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ABSTRACT

An automated air shower array to investigate the properties
of showers accompanied by high energy muons has been constructed to
run in conjunction with the Durham magnetic automated muon spectro-
graph (M.A.R.S.). Measurements of the lateral distribution of
muons have been obtained for muon energies > 50, » 100, > 200, and

4

> 300 GeV in showers of size 5 x 10 - 3 x lO6 particles for core

distance of up to 50 metres.

Details are given of the construction of the array, the
computer handling of the collected data, its treatment and its

analysis.

Based on the current high energy nuclear interaction models,
theoretical predictions of the muon lateral distributions have been
examined and it is shown that the assumptions on which these models
are based may be valid for high energy muons in E.A.S. Broad
agreement is found with the predictions of the C.K.P. and the Slow
Multiple Fire Ball (S.M.F.B.) models as applied to extensive air
showers by Olejnizhack (1975) and Greider (1977). A comparison of
the data is made with the predictions of the Feynman scaling model
(Goned, 1975, and Fishbane et al, 1974) and it is shown that the
scaling model and an assumed pure proton primary predicts lower values
of muon densities than those observed in the present experiment. In
contrast, it would appear that a combination of a scaling model and
an assumed iron primary spectrum gives a better agreement with experi-

mental data.
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In a preliminary experiment a small air shower array
around the spectrograph was constructed and used to measure the
sea level rate of muons having energies 3 5 GeV in small air
showers. Experimental results are also presented on the sea
level rate of these showers, their angular distriﬁution, density
and size spectra. In this experiment,comparison is made between '
the experimental data and theoretical predictions and the results.

of other workers wherever possible.

An account of the properties of the primary cosmic radiation
and the showers they initiate is given in Chapters 1 and 2 with

special reference to the muon component of E.A.S.
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PREFACE

This thesis is an account of the work carried out by the
author under the supervision of Dr. M.G.Thompson during the period
1973 - 1977 in the Department of Physics in the University of
Durham. The author was responsible for the construction of the
1 m2 and 2 m2 detectors of the Durham Air Shower Array, the design
and operation of the array coincidence recording system and the
calibration and normal operation of the array detectors. With
his colleagues the author has shared in the running and data
collection of all experiments concerned with the air shower array.
Following the analysis techniques of Wells (1972), Daniels (internal
report) and Smith (1976), the author has been responsible for the
analysis of both the spectrograph and array data as well as the
treatment and interpretation of the experimental results with respect
to the predictions of the high energy interaction models. The
design and construction of the preliminary experiment, described in
Chapter 3, has been the sole responsibility of the author together
with the running of the apparatus, analysis of the experimental data,

and the theoretical'predictions, as described in Chapter 4.

Publications of the author relating to the Durham Air Shower

Array include,

1, Rada et al (1975) Proceedings of the 1l4th International
Conference on Cosmic Rays (Munich),

2. Rada et al (1977), Nucl.Inst. and Methods, 145, 283.

3. Rada et al (1977), to be published in the Proceedings of the 15th
International Conference on Cosmic Rays (Plovdiv).

4, Ashton et al ;a,b,c,d and e to be published in the Proceedings

of the 15th International Cosmic Ray Conference (Plovdiv).
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CHAPTER 1

THE COSMIC RADIATION

1.1, INTRODUCTION

Cosmic radiation is continuousb;incident on the earth's atmosphere.
This radiation consists of subatomic nuclei (having energies from less than
a GeV up to about 10lo GeV), X-rays, low energy electrons, neutrinos, y-rays
and possibly neutrons. Some of the particles incident on the earth
originate at the place where they were accelerated and others are the result
of interactions of the cosmic radiation and the interstellar medium.

Up~to-date the question of the origin of cosmic rays has not been
answered satisfactorily. The sources of cosmic radiation have not been
uniquely identified but one likely possibility is that cosmic rays are
produced in Supernova explosions (Fowler, 1975).

The correlation between the hursts of cosmic ray activity and the
occu;rence of solar flares shows that the sun is a source of part of the
low-energy cosmic ray flux that arrives at the top of the earth's atmosphere.
During solar flares there are emitted particles with energy as large as 10
GeV, but difficulties associated with the acceleration of these particles
to energies very much greater than this limit leads to the fact that there
are other sources contributing significantly to the flux of high encrgy
primary cosmic rays.

Theoretical studies have shown that it is possible that cosmic rays
have been subjected to an acceleration process in the galactic magnetic field
in which particles deviate many times from their original directions as a
cénsequenée of diffusion between regions of different magnetic field
strengths (Wolfendale, 1973). Due to the high complexity and uncertainty

of the diffusion process, particles lose the "information"” of the direction
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of origin and produce a nearly isotropic distribution on top of the
earth's atmosphere. The degree of isotropy of the cosmic rays bombarding
the earth's atmosphere is expected to depend upon many parameters. For
example, the regularity of the galactic magnetic field, its strength, the
distribution of matter in the galaxies and the energy of the cosmic ray.
At the present time no significant anisotropies in the cosmic radiation

to 1020 eV have been found. Significant advances in the last few years
in high energy y-ray astronomy have been made and a considerable amount of
information concerning the energy spectrum and distribution of y-rays is
now available. This information is currently interpreted in the light of
interactions between very high energy electrons and photons, matter and
magnetic fields, and alternatively, in connection with p-interstellar matter
interactions which via “o production lead to y-rays. Not only our galaxy
but the Universe also is transparent to y-rays, therefore, these photons
retain the information concerning the direction from which they originated

and the temporal features set at their origin.

1.2 THE PRIMARY SPECTRUM OF COSMIC RADIATION

The most important problem of Cosmic Ray Physics at the present
time is the origin of the radiation, and to investigate the origin. of
prime importance,is a knowledge of the primary energy spectrum. Because
of the wide range of energy and intensities of the cosmic ray primaries it
ié not possible to measure the whole range of the.energy spectrum in a single
experiment, Wolfendale (1973) summarizeg the results of the primary
cosmic ray spectrum over the entire range of energies obtained by various!
workers using various experimental techniques. The results of the summary
are shown in Figure 1.1.

Studies of the primary energy spectrum cén be classified into three

broad energy intervals as follows : below 101° eV, the region 1010-1014 eV
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The energy spectrum of primary cosmic rays. (After
Wolfendale, 1973).




and the E.A.S. region beyond about 1014 eV, Each range is discussed

in the following sections.

1.2,.1 The Spectral Region Below lo10 eV

Cosmic ray particles with energies less than 10lo eV arriving

at the earth's atmosphere do not all come from the sun, rather the

greater proportion comes from the distant parts of the galaxy. Figure 1.2
presents a survey of the measured differential primary spectrum in the low
energy region from the summary of Bell (1974) for various primary components.
Below 2 GeV/nucleon the primary cosmic ray intensity does not follow a power
law. The deviation from a power law is due to the effect of solar modulation.
The lack 6f knowledge of the nature of the solar modulation mechanism
prevents accurate determination of the true primary spectrum. At these

low energies the primary spectrum is continually changing with the time Que
to the random occurrence of magnetic storms and solar flares. These
phenomenological effects have no appreciable importance in the intermediate
and E.A.S. region of the primary energy.

lo_, 14

1.2.2 The Spectrum in the Region 10 0"~ eV

The spectral results in this energy range have been obtained using
both indirect or direct methods. The indirect methods comprise those in
which the primary spectrum is derived from the measurements of the secondary
components carried out at high altitudes by balloons, aeroplanes and at
mountain altitudes. Further, at sea level and underground, high energy
muons have been used. The direct methods include measurements of the primary
particles carried out using ilonization calorimeters on board satellites or
as the payloads of balloons flown at high altitudes. The "all particle"
spectrum in the region 1010-1014 eV obtained by both methods seem to be well
represented by a power law having an exponent 2.6 - 2.7. This value of the

exponent is in agreement with most of the measurements in this region.

According to the Proton satellite experiments of Grigorov, et al (1971),
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the spectrum of protons steepens around lo12 eV although the "all particle"
spectrum does not show any significant change in slope. The results of
experiments by Ryan, et al (1972), carried out with balloons do not support
the steepening in the proton spectrum beyond 1012 eV, and therefore there
is some doubt as to the form of the proton spectrum in this region. Results
concerning the a-particle spectrum are available in the range 5 x lolo-lo12 ev,
and the exponent of this spectrum appears to be essentially the same as that
of "all particle" spectrum. Recently the independent cbservations of
various groups have shown an increase in the relative abundance of heavy
nuclei (especially iron) with increasing primary energy towards the E.A.S,.
region (e.g. Balasubrahmanian and Ormes, 1973 ; Juliussen, 1974 ; and
Schmidt, et al, 1976). Although this work could give more understanding
on the mass composition up to E.A.S. energies, some care has to be taken in
interpreting these results. Figure 1.3 shows the differential energy
spectrum above 10lo eV taken from a very recent summary presented by
Wdowczyk, et al (1976). It is worthwhile pointing out that the very flat
iron spectrum is not universally accepted. From Figure 1.3 it can be seen
that the recent data of Schmidt, et al (1976) exhibit a steeper spectrum as
indicated by the line VH.

1.2.3 The Energy Spectrum in the Region Above lo14 eV_(E.A.S.Region)

In the energy range 1014 - 1017 eV, measurements on the primary

energy spectrum,obtained from E.A.S. experiments, e.g. Bradt, et al (1965) ;
Aseikin, et al (1971)Brownlee, et al” (1970)& Greisen (1966) ,show a gradual
change of the slope of the differential spectrum from 2,7 to 3.2, A
comparison of the spectra composed by these authors shows that the spectrum
steepens at approximately 3 x 10ls eV, and this position is known as the
"knee" (Figure 1l.l). It is difficult to establish the position of the
"knee" in the observed energy spectrum exactly due to uncertainties in the

energy calibration of the different experiments, the structure function fitted
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to the observed data, and in the modelling of the development of E.A.S.

The change in slope is believed to be due to the failure of the galactic
magnetic fields to contain the particles as their rigidity cut-off is
exceeded. A recent explanation of the observed energy spectrum in this
range is reported by Bell (1974), using a model of cosmic ray diffusion in
the spiral arm of the galaxy. Bell (1974) has suggested the possibility of
producing cosmic rays at energies below that of the "knee" by a supernova
explosion, and those beyond the "knee" being produced in other parts of

the galaxy. Hence, the change in the slope at the position of the "knee"
could be explained either by differences in the production mechanism at the
sources of the primary cosmic radiation below and above the "knee", or
alternatively, cosmic rays however produced have the same production spectrum,
and the change in the slope is due to the fact that cosmic rays below the
"knee" have originated at local sources, while those above have had their
energies modulated on their way through the interstellar matter. Knowledge
of the shape and the magnitude of the primary spectrum contributes to the
understanding of the origin of cosmic rays and their aéceleration mechanism.
Figure 1.4 shows the integral spectrum of cosmic ray primaries as summarised
by Kempa, et al (1974) from the available data. The most important aspect
of this spectrum is the evidence of a "bump" in the region lo14 - 1015 ev.

The best fitted line to the spectrum has been plotted in the differential
form as seen in Figure 1.5 and compared with the results of other workers;

as indicated in the figure. It is seen that the spectrum of Kempa, et al,
shows significantly higher intensities than other workers, e.g. Edge, et al,
(1973) ; Bell, et al (1974). Several workers, e.g. Kempa,et al(1974);Karakula
et al, (L974) have attempted to explain the "bump" in the spectrum as being
the result of contributions from Pulsars. The agreement with experimental
observations in this region is very interesting. wdowczyk, et al (1976) have

pointed out that there is no evidence against pulsar contributions. If this
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feature is confirmed, then this will imply a galactic contribution to
the primary flux.

The shape of the energy spectrum at the ultra high energy region
is rather uncertain and the interpretation of the primary spectrum is
rather complicated. A number of workers have explained the existence
of the possible "ankle" at n 1018 eV (first reported by Linsley (1963) ),
as being due to the disappearance of galactic nuclei at ultra high energies
and most of the radiation is expected to be of extra=-galactic origin.
Berenzinky and Zatsepin (1969 & 1971) have suggested that the cosmic ray
eneygy spectrum > 1019 eV comes from neutrinos produced in the interactions
of protons with the microwave photons that fill the metagalaxy.

From the discovery of the 2.7 'K black body radiation in space (Penzias
and Wilson (1965), Roll and Wilkinson (1967) )} has arisen the problem of a
conflict between the primary spectrum and the universal background (2.7:k
black body raéiation of universal origin). The interactions between cosmic
rays and the 2.7 K radiation would produce a cut-off in the cosmic ray
spectrum at about 6 x 1019 eV (Greisen,(1966) ; Zatsepin and Kuzmin (1966) ).
Recently, however, observations of large E.A.S. at the highest energies,
notably by the Sydney array (Bell, et al, 1974) and by the Haverah Park array
(Edge, et al, 1974) have shown that no cut-off exists.

Concerning the isotropy of cosmic rays, the primary radiation in
total shows a high degree of isotropy right up to 1018 eV and indications
of anisotropies are found only with showers attributed to primary gamma rays

at relatively low energies.

1.3 THE COMPOSITION OF PRIMARY RADIATION

The radiation which comes across the earth from outside consists of
two types, namely particles and waves. Both types have contributed

enormously to the great advances made in Physics and Astronomy. Over the



past thirty years a large number of atomic nuclei and subatomic particles
have been discovered and identified. The observed spectrum has been
extended into the Ultraviolet, X- and y-ray regions at the shorter wave
lengths, and into the Infra-red and Radio-wave regions at the longer wave
lengths. Concerning the mechanism of primary cosmic ray production and
their mean lifetime, the primary mass composition offers valuable and
important information in these aspects. Recently, significant knowledge
of the mass composition has been obtained using nuclear emulsions, counter
techniques and ionization calorimeters carried by balloons and satellites.
The relative abundances of the principal elements in the primary radiations
are abproximately 89% protons, 10% a-particles and 1% other elements.
After helium, carbon and oxygen are the next most abundant elements,
followed by N, Ne, Mg, Si, Fe, Li, and Be. A summary of the recent
experimental results is given by Wolfendale (1972). Table 1. shows the
cosmic ray composition of the more abundant elements relative to carbon as
measured by different workers. Although detection of very heavy nuclei
as large as Uranium has been reported (Fowler, (1975)),iron is still the
most abundant of the heavier nuclei. The energy spectra are fairly well
established in the energy region 50 MeV up to 10 GeV (Figure 1l.2). The
results for some light elements are shown in Fiqure 1.2, The intensity
reaches a maximum at a few hundred Mgv and at higher energies it falls off

with a differential expdnent of -2.6.

1.4 HIGH ENERGY NUCLEAR INTERACTIONS '

Air shower deveiopment is mostly due to the collisions of particles
with energies greater than a few hundred GeVv. The nuclear cascade produced,
plays an importaﬁt role in understanding the characteristics of high energy
interactions. The physics of nuclear interactions have .been studied in

accelerator experiments with equivalent laboratory energies up to




* This value applies to source spectra that follow a power law in
energy per nucleon.

H 5 x 100 205 z§ 43 x 1072
He (2.7 £ 0.5) x 10° |

c 100 445 7§ 59 =3x10°%
N 1213

0 1216 68< Zg 83 =3 x104
Ne 20%3 |

Mg 27 %4 90<€ z§ 96 =2 x 104
si 23 X4

Fe 23%s

TABLE l.] : Primordial composition of the more abundant cosmic rays
at energies below 1 GeV per nucleon

{The data is normalized to carbon.{after shapiro et al, 1971)




= 2 x 1012 ev, These energies are still many orders of magnitude

lower than those involved in the early interactions of particles in
extensive air showers. Extrapolation of the particle accelerator data

to air shower energies (> lol.4 eV) is the only possible way of establish-
ing a model of propogation of an air shower, For a number of years,
empirical models of nuclear interactions have been adopted, the most
extensively used being the model proposed by Cocconi, et al (1961) ; the

so called C.K.P. model. This was based upon accelerator measurements

of proton-light nucleus interactions in the 10-30 GeV region. This model
assumes an exponential distribution of energy for the secondary particles
with some mean energy depending on the incident particle .energy. One of
the main features of this model is the dependence of pion multiplicity, N,
on the primary energy, EP' (Figure 1.6) having the form n o Epk. Extensive
calculations have been made for a variety of E.A.S. characteristics (e.g.

De Beer, et al, 1966 ; Hillas, 1970, and Dixon, 1973) showing that many
E.A.S. phenomena are consistent with this model. Wdowczyk and Wolfendale
(1973) have shown that the C.K.P. model is valid if the bulk of primary
particles are protons up ﬁo at least lo6 GeVv. This conclusion was based
upon the measurements of the Utah group (Cannon, et al, 1971) of the relative
frequency of multiple_muons. Also, Adcock, et al (1971) have concluded
that there is evidence of a slow rise in transverse momentum with increasing
primary energy which 1s consistent with the predictions of the C.K.P. model.
New ideas have been generated by the "scaling" model of Feynman (1969) which
assumes a limiting shape of the energy distribution of secondary particles

' which carry a particular fraction of the primary energy expressed as x, X

being %g . A logarithmic dependence of the mean multiplicity (Figure 1.6)

upon enerqgy is predicted from this model as well as a rapid saturation of
the mean transverse momentum <Pt> of these secondaries at a value of 0.4 GeV/c.

The scaling model has been shown to be reasonably valid for several character-
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istics of the proton-proton collisions at the I.S.R. energies by Jacob (1973).
The question is whether or not scaling is valid at higher energies, also,

if the scaling hypothesis is valid for nucleon-air nucleus collisions,

as well as for nucleon-nucleon collisdions. From calculations done on

cosmic ray data (Wdowczyk and Wolfendale, 1972, 1973) it has been shown

that the scaling model becomes less and less applicable as the energy exceeds
1012 eV, Also, it is suggested that scaling is valid at higher energies only
if an increase in the primary mass is allowed. Very recently Wdowczyk,

et al, (1976 in the press) have concluded that the scaling model should

cease to be valid for proton-air nucleus interactions above about lO13 eV,
This conclusion was obtained by examining the recent measurements of the
Moscow State University group (Rozhdestvensky, et al, 1975) on the lateral
diétribution and energy spectrum of muons in E.A.S. in the energy range
10-100 GeV, as well as the measurements of the Utah group (Mason, et al, 1975)
on the decoherence curve of muon pairs. Wdowczyk, et al, also point out
that air showers require a higher multiplicity dependence than E% when the
primaries are all assumed to be protons. Further, even if the primaries

are all iron, the multiplicity should be greater than that predicted by the

scaling hypothesis,

1.5 HIGH ENERGY MUONS

Experimental sfudies of high energy cosmic ray muons can be divided
into two groups. The first is that concerned with examining the electros-
magnetic interactions of muons with matter. The seoond concerns the use
of muons in order to obtain information about their parent pions and the
mechanism of their production. Single unaccompanied muons that reach sea
level are usually formed along with low energy "old" showers that are absorbed
in the atmosphere. These muons are mainly initiated by primary particles

in the energy range 1010 - 1013 eV. At higher energies muons observed at
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sea level are expected to be accompanied by extensive air showers and
form one of the major components of the E.A.S. Recent reviews on
the electromagnetic interactions of muons, their energy spectra, charge
ratio and other aspects, are given by Thompson (1973).

Studies of high energy muons in E.A.S. are of interest from the
view point of the characteristics of nuclear interactions at ultra high
energles, as well as the nature and mass composition of the primary cosmic
radiation. High energy muons usually originate from pions produced in
the early interactions of the high energy primaries. Those with energy
Eu 320 GeV lose a small fraction of their energy as they traverse the
atmosphere. However, high energy muons .observed in E.A.S. contain
information about all the nuclear interactions which have taken place in the
atmosphere in the development of the shower, and data pertaining to the muon
energy spectra and lateral distribution should reveal some of the basic
parameters of the nuclear interaction process. - Detailed theoretical
studies of muons in E.A.S. have shown that the muon lateral distribution can
give information on the mean transverse momenta of the parent pions in the
energy range lo14 - 1016 ev. The frequency of multiple muons and the
decoherence curve of muon pairg as measured by the Utah group (Mason, 1975)
could be related to the multiplicity of the pion productions and the nature
of the primary spectrum. Theoretical studies on the measure-
ments of the last tﬁo phenomena have been carried out by Goned, et al, (1975),
and Mason, et al, (1975). In an attempt to derive some information on
the primary spectrum from the measurements of the Utah group, it was found
by Wdowczyk, et al (1976) that £he resulting spectrum is sensitive to the
absolute number of muons above a particular threshold energy. Information
on the nature of the primary particles can be obtained from the studies of
the fluctuations in measurements of muons in E.A.S. Evidence of normal

mixed composition of the primary spectrum came from the work of
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Khristiansen, et al (1966) and Alexander (1968). To date, the work

of De Beer,; et al (1966); Hillas (1966), Turver (1974) ,Goned (1975)

and Greider (1977) has provided a satisfactory overall account of the
measurements of .the distributions of muons with enefgy and radial
distance in the showers. The spatial and temporal characteristics

of E.A.S. muons have been considered in detail by Dixon and Turver (1974)
and Turver (1974). Such works form the basis on which experimental data
are interpreted and which leads to a greater understanding of the high

energy interactions, and increased knowledge of the nature of primary

cosmic rays.
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CHAPTER 2

EXTENSIVE AIR SHOWERS

2.1 INTRODUCTION

Extensive air showers (E.A.S.) can be considered as the result
of a complicated chain of strong nuclear interactions initiated by
primary cosmic ray particles which, on entering the earth's atmosphere
interact with air nuclei. Many secondary particles are produced due
to a series of collisions of a primary particle with an air nucleus, which
move through the atmosphere in almost the same direction as the primary
particles and give rise to a cascade of particles through the atmosphere.
Corisequently, the total number of particles in the shower can be very large
and the particles are scattered over a very large area at sea level. The
principal features in the development of an air shower are shown in Fig. 2.l.
The particles in a shower are distributed symmetrically around the shower
axis due to the following processes that take place during their traversal
of the atmosphere :-

1. The finite transverse momentum of the secondary particles of

the interactions.

2. The multiple scattering of charged particles in the atmosphere.

3. The angular divergence of muons and other particles produced

in the decay process.

4. The deflection of charged particles due to their movemént in

the earth's magnetic field.

The nature of the E.A.S. depends upon the nuclear interaction
characteristics such as the multiplicity of secondaries and the inelasticity
of the collisions. Also the size of the E.A.S. produced (the total number
of particles in the shower) depends on the level of the first interaction and

the level of the observation. The lateral extension of showers ensures the
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The development of an E.A.S. arriving at sea level,

N_ is the number of particles in the shower at sea level
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and Es is the total energy of the shower at the same level.
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detection near sea level of showers initiated by primaries on the top

of the atmosphere over quite a large area. The observations of E.A.S.
provide a unique method of detecting ultra high enerqgy particles

(> 1014 ev). By studying variods parameters of the different components
of E.A.S. and the relationship between them, the primary spectrum, mass
composition and the characteristics of high energy nuclea# interactions

can be deduced. The three major components of an E.A.S. are discussed in

the following sections.

2.2 THE ELECTRON-PHOTON CASCADE -

l2.2.1 Introduction

The Y;rays that are produced by the decay of ﬁeutral pions produced
in nucleon-nucleus interactions initiate ﬁhe electron-photon cascade. This
component has been investigated very well since it constitutes the largest
fraction of chgrged particles in the shower. The ionization losses of
the electrons in their passage ﬁhrough the atmosphe;e is the main process
by which the shower particles lgse energy.and eventually the barticles are
absorbed. Coulomb scattering is the'majof process that influences the
lateral spread of the electrons and photons in the shower. Although this
component represents only ™~ 10% of-the shower energy at sea level it is still
an important measure of the stage of development of the shower. As the
shower propagates throughlthe atmosphere the number of shower particles
reaches a maximum and subsequently decreases with increasing atmospheric depth.

The development of an air shower can be understood by studying the
shower cascade curvé which shows the depeﬂdence of shower size'on the depth
in the atmosphere for a fixed primary eﬂergy. The cascade curve is
experimentally investigated by plotting the shower size as a function of depth
for equal shéwer intensity. Figure 2.2 shows thg experimental results

obtained for many showers recorded by different experiments at various
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The longitudinal development of air showers, the experimental
data shown are derived from equi-intensity cuts of size spectra
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observational levels.

Information on the character of nuclear interactions at high
energies (3 1014 eV) can be obtained from the measurements of the energy
spectrum of the electron-photon component at mountaiﬂ altitudes.

Gaisser (1974) has studied the longitudinal development curves using the
Chacaltaya results of Bradt, et al (1965) and La Pointe, et al (1968), and
has found that they are consistent with iron primaries when the scaling
hypothesis is modified to allow for an increase in the production cross
section with energy and some allowance for the intranuclear cascading is
introduced. Khristiansen (1975) has pointed out that the experimental
data obtained in studying the energy spectrum of this component at mountain
altitudes are inconsistent with the extrapolations of the scaling hypothesis
14 17

to the high energy regions (100 - 107 eV),

2.2.2 The Lateral Electron Density Distribution Function

Studies of the lateral distribution of all charged particles in a
shower at sea level and mountain altitudes have produced a great deal of
information on the development of air showers as well as determining the
total number of particles in a shower at the level of observation. The
lateral distribution of all charged particles in a shower plays an important
role in the theoretical analysis of the observed experimental data.

Nishimura and Kamata (1952, 1958) have derived the lateral structure
function of E.A.S. particles. Their derivation was based on a purely
electromagnetic cascade shower theory taking into account the multiple
scattering of electrons. Greisen (1956) produced a simplified formula
representing the lateral distribution of all éharged particles in E.A.S. at
sea level (known as the N.K.G. formula, i.e. Nishimura, Kamata, Greisen) which
is given as :-

= C(8) 1+ = (2.1)

LI L]
LI L}
i L]
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vhere s is the shower age parameter and is a measure of the stage of
development of the shower, r i1s the distance to the shower axis, rl is the
Moliere Unit having a value of 79 meters at sea level and C(S) is a normalisa-

tion factor related to the cascade age parameter as follows :~
2
C(S) = 0.443 s (1.9 - s) (2.2)

The shower electron density pe(Ne,r), assuming that the lateral structure

function is independent of shower size Ne, is given by :-
= r Ne :

An empirical formula representing the lateral electron shower

density has been suggested by Greisen (1960) which is based on experimental

3

measurements done over a wide range of shower sizes (10~ - 109) at core

distances ranging from 5 cm to 500 m and at various atmospheric depths of

observation varying from 537 gm cm_2 to 1800 gm cm-2 (zenith angles as large

as 55°). This formula is given as :-

. [o.75 " ]3.2s
_ 0.4 Ne 1 r -
PN T) = == r r+r LT (2.4)
rl 1 1

at s = 1.,25. Measurements of the lateral structure function have been
carried out by many workers using different measuring techniques and it has
been found that the shape of the structure function i? dependent. slightly

upon the type of the detectors employed. The measurements done with Geiger
tubes give a good representation of the actual density distribution of the
shower particles, while measurements with scintillation counters give slightly
steeper distributions. This is attributed to the sensitivity of the

scintillator to the photon component of the shower. Figure 2.3 illustrates
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this fact, and shows a comparison of various electron lateral
distributions (normalised to a common shower size of 105 particles)
measured by different groups. The measurements of Hasegawa, et al (l1962),
who used an array of scintillation counters, show a steeper density
distribution than that of Greisen (1960), for an age parameter of 1.25,

Hasegawa et al found that their data could be represented by the following

expression :-

p(Ne' r) = —__Ne exp(-r/120) (2.5)
2nY120 7 r1.15

Detailed analysis of the experiment of Catz, et al (1975) has
shown that the lateral distribution of particle densities recorded by

scintillation counters can be described by the following relation :-

1.57 x 102 x N,
piN, x) = exp (-r/120) (2.6)
1.62
(1L + x)

where r is the distance from the shower axis, and varies from about 2 metars
to at least 70 meters. The lateral distribution of electrons in E.A.S.
obtaingd by Catz, et al (see Figure 2.3) seems to agree well with the NKG
relation for an age parameter of 1.25; it is also clear from the figure

that this distribution is steeper than that suggested by Greisen (1960) in
the region below 20 meters from the shower core. The distribution of
particle densities observed by the Sydney group (Hillas, 1970) for large air
showers gives a much flatter distribution. The flattening of the distribution
can éossibly be attributed to the detection of multi-cored showers induced by
primaries of energies greater than 10ls ev. Nevertheless, it can be
concluded from Figure 2.3 that there is a general agreement between the above

mentioned distributions in the region 20 - 100 meters from the shower axis,
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whilst there is some discrepancy between the measurements at distances
near to the shower axis and at large distances (3 100 meters). This
discrepancy could be due partly to inaccurate shower core determination
and partly to the effect of the dependence of the measured lateral
- distributions on the type of particle detector in the apparatus.

2.2.3 The Shower Age Parameter

The behaviour of the electron-photon cascade is well described in
terms of the cascade shower theory (Nishimura and Kamata, 1958).
According to this theory, the stage of shower development is characterised

by an age parameter (s) which is defined approximately as :-
s = 3t/(t+ 2y + x (2.7

where yo = 1n(w°/Eo), wo being the energy of the photon that initiated the
shower cascade and E° is the electron critical energy in air, 84 Mev. Further,
X = ln(r/rl), r and r, are defined as in equation 2.1 and t is the atmospheric
depth (gm cm-z). If the age parameter is less than one, then the shower is
in the early stages of development and is called a "young" shower, at maximum
development the age parameter is assigned a value of unity while for age
parameters larger than one, the shower has passed its maximum development and
is decreasing in size, it is now defined as an old shower.

Equatibn 2,7 shows the dependence of the age parameter on radial
distance. In practice, this dependence is rather weak for -l<x<l because
of the very large values of t + 2yo. Only at very small distances (520 meters)
from the shower axis does the dependence become more important (see Figure 2.4).
Moving far from the shower core (r » 100 m) the energy of electrons becomes
less than the critical energy E° and hence they cannot travel far.

Figure 2.4 shows the effect of the age parameter on the lateral electron

density distributions obtained using the N.K.G. distribution function. From
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18

the experimental observations on E.A.S. at sea level, Vernov et al (1970)
have suggested a dependence between the average age parameter and shower
size ; as the shower size increases the average age parameter increases.
The mountain altitude observations of Miyake et al (1973) support this increase.
These results are interesting since most of the measurements on the lateral
electron density distribution indicate that this function is independent of
shower size.

Figure 2.5 shows the shower age parameter for various shower sizes
as predicted by Karakula, (1968) on the basis-of the standard model of
De Beexr, et al (1966). It can be seen that although there is no significant
variation in age parameters with shower size, the variation is still larger
than that observed by Vernov et al, Monte Carlo simulations of air showers by
Dixon and Turver (1974) show that the age parameter decreases with incfeasing
shower size.

The increase in age parameters observed in the experiment of Vernov
et al can be explained by the employment of a flatter lateral distribution than
that given by the N.K.G . function, and also by the fact that the lateral
distribution corresponding tc the N.K.G. relation for a fixed age parameter
tends to under-estimate the total number of particles at both large and small
distances from the shower axis.

2.2.4 The Shower Size Spectrum :

Derivation and Spectral Measurements

The shower size spectrum is the frequency of occurrence of showers with
a particular number of particles. To determine the spectrum, a knowledge of
location of the shower axes of the individual showers is necessary and the
lateral distribution function has to be fitted to the measured particle densities
at the observation distances from the shower axis. The fit is usually made
several meters away from the shower axis, and therefore extrapolation of the

lateral structure function into the central core region is necessary. The
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shower size N is obtained by integrating the lateral distribution function

over all values of r as follows :-

4
1

21mr £(r) dr (2.8)

The determination of the shower size (N) is very dependent on the
lateral structure function employed, and on shower core location. The shower
size can be overestimated by assuming too steep lateral distribution function.
There are many reasons why the spectral intensities determined by different
experiments differ significantly from each other. These reasons are mainly
technical due for example to the use of different types of detectors, a
scintillation detectors, Geiger Miiller counters or Cerenkov detectors, which
all have different threshold energies, and t6 acceptance biases due to the
various experimental arrays having different geometries. As a consequence
it is not easy to comparé the intensity at a particular shower size measured
by one experiment with the intensity obtained at the same size in a second
experiment. Therefore, in order fo compare the results of different experiments
it is often necessary to resort to a normalisation proceedure.

Figure 2.6 and Figure 2;7 show an accurate estimation of the integral
size spectrum at sea level and mountain altitudes respectively (Summary of Bell,
1974) , after being corrected for a variety of biases. The solid line
represents the best fit to the summarised data in both figures. Examination
of the sea level size spectrum and the spectrum at mountain altitudés indicates
the following features :-

1. There is a transition from a region of practically constant

exponent to another of greater exponent. The transition is rather

short and exhibits a sharp change of slope at the position of the "knee".

2. The position of the "knee" appears to be.at N #& 7 x lo5 particles

at sea level, and N = 1.5 x'lo6 at mountain:altitudes.




("PL6T ‘W TT®€ I93Fe .’ (ejep sStaed pue KaTsur] buipnioxs) sartorixed mo,n puofaq e3iep a3yl o3 3IT3 sazenbs

3SeaT ayjy sjuasaxdax 3UTT PTTOS 9yl ‘Te9AS8T eas e °g°"yY°3F 3O umzjoads 9ZTS I9MOUS HMHUUHG..H YL 9°7Z NINOIA

s2)iod 2N 2zIS J2MOYS UOJD2|3

Ol ]| 0l 0]
T Jmn_u— 1 T eﬁﬁ T T $ j T m_ T — 0l
M (S2121nd 401 10 pasijouwsiou)(egel) Aqsull] _

’ | (ZL61) suod }SINVOA &
H H Ul 20u2juo) uobadoing piE Y} zisspbby o
T o uasuonsiyy AqQ payoday | AluN IS MOISOW x

(IL61) ID 12 UDI2SY ‘AU 2JDIS MOISON® _

, _R8c_u ﬁBEo>co_SnEm_u_Ech_Esu_u cwumﬁw

l-‘ls l.oas Z.UJDSIZN (3N<) f




*(pL6T ‘119€ I33Je) e3ep ay3 o3 3P saxenbs 3seay sy
sjuasaxdax BUTY PTTIOS 3Y3 ‘SIPniTITe UTeIUNOW e paInsesw °*§°y°d Jo unrloads azTs Teabajur L°Z TENOII

sapiund 3\ 3ZIS JaMOYS UOIPR)T

' ! n—_l ' v h—l v ¥ 3 L Y
i 00L | (6961) DAUIWY x -
00L (1L61) upjesy e
B 0SL (ZL61) Nyso, O —4z01
- 0€S (G961) 1D 1 poug o
- ZWo Wb i
yidap
SOy
. ; § o
| 2 2 | 2 i | 2 N i 1 R

1S (39 WI G AN (3N) F




20

3. The absolute intensity of showers observed at mountain altitudes
in the region below the "knee" is higher than that measured at sea

level by a factor of 20.

It is not necessary for all showers plotted in the two figures to
be at their maximum development since the determination of shower size depends
upon the adopted experimental technique and on the method of analysis. This
could be one reason for the change in the position of the "knee". An
alternative reason is that showers due to primary particles of different
energies reach their maximum of development at different depths in the
atmosphere.

2.3 THE MUON COMPONENT

2.3.1 Introduction

The muon component of E.A.S. is formed mainly from the decay of charged
plons and kaons. The decay of pions and kaons depends upon their energy and the
atmospheric density in which they find themselves. The relative probability
of their decay will be greatest in low atmospheric densities, thus, muons
mainly originate very early in the nuclear cascade. The most energetic muons
are produced near the first interaction of the incoming primary particle. By
studying this muon component, information can be deduced about the primary
particles, the production spectra of the parent pions and kaons, and the
characteristics of nuclear interactions. Most of the muons survive to
ground level due to their low probability of decay or interaction in the
atmosphere.

Muons undergo some Coulomb scattering and geomagnetic deflection in
traversing the atmosphere from their point of generation to the observation
level, but the muons, particularly those of high energy, retain a considerable
imprint of their level of production.

The number of muons in a shower is dependent mainly on the energy of
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the primary particle. The ratio of the number of muons to electrons

in a shower is dependent on the atomic number of the primary particles.

As a consequence this ratio can give a measure of the chemical composition
of the primary particles at high energies.

Muons form only a few percient of particles in the shower, though
they carry much of the shower energy. At distances of a few hundred meters
from the shower core they are relatively frequent, Showers containing only
a very few percent of muons may be initiated by primary y-rays, which in turn,
may show anisotropies in their arrival directions since they will be unaffected
by the galactic magnetic fields.

Theoretical and experimental studies of the muon component of E.A.S.
have been made in recent years in order to obtain information on the shower
characferistics, the nature of the primary particles and nuclear interactions.
The theoretical predictions of De Beer, et al (1966), Hillas (1966) and Dixon
and Turver (1974) and others have considered many aspects of the muon component
of E.A.S.

The experimental measurements concerning muons are in broad agreement,
but comparison of the measurements with theoxetical predictions shows some
discrepancies. At the present time more experimental observations of muons
in showers are required. Most measurements of the lateral distribution and
energy spectrum of E.A.S. muons have been made over restricted core distances
and muon energy range. It is important to obtain information on E.A.S. muons
over a wide energy range, particularly on muons of highest energy, for different
shower parameters. The high momentum reselution magnetic spectrograph
(M.A.R.S.) at Durham University is capable of making such measurements in
conjunction with the Durham small air shower array. The apparatus is
capable of making measurements of the muon energy spectrum in the energy
range 7 ~ 2000 GeV at core distances ranging from S5 - 50.m measured with

showers in the range 2 x 104 - 2 x lo6 particles.
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2.3.2 The Lateral Distribution of Muons in the E.A.S.

The lateral distribution of muons at various distances from the
shower core is mainly caused by the transverse momenta of the parent pions,
thus, E.A.S. studies of the lateral distribution of the muon component will,
in principle, give information about the transverse momenta of the parent
particles.

The experimental results of the Cornell group (Clark, et al, (1958))
on the lateral distribution of muons of energy in excess of 1 GeV in showers
whose size is in the range 2 x 105 -2x lo8 particles form the basis for the

empirical lateral distribution function proposed by Greisen (1960) :-

0.75 . -2.5
p (Ne,r) = 18 EEE r-o'-’5 1 4 i (2.9)
u 10 320

where pu(Ne,r) represents the muon density in m-2 measured at a distance r(m.)
from the axis of a shower of size Ne.

Some measurements have been made of the muon lateral density distribu-
tion for various energy thresholds, and Bennett and Greisen (1961) propose the

empirical formula :-

OI37
0.75 O.l4r
-0.75
o (Ne,xr,3E )= 14.4 Ne6 51 3
U H 2.5 10 E + 5L J\E + 2
H u
l+r
320 (2.10)
where r is expressed in meters and Euin GeV, This formula is valid for
muons with energies 1 - 10 GeV, Up to date most of the results on the muon

lateral distribution in this energy range have shown no serious deviation from
the above formula especially in the region greater than 20 meters from the
shower axis. Predictions of the formula for muons with energies Eu; 10 GeVv

are shown in Figure 2.8 along with the results of various experiments. The




» 0 N T I 1
\\ Ey210 GeV
0' - AN —
i %\'\%
%‘ 3
{é i
\ o° }g —
, \
\Q §
\9 ¢
t \
> 0'— —
§ 1
s ¢
-
> A Bennett 1962
O Khrenov 1962 T
102 ® Earnshaw 1967 —
4 Vemov 1961 \g
x Vernov 1964
@ Vernov 1968
10’ | —
| 1 1
1 10 100 1000

Radial distance (m)

Figure 2.8- The muon lateral distribution for a 10 GeV energy
threshold. Data are normalised to 2.107
(After Wdowczyk, 1973)




23

experimental data shows that the muon lateral distribution seems to be
slightly flatter for the lesser radiél distances (£ 20 meters). This may
be attributable to uncertainties in the determination of the location of
the shower core.

Measurements of the lateral distribution of muons at large and
small distances from the shower core have been obtained by the Haverah Park
group (Earnshaw,et al,1967) and recently by Moscow State University
(Rozhdestvensky, et al, 1975) using a magnetic spectrograph at sea level
for threshold energies 10 - 100 GeV. In the early work of Earnshaw, et al,
(1967) the muon lateral distribution was obtained for threshold energy Eu} 1 Gev
by using the Haverah Park magnetic muon spectrograph as a range spectrograph.
Their distribution fits well with the predictions of the model calculations of
Hillas (1966) and De Beer, et al, (1966) except for core distances less than
100 meters and greater than about 700 meters. The discrepancy in the Haverah
Park data at small distances is attributed by De Beer, et al, to the C.K.P.
(Cocconi, Koester and Perkins (196l))relation, predicting too many secondaries
with small transverse momenta. At higher energies (50 - 100 GeV), Machin,et al,,
(1969) have reported too many high energy muons at large distances from the
shower core. In this energy range the muon lateral distributions are not
well fitted by models of either De Beer, et al, or Hillas. De Beer, et al,
(1968) have explained the discrepancy as being due either to experimental bias
or to the existence of secondaries possessing a very large mean transverse
momentum. Orford and Turver (1969) have found that their results agreed well
with a mean value of 0.4 ~ 0.6 GeV/c for the transverse momentum of the
secondary pions of the nuclear interaction. The other important measurement
of the muon lateral distribution is that of the Moscow State University group.
Their distributions for threshold energies 10 - 90 GeV are shown in Figure 2,9
for radial distances less than 100 meters from the shower core. Comparison of

the experimental distribution with the theoretically predicted distribution
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based on the standard model (C.K.P. with n a E&) shows that the measured
distribution is wider than the predicted distributions. This is illustrated
in Figure 2.10 in which the muon lateral distribution for Eu 2 50 GeV is
plotted as pu X ru2 versus ru, and it is seen that in order to obtain an
agreement the predicted curves must be widened by a factor of 1.6 (Wwdowczyk,
1975). The widening of the distributions could be explained as either
being due to a higher transverse momemtum or due to a higher level of muon
origin. An alternative possibility is to assume an increase of the rate
of degradation of the energy of the particles in the shower at the initial
stage of the shower development (e.g. a transfer from an Ek multiplicity to
b

an E° law).

2.3.3 The Energy Spectrum of Muons in E.A.S.

The energy spectrum of muons in E.A.S. depends upon the distance
from the shower core at which the muons are observed. . The spectrum becomes
steeper as the distance from the shower axis increases. The energy spectrum
of high energy muons which originate in the early interactions of the shower
may be expected to be sensitive to characteristics of the nuclear process such
as inelasticity, transverse momentum and the mass composition of the primary
particles.

The most comprehensive measurements of the muon energy spectra in
E.A.5. is that of Bennett and Greisen (1961) which is based on the measure-
ments of the 1 GeV muon lateral distribution obtained at Cornell University,
as well as by Clark, et al (1958) and the measurements of the integral spectra
of muons in the range 1 - 20 GeV using an air gap magnetic spectrograph.
Bennett, et al, (1962) have found the integral energy spectrum of muons in
E.A.S. can be well represented by the equation :-

0.75 ' 1.29

N, GE) = 1.3 x 10° | N T (2.11)
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The lateral density distribution of high
energy muons in E.A.S. (After Wdowczyk, 1975).
The dotted line refers to the C.K.P. predicted
distribution displaced to the right by 1.6.
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where Eu represents the threshold energy of the muon in GeV in a shower
of Ne charged particles. Orford (1968) has made a comprehensive survey
of the early work concerning the muon energy spectra and the muon lateral
distribution carried out by various workers.

A magnetic spectrograph in association with the Haverah Park E.A.S.
array has been used to measure the energy spectrum of muons with energies
in the range 10 ~ 100 GeV falling at distances 50 - 800 meters from cores
of showers covering the size range 105 - 108 particles. The results of the
Haverah Park group (Earnshaw, et al, (1967))are in good agreement with those
of Bennett and Greisen (1961). Generally, a fair ayreement has been found
with other experiments which use different techniques, with the exception of
the work of De Beer, et al (1962) which shows a steeper spectrum at large
distances from the shower core (100 - 500 meters).

Theoretical air shower simulations of the energy spectra of muons
in E.A.S. have shown that the number of muons of energies greater than a
certain energy threshold is sensitive to the primary energy. Fiqure 2.11
illustrates very clearly the dependence of the number of muons, Nu(aFEu), on
the primary energy in showers initiated by protons in the energy range
1014 - lO18 ev. The experimental data superimposed on the figure are those
taken from the summary of Gaisser and Maurer (1972). Very recently the
muon enérgy spectrum in E.A.S. has been measured using muon spectrographs in
Moscow State University (Rozhdestvensky, et al, 1975), and in Kiel (Burger,
et al, 1975). Comparison of the results of the Kiel group with the results
of the Moscow State University group (see Figure 2.12) shows that the data
obtained from the latter seem to give a flatter spectrum, but the difference

still may not be significant.

2.3.4 The Heights of Origin of Muons

One of the important shower parameters that is the subject of

investigation is the height of origin of the muons present in the air showers.
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Showexs initiated by heavy primaries will have a higher level of production
than proton initiated showers, due to the reduction in the nuclear interaction

length. The mean height of origin of muons can be determined as follows :-

® 1. From a knowledge of the muon energy and core distance together
with assumptions concerning the transverse momentum of secondaries
of interactions.
2, From a knowledge of the time delay of muons of known energy
and core distance.
3. From the separation of muons of opposite charges in the geomagnetic

field.

It is hoped that with a knowledge of the production height, the
distribution of muons of a given energy will enable an estimate of the
characteristics of the nuclear cascade to be made from a different standpoint
to that taken by studying the lateral distribution of muons.

A survey of the measurements of the mean height of muons at various
energies derived from different experimental techniques is given by Turver,
(1973). The summarised data (see Figure 2.13) shows a general
agreement'between the measurements when all are reduced to a common threshold
energy of 0.3 GeV, in that they indicate the expected increase in the mean
height of origin with increasing core distance. The measurements of Earmshaw,
et al, (1973) have given further evidence of the increase. Recently, the
mean height of origin has been measured directly by the Kiel group (Burger,
et al, 1975) and the Lodz groups (Dzikowsky, et al, 1975). The results of
Burger, et al, show an overall dependence of the mean production height on
core distance, particularly for distances less than 50 meters from the shower
axis. Their results also give a very low level of height of or;gin,

compared with the general picture of E.A.S. obtained from most other data.
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Dzikowsky, et al, estimate the height of origin of muons with energies > 5 GeVv
as 12.7 + 1.8 Km, which , although exceeding the height predicted by the same
authors on the basis of the standard model, is consistent with results obtained
from muon lateral distribution investigations.

2.3.5 The Relationship Between the Total Number of Muons and

: Electrons and the Primary Cosmic Ray Energy

Converting the shower size spectrum into a primary spectrum is not
a straight forward procedure,due to the lack of precise knowledg; of the
average parameters of the high energy nuclear interactions that control the
development of the air shower, as well as the effect of the fluctuations in
the air shower development. Detailed‘Monte Carlo calculations on this
important aspect have shown that the effect of these uncertainties can be
reduced if showers are measured near the depth of maximum development.
Although most of the theoretical observations are still subject to some
uncertainties, they predict an almost linear relationship getween the primary
energy and the shower size ; this relationship is model dependent, The
size-eﬁergy relationship has been shown by De Beer, et al, (1966), for near
vertical E.A.S. at sea level and initiated by primary protons of fixed energy,
to be of the form :-

_4 0.91
B, = 9.5x 1003 (N_ 10 4 eV . (2.12)

where Ne is the mean shower size. Also, De Beer, et al, define the mean

primary energy for a fixed shower size as having the following form :-
E_ = 5.6 x10 (N10o ) T ev - (2.13)
p e

Figure 2.14 shows the Ne - Ep relationship for vertical showers

initiated by primary protons as defined by the shower simulations of Dixon,
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et al, (1973). The effect of the detector threshold energy (1 - 10 MeV)
has been included when the Ne - Ep relationship was established, Also in
the same figure the results of De Beer, et al (1966) and the recent work
of Olejniczak (1975) js. plotted for primary proton energies.
For muons in air showers, investigations have been carried out to
define the Nu - Ep relationship. As has been mentioned earlier (Section 2.3.1)

the total number of muons exceeding a certain energy threshold is a better

i representation of the energy primary spectrum than is the number of electrons.
De Beer, et al, (1969) give for the Nu - EP relationship for muons with
energies > 1 GeV the following expression :-

E = 1.8x 10° (N, %1 Gev) 1074113

v (2.14)
where Nu is the number of muons in the shower.
The work on the Nu - EP conversion is shown in Figure 2.15 for

Eu 21l GeV and Eu > 10 GeV, calculated by various groups.

Concerning the relationship between Nu and Ne' their dependence may

be approximated by a power law of the form :-

N o N - (2.19)

The exponent a in this relationship is not constant ; its value is
sensitive to the primary composition. Figure 2.16 shows the variation of

a with shower size as predicted by Mason et al, (1975) on this basis. The




FIGURE 2,15

The dependence of the number of muons N above
1 and 10 GeV., on primary energy, for proton showers
at 14° for model of Hillas (1971) compared with

vertical showers of Giler (1969) marked Lodz.
(After Bell, 1974).
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experimental data are those collected by Adcock, et al (1968). The dotted
area is the theoretical prediction of Mason, et al. The agreement between
theory and experimental results is fair and the decreasing trend of a with
shower size is exhibited by the preédittions of Mason, et al.

Besides the evidence from the longitudinal development of the electron
component. (Wdowczyk and Wolfendale, 1972, 1973, and Gaisser,1974) there exists
evidence which shows that the muon to electron ratio in showers is greater
than expected. De Beer, et al, (1966) carried out detailed calculations
based on'.the C.K.P. model. For primary protons and showers at sea level
the calculated muon to electron ratio was found to be less than the summarised
experimental data which referred to muons in the energy range 1 - 100 GeV and
near vartical-E.A.S. of mean size Ne = 106 particles. This means that the
muon to electron ratio for protons and scaling will be even smaller. Gaisser
and Murer (1972) have demonstrated this case and found that the Nu/Ne ratio
for scaling is lower by a factor of 5 when compared with the C.K.P. predictions
as shown in Figure 2.17.

New measurements by Kalmykov and Khristiansen (1975) on the character
of Nu (Ne) dependence for muons above 10 GeV have indicated the existence of
a sharp contradiction when compared with the predictions calculated bj the
same authors for scaling and primary protons. Very recently Wdowczyk, et al,
(1976) have summarised the case concerning the Nu (Ne) dependence with ‘the
theoretical treatment of different authors as shown in Figure 2.18. Wdowezyk,
et al, show that the scaling model predictions do not give a fit to the
experimental data, even assuming that the primaries are all iron nuclei as is
seen from the line "scaling and Fe". Also, it is of importance to mention
that the slope of the experimentally determined relationship between Nu and
Ne is quite different from that for scaling. Wdowczyk, et al, point out that
agreement with the observed slope could be achieved by having an increasing

7
fraction of the primaries as iron, reaching 100% only at Ne = 10 particles
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The integral number of muons as a per cent of shower size

versus muon energy for showers of mean size lo6 particles.
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and comprising 30% iron at Ne = 105. This is consequently in contradiction
with the results of the Utah data (Bergeson, et al, 1975) which indicate the ..
need for 80% iron at 3 x lo14 ev, A further difficulty is that such a

high percentage of iron would not explain the large fluctuations of the muon

number in E.A.S. when Ne is fixed,

2.4 THE NUCLEAR CASCADE

2.4.1 Introduction

The nuclear cascade plays a principal role in the development of an
alr shower. The development of the whole shéwer depends on the properties
of the individual nuclear interactions and on the development of the nuclear
cascade. As a matter of illustration, if a primary particle of energy

> 1014 eV is considered to be incident vertically upon the atmosphere it

2,

will undergo a nuclear collision with a mean path in the range 75 - 90 gm cm
This indicates that the first interaction could take place generally at 15 Km
above sea level, but because of possible large fluctuations on this height,
the production height distribution can be nearly flat between 10 - 30 Km above
sea level.

As the cascade progresses through the atmosphere there will be on
average about 12 nuclear interactions of the primary particle before it
reaches sea level, The incident particle, after each collision, emerges with
a flat energy spread with around 50% of its original energy ; the inelasticity
of individual collisions may vary 0.3 - 0.9.

The nuclear cascade continues to develop due to the injection of piens,
nucleons, kaons and hyperons as interaction products of the primary particle ;
these secondaries either interact with the air nuclei, thus continuing the
cascade, or they decay. The interacting pions will have an interaction mean -
free path of & 120 gm cm-z. Approximately one third of the pions produced

in the nuclear cascade are neutral pions that have an extremely '‘short life
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time (To ~ 10-16 sec.) and these probably decay. As long as nuclear
active particles have sufficient energy to initiate other interactions,
neutral pions produced will inject energy into the electromagnetic cascade
of the shower. Since nuclear active particles that are produced in
nuclear interactions are emitted with small transverse momenta (& 0.4 GeV/c),
those of high energy will form a bundle close to the core of the shower.
Studies of the multicore structure of the E.A.S. show some indication
of a large increase in the transverse momenta of the nuclear active particles
of such showers to about 6 GeV/c (Miyake, et al, 1970) and to about 10 GeV/c
(Dake, et al, 1975). Such increases have not been accepted yet, and are
doubtful.

2.4.2 The Transverse Momentum

It has been confirmed many times that the mean transverse momentum
of secondary particles in high energy collisions is almost independent of the
collision enexgy, having possibly a very slight increase with energy.

Figure 2.19 shows the mean transverse momentum versus primary energy taken
from Muraki (1975).

In the work on E.A.S. the following observablz2 quantities are
influenced by the transverse momentum :-

1. The muon lateral ' distribution.

2, The lateral spread of hadrons in shower cores.

3. The core structure of the electromagnetic component.

Some experiments have indicated the existence of large transverse
momenta of the produced particles. Two arguments support this phenomengn,
the first being the fact that the experimentally measured densities for muons
with energies 3 100 GeV have flatter lateral distributions than those obtained
by the Monte Carlo simulations. The second is the occurrence of multiple
core showers where the energy of the individual cores, E, and their mutual

distances, r, were so large that after having'assumed reasonable heightSof
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origin, h, the quantity (x/h)E turned out to be many times larger than
1l - 10 GeV. This quantity can be interpreted as the transverse momentum
of the particle produced at thé given height.

Evidence for high transverse momenta has been shown in the work
of Hazen, et al, (1973) from studies of sub-cores in the electromagnetic
component of E.A.S. using a cloud chamber, also, the earlier work of
Shibata, et al, {(1965) and Hasegawa, et al, (1966). The results of
Guseva, et al, (1962) obtained from experiments using the emulsion technique
show evidence for more secondaries with large transverse momenta than can be
expected on the basis of the C.K.P. model. Halzen and Gaisser (1975) have
pointed out that the E.A.S. observations of the secondary ﬂoproduced in-cosmic
ray interactions in the energy primary range 104 - lO7 GeV confirm the
discovery of the FNAL and CERN ISR experiments of a component of the proton-
proton interaction growing with energy yielding an unexpected number of high
transverse momenta secondaries. These proton-proton interactions are very
different from the hadron component interactions that yield the bulk of pions

with small transverse momentum.

2.5 PREVIOUS STUDIES OF THE MUON COMPONENT USING THE MAGNETIC SPECTROGRAPH

TECHNIQUE

2.5.1 The Cornell Group

In the pioneexr work of Bennett and Greisen (196l1) a vertical magnetic
spectrogrépﬁ was run in coincidence with an E.A.S. array. Figure 2.20 shows
the relative position of the spectrometer in the array. The magnetic
spectrometer consisted of an air-gap magnet with magnetic field strength
of 12K Gauss and nominal aperture of 25 cmzsr. Muons were traced through
the magnet by trays of Geiger-Miiller counters. The array detecting elements
were plastic scintillation counters arranged as in Figure 2.20, and showers

7
in the size range 103 - 10 particles were recorded by the array.
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in this experiment the muon lateral distribution for momentum
> 1 GeV/c and the integral muon energy spectrum in the range 10 - 20 GeV
were measured. Bennett and Greisen (1961) express their results in the
terms of the empirical relationships (equations 2.9, 2.10) which give the
density of muons with a minimum energy in a shower of size Ne' at a certain
distance from the shower core.

As it has been noted in Section 2.3.2, there is no serious discrepancy
in the shape of the lateral distribution cbtained in this experiment and those

obtained by other workers.

2.5.2 The Haverah Park Experiment

A variety of air shower properties have been studied in this large
scale experiment. The principal aim is to determine the primary enerqgy
spectrum at high energies, to examine the isotropy of arrival direction and
to give as much information as possible about the primary mass composition.
Studies of the muon component of E.A.S. have been achieved by operating a
vertical magnetic spectrograph (Figure 2.21 a) of total sensitive area 1.8 m2
for particles incident in the vertical direction, having a momentum resolution
of ~ 100 GeV/c.

For muons traversing the spectrograph, trays of neon flash tubes
were used as visual detectors that provide four estimates of track location
for the momentum determinations. The Haverah Park E.A.S. array consists of
diffused light Cerenkov detectors arranged as shown in Figure 2.21 b, Also
shown in the same figure is the location of the spectrograph relative to the
array. The spectrograph was triggered and photographed whenever a shower
was recorded on one of the small arrays of the whole installation.

The following aspects of E.A.S. muons havé been measured by operating

the array in conjunction with the spectrograph :-
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FIGURE 2.21b The Haverah Park E.A.S. Array
(After Pickersgill, 1973).
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1. The lateral distribution of muons in near vertical showers

as a function of muon energy, to lateral distances of ~ 1 Km

and to energies of about 100 GeV.

2. The energy spectrum of muons as a function of core distance.

3. The production heights of the muons.

4., The charge ratio of E.A.S. muons.

5. The distribution of transverse momentum of the secondary

particles of an interaction.

2 comparison of the experimental results with model calculations
has been made by Orford and Turver (19 69), It has been shown that it 1is
necesgsary to assume a high pion multiplicity law (ns o EH), or heavy primary
mass in order to explain the observed high number of muons (particularly those
with energies > 50 GeV) far from the shower core.

2.5.3 The Kjel Spectrograph

A solid iron magnetic spectrograph has been used in co~operation with
the Xiel E.A.S. Array, (Figure 2.22 a) to study the energy spectra and
production height of muons in E.A.S. in the energy range 3 - 200 GeV. The
spectrograph (Figure 2.22 b) consists of a solid iron magnet of area 2.25 m2.
The muon momentum measurements are done using four sections of the magnet, each
of area 0.25 m2, wvhere there is a homogeneous magnetic field. The visual
detecting elements of the spectrograph are doublé gap spark chambers. The
M.D.M. of the spectrograph is 210 GeV/c and the threshold momentum is 3 GeV/c
{due to absorption in concrete and iron). The method used for data analysis
was to select showers with exactly one muon passing through the spectrograph.
The experimental results of Burger, et al, (1975) show an overall dependence
of the production height on core distance for £ 50 meters from the shower core.

This result is in agreement with a mean transverse momentum
of 0.4 GeV/c. Burger, et al, have found no significant change in the

production height at distances 50 - 100 meters from the core. The
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experimental results on the energy spectrum obtained by the same

group agrees with the results from Haverah Park (Earnshaw et al, 1967).

2.5.4 The Moscow State University Experiment

Recently the Moscow State University has installed a magnetic
muon spectrometer (Abrosimov et al, 1974) in the middle of the Moscow
State hniversity air shower array, (Figure 2.23a), at a depth of 40 m.w.e.
underground. The spectrometer, (Figure 2.23b) consists of a magnetic
iron body placed between arrays of wide gap spark chambers. Muon tracks
were obtained by photographing the spark chamber after the muon has passed
through the iron. Preliminary results of the Moscow State University
spectrograph have been given by Rozhdestvensky, et al (1975). Figure 2.24
shows the muon energy spectrum in E.A.S. of size N = lo6 as obtained by
integrating the lateral distribution in the Figure (2.9) for muons with
E 3 10 Gev. The dataadle presented together with that obtained by
Earnshaw et al (1967) for showers of size 2 x 107 particles. It is clear
from the figure that the measured muon energy spectra are in contradiction
with the predictions of the "scaling" hypothesis, and a good agreement iQ

obtained with the C.K.P. model with multiplicity n.a EH.

It is also found that the shape of energy spectra in the range
20-90 GeV is the same as that predicted by both models with n « E& and
na EH. It is important to mention that in spite of the agreement
between the experimental muon energy spectra and the standard model
there exists some disagreement in the lateral distribution function.

Furthermore, although the experimental shape of the muon spectra agrees with

both multiplicity dependences, the energy spectrum at a given distance from

the shower axis is more sensitive to the model, but the statistical accuracy
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et al, (1975).
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is not sufficient to rule out one of them.

2.6 THE PRESENT WORK

The work described in this thesis is based on employing two
experiments in which some aspects of the electron and muon components
of the air shower have been studied. In the first experiment an array
of four plastic scintillation counters has been used to measure the density
spectrum of small air showers and to determine the absolute rate of occurrence
of the showers. Also this array has been used in conjunction with the muon-
magnetic spectrograph (M.A.R.S.) in which the absolute integral rate of muons
associated with E.A.S. has been measured for muons with energy > 5 GeV,

The second experiment employs an alr shower array of plastic
scintillation counters operated in conjunction with the M.A.R.S. spectrograph.
This array measures the characteristics of air showers falling within a
distance of 50 meters from the centre of the array and typically selects
showers in the size range 8 x lO4 -2x 106 particles. The magnetic
quctrograph provides an accurate measurement of the muon energy spectrum
in the range 7 - 2000 GeV. Measurement of the muon lateral distribution
has been made over radial distances 5 - 50 meters for various muon energy

thresholds.
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CBAPTER 3

THE EXPERIMENT - PART I

3.1 INTRODUCTION

An array of four E.A.S, detectors was designed to study the
absolute integral intensity and the density spectrum of small air
showers. The apparatus was designed to run in conjunction with the
Durham Magnetic Automated Research Spectrograph (M.A.R.S), in which,
by using a coincidence technique, the absolute integral intensity of
E.A.S. muons with energies > 5 GeV/c has been measured. The apparatus
was constructed in the Sir James Knott laboratory in the Physics Depart-
ment (50m above sea level and at a latitude 55° N). It was placed
directly beneath a roof of thickness = 4 gm/cmz. The array was
operational for the period Oct. 1972 to April 1973, and a total of
293,361 showers were recorded including a total of 11,171 muon showers,
There were two modes of operation of the apparatus. In the first, air
shower detectors function alone, and in the second mode a coincidence is
required between the array and the left-hand side of the magnetic spectro-
graph (the blue-side).

The coincidence rates,due to showers falling on the array, were
measured for different combinations of the operational detectors. The
"decoherence" curve of the measured showers was determined at six separations
between the detectors. The exponent of the measured particle density
spectrum was determined from the comparison of the 4-fold and 3-fold
coincidence rates. The integral rates of muons associated with small
alr showers weremeasured with a variety of coincidences of the shower
particle detectors and the main 3-fold coincidence pulse generated due to

the passage of muons with Eu 3 5 GeV through the blue-side of the spectrograph.
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The latter measurements were done using the spectrograph as a
magnetised iron absorber (the magnetic field in the absorber was

16.3 kGauss and was positibe or negative or comprised various sections
of the absorber having crcssed fields). Later, a run was done with

the magnetic field reduced to 10 kGauss (reduced field).

3.2 GENERAL DESCRIPTION AND DESIGN OF THE APPARATUS

The geometrical arrangement of the array is shown in Figure 3.la.
The E.A.S. array consists of four identical scintillation detectors,
sl, 82, S3, S4, all having a sensitive area of 0.5 m2 arranged in a
horizontal plane around the top 6f M.A.R.S. The geometry and location
of the array around M.A.R.S. can be seen in Figure 3.1b. A shower is
defined by a > 2-fold coincidence between the four detec:tors of the array,
and a third coincidence with the blue-side of M.A.R.S. is required to
define a muon associated with a shower. Table 3.1 shows all coincidence

categories used to select the data with and without the spectrograph.

3.3 THE E.A.S. DETECTOR

The type of detector used was a modified version of that described
by Barnaby and Barton, (1960). Each detector in the array consists of a
pair of similar individual scintillators attached together and separated
by a partition as shown in Figure 3.2. Each individual scintillation
counter is designed in sugh a manner that a square slab of phosphor
material with mean dimensions of 50 x 50 % 5 cms £its the top of a box
which is itself constfucted of chipbecard with dimensioﬁs 51 x 51 x 60 cms.
The scintillator is viewed by a 5" diameter photomultiplier tube,
(E.M.I. 9579B) with a useful cathode area of 121 cm2. The photomultiplier
in each part of the detector was at the centre of the base of the box. The

top and side surfaces of the scintillator were covered with a highly reflecting
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AROUND M,A.R.S.

FIG.31lb; RELATIVE POSITION OF THE SHOWER ARRAY




TABLE 3.1

DETECTOR COINCIDENCE COMBINATION CATEGORY

SELECTED WITH AND WITHOUT THE SPECTROGRAPH.

Two fold Three fold Four fold

53 + S‘+ + s2 + S3 All four detectors
Sz+su -82+S‘* slosa¢s3¢sh
S1 + Su 1t S3 + Sl+

S1 + S2 > * 83 + S4

s1 + 83

S2 + S3
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aluminium foil to ensure the reflection of most of the light down to
the photomultiplier tube. The top of the box was covered by hardbcard
of thickness 0.4 cm.

As a consequence of the passage of alr shower particles through
the plastic scintillator photons are generated in the scintillator.

The total amount of light produced is proportional to the energy deposited
by the shower particles in the scintillator. The photomultiplier can
receive only a small proportion of the light emitted over the whole area
of the scintillator.

Each photomultiplier has been run with the anode connected to a
positive high voltage with respect to the cathode and the positive output
pulse was taken from the last photomultiplier dynode, the pulse length (1.8 usec)
being determined by the R.C. network as shown in Figure 3.3. This figure
shows the dynode resistor chain of the base of the photomultiplier tube
used in each scintillation counter. The photomultipliers were tested
individually by being used to view directly a 5" x 5" plastic scintillator.

It was- found that an unscreened photomultiplier placed in the vicinity of

the spectrograph was affected by the stray magnetic field of the spectrograph.
This effect can be explained as being due to the deflection of the secondary
electrons as they pass between the photomultiplier dynodes, and this occurs
mainly in the first dynode region. Clearly the effect of the magnetic

field of the spectrograph on the photomultiplier must be avoided or minimised,
and this was achieved by completely surrounding the tube by a u-metal shield
and an outer concentric soft iron cylinder; as shown in Figure 3.4,

Tests with the proper scintillation counters in their experimental
location for positive and negative magnetic fields show no change in the
shape of the pulse height distribution for single particles traversing the

detectors, as is shown in Figure 3.5.
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3.4 THE ARRAY ASSOCIATED ELECTRONICS

3.4.1 The Power Supplies

The high voltage required for the dynode chains of the photo-
multipliers was obtained from a highly stable positive power supply.
The E.H.T. was fed initially into a potential divider box which comprised of
10 parallel connections of resistors, each connection consisting of 32
resistors of value 100 k Q in series, as shown in Figure 3.3. The
potential divider box served as a variable resistor for the control of
the E.H.T. to individual photomultipliers. The low voltage supply to
the amplifiers was obtalned from a stabilised D.C. power supply of +17 volts.

3.4.2 The Head Amplifiers

Output pulses from the photomultiplier tubes on leaving the light
tight box were fed to a two transistor head amplifier. Two head amplifiers
per detector were placed together inside a grounded aluminium box contained
within the detector. The head amplifiers were simply emitter-followers,
(Figure 3.6) with a gain of approximately unity, providing sufficient power
to drive the linear output signals into ~ 10 m of coaxial cable of 75 Q
impedance. The saturatdion voltage of the emitter-follower was typically
16 volts as shown in Figure 3.7 where the output gain 15 plotted against
the input voltage. The gain stability of the amplifiers was checked
periodically during the course of operation of the experiment and no
significant changes were found. Pulses from the head units were then
sent via coaxial cables to discriminators. Thus, each main detector
(consisting of two scintillation couﬁters) had five cables connected, these
being two high voltage cables each supplying one photomultiplier, a cable
supplying power to the head amplifiers and two cables carrying the output
pulses from the detector to the discriminators.

The discriminators have a fixed threshold level of 250 + 30 mV.

The setting of the threshold levels will be discussed in Section 3.6,
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3.5 THE AIR SHOWER COINCIDENCE~-COUNTING SYSTEM

3.5.1 The Coincidence Unit

Output pulses from the discriminators (3 volts positive logic)
were fed to a coincidence and anticoincidence unit.

The coincidence unit, Figqure 3.8, incorporated four OR gates at
the input which served to add the pulses from two adjacent counters.
The added pulses were inverted, delayed slightly and shaped to 1 us, and
then fed into an eight input NAND gate. The resolving time of the
coincidence circuits was 1 us. The 3-fold coincidence pulse from the
spectrograph was gated to the 5-input NAND coincidence gate without delaf.

Air showers are defined by 2, 3 or 4-fold coincidences and the
resultant coincidence pulses are recorded on a scalar. A further
coincidence of the E.A.S. coincidence pulse with a M.A.R.S. pulse, which
defines an E.A.S. muon event, was also registered on a scalar.

3.5.2 The Coincidence Scalar Counter

Figure 3.9 shows the circuit diagram of the multi scalar designed
for the purpose of counting the number of showers registered during the
experiment. It comprises three individual scalars, each scalar consist-
ing of four BCD counters. The specification of the scalar is that it
accepts negative or positive loglc pulses with a duration of > SO0 NsecC.
The scalar information could be displayed on the display tubes, it being

possible to read from any of the three scalars in turn.

3.6 BALANCE AND CALIBRATION OF DETECTORS

Initially, the working voltage of an individual scintillation
counter was obtained by measuring the most probable pulse height, h, for
various values of the high voltage, V, applied to the photomultiplier tube.
The dependence of the output voltage on the E.H.T. is shown in Figure 3.10.

6.2+ 0.6

Typically, the gain of the photomultiplier tube varies as V In
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order that the output pulses from the scintillation counter be meaning-
fully interpreted, it is necessary that they be calibrated in terms of

the pulse height produced by the vertical traversal of single cosmic ray
particles through the sensitive area of the detector. This calibration
was accomplished using a small scintillator telescope of sensitive area

9" x 9" (Figure 3.11) to select cosmic ray particles passing through the
scintillation counter, the telescope being placed above the scintillator

to be calibrated. A differential pulse height spectrum of the pulses

from the detector under test‘wi§ obtained by simply gating detector pulses
using the telescope into a 400 channel pulse height analyser (P.H.A.). A
typical calibrated pulse height distribution is shown in Figure 3.12 a.

The mode of this distribution was taken to be proportional to the mean
output pulse height produced by a single shower particle crossing the central
region of the counter. By adjusting the high voltage applied to each
photomultiplier tube, the gains of the tubes were altered such that the
modes of the observed distributions were the same to within + 1lOs. The
method used to set the discriminator was to feed the discriminator output
pulses into the coincidence gate of the P.H.A. to trigger the undiscriminated
output pulses of the same photomultiplier. In this way the differential
pulse height spectrum of the cosmic ray particles above a certain threshold
was obtained, and the position of the discriminaticn level could be seen.
The discrimination threshold levels were set within the region of minimum
noige level of the pulse height distribution which was obtained to be at the
250 + 30 mV level. Thé procedure was repeated for positive; negative and
'reduced' magnetic field of the spectrograph and it was found that there
were no significant differences between the calibrations corresponding to
each magnetic field direction. The count rate of a single photomultiplier
scintillation counter was typically 40-50 seq-l. The integral particle

density spectrum for a typical scintillation counter is shown in Figure 3.12 b.
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3.6.1 The Uniformity of the Detectors

The response of the detector to single particles crossing variocus
regions was determined in a preliminary experiment using a scintillator
telescope (Figure 3.11) in coincidence with the detector under test. A
400 channel P.H.A. was used to measure the differential pulse height
gpectrum due to single shower particles traversing the detectors at various
places. Figure 3.13 shows a least squares fit to the most probable pulse
heights obtained, corresponding to various positions of the telescope, and
the detector is seen to have quite a uniform response.

3.6.2 Performance of the Array Detectors

It is essential in air shower experiments to have some knowledge
of the response of the arrays to showers that fall around the array
detectors, Since each single scintillation counter has been calibrated
to give a pulse height equivalent to one or more particle per scintillator
area, then the minimum number of particles that can be detected is 2 p/m2
(the area of one detector is 0.5 mz). This corresponds to a minimum
shower size of v 1 x 103 particles falling at about one meter from the
detector. Showers as large as 106 particles could trigger the array if
their cores fall closer than 150m from the detector S4. The median shower
size detected by the array depends on the number of detectors employed ; for
instance, for 2-fold, 3-fold and 4-fold, coincidence, the median shower sizes
that the array responds to are 8.5 x 103, 2 x 104 and 4 x 104 particles
respectively. Detailed calculations on the contribution of showers to the
measured rate are given in Chapter 4, I+ is found that for showers in
the range 8 x 102 - 107 particles, the main contribution to the observed
rates comes from showers which f2ll with their cores in the region 10-40m
from the detector S,.

4

3.7 THE EFFICIENCY OF THE SCINTILLATION COUNTERS

In order to obtain the absolute rate of occurrence of ailr showers
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detected by the present experiment, the efficiency of the detecting
elements of the array must be known. The scintillation counters'
efficiencies were obtained by examining the pulse height distributions

due to cosmic ray particles traversing the whole scintillation counter

and estimating the.ratio of the count rate of the detector due to

particles producing pulses equal to or greater than the discriminator

level to the total count rate expected due to charged particles falling

on the counter. The experimental procedure used to obtain the efficiency
of the individual scintillation counters was similar to that used for the
counters calibration. The small 9" x 9" scintillator telescope was used
to select cosmic ray particles passing through the regions E} B and C of
the plastic scintillator as indicated in Figure 3.14. Then a composite
pulse height distribution for the whole area of the counters was obtained
by adding the individual pulse height distributions. Table 3.2 shows the
efficiencies of the individual counters of the arrays, and also of the
combined adjacent scintillators that form one air shower detector level.
The detection efficiencies for various detectors' coincidence modes are

listed in Table 3.3.

3.8 THE MAGNETIC AUTOMATED RESEARCH SPECTROGRAPH (M.A.R.S.)

3.8.1 General Description

This instrument has been designed and assembled at Durham for the
purpose of measuring the vertical cosmic ray muon momentum spectrum up to
5Q00 GeV/c (Whalley,b1974, Piggott, 1975) and the muon'charge ratic. at sea
level (Hume, 1975). The spectrograph has been described in detail in
several publications (Ayre, et al, 1969; Ayre, 1971, and Thompson and Wells,
1972). The important characteristics of the spectrograph are listed in
Table 3.4. In this section a brief description of the spectrograph is

given with particular attention to the parts that are essential or related

to the work done in this thesis.




T

S0cm -]

Il
ol
>4

(g

50 cm

FIGURE 3.14 Schematic diagram shows the shaded regions A, B & C

vhich have been used tc obtain the compositepulse
height distribution curve.




Detector Sl S S3 S
;:‘ii;:i(li‘;:il:ors SpR | S1B | SR | S2B | S3R SB[ S | SR
98.4 |95.9 98.1 | 96.9 | 96.2| 93.3 97.9 | 98.4
1.1 *1.0 1.1 1.1 1.1 +1.1 tl.1 +1.1
97.2 + 0.8 97.5 + 0.8 | 94.8 + 0.8 98.2 + 0.8
TABLE 3,2: The measured efficiencies of the air shower‘detectors

(individual scintillators and the whole detector)




TABLE 3.3

WITH AND WITHOUT SPECTROGRAPH

THE MEASURED EFFICIENCIES OF EACH FOLD OF COINCIDENCE COUNTERS

Fold of % efficiency |Fold of % efficiency
coincidence coincidence
with
spectrograph
ro® 4
S3 + Sh 93, 01! 1.03 S3 + Su + Sp 83.063 0.94
+ +
S2 + Sl+ 95.67 = 1.25 S2 + S# + Sp 85.43 = 0.96
+ *
Sl + 52 94.71 = 1.05 Sl + S2 + Sp 84,58 =2 0.96
h o +
Sl + Su 95.37 < 1.05 Sl + Sl+ + Sp 85.65 % 0.96
* +
S2 + 53 92.37 1.03% S2 + S3 + Sp 82.49 0.94
+ +
Sl + 83 92.07 = 1,03 S1 + 83 + Sp 82.22 % 0.94
/¢, ® 4
S1 + 83 + Su 90.37. = 1.22 Sl+SB+Sh+Sp 80.7 1.1
' 4 - b4
S2 + S3 + Sh 90.67 . l.22: 52‘53*54*SP 80.97 1.11
+ +
Sl + S2 + Sh 92.95 = 1.25 Sl+5205403p 83.01 < 1.13
* s
S1 + 52 + 53 89.75 I 1.21 Sl+Sa+SB+Sp 80.14 1.1
L
slosz¢s3+su 88.1 * 1.37 Sl+32+53+sh*sp 78.67 = 1.23
Spectrograph |[89.3 2 0.2




l -

JBa1 =8 wn
Acceptance (single muons) : = 0.0408 m2 sr
Magnet: weight : = 284 tons

overall height : = 7.6 metres
, width : = 2.16 metres
depth : = 3.66 metres
Power consumption : = 100 A at 100 V
Maximum detectable momentum : = 5,000 GeV/c

Minimum momentum required to

traverse spectrograph = 7 GeV/c

Momentum selector

50% cut off low momentum particles
at 200 GeV/c full acceptance above
310 GeV/c.

Three-fold trigger rate (7 GeV/c) = 28 min *

TABLE 3.4: The main characteristics of the spectrograph.
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The principle of operation of the spectrograph is to observe
the deflection of a charged particle that is subjected to a magnetic
field, and to relate this deflection to the momentum of the particle.
Essentially, M.A.R.S. is a multi-layer type spectrograph, consisting of
four rectangular iron blocks providing four regions of magnetic field
which deflect the penetrating charged particles. There are two similar
sides of the spectrograph (these being called the blue and red-sides)
shown in Figure 3.15. In this diagram the front and the back planes
of the spectrograph are shown. The blue-side of the spectrograph has
been used in both the experiments described in the present work to study
some aspects of muons associated with E.A.S.

3.8.2 The Detecting Elements of the Spectrograph

The detecting elements are the following :-

a) The scintillation counters. In both sides of the spectro-

graph scintillation counters are placed at the so called levels 3, 3 and
1, effectively at the top, middle and bottom of the magnet. The scintillators
detect the passage of a muon through the spectrograph, and they are each of
size 133 x 75 x 2.5 cm3, being NE 102a plastic scintillator material. Each
scintillator slab is viewed by four photomultiplier tubes (type 53 AVP), two
photomultipliers viewing each end via a triangular shaped Perspex light
guide (see Figure 3.16). The two resulting added pulses from each
diagonally opposite pair are amplified, discriminated and fed to a 2-input
coincidence gate. The resulting pulses from the detectors in the three
levels of the magnet are then fed into a 3-input coincidence gate, whose
output pulse indicates the passage of a particle through the spectrograph,
This pulse is the main trigger pulse of the spectrograph and has been used
to link the air shower experiments with the blue-side of the spectrograph.
The efficiency of the scintillation counters of the spectrograph
has been measured by Whélley (1974) , and the overall efficiency of the

system is (0.894 + 0.002)%.
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FIGURE 3.16 Schematic diagram of the spectrographs 3-fold scintillator
system (After Hume, 1975).
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b) The neon flash tube arrays. The second type of detecting

elements are the trays of neon flash tubes that define the muon
trajectories. In one side (the blue-side) of the spectrograph two
types of flash tubes are used. The first type are in the momentum
selector trays, each tray containing 204 tubes in four layers (each
tube has an internal diameter of 1.53 cm. filled with commercial neon
gas at 0.8 atmosphere).
The second type of flash tube used are in the measuring trays
which contain tubes of diameter 0.55 cm. and each tray consists of 712
flash tubes arranged in eight layers. The neon flash tubes are digitised
according to the method of Ayre and Thompson (1969Y). Digitised information

is sent to an on~line IBM 1130 Computer for storage and subsequent analysis.

3.8.3 The Triggering and Pulsing Systems of the Spectrograph

The passage of a muon through the spectrograph is detected by the
three scintillation counters in the top, middle and bottom levels of the
magnet, Within 2 usec. of the particles traversal of the spectrograph a
high voltage pulse (~5 kV) is applied to the neon flash tube trays in
the spectrograph using a high voltage spark-gap and a constant delay line.
Since there are two types of flash tube trays, two spark gaps are used, one
to pulse each type.

3.8.4 The Momentum Selector System

This system has been designed (Ayre et al, 1972) for the purpose of
selecting particles of high momentum ( 3 70 GeV/c). It consists of trays
of neon flash tubes (momentum selector trays) and probes to provide the
digitisation for the pulses. The points across the width of trays where
the particle traversed each of the trays in the spectrograph are determined
using electronic circuitry and subsequent circuitry decides whether or not
the particle was of high momentum. when a high momentum event. has been

detected the system initiates the storing of data from the flash tubes in
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the measuring trays. The data from the trays consists of the column
numbers of the discharged tubes, the discharged tubes themselves and
other subsidiary informétion such as the number and_time of the event,
the magnetic field direction and atmospheric pressure. All these data
are fed into a memory core store. After storage of one event has been
completed in the core store, the on-line computer is interrupted and the
data are transferred to a magnetic disc for subsegquent analysis. A
detailed description of the procedure of selecting high momentum particles
using this system is given in Hume (1975) and Piggott (1975).

For the purpose of measuring the muon lateral distribution in
E.A.S. at various muon energies which is described in the second part of
this thesis, muon events of low momenta (7-100 GeV/c) have been transferred
to the computer and also stored.

3.8.5 The Acceptance of the Spectrograph for Muons Accompanied

By Air Showers

The acceptance of an instrument exposed to a certain flux of
particles is defined as the ratio of the observed rate (R) of particles
traversing the instrument to the incident flux (Io). Simply, this
relation can be written as follows :

R(sec-l)

= m . sr.
Acceptance -2 —

Io(m sec sr )

(3.1)

In the case of M.A.R.S., as a consequence of the muon trajectory having

been bent by the spectrograph magnetic field, this acceptance will become

a function of momentum and hence of the incident zenith (0) and azimuthal (¢)
angles in the bending and side planes of the spectrograph. Two methods
have been employed to work out the acceptance of the spectrograph. The

© first is analytical (Whalley, 1974, and Hume, 1975) in which the acceptance

of the spectrograph for single associated muons has been obtained, and the
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second is a Monte Carlo technique (Hawkes, 1977) which is used to give
a solution for the acceptance of the spectrograph that satisfies the
experimental conditions considered in Chapters 3 and 5.

In both of the experiments described in this thesis, the muon
is always accompanied by a shower and hence the muon traverses either
trays 1 - 4 or the detecting elements in levels 1 - 3 of the blue-side
of the spectrograph as explained in Chapters 3 and 6. Figure 3.17a,b,
shows the two categories of triggering requirements for the spectrograph
used in the present work, shown in both bending and back planes. From
the figure it can be seen that the muon trajectories that are defined as
being within the measuring tray at level 4 and the scintillation counter
at level 1l,when projected back to the plane of the measuring tray at
level 5 in both the bending and the back plane of the blue-side of the
spectrograph (as is demonstrated in Figure 3.17a), lead to an increase in
the sensitive area of the top measuring tray. A similar fact is
illustrated in Figure 3.17b for muon trajectories that are defined to
be within the scintillation counters at levels 3 and 1. An allowance
for the increase of both categories of acceptance was made to the computer
model of the spectrograph following the work of Hawkes (1977). The Monte
Carlo technique was used to simulate particles over this increased area for
both categories. In the above mentioned technique a computer random
number generator was used to simulate the air shower particle flux modulated
by cos™o (where O is the shower's zenith angle of incidence and n is the
shower's angular exponent).

The acceptance of one side of the spectrograph at a particular value
of muon momentum is obtained as follows :-

30

n+l
cos

Acceptance = 27A X %- 0 sin® 4o (3.2)
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where S is the number of particles which pass through the spectrograph
successfully out of T incident particles, and A is the geometrical area
of the spectrograph detecting elements for vertically incident particles.

Solving the integral in equation 3.2 for O gives :-

n+2
Acceptance = 27A x %- 1 - cos 30 (3.3)

n+2

‘ and substituting the value of A = 1.32 m2 and n = 10 which correspond to
| showers detected by the present array (Smith, 1977) gives :-
r

Acceptance = 0,57 x 3 mzsr (3.4)

T
In the computer simulations of the particle trajectories, the deflections
of the muons are considered along with the energy loss of the muons as they
traverse the iron. The particles are required to remain within the
defining trays and detectors of the spectrograph. Figure 3. 1B shows the
calculated acceptance for the two categories used in the present work

(L - 4 and 1 - 3 tray acceptances). It can be seen from this figure that

the acceptance levels off at around 20 GeV/c and 10 GeV/c for the 4-tray
| and 3-tray acceptance categories respectively. It has also been found
that the variation of the absolute value of the acceptance in each category
with values of n ranging from 8 to 12 is smaller.than the statistical error

obtained.

3.9 OPERATIONAL DETAILS OF THE EXPERIMENT

The design and the final setting of the experiment erisure that
variations in the supply voltages and temperature changes of the equipment
would not affect the proper operation of the experiment, Daily checks on

the counting rate of individual detectors and the counting rate of the
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detectors in various coincidence arrangements were made every morning
during the period of operation.

Initially some electrical pick-up was encountered during the
operations of the experiment from October to December 1972 and this was
due to electrical interference arising from one of the M.A.R.S. triggering
spark gaps. So, during this period the experiment was run only when the
spark gap was out of action, Eventually the pick-up problem was solved
by a proper shielding of all cables around the spark gap region.

During the operation of the experiment the daily variation of the
coincidence counting rates of the detectors of the apparatus were checked,
due allowance being made for the variation of the rate with atmospheric
pressure.

The experiment has two main data sets, the first one containing
the shower coincidence rates, ani the second constitutes the observed rates

of muans of energies 3 5 GeV/c accompanied by showers,
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CHAPTER FOUR

THE RATES OF MUONS AND AIR SHOWERS

4.1 INTRODUCTION

The running of the M.A,R.S. spectrograph in coincidence with
the simple arrangement of the array of air shower detectors described
in Chapter 3, was basically aimed at determining the rate of muons
traversing the spectrograph (under the conditions of a full magnetic
field) in association with air showers and Carryjng out some investiga-
tions on small air showers of sizes lo3 - 3 x 105 particles at sea level
using the same array of air shower counters. Determination of the
expected rate of muons was achieved making use of the sea level shower
size spectrum and two empirical functions describing the lateral structure
of the electrons and muon componentsof E.A.S.

Besides the muon rate experiment, investigations of small air
showers recorded by the counter arrangement involved measurements of the
shower rates, the shower density spectrum, the"decoherence curve" and the
exponent of the zenith angle distributions of the recorded showers,
Consequently, an attempt was made to produce the integral shower size
spectrum in the size range 103 -3x 105 particles. Theoretical
considerations and predictions of the rates of registered showers are

presented in this chapter.

4,2 DATA COLLECTION

The present experiment was operated for a period of six months
during which time showers of varous sizes having particle densities

32 p/m2 at each detector were recorded using two modes of operation
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of the apparatus. One mode involved the running of the shower array
in conjunction with the blue-side of the M.A.R.S. spectrograph, the
other mode involved the recording of showers alone. Two major sets
of data weré thus collected, the first concerned with the measurements
of the rate of E.A.S. muons having energies 3 5 GeV and the second
concerned with the measurements of air shower rates. Table 4.1 gives
a summary of the total number of events collected in each set and the
total sensitive time of the apparatus. Details of the individual
numbers of recorded showers for various coincidence arrangements of the
alr shower detectors with and without the spectrograph are given in

Section 4.7.

4.3 SYSTEMATIC AND STATISTICAL CORRECTIONS OF DATA

4.3.1 E.A.S. Muon Events

The spectrograph was not designed originally to study air shower
muons or to be used in air shower experiments. As a consequence
considerable difficultywas experienced in interpreting the data which
are contaminated in many ways, for example, by side showers and bursts.
The rate of side showers and other contaminating events is expected to
be significantly high compared with the rate of genuine muon events.
This can be seen from the computer "pictures"” of the spectrograph events
recorded with a simple coincidence between air shower detectors and the
spectrograph. Since there were no computer "pictures" of the present
data, study of the spectrograph shower events were made using former
colncidence experiments performed with the spectrograph. The first
of these experiments was a coincidence between the central detector C
(of the air shower array to be described in Chapter 5) and the spectro-

graph while the second involved a coincidence of M.A.R.S. and detectors



TABLE 4.1 : Summary of the total number of events collected
by the experimental set up.

Mode of Total Number Total Running
Operation of Events Time (h)
Muons Coincidence of
in shower counter 12386 864.9
E.A.S. and M.A.R.S.

Coincidence of
Showers shower counters 306946 903.4
only
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C + 12 + 32 + 61 (See Chapter 5). The selection criteria applied
to the datawas that,for a genuine muon shower event,the muon must pass
through at least three flash tube trays in levels 3, 2 and 1 and a
shower triggers the top flash tube tray (level 5). The : results of
the examination of the two test runs are presentéd in Table 4.2. It
is clear from the table that the events not satisfying the selection
criteria (i.e. unresolved events) amount to v 71% of the data. The
percentage does not vary according as a single shower counter or a
group of counters is used in the coincidence arrangement. The total
error on this contribution is estimated to be ~ 11% which is greater
than the statistical errors due to an additional error arising as a
result of the judgement of some events. The effect of accidental
counting rates in the above triggers is calculated and found to be

negligible,

4,.3.2 Accidental Coincidences

In coincidence experiments, it is importaﬁt to minimize the
effect of accidental coincidences such that the rate of.spu;ious events
recorded as genuine ones will be negligible. An array of n detectors
feeding pulses into a coincidence unit of a resolving time T usec, and
having rates for each detector Rl, RZ,R3 PR Rn has an accidental

coincidence rate given approximately by

n+1

Racc(n) = n!R1R2R3 cses Rn T sec (4.1)

Since the average rate of a single counter ranges from 80-100 counts/sec.
and the resolving time of the coincidence unit used is nearly lusec., the

accidental counting rates of variaus setsof coincidences can be estimated

from equation 4.1 and the results are tabulated in Table 4.3.




TABLE 4.2 : Examination of the M.A.R.S. computer plots of

854 Muon Events selected from two modes of

coincidence with air shower detectors.

Coincidence Mode

C + M.A.R.S,

Number of muon events
crossing the lower

total)

half of the 143 106
spectrograph

Number of unresolved 351 254
events ;
Total 494 360
Unresolved events

{(percentage of the |, 71.05 + 3.8% 70.56 + 4.4%
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TABLE 4.3

The estimated rate of chance coincidences calculated for three
orders of coincidence assuming a mean rate of 90 counts/sec. per

detector.

Order of Coincidence Accidental Rate
R (n) mint
acc
-1
2-fold 9.7 x 10
3-fold 1.32x 1074
4-fold 1.58x 10°°

It can be seen from Table 4.3 that the accidental rate in case of
two-fold coincidence counters is larger than that predicted for three-
fold or four-fold coincidence and it amounts to (7-12) % of the measured
two-fold coincidence rate ; the latter has been corrected for this effect.
The estimated three-fold and four-fold accidental counting rates are

1.32 x 10-4 and 1.58 x 10-8 per min : since the slowest three-fold rate
was 3.1/min, accidehtal counts were always negligible.

4.3.3 The Barometric Effect

It is well known that the cosmic ray intensity varies with
atmospheric pressure at the level of observation, this variation can
be expressed as follows:

I = I, exp -8 (P—Po) m-z.sec-l.st-l (4.2)

where I is the cosmic ray intensity at pressure P, Io is the intensity

at standard atmospheric pressure P° (76 cm.Hg) and B is the barometric




55

pressure coefficient. A mean value of B of ~ 10% per cm.Hg
(Galibraith, 1958 and Murdoch, 1958) has been used to correct the
measured air shower rates to a standard atmospheric pressure by
employing equation 4,2, Figure 4.1 shows the pressure variation

of the four-fold coincidence rates obtained from a series of independ-
ent observations.

4.3.4 Detector Efficiency

The efficiency of each detector was obtained experimentally
as explained in Section 3.7. Correcting the measured rates for the
detector efficiencies requires the knowledge of the number of detectors
struck by the shower simultaneously, thus the corrected rate in this
case can be obtained as follows :

R(n) -1

Rc (n) = E S E E sec (4.3)
1l 2 n

where R(n) is the observed rate of the n-fold coincidence detectors

vwhose efficiencies are E_, E

cess E o In a similar manner the E.A.S.
1 2 n

muon rates have been corrected by considering the three-fold detectors

efficiency of the blue-side of the spectrograph.

4.4 PREDICTIONS OF THE COINCIDENCE RATE OF MUONS ASSOCIATED

" WITH AIR SHOWERS

The rate of muons in E.A.S. can be calculated from the knowledge
of the sea level shower size spectrum and the probability of a muon
passing through the spectrograph in association with an air shower.

As has been explained in Chapter 3, for an E.A.S. muon event to be
recorded by the apparatus a muon must penetrate the spectrograph (i.e.
trigger the scintillation counters at levels 3 and 1) while a shower

triggers the scintillation counter in level 5. Thus, it is always
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required that the counter in level 5 is struck by shower particles.
This is shown schematically in Figure 3.17b. The acceptance of
the spectrograph in this case is that explained in section 3.8.5.
The estimated value of the acceptance at muon energy > 5 GeV is
0.09 + 10% m sT . The sea level shower size spectrum employed is
that derived from the sea level survey of Bell (1974) (See Figure 2.7).
According to the survey the integral shower size spectrum is as follows :
-1.50 5
F (>N) = 63.0"xN for N<7x10 (4.4)

and F >N) = 8.50x104 xﬁ2°°34 for N>7xlo5 (4.5)

where F (>N) is units of m.-2 sec“l sr-l.

The errors on the constant were estimated to be 6%. The differential
shower size spectrum, F(N), can then be expressed as follows :

F(NAN = 94.5 x N 2°° for N<7x10° (4.6)
and . : -3.034 5

F(N)JAN = 1.725 x 10" x N fpr Ns 7x10 - (4.7)
To estimate thé detection probabilities of E.A.S. muons empirical
formuladre used to represent the lateral structure of the electrons and
muons in E.A.S. at sea level as suggested by Greisen (1960). These
expfessions are given in equations 2.4 and 2.10 respectively. Evaluation
of the detéction probability can be explained as follows :
The probability of detecting an air shower Pe(n) by a number (n) of
detectors can be written as :

n

Pe(n) = ( } - exp i- piﬂri,Ne) Sif ) (4.8)



57
where pi(ri'Ne) is the density (m-z) of a shower of size Ne
particles falling at a distance r (m) from the ith detector whose

sensitive area Si(mz). The probability of detecting a muon passing

through the spectrograph is given by

> V) = l -~ -
Pu (,EuGe ) exp pu(ru,Ne,;EuGeV)Su (4.9)

where pu(ru,Ne,>Eu) is the density of muons with energies not less
than Eu(GeV) in a shower of size Ne_falling at a distance ru(meter) from
the spectrograph and su is the geometrical detecting area of the spectro-
graph which is simply the area of a scintillation counter (1.33 mz).

The intensity of muon events (sec-1 sr-l) with energies not less
than Eu(Gev) passing through the lower half of the spectrograph (i.e.
traversing at least levels 3 and 1) and accompanied by a shower triggering

the scintillation counters at the top of the spectrograph is then

Iu(n,aEuGeV) = ff 21r Pu(;EuGeV)Pe(n)F(N)der - (4.10)

N x (sec-1 sr-l)

In a computer programme showers of sizes in the range 5 x lo2 - 7x 107

particles were allowed to fall on a plane. For a shower of size N
"particles falling on the plane at a point (r,0) from detector 54, the
distance between the shower axis and other detectors (ri),including the

spectrograph, can be obtained from the geometry of Figure 4.2 as follows :

r2 + ai -2a, rcos(¢,~0) meter (4.11)

L}
I

where ai & ¢1 are the locations of the ith detector from the centre of

detector S4. Calculations of muon and electron densities follows from
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the determination of ris at a particular value of © which varies
from O-2w in the plane polar system, the detection probabilities
Pe(n) and Pu(;Eu) were then calculated for specified values of ri
and ©. The resultant probability Pe(n) x Pu(;Eu) was then obtained
and averaged over all the values of O at a particular value of r. The
same procedure was then repeated for other values of r. Thus for a
certain value of shower size N, the detection probabilities of a muon
associated with an air shower triggering the present arrangement were
calculated for a range of shower core distances of 0.1 - 800 m. Accord-
ing to equation 4.10 the first integration procedure was performed over
this range of core distance. By selecting various shower sizesa second
intggratibn is performed over the shower size range used ( 5 x 102-7 x 107
particles). The resultant of both integrations gives an estimate of
the sea level vertical intensity of muons with energies >Eu passing
through the spectrograph in association with an E.A.S. triggering a
number n of shoyfr counters on top of the spectrograph. The contiibution
to the rate of muons from different shower sizes can be obtained by
evaluating the following expression

800

-1 -1
Iu(N,aEu) = 2w F(N) .,.1 Pe(n)Pu(;Eu)2nrdr sec ~sr (4.12)
o'

?1gure 4.3 shows a plot of IH(N,;S GeV) versus shower size for a
coincidence between the spectrograph and 2; 3 and 4 showexr counters for
showers falling at distances in the range 0.1 - 800 metres from the
detector S4. The median shower sizes for each couwiter combination with
the spectrograph are given in the figure ; it is found that there is no
appreciable contribution to the muon rates from showers of sizes

3

7x10 3 Ne and Ne >1x 106 particles. To obtain the contribution

to the rates of muons at various radial distances from showers of all
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FIGURE 4.3 Contribution in shower size to the muon rates as predicted for
the coincidence between M.A.R.S. and the three orders of counter
combinations (2,3 and 4). The arrows indicate median shower
sizes.
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sizes the expression 4.10 has been evaluated for certain intervals

of radial distance such that the resultant integral represents the
intensity of muons Iu(sr,;Eu) due to showers of all sizes falling at
distance <r from the detector S4. Value of Iu(sr,;s GeV) are shown

in Figure 4.4 and plotted versus the limit of integration on the radial
distance. It is evident from the figure that showers of any size
falling at distances 2.03 r or r 2100 metres make a negligible contribution
to the rate of muons. Table 4.4 summarises the values of the median
sizes and core distances for showers accompanied by muons traversing

the spectrograph for a combination of 2, 3 and 4-fold coincidence
detectors. The ranges of radial distance and shower size for all showers
that contribute ~ 80% to the muon rates are also given. In order to
enable the theoretical calculations of the muon rates to be made, it is
essential to have the knowledge of particles threshold energy and the
acceptance of the spectrograph. As part of the coincidence mode used in
this experiment a muon must pass through the lower half of the spectro-
graph (total thickness of 1985 gm/cmz). For vertical incidence from

the theory of energy loss a muon needs in this case an energy of not less
than 3.5 GeV (Ayre, et al 1971) to traverse the apparatus. The amount

- of absorber increases for inclined trajectories to the vertical where the
particles can traverse the spectrograph anywhere from the side and front
planes of the spectrograph within an angle of 530°. The presence of

a full magnetic field in the spectrograph causes the particles trajectories
to be extremely curved and this effect is very effective at low muon
energies, in particular near the value of the cut-off energy for the
spectrograph. Thus, the magnetic field will give a small overall increase
to the value of the muon cut-off energy. The effects of the iron
absorber of the upper half of the spectrograph and that of the magnetic

field results in an increase in the cut-off energy of the lower half of




TABLE 4.4 : Radial and size contributions of showers to the

rate of muons (Eu;s.o GeV) in association with
showers triggering 2, 3 and 4-fold coincidence
detectors and M.A.R.S.

Order of Limits for 80% | Limits for 80% Median Median
Coincidence | contxribution contribution core shower.size
in radial in shower distance N (particles)
distance size (meter)
(metex) (particles)
3 5 3
2-fold 2.0-170 3.0x10 -6x10 14.0 7.0 x 10
3 5 4
' 3-fold 2.2 -7 6.5x10 -8x10 14.5 6.5 x 10
i
‘ 3 6 4
‘ . 4-£fold 3.2 - 60 8.0x10"~- 10 le.0 8.0 x 1
P
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the instrument to an effective value lying in the range 3.5 GeV to

5 GeV. The results of calculations of the muon intensities

Iu(p,zsu) for muons of energy thresholds 4 and 5 GeV are given in

Table 4.5. It is also seen that the mean integral intensities above
both energies are sensitive to the number of counters used in coincidence
with the spectrograph.

The vertical intensities of E.A.S. muons predicted by a coincidence
of two counters and M.A.R.S. seems to decrease by n 32% when a third
counter is employed and ~ 44% when’all the four counters of the array are
used. It is also evident from Table 4.5 that there are no detectable
differences in the calculated muon intensities above 4 or 5 GeV when
calculated for a particular number of counters in coincidence with the
spectrograph,

In order to predict the coincidence counting rates of air shower
counters with the spectrograph Ru(n,aEu), the acceptance functions of the
spectrograph must be folded in to the calculated intensities of the main

expression 4,10, such that

Ru(n';Eu) = Iu (n,;Eu) X ACC(E‘]) sec (4.13)

where Acc(Eu) in this case is the acceptance function of the lower half
of the.spectrograph in m2.sr. as defined by the scintillation counters in
levels 3 and 1 of the spectrograph. In Section 3.8.5, it is explained
that this acceptance is a function of muon energy and the angular
distribution of the incidence flux. Values.of Acc used in this work are
those obtained from Figure 3.1§8. Muon rates have been computed from

expression 4.13 and then used in comparison with observations in Section 4.12,




TABLE 4.5 : Calculations of the intensities of muons with

energies 2 4, 5 GeV, for various order of coincidences
of counters with M.A.R.S.

Order of Counter Iu(;4 Gev)xlo"2 I (25 Gev)xlo'z
coincidence| combination g - 1] 1o
sec "sr sec sr
S3+5, 2.00 1.85
S,+5, 1.89 1.75
2 §,%5, 1.84 1.71
5,%5, 1.88 1.74
52"‘53 1.85 1.70
Sl+S3 1.83 1.71
mean
intensity 1.88 1.74
Sl+82+s‘1 1.26 1.18
S,45445, 1.29 1.20
3 . Sl+S3+s4 1.28 1.19
Sl+83+s2 1.24 1.15
mean
intensity 1.27 1.18
4 sl+s2+s3+s4 1.01 0.996
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4.5 PREDICTIONS OF SHOWER COINCIDENCE RATES FROM THE SEA LEVEL

DENSITY SPECTRUM

The concept of an air shower density spectrum enables the results
to be interpreted in a manner which does not depend very strongly on the
dimension of the apparatus. The concept of the shower density spectrum
can be meaningful if the shower density i1s assumed almost constant over
the dimensions of the experimental set up. In the present experiment
the area occupied by the shower detectors is small in comparison to the
area covered by a shower and the detector spacings are large enough to
assure no detection of narrowshowers that originate in the vicinity of
the detectors. Thus, the assumption of a uniform density over all the
area covered by the small array is subject only to statistical fluctua-
tions which are represented by the Poissonian triggering probabilities
for one or more detectors to be struck by a shower. Considering a
detector of sensitive area S(mz), then the probability of m particles

crossing this area in a shower of mean density A(m_z) is

-AS
P (8,8) = (as)" e - (4.14)
m!

The probability of no particle going through that detector will be

P, (4,8) = e (4.15)

Thus, the probability for a detector to be hit by on

o
o]
N
B
[a]
®

particles

is

P (A,S) = 1 - exp (- AS) (4.16)

For an array of n detectors of areas Si' the probability that these

detectors will be triggered by a shower of mean density A at the location
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of the detectors is the product of the independent probabilities such

that

n
Pn(A,Si) = ] z 1 - exp(-ASi) % (4.17)

for detectors of a similar area the above expression will be reduced

as follows
Pn(A,S) = 1 - exp (-AS) (4.18)

If the number of showers per unit time whose densities lie within the
range A and A + dA is F(A)dA then the coincidence counting rate

between n number of detectors is given as

c = f Pn(A,S) F (4) dA sec—1 : - (4.19)

where F(A) dA 1is the differential density spectrum. The frequency
of showers of densities >A (m-z) can be expressed as a power law of

the form :

F (34) = KA secC (4.20)

where Yy is the exponent of the integral density spectrum which varies
siowly with density and altitude, then the differential spectrum of

equation 4.20 can be derived as follows

-y-1 -1
F (A) dA = Ky A aA sec (4.215)

The contribution for showers of density between A and A + dA to the
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coincidence rates is proportional to the following expression

‘ -AS n
B (A) A = 1 1 -e F (A) dA sec T (4.21 b)

Figure 4.5 shows the contribution B (A) plotted@ against values of A

2

- 2
ranging from 2 x 10 to 100 p/m for Y of the fqom given by Murdoch

(1958) as follows
y = 1.34° + 0.018 12nA

Justifications for using this value of y stems from the fact that this
measurement is applicable for showers in the low density range of the
shower density spectrum, whose mean densities are = 1 p/m2 ; furthermore,
the exponent Yy in this case was derived from a sea level experiment of
similar size to the present one. It is apparent from Figure 4.5 that
showers whose densities in the range 0.3 £ A & 70 p/m2 contribute strongly
to the coincidence rates. In Equation 4.18 the function Pn(A,S) varies
from zero to unity over a small range of densities while F(A) is found to
be rapidly decreasing with A_, thus, the integrand of equation 4.19 shows

l/S (m_z) v

a sharp maximum occurring at a shower density of approximatély
see Figure 4.5. Therefore, most of the contribution to the shower rates
come from comparatively narrow range of densities. The density spectrum
need be valid only over this range of densities. The integral in
equation 4.19 has been evaluated by a computer programme using the shower
density spectra of Murdoch (1958) and Greisen,(1960)respectively. In both
predictions the 1limit of the integration was taken from 0.0l - 500 p/m2.

The predicted rates of the 2, 3 and 4-fold counter coincidences are shown

in Table 4.6.
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TABLE 4.6 : Predictions of the showers coincidence

counting rate on the basis of the shower

density spectrum.

Coincidence Rate

(32 p/mz) m.'Ln_l

Author 2-fold 3-fold 4-fold
Murdoch (1958) 6.05 + 0.11 2.76 + 0.07 1.87 + 0.06
Greisen (1960) 6.59 3.14 2.16
Present work 9.55 + 0.10 2.94 + 0.12 1.95 + 0.034
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4.6 PREDICTIONS OF THE COINCIDENCE RATE OF SHOWERS FROM THE

STRUCTURE FUNCTION OF PARTICLES IN E.A.S.

The predictions of the coincidence counting rates of showers
by employing an empirical formula for the lateral struct:ure functions
of air shower particles and a known shower size spectrum represent a
simple and satisfactory method that yields various information on the
character of the showers recorded, for example, their intensities,
lateral spread and angular distributions. The method of calculation is
similar to that for the muon rate predictions described in Section 4.4.
In order to interpret the observed measurements it is always essential
to calculate the probability that a particular shower of size N will
cause an n-fold coincidence if it hits with an axis through the point (x,0)
on the plane of the shower detectors to give at least one particle through
each detector. This probability Pe(n) is well represented by equation

1 -1

4.8. If the number of showers of size N particles be F (N) m.2 sec = sr '

then the coincidence rate of the n-fold counter combinations is

c(n) = f rdrd® / Pe(n) F(N) AN sec_l (4.22)

plane N
(r,0)

© being the angle in the plane of the array as shown in Figure 4.2. The
integration in Equations 4.22 have been perfo;med numerically employing
the lateral electron structure functions of showers given by Greisen (1960)
for an age parameter of 1.3 and using the shower size spectrum obtained

from the survey of Bell (1974) and following the method of calculations
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given in Section 4.4, the limits of radial distance r and shower
size N were the same used in this prediction as for the evaluation
of Equation 4.10. The contribution in shower size to the rate of
showers for three orders of coincidence counters(2,3 and 4) are

evaluated from the following expression

800
I, (N,n) = 2w F(N) f rxP (n) dr sec ¥ gr b (4.23)

0.1l

Plots of Ie(N.n) are shown in Figure 4.6. Inspection of the figure
shows the effect of the change in slope of the employed shower size
spectrum in the region of ~v 7 x 105 particles. The contributions in
radial distance to the shower rates was obtained by evaluating Equation
4.22 for all shower sizes and then carrying the integration of radial
distance over certain intervals of r, the resultant contribution for the
three orxders of coincidence is presented in an integral form in Figure 4.7.
It is clear from the figure that showers at distances Zr> 100 metres
have a negligible contribution to the rate of showers. Table 4.7
summarises some properties of the showers recorded by various orders of
coincidence. The effect of varying the age parameter on the predicted
intensities was also investigated. Since most of the showers recorded
by the present arrangement are past their maximum development they can

be regarded as "old showers". The relation between the calculated
integral intensities and age parameter is that shown in Figure 4.8 where
it is seen that the intensity of showers decreases slowly with increasing
age paxam;te:. The value selected for the comparison of shower rates -
is that at an age parameter of 1-5 for all orders of coincidence. The
expected values of shower intensities as obtained by integrating over all

the ranges of shower sizes and radial distance in Equation 4.22 are
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TABLE 4.7 :

The radial distance and size contribution of

showers to the coincidence rates of 2, 3 and

4-fold coincidences.

Order of Limits of 80% Limits of 80% Median Median
Coincidence radial size core shower
contributions contributions distance size
(meter) (particles) (meter) |(particles)

2 5 3

2-fold 4,5 - 70 6x10 -2x10 20 9 x 10

3 5 4

3-fold 4.0 - 70 4x10 -4x10 19 3.3x10

3 5 4

4-fold 4.0 - 60 6x10™ ~-6x10 18 5 x 10
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presented in Table 4.8 and for all orders of coincidence and counter
combinations used within each order. For the case of the two-fold
coincidence rate it is apparent that the calculated intensities do

not differ significantly from one combination to the other. Another
similarity in the predicted shower intensities can be seen for the case

of the four sets of the three-fold coincidence. However, it is evident
that the mean densities of showers responsible for the triggering in

both orders of coincidence do not vary significantly over the whole
detecting area and can be assumed to be independent of the combined
counter varying geometries. The total rate of air showerg canbe obtained

by integrating the shower intensity in the vertical direction Io

( sec_l sr-l) over all directions in the hemisphere about the zenith
such that
2T I° -1
RT = — (gec ) (4.24)
m+ 1

where m is the exponent of the angular distribution of showers at sea
level assumed to follow a Ie= Iocosme law. The derivation of

the relation 4.24 is shown in Appendix 1. By folding the measured
rates into Equation 4.24 and knowing the values of Io' it is possible
to obtain estimates of the exponent m in an indirect way. The results

of these estimations are discussed in Section 4.10. A comparison of

the predicted shower rates and observations is given in Section 4,12.

4.7 EXPERIMENTAL RESULTS

Besides the data summary given in Table 4.1, about 3.3% of
the total air shower data have been rejected and 41 muon events were

also removed from the analysis. The reason for the rejections is that




TABLE 4.8 : Predicted Intensities of shower in the vertical

direction for an age parameter of 1.3.

Order of Coincidence Counter -1 -
. C(n) sec sY
Combination
(n)
S. + S 3.18 x 10}
3 4 .
S_ +8S 3.14 x 107t
2 4
 2-fold S. +8 3.14 x 107}
1 2
S. + S 3.13 x 10+
1 4
S. + 8 3.00 x 107}
2 3
S. + 8§ 3.00 x 10T
1 3
S. +S. +8 1.13 x 10°¢
1 2 4 .
S. +S. +8S 1.09 x 10t
2 3 4 :
3=-fold =1
S, +5;+8, 1.08 x 10
s s s 1.07 x 107+
Dl + D3 + 2 1.0
4-fold S. +S. +5.+5. |6.66 x 1072
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the observed rate of recording these data deviates from the mean

rate of the specified coincidence by at least three standard deviations.
Table 4.9 A presents the measured number of the spectrograph events
collected from various runs of the air shower counters in coincidence
with the spectrograph. For a certain order of coincidence and for

all possible combinations of counters in that coincidence the measured
rates of spectrograph events are given. The measured rates of muons

are given in Table 4.9 B, the column "corrected rate of events" represents
the rate of events after being corrected for the efficiency of the
particular triggering mode of coincidence. It can be seen from

Table 4.9 B that the measured rate of the spectrograph events show no
variation with varying combination of either two-fold or three-fold
coincidence. Corrections to the measured rate of the spectrograph
events for the effects of the unresolved events will be given in

Section 4.12. In a similar way air showers data have been presented

ip Table 4.10 A,B). Shower rates presented in Tablg 4.10 B show
evidence for a slight dependence of detector separation in the case of
the two-fold coincidence. Comparing the rate of showers as measured

by the three-fold coincidence it is seen that these measurements are

not highly sensitive to variations in the counter combinations and
consequently counter separations. It is, therefore, believed that at
sea level a large proportion of the recorded showers do not exhibit strong
variations of particle density in the vicinity of the area occupied by
the present counter arrangement. In the following sections, it is
shown how the experimental measurements presented in Tables 4.9 A and
4.10 B , are used to produce an estimate of true muon rates and to deduce

the density and size spectra of E.A.S. respectively.




TABLE 4.9 A : A summary table of the total number of muon events
observed with various coincidence combinations of
scintillation counters with the spectrograph, the
corrected number column represents the number of muon
events, after being corrected for the triggering

efficiencies of the specified modes.

Coincidence Observed Number Corrected ToFal RuPning
of muon events Number time (min)
S3 S4 1202 1446 5087
S2 s4 727 851 3053
sl 52 830 981 3549
Sl S4 701 824 3431
S2 S3 181 220 B44
Sl 53 408 496 1930
SZS3S4 2917 3601 13750
Sls3s4 1108 1368 4560
815234 1061 1278 4865
515253 565 705 2600
81525354 1471 1869 8225




TABLE 4.9 B

The observed rates of muon events corrected for the

triggering efficiencies of coincidence modes between the

showers scintillation counters and the spectrograph.

The presented rates are weighted over the total number of

runs of the particular coincidence mode.

1727374

Weighted Mean Standard Error of Standard Deviation
Coincidence of Corrected Weighted Mean of the Data
rate min~1
-1 ~-3 =2
S3S4 2.81 x 10 8.l$ x 10 3.46 x 10
-1 -2 -2
S?S4 2.79 x 10 1.03 x 10 3.57 x 10
5,S, 2.76 x 1071 9.6 x 10°° 3.59 x 1072
5.5, 2.40 x 107* 9.1 x 1073 3,40 x 1072
-1 -2 -2
st3 2.55 x 10 1.91 x 10 6.62 x 10
-1 -2 -2
Sls3 2.54 x 10 1.26 x 10 4.00 x 10
Weighted mean = 0.2664 + 0.0042
-1 -3 -2
S.S.S 2.61 x 10 4.8 x 10 1.86 x 10
27371
-1 -3 -2
S.8.5 2.98 x 10 8.9 x 10 3.33 x 10
1274
-1 =3 -2
S.8_S 2.58 x 10 8.0 x.10 3.30 x 10
134 :
sss 2.69 x 10T 1.1 x 102 3.65 x 10 2
Weighted mean = 0.267 + 0.0035
-1 -3 -2
$.58.,58.8 2.26 x 10 5.9 x 10 3.12 x 10




TABLE 4.10 A

A summary of the number of shower events observed.

The second column represents the total number of

shower events corrected for pressure variation

during: a certain number of runs of the data collection

whose total running time is given in the third column.

Observed No. Corrected No. | Total Running Counter Order of
of showers of showers time (min) Combination |Coincidence
55014 51012 4032 S3+ S4
52270 52856 5344 sz+ S4
39369 37511 3885 Sl+ 82
26531 27512 2563 5+ 5, | 2-fold
14122 13832 1795 Sz+ S3
14082 14270 1632 sl+ S3
16574 16343 6686 518253
10329 11073 4030 518284
3-fold
12593 12429 4457 525384
13813 12661 4709 515354
27493 26482 15071 SI+52+S3+S4 4-folad




TABLE 4.10 B: The integral coincidence rates of showers having
densities of ;2p/m2 obtained by various coincidences
between air shower detectors. The presented rates
are corrected for pressure variations and the triggering

efficiencies of the specified coincidence modes.

i
d
Corrected rate j
Coincidence min-l | Standard Error Standard Deviation
.3 0.16 ' 1.20
S3+ S4 12.30
. .14 0.91
SZ+ S4 9.64 0.1
. .13 0.82
Sl+ 52 9.39 0
. .15 1.00
Sl+ S4 10.06 0.1l
.14 0.84
82+ s3 8.43 0.1
. 0.13 0.78
Sl+ S3 7.45
-1
Weighted mean = 10.44 + 0.057 min
. .06 0.22
SZ+S3+S4 3.02 ' 0.060
. .068 0.23
Sl+S3+S4 3.10 0.06
. 0.066 0.26
sl+52+s4 3.00
. 0.050 0.19
Sl+52+S3 2.66
A
Weighted mean = 2.90 + 0.03 min
. 0.034 0.18
Sl+sz+s3+s4 1.95
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4.8 MEASUREMENTS OF THE 'DECOHERENCE' CURVE FOR SHOWERS

4.8.1 Introduction

Measurements of the coincidence counting rate of two detectors
as a function of the separation between them was first measured by
Auger et al, (1939). For detector separations 1-1000 metres the lateral
spread of measured showers by this "decoherence" curve agree well with
the theoretical predictions of the electron-photon cascade. . A well
defined plateau occurs in the "decoherence" curve for distances between
about 1-10 meter separation (Wei and Montgomery, 1949). The theoretical
calculations of Moliere (Wei and Montgomery 1949) have shown only a
negligible increase in the counting rate of two detectors as their
separation decreases to zero. This behaviour is never fulfilled in
practice ; observations deviate from theory and a sharp rise in counting
rate is found at less than one metre. The discrepancy at this small
separation is believed to be due to local showers. In the present
experiment, the separation of the shower detectors, 3-7.5 m, ensures
that no local showers that originate in the vicinity of the detectors
are detected. In an experiment of this kind where the lateral separation
of the detector is of the same order as the dimensions of the detector
it is difficult to locate the shower axes, consequently precise measure-
ments of the lateral distributions of E.A.S. aré precluded. Instead
a study of the frequency of showers as a function of the horizontal
separation between two detectors could offer some knowledge on the lateral
spread of air showgrs at small distance from the core of the shower.

4,8.2.The 'Decoherence' Curve

2
The two-fold coincidence rates, R(d,> 2 p/m ) for six counter
combinations were simultaneously recorded as a function of the detector
separation d(m). Following the procedures outlined in Section 4.3,

corrections to the counting rates were made due to pressure variations,
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combined detector efficiencies and accidental coincidences. The
"decoherence" curve obtained is shown in Figure 4.8. A least squares
fit to the data points in the figure has been made and it is found
that the counting rate R (min-l) can be represented by a negative
power law as a function of detector separation as follows

2 -0.72 %0.25
R(d, 3 2p/m”) a d (4.25)

Predictions of the "decoherence" curve can be made from the
calculated shower rates in Section 4.6. Comparison of the theoretical

predictions with measured data will be discussed in Section 4.12.

4.9 THE DENSITY SPECTRUM OF E.A.S.

4.9.1 Introduction

The density spectrum of charged particles in E.A.S. is the
frequency distribution of the occurrence of a particle density at a
particular place, irrespective of information concerning the size and
location of the axis of the showers responsible to the particles. The
density spectrum is usually analysed with the intention of deducing the
size spectrum of E.A.S. Under the assumption of a fixed lateral
distribution of charged particles around the axis of the shower the
exponent of the density spectrum can be shown to be equal to that of
size spectrum (Cocconi, 1961, and Greisen, 1956); This is a relatively
simple way to determine the size spectrum which finally reflects a
knowledge of primary cosmic radiation. To study the density spectrum of
E.A.S, the rate of occurrence of small air showers has been observed in
this experiment. The character of showers which contribute to the
density spectrum have been stpdied, the observed rates of E.A.S. were

first analysed with respect to the sea level density spectrum repoxted
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FIGURE 4.9 The "decoherence" curve of recorded showers.
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by various authors, and then analysed using the measured size
spectrum and the lateral distribution of E.A.S. at sea level.

It is expected that both methods of calculation will yield no
difference in the predicted rates of showers and thus provide a
test on the validity of the assumption of a fixed density for all
charged particles in the shower over the area occupied by the array
detectors.

4.9.2 Previous Measurements of the Sea Level Density Spectrum

The density spectrum of cosmic ray air shéwers has been studied
by many workers. Experiments covering a limited range of particle
densities have been found to be consistent with a power law integral

density distribution of the form

N (>4) K A sec (4.26)
where K is a constant, the exponent y is not strictly constant, but
increases with density. Experiments conducted over a wide range of
particle densities have shown a departure from this power law, up to
densities of 500 p/m2 the number of showers in all the range of density
is nearly proportional to A-l'5 at sea level. Norman (1956) produced
a good evidence for a steeper spectrum for densities greater than

500 p/mz. The steepening in the spectrum was first confirmed by
Prescott (1956) using proportional chambers and later by Rejd et al
(1961) using cloud chambers. At the low density range (A = 1 p/mz)
early measurements have shown that the sea level density spectrum can
be approximated by a single power law (for example, Murdoch (1958 ).
The present experiment enables the measurements of sea level density
spectrum at low densities to be made and examined. In order to make

a comparison of the experimental results with other workers a survey
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of the sea level density spectrum has been made and is given in

Table 4.11.

4.9.3 Measurement of the Sea Level Shower Density Spectrum

It has been shown in Section 4.7 that the three-fold coincidence
rates of showers are not highly sensitive to variations in detector
spread, it is therefore believed that in the present experimental
arrangement, most of the showers do not exhibit significant variations
of particle density over the area occupied by the counter arrangement.
However, if the sea level integral density spectrum of showers falling
at a certain point is a power law of the form K A~y where K is a constant
and A is the particle density, it is then possible to determine the
exponent of the spectrum Y from the ratio of the n-fold coincidence
rate to (n-1l) -fold coincidence rate by assuming that the separation
between the detectors is negligible, so that the same density A may
occur at each detector. If the cocunting rate of the n-fold coincidence
counters is given by

C (n) = f (l—e_AS)n Ky ZY_l dA sec_l (4.27)

o

where s is the area of a detector in m2. An integration of this form

can be solved by parts (Galibraith, 1958 and Cocconi, 1961) to give

c (n) KS Y (=y-1) ! I (n,y) (4.28)

n _(n ¥ n Y n Y
where I(n,Y) ( Cl) ( Cz) 2' + C3)3 ceeat | Cn)n

This method has been applied to calculate the exponent y from the

ratio of the 4-fold to 3-fold rates. Thus, for n = 4, 3 expression




TABLE 4.11

integral shower density spectrum.

: Survey of early measurements of the sea level

Density Range

(1969)

Reference (p/m2) Exponent (y) K(min ™) Detector Type
Murdoch 1 - 500 1.34 + 0.018 1nA 7.90 Giegers

(1958)

Greisen l- 104 1.3 + 0.55 logd 9.00 see references
(1960)

Galibraith 15 - 103 l.4 9.37 see references
(1958)

Miyake et al, | 15 - 800 1.55 + 0.1 - Scintillators
(1962)

Chattexrji . 2 - 100 1.40 + 0.07 - Scintillators
et al, (1965)

Cocconi et al 0.3-2xlo4 1.29 + 0.02 logA - Glegers

(1949)

Broadbent and -

Rakeem (1950) 5 - 500 1.425+ 0.022 10.33 Glegers
McCaughan 40 - 500 1.491+ 0.036 - Cloud Chamber
et al (1965)

Ashton et al | 40 - 103 1.50 6.85 Neon Flash Tubes
(1973) Chamber
Hayakawa 104 1.32 + 0.019 1nA | 12.6 See references
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4.28 has been reduced to the following

I (4,Y) aY - 4x3 + 6x2Y -4 (4.29)

and

-3Y 4+ 4 x 2¥Y -3 (4.30)

I (3,Y)

The calculated values of y are plotted in Figure 4.](Q for an assumed
ratio of C4/C3. Plotted on the same figure are the experimental

/

ratios of c4 C3 taken from the data in Table 4.10 B ; the values of Yy
.obtained from the experimental ratios are presented in Table 4.12.

The actual statistical error on Yy are significantly smaller than those
given in the table. The experimental values of Yy are then considered
to determine an average exponent for the present arrangement, the average
value of vy obtained is y = 1.43 + 0.03. The value of the constant K
of the spectrum has been determined according to the following formula

K (n) = C(n) (4.31)

gY

x P(-y) x I(n,xr)

where I' (-y) is the well known gamma function.and S(n) is the
coincidence counting rate of the n-fold counter combination, the mean

experimental value of K obtained from the 3-fold measurements is

K = 12.5 + 2.0 min '

and the value of K obtained from the 4-fold rate is

K=11.9 + 1.6 min "

Hence there is no significant difference in the experimental determina-

tion of K by either coincidence rate. By using the last estimate of K
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TABLE 4.12 : The values of the integral exponent y of the density
spectrum of showers observed as obtained from equation

4.28 by comparing the 4-fold and 3-fold measured

rates.
Counter Combination Value of the Exponent (y)
S, +5, + 5, 1.47 + 0.065
S, + 55 +5, 1.54 + 0.050
S, + 55 +8, 1.50 + 0.050
Sl + 52 + S3 1.20 10.060
Weighted mean = 1.43 + 0.03
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the measured sea level density spectrum for showers with density

2
> 2 p/m can be represented by a power law of the form

2 -(1.43 + 0.03)
F (22 p/m) = (11.9 + 1.6)A min (4.32)

The errors on y and K are considerably larger than those predicted
on the basis of statistics alone. The spectrum obtained in Equation 4.32

is confined to densities in the range 0.3 - 80 p/mz.

4.10 THE EXPONENT OF THE ANGULAR VARIATION OF E.A.S.

It is well known that the intensity of cosmic ray particles

observed at a certain zenith angle © can be assumed of the form
I (0 = I (o) cosme m sec sr (4.33)

where I (0) is the intensity of shower particles falling-at sea level
with an angle © to the vertical, I (o) is the vertical intensity ( i.e
at 0 = o?) and m is the exponent of the angular distribution. The
measurement of m could give direct information on the attenuation of
showers through the atmosphere. As has been mentioned in Section 4.6,
the value of m can be simply derived from expression 4.24, by folding
the observed shower rates and the calculated vertical intensities.

The results of this estimation are shown in Table 4.13, Measurements
obtained by the two-fold coincidence rates have not been used due to
the fact that showers are not well defined by two detectors. Only three
and four-fold measurements are selected for the derivation of m. The
uncertainty in this determination comes mainly from statistics and the

errors given in the calculated shower vertical intensities. It was




TABLE 4.13 : Measurements of the exponent m of the angular
distribution of small showers (103 - 105 particles)

Order of ] .
Coincidence Counter Combination m
+ L] .
s3 S4 8.75 + 0.95
+ . .
52 S4 11.3 + 1.2
Sl + 82 11.8 + 1.2
- + . .
2-fold s1 s4 10.7 + 1.2
+ - L]
82 S3 14.2 + 1.8
Sl + S3 12.4 + 1.4
+ L] .
52 + S3 S4 12.1 + 1.0
S. +S_ +S 12.6 + 1.0
3-fold 134
Sl + 52 + s4 13.4 +1.1
+ . .
Sl 52 + S3 14.2 + 1.2
mean exponent 13.08 + 2.16
4-fola S, +5,+5;,+85, | 1lL.9 +1.2
mean 3 & 4-folds
12.20 + 0.95
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found that the value of m is
m = 12,20 + 0.95

This value indicates a rather steep angular distribution, thus the
angular variations of showers in the range lO3 - lo5 particles may

be expressed as

12,20 + 0.95
I (0 o cos @

It is considered that the general interpretation of this relatively
larger value of m is that these showers originate at greater heights
than those most frequently observed in other experiments, for example,

the sea level value observed by MacLeod (1956) and Ashton et al. (1973)

arem = 6.5 1_0.5 and m = 8.0 + 1.4 for median shower sizes of 3x106
-1.2

particles and 1.5 x 105 particles respectively.

4.11 MEASUREMENTS OF THE INTEGRAL SIZE SPECTRUM OF SMALL AIR SHOWERS

Measurements of the showers size spectrum are most accurately
made through studying individual showers. For showers of size less
than about lo5 particles, this method is difficult to apply due to the
considerable difficulties connected with the measurement of a small
number of particles rcrossing the detecting elements of an experimental
air shower arrangement. This is mainly due to the uncontrollable
fluctuations in the measured densities of particles and consequently
the core of the showers will not be determined accurately. For this
reason, in this experiment, the determination of the size spectrum of
showers is studied through statistical observations of the frequency of

showers in a method similar to that of Kulikov et al. (1960). By
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assuming that the slope of the size spectrum and the lateral density
distribution of all charged particles in E.A.S. is independent of

shower size, it is possible to deduce the shower size spectrum in an
indirect way from the measured showers density spectrum, (see Section 4.9).
It is well known that both size and density spectra of showers follow

a power law of the form :

-8 i 1

F (>)N) = AN m sec sr_l (4.34)
and -y

J (>A) = K a sec”t (4.35)

respectively, where B and y are the spectral exponents and A, K are
constants. As has been mentioned earlier in Section 4.9, the exponent

Yy of the density spectrum is approximately the same as that of shower

size spectrum (i.e. Yy & B ). The method adopted to calcuiate<the
integral intensity of showers was to assume the exponent Y to be constant
over all shower size ranges recorded by this experiment such that the

size spectrum can be represented as

- 1.43 + 0.03
F (>N) = A N m sec sY (4.36)

By folding this spectrum in a differential form into relation 4.22, the

following relationship was obtained
_-Y_l -1 -'
I (n) = 2nA ff rxPe(n)YN GrdN sec ~ Sf (4.37)
r N

Hence,

I(n = A x J (n) sec sr (4.38)
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where J (n) is the effective area of detection for showers of all

sizes falling at various radial distances from the detector S, for

4
a certain number (n) of coincidence combination of the counters, A
-2 -1 -
has the units of m sec sr 1. The evaluations of the constant A

in this method may introduce some inaccuracy at the highest shower
sizes.(where the term ﬁ1'43 is not applicable), however, the differential
size spectrum itself decreases with increasing size so that the effect is
negligible. The value of the constant A is then obtained from the
comparison of the measured rates with those calculated. After perform-
ing the integration of Equation 4.22, relation 4.24 was then used to give

the values of A as follows

R (n) = 2nAJ (n) sec-1 (4.39)
{m + 1)x 60
Thus for m = 12
A = 0.034 R (n) m-zsec—lsr_l (4.40)
J (n)

The resulting shower intensities are shown in Figure 4.1 plotted
against the median shower sizes of each of the 2, 3 and 4-fold orders

of coincidence. The errors on the measured intensities are due to the
error on the exponent of the spectrum. Since the size of the errors are
all of the same order of magnitude, an average value for the spectrum
has been obtained from the figure and can be represented as follows

- 1.43 + 0,03 2 a4 4
F ON) = 35.3 +6.5 N m sec " sr (4.41)

This spectrum is applicable for shower sizes in the range 103—3x10s

particles, and is set by one standard deviation limit from the median
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shower sizes to which 2, 3 and 4-fold coincidence counters respond.
Although, the present spectrum is subject to a considerable degree
of uncertainty, particularly the estimation of shower sizes and the
effect of the counter threshold for shower particles, it still gives
an approximate representation of the actual spectrum at the lower
end of the shower size spectrum at sea level. The accuracy of
the points presented in Figure 4.11 could be improved by a more
elaborate calculation in which a better estimate of the angular
distribution exponent m and age parameter of the recorded showers

is considered.

4.12 COMPARISON OF THE EXPERIMENTAL RATES WITH THEORETICAL

PREDICTIONS
Direct comparison can now be made between the experimental
results on the muon and air shower rates analysed earlier in this

chapter and the theoretical predictions of the rates as follows :-

A. Muon Rates

Figures 4.12 and 4.]13 show the experimental rates of muons
associated with air showers obtained by various coincidences of the
counters with the spectrograph. In order to make a comparison with
the experimental results the predicted muon intensities for energies
> 4 and 5 Gev are corrected for the acceptance of the lower half of the
spectrograph. The results are shown on Figure 4.12 (A,B). The
theoretical predictions for two and three counters in coincidence with the
spectrograph appear aé solid lines. Unlike the muon intensities
calculated in Section 4.4, which show only a slight sensitivity towards
the number of counters used in coincidence with the spectrograph, the
predicted muon rates above energies 4 and S5 GeV show marked differences

throughout all orders of coincidence. Besides these differences the
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having energies > 4 GeV and 3 5 GeV.
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counters and M.A.R.S. with theoretical predictions.
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rate corresponding to muons with energies 3> 5 GeV appears to be
higher than that for muons with energies 3 4 GeV. Both differences
arise entirely from the combined effects of the spectrograph geometry
(Acceptance) and the magnetic field in the spectrograph (effective
cut-off energy for the muons) on the flux of particles passing through
the instrument. The agreement between measured rates and the
predictions for Eu 2 5 GeV is acceptable. Thus, it is concluded
that the adopted input parameters of the calculation are fairly
correct.

B. Air Shower Counting Rates

In order to enable a comparison to be made between predicted
and measured shower coincidence rates, the vertical calculated intensities
of Table 4.8 have been folded into relation 4.24 with an assumed angular
distribution of the cosm © type where m = 12 + 2, Figure 4.14 (A,B)
shows a comparison between measured and predicted rates for all the
coincidence counter combination used in recording the showers. In
the case of the two-fold coincidence rate (Fig. 4.14 A) the agreement
between measured and predicted values is good, which can be regarded as
an evidence on the validity of the theoretical calculations and confirms
the use and validity of the presented shower size spectrum of Section 4.11
and the considered structure function of shower particles (Greisen 1960).
These facts are well emphasised by the remarkable agreements obtained by
comparing the three and four-fold coincidence rates presented in the
same figure. Theoretical predictions of the two-fold coincidence rates
show almost no variation with detector separation in the range 3-7.5 metres.
This can be taken as an evidence for a plateau in the "decoherence" curve
which agrees with early calculations of Moleire (see Section 4.8). Since
the detector separation of the present arrangement lies within the

plateau range, then it is to be expected that the observed two-fold
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coincidence rate would be constant if the detected particles resulted
entirely from air showers. However, the observed rates deviate slightly
from the théory and a. slowly decreasing trend in the rate is observed
with increasing separation. It is also believed that some of the
discrepancy may be some additional counts due to local showers

generated in the 4 gm/cm2 of the laboratory roof. Since the roof

is ~ 2 m above the apparatus, the particles produced could diverge and
separate sufficiently to trigger at least detectors which have the closest
separation, i.e. S3 and S4. In the same section of Figure (4.14 A) the
predicted coincidence rate of two counters has been plotted as obtained
from the sea level density spectrum of air showers (see Section 4.5).

The predicted two-fold rates due to the spectra of Greisen (1960) and
Mordoch (1958) as applied to this case, seem to underestimate the
measured values by an average of = 35%, As will be seen in Figure
4.14 B a good agreement with these spectra has been found in the case
of three and four-foid coincidences, therefore, the discrepancy in the
case of the two-fold coincidence rates could be attributed to either a
partial contribution from local showers or to an erroneous assumption
that the average shower densities are constant over the recording
apparatus. This assumption is clearly never fulfilled, especially near
the core of showers where the density changes very rapidly with radial
distance. Figure 4.15 shows a comparison between the measured and
predicted rates of coilncidence as a function of the order of coincidence.
The experimental rates plotted are the weighted means of the counter
combination within each order of coincidence and the theoretical values
are the vertical intensity averages of the values predicted for each
combination, the total rate of each average value has been calculated
for several values of the exponent of angular distribution-m. It is

seen from the comparison that there is good agreement between observation
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and the theoretical predictions based on the lateral structure
functions of showers for different orders of coincidence. The
relation between the counting rates of the three and four~fold
coincidence is in agreement with a power law density spectrum for
showers with a constant exponent. The discrepancy in the two-fold
rates when predicted by the density spectrum concept has been explained
earlier. The present experimental data agree with a value

v 12,0 + 1.0 for the exponent of the angular distribution of showers.

4.13 COMPARISON OF MEASURED DENSITY SPECTRUM WITH THE RESULTS

OF OTHER WORKERS

The most important aspect of the measured density spectrum is
its slope at densities 3 10 p/m2 where the detection of showers by
the four-fold coincidence is 100% efficient. Thus, there are no
‘experimental biases due to the apparatus on the measured spectrum above
that limit of particles density. Figure 4.16 shows a comparison between
the density spectrum obtained from this experiment and that of other
workers. It is evident from the figure that the observed slope and
rate of the spectrum are in reasonable agreement with spectra obtained
by other workers. In particular a very close agreement in the shape
of the spectrum is obtained with the early measurements of Murdoch (1958).
At densities g 10 p/mz, the observed spectrum steepens slightly in
comparison to that given by Greisen (1960) and Hyakawa (1969). However,
at low densities the measurements are subject to fluctuation of the
showers. densities. -Thus the steepening in the density range 0.3 - 10.0

p/m2 is not considered significant.

4.14 COMPARISON OF THE MEASURED SHOWER SIZE SPECTRUM WITH THE RESULTS

OF OTHER WORKERS

The survey of the sea level shower size spectrum of Figure 2.6
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has been reproduced in Figure 4.17. The present experimental points
are plotted in the figure. Although the accuracy of the present
experimental data points is poor in comparison to other experimental
results, it can be seen that within the statistical limits, the
results are in general agreement with those of other workers in both
shape and absolute value, It is also clear that the present experi-
mental points which extended the measured shower size spectrum to the
region of 104 - 1.05 particles do not show any marked deviation from an

extrapolation down the spectrum in the size range lo5 -7x 105 particles.

4.15 CONCLUSIONS

The present investigations have been concerned with some average
properties of the muon and electron components of small air showers.
Measurements have been made of the sea level rates of muons with energies
3 5 GeV in showers, and it is believed that the approach has succeeded
in eliminating most of the spurious events detected alongside the 'real’
events. The mean muon rétes obtained are shown in Figure 4.12. In
the investigation of the electron component, the "decoherence" curve of
showers recorded shows a dependence of shower rates on detector separation
which is in contradiction with theoretical predictions based on the
lateral structure function of E.A.S. This discrepancy is believed to
be due to the detection of local showers generated in the vicinity of
the apparatus. It has been found that the measured rate of three-fold
coincidence detectors is almost independent of the geometry and area
occupied by various combinations of Qdetectors. A good agreement has
been obtained between the observed three and four-fold shower coincidence
rates and theoretical predictions based on both the density spectrum
concept and the lateral structure of air showers. It has been found
that the experimental results in this case, taken in conjunction with

theoretical predictions, indicate that the densities of the showers
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fécorded were uniform over the experimental detecting area and it

is also concluded that the shower coincidence rates can be represented
by a single power law. Measyrements of the sea level shower size
spectrum has been established in the region lo3 -3 x lo5 particles.
Reasonable agreement has been found between present measurements of

the abéolute intensity and shape of the spectrum, and other measurements
for showers of size 105 - 7x lO5 particles. Measurements of the
shower densitf spectrum have been found to agree well with the results
of earlier workers. Indirect determination of the angular distribution
exponent (m) of the showers recorded in the size range 103 -3 x 105
particles have shown that the intensity of these showers at a particular

angle © to the zenith varies as cos 0 12.0 i-l'o.

The high value
of the'exponent m indicates a steep angular distribution which is
expected for such showers. However, the measurements made of the

rate of the three-fold and four-fold coincidences show no evidence of a

considerable contribution from local showers that may cause the steepening.
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CHAPTER 5

THE DURHAM EXTENSIVE AIR SHOWER AUTOMATED ARRAY

5.1 INTRODUCTION

It was decided to build a small air shower array in the vicinity
of the Physics Department of Durham University, around the M.A.R.S.
spectrograph. Hence it would be possible to carry out a comprehensive
study of the muon component of Extensive Air Showers. In addition,
information on the Hadron component of showers could be obtained in con-
junction with the Hadron flash tube chamber that exist near M.A.R.S.

In general,the array provides information on showers in the size
range 5 x lo4 -5x lo6 particles, corresponding to a particle density
range of from 1 - 80 p/m2 at the detectors. Using the fast timing
technique it is possible to determine the arrival directions of the
recorded air showers.

The detecting elements of the array form a triangular arrangement

with detector C at the centre of the array, as shown in Figure S.1l.

5,2 THE AIR SHOWER AU'TOMATED ARRAY (GENERAL DESCRIPTION)

It has already been stated thatthe array, in general, forms a
triangular arrangement of scintillation detectors. The first stage of
the array contained eleven detectors, four of which were for fast timing
and shower density determination, while the rest were for slower density
measurements only.

All the density data and fast timing data from the array is digitised
and controlled using a "digital unit for storage and transfer" .(D.U.S.T.)
(see Smith, 1976, for details of D.U.S.T.). The data are stored in a
Mullard MM1501 memory core store, and transferred in a predetermined order

to an on-line IBM 1130 computer for analysis at a later date.
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For the daily check on the operation of the array detectors,

a scalar monitor system was designed to give the counting rate of
single detectors, as well as various coincidence counting rates between
two or more specific detectors in the array.

The array extends over an area of ll,3OOm2 with a maximum radius
of 60m from the central detector. Figure 5.1 shows the relative
positions of the array detectors in respect to the Physics Department.;
the M.A.R.S. spectrograph and the Hadron Chamber are included iﬂ the map.
Detectors 33, 32, 31, C, 51 and 52 are installed on the roof of the building
at a mean height of 15m above ground level, while the rest of the detectors
are at ground level, except detector 61 which is on the top of the gallery
inside the departmental cosmic ray laboratory 1Om above ground level.

"During this work detectors 31, 11, and 51 are not operational, but the

other eleven detectors are all operating as stated."

5.3 THE ARRAY DETECTING ELEMENTS

5.3.1 Introduction

As was mentioned at the beginning of this Chapter, the detecting
elements of the array are scintillation counters. The array's fourteen
detectors are classified according to the purpose each has been designed
to perform :-

a) the timing and shower density detectors,

b) the shower density detectors.

In general, evexry detector consists of four photomultiplier tubes
viewing plastic scintillator. All output pulses from the photomultipliers
are sent to a four input linear adder, which sends the summed output pulse
via 500 coaxial cable to the cosmic ray laboratory.

5.3.2 Timing and Shower Density Detectors

a) The 2m2 detectors. The array contains a triangular arrangement

2
of three detectors each having a 2m sensitive area, and each detector is
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installed at the corner of an equilateral triangle forming the main
array design. The three detectors are on the circumference of a
circle of radius 60m.

Each individual detector consists of a sheet of plastic
scintillator coplanar with four photomultiplier tubes (Mullard 9759),
having five inch diameters. Two of the tubes are placed at one side
of the plastic scintillator and the other two at the opposite side, 1.5m
apart and 24 inches from the scintillator surface (see Figure 5.2b). 1In
each detector a fast photomultiplier tube is attached to one side of the
plastic scintillator, half way between two five inch tubes. Pulses from
the fast photomultipliers are transmitted via 502 cable, 100m in length,
to the laboratory, and hence a time delay of 500 nsec. occurs before the
pulses are received at the cosmic ray laboratory. The linearity map for

this type of detector is shown in Figure 5.3a.

b) The Central Detector. The central detector C consists of two
identical halves of NE10O2a plastic scintillator, each of an area 0.38 m2
and thickness 5 cm. Figure 5.2a shows each half of the detector and
the relative position of the density measuring phototubes (Phillips 53 AVP)
that have been attached via perspex light guides. Also a fast timing
tube (Phillips 56 AVP) 1s attached to the perspex light guide and gives the zero
timing pulse with which the fast .timing pulses from other detectors are
referenced. These pulses are sent to the laboratory via a 500
cable, 30m.in length which ensures that the fast timing signals from the
central detector arrive at the fecor&ing‘equipment before the fast timing
pulses from the other detectors.

The linearity contour map of the central detector is shown' in

Figure 5.3b.

5.3.3 The Shower Density Detectors

Seven detectors have been constructed to measure the particle density
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only at points in showers. Three of the seven shower density measuring
detectors have an area of 1 m2 each, the other four having an area of
1.6 m2.

a) The 1 m2 Detectors (41, 52, 32). The particular location of

the 1 m2 detectors can be seen from Figure 5.1. Each'of the detectors

52 and 32 is at a distance of 30m from the central detector C. Each
detector consists of four individual quarters (as shown in Figure 5.24d),
each quarter being designed in a similar manner to the individual scintilla-
tion counters that were used in the previous experiment (Chapter 3). The
differences are that the cylindrical iron shield has been removed and the
photomyltiplier base (see Figure 5.4.) has been changed to give a negative
output pulse from the anode with > 30 usec pulse duration to meet the
requirement of the present experiment. Figure 5.3d shows a contour map
of the linearity of one quarter of the detector. By evaluating the average
pulse height output at every point on the linearity map over the whole area
of the gquarter, it was found that the region A can specify the mean pulse
height given by that detector to within 10% ; this can be normalised to the
central region where calibration measurements take place. A calibration
factor was introduced (f), which is the ratio of the mean pulse height of
shower particles in regions A and C (see Figure 5.3d4).

b) The 1.6 m2 Detectors, There are four detectors of this type

represented by the numbers 42, 12, 62 and 61. The first three of these
detectors are located outside the building, while the last one is on the
roof of the gallery inside the cosmic ray labecratory. Individual quarters
of this type of detector consist of a rectangular slab of plastic scintillator,
with a photomUltiplier tube (Phillips 53 AVP) joined to the NElO2a
scintillator plastic by way of a perspex light guide, (see Figure 5.2c).
The linearity contour map is shown in Fig. 5.3c.

The dynoderesistor circuits of the photomultipliers used in the

detectors are shown in Figure 5.4.
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S.4 THE ARRAY CABLE AND VOLTAGE SUPPLY DISTRIBUTION

5.4.1 The Array Cable Distribution

A cable distribution of 500 impedance coaxial cable was used
to carry the high voltage output pulses to and from the individual
stations in the array. The low voltage supply to the amplifiers was
carried through a multiwire screened cable. Twin flex wires supply the
sexrvice box to every station, including the telephone and soldering iron.
A spare coaxial cable connects every station to the laboratory for general
use,

5.4.2 E.H.T. Supply Units

There are two types of power supply units. The first is an
Ortec 456 high voltage supply unit that supplies the voltage to the photo-
multipliers used for the density measuring detectors, and it is set at
2.4 kv. The other power supply unit is a NE4646 that supplies the fast
timing photomultiplier tubes, and this is set at 2.5 kvV.

Due to the different values of working voltage needed by each
photomultiplier the voltage supplies were fixed at the above mentioned
values, and these values were reduced at each photomultiplier tube by using
a potential divider of resistors, each containing initially a row of
23x(100 k) series resistances and a subminiature potential divider of
100 kQ in value (see Figure 5.5).

5.4.3. Low Voltage Supply

The low voltage supply for the detector head amplifier units was

a 24 Vv unit with a good stabilization against chanyes in mains voltage.

5.5 THE AMPLIFIERS

The amplifiers are similar to that designed by Hansen (1975) which
consists of four emitter followers with their outputs connected to an

operational amplifier set to give a gain of 5 + 0.1 for each individual input.
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The amplifier has an output impedance of 509, and sums the pulses from

the four inputs, Output pulses from the photomultiplier anode are

negative with a mean duration of 30 usec, and rise time of 100 nsec. The
output pulses from the amplifier are positive. The temperature stabiliza-
tion coefficient of the amplifiers was 0.1%/°C in the range =40 to +40°C.
Figure 5.6 shows the amplifier cirxcuit ; Figure 5.7 shows the gain-temperature

variation curve.

5.6 CALIBRATION OF THE DENSITY MEASURING DETECTORS

The density detectors were calibrated so that they had a standard
response to the passage of a single cosmic ray particle, The calibration
procedure was carried out on individual scintillation detectors since all
the detectors differ in design, géometry, and consequently in their response
towards cosmic ray particles. Regions of calibration were assessed by
studying the linearity contour map of each type of the detectors. The
detectors were calibrated to register a mean pulse height of 100 mV per
particle per square metre. Since every detector consists of a number of
individual scintillators, each of area A, the cal;bration could be done for
a mean pulse height of (100 mV)/A per particle per mz.

For detectors that consist of a single plece of plastic scintillatorx
of sensitive area S viewed by a number of photomultipliers n, the calibration
will be on a mean pulse height of (100 mV)/{(n x S) per particle per m2. For
practical reasons it is quicker toc measure the peak (mode) of the pulse
height distribution obtained rather than the mean, this recuired the introduc-
tion of a factor (R) into the calibration of the detectors. This factor
is the ratio of the value of the mean/mode of the measured pulse height
distributions averaged over the sensitive area of the detector. Measure-
ments of R for all detectors in the array have shown that R varies only

weakly with detector design, and it varies by 5% over the sensitive area of
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various detectors. Another parameter has been included in the
calibration procedure, this parameter (F) allows for the non-
uniformity of the responses of the various detectors to single

cosmic ray particles. Thus the calibration of a specified detector

in the array has been modified as followg :

F x 100 mV

n x S xR

vhere n x S = A for a detector that consists of one piéce of plastic
scintillator viewed by n photomultipliers. Table 5.1 shows the
measured values of the parameters R and F, and also the calibrated
pulse heights of the detectors in thg array.

5.6.1 The Telescope

In order to calibrate individual detectors, regions of calibration
of the air shower detectors are defined by a scintillator telescope which
consisted of a 23 x 23 x 3 cm. plastic scintillator viewed by two photo-
multipliers (Phillips 53 AVP) as shown in Figure 5.8. The procedure
was to open the gate of the M.C.A. by the coincidence positive logic pulse

1

from the telescope phototubes. The telescope counting rate was 6 sec .

5.6.2 The Calibration Procedure

The telescope just described was used for the calibration of the
density measuring tubes. Positive logic pulses produced by the telescope
due to the detection of particles, opened the gate of the Analogue to Digital
Converter (A.D.C.) in the Multichannel Analyser {(M.C.A.) and enabled the
particle pulse height distribution from the region of the detector selected
by the telescope to be stored. In order to calibrate the photomultiplier
the E.H.T. on the tube was adjusted using the potential divider across the
specified photomultipliers such that the peak of the distribution coincided
with the chosen calibration value. This procedure was done for all the

tubes used in the array density measuring detectors. Figure 5.9 shows a
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THE CALIBRATION MEASUREMENT PARAMETERS FOR THE DENSITY TUBES

UTpI00d
$998UTPIOO ° 5 o o
> o o~ c
UOT3eIqTTed J03BTTTIUTOS © \
N 3 —~ O
8te gtnd UOTIeIqQITE . . . .
3yStey a9t 0T38IqTTeD o K - X
I o~ M
o o o) ~
J =3 o) o =
Q ~ ~ —
- - : —~
w 21s ©1o c ~ ©
(§) epoum/uesy n o3 ole o o
I TN R I T Y
Te30L =+ =+ =&+ e
saattdTiTnwosouyd Jo Jaquny
(u) #oaTd aed °Of Y] ~ — =
JI030938p B Ul
o =+ + -
SI01eTTTAUTOS JO Jaquny
2 o
(V) _m UT eale Te310J & . e ©
4 o — ~ N
~ Y L
o =+ F 0 [ AN
“o oo w - L] - - ] -
309320 N Nl H]lA A M
M nNlAa Olr B ™




007ZON

‘weabelp }0OTq SOTuUoxldaTe adoosalel aylL

V'O

indino  pakojaQ
‘dwy I3
-8_0 eg ® .
- LI'H3

i _ _
H "Isig duy d }
| _
_ _

jpyidwy  2ARISUIS  2BI0Y)

SL973N

UREL

8°G TUNOIJZ
‘wd
VZ0I3N
‘wd
URET




007ZAN

VION

2)0b
1Daul)

‘wexbe1p

L53%73N

.QE< .
o125y

I}O0TQ SOTUOIIDITD UOTIRIQTTED SUL

\!
T& m.l.. LIWd
-

[4

.

¥'Sd

i

adoosaja|

69 TANDIA



20

block diagram of the electronic set-up.

5.6.3 Calibration of Fast Timing Phototubes

Output signals from fast photomultipliers are rather short
(v5 nsec.) compared with those of the density pulses at the FWHM. In
the present experiment these tubes were set up so that the probability
of there being a fast timing pulse generated when the discriminators on
the density measuring tubes were triggered was high, typically > 95%.
The counting rate of the fast timing tubes was noted and maintained
constant throughout the experiment. The rates were checked for all fast
tubes before the start of a run as part of the daily checking procedure
of the data handling electronics, The typical fast tube counting rate

was 500 sec_l.

5.7 THE COINCIDENCE SCALAR MONITOR

This serves to measure the daily counting rates of single detectors
at certain discriminatoxr levels. As has already been stated, output
pulses from the head units are brought to the laboratory, via 50 2 coaxial
cables of different lengths varying from 20 m to 150 m ; pulses are positive
with a duration of 3 30 usec. and a rise time of n 100 nsec., which are
then fed into a discriminator preset to discriminate at the 2 particle m_2
level. After the pulses have been discriminated they are fed into a
coincidence unit which is designed to give fourteen single output pulses
and fourteen multiple coincidence pulses ( > 2-fold coincidence). Cutput
pulses from the coincidence unit were fed into a scalar and the yariousrates
monitored.

Figure 5.10 shows the coincidence scalar monitor system used. In
this way it was possible to monitor the rates of single detectors at the
same time, the period of counting usually being 120 sec. Rates of single
detectors were of the order of 2,000 - 8,000/2 nins. Table 5.2 shows the

2
integral rates per sec. for each detector ( > 2 p/m ). This rate remained
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TABLE 5.2

THE INTEGRAL SINGLE COUNTING RATES OF THE OPERATIONAL ARRAY DETECTORS

ABOVE THE DENSITY LEVEL OF 2p/m>

Detector area (mz) Detector number Integral rate (sec'l)
32 14.0 £ 0.3
1n° 4l 22.3 % 0.4
52 19.5 £ 0.4
12 52.2 £ 0,66
1.6m° y2 40.3 £ 0.6
61 58.5 ¥ 0.7
62 51.4 = 0.7
13 44,6 X 0.6
2n? 33 66.4 * 0.7
53 20.4 2 0.4
Central detector c 63.6 * 0,7
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constant, except for barometric variations, to within 2%. Sixteen
multiple coincidence arrangements were used, consisting of eleven 2-fold,

three 3-fold and two 4-fold coincidences.

5.8 THE LINEARITY OF THE ARRAY PHOTOMULTIPLIERS

Photomultiplier tubes in all the detectors serve to convert the
light output of the scintillator into electrical signals which can be
interpreted in terms of particle densities at the detectors. Three types
of photomultipliers have been used in the array detectors ; E.M.I, 9579B
having a 5 inch diameter photocathode, and Phillips S3 AVP and Phillips
56 AVP, both having 2 inch diameter photocathodes. 1In order to check the
linearity of the photomultiplier tubes light pulses were provided by a
pulsed light emitting diode which was set up to give light pulses similar
to those obtained from the scintillator. The intensity of the light from
the diode could be reduced by using crossed polarizing filters. The output
signals from a photomultiplier anode were taken to an oscilloscope and
measured as a function of the intensity of light falling on the tubes.
Figure 5.11 shows the results of these measurements on the E,M,I, 9579B and
and the 53 AVP respectively, and shows that the phototubes were linear over

the range of applied voltages used in the present experiment.

5.9 THE DATA HANDLING ELECTRONICS

The array data handling electronics (Figure 5.12) processes two
sets of data for every air shower event. One set comprises the analogue
signals representing the air shower density information from the array
density detectors. The second set comprises information from seven timing
markers. One of these markers defines the origin of the timing co-ordinate
system (zero time) and the other time markers are related to this, such
that the relative time differences can be used to determine the zenith and

azimuthal angles of the shower. This section describes briefly how the
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data are 1nitlally produced, and then follows the progress of these
data to the point where they are ready for processing inside the
laboratory. It is from these data that the parameters of the air
shower are eventually evaluated, specifically the size, core location
and arrival direction of the showers.

5.9.1 The Timing Pulses

Timing pulses, on their entrance to the laboratory, are fed into
fast discriminators. From the relationship between the timing pulses
the angular direction of the shower axis is determined. The time differences
between the pulses are converted into analogue voltages using time to ampli-
tude converters (T.A.C's). The central detector timing pulse is used to
'start' all the T.A.C's, and the pulses from individual detectors 'stop'
each T.A.C. The T.A.C's outputs are then fed to the analogue multiplexers
and also to linear buffers and discriminators for monitoring purposes.

5.9.2 The Density Pulses

For each of the phototubes in a detector the density pulses are
added, amplified and calibrated before they reach the laboratory. At the
laboratory the pulses pass via buffer gates to the analogue multiplexer,
and also to discriminators for event selection and monitoring purposes.
The discriminators are used to monitor the counting rate of each detector
(Section 5.7) and also provide logical signals for the coincidence unit
which may trigger the air shower array or other external devices.

5.9.3 The Analogue Multiplexers

This device serves to store a shower's data for a shert pericd
of time after an event has been established. In this time the data are
digitised using an analogue to digital converter ; each analogue pulse is
processed sequentially by the same converter.

5.9.4 Digitisation

The above mentioned analogue to digital converter (A.D.C.) is a

device that accepts analogue signals in the range 0-5 V and converts them
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into binary digits in the range O to 1023. The A.D.C. typically takes
100 usec. to process a single analogue pulse. In order to identify an
air shower a certain amount of "book-keeping" information is required.

This information is initially assembled in devices called the data gates

and consists of the following :-

1 The event header

2 The run number

3 The event number

4 The event tricger mode
5 The operational units

6 The time of the event

7 The event ender

The event number, (i.e. item 3) is supplied by the M.A.R.S. general
scalar that is described in the work of Hansen (1975). Shower events that
are associated with muons traversing the spectrograph have identical event
numbers.

5.9.5 Data Unit for Storage and Transfer (D.U.S.T.)

This important device controls the acquisition and transfer of the
air shower data from the memory core store in which it is initially held to
the IBM 1130 computer. It supplies all the appropriate commands that ensure
that the data are written in the correct location in the memory core store.
It instructs the on-line IBM 1130 to read out all of the stored data when
the core store becomes full. The transferred data are stored on magnetic
disc where it remains for a few days before being sent to the IBM 370/168

for subsequent analysis.

5.10 THE RESPONSE OF THE E.A.S. ARRAY

In order to interpret and understand the experimental results it

is necessary to have a knowledge of how the array responds to showers of
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a certain size. The array's response to showers can be estimated

using the established electron lateral distribution function. Limits on

the minimum radial distance and measured densities can be set by consider-
ing the smallest air shower detector used in the array. Since the smallest
detector used in the array is of area 1m2, the electron lateral distribution
cannot be measured below 1 metfe from the shower core, and the minimum
detectable density is limited to a value of 0.5 particles per square meter
since the largest detector used is 2 square meters. The array will detect
showers that fall at large distances from the central detector C, but showers
that fall more than 50m from the array's centre are not used in any analysis.
The maximum detectable shower density is determined by the saturation voltage
of the shower density measuring electronics which corresponds to a value of
80 p/m2 at the present time.

Figure 5.13 shows
simply the above mentioned features of the array for showers in the size range
103 - lo7 p/mz. This range in shower size is further reduced by folding
in the shower probabilities,

In the present work the detectors used for triggering purposes are
the central detector and the 2 m2. detectors. Altaough this criteria is
not the most useful (see Chapter 7) it was the only one that could be used
when the experiment commenced since these detectors were the only available

detectors that initlally possessed the fast timing facilities.

5.11 THE TRIGGERING REQUIREMENTS FOR THE EXPERIMENT

The experimental objective was to obtain a number of associated events
between M.A.R.S. and the array which could yield information on the muon
lateral distribution, energy spectra and other aspects of muons in E.A.S.

An electronic circuit was designed to trigger both sets of apparatus

{M.A.R.S. and the Array). The normal triggering requirements which are
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designated as C + M.A.R.S. is that a pulse from the central detector

(C) corresponding to a density of more than 4 p/m2 coincided with a

master pulse from the spectrograph due to it having been traversed by

a muon (i.e. the 3-fold coincidence pulse of the blue-side scintillators).
when both M.A.R.S. and the Array are triggered in coincidence,

flags specifying the coincidence are recorded with each set of recorded

data. This arrangement made it possible to identify events that contained

muons associated with air showers from amongst all the other classes of

event that were being recorded on the equipment.

The counting rates of the coincidences were checked every day to
ensure the correct functioning of the apparatus.

In addition to the C + M.A.R.S. triggering requirement, the apparatus
was operational under the triggering requirement of a normal array trigger
and M.A.R.S. i.e. C + 13 + 33 + 53 + M.A.R.S.; such a criterion generally
provided timing information connected with the detected showers which
frequency allowed the determination of the shower arrival direction to be

made,

5.12 RUNNING DETAILS AND MAINTENANCE OF THE APPARATUS

Various daily checks were carried out on the performance of all
the array detectors and the data handling electronics. The integral
counting rates of the array detectors above a preset discriminator threshold
was measured every day. These rates were then plotted and any sigrificant
change in the rates of one of the detectors was easily noticed, Alsc, a
daily plot of the multiple coincidence rates between various detectors (two,
three and four fold coincidence rates) was made.

Before the start of a new run, the data storage cycle was checked,
and this test ensured that all the data gates were operating correctly, and
that the analogue data were being stored, digitised and read correctly into

the buffer memory. For each detector and Time to Amplitude Converter a
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pulse height distribution was obtained daily and the consistency of the
distribution examined. Figure 5.14 (a,b) shows a typical daily
histogram that was obtained during the running of the experiment. The
analogue multiplexer and the A.D.C. gains were continuously monitored with
each event. This was achieved by presenting a standard pulse to one of
the analogue signals of the multiplexer. The histogram of the standarad
pulse was also plotted in the same way as the density and the T.A.C's
histograms were plbtted. It was found that the analogue multiplexer and

the A.D.C. gains were satisfactorily constant and no noticeable change was

found from run to run,

5.13 DISCUSSION

This Chapter has described the elements of the air shower array and
the standard method of the calibration of the detectors, and given also a
brief description of the data acquisition procedure and the data storage
and transfer system. The next chapter deals with the array and M.A.R.S.
data analysis programmes and their function with a special reference to the

muon data collection in this work.
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CHAPTER 6

THE DATA HANDLING AND ANALYSIS

6.1 INTRODUCTION

It is important for experiments such as M.A.R.S. and the Air
Shower array that acquire large amounts of data to use autcmatic
methods for data collection and the subsequent analysis. The raw data
of both the present experiments are coded and stored on a macnetic disk
attached to an IBM 1130 computer. Before being analysed, the datais
converted into a compatible form that can be handled by the IBM 370/168.
The data, after being analysed, are then stored in the Northumbrian
Universities Multiple Access Computer (N.U.M.A.C.) on either a private
disk or a magnetic tape where it remains until required for more analysis.
The computer analysis programme of the muon data relevant to M.A.R.S. is
described in detail by Wells (1972) and Piggott (1975) and that of air
showers is described by Smith (1976) and Smith and Thompson (1977). In
this chapter a brief description of both analysis programmes is given
together with the handling procedures of the raw and analysed data. In
the course of the development of the M.A.R.S. analysis programme, presenta-
tion of a visual display of the flash tube trays of the spectrograph for
each event is provided such that events that failed the analysis could ﬂe
examined in more detail. As would be expected with an apparatus of the
size and complexity of M.A.R.S, and the air shower array, corrections for
systematic effects must be taken into consideration. In the case of the
spectrograph data, effects that might be of a magnetic field dependent
nature have been reduced by reversing the fields of the magnets regqularly,
typically once a day. The array systematic biases or any temperature

dependent drifts are corrected for automatically in the analysis of that
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specified data through obtaining new calibration parameters that are
used to adjust the data for such systematic effects. Chapter 7
discusses the experimental results, their interpretation and comparison
with other experimental work, and model predictions of high energy

nuclear interactions.

6.2 THE DATA HANDLING PROCEDURE

During normal operation of both the spectrograph and the array,
M.A.R.S, and D.U.S.T. are triggered simultaneously when a coincidence
occurs between the array triggering detectors and M.A.R.S. Information
from various detectors in the array and the digitised information from
the spectrograph detecting elements together with their corresponding flags,
are stored in a magnetic disk via the online IBM 1130 computer. The
handling of experimental data aims to form two main sets of raw data files,
the first for muons and the second for their associated air showers, and
eventually aims to manipulate and match the analysed data of both files
according to specified selection conditions to be imposed on both muon
and ailr shower analysed data. The programmeg.for the interpretation of
the M.A.R.S. data were developed by Wells and Thompson (1972) and Daniel
(: internal report )}, and those for the EAS data by Davidson, by Smith
(private communications) and by the author. Figure 6.1a shows the first
stages of the raw data handling procedure. During the preliminary analysis
stage the array and the spectrograph data are separated into two main files
in which the data can be matched according to event numbers. These two
files are the main source data files that are used in estimating the muon
lateral distributions. The total number of matched events is 5479
collected over a period of approximately eight months. The analysis of

the raw data, their treatment and data file manipulation and handling on
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the IBM 370/168 are shown in Fiqures 6.lb, ¢ and 4.

6.3 AIR SHOWER ANALYSIS

6.3.1 Introduction

Although E.A.?. analyses vary from one experiment fo another,
in general they pursue the same aim, which is to find the best estimates
of the parameters characterising an air shower from the available observed
data.

In air shower experiments, the accuracy of the measured shower
parameters such as the shower size, core location, arrival direction,
etc., is largely affected by the nature of the raw data and the calibra-
tions concermed with the correcting of the data to the actual situations
at the detecting elements of the array. In the present air shower analysis,
the technique of a function fitting by least squares minimisation has
been employed. The proposed function is defined by certain measured
quantities (timing and density data). In this technique the calibrated
raw data are fitted to a theoretical expression that describes the air
shower, such as the shower front curvature and lateral structure functions.
By feeding the raw data to the theoretical expression and varying the
shower parameters the value of the function can be found. The minimum
value of this function will correspond to the best fit values of the shower
parameters.

6.3.2 The Air Shower Analysis Programme

The analysis programme of the air shower data acquired by this
array has been described by Smith and Thompson (1977).

A short review of its functions and features is given here. The
analysis programme comprises a collection of subroutines which are called
and manipulated by the main programme according to a specified analysis

code. Various degrees of analysis can be allowed for by using these
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FIGURE 6.1 b

‘THE ANALYSIS OF MUONS AND AIR SHOWER DATA
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FIGURE 6.1 C

THE TREATMENT OF AIR SHOWER ANALYSED DATA
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FIGURE 6.1 d

THE TREATMENT OF THE SPECTROGRAPH ANALYSED DATA
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codes, also, facilities are available in the routines for data
simulation to test the programme and analysis procedures. In the
course of a full analysis of an input data file, the summarising
subroutines produce a summary table of the data which includes the
run numbers contained in the input file and the number of events

that each run contains. This table is also used by other sub-
routines to assist in their manipulation of the available data, and
in the execution of the analysis. The summarising subroutines also
perform tests for spurious and incomplete runs (i.e. runs that contain
less than eleven events which represent one D.U.S.T. core load).

The next step in the analysis is to decode all the information
that is sent from the laboratory, such as the timing information, density
information, trigger mode data, operational units, etc. In this stage
a check is provided on the purity of the input data, the sequence of events
in each run, the incorrect transfer of data, or any inefficiencies in the
data acquisition electronics.

Following the. data summary, the mode, mean and standard deviation
of the mean of the histograms of each analogue Multiplexer input are
calculated. These statistical quantities serve to monitor the state of
the analogue multiplexer data and also provide parameters that may be
used fof internal calibration. After this stage the analysis programme

proceeds in two main sections as follows :-

(1) Calibration of observed data.

-(2) The analysis of the calibrated data.

In the first section the relative times of arrival of the shower
front are produced as well as the particle densities in terms of vertical
calibration particles. These calibrated times and densities are then

considered to give the arrival directions, core locations and size of the
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®
shower. For a certain event there are four possible ways of analysis,

each depends on the availability of the amount of timing and density
information. These are called the event analysis options and are
explained in Table 6.1.

It can be seen from the table that in option 4 analysis showers
are fully analysed, whereas in options 2 and 3 showers are only partially
analysed. It is expécted that the shower parameters obtained in the
option 2 analysis would be similar to those obtained when analysed as
option 4 events with sufficient timing information.

6.3.3 The Minimisation Procedure

The minimisation subroutines are the most important features upon
which the analysis programme is based. This package of subroutines is
efficient and versatile ; it is contained in the CERN programme MINUIT
(James and Roose, 1971). In this procedure the technique of least squares
fitting to a three-dimensional plane is employed in minimising the timing
and density data. In order to determine the arrival direction of the shower,
the fast timing data are fitted to a plane shower front using the least
squares technique. The following function is minimised ; the summation

is over all operational timing detectors.

o = E €, -t )P (6.1)
obs calc

all timing detectors

where ti is the observed time of arrival measured by one ith timing
obs

detector relative to the central detector (tc = 0) and ti is the
calc

predicted time at the ith detector calculated on by assuming a shower
incident on the array at Zenith angle (©) and azimuthal angle (¢). The

most significant values of © and ¢ are those when the function ¢ is

minimum. Minimisation of the shower density data will then be proceeded

IR LT T2

' a:0v00
\\\\\‘LLHRARY



Analysis Available Data
Description
tions
Op No.of timing No. of density
values values
}
1 Insufficient timing and density <2 <5
data.
Insufficient timing data and
2 density data used to < 2 25
calculate N , X , and Y , O
o" ¢ o c
is assumed to be 0O,
3 Insufficient density 3 3 <5
information.
Sufficient timing and
4
density data, 0 ,¢ , N, xc' 2 3 5 5
Yc are calculated.
TABLE 6.1 : The shower analysis options.
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with if there are sufficient density measurements. A shower structure

function is fitted to the density data by minimising the following

function :-

(ni - ) (6.2)
L2 - Z calc obs
612
(all density
detectors)
where n 1s the calculated number of particles at the ith
calc

detector ; the predictions of ni were based on employing a known structure

function. ni is the measured number of particles at the ith

obs
detector and 61 represents an error estimate on the measured number of
particles at the ith detector. In the present analysis of air shower
data used in this experiment the shower structure function used is that
of Catz, et al (1975) which has been obtained by employing scintiliation
detectors in an array of similar dimensions to the present array at sea

level.

6.3.4 The Measured Shower Parameters

The most significant parameters that can be obtained for each
shower recorded by the array by utilising the analysis programme are the
following :-

(1) The zenith and azimuthal angles of the arrival direction of

the shower.

(2) The core distance from the central detector, measured in the
plane of the shower front, and consequently the core distance
from the top of the spectrograph and also along the shower
front as explained in Figure 6.2.

(3) The shower size (N).

Measurements of the radius of curvature of the shower front cannot

be obtained due to the inaccuracy in the time difference and the lack in

number of timing detectors.




2

R = (X -X )2+ (y -y )2+ (z )2— {sinBcosO(X - X ) +
u c u c u u p ¢

2 2 2 2 2 o
i i - + d R = - Y - = .
51n9s1n0(vu Yc) coaezu} and, R, (xc xu) + o Yu) + zu for ®© = 0

FIGURE 6.2 The relative positionSof the central detector of the array
and the spectrograph.
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6.4 THE M.A.R.S. COMPUTER ANALYSIS PROGRAMME

6.4.1 The Main Programme

The M.A.R.S. analysis programme has been developed by Wells
(1972) , Thompson, et al (1972) and Daniel (Internal Report). Although
the analysis programme is used in converting the basic binary information
into a form that could be used on the IBM 370/168 or in the handling
procedures, its main aim lies in the determination of the momenta of
muons that traverse the spectrograph, their sign of charge and the
determination of the angles of incidence of incoming muons. From the
knowledge of the motion of a charge particle in a uniform magnetic field
B (Gauss), (its trajectory will be a circle with a radius of curvature
R (cm) ), the relation between the particle momentum p (eV/c) and the

radius of curvature R (cm) is namely :-

P = 300 B x R (6.3)"

In practice a parabola is fitted to the muon trajectories rather
than a circle to take into account the energy loss of the muons while
traversing the spectrograph. The computer programme uses the least
squares method to fit a parabola to a set of three, four, or five flashed
tube co-ordinates along the observed muon track in the flash tube trays
of the spectrograph. A parabola of the
form y = ax2 + bx + ¢ can give the best fit to the co-ordinates of the
track in each flash tube tray. The standard deviation of the experimental
data points arcund the fitted trajectories are minimised and the
momentum of the smaller standard deviation of the fitted trajectories is
then chosen as the apparent momentum of the muon. By using the
equation 6.3 and substituting for the characteristics of M.A.R.S. the

result is that the mean momentum, P, of a muon traversing the spectrograph
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can be written as :-

p - Q:1949 o (6.4)

where a is the first coefficient of the best fitted parabola

and related to the radius of curvature by the relation :-

-1
m

1
a = 5= (6.5)

The effect of the gaps between the magnet blocks is taken into considera-

tion in equation 6.4.

6.4.2 Track Identification and Trajectory Fitting

It is mentioned in the previous section that the M.A.R.S. analysis
programme tries to fit a parabolic curve to either a set of five, four
or three muon track co-ordinates in the spectrograph flash tube trays.
Thus, to locate a track in a tray (a tray consists of 712 tubes arranged
in 8 rows of 89 columns), the programme searches for groups of more than
or equal to two discharged tubes in one column or in adjacent columns of
flash tubes.

In the present work, for trays that contain more than one group
in a tray, the analysis programme has been set to try 30 possible combina-
tions of groups besides a special treatment that splits the numbers of
groups to allow the programme to fit better tracks for combined groups.
Ideally, flash tubes that are traversed by the particle are discharged,
but this is not the case in practice, sinée flash tubes are not absolutely
100% efficient and it is quite possible that some of the tubes traversed
by the particle do not discharge ; also, it is possible that knock-on

electrons may discharge tubes:in adjacent columns, For the above cases
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the analysis programme has been provided with a specified option such
that the flash tubes in a tray can be switched ON or OFF. Figure 6.3
shows the track fitting options that are available to the programme,

and a description of each option is given in Table 6.2. In general
these options enable the programme to fit a track through the flash

tube information in a particular tray by taking into consideration tube
inefficiencies or knock-on electrons. From Figure 6.3 options with
the lower order are more likely to occur and thus the programme will use
them in the track fitting procedure instead of using those options of
higher order.

The co-ordinates of the tracks of the lowest option orders in
the trays are then used for initial fitting of the parabola. A group
of only two tubes is not used in the fitting procedure because of the
difficulty in providing an option that fits this very clearly. Bursts
( . groupscontaining more than ten discharged tubes or occupying more than
five adjacent columns) are also not included in the fitting of the para-
bolic trajectory of the particle. Flash tube information in groups that
consist of 4-5 columns of data are used three columns at a time, this number
of columns represents the maxiimum number that a muon can discharge when
traversing a tray at the largest acceptable angle.

After the tracks in each tray have been defined a parabolic curve
is fitted to the located co-ordinates in the flash tube trays. If the
angle of the fitted parabola at each tray correlates with the angle of
the actual track as obtained from the flash tube information and the fitted
option to that tray, that option will be used, otherwise another option is
cons;dered. If the programme failed to find any correlation between the
two angles, then the track is not used in determining the particle momentum.
When the above conditions are fulfilled then a second parabola is used to

fit the new co-ordinates of the particle trajectory, this parabola has a



Option: O

FIGURE 6.3

Illustration of Track Fitting Options ; the percentages
given represent the frequency of using each option by
_the analysis programme (After Wells, 1972).



TABLE 6.2

The track fitting options (After Wells, 1972)

Option Description
o Good fit - no information has to be assumed.
1 A knock-on electron is assumed (a discharged tube
is neglected). :
2 A tube inefficiency is assumed (an undischarged
tube is assumed to have discharged).
3 A knock-on electron and a tube inefficiency in
different layers are assumed.
4 Two knock-on electrons in different layers are
assumed.
5 Two inefficiencies in different layers are
assumed.
6 One single knock-on and one double knock-on
are assumed in different layers.
7 A tube inefficiency and a knock-on in the same
layer are assumed.
8 Two knock=-ons in the same layer are assumed
(muon passed between them).
9 Two knock-ons in the same layer are assumed
(muon passed to one side of them).
1c An inefficiency and a double knock-on are assumed
in the same layer.
11 Assumes an inefficient tube between two knock-ons.
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better and more accurately fitted co-ordinate than the first.

Data in a tray are not used for various reasons ; an explanation
of the error codes and their causes is given by Piggott-(1975). The
momentum of the particle and the standard deviation of the fitted
trajectory are calculated. If there are other groups in any of the
trays the analysis programme tries further group combinations while
storing the results of the first analysed trajectory. After trying
all possible group combinations the programme selects the fit that
contains the greatest number of trays useq in the trajectory fitting.
Baving done this, the.programme searches for the trajectory that gives
the lowest standard deviation.

In the case of a double muon event, after finalising the first
muon trajectory the programme considers the possible second muon trajectory
in the same manner. Events that contain more than two muons are flagged
as a multiple muon event ;these type of events are generally due to showers
whose cores fall near the spectrograph. The analysis of these events
was carried out by employing the editing mode of MARS1. ' as explained
in Section 6.5.4.

6.4.3. Features of the M.A.R.S. Analysis Programmes

Besides the fact that the M.A.R.S. apectrograph.has not been
espentially designed to study muons associated with air showers, the
M.A.R.S. analysis programme MARS 1 (Daniel, private communication) and
its new version MARS 2 are established to interpret single muon events
rather than muon events that are associated with an air shower which
triggers the top tray of the spectrograph (Tray 5).

The presence of the shower flash tubes information in tray 5
makes it almost impossible to tell whether the muon has passed through
that tray or not. For the above reasons some modifications have been

introduced to the analysis programme (MARS 2) to overcome the difficulty
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arising in the analysis of muons accompanied by air shower events.

By employing these modifications within the analysis programme it:

is hoped that as many as possible muon events can be analysed euch
that the particles will be assigned a certain value of momentum using
only trays 1 - 4 or trays 1 - 3.

Concerning the spectrograph analysis programmes, the original
programme (MARS 1) has been modified by Daniel ( internal report ) -
and is referred to as MARS 2. Both MARS 1 and MARS 2 programmes with
the shower modification introduced have been used in the analysis of the
spectrograph data. It is of interest to this work to mention some
important features that led to the use of both programmes on the muon
data in an attempt to obtain the actual number of muons traversing the
spectrograph during the acquisition time of the data collected in this
experiment.

The main aim of the MARS 2 analysis programme is to identify a
group of discharged flash tubes assoclated with a given muon trajectory
in each of the five measuring trays and to analyse these particular groups
using the original programme MARS 1. A group is defined by MARS 1l as
three or more discharged flash tubes contained within a column or a sequence
of columns that are separated from another group by one column of un-
discharged tubes. This definition has been altered by MARS 2 to two or
more discharged tubes contained within a column or a sequence of columns
that is separated from another group by either one column of undischarged
tubes or two columns each containing only one discharged tube. As a
result of the latter definition of the group in MARS 2, this programme
will have the following specifications when applied to the spectrograph
data :-

(a) The ability to correctly interpret events having more than
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one group of more than,or equal to,three tubes per tray.
(b) Its usage of any tray that contains more than, or equal

to, two groups, while MARS 1 will not use a tray if more than

two groups are present.

It is also important to mention that the MARS 2 programme can
handle as many as 25 specified groups in any tray (default to 10).

In this context the MARS 2 programme provides further discrimination
against events that contain one or more flash tube information in a

tray (either error 3 or error 91, see Table 6.3), in particular those
trajectories that are outside the spectrograph acceptance in the back
plane, but on the other hand this will lead also to the rejection of
muon shower events in which tray 4 is either inefficient or contains a
single discharged flash tube. This type of event is selected and reclaimed
by using MARS 1 (only trays 1-3). In both programmes the flash tubes
in the top tray have been effectively switched ON, thus the whole tray .
is completely removed from the analysis. Hence, only trays 1, 2, 3 and
4 are used for momentum determination.

The number of flash tubes discharged in tray 5 may give an estimate
of the density of electrons in showers falling on top of the spectrograph.
In an attempt to correlate between the shower density at the central
detector of the array (c) and the number of discharged tubes in that
tray, Hawkes, et al (1976) found that tray 5 can be used as a shower

measuring density detector.

6.5 THE DATA ANALYSIS

6.5.1 Introduction

The analysis falls into two parts, the analysis of air shower
data and that of the muons accompanying it. Section 6.5.2 will deal

with the air shower data analysed, while the analysis of the spectrograph
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data is described in Section 6.5.3.

6.5.2. The Analysis of Air Shower Data

The "raw" air shower data collected in this experiment are
subdivided into 24 "runs". These data are collected under the
triggering of the air shower array corresponding to four-fold
coincidence between the central detector (C) and the 2m2 detectors
55, 33 and 13. In the initial period of operation of the apparatus
the array data acquisition electronics could not distinguish between
a zero recorded density or a detector saturation. Since the particle
density triggering detectors were calibrated at low particle density
levels (4 p/m2 for the central detector and 2 p/m2 for 2m2 detectors),
it is found that about 56% of the acquired data has insufficient timing
information for timing analysis and these showers are assumed to be
vertical.

A correction was made to the intensity of these showers to
correspond to a 30o zenith angle cut. Figure 6.4 shows the correction
factor obtained from the analysis of 672 real shcwers with and without
timing information, an overall correction factor of 0.65 was allowed for
in the shower size range 1 x lOS - 3x 106 particles over the radial
distance range (O - 50)m from the shower c¢ore to the muon spectrograph.
Once all shower data had been analysed, they were stored on a magnetic
disc. The selection criteria imposed on the air shower data are ;he

following :-

(1) Shower cores must fall within 50m from the central detector.
(2) Showers (Option 4 analysed events only) must have a zenith
angle of less than or equal to 30°.
After imposing these selection criteria, the accepted shower
events are then extracted from the main answer file and transferred into

another file such that it will be matched with the spectrograph data as
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bending plane of the spectrograph.
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shown in Figure 6.1lb.

6.5.3 The Analysis of the Spectrograph Data

It has been stated earlier that the M.A.R.S. spectrograph in
its present design is not the ideal muon detecting instrument that
operates with the present air shower array. It is essential to remove
various instrumental biases and detector inefficiencies from the
observations. This will be explained in detail in Chapter 7.

In order to speed up the analysis of muon events, muon data

are matched with the air shower analysed data that have satisfied the

shower selection criteria. Computer plots of matched muon events are
then produced and studied by eye. Muon events that do contain a muon
trajectory or a multiple muon event were selected. Figure 6.5 shows

various categories of muon events that have been accepted in this data
analysis such that muon trajectories are either assigned a 1 - 4 tray
or 1 - 3 tray fit.

The following criteria were set for data rejection :-

(1) There is no possible muon trajectory in the specified event.
(2) Side showers.

(3) No flash tube information in either trays 1, 2 or 3.

(4) Large standard deviation of the points used to fit the

muon parabolic trajectory ( 2 2.5 x 10-3 m) .

Figure 6.6 shows the standard deviation distribution of all muon
events that are assigned a 4 tray fit momenta ; a cut at a standard
deviation value of 2.5 x 10-3m was imposed on muon events. In selecting
3 tray fit momentum events no standard deviation test has been introduced.
The only checks on the validity of a 3 tray fit muon event is to have a
very clear muon trajectory in trays 1, 2 and 3. An example of an event
is shown in Figure 6.7. Figures 6.8 and 6.9 are examples of events

having a burst or inefficient tubes.
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A computer plot of an accepted muon event assigned

FIGURE 6.9

a 3-tray fit momentum with an inefficiency in tray -3.
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After the first analysis (using MARS 2 programme), the failed
events are transferred into a separate file according to their error
codes that they have been given by the analysis programme (see Figure
6.1b).

An explanation of these error codes and the treatment of muon
failed events are given in section 6.5.4. The data are then analysed
by the MARS 1 programme, and the data that failed this analysis were
analysed manually on the computer using an editing mode of the programme.
Data that failed the editing mode analysis are rejected.

6.5.4 Muon Failed Events

In the first attempt of the spectrograph data analysis (using
the MARS 2 programme) only about 7% of the data was assigned a momentum.
It has been found about 34% of these data have their shower cores satis-
fying the array acceptance, thus the majority of muon events have failed
the analysis. The exror codes assoclated with the failed events are
listed in Table 6.3.

It has been stated earlier that the aim in analysing the muon
data is to obtain the actual number of muons above a certain energy that
are detected during the periodof operation of the apparat;_us. Thus it is
important to reclaim muon events that initially fail but which do contain
a muon.

The MARS 1 programme has been used such that the limitations due
to spectrograph acceptance are not imposed on the data analysis. Muon

events with the following error codes have been reclaimed :-

(1) Exror codes 3 and 91 ; these events contain no information
or no groups with > 2 flash tubes in tray 4 such that the muon
trajectory is assigned a 1-3 tray fit momentum. A typical
reclaimed event of error 3 type is shown in Figqure 6.7 while

Fiqure 6.10 shows a reclaimed event of error code 9l.




Exror
Expl
Codes xplanation
3. No data in a tray
91 No group of 3 2 tubes in a tray
94 All possible group combinations have failed
95 All possible group combinations have failed either the
standard deviations or the acceptance test or the group
trajectory.
99 Too many group combinations

TABLE 6.3 : Error codes given to muon events that failed M.A.R.S. 2

Programme.
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(2) Error 95 ; muon events with trajectories or
extrapolations of their trajectories falling outside
the 1 - 5or 1 - 4 tray acceptance ; Figure 6.11 (a, b)

shows examples of such events.

Other than these events the remaining data that failed this
MARS 1 analysis have been investigated carefully through a study of
their "computer pictures". Events that contain confused muon
trajectories have been plotted on a precise diagram of the flash tube
trays. The majority of the events are those of error code 99.
Figure 6.12 (a, b) shows a multiple muon event that has been plotted
on the reduced trays diagram, each trajectory has been edited individually.

The air shower assoclated is also presented in part b of the Figure 6.12.

6.6 ARRAY TRIGGERING PROBABILITY

In E.A.S. experiments it is essential to have a knowledge of
the response of the E.A.S. triggering elements towards detecting showers
of various sizes and core locations. This response may be described
as the probability of detecting an air shower of a certain size falling
at a particular distance from a fixed point on the E.A.S. array. This
probability depends mainly upon the triggering conditions and the geometry
of the array. In calculating the detection probability of the array
the qethod of Smith and Thompson (1977) has been used. Showers of a
particular size, core location (measured from the top of bending plane
of the spectrograph along the shower front) and zenith angle are fired at
the array. The dennities at the triggering detectors are calculated and
used to obtain the detection probabilities. By making use of the
assumption that the number of shower particles detected follow Poisson
statistics then the detection probability P1 at the ith triggering detector

can be represented as follows :-
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FIGURE 6.12a

A multiple muon event (error Code 99).
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The air shower event accompanied the multiple muon

event in Figure 6.12a, detectors C, 12 and 61 are
all saturated hence only eight detectors are used

in the shower analysis.
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| -A,S . (4,50 E (n, w
P (b, S, >m =e -1 E —Jni' t (6.6)
n=0

where Ai is the particle density at a detector of area Si and
whose particle detector's threshold is m, Ei (n, m) is a detector
efficiency.term which depends on the number of particles n incident on
a detector above the detection threshold m. In calculating the
densities, the lateral structure function used by Griesen (1960) with
an age parameter of 1.25 was employed. Figure 6.13 shows the normalized
detection probabilities which are calculated using equation 6.6. These
probabilities have peen obtained by integrating over a core location
region (r2 - rl) as shown in the figure, and a pre-defined arrival direction
modulated by cosloe. The probabilities that are plotted are the average
probability over a certain core distance region for different shower sizes.

For showers of siie >,.106 particles the probability is unity and becomes

independent of core location.

6.7 EXPERIMENTAL RESULTS

The spectrograph data yielded 441 muons with energies 3> 10 GeV
from a total of 2300 showers that triggered the air shower array and
satisfieqd the shower criteria of acceptance. Table 6.4 shows the
number of showers involved according to their analysis option. The
number of muons above 20 GeV are also listed and grouped according to
the number of trays used in determining the muon momentum. The muon
numbers presented in this table represent the total number of useful
muon events including 29 multiple muon events. It was found that about
2.9% of the muon data have a standard deviation of 3 2.5 x lO-3m ; these
events have been rejected. No restrictions due to the array detection
efficiency have been imposed on the air shower data presented in this

table.
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Muon analysed data

Shower analysed data

Muon threshold Tray fit ? Core distance Number of
energy (GeV) '
3 4 (m) showers
20 158 186 s 50 2031
50 85 133 <€ 40 1823
100 45 57 € 30 1488
200 13 27 £ 20 1058
300 7 11 € 10 477
TABLE 6.4 : The data collected in this experiment.

shower selection criteria.

Muon and air shower data satisfying the muon and air
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6.8 ACCURACY OF MEASURED PARAMETERS

In order to have any confidence in the estimated muon lateral
distributions and other results obtained in this work it is important
to determine the input parameters to a degree of accuracy which makes
the errors of these parameters too small to markedly affect the final
results. A detailed Monte Carlo analysis on the accuracy of the
measured air shower parameters has been carried out by Smith (1977).
Showers have been simulated and fired at the array with random core
location, shower size, zenith and azimuthal angles.

It is concluded that for BOO showers triggering the array at zenith

angles ¢ 30o falling within 50 metres from the central detector, the
accuracy of each shower parameter measured in the present work is as
follows :-

(a) Core Location Accuracy

The error in core location is represented by calculation

of the difference in the radial distances of the simulated input

and the output shower axes from the central detector. It is

concluded that there is an overall uncertainty of + 4m in core
distance for showers in the size range 3 x 105 -5x 106 particles
falling at distances of & 50 metres from the central detector.

(b) Shower Size Accuracy

The error in shower size determination has been estimated by

measuring the bias in the output shower size spectrum from a

simulated input spectrum. It is found that for showers whose

zenith angles are ¢ 30° and whose cores are at § 50 metres from
the central detector, a suitable correction of the following form
may be applied in the size range 3 x lO5 -3 x lo6 particles

(Smith, 1977) :-

(N, x 107°) = (1.20 # 0.12) (N_x 10 ) (6.7)
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for 2 x 105 <N<3x 106.
(¢c) Accuracy of Arrival Directions

In working out the error in the arrival directions of the
showe?s, the simulated showers are assumed to have timing
measurements with standard deviation of + 5 nsec. Only the
timing éetectors and the central detector (C + 53 + 33 + 13) have
been used as the triggering elements. The overall uncertainty
in zenith angle is :_2.0o and that of the azimuthal angle is

+ 6.0°.

In determining the above accuracies in shower parameters,
various shower features and array properties have been taken into
account within the simulation programme. Poissonian fluctuations
in the shower particle number at the density measuring detectors
and Gaussian fluctuations with standard deviation of + 5 nsec. in
the arrival times of the shower, the linearity of the electronics
and Age parameter effects were included. The analysis programme
used in the simulation calculations was the same programme as used
on the real array data and the same triggering and data selection
criteria were applied.

(d) Accuracy of the Determined Muon Momentum

In establishing the muon lateral distribution or muon energy
spectrum, not only the shower parameters such as core distance,
shower size and arrival directions have to be determined, but also
the muons' momenta. The accuracy of the measured momentum is

achieved by defining the quantity Ap (Whalley, 1974) such that

ap =px [t ¥ B (6.8)
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where p is the measured muon momentum as determined by the
M.A.R.S. analysis programme, c is the scattering correction

and P is the maximum detectable momentum (m.d.m) of the

.d.m.
spectrograph. Due to the large statistical error on the useful
muon data, the scattering correction has not been taken into

account, thus equation 6.8 reduces to the following form :-

2
Ap = —P (6.9)

P m.d.m.

Since the value for the m.d.m. of the spectrograph depends
on the number of flash tube tray combinations used in determining
the momentum of a particular muon, then Ap is a function of the
number of flash tube tray combinations. Table 6.5 shows the
error in the measured momentum of muons for 1 - 4 tray fits and
1 - 3 tray fits, the m.d.m. being 1572 + 60 GeV/c and 520 + 50 GeV/c

respectively.

6.9 SUMMARY

In this chapter the analysis techniques involved with the muons
and air showers have been described. It is seen that for muons detected
by the magnetic spectrograph the analysis provides an accurate estimate
of the muon's energy.

The powerful package of minimisation subroutines allows the
shower analysis programmes tc produce an accurate estimation of core
location, shower size and arrival direction of shower cores. The errors
in core location are quite small such that they do not affect or disturb
the shape of the estimated muon lateral distributions. The shower sizes
determined by the experiment are underestimated by 10%, and a correction
has to be introduced due to this bias, when normalising the muon lateral

distribution to ascertain shower size.



Muon Momentum Ap A p/p s
P GeV/c GeV/c
20 0.25 1.25
50 1,59 3.2
100 6.36 6.4
4 tray
I4 ]
£it 200 25.45 12.7
(1234) 300 57.25 19.1
500 159,03 31.8
20 0.77 3.9
3 tray 50 4,81 9.6
fit 100 19.23 19,2
76.92 .
(123) 200 6 38.5
300 . 173.10 57.7
500 480.80 96.2
TABLE 6.5 : The calculated error on the measured momenta for 1-4 tray

fits-and 1-3 tray fits.
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CHAPTER 7

THE LATERAL DENSITY DISTRIBUTION OF ULTRA

HIGH ENERGY MUONS

7.1 INTRODUCTION

The measurement of the muon lateral distribution at high energies
is the most significant result in the present experiment. The measure-
ments have been obtained for near vertical showers having sizes in the
range 2 X lO5 -3x 106. The experimental data yields not only the
shape of the muon lateral distributions,but also the absolute values of
the muon measured densities at various muon energies. A determination
has been made of the total number of muons traversing the spectrograph
above a certain fixed energy and also of the number of showers that are

recorded by the array at certain radial distances from the spectrograph.

The analysis of experimental results was carried out under the following

assumptions :

(L) The spectrograph accepts mainly muons travelling in the near vertical
direction.

§2) Muons with energies 2 50 GeV are almost parallel to the shower core
direction.

As a consequence of the two assumptions the experimental results
are insensitive to zenith angle and the analysis assumes that all showers
arrive from the vertical direction. Further attempts to establish more
detailed muon energy spectra have not been made due to the large errors

which exist on the determined muon lateral densities.

7.2 BIAS CORRECTION OF EXPERIMENTAL DATA

when deriving the muon densities from the data it is important to
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determine some basic parameters concerned with the geometry and design

of the spectrograph and the air shower array. The most important factors
thag are to be taken into account in the case of the spectrograph are the
acceptance of the instrument (as a function of momentum), the efficiency

of the triggering scintillation detectors and the effect of multiple

coulomb scattering in iron. The spectrograph acceptance has been evaluated
using a Monte Carlo method following the work of Hawkes (1977) and is
explained earlier in section 5.13. The efficiency of the levels {and 3
scintillation detectors in the blue-side of the magnet has been found to

be 0.92 (Wﬁalley, 1974) . Coulomb scattering in the magnet iron has not been
considered. Other corrections, possibly necessitated by the flash tubes
being inefficient, have been found to have no significant effect on the data,
and thus they have not been taken into account. Since the measurements
reported here deal with high energy muons (350 GeV) ,effects of the earth's
magnetic field and coulomb scattering in the atmosphere have been ignored.

In order to obtain the real number of muons observed in the spectrograéh,

the above biases have to be removed from the observed muon data such that :

1 Pt + P (7.1)
0.92 Acc(3) acc. (4) | )

n(>E) =
u u

where nﬁ(>Eu) is the real number of muons traversing the spectrograph
above a fixed muon enerqgy Eu(GeV), Eu_is the number of muons observed above
that energy and assigned by either a 3-tray or 4-tray fit momenta, Acc is
the spectrograph acceptance determined for both tray combination fits and
the factor 089 represent the value of the three-fold coincidence triggering
efficiency of the blue-side of the spectrograph.

The other systeﬁatic biases

that are concerned with the air shower array are the array detection efficiency
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(as a function of shower size and core distance) and the array solid
angle of acceptance. The detection efficiency of the array has been
obtained following the method of Smith (1977) and is shown in Figure 6.7.
The corrected number of showers triggering the array whose cores fell in

an annulus of width R2 - Rl' is

Ne (N/R )
0.43 x P(N,Ru)

ne (NIR“) (7.2)

where Ee(N,Ru) is the observed number of showers of size N falling at a
distance Ru from the spectrograph, P(N,Ru) is the detection: efficiency of
the array triggering elements for showers of size N falling at a distance
Ru from the spectrograph and the factor 0¢43 represents the solid angle

of the array for showers falling at zenith angles 5300.

7.3 THE DISTRIBUTION OF EVENTS WITH RESPECT TO SHOWER SIZE

In order to estimate the densities of muons above a certain
energy, it is necessary to obtain the number of showers of a certain size
that fell in a certain radial distance range from the spectrograph. Also,
it is important to obtain the number of muons observed in the spectrograph
that are accompanied by showers and accepted by the muon analysis programmes.
Showers were therefore divided into equal logarithmic bins of shower size,
the resultant distributions are shown in Figure 7.1 where the number of
showers in each logarithmic bin of shower size are plotted for five intervals
of core distance from the blue-side of the spectrograph. Within each shower
size interval, showers falling inside equal bins of core distaqce were
grouped together, each group being 10 metres wide. In this way the total

number of showers is obtained at a certain logarithmic bin of shower size
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and radial distance. This is shown in Figure 7.2 (a,b.c,d and e).

The mean shower size and mean core distance of each distribution are
calculated and the muon densities above a certain muon fixed energy were
then calculated as will be explained in section 7.5.

The total number of showers accompanied by muons with energies
greater than or equal to 50, 100, 200 and 300 GeV, are plotted in an
integral form in Figure 7.3 versus shower size. For each logarithmic
bin the number of showers represent the total number of showers falling
at distances & 50 metres from the shower axis and corrected for the array
detection probability. Figure 7.4 shows.the distribution of the muons
with energies not less than 50 GeV observed in the spectrograph in showers
of certain sizes falling at five 10 mette intervals from the spectrograph.
The data presented in this figure were used in estimating the muon 1ate¥a1

distributions in this work.

7.4 THE RADIAL DISTRIBUTION OF HIGH ENERGY MUONS

Muon events that are accepted in the present analysis have been
grouped into 5 m intexvals of core distance from the blue-side of the
spectrograph . The resulting distributions for muons in showers whose
detection probability is > 60% are shown in Figure 7.5. Each distribution
is obtained for muons ?f energies not less than 50, 100, 200 and 300 GeV,
It is seen from the figure that there is a general agreement in the shape
of the distributions, this agreement is evidence against any possible
systematic biases in the analysis of high energy muons that are edited from
relatively complicated muon events in which the showers fell almost in the
vicinity of the spectrograph. A more general picture of the radial distri-
bution of high energy muons can be obtained by using all muon-accompanied

showers such that no cut due to detection probability was imposed on the

shower sizes. Figure 7.6 (a,b,c and d) shows a three dimensional plot of
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the scatter distribution of the cores of showers that were accompanied

by muons having energies above 50,100,200 and 300 GeV. The relative
position of the spectrograph and the array triggering detectors are shown
in the scatter plot. It is concluded from Figure 7.6 that as the muon
energy threshold increases shower cores hit closer to the spectrograph.
This fact reflects the overall dependence of the muon energy threshold
on the average radial distance, i.e. high energy muons exist closer to

the core than those of lower energies.

7.5 ESTIMATION OF MUON DENSITIES

As far as the work reported in this chapter is concerned the main
objective is to find as accurately as possible the number of muons traversing
the spectrograph above a certain fixed muon energy in a number of showers

whose cores have fallen in an annulas R2-Rl for a shower size range N

2-Nl.
Although the majority of muon trajectories are well defined and determined,
the method of estimating muon densities is still subjective to some degree.
Many checks were made on the number of observed muons and the number of
registered showers, but it was found that there was no significant change
in these numbers. The accumulated data of muons have been sub-divided
into intervals of size and radial distance as explained in section 7.3.
According to the data in Table 7.1, four muon density estimates have been

worked out corresponding to four muon energy thresholds (50,100,200 and

300 GeV). Each of the muon densities has been defined as follows :

b, GE) = —= (7.3)

where Au is the muon density above a fixed muon energy Eu(GeV), nu(;Eu) is
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Muon threshold Number of muons per radial distance
energy (GeV). interval
T 1 .‘
0-10 1l0-20 20-30 30-40 40~-50
> 50 GeV le 36 13 11 2
2100 GeV 12 16 6 3 -
2200 GeV S 4 2 2 -
3300 GeVv 3 3 - 1 -
_—e
number of showers
per radial 120 247 217 157 77
distance interval

TABLE 7.1 : Summary of muons and air showers number data that are
selected for estimation of muon densities. (Showers
detection probability > 60%).
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the corrected number of muons above or equal to an energy Eu observed

in the spectrograph out of a total of ne showers and A is the geometrical
area of the spectrograph obtained considering the acceptance of the
spectrograph. A is a function of muon energy (see section 6.10). The
errors quoted on the estimated densities in equation 7.3 are the Regener
(1951) statistical limits for very small samples. The dependence of muon
densities on zenith angle has not been studied since the angular distribu-
tion of muons is very narrow and thus the measured muon densities are assumed

to be for near vertical showers.

7.6 MEASUREMENTS OF THE LATERAL DENSITY DISTRIBUTION OF ULTRA

HIGH ENERGY MUONS

The spectrograph data in association with E.A.S. have enabled the
muon densities to be derived above a certain muon threshold energy and at
distances ¢ 50 m from the shower axis to the muon spectrograph. In
establishing the muon lateral distribution only showers having a detection
efficiency > 60% have been included. Figure 7.7 shows the lateral density
distribution of muons with energies not less than 50 GeV obtained in this
experiment for near vertical air showers whose mean sizes are indicated at
each point. Each point on the lateral distribution curve represents an
average density for a group of showers with similar characteristics and
core distances from the muon spectroql;raph which fell inacertain interval.

The abscissa of each point is the mean distance from the shower axis to the
spectrograph for that particular group of showers in each radial distance
interval. Representing the data in this way enables the measured muon
densities to be scaled to a fixed shower size by assuming the shape of the
muon lateral density distributions to be independent of shower size. This
assumption may be justifiable if, for example, the mass composition of

primary cosmic rays does not vary with energy, thus no variation is expected
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in the shape and absolute normalization of the muon lateral distributions.

In a similar way the lateral density distributions for muons with threshold
energies 100, 200 and 300 GeV are established, these distributions are shown
in Figures 7.8, 7.9 and 7.10 respectively. All the data presented in the

measured muon lateral distributions are eventually scaled to a standard

0.8
a
e

shower size of 106 particles by making use of the relation Nu o N nd

the resultant distributions are presented in the next section. It is found
that over the range 0.7 - 0.9 for the exponent of the Nu - Ne dependence
(see Figure 2.19) the scaled densities do not vary by more than 5%. Thus,
variations of the exponent with muon energy and radial core distance may

not give significant changes in the shape or absolute normalisation of muon
, densities. Normalisation of muon densities to a common shower size

(lo6 particles) serves two purposes. The first is to correct approximately
for any small systematic variation of mean shower size with mean radial
distance from the muon spectrograph. The second purpose 1s to enable the
measured lateral distributions to be compared with other experimental and
theoretical muon lateral distributions. This will be discussed in the

foliowing sections.:

7.7 COMPARISON WITH OTHER EXPERIMENTAL RESULTS

In section 2.5 three experiments have been described in which the
lateral density of muons have been measured using magnetic deflection
technique. Direct comparison of the present results can be made with the
results of the Moscow/Lodz collaboration (Rozhdestvensky et al, 1975) for
muons of threshold energy > 50 GeV covering the same rangeinNradial distance
as is used in the present work. The Haverah Park measurements of the
lateral density distribution of muons above 50 GeV have been taken from the
work of Orford (1968) for a shower of size 2 x 107 particles, zenith angle

22o and distances of 50-500 metres from the shower axis. Muon densities
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at core distances 50, 100 metres were selected and scaled to a common

shower size of 106 particles using the relation Nu g Neo'e. A
correction was applied to the absolute values of muon densities to

convert them from a 22o zenith angle to those expected for the vertical
direction. Figure 7.11 compares the lateral density distribution of

muons above 56 GeV as measured by the two groups with the present results.
It is clear from the figure that a satisfactory agreement is obtained with
the Moscow/lodz data in both shape and absolute value of the distribution.
It is also noticed that the statistical accuracy of the present data is
slightly worse than the Moscow/Lodz data, this is attributed to the severe
selection criteria imposed on the present data. Figure 7.l11 shows that
the present experimental data do not contradict the Haverah Park results.

An attempt is also made here to compare the present results with the lateral
structure function of muons given by Greisen (1960), the density of muons
being given by equation 2.10 which is an empirical expression based on the
measurements of the muon =nergy spectrum in the range 1-20 Gev and at core
distance 10-500 m from the shower edre, Since the Greisen structure
function is applicable for muons at threshold energies well below those

of the present experiment and in order to allow a comparison to be made with
the present results, it is necessary to extrapolate this function to the
muon threshold energies used in the present work, this is shown in Figures
7.12, 7.13, 7.14 and 7.15, where the extrapolated lateral structure function
is plotted for a shower of size lO6 particles at various muon threshold
energies. Also presented in the same figures are analytical expressions
representing the lateral structure of muons fitted by Hawkes (1977) to the
data of the Moscow/Lodz collaboration (Rozhdestvensky et al, 1975), this

expression has the form

pu (;Eu,N,r) = AB N r e o (7.4)
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13 -2

4 -
3/2 5. 0.27, c=3.78 x 10*3 =n

where A = 2.124 x 10 m
D = 0.56, r is the core distance in meter and Eu is the muon threshold
energy in GeV. It is immediately clear from the comparison of both
structure functions with the experimental results in Figures 7.12 and 7.13
that the Moscow/Lodz lateral structure function at muon threshold energies
50 and 100 GeV is a better fit to the present experimental results than the
muon structure function due to Greisen. In order to get agreement
between the present results and the muon density of the Greisen'. structure
function the latter must be scaled up by a factor of 3. At higher muon
threshold energies (200 and 300 GeV) the accuracy of the experimental data
becomes poor such that it is difficult to tell which structure function

better fits the data..

7.8 HIGH ENERGY INTERACTION MODELS AND PREDICTIONS OF MUON LATERAL

DENSITY DISTRIBUTIONS

7.8.1 Introduction

Elementary particle interactions in E.A.S. are basically nucleon-
nucleon and pion-nucleon interactions. Different models have been used to
describe these interactions in this section. Three models of high energy
nuclear collisions are used to compare the measured muon lateral distributions
with model predictions, these models being the C.K.P. model (Cocconi,Koester
and Perkins, 196l1), the two-component cluster model (Grieder, 1977) and the
scaling model (Feynman, 1969). The C.K.P. model predictions of the muon
lateral distributions used are due to OlejnNiCZaK (1975), those of the two-
component cluster model are due to Grieder (1977) while predictions of
the muon lateral distributions using the scaling model have been derived
by the author following the work of Hawkes (1977).

7.8.2 Similarities between Models

(1) The secondary particles are assumed to be mainly pions,

+ -
there being on average, equal number of m ,m and no.
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(2) The inelasticity for nucleon-nucleon collisions is 0.5 and
assumed to be independent of energy and 1.0 for pion-nucleon
collisions.

(3)‘The interaction mean free paths are taken as 80 gm/cm2 and
120 gm/cm2 for nucleon-nucleys and pion-nucleus collisions,
respectively.

(4) The distribution of transverse momentum Pt' of the produced

pions is given by the following expression suggested by the C.K.P.

relation

3 exp -3 . {(7.5)

The mean transverse momentum (2P°) is assumed to be independent of energy
and equal to: 0.4 GeV/C.

The effect of leading particles and the differences between nucleon-
nucleon and pion-nucleon interactions such as the productions of anti-
nucleons and kaons is taken into account in the two-component cluster model
as discussed.later-in this section.

7.8.3 The C.K.P. Model (Cocconi, Koester and Perkins, 196l1)

This model is based on acceleration measurements of proton-light-
nucleus interactions in the region of few tens of GeV. with allowance
being made for pions in the backward cone, the energy distribution of

emitted pions in the laboratory-system is given as follows :

T l n(E ) E n(g ) E
= l'- P - —R o - _“ }
sl E,Eo > T exp T + g exp e (7.6)

where n(Eo) is the forward multiplicity of pions produced, Eo being khe

transferred energy, G is the average energy of pions in the laboratory
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system of the backward cone and

-1
= - <]
T = 2 (E ~nE) 3 ( ,n(Eo)( (7.7

is the average energy of pions emitted in the fiorward cone.

Pions emitted in the backward cone in the centre of mass system
are not taken into account since they have low energies in the laboratory-
system. The dependence of multiplicity of pions on primary energy Ep is

1/4

given by n a E with E_ in GeV.
s p P

Some indications on the validity of this model at air shower
energies are given in section 1.4.

The predictions of the lateral muon density distributions based
on the C.K.P. model, and used for comparison with the present experimental
data, are those due to the calculations of Olejniczak (1975) for proton
initiated showexrs of a fixed size of lo6 particles. These predictions
are shown in Figure 7.16 - 7.19 for a multiplicity dependence of secondaries
as ns o EP]'/4 and n, o Epl/z, respectively, and selected for the four muon

energy thresholds (2 50,2 100, > 200 and > 300 GeV) that are used in this

work.

7.8.4 The Scaling Model (Feynman, 1969)

This model is exhibited by the inclusive proton-proton inter-
actions at the CERN ISR (Intersecting storage rings) energies. The effect
of intra-nuclear cascading is not taken into account. The scaling model
is characterised by a multipiicity of produced particles which grows
logarithmically with energy in hadron-hadron collisdons. The model can
be described by the differential cross-section in the Lorentz-differential

form as follows :

2 2
g =89 . _4d9  _r(xp3 (7.8)

d(pt)dPL d(Pt)dy
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where X is the Feynman factor which is defined as

2°P_ 2m. sinh(y)
t
S s

where Pt and PL are the centre of mass transverse and longitudinal

momenta of the produced particles respectively. The rapidity y is defined

as ,
y = log [}E + PL) // mt:} ’

mt is the transverse mass, mt2 = m' + Ptz and S is the centre of mass

energy squared.

This model encounters serious difficulties in connection with air
shower simulations, in particular it cannot account for the large number of
muons observed in EAS. Also, showers predicted using this model develop
rate and reach their maxima at an altitude which is too low in comparison
with the observations. The main reason for the large discrepancies
experienced with calculations using the scaling model lies not only in
employing different multiplicity dependence in comparison to other models,
but also in the flat rapidity distribution of secondaries emerging from
high energy interactions that are exhibited by the scaling model. Seferal
authors (for example (Galsser and Maurer, 1972) and Fishbane et al 1974) have
concluded from such discrepancies that Feynman scaling fails at EAS energies.
In order to save the situation, Fishbane et al, (1974) have suggested the
following assumptions in conjunction with the scaling hypothesis which

can reproduce acceptable air shower particle spectra, These assumptions are:

(1) - Intranuclear cascading
(2) - Rising cross section at very high energies

(3) - Heavy primaries.
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Very recently, Olejnicizak et al (1977) have examined a variety
of cosmic ray data in order to draw some conclusions on the primary
spectrum and nature of high energy collisions. They have confirmed that
if the primaries are mainly protons then the scaling model, in very high
energy collisions, is very unlikely to be valid.

Predictions of the lateral density distributions of muons based
on the scaling model have been obtained following the method of Hawkes (1977).
In.this method the muon lateral distributions have been calculated for
primary protons initiated showers as given by Goned (1975). The same
method has been used to predict the muon lateral distribution due to iron
primaries using the superposition method in which a primary nucleus of a
given total energy E and a mass number A can be thought of as A particles
of energy E/A whose individual showers are therefore less energetic and
develop faster. The predicted muon lateral distributions for protons
and iron primaries are shown in Figures 7.16 - 7.19 where they are compared
with experimental measurements at various muon energy thresholds.

7.8.5 The Two Component Cluster Model

This model includes two distinct clustering processes being isobar
and fireballs (or fragmentation and pionization). The isobar or fragmenta-
tion process has a very limited energy dependence and contributes a small
number of secondaries that are fast in the centre of mass. The fireballs
or pionization region is more energy dependent and responsible for the
majority of the particles produced in very high energy collisions. The
fraction of the total centre of mass energy given to the fireball component
is described by an approximated Gaussian distribution, whose mean value is
an energy independent parameter (Grieder, 1977). This fraction of energy
is the total energy of one or more fireballs in the centre of mass. Details
and kinematical treatment of this model and its modified versions is given

by Grieder (1975) and Grieder (1977). In generai the gross features of the
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model 2re similar to the C.K.P. formula except that the production of
kaons and nucleon-anti-nucleon pairs have been added to a pure pion
production and also the effects of leading particles are taken into
account. Applications of this model in the work presented in this
chapter lies in the predictions of the lateral density distributions of
‘high energy muons. These are shown in Figures 7.16 - 7.19 where the
muon lateral distributions as predicted by the so called SMFB model

(slow multiple fireball) is campared with experimental results. This
model is a modified version of the two component cluster mbdel for protons
and ivon initiated showers respectively. In such a version the energy
is assumed to be shared among two or more fireballs and each share is
divided into kinetic and mass portions. The multiplicity is dominated
by the fireball component at high energy and was chosen such that

0.4375

where S stands for the centre of mass energy squared.

7.9 COMPARISON WITH THE PREDICTIONS OF-HIGB ENERGY INTERACTION

MODELS

The importance of high energy nuclear model calculations is to
show evidence of the effects of primary mass composition and the nature
of high energy collisions on the measured shower parameters. It is always
difficult to make statements on the primary mass composition and the nature
of high energy interactions because both of them are subject to great
uncertainty and several interpretations could be possible from the experimental
data by ; reasonable adjustment of one of the model variables which can
account for any discrepancies between the calculated and observed data.

Thus, the present comparison is not expected to give a firm conclusion.
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The present experimental results on the lateral density distribution

of muons above four threshold energies (50, 100, 200 and 300 GeV) are

shown in Figures 7.16, 7.17, 7.18 and 7.19. Muon densities in all

the figures have been scaled to a common shower size of 106 particles

as explained earlier in section 7.6. Also shown in the figures are the
theoretical predictions of the high enexrgy interaction models described

in section 7.6. Predictions of both scaling and the SMFB models are
given for certain fixed primary energies (see Table 7.2', but indirect
comparison of the experimental results with these two models only is possible.
Converting the primary energies to equivalent shower sizes is somewhat of

a problem since the Ne - Ep relationship is uncertain and model dependent.
Direct comparison of experimental results with the predictions of the C.K.P.
model can be achieved since the calculations of Olejniczak (1975) were
performed for a shower of a fixed size of 106 particles. Table 7.2 shows
the values of shower sizes obtained for the converted primary egergies used
in both scaling and the SMFB models for protons and iron primary initiated
showers. The Ne - Ep relationship used for scaling model is that obtained

by Hawkes (1977) as follows

2 1.125

E
P

N =6.66x 10
e

(7.10)

Ep being measured in GeV.

This relationship is obtained for proton primaries, constant cross-section
and no intranuclear cascading. For iron primaries and the same conditions
the Ne - EP relationship can be derived from eguation 7.10 according to the
principle of superposition of heavy primaries, and is

1.125
-2 E /
Ne = 6.66 x 10 x A x Pia} * (7.11)
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FIGURE 7.16 A comparison of lateral distribution of muons
(Eua 50 GeV) in showers of size 106 particles
with the predictions of the C.K.P. model
(Olejniczak, 1975), the Scaling Model and the
SMFB Twoc Component Model (Grieder, 1977).

The former model is for proton primaries and
mean multiplicity dependence of Ek and EH while
the two latter models are predicted for the case

of protons and iron primaries,
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FIGURE 7.17

A comparison of lateral distribution of muons:
(Euzloo GeV) in showexs of size lO6 particles
with the predictions of the C.K.P, model
(Olejniczak, 1975), the Scaling Model and the
SMFB Two Component Model {Grieder, 1577).

The former model is for proton primaries and
mean multiplicity dependence of Ek and EH while
the two latter models are predicted for the case

of protons and iron primaries.
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FIGURE 7.18 A comparison of lateral distribution of muonsg
(Eu; 200 GeV) in showers of size 106 particles
with the predictions of the C.K.P. model
(Olejniczak, 1975), the Scaling Model and the
SMFB Two Component Model (Grieder, 1977).

The former model is for proton primaries and
mean multiplicity dependence of E* and EH while
the two latter models are predicted for the case

of protons and iron primaries.

I
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FIGURE 7.19

A comparison of lateral distribution of muons
(Eu; 300 GeV) in showers of size 106 particles
with the predictions of the C.K.P., model
(Olejniczak, 1975), the Scaling Model and the
SMFB Two Component Model (Grieder, 1977).

The former model is for proton primaries and
mean multiplicity dependence of Ek and EH while
the two latter models are predicted for the case

of protons and iron primaries.




Protons Iron
Ep (GeV) Ne Ep (GevV) Ne
SMFB
Model 10° | 1.3:a0° 10 | 4 x0?
6
Scaling 2x10 8.17x105 5xlo6 l.38x106
Model
TABLE 7.2 : The Ep-Ne conversion values for protons and iron

initiated showers as given for a fixed primary energy
per nucleus in the scaling model and the SMFB Model.
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For iron primaries the above equations becomes

;i  \1.125
Ne = 4,03 x 1013 (EP)r (7.12)
Ep being measured in GeV in equations 7.12 and 7.13.
For the case of the SMFB model the Ne - Ep conversion was cobtained from
the survey of figure 2, and the work of Turner (1969).
Before any conclusions are drawn from the present comparison,
the accuracy of the experimental data must be taken into consideration.
There are two major sources of error which affect the comparison,
(1) large statistical errors on the estimated muon densities.

(2) uncertainty in the location of the shower cores.

The former effect can only change the absolute values of the densities

but the latter can effect the shape of the lateral distribution of muons

at small distances (gl0 meters from the shower axis), Thus an appropriate
correction to the mean radial distance at less than 1O meters from the

shower axis has been applied to all the experimental densities. Inspection
of Figures 7.16, 7.17, 7.18 and 7.19 show that for most of the muon threshold
energles considered the predicted distributions are in a reasonable agreement
with the experimental observations. Considering the situation where the
C.K.P. model is used, it is clear that within statistical limits good agree-
ment is found between the experimental data and the model predictions for an
Ek multiplicity dependence. However, a better agrcement with the EH
multiplicity can be seen through all the four muon distributions. Thus,
the data give a slight suggestion of an increase in multiplicity over that
of an Ep& law at energies of the order of few x lO15 eVv. Coméaring the
experimental results with the pfedictions of the SMFB two component model,

it is clear from Figures 7.16 and 7.17 that the present experimental data,

deesnot support the view that the primaries are protons but rather suggest
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a pure iron composition. A similar view point is illustrated when
comparing the scaling predictions and iron primaries in which an

agreement with the data for all different muon threshold energies is
sbtained at core distances larger than 15 metres. At distances smaller
than 15 m from the shower axis the scaling model predicts higher numbers:. cf
muon than experimentally observed. It is clear that the experimental data
for the four muon threshold energies are greatly higher than the predictions
of the scaling model and primary protons (constant proton-proton cross-
section and no intranuclear cascading are assumed). The discrepancy
between observed and predicted distributions is a factor of 3v70 over the
whole range of radial distances and various muon threshold energies the
experimental data does not support Feynman 5caling and protons at E.A.S.

energies.

7.10 CONCLUSIONS

The results presented in this experiment represent only preliminary
measurements. As a result of the present work the measurements of the
lateral density distribution of muons have been extended to higher muon
threshold energies (3100,2 200 and 2300 GeV) than that obtained by the
Haverah Park and the Moscow/Lodz experiments and are now known to a limited
degrée of accuracy.

The measured lateral density distribution of muons with energies
not less than 50 GeV has been found to be in good agteement with the
measuresdent of the Moscow/Lodz collaboration in both shape and absolute
value of the distribution over the radial distance range 5 - 50 metres
from the shower axis. No contradiction has been found when the same
measurements are compared with the results of the Haverah Park group at
larger radial distance (50 - 100 metres). Furthermore tﬁe data at muon

energies 250 and 100 GeV do not confirm the extrapolation of Greisen's
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gtructure function but do agree well with the predictions of the

lateral structure expression of muon based on the Moscow/Lodz results

when extrapolated to the higher muon threshold energies used in this
experiment. The experimental data presented in this experiment has

been considered in terms of the predictions of three different models

of high energy collistons. A satisfactory agreement with the C.K.P.
model is found, but the experimental dataare insensitive to either form
of multiplicity dependence (Ek, EH) of secondaries as suggested by the
model. The further general alternative conclusion that can be drawn
from the data is that agreement is found with the hypothesis of iron
primaries together with the prediction of the scaling and the SMFB two-
component models. Thus, the results give an evidence for heavy primaries
at energies of the order 5 x 1015 eV. It seems clear that the predictions
of the scaling model and an assumed primary proton spectra is inconsistent
with the observation over the whole radial distances and different muon

threshold energies used in this work.

7.11 FUTURE WORK

Because of the non-interacting properties of muons, it is expected
that the total number of muons in a shower and the form of the muon lateral
distributions and energy spectra will be largely influenced by the parameters
that characterize the first interaction. In future experiments linking
MARS and the EAS array, the validity of the interpretations of the present
experimental results can be established by increasing the number of muon
alr shower events. In order to carry out crucial and decisive examinations

on high energy interaction models and primary mass composition, it is
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necessary to obtain measurements of muon spectra and lateral distributions
at ultra high energies ; this fact has also been emphasized by many workers
(e.g. Griedexr, 1977). However, future experiments incorporating MARS and
the array may provide many important measurements of the muon component at
distances less than 50 m from the shower axis. Measurements such as the
charge ratio of E.A.S. muons at high energies, the height of origin of the
muons, the dependence of Nu on Ne' the correlation between the mgan radius
and threshold energies of muons in individual showers, and the dependence
of muon energy spectra and lateral distributions on showers age parameter,
can all furnish useful information on the nature of mass composition of the
primary cosmic ray spectrum and the kinematic and dynamic features of ultra-
hiéh.energy interactions. Very recently, eight liquid scintillatdéo

detectors have been located in the vicinity of the spectrograph which will

increase the accuracy of determination of the shower core as well as extending

the shower sizes detected down to a few x lo4 particles with a reasonable

detection efficiency.
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APPENDIX 1

CALCULATION OF THE EXPONENT OF THE ANGULAR VARIATION

OF COSMIC RAY INTENSITY

The expected exponent m of the zenith angular distribution of
all showers recorded at sea level by the apparatus described in Chapter 3
can be obtained from the total observed rate of showers and the knowledge
of the intensity of showers incident on this particular experimental set up.
By assuming the zenith angle distribution of showers to be of the following
form :

-1 -

I (O = 1I (0) cosmO m-zsec st (Al.1)

where I (0) is the intensity of showers incident at an angle 0 to the
zenith and I (0) is the intensity of showers in the vertical direction.
The relationship between I (0) arnd I (0) is shown in figure Al.l by the
spherical co-ordinate system. It follows from the figure that the total
number of showers per unit time expected from a small element of solid

angle dQ (expressed in steradians) is given by 1{@) d€2. Thus,

In =f I (0) 4aQ (A1.2)

all solid
angles

From figure ARl.l, the solid angle (4&{l) subtended by an area dA at O is



FIGURE Al.l

m
le= lg cose

The spherical co-ordinate system used to represent the
angular variation of cosmic ray intensity : © and ¢
represent the direction of the incident flux in the

atmosphere from the origin O and X, Y and Z represent the
co-ordinate system axes.
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da
a0 = 5
X

rdOrsinOd¢

2
r

#

sinbd0d¢ (aAl.3)
Thus

I, = jd¢ f I (0) sinedg
¢ 0

By integrating over all azimuthal and zenith angles the total intensity

of air showers can be written as follows :

27T n/2
IT = f dé I (0) sin@de
o o

By substituting I (@) in equation Al.l, it follows that

n/2

IT = 2 nf I (0) cosme d (cos0)

0

by solving this integral for the limits of the value of ©, the total

cosmic ray intensity becomes

1 2w . -1 -1
. = = =1 (si) x I(0) (sec s )

the term :‘ I 1 is a solid angle term in units of steradians. If I’I‘
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represents the total observed rate of recording air showers per
second and I (0) is the calculated vertical intensity of air showeré
in sec-1 st-1 (obtained from ?elation 4.22 after performing the
integration over all the sensitive. collecting area of the array), then

the value of m can be obtained as :

I (0)
m = 2 T -1. (Al.4)

This is an indirect estimate of the exponent of the angular variations
of air shower particles without the knowledge of the showers incident

" direction.
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