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ABSTRAGT

This thesis describes the results of computer simulations of
cosmic ray extensive air showers with primary energy in the range

14 108 %v,

10
A brief review of simulations made by other authors is presented
after which models for high energy nuclear interactions are discussed.
The parameters choosen for the preferred model employed here are
stated and some more recent data from accelerator experiments are
mentionede
The predictions from the preferred model for proton initiated
.air showers are compared with experimental data and the results
of previous simulafions; the consequences of including trends seen
from recent accelerator experiments in the model for interactions
are also discussed.
The break=-up of energetic particles with atomic mass number
as high as 56 as they traverse the atmosphere is discussed and a
model to reconstruct this process at cosmic ray energies is described,
The predictions from the preferred model for interactions assuming
iron primary particles are givens It is concluded that a study of
the average shower characteristics will not lead to a reliable
‘determination of the mass compositién of the primary radiatipn.
Predictions for the fluctuations of measurable parameters
in air showers are presented; it is shown that on the basis of
these studies it is likely that comment may be made upon the primary
composition.
The results of these simulations are particularly relevant to

the Haverah Park Extensive Air Shower Array; the improvements to




ii

the array presently being implemented should, according to the
present results, enable an estimation of the primary composition

174V to be made. In particular the presence or

at energies 210
otherwise of protons in the primary beam should be estimated.

The feasébility of the cluster analysis of experimental
data is investigafed and it is shown on the basis of the clustering
of simulation data that to a limited extent the separation of

air showers into groups according to the atomic mass number of

the primary particle is possible.



CHAPTER ORNE

INTRODUCTION

1-1 The Cosmig Radiation

The first suggestion that there existed a form of radiation
of extra-terrestrial origin came in 1900, C.T.R. Wilson, the
originator of the Wilson Cloud Chamberyand also Elster and Geitel
noticed that a carefully insulated gold leaf electroscope lost its
charge even when the greatest care was taken with its insulation
(Wilson(1901)). This was deduced to be due to some form of radiation
vhich ionized the gas in the electroscope and resulted in its discharge.
For some time'it was thought that this radiation could be of terrestrial
origin (eq. from the natural radioactivity of the earth’s rocks) but a
series of balloon flights by Hess (1912) and Kolhorster (1914) proved
that the radiation was extra terrestrial since the intensity increased
to ten times the value at sea level at a height of 9200m. Since this
early work the investigation of the cosmic radiation has lead to
many major discoveries in physi cs. For example the positron was
discovered in 1932 by Anderson and later the u-meson and n~me§on
were discovered.

The amount of effort that.has bren eipended over the years on
detailed improvements in measurements of the arrival direction,
energy spectra and composition of primery cosmic radiation may at first
glance seem surprising. However, the radiation is so complex that
the details potentially contain much information.

The radiation provides a powerful tool for gathering experimental
evidence relevant to the fields of astrophysics and cosmology and of
particle physicses Energetic cosmic rays provide us with a direct

sample of matter originating outside our solar systems They bring



with them information on their source regions (the state of matter and
acceleration mechanisms) and also on the radiation and matter which
they have traversed. The particles of greatest pdtential interest are
those of very high energy (i>1018eV) which may be extragalactic in
origin.

The integral energy spectrum up to the energy of ~1020eV/nucleus
is now relafively well known; it can be represented by a simple

15eV the exponent of the power

power law. In the energy range 1011-10
law is 1.6 to 1.7 (eg.-Grigorov et al.,(1971)). Above this energy the
exponent increases to ~ 2.1 (Edge (1974)) and continues with this
slope to energies in excess of 1019ev.

| The distribution in atomic mass number of the high energy

primary cosmic radiation is still) unknown and this thesis is primarily

concerned with the determination of this aspect of the radiation.

1-2 Extensive Air Showers

At primary energies > lOl4eV the direct obsexvation of cosmic
radiation is made impcssible by the small flux : of particles

falling (for example, at energies greater than lClGeV the flux of

primary cosmic ray particles falls tc less than a particle m-zyr-l).
For tunately a studv can be made of these high energy primary
particles by indirect methods.
When a primary cosmic ray reaches the top of the earth's atmosphere
it is presentéd with ~1030 g.cmj2 of material through which it must
pass before reaching sea level. (We will for simplicity consider
sea level to be the observaticnal level). Since the interaction
length for protons with air nuclei is ~80 g cm-2 (and the corresponding

quantity is shorter for heavier particles) the primary particle will

undergo many collisions with air nuclei as it traverses the atmosphere
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which will result in laterally extensive cascades of secondary
particles observable at sea level. This phenomenon is known as an
‘extensive air shower' (EAS).

The primary nucleon of an EAS (we will consider here a nucleon
initiated EAS although, as we shall.consider later, the primary
particles could be heavier) interacts with an air nucleus and produces
many secondary particles mostof which are pions. The incident
nucleon proceeds through the atmosphere to its next interaction with
about half of its initial energy., The charged pions that were
created in the nucleon interaction either interact catastrophically
with air nuclei to produce more pions (the interaction mean free

.path of such interactions being ~ 120 g cm-2) cr decay to muons

(ﬂi * ui + V) with a lifetime of 2.6 x ;0"85. Once muons are created
they either survive until they reach the level of cbservation or
they decay to electrons or positronse The transverse momentum with
which the pions are produced causes the cascade of particles to
spread laterally. The neutral pions produced in interactions decay
almost instantaneously to two gamma rays (Plﬁ 10"165) which in

turn produce electron positron pairs. These particles radiate

by bremsstrahlung to produce more photons and thus the electron=-
photon cascade is formeds The electron-photon cascade grows by
superposition of many individual cascades with energy being
continually fed from the nuclear component.

1-3 Primary Compasition

Very 1itt1é is known about the mass composition of the primary
cosmic radiation above energies of & few hundred GeV. At low energies
the composition has been investigated directly using emulsion stacks

flown in ballcons and the information that can be extracted from these




TABIE }-1

Total Number

Percentage of

Percentage of

Percentage of

. Reference

46%

of events protons {and o ~particles heavier
neutrons) particles
eV 46 80% 13% 7% Malhotra et al
(1966)
eV 112 16% 38% McCusker

(1967)




experiments is shown in Table 1-l. There have been isolated cases of
identified interactions of high energy being reported - a proton of

2x1014eV, an oxygen nucleus of 2x1014eV and a calcium nucleus of ~

14eV. Therefore direct observations with nuclear emulsion stacks

4x10
confirm that heavy nuclei are present up to energies of the order of
4xld4eV, although the relative abundances remain undetermined.

The results from the Proton Satellite experiment (Grigorov et al,
(1971)) indicate that while the 'all particle' energy spectrum
continues ﬁﬂ%% a slope of 1.6 up to 1015eV, the spectrum for protons
alone suddenly steepens. at 1012ev. This implies that .there is an
increasing proportion of heavy primary particles in the energy range

10*2 - 1015eV. However, this steepening of the proton spectrum

at 102

eV is not supported by the results of the balloon experiments
of Ryan et al. (1971). |

The chemical composition of the primaries in the air shower
recion of the energy spectrum is still unknown. In the ferseeable
future it seems unlikely that much detail will become available on
the exact mass composition of the primary cosmic radiation at energies

1

>10 6eV/nucleus but it may well be possible to determine the proportion

of protons (if any) present at these emergies. A review of the data
available on primary composition in the energy range 1010- 1019ev
together with the interpretations with which they were presented

has been made by Sreekantan (1972), and the result is incenclusive.
As an example of the confusion that exists on this subject we will
consider two of the experiments included in this review. The Sydney
group (McCusker et al.(1969)) have made investigaticns of the

proportion of 'multiple core'! events as a function of energy using

the matrix of 64 scintillators located in the centre of their EAS array.

[$x



They compared their observations With model calculations for various
primary masses and concluded that the primary cosmic ray beam has a
mixed chemical composition at energies around 1015ev which becomes
progressively richer in heavy nuclei up to lOl7eV where the ratio
of multiple core to single core events is greater.

The Kiel results (Samorski et al.. (1969), (1971)) are in direct
conflict withthe Sydney results. Samorski et al. interpret their
results as msaning that the primary cosmic ray beam at energies

3 x 1015 156

-10""eV has either a pure proton or a mixed composition
but not all heavy primgries.

The confusion =xisting on this subject underlines the importance
of making a reliable estimate of the mass compbsition in the energy
range 1017-1018ev which is covered by the Haverah Park EAS array
(see §1-5).
1-4 Coﬁguter simulation of EAS

In order to interpret the observations of EAS made by air shower
arrays it is necessary to construct a model describing as far as
possible the development of the cascade of secondary particles through
the atmosphere. This task is complicated by the fact that no
information regarding proton-nucleus or nucleus-nucleus interactions
is available at the energies under consideration. It is therefore
necessary to make extrapolations to air showers energies from information
gained from accelerator experiments (¢~ 1500 GeV). Even at these
energies the information available concerns proton-proton interactions
and it is necessary to make assumptions in order to make the information
relevant to proton-nucleus interactions.

In order to calculate the hadronic and muonic components of air

showers values must be assigned to the following parameters:



(i) the interaction mean free path of protons
(ii) the interaction mean free path of pions
(iii) the inelasticity of protons and of pions in interactions with

air nuclei,

(iv) the multiplicity; momentum distribution, and composition of
particles produced in proton-nucleus and pion-nucleus
interactions,

(v) the decay time of pions and muonsa

The Qalues of (v) are well known; however, the remaining information
required is not available at air shower energies and must be obtained
by ektrapolation from accelerator energiese.

The processes contributing to the electron=photon cascade are well
understood and a number of solutions have been made to the diffusion
equations of the problem. (Snyder (1949)). The intere.ctiocns involved
are pair production, bremsstralung, Compton effect and ionization loss;
the last two of these are usually neglected for solutions of the
diffusion equations which are valid only for high energy electrons
and photons (Rossi (1965)). With the advent of powerful computers
it has been possible to use Monte Carlo techniques to follow ecach
particle in the three dimensional electron-photon cascade resulting
from a low energy electron or photon ( €100 GeV) and results from this
type of calculation are often combined with the analytical solutions
for the high energy particles (as in the case of the present work)e

The possibility that the primary particle may not necessarily
be a proton adds an additional complication to the construction of a
simulation model. One must adopt a model for the way in which heavy
nuclei interact with air-nuclei. The model chosen for the present work

is described in Chapter 5.



The responses of the detectors to the particles passing through

them must be known and included in the model.

| The completed simulation _model must produce predictions which

are consistent with experimental observations. For instance, the ratio
of muons to electroné at particular distances from the shower gore

and the shape of the muon lateral distribution must agree with experiment.

Having tested the model for inconsistences with experimental data
it may then be used to make predictions about the primary mass and
energy of particles recorded by the array.

Another use for EAS simulations could be in the determination of
the parameters of high energy interactions which cannot be studied
directly. This possibility has been investigated as a part of the
present work.

1-5 TIhe Haverah Park Array

The Haverah Park Extensive Air Shower Array, as it was at the
commencement of this work, consisted of 32 deep water Cerenkov
detectors arranged as shown in Fige. 1-1 over an area of approximately
12 km2. This array developed from the original arfay described by
Tennant (1967). Each detector consists of a nurrber of galvanised
steel tanks filled to a depth of 1.2m with water and covering an
area 2.25 m2° The tanks are lined with a white plastic material
(Darvic) and filled with clear water. The relativistic particles
comprising the air shower produce. Cerenkov light as they pass through
the water. This light is diffused by the Darvic lining of the tank
and a small proportion (0.05%) of the diffused radiation is detected
by a photomultiplier which dips into the water at the top of the tank.
For each detector the responses from the individual tanks are édded

together and the resulting pulse is sent to the array recording and
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coincidence detecting system. The response of the tanks to air
showers has been described previously (Turver (1963), Hollows (1968)).
The Cerenkov tanks are calibrated in terms of vertically incident
relativistic mUOﬂS(V'eyM) ie. the energy deposited by one relativistic
vertical muon passing through the tank.

1-6 The Present Work

The ‘main purposes of the present work are twofold:
(1) to aid the design of improvements for the Haverah Park Air
shower array with the aim of increasing its sensitivity
to the nature of the primary particles of showers:
(1i) to consider the feasability of using EAS f5r the determination
of parameters in high energy nucleon-nucleus interactions.
The work alse provides predictions for a very broad range of
EAS parameters which are relevant to other EAS detecting arrays zs
well as to the Haverah Park array.
| Chapter 2 provides a historical review of the air shower
simulation studies which have been made to the present time.
Chapter 3 summarises the various models for high energy
interactions and a data survey of parameters involved in these
interacltions is presented with the aim of justifying the choice
of values used in the 'normal model. More recent data are also
given here as an indication of changes that might be included in
the model for interactions. |
The results of the 'normal' model for proton initiated air
showers are presented in Chapter 4 and comparison is made with
experimental data and the results of other simulations. Also
included in this chaptef are the results of changes in the medel

for nuclear interactions. Comment is made upon the likely validity
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of the models used.

Chapter 5 describes the model adopted for the fragmentation
of heavy primary nuclei as they traverse the atmosphere. This is
considered by the author to be a more realistic approach than
has previously been used in simulation studies.

The fluctuations in shower parameters are described in Chapter
6 and, on the grounds of these results, suggestions are made as to
which parameters will be useful in the measurement of both primary
mass andprimary energye.

Chapter 7 reviews the modifications presently being implemented
at Haverah Park and considers the feasability of the use of cluster
analysis for the classification of experimental data in categories

typical of primary particles of different mass number.

10



CHAPTER TWO-

A REVIEW OF PREVIOUS AIR_SHOWER SIMULATIONS

2-1 Introduction

Later in this thesis the results of the simulations of EAS
made by other authors will be compared with those from the present
worke It is useful therefore to summarise the development of the
work in this field.

The detail and refinement of the air shower simulations used
at present to interpret the experimental results from the EAS
arrays are possible only as a result of the increases in computing
facilities in recent years. The earliest simulétions (pre-1956)
were confined to following the most energetic particlés produced in
relatively iow energy showers. These simulations frequently
involved a solution of the diffusion equations and gave a reasonable
estimate of the populous electron~photon cascade together with
prédictions for the energetic pions and muons. No information was
available from these -models concerning the many low energy pions and
muons.

~ The advent of more powerful computers in the mid-1960s lead
many physicists to apply the Monte-Carlo technique to predict the
detailed development of EAS, Each particle was followed from its
point of creation until it disappeared (eg. a pion might decay to
a muon or interact with an air nucleus). This method can now be
used to simulate fully EAS initiated by primary particles with

15eV°

energy greater than 10
The so called 'step-by-step' procedure, which enables
predictions to be made about the average characteristics of, for

example, low energy muons in large showers was developed

independently by Dedenko (1966) and Hillas (1966)s In this

11
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procedure the average distribution in energy and depth of production
in the atmosphere of all pions are obtained from numerical evaluations
of the.appropriate analytical formulae,

There have also been developments using the Monte-Carlo
technique combined with an analytical approach which have enabled
realistic values for the fluctuatioris of EAS initiated by primaries
with energies up to 10°%V to be predicted. This is one of the
approaches used in the present simulations.

2-2 A Svurvey of Earlier Simulations

The earliest work that will be considered here is that of
Oda (1956) who produced results based upon two interaction models.
The first model assumed Fermi's theory of meson production was
applicable (Fermi (1951)) and the second employed a Landau-type
theory of meson production (Landau (1953)) in which there is a
sfronger concentration of emitted energy in the forward direction.
The results produced by both models were in agreement with the
data for energetic muons of Barrett et al (1952). Ueda and
Ogita (1957), following suggestions by Rozental (1952), produced
a one-dimensional treatment and predicted pion and muon numpers in
excess of two different energy thresholds at two observational levels
~ in EAS initiated by primaries in the energy range 104 - lO6 GQeV.
This model was extended by Fukuda, Ueda and Ogita (1957) who made
it three~dimensional and introduced the concept of the 'forward
and backward cones' in the spatial distribution‘of produced pions.

The 'step-by-step' method of simulating air showers was
‘introduced independently by Dedenko (1966) and Hillas (1966). This
model differed from the method used until that date - often known

as the successive generation method - in that the diffusion equation

was simplified and as a result the number of low energy muons and
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pions in the showers couldbe calculatede This simplification is
described in detail by Dedenko (1966). Hillas constructed a model
‘based upon data from accelerator experiments which was similar

in many aspects to the representation of data on proton-light-
nuclei interaction; suggested by Cocconi, Koester and Perkins (1961). This
is »- referred to as the CKP model which has subsequently been used
in many models. This work allowed the prediction of the lateral
distributions of muons with energy as low as 300 MeV in the range
of core distance 20~2000 m in showers with primary energy up to
1017eV. Hillas considered the problem of the heights of production
of muons in air showers in order to find the relative importance
~of muons produced at particular heights for the densities predicted
at various lateral distances.

In the same year Gowsik (1966) producea a one dimensional
diffusion equation model which incorporated the production of iso-
bars (following suggestions by Pal and Peters (1962)) and copious
nucleon-antinucleon production in the nucleon interactions. The
model used a multiplicity law for the numbers of both pions and
nucleons produced which increased as the square rcot of the
radiated energy. The calculations were carried out for primary

4 - 10" GeVe In an attempt to identify a

energies in the range 10
satisfactory representation of energetic interactions Lal (1966)
carried out simulations using a semi-Monte Carlo method in one
dimension only. This model incorporated nine variations of the
values for the coefficient of inelasticity and multiplicity of
produced particlesy, all based on the CKP model.

Comprehensive simulations were made by de Beer et al. (1966)
for showers with electron size at sea level of 106 particles (this

1

corresponds to an energy for a primary proton of +8 x 10 S eV)e
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The aim of the work was to throw light on the primary particle mass
composition and to examine those characteristics of high energy
collisions which are not accessible to scrutiny by other means. The
model was used to make predictions for the characteristics of

heavy primary nucleus initiated EAS as well as for proton initiated
showers. In order to do this,what hés come to be termed the 'super-
position' model for the break-up of heavy nuclei was used. This
model implies that the observations resulting from an air shower
initiated by a primary of atomic mass number A and enefgy Ep will
be equivalent to the sum of A showers each initiated by a prcton

of energy (Ep/A.)° de Beer et al studied three models for nuclear
interactions in detail. Two of those used a relatioﬁ for the
multiplicity of pions produced which increased as the quarter root

of the radiated energy, Er’ and the third had a law which was
1

proporiional to Er4 until Er reached 2.103 GeV and increased as
E;é for higher energies. Fluctuations to be expected in shower
paranetérs were considered by these authors and estimates were
made of the expected fluctuatiéns if the following three spectra
of mass of primaries were used:-

() All primaries were protons.

(b) There was a constant composition throughout the

energy range considered which was consistent with

12eV.

that found at 10

(c) There was variable composition with an enhanced
contribution from heavy nuclei above 1015eV and
re-appearance of protons from assumed extra galactic
sources above 1017eV.

- The predictions of this mcdel were subsequently used in

studies aimed at deriving the mean transverse momentum of pions
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produced in high energy interactions (de Beer et ale(1968)) and in
many other;applications up to the present date.

In 1967 Bradt and Rappaport produced a complete three.dimensional
Monte-Carlo model which followed each particle produced either to sea
level or until it disappeared. Predictions were made for two levels
of observation, 530‘g cm-2 (corresponding to the depth of the
Mt. Chacaltaya experiment) and 970 g em 2, A very clear and
detailed description of this type éf model is given by these authors.
The simulations were carried out in the range of primery energy,Ep,
of 1014-1016ev but the predictions were limited to characteristics
of nucleons, pions and muons with energy greater than (Ep X 10-4).

Three models were used to represent the nuclear interactions, one was
a two centre model, one an isobar model and one a passive baryon
model. An attempt at solving the prcblem of accurate predictions
for heavy primary nucleus initiated EAS was made during the study.
As aresult of studying emulsion data the authors decided that the
'guper-pogition' model did not realisticaily describe the break-up
of a heavy nucleus as it traversed the atmosphere and instead they
opted for a 'partial fragmentation model'. They allowed between
30% and 50% of the mass of the primary to be detached in the form
of alpha particles when the heavy nucleus interacted with an air
nuc}euso The alpha particles went on to interact with air nuclei
releasing all four constituent nucleons. The 'sub=heavy' (that
portion of the heavy primary particle which remained bound) was
then treatéd as the primary nucleus had been. The mean free paths
used were those found from emulsion data. One short-coming of this
model for the break-up of heavy nuclei was the fact that no pions
were produced during the fragmentation of either the primary

nucleus, its: fragments, or the alpha particles; pions were produced
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only when individual nucleons interacted with air nuclei.

Murthy et al, (1968) produced a semi Monte Carlo model for
proton and heavy primary initiated EAS -~ again using the 'super-
position® model for the latter. Eight different interaction models
were used and, as a result of compzring the results of these models
with experimental Aata, it was concluded that nucleon-antji-nucleon
production was necessary in order to make shower absorption lengths
agree with those found experimentally.

The prediction of the characteristics of the smaller EAS has
been of great interest in recent years. Castagnoli (1969) prcduced
a three dimensional model, incorporating the production of isobars,
with the aim of explaining data for the muon lateral distribution
in small showers at sea level and then applying the model to studies
of multiple penetrating particles underoround. Suschenko and
Fomin (1968) concerned themselves with . interpreting data from
smaller air showers for which they used a three-dimensional
Monte-Carlo mode L. They produced predictions for four observation
levels (200, 500, 760 and 1030 g cm-2)o Greider ((1970, 1971)) has
developed a very refined model which contains structure in the
description of the nuclear reactions. Theilheim and Beiersdorf
(1970) produced a three-dimensional Monte-Carlo calculation based
upon a CKP model for interactions and used it to study the nuclear
active component in proton and heavy nucleus induced showers in
the energy range 1012 - 1015eV. They used a model similar to that
of Bradt and Rappaport to describe the fragmentation of the heavy
primary nuclei.

In recent years calculations have been made (eg by Hilles
((1970), (1972)) which are aimed at predicting the response of a

specific type of particle detector to an EAS of prescribed primary
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energy falling with its core at a known distance. For example,
Hillas has calculated the responszs at various core distances of
the 120 cm deep waler Cerenkov detectors used in the Haverah Park
experiment and for the plastic scintillation counters (thickness
8 g cm—2) used in the Volcano Ranch experiment. Using a range of
interaction models (labelled A3 K) he predicted the deep water
Cerenkov detector responses to EAS of energies up to 102OeV with
cores falling at distances between 100 ~ 1300m from the detectors.
These calculations showed that at the Hzverah Park arrzy, in the
region of core distances around 400-500m, the detector respense
was particularly insensitive to the choice of either the model
for interactions or the mass of the primary. Marsden (1971)
described in detail the results of calculations based on one of the
models used by Hillas (Model A) and he considered the detailed

temporal and spatial development of the electron photon cascades.

Model E used by Hillas is the most similar to the model taken as the

‘normal' model in the calculations to be discussed later in this
thesi#. This interaction model differs from the 'normal' model
only in that the coefficient of inelasticity is assumed to be
0.44 and the mean free path for pion interactions as 100 g cm-2
(compared with 0.5 and 120 ¢ cm 2 in the 'normal' model)s
_CapdeVielle et al.(1970) made simulations of large EAS using
the step-by-step method. Their calculations covered a range of
energies between 1016 and 1020 eV. The three parameters that
were varied in their interaction model were the multiplicity of
produced pions, the inelasticity assumed for p-N collisions, K,

and the mean free path of the nucleon, Ap. The relstion governing

the multiplicity of produced pions considered were of the forms
1

n_ = BEOE-and n, = B log Eo where the value of B was changed

17



with different combinations of K and AFf The production of nucleon-
anti-nucleon pairs was also taken into account for some combinations
of these variables. These authors also considered EAS produced

by heavy nuclei using a ‘'superposition' model but taking into
account the mean free path of heavy particles.

2-3 Results Obtained in Previous Simulation Studies

2-3.1 The Electron Component

The electron component of EAS was one of the earliest features
to be studied experimentally. The growth and decay of the electron
shower through the atmosphere can give a good indication, when
combined with other observations, of the primary energy of the EAS.

The two main methods of calculating the electron shower,
given the production spectrum for neutral pions through the
atmosphere are: -~
(1) a solution of the diffusion equations for the electron photon

cascade under certain simplifying assumptions. Cnly brems-

stranlung, pair production and ionization loss are consideréd;
the Compton effect is ignored. This treatment is known as

Approximation B (Snyder and Serber (1938)) and produces the

number of electrons effectively above zero energy produced

by initial Y=raysy and

(ii) a solution of the diffusion equations for the electron photon
cascade leaving out the ionization loss as well as the Compton'
effecty (Rossi (1265))s. This is known as Approximation A

and reliably predicts the number of high energy photons and
electrons which may then be combined with the results of
rigorous Monte-Carlo calculations (eg those of Messel and

Crawford (1969)) for the lower energy particlese



19

Both of these methods have been used in the present calculations

and they are described fully in Appendix 3. - Fige 2.1 shows
the one-dimensional longitudinal development of the electron cascade
fof showers initiated by protons of energy lO8 GeV according
to Hillas (1972).

' Many authors have considered tﬁe dependence of electron shewer
size af sea level and the depth of maximum development of the electron
cascade upon the primary energy. Fig:. 2.2 gives a compariscn of the
results of various authors and it can be seen that there is satisfactory
agreement between the data from most studies; many of the small

differencee occur becsuse of minor differences in the assumed

“interaction models,

2-3,2 The Muon Compcnent

The total muon energy spectrum produced by EAS at a particular
observation level is a parameter which is not easily measured unless
very many detectors of considerable area are used. However, several
of the calculations that have been mentioned in this chapter produce
predictions for the muon energy spectfum at sea level for particular
primary energics. Fig.4~5 shows a compérison o the predictions
for this parameter frcm various studies; also shown are the
éxperimental data summarized by Gaisser and Maurer (1972). The
lateral distribution of muons above particular threshold eneraies
is a more rezdily measured quantity (eg for the Haverah Park
experiment both the Durham Sgectrograph (Dixon et al.(1973(a)) and
the Nottingham muoﬁ detectors (Armitage (1973)) can measure this
quantity) Fige 2.3 compres the lateral diétributions of muons
derived from some simulations with the experimental data of
Armitage. The results shown in this figure from the present woxk
have been calculated with e inclusion of geomagnetic and Coulomb

scattering.
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2-3.3 The Nuclear Actiye Compcnent

Fig. 2.4 shows a comparison of the pion spectra at sea level
produced by protcn primaries of energy 106 GeV from several
calculations. It can be seen that there are wide differences in
the results and the compariscn with experimental data (eg Tanahashi
(1970)) indicates that there is good agreement achieved by one of
Grieders model (Grieder (1970); the model refered to is the ILFB
which is besically a double fire ball model with a leading pion
(isobar) produced )e
2-4 Summary

"The aim of this chapter has been to give a broad indication
.of the evclution of the techniques of extensive air shower
simulations The comparisons which have been made are brief
because it is intended to compare those aspects which are-appropriate
to the present study in detail in later chapters. Table 2-1 gives
a summary of the characteristics of many of the models surveyed
in this section together with the main points of interest concerning

2z.ch model.
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Model for Interactions

Author(s)}| Scope of Multiplicity | Mean Free | Inelasticity| Transverse Comments
Simulations Law Path of . ¥omentum
P
. ertons (pt)
p
Fermi Theory
of meson } -2
0da(1956) production, n=1.3 E 70g em - - -
Landau~type
theory
i Primary energy range
) . : + 10'3~10'%eV. The impor=
| Ueda & Ogita l1-dimensional E constant variable - tance of early interactions
(1957 calculations P in the cascade was
emphasised
$ ; : The concept of 'back=~
Fukuda, Ueda Extension to E constant 0.5 fixed <pt>=0.4Ge“/c ward and forward cone'
& Ogita(1957) |3-dimensions p . vas introduced into the
model for pionizaticn,
"Step-by-step” E _*forl0'2eV - . Predicted the lateral
Hillas (1966) [Technique: P, A =100gcm - <pt>=0.3SGeV/c distribution of nwcns
CKP model for [E *for>10'%eV| P_ . - -2 between 20-2000m for £> 0.3
interactions P gem Primary enargy ~10'7eV
Step-by-step The aim of ‘he work was
technique. 4 a study of the altitude
P models for - - variations of EAS.
Dedenko (1956) interactions Cbservation levels
including singl considered werc (12, 9,
fireball,double 5'2,3-3,2.8) Kule
fireball and
multiple fire-
ball.
1-dimensional A =75 cm-z
diffusion p 9 The energy range was
equation model 13_,.16_,, ~ .
Cowsik (1966) |including the g 0.35%,7 107/-10" eV, Copious
isobar model of [ - P A _=120g cn 2 nuclecn=antinucleon
Pal & Peters i production included.
(1952)
Semi-Monte g+ =280 g cm 2|-
Lal (1967) Carlo model. Ef P - 0.5
l-dimensional Ep An=120g cm -
bnd Log (E )
D "~
A comprehensive study
- paying particular attention
de B?i;ézg al. Prot d to those showers recorded
i;onogn?tiated 3 / t large zenith angles
EAS (super- 3'2(Ep) ; 80 g om 2 s of <py>=0.4 GeV/c 5 ime interest in estimating
position hlso a godel ¢ the mean p, of pions
de Beer et al. |used) wvith E produced i high energy
(1958) Daw , Hnteractions. Size of
showars investigated
n10°% particles.
himed at determining the
Adcock et al. hature of the primary
(1968) cosmic rays from
luyctuation measuraments
3-dimensional
full Monte- 0.28
Carlo comput= L 5 (Ke )' Simulations made in the
Bradt and ation.Proton =Y p A =A" = «25 .75 f(pt)iptexp nergy range
Rappaport and Iron and ., P - (uniform 2 1014 - 1018 ev.
(1967) nucleus {niti- .5 (KE )' 80.g.cm distributionf Py
ated showsors, * p 2
A partial Py
fragrentation
del adopzod 3 pt>-=0-3sGeV/C
for break-up of
theavy particle.
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Scope; of

Table 2-1 “ontinued

Comments

showers.

Author(s) Multiplicity | Mean Free |Inelasticlty| Transverse
Simulations Law Path of Momentum
protons (pt)

p .
3-dimensional No 'backward cone' was
lonte-Carlo for considered in the
;ow;er encrgies I?X models by =80g em2 distribution of picn energies

- lowing up ult. laws ' ' y Copi n duction includ~
Murth 1 ° g ur P . =0. opious nn producti nclu
ui'l:9}>'83t 8 w§th 1-d}men- include i | 0.5 <Py> 0. 4GeV/c ed. The energy range
sional diffu- log_(L‘cp),Ep s | “4=120gem ' considered was 10'?-10!6ay
sion equation E2 '
model for p
higher primary
energies..
- These simulations were
Castaarol ?-ﬁm&nzézﬁal . A;SOg em 2 f(pt)q Py desggn‘ff’ to make
g C‘j Mo 0.3 0.4 . b pre iC\.lOl'-IS forl%ow energy
e(t al arlo nsuzp exp |- Pt showers (Ep< 101 6ey)
1969) simulations A,,=1209 cm-z . Py y
: p, =0.35GeV/c
. 3-dimensional Calculations aimed at making
g:;;ge?‘;gég) Monte-Carlo 3 ) - predictions for energetic
simulations. n5=2x(KE ¥* | A =80g cm 0.45 <py>=0.3 muons and pions in small
Nogmal CKP P Gev/ec showers (10"~iCl3%ev)
model used .
plus isebars .
Capdevielle Step-by-step n_=bE 4 A _=90g 2 | 0.3, 0.5, flp,Ju p
et al model bil 3p2 3) P 0.7 * pt E 1015 v
-
Wide range of 8 Energy range considerad
models. Mainly -2 f(pt)a P, 1015-302%¥V. The work of
step-by-step Ap=&0g em 0.44 . this authcr has been used
Hillas technigues g ! -2 ' as a starting point for
(19691972} employed. P R“-IOOg cm exp | ~Pe detailed calculaticns of the
*Super posi~ | . : * PI"L 2lectron-photon cascade{eg
| tion' used for - Po Marsden(1971))s The medel
Jiron nucleus - - : labelled E is the one most
induced EAS similar to the preferred
ocdel of the prosent wigzke
] 3~-dimensional I3 _ -2 Predictions made for
Grieder Monte-Carlo E )‘p_75g cm f(pt) Opgexp orimary energy "0t ey at
(1969-1972) simulztions E 3/8 - Py observational levels of
- ; p% Xﬂ=_1209cm P, 3km and Skme
Ep fpt>ranging
from 0.25-
1.0 Ge¥/c
3-dimensional
model.NMonte- £(p, Jop, e
Carlo tech- Py /0P EXP The calculations were made
nigue.lIncorp= | =80 g en~2 [- 2;] for primary energies
. . orating ) 12 15 ’
(1970) combinad with P \ -100q o2
CKP model Bt kp, > =055,
Partial 0.42
fragmentation *
model was used
for heavy
primary
initiated
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CHAPTER THREE

MODELS FOR INTERACTIONS AND COMPUTATIONAL TECHNIGUES

3-1 The Aim of tke Simulztions

The present work was commenced in Octoker 1971 with the
specific aim of aiding the design of imprcvements for the EAS
experiment at Haverah Park. The Durﬁam éroup had hithertc been
involved in computer simulations of the muon component of air
showers to a small extent (Crford and Turver (1968)); thies work was
used as a starting point for the present study. |

The Haverah Perk experiment is briefly described in Chapter 1
as it was at the time of commencement of this Qorka Since the
rate of detection of very high energy particlies is governed.by the
co}lection area of the array (the flux of particles with enexgy
greater than 1020 eV is prcbably not much above llper 1C0 km2 per
year) it seemed unlikely that the array could be modified in such a
way as to detect even higher energy particles at a useful rate.
However, a problem of equal importence, the determinaticn of the atcmic
mass numberﬂof the primaries was amenable tc solution and so it seemed
reasonable to consider improvements that would make the array mbre
sensitive to the primary particle mass. The simulations were
déveloped to provide as broad a variety of measurable (or possibly
measurable ) parameters as possible in attempts to identify the
optimum parameters for measurement. To this end such aspects of
the shower as the optical Cerenkov radiation, not hitherto considered
either theoretically or experimentzlly in the Haverah Park experiment,
were calculatec for each EAS,

A secondary aim of this work, which assumed more importance after
the imprcvements of the Haverzh Park array had been specified, was

to identify models for the nuclear interzctions involved in the
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propacation of EAS through the Earth's atmosphere i.e. characteristics

of p-N and possibly N=N interections at vltra-hich energies. It wes

hoped that on the crounds. of these simulations, at the least, some walues
of the parsmeters for these interactions which cannot be iuled out

at accelerator energies micht be positively eliminated at air shower
enercieso For example, at accelerztcr energies the dependence of

the multiplicities of mesons produced in nucleon=nucleon interactions

upon the interaction energy Er can be fitted equally well with a law
] ;

of the form Er; or logeEr, but at air shower energies the valuves of
multiplicities-cderived from extrapolation of these laws differ gresatly.
The calculations have been undertaken by. thé'author,‘f“-"
Dr. K.E. Turvery Dr. J. Hough and G.J. Smith, the work cn the radio
signal frem EAS was done by J<H. and the optical Cerenkev signal
was largely the responsibility of GJS.
The Haverah Park experiment ie now being-imp;oved; as will
be described in Chapter 7, in such a way as to increase the sensitivity
tc the atomic mass number of the primary particle.

3-2 The Requirement for a Single Model for Hich Eperqy Intersction:

To use the results of a computer model for EAS tc make predictions
about the sensitivity of an array to the primary particle mass one
must first establish the correctness of the assumptions used in the
model. Since the available data are normally at energies several.
orders of magnitude lower than those applicable to EAS, the best
that can be done is to fit this datz at low energies and then extra-
polate to higher energies. Thus the first requirement for éssumptions_
used in EAS modele is that they are a good fit to datz from acceierator
experiments. This is not the only criterion; the results obtained
from the given simulation must also represent well our present.

knowledge of many aspects of EAS. For example, certzin equations



relating the multiplicity of mesons producecd in p-N interactions

to the interaction energy can be discarded because they preduce

EAS incompatikle with those observed in gpite of the fact that they
appear to agree with the accelerator data reasconably well (cee

§ +3-4.1 and Fig. 3-2).

In addition to these requirements for a preferred model, the
computation for fluctuation studies (Chapter 6) would be prohibitive
if a single preferred model could not be chosen.

After a brief survey of the main thecries of nucleon-nuclecn
ultra=relativistic interections, the data availeble frcm the accelerator
experiments .is reviewed leading to the choice of-the paraneters for
the 'normal' model.

3-3 Models for High Epercy Interactions

In the last twenty-five years, during which méjor advences
have been made in eiementary particle physics, there have been
many different mocels propoced to describe ultra-relativistic
nucleon-nucleon interactions.

The siﬁplest apprcch ics to assume that the nucleon-nucleon
interaction is so strcng that the prcjectile. and target stop
each other in the centre of mass systems As all the kinetic energy
ie now dissipated it micht be reasonakly expected that the number
of produced particlfs be directly proportional tc the centre of .
mass energy, Eca EL2 (EL being the laboratory energy) but this is
falese. Fermi (19%0) neglected the interactions among the preducea
particles and assumed the probsbility that the collision produced some
final state which was proportional to thg phase space available
™l 1C

s: (E )24 E.* which is

inside a contracted nuclear volume, V = % - ﬁr03 ( ggﬂ J5 the

multiplicity was predicted to increase c

not inconsistent with present experimental evidence.



A weak point in this type of theory is a composition for the
prcduced particles differing from that observed. At high energy
the relative particle abundance is determired only by their internal
(charge and spin) degrees of freedome. Therefore the ratio of aversge
numbers of nucleons (s, ps n, 0) each having two spin states, kaons

+ - - +
(K"5 K5 K%K ) and pions (g ,r sy ) should be

<> <> :<nﬁ> = 8: 4: 3 compared with experimental
values > & <> <nﬂ>= 1: 20: IOOO.TEis may be remedied by
assuming that the ‘'temperatire' of the statistical hédrcn system
cannot exceed some bound T, ~-mn (Hagedorn (1665) )o A further
difficulty of the model is that transverse and longitudiral momentur

- m
are treated symptrically and so the observed.transverse momentum

cut off is not reproduced.

The simplest way of achieving dominance of longitudinal momentum.

over transverse momentum ie to assume that both the tzrget and the
projectile each-prodﬁce a Fermi statistical»'fireball' either
diffractively or by pion exchanges The two fireball model was

- preposed abqqt fifteen years ago as a phenomenolcgical description

of multiple meson producticn at high energy. The model was suggested
by the fact that in high energy interactions observed in photographic

plates the secondaries are emitted isotrcpically from two centres

(Cocconi (1958)). It was proposed that in nucleon-nucleon interactions

two fireballs are formed and move in opposite directions with respect

to the centre of momentum of the system and that each fireball emits

in its own system of reference about half the total number of secondaries

(See Fige 3-1(a)). It is also possible tc include diffractive excitation

of the leading particies. The multiplicity is predicted to increase
1

as EL4 treating the fireballs in analogy to the Fermi statistical

models however the observed transverse momentum cut-off is now

reproduced. The CKP momentum distribution (Cocconi, Koester and
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Perkins (1961)) is based on data for p-light nucleus interzction frcm
accelerators up to 1961 and is consistent with the two fireball model.
At high energies, however; the assumption of isotrcpic decay
of the fireball is very dubious as can be seen by considerztion
of the collision epseX. Only one fireball is produced in this

interaction but the momentum distribution is found to be not
isotropic at high erergy (Benecke et al.(169)).

Once the condition of isotropy is relaxed the leading particles
need no longer be considered separately from the 'pionization' products
and a picture where the projectile and target pass through each other
becoming excited and subsequently fragmenting becomes reasonable.

This is the approach of the limiting fragmentation hypothesis
{(Renecke et al, (1969)); scaling is predicted since the distributicn
of target and prcjectile fragments are both assumed *o apprcach
limiting valves in the target and projectile rest frame respectively.
Feynman (1969) considers a hadron to consist of a large number of
constituents or partons (virtual particles) which have sﬁall internal
momeﬁtum and hence the totsl parton momentum is simply a fraction

p

of the hadron momentum x = Eﬂ . In a hich energy collision the
c

hadron is broken into its virtual constituents and it is sssumed
that on becoming 'real' the momentum is not affecled. Hence the
produced particle momentum spectrum depends only cn the ratio of the Far‘tpn and

Jhadron momentum
X K& A\rather than both separately. The multiplicity of produced

particles is predicted to grow logaritkmically with laboratory

energy (Van Hove (1971)). Furthermore, although scaling allows the
momentum distribution of pfoduced particles to be any universal
function of xythe number of particles shown in the centre

of mass are not expected to increase with energy as they are

from the two fireball model. At low energies séaling is not

expected to be applicable and it is therefore reasonable that the
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experimental evidence supports CKF. However, impressive evidence
has been produced (Albrow et al, (1973)) to support the idea of
scaling from 20 GeV up to the ISR energies (™ 1500 GeV). The
possibility of scaling may be incorporated into the fireball
model by allqwing the fireballe to be produced along a multiperipherzl
chain (see Fig. 3-1 (b)) In this model the number of firebslls
wOuld increase logarithmically with energy and the momentum distribution
woulc on average scalea -

In summary, the relatively low energy nucleon-nucleon collision
data is best accommodated by the semi empirical two~fireball
model. The model may'be extended to higher energies and incorporste
scaling by ﬁultiperipheral production of severzl fireballs. The
host recent data from accelerztors precludes the possibility of a
simple two fireball model at hich energie;. A detailed review of
multiple production of hadrons at cosmic ray energies has been

d.

maXe by Feinburg (1972

3-4 Experimental and Theoretical Corsiderztions Involved in the

Choice of Pzrameters fcr the 'Normal' Model

3~4.1 Multiplicities

There is a great deal of controwersy about the form of the
relation between the energy of interaction, EP, and the numker of
secondary particles produced, ng o The scéling hypothesis
(Feynman (1969)) predicts a logarithmic rise of ng with increasing
Eo and indeed as far as accelercztor datz is concgrned there is
little to contradict this. The double fireball mpdel (Cocconi
(1958)) indicates an Ep% law and a simple form of single fireball
or thermodynamic model predicts an EP% multiplicity law.

Fig. 3-2 shows a review of the data on multiplicities of

chiarged mesons produced in protcn-preotcn interactions that have

become available in the last fifteen years; the compilation was made
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by Grieder (1971) aua recent date have been added. The date from
the Echo Leke experiment (Jones et al.(1970)) shown in this diagrem
have recently been revised (Jenes et al,(1973)) and are now in -
agreement with the data froﬁ”the I.S.R. exﬁeriment (Antinucci et al.
(1973)). The hichest energy for ‘which data from acceleratpr-experiments
available is 1500 GeV in the laboratory system.

Since the datsz are widely scattered it is difficult to discount
any of the multiplicity laws mentioned above. A logarithmic law
has been fitted to the data of Antinucci et al.(nsf-o=4.60 In EP'-‘4.61).
and this is denoted by line (O (The revised data from the Echo Lzke
experinent are fitted by this multiplicity law). Line(Z) shows an
Ep%-law fit of the data for p~p interactions and line (3) corresponds
to a simple picture of the multiplicities expected for p-Air interactions
on the basis of line(é). Line (:) hes been used for tﬁe 'normal’

model and corresponds to

=

ns+'° = 3,2 Ep* for p-Air -interactions

the assumption is incorporated that the increase in multiplicity
. a
when nucleus, rather than nucleon, targets are ccnsidered is Ao'l‘

where A is the atomic mass number of the target nucleus

i.e n = n

s s X le6 for the CNO group.

p-N p-p
Thie assumption is diccussed further in §3-4.2

There are data available at higher eneegies than shown in Fig. 32
which come from cosmic ray experiments. These could wve interpreted
as suggesting a multiplicity increasing as fast as Ep%'(Fowler (1963))
but tend to be based upon mezsurements of single events and therefore are
not conclusive. Furtker, the high energy multiplicity data originate

exclusively from emulsion experiments (vhere the targets are nuclei)

which poses a number of questions on the interpretation of the data.
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Ciearly, one of the main requirements is to determine how p=-N

collisions differ from p-~p collisions.

-

Although a dependence of the multiplicity of the form Ep4

has been used in the 'normal' model, simulations have been made of
air .showers using models incorporzting different relations to
investigate the importance of this assumption; the results will be
discussed in §4-5.5

3~4.2 The Coefficient of Inelasticity

The first statistical theory attempts of multiple production
treatment (eg.Fermi (1951), Landau (1953)) proceeded from the idea
that all the energy of colliding hadrons is spent for the generation
of new particles. However, studies of EAS at that time showed that
uncder collision witk an air nucleus a nucleon generally reieases
only é small part of its energy, ~ 0.3 = 0.5. This important
characteristic ~ the coefficient of inelasticity has a wide
distribution but the mean value is found to be independent cf energy

in the range 25 <E_ < 3000 GeV (Feinburg (1972)). Recent

L
estimates deduced from experinments under the supposition that the
interaction prccess is developing acccrding te¢ the two firekall
schehe give <K bp = 0.43 and <K >pC = 0.67 (Jones et al (1$70))
In the present work a value of 0.5 has been assumed for the
inelasticity of the p~N interactions and allowance has been made
for intranuclear cascading as will be descriked in §3-4.3. In the
Monte Carlo and Hybrid computational procedures the value of the
inelasticity wes allowed to vary as described by the function:-

P(K)dK = - 2,045 x(1-x<)l°43

x1n(1-K)
Brook et al,(1964). This function has a mean value of K = 0.5.
Accelerator data at lower energies and cosmic ray calorimeter

and hadron attenuation length measurements at higher energies,



indicate that the pion air nucleus inelasticity, K; ,lies between
0.8 and 1.0. Furthermore, a value apprcaching unity is consistent
with the experimental evidence for lack of leading pions in pion-
nucleus interactions, (see §3-4.7).

3-4.3 The Relation between the Multiplicitv in p-r_and p-N

Interactions

The data on-multiplicities at high energies from accelerators
refer mainly to proton~proton interactions. In EAS simulations,
however, data for proton-air nucleus interactions are more relevant.
It is therefore necessary to establish a rélationship between the
multiplicity in p-p inte;actions, n and the multiplicity in
p-N interactions, ns( —N). One woulép;sgect intuitively the
numkber of mesons prodsced in p-N interactions to be higher than
the number produced in p-~p interactions because of the possikbility
of intranuclear cascading within the nucleus. The hydrodynamical
theory of Belenky and Landau (1954) indicates that for collisions
of two nuclei of atomic mass, A, the dependence of the multiplicity

on A is of the form n_o AO'19

and one would not expect any strcnger
dependence in p-N interactionss A survey of multiplicites cbtained
from experiments using emulsions (nucleus targets) and hydrogen

bubble chamber (nucleon targéts) by Hough (1971) suggests agreement

with such an AO"l9

dependence. Therefore for the 'normal' model the
relationship
n, = 1.6 x n,
(p-N) > (p-p)
was used and assumed to be energy independent. However, this survey
was confined to energies up to 10 GeV and can be improved upon in the

light of recently available data. This ratio has been considered

in a recent review by Gottfried (1973) and he finds the value of

n
S
—N) 0 e 1.68 4

o + .C6 for an incident laboratory momentum of
*(p-p)

31
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&

~200 GeV/po At energies higher than this Gottfried has produced a

value for this ratio by using ng measured in cosmic ray emulsions
(p-N)
and n, ' by extrapolating from accelerator data. The valuves quoted
(p-p)
at an energy of 8 TeV are

n

s ' if O

o(:N) } 1063 i' 012 if inel acons‘t
n _ e ¢ 0 2

S(p—p) 2.11 + .18 if inelozln S

Dar and Vary (1972) have made a study of the values of this

ratio predicted by various multiparticle production models. They
show that if an accurate measurement of it could be made at very

high energies it would beuseful as a simple tool for distinguishing
between mechanisms for multiparticle production in elementary
particle collisions. Figo. 3-3 show; the predictions of these authors
for the ratio of n_ /n as a function of energy {rom fireball

*(p-N). ®(p=p)

type models. Alsc shown are the values (kbased on measurements) of

this ratio given by Gotifried (1973) and Lohrmann and Teucher (1962).

3~4.4 The_ Mean Free Path for Proiton-Nucleus Ir;_‘ggrac’cions,Z‘,-p

In order to calculate the mean free path of protcns in a particular
medium it is necessary to know the interaction cross sectiony,g , since

collisicn lengths are based upon the values of g thus

N o= L
p Noc

(No is the number of molecules per gram).

It ie well known that
13

2 whe re ro = 1,26 x lOﬁzscm 3ol

1e] =1r1‘0 A

(ALY

This value of ¢ is based ugon measurements made by Ashmore et al,
(1960) on the absorption of 24 GeV protons. It should be noted
that this relationship holds only for targets with A>n 4 sinqe
the lightest nuclei exhibit a certain transparency and the true

absorption cross sections are 20-40% lower than the values given by
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Eqg. 3.1, For the absorption of protcns i the atmosphere (A=l4)’one finds a
value of'g&295 millibarns which corresponds to a mean free path of . ~80g «::m"‘2
At the time when the parameters to be used in the 'normal' model

were decided upon the evidence from accelerztor and cosmic ray data
pointed to an energy independent interaction cross.section; a constant
value of 80 g cm-2 was therefore adopted for the mean free path of
protons in air. However, recent data obtained from accelerators
indicate that the proton-prcton inelastic cross-section increases

with energy above “3CO GeV. Figeo 3~4 shows this rise which has now
been establiched to a laboratory momentum cf 1500 GeV/c (Morrison
(1973)). The energy dependence of the total cross section given_

by Leader and Mzur {1973) is of the form

'2 s
o] = . 2 .
tot 38.4 + 0.49 x 1n ( 122) mb 3.2

where sis the cms energy in GeVe. Yodh, Pal and Trefil (1972 ) have
suggested on the basis of cosmic ray data, values in substantial
agreement with this conclusion.

If we consider a primary proton of energv 10 GeV in the laborqtory

system then using s = 2mp(mp + EL) it is found that O, ,=38.5 mb;

to

for a primary proton cf energy 108 GeV the value of has risen

g
tot
to 87.4 mb. By making the assumptions that this rise is due tc
the inelestic cross section rising and that a similar rise is
present in the cross section for proton-nucleus interactions, the
conclusion may be reached that if _
A= 2 \
p-N 80 g.cm © at 10 GeV
then A’p-N = 23 g.em 2 at 108Gev

Fige 3-5 shows the predicted fall of the mean free path for protons

in air together with an arbitrary curve of the form

A = . -01066
o-n = 93E[

which was used in initial simuletions (Cixon et al.(1973)).
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' 3-4.5 Pion-Nucleus Interactions

It is assumed here that pion nucleus interactions are very
similar to proton-nucleus interactions except for the coefficient
of inelasticity, which is taken to be unity, and the mean free

pathe

A valte of 80 g em™2 has been assumed for A_ in the 'normal' model
and . - .~ a value of 120 ¢ cm < was taken for A“ « This meen

free path was assumed to be eneréy independent.

Experimentally it is found that ggN = 0.62 f .02 (Gizcomelli
g
(1972)) If one assumes that o-y and NN oy @Te pion dominated

and fractionization holds,a simple ratio model may be used to

derive g _ -
m™P

¢

+ - -
P =3 (gln »p) + o(ﬂ:,P)) = 0,62 ¢ 3.3

PP

Although there is no firm evidence that o“p shows the same rise with
energy as Gp“p this is é pcssibility that should be considered.
From equations 3-2 and 3-3 the rise in the value ofoﬂ_p is predicted

to be

- 2 (5. .
o o 23.8 + 0.3 1n (122) 3.4

The consequences of Op-p varying with energy as suggested by Eca 3.4
are discussed in Chapter 4.
3~4,6 The Eneray Distribution of Secondary Mesons
3-4,6.1 Longitudinal Momentum

The two fireball model for high energy interactions described
in §3-3 predicts the production of pions in two well collimated

cones, one moving fcrward in the centre of mass and one moving backwards;
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€ach cone .containing approximately half of the particles produced
in the:interaction.

Since for speed of computation it is easier to work in the
laboratory system then in the cms, one usﬁally uses an approximation
of the transformation of the momentum distribution from the centre
of mass sy stem to the laboratory system which can be expressed as the
sum of two expcnentials representing roughly the backward and forward
moving particles (the so-called backward and forward cones). The

distribution is

-E,/u

-E_/T
= 3 L~
FE)E =C (g e “ 4 -1% e _

) dE 3.4

L

in which U and T are the mean labni‘atory system enérgies in the
backward and forward cone respectively. This distribution was sug=
gested by Cocconi Kcester and Perkins (1961) and is a good fit to p=Be
low energy deta. At cosmic fay energies (&,106 GeV) there is some
indirect confirmation of this from emulsion measurements of the
energy of +yrays from the decay of 1f° mesons produced by collisions
of cosmic ray primaries (Fowler and Perkins (1964)). To calculete
the mean backward and forward cone energies the inelasticity and

the number of secondaries must be known.

T

Y(V+B om), U=y (v-B_m)

where Vv

enerqgy of particles in cms

* 2 2 4
c

o= = V& - where E is the
Pl T p

incident proton

n, X IJZ I . Const., x Epk = Er energy and Er is
the energy radiated
and U+ T _ v
2 = s

.o‘ Vn _5:

n
SYS

The centre of mass system has a Lorentz factor Y given by’



. E where E = E_ in the
- Ye =1 @+ =) P _
: 8 mc case of an incident proton

Thus T and U may ke calculated for proton nucleus interactions.

The energy spectra of secondary mesons from pien-nucleus
interactions are dealt with in a similar manner. In this casc,
however, the system is sssumed to behave kinematiczlly as though
the incldent particle is a 'ghost' nucleon with energy E = E /¥ where K.k'{he

coefficient of inelasticity _ - P

A and ket Ep is radiated in the form of pionization. This follows
suggestions by Saltzman and Sealtzman (1960) and was also used by
Hillas (1972) in his simulations. Integration of Eq. 3~4 gives
an expression for the total energy radieted in the laboratory

system namely E_ = C(U+ T) in which C = Mg . The discussion

N

of recent accelerator data in §3-3 leads to the Eonclusion that the CKP
distribution does not predict the momentum spectra of secondaries in
high energy interactions correctl,. However, at the time when
the perameters for the 'normz1' model were chosen the evidence
against CKF was not stréng aqd—its ahility to describe the momentum
spectra observed in relstively low energy interactions legd to its
choice. The consequences of scaling will be discvsséd in §4-5.7.
3~4.6.2 Transverse Mcmentum
The mean transverse momentum <Py> of secondaries from high

energy interactions is difficult to study directly and there is
some controversy about the value of this parameter and also about
its energy dependenge. One of the most cheracteristic features of
collisions seen in emulsions is the collimation of the products}
inthe cms the produced perticles move within two narrow cones i.e.

" with small transverse momenté._ At very high energy the measurements
of momenta is a difficult problem and so pt-distributions in

3 6

individual events are studied only-up to E. ~107 - 10" GeV. For

L

higher energies the angular distribution of energetic ~ particle

fluxes in EAS is exploited. Such investigations point to a graduelly
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increasing value of < pt> until a constant valve of ~ 0.4 GeV/c
is reached.

Fig. 3=6 shows the integral pt-distributions for four energies
on a sémilogarithmic scale according to Fcwler and Perkins (1964).
Within the interval of O.1 <Pt< 1.5 GeV/c the integral distributions
are exponential with a slope decreasing-as EL increases. Thus the
distribution (for a given EL) is

n (>pt) nvexp { - const. pt)

The CKF distribution of transverse momentum as used in the normal

model ics

p P dp

t t t

dn (p,) dp, = (p ) exp ( - o ) .
) o ' o’ o]

. e '
when P, = 5 + A value of 0.4 GeV/c was adopted for <pp
at all interaction energiese
There is some evidence of high <¥H? valuwes at cosmic ray energies
from Bohm et al,(1967), Matano et al, (1967):Bakich et al,(1967) and,
more recently, from Hazen et al,(1973). The results were achieved
by studying the strucfure of the core of air shcwers. In particular
Hazen et al used a 1.5m x 2m cloud cheamber tc investigate .EAS with
more than one core. They have recofded one event which seems to
indicate a <pt> of 9 Ge&V/c and are still analysing other similsr
cases. However, this evidence is by no means conclusive and since
at accelerator energies most experimental data suggesfs a near
constant value of <p,> of n0.4 GeV/c (Feinburg (1972)), this is
the value that has been adopted for the majority of the present work.
Elbert et al,(1968), using data from collisions of 25 GeV T

mesons in the 80 inch Brcokhaven hydrogen bubble chamber, have

produced evidence for a pt-distribution of the fomm

3/2
dn(p,) = Bp,  exp (-bp,) dp,
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Using this p, distribution rather than the CKF p,_ distribution is

found to make negligible difference to the results by Hillas and in the
present work. : :

3-4.,7 ;;bar Produgtion

Peters (1962) suggested that nucleon isobars carry away
almost the whole of the available cms energy thenthe subsequent
decay pions carry away energy which rises linearly with
primary energy. This is in contrast.to the less steep rise of:ithe

energy of the pions frem the pionization process. The assumption

of a two fireball model does not precluck the existence of fast

pions from baryon deczy as shown in Fige 3-1(a)e

Although isobars have been observed readilyiﬁ’abceLerators.atflow
energies the production cross section appears to become quite
'small -at high energies.. . PFor example, in the work of Béggild
et al, (1971) the pion momentum distribution fits an e#ponential
up to the highest values of momentum and no evidence is found of-
a separate groug of fast pions, GCounter data by Allaby etol0972)
at 19.2 GeV/c also shows no evidence for strong isobsr production
in exémin;ng ﬁ+ spectra. At cosmic ray energies the data is
often contradictory. The Russian group (Azimov et al (1564)), using
a magnet cloud chamber find a few percent of the intersctions
containing a high energy secondary which does not fit the main
distribution of pions. However, Jones et 51,(1970) in the Echo
Lake experiment find no evidence of high energy pions from their
angrlar distributionse

As a result of studying available data it was decided to omit
isobar production in the 'normal' model; however, the effect on
the simulation data of isobar production has been investigated and

is described in §4-5.6
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3-5 The Computational Procedure
3-5.1 Introduction

The present study has:been made using three computational ~-#7-
procedures fér the simulations. Thése are:-

(i) step-by-step techrnique,

(11) Monte-Carlo technique,
“and (iii)  'hybrid' technique (involving a combinetion of (i) and (ii)).

In the eerly stages of a large prcgreamme of air shower simulation
it is desirable to have at least two independeﬁt techniques for
simulating EAS so that confidence ir the computational accuracy may
be established. Therefore at the start of the present work procedures
(1) and (ii) were produced; the results were seen to be in agreement,
The reason for the introduction of (iii) wes to enable fluctuation
studies to be made at energies >1oléev. (The Monte-Carlo technigue
uses a great deal of computing time and because of this the primary
energy of the air showers it can be used to simulate is restricted

]6eV )c

to 10
The mein facets of these simulation techniques will now be

briefly described,
3~5.2 The Choice of Erergy and Atmospheric Depth Intervals for
the Calculations
Throughout thke calculations the energy intervals employed have
been quarter decades such that
E = 100074)/4 gy
where E is the mid-bin energy.and i is the bin number (see Fig. 3-7(2)).
Certain of the initial simulations were made using L/f decade energy
bins and the differences found between these results and results for
the same showers using ¥ decade energy bins were found to be neglig}ble

(Pickersgill (1973)).
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The atmosphere was divided into 40 intervals each of 25,8 g.om-2’
the bin corresponding to i = 1 being at the top of the atmosphere
with its centre at a depth of 12.9 g.om 2

The conversion from atmcspheric depth in g.cm-..2 (x) to
height above sea level in km (h) was made using the following
equations:

when x » 253.3/(Cos(®) ie.the troposphere

' . .1789
h = {1 - (3030 % sec (e)) }

.0216 x Gos (8)

and for x < 253.3/Cos (0)

h = 46,04 = 6,457 x log, (xo Cos 8)

Cos (€)

This is a representation of_thé étandard atmosphere from the
United States Air Force Handbock of Geophysice (1960).
3~5.3 The Step-by-step Method .
3-5.3.1 Introduction

This method of simulating air showers developed by Dedenko -
(1966) and Hillas (1966) was designed to predict the average
development of EAS if a certain set of parameters for the nuclear
interactions was assumed i.e. inelasticity, mean free path etc.
The greatest value of such a method of simulation lies in its
ability to test the effects of changes of values for parameters
in the model. It can, of course, give no indication of the

fluctuations in observsbles that would be expected.

3-5.3.2 The Nucleon Czscade

The calculztion of the number of pions of various energies

produced at different depths in the atmosphere in the nucleon
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cascade was approached in the following waye

(i) An array PN(ix,i) wes formed using the Monte-Carlo technique
which contained the probability of a nucleon interacting with an

air nucleus in the depth bin ix for the ith time. The average
number of times that a nucleon will interact while traversing the
atmosphere is 12 or 13 but there ic a- finite possibility that many
more interactions may occur; the probabilities were therefore
computed for up to 30 nuclecn interactions. Fig. 3-7 (b) shows
qualitatively the way in which the probabilities for the first three
generations vary as a function of depth in the atmosphere. This
array was computed assuming aﬁ energy independent mean free path

of 80 ¢ cm-2 for nucleons in air.

(ii) The number of pions and thei: energies that Qere prodiced

by hucieons with energies corresponding to each interaction were
computed as discussed in §3-4.5. An array N“(Eo(i),ie) was obtained
where Eo(i) was the proton enérgy corresponding to the ith interaction
of the primary nucleon and ie was the pion energy.

(Eo(i) = Ep P (l-K)i—l; K = inelasticity, Ep = primeTy energy)e

This array is obviously dependent upon primary energy and the detail
of the model for interactions and therefore wes computed each time

a simulation was made. The number of pions of energy ie prpduced

in depth interval ix by the nucleon cascade was given by

N (iesix) = PN(ix,i) x Nﬂ(Eo(i),ie)
3-5.3.3 Successive Generations of Pions
The pions produced in the nucleon cascade could interact with
air-nuclei and produce more pions which in their turn could create
more pions etce. The way in which the successive generations of pions

were computed was as follows.



The pions labelled A and B in Fig. 3-7(c) were produced in the
nucleon cascade. The values Py ~ pé and pl'-§ p4' associated with
A and B are the numbers of pions produced by them in the depth and
energy bins indiceteds By starting with the pions produced in the
nucleon cascade at the top of the atmosphere and working dovn through
the depth bins, including the pions produced in the nucleon cascade,
an array containing the tetal number of pions of each energy produced
in each depth interval was obtained. It should be noted that Fige
3~7 (c) is over simplified in that there is a probability of a pion
proddcing more pions within the depth interval in which it was itself
created; this probability was taken into account in the calculations.

The number of pions of energy iej produced in dgpth interval

ixi was given by:-
{,'.'_('- J‘-:J‘rf-'b“
. .
I (4 1 = i i i ¢ ix.'s i .
(1xi,1ej) ' AL_N1T <1ejg 1Xf,). PINT(lej > ix,'s 1xi)
V'ro J'.'J .

n (ie.,ie.
1r( Jsl J')

PINT(igjgb&Siﬁ) was the probability of a picn of energyieji
prodﬁced in debth interval ixi' would interact in depth interval
ixi and its derivation is described in Appendix le n1{iej, iej,)
was the number of pions of enargy iej producsd as a result_of a
n-N interaction wherz the pion energy was'ieg(see §3-4.5).
M(ix,iz) contained the total number of pions produced in the
EAS and the approximation was made that 33% of these were neutral
pions and decayed instantly Cr&,IO-lésecs) into two gamma rays,
hence starting the electromagnetic cascade.
3-5.3.4 Lateral Development of Hadrcns and Mucns
In order to assess the lateral development of the EAS it was

necessary to assume a transverse momentum distribution for picns
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prcduced in p-N and 5 -N interactions. The CKP transverse momentum
distribution descrikbed in §3-4.6 was assumed in tke "normz1l' modelj;
App=ndix 2 describes the use of the distribution.

35,35 The Muon Component

" Once a charged pion was created in an interaction there were

four possilkiilities for itssubsequent behaviour
(i) It could interact and thus be remcved frcm the simulation
(ii) It could decay to a muon which woulcd survive to sea level
- (or the observation level of interest) - . -
(iii) It could decay to a muon which would decay to an electron
) ' before reaching the observstion level
(iv) It could survive as a picn until it reached the observ:t ion
- level.

An array PRDEG (ix,ie) was formed by the Mcnte Carlc technique
to give the prokakilities of pions of each energy and at each
depth in the atmosphere falling into cafagory (ii)e

The pion production spectrum m(ix, ie) was then multiplied
by PRDECﬁix,ie) givirng the pion prcduction spectrum at each depth
interval responsible for muons which reached sea level. These
spectrs were assumed to be of the form AETY over limited ranges

of energy.

Urder this assumption the muon spectrum was obtained as

fcllows.
El{().56
: . AE Y
N(E )dE " = I .dE
WM u 0. 44E m
. Eu T

A(1-0.567Y) E'u -y

0.44y

(Fige 3-7(d). shows the probability of a pion of energy E; decaying

to a muon with a particular fraction of its energy).



The value of y was assessed separately for each energy intervel.
The value of Eu at sea level was estimated by assuming a constant
energy loss by ionisation of 2 MeV per g.cm-2 for pions and mucnse.
The contrikbutions from all depth intervals tc the muon numbers at
sea level were summed.

3=5.3,6 The Pion Component

As a by-prcduct of the generation of PRDEC (ix,ie) by the
MonteCerlc technique, an array PISURV (ixsie) was formed containing
the prohabilities of picns of energy ie and created at atmospheric
depth ix surviving as picns to sea level. The lateral development
of the hadron component of the shower and the total picn energy
ISpectrunl was found in the same manrer as for the muons except
that the txansformation frocm pion producticn spectrum to muon
spectrum was unnecessarye.

3-5.3.7 The Electror Component

" Information about the electrcn component of EAS was derived
from the pion prcduction spectfum T(ix,ie). It was assumed that
equal numbers of ﬂ+, “- and 1° were created in-the interactions
and therefore I(ix,ie)/3 represented the neutral pion production
spectrum.

The twé approaches used in order to predict the development
of the electron-photon cascade through the atmosphere are outlined
in §2-2.1 and éescribed in more deteil in Appendix 3.

It should be noted that the physical significance of
Approximation B may be questioned. This is because the total

numbers of electrcns at each depth are computed and in reality

Approximation B cannot give the correct number of electrons near zero

energy (Rossi (1965)).

44



3-5,3.8 The Optical Cerenkov Response

In recent years the optical Cerenkov light emitted froem large
air showers has been studied (Krieger and Bradt (1968), Diminstéin
et al,(1971)). The possibility that this may be a sensitive
measure of the longitudinal developrent of the shower caused the
incorporation of predictions for this component in the present
calculations. The treatment of the Cerenkov radiaticn from the
shower electrons was undertaken by G.J. Smith (1973)s The sterting
point for these calculations was once again the picn production
spectrum Tix,ie} Typical results are described briefly in §4-2.5

3-5.3.9 Radio Emiscion in EAS

Calculationshave been made fcr thke radio frequency emission
resulting from the separaticn of extensive air shower electrons
gnd positrcns in the Ezrth's magnetic field according to the theory
of Allan (1971). This work has been reported in detail by Hough
(1973). | |

The starting point for radic emission calculations was
tke pion production spectrﬁm from which the electron photon
cascade was derived using 2 combination of calculations under
Approximation A and the numerical data of Messel and Crawford
(see Appendix 3). |
3-5.4 The Monte-Ca1lo Method
3-5.4.1 Introduction

This is a mettod of simulating air showers which involves
following each particle procduced in the cascade until it is removed
b? interaction or decay or reaches the observatién level.
Fluctuvations are intorduced into the develepment of the shower by
chosing parameters for each interaction frcm pseudo random

dictributions whose mean values correspond to those taken for the
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step-by-step method. As a consequence of the detailed treatment
of each EAS such a prcgramme is not economical of computing time
and can therefore only be used for primary energies §1015‘ev, In
order to make predictions about flucttations and average diaracteristics of EAS
it is necessary to make several simulations for each set of predictions;
thie is another reason for the limitation on primary enercy.
3-3.4.2 Eluctuating Perameters
The parzmeters Mmich were fluctuated in the Monte-Carlo
simulations were:~
(i) The mean free path of the protcn; samgpled from an
exponential distribution of the form 'e—x~80.
(i1) The mean free path of pions, sampled from an
- - 120
exponential distribution of the form & o
(iii) The inelasticity of p-N interactions; sampled from
" a distribution of the form £(K) = (1 + @)% (1k)* 1n (1-K)
where 0 = 1.414 (Brook et al.(1964)).
(iv) The enercgies of pions produced in interactidns; the

function from which the pion enefgies were sampled

is of the form:

£/, £,/
£ )oE, =C (Lo FUsde TTHa

L

(ééé-§3;405)o As each ﬁion was gene£a£ed it was randomly
placed in the forward ar backward cone and its energy
chosen from the apprecpriate pseudo~vandom distribution.
The- sampling continued for each interaction until all

the radiated energv had been useds In this way the number
of secondaries produced in the interaction was fluctuated
and energy was ccnserved.

(v) The trsnsverse momentum; this was chosen ramdomgly from

the distribution being used. eg for the 'normal' model
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p p dp
F(p ) dp, = L exp (- L) &
t pO p0 pO

(vi) The decay time for s+ y + v 3 this was chosen from a
N
distribution of the form e-mﬂh/E"Tﬂc where h is the
distance travelled, TTT the mean lifetime of the pion,
m the rest mass of the pion and ETr the laboratory
energy of the pion. -
(vii) The decay time for y »e +y 4y ; the ‘distribution from which
-muh/EuTuc
the decay time was chosen was of the form e .

3-5.5 The Hybrid Model

In oxder to make predictions for fluctuations in air showers with
primary energy above lolsevgthe computational technique used was a
combination of the step-by-step and Monte-Carlo techniques; this was
known as the hybrid model. The simulation of the nuclear cascade
was carried out in the same way as for the Monte Carlo technique and
the step-by-step method was employed to simulate the copious pion
fenerationse It was thought that if agreement between the magnitude
of fluctuations obtained from the hybrid model and the Monte Carlo
model could be; established at a primary energy of lOlSeV,then the hybrid
model could be used'to predict fluctuations for EAS with higher primary

energies.



CHAPTER FOUR

RESULTS FROM PROTGON INITIATED AIR SHOWERS

4-1 Introduction
The average results obtained from proton initiated EAS

simulations in the primary energy range 1014-1019

eV from the present
study will be presented in this chapter. The results from the
'normal’ model for interactions (described in Chapter 3) are
compared as far as possible with both experimental data and the
results of simulations by other authors. The sensitivity of the
results of the simulations to changes in the interaction model
assumed are investigated.s The data presented in this chapter are
available in greater detail (Dixon and Turver (1973(v7))). Unless
specifiically stated to the contrary, the results presented in this
chapter for the development of the one dimensional electron cascade -
refer to data obtained from calculations of electron-photon cascades

under Approximation B (Greisen (1956)).

4-2 Regults Obtained Using the '"Normal' Model for Interactions

4-2.1 The Electron Compcnent

4-2.1.1 The Longitudinal Developmepnt of the Eleciron Cascade
Therdevelopment of the electron-photon compcnent of the EAS
simulated in the present work was calculated in two ways which aré“
described in Appendix 3. Both of these methods produce data for the
one dimensional electron cascades although the results are not
directly comparéble since the electron size derived from the
Approximation A and Monte Carlo calculation (AAMC) refer to electrons
aone a particular threshold erergy (the results presented in this
chapter will be for electrons with energy >1 MeV) whereas the
electron numbers calculated from Approximation B (AB) refer to all

electronse Fige 4-1 shows the electron cascades produced by both
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these methods for proton initiated EAS with primary energy in the
range 1014-1019ev° It is clear that AAMC results in cascades having
their maximum ~~ 50 g.cm-2 lower in the atmosphere and having sizes

at sea level some 50% smaller than cascades derived under AB., A
similar conclusion was reached by Marsden (1971) who compared cascades
derived under AB with others derived using Approximation A and the
numerical data of Baxter (1969).

Fige 4~2 shows the results obtained for the one-dimensional
electron cascade using Approximation B compared with the experimental
datz from the Mount Chacaltaya experiment (La Pointe et al.(1968)).
These data were obtained by taking constant intensity cuts in the
integral size spectrum at various shower zenith angles, coxrresponding
to different atmospheric depths. The thecretical curves have beun
normalised at an atmospheric depth of 600 g,cm:2 in order to allow for
differences in the threshold energy. At primary energies >lO7 GeV
the curves from the model fit %he experimental peints satisfactorilye.
However, at low primary energies the theoretical result does not
predict the rapid attenuation of the electron cascade that is observed
experimentally. This discrepancy between theory and experiment would
clearly be worse if the comparison had been maae with the results
for the electron cascade from AAMC.

The absorption length of the electron cascade at an atmospheric
depth of 1000 g cm-2 is found from the present work using electron
cascades calculated under Approximation B to vary from 180 g cm-2
at sizes of 105 particles to 293 g cm-2 at sizes of 108 particles;
this is in agreement with the results of Murthy et al.(1968)s The form

of the relation is:

A5 =25.01nN_+95.0 g em 2
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The way in which the depth of maximum development of the electron
cascade varies with the primary energy of the EAS is shown in Fig. 4-3(a)
and comparison is made with the results of Adcock et al.(1968),
Capdeville et al. (1970) and Hillas (1972). It has often been suggested
in the past (eg. Linsley (1663)) that air showers of primary energy
aaozoev and zenith angle € = 0% are at about maximum development at
sea level. However, these calculations, in agreement with Hillas and
Capdeville et al., would require a primary energy of-v1023eV to
produce an electron cascade which would be at meximum at sea level.
Fige 4-3 (b) shows the way in which the sea level electron size varies
with primary energy. The results frcm the presenf calculations are
compared with those of Hillas (1972) and Bradt and Rappaport (1968).
Also shown are the electron numberc¢ 2t 530 g an-z and 830 g cm-2
(corresponding to the atmospheric depths of the Chacaltaya and
Volcano Rench arrays respectively).

The relationship between primary energy and the electron size
at meximum development was investigated and found to be of the
form

E =KN -
e
p ma X

The value of K from our "normal' model was found to be 1.7 which
compares with 1.9 suggested by Marsden (1971) and 2.suggested by
Bradt and Reppaport (1968). The value of K from electron cascades
under AAMC was found to be 2.4 for electrons above the threshold

energy of 1 MeV.

4-2.1.2 The Lateral Distribution of the Electron Casgad
The use of Approximation A and the Monte Carlo data of Messal
and Crawford allows the predictions of the lateral development of the

electron cascade and also provides information about the energy spectra
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of the electrons. Data are available from Haverah Park (Armitage
(1973))¢ on the lateral distribution of electrons in EAS. Fig.4-4(a)

shows a comparison of the electron lateral distributions for primary
energy in the range lO15 - 1018eV and electron threshold energy of
10 MeV (Ee> 10 MeV) from the present work with the experimental
measurements of Kellerman and Towers (1970) and Armitage (1973)e The
data is normalised at 500m since the threshold energies and photon
contamination make quantﬁ%tive comparison uncertain.

The energy spectra of electrons at various core distances in

vertical showers initiated by protons of 1015eV and 1017

eV are
represented by the data of Fig. 4~4 (b).

4-2.2 Tha Muon Component

4-2.2.. Introduction

The 'step-by-step' and hybrid computational techniques take a
simplistic view of the muon component of EAS. Coulomb and geo-
magnetic scattering are both neglected in order to minimize comptting
time. The muon component of selected air showers (using the pion
producticn spectrum as a starting point) has been studied in more
-detail and some of the results of this work are reparted here.

The two most appropriate threshold energies for comparisons
with muons detected at the Haverah Park EAS array are 0.3 GeV and
1 GeV (which correspord to the threshold energies of the Nottingham
muon detector and the Durham Magnetic Spectrogiaph)a

4~2.2, The Total Muon Eneray Spectrum

Fige 4~5 shows the total muon number spectra for proton
initiated EAS of primary energy in the range 1014-1018ev resulting
from the present worke Comparison is made with the calculations

of Hillas (1972), Giler et al,(1970), Grieder (1970), Suschenko
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and Fomin (1968) and Gaisser and Maurer (1972) The model of

Hillas with which comparison is made is Mcdel E. This model is
éssentially the same as our 'normal' model for interactions but
differs slightly in that the mean free path of pions is assuned to

be 100 g,cm._2 and the inelasticity Qf p-N collisions is O.44

(as oppcsed to our "normal' values of 120 g.mnrz and 0.5 respectively);
the predictions of model E are made for a zenith angle of 14°. The
small difference in the results between Model E and our 'normal®

model is explicable in these terms.
Hillas defines a=d 1n (N ) /d ln‘(Ep)

(N is the number of muons and Ep is the primary energy); for Model
E the value of o is predicted tc he 0.92 for a muon thresholé energy
of 1 GeV. The present simulations also predict the value of o to

be 0.92,

4-2,2.3 The Lateral Distribution of Muons

Predictions of the lateral distribution of muons arc more relevant
to experimental measurements than predictions of the muon total energy
spectrum since the lateral distribution is directly measurable. For
example at the Haverah Park experiment this measurement can be made
for muons with a threshold energy of 0.3 GeV using the Nottingham
detector comprising flash tubes and liquid scintillators (Armitage
(1973)) and for muons with a threshold energy of 1 GeV using the
Durham muon spectrograph (Dixon et al.(1973(a))). The lateral
distributions for muons with both these threshold energies are compared
with experimental results in Fige. 4-6. The form of the lateral

distribution found experimentally by the Durham group is

_ ~0.75 T =25 -2
Ah(>lGeV,r) o T (1 + ( 320)) m
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and the Nottingham group find their data best fitted by

-1 T 2.1 =2
Auwmawﬁ)ar (1+2%) m

(r is in mEtres.in both c;ases)°

Fige 4-~7 compares the differential momentum spectra of muons
from EAS initiated by 1017eV proton primaries at various zenith
angles and distances from the shower core with experimental data
obtained by Dixon et al.(1973(a)), and Machin et al,(1970); the
experimental data refer to air showers with zenith angles less than
40°, Clearly there is good agreement between the predictions and
the experimental datas.

4=2.2.4 The Temporal and Spotial Cheracteristiccs of Muons in

Air Showers

The temporal and spatial charaé%ristics of muons in air showers
would be expected to reflect the longitudinal development of EAS
and hence may be of use in the determination of the nature of the
primary cosmic radiation. The pulse profiles of the deep water
Cerenkov detectors at Haverah Park frem both the muon-and electron-
ﬁhoton components have been studied by Lapikens et al.(1973) and the
angular distribution of muons with respect to the shower core .
direction has been measured by Earnshaw et al .(1973).

The temporal and spatial effects arising from the geometrical
effects alone are considered here but work has been done as a part of
the present study to find the effects of Coulomb and geomagnetic
scattering upon these characteristics (Turver (1974)). As a result
of - this work it was found that the predicticns from the 'step~by-step'
and hybrid computaticnal techniques do not differ: significantly from
those obtained by the more detziled computation for muon threshold

energies >1 GeV; for lower threshold energies the differences in



. ) Y 1 :
o ; .
\\ v oo
> . __
=~ 10
(D
N
]
E
Eg)
X% - -
@ i0 _
®
0
g N |
T ---3 .
e 10 = -
- (8
o |
=
o
@
U
S= - i
R
o . #h’:/#.C!-H:\! et al (1970)
[ (0<20°) |
ApioH et al (1972a)
i (6 <40} -
| - 1 -l 1 1 Y 1

1
b 10 100
IMuen Momen tu m{fe\'{_)

Fig. 47



the predictions may become very marked.

Fige 4-8 (a) shows the way in which the median time delay
and median core angle vary with primary_energy, and Fig. 4-8 (b)
gives the model predictions for the variation in these parsmeters
with distance from the air shower core. Also shown in Fig. 4-8(b)
is a comparison of the variation of £he mean muon angle to the core
found experimentally at Haverah Park with the predictions from these
simulations for this parameter.

4-2.2.5 Effects of the Inclusion of Geomagnetic and Coulcmb

Scattering on_the shape of the Mucn Lateral Distributicn

The results obtained from the ‘'hybrid' and 'step=by-step'’
computstional techniques for the muon lateral distribution were
rather steep by comparison with experimental data, an effect roted
previously in many comparisons (eg de Beer et al. (1966)).

It seemed likely on the -basis of the work of Hillas (1966} that
the cause of this steepness might be the absence of Coulomb and
geomagnetic scattering from the model and it wes decided to repeat
some of the simulations dealing with the muons in detail. This work,
was undertsken by W. Stephenson; the simulation techniques described
in Chapter 3 were used to the point where the pion production
spectrum had been formed. To have dealt in a detailed manner with
all the picns produced in an EAS of primary energy of (say) lGl7eV
would have involved excessive computing time; instead, only a
fraction of the pions were follcwede The way in which the selection
of the pions to be followed was made was to randomly attribute
an azimuth angle to each pion and only consider those pions within
a . particular range of azimuth angle, the geomagnetic and Coulomb

scattering were calculated in each of 40 atmospheric depth intervals
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of width 25.8 g cm “« The rms Coulomb scattering angle was found by
assuming a normal distribution specified by:-

<o> = —Es [x where Eg-= scattering energy

pBc X,

whexe p is momentum, x is distance travelled in g mn-z, and X,
is the radiation length in air in g Cm—2o

A deteiled description of the méthod of calculation of the
geomagnetic deflection is given by Pickersgill (1973). The
predicticns for the mucn lateral distributions akeove various
threshold energies shown in Fige. 4~6 are the result of the

inclusion of coulomb and geomagnetic scattering in the calculaticne

4-2.3 The Hadrcnic Component. of EAS

The 'normal' model for nucleon-nucleus interactions dees
not Lake into sccount the possikle production of nucleon anti-
nucleon pairs although it is acknowledged that in high energy
interactions (Ep> 10’ GeV) as.many as 14% of the secondary particles
could be nucleon=-antinucleon pairs (Tonwar et al (1971)). The present
work is being extended by I.S. Diggory to include predictions for
models which incorporste the production of nucleon-antinucleon pairs
in high energy interactions. For air showers simulated using the
'normal' model only one nucleon arrives at sea level in a proton
initiated EAS and this is the survivor of the primary particle. The
hadronic component therefore comprises pions and this single nucleon
(which is frequently ignored).

The predicted lateral spread of the pion component of the air
shower at sea level is shown in Fig. 4-9 for 1015eV proton initiated
EAS. Comparison is made with the simulation results of Grieder
(1970) although it should be noted that the models for high energy
interactions differ considerably and that the good agreement is

perhaps fortuitous. The lateral distribution for pions in air
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showers is steeper than the laterzl distribution of muons; the reason
for this 1s that only those pions produced close to the observaticnal
level have a high prcbability of neither decaying nor interacting.

4~2.4 The Deep Water Cerenkov Detector Response

In order to interpret the data obtained from the Haverah Park
EAS afray, it is necessary to be able to predict the response of
the deep water Cexenkov detectors which are characteristic of the
experiment to air showers of various primary energies and core
locations. The detectors respond to both muons and the 'soft'
component of the showers (electrons and photons). The response is
calculated in units of so;called nominal particles defined as the
ratio of the detector signal corresponding to a particular event to
the signal produced when a single relativistic muon trsverses t'e
detector (v.e.m),Marsden (1971) used a Monte Carle electron-photon
cascade program in order to describe the one-dimensional precpagation
-in 120 cm of water of the caseade which results when an electron or.
photon is produced at a known height aone a water filled Cerenkov
detector of the type used at Haverah Park. In §rder to obviate the
need to publish numerous - tables, Marsden fitted his data to a

functidn of the form

- S -2 T S —40 5 . _2
Asoft (ryssa) = In (a) (;;) . (;; + l) VeeoHem

where r = 80m at sea levelj he produced tables of s and ln (a) for
both initiating electrons and photons of several different energies
(1, 3.16; 1C, 31;6 and 100 GeV) produced at various atmospheric
heights. These results were combined directly with the soluti&n of
the electron photcn cascade under approximation A (see Appendix 3)
in order to allow the Cerenkov detector response .to be predicted

for the présent worko
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The results frrm the '"normal' modelfar the lateral distributions

of the deep water Cerenkov detector response are shown in Fig. 4-1C

for proton initiated showers for the primary energies lolléV and

lol&GVO

4-2,5 The Optical Cerenkov Light and Radio Emission from EAS

Detai led accounts of the computation of the optical énd radio
frequency emission from large EAS from the present study are given
by Smith and Turver (1973) and Hough (1973),Figs 4~11(a) and 4-11(b)
show the lateral distribution functions for radio frequency and
optical Cerenkov emigsion from air showers initlated by primary

1517

protons of energy 107 7-10""eV.

4-2.6 The Retiog of the Mucn Densitly to the Cerenkov Detector Response

in EAS

One of the measurements made by the University of Nottingham
group at Haverah Park (Armitage (1973)) is the ratio of the muon
density to the Cerenkov detector response as a function of distance

A
from the shower core, 7% o In some previous comparicons of model.:
N .
5';0.75
used (see eg. Hillas (1972), Ferguson (1971)). The reason for using

predictions and experimental measurements the ratio has keen
this ratio was that its dependence on the core distance at which

the méasurement is made is not strong and therefore the effect of
possikle core location errors is minimised. However the disadvantzge
of using %&75 rather than —gcp is thatit is less sensitive to
differences gn models for shower develcpment. Armitage considered
that his experimental data had been subject to sufficiently strihgent
selection criteria for the advantages of the use of the ratio %%

to outweigh those of using 'ﬁyfi75" Therefore a comparison is made
here of the experiment measur:ments of Armitage and the predictions

of the 'normal' model for the ratio %ﬁ (Fige 4-12). The predicted

values of this ratio are not strongly energy dependent. The results
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shown in Fig. 4-12 are from lO17
174V iron initiated EAS and Hillas (1972) Model E are also shown).

eY proton initiated air showers (results
for 10

4-3 Sensitivity to Changes in Zenith Andgles

So far the results that have been presented have been for vertical
air showers. However, in practice most EAS experiments measure showers
in a wide range of zenith angle and therefore an investigétion has been
made into the effect of changing the zenith angle upon some of the shower
parameters. fhe 'step-by-step' computational technique was used to simulate
showers at various zenith angles between 0° and 60° but the results of
these simulations for zenith angles >45° should be treated with caution - &
since no correction for geomagnetic deflection, whicb becomes increasingly
important at large zenith angles, was madeo

Fige 4-13(a) shows the way_in which the total muon energy spectrun
varies as the zenith angle changes. There is little difference between
0° and 15° but as the angle increases the difference in spectral shape
becomes more pronounced. (The fact that the difference between 0% and
15o is smell confirms the usefulness of making comparison with Hillas,
Model E which considers showers incident at a zenith angle of 14.3°).

The variation of the shape of the lateral distribution of muons
( >1 GeV) with zenith angle is shown in Fig. 4-13(k). The effect
of increasing the zenith angle is to cause the lateral distribution
to become flatfer in shapeo

The way in which the median muon timé delay and muon-core angle
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vary with zenith angle are shown in Fig. 4-13 (c) for a 10" eV

proton initiated EAS,
4-4 The Predictions of the 'Normel' Model for Messurements Mede at
Different Observationsl Levels
The *step-by-step' computational techniques was used to simulate
1017eV proton initiated air showers giving predictions at atmospheric
depths of 530 g cm.‘2 and 830 g cm-2(corresponding to the altitudes

of the Mount Chacaltaya and the Volcano Ranch experiments respectively).
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The predictions of the model for the muon total energy spectra and
the lateral distribution of muons ( >1GeV) are shown in Fig. 4-1l4(a)
and 4-14(c). The total number of muons observed at mountain
altitudes itz less than the number observed lower in the atmosphere
at all energies; however, the change in the numker of muons (>1GeV)
in going from 530 to 83O'g.cm-:2 is ~200% whereas the change in

the numher when the observation is made ét sea level (lO3Og.cm:2)
rather than at 830 g»cm.-2 is ~25%. This results frcm the fact

that the muon number is near maximum at sea level (see Fige 6=9

and B6-3.2). The lateral distribution of muons steepens as the
depth in the atmosphere at which observation is'made increases,
“reflecting the smeller core distances at which those muons produced
later in the shower development vill be detected. Fig. 4-14(c)
shows the way in which the mucn number varies with atmospheric
depth as a function of the threshold energy of the muons considered.
The curves in the diagram refer to results obtained from proton
initiated air showers of primary energy 1015eVn fhe diagram,
although not strictly relevant here, is intended tc throw light

upon variations in the muon compcnent observed in the following

sections.

4-5 Effects of Chances in the Model for Nuclear Interactions

4=5,1 Introductign

59

The reasons for the choice of the 'normal' model for interactions

were described in Chapter 3 together with an account of why the choice

of such a single model was necessary for the present work. Hovever,
in many cases the values taken for parameters were by no means the
only reascna