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ABSTRACT

Using the Durham spectrograph and Small Extensive Air Shower
Array situated 40 m. above sea level, the rate of single muons and muon
pairs of momentum in the range 20 GeV/c to 1000 GeV/c in air showers of
size 104 to 107 particles have been measured. The rate of unassociated

muon pairs has also been recorded.

The large solid iron spectrograph (MARS) is of toroidal design
having two distinct halves, &hich both have a maximum detectable momentum
| of about 3000 GeV/c, and an acceptance of 487 cmzsr for single air shower
accompanied muons. Both halves are triggered by scintillation counters,
whilst muon track location i1s achieved by digitised neon flash tubes on
the Eastern half, and by photography of the flash tubes on the Western
half,. The air shower array (SARA) has 14 plastic scintillation counters
having areas varying from 0.26 m2. to 2.0 m2. and placed in an hexagonal
geometry around the spectrograph. The array has a characterastic radius

of 60 m. and is sensitive to showers of size 105 to 3 106 particles.

The measured rates of single and double muons accompanied by air
showers are compared to the predictions of semi-empirical electron and muon
structure functions. Broad support 1s found for the structure of muons
for small radial distances (& 100 m.) as predicted by the expression introduced
by Greisen (1960) including an extrapolation to muons of momentum above
1000 GeV/c. A comparison 1s also made with the predictions of both the
CXP, and Feynman scaling model of high energy particle interactions as
applied to extensive air showers by Goned (1975} and Faishbane, et al.,{1974),
Evidence is found to support the suggestion (Gaisser and Maurer (1972)

Fishbane, et al.,(1974),Wdowczyk and Wolfendale (1973)) that the combination
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of a scaling particle interaction model and an assumed primary spectrum
dominated by protons predicts too low a ratio of muons to electrons in
air showers at sea level. In contrast the predictions of the CKP model

largely coincide with the experimental data.

Some evidence i1s also found for coincident muon palirs at sea

level unaccompanied by shower particles.




PREFACE

This thesis contains an account of the work carried out in the
period 1973-1976 while the author was a research student under the
supervision of Dr. M. G. Thompson in the Cosmic Ray Group of the Physics

Department of the University of Durham.

When the author joined the group, the MARS spectrograph was

essentially complete but only one arm of the instrument was being used

for the muon momentum spectrum measurements up to 5000 GeV/c. The author
was responsible for the assembly of the second arm of the instrument which
incorporates trays of neon-filled flash tubes which are used as trajectory
defining elements. He was responsible for the design and running of the
photographic recording system for that arm and also helped with adjustments
to the electronics of the composite equipment, and with the running of all

the experiments performed with the spectrograph.

The analysis of the data reported here has been carried out by the
‘ author using the techniques developed by Wells (1972),paniel (private
l
communication) and Smith (1276). The author is also responsible for the

interpretation of the results with regard to the predictions of other workers.

The essential results of this work have been presented to the XVth

International Cosmic Ray Conference 1in Plovdiv, Bulgaria. (Hawkes, et al.,

1977).




ACKNOWLEDGEMENTS

I wish to thank Professor A.W.Wolfendale, F.R.S., for the
provision of the facilities for thas study, and for his encouragement
at all stages of the experiment. The Science Research Council is
acknowledged for providing a Research Studentship and funding the

experiment.

I am deeply indebted to my supervisor, Dr.M.G.Thompson, for

his constant advice and guidance throughout this work.

All members of the MARS group are thanked for their help with
the construction and the running of the apparatus. I would especially
like to thank Dr. A.C.Smith for many interesting and extremely helpful
discussions, and express my gratitude to Dr. M.R.Whalley, Mr. T.R.Stewart,
Mr. W.S.Rada, Mr. R. Thornley and Mr. J.M.Baxendale for help and suggestions

of both a theoretical and practical nature.

Mr. K. Tindale is thanked for his skilled assistance in the
laboratory and in particular for his help with the photographic system
and for developing over half a mile of 35 mm. film. I am most grateful
to Dr. B.J.Daniel and Mrs.S.E.Davidson for their painstaking efforts 1
transferring and accessing the experimental data through the computing

systems.

I would lake to thank Dr. B.A. Khrenov, Dr. A. Goned and Dr.J.wWdowczyk

for valuable suggestions and help at various stages of this work.

Finally, I wash to extend special thanks to Mrs. A. Gregory for
her excellent drawing of the diagrams, and to Mrs. S.Mellanby for transforming

this thesis through her precise and rapid typing.




CONTENTS
Page
Abstract i
Preface 1ii
Acknowledgements iv
Contents v
CHAPTER 1 : INTRODUCTION
1.1 The Historacal Background of Cosmic Ray
Studies 1l
1.2 The Intensity and Origin of Primary Cosmic 3
Rays )
1.3 Extensive Air Showers
1.4 scope of the Present Work in Relation to Some
Current Physical Problems
CHAPTER 2 : THE SPECTROGRAPH AND AIR SHOWER ARRAY
2.1 Introduction 13
2.2 General Description of M.A.R.S. (Magnetic
Automated Research Spectrograph) 13
2.2.1 The Magnetic Field 15
2.2.2 The Scintillation Counters 16
2.2.3 Flash Tube Techniques 16
2.2.4 The Blue Side Momentum Selector Trays
and Associated Logic 17
2.2.5 The Blue Side Measuring Trays 18
2.2.6 The Red Side Measuring Trays 19
2.2.7 Flash Tube Tray Alignment Using Geiger 21
Tray Information
2.2.8 The Acceptance and The Maximum Detectable
Momentum of the Spectrograph 22

2.3 General Descraption of S.A.R.A.(Shower Automated 23
Research Ar:ay)
2.3.1 The Detecting Elements 24
2.3.2 Density Measurements 25

2.3.3 Fast-Timing Measurements 25




- vi -

Page

2.3.4 The Data Handling Electronics 25

2.3.5 Digitisation of the Detectors Signal 25

2.3.6 The Storage of the Shower Data 26

2.3.7 The Interrogation Technique 27

2.4 The D~ily Running of the Spectrograph and Array 27

2.5 The Experimental Description 28

2.5.1 The Rate of High Energy Muons in Air

Showers 28

2.5.2 Air Shower Array Interrogation 28

2.5.3 Muon Pair Experiment 28

2.6 The Role of the Author 29

CHAPTER 3 : GENERAL ANALYSIS OF THBE DATA

3.1 Introduction 30

3.2 The Analysis of the Muon Data 31

3.2.1 Muon Momentum Determination 31

3.2.2 Trajectory Fitting by Computer Programme 32

3.2.3 Air Shower Accompanied Muons 34

3.2.4 The Analysis Procedure 37

3.3 The Analysis of the Air Shower Array Data 38

3.3.1 Introduction 38

3.3.2 Thre Analysis Procedure 39

3.3.3 The Minimisation of the Array Data 40

3.3.4 Accuracy of the Array Analysis 40

3.4 The Determination of Shower Particle Density 41

From the Top Measuring Tray of the Spectrograph 41

3.4.1 Introduction 41
3.4.2 The Density of Shower Particles from Flash

Tube Data 42

3.4.3 The Validity of the Muon Data 47

CHAPTER 4 : THE RATE OF MUONS IN AIR SHOWERS

4.1 Introduction 49

4.2 The Experimental Results 49

4.3 The Charge Ratio of Muons in Air Showers 51

4.4 The Nature of the Muon Events Accompanied by
Particles 51




- vii -

Page

4.5 The Probability of the Spectrograph Being
Triggered 52

4.6 The Rate of Events Determined from the Sea
Level Shower Size Spectrum 56

4,7 The Predictions of the C.K.P. and Scaling Models 61
4.7.1 Introduction 51

4.7.2 The Muon Component Determined from

Nuclear Interaction Models 62

4,7.3 The Scaling Model 63

4.7.4 The C.K.P. Model 66

‘ 4.7.5 The Method of Calculation 67
’ 4.7.6 Application to the Present Experiment 67
4.7.7 The Electron Component 68

| 4.7.8 The Mean Shower Size Predicted by the
C.K.P. Model 70
4,7.9 The Mean Shower Size Predicted by the

Scaling Model 71
4.7.10 The Primary Cosmic Ray Composition 75
4.7.11 The Trial Models and Primary Spectra 78

4.7.12 The Predicted Rate of Events Using the

C.K.P. and Scaling Models 80
CHAPTER 5 : THE COINCIDENT MUON PAIR EXPERIMENT
5.1 Introduction 83

5.2 The Acceptance of the Spectrograph for Muon

Pairs . 84
5.2.1 The Acceptance for Two Muons Traversing
the Blue Side 84
5.2.2 One Muon Traversing Each Side of the
Spectrograph 86
5.3 Ceneral Data of the Muon Pair Experiment 88
5.3.1 Introduction 88
5.3.2 The Experimental Data 88
5.3.3 Angular Separation of Muons 89
5.3.4 Spacial Separation of the Muon Pair 90

5.3.5 Angular Deviation of Muon Pair From
Shower Axis Direction 91




- viii -

Page
5.4 The Predicted Rate of Coincident Muon Pairs 93
Accompanied by An Air Shower
5.4.1 Introduction 93
5.4.2 The Conversion of the Rate of Events
Into the Intensity of Muon Pairs 93
5.4.3 The Muon Pair Intensity Predicted From
the Shower Size Spectrum 95
5.4.4 The Intensity of Muon Pairs Predicted by
the Interaction Models 98
5.5 Muon Pair Production 99
CHAPTER 6 : THE INTERPRETATION OF THE RESULTS
6.1 Introduction 104
6.2 The Lateral Structure of Electrons 105
6.3 The Energy Threshold for Electron Detection 108
6.4 The Lateral Structure of Muons 110
6.5 The Dependence of the Predictions of the C.K.P.
and Scaling Models on the Praimary Spectrum 113

6.6 The Effect of the Rising Proton-Air Cross Section
and the Effect of a Nuclear Projectile and
Target 114

6.7 The Effect of Representing a Distribution of
Shower Sizes by a Mean Shower Size 118

6.8 Comparison of the Measured and Predicted Rates 120

CHAPTER 7 : CONCLUSION AND FUTURE WORK 122
APPENDICES : 'A' - The Monte Carlo Technique 125
'B' - Monte Carlo Determination of Acceptance 128

'C' - The Spectrograéh Acceptance for Showerx
Associated Muons 131

'D' - The Effective Area and Solid Angle of the Blue
Side of the Spectrograph for Air Shower
Accompanied Muons 132

'E' - The Acceptance of the Spectrograph for Two
Coincident Muons 137

'F' ~ The Effect of Detector Area on the Density of
Particles Determined from the Lateral
Distraibution 140

'G' - The Relation of the Sea Level Shower Size Spectrum
to the Primary Spectrum for Pifferent Model

REFERENCES

Predictions

'H' - The Scintillation Counter Efficiencies

143
145

146



CHAPTER 1

INTRODUCTION

1.1 THE HISTORICAL BACKGROUND OF COSMIC RAY STUDIES

Over the past 60 years the study of cosmi¢ radiation has led to
major advances in our understanding of the fundamental processes of nature.
The enormous energy carried by individual particles has enabled some insight
of both the smallest and largest parts of the universe. Indeed the ultimate
resolution of the constituents of matter (possibly quarks) may require the
energy avallable in cosmic rays, and one of the most intriguing physical
problems is the mechanism by which particles can be accelerated to the highest
energles seen in the cosmic radiation, of greater than lO20 eV in a single
particle.

At the turn of the century the first indications of a penetrating
extraterrestial radiation came from studies of the residual conductivity of
enclosed andshielded samples of air. Elster,(1900)and Geitel,{1900) noticed
that despite attempts to remove ions from a sample of air a significant residual
conductivity remained, and Wilson,{1900)and{1901) in studies with an ionization
chamber suspected the presence of ionizing radiation that could pass through
thick layers of earth, and he speculated a possible extraterrestial source
for this radiation. It fell to Hess,(1912) to demonstrate in a balloon flight
that after an initial reduction with altitude in ionization in a pressurised
1onization chamber, ultimately an increase in ionization occurred that continued
up to the greatest height that he reached, of about 5 km. The initial assumption
that the radiation was y-rays was due to its highly penetrating power. However,
with the introduction of more sophisticated techniques involving cloud chambers
and Geiger-Muller tubes, the latitude and East-West effects were seen which
could not be explained in terms of Y-rays. The latitude effect indicated a lower

intensity of cosmic rays near the equator where the horizontal componen: of the

] 3
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earth's geomagnetic field is strongexr, and hence Clay,(1927) concluded that thi
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primary cosmic rays must be charged. The East-West effect of more
particles arriving from the west than the east, led Johnson and Street,
(1933) to the conclusion that the majority of primary cosmic rays were
positively charged. It became clear that the primary cosmic radiation
interacted with the earth's atmosphere to produce further radiation and
experiments continued to determine the nature of the primary and secondary
radiation and speculation arose about the origin of the primary rays.

One of the first major successes of cosmic ray studies was the
discovery by Anderson, {1932} of the positron which had been predicted by
Dirac. The electron positron pair created by a photon was a vital indication
of relativistic physics involving energy and momentum and the transmutation
from energy to matter. Secondary cosmic rays were classified into the soft
(absorbed) component, and the hard component that could penetrate {5 cm. of
lead Unfortunately, the hard component particles were mistakenly thought to
be the mediator of the strong force that holds nucleons together that had
been predicted by Yukawa,(1935), This was largely because of its closeness
in mass, about 200 times the mass of the electron, to the particle introduced
by Yukawa, called the meson. The direct observation of the so called m-meson
by lottes et al.,(1947) finally resolved the mystery of the lack of inter-
action of the penetrating particle, the muon, which 1s now known to be a
lepton and as such is not subject to the strong interaction force. Particle
discoveries continued when Rochester and Butler,(1947) identified in a cloud
chamber a neutral particle, the Ao, by its decay into a positive and negative
particle, which made necessary the introduction of the quantum number of
strangeness.

The study of cosmic rays has divided naturally into two parts; the
study of the actual primary radiation, and the study of the secondary radiation
produced when the primary particles interact with the atmosphere. The main
effort in the 1930's and up to the 1950's was the attempt to understand the

elementary particles produced by cosmic rays and their interactions at high




energies, but with the advent of particle accelerators the interest

switched to include more geophysical and astrophysical aspects of the
primary rays. However, more recently many new effects have been seen

at incident particle energies below 2 103 GeV using present day accelerators
which has returned interest to the still higher cosmic ray energies. In
particular, the suggestions of Feynman,(1969) and Benecke, et al.,{1969)
which are designed to describe the processes of energy distribution and
multiplicity of particle production in interactions below 2 lO3 GeV, can

be extrapolated from this eaergy region to a further test at the higher

energles present in cosmic rays.

1.2 THE INTENSITY AND ORIGIN OF PRIMARY COSMIC RAYS

The primary cosmic rays that impinge on the earth's atmosphere have

2s-lsr-1ev-l at an energy of about

-38m_2s_lsr-lev-1 at an energy of about 1020 eV

an intensity that ranges from about lo-sm—
lO7 eV per nucleon to about 10
per nucleus. In the region below about 109 eV the interplanetary magnetic
field reduces the primary intensity below its value far from the sun and at
the highest ¢nerqg,es , Greisen,{1966) has suggested a possible cut in the
spectrum due to energy loss by high energy primary protons 9y photo-pion
production. This may occur at a proton energy of just above 5 1019 eV in
interactions with the isotropic microwave background radiation corresponding
o a black-body temperature of about 2.7° (Roll and Wilkinson, 1966).
Hillas, (1975) points out that nuclei may suffer photo-disintegration on star-
light above about 1017 eV, but concludes from air shower measurements that the
cosmic ray spectrum seems uninterrupted to N2 x 1020 ev,

It 1s becoming customary to consider gamma rays as part of the cosmic
radiation 1f for no other reason because gamma ray astronomy measures directly
the presence and effects of energetic charged cosmic ray particles. The
galaxy is extremely transparent to gamma rays and hence they can bring

information largely unchanged from the point of thelr creation. The gamma

ray intensity observed involves clearly established gamma ray sources super-




imposed on a general diffuse radiation background. The longitudinal and
latitudinal distraibution along the galactic plane of the intensity of

gamma rays appears generally correlated with galactic structural features,
and particularly with spiral arm segments. Distinct sources appear to be
the regions of the galaxy associated with the Crab Nebula,Vela and.the Orion
clouds.

The proportion of different nuclei making up the cosmic ray spectrum
have been measured directly by many different balloon and satellite experiments
up to about 1012 eV per nucleon, but beyond this energy the situation is
unclear. Figure 1.1 shows the abundance distribution of the elements present
as cosmic rays in the range from a few hundred MeV per nucleon to about one
GeV per nucleon for hydrogen up to iron as given by Mayer et al.,(1974), For

L comparison the solar system abundances are also shown in Figure 1.1l. The
presence in cosmic rays of the light nuclei elements (L1, Be and B) in quantities
considerably in relative excess over the solar system abundances can be under-
stood if the majority of these nuclei are fragmentation products which originate
in :he collisions of heavier nuclei with the matter between the source and the
earth. Nucleir heavier than iron have been found to be present in cosmic rays,
see Fowler,(1973) but with intensities lower by a factor of about 10° than that
of iron, In Figure 1.2 is shown the pramary particle flux as compiled by Hillas,

(1975). The highest energy at which direct measurements have been made are
reported by Grigorov et al.,{1970)} but have not received universal acceptance
mainly because of the significantly lower flux of protons detected by their
PROTON satellite compared to the spectrum suggested by less direct means.
However, Hillas,{1975) points out that some recent determinations of the
spectrum suggest wtensibes closer,than earlier values,to the 'Grigorov' spectrum.
The least certain part of the primary spectrum is the region around lO15 eV
per nucleus where the flux deduced from air shower measurements is higher than
either the flux suggested by Grigorov or from indirect muon studies. The

underground multiple muon studies by the Utah group (Elbert et al.,(197s)) have
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led these workers to suggest that primary nuclei of energies up to 1014 ev

per nucleon are responsible for the muons they detect. Some latter
calculations, as reported by Hillas,(1975) suggest that nuclei heavier than
protons PWOdMLe the muons, Hus at 1014 eV per nucleon the proton flux

1s somewhat reduced, but the helium and heavier nuclei are considerably increased
relative to an extrapolation from 1011 eV per nucleon. The line marked u

in Figure 1.2 1s drawn to continue the primary spectrum with a slope of

Yy = 2.7 beyond 1012 eV. This 1s concluded from a summary of many muon
spectrometer experiments, (Ng et al., 1973) as reported by Hillas,{1975)

and does not indicate a steepening of the proton spectrum up to about 4 1013eV.
Bell, (1976) suggests that the latest praimary spectrum determined from measure-
ments of the largest showers detected by the Sydney array agree well with the
steepest spectra quoted by the Haverah Park and Chacaltaya groups and has a
differential slope of -3.35 + 0.15.

The origin of cosmic rays remains uncertain but the bulk of the
particles are not of solar origin, and the effects of propagation from the
source or sources, have proved difficult to unravel. In a conservative model
the energy spectrum has been interpreted such that 3 regions of the spectrum,
from particles of energy 1011 to 1020 eV are considered as the summation of
3 distinct processes. Below (at smaller energies) 1015 eV the cosmic rays
essentially diffuse through the spiral arms from galactic sources, and above
the 'knee', which occurs at about 3 1015 eV, a reduction occurs because
particles have started to escape from the galaxy as theilr orbits in the
galactic magnetic fields become too large for containment. Beyond 1018 ev
a reduction in the spectral slope 1s seen as the eventual domination of a
uniform background of universal cosmic rays. Recent reports of two groups
who detect large air showers (Haverah Park; see Edge et al.(1973)and Sydney;
see Bell, et al.,{1974)) no longer indicate a fla#tening of the spectrum beyond

18
10 eV, but uncertainties must still exist about the conversion from density

measurements to shower size and the subsequent estimation of the primary




energy. For the actual sites at which the cosmic ray particles are
accelerated and receive their energy, Colgate,(1966) suggests that
supernovae could provide an acceleration mechanism to give an abundance

of elements, up to iron, similar to that observed in cosmic rays. Ostriker
and Gunn, (1969) suggest that if pulsars are rapidly rotating neutron stars
then they may provide an adequate acceleration mechanism for very high
energy cosmic rays. Kempa, et al.,{1974) suggest the possible existence
of a definite 'bump' in the primary spectrum in the range of 1013 to 1016ev
per nucleon. Karakula, et al.,a974) suggest that this may be due to cosmic
rays from galactic pulsars superimposed on a normal background. However,
Elbert et al.,(1975) make use of a model incorporating Feynman scaling for
the secondaries produced by cosmic rays and suggest that a bump of the

prominence proposed is inconsistent with multiple muon rates measured under-

ground.

1.3 EXTENSIVE AIR SHOWERS

The praimary cosmic rays that enter the atmosphere interact strongly
with the components of an air nucleus, and a large number of secondary particles
are produced in the process of multiple production. At an incident proton
energy of 103 GeV an average of about 20 secondaries are produced. These are
mainly mesons of which the majority are pions produced in equal numbers of
both charges (7 +) and neutrals (wo). For high energy primary particles
the secondary particles are energetic enough to interact with further air
nucleil lower in the atmosphere and an extensive shower of particles is
produced. If the primary energy is greater than about 1013 eV the effect
of this multiplication of the cosmic ray 'signal', can be detected at sea
level where the particles observed are some thirteen generations removed from
the primary. The 70's produced in the initial and secondary interactions

5

decay promptly in about 10-1 S to two gamma-rays which produce electron

positron pairs by pair production. These relativistic electrons produce




further y-rays by bremsstrahlung. These y-rays then produce further
electrons, and the shower of particles resulting i1s known as an electro-
magnetic cascade. This 1s constantly rejuvenated by °ts from the
hadronic core of the air shower. The majority of particles in air showers
are these cascade electrons which spread out over large areas, deviated
mainly by coulomb scattering. Air showers are usually referred to and
studied according to the electron 'size', which is the number of electrons
above some threshold energy at the depth of detection in the atmosphere.
The number of electrons at sea level from any given enerqgy of primary will
depend upon statistical fluctuations mainly due to the height (or depth
into the atmosphere) of the first interaction, and will also depend upon
the mass (and therefore the extent of fragmentation) of the primary. At

shower maximum an approximate relation of

E primary = 2 109 N nax GeV (1.1)
holds, where E primary 1s the energy of the primary particle and Nmax 1s
the number of particles at shower maximum (Llark et al.,(1958)). However,
for practical measurements at sea level, the total number of electrons in
an air shower is determined by measurements of the density of electrons at
different points in the shower, and then evaluation by reference to a
structure function. The lateral structure determined empirically and
theoretically appears to be a characteristic of air showers largely independent
of the size of the shower. Good agreement 1s found with experiment (Greisen,
1960) with the form of the radial density (p) for a pure electromagnetic

cascade (Nishimura and Kamata,(1950}(1951),(1952),

p = -315 f(s, r/rl) (1.2)
bt

where N 1s the size, r the perpendicular distance from the shower centre,




which is characterised by a high density of electrons and a high
concentration of nuclear~active particles, and s is the age parameter,
and r; the Moliere unit.

The charged pions produced in air BShowergeither interact to continue
the nuclear-active cascade or decay to muons. High in the atmosphere even
high energy pions (greater than about 10 GeV) that are time dilated have a
finite chance of decay to muons because of the relatively low density.

Lower in the atmosphere the probability of interaction with an air nucleus
increaseg considerably. Once produced, the muon component largely survives

to sea level ,because not only do muons have a longer lifetime of about

2 us, which is considerably dilated because of the relativistic energies
involved, but they do not interact strongly. The effects of coulomb scattering
and geomagnetic deflection on the muon trajectories are relatively 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. The competition between decay and interaction of the pion is
influenced by the angle of incidence of the particle. This is because the
density per unit path length decreases at large angles and hence the decay
probability is effectively increased and more pions (and kaons) decay to
muons, Thus a 'sec ', O = zenith angle, enhancement occurs at large angles.
As the energy of the muon increases the cross-section for nuclear interaction
increases and at low muon energies the probability of decay to an electron

increases.

l.4 SCOPE OF THE PRESENT WORK IN RELATION TO SOME CURRENT PHYSICAL

PROBLEMS

It has been emphasised through the study of cosmic rays and the use
of particle accelerators that to physically probe smaller distances, higher
energies must be employed;.lf an energy smaller than the binding energy is

transferred to a composite system it will recoil elastically and remain as
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as a whole. Attempts to resolve the structure of the proton have

involved the highest energy particles that have been accelerated by

machines, and the even higher energy particles available in the cosmic
radiation. Much current theoretical and experimental effort has followed

the suggestions of Gell-Mann,(1962) and Ne'eman,{1961) that all hadrons may

be composed of 3 fundamental constituents, which Gell-Mann,(1964) called
quarks. This model assumes that the observable hadron properties are due to
the added contributions of the individual quarks, such as charge, where the
proposed non-integral charge of the quarks always must add up to give the
observed integral charge of hadrons. This conastituent quark model succeeds

in supplying a good description of hadron spectroscopy, and attempts to explain
the electromagnetic and weak currents as a coupling to individual quarks, where
the coupling to hadrons is the sum of the contributions of the individual quark
couplings. However, even though the free quark has remained unobserved (see
for instance Ashton and Saleh, 1975) the deep inelastic collisions of leptons
on protons (electron experiments at the Stanford linear accelerator, SLAC) and
neutrino proton experiments (at the European Organization for Nuclear Research,
CERN ) suggest that to a first approximation the electric and weak charges of
the nucleon are concentrated on three small 'centres'. (See G. Altarelli, (1974)
and Lipkin, (1973) for reviews). These centres, which can possibly be identified
with the postulated quark; appear to have an energy distribution such that the
mean is about 1/6 of the nucleon energy. Thus one half of the total nucleon
energy may be neutral (that is without electric or weak charge) and associated
with the very strong field which binds these centres together inside the nucleon.
In this constituént-quark description baryons are composed of three quarks and

mesons are single quark-antiquark pairs.

In some contrast the parton model of the hadron, due to Feynman,(1969)
(1969a) describes the hadron as consisting of a very large number of point-
like constituents, and a possible interpretation is that the parton is the

so-called current quark. The current quark model is used with an extreme
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relativistic approximation in the frame where the hadron is moving with
infinite momentum and like the parton model describes the hadron as
consisting of a very large number of point-like constituents, (quark-anti
quark pairs) as well as three current quarks and some neutral "glue".
Feynman postulates a specific spectrum of soft or "wee" partons in the
form of & distribution. He defines wee as typically a momentum of 1 GeV
or a fraction £ (£ v 1 GeV/c,/ P) of the nucleon momentum (P) and suggests
they are responsible for the hadronic cross-section, whilst the "hard"
partons are seen in the deep inelastic processes. Feynman's scaling hypothesis
is that when expressed in terms of the transverse momentum (Pt) in absolute
scale, and the longitudinal momentum in relative scale , x=%n ox,the inclusive
distribution of fragments produced in an interaction has a definite limit
as the longitudinal energy producing those fragments goes to infinity. This
is based on the parton model of the hadron and if demonstrated to be true in
high energy collisions will have consequences for successful descriptions of
the hadronic state of matter.

The current situation is that partial confirmation of scaling has
come from the intersecting storage rings which collide protons at a centre
of mass energy of up to about 62 GeV. The violation of scaling, near x = o
only, at this energy may reflect some fundamental violation of scaling or that
the asymotic region has not been reached. Information from higher energies
is required to resolve this problem and to test the continuation of scaling
for /X/>0. Attempts to predict the distribution and energy spectra of the
components of extensive air showerg,have met with some success when the CKP
model of secondaries produced in high energy collisions is used. (See for
a current review Grieder,(1976)). This model was originally based (see de Beer,
et al.,{1966)) on the suggestions of Cocconi, Koester and Perkins,{1961) who
studied the characteristics of the secondaries from high-energy interactions
of protons with light nuclei. (For a more up-to-date version, see Cocconi,

{1971)). However, the two fireball approach of this model is ruled out by
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the ISR data because although the predicted separation of forward and
backward centre-of-mass fireballs of produced pions is seen, there is
alsoc a central production of pions that is not predicted. The continued
use of this model is,however, possibly justified as it represents models
that predict a higher multiplicity of secondaries in interactions than the
scaling model.

The present work relates to the muon component of air showers and
coincident muon pairs both associated with and without an air shower. The
range of shower sizes involved is from about 5 103 to over 107 particles
and muons are detected above a threshold momentum of about 6 GeV/c up to a
maximum detectable momentum of over 3000 GeV/c. The data has been collected
and analysed in an attempt to compare the results with the predictions of the
scaling and CKP models in relation to very high energy muons in small air
showers.

The existence of the muon and the role it plays in the structure of
matter has remained a mystery for over 30 years. It is identical to the
electron in all ways except that it is about 200 times as massive, and decays.
However, ‘'mucn number', possessed by the muon and its neutrino only, is
conserved, and radiative decay of the muon into the electron has not been
seen to occur.

Thus

u - @ +V +V
TR
but u e Y

However the muons properties render it a suitable conveyor of
information from high energy interactions of cosmic rays high in the earth's
atmosphere.

The acquisition of the data related to both the muon and electron

component of air showers and the unassociated muon pairs has taken place
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alongside and as secondary experiments to the determination of the
unassociated muon momentum spectrum by the spectrograph and the deter-
mination of the shower size spectrum by the air shower array. In this
context this thesis is an account of the collection and analysis of
data, and its interpretation, in the light of biases necessarily present

in the apparatus during its collection.
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CHAPTER 2

THE SPECTROGRAPH AND AIR SHOWER ARRAY

2.1 INTRODUCTION

In this chapter an owverall view of the M.A.R.S. spectrograph and

S.A.R.A. air shower array will be given and attention will be paid to the
' details of the apparatus that are relevant to the present work.
Construction of the spectrograph began in 1968, and since then experiments
| to study many aspects of cosmic ray muons have been performed. (The muon
’ interaction asymmetry, Hamdan,- 1972, Grupen et al., 1972 ; the absolute
rate of energy loss by muons in Iron, Wells, 1972, Ayre et al., 1971 (a) ;
the Muon momentum spectrum to 800 GeV/c, Whalley, 1974, Ayre et al., 1975 ;
the Muon charge ratio, Hume, 1975, Baxendale et al., 1975 ; Muon burst spectra
in iron, Hansen, 1975, 1975 (a), 1976, and the momentum spectrum above
300 GeV/c,Piggott, 1976, Baxendale et al., 1975).

Work or the air shower array was started in 1973 and measurements
of the shower size spectrum and rates of high energy muons in air showers
are taking place. For a comrlete description of the spectrograph see
Ayre et al., 1971, 1972 (a), 1972 (b), and Thompson and Wells, 1972, and
of the array, see Smith 1976 and Rada et al., 1977, and Smith and Thompson,

1977.

2.2 GENERAL DESCRIPTION OF M.A.R.S. (Magnetic Automated Research Spectrograph)

Figure 2.1 shows the front and side view of the spectrograph. The
muon spectrograph is over 7 m tall and consists of four 71 ton solad iron
ele¢ ctromagnets of toroidal design interleaved with particle detectors.

The magnets deflect the muon's trajectory as it passes down through the
spectrograph and the detectors locate its position at the different levels.

Each magnet block, being a toroid, has the field in opposite sense in each
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half and hence the spectrograph is divided into two symmetrical arms.
The arms or halves are referred to as the blue (Eastern) side and
red (Western) side. In both arms the particle detectors are of two
basic types : scintillation counters and neon f£lash tubes. The
'scintillation counters' are slabs of scintillating material viewed
by four photomultiplier tubes and the 'flash tube trays' contain a stack
of neon flash tubes interleaved with electrodes. The neon flash tube,
introduced by Conversi and Gozzini, (1955), discharges (or flashes) after
the passage of an ionizing particle through the neon contained within the
glass tube and the subsequent application of a high voltage (v 10 KV) pulse.
The trigger for the spectrograph to register and store data relevant to a
muon event is provided by the coincidence of pulses from the scintillation
counters placed at levels 1, 3 and 5 on both sides. The track location is
provided by large diameter (v 1.5 cm) flash tubes in trays at levels 1, 3
and 5 (the momentum selecting system) on the blue side and small diameter
flash tubes (v .55 cm) in trays at levels 1,2,3, 4 and 5 (the momentum
measuring system) on both sides. (Figure 2.1).

Two modes of operation of the spectrograph have been used during
the present experiment. Firstly, with the blue side operating independently
the trigger condition is a coincident pulse from the 3 blue side scintillation
counters. The momentum selector trays have a H.T. pulse applied ('pulsed')
and information from the tracks in these trays is used electronically to
determine whether the particle detected is of high momentum (in this case
Pu> 100 GeV/c) or not. If this condition is fultilled then the five blue
side measuring trays are pulsed and the track information from them sent
to an on-line I.B.M. 1130 computer. Thus, rejection of low momentum events
takes place and only potential high momentum data is stored for later
analysis. Secondly, with the red and blue side operating together, the

trigger requirement is that of coincident pulses from all six scintillation



- 15 -

counters in the spectrograph. This causes all ten measuring trays to
be pulsed directly, without reference to the momentum selecting system.
The track information from the five blue side trays is stored by the
computer as before whilst the five red side measuring trays are photographed
to provide a permanent record of which tubes flashed. The five trays on
each side of the spectrograph enable measurements of the trajectory of
muons to be made even i1f accompanied by air shower particles which obscure
the muons track in the top measuring tray. Electromagnetic interaction
of the muons in the iron blocks may also result in the obscuring of a
measuring tray due to the electrons that accompany the muon out of the block.
These two modes of operation represent two independent experiments
that can be run at the same time due to the low rate of collection of events
for both. The former mode, the measurement of the rate of high momentum
muons, was in operation from August, 1973, until May, 1976 during which time
the only major alteration was the change from a Mk I momentum selector system
to the Mk II system (see section 2.2.4). The latter mode, the measurement of
the rate of coincident muon pairs, was in operation in conjunction with
the former from September 1975 until May 1976. (see Figure 2.15).
The various parts of the spectrograph are now considered in more

detail.

2.2.1 THE MAGNETIC FIELD

Each rectangular magnet block (3.66 m long, 2.13 m wide, 1.25 m high)
is made up of 78, %" thick iron plates with a slot cut out of the centre
(Figure 2.2). Wound around each arm of the resulting toroid is 4 swg copper
wire. The coils on blocks A, B, C and D, bottom to top, (Figure 2.1) are
wired such that the coils on B and D are in series and those on A and C
are in series and each of these pairs are in parallel. The toroidal shape
ensures a maximum magnetic flux density as the field is largely contained

within the iron and necessarily the sense of the field is opposite in the
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two halves of the block. 4 100 amp at 100 volts unstabilised D.C. supply
feeds the combined resistance of 1 ohm of the total windings. The resultant
field is 16.3 + 0.1 k gauss. The variation of the supply voltage and the
non-uniformity of the field in the 'sensitive' volume of the block is

estimated to lead to an error on the field of + 1% k gauss (Whalley,1974).

2.2.2 THE SCINTILLATION COUNTERS

The scintillator material (NE 102A), light guide and 4 photo-
multipliers, which constitute this type of detector, are contained inside
a light tight aluminium box and are shown schematically in Figure 2.3a.
The output pulses from diagonally opposite pairs of photomultipliers are
added and after being amplified and discriminated, are fed into a coincidence
unit with the other pair. ( Figure 2.3b). A pulse results when a particle
deposits enough energy in the material to pass the discrimination level set.
The usual technique of gating a pulse height analyser with the output pulse
from a 'telescope' placed above the scintillation counter was used to set
the discraimination level. The output pulses from the 6 scintillation
counters are fed into the main coincidence unit where the rate of coincidence
between several different combinations of counters 1s continually monitored.
A record of these rates is made every day to check the consistency of the
counters. The measurement of the efficiency of the counters i1s discussed

in Appendix H.

2.2.3 FLASH TUBE TECHNIQUES

A full description of the use of flash tubes in M.A.R.S. is given
by Ayre (1971) and Ayre and Thompson (1969), and a more general review of
their use in particle physics is given by Conversi (1973). 1In principle
the flash tube is a long thin neon filled glass tube sealed with a flat

end that is placed between two electrodes. If, within a few microseconds
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of the traversal of a tube by an ilonizing particle, a high voltage

pulse is applied to the electrodes, the tube will discharge with the
characteristic neon (red) colour suitable for photography. However,

Ayre and Thompson (1969) discovered that it was possible to digitise

the information from a flash tube by picking up the electric field
assoclated with the discharge ona small brass probe connected electrically
to an integrated circuit logic element memory. All the flash tubes in

the trays on the blue side of the spectrograph are digitised in this way ;
each tube having its own memory. The high voltage pulse applied to the
electrodes of the flash tube trays is produced by discharging a delay line
across a resistor. Each flash tube tray has its own delay line. The spark
gaps used to discharge the delay lines for the measuring and momentum
selecting trays are independent. Typically, negative, about 6 KV, rectangular
pulses of duration about 3 us are used to ensure a sufficient discharge to
set the tubes' memories via the probes. Slightly less field is needed to

cause sufficient discharge for an accurate photographic record.

2.2.4 THE BLUE SIDE MOMENTUM SELECTOR TRAYS AND ASSOCIATED LOGIC

The three blue side momentum selector trays consist of four layers
of flash tubes (diameter v l.5c¢m., length ~ 2 m.) arranged in a staggered
pattern. (Figure 2.4). Between each layer of tubes are the earth and high
voltage electrodes and in front are the digitising probes and memory logic.
Each memory that is set corresponds to a discharged tube. The tray front
is divided into 152 cells 0.5 cm wide ; each of which correspond to certain
combinations of memories set, that is, certain combinations of tubes having
discharged. This is achieved by a series of coincidence and anticoincidence
gates through which the pulses from the 'set' memories pass. The cells that
are allocated for different combinations of tubes discharged is hard-wired

into the system. The logic was decided upon studying the response of arrays

|
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of flash tubes to particles arriving at up to 1_70 to the vertical.

Any inherent wrong celling is allowed for by a subsequent overlapping

of cells by the momentum selector logic, (Ayre, 1971). The original
momentum selector, the Mk I, had 3 shift registers, one for each tray,

in which each 'bit' corresponded to a cell on the tray front. After

the passage of a particle and the pulsing of the tray a 'read' pulse sends
data to the npmentum selector shift register bits. A clock pulse at
approximately 1MHz shifted the bits through a threefold coincidence circuit
that represented all possible straight line configurations. The time for
all >ossible combinations to be checked with this system was about 76 us,

so that the measuring trays had to be pulsed at the same time as the
momentum selector trays. This was because the flash tubes would be highly
inefficient after the length of time needed to determine a high momentum
combination. The Mk II momentum selector is a completely hard-wired

device that enables a faster (about 1 us) determination of any possible high
momentum combination of cells. Here the pulses that are gated down from
the three tray fronts pass simultaneously through a series of threefold
coincidence gates. A total of 6 us delay occurs after which the measuring
trays are pulsed only if a high momentum combination is found. The different
combinations of OR'ed cells for the Mk II momentum selector are shown in
Table 2.1. The effect of a large number of particles passing through the
momentum selector tray at level 5, as will happen when the core of an air
shower falls nearby, 1s considered in Chapter 3. The principle of operation
of the Mk I momentum selector is shown in Figure 2.5 and the correspondence

between cells and flash tubes is shown in Table 2.2.

2.2.5 THE BLUE SIDE MEASURING TRAYS

The five blue side measuring trays each have eight layers of flash

tubes (v 0,55 cm. diameter and ~ 2m. long) with 89 tubes in each layer.
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11 22 32
2 11 22 32

TABLE 2.2
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The stagger pattern is shown in Figure 2.6, and is designed to have a

uniform response to particles passing through at up to 1_80 to the vertical.
For 100% efficient tubes the mean number discharging per vertical track is about
5.2. In a similar fashion to the momentum selector trays each tube has

a probe and memory. The memories are grouped electronically in the same
configuration as the flash tubes and are designated a number 2 to 90, whilst
numbers 1 and 91 to 96 are used as 'dummy' columns by the controlling logic.
The logic on the tray front supplies a column number follow=d by the tube
pattern that has discharged. The data readout from these trays is automatic
after the flash tube tray has been pulsed and proceeds via a core store

(1024 x 8 bit word store) to an on-line I.B.M. 1130 computer. Data 1s
stored in the core store in a predetermined sequence and alongside each
events data is information regarding the conditions under which the event
was collected. This information is ; the trigger mode ; the event number ;
the time; the date; the geiger counter information (see Section 2.2.7) ; the
atmospheric pressure ; the field direction ; which comprises the event header.
This is followed by the tube pattern information for just those tubes in each
tray that have discharged. When this sequence is complete the computer reads
the data from the core store to a file on a magnetic disc. An example of the

format of this data as printed out by the computer is shown in Figure 2.7.

2.2.6 THE RED SIDE MEASURING TRAYS

The tubes in the five red side measuring trays are not digitised
but are photographed by two cameras which view the trays through a system
of mirrors (Figure 2.8). The red side trays are only used in an experiment
vhich has a data collection rate of one event in about 16 minutes, corresponding
tc about 50 events in an overnight run. At this rate, scanning of film is

practicable and so it was not considered appropriate to digitise the red side
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flash tubes. However, the trays are pulsed in the same way as the

blue side trays, and the stagger pattern of the tubes is the mirror image

of the blue side pattern as can be seen in Figure 2.6. The mirror system
consists of two mirrors for each flash tube tray, all of the mirrors being
front silvered to keep distortion and loss of focus to a minimum. The

light emitted by flash tubes 15 strongly collimated {Coxell, 196l) consegquently
the cameras were set to view the tubes normally from a total path length of
about 4.25 m. A 135 mm. focal length lens set at its maximum aperture of
£/1.8 was used for both cameras and kept on open shutter whilst viewing the
trays in a darkened laboratory. With this system a well defined image of

any discharged tube was achieved upon projection of the film. Immediately
after each event a clock, event number and a run number board displaying the
date and field direction were illuminated in the field of view of the cameras.
Also, fiducial lights were used so that when the film is scanned it can be
projected onto a pattern of the tray front showing the tube positions in relation

to the bulbs.

In oxder to make use of the track fitting programs developed for the
digitised blue side data, an accurate pattern was made of the tubes that had
discharged for each event and a code written on a coding form for punching onto
a computer card. An example of this code is shown with the tube pattern in
Figure 2.10 and an accurate tube pattern of a complete event is shown in
Figure 2.11. A program has been written which converts this code into a form
suitable for the analysis programs. Plate 1 is an example ¢f an event recorded
on the red side which coincides with the computer picture of the same event on
the blue side, Figure 2.12. During a paralysis of 2s the next frame of the

film is wound into the gate of the camera ready for the next event.
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2.2.7 FLASH TUBE TRAY ALIGNMENT USING GEIGER TRAY INFORMATION

A correction for non-alignment of the mean position of the measuring
trays vertically above one another is possible (during analysis) but skewness
of the trays in relation to one another presents more difficulty. On the
blue side initial alignment was achieved with a vertical plumb line, a square
and a steel rule giving an estimated accuracy + 0.5 mm. To assist further
with the alignment Geiger-Muller (G.M.) tube trays were placed on top and below
the spectrograph on the blue side (Figure 2.9). Four trays, two at the top
and two at the bottom of the spectrograph supply pulses, on being traversed by
an lonizing particle, which are put in coincidence with the trigger pulse
from the 3 blue scintillion counters. This resulting coincidence, if any,
is stored with the flash tube data as part of the event header information.
With reference to Figure 2.9, it can be seen that particle trajectories that
pass through all five measuring trays and one G.M. +tray on the top and one
G.M. tray on the bottom, can be defined as BB, FF, BF, or FB. Considering
the situation of just one tray rotated about a vertical line through its centre
with respect to all the others (i.e. skew) which are parallel, a track through
the centre of this tray would appear straight but if it passed near one end of
the misaligned tray it would appear as a curved trajectory. By considering the
distributions of displacements of the position of the track as measured in any
one tray compared with a straight line fit from the other trays (for a zero
magnetic field situation) the alignment of the blue side trays was possible to
better than O.l1l mm. and the skewness is less than + 0.2 mm. over 133 cm.

(Ayre =t al.,{1975)).

On the red side a more basic measurement of the tray position was
relied upon. The method used for the blue side requires the analysis of
many hundreds of events with the magnetic field reduced to zero. This would

have beepn a time consuming process that was ruled out because of the need to
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keep the field on in the spectrograph (for the high momentum spectrum
determination taking place, using the blue side) at the time of completion

of the red side. To measure the position of the red side trays as accurately
as possible a steel rule was attached to the edge of the brass tray 'front'

at both the front and back of the tray. The brass has been accurately drilled
with holes to hold the tubes in position and determines the accuracy of flash
tube location. A plumb line was then lowered to pass flush in front of the
markings on the rule and was viewed with a travelling microscope. By this
method it 1s estimated that the red side measuring trays were aligned to within

i_.25 mm. and have a skewness of less than :_2.0 mm. over 133 cm.

2,2.8 THE ACCEPTANCE AND THE MAXIMUM DETECTABLIE MOMENTUM OF THE

SPECTROGRAPH

For one side alone the zero magnetic field acceptance approximates
to a step function ; for muons with momentum greater than 7.2 GeV/c it has
a value of 408 + 2 cm2. sxr. and a value of zero for lower momenta. This
corresponds to the minimum energy required (and lost) by a muon if it is to
pass completely through the iron of the spectrograph and be detected at both
extremities. The acceptance for pairs of coincident muons, both muons passing

through one side, and one passing each side, will be considered in Chapter 5.

The maximum detectable momentum (m.d.m.) is defined as that momentum
at which the uncertainty in the momentum of a particle is equal to the momentum
of that particle. Using the method of Allkofer et al.(1971) and defining the
particle path length in the magnetic field H gauss, as % cm, the m.d.m. can be
written

300 £ B/ A® eV/c

where AQ is the rms uncertainty in the deflection of the particle, and is equal
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to O, the magnetic deflection of the particle, Assuming a circular
trajectory for the particle and an nncertainty in location of 0.3 mm. in
a flash tube tray the m.d.m. for the five blue side measuring trays is
calculated to be 5856 GeV/c, and for the four lowest trays, 3210 GeV/c.

(Ayre et al., (1972)),

2.3 GENERAL DESCRIPTION OF S.A.R.A. (SHOWER AUTOMATED RESEARCH ARRAY)

In 1973 work began on an air shower array situated in the vicinity
of the physics department in Durham. The stimulus for the array was helped
by the presence of several other cosmic ray experiments in the Sir James Knott
Laboratory. In the main, studies are undertaken on high energy muons and on
hadrons for which details of the possible associated air shower could give
valuable information about the true nature of the events. Placing the array,
use was made of the physics buillding roof, as well as detector response
considerations, resulting in an equilateral triangle geometry for the mrray.

(Figure 2.13).

The design follows the pattern of placing detectors at many points in
a large area to sample the shower particles af those points. The particle
detecting elements of the array are 14 plastic scintillasérs viewed by photo-
multipliers. The area ‘covered' is a circle of diameter 120 m. and the
individual detectors range in size from 0.75 m2 to 2.0 mz. The density of
particles 1s measured at each detector and the relative time of arrival of the
particles is measured by the 'fast timing' detectors. The parameters of the
alr shower thus obtainable are the electron size, the core location and the
arrival direction of the shower front. The array responds to showers of size

about 5.104 to about 107 particles at sea level. The physical closeness of a

building to the detectors limits successful analysis to showers falling within
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30o of the Zenith.

The main feature of the array is the automatic nature of its data
acquisition. The information from the detectoxrs is 'digitised' on arrival
in the laboratory and transferred automatically to a magnetic disc via an
on~line I.B.M. 1130 computer for subsequent analysis. The digitisation
process is completed and the information stored within about 2 ms of the
arrival of an event enabling the array to have a 'live time' of greater than
99% of real time for the range of showers for which it is responsive. A
further property of the array is 'interrogation' of the Jetectors. Here, the
pulse heights in the laboratory due to particles passing through the detectors
can be stored, in a similar fashion, by the application of an external trigger

to the array electronics to initiate a data storage cycle.

A short account follows of the detecting elements of the array and the
data handling electwonics. In Chapter 3 the analysis of the data is considered.

A full account of the array is given by Smith (1976).

2.3.1 THE DETECTING ELEMENTS

Four different types of plastic scintillation detectors are used in
the array, distinguishable by sizes Similar sizes of detector are placed in
equivalent positions in the different arms of the array to maintain symmetry.
All of the detectors are housed in weather-proofed wooden huts and serviced by
high and low voltage power supplies via cables from the laboratory. Table 2.3
shows the format of the detectors. The response of the photo--tubes to light
and of the head amplifiers to temperature was determined in the laboratory.
The loss of signal in the coaxial cable was compensated for and the temperature
coefficient determined to give a variation in arrival time of + 0.6 nS, per 100 m.

length of cable, of the signal (Smith,(1976)).
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2.3.2 DENSITY MEASUREMENTS

Calibration of the assembled detector involved the adjustment of the
voltage supplied to each photomultiplier tube so that the tubes had similar
responses The summed pulse from all four tubes in the detector, when divided
by 100 mV. gives the number of particles per square meter at the detector in
the idealised situation. The experimental setting involved the use of a
counter telescope and multichannel pulse height analyser (M.C.A.). By gating
the M.C.A. with the telescope pulse a distribution of pulse heights can be
'built up' in the analyser from that region of the array scintillator defined
by the position of the telescope. The minimum number of particles per square

metre that can be recorded by a detector is about 1 and the maximum about 80.

2.3.3 FAST-TIMING MEASUREMENTS

The fast-timing pulses are Vv 5nS. f.w.h.m. and are used essentially
to give a mark in time when the shower passed through the detector.
Calibration is achieved by adjusting the counting rates of the fast tubes to

be equal using some low discrimination level.

2.3.4 THE DATA HANDLING ELECTRONICS

The analogue signals arriving in the laboratory from the detectors
are converted into digital information by the array electronics. Together
with relevant information, date, time, event number, and so on, they are stored
on a megnetic disc via an on~line computer. The sequence of the processes

enabling this to occur are given below with reference to Figure 2.14.

2.3.5 DIGITISATION OF THE DETECTORS SIGNAL

The particle density data arrive as poeitive, 20 us decay time,
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exponential pulses. They are fed into an analogue multiplexer (A.M.)

which is capable of holding the signal, as a voltage height, for an

extended time. The timing puldes from each detector arrive at different
times in the laboratory, in relation to each other. This difference is
converted to an analogue signal by a time to amplitude converter (T.A.C.).
Essentially a T.A.C. converts the difference in arrival time between 'start'
and 'stop' pulses presented to it, into a voltage level, proportional to

that time difference. The central detector's timing pulse is used to

start all of the T.A.C's used, and no matter what arri¥val direction of
shower sufficient delays are incorporated into the other detectors signals

so that one T.A.C. is stopped for each subsequent fast timing signal received.
These fixed delays must be removed in the analysis to render the true time
differences. The T.A.C. outputs, 5 us wide rectangular pulses, go to the A.M.
which acts as a'multi-input' store for the signals. On receiving a 'hold’
command the A.M. will store the voltage levels (pulse heights) present on

its inputs. An externally applied hold command (an Interrocation) causes

whatever voltages are present on the A.M. inputs to be stored.

2.3.6 THE STORAGE OF THE SHOWER DATA

The digital unit for storage and transfer (D.U.S.T.) controls the
acquisition and passage of data to the computer. For each event an 'event
header' is supplied which comprises relevant information, such as the date
and run number. The analogue to digital convert er (.A.D.C.) passes on the
digitised form of the detectors' signals. These are stored in the memory
(1024 x 8 bit word capacity) in D.U.S.T. until 1l events have been acquired
(by which time the memory 1s full) where upon the events are all transferred

consecutively, via the interface in the laboratory, to the computer.
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2.3.7 THE INTERROGATION TECHNIQUE

After the arrival of the first signals in the laboratory that
provide the basic air shower coincidence, a delay of about 1 us is
incorporated before inhibiting the AM 1inputs and initiating the data
storage cycle. This time is to ensure that the electronics respond
fully and consistently to any signals. In order to emulate this with
an interrogation pulse from the spectrograph a 'fast' counter telescope
was placed on top of the spectrograph over the blue side, vertically above
the three scintillation counters. A T.A.C. was started with the pulse
from this telescope and stopped with the array coincidence palse. The
output of the T.A.C. was gated into a pulse height analyser with the three-
fold signal of the blue side scintillation counters. By considering the
distribution of the delay of the array signal and also the distribution of
the delay of the blue threefold coincidence, a suitable fixed delay was

incorporated into the interrogation signal.

2.4 THE DAILY RUNNING OF THE SPECTROGRAPH AND ARRAY

In any twenty four hour period the spectrograph and array may 'run’
automacically for up to about 22 hours. Switching 'on' and 'off', the
experiments are mainly governe 4 by the need to note accurately the run
times and rates of the various monitoring counters and to store the data
to a permanent form (a data file) on the computers magnetic disc. The
spectrograph and array data are written as sequential core loads on to the
disc. An example of the printout of successive events can be seen in
Figure 2.7. At this time programs check the overall response of the
detectors. For the spectrograph data, the efficiencies of each layer of
flash tubes in the measuring trays is displayed, and for the array data,

histograms of the pulse heights that have been stored in each :eparate
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multiplexer channel are created. Any deviations of the distributions from

those expected lead to a detailed check of the apparatus.

2.5 THE EXPERIMENTAL DESCRIPTION

2.5.1 THE RATE OF HIGH ENERGY MUONS IN AIR SHOWERS

The momentum spectrum of unassociated muons has been measured by
the high resolution system of the spectrograph for about 2% years from
August, 1973, until May, 1976. A momentum selecting system has been in
operation to select muons of greater than 100 GeV/c for analysis. However,
the arrival of lower energy muons in air showers can provide sufficient
conditions to trigger the spectrograph. Measurements on muons and the
shower density in the region of the spectrograph thus gathered lead to the
energy spectrum of muons in small air showers. These data are presented
in Chapter 4 and the performance of the spectrograph is considered for the

conditions under which such events occur.

2.5.2 AIR SHOWER ARRAY INTERROGATION

For a period of about 6 months from September, 1975, until March, 1976,
the air shower array was interrogated when a coincidence occurred between a
muon passing down the blue side of the spectrograph and a high particle density
in the central detector of the array. This experiment was conducted by
Mr. W.S.Rada. The data from it have been used in conjunction with the above
mentioned air shower triggers of the spectrograph to determine the rate of

high energy muons in air showers.

2.5.3 MUON PAIR EXPERIMENT

During the eight month period between September, 1975,and May, 1976,

an experiment was conducted to measure the rate of arrival of coincident
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vertical muon pairs. A coincident pulse from all six scintillation
counters could be due to the passage of a muon through both sides of the
spectrograph. Hence the measuring tray information was 'stored' from
both sides on the advent of such a trigger. Necessarily the separation
of the muon pair must be greater than or equal to about 38 cnm. For
comparison the rate of pairs, both passing down the blue side, is
determined from the high momentum data. The results of this experiment
are presented i1n this thesis with a discussion of the acceptance of the
spectrograph for muon pairs unassociated or accompanied by a shower. For
approximately half of the above mentioned period the ailr shower array was
interrogated in the case of these events. A flow diagram is given in

Figure 2.15 showing the mode of operation of the experiments.

2.6 THE ROLE OF THE AUTHOR

As one of the team of people warking together in the cosmic ray
group, the author assisted in maintaining and running the spectrograph
and air shower array. In particular, it was the author's responsibility
to complete and assemble the red side measuring trays and design and construct
the photographic and film projection systems. The data referred to in this
present work could not have been collected without the assistance of the other
members of the group, but the author had responsibility for its collection,

analysis and interpretation.
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CHAPTER 3

GENERAL ANALYSIS OF THE DATA

3.1 INTRODUCTION

This study of muons in air showers with the M.A.R.S. spectrograph
and Durham Alr Shower Array has led to several different types of data
being gathered. The analysis of this data has required three separate
procedures which are described in the following sections. The data to

be analysed falls into the following categories.

(a) The muon data stems from the measuring trays of the spectrograph.
The trajectory of the muon as recorded by these detectors leads to a
momentum, charge and arrival direction for each muon.

(b) If the muon is accompanied by an air shower the unshielded
measuring flash tube tray at level 5 of the spectrograph will show
the passage of ionizing particles in the shower. Hence a measure
of the local density of the air shower can be obtained.

(c) If triggered or interrogated the air shower array can prowide

the shower size, core location,and arrival direction of the accompanying

shower.

All the data obtained from the different apparatus are stored either on

magnetic tape or magnetic disc. The initial collection and storage of data is
done in an I.B.M.1130 computer. Fortran and Assembler programs are then used
to access and manipulate the data and render it into a suitable form for
transfer to the Northumbrian Universities Multi-Access Computer {NUMAC)

at Newcastle. This computer acts as the main data store and analysis of all
data is achieved via remote 'job' submission from Durham using the Michigan

Terminal System (M.T.S.).
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The analysis programs for the spectrograph muon data were developed
by Wells (1972), and Danisl. (private communication). The array data analysis
programs have been developed by Smith (1976) whilst the interpretation of the
'shower' information from the top flash tube trays of the spectrograph has

been the responsibility of the author.

3.2 THE ANALYSIS OF THE MUON DATA

3.2.1 MUON MOMENTUM DETERMINATION

A charged particle moving in a static magnetic field experiences

the Lorentz force according to

F = eVxB (3.1)

where e is the electronic charge and V is the
component of velocity that is perpendicular to the magnetic field of flux
density B. The force is always perpendicular to the component of velocity
and the direction of the field and so a circular motion ensues. Ifr

is the radius of curvature then the centripetal force F maintaining circular

motion is
2
MV
F = =— 3.2
T (3.2)
for a particle of mass M.
Hence equating forces
2
MV /r = eVB (3.3)
or P = rBe
or P = 300 rB

where the momentum P is in eV/C, r in cm., and
B is in gauss.
Application of the above equation, (3.3), to the passage of a muon through
the specif.rogeaph requires a correction for thr gaps in the field due to the

gaps between the blocks. In practice a parabolic trajectory of the form
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y = ax2 + bx + ¢ is fitted to the spectrograph data and Wells (1972) has

shown that the constant a is related to the aforementioned radius of
curvature by r = 1/2a which, including a correction for the gaps,

corresponds to

P = 0.1949/a GeV/c

which is the equation used to calculate the momentum of the muons.

3.2.2 TRAJECTORY FITTING BY COMPUT iR PROGRAMME

If, in an event, a single unaccompanied muon has discharged just
one 'group' of flash tubes in each tray, a general region or 'channel' of
the tray through which the muon passed 1is used. A group 1is defined as
a cluster of greater than 2 discharged flash tubes in adjacent célumns, and
the channel is the lateral extent of possible movement of the track that
would still give the same discharged tubes. The mid-point of this channel
is used by the program as an approximate co-ordinate for the muons position
in each measuring tray. Using these co-ordinates a trajectory is fitted
through all five trays and the approximate angle of the trajectory of the
muon through each tray is determined. A new set of co-ordinates are obtained
by using these angles to better locate the position that the muon passed
through each group of discharged tubes. A final parabola is then fitted to
these new co-ordinates. The momentum of the muon and projected Zenith angle
in the bending plane are calculated from the coefficients of the pamabola,
whilst the charge of the muon is derived from the magnetic field direction
and the direction of curvature of the muons track. For each event the
standard deviation of the fit of the points in each tray to the final computed
track is given as well as the fitting 'options', which are explained later.
The M.A.R.S. 2 analysis program (Daniel , private communication) has been used
to analyse the data for the present work.

Necessarily the situation is more complicated when there is more than
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one group in a tray or if a group is very large ("a burst"). Generally
all the possible combinations of groups in each tray are fitted and

only the best fit is returned. Thus the program searches through the
avallable data for a genuine trajectory. For all the events considered
in the present work, a computer plot (for 2xample see Figures 3.3 and 3.4)
of the muons passage through the measuring trays of the spectrograph was
studied with regard to the fit returned by the program. The reason for
this is explained in Section 3.2.3, and in Section 3.4.3, the possibility

of the chance alignment of tracks in different trays is considered.

The analysis program has the option to disregard a discharged tube,
or tubes, and to consider a tube inefficient. Wells(1972) justifies this
treatment of the data. Essentially if a muon is accompanied by an electron,
or 'knocks-on' an electron which discharges a tube next to the muons track,
incorporating this tube in the trajectory determination would be erroneous.
When a flash tube falls to discharge,despite a particle traversing it,a clear
and obvious track would have to be disregarded due to the absence of one
discharged tube through which the muon must have passed for that track. Hence
a set of options are open to the program, to cope with these possibilities, which
are used if necessary during the trajectory fitting. The fitting options are
shown in Figure 3.1 and are used by the program starting with the lowest number,
which corresponds to the least severe alteration to the data, and contimuing
until a satisfactory fit is obtained or the options are exhausted. If no
option is found for a track in a particular tray, the corresponding co- ordinate
is rejected from the parabola fit to the co-ordinates in the other trays.
This rejection will also occur if there is no group of greater than 2 discharged
flash tubes in a tray,or if the track cannot be placed through the configuration
of discharged tubes at the right angle. If more than two trays are lost then
the analysis terminates as a minimum of 3 co-ordinates are required to fit a
parabola. For these and for other reasons the program may not satisfactorily

fit a parabolic cuxve to the data. In these cases of failure the reason for
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FIGURE 3.1. The fitting options available to the computer.
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the failure is indicated by an error code. A summary of the error codes

generated by the program and the reasons for them are given in the Table 3.1.

3.2.3 AIR SHOWER ACCOMPANIED MUONS

The distributions of the number of columns containing at least one
discharged tube per recorded event in measuring trays 1 and 5 are shown in
Figure 3.2. It can be seen that at about 30 columns of data, a marked
separation of the two distributions occurs. This is the point where the
accompaniment of the muon by air shower particles prevents the identification
of the muons' track in tray 5. If tray 5 contains greater than 30 columns
in which at least one tube has discharged (referred to as '30 columns of data')
only a four tray fit is attempted (Trays 1,2,3 and 4). Notably, the mean
momentum of muons in such events is lower than the mean for unaccompanied
muons because the shower particles are providing part of the momentum selection
condition necessary for the measuring trays to be triggered. A clear example
of this can be seen in Figure 3.3 where the trajectory of the muon is marked
in,as well as the position of the shower particle in tray 5 that probably
caused the trigger, in conjunction with the low momentum muon. The acceptance
of the spectrograph is larger for such accompanied muons and its calculation
is somewhat complicated because of the chance nature of the momentum selector
condition being satisfied. This is considered in detail in Chapter 4.

The suitability of these 'shower' accompanied muon events for analysis
and subsequent evaluation depends upon the extent to which the muons trajectory
can be discerned and successfully analysed. This shower data collected during
the experimental runs of the spectrograph to determine the unassociated muon

momentum spectrum falls into the following broad categories.

1. The mean number of events in which one or more flash tubes are
discharged in more than 30 columns in measuring tray 5 is about 12%

of all the events that trigger the momentum selector.



ERROR CODES FOR WHICH THE ANALYSIS PROGRAMME FAILS THE EVENT

ERROR CODE

91

92

93

94

95

926

99

20

30

40

60

70

ERROR CODE

ERROR

One or more flash-tube trays with no group in it

More than thirty columns of flash-tube data in tray 5
(i.e. incident extensive air shower)

More than ten group combinations successfully analysed
All the combinations of groups in the trays fail
Combination of groups fails the standard deviation or
group—-trajectory separation criteria

Possible multiple muons (3 or more successfully analysed

independent combinations of groups)

More than twenty-five groups in all the trays combined

Error codes 91, 92 and 99 are generated before the analysis procedure

commences, the remainder being generated after the analysis is complete.

ERROR CODES FOR UNUSED TRAYS

ERROR

No track can be fitted through the data without violating
the flash-tube information

No group of discharged flash-tubes within one tube spacing
of the fitted trajectory in an unused tray

No group of three discharged flash-tubes in a tray

No discharged flash-tube in the column indicated

(i.e. electronics fault)

Trajectory failure due to the angle of the trajectory

and the tube pattern in the tray being incompatible

TABLE 3.1
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2. Of these events approximately 10% (about 1.2% of the total
events) contain a muon passing the acceptance condition of

traversing all of the lower four measuring trays.

3. Of the events containing a muon about 83% have at least
one particle track apart from the muons track in one of the

lower measuring trays.

4. About 0.05% of the shower events have such a high density
of tracks in all the measuring trays that any possible muon

trajectory is not discernible.

The analysis programs were not designed to cope with the number of
separate tracks that occur in the lower trays in the shower events.
Consequently the analysis program has been operated in an 'editing data'
mode, Briefly this involves hafd scanning of the computer plots (for
example see Figure 3.3) of the events with greater than 30 columns of data
in tray 5 and then splitting the data for each event into smaller sections
across the trays before submitting the data to the analysis program. Thus
the total number of possible combinations is reduced in any one attempt at
analysis. NUMAC has been used to analyse the data and as this computer is
programmed with MTS this allows an interactive mode of job submission. This
is ideal for presenting the data to the analysis program in this 'editing modas’'.
Figures 3.4 and 3.5 show complicated situations involving more than one muon.
The important criterion that must be met is that a single muon passed through
all four lower flash-tube trays and that a chance coincidence of tracks of
independent air shower particles did not occur. This will be discussed in
Section 3.4,3. For all the 'shower accompanied' data, measuring tray 5 has
not been used to determine the muons' momentum. Thus a maximum of 4 trays
are available for momentum computation and to avoid the possibility of chance
coincidence of particle tracks being used, all 4 lower measuring trays were

used in the momentum analysis, whenever possible. Hence the following extra
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'exror' codes have been introduced into the analysed event.

(a) ERROR CODE 66n (n, 1 - 4)

Initially the program fails to f£it a track in tray n and a
3 tray fit is returned. The data is then edited and one,
and only one, successful track is returned by the program

it. The code 66n is then stored with the

(b) ERROR CODE 88n (n, 1 - 4)

The program fails to find a track in tray n and a 3 tray

fit is returned. The data is then edited and more than one
possible successful track is found that satisfies the standard
deviation and acceptance tests built into the program. The
acceptance test is the requirement that a track must be present
in each tray and the standard deviation of the points used to
fit the parabola must be less than 0.25 |o-3m. for muons with
momenta above 20 GeV/c and less than 0.0l lo_lm. for momenta
below 20 GeV/c. The track with the lowest standard deviation
and 'best' tray fit code is taken and the code 88n stored with
that event.

{c) ERROR CODE 99n (n, 1 - 4)

Here a 3 tray fit to the muons trajectory is only possible as
either a large unresolvable burst has occurred or there are
only two tubes on the track in tray n. This is retained as a
3 tray £fit and stored with the code 99n.

(d) ERROR CODE 55

To overcome the limitations of the analysis program when the
particular configuration of discharged tubes cannot be
interpreted by the analysis procedures (several 'knock-ons'

or a crossing track overlaying the muons track) use was made
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of an alternative technique developed by Whalley

(private communication). Here the data in the tray

in the region of interest (up to 10 columns wide) is
‘scanned' at 1/10 tube spacings to find the ratio of

the number of tubes discharged to the number that should
have discharged for the given angle of track of the muon.
Hence a probability distribution is built up across
the tray. A diagram of this is given in Figure 3.6
alongside the tube pattern discharged for a single track.
For the track in each tray the centre point of the
distribution, the most probable value, 1s taken as the
co-ordinate of the muons trajectory in that tray. A
parabola is then fitted through the co-ordinatesand the
same standard deviation test is applied to the resulting

fit as is applied to the M.A.R.S. 2 analysed events.

The analysis of all the '4 tray' data is compared to the
analysis of 'S5 tray' events of single, unassociated muons
in Figure 3.7. This is a frequency histogram of the
R.M.S. standard deviation of the fit of the points in each

tray to a parabolic trajectory.

3.2.4 THE ANALYSIS PRCCEDURE

From the basic data file containing all the stored events, the
events containing greater than 30 columns of data in measuring tray 5
were extracted to create ; 'shower' data file. As mentiéned above this
constituted approximately 12 to 20% of the data depending upon the trigger
conditions of the spectrograph. During the course of collection of these

data different trigger conditions were in use. The consequence of this will
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be discussed in Chapter 4. All the events in the shower data file were
analysed with a limit set on the maximum possible combinations of tracks.

If no combination limit was set, certain events would have taken an excessive
length of time to analyse. The same tests for acceptance and standard

deviation were set as for the analysis of single, unaccompanied muons.

The first 1,000 events (irrespective of the analysis result returned
by the program) were plotted by the computer (see Figure 3.5). These events
were considered in detail and any confused or complicated event was replotted
on a diagram of the trays of the spectrograph drawn oversize but in correct
relative position. Figures 3.4 (a), and 3.5 (a), are examples of the events
of Figures 3.4 and 3.5 replotted in this way. As a consequence of this
detached analysis of individual events, it was considered necessary that all
the events analysed as containing a muon, plus those returned with error codes
94, 95, 96 or 99, should be plotted using this computer routine. In the
1,000 trial events any event with other error codes never contained a muon,
but the events containing a muon were frequently incorrectly analysed or
returned with one or other of the error codes given above. Thus the edit
mode was used extensively in the analysis of a total of 13,742 shower
accompanied muon events. The corresponding run time was 5118.4 hours and
the analysis produced 1650 events containing one or more muons of momentum

over 6 GeV/c.

3.3 THE ANALYSIS OF THE AIR SHOWER ARRAY DATA

3.3.1 INTRODUCTION

The analysis programs for the array data use a theoretical description
(based on previous results of air shower arrays) of the structure of an air
shower at sea level to fit a shower size, arrival direction and core location
to the measured quantities. The data from the array, in digitised form, is

transferred via the IBM 1130 computer to NUMAC for storage on magnetic tape
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and magnetic disc. It contains experimental biases which must be removed
or allowed for, prior to use. The first stage of the analysis is data
calibration and conversion into usable quantities. Once this is done
the program presents the data in suitable form to a minimisation routine
called MINUIT. (A CERN program, James and Roos,(1971)). This then
calculates the shower arrival direction followed by the core location

and shower size. A full description is given by Smith (1976) and Smith

and Thompson (1977).

3.3.2 THE ANALYSIS PROCEDURE

The full analysis of a data file begins by summarising all the
data present in the data file including which run numbers are present and
how many events are in each run. The program then histograms the data,
and various statistical quantities are determined for each Analogue
Multiplexer input. This acts as a monitor of the Analogue Multiplexer
(A.M.) data and provides coefficients for internal calibration of the data.
For instance at the next stage of analysis the inherent delays of the timing
signals are allowed for by application of one of these coefficients. The
delays are due to the detectors being non-coplanar, and speed differences in
cable and electronic signal propagation. The mode of the distribution of
delays of one detector for all the events in a run or runs, 1s subtracted from
the value determined for this detector for each event. Thus the 'numbers' as
presented by D.U.S.T. are converted into relative times of arrival of the
shower front at the various detectors. In the case of the particle density
data a conversion must be made from pulse height stored, into particle density.
In this case a fixed combined A.D.C. and A.M. calibration factor is applied
and the histograms are only used as a check of consistency. The extent of
analysis possible depends on the quantity of data present for each event.

Table 3.2 gives the options available.



THE ANALYSIS OPTIONS FOR THE ARRAY DATA

(AFTER SMITH, 1976)

ANALYSIS

OPTION MEANING TIMES OENSITIES

_ | l

INSUFFICIENT DATA FOR ANALYSIS
NO ANALYSIS DONE

INEUFFICIENT TIMING DATA FOR
FULL ANALYSIS. THREE PARAMETER
(Xc, Yc, N) FIT TO THE DENSITY DATA,

@ ASSUMED TO BE 0°

<2 >5

TIMING DATA USED TO
CALCULATE (©,4).

FULL ANALYSIS. TIMING DATA
USED TO CALCULATE (6,¢)
DENSITY DATA USED TO
CALCULATE (X_, Y_, N)

>3 >3

© ¢ ZENITH AND AZIMUTH ANGLES

xc, Yc, N CORE CO-ORDINATES AND SHOWER SIZE

TABLE 3.2



- 40 -

3.3.3 THE MINIMISATION OF THE ARRAY DATA

The arrival direction of ashower is determined by minimisation of
the timing data (for those detectors that are operational) to a plane in
three dimensions using a least squares technique. Infinite radius of
curvature is assumed for the shower front as the small time differences
due to any curvature are not detectable with the present array. The
solution of the arrival direction is given by Smith (1976), for the case
of 3 timing detectors. All the data considered here consist of 3 or 4
operational timing detectors.

A structure function of unknown age parameter (s) 1is used to fit
the density data for detectors with greater than or equal to 0.5 particles m_z.
A weighted least squares technique is used in the present experiment to fit the
structure function due to Catz et al.,(1975) to the experimental data.
Detectors which have saturated or which have zero data are excluded from the
analysis as non-measurements. Hence a complete disrejard is taken of detectors
not containing at least 0.5 particles m-z.

Smith (1976) has checked the response of the program by simulating
experimental data and analysing it with the analysis program. Errors on the
times of arrival of the shower front and on the particle numbers were included
and by examining the program's performance systematic effects introduced by

the analysis could be identified and eliminated.

3.3.4 ACCURACY OF THE ARRAY ANALYSIS

The accuracy of the shower size, core locationrand arrival direction,
depends upon the shower size and arrival direction. It has been found,
Smith (private communication)that for showers of greater than lO5 and less
than 107 particles, falling within less than 30° to the Zenith, a core location
of about + 6 metres can be obtained. The implications for analysis of data

when the array is interrogated is considered in Chapter 5.
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3.4 THE DETERMINATION OF SHOWER PARTICLE DENSITY FROM THE TOP

MEASURING TRAY OF THE SPECTROGRAPH

3.4.1 INTRODUCTION

The relative positions of the detecting elements at the top of the
spectrograph can be seen in Figure 3.8. The measuring tray contains 8 by 89
flash tubes of internal diameter 0.55 cm of length Zm. filled with neon to a
pressure of 2.4 atmospheres,and the momentum tray has 4 by 39 tubes of
diameter 1.5 cm filled to 60 cm Hg. Typically a charged particle, such as
a muon losing about 2 MeV gm-l cmz,will deposit a fev KeV in the gas of
these types of flash tubes. 1In fact only about one electron need be released
by ionization to start the avalanche on the application of a high voltage pulse,
(Breare,1973). Thus when air shower particles accompany a muon through the
top trays of the spectrograph, a measure of the density of shower particles
is possible. Particle tracks can be seen in Figure 3.9 which shows an accurate
reproduction of the tubes of measuring tray 5 for 3 separate events in which
greater than 30 columns contained at least one discharged tube. Part of the
present study is to determine the rate of arrival of muons of momentum greater
than 20 GeV/c accompanied by a sufficiently high particle demsity to discharge
tubes in more than 30 columns in measuring tray 5. The two conditions that
have to be fulfilled for this data to be collected and analysed are

1. If the muon is of low momentum (that is less than about 100 GeV/c)

the shower particles must set off the appropriate cell in the momentum

selector tray atlevel 5 so that a possible 'straight line' combination
is passed to the momentum selector logic. If the muon is of
sufficiently high momentum it may trigger the momentum selector.

In Chapter 4 the details of these processes are given.

2. One or more tubes must be discharged in more than 30 columns in
measuring tray 5. For a single ionising particle passing through the

measuring tray there will be a discharged tube in an average of about
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1.6 columns for a mean track angle of 3.5° to the Zenith.
Here consideration is given to determining the density of
shower particles from a given number of columns of discharged
tubes in measuring tray 5.

3.4.2 THE DENSITY OF SHOWER PARTICLES FROM FLASH TUBE DATA

I’lash tubes have been used successfully to measure the density
and structure of particles near to the axis of small air showers (Fukui,196l).
More recently searches for multiple air shower cores, and density measurements
have been made at Kiel using flash tube "spheres". (Samorski, 1973), Blake
et al., (1975), have investigated the response of flas™ tubes compared to
scintillators at regions well away from the core of large air showers. These
authors have also considered the differences in using both shielded and un-
shielded arrays of flash .tubes, and they point out the importance of a
knowledge of the threshold energy at which particles are detected for
comparison to be made with theoretical predictions. Consideration of this
for the present data will be given in Chapter 6. For the purpose of the
following discussion, the top trays of the spectrograph are considered to be

largely unshielded.

The number of shower particles passing through measuring tray 5 will
be related to the number of columns containing a discharged tube,provided
the density is sufficiently high to give a few particles passing through the
tray, and sufficiently low not to saturate the tray. There are two steps in
determining this relationship. Firstly, the distribution of the number of
columns, c, containing at least one discharged tube compared to the number
of tubes discharged in any one layer, n, must be determined. Secondly, a
knowledge 1s required of the probability of n out of a total of m tubes of
equal area in one layer being discharged when struck by a shower of particles

of mean density, p.
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Considering the first stage, the variation of ¢ with n can be
found from the experimental data. Every event collected by the spectrograph
will have a specific number of tubes (n) discharged in any one layer of
measuring tray 5, and will also have a specific number of columns (c)
contalning at least one discharged tube in measuring tray 5. Thus a histogram
of the frequency of values of ¢ for any given value ?f n can be compiled from
the basic data flles. Histograms have been generated for all values of n,
from 1 to 89, for layer 4 of measuring tray 5, and the histograms for n = 7
and n = 11 are shown in Figure 3.10. Layer 4 was chosen as it was an efficient
layer. However, for high densities of particles passing through the traysa
saturation effect occurs where alternate layers of flash tubes fall to discharge.
This effect can be seen in Figure 3.5 where few tubes have discharged in layers
3, 5 and 7 despite a large number having discharged in the other layers. The
tubes which apparently fail to discharge have the earth electrode above them.
It was noticed by the author during the construction of the red side flash
tube trays that the 'spacers', designed to keep the flash tubes apart and
held in straight lines, tended to prevent the electrodes from actually touching
the flash tubes. Work by Doe (private communication) has shown that the
efficiency of the flash tubes drops about 30% if the electrode does not
actually touch the tube. Consequently the spacers were adjusted for the
red side but no change was possible on the blue side where this effect is
seen to occur. However, the efficiencies of different layers of tubes for
low densitles of particles is fairly uniform. Table 3.3 gives the values for
each layer in tray 5 which have been determined using the single particle data
only. The mean spacing of the tubes is 0.86 cm, centre to centre, and the
mean internal diameter, 0.55 cm. Thus if consideration is limited to
densities of particles below the densities that cause this effect, then the
probability of there being c columns containing at least one discharged tube

can be determined as a function of n. In the case of layer 4 measuring tray 5,
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THE EFFICIENCIES OF THE FLASH TUBES IN MEASURING TRAY 5
1]

YER 1 (top) 2 3 4 5 6 7 8
YER 53.34 57.02 54.58 57.12 45.32 58.32 56.22 55.72
FICIENCY %

UBE 82.58 88.28 84.50 88.43 70.16 90.29 87.04 86.26

FFICIENCY %

TABLE 3.3
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the probability of there being >30 columrs contaimnsa:t least one
discliarged tube for any one value of n, is the ratio of the area beneath

the curve of Figure 3.10 below the 31 column mark, to the total area

beneath the curve. It must be emphasised that only one tube need have
discharged in a column for the column to be considered as a column of data.
From the set of histograms corresponding to all values of n, 1 to 89, the
probabilaty of there being>30 columns of discharged tubes can thus be
obtained as a function of n. Figure 3.1l shows the probability of >30, >40
and>5C columns of discharged tubes as a function of n, determined in this
way. Above about 60 columns containing discharged tubes, the onset of the
saturation effect changes the ;elatlon of tubes discharged in layer 4 to the
total columns containing discharged tubes. Hence 51 columns of data have
been taken as the extreme limit for determining the particle density from the

flash tube data.

The second stage in determining the relationship of columns discharge
to the density of particles is the application of the Poisson probabaility
formula, equation 3.4. This relates the probability, P (n), of n out of a
total of m particle detectors, each of equal area S, being struck when the

mean density of particles as p.

-psSy n -ps ym-n
P (n)= m ! {l - e } e (3.4)

m n ! (m-n)!

Each flash tube is considered as a particle detector of area equal to internal
diameter times the length of tube covered by the electrode. The efficiency
of the tube, the probability of the tube discharging 1f a particle passes
through the internal Volume, is assumed to be uniform over its length. Thus
for a given particle densaity the probability of n tubes beang discharged in

layer 4 of measuring tray 5 can be determined.
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To combine the two stages into a probability of a given number
of columns of data ensu vng from a mean density of particles a computer
program was constructed that employed the Monte Carlo technique. This
technique is discussed below and explained in more detail in appendix A.
For each value of density the number of tubes discharged in layer 4 was
selected from tne probabiliity discribucion, equation 3.4. The shape of
the distribution for different values of mean density p is shown in Figure
3.12 where the number, n, of discharged tubes was generated by the Monte
Carlo technique. The probability, P3|, of getting greater than ;r equal
to 31 columns of data for n tubes discharged in layer 4 is used next by
the program. If a number selected randomly between O and 1 is greater
than P3; the program records a 'failure' and if the number i smaller than
P3' the program records a ‘'success’'. In a program cycle of 10,000 trials
for each value of mean density the ratio of success to the total number of
trials gives a value of the probability of 3| or more columns of data. This
process was repeated for 4! or more and 51 or more columns of data in measur-
ing tray 5 for each value of mean density, p. The variation of probability

with mean density is shown in Figure 3.13 for each of these cases.

A further check on the ratio of the density of shower particles
passing through the tray to the number of columns containing a discharged
tube was made by a more direct simulation of particles passing through a
computer model ofatray. In this computer simulation an arrival direction
was selected for each shower of particles considered. The selection was
made, again by the Monte Carlo technique, from a non-isotropic distribution
in Zenith angle. The frequency of arrival was considered to vary as the
cosine raised to the power eight of Zenith angle. Each particle was assigned
a random position along the top edge of the measuring tray and considered to

travel undeviated down through the eight layers of flash tubes. For each
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simulated event of ng particles a total of C columns containing a !
discharged tube was obtained. The distribution of the values of C for

the values of density, n, divided by the area of the tray, agrees with

the relationships of Figure 3. 13 in general shape but is about 10% lower

in probability for each value of density. (The dqashed curve). A possible
source of this discrepancy may be the method used to allow for the efficiency
of the tubes in the two methods. In the first method the tube efficiency

of layer 4 was used to reduce the density in equation 3.4 to give an effective
density for producing the probability distributions shown in Figure 3. 12

In the latter method of determining the number of columns from the number of.
particles the tube efficiencies for each layer were used to reduce, via the
Monte Carlo technique, the probability of a tube discharging. Part of the
discrepancy may be due to individual 'extra' tubes which have discharged.
Figure 3.9 shows the tubes discharged in measuring tray 5 for 3 separate
events, where a number of single tubes appearing not to lie on any track can
be seen. Some discharges are presumably due to low energy knock-on electrons
that are generated by the shower pass:ng through the material above and in
the measuring tray. Consequently the probabilities of the number of columns
for different densities as determined by the first method discussed (relying
more heavily on the experimental data) have been used for the theoretical

calculations given later.

A comparison of the density of shower particles as measured by this
technique and by the air shower array i1s shown in Figure 3. 14 This figure
is a plot of the number of tubes discharged in layer 4 of measuring tray 5
against the density of particles in the region of the spectrograph as calculated
using the array measured densities and the Greisen (1960Q) semi-empirical
structure function (equation 4.4 in the next chapter). The events plotted
correspond to the data from the experiment under conditions where the air

shower array was interrogated on a master.pulse from M.A.R.S. In all these
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events a muon of momentum greater than 6 GeV/c traversed the spectrograph
and a shower of greater than 105 particles fell within 50 metres of the
centre of the array according to the subsequent muon and shower analysis.
The line in Figure 3.14 is the most probable density for the number of

tubes discharged. Differentiating equation 3.4 with respect to density,

3Pm (n) _ me {l_e—ps}n {_s(m_n)}e-(m-n)ps+e-(m-n)psnse-ps{l_e-ps}n-l (3.5)
3p " n!(m-n)!

and the most probable density pp will be when

oPp (n) _ o
9p

so L (3.6)

Further consideration of these density measurements is given in Chapter 6.

3.4.3 THE VALIDITY OF THE MUON DATA

In order to determine as accurately as possible the absolute rate
of muons accompanied by air showers using the spectrograph, consideration
must be given to the possibility of the chance alignment of tracks being
analysed as events, and of genuine trajectories being missed due to the
density of accompanying particles. A computer simulation of the spectrograph
measuring trays was used in order to determine the probability of chance
alignment of tracks occurring. For each tray in turn a random point was
selected along the top edge. A track was then constructed down through
the eight layers of tubes and the resulting pattern of tubes traversed, was
stored. The direction of the tracks in all the trays was selected from a
distribution as described in Section 3.4.2. Again, a non-isotropic distribu-

tion was used ranging over :_70 to the Zenith. However, in each tray
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approximately 25% of the tracks were directed randomly. This extent of
tracks not following the general direction of the air shower was determined
from studying computer plots of genuine events that have a large number of
tracks. The stored tube patterns for each event were then analysed by the
M.A.R.S. 2 analysis program. The result of this investigation was that for
the lower 4 measuring trays,each containing up to six tracks, the probability
of chance alignment was less than 0.2% 1f a standard deviation of less than
0.25 10-2m was required for trajectories corresponding to a momentum of
greater than 20 GeV/c. However, when only 3 trays were considered the
probability of chance alignment was about 20% for only a total of 3 tracks

in each tray. This 1s largely because of the relative ease with which a
parabola can be fitted to 3 points. Hence a 4 tray fit has been achieved
whenever possible and for this reason data from the lower 3 trays alone has
not been considered. With regard to obscuration of trajectories, 0.05% of
all the events that triggered the momentum selector and discharged more than
30 columns of tubes cannot be deciphered for this reason. The events are
mainly siowers arrivang at large angles. (for example Figure 3.15). The
particle tracks appear to be highly inclined and 1f the particles are electrons
they must arrive at large angles 1in order to penetrate into the trays between
the magnet blocks. For large angle showers a muon i1s most unlikely to pass
through all 4 lower measuring trays. Consequently no correction has been

applied for this possibility.
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CHAPTER 4

THE RATE OF MUONS IN AIR SHOWERS

4.1 INTRODUCTION

During the experimental runs of the M.A.R.S. spectrograph performed
to decermine the unagsociated muon momentum spectrum, data was collected that
corresponded to small air showers falling near the spectrograph. These
showers triggered the spectrograph in conjunction with a muon traversing it.
The spectrograph was not designed to detect muons with air showers, but with
an understanding of its performance for such events valuable information may
be gained about muons of momentum in the range 20 GeV/c to 1000 GeV/c in
showers of size ranging from 103 to 107 particles. The integral rate of such
events is presented im this chapter together with calculations of the expected
rate using two diffexrent approaches.

The first determination of the expected rate of events makes use of
the sea level shower size spectrum, and essentially empirical structure functions
for the muon and electron densities in air showers. The second approach is
based on results of calculations on the expected characteristics of muons
generated by primary nucleons using the 'usual' C.K.P. model for high-energy
interactions as put forward by Cocconi et al, (1961), and the scaling model of

Feynman (1969). The calculations are due to Goned, (1975), ard Fishbane et al.,

(1974) and have been applied to the present work by the author.

4.2 THE EXPERIMENTAL RESULTS

The data presented in this chapter was collected from September 1973
until March 1976. For convenience of handling, the data was stored and
analysed in five separate files. The run time and total events in each file
can be seen in Table 4.la. The rate of events can be seen to have decreased
in the middle period of data collection, but returned to its former value toward
the end. The increase from about 12% to 20% in ‘'shower triggers' of the

spectrograph is the result of the additional experiments conducted as mentioned



THE SHOWER DATA

Data File Run Time % Shower No. Events Rat h-l
Name h, m, s Events >20 GeV/c e
A 4-5-6 1209:55:09 14.1 280 .231
1
A 7-8 M1 1649:01:54 12.1 317 .192
M2 L' 697:17:51 12.2 141 .202
M3 467:19:06 19.9 96 .206
M4 1094:50:31 23.1 246 .224
TOTAL 5118:24:31 16 1080 .211

TABLE 4,la
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in Chapter 2. Shower triggers are defined as events with 3! or more

columns of data in measuring tray 5. A cut at a minimum muon momentum

of 20 GeV/c has been made for events considered in this chapter. Notably,

the rate of events of momentum less than 20 GeV/c has increased substantially

during the course of the additional experiments. The ‘overall' acceptance of
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than~20 GeV/c. A detailed discussion of the acceptance of the spectrograph
for all the situations relevent to this thesis 1is given in Chapter 5 and

Appendices B, C and D.

The results of the 'data editing' described in Chapter 3 are given
in Table 4.1b. The ‘3-tray' fits have been divided into those events with
only two tubes discharged in any tray and those events with a burst in any
tray. Measuring tray 3 has inefficient layers of tubes and contributes most
heavily to the 'two tube' events. As this instrumental effect is largely
momentum independent, the integral rate has been adjusted for these events,
as opposed to adding them to the spectrum according to the '3-tray' computed
momentum. The adjustment has been done according to the percentage of events
above any integral point. Thus at greater than 20 GeV/c the increase is 62
and at greater than 100 GeV/c the increase is 24, and so on. The probability
of'3-tray' fits resulting from bursts will be momentum dependent, as the
probability of the muon being accompanied by a large number of electrons out of
a magnet block is momentum dependent. (Hansen,{1975) Hansen and Thompson,{1976)).
The integral rate for these events is given in Table 4.lc. No correction has
been applied to the presented data for these events. The events corresponding
to error codes 66n, 88n, and 55, have all been used and are included in the

experimental values used later in this chapter.

A correction must be applied to the computed momentum as returned by
the analysis programs to allow for the gaps in between the blocks and the

energy lost by the muon. Wells,(1972) gives the value of momentum that must



THE 'EDIT-MODE' DATA
Number of Events in Each Total
Condition for all
Trays
Trax No.
T
ERROR CODE 1 2 3 4
{ 66 68 58 73 60 259
4 Tray ) 88
Fits 16 12 17 31 76
\ 55 65
99 2 tubes 11 4 41 6 62
3 Tray " S ISR S
Fits
99 burst 8 5 2 5 20
i

TABLE 4.1b




INTEGRAL SPECTRUM FOR 3 TRAY FITS (BURSTS)

P GeV/c
" /

>20

>50

>100

>200

>500

>1000

Number

20

17

15

TABLE 4.lc
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be added to the computed momentum for a muon arriving at :_60 and 0° to

the vertical in the bending plane. The mean of these values is given in

Table 4.1d for five different values of momentum. The technique used here

was to compile the computed values of momentum into an integral rate above

a given momentum and then adjust this momentum point according to the
appropriate correction. The results are presented as the integral rate

of arrival of muons of momentum in the range 20 GeV/c to 1000 GeV/c accompanied
by shower particles discharging tubes in greater than a given number of columns.
The rates for>30,~240 and>50 columns in measuring tray 5,having at least one

discharged tube, are shown in Figures 4,10, 4.11 and 4.12.

4.3 THE CHARGE RATIO OF MUONS IN AIR SHOWERS

The charge ratlio of muons, Nu+/Nu—, in the events which have more
than 30 columns of data 1s presented in Figure 4.1. The charge ratio of
muons near the core of showers is expected to be unity on the theoretical
grounds that most muons are secondary to pions which are the products of
successive interactions, thus masking any possible charge asymmetry.
Measurements by Machin et al., (1969) on muons greater than 150 m from the
core gave an overall charge ratio of 1.00 + .03 for muon momenta greater than
1 GeV/c and Orford et al., (1967) found the ratio to be near unity (see
Figure 4.1). The muons studied were in the momentum range 10-100 GeV/c at
10-100 m. from the core of showers produced by primaries in the range 1014—1017ev
and with zenith angles less than 45°. However, the ratio above a muon momentum
of 100 GeV/c was noted to increase. The overall ratio was found to be unity
by Bennett & Greisen (1961). In small showers, the charge ratio of very high

energy muons might begin to show the positive charge excess of unassociated

muons 1f the muons are from one of the very first interactions.

4.4 THE NATURE QF THE MUON EVENTS ACCOMPANIED BY PARTICLES

During the latter part of the experimental run described above, the

Durham air shower array was in operation. From those times that the experiments



CORRECTION TO BE ADDED TO COMPUTED MOMENTUM

Computed Momentum GeV/c

Correction Fit to Trays
1,2, 3 & 4. GeV/

20

50

100

200

5.3

5.2

5.2

5.0

4.5

TABLE 4 1d
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were operating concurrently, the common 'event number scaler' enables

matching of events from one experiment to the other. An indication that
events, in which muons are accompanied by particles discharging a large

number of flash tubes in the top tray of the spectrograph, are air shower
events and not local showers induced by the muon, is given by Figures 4.2a
and 4.2b, These figures show the distribution of shower sizes and radial
distances for 175 events. For all these events the array detected a shower

of size greater than 105 particles within a distance of 50 metres of the
spectrograph,and a muon traversed the spectrograph. A further 410 events
were registered by the array in which particles were detected but either the
shower was too small or the core was too far away from the centre of the array
to give a 'successful' analysis of the event. In Figure 4.3 an event is
shown in which the bulk of the columns,in which tubes are discharged in tray 5,
are due to a burst produced by the muon. This type of event has been rejected
using the criterion that if 50% of the tubes discharged are within 10 tube
spacangs of the projection of the muons track into tray 5, then the shower

is assumed local.

4.5 THE PROBABILITY OF THE SPECTROGRAPH BEING TRIGGERED

In order to determine the rate of arrival of muons in air showers an
important quantity that must be known is the probability of a given density of
electrons and a muon of a given momentum triggering the momentum selector.

In practice an air shower falling in the proximity of the spectrograph will
trigger it if either a traversing muon is of sufficiently high momentum, or

if shower particles in conjunction with a muon set off "sufficient" cells in

the momentum selector. For the purpose of this study at least one tube must
be discharged in more than 30 columns in measuring tray 5 before the event

is considered for analysis. This total probability of 'sélection' is considered

ts, P and P .
in two parts, M .
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PM is defined as the probability of one or more muons passing
through the 'area' of the top of the spectrograph. To convert the rate
of events per sterad ian per second into a rate per second, the effective
'solid angle' of the spectrograph under these shower conditions must also
be known. The determination of the relevant area at the top and solid

angle 1s given in Appendix D.

PT is defined as the probability of both the spectrograph being
triggered and at least one tube being discharged in more than 30 columns

in measuring tray S.

The spectrograph can be triggered in two different ways. If the
muon traversing the spectrograph is of sufficiently high momentum, the
momentum selector cells set will satisfy the 'straight line' condition in
the momentum selector logic as described in Chapter 2. The probability of
this trigger is shown as a function of the muon% momentum in Figure 4.4.
However, 1f the muon is of low momentum but accompanied by air shower particles,
the cells set by the muon in the momentum selector trays at levels 1 and 3
may 'line up' with the cell set by a shower particle in the momentum selector
tray at level 5. This trigger is independent of the muons momentum but will

be a function of the density of shower particles.

Thus PT is a complex function depending upon the momentum of the muon
and the density of shower particles. For muons of momentum below about 100 GeV/c
the probability of 3% or more columns of tubes being discharged depends only on
the density of shower particles,whilst the probability of triggering the
momentum selector depends on the chance alignment of the muons track in the
lower momentum selector trays with the track of a shower particle in momentum
selector tray 5. For muons of momentum above about 100 GeV/c the probability
of 31 or more columns of tubes being discharged still depends only on the

density of shower particles, but the probability of triggering the momentum
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selector will be the combination of the probability of chance alignment

as above and the probability of a muon ‘alone' trigger.

Therefore
P'r (Pu.pe) = pc (pe) !Pums(Pu) + pem(pe) - Pumsepu)pems(pe)} (4.1)
L8 J

where,

Pc(pe) is the probability of one or more tubes discharged in more
than 30 columns in measuring tray 5, and it is a function of the density of

shower particles pe, as shown in Figure 3.13.

Pums (Pu) is the probability of the muon triggering the momentum
selector and it is a function of the momentum of the muon, Pu, as shown in

Figure 4.4.

Pems(pe) is the probability of the chance alignment of a shower
particle track with the muons track in the momentum selector system. It is
not a function of the momentum of the muon but depends upon the density of
shower particles. The probability of a muon traversing the spectrograph is
taken account of in PM and thus Pems(pe) must be determined given that a

mon has passed through all the detecting elements of the spectrograph but

not caused a momentum selector trigger.

For muons of momentum below about 100 GeV/c equation 4.1 reduces

Pr (pu'pe)_*' PT(pe) = Pc (pe) Pems (pe)' (4.2)



- 55 -

A computer simulation of particles passing through the spectrograph
was used to determine the variation of Pems (pe) with the density of shower
particles, Po* To achieve thilis, a program duplicated the logic of the
electronic 'celling' and deflection determination of the momentum selector.

The mode of operation of the program was as follows.

For a given density, pe, of shower particles falling on the spectro-
graph the angle of incidence of the shower was selected assuming the shower
intensity varies as cos™ ©,0 being the shower zenith angle, n being 8. The
number of electrons within the area (S) of the top momentum selector tray of
the spectrograph was selected ‘rom a poissonion distribution having a mean
value equal to pes. The co-ordinate of each particle was selected randomly
along the top edge of the top tray and the particles passed down through a
two dimensional model of the tubes. A 95% tube efficiency was included
(whalley, (1974)), and any tube was considered to have flashed if a particle
passed within 0,75 cm. of the tubes centre. The corresponding cells were
allocated and passed to the simulated momentum selector logic. Given that
a muon had traversed the spectrograph but not triggered the momentum selector,
two tracks were selected at random co-ordinates above the simulated momentum
selector trays at levels 3 and 1. However, after the selection of the first
of these tracks at level 1, the co-ordinate of the track at level 3 was
constrained within a limit such that the projection of a straight line through
the two co-ordinates passed into the tray at level 5. If the projection to
level 5 were to go outside the extent of tray 5, there would be no possible
straight line combination in the logic. This is to match the test that was
applied to the experimental data that excluded any event in which the muon
entered the spectrograph from the side below measuring tray 5. For a very
high momentum muon entering below tray 5 the trajectory will hardly be bent
and the cells the muon sets in the lower momentum selector trays will have no

cell that can be 'aligned' in tray S. Thus for increasing muon momentum the



"SHA}Dd JaMOYs
Jo Aysusp Ssa 10)22jps wnjuawow 2y buisabbuy jo Ayjqoqosd ay)

W sapiund sawmoys jo Ausueg 3
(4" 87 7% 0% 9t Zt 274 9Z (174 ol ad

'Sy anbiy

N..L_n_
o

%
(%) SW% Ay)iqoqosy

]
©
o

|
3
o

.
©




- 56 -

probability of triggering the spectrograph will decrease fobr this situation.
In the simulation the cell or cells corresponding to the muons co-ordinates
were passed to the simulated logic and together with the cells set by the
shower particles the combinations were tested for linearity. For 10,000
such simulations for each value of density the probabiiity of triggering
the momentum selector was thus determined as a function of the density of

shower particles. The variation of Pems(pe) is shown in Figure 4.5.

To obtain some internal consistency the computer program just
described was combined with the program described in Section 3.4.2, which
had been used to determine the variation of Pc(pe) with density,pe. This
joint routine was used to determine the combination of Pems(pe) and Pc(pe)
and the values are shown as a function of Pe in Figure 4.6. In this figure
the product of Pems(pe) and Pc(pe) determined separately is shown as a dashed

line.

4.6 THE RATE OF EVENTS DETERMINED FROM THE SEA LEVEL SHOWER SIZE SPECTRUM

To predict the rate of events using the above derived probabilities
the passage of a muon through the apparatus was assumed. The acceptance of
the spectrograph for a shower accompanied muon merely requires the muon to
pass through the lower two scintillation counters as the shower particles will
striké the top scintillation counter. However, the situation considered here
is somewhat more complicated as the momentum selector must be triggered and for
the analysis reasons explained in Chapter 3, the muon must pass through all 4
lower measuring trays. The muon can thus enter the spectrograph below level
5 only from the back or front. This situation is shown schematically in
Figure 4.7. The acceptance of the spectrograph for this situation has been
determined by a Monte Carlo technique which is explained in Appendix A and B.
For an assumed intensity variation with zenith angle O, of cosine O raised to

the power 8, the relevant acceptance is 487 + 3 cm2 sr.



‘S3IDd JaMOYS JO AUSUIP 'SA I/A9 OQIS WnjudWOW
Jo uonw © YHM uoidunfuod ul Jopdps wnuawow 2y} buuabbiy pun Aog
Guunsoaw g |2A2) W Suwinjod (OG< Pup 0% ‘Ot< Bubmyosip p Aiuqoqoyy 9-y 2inbig

W $2PRId Jamoys Jo Aysuap g

8y 77

Oy St
¥ 1.1 T 71 r 1

[| i |

© <

o o
Auiqoqosd

1
b
o




's3jnd  J2MOYs o} anp
20uUD}d230D ||DJ2AO Ul 2SDAIOUl 3y} Ajooipwaps buimoys ydouboupads ay) LYy 2inbl4

M3IA 30AIS M3IA LNOY

—

\
\ |
M . SJUBW2}2
”/ A ¢
\

1}92}30— -

;/
r
2

i

\
W\ |
X Uonp
// /V, ,

Sphd

RBMOYS  2dunjdadoo aupid suy) wi

Ul 2sDaJoU 2dunydasoo
! ;




- 57 -

The rate of events will depend on the rate at which air showers
fall close enough to the spectrograph to cause the required trigger
conditions. Clearly the axis of small ailr showers must fall nearby
whereas larger (but more infrequent) showers can fall at greater distances
and still provide the necessary conditions. A survey of the integral sea
level shower size spectra 1is chown in Figure 4.8. The two straight lines
drawn through the data points are due to Bell, (1974). They have been
determined as the integral slope well away from the 'knee'. The integral
spectrum taken from these data for the present work is

1 -1.5 21, -1

6.3 100 N_ m % 'sr™"  above N_ 510,  (4.3)

F (>N )
e

8.48 104 Ne-z'034 m'-zslSr:_1 above Né ZlOS, (4.4)

and F (>N))
e

For the lateral distribution of electrons in air showers Greisen (1960) has

suggested an empirical analytic function for the electron density of the form,

; 0.75 3.25 -2
_ 0.4 N _f;_ r] xr m (4.5)
pe(Ne'r) ) e l r } {.r + rl} {1 + 11.4r1 }

Where Ne is the shower size and r the radial distance in m, and where
r is the Moli;re unit for which at sea level Greisen gives a value of 79 m.
This expression, without the last factor, is a close approximation to the
theoretical expression for an electromagnetic cascade with an age parameter

S = 1.25 as derived by Kamata and Nishimura (1950), and has been used for all

the predictions of the present work.

Two different radial structure functions have been used for the nmuon
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component of air showers. The first is due to Greisen (1960) where the

density of muons, pu, i1s of the form,

0.37
_14.4r 0" 3 ! 3 )° l4r m 2 (4.6)
.5

1+ r/320)2 E, + 50 g, + 2‘

pu( Nelrl>E ) =

Where Eu 1s the threshold energy of the muons in GeV and r is the radial
distance in m., and Ne the shower size. This expression is based on
measurements of muon spectra in air showers in the range from 103 particles

to lo7 particles at sea level.. (Bennett and Greisen, 1961). The range of
muon energies studied was from 1 to 20 GeV and the range of radial distances
from 10 to 500 m. This upper value of muon energy is the lowest energy of
muon considered here but Earnshaw et al., (1967) find general agreement with
this expression (except for large distances from the core) in studies of muons

of momentum up to 100 GeV/c.

The second analytical form of muon structure function has been
derived by the present author from the experimental values produced by the
Moscow-Lodz collaboration (Rozhdestvensky et al.,(1975)). Khrenov (private
communication, 1975) suggests a fit to these values (for a muon energy, Eu,
greater than 10 GeV) for the density of muons, pu, of the form

0.8 -0.5 -r/80 -2
r e p I

pu (Eu> 10 GeV,xr,Ne) = 1.2154 Ne (4.7)

where again, r is the radial distance in m., and Ne is the shower size.
(See also Kulikov et al., 1974). The following momentum dependent muon
structure functioanuusfitted by the present author to the Moscow-Lodz data

points :

D
Py (>Pu,r,Ne) =apP Neo'er 0.5 e cpu tom 2 (4.8)

n ’

the constants
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in the expression having the values

a=212410% n3/2, p=-0.27, c=3.74 153, D =o0.56,

r being measured in metres.

The experimental values and the form of equation 4.8 for 4 values of muon
momentum are shown in Figure 4.9, Energy and momentum have been considered
as equivalent in magnitude ; the error thus introduced is less than about

.05% for values of energy above 10 GeV.

The predicted rate of events in which at least one muon of momentum
greater than Pu crosses the 'area ' of the top of the spectrograph and the
instrument is triggered,and at least one flash tube is discharged in more
than 30 columns in measuring tray 5 is then

-1

-1
R (>Pu) = PM PT F(Ne) 21xdrdNe s sr (4.9)

All shower All radial
sizes distances

Thus the measured rate will be R(>Pu) x 'solid angle' of the instrument,
The appropriate 'area' and 'solid angle' is determined in Appendix D, The
differential shower size spectrum F(Ne) dNe is determined from the integral

spectrum such that below the 'knee’',

F(Ne)aNe = 9.45 10" Ne 2> aNe m 28 Yer lgev t (4.10)
and above the 'knee',
F(Ne)dNe = 1.724 lOSNe-3'°34dNe m-zs-']'sr-lGeV-l (4.11)

The probability, PM' of one or more muons passing through an area s m2 where

the mean density of muons is pu m-z, is given by the Poission formula,

p = 1-e P8 (4.12)
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PT is the probability of triggering the spectrograph as described in the

previous section.

To evaluate this expression the limits of integration must be set
and must include all shower sizes and all radial distances that contribute
significantly to the rate. The range of radial distance used was from
0.1 m. to 100.0 m. out from the centre of the spectrograph. The determination
of the density of electrons and density of muons Erom equations such as 4.5,
4.6 and 4.7 1s discussed in Appendix F, where the correction for a finite
size of detector is also considered. A lower shower size limit of 5 103

particles and an upper shower size limit of 107 particles was also used.

A computer program evaluated equation 4.9 within the limits given

and calling from a subroutine the probability, P Within the subroutine,

p
PT was determined according to the shower size, radial distance and muon
momentum as given by equation 4.l. In Figure 4.10 are shown the experimental
values of the integral rate of events as well as the predicted rate using the
two muon radial structure functions. In Figures 4.11 and 4.12 are the
corresponding values for the situation where one or more flash tubes have
been discharged in respectively more than 40, or more than 50 columns in
measuring tray 5. Notably, the extrapolation of the structure function for
muons due to Greisen (1960) into a region of muon momentum above 100 GeV/c

still broadly agrees with the experimental data. The width of uncertainty

on each line that corresponds to a 5% charge in PT is shown as a 'hatch' area.

In order to determine from which radial distances the contribution to
the rate of events is greatest the following integral has been evaluated.

107

I (x, >Pu) = 2mr PT PM F(Ne) dNe (4.13)

510
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In kigure 4.13 I(r,>Pu)x r is shown as a function of r for two values of
threshold momentum, Pu, and for the situation of more than 30 and more than
50 columns of discharged flash tubes. The structure function of equation

4.6 has been used for these figures.

The contribution to the rate of events from different shower sizes

is indicated by evaluation of

100.0

I (Ne,>Pu) = F(Ne) PT PM 2n1r dr (4.14)

0.1

In Figure 4,14 I(Ne,>Pu) X Ne 1s shown as a function of Ne for four values
of threshold momentum, Pu, again for the more than 30 and more than 50 columns

of data situations.

4.7 THE PREDICTIONS OF THE C.K.,P. AND SCALING MODELS

4.7.1 INTRODUCTION

In this section the predictions of two models of high energy nuclear
collisions are compared to the measured rate. The models chosen are due to
Cocconi, Koester and Perkins, (196l1), the so-called C.K.P. model, and
Feynman (1969), the scaling model. The models are used to give the number
and energy distribution of the secondary particles produced in high energy
collisions of cosmic ray primary particles with air nuclei. No new calculations
have been performed by the present author, but the relationships due to Goned
(1975), de Beer et al., (1966), (1968), Gaisser (1974), (1974a), and Fishbane
et al., (1974) are interpreted with respect to the present results. In the
main the predictions of the two models differ with regard to the ratio of
electron number to muon number in air showers at sea level. For the present
experiment the influence of each model is through the momentum and lateral

structure of the muon component of the air shower and the total shower size
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Figure 4-13. Contribution to the predicted mate of events
from different radial distances.



‘SIZIS JaMOYS
WaRyIp woy SUA2 Jo Al paipad 2y o) &_.B_zcw_u

‘919 anbiy
IN 2zis samoys
04 o0l <0l ol
T | T T 7— T  § q_ fs’ T anQ
| i
[ .
1]
i \E
G Aog buunsoaw [gGe — —— \s\\ ]
Ul DIOP Jo suwnod | oE< / \\\
/ i
/ [ ]
N 7 >
/II \\\ / ] .aN
\ 00 ——— 711 v
/// \\\ =
~— 7 1 =
7 / ~ o o
// _ \\ 1=
, 5 /II”"\.\\\\\\ _
RO 3\~ 7
Ploysaiyj |
. . \ L L




- 62 -

for a given initiating primary particle. The empirical electron structure

function, equation 4.5, due to Greisen (1960) is considered to hold true.

In the main, for the muon component of air showers the work of
Goned (1975) is taken for the predictions of both models. The starting
point in the present work 1s the predicted total muon number and their
fixrst two radial moments for the lateral distribution. For the electron
component the relation of shower size to primary energy has been taken from
de Beer et al., (1966) and Dixon et al., (1973) for the C.K.P. model, and

from Gaisser (1974), and Fishbane et al., (1974), for the scaling model.

Various primary spectra are taken to test and compare the predictions
of the models. These vary with regard to spectral slope and composition,
but are designed to give agreement with the measured shower size spectrum

at sea level for each combination of model and primary spectrum.

4.7.2 THE MUON COMPONENT DETERMINED FROM NUCLEAR INTERACTION MODELS

The basic common features that are incorporated with both the C.K.P.
and scaling models when applied to air showers are :

1. Pions are considered to be the main source of muons, neglecting

anti-nucleons and strange particles (Kaons). Leading particle

effects have also been ignored.

2. The inelasticity is assumed to be independent of energy, being

0,5 for nucleon interactions and 1, that is catastrophic, for pion

interactions.

3. w+,n- and ﬂo are assumed to be produced in equal numbers.

4. The transverse momentum, p¢, of produced secondaries has a

mean value, Et’ of 0.4 GeV/c. The distribution in 1 is represented

by the expression suggested by Cocconi et al., (196l1)

Py Py -
£ (pt) = :2 exp -;— with p, = 290 (4.15)
(<) o
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5. The inelastic interaction cross~sections are assumed to be
independent of energy. For protons the interaction length Ap
is taken as 80 gm cxn_2 and for pions the attenuation length Amw

is taken as 120 gm em™2,

The consequences of these assumptions for any predicctions will be
considered in Chapter 6. The parameters given here are similar to values
used by other authors, (see for example Grieder,(1976) and Table 1 of the

survey of computer simulation of air showers made by Turver,{1973)).

4.7.3 THE SCALING MODEL

Feynman scaling is exhibited by inclusive proton-proton collisions
at a centre of mass energy of 28 GeV. This has been observed in the

C.E.R.N. Intersecting Storage Rings (I.S.R.).

This centre of mass (c.m.) energy available is equivalent to a
laboratory energy of about 2 103 GeV for a proton colliding with a stationary
target. The assumption used is that scaling continues up to the high energies
of the cosmic ray primary interactions of interest here. Inclusive means that

only cne or two (c or ¢ and d) particles are detected in a reaction like

a + b—™r ¢ + 2

-+ c + 4 + 2

where the nature of a, b and ¢ (and d) is known and Z is everything else
which goes 'unseen'. Exclusive reactions imply full information on all
(or all but one) of the outgoing channels. When ¢ is of the same nature as
a or b, it is called leading, if it is not it is considered as a produced
particle. In inclusive reactions the measured values of the invariant

(inelastic) cross section, £, are considered in the Feynman variable x and
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the rapidity Y, where for a c.m. energy of sa,

f = single rate of c scattered into an element of solid angle
flux
X = 2 PLs-& (=1 < x < 1) (4.16)
+ PL
and Y = 4 @n B (ox PL = E tghY) (4.17)
T L

and where PL is the c.m. longitudinal momemtum and E is the c.m. energy
of the detected particle. Expressing the differential cross section in

the Lorentz—-invariant form,

3 2
f=E-d3—°=E—9—°— (4.18)
d’p dPLdPT

where PT is the c.m. transverse momentum of the detected particle. Neglecting

spin effects £ is a function of three variables, which may be chosen to be

(s, Pt' x) or (s, Ptl YL)
P
where Y. = Y - ¥ gpit. I (4.19)
L P
E-p

and YP is the c.m. rapidity of the projectile, a. Scaling predicts that

at high energies the cross-sections become independent of the energy variable,

s,
g+ @
£ = G (s,PT,YL)——+ G (PT,YL) (4.21)
s+ ®

For the case in point the requirement is to determine the multiplicities of

charged pions in the reaction

P+ P - n* + anything
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Various I.S.R. groups (Antinucci et al.,(1973), Albrow et al.,{(1974) and
others reported by Morrison,({1973)) who have studied these single inclusive

reactions show that expression 4.21 can be factorised as

G (pT, YL) G' (PT) G" (YL) (4.22)

such that £ (Y, PT) G“(YL) exp (-pr) (4.23)

with b = 6 (GeVjc)™* for 7% production,

(Antinuceci et al., 1973)

This is found to be valid for the central region of rapidity (YL> 2) where

a plateau occurs in the plot of invariant cross-section vs. laboratory

rapidity, YL.
Goned (1975) uses the data of these I.S.R. groups to calculate the

laboratory differential cross-section do / dx at PT = 0,4 GeV/c which is

close to the mean value of transverse momentum. The ratio (X) of the secondary

pion energy E1r to the incident proton energy in the c.m. system, is taken as

being equal to the corresponding value in the laboratory system. For high

energy particles produced in the forward hemisphere in the c.m. system,

where PL max is the maximum value of longitudinal momentum which is therefore
half the c.m. energy. Thus for the fast pions in the c.m., X is approximately
the ratio of the secondary picns laboratory energy to the incident proton
energy. Wdowczyk and Wolfendale, 1972, point out that this model resembles
the isobar model of Khristiansen et al., 1965, in that the multiplicity of
secondaries carrying a significant fraction of the incident energy is sensibly

independent of the incident energy although the mean total number of secondaries
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increases as in 8.

Goned obtains

. g% - f(YL'PT) Ttghyy, de2 . areghvn J[(YL.OA) (4.24)
x b"exp(-0.4b)
0

for the laboratory differential cross-section where momenta are in GeV/c.

i 4.7.4 THE C.K.P. MODEL
l Studies of the interactions of protons with light nuclei led Cocconi,
Koester and Perkins, (196l1) to suggest an energy distribution for produced

pions of the form,

= -1 |n(Eo) -Ep{ + n(Eo) “Ep
S(Ep,Eo) > T eXP { T G eXpP G (4.25)
where n(Eo) is the multiplicity of pions produced, Eo is the transferred

energy, and

T = 2 ) Eo - %n(Eo) G n (Eo) (4.26)

is the average energy of the pions in the forward come in the laboratory

system and G is the average energy of pions in the backward come in the
laboratory system. The forward core of secondary particles only is considered,
as the pions emitted in the backward core will have low energies in the
laboratory system, and will not contribute to the high energy muon component.
The justification for using this model stems froh the success in recent years

of the application of it to the air shower situation. (see for example the

review by Grieder, 1976).

The form Ne = 1.35E, "

is taken for the

multiplicity dependence on primary enerqgy, Ep.
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4.7.5 THE METHOD OF CALCULATION

Following the method of de Beer et al., (1966) Goned solves the
dirffusion equations which govern successive generations of pions in the
atmosphere. To a first approximation these spectra of pions resemble
multifireball systems. The scaling model can,in principle, be approximated
to a multifireball model, since (in both models) the basic feature is the
existence of a central plateau in the rapidity distribution. In the C.K.P,
model the energy spectrum .given above results in a multifireball system of
multiplicity Ns for each fireball and average pion energy Tn in the Nth

fireball. The calculations are extended to 5 pion generations and 5 inter-

actions of the primary.

4.7.6 APPLICATION TO THE PRESENT EXPERIMENT

The lateral muon density distributions, pu(r), have been calculated
from the total muon numbers and two radial moments for proton primaries,
given by the calculations described above. The lateral distributions are

represented by

b o
p, (1) = -’57 5—‘—‘;’ exp |- £ [ %o . (4.27)
ré r6

where f (ro) is the radial distribution for a fixed transverse momentum P,

and has the form

£ (ro) = Cr exp -B r (4.28)

Figure 4.15 shows the predicted total muon numbers and Table 4.2

gives the parameters of the muon radial distributions (for a primary proton

of lO5 GeV) for the two models. Thus for a given primary nucleon the

distribution of muons of greater than a threshold energy, E_, can be determined

T
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PARAMETERS OF MUON RADIAL DISTRIBUTIONS FOR Ep = 105 GeV AND 0 = 0° WITH

<pg> = 0.4 GeV/c (After Goned,.1974)
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for both models.

4.7.7 THE ELECTRON COMPONENT

To complete the calculation of the expected rate of events in which
one or more muons are detected with an associated electron density, the
electron shower size, Ne' predicted by each model must be known. The present
experimental situation can be seen as a test of the overall muon to electron
ratio, Nu/& , in small alr showers as all parts of the shower are sampled to
some extentf although there is a bias toward the centre of showers. A low
Nu/& , zatio implies a low multiplicity model for picn production, because
few;i charged pions will lead to fewer muons. In such a model as scaling
the charged pions are on the average more energetic and because of time
dilation are more likely to interact before they decay to muons. However,
the number of electrons will be approximately proportional to the amount of
enexrgy that goes into the neutral pion component (which decays promptly)

which 1s about the same in the C.K.P. and scaling models.

The structure function used throughout, for the electrons, is that
due to Greisen (1960), (equation 4.5) who suggests a very extensive range of
application extending from showers of 2 103 to 2 109 particles and over distances
from 5 cm. to 1500 m. However, recently Allen et al.,(1975) have suggested
that electron lateral distributions have less lateral spread by a factor of
about 2 than given by Nishimura and Kamata (1958). This would imply a higher
density near the axis of the shower, the consequence of which is considered in
Chapter 6.

Some primary spectrum of given composition and intensity must be used
with each model to predict the rate of events. To enable consistent comparison
to be made, a datum of the measured sea level shower size spectrum has been used.

Thus, for each model the prediction of mean shower size for a given primary

energy, is used with the measured sea level shower size spectrum to generate a
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primary spectrum. This primary spectrum is then used with the model to
predict the experimental rate. This approach has been used because the
primary spectrum has been measured directly with accuracy and by more than
one experiment only up to the energy region of about 103 GeV/nucleon
(Ryan et al., (1972) for example) but not beyond. Primary energies of
greater than this are required to give a shower of greater than about lo3
particles at sea level. However, the sea level shower size spectrum has
been measured by many authors (see Figure 4.8) over the range of interest of
the present experiment which is from showers of 5 103 particles to shpwers of
over 107 particles.

If, in a region of constant exponent, the differential shower size

spectrum is

F (Ne) dNe = AN
where A and B are constants, and Ne is the shower size, and for the model in
question the mean shower size is (assuming one component, say protons only),

a

N = CE (4.29)
e P
where EP = primary particle energy,
and C and a are constants
then a-1
dN = a CE dE 4.30
e b b ( )
so JE)aE = a(EHPace *lar (4.31)
P P P P P

is the corresponding primary differential spectrum.
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4.7.8 THE MEAN SHOWER SIZE PREDICTED BY THE C.K.P. MODEL

For the relationship of mean shower size, for a given primary energy
as predicted by the C.K.P. model, the work of de Beer et al., (1966), has
mainly been used. This work has, to a large extent, been superseded by
more refined calculations (Dixon et al.,(1973) Greider,(1976)) but is
considered sultable for the present work. Firstly, the predictions of
the original work (de Beer et al.,(1966) the model called I) are in broad
agreement with a numhqrof latter calculations.

Secondly, the model parameters match those used by Goned (to predict
the muon numbers) except that fluctuations are allowed for to the extent of
variations in the inelasticity (K) of nucleon air-nucleus collisions. The
form of the fluctuations assumed is that of (Brooke et al., 1964) where the

inelasticaty distribution is

£ = ~Q+02Q-0%801-K

with a = 1.414 ; which is chosen to fit the work of Dodd et al.(1961) on

low energy (24 GeV) proton-proton interactions observed in a hydrogen bubble
chamber. De Beer et al., point out the importance of shower size fluctuations
when considering the action of one primary particle. Considering showers at
a fixed size, Ne' the steep primary spectrum favours fluctuations that produce
a given size with unusually low primary energy relative to the primary energy
giving that shower size considered at fixed primary energy, EP. The parameter
most often measured by air shower arrays is the shower size which is then
placed with showers of similar size into a bin of finite width, the number in
each bin leading to the spectrum. Thus the measurements tend to be at fixed
shower size. Two of the main causes of fluctuations are the depth of first
interaction of the primary particle and the fraction of energy carried off by
produced n°3 in the early interactions. In Figure 4.16 the relation of

mean shower size to primary proton energy for a proton incident at o° to the
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Zenith is shown as determined from model I, for both fixed Ne and fixed

Ep situations. Shown also are the relations due to Dixon et al.,(1973)

of shower size to primary energy at fixed EP, for two different energy
thresholds for electron detection. Agreement can be seen to be good and
these authors (Dixon et al.,(1973) Turver,(1973) and Grieder,{1976)) conclude
that nany of the small differences which do occur in simulations using this
type of model may be accounted for by differences in the parameters used.
Greider finds that differences in the sensitivity of the 'observables' to
model and parameter variations can be ranked as 'local and total energy
spectra of distinct groups of particles within a shower ', followed by
'particle ratios and numbers'and finally by.lateral density and arrival time
distributions: The relevant relations of shower size to primary energy
are given in Table 4.3, where the conversion from fixed Ep to fixed Ne' as

determined by de Beer et al., has been applied to the relationship of Dixon

et al., for shower size to primary energy for bethelectron detection thresholds

4.7.9 THE MEAN SHOWER SIZE PREDICTED BY THE SCALING MODEL

The relationships of sea level shower size and muon number to primary
particle enexrgy for the scaling model as calculated by different authors, show
marked differences. This is reflected in Figure 4.17 where the relationship
between muon number and electron number in showers at sea leve. as determined
by several workers is shown.

The initial calculations performed in the early 1970's not long after
Feynman suggested that the energy spectrum of particles emitted in high energy
nucleon-nucleon collisions may 'scale' (for example, Gaisser and Maurer, (1972)
Wdowczyk and Wolfendale, (1972)) indicated that the Nu/N ratio predicted by
scaling is too low for assumed proton primaries in com;arison with experiments.

However, more recently, calculations which take into account the rossible effects

of (1) rising cross section for proton-proton interactions, and thus for
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proton-air nucleus interactions, (2) intra nuclear cascading, and

(3) heavier (probably iron) primaries, can give a satisfactory fit to

the experimental data. (Gaisser,(1974) Turver,(1974) Prothero and Turver,
(1976)).

The approach adopted here has been to use the relationships reported by
Gaisser (1974), Fishbane et al., (1974) and Gaisser (1974 a) for the sea level
shower size dependence upon different primary energy as predicted by a scaling
model. In Figure 4.18 the calculations of these workers of shower size vs
depth are superimposed on data points due to Bradt et al.,{ 1965) and La Pointe
et al.,{1968), The aim of Fishbane et al., (see also Gaisser and Maurer,(1972))

has been mainly to determine the Nu/N ratio as predicted by a scaling model.
e

The atmospheric cascade of successive generations of plons was approached by
the use of a similar diffusion equation to that used by Goned. Other similarities
include, the neglect of Kaons (assumed as pions), the use of a mean transverse
momentum for the secondaries of 0.4 GeV/c, and a nucleon inelasticity of 0.5,
However, they extend the calculations to determine the effects of intra-nuclear
cascading and a possible increase in the pion-air nucleus and proton-air nucleus
cross-section.

Their calculations include the region X = 0 (X = 2PL S-H, that is the

pionization region) as pions produced here will have a sufficiently high

‘laboratory' energy to contribute to the extensive air shower. The intra-nuclear

cascade has been allowed for by an incoherent production model (I.P.M.) The
nucleon is considered to interact several times within the nucleus as opposed

to just one nucleon-nucleon collision as is the case in a more conventional model.
Thus, particles rescatter independently within the nucleus and build up a

cascade. Consequently the Nu/N ratio as measured beyond shower maximum will
e

increase because this greater production of particles will cause a more rapid

development of the air shower.

Three different combinations of these processes as developed by Gaisser

and co-workers are considered here, and are summarised below.
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1. 'Proton primaries strike a nucleon target, that is one nucleon
within the nucleus ; and the interaction cross-section is constant
with primary energy.'

The variation of shower size with depth for primary particle energies

of 2.4 106 GeV and 6.3 lO6 GeV, which correspond to intensities of

lo-10 and lo-ll cm-2 s_l sr_l, are shown as curves of short-dotted
lines in Figure 4.18.

2. 'Proton primaries striking a nucleus and intra-nuclear cascading
taking place ; a rising proton-air nucleus cross-section (ap—air) is
assumed and is taken directly from the cosmic-ray data of Yodh et al.,
(1973).°

This is consistent with a (R.ns)2 extrapolation of I.S.R. measurements
of the proton-proton cross-section (op_p) when allowance is made for
the nuclear target. The pion-ailr cross-section (on-air) is taken as

0.7 The predicted variation of shower size with depth is

0p—air.
shown as two curves of long-clashes in Figure 4.18.

3. The remaining curves showing the shower size depth relationship

in Figure 4.18 (the most successful fits to the data) are obtained with
the assumption of 'intra-nuclear cascading, rising cross-section and
all iron primaries,' at the same energy per nucleus as the prediction
for proton primaries. In this case the superposition principle was
used where a primary particle of size A (a nucleus) and of total energy
E, is equivalent to A times as many nucleon primaries each of energy
E/A.

The curves are normalized to the data points at about 600 g/cmz. In
order to determine the relation of shower size to primary energy as
predicted by each of these different applications of the scaling model
the following deductions have been made :

(a) Fishbane et al., (1974) give for showers of fixed size

Ne of lo6 particles, a mean primary energy of E = 2.4 lo6 GeV

p N,
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for the scaling model assuming a constant cross-section and a
nucleon target. { The subscript Ne implies fixed shower size, whilst

the subscript Ep implies fixed primary enexgy.)

(b) Figure 4.18 is a plot of the atmospheric variation of shower

size for fixed primary energy, Ne E " This is because the size vetsus
depth experimental points are deterﬁined by taking cuts of constant
intensity of shawers at different Zenith angles, which relate directly

to the primary energy.This s becanse the same intensity will be due

to the same energy primary. For the particular curves given for proton
—air considered constant and a nucleon target) the increase
( in shower size at sea level (1033 g/cmz) is a factor of 3.05 from N

primaries (Up

equal to 106 to 3.05 106.

This corresponds to an increase of 2.625, from EP equal to 2.4 106 GeV
to 6.3 106 GeV, in primary energy. This is for fixed energy of the
primary. The corresponding increase in shower size at fixed shower
size, has been determined by applying the transformation from fixed

Ep to fixed Ne' a factor of 2.8 Ep-'OBI, as determined by de Beer et al.,
(1966) . Although this transformation was determined from considering
showers using the C.K.P. model, it has been assumed to apply here as

the major cause of fluctuations (the steeply falling spectrum and the

height of first interaction) will be model independent. Thus the

increase in Ne at fixed Ne is a factor 2.96, for an increase of 2.625

in primary energy.

Point (b) above leads to Table 4.4 where the values of increase in
shower size for an increase in primary energy are given for the three
different processes under fixed Ne conditions. Combining points (a) and (b)
the equations of mean shower size for given primary energy can be determined.
In Table 4.4 the parameters R and a in the relation of shower size to primary

enerqgy, Ne = pru' at fixed Ne, are given for the three processes described,
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and in Figure 4.19 these are compared to the simulations due to Turver,
{1975),

The integral muon energy spectra, predicted by Goned,{1975) and
by Fishbane et al.,(1974) are shown in Figure 4.20, for a shower size of
Ne equal to lo6 particles. The lines due to Fishbane et al., are a direct

R . 6
ratio predictions at a shower size of 10 particles.

<

translation of their N /

U e
The line corresponding to Goneds calculations is taken from the data (see
Figure 4.15) at a fixed EP = 3.95 106 GeV. This energy corresponds to a
shower of size Ne equal to lO6 particles at a fixed EP for the case of primary

protons, © considered constant and a nucleon target from the work of

p-air
Fishbane et al., (1974).

The predictions of Goneds calculations and those of Fishbane et al.,
for protons for which both a constant cross section and a nucleon taxget are
assumed are considered close enough (at least for muons of enexrgy in the range
100 to 1000 GeV) to be used together to predict the rate of events for the
present experiment. They are combined such that the shower size for each
primary energy is taken from the work of Fishbane et al., and the muon component
is taken from the work of Goned.

In Section 4.7.11 the use of a primary spectrum comprising different
elements 1s considered. 1In Section 4.7.12 the possibility of using Fishbane
et al's predictions for rising cross section and intranuclear cascading, is also

considered. The main problem with these predictions is that although the

expected increase in total muon number and reduction in electron size, at sea

level, can be taken from their work, the muon lateral structure is only given

by Goned. This is only for the constant o nucleon target casq,which will

p-air’

give too narrow a distribution if applied to the rising o . huclear target

-alir

case.

4.7.10 THE PRIMARY COSMIC RAY COMPOSITION

As indicated in Section 4.7.8 the intensity of the primary spectrum has

been determined for each model used so that the sea level shower size spectrum
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that 1s predicted is consistent with the measured spectrum. For all the
models considered two different compositions have been used.

l. A proton only spectrum.

For energies of up to about 5 x 103 GeV, the region of direct
measurement of the spectrum, protons dominate. The use of a proton only
spectrum should give a lower bond to the Nu/N‘= ratio. The shower size
fluctuations and age fluctuations (Khristansen et al., (1971) and Catz et al.,
(1973) seen 1n showers from primaries of lOs to lO7 GeV suggest protons as at
least part of the primary spectrum up to these energies. So the lead of many
workers has been taken and a proton only spectrum is used as a datum.

2. A composition spectrum.

Here seven main constituent nuclei are taken and all are assumed to
follow a power law of the form IOE-‘ with a break occurring in the spectral
shape of each mass component at a constant rigidity. The proton spectrum 1s
taken from Ryan et al.,(1972) who give the exponent ¥ as 2.75, and the
proportions of heavier nuclei are taken from a survey by Elbert et al.,(1974L
This survey has taken measurements in the range 2 to 500 GeV/nucleon made by
Ryan et al.,{1972) for Z equal to 2, Cartwright et al.,{1971) for Z 2 to 9,
Shapiro and Silberberg,(1970) for Z 10 to 28, and Balasubrahmanyan and Ormes,
(1972) for Z equal to 26. The spectral break is assumed to occur at a rigidity
of 2;06 GeV as given by Hasegawa et al.,(1962), In Table 4.5 the proportions
and mean charge (Z) and weight (A) of the different components of the spectrum
are given,

The hypothesis of superposition has been assumed to hold for the region
of primary energy of interest in the present work. This requires that the
interaction of a heavy nucleus of mass A and total energy E is equivalent to the
'superposition' of A times as many showers each of energy E/A. This aimplies
complete fragmentation of the incident nucleus in the first interaction. The
validity and effect of this assumption will be considered in Chapter 6. Most

showers in the range of 103 to lo7 particles have developed beyond their



THE COMPONENTS OF THE PRIMARY SPECTRUM

USED FOR THE C.K.P.

AND SCALING MODELS.

P o L M LB H VH (Fe)
N 2 1 2 4 7 11.5 19 26
# A 1 4 8 14 23 40 56
ORTION 4 3 4 4 -
ENERGY 1 042 |7.1 10 *|2.92 15°|9.1 16%|2.97 10 4.89 10
NUCLEON
é ENERGY 1 475 | .027 |.296 .220 | .189 .561
NUCLEUS
ION OF TOTAL .361 .172 .010 .107 .079 .068 . 203
5.536 10%)

TABLE 4.5
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maximum when detected at sea level. The higher the energy of the primary

the further the maximum moves down toward sea level and the . total number of
particles detected increases. Hence shower size Ne o EPOl where o is greater
than unity. However, the number of muons reaching sea level will tend to
decrease because as the energy of the interaction rises, the energy given to
the plons produced will increase and hence they will tend to interact rather
than decay to muons. So the number of muons Nu a EPB . Where B 1t less than
unity. Consequently for a primary of mass A, using the superposition model,

1=
EaA a’ hence Ne decreases as A increases and

N_ oA (E/2) ¢

B EBAi—B so Nu increases as A increases. Using the C.K.P. model

N o A (E/A)
" /
of de Beer et al., (1968), Turner (1969) finds that the shower size varies as

A—°'33. Allowance was made for fluctuations which for the C.K.P. model results

in a relative width o‘Ne/Ne = 7.0 Ep_o'ls, where oNe 1s the standard deviation of
the shower size distribution and Ne is the average value for a primary proton of

energy EP. The width of the fluctuations for heavy particle initiated showers

1s given by

oy R o
e e
A
which decreases as A increases. Figure 4.21 shows the sea level shower size

as a function of nucleus energy, the corrections for fluctuations implying that
the relations are for fixed shower size, Ne.

For the application of the different models discussed to the present
experimental data the actual intensity and composition of the primary spectrum
used for each of the models will be different. This is because each model plus
primary spectrum is constrained to predict the shower size spectrum. For the
proton only spectra the parameters are given in Table 4.6. For the spectra
composed of different nuclei, the parameters are given in Table 4.7, and the
inter-relation of the different components is shown in Figures 4.22 and 4.23.

These parameters are fixed by the proportions of the different nuclei as given
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THE PARAMETERS FOR THE PROTON ONLY SPECTRA

USED FOR CKP AND SCALING MODELS, WHERE

J(E )AE_ = KE “dE
)X P p

Below Break Point Break Point Above Break Point
K o GeV X o
|M-25_ sr-]'GeV'.l .M-zs- sr-lcev-
MODEL A
(CKP,see figure 3.33 103 2.596 2.79 lo6 2.11 107 3.164
4.23)
MODEL B
3 6 7
(Scaling, see 6.18 10 2.687 1.75 10 4.79 10 3.289
figure 4.23)
MODEL C
, 5 6 10
. - (Scalilng) 1.72 10 3.034 2.96 10 5.80 10 3.670

TABLE 4.6




A

Fraction of
Total Spectrum

MODEL A
‘ Aa(l-Y)

} Fraction
- Aa(l-Y)

MODEL B
a2 1=

Fraction
x Aa(l-Y)

MODEL C
a2 (1-7)

Fraction
x Aa(l-v)

—

THE PARAMETERS FOR THE COMPOSITION OF THE PRIMARY SPECTRUM

P o L M LH H VH

1 4 8 14 23 40 56

.361 .172 .010 107 .079 .068 .203

1 .472 .324 .239 .183 .135 .113

.361 .0B1 .003 .026 .015 .009 .023
Below Break Point I° = 6.414 103M-zs-lsr-lGeV-l, Yy = -2.596
Rbove Break Point I_ = 6€.635 1o7n'2s'lsr'lcev'1, y = -3.164

1 .484 .337 .251 .194 .145 .122

.361 .083 .003 .027 .0l5 .010 .247
Below Break Point I_ = 1.1986 1o4m'2s'1sr'1cev'1, y =-2.687
Above Break Point I° = 2.326 IOBM-zs_lsr_lGeV—l, Y =-3.288

1 .785 .695 .631 .578 .525 .495

.361 .135 .007 .067 .046 .036 .10l
Below Break Point I_ = 1.685 10°M % Lar teevt, y = -2.971
Above Break Point Io = 1.813 lolln-zs-lsr_lcev-l,y = -3.673

TABLE 4.7

=.518

I=.524

I=.716
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in Table 4.5 and by the sea level shower size spectrum. In Appendix G the
determination of the parameters for a given relation of shower size to primary

energy 1s given. The choice of models is given in the next section.

4.7.11 THE TRIAL MODELS AND PRIMARY SPECTRA

To compare the predictions of the C.K.P. model and the scaling model
three different iines of investigation are followed, and are referred to as
Model A, B and C.

1. Model A

This 1nvolves the proton only spectrum of Figure 4.22. With this the

shower size to primary energy relation for the C.K.P. model (for fixed

Ne) due to de Beer et al., (1966) (Figure 4.16) is used. The muon

component is determined from the total muon number and radial moments

from the calculations by Goned (1975). To consider the effects of
different nuclei in the praimary spectrum, the primary nucleus spectra

of Figure 4.22 are used with the shower size to primary nucleus relations

of Figure 4.21. The muon component is again based on the work of Goned
and the superposition principle is applied.

2. Model B

The calculations based on scaling of Fishbane et al., and Goned are

combined to consider scaling with a constant proton-air cross section

and a nucleon target. For the proton only spectrum the relation of
shower size to primary energy of Figure 4.19 is taken in conjunction
with the proton only spectrum of Figure 4.23 and the predictions for
total muon number and radial muon structure of Goned. To determine the
effect of heavier nuclel, the same shower size dependence on mass

(NeoCA-o'aa) as predicted by the C.K.P. model is assumed to apply to

the scaling situation. The corresponding primary nucleus spectra are

shown in Figure 4.23.

3. Model C

To allow for the possible influence of a rising proton-air nucleus
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cross-section and of intranuclear cascading.the results of Fishbane

et al., for the scaling model are again combined with the muon
predictions of Goned. However, although it is possible to determine
the increase in the total number of muons and the decrease in shower
size (see Figures 4.19 and 4.20) the effect on the lateral structure

of the muons is not determined. Turver., 1975, has extended the basic
model of Fishbane et al., to a three-dimensional development model of
showers. This author incorporates slight differences in the model,

for example, the fragmentation process, but reaches the same conclusions
as Fishbane et al., with regard to the longitudinal development of the
electron cascade and the integral energy spectra of muons. Figure 4.24
is the lateral distribution of muons (in fact of lower muon energy than
considered in the present work) predicted for the scaling model compared
to a conventional C.K.P. model as given by Turver, 1975. These functions
are for a op-air rising with energy and intranuclear cascade. The
lateral distribution for proton initiated showers is still somewhat
narrower than for a 'conventional' model, but that for iron initiated
showers is about the same. Thus as a first approximation (to give an
upperbound to the predictions for the present work) the muon lateral
structure functions corresponding to constant op-air and no nuclear
target effects are taken and the density is considered to increase.

The total muon number corresponds to the number predicted by Fishbane

et al., (1974), when rising cross-section and nuclear target effects

are taken into consideration. Table 4.8 shows the factor by which the
total muon number increases as a function of muon threshold energy.

The decrease in shower size because of the more rapid development of the
shower is determined from Figure 4.19 to be a function of primary mass
such that, Ne o A-O.116' The lateral structure will in fact be broader

than considered here (if rising cross-section and nuclear target effects

do occur) and the predictions of this 'hybrid' model must be considered
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THE PREDICTED INCREASE IN TOTAL MUON NUMBER FOR RISING O

P-AIR
AND NUCLEAR TARGET EFFECTS

|

MUON ENERGY | E, GeV 20 50 100 | 200 500 1000
[ncrease due to Protons 2.4 2.4 2.4 2.0 1.8 1.66

crp—air
lising and Nuclear Fe 6.5 7.5 7.6 7.2 6.66 4.0
Target

TABLE 4.8
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an this light.

In the next section the method of applying the predictions of these

three models to the present experimental results will be given,

4,.7.12 THE PREDICTED RATE OF EVENTS USING THE C.K.P. AND SCALING MODELS

The application of the predictions of the models discussed in the
immediately preceeding sections follows closely the method used invelving tb
empirical particle structure functions and sea level shower size spectrum as
discussed in Section 4.6. In this case, however, the rate of events will be
the summation over all primary energies modulated by the primary spectrum as
opposed to the summation over all shower sizes modulated by the shower size
spectrum. Thus the predicted rate of events in which at least one muon of

momentum greater than Pu crosses the area S of the top of the spectrograph and

the instrument is triggered and there are at least 31 columns of data, 1s

-1 -1
R (>Pu) = PMPTJ (Ep)21rrdrdEP -] sxr (4.32)

All Primary All Radial
Energies Distances

On this occasion Pm is as defined in equation 4.12 but pu, the radial
density of muons, is taken from the model predictions. PT is as defined in
equation 4.1 where the shower size for each primary energy is given by the
model under consideration but the lateral structure of electrons has been

determined by the structure function due to Greisen (1960), equation 4.5.

The differential primary spectrum, J(Ep)dEp, varies according to the model under
consideration and also varies according to the composition of the spectrum.
To evaluate expression 4.32, 15 steps in primary nucleon energy from
an energy of 1.0 lo3 GeV to 1.0 lO8 GeV, were used for each threshold value
of muon moment, Pu. The integration ranged from 0.1 m to 100.0 m. in radial

distance from the centre of the spectrograph, and the expected rate was evaluated
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for six values of threshold momentum for each combination of spectrum and
model (muon momentum greater than or equal to 20, 50, 100, 200, 500 and
1000 GeV/c).

The results of these calculations are shown in Figures 4.25 to
4,28, In these figures the two lines indicated as C.K.P. correspond to
model A as described in Section 4.7.11. The lines have been drawn smoothly
through the six points at which the integral rate was evaluated. The extent
of change in computed values corresponding to a 5% change in PT, as described
in Section 4.6, is indicated by the region of ‘'hatch.’ The lines correspond-
ing to the predictions of scaling are derived using model B as described in
Section 4.7.11. In Figure 4.28 is shown the results of using model C, the
last model given in Section 4.7.11. For all these prediections the primary
spectrum ased differs according to the conditions given previously. The
discussion of the merit and closeness of fit to the experimental points of
these predictions will be left until Chapter 6. For the present an indication
of the primary nucleus energy contributing to these predicted rates is shown in
Figures 4.29 to 4.31. These plots correspond to evaluation of the following
integral for different values of primary nucleus energy :

100.0

1 E ,>P = J (E) P P 2nrdr
( o' u) ( p MET
0.1l

In Figure 4.29, I (EP'>PU) X Ep has been plotted as a function of primary
proton energy, EP, for different threshold values of muon momentum, P , for
both model A and B. These relationships are for a spectrum comprising protons
only. In Figures 4.30 and 4.31 are shown I(EN,>P ) x E_as a function of

'] N

primary nucleus energy, E r for model A and B with a spectrum of different

N
nuclei. These figures indicating the range of primary energy contributing to
the predicted rate have been evaluated for the probabilities associated with

more than 30 columns of data in measuring tray 5. Table 4.9 shows the
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PROPORTION OF CONTRIBUTION TO PREDICTED RATE

FROM DIFFERENT NUCLEI IN THE PRIMARY SPECTRUM.

COMPONENT ) V] L M LH H VH
MEAN A 1l 4 8 14 23 40 56
Muon Threshold 100 .482 .185.010.092 | .060{| .046 | .126
Momentum
GeV/c 1000 .560 .195 | .009 | .078 .047 .032 .079
CKP, MODEL A, >30 COLUMNS OF DATA
Muon Threshold 100 .418 .188 }.010 |.101 .067 .057 .158
Momentum
GeV/c 1000 .482 .195 |.010 |.098 .063 .043 .109
SCALING,MODEL B, >30 COLUMNS OF DATA
Mucn Threshold 100 .490 .182 |.009 {.091 .06l .045 .122
Momentum
GeV/c 1000 .523 .194 |.009 {.086 .536 .037 .097
CKP, MODEL A, >50 COLUMNS OF DATA
Muon Threshold 100 .416 .180 |.105 }.108 .074 .057 .154
Momentum
GeV/c 1000 .464 .158 }1.010 }.098 .069 .054 147
SCALING,MODEL B, >50 COLUMNS OF DATA

TABLE 4.9
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proportions of contribution to the predicted rate from each primary mass

component for two values of muon threshold momentum, and for both more than

30 and more than 50 columns of data.
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CHAPTER 5

THE COINCIDENT MUON PAIR EXPERIMENT

5.1 INTRODUCTION

Multiple pion production in very high energy hadron-hadron
collisions can be studied by consideration of the pion decay products.

For any event resulting from an interaction the more decay products seen
the more information might be expected about the basic interaction. In
the case of high energy cosmic ray primary interactions high in the
atmosphere, the resulting coincident muons have been scudied to investigate
not only the multiplicity of particles, (see for example Lowe, et al.,(1975)
Rogers, et al.,(1969)) but also the particle transverse momentum distribution
(Bergeson, et al.,(1975». An extensive study of muon groups deep under-
ground has been performed by the University of Utah cosmic ray group, (8ee
the Proceedings of the International Conference on Cosmic Rays from Denver,
1973, and Munich, 1975). Notably, measurements on the multiplicity of
muons deep underground are some of the few cosmic ray experiments that show
broad agreement with the predictions of a scaling model for hadron-nucleus
interactions, (Elbert, et al.,(1975),Goned, et al.,(1975». Ideally a
measurement of any accompanying air shower should be made with the muon
measurements to give as full a picture of the products of the fundamental
interaction as is possible. In the light of this, a study of coincident
muon pairs has been undertaken using the M.A.R.S. spectrograph, and S.A.R.A.
air shower array.

As was described in Chapter 2, the spectrograph has two symmetric
halves as a consequence of the magnet block désign. Each half has 3 separate
scintillation counters which provide the basic trigger pulses for the spectro-
graph. A coincident pulse from all 6 counters may be due to the traversal

of each side of the instrument by coincident muons. From September, 1975,
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until April, 1976, in over 3000 hours of recording, approximately 14400
triggers resulted in 380 events analysed as two or more coincident muons.
For approximately half of this period the air shower array was operational
and any air shower particles associated with the muon events were recorded.
The rate of two muons traversing the blue side of the spectrograph is also
considered in this chapter.

In the following section the acceptance of the spectrograph for
coincident muons is considered. Paramount to any considerations of the
data collected is an understanding of the operation of the instrument under
the conditions of collection of the data. In this context coincident muon
detection represents a complex mode of operation of the instrument as the
momentum, sign and separation of the muons can all vary. In the following
sections, information about any associated air shower as determined by the
air shower array is discussed, and a possible correlation between the muons
of a pair detected without an associated shower is considered.

Finally a comparison i1s made between the measured rate of events
and the rate of events as predicted by using the models as described in

Chapter 4.

5.2 THE ACCEPTANCE OF THE SPECTROGRAPH FOR MUON PAIRS

5.2.1 THE ACCEPTANCE FOR TWO MUONS TRAVERSING THE BLUE SIDE

In this section the acceptance of the blue side of the spectrograph
for two muons traversing the lower 4 measuring trays plus a coincident shower
striking the top will be considered. The acceptance is considered for pairs
incident with parallel trajectories and is defined so as to be consistent with

the pailr intensity. Thus the measured counting rate, CR, is

CR = A x1I
p P

where the acceptance Ap has dimensions of m4 sr, and the intensity IP has

dimensions m_4 sr:-1 s_l. In Appendix E the acceptance of a counter telescope
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for muon pairs is determined following the method of Barton,(1971).

In order to determine the acceptance for pairs of muons account must

be taken of the spectrograph triggering conditions. This applies because

of the operation of the muon momentum selector. The triggering probability

of the morientum selector will be greater for two muons than for one muon when
accompanied by an air shower. This is due to the additional cells set in

the momentum selector by the second muon. The probability of satisfying

the momentum selector condition was determined in a similar way to the
determination for single muons by the use of a computer simulation of the
operation of the momentum selector. For any given density of shower particles
which set cells in the momentum selector tray at level 5, two trajectories were
considered passing through the lower 2 momentum selector trays. However,
neither track was constrained to project into the momentum selector tray at
level 5. With 2 low momentum tracks not only is there a chance that the cells
set by each muon will separately line up with the cells set by the shower
particles but every possible combination of cells will be tested by the logic
for the straight line condition. Thus in determining the acceptance for pairs
of muons accompanied by showers a 4 tray acceptance has been used, where the
upper defining element for the muons 1s measuring tray 4 and the lower one is
scintillation counter level 1. This defines a rectangular box of dimension
1.76 m by 0.75 m of height 4.89 m. Equation E 1.4 from Appendix E has been
used to determine the values of acceptance for straight line tracks, which
correspond to the limiting case of 'infinite' momentum muons. The values
given in Table 5.1 correspond to a pair intensity variation, with zenith

angle (©), of cos” @. The Monte Carlo technique described in Appendix B and
E has been used to determine the acceptance of muon pairs of momenta less than
this limiting value. In Figure 5.1 the variation of relative acceptance with
momentum for equal momentum muons is shown. As can be seen there is a marked
difference between a muon pair having the same charge and a pair having different

charges. This effect is discussed in detail in the next section as such an



THE ACCEPTANCE FOR PAIRS OF MUONS THROUGH THE LOWER 4 MEASURING TRAYS

OF THE BLUE SIDE

n ACCEPTANCE M4 sY
-2
o 4.149 10
2 4.091 1072
-2
4 4,034 10
6 3.980 102
-2
8 3.927 10

TABLE 5.1
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effect will also apply to two muons when one traverses each side of
the spectrograph. For shaower accompanied muon pairs traversing the
blue side the limiting value of acceptance is reached for any combination

of charge when both muons are above a momentum of about 60 GeV/c.

5.2.2 ONE MUON TRAVERSING EACE SIDE OF THE SPECTROGRAPH

Tf two muons are incident on the spectrograph they will be accepted
and trigger the instrument, if one muon passes down each side through the
three scintillation counters. For muons arriving parallel the acceptance
will depend not only on the direction of arrival but also on the separation,
charge and momentum of the two muons. Considering first the situation of
an unassociated muon pair arriving parallel where both strike the top of the
spectrograph. The four possible confiqurations under which the muons will
be accepted are shown schematically in Figure 5.2 (a), (b), (c) and (d4).

There will be four further mirror image configurations when the field
direction 1s reversed. Of these eight possibilities there are 3 uniquely
different situations for two muons of given momenta. They will either diverge,
as in Figure 5.2 (a) ; or they will bend in the same direction, as in Figure
5.2 (b) and 5.2 (c) : or they will converge as in Figure 5.2 (d). A Monte
Carlo computer program was used to investigate all these possibilities by
simulating muon pairs incident on a computer model of the spectrograph. The
general technique used 1s explained in Appendix E. An area incorporating the
gap between the detectigﬂ elements on the top of the spectrograph was used

to initialise the trajectories of the muons. All three possible arrival
combinations were tested by allowing the two muons to fall anywhere over the
whole area and the trajectories computed to determine if one muon passed either
side of the spectrograph. The three possible combinations are that both muons

can be positive, both negative, or one of each charge.

The results of this analysis can be seen in Figure 5.3 where the

relative acceptance is plotted as a function of the momentum of one of the
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incident pair of muons. The varilation obtained for both two positive
and two negative muons was the same. Also the same variation of acceptance
for the case of divergence of the muons, as in Figure 5.2 (a), was found as
for the case of convergence of the muons, as shown in Figure 5.2 (d). In
Figure 5.3 the open circ les represent the acceptance as determined by the
Monte Carlo program and the lines are drawn smoothly through the points to
act as a guide.

The acceptance for muons accompanied by air shower particles will
be of the same form except that the muons need only traverse the lower 4
detecting elements on either side of the spectrograph as the shower particles
will trigger the top scintillation counters. This increase in acceptance is
shown in Fiqure 5.4. In Figqure 5.5 the variation of acceptance is shown as
a function of the momentum of one muon of a positive pair and in Figure 5.6
the variation of acceptance is shown for two muons of opposite charge. The
acceptance for muon pairs detected with a shower becomes constant with
momentum when both muons have a momentum of over about 60 GeV/c whilst for
unassoclated pairs the limiting value is reached when both muons have
momentum over about 100 GeV/c. These limiting values are independent of
the charge of the muons.

The acceptance described above has been considered relative to the
acceptance for two 'infinite' momentum muons incident on the spectrograph.
In order to make some comparison with the rate of events of two muons
traversing the blue side, a calculation has been made using a hypothetical
instrument which has a sensitive volume equal to both halves of the spectro-
graph considered joined. Thus a rectangular box of dimensions 1.76 m. by
1.888 m. of height 6.49 m. is considered. The area of the top is given by
the area of both adjacent detecting elements plus the gap between them.
This is shown in Figure 5.12 and discussed in Section 5.4.2. For the
shower accompanied case the height of the box thus considered will be 4.89 m.

with the same top and bottom areas. Table 5.2 gives the values of acceptance
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THE ACCEPTANCE OF A RECTANGULAR BOX OF DIMENSIONS AS GIVEN IN THE TEXT,

AS A FUNCTION ZENITH ANGLE INTENSITY

ACCEPTANCE M4 sr
n 5 TRAYS 4 TRAYS
0 .3751 .6429
2 .3696 .6269
4 .3642 .6117
6 .3590 .5971
8 .3539 .5833

TABLE 5.2
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of this box as a function of variation in zenith angle (0)intensity, such
that intensity is proportional to cosn 0. It should be pointed out that
the muon pairs actually detected must arrive with a minimum separation of

about 0.39 m.

5.3 GENERAL DATA OF THE MUON PAIR EXPERIMENT

- ey o @ o

In the following sections the parameters of the events in which
one muon traversed each side of the spectrograph are given. For some
events the data includes the shower size and arrival direction of any air
showers that accompanied the muons, which were large enough and close enough
to the centre of the array to be successfully analysed. All the muon data
refers to a muon traversing both sides of the spectrograph (thus causing a
coincident signal from all six scintillation counters), and all the air
shower data refers to shower information obtained from the array by interroga-
tion (initiated by the coincident signal of all the scintillation counters in
the spectrograph). The data analysis programs developed by Smith,(1976) for
analysing air shower triggered events has been used to analyse all the array
data reported here.

The relative positions of the central detector of the array and of

the spectrograph are shown in Figure 5.7.

5.3.2 THE EXPERIMENTAL DATA

The total number of muon pairs, and higher multiplicities, collected
in 3066.7 hours are shown in Table 5.3 (a).

The 60 events in which more than two muons traversed the spectrograph
are also shown as well as the frequency of different combinations of charge
of the muons for the pair events. The momentum threshold for all the events
is 6 Gev/c. During the time these events were collected the array was
operational and sensitive to interrogation for 2007.8 hours. The distribution

of the analysis options ascribed by the analysis program to the data collected
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THE MUON AND SHOWER DATA FOR THE MUON PAIR EXPERIMENT

TOTAL RUN TIME 3066.7 h CHARGE DISTRIBUTION

FOR PAIRS
Number of Muons of Each Multiplicity

i
) MUON 2's 3's 4's S5's 6's + + - - + -
(a) PAIR
DATA
320 49 10 0 l 67 72 181
Number of Events in each
Category
TOTAL SENSITIVE TIME FOR ARRAY 2007.8 h
DISTRIBUTION OF 255 ANALYSED EVENTS
1
AIR ANALYSIS OPTION 1l 2 3 4
SHGWER
(b) DATA
NUMBER OF EVENTS 73 100 S 77
TABLE 5.3
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in this period is shown in Table 5.3 (b). Of the 73 events given option 1,

47 correspond to particle densities of less than 0.5 particles m-2 in all

the array detectors. For all these 47 events there were also no air shower
particle tracks in the top measuring tray of the spectrograph. Of the

other events, 78 were analysed as showers of more than 10s particles whose

axis fell within 50 m. of the centre of the array, 45 events were determined

as showers of less than lo5 particles, and for 40 events the axis fell more
than 50 m. from the centre of the array. Figure 5.8 shows the normalized
acceptance of the array , (Smith and Thompson, 1977). This was determined

by simulating the response of the array detectors as well as the performance

of the analysis programs. The acceptance as given in Figure 5.8 depends on

the probability of the array being triggered but when the array is interrogated
this probability will be unity. However, the successful analysis of an
interrogated event will depend upon the size of the shower and the distance

of the axis of the shower from the centre of the array. The integral spectrum
of showers above a size of 4 105 particles and accompanied by two muons of
momentum above 6 GeV/c 1s shown in Table 5.4. Reference will be made to this
spectrum when consideration is given to the shower sizes predicted to contribute
to the measured rate of muon pairs. For this purpose only those events for
which there were also more than 30 columns of data in measuring tray 5 on

both the blue and red side of the spectrograph have been included in this table,

5.3.3 ANGULAR SEPARATION OF MUONS

The muon trajectory analysis program determines the arrival direction
of the muon i1n the bending plane of the spectrograph by fitting a tangent to
the track at the point of entry into the spectrograph. Figure 5.2 shows the
distribution of angular difference of the arrival direction of the two muons
for muons of momentum over 40 GeV/c. The distribution has been split into
those events in which the incident directions converge and those events in

which the incident directions diverge. The mean of the combined distributions
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THE INTEGRAL SIZE SPECTRUM OF AIR SHOWERS ASSOCIATED WITH TWO MUONS

BOTH OF MOMENTUM GREATER THAN 6.0 GeV/c TRAVERSING THE SPECTROGRAPH

SIZE Ne 4.0 105 7.87 105 1.55 106 3.05 10

NUMBER (>Ne) 34 19 8 3

TABLE 5.4
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(convergence plus divergence) is 0.19 degrees nett divergence and the

r.m.s. standard deviation is 0.22 degrees. Summing overall and consideraing
convergence as negative and divergence as positive, the nett divergence 1is
then 8.3° for the 113 events. Not included in this are 3 events in which

the two muons arrived with angles differing by more than 2.0 degrees. It
should be stressed that the computed muon angle requires a correction, which

is momentum dependent,to give the true arrival angle. Wells (1972) has
determined the correction to be as much as -7.2 degrees for a muon with
momentum 10 GeV/c arriving at -6 degrees to the vertical. Hence muons of
momentum of less than 40 GeV/c have not been considered for parallel incidence
because even for the same approximate arrival direction the correction required
will be different if the muons momenta are different. Even at a momentum of
40 GeV/c a small correction is required which has not been applied to these
events. Thus Figure 5.9 acts only as an indication of the extent to which

the incident muons have parallel tracks but a slight nett divergence can be

concluded for these coincident muons.

5.3.4 SPACIAL SEPARATION OF THE MUON PAIR

The maximum and minimum separation of the two muons as measured in
the bending plane of the spectrograph is limited approximately by the width
of the gap between, and the extreme edges of, the measuring trays. In
shower accompanied events the muons can enter the spectrograph below the
top tray, at inclined angles, and initially be separated by more than this
width. The distribution of separation of the recorded pairs of muons is
shown in Figure 5.10 where the data has been split into those events where
the muon pair have the same charge and those events where the charge is
different. Shown also 1s the expected distribution for 'infinite'
momentum muon pairs with a completely random separation. This was determined
by simulating the arrival of muon pairs on a model of the spectrograph.

However, the rate of coincident muon pairs has been shown to be a function
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of the separation of the muons. (George et al.,(1952) Hunter and Trent,
(1962) Porter and Stenerson{1968) Bergeson, et al.,(1975)). This decoherence
has been determined for muon palrs at several different depths underground
where a significant decrease in the rate of events is seen for an increase
in separation. The extent of this variation isa function ofthe depth below
ground of detection of the muon pair, and hence of the energy of the muons.
Barrett, et al.,(1952) determined the decoherence curve at a depth of 1600
meire water equivalent (m.w.e.) for muons of energy of at least 3 lo2 GeV at
ground level. Their results approximate well to the assumption that the
lateral distribution of muons about the shower core is flat out to a radius
of about 13 metres and zero at larger radii. George et al.,(1952) working
at a depth of 60 m.w.e., conclude that for muons of energy over 12 GeV the
density is uniform over a circle of radius of about 60 metres. The data
presented in Figure 5.10 includes events for which the energy of the muons
range from below 12 GeV to over 3 lO2 GeV. As the detection of two muons
depends on the relative charge and separation as well as the momentum of the
muons, no attempt has been made to discern the decoherence of the muon pairs.
However, in Sections 5.4 and 5.5 it has been assumed that the muon pairs
arrive with completely random separations. In order to make some comparison
with predictions, the experimental rate of events has to be restricted to

those events for which both muons have a momentum in excess of 60 GeV/c.

5.3.5 ANGULAR DEVIATION OF MUON PAIR FROM SHOWER AXIS DIRECTION

If, when the air shower array is interrogated, shower particles had
passed through the timing detectors the arrival direction of the shower can
be determined. Figure 5.11 shows the arrival direction of the muon pair in
comparison to the shower arrival direction projected into the bending plane
of the spectrograph. For these events 4 of the array timing detectors
recorded the shower event and the two muons had momenta of over 10 GeV/c.

The lines on the figure join the angle as determined for the blue side
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muon to the angle as determined for the red side muon. The correction
has not been applied to the angles of arrival of the muons as described
in Section 5.3.3 , hence this figure acts only as an indication of the

general correlation of the muons with the air shower.
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5.4 THE PREDICTED RATE OF COINCIDENT MUON PAIRS ACCOMPANIED BY

AN AIR SHOWER

5.4.1 INTRODUCTION

In the following sections the two methods developed in Chapter 4
are used to predict the rate of coincident muon pairs. The predictions,
which use the semi-empirical structure functions and particle interaction
models, are compared with the rate of events in which two muons traverse
the blue side and as well as the events in which a muon traverses both the
red and blue sides. For both cases the measured rate of pair events has
been converted into an intensity of pairs using the techniques described in
Section 5.2 and Appendix E. The need to remove the effect of the instruments
geometry before comparing measurements with predictions has been pointed out
by Barton (1968), and Porter and Sternerson (1968), and has led to some

misunderstanding as reported by Barton (Castagnoli, et al., 1969).

5.4.2 THE CONVERSION OF THE RATE OF EVENTS INTO THE INTENSITY OF

MUON PAIRS
A total of N pair events recorded by the spectrograph in a total
time T hours corresponds to a measured rate R of R = N/T h-1 The intensity

of events I will be

4 -1 -1

I = R/A(n) M sr "h

where A(n) is the acceptance of the spectrograph for pairs of muons for which

the intensity varies with zenith angle (O)as cosne. A value of n = B has

been used for the muons, when they are accompanied by air showers.
Considering first the events in which a muon pair traverse the

blue side of the spectrograph,which are accompanied by shower particles

discharging one or more flash tubes in more than 30 columns in measuring

tray 5. A total of 105 events were recorded in about 5118 hours for which

both muons had momentum of over 20 GeV/c. However, the acceptance for pairs

varies with momentum if one or either of the muons is of momentum less than
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about 60 GeV/c. Thus the expected integral rate has been compared to the
measured integral rate of two muons for two higher threshold values of
momentum. The measured rate of muon palrs for which both muons have
momenta greater than 60 GeV/c and for which both muons have momenta greater
than 100 GeV/c are shown in Table 5.5. The corresponding intensities which
are shown have been determined using an acceptance of 3,927 10-2 m4.sr. for
the lower 4 measuring trays.

To consider the rate of events in which one muon traverses each
side of the spectrograph an analogy of the experimental situation has been
used. Two computer models were constructed in which the spectrograph was
represented by the positions of the scintillation counters at levels 1 and
5 and measuring tray 4. Figure 5.12 (a) shows schematically the actual
relationship of the detecting elements considered whilst Figure 5.12 (b)
shows a rectangular box equivalent to both halwves of the spectrograph plus
the gap in between. Considering only the case of 'infinite' momentum muons,
both of these models were used in a computer simulation in which muons were
incident with an intensity that varied as cosne,e being the zenith angle.
The entire area of the top at level 5 (X times Y, Figures 5.12 (a) and (b) ),
was used in both simulations, and the simulations were repeated for muons
incident on level 4. In this way the response of the spectrograph to pairs
of muons was compared to the response of a spectrograph of dimensions similar
to those of Figure 5.12 (b) and for which the acceptance has been calculated
by integration and is shown in Table 5.6. Also shown in the table are the
number of successful simulated events in lo6 trials for both of these shapes
of instrument. A description of this type of Monte Carlo simulation is given
in Appendix B. Thus, assuming a completely flat decoherence curve (that is
a completely random value of separation of the muons on arrival) the percentage
decrease in measured events expected will be the ratlio of the successful events
for the simulation of the actual spectrograph to the successful events for

the simulation of the hypothetical instrument.




THE INTENSITY OF MUON PAIRS TRAVERSING THE BLUE SIDE OF THE

SPECTROGRAPH

THRESHOLD NUMBER OF INTENSITY
MOMENTUM EVENTS IN 5118 h .
60 GeV/c 43 0.214

100 GeV/c 20 0.100

TABLE 5.5
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The acceptance of the two halves of the spectrograph varies

according to the momentum of the incident pair of muons for muons of
momentum less than 60 GeV/c. The variation of acceptance with momentum

can be seen in Figures 5.4, 5.5, 5.6, and accordingly the predicted rate

will only be compared with the experimental rate of muon pairs when both

the muons have momentum of over 60 GeV/c and also when both are over 100
GeV/c. In Table 5.7 the number of events recorded in 3066 hours for these
two threshold values of momentum is shown. Also shown is the number that
would have been recorded by a rectangular spectrograph, as described,

which has been determined by multiplying the measured rate by the percentage
increase as shown in Table 5.6. These events were all accompanied by shower
particles which discharged one or more tubes in more than 30 columns in both
measuring tray 5 on the blue side and measuring tray 5 on the red side.

Hence the values of acceptance appropriate have been taken from the row
corresponding to ; 4 trays and n = 8, of Table 5.6. Table 5.7 also shows
the number of events where both muons recorded were of momentum over 100
GeV/c and no shower particles was detected by the array or by the top measuring
trays of the spectrograph. A value of 100 GeV/c has been used as a threshold
for this situation, because the acceptance varies for values of momentum less
than this (Figure 5.3). The value taken to adjust to the expected rate is
from Table 5.6 in the row corresponding to ; 5 trays and n = 4. Barton,
(1968) suggests that this cos 0 exponent of 4 for the angular distribution of
muon groupg (as reported by Higashi, et al., 1962) may be expected as muons

will be less strongly collimated than the electron component of showers.

5.4.3 THE MUON PAIR INTENSITY PREDICTED FROM THE SHOWER SIZE SPECTRUM

An attempt has been made to predict the intensity of coincident muon
pairs using the measured sea level shower size spectrum and the electron and
muon structure functions due to Greisen (1960), equations 4.5 and 4.6. The

method used follows closely the method developed in Chapter 4 for single muons.




THE NUMBER OF MUON PAIR EVENTS IN WHICH ONE MUON PASSED EACH SIDE OF THE

| SPECTROGRAPH
|
|
THRESHOLD NUMBER OF ADJUSTED INTENSITY
MOMENTUM EVENTS IN NUMBER OF CORRESPONDING TO
GeV/c 3066 h EVENTS FOR BOX | ADJUSTED NUMBER m ¢ sr th™*
'RAYS 60 46 348 0.195
WER
1ED
ENTS
100 26 197 0.110
YS
OWER 7 47 - -
CLES
100 7 (1725 h) 50 0.080

TABLE 5.7
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The probability of two or more muons striking the top of the spectrograph
must be determined. The probability that n particles cross a detector

of area S m2. when the mean denaity is pm-2 is given by the Poisson formula,

n -ps

P = (ps) (5.1)

so that the probability of at least two particles crossing the area is

-ps
P2 = 1 - (1 + ps)e (5.2)

Thus the predicted rate of events in which at least two muons of momentum

greater than Pu cross the area S m2 of the spectrograph top is

. -1 -1
R2(pu’>Pu'Pu2>Pu) - P2PT2F(Ne)21rrdrdNes gr = (5.3)

J )

All shower Aall radial
sizes, Ne distances, r

where F(Ne) dNe is the differential shower size spectrum which can again

be determined from the integral shower size spectrum. P> is as given in
equation 5.2, and PT2 1s the probability that the spectrograph will be
triggered. For predicting the rate of pair events on the blue side, PT2 has
been determined as described in Section 5.2.1. However, the events in
which a muon passes either side of the spectrograph will be triggered
independently of the momentum selector as only the six scintillation counters
need provide a coincident signal to trigger the spectrograph. The probability
of getting more than 30 columns of flash tubes in measuring tray 5 in which at
least one tube had discharged was determined in Section 3.11 as a function of

particles hitting the blue side. This can be extended to the red side as well.
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Thus a prediction can be made for events in which a muon of greater than
a given threshold momentum traverses each side of the spectrograph and
more than 30 columns contain at least one discharged tube in the top
measuring trays on both sides of the instrument. In this case,

Py = Pep (pe) x Pop (P€) (5.4)
where PCB(pe) is given by Pc(pe) and 1s defined as the probability of
getting one or more flash tubes discharged in more than 30 columns in
measuring tray 5 on the blue side ; and it has been assumed that PCR(pe),
the probability of one or more flash tubes discharged in more than 30
colum1s in measuring tray 5 on the red side, is approximately equal to
Pc(pe).

To evaluate equation 5.3 the differential shower size spectrum,
expression 4.10 and 4.11 have been used and the limits of integration were
set as described in Section 4.6, with the exception that the upper shower
size limit was set to 108. The results of this calculation for both the
blue side events and 'both' side events are shown in Table 5.8. In the
case of the predictions for the blue side events the intensity corresponds
to the rate of events in which two muons pass through 1.32 m2 and the corres<

ponding predicted number of recorded events is determined by if.he acceptance

of 3.927 lO_2 m4 sr and the run time of 5118 hours. For one muon each side

equation 5.3 was evaluated for an area of 3.322 m2 and the number in the run
time of 3066 h corresponds to an acceptance of 0.5833 m4 sr. The number of
events actually expected has been determined as 13.2 % of this number. Comment
on the agreement of these predictions with the values of Tables 5.5 and 5.7
will be made at the end of the next section.

The contribution predicted to come from different radial distances is

shown in Figure 5.13 for both cases. This figure is a plot of I (r,>Pu) Xr
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10
where

I(r,>Pu) = 21r P2PT2F(Ne)dNe (5.5)

5 10°
Notably the predicted contribution is from smaller radial distances for
the pair events than for the single muon events, Figure 4.13.
In order to contrast the size of the showers predicted to contribute
1o the rate with the integral shower size spectrum of Table 5.4, the integral

equation 5.3 was solved with a shower size lower limit of 4 105, 7.87 105,

1.55 lO6 and 3.05 106. In each case the integral was solved for muons of
momentum greater than 20 GeV/c, and Table 5.9 showg the result in comparison
with the normalized measured rate. The agreement is reasonable given that
the measured events correspond to a muon momentum threshold of 6 GeV/c but

cannot be considered conclusive because of the small size of the sample of

air showers.

5.4.4 THE INTENSITY OF MUON PAIRS PREDICTED BY THE INTERACTION MODELS

The method used to predict the rate of muon pairs in air showers
using the CKP and scaling models follows the arguments as given in Sections
4.7.1 to 4.7.13 of Chapter 4. The predicted rate of events in which at

least two muons of momentum greater than Pu cross an area of s m2 is

-1 -1
RZ(PH1>PH'PM >Pu) = P2PT2 J(Ep)21rrdrdEp s sr (5.6)

Primary Radial
Spectrum Distances

Models A, B and C as detailed in Section 4.7.11 have been used in evaluating
equation 5.6 to predict the rate of blue side muon pairs as well as the rate

of pairs through the box described in Section 5.4.2. P2 and PT are as
2
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Figure 5.13. The contribution to the predicted mte of
pairs from different radial distances.



THE MEASURED AND PREDICTED CONTRIBUTION FROM SHOWERS OF DIFFERENT SIZES

TO THE SHOWER ACCOMPANIED MUON PAIR RATE.

(NORMALISED TQ INTEGRAL

SHOWER SIZE 4 105)

N 4 10° 7.87 10° | 1.55 10° | 3.05 10°

MEASURED INTEGRAL

NUMBER OF SHOWERS 1 .56 .24 .09
(>Ne)

PREDICTED INTEGRAL

NUMBER OF SHOWERS 1 .57 «27 .12
(>Ne)

TABLE 5.9
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defined in Section 5.4.3. The intensities thus determined are shown in
Tables 5.10 and 5.1l. The intensities in Table 5.10 are computed for

an area of 1.32 m2 and the corresponding number is determined by the
acceptance of 3.927 10—2 m4 sr, and the experimental run time. These
predicted values can be contrasted with the values given in Table 5.5 and
the left-hand side of Table 5.8. The rates predicted by the calculation
involving Greisen's air shower particle structure functioas and the sea
level shower size spectrum, and the CKP model calculations are in broad
agreement with the measured rates. The measured rate of events lies
somewhere 1n between the proton only and mixed composition predictions

of the CKP model. The scaling model predictions are all too low compared
to the measured rate with the exception of the mixed composition of model C
which predicts a rate too high by a factor of 2. Table 5.11 can be interpreted
in much the same way for the predicted rate of events in which a muon passes
eirther side of the spectrograph. Here the combination of mixed composition
and CKP model is the nearest to the values of TAble 5.7. However, there
are some serious qualifications of these results, and any conclusion will be

reserved until the end of Chapter 6.

5.5 MUON PAIR PRODUCTION

Following Yukawa,(1935) many suggestions have been made concerning

the possible existence of a 'carrier' of the weak force in direct analogy

with the photon or quanta which mediates the electromagnetic force. (See
for example Lee and Yang,(1957) Feynman and Gell—Mann,(lQSB) Weinberg,
(1967) Salam,(lQGd». The intermediate Vector boson has been proposed
in both charged (W*) and neutral (Zo) form and estimates of the mass of

each form are model dependent. Theories that unify the weak and electro-

magnetic interaction yield

Mw ~ 37 Gev/c2 (See Weinberg, 1967 and Salam,1968)
Mz ~ 75 GeV/c2




OT"S JTAVL

69 v L S°1 13 81 Yy 8TTS Ut
Jaqumpy
001
(o) ° o o] 0o ° o * (o] i (o] 0° Is s o
1- T G6°C z- T 90°2 z- T LZ°E €= T L9°L - 1 €L z- T 90°6 1- 1-° p-
Katsusjur
88 0°9 OoT (A4 69 (4 Yy 8TTG ut
Jaqump
09
. . . o . o . . 1s s o
HloH ov°v NnoH Pl ¢ NuoH 6T1°S z- T1¢°'1 1- T Iv ¢ anOA 19°1 1- -5 -
K3Tsuajux
uot3tsodwo) KTuo uoftatsodmo) K1uo uot3Tsoduo) Ktuo o/MA29 Y¥IVd
POXTH suojoud PORTH suojoxg POXTH suojoid NOOH ¥Od
WOLNSWOR
SNITYDS ONITVOS d30 .
O 13A0W d TIAOW ¥ TIAOW TOHSTHHL

STIAOW ONITVOS ANV IID JdHL A9 JALOIATYd SYIVd NONW HAIS INITIE 40 JAIVY HJHL
B R o




IT1°S TTIEYL

TaquMN
8Y Ly Z°9 L1 Lz ST nwumﬂmu¢
£9¢ SE LY €1 102 €TT Y 990¢ ut 00T
T3aqUMN
Is _ s w
HnoH £0°¢C _OT L6°T _0T 19°¢ muoH 6C°L H|0a €1°T NloH 0g°9 - 1= ¥~
4 4 K3ysuajuy
IaqumN
oL 'L 9°6 6°2 Ly 8¢ poasnlpy
u
825 vs €L 12 €se 802 pGeil 09
IS _ s _w
_OT s6°¢ OT €0°¢ _0T 90°T _O1 ST°1 _OT 86°1 HnoH 911 - 1= ¥
T Z- 4 4 T K3Tsuequr
uot3lFsodwo) K1uo uot3Tsodwo) KTuo uotyFsodmo) KTuo o/A® ¥IVd
POXTH suojo.ag POXTH suojoxd POXTH suozoxd NOGIR HOZ
WOLNIROW
ONITVYOS ONITVOS 5o ]
H
0 TIAOW g€ TIAOW ¥ TITOW QIORSTEL

STAJOR ONITVOS ANV 4O JTHL ONISN SYIVd NONW JO ALVY JILOIAHYd HHL




- 100 -

however Marciano,(1975) has suggested that the neutral form may have

a lower limit of only,

Mz > 6 Gev/cz

The recent detection of neutral current events in the large heavy liquid
bubble chamber Geryamelle at CERN (Hasert, et al., 1973, see also Lee, et al.,
(1976) for a later view)lends weight to the hypothesis of both charged and
neutral states of an intermediate vector boson. In this way a neutral
current event may be represented by a neutrino (which only acts via the

weak force) interacting with a proton and remaining as a (neutrally charged)
neutrino and not converting (as it more usually does) to a negatively charged
lepton. An interpretation is that a neutral particle, Z°, passes between
the neutrino and the proton communicating the weak force from one to the
other. Thus the leptons involved have not changed the sign of their electric
charge. With the more common charged currents, the communicator would be the
Wt. Further experimental observations include directly produced muon
pairs in neutrino and hadron collisions with protons. (See for example
Benvenuti, et al.,(1975) Branson, et al.,(1977)). These|dimuonslhave raised
much current interest centred around the possibility of contirming the
existence of the quantum number charm or of the production of a heavy neutral
lepton or even of a weak intermediate vector boson. (See Adler, et al., 1975,
Chang et al.,(1975) Brandt, et al.,(1974)).

Kanofsky and Colter,(1973) have used a magnetic cosmic ray muon

spectrograph to determine the rate of showerless penetrating particle-pairs
of energy above 3.6 GeV. These authors suggest that the flux of pairs may
be due in part to the decay of intermediate vector bosons or of two massive
non-interacting quarks which could be produced in high energy cosmic ray
interactions. The theoretical process they put forward is the peripheral

production of a neutral vector boson whilst the other particles produced
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carry very little energy, and hence no air shower will be produced.
Their spectrograph is similar in general outlay to the MARS spectrograph
consisting of two iron absorbers placed between counter arrays, and is
designed to be sensitive to muons pairs separated by up to 60 inches.
However, they report a rate of muon pairs of energy above 3.6 GeV and
unaccompanied by an air shower that i1s consistent with zero. This is
in agreement with Bingham and Kellerman (1965) who 1n over 2000 hours of
recording with a neontubehodoscope detected 19 muon pair events all associated
with a shower of size at least 5 lo5 particles. These workers could detect
a muon pair separated by up to 30 cm.

The present experimeﬁtal data as described in Section 5.3.2 contains
47 muon pair events, apparently unassociated with an air shower. Out of
these, 26 are a combination of a positive and negative muon. Nieto (1968)
has suggested that 1f a vector boson 1s produced in collisions of primary
particles with nucleons of air nuclei its existence might be determined by
detecting muon pairs produced. His model of neutral boson (Z°) production
by a peripheral proton-proton collicstion leads to a z° that is a resonance
of the muon pair system in which the z2 muon - muon coupling is large. The

z° mass 1s in the range

21 GeV/c2 & Mzo < 42 GeV/CZ

and might be determined by transforming to the centre of mass of the pair

of oppositely charged muons that are detected as a coincident pair. The
present experiment is sensitive to muon momenta in the range of 10 to 1000
GeV/c and separations of the order oftmetre for the detection of a muon pair.
Thus even with a lower limitof about 6 km. (Wdowczyk, 1975) for the production
of muons of this energy the upper limit of mass of any particle decaying to
two muons for which this experiment is sensitive is below that predicted for

the boson, unless it decays directly in the line of flight. Following Nieto,

oW
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1968, for a particle (boson) of total energy 1000 GeV (the sum of two
muons) decaying transversely 6 km above an experiment detecting two muons

separated by 1 m.)the mass M is

3
M A ;5_12_ Gev/c?

6 10 x2
2
= ,08 GeV/c

Kinematically the two muons detected with four-momenta P. and P, are

1 2
equivalent to one single particle with four-momentum P and invariant mass
M such that

2

L)
]

2
(P1 + Pz) = M
2 - - 2
M = (El + E2) - (Pl + p2)

where E and P are the energy and momentum of the two muons.
The invariant mass of the oppositely charged showerless muon pairs
determined in this way is shown in Table 5.12 and Figure 5.14 shows the
histogram of the invariant mass of the shower accompanied muon pairs as
well as the unassociated muon pairs. For small lateral separations of the
pair of muons the energy difference will be greater than for widely
separated palrs. The geometry of the spectrograph makes it sensitive to
muon pairs where the muons are of approximately the same energy and hence
in the view of the author no unique shape will be discernible with so few
events.

Benvenuti, et al.,(1975) have reported events in which high energy
{v 100 GeV) neutrinosand anti-neutrinosscatter off hadrons and produce muon
pairs of opposite charge (u+u—). The authors conclude that the results are
consistent with a new particle of mass less than or near 4 GeV but as the

invariant dimuon mass extends to v 4 GeV with no significant structure there




THE ENERGY OF THE MUONS AND THE INVARIANT MASS FOR SHOWER

UNASSOCIATED MUON PAIRS

Muon 1 Muon 2 Invariant Mass
Charge Energy, GeV Charge Energy, GeV GeV/c2

- 10.6 + 143.0 0.416771
+ B80.2 - 9.5 0.343297
+ 40.3 - 376.9 0.357611
- 23.8 + 92.5 0.261850
- 22.8 + 21.1 0.211440
+ 27.3 - 17.0 0.217235
- 41.6 + 77.7 0.221674
- 15.7 + 22.9 0.215056
- 14.2 + 27.6 0.223053
+ 31.0 - 1l01.7 0.249667
+ 37.2 - 181.8 0.281324
+ 15.3 - 6.6 0.230226
+189.0 - 271.0 0.214728
+ 21.6 - 37.6 0.219449
- 52.7 + 230.4 0.271410
=511.2 + 23.6 0.514365
-129.6 + 43.3 0.243826
+ 11.3 - 27.6 0.232695
+ 85.0 - 18.1 0.277678
- 87.1 0.212321
+ 11.4 0.211313
- 18.3 0.253607
- 12.4 0.242983
- 93.8 0.217738
+ 125.8 0.223228
- 20.3 0.242565

TABLE 5.12
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is no evidence of weak boson production. In considering this data
further, Benvenuti, et al., 1975a, (and other publications referred

to therein), point out a pronounced asymmetry in the energy distribution
of the u_ and u+ such that the ratio of the mean energy of the positive

muons, E u+, to the mean energy of the negative muons, E u’ is

|B.1I
=

(&]]

ut
Dividing the muon pair data of the present experiment into the unaccompanied
events,and the shower accompanied pairs (in this case more than 30 columns

of data on both sides of the spectrograph) the following ratios occur

Eu- {(shower accompanied) = 0.77 for 77 events
EU"‘

whilst
E- (unaccompanied) = 1.20 for 26 events
EH"'

where any event in which a muon with a momentum of over 1000 GeV/c has been
excluded. However, for the individual events the mean and standard
deviation of the ratio of the energy of the negative muon to the energy

of the positive muon are about 2.23 and 4.44 respectively for the 26

shower unaccompanied pairs.

It cannot be concluded that a significant difference is seen in the
properties of the muon pairs unassociated with air showers compared to the
shower accompanied pairs. Correlations between two muons are likely to be
mich stronger if they are from the same interaction,or carry away a
substantial part of the energy of one interaction, than if they are from

interactions or particle decays well separated in point of generation.




CHAPTER 6

THE INTERPRETATION OF THE RESULTS

6.1 INTRODUCTION

The measurements reported in this thesis do not lend themselves
ta direct comparison with other experimental results. The varticular
nature of the experiments described requires any interpretation of the
results to rely heavily upon previously measured quantities, if comparisons
are to be made with predictions. In this chapter the assumptions made,
and methods used to interpret the results in the preceeding chapters are
discussed and alternative possibilities and sources of uncertainty in the
calculations are considered.

A single measurement of ionizing particle density over a region of
about one square metre has been assumed to imply the impact of an extensive
air shower. Given that the recorded events are due to a range of shower
sizes falling at a range of distances a summation has been used to extrapolate
from this one measurement to infer properties of the whole shower, ie. a
unique structure function has been assumed. In this context systematic
varirations in any of the assumed quantities (age, lateral distribution, muon
content of the shower, and so on) will have a cumulative effect. No account
has been taken of a possible variation of age over the lateral extent of the
shower, (Khristiansen, et al., 1975) and a single fixed age parameter has
been assumed for all showers at sea level. The same lateral structure has
been assumed for all shower sizes which may be a reasonable approximation
even for very small showers (Fukui et al., 1960). However, considerable
variations have been seen in, for example, the steepness of the core of
small showers (Fukui, et al., 1960, and as reported by Greisen, 1956). Taking
into account variations in behaviour of an assumed initiating photon only,

Greisen (1956), gives as an example a possible increase, due to fluctuations,
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in the number of electrons by a factor of over 1.5 above the average
value given by cascade theory for a shower of age S = 1.4, Thus even
using an empirical expression for shower particle density as a function
of radial distance (which has been derived from more conventional shower
measurements by arrays of many detectors) systematic and fluctuation
effects may play a significant part in the predictions reported here.

A further consideration is the role played by the muon component
of showers. As the form of the radial distribution of muons above a
threshold momentum must be known in order to interpret the present results
another possible source of systematic error may be introduced into any
predictions. Here a distinction can be made between the empirical muon
structure function used and the radial distributions predicted by the
interaction models. The exact shape of the lateral distribution near the
axis becomes difficult to determine for increasing shower sizes, thus an
empirical expression is likely to be less reliable near the axis than far
from the axis, whereas interaction models will tend to give specific predictions
for the density at each radial distance.

The energy threshold at which ailr shower particles are detected by
the top flash tube trays is considered in Section 6.3. Once again a disparity
is likely to occur in the present experiment. The empirical expressions used
for the radial density of air shower particles may have been determined for
different thresholds for particle detection, to the effective threshold of
the present experiments.

As a further comparison of the CKP and scaling interaction models
the same primary spectrum has been applied to bcth models and the rate of
events for the present experiment predicted. This acts as a more direct
contrast of the two processes but may lead to difficulties if comparison is

then made on an absolute scale with the experimental results.

6.2 THE LATERAL STRUCTURE OF ELECTRONS

The lateral structure function of the electron component of air
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showers that was used in the preceeding chapters is essentially the

empirical Nishimura-Kamata-Greisen (NKG) distribution

R R T

as introduced by Greisen,(1956)_ The age of the shower is represented

LAk

L
by s and x is the Moliere unit defined as

ES xo
Y = ——
m €
o

where xo is the radiation length, eo is the critical energy, Es is the
scattering constant, and C(s) is a normalization factor. Following
Greisen,(1960) the expression used for the present work {(equation 4.5)
follows from equation 6.1 with the age parameter fixed at 1.25 and the
Moliére unit at 79 m. This is to represent sea level air showers. The

local density of electrons can then be expressed as

p(r,Ne) _-?f (6.2)

n
EH mz
%
P o %
0]
EH 'H
N

As the present experiment is possibly sensitive to very small

showers a fixed age parameter of s = 1.4 may be more appropriate and has
been used to contrast with the earlier predictions made. This larger age
parameter has been suggested for smaller showers, especilally for measurements
near the axis. (Campbell and Prescott,(1952) Greisen,(1960)). Thus the

following expression has been determined to represent a shower of age s = 1.4,

r r
p (N ,r) = 0.434 Ne - m (6.3)
e r 2 r r+rm
m
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(this is similar to equation 4.5 with the last term removed as this
only has effect at verxy large radial distances).
This structure function has been used in a calculation as described in

Section 4.6, where PT' P, and F(Ne) are defined in the same way and

M
have the same numerical values. Two different lower limits for the
integral over shower size have been used, Ne =1.0 103, and Ne =1.0 104,

and the rates of events predicted as a function of muon threshold momentum

is shown in Figure 6.1 for both these lower limits. Thus from this
consideration if the overall age of the showers contributing to the
experimental rate is greater, the expected rate of events is lowered.

However, the smallness of change of overall rate due to excluding showers

of less than about 104 particles may indicate that the contribution 1is from
showers with S not much larger than about 1l.25.

A further consideration is the theoretical variation of age of the
shower with radial distance, such that S decreases with distance from the
shower axis. The theoretical maximum of a shower, and hence age, is reached
earlier for the high energy particles near the axis than for the low energy
particles far from the axis. The radial dependence of S is weak for
distances of greater than about 30 m at sea level but can vary considerably
at closer distances to the axis. As an example of this Greisen,(1956)
points out that if a shower of lo5 electrons is detected 16 radiation lengths
below the point of origin and is initiated by ten identical collinear photons,
S has the value 1.6 at one metre; 1.3 at 10 metres, and about 1.2 at 50 metres.
However, Fukini et al.,(1960) found that an age parameter of S<1.0 was needed
to fit an N-K-G type function to the radial distribution of particle densitiles
near the axis of some measured air showers.

Recently, Allen, et al.,(1975) have made some extensive Monte Carlo
simulations of electron-phcton cascade development and have compared the

results with other authors calculations including the Nishimura-Kamata,

(N-K) functions. Allen et al., suggest that MN-K functions over-estimate
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the width of the electromagnetic cascade such that at shower maximum

(S = 1.0) the median width is 0.12 Moliére units (0.25 radiation lengths
1s about 10 g cm-2 in air) and not 0.27 as given by the N-K functions for
a 10 GeV photon-initiated cascade. This will have implications not only
for the actual radial electron structure of showers but if, as is usual,
N-K type functions are used to determine the shower size from density
measurements beyond several tenths of a Moliére unit, shower sizes will
be under-estimated. This may have an effect on estimates made of the

shower size spectrum by air shower arrays using N-K type functions.

6.3 THE ENERGY THRESHOLD FOR ELECTRON DETECTION

The expressions used this far for the density of electrons at
different radial distances from the axis of air showers are appropriate
to all electrons above zero energy (Greisen, 1956). However, a finite
energy is required by an electron to penetrate the material above the
measuring and momentum selector trays on the spectrograph. Thus in the
presen’ experiment fewer shower particles may be expected to be detected
in measuring tray 5 but a certain amount of extra low energy electrons
can be expected from the 'amplification' effect of this material. The
amount of absorbing material vertically above measuring tray 5 is indicated
in Table 6.1. However, all the material 1s not compacted immediately
above the measuring tray and for a shower incident at an angle to the
vertical different electrons will pass through different amounts of material.
Thus although the 24 gm cm_2 of absorber represents a particle threshold
of about 48 MeV this will only apply to vertically incident electrons and
no unique energy threshold can be determined. The average energy of electrons
over the whole shower is given by Hayakawa,(1969) as 230 + 50 MeV at sea
level and Grexsen,(lQGO) suggest an approximately constance average value
of energy just below the critical energy for air, ec = 84 MeV, for the

electrons well away from the axis (i.e. beyond rm). In Figqure 6.2, is
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shown the average energy per electron for radial distances less than
100 m, which is the region of interest for the present experiments.

The data for the figure are taken from the work of Fukui, et al.,(1960)
and the references they quote. As these authors explain the average
energy per electron has been determined by dividing the energy flux by
the corrected particle density as the energy flow includes the enerqgy
carried by photons. Shown also is the theoretical curve they calculate
using an N-K function for a shower with S = 1 initiated by an infinite
energy primary photon.

The approach adopted here to consider the effect of a threshold
value below which the electrons will not be detected, involved the
calculations of Dixon, et al.,(1973). These workers have given two relations
for the number of electrons expected at sea level which are both the result
of simulations of air showers assuming a CKP type interaction model. These
two predictions are shown in Figure 416§ and differ only in the threshold
energy of electron considered. There is a change of slope in both relations
of shower size to primary energy at a primary energy of just over lo6 GeV,
and both relationships have been determined for proton initiated showers.
The relation of shower size to primary proton energy for each energy region
1s given in Table 6.2. Here the conversion from the fixed energy primary
case to the fixed shower size case is given by 2.8 EP-O.031 for all values
of primary enerxgy. The primary spectrum used with both of these relation-
ships 1s shown in Table 6.3 and has been determined as described in

Section 4.7.8 to be compatible with the sea level shower size spectrum.

The rate of muons expected is then given by equation 4.32 where the parameters

P, P

pt Pyr T are as before but the relation of shower size to primary proton

energy and the primary spectrum are as given in Tables 6.2 and 6.3. However,
the electron structure function equation 4.5 has been used and the cut off
in electrons due to their energy falling below 10 MeV is governed by the

relation of shower size to primary proton energy. This assumes that the




THE RELATION OF SEA LEVEL SBOWER SIZE TO PRIMARY PROTON ENERGY FOR THE

C.K.P. MODEL (FROB DIXON, ET AL., 1973)

Electron Shower Size Below Shower Shower S£ize Above
Threshold Change of Slope Size Change of Slope
Ener at
L Change
of Slope
Fixed E Fixed E
P o
N = 6.08 10 ° g 1*233 1.78 10°| N = 3.240 1072 g 1-113
e p e P
O MeVv
Fixed N Fixed N
e e
N=1.702 102 E %2 | 3.25 10°| N = 9.075 1072 g 1-082
e e P
Fixed E Fixed E
P ‘P
N_=9.41 1073 g 1-177 1.66 10° N = 4.67 1072 g 1-064
10 MeVv
Fixed N Fixed N
e e
N_= 2.635 1072 Epl'146 3.05 10° N_= 1.31 107t g 1-033

TABLE 6.2




THE DIFFERENTIAL PRIMARY SPECTRUM USED WITH THE MODEL PREDICTIONS

OF DIXON, ET AL., 1973

Electron Threshold Energy

Differential Primary Spectrum

O MeV 10 MeV
4 -2.80
Below 1.141 Below 1.457 J(E) dE = 5.13 10 E dE
P P P P
106 GeV 106 GeV
Between Between

L.141 & 2.312 | 1.457 & 2312 | J(E) dE_ = 3.74 10° Ep‘2'62ag

P
lO6 GeV 106 GeV
Above Above l
6 6 7 -3.2

2.312 10" GeVv 2.312 10 GeV J(Ep) dEp 2.46 10 EP dE

TABLE 6.3
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radial structure of electrons of all energies is the same. In fact
the highest energy electrons will tend to be near the centre of the
shower. In Figure 6.3 the predictions corresponding to this calculation
are shown in comparison with the experimental points. The solid lines
indicated as >10 MevV and >0 MeV correspond to the relevant electron energy
thresholds. The dashed lines correspond to using the primary spectrum
detailed in Section 6.5. Within the limits of the uncertainty about the
radial structure of >10 MeV electrons a significant reduction in the
predicted rate occurs for higher detection thresholds of electron energy.
In the light of these considerations the remarkable closeness of
agreement of predictions using Greisens electron structure function with
the experimental points in Figures 4.9 to 4.1ll1l, must be considered as
largely fortuitous. However, given that a comparison has also been
possible between the predictions of the CKP and scaling models the
experimental situation can also be considered as a test of the relative
success of the predictions as opposed to just an absolute measurement.
As some of the uncertainties in the model predictions will be common to
both, a contrast of the scaling and CKP models can be made by comparing
the predictions of these models with the predictions of Greisen's empirical

structure functions, assuming these latter functions to hold.

6.4 THE LATERAL STRUCTURE OF MUONS

In Section 4.7.12 a comparison of the predictions was made between

the empirical muon structure function suggested by Greisen,(lQGO) and a

structure function fitted to the experimental values of Rozhdestvensky et al.,
(1975) by the present author. A direct comparison of the two expressions is

shown in Figure 6.4 where the density of muons of momentum greater than

20 GeV/c is shown as a function of radial distance. Considering the

discussion of Section 6.3 the absolute rate of events predicted by the

'fitted' structute function may not be as far in excess of the experimental
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data as indicated in Figures 4.9 to 4.1l1. However, it can be seen from
Figure 6.4 that this fitted structure function gives a density a factor
of about 2 in excess of the Greisen function for the region of 5 to 50
metres from the axis. This corresponds to the region of greatest
contribution to the rate of events as indicated by Figure 4.13. Iliyna,
et al.,(1971) found that the lateral distribution of muons of energy
greater than 10 GeV fluctuates in the region near the axis of air showers.
A correlation was found with the age parameter, s, such that the lateral

distribution pu(r) varied with radial distance r as

pu (r) ~ r_0'2 for s > 1.2

and as P, (r) ~ L0 for s < 1.0

for distances r < 20 m. Further measurements (Khristiansen, et al., 1975)

confirm this correlation in showers of size 2 105 to 106 particles such that

pu (r) ~ r exp (-r/BO)
where n = 0.7+ .07 fors <1.0
and n = 0.5+ .07 for s > 1.3

From the work of these authors, it may be concluded that in younger
showers the total number of muons is lower and the lateral distribution of
muons 1s steeper than in older showers in this size range. A further
confirmation that young showers have a high 'size to energy ratio' and
consequently a lower muon to electron ratio comes from the work of Catz,
et al.,(197l)and(1973). These workers determined the shower age parameter
(for showers whose axes had been determined independently of the electron

lateral distribution) as a function of the muon content of the shower.

The age was found to increase from about s = 1.1 to about s = 1.3 for a
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change from 1 to 6% of muons in the shower. This was fcr showers of
medium size 3.105 and 5 lo5 but these authors do not quote the threshold
energy for muon detection. In relation to the present experiments, as
the detection of at least one muon is an essential part of the traigger
condition there may be a bias toward showers of large S.

The lateral structure of muons has been found to be wider than

. predicted by a standard model of the CKP type by several authors.

L Rozhdestvensky, et al.,(1975) conclude from their studies of showers in

the range of 3 lo4 to 106 particles that the experimental lateral distribu-
tions are clearly wider than the predicted ones for muons, of threshold
energies in the range 10 GeV.to 90 GeVv. A widening by a factor of about
1.6 is necessary to agree with predictions. A similar effect has been

seen by Bonczak, et al.,(1968) in studies of muons at a threshold momentum
of 0.6 GeV/c 1in showers of about 106 particles. Here the experimental
lateral distraibution corresponds to a CKP type model of the transverse
momentum (pt) distribution only 1f values of P, below 0.1 GeV/c are suppressed.
This is seen as a distainct 'flattening' of the lateral distribution at small
distances from the shower axis.

The present experiments are sensitive to muons accompanied by a high
density of electrons, and as the highest density of both muons and electrons
will be in the centre of most showers the measurements are biased toward the
central regions of air showers. However, gaiven the uncertainty in threshold

energy of detection of electrons, and possible correlations with the age of

showers, no conclusive distinction can be made regarding the actual distribu-
tion of high energy muons. Although the absolute agreement of the rate of
events predicted by the Greisen muon and electron structure functions cannot
be concluded from the data the trend suggested at higher muon energies remains
close to the data, whereas the combination of Greisens' electron structure
function and the muon structure fitted to the Moscow-Lodz data points suggest

a rate that diverges well above the data for values of high muon energy.
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6.5 THE DEPENDENCE OF THE PREDICTIONS OF THE CKP AND SCALING MODELS

ON THE PRIMARY SPECTRUM

In Chapters 4 and 5 three models, A, B and C, were used to compare
the predictions of the CKP and scaling high energy particle interaction
models. Use was made of separate primary spectra assumed appropriate for
each situation such that the sea level shower size spectrum was predicted
as a consequence of the combination of the interaction model and the primary
spectrum. In this section a contrast i1s made more directly between the
predictions of the interaction models by use of the same primary spectrum
for both models.

‘ Consideration is given first to the possibility of a primary spectrum
composed entirely of protons. The differential intensity has been taken as
3 _ -2.6 -2 -1

J(E )dE =9,0 10" E dE m ‘s “sr
P P P ) of

1 1

GeV (6.4)

following Adcock, et al.,(1969) and Goned, et al.,(1975) and a break is
assumed to occur at a proton energy of 2 106 GeV at which point the exponent
changes to -3.3. A model, A2, can then be defined in tne same way as

Model A, as described in Section 4.7.11, with the single exception that the
primary spectrum i1s taken to be as expressed in equation 6.4. Thus in Model
A2, the CKP model has been used to predict the rate of events using equation
4.32 and the results are shown as a function of incident muon momentum in
Figure 6.5. The corresponding predicted sea level shower size spectrum

is shown in Figure 6.6. To contrast with the predictions of scaling, models
B2 and C2 are defined in the same way as Model B and C respectively and again
the primary proton spectrum, equation 6.4, has been used. The predictions
of Models B2 and C2 and the corresponding shower size spectra are shown in
Figures 6.5 and 6.6 also.

The primary spectrum suggested by Elbert, et al., (1973) has also
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been used directly with the present versions of the CKP and scaling
models used in air shower development. The spectrum has the form

2.75 -2 -1

4 _ -
J(Ep)dEp = 5.5410 Ep dEp m “s “sr

1 1

GeV (6.5)

and the proportions of different nuclei are given in Table 4.5. Models
A2, B2 and C2 are re-defined to incorporate 6.)» and the predicted rate of
events is shown in each case as a function of muon incident momentum in
Figure 6.7. The corresponding sea level shower size spectra predicted by
each model is shown in Figure 6.8.
For a final comparison between the predictions of the CKP and

scaling models the expected rate of coincident muon pairs was determined
by using equation 5.5 and the primary spectra associated with models A2,

B2 and C2 and the results are shown in Table 6.4

6.6 THE EFFECT OF THE RISING PROTON-AIR CROSS SECTION AND THE

EFFECT OF A NUCLEAR PROJECTILE AND TARGET

One of the most recent successes of cosmic ray studies in the field
of high energy particle interactions was the prediction of an enexrgy depend-
ent increase in the proton-proton total cross-section, op_P(TOT). made by
Yodh, et al.,(1972). These workers determined the proton-air nucleus in

élastic cross-section o (INEL) to be
p-air

1.8
O,aiy (INEL) = 280 + 2.5 2n"" (E/100) mb

where E is in GeV and applies for E above about 100 GeV. By calculating
the (theoretical) response of an air nucleus to a proton projectile, Yodh,
et al.,(1972) predicted that ap_p(TOT) will rise for incident protons of
energy above about 100 GeV up to at least 2 104 GeV. This rise has now
been confirmed to the extent that op_p(TOT) increases from about 39 mb

to about 44 mb for a corresponding increase in energy of the incident proton
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from 100 GeV to about 2000 GeV. The charged pion and kaon cross sections
for interactions with protons have been shown to rise also up to incident
energies of 200 GeV. (see A.S. Carrol, et al., 1974). The importance

for secondary cosmic rays of this change in hadron-hadron cross section with
energy will be due to the corregsponding decrease in interaction length for
proton air nucleus collisions, and the pion air nucleus absorption length.
Figure 6.9 shows the variation with energy of cp_air(INEL) as compiled by
Yodh,(1975) and Yodh (as reported by Olejniczak, et al., 1977) suggests
that the interaction length for proton air nucleus collisions falls from
80 g cxn_2 at incident proton energies of 1012 eV to 40 g cm_2 at energies
of 1015 eV, The consequence of this for the present work is that the
calculations that assume a constant op—air(INEL) will tend to predict a
lower rate of events than measured.

Tests of hadron~hadron interaction models using primary and secondary
cosmic rays suffer from the disadvantage that the interactions are in fact
of hadrons with nuclei, or in the case of heavier primaries, the interactions
will be of the nucleus-nucleus type. Indeed for primary nuclei, if complete
initial fragmentation into the constituent nucleons of the incident nucleus
does not take place some subsequent interactions may also be of the nucleus-
nucleus type. Any masking of the hadron-hadron collision will be crucial
in attempts to distinguish between different interaction models. This
applies especially to the first few interactions where the energy is highest
and the differences in the predictions of the models are greatest. Proton
-proton collistons in the ISR have led to 3 'regions' being identified as

23 s) fireballs or

containing the produced particles. Short-lived (V10
clusters appear to be produced and subsequently split up into several directly
observed particles. Two dominant mechanisms of cluster formation occur.

Fragmentation of the projectiles results in particles (mainly pions) with low
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velocity in the projectiles rest frames, whilst production of particles
(again mainly pions) from the central region (centre of momentum) is

called pionization and the particles are emitted isotropically. Events

of small total multiplicity are mainly due to fragmentation whilst
pionization 1s responsible for high multiplicity events. The importance

of these processes in determining air shower parameters is the response

of a nucleus through which a projectile hadron passes. If the observed
cosmic ray secondaries, such as the electron and muon component at sea

level, are produced by particles which stem from the fragmentation region

of the projectile then any intranuclear cascade would seem to be unimportant.
For instance Jain, et al.,(1975) have studied 200-300 GeV proton interactions
with several different target nuclei and have found that the average number
of 1elativistic charged particles (with B > 0.7) increases slowly with

atomic weight A of the target and is due to the target fragmentation region.
These authors find that in the projectile fragmentation region the multiplicity
is the same for heavy nuclei targets as for hydrogen. Elliot, et al.,(1975)
find that for 200 GeV pions incident on neon nuclei the increase in multi-
plicity of all secondaries is only 25 + 7% compared with pion proton
collisions. Busza, et al.,(1975) studied the development of hadronic

showers inside nuclear matter in negative pion-nucleus collisions for 100 GeV
and 175 GeV incident pions. These authors measured the multiplicity of
charged relativistic particles as a function of angle of emission and target
nuclear size and conclude that there is no increase in the number of particles
produced at less than about 3.5° to the incident pion direction with atomic

welght, A.

Yodh,(1975) in a survey has drawn the following conclusions for the
dependence of the number of secondary particles hs(B > 0.7) on atomic weight

A and incident energy E, in hadron-nucleus collisdons,

1. “s varies as &nE

- —— T o
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2, ng is a weak function of atomic weight, such that at E

about 200 GeV

n oA 0.129
s
3. Shower particle multiplicity in the forward core (n 0.5° in

the laboratory) is the same as that in proton-proton collisions.

Thus it may be concluded that there is very little intranuclear
cascading and that a hadron projectile traverses the nucleus in an excited
state and interacts with the constituent nucleons with a hadron-nucleon
cross section, for projectile energies below about 400 GeV. If extrapolation
to higher energies i1s valid then it may be concluded that intranuclear
cascading is not important for proton nucleus interacts to the extent that
the parameters governing proton-proton interactions will dominate in air
shower production.

A further complication in predicting the parameters of air showers
which are initiated by primary nuclei is the lack of experimental evidence
of the extent of fragmentation of the incident nucleus in the first collision
high in the atmosphere. It seems that from studies of nucleus-nucleus
collisions in the energy range up to about 2 GeV per nucleon the modes of
fragmentation of projectile nuclei are independent of the target nucleus
(Heckman, 1975), and there is evidence that an average iron nucleus undergoes
about six interactions before it is totally reduced to nucleons (Waddington,
et al., 1973). However, Tomaszewski and Wdowczyk,(1975) have concluded
that about 75% of the nucleons of a nitrogen nucleus that emerge as free
particles have interacted and produced pions in collisions with target nuclei

in an emulsion stack. Dixon, et al.,(1974) extrapolated a partial fragmenta-

tion model based on the data of Waddington, et al.,(1973) and ccompared the
predicted longitudinal development of air showers using this model and the
superposition model (assuming complete fragmentation in the first interaction)

for iron nuclei initiated showers. However, for an iron nucleus of enerqgy
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1015 eV they find that the predicted electron cascade is the same for

the two models but some effect is seen in the muon component. As the
present experiments are sensitive to the muon component of showers the
predicted rate of events will depend upon not only the content of heavy
nuclei in the primary spectrum but also on the fragmentation process that
is assumed to hold. Heavy nuclei showers will not only contain more
muons than proton or light nuclei showers but the energy spectrum will

have a larger slope as the energy degradation proceeds faster.

6.7 THE EFFECT OF REPRESENTING A DISTRIBUTION OF SHOWER SIZES BY A

MEAN SHOWER SIZE

To allow for the effect of fluctuations in the shower size for a
given primary energy in the calculations involving both the CKP and scaling
models, the relationship of mean shower size to primary energy at fixed
shower size was assumed to be appropriate. However, the use of a mean
shower size, even adjusted in this way, may not be a good representation of
the predicted distribution of shower sizes (de Beer, et al., 1966) and may
not be justified in the case of the present experiment. The frequency
histogram of shower sizes expected at sea level for a vertically incident
proton primary of energy 4 105 GeV as given by de Beer, et al.,(1966) and
Holyoak, 1967, i1s shown in Figure 6.10 Popowa,(1969) (as reported by Bell,
1974) suggests that in general the distribution of shower sizes is well
represented by a gamma function. Bell,(1974) finds that the following
combination of two gamma functions best fits the distribution of shower sizes
as reported by de Beer, et al.,(1966) who use the CKP particle interaction
model for an assumed proton primary.

3

. _ 19 N 2. N
(N ,N) dN ={—- —_— exp |-3.3 —
e e e ﬁ b-l ‘ ﬁ
e e e
c c c
12

N 6 N
. 1.3 10 _e exp }-7.1 _e dNe (6.6)
N N N,
m
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vhere Ne 1s the shower size and ﬁe and ﬁe are the '‘principle' and 'minor'
c m
mean shower sizes for the two gamma functions respectively such that

N = 7.3 102g 199 6.7)
e P
m
and N = 2.31 102 10%¥
and Ep is the primary particle energy in GeV. The combination of
expressions 6.7 and 6.8 gives
N = 3.39 102 g 1999 (6.9)
e p

This expression, equation 6.9, is close to the expression, see Table 4.3,
used by the present author for the mean shower size for a given primary
energy at fixed primary energy, as it must be and any discrepancy is due to
inaccuracies in deducing relationships from the published work of de Beer,

et al.,(1966) and Holyoak, 1967

Allowing for the distribution of shower sizes at sea level for each

primary energy, equation 4.32 can be modified to the following form,

- -1 -1
R (>Pu) = J(Ep) f(Ne'Ne) PMPT21rrdrdNe dEp 8 “sr (6.10)

All Primary All Shower All Radial

Energies Sizes Distances

(Ne,Ne) dNe

All Shower

Sizes

where PM'PT' r and R(>Pu) are as defined in Section 4.7.13. All the steeps
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used to evaluate equation 4.32 were used in evaluating equation 6.10
with the addition of 25 ste ps over the shower size distribution,
£ (Ne,ﬁe) .

A comparison of the result of evaluating equation 4.32 with the
res;ult of evaluating equation 6.10 is shown in Table 6.5. The values
in Table 6.5 correspond to the proton only spectrum, equation 6.4, which
has been used because the distribution shown in Figure 6.9 1is for a proton
initiated showers. de Beer, et al.,(1968) find that heavy primaries
produce narrower distributions and that there is almost a unique number of
muons for each energy of primary. For all values of muon threshold momentum
the rate predicted by using the distribution of shower sizes is lower than
by using the expression adjusted to fixed shower size. The implication is
that if the shower size distribution is assumed to apply in approximately
the same form for both the CKP and scaling models the predicted rates will

all be lower than the values calculated so far.

6.8 COMPARISON OF THE MEASURED AND PREDICTED RATES

The limitations imposed by the considerations of this chapter
may still allow a distinction between the predictions of the CKP model
(representative of a high multiplicity model) and the predictions of the
scaling model. However, any distinction will be qualified by the validity
of the expressions used to represent the predictions of each model. For
instance, and in particular, the relationship of shower size to primary
energy corresponding to the scaling model calculations of Fishbane, et al.,
(1974) has been extrapolated to energies lower than the region covered by
the original calculations.
Allowance has been made in the comparison of the measured and
theoretical rates of events for the scintillation counter effic.encies as
described in Appendix H. The predictions displayed must be regarded as

indicating the central part of fairly extensive regions. The errors on the




MUON THRESHOLD MOMENTUM 20 >0 100 200 >co 1000
Gev/c
Fixed Shower Size
Predicted Approximation 2260 | 1418 815 536 | 183 62
Integral Equation 4.32
Number
in 5118 h.
Distribution,
2020 | 1290 722 |[461 | 163 55

Equation 6.10

TABLE 6.5
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experimental points are statistical and as the plots are of the integral
rate of events the errors are not independent. However, withain the
context of the various expressions actually used for the muon and electron
components of air showers as predicted by the different models, the CKP
model (Model A) predictions are significantly closer to the data than the
straight forward scaling model calculations, (Model B). The interpretation
of the success of scaling Model C must be seen with respect to the fact that
although the although the rising ap_alr(INEL) with energy will indeed increase
the predicted rate of events the effect of any intranuclear cascade may not
be as extensive as suggested by Fishbane, et al.,(l974). (Whose results for
the cascade result in a mean elasticaty of about 0.3 for nucleon-nuclear
targets). The calculations of Section 6.3 which take into account the
effect of a higher threshold energy for electron detection implies a reduction
in the predicted rate which will tend to be the same for both interaction
models. However, the actual, and variable, threshold for the present experi-
ment remains uncertain.

Similar conclusions may be drawn about the relation between the
measured rates of coincident muon pairs i1n showers and the predictions of
the models. However, the form of decoherence of muon pairs over the
measured range of separation, and the range of muon momentum and shower
sise, may not be flat, but unless the variation is very rapid indeed, the

broad conclusion is unlikely to change.

The combination of the measured primary spectrum, extrapolated to
the region of interest, and the mean shower size to primary energy
relationships as used in section 6.5 predict too high an intensity of air
showers at sea level. Thus either the spectrum or models, or both, are
incorrect, and if adjustment is made the predicted rate of events will

decrease. Again this favours the CKP as opposed to the scaling model.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

There 1s considerable contemporary interest in establishing the
enexrqgy dependence of the multiplicity of particles produced in high
energy particle collisions. The experimental data reported in this
thesis has been considered in terms of the predictions of two different
models of the fundamental interactions involved, viz, the empirically
based CKP model, and the theoretically based scaling model. Interpretation
of the collected data is complicated by not only experimental biases but by
the fact that the properties of the extensive ailr showers measured, are a
consequence of a cascade involving many hadronic interactions as well as
the (uncertain) nature of the primary spectrum.

The broad conclusion of the present work is that agreement is found

1/

with the suggestion of a high multiplicity ( a Ep 4) of secondaries in
particle interactions despite the failing of the actual model used (CKP) at

lower incident energies.

The calculations performed to compare the measured rate of events
with the rate of events predicted by the interaction models have necessarily
involved approximations. However, both the effect of a higher energy
threshold for electron detection and using a distribution of shower sizes
instead of a fixed mean shower size for each primary energy, tends to
predict a lower rate of events for both the models considered. Thus the
higher multiplicity model is still favoured. This may be explained by
a mechanism whereby more energy goes into the electromagnetic component of
the air shower at an earlier stage of the development of the cascade.
(Fishbane, et al., 1974). Indeed, wiih the observation of heavy lepton

pairs produced in electron positron collisions at a c.m. energy of only
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about 4 GeV, Perl et al., 1976, and of the observation of directly

produced muons (not from pion or kaon decay) by both hadron-hadron

(see Anderson, et al., 1976) and neutrino hadron collisions (see Barish,
1976) less justification exists £for extrapolations of observations at

lower interaction energies up to the energies involved in producing air
showers. Gaisser,(1974a) points out that if the CKP model is modified

to include a leading pion (an effect seen at machine energies) the predicted
ratio of the number of muons to electrons in a shower produced by a primary
of energy 106 GeV 1s reduced by a factor of two compared to -he unmodified

model.

ébme of the predictions of the present work stem from calculations
which neglect the effect of nucleon-antinucleon (NN) and kaon production in
high energy particle interactions. At ISR energies the ratio of antinucleon
to pion production is only about 5% and the ratio of kaon to pion production
is about 10%. Grieder,(1973) suggest that if NN production becomes signifi-
cant at an energy of about 106 GeV an increase in the muon to electron ratio
occurs that is most noticeable at low muon energies (< lo2 GeV). It may be
justified to ignore kaon production, and assume pion production instead, as
kaon hadron interactions are similar to pion hadron interactions and 2/3 of
the charged kaons decay in the same way as charged pions. However, the
transverse momentum distribution of produced kaons 1is wider than for pions
and this may be important as the presen: experiment is sensitive to the
actual location of muons in the air shower. Ng and Wolfendale,(1974)
examined the variation of charge ratio of muons with zenith angle and conclude
that there is no large scale change in the ratio of pilons to kaons produced

2 4
over the energy range 5 10 GeV to 10 GeV.

The spectrograph and array are now being used for further studies
of muons in ailr showers. It is planned to trigger the spectrograph on the

advent of an air shower striking the array. In this way the converse of
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the experimental arrangement described in this thesis will be employed,
and a greater degree of calibration of the number of discharged flash
tubes to particle density, and shower size, may be achieved. Certainly
firmer conclusions could be drawn about the success of different models
in predicting the number of high energy muons in small air showers at
sea level. If a number of high energy muons are detected for which
the corresponding shower size and core location are known, further weight
may be added to the suggestion that a muon lateral structure function of
the type introduced by Greisen, can be extrapolated up to muon energies of

about 1000 GeV.
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APPENDIX A

THE MONTE CARLO TECHNIQUE

For both the acceptance calculations and for determining the
probability of triggering the spectrograph, a Monte Carlo technique has
been used. The cerm Monte Carlo is used here to describe the selection
and use of a pseudorandom number in a computer technique. The two
processes in which this has been used are described below. The first
used pseudorandom numbers to sample from a distribution, and the second
is a simulation process. Simulation is essentially a technique that
involves setting up a model of a real situation and then performing

experiments on the model.

To sample randomly from a distribution successfully, the selections
from the distribution must give rise to a frequency distribution of sampled
values that matches the original distribution. Each selection must also be
independent of the previous selections. The method chosen to select an
arrival direction for air shower particles is used as an example of this

"selection" and the determination of acceptance is used to demonstrate a

"model”.

In the case of an isotropic flux of incoming particles the probability
that a particle incident on a plane surface will lie between zenith angle

A and ©+ 40 as given by

P(6)d0 = cosOsinddo (al.1)

and for a non-isotropic Elux which has an intensity distribution in zenith

angle of cosne, n integer

P(8)d0 = cos"te sind @0 (AL.2)
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The cumulative distribution function F(x), of x denotes the
probability, P, that a random variable R takes on the value ¥ or less.

(Naylor et al., 1968)

Thus F(@) = P(R g O) {Al.3)
where F(0) is defined over the range O <F(0)< 1
and f(0) is the probability density function,
such that o) = £ (A1.4)
ae
1) f(0) = f£(t)dt (Al.5)

-G
and f(t) represents the value of the probability density function of the
random variable R when R = t.

Since F(0) is defined over the range O to 1, we can generate uniformly

distributed random numbers, x, and set F(Q) = r.

o
S0 r = £(t)dt
Zoo
. \
= cos™! t sin t at (AL.6)
Lo
Soox = ;%5 [1—cosn+2 0] ) (A1.7)
. w2
OR © = cos {1 - (n+2)r) (a1.8)

Thus by generating values of r from O to 1, the corresponding value of ©
can be determined by the "mapping" expressionAl.S8. The problem of making

r random is considered as the last part of this appendix.

The determination of the acceptance of the spectrograph acts as an
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example of using the above techniques where a selection must be made

for all the initial parameters of the simulated situation. Here a

model of the spectrograph was used which resembled the experiment closely.
In the case of the acceptance of the blueside of the spectrograph for
single unassociated muons, the arrival zenith angle 6, azimuth angle ¢,

and initial co-ordinates on the top detector, x and y, must be selected.
Then, given this unique position and direction the subsequent passage of

a muon of momentum Pu can be determined by incorporating magnetic deflection

and energy loss in the model. This is explained in detail in Appendix B.

In oxder to produce an "acceptable" sequence of random numbers a
digital computer can be made to produce a series of numbers, that is cyclic,
(in more than about lo6 numbers) that will satisfy the criterion of random-
ness that is appropriate here. This series of pseudorandom numbers, generated
between O and 1, was checked for uniformity of distribution and statistical
independence. In a selection from the full interval of O to 1, upon the
advent of a number selected between O and 0.1 the very next number selected
was stored. In 106 selections the distribution of these conditionally
selected numbers was uniform and 'flat' between the limits of O and 1.
Additional factors governing the use of this pseudorandom number generator
in the work reported in this thesis were :

1. No conditions of secondary selection were applied to the

numbers returned by the pseudorandom number generator. That
is to say, all the numbers that were generated were used.
2. Two different forms of pseudorandom number generator were used
in parallel, one being used to 'seed' or commence (or re-commence)

the cyclic process in the other.
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APPENDIX B

MONTE CARLO DETERMINATION OF ACCEPTANCE

In order to determine the intensity of muons incident on the
spectrograph from the measured rate of events, the acceptance or
geometrical factor of the instrument must be determined. Although an
analytic solution for the acceptance of the blue side of the spectrograph
has been determined for single muons, Whalley, 1974, Hume, 1974, a Monte
Carlo technique to determine the acceptance has been used for the experimental
situations described in this thesis. As the muons studied are accompanied by
a shower of particles or a second muon the acceptance is a function of several
variables. In the case of shower accompanied muons traversing the lower 4
measu;ing trays of the blue side, as was explained in Chapter 4, the muons
trajectory must project back into the momentum selector tray 5 as an essential
part of the trigger condition. Hence the acceptance will be '5 tray' in the
bending plane and '4 tray' in the side plane. For the muon pair experiment
{the 6-fold scintillation counter trigger) the acceptance will vary very
rapidly at low muon momentum for different combinations of charge and distance
of separation of the two muons. In this appendix the Monte Carlo technique
that has been applied to determine the acceptance is explained. In Appendix

C and E the application to the present situations is discussed.

Generally the counting rate in a detector is related to the incident
flux of particles by an integral over the surface area and angular acceptance

of the detector ;

Counting Rate = J.da.dqQ1(o, ¢) (B1.1l)

Geometrical
Constraints of the
Detector
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vhere I(0.¢) 1s the differential flux intensity and is a function of
zenith angle 0 and azimuth angle ¢, and J is a unit vector in the

direction of the flux, and dA and AR are the area and solid angle elements.

Writing
I(0,9) = I 1 (0,9)
where aQi(o,¢) = 4n
All Solid
Angles

so the counting rate I x Acceptance

where

Acceptance J dadQa (0,¢) (B1.2)

Detector

considering a computer model of the spectrograph for which the extremes

of the blue side are the scintillation counters at levels 1 and 5, (Figure 2.1)
each ot area A = 1.32 mz. (0.75 m by 1.76 m) and separated by a distance of
6.49 m. Using thas situation as an example the acceptance can be determined
by the Monte Carlo technique via the use of computer simulation. For a flux
of T simulated particles of any one value of momentum incident on the model of
one side of the spectrograph

2

(B1.3)

Hlwn

Acceptance = da d¢ P(0)d0 x

X,y [o] (o]

here ¢ = azimuth 1 S _ Number of particles successfully through the model
where ¢ = azimu angler Total number of particles incident

and P(G)d0 = cosn+10 sin 6 d 90 for a zenith angle intensity varaiation

of cosne, and x, y are the dimensions of the top scintillation counter. The

initial co-ordinates on the top scintillation counter and the azimuth angle



- 130 -

of each simulated particle are selected linearly between limits of their
minimum and maximum values, whilst the zenith angle is selected from a
distribution as described in Appendix A. For a muon of momentum Pu,
magnetic deflection and energy loss are applied during the traversal,

and to successfully pass through, the muon must remain within the acceptance
volume defined by the magnet blocks and all detecting levels. The values
of energy loss for thickness of steel traversed have been taken from Whalley
(1975, private communication). These values have been calculated from the
work of Sternheimer, 1956, for ionization loss, and Heyman et al., 1963,

for bremsstrahlung, pair production, and nuclear losses. The magnetic
deflection and energy loss are applied at 50 intervals in each magnet block
at which point the muon is considered to have a constant momentum, and the
appropriate energy lost is subtracted and circular deflection applied. As
Pu tends to infinity, the limiting value of acceptance is determined by
considering straight line passages of muons through the spectrograph,

deflection and energy loss being ignored.

A direct comparison of the results of this technique and the
calculations due to Whalley (1974) ard shown in Figure Bl.l. The error
bars shown are the square roots of the number of successful simulated events.
The ‘infinite’' momentum acceptance is found to be 407 + 3 cmzsr in comparison
to 408 + 2 cmzsr as determined by Whalley for an assumed isotropic arrival

direction distribution.
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APPENDIX C

THE SPECTROGRAPH ACCEPTANCE FOR SHOWER ASSOCIATED MUONS

For the spectrograph trigger conditions to be fulfilled as described
in Chapter 4, when accompanied by a shower of particles the muon must pass
through all 5 detecting levels in the bending plane but can pass into the
spectrograph below the top detecting level in the side plane. Figure 4.7
shows the situation schematically. The Monte Carlo technique was applied
to a computer model of the spectrograph and allowance was made for this
increased acceptance by initializing particles over an increased area in
the plane of the top momentum selector tray. The width of the top (in the
bending plane) remained as 0.75 m but the effective length of the tray from
back to front in the side plane was increased to 2.96 m. This dimension
represents the extreme limit over which a muon could just pass from one top
corner of measuring tray four to the bottom far corner of scintiliation
counter level 1. This applies to muons of all momenta as no bending takes
place in thas plane. Figure Cl.l 1is the variation of acceptance with momentum
for this situation for a zenith angle (0) intensity varying as cos8 © and
Table Cl.1 gives the values of acceptance vs n, the power of intensity

variation.

Total Success in Acceptance
n 106 Trials cm2 sr
0 32547 540 + 3
2 36291 527 + 3
4 40114 513 + 3
6 43840 497 + 3
8 48137 487 + 3
TABLE Cl1,1

THE VARIATION OF ACCEPTANCE FOR ONE SHOWER ACCOMPANIED MUON AS A FUNCTION
OF THE DEGREE OF ZENITH ANGLE INTENSITY ANISOTROPY.
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APPENDIX D

THE EFFECTIVE AREA AND SOLID ANGLE OF THE BLUE SIDE OF THE SPECTROGRAPH

FOR AIR SHOWER ACCOMPANIED MUONS

For the calculation of expected rates of shower accompanied muons
the Poisson probability of a particle counter being struck was used. Here
the probability that n muons cross an area S m2 when the mean density of

muons in the shower is p m-2 is

-ps

P = (o)™ (D1.1)

e
n!
This requires the representation of the spectrograph by an 'area' in the
plane of the top detecting element. A value for the rate of events will
likewise depend on the 'solid angle' that the bottom detector subtends when

viewed from the top detector.

The area (s) taken corresponds to the dimensions shown in Figure Dl1.1l
(75.0 cm x 238.6 cm) in the plane of the top momentum selector tray. The
constraints on a muon (of infinite momentum in the limiting case) are that
it must pass through both the bottom scintillation counter and the top
momentum selector tray in the bending plane. However, in the side plane
the muon can come down into the spectrograph beneath the top detecting elements
(the electrons in the shower strike these) but must still pass through the
lower scintillation counters at levels 3 and 1. An extra condition applied
to the data during analysis is that a track must be visible in measuring tray
4. Thus in this representation the area of the top will correspond to the area
subtended from the centre of the bottom scintillation counter, constrained in
the side plane by the length of measuring tray 4. This length has been taken
as the length of flash tube covered by the electrode in that tray. The solid
angle thus defined can be determined approximately by the following analytic

solution.
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Figure Dl1.2 THE CO-ORDINATE REFERENCE FRAME USED TO

CALCULATE THE EFFECTIVE SOLID ANGLE OF THE
SPECTROGRAPH

Figure D1.2 represents a general case of angles o and B expressing
a direction in space from origin O, and © and ¢ are the spherical co-ordinate
angles with axes x, y and 2 chosen arbitrarily. So the solid angle element

subtended by an area ds at O is

d = sinb® 46 d¢ (D1.2)
now tan © = cosa tan B (D1.3)
and ¢ = n/z- a (D1.4)
hence seczeae = cosa sec2 BaB (D1.5)



- 134 =

cosa sec2 B 9B

2

90 = >
l+cos o tan B

cos o 98

l-sin2 asin2 B

cos B
(l—sinzcsin2 B)

and siné .

while ¢ = =3a

cosa cosf dadB {D1.6)

[1-sin2a s:Ln2 8]3/2

so dz =

Hence the solid angle 1s given by

amax g max
I = cosa cosf dadB sr, (D1.7)
[l-sinzasinzs] 3/2
[+ o

Now considering the spectrograph with : y vertical, origin O as the
centre of the top momentum selector tray and air showers arriving at an

angle § to y with a distribution of cos™ § (non-isotropic) where

cos 6§ = __COSG cosB Y (D1.8)
(1-sin2usin28)
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Muons falling on a small area dAtop will pass through an area dAbottom
provided they fall within the solid angle dI which is the solid angle

seen at dAbottom when looking from dAtop.

Then the solid angle is given by

ao o
7 - 4 cosm+lacosm+18 dadB

(m+4) /2

(l-sinzusinzﬂ)

where the factor 4 arises because ao and Bo are the maximum angles in
one quadrant only.

In Table Dl.1 is the variation of L with m.

m L (Solid Angle) sr
0 .02893

2 .02873

4 .02854

6 .02834

8 .02815
10 .0278

THE VARIATION OF SOLID ANGLE WITH m

TABLE Dl.l

Manno, et al., (1970) have shown with detailed calculations that
when the separation of two unequal area circular detecting planes is much

larger than the radius of either area (Radius about 10% of separation) then
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the approximation

ACCEPTANCE = (AREA OF SECOND DETECTOR) X (SOLID ANGLE SUBTENDED
BY FIRST DETECTOR WHEN VIEWED FROM CENTRE POINT OF

SECOND DETECTOR)

is accurate to within 5% - so for the spectrograph, using the above determined

values of solid angle and area,

ACCEPTANCE ® .02815 x 1.7895 10° cm2 sr

= 504 cm2 sr form= 8

which is a close approximation to 487 cmzsr, the more accurately determined

value, as given in Appendix C.
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APPENDIX E

THE ACCEPTANCE OF THE SPECTROGRAPH FOR TWO

COINCIDENT MUONS

The acceptance of the spectrograph for two experimental situations

will be described in this appendix.

1. Two muons traversing the blue side accompanied by a shower
detected in the top trays, with both the muons incident parallel.

2. One muon traversing the blue side and one traversing the red side.
This will be considered for both shower accompanied and un-

associated pairs of muons, again with parallel trajectories.

For both these situations the relationship of effective aperture to
geometrical dimensions of a telescope due to Barton,(197l) as well as a Monte

Carlo approach, have been used.

Considering first the blue side of the spectrograph as represented
in Figure El.la where 'upper-telescope' represents the scintillation counter
at level 5 and 'lower telescope' represents the scintillation counter at
level 1. Barton,(1971) uses the representation of Stern,(1960) to define

an aperture for single particles Al(n) so that the counting rate, CRl, for

a particle intensity of I Io cosn 0, © = zenith angle, Io = vertical

intensity, is

CRl = Al (n)I° (E1.1)

Thus for two rectangular counters of dimensions X and Y at a

separation 2, Figure El.la, again from Stern,(1960)
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(b)

Figure E1.1. Schematic view of the spectrograph
considered as a ‘counter telescope!
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XY XY
A (n) = l’z J]IJ cos" 0 ax'ay'ax ay M2 sr (E1.2)
Z
0oo00O0
where 0 = Z 3 and the dimensions are in
{ 2 2 2) metres.
‘z *+(x-x')" + (y-y") }

Now, following Barton,(l971) and defining the pair counting rate

CR, as

CR2 A2 (n)IP (E1.3)

where the aperture for a pair A2(n) and the intensity of pairs Ip are
defined consistently. Thus Ip is the number of pairs per steradian
crossing a horizontal area of one square metre in a vertical direction
per unit time. So, 1f the first particle traverses the instrument as
shown in Figure El.la, the second must fall within the area ABCD as shown.
The area in a direction perpendicular to the direction of the muons is

Area (ABCD)x cos © ; so

x
A2(n) ==, J
o

Barton points out that provided the dimensionsof the apparatus are small

N |~

[o IS N

Xy
IJ cos™ 9 (X-1x-x'1) (Y-ly-y'l)dx'dy'dxdy.m sr
o 0

(El.4)

compared with the average separation between the particles this formula
will apply.

The analysis given above can be applied to pairs of muons when both
traverse the blue side of the spectrograph. However, for one muon passing
each side account must be taken of the 'gap' between the two sides. Here

the Monte Carlo approach allows the following interpretation.
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Following directly the consideration of Appendix A and B and
applying the result to two muons, the aperture for pairs incident on an

area such as the top telescope of Figure El.la is
2T
s 4
Ap = da da d¢ P(0) 46 x T m sr (E1.5)
4 L d ‘ J
XY X,y O (o)

where S,T,A,0,¢,X,Y are as given in Appendix B. Following Barton, ‘aperture’
has been used as opposed to 'acceptance' in an attempt to distinguish the
situation for pairs from the situation for single muons. The second term
involving integration of area is to allow for the second muon in analogy
with the approach of Barton. In the simulation of pairs of muons striking
the top of the spectrograph the entire area is used for ianitializing the

events following directly the process as described in Appendix B.

The aperture for one muon traversing each side has not been determined.
However, selecting the co-ordinates of both muons from the whole area of
the top, X times Y, as depicted in Figure El.lb, a simulation of the
acceptance for the experimental situation has been made. In this case

the simulated event is successful only if one muon passes down each side

of the instrument.
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APPENDIX F

THE EFFECT OF DETECTOR AREA ON THE DENSITY OF PARTICLES

DETERMINED FROM THE LATERAL DISTRIBUTION

To determine the density of shower particles over the whole area
of the top of the spectrograph the radial distance of the core from the
spectrograph must be considered. If the core is far away in relation to
the area of the detector the variation of density over the area will be
small and the density can be approximated by the density at the centre of
the detector. For cores falling near or on the detector the density must

be determined more precisely.

Consider a shower with core at X, a distance r from the centre of
a circular detector of radius R and area S. Here the rectangular area
of the top of the spectrograph has been approximated by a circle of equal

area. See Figure Fl.1

arxea
Figure Fl.1l

Outline of
scintillation
counter area

Circle of equal



- 141 -

The effective dens:ty peff will be

1
peff (r) = 3 r'p(r')dodr’ (F1.1)

r' 0

for any value rl' ’

0 = cos ¢ ) (F1.2)

so for ll > R, that 1s the core outside the detector,

1+R

]

(x) 20(x,r') r' p(r")dr' (F1.3)

n|=

eff

Figure F1.2

and for the axis inside the detector, (see Figure Fl.2) ro - R—r2
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N
and e = CoSs (F1.4)
[}
2r2r
and so R—:"'-2 R; r2
= l [] ] (] ] ] ] ]
peff(r) S 2n r'p(r')dr'+ 2e(r2r )r'p(xr')ar (Fl1.5)

([ % L

2

Values of peff determined in this way, and the corresponding
density at the centre of the detector are shown as a function of radial
distance in Figure Fl.3. The N-K-G (see Section 6.2) electron structure

function was used to determine the values shown in this figure.



1 1 1 | L
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Radial distance to centre of circular detector

ure F1.3. Density of particles as a function of radial distance.
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APPENDIX G

THE RELATION OF THE SEA LEVEL SHOWER SIZE SPECTRUM TO THE

PRIMARY SPECTRUM FOR DIFFERENT MODEL PREDICTIONS

The differential intensity of showers of a given size at sea
level will be related to the differential intensity of each component
of the primary spectrum. For any assumed model of the atmospheric
cascade 1f the mean shower size (Ne) to primary particle energy (E) and

mass (A) relation is known, then the following correspondence will hold,

F(Ne)dNe = J(El)dEl + J(Ez)dl:".z + ceeee + J(EN)dEN (Gl.1)

where F(Ne)dNe is the differential shower size spectrum and J(Ei)dEi is
the differential primary spectrum of primary component i. The total
primary spectrum can be considered as the sum of the fraction due to each

component, and if all the components have the same spectral slope, Y,

then

F(N )AN_ = I FRACTION (A) J, E ¥ QE (61.2)
e e i i

where E is the primary nucleus energy, and Jo is a constant corresponding

to the total intensity.

Now the mean shower size, Ne' is related to a primary nucleus of

energy E, mass A, by

(G1.3)
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for fixed shower size conditions, where C, B and a are constants.

so a8 = cgN Pl A% ay
e e

thus F(N ) dN = I N -K aN
e e o e e

= ¢ FRACTION () J |on Pa @YY cga O Pl en
i i o e 1 i e e

so equating exponents in equation Gl.5,

I
~
I

B(l-y) -1

and I l-y a(l-y)

JOC B i FRACTION (A)i Ai

(G1.4)

(G1.5)



- 145 -

APPENDIX H

THE SCINTILLATION COUNTER EFFICIENCIES

The rate at which events are detected by the spectrograph will
depend on the scaintillation counter efficiencies as these counters
provided the basic trigger for all the experiments reported in this
thesis. To determine the efficiencies a small scintillation counter
(telescope) of dimensions 55 x 68 cm was placed under each of the 3
scintillation counters on one side of the spectrograph in turn to test
them. For any particular position of the telescope, provided it is
completely covered by the scintillation counter immediately above it that
is on test, any muon passing through the telescope and the scintillation
counters not on test must also have passed through the counter under test.
In this way the 3 fold rate (the coincidences between the telescope and
counters not under test) can be compared to the 4 fold rate (the coincidences
between the telescope and all three counters), and the efficiency is defined
as the ratio of 3 fold to 4 fold. To test the entire area of the scintilla-
tion counter the telescope had to be placed in 3 positions underneath, and
the overall efficiency of each counter was taken as the mean of the 3 values,
for the purpose of the present work. As described in Chapter 2, each
scintillation counter (as well as the telescope) has its own discriminator.
The efficiency of all six counters in the spectrograph was determined in
this way for the same discriminator setting as used in the experiments
reported here. The efficiency of each counter was assumed to be the mean
of efficiency as measured before and after the course of the experiments.
For the comparisons of the measured rate of events with the predicted rates
the efficiency of the overall scintillation counter system was determined
according to which counters were involved in the trigger system. For

instance, the detection of shower accompanied muons on the blue side requires
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a coincident signal from the 3 blue side counters. However, the upper-

most counter, level 5, will be struck by many shower particles and hence
have an efficiency of unity. Thus the overall efficiency was taken to

be the product of the efficiencies of the two lower counters, whiﬁh is

about 0.91. The experimental values quoted in this thesis have not

been corrected for the scintillation counter efficiencies but the appropriate
adjustment has been applied to the predicted rate of events for each

comparison of measured and predicted rate of events.
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