AR
W Durham

University
Durham E-Theses

Studies of energetic muons in cosmic ray showers

A. C. Machin

How to cite:

Machin, A. C. (1972) Studies of energetic muons in cosmic ray showers. Doctoral thesis, Durham
University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/8582/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/8582/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

Studies of Energetic Muons in

c ic Ray Shower

by

A.C. Machin, B.Sc.

A Thesis submitted to the University of Durham in
accordance with the Regulations for admittance to

the Degree of Doctor of Philoscphys.

Department of Physics

University of Durham May 1972,

A9 6 0CT 1972

. (Dot
T, NIRRT

=Y SR



CONTENTS

ABSTRACT

PREFACE

GHAPTER ONE: INTRODUCTION

1.1

1.2

1.3

1.4

1.5

The Primary Cosmic Radiation

The Extensive Air Shower

1.2.1 General

1l.2.2 The Electron-Photon Component

1.2.3 The Muon Component

Experimental Work on Extensive Air Showers

Current Topics of Interest in Cosmic Rays

l.4.1 The Primary Energy Spectrum at High Energies
1.442 The Mass Composition of the Primary Radiation

1.4.3 The Existence of a High Energy Cut~off to the
Primary Radiation

Scope of the Present Work

CHAPTER TWO: EXPERIMENTAL EQUIPMENT

2.1

2.2

2.3

The Haverah Park EAS Arrays
2.1.1 Introduction

2.1.2 The Individual Detectors
2.1.3 The 500m. Array

2.1.4 The 150 m. Array

2.1.5 The 2KM. Array

2.1.6 The Measurement of Arrival Directions from the 500m Array

2.1.7 Errors in Core Lacation

The Mk.I Spectrograph

2+2.1 Dimensionsand Statistics

2+2.2 The Use of the Instrument as a Muon Detector
The Mk.II Spectrograph

2.3.1 Design Considerations

2.3.2 Mechanical Design

10
10
10

10

12
13
13
13
15
15

16



2.3.3 The Small (7mm) Flash Tubes

2.3.3 (i) Location of tubes

2.3.3 (ii) Measurement of position of flash tubes
2.3.4 Flash Tube Operating Conditions - Preliminary Tests
2.3.5 Operating Conditions of the 7mm Flash Tubes in Situ

2.3.5(i) Introduction

2.3.5(11) The High Voltage Pulsing System

2.3.5(ii1) The Control Electronics

2.3.5 (iv) The Attainment of Stable Running Conditions

2.3.6 Optics and Photography
The Track Reconstruction System
2.4.1 General Requirements

2.4.2 Overall Description

16

18

19

21
22
22

22

2.4.2 Errors in Reconstruction and the Effects on Track Location 23

2.4.,3 The Overlay

CHAPTER THREE: COMPUTER ANALYSIS OF FIASH TUBE DATA

3.1
3.2

3.3

3.4

3.5

Introduction

General Principle in the Fitting of Particle Tracks

The MkeI Spectrograph Track Fitting Programme

3.3.1 General Method

3.3.2 Internal Working of the Programme

3.3.3 Performance of the Programme

The Mk.II Spectrograph Track Fitting Programme

3.4.1 Introduction

3.4.2 General Description of the Method

3.4.3 Performance of the Programme on Spectrograph Events
Tests of the Track-Fitting Programme

3.5.1 Introduction

3.5.2 The Production of Artificial Tracks ("Hole" Events)
3.5.3 Usefﬁlhéss of Artificial Tracks

3.5.4 Results Obtained by Fitting a Generated Track

23

24
24
25
25
25
26
27
27
27
28
29
29
29
31

31



3.6

3.7

Comparision with Other Work

Discussion

CHAPTER FOUR: RESULTS FROM Mk.I AND Mk.IT SPECTROGRAPHS

4.1,

4,2

4.3

The Mk.I Spectrograph
4.,1.1 Introduction

4.1.2 The Momentum Spectra Derived from the Mk.I
Spectrograph Data

4+1.3 Checks on the Experimental Data
4,1.3(i) The Muon Data
4,1.3(i1) The EAS Data

4.1.4 The Momentum Spectra of Multiple Muons

4.1.5 The Charge' Ratio of Muons in EAS

4.1.6 The Distribution of Arrival Directions
4,1.6(i) Introduction

4.1.,6(1i) The Distribution of Events in Zenith
and Azimuth

4,1.6{iii) Check of the Spectrograph On-Time

4,1.6(iv) The Determination of Celestial Arrival
Directions

4.1.6{(v) Results
Results from the Mk.II Spectrograph
4.2.1 Introduction
4.2.2 The Overall Track Location Erxror
4,2.3 Checks on Muon Data

4.2.4 Comparison of the Results of the Mk.I and Mk,II
Instruments

Conclusions

CHAPTER FIVE:s AIR SHOWER MODELS

Se1

5.2

Introduction

Description of the Models
5.2.1 Introduction

542.2 The "900" Series

5.2.3 The "1000" Series

33

33

35
35

35

37

38
39

39

42

42

44

44

46

47
48
48
48

49



5.3

5.4

| 5¢5

6.1

6.2

6.3

6.4

Sensitivity of the Model to Basic Parameters
5.3.1 Introduction
5.3.2 The Effect of Pion and Proton Interaction Lengths

5¢3.3 The Effect of the Inelasticity of Nucleon-Nucleon
Collisions

5.3.4 The Energy Distribution of Secondary Particles
Produced in Interactions

5.3.5 Summary

The Comparisons of Model Predictions with Experimental Results
5.4.1 Muon Momentum Spectra at large core distances

5.4,2 Distributions in the Height of Origin of Muons in EAS

5.4.3 The Longitudinal Development of the Electron Component
of EAS

The Use of Model Calculations to Indicate Useful Future
Experiments

5.5.1 Introduction

5.5.2 The Lateral Distribution of Muons

5¢5.,3 Muon Momentum Spectra at High Momenta

5¢5.4 Muon Momentum Spectra at Large Core Distances
5.5,5 Muon Momentum Spectra at Small Core Distances

5.5.6 Discussion

CHAPTER SIX: THE HEIGHT OF ORIGIN OF MUONS IN EAS

Introduction
General Description of Method
6.2.1 Basic Trigonometrical Relations

6.2.2 Relative Arrival Directions of Muon to the Shower
Core Direction

6.2.3 Effect of the "Lobes" of the 500m. Array Collecting
Area

6.2.4 Determination of Measurement Error on (Y -7&)
p fo
The Average Production Height of Muons by a Direct Method

The Use of (70- O) Distributions and Theoretical Predictions
to obtain © the Production Height

6.4.1 Introduction

6.4.2 The Prediction of a Distribution in (‘)&-)g) from a
Distribution in Height of Production P of Muons

Page
49

49

50

50

52
52
52
32

54

55

35
35
55
56
56

57

58
58
58

39

60

60
61

62

62

62



6.4.3 Discrepancies between (8,8) corrected and (,8)
uncorrected

6.4.4 Results and Comparison with Experiment
6.5 Discussion

6.5.1 Experimental Aspects of Measurements of Amgular
Deviations of Muons

6.5.2 Longitudinal Shower Development

6.6 Comparison of the Height of Origin with values from other
Experiments

6.6.1 Estimations of the Height of Origin based upon the
Interactions of the Muon and the Geomagnetic Field

6.6.2 Measurements based upon the angular displacement
of Muons

6.6.3 Alternative Means of Obtaining the Production Height
of Muons

CHAPTER SEVEN: CONGLUSIONS AND SUGGESTIONS FOR FUTURE WORK
7.1 The Momentum Spectrum of Muons

7.2 Height of Production of Muons

7.3 Model Predictions

APPENDIX QONE: Monte Carlo Methods Applied to the Generation
of Artificial Muon Tracks

APPENDIX TWO: Subdivision of the Muon Data into Momentum Bands

APPENDIX THREE: The Derivation of an Analytic Form for the Height
of Production of Muons of Known Momentum
and Core Distance

REFERENCES

ACKNOWIEDGEMENTS

64
66
66

67

67

67

68

68

69
70
71

73

75

77

81




ABSTRACT

A magnet spectrograph situated at the British Universities joint
air shower array at Haverah Park, near Harrogate, has been used for
studies of various aspects of the muon component of extensive air
showers (EAS).

An introduction to EAS and the relevance of muon studies is given,
and two momentum spactrographs are described, the second being an
improvement over the first, yielding higher precision and momentum
resolution.

A detailed survéy of track-fitting methods applicable to neon
flash tube data from muon spectrographs is made, and an accurate method is
described. The results of track fitting data from both instruments are
presented and discussed.

Theoretical model calculations on the muon ccmponent are described,
and have been used to predict possible areas for further experiments.
Comparisons are made between the prediction of model calculations and
experimental data from the spectrograph in an attempt to determine
several parameters governing the development of EAS.

Two methods of obtaining the -mean production height of muons
in EAS are described, and the results interpreted in terms of the
development of EAS., Further experiments which may be relevant to

measurements of the primary particle mass are described.
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Preface
This thesis contains an account of the work done in Durham and at
Haverah Park during the period October, 1968 to August, 1971 by the
author while under the supervision of Dr. K.E. Turver.
Extensive air showers are detected at Haverah Park by arrays of
water Cerenkov detectors. These arrays are operated by workers from
Leeds University, and detect showers due to particles in the primary

16eV to above 1019

energy range from about 10 eV,

The original spectrograph was designed and constructed by Professor
G.D. Rochester and Dr. K.E. Turver, in 19644 but was partially dismantled
in April 1969. A modified version, designed and constructed by Dr. K.E.
Turver, Mr. D.R. Pickersgill and the author, was completed in November
1969,

Together with his colleagues the author shared responsibility for
operation of the spectrograph ard treatment of the data, and is entirely
responsible for the work presented in Chapter 3. The results of Chapter 5
is & sontinuation of work begun by Dr. Ke¢J. Orford, and Chapter 6 is a
complete recalculation amd improvement of the work of Dr. J.C. Earnshaw.

Recent reﬁorts of the work carried out by the group include

Orford and Turver (1968), Machin et al (1969) and Earnshaw et al (1971a

and 1971b).



1.

CHAPTER _ONE
INTRODUGT ION

l.1. Ihe Primaxy Cosmic Radiation.

Primary cosmic rays reaching the Earth's atmosphere comprise a wide
range of particle types and energies. The majority of the particles are
protons and light nuclei, with a smaller contribution from gamma rays,
electrons and heavy nuclel. The range of energies extends from less than

9eV to at least 1020eV, although the possibility of a high energy cut-off

20

10
above about 10 eV has been suggested. The primary energy spectrum shown
in fige 1.1 falls very steeply, and the rate of arrival of primaries
possessing energies greater than 1018eV is about one per 3000 years per
square metre, so that direct observation of such particles is impossible.
However, several techniques have been used to make direct measurements on
primaries of energy less than about 5.1014ev, notably the use of nuclear
emulsion stacks flown in balloons and rockets (e.g. Fowler et al. (1967))
and large satellite experiments (Grigorov ot al (1967)s Primary:cmsmicsrays of
energy greater than this figure are the only (present) source of ultra high
energy particies, and the study of the nuclear interactions of these particles
provides a rich source of information on the ctharacter of fundamental particles.
1.2. Ihe Extensive Air Shower
le2.1 Geperal

Primary cosmic rays entering the atmosphere interact strongly with
an air nucleus, producing a large number of secondary particles. Most of
these secondaries are thought to be pions (both charged and uncharged),
with a small proportion of strange particles and heavy mesons; it is also
possible that isobars are produceds If the energy of the primary particle
is great enough, the secondary particles may undergo interactions with
further air nucleil, thus producing more particles. This successive

production of particles results in the extensive air shower (ZAS).

RS g,
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The majority of particles in an air shower are relativistic electrons, and
they move through the atmosphere in substantially the same directions as the
pri;ary particles When a shower reaches sea level, it may cover an area of
tens of square kilometres, so that the chance of detecting the arrival of the
.high energy primary in the atmosphere is much magnified by the composition
and effect of the atmosphere itself.
1.2.2 The Elec¢tron-Photon Component

The electron-photon coﬁponent of an air shower arises from the decay of
uncharged pionss and subsequent pair production and bremsstrahlung. It is
subject to wide statistical fluctuations, but the average number of particles
in a shower at a given observation level {the "size") is generally used to
determine the energy of the particle initiating the shower. An approximate

9

relation given by Clark et al (1958) shows E(primary) = 2.10 i GeVs

’ Nma
where Nmax is the number of particles in the shower at the point of maximum
development. However, accurate measurements of the shower size are difficult
because of the large detector area requireds It is more usual to measure some
parameter which is dependent on shower size, and to use this to estimate the
primary particle energy (e.g. Hillas et al {1971)).

1.2,3 The Muon Component
Muons in air showers arise from the decay of charged pions produced
in the nuclear interactions. The highly relabivistic pions produced high
in the atmosphere are time dilated; further, because of the low atmoepheric

density at such heights, the probability of their interaction is decreased.

The result of these competing processes is that muons (particularly those of

energies greater than 50 GeV) tend to originate in the early region of the
cascades Further, the low interaction cress-section and the relatively

long lifetime (also dilated because of the energies in question) of the muon
mean: that a very large proportion of muons, even those originating very
high in the atmosphere, survive to reach sea level, The effects of coulomb

scattering and geomagnetic deflection on the muon trajectories are relatively



3
small, so that the muon component on the whole retains far more information
about the region of the production of the parent pions than the electron=
photon component.
1l.3. Experimen Work on Extensive Air Shower

The most straightforward experimental measurement on EAS is that of the
lateral density distribution of all charged particles above a fixed detector
threshhold. Many such measurements have been made, and all are consistent
over a large range of shower size and measurement altitude (and therefore
state of shower development). The results also agree closely with the
form computed for a pure electromagnetic cascade (Nishimura and Kamata

(19505 1951, 1952))s

=N

F "r2t f(s, I‘/I‘l) .--...-uncuc.lul
1 .

where N is the number of electrons, r the perpendicular distance from the

shower axis,and r, the Moliere unit. The function f(s, n/rl) has been

1
derived by Kamata and Nishimura (1958) and shown to be a close fit to many
experimental results (Gréeisen (1960)). Many simpler approximations have

been made to thelaterall iistribution function to facilitate the analysis of

showers at certain restricted core distances, e.gs:

aN =T
(D(N,l") = r_ exp{ -5} esossscescccelo?
fits well for 1 L v 200 m.

Several experimenters have also measured the energy spectrum of the
electromagnetic component, using cloud chambers or ionisation chambers below
lead absorberss Such experiments showed the lack of high energy electrons
in EAS, and suggested that the proportion ofthe total energy carried by the
electron-photon component is by no means as large as the relative abundance
of electrons in the shower (about 20% of the total energy carried by some
90% of shower particles).

Experiments performed on the nuclear-active component of EAS ( e.g.
Dovzenko et al (1960)) indicate that the lateraldistribution of these

particles is much steeper than that of electrons, so that almost all NAPs -
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are found very close to the core. This makes precise conclusions about their
energy spéctrum very difficult because of the high level of electron=-photon
accompaniment (Hook et al (1969)). In the energy range 3 to 100 GeV, it has
been shown that the majority of NAPs in air showers are protons and neutrons,
with a smaller contribution fromMV(or K) mesons (Greisen (1960)). The total
enerqgy carried by the nuclear-active component is roughly the same as that
carried by the electron-photon component.

It was suggested by Galbraith and Jelley (1952) that most of the electrons
in EAS are sufficiently energetic to cause emission of Cerenkov light duting
their passage through the atmosphere. Chudakov et al (1960) and Jelley et
al (1965) have shown that the radiation produced carries much information
on the development of the shower, and the technique may be a useful one for
comparison with the predicted longitudinal development of the shower. The
experimental difficulties are enormous, and the overall detecting efficiency
of a Cerenkov system is only of the order of 10%.

Porter et al (1970) have reported the detection of scintillation light
from the atmosphere, using electronic techniques similar to those of Jelley.
Scintillation light is emitted isotropically (unlike Cerenkov light, which
is emitted in a rather narrow cone about the shower axis), and this means
that an air shower could be detected at a distance of several kilometers
from the core. The efficiency is again low (5-15%), put the technique
has possibilities considering the larger acceptance area covered by ohe
fairly small detecting statlon. Both this and the Cerenkov light technique
could best be investigated by the operation of detectors in conjunction with
a large EAS arfay, in order to obtain precise information on individual
events. |

The detection of radio pulses associated with EAS was first reported
by Jelley et al (1965) and Porter et al (1965), although suggestions
concerning their existence were made several years earlier. Theoretical
work by Askaryan (1965) and Kahn and Lerche (1965) succeeded in predicting

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



experimental work has been difficult because of the very low signal levels.
Clay (1970) and Allan (1971) report efficient detection of pulses at
frequencies '~ 30 MHz, and the technique is now well established. The
progression from observing radio pulses in showers to the logical extreme,
that of detecting large showers, still appears remote, but the advances
made in the last six years indicate that the prospects may be promising
as a means of estimating the @ imary particle mass.

Experimental work on the muon component of EAS is far more straightforward
than all the methods mentioned above. The early work of Barrett et al (1952),
Clerk et al (1958) and Dovzenko (1957) established the broad characteristics
of muon energy and lateral distribution, but the first reliable muon energy
spectrum was ‘that obtained by Bennett and Greisen (1961). They used a small
air-gap magnet spectrograph (with Geiger- Muller counters as muon detectors)
in an array of plastic scintillators. Coincidences were recorded between
the spectrograph and any scintillator, so that the core position and size of
individual showers were not accurately determineds However, their results
have been shown to be substantially correct by later experimentse In view of
the comments above about the necessity in all measurements of a detailed
knowledge of shower parameters (e.g. size, core distance, arrival direction),
a magnet spectrograph , tc be described later , was constructed for use in
conjunction with the Haverah Park Air Shower array. The detailed results
obtained from this experiment make possible the subdivision of the data on
the basis of both muon and EAS parameters, and enable the maximum amount of
information to be drawn from each measurement. Early results from this
experiment have been published, Earnshaw et al (1967), Machin et al (1969).
lo4s Current Topics of Interest in Cosmic ﬁayg
le4.1 The Primary Energy Spectrum at High Energies

The difficulties in determining the shape of the primary energy spectrum
at high energles (>-1017ev) have been outlined earlier. Basically, the
problem is one of converting an experimentally measured shower parameter
(eege. size, energy flux) into an appropriate value of primary particle

energy. This requires some form of theoretical treatment and Hillas et al



(1971) report on the basis of model simulations that, for an array such as
Haverah Park the detector signal amplitude at a distance of some 300m from
the core is almost linearly -related “to primary energy, and is almost

independent of the structure function exponent used in the analysis of the

showers Andrews et al (1971), using this form of conversion, report an

17 e

integral primary spectrum of slope -2.24 + 0,04 for the energy range 3,10 v

19 eVe Linsley (1963) had earlier suggested that a change of shape takes

place at about lOlaeV. However, Andrews et al. point out that the weakness

to 10

of the previous methods of converting measurement to primary particle energy may
cause an apparent reduction in the spectral exponent at the highest energies.
Fige 1.1 shows the latest results available on the primary spectrum. The

Sydney group (Brownlee et al (1969)) suggested a possible change in slope

at about 1019

eV although more recent data support the Haverah Park conclusionse
The very wide detector spacing of the Sydney array may cause systematic errors
in the conversion from muon size to primary energys but the small number

of showers from primai'ies)lo19

eV detected at Sydney and Haverah Park (31
for the data shown here) does not allow firm conclusicns to bétdrawn about
the existence of a change in slope at such high energies.
le4.2 The Mass Composition of the Primary Radiation

The mass composition of the primary cosmic radiation is well known up

15eV from emulsion datas The results as summarised

to energies of about 10
by Gin;bergand Syrovatsky (1964) are shown in Table l.1l. The end-point of
direct measurement is slightly below the "knee" ((i) in fig; 1.1) in the
energy spectrum, and this change in slope has been widely interpreted as the
beginning of a change in the mass composition of primary particles. The
argument in favour of this interpretation is that the magnetic cut-off
rigidity of the galaxy progressively excludes protons, light nuclei etc.
from arriving at the Earth. Alternatively, the change in slope could be

due to a fundamental change in the characteristics of high energy nuclear
interactions taking place in EAS (Glencross (1962)). The former view

1

implies that the primaries at about 10 7eV should be predominantly heavy



Fiqure ].1 The Primary Energy Spectrum
The experimental points are the highest
energy points quoted by Brownlee et al
(1969) and Andrews et al (1971) for the
Sydney and Haverah Park arrays

respectively.
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Table 1.1

Composition of Primary Cosmic Rays

Nucleus yA A % of flux
Proton 1 1 93
Helium 2 4 6.3
Light 3-5 10 0.14
Medium 6-9 14 0.41
Heavy 10-20 25 0,10
Very Heavy ;> 20 51 0.04

while the latter suggests that the composition should be basically the same

19V and be mainly protonic. Linsley (1963) reported the

as that below 10
existence of a further "kink" ((ii) in fig. 1.1), and interpreted this as

a total failure of containment within the magnetic field of the galaxy,

so that primaries above about 1018eV should be extragalactic in origin,

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

unlikely.

Experimental evidence on the mass composition lags behind the various
containment and propagation theories proposed above. Za@sepin et al. (1963)
concluded that from observations of Cerenkov light at mountain altitudes
the composition below 1015eV was similar to that measured directly. Several
workers have studied the core structure of EAS, and have reported the existence
of multiple cores (e.g. Bray et al (1965), Matano et al (1967), Shibata et al
(1965) » Thielheim and Karius (1965)). Multiple cores may arise on a simple
model when heavy primary particles fragment in the atmosphere, releasing
energetic nucleons giving sub-gores. McCusker et al (1968) reports a
change~over from equal numbers of single and multiple-cored events below

101

eVy to predominantly multiple core events at energies greater than
about 301015ev. This is interpreted as a change-over to predominantly
heavy primaries at these energies. However, the Kiel group (Samorski

et al (1969)) do not find a large proportion of multiple-cored events at



energies around 1015eV. Hasegawa et al (1962) conclude from fluctuation

studies that an appreciable number of primaries greater than 1016eV must
be heavier than protons. Linsley and Scarsi (1962a) and Toyoda et al (1966)

17eV, the composition of table 1.1

conclude that for energies greater than 10
is incompatible with observed fluctuations, and that either pure protons or
heavy nuclei are requireds Linsley further concludes from the narrow band of
fluctuations of muon numbers in showers that the primaries are probably
protons. One of many problems in interpreting any experimental results is the
lack of detailed knowledge about the interaction characteristics of heavy
nuclei at high energies. Most workers consider that a shower resulting from
a mass A primary of energy E is equal to the superposition of A proton-
initiated showers each of energy E/A and this rather crude approximation may
be misleading for some aspects of EAS,
1.4.3 The Existence of a Hjgh-Eperqgy Cut-off to the Primarv Radigtion

The discovery of an isotropic microwave background radiation corresponding
to a black-body temgrature of about 3°K (Penziss and Wilson (1965), Roll and
Wilkinson (1966)) led Greisen (1966) to consider the possibility of energy
loss by high energy primary protons (by photo-pion production) in interactions
with the low energy phetons of the 3% background. Greisen suggested that
the upper 1limit for the primary energy should be less than 1020eV, because
energies higher than this required long path lengths and containment times,
so that the probability of energy loss was increaseds Hillas (1967) suggests

that the removal of protons will occur at about 3.1019

eV, that of heavy
nuclei (by photo-disintegration) at lower energiess However, several events
(~17) of primary energy greater than lOlgeV have been detected at Haverah
Park, including two showers;>5.1019eV, and Brownlee et al (1969) report

41 showers > lOlgeV, with 4 showers >'102OeV, so that the possibility of a
real cut-off is at present in doubt. Konstantinov et al (1968) point out
that the shape of the spectrum above 1019eV should give informatlon on the

containment time of cosmic ray primaries, and therefore on the evolution of

the universe,



1.5 Scope of the Present Work

Tne results presented in this thesis relate to the muon component of EAS

17evo The

of primary energy confined to a narrow band centred on 210
experimental results have been compared with model predictions in an effort

to determine the approximate mass composition at these:primary energies. Early
results .(Earnshaw (1968), Orford (1968)) and model calculations {Orford (1968),
Orford and Turver (1968), Orford and Turver (1969)) indicated that a primary

mass of A~ 10, together with a change in the nuclear interaction characteristics
were required to agree with experiment. However, with improved model

calculations and completely re-analysed air shower data, some of the disc;epancies
have been removeds Certain regions of interest still exist, and an improved
experiment designed to investigate these regions has been constructed and put

into operation. The results from both experiments are compared, and predictions

of primary particle mass-sensitive quantities for further experiments are also

made,
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CHAPTER _TWO

EXPERIMENTAL EQUIPMENT

2.1 The Hayerah Park EAS Arrays

201.1 Intreoduction

The Haverah Park EAS array is situated some 3 miles NW,of Harrogate,
Yorkshire at a latitude of 53° 58.2' N., longitude 1° 38,1 W., and is at a
mean altitude of 220m above sea level, corresponding to an ;tmospheric depth
of 1016 gm'cm_z. A plan of the arrays is shown in fig. 2.1, and the
arrays which are operated by scientists from the University of Leeds are best
described in three sections. The 500m., or main array,consists of four
detecting stations, each of area 34m2 and provides all triggering requirements.
The 150m. array (section 2.1.3) provides additional density samples close to
the core of showers, and so improves the EAS analysis. The 2Kin array (section
2.1.5) is used for accurate analysis of very large showers, where the core can
fall well outside the bounds of the main 500m. arrays
201.2 The Individual Detectors

Each detector unit consits of a galvanised steel tank 1.85 x 1.24 x 1.2%m.
filled to a depth of 120 cm. with clear water. The internal surfaces of the
tank are lined with white plastic, giving a diffuse reflection of the Cerenkov
light produced in the water by the passage of a relativistic shower particle.

A fraction of the light produced is detected by a single 5" photomultiplier,
situated at the top of the tank, with its photocathode immersed in the water
to provide optical coupling. The design and operation of these detectors
is described by Lillicrap (1963) and Turver (1963).
2¢1.3 The 500 m Array

Each station consists of fifteen of the above detector units; the pulses
from each unit are added electronically and combine to give a "station" pulse.
The four "station" pulses so obtained are recorded photographically on a four-
beam oscilloscopee so that the relative times of arrival and the pulse heights
corresponding to each station may be determined from the film record. A full
account of the electronics and test procedures employed in the recording system

is given by Hollows (1968).



Figure 2,1
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2.1.4 Ine 150m, Array

The geometry of this array is similar to that of the 500m. array, but the
individual stations comprise four detector units of total area 13.5m2, and the
station spacing is 150 me Whenever the 500m. array detects a shower, the
pulse heights from the 150m. array are recorded {as in 2,1,3) for use in
shower analysise The short baseline of the array prohibits any significant
contribution towards timing accuracy, but the extra density samples provide
data for more accurate core location than the 500m. array alone. The extra
samples have been available from May 1971, so that none of the EAS data
associated with the muon events reported in this thesis have benefited from
this improvement in shower datae In place of the normal central detector in
this array (since it is coincident with the 500m. array detector), two units
are run with a low photomultiplier EHT, thus making the pulse heights for a
given particle density much lower than from a conventional unit. This allows
an estimate of very high particle densities, when the conventional units have
reached the limits of their dynamic range. This array is described further
by Andrews (1970).
2.1+5 The 2KM Array

This array consists of six sites, each one a small array of either 50m.
or 150m. spacing, situated approximately on the c¢ircumference of a circle,
radius 2Km, centred on the 500m. array. The low rat2 of the large showers
detected by this array, together with the large mean distance from the
spectrograph, and the relatively small acceptance area of the spectrograph,
mean that the rate of useful muon events from 2Km showers is extremely low,
and no useable data sample has yet been accumulateds
2.1.6 The Measurement of Arrival Directions from the 500m. Array

After detection of a shower by the 500m. array, the station pulses are
delayed electronically to allow each of them to appear fully on the timebase
of the recording oscilloscope. The relative times of arrival of the four pulses
can then be measured by reference to time markers (which appear simultaneously

on all four channels). Only three "times" are required in order to fit a plane
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front to the shower and obtain the arrival direction. It is usual to select
the three longest time intervals from the four availablz, in the interests
of accuracy. These generally correspond to the three outer stations, and the
symmetry of the array permits the four times to be reduced to three, by quoting
them as relative to the central detector. The arrival directions(e,ﬁ)
derived from these times correspond to a shower possessing a plane front.
Dennis (1964) gives a set of corrections to be applied to the plane-front
angles to allow for the effect of shower front curvature. Although these
transformations are ill~conditioned in certain areas of O,ﬁ and core position,
there is a distinct overall improvement in accuracy (see Ch. 6).

From measurements of simulated shower pulses recorded via each channel,
it has been found that the width of the distribution in time measurement
corresponds to a standard deviation in time of 0.0BfAsec. This figure may
be.useéd to predict the overall uncertainties in (9,¢) by differentiating
the appropriate equations and the results of such calculations are given
by Hollows (1968). Typical figures are 2.5° in © and 7° in @. The overall
error in © and @ is important for the studies of the height of production of
muons to be described in Chapter 6.

2.1.7 Exrors in Core Locatign

Hollows (1968) gives an account of the methods used to estimate the core
location accuracy by means of simulated showers. Pickersgill (1971) gives
an alternative method, which relies upon a knowledge of the lateral distribution
of muons of known energies (as determined by Earnshaw (1968)). Briefly, the
method consists of investigating the change in muon density predicted for
different energies by small movements in core distance, from the lateral
distribution. Both methods yiéld an accuracy of about 30m. and it is
unlikely that such errors will have any significant effect on the muon
momentum spectra described in section 4.1. The inclusion of the 150m. array
data, for the period since May 1971, has shown one interesting feature with
regard to core location. OCore positions determined from the 500m. data
alone are generally substantiated when the (500m. +150m) data are analysed,
and any movements in core position tend to be transverse rather than radial.

This adde confidence to t he rather small overall effect on measurements made
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at the centre of the array expected from errors in core locatione

2.2. The Mark I Spectrograph
2.2.1 Dimensions and Statistics

A full description of this instrument has been given by Walton (1966),
but a brief account is included to show the improvements made in the updated
version (section 2.3), Figure 2.2 is a scale drawing of the spectrograph.
The neon flash tubes used for track delineation were 17mm. external diameter,
and half were accurately located in milled duralumin supports, while the
remainder rest on top of the accurately positioned layerse The small trays
(A2,B2) played no part in deflection measurements, but were included in an
attempt to resolve parallel muon trackse The magnet is of the "picture-
frame" type, 60cm. total thickness, comprising 45 low-carbon-content steel
plates. The energising current of some 13.5 amperes (power dissipation
2KW) is passed through 325 turns of enamelled, double cotton covered 14
gauge copper wire on each arm. The resulting induction is found to be

14,6 + 0.3 K gauss, uniform over the useable magnet volume.

2.2,2 The Use of the Ingtrumepnt: as a Muon Detector

Apart from mechanical considerations, three main factors govern the
choice of magnet and detectors for use in EAS muon spectrograph work. Firstly,
tne minimum momentum acceptable in the instruments. depends on the angular
acceptance and the amount of matter traversed, and this is roughly fixed by
the overall dimensions and thickness of the component parts. Secondly, the
signal to noise ratio (taken here as the ratio of magnetic deflaction of a
particle trajectory to the root mean square angle of Coulomb scattering)
is’. not .momentum -dependent, since,.tp a first approximation,. both
magnetic deflection and scattzring angle vary as the reciprocal of the muon
momentum (Rossi (1952)). Finally, the maximum detectable momentum (hereafter
called the medem), which depends upon the overall deflection of the muon
(i.ee on the value of }.Hdl in the magnet), and upon the resolution of the
visual detectors. These three factors aré not independent, and a design of

a useable instrument - usually involves some compromise  usually in terms
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A scale diagram of the
Mk.I Haverah Park Magnet
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of overall size, and therefore in terms of event rate.. The Mark I instrument
described above covers the range 1-60 GeV/c with a signal to noise ratio of
3:1. It is important that the three quantities are accurately defined, in
order that the necessary corrections may be applied during the derivation of
spectra (see Chapter 4), The first quantity is relatively straight forward
to determine (basic trigonometry and computation of the overall thickness
in gm cm-2 is required), and the signal to noise ratio is similarly straight
forwards However, the medem is a rather more difficult quantity to measure.
Orford (1968) quotes four different methods which have been used to obtain
the overall angular error, and hence the me.d.m.
le The deflection distribution of single unassociated cosmic ray muons
traversing the magnet before the energising current was switched on.

2. The distribution in angular deflection of a track simulated by hand
repeatedly over a period of time.

3. The distribution in lateral separation of the intersectiom points of the
two half-tracks with the mid-plane of the magnét.

4, The deflection distribution of muons traversing the central hole of the
magnet and thus not undergoing Coulomb scattering in the magnet iron.

The first method suffers from the relatively large amount of angular
scattering undergone by unassociated muons (since their mean energy is low), and
the measurement’' is difficult to make with accuracy. The second method
gives a good estimate of the simulation and operator errors, but does not
give an accurate estimate of the overall error in track location  because
of systematic errors in constructing the simulator, The third method
requires some mathematical treatment to remove the effects of lateral
scattering in the magnet, and is not as direct as the fourth method., The
overall error deduced from these methods is closely gaussian in form, with a
standard derivation of 0.3 + 0.03°. Tnhe medem is then the momentum

corresponding to this value of angular deflsction, namely 5815 GeV/c.



2.3, The Mark II Spectregraph
2.3.1 Design Congiderations

The data gathered during the operating period of the Mk I spectrograph
led to interest in regions of momentum which were close ;o the medom. of the
instrument (e.g. densities of muons greater than 30 GeV/c). Accordingly,
it was decided to rebuild the spectrograph, in order to increase the momentum
resolution, and also to extend the useful operating range to include smaller
values of core distance than were previqusly possible. An improvement in
medems of about 3 times was chosen as the target for the new instruyment, so
that information on muons of momentum > 100 GeV/c could be quoted with
confidences There are two basic methods by which such an m.dem can be obtained:
firstly, the magnitude of the deflection in the magnet for a given momentum
can bé increased (i.e. increase the value of j'Hdl), or secondly, increase the
precision of track location by the use of small, accurately located detectors.

There are two avenues of approach to the first of these methods.

Either the magnetic induction over the useabls magnet volume must be increased
(either by the use of high permeability metal or by increasing the energising
current), or the total path length in the magnet may be increased at a constant
induction. The steel plates used in the Mk I spectrograph combined the
advantages of relatively low cost, ready availability and fairly high permeability,
so a change in magnet material from iron was not considerede The method of
increasing the induction by an increase in energising current is very dependent
on the closeness of the magnet plates to saturation; in the case of the Mk I
spectrograph magnet, a 100% increase in current would only increase the
induction by some 5%e and the power dissipation entailed (about 4KW) would
increase the likelihood of mechanical failure due to overheating. It was
therefore thought impractical to consider increasing the total induction
integral in the magnet, other than by thickening-the magnet.

The édvantageé-of increasing the total path length in the magnet are much
more apparent in practical terms. The magnitude of the deflection of a muon

depends linearly (to a first approximation) on the magnet thickness, while
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the apparent r.m.s angular deflection due to Coulomb scattering rises as the
square root of the thickness. However, this basic fact cannot be fully
exploited if the meagurement noise is much greater than that due to scattering
(as the overall noise is computed quadratically), and the major mechanical
reconstruction necessary to increase the overall height of the instrument
ruled out this course of action.

The remarks above concerning the comparison of measurement noise and
Coulomb scattering noise provide the basis of the improvements carried out
in the spectrograph construction. It was decided to achieve the improved
m.dem by decreasing the effective noise from 0.3° to 0.1° by the use of
small diameter, accurately located neon flash tubes. The use of tubes
of diameter O.7 cm. (internal), 1.0 cm (external), filled to a pressure
of 2.4 atmospheres individually located in dural supports to an accuracy
of O.1 mmy gave an estimated noise of the desired value of O.lo, and the rest
of the mechanical design was made to meet the above requirements.
2.3¢2 Mechanical Design
A full description of the mechanical design of the Mark II instrument
is given by Pickersgill (1971) and fige 2.3 is a gbale drawing of the
spectrographe The 7mm. flash tubes are used as the track locators, and
the 17mm. tubes (removed from the Mark I. spectrograph) are used only to.resolve
close muon tracks and provide information useful for the selection of
~ tracks for analysis. The overall location accuracy would not be significantly
improved by also using the larger tubes for location purposes. The spectrograph

acceptance funetion 1is shown in fig. 2.4.

23303 The Small (7!11!“02 Fléﬁh Tgbe§

2¢3.3 (1) Location of tubes
The high accuracy of track location specified for the Mk II spectrograph

#necessitates individually mounted flash tubes. This is accomplished by
supporting the front and rear of each tube in milled slots in duralumin

bar of 1.27 x 0«63 cm section for the 7 mm tubes, and in hollow tubing of

1.52 x 1.52 cme box section for the 17mm. tubess Production of these supports

on the scale necessary required a large number of cutting strokes, and it has



Figure 2.4 The spectrograph acceptance function
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been noted that the shape of the slot in the solid duralumin supports for the
“Tmm. tubss is not constant. This does not imply inaccurate tupe location
(the pitch of the slots is still constant), since the effect of slight
errors in location in a vertical direction imparted by a change in slot
shape is small when converted into a net lateral error (because of the limited
range of incident particle anglss considered, o’ -30°)w' The main problem
caused by the variation in shape occurs during measurement, as it is impossible
to define "Universal" key points for all slots (see section 2.3.3 (ii)). During
initial testing of the small tubes, it was found that the sag at the centre of
the 2m. long tubes was too great to be tolerated (about 1.5cm); but the 1,2m.
tubes were self-supporting. Accordingly, the design for the trays for the
longer tubes is slightly different - each layer of small tubes is supported
at the centre by strips of insulating material over the whole width of the
tray. However, this form of support allows the tube centre to move laterally
away from the plane joining the mid-points of the supporting slots, so that
further insulating mid-tray restraints are also included, and these are adjusted
during measurement of the spectrograph to ensure that each tube remains straight.
2.3.3 (ii) Measurement of positiopn of fladh tubes

The purpose of this measurement is to provide a knowledge of the
coordinates of each tube centre. During manufacture, thé tube supports were
milled to a econstant pitch, so that the problem reduces to measuring at lzast
one tube in each layer (nence chéck measurements are simple to carry out),

Dummy tubes are used to indicate the tube centres = these are short perspex

rods (1.Ocm. diameter). marked with a cross, and are checked for eccentricity by
rotating about the "tube" axis whilst viewing the chss through a travelling
microscope. First of all a plane, defined by three thin nylon plumb lines, is
set parallel to the edge of the magnet in a position such that all four trays
contain small tubes close to the position of the plane. The necessary tubes

are removed, and the front and back tube supports adjusted as required to make
the line joining the mid-points of each pair of slots parallel to the defined
plane. In the case of the 2 metre tubesy the central supports are also adjusted

to coincide with the plane. Repeated meagurements are then taken of the lateral
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th tube (in a given layer) from the plane. The vertical

separation of the n
coordinates of the tube centres are obtained using a cathetometer and
engineer's scale, the latter being fixed close to the tube fronts as a
check on the cathetometer readings. Check measurements were performed at
the other side of the spectrograph to investigate the constancy of the tube
pitch; such measurements showed that, in the case of the Mk II instrument
the pitch is constant within the measuring error. The measurements obtained
using the above procedure may be reduced to any suitable arbitrary zero point-
that chosen for the Mk. II instrument 1is the centre of the (zero)th tube in
the bottom layer of tray Al. The overall noise figure on the location of any
small flash tube centre is estimated to be + O.2mm. , which is slightly
1aFger than the design figure. It is difficult to see how this figure
could be reduced, as the effects of variation in tube diameter and shape
are only slightly smaller than the quoted figure (implying little scope
for improvement in the measurements).
2.3.4 Flagh Tube Operating Conditions - Preliminary Tests

A small section of one tray was set up in Durham before the reconstruction
of the spectrograph in an attempt to define the operating conditions necessary
for the 7mm. flash tubes. In order to minimise the costs, the specification
of the Mk.II instrumenht provided for only half the 7mm. tubes to be painted
fully, the other half being clear glass. When the two types are placed
alternately, spurious flashing caused by photo-ionisation should be a small
effect, but experimental verification of this suggestion was required. Aluminium
electrodes were placed between every three layers of fubes, and the whole stack
was driven by a pulsing system similar to that used in the Marke. I spectrograph.
Triggering was provided by a simple three fold Geiger-Muller telescope. Two
camera positions were used, the first, close-up to the tray front, was used for
efficiency counts, while the second,.at a path length of 30 feet containing
two reflections, duplicated the likely operating conditions at Haverah Park.
These results indicated that an EHT field of about 8kV cm-l gives an internal

flashing efficiency close to 100% at zero t ime delay, falling to about 90%
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at 15,~sec delay in agreement with the theory of Lloyd (1960),. The
visibility tests suggested that acceptable film records could be obtained
for tubes at the centre and edges of trays. The spurious flashing rate of
the small tubes was extremely lowe
2.3.5 Operating Conditions of the 7mm Flash Tubes in situ
2.3.5 (1) Iptreduction

In spite of the indications of the preliminary tests, very low flash tube
efficiencies were found when the complste Mk. II spectrograph was first
tested. Because of the nature of the pulsing system (section 2,3.5(ii)),
alternate electrodes are "live" (i.e. the EHT pulse is applied directly to
_them), while the remainder are earthed. The low flash tube effigiencies
apparently occurred because tubes adjacent to an "earth" electrode fired
very infrequently while those adjacent to a "live" electrode performed
normally. A likely explanation for this effect is distortion of the
electric field caused by the tubes thémselves. Whenever a tube flashes,
it causes a local short-circuit (i.e. a very low resistance compared
with the steady state), and the high-voltage field is grossly distorted.

The field gradient across a tube close to a "live" electrode will be slightly
greater than for the corresponding case near an "earth" electrodees because
of the effect of the glass tubing, so that tubes near a "live" electrode

will tend to fire slightly before any other tube. The resulting field

[o R

istortion is sufficient to prevent "earthy" tubes from firing at all,
thus yielding low overall efficienciese Slight mismatching of the pulser
and tray will tend to reduce the efficiency even more, and this mismatching
is very difficult to avoid. However, the major part of the problem was solved
by inserting extra electrodes, so that each layer was contained within a
"live-garth" elactrode pair, and this solution removed the uneven efficiency
entirely,
2.3.5 (i11) The High Voltage Pulsing Systen

The system used in the Mk. I spectrograph, and also for initial tests
of khe improved instrument,. is shown in fig. 2.5.(i). When triggered, the

thyratron earths ene end of the capacitor, which discharges through the



Fiqure 2.5

(i) The Mk. I Pulsing system

(ii) The Mk. II Pulsing system
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primary of the pulse transformer. The output of the transformer is
approximately matched and fed to the electrodes. This system worked well
for the 17mm. tubes, but gave low efficiencies and a high spurious rate when
used with the 7mm. tubes. The effect of the pulse transformer is to step
up the high voltage pulse (about 4:1), but also to slow the pulse risetime
due to the inherent inductances present in the transformer. The straight
forward RC pulsing system of fig. 2.5(ii) works satisfactorily with the
7mm. tubes, although it is necessary to work at a higher voltage in order
to obtain the necessary EHT field at the electrodese The applied EHT pulse
to the 7mm. tubes is now a 14kV, lasting for some 20/.5ec (3 T;’), and the
peak elactric field is about 9 kV cm-l. The tube brightness under these
conditions is adequate for normal photography (see section 2.3.6), and
the internal efficiency at zerotime delay is 95%.

2.3.5 (ii1i) The Control Electronics

The control electronics, shown in fig. 2.6, is concerned mainly with
the correct sequencing of applied EHT pulse, fiducial lights and camera
operations There 1s one additional feature not found in the Mk. I spectrograph
system, namely, the provision of Geiger-Muller counters, situated in the
central hole of the magnet. These counters are_included to give positiwve
identification of an (EAS) muon traversing the hols of the magnet, and such
muons may_be-used for noise estimation (see Chapter 4). There are eleven
counters in all, close-packed in two layers, and each counter is 60 cm. long;
3 cm. diameter. The cathodes are grounded at the magnet end, and the anodés:
are fed individually to allow separate "plateau" settings to be made (and
also to allow full readout if necessary). It has been found satisfactory
to operate the hole detector in two "commoned" layers, rather than elsven
separate counters. On detection of'a coincidence between the two layers of
counters; a 4/Asec gate pulse is generated (to allow for the variable arrival
time of the air shower trigger), and, if a shower trigger pulse arrives
during the gate, an indicator lamp on the spectrograph is flashed.
Subsequent scanning of the film shows if the event is due to a (useful) single

muon track in the region of the hole, or whether it is due to a high electron



Figure 2.6

Block diagram of control
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photon density which does not provide useful information.
2.3.5 (iv) Ihe Attainment of Stable Running Conditiops

Because of the electronic pickup generated by the EHT pulsing system,
and by other experiments at Haverah Park, it is desirable to reduce the
possibility of spurious triggering of tne spectrograph as much as possiblz.
This has been accomplished in two ways. Firstly, the thyratron grids are
maintained at a steady DC level of -50V. A level of about +100V is required
to "fire" the valve, and this is provided by AC-coupling the thyristor drive
unit into the thyratron grid. This simple precaution makes spurious triggering
of the thyratrons (due to mechanical vibration, etc). very rare. Secondly,
a paralysis unit, which isolates the pulser inputs for some ten seconds after
each event, prevents any possible multiple triggering from any external source.
These two precautions have reduced spurious effects (apart from electrical
failures) to a negligibls level.
2.3.6 Optics and Photography

In order to reduce the loss of data due to faulty camera operation, it
is desirable to photograph the entire spectrograph on one frame, if possiblz.
In the Mk. I instrument:., this was accomplished by reflecting the images
between the trays and placing the camera at the rear, so that the optical
path was long enough. The design of the Mk II spectrograph prohibits this
solution, so small mirrors are situated on the front of the magnet, and the
trays are viewed from the frontal direction.s This system gives an overall
(central) path length of 28 feet, as opposed to 34 feet inthe Mk I version,
but requires only two reflections instead of three. However, the angle
subtended by the edges of the trays at the camera is rather larger than
could be desired (about 200), but this "polar angle" effect is shown later
(section 4.2.3) to be relatively unimportant. The chosen camera position
has the advantage of filling a 35mm. frame fully, so that the largest
possible image size is obtaineds The diameter of the image of a 7mme. tube
at the focal plane of the camera is approximately 0.09 mm. , and adjacent
tubes in the same layer have an apparent separation of 0.13 mm. between

centres. A compromise between high film speed (necessary because of the
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20/«sec. light pulse from the tubes) and resolution (limited by the grain
size of the film) has to be found, and Ilford HP4 has been found to satisfy
both criteria adequately. In fact, the resolving power of HP4 is about 40
lines/mm., corresponding to about one quarter of a tube image. Working close
to the limit of resolution of the film means that cleanliness in handling is
essentialy and the mode of processing must be standardised. A simple form of
continuous agitation during development (to prevent local exhaustion of
developer) has been provided, and has yielded consistently good results.

2.4, The Track Reconstruction System

2.4.1 Genperal Reguirements

The two main requisites of any data reconstruction system are that it
should be capable of exploiting the accuracy of the original instrument. fully,
and that the routine required should be as simpls as possible (in order to
avoid systematic and operator errors respectively), A complete spectrograph
record of an air shower event is desirable, so that possible obliteration
and confusion of muon tracks can be reduced to a minimume It is possible to
achieve the first condition by projecting the film record and drawing out all
the flashed tube images, as in the Mk. I system, but this method is laborious
and prcne to errors It was therefore decided to print all useful events
photographically, and to locate the flashed tubes by means of a transparent
overlaye
2.4.2. Overall Description

Preliminary track selection and classification is carried out by direct
inspection of the film negative . Useful events are printed to 15" x 12" with
a good quality 35mm. enlarger. The exposed print is developed and stabilised
in about ten seconds using a print processor, enabling large numbers of events
to be handled in a short time. Each frame is checked against the overlay
during printing, and the lens-paper distance altered to preserve constant
magnification. The great advantages of this system are the ease with which
a full copy of each event is produced, and the simplicity of producing

further copies at any time.
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2.4.3 Errors in Reconstruction and the Effect on Track Location

Som; evidence of non-uniform shrinking of the prints during drying has
been found - this makes it impossibls to locate the overlay on all eight
fiducial marks simultaneously. However, the provision of background
illumination of the trays (section 2.3.5 (iii)) enables distinctive portions
of the tube supports to be used for precise location of the overlay in the
region of the muon tracks The most common error caused by shrinkage is mis=
location of a track by one tube spacing, either in a tray or in a half-tracke.
This problem has been genera%ed artificially, and is inclﬁded in the checks aqn
the track fitting programme (Chapter 3). Since all events are checked,
particularly those exhibiting small angular deflections, the problem should
only occur very rarely, and if any doubt remains, a further copy of the event
may be mades A modification has been made to install some 50 small neon tubes
at a regular spacing at four levels onte spectrograph = this should allow
unambiguous location of the overlay close to a track in any section of the
instrument,.
2.4.4 The Qverlay

The overlay used in tube location is a sheet of clear plastic film,
marked out by hand from a master print of the spectrograph. The film used
for the production of the master was slow, fine grain material with a
resolution of about five times that of HP4 { 200 lines/mm.), and the
spectrograph was illuminated with flood lights in order ¢ produce shadow =

free lighting over the entlre recording area.
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CHAPTER _THREE

COMPUTER ANALYSIS OF FLASH TUBE DATA

3.1. Introduction

Neon flash tubes have been used in cosmic ray experiments in two
main applications: firstly, as a means of indicating the presence of a
charged particle (e.g. for density determinations in lateral distribution
experiments), and secondly, as a means of delineating the trajectory of a
particle (e.g. the deflection of a chargedparticle in a magnetic field), In
the former application, the tubes are used only to indicate the presence of
particles, although the general direction of the track may ke used as a check
on instrumental acceptance, so that accurately located tubes and well defined
tracks are not requireds In the second usey an accurate reconstruction of the
particle trajectory is essential and to optimise the precision of measurements
accurately located flash tubes are required. Some possible methods of achieving
an accurate analysis of the data are discussed in this cha pter.
3.2. General Principles in the Fitting of Particle Tracks

The fitting of a track to an observed particle trajectory (ie. a series
of flashed and non-flashed tubesj.is very similar to the mathematical problem
of producing a "best fit" line to .a series of data points. Hence, the best
estimate (however derived) is an épproximation to the "true" track, and the
mean deviation of the estimate from the "true" track should be as small as
pcssible. Preferably, the distribution of the ‘detiations of best estimate
from "true" should be gaussian, so that this form of "noise" is readily
combined with errors arising from other sources. The number of data points
in this case is limited by experimental design considerations, and the range
of possible tracks is limited by the physical size of the flash tubes
(broadly, a track should not pass outside a flashed tube, except under
special circumstances), A comparision may be made with a spark chamber
where the range of possible tracks is limited by the spark width. In either
casey it is necessary to consider all possible tracks that lie within the

experimental bounds defined by detector size = this, of course, is very
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relevant to the overall time required to process each tracke Finally, some
means of defining the “b2st estimate" must be found, and this is one of the
most difficult criteria to define. Several methods have been trieds; and the
overall results are in fair agreement. However, fhere is a  significant
population of tracks which yield widely differing "best estimates" depending
on the method used = this problam is discussed later in connection with the
mean error expected on a fitted tracks
3.3 The Mark I Spectrograph Track Fitting Programmes
3.3.1 General Method

The method used in this computer programme followed the suggestion by
Bull et al (1962) (see section 3.7) that the tube flashing probability, as
a function of lateral position of the track within the tube, may be determined
experimentally, and then used in order to find the "most probable" tracke
The probability functions was not determined during the course of the
experiments instead the form given by Bull et al. suitably modified for
the different tube size and efficiency, was used.
3.3.2 Internal Working of the Programme

The input data for the programme consisted of the tube numbers of the
flashed tubes belonging to a muon track (one tube per layer only) in all
28 layers in the spectrograph. The data for layers not containing a fIashed
tube was initally set to zero. The horizontal and vertical coordinates
of the reference tubes in each layer were stored internally, so that the
coordinates of the flashed tube centres (assuming a constant support pitch)
were readily determineds From this point, the two arms of the spectrograph
were treated alike, and the upper half-track was processed first. A trial
half-track was found by taking the extreme upper and lower flashed tubes.
This track was used to predict the nearest "gap" centre for those layers
not containing a flashed tube, since it is most likely (but not certain)
that a layer will give no flashed tubes only if the muon does not traverse
any tube in that layer. Each of the fourteen layers in a "half track"
then had a position coordinate associated with it ( either a tube centre

or a gap centre), A "best fit" line was then found by Gauss' method, to
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give the mathematically most probable fit to the observed data. This line
was then taken as the starting point for further processing. Trial lines
were predicted, ranging from -0.5° to +0.5° difference in angle from the
initial line, and also * G.5 cm. in lateral position of the centre of
gravity of the initial line. For each trial line, the overall probability
found by multipl¥ing the probability determined for each layer in turn, was
compared with thé previous largest value, and when the complete set of trial
lines had been attempt ed, the best track taken was that exhibiting the
largest overall probability. This process was then repeated for the lower
half-track. The two best half-tracks so found were then checked to
ascertain whether their intersection point fell within the magnet. This
intersection test gave much invaluable information about each muon event,
and further mention will be made of the use of this part of the programme
when dealing with that version adopted for use with the Mk. II spectrograph
data.

30:3.3 Performance of the Programme

Although the overall results of the programme agreed fairly well with
those determined by hand simulation, a population of events was found which
contained marked differences in angular deviation between the two methodsa
In many of these cases, no simple explanation (e.g. incorrect input data)
could be found for the deviation of the computer fit from a reasonable
simulated resulte. Indications of this drawback led Earnshaw (1968) and
Orford (1968) to conclude that the then available computer fitting method
was not reliable for high energy EAS muon work. Refinements in the
procedure have confirmed the reliability of the methods andsuch methods
are now considered acceptable although, to> insure against large deviations,
all muons exhibiting angular deflections less than 20, according to the
computer fit, were checked exhaustively by hand simulation. The results
of the checks on the data presented by Machin et al (1969), indicated that
the major limitation in this method of fitting lay in the form of probability
function used, and an alternative method was proposed for the analysis of

the data from the modified spectrograph.
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3.4, The Mk. II Spectrograph Track-Eitting Programme
30401 Introduction.

In order that the high precision of the angular measurements from the
Mk. II instrument may be fully exploited, a fitting programme of greater
reliability than the previous version is requireds 1In view of the difficulties
discussed in section 3.3, it was decided to abandon the "probability function"
method, and to use the geometric path length in a tube as a measure of the
flashing probability. There is no definite experimental evidence that, for all
possible tracks, this function represents the true case less accurately
than any other proposed shape.
3.442 General Description of the Method

As in the earlier programme, the input data consists of the numbers of
the flashed tubes in each of the 40 layers of the spectrograph, and these
numbers are converted into horizontal position coordinates. The associated
vertical coordinates are known from the stored measurement data, and from
the ordering of the input data. A trial line is fitted to the flashed
tube centres by a least-squares minimisation methode 1In this way only the
"active" information is used in determining the slope and position of the
trial line. The lines used from now on are simply of the form ¢ y = mxtc,
and the initial values for m (or tan1ﬁ) and ¢ are given by the least-squares
solution. Small changes of a fixed step size are made in both m ard ¢
(angular change 0.0250, position change 0.25 mm. ) so that a matrix of
combinations of gradient and constant is covered fully. For each combination
(total 41 x 41 = 168l attempts) a check is performed to ascertain whether the
line passes through all the flashed tubes. If not, then a null entry is made
in the matrix corresponding to that combination. Evidently, tﬁe provision
of such extreme values of t 0.50, + O¢5 cme means that many of the tracks
will not be acceptable, and this preliminary check saves at least a factor
of ten in the computing time for each event. For all acceptable tracks,
further investigation is then carried out in which the trial line is used
(as before) to predict the nearest "gap" centres in layers containing

non-flashed tubes. For each attempt having a non-zero entry in the matrix
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the geometric path length of the line in the gas of each tube is calculated,
and the value stored. If the line passes through a non-flashed tube, the path
length is assigned with a negative value. A quantity termed the "efficiency"
may then be calculated by dividing the total path length in all the flashed
tubes by the overall total path lengts {including non-flashed tubes)., The line
possessing the highest value of "efficiency" satisfies two criterias it
chooses the longest path length in the flashed tubes, and the shortest in
non=flashed tubes, which is the closest possible reconstruction of the "true"
track. If no non-flashed tubes are found, the longest overall path length is
taken. Conversely, if no track passing through all the flashed tubes is'
found (ie. no acceptable track exists), the least-squares information is
displayed ard the input data checked.

When the two best estimate tracks for the arms of the spectrograph have
been found, an intersection test is carried out tn ascertain whether the
combination of the two half-tracks is acceptable. The test consists
basically of finding the intersection point of two lines of the form
y=mxtc, together with t he associated errors (assuming an angular error of
O..150 on each half-track). Several extra tests are also performed, in
connection with the position of the tracks relative to the magnetic volume,
and these are of great help in subsequent classification of the event
since they provide a firm criterion for rejection or acceptance of datas

3.4.3 Performance o

The variation of the best track efficiency value with the number of
flashed tubes on the track (taken from events at core distances 150< r¢ 250 m)
is shown in fige 3,1. The mean number of flashed tubes in a half-track
gi,e. out of a total of 20 tubes) is 10.44, corresponding to a flash tube
internal efficiency of 81.5%. This means that there are, on average, 2.6
non-flashed tubes per track (since the maximum layer efficiency is less
than 70%, the mean number of tubes traversed is slightly greater than 13).

The treatment of non-flashed tubes is therefore important in the present
experiment if gross errors are to be avoideds The method of section 3.4,2

shows that the non-flashed tubes are treated in almost exactly the same



Figure 3.1

(i) The mean number of flashed tubes
as a function of the track
efficiency found by the fitting

programme.,

(11) The mean efficiency as a function

of the number of flashed tubes,

Both the above results are taken from

150-250m. Mk.II Spectrograph events,
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manner as flashed tubeg (unlike the earlier version of the programme), and
it appears that this fbrm of treatment reduces the possibility of very large
deviations markedly. The data have also been checked for any momentum bias:
a sampls of events with deflactions less than 2° (corresponding to momenta
>8 GeV/c) had a mean efficiency value of 83,2 + 1%, while a sample of events
with deflections greater than 6° (momentum < 3 GeV/c) had a mean of 83.5 + 1%,
It is concluded that there is no apparent momentum bias in the value of
efficiency predicted by the programme - the slight discrepancy between the
overall mean predicted efficiency value and the measured value (some 2%)
probably arises from slight deviations in the form of the path length function

from the "truth", and alsoc in cumulative errors in tube location and measurement.

3.5, Tests of the Track-Fitting Programme
3.5.1 Iptroduction

In view of the discussion of section 3.2 concerning the difference
between the 'true" track and the "best estimate" track, it is essential to
devise a thorough checking procedure to determine the overall track-fitting
errors Since the error was expected to be in the region of 0.1° or l=2ss,
an anal»ngue deviee (such as a hand simulator) would be impossible to use,
in terms of physical size alone, irrespective of the possibls resolution and
setting limitationss It was decided to approach the problem using computer-
generated artificial trackssy so that no manual operations are necessary in
assessing the accuracy of track fitting.

3.5.2 The Proddction of Artificial Track "Hole" Events)

Tne method uses computer-generated pseudo-random numbers to selzct
incident angles and positions, and to "decide" whether a tube traversed
by the chosen '"track” has flashed or note The procedure adoptad is as
followst-

i) the random-number generator is started with a tabulated random number
(further details are given in Appendix 1), The output is a uniformly
distributed number in the range 0.0 to 1.0, so that this range must be

transformed to suit each meagure of the track.
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1i) an incident angle is chosen (the initial tests covered the range -10° to
+10°, but some runs out to 30° have been performed).

1ii) the sign of the angle is found by calling a new random number; if the
value is less than 0.5, the sign of the angle is negative.

iv) the lateral position of the track (constrained to make the track fall
within the acceptance limits of the spectrograph hole) is found from a further
random number,

v) the position of the track with respect to each of the 20 layers in the ;op
half of the spectrograph is evaluated - if the track falls within a "gap"

thzn the "tube number" for that layer is automatically zero. If the track
falls within a tube at a perpendicular distance Z from its céntre, the value
of P(Z) = 1 - (Z/R)* when the internal radius of the tube is evaluated,

(the justification of this is discussed in 3.5,3). If on calling a new random
number , fhe value issg 2(Z), the tube is said to have flashed (and its tube
number is calculated). If the value is > P(Z), the tube number is set to

zero (ie a non-flashed tube),

vi) the upper half-track is complete, and the lateral position of the
intersection of the track with the mid=plane of the magnet is calculsted.

vii) it is shown in section 4.2 that the standard deviation of the difference
in lateral position of upper and lower half=-tracks at the mid=plane of the
magnet is 3.8 mm. for "hole" events, so that a random lateral position for

the lower half track is chosen by the second generator (see Appendix 1 )
which ensures that the difference between the two lateral positions conforms
to a normal distribution with the correct mean and standard deviation. Since
the aim is to generate "hole" events the above figure of 3.8mm. is appropriate
and is used. Similarly, the standard deviation in deflection for "hols" events
is 0.16°, so that the lower half track is so generated as to be distributed
normally in angle and position about the upper (selected) half-track.

viii) the routine of (v) is used to determine the flashed tube numbers for the

lower half=tracke.



Figure 3.2 (1) Various forms of flashing probability
with the associated value of internal
efficiency. The curve 1-AL is that
used in the Mk.I programme with

A=0.95, 0= 6.5,

(ii) The probability function determined
by Bull et al (1962), showing the
contribution to the overall flashing

efficiency due to muons traversing

the glass wall of the tube.




FLASHING PROBABILITY

FLASHING PROBABILITY

\-l—i—"‘ L.z f? = 7 c_} Cb._! [4)

—n ey a2

4 et
- (- L 7=80 ®f¢
. — -AlL 1?:3% nf"’}

GLASS ’
WALL
?.
1=92 %%

(4°bin glass)




31

ix) the entire event is output on cards in a format suitable for the track-
fitting programme. Also, the total number of flashed tubes in the track is
storeds to be output as end=-of-run accounting information.

This programme generates 85 complete events in ten seconds, so that the
limiting factor in this analysis is the time taken to track-fit each
generated or real event (at present some seven seconds).
3,5.3 Usefulpess of Artificial Tracks

It is important that the artificial tracks should be as similar as
possible to real tracks when direct comparisions are to be made. For this
reason, several forms of the function P(Z) have been investigated, and fig 3.2
summarises tho:e which fit the experimental data best. If P(Z) is regarded **
as a probability of flashing (as inferred from the use of the random number
method), thew i[ P(Z) arR = q,int’ the internal flashing efficiency of the tube,

(o]
(not the efficiency value given by the programme). The closest form of P(Z)

is therefore that which yields 9, . a 81.5% A form of (1-L%), where L is

defined as (Z/R)s gives 80%, and (l-L5) gives 83.3% The two forms are in

fact very similar, and the former has been chosen so that any error is made
rather on the side of too many non-flashed tubes per track.

The genuine particle tracks described in the previous section passed
through the "hole" of the magnet, that is, they did not undergo any magnetic
deflection. This simulation of such events was chosen because of its
simplicitys any attempt to simulate real magnetic deflection means that the
appropriate degree of Coulomb scattering must be introduced, and this would
only make the task of comparison more difficult., However, the results of
this work give a good estimate of the overall noise, both instrumental and
track~fitting, and there is no reason why the simulation should not be
extended to cover tracks with magnetic¢ deflection and scattering included.
3.5.4 Results Obtained by Fitting a Generated Track

The difference between the angular deflection of a generated track
and the deflection found for that event by the track-fitting programme has
been recorded for 489 artificial events, and the distributions is shown

in fig. 3.3. The fact that the distribution is closely gaussian indicates



Figure 3.3 (i) The difference in lateral separation
of half-tracks in the mid-plane of
the magnetic dh%g between the
"true" track and that determined

by the fitting programme.

(11) As above but showing the difference

in angular deviation ( 479).
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Figure 3.4

The difference between the "true" angular
deviation and that determined by a least-

squares fit to the centres of the flashed

tubes.
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that the fitting programme is in fact giving a value distributed uniformly
about the true value with a standard deviation of 0.08° ( the mean absolute
error is 0.064°). If the experimental value for the overall noise of 0.316o
is assumed to be compounded only of track-fitting noise and tube location
errorss then,; since G‘i- Gf{_ 1_-6’% » this gives fL = 0.13%, Hence the
@rack-fitting error is considerably smaller than that introduced by the tube
location (and the location error is very close to the design figure of 0.100).

Fig. 3.3 also shows the difference in the lateral separation of tracks
at the mid-plane of the magnet @ﬁxm). The standard deviation of this
distribution is some 1l.2mm, which is considerably smaller than the overall
figure of 3.8mm found experimentally. The fitting programme appears therefore
to give a very good estimate of thelﬁxm value = which is essential for the
proper classification of events,

Fig. 3.4 shows the difference in angular deflection between the true
value and that given by the least=squares fit value. The standard deviation
is O.20°, indicating that the improvement in accuracy using the path-length
optimisation is slightly greater than a factor of twe. However, the total
noise on a least-squares deflection will be about 0.249 (usingCFL=O.l3°J, 1o
that this method is quite acceptable if a less precise measure of the deflection
is required (the time taken to least-square analyse an event is only about

one second).

)]

. . 4
Tt should be noted that, while the function P(Z) = 1-{Z/R)” was used

e

for generating tracks, the path length (analogous to the use of P(Z) =
1-(Z/h)2 ) was used to fit the tracks. This was done mainly to introduce

a slight difference in the functions used (a form P(Z) = l-(Z/R)2 predicts
1215t = 78,5%, or only 1.5% lower than a function of form P(Z) _=.l-(Z/R)4)‘
However, as a check on the method of fitting, a standard track-fitting
programme was modified to use the relation P(Z) = l-(Z/R)4.

The results on generated tracks were very similar to those using the

path length optimisation, so the conclusion drawn from this test is that the
true form of function is either relatively insensitive (which seems unlikely

in view of previous indications) or that it is very similar to the two
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forms used here. Certainly, it appears that the geometric path length
representation is sufficiently accurate for the small flash tubes, and
little advantage is gained by using a more complex function.

3.6 Comparision with Other Woxk

Bull et al (1962) described the method used to fit tracks from the
Nottingham spectrograph, and suggested the use of a probability function of
the form shown in-fig. 3.2. From an analysis of 30 particles, they claimed
an error of 0.045° on a track, corresponding to an error of 0.065° on a
deflection measurement, for only twenty layers of tubes. The flash tubes
had an internal efficiency of almost 100%, so that there was on average less
than one non=flashed tube per track. The flashing probability function was
determined experimentally, using ten layers of tubes to define the track,
while observing the "intercept" on the remaining ten layers. 580 layer
transits were observed from the passage of 58. particles. The authors
did not quote the method used to fit the track for this part of the
experiment; but it i1s to be expected thatthe form of the resulting probability
function must depend strongly upon the method of fitting the ‘track, as the
frequency of observation of a given "intercept" on a test layer depends
upon the probability assigned to the associated positions onthe fitting
layers. The small errors quoted by the authors probably result from the high
efficiency of the tubes (ie. the treatment of non-flashéd tubes arises only
rarely), and from the carefully selected sample of tracks used. It is essential
that a representative sample of tracks should be used for such .testing
preferably of a similar size to the data sample.
3,7 Discussion

This chapter has described two different methods of fitting tracks to
flash tube data. For highly efficient tubes, the differences between the two
are probably small. However, when the internal efficiency of the tubes is
considerably different from 100% (as is unavoidable then the Mk II spectrograph
because of the 15/usec delay in applying the EHT pulse), the treatment of
non=flashed tubes is critical, and a very sharply changing probability function

can lead to large deviations from the "truth" in certain cases. In view

-
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of the lack of precise knowledge about the probability function, it appears
that the geometric path length method (basically saying that the ionisation

is proportional to track length) is more likely to give a better overall fit.
Accurate experimental information about the behaviour of flash tubes may be
possible using spark chambers to define muon tracks, and observing the flashing
frequency at various intercepts. However, spark widths of the order of 0.5 mmo
are necessary for the critical region near the tube edge, where the change

in shape is very rapid. It is likely that tube mislocation and variations

in tube diameter would render such an experiment difficult to interpret.

The form of the present programme allows simple examination of "strange™
eventss Many track parameters are calculated and output, and difficulties
caused by spurious tubes (usually from knock=-on electrons and materialising
{;rays) are readily resolved. Two improvements are at present in progress;
firstly, a modification to the input format to allow two tubes in a layer
to be read (to allow the computer to reject spurious tubes automatically),
and secondly, an investigation of the effect on flashing of the glass wall
of the tube. It is apparent that a track passing very close to the gas
but within the glass wall must have a finite probability of causing the
tube to flash. Initial trials assigned a flat 5% chance to these events,
and had some success in resolving some "strange" tracks.s Further investigation
of this effect may lead to an improvemént in the accuracy obtainable, but

the gain is only likely to be marginal.
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CHAPTER FQUR

RESULTS FROM Mk, I and Mk. II1 SPECTROGRAPHS

4,1, Ths Mk, I Spectrograph
4.1.1 Introduction

The Mk, I spectrograph was in operation in conjunction with the 500 m.
array for a total of 4.38 years, and an overall efficiency of 70.7% was
obtaineds; while the 500m. array during a similar period yielded some 91%
(Andrews et al (1969)). The loss of a further 20¥% of data over the main
array figure was mainly due to faulty operation of the camera and high
voltage systems. The number of acceptable showers recorded during this
period was 2497; yielding a total of 3187 muons in the energy range 1-100
GeV; at core distances ranging from 150m. to 600m. Data accumulated for
showers falling outside these limits have been considered separately
(Earnshaw (1968)), but are subject to limitations in the accuracy of the
analysed shower parameters.

4e1s2 The Momentum Spectra Derived from the Mk. I Spectrograph Data

When deriving momentum spectra from the data on the angular deflections
of muong recorded with a spectrograph, it is essential to determine se&eral
basic parameters concerned with the geometry and design of the instrument.
Tne most important factors are the geometrical acceptance ( as a function of
momentum) s the relation of momentum to magnetic deflection, correct inclusion
of the effects of scattering; both in the flash tube trays and the magnet
iron, and allowance for the uncertainties in measurement of angles arising
from the mislocation of flash tubes and measurement errors. The geometrical
acceptance was evaluated by Orford (1968), using an analogue method, and a
computer simulation of the problem gave substantially the same results
(DR, Pickersgill, private communication), The typical acceptance function
is shown in fig. 2.4. The relation between momentum and magnetic deflection
which has been used is due to Rastin (1964), and takes account of energy

loss in the magnet:



The deflection spectrum derived from
the Mk. I spectrograph for core

distances between 150 and 250 metres.
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& (1 +£243) S
(exp{z]; (#"-\//2)} (cos )1/2 +f sin *f2)) « (cos *}’l+ X sin\f/l) oodel

where k = 300B, Z = energy loss in MeV cm-l, [

P =

1]

magnet thickness .in cms

V/ = jincident direction,‘% = emergent direction of particle.

1 2

Coulomb scattering in the magnet iron was evaluated using the equation
given by Rossi (1952), but scattering in the flash tube trays was not
included in this calcuiation (being_some 3) times smaller). However, the
effects of scattering in the trays were included in the noise estimates
of Walton (1966)) and Orford (1968) (see Chapter 2).

The deductive method of spectral derivation is described by Pickersgill
(1971) and follows that outlined by Orford (1968). The expected deflection
distribution is predicted from a trial momentum spectrum (taking account
of all the above factors), compared with the experimental data, and the
differences are used to produce an improved trial momentum spectrum. The
method is therefore iterative and the procedure is normally followed until
a close fit (1% - 5%) is obtained by “he data. Several other criteria have
also been used, and yield very similar results. The effect of a féirly
large number of iterations (2,20) is to cause the momentum spectrum to
"follow" the data, that is, the resultina spectrum shows peaks and
troughs  corresponding to the statistical fluctuations in the deflection
data. This lends confidence to the method, and involves little loss of
accuracy due to the small momentum intervals employeds Numerical processing
of the final momentum spectrum yields acceptably smooth integral and
differential.momentum spectra. Errors on the spectras are obtained by
causing the cell populations corresponding to the largest and smallest
deflection intervals to increase and decrease by one standard deviation
(), and interpolating between these extreme movements across all other
cells (basically "pivoting" the deflection data about its centre). A

typical deflection spectrum is shown in fig. 4.1, and the final Mk I

momentum spectra are shown in fig. 4.2 with representative errors,



Figure 4.2 The Mk.I integral muon spectra for
four core distance intervals in

showers with f... = 0.33_ _
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The "inductive" method of Walton (1966) has not been used for the
derivation of spectra, but has been employed in determinations of mean
momentun of muon populations for the work described in Chapter 6.

4e1+3 Checgks on the Experimental Data

4,3.,3(1) The Muon Data

Abcut half the muon tracks in the Mk.I data were analysed by computer
the remainder being hand simulated (Walton (1966)). Howevér, all particles
exhibiting small angular deflections (<£2°) were checked by hand simulation
for possible large fitting errors, and those with deflections less than
0. 36" (corresponding to momenta in excess of 50 GeV/c) were checked
exhaustively by several operators. The initial drawing sheet of the
event was alsc rechecked against the film, to obviate mistakes and omissions.
Random triggering of the spectrograph has shown (Earnshaw (1968)) that the
probabiiity of chance inclusion of an unassociated muon is very small,
particularly when the tracks are subject to the criteria that the muon
must possess the same general incident direction as all other shower particles.
These safeguards preclude acceptance of uncorrelated half-tracks, spurious
events, and unassociated events. Sincethe overall measurement noise is
0.3% + 0.03%, it is to be expected that only 55% of particles with
deflection less than 0.36° are true high energy particles, the remainder
being particles of lower energy which effectively (due to scattering and
noise) appear as high energy particles {(Machin et al (1969)). However,
if. the noise is known with adequate precision, this effect can be accounted
for in the spectral derivation. The distribution in the lateral sepa?ation
of half-tracks at the mid=plane of the magnet Qﬂ ﬁn) for particles with
deflection less than 0.36° has a highixfn "tail" due to the "false"
particles; true high energy particles can be selected with confidence by
requiring that Zl X §5 10 mm,; and exist in the proportions expected
from the derived momentum spectra.

4.1.3 (ii) The EAS Data

All data described in this chapter were collected using the 500 m. array

as a trigger, and a full analysis was available for all showers (The"Durham"

analysed showers of Earnshaw (1968) and Orford (1968) have been omitted).



Figure 4.3 The deflection spectrum of events
containing a single acceptable

... . muon in the spectrograph (solid line)s .
compared with the (normalised)

deflection spectrum of "multiple"

muon events (dotted line).
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However, the data used in the analysis of Machin et al (1969) were not of a
uniform standard, as the EAS data had been accumulated over a period of years,
during which the shower analysis programmes had undergone several improvements.
Because of the apparent need to check the EAS arrival directioens (see,Chaptér 6)
it was decided to update the EAS data for the entire Mk I period by employing
the results of the latest analysis programme. Hence all the data pres?pted
here result from the latest version of the Leeds University shower anai}sis
programme ; and are subject to strict rejection criteria. As a result of the
improved data a few large changes in core distances have been noted, but the
effect on the spectra has been very small, probably because of the relatively
large sorting intervals useds The changes in arrival directions are however
very significant; and ae'reported_in Chapter 6.
4a1.4 The Momentum Spectra of Multiple Muons

The data comprising the Mk I sample have been divided into two setsj.
those events producing a single acceptable muon recorded in the spectrograph,
and those containing more than one muon. The reggon_fdr this check was to
ascertain whether the muon density on the spectrograph caused -.any overall
momentum bias during analysis. The "acceptable muon" criterion means that
occasionally very dense events will only yield one muon, so that some
dilution of any real effect is inevitable using this method. The frequency
cf very dense events of core distances greater than 150ms is acceptably
low, and the deflection spectra of the two sets of data haQe been
compared in figure 4.3, The data are similar and show no
appreciable differences, particularly regarding the percentage population
of the smallest deflection intervale It is concluded that axy momentum
bias arising from this effect is smalls In particular, a shower of 2.107
particles at a core distance of 300m. (an example of the interesting
portion of the data apparently showing a high proportion of energetic muons)
gives @ muon density of 0.68 m-2, so that eon average the spectrograph
will record only one muon. Hence the "density" effect is expected to be

very small in the region of interest.



The distribution in the number of
acceptable muons in 25m. bins of
core distance. The dotted line

) réfers té muons posse;;;ném;ngul;r
deflections less than O.36°
(momenta greater than 45 GeV/c),

and is plotted on a 10 x scale.
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Figs. 4.4 and 4.5 show the distribution of acceptable events in 25m.
intervals of core distance, and also the ratio of the numbers of multliple
events to single events. It may be observed that the relative number of
events below 200m. core distance falls sharply, while the ratio of multiple/

single is still rising - This effect is caused by the density of particles
in the spectrograpt becoming so high that the muon tracks are obscured and
it appears (section 4.2) that the extra shielding used in the Mk. II instrument
has alleviated the problem. The effects of this alteration in operating
conditions are treated fully later.
4.1,5 The Charge Ratic of Muons in EAS

The charge ratio of muons recorded by the spectrograph has been
investigated as a function of momentum (p) and core distance (r) and the
result is shown in Table 4.1. There is no significant deviation from a figure
of unity for the regions of core distance and momentum considered. A
knowledye of the overall charge ratio of all muons is important fof use in
geomagnetic calculations (Chapter 6). The charge ratio at large (p x r)
products may also be expected to reflect the nature of the secondaries
produced in the initial interactions of the primary particle, particularly
if a large proportion Of the secondaries are charged (predominantly positive)
kaons. This has been conéidered,gy Orford (1968), and no significant conclusions
about the k/n' ratio at production can be drawn from the present sample, which
is approximately twice as large as that available earlier.

4,16 The Distribution of Arrival Directions
4,1.,6 (1) Introduction

A major aim of many EAS experiments has been the search for possible
anisotropies in celestial arrival directions, because of their astrophysical
implications. It is usually necessary with events of high primary energy to
collect data over periods of years in order to obtain a sufficiently large
data sample to allow subdivision into small angular intervals, and it is
particularly important to investigate any experimental biac which may

lead to apparent anisotropies. The aim of the present work was to investigate



The ratioco of the number of muons
contained in "multiple" muon

events to "single" muon events

in 25m. bins of core distance.




@9 IONVLSIQ THOD
oss

o e mi o rermeints

e m e B st




50°0 ¥ 20°T [6T1°0 + 60°1 PI°0 + €1°1 80°0 + ¥6°0 80°0 ¥ ¥0°1 otzey abaeyy
ZLGT L09T 19T 18748 9601 6821 Te3or
UoTI393TIsp UOTJO8TFOD uoT3o913isp
CI9Z T 0I3Z G 018z g
POV  G°c6P oS 16 86 60T 6GT 69T LGT c°*g9T 0°91 ~ €£°9
G°182 ove vz LT &b 25 20T <73 G°901 £8 £€°9 -~ 9TV
Ggegle G*Iog oc 9z LE 4® LZT PIT G*8Cl G°L0T 9C¢°F ~ 29°C
G°eCe 162 oc oT G OF 187 G6 G°08 86 G6hT 29T ~ Th°l
8GT 091 L 8 G*91 81 G°6Y 16 ot £8 Zr°T -~ 2L*0
c°c9 69 4 T 8 L G'0C oc £c It 2L*0 =~ 9£°0
6€ [4S) 4 £ G G ol G6T ZC T 9¢°0 -~ 0O
N N N 4N _N 4N N N _N 4N
*3o
TVI0L 0Z¢S 08¢ 00g 002 s81900 U*Au

1°% J14avl




40
the distribution in celestial angle of arrival of muon-containing showers,
as recorded in the spectrograph, with a view to subdivision by muon momentum
and core distance. This immediately causes a problem of classification in
the case of "multiple muon" events, and for the results presented here, only
those events containing a single acceptable muon have been included. This
causes some 50% of the total data to be lost, and further investigation: of
the philosophy of classification is warranted.

4,1.6 (ii) The Distribution of Events in Zepith and Azimuth

The distributions of the arrival directions of showers selected using
the "single" mucn criterion have been inspected for any dependance on zenith
angle { @) and azimuth angle ( #)s» A fairly strong dependence on © is expected
from the form of the spectrograph acceptance, and thedistribution in 8.ef the
showeis yielding "single" muons is markedly different (at large ) from
a typical sample from the 500m. array alone (D.R. Pickersgill, private
communication). However, the value of right ascension ascribed to a
particular value of (G;ﬁ) depends only weakly on 8 for the ranges of © and
g within which the majority of the events fall, and the check on the 8
distribution shows that the general form is similar to that predicted by
the acceptance function of both the spectrograph and the main array. Hence
it was concluded that any bias in © for these showers was accountable in
terms of known functions, and that the overall effect would be slight.
The dependence of the acceptance on g is more complex, and varies with
muon momentum. An approximation to the overall effect, using the acceptdnce data of
Orford (1968) for deflections of 0° and 16°, gives a form similar to the
observed distribution. It is therefore assumed that the g distribution is
also explicable in terms of a fairly well-known function,.so that any
vatriation in right ascension can be traced reasonably simply to the component
parts (ie. ©, # and sidereal time)s
4,1.6 (1ii) Check of the Spectrograph On-Time

Any systematic sidereal variation of sensitive time could cause spurious
variations in the form of the distribution in right ascension of the shower

sample. All the film records used in the Mk, I spectrograph data sample have
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been scanned, and three particulars noted:
(1) the time of commencement and termination of the film,
(i1) whether there were any interruptions during the course of the film,
and for how long these lasted,

(i1i) whether full shower analyses were available for the duration of the film.

These data were then converted into a sidereal on-time plot (see Fig. 4.6),
corresponding to the time for which the spectrograph was sensitive in each
interval (1/100th5) of the sidereal day. The mm.s variation is 2.3%, so that

any effect of this sensitive time will be very small indeed.

441.6 (iv) The Determipation of Celestial Arrival Directions

The relations connecting ©, # and sidereal time to right ascension and
declination are given by Suri (1966). In view of the differences between
values obtained from the shower analysis for (Ggﬁ) corrected and (8, Z)
uncorrected explained in Chapter 6, the valﬁes of right ascension derived
from both values of (@) have been investigated. Little change has been
found, due almost entirely to the large sorting intervals necessary (40o
bins in right ascension) in the present analysis.

4.1.6 (v) Results
The distribution in right ascensioﬁ for all the showers containing
single recorded muons 1s almost completely flat. Similarly, a check on the
declination distribution showed this to be similar to that found by the Leeds
group for all showers. However, it was decided to subdivide the showers
according to muon momentum and core distance, since the (pxr) product of-the
muon represents a further shower characteristic - a measure.of height of
origin of the muon - not included in the other analyses. In particular, high
(pxr) products may relate to very early muon production, and therefore may
provide an indication of the mass of the primary particles. Accordingly,
the data were divided into core distances énd momentum intervals, and the
data from the (pxr) interval with the greatest “anisotropy" is shown in
"fige 4+2. These data are from the 250 <r &350 m., muon momentum ) 11 GeV/ec
interval, Also shown in fig. 4.7 are the distributions in £ (with the form

expected from the spectrograph acceptance shown by the biroken line.) and
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Figure 4,7 The distribution of single muon events
possessing angular deflections of less
than 1042°, in the core distance

interval 250-350m,

(1)  as a function of sidereal time

(i1) as a function of @, the azimuth
o _ .. angle (the spectrograph acceptance

is shown dotted)

(11i) as a function of right ascension,
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the distribution in sidereal arrival time (in degrees). It may be seen that,
while the peak at 200 - 240° right ascension has a probability (Poissonian)of
bccurance of about 0.001, there is a upward trend in ¢ over and above the
expected level,y and an upward trend in sidereal time. It is not claimed
that the very limited statistics shown here could support a hypothesis of
a true anisotropy, but it is suggested that the Mk. II data sample should be
inspected carefully for similar trends in this sorting interval.s Any
experimental biases in this sample will be far less important, as not only
is the Mk. II instrument of far higher precision and reliability, but the
500m. array, supported by the 150 m. array, will yield more accurate density
sampling and better overall shower analyses. However, it is to be expected
that at least three years' running time will be required before definite
conclusions can be drawn. It is noted that the Leeds group (Lapikéns
et al (1970)) find no significant anisotropies in right ascension for -all the
showers triggering the 500m. arrayo
4,2 Results from the M&L_Ll_gpgg;;og;agh
4.2.1 Introduction

The improved instrument was put into routine operation on August lst,
1970, and the present data sample covers some eight months running. The aim
in the analysis of these results is twofold - firstly, to derive a noise
estimate, hence a value for the momentum resolutinfor comparision with the
earlier value, and secondly, to use this figure in the spectral analysis
of the MK.II data as a check on the momentum spectra derived from the Mk I
data sample.

4,2.2 The Overall Track Location Error

Four methods of obtaining the track location error were described in
Chapter 2, in connection with the Mk. I spectrograph, of these, the zero field
Tun was discounted, because of the difficulty in removihg the residual
magnetisations and also in allowing correctly for the relatively large
amount of Coulomb scattering. The method of repeated simulation is

impossible, because the high angular accuracy required 6f such an analogue
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device means that its physical size would render it useless. The method using
the lateral separation of half-tracks again requires the removal of Coulomb
scattering, so that the most attractive method is that of obtaining the
deflection distribution of "hole" particles, especilally in view of the
selection dévice comprising the G-M counters described in Chapter 2. The
deflection distribution of acceptable "hole" events using EAS muons is
shown in fig. 4.8. Within thelimits of the statistics, the sample appears to
be of gaussian form, with a standard devia tion of 0.16° + 0.02°,

The distribution in deflection for unassociated cosmic ray muons m ssing
through the spectrograph hole is also shown in fig. 4.8. The data for this
was obtained by placing a further tray of Geiger-Muller counters above the
spectrograph and obtaining 3-fold coincidences with the "hole" counters. The
distribution has a standard deviation of 0.240, and is broader than that for
EAS muons because of the lower mean energy, and hence greater mean scattering
angle, of unassociated muons. The relation yielding the ﬁmgs scattering angle

is given by Eyges  (1948):

2
= E eessese 42
c- sce . .
2p (p-gs)

where E = 21.106eV, 6 is the thickness of the material in radiation lengths,
p the momentum in_Gey[c and q the energy loss in eV/radiation_length,

- For the small amount of matter in the flash tube trays, thé energy loss
is small, and the equation 4.2 reduces to the form G‘;;lyg.‘ If the total
width of the deflection distribution Gfr is composed of a "location" term,

G, and a scattering term, 5}), then

L
_ 2 2
612- —G'L +°_p .O...'..l.t.- 4,3

Now, the value of G p has been determined for two mean momenta,~5 GeV/c
for EAS muons, and ~1 GeV/c for unassociated muons (Earnshaw (1968))s Hence

2 K\ 2
w’.[‘-- 6-12_, + (P) GODD_......- 4.4

which yields two equations with K and D"L unknown. Hence the value of 67
the overall track location error, with Coulomb scattering in the trays removed,

is 0.15° + 0.01°



Figure 4.8

The distribution in angular deviation
of muons traversing the central hole
of the Mk. II spectrograph (i.e. the

overall noise distribution)

(i) for muons in EAS events

(i1) for unasspciated cosmic ray muons,
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However, it must be stressed that the overall noise figure used in the
spectral deriwtion must be the original one of 0.160, since no allowance is
is made for scattering in the trays in the above treatment. The above
calculation shows that, for particles of momenta above 5 GeV/c, the effect
on the angular deflection due to scattering in the trays is negligible
compared with the oyerall location noise.
4.2.3 Checks on Muon Data

All events ere analysed usin% the track fitting programme described in
Chapter 3; the classification of events was much simplified by the output of
the programme, particularly in the case of uncorrelated upper and lower half~
tracks. The enumeration of all tracks was checked, after evidence of some
initial poor overlay-print location was found (Chapter 2) - in bad cases
the error was often apparent on the:programme output. Any problem events
(crossing close tracks, spurious tubes and tubes discharge by knock-on
electrons) were referred to a simple photographically=made simulator, and
it became apparent that, once a fault was shown up by the track-fitting
programme, it could be readily identified and remedied in most cases, on
the simulator.

4,2.4 Comparison of fhe Results of the Mk.I and Mk.II Ipstruments.

In view of the limited number of muons in the Mk.II sample (~450 in

the range of core distance 150<r <350 m. ) the derivation of a momentum

n

pectrum is not reliable;, and it is preferable to produce a predicted
angular deflection spectrum for 450 events in the Mk, II spectrograph from
the Mk. I momentum spectra, and to compare this with the experimental data
derived from the new instrument. The method consists of using that part of
the spectral analysis programme which converts a momentum spectrum into an
angular deflection spectrum, taking account of the slightly modified acceptance
function and the new noise figure.
Fige 4.9 shows the results obtained by converting a Mk I 150 <r <350 m. momentum
spectrum into a prgdicted deflection distribution for the Mk. II spectrograph.
The data have been normalised to the total number in the Mk.II sample, and

corrected for core distance- distribution in 25 metre intervals (using the



Eigure 4,9

The deflection spectrum obtained from
the Mk. II spectrograph for events with

core distance between 150 and 350m, ,

3

sempared vithithat orodichod -frem the
data observed with the Mk. I

spectrograph.
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Figure 4,10

The distribution of acceptable
muons in the Mk. II spectrograph
as a function of core distance.
The (normalised) distribution for

the Mk. I spectrograph is shown by

the dotted lineo
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data of fig. 4.10),

Good agreement may be observed, but it is important to
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note that the Mk. II sample contains some fairly dense showers which could

not have been resolved using the earlier instrument.

The greatest effect

of these is on the highest momentum interval, as shown in the following

table.
Np{ AY £0.36°) 150 <1 €250 m.
Mk, T Size| 10%-1,1 107 L1 -1.830"| 1.8 = 2,8 107} 2.8 107 -10%| Total
e
Core distane
150 - 175m 4 3 3 1 11
175 - 200m 5 9 3 1 18
200 ~ 225m 2.5 5 3 2 12.5
225 - 250m 2 2 1 2 7
" Total 1305 19 lO 6 4805
Mk, 11
150 ~175m 1 0 5 1 7
175 - 200m 0 1 0 1 2
200 - 225m 0 0 1 0 1
225 - 250m 0 1 0 0 1
Total 1 2 6 2 11

For the Mk. I sample of "fast" events (ie. p2 50 GeV/c), the value of N =

1.8 107’ and ; =

178 metres.

196 metre, while for the Mk, II sample N = 2.2 10’ and 1 =

Taking these figqures into account, the variation in apparent

muon density caused by the above changes in N and r is almost a factor of

twoe

This means that the Mk. II sample is yielding almost twice as many

high energy inuons in this core distance range, simply due to the changes

in the mean shower size and core distance for analysable events (the

increase in number of energetic muons arises because of the steepness

of the 50 GeV/c lateral distribution curve).

Unfortunately, the very

small number of events in the 250& 1 €350 m. region (-~ 150, with two
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A“ﬁ.s 0.360 events) means that no firm conclusions can be drawn at present
about the accuracy of the Mk. I spectra in this region of specific interest.
4.3 GConclusions,

No firm results concerning the accuracy of the original Mk. I spectra
can yet be given. However, the Mk. II instrument has been shown to be capable
of producing high accuracy, and to be less prone to saturation by virtue of
extra shielding and improved track resolution. The inclusion of a further
six to nine months data in the sample should:permit fairly detailed
conclusions to be drawn on the validity of the earlier data, but the
points raised in the previous section should be investigated further.
Special care must be taken in the core distance distribution, particularly
for high energy events, and this will be made difficult by the changes to
the analysis programme currently being undertaken by Leeds University. The
showers comprising Mk. I data were all ahaIYsed using a single exponent
structure function, and this has now bean changed in favour of a two-_

narameter fit. The overall effect of this on the core distance ascribed
to a particular shower is not clear, but any systematic difference from the
original values could cause great difficulty in interpretation of the muon

spectras Likewise, the change from N, via ElOO to @ as a measure of

500
shower size or primary energy must be investigated in relation to the
recorded muon content pf the shower, and re-analysis of much of the EAS

data for the period 1965-9 may be necessary before completely satisfactory

‘comparisons~ can be made,
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CHAPTER FIVE

AIR SHOWER MODELS

5.1. Introduction
The major role of those extensive air shower experiments presently

in progress is one of finding the maximum amount of information possible
about the nature and energy of the primary particle together with details
of its interaction with air nuclei. The development of an air shower
in the atmosphere is very complex, and many different mechanisms operate
at ail stages of the shower. However, it is necessary to employ some form
of model of the shower, so that measurements taken at the observation level
may be related to those early stages of shower development which are
important in muon studies. The greatest limitation of such models is the
very large number of possibly relevant parameters, and the almost total
lack of direct experimental evidence on cross-sections, transverse momentum
distributions and on the very nature of ultra-high energy interactions. Many
of the appropriate parameter values and interaction models must be extrapolated
over several orders of magnitude in energy from the available accelerator
data, but these values represent the only pessible starting peint for the
necessary calcualtions. With the advent of larger and faster computers,
it is becoming feasible to take account of more parameters, and, perhaps
more important, to investigate the consequence of small variations of several
parameters upon particular measurable quantities of EAS.

There are two main categories into which EAS model calculations may be
divided; firstly, the analytic approach, which reduces the problem to sets
of complex equations which may be either solved or evaluated numerically
in the so called "step-by=-step" method and secondly, the Monte-Carlo approach,
as employed by Bradt and Rappaport (1967)., This latter method utilises a
random-number method to approximate the statistical nature of the processes
occuring during development of the shower. There is no doubt that the i;tter

method glves a clearer picture of the "life" of each individual particle,
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but when the problem to be investigated requires data on very large numbers

of individual particles (e.g. the momentum spectra of muons ), there seems

to be very little to choose between the two methods in terms of overall
accuracy. The main drawback with a pure Monte-Carlo calculation is the

time taken to simulate fully each shower. Further investigation may show
where a compromise between the two methods, including the best features of
both approaches, may be ebtained. While the step-=by-sbtep method appears to
cover the overall features of muon spectra adequately, an improved method
allowing for statistical fluctuations in production may yield more information
on the distribution of high energy muons in samples of limited size, which

may not be obvious in the analytic method. Further, a clear picture of the
longitudinal development of the muon component and its associated fluctuations
(and the dependence of the fluctuations on varying parameter values) would

be ef-great value in the studies of the height of origin of muons to be
described in Chapter 6.

5.2. Degcription of the Meodels

5.2.1 Introduction

A full description of the models employed is given by Orford (1968)
and Orford and Turver (1968), but a summary is given here particularly on the

aspects which will receive further comment. The present model calculations

La]

are blassed strongly towards the muon component of EAS, in particular the

distributions in momentum of muons distant from the shower core.
5.2.,2 The "900" Series of Models

These models were originally designed to give a rigorous mathematical
solution to the equations representing the development of showers of
primary energy 1017eV from 50 KM to 10 KM above sea levels This region
covers the most important production levels of muons of energy in e xcess
of 100 GeV occurring at core distances of greater than 100m. and
termination of this rigorous treatment at 10 KM above sea l=vel introduces

a very small error in the predicted densities of such high energy muons
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]

(orford (1968)). The method employed is one of successive collisions,
similar to that used extensively in the simulation of electromagnetic
cascades.s The interaction model assumed is one in which secondary particles
are produced with energies distributed according to the suggestion of
Cocconi s, Koerster and Perkins(l961), and no isobar or strange particle
formation is included. The results from this model may be added directly

to those derived by the method described in the following section, to build
up the total predicted density of muons at each momentum and core distance.

5.2.3 The "1000" Series of Mogdels

These models cover the lower region of the atmosphere below an altitude
of 10 KM and employ a method of fixed interaction heights (ie. the separation
between interactions of a particle is equal to its interaction length). This
method allows the overall longitudinal development of the.shower to be
calculated first, and £hen the appropriate lateral spread due to the chosen
transverse momentum distribution is applied to the particles originating from
each fixed height. This calculation has the'advantage of simplicity, and is
also relatively quick to performe The results from this part of the overall
model alone give a sufficiently accurate representation of the
shower for muon momenta up to about 30 GeV/c (except for very large core
distances)s and have so been used extensively in the work to be described
in Chabter 6o An approximation to the number of electrons at a given
observation lsvel has also been derived from this model.

5.3. Sensitivity of the Mgodel Predictions to Basic Parameters
5.3.1 Introduction

The models described in the previous section may be expected to predict
the overall shape of muon momentum spectra well for core distances greater
than 100 metres. However, the integral muon densities greater than 1 GeV/c
predicted for core distances 100-500m. for a primary proton and a conservative
‘interaction model are considerably (about 100%) lower than that obtained from

the lateral distributions measured (Orford and Turver (1969). For this
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reason, a series of calculations to check the effect of various basic parameters
was undertaken, in an attempt to resolve the apparent discrepancy. The primary
particle was assumed to be a proton of ehergy 2 x 1017eV in all caseso
5.3,2 IThe Effect of Pion and Protopn Interaction lenghts

The chosen pion interaction length for the models described in section
5.2 was 120 gm cm-2, whereas some workers favour a figure of 100 gm cm-2
(Hillas (1971)). A check on the effect of a change of some 20% in this
value yielded changes of less than 10% in the integral muon density at the
core distances of interest here, so tﬁat small variations in the value chosen
for this parameter thave little oyerall effects A similar chetkhas been
carried out on the effect of changing the proton interaction length from its
assumed value of 80 gm cm™? to 75 gm em 2 (as used e.gs by Grieder (1969))
The éffect on the muon densities at 300m. from the core was between 2-3%
and it is concluded from these checks that the observed discrepancies between
models and data are unlikely to be gaused by incorrect assumptions of the
value of either pion or proton interaction lengths.
50303 The Effect of the Inelasticitvy of Nucleon-Nucleon Collisions

Small changes (+~+ 10%) in the value of the n-n inelasticity about a
preferred value of 0.5 in the present model have a fairly marked effect on
the muon density predicted with the present model (e.g. the change from
0.5 to 0.44 gives a change of between 30~40% in the muon density above
1 GeV/c at 300m. from the core). It is very difficult to choose a "best"
value for this parameter, since the data available cover the range 0.2 to
0.9, with a mean of 0.54 (Winn et al (1965)). Further conclusions about
this value must await precise acceleéator data, which should soon be
available for energies greater than 50 GeV.
5.3.4 Ihe Eperqgy Distribution of Particles produced in Ipnteractions.

The models described in section 5.2 assume that the pions produced in
high energy nucleon interactions have equal probabilities of moving forward
or backwards in the centre-of-mass system, and have energies represented

by two exponential distributions in the laboratory system. Because of the



Figure 5.1

Differential momentum spectra at
core distances of 300m in showers
of primary energy 2,1086ev when

the primary particle is a proton.

(1) Spectrum from the model of

Orford (1968)

(2) As above, but with the backward
cone contribution in -n

collisions set to zero.

(3) 900 + 1000 series spectrum with

the latest form og_Tf:n Bgékwérd

cone.

(4) Scaled spectrum from A.M. Hillas

model E.
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form of the relativistic transformation, the pions in the "forward" cone
(ie. those moving forward in the C.M. system) have, in general, a far higher
mean energy than those in the backward core. The form of the energy
distribution in the laboratory system is assumed to be

-E/T e-E/G

£(E) dE & £ +

dE LI I .,
T G > 1

following Cocconi, Koepter and Perkins (1962). Here T and G are the mean
energies of the pions in the forward and backward cones respectively. Many
earlier models have either ignored the backward cone pions, or treated them
in an approximate fashion, and in order to assess the relative importance of
the backward core pions, a calculation was performed with the backward cone
contribufion in pion-nucleon collisions set to zero. The resulting muon
momentum spectra at core distances of 3COm. are shown in figure 5.1, and it
is evident that there is a large effect below muon momentum of 5 GeV/c. A
more detailed study of the effect of different forms of backward cone

energy distributions was undertaken.

The form used by Orford (1968) for the models described in section
5.2 was an approximation only. providing a value of G dependent on E .

The calculation was improved to take account of the correct kinematical
consideration of the ﬂv- n interaction using a centre-of-mass system

(see e.g. Hayakawa 1969)e This give the relation of mean backward cone
energy against energy radiated as shown in fige 5.2 where the approximation
used by Orford (1968) is also shown.

From a comparison with the results of the Leeds group (Dr. A.M. Hillas,
private communication), it became apparent that the use of a centre-of-
mass system in W% n collisions was inaccurate if the forward and backward
coné; were supposed to contain equal numbers of particles. The use of a
centre-of-symmetry system in which the incident pion is considered to be
accompanied by a virtual nucleon (as first suggested by Salzman and Salzman
(1960)) overcomes this objection, and results in a form of G(E) shown also

in fig. 5.2. This function is very similar in shape to that given by



Figure 5.2 The variation of mean backward cone
energy with radiated energy in
7?1 n collisions. The upper solid
curve is due to Hillas (orivate
S . égm;;nicaE{An), the iéﬁér from
Kinematical considerations employing
a centre - of - mass system, The

broken line is the approximation

used by Orford (1968).
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pure kinematics in a C.M. system, but is almost a factor of two greater
in magnitude at all energies. Accordingly, a simple check on the difference

caused by the various forms was carred out as follows:

Firstly, the mean energy of the secondaries E is found

E = fE £(E) dE 502

‘/f (2) ¢E

where f(E) is given in equation 5.1

hence E = nE =n (T + G) 5.3
rad s 5

The value of G is deduced from kinematic relations in the C.M. system,
adjusted to fit the relation used by Hillas, and the energy balanced by
equation 5.3. The results of this calculation are also shown in fig-5. 1.
The general trend arising from the inclusion of the improvements in the

values of G(E) is to bring the values of &,( >1GeV) closer to the
L

experimentally measured points, and it appears that the relation for G

used by Hillas (1971) gives results which fit fairly well over this

energy range.
5¢3¢5 Summary

The series of checks described above indicated that the most likely
cause of discrepancies between model predictions and experimental data
lies in the treatment of the energy distribution of secondary particles
(the effect of many other parameters, such as the shape of the transverse
momentum distribution, are treated fully by Orford (1968)). The
approximations used in the early versions of the moddls of section 5.2
appear to cause an underestimate of the low-energy end of the muon
spectrum (compared with the results of Hillas et al (1971)), and this
results in a considerable underestimation of the integral muon densities

at large core distances.

5.4, Ihe Gomparison of Mgdel Predictions with Experimental Results
S5.4.1 Muon Momentum Spectra at large core distances

Orford and Turver (1969) and Pickersgill (1972) describe the method

used to convert a muon momentum spectrum predicted from a model into a
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déflection spectrum expected in the spectrograph, and also described a form
of K&Q testing against the experimental data. It is intended that this
method be used to compare model predictions with the data collected from
the Mk.II spectrograph, when sufficient data has been processed. This
method is less prome to bias than one requiring the production of a2momentum
spectrum from the basic angular déflection data, and so is more desirable
in terms of accuracy when attempting to define preferred model parameter
values,
5.4.2 Digtributions in the Height of Origin of Muons in EAS

The 1000 series models provide data on the height of production
distributions for muons of known momenta at prescribed cowe distances
(strictly, these are only accurate when the contributions from the 900
series is smalls this has been estimated conservatively to be so when
muon momenta are less than 30 GeV/c). The procedure adopted requires the
use of some form of interpolation of energies, as the effect of energy
loss means that muons of the same energy at production but originating
from different heights retain different proportions of their energy at
sea level, Hence the predicted sea level spectrum of muons oTiginating
from a particular height is interpolated at convenient steps from 1 to
100 GeV/c. The process is repeated for all other production heights,
and the total sea level spectrum obtaineds The relative contribution
of each production height to the total spectrum may then be obtained. Since
it i1s the distributions in height of origin of muons which is of interest
rather than absolute numbers the effect of variations in Af*(>l GeV)
due to changes destribed in section 5.3 are relatively unimportant in this
section. The height distributions obtained from the model have been
used directly in the work to be described in Chapter 6 and also by

evaluating the relation

- 30
H = [H(p) S(p) dp
1/

30
/{S(ﬁ) dp
1

n
.
SN
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where H{p) is the height distribution of muons of momentum p, S{p) is the
differental muon momentum spectrum, the mean production heights:o0f muons
in the momentum range 1 to 30 GeV/c have been determined. The results of
this calculation are shown in fig. 5.3 where the sensitivity of the mean
production height to model parameters is shown. The four lines refer to
primary protons and iron nuclei, with two possible exponents in the multiplicity
law:ifer - charged secondary particles produced in interactions at energies
higher than 3000 GeV. A change in the multiplicity exponent from Q.25
to 0.50 shows a greater change in mean height than does a change in primary
particle mass from A=1 to A=56. The tendency of the experimental points
(from the work to be described in Chapter 6) is to favour the exponent
0.25, but tﬁe errors involved docvnot rule out a larger figure. An extension
of this calculation to give H for energies between 1 and 100 GeV would be
an improvement,but this is very difficult with the two models used here.
5.4.3 The longitudinal Development of the Electron Component of EAS

The distribution in height of the electron component of EAS is important
e.g for the prediction of the form of radio emission resulting from geomagnetic
distortion of the shower front (4Allan, 1971). Since the models of section
5.2 are primarily concerned with the muon component, accurate predictions
on the electron~-photon component have not been undertaken. However, it is
important that any model should predict reasonable electron sizes for a
givep primary energy, and this has been checked by a simple method.

In order to perform the muon calculations, the energy spectra of charged
pions at various heights must be obtained. If it is assumed that the number
of neutral pions is equal to half of that of the charged pions, and that
each neutral pion decays into two 2(-rays of equal energy, therlazaray
energy spectrum can be obtained for each production height. The spectra
so obtained are used in conjunction withthe results of Ivanenko and
Samusadov (1967) to predict the number of electrons produced as a
function of depth below each of the fixed production heights. The

development through the atmosphere and the sea level size are in good



Figure 5.3

The height of production of muons
between 1 GeV/c anmd 30 GeV/e (at
sea level) evaluated using the

1000 series model, for four

. primarye mege and multinlicdds

=y

combinations. Two experimental
points are shown (from Chapter 6).
The effects of variations of

£ p» and K (see text) are too small

to show clearly.
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agreement with the results of other models.
5.5 The Use of Mgdel C ions to Indicate ul Future Experiment
5.5.1 Introduction

The accuracy of model calculations now available should permit the
determination of basic EAS parameters, such as primary particle mass, the
multiplicity of secondary particles, mean pion transverse momentum etc. ,
by comparison with precise experimental results. It is therefore important
to design experiments to investigate the most sensitive aspects of the
shower, in order to é6btain firm results on a reasonable time-scale. This
section deals only with such studies of the muon component, and the
emphasis of the investigation is mainly upon the'possible sensitivity of
features of this component to the primary particle mass.
5.5.2 The Lateral Distribution of Muyons

The lateral distribﬁtion of muons above a given threshold energy
is affeéted by changes in the primary mass and in the form of the variation
of secondary particle multiplicity with interaction energy. However, the
change due to multiplicity is almost independent of cofe distance, whereas
the variation with primary mass is most marked at larger core distances
and energies above 10 GeV. The experimental considerations of an absorber
experiment to measure lateral distribution are relatively straight forward
(e.g. Blake et al (1971), Allan et al (1967). However, very large areas
50 m2) and considerable absorber depths are required for reasonable data
rates at such large distances (typical densities of muons of greater than
1 GeV/c being less than Q.1 m-2 at 1 Km.) Tne lateral distributions for
various threshold energies are shown in figs. 5.4 to B.6.
6.5.3 Muon Momentum Spectra at rdjgh Momenta

The shape of the muon momentum spectrum at momenta above 10 GeV/c
is fairly strongly dependent on primary mass and secondary multiplicity
(as shown in fig. 5.8) and also on mean transverse momentum (e.g. Orford,
(1968)). It may therefore be possible to discount several combinations

of these parameters using data acquired using magnet spectrograph



Figure 5.4

The lateral distribution of muons
of momenta greater than 1 GeV/c

for two primary masses. The ratio

as a function of distance is inset.

The primary particle energy was -
2 X 1017eV.
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Figure 5.5

As figuie 5.4 but for » 10 GeV/c.
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Figure 5.6 As figure 5.4 but for > 30 GeV/c.
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techniques. The high momentum resolution of the Mk. II spectrograph will
alleviate the problems of noise and Coulomb scattering which limit the
usefulness of the earlier meagurement. The relatively small acceptance
area of magnet spectrographs means that the acquisition rate of high
energy particles is low (about 25 per year greater than 50 GeV with the
Mk, I spectrograph). This technique also yields considerable advantages
in lateral distribution measurements - the information is direct and it
is fairly simple to correct for acceptance effects, which render some
absorber experiments inaccurate,.
5.5.4 Muon Momentum Spectra at Large Core Distances

Figure 5,7 shows the mass sensitivity of the integral muon momentum
spectrum at a core distance of 850m. The difference in shape is far more
marked than at 300 me Further, a core distance of 850m., even in showers
of primary energy'>.1018ev, implies a lower soft component contamination
than at 300m. , which makes processing of data simpler. Large area
spectrographs are required for such measurements, but the momentum
resolution need only bé modest, say 50 GeV/c. Most important, however,
, 1s that the core location uncertainty must be small (2 20-30m..) for a
very large range of core distances. This may be achieved with a
spectrograph situated in a carefully chosen location well outside the
present 500m. array, and sampling well measured showers falling inside
the array having good core location accuracy, would overcome the objection
raised aboves
5.5.5 Muon Momentum Spectra at Small Core Distances

Fig. 5.8 shows the sensitivity of muon momentum spectra at a core
distance of 100m. for a shower of 5.106 particles. In order to differentiate
adequately in terms of primary mass, meagurements at momenta in excess of
100 GeV/c are necessary. Such measurements may be possible with the Mk, II
spectrograph, but the difficulties of obscuration by the soft component

of high momentum muons at such small core distances must be considered. The



Figure 5.7

The mass dependence of the
integral muon momentum spectrum
at a core distance of 850 me

The fétié ofuﬁ;Q;“A=Sb fo Emoton
primary as a function of momentum

is inseto
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EFigure 5,8

The mass dependence of the
integral muon momentum spectrum
at a core distance of 100 m. in

el B
a shower of size 5,10 particles.
The ratio as a function of

mome ntum 1s inset.
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Figure 5.9

The variation of the density

of 100 GeV/c muons 100 m. from
the core of a 5.,106 shower, as a
moitiplicity -
and mean transverse momentum.
The solid lines refer to a
secondary particle multiplicity

uLEO'25, and the broken lines

ol EO°5.
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integral muon density close to the core of such smaller showers also
depends quite strongly on mean transverse momentum, as shown in fig. 5.9
509.6 Discussion

Four possible categories of muon experiments have been considered
In almdst all the cases, the change produced by a variation in primary mass
from 1 to 56 can also be produced by a change in multiplicity law exponent
from 0.25 to O.5, except perhaps at very large core distances. The
suggestionsin section 5.5.2 are already in progress, and data should be
available within one yeare The most likely field for a sensitive test
may be in the large core distance region, and either large area, low
resolution spectrographs (for momentum spectra and lateral distributions)
or a large area shielded muon detector (for lateral distributions) should
yield interesting results. If tne multiplicity law exponent could be
reliably restricted to less than 0.5 (say 0.25), the task would be
considerably easier. Such restriction may be possible from study of
other aspects of EAS. Furthermore, data on the secondary particle
multiplicity at fairly high energies should be available soon from the

latest high energy accelerator experiments.
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GHAPTER SIX

THE _HEIGHT OF_ORIGIN OF MUONS IN EAS

6.1 Introduction

The model calculations described in the previous chapter indicate
that the longitudinal development of an EAS is sensitive to both the primary
particle mass and the nature of the fundamental nuclear collisions of the
cascades Direct measurements on the electron-photon component do not allow
firm conclusions to be drawn about the development heights of electrons in
the shower, because of the large fluctuations associated with the e- b’
components (but Allan (1971) and Marsden et al (1971) succeed in outlining
possible indirect methods), Muons, howevers relate more directly to the
nuclear interactions and the longitudinal development than the e-¥ component ,
and so they may retain some indication of the nature of the primary particle
and the nuclear interactions. The method used in the work described in this
chapter is basically trigemometric - the arrival direction of the shower core,
the distance of the core from the muon momehtum spectrograph, and the muon
arrival angle at the spectrograph are required to give a production height
estimate for the measured muon,
6.2 Geperal Desgcription of Method
6.2.1 Basic Trigonometrical Relations

The fundamental relation used in this method may be represented
diagrammatically, as in fig. 6.1, A muon of momentum P arriving at the
spectrograph, a distance r from the shower core, must originate from a

height h such that

oessevesseres 6&1

ot
P

bl o

where Pt is the transverse momentum possessed by the muon. This relation
holds fairly well for momenta above 1O GeV/c; below this the muon does not
travel in "straight" lines due to scattering, but the relation is still

broadly correct. Eguation 6.1 contains two unknowns, P_ and h; o,

t

the form of the Pt distribution appears to be well represented by the CKP



Figure 6.] (i) The relation between
muon momentum, core
distance, height of origin

and transverse momentume.

(ii) The basic relation used
to determime height of origin
after projecting the shower
arrival direction into the

spectrograph measuring plane.
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distribution used in the previous chapter. Making this assumption, a value
for h may be derived by turning equation 6.1 into a form more directly
comparable with experimental measurements.
6.2.2 Belative Arrival Directions of Muon to the Shower Core Direction

The main constraint on the studies of the angular properties of muons
is the spectrograph itself, Because of the design of the instrument, the
incident angle of the muon may only be recorded in one plane, so that the
core arrival direction must also be projected on to the spectiograph

measurement plane. The projected core direction angle ?%, is given bys

tan(v&p) = tan (g) cOs ( ¢ + 34050) 9eccssves 62
where 6, ﬂ are the zenith and azimuth angles respectively. The prejected
core distance 1s also required, and is found by rotation of axest

I =Y CoS (3405) ~ X sin (3495) sasessse 6.3

Ao
where X,Y are the cartesian coordinates of the core impact point.
The common figure of 34,5° arising in equations 6.2 and 643 occurs because
of the orientation of the spectrograph measuring plane with respect to the
chosen carteslian axes, and this orientation has some useful effects, as
shown laters.

Fig. 6.1 (i1) shows the effect of projecting the core direction into
the spectrograph plane. OS is the (projected) muon, OAA' the (projected)
core, and OH the height requireds Since AS is defined as r 4 the following

ks
may be obtained:

e Tacos (W) cos () viereser 64
ﬂdﬁ%-%Y
or r, = tan (%p) - tan( ) cosscean 6e5
H

Since the angle Cﬁp - Yg) is generally small (typically less than
lo°), errors in the value of H arise mainly from errors in (\fp- y%).
The form of equation 6.4 shows that it is more useful to work in terms
of 1M, for the errors then relate more directly to those in (ﬁfp- 7%).

Errors in Ty are less important and are similar to the errors in core



Figure 6.2

@ontours of equal numbers of
showers (2497 in all) containing
acceptable muons per 100m. x 100m.
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location described in Chapter 4. Care is necessary when using very small

values of r, and it has been customary to exclude showers falling such that

L

T is less than 10 metres.

4
6+2.3 Effect of the " lobes" of the 500 m Array Collecting Area

(a) Ine effect on x|

The symmetrical layout of the 500m. array, and the triggering criterion
of (centre and two outer) stations, causes the most frequent, smaller showers
to be detected preferentially when their cores fall away from the lines
joining the outer stations to the centre (e.g. Suri (1966)). The data
comprising the Mk. I data sample has been subdivided into intervals of X and
Y, and figs 6.2 shows the distribution of showers in the form of contours of
equal shower numbers in 100m. x 100 m. bins of X and Y. The spectrograph
plane is rotated through the above mentioned 34.5° with respect to the XY
systemy and it is apparent that more showers fall in the "{4_+ ve" region
than the "r g - ve" region because of this effect, the.ratio being about
1,511, However, the value of € T, - ve» is larger than<r£+ ved , an
effect taken into account in later sections.
(b) Tne Effect on the observed angle (Y =¥ )

The heights of origin predicted by equation 6.4 would be in the
absence of;Spattering, positives Inspection of this relation shows that
if %p‘ and 4’0 are of the same sign (usually so except for near vertical
showers) s then (1ﬁp - 16) must be of the same sign as r, in order to give
a positive value of H. Since ry may be divided intotwo populations, it is
to be expected that there will be two broad populations of (1Pp— 1%), one
positive, and one negative. The effect is used later as a meagure of the
mean production height. Fig. 6.3 shows the broadly negative tendency of a
typical 1, - ve (J,- ¥,) distribution.
6.2.4 Determination of the M Mmu&wm_ﬁzmz_m_(:tp :.}lo)

In Chapter 2 the overall noise on 6, # was estimated at about 2.2°
in © and 7° in B. This, transformed into a noise on the core direction

wﬁr yields 2 - 2.5% The error on the muon direction \*o is some 0.3°



Fiqure 60,3

Distribution in the angle (% -Qég) for
core distances between 250 and 350 m.
for 1-3 GeV/c muons. The distribution
derived from projected shower arrival
directions using corrected 8, § is shown
in solid lines. Also shown is the curve
predicted by the model described in

Chapter 6.
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Figure 6.4 The distribution in ()I’Vp-%) for muons
of momenta greater than 30 GeV/c, at all
core distapces from 150-600m. The broader
__disﬁrigdigén ;;sﬁiting from the ﬁse of ]
corrected O, ﬁ is evident. A similar

distribution for momenta greater than

45 GeV/c has been used to determine

the overall noise on (#lp-‘%).
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so that the greatest contribution to the overall noise figure comes from the
errors in 6 and{[é° Application of equation 6,1 to muons of momentum p ;>
30 GeV/c and height H = 10 Km (as discussed in Chapter 5), for a typical core
distance of 300m., shows that the angle (\’p- %) is less than 1%, so that the
distribution in (YL-\%) of high momentum muons should give a good estimate of
the overall noise {including the effects of scattering). The distribution
has been derived from values of (8,8) uncorrected and (8,8) corrected, and the
results are shown in fig. 6.4. The narrower distribution of OfF;Hﬁ) derived
from values of 8, ﬁ uncorrected for curvature effects led initially to the
assumption that such uncorrected 8,8 values vield a better estimate of the
core direction. Subsequent investigation showed, however that the distribu-
tions in (Yp-ﬁ) derived from uncorrected corwarrival direction did not
exhibit the correct shape, or show the correct tendencies as muons were
selected which had a higher origin. The conclusions drawn from this indicate
that the '"uncorrected" e,ﬁ perhaps yield a close estimate of the shower
particle direction in the vicinity of the centre detector, and so would
show a smaller noise figure because of the proximity of the spectrograph
to the centre of the array. This point is discussed further in section 6.4.
6.3 The Average Production Height of Muons by a Direct Method

The: mean reciprocal height of origin has been determined for 16 intervals
of muon momentum and core distance for the Mk. I data sample; by direct
application of equation 6.4 The ranges concerned are 1-3, 3-8, 8-15, 15-30
GeV/c, for 150-250, 250-350, 350-450, 450-600 metres. The results, found
by calculating the mean value of l/H and its standard deviation, then
converting the values to heights of production, are ‘shown in fig. 6.5 to
608, Also shown are model predictions obtained from the calculations described
in Chapter 5, The experimental results appear to favour the predictions for
a proton primary, and, as a check on these results, an alternative method

was used, as described in the following sections.



Figures 6.5 = 6,8

The height of production as a
function of muon momentum for

four bands of core distance.

-Medel predictions- fox—tws-

primary masses are also showne
The primary particle energy

was 2 X 1017eV°

The dotted line shows the
effect of a change in n-n

inelasticity from 0.5 to

0.44 with a proton primary.
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6.4 The Use of (i%:;ﬂz Distributions and Theoretical Predictions to
Obtain the Production Height
6.4.1 Introduction

The direct method of determining the production height relies on the
accuracy of equation 6.4, and also on the applicability of a simple
analysis. The forms of equation 6.3 and 6.4 imply that regions of &, B, X,
exist.where small changes in any of the given values result in large changes
inll/H. Accordingly, it was decided to predict the (f%-,g) distribution
expected “at various core distances for different shower models, and ta
compare the predictions with the observed distributions. Such a method makes
possible the correct inclusion of the angular effects of coulomb scattering
and geomagnetic deflection, instead of inciuding them in a "noise" terms
6+.4.2 The Prediction of a Distribution in ( ﬁ_;:é) from a Distribution

in Height of Production of Mjons

In order to predict the form of the distribution in (jb-7g), it is
necessary to account for a) the physical processes occurring in muon
production and passage to sea level, and b) systematic experimental effects
which modify the expected distribution. The starting point for the
calculations is the observation Qf a muon of momentum P at sea level
(arriving vertically), within a bandﬁoffcgye'qistance ri;fé. ‘This ..
implies that the core "landed" in an annulus of known radii about the
spectrograph. For each of the height intervals in use (chosen to match
those of the 1000 series programmes described in Chapter 5), the muon
momentum at production is calculated assuming a constant rate of energy
loss of 2.2 MeV(gm cm2 )-l. This enables the parent pion momentum and the

T—,i,decay angle to be calculateds The transverse momentum distribution
used is that quoted for n-n collisions by Cocconi, Koerster and Perkins
(1961), known as the CKP distribution, and the mean of the distribution
may be varied as an input parémeter. The value of transverse momentum is
obtained from equatian 6.1 and the probability of this value may be
determined. The geomagnetic deflection of the muon is calculated, converted

into an angle, and then combined with theTr%/“ decay angle to produce two
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possible modifying delta functions in terms of muon directions at production.
The opening angle (ie. the angle relative to the core direction) is varied ‘
from =-50° to + 50° in 0.1° steps (the wide range is to allow extreme values
of (-ﬁp-%) to be represented), modified by the delta functions described
above, and then checked trigonometrically to ensure that the values used
constrdn :the muon to fall inside the chosen distance band. If so, the
probability of observing a muon of momentum P in the chesen distance band
arising from the height interval in use is determined from the CKP
distribution. This process is repeatéd'for all height intervals, and is
weighted by the input muon height distribution to obtain a probability
distribution in angle with respect to the core direction., This distribution
is then projected into the measuring plane of the spectrograph, allowing

for the non-uniform accéptance of the array due to the "lobes"shown in

fige 649, and then spread to represent Coulomb scatter and measurement errors

. : . e 2 2 %
by a gaussian error function of width 0&')“ _{GEAS +U'f+0'pb } » where

UE;é represents the air shower direction measurement errors, G; the T.mes.
Value of coulomb scattering in the air,enuiﬂ;b tbe r.m.s value of scattering
in the lead shielding above the spectrographs The portion of the distribution
of angular deviation between -160 and +l6o is normalised (arbitrarily),

since these limits were imposed experimentally, and the mean deviation

L +.ve and rJ_- ve are treated .separately, and

the separation of the means of the two G*b -1%) distributions is obtained

obtained. The cases T

directlys. This treatment predicts the change in separation of the means

of the two cases fully, for all values of momentum and core djstance, and

P

also shows the asymmetry introduced by the lobes of the array (ie. predicts

more events in the r  + ve region than the r - we region and also that

-k
< T, -ve» is larger than <.r"+ve > for accepted events).

6.4.3 Discrepancies between (8, Q} corrected and {8, Q) oncorrected
The distributions in (1b-1%) derived from the values of (8, @) corrected
for curvature effects agree with the predicted shapes, and also fairly well

with the variation in separation of the means of the rJ‘+ve and r, -ve cases.



Fiqure 6,9 The angular dependence of the
"lobes" derived from the data
of figure 6.2. The figure
:gp;gsents thg number of

showers within a 10° band of

angle %, defined as
tan}%ﬁf: X/Y.







64

However, the pr'¢2) distributidns derived from the values of (8,8) based
on a plane shower front do not exhibit these trends, but appear té be
diévided almost equally about zero deflection, regardless of the sign
of o Figure 6.3 shows a typiCai example of this effect, The predicted
mean (for tne T, ve case) agrees closely with the "corrected" Cfp-y%) value,
Jbut is completely different from the "uncorrected" O#p-it) value., It appears
therefore, that the corrections to allow for shower front curvature given by
" Dennis (1964) are essential if an accurate estimate of the core arrival
direction is required. Typical differences between corrected and uncorrected
values are 2° in © and 8° in g, but some very large changes C>50°) in g nave
been observeds Evidently this effect is very important if anisotropies are
to be located accurately, but for fairly large sorting bins C>10°), the
changes may be small.
6.4.4 Results and Cogparison with Experiment

Fig. 6.10 to 6.13 show the comparison of the predictions described above
with the experimental data for a range of core distance and momentum. The
metnhod used in predicting the distributions may be used with any muon height
distribution as input data, so that comparisén with other workers in this
respect would be straightforward. The curves shown in the figures are obtained
from the 1000 series models described in Chapter 5, for two primary particle
mass numbers; The shape of the curves varies little with the overall noise
G}OT’ because the distributions in (fb-y%) are closely gaussian, and as
such, the separation- between the means changes only slightly with the
standard deviation. These curves may be used to indicate the numbers of
events required to decide between primary mass of A=l and A=56 for various.
ranges of momentum and core distance, in the following ways

Consider a sample of N muons in a band of momentum P and core distance
r. These N muons are composed of‘ll+ and M (the numbers in the IJL+ ve
and r, - ve distributions respectively). Now, if ¢, and (p‘]hreismallswirth

tespect €oleiélIgethallyotmué above)3 GolWdc), then:

G;L.,.t On- = P(P)")c‘_ens e, 6.6



Figure 6,10 - 6,13

The variation of@ s the

separation between the means
of.Fﬁenfyg_=j£}_q;stributions _ -
for r&-f- ve and T,= ves as a W
function of momentum, for four

core distance intervals. Model

predictions for two primary

masses are also shown for showers

initiated by primary particles

of energy 2 x 1017eVo
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where F is a constant (Punity) for a given P,r interval.
since i, + n_ =N (by definition)

and ngsn_ ¥ 1.5:1 (see section 6.2.3)

+

and the standard error on the separation of the means, 4 , is given bys

v L4
o b= A, oy el 6T

where htn*.is the standard error on the mean of the (Y%—’g) distribution

for Y’_L ve , then

o) (N) = 2.04 F(p,r) EA;§ P -
W

Hence the error on A for a given p,yr interval for N events with an
air shower measurement error GEAS is given by equation 6.8. This means
that the accuracy of the interpretation of curves such as fige 6.10 varies
linearly with EAS arrival direction errors. Valuescﬁ’P(p,r) may be
estimated from the Mk.I data sample, e.g.

if Og,c= 2.60° (as derived for MK.I data), P = 3.4 GeV/c, r = 2.00
metresy

'6(3.4,200) = 1.39 for N = 526 events

So application of equation 6.8 shows that, to obtain a standard error of
0.1° on A&(3.4, 200) ( a desirable figure since the separation of the
curves for A=l and A=56 is some 0.4° at this point), either 5400 events
at %AE = 2.6%, 800 events at 6= 1°, or 200 events at 6% 0.5° are required.
On the basis of the Mk I data, table 6.1 shows the expected errors on

each P x r data point for a running time of one:year with an EAS noise of 1°,

Table 1
r 200m | 300m | 380m | 520m
1-3Gey| .38 .37 .48 .73
3-8 .19 .21 .34 .90
8-15 | .22 .28 .47 .87
15-30 | .33 .45 .76 1.37
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Other values of running time and EEAS will yield values of ﬁg-in
accordance with equation 6.8.
6.5 Discussion
6.5.1 Experimental Aspects of Meagurements of Anqular Deviation of Muons
Both methods of presentation of the height of origin, either the direct
methody or via model calculations, contain the same overall limitations that
arise from air shower arrival direction errors. Lhe errors are such that
no firm conclusions can be made about the value of primary particles mass
at primary energies"lol7ev although both methods tend to favour the Azl
case on the whole. The implications of equation 6.8 and table 6.1 are
that the necessary running time to give significant results is too great
with the present noise of 2.6°, and some experimental improvements are
necessary for a successfiilimeasurement,
Hollows (1968) quotes a ti me resolution of approximately 80nsec
for each of the four channels, using simulated shower pulses. If it is
assumed that the resulting GEMS is roughly proportional to the
resolution At, it is evident that a noise of GEAS=10 requires a timing
accuracy of 30 nsec or less. It is most unlikely that the present
detector system could approach such a figure, as the resclution is not
set entirely by the bandwidth of the electronics employed, but rather
by the design of the detector units. The passage of a charged particle
through the detectors causes Cerenkov 1ight to be emitted in a
direction which is substantially away from the photomultiplier, so that
the signal reaching the photocathode is the result of the summation of a
large number of reflections. This gives the detector a very uniform
response over a larger range of zenith angles, but is most undesirabls
in terms of fast timing. The provision of a simple Cerenkov detector
purely for fast timing work at each station would improve the situation
markedly. Such a detector must be of large enough area to collect a
reasonabl2 signal -but would be more efficient than the conventional

designe- Any non-uniformity of response could be accurately measured -
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by comparison with an adjacent conventional detector, and a restricted
zenith angle range would not be important if the detectors were to be used
specifically with a spectrograph (the present cutoff in zenith angle for
events used in the spectrograph is @ = 400, beyond which the probabilify
of a particle fulfilling the geometrical accepéénce becomes prohibitively
small),

605.2 Longitudinal shower development
The results of the height of origin would appear to favour slightly an

3

o}
the overall heights of origin of most muons by some 500m. while the effect

3

of a multiplicity law of the form ns"‘ Ep

.

A=1, n_egE * model. The effect of a primary particle of mass 56 is to raise
is slightly larger. The A=56,
combination appears unlikely, as the heights predicted are generally
over 1 Km too large, using both methodse However, further conclusions on
the choice of model must await better statistics or improved experimental
worke Fige 6014 indicates that the sensitivity of the separation of the
means (l\ ) to a mass change is almost independent of core distance

(ies the ratio is almost constant), which means that virtually all the

data collected in "angular" experiments may be used for investigations
aimed at identifying the primary particle mass.

6.6 Comparison of'gge heights of origin with values from other experiments
6.6.1 Estimatiopns éf the heiaght of prigin based upop the ipteraction of the

muon_and the geomagnetic field.

Orford et al (1967), Earnshaw (1968), and Pickersgill (1971) give an
account of a méthod of obtaining production heights by means of observations
on the charge ratio of muons deflected by the Earth's magnetic field during
their traversal of the atmosphere. The method produces heights of origin
subject to rather large errors because the charge ratio observed are generally
close to unity (Pickersgill, private communication). There is no
experimental improvement which would yield significant results, but a very
large data sample would improve the momentum and cere distance resolution

greatlys The height of origin for momenta and muons of all distances is

included in fig. 6.15.



Fiqure 6,15

The overall height of production
of muons greater than 0.3 GeV/c
gy a Tmrotivr of shivwer wor e
distance. The results of other
workers at comparable core
distances are also shown. The
line shown is the best fit

to thepresent work.
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6.56.2 Otner measurements based upon the apngular displacement of muons.
De Beer et al (1969) used a method very similar to that described in

section 6.4 to predict the angular distribution of muons of momenta
1 GeV/c, and confirmed tae general aspects of their calculations with
spark-chamber telescopes (2.g. de Beer et al (1962). Firm conclusions
were not possiblz because of the lack of momentum resolution in their
experiment but the results for muons of all momenta were similar to those
predicted from model calcultations in section 6.4. Fig. 6015 includes
a point computed by the present author from tne data of de Beer (1960 ¢,
6.6.3 Alternative Methods of Obtaining the Production Height of Muons

Suri (1966) measured the mean radius of curvature of the shower front
by a timing method, and Baxter (1967) determined the mean height by
studies of the Cerenkov pulse profile. Both these workers used a lower
cut-off energy of 0.3 GeV, and the necessary adjustments to the data
shown in this chapterare described in Appendix 3. The results, shown
in fig. 6.15, are in quite good agreement with those-of Baxter (1967),.
Also shown in fig. 6.15are the results of Linsley and Scarsi  (1962),
obtained by timing the delay of each muon with respect to the shower front
(these measurements have been adjusted to account for the chaiige in observation
altitude).
6.7. Summary

The heights of production of muons derived from the data from the
Mk I spectrograph agree well with the results of other workers, where ever
suitable comparisions may be made. However, the advantage of the present
method is that a clear picture of the varlation of production height with
both muon momentum and core distance is available. It is correspondignly
simpler to compare the present experimental results with model predictions.
The suggested modifications to the arrival direction measuring equipment
at Haverah Park may allow a feature of shower development sensitive to

the primary particle mass to be fully exploited.
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GHAPTER SEVEN

CONCLUSION AND SUGGESTIONS FOR EUTURE WORK

7.1. The Momentum Spectrum of Muons

The spectra quoted in Chapter 4 show little overall change from
those presented by Machin et al (1969), in spite of the complete
revision of the EAS data. In particular the relatively high density
of muons of momentum 50 GeV/c at 300m. from the shower core is still
observed and some independeht confirmation of this observation has been
provided by the results of Suga et al (1969). The imFroved spectrograph
has been shown to be correctly adjusted, with an overall noise figure
corresponding to a momentum resolution of better than 120 GeV/c. However ,
the data sample accumulated from nine months running of the new instrument
is insufficiently large to enable firm conclusions to be drawn regarding
the validity of the original spectra.

One change in the experiment, that of increasing the thickness of
the shielding layer above the spectrograph, has caused a distinct change
in the range of core distance and shower size recorddd by the instrument.
In order to obtain a fair comparison of the two data samples, it will be
necessary to exert strict controls over the core distance intervals used
in the analysis.

A further increase in experimental effort devoted to measurements
of the momentum spectrum alone is not worthwhile in view of the sensitivity
to the primary particle mass of the muon spectrum in the regions
accessible to. the Mk. II spectrograph with the data from a further two
or three years' running time. An accurate 100 GeV/c muon density at large
core distances will be invaluable for comparison with various predictions
to help identify a preferred model, and the importance of this point must
not be underestimated, since it is so closely related to the initial

interaction of the primary particle.
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7.2 Height of Prcduction of Muons

The relatively straightforward experimental considerations make the
determination of the production height of muons of known momentum and
core distance an attractive prospect for comparison with model predictions.
The kncwledge of muon momentum is invaluable; it enables full account of
scattering, energy less and geomagnetic deflection to be made, and the
momentum dependence of production height to be accurately investigated.
The overall results indicate that the production heights implied by a

multiplicity law of the fOIﬂl@EErad0°5 are too large for primary'particles

of any mass, and that oLErado'25is closer to the truth. The present results
do not allow firm conclusions to be drawn about the primary composition:
thefe is perhaps an overall tendency to favour proton primaries, but
heavier nuclei cannot be ruled out. The deduction of a simple equation
linking production height with muon momentum and core distance has

enabled accurate comparison with other workers to be made and the results
are in good agreement with those derived by several different methods.

The insensitivity of the production height of muons above 1 GeV to
the inelasticity of the n-n interactions, and particularly to the mean
transverse momentum, imply that the method allows closer study of other
important parameters without the need for a precise knowledge of these two
values. With the provis ion of better core direction measurements
(recommended in Chapter 6), the height resolution could be improved to that
necessary to distinguish between different primary particle masses..Big. 6.14
shows that the height resolution does not depend greatly on the core
distance at which measurements are made; it is to be expected that, with
a smaller error in core direction measurements, the errors in the base~-
line r & will become more important, and then the larger core distances
(£,»300m) will yield the best results.

Should an increased data rate be considered necessary, afurther
large area spectrograph of moderate resolution (sayes50 GeV/c) would be
the ideal instrument. The low yield of energetic muons make a figure

for momentum resolution much greater than 50 GeV/c unnecessary, so that
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the larger, more easily operated 17mm. flash tubes could be employed
as visual detectors. It would be advisable to orientate such a second
spectrograph so that its measuring planes intereects another "lobe"

of the array so exploiting the separation effects described in

section 6.2.3.

7.3. Model Predictions

In view of the current interest in the primary mass composition

at energies about lO17

eV, the further exploration by model simulation

of the aspects of the muon compenent which reflect the nature of the
primary particle is desirable. The results of Chapter 5 indicate

that one of the mostsensitive measures of primary mass is the shape

of the lateral distribution of muons, particularly a£ large core distances
Gﬁ500m) and high momentum (>10 GeV/c). The experimental drawbacks to
measurements of this type are two fold; (i) the rate of useful events

is lows so that several detectors are necessary, and (i1) the accuracy

in core distance must be uniform over the entire range, and of the order
of 30me The choice of detector is important - the momentum resolution of
a spectrograph has to be of fset against its small area and fairly high
cost, while a shielded scintillator array of some 100m2 has no momentum
resolution but a much improved acquisition rate. Both types could usefully
be used, especially if the spectrograph was also used for accurate height
of origin determinations.

The impmovements to model calculations which should be considered in
the future are (i) further work on the simulation of showers due to heavy
primaries, which have to data been treated by many authors as the simulation
of several proton showers, (e.g. screening of portions of the heavy nucleus
in the initial interactions may cause a drastic reductinn in the differences
expected between primary proton and heavy nuclei showers, so that an

experimental result implying a very narrow mass spectrum may simply be



observing the mechanics of high energy interactionsh(ii) further
experimental information on the exact interaction characteristics at

high energies would be invaluable, as it is possible that the present

interaction models are incorrect.

72
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Al.1 Mopte Carlo Methods Applied to the Genezation of Artificial Muon Tracks

The random number generator used in the work described in Chapter 3
is_a _machine-specific pseudo-random variable generator giving Z:Iierms
without repeating. Ité use is described in the IBM 360 Scientific
Subroutine Package Manual. For the generation of a random number
belonging to a_normal distribution of specified mean and standard

deviation, a method devised by R.W. Hamming (Numerical Methods for

. Scientists and Engineers) is used. Basically, this was the relation

v - is( -K/2

170

where Y is an approximation tc a set of normally distributed random
numbers, X a set of uniformly distributed random numbers. Y approaches
2 true normal distribution asympotically as K tends to infinitye For

convenience, a figure of K = 12 is taken,

Al.2 The Use Artificial Tracks Investigate g
| Performance of a Flash Tube Array with Ingcident Anale

A modification of the programme described in Chapter 3 has been
used to investigats the variation of the mean number of flashed tubes
as a function of incident angle within the acceptance limits of the
spectrograph. Fige A.l shows the results of this investigation. There
is an overall téndency to cbserve mcre flashed tubes at incident angles
away from the vertical in agreement with a subjective.gheck on typical
events. Fige Al.2 shows that there are some small angular r2gions where
the array predicts very small numbers of flashed tubes (ie a "corridor"
exists)» These areas are very small in relation to the total acceptance,
and show no dependence on the particle momentum, so that the overall effect
on the momentum spectrum will be negligibles Further work on locating
the "corridors" simply requires the use of smaller angular and lateral

intervals in the simulation process.
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Figure Al,1l

The variation in the mean number
of flashed tubes as a function

of the incident angle)ﬁ of the

muone
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Figure Al.2

The percentage of all tracks
containing six flashed tubes or
less as a function of incident
angle. The two flash: tube
array:acceptance minima are

clearly visibles.
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A2.1. Subdivision of the Muop Dggg_ig;g_Mgmgg;gm_ggngg

The technique used is that described by Walton (1966), and used by
Earnshaw (1968) to obtain the mean true momentum for a given band of
momentum derived from angular deflections in the spectrograph. The results
are similar to those of Earnshaw (1968), but the sample is about a factor
of two larger. The procedure for deriving the distributions has been made
iterative (J.C. Earnshaw, private communication).

The mean of the distribution in each esase has been determined by numerical
solution of

100

£ p>= fp s(p) dP Y VI |
1

100
j s(p) dp
1

No significant variation of & p> with core distance has been found.

Table A2,1

Limits of momentum
corresponding to
angular deflection <p)> GeV/c
intervals
(scattering ignored)

1-23 1.1
3 -8 3.4
8 - 15 9 4
15 - 30 20,1

The distributions in momentum are shown in fige A2.1, and the mean values

in Table A2.1.



Fi e A2, The distribution in true momentum from
1-200 GeV/c for five bands of "pure
magnetic”" momentum. The curve for
30 ~ 45 GeV/c has been pmmitted

for clarity,
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APPENDIX THREE

This investigation was undertaken to allow direct comparison of the
experimental results with those of other workerse Fig. A3.1 shows the basic
height of origin data plotted as a function of core distance for different
muon momentum bands. The data were assumed to represent linear functions
of r, so that fig. A3.1 may be represented by four parallel lines Li=Mr + Cy o
where the c; are functions only of momentums Four least-squares fit lines
were computed, and the mean and standard error calculated to find M. The
four resulting values for c; were then compared with the momentum dependence
of the production height for a fixed r interval and resolved into a constant
term and a log ;o P term (using the values for p taken from Appendix two).
Hence the final result H(P,r) = Ho +¢ﬁoglop + r/b vesseeessA3.]l was
obtained, where Ho = 1,68 + O.15KM, &= 1.74 1 0.20, ﬁ = 263 + 33, with
all errors determined from the spread in the least~squares calculations.

The resulting equation represents the production height fairly well for
core distances of 150 - 600m., and for momentum from 1-30 GeV/c. At
higher energies the relation underestimates the production height but an
improvement involving the substitution of P~ for log 10 P may improve the
representation.

A3.2 TIhe Derivation of HPt) for Intervals of Core Distance

The overall production height of muons greater than 1 GeV/c was derived
from equation A3.1 and from the calculated muon momentum spectrume If the

height of origin is denoted H(P,r) and the momentum spectrum .S{P), then

\ 30
H = H(P,r) S(P) dp csseseesescscsvnee A3e2
1
30
_/s(P) dp
1

The value of €H¥as a function of r may be regarded as the expectation

value for an experiment measuring the height of production of muons from



Figure A3.1

The mean height of production
of muons as a function of core

distance for the momentum bands

shown. The four lines have the
same gradient, equal to the
mean of the least-squares fits

to the four sets of data.
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1 - 30 GeV/c with no momentum resolution, or as the overall production height
of muonsl}»l GeV/c (since the contribution of muons of momentum :>3O GeV/c
is very small due to the steepness of the momentum spectrum).

In order to compare with the results of Baxter et al (1968) and Suri
(1966) who both used a low-energy cut off of 300 MeV, it is necessary to extend
the results below 1 GeV/c. The use of equation A3.1 is probably accurate for
a mementum of Q.5 GeV/c, and this point has been taken as the mean of the
momentum band 0.3 - 1 Ge%/c. The relative contribution to the overall spectrum
from those muons of momentum 0.3 - 1 GeV/c was obtained from the lateral
distribution calculated by Hillas (private communication) for each distance
interval, and a weighted mean height obtained. The results agreewell with
those of Baxter, and fairly well with those of Suri. Experiments yielding data at

different threshold energies may be treated similarly.



77

REEERENCES

ALLAN, HsReay BLAKE, PeRos NEAT9 K.P. and PImCK, JDKO, 1967, Proc. Int. Conf
CALGARY, 2, 98.

ALLAN, H.R., 1971, Proc. Int. Conf. Hobart (in prep).

ANDREWS, D., EVANS, A.C., HUGHES, R.R., MARSDEN, D.J. REIDy R.J.0., SMOLKO, I.,
TENNENT 3 RoM. 5, WATSON, A.A., WILSON, J.G. and WRAY, A.M., 1969, Proc.
Int. Conf. Budapest EAS-159.

ANDREWS, D., 1970, Ph.D Thesis, University of Leeds.

ANDREWS, D., EDGE, D.M., EVANS, A.C. , REIDy R.J.O. s TENNENT  RuM., WATSON, A.A.,
WILSON, J.G. and WRAY, A.M., 1971, Proc. Int. Conf. Hobart (in prep)

ASKARYAN, G.A., 1965, Soviet Physics JETR, 21, 658.

BARRETT, P.H. , BOLLINGER, L.M., COCCONI, G. , EISENBERG, Y., and GREISEN, K.,
1952, RGV. Mod' Phys- 2.&, 133-178a

BAXTER, A.J., WATSON, ALA., WILSON, JuGe, 1968, Proc. Int. Conf. Galgary 46, 9
de BEER, J.F., 1960, Ph.D Thesis, Potchefstroom University.
de BEER, JaPa, CRANSHAW, TaEa, and PARHAM'RA-GO, 1962’ philo Mag. _z, 499.

de BEER, JeF. de WLLIERS, E.J. ) REINECKE, J.P.L. and VENTER’ FnAa, 1969’
Proc. Int. Conf. Budapest, EAS 56.

BENNETT, S. AND GREISEN, K., 1961, Phys. Rev. 124, 198291987

BLA;KE’ P.R. ’ FERGUSON, H and NASH, W.F. [ 1971, PrOCo_ Int. Conf. Hobart (in prEp).

BRADT, H. and RAPPAPORT, S.A., 1967, Phys. Rev., 164, 1567.

BRAY, A.D., CRAWFORDy D.F«y JAUNCEY,y DeL.y McGUSKERy CeB.A.y, MELLY, D.,

NELSON,s Dy POOLE, P.C.y RATHGEBERy MeH«, SEETy SeHes ULRICHS, Je,
WARD, R.He and WINN, MM, ) 1965’ Proc. Int. Conf. LondOn, 2’ 668,

BROWNLEE, R.G., CHAPMAN, G.J., DAVID, S.A. FISHER, A.J., HORTEN, L., GOOREVICH, L.,
KOHN, P.C., McCUSKER, C.B.A., OUTHRED, A., PARKINSON, A.F., PEAK, L.S.,
RATHGEBER, MoHa, RYAN’ MeJ. and WINN, MlMo, 1969, Proc. Int. Conf. Budapest
EAS 5,

BULL, K.M. GOATES, D.W., NASH, W.F., RASTIN, B.C., 1962, Nuovo, Cimento, 23,
28-38,

CHUDAKOV, A.E+y NESTEROVA, N.M., ZATSEPIN, V.I. and TUKISH, E.I., 1960, Proce.
Int. Conf. Moscow, II, 50-57,

.CLARK, G., EARL, J. KRAUSHAAR, W., LINSLEY, J. ROSSI, B., SHERB, F., 1958,
Supp. Nuovo Cimento, 8, 628-652,

CLAYs R.W., 1970, Ph.D Thesis, University of London.



78

COCCONI, Ga ° IOERSTER, LsJsy and PERKINS, D.Ha. 3 1961 ’ Lawrence Radiation
Laboratory, High Energy Physics Study Seminars, 28, (2), UCID-1444,1,

DENNIS, B.R.y 1964, Ph.D Thesis, University of Leeds,

DOVZENKO, OoL.s ZATSEPIN, G.T» s MURZIN , E.A., MIKOLSKEY, SoI., and IAKOLEV,
VoI.s 1960, Proce Int. Conf. Moscow, II, 134- 4l,

]I)VZENKO, OoL.’ NELEPO, B.A-. and NIKOLSKII, SOJJ, 1957, Jore Exp., Teor. Phiz,
3_2, 463"465Q

EARNSHAW, J.C., 1968, Ph.D Thesis, University of Durham.

EARNSHAW, J.C. s ORFORD, KoJ- ROCHESTER, GsD., SOMOGYI, AoJ.y TURVER, KsEa.,
and WALTON, A.B., 1967, Proc. Phys. Soc., 90, 91-108,

EARNSHAW, J.C., MACHIN, A.C., ORFORD, Ko.J., PICKERSGILL, D.Re, and TURVER y KsE«,
1971a, Proc. Int. Conf. Hobart (in prep).

EARNSHAW, J+Ca.s MACHIN, A«Ces ORFORD, KoJ. PICKERSGILL, DeR. and TURVER, K.E.,
1971b, Proc. Int. Conf. Hobart (in prep).

EYGES, L, 1948, Phys. Rev. 74, 1534-1535,

FOWLER , PsA., ADAMS, R.A., CONEN, V.G. and KIDDs J.M., 1967, Proc. Roy. Soce
A, 301, 39-45,

GALBRAITH’ W and JELLEY, JoVn, 1952, Nathre, Al’ 349-350.

GINSBURG, V.L. and SYROVATSKII, S.I., 1964,'The Origin of €Cosmic Rays'
Oxford Pergamon Press.

GLENCROSS ; WeM., 1962, Ph.D Thesis, Imperial College, University of London.
GREISEN, K., 1960, Ann. Rev. Nycl. Sci. 10, 63.

GREISEN, K.y 1966, Phys. Rev. Letters, 16, 748.

GRIEDER, P.K.F., 1969, Proc. Int. Conf. Budapest, EAS - 43/1.

GRIGOROV,y N.Le., NESTEROV, V.E~, RAPORT, I.Ds, SAVENKO, I.A., and SKURIDIN,G.A.,
19764 Proc. Calgary Conf. Part A, 512-524,

HASEGAWA, H. , MATAMO, T., MUIRA, I., ODA, M., SHIBATE, S., TANAHASHI, E, ,
and TANEKA, Y., 1962, Proc. Int. Conf. KYOTO, AIII, 86-88.

HAYAKAWA, S., 1969, 'Cosmic Ray Physics' John Wiley and Sons.
HILLAS, A.M., 1967, Proc. Int. Conf. Calgary,Can. J. Physics 46., 623
HILLAS’ A.Ma 1969, PrOC. Into COnf. Budapestc, EAS 3.

HILLAS, A-M. ’ HOLLDWS, JaDa ’ HUNTER, H.W. and MARSDEN, DJJO, 1971 Proc.
Int. Conf. Hobart (in prepj)e

HOLLOWS , J«D.y 1968. Ph.D Thesis, University of Leeds.

HOOK, JsRs s MASLIN, G.C., ORFORD, K.J. and TURVER, KnEa’ 1969’ Proc. Int.
Conf. Budapest, EAS - 15.



79

IVANENKO, I.P., and SAMUSODOV, B.E., 1967, Bull. Acad. Sci. USSR, (Phys.
Series), 30, 1722-1726,

JELLEY, J.V., FRUIN, J.H., PORTER, N-A., WEEKS, T.C., SMITH, F.G. AND
PORTER, RoAa’ 1965’ Nature, 292, 327.

KAHN, F‘DO’ and LERCHE’ I’ 1965’ PrOCo ROYu SOCo AO 2&9, 206n
KAMATA, K., and NISHIMURA, J., 1958, Progs. Theor. Phys. Suppl. &, 93,

KONSTANTINOV, B.P., KOCHEROV, G.E., STARBURQY, Y.U.N., and ZHURALEV, 0.S.,
1968, Phys. Leh, 27b, 30.

LAPIKENS ; J. MARTIN, R.s REID, R.J.0., ROBINSON, P.D., TENNENT, R.M.,
WATSON, A.A. and WILSON, J.G., 19715 Proc. Int. Conf. Hobart, (in prep)e

LILLICRAP, S., 1963, Ph.D Thesis, University of Leeds.
LINSIEY, J.s 19634 Proc. Int. €onf. Jaipur, 4, 77.

LINSIEY, J. and SCARSI, L., 1962a, Phys. Rev. Letters, 9, 123.
LINSIEY, J and SCARSI, L., 1962b, Phys. Rev., 128, 2384.
LLOYD, J.L., 1960, Proc. Phys. Soc. 15, 387.

MCCUSKER, C.B.A, 9 pEAK L.S. s and RATHGEBER’ M‘H‘ ’ 1968’ University of Sydney,
Preprint.

MACHIN, AaCo’ ORFORD, K-Ja, pIClGRSGILL’ Doco’ and TURVER, K-En, 19693, Proce.
Int. Conf. Budapest, EAS 44/1.

MARSDEN, DaJss HILLAS,y AsM., HOLLOWS, JaD., and HUNTER,s Hawas 1971. Proce
Int. Conf. Hobart (in prep).

MATANO, T., NAGAMO, M., SHIBATA, S., SUGA, K., TANAHASHI, E.y and
HASEGAWA , H., 1967, Proc. Int. Conf. Galgary.

NISHIMURA, J. and KAMATA, K., 1960, Progs. Theor. Phys. 5, 899
1951. Progs. Theor. Phys. &, 762, 628
1952. Progs. Theor. phys. l’ 185.
ORFORD,y KeJe, 1968, PheD Thesis, University of Durham.
ORFORDs KeJe and TURVER, KeEe s 1968, Nature, 219, 706.
ORFORD, K.J. and TURVER, K.E., 1969b, Proc. Inte. Conf. Budapest, EAS 44/2

ORFORD, KeJ«,TURVER, K.E. and WALTON, A«B., 1967, Proc. Int. Conf. Calgary
46, S119.

PENZIAS, A.A., and WILSON, R.W., 1965, Astrophys. J.s 1425 149
PICKERSGILL, D«.R«s 1971, Ph.D Thesis, University of Durham (in preparation)

PORTER, L.G., EARNSHAW, J.C., TIELSH-CASSEL, E., AHLSTROM, J., and
GREISEN’ Ko, ]970, NUC].- Inst- & Methods, _8_2, 87.



80

PORTER, N.A.s LONG, C.D., McBREEN, B., MURNAGHAN, D.J.B. and WEEKES, T.C.,
1965, Proc. Int. “onf. London, 2, 706.

RASTIN, B.Casy 1964, Ph.D Thesis, University of Nottinghams

ROLL, P.E. and WILKINSON, D.T., 1966, Phys. Rev. Letters, 16, 405
ROSSI, B., 1952, 'High Energy Particles', Prentice Hall Inc.
SALZMAN, F. and SALZMAN, G., 1960. Phys. Rev., 120, 599

SAMORSKI, M., STAUBERT 4y R., TRUMPER, J., BOHM. E., BUSCHER, W., and
FRITZE’ R‘, 19690 PI‘OC. Int- Confo BudaPESt, EAS’13.

SHIBATA, S., NAGAMO, M., MATANO, T., SUGA, K. and HASEGAWA, H., 1965,
Proc. Int. Conf. London, 2, 672-675.

SUGA, K.y SHIBATA, S., MIKAMO, S., TOYODA, Y., MURAHAMI, K., LA POINTE, M.,
KAMATA , K and DOMINGO, V., 1969. Proc. Int. Cono. Budapest, Mu-14.

SURI, A.N., 1966, Ph.D Thesis, University of Leeds.

THIE.LHEIM, KaOn, aﬁdl KARIUS’ S. ,1965, prOCo Int- Gonfc London, 2, 779"782.

TOYODA, Y., SUGA, K., MURAHAMI, K., HASEGAWA, H., SHIBATA, S., DOMINGO, V.,
ESCOBAR, I., KAMATE, K., BRADT, H.V., CLARK, E and LA POINTE, M.,
1966, Proc. Int. Conf. London, 2, 708.=-711.

TURVER, K.E., 1963, Ph.D Thesis, University of Leeds.

WALTON, A.B., 1966, M.Sc Thesisy University of Durham.

WINN, MeM., WARD, K.H., ULRICHS;J., RATHGEBER y M.H., POOLE, P.C., NELSON, D.,
McCUSKER, C.B.A., JAUNCEY, Ds.L. CRAWFORD, D.F«.y and BRAY, A.D., 1965,
Nuovo Cimento 36, 701-732.

ZATSEPIN, EoTo, NIKOLSKII’ SOI', and KHRISTIANSEN, E‘B', 1963’ prOCt In't.
Conf. Jaipur, 4, 100-126.



€1
ACKNOWLEDGEMENTS

I am deeply indebted to Professor G.D. Rochestery, F.R.So, for the
provision of the facilities which made this study possible, and also to
my supervisor; Dr. K.E. Turver, for his constant advice and encouragement,

I wish to thank Professor J.G. Wilson and his colleagues of the
Department of Physics, University of Leeds for their cooperation and
for the provision of the air shower analyses used in this thesis,.

My colleagues Dr. J.C. Earnshaw, Dr., K.J. Orford and Mr. D.R.
Pickersgill are thanked for their contribution to the collection and
analysis of this data.

The “assistance of the technical staff of the University of Durham,
particularly Miss A.M. Bevils in track reconstruction, and Mr, W. Leslie
and Mr. H. Davison in constructional work has been invaluable. The
Science Research Council is thanked for the provision of a Research
Studentship. I wish to thank my wife for her assistance, and for
drawing the figures for this thesis. Mrs. D. Anson, who typed this

thesis, is gratefully thanked.

08 WL -,
Pk Facdng e,

"2 6 ocT 1972



