c t i o n 

i s shown i n f i g . 2.4» The r e l a t i o n between momentum and magnetic d e f l e c t i o n 

which has been used i s due to Ras t in (1964) , and takes account of energy 

loss in. the magnets 
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P = ^ ( i +*2A2) 

( e x p j f ( f , - f 2 ) ) r (cosf2 + f sinf2)) - (cos ^ + £ s i n ^ ) . . 4 . 1 

where k *» 300B, 2.= energy loss i n MeV cm * , magnet th ickness i n cm* 

^ = i n c i d e n t d i r e c t i o n , " emergent d i r e c t i o n o f p a r t i c l e . 

Coulomb s c a t t e r i n g i n the magnet i r o n was. evaluated using the equat ion 

g i v e n by Rossi (1952) s bu t s c a t t e r i n g i n the f l a s h tube t r a y s was not 

i nc luded i n t h i s c a l c u l a t i o n (being some. 30 t imes s m a l l e r ) . However, the 

e f f e c t s of s c a t t e r i n g i n the t r a y s were inc luded i n the noise est imates 

of Walton (1966)) and O r f o r d (.1968) (see Chapter 2 ) , 

The deduct ive method o f s p e c t r a l d e r i v a t i o n i s descr ibed by P i c k e r s g i l l 

( l 9 7 l ) and f o l l o w s t h a t o u t l i n e d by O r f o r d (1968), The expected d e f l e c t i o n 

d i s t r i b u t i o n i s p r e d i c t e d f rom a t r i a l momentum spectrum ( t a k i n g account 

o f a l l the above f a c t o r s ) , compared w i t h the exper imental d a t a , and the 

d i f f e r e n c e s are used to produce an improved t r i a l momentum spectrum. The 

method i s t h e r e f o r e i t e r a t i v e and the procedure i s normal ly f o l l o w e d u n t i l 

a close f i t {l% - b%) i s obta ined by the data . Several o ther c r i t e r i a have 

a l so been used, and y i e l d very s i m i l a r r e s u l t s . The e f f e c t o f a f a i r l y 

l a r g e number of i t e r a t i o n s ( £ / 2 0 ) i s t o cause the momentum spectrum to 

" f o l l o w " the da ta , t h a t i s , the r e s u l t i n a spectrum shows peaks and 

t roughs corresponding t o the s t a t i s t i c a l f l u c t u a t i o n s i n the d e f l e c t i o n 

da ta . This lends confidence to the method, and i nvo lves l i t t l e loss o f 

accuracy due to the small momentum i n t e r v a l s employed. Numerical processing 

of the f i n a l momentum spectrum y i e l d s acceptably smooth i n t e g r a l and 

d i f f e r e n t i a l momentum spec t ra . E r r o r s on the spectra are obta ined by 

causing the c e l l popu la t ions corresponding to the l a r g e s t and smal les t 

d e f l e c t i o n i n t e r v a l s t o increase and decrease by one standard d e v i a t i o n 

( / " n ) j and i n t e r p o l a t i n g between these extreme movements across a l l o ther 

c e l l s ( b a s i c a l l y " p i v o t i n g " the d e f l e c t i o n data about i t s c e n t r e ) . A 

t y p i c a l d e f l e c t i o n spectrum i s shown i n f i g . 4 . 1 , and the f i n a l Mk I 

momentum spectra are shown i n f i g . 4 .2 w i t h r ep re sen t a t i ve e r r o r s . 
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The " i n d u c t i v e " method o f Walton (1966) has not been used f o r the 

d e r i v a t i o n of s p e c t r a s but has been employed i n de te rmina t ions o f mean 

momentum of muon popu la t ions f o r the work descr ibed i n Chapter 60 

4 .1 .3 Checks on the Experimental Data 

4 . 3 0 3 ( i ) The Muon Data 

About h a l f the muon t r a c k s i n the M k . I data were analysed by computer 

the remainder being hand s imula ted (Walton (1966) ) . However, a l l p a r t i c l e s 

e x h i b i t i n g small angular d e f l e c t i o n s ( < 2 ° ) were checked by hand s i m u l a t i o n 

f o r poss ib le l a rge f i t t i n g e r r o r s , and those w i t h d e f l e c t i o n s less than 

0.36 (corresponding to momenta i n excess of 50 GeV/c) were checked 

exhaus t i ve ly by severa l opera to rs . The i n i t i a l drawing sheet o f the 

event was a l so rechecked aga ins t the f i l m , t o obvia te mistakes and omissions. 

Random t r i g g e r i n g of the spectrograph has shown (Earnshaw (1968)) t h a t the 

p r o b a b i l i t y of chance i n c l u s i o n o f an unassociated muon i s very s m a l l , 

p a r t i c u l a r l y when the t racks are sub jec t to the c r i t e r i a t h a t the muon 

must possess the same general i n c i d e n t d i r e c t i o n as a l l o the r shower p a r t i c l e s . 

These safeguards preclude acceptance of uncorrected h a l f - t r a c k s , spurious 

eventss and unassociated events . Since the o v e r a l l measurement noise i s 

0 . 3 ° + 0 . 0 3 ° 9 i t i s to be expected t h a t on ly 55% of p a r t i c l e s w i t h 

d e f l e c t i o n less than 0 . 3 6 ° are t rue h i g h energy p a r t i c l e s , the remainder 

being p a r t i c l e s of lower energy which e f f e c t i v e l y (due to s c a t t e r i n g and 

no i se ) appear as h igh energy p a r t i c l e s (Machin e t a l (1969) ) . However, 

i f . the noise i s known w i t h adequate p r e c i s i o n , t h i s e f f e c t can be accounted 

f o r i n the s p e c t r a l d e r i v a t i o n . The d i s t r i b u t i o n i n the l a t e r a l separa t ion 

of h a l f - t r a c k s a t the mid-plane of the magnet ( A x ) f o r p a r t i c l e s w i t h 

d e f l e c t i o n less than 0»36° has a h i g h i \ x " t a i l " due to the " f a l s e " 

p a r t i c l e s ^ t rue high energy p a r t i c l e s can be se lec ted w i t h conf idence by 

r e q u i r i n g t h a t & x

m ^ 10 mm, and e x i s t i n the p ropor t ions expected 

f rom the d e r i v e d momentum spec t ra . 

4 .1 .3 ( i i ) The EAS Data 

A l l data descr ibed i n t h i s chapter were c o l l e c t e d using the 500 m. a r r ay 

as a t r i g g e r , and a f u l l ana lys i s was a v a i l a b l e f o r a l l showers (The"Durham" 

analysed showers o f Earnshaw (1968) and O r f o r d (1968) have been o m i t t e d ) . 



Figure 4.3 The d e f l e c t i o n spectrum of events 

con t a in ing a s i n g l e acceptable 

jnupn i n the spectrograph ( s o l i d l i n e ) , 

compared w i t h the (normalised) 

d e f l e c t i o n spectrum of " m u l t i p l e " 

muon events ( d o t t e d l i n e ) . 
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However 9 the data used i n the a n a l y s i s o f Machin e t a l (1969) were not o f a 
u n i f o r m s tandard , as the EAS data had been accumulated over a pe r iod of years 
d u r i n g which the shower ana lys i s programmes had undergone several improvement 
Because of the apparent need t o check the EAS a r r i v a l d i r e c t i o n s (see. Chapter 
i t was decided to update the EAS data for the e n t i r e Mk I p e r i o d by employing 
the r e s u l t s of the l a t e s t a n a l y s i s programme- Hence a l l the data presented 
here r e s u l t f rom the l a t e s t v e r s i o n of the Leeds U n i v e r s i t y shower ana lys i s 
programme, and are sub jec t t o s t r i c t r e j e c t i o n c r i t e r i a . As a r e s u l t of the 
improved data a few large ' ch'anges" i n core dis tances have been no ted , but the 
e f f e c t on the spectra has been very s m a l l , probably because of the r e l a t i v e l y 
l a r g e s o r t i n g i n t e r v a l s used. The changes i n a r r i v a l d i r e c t i o n s are however 
very s i g n i f i c a n t , and are r e p o r t e d i n Chapter 6. 
4 . 1 . 4 The Momentum Spectra o f M u l t i p l e Muons 

The data compris ing the Mk I sample have been d i v i d e d i n t o two sets ; 

those events producing a s i n g l e acceptable muon recorded i n the .spectrograph, 

and those c o n t a i n i n g more than one muon. The reason f o r t h i s check was to 

a s c e r t a i n whether the muon dens i t y on the spectrograph caused -any o v e r a l l 

momentum b ias d u r i n g a n a l y s i s . The "acceptable muon" c r i t e r i o n means t h a t 

o c c a s i o n a l l y very dense events w i l l on ly y i e l d one muon, so t h a t some 

d i l u t i o n o f any r e a l e f f e c t i s i n e v i t a b l e us ing t h i s method. The frequency 

of very dense events of core dis tances g rea t e r than 150m. i s acceptably 

low-,. and the d e f l e c t i o n spect ra of the two sets o f data have been 

compared i n f i g u r e 4 . 3 . The data are s i m i l a r and show no 

apprec iab le d i f f e r e n c e s , p a r t i c u l a r l y regard ing the percentage p o p u l a t i o n 

o f the smal les t d e f l e c t i o n i n t e r v a l . I t i s concluded t h a t any momentum 
7 

b ias a r i s i n g f rom t h i s e f f e c t i s sma l l . I n p a r t i c u l a r , a shower of 2.10 

p a r t i c l e s a t a core d is tance o f 300m. (an example of the i n t e r e s t i n g 

p o r t i o n of the data apparen t ly showing a high p r o p o r t i o n o f ene rge t i c muons) 
-2 

g ives a muon dens i t y o f 0.68 m , so t h a t on average the spectrograph 

w i l l r ecord only one muon. Hence the "dens i ty" e f f e c t i s expected to be 

very smal l i n the r e g i o n of i n t e r e s t . 



The d i s t r i b u t i o n i n the number of 

acceptable muons i n 25m. b ins o f 

core d i s t ance . The do t t ed l i n e 

r e f e r s t o muons possessing angular 

d e f l e c t i o n s less than 0 . 3 6 ° 

(momenta grea te r than 45 GeV/c ) , 

and i s p l o t t e d on a 10 x sca le . 
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F i g s . 4 .4 and 4.5 show the d i s t r i b u t i o n o f acceptable events i n 25m. 

i n t e r v a l s o f core d i s t a n c e , and also the r a t i o o f the numbers o f m u l t i p l e 

events t o s i n g l e events . I t may be observed t h a t the r e l a t i v e number of 

events below 200mo core d is tance f a l l s s h a r p l y , whi le the r a t i o o f m u l t i p l e / 

s ing le i s s t i l l r i s i n g - This e f f e c t i s caused by the d e n s i t y of p a r t i c l e s 

i n the spectrograph becoming so h igh t h a t the muon t r acks are obscured and 

i t appears ( s e c t i o n 4 . 2 ) t h a t the ex t ra s h i e l d i n g used i n the Mk. I I ins t rument 

has a l l e v i a t e d the problem. The e f f e c t s o f t h i s a l t e r a t i o n i n ope ra t i ng 

condit ions- ' are t r e a t e d f u l l y l a t e r . 

4.1s 5 The Charge Rat io o f Muons i n EAS 

The charge r a t i o o f muons recorded by the spectrograph has been 

i n v e s t i g a t e d as a f u n c t i o n of momentum (p) and core dis tance ( r ) and the 

r e s u l t i s shown i n Table 4 . 1 . There i s no s i g n i f i c a n t d e v i a t i o n f rom a f i g u r e 

o f u n i t y f o r the regions of core d is tance and momentum considered. A 

knowledge o f the o v e r a l l charge r a t i o o f a l l muons i s impor tan t f o r use i n 

geomagnetic c a l c u l a t i o n s (Chapter 6 ) . The charge r a t i o a t l a rge (p x r ) 

products may also be expected t o r e f l e c t the nature of the secondaries 

produced i n the i n i t i a l i n t e r a c t i o n s of the pr imary p a r t i c l e , p a r t i c u l a r l y 

i f a l a rge p r o p o r t i o n of the secondaries are charged (predominant ly p o s i t i v e ) 

kaojiSo This has been considered by O r f o r d (1968) , and no s i g n i f i c a n t conclus ions 

about the k/jf r a t i o a t p roduc t ion can be drawn f rom the present sample, which 

i s approximate ly tw ice as l a rge as t h a t a v a i l a b l e e a r l i e r . 

4 . 1 . 6 The D i s t r i b u t i o n of A r r i v a l D i r e c t i o n s 

4 .1 . , 6 ( i ) I n t r o d u c t i o n 

A major aim o f many EAS experiments has been the search f o r poss ib le 

a n i s o t r o p i c s i n c e l e s t i a l a r r i v a l d i r e c t i o n s , because of t h e i r a s t r o p h y s i c a l 

i m p l i c a t i o n s . I t i s u s u a l l y necessary with events of h igh pr imary energy to 

c o l l e c t data over periods o f years i n order t o o b t a i n a s u f f i c i e n t l y la rge 

data sample to a l l o w s u b d i v i s i o n i n t o small angular i n t e r v a l s , and i t i s 

p a r t i c u l a r l y impor tan t t o i n v e s t i g a t e any exper imenta l bias which may 

lead to apparent a n i s o t r o p i c s . The aim o f the present work was to i n v e s t i g a t e 



The r a t i o o f the number of muons 

contained i n " m u l t i p l e " muon 

events to " s i n g l e " muon events 

i n 25m, b ins of core d i s tance . 
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the d i s t r i b u t i o n i n c e l e s t i a l angle of a r r i v a l o f muon-containing showers» 
as recorded i n the spectrograph} w i t h a view to s u b d i v i s i o n by muon momentum 
and core d i s t ance . This immediately causes a problem of c l a s s i f i c a t i o n i n 
the case of " m u l t i p l e muon" even t s , and f o r the r e s u l t s presented he re , on ly 
those events c o n t a i n i n g a s i n g l e acceptable muon have been i n c l u d e d . This 
causes some 50% of the t o t a l data to be l o s t , and f u r t h e r i n v e s t i g a t i o n ; , of 
the phi losophy of c l a s s i f i c a t i o n i s warranted. 
4.1o6 ( i i ) The D i s t r i b u t i o n o f Events i n Zen i th and Azimuth 

The d i s t r i b u t i o n s of the a r r i v a l d i r e c t i o n s o f showers se lec ted us ing 

the " s i n g l e " muon. c r i t e r i o n have been inspected f o r any dependance on z e n i t h 

angle ( 9) and azimuth angle ( A f a i r l y s t rong dependence on 9 i s expected 

f rom the form of the spectrograph acceptance, and t h e d i s t r i b u t i o n i n 9 ' e f the 

showeis y i e l d i n g " s i n g l e " muons i s markedly d i f f e r e n t (a t l a r g e 8) f rom 

a t y p i c a l sample f rom the 500m. ar ray alone (D.R. P i c k e r s g i l l , p r i v a t e 

communication). However, the value o f r i g h t ascension a sc r ibed to a 

p a r t i c u l a r value of (Q,$) depends on ly weakly on 9 f o r the ranges of 8 and 

$ w i t h i n which the m a j o r i t y of the events f a l l , and the check on the 8 

d i s t r i b u t i o n shows t h a t the general fo rm i s s i m i l a r to t h a t p r e d i c t e d by 

the acceptance f u n c t i o n o f both the spectrograph and the main a r r ay . Hence 

i t was concluded t h a t any bias i n 8 f o r these showers was accountable i n 

terms o f known f u n c t i o n s , and t h a t the o v e r a l l e f f e c t would be s l i g h t . 

The dependence o f the acceptance un jzf i s more complex, and va r i e s w i t h 

muon momentum. An approximat ion to the o v e r a l l e f f e c t , us ing the acceptance data 

O r f o r d (1968) f o r d e f l e c t i o n s o f 0 ° and 1 6 ° , g ives a form s i m i l a r t o the 

observed d i s t r i b u t i o n . I t i s t h e r e f o r e assumed t h a t the $ d i s t r i b u t i o n i s 

a lso e x p l i c a b l e i n terms of a f a i r l y wel l -known f u n c t i o n , . s o t h a t any 

v a r i a t i o n i n r i g h t ascension can be t r aced reasonably s imply to the component 

pa r t s ( £ e . 9 , $ and s i de r ea l t i m e ) , 

4 0 1 . 6 ( i i i ) Check o f the Spectrograph On-Time 

Any systematic s i d e r e a l v a r i a t i o n of s e n s i t i v e t ime could cause spurious 

v a r i a t i o n s i n the fo rm of the d i s t r i b u t i o n i n r i g h t ascension of the shower 

sample. A l l the f i l m records used i n the M k . I spectrograph data sample have 
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been scanned, and th ree p a r t i c u l a r s noted: 

( i ) the t ime of commencement and t e r m i n a t i o n o f the f i l m * 

( i i ) whether there were any i n t e r r u p t i o n s d u r i n g the course of the f i l m j 

and f o r how long these l a s t e d , 

( i i i ) whether f u l l shower analyses ware a v a i l a b l e f o r the d u r a t i o n of the f i l m . 

These data were then converted i n t o a s i de r ea l on-time p l o t (see F i g . 4 . 6 ) , 

corresponding to the t ime f o r which the spectrograph was s e n s i t i v e i n each 

i n t e r v a l ( l / l O O ^ 1 5 ) of the s i d e r e a l day- The asm. s v a r i a t i o n i s 2.3%, so t h a t 

any e f f e c t of t h i s s e n s i t i v e t ime w i l l be very small indeed. 

4 . 1 . 6 ( i v ) The Determina t ion o f C e l e s t i a l A r r i v a l D i r e c t i o n s 

The r e l a t i o n s connect ing ©, $ and s i d e r e a l t ime t o r i g h t ascension and 

d e c l i n a t i o n are g iven by Sur i (1966), I n view of the d i f f e r e n c e s between 

values ob ta ined f rom the shower ana ly s i s f o r (9,jZ5) co r rec ted and ( f l , #0 

uncor rec ted expla ined i n Chapter 6 , the values o f r i g h t ascension de r ived 

f rom both values o f (@,jZl) have been i n v e s t i g a t e d . L i t t l e change has been 
o 

f o u n d , due almost e n t i r e l y to the l a rge s o r t i n g i n t e r v a l s necessary (40 

bins i n r i g h t ascension), i n the present a n a l y s i s . 

4 . 1 .6 (v ) Resul ts 

The d i s t r i b u t i o n i n r i g h t ascension f o r a l l the showers c o n t a i n i n g 

s i n g l e recorded muons i s almost complete ly f l a t . S i m i l a r l y , a check on the 

d e c l i n a t i o n d i s t r i b u t i o n showed t h i s t o be s i m i l a r t o t ha t found by the Leeds 

group f o r a i l showers. However, i t was decided to subdivide the showers 

according to muon momentum and core d i s t a n c e , since the ( p x r ) product o f the 

muon represents a f u r t h e r shower c h a r a c t e r i s t i c - a measure o f he igh t o f 

o r i g i n o f the muon - not inc luded i n the o the r analyses. I n p a r t i c u l a r , h igh 

(px r ) products may r e l a t e to very e a r l y muon p r o d u c t i o n , and t h e r e f o r e may 

provide an i n d i c a t i o n of the mass of the pr imary p a r t i c l e s . A c c o r d i n g l y , 

the data were d i v i d e d i n t o core d is tances and momentum i n t e r v a l s , and the 

datfc- f r o m the ( p x r ) i n t e r v a l w i t h the g rea t e s t "an i so t ropy" i s shown i n 

f i g . 4 .2 . These data are f rom the 2 5 0 < r < 3 5 0 m. , muon momentum ^ 1 1 GeV/c 

i n t e r v a l . Also shown i n f i g . 4 .7 are the d i s t r i b u t i o n s i n $ ( w i t h the fo rm 

expected f rom the spectrograph acceptance shown by the broken l i n e . ) and 
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the d i s t r i b u t i o n i n s i d e r e a l a r r i v a l t ime ( i n degrees)o I t may be seen t h a t , 

w h i l e the peak a t 200 - 240° r i g h t ascension has a p r o b a b i l i t y (Poissonian) o f 

(Dccurance of about 0 . 0 0 1 , t he re i s a upward t r e n d i n $ over and above the 

expected l e v e l , and an upward t r e n d i n s i d e r e a l t ime . I t i s not claimed 

t h a t the very l i m i t e d s t a t i s t i c s shown here could support a hypothesis o f 

a t r u e a n i s o t r o p y , but i t i s suggested t h a t the Mk. I I data sample should be 

inspected c a r e f u l l y f o r s i m i l a r t rends i n t h i s s o r t i n g i n t e r v a l . Any 

exper imenta l biases i n t h i s sample w i l l be f a r less i m p o r t a n t , as not on ly 

i s the Mk. I I i n s t r u m e n t of f a r h i g h e r p r e c i s i o n and r e l i a b i l i t y , but the 

500m. a r r a y » supported by the 150 m. a r r a y , w i l l y i e l d more accurate dens i ty 

sampling and b e t t e r o v e r a l l shower analyses. However, i t i s t o be expected 

t h a t a t l e a s t three yea r s ' runn ing time w i l l be r e q u i r e d be fo re d e f i n i t e 

conclus ions can be drawn. I t i s noted t ha t the Leeds group (Lap ikens 

e t a l (1970)) f i n d no s i g n i f i c a n t a n i s o t r o p i c s i n r i g h t ascension f o r $11 the 

showers t r i g g e r i n g the 500m. a r ray o' 

4 .2 Resul ts f rom the Mk. I I Spectrograph 

4 . 2 . 1 I n t r o d u c t i o n 

The improved ins t rument was put i n t o r o u t i n e o p e r a t i o n on August 1 s t , 

1970, and the present data sample covers some e i g h t months r u n n i n g . The aim 

i n the analysis , of these r e s u l t s i s t w o f o l d ' - f i r s t l y , t o der ive a noise 

e s t i m a t e , hence a value f o r the momentum resoluticn ;f o r comparis ion w i t h the 

e a r l i e r v a l u e , and secondly, t o use t h i s f i g u r e i n the s p e c t r a l ana lys i s 

of the M K . I I data as a check on the momentum spectra d e r i v e d f r o m the Mk I 

data sample. 

4 . 2 . 2 The O v e r a l l Track Loca t ion E r r o r 

Four methods o f o b t a i n i n g the t r a c k l o c a t i o n e r r o r were descr ibed i n 

Chapter 2 , i n connect ion w i t h t h e Mk. I spectrograph., o f t hese , the zero f i e l d 

r u n was^discounted, because o f the d i f f i c u l t y i n removing" the r e s i d u a l 

m a g n e t i s a t i o n , and a lso i n a l l o w i n g c o r r e c t l y f o r the r e l a t i v e l y l a rge 

amount of Coulomb s c a t t e r i n g . The method of repeated s i m u l a t i o n i s 

imposs ib l e , because the h igh angular accuracy r e q u i r e d of such an analogue 
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device means t h a t i t s p h y s i c a l s ize would render i t useless . The method us ing 

the l a t e r a l separa t ion of h a l f - t r a c k s again r equ i r e s the removal o f Coulomb 

s c a t t e r i n g } so t h a t the most a t t r a c t i v e method i s t ha t of o b t a i n i n g the 

d e f l e c t i o n d i s t r i b u t i o n o f "hole" p a r t i c l e s , e s p e c i a l l y i n view of the 

s e l e c t i o n device compris ing the G-M counters descr ibed i n Chapter 2 o The 

d e f l e c t i o n d i s t r i b u t i o n o f acceptable "ho le" events us ing EAS muons i s 

shown i n f i g . 4 . 8 . W i t h i n the l i m i t s of the s t a t i s t i c s , the sample appears to 

be o f gaussian f o r m , w i t h a standard d e v i a t i o n of 0 . 1 6 ° + 0 . 0 2 ° . 

The d i s t r i b u t i o n i n d e f l e c t i o n f o r unassociated cosmic ray muons pa ss ing 

through the spectrograph hole i s a l so shown i n f i g . 4 . 8 . The data f o r t h i s 

was obta ined by p l a c i n g a f u r t h e r t r a y of Ge ige r -Mul le r counters above the 

spectrograph and o b t a i n i n g 3 - f o l d coincidences w i t h t h e "hole" counters . The 

d i s t r i b u t i o n has a standard d e v i a t i o n o f 0 . 2 4 ° , and i s broader than t h a t f o r 

EAS muons because of the lower mean energy, and hence grea te r mean s c a t t e r i n g 

ang le , o f unassociated muons. The r e l a t i o n y i e l d i n g the iim^s s c a t t e r i n g angle 

i s g iven by Eyges ( 1 9 4 8 ) : 

2 . 

2pTp~qs) 
o- = i - a 4 .2 

a(p-c 

where E = 2 1 . l 0 ^ e V , s i s the th ickness of the m a t e r i a l i n r a d i a t i o n l e n g t h s , 

p the momentum i n GeV/c and q the energy loss i n e V / r a d i a t i o n l e n g t h . 

For the small amount o f mat ter i n the f lash tube t r a y s , the energy loss 

i s s m a l l , and the equa t ion 4 .2 reduces t o the f o r m 6~ = . I f the t o t a l 

w i d t h of the d e f l e c t i o n d i s t r i b u t i o n GTj. i s composed of a " l o c a t i o n " t e r m , 

6^ , and a s c a t t e r i n g t e r m , then 

<4 = < r L + <Tp • • • • • • 4 « 3 

Now, the value o f G~j has been determined f o r two mean momenta , "•'5 GeV/c 

f o r EAS muons, a n d G e V / c f o r unassociated muons (Earnshaw (1968) ) . Hence 

= ff2 + (£) 2 _ 4 o 4 

which y i e l d s two equations w i t h K and unknown. Hence the value o f <T^». 

the o v e r a l l t r a c k l o c a t i o n e r r o r , w i t h Coulomb s c a t t e r i n g i n the t r a y s removed, 

i s 0 . 1 5 ° + 0 . 0 1 ° . 



The d i s t r i b u t i o n i n angular d e v i a t i o n 

of .muons t r a v e r s i n g the c e n t r a l ho le 

of t he Mko I I spectrograph ( i . e 0 the 

o v e r a l l noise d i s t r i b u t i o n ) 

( i ) f o r muons i n EAS events 

( i i ) f o r unasspciated cosmic ray muons„ 
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However, i t must be s t ressed t h a t the o v e r a l l noise f i g u r e used i n the 

s p e c t r a l derivation must be the o r i g i n a l one of 0 . 1 6 ° , since no allowance i s 

i s made f o r s c a t t e r i n g i n the t r a y s i n the above t rea tment . The above 

c a l c u l a t i o n shows t h a t , f o r p a r t i c l e s of momenta above 5 Gev/c , the e f f e c t 

on the angular d e f l e c t i o n due to s c a t t e r i n g i n the t r a y s i s n e g l i g i b l e 

compared w i t h the o v e r a l l l o c a t i o n noise . 

4 .2 .3 Checks on Muon Data 

A l l events Were analysed using, the t r a c k f i t t i n g programme descr ibed i n 

Chapter 3; the c l a s s i f i c a t i o n o f events was much s i m p l i f i e d by the output o f 

the programme, p a r t i c u l a r l y i n the case of uncor re l a t ed upper and lower h a l f ­

t r a c k s . The enumeration o f a l l t r a c k s was checked, a f t e r evidence o f some 

i n i t i a l poor o v e r l a y - p r i n t l o c a t i o n was found (Chapter 2) - i n bad cases 

the e r r o r was o f t e n apparent on Hie;programme ou tpu t . Any problem events 

( c ross ing close t r a c k s , spurious tubes and tubes discharge by knock-on 

e l e c t r o n s ) were r e f e r r e d to a simple photographical ly-made s i m u l a t o r , and 

i t became apparent t h a t , once a f a u l t was shown up by the t r a c k - f i t t i n g 

programme, i t cou ld be r e a d i l y i d e n t i f i e d and remedied i n most cases, on 

the s i m u l a t o r . 

4 . 2 . 4 Comparison of the Resul ts o f the M k . I and Mk. I I Ins t ruments . 

I n view, o f the l i m i t e d number of muons i n the M k . I I sample (~*450 i n 

the range of core d is tance 1 5 0 < r < 3 5 0 m . ) , the d e r i v a t i o n of a momentum 

spectrum i s not r e l i a b l e , and i t i s p r e f e r a b l e to produce a p r e d i c t e d 

angular d e f l e c t i o n spectrum f o r 450 events i n the Mk. I I spectrograph f r o m 

the Mk. I momentum spec t r a , and to compare t h i s w i t h the exper imenta l data 

d e r i v e d f rom the new in s t rumen t . The method cons i s t s of us ing t h a t p a r t of 

the s p e c t r a l ana lys i s programme which converts a momentum spectrum i n t o an 

angular d e f l e c t i o n spectrum, t a k i n g account of the s l i g h t l y m o d i f i e d acceptance 

f u n c t i o n and the new noise f i g u r e . 

F i g . 4 .9 shows the r e s u l t s obta ined by conver t ing a Mk I 1 5 0 < . r < 3 5 0 m.momentum 

spectrum i n t o a p r e d i c t e d d e f l e c t i o n d i s t r i b u t i o n f o r the Mk. I I spectrograph. 

The data have been normalised t o the t o t a l number i n the M k . I I sample, and 

co r rec t ed f o r core d i s t ance - d i s t r i b u t i o n i n 25 metre i n t e r v a l s (us ing the 



The d e f l e c t i o n spectrum obta ined f rom 

the Mko I I spectrograph f o r events w i t h 

core d is tance between 150 and 350m<> , 
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data observed w i t h the Mk. I 

spectrograph? 
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data of f i g . 4.10), Good agreement may be observed} but i t i s important t o 

note t h a t the Mk. I I sample contains some f a i r l y dense showers which could 

not have been resolved using the e a r l i e r instrument. The greate s t e f f e c t 

of these i s on the highest momentum i n t e r v a l , as shown i n the f o l l o w i n g 

t a b l e . 

N r ( & j < 0,36°)_J,50<;r_£250 m. 

Mk. I Size 10 6 - 1.1 i o 7 1.1 - 1.8 1 0 7 1.8 - 2.8 10 7 2.8 1 0 7 -10 8 T o t a l 
Core distarte 
150 - 175m 4 3 3 1 11 

175 - 200m 5 9 3 1 18 

200 - 225m 2.5 5 3 2 12.5 

225 - 250m 2 2 1 2 7 

To t a l 13.5 19 10 6 48.5 

Mk.II 

150 -175m 1 0 5 1 7 

175 - 200m 0 1 0 1 2 

200 - 225m 0 0 1 0 1 

225 - 250m 0 1 0 0 1 

T o t a l 1 2 6 2 11 

For the Mk. I sample of " f a s t " events ( i e . p£50 GeV/c), the value of N = 

1.8 1 0 7 , and r = 196 metre, while f o r the Mk. I I sample N = 2.2 1 0 7 and .r = 

178 metres. Taking these f i g j r e s i n t o account, the v a r i a t i o n i n apparent 

muon den s i t y caused by the above changes i n N and r i s almost a f a c t o r of 

two. This means t h a t the Mk. I I sample i s y i e l d i n g almost twice as many 

high energy muons i n t h i s core distance range, simply due t o the changes 

i n the mean shower size and core distance f o r analysable events (the 

increase i n number of energetic muons a r i s e s because of the steepness 

of the 50 GeV/c l a t e r a l d i s t r i b u t i o n curve).. U n f o r t u n a t e l y , the very 

small number of events i n the 250<^r<350 m. region (-^150, w i t h two 
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&y 0.36 events; means t h a t no f i r m conclusions can be drawn a t present 

about the accuracy of the Mk. I spectra i n t h i s region of s p e c i f i c i n t e r e s t . 

4<> 3 Conclusions. 

Ng f i r m r e s u l t s concerning the accuracy of the o r i g i n a l Mk. I spectra 

can y et be given. However, the Mk. I I instrument has been shown to be capable 

of producing high accuracy, and to be less prone t o s a t u r a t i o n by v i r t u e of 

extra s h i e l d i n g and improved t r a c k r e s o l u t i o n . The i n c l u s i o n of a f u r t h e r 

s i x tp nine months data i n the sample should permit f a i r l y d e t a i l e d 

conclusions to be drawn on the v a l i d i t y of the e a r l i e r data* but the 

po i n t s r a i s e d i n the previous s e c t i o n should be i n v e s t i g a t e d f u r t h e r . 

Special care must be taken i n the core distance d i s t r i b u t i o n , p a r t i c u l a r l y 

f o r high energy events, and t h i s w i l l be made d i f f i c u l t by the changes to 

the a n a l y s i s programme c u r r e n t l y being undertaken by Leeds U n i v e r s i t y . The 

showers comprising Mk. I data were a l l analysed using a s i n g l e exponent 

s t r u c t u r e f u n c t i o n , and t h i s has now been changed i n favour of a two-

parameter f i t . The o v e r a l l e f f e c t of t h i s on the core distance ascribed 

to a p a r t i c u l a r shower i s not c l e a r , but any systematic d i f f e r e n c e from the 

o r i g i n a l values.could cause great d i f f i c u l t y i n i n t e r p r e t a t i o n of the muon 

spectra. Likewise, the change from N, v i a E-^OQ ^° ̂ 500 a s 3 m e a s u r e °f 

shower size or primary energy must be i n v e s t i g a t e d i n r e l a t i o n t o the 

recorded muon content of the shower, and r e - a n a l y s i s of much of the EAS 

data f o r the period 1965-9 may be necessary before completely s a t i s f a c t o r y 

comparisons" can be made , 
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CHAPTER FIVE 
AIR SHOWER MODELS 

5.1. I n t r o d u c t i o n 

The major r o l e of those extensive a i r shower experiments p r e s e n t l y 

i n progress i s one of f i n d i n g the maximum amount of i n f o r m a t i o n possible 

about the nature and energy of the primary p a r t i c l e together with d e t a i l s 

of i t s i n t e r a c t i o n w i t h a i r n u c l e i . The development of an a i r shower 

i n the atmosphere i s very complex, and many d i f f e r e n t mechanisms operate 

a t a l l stages of the shower. However, i t i s necessary to employ some form 

of model of the shower, so t h a t measurements taken a t the observation l e v e l 

may be r e l a t e d to those e a r l y stages of shower development which are 

important i n muon studies. The greate s t l i m i t a t i o n of such models i s the 

very large number of pos s i b l y relevant parameters, and the almost t o t a l 

l a ck of d i r e c t experimental evidence on cross-sections, transverse momentum 

d i s t r i b u t i o n s and on the very nature of u l t r a - h i g h energy i n t e r a c t i o n s . Many 

of the appropriate parameter values and i n t e r a c t i o n models must be ex t r a p o l a t e d 

over several orders of magnitude i n energy from the a v a i l a b l e a c c e l e r a t o r 

data, but these values represent the only possible s t a r t i n g p o i n t f o r the 

necessary c a l c u a l t i o n s . With the advent of l a r g e r and f a s t e r computers, 

i t i s becoming f e a s i b l e t o take account of more parameters, and, perhaps 

more imp o r t a n t , t o i n v e s t i g a t e the consequence of small v a r i a t i o n s of several 

parameters upon p a r t i c u l a r measurable q u a n t i t i e s of EAS. 

There are two main categories i n t o which EAS model c a l c u l a t i o n s may be 

d i v i d e d ; f i r s t l y , the a n a l y t i c approach, which reduces the problem to sets 

of complex equations which may be e i t h e r solved or evaluated numerically 

i n the so c a l l e d "step-by-step" method and secondly, the M 0nte-Carlo approach, 

as employed by Bradt and Rappaport (1967). This l a t t e r method u t i l i s e s a 

random-number method to approximate the s t a t i s t i c a l nature of the processes 

occuring during development of the shower. There i s no doubt t h a t the l a t t e r 

method gives a c l e a r e r p i c t u r e of the " l i f e " of each i n d i v i d u a l p a r t i c l e , 
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but when the problem to be i n v e s t i g a t e d r e q u i r e s data on very large numbers 

of i n d i v i d u a l p a r t i c l e s (e.g. the momentum spectra of muons), there seems 

to be very l i t t l e to choose between the two methods i n terms of o v e r a l l 

accuracy. The main drawback w i t h a pure Monte-Carlo c a l c u l a t i o n i s the 

time taken t o simulate f u l l y each shower. Further i n v e s t i g a t i o n may show 

where a compromise between the two methods, i n c l u d i n g the best f e a t u r e s of 

both approaches, may be obtained. While the step-by-step method appears to 

cover the o v e r a l l f eatures of muon spectra adequately, an improved method 

a l l o w i n g f o r s t a t i s t i c a l f l u c t u a t i o n s i n production may y i e l d more i n f o r m a t i o n 

on the d i s t r i b u t i o n of high energy muons i n samples of l i m i t e d s i z e , which 

may not be obvious i n the a n a l y t i c methodo F u r t h e r , a cl e a r p i c t u r e of the 

l o n g i t u d i n a l development of the muon component and i t s associated f l u c t u a t i o n s 

(and the dependence of the f l u c t u a t i o n s on varying parameter values) would 

be of' great value i n the studies of the heig h t of o r i g i n of muons t o be 

described i n Chapter 6. 

5.2. D e s c r i p t i o n pf foe Models 

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

A f u l l d e s c r i p t i o n of the models employed i s given by Orfor d (1968) 

and O r f o r d and Turver (1968), but a summary i s given here p a r t i c u l a r l y on the 

aspects which w i l l receive f u r t h e r comment. The present model c a l c u l a t i o n s 

are biassed s t r o n g l y towards the muon component of EAS, i n p a r t i c u l a r the 

d i s t r i b u t i o n s i n momentum of muons d i s t a n t from the shower core. 

5.2.2 The "900" Series of Models 

These models were o r i g i n a l l y designed t o give a rig o r o u s mathematical 

s o l u t i o n to the equations representing the development of showers of 
17 

primary energy 10 eV from 50 KM to 10 KM above sea l e v e l . This region 

covers the most important production l e v e l s of muons of energy i n e xcess 

of 100 GeV o c c u r r i n g a t core distances of greater than 100m. and 

t e r m i n a t i o n of t h i s r i g o r o u s treatment at 10 KM above sea l e v e l introduces 

a very small e r r o r i n the pr e d i c t e d d e n s i t i e s of such high energy muons 

oductio 
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(Orford (1968)). The method employed i s one of successive c o l l i s i o n s , 
s i m i l a r t o t h a t used e x t e n s i v e l y i n the s i m u l a t i o n of electromagnetic 
cascades. The i n t e r a c t i o n model assumed i s one i n which secondary p a r t i c l e s 
are produced w i t h energies d i s t r i b u t e d according t o the suggestion of 
Cocconi , Koerster and Perkifte ( l 9 6 l ) , and no isobar or strange p a r t i c l e 
f ormation i s included. The r e s u l t s from t h i s model may be added d i r e c t l y 
t o those derived by the method described i n the f o l l o w i n g s e c t i o n , t o b u i l d 
up the t o t a l p r e d i c t e d d e n s i t y of muons a t each momentum and core distance. 
5.2.3 The "1000" Series of Models 

These models cover the lower region of the atmosphere below an a l t i t u d e 

of 10 KM and employ a method of f i x e d i n t e r a c t i o n heights ( i e . the separation 

between i n t e r a c t i o n s of a p a r t i c l e i s equal to i t s i n t e r a c t i o n l e n g t h ) . This 

method allows the o v e r a l l l o n g i t u d i n a l development of the shower t o be 

c a l c u l a t e d f i r s t , and then the appropriate l a t e r a l spread due t o the chosen 

transverse momentum d i s t r i b u t i o n i s ap p l i e d to the p a r t i c l e s o r i g i n a t i n g from 

each f i x e d height. This c a l c u l a t i o n has the'advantage of s i m p l i c i t y , and i s 

also r e l a t i v e l y quick to perform. The r e s u l t s from t h i s p a r t of the o v e r a l l 

model alone give a s u f f i c i e n t l y accurate r e p r e s e n t a t i o n of the 

shower f o r muon momenta up t o about 30 GeV/c (except f o r very large core 

d i s t a n c e s ) , and have so been used e x t e n s i v e l y i n the work t o be described 

i n Chapter 6. An approximation to the number of electrons a t a given 

observation l e v e l has also been derived from t h i s model. 

5.3. S e n s i t i v i t y of the Model P r e d i c t i o n s t o Basic Parameters 

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

The models described i n the previous s e c t i o n may be expected t o p r e d i c t 

the o v e r a l l shape of muon momentum spectra well f o r core distances greater 

than 100 metres. However, the i n t e g r a l muon d e n s i t i e s greater than 1 GeV/c 

pr e d i c t e d f o r core distances 10O-500m. f o r a primary proton and a conservative 

i n t e r a c t i o n model are considerably (about 100%) lower than t h a t obtained from 

the l a t e r a l d i s t r i b u t i o n s measured (Orford and Turver (1969). F o r t h i s 
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reason, a series of c a l c u l a t i o n s to check the e f f e c t of various basic parameters 

was undertaken, i n an attempt t o resolve the apparent discrepancy. The primary 
17 

p a r t i c l e was assumed t o be a proton of energy 2 x 10 eV i n a l l cases 0 

5.3.2 The E f f e c t of Pion and Proton I n t e r a c t i o n Lenahts 

The chosen pion i n t e r a c t i o n length f o r the models described i n section 
-2 -2 

5o2 was 120 gm cm , whereas some workers favour a f i g u r e of 100 gm cm 

( H i l l a s (1971)). A check on the e f f e c t of a change of some 20% i n t h i s 

value y i e l d e d changes of less than 10% i n the i n t e g r a l muon density at the 

core distances of i n t e r e s t here, so t h a t small v a r i a t i o n s i n t h e value chosen 

f o r t h i s parameter ihave l i t t l e o v e r a l l e f f e c t o A s i m i l a r cheek has been 

c a r r i e d out on the e f f e c t of changing the proton i n t e r a c t i o n length from i t s 
"2 ^2 

assumed value of 80 gm cm t o 75 gm cm (as used e.g. by Grieder (1969)) 

The e f f e c t on the muon d e n s i t i e s a t 300m. from the core was between 2-3% 

and i t i s concluded from these checks t h a t the observed discrepancies between 

models and data are u n l i k e l y to be eaused by i n c o r r e c t assumptions of the 

value of e i t h e r pion or proton i n t e r a c t i o n lengthso 

5.3„3 The E f f e c t of the I n e l a s t i c i t y of Nucleon-Nucleon C o l l i s i o n s 

Small changes {"k/± 10%) i n the value of the n-n i n e l a s t i c i t y about a 

prefenrad value of 0„5 i n the present model have a f a i r l y marked e f f e c t on 

the muon density p r e d i c t e d with the present model (e.g. the change from 

0,5 t o 0.44 gives a change of between 30-40% i n the muon density above 

1 GeV/c a t 300m. from the c o r e ) . I t i s very d i f f i c u l t to choose a "best" 

value f o r t h i s parameter, since the data a v a i l a b l e cover the range 0.2 t o 

0.9, w i t h a mean of 0.54 (Winn e t a l (1965)). Further conclusions about 

t h i s value must await precise a c c e l e r a t o r data, which should soon be 

a v a i l a b l e f o r energies greater than 50 GeV. 

5.3.4 The Energy D i s t r i b u t i o n of P a r t i c l e s produced i n I n t e r a c t i o n s . 

The models described i n s e c t i o n 5o2 assume t h a t the pions produced i n 

high energy nucleon i n t e r a c t i o n s have equal p r o b a b i l i t i e s of moving forward 

or backwards i n the centre-of-mass system, and have energies represented 

by two exponential d i s t r i b u t i o n s i n the l a b o r a t o r y system. Because of the 



D i f f e r e n t i a l momentum spectra a t 

core distances of 300m i n showers 
g 

of primary energy 2 910 GeV when 

the primary p a r t i c l e i s a proton. 

(1) Spectrum from the model of 

Orf o r d (1968) 

(2) As abovej but wi t h the backward 

cone c o n t r i b u t i o n i n Tf-n 

c o l l i s i o n s set t o zero. 

(3) 900 + 1000 series spectrum w i t h 

the l a t e s t form of f f - n backward 

cone. 

(4) Scaled spectrum from A.M. H i l l a s 

model E. 
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form of the r e l a t i v i s t i c t r a n s f o r m a t i o n , the pions i n the "forward" cone 

( i e . those moving forward i n the CM. system) have» i n gen e r a l , a f a r higher 

mean energy than those i n the backward core. The form of the energy 

d i s t r i b u t i o n i n the l a b o r a t o r y system i s assumed to be 

( -E/T -E/G [ 
f ( E ) dE ̂  K | + | V dE .... 5.1 

f o l l o w i n g Cocconi, Kaeister and Perkins (1962). Here T and G are the mean 

energies of the pions i n the forward and backward cones r e s p e c t i v e l y . Many 

e a r l i e r models have e i t h e r ignored the backward cone pions, or t r e a t e d them 

i n an approximate f a s h i o n , and i n order t o assess the r e l a t i v e importance of 

the backward core pions, a c a l c u l a t i o n was performed w i t h the backward cone 

c o n t r i b u t i o n i n pion-nucleon c o l l i s i o n s set to zero 0 The r e s u l t i n g muon 

momentum spectra a t core distances of 300m. are shown i n f i g u r e 5.1, and i t 

i s evident t h a t there i s a large e f f e c t below muon momentum of 5 GeV/c. A 

more d e t a i l e d study of the e f f e c t of d i f f e r e n t forms of backward cone 

energy d i s t r i b u t i o n s was undertaken. 

The form used by Orford (1968^ f o r the models described i n sec t i o n 

5.2 was an approximation o n l y , p r o v i d i n g a value of G dependent on E . 
P 

The c a l c u l a t i o n was improved t o take account of the c o r r e c t k i n e m a t i c a l 

c o n s i d e r a t i o n of the (I - n i n t e r a c t i o n using a centre-of-mass system 

(see e.g. Hayakawa 1969). This give the r e l a t i o n of mean backward cone 

energy against energy r a d i a t e d as shown i n f i g . 5.2 where t h e approximation 

used by Or f o r d (1968) i s also shown. 

From a comparison w i t h t h e r e s u l t s of the Leeds group (Dr. A.M. H i l l a s , 

p r i v a t e communication), i t became apparent t h a t the use of a centre-of-

mass system i n 11**- n c o l l i s i o n s was inaccurate i f the forward and backward 

cones were supposed to contain equal numbers of p a r t i c l e s . The use of a 

centre-of-symmetry system i n which the i n c i d e n t pion i s considered to be 

accompanied by a v i r t u a l nucleon (as f i r s t suggested by Salzman and Salzman 

(1960)) overcomes t h i s o b j e c t i o n , and r e s u l t s i n a form of G(E) shown also 

i n f i g . 5.2. This f u n c t i o n i s very s i m i l a r i n shape t o t h a t given by 



The v a r i a t i o n of mean backward cone 

energy w i t h r a d i a t e d energy i n 

°ff- n c o l l i s i o n s . The upper s o l i d 

curve i s due t o H i l l a s ( o r i v a t e 

communication), the lower from 

kinematical considerations employing 

a centre - pf ~ mass system. The 

broken l i n e i s the approximation 

used by Orfo r d (1968). 
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pure kinematics i n a CM. system, but i s almost a f a c t o r of two greater 

i n magnitude a t a l l energies. A c c o r d i n g l y , a simple check on the d i f f e r e n c e 

caused by the various forms was carred out as f o l l o w s : 

F i r s t l y , the mean energy of the secondaries E i s found 

E = /E f ( E ) dE 5.2 
Jf (=) dE 

where f ( E ) i s given i n equation 5.1 

hence E = n E = n (T + G) 5.3 rad s _£ 
2 

The value of G i s deduced from kinematic r e l a t i o n s i n the C.M. system, 

adjusted t o f i t the r e l a t i o n used by H i l l a s , and the energy balanced by 

equation 5.3. The r e s u l t s of t h i s c a l c u l a t i o n are also shown i n fig-'5.1. 

The general trend a r i s i n g from the i n c l u s i o n of the improvements i n the 
values of G(E) i s t o b r i n g the values of >lGeV) closer t o the 
experimentally measured p o i n t s , and i t appears t h a t the r e l a t i o n f o r G 

used by H i l l a s (1971) gives r e s u l t s which f i t f a i r l y w e l l over t h i s 

energy range. 

5,3.5 Summary 

The series of checks described above i n d i c a t e d t h a t the most l i k e l y 

cause of discrepancies between model p r e d i c t i o n s and experimental data 

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

(the e f f e c t of many o t h e r parameters, such as the shape of the transverse 

momentum d i s t r i b u t i o n , are t r e a t e d f u l l y by Orford (1968)). The 

approximations used i n the e a r l y versions of the models of section 5.2 

appear to cause an underestimate of the low-energy end of the muon 

spectrum (compared with the r e s u l t s of H i l l a s et a l ( l 9 7 l ) ) , and t h i s 

r e s u l t s i n a considerable underestimation of the i n t e g r a l muon d e n s i t i e s 

a t large core distances. 

5.4. The Comparison of Modeili P r e d i c t i o n s w i t h Experimental Results 

5.4.1 Muon Momentum Spectra a t large core distances 

Or f o r d and Turver (1969) and P i c k e r s g i l l (1972) describe the method 
used to convert a muon momentum spectrum p r e d i c t e d from a model i n t o a 
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d e f l e c t i o n spectrum expected i n the spectrograph, and also described a form 

method be used to compare model p r e d i c t i o n s w i t h the data c o l l e c t e d from 

the Mk-11 spectrograph, when s u f f i c i e n t data has been processed. This 

method i s less prone t o bias than one r e q u i r i n g the production of asmomentum 

spectrum from the basic angular d e f l e c t i o n data, and so i s more desirable 

i n terms of accuracy when attempting t o define p r e f e r r e d model parameter 

valueso 

5.4.2 D i s t r i b u t i o n s i n the Height of O r i g i n of Muons i n EAS 

The 1000 series models provide data on the height of production 

d i s t r i b u t i o n s f o r muons of known momenta a t prescribed core distances 

( s t r i c t l y , these are only accurate tohen the c o n t r i b u t i o n s from the 900 

series i s small» t h i s has been estimated c o n s e r v a t i v e l y t o be so when 

muon momenta are less than 30 GeV/c). The procedure adopted requires the 

use of some form of i n t e r p o l a t i o n of energies, as the e f f e c t of energy 

loss means t h a t muons of the same energy a t production but o r i g i n a t i n g 

from d i f f e r e n t heights r e t a i n d i f f e r e n t p r o p o r t i o n s of t h e i r energy at 

sea l e v e l . Hence the p r e d i c t e d sea l e v e l spectrum of muons o r i g i n a t i n g 

from a p a r t i c u l a r height i s i n t e r p o l a t e d a t convenient steps from 1 to 

100 GeV/c. The process i s repeated f o r a l l other production h e i g h t s , 

and the t o ^ a l sea l e v e l spectrum obtained. The r e l a t i v e c o n t r i b u t i o n 

of each production height to the t o t a l spectrum may then be obtained. Since 

i t i s the d i s t r i b u t i o n s i n hei g h t of o r i g i n of muons which i s of i n t e r e s t 

r a t h e r than absolute numbers the e f f e c t of v a r i a t i o n s i n A ^ ( > l GeV) 

due to changes described i n s e c t i o n 5.3 are r e l a t i v e l y unimportant i n t h i s 

s e c t i o n . The heig h t d i s t r i b u t i o n s obtained from the model have been 

used d i r e c t l y i n the work to be described i n Chapter 6 and also by 

eva l u a t i n g the r e l a t i o n 

of ? 0 2 t e s t i n g against the experimental data. I t i s intended t h a t t h i s 

H 
30 JUS 

iL 
H(p) S(p) 

J S(d) dp 

dp 5.4 
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where H(p) i s the he i g h t d i s t r i b u t i o n of muons of momentum p, S(»p) i s the 

d i f f e r e n t a l muon momentum spectrum, the mean production h e i g h t s i o f muons 

i n the momentum range 1 t o 30 Gev/c have been determined. The r e s u l t s of 

t h i s c a l c u l a t i o n are shown i n f i g . 5.3 where the s e n s i t i v i t y of the mean 

production h e i g h t to model parameters i s shown. The fo u r l i n e s r e f e r t o 

primary, protons and i r o n n u c l e i , w i t h two possible exponents i n the m u l t i p l i c i t y 

i l a w r i f p r '.' charged secondary p a r t i c l e s produced i n i n t e r a c t i o n s a t energies 

higher than 3000 GeV. A change i n the m u l t i p l i c i t y exponent from 0.25 

to 0.50 shows a greater change i n mean height than does a change i n primary 

p a r t i c l e mass from A=l t o A=56. The tendency of the experimental points 

(from the work t o be described i n Chapter 6) i s t o favour the exponent 

0.25, but the e r r o r s involved do^'not r u l e out a l a r g e r f i g u r e . An extension 

of t h i s c a l c u l a t i o n t o give H f o r energies between 1 and 100 GeV would be 

an improvement*but t h i s i s very d i f f i c u l t w i t h the two models used here. 

5.4.3 The L o n g i t u d i n a l Development of the El e c t r o n Component of EAS 

The d i s t r i b u t i o n i n height of the e l e c t r o n component of EAS i s important 

e.g f o r the p r e d i c t i o n of the form of ra d i o emission r e s u l t i n g from geomagnetic 

d i s t o r t i o n of the shower f r o n t ( A l l a n , 1971). S i n c e the models of se c t i o n 

5.2 are p r i m a r i l y concerned w i t h the muon component, accurate p r e d i c t i o n s 

on the electron-photon component have not been undertaken. However, i t i s 

important t h a t any model should p r e d i c t reasonable e l e c t r o n sizes f o r a. 

given primary energy, and t h i s has been checked by a simple method. 

In order t o perform the muon c a l c u l a t i o n s , the energy spectra of charged 

pions a t various heights must be obtained. I f i t i s assumed t h a t the number 

of n e u t r a l pions i s equal t o h a l f of t h a t of the charged pi o n s , and t h a t 

each n e u t r a l pion decays i n t o two ^ - r a y s of equal energy, t h e n a ^ - r a y 

energy spectrum can be obtained f o r each production height. The spectra 

so obtained are used i n conjunction w i t h the r e s u l t s of Ivanenko and 

Samuso^ov (1967) to p r e d i c t the number of electrons produced as a 

f u n c t i o n of depth below each of the f i x e d production heights. The 

development through the atmosphere and the sea l e v e l size are i n good 



The height of production of muons 

between 1 GeV/c and 30 GeV/e ( a t 

sea l e v e l ) evaluated using the 

1000 series models f o r four 

pT»T mq Ty rr\a e c a n H TP--1 T + j rvl T j t y 

combinations. Two experimental 

p o i n t s are shown (from Chapter 6 ) . 

The e f f e c t s of v a r i a t i o n s of 

^p^> and K (see t e x t ) are too small 

to show c l e a r l y . 
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agreement w i t h the r e s u l t s of other models. 

5.5 The Use of Model C a l c u l a t i o n s t o I n d i c a t e Useful Future Experiments 

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

The accuracy of model c a l c u l a t i o n s now a v a i l a b l e should p e r m i t the 

determination of basic EAS parameters} such as primary p a r t i c l e mass, the 

m u l t i p l i c i t y of secondary p a r t i c l e s , mean pion transverse momentum etc. j 

by comparison w i t h precise experimental r e s u l t s . I t i s t h e r e f o r e important 

to design experiments t o i n v e s t i g a t e the most s e n s i t i v e aspects of the 

shower, i n order t o o b t a i n ' f i r m r e s u l t s on a reasonable time-scale. This 

s e c t i o n deals only w i t h such studies of the muon component, and the 

emphasis of the i n v e s t i g a t i o n i s mainly upon the'possible s e n s i t i v i t y of 

features of t h i s component t o the primary p a r t i c l e masso 

5.5.2 The L a t e r a l D i s t r i b u t i o n of Muons 

The l a t e r a l d i s t r i b u t i o n of muons above a given t h r e s h o l d energy 

i s a f f e c t e d by changes i n the primary mass and i n the form of the v a r i a t i o n 

of secondary p a r t i c l e m u l t i p l i c i t y w i t h i n t e r a c t i o n energy. However, the 

change due t o m u l t i p l i c i t y i s almost independent of core d i s t a n c e , whereas 

the v a r i a t i o n w i t h primary mass i s most marked at l a r g e r core distances 

and energies above 10 GeV. The experimental considerations of an absorber 

experiment t o measure l a t e r a l d i s t r i b u t i o n are r e l a t i v e l y s t r a i g h t forward 

(e.g. Blake e t a l ( l 9 7 l ) , A l l a n et a l (1967), However, very large areas 

^"50 m ) and considerable absorber depths are re q u i r e d f o r reasonable data 

r a t e s a t such large distances ( t y p i c a l d e n s i t i e s of muons of greater than 

1 GeV/c being less than 0.1 m ^ a t 1 Km.) The l a t e r a l d i s t r i b u t i o n s f o r 

various t h r e s h o l d energies are shown i n f i g s . 5.4 t o 6.6. 

5.5.3 Muon Momentum Spectra at High Momenta 

The shape of the muon momentum spectrum a t momenta above 10 GeV/c 

i s f a i r l y s t r o n g l y dependent on primary mass and secondary m u l t i p l i c i t y 

(as shown i n f i g . 5.8) and also on mean transverse momentum (e.g. O r f o r d ^ 

(1968)). I t may t h e r e f o r e be possible to discount several combinations 

of these parameters using data acquired using magnet spectrograph 



The l a t e r a l d i s t r i b u t i o n of muons 

of momenta greater than 1 GeV/c 

f o r two primary masses. The r a t i o _ 

as a f u n c t i o n of distance i s i n s e t . 

The primary p a r t i c l e energy was 
2 x 10 1 7eV. 
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Figure 5.5 As f i g u i e 5.4 but f o r > 10 GeV/c 



4> 

5 

\ 
O 

SO lOO OO 

1 2 

A»b 6 

As 

a 

4 

lOO IOOO IO 
CORE DISTANCE (M) 



Figure 5.$ As f i g u r e 5„4 but f o r > 30 GeV/c. 
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techniques. The high momentum r e s o l u t i o n of the Mk. I I spectrograph w i l l 

a l l e v i a t e the problems of noise and Coulomb s c a t t e r i n g which l i m i t the 

usefulness of the e a r l i e r measurement. The r e l a t i v e l y small acceptance 

area of magnet spectrographs means t h a t the a c q u i s i t i o n r a t e of high 

energy p a r t i c l e s i s low (about 25 per year greater than 50 GeV.with the 

Mk. I spectrograph)* This technique also y i e l d s considerable advantages 

i n l a t e r a l d i s t r i b u t i o n measurements - the i n f o r m a t i o n i s d i r e c t and i t 

i s f a i r l y simple to c o r r e c t f o r acceptance e f f e c t s , which render some 

absorber experiments inaccurate. 

5.5.4 Muon Momentum Spectra a t Large Gore Distances 

Figure 5.7 shows the mass s e n s i t i v i t y of the i n t e g r a l muon momentum 

spectrum at a core distance of 850m. The d i f f e r e n c e i n shape i s f a r more 

marked than a t 300 m. F u r t h e r , a core distance of 850m. , even i n showers 
18 

of primary energy^. 10 eV, implies a lower s o f t component contamination 

than a t 300m., which makes processing of data simpler. Large area 

spectrographs are r e q u i r e d f o r such measurements, but the momentum 

r e s o l u t i o n need only be modest, say 50 GeV/c. Most important, however, 

, i s t h a t the core l o c a t i o n u n c e r t a i n t y must be small (£20-30m.) f o r a 

very large range of core distances. This may be achieved w i t h a 

spectrograph s i t u a t e d i n a c a r e f u l l y chosen l o c a t i o n w e l l outside the 

present 500m. a r r a y , and sampling w e l l measured showers f a l l i n g i n s i d e 

the array having good core l o c a t i o n accuracy, would overcome the o b j e c t i o n 

r a i s e d above. 

5.5.5 Muon Momentum Spectra a t Small Core Distances 

^ i g . 5»8 shows the s e n s i t i v i t y of muon momentum spectra a t a core 

distance of 100m. f o r a shower of 5.10 p a r t i c l e s . I n order t o d i f f e r e n t i a t e 

adequately i n terms of primary mass, measurements at momenta i n excess of 

100 GeV/c are necessary. Such measurements may be possible w i t h the Mk. I I 

spectrograph, but the d i f f i c u l t i e s of obscuration by the s o f t component 

of high momentum muons a t such small core distances must be considered. The 
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a t a core distance of 850 m0 

The r a t i o of mass A=Sb to proton 
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i n t e g r a l muon density close t o the core of such smaller showers also 

depends q u i t e s t r o n g l y on mean transverse momentum, as shown i n f i g . 5.9 

5o5.6 Discussion 

Four possible categories of muon experiments have been considered 

In, almost a l l the cases, the change produced by a v a r i a t i o n i n primary mass 

from 1 t o 56 can also be produced by a change i n m u l t i p l i c i t y law exponent 

from 0.25 to 0.5, except perhaps at very large core distances. The 

suggestions i n section 5.5.2 are already i n progress, and data should be 

a v a i l a b l e w i t h i n one year. The most l i k e l y f i e l d f o r a s e n s i t i v e t e s t 

may be i n the large core distance r e g i o n , and e i t h e r large area, low 

r e s o l u t i o n spectrographs ( f o r momentum spectra and l a t e r a l d i s t r i b u t i o n s ) 

or a large area shielded muon detector ( f o r l a t e r a l d i s t r i b u t i o n s ) should 

y i e l d i n t e r e s t i n g r e s u l t s . I f the m u l t i p l i c i t y law exponent could be 

r e l i a b l y r e s t r i c t e d t o less than 0.5 (say 0.25), the task would be 

considerably easier. Such r e s t r i c t i o n may be possible from study of 

other aspects of EAS. Furthermore, data on the secondary p a r t i c l e 

m u l t i p l i c i t y .at f a i r l y high energies should be a v a i l a b l e soon from the 

l a t e s t high energy a c c e l e r a t o r experiments. 
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CHAPTER SIX 

THE HEIGHT OF ORIGIN OF MUONS IN EAS 

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

The model c a l c u l a t i o n s described i n the previous chapter i n d i c a t e 

t h a t the l o n g i t u d i n a l development of an EAS i s s e n s i t i v e t o both the primary 

p a r t i c l e mass and the nature of the fundamental nuclear c o l l i s i o n s of -the 

cascade. D i r e c t measurements on the electron-photon component do not allow 

f i r m conclusions to be drawn about the development heights of el e c t r o n s i n 

the shower, because of the large f l u c t u a t i o n s associated w i t h the e- if 

components (but A l l a n ( l 9 7 l ) and Marsden et a l ( l 9 7 l ) succeed i n o u t l i n i n g 

possible i n d i r e c t methods). Muons, however* r e l a t e more d i r e c t l y t o the 

nuclear i n t e r a c t i o n s and the l o n g i t u d i n a l development than the e-2f component, 

and so they may r e t a i n some i n d i c a t i o n of the nature of the primary p a r t i c l e 

and the nuclear i n t e r a c t i o n s . The method used i n the work described i n t h i s 

chapter i s b a s i c a l l y t r i g o n o m e t r i c - the a r r i v a l d i r e c t i o n of the shower core, 

the distance of the core from the muon momentum spectrograph, and the muon 

a r r i v a l angle a t ife spectrograph are re q u i r e d t o give a production h e i g h t 

estimate f o r the measured muon. 

6.2 General D e s c r i p t i o n of Method 

6.2.1 Basic Trigonometrical Relations 

The fundamental r e l a t i o n used i n t h i s method may be represented 

d i a g r a r r u T i a t i c a i i y , as i n f i g . 6.1. A muon of momentum P a r r i v i n g a t the 

spectrograph, a distance r from the shower core, must o r i g i n a t e from a 

heigh t h such t h a t 

where i s the transverse momentum possessed by the muon. This r e l a t i o n 

holds f a i r l y w e l l f o r momenta above ID GeV/c; below t h i s the muon does not 

t r a v e l i n " s t r a i g h t " l i n e s due t o s c a t t e r i n g , but the r e l a t i o n i s s t i l l 

broadly c o r r e c t . Equation 6.1 contains two unknowns, P^ and h; > 

the form of the P. d i s t r i b u t i o n appears t o be w e l l represented by the CKP 



Figure 6.1 ( i ) The r e l a t i o n between 

muon momentum, core 

distance, height of o r i g i n 

and transverse momentum. 

( i i ) The basic r e l a t i o n used 

t o determine height of o r i g i n 

a f t e r p r o j e c t i n g the shower 

a r r i v a l d i r e c t i o n i n t o the 

spectrograph measuring plane. 
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d i s t r i b u t i o n used i n the previous chapter. Making t h i s assumption., a value 
f o r h may be derived by t u r n i n g equation 6.1 i n t o a form more d i r e c t l y 
comparable w i t h experimental measurements. 

6.2.2 R e l a t i v e A r r i v a l D i r e c t i o n s of Muon to t h e Shower Core D i r e c t i o n 

The main c o n s t r a i n t on the studies of the angular p r o p e r t i e s of muons 

i s the spectrograph i t s e l f . Because of the design of the instrument, the 

i n c i d e n t angle of the muon may only be recorded i n one plane, so t h a t the 

core a r r i v a l d i r e c t i o n must also be p r o j e c t e d on t o t h e spectrograph 

measurement plane. The p r o j e c t e d core d i r e c t i o n angle \jf f i s given by» 

tan(N> ) = tan (e) cos ( jrf + 34.5°) 6.2 

where 9, $ are the z e n i t h and azimuth angles r e s p e c t i v e l y . The p r o j e c t e d 

core distance i s also r e q u i r e d , and i s found by r o t a t i o n of axes: 

r ^ - Y cos (34.5) - X s i n (34.5) 6.3 

where X,Y are the c a r t e s i a n coordinates of the core impact p o i n t . 

The common f i g u r e of 34.5° a r i s i n g i n equations 6.2 and 6.3 occurs because 

of the o r i e n t a t i o n of the spectrograph measuring plane with respect to the 

chosen c a r t e s i a n axes, and t h i s o r i e n t a t i o n has some us e f u l e f f e c t s , as 

shown l a t e r . 

F i g . 6.1 ( i i ) shows the e f f e c t of p r o j e c t i n g the core d i r e c t i o n i n t o 

the spectrograph plane. OS i s the ( p r o j e c t e d ) muon, OAA' the ( p r o j e c t e d ) 

core, and OH the height r e q u i r e d . Since AS i s defined as r , the f o l l o w i n g 

may be obtainedi 

H b r x c o s ( / p ) cos (ng) 6 < 4 

or r A * t a n ) - t a n ( ~ / Q ) 6.5 
H~ 

Since the angle (4/ - y O i s g e n e r a l l y small ( t y p i c a l l y less than 

10°), e r r o r s i n the value of H a r i s e mainly from e r r o r s i n ( " / p " " ^ ) ' 

The form of equation 6.4 shows t h a t i t i s more usef u l t o work i n terms 

of l/H, f o r the e r r o r s then r e l a t e more d i r e c t l y t o those i n ("^p" 7̂ )« 

Erro r s i n r , are less important and are s i m i l a r t o the e r r o r s i n core 
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l o c a t i o n described i n Chapter 4. Care i s necessary when using very small 
values of r ^ and i t has been customary to exclude showers f a l l i n g such t h a t 
r ^ i s less than 10 metres. 

6.2.3 E f f e c t of the " lobes" of the 500 m Array C o l l e c t i n g Area 

(a) The e f f e c t on r ^ 

The symmetrical l a y o u t of the 500m. a r r a y , and the t r i g g e r i n g c r i t e r i o n 

of (centre and two o u t e r ) st a t i o n s > causes the most f r e q u e n t , smaller shower 

t o be detected p r e f e r e n t i a l l y when t h e i r cores f a l l away from the l i n e s 

j o i n i n g the outer s t a t i o n s to the centre (e.g. Suri (1966)). The data 

comprising the Mk. I data sample has been subdivided i n t o i n t e r v a l s of X and 

Y, and f i g . 6.2 shows the d i s t r i b u t i o n of showers i n the form of contours o f 

equal shower numbers i n 100m. x 100 m. bins of X and Y. T n e spectrograph 

plane i s r o t a t e d through the above mentioned 34.5° w i t h respect t o the XY 

system» and i t i s apparent t h a t more showers f a l l i n the " r ^ + ve" region 

than the " r A - ve" r e g i o n because of t h i s e f f e c t j the r a t i o being about 

1.5H. However, the value of < r ^ - ve"> i s l a r g e r t h a n ^ r ^ + ve-^ , an 

e f f e c t taken i n t o account i n l a t e r sections. 

(b) The E f f e c t on the observed angle - ^ f ) 

The heights of o r i g i n p r e d i c t e d by equation 6.4 would be i n the 

absence of ..scattering, p o s i t i v e . Inspection of t h i s r e l a t i o n shows th a t 

i f ^ ^ a n d ^ are of the same sign ( u s u a l l y so except f o r near v e r t i c a l 

showers)} then (y/ - >b ) must be of the same sign as r ^ i n order t o give 

a p o s i t i v e value of H. Since r^_ may be d i v i d e d i n t o two p o p u l a t i o n s , i t i s 

t o be expected t h a t there w i l l be two broad populations of typ" > o n e 

positive., and one negative. The e f f e c t i s used l a t e r as a mea sure of the 

mean production h e i g h t . F i g , 6.3 shows the broadly negative tendency of a 

t y p i c a l r x - ve (] f ' p ~ d i s t r i b u t i o n . 

6.2.4 Determination of the Measurement E r r o r on (4^ ^ / q ) 

I n Chapter 2 the o v e r a l l noise on ©., $ was estimated a t about 2.2° 

i n Q and 7° i n T h i s , transformed i n t o a noise on the core d i r e c t i o n 

y i e l d s 2 - 2.5°. The e r r o r on the muon d i r e c t i o n -^J'Q i s some 0.3° 



Figure 6„3 D i s t r i b u t i o n i n the angle f o r 

core distances between 250 and 350 m. 

f o r 1-3 GeV/c muonso The d i s t r i b u t i o n 

derived from p r o j e c t e d shower a r r i v a l 

d i r e c t i o n s using corrected 9, f6 i s shown 

i n s o l i d lines.. Also shown i s the curve 

p r e d i c t e d by the model described i n 

Chapter 6. 
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so t h a t the greatest c o n t r i b u t i o n t o the o v e r a l l noise f i g u r e comes from the 
e r r o r s i n 8 and A p p l i c a t i o n of equation 6.1 t o muons of momentum p ^ 
30 GeV/c and he i g h t H = 10 Km (as discussed i n Chapter 5 ) . f o r a t y p i c a l core 
distance of 300m., shows t h a t the angle ( v - ̂ ) i s less than 1°, so t h a t the 
d i s t r i b u t i o n i n ( y ^ - of high momentum muons should give a good estimate of 
the o v e r a l l noise .(i n c l u d i n g the e f f e c t s of s c a t t e r i n g ) . The d i s t r i b u t i o n 
has been derived from values of (9,jtf) uncorrected and (9#jtf) correctedr» and the 
r e s u l t s are shown i n f i g . 6.4. T n e narrower d i s t r i b u t i o n of (^ - ^ ) derived 
from values of 9, ̂  uncorrected f o r curvature e f f e c t s l e d i n i t i a l l y t o the 
assumption t h a t such uncorrected values y i e l d a b e t t e r estimate of the 
core d i r e c t i o n . Subsequent i n v e s t i g a t i o n showed, however t h a t the d i s t r i b u ­
t i o n s i n (^p"")^) derived from uncorrected c o i e a r r i v a l d i r e c t i o n d i d not 
e x h i b i t the c o r r e c t shape, or show the c o r r e c t tendencies as muons were 
selected which had a higher o r i g i n . The conclusions drawn from t h i s i n d i c a t e 
t h a t the "uncorrected" 9,$ perhaps y i e l d a close estimate of the shower 
p a r t i c l e d i r e c t i o n i n the v i c i n i t y of the centre d e t e c t o r , and so would 
show a smaller noise f i g u r e because of the p r o x i m i t y of the spectrograph 
t o the centre of the array. This p o i n t i s discussed f u r t h e r i n s e c t i o n 6.4. 
6.3 The Average Production Height of Muons by a D i r e c t Method 

The mean r e c i p r o c a l h e i g h t of o r i g i n has been determined f o r 16 i n t e r v a l s 

of muon momentum and core distance f o r the Mk» I data sample, by d i r e c t 

a p p l i c a t i o n of equation" 6.4. The ranges concerned are 1-3, 3-8, 8-15, 15-30 

GeV/c, f o r 150-250, 250-350, 350-450, 450-600 metres. The r e s u l t s , found 

by c a l c u l a t i n g the mean value of l/H and i t s standard d e v i a t i o n , then 

converting the values t o heights of p r o d u c t i o n , are 1 shown i n f i g . 6.5 to 

6.8. Also shown are model p r e d i c t i o n s obtained from the c a l c u l a t i o n s described 

i n Chapter 5. The experimental r e s u l t s appear t o favour the p r e d i c t i o n s f o r 

a proton primary, and, as a check on these r e s u l t s , an a l t e r n a t i v e method 

was used, as described i n the f o l l o w i n g bections. 



Figures 605 - 608 The height of production as a 

f u n c t i o n of muon momentum f o r 

f o u r bands of core distanced 

Mosk>i- -p-re-di-ct iofvs - fes-t-w^ 

primary masses are also showtio 

The primary p a r t i c l e energy 

was 2 x l0 1 7eV„ 

The d o t t e d l i n e shows the 

e f f e c t of a change i n n-n 

i n e l a s t i c i t y from 0.5 t o 

0.44 w i t h a proton primary. 
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6 0 4 The Use o f - D i s t r i b u t i o n s and T h e o r e t i c a l P r e d i c t i o n s to 
Obta in the P roduc t ion Height 

6 . 4 . 1 I n t r o d u c t i o n 

The d i r e c t method of de termining the p roduc t ion h e i g h t r e l i e s on the 

accuracy of equat ion 6 . 4 , and also on the a p p l i c a b i l i t y of a simple 

analys iso The forms o f equa t ion 6.3 and 6 .4 imply t h a t reg ions of 8 , X,Y 

ex i s t .where small changes i n any of the g iven values r e s u l t i n l a rge changes 

i n l / H . A c c o r d i n g l y , i t was decided to p r e d i c t the d i s t r i b u t i o n 

expected ' a t var ious core dis tances f o r d i f f e r e n t shower models, and to 

compare the p r e d i c t i o n s w i t h the observed d i s t r i b u t i o n s . Such a method makes 

poss ib le the c o r r e c t i n c l u s i o n of the angular e f f e c t s o f coulomb s c a t t e r i n g 

and geomagnetic d e f l e c t i o n , i n s t ead o f i n c l u d i n g them i n a "noise" te rm. 

6 .4 .2 The P r e d i c t i o n o f a D i s t r i b u t i o n i n ty^ f r o m a D i s t r i b u t i o n 

i n Height o f P roduc t ion of Muons 

I n order t o p r e d i c t the f o r m of the d i s t r i b u t i o n i n ( ^ " T ^ ) * i t i s 

necessary t o account f o r a) the phys i ca l processes o c c u r r i n g i n muon 

p r o d u c t i o n and passage to sea l e v e l , and b) systemat ic exper imental e f f e c t s 

which mod i fy the expected d i s t r i b u t i o n . The s t a r t i n g p o i n t f o r the 

c a l c u l a t i o n s i s the obse rva t i on of a muon o f momentum P a t sea l e v e l 

( a r r i v i n g v e r t i c a l l y ) , w i t h i n a 'band'.of- co re 'd i s t ance r ^ ' - f ^ . Th is 

i m p l i e s t h a t the core "landed" i n an annulus of known r a d i i about the 

spect rograph. For each of the he igh t i n t e r v a l s i n use (chosen t o match 

those o f the 1000 se r ies programmes descr ibed i n Chapter 5 ) , the muon 

momentum a t p r o d u c t i o n i s c a l c u l a t e d assuming a constant r a t e o f energy 

2 - 1 

loss o f 2 .2 MeV(gm cm ) This enables the parent p ion momentum and the 

X ~ j k A e c a y angle to be c a l c u l a t e d . The t ransverse momentum d i s t r i b u t i o n 

used i s t h a t quoted f o r n-n c o l l i s i o n s by Coccon i , Koeister and Perkins 

( l 9 6 l ) , known as the CKP d i s t r i b u t i o n , and the mean of the d i s t r i b u t i o n 

may be v a r i e d as an i n p u t parameter. The value of t ransverse momentum i s 

ob ta ined f rom equat ion 6 .1 and the p r o b a b i l i t y of t h i s value may be 

determined. The geomagnetic d e f l e c t i o n of the muon i s c a l c u l a t e d , converted 

i n t o an a n g l e , and then combined w i t h theTT- A- decay angle to produce two 
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poss ib le m o d i f y i n g d e l t a f u n c t i o n s i n terms of muon d i r e c t i o n s a t p r o d u c t i o n . 
The opening angle ( i e . the angle r e l a t i v e to the core d i r e c t i o n ) i s v a r i e d 
f r o m - 5 0 ° to + 50° i n 0 . 1 ° steps ( the wide range i s t o a l l o w extreme values 
of ( "^"K^) "to be r e p r e s e n t e d ) , m o d i f i e d by the d e l t a f u n c t i o n s descr ibed 
above s and then checked t r i g o n o m e t r i c a l l y to ensure t h a t the va lues used 
constrain. ' the muon t o f a l l i n s i d e the chosen dis tance bando I f so , the 
p r o b a b i l i t y o f observing a muon of momentum P i n the chosen d is tance band 
a r i s i n g f rom the h e i g h t i n t e r v a l i n use i s determined f rom the CKP 
d i s t r i b u t i o n o This process i s repeated f o r a l l h e igh t i n t e r v a l s , and i s 
weighted by the i n p u t muon h e i g h t d i s t r i b u t i o n t o o b t a i n a p r o b a b i l i t y 
d i s t r i b u t i o n i n angle w i t h respec t to the core d i r e c t i o n . This d i s t r i b u t i o n 
i s then p r o j e c t e d i n t o the measuring plane o f the spec t rograph , a l l o w i n g 
f o r the non-uni form acceptance of the a r r ay due to the "lobes"shown i n 
f i g . 6 . 9 , and then spread t o represent Coulomb s c a t t e r and measurement e r r o r s 
by a gaussian e r r o r f u n c t i o n o f wid th = | ^ A S + f f A " , ' < ' p b j ' ^ ' w h e r e 

Gj^-g represents the a i r shower d i r e c t i o n measurement e r r o r s , (T the r . m . s. 

value of coulomb s c a t t e r i n g i n the a i r , and 0 " ^ the r.m.s value o f s c a t t e r i n g 

i n the lead s h i e l d i n g above the spectrograph. The p o r t i o n o f the d i s t r i b u t i o n 

of angular d e v i a t i o n between - 1 6 ° and +16° i s normalised ( a r b i t r a r i l y ) , 

s ince these l i m i t s were imposed e x p e r i m e n t a l l y , and tine mean d e v i a t i o n 

T 

ob ta ined . he cases r x + ve and r ^ " ve are t r e a t e d s e p a r a t e l y , and 

the separa t ion of the means of the two ~ ^ ) d i s t r i b u t i o n s i s ob ta ined 

d i r e c t l y . Th i s t rea tment p r e d i c t s the change i n separa t ion of the means 

of the two cases f u l l y , f o r . a l l values of momentum and core d i s t a n c e , and 

also shows the asymmetry in t roduced by the lobes of the a r r ay ( i e . p r e d i c t s 

more events i n the r _ ^ + ve r eg ion than the TjJ~ ve r eg ion and also t h a t 

^ T j _ - v e ^ i s l a r g e r t h a n ^ r ^ + v e ^ f o r accepted events).. 

6 .4 .3 Discrepancies between ( 8 , co r r ec t ed and (Q» itf) ancor rec ted 

The d i s t r i b u t i o n s i n ) de r ived f r o m the values o f ( 9 , $) co r rec t ed 

f o r curva ture e f f e c t s agree w i t h the p r e d i c t e d shapes, and a l so f a i r l y w e l l 

w i t h the v a r i a t i o n i n sepa ra t ion of the mean9 of the r . +ve and r , -ve cases. 



The angular dependence of the 
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However, the ("^p"^,) d i s t r i b u t i o n s de r ived f rom the values o f (9 ,$ ) based 

on a plane shower f r o n t do not e x h i b i t these t r e n d s , but appear to be 

d i v i d e d almost e q u a l l y about zero d e f l e c t i o n , regard less of the s i g n 

o f r ^ o F igure 6.3 shows a t y p i c a l example of t h i s e f f e c t , The p r e d i c t e d 

mean ( f o r the r ^ v e . case) agrees c l o s e l y w i t h the "co r rec ted" (ifp""j0) v a l u e , 

•but i s completely d i f f e r e n t f rom the "uncorrec ted" M* - " f ) va lue . I t appears 
p o 

t h e r e f o r e , t h a t the c o r r e c t i o n s to a l l o w f o r shower f r o n t curva ture g iven by 

Dennis (.1964) are e s s e n t i a l i f an accurate es t imate o f the core a r r i v a l 

d i r e c t i o n i s r e q u i r e d . T y p i c a l d i f f e r e n c e s between co r r ec t ed and uncorrec ted 

values are 2° i n Q and 5 ° i n $ , but some very l a rge changes (^o0° ) i n have 

been observed. E v i d e n t l y t h i s e f f e c t i s very impor tan t i f a n i s o t r o p i c s are 

to be l oca t ed a c c u r a t e l y , but f o r f a i r l y l a rge s o r t i n g bins ( > 1 0 ° ) , the 

changes may be s m a l l . 

6 . 4 . 4 Resul ts and Comparison w i t h Experiment 

F i g . 6.10 to 6.13 show the comparison o f t h e p r e d i c t i o n s descr ibed above 

w i t h the experimental data f o r a range of core d is tance and momentum. The 

method used i n p r e d i c t i n g the d i s t r i b u t i o n s may be used w i t h any muon h e i g h t 

d i s t r i b u t i o n as i npu t d a t a , so t h a t comparison w i t h o ther workers i n t h i s 

respect would be s t r a i g h t f o r w a r d . The curves shown i n the f i g u r e s are ob ta ined 

f rom the 1000 ser ies models descr ibed i n Chapter 5 , f o r two pr imary p a r t i c l e 

mass numbers. The shape of the curves v a r i e s l i t t l e w i t h the o v e r a l l noise 

' • JQJ* because the d i s t r i b u t i o n s i n ) are c l o s e l y gauss ian, and as 

such, the separa t ion between the means changes only s l i g h t l y w i t h the 

standard d e v i a t i o n . These curves may be used t o i n d i c a t e the numbers o f 

events r e q u i r e d to decide between pr imary mass o f A=?l and A=?56 f o r v a r i o u s , 

ranges o f momentum and core d i s t a n c e , i n the f o l l o w i n g way» 

Consider a sample o f N muons i n a band o f momentum P and core d is tance 

r . These N muons are composed o f 7 l + and Tt ( the numbers i n the + ve 

and - V e d i s t r i b u t i o n s r e s p e c t i v e l y ) . . N 0 w, i f <r\ and <TVl are. ; smalls .with 

respect -to X'gehEoral.lyo'karud aibo,ve)3 (EeV^c), t h e n : 



Figure 6010 - 6013 The v a r i a t i o n o f ^ j> the 

separa t ion between the means 

of the -yt) d i s t r i b u t i o n s 

f o r r , + ve and r „ ° v e s as a 

f u n c t i o n of momentum> f o r f o u r 

core d is tance i n t e r v a l ^ Model 

p r e d i c t i o n s f o r two pr imary 

masses are a l so shown f o r showers 

i n i t i a t e d by pr imary p a r t i c l e s 
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where ^ i s a constant k u n i t y ) f o r a g iven P , r i n t e r v a l . 

since ri+ + n_ = N (by d e f i n i t i o n ) 

and n

+

! n _ ~ 1.5:1 (see s ec t ion 6o2.3) 

and the standard e r r o r on the separa t ion o f the means,A , i s g iven bys 

^ = + i-i 

where ^ ^ « . i s the standard e r r o r on the mean o f the C ^ " ^ ) d i s t r i b u t i o n 

f o r Yj^ ve j t hen 

o ^ ( N ) = 2.04 * ( p , r ) < T ^ S 6,8 

Hence the e r r o r on A f o r a given p , r i n t e r v a l f o r N events w i t h an 

a i r shower measurement e r r o r **£^g i s g iven by equat ion 6.8. This means 

t h a t the accuracy o f the i n t e r p r e t a t i o n o f curves such as figo 6.10 v a r i e s 

l i n e a r l y w i t h EAS a r r i v a l d i r e c t i o n e r r o r s . Values o f | £ ( p , r ) may be 

es t imated f rom the M k . I data sample, e .g . 

i f 2 . 6 0 ° (as de r ived f o r MK. 1 d a t a ) , P - 3.4 GeV/c, r = 2-00 

metres., 

^ (3.4,200) = 1.39 f o r N = 526 events 

So a p p l i c a t i o n of equat ion 6.8 shows t h a t , t o o b t a i n a standard e r r o r o f 

0 . 1 ° on A (3 .4 , 200) ( a des i r ab le f i g u r e s ince the separa t ion of the 

curves f o r A=?l and A=?56 i s some 0 . 4 ° a t t h i s p o i n t ) , e i t h e r 5400 events 

a t = 2 . 6 ° , 800 events a t V= 1 ° , or 200 events at<T= 0 . 5 ° are r e q u i r e d . 

On the basis o f the Mk I d a t a , t a b l e 6.1 shows the expected e r r o r s on 

each P x r data p o i n t f o r a running t ime of one /ear w i t h an EAS noise of 1 ° . 

Table 6 .1 

200 m 300 m 380 m 520 «i 

.38 .37 .48 .73 

• 3-8 .19 .21 .34 .90 

8-15 .22 .28 .47 .87 

15-30 ..33 .. 45 .76 1.37 
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Other values of running t ime and Gj^g w i l l y i e l d values o f eC< i n 
accordance w i t h equat ion 6 .8 . 
6 .5 Discuss ion 

6 . 5 . 1 Exper imenta l Aspects o f Measurements of Angular D e v i a t i o n o f Muons 

Both methods o f p r e s e n t a t i o n o f the h e i g h t o f o r i g i n , e i t h e r the d i r e c t 

method, o r v i a model c a l c u l a t i o n s , c o n t a i n the same o v e r a l l l i m i t a t i o n s t h a t 

a r i s e f rom a i r shower a r r i v a l d i r e c t i o n errorgo The e r r o r s are such t h a t 

no f i r m conclus ions can be made about the value of pr imary p a r t i c l e s mass 

17 

a t pr imary energies ^10 eV a l though both methods tend to favour the A T I 

case on the whole. The i m p l i c a t i o n s of equat ion 6.8 and t a b l e 6 .1 are 

t h a t the necessary running time to give s i g n i f i c a n t r e s u l t s i s too g rea t 

w i t h the present noise o f 2 . 6 ° , and some experimental improvements are 

necessary f o r a successfiiiLnmeasurement. 

Hollows (1968) quotes a ti. me r e s o l u t i o n o f approximately 80nsec 

f o r each o f the f o u r channels , us ing s imula ted shower pulses . I f i t i s 

assumed t h a t the r e s u l t i n g i s rough ly p r o p o r t i o n a l t o the 

r e s o l u t i o n A t , i t i s ev iden t t h a t a noise o f ^ ^ g = l ° r e q u i r e s a t i m i n g 

accuracy o f 30 nsec or l e s s . I t i s most u n l i k e l y t h a t the present 

de t ec to r system could approach such a f i g u r e , as the r e s o l u t i o n i s not 

set e n t i r e l y by the bandwidth o f the e l e c t r o n i c s employed, but r a t h e r 

by the design of the de tec to r u n i t s , ^he passage of a charged p a r t i c l e 

through the de tec tors causes Cerenkov l i g h t t o be emi t t ed i n a 

d i r e c t i o n which i s s u b s t a n t i a l l y away f r o m the p h o t o m u l t i p l i e r , so t h a t 

the s i g n a l reaching the photocathode i s the r e s u l t o f the summation of a 

l a r g e number of r e f l e c t i o n s . This g ives the de tec tor a very u n i f o r m 

response over a l a r g e r range o f z e n i t h ang les , but i s most undes i rab le 

i n terms o f : f a s t t i m i n g . The p r o v i s i o n o f a simple Cerenkov de tec to r 

pu re ly f o r f a s t t i m i n g work a t each s t a t i o n would improve the s i t u a t i o n 

markedly. Such a de tec to r must be of l a r g e enough area to c o l l e c t a 

reasonable s igna l but would be more e f f i c i e n t than the convent iona l 

d e s i g n , , Any n o n - u n i f o r m i t y of response could be accu ra t e ly measured 
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by comparison w i t h an ad jacen t conven t iona l d e t e c t o r , and a r e s t r i c t e d 
zen i th angle range would not be impor tan t i f the de tec to r s were to be used 
s p e c i f i c a l l y w i t h a spectrograph ( the present c u t o f f i n z e n i t h angle f o r 
events used i n the spectrograph i s Q = 4 0 ° , beyond which the p r o b a b i l i t y 
o f a p a r t i c l e f u l f i l l i n g the geometr ica l acceptance becomes p r o h i b i t i v e l y 
s m a l l ) , 

6 .5 .2 L o n g i t u d i n a l shower development 

The r e s u l t s of the he igh t o f o r i g i n would appear t o f avour s l i g h t l y an 

A = l , n g f l £Ep^ model. The e f f e c t o f a pr imary p a r t i c l e o f mass 56 i s to r a i s e 

the o v e r a l l he igh t s o f o r i g i n o f most muons by some 500m. w h i l e the e f f e c t 

o f a m u l t i p l i c i t y law of the form n g«£ i s s l i g h t l y l a r g e r . The A=56, 

E_^ combinat ion appears u n l i k e l y , as the he igh t s p r e d i c t e d are g e n e r a l l y 

over 1 Km too l a r g e , us ing both methodso However, f u r t h e r conclusions on 

the choice o f model must awai t b e t t e r s t a t i s t i c s or improved exper imenta l 

worko F i g . 6 o l 4 i n d i c a t e s t h a t the s e n s i t i v i t y o f the separa t ion o f the 

means (A ) to a mass change i s almost independent of core d is tance 

( i e . the r a t i o i s almost c o n s t a n t ) 9 which means t h a t v i r t u a l l y a l l the 

data c o l l e c t e d i n "angular" experiments may be used f o r i n v e s t i g a t i o n s 

aimed a t i d e n t i f y i n g the pr imary p a r t i c l e mass. 

6.6 Comparison o f the he igh t s o f o r i g i n w i t h values f rom o the r experiments 

6 . 6 . 1 Es t ima t ions o f the he igh t of o r i g i n based upon the i n t e r a c t i o n o f the 

muon and the geomagnetic f i e l d . 

O r f o r d e t a l (1967) , Earnshaw (1968) , and P i c k e r s g i l l (1971) g ive an 

account o f a method of o b t a i n i n g p roduc t i on he igh t s by means o f observa t ions 

on the charge r a t i o of muons d e f l e c t e d by the E a r t h ' s magnetic f i e l d du r ing 

t h e i r t r a v e r s a l o f the atmosphere. The method produces he igh t s o f o r i g i n 

sub jec t t o r a t h e r l a rge e r r o r s because the charge r a t i o observed are general 

close to u n i t y ( P i c k e r s g i l l , p r i v a t e communication).. There i s no 

exper imenta l improvement which would y i e l d s i g n i f i c a n t r e s u l t s , but a very 

l a rge data sample would improve the momentum and core d is tance r e s o l u t i o n 

g r e a t l y . The h e i g h t o f o r i g i n f o r momenta and muons o f a l l d is tances i s 

inc luded i n f i g . 6.15. 



Figure 6.15 The o v e r a l l h e i g h t of p roduc t ion 

o f muons g r ea t e r than 0.3 GeV/c 

<js~ a fain. Iron uf biruwsri -uuxc 

d i s t ance . The r e s u l t s of o the r 

workers a t comparable core 

d is tances are also shown. The 

l i n e shown i s the best f i t 

t o thepresent work. 
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6.6.2 Other measurements based upon the angular displacement of muons. 

De Beer et a l (1969) used a method very s imi la r to that described i n 

section 6.4 to predict the angular d i s t r i b u t i o n of muons of momenta 

1 Gev/c, and confirmed the general aspects of t h e i r calculations wi th 

spark-chamber telescopes (e.g. de Beer et a l (1962). Firm conclusions 

were not possible because of the lack of momentum resolu t ion i n t h e i r 

experiment but the resul ts f o r muons of a l l momenta were s imi lar to those 

predicted from model ca lcul ta t ions i n section 6.4. Fig. 6<>15 includes 

a point computed by the present author from the data of de Beer (1960'', 

6.6.3 Al terna t ive Methods of Obtaining the Production Height of Muons 

Suri (1966) measured the mean radius of curvature of the shower f r o n t 

by a timing method, and Baxter (1967) determined the mean height by 

studies of the Cerenkov pulse p r o f i l e . Both these workers used a lower 

c u t - o f f energy of 0.3 GeV, and the necessary adjustments t o the data 

shown i n t h i s chapter are described i n Appendix 3» The r e s u l t s , shown 

i n f i g . 6.15, are i n quite good agreement.wi.tji those;of.Baxter (1967:),. 

Also shown i n f i g . 6.15 are the resul ts of Linsley and Scarsi (1962), 

obtained by t iming the delay of each muon with respect to the shower f r o n t 

(these measurements have been adjusted to account f o r the change i n observation 

a l t i t u d e ) . 

6.7. Summary 

The heights of production of muons derived from the data from the 

Mk I spectrograph agree wel l with the resul t s of other workers, where ever 

suitable comparisions may be made. However, the advantage of the present 

method is that a clear picture of the va r i a t ion of production height with 

both muon momentum and core distance i s avai lable . I t i s correspondignly 

simpler to compare the present experimental resul ts with model predictionso 

The suggested modificat ions to the a r r i v a l d i r ec t ion measuring equipment 

at Haverah Park may allow a feature of shower development sensitive to 

the primary pa r t i c l e mass to be f u l l y exploi ted. 
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CHAPTER SEVEN 

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 

7 . 1 . The Momentum Spectrum of Muons 

The spectra quoted i n Chapter 4 show l i t t l e overa l l change from 

those presented by Machin et a l (1969), i n spite of the complete 

rev i s ion of the EAS data. In par t i cu la r the r e l a t i v e l y high density 

of muons of momentum 50 GeV/c at 300m<> from the shower core i s s t i l l 

observed and some independent confirmation of t h i s observation has been 

provided by the resul ts of Suga et al (1969)., The improved spectrograph 

has been shown to be cor rec t ly adjusted, with an overa l l noise f igu re 

corresponding to a momentum resolut ion of better than 120 GeV/c. However? 

the data sample accumulated from nine months running of the new instrument 

is i n s u f f i c i e n t l y large to enable f i r m conclusions to be drawn regarding 

the v a l i d i t y of the o r i g i n a l spectra. 

One change i n the experiment, that of increasing the thickness of 

the shielding layer above the spectrograph, has caused a d i s t i n c t change 

i n the range of core distance and shower size recorded by the instrument. 

In order to obtain a f a i r comparison of the two data samples, i t w i l l be 

necessary to exert s t r i c t controls over the core distance in terva ls used 

i n the analysis. 

A f u r t h e r increase i n experimental e f f o r t devoted to measurements 

of the momentum spectrum alone i s not worthwhile i n view of the s e n s i t i v i t y 

to the primary p a r t i c l e mass of the muon spectrum i n the regions 

accessible to. the Mk. I I spectrograph with the data from a fu r the r two 

or three years' running time. An accurate 100 GeV/c muon density at large 

core distances w i l l be invaluable f o r comparison with various predictions 

to help i d e n t i f y a preferred model, and the importance of t h i s point must 

not be underestimated, since i t i s so closely related to the i n i t i a l 

i n t e rac t ion of the primary p a r t i c l e . 
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7.2 Height of Production of Muons 

The r e l a t i v e l y s t ra ightforward experimental considerations make the 

determination of the production height of muons of known momentum and 

core distance an a t t r ac t ive prospect f o r comparison with model predict ions. 

The knowledge of muon momentum i s invaluable; i t enables f u l l account of 

sca t te r ing , energy loss and geomagnetic de f l ec t ion to be made, and the 

momentum dependence of production height to be accurately investigated. 

The overa l l resul ts indicate that the production heights implied by a 

m u l t i p l i c i t y law of the form SfeE^^ * are too large f o r primary par t ic les 

of any mass, and that «cE , * i s closer to the t ru th* The present resu l t 7 rad r 

do not al low f i r m conclusions to be drawn about the primary compositions 

there i s perhaps an overa l l tendency to favour proton primaries , but 

heavier nuclei cannot be ruled out. The deduction of a simple equation 

l i n k i n g production height with muon momentum and core distance has 

enabled accurate comparison with other workers to be made and the resul ts 

are i n good agreement with those derived by several d i f f e r e n t methods* 

The i n s e n s i t i v i t y of the production height of muons above 1 GeV to 

the i n e l a s t i c i t y of the n-n in te rac t ions , and p a r t i c u l a r l y to the mean 

transverse momentum, imply that the method allows closer study of other 

important parameters without the need f o r a precise knowledge of these two 

values. With the provis ion of better core d i r ec t ion measurements 

(recommended i n Chapter 6 ) , the height resolut ion could be improved to that 

necessary to dis t inguish between d i f f e r e n t primary pa r t i c l e masses.j.Rig. 6. 

shows that the height resolut ion does not depend great ly on the core 

distance at which measurements are made; i t i s to be expected t h a t , with 

a smaller error i n core d i r ec t i on measurements, the errors i n the base­

l i n e r ^ w i l l become more important, and then the larger core distances 

( r « L > 3 0 0 m ) w i l 1 Y^-e^ t n e best resu l t s . 

Should an increased data rate be considered necessary, a fur ther 

large area spectrograph of moderate resolut ion (say-^50 GeV/c) would be 

the ideal instrument. The low y i e l d of energetic muons make a f igure 

f o r momentum resolut ion much greater than 50 GeV/c unnecessary, so t ha t 
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the l a rge r , more easi ly operated 17mmo f lash tubes could be employed 
as visual detectors. I t would be advisable to orientate such a second 
spectrograph so that i t s measuring planes intersects another "lobe" 
of -(he array so exp lo i t ing the separation e f fec t s described i n 
section 6.2o3. 

7.3. Model Predictions 

In view of the current in te res t i n the primary mass composition 

17 

at energies about 10 eV, the f u r t h e r exploration by model simulation 

of the aspects of the muon component which r e f l e c t the nature of the 

primary pa r t i c l e i s desirable. The resul ts of Chapter 5 indicate 

that one of the most sensitive measures of primary mass i s the shape 

of the l a t e r a l d i s t r i b u t i o n of muons, p a r t i c u l a r l y at large core distances 

C>500m) and high momentum (>10 GeV/c). The experimental drawbacks to 

measurements of th i s type are two f o l d ; ( i ) the rate of useful events 

i s low, so that several detectors are necessary, and ( i i ) the accuracy 

i n core distance must be uniform over the ent i re range, and of the order 

of 30m. The choice of detector i s important - the momentum resolu t ion of 

a spectrograph has to be o f f s e t against i t s small area and f a i r l y high 
2 

cost , while a shielded s c i n t i l l a t o r array of some 100m has no momentum 

resolu t ion but a much improved acquis i t ion ra te . Both types could u se fu l ly 

be used, especially i f the spectrograph was also used f o r accurate height 

of o r i g i n determinations. 

The improvements to model calculations which should be considered i n 

the fu tu re are ( i ) f u r t h e r work on the simulation of showers due to heavy 

pr imaries , which have to data been treated by many authors as the simulation 

of several proton showers, (e .g. screening of portions of the heavy nucleus 

i n the i n i t i a l in teract ions may cause a drast ic reduction i n the differences 

expected between primary proton and heavy nuclei showers, so that an 

experimental r esu l t implying a very narrow mass spectrum may simply be 
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observing the mechanics of high energy interactions), ( i i ) f u r the r 
experimental information on the exact in t e rac t ion character is t ics at 
high energies would be invaluable , as i t i s possible that the present 
in te rac t ion models are incorrecto 
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APPENDIX ONE 

A1.1 Monte Carlo Methods Applied to the Generation of A r t i f i c i a l Muon Tracks 

The random number generator used i n the work described i n Chapter 3 

i s a machine-specific pseudo-random variable generator g iv ing 2 terms 

without repeating. I t s use i s described i n the IBM 360 S c i e n t i f i c 

Subroutine Package Manualo For the generation of a random number 

belonging to a..normal d i s t r i b u t i o n of spec i f ied mean and standard . 

dev ia t ion , a method devised by R.W. Hamming (Numerical Methods f o r 

Scient is ts and Engineers) i s used. Bas ica l ly , th i s was the r e l a t i o n 

where Y i s an approximation tc a set of normally d i s t r ibu ted random 

numbers, X a set of uniformly d i s t r ibu ted random numbers. Y approaches 

a true normal d i s t r i b u t i o n asymptotically as K tends to i n f i n i t y . . For 

convenience, a f igure of K = 12 i s taken. 

A1.2 The Use of A r t i f i c i a l Tracks to Investigate the Var ia t ion of 

Performance of a £ jash Ty.be Array wUfr Indent Angle, 

A modi f ica t ion of the programme described i n Chapter 3 has been 

used to investigate the va r i a t i on of the mean number of flashed tubes 

as a func t ion of incident angle wi th in the acceptance l i m i t s of the 

spectrograph. F ig . A . l shows the resul ts of th i s inves t iga t ion . There 

i s an overa l l tendency to observe mere flashed tubes at incident.angles 

away from the v e r t i c a l i n agreement with a subjective check on typ i ca l 

events. F ig . A l . 2 shows that there are some small angular regions where 

the array predicts very small numbers of flashed tubes (ie a "corr idor" 

exists)* These areas are very, small i n r e l a t i o n to the t o t a l acceptance, 

and show no dependence on the pa r t i c l e momentum, so that the overa l l e f f e c t 

on the momentum spectrum w i l l be neg l ig ib le . Further work on locat ing 

the "corr idors" simply requires the use of smaller angular and l a t e r a l 

31 

is, 
I * 

in te rva l s i n the sfimulation process* 
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The va r i a t ion i n the mean number 

of f lashed tubes as a funct ion 

of the incident a n g l e ^ of the 

rnuon. 
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Figure A1.2 The percentage of a l l tracks 

containing s ix flashed tubes or 

less as a func t ion of incident 

angle. The two f lash ' tube 

array-acceptance minima are 

c lear ly v i s i b l e . 
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A2 .1 . Subdivision of the Muon Data in to Momentum Bands 

The technique used i s that described by Walton (.1966), and used by 

Earnshaw (1968) to obtain the mean true momentum f o r a given band of 

momentum derived from angular def lect ions i n the spectrograph,. The resul ts 

are s imi la r to those of Earnshaw (1968), but the sample i s about a f ac to r 

of two larger 0 The procedure fo r der iving the d i s t r ibu t ions has been made 

i t e r a t i v e (J.C. Earnshaw, private communication).. 

The mean of the d i s t r i b u t i o n i n each case has been determined by numerical 

solut ion of 

100 

< P > = ( P s(p) dP A2.1 
r 

100 
s(p) dp 

No s i g n i f i c a n t va r i a t i on of ^ p ^ with core distance has been found. 

Table A ^ . \ 

Limits of momentum 
corresponding to 
angular de f lec t ion 
in te rva ls 
(scat ter ing ignored) 

<p>GeV/c 

1 - 3 1.1 

3 - 8 3.4 

8 - 1 5 9.4 

15 - 30 20.1 

The d i s t r i bu t ions i n momentum are shown i n f i g . A 2 . 1 , and the mean values 

i n Table A2 .1 . 

i 



The d i s t r i b u t i o n i n true momentum from 
1-200 GeV/c f o r f i v e bands of "pure 
magnetic" momentum. The curve fo r 
30 - 45 GeV/c has been pmmitted 
f o r c l a r i t y , 
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APPENDIX THREE 

A3.1 The Derivat ion of an Analyt ic Form f o r the Haloht-Qf Production of Mupns, 

• f Known Momentum and Core Distance 

This inves t iga t ion was undertaken to al low d i rec t comparison of the 

experimental resul ts with those of other workerso F ig . A3.1 shows the basic 

height of o r i g i n data p lo t ted as a func t ion of core distance f o r d i f f e r e n t 

muon momentum bands. The data were assumed to represent l inear functions 

of r , so that f i g . A3.1 may be represented by four pa ra l l e l l ines L.=Mr + c^, 

where the c^ are functions only of momentum. Four least-squares f i t l ines 

were computed, and the mean and standard error calculated to f i n d M. The 

four r esu l t ing values f o r c^ were then compared wi th the momentum dependence 

of the production height f o r a f i x e d r i n t e rva l and resolved in to a constant 

term and a log P term (using the values f o r p taken from Appendix two). 

Hence the f i n a l r e su l t H(P,r) .= H q WLog l 0 P + r / ^ A3.1 was 

obtained, where H q = 1.68 + 0.15KM, 1.74 + 0.20, £ = 263 + 33, with 

a l l errors determined from the spread i n the least-squares calculat ions. 

The resu l t ing equation represents the production height f a i r l y well f o r 

core distances of 150 - 600m., and f o r momentum from 1-30 GeV/c. At 

higher energies the r e l a t i o n underestimates the production height but an 

improvement involving the subs t i tu t ion of P f o r log P may improve the 

representation. 

A3.2 The Derivat ion of H > f ) f o r Intervals of Core Distance 

The overa l l production height of muons greater than 1 GeV/c was derived 

from equation A3.1 and from the calculated muon momentum spectrum. I f the 

height of o r i g i n i s denoted H(P,r) and the momentum spectrum ,S(P), then 

30/ 
H = J H(P,r) s(P) dp A3.2 

1 

30 
/ s ( P ) dp 

The value of <H>as a func t ion of r may be regarded as the expectation 

value f o r an experiment measuring the height of production of muons from 



The mean height of production 

of muons as a func t ion of core 

distance f o r the momentum bands 

shown. The four l ines have the 

same gradient , equal to the 

mean of the least-squares f i t s 

to the four sets of data. 
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1 - 3 0 GeV/c w i t h no momentum r e s o l u t i o n , o r as t he o v e r a l l p r o d u c t i o n h e i g h t 

o f m u o n s ^ 1 GeV/c ( s i n c e the c o n t r i b u t i o n o f muons o f momentum ^ 3 0 GeV/c 

i s v e r y s m a l l due t o t h e s t eepness o f t h e momentum s p e c t r u m ) . 

I n o r d e r t o compare w i t h t h e r e s u l t s o f B a x t e r e t a l (1968) and S u r i 

(1966) who b o t h used a l o w - e n e r g y c u t o f f o f 300 MeV, i t i s n e c e s s a ry t o e x t e n d 

t h e r e s u l t s b e l o w 1 GeV/c . The use o f e q u a t i o n A 3 . 1 i s p r o b a b l y a c c u r a t e f o r 

a momentum o f 0 . 5 G e V / c , and t h i s p o i n t has been t a k e n as t h e mean o f t h e 

momentum band 0 . 3 - 1 GeV/c . The r e l a t i v e c o n t r i b u t i o n t o t h e o v e r a l l s p e c t r u m 

f r o m t h o s e muons o f momentum 0 . 3 - 1 GeV/c was o b t a i n e d f r o m t h e l a t e r a l 

d i s t r i b u t i o n c a l c u l a t e d by H i l l a s ( p r i v a t e c o m m u n i c a t i o n ) f o r each d i s t a n c e 

i n t e r v a l , and a w e i g h t e d mean h e i g h t o b t a i n e d . The r e s u l t s a g r e e w e l l w i t h 

t hose o f B a x t e r , and f a i r l y w e l l w i t h t h o s e o f S u r i . . E x p e r i m e n t s y i e l d i n g d a t a a t 

d i f f e r e n t t h r e s h o l d e n e r g i e s may be t r e a t e d s i m i l a r l y . 



77 

R E F E R E N C E S 

A L L A N , H . R . , BLAKE, P . R . , NEAT, K . P . and PIDOCK, J . K . , 1 9 6 7 , P r o c . I n t . Conf 
CALGARY, 2 , 98 . 

ALLAN, H . R . , 1 9 7 1 , P r o c . I n t . C o n f . H o b a r t ( i n p r e p ) . 

ANDREWS, D . , EVANS, A . C . , HUGHES, R . R . , MARSDEN, D . J . R E I D , R . J . O . , SMOLKO, I . , 
TENNENT, R . M . , WATSON, A . A . , WILSON, J . G . and WRAY, A . M . , 1 9 6 9 , P r o c . 
I n t . C o n f . Budapes t EAS-159. 

ANDREWS, D. , 1 9 7 0 , Ph .D T h e s i s , U n i v e r s i t y o f L e e d s . 

ANDREWS, D . , EDGE, D . M . , EVANS, A . C . , R E I D , R . J . O . , TENNGNT, R . M . , WATSON, A . A . , 
WILSON, J . G . and WRAY, A . M . , 1 9 7 1 , P r o c . I n t . C o n f . H o b a r t ( i n p r e p ) 

ASKARYAN, G . A . , 1 9 6 5 , S o v i e t P h y s i c s JETP, 21 J 6 5 8 . 

BARRETT, P . H . , BOLLINGER, L . M . , COCCONI, G. , EISENBERG, Y . , and GREISEN, K . , 
1 9 5 2 , Rev. Mod. Phys . 23» 133-178 . 

BAXTER, A . J . , WATSON, A . A . , WILSON, J . G . , 1 9 6 8 , P r o c . I n t . C o n f . G a l g a r y 4 6 , 9 . 

de BEER, J . F . , 1 9 6 0 , Ph .D T h e s i s , P o t c h e f s t r o o m U n i v e r s i t y . 

de BEER, J . F . , CRANSHAW, T . E . , and PARHAM~A.G., 1 9 6 2 , P h i l . Mag. 7 , 499 . 

de BEER, J . F . de VTLLIERS, E . J . , REINEGKE, J . P . L . and VENTER, F . A . , 1 9 6 9 , 
P r o c . I n t . C o n f . B u d a p e s t , EAS 5 6 . 

BENNETT, S. AND GREISEN, K . , 1 9 6 1 , Phys . Rev. 124> 1982c*J987. 

B I A K E , P . R . , FERGUSON, H and NASH, W . F . , 1 9 7 1 , P r o c . I n t . C o n f . H o b a r t ( i n p r e p ) . 

BRADT, H . and RAPPAPORT, S . A . , 1 9 6 7 , Phys . R e v . , 1567. 

BRAY, A . D . , CRAWFORD, D . F . , JAUNCEY, D . L . , McGUSKER, C . B . A . , MELLY, D . , 
NELSON, D . , POOLE, P . C . , RATHGEBER, M . H . , SEET, S . H . , ULRICHS , J . , 
WARD, R . H . and WINN, M . M . , 1 9 6 5 , P r o c . I n t . C o n f . L o n d o n , 2> 6 6 8 . 

BROWNLEE, R . G . , CHAPMAN, G . J . , DAVID, S . A . FISHER, A . J . , HORTEN, L . , GOOREVICH , L . 
KOHN, P . C . , McCUSKER, C . B . A . , OUTHRED, A . , PARKINSON, A . F . , PEAK. L . S . , 
RATHGEBER, M . H . , RYAN, M . J . and WINN, M . M . , 1 9 6 9 , P r o c . I n t . C o n f . Budapes t 
EAS 5. 

BULL, K . M . COATES, D . W . , NASH, W . F . , RASTIN., B . C . , 1 9 6 2 , Nuovo , C i m e n t o , 2 3 , 
2 8 - 3 8 . 

CHUDAKOV, A . E . , NESTEROVA, N . M . , ZATSEPIN, V . I . and TUKISH, E . I . , 1 9 6 0 , P r o c . 
I n t . C o n f . Moscow, I I , 5 0 - 5 7 . 

. CLARK, G . , EARL, J . KRAUSHAAR, W. , LINSLEY, J . ROSSI , B . , SHERB, F . , 1 9 5 8 , 
Supp. Nuovo C i m e n t o , 8 , 6 2 8 - 6 5 2 . 

CLAY i R . W . , 1 9 7 0 , Ph .D T h e s i s , U n i v e r s i t y o f London . 



78 

COCCONI, G . , KERSTER, L . J - , and PERKINS, D . H . , 1 9 6 1 , Lawrence R a d i a t i o n 
L a b o r a t o r y , H i g h Energy P h y s i c s S tudy S e m i n a r s , 2§> (2), U C I D - 1 4 4 4 , 1 . 

DENNIS, B . R . , 1 9 6 4 , Ph .D T h e s i s , U n i v e r s i t y o f Leedso 

DOVZENKO, O . L . , ZATSEPIN, G . T . , MURZIN. , E . A . , MIKOLSKEY, S . I . , and IAKDLEV, 
V . I . , 1 9 6 0 , P r o c . I n t . C o n f . Moscow, I I , 1 3 4 - 41„ 

DOVZENKO, O . L . , NELEPO, B . A . and N I K O L S K I I , S . J * , 1 9 5 7 , J o r . Exp . T e o r . P h i z , 
3 2 , 4 6 3 - 4 6 5 , 

EARNSHAW, J . C . , 1 9 6 8 , Ph .D T h e s i s , U n i v e r s i t y o f Durham. 

EARNSHAW, J . C . , ORFORD, K . J - ROCHESTER, C D . , SOMOGYI, A . J . , TURVER, K . E . , 
and WALTON, A . B . , 1 9 6 7 , P r o c . Phys . Soc. , 90 , 9 1 - 1 0 8 . 

EARNSHAW, J . C . , MACHIN, A . C . , ORFORp, K . J . , PICKERSGILL, D.R.. , and TURVfcR , K . E . , 
1971a , P r o c . I n t . C o n f . H o b a r t ( i n p r e p ) . 

EARNSHAW, J . C , MACHIN, A . C , ORFORD, K . J . PICKERSGILL, D.R.. and TURVER, K . E . , 
1971b , P r o c . I n t . C o n f . H o b a r t ( i n p r e p ) . 

EYGES, L , 1 9 4 8 , Phys . Rev. 7 4 , 1534-1535 . 

FOWLER, P . A . , ADAMS, R . A . , COWEN, V . G . and K I D D , J . M . , 1 9 6 7 , P r o c . Roy. Soc . 
A , 3 0 1 , 3 9 - 4 5 . 

GALBRAITH, W and JELLEY, J . V . , 1 9 5 2 , N a t u r e , A l , 3 4 9 - 3 5 0 . 

GINSBURG, V . L . and SYROVATSKII, S . I . , 1 9 6 4 , ' T h e O r i g i n o f eo smic R a y s ' 
O x f o r d Pergamon P r e s s . 

GLENCROSS, W . M . , 1 9 6 2 , Ph .D T h e s i s , I m p e r i a l C o l l e g e , U n i v e r s i t y o f London . 

GREISEN, K. , 1 9 6 0 , A n n . Rev. N u c l . S c i . 1 0 , 6 3 . 

GREISEN, K. , 1 9 6 6 , Phys . Rev. L e t t e r s , 1 6 , 7 4 8 . 

GRIEDER, P . K . F . , 1 9 6 9 , P r o c . I n t . C o n f . B u d a p e s t , EAS - 4 3 / l . 

GRIGOROV, N . L . , NESTEROV, V . E . , RAPORT, I . D . , SAVENKO, I . A . , and SKURIDIN,G.A. , 
1 9 7 6 , P r o c . C a l g a r y C o n f . P a r t A , 5 1 2 - 5 2 4 . 

HASEGAWA, H . , MATAMO, T . , MUIRA, I . , ODA, M. , SHIBATE, S. , TANAHASHI, E, , 
and TANEKA, Y . , 1 9 6 2 , P r o c . I n t . C o n f . KYOTO, A I I I , 8 6 - 8 8 . 

HAYAKAWA, S . , 1 9 6 9 , 'Cosmic Ray P h y s i c s ' John W i l e y and Sons . 

H I L L A S , A . M . , 1 9 6 7 , P r o c . I n t . C o n f . C a l g a r y , C a n . J . P h y s i c s 4 6 . , 623 

H I L L A S , A . M . 1 9 6 9 , P r o c . I n t . C o n f . B u d a p e s t . , EAS 3 . 

H I L L A S , A . M . , HOLLOWS, J . D . , HUNTER, H.W. and MARSDEN, D . J . , 1971 P r o c . 
I n t . C o n f . H o b a r t ( i n prep.)* 

HOLLOWS, J . D . , 1968 . Ph .D T h e s i s , U n i v e r s i t y o f Leeds . 

HOOK, J . R . , MASLIN, G . C . , ORFORD, K . J . and TURVER, K . E . , 1 9 6 9 , P r o c . I n t . 
C o n f . B u d a p e s t , EAS - 1 5 . 



79 

IVANENKO, I - P - , and SAMUSODOV, B . E . , 1 9 6 7 , B u l l . A c a d , S c i . USSR, (Phys . 
S e r i e s ) , 3 0 , 1 7 2 2 - 1 7 2 6 . 

JELLEY, J - F R U I N , J , H . , PORTER, N . A . , WEEKS, T . C . , SMITH, F . G . AND 
PORTER, R - A - , 1 9 6 5 , N a t u r e , 2 Q 5 , 3 2 7 . 

KAHN, F . D . , and LERCHE, I , 1 9 6 5 , P r o c . Roy. Soc. A . 289.» 2 0 6 . 

KAMATA, K. , and NISHIMURA, J . , 1 9 5 8 , P r o g s . T h e o r . Phys . S u p p l . 6 , 93 . 

KONSTANTINOV, B-P- , KOCHEROV, G . E . , STARBUROY, Y - U . N . , and ZHURALEV, O . S - , 
1 9 6 8 , Phys . L e h , 2 7 b , 3 0 . 

LAPIKENS, J - MARTIN, R - , R E I D , R . J - O . , ROBINSON, P . D . , TENNENT, R . M . , 

WATSON, A . A . and WILSON, J . G - , 1 9 7 1 , P r o c . I n t . C 0 n f . H o b a r t , ( i n p r e p ) . 

L I L L I C R A P , S - , 1 9 6 3 , Ph .D T h e s i s , U n i v e r s i t y o f L e e d s . 

LINSLEY, J . , 1 9 6 3 , P r o c . I n t . S o n f . J a i p u r , 4, 77 . 

LINSLEY, J . and SCARSI, L . , 1962a , Phys . Rev. L e t t e r s , 2 , 123 . 

LINSLEY, J and SCARSI, L . , 1962b , Phys . R e v . , 1 2 8 , 2384 . 

LLOYD, J . L . , 1 9 6 0 , P r o c . P h y s . Soc. 7 5 , 3 8 7 . 

McCUSKER, C . B . A . , PEAK L . S . , and RATHGEBER, M . H . , 1 9 6 8 , U n i v e r s i t y o f Sydney 
P r e p r i n t . 

MACHIN, A . C . , ORFORD, K . J , , PICKERSGILL, D , C - , and TURVER, K . E - , 1969a , Proc 
I n t . C o n f . B u d a p e s t , EAS 4 4 / l . 

MARSDEN, D . J . , H I L L A S , A . M . , HOLLOWS, J . D . , and HUNTER, HJW. , 1 9 7 1 . P r o c . 
I n t . C 0 n f . H o b a r t ( i n p r e p ) . 

MATANO, T . , NAGAMO, M . , SHIBATA, S . , SUGA, K . , TANAHASHI, E . , and 
HASEGAWA, H- , 1 9 6 7 , P r o c . I n t . C o n f . G a l g a r y . 

NISHIMURA, J . and KAMATA, K. , 1 9 5 0 , P r o g s . T h e o r . P h y s . 5 , 899 

1 9 5 1 . P r o g s . T h e o r . Phys . I , 7 6 2 , 628 

1952. P r o g s . T h e o r . Phys . 7 , 185 . 

ORFORD, K . J . , 1 9 6 8 , Ph .D T h e s i s , U n i v e r s i t y o f Durham. 

ORFORD, K . J . and TURVER, K . E . , 1 9 6 8 , N a t u r e , 219 , 706 . 

ORFORD, K . J . and TURVER, K . E . , 1 9 6 9 b , P r o c . I n t . C o n f . B u d a p e s t , EAS 4 4 / 2 

ORFORD, K . J . ,TURVER, K . E . and WALTON, A . B . , 1 9 6 7 , P r o c . I n t . C o n f . C a l g a r y 
4 6 , S119. 

PENZIAS, A . A . , and WILSON, R . W . , 1 9 6 5 , A s t r o p h y s . J . , 142» 149 . 

PICKERSGILL, D . R . , 1 9 7 1 , Ph .D T h e s i s , U n i v e r s i t y o f Durham ( i n p r e p a r a t i o n ) 

PORTER, L . G . , EARNSHAW, J . C . , TIELSH-CASSEL, E . , AHLSTROM, J . , and 
GREISEN, K . , 1 9 7 0 , N u c l . I n s t . & M e t h o d s , 8 7 , 8 7 . 



8Q 

PORTER, N . A . , LONG, C D . , McBREEN, B . , MURNAGHAN, D . J . B . and WEEKES, T . C , 
1 9 6 5 j P r o c I n t o C o n f . L o n d o n , 2 , 7 0 6 . 

RASTIN, B - C , 1 9 6 4 , Ph .D T h e s i s , U n i v e r s i t y o f N o t t i n g h a m . 

ROLL, P . E . and WILKINSON, D . T . , 1 9 6 6 , Phys . Rev . L e t t e r s , 16, 405o 

ROSSI, B . , 1 9 5 2 , ' H i g h Energy P a r t i c l e s ' , P r e n t i c e H a l l I n c . 

SALZMAN, F . and SALZMAN, G . , 1 9 6 0 . Phys . R e v . , 1 2 Q , 5 9 9 . 

SAMORSKI, M - , STAUBERT, R. , TRUMPER, J . , BOHM. E . , BUXHER , W . , and 
F R I T Z E , R . , 1 9 6 9 . P r o c . I n t . C o n f . B u d a p e s t , EAS-13. 

SHIBATA, S. , NAGAMO, M . , MATANO, T . , SUGA, K- and HASEGAWA , H . , 1 9 6 5 , 
P r o c . I n t . C o n f . L o n d o n , 2 > 6 7 2 - 6 7 5 . 

SUGA, K . , SHIBATA , S . , MIKAMO, S. , TOYODA , Y- , MURAHAMI, K - , LA POINTE, M. , 
KAMATA , K and DOMINGO, V - , 1 9 6 9 . P r o c . I n t . Cong. B u d a p e s t , M u - 1 4 . 

S U R I , A . N . , 1 9 6 6 , Ph.D T h e s i s , U n i v e r s i t y o f L e e d s . 

THIELHEIM, K . O . , and' KARIUS , S. , 1 9 6 5 , P r o c . I n t . G o n f . L o n d o n , 2 , 7 7 9 - 7 8 2 . 

TOYODA , Y . , SUGA , K . , MURAHAMI, K . , HASEGAWA , H . , SHIBATA , S- , DOMINGO, V . , 
ESCOBAR, I . , KAMATE, K. , BRADT, H . V - , CLARK, E and LA POINTE, M. , 
1 9 6 6 , P r o c . - I n t . C o n f . L o n d o n , 2 , 7 0 8 , - 7 1 1 . 

TURVER, K . E . , 1 9 6 3 , Ph .D T h e s i s , U n i v e r s i t y o f Leeds . 

WALTON, A . B . , 1 9 6 6 , M.Sc T h e s i s , U n i v e r s i t y o f Durham. 

WINN, M . M . , WARD, K . H . , ULRICHS-J . , RATHGEBER , M . H . , POOLE, P . C . , NELSON, D. 
McCUSKER, C . B . A . , JAUNCEY, D . .L . CRAWFORD, D . F . , and BRAY, A . D . , 1 9 6 5 . 
Nuovo Cimen to 3 6 , 7 0 1 - 7 3 2 . 

ZATSEPIN, E . T . , N I K O L S K I I , S . I . , and KHRISTIANSEN, E . B . , 1 9 6 3 , P r o c . I n t . 
C o n f . J a i p u r , 4 , 1 0 0 - 1 2 6 . 



S I 
ACKNOWLEDGEMENTS 

I am d e e p l y i n d e b t e d t o P r o f e s s o r G.D. R o c h e s t e r , F . R . S o , f o r t h e 

p r o v i s i o n o f t h e f a c i l i t i e s w h i c h made t h i s s t u d y p o s s i b l e , and a l s o t o 

my s u p e r v i s o r , D r . K . E . T u r v e r , f o r h i s c o n s t a n t a d v i c e and encouragement . 

I w i s h t o t h a n k P r o f e s s o r J . G . W i l s o n and h i s c o l l e a g u e s o f t h e 

Depa r tmen t o f P h y s i c s , U n i v e r s i t y o f Leeds f o r t h e i r c o o p e r a t i o n and 

f o r t h e p r o v i s i o n o f t h e a i r shower a n a l y s e s used i n t h i s t h e s i s . 

My c o l l e a g u e s D r . J . C . Ea rnshaw, D r . K . J . O r f o r d and Mr . D.R. 

P i c k e r s g i l l a r e t h a n k e d f o r t h e i r c o n t r i b u t i o n t o t h e c o l l e c t i o n and 

a n a l y s i s o f t h i s d a t a . 

T h e ^ a s s i s t a n c e o f t h e t e c h n i c a l s t a f f o f t h e U n i v e r s i t y o f Durham* 

p a r t i c u l a r l y Mis s A . M . B e v i l s i n t r a c k r e c o n s t r u c t i o n , and Mr. W. L e s l i e 

and Mr. H . D a v i s o n i n c o n s t r u c t i o n a l work has been i n v a l u a b l e . The 

Sc i ence Research C o u n c i l i s t h a n k e d f o r t h e p r o v i s i o n o f a Research 

S t u d e n t s h i p . I w i s h t o t h a n k my w i f e f o r h e r a s s i s t a n c e , and f o r 

d r a w i n g t h e f i g u r e s f o r t h i s t h e s i s . M r s . D. A n s o n , who t y p e d t h i s 

t h e s i s , i s g r a t e f u l l y t h a n k e d . 

r 2 6 OCT 1972 


