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Abstract. 

Early experimental work on the heights of o r i g i n of muons i n 

Extensive A i r Showers, p a r t i c u l a r l y that of Earnshaw et a l (1973) is? 

described i n d e t a i l and the r e l a t i v e merits of the experimental 

techniques used are considered. As an extension of the work,an extensive 

series of computer simulations was performed both as an aid t o 

in t e r p r e t a t i o n of experimental data and to indicate measureable 

parameters f o r future experiments. Both the temporal and s p a t i a l 

characteristics were simulated and a large amount of data i s presented 

and compared where possible with available experimental r e s u l t s . 

Recent work using a d i f f e r e n t model f o r shower cascade development 

i s described and compared with the e a r l i e r simulations. 

A design f o r a new experiment which has evolved from t h i s work 

and i s now nearing completion i s f u l l y described. The experiment 

consists of two widely separated (250m), heavily shielded s p a t i a l angle 

detectors (employing neon f l a s h tubes) with a p a r t i c l e track resolution 

better than h a l f a degree. Methods of data extraction and in t e r p r e t a t i o n 

are described and the l i k e l y modes of operation discussed. 
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Preface. 

Tills thesis gives an account of work performed i n Durham 

and at the B r i t i s h Universities A i r Shower Array at Haverah Park 

during the period 1973 t o June 19?6. 

Experimental work on the heights of o r i g i n of muons by 

Earnshaw et a l i s described i n d e t a i l . A subsequent series of 

rigourous computer simulations made by Dr.. K. E. Turver and Mr. W. 

Sfephcnson on the s p a t i a l and temporal properties of muons i n 

Extensive Air. Showers,, to aid i n the i n t e r p r e t a t i o n of experimental 

data and t o act a.s a basis f o r the design of a new experiment are 

described. More recently, new simulations have been made employing the 

same techniques as Stephenson and Turver t o investigate the effects 

on the muon component's temporal and spa t i a l properties when using a 

d i f f e r e n t model f o r the nucleon cascade.. Preliminary results of t h i s 

l a t t e r work are presented„ 

A new experiment (designed on the basis of the early simulation 

data) t o investigate the sp a t i a l properties of muons i n large EAS i s 

now nearing completion and i s described i n d e t a i l together with an 

outline of l i k e l y running conditions. The design and construction of t l 

new instrument has been the sole r e s p o n s i b i l i t y of the author together 

with the analysis of the new simulation r e s u l t s 0 
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Chapter One. 

Introduction 

1-1 The Cosmic Rays at the Highest Energies. 

The presence of the cosmic radiation was f i r s t detected i n 

the year 1900 when C.T.R. Wilson observed that a thoroughly insulated 

gold l e a f electroscope slowly l o s t charge. This phenomenon was 

o r i g i n a l l y ascribed t o io n i z i n g radiations emanating from rocks i n 

the earth's crust. When the experiments were repeated at sea no change 

i n the rate of charge loss was observed which led t o suggestions that 

the radiation was e x t r a - t e r r e s t r i a l i n o r i g i n . This was confirmed i n 

1912 when Hess and colleagues made several balloon ascents and found 

a steady increase i n the r a d i a t i o n with a l t i t u d e (Hess 1912) The 

cosmic radiation (as i t became known) has been responsible f o r many 

important and e x c i t i n g discoveries i n both Nuclear Physics and Astronomy 

(f o r example, many of the now well known fundamental p a r t i c l e s were 

f i r s t observed i n cosmic rays), Subsequent research both above and at 

the bottom of the atmosphere has shown the existence of a wide range 
20 

of radiation of energies ranging from s o f t X rays through to 10 eV 
p a r t i c l e s . Some of the most i n t e r e s t i n g p a r t i c l e s are those of energy 

18 

greater than 10 eV which are possibly of extra-galactic o r i g i n but 

the d i r e c t observation of which i s d i f f i c u l t due to t h e i r scarcity 

(rate of a r r i v a l of > lO^eV p a r t i c l e s w lm~^/3000 years). Fortunately 

there exist techniques to study secondary r a d i a t i o n which offs e t the 

above d i f f i c u l t i e s and make possible the i n d i r e c t study of these 

energetic primaries. 

1-2 The Extensive A i r Shower. 
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Up to an energy of Ri 10 eV the primary f l u x i s of s u f f i c i e n t 

strength t o permit d i r e c t observations t o be made at high a l t i t u d e s 

(balloons or o r b i t a l observation platforms) with useful observation 

periods being as short as a few days. Above t h i s energy however, 

d i r e c t observation becomes increasingly d i f f i c u l t and at the higher 

energies i n d i r e c t methods must be employed. 

When a highly energetic cosmic ray primary impinges on the 

earth's atmosphere i t i s presented with approximately 1030gcm~^ of 

material t o traverse before reaching sea l e v e l . Laboratory studies 

have shown the proton t o have an i n t e r a c t i o n length of approximately 

OOgcm i n a i r (the mean free path f o r a. heavy nucleus i s correspondingly 

shorter). Thus a primary i s l i k e l y to i n t e r a c t catastrophically with 

an a i r nucleus producing a shower of secondaries. Accelerator and 

other experimental data indicate that the secondaries are pions, 

strange p a r t i c l e s and heavy mesons„ With a s u f f i c i e n t l y energetic 

primary the secondaries carry o f f s u f f i c i e n t energy t o i n i t i a t e f u r t h e r 

interactions with a i r nuclei. This atmospheric cascade i s repeated 

u n t i l the secondaries decay, are no longer energetic enough t o i n i t i a t e 

f u r t h e r interactions with a i r nuclei or ground l e v e l i s reached. The 

transverse momentum of the secondaries plus Coulomb scattering i n the 

atmosphere causes a l a t e r a l l y developing extensive shower of p a r t i c l e s 

covering many square kilometres at ground l e v e l (Extensive A i r Shower 

[jLAS]). A large array of detectors s p e c i f i c a l l y designed to observe 

these showers offsets the low primary f l u x rate and makes possible the 

study of the most energetic cosmic rays. 

Many d i f f e r e n t techniques are used t o detect and study large 

showers. To date they have a l l r e l i e d on sampling various parameters 

of the secondary p a r t i c l e s ( r e l a t i v e a r r i v a l times, pulse p r o f i l e s , 
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p a r t i c l e numbers/density, etc.) at widely spaced detectors and 

subsequently using computer analysis t o reconstruct the shower i n 

d e t a i l , Most of the world's a i r shower arrays use s c i n t i l l a t i o n 

detectors (employing either l i q u i d or p l a s t i c s c i n t i l l a t o r ) as primary 

detectors. The B r i t i s h Universities A i r Shower Array at Haverah Park 

however i s unique i n that an unusual and economic detection technique 

i s employed based on the Cerenkov ra d i a t i o n emitted by the charged 

p a r t i c l e s as they traverse l ' 2 m of clear water. The low cost of the 

method enables very large detector areas (34m^) t o be employed. 

During recent years several d i f f e r e n t techniques have been 

suggested which may o f f e r a t t r a c t i v e a l ternative methods f o r the 

detection of the largest showers. They are:-

a) Radio Frequency Emission, Subsequent t o the pioneer work 

of Jelley et a l (1965) studies were made, p a r t i c u l a r l y by Allan and 

co-workers at Haverah Park, of the radio emission from EAS as a function, 

of various shower parameters. The i n i t i a l hopes that the method would 

compete favourably with convential arrays ( p a r t i c u l a r l y with respect 

t o the detection of large d i s t a n t showers) seem un l i k e l y and most 

work on t h i s topic has been terminated with the recognition of the 

poor signal t o noise r a t i o , 

b j Night Sky Optical Cerenkov Emission. I n contrast t o the 

radio work studies of the night sky Optical Cerenkov radiation are 

rapi d l y assuming increasing importance following consideration of the 

early work of Galbraith and Jelley (1953). Offering a simple, r e l i a b l e , 

accurate and portable means of a i r shower study, Cerenkov l i g h t 

measurements contain valuable d e t a i l of the EAS development and make 

possible measurements at any s i t e thus allowing cross c a l i b r a t i o n of 

the world's f i x e d p a r t i c l e deteector arrays. 
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c) Atmospheric S c i n t i l l a t i o n . Greisen (1966a) suggested using 

the atmosphere as a s c i n t i l l a t i o n medium to record the passage of very 

large distant a i r sho.-.'&rs and to track t h e i r development. A sophisticated 

experiment t o study the phenomenon i s currently under development and 

i s f u l l y described by Bergeson et a l (1975)• The success of t h i s 

experiment may suggest an exci t i n g future f o r EAS studies. 

1-3 The Longitudinal Development of Large A i r Showers. 

At ground l e v e l a shower consists of many mil l i o n s of secor.dcry 

p a r t i c l e s moving i n substantially the same d i r e c t i o n as the primary 

p a r t i c l e . The p a r t i c l e s i n the region of the core are mainly electrons 

propagated by the electron photon cascade.. The muon component comprises 

only a few percent of the t o t a l of charged p a r t i c l e s at small core 

distances but, at the large distances normally considered i n many 

extensive a i r showers they represent a s i g n i f i c a n t proportion of the 

t o t a l and they dominate other components i n the shower periphery. 

Although the size of the secondary component of a shower at 

varying atmospheric depths has yet t o be measured d i r e c t l y equivalent 

data have been obtained by cress r e l a t i n g results from the various 

high a l t i t u d e experiments. This i s of great importance as the mean 

height of maximum cascade development and in d i v i d u a l fluctuations 

r e f l e c t the rate of shower development, nature of the primary p a r t i c l e 

and d e t a i l s of high energy interactions. The lo n g i t u d i n a l development 

of showers a r i s i n g from primary protons or l i g h t nuclei should 

fl u c t u a t e greatly (mainly due to the long mean free path of the primary) 

with the maximum shower size remaining constant but the depth of 

maximum varying considerably. I n contrast, heavy nucleus primaries 

with a reduced mean free path f o r i n t e r a c t i o n with an a i r nucleus may 



5 

cause a small decrease I n the depth of maximum but w i l l lack large 

scale f1uctuations. 

1-3.1 The Electron Photon Cascade. 

The electron component arises from the decay of uncharged pions 

from the hadron cascade t o photons with subsequent pair production. 

The electron-positron pairs so produced then radiate bremsstrahlung 

photons leading t o more p a i r production and a s e l f perpetuating cascade 

of electrons, positrons and photons. 

Early experimental investigation of the electron photon cascade 

quickly showed that the size of the electron shower was d i r e c t l y 

related t o the primary energy. D i f f i c u l t i e s arose i n that accurate 

measurement of shower size i s d i f f i c u l t due to the low p a r t i c l e 

densities at the greater distances from the shower core giving r i s e t o 

the necessity f o r large detector areas. Recently t h i s problem h?.s been 

overcome by measuring a ground parameter i n showers which i s dependant 

on the primary energy but which shows small fluctuations and may be 

well measured ( H i l l a s et a l [l97l3)« 

1-3.2 The Muon Component. 

The muon component of EAS arises from the decay of charged pions 

i n the upper parts of the shower. The transverse momentum of the 

parent pions i s transferred t o the daughter muons causing the shower 

to spread l a t e r a l l y and the muons to dominate the outer regions. 

Due t o t h e i r small i n t e r a c t i o n cross section and long l i f e , 

many of the inuons survive t o sea l e v e l . Scattering due to Coulomb 

effects and interactions with the geomagnetic f i e l d i s modest and well 

understood; thus study of the muon component yields much information 
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about shovrer development. I n the past, work has been mainly concerned 

with the d e f i n i t i v e measurement of the average momentum spectrum, 

a r r i v a l times etc., but current developments are tending towards a 

study of the muon components' o r i g i n and development i n individual 

showers 0 

The Primary Composition and Energy Spectrum of the 

Cosmic Radiation. 

At energies where d i r e c t observation i s possible the primary 

mass spectrum has been investigated by emulsion stacks flown i n 

balloons and data from o r b i t a l s a t e l l i t e s . Up t o about 10x";eV i t has 

been possible t o i d e n t i f y the primaries confirming the presence of 

protons and heavier nuclei although the r e l a t i v e abundances remain 

undetermined at these energies. 

I n the a i r shower region of the energy spectrum the chemical 

composition of the primaries i s ' s t i l l l argely unknown and the 

i d e n t i f i c a t i o n of the mass spectrum i n these regions i s one of the 

major quests of current research. I n the forseeable future i t i s 

un l i k e l y that much d i r e c t or detailed data w i l l become available on 

the primary composition, but i t may well be possible t o determine the 

r a t i o of protons to heavy nuclei at these energies, A review of the 

available data i n the energy range 10 - 10 X 7eV has been made by 

Sreekantan (1972) which demonstrates the present inconclusive position. 

The shape of the primary energy spectrum has posed a problem 

over many regions and current data indicates a slope equivalent t o an 

exponent of 2 "2 i n the i n t e g r a l energy spectrum f o r energies between 

lO^eV and lO^eV. i n contradiction to e a r l i e r indications a 

f l a t t e n i n g i n the spectrum i s again suggested at higher energies. 
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Greisen (1966b) suggested the existence of a cut-off at the highest 

energies (>10^eV) a r i s i n g from the i n t e r a c t i o n between high energy 

protons and the low energy photons of the 3°K background ra d i a t i o n , 

Extragalactic protons with a path length greater than the characteristic 

distance f o r the p - y i n t e r a c t i o n should be removed from the primary 

f l u x , investigation t o date has been hampered by the scarcity of such 

high energy primaries although no evidence f o r a cut-off has yet been 

observed. 

1-5 The Stage I I I Muon Experiment at Haverah Park. 

I n the work of Earnshaw et a l (1973)1 reviewed i n d e t a i l i n 

Chapter Two, attempts were made t o investigate the heights of o r i g i n 

of muons by two d i f f e r e n t methods, f i r s t l y by investigating the muon 

charge r a t i o d i s t o r t i o n due to interactions of the muons with the 

geomagnetic f i e l d and secondly by means of a d i r e c t trigonometric 

method. The experimental l i m i t a t i o n s imposed by the small sensitive 

area of the Haverah Park Spectrograph r e s t r i c t e d the work to obtaining 

mean heights of o r i g i n f o r muons i n a number of showers. The 

trigonometric method proved to be superior i n both experimental 

s i m p l i c i t y and i n the q u a l i t y of the results which were i n good 

agreement with the model simulation data. Consequently, a series of 

i n depth computer simulations were commenced to pursue the matter 

f u r t h e r and act as a design study f o r a new experiment t o measure the 

height of o r i g i n of muons i n i n d i v i d u a l showers. 

The simulations were made f o r v e r t i c a l showers i n i t i a t e d by 

lO-l? and lO^eV proton primaries with varying heights of maximum. 

The computations followed the development of the shower muons i n a 

small segment of the shower u n t i l they either decayed, reached sea 
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l e v e l or struck a hypothetical array of detectors at varying core 

distanceso These detectors were assumed to be track delineating 

and p a r t i c l e timing devices of high precision beneath varying 

thicknesses of absorber. The simulations allowed f u l l y f o r the 

problem of 'sampling' the sparse muon f l u x with detectors of f i n i t e 

area. The results confirmed the s e n s i t i v i t y of the muon heights of 

o r i g i n to cascade development and confirmed the v i a b i l i t y of the 

experiment as a possible indicator of the atomic mass number of the 

primaries. 

Two large area muon detectors at the Haverah Park Array are 

now nearing completion and should become f u l l y operational by September 

1976. Designed on the basis of the simulation results the detectors 

are capable of high accuracy track delineation ̂ O^ 0) and of 

recording at least 15 - 30 muons i n 10 eV showers at core distances 

i n excess of 300m. 
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Chapter Two. 

The ?*luon Component and Shower Cascade Development. 

2-1 I n t r o d u c t i o n . 

Muons were one of the e a r l i e s t and most s t u d i e d components of 

a i r showers as, due t o t h e i r l o ng l i f e t i m e , low i n t e r a c t i o n cross 

s e c t i o n and small Geomagnetic e f f e c t s they c a r r y i n f o r m a t i o n from 

a l l p a r t s of a shower. Muons may he expected t o rev e a l much i n f o r m a t i o n 

about the shower cascade development. I n t h i s context several attempts 

have been made d u r i n g the l a s t 15 years t o study the muon's s p a t i a l 

angles w i t h respect t o each other and the shower core d i r e c t i o n (de 

Beer et a l [1962,19?0] , Earnshaw e t a l [19 . 6 8 ] ) . 

Somogyi (1966) suggested and Orford et a l (I968) showed t h a t i t 

was p r a c t i c a l t o estimate the muon heights of o r i g i n from the charge 

d i s t o r t i o n of the r a t i o induced by the Earth's magnetic f i e l d . 

K h r i s t i a n s e n (195?)1 Clark et a l (1958), Oren (1959) and Kamiya et 

a l (I962) estimated the i n t e r a c t i o n s of muons w i t h the Geomagnetic 

f i e l d i n r e l a t i o n t o the p o s s i b l e broadening of the muon l a t e r a l 

d i s t r i b u t i o n , r a t h e r than i n st u d i e s of the heights of o r i g i n . The 

experiments t o date have only confirmed the general p r o p e r t i e s of 

muons1 o r i g i n i n EAS and have been r e s t r i c t e d by several f a c t o r s 

i n c l u d i n g a l a c k of p r e c i s i o n i n EAS and muon data, poor s t a t i s t i c s 

and o v e r - s i m p l i f i e d a n a l y s i s methods. 

The s i t u a t i o n was f u r t h e r considered by Earnshaw et a l (1973) 

who obtained improved data and used a more r e f i n e d a n a l y s i s technique 

t o o b t a i n the mean values f o r hei g h t of o r i g i n f o r muons of various 

momenta recorded a t d i f f e r e n t core d i s t a n c e s . I n view of the relevance 

of t h i s work t o the new experiment a d e t a i l e d review i s given i n t h i s 
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chapter. 

2-2 Experimental Method Employed "by Eamshaw et a l . 

A l l measurements were made a t Haverah Park A i r Shower Array 

. u s i n g the Mk I I Magnet Spectrograph which has been described by Machin 

(1973) and P i c k e r s g i l l (1973). The Spectrograph f l a s h tubes were 

t r i g g e r e d on command from the main shower array whenever i t d etected 

a shower i n i t i a t e d by a primary of energy about lO-^eV. The q u a n t i t i e s 

measured f o r each muon were charge, momentum, and a r r i v a l d i r e c t i o n . 

Muons i n the momentum band 1-30 GeV/c and a t core distance 150-600m 

were s t u d i e d . 

2-3 The Mean Heights of O r i g i n of Muons Derived Experimentally 

from I n v e s t i g a t i n g the Charge Ratio D i s t o r t i o n R e s u l t i n g 

from I n t e r a c t i o n s w i t h the Geomagnetic F i e l d . 

Superimposed on a l l i n d i v i d u a l p a r t i c l e s t u d i e s i s a d e f l e c t i o n 

due t o Coulomb S c a t t e r i n g , allowance f o r which must be made i n a l l 

cases where the a r r i v a l d i r e c t i o n of p a r t i c l e s i s imp o r t a n t . I f l a r g e 

. numbers of p a r t i c l e s are considered d e f l e c t i o n s due t o geomagnetic 

e f f e c t s are superimposed on a l l t h e i r paths regardless of Coulomb 

S c a t t e r i n g and i f angular d e v i a t i o n due t o the l a t t e r i s small the 

geomagnetic d e f l e c t i o n i n the bu l k of muons i s d i r e c t l y r e l a t e d t o 

t h e i r h eights of o r i g i n . This can be measured by study of the d i s t o r t i 

i n charge r a t i o brought about by l a t e r a l s h i f t s i n opposing d i r e c t i o n s 

o f o p p o s i t e l y charged particles„ 

2-3ol T h e o r e t i c a l Considerations. 

(a) Muon d e f l e c t i o n s i n the geomagnetic f i e l d . 
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The d e f l e c t i o n i n the geomagnetic f i e l d was evaluated f o r 

rauons of v a r y i n g heights of produc t i o n and momentum f o r an i n i t i a l 

primary d i r e c t i o n s p e c i f i e d by z e n i t h angle 0 and azimuth angle 

The values of the sea l e v e l momentum chosen i n c l u d e d an allowance f o r 

energy l o s s by i o n i z a t i o n , the d e f l e c t i o n being evaluated as the mean 

of p r o d u c t i o n and sea l e v e l momenta. The r e s u l t i n g mean d e f l e c t i o n 

weighted by the observed Haverah Park z e n i t h angle d i s t r i b u t i o n was 

obtained f o r a range of azimuth, thus enabling the p r o j e c t e d component 

of the mean d e f l e c t i o n i n t o each of the t h r e e s e n s i t i v e lobes of the 

arr a y (see Figure 2-1) t o be d e r i v e d . 

(b) Charge r a t i o d i s t o r t i o n by the geomagnetic f i e l d . 

To d e r i v e the muon charge r a t i o a p p r o p r i a t e t o showers l a n d i n g 

i n each of the lobes shown i n Figure 2-1 t h r e e assumptions were made:-

1) The l a t e r a l d i s t r i b u t i o n s f o r p o s i t i v e and negative muons 

are i d e n t i c a l i n the absence of.any geomagnetic f i e l d . 

2) I n t h e presence of t h e geoma.gnetic f i e l d o p p o s i t e l y charged, 

p a r t i c l e s undergo the same geomagnetic e f f e c t s but i n opposite senses. 

Thus the l a t e r a l d i s t r i b u t i o n s of negative and p o s i t i v e muons are 

separated by t w i c e the mean d e f l e c t i o n . 

3) At a given core distance t h e r a t i o of the ordinates of the 

l a t e r a l d i s t r i b u t i o n s a p p r o p r i a t e t o p o s i t i v e and negative muons 

i n d i c a t e s the expected muon charge r a t i o s . 

To determine the mean height of o r i g i n an experimental, l a t e r a l 

d i s t r i b u t i o n a p p r o p r i a t e t o the mean considered momenta was used. 

The number o f events i n v e s t i g a t e d was s m a l l , r e s t r i c t i n g the p o s s i b i l i t y 

o f i n v e s t i g a t i n g the phenomena' a t sever a l core distances <, As a 

r e s u l t , s t u d i e s were con s t r a i n e d t o a s i n g l e d i s t a n c e i n t e r v a l of 
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150-600m corresponding t o th e p r e d i c t e d charge r a t i o f o r the median 

di s t a n c e i n t e r v a l of 300 ± iOm. 

The c a l c u l a t e d values f o r geomagnetic d e f l e c L i o n s of p o s i t i v e 

muons o r i g i n a t i n g a t a he i g h t H above sea l e v e l , w i t h z e n i t h and 

azimuthal angles 0 and $ r e s p e c t i v e l y and two momentum values are 

presented i n t a b l e 2-1, Other values may be obtained by i n t e r p o l a t i o n . 

I t i s s t i l l p o s s i b l e however f o r the he i g h t of p r o d u c t i o n or the charge 

r a t i o d i s t o r t i o n t o be obscured by other f a c t o r s , both e x p e r i m e n t a l l y 

and t h e o r e t i c a l l y . The f o l l o w i n g p o s s i b l e sources of u n c e r t a i n t y were 

considered and i n a l l cases shown t o be i n s i g n i f i c a n t : -

1) V a r i a t i o n s i n the; geomagnetic f i e l d w i t h a l t i t u d e . 

2) D e f l e c t i o n s i n muon t r a j e c t o r y induced by the earth's 

e l e c t r i c f i e l d s 

3) E r r o r s i n core l o c a t i o n , 

4) The acceptance p r o b a b i l i t y by the Spectrograph of a muon 

d e f l e c t e d i n t h e geomagnetic f i e l d , 

5) The mean momentum ascribed t o events of known d e f l e c t i o n i n 

the Spectrograph's magnetic f i e l d . 

2-3.2 V a l i d i t y o f the C a l c u l a t i o n s . 

The v a l i d i t y of t h e c a l c u l a t i o n s was checked by p r e d i c t i n g t h e 

v a r i a t i o n of charge r a t i o recorded i n each s e n s i t i v e lobe f o r various 

azimuth angles a t a l l momenta g r e a t e r than lGeV/c and a mean height of 

o r i g i n o f 5km. These r e s u l t s were compared w i t h the a p p r o p r i a t e 

experimental l a t e r a l d i s t r i b u t i o n f u n c t i o n f o r the X +Y + lobe (see 
\ • + — Figure 2-1;. This was found t o be the same as X Y but w i t h a reversed 

azimuth angle, thus, t o improve the s t a t i s t i c s the events i n the two 

regions were summed. The other regions (X +Y7 X +Y~etc.) received 
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s i m i l a r treatment. The r e s u l t i n g charge v a r i a t i o n i s presented i n 

Figure 2-2 and i t w i l l he seen t h a t good agreement e x i s t s between 

observations and p r e d i c t i o n s . I n a s i m i l a r manner the X r e g i o n i s 

symmetrical about an azimuth of 180° and i s presented i n Figure 2-3• 

Once again good agreement i s evident i n d i c a t i n g the o v e r a l l v a l i d i t y 

o f the c a l c u l a t i o n s . 

2-3.3 The Mean Heights of O r i g i n of E.A.S. Muons Derived from 

Geomagnetic E f f e c t s . 

An estimate of the muons1 h e i g h t of o r i g i n was obtained by 

comparing experimentally observed charge r a t i o s w i t h p r e d i c t e d 

v a r i a t i o n s f o r muons of given momentum and heights of o r i g i n * 

I n an attempt t o improve s t a t i s t i c s the data were combined as 

described above and the mean charge r a t i o ( N [ j . i + ] / N [ j . i ~ ] ) found. The 

range of azimuth angle was r e s t r i c t e d t o i n c l u d e r a t i o s which were 

e i t h e r g r e a t e r than or l e s s than one but not both. I n the X Y re g i o n 

l i m i t a t i o n s were not imposed as the p r e d i c t e d charge r a t i o was g r e a t e r 

than u n i t y over the e n t i r e range 0-360°. I n the combined area X+Y:!" 

the range taken (l80°-360°-45c) caused the p r e d i c t e d charge r a t i o t o 

be l e s s than u n i t y . 

Hence two estimates f o r the he i g h t of o r i g i n were obtained f o r 
- ± 

each momentum band, one f o r t h e X Y r e g i o n where the charge r a t i o i s 

g r e a t e r than one and the X Y r e g i o n w i t h a charge r a t i o l e s s than, 

u n i t y . The v a r i a t i o n o f these two observed mean charged r a t i o s w i t h 

sea l e v e l momentum are shown i n Figure 2-4 and the estimated muon 

hei g h t s of o r i g i n are shown i n Figure 2-5. The v e r t i c a l e r r o r bars 

i n d i c a t e the one standard d e v i a t i o n l i m i t s due t o Poissonian e r r o r s 

and the u n c e r t a i n t y i n the experimental l a t e r a l d i s t r i b u t i o n f u n c t i o n , 
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a lOfS u n c e r t a i n t y i n momentum i s represented by the h o r i z o n t a l e r r o r 

bars. Also shown are the p r e d i c t e d mean heights of o r i g i n expected 

from showers i n i t i a t e d by primary p r o t o n s . 

2-4 The Mean Heights of O r i g i n of Muons Derived Experimentally 

by a Trigonometric Method. 

2-4.1 T h e o r e t i c a l Considerations. 

The hei g h t of o r i g i n of a muon can be d e r i v e d from elementary 

dynamics and i s represented i n Figure 2-6. An energe t i c muon of 

momentum P (and transverse momentum P^) o r i g i n a t i n g from a h e i g h t H 

l a n d i n g a distance r from the shower core must obey:-

( 1 H 

S c a t t e r i n g e f f e c t s (Coulomb and Geomagnetic) on p a r t i c l e s 

below a momentum of lOGeV/c cause d e v i a t i o n from t h i s r e l a t i o n , but 

i t i s s t i l l broadly c o r r e c t . The transverse momentum d i s t r i b u t i o n 

p o s t u l a t e d by Cocconi, Koester and Perkins (1961) (The CKP D i s t r i b u t i o n ) 

was adopted f o r P-f. which l e d t o good agreement w i t h experiment. 

The experimental work was constrained by the geometry of the 

Spectrograph as the instrument was o r i g i n a l l y designed as a momentum 

analyser and the muon d e f l e c t i o n only needed t o be measured i n one 

planeo Thus, as the muons1 angles of incidence i n t h i s plane were 

known, a l l other measurements were t r a n s f e r r e d t o t h i s plane. The 

angle t o the z e n i t h made by t h e shower core i n t h e Spectrograph's 

measuring plane ( f p ) i s given by:-

t a n ( Y p ) = t a n ( e ) . cos(jZS+E) (2) 

• where:- 9, $ are z e n i t h and 

azimuthal angles 



Core D i r e c t i o n 

H 

Muon 
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r e s p e c t i v e l y measured 

by the main a r r a y and 

E a r i s e s from o r i e n t a t i o n 

o f the Spectrograph 

r e c o r d i n g plane wrt the 

main a r r a y . 

From the r o t a t i o n of axes the core d i s t a n c e r j from the Spectrograph 

i s given by:-

r- = Ycos(E) - Xsin(E) (3) 

where X,Y are core 

coordinates. 

Study of Figure 2-6(b) enables t h e f o l l o w i n g r e l a t i o n s h i p t o be 

d e r i v e d : -
r , c o s ( t p ) c o s ( f 0 ) 

H = -± V- (4) 
s i n ( + p - i G ) 

or T = t a n ( f p ) - t a n ( + 0 ) (5) 

Simulations and experimentally obtained data have shown t h a t the 

angle between the muon and core d i r e c t i o n s (vp -••f' 0) i s u s u a l l y small 

(10° or l e s s ) , thus e r r o r s i n he i g h t s of o r i g i n are mainly dependant 

on e r r o r s i n - t 0 ) . E r r o r s a r i s i n g i n r ^ are l e s s important but 

care was exercised and cases where i j _ was l e s s than 10m were excluded 

from the analyses. 

2-4,2 E r r o r s and E f f e c t s A r i s i n g from Main Array Geometry, 

a) Core di s t a n c e YJ_ . 

The array t r i g g e r i n g requirements and geometry (Tennent [ 1 9 6 ? ] ) 

d e f i n e the smaller showers t o f a l l i n the regions between the l i n e s 

connecting d e t e c t o r s (Figure 2 - l ) . The Spectrograph plane r o t a t i o n 
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of 3'-!''5° w i t h respect t o the coordinate system causes more showers 

t o be seen i n the r j _ p o s i t i v e r e g i o n than r^_ negative w i t h a r a t i o 

of about 1'5 : 1. Hoviaver, the mean value of ( r j _ n egative) i s l a r g e r 

than t h e mean value of ( r j _ p o s i t i v e ) which tends t o compensate i n the 

a n a l y s i s . 

b) E f f e c t s on observed angle - V H 0 ) . 

From equation '+ i t can be seen t h a t i f ^p a n d * f 0 have the same 

s i g n ( d i f f e r e n c e s can only be expected i n near v e r t i c a l showers), then 

t h e i r d i f f e r e n c e (¥ ~ Y 0) must have the same s i g n as t o give a 

p o s i t i v e value f o r H. From Figure 2-1 i t can c l e a r l y be seen t h a t two 

populations of r j _ and thus ( lfp - T' 0) e x i s t each predominantly p o s i t i v e 

or negative« Figure 2-7 sho^s the g e n e r a l l y negative tendency of 

(V'p - f0) f o r ( r ^ negative) events. 

c) Measurement e r r o r on (Vp - f 0 ) . 

Hollows (I969) estimated the o v e r a l l measurement e r r o r s i n z e n i t h 

and azimuthal angles a t the Haverah Park Array as about ± 2'2° and 

± 7° r e s p e c t i v e l y . When transformed i n t o the Spectrograph plane t h i s 

gave an e r r o r i n core d i r e c t i o n of about ± 2'5°> the e r r o r i n the muon 

a r r i v a l d i r e c t i o n t 0 measured i n the spectrograph plane was some 0'J°. 

Thus t h e g r e a t e s t c o n t r i b u t i o n t o the o v e r a l l e r r o r i n (»p - W Q ) occurs 

i n 0 and $ which are determined by the f a s t t i m i n g techniques used by 

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

Applying equation 1 t o muons of momentum g r e a t e r than 30GeV/c, 

w i t h h e i g h t of o r i g i n o f lOKm recorded a t a t y p i c a l core distance of 

300m gives the angle ( t p — f 0 ) a r i s i n g from the transverse momentum of 

the parent p i o n as l e s s than l°o An estimate of the u n c e r t a i n t y i n t h e 

angular measurement f o r high momentum muons from the d i s t r i b u t i o n i n 

- D ) i s thus p o s s i b l e . This d i s t r i b u t i o n was obtained using 
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values of based on measurements of azimuth and z e n i t h angles 

c o r r e c t e d f o r shower f r o n t curvature ( S u r i [ 1 9 6 6 ] ) , g i v i n g good 

agreement "between r.ra.s. expected angular u n c e r t a i n t y and the observed 

values. 

2 - 4 . 3 Experimental Results. 

By d i r e c t a p p l i c a t i o n of equation k 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 was determined f o r 16 i n t e r v a l s of momentum and core d i s t a n c e 

viz': -

momentum 1-3 3 -8 8-15 1.5-30 GcV/c 

core distance 1 5 0 - 2 5 0 , 2 5 0 - 3 5 0 , 350~'+50, '45O-6OO m 

The heights of produc t i o n were obtained from the mean value 

and standard d e v i a t i o n of l/H and are shown i n f i g u r e 2 - 8 . Also shown 

are t y p i c a l simula.tion p r e d i c t i o n s f o r both a pro t o n and i r o n nucleus 

primary. Figure 2 - 9 shows the heights of o r i g i n as a f u n c t i o n of core 

distance f o r d i f f e r e n t momentum bands. 

To allow d i r e c t comparison w i t h other work a simple r e l a t i o n 

was f i t t e d t o the r e s u l t s . The data were assumed t o be a l i n e a r 

f u n c t i o n of core d i s t a n c e , so Figure 2 - 9 can be represented by s t r a i g h t 

p a r a l l e l l i n e s . Least squares f i t s were made and the slope determined 

from the mean and standard e r r o r . Comparison w i t h the momentum 

dependence of p r o d u c t i o n h e i g h t enabled the constant terms t o be 

resolved i n t o a constant and a log-j^P term g i v i n g a r e l a t i o n of the 

form:-

H(P,r) = H D + aLog 1 0P + r 
0 

where:- H 0 = 1-68 ± 0 . 1 5 K 

a = 1 « ? 4 ± 0 « 0 2 0 

3 = 2 6 3 ± 33m 
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which represents the pr o d u c t i o n h e i g h t of muons reasonably w e l l i n 

the momentum and core ranges s t u d i e d , 

2-5 Comparison, of Results w i t h Tats, from Other Experiments. 

The p r o d u c t i o n h e i g h t of muons w i t h momentum >lGeV/c a t a given 

core d i s t a n c e was obtained from the c a l c u l a t e d muon momentum spectrum 

and the r e l a t i o n below:-

The e x p e c t a t i o n value of a,n experiment t o measure the muon heig h t of 

Product i o n i n the momentum range l-3GCGeV/c w i t h no r e s o l u t i o n Jin 
- . s- -

momentum 

J 3 ? H(P.r) S(P) dP 
< H ( r ) > = -~ (6) S'i 3(P) dP. 

where:- K ( P e r ) he i g h t of 
o r i g i n 

S(p) dP = momentum 
spectrum 

The work described here was l i m i t e d t o muons w i t h momenta 

>lGeV/c whereas other workers used a low energy cut o f f of 0'3GeV/c, 

Therefore t o e f f e c t a comparison the Durham r e s u l t s had t o be 

ex t r a p o l a t e d downwards i n momentum t o a f i g u r e of 0*5GeV/cp which was 

a l s o taken as the mean of the momentum band 0«3-lGeV/ca A weighted 

mean h e i g h t of pr o d u c t i o n f o r a l l muons >0-3GeV/c was obtained from 

simulated showers f o r each distance i n t e r v a l . The data, adjusted f o r 

a low energy cut o f f , i s shown i n Figure 2-10. 

2-5ol The Results from Other Experiments. 

de Beer.et a l (1962) used s i m i l a r methods t o p r e d i c t the 

angular d i s t r i b u t i o n of muons w i t h momenta >lGeV/c and confirmed the 

general r e s u l t s of t h e i r p r e d i c t i o n s using spark chamber telescopes. 

At Haverah Park, S u r i (I966) measured the mean r a d i u s of the shower 
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f r o n t by f a s t t i m i n g techniques and Baxter (196?) measured the mean 

he i g h t of p r o d u c t i o n from s t u d i e s of the water tank pulse p r o f i l e s , 

L i n s l e y and Scaorsi (1962). timed the a r r i v a l of i n d i v i d u a l muons w i t h 

respect t o the shower f r o n t a t the Volcano Ranch Array. Points from 

a l l these experiments are shown i n Figure 2-10 where the r e s u l t s of 

L i n s l e y and S c a r s i are c o r r e c t e d t o sea l e v e l . 

2-6 S i m u l a t i o n P r e d i c t i o n s of the D i s t o r t i o n i n Charge Ratio 

and the D i s t r i b u t i o n i n Muon Angles w i t h respect t o the 

Shower. Core. 

2-6.1 Comparison between S i m u l a t i o n P r e d i c t i o n s and the ( f p - f n ) 

D i s t r i b u t i o n as a Test o f Va3 i d i t y f o r Shower Models. 

The form of equations 3 and '+ imply t h a t t h e r e e x i s t regions 

of 0, ft, X, and Y where small changes cause l a r g e changes i n l/H, a l s o 

t h e mean heights of p r o d u c t i o n shown i n Figures 2-8 and 2-9 i n d i c a t e 

slow change w i t h core distance and momentum. Thus a s t r o n g dependence 

on assumed primary mass or d e t a i l i n the model s i m u l a t i o n s was deemed 

u n l i k e l y . Hence i t was decided t o p r e d i c t the d i s t r i b u t i o n i n 

(tp - T 0 ) f o r various core distances and shower models t o seek out 

parameters s e n s i t i v e t o t h e shower model 0 

The p r o d u c t i o n momentum of a given muon was c a l c u l a t e d by 

assuming a constant r a t e of energy l o s s (2°2 MeV g^cm^) enabling the 

parent p i o n s 1 momentum and hence the TT - (i decay angle t o be determined. 

The major f a c t o r i n d e v i a t i o n from the core i s the pions' transverse 

momentum and the CKP d i s t r i b u t i o n was used t o determine the p r o b a b i l i t y 

of observing a muon of momentum P i n a chosen distance band a r i s i n g 

from a h e i g h t i n t e r v a l H,H+dH. This process was repeated f o r a l l 
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height i n t e r v a l s and the r e s u l t s weighted by the p r e d i c t e d muon heig h t 

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

from the core at sea l e v e l . This d i s t r i b u t i o n was then p r o j e c t e d i n t o 

the Spectrograph's measuring plane, allowance being made f o r : - a r ray 

e f f e c t s , Coulomb s c a t t e r i n g and measurement errors,. The q u a n t i t y found 

t o r e f l e c t the model used was the mean of the two ('fp - f 0 ) 

d i s t r i b u t i o n s (one f o r r j _ p o s i t i v e and one f o r r j _ n e g a t i v e ) . Figure 

2-11 presents the p r e d i c t i o n s of the d i f f e r e n c e between the two 

d i s t r i b u t i o n s w i t h the appr o p r i a t e experimental d a t a a I t i s apparent 

t h a t the curve shapes vary l i t t l e v i i t h o v e r a l l noise as the d i s t r i b u t i o n s 

i n (*pp - V 0 ) are c l o s e l y gaussian, and as such, the se p a r a t i o n 

between t h e mean changes s l o w l y w i t h the value of the standard 

d e v i a t i o n of the gaussian d i s t r i b u t i o n used. 

2-6.2 Comparison of the Observed Muon Charge Ratio w i t h 

P r e d i c t i o n s from Various Shower Models» 

To compare t h e s i m u l a t i o n models w i t h observations, a w e i g h t i n g 

proceedure was used:-

the f r a c t i o n of p o s i t i v e muons P^ a r r i v i n g a t t h e p o i n t of 

observation from t h e i t h h e i g h t i n t e r v a l i s 

- 1 
r . W. 

(7 

where:- i s p r e d i c t e d f r a c t i o n 
of a l l .(j. of momentum P 
at sea l e v e l o r i g i n a t i n g 
from the i t h h e i g h t 
i n t e r v a l . 
r-jL i s the p r e d i c t e d 
geomagnetic charge r a t i o 
of these | i a t the 
observation p o i n t . 
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D e f i n i n g the t o t a l p r e d i c t e d cha.rge r a t i o R as the t o t a l number 

of negative and p o s i t i v e muons o r i g i n a t i n g from a l l h e i g h t i n t e r v a l s 

a r r i v i n g a t the observation p o i n t i s given by;-

i = i P-
max r i . 

The muon hei g h t s of o r i g i n are i n f l u e n c e d by the m u l t i p l i c i t y 

o f secondary p a r t i c l e s and the mass number of the primary p a r t i c l e . 

I n r e l a t i o n t o the heights of o r i g i n d i s t r i b u t i o n s the two extremes 

are represented by a proton induced shower w i t h pion m u l t i p l i c i t y 

v a r y i n g as Ep'* and an i r o n nucleus i n i t i a t e d shower f o l l o w i n g a 

m u l t i p l i c i t y law v a r y i n g as Ep"2. Using the models of Orford and 

Turver (19?0) t e s t s were made o f the s e n s i t i v i t y o f the expected muon 

charge r a t i o t o the heig h t of o r i g i n d i s t r i b u t i o n , t h e charge r a t i o s 

being p r e d i c t e d f o r the mean momentum ap p r o p r i a t e t o the experimental 

d a t a . I t should be noted t h a t t h e l a t e r a l d i s t r i b u t i o n f o r the p r o t o n 

induced shower i s steeper than t h a t f o r the i r o n nucleus primary d e s p i t e 

t h e i r d i f f e r e n c e s i n m u l t i p l i c i t y law. Therefore, although the heavy 

primary cascade develops e a r l i e r and i s a f f e c t e d more by the geomagnetic 

f i e l d , the increased charge r a t i o d e f l e c t i o n i s not as great as i t 

would have been i f the l a t e r a l d i s t r i b u t i o n had not a l s o been f l a t t e n e d . 

Figure 2-4 shows the p r e d i c t e d charge r a t i o s , and i t i s apparent t h a t 

they are the same f o r a l l but the h i g h e s t momenta. 

I n conclusion i t may be deduced t h a t the geomagnetic charge 

r a t i o d i s t o r t i o n i s not p a r t i c u l a r l y s e n s i t i v e t o the chosen model of 

shower development owing t o t h e . f a c t t h a t e a r l i e r developing cascades 

g i v i n g r i s e t o a long e r mean f r e e path l e n g t h i n the geomagnetic f i e l d 

have a f l a t t e r l a t e r a l d i s t r i b u t i o n a t sea l e v e l . 
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Chapter Three. 

Computer S i m u l a t i o n s of the S p a t i a l and Temporal 

C h a r a c t e r i s t i c s of Muons i n Large A i r Showers, 

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

The experimental and s i m u l a t i o n d a t a reviewed i n Chapter Two 

i n d i c a t e d t h a t the temporal and s p a t i a l p r o p e r t i e s of the muon 

component contained much i n f o r m a t i o n p e r t i n e n t to shower development 

and; by i m p l i c a t i o n , t o the nature of the primary p a r t i c l e s . Before 

commencing work on a new experiment t o extend the s t u d i e s of Darnshaw 

•et a l on s p a t i a l c h a r a c t e r i s t i c s , a programme of r i g o r o u s computer 

s i m u l a t i o n s t o a c t both as an a i d t o d e s i g n and the i n t e r p r e t a t i o n 

of experimental r e s u l t s was deemed n e c e s s a r y . A s y n o p s i s of the 

s i m u l a t i o n s was p r e s e n t e d by Turver (1975) and a more d e t a i l e d summary 

i s p r e s e n t e d i n t h i s c h a p t e r 

E a r l y work on the muon component i n the l a t e 1950s comprised 

"of^fundamental measurements of l a t e r a l d i s t r i b u t i o n (e.g. C l a r k et 
/ \ 

a l [ 1 9 5 8 ] ) . T h i s progressed to more r e c e n t measurements of charge and 

energy d i s t r i b u t i o n s pioneered by Bennett and G r e i s e n ( l 9 6 l ) which, i n ' 

t u r n , was extended and c o n s o l i d a t e d by Dixon et a l (197^) • d.e Beer e t 

a l (1962) and L i n s l e y and S c a r s i (19&2) made the f i r s t i n v e s t i g a t i o n s 

and measurements of the s p a t i a l and temporal p r o p e r t i e s . T h i s f i e l d 

was extended more r e c e n t l y by Armitage et a l (1973) and Earnshaw e t 

a l (1973). 

As an a i d to understanding the measurements and to i n d i c a t e 

the optimum measurable parameters f o r i n v e s t i g a t i o n s of the atomic 

mass number of the primary p a r t i c l e s , more thorough and e x t e n s i v e 

s i m u l a t i o n s were r e q u i r e d . The work of de Beer e t a l (I966) and 
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H i l l a s (1966, 1971) gave a s a t i s f a c t o r y o v e r - a l l account of the muon 

energy and core distance measurements but d i d not explore the f i n e 

d e t a i l of the results„ This chapter contains r e s u l t s of s i m u l a t i o n s 

which were s p e c i f i c a l l y designed t o i n v e s t i g a t e t h e s p a t i a l and temporal 

c h a r a c t e r i s t i c s of muons, t o act as a basis f o r experimental design 

and t o form the basis f o r . the i n t e r p r e t a t i o n of r e s u l t s . 

The s i m u l a t i o n s were developed from a wide ranging programme 

executed a t Durham which was reported by Dixon et a l (i97'+ a and b) 

and Dixon and Turner (197^)• The o r i g i n a l s i m u l a t i o n s assumed t h a t 

the transverse momentum of the parent pions was s o l e l y responsible 

f o r the muons' l a t e r a l development i n both tr.ne and space. C e r t a i n 

e f f e c t s such as geomagnetic i n t e r a c t i o n s and Coulomb s c a t t e r i n g which 

are non n e g l i g i b l e were not i n i t i a l l y considered; l a r g e area d e t e c t o r s 

were also assumed so as t o compensate f o r the small number of muons i n 

showers. The l o n g i t u d i n a l development of showers was found t o be w e l l 

d e f i n e d by the electron-photon cascade, p a r t i c u l a r l y the depth of 

maximum> which i s a d i r e c t consequence of the p i o n production spectrum 

i n the nuclear cascade which, i n t u r n , i s dependent on the depth of the 

f i r s t i n t e r a c t i o n . Such p i o n spectra formed the s t a r t i n g p o i n t f o r the 

c u r r e n t study which r e l i e s on Monte Carlo techniques. 

3-2 Computational Proceedure. 

As a means of r i g o r o u s l y s i m u l a t i n g experiment and r e s t r i c t i n g 

the l a r g e amount of computer time needed f o r Monte Carlo type programs, 

the muons i n a small segment i n azimuth o f each shower were considered 

(see Figure 3-1). The segment was d i v i d e d t o represent p o s s i b l e 

d e t e c t o r s each l a r g e enough t o provide a sample of more than 20 muons 
1 R 

i n a 10 eV p r o t o n induced shower. 
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I n the s i m u l a t i o n each pion produced i n the shower of known 

energy and height of o r i g i n was considered. The pions' azimuth 

angles were chosen from a. d i s t r i b u t i o n ensuring symmetry and only 

those p a r t i c l e s o c c u r r i n g i n the narrow band d e f i n e d above were 

considered f u r t h e r . The d i s t r i b u t i o n due t o Cocccni, Koester and 

Perkins (1961) was used t o ascribe transverse momentum t o the remaining 

p a r t i c l e s . Pions which i n t e r a c t e d or reached ground l e v e l before 

decaying, or moved outside the b i n were neglected. The propagation 

through the atmosphere was then f o l l o w e d , due allowance being made 

f o r : -

1) energy l o s s of both pions and muons, 

2) rr - |_l and | i - e decay processes „ 

3) atmospheric Coulomb s c a t t e r i n g , 

the v e l o c i t y l a g of particles„ 

5) geomagnetic e f f e c t s on p a r t i c l e t r a c k s . (The geomagnetic 

f i e l d used was ap p r o p r i a t e t o t h a t a t Haverah P a r k ) . 

At ground l e v e l only those muons s t r i k i n g one of the h y p o t h e t i c a l 

d e t e c t o r s were 'recorded*. The muon data a v a i l a b l e a t t h i s stage of 

the s i m u l a t i o n were hei g h t of o r i g i n , energy, delay w i t h respect t o a 

reference time, angles made by muons t o shower a x i s and d e t a i l s o f the 

s c a t t e r i n g processes undergone. The s i m u l a t i o n continued t o consider 

t h e e f f e c t on s p a t i a l c h a r a c t e r i s t i c s as the muons passed through a 

'detector' vrhich comprised a sandwich of l e a d absorber (5cm t h i c k ) and 

t r a c k d e l i n e a t i n g devices of hi g h accuracy. 

A l l the s i m u l a t i o n s vrere made f o r v e r t i c a l showers u s u a l l y 

i n i t i a t e d b y protons, although some i r o n p r i m a r i e s i n the 10^ - lO^eV 
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range were considered. Table 3-1 shows the core-axis distances a t 

which the h y p o t h e t i c a l d e t e c t o r s d e f i n e d i n Figure 3-1 l i e t o g e t h e r 
1 Pi 

w i t h t y p i c a l samples from an average 10 eV proton primary w i t h depth 

of maximum 750gcm . The mean energy, h e i g h t of o r i g i n , s p a t i a l and 

temporal d e t a i l s are shown. I t should a l s o be noted t h a t the data 

shown e x h i b i t s the e f f e c t s of f l u c t u a t i o n s a r i s i n g from the 'sampling' 

of the shower. 

Figure3-2 presents d e t a i l e d i n f o r m a t i o n f o r muon time delays 

and angles as might be recorded by a jOnr d e t e c t o r s h i e l d e d by ^cm o f 

l e a d a t a core distance of 500m f o r a 10 eV p r o t o n primary. The 

long delay between the a r r i v a l o f low a,nd high energy muons i s c l e a r . 

3-3 S p a t i a l C h a r a c t e r i s t i c s . 

At l e a s t t h r e e p o s s i b l e methods of i n t e r p r e t a t i o n of the 

s p a t i a l p r o p e r t i e s o f muons e x i s t : -

a) By assuming t h a t the only data a v a i l a b l e on p a r t i c l e d i r e c t i o n s 

are those from muon d e t e c t o r s . Such data are presented i n Figure 3~3a 

from a s i n g l e s i m u l a t i o n of an 'average' shower. 

b) Data from other sources ( f a s t t i m i n g , p a r t i c l e d e n s i t y e t c . ) 

e x i s t enabling the shower's a x i a l d i r e c t i o n and impact p o i n t t o be 

determined. I n t h i s case the data i n (a) above may be considered as 

angles w i t h respect t o shower core d i r e c t i o n . 

c) F i n a l l y , t o consider the muon angular data i n one d e t e c t o r 

and compare i t w i t h t h a t recorded by another s i m i l a r d e t e c t o r a t a 

d i f f e r e n t core d i s t a n c e , such data are shown i n Figure 3~3h, again f o r 

a s i n g l e average shower. 

With a l l c o n s i d e r a t i o n s of s p a t i a l angles the d e t e c t o r energy 
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threshold i s of great importance (due t o scattering processes i n the 

shielding material) and expected d i s t r i b u t i o n s under various thicknesses 

of lead (0-30cm i n 5cm steps) f o r a 10 eV proton at 500m core distance 
1 ft 

are i l l u s t r a t e d i n Figure J-k. The available data f o r v e r t i c a l 10 eV 

proton induced showers at various core distances and with an 'average' 

long i t u d i n a l development, together with an indi c a t i o n of the expected 

sampling fluctuations are given i n Table 3-2. Figure 3-5 shows the 

heights of o r i g i n at various core distances with muon energies i n 

excess of 0*3 and 1'OGeV f o r a lO^eY proton i n i t i a t e d shower. 

3-3•1 Comparison of Simulation with Experiment. 

Much of the available data Qn s p a t i a l angles at present 

originate from measurements made at Haverah Park. This has eliminated 

possible normalization problems which would have been necessary t o 

accommodate data from widely d i f f e r i n g experiments. The majority of 

the measurements used have provided data averaged over many showers, 

but data are now becoming availa/ble on indi v i d u a l large showers 

p a r t i c u l a r l y of the fluctuations between ther.i (e.g Watson and Wilson 

[ 1 9 7 ^ ] ) . 

Comparison with the early s p a t i a l measurements of de Beer et 

a l (19D2) i s not worthwhile. I t i s more useful t o use the detailed 

unpublished work of Earrishaw et a l (1973) who used data from the 

Haverah Park Magnet Spectrograph. This has been done i n Figure 3-6 

f o r data obtained at various core distances i n showers with primaries 
17 

of energy greater than 10 eV. 
17 18 

The height of o r i g i n data i n the primary energy range 10 ' -10 eV 

i s based on measurements made at Haverah Park by Suri (1966), Baxter 

(1967^ Earnshaw et a l (1973) and e a r l i e r data of Linsley and Scarsi 
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(1962). The work was summarised by Earnshaw et a l and adjusted to a 

common observational l e v e l (sea l e v e l ) and a common muon energy-

threshold (OOGeV) and i s reviewed i n chapter two. The results and the 

expectation from the simulation data ( v e r t i c a l shower i n i t i a t e d by 
18 

10 eV Proton) are reproduced i n Figure 3-?° 

3-^ Temporal Characteristics. 

I f effects a r i s i n g from the detector (e.g. bandwidth l i m i t a t i o n s 

and non perfect timing) are ignored then the t y p i c a l timing information 

portrayed i n Figure 3-2 indicates the o r i g i n of the signal recorded i n 

a fast timing detector. The pulse p r o f i l e s t o be expected at various 

core dista.nc.es fnv p.n i r l p a i cn-in+-ni.?.+ i c n detector beneath i^Cm of 

lead (giving an energy threshold of 0'3GeV) are shown i n Figure 3-8. 

Such p r o f i l e s are normally represented as r i s e times between two 

predetermined points but these measurements are often complicated by 

the d e f i n i t i o n of the reference zero time. For. t h i s series of 

simulations the zero time was defined as 'the time at which a spherical 

wave with height of o r i g i n 30Km and t r a v e l l i n g at the v e l o c i t y of 

l i g h t passed through the detector 1. The p e t i t i o n s of other zero times 

which were used i n the e a r l i e r work are also shown on Figure 3-2. 

The fluctuations introduced by sampli ng the showers with a 

detector of f i n i t e size (30m^) were studied and are i l l u s t r a t e d i n 

Figure 3~9« I n t h i s case muons were repeatedly propagated from the 
1 Pi 

same average 10J-°eV shower and the data are appropriate t o a core 

distance of 500m. A summary of the fluctuations (expressed as 

r e l a t i v e standard deviation) to be expected f o r muons with energy i n 

excess of various thresholds and at d i f f e r e n t core distances i s given 

i n Table 3-3. 

http://dista.nc.es
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Correlations between the parameters displayed i n Figures 3-2 

and 3-9 and long i t u d i n a l cascade development d e t a i l s were considered. 

Figure 3-10 plots the a r r i v a l time of the f i r s t muon at 500m ( t j _ ) 

and the depth of f i r s t i n t e r a c t i o n f o r a proton primary induced 

shower. Also shown i s the correlation with depth of cascade maximum 

development t m a x (no allowance being made here f o r the sampling 

effects of a detector of prescribed area). The quantity i s of 

fundamental importance and dominates the radius of curvature 

measurements (.e.g. Suri [1966] and Baxter [196?]]) • A further 

measurable quantity i s t ^ g - l ' the time of a r r i v a l of 50% of the muons 

a f t e r the f i r s t . Figure shows the corr e l a t i o n of t h i s quantity 

with A ± and t m a x„ 

3-4.1 Comparison of Simulation Data with Experiment. 

Due t o the sms.ll amount of experimental data available i t i s 

not easy t o compare the sp a t i a l angles simulation data with experiment. 

However, comparisons can be drawn with several sets of temporal data, 

most measurements having been made with shielded s c i n t i l l a t i o n 

detectors. The e a r l i e s t measurements were made by Llnsley and Scarsi 

(I962) (at the Volcano Ranch Array) who studied the a r r i v a l times of 

single muons (of energy greater than lOOMeV) with km detectors, 

Figure 3-12 compares t h e i r results with the simulations. (N.B. No 

allowance i s made f o r the demand that a single muon be incident on 

the detectors or corrections f o r a l t i t u d e e f f e c t s ) . Further 

measurements, again on specific p a r t i c l e s , were made at Haverah Park 

by Armitage et a l (i9?3) which i s presented i n a sim i l a r manner i n 

Figure 3-8. 

http://sms.ll
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3-5 'Sensitivity of the Simulations to the Parameters of 

Showers and Shower Models. 

The simulations described above are dependent on several basic 

but important assumptions, p r i n c i p a l l y the atomic mass number of the 

primary p a r t i c l e , . the properties and nature of the nuclear interactions 

and decay processes occurring i n the cascade and f i n a l l y the muons' 

propagation through the atmosphere. This section presents b r i e f 

descriptions of the effects of changes i n the assumptions and Chapter 

Five presents a preliminary report of investigations involving a 

d i f f e r e n t model f o r the nuclear cascade. 

3-5o i S e n s i t i v i t y to Changes i n the Propagation Model. 

The results obtained from the f u l l simulation proceedure were 

compared with those obtained from a f a r simpler type of routine. The 

s i m p l i f i e d program assumed that the sole cause of temporal and s p a t i a l 

effects i n muons was the transverse momentum of the p a r t i c l e s o I f 

the comparisons ha.d proved satisfactory a great many showers could 

have been simulated f o r very detailed study with d i f f e r e n t assumptions 

about the high energy interactions f o r a r e l a t i v e l y small amount of 

machine time. 

Typical s p a t i a l and temporal parameters f o r both assumptions 

are tabulated i n Table J-k. The muons considered were a l l i n excess 

of lGeV, an energy f o r which the detailed propagation may be expected 

t o vary least from the simple model„ The satisfactory c o r r e l a t i o n i n 

Table J-k indicates the v a l i d i t y of predictions of the s p a t i a l and 

temporal characteristics of the energetic muons i n showers derived 

from the various models f o r high energy nuclear interactions. The 

l a t e r a l d i s t r i b u t i o n s f o r muons of energy greater than 300MeV f o r 
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both the simple and rigorous treatments are compared i n Figure 3-13. 

3-5•2 S e n s i t i v i t y to the Model of High Energy Interactions. 

Using the simple treatment of muon propagation f o r those muons 

generated from d i f f e r e n t models of the nuclear cascade described by 

Dixon et a l (197^) comparisons were made f o r the s p a t i a l and temporal 

characteristics, t y p i c a l data being shown i n Table 3-5• I t i s evident 

that at large core distances small differences exist between a l l models 

used, excluding simple scaling with photon showers and, given a large 

amount of experimental data, the differences may be detectable. I n 

the case of the simple scaling model f o r interactions very marked 

differences exist and are detected experimentally with r e l a t i v e ease. 

These differences are, however, removed i f a heavy primary i s assumed 

and an increased i n e l a s t i c cross section f o r p-p c o l l i s i o n s . 

3-5*3 S e n s i t i v i t y t o the Atomic Mass Number of the Primary P a r t i c l e s . 

Dixon and Turver (19?^-) confirmed that the most l i k e l y method 

to y i e l d data on the nature of the primary p a r t i c l e s i n the energy 

ranges of i n t e r e s t t o t h i s work should r e l y on detecting the large 

fluctuations i n l o n g i t u d i n a l development which would exist i n showers 

i n i t i a t e d by primary protons. Consideration of the sp a t i a l and 

temporal characteristics of the muon components i n in d i v i d u a l large 

showers would r e f l e c t the depth of maximum cascade development and, 

hopefully, the deeper developing proton induced showers w i l l be 

revealed. 

Those muons of energy greater than 0«3GeV at a core distance 

of 200 and 500 metres i n 10 eV showers with maximum development i n 

the range 600. - 1000 gem" were considered. The data are based on 
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i n d i v i d u a l simulations f o r the propagation of muons i n a range of 

showers with increasing depths of maximum, representing possible 

measurements i n individual showers with d i f f e r i n g depths of maximum. 

I t should be noted that the showers were selected f o r t h e i r depth of 

maximum only and ho attempt was made t o ensure that they were ' t y p i c a l 1 . 

The data i s shown i n Figures 3-1^ and 3-15 being s p a t i a l and temporal 

respectively. I t w i l l be noticed that some of the measureable 

parameters indicate stronger dependence on depths of maximum than 

others (e.g. t^Q QQ) but are subject t o larger f l u c t u a t i o n . 

The simple model was also used to investigate the properties 

of i r o n nucleus i n i t i a t e d showers and results are summarized i n Table 

3-5' I t can be seen that the spread i n proton shower data derived 

from the d i f f e r e n t i n t e r a c t i o n models i s comparable with the differences 

i n the average characteristics of proton and ir o n showers. Therefore, 

u n t i l a more detailed understanding of the interactions i n the nuclear 

cascade i s available i t i s un l i k e l y that the i r o n nucleus primaries 

w i l l be differentiated, from others on the basis of average characteristics. 

On the basis of these data the experiment to be described i n Chapter Four 

was designed and construction commenced i n January 1975• 
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Chapter Four. 

The Experiment, 

k-l Introduction. 

As a development of the work of Earnshaw et a l (1973). Machin 

(1973) and P i c k e r s g i l l (1973) which was reviewed i n Chapter Two and i n 

view of the encouraging predictions of subsequent computer simulations, 

i t was decided to construct an ex33eriment s p e c i f i c a l l y t o measure the 

sp a t i a l d e t a i l s of the muons i n showers. The termination of the 

Mark I I Spectrograph programme (and simultaneously the Durnam Nuclear 

Active P a r t i c l e Spectrograph which has been described^Hook [1972]) made 

available some 18000 f l a s h tubes. These have been redeployed at 

Haverah Park to form the new experiment comprising two large area 

shielded muon detectors. 

The larger of the two new detectors i s located, on the s i t e of 

the Magnet Spectrograph i n the centre of the a i r shower array and the 

other approximately 250m away i n a newly commissioned experimental 
A. 

area. This l a t t e r s i t e also accommodates a complimentary muon 

detector employing l i q u i d s c i n t i l l a t i o n counters (operated by the 

University of Nottingham Group)- These two detectors are f u l l y 

integrated and use the same shielding material. 

Previous experience of the use of fla s h tube detectors i n a i r 

shower measurements suggested a photographic data recording system 

which would be quick and easy t o assemble and, once commissioned, 

would require a minimum of maintenance ensuring great r e l i a b i l i t y over 

long periods of recording. 

'l-2 The.Requirements of the Measurement. 
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Earnshaw et a l (1973) attempted, by experiment and simulation, 

to study the mean heights of production of muons i n various momentum 

and distance bands i n large a i r showers. Using the data from the 

Haverah Park Spectrograph they investigated the charge r a t i o d i s t o r t i o n 

caused by geomagnetic effects and the l a t e r a l and angular scatter of 

muons with respect t o the shower core location and d i r e c t i o n ^ Due t o 

the small sensitive area of the Spectrograph i t was necessary f o r the 

results t o be averaged over many showers; the average characteristics 

of the EAS muons so observed agreed with model predictions. I t was 

not possible, however, to obtain estimates of the atomic mass number 

of the primaries from the measurements. 

More general and complex simulations (discussed i n Chapter Three) 

have shown that the spa t i a l properties (and i n f e r r e d heights of o r i g i n ) 

contain information on cascade development. The simulations also 

indicate a s e n s i t i v i t y to the mass of the primary p a r t i c l e i n that 

early and l a t e developing showers which are t o be expected i f , and only 

i f , there exist primary protons should show detectable differences i n 

muon heights of o r i g i n . These new simulation results a l l i e d with the 

s i m p l i c i t y of the trigonometrical method (described i n Chapter Two) 

have rendered viable an experiment based.upon two large area detectors 

with the aim of studying the muon component of in d i v i d u a l large 

showers. 

The two detectors (a detailed description of which follows) 

have been designed on the basis of simulation results and are of 

s u f f i c i e n t area to enable 15 - 30 muons to be studied i n a shower of 
17 

primary energy > 10 'eV. The core d i r e c t i o n resolution available from 

the main array, the trade o f f between the detector sensitive area and 

p a r t i c l e track resolution (governed by the number of f l a s h tubes 
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available) indicated a designed maximum measurement error of 0*5° i n 

the muon directions. I t i s hoped that t h i s f i g u r e can be bettered by-

using improved analysis techniques should the need arise. 

Past experience and a study of the University of Leeds A i r 

Shower analyses indicate that several useful events per day may be 

expected. F a c i l i t i e s are available f o r the detectors t o operate i n 
v» 

conjuction with the University of Durham Cerenkov l i g h t detecting array and 

thus be able t o extend the study of showers to those of lower energy 

10 eV). Experience during 1974--75 and 1975-76 winters show that 

several useful events per hour are l i k e l y i n t h i s mode of operation. 

4-3 The Haverah Park Experimental Array. 

The Haverah Park A i r Shower Array i s described i n d e t a i l by 

Tennent (i9_6?) and Andrews (1970) and only a b r i e f description w i l l 

be presented here. The array i s located at a l a t i t u d e of 53°58«2'N 

longitude l 038 ol'W and at a mean a l t i t u d e of 220m equivalent t o an 

atmospheric depth of 1016 gm cm~^. A plan of the array i s presented i n 

Figure 4-1. 

The p r i n c i p a l method of shower detection r e l i e s oh recording 

the Cerenkov l i g h t emitted when the shower p a r t i c l e s pass through 

clear water. The indi v i d u a l detectors consist of galvanised steel 

tanks each with a surface area of 2'3m̂  and f i l l e d t o a depth of 

l«2m and. l i n e d i n t e r n a l l y with sheets of white p l a s t i c material 

(Darvic) t o scatter and diffuse the l i g h t . A small f r a c t i o n of the 

l i g h t (0'05%) i s recorded by a 5 inch photomultiplier i n optical contact 

with the water. Detailed descriptions of the tanks and t h e i r 

performance have been discussed by Turver (19&3)• 

Each of the main detector s i t e s shown i n Figure 4-1 consists of 
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an assembly of tanks. The output from the i n d i v i d u a l tanks i s 

passed t o an adding u n i t before transmission and/or recording. 

Large area detectors (out to distances of 500m) are linked to the 

array centre by cables f o r a l l recording. An a i r shower i s recorded 

when the ten p a r t i c l e l e v e l i n the centre detector and two of the 

500m detectors i s exceeded simultaneously. This triggers the recording 

systems of the array and subsidiary experiments. 

I n addition to the p a r t i c l e detector array several subsidiary 

experiments ex i s t . During the winter months an array of eight Night 

Sky A i r Cerenkov detectors i s operated. The detectors are located at 

the positions shown i n Figure 4 - i . Currently being commissioned i s 

another array of small (l-25m~) closely spaced water detectors w i t h i n 

the 500m array to study the regions close to the shower cores. The 

muon component of EAS, the topic of t h i s thesis, i s extensively studied 

and two new experiments are at present nearing completion. 

4-4 The Instrument. 

4-4.1 The Neon Flash Tube Detector. 

The neon f l a s h tube detector was introduced by Conversi and 

Gozssini (1955) and has since become popular i n cosmic ray studies due 

to i t ' s v e r s a t i l i t y and long l i f e . I t consists of a f l a t ended sealed 

glass tube f i l l e d with an i n e r t gas mixture. To form a useful large 

area detector an array of tubes i s placed between sheet metal electrodes 

and, when an external t r i g g e r detector records the passage of a charged 

p a r t i c l e , a high voltage pulse i s applied to the plates. The tubes 

through which the p a r t i c l e s passed give a f l a s h of l i g h t which can 

easily be recorded on f i l m . Many theories of f l a s h tube operation 
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have been put forward. A comprehensive survey has been given by 

Breare (1973). 

Two important constraints have to be born i n mind when 

designing f l a s h tube arrays. F i r s t l y , work by Coxell et a l (1961) 

showed that the I n t e n s i t y of the emitted l i g h t declined rapidly with 

polar angle (Figure 4-2) leading, f o r small camera f l a s h tube distances 

to d i f f i c u l t i e s i n photographing the peripheral tubes of an array. 

The large voltage pulse necessary to t r i g g e r the tubes i n e v i t a b l y 

creates electronic noise to the detriment of other equipment. 

Fortunately the tubes have a 'long' memory and, as fi g u r e 4-3 shows, 

high e f f i c i e n c i e s are maintained up t o 20{is a f t e r the passage of a 

p a r t i c l e . Thus, with a suitable pause before pulsing, interference 

with other equipment can be eliminated. 

4-4.2 Flash Tube Mountings and Common Constructional Details. 

Previous experience with both the Mk.I and Mk.II Spectrographs 

at Haverah Park led to a simple, cheap, accurate and r e l i a b l e system 

f o r supporting f l a s h tubes. Dural bars (Durals) are milled with a 

series of constant and p a r a l l e l p i t c h slots across t h e i r length. 

(Exact d e t a i l s can be found i n P i c k e r s g i l l [1973])• The durals are 

then mounted at the f r o n t and rear of each f l a s h tube tray and 

c a r e f u l l y aligned t o ensure that the f r o n t and rear s l o t s correspond. 

This alignment was achieved by using perspex cylinders of the same 

diameter as the tubes with the centre of one face c l e a r l y marked. A 

cathetometer and series of plumb l i n e s were then used t o positi o n the 

durals w i t h i n the trays giving the desired tube positi o n o f f s e t s . 

Simulations by B u l l et a l (1962) showed that no discernible difference 

i n measurement accuracy existed between random and regular arrays of 



3? 

tubes; a simple half p i t c h stagger was adopted f o r a l l the new trays. 

The weight of the glass tubes cause considerable d i s t o r t i o n 

and sag along the length of the durals. This problem i s easily 

overcome by mounting v e r t i c a l 6mm perspex s t r i p s along the f r o n t and 

back of the tray at frequent i n t e r v a l s . The durals are then bolted t o 

the perspex and as t h i s operation i s performed under controlled 

workshop conditions during the construction and alignment stage the 

exact dural location i s assured. 

The engineering f a c i l i t i e s at Haverah Park are very l i m i t e d so 

i t was decided t o perform a l l t r a y construction and s e t t i n g up i n 

Durham and, where possible, t o transport these i n t a c t . This was not 

possible with the trays of Detector B, so they were designed t o be 

dismantled; exact reconstruction being ensured by key slots on a l l 

major j o i n t s . The deployment of the trays i n the two muon detectors 

i s detailed i n the relevant sections. As the trays are not d i r e c t l y 

interdependent i n contrast'with e a r l i e r applications of neon f l a s h 

tubes i n a spectrograph, the exact relationships and positions t o each 

other i s not of v i t a l importance. A simple measurement technique was 

employed giving c o l i n e a r i t y of tubes between detectors t o much better 

than 1%. 

4-4.3 Detector A. 

a) General Details. 

The larger detector i s located at the approximate centre of the 

main p a r t i c l e detector array on the s i t e o r i g i n a l l y occupied by the 

s o l i d i r o n Magnet Spectrographs. Only the magnet ir o n remains of the 

o r i g i n a l configuration of the spectrographs; i t now shields and gives 

a..lGeV threshold t o two of the o r i g i n a l flash tube trays which have 
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been relocated with t h e i r tubes perpendicular t o each other. The 

remainder of the o r i g i n a l f l a s h tubes have been redeployed i n six new 
p 

trays each of area s l i g h t l y less than 2'4m giving a t o t a l area of 

l6°7m which i s shielded by 0'53m of new barytes concrete, 

b) Mechanical Details. 

To economise on time and labour the two large f l a s h tube trays 

(approx 2m square) designated Al and Bl on the Mk.II Spectrograph 

(described by Machin [1973] and- P i c k e r s g i l l [1973]) were relocated 

with t h e i r tubes perpendicular t o each other one above the other 

beneath the degaussed magnet. The central hole i n the magnet plates 

has been f i l l e d with s u f f i c i e n t lead t o give the same approximate 

thickness (500 gmcm~2) and thus energy threshold. The remaining s i x 

trays are located underneath two substantial steel 'tables' supporting 

the Barytes bricks as shown i n Figure 4-4. 

These s i x trays are of s i m i l a r basic mechanical design with 

variations where appropriate to allow f o r d i f f e r e n t tube sizes. Each 

tray i s divided i n t o two banks of tubes spaced by an a i r gap to give 

the desired angular resolution of p a r t i c l e track delineation. This gap 

i s so adjusted t o correspond t o an exact number of tubes (7 on trays 

containing l«7cm diameter tubes; 13 on 0«7cm tube t r a y s ) , A f l a s h 

tube bank consists of f i v e layers of durals with one layer of f l a s h 

tubes per dura l . To prevent inter-tube contamination by photoionisation 

the large tubes are either painted black or enclosed i n polythene 

sleeves; the small tubes are a l t e r n a t i v e l y painted black and white 

and the electrodes covered by a non-reflecting black p a i n t . 

On studying Figure 4-4 i t w i l l be noticed that the 1*7 cm 

diameter tubes are a l l located at one end of the detector i n four 

trays of two d i f f e r e n t sizes. The larger two trays are mounted on 
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the f l o o r with the smaller p a i r of trays located on two steel frames 

near the edge of the absorber at such a height that the rear trays 

can be viewed through the legs of the frames. Several constraints 

dictated the upper trays being smaller, the most important being the 

number of fla s h tubes available (approximately 3500) and the necessity 

t o move them to t h e i r f i n a l positions a f t e r loading with f l a s h tubes. 

The two trays containing 0«7cm tubes are mounted on frames to enable 

the lower sub-magnet tray t o be photographed. 

Detector B. 

a) General Details. 

This detector i s located 250m from and 7'86m above the array 

centre i n a South Easterly d i r e c t i o n . The inctrument i s positioned 

below an array of l i q u i d s c i n t i l l a t i o n counters. The s c i n t i l l a t o r s 

are covered with 7bcm of Barytes concrete absorber with contamination 

of the detector extremities being reduced by the overhang of the 

'Barytes on a l l sides. 

b) Mechanical Details. 

The thickness of the shielding material, the space requirements 

of the o p t i c a l recording system, and the l i m i t e d headroom of the 

experimental area caused a compromise to be made between keeping the 

height of the f l a s h tube array as small as possible whilst spacing 

the f l a s h tubes t o enable the desired 0.5° angular resolution t o be 

obtained. With these constraints the following design evolved. 

The detector consists of two f l o o r standing trays giving a 

t o t a l sensitive area of 9m involving 6400 black or sleeved l*7cm 

f l a s h tubes (the f l a s h tube lengths are either 2»0r 2*5m)i To 

compensate f o r the modest area of the detector i t was decided t o give 
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the detector the capability of viewing i n two perpendicular planes. 

Useful measurements may then be made i n EAS f a l l i n g with t h e i r cores 

i n a 3°0 o range i n azimuth. Each viewing plane has a depth of twelve 

tubes which are s p l i t i n t o two banks of s i x with a centre separation 

of 30cm. Three layers of tubes i n each bank are counted on durals 

as previously described and.the other three layers rest on top of 

these i n the gaps between tubes. 

4-5 . Electronics and Pulsing System, 

a) Low Voltage System. 

The instruments are controlled by a simple c i r c u i t which i s 

j.eiapuxic>iult! fux- i/uts uurrei; 0 aequenuiiig u i the nHi pulsers, fxuucial 

markers and advancing the cameras. On receipt of a t r i g g e r signal 

from either the p a r t i c l e detecting array or the A i r Gerenkov System 

(5fis and l"7|j.s respectively a f t e r the centre deep water detector 

responds t o the 10 p a r t i c l e threshold) a pause of approximately 12|j.s 

(obtained by passing a signal down a passive delay l i n e ) occurs t o 

allow the other equipment i n the v i c i n i t y l i a b l e t o interference to 

record. A 20|j.s long high voltage pulse i s then applied t o the f l a s h 

tube electrodes v i a the thyratrons. Simultaneously a paralysis state 

i s entered f o r about 4 seconds t o prevent spurious operation of the 

f i d u c i a l markers, camera advance, and multiple pulsing. On termination 

of the paralysis the f i d u c i a l markers f l a s h and the cameras advance, 

re s e t t i n g the en t i r e system t o await the next event. 

b) High Voltage System. 

The EHT pulse i s switched through thyratrons, a system which, 

although antiquated, was used with great r e l i a b i l i t y and effe c t on both 

the Mk.I and Mk.II Haverah Park Spectrographs. This slow system 
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causes the minimum electronic disturbance t o other equipment. To 

prevent spurious t r i g g e r i n g from both electronic noise and. mechanical 

shock a system of D.C. Massing evolved i n addition t o the paralysis 

system described above. The thyratron grids are maintained at a 

constant D.G. l e v e l of -75 v o l t s and are A.C. coupled t o a t h y r i s t o r 

c i r c u i t which switches some 150 v o l t s on command from the control 

electronics to f i r e the valve. 

4-6 • The Optics and Photographic Recording System. 

A photographic recording system has been chosen i n acccrdance 

with previous experience i n EAS measurements at Haverah Park and 

Durham. Although i t i s quite possible t o d i g i t i z e the neon f l a s h 

tube (see e.g. Breare Q1973J) the technique involves large scale 

electronics (with associated pick-up problems), time and expense 

( p a r t i c u l a r l y i n view of the number of tubes involved) and i s not 

proven i n handling the multiple track response t y p i c a l i n EAS. 

Problems may also arise i n the subsequent event reconstruction and 

analysis, espescially with the inevitable spurious discharges and 

crossing p a r t i c l e tracks. 

A system of three cameras, each f i t t e d with a 100mm Fl*9 lens 

has been adopted t o record a l l data. One camera i s employed with 

detector B and two with detector A. To bring the tube images t o the 
2 

cameras and t o ensure that a l l tubes f i t on a 25mm frame a path 

length of approximately 10m i s necessary and due t o the sizes of the 

huts a complex system of mirrors i s required 

Duetothe short l i g h t pulse from the tubes (20|j.s) a fa s t 

recording f i l m i s essential. Unfortunately t h i s also entails a 

large grain size, thus reducing resolution. This i s p a r t i c u l a r l y 
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important with the small (7mm diameter) tubes since, with the chosen 

path length, they present an image diameter of 0'09mm and a centre t o 

centre separation of 0*13mm at the focal plane of the camera. Previous 

experience with the Mk.II Spectrograph has shown that I l f o r d HP4 f i l m 

has a resolving power of R;40 l i n e s mm-"" approximately -f- the size of a 

small tube at the path lengths used (Machin [1973])• Care when 

processing the f i l m should r e s u l t i n acceptable data from the present 

system. 

To i d e n t i f y each event a six d i g i t number i s projected on to 

each frame a f t e r the tubes have flashed. This number i s advanced every 

30 seconds by a master clock and i s used to re l a t e measurements t o data 

f o r the other experiments. 

4-7 Extraction of Data f o r Analysis. 

A straight-forward and r e l i a b l e system of data r e t r i e v a l was 

developed f o r the Magnet Spectrograph f i l m records. Similar techniques 

are t o be employed with the new instruments. 

The developed f i l m negatives are f i r s t scanned by eye and the 

index numbers of those events shoeing p a r t i c l e tracks noted. These 

events are selected f o r analysis and the shower analysis from either 

the deep water detectors or the A i r Cerenkov array noted. Core 

distance, primary energy estimate and shower directions are recorded 

f o r those showers possessing a f u l l and r e l i a b l e analysis. 

The chosen muon detector records are printed on t o a large 

format whose size corresponds exactly t o a transparent overlay showing 

a l l the tube positions. This overlay i s prepared from photographs 

taken on f i n e grain f i l m exposed via the recording cameras under 

ca r e f u l l y controlled l i g h t i n g conditions. Spuriously flashing tubes 
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are noted t o avoid confusion. Using the overlay, the i d e n t i t y of 

flashed tubes may be established and the tube coordinates recovered 

f o r analysis. 

Machin (1973) developed a program to analyze the p a r t i c l e 

tracks i n the Mk„II spectrograph„ A development of t h i s i s t o be 

used with the new experiment. The program r e l i e s on f i n d i n g the 

maximum path length w i t h i n the flashed tubes and the modus operandi 

i s b r i e f l y described below. 

a) The top and bottom flashed tubes i n a po t e n t i a l track are 

used t o define a l i n e . 

b) Any non-flashed tubes traversed by t h i s l i n e are located 

and the coordinates of the nearest gap found. 

c) A least squares f i t i s then made to a l l flashed tubes or 

gaps, 

d) The l i n e thus found i s then rotated and s h i f t e d l a t e r a l l y 

through small increments over a l i m i t e d range and the r e s u l t i n g path 

length calculated. The t r i a l giving maximum path length i s then 

deemed t o be best. 

e) A path i s then ascribed a form of y = xtan? + c and the 

muon's projected zenith angle determined. 

f ) The projected zenith angle thus determined i s normalised 

t o give the muon angle with respect t o the shower core d i r e c t i o n . 

The analysis proceedure outlined above i s repeated f o r a l l 

the p a r t i c l e s recorded i n the instrument and the information on each 

muon stored f o r f u r t h e r study. 
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Chapter Five. 

Recent Computer Simulations and an Outline of Likely 

Running Conditions f o r the Nevr Experiment. 

5-1 Introduction. 

During the construction of the nevr instruments work was 

recommenced t o extend the computer simulations described i n Chapter 

Three. A d i f f e r e n t model f o r the nucleon cascade was investigated, 

the new simulations used Feynman Scaling i n place of the C.KiP. 

momentum d i s t r i b u t i o n t o describe the production of secondary pions 

which; i n turn decay to muons. Similar techniques t o those described 

i n Chapter Three were used t o calculate the muon component's 

sp a t i a l and temporal properties. Preliminary results of the new 

simulations are presented i n t h i s chapter and t h e i r relevance t o 

the nevr experiment i s discussed • 

I n recent months the l i k e l y operational conditions f o r the 

new experiment have become clear and are described together with 

possible methods to fu r t h e r update the simulations, both t o resemble 

more closely the experimental arrangements and to investigate 

d i f f e r e n t models f o r the nucleon cascade of Extensive A i r Showers. 

5-2 The Recent Simulations. 

Using the simulation routine described i n section 3-2 f u r t h e r 

calculations were made t o investigate the s p a t i a l and temporal 

characteristics of muons i n Extensive A i r Showers i n i t i a t e d by 
18 

primary paricles (both protons and i r o n nuclei) of energy 10 eV. 

As before the effects of Coulomb and Geomagnetic scattering were 

included i n the simulations. To assist with other p a r a l l e l studies 
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(and economise on computer time) a few temporary changes were made to the 

areas and locations of the hypothetical detectors employed i n the 

simulations. The most s i g n i f i c a n t being a relocation of the inner 

detectors at d i f f e r e n t core distances (90, 158, 280, 500m) and a change 
2 

of assumed detector area t o 30m i n each case. 

The recent simulations are based upon scaling f o r the pion 

momentum d i s t r i b u t i o n ( i n place of the e a r l i e r C. K. P. d i s t r i b u t i o n ) 

and uses the data of B/ggild et a l (1971) employing a scaling function 

of the form:-

/ |xl \ / F t x' 1.1+7 

F(x,P t) <* '• — '• (1) 
A , ( |x| -0.62 x 
1+ exp( oMT } 

The i n t e r a c t i o n of the primary and secondary p a r t i c l e s i s 

based upon the proton - a i r mean free paths r e f l e c t i n g the increase 

i n proton - proton mean free paths observed i n accelerator data. This 

was.extended to EAS energies following a suggestion of Formanek and 

Franek (1975) to give a plausible expression f o r the proton - a i r 

i n e l a s t i c cross-section with the form:-

< r i n ( P - a i r ) = 226,9 + 14.9 l o g 1 0 E + 1.997 ( l o g 1 Q E ) 2 mb (2) 

A consequence of t h i s expression i s a reduction i n the mean 

free path of proton - a i r c o l l i s i o n s by some 30% t o a value of 
-2 17 approximately 58gcm at energies of 10 eV, 

Heavy primaries (A = 56) were treated as described i n Dixon 

Waddington and Turver (197V-) except that the proportion of nucleons 

i n t e r a c t i n g i n the fragmenting of a heavy nucleus i s now based upon 



1*6 

data of Tomazewski and Wdowcyzk (1975)• 

The results of these preliminary simulations have shown several 

i n t e r e s t i n g differences t o the e a r l i e r work. One of the most s t r i k i n g 

.is the reduction i n the numbers of mucns produced (see figure 5-1)• 

the l a t e r a l d i s t r i b u t i o n of scaling muons i s reduced by a factor of 

approximately 3 i n comparison with that generated from the pionization 

simulations. Assumption of a heavy primary (A =56) causes an increase i n 

the muon numbers towards the values predicted by proton i n i t i a t e d 

pioriization model simulations. More detailed results of the simulations 

are presented i n the following sections. 

5-3 The Spatial Characteristics of Muons i n EAS as Indicated 

by the New Simulations. 

For d i r e c t comparison with the new experiment a l l simulation 

results presented here are those predicted t o be observed beneath 

the .equivalent of 15cm of lead shielding• 

Figure 5-2 shows that the predicted dependence of angle to 

core on core distance f o r average proton (both scaling and C.K.P;. showers) 

and i r o n nuclei induced showers; also shown are the unpublished 

experimental points of Machin et a l (1973)• I t can be seen that good 

agreement with the experimental data exists f o r the o r i g i n a l proton 

simulations and the new i r o n nuclei induced showers. The recent 

simulations of proton induced showers show some divergence from 

the other simulation results and the experimental data, p a r t i c u l a r l y 

at the larger core distances. 

The s e n s i t i v i t y of the new simulation results t o the depth 

of maximum (and hence the mass of the primary p a r t i c l e ) was investigated 

at various core distances f o r both proton and i r o n nucleus induced 
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showers (see Figures 5-3i 5-4, and 5-5). At the smaller core distances 

(<400m) some correl a t i o n between the mean angle of the muons and the 

depth of cascade maximum .is evident. The e a r l i e r developing cascades 

due t o ir o n primaries agree with the trends established by early 

developing proton showers but t h e i r small angles t o the core and 

t h e i r s i m i l a r i t y t o the proton showers could make experimental 

i d e n t i f i c a t i o n d i f f i c u l t without a large number of care f u l l y measured 

and analysed events. With core distances i n excess of 400m the 

correlation between the core/muon angle and the depth of cascade 

maximum fades (see Figure 5-5) and the wide angular spread would make 

experimental i d e n t i f i c a t i o n of the primary mass d i f f i c u l t , , The 

standard deviation of the muon angles measured i n the hypothetical 

detectors was also investigated and the results (at the same core 

distances as the 'pure' angle data) are shown i n Figure 5-6. Again 

there i s less s e n s i t i v i t y t o depth of maximum than was suggested by 

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

To conclude, the preliminary investigate.ons i n t o the muon 

spa t i a l properties have shown a reduction i n p a r t i c l e numbers and 

some decrease i n s e n s i t i v i t y t o primary mass ( p a r t i c u l a r l y at larger 

core distances) f o r proton showers i n comparison t o previous simulations 

and the sparse experimental data available. The simulations of heavy 

nuclear induced showers appear more promising and there i s some 

agreement with available experimental data f o r average s p a t i a l 

c h a r a c t e r i s t i c s . 

5-4 The Temporal Effects According t o the New Simulations. 

The temporal properties of muons in'EAS are of considerable 

i n t e r e s t owing t o the close proximity of the s c i n t i l l a t i o n detectors 
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operated "by the University of Nottingham to the s p a t i a l angle 

detector B. Temporal d e t a i l s have thus been included i n the recent 

simulations and w i l l also he included i n the f i n a l revised form of 

the program (to be described l a t e r ) . 

Predicted pulse p r o f i l e s expected for ideal detectors at 

various core distances were investigated for proton and heavy p a r t i c l e 

induced showers and are shown i n Figures 5~7 a n ( i 5-8. Also shown are 

pr o f i l e s from C.K.P. proton i n i t i a t e d showers. I n the regions close 

to the core substantial differences i n the signal r i s e times e x i s t 

between the s c a l i n g and pionization simulations, but with core- distances 

i n excess of 300m the differences between the models and ordinary 

p a r t i c l e s become smaller. 

Other aspects of the temporal c h a r a c t e r i s t i c s were investigated 

to seek out other measurable parameters of the temporal c h a r a c t e r i s t i c s 

which r e l a t e more d i r e c t l y to the depth of maximum electron cascade, 

Figure 5-9 shows the relationship of ̂ 20-^0 a n c^ ^20-80 ^° ^ e depth 

of cascade maximum. At small core distances i t i s possible to id e n t i f y 

the l a t e r developing showers but saturation e f f e c t s tend to dominate 

the e a r l i e r events masking the heavier n u c l e i . Further from the core 

(> 500m) fluctuations s t a r t to appear ( a r i s i n g mainly from the small 

samples of p a r t i c l e s ) . I t should be noted that the showers selected 

f o r t h i s i l l u s t r a t i o n were chosen s o l e l y for t h e i r depth of maxina 

and are thus l i a b l e to sampling f l u c t u a t i o n s . 

5-5 Implications of the Recent Simulations for the New 

Experiment. 

The preliminary r e s u l t s from the new simulations have shown 

several i n t e r e s t i n g differences from the e a r l i e r simulation work. 
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Proton induced showers show an appreciable divergence from the 

pionization models, both i n l a t e r a l d i s t r i b u t i o n and i n t h e i r 

relationships to the depth of maximum cascade development. These new 

predictions for proton primaries also show differences from the sparse 

experimental data a v a i l a b l e . Showers induced by heavy p a r t i c l e s show 

closer agreement with experimental data, p a r t i c u l a r l y the unpublished 

angular r e s u l t s obtained by Machin et a l . (The predictions of the 

pionization models for proton i n i t i a t e d showers has s i m i l a r success 

i n explaining therse data). Further work (both simulation and 

experimental) may indicate that a pionization model offers the best 

description of proton showers and a s c a l i n g form for showers induced 

by heavy n u c l e i . I f t h i s were to be the case several potentially 

awkward consequences could a r i s e i n the present work which have ar i s e n 

i n e a r l i e r experiments. 

The new experiment was designed on the basis of the pionization 

simulations of proton showers to measure three parameters v i z : -

the l a t e r a l d i s t r i b u t i o n of muons, the mean angles of the muons to the 

core direction and the spread of these angles, each of these measurements 

to be made at two separate locations. The accuracy cf measurement of 

the shower parameters by the main array dictated an angular resolution 

of <0«5° for a l l measurements of angles. 

The changes i n the l a t e r a l d i s t r i b u t i o n of muons predicted by 

the new simulations would reduce the numbers of p a r t i c l e s recorded 

by the detectors p a r t i c u l a r l y those generated by 'scaling protons'. 

Heavy nucleus i n i t i a t e d showers resemble the pionization r e s u l t s and 

thus should be more e a s i l y measured i n both detectors simultaneously. 

The reduced area of detector B may.well preclude the observation of 

useful numbers of p a r t i c l e s from 'scaling proton' showers landing i n 
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the northern regions of the array whereas both pionization showers 

and s c a l i n g heavy nuclei i n i t i a t e d showers produce s u f f i c i e n t p a r t i c l e s 

to enable f u l l studies to be made. 

The consequences for angular measurements of the recent 

simulations pose l e s s of a problem as the smallest muon core angle 

predicted i s of the order of two degrees. D i f f i c u l t i e s i n distinguishing 

between proton and heavier nuclei i n i t i a t e d showers may however a r i s e 

due to the close s i m i l a r i t y between the mpun component's s p a t i a l 

properties i n the d i f f e r e n t cascade models. To resolve between the 

showers i n i t i a t e d by d i f f e r e n t primary p a r t i c l e s i t may prove necessary 

to explore means of optimising the angular resolution of the new 

experiment. I t would also be necessary to obtain a corresponding 

improvement i n shower parameters (core location and shower a r r i v a l 

d i r e c t i o n ) . I n t h i s context i t i s fortunate that the Night Sky Optical 

Herenkov Array w i l l be operational for periods during the running of 

the experiment. Combining the accurate a r r i v a l d i r e c t i o n from the 

night sky Cerenkov data with the p a r t i c l e detector array analyses 

would probably y i e l d the necessary improvement. S i m i l a r precautions 

may have to be used i n the investigation of the spread i n muon angles 

i n each detector, 

5-6 An Outline of L i k e l y Running Conditions for the New 

Experiment. 

Both of the new detectors w i l l be f u l l y operational by the 

onset of winter 19?6/?7« I n i t i a l l y , to t e s t the operation of the 

system and i-fc^s e f f e c t s ( i f any) on the surrounding equipment the 

detectors w i l l be triggered s o l e l y on the 500m coincidence signal 

from the p a r t i c l e detecting array. 
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During the i n i t i a l 'running i n ' stage the data recording, 

extraction and analysis techniques w i l l be developed with a view to 

making operation of the system an ea.sy routine, thus minimising human 

and other error sources. Simultaneously, the resolution l i m i t s of the 

system w i l l be explored and the maximum ef f e c t i v e core distances and 

and zenith angle at which showers may usefully be recorded w i l l be 

determined. Once the operational procedures have been determined 

i t should be possible to accelerate the extraction and analysis of 

data considerably and i t i s therefore important to use only those 

showers which are known to be capable of a f u l l and accurate a n a l y s i s 

i n the early running periods of the experiment 0 

As soon as the entire system i s operating c o r r e c t l y the 

triggering requirements w i l l be changed to include the tr i g g e r 

employed by the Night Sky Cerenkov Array which w i l l be avail a b l e on 

c l e a r moonless nights throughout the winter months0 A f u l l description 

of the array and i t ^ s c a p a b i l i t i e s i s given by Wellby (19?6) and only 

a b r i e f description of the data available from i t w i l l be given here. 
18 

For large events (> 10 eV) the array records about 7 detector 

•responses and much data i s ava i l a b l e on the shower 0 Used i n conjunction 

with the p a r t i c l e detecting array improved accuracy i n shower parameters 

i s possible (core location to a few meters and shower d i r e c t i o n to a 

fr a c t i o n of a degree)„ Due to the limited running hours of the opti c a l 

array ( r e s t r i c t e d by the moon and bad weather) and the r e l a t i v e 

s c a r c i t y of high energy events only a few useful events are l i k e l y 

i n t h i s mode but the precision to which they could be observed would 

compensate for t h e i r s c a r c i t y . 

The op t i c a l array a l s o records a large number (RJ15 hour -^) of 

small k f o l d (the four inner detectors only [see Figure ^ - l ] ] ) 
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coincidences. These are due to showers created by primary p a r t i c l e s 

of about 3 x 10̂ " ̂ eV and the showers are about 10 times smaller than 

those usually observed by the p a r t i c l e array. They usually land with 

t h e i r cores within 70m of the array centre and are, i n general, within 

30 - 35° of the zenith. At present these showers are not capable of 

an accurate and f u l l analysis of the type described above, but, i n the 

forthcoming winter i t i s intended to i n s t a l l large area f l u x c o l l e c t o r s 

at the 500m stations i n the hope of detecting signals from these 

small showers and to render a f u l l avid accurate analysis possible. 

Due to the small s i z e of the showers i t may only be possible to make 

useful measurements with muon detector A. The proximity to the shower 

core could lead to saturation i n the majority of the l i g h t l y shielded 

regions of the detector with high energy electrons I n t h i s case i t 

may prove necessary to record only on the two crossed f l a s h tube trays 

beneath the old spectrograph magnet (threshold lGeV)„ 

5-7 Future Work and Prospects. 

Several areas of related future work are cl e a r , perhaps the 

most important being the modification of the simulation routines to 

resemble the experimental f a c i l i t i e s (and hence a s s i s t i n the analysis 

of data). For each future shower simulation two detectors resembling 

the experimental arrangements as cl o s e l y as possible should be 

considered at appropriate r e l a t i v e positions. The routine should take 

into account the area, alignment, resolution and e f f i c i e n c y of the 

detectors and a l l the modes of an a l y s i s described i n section 3-3 should 

.be investigated. The muon timing information should be retained and 

a representation of the non id e a l detector response incorporated. 

The temporal d e t a i l s should be f u l l y integrated with the s p a t i a l 
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r e s u l t s to ensure the optimum analysis of the r e s u l t s from detector 

B. The simulations as a whole should be expanded to take a f u l l e r 

account of various representations ofthe nuclear interactions 

occurring i n the cascade. The muon propagation program as i t stands 
t 13 i s expensive on computer time (a t y p i c a l 'run' at 10 eV takes i n the 

order of 600 seconds of processor time on an I.B.M. 370/168) and ways 

must be investigated of speeding up i t ' s operation thus enabling more 

simulations to be made. Should i t prove possible to make useful 
1 ft 

observations of muons i n showers i n i t i a t e d by 10 eV primaries the 

simulations should be extended to lower energies. 

On the experimental side, as well as investigating the muon 

s p a t i a l properties i n large numbers of showers which are of importance 

i n the choice of model, individual showers w i l l be thoroughly studied 

using a l l the f a c i l i t i e s a vailable at Haverah Park to id e n t i f y and 

measure fluctuations and hence investigate the nature of the primary 

p a r t i c l e s i n the energy range from 1 0 ^ - lO^eV. 

With the wide ranging experimental f a c i l i t i e s now becoming 

available at Haverah Park backed by rigorous and thorough simulations, 

the future for the determination of the primary p a r t i c l e atomic mass 

number would appear to be both very promising and exciting, although 

the d i f f i c u l t y of the task must not be underestimated. 
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