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ABSTRACT

This thesis 1s concerned with the computer simulation of large
cosmic ray showers, After a general introduction to cosmic rays and
extensive air showers (EAS), a review of the nuclear physics and
electromagnetic processes relevant to EAS studies 1s presented.

The method of computer simulation of the hadronic core,
electromagnetic cascade, muon component and atmospheric Cerenkov light
component of cosmic ray showers 1s described in detail, Results of
the present calculations using Feynman scaling for the momentum
distribution of secondary particles in nuclear interactions are given
for primary energies ranging from 1016 eV to 1018 eV,

A novel method of imaging the development of EAS by using information
contained 1n the time structure of Cerenkov light pulses 1s descraibed,
Calculations of the response of experiments designed to detect the 1isotropic
optical emission from EAS are also described, with particular reference to
the detection of scattered Cerenkov light.

The results of the present calculations are compared with a broad
range of experimental data in an attempt to clarify the implications of
the data for particle physics and for the primary mass composition at

EAS energies.
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CHAPTER ONE

THE COSMIC RADIATION

INTRODUCTION

The cosmic radiation which continually bombards the Earth's
atmosphere from outer space has led, since 1ts discovery over sixty
years ago, to a greater understanding of the nature of the universe,
both on a microscopic and a gigantic scale, As Heisenberg said in
his 1naugural lecture to the cosmic ray conference at Munich in 1975
"“"This cosmic radiation contains information on the behaviour of matter
an smallest JdimEnsions aNia 4u wunlrivules TO our Knowledge about the

structure of the universe, of the world in the largest dimension.,"

1-1 THE DISCOVERY OF COSMIC RADIATION AND SUBSEQUENT RESEARCH

Around 1900, an extra-terrestrial radiation was proposed to account
for the leakage of charge from an ainsulated gold leafelectroscope by
the 1onization of the air in the electroscope. An experiment by C T.R.
Wilson (Wilson 1901)) to determine whether the radiation was terrestrial
or extra-terrestrial in origin by taking an electroscope underground was
inconclusive, It was shown that there was no significant decrease in
the electrical leakage underground and so 1t was assumed that the
radiation was of terrestrial origin.,

In 1912 Hess (Hess (1912)) made a series of balloon flights to
altitudes greater than 5 km and found that, after an initial decrease
in the 1onization in an electroscope, the intensity of the r1onization
increased with altitude. This :1esult showed that part of the
iomzing radiation was of extra-terrestrial origin and thus marked the

beginning of cosmic ray physics, Hess' results were confirmed by
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Kolhorster (1914) who made dangerous ascents to an altitude of 9 km.
Furthermore, 1t was found that this radiation was more penetrating

than gamma-radiation, the most penetrating radiation then known,

1-1.1 Early experiments

In 1927, the first tracks of cosmic rays were seen in cloud
chamber photographs by Skobelzyn (1927) working in Leningrad. In the
same year the Geiger-Muller counter (Geiger and Muller (1928)) was
i1nvented. Both the cloud chamber and the Geiger-Muller counter were
to become very important tools with which many fruitful experiments
were performed.

In 1929 Bothe and Kolhorster (Bothe and Kolhorster (1929))
established the corpuscular nature of the radiation by investigating the
simul taneous discharge of two Geiger-Muller counters shielded with
lead and airon. In 1932 Anderson (Anderson (1932)) discovered tracks
of positrons in cloud chamber photographs of cosmic rays. Rossi (1932,
1933) and Anderson and Neddermeyer (1934) showed that the sea level
cosmic radiation consisted of a "hard component' which was capable of
penetrating 1 m of lead and a "soft component' which cascaded i1n dense
materials and was readily absorbed. In 1934 Bethe and Heitler
(Bethe and Heitler (1934)) showed from theoretical arguments that the
soft component probably consisted of electrons and concluded that the

hard component consisted of more massive particles.

1-1.2 Discovery of mesons

In 1937 Neddermeyer and Anderson (Neddermeyer and Anderson (1937))
proved the existence i1n the hard component of the cosmic radiation of
particles, mesons, with mass intermediate between that of the electron
and proton. Rossi, Hilberry and Hoag (1940) pointed out that the hard

component of cosmic rays appeared to be absorbed more strongly in air



than 1n dense media and concluded that the particles were unstable and
decayed with a mean lifetime of 2.7 microseconds (this was revised to
2.15 microseconds by Rossi and Nereson (1942) using improved techniques).
In 1940 the first meson decay was observed by Williams and
Roberts (1940) in a cloud chamber. Later, Lattes, Occhialini and
Powell (1947) observed the decay of a meson into another meson of lower
mass 1n nuclear emulsion and identified the daughter meson as the
particle with mean lifetime 2.15 microseconds. They called 1t the
H-meson and 1ts parent, the T-meson. Brown et al (19249), working with
electron sensitive emulsions observed the M-l-e decay chain, Since
the hard component consisted mainly of muons (f-mesons) and the source
of those muons were pions (K-mesons), the mean lifetime of the pion was

concluded to be much less than that of the muon.

1-1,3 Discovery of multiparticle production

The discovery by Anderson (1932) of the positron confirmed the
existence of a particle-antiparticle conjugation which had been
theoretically predicted by Dirac, A consequence of this discovery
was that the particle number was no longer a good guantum number,
although 1t was thought that mesons would be produced in pairs in a
similar way to the electron-positron pairs of Dirac,

In 1937 Blau and Wambacher (Blau and Wambacher (1937)) discovered
possible candidates for multiparticle production in nuclear disintegrations
which appeared as "stars" in their photographic emulsions, About 15
years lat:r, multiparticle production was established and many new
particles (K+, K-, KO,A,K,Z+ and E_) were discovered by observing the
tracks of particles produced in cosmic ray interactions either 1n cloud

chambers or nuclear emulsions.



1-2 THE COSMIC RADIATION IN THE ATMOSPHERE

A cosmic ray proton entering the atmosphere will collius: with air
atoms, giving rise to the production of secondary particles, e.g. pions,
kaons, etc, After successive collisons the proton will lose energy and
disappear from the cascade,. The charged pions will either ainteract
with air atoms and produce more secondaries or they will decay into
muons but some of the pions may survive to sea level, The muons interact
weakly and the majority will survive to sea level but some will decay
into electrons. The neutral pions produced i1in nuclear interactions
will decay almost instantly into two gamma-ray photons which will
initiate an electromagnetic cascade of electrons, positrons and photons
in the atmosphere, In this way, the local cosmic radidation in the
atmosphere (consisting mainly of nucleons, pions, muons, electrons and
gamma-rays) can be understood. The vertical flux of the important
constituents of the local radiation are given in figure 1 as a function
of depth i1n the atmosphere (the constituents of the soft component are

shown as dashed lines and the hard component as solid lines).

1-3 THE PRIMARY COSMIC RADIATION

The primary cosmic radiation, the cosmic radiation above the
atmosphere, provides us with a direct sample of matter outside the
solar system. The radiation consists mainly of protons, alpha-

particles, heavier nuclei, gamma-rays and electrons,

1-3.1 Nuclear component up to 1012eV

Figure 2 gives a summary of the primary energy spectra of protons
and nuclei up to an energy per nucleon of 1012 ev, These spectra were

obtained from measuremcnts made using detectors above the Earth's

atmosphere 1n satellites or in balloons at high alt:itudes. The
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flattening of the spectrum of heavy nuclei may be due to spallation effects
and does not necessarily imply a separate source for this cowponent of
the radiation (Orth et al (1977)).

The primary nuclei are thought to be created in the nuclear burning
processes of stellar evolution and their chemical composition i1s thus an
iamportant source of information about nucleosynthesis in stars. The
observed composition differs fromthat on production due to the various
processes the cosmic rays go through from their production ( e.g.
spallation), To obtain the source spectrum 1t 1s first necessary to
know the i1sotopic composition of the primary radiation as this enables
the age of the cosmic rays to be obtained by radioactive dating and may
also give i1nformation about their propagation through interstellar space.

The composition of the nearby cosmic rays is ain fairly good agreement
with the ''universal abundances", particularly for the elements most
prominent in the nuclear burning stages of stars (H, He, C, O, Ne, Mg,

S1 and PFe) and 1s thought to indicate that information on the source

composition 1s still present.

1-3.2 Electron component

The existence of an electron component of the primary cosmic
radiation was suggested to explain the observdtion of a continuous
spectrum of radio waves from our galaxy. This could be accounted
for by synchrotron emission from electrons spiralling in the galactic
magnetic field. Direct observation of the electron component, which
1s of galactic origin, has been made and the energy spectrum 1s shown

in flgure|3'whlch summarizes the main components of the primary radiation.

1-3.3 Cosmic gamma-radiation

Cosmic gamma-rays, being uncharged, are not deflected by the

galactic magnetic field and travel directly to us from their source.



They are produced in the various interactions between the primary nuclear
component and the fields, photo»s and matter in space. They thus
provide information about the distribution of both the primary nuclear

cosmic rays and matter in the galaxy. The primary energy spectrum of

the cosmic gamma-radiation obtained from satellite and balloon experiments

1s shown i1n figure 3,

1-3.4 Primary radiation at energies greater than 1014ev

The steepness of the primary energy spectrum renders direct
observation of the primary radiation above energies of about 1012eV
rmpraciitdl, Tnis 1s pecause the flux 1S low (see ligure 3) and
detectors required to give a reasonable event rate would be much larger
than could be carried by balloons or satellites. It rs therefore
necessary to measure the energy of the primary radiation indirectly by
using the Earth's a*mosphere as a detector and observing the resulting

extensive air showers (EAS) at ground level.

1-4 EXTENSIVE AIR SHOWERS

The first evidence for showers developing in the air was obtained
by Rossi who noticed more simultaneous discharges of Geiger-Muller
counters separated by up to 0.4 m than could be accounted for by
accidental coincidences, This work was extended by Auger et al (1938)
who found simultaneous discharges at separations of up to 300 m,

By estimating the density of shower pariicles for such events they were
able to estimate (from considerations of i1onization loss 1in the

atmosphere) that the energy of the primary particle must be about 1016
eV. Before then, such high primary energies had not been considered.

Extensive air showers were initially thought to consist only of

electrons and photons but later Cocconi et al (1946) observed the
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presence of a few percent of muons 1n the shower which were more
broadly spread than the electrons and, in addition, 1t also became
evident that the attenuation of the soft component was slower than
expected for pure electron-photon cascades, Both these observations
suggested that the showers were of nuclear origin and that the hadronic
cascade produced the hard component by the decay of pions and continually
regenerated the soft component by the production of gamma-rays in

nuclear interactions (neutral pions had not then been discovered).

1-4.1 Detection of extensive air showers

The particle formation in an extensive air shower 1s 1llustrated
in figure 4, In figure 5 the average numbers of pions, muons, electrons
and gamma-rays are shown as a function of atmospheric depth calculated
for vertical showers from primary protons of energy 1015eV. The
lateral distribution of these components at sea level 1s shown in
figure 6 where the particle density 1s plotted against distance from the
air shower core (the point where the primary particle would have hit the
ground had 1t not interacted in the atmosphere). It 15 noted that the
density of electrons, gamma-rays and pions falls off much more rapidly
with core distance than the density of muons.

Measurement of the electron and muon components of extensive
air showers with ground based particle detectors has enabled the
energy spectrum of primary nuclei to be estimated up to energies of
1020 eV as shown in figure 3, An extensive air shower array consists
of many rarticle detectors spread 1n a (usually) regular pattern over a
large area (several km2) of ground. The densities measured by each
detector are recorded when the array triggering criterion (usually
coincidences 1n two or more detectors) 1s satisfied. When the data
are analysed, a "contour map” of the shower in the particular component

to which the detectors are sensitive 1s reconstructed from the measured
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densities, The arrival direction of the shower 1s obtained by trigonometry
from the times at which the detectors recorded the arrival of particles

and the position of the core on the ground i1s found by fitting a structure
function to the contour map with the core position as a free parameter

but with the core direction as a constraint. The lateral distribution

may be integrated to estimate the total number of particles of this
component 1n the shower from which 1t 1s possible to estimate the

energy of the primary particle, The electron number obtained 1in thas

way 1s used as the primary energy estimator at the Volcano Ranch array,

New Mexico, and the muon number 1s used as the primary energy estimator

at the S,U,G,A.R. array, Sydney. The total particle number does vary

for showers of the same primarv energy which develaon at different rates

in the atmosphere It has been found from computer simulations that

the density of a particular component at a particular core distance may
fluctuate less than the total number of particles in this particular
component for showers of the same primary energy. At the Haverah

Park array, Harrogate, the energy densities recorded by water Cerenkov
detectors (sensitive to both the soft and hard components) are interpolated
at 500 m and 600 m from the core and these values are used as primary

energy estimators,

1-4.2 Optical emission from extensive air showers

High energy electrons in a cosmic ray shower emit Cerenkov light
1n the air, This radiation may be detected on clear moonless nights
and measurement of this component 1s now popular, The first measur~ments
were made 1n 1953 by Galbraith and Jelley (Galbraith and Jelley (1953))
soon after they suggested 1t may be possible to detect Cerenkov light
in air showers and since this time, much effort (both theoretical and
experimental) has been devoted to the study of Cerenkov light from

cosmic ray showers,
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The measurement of this component has advantages over the measurement
0) other components of extensaive air showers, The density of optical
photons 1s much higher than the density of electrons or muons (see
figure 6) and hence lacks the sampling problems associated with the
measurement of these components. Furthermore, much information is
contained 1n the time structure of the Cerenkov light pulse and this
has recently been exploited by the Durham gioup i1n a new technique
to image the development of the electron cascade,

Cosmic ray showers have also been detected through the emission
of atmospheric scintillation light. Shower particles excite nitrogen
molecules 1in the air which subsequently emit light on de-excitation.
This fluorescence light 1s emirtted 1sotropically enabling showers to be
viewed from any direction, With a suitable set of detectors therefore,
the event rate 1s high as the showers need not hit the detectors and

remote showers may be observed.

1-5 COMPUTER SIMULATION OF EXTENSIVE AIR SHCWERS

The role of the computer simulation of large cosmic ray showers
1s twofold firstly, to provide a design study for future cosmic
ray experiments and secondly, to attempt to interpret cosmic ray data
in order to obtain information about the primary beam and the nature
of ultra-high energy nuclear ainteractions. To comment about these
high energy interactions 1t 1s necessary to simulate in detail the
propagation of the observed components of showers with various primary
masses using plausible models for nuclear processes, Comparison of
simulation results with the available cosmic ray data may yield a
consistent picture of the gross features of high energy interactions

and the primary mass composition,



_16_

1-6 THE SCOPE OF THE PRESENT WORK

This thesis 1s concerned with the computer simulation of cosmic
ray extensive air showers, In this chapter an introduction to cosmic
radiation i1in general and to extensive air showers in particular has
been given, In chapter 2 a review of the nuclear physics relevant to
the present work 1s given and the computer simulation of the hadron
core of an air shower is described. In chapter 3 the interaction of
electrons and photon- with matter, those aspects of cascade theory
relevant to the present work and the computer simulation of the
electron-photon component of extensive air showers are described and
the results of these simulations of the electron-photon component are
given, In chapter 4 simulation of the propagation of pions and muons
through the atmosphere is described in detail and results of these
simulations of the muon component are given, A detailed account of
the computar simulation of atmospheric Cerenkov light in extensive
air showers 1s given in chapter 5. In chapter 6 results of calculations
to determine the response of detectors designed to receive the i1sotropic
optical emission from extensive air showers to the nitrogen fluorescence
light and the direct and scattered Cerenkov light from air showers are
reported. In chapter 7, the results of the computer simulations reported

in chapters 3, 4 and 5 are compared with the relevant experimental data

and the conclusions drawn from this comparison are given 1in chapter 8.
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CHAPTER TWO

HIGH ENERGY COLLISIONS AND THE HADRON CASCADE IN COSMIC RAY SHOWERS

INTRODUCTION

Simulations of extensive air showers require speculation about the
nature of nuclear processes at energies which can never be explored using
particle accelerators. Data on nuclear interactions at present
accelerator energies ( & 2x103GeV) must therefore be extrapolated over
several decades 1n energy. We look to theoretical models describing
the nuclear processes to tell us how to make the extrapolation. A
number of different hypotheses about the nature of strong interaction

processes are able to account for the present accelerator data but give
drffering nredictione gt RAS encrgrcs,

In thais chapter data on inclusive processes 1n p-p and W-p
interactions from accelerator experiments are examined and discussed
with reference to the predictions of some important hypotheses, A
model based on the above data and the scaling hypothesis 1s described
in detail together with a model based on Landau's hydrodynamical model.
The predictions of these two models at EAS energies for the mean
multiplicity and the momentum distiibution of secondaries in p-p and
T -p 1nteractions are compared.

The differences between hadron-nucleon and hadron-nucleus collisions
(1.e., the effect on cross sections and multiplicities of target air nuclei)
and between nucleon-nucleus and nucleus-nucleus collisions (the case of
heavy primary nuclei) are described. In the latter case a description
of the breakup of projectile nuclexr i1nto fragments and nucleons 1s
included, The i1incorporation of the above processes into an EAS

calculation 1s outlined. The computer program used in the present work

1s described and tests of the program are reported,
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2-1 KINEMATICS OF MULTTPARTICLE REACTIONS

The momentum 4-vector, P, of a particle c 1s defined by

P = (E:P y P ) 1l
Cc c_ct cl

where Ec 1s the (total) energy of c,gc 1ts transverse momentum
t

2-vector and pc 1ts longitudinal momentum (throughout this chapler
1
the convention c=1 1s used). The 4-momentum of ¢ as seen 1n a frame

moving with velocity v in the longitudinal direction 1s obtained by

Lorentz transformation

Y o vy
p, = {0© 1 o P, 2
l-vy o v

2.~
where y= (1 - v) ’b.
Consider the inclusive process a+ b — ¢+ X (shown schematically
in figure 1), where X can be anything and has mass Mx' Useful Lorentz

invariant quantities exist, e.g. the centre of momentum energy squared,

2

s = (pa + pb) 3

the square of momentum transfer,
2

t = (p, - p) 4

and the missing mass squared,
2 2
M, =(p, +p, -p) 5

Often 1t 1s inconvenient to use Bc and pc to describe inclusaive
t 1
reactions and other (derived) variables are better suited for thais

purpose, Some of these are defined in a particular Lorentz frame and

are best used for certain physical pictures of the process,

2-1.1 Rapidity

A longitudinal kinematic variable which does not favour any

particular frame and 1s thus of particular value when assessing the
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C
a
>
FIGURE 2-1 Schematic representation of the inclusive process

a + b - c + "anything".

KINEMATIC VARIABLES | INVARIANT CROSS SECTION
2
E doG
p . P Ec
l t 1]¥ dpl dpt2
2
E 1do _
X« R P T dx dp?2
1 d%
y . B 1
T dy dpt2

TABLE 2-1 The invariant cross section in terms of three commonly

used sets of kinematic variables.
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implications of data 1s rapidity. For the above inclusive process the

rapidity of ¢ 1s defined as,

Ec + P, 1 + vy
Yo = 4 1In { 1} = % ln{-———————} 6
E - p l - v
c c 1
1
where Y1 is the longitudinal velocity of c. Also,
Ec T B
yc=1n{ 1] ?
Tc
t

where m, 1s the transverse mass of ¢ defined by,
t

t t

hence the 4-momentum of ¢ 1n terms of rapidity and transverse mass 1s,

p, = (m, coshy, p , m  sinhy ) 8

'_‘ - L A
t t t

Under Lorentz transformation to a frame moving with velocity u along

the longitudinal direction the rapidity becomes,

' 1+ u
Vo =¥, - % (i 9

1. Lorentz transformation is achieved simply by subtracting the rapidity
of the second frame relative to the first, ensuring that the shape of
distributions plotted against rapidity 1s independent of choice of frame
of reference.

The maximum and minimum possible longitudinal momenta in the C M

system (achieved when Mx—a-O) are,

v

p *max = +% s 10
c I
1 mn

(where * 1s used to indicate C M system).

hence, y,. * = + 3% ln{S 2} 11
mn e
t

thus the length i1n rapidity of the kinematically allowed region (the

maximum rapidity gap) 1s,

Y = (yc -y ) = ln[s } 12
max min
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which depends only on s and the transverse mass of the produced particle

C.

2-1.2 Feynman x
An alternative longitudinal kinematic variable used by Feynman (1969)

1s x defined by,

p * _
X = c1 - 2 pc* S i 13
P« 1
max

In the C M system x 1s thus the reduced longitudinal momentum and ranges
from -1 to +1. In EAS calculations where the cascade 1s considered in

the LAB system 1t 1s useful to relate x to LAB variables

X =25 'Y(pc -vEc) 14
1
where Y =s _é(E + m )
’ a b
and v = (E. + m )-1
= Py a b
1
. 2 2
.- e X --_;(Ea+mb)pc—spa Ec 15
1l 1
At high energies (Ea>> ma,b)
s = 2 mb pa
1l
. ~ =1 -1 _ -1
o« e prcmb +pc Ea Ecmb
1l 1
2 2.4
(E m_“) E -p
_ c ct _ c ¢y
Ea mb
2 m
Ec mct Ec ¢
= (— - é — + ..) -
Ea E 2 E, (E  + ) m
c pc b
1l
2
E mc
. . S t 16
L] L] ~~ E
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At non low X . (Ec>>m0t)v

x ~X - 17

where Xlab = Ec/Ea'

2-1.3 Single particle inclusive cross section

The momentum distribution of particles of type c which is measured,

3
d30 (being tne probabihty per unit incident flux that a particle of
dp
c
type ¢ 1s produced in the phase space element d3pc) 1s dependent on the

3
measurement frame, The anvariance of d pc/Ec enables an invariant

£ %p ,s) = E S~ 18

The invariant cross section in terms the variables described in the
previous section 1s given in table 1.
The mean multiplicity of particles of type ¢ 1s obtained from the

invariant cross section

1 d3p
o c
<n. > = Olnel ffab (_Ec,s) c 19
E
c
and conservation of energy requires that
¥ [1, %0, o, - orel o 20
re] ab =¢’ c

Since the transverse momentum of particles produced in strong

c
interactions 1s limited 1t 1s useful to integrate fab over transverce

momentum and derive an energy weighted number distribution (see e.g.

Gaisser (1974))

2

c
F (p , s) = ———————][f (g ,S) dp 21
ac c1 01ne1 ab Cc ct
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2-2 PHENOMENOLOGY OF HIGH ENERGY HADRONIC INTERACTIONS

A great wealth of information on high energy hadronic interactions
has become available over the past few years from experiments performed
at the i1ntersecting storage rings (ISR) at CERN, Geneva, Switzerland
( € 2000 GeV) and at the proton synchrotron (PS) at Fermilab, Batavaia,
U.S.A. ( <€ 400 GeV), Prior to the commissioning of these accelerators
the highest energy attained was ~70 GeV at the Serpukov accelerator near
Moscow, U.S.S R, At these high energies the mean number of produccd
particles 1s large rendering a complete (exclusive) description of the
final state of the interaction impracticable. Experiments to study
inclusive processes are therefore usually performed. The zero-particle
inciusive process ( a8 + b — anything ) and the one-particle inclusive

process ( a + b » ¢ + anything ) are perhaps the most useful to study.

2-2.1 Hadron - nucleon total cross sections

A survey of the high energy behaviour of the total cross sections
of K+, K-, Tt+ . n-, p and B on protons at LAB momenta up to ~ 300 GeV/c,
and 1n the case of p-p up to ~2000 GeV/c, 1s given in figure 2, The
rise i1n p-p total cross section with energy observed at the ISR was
anticipated from the comparison of measurements of the cosmic ray
unaccompanied hadron spectra at different mountain altitudes by Yodh et
al (1972). A number of fits to the data using a variety of models

have been made (seee.g.Diddens (1974)) and some of these will be

discussed later.

2-2,2 Mean multiplicity of different charged particles 1n p-p i1nteractions

Data on the mean number of charged particles produced in p-p
interactions up to ISR energies are shown in figure 3 (reproduced from
Antinucci et al (1973)) where the contribLutions from pion, kaon and

nucleon production arc given, The best fit to the mean charged
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multiplicity 15 given by Antinucci et al (1973) as,
<n,> = (-3.8 :0.4) + (1.88+0.07)ln s + (6.4:0.7){1’ 23

with s i1n GeVz.

2-2,3 Lim ted transverse momentum

The 1nvariant cross section 1s observed to fall off rapidly with
increasing transverse momentum as 1llustrated in figure 4 where the
anvariant cross section for the reaction p + p _+.It+ + X given by
Albrow et al (1974) 1s plotted against Py for two values of x. The
mean transverse momentum 1s small,‘<pt> ~ 0,33 GeV/c for pions and
0.4 - 0.5 GeV/c for kaons and nucleons. <:pt:>1s not independent of
longitudinal momentum (notice the fall off i1s steeper for the x=0.8
data than for the x=0.5 data shown in figure 4) and when plotted against
X there 1s a dip 1in <:pt;>at x=0 making the data points cluster resembling

a sea=-gull in flight - hence this effect 1s called the "sea=-gull effect".
1f 1nstead-<pt:>1s plotted against rapidity the data show a monotonic
decrease¢ away from y*=0 showing the sea-gull effect to be due to

artificial kinematic constraints (see Bosetti et al (1973)).

2-2.4 Longitudinal momentum distributions

Whereas for all types of produced particles transverse momentum
1s limted and essentially similar, there are important differences
in the distributions in longitudinal momentum, pl, between types of
produced particles depending on the nature of the beam and target
particles., The Py distribution is perhaps best 1llustrated by plotting
the invariant cross section integrated over transverse momentum space
at fixed x (or y) and plotting against x (or y). This has been done
for the reaction p + p ~—* n+-+x in figure 5 for x 3 0 using low energy
data from DESY (Blobel et al (1974), s&=7 GeV) and ISR data (Alper

et al (1975), Capiluppr et al (1974) and Albrow et al (1974)) where
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it is noted that data from experiments with different beam energies
appear to lie on a common curve, indicative of scaling to be
discussed later.

Data from experiments at Fermilab presented i1n a simirlar form

Olnel) for the reactions ® + p => T

(although not normalized to
+ +

+Xand T +p —> TN + X are compiled 1n figure 6(a) (taken from

Whitmore (1976)) which shows a distinct peak at x = 1 for both

distributions. This peak which 1s not present in figure 5 1s due to

diffractive excitation of the target proton. In contrast distributions

given in figure 6(b) (again from Whitmore (1976)) for the reactions

- + +
T +p— T +Xand T + p — N + X (1.e. the production of

- L Y - A e L
heam—unlale paons) shor ne cuch pozk. \5 with the p-p

[4%

N L
“ L VIIT OllAapoos

of the distributions are approximately independent of energy.

2-3 LIMITING FRAGMENTATION, SCALING AND CORRELATION LENGTH HYPOTHESES

Scalinghypotheses have a long history going back to the pioneering
work of Amati et al (1962) and Wilson (1963) and being restated by
Feynman (1969) ("Feynman scaling hypothesis'") and Benecke et al (1969)

("hypothesis of limiting fragmentation'").

2-3.1 Limyting fragmentation

The LAB frame and the projectile rest frame are preferred by
Benecke, Chou, Yang and Yen (BCYY) for a description of high energy
collisions because, they believe, that in these systems some of the
outgoing particles aporoached 1imiting distributions, 1.e., for fragments
of the target

f(Blab,s) — f(glab) 25

and for fragments of the projectile

£(pP™%,s) —= 2", 26
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These distributions represent distributions of broken-up fragments

of the target and projectile and in the case of very high energies
form a complete description of the inclusive process, there being no
pionization process in their picture 1llustrated in figure 7(a), taken
from Morrison (1973).

BCYY give a droplet picture to 1llustrats thas process, At high
energies the projectile 1s Lorentz contracted to a disc and so, at even
higher energires the projectile looks essentially the same to the target.
Furthermore, the time of passage of the projgectile disc through the
target ~(proton size)/c 1s independent of energy in this simple picture
at high energies with the expectation that the excitation and breakup

ot the target approaches a limitaing distribution.

2-3.2 Scaling
Feynman's hypothesis,

£

c(p ,8) —— fa ) 27

] 2
ab ¢ (x,pc

b t

which 15 based on a bremstrahlung - parton picture goes further than
the hypothesis of limiting fragmentation in that the distribution 1s
predicted to scale in the "central region" (1.e. about x=0) in addition
to the projectile and target "fragmentation regions" (x & +1). These
ideas are shown schematically in figure 7(b), also taken from Morrison
(1973). Two i1mportant consequences of this hypothesis are firstly,
the 1inelastic cross section ()ab-»cx should approach a constant

value (when s i1s sufficiently large that thresholds for production of

particles are exceeded) and secondly, the multiplicity of particles of

type c,<:nc;>, should rise as 1ln s.

2-3.3 Correlation length hypothesis

This hypothesis (sec Frazer et al (1972) for discussion) which has

been abstracted from multiperipheral models provides a simple
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motivation for scaling by invoking short range order in longitudinal
momenta, The hypothesis states that there 1s no correlation between
particles separated in rapidity space by a distance large compared to
a "correlation length”" L. This suggests a natural division of

rapidity distributions at high energies into the three regions discussed
earlier,

i) target fragmentation region y < L

11) central region L<y<(Y - L)

iii1) projectile fragmentation region (Y -L)<y.

It also suggests that as the energy 1s increased the behaviour of the
rapadity distribution will change. At low energies (Y £ L) particles
di1e Lullelateu WllR DOTn tTarget and projectile, As the energy 1is
increased and Y>> L, particles at opposite ends of the spectrum become
uncorrelated and limting fragmentation 1is expected. When Y>3 2L

the centrzal part of the distribution 1s uncorrelated with either fragment-
ation region and a unmiform distribution (the plateau) 1s expected, 1in
agreement with the scaling hypothesis, Theoretical arguments and data

on low energy resonances suggest L &= 2,

2-4 THE SCALING MODEL USED IN THE PRESENT WORK

The model for particle production in pion-nucleon and nucleon-
nucleon i1nteractions used in the present work 1s based on that
described by Gaisser (1974). Nuclear target effects are small and
have been neglected as discussed later, Kaon production and NN
production are neglected, the energy instead going into pion productiion.
These simplifications are not unreasonable (except for calculations of
hadron spectra and muon charge ratios in EAS which are not undertaken
here) since kaon production 1s low (~10% of pion production), kaon

initiated i1nteractions are similar to those of pions and 64% of charged
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kaons have decay modes simlar to those of charged paions. It Nﬁ
production becomes large at EAF energies 1ts inclusion will be necessary
but the data indicate ~3% of the interaction energy goes into NN
production at high energies (Gaisser and Maurer (1973)). No distinction
1S mdde between protons and neutrons (nucleons, N) or between n+ and
™ (charged pions, nc)

The distribution of fragment nucleons i1in N-N inteiractions 1s

approximated by
FhN(x) = X 28

corresponding to a nucleon elasticity of 0.5, This approximation has
been found to make little difference to cascade development when compared
to that obtained using a more realistic distribution (see figure 8),

The distributions of charged pions produced in N-N and T-N

interactions,
F.¢ =~ (F + F ) 29
NTU -
th+ pTt
and F = 3(F + F + F + F ) 30
+_+ +_= - -~ -
nn® TR T T R

have been renormalized up by ~10% to account for kaon production as
described by Fishbane et al (1974) and are shown in figures 9 and 10,
Neutral pion production 1s assumed from charge independence to be

half that of charged pion production. F c has been decomposed

1981
anto distributions for a fragment pion and p:roduced pions (see Figure

10) as given by Gaisser (1974),

2-5 NUCLLCAR TARGET EFFECTS

The multiplicity of charged particles produced in hadron-nucleus
interactions 1s greater than that for hadron-nucleon interactions due
to cascading within the nucleus. The nature of the intra-nuclear

cascade 1s uncertain - see e.g. Fishbanc and Trefil (1973) who describe
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Figure 2-8 The approximate distribution of fragment
nucleons, FNN(Y) = x 1S compared to a survey of the

experimental data (Gaisser (1974)).
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FIGURE 2-9 The distribution of charged pions produced 1in

nucleon-nucleon interactions used in the present calculations,
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pion-nucleon i1nteractions used 1n the present calculations,
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coherent production and incoherent production models predicting quite
different multiplicities.

Recent experiments at Fermilab by Busza et al (1975) have measured
the variation with nuclear size of the number of particles produced in
pion-nucleus 1nteract10ns,.<n>k, at 100 and 175 GeV/c relative to the
number produced in pion-nucleon interactions,<n>.,, for four angular
regions, Their result 1s shown in figure 11 where <'n>A/<n>H 1s
plotted against the average number of absorption mean free paths, V,
encountered in the nucleus of mass number A calculated from,

V = A O/ Opa 31
Their data show that there 1s no increase in the number of particles
produced 1n the forwrard direction ( -ﬁiab<:3.5°) while at other
angles the increase grows slowly with atomic mass and 1s apparently
independent of energy. These authors also point out that their data
averaged over all angles are similar tc those from nucleon-nucleus
interactions when plotted against v indicating that the intra-nuclear
cascade depends on the absorption cross section of the incident particle
and not that of the secondaries, A number of models are able to account
for the absence of cascading (e.g. Gottfried (1976) , Dar et al (1976),
Capella and Krzywicki (1977) and Masuda (1977)) but since cascading 1s

mnimal for the light atmospheric muclei, target effects are ignored

in the present work.

2-6 SIMULATIONS OF N-N AND T1-N INTERACTIONS

The data of figures 8 - 10 were reduced to a table with elements

corresponding to 41 bins of equal width spanning the range of x (-1 — +1),

F 1s symmetrical about x=0 but F for negative x (near the
c c.C
NTC ) (48 19
target nucleon fragmentation region) is simlarto F c and account was
NTC

taken of thas,



-40-

6 l | I
o 100 GeV/c
5| ¢ 26-10°
o 175 GeV/c 8
I %
C
N
A {
v 3 ¢
¢
2 $ , g 0-10°
3 ) oo 0-26°
1 . B3 I, °p 0-3.5°
H C Al Cu Ag PbU
| | 1
% 1 2 3
\Y
FIGURE 2-11

The number of particles produced 1n pion-nucleus
interactions divided by the number produced in pion-nucleon

interactions (from Busza et al (1975)).
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Simulation of a N-N interaction was achieved in the LAB frame by
first sampling the nucleon elasticity from a uniform distribution

(corresponding to FNN(x) = x and a further approximation, x = xlab’

whaich holds for leading particles) and second, prons were sampled using

F c (1/3 beaing randomly chosen as neutral) until the energy remaining
NIt

for pior production was exhausted.

Sampling of pion LAB energies was carried out i1n four stages

(1) The minimum value of X1ab was calculated from
xmm = <m“t>/E° 32

where Eo 1s the LAB energy of the incident nucleon, (11) A possible

X 1s then chosen randomly on a logarithmic scale between X and 1
lab min

(this 18 done since F(x)= E-%% = ET%§E7')' (111) The value of

(Feynman) x 1s obtained from X using equation 17 and the appropriate

lab

value of FNTt 1s taken from the table. (1v) A random number 1s then

generated to decide, by comparision with F whether to accept or

NTC

reject xlab'

2-6,1 Practical difficulties of sampling

In a simulated i1nteraction where a pion 1s sampled having more
energy than 1s available, a choice has to be made between giving the
sampled pion all the available energy or rejecting the pion altogether,
The latter option was used since the distribution obtained by thas
method was i1n better agreement with the input distribution, In the
full computer program energy conservation was ensured by feeding the
remaining energy i1nto the previous interaction (see later).

A related problem 1s the distortion of the shape of the
distribution after energy has been sampled. This arises since a pion
1s offectively sampled from the distribution from -1 < x< X where

max

xmax ~ energy remaining available for pion production. This effect
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is not too serious for F c but when pions are sampled directly from
NTC

F c ¢ the distortion 1s severe as shown in figure 12 since the

T
tendency 1s to sample first the produced pions (which have higher
probability) and then run out of energy before the fragment pion 1s
sampled. In the present work this situation was remedied by independent
use of distributions for fragment and produced pions (see figure 10),
sampling the fragment pion first, This method 1s analogous to N-N

interactions in which the leading particle, in this case 4 nucleon,

1s first sampled from FNN'

2-6.2 Mean multiplicity from sampled events

——a— .

Th& m8an Chidipgsu fuliipiiciiy vvtaineu irom D0 monte Lario TU-N
interactions sampled using F c c at given interaction energies are
{0 |
shown in figure 13 where 1t 1s compared with the logarithmic multiplicity

law obtainzd from F c e (see Appendix A) and with experimental data
TN

surveyed by Trilling (1974). At high energies the sampled multiplicity
1s 1n excellent agreement with the calculated logarithmic law while at
low energies 1t agrees with the data. This E% law approach to the
scaling multiplicity at low energies comes naturally from the sampling

method used!

2-7 THE COMPUTER PROGRAM FOR NUCLEON INITIATED SHOWERS

The jJob of this program is to calculate for a vertically incident
primary nucleon of given energy the pion production spectrum at 40
levels i1n the atmosphere, The muon, electron-photon and Cerenkov
light components of the shower are calculated from the pion production
spectrum by separate programs described i1n their appropriate chapters,
All pions are binned in one of two atmospheric depth/energy arrays

(depending on charge) at production, These arrays in the present work
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obtained from the Monte Carlo sampling routines 1s compared to the

expected logarithmic multiplicity law and the experimental data.
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have the same format as those used by Dixon (1974) and are,

for charged pions PITOT(IH, IE)

for neutral pions PIZOT(IH,IL).

A pion created at depth x (g cm_z) with energy E (GeV) would cause the
value of PITOT(IlH, IE) (1f e.g. the pion was charged) to be increased
by 1.0 where

IH

1 + x/25.75
} rounded down to nearest integer,
IE =4.5 + 4 log E

A fully Monte Carlo simulation 1s described schematically 1in
figure 14. The atmospheric depth of first interaction, X (g cm _2),

of the nucleon 1s chosen from the distribution,

f(xl)dx1 = exp(-xl/xlnt)dxl/x1nt 33

—2 .
where X nt 18 the mean free path (g cm ©), simply by taking X, = xlntln(R)

where R 1s a number randomly chosen such that O <R Z1. At thas
chosen point of interaction the energy of the leading nucleon is

sampled and the energy of a pion 1s sampled using F

NTC ° This pion

is considered as one of the first generation of pions. Its progress
through the atmosphere 1s considered next (before further pions are
sampled from the first interaction). If the paion 1s neutral 1t will
decay before interaction and another ISt generation pion 1s sampled.
If 1t 1s charged, an interaction depth and decay depth (below point of
production) are sampled and 1f the pion interacts before decaying the
products of this interaction (the second generation of pions) are
considered next, etc., etc... When the energy for production of

nth generation pions is exhausted the (n—l)th interation 1s reconsidered,
a further (n—l)th generation being sampled. This process 1s repeated
until all the shower energy 1s exhausted,

The above procedure enables an individual shower comparable
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(assuming i1nput cross sections are correct) to a real shower to be
simulated since all interactions are considered in detail, A sample

of such simulated showers should show similar fluctuations to a real
sample of showers. The Monte Carlo technique requires considerable
computer time however, and in practice only the high energy interactions
(those mainly responsible for fluctuations) are considered in this way.
The interactions of all particles with energies greater than a threshold
energy (usually chosen as 10-3 of primary nucleon energy) are treated

by the Monte Carlo method, 1ts secondaries being stored in PITOT and
PIZOT. The cascade resulting from pions produced below the threshold

energy 1S treated numerically as described an Appendix B,

2-7.1 Comparison of the present work with that of Gaisser

Results of the average of 50 runs of the computer program at 106
GeV are compared to the results of T.K Gaisser's program (Gaisser
(1976, private communication)) using the same scaling model and input.
Gaisser's program solves analytically the cascade equations describing
the shower,

In figure 15 the differential energy spectra of charged pions are
seen to be in agreement at a depth of 500 g cm_z in the atmosphere.
The discrepancy at higher energies lower in the atmosphere (at 800 and
1000 g cm-z) 1s thought to be due to large statistical uncertainties 1n
the present work resulting from the Monte Carlo technique (the error

3

bars correspond to n° where n i1is the number of pions contributing to the
point on the energy spectrum). Figure 16 compares the longitudinal
electron cascade development from the two programs calculated under

Approximation B (see Greisen (1956)) which are seen to be 1n reasonable

agreement,
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2-7.2 Energy dependent mean free paths

Simulations have been mad: to test the effect of the increase with
energy of total cross sections observed at the ISR. Inelastic cross
sections for N-air nucleus and T-air nucleus interations have been
obtained from p-p and T-p total cross sections (Gaisser (1976, private
communication)) extrapolated from accelerator data according to three
different models, The input total cross sections are an extreme extra-
polation given by Leader and Maor (1973), a ln s and a 1n2s extrapolation
given by Bartell and Diddens (see Diddens (1974)). The dependence of
these cross sections on LAB energy 1s shown in figure 17 and the
corresponding N-air nucleus and njﬁir nucleus 1nelastic cross sections

are shown in figure 18, Results showing the effect of these cross

sections on EAS cascade development will be presented in chapter 3.

2-8 THE LANDAU HYDRODYNAMICAL MODEL

It has been pointed out by Andersson et al (1976) and Carruthers
and Minh Duong-van (1973) that the Landau model (Landau (1953)) can
provide an equally good representation of the data at ISR energies
as scaling models, This model can be regarded as an extension of
the statistical model due to Fermi (Fermx (1950)).

A thin slab of hadronic matter 1s considered to be in thermal
equilibrium after the collision and to expand adiabatically, The
expansion 1s greatest in the longitudinal direction due to a higher
pressure gradient (resulting from Lorentz contraction) causing a
longitudinal-transverse asymmetry, The adiabatic nature of the process

3

gives rise to an E® multiplicaty law.
Carruthers and Minh Duong-van (1973) give an approximate formula

for the invariant cross section in facto.ized form
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-Bp -
E 'd;?"' = gl yp? e t Y/ 34
dp 2m (2icL)?
where B =~ 6 (GeV)_1
2
L = % 1n(s/4mp )
and N & 2 Ei.

FNth has been obtained by numeraical integration over pt2 and 1is
compared for ISR energies with the standard model in figure 19, The
discrepancy between the predictions of equation 34 and the standard scaling
model (which i1s a summary of ISR data) for x>0.3 1s thought to be due
to the simplicity of this version of the model which includes protons
as well as pions,

The effect of using the Landau model in EAS calculations has
been i1nvestigated by using the standard scaling model for [xl>~0.025
while for |x|<:0.025, using

-a(s) 2
F(x) = FO,8) e * 35

NTU

where F{O,s) 1s calculated from equation 34 except that N = 1.438 Ei
(which gives an energy dependence for F ¢(0) 1n agreement with that
anferred from the data of Alper et al (ngs) and consistent with more
recent data of Guettler et al (1976)) and a(s) 1s such that FNth(X) 1s
continuous at x = + 0,025, For T-p interactions where only low
energy data 1s available a similar model was used for produced pions
with N = b Eé where b was chosen such that Fﬁan (O) agrees with the
data at 16 GeV/c.

The distribution in LAB energy of pions produced in Ti-p interactions
according to this model 1s compared in figure 20 to that obtained using
the standard scaling model for lO2 to 108 GeV primary pions, The

distributions were obtained from the averages over 50 events sampled

from the above distributions,
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The effect of a model where pion production in the central region
relative to production near the fragmentation regions rises like Eé (to
be referred to as the Landau enhanced model) was investigated by using
N=c+ d Eé in equation 34 where ¢ and d were again chosen such that
the energy dependence of FN c(0) agreed with the data.

The mean charged mult:;11c1ty in T-p interactions for the two
above models 1s compared in figure 21 to that obtained from the standard
scaling model (again averaged over 50 simulated events). While for
the Landau mode1<:nch;> = 1.68 Ei 1s proportional to N, for the Landau

enhanced mode1,<:nch:> = EO'33

,Which 1s not, This 1s because at
high energies the central region 1s enhanced so much that production
1n this region takes away a larse oncunt oL wie avairiaple energy which

1s however finite.

2-9 PRIMARY NUCLEUS INITIATED SHOWERS

In many calculations of nucleus initiated EAS the superpositaon
model has been used (de Beer et al (1966), Hillas (1966), Gaisser (1974),
etc.). This model assumes that the shower from a primary nucleus of
energy E and mass A 1s equivalent to the sum of A nucleon initiated
showers of primary energy E/A, This simple treatment has been shown
to underestimate fluctuations i1n cascade development by Dixon et al
(1974). The present treatment of primary nuclei 1s based on that of
Dixon et al (1974a)which uses data for the fragmentation simlar to
that described in detail by Freier and Waddington (1975),

The problem 1s Lo calculate the decpths at which each of the A
nucleons first interact after which the simulation proceeds as described
for nucleon 1nitiated showers., The depth at which the primary interacts
1s sampled from a distribution with mean free path given by Cleghorn

et al (1968). In the interaction the primairy nucleus breaks up into
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FIGURE 2-21 The mean charged multiplicity in pion-nucleon interactions
as a function of interaction energy sampled according to the scaling

model (o), the Landau model (@ ) and the Landau enhanced model (+).



-58~

fragment nuclei, a-particles and nucleons, A fraction of the nucleons
released i1n the fragmentation interacted with the target air nucleus

to produce pions, Dixon et al assumed this fraction to be 0.25 but
measurements by Tomaszewski and Wdowczyk (1975) conclude the fraction
of interacting nucleons should be~0.75 for medium nuclei varying to

~ 0.5 for very heavy nuclei, These higher values have been used in
the present work,

The probability of nucleon interaction as a function of atmospheric
depth averaged over 20 iron nucleus showers obtained using the
fragmentation model of Dixon et al, with nucleus mean free paths as
given by Cleghorn et al, a nucleon mean free path of 80 g cm—2 and the
fraction of interacting nuclei given by Tomaszewski and Wdowczyk 1s
shown 1n figure 22. Also shown 1s the probability of interaction
obtained from the superposition model (using nucleon mean free path
= 80 g cm_z) which 1s seen on average to give approximately the same
distribution, suggesting that the superposition model may be used for
calculations of average cascade development, The full fragmentation
treatment should however be used to study fluctuations in nucleus

inirtiated showers as has been done 1n the present work,
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CHAPTER THRLE

THE ELECTRON-PHOTON COMPONENT OF COSMIC RAY SHOWERS

INTRODUCTION

The electron-photon component of cosmic ray showers, the most
numerous component at sea level, 1s fed primarily by the decay into
two gamma-rays of neutral pions produced in high energy hadronic
i1nteractions, These gamma-rays will initiate a cascade of electrons
and photons i1n the atmosphere. The number of cascade particles
approximately doubles after each radiation length until particle
energles are reduced such that ionization loss dominates over radiation

processes. As the cascade grows 1t also dovelops laterally, mainly due
to Conlomh segattering of the clcocctrons.

In this chapter electromagnetic interactions are described and
approximations commonly used in cascade theory are discussed. Resulits
of cascade calculations usuing "approximation B'" are compared to the
results of recent detailed calculations. The method of calculating
the electron-photon component of large cosmic ray showers using the
results of recent Monte Carlo calculations 1s described and results
of these calculations are given. The response of water Cerenkov

particle detectors of the type deployed at the Haverah Park EAS array

to the electron-photon component 1s also calculated.

3-1 ELECTROMAGNETIC INTERACTIONS

Electromagnetic interactions are accurately described by the
theorey ¢f quantum electrodynamics, but many processes may be
adequately treated by classical electromagnetic theory and the methods
of quantum mechanics.

The result of the interaction of an electron with an atom depends
on 1ts distance of closest approach to the atomic nucleus, If this

distance 1s larger than the atomic dimensions, then the atom as a

whole reacts to the field of the passing electron resulting in 1ts
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excitation or i1onization. If the distance of closest approach is of
the order of the dimensions of the atom, the problem 1s that nf the
collision between an atomic electron (which may be considered as free)
and the incident electron. These ''collision processes'" may be treated
by quantum mechanical methods. As the distance of closest approach
becomes smaller than the atomic dimensions, the deflection of the
election i1n the Coulomb field of the nucleus becomes increasingly
important, The defiection results in the emission of electromagnetaic
radiation (bremsstrahlung). This "radiation process'" must be treated
by quantum electrodynamics.

The 1interaction of a photon with an atom may be split up into
three cases as with electron-atom i1nteractions. The photo-electric
effect results from the interaction of the photon with the atom as a
whole. The interaction of a photon with a free electron results in
the Compton effect and the interaction of a photon with the Coulomb
field of the nucleus results in pair production,

The relative importance of the main processes mentioned above for
the 1nteraction of electrons and photons in air are i1llustrated in
figures 1 and 2, where radiation processes are seen to dominate at

high energies.

3-1.1 Bremsstrahlung

Radiation processes of electrons take place at distances from the
nucleus which are large in comparison to the dimensions of the nucleus,
thus the electric field of the nucleus may be considered as the Coulcab
field of a point charge of magnitude Ze. If this distance 1s of the
order of,or larger than the atomic radius, the screening of the
electric field by the atomic electrons becomes important.

The probability of an electron with energy E traversing a thickness
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dx emmtting a photon with energy E' in dE' 1is,

N _2 2 dE'
r

¢rad(E,E')dE'dx =4arz - F(E,E')ax 1

where. r =

o 1s the classical electron radius,

e
2
mc
e
N 1s Avogadro's number,
F(E,E') depends on the degree of screening and i1s given by
Rossi (1952). The differentiial radiation probability for electrons in

air 1s plotted against E'/E for various electron energies 1n figure 3.

The average energy loss per g cm-2 due to bremsstrahlung is,
E -mc
e

- g€ - f E ¢ (8,E")aE’ 2
ad rad

dx
r

v

For the case of complete screening this becomes

_ GE =4a§z2r2E[1n(1832'
e

/3y . 1/18] 3

For radiation processes 1t 1s thus useful to meacure thickness 1in units
of the "radiation length", Xo, defined by,

-1 N _2 2

X = 4a 3 2z° r” In(183 7 1/3

) 4

If the effect of atomic electrons and the inaccuracy of the Born
approximation used to derive equation 4 are taken into account, a more

accurate formula for the radiation length 1s obtained

-1 N
Xo =4Q A

1/3

2(z+1) r, 2 1n(183 7~ ) [1 + 0,12 (Z/82)2 ] -1

3-1,2 Pair production

The production of electron-positron pairs may be considered as the
inverse process of bremsstrahlung. The materialization of a photon

into an electron-positron pair i1s induced by the strong electric field
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FIGURE 3-3 Di1fferential radiation probability per radiation length
of air for electrons of various energies. The numbers attached to
the curves are the electron energies (eV). (From Rossi and Greisen

(1941)).
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FIGURE 3-4 Differential probability of pair production per radiation
length of air for photons of various energies. The numbers attached

to the curves are the energies (eV) of primary photons. (From Rossa
and Greisen (1941)).
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surrounding an atomic nucleus,

The probability of a photon with energy E traversing a thickness
dx and producing a pair where the positron has energy E' in dE' is
given by

2

A
' \ _ -_—
¢pa1r(E,E ME'dx = 4a N 3

2 dE' .
o g G(E,E')dx 6

where G(E,E') depends on the degree of screening and 1s given by Rossi
(1952), The differeniial probabilfty of pair prcduction 1s plotted
against E'/E for various photon energies in figure 4 where 1t is
seen to be symmetric with respect to exchange of v and (1 - v) where
v = E'/E, (1.e. with respect to the positron and electron energy).

The total probability for a photon with energy F +0o nroduce a

pair per radiation length 1is,

E
gy (B) = f Py p (BB AE! 7
o)
where &ppalr(E,E') = X (Dpalr(E,E').

For the case of complete screening

By (BE—>00) = 7/9 8

3-2 NUCLEAR INTERACTIONS OF ELECTRONS AND PIIOTONS

The cross sections for nuclear interactions of electrons and photons
are much smaller than the corresponding electromagnetic cross sections
and 1t has been found (McComb, Protheroe and Turver (1977, unpublished))
that these processes may be completely neglected in calculations of
the electron-photon component of cosmic ray showers. The treatment
of these nuclear interactions may, however, be necessary in calculations
of the muon component of large cosmic ray showers where the nuclear

anteractions of just a small fraction of the numerous electron-photon
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component may make an important contribution (through the decay of the

charged pions produced) to the less numerous muon component,

3~2.1 Photomeson production

The total 1nelastic cross sections for photon-hadron interactions
(photomeson production) and electron-hadron interactions (deep inelastic
scattering) are of the order of ¢ and (12 of the total inelastic cross
sections for hadron-radron interactions respectively ( & 1s the fine
structure constant ~1/137) and for this reason photon-hadron interactions
only are considered here, The total inelastic cross section for photon-
proton interactions displays resonances at photon energies below 2 GeV
but 1s fairly constant in the high energy region (> 2 €=} un to 20 LoV
with values of about 125 jIb (see e.g. Luke and Scdaing (1971) for a
survey of data 1n the range 0.2 GeV < EY < 20 GeV), Recent measurements
at Fermwlab (Nash (1977)) up to photon energies of 185 GeV show the
rise 1n the total inelastic cross section expected from the 1increase
in the proton-proton total cross section observed at the ISR. The
energy dependence of the photon-proton total inelastic cross section
predicted from the behaviour of hadron-hadron cross sectiors is (P.D.P.
Collins (1977, private communication))

otot _ 100 s0.07

+ 100 s -4 b 9
YP
2

where s 1s i1n GeV ., This energy dependence of the cross section has
been assumed 1n the present work.

The total inelastic cross section for photon-nucleus interactions
1s obtained from the photon-proton cross section (see e.g.Weise (1974))
by,

0.91
YA OYp 10

where A 1s the atomic mass number of the nucleus.
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The i1nclusive cross sections for pion production in photon-
hadron interactions are essenti2lly similar to those for hadron-hadron
interactions (see e.g Burfeindt et al (1973) for data on Y +p - n+ + X,
Swanson et al (1971) and Moffeit et al (1972) for data ony+ p >+ X
and Berger et al (1973) and Eisner et al (1974) for data on Y+ p > n? + X)
although Eisner et al have pointed out that in the kinematic region of

their experiment ﬂP production 1s only 80% of the n+ production,.

3-2.2 The importance of photumeson production

The total 1nelastic cross section for photon~air nucleus interactions
1S ~1.,5 mb from equation 10 (assuming OYp = 125 iUb and A = 14.8)
which 1s about 0.3% of the corresnnnding nazixr 10n CiUSS sewilon.
The mean free path corresponding to photomeson production in air 1s thus
approximately sixteen times the thickness of the atmosphere. It 1s
quite conceivable therefore that the number of photon-hadron interactions
in a cosmic ray shower may be as high as 10_2 times the electron number
at shower maximum, Nmax' In the majority of these interactions a small

number of low energy pions will be produced and 1t 1s energetically

favourable for the charged pions to decay into muons rather than interact

2

_3 -
with air nuclea. It 1s expected therefore that ~10 to 10 Nhax

additional muons i1n the shower may arise from photomeson production,
Furthermore, the energy dependence of the number of muons arising from
photomeson production 1s expected to be approximately proportional to
Nmax which 1n turn 1s approximately proportional to the primary energy
of the shower, Ep. The energy dependence of muons arising from the
decay of pions produced i1n the hadron core 1s approximately proportional
to Ega where # depends on the model for the hadronic interactions and

is usually less than unity. It 1s feasible therefore that for high
primary energies muons arising from photomeson production may even

dominate the muon component.
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A description of the treatment of photomeson production in these
celculations together with preliminary results (McComb, Protheroe and
Turver (1977, in preparation)) showing the effect of muons arising
from photomeson production on the muon component will be given in

chapter 4,

3-3 CASCADE SHOWERS

High energy electrons lose most of their energy by radiation.
Since the energy distribution of both the surviving electron and the
photon radiated 1n bremsstrahlung are almost flat, the electron and
photon have sufficient energy or average tc produce further photons
and to materialaze clooctron-positoon paiss, 1i wne primdary particle
has sufficient energy these processes take place successively, the
total number of particles increasing with each interaction This

continues until the energy of the particles 1s reduced below that at

whaich collision processes dominate and the cascade shower decays.

3-3.1 Approximations of cascade shower theory

The properties of cascade showers may be derived analytically by
solution of the cascade equations provided simplifying assumptions are
made. Two sets of approximations frequently used are "approximation
A" and "approximation B" (see Rossi and Greisen (1941)).

Under approximation A only radiation processes are considered,
the asymptotic formulae for bremsstrahlung and pair production being
used, The results of shower theory under approximation A are identical
for all substances provided thicknesses are measured in radiation lengths.

Under approximation B radiation processes are considered in the
same way as under approximation A but, in addition, i1onization losses
are taken into account and are described by a constant energy deposition

of E% per radiation length. Eo 1s the critical energy defined by
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E~0

€C €,) 1

where £(E) 1s the collision loss per radiation length of electrons

with energy E.

3-3.2 Results of cascade theory under approximation B

A solution of the cascade equations under approximation B by
Snyder (1949) for the total number of electrons at a depth of t

radiation lengths 1n a cascade initiated by a primary photon of energy

EY has been conveniently given by Greisen (1956) as,
0.31 3
N> 0, = T exp {ta -3 1) O} 12
where s = 3t/(t + 2 ﬁo) .
B, = In(Ey / E)).

s 1s called the "age parameter" of the shower s < 1 before cascade
maximum, s = 1 at cascade maximum and s > 1 after cascade maximum.
Calculations of the lateral development of showers have been made
under approximation B by Nishimura and Kamata (see Nishimura (1967)).
Their result for the lateral distraibution of electrons has been
parameterized by Greisen (1956), the "NKG distribution', as

s-4.5

72 (x + 1) 13

f(x) o

where x 1s the radial distance measured in '"Moliere units', rm.
defined by,

14

where Es 1s the characteristic energy for multiple scattering Es

[

2 21 MeV for electrons,

3-3.3 Detairled Monte Carlo calculations

The analytic method 1s unable to accurately describe the behaviour
of low energy shower particles because the approximations become 1nvalid

as the energy 1s reduced, the cross sections depending strongly on

energy. Use of Monte Carlo method enables the energy dependence of
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the cross sections to be faithfully reproduced and processes which
hecome i1mportant at low energies (e.g. Coulomb scattering and the
Compton and photo-electric effects) to be considered rigorously,

A number of comprehensive calculations of cascades i1n a variety
of media were made by Butcher and Messel (1958, 1960), Crawford and
Messel (1962), Messel et al (1962) and Messel and Crawford (1970).
Recent work by the Durham group (Browning, Protheroe and Turver (1976,
unpublished)) which 1s reported here has been based on the techniques
of Butcher and Messel (1962) and the computer program devised by Baxter
(1969). Many improvements to this program (e.g. the inclusion of the
geomagnetic deflection of electrons) have been made by Smith and Hough

(1973, unpublished), Browning (1975, unpublished), Allan et al (1975),
Browning and Turver (1977) and the present author in order to make
calculations of the radio emission, Cerenkov light emirssion and
nitrogen fluorescence light emission from large cosmic ray showers,

The above work utilises the cross sections for electromagnetic proceses
by Rossi (1952) but ionization loss 1s calculated using the data of
Sternheimer (1959).

Recently, Allan et al (1975) have shown that the lateral distribution
of electrons given by the NKG distribution 1s considerably broader than
that obtained by detailed Monte Carlo calculations, This result was
supported by Browning, Protheroe and Turver (1976, unpublished) who
found a lateral spread midway between that given by Allan et al and
the NKG distribution, More recent calculations by Hillas and Lapikens
(1977) are 1in agreement with the present work,

3-3.4 Comparison between results of present Monte Carlo calculations
and other work

Monte Carlo simulations of cascades developing in a real atmosphere

from the present work are compared with other simulations, The
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average longitudinal cascade development of electrons (E>4 MeV) in
photon 1nitiated showers 1s compared with the cascade development
calculated under approximation B (equation 10) in figure 5. The data
from the present work comprise results obtained for primary gamma-

rays injected at different depths in a real atmosphere (the atmospheric
density has little effect on longitudinal development when plotted
against atmospheric depth). Except for the difference in normalization
(due to the different energy thresholds), the longitudinal cascade
development i1n the present work is in agreement with the approximation
B cascades. Monte Carlo simulations of Marsden (1971) are in
excellent agreemeni with the electron and photon number development
fium wne present work as shown in tigure 6, The discrepancy 1in the
photon number development given by Messel and Crawford (1970) was noted
by Marsden and 1s again evident in this figure,

The le¢teral distribution of electrons in photon initiated showers
is compared with that obtained from the NKG distribution in figure 7.
As noted earlier, the NKG distribution predicts more electrons at
large core distances than obtained from the present work. Better
agreement 1s seen at large core distances in figure 8 between the
present work and the parameterization of Monte Carlo results given by
Marsden (1971).

The i1ntegral energy spectrum of electrons integrated over the
whole shower 1s found to be 1n good agreement with the results of
Richards and Nordheim (1948) which are shown in figure 9. The
antegral energy spectra of electrons integrated over the length of
the shower (at different core distances) and thus indicative of the
spectra at cascade maximum are shown in figure 10,

For comparison with the work of Allan et al (1975) and Hillas and
Lapikens (1977), a sample of 40 photon initiated showers of primary

energy 10 GeV were generated 1n a linear atmosphere of density 1 kg m-3.
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The r.m.s. and median cascade widths of electrons (E>4 MeV) from this
calculation are compared with those obtained by Allan et al, Hillas and
Lapikens in figure 11, The cascade widths are found to be broader
than those of Allan et al, but in excellent agreement with those of
Hillas and Lapikens.

The lateral distribution of electrons at a depth of 5 radiation
lengths according to the present work 1s seen i1n figure 12 to be in
excellent agreement with that obtained by Hillas but narrower than
predicted by the NKG distribution. Figure 13 shows the r.m.s. angles
of electrons and photons as a function of energy (particularly important
in the calculation of the Cerenkov light component of cosmic ray showers)
from the present worl which arc comparsd 16 Lhose Of Rowerg anu Noraneim

(1949), Allan et al (1975) and Hillas and Lapikens (1977).

3-4 ELECTRON-PHOTON CASCADES IN LARGE COSMIC RAY SHOWERS

The electron-photon cascade of a large cosmic ray shower i1s fed
by the decay of neutral pions (and kaons) into gamma-rays and by the
decay of muons into electrons (and neutrinos,which are essentially lost
from the cascade). Since 1n large cosmic ray showers at sea level
the muon number 1s at least 100 times smaller than the electron number,
muon decay may be neglected as a source of electrons in calculations
0of the election-photon component.

In the rest system of a neutral pion, the decay 1s into two
photons with equal and opposite momenta. The angular distribution
of either photon 1s 1sotropic i1n the pion rest system resulting in 2
flat energy spectrum in the LAB system

£(E)dE = 2 9E (E<Eq ) 15

Ex
where En 1s the energy of the neutral pion and E 1s the energy of a

photon.
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3-4.1 Average cascade development under approximation B

The production spectra of neutral pions at 40 depths ain the
atmosphere are calculated by the hadron core program as described in
chapter 2 and are converted using equation 15 to the spectra of photons
resulting from pion decay at the 40 depths. These spectra are then
used to weight electron cascades under approximation B given in
equation 12 to give the electron cascade in the cosmic ray shower,.

Results for average shower development calculated using the
standard scaling model for pion production described in chapter 2 with
the electron cascade calculated as described above for proton, helium
nucleus and iron nucleus primaries are given in figures 14, 135 and
10 respectively tor primary energies ranging from 106 GeV to 109 GeV,

The average development of electron cascades in proton initiated
showers calculated using the standard scaling model but with the
energy dependent inelastic hadron-air nucleus cross sections of
figure 18 of chapter 2, are given in figures 17, 18 and 19, It 1s
noted that as the cross sections become larger the number of electrons

at cascade maximum 1ncreases,

3-4,2 Fluctuations 1n cascade development

Results from a sample of 20 individual proton initiated showers
and 10 individual iron nucleus i1nitiated showers with primary energy
5 x 108 GeV are given in figure 20, The thick lines give the mean
electron number, ﬁ, and the dashed lines give N + 0 where O 1s the
r.m.s. deviation of N from N. Also sbhown are the r.m.s.electron
number, Nrms’ which reproduce the cascade development as observed
by the constant intensity cut method (see Gaisser and Hillas (1977)),
For iron nucleus initiated showers the difference between N and Nrms
1s negligible due to the small fluctuations in cascade development

whereas for proton initiated showers the difference 1s greater (the



ELECTRON NUMBER

-84-

CONSTANT CROSS SECTION o

A=z=1

- E, (Gev)=100 -

[ | . . .

0 200 400 600 800 1000
ATMOSPHERIC DEPTH (g cm?)

FIGURE 3-14 Average electron cascade development for primary

proton initiated showers,




ELECTRON NUMBER

-85~

| 1 | | |

CONSTANT CROSS SECTION o
A=t 10°
108

107

_ E, (GeV) = 10°
] 1 1 ] 1

0 200 400 600 800 1000

ATMOSPHERIC DEPTH (g crm?)
FIGURE 3-15 Average electron cascade development for primary

helium nucleus i1nitiated showers,




ELECTRON NUMBER

-8G=

|
CONSTANT

CROSS SECTION

nucleus initaia

Average electron cas:ade development for primary iron

ted showers,

A =56
- -
10
E,(Gev)= 108
] ] | ] |
0 200 400 600 800 1000
ATMOSPHERIC DEPTH (g cm?)
FIGURE 3-16




| l l 'l
CROSS SECTION (1)
A=1
108 -
o 108
010’ |- -
=
-
Z
prd
o
o
Q.6
W10° |- ~
w
10°- .
E, (GeV) = 108
{
[/ l ! L !
0 200 400 600 800 1000
ATMOSPHERIC DEPTH (g cm?)
FIGURE 3-17 Average electron cascade development for primary

-87-

proton initiated showers using the energy dependent cross sections

(1) given i1n figure 18 of chapter 2.
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apparent depth of cascade maximum may be ~15 g cm-2 higher 1n the
atmosphere than the true depth of cascade maximum) but 1s small an

comparison to the accuracy obtained in typical experiments,

3-5 CALCULATION OF THE ELECTRON-PHOTON COMPONENT USING THE

APPROXIMATION A + MONTE CARLO TECHNIQUE

It has been customary to calculate the lateral distribution of
electrons i1n cosmic ray showers from the NKG distribution but, as
has been pointed out earlier in this chapter, recent Monte Carlo
calculations have shown that the NKG function overestimates the
electron cascade width. The analytic approach is also unsultable
for the calculation of Cerenkov light emission where detailed
information about shower structure 1s required.

It 1s impractical to use the Monte Carlo technique to simulate the
electron-photon cascade i1n large cosmic ray showers because the
number of particles which would have to be followed 1s so large that
the computing time required for the calculation would be prohibitive.
This problem 1s overcome by following the development of the high
energy part of the cascade in one-dimension using numerical nethods
and then using the results of detailed three dimensional Monte Carlo
calculations to consider the low energy part of the cascade. In the
present work the cascade of particles with energies greater than 75
GeV is followed under approximation A (at these energies the cascade is
essentially one-dimensional and approximation A i1s valid) using the
"step-by-step'" method (see Dedenko (1966) and Hillas (1966)). Partiicles
generated in this way with energies below 75 GeV are removed from the
cascade and binned in a standard depth-energy matrix (similar to those
used to store pion production spectra described in chapter 2) and used
to weight the results of the detailed Monte Carlo calculations in order
to obtain the electron and photon lateral distributions for the large

cosmic ray shower.
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3-5.1 Numerical calculations under appoximation A

The equations which analytically describe the development of an

electron-photon cascade are given by Rossi (1952),

QIL(E, t) _ _ oo ' ' '
3t = " TUE L (E) + i TUE',t) P (B' E)dE \

‘/-OO
+

(E',t) (E',E)dE'
: Y kPYn

16

AY(E,t) _ &0 ' ' '
3t = ./; TWE', t) kp“Y(E ,E)dE

o0
E',t E',E)JE' - E,t E
+ ./; Y( ) kPYY( ) Y(E, t) llY( )

where TU(E,t)dE and 'Y(E,t)dE are the numbers of electrons and photons,
respectively, with energies between E and (E + dE) at a depth of t
radiation lengths,
ng(E',E)dE 1s the prob~bility per radiation length for a particle

of type a with energy E' to produce a particle of type b with energy E
in dE,

Lla(E) 1s the probability per radiation length of a particle of
type a with energy E interacting.

Under approximation A only radiation processes are considered, the
assymptotic cross sections being used .o describe bremsstrahlung and

pair production as shown in figure 21,
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Hence,
' _ ' _E ' 3
QnEVE) = 2@, ®E) =3 . (E/ED,
' _ ' t_ _l E' - E
&pﬂ:n:(E E) = kprad (E',E'-E) T E' q"rad( E' )y ) 17
] _ 1 _l 1
Y ELE) = @, ELE =5 Y EED,
(E',E) = 0, /
kp'YY
and,
E' \
M (B = '/; |, (B/E")AE/E",
o \ 1
My E = f l.l)palr(E/E')dE/E' = My
0 )
where
P = %[1 v - a-) & - 2 b)] , ‘
> 19
lIJpalr(v) = v o (1-v)2+ (-g- - 2b) (1-v)v ,
b = [18 1n(183 7 1/3) ]'1 , ‘
then,
7 b
b, =35 - 3 - 20

In the present work the electron-photon cascade development was
calculated by the step-by-step method using procedures simlar to those
described by Marsden (1971), A series of logarithmic energy bins was

used to store the differential energy spectra TU(E,t) and‘Y(E,t) at a given
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depth. The mid energy of the (1+1)th ban, E1+ is related to the mid

1'
th
energy of the 1 bain, E1’ by

=F E_ . 21

Given the number of electrons and photons in all energy bins, 1,
at depth t, TU(1,t) and \Kl,t) the spectra at depth (t +At) may be

obtained from

co
(1, t+At) = ggo {eeJt(1+n,t) + gen‘Y(1+n,t)}
22
0
'Y(l,t+At) = l"go{ggn'Y(1+n,t) +egnTl',(1+n,t)}

where ee , ge , 88 and eg are the "approximation A operators".
Calculation of the approximation A operators 1s described in Appendix
cC. A computer program based on equation 22 was used to calculate

electron-photon cascades under approximation A.

3-5.2 Tests of the step-by-step program

The sensitivity of the calculated electron development to the
"step si1ze", At in radiation lengths, 1s given in figure 22 which shows
the electron longitudinal development calculated for three values of
At It 1s apparent that the minimum step size for reasonable accuracy
is less than one eighth of a radiation length.

The sensitivity of the calculated electron development to Fz
(related to the width of the energy bins) 1s shown in figure 23 from
which 1t 1sseen that for reasonable accuracy F2 should be less than
10é (the value used by Marsden (1971)).

Results of the step-by-step program using At = X /32 and F2 = 101/32

for an electron primary are given in figure 24 where they are found to

be 1n good agreement with the results of analytic calculations by Rossi
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and Greisen (1941). The electron and photon cascade development under
approximation A i1n the present work (using the same step size and energy
bins) are shown in figure 25 for a primary photon and in figure 26 for

a primary electron,

3-5.3 Tests of the approxaimation A + Monte Carlo technique

The approximation A + Monte Carlo technique may be readily checked
by using the parameterization of results calculated under approximation
B (given 1in cquation 12) in place of the results of the detailed Monte
Carlo calculations of low energy cascades, The result obtained in this
way from the pion production spectrum of a given cosmic ray shower should
then be i1dentical to that obtained by using the approximation B results
for the whole cascade, This 1s because approximation B reduces to
approximation A for electron and photon energies much i1n excess of the
critical energy.

The iongituainal electron cascade development for a 1018 eV shower
has been calculated under Approximation B and also under approximation
A (E>75 GeV) + Approximation B (E<75 GeV) and 1s shown in figure 27 where
the good agreement shows that the approximation A + Monte Carlo technique
1s valad,

The longitudinal cascade development of electrons with kinetic
energy greater than4 MeV and 20 MeV calculated using the approximation
A + Monte Carlo technique 1s compared to that calculated completely
under approximation B (all electrons, kinetic energy>0) in figure 28
for the same shower, The result 1s consistent with the energy
spectrum of electrons given by Richards and Nordheim (1948) (see figure

9) at all depths 1n the atmosphere.
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3-6 LATERAL DTSTRIBUTION OF ELECTRONS AND PHOTONS IN LARGE COSMIC RAY
SHOWERS

The lateral distribution of electrons and photons (>4 MeV) in the
average 1017 eV proton initiated shower calculated using the CKP model
(Cocconi et al (1961)) for pion production and the approximation A +
Monte Carlo technique for the electron-photon cascade 1s compared in figure
29 with the results of Marsden (1971) who used essentially similar
techniques. The discrepancy 1s thought to arise from the difference
between the primary zenith angle used in the present work ( 4 = Q) and
by Marsden ( ¥ = 250).

Results for the standard scaling model aie given in figure 30 which
shows the lateral distribution of electrons and nhotons (>4 MeV) 1n

proton and i1ron nucleus initiated showers of primary energy 1016 ev,

1017eV and 1018 ev, Showers which develop high i1n the atmosphere are

seen to have flatter ldteral distributions than showers developing low

in the atmosphere.

3-7 RESPONSE OF HAVERAH PARK DETECTORS TO THE ELECTRON-PHOTON COMPONENT

The Haverah Park particle detector array consists of water Cerenkov
detectors ~1.2 m deep viewed by photomultiplier tubes. These detectors
are sensitive both to the electron—phofon and muon components of cosmic
ray showers, A muon passing vertically through the tank will produce
~2,47 x 104 optical photons by Cerenkov radiation whereas an electron
or photon incident on the detector will initiate an electron-photon
cascade i1n the water, the number of optical photons emitted depending
on the energy deposited by the cascade.

Simulations of electron-photon cascades in 1,2 m of water
initiated by electrons and photons with energies up to 1 GeV have been
made by Browning, Protheroe and Turver (1976, unpublished) to calculate

the Cerenkov light photon yield of the Haverah Park detectors, The
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mean optical photon yield as a function of the energy of an electron

or photon incident on a 1,2 m deep water detector i1s given in figure 31.
In practice the detector response depends on the position on the
detector at which the particle 1s incident as the light received by the
photo-multiplier 1s reflected within the walls of the detector, but no
attempt has been made to include these effects.

The particle densities recorded by the Haverah Park detectors are
given in vertical equivalent muons m-2 since their response 1s calibrated
by observing the photon yield of a single vertical cosmic ray muon,
Results from the present work for the lateral distribution of electrons,
photons and deep water detector response are given in figure 32 for the
avérage 1018 eV proion i1nitiated shower calculated using the CKP model
for pion production, The results of Dixon and Turver (1974) based on
the data of Messel and Crawford (1970) for the electron densities and
data of Marsden (1971) for the deep detector response are also shown.

The Haverah Park deep detector response to the soft (electron-
photon) component for showers calculated using the standard scaling
model for pion production will be given 1n cnapter 4 where 1t will
be discussed together with the response of these detectors to the hard

(muon) component,
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FIGURE 3-31 The mean optical photon yield of the Haverah Park
water Cerenkov detectors as a function of incident electron and
photon energy.
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CHAPTER FOUR

THE MUON COVMPONENT OF COSMIC RAY SHOWLRS

INTRODUCTION

Study of the muon component in conjunction with other components
of large cosmic ray showers may give a valuable insight into the
nature of high energy nuclear interactions. This 1is because the muon
component, derived directly from the decay of the charged pion component,
does not cascade but retains information about the parent pions. The
stability of the muon component arises as the muon has a long mean
lifetime (~2 x 10-6 s), 1s weakly interacting and, due to 1ts high mass
(~0.,106 Gev/cz), has a low cross section for bremsstrahlung. This 1S
an contrast to the electrons in large cosmc ray showers which may be
as many as thirty interactions removed from their parent neutral pions.
In this chapter the main processes involved in the generation of
the muon cnmponent from the charged pion production spectrum are
described and the analytic approach to calculation of the lateral
distribution of muons 1s discussed, Other important processes 4re
described in detail and incorporated into the framework of a Monte Carlo
computer simuletion, Calculation of additional muons arising from
photomeson production 1s desribed, Results are presented both of the
muon component of large cosmic ray showers and the response of water
Cerenkov detectors of the type deployed at the Haverah Park array to
the muor and electron~ohoton components,

4-1 MAJOR PHOCESSFS AND THL ANALYTIC APPROACH TO CALCULATIONS OF THE
MUON LATLRAL DISTRIBUTICN

Three processes have the largest effect in determining from the

pion production spectrum the energy and spatial characteristics of muons
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in large cosmic ray showers, These processes are* 1) the nuclear
interéactions i1n which pions obtain transverse momenta, 2) thz competind
processes of pion decay and nuclear interactions, and 3) the probability

of muons reaching the observation level before decaying.

4-1,1 Transverse momentum of parent pions

The transverse momentum of pions produced in hadronic collisions
was discussed i1n chapter 2, In the present work a distribution in

transverse momentum of the form

2
f(pt) dp, = B p, exp(-Bpt) dp, , 1

-1
where B = 5 (GeV/c) was assumed. A pion wrth transwcrzs EomEioum

(]

P, (GeV/c) and energy E (GeV) was assumed to be travelling in a direction
{} with respect to the shower core,
where

ﬁ' = ptc/E radians, 2

The daughter muons are here considered as travelling in this dairection
since the energy of the muon in the rest system of the pareit pion is

small (see section 4-3,4),.

4-1.2 Competing processes of pion decay and nuclear interaction

The mean lifetime of charged pions of energy En (GeV) 1s

Tn =Yl 9 3
2 2

where ‘ﬁ1= En/mnc , My 1s the mass of the charged pion {GeV/c ) and

Tn (s) 1s the mean lifetime of charged pions at rest. In this time a

pion will travel a distance, 1 given by,

D'
1, = (‘Ylt-cn)[j'ﬂ: c m, 4
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-1
where qmc (m s 7) 1s the velocity of the pion, The interaction mean

-2
free path of plons,)wt(g cm ), corresponds to a distance, 1 given by,

I ’

1 = )\Tt/p m, 5

I

-2 -1
whereF)(g cm m ~) 1s the atmospheric density, The probabilities of

interaction and decay in a small distance dl (m) are then respectively,

Pr . d1/1.,
6
PD = dl/lD .
Then the probability of decaying before interaction is,
PD
h, E_)= =
Popt® Ep) I o A/ A+ 0 YnTuBred- 7

This probability depends both on the pion energy and the atmospheric
density (and hence altitude) and 1s plotted in figure 1 against pion
energy for differenl heights of production where a value of 120 g cm_2
has been assumed for Kﬁt' It 1s noted that at a typical production

altitude of 5 I'm, pron decay predominates over interaction at pion

energies less than 30 GeV.

4-1.3 Muon survival probability

The probability of a muon with energy E, (GeV) surviving decay

M

from an altitude of h (m) 1s

s(h, E,) = exp( -n/Y, B,CT,) 8

2 2

where =E /mc , m 1S the mass of the muon (GeV/c ), ¢ 1s the velocit

Y= Ep/my i Bu y
-1

of the muon (m s ) and Tu 1s the mean lifetime of a muon at rest (s),

The survival probability 1s plotted in figure 2 against muon energy for

various production altitudes. It 1s noted that muons with energies

above 1 GeV produced at 5 km have greater than a 45% probability of

survival to sea level,
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4~1.4 Analytic approach to calculations of the muon lateral distribution

It 1s possible to calculate by analytic means the approximate
lateral distribution of muons 1n cosmic ray showers given the pion
production spectrum. It 15 necessary howererto make a number of
approximations 1) muons travel in the same direction as their parent
where Cn = (m 2 + m 2)/Zm 2

1 n T -
3) scattering and collision loss may be neglected.

pions, 2) each muon has energy Cn E and

(TN 11
From equation 2, a muon resulting from a pion produced at altitude
h (m) w1ll impact 1n the observation plane at a distance r (m) from
the core given by

r =p.c h/Eq m, 9

Thus the probability of a muon impacting wiih core distance between r
and (r + dr) as
E'W
P(r, Emq h) = f(E“;/h) o dr, 10

where f(pt) 1s the transverse momentum distribution of the parent pions.

The muon density corresponding to this probability 1s simply,

f(Enr/h) En/h -
dp (r, EE’ h) = T m . 11

This function represents the muon lateral distribution resulting from a
pion with energy En produced at altitude h which decayed into a muon
which survived to the observation level, On using the transverse

momentum distribution given in equation 1, this becomes

dp (r, E_, h)

2
B
2

LN (Ep/n)? exp(-Br Eg/h)  m 12

nb

and 1s plotted 1n figure 3 against core distance for several values of
En/h. In order to obtain the lateral distribution of muons i1n a
cosmic ray shower it 1s necessary to multiply dp by the pion production
spectrum,chn(h, Enpdthn (the number of charged pions produced with

energies between Em and (En + dEn) between altitudes h and (h +dh)),
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the probability of pion decay before interaction and the muon survival
probability and then integrate the resulting function over all pion

energies and production altitudes

o0 0 ¢n(h, ETC)PTEJJ.(h' En)S(h, Cn}ﬁn)f(En"/h)EndEndh

p(>Ep.' I‘) =jf 2r h

0

C.n._u

It 1s 1nteresting to note that with scaling models for pion production,

¢n(En, h) ~ 1n Eg 14

and for energies less than ~10 GeV inspection of figures 1 and 2 suggest
that to a very crude approximation,
qmu(h, En)S(h, Cnp?n) ~ constant. 15

This means that the integral (equation 13) will look like the sum of
the curves shown in figure 3 (spaced 1ogar1thm1cany in En), which 1s
proportional to the envelope of these curves, Hence in general, very

approximately,
p(r) a r 2. 16

4-2 THE MONTE CARLO COMPUTER PROGRAM FOR MUON PROPAGATION

The present study, using a new computer program, was based on the
work of Dixon et al (1974) and Turver (1975), As with the previous
work, multiple Coulomb scattering and geomagnetic deflection of muons
are considered, The program 1s fully three-dimensional and pion and

muon decays are fully simulated.
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4-2,1 The computational procedure

The computer program takes as input the charged pion production
spectrum (PITOT) which was calculated as described in chapter 2, For
economy of computing time, only a fraction of the pions are considered
in detail (chosen so that~104 muons are fully simulated to ensure
reasonable accuracy). Initially, each element of PITOT 1s reduced by
this fraction and the final muon densities are increased accordingly.

Each element of PITOT (production height/energy) i1s treated in
turn, If the number of pions 1n the element considered, Ny . 18 greater
than one, Dy 1S reduced by one and the propogation of a2 pion with the
appropriate mid-bin energy and production altitude 1s simulated. it
nowever, np 18 less than one, a random number (O<R<l) 1s generated and
1f R<nTt the propagation of a pion 1s simulated, otherwise this element
of PITOT 1s treated as empty and a new element 1s considered.

The lifetime of a pion, tD (s), 1s then sampled from the

distribution

f(tD)dt = -I——exp(—tD/‘En' ) dt

7 17
D 'En

D ’
-2
where'té 1s given by equation 3, The interaction length, x (g cm ),

1s chosen from

f(x)dx = L exp( x/)&a dx , 18
An

and the time after which the pion interacts 1s obtained

tI = x/(p ﬂ“c) s ., 19

If tI<:tD the pion interacts and 1s nc¢!t considered further as 1its
progeny 1s already included in PITOT,

1f the pion will subsequently decay into a muon, then the
propagation of the pion and the muon to the observation level 1s

simulated,
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4-3 THC PROPAGATION OF PIONS AND MUONS THROUGH THE ATMOSPHERE

The propagation of the pion and muon component is considered in
four dimensions. The spatial coordinate system used has the origin
at the intersection of the shower core and sea level, the z-direction
towards the centre of the Earth, the x-direction towards magnetic North
and the y-direction towards magnetic East.

First, the transverse momentum of the pion 1s sampled from the
distribution given 1n equation 1 and an azimuth angle i1s randomly
selected, The i1nitial velocity 3-vector, v (m s_l), 1s then calculated
and stored as are 1ts initial position 3-vector, x (m), and energy E (GeV).

The propagation to sea level 1s considered over a number of small
time intervals, t (s), in the following way 1) the new position, x',

and velocity, v'

, after deflection in the geomagnetic field for time t
are calculated neglecting collision loss and scattering, 2) the
distance travelled 1s calculated and x', v' and t are corrected to
account for Coulomb scattering within this element of track, and 3)

the collision loss for this element of track i1s calculated and the
energy 1s reduced accordingly. If the pion decay time has not been
reached, then the whole process i1s repeated, If, on the other hand,
the pion decay time has been exceeded, the pion "steps back' in time

to the point of decay (x', v' and t being appropriately modified) and
the decay to a muon 1s simulated. The lifetime of the muon 1s sampled
from a distribution similar to the distribution of pion lifetimes given
by equat:zon 17 and the propagation of the muon 1s treated in the same
way as the propagation of the pion as described above. When sea level
1s passed the muon "steps back" in time to the instant at which 1t was

at sea level and 1ts spatial information and energy are recorded

together with 1ts height of origin,
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4-3,1 Geomagnetic deflection of charged particles

A magnetic field typical of Northern England has been chosen for
the present calculation

B = (1.66 x 10°°, 0, 4.52 x 10°%) . 20

The force acting on a particle with velocity v (m s-l) and charge q (C)
is

F = qvxB N . 21

As 1llustrated i1n figure 4 the motion of a charged particle in a
uniform field 1s helical and the radius of the helix is,

R = 'quv glnkp m, 09

where ¥m 1s the relativistic mass (kg) of the particle and@is the
angle between the velocity and field directions as shown in the figure,
The projected angular deflection (see figure 4 ) 1s then obtained

2 = gBt radians , 23

'ym

and the displacement dx = (x' - x) and change in velocity, dv =

(v' - v) may be calculated

(1 -cos¥ (v x é) X _l?!_ + sind (v x é) ms ", 24

[}
<
It

dx

(é .t _ﬁ_ + _}Aé x (v x é)Ts1n0 + (v x _l]‘g)(l - cosV )T m, 25

A
where B 1s the unit vector in the direction of the magnetic field and
T = Ym/qB (s). Equations 23, 24 and 25 thus enable the new position

and velocity of a particle to be calculated after a time t.

4-3.2 Multiple Coulomb scattering

Charged pions and muons will be elastically scattered by the
Coulomb fields of air nuclei. Nossi and Greisen (1941) give the

probability of a singly charged particle having g projected angular
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Y

FIGURE 4-4 The deflection of a charged particle 1n a magnetic

field. The meaning of the symbols 1s given 1n section 4-3.1.
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deflection < (radians) and a projected lateral displacement y (radiation
longths) after travelling small daistance t (radiation lengths) based
on the work of Williams (1939, 1940) as
'W2 2.2 2
F(t,y.%)anp{—:,(«‘}t-3y0t+3y )}, 26
t
where w = 2p Bc/E_, p 1s the momentum (MeV/c), Bc 1s the velocity and
E = 21 MeVv.
s

In the computer program, lateral and angular displacements were
sampled using distributions based on equation 26 in two orthogonal
planes whose line of intersection was in the direction of the velocaty

of the particle, v' (after geomagnetic deflection) and contained the

position of the particle, EL.' These additional displacements were
then superimposed onto x' and v'.
The mean square projected lateral and angular displacements

y2 and 9° are given by
— 3 —

2 2t 1
yo = 25 =-§t2§ , 27
3w

and a very crude estimate of the additional distance travelled due to
Coulomb scattering may be obtained by assuming the particle follows a

trajectory of the form,

b = al 28
where 1 (m) 1s the distance travelled in the original direction and b
(m), the lateral displacement (a 1s obtained from the particular value

of b sampled). Then the distance travelled 1is approximately,
1 2 2 9 2.2
1' = l‘dl + db ~1 +-—=al 29
16
o

with corresponding additional time delay of %3 a212/v (s).
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4-3,3 Ionizatinon loss

The energy loss due to i1onization 1S calculated for eacn element
of track assuming a constant value for the energy loss per g cm_2 of
air calculated for the energy of the particle at the beginning of the
track, The values used are based on those given by Sternheimer (1959)
and are given in figure 5, Also shown in the figure is the energy
loss per g cm—z of barytes concrete shielding (the effect on the spatial

characteristics of muons of barytes concrete shielding as used in a muon

telescope described by Gibson (1976) has been 1nvestigated).

4-3.4 Pion decay
Tue uvcay ui a4 pion 1nto a muon and an anti-neutrino 1s a two-
body decay with the result that the muon has a unique energy and

momentum 1n the rest frame of the pion

m 2 +m 2
Ep.* = - u 02,
T 30
m. = m 2
P * = Tt “' C .
B 2 myy

The decay 1s isotropic in the rest frame of the pion so thct the
distribution of the component of momentum resolved along the direction

of the pion velocity (or any arbitrary direction) 1is

dp, ¥
* *¥ = 1 .
f(p1 ) dp,

Zp * 3
v

The momentum 1s therefore sampled in the pion rest frame from equation

31 and Lorentz transformed to the LAB frame,

4-4 COMPARISON WITH OTHER WORK

Results of the present work have been compared with the
predictions of Turver (1975) for the spatial characteristics of muons

18
in the average proton initiatcd shower of primary energy 10 eV
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simulated using the CKP model (Cocconi et al (1961)) for pion production.
In the present work the pion production spectrum (PITOT) as used by
Turver was again used as input for the muon calculation in order to
enable a direct comparison between the predictions of the two computer
programs to be made, The result of this comparison i1s given in figure
6 which shows the lateral distribution of muons, figure 7 which shows
the variation with core distance of the mean height of origin, figure 8
which shows the mean muon energy as a function of core distance, and
figure 9 which shows the mean core angle as a function of core distance.
From these figures 1t i1s seen that there 1s good overall agreement
between the present results and the predictions of Turver,

It has been possible to compare the integral energy spectrum of
muons calculated using the scaling model for primary protons with the
work of Gaisser and Maurer (1972) and Grieder (1977a)who used similar
models. This comparison 1s made in fizure 10 where the results of
the present work at primary energies of 1014, 1015 and 1016 eV are
compared with the results of Grieder at 1014 eV and 1015eV and with
the 1esult of Gaisser and Maurer at 1016 eV, Grieder gives two spectira
at 1014ev corresponding to scaling models which include and neglect the
production of leading pions 1n pion-nucleus interactions (1n the present
work the production ot leading pions 1s included). There 1s reasonable
overall agreement between Lhe three calculations.

4-5 CALCULATION OF AN ADDITIONAL MUON COMPONENT ARISING FROM PHOTOMESON
PRODUCTION

In chapter 3 1t was pointed out that the treatment of photon-
nucleus interactions might result in a significant increase in the
muon component due to the photoproduction of charged pions. Thas
additional component was gcnerated first by calculating the production
spectrum of charged pions resulting directly from photomeson production,

then by using the analytic method described in appendix B to obtain
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initiated 1018eV shower (CKP model).
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for the average 10 eV proton initiated shower (CKP model).
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the showers,
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the production spectrum of all additional charged pions resulting (both
directly and from the interaction of photoproduced pions) from photomeson
production, Finally, the additional muon component was derived from

the additional charged pion production spectrum as described i1n section
4-3,

The photoproduced pions were generated in the step-by-step
electron-photon program described 1n chapter 3 in which the "step-by-
step operators'" were calculated under approximatiun A, An additional
set of operators, '"photoproduction operators' (based on the cross section
for photomeson production given in equation 9 of chapter 3), were used
to remove photons (which will undergo nuclear interaction) from the
cascaae to be treated separately. The step-by-step operators for pair
production were reduced accordingly to conserve energy. The photons
removed from the cascade were assumed to interact with air nucler as 1f
they were charged pions of the same ene'gy and the production spectrum
of charged pions resulting directly from photomeson production was

then obtained from the spectrum of photons removed.

4-6 RESULTS OF THE PRESENT CALCULATIONS

In this section the average energy spectra, lateral distribution
and spatial characteristics of muons at sea level obtained from the
present calculations are presented. The results are for iron nucleus
primaries ranging in energy from 1015 eV to 1018ev (data presented
outside this energy range are the result of extrapolation). Results
for other primary nuclei may be obtained approximately from these data
by use of the superposition model. The scaling model for pion
production described 1n chapter 2 was used,

The effect of the incorporation of photomeson production (McComb,

Protheroe and Turver (1977, 1in preparaiion)) 1s indicated throughout by
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showing separately the total muon componcnt (solid lines) and the muon
component calculated neglecting photomeson production (dashed lines).
Where appropriate, the effect i1s extrapolated to higher primary energies
(:>1018eV). This source of extra muons, most important at ultra-high
energies has customarily been neglected in air shower calculations,

The consequences of this effect for ultra-high energy showers (in
particular on the derived primary energy spectrum) will be considered
in chapter 8. It should be emphasised that the muon component

arising from photomeson production does not strongly depend on the

model for nuclear interaction (as the mean wnkeraction energy 1 Jow, due to
the steep photon energy speckrum, «t dependls more on ta {otan component of the

shower which depends mainly on primary energy) whereas thz muon component
arising from other normal processes does depend strongly on the nuclear
interaction model. In consequence, the fractional increase in e.g.
muon densities due to this additional component reported here may not
be applied directly (as a correction factor) to muon calculations with
differa ng primary mass or nuclear interaction model.

Results of the response of the Haverah Park water Cerenkov

detectors to both the muon and the electiron-photon components are given.

4-6.1 Energy spectra of muons

The total number of muons with energy greater than various
prescribed threshold energies is given as a function of primary energy
in figure 11. The integral energy spectra of all muons at sea level
are shown i1n figure 12 for primary energies ranging from 1015 eV to
1018 ev. Figure 13 shows the integral energy spectra at various
distances from the core of the average 1017 eV shower and the mean

muon energy 1s plotted against core distance in figure 14 for the

range of primary energy.
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FIGURE 4-11 The total number of muons with energy greater than

various prescribed energy thresholds (the numbers attached to the

curves) as a function of primary energy.
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of the showers,
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4-6.2 Lateral distribution of muons

The lateral distribution of muons with energy greater than various
prescribed threshold energies 1s shown in figure 15 for the average
1017eV shower. Figure 16 shows the lateral distributions of muons
with energy greater than 0.3 GeV (a typical detector threshold) for
primary energlies in the range 1015 eV to 1018eV. The muon densities
(E>0.3 GeV) given 1n figure 16 are cxtrapolated to highe: praimary
energies (by summing the power law extrapolations of the two components)
and plotted against primary energy for various core distances in figure
17. It 15 noted that at 1020 eV the muon density at 600 m from the

core 1s expected to be about seven times that obtained when photomeson

production 1s neglected!

4-6.3 Spatial characteristics of muons

The mean height of origin of muons (the mean production altitude
of the parent pions) 1s given as a function of core distance in figure
18 for the range of primary energy. Also shown are the mean heights
of origin of muons received by a detector situated beneath 0,6 m of
barytes concrete shielding (density= 3.6x103Kg m-3)as used in a muon
telescope at Haverah Park by Gibson (1976). The effect of "filteraing
out" the low energy muons 1s clearly seen at large core distances,

The mean angle between muon directions and the core direction
(projected 1nto the core-detector plane) 1s plotted as a function of
core distance i1n figure 19 for a range of primary energy. These

results are for muons below the barytes absorber described above,

4-6.4 Response of Haverah Park water Ceienkov detectors

The response of the Haverah Park water Cerenkov detectors to
the soft component of cosmic ray showers has been discussed in chapter

3. Here the response of these detectors to both the soft and hard
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components are presented. Figure 20 shows the lateral distribution

¢i the soft component density combined with the muon density (E:>O.3'GeV)

16 1
for primary energies of 10 , 10 7

1
and 10 8eV. The response at 500 m
and 600 m from the core (both of which are used as measurements of
shower primary energy at the Haverah Park array) are plotted against

primary energy in figure 21 where they are extrapolated to 1021eV (by

summing the power law extrapolations of the various components)
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CHAPTER FIVE

ATMOSPHERIC CERENKOV LTGHMT FROM LARGE COSMIC RAY SHOWERS

INTRODUCTION

Since Galbraith and Jelley suggested in 1953 that 1t may be possible
to detect Cerenkov light emitted i1n the atmosphere from the tracks of
relativastic electrons i1n extensive air showers, there has been
considerable effort devoted to both 1ts measuremert and simulation,

Early calculations treated the electron cascade i1n one-dimension (ignoring
the angular and lateral spread of electrons) and gave predictions of

the lateral distribution of the light on the ground which were
contradicted by experimental measurement. The importance of Coulomb
scattering was soon realised and simulation techniques were improved.,

More recently, there has been a resurgence of interest in studies
of Cerenkov light in FAS as the development of fast electronics has
enabled the time structure of the light pulses to be observed in detail,
It was soon appreciated that the shape of the light pulses contained
information about the development of the arr shower and recent
simulations, which are reported here, clearly show the relationship
between pulse time structure and longitudinal cascade development.

This has enabled recent measurements made by the Durham group to be
analysed 1n a novel way enabling the longitudinal development of
andividual EAS to be inferred.

In this chapter, a survey of previous calculations of Cerenkov light
an EAS 1s given together with a detailed description of the simulation
techniques used for the present calculations, The importance of
astmospheric attenuation and the scattering of Cerenkov light are

discussed and 1esults of the present calculations are given,
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5-1 THE CERENKOVEFFECT

When a charged particle traverses a dielectric 1t pola:izes the
medium 1n the region of the track. If the velocity of the particle
is greater than the phase velocity of light i1n the medium then the
depolarization results i1n the emission of coherent radiation, This

effect was first studied by Cerenkov (1934,1937).

5-1.1 Simple treatment and results of classical theory

In a simple picture, spherical wavelets of light are emitted from
the particle track, If the velocity of the particle, v, 1s less than
the phase velocity of light c¢/n (n 1s the refractiveirdex of the
medium), then the radiated wavelets will anterfors dostruciively,
1f, however, v>c/n wavelets from all portions of the track may be
in phase with one another and constructively interfere to produce a
conical wavefront travelling at an angle 05 to the particle track
as shown 1in the Huygen's construction of figure 1, Also shown in the
figure 1s the construction for v<c/n and the limiting case v = c¢/n,

From the above treatment theCerenkov Relation i1s easily obtained
-1
cos %c = —— = (Bn) 1

A theoretical interpretation of the Cerenkov effect based on
classical electromagetic theory has been given by Frank and Tamm (1937).
Their result for the energyradiated, dW (J), at frequency w 1in dw
(radians s-l) from a length dl (m) of the track of a singly charged

particle 1s

2
v = ey o1y dud1 2
2 2 2
c p n
¢ e2 2
. . dW = — sin~ < wdwdl
2 c

c
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v <c/n

v = ¢/n

v > c/n % |
FIGURE 5-1 The Huygen's construction for Cerenkov light from

a particle with velocity v 1n a medium with refractive index n,
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It can be seen that the spectrum of Cerenkov light 1s proporitonal to
i (over the range of w for which 3> —:'-l-) giving more radiation at
higher frequencies.

Quantum treatments of the Cerenkov effect by Ginsburg (1940),
Cox (1944) and others give essentially the same result and thus we
can derive the number of photons, N, i1n wavelength range hl to Az (m)}

emitted from a length of track, 1 (m), using equation 2

dW = dN Hhw
L] 2 2
N = 5~ Sin -ﬁc (wz-wi) 1
he
: an 2N 2 g & L )1 3
e ® = s1in - - -
c M A2

More generally, for a particle of charge ze, the above result is

multiplied by zz.

5-2 CERENKOV RADIATION FROM THE NIGHT SKY

In 1948 Blackett firsti drew attention to the possibility thet
Cerenkov radiation would be produced in a gas by the passage of fast
charged particles, He was investigating the various sources of the
general light of the night sky and concluded that Cerenkov light produced
as cosmic rays pass through the atmosphere contributed about 0,01% of
the total brightness of about 6.4x102 photons m—zns—lsr-l.

In 1953 Galbraith and Jelley suggested that 1t might be possible
to detect Cerenkov light from EAS since the electrons arrive at the
Earth's surface in a very short time interval Gnlo-s s) and the Cerenkov
photon density may exceed the night sky background during thais period.

In the same year they pioneered measurements of the Cerenkov light

component of LAS by detecting these short light pulses in coincidence

with EAS
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5-2.1 Threhshold energy for emission of Cerenkov light in air

The refractive index of air i1s related to 1ts density, p, through

the Lorentz-Lorenz formula

2
n -1 ., = const, 4

1
n2 + 2 P
An empirical formula for the refractive index as a function of pressure,

P (mmHg), and temperature, t (OC), 1s

(nt,p-l) = a (ns -1)p(1 + ﬁtp)/(1+-at) 5

(see Kaye and Laby (1966) for values of a, g Bt and o).
The threshold energy for production of Cerenkov light by a particle

of mass m (Mev/cé) 1s

E -meZ (1 - 1/n2)']/2 MeV 6
min

The threshold energy for electrons obtained in thais way 1s plotted

against altitude i1n figure 2.

5-2,2 Simple treatment of Cerenkov light in EAS

Although 1t has been shown by many authors that calculations
based on a simple treatment of this effect give results far from
reality, an appreciation of the important aspects of Cerenkov light in
EAS may be obtained from simple arguments, For this reason, the
production of Cerenkov light i1n an i1sothermal atmosphere by a one-
dimensional cascade of ultra-relativistic electrons incident from the
zenith will be considered here, For an isothermal atmosphere

X

xoexp(—h/Ho) 7

1 noexp(-h/Ho) 8

where h 1s the altitude (m), Ho 1s the scale height (m), x 1s atmospheric

depth (g cm_z) and 1) =(n-1) where n 1s the refractive index (the subscraipt
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FIGURE 5-2 The threshold energy for the production of Cerenkov light
by electrons in the atmosphere.
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o refers to values at sea level X, =1030 g cm-z, 1|o = 0.000292).
The Cerenkov angle at alticude h i1s (for B:::l) given by
-1
cos -00 = (1+9) 9

Now ¥ 1s small and M <1 for air so

1-9/2=1-9q 10
[+
3, = ]/2 m, exp(-h/2H ) 11

Now, under these assumptions, a Cerenkov photon emitted at

altitude h (m) will arrive at sea level at a core distance r (m) given

by
ry = n -{[c 12
. = -h/
.o r h]/Z N, exp(-h/2H ) 13
from 7 h =H_ 1ln(x /x} 14
o o
27N x
* r =H [ Yo ]% In(x /x) 15
L] . o x o

Equation 15 represents a mapping between atmospheric depth of Cerenkov
emission and core distance at sea level. This mapping (shown as the
heavy line in figure 3) has two striking features first, at sea level
no Cerenkov light 1s received at core distances greater than ~120 m,
second, the mapping between core distance and atmospheric depth 1s not
unique - each core distance can receive light from two depths.

Next, consider the photon yield per electron per element of

atmospheric depth between wavelengths 7\1 and Rz

1 1l 2
Y(x)dx = 2na (-xz Xi sin -&c dh 16

2 ~ 2 ~ ~
where sin -&c~-&c R RO x/x 17
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FIGURE 5-C The mapping between atmospheric depth and core distance
from equation 15 (solid line), Also shown are the curves for a
constant angle of optical emission - the numbers attached to the
curves are the angles of emission
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and dh = -H_dx/x 18
so y(x)dx = 2TQ (%2' 71( )M JHy dx/xo 19
1 o
for 280 < A< 600 nm
¥Yx) =y, = 317.4 g lon® 20

Hence a relativisitic electron will produce about 300 Cerenkov photons
per g cm- irrespective of atmospheric depth,

All that remains to be done 1s to calculate the photon density as

a function of core distance for a given electron cascade. This 1s

simply,
N(x) vy dx
PR — _____o 21
Y i T anr dr
where N(x) 1s the number of electrons above theCerenkov threshold at
depth %,
£ 15 dr _ gy 21 1 + % 1n (x/x) 22
rom dx o {—O} [ X% }
X X
o
dr 2 | 2
ro;= B T {2 In(x/x,) + 1n (x/xo)} 23
o
. $(r) = N 2% {2 Inga/x) inf(x/x )}t 24
o e (r) = N(x 2{ n(x/x + nxxo}

21t1|° Ho
The lateral distribution of Cerenkov light resulting from the
electron cascade of a 10’7 GeV gamma-ray shower will be calculated 1in
this way. For simplicity, the parameterization by Greisen (1956) of
cascades derived under approximation B Ly Snyder will be used, and 1t
1s assumed that all electrons radiaie Cerenkov light:

N(x) = —3-% exp{ t(1 - 1.5 1n )} 25

o
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where t = x/Xo (X = 37.7 g cm“2 for air)

6!:0
[t}

In(E / E:o) (eoz 84 MeV for air)

3t
t+ 2 Bo

For a 107 GeV gamma-ray equation 24 reduces to

0.1478 exp {t(1 - 1.5 1n s)]
o(r) = >
2 J.n(x/xo) + 1n (x/xo)

26

with Bo = 18.595. The resulting lateral distribution is shown as the

heavy line in figure 4, Also shown in this figure i1s the calculation

bv Jelley and Galbraith (1058) of ths 1g

€:81 uiStisvuriun oi Cerenkov
light from a proton initiated cascade of the same primary energy derived

under essentially the same assumptions,

5-2.3 The importance of Coulomb scattering

In the above simple treatment and the calculations of Jelley and

Galbraith (1955) no account was taken of the lateral spread and angular

distribution of shower electrons. The importance of the angular
distribution 1s seen by considering approximately the mean square angle

of scatter of electrons using the formula given by Rossi and Greisen

(1941). For short electron tracks, dx, the mean square angle of scatter

1s given approximately by
2
<:°'2:> = { ES } dx
S E X

B 27

(o]

where ES ~ 21 MeV, Now the Cerecnkov threshold for electrons in air is

approximately given by

2 2
m_c mec
Emn ~ ¥ 27 ~ 3

c 28
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FIGURE 5-4 Lateral distribution of Cerenkov light
1- from equation 26,

2- Jelley and Galbraith (1955), proton,

3- Gol'danskii and Zhdanov (1954),
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We are interested in all electrons above the threshold but the energy
-2
spectrum 1s approximately E s¢ we may consider the RMS angle oZf

scatter of electrons aq the Cerenkov threshold:

% _ 5 935}% 29

RMS E X
min (o]
9 Es 3
. ’%MS = dx .ac 30
m c X
e o]

Thus for dx= 0 00057 X, the RMS angle of scatter is greater than the
Cerenkov angle.

This inadequacy 1n simple treatments of Cerenkov light production
1n the atmosphere was clearly indicated when Barclay and Jelley (1956)
observed a substantial proportion of the Cerenkov light from EAS at core
distances greater than 126 m. In the calculations of Gol'danskii and
Zhdanov (1954) a crude attempt was made to include the effects ot

Coulomb scattering. Their result 1s included in figure 4 for comparison,

5-3 ATMOSPHERIC ATTENUATION OF LIGHT

Light 1s attenuated 1n the atmosphere at different rates depending
on wavelength and altitude. This attenuation 1s primarily due to
Rayleigh scattering, aerosol scattering and ozone absorption. Rayleigh
(molecular) scattering of light depends only on the molecule number
density. Scattering by aerosols (small particles, 1 - 10 jim 1in size)
depends on their size distribution and number density, 1s most important
near ground level and is highly fluctuciling. Ozone absorption is a

major factor only at wavelenghts < 290 nm.

5-3.1 The model of atmospheric attenuation

A description and model of atmospheric attenuation of light was

given by Elterman (1968) and has been adopted throughout the present
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work, In this model, the attenuation coefficients at an altitude h (km)
for Rayleigh scattering, aerosol scattering and ozone absorption are

defined as

B.m) = g.n_(h) x10° km - 31
-1

Bp(h) = Bp(o)“p(h)/"p(O) km 32

By(h) = A x Dy(h) km L 33

2
where: c} 15 the Rayleigh scattering cross section (m ),

n_ 1s the atmospheric number density (m_3),

r
-3

np 1s the aerosol numper density (m ),

. _ -1

A, 1> Lne vigroux coeiticient (em 7),

-1
D, 1s the ozone concentration (cm km ).

The attenuation coefficients at a wavelength of 360 nm are plotted against
altitude for the three processes 1in figure 5 together with their sum,
the extinction coefficient defined by

Bt(h) = B.(h) + Bp(h) + By(n) km 34

It 1s seen that at this wavelength aerosol scattering 1s most important
at ground level but Rayleigh scattering predominates above-2 kmn,

When considering the attenuation of light transmitted from one
altitude to another, 1t 1s useful to define four optical thickness
parameters Tr(h), Tp(h), Ts(h) and Tt(h) in terms of the
attenuation coefficients

h
T(h) = j B(h)dn 35
o

Then the fraction of light surviving attenuation from altitude h2 to

altitude h, (<:h2) over a slant path with zenith angle ¥ 1s

T = exp{—( T(h,) -'l:(hl))sec'a'} 36
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FIGURE 5-5 The atmospheric attenuation coefficients as a function
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The fraction of light surviving from altitude h to sea level over a

vertical path 1s given by

T = exp {-tt(h)] 37

which 1s plotted in figure 6 against altitude for a range of wavelenths,

5~3.2 Atmospheric attenuation of Cerenkov light from EAS

-2
The wavelength spectium of Cerenkov light 1s proportional to A

on emission but after attenuation the spectrum 1s distorted due to strong
attenuation at short wavelengths, The spectra of Cerenkov laght
observed at sea level from gamma-ray cascades (calculated here under
approximation B) of primary esnergies 103 - 109 Gev are shown in figure

7 where they are compared to the spectra of light emitted (each curve

has been normalised by dividing by the number of photons emitted). The
attenuation is increasingly important for low energy showers maximizing
high 1n the atmosphere resulting also in the peak 1n the observed
spectrum moving from blue towards red.

The photon number (wavelengths, 280 - 600 nm) 1s plotted against
atmospheric depth for gamma-ray cascades of primary energies 102 - 106
GeV 1n figure 8, Also shown are the photon number curves calculated
neglecting atmospheric attenuataion. The ratio of the photon number
at sea level io that calculated neglecting attenuation 1s plotted
against depth of maximum in figure 9 for gamma-ray cascades of primary

9

energies 100 -10" Gev, Also shown 1s the fraction of Cerenkov light

survaving to sea level plotted against .he depth of emission.

5-4 SURVEY OF PREVIOUS CALCULATIONS

Soon after the possibility of detection of Cerenkov light in
cosmic ray showers had been suggested by Galbraith and Jelley (1953)

calculations of this component were i1nitiated by Gol'danskii and
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Zhdanov (1954) and Jelley and Galbraith (1955). Jelley and Galbraith
neglected Coulomb scattering and Gol ‘danskii and Zhdanov mad-~ crude
approximations, These calculations were followed by those of
Zatsepin and Chudakov (1962) and Sitte (1962) using more realistic
Coulomb scattering. Sitte's calculations were for non-vertical
showers and detectors of finile acceptance angle, He also calculated
the relative contributions to the total light from various heights.
Similar results on the heights of origin of the light wer= given by
Brennan et al (1958) and developed by Malos et al (1962),

The calculations of Castagnoli et al (1967), Sitte (1969) and
Rieke (1969) included predictions of pulse time structure. Boley
(1964) suggested that the time dependence of the received light would
greatly supplement the shower development information obtained from
lateral distributions. Fomin and Khristiansen (1971) suggested how
the time structure depended on the longitudinal development of the shower
and Bosia et al (1972) investigated the dependence of pulse shape on
shower age. Castagnolil et al (1972) reported simulations of the
temporal development of isophotes.

Many calculations followed for a variety of observation alt:tudes,
primary energies and masses, Smith and Turver (1973) used a detailed
model for the atmospheric attenuation of light and Browning and Turver (1977)

¥ were the first to consider geomagnetic deflection of electrons in the
context of full scale simulations,

An 1nexhaustive survey of these calculations i1s given in table 1,

5-5 DETAILED SIMULATION OF CERENKOV LIGHT FROM EAS

The present work 1s a development of the simulations of Smith
and Turver (1973) and extends thc simulation study of Cerenkov light

in gamma-ray showers by Browning and Turver (1977) to EAS energies.
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REFERLNCE DATE R alia, o o O < < O < & m
Gol 'danskii et al 1954 0 *
Jelley et al 1955 0,1 1012716 0  0,2860 *
Brennan et al 1958 *
Sitte 1962 25-20 * * *
Zatsepin et al 1962 0,1 1d%4.5x1d%° o  o0,3860 *
Malos et al 1962 *
12-14
Castagnoli et al 1967 (o] 10 0 0,3500, 6500 *
Krieger et al 1969 1 1015-17 (1] 5200 *
Sitte 1969
Rieke 1969 o 10! 0-60 2320 =
Fomn et al 1970 1-50 107 o o
Bosia et al 1972 o 10't"M 10  0,3500 *
Castagnola 1972 o 101712 o 2320 + =
Smth et al 1973 1 1015718 0 0 *
Dyakonov et al 1973 1016718 o o
17
Efimov et al 1973 10 o 0
Grindlay 1974 =1 = 1012 0 2300 * *
Guzhavin et al 1975 1 10'276 0 0,3860 .
Kalmykov et al 1975a 1-52 107 o o
Protheroe et al 1975 1,56 1017 0 0 * *
Ivanenko et al 1976 O 1002717 o o *
Browning et al 1977 o 1d%3x10'* o  o,2380 * .
16-18
Protheroe et al 1977 1-56 10 0 0,1800 * * *

TABLE 5-1

A brief survey of previous calculations
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The Cerenkov light from gamma-ray showers with primary energies
o 1, 1,77, 3.16, 5.62, 10,0, 17.7, 31.6 and 56.2 GeV (averaged over
50, 30, 20, 10, 6, 3, 3 and 3 showers respectively) i1njected at 40
atmospheric depths was calculated and stored on magnetic tape. The n°
production spectrum was calculated at the 40 levels as described in
chapter 2, The electron-photon cascade derived from the n® production
spectrum was followed usaing a step-by-step method under approximation A
(as described in detail in chapter 3) with particles extracted from
the cascade as their energlies fell below 75.0 GeV, This spectrum of
particles with energies below 75.0 GeV (produced by particles with
energles above 75,0 GeV) was reduced to the standard format (aquarter
decade energy bins at 40 atmospheric depths) and used to weight the

Cerenkov light information for gamma-ray showers (stored on the magnetic

tape) to give the Cerenkov light produced by the high energy EAS.

5-5.1 The framework for simulation

The computer program used for these simulations was i1denticzl with
the detailed electron-photon program described in chapter 3 except for
the addition of routines to calculate the production and propagation of
Cerenkov light.

In this program the tracks of all electrons and positrons above
the Cerenkov threshold were split into a number of straight segments
approximating to their curved trajectories in the geomagnetic field.

The problem 1s thus to calculate at the observation level the photon
density, wavelength spectrum, arrival direction and arrival time
distribution of the light resulting from an arbitrary electron track
extending from (x to (x

zl) at time t zz) at time t

1’ Y1 1 2! Yo 2°

The coorindate system used i1n these simulations was a left handed set

with the origin at the point of injection of the primary gamma-ray,
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The x directicn was defined as the direction of magnetic East, the y
direction as magnetic North and the z direction as towards tue centre
of the Earth with all distances measured in metres, All times were
measured in ns with respect to a plane parallel to the x-yplane moving in
the z direction with velocity ¢ starting from the origin at the time

of 1njection of the praimary.

5-5.2 Storage of photon information at the observation level

The information which was stored in the program was of necessity
a compromise based on the potential interest of the information, since
the amount of storage space available was limited by the amount available
on the computer and the reqmirements of the rm2
For this reason directional and wavelength information were binned
i1ndependently of timing information. The photon density was
simul taneously binned 1n core distance (8 radial bins), zenith angle
(10 bans) and wavelength (10 bins) in a three dimensional matrix as
indicated 1n table 2, In addition, photon density was binned
simultaneously in core distance and time (irrespective of zenith angle
and wavelength) i1n a two dimensional matrix. 300 time bius were used
per core distance as indicated in table 3. The effect of the spectral
response of a typical photomultiplier on the pulse time structure was

considered and the response of a photomultiplie: was also binned

simultaneously i1n core distance and time.

5-5.3 The method of simulation

The Cerenkov light produced by the electron track from (xl, yl, zl)
to (XZ’ yz, z2) was considered to originate from the mdpoint of the
track: (yo, yo, zo). The Cerenkov cone angle 05 was calculated from

equation 1 enabling the Cerenkov cone to be projected onto the

obscrvation level (z = z3) where the intersection of the cone and the
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number range of core range of zenith range of
of bin distance (m) angle (degrees) wavelength (am)
1 o -1 0.0 - 0.5 280 - 300
2 49 - 51 0.5 - 1.0 300 - 320
3 99 - 101 1.0 - 1.5 320 - 340
4 199 - 201 1.5 - 2.0 340 - 360
5 349 - 351 2,0 - 3,0 360 - 400
6 499 - 501 3.0 - 4.0 400 - 440
7 699 - 701 4.0 - 5.0 440 - 480
8 899 - 901 5.0 - 0.0 480 - 520
9 10.0 - 30.0 520 - 560
10 30.0 - 90.0 560 - 600

TABLE 5-2* The core distance, zenith angle and wavelength bins
used 1n the compute:r program,

range of tangent planedelay (ns)

number core distance core distance
of ban bins 1 - 4 bins 5 - 8
1 0o - 1l [ 4
2 1l - 2 4 - 8
3 2 ~ 3 8 - 12
4 3 - 4 12 - 16
5 4 - 5 16 - 20
300 299 - 300 1196 - 1200

TABLE 5-3 The time bins used i1n the computer program.
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oObservation plane formed an ellipse as shown in fxgure 10,

The semi-major and sem~-mnor axes b and a of the ellipse were

calculated as follows

d = {(x3 - xo)2 + (y3 - yo)2 + (z3 - zo)2 }i tan bc
s = dcos 3 sec(®- Oc)
t = d cos -D'c sec O + -&c)
'.- b = (s + t)/z 38

for the ellipse,
=1

. db

Js=t 39

o
1

Any point on the ellipse (given in the primed coordinate system shown

in figure 10) satisfies

X +x'2=1 40
b2

and may be easily transformed to the main coordinate system.

The number of photons produced by the electron track ain each of
the ten wavelength bins was calculated from equation 3. These photons
were considered to progagate along 180 rays in the surface of the cone

orirginating from (x zo) and terminating in the observation plane at

o’ Yo!
180 points around the ellipse given (in the primed coordinate system)
by

X = a cos(

y' = b sin&® , o=2, 4, 6 ... 360 41

The numbe:r of photons arriving at each of the 180 points on the ellipse

was obtained for each wavelength bain by multiplying the number produced
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FIGURL 5-10 Two orthogonal views showing the Cerenkov cone and
ellipse in the observation pldne.
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(divided by 180) by the atmospheric transmission factor calculated
from equation 36.
The time of arrival of the ray behind the tangent plane, t3, was

cdculated from

23

secy, z_ -z
ty =ty + R f {1 +9(=z)}az -3 "0 a2

c Cc

%0

where to 1s the tangent plane delay of the electron at (xo,yo,zo),

ﬂh 1s the zenith angle of the ray,
(1 + q(z)) 1s the refractive index of air at an altitude
corresponding to z,.

If the ray under consideration intersected the observation plane
within the limits of one of the 8 radial bins then 1ts temporal, spatial
and wavelength information was binned. The photon density (obtained
by dividing the number of photons in the ray at the observation level
by the area of the radial bin) was added to the appropriate element of the
radial-time matrix, The photon densities corresponding to each wavelength
band were added to the approp.iate element of the radial-zenith angle-
wavelength matrix The effect of the spectral response of an RCA type
4522 5" photomultiplier (shown, reduced to the same wavelength bins of
this calculation, in figure 11) on the pulse time structure was accounted
for by adding the sum over wavelength bins of the partial photon
densities multiplied by the spectral response of the photomultiplier to
the appropriate element of the radial-i.ime matrix.

This procedure was adopted for each electron track enabling
information about Cerenkov light produced by the whole shower to be

built up.
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FIGURE 5-11 The spectral i1esponse of a RCA type 4522 photomultiplier -
typrcal of those used 1n measurements of atmospheric Cerenkov light.
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5-6 REDISTRIBUTION OF SCATTERED LIGHT

The Rayleigh moleuclar law of scattering is

2
2 2 2
B«p7\= N)\q (U')\— 1)7(1 + cos") 43
where A 1s wavelength (m),

LLK 1s refractive 1ndex at wavelength A,
N 1s the molecular number density (m_s),
¢ 1s the angle of scatter,

such that the intensity of the scattered beam 1¢x 1s

1 = 1 44
PA Bxp)\ A
whare ll 1Z the imiéuSiLy vi tne unscattered beam., The total

intensity scattered 1s

L}
' o= By oy = Nop o3y 45
where OR 1s the Rayleigh scattering cross section:
_BoL1
o, = o= NB‘deQ 46
3 2
hence OR = 32T (g@f—41) m2 47
3N A

It can be seen from equation 43 that the scattered light i1s approximately
1sotropic. Scattered light makes an important contribution to the total
light seen 1n experiments where optical detectors are not looking at
direct Cerenkov light, as discussed in chapter 6.

In previous calculations of Cerenkov light in EAS scattering was
considered as an absorption process and for the present study 1t was

considered desirable to justrfy this assumption.

5-6.1 The simulation method for scattering

In the simulation of direct Cerenkov light the hypothetical detector

considered was an amular ring centerea on the shower core. The detector
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used here consisted of 8 detectors with total area equal to the area of
the anular ring, positioned uniformly around the ring. Each ray of
Cerenkov light, generated as described previously, was divided into 8
equal segments and considered as being scattered from a point midway
along the segment. A pencil of light of intensity calculated using
the Rayleigh molecular law was then shone onto each hyptothetical
detector in turn,as shown in figure 12,

The light received,Aj', in the hypothetical detector 1s given by,

' = A ex {- (h h sec } 48
A 3 exp{-( T, (W) _T (h, ))secd
where As  the 1:5ht scatie:ed fiom wne Cerenkov beam into AS2 1sattenuated

in the atmosphere. Double Rayleigh scattering (1.e. scattering of
scattered light) has been considered as absorption. Aj 1s related to

the total light scattered from the Cerenkov beam segment J by,

3
2
A = 3 16,":(1+cos spR)AQ 49
where AQ = _a__gs_-&__é .
(h secd)

Consider a Cerenkov beam segment of length Ah sec .&B' If the intensity
of the beam emitted from the particle track at altitude ho 1s 1(h°), the

intensity at altitude h + % Ah 1is,

a(h + 3%Ah) = 1(h°)exp {—( T t(ho) -1 1:(h+?5.Ah))sec -O’B} 50
If the intensity changes little over Ah then
J = 1(h+éAh)[ 1 -~ exp{ -( rR(h+§Ah) - tR(h-éAh))sec«}B}] 51

where '!:R(h) 1s the Rayleigh optical thickness at altitude h. So the

additional flux and arraival direction are found and the arrival time 1s
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FIGURE 5-12 Pencils of scattered Cerenkov light as seen by the
hypothetical detectors.
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calculated in the usual way. This procedure was adopted for both aerosol
and Rayleigh scattering of all rays generated 1n the program and in each
case the scattering cross section appropriate to the wavelength of the

ray was used,

5-6.2 Results of simulations with scattering

The lateral distribution of scattered light has been calculated
at sea level for a gamma-ray primary of energy 100 GeV (1.e. an individual
shower) and 1isshown in figure 13 where 1t 1s compared to .hat of direct
Cerenkov light in the same shower, Clearly, in the region where most
measurements are made (100-500 m from the core) scattered light may be
neglected. The angular distribution of direct 2nd czaticred Cosenkov

light at 900 m from the core are compared in figure 14.

5-7 COMPARISON OF PRESENT WORK WITH OTHER CALCULATIONS

The Jiverse methods of calculation of Cerenkov light from electron-
photon cascades employed by different authors together with the different
ranges of primary energy, primary paiticle and depth of observation (see
table 1) make comparison of the present work with other calculations
difficult. Also, many authors have used analytic approximations for the
lateral and angular distributions of electrons and neglected atmospheric
attenuation of light, Despite these difficulties, a comparison of average
lateral distributions for photon densities at 2380 m above sea level in showers
anitiated by 100 GeV gamma-rays has been made by Browning and Turver
(1977) with the work of Zatsepin and Chudakov (1962) and Rieke (1969)
and 1s reproduced here in figure 15. The present calculations were
made using a computer program based on that used by Browning and Turver
and the comparisons made in figure 15 are applicable here,

A similar comparison 1s made at sea level between the lateral

distribution of an individual 100 GeV shower from the present work
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FIGURE 5-15 Comparison of lateral distributions calculated by Browning
and Turver (1977), Rieke (1969) and Zatsepin and Chudakov (1962) 1n
gamma-ray showers of primary energy 100 GeV,
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-2
maximizing at 280 g cm (developing slightly below average) and the

lateral distribution given by Za.sepin and Chudakov in figure 16,

5-7.1 Comparison with results of Ivanenko et al (1976)

Many recent calculations of Cerenkov light i1n large cosmic ray
showers at sea level have been based on the results of analytical calcu-
lations made by Ivanenko et al (1976) for gamma-ray showers with

12 17
primary energies i1n the range 10 - 10 eV, The results of these
calculations (which use approximations A and B for the electron-photon
cascades) were adjusted for various models of nuclear interactions and
applied to showers with primary nucleir (by sclecting gamma-ray showers

PR R - ~ -
Ch CAQSCAUS maXawa ), THESE I1e3ully ndve

with gimilaxr do
also been adjusted for atmospheric conditions (see Kalmykov et al
(1976) who have corrected for the mean winter temperature of the
Yakutsk array ol —30°C). Because of the uncertain nature of these
adjustments the precent work has been compared with that of Ivanenko
et al (1976) for gamma-ray primaries of energy 1016 ev. The data of
Ivanenko et al considered here 1s that referring to the cascade
maximising at 18,6 radiation lengths, which 1s average under approximation
B.

In the present work, the average electron-photon cascade was
considered under approximation A for energies greater than 75 GeV and
1ts development at lower energles was obtained using the results of
detailed Monte Carlo calculations as described in chapter 3. The
lateral distributions of photon density are compared in figure 17, the
rise time (tR) and full width at half maximum (FWHM), both divided by
the square of core distance, are compared in figures 18 and 19

respectively, Considering the entirely different approach to the

problem the resulis are i1n reasonable agreement. The discrepancies
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are thought to originate in the limitations of the model employed by
Ivanenko et al (eg neglect of atmospheric attenuation and geomagentic

deflection of electrons).

5-8 CERENKOV LIGHT FROM AVERAGE SHOWERS, 1016—1018eV

Simulations of the Cerenkov light component at sea level and at
an altitude of 1.8 km have been made for average showers of primary mass
16 17 18
1,4 and 56 and primary energies 10 , 10 and 10 eV using the scaling

model described in chapter 2 for the nuclear interactions. In each

case the electron cascades are averaged over 50 showers,

5-8.1 Cascade development and photon lateral distribution

The longitudinal electron cascades (Eé>20 MeV) are shown in
figure 20 for the nine average showers, The lateral disiiibutions of
the total light density in these average showers are shown in figure
21 at two observation altitudes, The broader light pools of the
heavier primary initiated showers are clearly seen at both altiiudes
and the distance at which the photon density is independent of primary
mass varies with primary energy and observation altitude, For core
distances, r, in the range 100 - 500 m the lateral distribution 1s well
represented by a power law of the form,

o) = cr? 52
The power law exponent, Y, represents the "steepness" of the structure
function and 1s shown to be a strong measure of shower development
in figure 22 where 1t 1s plotted against the depths of electron cascaile

maximum for the average showers 1rrespective of primary energy and mass,

5-8.2 Angular and wavelength distribution of light

The angular distribution ot light at sea level 1s given 1n

7
figure 23 for the average 101 eV proton initiated shower and shows
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~-189-

~

o
I
|

N
s
{
|

SEA LEVEL STRUCTURE FUNCTION EXPONENT, v

X
z 2 —
X
2 0O -
1 | 1 1 | | 1 {
600 700 800 300

DEPTH OF CASCADE MAXIMUM (g cm?)

FIGURE 5-22 Lateral distribution structure function exponent plotted

against depth of electron cascade maximum 1rrespective of primary mass
or energy.




-190-

HALF ANGLE OF
ACCEPTANCE

PHOTON DENSITY (m~2)

g,
|

|
200 400 600 800

CORE DISTANCE (m)

17
FIGURE 5-23 Angular distribution of light in the average 10 ev

proton 1nitiated shower,



-191-

the lateral distribution of photon densities as '"seen'" by detectors
with a range of acceptance angle.

The wavelength distribution of light i1n the same shower 1s shown
in figure 24 at various core distances and the distorting effect of
atmospheric attenuation on the shape of the spectrum is clearly seen,

particularly at large core distances,

5-8,3 Cerenkov light pulse time structure

Light pulse time measurements now play an important role in the
analysis of Cerenkov light data and, as independent measures within
the shower, complement photon density measurements, One may expect
to obtain two independent quantities from measurements of laight pulse
profiles, eg. rise time and fall time (these times are shown for a
typical pulse in figure 25a). Showers may thus be analysed using up
to three independent sets of data (densities and timing information)
to find, for example, three estimates of the position of the shower
core with subsequent improvement in core location (see Hammond et al
1977a». In the present simulations 1t was considered important therefore
to attempt to reproduce the temporal response of the detectors employed
by Hammond et al at the Haverah Park array, These detectors respond
to a narrow pulse of light (~1 ns) with a pulse shape characterised
by a rise time of 9 ns and a FWHM of 18 ns as shown in figure 25b.

The time pulses in the present simulations have thus been convoluted with
this response,

The dependences of the rise time, FWHM, and fall time on core
distance for the average showers are shown in figures 26a, b and c
respectively which also indicate the effect of making measursments
at a different altitude and the effect of a perfect time response
detector, The rise times, FWIIM, widihs of the top of the pulse (90-90%)

and fall times at core distances of 200 m, 350 m, 500 m and 700 m have
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been plotted against the depths of electron cascade maxima i1rrespective
of the primary energy or mass in figures 27a - d where 1t 1s seen that
the differences i1n pulse time measurements between showers of different
primary energy and mass arise mainly from dirfferences in cascade

development.

5-9 IMAGING THE CASCADE IN CERENKOV LIGHT

It has been suggested by Fomin and Khristiansen (1971) and
Efimov et al (1973) that the FWHM of the Cerenkov light pulses may
depend on the longitudinal development of the shower, Later, Protheroe
et al (1975) indicated that other measures of pulse time structure may
1vE@ s CaScaue uevelopment and that the radius of curvature
of the light front correlated strongly with the depth of maximum of the
electron-photon cascade., They also showed that the radius of curvature
corresponulng to different percentage levels of the pulse (eg. 10%, 50%
and 95% levels on the rising edge and 95% and 10% on the falling edge)
ranked monotonically with percentage level and also correlated strongly
with depth of shower maximum.

These developments have stimulated an interest in identifying
which sections of the dectron cascade were responsible for light arraiving

at a given time 1n the pulse,

5-9.1 Simulations to i1dentify the origin of the light

Computer simulations have clarified the relation between the pulse
time structure and the electron cascade. The average 1017 eV proton
1nitiated shower has been segmented by considering separately the
electron cascades and the Cerenkov light resulting from ﬂo's produced
in 8 equal sections of atmospheric depth. The 8 subshowers are shown

in figure 28 together with the total electron cascade, The
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contributions of each individual subshower to the total photon density
(lateral distribution) and puls: time structure are shown in figures 29
and 30 respectively. The contributions of the 8 subshowers of figure
28 to the wavelength distributions of light at the core and at 350 m
from the core are shown in figure 31 where distoirtion in the shape of
the spectrum due to atmospheric dattenuation 1s most evident for light
oirigainating high in the atmosphere.

It 1s clear from figure 29 that most of the light close to the
core originates low in the atmosphere (as concluded from earlier work
reviewed by Jelley (1968)). At large core distances (5100 m, the
region of interest in large air shower work) the majority of light can
be seen to originate from higher in the atmosphere. Furthermore 1t 1s
clear fron figure 30 that at these large core distances (5 100 m) there
1s a direct link between the pulse shape and electron cascade shape.
This suggests that the rising edge of the electron cascade may be
interpreted from pulse shape measurements, It 1s also seen that near
the core (250 m) the time sequence of sub pulses 1s reversed, the first
light arriving from low down i1n the shower.

The connection between height of origin and arrival time 1s also
suggested by simple arguments. A photon emitied at an angle + to
the vertical at an altitude h from the core of a vertical shower will

arrive at ground level at a time t behind the tangent plane where,
h
- = "f wdh - h/c 53
0

where ll 1s the refractive index of air at altitude h, For an atmosphere

of scale height H this becomes,

vhz + r2 - h H (L,-1) th + rz{1 _ e—h/H}

t = p + h c

54
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10 ‘ev proton initiated shower showing the contributions from the 8
subshowers of figure 28,
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where L 1s the refractave index of air at ground level, Fagure 32

( Hammond et al (1977, in prepz.ation)) shows the time delay of a photon
reaching the ground at a core distance r from an altitude of 1 km with
respect to a photon arriving from altitude h km assuming the shower

propagates with velocity c.

5-9.2 Imaging the cascade from curvature measurements

Measurements of the curvature of the light front have been made by
Boley et al (1961) and Bosia et al (1973) in showers of primary energy
:&1015 eV but most of these measurements were close to the core where
interpretation 1s difficult, More recently, Tornabene (1976 private
communication) has measured the radius of curvature with a lar
for showers of primary energy 1012-1015 eV and finds typical values of 6 -
8 km.

A new technique for imaging the shower through curvature measure-
ments has been developed by the Durham group using an array of eight
Cerenkov light detectors as reported by Orford and Turver (1976).
Their novel method of shower analysis 1s to consider the times, t, to
a given level i1n the pulse (ezZ. 50% on the rising edge) and ascribe
to them their corresponding distances, ct. They then attach these
distances to their appropriate detectors and proceed to fit a sphere
to the ends of these lines such that the lines are normals of the sphere.
The centre of the sphere 1s defined as the origin at (in this case) 50%
light intensity. The origins at 10%, 50% and 90% on the rising edge
and 90%, 50% and 10% on the falling edge of the pulses are found to
define a line 1n space (the trajectory of the shower core) as shown
in figure 33.

Two advantages of this approach are immediately apparent fairst,

1t 1s unnecessary to know the location of the core (although it is
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easily obtained as the intersection of the trajectory with the ground
plane 1f desired) and second, an image of the casc;de development 1in
individual showers 1s obtained in a straight-forward way from arrival
time data. Useful measures of shower development determined from

this i1mage are the atmospheric depths corresponding to the origin of

light at various percentage levels (eg D 1s the depth corresponding

50
to the origin at the 50% level) and the atmospheiic thickness for the
growth (10-90%), Dr1se’ thackness at maximum (90-90%), Dtop’ and decay

17
of the cascade image (90-50%), D The 1mage of the average 10

fall’
eV d-particle initiated shower simulated i1n this way is shown 1n

figure 34.

Calcuidatea vaiues oi D D and D (- 1ndicates fallang

10’ P90’ P-g0° -10

edge of pulse) based on simulated pulses between 100 m and 500 m from
the core are plotted i1n figure 35 against depth of clectron cascade
maximum for the average showers described in section 5-9 and are

found to correlate vell with depth of maximum, This 1s 1n contrast

, D and D to the depth

to the relative 1nsensitivity of Dr top fall

1se
of cascade maximum shown in figure 36. This 1s due to the similar
shapes of the electron cascades when plotted against atmospheric depth.

The deviation from this rule for late developing showers 1s due to tihe

fact that only thc cascade above the giound mdy be imaged.

5~10 CERENKOV LIGHT FROM FLUCTUATING SHOWERS, 5 x lO17 eV

Measurements of the quantities decscribed 1n sections 5-8 and 5-9
may form part of experiments to identify the primary mass through cascade
development, Depth of development alone 1s not sufficient to determine
primary mass as i1interpretations depend on models for nuclear interactions,

Measurements of fluctuations and the correlation between observables may
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reinforce hints as to the primary mass given by measurements of average
savelopment,

The Cerenkov light component has been calculated for a sample of
20 proton initiated showers and 10 iron nucleus showers with a primary
energy of 5 x 1017 eV, The sensititivity of the lateral structure
function exponent, ¥, and various measuresderived from the light pulse
shape to the early (10%) and maximum (100%) development of the €lectron
cascade are shown in figures 37, 38 and 39, Correlation coefficients
have been calculated between selected measures of the light pulse and
cascade development and are shown in table 4. 7Y 1s also considered here
as a measure of cascade development.

It 1s noted that Y, Dlo and D100 correlate particularly strongly
with cascade development and that generally light pulse measures that
reflect the start of the pulse correlate better with the depth for 10%
of election cascade maximum, X0’ than the depth of electron cascade
maximum, xmax’ 1.e. they are related to the start of the electron cascade.
It 1s also noted that correlation coefficients are often higher for the
iron nucleus -——~ showers than for the proton showers reflecting a

wider spread i1n shape of electron cascades for proton initiated showers

with this model,



-216-

w
(=]

N
™
U

STRU(Z’TURE FUNE,TION EXPONENT
~ o
{ |

CAS|CADE 10% LEVEL

A
A a "
A A M A )
A A
A
N AA |

CASCADE MAXIMUM

22 | 1 i i
200 400 600 800 1000
DEPTH IN ATMOSPHERE (gcm? )
FIGURE 5-37 values of lateral distribution struciure function exponent

in individual proton (A) and i1ron nucleus (V) initiated showers plotted
against the depths for 10% and 100% of electron cascade maximum,



-217-

L L A B AL N L L LI D D | LN I | 1 1

- iron Protms  + -

.- Nuclei - -

601 J

’ g A

20f -
O ° :
4 -
R0 P MY, oo -
~ 20- t; (350m) 4 ]
o o .
B e e e e B S B o B
w 4 -
= wol- i -
- - v v
_ WOE ]

i }: ]
100-FWHM(500m )7 7 .
i +
B Tit;h“F' -
50—FWHM(35}W)’E A B a

. i A -

- 500 \ - -

I tl’ ‘ m)\ m.:ﬁ\f-\\%‘i{: o X ___,_._@.L@:?»x x y}‘(ﬁ b i

20} oy L e = ]

L ¢, 1350m)” L 1

) U W GEUUN WS WO N N U DN DU N | bt 3 11t 1.1 1

100 300 500 700 900 1100

10°%e CASCADE LEVEL CASCADE MAXIMUM

DEPTH IN ATMOSPHERE (g cm)

FIGURE 5-38 Measures of pulse shape at 350 m and 500 m from the core
in individual showers plotted against measures of cascade development.



-218-

700

500

T 1 ) | L L) L | L] ¥ T L T Ll L4 1 ) 1 T
Protons b
Rt el
L ]
lron
i Nuclel )
S -
- o ° -y
L Q oc? Q)d)

(E). %O L
m -y
;; - d'IO /ﬂgﬁ /%M@ (o] ]
& 300} -
I - .
o
3 | _’M T ]
= 100} drop X | ans |
L. A Vv XYAX X‘\*xv ~ _{
lL ; | . 2 " 1 1 [{ 1 1 1 3
o ‘- T I T v 1 b v
% 700 ° o 00 e o .
1w K e = e® T
g A 3 S Xo n © ]
L . digo ¥ /;mé%)/a ¢ i
T 500} o o i
- -
N .
300}- J
- A f Y A FALLN 4
- drise ___awdid U - 12BN A -
100 . /-—-x\\“\h ——I2F .7
d N, VVN/_V_
|- “FALL VTR VIV KV N VS
100 300 800 700 800 100
10°%% CASCADE LEVEL CASCADE MAXIMUM

DEPTH IN ATMOSPHERE (g cm 2)

FIGURE 5-39 Measures of development of the Cerenkov light i1mage 1in
individual showers plotted against measures of cascade development.



PRIMARY PROTONS

PRIMARY IRON NUCLEIX

x 10 Xnax Y IF X10 Xmax Y
Lateral Distribution Structure 1{ 0.687 0.607 0.804 - 0.965 0,964 0 986 -
Function Exponent : * *
0,576 0 637 . . .95
Pulse Rise Time (ns) tr(350) 0 626 57 3 0 911 0,957 0 976 0.897 0,954
tr(5°°> 0 o688 0 573 0 668 0.948 0 912 O 885 0 873 0 913
ttqp(350) -0.483 -0,520 O 186 ~0,.337 0.812 0,777 0 912 O 875
Pulse Top Time (ns) ¢ (500)
top -0.587 -0.421 -0.416 -0 690 0 941 0 968 0 886 0.942
t i (350) 0.307 0 197 0 924 0,763 0 913 0 873 O 986 0 962
Pulse FWHM (ns)
t ﬁ (500) 0 189 0.190 0 743 0 581 0,939 0.954 O 891 0 939
tF(350) 0.563 0.406 0 781 0 891 ) -0 948 -0 967 -0 906 -0 948
Pulse I'all Time (ns)
tF(500) 0 270 0 118 0 432 0 442 0 935 0 914 0 921 0 938
at 10% level d10 0 776 0 733 0 343 0 803 0 920 O 983 0.841 0 905
at 100% level d100 0 653 0 657 0 487 0 B840 0 840 O 876 O 862 0.882
Image
Depths
-2 10% to 90% level drise 0 522 0 390 0 733 0,898 | -0 367 -0.490 ~0,304 -0 343
Kg cm )
90% to 90% levels dtop -0 702 -0 574 -0 513 -0.853 0 926 0 944 0 864 0 918
-0 256 -0.358 -0 125 -0 287 | -0 939 -0 969 -0.890 -0 948

90% *o 50% levels dfa

11

TABLE 5-4 The correlation between selected measures of the light pulse and longitudinal development,

-612~
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CHAPTER SIX

THE SIMULATED RESPONSE OF "FLY'S EYE" TYPE IMAGING SYSTEMS TO THE OPTICAL
EMISSION FROM LARGE COSMIC RAY SHOWLRS

INTRODUCTION

A detailed knowledge of the energy spectrum and composition of the
primary cosmic radiation up to energies ofmlO21 eV 1s necessary to
advance our understanding of astiophysics. At these very high energies
the spectrum of the primary radiation 1s measured indirectly because of
its low flux. The conventional approach has been to detect extensave
air showers with an array of ground based particle detectors (Tennent
(15%67). Inis d4pprodch 1s not suitable tor the detailed study of
the energy spectrum above 1020 eV as an array of detectors defining a
sensitive area of about 10 km2 would be required to obtain a rate of
one shower of primary energy greater than 1020 eV per year.

An alternative approach pioneered by Greisen (1966) 1s to use the
atmosphere as a scintillator and detect the fluorescence light emitted
isotropically from electron tracks The shower elections excite
nitrogen molecules which subsequently emit light on de-excitation ~
the optical yield, which 1s approximately independent of pressure
(Bunner (1967)), 1s about 4 photons pe: metre of electron track.
Further attempts to use this technique (Porter et al (1970), Hara et
al (1969) and Tanahashi1 et al (1975)) met with limited success.

In 1975 the University of Utah group reported their proposal to
buirld a "Fly's Eye" detector on a site in Western Utah blessed with
favourable atmospheric visibility using a system consisting of 7¢
detector units (Bergeson et al (1975)). Each proposed detector unit
consisted of 12 photomultiplier tubes with hexagonal light funnels

clustered above a 1.5 m diameter f£/1.0 mirror so that the photomultiplier
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tubes viewed adjacent hexagonal areas of the sky, each subtending a
so0l1d angle of 0.006 steradians, In this way, with the collection

of detector units (called the "Fly's Eye"), 94% of the sky could be
covered and remote air showers would be recorded by their optical
emission as shown in figure 1, The direction and location of the

air shower core trajectory would be obtained from the timing
information on the light samples as the shower swept past the detector.
The electron cascade development would then be inferred from the photon
densities recorded by the photomultipliers. With such a system, the
sensitive volume for large air showers would be enormous and the event
rate would be high (a pessimistic estimate given by Bergeson et al
(1975) 1s about 20 showers with primary energy greater than 1020 eV

per year and Cassiday et al (1977a) expect to map the primary energy
spectrum from 1016 eV to 1021 eV with a rate of 106 events per year).

A Fly's Eye consisting of three detector units was successfully
operated during 1976/77 in coincidence with the Volcano Ranch
scintillation counter array (Mason et al (1977), Cassiday et al (1977))
and a full Fly's Eye 1s being constructed at Dugway, Utah (Bergeson
et al (1977)). The experiment proved the viability of imaging air
showers by their isotropic optical emission. By observing showers
recorded by the scintillation counter array from a site 1.5 km away,
the response of the Fly's Eye to shower particles near ground level could
be calibrated. It was found that more light was detected by the Fly's
Eye than expected from the scintillation counter array response and
this excess was attributed to atmospheric scattering of the Cerenkov
light emmtted by the air shower (Elbert et al (1977)). Furthermore,
as expected, the Fly's Eye detectors which were looking at small angles
to the core observed laige photon densities due to direct Cerenkov

light,
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FIGURE 6-1 Segments of a high energy cosmic ray shower as seen by
three phototubes of the Fly's Eye detector (from Bergeson et al (1975)).
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The detailed study of the origin of the i1isotropic radiation forms
an i1mportant part of this new tichnique (Elbert et al (1977)). In this
chapter computer simulations of Cerenkov light have been extended to
1nvestigate the important problem of the spatial and temporal response
of a Fly's Eye imaging system to the fluorescence light, direct Cerenkov

light and scattered Cerenkov light from air showers.

6~1 DETAILED COMPUTER SIMULATION

A detailed Monte Cailo calculation has been made of the response
of a Fly's Eye type imaging system situated at an altitude of 1.6 km
(the altitudc of the proposed University of Utah Fly's Eye) to
flucrescends liguu, uliect Cerenkov light and scattered Cerenkov light
from 2n electron cascade, The electron cascade shown in figure 2 was
inmitiated by a vertically incident gamma-ray of energy 2 x 1011 ev.
The point of initiation of the shower was chosen to be low in the
atmosphere 8o that .he electron cascade would maximize at a depth
similar to that of a shower initiated by a primary particle of energy
~dOl7eV. In thais way the simulated distribution of electrons was
appropriate to large cosmic ray showers but the computation was economic.

The calculation of the electron-photon cascade and the direct
Cerenkov light component follows that described in chapters 3 and 5.
For example, the wavelength dependent atmospheric attenuation of light
was considered using the model described by Elterman (1968). The
Rayleigh Law of Scattering has been introduced to allow for both
molecular and aerosol scattering of Cerenkov light as described 1in
chapter 5. A fluorescence yield of 4 photons per metre of electron
track has been adopted and ihe atienuation of fluorescence light has

been allowed for assuming that all the fluorescence light was produced

at a wavelenth of 360 nm.
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FIGURE 6-2 The longitudinal electron cascade of a 2x1011 eV gamma-
ray i1nit.ated shower developing low in the atmosphere,
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6-2 SPATIAL CHARACTERISTICS OF THE OPTICAL IMAGE

The images i1n fluorescence light, direct and scattered Terenkov
light received by an imaging system consisting of detectors with an
acceptance solid angle of 0.006 steradians pointing towards the shower
core trajectory from locations with impact parameters of 0.5 km, 1 km,

2 km, 4 km, 8 km and 16 km are shown in figure 3. It 1s noted that when
the imaging system 1s located near the core (i1mpact parameter €1 km)

the first half of the image (from the zenith to~45o from *he zenith) is
dominated by direct Cerenkov light, whereas the second half of the

1mage @~45° to the zenith to 90° to the zenith, 1.e. when the shower 1is
viewed from the side) 1s dominated by scattered Cerenkov laght. The
1mage 1n fluorescence light 1s seen to grow, maximize and decay reflecting
directly the growth, maximization and decay of the dlectron cascade.

In constrast, the image in scattered Cerenkov light continues to

brighten at ever increasing angles to the zenith. At large impact
parameters fluorescence light 1s seen to dominate the image, scattered
Cerenkov light making an important contribution only to the light seen

by detectors looking at large zenith angles (1.e. when the shower is
viewed from the side).

The above analysis may be compared to the results of calculations
by J.W. Elbert (1977, private communication) who has mapped out regions
of emission angle - emission altitude space where direct Cerenkov
light, scattered Cerenkov light and fluorescence light predominate as
shown 1n figure 4. The trajectory of the shower core as viewed by *he
imaging system has been added to this figure for the impact parameters
used 1n the present work, The nredominant light component 1s indicated
at each point along the trajectory and is found to be in good agreement

with that given by Elbert.
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FIGURE 6-4 The regions of emission angle - emission altitude space

where, according to Elbert (1977, private communication), direct Cerenkov
light, scaltered Cerenkov light and fluorescence light predominate, The
trajectory of the shower core as viewed by the imaging system for the
impact parameters used i1n the present work are also shown and the
predominant light 1s i1ndicated at each point on the trajectory C - direct
Cerenkov, S - scattered Cerenkov, F - fluorescence,
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6-3 TEMPORAL CHARACTERISTICS OF THL OPTICAL IMAGE

The time structure of the light pulses received by an imaging
system located at 1 km from the shower core has been investigated in
detazxl. This distance 1s typical of the impact parameters of showers
recorded by the University of Utah imaging system during i1ts operation
at Volcano Ranch but larger distances will be appropriate to the final
imaging system at Dugway, In these simulations the timing origin at
any given point in space 1s defined as the time at which that point is
coincident with a plane which has the core direction as a normal and 1is
moving with velocity c in the direction of the primary gamma-ray,
starting at i1ts farst interaction.

The light pulses showing the total light and the contribution
from atmospheric fluorescence received by detectors of tne imaging
system looking at the shower core trajectory are shown in figure 5.

The detectors are looking at different angles to the zenith and observe
the shower in various stages of development. As the shower sweeps
through the field of view of each detector in turn, the pulses are

seen to i1ncrease 1in duration, The first pulses are dominated by a
very fast, intense direct Cerenkov light component. It 1s seen that
the pulses due to scattered Cerenkov light and fluorescence light are
approximately symmetric about the same mean arrival time and that the
scattered Cerenkov light pulse 1s much broader than the fluorescence
laight pulse,

The above results are consistent with the shower electron density
(the source of fluorescence light) falling off much more rapidly with
core distance than theCerenkov photon density (the source of scattered
Cerenkov light). In consequence, the volume of space from which the

fluorescence light component originates, the "electron volume”, 1s much
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smaller than the volume 1n space from which the scattered Cerenkov light
originates, the "Ceirenkov volum." as shown schematically in figure 6.

This results in a larger spread in arrival times for the scattered Cerenkov
light component than for the fluorescence light component (this 1is most
marked at small impact parameters) as 1llustrated in figures 7 and 8,

These figures show the pulse widths for scattered Cerenkov and fluorescence
light respectively (defined nere as the r.m.s. deviation in photon

arrival time &~ FWHM/3) as a iunction of zenith angle of the detector

for various impact parameters, In either case the source of light is

most dense at the shower core and one would therefore expect the

scattered Cerenkov and fluorescence light pulses to peak at about the

same time. This 1s substantiated in figure 9 which shows the mean

arrival times of these two components as a function of zenith angle of

the detector for various impact parameters of the Fly's Eye.

6-4 CONCLUSION

Detailed computer simulation of the response of a Fly's Eye type
imaging system to the optical emassion from an electron cascade in the
atmosphere has been made and this confirms the observation by Elbert
et al (1977) that direct and scattered Cerenkov light may make an
1mportant contribution to the image of cosmic ray showers recorded by
such a system, particularly for showers with impact parameters less
than ~2 km, Elbert et al give the ratio of the apparent optical
shower size to the Volcano Ranch array shower size as a function of
light emission angle (irrespective of impaci parameter and shower size)
and as a function of shower size (iresspective of impact parameter
and light emssion angle). The present simulations are not directly
comparable to these results but indicate the relative importance of the

three optical components at different impact parameters and light
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FIGURE 6-6 The volumes 1in space from which most fluorescence light
received by a detcctor originates (''electron volume"), and from which
most scattered Cerenkov light originates (''Cerenkov volume') are shown
schematically. re and rc represent the median electron and Cerenkov
photon radiai,
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emission angles, 1n good agreement with the calculations of Elbert (1977,

private communication).

The analysis of timing information from a Fly's Eye type 1maging
system to obtain the shower core trajectory should not be impaired by
the presence of a Cerenkov light component since the mean arrival time
of this component 1s similar to that of the fluorescence light component.
The lateral distribution of the electron component of cosmic ray showers
1s difficult to study using a conventional ground based airay of
detectors as the median electron radius 1s small. Examnation of the
detairled time structure of pulses from a Fly's Eye type imaging system
for showers with large impact parameters (so that fluorescence light
dominates the pulse) may form the basis of a new tecanique to study
the lateral spread of the electron component at various stages of
development, a subject of contemporary interest (see Hillas and Lapikens

(1977) and references therein).
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CHAPTER SEVEN

COMPARISON OF AIR SHOWER SIMULATIONS WITH EXPERIMENTAL DATA

INTRODUCTION

The most populous particles in cosmic ray air showers are the
electrons, and the growth of the electron cascade 1s a fundamental
characteristic of the air shower. This cascade development depends
primarily upon the momentum distribution of the secondary no's in
energetic N-air and it-air interactions, The cascade shows a growth
maximization and decay as the energy of the shower 1s degraded. The
single most useful measure of cascade development 1s the depth of
maximum development of the cascade in the atmosphere. Although the
aeptn o1 maximum 1S difficult to observe with most existing experiments,
1t can be shown to be well correlated with several other shower observables
(Dixon and Turver (1974)) and 1is readily calculable.

The value of the muon content of a shower gives an indication of
the energy degradation and the sharing of energy between charged and
neutral pions 1n a cascade. In contrast to the electron cascade, the
muon cascade grows and maximizes, but decays only slowly, as a result
of the stability of the muon and i1ts small cross section for radiation
and pair production, The ratio of muon number to electron number 1s
thus an indicacion of overall shower development, The data of Kalmykov
et al (1975) on Nu - Ne dependences have frequently been interpreted as
strong evidence against the validity of the scaling concept 1f a beam of
primary protons 1is assumed, as 1llustrated by figure 1, Here the
calculations refer to showers of fixed primary energy, whereas the measure-
ments are for showers of fixed size. A consequence of this 1s that the
calculated Nu values are upper limits. As wi1ll be explained later, the

correct calculation for proton primaries, will be even further from the

data, while the curve for iron nucleus primaries will be esSentially

unaffected. This 1s demonstrated by the calculation of Vernov et al
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FIGURE 7-1 The experimental variation of muon number (E,>10 GeV) with
shower size from Kalmykov and Khristiansen (1975) 1s compared to the
results of the present simulations at fixed primary energy for A=1, 10 and
56 as the primary mass number The calculations of Vernov et al (1977) at
fixed shower size are also shown for proton primaries ( dashed line)
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(1974), which 1s shown by the dashed line in figure 1. This calculation
1s for scaling and proton primaries, taking into account the fact that the
measurements are for showers of fixed Ne rather than for fixc1 primary energy.

Interpretations to date (e.g., Wdowczyk and Wolfendale (1972), Gaisser
and Maurer (1972), Gaisser, Protheroe and Turver (1977)), suggest that the
cascades develop with their maxima significantly higher i1n the atmosphere
than can readily be accounted for 1f the primary particles are protons
and the momentum distribution of secondaries follows scaling. This
conclusion 1s 1llustrated by figure 2 which shows data fo. depth of
maximum compared to the scaling calculations for A=1, A=10 and A=56 as
the primary mass number,

We note that these discrepancies may be alleviated by many changes
i1n assumed primary particle mass and/or interaction models which result
an a decrease in the depth of maximum of electron cascade ¢f 100 g cm_2
and many authors (e.g. Wdowczyk and Wolfendale (1972), Barrett et al (1975),
Kalmykov et al (1975), Olejniczak et al (1977), Grieder (1977),
etc.) have argued that these difficulties are symptomatic of a fundamental
change or threshold in the particle physics somewhere between the highest
accelerator energies ( 2 TeV) and EAS energies (= 1015 eV)

As 1s 1llustrated in figures 1 and 2, one such possibility 1s the
assumption of a beam of heavy nuclei as primaries, Thus a fundamental
problem with the interpretation of EAS data 1s to disentangle astrophysical
aspects (e.g., composition of cosmic rays) from the particle physics
aspects,

It should also be emphasised, however, that neither the averagc
depth of maximum of showers of fixed primary energy, nor the muon content
(Nu/Ne) 1s a directly measured guantity. Both are inferred from measure-

ments of densities of particles in showers with significant fluctuations

from shower to shower i1n primary energy, in depth of first (and subsequent)
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interaction, in location of the core relative to the detectors, etc,

Jn these circumstances, the possibility of systematic effects cannot
always be ruled out. Such possibilities motivate the attempt here

to produce detailed simulation results which are directly comparable to
the measured quantities. In this chapter therefore, detailed comparison
is made between a broad range of air shower data and the results of
computer simulations for proton and iron-nucleus primaries using the
scaling model and the constant inelastic cross sections described in
chapter 2, Iron 1s chosen as the nominal heavy nucleus for calculation
because 1t has the highest binding energy per nucleon, Other heavy
primaries would lead to similar showers characterised by small fluctuations
dna early development, Simulation results for A=land A=56 are compared
with experimental data in the remainder of this chapter since a pure
proton composition and a pure iron composSilion represent two extremes of

a feasible primary mass composition.

17 18
7-1 INTERPRETATION OF 10 - 10 eV DATA

The first application of the simulations described in previous
17 18
chapters 1s to the large showers with primary energy 10 - 10 ev
An important characteristic of the data considered, which have been
obtained at the Haverah Park air shower experiment, 1s the consistent

estimate of the primary energy which i1s available for each shower from

this well-established array.

7-1.1 The Detection and Recording of Large Showers

The requirement when recording showers for astrophysical studies
(e.g. measurements of the primary energy spectra, arrival directions) or
energetic interaction studies (e.g. measurements of cascade longitudinal
developmenc)is to obtain a sample of the times of arrival and particle

densities across the shower front in individual showers. At Haverah
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Park this 1s dnne using an array of a relatively small number (7) of large
area (34 m2) water Cerenkov detectors (Tennant (1967)). Th*s 1s 1n
contrast to the procedure e,g. at the Volcano Ranch array (Linsley (1973))
where a large number (79) of small area (1 mz) scintillation detectors
are employed, In the measurements at Haverah Park the arrival direction
of the shower 1s assumed to be the normal to a plane fitted to the
arrival times of the signals at widely spaced (~~800 m) detectors. The
centre of symmetry (the core) of the shower 1s found using computer
optimization techniques from an assumption that the variation of detector
response with distance from the core, the lateral distribution, is
monotonic.

The measures of primary energy adopted at the Haverah Park array
are the ground parameters p(500) and p(600), the response of a water
Cerenkov detector to shower particles of 500 m and 600 m from the air shower
core respectively, and have been described by Edge et al (1973). Since
these detectors are sensitive to both the electromagnetic component and
the muon component they are calibrated by their response to single muons
and p(500) and p(600) are therefore measured in units of vertical
equivalent muons per square metre. The essential reason (first suggested
by Hillas et al (1971))that p(500) and p(600) are well correlated with
primary energy on a shower-by-shower basis (despite fluctuations in the
development of individual showers) 1s that at +500 m from the core
the detector response arises from approximately equal contributions from
the electron-photon and muon components, Furthermore, changes in
longitudinal cascade development lead to anti-correlated changes 1n
the muon and electromagnetic components,

Some data reported here, e.g. the shape of the water Cerenkov

detector structure function, were obtained with the large area detectors
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which form the main shower detection facility.

Other data have been recoruved by additional types of detector exposed
in the "beam" of well measured showers available from the main facility.
These additional detectors have included a large area magnet spectrograph
for the measurement of the momentum distributions of muons, various muon
number densitiy detectors (currently a total sensitive area of 50 m2 1s
available) and in recent years an array of 8 air Cerenkov detectors.

The Cerenkov light pro<iced by electron cascades and by muons
within the water Cerenkov detectors has been calculated, in order to
assign values for p(500) and p(€00) to simulated showers.

The simulations have been tailored to reproduce the conditions
appropriate to each observation considered, thus reducing the uncertainties
which arise when simulations of a more general nature are compared with

specific measurements,

7-1.2 The Muon Commnonent

Measurements have been made at Haverah Park of the lateral
distribution of muons of energy greater than 0,3 GeV and 1,0 GeV by
Strutt (1976) and Dixon et al (1974) respectively. The measurements
were made 1n showers incident from within 30o of the zenith and of known
p(500). The data are reduced to refer to showers'from the zenith, In
the experiments, consideration was given to the effects of detector
saturation (occurring when the detector 1s close to the core) and in
the simulations the effects of core mislocation have been considered.
Both of these features are known to cause distortion of the structure
functaion. The data from these experiments are shown in figures 3 and
4, where they are compared with the results of the simulations, A
satisfactory representation 1s given both of the structure function

shape and the absolute muon densities particularly at core distances



~248~

A=1
p (500)~ 0.32 11 2

2), Ep>0.3GeV

S
o
1

MUON DENSITY (m
-

81 STRUITIOTE
2ystruitnore) @

Figure 7-3 The measured lateral distribution of muons with energy
greater than 0,3 GeV 1s compared to the results of
s1mu1atlogs at a primary energy corresponding to P(500)
= 0,32 m“,
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FIGURE 7-4¢ The measured lateral distribution of muons with energy
greater than 1 GeV 1s compared to the results of simulations
at a primary energy corresponding to p(500) = 0,33 m2,



~250-

greater than 100 m by the scaling model with proton and i1ron nucleus
primaries, Other models of ps-ticle physics give similar representations
of the data. No marked sensitivity to primary mass 1s observed,
although 1f the scaling model 1s accepted then the broader lateral
distribution resulting from heavy primary nuclei 1s preferred. At
core distances less than 100 m, the fit of the simulated structure
function to the observations 1s less satisfactory. This may be a
consequence of i1nadequate allowance for core mislocation effects (which
have their maximum etfect flattening the structure function near the
core) or, in the case of the 1 GeV threshold data, of inaccurate
normalization of measurements (data at distances less than and greater
than 100 m were obtained in separate experiments), This difficulty
at small core distances 1s shared with other models.

The differential momenium spectra of muons at 300 m and 500 m
from the shower core have been measured using a magnet spectrograph
by Dixon et al (1974). The spectra measured in showers incident at
less than 30° from the zenith are shown in figure 5 and are compared
with the results of the present simulations using the scaling model with
proton and iron nucleus primaries for vertical showers, In particular,
greater significance should be attached to the shape of the spectrum
as the absolute densities are based directly on the measurements already
discussed above, The measurements in non-vertical showers will account
for some of the deficiency in low momentum muons, The shape at both
core distances predicted for proton primaries 1s, however, much too
steep,

The heights of origin of muons (reduced to a common detectur momentum
threshold of 0 3 GeV/c) 1n large showers have been summarised by
Earnshaw et al (1973). These heights, which were derived from the

spatial and temporal distribution of muons and the geomagnetic distortion
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of the muon charge ratio in a number of experiments, are shown in figure
6. The simulation results usiig scaling with iron nuclcus primaries are

found to be i1n good agreement with the data,

7-1.3 Atmospheric Cerenkov radiation

A large proportion of the electrons in showers are sufficiently
energetic to emit visible Cerenkov radiation in the air and recently,
measurement of the photon flux at large core distances in high energy
showers has become popular. Such visibile photons, primarily from
atmospheric Cerenkov radiation, are the most numerous component at all
core distances in large showers, The 1nformation carried by these
photons 1s derived from all electrons 1n the shower thus tho cignal
relates to the primary energy and mirrors the development of the shower
(see chapter 5).

The lateral distribution of the total Cerenkov light signal ain
near vertical showers of known primary energy esiimate p(500) has been
measured by Hammond et al (1977). The measurement and calculation of
the absolute photon flux 1s demanding, and greater significance should
be given to the shape of the Ilunction than to absolute fluxes, A
comparison 1s made in figure 7 between the data of Hammond et al and
the present work which 1s normalized to the lower energy shower data at
200 m from the core,

The potential of the light pulse shape as an indicator of cascade
development was suggested by Boley (1964) and measurements were initiated
by Efimov et al (1973) and have been fuily exploited by Hammond et al
(1977a). The average pulse shape can be representated by the rise and
fall times and the FWHM at known core distances, which are shown 1in

figares 8, 9 and 10, The response of the detectors of the type used

by Hammond et al has been allowed for in the calculations, and again the
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predictions of the scaling model fit the data for the rising and falling
edges of the pulse adequately, independent of the primary mass. For
FWHM, however, the data of Hammond et al show a preference for the
earlier cascade development appropriate to heavy primary nuclei, The
sensitivity arises from the changirng width of the pulse near the peak.
The data on FWHM of the pulse reported recently by Kalmykov et al
(1976) are also shown in figure 10, When 1t 1s noted that these authors
have corrected their data for the effects of the bandwidth of their
dtectors, their data are also seen to be well represented by the present
simulations (1ron nucleus primaries)for a detector with zero response time.
Here the predictions, indicated by broken lines, are for showers with
electron number ranging from 107 to 5 x 108, to be consistent with the
measurements, This 1s in agreement with the authors own interpretation
(Kalmykov et al (1977)). Measurements of the shape of the Cerenkov
light pulse, requiring no accurate knowledge of the detector ahsolute
gain (and thus no normalization) provide one of the best tests of models.
The depth of initiation of the electron cascade (and hence the
hadron cascade) 1s reflected by the radius of curvature of the
atmospheric Cerenkov light fron%. This can be well measured without
the sampling problems which characterise many measurements of the particle
front, When the light front 1s defined as the time at which 10% of the
total light signal has arrived, a radius of curvature for measurements
in the range 100 - 500 m from the core of 7.5% 0.3 km was observed by
Hammond et al (1977a) 1n a sample of showers of mean p(500) = 0,9 vert.
equiv, muons m-z. The simulations give a corresponding radius of
curvature of 7.1 km for proton primaries and 8.2 km for iron nucleus

primaries.

7-1.4 Lateral distribution of electrons

Measurementis of the lateral distribution of electrons have been made
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by Towers (1971), Armitage (1973) and Strutt (1976) at sea level at
Haverah Park for showers of fixed p(500) using flashtubes and scintillators.
Their data are shown in figure 11 where they are compared to the result
of the present simulations. The calculated lateral distribution structure
function 1s seen to be steeper than the data, the discrepancy being
greatest near the core, This failure to explain satisfactorily the
shape of the distribution function for electrons 1is a persistring problem
in the interpretation of shower data, The problem 1s not confined to
these measurements (see e.g. Hillas et al (1971)),.

The review of data by Atrashkevich et al (1977) provides detailed
information on the lateral distribution of all charged particles for
showers of fixed Ne. Unfortunately, calculations of lateral distributions

in showers of fixed Ne are not available from the present work.

7-1.5 The Haverah Park water Cerenkov detector response

The large area water Cerenkov particle detectors are unique to the
Haverah Park array and have been extensively studied over the years
(see e.g. Edge et al (1973))., The lateral distribution of the signal
recorded by these detectors (a complicated combination of the electron-
photon and muon fluxes) 1s now well known. The structure function of
an average shower of P(500) = 1,0 m-2 1s shown in figure 12, where 1t
1s compared to the result of the simulations for an iron nucleus primary
and a proton primary with energies giving the same p(500). A further
measure of the shape which has been employed at the Haverah Park experiment,
particul=rly for the investigation of fluctuations, i1s B(100), the ratio
of the signal at 100 m to that at 00 m from the core, The mean value
according to Edge (1976), for such a shower 1s 145, compared with a
predicted value of+450 for iron nucleus initiated showers and 600 for

proton initiated showers from the present simulations,
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A freature of the water Cerenkov detector response for which no
simulation results have yet given a satisfactory explanation, 1s the
relative i1nsensitivity of the shape of the structure function to the
primary energy of the shower. No evidence exists for any measured
change 1n B(100) with primary energy over ~3 decades in energy (Garmston
(1976)). In contrast, calculations with the scaling model indicate a
change 1n B(100) of ~50% per decade around 1018eV, corresponding to a
steepening of the lateral distribution as energy increases, A similar
steepening 1s a feature of several calculations based on various models
(e.g. Hillas et al (1971), Dixon et al (1974)). Simulations show s strong
correlation between depth of shower maximum and the water Cerenkov
detector signal near the core but little or no correlaiion between depth
of shower maximum and p(600) (Dixon and Turver (1974)). Thus 1t 1s
possible to attribute the calculated increase of B{(100) to the approach
of the average depth of shower maximum toward the observation level as
shower energy 1ncreases,

Conversely, the lack of dependence of the shape of the signal on
energy 1in observed showers would suggest that the average depth of
shower maximum does not change with energy in real showers, In contrast
to this expectation, Barrett et al (1977) infer from measurements of the
rise time of the signal in the water Cerenkov deleclors that the depth
of shower maximum increases at a rate of 90 + 10 gtnﬁz per decade of
primary energy. This apparent conflict between these two measures of
shower development should provide a cluz to the correct model of particle
physics/composition,

Barrett et al (1977) have also inferred the fluctuations in depth
of maximum for showers of fixed energy from observations of fluctuations
in the rise time of the water Cerenkov detector signal. They obtain an

r.m.s, deviation ot 70 + 10 g cm_2 for showers of average primary energy



-264-
8 x 1017eV. According 10 the authors, suc» large fluctuations rule out
4 primary beam of pure neavy nuclei, These fluctuations might arise from
an admixture of 2 few protons in & predominantly heavy beam or from
intrinsic fluctuations i1n proton initiated showers with a high multiplicity
model,
A similar result for flutuations in NP for showers of fixed Ne is

discussed 1n section 7-2.3.

7-1.6 The ratio of muon density to water Cerenkov detector response

A large area muon sensitive scintillation detector and a water
Cerenkov detector (sensitive to muons and the soft, 1,e, electron-
photon component) are co-located at the certre of tho lgivciah Fark atray.
The ratio of the response of the two detectors ﬂl(r)/pc(r) has been
reported by Armitage (1973) and Strutt (1976) for core distances in che
range 100 - 500 m. Values of this quantity for showers with p(500) 1in
the range 0.32 - 2,18 vertical equivalent muons m— are shown in figure
13. The response of the array (determined by the trigger and the
array geometry) 1s such that the most probable distance of the core from
the centre of the array increases with the primary energy of the shower.
Therefore, the dependence of %l(r)/pc(r) on core distance calculated for
proton and i1ron nucleus primaries at two primary energies (solid lires)
1s shown in figure 13 as 1s the result of an attempt based on the known
response of the Haverah Park array to take into account the likely
increase of primary energy with core distance for the data (dashed line).
The simu.ations for proton primaries are inconsistent with these data
and, alithough a more satisfactory fit results, there i1s still some
disagreement between simulations with scaling and r1ron nucleus primaries,

particularly near the core. However, the allowance for a systematic

change i1n primary energy wilh distance clearly demonstirates the sensitivity

of the shape of the pu(r)/pc(r) plot to the primary energy.
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7-2 INTERPRETATION OFSHOWLRS AT 101°-10%7 ev

In the past, tests of scaling based on comparisons of calculated

shower development with observational data have been made with showers
15 17

which range in primary energy roughly from 10 to 10 eV, The tests
have been based on average shower development (primarily the electro-
magnetic component), on the muon content of showers, and on certain (at
present restricted) measures of fluctuations in shower properties, In
this section the extent to which various primary compositions together

with scaling are consistent with EAS data in this energy range will be

examined.

7-2,1 Average shower development from the method of constant intensitv gute

The most complete set of data that reflects average shower development
1n the ra.ge 1015 - 1017 eV 1s from the Chacaltaya experiment. A revised
summary of the data was presented at the Calgary Conference by La Pointe
et al (1968), and this has been adopted as the basic data set (see figure
14). Hillas (1975) has summarised most measurements relevant to caseade
development and found that the Chacaltaya resulis are representative and
are also the most extensive set of data.

It 1s 1mportant to emphasise that the development curves in figure
14 are not directly observed averages for groups of showers of fixed
primary energies, Eo' Because any airay must be at a fixed depth in
the atmosphere (530 g cm_2 1n this case) the information about
longitudinal development must be obtained indirectly. This has been
done by selecting showers incident from different zenith angles (and
hence at various atmospheric depths along the shower axis). The showers
are grouped in families with the same frequency. Shower development
can be obtained in this way for depths ranging from the vertical depth
of the array X, = 530 g cm_2 to x, sec emdx ( 800 - 1200 g cm-2 depending

here on shower size). If showers at a given rate originate from primaries
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of simlar energy, then the size versus depth curves in figure 14 correspond

to the true average development of showers of an energy corresponding to

the integral intensity I (m-2 S-l sr-l) in the primary spectrum,
Because of fluctuations (for example in depth of shower initiation

and 1n shower development) coupled with the steep primary spectrum, however,

this 1s not the case (Dedenko (1975)). 1t can be shown (Gaisser and

Hillas (1977)) that development curves obtained by the method of constant

intensity cuts (as i1n faigure 14) correspond to a good approximation to

r.m.s.’ rather than to the average 51ze,ﬁ, of showers of fixed primary

energy. Gaisser and Hillas find that the maximum of ﬁ 1s about 20-40 g

cm lower 1n Lhe atmosphere than Nr n.s It was shown i1n chapter 3

viiaL tne airiference between N m.s, and N 1s neglighle for iron-nucleus
primaries.

In view of the preceding discussion, N 1s calculated for showers of
fixed primiry energy for comparison with the Cnacaltaya curves of figure
14, The results are shown in figure 15. The results for iron nucleus
primaries are very similar to those first obtained by Gaisser (1974&)
under essentially the same assumptions, Each calculated development curve
has been normalized at one depth (600 g cm_z). This amounts to assigning
an energy to a quoted intensity (and thus calibrating the energy spectrum).
The energy assigmmenis obtained are compared 1n table 1 with those of
Hillas (1975). Hillas' energy assignments were made primarly on the
basis of considerations of i1onization in a rather model-independent
fashion. The close similarity between the two results suggests the
absence of gross errors 1n the energetics of the calculation.

The data shown i1n figure 14 are often characterised by depth of
maximum cascade development as a function of primary energy, as shown

in figure 2. The maximum 1s nol actually seen for the lower energy

cuts 1n the Chacaltaya data, The only measurement of shower development
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The longitudinal electron cascade development curves from
the present work are compared to experimental development
curves obtained by La Pointe et al (1968) (e) and Antonov
and Ivanenko (1975) (*).
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Integral flux Energy derived from Energy estimate
(m-2 sr—l s_l) energy deposition from present
by Hillas (eV) work (eV)
10°© ( 1.9 x 10*%) (1.8 x 10'°)
1077 5.9 x 10%° 7.5 x 10°°
1078 1.6 x 10™° 1.9 x 10'°
10”2 5.5 x 10'° 6.5 x 10'°
10710 1.7 x 107 1.9 x 10
10 M 5.5 x 10 5.5 x 100"
TABLE 7-1 Energies assigned to the longitiudinal development curves

obtained i1n the Chacaltaya experiment
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that significantly extends the range of the Chacaltaya measurements 1s
that of Antonov and Ivanenko (1975) and Antonov (1974) who have measured
the size spectra of small showers at aeroplane altitudes (200-550 g cm-z),
at which depth the showers have barely reached maximum, They have
normalised the spectra to the two smallest constant intensity curves as
reported by the Chacaltaya group at the London Conference (Bradt et al
(1966)), (1 = 10'-5 and I = 10_6 m_2 st sr—l). Thelr data for

these 1ntensities ai:c shown as * in figure 15, Note, however, that the
lowest energy point ;s based upon data which had been deleted from the
presentation of the Chacaltaya group at the Calgary Conference i1n 1967,
Assigning depths of maximum and co:rresponding uncertainties to the corstant

intengaty cut o

[0]

S 15 5.1l w some extent a matter of taste, For
this reason the locus of the maxima of the computed showers is shown as
solid line in figure 15,

Olejn czak et al (1977) have, however, gone further. They have

calculated a value for the effective atomic mass Ae from a depth of

ff
maximum vS,. Eo plot (including Antoncv points) by estimating what atomic
mass 1s needed to bring their caclulated depth of maximum down to the
observed depth of maximum, They find a lower limt of A = 200, Such

a calculation, however, involves exponentiating all the uncertainty and
error (including use of calculated N rather than N . ) 1nvolved 1in
obtaining an estimate of depth of maximum from the data, This can be seen
by noting that the calculated value of X ax for a nucleus of mass A 1s

approximately given by

= A 1
X ox C+ B 1ln (Eo/ )
= d
Then Aeff 1s obtained by requairing X nax (calculated) X ax (observed)
1.e,
C—xmax(observed)
= 2
Aeff Eo exp B

where BRX37 gm cm—z. It 1s therefore preferable to compare the results
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of a model calculation directly with the data as in figure 15, Doing
thais, no significant inconsisteicy 1s found between the Chacaltaya data
and the prediction for scaling and iron primaries, although there appears
to be a suggestion that observed showers attenuate more rapidly than
calculated ones. The lowest two curves are systematically steeper than
the caculation, However, the lowest (10-5) curve 1s not included in
the revised data of La Pointe et al (1968) and Hillas (1975) has noted
previously that the next (15—6) development curve may be anomalous and
cannot be represented by a physical model.

Another way of presenting what 1s essentially the same data 1s to

tabulate Nmax/N as has been done by Wdowczyk (1975). Results

derived directly from the data (figure l4)are shown in table 2 where they

sea level’

are compared with results from the present simulations and the estimates
made byWdowczyk from the composite development curves of Antonov and
Ivanenko (1975), The latter were obtained by normalising the aeroplane
experiments (Antonov and Ivanenko (1973) and Antonov (1974)) to the first
presentation at the London Conference of the Chacaltaya data (Bradt et

al (1966)), 1ncluding the cut at 107° m 2 71 sr-l, which was not

reported 1n the revised data presented at Calgary (La Pointe et al (1968)).
Again, scaling with protonprimaries 1s clearly ruled out by all
considerations, but calculations for iron-nucleus primaries with scaling
give a good account of this feature of shower development (except

possibly at the lowest energies) as should be expected from the

satisfactory agreement shown in figure 5.

7-2.2 Measurements of muon densities

It was shown in chaptes 3 and 4 that the muon and electron longtiduinal
development are fundamentally different the muon component grows to a

plateau 1n N, and then the number of muons declines rather slowly. In

n

contrast, Ne grows to a maximum then dies away rather rapidly (see, for
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Integral flux N /N
-2 -1 -1 max  s.l,

(m sr s )

Chacaltaya Calculations Wdowczyk

data Fe p (1975)
1070 7.36  3.57 12
1078 13 4,82 2.16 10
107 4.7 3.57 1,73 6.3
1078 3.5 2.70  1.45 4.3
1072 3.2 2.23 1.21 3.4
10710 2.9 1,83 1.10
10712 2.6 1.67  1.05
TABLE 7-2 Calculated values of shower size at maximum to size at sea

level Nmax/N are compared to estimates based on the

s.1
Chacaltaya data (La Pointeet al (1968)) and estimates by
Wdowczyk (1975) based on the development curves of
Antonov and Ivanenko (1975),
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example, figure 5 of chapter 1), Since showers in the range 1015 - 1017

eV are generally observed at sea level and are well past ma>amum, thas
means that Nu/Ne (see figure 2) 18 in principle a sensitive measure of
average longitudinal development and of fluctuations in development.
However, because of the large and correlated fluctuations, 1t 1s
essential to be quite clear about what 1s actually measured.

Typical measurements of the muon flux in EAS are made wrth one
(or at best a few) muon detectors of several tens of m2 wtal area 1in
conjunction with an array of many detectors that measure primarily the
soft component, Thus, what 1s often measured 1s the muon density at a
particular distance (or distances) from the shower core. For each
shower the core 1s located by fitting the densities in the electron
detectors to a semi-empirical lateral distribution, which at the same
time defines Ne for the shower. Showers are then binned by Ne and a
lateral distribution 1s built up from measurements of p (r) at various
core distances, r, ain many showers in the same size bain. In this way
an average muon lateral distribution characteristic of showers in a

given size range 1s constructed.

7-2.3 Comparison with calculations of lateral distributions

5 6
The results of such an analysis for showers of size 10 - 10

7

7 S5
(nominal size 2x105), 10" - 5x107(nom1na1 si1ze 2x10 ) and =10

(nominal size 4.5x105) and for muons with Eu:>10 GeV are shown 1in

figure f6 (Khristiansen et al (1971)). The result of a similar
analysis for showers of size >3.16 x 104 normalised to N = 106 and for
muons with Eﬂ >2 GeV 1s shown i1n figure 17 (Staubert et al (1969)),

As has already been seen (figure 1), scaling completely fails to explain

the relatively high abundance of muons 1f the primaries are all or mostly

protons, The solid lines i1n figures 16 and 17 show calculations with a
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FIGURE 7-16 The measured lateral distribution of muons with energy
greater than 10 GeV 1s compared to the results of simulations

at primary energies corresponding to Ne =2 x 10° and Ne =
2 x 107,
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FIGURE 7-17 The measured lateral distribution of muons with energy

greater than 2 GeV 1s compared to the_result of simulations
at a primary energy corresponding to Ne = 10",
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scalirg model assuming both proton and iron nucleus primaries, The scaling
~odel with i1ron primaries 1s seen to be able to account for the data, the
shape of the lateral distribution being in better agreement near the core
with the data of Staubert et al who suggest that the observed flattening

of lateral distributions near the core i1n other experiments 1s probably

due to an underestimation of core location errors Analogous quantities
at 1017 - 1018 eV are compared to the predictions of the same model 1in
figures 3 and 4. It 18 noted that the threshola energies are different

in the four cases.

Because of fluctuations among showers of given Eo' together with a
rapidly falling primary spectrum (given by N°(>E°) = E;Y, 1.5y <2),
showers of fixed primary energy have not the same characteristics as showers
of fixed Ne’ The corirect calculation involves assuming a primary spectrum,
generating showers with energies chosen randomly from this distribution,
binning the 1esults by Ne and then loo.lng at properties of the generated
muons, For heavy primaries, fluctuations are small so that 1t is
reasonable to compare muon charactertistics for calculated showers grouped
by Eo with data binned by Ne' as has been done in figures 16 and 17,

For a mixed composition, however, fluctuations may well be important
even 1f the fiaction of protons 1s small in a given energy bin, This
15 because selection of showers of given Ne at a certain depth favours

deeply penetrating proton showers of relatively low primary energy.

7-2.4 Total Muon number

It .s traditional to define a total integ:ial number of muons for each

shower, N, (>E ), by using the average distribution function described

TR

above to assign a total N to each measured pu(r). In Khrzstiansen

1

et al (1971) this 1s done by scaling the measured P up or down 1in

5
energy to one of the average lateral distribution curves at Ne = 2 x 10

7 .
or N, = 2 x 10" accoraing to Wﬂa N . This 1s the way 1n which the
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N, - Ne plot shown earlier (figure 1) was obtained. The best fit to

T}
thesedata is Nu-(Eu>10 GeV) a Ne 0.78 in contrast to simul2tions using

the scaling model with proton or iron-nucleus primaries shown in figure

0.62
E 10 GeV N . This same
ll(P-> )ae

discrepancy 1s reflected in figure 16 by the fact that the calculated

1 whach have a power law of N

lateral distribution for large showers 1s somewhat below the data. It
is possible that the discrepancy in slope may, to some exteni, be alleviatea
by the effects of fluctuations in the presence of a mixed primary composition,
as noted 1n the next section,

The shape of the calculated integral energy spectrum 1s shown to be
in good agreement with experiment at low primary energies in figure 18
where a compilation of total muon number, Nu(:>Eu), from vaiious

experiments at Ne:::lo6 by Gaisser and Maurer (1972) 1s given, Also

included are recent measuiements by Vernov et al (1977).

7-25 Fluctuations 1n muon number at fixed shower size

Even though fluctuations ain N” for fixea Eo are expected to be
relatively small, fluctuations in NP for fixed Ne need not be small
especially for proton primaries, This 1s because of the steep
attenuation of Ne with depth in the region of observation folded into

the steep primary spectrum, Since Nu 1s well correlated witih Eo in each
shower, the fluctuations in Ne can lead to large fluctuations in Nu

for fixed Ne' Figure 19 shows the data of Vernov et al (1969) for

the relative dispersion O/N Several authors (Kalmykov and

u L)

Khristiansen (1975), Olejniczak et al (1977)) have pointed ou. that

such large fluctuations rule out a pure iron nucleus composition in the
15 17

range 100 - 10" eV, Elbert et al (1976) point out that there are

two solutions to this problem el1ther a predominantly iron nucleus

composition with a small admixture of protons or other light nuclei or

a composition of nearly all protons, In the former case the fluctuations
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FIGURE 7-18 A compilation of total muon number, Nu (:>EH ) by Gaisser

and Maurer (1972) (o) and additional data from Vernov et
al (1977) (+) 1s compared to the integral energy spectrum

of muons simulated at a primary energy corresponding to

N =10,
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arise largely from the mixture and 1n the latter case laygely from the
orge fluctuations 1n developmen. charactertic of proton showers. The
curves in figure 19 have been obtained from a scaling model by Elbert
et al (1976). They are able to bracket the data by varying the
composition, Pure protons or pure iron primaries both give too little
fluctuation, A standard mixed composition gives too much fluctuation,
Predominantly iron primaries with about 10-20% protons give agreement
with the data, The measurements by Barrett et a. (1977) of fluctuations
1n cascade development based on the rise time of the Haverah Park water
Cerenkov detector pulses were noted in section 7-1.,5, Again, 1n the
authors interpretation a choice of models and masses exist to explain
these data on showers of mean energy 8 x 1017 eV, One possibility 1s
~ 80% 1ron nucleir and 20% protons, The authors believe that the case
of primaries being predominantly protons 1s preferable and that 1f this

1s so, a significant departure from Feynman scaling i1s required to

understand other EAS data,
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FIGURE 7-192 The measured relative dispersion in muon number as a function
of shower size (from Vernov et al (1969)) 1s compared ‘- that
calculated by Elbert et al for various primary composii.ons,
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CHAPTER EIGHT

CONCLUSIONS

INTRODUCTION

There 1s considerable contemporary interest in particle interactions
at those high energies accessible only through the study of cosmic ray
extensive air showers, 1.e., E1000 Tev, The interpretation of air
shower data, however, involves consideration also of the nature of the
primary particles., An attempt has been made recently by Gaisser,
Protheroe and Turver (1977, and in preparation) to clarify and, as 1ar
as 1s possible, separate the particle nhyeioe ond estrophysics aspscus
of air shower studies. Their conclusions are reproduced here in part,
Success 1p this may lead to information on the primary particle mass - a
long standing goal of high energy astrophysics. It may also be experted
to lead to information about gross features of particle interactions at
energies up to:~1018 eV, a region which may never be explored by
accelerators, It 1s emphasised, however, that i1t 1s not possible on
the basis of existing work to disentangle completely the particle physics
from the astrophysical implications of extensive air shower data, Thus
an important goal of this work 1s to delineate the direction in which
further experiment and analysis 1s requaired.

A review and clarification of the siutation for primary energies ranging
from 1015 - 1018 eV 1s particularly timely from the point of view of the
high energy physics for several reasons. For example, the design of the
new generation of accelerators presently under consideration may benefit
from hints about the behaviour of particles at high energies, especially

since results on multi-particle producticn at 100-1000 GeV are now

clearly in focus, and scaling provides a woll-defined extrapolation that
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is amenable to test at high energy. This 1s especially so since 1t
has become clear recently that nuclear effects in the light atmospheiric
nuclei will not seriously obsure matters.,

In this chapter the question as to whether the development of air
showersat energies up to 1018 eV 1s consistent with particle physics
scaled up 1n energy from accelerator data at 100 - 1000 GeV 1s considered.
The comparison of detailed simulations with a broad range of observational
data which was made i1in chapter 7 suggested that neny aspects of shower
development are 1ndeed consistent with scaling for particle physics
provided the mass composition 1s as at -1012ev per nucleus (where A

eff

~10). Certain other data are, however, consistent with the scaling
Indeed, 1t 1s found that scaling and heavy primaries can account well
for recent measurements of Cerenkov radiation in large cosmic ray showers
as well as for the observed rapid development of the electron cascade and
the large magnitude of the muon to electron ratio, However, in many of
these experiments the sensitiviily is to the development of the electron
cascade and not directly to the mass of the primary particle. Other
models considered, with different primary mass compositions but with
similar electron cascade development, would therefore give predictions
which would agree equally well with these data.

Some aspects of showers, particularly the energy dependence of
hoth the muon to electron ratio and the lateral distribution of the
Haverah Park water Cerenkov detector response are inconsistent with

Feynman .caling even 1f the prima:ies are all heavy nuclei.

8-1 THE FEYNMAN SCALING MODLL AT EAS ENERGIES

The comparisions between model predicitions and air shower data that
were made 1n chapter 7, and mentioned apove, fall into two groups: those

that refer to measurements derived from the electromagnetic component

and those that reflect tne muon component, and in particular the low
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energy muons.

The characteristics of the first group are governed by the energetic
Tto component, which in turn is determined by the fragmeniation region of
the momentum distribution of particles produced in high energy nuclear
interactions, The scaling model may account for these properties provided
that, 1n some cases, the primary mass composition 1s weighted towards the
heavy nucle1,

It 1s found, however, that the second group of measucements that
depend on the low energy muons in air showers cannot be accounted for
by Feynman scaling with any feasible model foi the primary composition,
These measurements include the energy dependence of the muon to electron
ratio (to the extent that 1t 18 not obscured by selection effects arising
from fluctuations i1n the presence of a mixed primary composition) for
primary energies ranging from 1015 to 1017 eV, and the observed insensitivity
to the primary energy of the shape of the lateral distribution of the
Haverah Park water Cerenkov detector response, for primary energies ranging
from 1017 - 1020 ev, The discrepancies between the predictions of the
scaling model and these measurements may indicate a deficiency of low
energy muons 1in the model simulations for showers of given primary energy.
Such a deficiency could be accounted for by a deficiency of pions produced
in the central region of the momentum distribution in high energy nuclear
interactions. To test this idea, a series of calculations based on the
Landau hydrodynamical model (Landau (1953)) has been made. This model
is characterised by an energy dependent enhancement of pion productica

3

in the central region such that the multiplicity 1s proportional to E

rather than 1ln E, as for Feynman scaling.

8-2 THE LANDAU MODLL AT EAS ENLRGIES

It has been pointed out that the Landau hydrodynamical model provides
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a good representation of the data in the ISR energy range (Andersson et
al (1976)). A series of calcuiations has been made using a simplified
version of the Landau model (described in Chapter 2) to examine the
effects of adopting this model on EAS calculations,
As expected, use of a model with multiplicity proportional to Ei,
changes the calculated results in the desired direction, In no case,
however, 1s an acceptable fit to the data given 1f the primaries are
protons. For iron nucleus primaries, changes to the electron cascade
development are, as expected, small typically at 1017 eV, the depth of
electron cascade maximum 1S reduced by ~50 g cm_z.

A model giving greater enhancement of pion production in the central

0.33
region than the Landau model, resulting in a multiplicity of E ’

was

also described in chapter 2, As expected, this model has been found to

give even better agreement with some of the data. The longitudinal
0.33

electron cascade predicted for both the Landau and E models with 1ron

nucleus primaries are compared in figure 1 with the Chacaltaya data.

Results using the E model with proton primaries are also shown and

1t is seen that, particularly at low primary energies, the early develop-
ment arising from a heavy primary composition i1s still required to give
agreement with the data,

In figure 2 a comparison 1s made between the results of the Landau
and the EO'33 models for iron nucleus primaries and the observed lateral
distribution of muons with energy greater than 10 GeV (Khristiansen et al
(1971)). Both the above models give a better representation of the data
than the scaling model (see figure 16 of chapter 7) but, particularly for
the EO'33 model, agreement could be obtained with the data for less
massive primaries, The predictions obtained using the Ep'33 model for

the lateral distribution of the Haverah Park water Cerenkov response at

a primary energy corresponding to p(500)=1 m_2 are seen in figure 3 to
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to the experimental development curves obtained by La Pointe et al (1968)



-287~

MUON DENSITY (ni2), Ep>10 GeV

f )
Ne =4 5x100
10012

102

FIGURE 8-2

Ne = 2x10°

Landau Model

33 Model

—_—

10

CORE DISTANCE (m)

100

The lateral distribution of muons with energy greater *han 10 GeV
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be in better agreement with the data than the scaling model predictions
(see figure 12 of chapter 7), This i1mprovement 1s due to tie earlier
shower development obtained with this model and the larger relative
contribution of the (broadly spread) muon component to the water Cerenkov
detector response, The rate of change of B(100) with primary energy
is, as expected, reduced with a value of ~25% per decade for the Eo'33
model at a primary energy of 1018 ev, This 1S 1n better agreement with
the observed insensitiviiy of B(100) to primary energy thkcn the predictions
of the scaling model ( ~50% increase per decade of primary energy).
These preliminary results have indicated the general improvement in
the agreement between predictions and data that arise when models which
preserve scaling i1n the fragmentation region, but have enhanced pion
production 1n the central region, are used, It 1s suggested that future

work should include a more detailed study of the effects of adopting,

these modeis in air shower calculations.

8-3 IMPLICATIONS FOR PARTICLE PHYSICS ABOVE 1000 TeV

It appears that, on balance, a picture with scaling in the fragmeniatiocn
region (limiting fragmentation) and enhanced multiplicity cue to increased
production of pions in the central region, together with a primary composition
as at 1012 eV, may account for most air shower observations, There are
two notable exceptions to this overall picture. Both the average electron
cascade development (figure 15 of chapter 7) and the muon to electron
ratio (figure 16 of chapter 7) appear to require a significantly heavier
composition than A £ = 10 to accommodate Feynman scaling or the Lan.au

e
model comfortably.
If the discrepancies between calculated and observedshowers are to

be accounted for by changes i1n strong interactions rather than by a heavy

primary composition then the nature of strong interactions at EAS energies
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would deviate drastically from that expected from accelerator data, and
must i1nclude a breakdown of scaling in the fragmentation region, A mld
violation of scaling in the central region only (as in the Landau model)
would be insufficient 1f the primaries are predominantly protons and light
primary nuclei. Models with extremely high multiplicities such as <n>
o Ei (achieved when the energy 1s converted into matter moving slowly in
the CM system - the kinematic limit) are required for a light primary
composition i1n order to give sufficiently rapid shower development. This
1s achieved by a rapid degradation in energy of the hadronic cascade.

A snower parameter which 1s particularly sensitive to the multiplicity
in high energy interactions independently of primary mass (to a reasonable
approximation) 1s the elongation rate, defined as Axmax/ Alog Ep (1.e.
the change 1n depth of electron cascade maximum per decade i1ncrease 1in
primary energy). One objection to models with extremely high multiplicities,
apart from their lack of theoretical motivation (Gaisser (1377)), 1s that
they 1lead to low elongation rates e.g. for an Eé model the e€longation
rate 1s «40 - 50 g cm-z(see e.g. Olejniczak et al (1977a)). Preliminary
indications (Barrett et al (1977) and Protheroe and Turver (1977)) suggest
that the elongation rate 1s 80 - 90 g cm_2 at energies 1n the range
2 x 1017 eV to 5 x 1018 ev, Thais higher value is consistent with a

scaling model, regardless of primary mass,

8-3.1 The effects of a rising cross section

The effect of a rising cross section 1s to cause showers to develop
more rapidly, mainly because the mean depth of first interation 1is higher
in the atmosphere. Various extrapolations have been made for the i1ncrease
with energy of the proton~proton total cross section observed at the ISR
(as discussed 1n chapter 2) and the effect of an energy dependent mean frce
path on the longitudinal electron cascade development has been described

in chapter 3,
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17 eV of ~55 g cm_2 1s

A mean free path in air for protons at 10
obtained for a conservative extrapolation with a 1ln E dependence (cross
section (111) in figure 18 of chapter 2), The effect of this energy
dependent cross section 1s to reduce the depth of electron cascade
maximum for 1017 eV showers by~45 g cm-z for proton primaries and by
~ 15 g c:m-2 for iron nucleus primaries, With such a modification to
the scaling model, proton primaries are still precluded by the Chacaltaya
electron cascade measurement; and the measured muon to electron ratio,
For heavy primaries the effect of the increased cross section is small

but may remove the slight discrepancies that exist between the predictions

for iron nucleus primaries and some of the data,

8-3.2 Photoproduction of pions

EAS calculations including the effects of the photoproduction of
pions have been made by Protheroe McComb and Turver (1977, in prepar.tion)
using the model of nuclear interactions of photons described in chapter
3. Interest 1n this process arises since pions produced in sucn
interactions may form a source of low energy muons additional to those
from the usual processes, The additional number of muons from this
source 1n showers simulated with the scaling model was given in chapter
4,

The most i1mportant consequences of this process arise for showers
simulated with primary energies greater than 1018 eV as a consequence
of the large number of photons i1n the cascade and the increased proximity
of the cascade maximum to ground level, The increase in the muon
density at a core distance of 600 m could cause an increase, for a
given primary energy, in the value of the Haverah Park ground parameter
p(600), This 1s of limited consequence fo: the above comparisions, since

17
most of the data considered are at energies around 10 ev,
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In particular, there 1s no significant change in the relationship between
+he observed number of muons wiih energy greater than 10 GeV and electron
number (Kalmykov and Khristiansen (1975)), since the number of additional
muons arising from the photoproduction process 1s small (due to the low
primary energy of the data) and lacking in high energy particles (see
chapter 4),

Perhaps the most important effect of the increased muon density from
this source will be on the relation between the fiaverah Park ground
parameter and primary energy, which may become energy dependent at the
highest energies, To estimate this effect, the additional muon component

1.1
was assumed to vary with primary energy as Ep 2. The power low exponent

oIl 1.2 arxses trom the approximate proportionality, between the photo-
produced pion component and primary energy, being enhanced by the energy
dependence of the depth of maximum of the additional muon component.

The energy dependence of the "normal" zuon compcnent 1s strongly model

0.7 E 0.9

dependent and ranges from Ep : to . Conventionally the Haverah

Park ground parameter p(600) has been assumed to be proportional to

primary energy

p(600) = 10 *° B m 2 1

where Ep is the praimary energy (eV). Taking the more conservative
estimzte of the energy dependence of the "normal" muon component and
normalising to the data on the muon to water Cerenkov detector response

ratio at r~1017 eV yields approximately
L, (F 0.82 L
p (600) = 5 x 10 {-B } m 2
H 107

for the muon density at 600 m from the core. The additional muon

component gives 1.12

E

~ -2 p

Ap (600) = 10 —_— m , 3
38 {1014
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with a fractional increase in p (600) of ﬂ~0.2(Ep/1017)°'3 and a

B
corresponding fractional increase in p(600) of ~0.,2 p(GOO)o'd f  the muon

to Cerenkov ratio 1S assumed t be maepeudent of energy.

The primary energy spectrum measurements of Cunningham et al (1977)
have been modified to allow for the effects of photomeson production as
described above and are shown in figure 4, The meodification was made
by converting the measured P(600) to the P(600) expected 1f photomeson

production were negligible by usang,

. 0.3 7 -1
p600) X p(600)[ 1 + 0.2p(600)°+° ]

It is suggested that additional muons originating in the photoproduction

of pions may allow & primary energy spectrum with a simple power law to

be consistent waith the spoctir.im ©f the grounu paramerter, p(eUv), showing
a flattening at the highest observed values. The adoption of any
preferred primary energy spectrum must, however, await further detailed

considerations of this effect.

8-4 CONSEQUENCES FOR PRIMARY MASS COMPOSITION

Throughout this chapter, the difficulty of disentangling the effects
of the primary mass composition from the effects of the high enexgy
particle physics have been highlighted. An attempt to clarify the
si1tuation has been made in table 1 where an attempt has been made to
answer the question '"Is scaling acceptable at EAS energies®" for each
set of data considered 1n chapter 7, and for three widely differing
models of primary composition, The models of primary composition
considered here are 1) light nucler (A~ 1), 2) mixed composition wuih
Aeff~1o(representat1ve of the composition around 1012 eV per nucleus),
and 3) heavy nuclei (A~ 56). In general the predictions for the mixed

composition would be midway between those for A = 1 and A = 56 1n the

figures of chapter 7 but, 1n some cases, the shower selection effects



A~56 best hut

the predictions and air shower data made in chapter 7,

1015 _ 1017 Muon content

of showvers No No No 1, 16 primary energy
dependance wrong.

1°15 - 1017 Fluctuations in Require mixed composi-
Muon number at tion with ~80-90% very
fixed Shower size No No No 19 heavy nuclei

1015 _ 1018 Electron cascade A~56 best_
develooment No No Maybe 15 (~70 g cm " out)

1o17 Momentwum spectrum
of muons No Yes Yes 5

2 1017 Lateral distribu-

* tion of low energy

muons No Yes Yeu 3, 4

2 1017 Lateral distribution

x of atmospheric

Cerenkov rad.ation Yes Yes Yeu 7

3 x 1017 Time structure of FWHM (top of pulse)
atmospheric Cerenkov sensitive to cascade
light pulse No Maybe Yes 8, 9, 10 developuent,

1017 . 1018 Muon density - Haverah
Park water Cerenkov
detector density
ratio No No Yes 13

1°17 _ 1018 Height of origin
of muons No Maybe Yes 6

1017 - 1018 Lateral distribu- All models give too
tion of electrons No No No 11 steep lateral distribu-

tion.

1017 - 1020 Response of Haverah Predicted lateral
Park water Cerenkov distribution too steep
detectors No No No 12 and energy dependent

TABLE 8-1¢ An attempt to summarise the consequences for primary cumposition of the comparison hetween

-$62~-
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of the detector array due to fluctuations in the presence of a mixed primary
composition may alter this,

The results of earlier calculations (Gaisser and Maurer (1972) and
Wdowczyk and Wolfendale (1972, 1973)) which suggested that the scaling
model could not give agreement with the EAS data for a primary proton
composition are confirmed by this more detailed comparison of simulations
with a wider range of experimental data,

The acceptability of scaling with a mixed composition i1s more difficult
to determine, It 18 unlikely that this model can account for the observed
rapid electron cascade development or the observed energy dependence of
of the muon to electron ratio, paricularly as fluctuations will bias
toward the more deeply penetrating light nucleia because of the steep
primary energy spectrum, It 1s on the electron cascade develcpment and
the muon to electron ratio of proton in.tiated showers, however, that
the Landauv model and/or a rising cross section have their greatest effect
and, 1n these circumstances, a mixed composition may be acceptable,

A heavy primary composition appears to have the greatest success
an reproducang the EAS data but a definitive answer to the question posed
above must await calculations which include the selection effects due
to fluctuations i1n the presence of a steep primary energy spectrum.

These effects nave pbeen shown to pe important by Elbert et al (1976)
who find that with a scaling model only a mixed composition 1s capable
of reproducing the data on the fluctuations in muon number at fixed

shower size,

8-5 CONCLUSION

Computer simulations have becn made of many aspects of large cosmic
ray showers using recent models of hadronic collisions, The results of
these simulations have been compared with a broad range of experimental

data considering, where possible, the response of the detectors, No model
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of primary composition and particle physics appears, at present, to be
consistent with all the reportes air shower data, A primary proton
composition and scaling 1s i1nconsistent with most aspects of the data,
but many aspects of the data would be consistent with a heavier primary
composition (e.g., AeffrvIO). With a very heavy composition (e.g.,

A ~ 56), the scaling model would give a consistent picture on an even

broader front,

The position may be clarified by future calculations made to include
the effects of fluctuations, Detailed results on fluctuations in cascade
development from a new series of experiments may lead to a tentative
i1dentification of the mean primary mass number, Perhaps the most
promising of these are the "Fly's Eye" experiment (Bergeson et al {1975)),
direct obcervations of electron cascade through studies of time structure
of atmospheric Ceienkov light pulses (Hammond et al (1977a)) and data
from a number of experiments at the Haverah Park air shower array,

Results from the giant air shower array now under construction in Japan
(Kamata ect al (1977)) will also be important,

In conclusion, when information on the general features of strong
interactions are obtained using the next generation of particle accelerators
(ISABELLE at Brookhaven Naiional Laboratory and the proposed collider/doubler
at Fermilab) 1t will be possible to infer with greater reliability the gross
features of the primary mass composition up to flels eV and beyond

(after making more reasonable extrapolations from the accelerator data).
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APPENDIX A

THE ENERGY DEPENDENCE OF THE MULTIPLICITY FOR SCALING MODELS

In this appendix, the well known logarithmic energy dependence of the
mean multiplicity for scaling models 1s demonstrated. The mean multiplicity
of charged pions, <nn>,1s calculated from the inclusive cross section for
pion production i1n pion-nucleon interactions, an(x) given 1in chapter 2.

The mean multiplicity of pions i1in pion-nucle.n interactions 1s given

by- E
max
<n.> FKW(X)
T _— dE 1l
Eq L3
E
min
E
max
= f { Frenl0) - Fra(®) - Frg(0) }dEn
% En
E
min
2
Emax
<n_> 2~ F_(0) ln{ max} - f Frn'®) ™ Fra(0ge
114 nr
E E
min T
E 3
min
Now E ax & E, 4
9 .
o~ m (o] 5
I':mln"‘ n '
m c2
En/E for En > T
and X ~ 2 2 6
_<m“t > ¢ for E“ <L E0
2 m E
p T
. dE - [ dx/x for En >> M
o o n ~ 7
En ~-dx/x for Eyy << E
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1
E F__(x) F__{0)
hence n ~ F 0) 1n 0
<> ) { 2}_/' nnl*l 1A
m c
T4

8

The integrand 1s plotted i1n figure 1 and theintegral has been obtained

from the area

- dx ~ 10.0 9

f Fap(®) - Frp(0)

Substitution of this result and an(O) = 2,19 1nto equation 8 gives,

n = g -
<n.> = 2,19 1n EO 5.688 10

where Eo 1s the projectile energy in GeV,
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APPENDIX B

NUMERICAL SIMUVLATION CF LOW ENERGY PION CASCADES

In this appendix a method for the numerical simulation of the low
energy pion component i1s described, This method has been used to
determine the production spectra of charged and neutral pions, c(x,E)
and ¢n°(x,E) (r.e. PITOT (IH, IE) and PIZOT (IH, IE) as defined 1n
section 2-7 of chapter 2) resulting from the cas~ade of pions produced
with energies below the Monte Carlc threshold energy, Et (see section
2-7 of chapter 2).

The probapility that a pion which was produced i1n the depth bin at xa
and in the energy bin at Lb (below the monte Carlio tnresnoia; will

anteract in the depth bin at x, ( >'Xj) to produce a pion 1n the energy

bin at E. (<E ) 1s
1 J

P(Yj,EJ—a-x

1! E1 ) 2:Ps(x: X, ,E. ) Pi (x1 - x )F(El,EJ) 1

J J

where Ps(x1’ xJ,EJ) 1s the probability of surviving decay from depth xJ to

x, for a pion of enery EJ, and Pl(x1 - xJ ) 1s the probability of a pion

at depth xJ interacting in the depth bin ati xl. Ps(x1' xJ, EJ) and
- lo
Pl(x1 xJ) are given below
JE Ymexp [ -th-h) /T c} 2
Ps(x1' x'J ;3 ) p { P n'YB

where h 1s the altiude (m) at depth Xy
1

tn 18 the mean pion lifetime (s),

-1
ﬁc 15 the velocity (m s ) of a pionwith energy EJ

(1 - pz)_l

<
n

Pl(xl-%J) = exp {—<Y1—xj)/x} { exp (8x/2N) - exp (—AX/ZAJ} 3
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where A s the mean free path for pion air-nucleus interactions

(g em %)
and F(E1’EJ) 1s the probability per interation of a pion being produced
with energy in the bin centred on E1 1f the interaction energy 1is EJ.
(Equations 2 and 3 are not valid 1if x, = xJ or E1 = EJ but more accurate
formulae for the survival and interaction probabilities, have been used

for these cases in *he present calculations.)

Hence Qﬁtc (xl, El) and dﬂto (xl, El) may be mod- fied to include

pions produced as a result of the cascade of pions with energies below

the Monte Carlo threshold, E by summing the above probabilities over

tl

all pairs of energies E, and E; and all pairs of depths x and X_1n the

v

order specified below

xJ S Xy, Xg, Xgy o eeescees oo X0
x = xJ, xJ+1, xJ+2, R RREERIE P
= E
E Eoo Bios Epgre vr cevnnne conl®y

El. = EJ' EJ—l’ EJ_Z,.................E1

2

¢nc(x1;E1)<"— {¢nc(x1'E1) + _3' ¢nc(x‘]'EJ’)p(xJ,EJ-»xl’El)} 4
1

¢no(x1,E1)<_._ {(Dno(xl,El) +3 (Dnc(xJ,EJ) P(xJ,EJ—a—xl,El)} 5

The summation 1s made 1n the above order to simulate the cascade since

then the probability of pions in (x ,E ) being responsible indarectly
J 3

for the production of pions 1n (xl,El) (by i1ntermediate interation.)

15 i1ncluded,
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APPENDIX 5

THE APPROXIMATION A OPERATORS

The numerical solution of the electron-photon cascade equations under
approximation A by the step-by-step method was described in chapter 3.

In this appendix the approximation A operators eel, egl, ge1 and gg1 (see
equation 19 of chapter 3) are given.

Since the energy bins used in the calculation are of finite width, it
1S necessary to make an ass'aption about the differential energy spectra
of particles within an energy bin. Over small ranges of energy and
thickness the differential spectra depend on energy according to a vower
law with exponent -(s + 1) (Rossi1 (1952)). S 15 the age parameter of
the shower, taken here as 1 since a particle has greatest probability
of being at shower maximum. The derivation 1s therefore based on the

following assumptions

~1
(Drad(v) = Kv - K + v, 1
QJ (v) = K vV - Kv+ 1, 2
pair
g et
ACO IR RO R 3

where K = (4/3 + 2b), equations 1 and 2 are based on equations 16 and 17
of chapter 3, and f(E') 1s the differential energy spectrum of particles
in an energy bin such that Ep/F<:E'<:FEp. The operators have been

calculated and given i1n equations 4 to 11

co . 2

¢, = € {Kf_iz ap,,, B ra,a,f-apsf | 4

e, = c{ko i F-xaaBra,ap?} s
3 2 ’

wo, = 2 {xaap?-xouap a0 | e

gE = o, 7
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o0
ee = l - Z ee ,
° i=1 1
g - O {0"1 P
o 2 F 2F2
{ o KO(.4
ge = 2¢C {(1- K/6) -
° 1 3F°
gg, = 1-(1-K/6) (F- 1/F)C,
where c = TF—QW ,
o = F-1rY,
J J

-21

B = F .
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