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ABSTRACT

One of the most prominent and well established features in the vrimary
energy spectrum of cosmic rays observed at the Earth is the change of slcpe
occurring at several 1015 eV. A comprehensive survey of experimental EAS
data is used to establish the integral size spectrum for electrons and muons
at sea level and for electrons at mountain aititudes,

A model for the diffusion of protons in the Galaxy is developed based
on experimental observations of the structure of hydrogen in the interstellar
medium and of the magnetic field strengths and their orientations in galactic
space. A numerical treatment of the diffusion problem is adopted. A pre-
diction is made of the primary cosmic ray proton energy spectrum at the top
of the atmosphere.

A survey of the data on cosmic ray primaries with energies below Nloll
eV obtained by balloon and satellite experiments, was used to establish the
relative abundances of all cosmic rays. By assuming that the cosmic ray
composition remains the same at EAS energies the primary spectrum represent-
ing diffusion of cosmic rays with mixed composition is derived.

Comparison of the theory with experiment was made by converting the
integral primary energy spectrum representing diffusion to the integral size
spectrum by using results of EAS simulations through the atmosphere, Excel-
lent agreement of theory with experiment is obtained provided that the
primary cosmic radiation 1is protonic,

The problems encountered with ensuring isotropy of cosmic rays at the
Earth are dealt with in great detail and are shown to create little problem
over the part of the spectrum considered provided the solar system lies in
the centre of the spiral arm.

Finally, a model is proposed as an alternative to that of diffusion

which provides a qualitative but adequate explaration for the origin of the

'knee'.



PREFACE

The work presented in this thesis was carried out while the author was
a research student under the supervision of Professor A. W. Wnlfendale at
the Physics Department of the University of Durham, between 15th September,
1970 and lst October, 1973,

The calculations carried out by the author represent a numerical treat-
ment of the problem of diffusion of cosmic rays. The diffusion model has
been based on experimental observations which have been published by other
physicists, A complete data survey has been performed by the author who
has, herself, interpreted and processed the experimental data in order to
develop these calculations.

J. Kéta, on leave from the University of Budapest, Hungary, has spent
the period December 1972 - December 1973 at the University of Durham per-
forming calculations (independent of the author) based on an analytical
solution of the prcblem of diffusion of cosmic rays. Differences appearing
between this work and that of the author are due to the approximations made
by Mr. Kdta in order to obtain soluble integrals in his analytical treat-
ment,

The results of the author's preliminary calculations were presented
at the third European Symposium on cosmic rays held in Paris. An interim
report was presented at the 13th International Coﬁference on cosmic rays
held at Denver 1973 and a full report has been published in the Journal of

Physics A: Math., Nucl. Gen., Vol. 7, No., 3, 420 (1974),
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Chapter 1 Introduction

1.1 History of cosmic radiarion

The discovery of cosmic rays over 55 years ago activated man's
resources to obtain an understanding of what they are, their physical
properties and where they are coming from., Answers to such questions
might lead us to a better understanding of the characteristics of the
solar system, of the Galaxy or even the Universe.

The very first observation of the penetrating radiation was made
by physicists such as C.T.R. Wilson, Elster and Geitel wno showed that
despite careful precautions to prevent known radiacions from reaching
the samples of air in their ionisation chambers, a significant residual
conductivity remained., Because a reduction in the conductivity resulted
by shielding the chambers with lead it was proved that the residual con-
ductivity was due to radiation from outside the chamber. At first it
was believed that the conductivity could be due to radioactive materials
in the Earth., It was left to Hess (1912) to transport his apparatus to
great altitudes in a balloon. He found that the ionisation in his
chambers decreased with height above sea level up to 700 meters above
which the ionisation increased. It was realised that the decrease in_
ionisation was due to a decrease in the contribution from the Earth's
radioactivity whilst the increase was obviously due to radiation coming
from out of space.

Initially, the penetrating radiation was believed to be gamma rays
but Bothe and KolhBrster (1929) interpreted the variation of cosmic ray
intensity with geomagnetic latitude, discovered earlier by Clay (1923),
to be a consequence of the cosmic rays being charged. Later, Johnson
and Street (1933) discovered that the cosmic ray intensity coming from
the east was less than that coming from the west, proving that the

majority of cosiric vrays are positively charged.
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In their journey from "outer space'" to the Earth the particles will
be affected by the media through which they travel (both by way of inter-
action and deflexion in the galactic magnetic field) and therefore, studies
of the charged primaries (or their sccondary particles arriving at sea
level) give little information about the primary sources. For this reason
only observations of neutral primaries i.e. gamma rays and possibly neut-
rons will give direct information on the origins of the primary cosmic
rays.,

There arc two main reasons for interest in the primary cosmic rays,
the first is to learn about the nuclear physics of the interactions of
cosmic ray particles from studies on the secondaries and the second is
the astrophysical significance of the particles, e.g. the interpretation
of the shape of the energy spectrum and the mass composition.

Concerning the form of the primary spectrum, in the energy range
1010 - 1014 eV it has been demonstrated that stacks of emulsions flown
to the top of the atmosphere can provide quite good infermation. For
energies beyond mlolaeV, however, the emulsion technique is defeated by
low primary intensity and we are left with only indirect ways of estab-
lishing the spectrum, i.e. by examining the "extensive air showers" of
secondary particles.

If cosmic rays are produced by sources in the Galaxy then typical
candidates include stars, novae, supernovae, the galactic centre and
pulsars, Because most cosmic rays are of energy m109eV nucleonu1 non
exploding stars are ruled out because insufficient energy is available.
However, explosions occurring in novae and, say, in the galactic nucleus,

liberate ~1040

ergs and thus contribute appreciably to the cosmic ray
flux. Supernovae explosions occurring approximately once every 30 years

. [d 5 2 . . . . .
liberating ~107" ergs are,in the writer"s view, the most likely sources



of cosmic rays of most energies. This view comes from the fact that
synchrotron emission from supernovae indicates the presence of magnetic

fields mlO-B gauss which are responsible for accelerating electrons and
presumably nuclear components. As pointed out by Ginzburg and Syrovatskii(197
there 1s no definite proof that supernovac are sources of cosmic rays but

they do seem very likely., On their model energies at least as high as

1017eV could be reached.

Prior to the discovery of pulsars, there was difficulty in producing
cosmic rays above 1017eV and these particles had to come from the metagalaxy.
Pulsars, however, are now known to.be supernova remnants supporting fields
'\:1012 Gauss over typical dimensions of %106cm. Although the exact accelera-
ting mechanisms operating in pulsars are not understood, it appears that
they could accelerate cosmic rays to ~3 1020eV nucleon_l (Gunn and Ostriker,

1969 ; Gold, 1969 ). |

A summary of the energy spectrum for cosmic rays observed at the Earth
(above the atmosphere) is shown in figure 1.1, It can be seen to exhibit
three basic characteristics: the fegion below V2 GeV (the solar modulated
part of the spectrum) the intermediate energy region around the "knee"
occurring at mlOlGeV and the rather controversial "ankle" at m1018eV. A
brief summary of the astrophysical significances of these three regions

will be given,

1.2 Spectral region below 2 GeV

A plasma, in the form of a gusty wind is blown out at a variable
rate from the Sun. It supports a magnetic field which is predominantly
radial due to the outward motion of the plasma but turbulence develops
"knets" in the field structure. The bulk of cosmic rays have a momentum

of a few GeV/c and their Larmor radii are small compared with the scale
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size of the system., We therefore have the necessary conditicns fcr
isotropic diffusion in the reference frame of the moving gas, whilst
the outward convection supports solar particles to the Earth and con-
tinually impedes the arrival of galactic cosmic rays, causing modula-
tion.

Cosmic rays with energies <2 GeV arriving at the Earth are not in
general coming from the Sun but solar effects modulate the flux of
particles from more distant parts of the Galaxy. Furthermore, their
distributions are distorted by the Earth's magnetic field and by magnetic
and electrical disturbances occurring in its immediate vicinity. These
phenomena have no appreciable effect on primaries of iatermediate and

EAS energies.

1.3 Intermediate energy region '\:1010 - %1017eV

The energy density and the isotropy of primary cosmic rays cannot
be accounted for on the basis c¢f a galactic origin theory without the
existence of a trapping mechanism, generally believed to be a magnetic
field, preventing the escape of particles to regions of low stellar
density. For the trapping mechanism to be effective in this energy range,
magnetic fields of a few ngauss coherent over a few parsecs must exist within
the spiral arms. Cosmic rays would then be expected to come from regions
more distant than the Sun but probably still within our local spiral arm
and their motion from the source to the Earth would be of a diffusive
nature. Iu fact, retention of particles by these fields is expected to
break down ultimately when the energy is so high that particles can no
longer be effectively trapped. This will occur when the radius of curva-
ture of particles is the same order as the dimensions of the scattering
elements., Thereforc, an upper limit to the energy spectrum is forseen

depending on the magnetic field strengths and sizes of the magnetic



clouds and degrce of order in their orientation. Leakage from the magnetic
fields depends on the magnetic rigidity and not the total energy of a
particle; thus it is different for heavy nuclei and protons and it is
conceivable on this account that most energetic primaries may be heavy.

The characteristic known as the "knece" observed at %1016eV would on this
theory represent the gradual breakdown of the retention of the cosmic ray
particles in the spiral arm as the energy considered increases.

If the particles obtained their energy by a gradual process of accel-
eration along their path from the source to the Earth then the "knee"
could be a consequence of the accelerating mechanism. A simple explana-
tion of the "knee'" which could result is that the rate at which a particle
is accelerated decreases with energy. In a situation such as this the
most energetic particles will be those that have the longest lifetimes
within the Galaxy. Since heavy nuclei may be expected to be shorter lived
than protons because of the greater probability of suffering a collision
with interstellar atoms then the spectrum would become more protonic with
increasing energy.

Some physicists believe that the cosmic rays of this energy range
are of extragalactic origin, e.g. according to Hillas (1967), if extra-
galactic sources of cosmic rays in an evolving Universe were more active
in the past then the interaction of protons with the black body radiation
would produce a greater energy loss with lower threshold energies in the

past and this could produce the observed steepening near 1016eV.

1.4 Ultra high energy region 21017eV

Although galactic cosmic rays of energy between 1017 and lOlgeV can
be trapped in the Galaxy by large scale magnetic fields of strength 3
pgauss coherent over dimensions 21 kpc, they are unlikely to arrive at

. . . 1 ] . . .
the Earth isotrovpically. Above ~10 9eV the trapping i1s negligible and



very great anisotropies should appear. In fact, cosmic rays 21017eV are
found to arrive at the Earth isotropically which suggests that some, at
least, must be of a metagalactic origin and this is particularly true
above %1019eV. Possible sources herc are radio galaxies and quasars.

The shape of the energy spectrum at the ultra high energy region
(21018eV) is rather controversial. The '"ankle'" first discovered by
Linsley in  (1963) "disappeared" at the time of the Hobart conference
see Hillas (1971a) and has ''reappeared" at the recent Denver conference
Krasilnikov (1973). The situation is thus unclear.

Some remarks of relevance to the extragalactic origin for the very
energetic cosmic rays are:

(i) 1f the 2.7°K black body radiation first detected by Penzias
and Wilson (1965) is Universal in origin and cosmic rays pervade the
whole Universe then their resulting interaction wculd produce a cut off

in the cosmic ray spectrum at about 6 1019

eV (Griesen, 1966, Zatsepin and
Kuzmin, 1966 and others).

(ii) A number of workers have suggested that the "ankle" at m1018eV
is due to the transition from galactic to extragalactic particles.

(iii) Berezinsky and Zatsepin (1969), Berezinsky and Zatsepin (1971)
have proposed that neutrinos are responsible for the cosmic ray energy
spectrum beyond 1019eV. These neutrinos may be secondaries of the inter-
actions of protons with microwave photons that pervade the metagalaxy.

The problem with respect to an interpretation of the cosmic ray
energy spectrum is highly complicated and therefore it is necessary to
concentrate on a selected area for a detailed study. The possibility of
explaining the well established and prominent feature occurring at an

1 . . . . . .
energy of ~10 6eV in terms of diffusion of cosmic rays in the spiral arm

of the Galaxy has been chosen as the subject for study in this thesis.



Chapter 2 Cosmic Ray properties:

. . 4
The integral primary energy spectrum above 10 eV

2.1 Introduction

Below an energy of lOlaeV the primary cosmic ray energy spectrum is
observed directly by satellite and balloon experiments. Many research
groups, e.g. Baradzei et al (1964), Yanovlev (1969) and Grigorov et al
(1971) have studied this energy region for a number of years and the
energy spectrum and to a lesser extent the mass composition of primary
cosmic rays have been measured up to about 1014eV. There is currently
a controversy about the primary mass above an energy ~3 1013eV but this
will be dealt with in more detail in the next chapter.

Because the intensity of cosmic rays falls off very rapidly with
energy it is quite impossible to cbserve cosmic rays with energy >1014eV
directly for reasons of rate., For example, at 1016eV only one cosmic
ray would fall on one square meter per year per steradian. Experimenters
make use of the Earth's atmosphere with which cosmic rays interact caus-
ing a rapid build up of the number of particles to a maximum followed by
a slower fall off, a phenomenon known as an extensive air shower (EAS).
The total number of particles at a particular level in a shower can be
estimated by sampling the density of particles at a number of positions
across the shower front. The total number of particles reflects the
primary energy of the cosmic ray thus providing an indirect method of
establishing the primary energy spectrum,

In this chapter a discussion of a simplified model for an EAS
developing in the atmosphere will be followed by a brief summary of
actual parameters usad to simulate showers by Monte Carlo techniques,
The application of these model calculations to determine the size spec-

trum and subsequently the primary energy spectrum will be outlined, together



with a measure of their success. The effect the fluctuations in the
electron size for a cosmic ray of specific primary energy will have on
smearing out any features in the energy spectrum will be calculated.

A survey of EAS data will be used to establislh the integral size
spectrum of electrons at both mountain altitudes and at sea level over

a size range of 105<Ne<108 and 105<Ne<109 electrons respectively, and of

muons at sea level in the size range 5.103<Nu<3.105 muons. The observed

change of slope Ay, the sharpness and the position of the "knee'" N _, and

K
the absolute intensity of the two electron spectra obtained will be
discussed. The muon spectrum observed experimentally will be compared
with that of electrons. Some indication of the shape of the primary
cosmic ray energy spectrum beyond %1017eV will be made. Finally, the

degree of isotropy of primary cosmic rays observed at the Earth will be

dealt with briefly,

2.2 Some general remarks on EAS modelling

The earliest work on tﬁe development of EAS in the atmosphere was
of a purely theoretical nature, e.g. Fermi (1951) considered a simple
development of the pion component whilst Nishimura and Kamata (1958)
developed a theory for the electron-photon cascade. Details of the
physics of nuclear interactions obtained from cosmic ray experiments
using emulsion techniques Rozental (1952) marked the beginning of the
phenomenological models, e.g. Ueda and Ogita (1957), who based their
model on a 1-D solution of diffusion equations. Since the late 1950's
particle accelerators, (such as those at Brookhaven, Batavia Serpukov
and CERN) have been used to establish the physics of nuclear inter-

12

actions up to energies ~2 10" eV, These energies are still many orders

of magnitude lower than those involved in the early interactions in an



EAS, Extrapolation of the nuclear physics data to much higher energies
has been the only available means of establishing working hypotheses for
shower modelling. Cocconi et al (1961) showed empirically that second-~
ary pions from proton-light nucleus collisions are produced with an energy

distribution in the laboratory system given by

n(E ) . n(E ) o
S(E,E ) = =2 exp (—‘%) 2 exp (—g)

where n(Eo) is the multiplicity of pions produced, E the transferred
energy, G and T are the average energy of pions in the backward and for-
ward cones respectively, and the distribution in transverse momentum P,

of the produced pions is given by

Pt P,

f(Pt) = 5;2 €xXp = (E;)
where 2po is the mean transverse momentum, independent of energy. These
results led to the development of the CKP model which was first developed
by Hillas (1966), Lal (1967), Suschenko and Fomin (1968), de Beer (1966,
1968a, 1968b, 1968c, 1969) and Adcock et al (1968, 1969), This model has
since been developed by Hillas et al (197l1a, 1971b) and Marsden D. J. et al
(1971) at Leeds and by Dixon et al (1973) at Durham. By using computers
these authors carried out detailed 3-D simulations of EAS with results that
agree very favourably with experimental data. Other shower models include
the ideas of isobars first presented by Pal and Peters (1964), e.g. Cowsik
(1966) , McCusker (1969) and Goorevich (1971). Bradt and Rappaport (1968)
made a 3-D Monte Carlo simulation based on a selection of two centre

and isobar models., Grieder (1969, 1971) developed a refined model which

considers single as well as double fireballs, which are assumed to






_11_

The products of the nucleon and pion interactions travel along the
shower axis, and only when a pion decays 1is its angle of divergence from
the axis considered. w°s however, decay at once and the resultant photons
move almost along the 7° direction. These photons cause a build up of
an electron-photon cascade which is often taken to cbey the approxima-
tion A treatment of the Nishimura (1967) electron shower theory. The
muons, the decay products of the pions, are considered to be inactive
particles and their decay probability in the atmosphere is calculated

in a standard fashion.

2.4 Results of Model Calculations of EAS

It is unnecessary here to go into all the details of the results
of Monte Carlo shower simulations, only the details relevant to this
work will, therefore, be discussed.

2.4,1 The derivation of the number of particles in a given shower

An array detects anly a small fraction of the total number of
particles in a shewer., It is necessary to locate the core of the
shower and then fit a function, known as the lateral distribution or
structure function f(r), to the number of particles per unit area as
a function of distance from the shower axis. The fit is often made
many meters away from air shower axis, and therefore extrapolation
of f(r) into the core region is necessary. Integrating the lateral
distribution over all values of r defines the size of the shower.
This is critically dependent on the structure function assumed, the
core location criterion and the goodness of the fit in the region
determined experimentally. Too steep a lateral distribution function
causes an overestimate in the size of the shower and vice versa for

too flat a distribution.



The most popular form for f(r) fitted to experimental data is that
defined by Nishimura and Kamata (1950, 1951, 1952, 1958, 1967) which is
dependent on s, the age of the shower. Young showers have lateral
distributions steeper than older showers. However, the structure
function fitted to the data varies from experiment to experiment,
often they are assumed independent of shower age, e.g. a simple power
law or exponential.

Subsequently there is no way of standardising the method of analysis
used to obtain the size spectrum from the data measured by EAS arrays.
In fact, even if this were possible, there are cther problems to over-
come. These include problems with EAS arrays built with different
geometries having different acceptance biasses, the use of different
types of detectors, e.g. Geiger~Muller counters, scintillation counters,
Cerenkov detectors which all measure particles with different threshold
energies and screening of detectors with wooden huts for example, also has an
effect on the threshold energy of the particles to be detected.

The size assigned to a particular shower suffers considerable devi-
ation depending on the model used in the shower analysis and whether or
not allowance is made for the threshold energy of the particles detected.
For this reason, it is believed incorrect to compare the intensity at a
particular size defined by one experiment with the intensity observed at
the same size in another experiment. Instead, since it is believed that
the sizes derived in an individual experiment are absolute in themselves,
some normalisation of the data is necessary in order to compare the
spectra. This is achieved by dividing the data into two groups, spectra
measured at sea level and those measured at mountain altitudes, then two

straight lines at an angle of 'l‘an_l 0.5 are chosen arbitrarily and their
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"best fit" to a set of data is found by normalising at positions remote
from the ‘''knee",

2.4,2 The relationship between the total number of particles recorded

at sea level and mountain altitudes to the proten primary energy

Obtaining the energy spectrum from air shower data is rendered
difficult by the lack of precise knowledge of the nucleonic cascade
which governs the development of the shower. The average parameters
involved in high energy nuclear interactions are not well known and
fluctuations add to the complexity. Monte Carlo calculations have shown
that the effects of these uncertainties are minimised if showers are
observed near the average depth of maximum development, which occurs
lower in the atmosphere as the energy of the initiating particle increases.

Most theoretical models predict an almost linear relationsﬁip between
the primary energy and the shower size at maximum amounting to 2 109 eV/
particle (e.g. Bradt and Rappaport, 1968). At any one observation level
in the atmosphere however, this is true for only a small energy range,
e.g. at Mount Chacaltaya primaries Qf energy m2.1015— m2;1017eV are at
maximum development. For model I de Beer et al (1966) defined the N - Eo
relationship for cosmic ray primary protons arriv%ng vertically at sea

1 \O

level, in two ways. The first Eo = 9.5 1013 ES) eV 2.1

10%

represents the mean electron size for showers initiated by cosmic ray

primaries with fixed primary eggggy and the second

N
E = 5.6 1013 £ eV 2.2
10

represents the mean primary energies for showers of fixed size. The
Nu—Eo relationship for vertical showers at sea level has been defined

accurately by de Beer et al (1969) only for muons with an energy thres-—

hold of 1 GeV using model ITI. The relationship is defined by
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Figure 2-1 The number of muons above various threshold energies
in proton showers at 14° for models A-K Hillas (1971) compared
with those for vertical showers of de Beer et al (1966), Rathgeber
(1969), Grieder (1970, 1971) and Giler et al (1969) marked Lodz.
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treatment by Messel and Crawford (1969) of the showcr when the energy of
the secondary particles fzlls below approximately 56 GeV, the Ne-EO
curves for electron thresholds of >1 MeV and >10 MeV were established
for the atmospheric depths 530 gm cm—2 and 1030 gm cm—z. In the case

of muons a 2-D treatment yields the Nu—Eo curve for a muon threshold
energy of 10 GeV at sea level. All these size-energy curves are shown
in figure 2.2 and are for primary protons developing into showers that
arrive vertically at the observation point.

2.4.,3 The relationship between the total number of particles recorded

at sea level and mountain altitudes to the primary energy of a cosmic

ray with atomic mass A>1

When the incoming energy of E0 is carried by a nucleus with atomic
mass A(>1) then the model calculations of de RBeer et al (1966) assumed
that as a first approximation the shower produced is the result of the
superposition of A showers each with an energy EO/A. The dependence on
Eo of Ne and Nu (equations 2.1, 2.2 and 2.3) are such that for heavy
primaries Ne will be reduced and Nu will be increased.

Most of the simulations of heavy primary particle initiated showers
have been made on the basis of "superposition'" although there is little
published evidence in support of the validity of this assumption. There
is, however, information on how a heavy nucleus fragments when it collides
with an air nucleus, obtained from cosmic ray emulsion experiments.

Bradt and Rappapcrt (1968) considered a fragmentation model which was
also adopted by Theilheim and Beiersdorf (1970), in which each nucleus
of energy Eo and atomic weight A caused 30-507 of the mass to be detached
in interactions in the form of alpha particles each of energy EXED; no

pions are produced. In the subsequent generation each alpha particle

fragments into four nucleons of equal energy which then produce pions.
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