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Summary

As the study of cosmic rays enters its ninth decade of investigation, several facets of
this field, most notably the origin of these high cnergy particles, remain at least partially
unresolved. Investigations into the arrival directions of these particles (and also of
Ultra-High-Energy (U.H.E.) y-rays) provide one line of investigation through which
these problems may be resolved, or at least limited to some extent. Unfortunately,
the arrival directions of charged cosmic ray particles are effectively randomised by the

galactic magnetic field producing an almost isotropic flux of primary cosmic rays.

This thesis presents the results of an investigation into the anisotropy of the arrival
directions of cosmic rays of energies between 3x10'eV and 10'7eV, recorded by the
Buckland Park Extensive Air Shower Array at a latitude of 35°S, over the period June
1984 to May 1989. In addition to this work, the Buckland Park Array was also upgraded

by the author to improve the array performance for future anisotropy investigations.

The introductory chapters of this thesis briefly review the history of cosmic ray re-
search and the current status of investigations into the various properties of the primary
cosmic ray flux, followed by a more detailed discussion of the initiation, development,
and detection of Extensive Air Showers, which are the avenue through which these high

energy cosmic rays are indirectly detected.

Chapter 3 describes in detail the instrument used in this investigation, the Buckland
Park Extensive Air Shower Array. The components of this array, together with the
development, data collection and analysis for the period 1984 to 1989 are discussed,
with particular emphasis on the analysis carried out by the author on data collected over
this period in fitting shower parameters to cach event. The design and implementation
of modifications to the array carried out during 1989 and 1990 by the author are then
described and preliminary results of the modified array behaviour are presented which

were found to be in line with both computer simulated results and design specifications.



The history of, and analysis techniques commonly employed in investigations of the
anisotropy of the primary cosmic ray flux are reviewed in detail in Chapter 4. Following
this, the results of the analysis of the 1984 to 1989 data set for anisotropy in the
primary cosmic ray flux are presented in Chapter 5, including a detailed discussion of
the techniques employed in attempting to remove external effects from the data. After
identifying and removing a portion of data found to be severely contaminated with an
apparently artificial effect of unknown origin, which could not be effectively removed
from these data, no significant anisotropy amplitudes were found in the remaining
data, and appropriate upper limits, consistent with previous determined results were
calculated over the energy range 3x10MeV to 107eV. In addition to these results,

: : : . :
remarkable agreement of first harmonic phases with prev1ous)ﬂresults was found, which

1s surprising in the absence of any significant amplitude measurements.

In recent years, U.H.E. y-ray astronomy has become a major part of cosmic ray
research, and in Chapter 6, the results of recent searches using data collected by the
author over the period March 1988 to May 1989 for U.H.E. ~-rays from several sources
including SN1987A are presented, as part of the on-going U.H.E. «-ray program at
Buckland Park.

The concluding chapter summarises the results presented in this thesis, and makes

suggestions for future work.

Vi
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A Note from the Author

In such a wide ranging project as this, involving a field station which has been
developed over many years, it is necessary to clarify the contributions made by the
author.

The author was primarily responsible for:

(1) The complete analysis of the data collected from June 1984 to November 1990,
as discussed in Chapter 3.

(2) Full maintenance (data collection, detector upkeep and repairs, calibration etc.)
of the Buckland Park Extensive Air Shower Array from February 1988 to November
1990.

(3) The design and implementation (including full installation) of the array im-
provements for anisotropy work, as described in Chapter 3.

(4) The analysis of the 1978-1981 and 1984-1989 data sets for evidence of anisotropy
in the primary cosmic ray flux in the energy range 3x10'eV to 10'7¢V, as discussed
in Chapter 5.

(5) Searches for evidence of the emission of Ultra-High-Energy «-rays from several

southern hemisphere sources in the post-February 1988 data, as described in Chapter 6.



Abbreviations

The following abbreviations, nomenclature and assumptions have been adopted in
this thesis:
E.A.S. (Extensive Air Shower)

v-ray (Gamma-Ray)

In addition, the labelling of y-ray energies will be that suggested by Weekes (1988),
namely:

High Energy (H.E.) (3 x 107eV-10'%V)

Very High Energy (V.H.E.) (101%V-10"eV)

Ultra High Energy (U.H.E.) (10"eV-10"eV)

Extremely High Energy (E.H.E.) (10"7eV-10%V)

S.I. units and their abbreviations are generally used, including the following abbre-
viations for energy in terms of electron volts (eV):
MeV (x10%V); GeV (x10%V); TeV (x10'%eV);
PeV (x10%%eV); EeV (x10'%eV).

Except where it is explicitly defined to be different, the primary cosmic ray flux

will be assumed to refer to both particles and photons.
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Chapter 1

Cosmic Rays

1.1 Introduction

Cosmic Rays are high energy particles (and photons) of extra-terrestrial origin. They
contribute  almost one third of the energy density of the inter-stellar medium (equiv-
alent to that of starlight) and are therefore of great astrophysical significance. Apart
from astrophysics, the study of cosmic rays has also contributed to advances in ele-
mentary particle physics, and they are currently the only source of the highest energy
particles (> 10'5eV) available to man. However, even after more than three quarters of
a century of investigation, many properties of the cosmic ray flux remain unresolved:
in particular their origin, acceleration and composition.

Recently, exciting developments in Ultra-High-Energy (U.H.E.) 4-ray astronomy
have provided new insights into the origin and acceleration of high energy cosmic rays.
In spite of this progress, there remains much work to be done.

In this chapter, a brief history of cosmic ray research is given, followed by a review

of the current knowledge of the cosmic ray flux and its properties.



1.2 History of Cosmic Ray Research

The discovery of cosmic rays can be traced back to the turn of the century, when it
was observed that electroscopes suffered from a gradual charge leakage (Wilson 1901 !
It was initially believed that weak radiation from nearby objects was responsible for
this effect.

However, in a series of balloon flights in 1912, Victor Hess investigated the varia-
tion with altitude of this radiation, and found that after an initial decrease up to an
altitude of ~ 700m, ionisation increased rapidly with height. His conclusion was that
this radiation had an extra-terrestrial origin (Hess 1912), for which the term ‘cosmic
radiation’ was coined by Millikan in 1926.

At the time, three types of ionising radiation were known, namely o —, - and
v-radiation. Due to their energetic and highly penetrating nature, cosmic rays were
believed to be gamma-rays.

Clay (1927) investigated the variation of the cosmic radiation with latitude, and
found a 16% decrease in intensity from a latitude of 46°N to the equator. Compton
(1932) found a similar result in the southern hemisphere. These measurements sug-
gested that cosmic rays were not gamma-rays, but charged particles being deflected by
the Earth’s magnetic field. Further observations (Johnson 1933; Alvarez and Compton
1933) showed an excess in cosmic rays from the west of the zenith, suggesting that the
majority of the particles were positively charged.

Cloud chambers were then employed in more detailed studies of this radiation. Sko-
belzyn (1929) showed that these particles appeared in individual swarms (showers),
Anderson (1933) showed that these showers contained both electrons and positrons,
and Rossi (1933) confirmed the existence of these showers, by observing coincidences
between three non-collinear Geiger-Muller counters, using micro-second timing resolu-
tion.

By observing coincidences between widely-spaced detectors, Auger cf al. (1938)

determined these showers to have lateral extents of up to ~ 300m. Such showers are



known as Extensive Air Showers (E.A.S.). They indicated the existence of primary
cosmic ray particles of energies of ~ 10'¢V, much greater than had been considered
possible. (Later observations of giant E.A.S. extended the energy spectrum past 102%e¢V
— Linsley 1963)

During the following twenty years, it was shown that E.A.S. consisted not only
of electrons and protons, but also positrons, gamma-rays, and neutrinos, as well as
the more exotic k-mesons, A-particles, and nucleons remaining from the primary par-
ticle. This research resulted in the discovery of many new particles, and lef{d to the
birth of elementary particle physics, which now carries out its research under the more
controlled conditions of giant particle accelerators.

Through the use of improved technology (such as nuclear photographic emulsions),
protons were identified in the primary cosmic radiation (Powell et al. 1959), as were
gamma-rays (Kraushaar et al. 1968), heavier primaries, positrons and electrons (Giac-
coni et al. 1962), and nuclei heavier than iron (including transuranic elements) (Fowler
et al. 1967).

Investigations into the energy spectrum and composition of primary cosmic rays
have resulted in many exciting discoveries which have proved very useful to many

disciplines. In the following section, the current status of these areas will be reviewed.

1.3 Properties of the Cosmic Ray Flux

The most fundamental measurements that may be made of the primary cosmic ray
flux are those of the primary particle energy (the energy spectrum), the types of parti-
cles constituting the cosmic ray flux (the mass composition), and the observed arrival
directions of these particles (the (an)isotropy). Below ~ 10%¢V, cosmic rays may be
detected directly using balloon-borne or satellite detectors, but above these energies,
only inferences can be made from the detection of I5.A S, (sce Chapter 2). As a result,
various properties in the low energy range are well determined (c.g. below ~ 10MeV,

the differential energy spectrum follows a negative power law with exponent —2.7, and



the mass composition is dominated by a predominantly light composition), while at
higher energies, these properties are less well-defined.

The current status of energy spectrum and mass composition measurements of the
primary cosmic ray flux will be briefly reviewed. The anisotropy of the primary cosmic

ray flux will be discussed in some detail in Chapter 4.

1.3.1 Energy Spectrum

The energy spectrum of cosmic rays in its integral form (number (>E) m~2 s sr71)
is shown in Fig 1.1. This property of the cosmic ray flux has been extensively studied,
and is known to within +20% in the energy range 10'eV — 10'%eV, with the exception
of the region around ~ 3 x 10'%eV, where there is a large deviation in the spectrum,
commonly known as the ‘knee’ of the spectrum. Another deviation is believed to occur
at energies above ~ 10'”eV and is known as the ‘ankle’ of the spectrum.

In the lower energy range (10'2eV — 10'eV), the spectrum is most accurately known.
This is a result of the relatively large particle flux at these energies, allowing direct
measurements by balloon-borne or satellite detectors. In this region the energy /nucleus
spectrum follows a power law with a differential slope of ~ —2.7 (differential flux
expressed in terms of number m=2 s~ sr~! eV™1).

In the medium energy range, (10"eV ~ 10'7¢V), spectrum measurements are based
upon the detection of I5.A.S. (see Chapters 2 & 3 for details) These measurements suffer
from fluctuations in shower development and biases are introduced into the data as a
result of the preferential detection of downward fluctuating (later developing) showers.
This effect is most severe for proton-initiated showers (Clay 1985). This bias needs to
be taken into account when deriving the energy spectrum from the observed shower
size spectrum (see e.g. Nagano el al. 1984). Despite these uncertainties, the ‘knee’ of
the energy spectrum is a well-established feature of the spectrum.

Around an energy of ~ 3-5 x 10"eV, the differential energy spectrum steepens,
changing slope from ~ —2.55 to ~ —3. This ‘knee’ could be a source effect, a prop-

agation effect, result from changes in hadronic interactions at these energies, or be a
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Figure 1.1: The primary cosmic ray flux (all particle) as measured at the top of the
atmosphere, presented as an integral energy spectrum. The stippled regions 1ndi-
cate experimental uncertainties. The maximum attainable energies after present and
future particle accelerators are also indicated (from Jones 1985).



combination of some or all of these effects.

An carly explanation of the ‘knee’ was that of the ‘leaky-box’ model (Peters 1961).
This model takes into account rigidity-dependent leakage from a local confinement
region. Magnetic rigidity, R, is defined as

pc

=

(1.1)

N
o

where p = momentum

¢ = velocity of light

Ze = charge on the nucleus (Z = atomic number)
and is expressed in terms of Gigavolts (GV). Assuming the local confinement region to
be the galactic magnetic field, cosmic rays spiral along these field lines with a radius
of gyration, rj, (known as the Larmor radius — see 4.2.3), which is proportional to the
rigidity.

The radius of gyration increases proportionally with R until rj, is greater than the
size of the confinement region, and the particle escapes. Assuming a rigidity depen-
dence for the ‘knee’, each elemental species in the primary cosmic ray flux would be
expected to produce its own ‘knee’, progressing from a proton-induced ‘knee’ through
to an iron ‘knee’ at an energy 26 times that of the proton ‘knee’, as demonstrated in
Iig 1.2(a). Such a step-wise leakage is not observed in practice (see 1.3.2 for a dis-
cussion of the relationship of the ‘knee’ to the composition of the primary cosmic ray
flux).

An alternative explanation for the ‘knee’, suggested by Karakula et al. (1974), pro-
poses the dominance of particles accelerated by pulsars. Barly models (e.g. Gunn and
Ostriker 1969) proposed that pulsars may be able to accelerate particles up to energies
~ 10'%V. BExtrapolating the predicted power law with differential index ~ —2.5 to
energies above 10'eV, leads to the postulation that particles accelerated by pulsars
may dominate in the region of the ‘knee’ (Strong et al. 1974) (sce Iig 1.2(h)).

The discovery of U.H.E. y-ray emission from X-ray binary sources (e.g. Samorski

and Stamm 1983a; Protheroe et al. 1984) at energies up to ~ 10'%V, implies the
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acceleration of particles by these objects to energies up to at least ~ 10'7eV. Protheroe
(1984a) has suggested a mechanism based upon photo-pion production in which a sharp
energy absorption threshold results for a fixed source temperature. Such a feature has
been observed from the y-ray source Cygnus X-3 (Lambert el al. 1985). The production
of the ‘knee’ by a break in the primary spectrum requires a sharp break (e.g. a change
in the spectral index of ~ 1.5 — Clay 1988) in order to maintain consistency with both
measured size spectra and E.A.S. fluctuations. The absorption feature suggested by
Protheroe (1984a) could produce such a break.

In the high energy region (10'eV - 10%¢V), the energy spectrum is essentially
featureless. There is good agreement between the results of a number of groups (e.g.
Akeno (Teshima et al. 1990), Haverah Park (Lawrence et al. 1990b), and Fly’s Eye
(Cassiday et al. 1990c)), and the spectrum is characterised by a differential slope of
—3.0 (Kifune 1990).

The region of the energy spectrum above 10%¢V is of particular interest as it is
the home of the ‘ankle’ of the energy spectrum, and any cut-off in this region has
implications for both the origin and propagation of these U.H.E. cosmic rays. |

Following the discovery of the 2.7K microwave background by Penzias and Wilson
(1965), it was postulated (Greisen 1966; Zatsepin and Kuz'min 1966) that as a re-
sult of photo-pion production from interactions of these U.HL.E. cosmic rays with the
background radiation field, the primary cosmic ray flux would be severely attenuated
above energies ~ 5x10"eV, with the effect being most pronounced at ~ 102V, if the
sources of these particles were at distances of the order of tens of Mpc or greater.

Early reports of the steepening of the spectrum above ~ 4x10"eV (Krasilnikov
et al. 1983) have not been confirmed by other experiments. A claimed cut-off at an
energy just below ~ 10%eV (Baltrusaitis et al. 1985b) requires further accumulation
of data before the existence and energy of such a cut-off can be established (Kifune
1990). Currently no cut-off in the energy spectrum is observed below ~ 102%V.

In addition, a number of groups (e.g. Fly’s Eye (Baltrusaitis et al. 1988), Akeno

(Teshima et al. 1990), and Haverah Park (Lawrence et al. 1990b)) have claimed that the



energy spectrum is somewhat flatter above ~ 2x10%e¢V (differential index of ~ —2.4
— Baltrusaitis et al. 1988), producing the ‘ankle’ in the energy spectrum. This feature
may be the result of a flatter spectrum of the extra-galactic cosmic ray flux (e.g. Shapiro
and Silberberg 1983). Alternatively, a propagation effect of these extra-galactic cosmic
rays may explain the ‘ankle’.

ill and Schramm (1985) investigated the effect of the 2.7K microwave background
on the U.HLE. cosmic ray spectrum as a result of large-scale propagation. The dominant
effects were found to be photo-pion production, pair production (v — ete™), and the
red-shifting of energy. These effects result in a spectral enhancement at ~ 6x10'%V
from the pile-up of energy degraded nucleons, preceded by a ‘dip’ at ~ 10*%eV produced
by the combined effects of a pile-up and pair production (Hill and Schramm 1985).
Haverah Park data were used to support this claim. Subsequent calculations (Hill
et al. 1986), based upon Fly’s Eye data suggest that the flattening in the spectrum
above ~ 10'eV can be interpreted as the recoil proton pile-up of the ~ £~ spectrum,
and therefore these U.H.E. cosmic rays (>10"eV) are of extra-galactic origin, having

traversed a distance of at least several interaction lengths (~ 20 Mpc).

1.3.2 Composition

The relative abundances of elements (and their isotopes) in the cosmic ray flux provide
useful information on the both the origin and propagation history of the cosmic ray
flux.

The mass composition of the cosmic ray flux below energies of ~ 10'3¢V /nucleon
has been well determined through direct measurements. The standard low energy
composition appears in Fig 1.3 where a comparison with solar system abundances has
been made for elements with charges 7 < 28 (nickel). The mass composition at these
energies has been found to extend to elements with charges 7 > 90 present, but the
abundances of elements with Z > 30 is ~ 10~* that of iron (Fowler et al. 1987).

Fig 1.3 demonstrates the overall agreement of the relative abundances of the pri-

mary cosmic ray flux with solar system abundances apart from two notable exceptions.
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Firstly, there is an underabundance of hydrogen and helium, and this is discussed by
Meyer (1985). Secondly, there is an overabundance of the light elements Li, Be, B as
well as in some of the transition elements just below Fe, namely Sc, Ti, V, Cr, and Mn,
relative to solar system abundances. It is widely agreed that this relative overabun-
dance is the result of the spallation of certain primary cosmic ray nuclei (C, N, O, and
Ie) as a result of interactions with the inter-stellar medium. The ratio of secondary
to primary nuclei has been found to be energy dependent above ~ 2 x 10°¢V /nucleon,
decreasing with increasing energy (see Simpson 1983 for a discussion). This energy
dependence supports the models in which cosmic ray acceleration occurs prior to prop-
agation through the inter-stellar medium, as opposed to acceleration within the inter-
stellar medium.

These secondary nuclei may be used to probe the inter-stellar medium, and their
relative abundances used to  estimate the amount of matter traversed between their

acceleration and detection. One estimate of the matter path length, A, which is found
to decrease with energy (and hence rigidity) is given by
A=74+0.7 gcm™? 3<R<b55GVY
A = (22 £ 2)R~0-60:0.04 gy —2 R >55GV
(Engelman et al. 1985)
This path length is equivalent to the escape length, ., of leaky box models of cosmic
ray propagation, and the energy dependence may be interpreted in terms of a rigidity

dependent leakage from the Galaxy (or from a smaller confinement volume such as the

local super-bubble — Streitmatter et al. 1983).

Knowledge of this matter path length enables spallation effects to be removed and
the derivation of a source mass spectrum (sce e.g. Meyer 1985). Any energy depen-
dence in this mass composition may have significant implications (e.g. the results of
Grunsfield et al. (1988, 1990) suggest that at energies up to ~ 10*eV, iron becomes
steadily more abundant — this is particularly important if this trend continues to
higher energies).

In addition, models of the fractionation of elemental abundances may be compared



with those derived from measurements. It has been noted by Binns et al. (1984), that
there is a significant source fractionation, ordered by the first ionisation potential of
the elements. This is demonstrated in Iig 1.4, where those elements with high first
ionisation potentials are depleted relative to those with low first ionisation potentials,
when compared with local galactic abundances. A similar trend exists for energetic
solar particles, a result which has important implications for models of cosmic ray
acceleration and propagation.

Time-scales for cosmic ray propagation may also be estimated from mass compo-
sitions, due to the presence of radio-active isotopes within the cosmic ray flux. In
particular, the '®Be isotope possesses a half-life of ~ 1.5 x 107 years, and comparison
with the stable Be isotope leads to a lower limit of 1-2x107 years (Simpson 1983).
This age is essentially equivalent to the confinement time of the leaky box models.

At higher energies, the composition of the primary cosmic ray flux is amongst its
least well-defined properties. Compositional information must be inferred from E.A.S.
measurements and relies heavily upon models of E.A.S. development.

In particular, the composition in the regime of the ‘%knee’ in the energy spec-
trum is subject to considerable debate. Leaky box models suggest a rigidity depen-
dent escape of cosmic rays from the Galaxy. This would lead to a proton ‘knee’ at
E ~ 2 x 10"eV, with a subsequent dominance of heavier nuclei up to an iron ‘knee’ at
E ~ 5 x 10"eV. However, no early ‘knee’ is observed at these energies. Hillas (Wat-
son 1985) has suggested that the best fit to shower size data corresponds to an iron
‘knee’ at E ~ 2 x 10'%eV, and a proton ‘knee’ at E ~ 5 x 10'%V. If this proton ‘knee’
resulted from rigidity dependent leakage, the iron ‘knee’ must result from a different
mechanism, perhaps intrinsic to the source.

" of the energy spectrum, the overall picture of high energy

Aside from the ‘knee
cosmic ray composition is far from clear. Compositions inferred from measurements of
muons in air showers (Yodh et al. 1984), and air Cerenkov studies of I5.A.S. (Dawson

et al. 1985) suggest a heavy-nuclei composition at ~ 10*®e¢V — 10'%V. This is consis-
I

tent (Dawson 1990) with the results obtained based upon the measurements of the
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elongation rate of E.A.S. (e.g. Thornton and Clay 1979) which also suggest that the
composition of cosmic rays above ~ 3 x 10'%eV is purely protons (Linsley and Watson
1981), but is in contradiction to those based upon muon multiplicities suggesting a
proton-dominated composition in the energy range ~ 3 x 10'3eV — 3 x 10'%eV (Cebula
et al. 1990). Bimodal mass spectra consisting of 30%-40% iron, and 70%-60% pro-
tons have also been deduced from measurements of Cerenkov light pulses in the energy
range 10'7eV - 10'%¢V (Chantler et al. 1982), and investigations of muon-rich events
leads to a varying heavy-nuclei fraction of ~ 10% at 10'°eV to ~ 3% at 107eV (Kifune
et al. 1986a). Iinally, muon-to-electron ratios have been used to indicate a constant
mass composition over the range 10'%V — 10"%¢V (Armitage et al. 1987). It is only
at energies above 10'®eV where there is general agreement on a predominantly light
composition in the primary cosmic ray flux (e.g. 90 + 10% protons at ~ 5x 108V —
Doronina et al. 1990).

It is obvious that a far more consistent picture of high energy cosmic ray composition
is desirable, especially in the light of the dependence of interpretations of the energy

spectrum, acceleration and propagation mechanisms, and anisotropies on composition.

1.4 The Acceleration of Cosmic Rays

The acceleration of cosmic rays to their observed energies involves some of the highest
energy processes ever conceived and is at the forefront of both nuclear and particle
physics. Attempts to model these processes, based upon mechanisms with sufficient
energy output, and capable of reproducing the observed properties of the cosmic ray
flux (see 1.3) date back to the carliest model of Fermi (1949). In this model, cosmic
ray particles gain energy through successive collisions with clouds moving randomly
within the inter-stellar medium. This mechanism is known as second-order Fermi ac-
celeration (as AE oc v?) and produces a power law spectrum.  An alternative model
(Colgate and Johnson 1960) proposed the acceleration of cosmic ray particles by su-

pernova explosions. This mechanism provided an explanation of the overall cosmic ray
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spectrum.

Current models of cosmic ray acceleration are based upon diffusive shock waves
present in supernova remnants. These models combine features of both of the previous
models (see c.g. Axford 1981). The acceleration mechanism involved, known as first-
order Fermi acceleration (as AL o v), is based upon the acceleration of particles as
a result of their continual scattering across a shock-front, where the scattering centre
possesses a non-random bulk motion (such as the boundary of the local super-bubble
— Streitmatter et al. 1983).

This mechanism is considered to be the most likely accelerator of the majority
of cosmic rays below energies of ~ 10eV — 10%¢V (Ellison 1990). Evidence for
such an origin of these cosmic rays include energetics, the fact that the kinetic energy
In supernovae ejecta is sufficient to provide the necessary power (assuming a 10%
efficiency), the actual acceleration mechanism involved (first-order Fermi acceleration),
which can give the proper spectrum, efficiency, and composition, and which has been
observed to be working at heliospheric shocks (e.g. Ellison and Mébius 1987), as well as
observations of external galaxies , which appear to show a correlation between cosmic
ray production (deduced from synchrotron radiation observations) and the supernova
rate (e.g. Duric and Slane 1990; Volk 1990; Volk et al. 1990).

A breakdown in supernova shock wave acceleration is expected to result in a max-
imum possible energy ~ 10'eV - 10'%eV /nucleon (Lagage and Cesarsky 1983). This
upper limit may be extended by invoking shock waves associated with the supersonic
stellar winds of bright /young stars (Cassé and Paul 1980) to the region of the ‘knee’.
Mechanisms involving pulsars are also considered to be candidates at these energies
(see e.g. Nagle et al. 1988 for a review).

Above the ‘knee’ of the energy spectrum, alternative acceleration mechanisms are
necessary. Many Lllcorc‘ti(:a,l problems remain in this region (Ellison 1990), but amongst
those considered as plausible candidates are models mvolving accretion-related accel-
eration associated with neutron stars and the more exotic black holes (Fichtel and

Linsley 1986). The observations of U.H.E. y-rays from X-ray binary systems such as
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Cygnus X-3 suggests that acceleration to energies >10'%eV may be associated with
these systems (see 1.3.1; 1.5.2; Nagle et al. 1988).

At energies above ~ 3 x 10'7eV ~ 10'®eV /nucleon, it is generally considered that
only extra-galactic mechanisms are capable of contributing to the cosmic ray flux
(Wdowczyk and Wolfendale 1989). Sorrel (1987) dismissed statistical, Fermi-like mech-
anisms in this energy range in favour of direct acceleration mechanisms, based upon the
electric dynamo model of Lovelace (1976), assuming suitable conditions exist within
the gaseous halos of spiral galaxies in e.g. the Virgo supercluster. Another alternative
involves acceleration across extra-galactic shocks associated with strong radio sources
(Axford 1987). These extra-galactic models ultimately depend upon the accretion of

matter onto massive black holes to provide the necessary energy.

1.5 Gamma-Ray Astronomy

Gamma-ray astronomy and cosmic rays have a strong historical link, dating back to
the initial mistaken identification of the cosmic radiation as consisting of y-rays (see
1.2). In more recent times, the relationship between «-rays and cosmic rays has become
well established. +-rays owe their origin to cosmic rays, as they are produced when
cosmic ray particles interact with the inter-stellar medium or with radiation fields.
Due to their uncharged nature, which allows ~-rays to propagate directly from their
production region, and the relative transparency of the inter-stellar medium to y-rays,
observations of «-rays provide direct information on regions of high energy activity
(such as X-ray binary systems, supernovae, pulsars etc.) including those responsible
for the acceleration of cosmic rays, which are otherwise largely unobservable.
Following is a brief discussion of ~-ray astronomy, with particular emphasis on

U.H.I. y-ray astronomy, which is most relevant to the cosmic rays being considered.



1.5.1 History

Technological advances motivated by World War II opened up alternative regions of
the electromagnetic spectrum (particularly radio and X-rays) for astronomical obser-
vation, previously the exclusive domain of the optical astronomers. Radio and X-ray
observations soon revealed highly energetic processes not previously observed.

The observation of -rays was initially delayed by a number of factors, including
their low intrinsic flux relative to the cosmic ray background, an early overestimate of
the expected flux at energies of ~ 100 MeV by several orders of magnitude (Morrison
1958), and the necessity of placing detectors above the majority of the Earth’s absorb-
ing atmosphere. These problems, combined with the discovery of the unusual X-ray
source, Scorpius X-1 (Giacconi et al. 1962), left y-ray astronomy essentially in limbo
for a short period, whilst efforts were concentrated on X-ray astronomy.

High energy v-rays (~MeV) were finally observed by a v-ray detector aboard the
Explorer II satellite (Kraushaar et al. 1965). Many satellite and balloon-borne detec-
tors followed. The majority of results in this energy range to date have come from the
SAS-II (e.g. Hartman et al. 1979) and COS-B (e.g. Swanenburg et al. 1981) satellites.
These y-rays were observed to originate from point sources and the galactic plane, as
well as a small diffuse component assumed to be of extra-galactic origin. The up-coming
Gamma Ray Observatory (G.R.0.) (see e.g. Schonfelder 1990) with its increased res-
olution and energy range promises further progress in exploring and identifying high
energy 7y-ray sources.

At V.H.E. energies and above, indirect techniques are necessary in the detection of
7-rays, due to the inability of satellite detectors to accurately measure the small flux
present within a reasonable time-scale. The atmospheric Cerenkov technique has been
successfully applied at V.H.E. energies in searches for y-rays from astrophysical sources
(see e.g. Weekes 1988 for a description of this technique and a general review of V..
y-ray astronomy). These sources include Centaurus A, Cygnus X-3, Hercules X-1 and

the Crab Nebula (see e.g. Protheroe 1987a; Fegan 1990 for recent reviews).
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1.5.2 Ultra-High-Energy Gamma-Ray Astronomy

The observation of U.H.E. y-rays relies essentially upon the detection of E.A.S. which
result from the interaction of the y-ray with an atmospheric nucleus (see Chapter 2;
Nagle et al. 1988).

The era of U.H.E. y-ray astronomy is considered to have begun with the detection
of U.H.E. y-rays from Cygnus X-3 at Kiel (Samorski and Stamm 1983a), based upon
E.A.S. data collected over the period 1976-1980. The Kiel observations consisted
of 31 events in a ~ 4° x 3° bin centred on Cygnus X-3, when 14.4 were expected,
corresponding to a 4.40 excess. This was achieved using an age cut, selecting showers
with ages greater than the median age of s = 1.1 (see 2.4). This observation was further
enhanced by the 4.8 hour (orbital period known from X-ray observations) periodicity
of the event arrival times (phase bin centred on phase 0.35, width 0.1, contained 12
events when 1.44 + 0.04 were expected). The observation was subsequently confirmed
by the analysis of data collected at Haverah Park (Lloyd-Evans et al. 1983).

Subsequently, evidence for U.H.E. y-ray emission, based upon the periodic analysis
of E.A.S. data archives, was established for a number of X-ray binary sources (e.g.
Vela X-1 (Protheroe et al. 1984), LMC X-4 (Protheroe and Clay 1985), Hercules X-1
(Baltrusaitis et al. 1985a)).

Cygnus X-3 remains the most popular U.H.E. y-ray source, due to its strong signal
strength, favourable position for mid-latitude northern hemisphere observation, and
unusual behaviour across the electromagnetic spectrum from radio waves to U.H.E.
v-rays (see Bonnet-Bidaud and Chardin 1988; Chardin and Gerbier 1989 for compre-
hensive reviews, and Ciampa et al. 1990 for a recent summary of observations). Several
arrays have been purpose-built primarily to detect U.H.E. y-rays from Cygnus X-3 and
other similar sources (e.g. the CYGNUS array, constructed around a neutrino detector
at Los Alamos — Dingus el al. 1988a).

The most puzzling aspect of the majority of the observations of U.H.E. y-rays from
Cygnus X-3 (and other sources) is the near-‘normal’ muon content of the associated

E.A.S. (see 2.5.1 for a discussion). The distance to Cygnus X-3 of ~ 10 kpc places
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severe restrictions on the nature of possible alternative primary particles. Charged
particles are excluded by the directional nature and time coherence of the signal, due
to the randomising nature of the galactic magnetic field on the paths of such parti-
cles. Excluding exotic, undiscovered particles such as photinos, gluinos etc., the most
likely candidates for consideration are the neutron and neutrino. However, the rel-
atively short half-life of the neutron (898 + 16s) requires energies >10'%e¢V to allow
time dilation to prevent decay, which effectively removes it from consideration. Fur-
thermore, the incredibly small interaction cross-section of the neutrino would require
fluxes many orders of magnitude higher than those currently considered feasible. In
addition, neutrinos would interact uniformly through the atmosphere, resulting in an
age distribution radically different to that observed by Samorski and Stamm (1983b).

This process of elimination leaves y-rays as the only (currently known) realistic
possibility. Such a conclusion has important implications for the origin of cosmic rays.
If Cygnus X-3 emitted protons of energies ~ 10'°¢V with the same efficiency as the
implied fluxes of y-rays at this energy, Wdowczyk and Wolfendale (1983a) conclude
that only ~ 30 Cygnus X-3 type sources would be required to supply the Galaxy with
cosmic rays at these energies. FFurthermore, Hillas (1984), suggests that the strength of
the observed signal from Cygnus X-3 implies a luminosity of U.H.E. particles sufficient
to supply the Galaxy with the majority of cosmic rays up to an energy ~ 10'7eV, if it
is assumed that Cygnus X-3 is a mono-energetic accelerator of 10'7eV protons. Such
observations suggest one or several discrete sources for cosmic rays, as opposed to a
galactic distribution of sources, as discussed in 1.4.

In addition, observations of U.H.E. y-rays [rom extra-galactic sources such as the
radio galaxy Centaurus A (e.g. Bird and Clay 1990a) at a distance of ~ 5 Mpc would
have further implications, as fluxes of U.H.I. y-rays at ~ 10%eV ~ 10"V are predicted
to be severely attenuated over these distances as a result of photon-photon interactions
with the 2.7K cosmic background radiation field (e.g. Protheroe 1986).

The field of U.H.E. y-ray astronomy is still in its infancy with many expectations not

yet fulfilled. As a result largely of poor statistics, the reliance of the detection of U.H. L.




v-rays from X-ray binary sources on periodic analysis and the serendipitous observation
of transient phenomena (Fegan 1990), no truly unambiguous positive results have yet
been produced. The ultimate goal of unravelling the mysteries of the sources of high
energy cosmic rays will only be achieved after many problems, such as the true nature
of the carriers of the signals being determined and the partially non-photonic signature
of associated II.A.S. are resolved, perhaps as a result of a better understanding of the

interactions of hadrons and ~-rays at these energies.

In the following chapter, the nature of the E.A.S. initiated by cosmic rays (and
v-rays) will be discussed, as this is the avenue of cosmic ray detection exploited in the

work being discussed.
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Chapter 2

Extensive Air Showers

2.1 Introduction

Above primary particle energies of ~ 10'3eV, the steepness of the primary cosmic ray
spectrum (see Fig 1.1) results in a flux too low to allow the use of direct methods of par-
ticle detection such as satellite or balloon-borne detectors. However, the interaction of
the primary particle with the atmosphere and subsequent interactions of the secondary
particles and photons produced results in a shower of particles. If the primary particle
energy is >10"eV (>10"3eV for mountain altitudes), this shower reaches ground level
with an observable number of coherent particles, and is known as an Extensive Air
Shower (E.A.S.).

These E.A.S. provide an indirect window to the highest energy radiation and parti-
cles produced in the universe. It is therefore necessary to understand the characteristics
of L.A.S. in order to study the particles/photons responsible for their production. This
requires a knowledge of the physical processes occurring in high energy interactions,
generally beyond the range of existing particle accelerators. The interpretation of
. A.S. information 1s heavily reliant upon models of these interactions and the subse-
quent propagation of these particles through the atmosphere.

In this chapter, the present understanding of E.A.S. production and development

will be discussed in terms of the three major components of an I5.A.S., namely the nu-
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clear (or hadron) component, the muon (or hard) component, and the electromagnetic
(or soft) component. The differences between cosmic ray and ~-ray initiated I3.A.S.

will also be addressed.

2.2 Nuclear Component

When a high energy cosmic ray particle impinges on the atmosphere, travelling at
effectively the speed of light, the first interaction it undergoes is between the particle
and an atmospheric atom or molecule. The particle loses ~ 50% of its energy (i.e. an
inelasticity of ~ 0.5 — Jelley et al. 1965) in this and subsequent interactions. The
nucleus itself does not gain much energy, but may lose several nucleons knocked free
by the particle. The lost particle energy is channelled into the creation of new baryons
and mesons. It is in this way that an E.A.S. is initiated.

For a proton primary particle, the interaction length for the initial interaction is
energy dependent, and may be described by

F(Te ~0.065 '
Ap =B7.2 —(IT((l)V—) gem™? (2.1)

(Dawson 1985)
This contrasts with that of an iron primary particle, which has an interaction length
essentially independent of energy, Age ~ 13 gem ™2 (Westfall et al. 1979). This greater
depth (on average) for a proton leads to greater fluctuations in shower development
and hence in the depth of shower maximum, than those experienced by an iron nucleus-
initiated E.A.S. (see 2.4 for a discussion of E.A.S. development).

The particles produced in this interaction may be separated into two momentum
regions, namely the fragmentation and central regions, the former containing the rem-
nant of the primary particle and other leading particles (the nuclear component), and
the latter corresponding to small momenta in the centre-of-mass (CM) reference frame
in which the majority of new particle production takes place.

The hadronic interactions occurring result mostly in the production of pions, with

a small percentage of kaons and other heavier hadrons also produced. Pions occur in
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three species (7,77, my+ ~ 140 MeV; 7°, mye ~ 135 MeV) which are produced in

approximately equal numbers in E.A.S. With a rest hall-life of t1 ~ 8 x 10717s, the

i
neutral pions produced (7°) rarely interact before decaying through photo-production
(i.e. 7° — v7), contributing to the electromagnetic component of the I5.A.S. (see 2.4).
Charged pions possess a significantly longer half-life (t% ~ 2.6x107%s) and may interact
or decay, depending largely upon the altitude (and corresponding atmospheric density)
of their creation. In the latter case, the relatively stable muon (p*) is produced,
contributing to the muon component of the E.A.S. (see 2.3) (i.e. 7t — pt + 7,
T~ = u~ 4 v,).

Kaons are produced at ~ 10% the rate of pion production in I5.A.S., with all
four species (KT, K=, mg+ ~ 494 MeV; K°, K, my. g ~ 497 MeV) present. The two
neutral kaon species are generally considered in terms of their charge parity eigenstates,
namely

K§ >= 2= (JK° > +[K° >), and [K, >= 25 (IK° > —[K° >)

(e.g. Eisberg and Resnick 1985)
which are differentiated in terms of their decay modes. It is assumed that half of the
neutral kaons produced will be in each of these two states. These states decay through
a number of channels to produce pions, muons, and electrons, therefore contributing
to both the muon and electromagnetic components of I.A.S. (i.e. K& — ot mom°;
K} — mor°n®, ntron ™, ntuFu,, 7teFr,). As in the case of pions, charged kaons may
interact or decay (t1 ~ 1.2x 10~%s), producing muons or pions (i.e. K* — ptw, wtn®;
K= = g~y w™7°).

In addition to pions, muons, and electrons, neutrinos (and anti-neutrinos) are also
produced in cosmic ray I5.A.S. interactions but, due to their incredibly small interaction
cross-sections, play no further role in E.A.S. development.

The production of the muon and electromagnetic components of 15.A.S., fed by
pion and muon decay from the nuclear component, are ultimately dependent upon a
number of factors, including the inelasticity of the interacting particle, the multiplicity

of the interaction (<n>, the number of particles created), and the interaction cross-
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sections (expressed in reciprocal form as the mean free path). Various models have
been proposed, involving different values for these parameters.

The earliest models of high energy cosmic ray interactions were based upon statistical-
hydrodynamical ideas (e.g. Fermi 1951). A more successful model (the C.K.P. (Coc-
coni, Koester and Perkins) + isobar model — see Feinberg 1981) explained pion pro-
duction in terms of ‘fireballs’, based upon the model of Cocconi et al. (1961).

The energies of cosmic ray particles that initiate £.A.S. are essentially beyond the
range of current (man-made) accelerators (CM energy < 1.8 TeV, corresponding to a
cosmic ray particle energy < 4x10"eV). As a result, it is necessary to invoke ‘scaling’
models, based upon the hypothesis of Feynman (1969), in order to extrapolate results
obtained by particle accelerators under controlled conditions up to the cosmic ray
particle energies being considered.

Three forms of scaling have been distinguished, namely

(i) Limiting Fragmentation (Benecke et al. 1969)

(ii) Feynman Scaling (Feynman 1969)

(iii) Radial Scaling (Yen 1974)

Limiting fragmentation applies in the limit v/S — oo (CM energy), and only to
those secondary particles with a significant fraction of the available CM momentum.
This case follows from both Feynman and radial scaling in this limit.

Ideally, scaling should hold at infinite energies. However, it is generally assumed
that achieved accelerator energies are sufficiently high to reach the limiting case, with
scaling believed to set in at energies as low as ~ 10''eV (e.g. Bgggild et al. 1971).

For the inclusive case (i.e. a two nucleon interaction, in which the products are
a hadron plus numerous unobserved particles), the Lorentz invariant cross-section is
generally expressed in terms of the CM energy F,, the transverse momentum of the

particle p;, and a dimensionless variable z, namely

Lo . .
Lo— = f(z,p, 5) (2.2)
dpr

Scaling assumes that these cross-sections are independent of the energy for a given
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value of z. An alternative interpretation of scaling is that the number of high energy
particles with fractional energies z > 0.1 produced in nucleon-nucleon interactions is
independent of the primary energy, where z is defined as below.

I Do S B
“or FFeynman scaling,

r==rp = & (23)
p

where p is the maximum possible momentum of the particle. Ior radial scaling,

2F,
3

(2.4)

r=IrRr =

These cases differ only in the central region, corresponding to relatively low energy par-
ticles, where the predictions of radial scaling are more accurate. In the limit VS — oo,

these cases produce identical results, and predict multiplicities to behave as

<n>xInk (2-5)
The early statistical model of Fermi (1951) predicts

<n>x Bt (2.6)
while other models predict multiplicities as high as

<n>x E? (2.7)

(e.g. Chantler et al. 1982)
which is the limiting case where the secondary particles share the energy equally in the
CM system.

Following the scaling hypothesis (IFeynman 1969), observations in both cosmic ray
studies (e.g. Yodh et al. 1972, Dawson et al. 1986), and accelerators (Armaldi el al.
1977) suggested that the interaction cross-sections were not constant, but increased
with energy (oc In*S), a result recently confirmed at VS = 1.8 TeV by Amos et al.
(1989) using the Fermilab Tevatron, leading to the conclusion that the inclusive cross-
section is not invariant, and therefore the application of Feynman scaling is not valid

in this context.
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For scaling to be valid at ~ 10'®eV, it has been suggested (Olejniczah et al. 1977)
that the primary mass composition of the cosmic ray beam would have to be very
different to that at lower energies. As discussed in 1.3.2, there is evidence for an
increasing dominance of iron with energy, and the extrapolation of these lower energy
data suggest that iron should dominate the composition at ~ 10®e¢V which would be
consistent with minimal scaling violation (Yodh et al. 1984). It has been shown (Hillas
1979) that models assuming both an increasing nuclear cross-section and an increasing
iron content in the primary beam with energy explain a range of IE.A.S. properties
(though not all of the observed properties) when based upon radial scaling. More recent,
work by Ren et al. (1988) using emulsion chambers suggests that the assumption of
Feynman scaling in the fragmentation region and a heavy enriched primary composition
(~ 14% protons, ~ 40% iron) is compatible with experimental results at ~ 10'°eV.

In contrast to these results, Wdowczyk and Wolfendale (1983b, 1987) suggest that
10eV E.A.S. data are consistent with a proton-dominated composition, and propose
a scale-breaking model (SBM) with similar composition to that observed at lower
energies. Wdowczyk and Wolfendale (1987) quote recent accelerator results in support
of such scaling violation. The overall situation is somewhat confused by the fact that
the observable parameters of E.A.S., from which much of this information is derived,
are more sensitive to the primary mass spectrum than to the interaction model in
question (e.g. Chantler et al. 1982). It is also confused by the use of differing Monte
Carlo models used by each group (see e.g. Holynski 1990 for a summary of these
problems). Only when the use of a standard Monte Carlo model by all groups occurs
will some of these controversies be solved (Holynski 1990).

In the case of a nucleus-initiated I.A.S. (as opposed to the proton-initiated case
considered so far), the superposition model of de Beer et al. (1966) is generally ap-
plied, in which the primary particle of energy 15, and mass number A, is considered
to behave as A individual protons, each with energy I5/A. This model does not take
into account the shielding of nucleons in the nucleus which, as a result, leads to the

overestimation of the rate of shower development and the underestimation of fluctua-
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tions in shower development (Dixon et al. 1974). This model is, however, considered
sufficient as a means for the calculation of average shower characteristics (Tomaszewski

and Wdowezyk 1975).

ondary particles produced in the fragmentation region, and from subsequent interac-
tions. Those hadrons surviving to ground level possess only a small transverse mo-
mentum, and are therefore found within a few metres of the E.A.S. ‘core’ (defined by
the trajectory of the initiating cosmic ray particle). This narrow distribution results
from the relatively large masses and energies of these particles which effectively min-
imises any Coulomb scattering (in addition to the transverse momentum of creation).
These particles comprise ~ 1% of the E.A.S. particle number at ground level, but are
nevertheless important, as they provide a continual energy flow into the muon and
electromagnetic components until ionisation and other energy loss processes begin to

dominate (see 2.4).

2.3 Muon Component

Muons are charged, sub-atomic particles (u*, m,+ ~ 106 MeV) produced in E.A.S.,
mostly as a result of the decay of charged mesons (7%, K* — see 2.2). Small contribu-
tions to the muon content of E.A.S. are also made by pair production (i.e. v — putpu™,
threshold ~ 212 MeV), and the photo-production of pions (i.e. 7 — 7*77), which sub-
sequently decay to produce low energy muons. The contribution of the latter process is
predicted to become significant for primary particle energies > 10'®eV (McComb et al.
1979).

The mean lifetime of muons in the rest frame is by~ 2.2 x 107%s (Barish-Schmidt
et al. 1976), implying that those travelling with a Lorentz factor > 20 will reach sea-
level before decaying. Less energetic muons will decay in flight, contributing to the
electromagnetic component of the E.A.S. (i.e. ut — et +v, +7,, u= — e + V. +v,).

Muons belong to the class of subatomic particles known as leptons, which do not
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interact through the strong force with other particles. They possess small interaction
cross-sections for both radiation and pair production processes. Their charged nature
results in ionisation being the dominant energy loss mechanism in traversing the atmo-
sphere (~ 2 MeV (gem™2)~! — Allan 1971). Thus, high energy muons (E > 2 GeV),
which result from the decay of pions produced early in the shower survive to sea-
level, conveying important information about the early E.A.S. particle interactions to
sea-level, revealing compositional information at energies well above those accessible
by satellite or balloon-borne detectors (see e.g. Elbert and Gaisser 1979; Elbert and
Sommers 1987).

The attenuation length of the muon component in E.A.S., Ay (~ 1000 gcm™?), is
approximately five times that of the electromagnetic component (Hara et al. 1983), as
a result of the small energy loss rate. This implies that the muon flux observed at
sea-level is essentially an integral of the muon production over the entire shower path,
containing not only information on the development of the nuclear cascade. Also,
it is affected to only a minor degree by fluctuations in shower development. This is
in contrast to the electromagnetic component (see 2.4), where sea-level particles are
the products of relatively recent, local interactions, not related to the overall E.A.S.
development, but strongly affected by fluctuations in shower development.

The lateral spread of muons measured at ground level is a result of the transverse
momentum of the parent pions and kaons, combined with the height of production.
The magnitude of the transverse momentum itself is small, but the large height of
production results in a large lateral spread with a median value of ~ 300m (Allan
1971). The sea-level lateral distribution function is much flatter than that of the

electromagnetic component (see 2.4) and is given by

(1 + k(s,o)) (2.8)

Greisen (1960)

-

PN r) e v

where k is a function of both the shower age (s) (see 2.4) and zenith angle (0) (Hara

et al. 1983).
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Muons are numerically smaller in E.A.S. than the electromagnetic component (typ-
ically ~ 10% and 90% respectively for primary energies E > 10'eV), but with an
average sea-level energy of ~ 5 GeV (median ~ 1 GeV) compared with ~ 200 MeV
(median ~ 30 MeV) for the electromagnetic component (Allan 1971), the muons in a
typical shower carry more total energy at sea-level than the electromagnetic compo-
nent.

The large penetrating power of muons compared with the electromagnetic compo-
nent of E.A.S., (leading to the description as the ‘hard’ component) requires measure-
ments to be made by particle detectors covered by a sizable thickness of dense material
in order to shield out the less-penetrating electromagnetic component. This is usually
achieved by locating the detectors underground, either burying them or locating them
in mines, utilising the overburden of rock or soil as a shield.

In the case of lower energy primary cosmic rays (e.g. 10"eV < E < 10'eV), the
muon component is the only component of the E.A.S. to reach sea-level in observable
numbers. These so-called ‘unaccompanied’ muons comprise the majority of the particle
flux at sea-level, with the total flux being

J = (1.444+0.09)x10"% cm~%s~1

~ 1 cm™?min™! (Allkofer et al. 1975)

Knowledge of this flux is useful in calibrating both detector counting rates and
particle numbers (see 3.3.1).

The strong penetration of muons also results in a relatively broad zenith angle

dependence of the flux, given by
J(0) o< cos™ 0 (2.9)

where n = 2.1 £ 0.1 (Crookes and Rastin 1971) (c.f. n ~ 8-9 for the electromagnetic

component — see 3.4.1).



2.4 Electromagnetic Component

The electromagnetic component of E.A.S. is the most numerous comprising ~ 90%
of the particles in E.A.S. detected at ground level corresponding to primary cosmic
ray particle energies > 10'*eV. Below this energy (comprising the bulk of the primary
cosmic ray flux — see Iig 1.1), the electromagnetic component of the corresponding
I5.A.S. is absorbed high in the atmosphere, leaving only unaccompanied muons to reach
ground level (as discussed in 2.3).

In contrast to the nuclear cascade, the processes involved in the production of the
electromagnetic cascade are relatively well understood (e.g. Rossi and Greisen 1941).
The decay of neutral pions (7° — 77) created by the nuclear cascade of the E.A.S.
(see 2.2) is the major source of the electromagnetic component. Each y-ray photon
produced will undergo pair production (7 — ete™) in the presence of an atmospheric
nucleus. These secondary electrons' subsequently interact through either collisions
(the ionisation or excitation of an atmospheric atom), or by radiation (Bremsstrahlung
‘braking radiation’ in which photon emission results from particle acceleration in the
field of a nucleus). The secondary photons thus produced will then interact through
either further pair-production, Compton scattering, or the photo-electric effect. A
succession of these interactions (predominantly pair-production and Bremsstrahlung
initially) results in a cascade of particles and photons with the multiplication of particles
and the degradation of particle/photon energy after each interaction. This cascading
process continues until the size of the E.A.S. has reached a maximum, after which
particle loss rates begin to outweigh particle creation rates.

For electrons, this occurs when the average particle energy drops below the critical
energy (FE,), where Bremsstrahlung and ionisation energy loss rates are identical, with
E. ~ 80 MeV (Rossi and Greisen 1941). Above this energy, electrons have a mean free
path of one radiation length, X, = 37.15 gcm™? (Linsley 1985b). Below this critical en-

ergy, ionisation becomes the dominant energy loss process for electrons, and the shower

Yelectrons will be assumed to imply electrons and positrons for the remainder of this section.
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size rapidly decreases. Similarly, as the average energy per photon drops, Compton
scattering, and then the photo-electric effect become progressively more dominant than
pair-production, with a critical energy E. ~ 20 MeV (Rossi and Greisen 1941), above
which pair-production is dominant, with a mean free path of %XO. The similarity of
the mean free paths of these mechanisms is not pure coincidence, but is a reflection of
their similar nature when treated by the theory of quantum electrodynamics (Q.E.D.).

A simple model of an electromagnetic cascade (Allan 1971), based solely upon
Bremsstrahlung and pair-production processes above shower maximum (known as
‘Approximation A’ — Rossi 1952), has been found to provide useful results. In this
model, it is also assumed that the mean free path of both of these processes are the
same, and equal to X,. The initiating 4-ray photon of energy E, triggers an electro-
magnetic cascade in which the energy is subdivided equally amongst the secondary
particles? resulting from both of these processes. The shower unit, X;, is defined to be
the distance in which there is a 50% probability of either of these processes occurring.

Thus

exp <_XXT) = 0.5 (2.10)

which may be expressed more conveniently as
X = X, In2 (2.11)

The number of particles present is therefore doubled, and the average energy per par-
ticle halved after every shower unit (~ 30 gecm~2). Thus, after n interactions, the

expected number of secondary particles would be
N = 2" (2.12)

with an average particle energy F, given by

E,

= 2.13
211 ( )

E

*It will be assumed that within the discussion of this model the term ‘particles’ will refer to both

particles and photons.
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This multiplication of particles, and subdivision of energy continues until the shower
maximum is reached. This occurs when this average particle energy equals the critical

energy, E., 1.e.

S|

/) = -] = 2 14
E=2=E. (2.14)
and hence
EO ¢ o4
Nmax == E: (.217))

At this stage, ionisation energy losses become comparable with those resulting from
Bremsstrahlung, and ionisation losses begin to dominate, resulting in a rapid decline
of the particle flux. For the secondary photons, Compton scattering cross-sections
become important, as do photo-electric cross-sections at a yet lower energy.

Combining Eq 2.11 with Eq 2.14, the depth of maximum, Xz, may be given by

Ko = nks = Xy lo <§3> (2.16)
E

Despite the relatively simplistic nature of this model, the estimate for Xa, has
been found to be ‘remarkably accurate’ (Allan 1971). In addition, several important
and essentially correct conclusions may be drawn, which are borne out by more detailed
models. These include the initial exponential growth of the cascade, the proportion-
ality of shower size at shower maximum N,,,, with the initial photon energy, F,, the
proportionality of the depth of shower maximum, X,,.., with In £,, and the rapid
attenuation of particles beyond shower maximum.

However, such a model is still an oversimplification of the real situation. It does
not take into account the distribution of particle energies at a given depth which in
reality is such that lower energy particles become more abundant (Rossi 1952), while in
the model they are assumed to be equal. In addition, random fluctuations in particle
numbers are ignored, when they are, in fact, a significant factor in shower development
(see e.g. Clay 1985). Ionisation is a significant though not dominating factor in shower
development prior to shower maximum and should also be included.

Through the use of such models, the development of the electromagnetic compo-

nent as it propagates through the atmosphere has been studied. Including an ionisation
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factor of ~ 80 MeV per radiation length prior to shower maximum (known as ‘Approxi-
mation B’ — Rossi 1952) leads to the relatively accurate description of the longitudinal
development derived by Greisen (1956), with particle number, N,, being described as a
function of the initiating photon energy F,, and the atmospheric depth of observation,

t, by
0.31

max

N(Es,t) = exp(t[l — Ins]) (2.17)

where

tnaz = 100 % (depth of maximum),

and s = (shower age),

i
t+2tmax

with all depths expressed in terms of radiation lengths.

The shower age, s, characterises an electromagnetic cascade (e.g. Rossi and Greisen
1941; Cocconi 1961), and describes the state of shower development. Shower age is
defined to be zero at the start of development, monotonically increasing to a value of
one at shower maximum, and continuing to increase past shower maximum, reaching a
value of two when one particle remains. Typical experimentally observed ages of E.A.S.
electromagnetic components lie within the range (0.5 - 2.0) (e.g. Stamenov 1987).

Past shower maximum, the electromagnetic cascade is attenuated with an attenu-
ation length, Aem ~ 130 gem™2 (Cocconi 1961).

The electromagnetic component of an E.A.S. initiated by a cosmic ray particle (as
opposed to a photon) is considered to be approximated by the superposition of such
electromagnetic cascades, continually fed into the E.A.S. through the production (and
subsequent decay) of neutral pions (7°) by the nuclear cascade. This leads to a more
gradual development and decay compared to a photon-initiated shower (see 2.5 for a

more detailed discussion of these differences), with a deeper shower maximum, and an

attenuation length, Ao ~ 200 gcm™2 (e.g. Bird and Clay 1990b).
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2.4.1 Lateral Distribution

Whereas the longitudinal development of E.A.S. provides more direct information than
the study of the lateral distribution of E.A.S. particles, only experiments such as the
Fly’s Eye (e.g. Cassiday 1985) image the former distribution directly. For the majority
of E.A.S. experiments, the detection and interpretation of E.A.S. at ground level is
based upon the sampling of the lateral spread of E.A.S. particles at a number of discrete
points, in terms of both arrival times and particle numbers. From these measurements,
1t is possible to deduce information about both the E.A.S. and the initiating primary
particle, through the determination of shower parameters such as the shower ‘core’
position (z,y), the shower age (s), and the shower size (N,). To achieve this, a model
of the lateral distribution is necessary.

The most important contribution to the lateral spread of the electromagnetic com-
ponent is made by Coulomb scattering. The angle of scatter 80, is related to the

particle energy F, and the thickness of scatterer 6t, by the relation
E 2
< 607 >= (—) 5t 9.18
= (2.18)

(Rossi and Greisen 1941)
where B, = 21 MeV (Cocconi 1961). This leads to the natural unit of lateral displace-

ment, the Moliére unit, r,, given by

&

ro = Xo— = 9.5 gem™ (2.19)

c

o

2

which is obviously altitude dependent, in converting to metres.

[t is clear from this argument that the angle of scatter is inversely proportional to
energy, implying that lower energy particles will be found further from the shower ‘core’
and, due to the longer trajectories produced by the multiple scattering, these particles
will tend to lag longitudinally behind the higher energy particles in the shower-front.

This leads to the representation of an E.A.S. as possessing a shallow disk shape
with a radius of curvature ~ 1 km, moving through the atmosphere at essentially the

speed of light. The thickness of the shower-front is typically ~ 2m, but increases with
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distance from the shower ‘core’ as a result of the variable multiple scattering of these
particles. It has been suggested (Linsley 1983) that the dispersion of these more distant
particles can be utilised to determine shower size, the corresponding primary particle
energy, and core distance, for large showers through the use of mini-arrays (see e.g.
Sokolsky 1987 and references therein).

For E.A.S. initiated by primary cosmic rays of energy ~ 10'eV, shower maximum
will occur fairly high in the atmosphere (e.g. Thornton and Clay 1981), and at sea-
level the E.A.S. will have developed well past maximum, with a useful lateral extent
of ~ 100m.

Lateral distribution functions, describing the density of E.A.S. particles (particles
per m?), as a function of distance from the shower core, 7, (and the shower size N.)
have been found to be of the form

p(N.,7) = ?f (£) (2:20)
where f (:—n) is known as the lateral structure function.

The most commonly applied lateral distribution function (although its application
has recently come under question) is the NKG function (Nishimura-Kamata-Greisen)
which is an empirical approximation by Greisen (1956) to the theoretical expression
for a purely electromagnetic cascade of Nishimura and Kamata (1951). The structure

function of the NKG function is given by

r r 5—2 r s—4.5 .
Fnka (7—) = Os) (7—> <r— 4 1) (2.21)
where the coefficient, C(s), is defined as

~ ['(4.5 — s)
27T (s)T(4.5 — 2s)

C(s) (2.22)

The Moliére radius, r,, is assumed to have the value of r, ~ 79m at sea-level
(Greisen 1960), although Greisen (1956) showed that the lateral spread of the E.A.S.
is influenced by atmospheric conditions two radiation lengths higher in the atmosphere
than those at the level of sampling, implying that this value of the Moliére unit may

need to be modified.
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A variety of techniques are employed to determine the basic E.A.S. parameters (s,
Ne, (z,y), (0, ¢) (arrival directions)) by fitting the NKG function (or a similar lateral
distribution function) to the data. This usually involves firstly reducing the dimen-
sionality of the problem (e.g. determination of the arrival direction (0, ¢) firstly using
fast-timing — see 3.3.1; 3.3.2), and then applying some sort of minimisation technique
to determine the parameters corresponding to a best fit to the data (see Erlykin 1990
and references therein for a summary of the techniques currently employed).

Deficiencies in the NKG function have been revealed by both experimental and
theoretical results, primarily in the value of the Moliere radius and the usage of a
single age parameter.

The results of calculations by Hillas and Lapikens (1977), and more recently by
Fenyves et al. (1988) suggest that the electromagnetic lateral distribution function is
somewhat narrower than that of the NKG function, corresponding to a median radius
~ 0.575. This is supported by the work of Lagutin et al. (1979), who suggest an age

dependence of the median radius, given by
m = (0.78 — 0.45)r, (2.23)
and van der Walt (1988), who suggests a similar dependence,
rm = (1.254 — 0.4995)r, (2.24)

The general result that the lateral distribution function of the electromagnetic com-
ponent of E.A.S. is narrower than that suggested by the Moliére radius is now generally
(but not universally) accepted (see Erlykin 1990 and references therein).

Capdevielle and Gawin (1982) suggest that using the NKG function leads to a
contradiction between the longitudinal age (the ‘correct’ age of the shower), and the
lateral age (the age deduced from the lateral distribution), with the lateral age being
consistently smaller. They suggest the use of a local age parameter, s(r), from which
the longitudinal age parameter may be deduced. van der Walt (1988) suggests the

application of techniques such as the maximum likelihood method as opposed to those
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suggested by Capdevielle and Gawin (1982) due to the inability of the latter to take
into account zero densities recorded.
The overall situation involving the relationships between these shower parameters is

still far from clear, requiring further theoretical and experimental work (Erlykin 1990).

2.5 Gamma-Ray Initiated Showers

It is appropriate within a discussion of E.A.S. to review the criteria and current status
of both theoretical and experimental results in differentiating hadron-initiated E.A.S.
from photon-induced E.A.S. Any successful technique for doing so will assist in increas-
ing the appalling signal-to-noise ratio present in U.H.E. y-ray astronomy, resulting from
the comparatively strong and almost uniform flux of hadron-induced showers.

Apart from primary cosmic ray particles, U.H.E. v-rays? are also capable of initiat-
ing an E.A.S.) which should be an electromagnetic cascade of the type discussed in 2.4.
The absence of a nuclear component, providing a continual flow of energy into this elec-
tromagnetic component, combined with the small photo-nuclear cross-sections leads to
the expectation that such photon-initiated E.A.S. should be characteristically different
to hadron-initiated E.A.S. Most notably, the muon content and shower age would be
expected to differ. Following is a discussion of a number of methods used to improve
the signal-to-noise ratio of U.H.E. y-ray initiated E.A.S. from the hadron-initiated
E.A.S. background, highlighting the current conflicts between theory and experiment,

and even between different experiments.

2.5.1 Muon Content

[t has long been expected that y-ray initiated E.A.S. should be less efficient at produc-
ing muons than hadron-initiated E.A.S. by a factor of ~ 10 (e.g. Maze and Zawadski

1960; Karakula and Wdowczyk 1963; Braun and Sitte 1965; Wdowczyk 1965). This re-

3It will be assumed for the majority of this discussion that U.H.E. y-rays are responsible for the

observed signals. See 1.5.2 for a brief discussion of the alternatives.
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sults from the ‘standard’ picture of particle interactions in which the photo-production
cross-section is approximately 200 times smaller than the proton inelastic cross-section
In air at several GeV, and based upon the assumption that both of these cross-sections
increase logarithmically with the interaction energy (Stanev 1986).

Early experimental investigations (e.g. Firkowski et al. 1961; Kamata et al. 1968;
Gawin et al. 1968) confirmed the existence of such muon-poor showers which were at-
tributed to y-rays. However, it was also realised that other explanations may be invoked
to explain muon-deficiencies, such as extreme upward fluctuations in neutral pion (7°)
multiplicities, leading to a larger electromagnetic component (Maze et al. 1969). These
early observations have recently been confirmed by the Tien Shan group (Nikolsky et al.
1987), who also included a hadron deficiency criteria in their analysis in order to primar-
ily detect U.H.E. y-ray initiated E.A.S. These events were found not to be coincident
with Cygnus X-3 or the Crab Nebula (two suspected strong sources of U.H.E. y-rays),
but appear as a diffuse flux originating primarily at high galactic latitudes. Unfortu-
nately, the low number of actual events detected prevents any significant conclusions
being drawn.

Contrary to these results, the E.A.S. attributed to v-rays from Cygnus X-3 observed
by the Kiel group (Samorski and Stamm 1983a), contained a relatively high muon
content for «y-ray initiated showers, ~ 77% that of ‘normal’ E.A.S. (Samorski and
Stamm 1983b). Similarly, excess events detected from the direction of the Crab Nebula
(Dzikowski et al. 1983) were also found to contain a relatively high muon content,
~ 60% that of ‘normal’ E.A.S.

These experimental results prompted contemporary calculations using updated
hadronic interaction models (e.g. Gaisser et al. 1983), which essentially confirmed
the early result of ~ 10% of the muon content for v-ray initiated E.A.S. compared to
proton-initiated E.A.S. in the primary energy range (10" - 10'7eV) (Edwards et al.
1985; Stanev et al. 1985). More recent Monte Carlo simulations (Stanev et al. 1990)
suggest that in the shower size range, 4 x 10* - 2 x 10°, fluctuations in muon numbers

act to increase the differences in muon content. It was concluded that it should be very
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hard for a photon-initiated shower to imitate a proton-initiated shower (Fegan 1990).
By way of partial explanation, Stanev et al. (1985) suggested that ~ 1/3 of the ob-
served muon content may result from ~-rays penetrating the heavy detector shielding
and being registered as muons.

More recently acquired results continue to contradict one another as well as the-
oretical predictions. The Akeno group detected events from the direction of Cygnus
X-3, modulated by the 4.8 hour binary period, only after applying a muon-poor cut to
their data (Kifune et al. 1986¢). Reducing the significance of this cut reduced the sig-
nificance of this signal. The phase of emission and intensity were also in contradiction
to the earlier observations of Cygnus X-3 (Samorski and Stamm 1983a, 1983b; Lloyd-
Evans et al. 1983), but are consistent with TeV and more recent PeV observations (see
e.g. Protheroe 1987a). Furthermore, the BASJE collaboration reported excesses from
Vela X-1 and Centaurus X-3 based upon the detection of muon-poor E.A.S. (Suga et al.
1985).

In contradiction to these observations are the results of the Cygnus group (Yodh
1988) who have detected an anomalously high muon content from Cygnus X-3 (Dingus
et al. 1988a) at a significant, but not compelling statistical level, and pulsed emission
from Hercules X-1 (Dingus et al. 1988b) of a higher significance containing a muon
content an order of magnitude higher than that expected from conventional V.H.E.
and U.H.E. y-ray E.A.S. To date, the experimental situation remains confusing, and it
1s not currently obvious how to incorporate all of these observations into a consistent
theory. Hopefully, the CASA (Chicago Air Shower Array) (Gibbs et al. 1990), due to
be on-line in early 1991, with its unprecedented angular resolution, and the associated
Michigan muon detector, will provide a resolution to some of these inconsistencies.

Several explanations have been proposed for the anomalously high muon content
observed by Samorski and Stamm (1983b) and Dingus et al. (1988a, 1988b). The
most obvious conclusions are that our understanding of interactions at PeV energies is
severely deficient, or that the primary particles involved are not y-rays (see 1.5.2 for a

brief discussion of this latter possibility).
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The observation of pulsed emission from Hercules X-1 at TeV energies implies a rest
mass < 1.3 MeV (Fegan 1990) for the particles responsible, based upon time dilation
dispersion effects. However, Hillas (1985) showed that if the mean free path for photo-
production by v-rays is increased above ~ 1 TeV, then several anomalies, including
the muon content of these E.A.S., can be explained. Along these lines, Drees and
Halzen (1988) (and Halzen 1990) have proposed a theory invoking the gluon content of
high energy photons, suggesting this effect may produce a dramatically larger photo-
production cross-section than ‘conventional’ theories at energies > 10 TeV, and thus
may explain the high muon content in some ~-ray initiated E.A.S. Nagle et al. (1988)
suggest that there are still some problems to be overcome before this effect can be

claimed with any confidence.

2.5.2 Shower Age Parameter

The development of an U.H.E. v-ray initiated E.A.S. is essentially that of an elec-
tromagnetic cascade, as described in 2.4. The U.H.E. v-ray initiated E.A.S. will de-
velop and be attenuated faster than the electromagnetic component of a correspond-
ing hadron-initiated E.A.S., as the latter is continually replenished during its passage
through the atmosphere by the decay of neutral pions produced by the nuclear com-
ponent throughout the atmosphere. In addition to this effect, the mean free path for
7y-rays upon entering the atmosphere is smaller than that for protons. Hence, on av-
erage, 7-ray E.A.S. are expected to be initiated earlier and to maximise earlier in the
atmosphere, resulting in ‘older’, flatter lateral distributions at ground level, than for
comparable hadron-initiated E.A.S. of the same shower size. Gawin et al. (1968) found
that the muon-poor showers they detected possessed a mean age of ~ 1.4, compared to
~ 1.2 for ‘normal’ showers. However, the origin of these E.A.S. could not be attributed
to vy-rays with certainty.

Age cuts have been applied, and in some cases been crucial, to the reported excesses
in emission from a number of U.H.E. y-ray sources. Samorski and Stamm (1983b) found

a DC excess in events from Cygnus X-3, based upon an age cut, selecting E.A.S. with
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shower ages s > 1.1. It is interesting to note that the confirming observation of Cygnus
X-3 (Lloyd-Evans et al. 1983) was made without an age cut. The Akeno observation
(Kifune et al. 1986¢) did not produce a significant result when an age cut was applied,
but it is possible that this may reflect a triggering bias inherent in the array, resulting
in the exclusion of older showers. Similarly, an age cut s > 1.3 was necessary in order
to obtain a phase enhancement in the periodic emission from Vela X-1 by Protheroe
et al. (1984). van der Walt (1987) also obtained a maximum signal from Vela X-1 with
a similar age cut. Additional observations by the BASJE collaboration of Vela X-1 and
Centaurus X-3 were based upon both muon and age cuts (Suga et al. 1985), as were the
observations of Cygnus X-3 by Tonwar et al. (1988), and the recent observations of the
Crab Pulsar at 200 TeV (Gupta et al. 1990), and Cygnus X-1 at 100 TeV (Khristiansen
et al. 1990). The actual value of the age cut applied is obviously dependent upon the
altitude (atmospheric depth) of detection.

In the observation of U.H.E. y-rays from LMC X-4 (Protheroe and Clay 1985),
no age cut was applied due to the relatively large zenith angles of the source. This
broadens the age distribution, causing an increased overlap with the age distribution
of the background cosmic rays, rendering the age cut less useful.

The validity of applying age cuts in order to enhance a signal has been questioned
by Fenyves (1985) whose Monte Carlo simulations suggested that the age parameter
cannot be used to effectively discriminate between U.H.E. v-ray initiated E.A.S. and
cosmic ray particle initiated E.A.S. Hillas (1987) and Cheung and MacKeown (1988)
confirmed these results with other simulations, suggesting that the average age of
U.H.E. v-ray initiated E.A.S. may be slightly less than that of cosmic ray particle
initiated E.A.S. of the same primary energy. The results of Nikolsky et al. (1987) are
interesting in light of these calculations, as their observations of muon-poor showers
not only agree with those made two decades previously, but also consisted of E.A.S.
with an average age slightly smaller than ‘ordinary’ E.A.S. In addition, calculations
also indicate that photon-induced showers possesf a narrower age distribution as a result

of the small value of the radiation length (~ 37 gcm™?%), compared to the interaction
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lengths of protons and pions (~ 80 - 120 gcm™2) (Fegan 1990).

Hillas (1987) also suggested that age selection may be a disguised zenith angle
selection, but re-examination of the Vela X-1 data by Edwards (1988) found no zenith
angle bias in comparison to background events.

Overall, it must be concluded that, contrary to current theoretical predictions, the
preferential selection of older showers in certain instances seems to enhance the signal-
to-noise ratio significantly. It is perhaps comforting to note that these theoretical
predictions also fail to reproduce the experimentally observed cosmic ray E.A.S. age

distributions (Tonwar et al. 1988).

Due to the rather uncertain and controversial nature of the methods just discussed
to increase the signal-to-noise ratio in U.H.E. y-ray signals, significant emphasis is
placed on improving this ratio through more conventional (and well understood) meth-
ods, such as improving the angular resolution of the array being used, and searching

for a periodic modulation of the signal.

2.5.3 Angular Resolution and Period Searches

The most direct method in which to search for evidence of U.H.E. y-ray emission is
to search for an excess of E.A.S. events from a given direction in the sky, above the
nearly uniform background of cosmic ray E.A.S., thus utilising the neutral nature of
the source radiation. To date, however, only a minority of sources have been detected
directly as an excess of events, and these only marginally (e.g. Cygnus X-3 (Samorski
and Stamm 1983a, 1983b), Crab Nebula (Acharya et al. 1990)), due to the intrinsically
weak flux of photons which results in poor sampling statistics, combined with relatively
poor angular resolutions.

Improving the angular resolution by a factor of two has the impact of reducing the
background by a factor of four, so optimising the angular uncertainty of the . A.S. array

being used is critical. Edwards (1988) has reviewed the major factors contributing to
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the angular resolution of an E.A.S. array in terms of array and detector design, and data
analysis techniques. The angular resolution of an E.A.S. array may also be significantly
improved, especially for larger E.A.S. by replacing the standard plane shower-front fit
used to determine the E.A.S. arrival direction (see 3.3.2) with a curved shower-front
fit, which more accurately approximates the true shower-front shape (see e.g. Ciampa
1988).

Despite such improvements to the angular resolution (and hence signal-to-noise
ratio), the detection of DC excesses of events remain conspicuous by their absence in
significant numbers. If no DC excess is detected from a suspected source (and even in
the cases when such an excess is detected), one must search for emission modulated by
a source period for the cases where such emission is considered possible (e.g. pulsars
or X-ray binary systems).

To date, the majority of claimed U.H.E. y-ray detections have been based upon
the detection of a periodic modulation in emission, based mostly upon ephemerides
determined by measurements at other wavelengths (e.g. radio (pulsars), and X-ray (X-
ray binary systems) wavelengths). Such methods assume similar production methods,
or similar mechanisms operating to produce such a modulation (usually a rotational or
orbital period of some type). In at least one case, this assumption has been found not
to be valid (Hercules X-1, where the period observed by three different groups differs
by 0.16% from the observed X-ray period — see Protheroe 1987a). In addition, there
is a strong reliance on emission over a limited range in phase in order to increase the
sensitivity, and the necessity of a well-determined ephemeris (period P, and its time
derivative P) in order to avoid smearing the phase of emission, when considering the
long time intervals over which such studies are carried out. Light-curve information
is also useful in determining the appropriate circular statistical test to be applied (see

e.g. 6.2.2; Protheroe 1987b for a discussion).
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2.5.4 Summary

The current status of the differentiation between U.H.I. y-ray and cosmic ray initiated
E.A.S. remains unclear. Theoretical and experimental results are in conflict in both the
use of muon-poor cuts, where theory predicts a muon-deficiency not observed by some
experiments, and cuts based upon the E.A.S. age parameter, where recent calculations
suggest £.A.S5. age cuts are essentially useless, despite the reliance of some observations
on such a cut. The most powerful (and non-controversial) techniques in U.H.E. y-ray
astronomy remain the optimising of E.A.S. array angular resolutions, and the use of

known source periodicities.

The characteristics of E.A.S. have been discussed in some detail. In the following
chapter, the Buckland Park E.A.S. Array used to collect the data upon which this work

1s based, will be described in detail.
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Chapter 3

The Buckland Park Extensive Air
Shower Array — Development and

Data Analysis.

3.1 Introduction

The instrument used in the gathering of data used for this thesis was the the Univer-
sity of Adelaide’s Extensive Air Shower (E.A.S.) Array, located at the Department of
Physics and Mathematical Physics’ field station at Buckland Park.

Buckland Park is located in rural surrounds approximately 40 km North of the city
of Adelaide, at a latitude of 34°38" South and a longitude of 138°28" East. It resides
on a coastal plain, near sea-level, at an atmospheric depth of ~ 1030 gem™2.

The array provides information on E.A.S. through the detection of particles within
those showers. Detectors, ranging in area from 0.25 to 2.25 m?, have ‘slow’ and/or
‘fast’ photomultipliers. The ‘slow’ photomultipliers allow the determination of par-
ticle density, and the ‘fast’ photomultipliers enable fast-timing measurements of the
shower-front. Fast-timing measurements allow arrival directions of the showers to be
determined. Density measurements allow the determination of shower size and core

position, and hence an estimate of the energy of the initiating particle.
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3.2 Buckland Park — A Brief History

The original Buckland Park E.A.S. Array began operation in 1972, consisting of com-
ponents from an array previously operated at Penticton, British Columbia, by the
University of Calgary.

[t has subsequently experienced several stages of development, each new phase
being associated with a change in direction of investigations. A brief discussion of the

history of the array and its development follows.

3.2.1 The Original Array

The Buckland Park E.A.S. Array initially consisted of eight particle detectors, each
containing a 1m? x 50 mm slab of plastic scintillator (type NE102), which was viewed
by a ‘slow’ photomultiplier! mounted 530 mm below (see 3.3.1 for details of detector
operation). This arrangement was enclosed in a light-tight box, internally coated with
highly reflective white scintillator paint (type NE560; see Clay and Gregory 1978), to
maximise photon detection. Each of these 8 detectors was housed in a semi-permanent
‘hut’, located at the positions A-H in Fig 3.1. The five central detectors also possessed
a ‘fast’ photomultiplier? to provide fast-timing information. The initial array had an
enclosed area of ~ 8100m?, a sea-level size threshold of ~ 2x10° particles, an event

rate of ~ 10™% Hz, and an angular resolution of ~ 2°.

3.2.2 Development

In 1977, three new detectors (I, J, K — see Fig 3.1) were added to the array, increasing
the collecting area for large showers by a factor of ~ 4 (Crouch et al. 1981) and provid-
ing an upper size threshold of ~ 107 particles. Each of these detectors were pyramidal
in shape (Clay and Gregory 1978), containing a 1m? x 10 mm slab of plastic scintillator

(type NE110), viewed 500 mm above by a ‘slow’ photomultiplier.

Ltype RCA8055, diameter 120 mm
2type Philips XP1040, diameter 120 mm
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Figure 3.1: The layout of the Buckland Park Extensive Air Shower Array for the
period 1984-1989. The three unlabelled detectors are (left to right) RB2, BEF'D,
RB1. They were all contained within the ATCO Electronics Hut (large rectangle).
The detector specifications and arrangements are given in Fig 3.2 and Table 3.1.



Detector Type Position Size Trigger Detector
Label (Fast/Slow) | x (m) | y (m) | (m?®) | (Fast*/Slow®) | Arrangement!
A F.5 0 22 1 F,S 1
B F,S 22 0 1 F.S 1
C Fb 0 0 2.25 F.0 6
D F.S 0 -22 1 F.5 1
E F,S -22 0 1 F,5 1
F 5 -61.5 | -43.2 1 — 1
G 5 0 -107.2 1 — 1
H S 64.8 | -40.7 1 — 1
[ S 116 55 1 - 2
J <) 0 130 1 — 2
K 9 -114 | 56.6 1 — 2
L F2.9 20 | 20 | 1 S 3
M F%,S 20 20 1 S 3
N F“.8 -20 -20 1 S 5
P F2,S 20 -20 1 S 5
Q 0 -34.6 1 S 3
R F2S 0 -53 1 S 1
S F,S 16 -33.8 1 F,S 3
T P.8 -16 -34 1 F.S 3
u S 37.6 59.6 1 S 3
\% S -35.1 | 59.3 1 S 3
\%% F2.S -31.3 | -9.6 1 S 5
X F2.S 32 -9.8 1 S 5
Al F,S 0 8.5 | 2.25 F.5 6
Bl F,5 8.5 0 2.25 P8 6
D1 F.5 0 -8.5 | 2.25 P2 6
El F,S -8.5 0 2.25 F.S 6
S1 F3 9.4 -10 1 — 3
T1 F? -10.1 -10 1 — 3
RBI Ik 6.3 16.4 | 0.25 — 4
RB2 Fe -2.9 15.9 | 0.25 — 4
BFD F3 0 15 1 — 3]

Table 3.1: Detector Specifications for the Buckland Park Extensive Air Shower
Array (1984-1989).

Notes:

(1) see Fig 3.2 for detector arrangements.

(2) detector modified to include timing photomultijpier (1986).
(3) timing detector added to array June 1986.

(4) all fast trigger detector thresholds at the 2-particle level.

(5) all slow trigger detector thresholds at the 6-particle level.
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This configuration was used to collect the 1979-1981 data set (Gerhardy 1983;
Gerhardy and Clay 1983). Anisotropy investigations were carried out on this data
set by Gerhardy and Clay (1983), along with a study of the shower size spectrum.
This data set has more recently been re-analysed in a search for evidence of U.H.E.
7v-ray emission from Vela X-1 (Protheroe et al 1984), and from LMC X-4 (Protheroe
and Clay 1985), both of which are X-ray binary systems, as well as the active galaxy
Centaurus A (Clay et al. 1984a), and a general emission from the galactic plane (Clay
et al. 1984b).

In 1981, the direction of study changed to an investigation into the ‘knee’ of the
primary cosmic ray energy spectrum. Consequently, the shower size threshold was
lowered to correspond to primary energies well below the knee (~ 10'%eV). To achieve
this, additional inner detectors were added to the array over the period 1981-1984. The
original C detector was repositioned at R and inverted. Five new detectors (new C, Al,
B1, D1, E1 — see Fig 3.1) were added, with a larger area scintillator of 2.25m? x 50 mm,
viewed 700 mm above by a ‘slow’ photomultiplier. Light baffles were added to improve
the uniformity of response from the scintillator (Clay and Gregory 1978; Corani 1986).
Additional new detectors (L, M, N, P, Q, S, T, U, V, W, X — see Fig 3.1) consisted
of a slab of 1m? x 50 mm plastic scintillator (type NE110), viewed 600 mm from above
by a ‘slow’ photomultiplier, all enclosed in a pyramidal container.

These extensions resulted in a total of 27 detectors, all of which contained ‘slow’
photomultipliers, and 11 of which (A-E, A1-EL, S, T) also possessed a ‘fast’ photo-
multiplier. They were all housed in semi-permanent ‘huts’, thermally insulated using
sheets of glass wool and a covering of double-sided reflective thermal insulation known
as sisalation.

The ‘new’ array lowered the effective size threshold to ~ 3 x 10* particles (Prescott
et al. 1983; Clay et al. 1985), through new triggering requirements, and the event
rate increased from ~ 107° Hz to ~ 107! Hz. The angular resolution of the array
near threshold was ~ 6°, but overall it was similar to that of the 1979-1981 data set

(Ciampa et al. 1986). The resulting data set (June 1984 — June 1986), was used in
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an unsuccessful search for U.H.E. y-ray emission from X-ray binary systems (Edwards
et al. 1989). It also comprises the initial portion of the data set analysed by the author
in the search for anisotropies in the incident cosmic ray flux (see Chapter 5).

By 1986, the general emphasis in cosmic ray research had shifted towards searching
for sources of U.H.E. y-ray emission. As a consequence, the array was again upgraded,
to improve its suitability for these investigations. Angular resolution is a key factor
in such searches, and to improve this, a number of additional timing detectors were
added during early-to-mid 1986, principally to provide a longer baseline, but also to
provide independent timing information for the reconstruction of shower arrival direc-
tions (Ciampa 1988).

Five new detectors (S1, T1, RB1, RB2, BFD) were added to the central region of
the array, to provide further fast-timing information. Three of these detectors (31,
T1, BFD) contained a 1m? x 50 mm slab of scintillator, viewed from 600 mm above
by a ‘fast’ photomultiplier>. RB1 and RB2 contained smaller 0.25m? x 50 mm slabs
of scintillator, viewed 350 mm from above by a ‘fast’ photomultiplier®. In addition to
these new detectors, eight existing detectors had ‘fast’ tubes added to them (L, M, N,
P, Q, R, W, X). Fig 3.2 illustrates the various types of enclosures and photomultiplier
arrangements used at Buckland Park.

For this configuration, the event rate remained unchanged to that of the 1984-1986
array as the triggering criteria remained unaltered. However, the angular resolution of
the array was improved by the availability of additional timing information. The 1986~
1988 data set was used in a further, more successful search for U.H.E. y-ray emission
from both X-ray binary systems and an active galaxy (Ciampa et al. 1988b; Ciampa
and Clay 1989; Ciampa et al. 1989), as well as the recent SN1987A (Bird et al. 1987;
Ciampa et al. 1988a; Bird et al. 1989).

In addition to the work purely involving the scintillator array, other studies have

been carried out using the array. These include studies of the lateral distribution of

3type Phillips XP2040, diameter 120 mm
‘type RCA 6199, diameter 30 mm



Cerenkov radiation from cosmic ray showers (Kuhlmann and Clay 1981; Dawson 1985),
the temporal variation of the Cerenkov radiation associated with E.A.S. (Liebing et al.
1981), as well as the development of E.A.S., using Cerenkov radiation (Thornton and
Clay 1979, 1981)

The array remained as described until May 1989, forming a 5 year data set. It is
this data set upon which the majority of the anisotropy analysis in Chapter 5 is based.
The array was then shut down whilst a new power supply and data acquisition system
were installed and several detectors repositioned, as well as new ones being added. The

development of the array post-May 1989 is discussed in 3.5.

3.3 Buckland Park (1984-1989)

The configuration of detectors comprising the Buckland Park E.A.S. Array during the
period 1984-1989 is shown in Fig 3.1. Details of the individual detectors are presented
in Table 3.1 in conjunction with Fig 3.2.

Apart from the detectors BFD, RB1 and RB2 (installed in 1986), the array was
symmetrical about the north-south axis, but not so about the east-west axis. This
asymmetry, along with the prevailing triggering conditions (see 3.3.1), resulted in the
slightly non-uniform azimuth angle exposure distribution (see 3.4.1). The non-uniform
distribution of detectors used resulted from simulations carried out prior to each de-
velopment stage, in order to maximise the array response to the target regions of the
shower size spectrum (and hence primary particle energy spectrum) of interest.

Following is a discussion of the methods employed to obtain data using the array
and the subsequent analysis and interpretation of these data. Although the author was
not responsible for the design and operation of the array prior to March 1988, details of
the array operation are necessary in both understanding the characteristics of the data
produced, and in modifying the system to introduce a new operating system, include

extra detectors, and alter the array sensitivity.



3.3.1 Data Acquisition

The acquisition (and analysis) of data from Buckland Park can be considered in terms
of the two types of measurements made, namely those of the incident shower direction

(fast-timing measurements), and the total shower size (particle density measurements).

Detectors

Detection of E.A.S. at Buckland Park depends exclusively upon the detection of the
electromagnetic component of those showers, using particle detectors. These detectors
consist of a slab of plastic scintillator, viewed by a photomultiplier, contained in a
light-proof box.

When a charged particle passes through the scintillator, the z}‘t‘;nns within the scin-
tillator are e%&ted and 1onised. These atoms then de-exc??é/':ti;'ouigll photo-emission.
The emitted photons may then be detected by the photomultiplier. The photomulti-
plier converts the detected light to a pulse of electric charge through the photo-electric
effect. These electrons are focussed and accelerated by an electric field to a dynode.
The resultant collision produces significantly more electrons which are subsequently
focussed and accelerated to the next dynode. After multiplying through a series of
stages (typically 10-15), this flow of electrons reaches the anode. This results in a
significant current at the anode which is proportional to the intensity of light detected.
The maximum sensitivity of the phototubes was matched to the maximum emission of
the scintillators employed, corresponding to a wavelength of 420 4 30 nm in order to
maximise photon detection.

Particle detection using this method is a secondary process, resulting in a loss of
resolution in information due to statistical fluctuations in both photon and photo-

electron numbers. These fluctuations must be taken into account in any interpretation

of the resultant data, and in simulating these processes.
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Fast Timing Measurements

In order to estimate the arrival direction of an incident E.A.S. as accurately as possible,
a fast-timing system was employed, based upon the method of Bassi et al. (1953). This
involves the use of phototubes with ‘fast’ (and consistent) rise-times of ~ 2 ns or better
(e.g. Philips XP2040) to record the passage of a shower-front through each scintillator.
These photomultipliers contain 14 dynodes, and operate at a voltage of ~ 2100V,
resulting in gains > 107,

Output pulses from these tubes are passed along 5082 cable to the ATCO elec-
tronics hut. Large bandwidth RG8 cable is used in order to both minimise signal
attenuation and to preserve the shape of the photomultiplier pulse. This signal is then
passed through a discriminator set at the 2-particle level which corresponds to a rate
of ~ 100 Hz. It then encounters a fixed delay (~ 50-200 ns), before triggering the stop
of the appropriate T.D.C. (time-to-digital converter — LeCroy type 2228A) channel.

During 1986, these discriminators were replaced by ‘double discriminators’ in order
to reduce timing uncertainties, resulting from photomultiplier pulse ‘jitter’, for the 1m?
detectors to < 1 ns (Clay and Ciampa 1986). These discriminators have two channels,
one set at the 2-particle level which, when triggered, gates the other channel, which
is set at a much lower threshold and slightly delayed thus triggering the discriminator
earlier in the rise of the signal, improving the resolution of the recorded time.

From this timing information, the relative arrival times of the shower-front at differ-
ent detectors can be deduced, and the E.A.S. arrival directions can then be estimated

from these measured time differences (see 3.3.2).

Particle Density Measurements

The amount of light emitted by the scintillator is directly proportional to the number
of particles passing through it. Therefore, to measure the number of particles, the total
number of photons emitted (i.e. the light intensity) must be measured.

This is achieved using a ‘slow’-response phototube, operating at a voltage of ~ 900V

(a ‘fast’-response photomultiplier is unnecessary), whose output passes to an on-site
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charge-sensitive preamplifier which effectively integrates over the input pulse. The
interior of these detectors are painted with highly reflective paint (NE560) to maximise
photon detection. The resultant signal then has an amplitude proportional to the
integrated charge which in turn is proportional to the number of particles passing

through the scintillator.

which inverts and shapes the pulse, before it reaches a peak-sensing A.D.C. (analogue-
to-digital converter — LeCroy type 2259A). From this information, the number of par-
ticles passing through the scintillator (and hence particle density) may be deduced (see

3.3.2 for details).

Miscellaneous Electronics

Apart from the timing and density information supplied by the detectors, additional
information is required for the analysis of the data.

A clock was used to record the absolute arrival time of each event as accurately
as possible. Prior to June 1987, the clock used was accurate to within one second,
being latched with the VNG radio signal transmitted by Telecom Australia. At this
time, Telecom Australia discontinued this service, and the clock was replaced by an
Omegarec Clock based upon the Omega Navigational System. This clock possesses
superior accuracy (~ 5—10 ms) making possible investigations corresponding to typical
pulsar rotation periods (Ciampa 1988).

A barometric pressure sensor and atmospheric temperature sensor were located in
a meteorological box and were used to record the prevailing atmospheric conditions.
In addition, temperature sensors were sited within a detector (C), and in the ATCO
electronics hut in order to monitor any temperature effects of the detectors and elec-
tronics.

All of the above electronics were connected to a home-made data logger with the
clock being read at every event, and pressure and temperatures being sampled every

fifteen minutes.
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Array Triggering

The flux of detectable particles at the Earth’s surface is ~ 1 em=2min='. The majority
of these particles are muons, associated with E.A.S. whose electromagnetic component
has been absorbed by the atmosphere (see 2.3). In order to detect the electromagnetic
component of the E.A.S. which do reach ground level, the lateral extent of these showers
is used and coincidences between neighbouring detectors within < 100 ns are required
for an event trigger.

Simulations were used to determine the exact trigger requirements, as array shower
size exposure is dependent upon the shower parameters required (Corani 1986). For
the period in question, the coincidence requirements for an event were 2 out of 11 ‘fast’
signals at the 2-particle level, combined with a 2 out of 19 coincidence of the ‘slow’
signals at the 6-particle level (Edwards 1988; Ciampa 1988). This triggering require-
ment was found to minimise ‘false’ detections resulting from random coincidences, and
resulted in an array threshold of ~ 3 x 10* particles (Clay et al. 1985).

Once an event trigger took place, the transfer of data to the recording system was

initiated.

Data Recording

A schematic diagram of the data recording system employed at Buckland Park during
1984-1989 is shown in Fig 3.3. The A.D.C.s and T.D.C.s, as well as a LeCroy type
2251 Scaler and a home-made data logger used to interface clock and meteorologi-
cal information were contained in a Kinetic Systems CAMAC (Computer Automated
Measurement And Control) crate. This crate acted as an interface between the detec-
tors and the recording system, which consisted of a G.P.I.B. bus connected to a Data
General Nova 4S Mini-Computer with a tape drive.

To activate data transfer upon a valid event (i.e. a ‘fast’ and ‘slow’ trigger), the
following process took place. Every ‘fast’ trigger that took place was used to start
the T.D.C.s, and gate the A.D.C.s. If a ‘slow’ trigger did not occur within the preset

time of ~ 3us, a reset was generated, resetting both the A.D.C.s and T.D.C.s. If a
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Figure 3.3: A schematic diagram of the components used in processing the data at Buckland Park 1984-1989.




i.e. a valid event), this reset was not generated, and upon the

‘slow” trigger did occur (
), a L.A.M. (Look-At-Me)

completion of conversion of data within the T.D.C.(~ 100pus
was set which in turn generated an interrupt leading to the transfer of the A.D.C. and

T.D.C. contents to the Nova computer, along with the time of the event. These data

were then formatted and dumped directly to the tape, whilst the A.D.C.s and T.D.C.s

were reset ready for the next event. This process leﬁd to a system dead time of ~ 1

second.

The complicated triggering system just described was necessary, as opposed to
just waiting for both a ‘slow’ and ‘fast’ trigger to take place, due to the fast-timing
requirements. Time differences are measured in nanoseconds and the delay involved in
waiting for a ‘slow’ trigger to occur in coincidence (in the order of microseconds) before
starting the T.D.C. would result in the loss of the timing information. The arrival time
of the ‘slow’ trigger in relation to the ‘fast’ trigger is dependent upon which detectors
caused each trigger and this may vary over ~ lus. The T.D.C.s used had ranges less
than this (typically 500 ns), and hence such a system, combined with the necessity of
large delays would have resulted in the loss of resolution (and in some cases, total loss)

of the timing information.
In addition to individual event information, barometric pressure and atmospheric

temperatures sampled from a detector (C), an outside sensor, and a sensor within the

rates from selected individual detectors were sampled every

electronics hut as well as
fifteen minutes, to provide information which was to prove valuable in both monitoring
7

the array behaviour and in the data analysis process.

Detector Calibration
Ty b lvse the ‘raw’ data provided by the array, the electronics firstly required
rder to analys

calibration.
hly proportional to the time delay between the

The T.D.C.s provided outputs roug

[ntroduction of known delays between these inputs

start and stop signals received.
T.D.C. channel from T.D.C.

. : or for each
allowed the determination of a conversion fact
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output to time (in ns). The T.D.C. channels were found to be approximately linear,
and regular checks found the constants involved to be stable over time.

Calibrating the A.D.C.s in terms of the number of particles detected required more
work. The pulse height spectrum obtained from a ‘slow’ detector using a Multi-Channel
Pulse Height Analyser (M.C.A.) is shown in Fig 3.4. The spectrum (above the noise)
1s due almost entirely to the passage of single muons, associated with E.A.S. whose
electromagnetic components have been absorbed by the atmosphere. This distribution
approximates a Landau distribution and contains a peak, known as the Single Particle
Peak (5.P.P.). This S.P.P. is a very good approximation to the mean pulse height for
vertical single muons. This results from two factors:

Yo opp\ieale hase.

(1) the ratio of the mean to the mode in g Landau distribution/\is 1.3

(White and Prescott 1968) |

(2) the S.P.P. of vertical muons is a factor 1.3 less than that of omni-directional

muons (detected here) (Clay and Gregory 1978).

It is these single vertical muons which are taken as the standard particle measure-
ments. Using a M.C.A., the voltage corresponding to the S.P.P. was measured. Using
this measurement, the number of particles corresponding to an A.D.C. output was

calculated using
A X (A.D.C. — Ped)? x Slope
S.P.P. — Intercept

(Corani 1986)

N — (3.1)

where A, B and the slope and intercept were experimentally determined parameters
for each A.D.C. channel, and the pedestal value the ‘zero’ value for each A.D.C. chan-
nel. Particle densities were then estimated by dividing the number of particles by the
detector area (1m? in most cases).

Calibration of the A.D.C.s in order to determine A, B, slope and intercept was
routinely carried out with the relationships involved being found to be almost linear,
and stable over time. The pedestal value was easily found by examining the raw A.D.C.

data for the minimum non-zero value recorded by each A.D.C. channel.
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3.3.2 Data Analysis

Initial analysis of the data (predominantly directional analysis) was carried out using
the University of Adelaide’s VAX 785 mainframe computer. During 1988, a Sun 4/280
File-server and associated Sun 3/60 Workstations were installed within the Depart-
ment of Physics and Mathematical Physics as part of an upgrade of the campus-wide
computer network. These provided vastly improved facilities in terms of disk space,

CPU time and available processing power.

Timing Differences

The first step in the analysis of the data involves the determination of the arrival
directions of the incident E.A.S. in terms of local co-ordinates (zenith (6), azimuth
(#)). To achieve this, the technique of fast-timing is used (Bassi et al. 1953), relying
on the determination of the relative times of arrival of the shower-front at the detectors.
It is therefore necessary to know the relative arrival times between detectors for each
E.A.S.. Inherent in the electronics and cables used to carry and process the timing
signals are delays which contribute to the measured time differences. The absolute
time differences may vary with time, and are not in themselves measured, but may be
inferred from the data set itself.

Assuming that (to a first order) cosmic rays comprise an isotropic flux at the Earth
at the energies being considered (> 10'eV), on average, the mean E.A.S. direction is
the zenith (i.e. § = 0,4 = 0). As a result, the mean timing differences sampled over
a sufficiently large number of events (i.e. several weeks data), provide an excellent
estimate for these timing differences. This may be expressed for the difference between

the i** and the j** detector as

i = LS — s (3.2)
tij—ti—tj‘“—ﬁg i j :

where N is the number of events used in calculating the mean (typically 10*-10°).
Care must be taken when using this approach, as false signals, resulting from particles

not correlated with the event will distort this mean. This effect was investigated for
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the Buckland Park analysis (Edwards 1988), and a suitable algorithm was developed
which was applied to this data analysis.

The standard error of the calculated mean timing differences for the difference
between the i** and j** detector is given by
Ty
VN

where oy; is the standard deviation of the timing distribution for times between the

Sy = (3.3)

i and the j** detectors. To a good approximation, o;; is approximately proportional
to the distance between the detectors. For the further spaced detectors of the array, a
better estimate of the delays involved was obtained by ‘stepping’ between the detectors
using intermediate detectors. Such an analysis was carried out (Edwards 1988; Ciampa
1988), with the result that the use of ‘step’ differences was found to improve S;; by
up to a factor greater than /2. Stepped differences were used in the calculations of
timing differences.

In practice, typically a months data were used in determining these timing differ-
ences. Deviations between successive data tapes (~ 3 — 4 days data) were in general
found to be < 1 ns. Knowledge of these timing differences allowed the directions of

the incident E.A.S. to be calculated.

Arrival Direction Determination

In determining the E.A.S. arrival direction, an index detector with respect to which all
times will be measured is firstly chosen. Starting at the ‘centre’ of the array a search is
carried out working away from the centre of the array, until a detector with a recorded
time is found.

The relative time of arrival of the shower-front at detector 7 (¢;), with respect to

the time of arrival at the index detector (¢), is given by
= t—1t—t; (3/1)

The arrival direction is then determined by assuming that the shower-front is planar,

and that it propagates through the atmosphere with a velocity ¢, and then fitting



the appropriate shower-front to the data. This fit is achieved using a least squares

minimisation on the following function:
N
xt = Zwi[c(ti — o) — lz; — myi]2 (3.5)
i=1

where

z;,y; are the co-ordinates of the i** detector,

t; is the relative time for the i** detector relative to the index detector as given by

Eq 3.4
to is the timing offset
w; = 1 if the detector triggered a valid time
= 0 otherwise

I,m are the z and y direction cosines of the E.A.S. direction.

'I}{h—; t:;ling offset, ¢y, is a free parameter, so that the fitted shower-front is not
constrained to pass through the index detector at time zero. Minimisation with respect

to I, m, ty is achieved using matrix methods (Edwards 1988), assuming all detectors lie

in the same horizontal plane. The third direction cosine may then be found using
n=v1—102—m? (3.6)

The E.A.S. arrival direction may then be determined in local co-ordinates using the

following equations:

1 — me
§ = tan? (———-n—> (3.7}

n

b= (2

The variation in the vertical heights of the detectors is then taken into account by cor-

recting the relative arrival times for this displacement, using the following relationship

z;cos (3.9)
c

ti=1t; —

where z; is the z co-ordinate of the i** detector measured with respect to some arbitrarily
determined zero. x? is then minimised and the process repeated until the direction

converges.
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The ‘goodness of fit’ parameter, o, used to measure the fit of the planar shower-

front, is given by

]-\it Y t,‘—t —l,’— 5 = 21'2
= TRl o e el ]

where N; is the number of times contributing to the arrival direction calculation. As
a result of the restriction on N, a significant number of showers were found to be
unanalysable due to an insufficient number of times.

The finite thickness of the shower-front, combined with the subtle curvature of the
shower-front limit the usefulness of the planar shower-front fit. The resolution for such
a fit is somewhat coarse (~ 5°, depending upon the number and positions of timing
detectors triggered). To improve the estimated arrival direction, these factors may be

taken into account once the core position of the shower size has been determined.

Shower Parameter Determination

Once the arrival direction (0, ¢) of a shower has been determined, it is possible to
estimate other shower parameters, the most important of these being N, , the shower
size, (Z¢,Yc), the shower core position, and s, the shower ‘age’.

The first step in carrying out this parameterisation is the conversion of the raw
A.D.C. numbers in the data files to densities. (see 3.3.1). This is achieved using small
data files containing the relevant information (namely the S.P.P. and Pedestal values
as well as detectors to be removed from the analysis).

The parameters z., y. and s are determined by fitting the NKG lateral distribution
function (see 2.4.1) to the derived detector densities and arrival direction. From these
three parameters, the shower size, N, can then be determined. The fit is achieved using

the maximum likelihood method (Bevington 1969), maximising
I P, Uiy s Z[d0 In(df) — In(d?!))] (3.11)

where df is the observed density, from the i detector, and d¢ is the corresponding

calculated density for that detector, from the fit.
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An alternative fit is available using the x? goodness-of-fit parameter :

2 (d — de)?
X Z; TE

This method has the advantage of being an absolute (and hence comparable) measure

(3.12)

of fit, whereas the maximum likelihood parameter is dependent on the densities being
used, and so cannot be directly compared, from event to event. However, y? has the
disadvantage of not allowing the inclusion of detectors measuring zero particles, thus
eliminating useful information. It is also a less efficient algorithm than the maximum
likelihood method (see e.g. Poirier et al. 1987).

Work carried out by Corani (1986) found that the y* goodness-of-fit parameter also
resulted in a hut-seeking effect. Core positions were found to be artificially placed on
or near huts recording the highest particle density, resulting in an adverse effect on the
shower size and age estimation. The introduction of the maximum likelihood method
was found to reduce this problem (although not entirely eliminating it) to the point
where the effect on the derived shower size was minimal in comparison to uncertainties
due to statistical fluctuations in sampling etc.

In practice, the MINUIT minimisation package (James and Roos 1975) is employed
to minimise —In P (identical to maximising In P). As a compromise measure, x? is
calculated for the final fit in order to provide some comparable measure of the goodness
of fit for each event.

Once the shower core position has been estimated, it is possible to take into account

errors in the estimated direction as a result of the planar shower-front approximation.

Shower-Front Thickness and Curvature

Linsley (1985a) has investigated the average dispersion in the arrival times of E.A.S.
particles detected by scintillators, and derived the following empirical relation to take

into account the shower-front thickness:

or = ool + —)° (3.13)

Tt

where
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oo = 1.6 ns

r: = 30m

b= 1.5

The contribution to the timing uncertainty can be approximateq

; Lt It (assumi“g a Pois-
son particle distribution in the shower-front) by

ot

Il

Ot
vn (3.14)
where n is the number of particles detected.

The intrinsic instrumental uncertainty also needs to be taken into
account,

The

following weighting factor is used to allow for these effects (substituted into Eq 3 )
0 Iuq 3.5

ri (3.15)
(Ciampa, 1988)

Oinstr = Instrumental resolution

r; = distance to the core from the i** detector in the plane of the shower.

The effect of shower-front curvature is less well understood. The radius of curvature
of the shower-front is believed to be ~ 1 km for E.A.S. corresponding to primary particle
energies £/ > 10'eV (Greisen 1960).

An extensive investigation into shower-front curvature was carried out at Buckland
Park, with the limited (r; < 60m) timing information available (Ciampa 1988). The

resultant correction derived from the data was
t;=t; —0.14r; (3.16)

where ¢; is the observed time of arrival as defined by Eq 3.4, and
t; is the corrected time in order to fit a plane shower-front.
(i.e. alag of 0.14 4 0.05 nsm™! was found experimentally).
Correcting the data using Eq 3.16 once the shower core position has been de-
termined, the arrival direction is then recalculated on the assumption of a planar
shower-front. Such corrections were found to halve the angular uncertainty of the

array (Ciampa 1988).
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More recently, an alternative approach has been attempted. Computer simulations
based upon the derived result (Eq 3.16) have been carried out to determine the angular
corrections necessary for all possible permutations of core position and azimuth and
zenith angles. This method has the advantage of not requiring the raw timing informa-
tion and differences, but only the core position and arrival direction. Such corrections

have been applied in searches for U.H.E. y-rays from astrophysical sources (see e.g.

Meyhandan and Clay 1991).

The author was responsible for the complete acquisition and analysis of data from
March 1 1988 onwards. Prior to this, arrival directions had been calculated by previous
postgraduate students (Edwards 1988; Ciampa 1988), along with a very limited number
of shower size and core fits.

The major stumbling block had been computer CPU time availability and, to a
lesser extent, disk space. Fitting shower sizes and cores consumes approximately three
seconds of CPU time per event, requiring ~ 30% efficiency in computing to prevent a
backlog occurring due to the ~ 10~ Hz event rate. Only a small percentage of this
time had been available on the VAX 785 accessible to the department, and as a result,
the complete analysis of all of the recorded events had not been attempted.

With the installation of the Sun 4/280 in the department, and similar machines
around campus, complete analysis became feasible. The author was responsible for
carrying out this task, and the shower size and cére fitting to the five years of data was
completed in just under five months.

The results of this analysis, the array characteristics will now be presented and

discussed.

3.4 Array Characteristics (1984—-1989)

In order to determine the effectiveness of the array, it was important to compare the

analysed data with expected behaviour. This not only provides a test on the array



performance (and the analysis procedures), but also provides information about the
cosmic ray flux.

The five year data set (1984-1989) considered here has been divided into two sepa-
rate data sets (1984-1986) and (1986-1989). The major difference between these data
sets is the increase in the number of timing detectors from 11 to 24, the new detectors
coming on-line during June 1986. Whilst the triggering conditions were not changed,
the availability of additional timing information allowed the acceptance of more events
(the requirement being that a minimum of three non-collinear, ‘physical’ times were
available). This effect was most evident in the azimuth angle distributions (see 3.4.1).

The 1984-1986 data set was used in a search for U.H.E. ~-rays from astrophysical
sources (Edwards 1988; Edwards et al. 1989). A total of 4.38x 10° events were recorded
between June 21 1984 (JD 244 5872.6) and June 23 1986 (JD 244 6604.6). The array
had an on-time efficiency of 75% during this period, the off-times due to power failures
and equipment breakdown as well as routine maintenance. Directions were initially
assigned to 3.87x10° events, corresponding to 88% of the total. Subsequent shower
size and core fitting resulted in 2.86 x 10° events corresponding to 65% of the total.

The early part of the 1986-1989 data set, used in another search for U.H.E. 7-
rays from astrophysical sources (Bird et al. 1987; Ciampa 1988; Ciampa et al. 1988a,
1988b; Bird et al. 1989; Ciampa and Clay 1989) consisted of 3.30x 10® events recorded
between June 24 1986 (JD 244 6605.6) and March 1 1988 (JD 244 7221.6). Over this
period the array was operational for 76% of the time, the main source of down-time
being power-failures (requiring the resetting of the array), and a period of ~ 40 days
during which the Nova mini-computer suffered an undiagnosed, intermittent problem,
which resulted in effectively no data collection. Directions were assigned to 92% of
these events (3.03x10° events). Subsequent shower size and core fitting resulted in
2.31 x 10° events corresponding to 70% of the total.

The remaining portion of the data set collected from March 1 1988 (JD 244 7221.6)
to 16 May 1989 (JD 244 7663.6) consisted of 1.40 x 10° events. Significant disruptions

to this data set were experienced due to further problems with the Nova mini-computer.



90% of these events had directions assigned (1.26 x 10° events) and subsequent shower
size and core fitting resulted in 1.01 x 10° events corresponding to 72% of the original
total.

Overall, 9.08 x 108 events were recorded by the Buckland Park E.A.S. Array during
the period June 21 1984 (JD 244 5872.6) to May 16 1989 (JD 244 7663.6), directions
were assigned to 8.16 x 10® events (90%), and shower sizes and cores were fitted to
6.18 x 10° events (70%).

In the following distributions, only those events that were satisfactorily analysed
were Included. Satisfactory analysis required the following conditions on the derived
shower parameters to be satisfied:

o < 10 (timing goodness-of-fit)

|z], ly| < 100m (core positions)

x* < 6 (shower size and core goodness-of-fit)

0.55 < s < 1.95 (shower age).

3.4.1 Arrival Directions
Azimuth Angle Distribution

The azimuth angle distributions for the two data sets being examined are shown in
Fig 3.5.

The 1984-1986 distribution demonstrates a strong first and second harmonic modu-
lation with amplitudes of 1.3% and 2.9% respectively. Clearly, showers from the north,
and, to a lesser extent, those from the south are slightly more predominant than those
from the east and the west. A similar effect was observed in the 1979-1981 data set
(predominantly second harmonic amplitude of ~ 4% — Gerhardy 1983). Edwards
(1988) suggested that this effect resulted from the asymmetry of the array, especially
in the ‘fast’ and ‘slow’ trigger detectors, which extended further in the north-south
direction than the east-west direction.

The addition of fast-timing tubes to the array during early 1986 (Ciampa 1988) leyld
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to the partial removal of this second harmonic effect in the 1986-1989 data set. This
allowed the analysis and acceptance of more east-west showers. However, the array

still demonstrated a first harmonic, favouring northerly showers (Harmonic amplitudes

of 2.2% and 1.1% respectively)-
Development of the array during 1989-1990 lepd to the removal of this effect, and

a near-uniform azimuth angle distribution was achieved (see 3.6.2).

Zenith Angle Distribution

The zenith angle distributions for the two data sets are presented 1n Fig 3.6. The

e distributions provides information on how E.A.S. develop, and

study of zenith angl

how they are attenuated by the atmosphere.
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oc cos™ 0 (3.17)
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To a first order, and ignoring shower fluctuations, the constant C' should be given

(at sea-level) by 1030(1 — v)/2.3A, where vy is the negative index of the cosmic ray

differential spectrum, and A is the shower attenuation length (Ciampa and Clay 1988).

Typical values for v (~ 2.5-3) and A (~ 185 gem™?) give |C| 23.5.

Monte Carlo simulations of E.A.S. detection with the Buckland Park E.A.S. Array

were carried out by Ciampa and Clay (1988). Investigating the relationship between

logyq ®(0) and sec 6, they found it to be close to a linear relationship, but was dependent

upon the values of v and A chosen, as well as the primary composition. By assuming

values of y = —2.5, and A = 185 gem™? (Clay and Gerhardy 1982), values for C of

~3.6 and —4.1 were obtained for compositions of protons and iron nuclei respectively.

Examining a portion of the observed senith angle distribution obtained by Ciampa

elationship was found to be linear

(1988) with the Buckland Park E.A.S. Array, the r

N values of ¢ up to 0 ~ 40°, with IC| > 3.6, beyond which the i
(Kalmykov et al. 1973;

nfluence of the muon

component in E.A.S. results in a deviation from this linear fit
Armitage et al. 1973). These results were found to be consistent with a composition
ot dominated by a heavy nuclei flux, with Ciampa and Clay (1988) quoting a value

for C' of —3.66 = 0.03 for sec < 1.4
here, the second consisting partially of the

Examining the two data sets considered
(0) vs. sec  were found to be

data used by Ciampa (1988), the distributions of 10g10
y for secf < 1.4 (see

well-fitted by slopes of —3.71 & 0.02 and —3.704£0.02 respectivel
Fig 3.7(b), (d)). These results may be interpreted as indicating a predominantly light

~ 10%eV, in agreement with the results of Ciampa and

““Mmponent of composition at
Clay (1988) and Ciampa (1988)-

Overall, these results indicate that the senith angle distribution behaviour is in

4greement with that expected.

Once the arrival directions of the E.A.S. have been determined in local co-ordinates
e of the latitude and longitude of the array together
(derived from Universal Time

(zenith (9), azimuth (¢)), knowledg

“ith the arrival time of the E.A.S. in local sidereal time
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and longitude), allows the conversion of these co-ordinates to equatorial co-ordinates

(declination (), right ascension (a)).

Declination Distribution

The declination distributions of the data are presented in Fig 3.8. These distributions
demonstrate the region of the sky to which the array is exposed, and indicate that the
array is sensitive to declinations in the range —80° < § < 15°, centred roughly upon
the latitude of the array (~ —35°).

This distribution highlights the importance of situating E.A.S. arrays at a variety
of latitudes, as there is negligible overlap between observations made in the southern
and northern hemispheres. The construction of arrays such as SPASE (the South Pole
Air Shower Experiment — Hillas 1989) is one such example of an attempt to fill the

gaps in exposure.

Right Ascension Distribution

The complete right ascension distributions for the two data sets are presented in Fig 3.9.
The interpretation and subsequent analysis of the non-uninformities in this distribution

which result from a number of effects will be discussed in detail in Chapter 5.

3.4.2 Shower Parameters
Shower Size Distribution

Fig 3.10 displays the fitted shower size distributions of the array from 1984-1989.
Shower sizes were derived using the maximum likelihood method on the NKG function
(see 2.4.1). The core distance range of these showers was restricted to lie well within
the physical extremities of the array (|z|,|y| < 100m), in order to minimise errors
resulting from poor sampling statistics and fluctuations. In addition, limits on the
shower age parameter were applied to the data 0.55 < s < 1.95 (these limits are

considered physically reasonable for a sea-level array — see e.g. Ciampa 1988).
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Analysis resulted in a loss of 28% of these events due to these limitations, or the
failure of the minimisation to converge. It was these results which were then applied
to the anisotropy analysis described in Chapter 5.

Simulations of the array in this form were carried out to estimate the behaviour of
the array. A comparison of the simulated and measured size spectra is presented in
Fig 3.11. The simulated results were produced by firstly choosing a primary energy from
a standard source spectrum (integral indices of v = —1.58 for primary energies below
E ~ 3 x 10"V, and v = —2.02 for primary energies above E ~ 3 x 10'5¢V) along
with arrival direction and random core position from the appropriate distributions.
The shower size at maximum was then calculated by dividing the primary particle
energy by 10'°, which was then converted to a sea-level shower size using the data
compiled by Protheroe and Patterson (1984) (see 5.4.1; Fig 5.12) taking into account
atmospheric attenuation and zenith angle. The number of particles in each detector
was then calculated and fluctuated as discussed in 3.5.2, and then used to determine
if the array triggered.

The resultant size spectrum is in reasonable agreement with the observed size spec-
trum (see 3.6.3 for a possible explanation of the deviations). In addition, the predicted
rate of events for the array (~ 7 events per minute) was also in agreement with the
experimental rate. A similar simulation was carried out for the post-1989 array and

will be discussed in 3.6.3.

Integral Shower Size Spectrum

A useful check on our data analysis procedure was provided by the derivation of an
integral sea-level shower size spectrum. Such spectra have been previously determined
by other experiments (e.g. Nagano et al. 1984).

To calculate such a spectrum, it was first necessary to determine the areas of
100% triggering probability of the array. This was necessary in order to avoid under-
estimating the shower flux due to variations in detection efficiency. These regions were

determined using simulations of the - array, and the following conservatively chosen
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Figure 3.11: Comparison of the observed shower size spectrum (solid line) with that
simulated (broken line) for the 1984-1989 data set (see text for simulation details).



areas were used:

Shower Size Perimeter of Region (m) | Area (m?)

Ik e N <l ||zl<llf -Bl<y<lB 1666
10° < N, <5 x 10% | |2] <27 —47 <y < 26 3942

N, > 5 x 10° |z] <61 —67 <y < 52 14518

A vertical integral shower size spectrum was produced and appears in Fig 3.12.
The shaded region indicates the range of values suggested by the compilation of Hillas
(1980). The experimental data points agree with this compilation.

Events were binned into both size and zenith angle (2° intervals) bins within these
constraints. The consideration of zenith angles is important as atmospheric path length
increases with zenith angle, resulting in a more severe attenuation of the E.A.S. Inte-
gral rates were determined by dividing by the array area, solid angle viewed, and the
exposure time, and then integrating.

The overall integral shower size spectrum for all of the zenith angle ranges consid-
ered (0°-40°) appears in Fig 3.13. The knee of the primary energy spectrum manifests
itself clearly at ~ 1057 particles. For showers with vertical sea-level shower sizes below
~ 3 x 10° particles, the spectrum may be described by a power law function of the

form

=
I(>N,)=10"" (f\és> m %57 sy} (3.19)

with 8=5.740.1, v = 1.65 4+ 0.08 (Bird and Clay 1990b).

These parameters are in agreement with previously determined values (Hillas 1975b)
and the rate of events above a measured sea-level size of 10° particles agrees well with
the compilation of Nagano et al. (1984).

Using those data it was also possible to measure the atmospheric attenuation of
E.A.S. as a function of atmospheric depth. Assuming that the integral rate of showers
at a given size is constant, the apparent decrease in shower size with increasing zenith
angle is a result of further attenuation of the shower, due to the atmospheric absorption

of particles resulting from the larger path length. Using constant intensity cuts, it was
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Figure 3.12: The integral vertical shower size spectrum derived from Buckland Park
measurements. The shaded area indicates the region suggested by the compilation

of Hillas (1980).
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Figure 3.13: Integral shower size spectrum measured at Buckland Park. The lines
correspond to zenith angles ranging from 0 to 40 degrees in 2 degree intervals.
Constant intensity cuts on this diagram provide a measure of shower attenuation
in the atmosphere (See Fig 3.14)



possible to estimate shower size attenuation. Fig 3.14 shows fits to shower size attenua-

tion for selected vertical shower sizes. Between depths of 1030 gem ™% and 1400 gem ™2,

the attenuation is a good approximation to exponential with a characteristic length of

~ 200 gem~2. (Bird and Clay 1990b)
There appears to be a systematic change in this length from 192 & 6 gecm™? at a
vertical size of 10°* particles to 915 + 8 gem™* at 1059 particles (see Fig 3.13). This is
consistent with an effect discussed by Ashton et al. (1975) whose compilation suggests
a systematic increase in characteristic length with size of . 40 gcm™? per decade in

the size range 10° to 107 particles.

Shower Age Distribution

Apart from the shower size, the NKG function contains another parameter, known as

e relative development of the E.A.S.

the shower age (see 2.4), which is related to th

when it reaches the detectors. This parameter was fitted to the showers along with the

shower size and core position. The resulting distributions are shown in Fig 3.15. The

butions is ~ 1.20, consistent with measurements from other

mean age of these distrl

arrays,
The same data set as that used for the integral size spectrum shows a progressive

ize of 0.1 £ 0.04 per decad

1 - 6 Ts 4.5 5.5
reduction in age with shower s e over the range 10*° — 10

02 at a size of 1055 particles (Bird and Clay

particles, with a mean value of 1.32 10,
ue agrees well with earlier Buckland Park results above 10%%

y 1983), and the rate of change with size is similar

1990b). This latter val

particles (Clay et al. 1981; Gerhard
mori et al. (1983).

to that obtained in the compilation of Asaki
ge of age with size through

Overall, these results suggest a particularly rapid chan

sizes close to the knee of the primary energy spectrum.

3.4.3 Event Time-Spacing Distribution

The time spacing of successive cosmic ray events is generally considered to be approx-

ult of both the distribution of sources, and the randomising

Imately random, as a res
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Figure 3.14: The attenuation of showers detected at Buckland Park, using the
constant intensity cuts described in the text. Dashed lines indicate least squares
fits to the lines and the numbers indicated correspond to the data referred to in
the text.



2.0] ‘ ! p
S 15F 8
% i i
g i )
A of .
> - a
5 0sF ]
m = ]
T T N T SRS S B IO i
1.0 1.5

(a) Shower Age (s)
2.5F ' ' :
T 20 s ~
®xf ;
g 15 7]
a2 : v
= LOE v
5 05} i
X R .

1.0 1.5
(b) Shower Age (5s)

Figure 3.15: The derived shower age distributions for the two data sets analysed.
(a) 1984-1986 data set
(b) 1986-1989 data set



effect of the galactic magnetic field on charged cosmic ray particles as they propagate
through the inter-stellar medium.
For such random events, the probability distribution of successive arrival times

obeys Poisson statistics (see e.g. Bevington 1969), and is given by
p(t) = kexp(—Rt) (3.20)

where R is the mean event detection rate. This leads to a predicted distribution for

the number of event spacings between a time ¢, and time ¢ + dt, given by
N(t,dt) = N,Rexp(—Rt)dt (3.21)

where IV, is the total number of events detected.

Using such an analysis, Bhat et al. (1979, 1980) identified an excess of small event
time-spacings (< 25 seconds) corresponding to ~ 12% of the total number of events,
suggesting a non-random component in the flux of cosmic ray primaries at energies
just above 10™eV. This non-randomness was interpreted as the emission of neutral
particles (including 7-rays), by objects such as pulsars and ~-ray bursters, which could
maintain coherence while propagating through the inter-stellar medium without being
affected by the galactic magnetic field. Subsequent investigations failed to confirm this
observed excess, apart from a 1% excess in muon detection rates in time-spacings < 37
seconds reported by Badino et al. (1980).

Several investigations into the event time-spdcing distribution of cosmic ray events
have been carried out using the Buckland Park E.A.S. Array (e.g. Clay and Gerhardy
1980; Clay and Dawson 1981; Bruce et al. 1985), all reporting results consistent with
random expectations. It is therefore appropriate to examine the data to be used in the
anisotropy analysis of Chapter 5 for such a randomness, a necessity for the successful
application of an anisotropy analysis.

The event time-spacing distributions of cosmic ray events derived from the anal-
ysed events of the 1984-1986 and 1986-1989 data sets with the previously discussed

parameter cuts imposed appear in Fig 3.16. The array dead-time (~ 0.5s) manifests
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itself as a slight deficiency of events in the initial bin (bins are 2.5 seconds wide) which
has been corrected for. For the 1984-1986 data set, the experimentally determined
spacing 1s 14.7 seconds (represented by the dashed line in Fig 3.16(a). The solid line
in Fig 3.16(a) is the line of best fit to the histogram, corresponding to an average
event spacing of 15.1 & 0.1s. From this diagram, it is clear that there is a problem
with the 19841986 data set, as the histogram appears to be slightly concavely curved,
suggesting the presence of a non-uniformity in the analysed event rate over this pe-
riod. The problems associated with this data set for the anisotropy analysis will be
discussed in some detail in 5.3.1. The 1986-1989 data set, with an experimentally
determined average analysed event spacing of 15.4 seconds (represented by the dashed
line in Fig 3.16(b)), has a corresponding fitted average spacing of 15.5 + 0.1 seconds
and fits the predicted distribution well (within the experimental limits of 1o), and is
therefore suited to an investigation into the primary cosmic ray flux. It is this data set
upon which the majority of the anisotropy analysis discussed in Chapter 5 was based.

The time event-spacing distribution of the ‘new’ array will be examined in 3.6.1.

3.5 Development of Buckland Park (1989-1990)

The decision to again upgrade the Buckland Park E.A.S. Array (see 3.2.2 for details
of previous development) was based upon a number of factors (see Bird and Clay 1989
for a brief summary and description).

The lowering of the array threshold to ~ 3 x 10* particles in 1984 (Clay et al. 1985)
in order to study the cosmic ray flux below the knee of the primary energy spectrum
had resulted in a dramatic (~100-fold) increase in the array event rate, the majority of
these E.A.S. having sea-level sizes below 10° particles. It was decided that a sufficient
number of events had been collected in this lower end of the size spectrum, and in order
to ease the data analysis procedure, it was decided to increase the array threshold to
~ 10° particles. In addition, the collecting area for E.A.S. above this size was to be

increased through the addition of detectors in order to collect a larger number of these
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events. The addition of further spaced detectors (with timing capability) would also
allow investigations into both shower-front curvature at large distances, and the so-
called Linsley effect (Linsley 1983) which requires spacings of several hundred metres
from the shower core.

Apart from these purely scientific factors, the data recording system, most notably
the NOVA 4S Mini-computer was showing signs of age. The NOVA had become very er-
ratic and unreliable by early-to-mid 1989. The installation of a ‘modern’ multi-tasking
computer would also have the advantage of allowing continuous data collection without
constant breaks required for tape-changing and other computer-related maintenance.

During the latter half of 1989, Buckland Park was essentially shut down whilst the
electronics and recording system was rewired and updated, along with the addition
of eight new detectors, and the relocation of four existing detectors. A discussion of
this development and the behaviour of the ‘new’ array follow in the remainder of this

chapter.

3.5.1 Detector Design and Construction

In order to upgrade the Buckland Park E.A.S. Array, it was necessary to construct
additional detectors. These detectors were to be kept simple and portable.

A prototype detector was initially constructed, based upon a rectangular water
tank of dimensions (1100 mmx 1100 mmx700 mm), with a side-mounted lid. A 1m?
NE102-type scintillator® (50 mm thick) was placed in the tank after being painted with
highly reflective white scintillator paint (NE560), in order to direct the majority of the
emitted photons upwards. The side lid was then closed and sealed.

A 2 inch diameter hole was punched in the top of the detector and the single

photomultiplier® to be used in these detectors inserted through this hole. This tube

*1m? has been found to be the optimum scintillator size for the dual purposes of timing and density
measurements. Ideally, smaller sizes are used for timing measurements and larger sizes used for density
measurements, but Im? has been found to be adequate for both.

SRCA type 8575, with a typical rise-time of 2 ns, and a peak sensitivity at a wavelength of 385 nm.
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was supported by the ‘base’, consisting of a socket and dynode chain, constructed within
a small die-cast box, and mounted exterior to the detector to simplify maintenance.
The ‘top’ of the detector was reinforced with a 1/8 inch thick sheet of aluminium to
assist in supporting the base. The arrangement was made light-tight through the use
of gaskets, an opaque sealant, and Wotan cloth tape, and appears in Fig 3.17.

The dual tasks of fast-timing and particle density measurements to be performed
by this detector have contradictory requirements. Fast-timing requires the accurate
measurement of the arrival time of the first light produced by the shower-front, whereas
density measurements require the detection of the majority of the photons emitted by
the scintillator in order to be accurate. This is normally achieved by using a pyramidal
shaped detector, with its inside coated with reflective paint. Extraneous light signals
resulting from reflections can confuse timing signals and these detectors are normally
coated black inside to minimise these reflections. As a compromise measure, the insides
of the detector were left the natural galvanised iron colour, and the detector was found
to behave satisfactorily for both purposes.

Due to the dual purpose of the photomultiplier signal, it was not possible to use an
on-site charge-sensitive preamplifier to produce a suitable signal for the A.D.C. as is the
case with the existing detectors. Such a preamplifier would absorb the photomultiplier
signal, eliminating the possibility of obtaining accurate timing information. As an
alternative, a voltage-sensitive preamplifier was designed and constructed, to be sited
within the ATCO Electronics Hut. To minimise signal attenuation en route, large
bandwidth 5002 RG8 cable was to be used to carry the photomultiplier signal to the
central hut. A splitter would then be used to divide this signal with one output passing
to the preamplifier and the other going to the timing channel.

Signals from timing tubes are in general noisier than those from ‘slow’ tubes, and
no S.P.P. was apparent in the ungated pulse-height spectrum (swamped by noise). The
gated pulse-height spectrum produced with the aid of a gating detector clearly showed
a 5.P.P. However, it is impractical to have either a gating scintillator located at each

detector, or to transport such a scintillator from detector to detector. Instead, in order
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Figure 3.17: Design of the new detector, eight of which were installed at Buckland Park
during the development of the array. See text for design and construction details.



to estimate the S.P.P. for these detectors, rates from a detector with a known S.P.P.
were used to determine the number of counts expected above the 1,2,3,4,5& 6
particle levels in a given time (averaged over 5 minutes). These numbers were then
used to determine the M.C.A. channel number corresponding to the 3, 4, 5 & 6 particle
levels, and linear regression was then used to determine the S.P.P. channel to be used
in converting the recorded A.D.C. voltage to particle number for these detectors using
Eq 3.1.

The prototype detector was installed next to detector M to supplement timing
information, and was found to behave satisfactorily. Consequently, eight additional
detectors were constructed to be used in the improvement of the Buckland Park E.A.S.
Array.

Before these detectors could be placed in the field however, their optimum positions
needed to be determined. This was achieved through the use of computer simulations

which will now be discussed.

3.5.2 Simulations

The design of an E.A.S. array is a balance of conflicts between the close detector spacing
necessary to determine shower parameters such as core and shower size accurately, and
a wider spacing which allows a larger collecting area and hence detects a larger number
of showers, as well as providing a larger baseline for timing measurements. In addition
to this conflict, there is a need to take into account the presence of the existing array.

In deciding positions for the new detectors, and subsequently the new array trig-
gering conditions, it was first necessary to make the following decisions :

(1) the larger central detectors Al, B1, D1, El would be relocated from their central
location to the extremities of the array, to provide both timing and density information
on the larger showers.

(2) Deployment of the new detectors would be to the south” of the current array,

A small swamp/lagoon forms to the immediate north of the array in winter, which would cause

problems in detector access and maintenance. In addition, the majority of the existing detectors were
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separated by ~ 100m in order to maximise detection and analysis of E.A.S. with sea-
level shower sizes of 10° particles and above.

This would lead to a raising of the threshold through the removal of those detectors
primarily responsible for the triggering of the array on small showers (i.e. well below
10° particles), and increase the collecting area for larger showers (> 10° particles)
through the addition of the new detectors.

[t was then necessary to carry out several simulations in order to

(1) determine the optimum positions of these detectors within the given constraints,
and

(2) determine the appropriate triggering conditions given the detector positions
determined in (1) to maximise the collecting area for larger showers whilst minimising

the array sensitivity to smaller showers.

Detector Positions

The twelve new detector positions were determined by computer simulations using the
following method.

Shower sizes and core positions were chosen, and the corresponding particle densities
at each site were calculated using the NKG function (see 2.4.1). These numbers then
had random fluctuations introduced to simulate the actual measurement fluctuations
assuming Poisson statistics. This was achieved using the Normal approximation to the
Poisson distribution (see e.g. Bevington 1969), which gives accurate results for particle
numbers greater than 6, but leads to an underestimate for those numbers below 6.
This results from the fact that the Landau distribution is somewhat narrower than
the Poisson distribution. These ‘observed’ densities were then used to reconstruct the
shower using the MINUIT package as discussed in 3.3.2. For each configuration of
detectors, core location and shower size, this procedure was repeated ten times, and
the mean core location, mean shower size and rms core error were calculated.

Only vertical showers were considered in these simulations as it had been previ-

located south of the array origin.
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ously determined that the core errors for inclined showers are not significantly different
(Crouch 1979). In addition, most attention was placed upon the rms core error, as it
had previously been determined that greater inaccuracies were introduced by typical
core errors than shower size errors (Crouch 1979).

Within the constraints considered, the array model progressed through several
stages until the configuration shown in Fig 3.18 was reached. The new detectors are
labelled 1,...,8 and detectors A1, Bl, D1, E1 were repositioned as shown. Detector
4 is located ~ 15m southwest of its optimum position due to complications in laying
cables across/below the array access road. The detectors were initially placed within
5m of their optimum positions, and accurate positions were determined from an aerial
photograph provided by the South Australian Department of Lands.

Once the detector positions had been decided upon, it was then necessary to deter-

mine the new array triggering criteria.

Array Triggering

The triggering probability at a point on the array (for a given shower size) was found
as follows. The density at each detector was calculated using the NKG function. A
random Poisson fluctuation was then introduced, to estimate the actual number of
particles observed by the scintillator, as previously discussed. This number was then
compared with the threshold set for each detector in question. If a 2-fold coincidence
was found for both the ‘slow’ and ‘fast’ triggering schemes, an event was recorded. This
process was repeated on a Smx5m grid, centred on the array, whose size was related
to the shower size (e.g. up to ~ 1.4 km for a sea-level shower size of 10® particles).

In this way, the triggering probability P(N,,z,y) was determined for each shower
size and core location for each triggering scheme considered. The total collecting area

of the array as a function of shower size, A(N,), may then be calculated as
AN = [ [ PNy, y)dzdy (3.22)
It is this number which was used to compare different triggering schemes in order to

73



y Tn

20m
aK -V «U

oLy oM
IE .C .B
W LTI S1 X

ol oQ WS

R 4

oG W2

«El

Figure 3.18: The layout of the Buckland Park Extensive Air Shower Array from 1990
onwards. The unlabelled detector is BFD contained within the ATCO Electronics
Hut (large rectangle). The detector specifications are given in Table 3.2.



Detector Type Position Size Trigger Threshold
Label (Fast/Slow) | x (m) [y (m) | (m?) (Fast/Slow) | (particles)
A F,S 0 22 1 F.S 8
B F,S 22 0 1 F.5 8
C F,S 0 0 2.25 F.3 6
D F,S 0 -22 1 F.5 8
E F,S -22 0 1 F.5 8
F S -61.5 | -43.2 1 S 4
G S 0 -107.2 1 S 4
H 8 64.8 | -40.7 1 o] 4
I S 116 55 1 — -
J 8 0 130 1 — -
K 5 -114 | 56.6 1 — —
L F,S -20 20 1 S 6
M F.3 20 20 1 S 6
N F,S -20 -20 1 S 6
P F,S 20 -20 1 9 6
Q F.S 0 | -346 | 1 — —
R F,S 0 -53 1 F.5 6
S F,S 16 -33.8 1 F 6
T E.S -16 -34 1 ¥S 6
U S 37.6 | 59.6 1 5 6
\ S -35.1 | 59.3 1 S 6
W %] -31.3 | -9.6 1 = =
X F,S 32 -9.8 1 — e
51 F 9.4 -10 i — —
11 F -10.1 -10 1 = e
BFD F 0 15 1 == -
1 ) -93 -97 1 F,S 4
2 F (S) 96 -106 1 F.,S 4
3 F (S) -148 -46 1 — —
4 F{5) 120 -54 1 pee —
5 F (S) 1 -170 | 1 F,S
6 F (S) -94 -172 i s .
i F (S) 97 -167 1 st =
8 F (8) 0 -258 1 B —
Al F,S8 -179 | -133 | 2.25 L —
Bl F,S -91 -298 | 2.25 e —
D1 F,S 99 -293 | 2.25 — —
El P8 189 -141 | 2.25 — —

Table 3.2: Detector Specifications for the ‘new’ Buckland Park E.A.S. Array (1990).
Detector types are as in Table 3.1. Detectors 1-8 are of the type described in the text
(and in Fig 3.17). F (S) indicates that the one tube (RCA type 8575) is used for both
timing and particle density measurements. New/relocated detectors are listed below
the solid line. All fast trigger detector thresholds are at the 2-particle level, and the

slow trigger detector threshold levels are given in the last column.




maximise the array performance.

Two approximations were made in carrying out this simulation. Firstly, only ver-
tical showers were considered. This approximation leads to an underestimate of the
triggering area, as the apparent detector spacing within the plane of the shower-front
is reduced with increasing zenith angle. However, in making comparisons between trig-
gering schemes, this affected each simulation similarly and was therefore not considered
important. Secondly, the approximation of the Poisson distribution to a Normal dis-
tribution as previously discussed leads to an additional underestimate of the triggering
area.

In choosing the detectors and thresholds to be used in the triggering schemes, one
must be careful of introducing selection effects which may bias the resultant data.
Most importantly, in regions where the triggering probability is less than 50%, shower
size may be overestimated through the preferential triggering of showers with upward
fluctuations in the mean number of particles detected. This effect may be reduced
dramatically by firstly avoiding the use of small detector thresholds (< 4 particles) in
the array trigger, and secondly, using detectors well within the physical confines of the
array in the array trigger. In this case, if an upward fluctuation causes a trigger, there
should be a sufficient number of densities recorded to minimise this overestimation.

[t is for this reason that the larger (2.25m?) detectors Al, B1, D1, E1 were placed
on the extremities of the array. Their larger collecting area makes them less sus-
ceptible to large fluctuations in particle number compared to the smaller Im? detectors
for the corresponding particle density.

In designing the new triggering criteria, symmetry was also taken into account in
order to minimise the low-order harmonics in the azimuth angle distribution for the
‘old’ array (see 3.4.1).

On the basis of these assertions and simulations, new triggering conditions were
determined to optimise event detection above ~ 10° particles, and to minimise shower
detection below ~ 5 x 10* particles.

Figs 3.19-3.22 demonstrate the triggering contours for the ‘old’ and ‘new’ array,
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Figure 3.20: Triggering Contours of the Buckland Park E.A.S. Array for the new array
(1990). Contours shown are 100%, 50% and 10% percentiles, and correspond to the
following sea-level shower sizes.
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Figure 3.21: 100% contours for the detection of the marked shower sizes with the ‘old’
array (The smallest region corresponds to a sea-level shower size of 3 x 104 particles).
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array.



and Fig 3.23 shows a comparison of the ‘old’ and ‘new’ collecting areas of the array
as a function of shower size. This information was used to estimate the shower size
spectrum as discussed in 3.4.2, and will be considered in comparison with the observed
shower size spectrum in 3.6.3 (see Fig 3.33).

It must be noted that uncertainties resulting from instrumental errors were not
included in these simulations, and this fact must be taken into account when comparing

the observed array behaviour with that simulated.

3.5.3 Detector Installation and Associated Electronics

The new detectors were initially designed to stand exposed in the paddocks of Buckland
Park®, supported by wooden sleepers. They were firstly insulated with glass-wool in-
sulation, then covered with heavy-duty black plastic, secured with fibreglass-reinforced
tape. As a final measure of protection, the detectors were covered by a large, heavy-
duty tarpaulin, secured to the ground using eight heavy-duty pegs. However, following
the results of three months of exposure to the elements of the coastal plains of Buck-
land Park, it was decided that sturdier protection was required, and garden sheds of
the type used for the existing detectors were constructed around these detectors in late
1988.

The high voltage necessary for the operation of these detectors was carried by 501
RG58A cable, whereas the signals were carried to the electronics hut along 500 RGS
cable, which possesses a smaller attenuation, and larger bandwidth. Upon reaching the
ATCO Electronics Hut, the signal was split using a suitably terminated splitter. One
output of this splitter was passed to the timing electronics, whilst the other output
was passed to the particle measurement electronics.

Each timing signal was passed through a discriminator set at the 2-particle level
(~ 100 Hz), before passing through a delay set typically at ~ lus, before reaching the
STOP of the appropriate T.D.C. channel. The 12-channel T.D.C. used for the eight

Sthe existing detectors were housed in small ‘garden’ sheds.
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new detectors and four relocated detectors was constructed by the Electronics Services
Group within the Department of Physics, and was designed to have a 1us range with
0.5 ns resolution. This range was found to be inadequate, and the T.D.C. was altered to
provide a 4us range with a 1 ns resolution. The fast-timing signals from detectors A1,
B1, D1 & E1 were also passed through delays of ~ 1us before stopping the appropriate
T.D.C. channel.

In addition to the timing information, three of these detectors (1, 2, & 5) contributed
to the ‘fast’ (and ‘slow’) trigger (see Table 3.2). The ‘fast’ trigger of the ‘old’ array was
based upon coincidences within ~ 100 ns from the ‘fast’ detectors in question. However,
including these new detectors required an increase in this time to ~ 1us for the further
spaced detectors in the array ‘fast’ trigger (1, 2, 5 & R) due to delays resulting from both
shower propagation and cable lengths. The appropriate discriminators were altered to
produce lus length output pulses. The raw times recorded by the new T.D.C. are
shown in Fig 3.24, and show behaviour consistent with the triggering criteria.

The other output of the splitter was passed to a voltage-sensitive preamplifier which
effectively integrated over the input pulse, providing an estimate of the particle density.
It was then passed to a line receiver and inverter before terminating in the appropriate
A.D.C. channel. The calibration of these ‘slow’ channels were checked and adjusted
fortnightly to maintain consistency in particle measurements from these detectors. In
addition, detectors 1, 2, & 5 contributed to the ‘slow’ trigger of the array at the 4-
particle level (see Table 3.2).

The installation of the new detectors and associated electronics as well as the relo-
cation of Al, B1, D1, E1 was carried out during late 1989, and occurred concurrently

with the upgrading of the array data recording system, which will now be discussed.

3.5.4 Data Recording and Array Control System

By 1988, it had become apparent that the NOVA 4s Mini-computer used to control
the Buckland Park E.A.S. Array was due for replacement. This, combined with the

requirement for continuous data sets not broken by tape changes every 3-4 days (see

76



Number of Events Number of Events Number of Events

Number of Events

Detector 1

400

300k

2000
Time (ns)
Detector 4

1

2000
Time (ns)

Detector 7

2000
Time (ns)
Detector B1

50

0 2000
Time (ns)

Nuriiber of Events Number of Events

Number of Events

Number of Events
)
S

4000

000

400 Dctcgor 2
300 F 3
100 F 3
0
0 2000
Time (ns)
Detector §
| A —
0 L
0 2000 4
Time (ns)
60 Dctccl:tor 8
40 J
20 N
0 " einalis
0 2000
Time (ns)
Detector E1
150 T
100 .
S0 e
0 " ik
0 2000 4

Time (ns)

000

Number of Events

Number of Events

Number of Events

Detector 3

150

5

wn
(=3

0
0 2000 4000
Time (ns)
Detector 6
200 5
150
100
50
0
0 2000 4000
Time (ns)
Detector Al

0 2000 4000
Time (ns)
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Chapter 5) legd to the purchase of a Motorola MVME133 System, based upon the
V.M.E. bus, with a 68020 processor, and including a G.P.L.B. interface, operating
under the VERSADOS operating system. This is a multi-tasking, multi-user computer
and was planned to allow more efficient array operation.

Unfortunately, despite a lengthy effort, we were unable to make use of the G.P.I.B.
controller interface on the V.M.E. We did, however, have access to an [.B.M.-P.C.
G.P.L.B. interface, and an operating system was designed using an Olivetti M-24 per-
sonal computer (P.C.) as an intermediatry.

Upon an event (i.e. a ‘fast’ and ‘slow’ trigger), a L.A.M. (Look-At-Me) was gen-
erated by the # 1 T.D.C. The P.C. would then acknowledge this and proceed to read
the time, pressure and temperature information, followed by the three A.D.C.s, four
T.D.C.s and two scalers before resetting the entire crate ready for the next event. These
data were then buffered into memory on the P.C. from which they were transferred
to the V.M.E. over a serial line, where it was suitably formatted and dumped to hard
disk. Data were stored in two hour files to minimise data loss resulting from power
failures (which Buckland Park suffered from frequently).

This system reduced the array dead-time to ~ 300 ms, a significant reduction from
the previous dead-time of ~ 750 ms. This dead-time was deemed acceptable in light
of the reduced event rate (from ~ 107! Hz to ~ 5 x 1072 Hz).

The program operating on the P.C. was designed and written to be flexible, requir-
ing only minimal changes in order to facilitate futllre changes in the array operating
conditions (e.g. extra devices in the CAMAC crate), unlike the previous, relatively
inflexible operating systems.

The V.M.E. possessed a 70 Megabyte hard disk of which 50 Megabytes was available
for data storage. The array recorded ~ 3 Megabytes of data per day, requiring data
retrieval approximately once a fortnight (in comparison to twice a week under the
previous operating system). Data were dumped onto streamer tape, which was used
to transfer array data to the mainframe computers at the University of Adelaide. This

transfer of data from the array was carried out without interrupting array operation,
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allowing the collection of continuous data sets (apart from power failures, equipment

breakdown, and occasional maintenance).

Detector Monitoring

With the advent of the new operating system at Buckland Park, as well as improved
computing facilities on campus, it became feasible to monitor the behaviour of each
photomultiplier tube at Buckland Park. This was achieved in the following way. Each
tube signal was passed through a discriminator set at a pre-determined level (2-8
particle level). Some use was made of the discriminators used in the ‘slow’ and ‘fast’
triggers. These discriminator outputs were fed to a channel of a scaler (LeCroy type
2551, 12-channel, 24-bit) which counted the number of NIM pulses received. These
scalers were read and reset after every event, and from this information average rates
for the detectors were determined. Anomalous detector behaviour would appear as
irregular changes in detector rate over time.

Unfortunately, this required upwards of 50 scaler channels, with only 24 available.
This problem was overcome with the construction of 4-way, 12-channel electronic switch
by the Electronic Services group. An event trigger output was used to switch the
channels being fed to a scaler after each event, along with a signal to identify the
position of the switch. This allowed the monitoring of all but three tubes and proved
invaluable in assessing both array performance and individual detector behaviour. A
typical rates output is shown in Fig 3.25. ‘Dead’ or misbehaving detectors were easily

identified using these plots, greatly simplifying array maintenance.

Power Supply

In addition to extending the array and installing a new computer system, a new high
voltage power supply for the detectors was installed in early 1988. The ‘old’ array relied
upon four high voltage power supplies (Fluke type 412B) whose outputs fed 10 or 12
channel home-made voltage fan-outs, which were used to control the voltages supplied

to the detectors. Such an arrangement provides no direct measurement of the voltages
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Figure 3.25: A typical rates plot used to monitor array performance and individual
detector behaviour. In the period presented here (approximately 5 days), detector
A1 (slow tube) shows a failure. In addition, several of the fast tubes demonstrate light
leaks. Overall, the array performed satisfactorily over this period, with a constant
overall event rate, and constant fast and slow trigger rates.



applied to each detector, and adjusting the voltage of one detector tended to affect
the others associated with that fan-out. This arrangement was replaced by a LeCroy
System 1440 Power Supply. This is a micro-processor controlled high voltage supply,
and provides 64 individually controlled high voltage channels, giving an exceptional
level of control on individual detectors. This supply was connected to a spare serial
line on the V.M.E. and was accessed via the V.M.E.. The array performance was found
to improve as a result of the ability to fine tune the individual photomultiplier voltages.

It was found that this Power Supply was particularly sensitive to the ‘rough’ elec-
tricity supplied to Buckland Park. A power conditioner (Sola type 63-26-735, 3.5 kVA)
was installed on the computer control systems phase of the supply and the problem

was eliminated.

Modem

During early 1990, a modem line was installed to Buckland Park. Due to the relative
remoteness of the array to the university, and the lack of a full-time station manager,
determining the status of the array generally required a 40 minute road trip to visit the
array. The installation of the V.M.E. made modem access possible (the Nova computer
had no such facility). A 2400 Baud modem was connected to the remaining serial line
of the V.M.E. allowing remote access to the system.

This connection allowed Buckland Park to be monitored from Adelaide providing
the following facilities :

— confirmation of array operation.

— the ability to remotely alter the detector voltages.

— information on the remaining disk space.

— the remote monitoring of individual detector behaviour.

The last of these was the most important, resulting from the installation of the
previously discussed scaler switch, as it was possible to determine if any detectors were
misbehaving or had failed before venturing out to Buckland Park. Previously, these

could only be deduced in situ, or after the data had been returned to Adelaide and
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analysed.

The modem also provided a link in the opposite direction, allowing the access of
mainframe computers at Buckland Park for communication and analysis purposes,
significantly reducing the isolation of Buckland Park.

The modem connection does not currently allow direct transfer of the raw data due
to the slow transfer speed (currently 2400 Baud). However, this option remains open
for future development when high-speed modems (a factor of 10 or so faster than those

currently available) become available at a reasonable cost.

The final teething problems associated with the upgrading of Buckland Park E.A.S.
Array had been eliminated by the end of May 1990. Data were collected routinely
from May 30 1990 onwards (apart from down-times resulting from power failures and
equipment breakdowns).

The analysis of these data, and the behaviour of the array from this time to Novem-
ber 1990 will be presented in the remainder of this chapter, and compared to that

expected from simulations and previous work.

3.6 Array Characteristics (1990)

The ‘new’ Buckland Park E.A.S. Array officially began data collection on May 30, 1990
(JD 244 8042.6). The data presented in the remainder of this chapter were collected
from this date to November 1, 1990 (JD 244 8197.5). During this time, the array
operated continuously, apart from down-times due to power failures and equipment
breakdowns, with a total of 4.75x10° events successfully triggering the array at a
mean event rate of ~ 5.6 x 1072 Hz, approximately half that of the ‘old” array (see 3.4).
Directions were initially assigned to 4.49x 10° events, corresponding to 95% of the total,
and shower sizes, ages and core positions were successfully fitted to 3.73x10° events,
corresponding to 78% of the total number of events triggered, after the appropriate

limits had been applied (see 3.6.2). These percentages are higher than those for the
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‘old’ array analysis (90% and 70% respectively) due to better shower-front sampling
resulting from the altered triggering conditions, which raised the array threshold (see
3.6.3), increasing the average number of particles detected, thus improving the sampling

statistics.

Following is a discussion of the characteristics of the ‘new’ array, based upon the

data collected, which will be referred to as the 1990 data set.

3.6.1 Event Time-Spacing Distribution

As discussed in 3.4.3, the examination of the event time-spacing distribution of recorded
cosmic ray events is an important test for both the uniformity of the data collected
and general array performance and behaviour. It is therefore appropriate to examine
the data collected by the ‘new’ array for such a ‘randomness’ in the event time-spacing
distribution.

The event time-spacing distribution derived from the raw data of the 1990 data set
is presented in Fig 3.27. The array dead-time (~ 0.3s) manifests itself as a deficiency
in the initial bin. The experimentally determined mean event spacing is 17.42 seconds,
and the solid line in Fig 3.27 corresponds to this mean event-spacing and the total
number of events triggered (taking into account the array dead-time), as predicted
by Eq 3.21. The dashed line indicates the line of best fit to the histogram, which
corresponds to an average event spacing of 17.6 &+ 0.3s. Clearly, both of these lines
fit the experimental distribution well within the experimental limits (1o), and it is
concluded that there is no evidence for a non-random component in the primary cosmic
ray flux over the period and energy range under investigation.

Such a uniformly random distribution is necessary in order to accurately determine
upper limits to the anisotropy of the primary cosmic ray flux, for which the modi-
fications to the array were primarily designed. Clearly, the ‘new’ array is suited for
such anisotropy work over a large time-scale, based upon this distribution, and the
arrival distributions which follow (a similarly uniform distribution was also found for

the analysed event time-spacings).
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3.6.2 Arrival Directions

The addition of eight new‘fast—timing detectors (1-8), and the relocation of four de-
tectors with fast-timing capability (A1, B1, D1, El), resulted in significantly extended
baselines for the determination of E.A.S. arrival directions through the use of the fast-
timing technique (see 3.3.1).

The ‘stepped’ timing differences algorithm discussed in 3.3.2 required modification
in order to include these new baselines, to allow the estimation of the inherent time
differences between pairs of detectors necessary for effective fast-timing analysis. This
is particularly important for the new, relatively widely-spaced detectors, where only a
small percentage of events will trigger two widely-spaced detectors (e.g. separated by
several hundred metres), resulting in a poor estimate for the timing difference between
distant pairs of detectors. Incorporating ‘stepping’ between neighbouring detectors,
which are more likely to both trigger in an event, provides a larger sample from which an
improved estimate for the inherent timing differences between widely-spaced detectors
may be determined.

It was also necessary to modify an algorithm developed by Edwards (1988) and
Ciampa (1988), which serves to reject ‘bad’ times on the basis of either being ‘un-
physical’ (i.e. not physically possible, resulting from a signal not associated with the
shower-front), or that the removal of the time significantly improves the shower-front
fit, as estimated by o, defined in Eq 3.10. This modification was necessary as the previ-
ous maximum possible timing baseline (~ 60m), was increased several times (~ 300m),
implying that both shower-front curvature and the so-called ‘Linsley effect’ (Linsley
1983) become increasingly important, requiring changes in the parameters for deter-
mining a ‘bad’ time.

These modifications reduced the average value of o (as defined in Eq 3.10) from
o ~ 6.5 to o < 4.0 for a plane shower-front fit, which was deemed acceptable. Curved
shower-fronts have also been fit to these data for the purpose of U.H.E. y-ray astronomy,
as discussed in Chapter 6.

The distributions of E.A.S. arrival directions calculated using these modifications
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will now be discussed. In these distributions, the limits discussed in 3.4 were applied

with the exception of E.A.S. core positions, which have new limits applied :

|z| < 140m
—240m < y < 140m.

Azimuth Angle Distribution

The azimuth angle distribution for the 1990 data set appears in Fig 3.28, in both full
The strong first and second harmonic effects present in

and high resolution formats.
the 1084-1939 azimuth angle distribution (see 3.4.1; Fig 3.5) have beem xediugetl Sil
the previously significant first harmonic effectively removed (from ~ 2% to 0.3%), and
the previous second harmonic marginally reduced (from 1.1% to 0.8%), primarily as a
est direction, and extending it in a southerly

result of widening the array in an east-w
direction. The remaining asymmetry in the distribution results from the longer north-
(~ 300m) of the array.

south baseline (~ 400m) than the east-west baseline

Zenith Angle Distribution

data set is presented in three alternative

The zenith angle distribution for the 1990
forms in Fig 3.29. As discussed in 3.4.1, the zenith angle distribution provides useful
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cos® 0 and cos® § superimposed for comparison (see text).

(c) The alternative log,, () versus secd fit to the data, as discussed in the text.
The solid line is a good fit for sec§ < 1.4, and has a slope of ~ —3.69.



the case in 3.4.1).

Fig 3.29(c) shows the alternative presentation of the zenith angle distribution in

terms of log,, ®(#) versus sec 0, as discussed in 3.4.1. The line of best fit to these data

(for secd < 1.4) has a coefficient O = —3.69 % 0.03, where C is defined in Eq 3.18.

gests a predominantly light

10'%eV (see 3.4.1).

This value of C is consistent with previous results, and sug

component of composition in the primary cosmic ray flux at ~

Overall, these results show that the zenith angle distribution behaviour is in agree-

ment with that expected.

Declination Distribution

The derived declination distribution of the 1990 data set is shown in Fig 3.30. The
shape of this distribution is very similar to that of the ‘old’ array (see Fig 3.8), with the

nt of southerly E.A.S. in the ran

declination sensitivity remains essentially

exception of a slight enhanceme ge —45° < 6 < =35,

relative to northerly E.A.S. Overall, the array
the same as the ‘old’ array, with an effective range _80° < 6§ < 15°

Right Ascension Distribution
ere for completeness

The right ascension distribution for the 1990 data set is included h
primarily from the overall non-uniform

(Fig 3.31). Variations in this distribution result
n question. Techniques for

sidereal on-time exposure of the array during the period 1

y of exposure will be discussed in detail in

r : : ) , .
emoving or allowing for this non-uniformit

Chapters 4 & 5.

3.6.3 Shower Parameters
The shower size (N,), and the shower age (s), were estimated by fitting the NKG func-

kelihood method as discus

er to accommodate the extra/modified

sed in 3.3.2. Only mod-

tion (see 2.4.1), using the maximum li
ifications in data format were necessary in ord

detectors.
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Shower Size Distribution

The calculated shower size distribution for the 1990 data set is displayed in Fig 3.32(a).
In modifying the array, the shower size threshold was significantly increased in or-
der to reduce the event rate. The steepness of the shower size spectrum (see 3.4.2;
Fig 3.12) resulted in an approximate halving of the event rate (from ~ 107! Hz to
~ 5.6 x 1072 Hz), when the array threshold was increased by a factor of ~ 3, from
~ 3 x 10* (Clay et al. 1985) to ~ 8 x 10* particles. The mean shower size of this dis-
tribution is 1.1 x 10° particles, compared to 4.5 x 10* particles for the ‘old’ array. The
tail of the spectrum is significantly broader, an indication of the increase in collecting
area in the shower size range 10°-107 particles, as indicated in Fig 3.23.

As discussed in 3.4.2, a simulation was carried out in order to estimate the behaviour
of the ‘new’ array. The predicted event rate of ~ 3 events per minute is in good
agreement with the experimental trigger rate of ~ 5.6 x 1072 Hz. The simulation results
are compared to the experimentally determined shower size spectrum in Fig 3.33. In
general, there is good agreement between the predicted and experimentally determined
spectra in both the position of the peak and the general shape of the distribution. The
differences between the two spectra in the shower size range ~ 2x 10% - 2x 10° particles
may be the result of sampling fluctuations in the more distant detectors, inadequacies

in the simulation of these fluctuations, or in the source spectrum chosen.

Shower Age Distribution

The shower age distribution for the 1990 data set, derived by fitting the NKG function
(see 2.4.1) to the observed densities and arrival direction is shown in Fig 3.32(b). The
general shape of this distribution is similar to those of the ‘old’ array (see Fig 3.15),
but possesses a slightly higher mean (s ~ 1.23 compared to s ~ l.éO). This remains

consistent with comparable measurements from other arrays.
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3.6.4 Summary

The overall characteristics of the ‘new’ array, derived from the 1990 data set are in
good agreement with those predicted and/or expected. In particular, the essentially
random event time-spacing distribution and the near uniform azimuth angle distribu-
tion together with the increased shower size threshold, and increased collecting area
above N, ~ 10° particles, indicate that the ‘new’ Buckland Park E.A.S. Array is 1deally
suited for long-term investigations into the anisotropy of the primary cosmic ray flux

at primary energies of ~ 10®eV and above.

3.7 Conclusion

In this chapter, the Buckland Park E.A.S. Array has been described in considerable
detail. The history of its development, and its previous performance have been outlined,
with specific emphasis on the collection and analysis of the 1984-1989 data set to be
used in anisotropy analyses to be discussed in the remainder of this thesis.

In addition, the author has designed, simulated, and implemented major modifi-
cations to all aspects of the array, with the primary goal of a long-term investigation
into the anisotropy of the primary cosmic ray flux detected at mid-southern latitudes
at primary energies ~ 10'®eV and above. The performance of the array to November

1990 suggests that it is suited to such an investigation.

In the following chapter, an extensive review will be carried out into the anisotropy
of the primary cosmic ray flux at energies > 10''eV, encompassing both theoretical

and experimental results to date.
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Chapter 4

The Anisotropy of Cosmic Rays

4.1 Introduction

Investigations into the preferred arrival directions of primary cosmic rays (anisotropy)
have been carried out for more than forty years. Such measurements provide the most
direct method of approaching the question of galactic versus extra-galactic origin of
cosmic rays, as well as providing useful information about the particle sources and
subsequent propagation. However, it is only in recent times that a consistent picture
has emerged at primary energies greater than ~ 10'?eV, where heliospheric effects cease
to become important.

The primary cosmic ray flux in the energy range 10'%eV to 10'®eV has been found
to be isotropic to within ~ 1% (see e.g. Fichtel and Linsley 1986). Such isotropy,
combined with spurious effects introduced into the data by solar and atmospheric
effects, has both required experiments to collect a large number of events to improve
statistics, and advanced analysis techniques to remove or allow for these effects. The
resulting isotropy is presumably largely due to the randomising effect of the magnetic
field within the Galaxy.

Before a detailed discussion of Cosmic Ray Anisotropy is undertaken, the Galactic

Magnetic Field will be discussed.

87



4.2 The Galactic Magnetic Field

The Galaxy possesses a magnetic field which, on a large-scale, appears to be ordered,
at least locally. The field lines are thought to be frozen within the partially ionised gas
of the inter-stellar medium. The origin of the field remains somewhat of a mystery!.
Superimposed upon the large-scale field of strength ~ 2-3 1G, is a small-scale random
field of comparable strength, varying in dimensions from a few to hundreds of parsecs
(Manchester 1974).

Accurate measurements of the field are restricted to regions within ~ 3 kpc of the
sun, and are generally within the galactic plane. Towards the galactic centre, and away
from the galactic plane, measurements become increasingly uncertain.

The larger of the small-scale regions are thought to be associated with ‘magnetic
bubbles’ formed as a result of matter being swept up by shock waves, possibly as a
resuit of supernovae (Vallée 1984). They have been associated with regions such as the
North Polar Spur and the Gum Nebula (Broten et al. 1985) (see Fig 4.1).

Outside the galactic plane, it is thought that a halo field exists, but its structure

and strength are still the subject of speculation.

4.2.1 Measurement Techniques

There are a number of techniques available for determining magnetic field strengths
for astronomical purposes. Two of the most commonly used are Faraday Rotation and
Starlight Polarisation which will now be briefly discussed. (see Verschuur 1979; Heiles

1976 for a comprehensive review of these techniques).

Faraday Rotation

Plane-polarised electromagnetic radiation travelling through a plasma will suffer rota-

tion of the plane of polarisation (Faraday Rotation). The magnitude of this rotation,

'Fritz Zwicky suggested as a hypothesis for its origin : Dizitque Deus, fial luz campusque magneti-

cus (And God said, ”Let there be light and magnetic field”)
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over a path of length [/ (in pc) through such a plasma is given by

A2e3 l
A = _ . Bydl 4.1
/0 n.Bd (4.1)

8ricie.m?
=  B.Ix10°) RM
where
dl is in parsecs,
Bj is the component of B parallel to the line of sight in Gauss,
n. is the thermal electron density in cm™2,

A is the wavelength observed in m, and

R.M. is the rotation measure, defined as [ n.Bdl

Since A0 may be > 27, several measurements, corresponding to different wave-
lengths are necessary to determine A6 uniquely. Furthermore, such rotations are only
observable at radio wavelengths.

Calculation of B from Eq 4.1 requires knowledge of n., the thermal electron density
along the line of sight. In the case of pulsars, which emit linearly polarised radio waves,
this may be determined by measuring the Dispersion Measure.

Pulsars emit short pulses of radiation at many frequencies. Different frequencies
(v) travel through a magnetised plasma at different velocities, and the time taken to

travel a distance [ is given by

T l 82 { dl 4 r))
5 E+ 87r250mecu2'/0 i 2

where [n.dl is known as the Dispersion Measure.
Multi-frequency measurements from pulsars allow both the Rotation and Dispersion

Measures to be calculated. Hence, an average magnetic field (By) along the line of sight

can be calculated, viz

I n.Bydl

B> = 1.232
Sl g

wG (4.3)

This method has obvious limitations. It requires the presence of a plasma of reason-

able electron density (> 107*cm™2) (and that variations in this density are understood),
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and is unable to take into account field reversals along the line of sight. Nevertheless,

by progressively measuring < By > from pulsars with increasing distance, a picture of

the local magnetic field can be produced.

Polarisation of Starlight

Starlight (initially unpolarised) may be partially polarised by the Davis-Greenstein
effect (Davis and Greenstein 1951). This involves the scattering of light from elongated
dust grains of size ~ A in the inter-stellar medium.

These dust grains align themselves to their lowest energy state in the presence of a
magnetic field, which is parallel to the field. Provided this occurs over a large enough
region of space, the E field of this scattered light will predominantly be polarised along
the grain axis and hence parallel to the magnetic field.

This method provides no information about the magnetic field strength, nor is it
capable of measuring field structure on a scale < 10 pc, which is important for the
propagation of cc‘)smic rays below ~ 10'®eV. (For these scales, the constancy of the
inter-stellar wind, within a distance of a few parsecs from the Sun has been interpreted
as evidence for a similar constancy in the local magnetic field (Kiraly et al. 1979). Such

a measurement is based on spectral analysis of inter-stellar absorption lines — see e.g.

McClintock et al. 1978).

Other Techniques

Other techniques include the observation of synchrotron radio emission produced by
relativistic cosmic ray electrons passing through magnetic fields. This tends to give
an indication of global field properties, but relies on knowledge of the distribution of
cosmic ray electrons throughout the Galaxy.

Zeeman splitting of the 21 cm absorption line of neutral hydrogen also provides
information on magnetic field strength, but only for those regions of relatively high

density.
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Results

Rotation and Dispersion Measure data from both pulsar and extra-galactic radio
sources suggest a local longitudinal field in the direction of galactic longitude { ~ 90°,
within the plane of the Galaxy, with a strength of 2-3 4G (Manchester 1974; Heiles
1987; Lyne and Smith 1989). Matthewson and Ford (1970) used 6000 stellar mea-
surements to propose a longitudinal field in the direction { ~ 80°, from the apparent
alignment of polarisation vectors. They also showed that these lines lie parallel to
the galactic plane. The discrepancy with the former results is most likely due to the
different regions and depths sampled by the two techniques.

A recent analysis of rotation measures by Rand and Kulkarni (1989), used 116
pulsars within 3 kpc of the Sun. From this survey they derived a longitudinal field of
strength 1.6 0.2 4G in the direction [ = 96° 4= 4°. They also observed a field reversal
at a distance of 600 + 80 pc towards the galactic centre. This field strength applies
only to the uniform component of the local field and so is not necessarily inconsistent

with the previous larger estimates.

4.2.2 Models of the Galactic Magnetic Field

In modelling the galactic magnetic field, it is assumed that the field lines are frozen
within the partially ionised gas of the inter-stellar medium. Such an assertion has
consequences for both the radial and galactic latitude dependence of the field. In
particular, the field outside of the galactic plane (the galactic halo) will depend upon
the extent to which the trapped lines can bulge outside of the disk, as a result of
turbulence, cosmic ray pressure, and galactic winds. This implies that the magnetic
field strength will fall off more slowly with increasing distance from the plane, than the
inter-stellar gas density, but that the field strength in an extended halo will be small
(see 4.2.4 for a discussion of the halo field). This assertion also leads to the conclusion
that the small-scale, irregular structure of the field is probably a result of the motion

of the gas trapping the field lines.
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Any model must also take into account the origin and/or generation of the galactic
magnetic field as well as observations. Various origins have been suggested, including
the relic field theory (Hoyle 1958; Piddington 1964), and production by the ejection
of magnetic fields by stars (e.g. Michal and Yahil 1973). However, the most likely
generation mechanism is the dynamo effect, resulting from the motion of ionised gas
within the Galaxy (see Ruzmaikin et al. 1988a, 1988b for a review). This results in a
large-scale circular/spiral field configuration.

The two most common models for the large-scale field are the Bisymmetric Spiral
(BSS) models and the concentric ring (Circular) models (see Sofue et al. 1986 for a
review). These models are supported by observations of similar-type spiral galaxies
which exhibit these types of large-scale fields (Sofue et al. 1986).

In the BSS models, the magnetic field is basically one in which the field follows the
direction of the spiral arms. A model suggested by Thielheim and Langhoff (1968), and
used in simulations of cosmic ray propagation (see e.g. Karakula et al. 1971; Smith
and Clay 1990), decreases in strength with distance from the galactic plane with a scale
height of 175 pc, and from the galactic centre (outside ~ 2 kpc), with a scale length
of 10 kpc. The field also reverses in direction at the galactic plane.

Such a model fits in well with pulsar rotation measures, and has been improved
over the years, taking into account improved measurements and local field information
(e.g. Sofue and Fujimoto 1983, 1985; Lyne and Smith 1989). However, Rand and
Kulkarni (1989) have suggested that a circularly symmetric field has a better fit to
the observational data than the BSS model. At present there is no resolution to this
contradiction in opinions, but the BSS field appears to be the more favoured, at least

as far as cosmic ray propagation simulations are concerned.
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4.2.3 Propagation of Cosmic Rays

Charged cosmic ray particles spiral around magnetic field lines, with a radius of gyra-

tion, the Larmor radius, given by

1.0SE
=B

parsecs (4.4)
where Z = charge in units of e (1.6 x 107'°C), E = energy in PeV (10%V ), B =
magnetic field strength in microgauss (¢G).

This is illustrated in Fig 4.2 where the radii of gyration for both protons and
iron nuclei in the presence of a 3uG field have been plotted as a function of particle
energy. From this diagram, it is obvious that only for the highest energy cosmic
rays (above ~ 10'®eV, where r;, ~ galactic radius) can measured arrival directions be
associated with the source direction. At lower energies, the galactic magnetic field
acts to effectively randomise the arrival directions measured. These directions are,
however, related to the structure of the ‘local’ magnetic field, particularly for energies
below ~ 10%%eV.

Simulations have been carried out on the propagation of cosmic rays through the
Galaxy and their interactions with the galactic magnetic field (e.g. Thielheim and

Langhoff 1968; Karakula et al. 1971; Berezinsky and Mikhailov 1985; Smith and Clay

1990), and these will be discussed in more detail in 4.4.1

4.2.4 Halo Field of the Galaxy

Whether or not there exists a magnetic halo field within the halo of our galaxy (even
a relatively weak field) is a long-standing question (Baldwin 1959). It is important as
it has implications for the containment of cosmic rays within the Galaxy, and hence is
related to the question of the origin and propagation of high energy cosmic rays.

If there is a negligible field within the halo, then many of those particles whose
Larmor radius is greater than the galactic thickness (see Fig 4.2) can be assumed to

have an extra-galactic origin. This would result in a rather large anisotropy at these
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energies (Smith and Clay 1990), which is currently not observed (see e.g. Fichtel and
Linsley 1986).

Alternatively, if an ordered magnetic field within the halo does exist, then those
particles leaving the galactic plane may later return, possibly many times, due to
deflection within this field. This would result in a reduced anisotropy as the trajectory
of the particle becomes randomised (Smith and Clay 1990).

Therefore, the presence or lack of a halo field has a direct link to anisotropy mea-

surements of cosmic rays at the higher energies.

Observations

Observations of the galactic halo are difficult, due to the relative sparseness of matter,
and the large fields of view necessary to come to any conclusive results.

Work has been done in the ultra-violet region of the spectrum, in search of a galactic
halo (mostly gas). York (1982) has reviewed these observations with the conclusion
that there is evidence for a moderate extension of the Galaxy to |z| <10 kpc, (where
z is the distance from the galactic plane) which co-rotates, but no firm figures are
available.

An alternative method of investigation is to examine the halos of other spiral galax-
ies of a similar type to our own. Such an investigation has been summarised by Sofue
et al. (1986), and more recently by Duric and Bloemen (1990). Non-thermal radio emis-
sion has been detected, significantly extended from the disk planes of several edge-on
galaxies, indicating the presence of magnetic halos.

Work done within the Galaxy relies largely on the rotation measures of extra-
galactic sources (the pulsar distribution only extends to z ~ 500 pc). Assuming a layer
~ 3 kpc thick and an electron density of ~ 1073cm™3, the halo field strength is esti-
mated to be of the order of a few microgauss (Sofue et al. 1986).

It was decided to examine this result in more detail in order to investigate the effect

that a halo field would have on rotation measures.
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Simulations

Simulations were carried out on models of a uniform halo magnetic field, to determine
the effect such a field would have on rotation measures.

Two models of electron density were used :

(1) Sofue and Fujimoto (1983) used a model for electron density to simulate rotation
measures and then compare them with measured rotation measures to verify their
galactic magnetic field model. The model chosen for halo field simulations was the

better fit of the two suggested, namely

fielr, 2] =10.08 <£rg> exp [— (i—) 2] (4.5)

where

4 <r <15 kpc

R, the sun’s distance from the galactic centre was taken to be 10 kpc,

d., the scale height of the electron density distribution was taken to be 750 pc, and

z 1s the distance above (below) the galactic plane.

(2) Manchester and Taylor (1981) suggested a model for electron density, based
upon the observations of 330 pulsars, mostly in the galactic plane. This worked well
close to the plane but in their model as z — oo, n, — 0.025 cm ™2, which is believed
to be incorrect at large values of z (see e.g. Harding and Harding 1982). This was
modified by adding an overall z-scale factor of d. = 750 pc.

The resulting model is

ne(r,z) = |0.025 + 0.015 exp <—o|.i)i7>] (l—gz/—Rg) exp (Jf‘) (4.6)

(all distances in kpc)

Other models do exist (e.g. those of Harding and Harding 1982; Guseinov et al.
1981), but the two chosen above were found to best fit the observed data with the
models used for fields within the Galaxy.

Both of these distributions were used on three, fairly simple models of halo fields.

(1) A spiral field extended in the z direction (away from the galactic plane) with

no attenuation.

95



(2) A divergent radially directed field.

(3) A non-divergent radially directed field.

In carrying out these simulations, the calculation technique used to derive the
resultant rotation measures is that described by Sofue and Fujimoto (1983). Their
suggested galactic magnetic field model was used as a ‘background’ field for comparison
purposes, but the results obtained were largely independent of the type of ‘background’
model used.

For model (1) electron density distribution, the variations in Rotation Measure
resulting from the introduction of the halo fields reached values of 20-30 radm=2 near
the galactic plane, but were minimal for galactic latitudes greater than 20°, even when
the halo field strength was ~ 54G. (Typical Rotation Measures for distant (non-local)
objects are of the order of 300 radm=? or greater). The largest results were found
for ‘the radially divergent halo field, but were not significantly different from those
produced by the other fields.

This is perhaps largely a result of the the model for electron density being used,
where ne — 0 (< 107* cm™) for |z| > 4 kpc, with the halo field only being introduced
for |2z| > 1 kpc (the generally accepted height at which the halo field is to be intro-
duced).

For model (2) electron density, which is a broader distribution than (1), the magni-
tudes of the rotation measures appear to be largely independent of the type of magnetic
field chosen.

A halo field of 14G introduces a maximum change in the estimated Rotation Mea-
sure of ~ 10 radm™2 for small galactic latitudes. These reach up to ~ 100 radm=2 for
a 5uG field.

In addition to these simulations, two others were attempted.

A random magnetic field of constant magnitude was found to have a minimal effect
on the rotation measures for fields up to a strength of ~ 5uG.

Ultra-violet astronomical observations (see York 1982 for a review) suggest that

there exists a galactic halo of electrons with n, ~ 10™* cm™3 out to z ~ 10 kpc. Setting
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the electron density distributions to have this minimum value had no detectable effect
on the previous simulation results.

In conclusion, little is known about . the magnetic field and electron density
in the Galaxy in general, and we are particularly ignorant in the region outside of
the galactic plane (within the halo). As a result, simulations of various halo fields
will be dependent upon the electron density model assumed. Using the results of the
simulations here, it is suggested that there could exist an ordered field in the galactic
halo, of magnitude ~ 3uG (comparable to that in the galactic plane), whose effect
upon rotation measures is within the uncertainty of these measurements. In addition,
there may be a randomly oriented field of strength < 54G which would have a similarly
negligible effect on these measurements. The results quoted here are upper limits to the
halo field strength in the Galaxy, derived from the previously discussed simulations. To
lower these limits, more detailed models and simulations will be necessary, along with
higher resolution experimental data, in order to determine the strength and structure

of the halo magnetic field (assuming a measurable field exists).

4.3 The Anisotropy of Cosmic Rays

The degree of anisotropy of the cosmic ray flux is defined by

Imaz: - [min
§= mez_ mun

- (4.7)

where [, 1s the 'maximum cosmic ray intensity measured and similarly I,,;, is the
minimum cosmic ray intensity measured.

The experimental and analytical techniques involved in the determination and sub-

sequent interpretation of the anisotropy of the cosmic ray flux will be discussed in the

remainder of this chapter.
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4.3.1 Harmonic Analysis

Traditionally, anisotropies are quoted in terms of Fourier amplitudes and phases (mostly
the first and second harmonics) of the cosmic ray intensity as a function of right ascen-
sion. This application of harmonic analysis has been criticised in the past (e.g. Kiraly
and White 1975; Kiraly et al. 1975), in favour of x? tests. However, its application
may be justified on a number of grounds.

The most important of these is the fact that the sinusoidal analysis carried out
is of the same form as the variations in sidereal and solar time being investigated.
In addition, this technique allows easy testing for spurious variations introduced in
both solar and sidereal time. Furthermore, the majority of anisotropy experimental
results published have been presented in this form and allow easy comparison of results
between experiments. Other methods do exist (e.g. galactic plane plots), and these
will be discussed in 4.3.3.

Whatever analysis technique is applied, equal exposure on all regions of the sky is a
necessity (or alternatively, any uneven exposure needs to be taken into account). This
is most easily achieved by considering bands of constant declination. Even exposure
in sidereal time guarantees even exposure in right ascension (apart from atmospheric
effects). Even exposure in a range of declinations is not easily achievable due to the
effect atmospheric attenuation has on shower detection (see Fig 3.6).

The theoretical aspects of harmonic analysis are based on ideas introduced by Lord
Rayleigh (1880). Chapman and Bartels (1940), and Linsley (1975a, 1975b) have dis-
cussed this work in more detail, with Linsley’s work dealing in particular with the
application to cosmic ray anisotropy analysis.

If we assign each event with a vector of equal magnitude, and phase in terms of its

right ascension, then the amplitude of the resultant vector can by defined by

r=+Va?+ b? (4.8)

where
N

9 N
cos;, b= — Z sinap; (4.9)
1 N 1=

2| 0

1=
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; is the phase of the ith event, and
N is the total number of events being considered.
The overall phase, 1, may be defined by
P = for b > 0,a >0
Y=Y+ fora <0
Yp=9v"+2r forb<0,a>0
where ' = tan'(b/a), X < 9’ < Z. (A similar definition applies to the second
and higher harmonics).
Harmonic analysis of the cosmic ray data can be carried out by sorting the data

into h bins of right ascension, each bin containing n; events. The components a and b

can then be defined as

h h
a= j%'— ; cos(ni;), b= —1%[—12::1 sin(ng;) (4.10)

with 7 and % being defined as before.

Once an amplitude and phase have been obtained, a significance must be assigned to
the resultant vector. For a large number of events (N), and randomly distributed phases
(1:) (i.e. random events), the probability distribution function for the displacement

vector R, is given by

p(R) = 2—1;—,e><p (;f;) (4.11)
Integrating, this gives the probability of obtaining a resultant greater than or equal to
R as
_R?

P(> R) =eXP<4N> (4.12)
= exp(—k,) (4.13)

with &, defined by
Ry = —}ﬁ (4.14)

4N

This may be related to the fractional result 7 obtained by putting R = N7 (Linsley
1975b), and hence

ko = (415)



In general, ¥ = §+ &, where 7 is the measured vector, 5 is the true source vector
(assumed to be non-zero in cosmic ray work), and & represents other contributions.
Ideally, & will represent just the Rayleigh fluctuations. In reality, there will be other
spurious factors contributing to & (see 4.3.2; 5.2.3 for a discussion of these factors). We
will assume that these effects have been eliminated for the present discussion.

If £, > 1, then Z is unimportant and P, (the probability distribution that a
measurement of amplitude r and phase %, had s in ds, and ¢ in df) will approach
normal distributions with P, normal about s = r, with dispersion o, = (2/N)%, and

Py normal with dispersion oy = (2k,) 3 = o,/r. However, k, > 1 is rarely achieved in
cosmic ray work.
As k, — 1, 7 tends to overestimate 3, and for k, > 1.5, < s > can be approximated

by

<s>=r (1 - 2}6 )2 Linsley (1975a) (4.16)

For values of k, < 1.5, the approximation breaks down due to the tendency of 7 to
underestimate 5. Fig 4.3 shows expectancy and confidence levels for the ratio (s/r)
(calculated by Linsley 1975b) as well as the 95% error in 6.

Clay (1987) has carried out simulations for both purely random events, and a
random distribution with an introduced anisotropy, and concludes that the threshold
value for the detection of a broad anisotropy (180° wide) is k, ~ 0.4.

The previous discussion has assumed the values of r and i are tainted only by
Rayleigh fluctuations. Unfortunately, it is not possible in general, to get pure first and
second harmonics directly from the measurements. To obtain estimates of r and
from the measured fluxes, it is first necessary to allow for (and hopefully eliminate)

spurious effects which may have been introduced into the data in its collection.

4.3.2 Spurious Effects

In the majority of air shower anisotropy experiments carried out to date, it has been

assumed that year-round measurements are made. This is a simplifying assumption
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and, as a result, any solar period effects, assuming there is no annual 1n0(1ulati<‘)‘x"1"i‘w‘:\}ls'/:iAlAI
be averaged out and do not need to be taken into account.

If this is not the case, then these effects will contribute to a spurious sidereal
component. The consideration and elimination of these components will be discussed

in 5.2.3. Their causes are, in many cases, known and will now be discussed.

Production of Spurious Effects

Any measured anisotropy will be a contaminated version of the true galactic (and
extra-galactic) anisotropy. There are a number of known effects which may either alter
the value of anisotropy measured, or add to the anisotropy, distorting the resultant
observations. These effects may be either atmospheric, or extra-terrestrial in nature.
The Compton-Getting Effect (Compton and Getting 1935) is responsible for the
known extra-terrestrial effects. It results from the motion of an observer through the
cosmic ray gas, which is assumed to be in equilibrium, and produces a maximum in
intensity in the direction of motion. The magnitude of the resulting anisotropy will be
given by
§=(2+ ")% Thambyapillai (1974) (4.17)

where v is the exponent of the differential rigidity spectrum.

The first of these effects is the co-rotation anisotropy, which is a result of the mo-
tion of the solar magnetic field with respect to the Earth. At low enough rigidities
(corresponding to energies < 10''eV/Nucleon) , it may be assumed that the cosmic
ray gas is frozen in the solar magnetic field (Thambyapillai 1974). Hence, as it sweeps
past the Earth, overtaking the orbital motion of the Earth, a maximum will be gener-
ated. However, this is rigidity dependent, and is not significant at the energies being
considered (> 10MeV).

We can also consider the orbital motion of the Earth with respect to the cosmic ray
gas stationary with respect to the sun. Such an effect should be energy independent,
with an amplitude of ~ 0.05% (for v = 2.6), the maximum occurring at 06.00 hr

local solar time (outside of the magnetosphere). There is no evidence for any annual
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modulations in these effects (Thambyapillai 1974), and so they shouldn’t contribute
to produce spurious sidereal anisotropies, provided measurements are made over a full
year. When this isn’t the case, the resultant solar period modulation must be taken
into account (see 5.2.3 for details).

Another, more subtle Compton-Getting effect results from the motion of the solar
system with respect to the local inter-stellar medium, considered to be stationary in
the rotating galactic frame. Hillas (1982) has estimated the first harmonic resulting
from this effect at low energies to be ~ 0.03% at 18.6 hr in right ascension. It applies
at all energies where the cosmic ray gas is in equilibrium and contributes to a real
sidereal anisotropy, which cannot be removed by averaging over a year, or any other
technique employed to remove solar period related effects.

Within the atmosphere, periodic changes in atmospheric conditions, such as tem-
perature with solar time will affect the detected shower rate. Similarly, aperiodic,
chaotic effects, such as barometric pressure, and the height and temperature of various
pressure levels may also contribute to variations in the measured flux. Any annual
modulation of such effects may also result in spurious sidereal components. The elim-

ination of these atmospheric effects for the present analysis will also be considered in

5.2.3.

Anti-Sidereal Analysis

One such technique developed to remove spurioué effects resulting from solar period
effects is the anti-sidereal analysis procedure of Farley and Storey (1954). In this
technique, it is assumed that there are only two natural frequencies in the variations
in the cosmic ray flux, namely the sidereal variations resulting from any genuine flux
anisotropy, and solar variations produced by e.g. diurnal temperature fluctuations.

Amplitudes (and phases) are calculated for sidereal, solar and anti-sidereal (24 hr,
4 min) periods, and these vectors may then be algebraically combined to eliminate
these effects from the data (see e.g. Gerhardy 1983).

This method has several limitations. For the vector combination to be effected,
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data covering a full year is required which, for a remote field station (such as Buckland
Park) is difficult to achieve. This presents problems in considering periods of less than
one year in length. It also assumes that there is no annual phase modulation of the
solar vector. Pollock (1978) has provided a detailed solution for the latter problem,
by introducing vectors corresponding to other periods, further removed from the solar
and sidereal periods.

The data analysed by the author for anisotropies has been treated with an alter-

native technique for removing solar period effects which will be discussed in detail in

Chapter 5.

4.3.3 Alternative Methods of Data Analysis and Presentation

The application of harmonic analysis in anisotropy investigations has the drawback
that, in its simplest form, it only searches for variations as a function of right as-
cension, averaging over the entire investigated interval of declinations. These regions
are rather wide in most E.A.S. experiments and as a result not all of the information
concerning the arrival directions of cosmic rays is used. This has the effect of dilut-
ing any anisotropy which has a phase dependent on declination. As an example, the
galactic plane, which it is believed should show up in anisotropy analyses, varies in a
complicated manner with right ascension and declination (see e.g. Lang 1974).

One solution is simply to calculate first and second harmonics for each declination
band being considered (in the cases where the declination information is available).
Unfortunately, this compromise results in poorer statistics due to the smaller number
of events being considered.

Astley et al. (1981) have suggested an alternative method of analysis. Their method
is based upon the assumption that any genuine anisotropy should be somehow corre-
lated with the galactic plane (see 5.5 for a definition of galactic co-ordinates). It can
be equally suited to any other hypothesis defining the arrival directions of cosmic rays
in some way.

In this technique, narrow strips of declination are considered, and the contribution
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as a function of galactic latitude is calculated, being weighted by assuming there is a
uniform distribution of showers as a function of right ascension. The ratio Neovs/ Nexp
can then be calculated as a function of galactic latitude. A least squares fit may then
be applied, the slope of the resulting line being known as a latitude gradient. Applying
this technique to different energy ranges, a description of the latitude gradient as a
function of energy may be obtained providing information on the preferred arrival
directions of high energy cosmic rays as a function of galactic latitude and primary
energy. This method is only applicable when there is a significant anisotropy (> 1%),
and is therefore only applied to the highest energy cosmic rays (> 10'7eV). Results in

this energy regime will be considered in 4.5.3 (and for the present data set in 5.5.1).

4.4 The Production of Anisotropies

As discussed in 4.2.3, for all but the highest energies, the observed arrival directions
of cosmic ray particles will be governed by both the structure of the local magnetic
field, and the distribution and properties of the particle sources. Measurements of
anisotropies can be used to infer information about both of these effects, as models of
cosmic ray sources and propagation can be used to predict anisotropies of the flux.
The first detailed model of cosmic ray propagation including the effects of the galac-
tic magnetic field was proposed by Davis (1954). Using a field of similar structure,
but somewhat stronger than that currently postulated, tentative agreement was found
with the anisotropy estimates available at that time. A more recent model (Hillas and
Ouldridge 1975) assumed a source spectrum and, assuming a leaky box model of con-
finement, produced a model which matched the observed variation of anisotropy with
energy. Unfortunately, the model suffers from several problems, the most important
being the assumption of a single power law production spectrum for the source over the
entire energy range considered (10''eV - 10'%eV). A more detailed model was proposed
by Bell et al. (1974), which involved galactic diffusion governed by both magnetised

gas clouds and the large-scale magnetic field. However, its usefulness was limited by
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the necessity of specific configurations of the scattering fields in order to produce an
adequate result.

A number of models of cosmic ray origin and propagation for energies above 10'%eV
were tested by Lloyd-Evans et al. (1979). It was found that all of the models disagreed
with observations in at least part of the energy range. It was also noted that the
two most prominent features of the energy spectrum (the ‘knee’ at ~ 10V, and the
‘ankle’ at ~ 10'eV), appear to be associated with changes in the behaviour of the
measured anisotropy. Above the knee, there appears to be a more rapid increase in
amplitude with energy and the phase also varies more rapidly. The onset of very large
anisotropies (or at least large upper limits) were observed at ~ 10°eV. These effects
have several interpretations, depending largely upon the composition of the primary
cosmic ray flux at these energies.

More recent models and interpretations will be considered in 4.5.2, 4.5.3

4.4.1 Simulations

Simulations of the production of cosmic ray anisotropies have been carried out for
more than twenty years (e.g. Thielheim and Langhoff 1968), in order to interpret
measurements of anisotropies in terms of origin and propagation models. In general,
simulations have only been carried out for primary energies above ~ 10'7eV. Below
this energy, particles tend to travel in helical paths, following the magnetic field lines
(parallel to the spiral arms in general) of the Galaxy. Trajectories of protons within the
Galaxy are simulated by tracing the paths of anti-protons leaving the Earth, following
their path#s until the particle leaves the Galaxy. An estimate of the lifetime of the
particle within the Galaxy is then possible.

Early simulations were carried out by Thielheim and Langhoff (1968), Thielheim
et al. (1971), and Karakula et al. (1971) with similar results. The major conclusion
was that the majority of particles with energies > 10'%eV are of extra-galactic origin in
order to be consistent with observed anisotropies. A purely galactic origin, providing

the particles could be contained, would result in a large anisotropy which is currently
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not observed.

More recent simulations by Berezinsky et al. (1979) and Berezinsky and Mikhailov
(1985) examining the 10'"eV — 10'%eV region have been interpreted as suggesting that
the observed anisotropy component can be considered to be a result of interactions
with a galactic halo, and are of galactic origin. They suggest that extra-galactic sources
meet problems in explaining both the measured particle flux and anisotropy amplitude.
However, if the anisotropy measurements are considered only as upper limits (see e.g.
Clay 1987), then these results can be brought into line with an extra-galactic source
consistent with the previous results of Karakula et al. (1971)

Smith and Clay (1990) have carried out the most recent simulations to date, and
argue that for primary energies greater than 10'%eV, the predicted anisotropy for uni-
formly distributed sources results in an anisotropy much greater than the currently
observed 10%. It is further suggested that the anisotropy at these energies may be
greatly below this value, in which case a galactic source model would fail completely.
Smith and Clay (1990) suggest a dominating extra-galactic source distributed broadly
and uniformly would be necessary to give the appropriate anisotropy. The results of
these simulations assume a predominantly proton composition at these energies, which
tend to be favoured by current observations (Clay 1985). If this is found not to be the
case, then a revision of these conclusions would be necessary.

Results of simulations are unanimous in suggesting an extra-galactic source for
U.H.E. cosmic rays to be consistent with the currently available observations, many of
which must be considered only as upper limits. Further anisotropy and composition
measurements at these energies are necessary in order to determine some of the finer

details of these results.

4.5 Anisotropy Measurements

Measurements of the preferred arrival directions of cosmic rays have been attempted for

more than forty years, and have progressed from relatively crude but effective counting
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experiments to the current generation of E.A.S. arrays. These experiments and their
results and significance will be considered in the remainder of this chapter (Fig 4.4 is

a compilation of the measurements to be discussed).

4.5.1 Low Energy Measurements

The minimum energy at which useful sidereal anisotropies can be measured, and dis-
tinguished from solar modulation effects is ~ 10''eV. This lower limit may vary signif-
icantly over the solar cycle, reaching ~ 3 x 10*eV at times of high solar activity, and
dipping below 10''eV during quiet times (Jacklyn 1986). Measurements of galactic
cosmic ray anisotropies in the low energy range (10''eV - 10'*eV) have been recently
reviewed by Jacklyn (1986). Elliot (1979) has also provided a useful summary of
anisotropy results in this energy range.

In this lower energy range, the primary cosmic ray flux may be monitored by the
detection of the secondary penetrating muon component of air showers by underground
or shielded muon detectors (the less penetrating electromagnetic component does not
reach sea-level at these energies). These high energy muons result from the decay of pi-
ons produced early in the shower, and may be detected at depths of up to ~ 500 m.w.e.
(equivalent depth of water in metres). Detectors may be shielded significantly to pre-
vent the detection of less penetrating shower particles. Around 10*®eV, the method of
detection changes to small air shower arrays, situated at mountain altitudes.

The muon monitoring experiments usually determine the flux through the measure-
ment of event rate, recorded as a function of both solar and sidereal time. Directional-
ity is provided by atmospheric collimation, resulting in angular uncertainties typically
~ 0.5 steradians. Atmospheric variations may be essentially eliminated by using a pair
of cosmic ray detectors operating simultaneously, sensitive to events arriving from a
small range of directions, and pointing in opposite directions (usually East-West), but
at similar zenith angles. These detectors are equally affected by the prevailing atmo-
spheric conditions, and therefore the flux anisotropy may be obtained by the vector

difference of the individual detector results, which should then be free of atmospheric
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effects.

Below 10'2eV, statistically significant first harmonic results have been obtained with
amplitudes of the order of 0.04% through the use of underground muon telescopes in
both hemispheres (Hobart (Fenton 1976; Humble and Fenton 1977), London (Davies
et al. 1979)). However, large variations evident in the measured anisotropy were found
to be well correlated with changes in the interplanetary magnetic field. Sekido et al.
(1976), through the use of air Cerenkov Telescopes, found results in excellent agreement
with those above. However, solar effects were once again found to be prominent. It has
been suggested (Wolfendale 1977), that the actual anisotropy outside of the heliosphere
at these energies may be different to that measured as a result of the disturbing effect
of the interplanetary magnetic field.

For primary particle energies above 10*2eV, the effect of the interplanetary magnetic
field on anisotropy measurements is expected to be minimal (see e.g. Jacklyn 1986 and
references therein). However, measurements made by the Poatina muon telescopes
(Fenton and Fenton 1976) give some indication that there is still a contribution by
the interplanetary magnetic field at a median energy of ~ 1.5 x 10'?eV. Despite a
significant sidereal first harmonic (0.05%), some correlation with the direction of this
field was found.

Measurements carried out at Baksan (USSR) (Andreyev et al. 1987) operating at a
median energy of ~ 3 x 10'2eV showed no such correlation. Similarly, measurements
carried out in Utah (Bergeson et al. 1979) at a comparable energy show no correla-
tion. Bergeson et al. (1979) applied a Discrete Fourier Transform to their underground
muon detector measurements to obtain an anisotropy comparable in both phase and
magnitude to those previously discussed (see Fig 4.5 for comparisons).

In the decade above 10™eV, anisotropy measurements have been dominated by the
air shower experiments of Baksan (see e.g. Andreyev et al. 1987), and Mt. Norikura
(see e.g. Nagashima et al. 1989), with a small contribution from Musala Peak (Gombosi
et ml. 1975)-

The experiment carried out at Baksan (latitude 43°N) involved the counting of
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coincidences between four sets of air shower detectors corresponding to a mean energy of
~ 10"%eV (Alexeenko et al. 1981). Atmospheric collimation was used for directionality,
and the data were corrected for barometric pressure variations. The resultant first
harmonic amplitude and phase (0.057 & 0.004%, 1.4 £ 0.3 hr) agree well with those
measured at Mt. Norikura (0.060 & 0.003%, 0.8 + 0.3 hr) (Nagashima et al. 1990) (see
Fig 4.5).

Measurements made at Mt. Norikura (latitude 36°N) collected over two decades
(1970-1989) similarly relied on three-fold and four-fold coincidence counting rates, re-
sulting in a mean energy of ~ 1.5 x 10'%eV (Nagashima et al. 1989). In addition,
results from an East-West pair of detectors operating simultaneously were found to be
in agreement with those obtained from the omni-directional detectors. The only signif-
icant solar diurnal variation measured was that expected from the Compton-Getting
effect, indicating that atmospheric effects are unimportant for this experiment. Na-
gashima et al. (1989) conclude that the measured sidereal anisotropies at these ener-
gies are of a galactic origin. Annual variations in the measured sidereal vectors were
found, presumably resulting from heliomagnetospheric modulation, and this modula-
tion showed a correlation with the polarity reversal of the polar magnetic field of the
Sun (Nagashima et al. 1989).

Earlier measurements carried out at Musala Peak in Hungary (Gombosi et al.
1975) also indicated a significant sidereal anisotropy at a median energy ~ 6 x 10'%eV
(0.073%, 1.7 hr).

An array operating at Liawenee in Tasmania since 1982 is situated at a conjugate
latitude to Mt. Norikura with the intention of employing the bi-hemisphere compara-
tive method to determine the relative contributions of uni-directional and bi-directional
diurnal components (see Jacklyn 1986 and references therein). No such results are
available at present for this method, but operating as a single detector, recent results
obtained at 7 x 10"eV (0.018 £ 0.007%,4.0 + 1.0 hr) (Fenton et al. 1990) are small
compared with results obtained at 4 x 10'®eV and below which amplitudes are con-

sistently of the order of 0.06%. A further result from Mt. Norikura (0.025 + 0.015%)
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(Nagashima et al. 1990) at a slightly higher energy (2 x 10'“eV) confirms this lowering
of the anisotropy around 10'eV.

A summary of low energy anisotropy measurements is presented in Fig 4.5. Data
presented are uncorrected for the Compton-Getting effect of the solar motion through
the inter-stellar medium. Second and higher order harmonic measurements have also
been made, in order to provide further information on the structure of the galactic
flux anisotropy. The majority of these measurements have been found to be nearly
consistent with isotropy although a few recent results have been found to be indicative
of a bi-directional flow (see Jacklyn 1986 for a discussion).

The demonstration of the existence of the observed finite anisotropy has taken
decades of painstaking work. Unfortunately, these data provide no direct information
about the primary particle origin at these energies, due to the small Larmor radii of
these particles (107°-1072 pc). The relative consistency in both amplitude and phase
with energy up to an energy of ~ 5 x 10'3eV indicates that the mode of propagation
of these cosmic rays changes little over this energy range, and may be interpreted as
indicating a uniformity in the local inter-stellar magnetic field over these scales.

The conventional view was that the measured anisotropy was constant at ~ 0.05%
up to energies of ~ 10*°eV, and then increased with energy (see e.g. Kifune 1990). The
recently observed dip in the anisotropy around 10'eV (Fenton et al. 1990; Nagashima
et al. 1990), and supported by preliminary results from Akeno (Murakami et al. 1990)

1s contradictory to this conventional view, and requires a revision of the interpretation

of anisotropies at these energies.

4.5.2 Medium Energy Measurements

In the medium energy range (10'*eV - 10'7eV), the effects of the sun and the inter-
planetary magnetic field are negligible. This energy range is entirely the province of
EE.A.S. experiments, with many measurements having been made at both sea-level and
mountain altitudes. However, due to the steep energy spectrum of the primary cosmic

ray flux, resulting in a decrease in flux of ~ 100 for every decade in energy, arrays with
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large collecting areas, operating for lengthy, continuous periods are necessary in order
to give a result above that which would be expected simply due to cosmic rays arriving
from completely random directions.

Linsley and Watson (1977) completed a comprehensive survey of anisotropy deter-
minations in this energy range, between 1951-1965, based upon the work of Sakakibara
(1965). They considered 42 results from 20 independent experiments. The majority of
these experiments were air shower rate counting experiments, relying on atmospheric
collimation for directional information. Only a few of the later experiments, working
at the top end of this energy regime used the now commonly employed technique of
fast-timing (see 3.3.1) for directionality. Energy resolution in the majority of these
experiments was also crude, based on the mean number of shower particles, the deter-
mination of which was based essentially upon coincidences.

At the lower end of this range, atmospheric attenuation was minimised by conduct-
ing them at high altitudes (e.g. Pic du Midi at 2860 m.a.s.l. — Daudin et al. 1956).
Despite these limitations, Linsley and Watson (1977) arrived at several conclusions, the
most notable being the apparent clustering of the maxima around 17.5 hours (R.A.)
when given equal weight. Such clustering will be discussed in 4.5.4. Despite the first
harmonic agreement, the second harmonic phases showed no significant agreement.

The energy dependence of these results was investigated by grouping the data
into decade energy ranges (A:10*eV - 10eV; B:10'%eV — 10*%eV; C:10'%V - 10'7eV)
(Linsley and Watson 1977). The resultant quoted for each group was obtained by the
vectorial addition of the experimental vectors, and the results are shown in Table 4.1.

In Group A, 5.8 x 107 events were collected. The majority (~ 70%) came from
the counting experiment of Daudin et al. (1956), carried out at Pic du Midi (altitude
2860m, latitude 43°N). The experimental apparatus consisted of five trays of Geiger-
Miller counters separated by distances of up to 80m. Energies were assigned by differ-
ent coincidence requirements, and corrections were made for atmospheric pressure and
temperature. The validity of the sidereal component was confirmed by dividing the

data into half-yearly bins. The sidereal component showed a constant phase, whilst
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Energy | Number Average Apparent Phase

Group | of Events | Energy (eV) | Amplitude (%) | (degrees)
A 5.8 x 107 | 3 x10™ 0.075+0.02 | 302 = 20
B 1.3 x 10" | 1.7x10% | 0.1940.045 | 291417
C ST % IF - 1B % 0™ 0.53 £0.25 176 & 27

Table 4.1 : Summary of the Linsley and Watson (1977) survey.




the solar component changed phase. The other experiments in Group A made only a
minimal contribution to the amplitude, although some phase agreement existed.

In Group B, 1.3 x 107 events were considered from fifteen independent experi-
ments. The largest contribution came from the experiment of Daudin et al. (1956),
but significant contributions were also made by Citron and Stiller (1958), and Farley
and Storey (1954, 1957). Citron and Stiller (1958) operated duplicate sets of Geiger-
Miiller counters at Schauinsland (altitude 1230m, latitude 48°N), the duplicate set
allowing constant monitoring of the apparatus. They found a significant solar varia-
tion, but only a small sidereal effect, which changed from year to year, and could be
partially explained by atmospheric effects (e.g. temperature and barometric pressure
variations). An alternative view is that any genuine anisotropy may have been dis-
guised by the atmospheric effects. The variation has since been attributed to counting
statistics (Linsley and Watson 1977). Similar variations were also observed by Farley
and Storey (1954, 1957) at Auckland (altitude 40m, latitude 37°S). Their earlier ex-
periment recorded a larger but statistically less significant amplitude than their latter
experiment, which had better statistics. The small contributions (statistically) of Clark
(1957) and Chitnis et al. (1960) were important because they employed fast-timing in-
stead of atmospheric collimation for directionality, and hence were able to assign both
a right ascension and declination for each recorded event.

In Group C, the statistics were much poorer, consisting of only 3.7 x 10° events,
collected by seven experiments. The most important contribution was made by the
experiment of Delvaille et al. (1962), carried out at Ithaca, where fast-timing was used
to calculate directions for energies greater than 10'°eV. Their array consisted of fifteen
scintillators, covering an area of almost 1 km in diameter. The anti-sidereal analysis
technique of Farley and Storey (1954, 1957) was applied to their results, but these
corrections were ignored by Linsley and Watson (1977). They suggested that these
corrections were uncertain and may have just added noise to the results. Whilst their
amplitude results were inconclusive, there was consistency in their phase measurements.

Following 1965, there was a lull in medium energy measurements, which resumed
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in the mid-70s. In more recent times, more results have become available as the larger
arrays, constructed in the 1970s, became operational and collected significant numbers
of events.

The exception to this trend is the Haverah Park Array (see e.g. Edge et al. 1978;
Lloyd-Evans 1982; Eames et al. 1985) which collected data onwards from 1963. This
array (recently decommissioned) used large, deep-water Cerenkov detectors, configured
into sub-arrays with spacings ranging from 50m to 2 km, and operated at a threshold
of ~ 10°eV. Whilst capable of detecting events of energies £ ~ 10%'eV, a significant
contribution has been made in the medium energy range (Lloyd-Evans 1982), using
the 50m and 150m arrays. Spurious effects were examined in great detail and the re-
sults, although only marginally significant, are in agreement with Linsley and Watson’s
survey (1977).

More recently, data has become available from Buckland Park (Gerhardy and Clay
1983), and Akeno in Japan (Kifune et al. 1986b), which is generally in agreement with
previously determined results.

Medium energy anisotropy measurements have been summarised in Figs 4.6 & 4.7.
Following from Linsley (1983), only those results from the Linsley and Watson sur-
vey (1977) which were corrected for atmospheric pressure effects have been included.
The summary results from Linsley and Watson (1977) have also been included for
comparison purposes.

Furthermore, the data have been separated into northern and southern hemisphere
measurements. There is no reason, a priori, to expect these measurements to be
compatible, as different regions of the sky (and hence the Galaxy in general) are be-
ing viewed. Northern hemisphere observations have generally been made in the lat-
itude range 40°N-60°N, whilst southern hemisphere observations exist for the range
35°5-40°S. Taking into account atmospheric attenuation, there is essentially no overlap
of the observed regions. This is especially important in the early counting experiments
where declination information is unavailable. On this premise, the Group B results of

Linsley and Watson (1977) must be viewed with caution, as they contain a significant
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contribution from the southern hemisphere (Farley and Storey 1954, 1957).

Examining the first harmonic data in this energy regime, data below ~ 10!%eV
are in good agreement with the lower energy underground experiments (apart from
the recently discovered dip around 10'%eV — see 4.5.1) and remain approximately
constant with energy in both amplitude and phase. The most prominent feature is
the apparent change in both amplitude and phase with energy above ~ 10%eV. The
amplitude then appears to increase as ~ E? up to ~ 10%%eV. This change in behaviour
of the anisotropy occurs at approximately the ‘knee’ of the energy spectrum (several
times 10'eV), and this is believed to be more than coincidental. As a result, any effect
responsible for the ‘knee’ of the energy spectrum (e.g. a change in composition) may
also be responsible for the change in behaviour of the observed anisotropy.

Conventionally, the change in both amplitude and phase at around this energy is
interpreted as evidence for a galactic origin of these cosmic rays (e.g. see Kiraly et al.
1979). Below this energy, the cosmic rays essentially follow the galactic magnetic field
lines parallel to the spiral arms of the Galaxy. As particle energy increases, their orbits
deviate further and further from the plane, resulting in an increased anisotropy. This
explanation has the problem of explaining the observed abruptness of the change in
behaviour of the observed anisotropies. Changes in composition are necessary (Kiraly
et al. 1979), about which little information is currently available.

Following the results of Samorski and Stamm (1983a) in their detection of U.H.E.
v-rays from Cygnus X-3, Wdowczyk and Wolfendale (1983a) suggested that U.H.E.
v-rays may be contributing significantly to the measured anisotropy, resulting in the
observed phase change. This suggestion was based upon the fact that at low energies
(i.e. ~ 10%V), the ratio of photons to protons (v/p) is ~ 1075, but they possess
different spectral indices (~ —2.2 and ~ —2.6 respectively), resulting in a predicted
(7/p) ratio of ~ 107> at 10'°¢V. However, in order to avoid a y-ray domination above
10'7eV (which is clearly not observed), it was necessary to introduce a sharp cut-off,
somewhere below 10'7eV, perhaps as a result of photon-photon interactions close to

the source. Further investigations into the true vy-ray flux are necessary to determine
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the validity of this explanation.

Clay (1984) presents a somewhat alternative view. It is firstly noted that a minimum
in intensity will result, using harmonic analysis, in a maximum with phase 180° different
from the direction of the minimum. Therefore, if we had a general cosmic ray flow along
the spiral arm (parallel to the galactic magnetic field), there would appear a maximum
in intensity in the direction of the source arm (viewed in one hemisphere), and a
minimum in intensity in the opposite direction (viewed in the opposite hemisphere). In
this case, observations in the northern and southern hemispheres should be comparable,
one set measuring the inward flow, and the other the outward flow, suggesting there
should be significant agreement in phase. This is evident by comparing the observed
phases in Figs 4.6 & 4.7.

Clay (1984) suggests the change in phase observed may be reconciled with a change
in direction of the flow at energies around ~ 10%eV. Below this energy, the particles
are of galactic origin, and are streaming outwards along the spiral arms. This results
in a maximum in the northern hemisphere (and hence a minimum in the southern
hemisphere). Above this energy, the particles may be streaming inwards along the spiral
arms, but following the arms less and less as the Larmor radius of their orbits increase,
resulting in the observed change of phase. Phase measurements are in agreement with
this hypothesis, but the source of the particles above this energy presents problems (in
general an extra-galactic source needs to be invoked).

Kifune (1990) suggests that the anisotropy is probably not due to a simple
global leakage of cosmic rays from the galactic disc with uniformly distributed cosmic
ray sources. Instead, a nearby source, or local effects of particle propagation in the
inter-stellar matter near the Solar System may have an important role, resulting in a
complicated dependence of the observed anisotropy with energy.

Kifune (1990) also suggests that a change in anisotropy with energy is expected

to occur naturally when cosmic rays have several types of production or propagation

properties (e.g. the galactic halo and disc component of a closed galaxy model

Peters and Westergaad 1977; the emergence of a component from a local source such
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as superbubbles in inter-stellar matter — Streitmatter et al. 1985; or superposition of
nearby supernova remnants — Dorman et al. 1985). Overall, the change of cosmic ray
composition varies from model to model, and more detailed information in this area is
required.

Overall, measurements of a ‘real’ anisotropy at medium energies, rather than the
upper limits currently observed, as well as detailed compositional information are nec-

essary before a detailed resolution to the above problems is possible.

4.5.3 High Energy Measurements

At the highest energies (E > 10'7eV), the bulk of the data, apart from the early
counting experiments of Cranshaw and Galbraith (1954, 1957) and Cranshaw and
Elliot (1956), has been collected using giant air shower arrays, relying on fast timing
for directional analysis. Large collecting areas and exposure times are necessary at
these energies in order for a significant number of showers to be detected due to the
low flux of primary cosmic rays.

Experimentally, the most important contribution has come from Haverah Park (see
e.g. Lawrence et al. 1990a). The SUGAR array (see e.g. Horton et al. 1983) has
also provided a significant contribution from the southern hemisphere, and will be
considered in the energy regime above 10'%eV. Other contributions have been made by
the Fly’s Eye (see e.g. Cassiday et al. 1990a); Akeno (see e.g. Matsubara et al. 1990);
Yakutsk (see e.g. Efimov et al. 1987); and Volcano Ranch (Cunningham et al. 1977).

The early counting experiments found no statistically significant sidereal anisotropy
(although a significant solar variation was detected) (Cranshaw and Galbraith 1954,
1957; Cranshaw and Elliot 1956). Similarly, the early fast-timing experiments (Clark
et al. 1961; Delvaille et al. 1962; Aguirre 1974) produced statistically insignificant
anisotropy results.

Volcano Ranch (Linsley 1975¢) produced results which indicated a strongly energy
dependent anisotropy above 10'7eV from ~ 3 x 10% events. This author suggested a

time dependence in the sidereal anisotropy to explain the apparent discrepancy with
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the previous results. It was also suggested this might explain the observed strong solar
variations.

The Haverah Park data (~ 10° events) suggests a general trend of an increase in
first harmonic amplitude with energy, apart from a dip at ~ 5 x 10'7eV, from 1.6%
at ~ 107eV to ~ 70% at 3 x 10%V. Changes in the phase of the anisotropy first
harmonic are apparent at ~ 2 x 107V and s 4 x 10"eV. Data from the Yakutsk
array, Fly’s Eye and Akeno support these observations in general. (see Fig 4.8 for a
compilation of high energy anisotropy measurements)

Variations in the anisotropy below 10'%eV suggest changes in the source and/or
propagation distribution. The prevalent view (see e.g. Fichtel and Linsley 1986) is
that cosmic rays near 10’®eV are predominantly of galactic origin. The Larmor radius
of their orbits is comparable to the thickness of the Galaxy’s magnetic disc (assuming a
negligible halo). As a result, some anisotropy is expected (but not observed). Cassiday
et al. (1990a) suggest that the observed lack of a large anisotropy may be achieved by
cosmic rays from the galactic disc, if they are of a mixed chemical composition, or a
composition dominated by iron nuclei. However, it is not yet possible to determine the
relative contributions of these effects without definite composition data. In addition,
more complete measurements of this anisotropy in the southern hemisphere would also
contribute to a resolution of this problem.

Berezinsky and Mikhailov (1985) have suggested that the observed anisotropy in
this energy range can be explained in a galactic .model, with a regular component of
the magnetic field in the galactic halo. Such a component is necessary to contain these
high energy particles due to the size of their Larmor radius (exceeding the galactic
thickness at around these energies). Extra-galactic models meet serious difficulties in
explaining both the observed flux and anisotropy of these cosmic rays.

Above 10'eV, it is necessary to combine data from several arrays due to poor
statistics, resulting from the miniscule flux at these energies. Both Wdowczyk and
Wolfendale (1989), and Efimov et al. (1990) have combined data from several arrays

(Haverah Park and Sydney, Haverah Park, Sydney and Yakutsk respectively) with
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similar results.

Wdowczyk and Wolfendale (1989) suggest their results are consistent with a galac-
tic origin below 10'eV (mostly from the plane), with an abrupt switch to a non-
galactic dependence around 10'%eV. Efimov et al. (1990) suggest that cosmic rays up
to ~ 2 x 10"V are purely of galactic origin, and the galactic contribution continues
up to =~ 10*°eV. Furthermore, at E > 4 x 10"%eV, they suggest that there is a significant
extra-galactic contribution in the direction of the Virgo cluster.

Examining the latitude gradient for these energies (as discussed in 4.3.3) (see
Fig 4.9), there appears to be a general increase in intensity of a southern hemisphere
excess up to energies ~ 10'%eV. At ~ 2 x 10%eV, there is an abrupt change to a strong
northern hemisphere excess. The disadvantage of these measurements is that the
majority were carried out in the northern hemisphere. Wdowczyk and Wolfendale
(1984) have argued that extrapolation of the data to large southern galactic latitudes
(i.e. b < —50°) is invalid as a result, and they suggest that when combined with the
sparse southern hemisphere data available, the results support an overall enhancement
in the general direction of the galactic plane below ~ 10%V. Above ~ 2 x 109V, the
observed northern hemisphere enhancement is considered by Wdowczyk and Wolfendale
(1984) to be evidence that at least part of the cosmic ray flux at these energies is extra-
galactic in origin.

High energy results, in general, are only upper limits, currently restricted by count-
ing statistics. It is entirely possible that the actual anisotropies present may be an
order of magnitude (or more) below those figures traditionally accepted. More experi-
mental data is required in order to lower these limits and establish the strength of any

‘real’ anisotropy present.

4.5.4 Significance of the Results

The statistical significance of both medium and high energy measurements has been
examined by Lloyd-Evans (1982), and in more detail by Clay (1987). In a review of

the data available to that date, Clay (1987) plotted these compiled results in terms of
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their confidence level, as determined by Rayleigh statistics (see 4.3.1) (see Fig 4.10).

Many published results claim high confidence levels for the measurement of a real
anisotropy, but the data set provides less convincing evidence when viewed as a whole.
Clay (1987) found that whilst there was an excess of results with probability levels
of more than 50%, there is no progressive deviation from the general form of random
distribution with increasing event number, as would be expected in the presence of a
real anisotropy. (i.e. increasing the number of events examined increases the signal
to noise ratio). An investigation into the energy dependence of these results was also
carried out, with the results that the individual energy ranges considered were also
found to be inconsistent. Large anisotropies, measured with a small number of events
and assigned a high confidence level (> 95%) did not appear in experiments with higher
number of events, as would be expected if there existed any real anisotropy. One such
example occurred with the data set of Farley and Storey (1954), who reported a large
anisotropy (1.1%) with a very high level of confidence (> 99.99%) at E ~ 10%eV.
In a subsequent experiment carried out in the same energy range, and involving a
larger number of events (Farley and Storey 1957), the reported anisotropy was much
lower (0.14%) with a much lower confidence level (45%). Clay (1987) concluded that
there exists no convincing evidence for any clear anisotropy amplitude in the data set
examined. However, the data set does not exhibit the amplitude distribution expected
from a random distribution of events predicted by Rayleigh statistics. It appears there
exists a non-random component which, it is suggested (Clay 1987), may result from
the incomplete cancellation of residual systematic effects.

In light of this view, the apparent agreement in observed phases (see Figs 4.6, 4.7 &
4.8) is puzzling. Clay (1987) has questioned the confidence limits applied to phases, in
view of questionable amplitudes, and suggests that the assumption that a distribution
where any possible amplitude and phase is possible is being sampled (Linsley 1975a)
is false. If this is the case, then the limits suggested by Linsley (1975a) should be
regarded as lower limits to the angular uncertainty.

Phases are represented as cyclic data, with the freedom to shift the data by multiples
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of 360°, in order to present the data in the most aesthetically pleasing form. Clay
(1987), through the use of Monte Carlo simulations, places an 80% confidence level
on the observed phase consistency, finding better fits occurred from purely random
distributions 20% of the time.

The measured phases may be replotted by adding appropriate multiples of 360°
as shown in Fig 4.11. This figure demonstrates only two significant changes in phase,
just below 10%eV, and at ~ 2x109eV (and perhaps the suggestion of another at
E ~ 3 x 10'™eV). Above this energy, the phase varies fairly uniformly with energy.
This suggests that many of the ‘wiggles’ in the standard form of phase presentation
may be meaningless, and result only from the method of presentation. In the light of
this discussion, along with the relatively large errors in phase, interpretations of phase
changes with energy should be approached with caution.

Apart from these effects, it is also possible that, inherent in the data are experi-
mental effects unique to a particular experiment. These may be a result of different
locations, different collecting areas, different triggering conditions, different analysis
techniques, different energy sensitivity or sensitivity to different components of the air
shower (e.g. muons, electrons, Cerenkov light, etc.). It is even possible that data col-
lected by the same array in different energy ranges may be incompatible (Clay 1987).
This suggests that it may be unlikely that a significant anisotropy will be observed and
agreed upon by a number of arrays, operating essentially under the same conditions.

The data presented in Chapter 5 will hopefully contribute to a resolution of these
problems. Long-term however, both detailed compositional data, and experiments with
good long-term stability and lengthy exposure times (an order of 2 or so larger than
those currently available) will be necessary if a resolution to these problems is to be

successfully attempted.
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Chapter 5

Anisotropy Measurements

5.1 Introduction

Measurements of the primary cosmic ray flux were carried out on the 1984-1989 data
set (see 3.3 for the details of data collection and analysis). Estimates of the anisotropy
in the data were calculated using an analysis technique described below. In addition,
this technique was also applied to an earlier data set (1978-1981), the majority of
which (1979-1981) had been previously analysed using the anti-sidereal technique of
Farley and Storey (1954, 1957) by Gerhardy (1983).

The most straightforward approach to this analysis is to produce a skymap of the
detected events, as a function of declination and right ascension. This is achieved by
grouping the data into bins of declination and right ascension. As discussed in 3.4, the
1984-1989 data set needs to be considered in two separate periods, namely

(1) June 1984 — June 1986 (referred to as 1984-1986)

(2) July 1986 — May 1989 (referred to as 1986-1989)

However, before harmonic analysis techniques can be applied to the experimentally
determined skymaps, biases introduced into the data need to be taken into account

and eliminated where possible.
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5.2 Corrections to Data

Effects that may introduce a bias into the skymap resulting in the introduction of
coincidental or spurious variations into the data may include on-time effects, equipment

failure or error, as well as atmospheric-related effects.

5.2.1 On-Time Effects

Harmonic analysis of a skymap assumes that each regime of the sky has been equally
exposed in time. At a given declination, this may be achieved through a uniform and
continuous exposure in sidereal time, provided by the rotation of the Earth.

Realistically, this is difficult to achieve experimentally, due to equipment down-
times, resulting from tape changes, power failures, or equipment failures. On-time
effects could be allowed for by weighting the skymap with respect to the sidereal expo-
sure time. However, the width of the zenith angle distribution (see Fig 3.6) makes the
array sensitive to a wide range of right ascensions at any given sidereal time. amount-
ing to several hours (see Fig 5.1). This range is dependent upon both declination
and the corresponding zenith angle. Atmospheric attenuation results in a complicated
dependence of this non-uniform exposure time.

An alternative method is to consider only those data which comprise a complete
and continuous sidereal day of array exposure. Once atmospheric (and other) effects
have been allowed for, this guarantees equal exposure to all right ascensions within
any declination band observed. The majority of the data files in this set (1984-1989)
consisted of 3-4 day runs. It was found that applying this restriction resulted in a
loss of approximately 20% of the acceptable events. The resulting loss of statistics was
deemed acceptable in light of the effective removal of on-time effects and the associated

complications.
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5.2.2 Data Rejection

In addition to on-time effects, other experimental and analytical effects may also result
in an introduced bias in the resultant skymap.

The data were checked for a consistency in the detected and analysed event rate,
averaged both hourly and daily. If a discrepancy was observed, usually due to one or
more detectors failing, the appropriate data were deleted from the data set. A failed
detector may alter the array triggering conditions, resulting in a reduced event rate,
and producing an uneven exposure to the sky over that particular sidereal day. Where
possible, parts of these data files which were unaffected by the failure were salvaged
(usually those data previous to the detector failure). In addition, event time-spacings
in excess of five minutes were also used to indicate a bad data run and resulted in the
restart of the full sidereal day being analysed.

During the data analysis procedure, estimates of both shower direction, and shower
size and age were calculated using minimisation techniques (see 3.3.2). Estimates of
goodness-of-fit could then be used to decide if the data fit was sufficiently poor for the
rejection of an event. Such limits were chosen resulting in the rejection of additional
data (o < 10, x? < 6 for direction and shower size fits respectively — see 3.3.2),

Furthermore, successfully analysed events were only considered if the fitted shower
core was found to fall well within the array boundaries (|z|,|y|,< 100m ), as those
events nearer the extremities of the array suffer from poor sampling statistics, resulting
in increased uncertainty in the shower size and core position fits. The derived shower
age parameter, s, was constrained to lie within the range 0.55 < s < 1.95, as ages
outside of this range were considered to be poor fits.

The discussed rejection criteria resulted in the rejection of ~ 22% of the recorded

events. The remaining effects that need to be taken into account are either atmospheric

or extra-galactic in origin.
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5.2.3 Atmospheric Rate Coefficients

The way in which shower development takes place is affected by the medium in which
it occurs (i.e. the atmosphere). Therefore, although the primary spectrum of cosmic
rays is not affected by atmospheric effects, the resultant E.A.S. are. The probability
of detecting such a shower is dependent upon atmospheric conditions. Due to the
steepness of the shower size spectrum (see Fig. 3. 12), these effects resu.lf in a noticeable

modulation of the detection rate.

The two atmospheric effects that need to be investigated are those due to barometric
pressure and temperature.

The mass of atmosphere vertically above the detector (the absorber contributing
to the development and attenuation of E.A.S.) will vary with variations in barometric
pressure. For arrays where E.A.S. are detected over a range of zenith angles (such as
Buckland Park), this attenuation is complicated by a factor of sec# increase in the
mass of the absorber for inclined showers.

This implies that sea-level shower sizes are reduced when barometric pressure in-
creases, and as a result E.A.S. detection probabilities decrease. This results in a de-
crease in the rate of detection of E.A.S. which may introduce a spurious effect in the
search for a sidereal anisotropy in the cosmic ray flux.

The barometric pressure coeflicient, b is defined by

— =bd 5.1
B p (5.1)

where R is the rate of shower detection and p is the barometric pressure.
Similarly, variations in the lower atmospheric temperature result in changes in

the air density. It is this effect which is generally assumed to be the cause of the
temperature coefficient, a, defined by

ar
T = a.dT (5.2)

where T' is the atmospheric temperature.

So far, only the effect of the lower atmosphere has been considered. However,

atmospheric conditions at the top of the atmosphere are also significant to shower
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development lower down, as this is the region where the primary cosmic ray undergoes
its first few interactions. This is of most importance to the production of the muon
component, and these measurements have been carried out for several decades (e.g.
Duperier 1949, 1951; Dutt and Thambyapillai 1965; Lyons 1979). Such a data set
was unavailable for the Buckland Park array, so these effects could not be taken into
account and will not be discussed further.

For the 1984-1989 data set, atmospheric pressures were recorded every 15 minutes,
along with atmospheric and sample detector temperatures, and selected individual
detector rates, as well as overall trigger and event rates.

Mean coefficients were calculated from these data using a multiple linear regression
fit, with the estimates being

g = 005 40.1% 2=

b= —0.8+0.1% mbar

From these results, it is obvious that the barometric pressure is the dominant at-
mospheric effect on E.A.S. detection rates. However, it will be shown that an overall
solar effect (i.e. a rate variation related to solar time) is also significant (see 5.2.4). It
is assumed that this includes an atmospheric temperature effect, which is dependent
more upon the occurrence of the maximum and minimum of temperatures rather than
the absolute temperature (hence the essentially non-existent absolute temperature co-
efficient). The two coefficients determined here are in agreement with those measured
previously at other arrays (e.g. Cranshaw et al. 1958) and at Buckland Park (Gerhardy
1983; Gerhardy and Clay 1983).

To take the pressure effect into account, each event was suitably weighted with the
corresponding atmospheric pressure, with respect to the mean atmospheric pressure of
1016 mb (although this reference is somewhat arbitrary). The weighting factor, w,,

was calculated using

w, = 1 + (pressure — 1016) x 0.008 (5.3)

and it was this weight that was added to the skymap for each event, rather than purely

counting the events.
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Lloyd-Evans (1982) suggested that a better estimate of the barometric pressure
rate coefficient may be determined by examining only the data in which the baromet-
ric pressure varies rapidly with time. A suitable subset of data was selected, and a
pressure/rate coefficient determined. This new coefficient was found to be identical
to that previously determined. Lloyd-Evans (1982) also suggested the possibility of a
shower size dependence on this coefficient. Such a dependence was investigated using
the Buckland Park data and was found to be statistically insignificant. Consequently,
the value of —0.8% mbar~' was used in all subsequent analysis.

In addition to these effects, the detectors themselves may be affected by the pre-
vailing atmospheric conditions. Fig 5.2 shows the variation of temperature and baro-
metric pressure over a period of ~ 10 days, recorded at Buckland Park. The majority
of the detectors are thermally insulated, and Fig 5.2 clearly shows the reduction in the
amplitude of the temperature fluctuations experienced by the sample detector (C). In
addition, the time profile is altered, lagging behind the atmospheric fluctuations. How-
ever, they are not completely dampened. If these variations have Fourier components
in sidereal time, then spurious variations may be introduced into the event detection
rate. The temperature variations of the electronics used for analysis and recording of

the data are minimised by airconditioning of the electronics hut, and will be ignored.

5.2.4 Solar-Related Effects

To examine solar-related effects, and those associated with other periods close to the
sidereal period of 23 hrs 56 mins (which may have an influence on the estimated
sidereal amplitude as a result of Fourier sidebands) detection rates were examined as a
function of these periods, in a similar manner to the full sidereal day method discussed
in 5.2.1. As an example, annual modulation of the solar period amplitude will result
in sidebands at periods +4 mins the solar period (i.e. the sidereal and anti-sidereal
periods), resulting from the beating of these two frequencies.

The periods examined ranged from 23 hrs 32 mins to 24 hrs 28 mins in 4 minute

intervals. Event arrival times were binned into 96 bins representing the corresponding
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phase for the period being examined. Phases were chosen to correspond at the Septem-
ber equinox, as each period results in an integral number of cycles per calendar year,
but this is arbitrary and the phases (apart from the solar and sidereal phases) have no
physical meaning.

Harmonic analysis of these periods produced a distribution of first harmonic ampli-
tudes consistent with noise (see Fig 5.3), apart from the solar period, which produced
a significant first (and in the case of the 1986-1989 data, second) harmonic amplitude.
Such an effect could quite possibly result in a spurious contribution to the estimate for
the sidereal amplitude.

Table 5.1 lists the annual solar period first and second harmonic amplitudes and
phases of the event detection rate. The majority of the first harmonic amplitude esti-
mates are highly significant with only one of the second harmonic amplitude estimates
being significant, suggesting a dominant diurnal effect which depends upon factors
other than the recorded atmospheric temperature.

There is also remarkable agreement of the first harmonic phases within the two
data sets (1984-1986, 1986-1989), despite the fact that two of the three years in the
1986-1989 data set show relatively less significant amplitudes.

The shift in phase between the two data sets is puzzling, but may perhaps be
reconciled by the addition of the extra timing tubes and resultant change in event
analysis acceptance and subsequently in the array characteristics (see 3.4).

To remove the effect of this observed dependence of the event rate with solar time,
in compiling the skymaps, each event was weighted with respect to its arrival time
(as measured in solar time), using the observed dependence as an estimate for this
weighting. In order to maintain the independence of the sidereal and solar frequencies,
1t was necessary to average this weighting over at least two years of data. The weights
employed were the estimates for the 1984-1986, and 1986-1989 maps respectively (see
Table 5.1). In this way, a skymap was produced for each period under consideration,
which is essentially free from solar period effects.

Table 5.2 lists the total number of events detected during the periods under ques-
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Period Number 1°* Harmonic 2"¢ Harmonic

of Events | Amplitude (%) | Phase (hrs) | Prob' (%) | Amplitude (%) | Phase (hrs) | Prob (%)
1984-1985 | 1.09 x 10° 0.75 £0.14 18.30 £0.69 | 2x10™° 0.13+£0.14 1.55 £3.97 62.7
1985-1986 | 8.38 x 10° 0.66 £ 0.16 17.28 £ 0.90 0.01 0.14 £0.16 5.77 £4.30 67.4
1986-1987 | 1.04 x 10° 0.25 £0.14 12.92 4 2,10 19.1 0.63 +0.14 0.22+0.84 | Ix 10~
1987-1988 | 7.72 x 10° 0.33 £0.16 13.96 £+ 1.88 12.6 0.41+0.16 217+ 1.49 3.8
1988-1989 | 6.96 x 10° 0.70 £ 0.17 14.57 4+ 0.93 0.02 0.34 £0.17 11.21 +1.88 12.8
1984-1986 | 1.93 x 10° 0.70 £0.10 1789055 | 5x10°° 0.07+0.10 10.32 £ 5.46 78.3
1986-1989 | 2.52 x 10° 0.39 £ 0.09 13.99 +£0.87 | 6 x 1073 0.46 £ 0.09 0.5240.73 | 3% 10~
1984-1989 | 4.44 x 10° 0.46 £ 0.07 16.28 £ 0.56 | 6 x 10~° 0.24 £0.07 0.79 £1.08 0.19

Table 5.1 : Results of the harmonic analysis on the solar period data (Phases defined with respect to Universal Time).

'Here, as well as in Figs 5.5-5.8, and in Tables 5.3, 5.5, 5.7, 5.8, 5.10, 5.11 the probability referred to is that of a random

distribution giving rise to a variation with less than or equal to the same amplitude as defined in Eqn 4.13.




Total Number of | Total Number of | Number Of Full Sidereal
Events Recorded | Events Considered Days Contributing

1984-1986 3.6 x 10° 2.0 x 10° 339
1986-1989 4.0 x 108 2.5 x 10° 460
Total 7.6 x 10° 4.5 % 10° 799

Table 5.2 : Total number of events recorded by the Buckland Park E.A.S. Array and
the corresponding number of events used in the anisotropy analysis, together with
the number of full sidereal days exposure used in the analysis.



tion, together with the number of events used in the final analysis, and the correspond-
ing number of full sidereal days of data used. Fig 5.4 displays graphically the array
exposure times, and the corresponding daily event rates used in the calculation of the
sidereal skymaps, and in the subsequent estimation of the anisotropy of the primary

cosmic ray flux.

5.3 Sidereal Skymap

To construct a sidereal skymap, the recorded events, once suitably analysed, tested and
weighted, were binned in terms of both right ascension and declination, based upon the
equatorial co-ordinates assigned to the event, calculated from the estimated azimuth
and zenith angles, and the arrival time of the event. Bin sizes chosen for the analysis
were :

15’ for Right Ascension; 5° for Declination.

With the exception of high declinations (|§] > 70°), these ranges are larger than
the angular resolution of the array (typically ~ 3°). ‘Improved’ directions, based upon
the fitting of a curved shower-front, had been calculated for the purposes of U.H.E.
7-ray astronomy for this data set. However, due to the requirements in calculating
such ‘improvements’ (see 3.3.2), only ~ 55% of the events had these ‘better’ directions
available. Since only low-order harmonics were to be searched for, the slight improve-
ment in angular resolution (to < 2°) was not deemed to be necessary, in view of the
significant loss of statistics resulting from such an analysis.

Knowledge of the event arrival direction, in addition to the event arrival time allows
a more sophisticated analysis of the cosmic ray anisotropy to be carried out than that
possible with the hour-angle approach, in which the event arrival time is converted to
an hour-angle and then used in harmonic analysis. Employing hour angles leads to
a ‘smearing’ of the data (see e.g. Fig 5.1). Event arrival directions allow a limited
investigation into the declination dependence of the cosmic ray flux intensity, as well

as the traditional right ascension dependence.
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Harmonic analysis was carried out on the two skymaps produced (1984-1986, 1986
1989), initially ignoring any declination or shower size dependence. Estimates for
the first and second harmonic amplitudes and phases of the overall right ascension
distribution, along with the appropriate statistical errors (as defined in 4.3.1) were
calculated, and appear in Table 5.3.

The relatively high significances (< 10% random probability) of the first harmonic
amplitudes for the first three years under examination, and the inconsistent phases
required further investigation, as it was suspected that the solar effect may not have
been correctly eliminated.

Six-monthly sidereal first harmonic amplitudes and phases for the overall data were
calculated and appear in Fig 5.5. The presence of a remaining solar effect would
manifest itself as an approximately twelve hour difference in the phase between adjacent
six-monthly periods. The ‘see-sawing’ effect apparent in Fig 5.5(c) is an indication of
such an effect. It was then decided to examine this effect as a function of shower size.
Six shower size bins had been selected, a priori, in order to investigate the dependence
of the anisotropy on shower size (and hence primary particle energy), and these are
defined in Table 5.4 (the conversion of shower size to primary energy will be discussed
in 5.4.1). The results of this investigation appear in Fig 5.6 and from these diagrams it
is clear that several of the size bins (and in particular, bin 4), have a significant solar
component present which may be interfering with the sidereal harmonic investigation.

[t was then decided to return to the solar skymap for further investigation, as
the averaged overall weighting applied appeared to be inadequate in eliminating this

diurnal effect from these data.

5.3.1 Solar Effect Revisited

The first harmonic of the solar skymap was examined on a calendar month basis, and
the results of the overall analysis appear in Fig 5.7. Several months over the five year
period being examined display highly significant amplitudes with phases around 14

hours U.T., which were found not to be the result of an isolated day’s bad data but to
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Period Number 1** Harmonic 2" Harmonic Statistical Errors

of Events | s; (%) | 01 (hrs) | P (%) | s2 (%) [ 82 (hes) [ Py (%) | Oyms (%) | 07 (%) 0y, (hrs) | o4, (hrs)
1984-1985 | 1.10 x 10° | 0.27 9.23 7.9 0.085 3.82 82.0 0.19 0.14 1.70 6.08
1985-1986 | 8.40 x 10° | 0.32 12.75 6.9 0.065 4.14 91.4 0.22 0.15 1.65 9.00
1986-1987 | 1.05 x 10° | 0.28 0.51 8.0 0.24 6.48 13.5 0.20 0.14 1.70 1.91
1987-1988 | 7.91 x 10° | 0.18 1.76 53.7 0.20 6.38 45.8 0.23 0.16 3.42 3.06
1988-1989 | 7.00 x 10° | 0.22 10.54 41.7 0.38 8.45 5.2 0.24 0.17 2.89 1.57
1984-1986 | 1.94 x 10° | 0.27 10.88 1.6 0.02 3.36 98.1 0.15 0.10 1.33 19.38
1986-1989 | 2.54 x 10° | 0.10 1.90 3Ll 0.14 7.88 19.1 0.13 0.089 2.50 2.10
1984-1989 | 4.48 x 10° | 0.091 8.43 39.7 0.089 8.22 41.6 0.094 0.067 2.81 2.88
Table 5.3 : Results of the harmonic analysis on the overall data sets ignoring any shower size or declination dependence.
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Figure 5.5: The first harmonics of the sidereal component in 6 monthly intervals for
the overall data set (1984-1989).
(a) First Harmonic Amplitude (dashed line indicates the RMS noise level).
(b) First Harmonic Amplitude Probability.
(c) First Harmonic Phase.



Label | Shower Size Mean Mean Number of Events
(particles) | Shower Size | Energy (eV) | Total | Contributing

1 < 10* 6.6 x 10° | 3.2x10™ [6.62x 105| 4.26 x 10°
2 104 -3 x10*| 1.97x10* | 1.0x 10 |2.12x108| 1.37 x 10°
3 3x10*-10°| 5.68x10* | 1.6x 10 [2.39x 10| 1.54 x 108
4 14° - 10° 2.32x10° | 5.0%x10% [1.60x 10%| 1.04 x 108
i 108 - 107 1.62 x 105 | 2.0 x 10® |1.05x 10°| 6.86 x 10*
6 > 107 1.47x 10" | 1.1 x 107 |1.32x10%| 8.53 x 102

Total Number of Events 6.87 x 10° | 4.44 x 10°

Table 5.4 : The shower size ranges considered in the analysis of the 1984-1989 data set and the corresponding
mean shower sizes and primary particle energies, together with both the total number of recorded events,
and the total number of events contributing to the skymaps.
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Figure 5.6: The first harmonics of the sidereal anisotropy, averaged in six monthly
intervals for the enftire data set (1984-1989) in terms of each of the shower size
(primary energy) bins considered. The three graphs for each bin are in the same
format as used in Fig 5.5.

(a) Size Bin 1 (3 x 10'eV).
(b) Size Bin 2 (10'%eV).

(c) Size Bin 3 (1.5 x 10%%eV).
(d) Size Bin 4 (5 x 10'%eV).
(e) Size Bin 5 (2 x 10'%eV).
(f) Size Bin 6 (1.1 x 10'7eV).
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Figure 5.7: The monthly first harmonics of the solar componentof the cosmic ray flux
for the overall data set (1984-1989). (The months indicated are July, November and
March).

(a) First Harmonic Amplitude (dashed line indicates the RMS noise level).
(b) First Harmonic Amplitude Probability.
(c¢) First Harmonic Phase (in the range 6 to 30 hours).



be reasonably consistent over the entire month. Carrying out this monthly analysis on
a shower size basis however, is more informative, and the results of this investigation
appear in Fig 5.8.

There appears to be a significant enhancement in the solar period first harmonic
amplitude in the first four size bins, during the ‘summer’ months (mostly between
November and March), in the first three years of the data, after which the effect
essentially vanishes. It is possible that this may be either a temperature-related effect,
or a light-leak effect which was not apparent when the array event rates were examined.
The cause of this effect and its subsequent demise were not determined despite an
extensive investigation into the happenings at Buckland Park during the period in
question (1984-1987)!.

Most significantly, the first three size bins examined show a consistent phase of
the peak during these months at ~ 18 hours U.T. (~ 4 a.m. local time), whereas
bin 4 (10° < N, < 10°) shows a consistent phase of peak during these months at
~ 6 hours U.T. (~ 4 p.m. local time). This difference may result from the fact that the
smaller showers rely mostly upon the ‘inner’ detectors of the ‘old’ array for detection,
whereas bin 4 showers rely on the more distant detectors, indicating some fundamental
differences in the array properties not previously determined.

These differing phases, and corresponding wildly varying amplitudes resulted in
the failure of the averaged overall solar weighting in removing the observed diurnal
effect from the sidereal skymap. As a result of this analysis, it was decided that only
a restricted portion of these data would be acceptable for use in producing unbiased
skymaps to be used for harmonic analysis, as listed in Table 5.5.

The size-independent (overall) skymap used in subsequent analyses appears in
Figs 5.9-5.11. Fig 5.9 presents the raw data for the sidereal skymap with reduced reso-
lution in right ascension in order to allow the map to fit legibly onto one page. Fig 5.10

displays the raw skymap data in three dimensional form as a function of equatorial

It is this ‘effect’ which is believed to be largely responsible for the non-uniformity observed in the

event time-spacing distribution of the 1984-1986 analysed data (see 3.4.3; Fig 3.16(a)).
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Figure 5.8: The first harmonics of the solar component month by month for the eni-
tire data set (1984-1989) in terms of each of the shower size (primary energy) bins
considered. The three graphs for each bin are in the same format as used in Fig 5.7,

(a) Size Bin 1 (3 x 10™eV).
(b) Size Bin 2 (10'%eV).

(c) Size Bin 3 (1.5 x 10'%eV).
(d) Size Bin 4 (5 x 10'%eV).
(e) Size Bin 5 (2 x 10'%eV).
(f) Size Bin 6 (1.1 x 10'7eV).
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Figure 5.9: The raw data for the overall skymap in celestial coordinates.

cension is in hourly bins starting at 0 hours across the page, and Declinat
degree bins starting at —90° going up the page.
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Figure 5.11: Weighted Skymap of the overall results. Contours are in 1 sigma intervals
with 0 indicated by the dashed lines. The Galactic Plane has been superimposed
(solid line).



co-ordinates. The major feature of this diagram is the shape of the array declina-
tion exposure distribution. Due to this uneven exposure as a function of declination,
interpretation of this map is difficult. A more useful presentation of the skymap data
is shown in Fig 5.11. Here, the number of events recorded in each cell of the skymap
have been presented in terms of the deviation from the expected number of events.
This expected number of events was calculated by averaging the number of events for
each cell in the corresponding declination band. The deviation (A) is then expressed
in terms of standard deviations (o) from this mean, based upon Poisson statistics (see

e.g. Bevington 1969), namely
Nobs = Nexp

yiom (5.4)

Such a presentation is useful in searching for regions of enhancements in the event

A =

detection rate in equatorial co-ordinates, possibly due to astrophysical sources emitting
U.H.E. y-rays or neutral particles, which would be unaffected by the galactic magnetic
field and hence travel in a straight line.

No significant enhancements (e.g. > 30) are evident in this skymap. In addition,
the galactic plane has been superimposed upon this skymap. There appears to be
no overall correlation of the contours of this map with the galactic plane. Further
considerations of the relationship of the primary cosmic ray flux with the galactic

plane (and galactic co-ordinates in general) will be discussed in 5.5.

5.4 Harmonic Analysis

As a first step in the anisotropy analysis procedure, declination and shower size depen-
dence were ignored, and estimates for the first and second harmonic amplitudes and
phases of the overall right ascension distribution were calculated (see Table 5.5).

The 0.067% first harmonic amplitude estimate for the overall data set has a 90%
random probability assigned to it (based upon Rayleigh statistics). Examining these
data on a yearly basis, the distributions of the first and second harmonic amplitudes

and phases are consistent with a random distribution of samples at the statistical level
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Period Primary Number 1°* Harmonic 2"¢ Harmonic Statistical Errors
Energy (eV) | of Events | s; (%) | 01 (hrs) | P (%) | s2 (%) | 62 (hrs) | Po (%) | 0rms (%) | o (%) | 06, (hrs) | o4, (hrs)
1987-1989 All 9.78 x 10° | 0.067 10.5 90 0.096 9.4 80 0.20 0.14 8.2 2.8
1986-1989 | 3.2 x 10 | 1.97 x 10° | 0.26 7.6 72 0.77 8.7 3 0.45 0.32 4.7 0.8
1987-1989 | 1.0 x 10* | 2.39 x 10° | 0.25 3.1 69 0.35 3.4 29 0.41 0.29 4.4 12
1987-1989 | 1.6 x 10 [ 5.16 x 10° | 0.23 23.0 92 0.15 10.9 T4 0.28 0.20 3.3 2.5
1987-1989 | 5.0 x 10% | 3.13 x 10° | 0.17 17.6 80 0.28 9.6 55 0.36 0.25 5.8 bt
1984-1989 | 2.0 x 10*® | 6.80 x 10* | 0.47 8.4 69 0.44 2.0 72 0.77 0.54 4.4 24
1984-1989 | 1.1 x 1017 | 8.68 x 10% | 4.48 1.6 65 2.06 3.5 91 6.79 4.80 4.1 4.5

Table 5.5 : Summary of the results of the harmonic analysis on the 1984-1989 data set, including primary energy dependence.




being considered (~ 5 x 10° events per year).

It is concluded that there is no evidence for an anisotropy in the overall right
ascension distribution of events detected at Buckland Park, independent of shower size
and declination, with a corresponding upper limit of 0.4% (at the 95% (20) confidence

level).

5.4.1 Shower Size (Energy) Dependence

There is no strong basis theoretically for the independence of the primary cosmic ray
flux anisotropy with energy. On the contrary, there is sufficient evidence that such an
energy-dependence exists, both theoretically and experimentally (see Chapter 4 for a
detailed discussion), to warrant an investigation.

To allow an investigation into the shower size (and hence primary energy) depen-
dence of the anisotropy estimates calculated, the data were divided, a priori, into
shower size bins as listed in Table 5.4. As a rough guide, a conversion factor of 101%V
per particle has been suggested (Allan 1971) in converting sea-level shower sizes to
primary particle energies. However, for the conversion of the mean shower size to a
mean primary energy for each of the size intervals chosen, a more detailed approach
was followed, as discussed below.

The calculation of the factor used in converting the mean sea-level shower size to
a mean primary particle energy relies on the knowledge of the mean depth of shower
maximum as a function of primary particle energy. Such a calculation has been carried
out by Protheroe and Patterson (1984) for various compositions and their results have
been applied to this analysis. Past this maximum, the shower size (electromagnetic
component) is attenuated, predominantly by ionisation, with an experimentally deter-
mined, size-dependent attenuation length of ~ 200 gem=? (see e.g. Ashton et al. 1975;
Bird and Clay 1990b).

Combining these results, and assuming a predominantly (90%) proton composition
of the primary cosmic ray flux in the energy range 3x10'eV - 10'7eV, a calibration

curve was calculated (see Fig 5.12). Using this curve, it was possible to estimate the
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discussed in the text.



mean primary energy corresponding to each of the chosen shower size intervals. Mean
shower sizes for each of the intervals chosen were calculated from the data sets, and then
converted to energies. The results of this conversion are shown in Table 5.4. Harmonic
analysis was then applied to each of these intervals, and the resultant amplitudes and
phases determined are presented in Table 5.5, and compared to previously determined
southern hemisphere anisotropy estimates in Fig 5.13.

The periods examined vary for each of the size bins, based upon the uncertainty in
estimating the solar effect, as discussed in 5.3.1. Only for the highest two shower size
bins was it possible to sample essentially over the entire five year data set. In addition,
no attempt was made to calculate a solar weight for bin 6 due to the relatively small
number of events and associated large uncertainty in such an estimate.

All first harmonic amplitudes and phases are consistent with those expected from
a random distribution at the statistical levels being considered, and the appropriate
limits are displayed in Fig 5.13.

It is interesting to note that despite no statistically significant first harmonic ampli-
tudes being recorded, the corresponding phases are, in general, consistent with those
previously determined by other experiments (see Fig 5.13). In particular, the phases of
Gerhardy (1983) compare favourably with corresponding phases in the present work,
in spite of the differing amplitudes (see Table 5.6).

This general phase agreement may be indicative of the presence of an anisotropy

below the current statistical limits, but is nevertheless somewhat puzzling.

5.4.2 Declination Dependence

Whilst the right ascension exposure can be made essentially uniform through the use
of full sidereal days of data, the array exposure in declination suffers from the non-
uniformity of both the azimuth and zenith angle distributions (see Figs 3.5 & 3.6). Con-
sequently, analysis and interpretations of the declination dependence on the anisotropy
are inherently more difficult.

In spite of this, two investigations were carried out into such a dependence.
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Figure 5.13: A comparison of the present results with previous southern hemisphere
medium energy anisotropy measurements (first harmonic amplitude and phase). All
errors and upper limits presented are at the one sigma level.

(©) Farley and Storey (1954)
(A) Farley and Storey (1957)
(x) Gerhardy and Clay (1983)
(O) Escobar et al. (1960)

(*) Fenton et al. (1990)

() this experiment



Gerhardy (1983) Present Work
Primary 1** Harmonic Primary 1** Harmonic
Energy (eV) | Amplitude (%) [ Phase (hrs) | Energy (eV) [ Amplitude (%) | Phase (hrs)
8 x 10™ 3.29 £+ 1.60 1924+1.9 5 x 101° 0.17 +4.25 178 + 5.8
1.7 % 10 1.86 £1.14 10.3 + 2.3 2 % 10%= 047+ 0.54 84+4.4

Table 5.6 : Comparison of the present results with those obtained by a
previous anisotropy experiment at Buckland Park (Gerhardy 1983).
(errors quoted at the 1 o level).




The first investigation involved dividing the sky into three regions of declination :

(1) North : —25° €4 < 0°
(2) Overhead : —45° < § < —25°
(3) South : —70° < § < —45°

Harmonic analysis was then applied to the resultant right ascension distributions
for each declination band in order to search for any trends in this anisotropy as a
function of declination. The results of this analysis are presented in Table 5.7.

Overall, there is no statistically significant first (or second) harmonic amplitude
recorded in any of the three declination bands considered. Furthermore, it is not
possible to accurately compare the numbers of events recorded in each declination
range, due to the non-uniformity of the array exposure as a function of declination (see
Fig 3.8), and the non-uniform azimuth distribution (see Fig 3.6).

To investigate any possible size and declination dependence, the data were separated
into the previously discussed size intervals. The results of the harmonic analysis on
these data also appears in Table 5.7.

Once again, the results are generally in agreement with expectations from a random
distribution, but it is interesting to note that there is phase agreement in shower size
bins 3 and 4 between the Northern and Overhead regions, with a large shift in phase
in the southern region (but no correlation of phases between these bins).

A much larger data set is required before any further conclusions may be reached
regarding the energy/declination variations in the primary cosmic ray flux in terms of
right ascension.

An alternative method attempted involved considering events from two regions of
the sky in opposite directions to one another. To achieve some degree of uniformity
in exposure, the zenith angle of the events under consideration were constrained to be
in the range 20° < 0 < 35°, and the azimuth angles were constrained to be North or
South, £45° (i.e. ¢ < 45°,¢ > 315° and 135° < ¢ < 225° respectively).

For this analysis, atmospheric pressure, and solar period variations were not taken

into account. The regions of the sky were viewed simultaneously, and as a result, the
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Primary Declination Number 1°* Harmonic 2" Harmonic Statistical Errors
Energy (eV) Band of Events | s; (%) | 61 (hrs) | P (%) | 52 (%) [ 62 (hrs) [ Py (%) | Gvms (%) | 0, (%) | 0, (hrs) | o4, (hrs)

-25° <8< 0° |2.02x10°| 0.03 0.1 99 0.30 9.1 63 0.44 0.31 12.0 2.0

All —45° < 6§ < —25° 1 6.09 x 10° | 0.12 13.6 80 0.07 8.8 92 0.26 0.18 5.7 5.7

—70° <6< —45° [ 1.39 x 10° | 0.36 5.6 64 0.34 0.5 68 0.54 0.38 4.1 2.2
—-25°<b6<0° [4.38x10*| 0.46 15.6 79 1.40 9.8 7 0.96 0.68 5.6 09 |

3.2x 10™ | —45° <6< —25° [ 1.14 x 105 | 0.54 1:d 26 0.61 8.1 21 0.59 0.42 2.3 k.l

—T70° < 6 < —45° | 2.97 x 10* | 1.00 0.2 48 0.88 9.2 34 1.16 0.82 3.1 1.3

—-25° <6< 0° |4.99x10%| 0.37 1.9 84 0.94 3.3 20 0.90 0.63 6.5 Ld

1.0 x 10" | —45° < § < —25° [ 1.48 x 10° | 0.12 9.1 95 0.46 2.9 46 0.52 0.37 11.5 1.6

~T70° < 6 < —45° | 3.43 x 10 | 0.99 0.6 26 0.60 8.5 73 1.08 0.76 2.4 2.5

—25° < 8 <0° 1.06 x 10° | 0.46 0:7 LY 0.12 2.2 96 0.61 0.43 3.6 6.0

1.6 x 10'® | —45° < § < ~25° | 3.23 x 10° | 0.13 0.1 87 0.19 9.4 5 0.35 0.25 7.3 2.5

—70° < 6 < —45° [ 7.21 x 10* | 0.38 14.7 ik} 0.66 12.0 45 0.75 0.53 8.3 1,8

—-25° <8< 0° |6.35%x10%| 0.40 16.9 78 0.38 8.3 80 0.79 0.56 5.4 2.8

5.0 x 10" | —45° < § < —25° | 1.98 x 10° | 0.37 16.5 92 0.38 11.0 50 0.45 0.32 3.3 1.6

—70° < 6 < —45° | 4.41 x 10* | 1.45 2.4 10 0.41 7.0 83 0.95 0.67 1.8 3.2

-25° <6< 0° 142 x 10* | 1.63 6.6 39 1.33 6.9 32 1.68 1.19 2.8 1.3

2.0 x 101 [ —45° < § < —25° [ 4.36 x 10 | 0.06 1.5 99 0.77 1.5 o3 0.96 0.68 12.0 LT

—70° < § < —45° [ 8.70 x 10° | 1.50 11.3 61 0.76 2:7 88 2.15 1.52 3.9 3.8

—-25° <6< 0° 1.48 x 102 | 14.9 9.6 44 12.4 2:8 LY 16.5 1157 3.0 1.8

1.1 x 107 [ —45° < 6 < —25° [ 5.92 x 102 | 7.85 3.1 40 4.43 6.3 ) 8.22 5.81 2.8 2.5

—T0° < é§ < —45° | 1.23 x 10* | 234 20.1 11 15.7 0.6 50 18.0 12.7 1.8 1.6

Table 5.7 : Results of the harmonic analysis of the declination dependence of the primary cosmic ray flux,
including the primary energy dependence.




vector difference between the amplitudes measured in these regions should be indepen-
dent of these effects. The southern region viewed consisted of declinations in the range
—70° < 6 < —50°, and due to the tightening of the right ascension lines with high
declinations, this region should produce vectors predominantly due to the atmospheric
and solar period effects mentioned above. This vector may then be subtracted from
the Northern direction vector (—20° < § < 0°) to determine an anisotropy estimate
for the difference and hence a declination dependence on the anisotropy. Because this
method allows for any solar effects (or other biases introduced into the data), in situ,
it was possible to include the entire five years of data in this investigation without fear
of bias, significantly improving the statistics of this analysis.

The results of this analysis appear in Table 5.8, and are compared with those
determined using the full sidereal skymaps in Fig 5.14.

The amplitudes are generally in agreement with those previously determined, but
the first harmonic amplitudes determined by this method are in general higher than
those previously determined, but remain consistent with the earlier results. There is
also general agreement between the phases at all but the highest energy examined

where the number of events sampled is extremely small.

5.4.3 Summary

The harmonic analysis technique has been applied to the right ascension distributions
derived from data collected by the Buckland Park E.A.S. Array over the period 1984-
1989 through the calculation of sidereal skymaps, and appropriate weighting to remove
atmospheric and diurnal effects from these data. All measured amplitudes were found
to be consistent with noise at the 95% (20) level, but in spite of this, there is remarkable
agreement between the corresponding phases and those determined by comparable
southern hemisphere experiments.

In addition, a limited investigation has been carried out into the anisotropy of
the primary cosmic ray flux in terms of declination, but all results were found to be

consistent with a random distribution. It is therefore concluded that no evidence was
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Primary Declination | Number 1°* Harmonic 2" Harmonic Statistical Errors
Energy (eV) Band of Events | s, (%) | 61 (hrs) [ P (%) | s2 (%) | 05 (hrs) | 2, (%) | orms (%) [ o (%) [ 0, (hrs) [ o, (hrs)

North 473913 0.44 8.5 6 0.10 4.5 89 0.29 0.21 1.6 3.9
All South 456061 0.02 8.0 99 0.27 3.2 43 0.30 0.21 12.0 1.5
Resultant | 929974 0.42 8.5 0.21 8.6 0.21 3.3 4.5
North 45390 0.75 8.9 32 0.60 9.1 67 0.94 0.66 2.5 2.1
3.2 % 1™ South 45063 0.91 5.0 24 0.39 7.6 84 0.94 0.67 2 3.2
Resultant 90453 0.82 13.6 0.40 10.4 0.93 3.5 4.5
North 147446 0.55 9.5 20 0.11 9.7 96 0.52 0.37 2.1 6.0
1.0x 10 South 140589 0.66 10.7 13 0.71 3.9 17 0.53 0.38 1.9 1.0
Resultant | 288035 .23 2.1 0.82 9.9 0.52 3.0 2.5
North 164238 0.98 6.9 1 0.38 1.1 85 0.49 0.35 1.3 1.8
1 ¢ 1015 South 156997 0.33 13.1 65 0.34 10.9 64 0.51 0.36 4.1 2.0
Resultant 321235 1.05 5.7 0.40 2.8 0.51 3.5 3.0
North 109235 0.80 18.4 11 0.71 5.0 25 0.61 0.43 1.8 12
5.0 x 10%° South 106929 1.44 22.4 0.2 0.67 3.3 30 0.61 0.43 1.1 2.5
Resultant 216164 1.24 12.6 0.60 7.0 0.61 2.5 3.0
North 7539 2.46 5.4 19 3.44 5.8 11 2.30 1.63 2.1 0.9
2.8 3 10'° South 6388 2.49 10.9 37 1.59 1.0 67 2.50 B 2.7 2.2
Resultant 13927 3.26 y'alh | 4.82 6.2 2.40 3.5 2.8
North 65 23.4 11.9 25 v M 3.0 40 24.9 17.5 2.3 14
1.2 x 10%7 South 95 21.8 22.7 20 21.2 1.1 34 20.5 14.5 2.1 1.3
Resultant 160 44.6 11.3 21.5 4.9 21.2 3.4 2.2

Table 5.8 : Results of the harmonic analysis of the declination dependence of the primary cosmic ray flux, calculated by viewing selected
northern and southern regions of the sky (see text), including primary energy dependence.
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Figure 5.14: A comparison of the present results derived using the two different methods
discussed in the text for allowing for experimental biases (first harmonic amplitude
and phase). All errors and upper limits presented are at the one sigma level.

(A) North-South analysis (see 5.4.2)
(V) Skymap analysis (see 5.4.1)



found for a declination dependence of the primary cosmic ray flux by this experiment.

The North-South method described above was also applied to the data as an al-
ternative to the sidereal skymap technique of anisotropy determination. Results were
found to be generally consistent with those of the latter technique but possessing higher
(but clearly comparable) amplitude estimates, with phases generally in agreement. [t
is clear that a further investigation with improved statistics is required in order to
positively confirm the existence and strength of the anisotropy in the primary cosmic

ray flux at the energies under consideration (3 x 10'eV — 10'7eV).

The analysis of anisotropies in the primary cosmic ray flux in terms of right ascen-
sion allows on-time and other exposure effects such as the array declination exposure
to be taken into account, and is therefore analytically very useful.

However, a more natural set of co-ordinates in which to carry out an analysis of
the primary cosmic ray flux is the galactic co-ordinate system, which is directly tied to
the distribution of matter within the Galaxy. Attempts at such an analysis will now

be briefly discussed.

5.5 (Galactic Co-ordinates

Galactic co-ordinates are defined with the Earth at the origin, and the equator defined
by the galactic plane. galacticlatitude, b, is measured with respect to the galactic plane,
and galactic longitude, [, is defined as being 0° in the direction of the galactic centre,
and 180° in the direction of the anti-centre. The co-ordinate transform from equatorial
co-ordinates (e, §) which are essentially tied to the Earth, to galactic co-ordinates (b, {)
which are tied to the Galaxy, is extremely non-linear and may be expressed by the

following equations :
cos(b) cos(l — 33°) = cos(6) cos(a — 282.25°) (5.5)
cos(b) sin(l — 33°) = cos(6) sin(a — 282.25°) cos(62.6°) + sin(§) sin(62.6°) (5.6)
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sin(b) = sin(é) cos(62.6°) — cos(§) sin(a — 282.25°) sin(62.6°) (5.7)

(Lang 1974)

This non-linearity presents problems and limits the types of analyses that may

be applied. Harmonic analysis in its most general form is clearly inappropriate, as
exposure is non-uniform in both galactic latitude and longitude.
Two alternative methods were attempted in examining the primary cosmic ray flux

in terms of galactic co-ordinates, and these will now be discussed.

5.5.1 Galactic Latitude

Investigations into the galactic latitude dependence of the primary cosmic ray flux
have been previously carried out (see e.g. Astley et al. 1981; 4.3.3) in a search for an
enhancement in the flux in the direction of the galactic plane at high energies. Such
an investigation was carried out for the present sidereal data as follows.

For each cell in the sidereal skymap, the corresponding galactic latitude was calcu-
lated and the number of events in the cell added to the appropriate galactic latitude
bin (in divisions of 5°). To overcome the non-uniform exposure in galactic latitude (see
Fig 5.15), a ‘background’ galactic latitude distribution was also set up with the ex-
pected number of events from each cell for weighting purposes. This expected number
of events was calculated by averaging over all of the right ascension bins within the
appropriate declination band, making use of the uniform exposure within each decli-
nation band. These two distributions were then compared and the excess/deficiency
defined in terms of standard deviations (A) (see Eq 5.4).

Fig 5.16 shows the results of this analysis on the overall data set. Clearly, there are
no major (i.e. > 30) deviations from the expected number of events, nor are there any
significant enhancements in the direction of the galactic plane.

This analysis was also applied to the shower size intervals being considered, and the

results are presented in Figs 5.17-5.22. Once again, there are no statistically significant

excesses/deficiencies in these data.
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Galactic Latitude (degrees)

Figure 5.15: The exposure of the Buckland Park E.A.S. Array in terms of galactic
latitude, corresponding to the declination range —70° < § < 0°.
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Figure 5.16: Deviations from the expected number of events as a function of galactic
latitude in both raw data and sigma deviation from the background for the overall
data set. (The dashed line indicates the expected background in (a), and a linear fit
to the data in (b).)
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Figure 5.17: Deviations from the expected number of events as a function of galactic
latitude in both raw data and sigma deviation from the background for the size bin
corresponding to a mean energy of 3 x 10'eV (1). (The dashed line indicates the
expected background in (a), and a linear fit to the data in (b).)
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Figure 5.18: Deviations from the expected number of events as a function of galactic
latitude in both raw data and sigma deviation from the background for the size bin
corresponding to a mean energy of 10'°eV (2). (The dashed line indicates the expected
background in (a), and a linear fit to the data in (b).)
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Figure 5.19: Deviations from the expected number of events as a function of galactic
latitude in both raw data and sigma deviation from the background for the size bin
corresponding to a mean energy of 1.6 x 10%eV (3). (The dashed line indicates the
expected background in (a), and a linear fit to the data in (b).)
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Figure 5.20: Deviations from the expected number of events as a function of galactic
latitude in both raw data and sigma deviation from the background for the size bin
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