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SUMMARY

Since the discovery that <cosmic rays with energies
above about 10 GeV are not of solar origin, details of their
origin, energy spectrum and composition have been of great
importance to astrophysical and cosmological theories,
especially regarding the highest energy astrophysical events.
At primary particle energies above about 1074 eV, the
nuclear dinteraction processes 1in collisions are not yet
observable by man-made particle accelerators and so are not
well wunderstood. Details of the primary spectrum and
composition at these energies remain unclear since cosmic ray
primaries may only be observed by the secondary products of
their interactions with the atmosphere. This difficulty s
especially evident in the medium energy range between about
1015 eV and 1017 ev where there appears to be a change 1in
the spectrum. The aim of this project was to study the cosmic
ray flux in this energy range by means of the secondary
products at sea level using the Buckland Park Extensive Air
Shower Array in order to unravel details of the flux including

arrival directions, energy spectrum and composition.

For much of the author's candidature, he was
responsible for the routine running of the Buckland Park array
and the analysis of the data recorded by it. Details of the
components of this array, its response to the air shower flux,

and the data analysis procedures are described.



Observations of the primary spectrum from the sea
level products are made in terms of the number of secondary
particles produced - the shower size spectrum. This spectrum
may be inferred from assumptions about the shower structure or
alternatively from measurements of the array density spectrum.

Results from both techniques are given.

Clearly, the structure of the shower at sea Llevel s

determined by its development in the atmosphere. The shower

development was studied by means of parameters measured at

ground Llevel. These idinclude the shower absorption and
attenuation Llengths, and the Lateral distribution age
parameter. The results of the determination of these

parameters are given.

Measurements on the isotropy of the <cosmic ray flux
were made using the collected data from a period of three
years. Results of these measurements are described by
harmonic analyses of the data 1in both sidereal and solar
times, as well as side-bands. The declination distribution of
the flux is described using the Buckland Park data and also by

comparison with another observatory.

Finally, the results of all the measurements are
discussed in terms of the information they provide and their

influence on the primary cosmic ray flux.
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CHAPTER ONE AT

INTRODUCTION N

1.1 The Primary Spectrum

In 1912, Victor Hess discovered that highly energetic
and ionizing radiation was continually impinging on the
earth's atmosphere from outside. Since then, the origin and
composition of this cosmic radiation have been major puzzles
in astrophysics. The astrophysical problem 1is especially
concerned with determining a satisfactory mechanism which s
capable of accelerating these particles to the enormous
energies (up to at Lleast 1020 ev) in the numbers observed.
This problem has strenuously exercised the ingenuity of those
concerned. Cosmological theories must also take account of
cosmic radiation since the projected energy density of this
radiation is not inconsiderable, and in fact is of the same

order of magnitude as that of starlight or magnetic fields in

the galaxy.

Over the vyears almost every type of high energy
astrophysical process has been invoked for producing cosmic
rays. Proposed cosmic ray sources have included supernovae
and their remnants - black holes and neutron stars, radio and

other energetic galaxies, the galactic <centre, and globular



_2_
clusters. Frequently, these have been proposed as injection
sources with further acceleration taking place by means of
collisions with magnetic irregularities or ‘clouds'
propagating through the interstellar medium. The basic
acceleration mechanism associated with these <collisions s
known as second-order Fermi acceleration (Fermi 1949). The
total energy change is proportional to the cloud velocity
squared, and involves both head-on and following collisions.
There is a mean energy gain since head-on <collisions are
statistically more probable than following collisions.
However, because energy is lost in following coltisions, the
acceleration of particles by this mechanism is slow.
First-order Fermi acceleration, with the total energy gain
proportional to the «cloud velocity, <dinvolves only head-on
collisions and is clearly a more rapid acceleration process.

This mechanism is used in a number of current acceleration

theories.

The most promising current theories involve shock wave
acceleration of injected particles (Bell 1978a,b, Blandford
and Ostriker 1978). Such shock waves, produced by supernovae
or other energetic processes, may propagate Llarge distances
through the galaxy before they become inefficient
accelerators. Relativistic particles are trapped in the shock
front and may cross the shock many times, each time gaining
energy by the Fermi first-order process. This mechanism gives
rise to a power law spectrum for the energies produced with an
index in close agreement to that observed in galactic cosmic

rays (Bell 1978).



Key indicators of the original particle source come
from the measurements of the isotopic and chemical composition
of the particles. Unfortunately these measurements have only
been made for energies below about 1012 v, When compared
with other available composition measurements such as those of
the Llocal galactic (from meteorites), solar corona and solar
wind, the galactic cosmic ray composition is found to be close
to that from solar energetic particles (Casse 1981),
suggesting that at least at lLow energies the flux injected for

acceleration comes from solar-Like stars.

For higher =energies no such data are available.
However supernovae, pulsars and the stellar winds from hot 0B
star associations are favoured as candidates for producing the
injection component. Ostriker and Gunn 61969) have suggested
a mechanism whereby pulsars can accelerate particles. They
predicted a peak 1in the energy spectrum above 1013 ey
depending on compositicn. The injected particles <could then
be further accelerated by the supernova shock wave. A
mechanism for particle acceleration to very high energies in
the very early stages of supernova collapse has also been

suggested by Colgate and Johnson (1960).

Once accelerated, the particle (if galactic)
propagation is determined by the galactic magnetic field. Up
to about 1017 eV, the particles are effectively confined to
the galaxy since the radii of gyration of Llower energy

particles are of Lless than galactic dimensions. The



propagation mode along the magnetic field Lines 1is also
strongly influenced by the presence of the partially ionized
interstellar medium (e.g. see Longair 1981). In this case,
the streaming velocity of the cosmic ray flux is restricted by
scattering from Alfven and hydromagnetic waves set up 1in the
plasma by the interaction of the particles themselves with the
magnetic field. If there is a significant neutral gas
component, the Alfven waves may be damped by kinetic energy
losses to the neutral gas so that the particles <can diffuse
more rapidly. However, in a highly ionized gas the cosmic ray
streaming is restricted to the Alfven speed. This also

provides an effective containment mechanism.

Many of the results from investigations of the various
components and products of cosmic radiation have only deepened
the mystery of its origin and opened further possibilities for
the solution. After about 70 years of detailed and careful
study some features of the primary radiation are now becoming

clear.

The primary cosmic ray energy spectrum can
conveniently be divided 1into three parts (ignoring solar
cosmic rays which, although the most numerous, occupy only the

lowest energies - less than about 1010 ev):

(i) Less than 1014 ev at which energies the
primary particles can be observed directly or
by their penetrating products;

(ii) between 1074 ev and 1017 ev where it

is necessary (due to the Low flux) to employ
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Large detector; at ground Level which observe
secondary products and where the ‘knee', the
most obvious feature of the cosmic ray spectrum
is observed;

(iii) greater than 1017 eV, the realm of the
highest energy cosmic rays where the extremely
low flux dictates the wuse of detectors with
sensitive areas of the order of several square

kilometres or LlLarger.

Figure 1.1 indicates the general form of the <cosmic
ray energy spectrum, although experimental evidence from the
various groups studying the.spectrum is far from conclusive

about the detaijls.

B The Low Energy Range

In the Low energy interval (below 1014 eV), due to
the possibility of direct observations, the spectrum appears
to be most settled although discrepancies between the results
obtained using different techniques still exist. There are
three general methods of making observations in this region.
Firstly, direct measurements may be made on the primary flux.
This technique involves the use of detectors (flown above most
of the atmosphere) mounted on high altitude balloon rigs or on
satellites. Probably the most definitive of these experiments
were those of Grigorov et al (1971), who flew the PROTON

series of satellites. Using Large dJonization calorimeters
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(Grigorov et al 1965), +they were able to study the
compositions and the energies of the detected primaries up to

the medium energy range.

In calorimetry experiments, the primary particles
impinge on a number of different types of detectors such as
proportional counters, spark chambers, scintillators and
Cerenkov detectors sandwiched between various nuclear targets
and absorbers. These all ensure that the charge and energy of
the primary particles.can gxgmeasured through the production
of nuclear and electromagnetic particle cascades which finally
result in the deposition of the total energy of the primary
particles in the calorimeter. By monitoring the deposition
process, the energies and composition of the primaries can be
estimated. This type of experiment is limited to a maximum
detectable energy, firstly by the size of the <calorimeter
which ensures that substantially all of the energy is
collected and secondly by the low flux of the higher energy
primary particles increasing the statistical Limits on

intensity measurements.

Similar types of experiment (e.g. Gregory et al 1981,
Kuzmichev et al 1981) can also be carried out wusing passive
recording techniques. In these, interactions and cascades are
produced in a similar manner, but the energy deposition
process is recorded using various nuclear and X-ray films and

emulsions.

Although both types of calorimetry experiment require
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very careful calibration and interpretation, they <constitute

the only direct measurement technique on the cosmic ray flux.

The second source of information in this energy range
is the study of penetrating particles at ground level produced
by nuclear interactions between the incoming primary cosmic
rays and atmospheric nuclei. These penetrating particles are
charged muons coming from the decay of kaons and pions
produced in the interactions. There is a <close relationship
between the detected particles (which if they have high enough
energy, only Llose energy by donization in their passage
through the atmosphere) and the primary particles. At Lower
energies, the decay of the muons to electrons and neutrinos

becomes important.

These particles are monitored in a number of different
ways, including lLarge muon spectrometers such as that used by
the DEIS <collaboration (Allkofer et al 1977a,b) and
underground detectors (e.g. Bergeson et al 1975a, Cini 1976).
Similar types of elements such as scintillators, Cerenkov
counters and spark chambers are wused in both types of
experiment, although these are combined with magnets to

measure the muon charge in the spectrometers.

Calculations relating the energy spectrum of the muons

Ihave been
to that of the primary particles wore first performed by
Ramana Murthy and Subramanian (1972a), wusing a postulated

primary nucleon spectrum with the measured muon momentum

spectrum and particle accelerator data to test the Feynman
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scaling theory (Feynman 1969) of nuclear interactions. Since
then, the technique has been turned around and wused to
calculate the primary nucleon spectrum from the muon data
using accelerator data with models of nuclear interactions
such as Feynman scaling and CKP (see Brooke et al 1964).
Recent calculations (Das and De 1980) set the ratio between
muon energy and the energy of the parent primary at about 10
(as a rough rule of thumb). In detail, two techniques can be
used in attempting to derive the primary nucleon spectrum.
Either the spectrum of parent mesons is deduced from the muon
data and hence the primary nucleon spectrum, or a primary
nucleon spectrum is assumed and this is used to <calculate a
muon spectrum which is then fitted to the measured data.
Unfortunately, the results of these two techniques do not
always agree (see Klemke et al 1981 and Mitsui at al 1981).
Hence Hillas (1981) notes the difficulty of the ‘'inverse
problem' - calculating the most probable primary spectrum from
the spectrum of the secondary products. This problem applies
not only to this energy range and data collection technique,
but in all cosmic ray experiments where direct measurements on

the flux are not possible.

Ramana Murthy and Subramanian (1972b) also pointed out
that the ratio of the number of positively to that of
negatively charged muons is sensitive to the fraction of
protons in the primary spectrum and can therefore be wused to
study changes in the chemical composition of the flux (e.g.
from a pure proton beam to a mixture with other nuclei).

Measurements of the rates of doubles, triples, and higher



_9_
multiplicities of coincidences (Lowe et al 1973) can also be
used to study the composition (Elbert et al 1973). It should
be noted however, the composition results from these types of
calculations are also dependent on the model of nuclear
interactions wused (in the same way as energy spectrum

calculations).

Studies of the cascades (known as extensive air
showers) resulting from the interactions between the cosmic
ray primaries and atmospheric nuclei provide the third source
of information about the primary flux in this energy range.
This technique is also the only viable method in the higher
energy intervals. However at these Low energies the detectors
must be placed at high altitudes to detect useful numbers of
secondary particles. Arrays of detectors (e.g. scintillators
or proportional counters) are spread out (on a scale distance
of about 10 metres) at mountain altitudes to measure
coincidences of the secondary particles and hence monitor the

cosmic ray primaries which produced them.

In experiments of this type, the individual detectors
sample the cascade products and hence, assuming some Llateral

distribution of the secondary particles, estimate a ground

parameter, generally N - the number of particles

(electrons) at ground level. Erlykin et al (1973) at the
Tien-Shan observatory (altitude 3340 metres) have used these
data in conjunction Wwith simultaneously measured muon data to

investigate whether the primary composition is changing in the

region of about 1013 ev. At this energy, their calculations
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were consistent with the <composition measured at Lower

energies.

Figure 1.2 (from Hillas 1981 and references therein)
gives a compilation of various primary energy spectra and
composition measurements over the whole cosmic ray spectrum.
One very interesting feature of these measurements is the
apparent rising proportion of iron nuclei in the compilation.
The increasing slope of the proton-only spectrum has been
measured in all of the PROTON experiments of Grigorov et al
(1971), however it dis believed (Hillas 1980) that this
observation may be due to the difficulty of particle
identification and should have no effect on the all-nuclei
spectrum. Measurements of a sharp cut-off in the all-nuclei
spectrum in the same experiments at above 1014 ev may be due
to the incomplete containment of the cascade products in the

calorimeters at these energies (Watson 1974).

.1.2 The Medium Energy Range

As stated earlier, the only wuseful method for
investigating the primary cosmic ray spectrum above 1014 ey
is by observing the products of the interactions between the
primary particles and atmospheric nuclei. To some extent, the
whole atmosphere above the detector can be considered as
performing the function of the ionization calorimeter of
satellite and balloon borne experiments, with over 90% of the

incident energy deposited as ionization in the atmosphere. In
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this case the resultant cascade cannot be monitored over its
whole development, but is observed over only a Limited range
which depends on the altitude and zenith angle resolution of
the observatory. Measurements of the extensive air shower
size, Ner at various zenith angles but at <constant shower

rate, are essentially equivalent to observations of the same
average shower (and hence average primary particle) at
different depths 1in the atmosphere. Information on the
composition and the nuclear physics involved in the shower
development may therefore be obtained by this process. Since
direct measurements of the energy and composition spectrum are
not feasible, this information must be wused 1in <conjunction

with some model of the nuclear 4dnteractions to derive the

primary spectrum.

For a given shower, to derive the energy of the
incident primary, a theoretical curve of shower size as a
function of atmospheric depth (or zenith angle) at constant
intensity is fitted to the measured data, wusing a suitable
nuclear interaction model (e.g. Feynman scaling with rising
interaction cross sections (Hillas 1979b)). The integral of
this curve is then proportional to the energy dissipated 1in
the atmosphere, so that, after allowance is made for the
remaining energy ( for example 1in neutrinos), the oprimary
energy can be estimated. Alternatively, and somewhat Lless
accurately, these shower development curves are wused to
determine an estimate of the shower size at maximum, and this
is multiplied by a predetermined energy per particle to give

the primary energy (Kempa et al 1974, Bradt et al 1965).
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Because of the composition uncertainty, it 1is clear that these

calculations of the energy spectrum are open to speculation.

Results reported from air shower experiments generally
give the rate of detection of extensive air showers as a
function of shower size, because of the composition
uncertainty producing uncertainty in the determination of the
energy per nucleus. The ratio of the shower size to the
energy of the initiating primary particle is roughly 10-10

at energies near 1013 ev (Cocconi 1961).

Most recent attempts to evaluate the mass composition
of the primary cosmic radiation in the medium energy range
have come from the dinterpretation of atmospheric Cerenkov
radiation measurements made on extensive air showers. Since
Cerenkov radiation 1is produced by relativistic particles
throughout the development of the air shower, the amount of
Cerenkov radiation detected at a given distance from the
shower core can be related to the shower growth and decay. In
fact, there 1is a one-to-one correspondence between the
Cerenkov pulse shape and the shower development curve.
Kalmykov et al (1979) calculated the relationship between the
full width at half maximum of the Cerenkov pulse at a core
distance of 300 metres and the height of maximum of the shower
size (at primary energies between 5%1016 eV and 1018eV).
These calculations were extrapolated by Thornton and Clay
(1979) who used them with their own Cerenkov measurements at
smaller <core distances to postulate a change in mass

composition from heavy to light nuclei in the region of the
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energy spectrum knee. Similar measurements were also carried
out by Hammond et al (1978) using their own calculations over
a wide energy range. The compilations of atmospheric depth of
shower size maximum of Linsley and Watson (1981a,b) and Hillas
(1981) compared with various models of nuclear interactions
appear to support the possibility of composition changes in
the medium energy interval. These workers concluded that if a
change in composition from iron nuclei to protons was assumed
at near 1015 eV, then Feynman scaling could be applied to

the nuclear interactions up to the highest energies with good
results. However, if the composition was assumed to be the
so-called mixed or conventional composition measured directly
at low energies, none of the nuclear interaction models could

be stretched to fit the depth of maximum data.

Other evidence for the predominately heavy composition
near the spectrum knee (at about 107° ev) comes from Cowsik
et al (1981) who investigated the arrival time distribution of
hadrons associated with air showers. Using Monte Carlo
simulations, they found that their data was best fitted by a
composition which had an increasing proportion of heavy nuclei
at this energy. However, the difficulties of the composition
at these energies are not yet overcome, due to some as yet
unexplained results, such as those of Nikolsky et al
(1979,1981) whose muon data indicates a mixed composition.
The possibility of nuclear interaction characteristics
changing radically in this energy region has not yet been

excluded.
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There have been a number of explanations of the form
of the energy spectrum in this region. Karakula et al (1974)
derived the spectrum of cosmic rays produced by pulsars from
the pulsar acceleration model of Ostriker and Gunn (1969).
Using experimental data on pulsars, they postulated the
so-called 'pulsar bump', where the contribution from pulsars
is added to a background flux. The proposed spectrum shape
with accelerated protons is an excellent fit to the measured
spectrum, although this composition produces difficulties when
compared to the depth of maximum data. The cut-off energy for

the acceleration mechanism goes as:

1/3 2/3
Emax ~ A . 2 1.1
and so the situation 1is not 1improved for heavy nuclei

acceleration.

An alternative model is the ‘'leaky box' propagation
model (e.g. Peters 1961, Cowsik and Wilson 1973) which is in
essence energy-dependent particle diffusion. The basis of
this model is that the primary cosmic rays, at Lleast up to
about 1017 eV, are accelerated by sources inside the galaxy,
with the component spectra having similar slopes. These
particles are contained in the galaxy by the galactic magnetic
field. At appropriate energies, the radii of gyration of the
various composition components become large enough to increase
leakage from the galaxy, giving rise to a change in slope of
the all-nuclei spectrum. This model was rejected by Hillas

(1979a) on the basis of a mixed composition (from Lower energy



..15_
data) and the requirement that Leakage of the composition
components should begin at the same magnetic rigidity.
However, Cowsik et al (1981) have proposed a fairly simple
model, including an extragalactic proton component to agree
with higher energy depth of maximum data, which not only gives
constant rigidity cut-offs, but also predicts an enhanced

heavy component between about 1014 ev and 1017 ev.

.1.3 The High Energy Range

At the highest energies, measurements of the primary
energy spectrum can only be made by the very limited number of
giant air shower arrays. These wuse essentially the same
techniques as at the medium energies (although the new Fly's
Eye detector (Bergeson et al 1975b,c,d) is radically
different) having, however collection areas of the order of a
number of square kilometres to enable detection of Llow flux
primaries at a reasonable rate. Energy spectra from the
various arrays are calculated from the measured ground
parameters and nuclear interaction models in a similar way to
that at lLower energies. The ground parameters wused, though,
are not necessarily the measured shower size and depend on the
type of the individual detectors used in the array. Examples
of these alternative ground parameters are f)600' the
particle density at 600 metres used at the Haverah Park array
(e.g. Andrews et al 1971, Hillas et al 1971), and 0400, the

Cerenkov radiation flux at 400 metres wused at the Yakutsk

array (e.g. Dyakonov et al 1973, Krasilnikov et al 1977).
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These parameters may be chosen to be relatively insensitive to
the nuclear model used and the mass of the primary particle
and this enables accurate estimates of the primary energy to
be obtained. Spectra measured by a number of groups are shown

in figure 1.2.

As in the medium energy range, the mass composition of
the primary particles must be inferred from the extensive air
shower properties measured at ground level. Depth of maximum
measurements made by the Durham group at Dugway (Andam et al
1981) and Haverah Park (Hammond at al 1978) are the most
complete and indicate a trend to Llower masses than those
inferred at lower energies. Dyakonov et al (1981)  used
lateral distribution measurements of the Cerenkov flux at sea
level to deduce the depth of shower size maximum. Their
results, although not in good agreement with those of Andam et
al, also imply Lower average mass. A number of other
experiments, as well as these, have been summarized by Linsley
and Watson (1981a) who <concluded that the mean mass of
primaries above 6*1016 ey was consistent with a nearly pure

proton flux.

The energy spectrum above 1017 eV dis particularly
interesting since a number of predictions have been made about
interactions at these energies. In 1966, it was predicted
(Greisen, Zatsepin and Kuzmin) that the primary energy
spectrum should cut off very sharply at a few times 1019 v
due to photo-pion production by high energy protons

interacting with photons from the 3Kk cosmological radiation.
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Data from Haverah Park (Bower et al 1981), the array with the
best collection statistics, shows no such cut-off, but rather
a flattening of the spectrum at the highest energies. This
has been interpreted as placing a maximum age on these
primaries (alternatively, a Llimit on the distance traversed by
them). Until recently, the Yakutsk data showed a similar
flattening, however this does not appear in their recent data
(see Hillas 1981). Southern hemisphere data from the Narrabri
array (Bray et al 1981) also does not show the feature
measured at Haverah Park, though, due to serious <calibration
problems, their results must be considered as very
preliminary. It has been pointed out also (Hillas 1981), that
due to the large anisotropies in arrival directions measured
at the highest energies (Pollock 1978, Lloyd-Evans 1982) and
also relatively Llow statistics, it s important, when
measuring the spectrum, also to specify the region of sky

being observed.

Another effect predicted to <change the primary
spectrum at high energy (Greisen 1966) is the
photo-disintegration of heavy nuclei by interactions with the
microwave background at a threshold of 51018 ey per nucleon
and a mean path lLength for the effect of much Lless than
galactic dimensions. This 1is in agreement with the measured
predominance of light primary particles at high energies. At
energies greater than 7%1017 eV, proton primaries can also
interact with the thermal stellar background in pair
production processes. A dip which has been observed 1in the

Haverah Park spectrum (Bower et al 1981) has been interpreted
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as possibly being a consequence of -this effect.

1.2 Extensive Air Showers

Since this thesis is concerned wWwith measurements on
the cosmic ray flux using their secondary products at ground
level, a brief account of the processes occurring in extensive

air showers will now be given.

It was shown earlier that the Earth's atmosphere can
be considered to be an ionization calorimeter or absorber with
a thickness of about 1000 g cm~2, Because of this, the
probability of detecting a primary cosmic ray particle at sea
level is very low, the flux above 1016 ev being only about 1
particle per square metre per year. However, it 1is the
presence of this absorber which makes cosmic rays above 1015
eV detectable at all with a reasonable rate, since
interactions of the primary particle with atmospheric nuclei
produce a cascade of secondary particles, which, at sea Llevel
(Largely due to the Coulomb scattering of these secondaries)
is of the order of 100 metres in lLateral extent. Therefore,
if some assumptions <can be made about the extent and
development of the air shower, information is available about
the primary particle from sample measurements made on the

secondary particles at ground Llevel.

Under these circumstances, a detector system with very

large effective collecting area may be <constructed from a
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number of relatively small detectors which sample the shower.
In general, an air shower detection system is built up from a
number of widely spaced detectors, such as scintillators,
which are set up so that coincident events (i.e. particles
simultaneously traversing more than one detector) are

recorded.

Extensive air showers (EAS) consist of three main
components which are related by the energy flow into them from
the interactions of the primary particle with atomic nuclei in
the atmosphere. These are, the nuclear component, the muon
component and the electromagnetic component. The Cerenkov
component, produced by superluminal particles in the shower
traversing the atmosphere, is interesting since, dgnoring
scattering and absorption, it carries information from all
parts of the shower development and can be wvery useful 1in
calorimetric techniques. However, it carries a negligible
proportion of the shower's energy and will not be discussed

here.

2.1 The Nuclear Component

When a cosmic ray primary particle impinges on the
atmosphere, it collides with an atmospheric nucleus, Losing
some of its energy and producing some high energy hadrons.
Some of these, as well as the primary particle will then
continue on down through the atmosphere, with further

interactions producing further secondaries, and distributing
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energy to the other components of the shower. These
nuclear-active particles comprise the nuclear <core of the
shower with about 1% of the shower ©particles. Since air
shower energies are, at this time, well above those energies
accessible to man-made accelerators, the details of the
collisions are unclear, however semi-empirical models such as
scaling (Feynman 1969) and CKP (see Brooke et al 1964,
Wdowczyk 1973) with modifications such as rising interaction
cross sections (Hillas 1979b), have been proposed to explain

the measured results.

Two important parameters of the interactions for air
shower measurements are the inelasticity, the amount of energy
lost by the primary in collisions, and the 1interaction mean
free path. <Conventional models (CKP) for nucleons assign
values of about 0.5 and 80 g cm™2 respectively to these,
independent of energy (de Beer et al 1966). However 1if the
rising proton-proton cross sections observed at accelerators
below 1013 ev continue to air shower energies, the mean free
path length may be considerably reduced. Since the atmosphere
is only about 12 dinteraction lLengths thick, it is clear from
these wvalues that the primary particle may ' retain an
appreciable fraction of its energy to considerable atmospheric
depths. Because of the relationship of the hadron cascade
produced by the primary particle to the other shower
components which are fed by it, the EAS will continue to grow
until energy losses from it (as ionization in the atmosphere)
become greater than the energy being fed into it. This shower

maximum may occur quite deep in the atmosphere.



For multi-nucleon primary particles, a superposition
rule (Khristiansen et al 1965) 1is conventional, so that a
primary of mass number A and energy E is considered as A
primary nucteons, each with energy E/A. The shielding effects
of nucleons in the nucleus may present some problems to this
model (Dixon and Turver 1974). Also, the interaction «cross
section for the first nucleus-nucleus interaction (increasing
as A1/3 (Waddington and Freier 1973)) is Llarger than for
proton-nucleus collisons (Cleghorn et al 1968). Therefore it
can be seen that EAS produced by massive primary particles
should reach maximum development higher in the atmosphere, and
also that fluctuations in the shower development should be

less for heavy primary particles than for protons.

Energy lost in the inelastic collision process results
in the production of particles, mainly pions, although other
mesons and baryons may also be produced. On average, the pion
charges are equally divided between +e, =-e and 0. Neutral
pions have a very short half-life (about 10-13 seconds) and
decay almost immediately to a pair of photons. The <charged
pions continue on through the atmosphere interacting with
atmospheric nuclei in the same way as the primary, producing
further secondaries, until their energies are Llow enough
(about 3*1070 ¢v) so that their decay to muons becomes more
probable than further interactions. At the higher energies
the Lorentz factor gives them extended half-lives (Hayakawa
1969). In conventional models, the pion <collisions are

catastrophic (i.e. dinelasticity is 1) with an interaction
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length of about 120 g cm'z, however in quark models of
hadron interactions this is not necessarily so (Gaisser 1977)
and there is a close similarity between pion and nucleon

interactions.

The multiplicity of the <collisions, the number of
secondary particles produced, is an important factor in the
shower development, but there is as yet no general agreement
as to its governing rule. Feynman scaling results in a
Logarithmic dependgnce (as Ln E) on energy, while the CKP
model proposes that the multiplicity is a fractional power Llaw
in energy (as E0-25) and other models with multiplicities as
high as £0-5 have been suggested (e.g. Chantler et al
1982). Problems with the superposition model are due to
shielding and fragmentation of heavy primaries and LtLead to
supressed pion production (Gaisser et al 1982). This means
that shower development fluctuations for these primaries will
be Larger than would otherwise be expected, although not large
enough to upset the use of shower development measurements as

a tool for composition investigations.

The transverse momentum distribution of the hadrons
produced in the nuclear—-actijve core is a good test of the
accuracy of the extrapolations from accelerator data, since
this distribution 1is almost independent of energy. Some
recent measurements (e.g. Ashton and Nejabat 1981) however,
have indicated that this is no longer true at energies above

2%101% ev, suggesting a change in the nuclear interactions

above this energy.



Due to their relatively high energies and Large
masses, the nuclear component is Little affected by Coulomb
scattering and most of the particles 1in this component are
found within a couple of metres of the primary particle

trajectory.

1.2.2 The Muon Component

Comprising less than about 104 of the total number of
particles in the shower at ground level, the muon component is
produced by the decay of (relatively) Low energy mesons
(mostly charged pions with some kaons). Because of their very
long interaction length, these muons are unlikely to dinteract
with atmospheric nuclei and so are sometimes known as the hard

or penetrating component.

Although their half-life at rest is only about
2*1076 seconds, their large Lorentz factor with which they
are produced means that they can travel a Llarge fraction of
the atmosphere before decaying. Hence the muon flux from EAS
observed at ground lLevel is essentially the integral of the
muon production of the whole hadronic cascade. Also, because
of their mass, the muons are not deflected appreciably by the
geomagnetic field and so travel effectively in straight Lines
from their point of origin. Apart from the Low decay
probability, the only losses occurring to the muon flux are

jonization losses of about 2 MeV per gram per square



_2[._

centimetre. It can therefore be seen from the characteristics
of the Longitudinal development of the nuclear cascade that
the Llongitudinal development of the muon component will
exhibit a rapid increase in numbers (following the nuclear
cascade) and then after shower maximum, a relatively constant
number of particles. The attenuation Length of the muon
component (defined by NMNexp(-x/A)) is at least 1000 g cm~2

(e.g. Cranshaw et al (1958) reported 1400 g cm™2) .

The lateral spread of the muon component is due to the
transverse momenta with which the muons and their parents are
produced, and although in the Laboratory frame this s
comparatively small, due to the height of muon production, the
lateral distribution of this component is rather flat. Hence
muons may be found at Llarge distances from the primary
particle trajectory. To a rough approximation, muons found
furthest from the shower core are those produced earliest in
the shower development. Lowest energy particles will be found
at the largest distances from the shower core because of the

ionization Losses over the muon trajectories.

Measurements of the muon component are wusually made
using spectrometers shielded by Large thicknesses of
atmospheric absorber (by having the acceptance directions at
large zenith angles) or by wunderground construction. The
shielding is required to discriminate the muon component from
the more numerous electromagnetic component. Also, the high
energy muans which must have come from very early in the EAS

development can then be observed.



1.2.3 The Electromagnetic Component

By far the most numerous component, the
electromagnetic component comprises about 90% of the number of
shower particles at ground level for primary particles with
energies greater than about 1014 ev. For Llower energy
primary particles, which (as can be seen from the slope of the
energy spectrum) are the bulk of the cosmic ray flux, the
electromagnetic component is absorbed high in the atmosphere
leaving only unaccompanied muons, so that in fact the most
numerous component of the cosmic ray flux at sea Llevel 1is

unaccompanied muons.

The electromagnetic component derives from the gamma
ray photons produced in the neutral pion decay. Each of these
very energetic photons produces an electromagnetic cascade by
a process which, in contrast to that of the nuclear cascade is
fairly well understood (see Nishimura 1967). After traversing
a chacteristic distance (the radiation Llength, Xo) of about
38 g cm_z, a photon produces an electron pair which in turn
produces further photons by means of the bremsstrahlung
process. In this way the cascade develops, and continues to
grow until ionization energy lLosses become <competitive with
the pair production and bremsstrahlung processes at the

critical energy (E_, about 84 MeV). Since the gamma ray

photons are continually being produced by neutral pions from

the nuclear component, it can be seen that the EAS can be well
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approximated by the superposition of a Llarge number of
electromagnetic cascades. When the nuclear <cascade decays,
energy is no Longer fed into the electromagnetic component,
and the EAS then decays with an attenuation length (defined as
previously) which 1is chacteristic of the nuclear cascade

(Hayakawa 1969).

Studies of EAS have shown that the lateral
distribution of secondary particles 1in the shower <can be

described by:

_ 2
(P rI=N__f(r)/(ry) (1.2)

where/O(r) is the particle density at distance r from the
shower core, N_ jis the shower size and f(r) is known as the
lateral structure function. Multiple Coulomb scattering of
electrons in the shower 1is by far the most important
contribution to the Lateral spread of the EAS. This process
can be described in terms of the angle de through which a
charged particle of energy E crossing a thickness of scatterer

dt, is scattered by:
<de?>=(E_/g)2.dt (1.3

where E. is 21 MeV (Cocconi 1961). This in turn gives
rise to a unit of Lateral displacement of the particles, known

as the Moliere unit, r4, given by:

r4=Xg.Eg/E.=9.5 g cm™2 (1.4)



Obviously the 'actual distance involved is dependent on the

atmospheric density.

A number of empirical lateral structure functions are
used by the wvarious research groups involved in EAS
investigations (see Staubert 1968). The most commonly wused
function is the NKG functjon and its wvariations. Following
the work of Moliere (1946, Nishimura and Kamata
(1950,1951a,b) produced an analytical function describing the
lateral spread of an electromagnetic cascade. Not
surprisingly (for the reasons given earlier), the
approximation of this function produced by Greisen (1956) also

provides a good fit to the EAS lateral distribution. The NKG

function,

fOr/r)=0(s) (r/rq)ST2CCr I y41)874:3 (1.5)
where C(s)=IX4.5-s)/L2 1 (s)M(4.5-25)1]

describes the particle lateral distribution in terms of the
lateral age parameter, s, which is a measure of the
longitudinal shower development. This parameter varies in
value between about 0.4 and 2.0 as the shower develops i.e.
early in the shower development s<1, at shower maximum s=1,
and after maximum s>1. Greisen (1956) also showed that the
lateral spread of the EAS is influenced by atmospheric
conditions two radiation lLengths higher than those at the
Llevel where the shower is sampled. Thus the value of the

Moliere unit used in the shower analysis <can be somewhat



modified.

It can be seen from equation 1.3 that the -mean
scattering angle is inversely proportional to particle energy,
so that in general Llower energy particles will be found
further from the shower <core, and also, due to the
trajectories produced by multiple scattering, Lower energy
particles will tend to lag longitudinally behind the higher

energy particles at the shower front.

Hence the EAS can be represented as having a shallow
disc shape with a radius of curvature of about a kilometre.
This disc moves down through the atmosphere at about the speed
of Light and has, at sea Llevel <(for primary energy about
1015 ev), a useful lateral extent of about 100 metres and
thickness of perhaps 5 metres. It should be noted that shower
maximum for medium energy showers occurs fairly high 4in the
atmosphere (see e.g. Thornton and Clay 1981), so that at sea

level these showers are well past their maximum development.



CHAPTER TWO

THE BUCKLAND PARK EAS ARRAY

The Buckland Park Extensive Air Shower Array was used
for the collection of all data for the experiments discussed

in this thesis. Its synthesis and capabilities are described

in this chapter.

2.1 Data Collection and Recording

In any experiment involving measurement, a knowledge
of the characteristics of the measuring device is as important
to the final results as the parameters to be measured.
Measurements on the cosmic ray flux were carried out using the
University of Adelaide's Buckland Park EAS Array situated on
level ground at very close to sea lLevel. The array is located
at longitude 1389 28' E and latitude 34° 38' s, about 40

km north of Adelaide, South Australia.

Since 1978, the author has been responsibte for the
routine running, maintainance and calibration of the array and
the analysis of the data from it. The design and some
performance characteristics of this array have been described
elsewhere (Crouch et al 1981, Gerhardy et al 1981), however

since its performance is of <crucial dimportance to the
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experiments described here, the array wWill be described in

some detail.

Developed from an array originally operated at
Penticton in Canada by the University of Calgary, this array
has been extended by the addition of a number of detectors to
its present dimensions, now having an enclosed area of
approximately 3x104% n2. 1t runs almost continuously, the
only interruptions being stoppages for the <changing of
magnetic tapes on which the data is recorded, and equipment
breakdowns. Figure 2.1 shows the plan of the particle array.
Other EAS experiments being conducted at Buckland Park include
measurements on the Llateral (Kuhlmann and Clay 1981) and
temporal structure (Liebing et al 1981) of the Cerenkov
radiation associated with EAS. The Cerenkov detectors

involved in these investigations will not be described here.

The particle array now consists of 12 scintillator
detectors (5 fast timing and 12 density detectors), housed in
semi-permanent galvanized iron huts. These are labelled A to
K and R in figure 2.1. Detectors A to H are from the original
array (which consisted of 8 sites - 5 fast timing and 5
density detectors) and each have a 1 m¢ by 5 cm thick block
of NE102 plastic scintillator contained in a rectangular
galvanized iron box and viewed from beneath by one or two
photomultipliers. These are type RCA 8055 for the measurement
of particle densities in the scintillators. Detectors A to E
also contain fast rise time (about 4 ns) Philips XP1040

photomultipliers which are used for fast timing measurements
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Figure 2.1 A plan of the Buckland Park EAS particle array
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on the shower front to give directional dinformation on the
EAS. The new detectors, I, J and K are used only for particle
density measurements and have 1 me by 1 ccm blocks (for
financial reasons) of NE110 plastic scintillator housed in
pyramidal aluminium enclosures (Clay and Gregory 1978) and
viewed from above by RCA 8055 photomultipliers. Detector R
(also for density measurements only) uses gimiLar components
to I, J and K detectors although the arrangement 1is slightly
different. In this case, the scintillator 1is viewed from
beneath in the variable Light-tight enclosure used by Clay and
Gregory in the design of the other new detectors. Apart from
I, J and K detectors, the mass of the covering (including the
enclosure and hut) above the scintillators dis about 1 g
2

cm™¢, while for I, J and K it is slightly more due to the

photomultiplier and associated electronics.

Signals from the density detectors are amplified by
charge-sensitive preamplifiers and Line drivers. This process
also shapes the pulses so that the energy deposited 1in a
scintillator is proportional to the output voltage pulse
height. Both density and fast timing signals are transmitted
through coaxial cable (RG8A/U) to the array electronics hut

for measurement and recording.

Temperature variations in the detectors are minimized
by lagging with 'glass wool' 7.6 c¢m (A.C.I.) thick and a
double sided reflective thermal insulator (Sisalation)
covering. Various devices for the temperature control of the

detectors have been investigated, however none 1is yet in
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general use at Buckland Park. For each EAS detected, a sample
detector (C detector) temperature is recorded, along with the
atmospheric temperature and barometric pressure and also the

temperature inside the (air-conditioned) electronics hut.

The pressure transducer used consists of an aneroid
bellows, mechanically coupled to the core of a Llinear variable
differential transformer (Texas Electronics 2012). Once
conditioned, the signal from this device is digitized and
recorded to an accuracy of about 0.5 mbar. For the
temperature monitoring, two systems are used. The electronics
hut temperature is measured using a thermocouple sensor and
associated digitizing electronics (Kane-May Digitherm Mk3)
with an accuracy of better than 0.5°C, while the detector
and atmospheric temperature monitors consist of a Dual
Heathkit Digital Thermometer (ID-1309B/BE) with semiconductor
transducers (accurate to within 0.5°C). Transducers for the
meteorological data are housed in a screened enclosure. The
electronics for each of these devices 1is interfaced to the

rest of the array recording electronics by means of buffers.

Raw data from each density detector is in the form of
a single voltage pulse which is transmitted to the central
electronics hut. At this hut each pulse is shaped by a Lline
receiver amplLifier. This pulse is measured by a device known
a; PAJAMAS (Phil and Jim's Amazing Measurer of Air Showers)
which consists of two independent parts, one performing pulse

height measurements for particle density calculations and the

other performing timing measurements on the fast timing
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pulses. The density signal from each detector is fed into a
sample and hold amplifier (Teledyne Philbrick 4853) which
gives an output following the input until triggered at which
time it holds the output constant. Triggering of the sample
and hold amplifiers is timed for each detector to ensure that
a pulse produced by a shower will be held at its peak. Errors
due to jitter in the arrival time of the pulses caused by
inclined showers is reduced to Lless than 5% by the pulse
shaping mentioned previously which gives the pulses a wvery
Loqg decay time (about 1 s time constant). From the sample
and hold amplifiers, the signals go to a Datel DAS-16. This
device contains an analogue multiplexer which presents the
output of each sample and hold amplifier in turn to a 12 bit
analogue to digital converter. Results of these conversions
are temporarily stored in a shift register. Saturation of the
sample and hold amplifiers Limits the maximum density

measurable to less than about 1000 particles per detector.

Fast timing signals from the fast photomultipliers go
through discriminators (LeCroy 621L) to the timing half of
PAJAMAS. Signals from A, B8, D and E fast timing
photomultipliers are delayed so that the timing signal from
detector always arrives first. This signal is then used to
start an 8 channel time to digital <converter (LeCroy 2228)
which is stopped by the other fast timing signals. Hence the
times of arrival of the shower front at A, B, D and E

detectors relative to C detector are determined.

When an EAS is detected, a multiplexor is triggered,
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and this device takes data from a digital <clock which gives
the local time (Australian Central Standard Time) of the event
and also the temperatures and pressure (these are buffered
through the clock electronics) mentioned previously. After
recording this data on magnetic tape (via a P.I. 1387 7-Track
Digital Incremental Tape Recorder), the multiplexor
interrogates PAJAMAS for the density and fast timing data
which is recorded in a second record block on the tape. A

block diagram of the array electronics is shown in figure 2.2.

The triggering conditions, which have been <constant
since 1978, have been set (Crouch 1979) to ensure that any EAS
fulfilling these conditions can be well analysed with a well
determined <collection area, and also that an unbiassed
selection of EAS is recorded. To trigger the recording
electronics , pulses from each of the fast timing detectors
must be measured at a threshold of greater than two particles,
thereby ensuring some redundancy, and hence increased accuracy
in the determination of the shower arrival directions.
Secondly, density detectors A and D are required to measure
greater than 6 and 8 particles respectively. By wusing this
minimum number of density detectors near the <centre of the
array, most density detectors are free to fluctuate upwards or
downwards in density, and so shower selection involves rather
little bias. Also, most EAS detected will have their cores
Wwithin the area enclosed by the array, hence the maximum

number of detectors will sample the shower.

At present, the array electronics are being upgraded,
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and it is planned to use a Nova 4S minicomputer to control a
CAMAC system containing analogue to digital converters and
time to digital <converters for the data collection. The
computer will also monitor the functioning of the array (e.g.
singles rates in the density detectors) and do some
preliminary real-time analysis, writing the results on floppy
discs. The number of detectors is also being 1increased to
allow accurate measurements on smaller showers. This system

should be routinely operational by early 1983.

2.2 Calibration of the Array

2.2.1 Density Measurements

A scintillator responds to the passage through it of
ionizing radiation by producing a light pulse proportional in
amplitude to the energy deposited in it. For high energy
particles, this is almost independent of the particle energy
and also almost independent of the particle species (about 2

MeV/gm cm~2, Hayakawa 1969). Therefore the Light pulse

energy produced by a scintillator is approximately
proportional to the number of particles traversing it. This
reasoning is the basis of density <calibrations of the

detectors.

Earlier it was shown that the most numerous component
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of the secondary cosmic radiation at sea Llevel is the
uncorrelated muon flux. If an ungated pulse height spectrum
from a scintillator is taken, its shape (a Landau distribution
plus low energy noise) will be due to the passage through 1t
of muons from all directions. When this spectrum is examined
(for the 5 cm thick scintillators) a peak known as the single
particle peak (SPP) due to the passage of a single 1ionizing
particle (a muon) can be resolved. The voltage corresponding

to this peak is used as the standard for density measurements.

Since density measurements are made in terms of
‘equivalent single vertical muons', the mode (most probable
pulse height) of the pulse height spectrum must be converted
to this value. Measurements by Clay and Gregory (1978) have
shown that gating the detector to receive only vertical
particles reduced the pulse height by a factor of about 1.3.
Also with about 5% variation, the ratio of mean to mode of the
omni-directional pulse height spectrum was found to be about
1.3. Hence to a good approximation, for the thick
scintillators, the SPP has been found to be a good measure of
the energy deposited by an ‘'equivalent single vertical muon'.
The ratio of the voltage measured in a detector to the voltage
corresponding to the SPP is wused to derive the detector
particle density. This technique has the advantage of

averaging the detector response over the whole sensitive area

of the detector.

Unfortunately, for the thin (1 c¢m) scintillators, a

SPP cannot be resolved from the noise in an ungated spectrum,
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due to the reduction by a factor of S5 (the ratio of the
scintillator thicknesses) of the energy deposited, and so, for
calibration of these detectors, gating is employed. In this
case, Crouch et al (1981) found the ratio of the mean to mode
of the pulse height spectrum to be about 1.23. In practice,
difficulties involving measurements made with thin
scintillators have been resolved by noting that the ratio of
thin scintillator to thick scintillator response for detectors
placed side by side is about 1.11. This factor is used during
data analysis to correct thin scintillator raw data to those

that would have been given by the thick scintillators.

For setting threshold Llevels for the triggering
detectors, the voltages for the number of particles are not
" set directly. Rather, from the pulse height spectrum, the
rate of counts above the required Level (n*SPP, where n is the
number of particles required) is determined. The
discriminator thresholds are then set to give this counting
rate. An advantage of this method is that the triggering is
then relatively 1independent of density calibrations and

gradual variations in the detector are easily compensated for.

Observations of the SPP's from the detectors
indicated, in general, only small (less than about 5%) and
slow variations (over perhaps a month or more). This is near
the resolution Limit of the calibration technique.
Catastrophic changes, which are fortunately rare, are easily
detected in the computer analysis of the raw data from the

array. A sample pulse height distribution from a detector is
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shown in figure 2.3.

The recording and digitizing electronics are
calibrated a number of times per year in terms of a standard
reference pulse generator (BNC BH1) simulating the output
pulses of the Lline receivers. This in turn is <calibrated in
terms of the multichannel analyser (Tracor Northern 1705) used
to measure the pulse height spectra. Linearity of the
electronics is good (figure 2.4) and again only small <changes
in the slope (less than about 2%) and offset (equivalent to
less than about 2 particles) are observed. Sudden, Llarger
changes, which are rare, are again relatively easy to detect

and compensate for in the analysed data.

2.2.2 Timing Measurements

Calibrations of the timing part of the electronics are
usually carried out whenever the density <calibrations are
checked. Using a switchable variable delay and a square pulse
generator (Datapulse 100A), the time to digital converter s
started and then each channel stopped separately to give the
calibration curve for each channel. Again, the Llinearity of
the device is very good (figure 2.5) and slope and offset
variations are rarely greater than the resolution (including

electronic jitter) of the system (about 4 ns).

Drifts in the triggering thresholds of the

discriminators are a possible source of error due to the rise
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time of the photomultiplier tubes. A number of <checks on
timing drifts are possible. Because of the symmetry of the
array fast timing square, detectors diagonally opposite (i.e.
A and D or B and E) should have equal and opposite time delays
Wwith respect to C detector for any triggering EAS. Also,
assuming a symmetrical flux of showers, the mean time delay
between an outer fast timing detector (A, B, D or E) and the
central fast timing detector (C) should be zero. This
reasoning is used to set the zero delay and also allow for

slow drifts in timing.

2.3 Analysis of the Raw Data

Data tapes written by the array electronics are
collected periodically (about twice per week) from the field
station and brought back to Adelaide for analysis on the
University's Cyber 173 computer. Three separate programs are
used in the analysis, these be{ng somewhat mutated descendants
of the programs brought with the rest of the original array

from Penticton.

The first program reads the data from tape. At this
stage a number of checks are performed on the data. As well
as the parity bit written by the tape recorder, internal
parity bits are also added by the array electronics, and both
of these are checked for tape writing and reading errors.
Data from each event is written as two different Llength

records, the clock record containing the time and atmospheric
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parameters of the shower, and the PAJAMAS record containing
the fast timing and density raw data. The Lengths of these
records are checked. The characters read from the tape are
also checked to see if they make sense (e.g. that the Llocal

time is later than that of the previous event).

After this program has been run, the second program
applies the measured calibration curves to the raw data. This
calculates the particle densities at each detector (in
particles per square metre) and the delay times from the fast

timing detectors (in nanoseconds).

Finally, in the third program, the data is analysed to
produce the parameters of the shower i.e. its arrival
direction in zenith and azimuth angles, its core Llocation on
the ground and its size (the total number of particles at

ground level).

Shower arrival directions are calculated using a least
squares fit to the detector times to produce the direction
cosines of the shower (see Appendix 1). A plane shower front
is used to approximate the actual curved shape of the shower
front. This is quite a reasonable approximation since the
radius of curvature of the shower front is expected to be of
the order of a kilometre. Typical error values 1in shower
directions are given by approximately 2.5%sec(8) degrees
where & is the zenith angle. For showers with arrival
directions less than 40°, this corresponds to an uncertainty

in the arrival direction of less than about 10"2 steradians.



The shower size and core position are determined by a
gradient search technique developed by Crouch 1979,
minimizing the )(1 parameter (see Appendix 2). In this method,
a trial core position is chosen using the weighted densities
from detector A, and the outer detectors F, 6, H, I, J and K.
Using the empirical lateral distribution function of Greisen
(1960) (from the work of Clark et al (1958) and Vernov et al

(1960)) - the so-called "Moscow/MIT' equation:

f>(Ne,r)=a.Ne/r.exp(-r/ro) (2.1)

where a= (ZKrO) 1, ro=60 m

the program steps in the direction of the maximum decrease
in the goodness-of-fit parameter until a minimum 1is found,

thereby determining the core position and shower size.

Monte Carlo simulations on the array (Crouch 1979)
have shown that for showers whose sizes and core Llocations
give them a high triggering probability for the array, errors
in these parameters are generally less than 10% and 10 metres
respectively and in some <cases (depending on Location and

size) substantially less.

For most events, this analysis produces satisfactory
shower parameter determination, however lLocal minima in the
goodness-of-fit parameter surface can trap the search and lLead
to erroneous results. To overcome this problem a program

package developed in CERN (James and Roos 1975) has been wused
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to reanalyze the data. This package, MINUIT, can wutilize a
number of options in the minimization of the goodness-of-fit
parameter and has been found most satisfactory in its results.
For showers which are well analysed by the gradient search
technique there is Little difference between the results of
the two techniques. The difference 1in core locations s
generally Less than about 2 metres, for well analysed showers.
However, while the gradient search procedure fails in about 3%
of events to find a good minimum, the failure rate for the

MINUIT package is much less than 1%.

Another advantage of the MINUIT package 1is the ease
Wwith which it can be adapted to fit a lLarger number of free
parameters. For this reason as well, it has been wused to
reanalyse the data using the NKG function with wvarying age
parameter and Moliere unit (depending on atmospheric
conditions see Cocconi 1961). A comparison of shower sizes
determined using equation 2.1 with the gradient search routine
and the NKG function with MINUIT is shown in figure 2.6. It
can be seen from this that the NKG sizes are on average about
10%4 Larger than the Moscow/MIT sizes. The difference s
attributable to densities measured at LlLarge <core distances
flattening the variable NKG Llateral distribution and so
increasing the calculated size. Note that events which show
large differences between their calculated sizes wusing both

methods, invariably have extreme ages for the best NKG fit.
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2.4 Behavior of the Array

In this section, the behavioral characteristics of the
Buckland Park Array with respect to detected EAS will be
described. These characteristics can be summarized by four
distributions: the shower size distribution, the core position
distribution, the zenith angle distribution and the azimuth
angle distribution. Attempts will be made to give at Lleast
qualitative explanations for the shapes of these

distributions.

2.4.1 The Shower Size Distribution

The size range of EAS collected by the Buckland Park
Array is determined by the triggering levels (i.e. the number
of particles required) and the geometrical arrangement and
distances between the triggering detectors. Since the array
is used specifically for studies of the cosmic ray flux near
the spectrum knee, it is desirable to have a sharp cut-off at
small shower sizes so that the much more numerous and unwanted
low energy flux is not recorded. This requirement has been
met very satisfactorily by the <conditions described earlier
and the results are shown in figure 2.7. It can be seen that
the cut-off occurs at size about 10° particles and useful
numbers of events are collected up to sizes of near 107

particles - a dynamic range of about two decades.
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For restricted areas inside the array, the triggering
probability should rise asymptotically with size to 1004 (due
to statistical density fluctuations). This can be used in the
accurate determination of the EAS size spectrum and related to
the primary cosmic ray energy flux. In figure 2.8a the number
spectrum of shower sizes 1is shown for a sample from a
restricted area (a circle with radius 25 metres). Figure 2.8b
shows the corresponding triggering probabilities as a function
of shower size. Once the +triggering probability approaches
100%, the size distribution detected should reflect the true

EAS size spectrum.

2.4.2 The Core Position Distribution

Core positions of the detected EAS are, as seen in the
previous section, determined by the shower size distribution
and the triggering conditions. Nevertheless, they can be used

by themselves as a check on the operation of the array.

Most obviously, since the array is symmetrical with
respect to its north-south axis, the <core distribution of
detected showers should also be symmetrical with respect to
their x-coordinates. In figure 2.9, the distribution of
x-coordinates is plotted. A high degree of symmetry can be
seen, however a slight excess of showers (0.8%) detected on
the eastern side of the array is apparent. Over an extended
period, the array electronics shows slow variations, and

changes in the detector gains or triggering discrimination
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levels obviously change the triggering conditions. The slight

asymmetry can be attributed to this problem.

Since there is no north-south symmetry in the array
corresponding to the east-west symmetry, no similar test on
the array performance can easily be made. Qualitatively
however, it can be seen from the triggering conditions that
the shower detection should be biassed towards the south of
the array and this may be seen in figure 2.10, there being an

excess of nearly 10% observed to the south.

For making quantitative measurements on the EAS flux,
it is important to know the way that the triggering profile
changes as a function of core position. This information may
be obtained from Monte Carlo simulations of showers incident
on the array. Results of these for three shower sizes are
shown in figure 2.11. The most important characteristics of
these data are the triggering centroid which is found to be at
coordinates (0,-5), and the relatively large region of 100%
triggering (asymptotically) compared to the sharp fall-off of

triggering probability away from this area.

2.4.3 The Zenith Angle Distribution

Most EAS detected by the array are well past their
maximum development, therefore the factor determining the
zenith angle distribution of detected showers is the way that

the showers are attenuated by the atmosphere. At Llow zenith
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angles, this effect is small and so the number of showers
detected from these angles will increase with the solid angle
of the sky viewed (figure 2.12). However, at zenith angles
greater than about 20° the changing thickness of the

atmosphere which the EAS traverse becomes important.

For showers with size at maximum, N__ _ the size,

Ner measured at sea level from zenith angle, 8§, goes as:

Ne(9)=Nmax.exp(h.sec9/A) (2.2)

where h is the depth of the atmosphere (in gm ¢cm™¢) and
A is known as the shower size attenuation Length. Assuming
that the primary cosmic rays are incident isotropically on the
top of the atmosphere (with respect to the array zenith
angle), the actual zenith angle distribution will be
determined by the primary energy spectrum of the primary
particles and also by the way the shower develops i.e. the
atmospheric depth required for maximum to be reached. The
Latter datum is not known with <certainty, and therefore a
solution to the =zenith angle distribution shape at Llarge

angles will not be attempted.

2.4.4 The Azimuth Angle Distribution

In a similar way to the distribution of detected EAS
core positions, the azimuth angle distribution s determined

by the triggering conditions of the array. Figure 2.13 shows
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this distribution. The most obvious feature of this
distribution is the modulation by a relatively Llarge second
harmonic. Details of the Fourier analysis (up to the fourth
harmonic) of this distribution are shown in the Table 2.1
below. In the fourth column, the probabilities that random
distributions could give rise to the measured amplitudes are

shown.

Table 2.1: Fourier analysis of the azimuth distribution

Harmonic Amplitude (%) Phase(deg) Probability (%)
1 1.3 23 0.4
2 4.0 12 <10-10
3 0.6 195 37
4 0.4 170 57

The Llow significance of the third and fourth harmonics
indicates that the distribution is well described in terms of
the first and second harmonics. This is further confirmed by
a check on the most obvious lLines of symmetry (north-south and
east-west). Comparing the number of showers arriving from
northerly directions with that of southerly directions, it s
found that there is an excess from the north of about Z2%.
Although this is quite close to symmetrical, when the data are
statistically tested, it is found that the probability of a
symmetrical distribution producing this difference 1is less
than 1%. Checking the east-west symmetry in the same way, the
flux difference is only 0.4% and this difference 1is rather

Likely to arise from random fluctuations.



The explanation for the Large second harmonic Llies in
the arrangement of the two main triggering detectors A and D,
i.e. the north-south alignment. Showers incident on the
array from northerly and southerly directions reduce, by
projection, the distance between these detectors and hence are
more Likely to trigger the array than showers from the east

and west which see no such reduction.

Unfortunately, no such simple explanation offers
itself for the first harmonic. Clay and Gerhardy (1982b) have
shown that the north-south asymmetry can be produced by errors
in the timing calibrations which are only of the size of the
timing resolution. These may act to shift the effective

zenith and thereby produce an artificial azimuth asymmetry.



CHAPTER THREE

THE SEA LEVEL SPECTRUM

In this chapter, results of spectral measurements on

the sea level cosmic ray flux are given.

3.1 The Sea Level Density Spectrum

3.1.1 Introduction

Because of their lLow flux and extreme wenergies, the
medium energy cosmic rays are almost inaccessible in terms of
direct measurements. Therefore ground level observations of
the secondary particles (EAS) must be wemployed to deduce
information about their spectrum. Unfortunately, this process
of deduction generally involves a number of relatively
unproven assumptions about shower development, making the
final results uncertain. A way of avoiding much of this
process explicitly is by making measurements of the density
spectrum defined by the rate of deteétion of secondary
particle densities in a detector. Determinations of this
spectrum require, in the production stage, no assumptions at

all about either the form of the primary energy spectrum (to
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at least a first approximation), or about the way in which
secondary particles are produced and scatter out about the
primary particle trajectory. The trade-off for the ease of
measurement of this spectrum is the difficulty in the

interpretation of the result.

As an approximation, the density spectrum may be
interpreted as follows (after the work of Allan and Davies

1979). The shower size, N (r) required to produce particle
density,f>, at a distance, r, from the shower core is given

by:

N, Cr)=P/f(r) (3.1
where f(r) is some appropriate Lateral structure function.

If the integral size spectrum, the rate of detection of

showers exceeding some threshold size, is given by:

KN y=Kg. (Ng) ™ 8 (3.2)

or K, £)=Ky (p/f(r))™ %
then the integral density spectrum is given by:

0
Hep= J K(p, ). 2mr dr

e ¥
i.e. H(p)=xmo-“[2nr.<f<r)> .dr (3.3)
(s
= _x
Ho.p (3.4)

where HO depends on the normalization of the Lateral
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structure function. The important point to note is that for
this straightforward case, the integral density spectrum is
characterized by the same power law index as the integral size
spectrum. Unfortunately, implicit in this derivation is the
assumption that the lateral structure function at all core
distances is independent of the shower size. Nonetheless, if
this shower size dependence is weak or can be compensated for,
the density spectrum technique offers an uncomplicated way of
examining the size spectrum index in a way which is almost

independent of shower development models.

If the shower size spectrum can then be related to the
primary energy spectrum , the detailed form of these spectra
are accessible from experiments involving relatively
unprocessed data. This is especially significant for studies
near the spectral ‘'knee', which corresponds to a primary
energy of just above 1015 ev or a sea Level shower size

about 5%10° particles.

3.1.2 Previous Experiments

Studies of the cosmic ray density spectrum have been
conducted for over forty years, often, unfortunately producing
somewhat contradictory results, depending on detector types
and arrangements, and especially the atmospheric depth at
which the experiments were carried out. Assuming the power
Law form of the density spectrum, it was hoped that

measurements of the variation of the spectrum with atmospheric
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depth would give direct information on the ©primary spectrum
and shower development. However the interpretation of these

data has proved very difficult (McCaughan 1982a,b,c).

The density spectrum was first studied as an adjunct

to experiments on the Llateral spread of shower particles (e.g.
Auger et al 1939, <clay 1942), however when the early
experiments were found to be in conflict (Cocconi et al 1946)
many experiments followed in attempts to produce definitive
results. Analyses of the raw data from these experiments
relied on the following assumptions:

(i) the density spectrum was described by one

or more inverse pouwer lLaws;

(ii) the distribution of particles in the

shower over the sjze of the detectors was

random;

(iii) the mean particle density for each event

was constant across the experimental apparatus.

The early experiments employed a statistical approach
(adapted for cosmic ray experiments by Auger et al 1939) to
the problem of density measurements. In these experiments,
trays of Geiger-Muller counters, spaced by of the order of 5
metres, were used as the detectors. Coincidences between
individual counters and also the trays of counters were
recorded. The density spectrum was then evaluated from these
data by two alternative techniques. Firstly by comparing the
rates of coincidences of a number of detectors, the average

"local' shower density was determined for a given set of
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coincidence requirements. This density, derived statistically

from the above assumptions was given by:

/0=Ln(1/(1-cn/cn_1))/A (3.4)
where A was the effective detector area and Cn was the
rate of n-fold detector coincidences. Knowing the rate of

coincidences, the density spectrum was constructed from a
number of different coincidence and detector arrangements.
Careful analysis by Broadbent et al (1950) showed that
assumption (iii) was fallacious, introducing errors into the
results obtained by the technique. However, the magnitude of

these errors for the power Llaw index was Less than 10%

(Prescott 1956).

Alternatively, when the rate of <coincidences of a
given number of detectors was measured as a function of the
detector area, the power lLaw index of the density spectrum was

given by:

¥=dCln € )/d(ln A) (3.5)

This technique does not require assumption (iii), but still
assumes that the lateral distribution is not a function of
shower size and hence of particle density. Since this method

required less assumptions, it was most often applied to

counter experiments.

More recent experiments to determine the spectrum have
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generally employed more direct methods to measure the particle
density. These include ionization chambers (Prescott 1956),
proportional counters (Norman 1956), cloud chambers (Reid et
al 1962) and scintillators (Katsumata 1964). As well as the
actual density detectors for these experiments, other particle

detectors were used in coincidence to trigger the recording

device so that only densities from showers were recorded. A
common feature of these experiments was the separation
distances of the detectors = usually only a few metres. This

meant that densities were generally measured within a few

metres of the shower core.

A compilation of results from a number of sea Level
determinations of the power law index is shown in figure 3.1.
It can be seen that these results indicate a sharp <change in
the index from about 1.5 to nearly 2.4 at near 1000 particles
m-2_ Although this change 1is clear in the compilation,
occasionally individual experiments (e.g. Hara et al 1979b)
measure a constant index over a wide density range.
Unfortunately, the index above the change is perhaps Larger
than that expected from size spectrum measurements. Also, at
the Low density end of the spectrum, a slowly increasing index
with density has been proposed (Greisen 1956), whereas the
primary energy spectrum and size spectrum in the corresponding
regions are usually fitted by a single power law. These
interpretation problems stem from the experimental arrangement
mentioned previously, i.e. the measurement of the density

close to the shower core.
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Near the EAS core, a number of difficulties are
encountered. Firstly the particle density is changing rapidly
with <core distance. Secondly, the presence of the
nuclear-active particles of the shower core near the detectors
may produce anomalous changes in the lateral distribution of
the electromagnetic component. In fact, the lLateral
distribution of particles near the EAS core is not well known.
Thirdly, the nuclear-active particles may produce bursts of
particles in the material above the detectors, thereby leading
to anomalous density measurements. McCaughan (1982a) has
critisized the results of these density spectrum experiments
mainly on the basis of core effects, however other efforts to
reconcile the size and density spectra (Ashton and Parvaresh
1975, Khristiansen et al 1979) have invoked a varying Llateral
structure function. These efforts have had, at best, Llimited

success.

Recently McCaughan (1982a,b) has proposed an
interesting interpretation of the results of the density
spectrum. If the spectrum is simulated, for successful
fitting, it is required that a parameter, in this case the
lateral age parameter in the NKG function, varies in a way
that cannot be interpreted in terms of a change in the primary
spectrum, but instead must reflect a change in the nature of
the nuclear interactions at the energy corresponding to the
spectral knee. Other evidence, for example the existence of
'Centauro' events may support this interpretation. Hillas
(1981b), however has used interpolations between the sea level

and mountain level density spectra for the same experiments to
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deduce a very short absorption length for the shower cores.
He proposes from this that less than 2% of the primaries are
protons - thereby implying a rapid change in the primary mass

composition near the spectral knee.

3.1.3 The Buckland Park Array Density Spectrum Experiment

In 1979, Allan and Davies suggested that to avoid the
problem of density measurements near the core, relatively
widely spaced detectors could be used to measure the density
spectrum. If the variations in the lateral distribution as a
function of shower size are not too lLarge, then the density
spectrum power index measured should accurately reflect the
size spectrum. Equivalently, these measurements could be used
as a check on the self-consistency of the Llateral structure

function and the measured size spectrum.

Before actual measurements of the array density
spectrum are described, the equation 3.4 requires further
examination. Allan and Davies (1979) have shown that
appropriate Limits for the integral in eguation 3.3 are
actually some minimum distance rg and oo, This is due to the
fact that the detectors are not infinitesimal in size, so that
the density measured is actually averaged over the detector
area and not a point density. Moreover, the requirement for
shower detection is - densities greater than some threshold in
coincidence in a number of spaced detectors. The <constant,

Y is then related to the spacing and arrangement of the
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array. It is clear then, that the ‘constant', Hg, s
actually a function of ry and ¥ (as well as the shape of the
lateral structure function). Calculations by Wenneberg (1982)
show that although at spacings (of two detectors, rg) Lless
than 10 metres, Hy s strongly dependent onY, at rg
greater than this, the dependence s rather weak. If
variations in the lateral distribution as a function of shower
size at the detector distance from the shower core are small,
then the power law index of the density spectrum is a wuseful
measure of the size spectrum in the region of the ‘'knee' in
the spectrum. Figure 3.2 shows the shape of the NKG structure
function with respect to core distance for a number of
different shower age values. It can be seen that although
there are variations, at distances greater than about 20
metres they are not large. However, the lateral distribution
shows large variations within 10 metres of the core. This
indicates the main reason for the variations in the density
spectrum measurements for experiments with closely spaced

detectors.

The array density spectrum is defined in the following
way. An array of detectors can be constructed to detect EAS,
With the rate of shower detection determined by the threshold
(in terms of the particle density at the detector locations)
required to trigger the system. If the particle density
thresholds for each detector are then <changed by the same
ratio, then a new shower detection rate will be produced. The
array density spectrum is defined by the dependence of the

rate of detection of EAS on the relative threshold Levels.
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Figure 3.2 The shape of the NKG function for various ages as a function
of core distance.
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This definition highlights the difference between the 'local'
density spectrum requiring basically one detector (measured in
the experiments described earlier) at usually rather small
shower core distances, and the 'array' density spectrum for
which measurements are generally conducted some distance from

the shower core.

There are two alternative ways of performing this
experiment. In the first case, the electronic discrimination
Levels on the outputs of the individual detectors are fixed
and then the density threshold 1is varied by physically
changing the effective size of the detector. Care must be
taken in this method to allow for variations in the detector
efficiency as a function of detector size. This method was
chosen by Allan and Davies (1979) for their investigation.
Since the Bucktand Park array is a permanent installation and
the detector sizes fixed, this is not a suitable technique for
the equipment. Alternatively, an array of detectors can be
set up to record EAS in the normal way - by detecting
coincidence levels above a given particle density threshold in
the detectors. By recording all particle densities above this
triggering Level for the array, the data can later be checked
at higher density thresholds in coincidence to find the rates
of shower detection corresponding to the higher densities.
This method does not interfere with the normal continuous
running of an array and was therefore chosen for the Buckland

Park density spectrum experiment.

To obtain reasonable particle numbers in the
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detectors, the central part of the Buckland Park array, which
includes the fast timing array was wused 1in the experiment
(figure 3.3). Shower detection was determined by these
detectors with triggering requirements being greater than 2
particles m~2 in each of the fast timing detectors and also
greater than 6 particles m=Z in A density detector and
greater than 8 particles m=2 in D density detector. Apart
from statistical fluctuations in the local particle densities,
the Llatter condition 1is sufficient to ensure that the
threshold levels in the former condition are satisfied. In
the initial experiment (Clay and Gerhardy 1980), density
detectors A and D were chosen. With a separation of about 42
metres, the minimum threshold (i.e. 6 particles m_2 in A
and 8 particles m~2) corresponds to a most probable shower
size of near 10° particles (see figure 2.8). Later, other
detectors with smaller separations were used to extend the
spectrum to include densities from smaller shower sizes (Clay
et al 1981a). These other pairs of density detectors were D
and E detectors (separated by 30 metres) and B and C detectors
(separated by 21 metres). For the parts of the experiment
using the smaller separations, the triggering requirements for
the array were temporarily set to onLy 2 particles m~2 in

each of the density detectors A, B, C, D and E.

To determine the array density spectrum, the data from
these pairs of detectors were compared with artificial
computed thresholds which were increased by multiples of J}.
Hence, for example, the thresholds <considered for density

detectors A and D respectively were: 6 and 8 particles m‘2,
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Figure 3.3 The fast timing array - used in the density spectrum
experiments.
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6{? and 8I2 particles m'z, 12 and 16 particles m~2 and so
on. Simply counting the number of showers to trigger each of
these artificiat thresholds then gave the array density
spectrum. This spectrum is shown for detectors A and D in

figure 3.4.

Spectra from the wvarious pairs of detectors were
combined using the results of the normal analysis of the raw
data recorded by the array. For the detector pairs, size
spectra for given density thresholds were determined and from
these the most probable shower sizes for these thresholds were
evaluated. By finding the thresholds for each detector pair
which corresponded to the same most probable shower size, the

density spectra could be combined.

The most interesting parameter of the density spectrum
is the power lLaw index which, as shown wearlier, should be
directly comparable with results obtained from size spectrum
experiments. Therefore, values of the index for each of the
density spectra in intervals of J2 in threshold were evaluated
and are plotted in figure 3.5 as a function of most probable

shower size.

Over the range of shower sizes from about 4%10°
particles to at lLeast 107 particles, the spectral 1index
appears to be approximately constant with a mean value of near
1.9. Below 4*10° particles, the index appears to decrease
fairly sharply, however in the Llowest size bins for each

detector pair, particle statistical Limits become 1important.
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For example, in the case of A and D detectors , the Llowest
threshold wused in figure 3.5 ds J2 times the minimum
requirement for the array (since upward density fluctuations
at below the minimum requirement make the corresponding rate
uncertain). However, densities of 2 particles m=2 are also
required in detectors B, C and E, so that events may not
trigger the array at this Level if the densities at B, ¢ and E
detectors fluctuate downwards from about 10 particles m=2 to
less than 2 particles m~2. There is a small but finite
probability of this occurrence which would produce a
corresponding error in the spectral index. Similar problems

occur with the other detector pairs in their lLower size bins.

To try to overcome this problem, for a short time the
array triggering thresholds were reduced to 2 particles m=2
in A and D and a threshold <corresponding to 1.5 particles
m=2 in C detector only. Detectors A and D were again wused
for the density spectrum measurements. In this way, the
problem of particle statistics in the bins corresponding to
the Lower sizes in the other experiments was minimized. Due
to the much smaller number of events collected, the index
measurements from these data are relatively imprecise,
although they still show the decrease in the dindex at Llow
sizes measured by the other detector pairs. Results from this
experiment are also shown in figure 3.5. The substantial
agreement between the results of this experiment and the
others indicate that it is likely that threshold effects on

all the experiments are not significant for the shower sizes

used. A check on this is given by the shapes of the shower
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size distributions for the two different triggering systems at
the threshold values of 12 and 16 particles m™2 in A and O
detectors respectively. These are in good agreement as seen

in figure 3.6.

It has been shown (Allan and Davies 1979) that the
shape of the observed shower size distribution is dependent on
the spectral index. Therefore as a check on the constancy of
the index above shower size of about 4%10° particles , the
sjze distribution was determined for the normal array
triggering with an additional artificial threshold of 60

2 in A detector and 80 particles m~2 in D

particles m~
detector. Scaled down by a factor of 5 in size, this
distribution is also shown in figure 3.6. It can be seen that
the distributions are in excellent agreement. This result
gives further support for the proposition of a constant

spectral index between shower sizes of 4*105 particles and

107 particles.

3.1.4 Comparable Experiments

The experiment of Allan and Davies (1979) wused an
array of six scintillator detectors arranged in pairs at the
vertices of an equilateral triangle having a <circumcircle of
radius 12 metres. Each of the detectors could be wvaried in
area from a maximum of 1 m¢ down to approximately 0.01 me.
Data was then collected using basically the counter technique

of, for example, Cocconi et al (1946). Coincidence rates,
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Figure 3.6 Shower size spectra under different threshold conditions:
error bars - full experiment with threshold of 12 particles
in A and 16 particles in D.
area bounded by curves - full experiment with threshold of
60 particles in A and 80 particles in D (shower sizes reduced
by a factor of 5).
dashed line - fit of data from short experiment with low
thresholds, the artificial threshold imposed here is 12
particles in A and 16 particles in D
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determined by some arbitrary electronic threshold at the
equivalent of 1 particle of the two sets of three detectors as
well as for all six detectors were counted. Comparison of the
rates from the two sets of three detectors provided a check on
the correct operation of the array, and comparison of the
three-fold to six-fold coincidence rates provided an estimate
of the spectral index using a simple rearrangement of equation
3.5. (For this experiment, a six-fold <coincidence was
considered to be a three-fold coincidence of detectors with
double the effective area.) The particle density was assumed
to be given by the reciprocal of the area (e.g. see Greisen
1956). By varying the detector areas an array density

spectrum was built up.

Preliminary results of this experiment gave a spectral
index of about 1.3, at a density of 0.7 particles m2, which
from their calculations corresponded to a median shower size
of near 7%103 particles. Further unpublished results (Allan
priv. comm. 1981) indicated no sharp kink in the spectrum,
but rather suggested a gradual increase in the index.
However, Allan has suggested that the change in the detector

sensitive area as the detector size was <changed may have

introduced some problems in the calculations.

An experiment using two of the BucklLand Park detectors
(B and C), but an independent triggering and recording system
was run by Clay (reported in Clay et al 1981a). In this
experiment, the only triggering requirement was a coincidence

between the two detectors at a threshold density of greater
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than 1.5 particles m~2. This system enabled the recording

of lLlarge numbers of events - about 3000 events per day, as
compared to about 150 - 200 events per day for the Buckland
Park array in its normal triggering mode. On detecting a
coincidence, the particle density for each detector was
calculated from the measured pulse height spectrum for the
detector. The array density spectrum was then constructed by
the usual technique of imposing artificial thresholds and
counting the shower rate for each threshold. Simulations by
Dawson (1980) were used to determine the most probable shower
size corresponding to each density threshold. Results of this
experiment are shown in figure 3.7. It is clear that they are
in very good agreement with the results presented 1in the

previous section.

To try to resolve the difference between the
experiments of Allan and Davies (1979), Clay and Gerhardy
(1980) and Clay et al (1981), an experiment wusing both the
technique of varying areas and also that of varying thresholds
was developed by Clay et al (1982). By comparing the
techniques in this way, the biasses introduced by each method
could be accounted for. The experimental arrangement used two
scintillator detectors with initial areas of 1 m? each, at a
separation of 16 metres. The minimum threshold for each
detector was set 'well below' the 1 particle m~2 level and
the data train investigated for —coincidences. Again the
spectrum was determined by the imposition of artificial

thresholds and counting the coincidence rate.
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After this spectrum had been determined, the
scintillators were then progressively halved in size down to
0.125 of the m2 with spectra determined for each detector
size in the same way as the original. These spectra were
expected to be identical except for a factor of 2 change 1in
density for each different detector size. Differences in the
spectra enabled systematic biasses to be removed. The final
density spectrum was then calibrated in terms of most probable
shower sizes using Monte Carlo simulations. The results of
this experiment are also shown in figure 3.7 along with a
summary of the Buckland Park results. It <can be seen that
there is support for the proposition of a change in the
spectral index from about 1.45 to 1.85 although the shower
sizes at which the kinks occur are at slight wvariance. This
may be due to differences in the particle Lateral

distributions wused in <calibrating the spectra from each

experiment.

3.2 The Size Spectrum

3.2.1 Introduction

The cosmic ray size spectrum is of interest not only
because of its relationship to the primary particle energy
spectrum, but also since observations of the way the size
spectrum varies as a function of atmospheric depth can provide

information about the particle interaction characteristics at
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energies inaccessable to man-made particle accelerators. This
spectrum (shower flux as a function of size) is defined in its
integral form, by the number of showers detected greater than
a given size per unit time, in wunit area, from wunit solid

angle, or mathematically by:

o0

J<>N0)=S (n(N).dN/(dt.dS.dn) (3.6)

No

where n(N) is the number of showers 1in the size range
between N and N+dN and t, S and L are time, area and solid

angle respectively.

To a first approximation, the shower size spectrum is
presumed to follow one or more inverse power laws
characterized by the power law index, , i.e.

J(>N)=J0_N‘% (3.7)

and may depend in some way on the shower size. On the
basis of the early density spectrum data, Greisen (1960)
proposed a size spectrum where the inverse power Llaw index
increased Llogarithmically as a function of shower size between
103 particles and greater than 109 particles. Data from
the previous section however, indicates a spectrum with
relatively constant index between at Lleast 104 and 10°

particles with a rapid change at about 3%10° particles to a

relatively constant index up to at least 107 particles.

Although measurements of the size spectrum rely
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implicitly on the form of the lLateral distribution wused, its
accurate determination also relies heavily on a number of
other parameters of the detector system. Probably the most
important of these is the effective collecting area. Any
array of detectors will show, over its arrangement, variations
in its detection efficiency for showers. This will be a
function of the shower size. The determination of the flux
relies on the accurate knowledge of this collection efficiency
function. Other factors which must also be taken into account
are the recording dead-times for the detectors and the

acceptance angle and angular resolution of the array.

3.2.2 The Buckland Park Size Spectrum

The EAS size spectrum was compiled using the raw data
collected by the Buckland Park EAS Array as described in
Chapter 2. For each detected event, the <collected and
recorded data are:

(i) the particles at nominally 12 density
detectors (depending on breakdowns etc.)

(ii) the relative arrival times of the shower
front at 5 fast timing detectors;

(iii) the Llocal time;

(iv) the local barometric pressure, atmospheric
temperature, a sample detector temperature and

the temperature of the recording electronics.

These raw data are analysed to give the arrival
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directions, shower core location on the ground, and shower
size. Routinely, the shower size 1is determined wusing the
Lateral distribution given in equation 2.1, however to allow
for variations in the structure of the showers, the NKG
function (equation 1.5) with a variable lLateral age parameter

has also been used.

Since the showers detected by the Buckland Park array
are well past the shower size maximum, the shower size
measured is reduced as the amount of atmosphere traversed
jncreases. Hence, showers detected with lLarge =zenith angles
will be smaller than equivalent vertical showers. The rate of
size change with atmospheric thickness past shower maximum is
characterized by a thickness known as the shower size
attenuation length. Events utilized in the measured spectra
have been adjusted in size to equivalent vertical showers

using the measured attenuation Llength (185 g cm‘z, see

Chapter &4).

Integral vertical shower size spectra determined by
both these lLateral distribution functions and drawn from about
1.2%10° events are shown in figure 3.8. To avoid the
problem of variation in detection efficiency, areas of the
array which had close to 100% triggering probabilities for
given shower sizes were determined, and only events whose size
and core locations obeyed these criteria were accepted for the
construction of the spectrum. These regions, determined by
simulations, were taken to be <circular, with the centre 5

metres south of C detector. Details of the radii and minimum
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shower sizes for these regions are given in table 3.1 below.

Table 3.1: 100% triggering radii and sizes for the array.

Minimum Shower Size Radius
(particles) (metres)
<4.6%105 10

4.6%10° 20
9.1%10° 40
2.6%100 60

Two points have been plotted at sizes below 2%10°
particles. At this shower size, statistical fluctuations in
particle densities in the triggering detectors should no
Longer significantly affect the rate of detection, however the
two lower points may be biassed. Showers which were not well
fitted by the analysis (i.e. which had reduced chi-squared
greater than 5) were not used 1in the construction of the
spectrum. Also, only showers with zenith angles Lless than
20° were accepted. These Limits for acceptable events
reduced the number of showers used to about 1.7%10% for the
NKG analysed data and 1.3%10% for the Moscow/MIT analysed
data. The effective exposure time of the array was determined
by summing the running times and subtracting dead times =

including those due to poor analysis.

Since analysis wusing the NKG function allows for
variations in the lateral structure of the shower, it s

expected that this analysis would give the best estimate of
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shower sizes. It can be seen however, (figure 3.8) that there
is reasonable agreement between the size spectrum derived with
the NKG function and that determined from shower analysis
using the fixed lateral distribution function. Differences in
the spectra are due to the poor fitting of some events to the
Moscow/MIT function causing events to be rejected or placed
outside the Limits and thereby decreasing the measured flux -
this is particularly important for the larger showers. These
spectra then indicate that the way particles are distributed
over the lateral extent of the shower is a function of shower
size, or equivalently, that the way EAS develop in the
atmosphere is a function of the energy of the primary particle
which initiated the shower. (This interpretation assumes a
unique relationship between primary particle energy and the
shower size at any given depth in the atmosphere.)
Qualitatively, this result is expected from variations with
energy of the nuclear interactions as given by the wvarious

nuclear interaction models (e.g. see Linsley and Watson

1981a).

An interesting feature of the integral size spectrum
is the change in the power Llaw index which occurs near a
shower size of 4*103 particles (shown in figure 3.9). Below
this size, the index is less than 1.5, and above it it near
2.0 to at Least a shower size of 107 particles. This is 1in
excellent agreement with the results of the array density
spectrum experiment. It is not clear however, that the index
change is a sharp change between two relatively pure power

Laws (which is the shape generally given to the shower size
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spectrum (e.g. Efimov et al 1962, Hara et al 1979b)). In
fact, the Buckland Park data can be interpreted to indicate
that the integral size spectrum is fitted by inverse power
laws with progressively increasing dindices between shower
sizes of about 10° particles and 107 particles, where the

index may be lLarger than 2.4.

Included in figure 3.8 is a summary of results of sea
level size speetrum measurements from the compilation of
Hillas (1980), indicating the spread of these results. It s
clear that the Buckland Park results are in general agreement
with these data. In table 3.2, the Buckland Park results are

compared with those of the Akeno array (Hara et al 1979b).

For consistency with the Akeno shower sizes,
adjustments must be made to the Buckland Park shower sizes
because of different <calibration results and analysis
procedures (Clay and Gerhardy 1982a). In their calibration
procedures , the Akeno group find an 11%Z difference between
the mode of the pulse height distribution for all particles
passing through the detectors and the mean response of the
detectors to vertical particles. By comparison, as shown in
Chapter 2, these two parameters are found to be equal at
Buckland Park. Secondly, the lateral structure function wused
in shower analysis at Akeno is an NKG function modified by an
extra factor (Hara et al 1979a). This factor has been shown
(Gerhardy et al 1981) to increase the measured size by about
20% while leaving the other shower parameters (age, core

location) unchanged. These two factors cause a systematic



TABLE 3.2

INTEGRAL BUCKLAND AKENO SIZE BUCKLAND PARK  PRIMARY
RATE PARK SIZE (particles (Akeno Size) Energy
m2s syt (Particles + 10°) (particles (eV)
3 10°) +10°%) .
1077 6.44 £ .10 7.3 £ 1,1 7.0 + .1 7.5 x 10*°
1077 % 12.13 £ .15 13.2 £ 1.2 13.1 £ .2
10°® 21.93 £ .40 23.8 £ 1.0 23.7 = .4 1.9 x 10'*
1078 % 38.7 t .6 42 * 4 41.8 £ .7

6.5 x 10'*

+
—

107° 64 + 1 78 = 10 69
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difference between the shower sizes determined by the Buckland
Park and Akeno arrays. However, when the Buckland Park shower
sizes have been suitably modified, the results agree very
well. Also shown 1in table 3.2 are the primary energies
derived by Protheroe (1977) which correspond to these integral
intensities. The factor of 1010 between shower size and
primary energy near shower sizes of 106 particles which was
given 1in Chapter 1 <can be seen to be a fairly good

approximation.



CHAPTER FOUR

SHOWER DEVELOPMENT AND ATMOSPHERIC EFFECTS

Extensive air shower experiments use the atmosphere as
a Large crude ionization calorimeter for the detection and
measurement of the primary cosmic ray particles. For a
complete description of the primaries, it is necessary to know
details of the shower development in the atmosphere. Sea
Level studies can be used to determine some of the air shower
properties particularly for the shower development past shower
size maximum. Studies of the Longitudinal shower development
and atmospheric effects on the shower flux carried out at

Buckland Park are described in this chapter.

4.1 Longitudinal Shower Development

4.1.1 Introduction

Studies of the development of EAS in the atmosphere
have been carried out using direct observations of the showers
high in the atmosphere with aeroplane (Antonov et al 1971) and
balloon borne (Antonov et al 1977) equipment. However, due to
the relatively poor statistics of the collected data and the

difficulty in obtaining accurate shower parameters for the
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collected data (because of size Limitations on the equipment),
the results of these experiments are difficult +to interpret
and have been somewhat controversial. Ground based
experiments on the other hand, although still having analysis
difficulties, are not Limited by the problem of poor

collection statistics.

The technique used by the ground based experiments
relies implicitly on the =zenith angle resolution of the
equipment. Size spectra of EAS are measured at different
zenith angles and hence at different atmospheric depths. If
it can be assumed that showers which are detected at the same
rate come from the same subset of primary particles, then by
taking constant intensity cuts 1in the size spectra from
various zenith angles, it is possible to build up data on the
average shower development as a function of intens{ty. This
data is essential for checking the models which relate EAS
size at any stage of development to the energy and mass
composition of the particle which 1initiated the shower.
Clearly this technique can only give information on the shower
development at atmospheric depths greater than the vertical
depth of the observatory. Complete descriptions of shower
development for a range of primary energies then require the
use of this method at a number of different atmospheric depths
and the compilation of shower development curves from these
data. Since these curves should be continuous, this technique
also provides a valuable <check on analysis and allows

intercalibration between various observatories.
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4.1.2 The Buckland Park Development Curves

Using the technique of constant intensity cuts, shower
development curves were derived (Clay and Gerhardy 1981a) from
the raw data collected by the Buckland Park EAS Array and
analysed using the NKG Llateral structure function. Since
Buckland Park is a sea level installation, these development
curves do not cover the important region near shower size
maximum, but extend over a range of atmospheric depths from
about 1000 g cm™2 to over 1400 g cm™2. These results are
however, an important test on the data obtained from high
altitude observatories where the longitudinal development near

shower size maximum can be observed.

The Buckland Park data (shower sizes, core Llocations,
and arrival directions) were sorted into size intervals, each
a factor of 2 wide above a threshold of 2.3*10° particles.
In this case, the data were also sorted by arrival direction,
being placed in zenith angle intervals 4° wide, from the
zenith out to 48°., Showers used were again restricted to
well analysed showers and those detected with <c¢lose to 100%
efficiency to ensure that the effective <collecting area was
known. For each =zenith angle interval, an 1integral size
spectrum was then <constructed by normalization with the
collecting area (which is also a function of =zenith angle),
effective array exposure time, and the appropriate solid angle
viewed. To improve <collection statistics at Low =zenith

angles, the data from the first three zenith angle bins were
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combined (0° - 12°). About 1.6%*10% events were retained

for these size spectra (shown in figure 4.1). The
longitudinal development results were produced by sampling the

size spectra from each zenith angle at integral intensities of
10-7, 10-7'5, 10'8, 10-8'5, and 10°9 n~ 25 1sp™1

and plotting as a function of zenith angle. These results are
displayed in figure 4.2. On the abscissa, the zenith angles
have been converted to the <corresponding mean atmospheric

depth traversed by the showers.

4.1.3 Other Results

To make the development curves more complete (and also
for comparison), the results of a number of similar
experiments at smaller atmospheric depths have also been
plotted in figure 4.2. Amongst these, the results from Mt
Chacaltaya (La Pointe et al 1968) are of particular interest
since Mt Chacaltaya (at a height of 5200 metres above sea
Level corresponding to an atmospheric depth of 530 g cm™2)
is expected to be, on average, near the atmospheric depth of
maximum shower development for primary particles with energies
above 1014 ev, Unfortunately, these results have been the
subject of some debate since they are systematically 1in poor
agreement with results from experiments conducted Lower in the
atmosphere. However, Hillas (1979) showed that these results
could be brought into agreement if the shower sizes derived in
the Mt. Chacaltaya data were reduced by a factor of 1.5, and

they are shown with this reduction in figure 4.2. The solid
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lines in this diagram are the shower longitudinal development
profiles derived by Hillas (1979) for a particular model of
nuclear interactions - Feynman scaling with rising
proton-proton cross sections. It is clear that these provide
reasonable fits to the Mt Chacaltaya data up to depths of at
least 600 g cm™2 and that extensions of these curves would

also agree with the Buckland Park results.

Results from the high altitude array at Tien Shan
(Danilova et al 1977, atmospheric depth of about 700 g cm™2)
also show good agreement with the modified Mt Chacaltaya data
at common atmospheric depths. Boehm and Steinmann (1979) have
presented data from the Pic du Midi array (730 g cm‘z) in
which they noted a systemic deviation from the Mt Chacaltaya
data and then modified the Pic du Midi shower sizes to fit the
Mt Chacaltaya results. After this change, these sets of data
gave smooth shower development curves. It was noted however,
that there was no conflict between the unmodified Pic du Midi
data and the sea level data from Kiel (Boehm 1977). Both
these experiments used the same analysis programs. Agreement
between the sea lLevel size spectra from Kiel, Buckland Park,
and others (see C(Catz et al 1975) imply that the
renormalization factor suggested for the Mt Chacaltaya data is
required. This brings shower profile data measured at various

atmospheric depths into concord.

When combined with the Buckland Park data, the average
shower longitudinal development from primary particles wWith

energies near 1072 ev is well defined for atmospheric depths
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between 600 g cm™% and 1400 g cm™2.

4.2 Shower Development Parameters (Past Maximum)

4.2.1 The Shower Size Attenuation Length

In early theories, the cosmic ray primaries were often
considered to consist of either high energy electrons or
photons, and thus the cascades produced by them (EAS) wWere
thought to be pure electromagnetic cascades. Tests of these
theories were provided by measurements of the way in which the
showers varied in size as a function of the amount of
atmospheric absorber through which they passed. These results
could then be compared with the calculations on
electromagnetic cascades which were available. It was Largely
on the basis of these measurements that the nuclear component
of EAS was postulated to explain the slow shower size
attenuation observed compared with the much more rapid
attenuation expected from electromagnetic cascade theory
(although other arguments such as the existence of penetrating
particles and the form of the EAS Llateral distribution were

also available (see Dobrotin et al 1956)).

The shower size attenuation length parameter, N\, 1is
derived from the assumption that, past shower maximum, the

shower decay follows an exponential curve. Therefore it s

defined by:



1/A=-d(Ln N)/dt 4.1

where N is the shower size as a function of atmospheric
depth, t. Three obvious ways present themselves for the
measurement of this parameter, each involving observations of
the mean shower size at constant shower intensity with varying
amounts of atmospheric absorber - altitude variations, ground

level barometric pressure variations or zenith angle

variations.

The Last method was used with the Buckland Park data
to derive the shower size attenuation Llength from the shower
development profiles given in figure 4.2. For clarity, one of
these (at integral intensity 108 m=2571sr"1) is shown
in figure 4.3. It was found from exponential best fits to
these data that the attenuation Llength 1in the size range
detected is nearly constant at 185+-5 g cm™2, This agrees
well with previous results wutilizing the other techniques.
For example, Krasilnikov et al (1962) find a value of 180 g
cm™2 at shower size about 10 particles and the
compitation of Cranshaw et al (1958) measure the value at 190
g cm™2 between shower sizes of 103 particles and 107
particles. More recently, Ashton et al (1975), wusing both
zenith angle and barometric methods found the attenuation
length to be 171 g cm'z, however the errors on their
individual measurements for the zenith angle technique are
between 10% and 20%. With this parameter accurately known, it

is possible to correct the shower sizes for EAS from all
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zenith angles to produce an accurate shower size for an

isotropic (vertical) flux.

4.2.2 The Shower Frequency Absorption Length

In a similar way to the shower size attenuation
length, a <characteristic length - the shower frequency
absorption length, can be introduced to describe the rate of
change of the integral shower intensity with atmospheric
absorber thickness. It is generally assumed, at Lleast over
small energy ranges, that the integral primary cosmic ray

eénergy spectrum can be described by a power law, viz:
xl
I(>E)=CE~ (4.2)

Following the results of the previous section, the shower
size produced by a primary particle of energy E, at

atmospheric depth t, can be described by:
NCE,t)=K.E~"® exp(=t/)) (4.3)

It is generally assumed that & has a value near 1. The

integral shower flux is then:

1<>N,t)=c.|<x.N‘x.exp(-t//\) (h.4)
where¥=¥7ek and N = A/ ¥ (4.5)

Equation 4.4 then defines the shower frequency absorption



Length,/\, by:

1/N=-d(ln I)/dt (4.6)

In this derivation of the absorption length definition, the
assumptions of the power law shape of the energy spectrum and
the simple relationship between shower size and primary energy
(equation 4.3) are most important. As a result, variations
from the simple relation between the attenuation and
absorption lengths (equation 4.5) in detail can be wused to
probe the size spectrum. It has been shown (Bourdeau et al
1979, 1980) that accurate experimental determinations of the
frequency absorption length can place strong constraints on
the high energy interaction models used in shower development
calculations. This is of particular interest in the region of

the size spectrum knee.

Determinations of the absorption length <can be made
using the same three variable absorber techniques described in
the previous section, the only difference being that, for
absorption length measurements, the intensity is measured at
constant shower size as a function of absorber thickness

instead of vice versa.

Buckland Park data were used to derive values of the
absorption length by employing again the variable zenith angle
technique (Clay and Gerhardy 1981b). From the normalized
integral shower size spectra at different =zenith angles

(atmospheric depth) shown in figure 4.1, cuts made at constant
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shower size defined absorption curves. Examples of these data
for three shower sizes (3%105, 106, and 3*100 particles)
are shown in figure 4.4, Absorption Llengths for various
shower sizes were then determined by fitting exponentials to
these data. The results of these fits are shown in table 4.1

below:

Table 4.1: Frequency attenuation lengths at various

shower sizes.

Shower Size Absorption Length

(particles) (g cm™2)
2.3%10° 104+-2
3.0%10° 102+-3
4.0%10° 100+-6
1.0%10° 99+-3
2.5%100 98+-3
3.0%100 95+-4

These results fill in the gap in measurements near shower
size of 106 particles in the compilation by Bourdeau et al
(1980). They are quite compatible with the other data
although the Buckltand Park data have much smaller error

Limits.

Assuming a power law primary energy spectrum with a
'knee' at 2.5%101> eV, Bourdeau et al (1980) calculated the
absorption length resulting from various shower development

models and primary compositions. Their <calculations clearly
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show that a spectral knee is required to fit the observational
data and although none of the models used are completely in
agreement, some Limits are placed on interaction models and

composition. These will be discussed lLater in relation to the

other observational data.

4.2.3 The Shower Lateral Age Parameter

For EAS analysed using the NKG function (equation 1.5)
as an approximation to the real shower Lateral distribution, a
shower age parameter (s) can be defined. The NKG function was
originally developed (Nishimura and Kamata 1950, 1951a,b) as
an analytic description of the Llateral distribution of
particles in a pure electromagnetic cascade initiated by a
single high energy photon. It is clear that the actual shape
of this function must depend on the stage of development (age)
of the cascade (see figure 3.2) and this shape <change is
described by the age parameter which increases monotonically
between 0 and 2 as the cascade develops. The variation in the
age parameter as a function of absorber depth (in this case
atmosphere) and cascade size for various energies of the
initiating photon is shown in figure 4.5 (taken from Cocconi
1961). Although the NKG function was developed for
electromagnetic cascades, it has been found to be & wuseful
approximation to EAS and 1is wused (sometimes with slight
variations) by a number of observatories in the analysis of
their raw air shower data (e.g. Danilova et al 1977 = Tien

Shan, Miyake et al 1979 - Mt Norikura, Hara et al 197%9a -



0% . Py ol
- 2 : /2
0 ’
5 L
- +3
§ ﬂ iﬂl i -
). rd
* 3

0?7
7Y

117 -
gas . ’il' S~ :

72

8

L

7 1 1 1 l i 1 i i l 1 1
(/] 200 400 600 8§00 1000 1200 gr.rrf e
Thickness of air

Figure 4.5 Electromagnetic cascade development curves
showing the variation of the age parameter.
(from Cocconi 1961)



Akeno).

Since EAS in reality consist of Large numbers of
superimposed electromagnetic cascades generated by a
nuclear—-active core, the age parameter defining the

longitudinal development of the shower (s ) is not equal

long

to the age parameter determined from the shower lateral
distribution (sLat)' It has been shown however (Dedenko et
al 1979), that these age parameters for EAS at atmospheric

depths greater than 200 g cm™¢ may be related by:

S long=Slat+hs (4.7

where As is greater than about 0.15 (instead of As=0 which
is the <case for pure electromagnetic cascades). This
relationship indicates that although the age parameters
differ, their rate of change with atmospheric depth should be
similar. Future references 1in this section to the age
parameter imply only the Lateral age parameter. For
electromagnetic cascades, generated by cosmic ray photons in
the atmosphere, the rate of change of the value of the age
parameter is found to be about 0.06 per 100 g cm™2  of
atmospheric absorber for shower sizes near 100 at sea Llevel

(Clay et al 1981b).

To investigate variations in the fitted Llateral age
parameter, data from the Buckland Park array (analysed with
the NKG function) have been scrutinized. As usual, only well

analysed showers (with reduced chi-squared less than 5) which
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were detected with core locations and shower sizes in regions
with near 100% triggering probability were used. The total
number of showers accepted was about 3.3%*104., In order to
see the variations as a function of atmospheric depth as well
as size, the showers were sorted 4into three =zenith angle
ranges (09 - 2009, 20° - 30°, 30° - 459) and shower
size ranges a factor of J~2 wide above the threshold of
2.3%10° particles. The mean values of the age parameter in
the size and angle bands are plotted in figure 4.6. To enable
a clear comparison, the shower sizes have been normalized to
equivalent vertical showers at an atmospheric depth of 1060 g
cm™2 using the measured attenuation length of 185 ¢ cm~2,
The data frcm each zenith angle range are displaced with

respect to each other because of their different mean =zenith

angles.

At shower sizes below about 5%10° particles,
anomalous increases in age with size (and presumably primary
energy) can be seen in each of the zenith angle ranges. That
these increases are artifacts of the triggering requirements
used to detect EAS by the Buckland Park array can be
demonstrated by Monte Carlo simulations on the array. These
were carried out for a number of fixed shower sizes with
variable ages to determine the triggering probability as a
function of shower age. The results of these simulations are
shown in figure 4.7. It can be seen that above shower size of
about 5%10° particles, the shapes of the curves show Little
variation, indicating that the showers detected come from the

same subset of the shower spectrum. Below this size however,
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an increasing bias toward the selection of showers with a
Lower age value is clear. These results are reflected in the
actual measurements in figure 4.6. A similar effect has been
noted in the results of Asakimori et al (1979) due to

decreasing detection efficiency with reducing shower size.

Above shower size of 5%10° particles, the data show
a rapid decrease in the shower age in each of the zenith angle
ranges. As expected, the rate of <change for each of the
zenith angle ranges is approximately the same. The rate of
change is about 0.22 per decade of shower size. The change in
mean zenith angle in each range corresponds to a change in
mean atmospheric depth from about 1060 g cm™2 (zenith angles
less than 200) to 1240 g cm~2 (zenith angles between 30°
and 459)., From figure 4.6 this corresponds to a change in
mean shower age of about 0.13. These data may be wused to
calculate an equivalent change in the depth of atmospheric
absorber with changing shower size. If the change in depth of
180 g cm™2 corresponds to a change in the mean age of 0.13,
then the change of 0.22 in shower age per decade of shower
size corresponds to a change in the thickness of the
atmosphere of about 300 g cm—2 per decade of shower size in
the size range 1indicated (6%10° particles to 6%100
particles). This means that the showers appear to be
developing lLower in the atmosphere very rapidly as the size
increases. Although models of nuclear interactions with
conventional primary compositions fail to predict this very
rapid change, similar results, although with slightly smaller

changes per decade have been observed by Thornton and Clay
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(1979) and Andam et al (1982) who measured the change in depth

of shower size maximum using Cerenkov techniques.

Rapid changes in the shower age parameter have also been
reported by Hara et al (1979a) at the Akeno observatory (at
atmospheric depth of 920 g cm™2) ., They measure a change of
over 0.32 between shower sizes 105 and 107 particles. At
mountain altitudes Miyake et al (1979) at Mt Norikura (735 g
cm~2) find a decrease in the age parameter af nearly 0.2 for
shower sizes increasing from 106 particles to 107

particles.

On the other hand, there is a good deal of
disagreement between these results and other measurements.
Khristiansen et al (1981) find that the variation in the age
parameter is less than 0.05 between sizes 5%x10% particles
and 2%106 particles. In even worse agreement are the
results of Abdullah et al (1981) who find an increase in the
shower age between 106 particles and 107 particles. Both

these results are from arrays located close to sea level.

Some explanations for the disagreements between all
these results may be made from the calculations of Capdevielle
and Gawin (1982). They show that, for EAS, a wunique age
parameter cannot be derived from the NKG function to give a
good fit at all radial distances from the shower core. They
have also derived a relationship between the theoretical or

longitudinal age parameter, sLong' and the Lateral age

parameter, Slat at shower core distance, r, of the form:



S at(r)=A.loglr/rg)+siong (4.8)

for r between 15 metres and 150 metres and shower size
between 10° particles and 4.5%10% particles where rg is
the Moliere radius. It can be seen from this that the values
of the age parameter determined by any EAS array will depend
on the distribution of detectors sampling the showers. To
compare the actual results from different arrays, extensive
Monte Carlo simulations are required, taking into account the

array responses and triggering conditions.

In view of these data, the Buckland Park results must
be carefully reinterpreted. The results of Capdevielle and
Gawin (1982) indicate that at shower core distances between
about 20 metres and 100 metres the change in age parameter as
a function of core distance is not Large since in this region
the dependance goes through a minimum. This is just the
distance at which most showers are sampled by the Buckland
Park array as can be seen from the detector arrangement
(figure 2.1). Therefore for the relatively wunbiassed subset
of showers detected with sizes above 5%«10° particles, the
jnterpretation of a rapid change in the shower development at
these shower sizes should still be at Lleast qualitatively

correct.

4.3 Atmospheric Rate Coefficients
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Conditions in the atmosphere and especially the upper
atmosphere <can <change the subset of . primary energies
investigated by varying the way that showers develop in the
atmosphere. This occurs because, although it is obvious that
the primary spectrum itself is not affected, the probability
of detection of the resulting EAS produced by the primary
particles is affected by atmospheric variations. The result
of these variations is a modulation of the detection rate,
since the shower size spectrum (and presumably the primary

energy spectrum) is (at least roughly) a steep power law.

Variations in the barometric pressure imply variations
in the mass of atmosphere vertically above the detector. The
main effect of atmospheric pressure changes is to <change the
amount of atmospheric absorber above the detectors. For
observatories where EAS are detected from a range of zenith
angles, the simple absorption for wvertical EAS is somewhat
complicated by the factor of sec(@®) increase in the mass of
absorber (where Q is the zenith angle) for inclined showers.
This absorption effect means that shower sizes at sea Level
and hence the EAS detection probabilities are reduced when the
barometric pressure increases. Another slightly less
important although significant effect of barometric pressure
variations is to change the atmospheric density which in turn
changes the lateral spread of the showers due to scattering.

The barometric coefficient of the shower rate is defined by:

dR/R=b.dp (4.9)
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where R is the rate of shower detection and p s the

barometric pressure.

Temperature variations in the Llower atmosphere also
change the air density and this effect s generally assumed
(e.g. Bennett et al 1962) to be the cause of the temperature

coefficient, a, of the air shower rate, defined by:

dR/R=a.dT (4.10)

where T is the atmospheric temperature. In a wuniform
atmosphere, the unit of Lateral displacement of particles 1in
electromagnetic cascades (the Moliere unit) is proportional to
the radiation Llength <(Cocconi 1961) which is inversely
proportional (in metres) to the atmospheric density. Since it
is the atmosphere above the detectors which determines the
observed shower structure, it is expected that the temperature
which is important is that some distance above the detectors.
This distance has been shown to be one or two radiation
Lengths (Janossy 1948, Greisen 1956). Hodson (1951) found a
correlation between the shower rate measured using a counter
array and the atmospheric temperature about one radiation
length above his apparatus. However, he also found that this
correlation was relatively insensitive to the atmospheric

thickness used and varied by less than 10% up to the 500 mbar

level.,

The atmospheric conditions at the top of the

atmosphere are significant to shower development Lower down
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since this is the region where the primary cosmic ray particle
undergoes its first few interactions. This is particularly
important to the production of the muon component and
measurements of the pressure and temperature effects have been
conducted for many years (e.g. Duperier 1949, 1951, Trefall
1953, 1955a,b,c, Dutt and Thambyapillai 1965, Lyons 1981).
These effects will not be discussed due to the lack of a
complete set of upper atmosphere data for the Buckland Park

array.

Since both the barometric pressure and Lower
atmospheric temperature have similar effects on the detected
shower rate it <is appropriate to wuse a multiple Linear
regression technique combining equations 4.9 and 4.10 to

evaluate the respective coefficients, viz:

dR/R=c+b.dpta.dT 4.1

Barometric pressures and ground Llevel atmospherid
temperatures are recorded at Buckland Park along with the raw
particle data at the time of each event. Mean coefficients

have been calculated from these data using equation 4.11 and

are;

b=-0.72+-0.08 % mbar~1 (-9.7+-1 % cmHg™ 1)
a=0.12+-0.08 % oc¢~!

Monthly values of the temperature coefficient indicate that

it is consistent with zero and therefore it 1is probably not
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significant. At different zenith angles, the mean equivalent
vertical shower size varies due to the sec(@) variation of the
thickness of the atmospheric absorber. Unfortunately,
measurements of the variation of barometric coefficient with
size using data from different zenith angles are hampered by
the relatively sharp zenith angle distribution of detected
showers and also complicated by the competing effects of
atmospheric attenuation of shower size, reduced detection
efficiency at large zenith angles, and solid angle exposed.
Measurement statistics were not sufficiently good to
conclusively determine variations in the barometric

coefficient with shower size.

The Buckland Park meteorological coefficients are in
excellent agreement with those measured by other arrays (e.g.

see the compilation of Cranshaw et al 1958).

Bennett et al (1962) have shown that the barometric
and temperature coefficients are related to the shower

frequency absorption length by:

1/N=-(b+a.T/p)/<sec(0)> (4.12)

where T is the absolute temperature and p is the pressure in
appropriate units. In this case, the coefficients are those
given by the simple linear regression equations, 4.9 and 4.10
(since the absorption length is determined by the total mass
absorption). If it can be assumed that the temperature

coefficient is entirely due to the density effect, the density
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dependence may be removed from the barometric coefficient to
give a coefficient entirely due to the mass absorption of the
showers. To obtain the frequency absorption Llength, this
coefficient must be modified to allow for the range of

accepted zenith angles.

Using equation 4.12 and the Buckland Park data, the
value obtained for the frequency absorption lLength is rather
high, about 160 g cm'z, compared with the direct
determinations using the zenith angle technique of about 100 g
Cm'z. The discrepancy may be explained by noting that the
rate coefficients were obtained wusing the detected shower
rate, taking no account of the variation in collection
efficiency of the array over the area where showers are
detected. Approximately 75% of detected EAS are collected in
regions where the detection efficiency 1is Lless than 100%.
This effect will tend to decrease the degree of modulation of
the rate with pressure changes and hence reduce the barometric
coefficient. The qualitative agreement between the results

may then be considered to be satisfactory.



CHAPTER FIVE

THE COSMIC RAY ISOTROPY

5.1 Introduction

Attempts to measure preferrea arrival directions of
the primary cosmic ray flux have been made since the Late
1940's with the aim of gathering information about the
particle sources. Disentangling the real results from the
spurious results produced by solar and atmospheric effects has
proved difficult, however a pattern 1is beginning to emerge
(Watson 1981) indicating that the flux is isotropic to wWwithin
about 1% from the lowest energies (about 1012 eVv) where
solar modulation ceases to be important up to primary particle
energies of about 1016 ev. At higher energies, the
anisotropy appears to increase and for the highest energy
cosmic rays above 1019 eV, although statistics are poor,
very large deviations from isotropy (>10%) in the <cosmic ray

flux are indicated.

The high degree of isotropy observed 1in the Llower
energy range is the result of the propagation of particles
through the magnetic fields which permeate the Galaxy, and
probably extend large distances outside the Galaxy forming a

halo. These fietds may also possibly extend throughout the
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local supercluster of galaxies. Measurements of the strength
and direction of these fields using optical polarization of
starlight (e.g. Mathewson 1968), Faraday rotation of radio
waves from Llocal pulsars and extragalactic sources (e.g.
Morris and Berge 1964), Zeeman splitting of the 21cm hydrogen
line (e.g. Davies 1964) and other techniques are difficult to
interpret since they often involve only specific components of
the Galaxy, for example, dust <clouds or neutral hydrogen
clouds. Despite these difficulties, it is generally accepted
that the magnetic field in the Galaxy has a Llarge scale (at
least the order of 1 kpc) regular component along the spiral
arms Wwith a strength of a few microGauss, together with a
disordered component (with a scale of about 100 pc) with
comparable strength as well as perhaps smatler scale
irregularities (Manchester 1974). The rather irregular
structure of the field is probably the <consequence of the
motion of clouds of charged material carrying with them the
frozen—-in magnetic field. This occurs because the energy
density of the magnetic field, at Least in the large scale, is
not great enough to affect these motions. OQutside the
galactic disc, data is more difficult +to obtain. However,
radio synchrotron measurements (e.g. Phillipps et al 1981)
indicate a field in the halo (out to at lLeast 10 kpc) not much
weaker than that inside the disc, once reduced electron fluxes
are allowed for (Hillas 1982). Although these fields are very
weak (compared to say, the field near a pulsar), they extend
over at least galactic distances and result in the deflection
of the charged cosmic rays away from the original direction of

their motion. The radius of gyration of the charged particles



may be roughly estimated by:

r=g/(7.8) (5.1)

where r is measured in parsecs, E in units of 101> eV, B
in microGauss, and Z is the charge. This is illustrated in
figure 5.1 where radii of gyration for protons and iron nuclei
are plotted as a function of energy for a 3,AG magnetic field.
It is clear that, only for protons of the highest energies
(above about 1018 ev where the gyroradius becomes comparable
with galactic dimensions) can the arrival directions measured
at Earth be at all directly related to the direction of their
source. Arrival directions will however, be related to the
structure of the lLocal magnetic environment, particularly for
energies below 1015 ev. A useful summary of recent

interstellar magnetic field measurements has been given by

Heiles (1976).

For all but the highest energies then, the cosmic ray
arrival directions are determined by the Local magnetic field
as well as the distribution and properties of the sources. On
the other hand, since most models of cosmic ray sources and
propagation may be used to predict anisotropies in the flux,
the study of the way the flux anisotropy changes with energy

may lead to important information about the sources.

Davis (1954) proposed one of the first detailed models
of cosmic ray propagation which included the configuration of

the galactic magnetic field. On the basis of a field similar
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in structure but rather stronger than that presently
postulated, he found tentative agreement with some early
anisotropy measurements. By assuming a source spectrum,
Hillas and Ouldridge (1975a,b) (and using a 'leaky box' model
of confinement) were able to produce a model which matched the
variation of anisotropy with energy. It had several problems
however, not the least of which was the assumption of a source
with a single power lLaw production spectrum from 1011 ev to

1019 ev. The more elaborate model of Bell et al (1974) of

galactic diffusion governed by magnetized gas clouds and the
large scale magnetic field was wuseful although somewhat
specific assumptions about the configuration of the scattering
fields were required. Lloyd=-Evans et al (1979 have
considered a number of models of origin and propagation for
particles of energy above 1013 ev. They find that all the

models disagree with observations in some part of the energy
spectrum although not all the models make wuse of the Llocal
interstellar magnetic field. An interesting point noted by
Lloyd-Evans et al (1979) however, is that the two most obvious
features of the energy (size) spectrum, the 'knee' near 1015

eV and the 'ankle' near 1019 ev appear to be associated with

changes in the anisotropy. At 1015 eV, there seems to be a

more rapid increase in the amplitude of the anisotropy than at
lower energies. The onset of very large anisotropies occurs

at 1019 ev where the spectrum flattens.

0f particular interest is the question of galactic or
extragalactic origin of the cosmic rays. Although both points

of view have strong proponents (e.g. Ginzburg and Syrovatskii
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1964, Syrovatskii 1971, Burbidge and Brecher 1971, Brecher and
Burbidge 1972), components of the spectrum from both sources
seems a likely solution (Strong et al 1974a,b). Unless the
cosmic rays of the highest energies are heavy nuclei, which
seems unlikely (Coy et al 1981a) they cannot be trapped by the
galactic magnetic field, and their arrival directions measured
at Earth suggest an extragalactic origin (Wdowczyk and
Wolfendale 1979) with its implications about the sources and
mechanisms required for acceleration (Hillas 1982).
Conversely, at lLower energies the particles may be trapped and
would then be expected to diffuse along the field Llines
(Karakula et al 1971). Anisotropies measured in the flux
would then be the result of a cosmic ray gradient produced by
the source direction and the field. The size and type of the
anisotropy Lleads to source information although the

interpretation of these data may not be simple (HillLas 1982).

5.2 Anisotropy Measurements

Measurements of anisotropies in the <cosmic ray flux
between energies of 1011 ev and 1020 ey have been
summarized by Kiraly et al (1979), Linsley (1980) and Watson
(1981) and the results are shown in figure 5.2 (after Linsley
1980 and references therein). The experiments producing these
results will be examined in more detail below. However, it is
appropriate to first discuss some of the mechanisms which may

produce spurious measured anisotropies.
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5.2.1 Spurious Effects

There are known to be a number of effects which change
the measured anisotropy from its galactic value or produce
spurious effects which add to the genuine anisotropy and
distort the observations. These effects are especially
important at Low energies where the real flux anisotropy is
expected to be small. The effects may be divided into two
areas: those produced outside the terrestrial atmosphere, and
those produced dinside the atmosphere. In general, the
spurious sidereal anisotropies arise from the modulation of
regular variations occurring 1in solar time which produces
apparent variations in sidereal time. This problem will be

further discussed later.

At energies below about 1012 eV, the interplanetary
magnetic field has a significant effect on the cosmic ray flux
because of the small radius of gyration of the particles in
the field. This effectively distorts the ‘'optics' for
resolving genuine galactic anisotropies and attempts to
correct for this effect require detailed knowledge of the
configuration of the field (Marsden et al 1976, Davies et al
1979a) even though above 10117 ev, the motion of the
particles is governed by only the Large scale properties of
the field. On the other hand, a knowledge of the field may
make it possible to deduce the otherwise unobservable
anisotropies from the polar directions (Davies et al 1979).

The solar wind is also important because of the electric
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potential produced by it which causes energy changes and

resultant intensity changes in the flux (Kota 1976a,b).

Outside the atmosphere, two effects give rise to
regular variations of the particle flux in solar time. Both
are produced by the <Compton-Getting effect (Compton and
Getting 1935) where the motion of an observer through the
cosmic ray gas (considered to be in equilibrium) produces a
maximum din intensity in the direction of motion. The
amplitude of this effect is clearly dependent on the velocity,

v, of the observer and may be calculated from (Thambyapillai

1974) :

$=(2+¥).v/c (5.2)

where §=(1 )

max Imin’/ Unax*Inin
and ¥ is the exponent of the differential rigidity spectrum,

I is the cosmic ray intensity.

The first of these effects, the corotation anisotropy,
is due to the motion of the solar magnetic field with respect
to the Earth. If the cosmic ray gas is in equilibrium within
the solar system, at low enough rigidities, (less than 100 GV
(Thambyapillai 1974)), the gas may be considered to be frozen
to the solar magnetic field as it sweeps past the Earth
overtaking its orbital motion. This is obviously a rigidity
dependent effect and should not be significant at the energies
discussed in this thesis. The second effect s produced by

the Earth's orbital motion about the sun. As opposed to the
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corotation anisotropy, this effect should be energy
independent with an amplitude of about 0.05% (for ¥ =2.6) ~“with
maximum at 06.00 hr Local solar time outside the Earth's
magnetosphere. A stylized illustration of these effects s
shown in figure 5.3. Thambyapillai (1974) reports that there
is no evidence of annual modulations of either of these

effects to produce spurious sidereal anisotropies.

Another Compton-Getting effect 1is produced by the
motion of the solar system with respect to the local
interstellar medium, stationary in the frame of galactic
rotation. At Low energies, the amplitude of the anisotropy
produced by this motion is about 0.03%Z in the direction of
18.6 hr sidereal time (Hillas 1982). This effect applies at
all energies where the cosmic ray gas can be considered to be

in equilibrium, and constitutes a genuine sidereal anisotropy.

Inside the atmosphere, periodic variations in the
cosmic ray flux measured in solar time come from changes in
the atmospheric conditions which change the density profile
and mass absorption properties of the atmosphere (see Section
4.3). Of these the ground Llevel temperature is the most
obviously periodic in solar time but others such as the
barometric pressure and the height and temperature at various
pressure Llevels may also have significant solar diurnal
components. If these components have annual amplitude

modulation, spurious sidereal components will result.
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5.2.2 Low Energy Measurements

At primary energies below about 1014 eV, the cosmic
ray flux may be monitored by means of the penetrating
secondary muon component of air showers at sea Level or in
underground or shielded detectors or by the small air showers
produced by these primaries at high altitudes. These
monitoring experiments usually determine the flux by counting
the rate of events as a function of sidereal and solar time,
relying on atmospheric collimation for directional
information. For an air shower experiment, the angular
uncertainties produced by this technique are typically about
0.5 steradians. A useful method of eliminating atmospheric
variations is achieved by the use of detectors only sensitive
to events arriving from a small range of directions. If two
cosmic ray telescopes are arranged pointing in different
directions but similar altitudes, they are equally affected by
atmospheric conditions and the flux anisotropy may be obtained
from the vector difference between the results from each

detector.

Below 1012 eV, anisotropy measurements have been
made by the London (Davies et al 1979b) and Hobart (Fenton
1976, Humble and Fenton 1977) groups using underground muon
telescopes. Both groups detected significant first harmonic
anisotropies in sidereal time with amplitudes and phases of
0.048% at 0.27 hr and 0.031% at 05.7 hr vrespectively.

However, both observatories noted Llarge variations 1in the
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measured anisotropies which were correlated with <changes in
the interplanetary magnetic field. This indicates the
difficulty in deducing the anisotropy outside the heliosphere.
In the same energy range, Sekido et al (1976) measured the
anisotropy using an air Cerenkov telescope. Again a
significant first harmonic in sidereal time was measured with
amplitude 0.034% and phase 05.2 hr. This dis 1in excellent
agreement with the previously measured results although again
solar effects were seen to be important. It should be noted
that, because of the disturbing influence of the
jnterplanetary magnetic field at these energies, the actual
anisotropy outside the heliosphere may be very different to

that measured (Wolfendale 1977).

It is expected that, for primary particle energies
above 1012 eV, the effects of the interplanetary magnetic
field should no Longer be important for anisotropy
measurements (Kota 1976a,b). Observations from the Poatina
muon telescopes (Fenton and Fenton 1976, Fenton et al 1977)
have however given some indication that solar effects may
still be operating at the median energy of 1.5%1012 v,
Although a significant sidereal first harmonic was observed
(0.046%, 02.3 hr) for all collected data, there appeared to be
some correlation of the anisotropy with the direction of the
interplanetary magnetic field din a similar way to that
measured at Hobart (Humble and Fenton 1977) for primaries near
10"" ev. At a similar median primary energy, Bergeson et al
(1979a) have reported anisotropy measurements from the Utah

underground muon monitor using a discrete Fourier transform
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analysis technique (Bergeson et al 1979b) rather than the
usual harmonic analysis approach (see Section 5.3, Appendix
3). This technique clearly shows the sidereal variations and
noise fluctuations from other sources. The measured sidereal

anisotropy had an amplitude of 0.038% and phase of 01.5 hr.

Anisotropy measurements between 1013 ev and 1014

eV are dominated by the air shower measurements from Baksan
(Alexeenko et al 1981), Mt Norikura (Nagashima et al 1977,
Sakakibara et al 1979) and Musala Peak (Gombosi et al 1975,
1977). The experiment conducted at Baksan (mean primary
energy 1013 ev) was an air shower rate counting experiment

with corrections for barometric pressure variations and wusing
atmospheric collimation for directional information. A total

1 were detected in

of 109 events at a mean rate of 55 s~
1980-1981 with resultant sidereal anisotropy of 0.057% at 01.4
hr. Observations of the sidereal anisotropy were made at Mt
Norikura (mean primary energy 3x1013 ev) between 1970 and

1979. The yearly results from this array show remarkable
consistency and the mean sidereal first harmonic amplitude was
0.053% with maximum at 00.9 hr. To test for atmospheric
effects, directional detectors sensitive to only air showers
from the east and west were also wused, however the wvector
difference obtained from this experiment was almost identical
to the result from the omnidirectional detector, indicating
that atmospheric effects were unimportant for this experiment.
At a mean energy of about 6%¥1013 ev the arrival times of

about 108 air showers collected by the Musala Peak array

were analysed for sidereal variations (Gombosi et al 1975).
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Spurious effects produced by atmospheric fluctuations etc.
were accounted for in the analysis by determining the
coefficients of the atmospheric parameters as well as the
solar and sidereal waves simultaneously. As a further test of
the significance of the measured sidereal variation (0.073%,
01.7 hr), the amplitude of variations with frequencies near
the sidereal frequency were also determined (Gombosi et al
1977). These 1indicated clearly the significance of the

sidereal anisotropy.

In figure 5.4, a summary is presented of anisotropy
measurements below 1074 ev. The data are uncorrected for
the Compton-Getting effect of solar motion through the
interstellar medium. Second harmonics of the sidereal
variations are also measured to provide further information on
the actual configuration of the galactic flux anisotropy,
however most of the measurements are nearly consistent with
jsotropy. Although these results give no direct indication
about the origin of the primary particles, the remarkable
consistency of the sidereal first harmonics in both amplitude
and phase indicates that the mode of propagation of cosmic
rays in the galaxy probably changes Little in the energy range
from 1017 ev to 1074 ev. sSince the radii of gyration of
these particles change by three orders of magnitude over this
energy range, these data suggest that the interstellar
magnetic field is smooth on these scales from about 1072 to

10~2 parsecs.
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5:2%3 Medium Energy Measurements

the greatest difficulty in anisotropy measurements of
the cosmic ray flux above the Low energy region is the
gathering of sufficient data for a statistically significant
result. Solar and interplanetary magnetic field effects are
negligible above 1014 eV, however wWwith the integral spectrum
falling as an inverse power Llaw with exponent near 2,
detectors with Llarge sensitive areas exposed for Long
continuous periods are required to register sufficient -events
to give a result significantly above that which would be due
simply to «cosmic rays arriving from completely random
directions. This means that the exposure to the flux must be
increased by a factor of near 100 for each decade higher in

energy to maintain the same statistics.

A comprehensive survey of anisotropy determinations
conducted between 1951 and 1965 in the medium energy region
has been made by Linsley and Watson (1977) (following the work
of Sakakibara (1965)). This survey included 42 measurements
from 20 independent experiments. With a few exceptions, these
experiments were air shower rate counting experiments, relying
on atmospheric collimation for directional information and
having only rather crude energy resolution based on
estimations of the mean number of shower particles.
Atmospheric attenuation of the EAS was minimised expecially
for the lower energy experiments by conducting them at high

altitudes. Despite these Llimitations, some interesting
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features were evident in the data, the most dinteresting of
which was the apparent clustering of the directions of maximum

of the sidereal first harmonics about 17.5 hr wWwhen the

experimental results were given equal weight. On the other
hand, the second harmonics in sidereal time showed no
significant agreement. The energy dependence of the

measurements was investigated by grouping the data by energy
into the three energy decades below 1017 ev. The resultant
for each energy (shown in table 5.1 below) was obtained by the

vectorial addition of the various results.

In group A, a total of over 5.8%¥107 events were
collected. Of these over 70% come from the air shower rate
counting experiment of Daudin et al (1956), conducted at Pic
du Midi (altitude 2860 m, latitude 439 N) using .five trays
of Geiger-Muller counters separated by up to about 80 m.
Different <coincidence requirements between these counters
enabled different mean primary energies for the air showers to
be selected up to about 4%1013 eV (used in group B). To
improve the reliability of the results, corrections were made
for chance coincidences between the detectors and variations
in the high tension supply to the detectors as well as
atmospheric wvariations. The wvalidity of the sidereal
anisotropy was demonstrated when the data were divided into
half yearly bins; the event rate in sidereal time showed
constant phase whereas the variations of solar origin changed
phase between the bins as expected. Other &experiments in
group A contributed Little to the apparent amplitude of the

anisotropy although some phase agreement could be seen.



Energy
Group

Table 5.1 (after Linsley and Watson (1977))

Average
Energy (eV)

3.0x10L4
1.7x1015

1.6x1016

Apparent
Amplitude (%)

0.075 £ 0.020
0.190 + 0.045

0.53 £ 0.25

Phase
(hours

20.1 ¢

19.4

+

11.7

+

sidereal time)

1.3
1.1

1.8
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Nearly 1.3%107 events from 15 independent
experiments were collected in the energy decade above 1015
eV (group B). The largest contribution again came from the
experiment of Daudin et al (1956) however significant
contributions were also made by Citron and Stiller (1958) and
Farley and Storey (1954,1957). Citron and Stiller, wusing
Geiger-Muller counters in two sets of identical apparatus at
Schauinsland (lLatitude 489 N, altitude 1230 m) (duplicated
so that the behaviour of each set could be monitored) found
significant variations in solar time, however the sidereal
variations were small, changed from year to year, and could to
some extent be accounted for by atmospheric influences.
Alternatively, the atmospheric effects were Large enough to
disguise genuine sidereal wvariations. This apparent and
unexpected variation in the sidereal anisotropy, since then
attributed to the counting statistics (Linsley and Watson
1977), was also observed in the independent experiments of
Farley and Storey (1954,1957) at Auckland (latitude 379 s,
altitude 40 m). The large sidereal anisotropy measured in the
first experiment was much Less significant in the second
experiment which had better statistics. Although the
experiments of Clark (1957) and Chitnis et al (1960) made only
small contributions to the statistics of the measurements in
this energy garoup, they are important since vrather than
atmospheric collimation, fast timing of the EAS front was used
to obtain directional data. This technique which has since
become almost universal at these and higher energies, enables

variations in the declination as well as the right ascension
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of the cosmic ray flux to be observed.

The statistics in energy group C, 1016 ev to 1017

eV, are much poorer, deriving from seven experiments with only
about 3.7%10° events. 0f these, the most important

contributor is the Ithaca experiment of Delvaille et al (1962)
using atmospheric collimation at low energies below 1015 eV,

but individual analysis of fast timing data for each event at
higher energies. Fifteen scintillator detectors in an array
of diameter nearly 1 km were used in this experiment enabling
showers with sizes up to 108 particles to be analysed.

Corrections (not used in the Linsley and Watson survey) for
spurious sidereal variations were made using the antisidereal
analysis of Farley and Storey (1954) (see Section 5.3).
Although the -evidence for genuine anisotropies in these
results was not conclusive, Delvaille et al (1962) noted the

consistency in phase measurements.

Apart from the Linsley and Watson summary, the most
important anisotropy measurements in the medium energy region
have come from the Haverah Park array (Edge et al 1977). This
array, using large deep water Cerenkov detectors in a number
of sub-arrays with characteristic spacings of between 50 m and
2 km, is able to detect and analyse EAS with energies from
about 1013 ev up to the most energetic events detected
(above 1021 ev). Below 6%1016 eV, data was collected from
the 50 m array (2.4%*10° events) and the 150 m arrays
(1.5%10° events) (Lloyd-Evans 1982). These experiments were

very carefully investigated for spurious effects, and the
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results, although their significance is relatively Low, are in
agreement with the Linsley and Watson survey. Above 6%x1016

eV, a large and highly significant anisotropy was reported
from measurements with the 500 m array (Edge et al 1978,
Pollock 1978, Lapikens et al 1979), however this result was
inconsistent with that from the 150 m arrays (Coy et al
1981b). It was <concluded that this discrepancy could be
removed by correcting the 500 m data for triggering variations
in solar time and also variations in the lateral distribution
as a function of temperature. The resultant however, still

indicates a measured anisotropic flux near 1017 ev.

A summary of the results of anisotropy measurements
between 1014 ev and 1077 ev is given in figure 5.5. The
apparent change 1in both the amplitude and phase of the
anisotropy is of great interest because of dits coincidence
with the change in the energy spectrum. This may suggest
galactic origin (Kiraly et al 1979) for these primary cosmic
rays although the inferred mass composition of the particles

presents some difficulties.

5.2.4 High Energy Measurements

Earty measurements of the anisotropy at the highest
energies were made using .counter experiments lLike those used
at lower energies although on a larger scale. The bulk of
data, however, has come from the giant air shower arrays which

use fast timing directional analysis. Of these, by far the
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most important is the Haverah Park array (Lloyd-Evans 1982),
although useful contributions have been made by other arrays -
Volcano Ranch (Linsley 1975¢), Ithaca (belvaille et al 1962),
Mt Chacaltaya (Aguirre 1974), Yakutsk (Krasilnikov et al 1977)
and Agassiz (Clark et al 1961). Results from the wearly fast
timing experiments (Clark et al 1961, Delvaille et al 1962)
were obtained near the upper energy Limits accessible to the
arrays concerned. Consequently, the statistics of these
experiments were rather poor. The Sydney group (Bray et al
1975) have also produced data wusing the giant array at
Narrabri. However this data is not discussed here due to
energy calibration difficulties. A useful summary of these
measurements may be found in Edge et al (1978) and they are

illustrated in figure 5.6.

The first measurements of the high energy anisotropy
were made by Cranshaw and Galbraith (1954, 1957) using a large
array of Geiger—-Muller counters. These experiments at primary
energies just above 1077 eV counted the rates of various
counter coincidences as a function of both sidereal and solar
time and no corrections were made for atmospheric effects.
Although significant variations were noted in solar time, the
sidereal rates showed no significant variations. A similar
experiment was carried out by Crawshaw and Elliot (1956).
Again the sidereal variation measured was not statistically
significant although a lLlarge and unexplained solar variation
was seen. The total number of events detected 1in these

experiments was nearly 104,
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At Agassiz, Clark et al (1961) detected 652 events
with mean energy 2%1017 ey using a fast timing array. With
the arrival directions plotted in <celestial —coordinates,
chi-squared tests were performed on declination bands with the
results being consistent with isotropy. Special regions, the
galactic plane, a perpendicular to the galactic plane, and the
region of the spiral arm were also tested with the same
result. The 853 largest EAS detected by Delvaille et al
(1962) with mean primary energy of 3x1017 ev showed no

significant sidereal or solar variations.

Apart from the Narrabri experiment, the only other
high energy experiment performed in the Southern hemisphere
was conducted at Mt Chacaltaya (altitude 5200 wm). Aguirre
(1974) attempted to correlate the arrival directions of about
2.6%105 events at energies between 1017 ev and 1018 ey
with known pulsar positions and found a positive result.
Since this assumes neutral primary particles (neutrinos, gamma
rays or neutrons - at energies over 1017 ev neutron decay is
no longer important for sources within 1 kpc due to the
Lorentz factor (Kiraly et al 1975)) the flux of which at these
energies is unknown, the result of this correlation is
somewhat problematical. However, the data (for declinations
greater than 0 ) were reanalysed by Edge et al (1978) with an

insignificant sidereal result.

In contrast with the previous insignificant anisotropy
measurements, the results (using about 3%x103 events) from

Volcano Ranch (Linsley 1975c¢) indicate a strongly energy
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dependent anisotropy above 1017 ev. To explain the
discrepancy with previous results, this author invoked the
radical proposal of time dependence in the sidereal
anisotropy. If this modulated sidereal effect could produce a
spurious solar result, the results of Cranshaw and Galbraith

(1957) and Crawshaw and ElLliot (1956) might be explained.

Krasilnikov et al (1977) have presented data from the
Yakutsk array for particles with primary energies above about
1018 ov. This array detects EAS by means of the visible
Cerenkov radiation emitted by the ultrarelativistic particles
in the shower. Unfortunately, this restricts the observing
periods available and the collection statistics are therefore
low, however especially above 1019 eV the flux appears to be

very anisotropic.

By far the most important results in this energy range
come from Haverah Park with over 9.1%10% events with
energies greater than 6.25%1016 ev detected by the SO0 metre
array (from the most recent analysis of Lloyd-Evans 1982).
Apart from a dip in the amplitude of the anisotropy near
5%1017 eV, the amplitude increases from about 1.6% near
1017 ey up to about 70% above 3x101? ev. <Changes in the

phase of the anisotropy are also apparent at 2%1017  ev and

4%1018 oy,

Above primary energies of about 1019 eV, the data
from all arrays is often combined because of the very Llow flux

(Krasilnikov et al 1974, Krasilnikov 1979). A striking result
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of this combination is the large number of events arriving
from high galactic latitudes. Unless the primary particles
are heavy and an ordered magnetic field exists as a halo
outside the galactic disc, this result argues against a
galactic origin for these particles. Acceleration by magnetic
fields and turbulent gas motions in the local supercluster of

galaxies as argued by Hillas (1982) must then be considered.

Although the variation in the anisotropy below 1019
eV indicates changing propagation and/or source distribution,
it is not yet possible to determine the relative importance of
these effects without definite composition data. More
complete measurements of the anisotropy in the Southern
Hemisphere would be very important to this determination since
they would allow complete maps of the flux anisotropy over the

sky to be drawn.

5.3 Harmonic Analysis

The technique chosen for the analysis of the Buckland
Park data was harmonic analysis. Although the wuse of this
technique on anisotropy measurements has been critisized
(Kiraly and White 1975, Kiraly et al 1975) 4in comparison to
chi-squared tests, its use may be justified on a number of
grounds, the most important of which is that the sinusoidal
analysis is of the same form as the variations 4in solar and
sidereal time being investigated. The use of this technique

also allows a good test for spurious variations in sidereal
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time produced by fluctuations in solar time. Also, this
analysis method has been used by most experimentalists in this
field and hence the results from the Buckland Park experiment

using harmonic analysis may be conveniently compared with the

other results.

Given that data are collected over a number of
complete cycles in sidereal or solar time, the statistics of
the analysis of these data are analogous to the solution of
the two-dimensional random walk with equal step Lengths and
random angles. This problem, first analysed by Lord Rayleigh
(1880) in the asymptotic (n-=°9 case, has been solved 1in
detail by Chapman and Bartels (1940) for applications in
geomagnetism. In the analysis used here, the terminology of
Linsley (1975a,b) 1is followed. Details of the harmonic
analysis technique in its adaptation to anisotropy
measurements are given in Appendix 3, however the following
terms are introduced here:

r, the harmonic amplitude,
8, the phase of maximum,
kg=n.r2/4,
where n is the total number of events. The statistic kO
provides a useful measure of the probability of measuring an

amplitude greater than r from n unit steps with randomly

distributed angles. This probability is given by the Rayleigh

formula:

W(>r)=exp(-k0) (5.3)
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Hence the measured anisotropy amplitude in sidereal time or
Right Ascension may conveniently be compared to that expected
from an isotropic cosmic ray flux. k0 may also be defined

in terms of FRMs, the root mean squared amplitude expected

from n random steps by:

ko'—'(f‘/l‘RMs)Z' PRMS=2.n-0'5 (5.4)

Fams then defines the approximate noise lLevel of a random

distribution. For significant results the measured amplitude
should be greater than the noise, that s, k0 should be
greater than 1. If n is large enough (k0>>1), it may be
shown that the probability distributions of the amplitude and
phase tend to Gaussian (Linsley 1975a,b) so that the formal
statistical error Limits in the measured parameters are given

by:

I=c2/m 03,  F=d (5.5)

These values must be treated with care however since as n
decreases, the probability distributions of these parameters

become definitely non-Gaussian.

Using this statistical background, the antisidereal
analysis of Farley and Storey (1954) may be wused to detect
spurious sidereal variations as follows. It is assumed that
there are only two natural frequencies in the variations
detected in the <cosmic ray flux, the sidereal variations

caused by genuine flux anisotropies, and the solar variations
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produced by, for example diurnal temperature fluctuations.

Suppose the solar variation is described by:

S(t)=Sp+s.cos (2Nt - (5.6)

where 50 is the mean annual rate in solar time, N is the

number of solar days in the year, t is in years, and S and &
describe the relative solar amplitude and phase. If this

amplitude is made to undergo annual modulation such that:

S=S(1+A.cos(2n(t-p))) (5.7)
then: 5(t)=50+8.cos(ZﬂNt-“)+S.A.cos(ZVNt-“Ocos(Zﬂ(t-p))
or: S(t)=S 45, A.cos(2WIN+T) t-&k-27p) /2

+S.cos (2Nt —-<%)

+S.A.cos(2wW(N-1)t-xX+2T) /2 (5.8)

Since there are exactly (N+1) sidereal days in a year, it
can be seen that the annual amplitude modulation of variations
in solar time produces a spurious variation in sidereal time.
The (N-1) term is known as the antisidereal term corresponding
to a year with (N-1) days. It should be noted that these
spurious sidebands have identical fractional amplitudes and
are distributed symmetrically about the solar vector. If the

genuine sidereal variation can be described by:

R(t)=R0+r.cos(2w(N+1)t—9) (5.9)

then the total detected flux can be represented by:
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J(t)=JD+T1+T0+T_1 (5.10)

where Ti are the terms at the various frequencies and T1

is the sum of the real sidereal variation (equation 5.9) and

the spurious term from equation 5.8.

r'.cos (2mW(N+1)t +8')=r.cos(2®W(N+1)t-6)

+S.A.cos(2WIN+1) t-%-2TP) /2 (5.11)

Time t is zero at 00.00 hours on the 22nd September when
sidereal and solar times coincide. Data must be collected for
complete years to avoid spurious variations at other
frequencies. If data from a full year is analysed, the terms

Ti are orthogonal so that they can be determined easily.

Once the components have been determined, the real sidereal
vector (r,®) may be deduced by vector subtraction of the
reflection of the antisidereal vector in the solar vector from

the measured sidereal vector (r',®') as illustrated in figure

5.7.

Unfortunately, this technique is not applicable if
annual phase modulation of the solar vector is also important.
In this case, the situation becomes more difficult. If the

phase modulation goes as:

A =o, (1+§.cos (2w (t-¥))) (5.12)

then without loss of generality, ¢ may be set to 2+ . The
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total solar varjation is given by:

S(t)=SO+S.(1+A.cos(2“t-p).cos(ZW(Nt-S.cos(2ﬂ(t+¥)))) (5.13)

This variation has harmonic components at all frequencies

W. .

i
Wi=2m(N+1) (5.14)

and may be expressed by:

J(t)=d g4 ZiTi

where Ti=Ui-C°S(2"(N+i)t-¢1‘) (5.15)

Here U. is the amplitude of the ith component and g,
is the corresponding phase. Pollock (1978) has provided a
detailed solution for this problem with the following results

for the solar, sidereal and antisidereal components:

Tg/$=B.cos(2wNt)+C.A.cos(2w(p-¥)) . sin(2uNt) /2

T4/5=B.A.cos (2w(N+1)t=P)/2+C.sin (2T ((N+1)t-¥)) /2
+D.A.cos (2w ((N+1)t+PA-2Y)) /4

T_1/5=B.A.cos(2w(N=-1)t+f¥2+C.sin(2W(N-1)t+¥))/2
+D.A.cos (2WC(N=-1)t-P+2¥)) /4 (5.16)

where B, C, and D are constants depending only on 3. The

components at other frequencies have similar expressions

(Pollock 1978). The T> and T_, terms have been named

ultra-sidereal and ultra-antisidereal terms respectively.
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Clearly, for phase modulation the simple symmetry
demonstrated in figure 5.7 no Longer holds and determination
of the spurious sidereal signal depends on the evaluation of a
number of parameters. It can be seen however, that amplitude
and phase modulation of the solar variation <can easily be
tested for by analysing the collected data for significant
variations at frequencies other than the sidereal and solar
frequencies. On this basis, the collected data may now be
analysed for the presence of significant deviations from

isotropy in the cosmic ray flux.

5.4 Buckland Park Anisotropy Results

The data analysed here came from three complete years,
1979, 1980 and 1981 during which time approximately 1.33%10°
events were detected by the Buckland Park array. In this
period, the array was set to vrun (nominally) continuously
(excluding routine maintenance and breakdowns) with constant

triggering conditions as described in Chapter 2.

5.4.1 Spurious Effects

Before significant measurements of the sidereal
anisotropy can be made, the data must be examined for effects
which may introduce coincidental or spurious variations into

the results. Although the zenith and azimuth angle
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distributions are non-uniform so that only a small part of the
celestial sphere is accessible to the array at any given time,
the rotation of the earth means that in one complete sidereal
day, the Right Ascension exposure of the array 1is wuniform.
Therefore, if the on-time of the array is uniform in sidereal
time, the Right Ascension exposure will also be wuniform and
unbiassed measurements of the cosmic ray flux as a function of
Right Ascension may be made simply by observing the number of
showers from given celestial coordinates. To achieve this
uniform data train however, requires the array to be sensitive
at all times without interruption - an ideal impossible to

attain in practice.

Variations 1in the total array exposure time are
introduced especially by the routine tape <changing and
maintenance procedures which naturally occur at similar times
during the solar day. This produces a considerable
non-uniformity in the exposure of the array to the sky in
solar time as shown in figure 5.8. The efficiency of the
array during the period considered (1979 - 1981 inclusive) was
71%, most of the off-time being attributable to equipment
breakdowns. Because of the approximately 0.3% difference
between solar and sidereal time scales (one day difference per
year), the variation in sidereal time 1is much Less (figure
5.9). First and second harmonics of the array exposure in
solar, sidereal, and antisidereal time scales are shown in
table 5.2 below. The actual variation in the Right Ascension
distribution of events is lLess than this, since the width of

the zenith angle distribution makes the array sensitive to a
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Table 5.2 - HARMONICS OF THE ARRAY EXPOSURE TIMES

Timescale 1st Harmonic 2nd Harmonic

Amplitude (%) Phase (hr) Amplitude (%) Phase (hr)

Sidereal 0.22 19.1 0.28 06.8
Solar 1.48 23.6 0.41 00.4

Antisidereal 0.31 19.3 0.13 11.9



- 122 -

range of Right Ascensions at any given sidereal time. Figure
5.10 shows the range of Right Ascensions of events detected in
the sidereal time interval from 11.00 to 12.00 hours. The
width of this distribution 1is about four hours (sidereal
time). Varijations in the sidereal exposure are therefore
smeared out by this effect. Another factor reducing the
spurious result due to sidereal on-time fluctuations 1is the
determination of the Fourier components of the sidereal
anisotropy in terms of the rate of events as a function of
Right Ascension weighted by the sidereal on-times. Because of
these effects, the spurious sidereal variation produced by
on-time fluctuations is reduced well below the RMS noise LlLevel
expected from 1.3%10° events (about 0.55%). For this

reason, no attempt has been made in the anisotropy
determinations presented here to produce wuniformity 1in the

sidereal exposure time.

Coincidental sidereal variations may also be
introduced by the atmospheric effects noted in the previous
chapter as well as fluctuations in the detection equipment
gains produced by temperature <changes. Figure 5.11 1is an
extract from the pressure and temperature records produced at
the Buckland Park array. The thermal Llagging around the
detectors <clearly reduces the amplitude of temperature
fluctuations of the detectors by a considerable amount as well
as changing their time profile, but does not damp them right
out. If any of these varjations have Fourier components in
sidereal time, spurious sidereal variations in the detection

rate will be produced. It can be seen that temperature
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Pressure records. The site temperature referred

to is C detector.



Table 5.3 Fourier Components of the Temperature and Pressure Variations

Frequency

(First Harmonics)
Sidereal

Solar

(Second Harmonics)
Sidereal

Solar

(a) = Amplitude (K)
(b) = Phase (hr)
(c) = Amplitude (K)

(d) = Phase (hr)

Atmospheric
Temperature
(@) (b)

2.3 21.2
13.4 14.1
0.5 03.6
2.7 01.1

(e) = Amplitudes (mb)

(f) = Phase (hr)

Detector
Temperature
(e) (a)
1.1 00.4
5.7 16.4
0.3 08.3
1.2 02.9

Barometric
Pressure

(e) (&)

0.53 19.6

2,65 12.6
0.17 09.4

2.0 08.5
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variations of the analysing and recording electronics are
minimized by the air-conditioning of the main recording hut,
and they have been ignored in this analysis. The complete
data train of the pressure and temperature data (weighted by
on-times) have been analysed for their Fourier components at

sidereal and solar frequencies with the results shown in table

ol 5wz

These data, 1in combination with the results of
multiple Linear regression analysis on the same parameters
Wwith respect to the rate of event detection, have been used to
produce the resultant spurious harmonics of the event rate for
each frequency component (table 5.4) . Finally the total
spurious anisotropy amplitudes and phases were calculated from
the vector additions (figure 5.12) of these results and these

are displayed in table 5.5.

The spurious sidereal resultants are small indicating
that atmospheric modulations of the detection rate do not have
a serious effect on measurements of the <cosmic ray flux
anisotropy. Even if the maximum results from the on-time
irregularities are added to these sidereal vectors, the
spurious first and second harmonics have amplitudes of only
about 0.28% (21.0 hr) and 0.33% (05.3 hr) respectively. This
indicates that measurements of the deviation of the flux from

isotropy in Right Ascension can be made with some confidence.



06.00 hr 06.00hr

SIDEREAL TIME SOLAR TIME
FIRST HARMONIC FIRST HARMONIC
03.00 hr 03.00 hr

00.00hr

|
0.1% 0.2%

SIDEREAL TIME SOLAR TIME
SECOND HARMONIC SECOND HARMONIC

Figure 5.12 The spurious first and second harmonics
from atmospheric effects.
R, resultant total
.T_, detector temperature
T , atmospheric temperature

PB’ barometric pressure
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5.4.2 Analysis Produced Effects

Using the statistical basis established in the
previous sections, determinations of the anisotropy may now be
made. Although obvious sources of spurious results have been
investigated, the array and the atmosphere form a complex and
open detector system and only relatively few of the parameters
of the system are easily monitored or controlled. For this
reason, the data must still be checked for the presence of
amplitude and phase modulations of the solar signal which are

due to changes in the detection probability.

If it can be assumed that the harmonics at the
frequencies being investigated are relatively independent of
declination and shower size in the size interval detected,
then the antisidereal technique of Farley and Storey (1954)
may be applied to the whole set of recorded data (January 1979
= December 1981). 1In this way, maximum statistical weight can

be obtained for the measurement of spurious results.

Events which were badly analysed (with reduced
chi-squared greater than 5) or which had recording errors have
been eliminated from the data set. This reduces the total
number of available events to about 1.2%10°. Using the
arrival times of the events, the geographical coordinates
(zenith and azimufh angles) for arrival directions have been
converted to <celestial <coordinates (Right Ascension and

declination). Unless otherwise stated, the data have been



Table 5. 4 Spurious Event Rate Harmonics From Atmospheric Coefficients

Frequency Atmospheric Detector Barometric
Temperature Temperature Pressure

First Harmonics (a) (b) (c) (d) (e) &)

Sidereal 0.48 21.2 0.07 12.4 0.37 07.6

Solar 2.82 14.1 0.37 04.4 1.78 00.6

Second Harmonics
Sidereal 0.11 03.6 0.02 02.3 0.12 03.4

Solar 0.57 O0l.1 0.08 08.9 1.36 02.5

(a) = Amplitude (%)
(b) = Phase (hr)
(c) = Amplitude (%)
(d) = Phase (hr)
(e) = Amplitude (%)

(f) = Phase (hr)



Table 5.5 Spurious Anisotropy Vectors from Atmospheric (oefficients

Amplitude (%) Phase (hr)
First harmonics
Sidereal 0.14 00.3
Solar 0.99 16.0
Second harmonics
Sidereal 0.25 03.4

Solar 1.75 02.1
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summed over all the observed declinations. When divided by
the appropriate array exposure times, these data give the mean

rate as a function of Right Ascension (or sidereal time).

These data have been Fourier analysed for first and
second harmonics at wultra-sidereal, wultra-antisidereal, and
antisidereal frequencies as well as solar and sidereal
frequencies, that is, at frequencies one and two <cycles per
year different from solar time. The sidereal vector (r,0)
measured is the resultant of genuine and spurious sidereal
signals. Information on any amplitude modulation of the solar
vector can be derived from the antisidereal vector, while the
ultra-sidereal and ultra-antisidereal vectors give
complementary dinformation on phase modulation. Phase
relationships between the vectors are derived from 00.00 hours

on the September equinox when all the time frames coincide.

The results of the analysis are shown 1in table 5.6.
In the table, the probability referred to is that of a random
distribution giving rise to a wvariation with Lless than or
equal to the same amplitude. A number of interesting features
emerge from this analysis. From the first harmonics, the
sidereal variation has the greatest significance while the
chance probability of the solar vector is fairly high. The
amplitude of the solar vector is well below the statistical
noise level expected from the sample. Evidence of phase
modulation from the wultra-sidereal and wultra-antisidereal
variations 1is somewhat contradictory, each showing one

amplitude with Llow and one amplitude with very high



Table 5.6 Harmonic Analysis of A1l Data 1.20x105 events

Frequency Amplitude (%) Phase (hrs) Probability (%)

first harmonics

Ultrasidereal 0.15 18.1 93.8
Sidereal 0.84 08.0 12.3
Solar 0.38 15.3 64.7
Antisidereal 0.07 20.7 98.5
Ultra-antisidereal 0.82 15.4 13.5

2nd Harmonics

Ultrasidereal 1.01 00.6 4.7
Sidereal 0.87 02.4 10.1
Solar 0.37 02.2 66.4
Antisidereal 0.43 03.4 56.7

Ultra-antisidereal 0.19 05.5 89.4
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probability of being produced by a random distribution. Since
these vectors are complementary, both being produced from the
solar variation, the probability of them being significant is
not high and no information about phase modulation of the
solar variation can be extracted. It is therefore assumed, in
agreement with Pollock (1978), that phase modulation has not
been observed. Similarly, these results indicate that the
antisidereal variation is consistent with being produced by a
random distribution. It should be noted that from equations
5.7 and 5.12, the modulation amplitudes are by definition
fractional compared with the solar variation amplitude so that
for a solar vector with an insignificant amplitude, no
significant conclusions about the phase and amplitude
modulations of this variation can be expected. An interesting
point however, is the agreement in phase of the solar vectors
with the results produced for expected atmospheric variations
in table 5.5. The sidereal vectors are much lLarger than the
expected spurious results from table 5.5 and only show phase

agreement in the second harmonics.

Since this data has the highest statistical
significance and no conclusive evidence for <either phase or
amplitude modultation can be found, in further analyses of the
data, no corrections (using the antisidereal analysis
technique) will be applied to the sidereal signal by way of

attempts to measure the genuine cosmic ray sidereal

anisotropy.

As a check on these conclusions, the data set has been
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subdivided into individual complete years and reanalysed in
the same way with the results shown in table 5.7. The RMS
noise levels associated with these results are all about 1%.
Although a number of these vectors have large amplitudes, it
is interesting to compare the phases for each year. These are
plotted on harmonic dials in figure 5.13. It can be seen that
only the sidereal first harmonic shows substantial consistency
over the three years, although the lLow number of independent
estimates makes this difficult to test statistically. This
tentative result supports the earlier conclusion that only the

sidereal signal shows a significant amplitude.

Reducing the data to shorter time periods introduces
difficulties into the interpretation of the results since at
all frequencies other than the solar frequency, the number of
cycles is non-integral. If the sidereal and antisidereal
signals are produced by modulation of the solar wave, over the
period of a year, it would be expected that the solar vector
should maintain a constant phase with the sidereal and
antisidereal phases rotating 1in opposite directions and
coinciding with the solar phase at the September equinox. The
data were therefore divided into three month periods. Results
of this analysis are given in table 5.8 and plotted in figure

5.14.

At the second harmonic frequencies, the result 1is as
expected for modulation of the solar variation, with a fairly
constant solar vector and the sidereal and antisidereal

vectors rotating in opposite directions. However, the



Table 5.7 Anaiysis of the Data by years

Frequency 1979 1980 1981
1st harmonics Amp. (%) Phase(hr) Amp. (%) Phase(hr) Amp.(%) Phase(hr)
Ultrasidereal 0.21 11.8 0.66 13.3 0.62 22.5
Sidereal 1.73 10.6 1.13 05.0 0.42 07.7
Solar 0.97 16.0 1.36 10.7 1.36 22.0
Antisidereal 0.76 18.5 0.89 03.7 0.43 05.8
Ultra-antisidereal 1.68 17.0 1.12 12.4 0.38 19.6
2nd harmonics

Ultrasidereal 1.93 02.5 0.67 11.3 1.01 10.2
Sidereal 2.29 01.2 0.41 03.5 0.55 06.8
Solar 1.17 03.3 0.76 11.1 1.28 10.6
Antisidereal 1.33 11.6 0.90 11.9 1.34 04.0
Ultra-antisidereal 0.24 08.1 0.66 03.6 0.56 10.9
No. of Events 3.6%10% 4.6%10% 3.8%10%
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Figure 5.13a Yearly first harmonic vectors
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Figure 5.13b Yearly second harmonic vectors
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H

Phase (hr)
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Amplitude (%)

Phase (hr)

Table 5.8 Quarterly Data Analysis

Sidereal
(a) (b)
0.54 03.5
1.67 09.0
1.08 09.0
0.37 08.3
1.14  09.1
1.19 05.4
0.63 02.5
1.86 03.5

Solar
(c) (d)
¥
0.32 14.0
1.43 18.1
1.53 11.1
0.51 00.5
0.88 07.4
0.96 04.6
1.87 05.9
0.90 07.9

Antisidereal
(e) ()
0.67 02.1
1.09 03.8
1.43 13.9
0.82 18.9
1.36 11.7
1.47 01.3
2.07 10.0
0.11 9.9
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Figure 5.14b Quarterly second harmonic vectors
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sidereal first harmonic shows remarkable consistency while the

solar and antisidereal vectors are variable in phase.

Taken together with the previous results, there is
strong evidence for a genuine sidereal first harmonic, while
signals at other frequencies appear to be <consistent with
random distributions. On the other hand, the situation at
second harmonic frequencies 1is more <confused although the
possibility of a genuine sidereal signal cannot be discounted.
Due to the Llow significance of the sidereal, solar, and
antisidereal first harmonics, no positive corrections <can be
made via the Farley and Storey antisidereal method without

simply increasing the uncertainty of the sidereal vector.

5.4.3 Right Ascension Distributions

The assumption made in the previous section that the
real anisotropy in the <cosmic ray flux 1is independent of
energy and declination in the detected sample, has no strong
theoretical basis. To investigate any possible dependence,
the data have been arbitrarily divided into three size bins =
N, (5%#10° - 10% particles), N, (10® - 2x10°
particles), and N (>2*106 particles). Contamination of
these size bins was minimized by <converting the detected
events to the -equivalent vertical size before binning
(including corrections for atmospheric variations) wusing the
previously measured attenuation length of 185 g cm'z. Using

the calculations of Protheroe (1977), the size bins Ni, Ny
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and N3 correspond to mean primary energies of about 8*1015

eV, 1.3%x1016 ev and 3%1016 ev. Only showers wWwith near
100% detection probability were accepted. Unfortunately, due
to the lack of adequate meteorological data in early 1979, it
was necessary to reject a full year's data. These rejections
reduced the number of events 1in each size bin to about
5%¥103. Previous results, e.g. Linsley and Watson (1977)
have indicated that the Right Ascension anisotropy 1in the
vicinity of these energies is of the order of 1%. <Clearly the
statistics available in this experiment are idinsufficient to

accurately determine such a small wvariation although upper

timits will be given.

The results are given in table 5.9. Apart from the
anomalously high Right Ascension first harmonic 1in the Low
energy bin, the sidereal signals are not well resolved from
the statistical noise although a phase change between N1 and
N2 is apparent. Solar and antisidereal vectors have been
determined in case these signals give information not clear in
the large data groupings. The first harmonics at these
frequencies give somewhat contradictory information with Llarge
antisidereal signals appearing together wWwith small solar
signals and vice versa. Considering the earlier statistically
more important results, these are probably the products of
statistical fluctuations. Similarly, the second harmonics at
these frequencies give Llittle information - most of the
variations remain below the RMS noise level. Second harmonic
Right Ascension signals are generally slightly Llarger than

their counterparts and some phase consistency is evident.



Table 5.9 Analysis for Size Dependence (2 years data)

Size

First Harmonics

Second Harmonics
Ny

No

Right Ascension

Amp%
6.64

1.90

2.84

Amp%
2.06

2.21

3.25

Phase

19.5

09.0

05.8

Prob.

0.3

62.0

35.3

Phase

06.9

04.9

06.0

Prob.

57.5

53.2

25.6

Amp'%
3.79
1.24

4.11

3.93
1.28

1.95

Solar

Phase

18.6

19.7

10.7

Prob.

15.4

81.6

11.3

Phase

00.3

06.7

00.3

Prob.

13.3

80.6

61.3

Antisidereal
Amp% Phase
1.09 03.2
4.01 04.9
2.70 19.8

Prob.
85.8
12.0
39.0
Amp% Phase
2.14 03.3
0.91 04.7
1.57 02.9
Prob.
55.0
89.6

72.7
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To investigate the Large Right Ascension first
harmonic in N,, the data from the third year were included
in a second analysis. The showers were corrected to their
equivalent vertical size, however the (relatively small)

atmospheric corrections were not made for this wextra year.

The results, shown 1in table 5.10 are generally quite
consistent with the two year data for the solar and
antisidereal harmonics wWwith some amplitude fluctuations

occurring although these are most often downwards. Similarly,
the Right Ascension amplitudes show fluctuations although the
general reduction is not so obvious. The large first harmonic
is considerably smaller although still highly significant. It
is interesting to note that for both first and second

harmonics in Right Ascension, there is a phase change between

size bins N1 and N> while the phase s approximately
constant between bins N, and N;. Because of this phase

consistency, the two largest shower size bins may be combined

(N4) to improve the statistics for showers with size greater

than 10® particles (table 5.11).

It can be seen from these results that the solar and
antisidereal variations are consistent with random noise
distributions. The Right Ascension harmonics are both
significant and with the data from table 5.10, westimates may
be made of the genuine flux anisotropy. Linsley (1975a,b) has

shown that, if s is the genuine vector anisotropy, then:

s = r + x



Table 5.10 Analysis for Size Dependence (3 years)

Size

First Harmonic

Right Ascensions

Anp%
3.66
2.30

2.07

Amp%
2.72
2.38

4.33

Phase
19.2
10.0
10.6
Prob.
7.3
35.3
45.0
Phase
07.82
04.84
03.56
Prob.
23.4
3245

3.0

Solar

Amp%
3.05
1.09

2.81

2.98
0.20

3. 41

Phase

20.3

17.3

09.0

Prob.

16.2

79.1

22.9

Phase

01.43

07.20

01.27

Prob.

17.5

99.2

11.5

Antisidereal
Arp% Phase
2.46 03.6
2.33 03.8
3.23 19.8

Prob.
30.6
34.3
14.3
Amp% Phase
0.63 06.49
1.82 00.67
0.45 09.02
Prob.
92.5
50.9
96.3



Table G5.11 Anisotropy for size » 10°P Particles

Right Ascension Solar Antisidereal

ist hr. 2nd hr. 1st hr. 2nd hr. 1st hr. 2nd hr.
Amp% 2.18 3.29 1.15 1.66 1.42 0.84
Phase(hr) 10.3 04.0 10.6 01.5 22.9 01.5

Prob. 16.2 1.6 60.2 34.7 46.1 76.1
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where r is the measured vector and X is the <contribution

from the Rayleigh statistical fluctuations. The amplitude of

S may then be estimated by:
<s>=r.(1—1/(2k0))0-5 (5.17)

Table 5.12 gives the estimates of the genuine anisotropy
calculated from equation 5.17. These are also shown in figure
5.15. The Llimits are those given by statistics from equation
5.5. Although the amplitudes of these sidereal signals are
Larger than the estimates made by Linsley and Watson (1977),
it is significant that the phases are in excellent agreement.
These results support the comment of Linsley (Pollock 1978)
that for a population amplitude equal to the RMS noise, 1in a
series of experiments the observed amplitude will only be
significant in one experiment out of ten, whereas the phase

will be within 50° of the true phase in two experiments out

of three.

The assumption of declination independence of the data

has also been investigated. Unlike the Right Ascension
exposure which dis wuniform over one sidereal day, the
declination exposure is very non-uniform (figure 5.16). The

declination exposure is determined by the azimuth and zenith
angle distributions and may in principle be determined
theoretically. However, the azimuth and angle distributions
are themselves functions of the rather complex interaction

between the atmosphere and the array triggering <conditions,



Table 5.12 Best Estimates of the Genuine Anisotropy in Right Ascension

Size Range

5x10° -10P
> 10P

Mean No. of R.A. R.A.
Energy (eV) Events (First (Second
harmonic) harmonic)
s 0 S 6
8x101° 7831 3.29 19.2 2.20 07.8
1.7x1016 15340 1.86 10.3 3.09 (4.0

1.60 1.9 2.8

1.14 2.3 1.4
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Figure 5.15 Shower size dependence of the measured
Buckland Park anisotropy '
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details of which are not available. Therefore no attempt has

been made to theoretically evaluate the distribution.

To test the independence of the anisotropy to the
declination, the data have been arbitrarily divided into two
declination strips = North (from -5 to -30°) and South
(from =359 to -60°) and analysed for Right Ascension
variations. This technique was first performed wusing the
whole data set, excluding only showers with poor analysis or
recording errors. The results are shown in table 5.13 below.
It 4is <clear that these results give no indication of
variations of the amplitude of the sidereal anisotropy and the
phases show excellent agreement. Statistical tests on the
number of events from each declination strip cannot easily be
used to determine a flux variation since these declination
ranges are not equally exposed to the Buckland Park array, the
zenith corresponding to a declination of about 34.5°. Also,
the slightly non-uniform North-South azimuth distribution of
the array interferes with this comparison. As a rough ~check
however, the numbers are compatible with equal probability of
events from either declination strip at the 95% significance

level.

In view of the energy dependence found -earlier, this
should be investigated in the declination dependence. To this
end, the size bins N; and N, have been analysed for
declination variations of the Right Ascension anisotropy.
This analysis uses the same three years of data checked

earlier, with equivalent wvertical sizes and triggering



North

South

Table 5.13 Declination Dependence of All Showers (in RA)

No. of Events

47826

48276

(%)
1.03

0.92

First Harmonic

Phase Prob
(br)

08.6 28.0
08.9 36.2

Second Harmonic
Amp. Phase Prob.
(%) (hr)

0.86 02.6 41.1

1.11 04.2 22.8
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probability near 100%. The results, shown in table 5.14 are
difficult to interpret because of the rather sparse statistics
and arbitrary data division. Thus, genuine sidereal
amplitudes at the sizes indicated are difficult to justify on
the basis of the propagation of the primary particles or other
anisotropy measurements. The consistency of the phases with
the earlier measurements presented is interesting although the
12 hour phase change associated with Large amplitude variation
in the high energy first harmonic should be carefully
examined. It is obvious that much better statistics are
required before conclusions about the declination dependence
of the Right Ascension anisotropy can be drawn. It should
also be emphasized that these declination bins are drawn only

from the Southern Hemisphere.

545 Other Measurements on the Flux

5.5.1 Declination Anisotropy

As shown in the previous section, the determination of
the array declination distribution is a non-trivial problen.
As a result, estimates of the deviation from isotropy of the
cosmic ray flux as a function of declination are not easily
made. This is especijally so if details of the structure of
the anisotropy are required. Simple estimates of the flux

difference from different declinations may however be made.



Table 5.14 Declination Dependence of Right Ascension for Shower Size

Bins N1 and N4

N1 No. of Events First Harmonic Second Harmonic

Amp(%) Phase(hr) Prob. Amp(%) Phase(hr) Prob.

North 1972 5.50  17.74 22.5 0.66 02.87 97.9
South 2232 9.55  19.64 0.1 3.75 04.08 45.7
Ny

North 6074 4.58 09.25 4.1 2.68 02.66 33.5

South 5966 0.95 21.23 87.5 5.38 05.56 1.3
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Two identical but distinct regions of the sky have
been investigated by taking Buckland Park data from two
azimuthal quadrants about the Northerly and Southerly
directions, the azimuthal angles of acceptance being 3259 to
459 and 135° to 225° (Clay and Gerhardy 1982b). To
ensure that the declinations of these data groups were
distinct, accepted events were also restricted to those
arriving from zenith angles between 28° and 40°. These
restrictions defined two clearly distinct event populations in
terms of declination as seen in figure 5.17. To avoid
variations in the showers accepted due to <collecting area
effects, the events used were confined to well analysed
showers within the size range from 2.3%10° particles to
1.8%100 particles. Because of the large zenith angle, these
showers were considerably attenuated from their equivalent

vertical sizes and the mean energy was estimated to be about

1016 ay.

The total number of events accepted from four years of
data was 7909. O0f these 4079 were detected in the Southerly
quadrant and 3830 in the Northerly quadrant. Although near
symmetry, when tested statistically, the hypothesis of equal
probabilities of arrival from each direction was rejected at

the 1% significance level.

This result suggests a declination anisotropy of about
3%Z with maximum towards Southern declinations. It should be
noted that the azimuth angle distribution discussed in Chapter

2 has a first harmonic with the phase of maximum in the
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Figure 5.17 The declination distribution of shower arrival directions for the two lobes
of selected showers. (a) the southerly beam (b) the northerly beam
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Northerly direction, probably resulting from imbalance in the
fast timing system. The effect of this asymmetry is to
amplify the probability of flux variations in the declination

distribution.

Further information on the declination wvariation of
the cosmic ray flux can be obtained using data from other
observatories. In Chapter 3, the size spectrum obtained by
the Akeno array (latitude 359 N) was compared to that
measured at Buckland Park (latitude 350 S). After
differences in calibration and analysis have been removed, the
resulting intensity difference is less than 10%, placing an
upper Limit on the flux anisotropy at the declinations

observed of about 5%.

Both these results suggest a slight flux enhancement

from Southerly declinations.

5.5.2 Event Arrival Time Intervals

The time spacing of cosmic ray events is generally
considered to be <close to random due to the source
distribution and the randomizing effect of the galactic
magnetic field on charged particles during propagation from
their sources. However a number of experimentalists (Bhat et
al 1979, Bhat et al 1980, Badino et al 1980) have found
evidence which suggests time correlations in the arrivals of

events on scales of less than a minute for cosmic rays with
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primary energies of greater than about 1014 ev.

This surprising result has few possible
interpretations. The most Llikely possibility 1is that the
primary particles are neutral particles, probably gamma rays,
from a single source with relatively small dimensions.
Possible candidates for these are pulsars (Gibson et al 1982)
and gamma ray burstars (although these are rather rare). For
measurable time correlations to occur, these sources would be
required to contribute a significant proportion of the <cosmic
ray flux at these energies and directional anisotropies should
be clearly measurable in point source searches. If the
correlated events are produced by charged particle primaries,
small scale smoothness of the galactic magnetic field s
required. In this case, particles produced (or accelerated)
nearly simultaneously at a source of small dimensions would
not be randomized by scattering, but would propagate together
along the field Llines and be detected at the Earth in bunches.
The important points in these conjectures are the small scales
of the sources and the smoothness of the magnetic field since
even very small irregularities over the interstellar distances
would destroy the correlation at the Earth. Although the
intensive anisotropy measurements at these primary energies
have produced little support for these results, (see Section
5.2) point sources at these energies would be very difficult
to resolve due to the meagre directional information provided

by arrays which use atmospheric collimation.

The Buckland Park data (at slightly higher energies)
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have been analysed for corroborative evidence for these time
correlations (Clay and Gerhardy 1980b). Since the time of
each detected event is recorded by the array to an accuracy of
about one second, the data record may be searched for time
correlations by an examination of the relative event arrival
times. The arrival time distribution for 17 months of data
from Buckland Park is shown in figure 5.18 in 40 second bins.
To allow for the recording time required by subsidiary
experiments, a dead-time of 30 seconds 1is built into the
recording system, although the detection logic remains active.
This dead-time precludes the detection of correlations in the
arrival times of Less than 30 seconds, the region where
correlations were detected by Bhat et al (1979). A parallel
recording system using a Commodore PET microcomputer which
recorded the time intervals between all events satisfying the
triggering conditions was wused to overcome this problen.

These data are shown in figure 5.19.

For random events, the probability distribution of

times is given by an exponential (as for radioactive decay):

p(t)=k.exp(~=t/T) (5.14>

where t is the time between -events and T dis the mean
interval. This form was fitted to the data in figures 5.18
and 5.19 resulting in the solid Llines on the figures.
Although some events (about 7%) are lLost in the dead-time from
the first bin in figure 5.18, these are replaced by a similar

number from intervals where the first event occurs during the
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Figure 5.18 The distribution of time intervals between events
as recorded by the Buckland Park array. These
data have been binned in 40s intervals.

In this mode of operation the array has a
built in dead time of 30 s.
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Figure 5.19 The distribution of time intervals between events using a counting system

(Commodore PET) with a minimal dead time. The first bin is corrected for
dead time effects (dashed line)
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dead-time. Thus the argument for randomness of the intervals
is not significantly affected. Similarly, some data is Llost
in the PET dead time although this is much less than 1 second.

A correction for this effect is given in figure 5.19.

The exponential best fits to the data are

characterized by the mean intervals. These are:

Intervals Mean Interval
all data 415+-4 s
t<=200 s 395+-22 s
440 s<t<1200 s 418+-8 s

An extra benefit associated with the measurement of
the mean time intervals was derived from the consistency of
this parameter over the time perijods measured. Long term
fluctuations in the mean interval were within statistical
expectations, confirming the stability of the array required

for anisotropy measurements.

Excesses in the small time interval bins are within
the statistical range expected i.e. within a standard
deviation. No support is therefore found for <correlated
events. Since the region of the sky viewed and the energy
range are different to those of the other observers, the null
results may be due to an energy cutoff or change in the radius
of gyration or simply because the source, if the primary
particles are neutral, is not within the region of the sky

viewed by the array. Clay and Dawson (1981) have conducted a
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similar search to that reported here, but at the energies
suggested by Bhat et al (i.e. above 1014 eV), but also find

no evidence for correlated events.

5.5.3 Gamma Ray Primaries near 1016 ey

1f gamma rays form a significant component of the high
energy cosmic ray flux, some correlations of their arrival
directions with astronomical objects might be expected. In
response to high energy photons, the atmosphere produces
cascades of particles similar to the EAS produced by charged
particles, the difference being that only an electromagnetic
component is produced. At low energies the cascades die out
high in the atmosphere, but for &energetic photons (greater
than about 1013 ev) the showers may be detected at sea
level. Grindlay et al (1975) have used the Cerenkov radiation
produced by the cascades with primary -energies greater than
3x1011 ev to Look for correlations of the directions of the
primaries with known possible energetic sources such as
pulsars, X-ray sources and active galaxies., Although the
shower itself at these energies 1is unlikely to reach sea
level, the Cerenkov radiation produced 1is Little attenuated
and can be easily detected. Care was taken to exclude showers
with charged particle primaries from the events collected and

a number of correlations were found.

At the energies accessible to the Buckland Park array,

it was thought that possible gamma ray sources should include
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the highest energy gamma ray events - gamma ray bursts. These
are identified as sharp increases, with short durations (about
10 seconds), in the <counting rate of spacecraft-mounted
scintillator detectors sensitive to high energy photons. They
occur irregultarly and the maximum energies detected <(above
about 1 MeV) are Limited by the detector sizes. The actual
sources of the bursts are unknown and none of the detected
bursts have been positively identified with known astronomical
objects, although the most notable event detected (March 5,
1979), with an intensity much larger than the normal events,
has been tentatively lLinked to a supernova remnant (N49) in
the Large Magellanic Cloud. This identification is 4in doubt
however, since at that distance, the energy of the burst
integrated over the whole sky is dauntingly Llarge. Physical
mechanisms for the burst production include pulsars and their

magnetic fields (e.g. Katz 1982).

Directional information on bursts derives from two
possible methods. The most accurate information 1is obtained
from triangulation using the relative detection times by three
or more non-coplanar spacecraft (Evans et al 1979) although
lower numbers of satellites may give information if
alternative arrival directions can be eliminated by for
example the Earth's shadow. Alternatively, if a single
spacecraft has a number of anisotropic detectors, the response
of each of these to a burst can give lower grade directional

data (Mazets and Golinetskii 1981).

A search of air shower data from Buckland Park for
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correlations with known gamma ray bursts has been made (Clay
et al 1982c). The bursts investigated come from a list of 94
events occurring between May 1978 and May 1979. Of these 43
were immediately eliminated because their arrival coordinates
were inaccessible to the Buckland Park array, or they
coincided with off-times for the array. 0f the remainder,
only three had well defined arrival directions and times which
could be compared with the recorded array data. The Llarge
March 5, 1979 event was also included although the zenith
angle of this event would have been 63° as observed by the

array. However, very high energy photons (greater than 1018

eV) would have been detected. Details of these four events

are given in table 5.14.

The celestial <coordinates of EAS events detected
Wwithin +-30 minutes of the local time <coinciding with these
bursts were calculated and are plotted in figure 5.20 (a),
(b), (c) and (d). From these data, no EAS can be positively
identified with any of the bursts, that is for all the bursts

less than one photon per burst was detected.

Using the known collecting area of the array, upper
lLimits may be placed on the photon flux. Above 1016 ev for
events (a), (b) and (c), the photon flux at the Earth was Lless
than 4*107% =2, The Large zenith angle of event (d)
reduces the array collecting area by foreshortening, and also
the energy required for detection is much greater. Therefore,
the only upper Limit on the photon flux is for greater than

1018 ev with an upper Limit of about 7%10~5 m~2,



Table 5.15 Gamma Ray Bursts within Array 'Beam'

Date Time (UT) Energy Flux (E 30keV) Arrival Directions
ergs cm ™ 2 R.A. (hr) dec.(o)
(a) 2 Jan 1979 17.56 6.5%19 © 6.79 -76.0
(b) 31 Mar 1979 21.03 7.9%107% 19.48 - 5.88
(c) 2 Apr 1979 09.42 3.7%107° 7.83 -55.8

(d) 5 Mar 1979 15.52 1.3%10°3 5.45 -66.07
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Figure 5.20 Arrival directions of cosmic ray showers detected
within - 30 minutes of gamma ray bursts.
Circles (surrounded by error box) - direction of
burst, crosses - arrival directions of showers
within - 15 minutes of bursg, dots - arrival directions
of remaining events within - 30 minutes. The solid
lines indicate the effective array beam. The bursts
follow the naming of table 5.14.
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These Limits suggest that only a very small cosmic ray

flux component comes from gamma ray bursts.



CHAPTER SIX

DISCUSSION OF RESULTS

6.1 The Spectral Shape

Conclusions about the shape of the primary energy
spectrum between 1015 ev and 1017 ev cannot be made
without a knowledge of the mass composition of the oprimary
particles - a topic which until recently was the subject of
considerable controversy (Thornton and Clay 1979, Orford and
Turver 1980), although the situation now appears to be clearer
(Andam et al 1982, Hillas 1981). Until accurate
extrapolations to the top of the atmosphere are possible, it

is important that the size spectrum be well known.

The array density spectrum presented here clearly
shows a rapid change in the power Llaw index. In the region
corresponding to median shower sizes between about 10°
particles and 4%10° particles, the integral spectral index
changes from about 1.4 to about 1.9 after which it remains
constant up to at least 107 particles . Allowing for some
smearing of the size spectrum shape in the density spectrum
(Allan priv. comm. 1979, Wenneberg 1982), this indicates a
sharp <change 1in- the shower size spectrum near 3%10°

particles. This result is in agreement with the Buckland Park
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size spectrum measured using assumed Lateral distributions,
although the sharpness of the change deduced from the array
density spectrum is not apparent. The size spectrum shows a
fairly gradual change in the power law index from about 1.3 to
2.0 in the size range from 10° particles to 107 particles.

Although there is quantitative agreement about the amplitude
of the spectral change, the difference between these spectra
suggests varijations in the lateral distribution of particles

in these showers.

These wvariations 1in the Llateral distribution are
demonstrated by the variation of the average lateral age
parameter of the showers detected. It should be emphasized
however, that this measure of the lateral distribution <change
js only qualitative. The work of Capdevielle and Gawin (1982)
shows that the lLateral age parameter is itself a function of
the core distance so that the value fitted to the age
parameter is a function of the detector positions. If a
detector distance parameter can be defined by some statistical
weighting of the particle density measured by weach detector
(in the same way that density measurements are weighted for
determining the shower <core position), since the array
collecting area varies with shower size, it can be seen that
this distance parameter will vary slowly (because of the array
geometry) with shower size. Hence the distance <corresponding
to this heaviest weight for the fitting of the LlLateral age
parameter also varies. Fortunately, the <calculations of
Capdevielle and Gawin (1982) indicate that between core

distances of 10 metres and 100 metres, <changes 1in the age
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parameter are slow so that the qualitative <conclusions hold.
It may be then, that the lateral distribution function (NKG)
used in the present work is not sufficiently accurate to show
the detailed structure of the shower size spectrum.
Modifications to the NKG function have been used for example
at Akeno (Hara et al 1979a), however for the details required
to be observed, this should also include provisions for rapid

changes over the size interval indicated.

Support for these changes in shower development come
especially from depth (in the atmosphere) of shower maximum
measurements presented by for example Thornton and Clay
(1979). These indicate that the depth of maximum increases in
the region between 10° particles and 107 particles much
more rapidly than <can be accounted for by conventional
composition and nuclear 1interaction models. Linsley and
Watson (1981a) have dinterpreted this as a <change 1in the
logarithmic mean primary mass number, <ln A>, from 4 (+-2) at
1.6%107% ev to 0 (+0.6,-0) at 3*1016 ev, that is a change
in the mean composition from predominantly iron primaries to
predominantly proton primaries with the nuclear interactions
following scaling with rising hadron - air cross sections.
However this is not the only possible interpretation, and Clay
and Gregory (priv. comm. 1982) have suggested the
possibility of a change in the nuclear interactions near
1013 eV (about 10> GeV in centre of mass) to explain the
spectral features. McCaughan (1982c) has also suggested
changes in the nature of the interactions at near 10713 ev to

explain the results of density spectrum measurements made at
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various altitudes near the shower cores and he has shown that
these interaction changes may masquerade as changes 1in the

primary composition.

The suggestion of interaction changes is supported by
measurements of the shower frequency absorption Length.
Bourdeau et al (1980) showed that the absorption Llength was
sensitive to the nuclear interaction mode L and mass
composition. A number of models and varying compositions were
used to derive the dependence of the absorption Llength on
shower size, however the measured results were not
sufficiently refined for the rejection of many of the models.
The data presented here has error Limits of less than 5% and
places stringent conditions on the available theories. From
the calculations of Bourdeau et al, the best model is a CKP
model with rising proton-air <cross sections and proton
primaries. However the fit of this model to the observations
remains poor. The Llist of models used by Bourdeau et al was
not exhaustive however, and the Linsley and Watson result

cannot be eliminated.

6.2 The Anisotropy

Measurements of the anisotropy in the medium energy
flux are in good agreement especially in phase with the
compilation of Linsley and Watson (1977), although the
accurate determination of the amplitude 1is hampered by

relatively lLow statistics. This is rather interesting since
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that compilation was dominated by experiments viewing the
Northern sky. The only comparable experiment, the wearly
counting rate experiments of Farley and Storey (1954, 1957)
also show agreement with these data although the rapid phase
change from maximum at about 19.00 hours RA to about 10.00
hours RA at energy near 1016 ev is not so obvious. The

significance of these observations is indicated by the comment
of Linsley (PolLock 1978) mentioned earlier with good phase

agreement but relatively poor amplitude agreement.

Mass composition and the detailed shape of the energy

spectrum in this region are important for information on the

origin of these particles. The feature of the spectrum, the
'knee' or 'bump' near 3%¥1075 ev has had a number of

interpretations (which were discussed in Chapter 1) ranging
from rigidity dependent leakage of primary particltes from a
leaky box model (Peters 1961) to the injection of a second
component from pulsars (Karakula et al 1974) into the

spectrum.

Both models have difficulties, an important one in the
leaky box model being the primary mass change from heavy to
Light discussed in the previous section. This change is the
reverse of that expected for Leakage unless the proton leakage
occurs at lower energies than expected (due to a weaker
galactic magnetic- field). If this was the <case, a second
proton component, perhaps extragalactic, would have to become
important at just above 1016 ev. Evidence from the

increasing anisotropy with energy (Lloyd-Evans 1982) however,
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indicates that this is not Llikely until above 1017 eV.

Similarly, the general shape of the spectrum including
a pulsar component is in agreement with that expected from
conventional shower development models with proton primaries.
However, if the depth of maximum data does indicate a change
in the mass composition with the iron component being produced
by pulsars , the peak of the 'bump' is moved upwards in energy
from about 3%1013 ey by a factor of about 34 (see equation
1.1). This result obviously presents problems, the only
obvious solution being that the Ostriker and Gunn (1969)

mechanism is incorrect.

The change in mass composition at the 'knee' which has
been proposed is attractive from the point of view of the
anisotropy measurements, since the <change in the phase of
maximum could then be explained by the change in the radius of
gyration of the primary particles in the galactic magnetic
field if the primary sources remain the same. Also, 1if the
mass change is in the direction indicated, the radius of
gyration of the particles (from equation 5.1) would be rapidly
increasing in the transition region, suggesting a vrapid
jncrease in the amplitude of the anisotropy. This increase is
q%@fe compatible with the empirical 1increase (as g0.5)

suggested by Linsley and Watson (1977).

Although no clear information on the origin of the
particles in this energy interval 1is available from the

anisotropy data, the apparent steady increase in the amplitude
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indicated by the compilation of these data argue in favour of

a galactic origin.

6.3 Conclusions

At the present time, the least well defined part of
the cosmic ray spectrum is the energy region between 1015 ey
and 1017 ev (ignoring the Low statistics above 1019  ev).
Although it is clear that rapid changes of some description
take place, it cannot yet be determined whether or not these
are changes in the ©primary composition or nuclear physics
occurring at these energies, or both. It 1is most important
then, that the question of <composition near the spectral

"knee' be resolved.

The measurements of the anisotropy presented here
indicate that the flux from the Southern sky is <changing
rapidly din direction as well as in isotropy. For
clarification, the statistics should be extended to reduce the
noise level to the region of 0.1% requiring of the order of
4%100 events. At the present rate of data collection this
is impractical for the Buckland Park array. However in
combination with other arrays, statistics approaching these
might be achievable. As well as the rough structure given by
harmonic analysis, some finer details might then be

accessible.

In combination with detailed magnetic field
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information and a reliable energy spectrum, it may then be

possible to determine the origin of these obscure particles.



APPENDIX 1

Shower Arrival Direction Analysis

Given fast timing detector Locations at ry

,Y;) and relative arrival times of the shower front at
the detectors of t., the shower axis is defined by the
direction cosines (lL,m,n) <(or arrival directions @ (zenith
angle) and ¢ (azimuth angle)). Assuming a plane shower front
and horizontal array (z-coordinate is zero), since the shower

travels at the speed of light, ¢, then:

Celo=loxgmay,

The direction cosines are then determined by minimizing the

least squares fit:

z(ct-Lx-m‘)')2
i.e. ds/yt=2. f(c timlaxsmmay ) ox;

aS/am—z.i{(c.ti—L_x_i-m.yi)_y_i

=0 for S=minimum.
therefore c.i_t1.x -L. i(x y2-m. ix1-Y]_O
;

and c.Z seyi-L. ix1.y1 m.Y_(y1)2 =0
]

for the symmetrical fast timing array:

hence i_ P /i(x )2
5
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. 2
m C-flti.yi/frcy,-)

n=(1-12-02)0.5

The shower arrival directions are then given by:

© =arccos(n)

@ =900-arctan(l/m



APPENDIX 2

Core Location and Shower Size Analysis

Given density detector locations at r; (xi'yi)

and measured densitiesﬁ)i, jt is required to determine the

shower parameters, Ne (the shower size), and (x,y) the core

location using the Llateral distribution function:
fb(r)=a-Ne.exp(—r/r0)/r

where o and a are constants. This can be rewritten as:

f>(r)=A.exp(-r')/r'

where r"=r/r*0

The problem is solved by least squares minimization of:

R=Z_“i.(,°.i-A.exp(-r1-')/r‘.i')z

\

where w. the weight is set to 1/pj. The core location

is first chosen by a weighted mean of the densities i.e.:

x=zi-x1'-Pi/i{{"1'
’=$T’1-P1/);.Pi

Minimizing R, dR/dA=0, hence:
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A=Z(“1.Pi.exp(-ri')/r.-")/z wi.(exp(-r‘i')/r*1-)'2
i

The shower size, N , is then determined from A by the

normalization of the lLateral distribution function:

AN 7 00
Ne=$ [p(r).r.dr.d
o

o

This evaluates the shower size, Ne for core LlLocation
(x,y). The final analysis is completed by minimizing R as a
function of the core Location, that is, the gradient of the 'R

surface' is calculated and the core Location moved 1in the

direction of the minimum with gradually reducing step sizes.



APPENDIX 3

Harmonic Analysis (see Chapman and Bartels 1940, Linsley

1975a,b)

For a series of measurements resulting in N equal

amplitudes with phases ¢1’ ¢2’___.__¢N’ the mth
Fourier harmonic is characterized by an amplitude r and phase O

given by:

r=(a%+p2)0.5 | O =arctan(b/a)

where a=(2/N). icos(m(ﬁi) , b:(z/N)_i sin(m¢_.l)
\ \

with © found in the appropriate quadrant, i.e.

if a,b>0 ©in 15t quadrant
a<0,b>0 2nd quadrant
a,b<0 3rd gquadrant
a>0,b<0 4th guadrant

If N>>0 and the phases ¢1- are randomly distributed

between 0 and 2%, the probability of obtaining an amplitude
between R and R+dR and phase between ® and @+d@ is given by:

Ww(R,0)dRdO=(NR/4T) .exp(-NR%/4)dRA®

hence the probability of obtaining an amplitude greater than

or equal to R is:
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N(>=R)=exp(—NR2/4)=exp(-k0)

The probability distributions for R and ® approach

Gaussian for N large enough with widths:
T =2/ 0-3 T =(2kg)0-3=T g

The RMS amplitude due to noise fluctuations may be

defined for k=1 as (Edge et al 1978):

= 0.5
TrRMs=2/N

Harmonic analysis of the <cosmic ray flux data was

carried out by sorting the data into h bins each <containing

Ny events with an exposure time t;. The components a and

b were then defined by:

a=((2/h). 7_:.(n1-/t1->.cos(m¢,-)>/<r>
b=((2/h). ii(n.i/ti).sin(m §)/<r>

where <r>=<ni/ti>
r and ® are then defined as before.

If the exposure times are non-uniform, the probability
contours in the a, b plane are elliptical compared with the
circular symmetry for even exposure. The probability is still

defined as before, however k0 is modified but may be

approximated by (Pollock 1978):
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kg=r.(a®+b%)/4.<n 2/t 2>

If r = s + x where r is the measured vector, s is the

true vector and x is the Rayleigh fluctuation, then if k0>>1

X is unimportant, however as k0_91 r tends to overestimate s

and for k0>=1.5, <s> may be approximated by (Linsley 1975a):

<s>=r.(1-1/(2k;y)0-3

0’

below which point the approximation begins to break down due
to a tendancy for r to underestimate S. Figure A.1 drawn from
Linsley (1975a) shows confidence Llimits and expectancy for
s/r. The best estimate of © is the observed phase. The 95%

error in © is also shown in A.1 as a function of kD'
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Figure A.1 The best estimate and confidence limits for the
ratio of genuine to measured amplitudes. A®is
the 95% confidence level for the phase . This
diagram comes from the data of Linsley (1975a)
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