L.LON FREQUENCY RADIO EMISSIONS
From

COSMIC RAY AIR SHOWERS

A thesis presented for the degree of

Doctor of Philosophy

by
PHILIP CHARLES CROUCH

PHYSICS DEPARTMENT

UNIVERSITY OF ADELAIDE
June 1979

...these matters I have very diligently

analysed and pondered for a long time, and
now having summarised them in a little book,
I am sending them to Your Magnificence.

Niccolo Machiavelli



CONTENTS

CHAPTER ONE - Introduction

1.1
1.2

1.3

The Rise and Fall of Radio Pulses from Extensive
Ailr Showers

Low Frequency Radio Emission from Extensive Air
Showers

The Astrophysical Problem

CHAPTER TWO - Radio Emission from Air Showers

gl
1

wWN -

1
1
2
2
2.
2
3
4

NN
L]

whN

NN

Extensive air showers

The Nuclear Component

The Electromagnetic Component

The Muon Component
Radio Emission from Air Showers

Radio Emission from a Single Charged Particle

Radiation from a Shower

Mechanisms of Charge Separation
Determination of Primary Mass by Radio Methods
Optical Cerenkov Techniques

CHAPTER THREE - The Buckland Park Extensive Air Shower

)
N
N

e & o o o .
. « o .
N N = wN -

WWwWWwWwwwwwwwlwwww
L]

vonubh S dwwWwwdhdbddDe-
.

Detector
Introduction
The Original Array
Detectors
Recording System
Improved Recording System
Multiplexer
Clock
PAJAMAS
Array Improvements
Triggering Conditions
Array Extensions
Analysis of Air Shower Data
Shower Direction Determination
Size Determination and Core Location

CHAPTER FOUR - Extensive Air Shower Associated Radio Pulses

.
.
N~

T U S S SN . N
L

NNV
L]

.
.
S W N~

o>
°
w

at Frequencies Between 2 and 22 MHz
The Problem of Low Frequency Pulses
Previous Results at Low Frequencies
Summary of Previous Results
Present Experimental Work at 2 MHz
Particle Trigger Experiments
Cerenkov Trigger Experiments
Analysis of an Experiment at 3.6 MHz
Association Between Pulses at 2 MHz and
100 kHz
Further Reported Work at 2 MHz

19

29
31

32
32
33
33
33
36
35
37
38
40
41
44
47
47
48

51
51
51
57
57
57
61
64

65
66



CHAPTER FIVE - EAS Associated Radio Pulses at a Frequency
of 100 KHz

Discovery of 100 KHz Pulses

Experimental Work at 100 KHz

1 Apparatus

o2 Analysis

3 Results

ER SIX -~ Concluding Remarks

Il The Observations

2

3

The Mechanism
The Future

REFERENCES

68
68
70
72
75
76

83
83
83
85

86



SUMMARY

Between 1965 and 1975, there was considerable interest in radio
pulses produced by extensive air showers. The main interest was
centred on the expectation that studies of these pulses might reveal
the nature of the high energy primary cosmic rays. A theory, based on
the deflection of shower particles by the earth's magnetic field was
developed, and proved successful in explaining features of the
radiation at frequencies above 20 MHz. However, below this frequency
there was gross disagreément between the theoretical prediction that
the pulse amplitude would fall to =zero at 1low frequencies, and a
number of experimental measurements of very high pulse amplitudes.
This project was conceived with the aim of determining the origin of

these pulses.

A series of experiments was performed at a frequency of 2 MHz, but
neither these experiments, nor the analysis of a previously
unpublished 3.6 MHz experiment showed the presence of any signal.
Upper limits, of the order of one-tenth of the previously reported

field strengths were established.

However, experiments performed at 100 KHz confirmed the presence of
variable, and on occasion very large, signals. Although the observing
period was severely limited by these variations, the relationships of
pulse amplitude to shower size and core distance were established. No
indication of the nature of the production mechanism was found.
However, it ié suggested that the variations observed at 100 KHz
extend to higher frequencies and are thus responsible for the confused

situation at frequencies near 2 MHz, and also some apparently

anomalous results at higher frequencies.



This thesis also includes a description of work carried out in
connection with the air shower detector used in the above experiments.
A éystem was designed and built to record data from this array on
magnetic tape, and this was subsequently improved and extended to
cater for more detectors. Some calculations were made to explore the
capabilities of the array, how these capabilities can best be used,

and the optimum siting of additional detectors.
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CHAPTER ONE

INTRODUCTION

When I was young, Cebes, I had an
extraordinary passion for that branch of
learning which is called natural science;
I thought it would be marvellous to know
the causes for which each thing comes and
goes and continues to be..cees

Until at last I came to the conclusion
that I was uniquely unfitted for this
form of inquiry.

Socrates

1.1 The Rise and Fall of Radio Pulses from Extensive Air Showers

In a short paper published in 1965 [1], Jelley et al. announced that
following the theoretical prediction of Askaryan [2], radio pulses

emitted by extensive air showers had been observed.

The summarised results of the early experiments [3] show many of the
features that were to recur in later experiments. Only a few of the
showers detected had clear, unambiguous radio pulses associated with
them; for the vast majority of the showers detected, the presence of
radio pulses could only be inferred by 'integrating' a large number of
events. Some parts of the experiments (e.g. an attempt to measure
polarisation) were inconclusive, and it was clear that many questions
could not be answered unless information about the shower particles
was known. The topic seemed to be rather a backwater in cosmic ray

research.
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However, the result created a good deal of interest; 20% of all
papers presented at 'Air Shower' sessions of the 1971 International
Conference on Cosmic Rays were concerned with radio pulses. To
understand the reasons, we should look at the state of high energy

cosmic ray research at the time.

One of the main areas of interest was the behaviour of the high
energy end of the cosmic ray spectrum, for it had been predicted that
the spectrum might cut off sharply at energies above 5x1019 eV as a
result of interactions with the microwave background radiation [4].
However, although the statistics were poor, the only measurement in
this range appeared to show a flattening, not a steepening of the
spectrum [5], and so the first results of the large air shower
detectors at Haverah Park and Sydney were eagerly awaited. The wait
would be a long one, however, for even the giant Sydney array, with 32
pairs of detectors over an area of 40 sq.km, would take a number of
years to collect sufficient events to allow the spectrum above lO19
eV to be determined accurately. There was thus a good deal of
interest in techniques which would enable air showers to be detected

cheaply over large areas, and it was hoped that the radio emission

phenomena would provide such a technique.

Several attempts were made to detect showers solely by means of
their radio emission [6,7], but only limited success was reported, for
the pulses were difficult to detect above the background noise. As
the fairly limited lateral spread of the radio signal become clear (a
few hundred metres at a few tens of MHz [8]) it became apparent that
the spacing of receivers required for air shower detection would be

much less than that used by conventional particle detecting arrays,
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and all hopes of detecting air showers purely by radio means were

abandoned.

Déspite this disappointment, interest in radio work was maintained.
The reason for this is to be found in the other major question of high
energy cosmic ray research: what is the composition of the primary
particles?

Below about 1015 eV the cosmic ray primaries are abundant enough
to be observed directly in detectors flown above the atmosphere, and
these experiments show that near 1012 eV the majority of primaries
are protons, with some (15%) helium and a small amount ( about 2%) of
heavier nuclei; at higher energies this heavy component appears to

15 . N .
eV the cosmic ray primaries are

increase [9]. However, above 10
far too rare to be detected in this way, and so the nature of the
primary must be inferred from measurements on the cascade of secondary
particles (called an extensive air shower, EAS) produced as it
traverses the atmosphere. One line of approach is based on the
expectation that changes of composition will, inter alia, result in
changes in the height at which the number of secondary particles
reaches a maximum. As the maximum radio emission will come from this
region, the resulting radio pulse, and particularly its lateral
distribution is expected to show corresponding changes. It wés this
aim, that is, of identifying the nature of the primary cosmic rays by
means of a study of the lateral distributions of the radio pulses

produced by the resulting extensive air showers, that sustained the

impetus in this research.

Two groups, at Haverah Park and Moscow, were at the forefront of

this research; other groups made important contributions, particularly
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to the understanding of the production mechanisms, but were in general

handicapped by their limited shower detection facilities. The
experiments were difficult, for the background noise masks many of the
pulses, but in 1973 (eight vyears after the discovery), the work
appeared to be reaching fruition, for both the Moscow and Haverah Park
groups reported that variations in lateral distribution were
apparently being observed [10, 11]. In 1975, the position .was
reversed: both groups announced their retirement from the field, (for
reasons discussed in chapter 2), without being able to draw firm
conclusions about the primary mass . After ten years of activity, the

study of radio pulses from extensive air showers was abandoned [12].

1.2 . Low Frequency Radio Emission from Extensive Air Showers

This project is not, however, concerned directly with either of
these major questions, viz., the spectrum or composition, but with an
apparent discrepancy between theory and experiment. The theory
developed to explain the radio emission has successfully withstood
many experimental tests at frequencies above 20 MHz [13]. However,
below 6 MHz there have been several reports of high field strengths,
very much greater than those observed above 20 MHz. These are in
complete disagreement with the theory, which predicts that the field
strength should approach zero at these low frequencies [14]. This

project was conceived with the aim of resolving this paradox.

1.3 The Astrophysical Problem

As a tool for the investigation of the cosmic ray composition, noise
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problems were expected to limit the usefulness of the technique to
energies above about 10l7 eV. This energy region 1is very

interesting astrophysically. At low energies, direct measurement of
such features of the cosmic ray flux as isotope ratios, and abundances
of elements (particularly Li, Be and B) are possible, and have enabled
estimates of the source composition, and the amount of interstellar
material traversed by the cosmic rays to be made. With this data, and
the fact that these cosmic rays can be constrained to the galaxy by
magnetic fields, and given the number of plausible sources of the
radiation (pulsars, supernovae, galactic nucleus, etc.) it is
relatively easy, at least on general energetic grounds, to account for

the observed cosmic ray flux [15]. (This does not, of course, make it

easy to choose the right explanation.)

Theories of the origin of the cosmic ray component above about

19

10~° eV, however, have (in the past) all been faced with an apparent

paradox, based on two experimental observations. They were firstly,

0 eV with

that the energy spectrum apparently continued on above 102
no sign of a cut off [16], and secondly, that the flux was apparently

isotropic [17].

The first observation was interpreted as evidence that the sources
of these cosmic rays are relatively local (i.e. within about 4 x
1023m) for they would otherwise have lost most of their energy
through photo-meson production interactions with the microwave

background (for proton primaries) or through photodisintegration (for

heavy primaries) during the journey from their source [4].

On the other hand, the second observation seemed to preclude their

origin in this galaxy. A proton will have a curved trajectory in the
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interstellar magnetic field of about 3 x 10710, but for an energy

of 1020 eV its radius of curvature will be about 1021m, and as
this is large with respect to the galactic dimensions (cf. disk
thickness 4/1019m) any departure from rectilinear propagation will
be small. Therefore, as the sun is by no means in a central location

in the galaxy, the sources would be presumed to be non-uniformly

distributed around us, resulting in an anisotropic cosmic ray flux.

There were two generally popular explanations of this apparent
paradox. The first was to assume that the cosmic rays do originate in
the galaxy, and are subsequently trapped in its neighbourhood,
becoming so mixed that any original anisotropy is 1lost [15]. The
trapping is accomplished by magnetic fields, either in the galactic
disk, or more probably, in a 1arge region surrounding the galaxy (the
galactic halo). The most severe problem of this theory is that it is
difficult to confine thelhighest energy cosmic rays to the galaxy,
even with a halo. The problem is considerably reduced, however, if
the cosmic ray particles are heavy nuclei, for then their radius of
curvature in the galactic field is reduced, by a factor equal to the
atomic number, from that of a proton of equal energy. Here, then, was
a powerful motive for the determination of primary mass, for if it
could be shown that the ultra high energy particles were protons, a
galactic containment theory would become untenable. Even with heavy
primaries, however, galactic origin theories still face problems,
particularly in regard to the diffusion of particles between the disk
and halo, for it appears that only a small fraction of the cosmic rays

which enter the halo from the disk will ever return to the disk {18].

For these and other reasons there was some support for an

extra—galactic origin theory, where the bulk of the highest energy
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cosmic rays originate outside our galaxy and propagate through
inter-galactic space to us [18]. This theory also removed some of the
problems of constructing a model of the acceleration processes, for
ndw such active objects as radio galaxies or Seyfert nuclei could be
postulated as sources, instead of our rather ordinary spiral galaxy.
Its major drawback was that the amount of energy required to fill all
of inter—galactic space with the cosmic ray density observed near the
sun would be equivalent to about 3 X 10_4 of the total mass observed

in galaxies [15], and it is difficult to imagine any mechanism which

'

would be this efficient at producing relativistic particles. This
criticism can be circumvented to some extent if it is assumed that the
cosmic rays originate, and are to some extent trapped, in the local
'supercluster' of galaxies (the Virgo supercluster), for here the
density of galaxies appears to be some ten times greater than the
average 'universal' density and it appears that the number of active
galaxies is sufficient to supply the required energy [19]. The centre
of the Virgo Supercluster is close enough to allow high energy cosmic

rays to reach us without significant attenuation from the microwave

background.

These, then, were the main rival theories of cosmic ray origin
during the period in which the techniques of radio observation of air
showers were being developed, and a knowledge of the nature of the
primary particles was considered of central importance in

discriminating between them.

More recent observations have, however, removed the basis of much of
the above speculation. In the first place, the distribution of cosmic

ray arrival directions has been shown to be anisotropic. Measurements

of the anisotropy were at variance with that predicted from theories
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of the galactic magnetic field, but were at first considered to
support a galactic origin theory [20]. However, more recent reports,
that many of the highest energy particles come from near the galactic
pole have strengthened the claims of an extra—galactic origin [21,

22].

This theory has also gained support from the observation that the
cosmic ray energy spectrum, instead of continuing on with constant
slope, as had previously been believed, flattened out above 1019 ev
[23]. A very natural explanation of this effect is that there are two
components to the flux, a galactic component with a steep spectrum and
an extra-galactic component with flatter spectrum, which becomes
dominant at energies above the point where these spectra intersect,

19

i.e. about 1077 eV (Figure 1-2) [23]. It is, however, possible

that the extra—galactic component remains dominant below 1019 ev;
the 'ankle' being due to some characteristic of either the source, or
the propagation through the intergalactic medium. As little is known

of either, the mystery of the origin of high energy cosmic rays

remains.
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CHAPTER TWO

RADIO EMISSION FROM AIR SHOWERS

2.1 Extensive air showers

The surface of the earth is shielded from the primary cosmic
radiation by the atmosphere, the 'cosmic rays' observed at sea level
being the result of (often very many) interactions in the atmosphere,
initiated by the primary particle. Thus ground 1level studies must
rely on a very complex, and at present incomplete, chain of reasoning
in order to deduce the properties of the primaries from measurements
of the 'secondary' particles. The missing steps in the argument 1lie
mainly in the fields of high energy nuclear and particle physics, and
although advances in the design and construction of particle
accelerators are slowly allowing some of the gaps to be filled, it
does not seem conceivable that machines could ever be constructed to
enable the highest energy interactions to be studied directly.
Instead, progress is made by the slow method of fitting theoretical
predictions, and extrapolations of experimental data (often over many
orders of magnitude), into self consistent models, which are then

refined by experimental checks on their predictions.

Although the atmosphere masks the properties of the ©primary
radiation, it also, paradoxically, provides the only practical method

of observing the highest energy cosmic. rays. Primary particles of
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energy above 1017 eV are rare; even a detector with a sensitive area
of 100 m2 would only record one or two a year. However, the
atmosphere is of sufficiently low density to enable the secondary
particles to spread out significantly from the axis of the primary
particle; at sea level, secondaries are found up to several kilometres
from the axis of high energy primaries. These cascades of secondary
particles or 'extensive air showers' (EAS) thus allow cosmic rays to

be detected, over 1large areas, by means of coincidences between

relatively few, widely spaced detectors.

As the goal of the study of radio pulses from EAS was the
determination of the nature of the primary particles, the following
sections, as well as providing a basis for the discussion of radio
pulsg production, will also outline some other approaches to this

question.

2.1.1 The Nuclear Component

The first interaction of a cosmic ray particle with the atmosphere
is a nuclear collision, between the primary particle (a proton or
heavier nucleus) and a nucleus of oxygen or nitrogen in the air. The
result is the emission of a number of high energy hadrons, which
continue through the atmosphere, colliding with further atmospheric
nuclei to produce more hadrons. This nuclear cascade is the core of

the extensive air shower.

Practically none of the properties of the early, highest energy
interactions are known precisely; even such basic parameters as the

interaction cross sections, the energy lost in each interaction (the
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inelasticity), the number of secondaries produced (the multiplicity),
their nature, energy spectrum, and transverse momentum are all the

subject of debate.

As the primary retains a sizeable fraction of its energy after each
interaction (the inelasticity is about 0.5 [1]), its interactions
govern the way in which energy flows to the shower secondaries, and
hence the overall build up and decay of the shower. In the early
stages, while the energy of the primary remains high, large amounts of
energy are transferred to the secondaries at each interaction, and so
the particle numbers increase (by means of the multiplication
processes discussed later). Eventually the primary energy falls to a
level at which the energy transferred to the secondaries is no longer
sufficient to maintain their numbers in the face of 1losses by
ionisation, etc., and the shower begins to decay. A higher energy
primary will be able to sustain the build up of secondaries longer,
and so the region of maximum shower development will be deeper in the
atmosphere. (This increase in depth of maximum is about 50 to 90 gr

cm 2 per decade of energy [2, 3].)

If we now compare the shower produced by a primary proton, with that
produced by a heavy nucleus (say iron), of the same energy, we see
that as the first interactions of the heavy nucleus essentially break
it up into its constituents, the resulting shower consists of a large
number of superimposed cascades [4], each carrying only a fraction of
the primary energy. Thus the resulting shower will reach maximum
development much higher in the atmosphere than the corresponding

proton initiated shower [5].

As well as this difference in mean behaviour of the showers, the way
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in which individual showers vary £from the mean is also, to some
extent, characteristic of the primary mass. The interaction length
for a proton is about 80 gr. cm_2, or approximately one-twelfth of

the atmosphere. There is an appreciable probability that the first
interaction will not occur until after 3 interaction lengths, and thus
the development of the shower can be delayed by as much as one quarter
of the atmosphere. The interaction length for a heavy primary is much
less however, and the resulting fluctuations in shower maximum will
not exceed 10% of the atmosphere [6]. This wvariation in depth of
shower maximum is the basis of many attempts to determine the primary
composition, in particular by means of studies of the Cerenkov light

or radio pulses emitted by showers.

The multiplicity is also important in determining the flow of energy
to the secondaries, and hence shower development, but there is
probably more dispute over this parameter than any of the others.
Some theoretical considerations [7] favour a logarithmic dependence of
multiplicity on incident particle energy, and models of air showers
have been produced with this basis [8], but other assumptions,
including heavy primaries have been necessary to obtain agreement with

experiment. Other models, with multiplicity rising as E0'25

(CKP

model), or as quickly as the square root of energy have been used
[2,10]. These high multiplicity models [with predominantly proton
primaries] are currently favoured [11], but by no means unanimously.
Figure 2-1 illustrates some of the combinations of multiplicity and

primary composition favoured at the last International Conference on

Cosmic Rays (from Gaisser [12]).

Because of their relatively large masses and energies, the nuclear

active particles do not move very far from the axis of the primary
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particle, most of them being found within 3m of the axis. However, if
the primary is a heavy nucleus, it is possible that the initial
spallation reaction could result in two or more almost coaxial
showers, resulting in several sub-cores being found in the nuclear
cascade. Such sub-cores have been found, but there 1is dispute over

their frequency, and interpretation [13, 14, 15].

One property of the nuclear cascade which is expected to be strongly
dependent on the nature of the primaries is the energy spectrum of the
hadrons [16]. Heavy initiated showers are expected to be deficient in
high energy hadrons, compared to a proton initiated shower of the same
energy, as a direct consequence of the heavy primaries' lower energy

16

per nucleon. The experimental evidence at energies near 10 ev

would appear to favour proton primaries [11].

There are many species of nucleons, antinucleons, excited baryons,
and mesons in the nuclear cascade, but the most important are the
pions, for not only are they expected to be most numerous, but they

also form the link with the other two components of the shower.

2.1.2 The Electromagnetic Component

Neutral pions decay very rapidly, their half-life being 10—16

seconds. Thus very few interact with the atmosphere, almost all of
them decay, to two gamma rays. Each gamma ray initiates an
electromagnetic cascade, in which the particle numbers increase by the
repeated processes of pair production, producing an electron-positron

pair from a gamma ray, and brehmsstrahlung, where an electron is

scattered, and a garma ray produced. The mean free path is about 40
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g cm'_2 for both of these processes, and is called the radiation

length. The particle numbers continue increasiﬁg, and their energy
decreasing, until the energy loss processes of ionisation and Compton
scattering become important at energies below 100 MeV. The particle
multiplication processes then become less important, and the cascade
begins to die out. The multiplication processes are so efficient
that, at shower maximum, the electromagnetic component comprises some

90% of the total particle number [17].

In contrast to the nuclear cascade, the processes involved in the
electromagnetic cascade are well understood, and the properties of the
cascade can be determined either through a (semi-analytic) solution of
the 'diffusion equations' [18], or by means of a computer based Monte
Carlo simultion of the shower [19]. However, the complexity of the
calculation is such that, despite this firm basis, there Iis
disagreement about such fundamental parameters as the cascade width

[20].

The nuclear core of the shower 1is continually initiating these
cascades, as it moves down through the atmosphere, so that the
electromagnetic component of the shower consists of many overlapping
cascades. The number of particles at the cascade maximum is
proportional to the energy of the initiating gamma ray, and the
cascade builds up rapidly to this maximum. The particle numbers in an
air shower thus follow fairly closely the flow of energy from the
nuclear core, building up to a maximum, then decaying. This shower
maximum occurs well above sea level (for all but the highest energy
showers) and the decay length is about 200 g cm"2 [17]. Thus, for

a given primary energy, fluctuations in shower development of this

order (as expected for proton initiated showers) will result in large
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fluctuations in the sea level particle number ([21]. (This may
introduce undesirable selection effects into experiments searching for
such fluctuations, for those showers exceeding a certain particle

number at sea level will be preferentially late developing.)

The number of particles at a particular altitude is governed by the
above factors; their distribution about the shower axis is determined

by scattering from atmospheric atoms.

The mean scattering angle increases rapidly as the electron energy
falls below 100 MeV, so the more energetic electrons stay closer to
the core than those with less energy. The resulting distribution is
generally represented by the 'NKG' formula [17]; this is a function of
the shower 'age', that is, the position in the shower development
curve, for in the early development, the mean particle energy is high,
and thus the scattering is small, compared with later stages. It is
also a function of altitude, for at high altitude the low air density

allows the particles to move further from the axis before interacting.

Multiple scattering causes the particles to follow a more or less
zig-zag path, thus as well as a lateral displacement, a scattered
particle will have a longitudinal lag behind an unscattered particle.

Again, this lag is more pronounced at low energies and high altitudes.

The nett result of this scattering is that the electromagnetic
cascade takes up the form of a shallow dish as it moves down through
the air; at sea level it is typically 100 m across and 5 m thick, with
a radius of curvature of about a kilometre. The highest energy

particles are concentrated at the front of the disk, and near the

axis.
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2.1.3 The Muon Component

At sea level, 10-20% of the particles in an air shower are muons,
produced by the decay of charged pions and, to a lesser extent, kaons
[17]. Muons have a very 1long interaction 1length, and so after
production travel to the ground virtually unchanged. Thus they are
capable of carrying information about the early stages of the nuclear

cascade.

The interaction length of a pion is about 120 gr cm_2, and this is
about the amount of atmosphere that a 3x1010 eV pion, at an altitude
of 5km, will traverse in its (time dilated) decay half 1life. Higher
energy pions will be more likely to interact; lower energy pions will
usually decay. High energy muons will generally be produced early in
the shower, not only because of the higher hadron energies, but also

because the lower air density reduces the pion interaction

probability.

As the muon flux observed at sea level is essentially an integral of
the muon production over the whole path of the shower through the
atmosphere, the effect of fluctuations in shower development is much
less than for the other components. In particular it has been shown
that the muon density several hundred metres from the core is
relatively insensitive to the primary mass, the details of the nuclear
interactions, and to fluctuations, and so provides a reliable index of

primary energy [22].

The muon component provides several approaches to the determination

of shower development and primary composition. As the total number of
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shower particles (mainly electrons) is decreasing rapidly at sea level
(for all but the largest showers), while the muon number, as noted
above is fairly constant, the ratio of muons to electrons is a measure
of the height of shower maximum; a higher than usual proportion of
muons indicates that the electron number has decayed further from
maximum, and hence that the maximum was higher. This ratio has been
extensively used by the Moscow University group, to assist in
interpreting changes of radio lateral distribution in terms of height
of shower maximum [23]. This effect will be somewhat enhanced for
high energy muons, as they will be preferentially produced in showers
developing early, where the air density is lower, as noted previously
[16]. The very highest energy muons may have a significant fraction
of the primary energy, and so would be expected to. be relatively
deficient in heavy primary showers, where the primary energy must be
shared between a number of nucleons [24]. Unfortunately, however,
this effect appears to be sensitive to the nuclear interaction

parameters [11].

Another, conceptually very direct approach, which is made possible
by the long interaction length and low scattering of the muons, is to
trace their trajectories back to the shower axis, and so determine
their height of origin [25]. Similar information is contained in the
lateral distribution, for, if the mean production angle relative to
the shower axis remains constant, muons produced high in the
atmosphere will tend to be found far from the core. Unfortunately,
the most useful information is carried by the high energy muons, and

experimental data for these is sparse [11].
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2.2 Radio Emission from Air Showers

The possibility of radio emission from air showers was considered by
Jelley [26], who investigated the extension of Cerenkov emission from
showers, previously detected in the optical region, into the radio
bands. His conclusion was that no radio signal could be observed,
since as the shower was electrically neutral (at least on scales
greater than a wavelength at radio frequencies), the contributions
from positive and negative charges would cancel out. For any
significant radio signal to be produced, some mechanism had to break
the charge balance of the shower. Several such mechanisms have been

found and will be discussed in following sections.

There are two general approaches to the calculation of the radio
field produced by some mechanism. The first, which might be termed a
"macroscopic' approach is to calculate, for the shower as a whole, the
electrical characteristics which the mechanism produces, and then to
solve Maxwell's equations for this distribution of charge and current.
This was the approach used by Kahn and Lerche ([27], in the first
estimate of the field produced by the geomagnetic mechanism (see
Section 2.2.3). The second apprcach, is a ‘'microscopic' one; the
field produced by each shower particle is calculated separately, and
then these fields are summed to find the resultant at the point of
observation. This approach has been used extensively by Allan [28]

and his colleagues [29,30].

The macroscopic approach suffers from the disadvantage that a large
number of shower properties (for example the particle numbers and
energies, and how these change with core distance, lag behind the

leading particle, and altitude) must all be calculated and parametised
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before they may be used. As these properties are generally calculated
by using computer simulations to trace the histories of all shower
particles (or a statistically significant fraction of them) through
tﬁe atmosphere, it is relatively convenient to use the microscopic
approach by including the contribution of each particle to the field
in this calculation. This technique has been used to give the most
complete treatment of the problem, and as it 1illustrates the direct
1inks between shower particle motions and the resultant field, it

will be discussed here,

2,2.1 Radio Emission from a Single Charged Particle

The most suitable formulation of electromagnetic theory for this
purpose is that given by Feynman [31]; the field obhserved at a point,

due to a chargeq, a distance r = r? from the point is (in vacuo)

- ”~ A PN
B o= - (L 4+ Ld(Dyshdly)m
4TEL Nr ™ ¢ dt Ny ¢t Jer 7T
where the differentiation is with respect to the 'retarded time',

i.e. the time at which the motion is observed by an observer at the
field point. In the case of relativistic particles the first two

terms are small, and so the field at a point reduces to
. A
e - T (HER) (2)
4mey + ¢ dt

where the differentiation is again with respect to the retarded
w5
e
charge, as observed from the field point. The field calculated in

time. The term is thus the apparent angular acceleration of the
this way includes both the 'near field' and 'far field' components of
more conventional treatments [32F. Allan uses this equation as the
basis of all his theoretical studies of radio pulse production and

also shows that it produces 'correct' results for special cases such

as Cerenkov radiation [28].
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As an example of its use, consider the radiation from a short length
of particle track, i.e. a particle initially at rest, which is
suddenly accelerated, and moves a short distance (1) with wvelocity
v == c, before being abruptly stopped. (An air shower model could be
assembled from suitable selection of such tracks.) Suppose that during
the motion, the angular displacement of the particle as observed at a
point is §8, and that this point is suf ficiently far from the particle
that the angular velocity of the particle é appears constant during

its motion [28].

The postulated infinite angular acceleration of the charge makes the
direct application of equation (2) meaningless, but we can calculate
the magnitude of the impulse in the electric field thus

S T odr ;q%—g:cl ge dt

=% S

bl I

LTELC (3)

No field will be observed while the particle is moving (é =
constant) but the decelaration of the particle will produce an
impulse, equal to that of equation (3), but of opposite sign. We can
calculate the frequency spectrum (7E“n) of each of these impulses [33]

using the Fourier transform

2Tivk

Ew) = i‘é’,(c)c dv  (4)

as E(t) is a delta function, and using positive frequencies only, we

obtain
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thus from (3)

2Tre (5)

If the impulses are observed at the field point to be separated by a
i
time U, then provided TK3rvy » We can add their contributions
vectorially, and obtain

= % __ 6 (2T vV

that is,

=% vde
E(\?) EOC‘L J

1
, provided v L 2T T (6)

(The condition is satisfied for most particles in an air shower at

frequencies below 100 M Hz.)

This result, a spectrum rising linearly with frequency, will be used

in the following section.

2.2.2 Radiation from a Shower

This method can be extended to a complete shower. The technique
used is to calculate the deflection of each particle in the shower,
expressed as the angular displacement observed from the antenna. The

nett angular displacement of charge is then calculated, as a function

of the time at which the displacement is observed. This function 1is
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then differentiated twice, to obtain the electric field as a function
of (observed) time, and the frequency spectrum may be calculated by

means of a Fourier transform [30, 34, 35].

We can generalise this approach somewhat, to obtain a qualitative
estimate of the spectrum of the radiation, assuming that the signal is
produced by the relativistic particles of the shower disk, but without
knowing the details of the mechanism responsible for the deflections.
Let us assume only that every particle makes the same contribution to

the total charge deflection.

Suppose the geometry is as in Figure 2.2, where AB 1is the shower
axis, and the antenna is at 0, say 100 m from the core. For showers

of primary energy below about 1018

eV most of the particles in the
shower are at heights above about 2 km, and all particles in this
region will be observed almost simultaneously, as the path lengths
XlO AND XlXZO are almost equal. However, as the shower nears the
ground, the delays between successive points on the shower axis will

increase (YlY 0 is significantly larger than YlO). Particles in

2
the last few hundred metres above the ground will be observed over a
period of several hundred nanoseconds. The build-up of charge
displacement, observed from 0 will then be of the form shown in Figure
2.3(a); most of the displacement will be observed in the first few
tens of nanoseconds, although it will continue to increase slowly for
several hundred nanoseconds. We now differentiate twice, to obtain
the angular acceleration of the charge, and hence the electromagnetic
pulse; it will be of the form shown in Figure 2.3(b), that is, a

narrow pulse, followed by a long overswing. The areas of the two

parts of the pulse will be equal.
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We can now estimate the frequency spectrum of this pulse. At very
low frequencies, much less than QE = 2w7%, , Wwhere T, is the timescale
of the overswing, both parts of the pulse will appear as narrow
impulses; and so the overall pulse will be similar to that in the
previous section. The spectrum wili thus be similar, that is, rising
linearly with frequency. At frequencies higher than V, , but less than
V, = 27-171;. where T, is the width of the first part of the pulse, the
overswing is too slow to be observed, so only the first part of the
pulse appears as an impulse. The spectrum in this region 1is thus
approximately that of an impulse, that 1is, flat. At still higher
frequencies, greater than V, the initial pulse no longer appears as an

impulse, and so the spectrum falls. The spectrum thus obtained is

illustrated in Figure 2.4.

The detailed shape of the pulse, and thus the values of Viy V), will
depend on the details of the deflection mechanism (for example, in a
mechanism where only the highest energy particles contribute, the
initial pulse would be narrower, and the overswing shorter), but the
values cannot be too far from those found here, from simple geometry,
that is, Vv, = 30 MHz, QL = 3 MHz. (Allan finds [35], for the
geomaghetic mechanism (see Section 3.2.2.2), Vv, == 50 MHz, Vv, = 8
MHz, and for charge excess (Section 3.2.2.1) V, == 25 MHz, V, &= 3

MHz.)

We conclude that, if the radiation is produced by the shower
particles, the spectrum must be of the form above, that is, flat
between a few MHz and a few tens of MHz, and falling on either side.
In particular, it must be monotonically rising from zero to at least 3

MHz .
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2.2.3 Mechanisms of Charge Separation

As we have noted, the detailed neutrality of a shower would preclude
the production of a radio pulse. In the terminology of the previous
section, the nett charge displacement would be zero, as the movements
of the positive charges would be exactly balanced by those of the
equal number of negative charges. In this section, the main
mechanisms responsible for breaking this nexus are examined, and in
Section 2.3 The application of the resulting radio pulses will be

discussed.

2.2.3.1 The Charge Excess Mechanism

Askaryan [36] was the first to suggest that, because of the
annihilation of positrons in flight, an air shower would be expected
to have an overall negative charge. Although this mechanism does
contribute to an excéss of negative charge, much larger contributions
have been found to come from electrons produced in Compton collisions
between shower photons and atmospheric atoms, and 'knock-on' electrons
produced after an electron collides with an atom. Calculations by
Fujii and Nishimura [37] show that this negative excess ranges from 1%
for 100 MeV electrons to 20% at 2 MeV. Overall it is about 10%. Only

10% of this figure is due to positron annihilation.

Radiation from this mechanism can only be observed away from the
shower axis, for on the axis, symmetry ensures that the nett charge

displacement observed will be zero.
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2.2.3.2 The Geomagnetic Deflection Mechanism

Askaryan [36] also pointed out an additional way in which the charge
symmetry of a shower could be broken; as the shower moves through the
atmosphere the earth's magnetic field will deflect the positive
particles to one side of the shower, and negative particles to the
other. As a result, the shower will acquire a dipole moment, which
will radiate as it extends downwards at relativistic speed. Kahn and
Lerche [27] investigated this mechanism and showed that it would
produce significant radiation, but the main contribution was from the
geomaghetically induced currents which produce the dipole rather than
the dipole itself. Further calculations, by Castagnoli [38], and
Fujii and Nishimura [39] confirmed the importance of the geomagnetic

mechanism in the frequency range 10-100 MHz.

As the deflection is produced by the Lorenz force V X B where V is
the particle velocity and B the magnetic field, the resulting radio
pulse is proportional to the sine of the angle between these vectors.
This relationship, and the predicted polarisation of the pulses (i.e.
parallel to the deflection) have been used to confirm the importance

of the mechanism [40, 41, 42].

There is, however, disagreement on the relative contribution of the
charge excess, and geomagnetic mechanisms. Early estimates of a 90%
geomagnetic component [39] appeared confirmed at 22 MHz [41], but more
recent calcultions by Allan [35] estimate the charge excess component
to be 30% in this frequency region, while Shutie [30] estimates that

below 30 MHz charge excess exceeds geomagnetic.
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This confusion would appear to be associated with the fact that the
charge displacement due to the charge excess mechanism is mainly
associated with low energy particles. These low energy particles
produce difficulties in the calcultions, for the approximations used

become poorer as the energy falls [30].

2.2.3.3 Geo—-electric Mechanisms

A vertical electric field, which can vary from about 100 V/m in fine
weather, to 104 V/m below thunderclouds is generally maintained in
the atmosphere [43]. This field has the capacity to separate positive
and negative charges in a shower, and so has been suggested as a

possible mechanism of radio pulse production [44, 45].

For vertical showers, the positrons will be accelerated, and
electrons retarded. The effect is slight (the separation is about 1
mm [45]) and as the deflections are in the approximate direction of
the antenna, the angular deflection, and consequent radiation, is
minimal. However, for showers with large =zenith angles, the
deflection is transverse, and the effect is analogous to the
geomagnetic case although the deflections are in general much less.
For fields greater than about 6 X 103 V/m, however, the deflection
will be comparable to the geomagnetic [45] and so for fields above
this, for example in thunderstorms, the geoelectric effect will be

dominant.

Besides its effect on the relativistic electrons of the shower, the
geoelectric field may produce important effects on the 1low energy

electrons produced by ionisation [44]. There are very large numbers
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of these; as ionisation in the atmosphere is one of the
major energy loss processes for the shower, and as about
30 eV is required to produce each ion pair, about 101°

slow electrons will be produced by a 1017 eV shower.

The acceleration of this electron swarm by the earth's
electric field has two aspects which make it an attractive
possible mechanism for the production of low frequency
radio pulses. Firstly, the low drift velocity of the
electrons gives hope that the resulting radio pulse would
be long enough to produce the observed spectrum (i.e.
> 10 ps) and secondly the observed variability of the low
frequency pulses might be explained by the variable nature
of the geoelectric field or possibly by changes in the mobility
or lifetime of the electrons due to changes in atmospheric

conditions.

The first calculation of this effect was by Charman [45]
who calculated the accelerations of the ionisation electrons
in the geoelectric field, and then using the technique outlined
in the previous sections, estimated that the field at 10 MHz,
from an inclined shower might be as large as that produced

by the charge excess oOr geomagnetic mechanisms.

A more complete analysis was made by Sivaprasad [46]. Three
aspects of the behaviour of the electrons were considered,
namely the "thermalisation" of the electrons, from their
initial energy of about 30 eV to about .03 eV, in a time of
about 10~ !0 secs.; the subsequent acceleration of the

electrons in the geoelectric field, which occur over a time
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of 10-20 ns, and results in a drift velocity of about

150 m s !; and finally the exponential depletion of

the electron swarm, chiefly by attachment of 02 molecules,
which occurs with a time constant of about 10 ns. The
field produced by these electron motions was calculated
by integrating the contributions from each particle, with

due allowance for the time of observation.

The short lifetime of the electrons means that the resulting
pulse is narrow, the main contribution toﬁits length being
due to the transit time of the radiation across the disk of
the shower, i.e. about 250 ns. The mechanism is thus unable
to explain the shape of the low frequency spectrum, and in
addition a detailed calculation shows that the magnitude of
the signal will be only about 10% of that produced by the

geomagnetic mechanism; far less than the observed fields.

A further effect which might produce a signal in a radio
receiver, is the discharge of a static charge, induced on the
antenna by the atmospheric field, by the ionisation of the
shower. When an antenna is well insulated from the ground,
it will take up the potential of the surrounding air - that
is, approximately 100 V for an antenna 1lm from the ground.

If the field is discharged by the jonisation of the shower,
the antenna potential will drop. This effect has been observed
by Curry éE_§£° [47], using a large, flat plate as antenna.
However, the typical input impedance of a radio receiver is
so low {(about 50%), compared with the equivalent source impedance

of the electric field-antenna combination (about 10t4Q (48] )



that the antenna would be effectively grounded, and no
changes would be seen. In any case, the expected time
constant of any change in the field is of the order of
10s [47]; far too long to be detectable at radio

frequencies.

In summary, then, under normal conditions the geoelectric
field is not expected to produce pulses as large as those
from the geomagnetic mechanism. However there is some
experimental evidence for geoelectric charge separation
under disturbed conditions. Anomalously large pulses have
been recorded in several experiments, during nearby thunder-
storm activity, and have been attributed to a geoelectric

mechanism [23, 49, 50, 51].

2.2.3.4 Other Radiation Mechanisms

Many other mechanisms for the production of radio signals
from showers have been considered, and a list of them has
been compiled by Jelly [52]. Some of these are included
naturally in the treatment of Allan (e.g. bremsstrahlung
can be considered as resulting from the concatenation of two
slightly inclined particle tracks (Section 2.2.1), synchrotron
radiation is a special case of magnetic deflection); none of
them will produce fields nearly as large as those resulting
from the geomagnetic mechanism. However, as the fraction of
shower energy converted into a radio pulse is very low (about
10”12 for the geomagnetic mechanism), there would appear to be
ample opportunity for some other mechanism to be over-looked,
because of its apparent inefficiency, although it could still

be capable of producing large pulses. In the following chapters,

evidence that this is indeed the case will be presented.
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2.3 Determination of Primary Mass by Radio Methods

We now return to a more detailed consideration of the results of the
underlying quest - the determination of the nature of the primary

particles.

As has been noted, the radio technique approaches this problen
through the measurement of variations in the height of shower maximum.
The variations in the height of maximum are reflected in variations in
lateral distribution, for the lateral distribution is the diffraction
pattern produced by the source distribution, the most important
feature of which is the height of maximum [50]. As the maximum moves
deeper in the atmosphere, the diffraction pattern on the ground will
contract, thus later development of a shower will result in a steeper

radio lateral distribution.

This connection has been investigated quantitatively by Allan and
his colleagues [30, 34, 35]. Their results differ somewhat over some
details of the lateral distribution, but are in agreement over the
important features. They find that, while the field strength in the
region 50 to 100 m from the core is relatively insensitive to
fluctuations, an increase of 100 gr cm_2 in depth of shower maximum
results in a decrease in the field strength at 200 m by a factor of
about 1.5, and by a factor of 2 at 300 m. The experimental task is to
detect these fluctuations in the presence of background noise,
uncertainties of shower analysis,drifts in receiver gain, and possibly

other, unidentified, radiation mechanisms.

The experimental requirements are thus an array which can detect and

analyse showers large enough to produce radio signals well above
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background noise, and an array of radio receivers which can measure
the radio pulse lateral distribution of single showers out to
distances beyond 200 m. Only two groups, Moscow State University [23]
ard an Imperial College - University of Leeds collaboration (working
at Haverah Park) [50] have had these resources. Both have abandoned

the quest, bhut for different reasons.

The Moscow group has made extensive use of its detecting array to
confirm the dominance of the geomagnetic mechanism, and to demonstrate
the dependence of radio lateral distribution on such indicators of
shower development as the muon-electron ratio. They claim to observe
fluctuations in lateral distribution, and thus infer the presence of
protons in the primary flux, but conclude that the theoretical basis

is not sound enough to enable further deductions to be made [23].

On the other hand, the Haverah Park group appear confident of their
theoretical foundations, but find that, in the important region beyond
200 m from the core, the fields are too low, in relation to the
background noise, to allow the lateral distribution to be measured

reliably [50].

It is difficult to understand this difference of opinion, as it
would appear that the Haverah Park experiment is more sensitive; the
showers detected at Haverah Park are of higher energy, and it would be
unlikely that the background noise at Moscow State University, in a
semi-industrial suburb of Moscow, would be significantly Ilower than
that at rural Haverah Park. But, for whatever reasons, these
investigations have been concluded, and, apart from a suggestion that

17

there is a proton component in the flux near 10" eV, they have not

added to our knowledge of the nature of the primary cosmic radiation.
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2.4 Optical Cerenkov Techniques

bne of the factors contributing to the abandonment of radio studies
of showers was the development of promising alternative techniques of
determining the primary composition. Of these the most direct
competitor was the Cerenkov technique. Most of the particles in a
shower have energies above the Cerenkov threshold (about 20 MeV at sea
level) and the resulting 1light pulse from a shower 1is readily
observable under suitable conditions (i.e. clear, moonless nights).
Detaileé calculations have shown that, as in the case of the radio
pulse, the lateral distribution depends on the height of shower
maximum, but in addition, the shape of the pulse is also dependent on
the shower development [53, 54]. One particularly elegant technique
uses the pulse profiles from several detectors to trace the
development of the shower through the atmosphere, without the need to
observe the shower particles [55]. Thus the Cerenkov technique is
capable of obtaining all the information that might be available
through radio methods, but allows a wider range of experimental

approaches to the problem.

The main drawback to the use of the technique is the limited time
available for observation. However, when conditions are suitable, the
pulses are relatively free of interference, and can be observed with
simple, reliable equipment. The relatively high Cerenkov threshold is
an advantage in calculations, for the low energy particles, so
troublesome in the radio calculations, may be safely neglected. These
advantages undoubtedly contributed to the demise of the radio

technique.
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CHAPTER THREE

THE BUCKLAND PARK EXTENSIVE AIR SHOWER DETECTOR

3.1 Introduction

The basis of a study of EAS associated phenomena 1s the EFAS
detector. Its ability to detect suitable showers, and estimate their
parameters, sets a limit to the experiments that can be performed, and

the accuracy of the results obtained.

The array used for these investigations was originally installed at
Penticton, British Columbia. It was transferred to Adelaide, and
installed at Buckland Park, about 40 km north of the city, in 1972,
Since then it has been extended and improved, and currently comprises

11 detectors, with an enclosed area of about 30000 sq.m.

Although originally modelled on the Ki@l array [1] no work had been
done to determine the properties of the array, or the optimum methods
of using it. The author was involved in the setting up of the array
at Buckland Park, and designed and built the recording system.
Subsequently he was responsible for the data analysis, and designed
and built an improved and more extensive recording system. Some work
was also done to determine the array properties and the best way of

increasing the array's collecting area.
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3.2 The Original Array

3.2.1 Detectors

The original array consisted of eight detectors, arranged as shown
in Figure 3-1. Each detector was a 1 metre square, 5 cm thick sheet
of NE102 scintillator, housed in a light-tight box, and viewed from
below by one or two photomultipliers. The detectors at sites A, B, C,
D and E comprised the 'fast array' and were fitted with a Phillips
XP1040 photomultiplier; the resulting fast signals (rise time= 4 ns)
were used for determining the shower arrival direction, by fast timing
[2]. The detectors F, G, H, and also A and D above were fitted with
RCA 8055 tubes, with charge sensitive pre-amplifiers, and used for
measuring the particle densities; they comprised the 'slow array'.
All power supply and signal cables were brought back (underground) to

the caravan Cl, where the recording apparatus was housed.

3.2.2 Recording System

The original recording system is now obsolete, having been replaced
by the equipment described in Section 3.3. However, as the original
system was used in the experiments described in Chapters 4 and 5, it

is described briefly here.

3.2.2.1 Coincidence Registration

The arrival of a shower is recognised by the coincidental detection

of particles in several detectors. The simplest coincidence used was



Fic 3-°!

The Original Detecting Arcay.

[ - Fost timing detectors.
@ - Partide dersiy detrectors.

-~ Fast +ming and POf’\"'C-\e-

R - Recording caravan.



- 34 -
between C (the 'centre fast') and all four of A, B, D and E; this
'fast trigger' ensured that enough times were recorded.to enable the
shower direction to be over—-determined. When used with thresholds of
about 3 particles, this produced .about 20 triggers per hour, the
minimum shower size being about 8x104 particles. Usually a 'slow
coincidence' was also required, generally any two of F, G and H at the
3 particle level, as this ensured that enough data was available to
estimate the shower size and core location. The detection rate was
5

then about 6 per hour, with a minimum size of about 1.5x10

particles.

3.2.2.2 Fast Timing

The relative arrival times of the shower front at the five 'fast'
detectors were determined using four LIRS model 108H time—to-height
converters (THC). The signal from the centre fast discriminator (C)
was used to supply a START to these devices, and STOP signals were
obtained from the discriminators attached to the outer fast sites
(i.e. A, B, D, E). (Suitable delays were inserted to ensure that a
STOP could not occur before the START.) A START was obtained from
every centre fast pulse; if this was not accompanied by a shower (i.e.
a fast or slow coincidence) the THC's were reset, If no reset
occurred, the THC's held an analogue voltage level, proportional to
the time delays between START and STOP, and thus representing the
difference between the shower arrival at C, and at the outer fast

detectors.

3.2.2.3 Density Measurement

The amplitudes of the pulses from sites A, D, F, G and 0,
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representing the particle densities at these sites were recorded using
EG-G AD128 A/N analogue to digital converters (ADC). Each site was
connected to two ADC's, one directly, and one via a 20dB attenuator.
In this way, the dynamic range of the system was extended to about

500-1.

Digitization was initiated by the fast coincidence pulse; suitable

delays were inserted to ensure that the ADC's measured the peak

amplitude of the density pulses.

3.2.2.4 Magnetic Tape Recording

When installed in Canada, the time and density data was punched on
paper tape. However, a seven track digital tape recorder (P.I. model
1387) was to be used at Buckland Park, and so an interface unit was

built to transfer the data to it.

Recording commenced with the THC's. On receipt of an OUTPUT COMMAND
pulse, each THC presented its internally stored analogue data to an
ADC, which digitized it to eight bit accuracy. The resulting eight
bits of data were split into two four bit groups, a parity bit was
calculated for each, and the resulting five bits presented to the tape
recorder. Recording was accomplished by applying a STEP command to
the tape recorder as each data group was presented. After completion
of THC readout, the data from the 'slow' system were recorded. The
output lines of these ADC's were all connected in series, so that a
train of WRITE pulses caused each in turn to release its data. The
resulting eight-bit groups were again split into four-bit groups and

recorded. On completion of the output sequence, an end-of-record

marker, and inter—record gap were written on the tape. Experimental
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runs generally lasted for two or three days; at the end of this
period, the tape was removed, and its data read by the University of
Adelaide's CDC 6400 computer. A schematic diagram of the recording

system is shown in Figure 3-2.

3.3 Improved Recording System

3.3.1 Multiplexer

As the range of experiments performed at Buckland Park was extended
it became desirable to record the data from some additional
experiments on magnetic tape. To enable this to be done, a

multiplexer unit was built.

The most important design criterion of the multiplexer was that it
should allow various experiments to be connected and disconnected at
will, without affecting the recording of the basic array data, and
this was achieved by writing the data from each experimental device as
a separate record. Although wasteful of tape, as each record had to
be terminated with an inter-record gap, this ensured flexibility of
use. To change the number of experiments being recorded, it was only
necessary to connect the appropriate devices to the multiplexer, and

indicate, by means of a thumbwheel switch, the number of such devices.

The major components of the multiplexer are an address control
section, a data control section, and one decoder-huffer for each

device that is to write on the tape. The address control section, and

the decoder-buffers control the output cycle, by allowing data from
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each device in turn to flow through its decoder-buffer to the tape
recorder. The data control section writes sequencing information at
the head of each record, and writes an end of record after each device

has transferred all its data.

In operation the address control section receives a trigger when a
shower is detected. This readies the tape recorder, and sets the
address counter to the first address, i.e. 1. Control then passes to
the data control section, which writes a sequencing word, consisting
of the current address and a two bit sequencing counter, onto the
tape. A 'GO' signal is then sent to all decoder buffers, but only the
one whose address equals the current value of the address counter can
accept it. This decoder buffer then initiates the output cycle of its
attached device, and allows the resuling six-bit data words, each
accompanied by a STEP pulse, to pass through to the tape recorder.
The external device indicates its completion of data transfer, by
removing its BUSY signal, and this is wused, by the data control
section, to write an end-of-record on the tape, thus completing the

block of data from the current device.

When the tape recorder has completed the end-of-record, the address
control section checks to see if the correct number of output devices
(as indicated by the thumbwheel switch) have transferred their data.
If not, the address is incremented, and the next device read out,

otherwise the address is reset, and the readout sequence terminates.

A schematic diagram of the multiplexer is shown in Figure 3-3.

3.3.2 Clock
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A clock was added to the system as soon as the multiplexer was
available. In addition to recording the time of the event, to the
nearest second, the clock can be used as a buffer, to allow other

slowly varying data, such as meteorological data, to be recorded on

tape.

The major parts of the clock are a system of counters, connected in
the usual way to allow time of day to be derived from the 50 Hz mains
supply, and a 256 bit parallel input shift register. When a shower
trigger is received, the data on the clock counteré, and any other
digital data supplied from other devices is read into the shift
register. Then, when the multiplexer issues an output command to the
clock, the shift register data is stepped along to a 4 bit
serial-to-parallel converter, a parity bit is calculated, and the
resulting data words are transferred to the multiplexer, and recorded

on tape.

3.3.3 PAJAMAS ¥

* (Phil and Jim's Amazing Measurer of Air Showers)

When the decision to extend the Buckland Park array was made, it was
obvious that more recording equipment would be required, and as it was
also apparent that the ADC's of the recording system described earlier
were becoming increasingly unreliable, it was decided to replace this

old system,

The requirements of the new system were:— (1) digitize the time
delays between the fast timing detectors to within about 2 ns. (2)
digitize the pulse amplitudes from up to 12 density detectors, with

a dynamic range of at least 500:1, and (3) be compatible with the
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existing multiplexer—tape recorder combination.

3.3.3.1 Pajamas Fast Timing

The heart of the fast timing section of the new particle recorder is
an LRS model 2228 time-to-digital converter (TDC). This device
digitizes the time delays between a START signal, and up to eight
separate STOP signals. The digitized times are stored in the TDC

until readout is requested.

In use, the START pulses are supplied by the centre fast detector
(C) and STOP pulses from the outer fast detectors A, B, D, E. Most
centre fast pulses are, of course, not accompanied by a shower, and so
the TDC is reset immediately if no slow coincidence follows the START.
If a slow coincidence occurs, then, on command from the multiplexer,

the readout sequence is initiated.

Readout is achieved by applying a WRITE COMMAND signal to the TDC.
The eight stored times can then be read by applying the binary numbers
0-7 in turn, to its address register. The 12 bits of data produced
for each time channel are then split into two six bit groups, and,
together with a STEP pulse, transferred to the multiplexer, for

recording.

3.3.3.2 Pajamas Pulse Amplitude Measurement

This part of pajamas was designed and built by Mr J.D. Kuhlmann,

but is described briefly here for the sake of completeness.

The three main sections of the pulse amplitude measuring system are
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a series of sample-and-hold amplifiers (SHA), a Datel 'DAS 16' data
acquisition system, and a 192 bit shift register. The output of each
density detector preamplifier is connected into a fast sample and hold
amplifier (SHA) (Teledyne Philbrick 4853)., These SHA's are given a
HOLD command whenever a fast coincidence is detected; delays inserted
to compensate for the cable transit time from distant sites and the
rise time of the preamplifier pulses, ensure that the amplitude is
sampled at the peak of the pulse. The SHA's hold the amplitude for

about 400 us, to allow the DAS time to digitize all channels.

The DAS has two main components, a 16 channel analogue multiplexer,
and a 12 bit analogue-to—digital converter. On receipt of a fast
trigger, the DAS begins its digitizing sequence. The analogue
multiplexer presents the output of each SHA in turn, to the ADC, which
then digitizes the amplitude. The DAS itself contains sufficient
circuitry to control these operations. The output from the DAS is
taken into the shift register wvia a 12 bit parallel to serial
converter. The shift register is clocked along as each channel is
digitized, so that after all 16 channels are digitized, the shift
register is full. This data is then held until the data from the fast
timing section has been transferred to the multiplexer. The shift
register data is then repeatedly clocked into a 4 bit serial to
parallel converter, a parity bit is produced, and the resulting 5 bit

data words are transferred to the multiplexer for recording on tape.

A schematic diagram of Pajamas is shown in Figure 3-4.

3.4 Array Improvements

The design of an array presents a conflict between the close
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detector spacing required to accurately determine the  shower
parameters, and a wider spacing, allowing showers to be detected over
a larger area. The nature of the experiments currently being
performed at Buckland Park emphasises this conflict; one group is
concerned with fluctuations in the Cerenkov 1light emission from
showers, and requires as many large showers as possible, while another
group, interested in the spectrum and anisotropies near the shower
spectrum ‘'break' (about 7x105 particles) requires accurate analysis

of these smaller showers.

Ideally perhaps, one would design an array by determining the set of
showers of interest to the experiments contemplated, determine
triggering requirements that would select this set, and then determine
the detector arrangement required to measure these showers to the
required accuracy. However, in designing extensions to the Buckland
Park array, the presence of the existing sites, and the conflict
outlined above limited this approach. Initial investigations showed
that suitable detection and analysis of small showers presented
greater problems than the large showers, and so it was decided that
the approach adopted would be to choose a triggering scheme that
selects showers which could be well analysed by the existing array,
and then determine where the new detectors should be placed to give

the best analysis of larger showers falling outside the present array.

3.4.1 Triggering Conditions

3.4.1.1  Method

The effects of various triggering criteria were estimated using a
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computer program. The triggering probability at a point on the array,
for a shower of given size, was found by the following method. First,
the density at each detector was calculated using the lateral
distribution given by Greisen [3]. A random Poisson fluctuation was
then introduced, to estimate the number of particles that would be
observed by the scintillator, and this number was compared with the
threshold set for that detector. If the required number of detectors
exceeded the threshold, then a shower was recorded. This process was
repeated ten times at each point on a 5m x 5m grid covering an area
200m square, centred on the array. By repeating this process for
different shower sizes, the triggering probability P(N,x,y) was
calculated as a function of shower size, and core location, for each
triggering scheme. The effective triggering area f§ P(N,x,y)dxdy was
also calculated, and by multiplying this by the flux of showers in
each size range (derived from the shower size spectrum, given by

Hillas [4]), the expected rate of observed showers was obtained.

Two approximations were made to facilitate the calculations.
Firstly, only vertical showers were considered. As the apparent
detector spacing, in the plane of the shower-front, is less for
inclined showers than vertical ones, this approximation underestimates
the triggering area. However, this was found not to be important when
making comparisons between different triggering schemes, as they were
all affected similarly. The second approximation was the use of the
Normal approximation to the Poisson fluctuations in the number of
particles observed by each detector. This gives quite accurate
results for particle densities above about 6 particles, but below this
leads to a slight underestimation of the triggering area. The ILandau

distribution of pulse heights produced by a single particle passing

through a scintillator is much narrower than the Poisson, and was



- 43 -

ignored.

A common feature of all schemes investigated was the requirement of
a 'fast coincidence' (Section 3.2.2). Not only does this ensure that
the shower direction can be determined, but it has also been found to
give a suitable rate of prompt triggers for certain experiments. Thus

only 'slow coincidence' requirements were investigated.

3.4.1.2 Results

The result of several representative triggering schemes, expressed
as an expected differential size spectrum, is shown in Figure 3-5.
The scheme requiring 3 of A, F, G and H, at the 3 particle level
appears to be superior to the others, as it gives a sharp cut-off to
small showers, a broad maximum near the size spectrum break (about
7x105 particles) and good sensitivity to larger showers outside the
array. However, further work showed that such a triggering system,
i.e. coincidence between a number of widely spaced detectors with low
thresholds, was not very satisfactory, particularly when this involved
using many of the density measuring scintillators in the triggering
scheme. Under these conditions, showers are preferentially selected
if the densities measured are upward fluctuations of the mean particle
densities at the detectors, resulting in systematic overestimation of
the shower size. This is illustrated in Figure 3-6, which shows the
result of different coincidence 1levels on the calculated size of
simulated showers, analyzed using the technique described in the next
section. It is apparent that as the triggering probability falls
below 50% the shower size is increasingly overestimated, and as is

shown in Figure 3-7a the requirement of 3 out of A, F, G and H results

in many showers being detected in these 'low probability' regions. A
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system requiring a coincidence between fewer detectors, at higher
thresholds was thus required, and the most suitable was found to be a
two—fold coincidence between A (6 particles) and D (8 particles). As
can be seen in Figure 3-7b, this also results in most of the small
showers being detected inside the fast timing array, where the close

detector spacing allows better shower analysis.

Having chosen the triggering conditions to be used, inclined showers
were included in the calculation of collecting area, and the result,
the spectrum of showers expected to be observed, together with the
spectrum actually recorded under these conditions, is shown in Figure
3-8, The agreement is considered very good, the discrepancy being
consistent with a systematic error of shower size estimation of less

thanIIO%.

3.4.2 Array Extensions

Having now determined the selection of showers that would trigger
the array, a program was written to determine how additional density
detectors could best be used to improve the analysis of showers
falling outside the array, and also how the installation of density
recording equipment at the 'fast' sites B, C and E would improve

analysis.

3.4.2.1 Method

The program first set up the coordinates of the array to be used,
and the sizes and core locations of the showers to be tested were
determined. Then the particle densities at each site were calculated,

and random fluctuations introduced, as previously described. The
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resulting 'observed' densities were then checked to see if the
triggering criterion had been satisfied. If so, an attempt was made
to reconstruct the shower from these observed densities, using the
analysing techniques outlined in Section 3.5. The shower parameters
derived from this analysis were then compared with those of the
original shower, to determine the accuracy of the analysis. For each
combination of detecting array, core location and shower size, this
procedure was repeated ten times, enabling the mean core location,
mean size and rms core error to be estimated. All showers were again
assumed to be vertical. The core errors found for inclined showers
were not significantly different, for, although in the plane of the
shower the projected areas of the detectors were smaller, they are
closer to the axis, and so the number of particles observed, and thus
the relative statistical errors are not greatly changed. No allowance
was made for instrumental errors in recording the densities; these are
expected to be less than 5% [5] and so are less than statistical

fluctuations at all but the highest densities.

In optimising the array, most attention was paid to the rms core
error, as at an early stage of the investigation it was found that,
although core and size errors are related, greater inaccuracies would
be introduced by typical core errors than size errors, particularly in

experiments which determine a lateral distribution.

It should be noted that as no instrumental errors are included, and
as some analysis problems were circumvented by using the original core
as the starting point for locating the 'fluctuated core' (see sect.
3.5), the errors obtained are those applicable to an ideal array, and

would not be approached in practice.
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3.4.2.2 Results

The results of including density measurements at the 3 'fast only'
sites, B, C and E are illustrated in Figure 3-9; the reduction in core
error was typically greater than 50% for the test showers used. As a
result it was decided to include density recording equipment at these
sites, and all eight existing detectors were included in evaluations °

of array extensions.

The only extensions considered in detail were to the north of the
present array, for extensions in other directions did not improve the
analysis of the large number of showers detected just outside the fast
array. The first configuration considered was with the 3 new
detectors at the corners of a square of side 180m (i.e. twice the
presént array) with the fourth corner the existing site G (Figure

3-10).

The accuracy of the array was assessed in 13 circular areas of
radius 25 m, covering the eastern side of the array (no analysis was

made of the western side, because of the symmetry of the array).

The core errors obtained were generally less than 12m, with a
typical size error of 10% (for a shower of 2xlO6 particles) except in
the area approximately halfway between A and J, where the poor
east-west location, due to the low densities recorded at I and K,
increased the core errors to more than 15 m. This could be improved,
at the expense of collecting area, by moving huts I and ¥ inwards.
The most suitable compromise obtained is shown (by the sites marked
(b)) in Figure 3-10. This arrangement reduced the core errors in the

centre of the extensions to about 10m, the collecting area being
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reduced by about 10%.

Further consideration showed that the area near J was so far from
the fast array that it was insensitive to all but the largest showers.
It was found that moving J towards A, and I and K northwards (sites
"(c)' of Figure 3-10) increased the useful collecting area, and also

further improved core location.

Several other schemes were tried, but none which gave better
results, for a similar collecting area, was found. Accordingly, this
array (Figure 3~10c) was adopted. (Site K was found to be located at
the deepest part of a small swamp, convincingly demonstrating the

correctness of this decision.)

A comparison of the three arrays referred to above is given in Table

3-1, while Figure 3-11 shows the core errors expected in the final

array.
3.5 Analysis of Air Shower Data
3.5.1 Shower Direction Determination

The arrival direction of the shower is determined from the time
delays between the arrival of the shower front at the five 'fast'

detectors [2].

If we have detectors at  ~+: = (. 91 ,2)
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and the shower front (assumed plane) moves in the direction u =
(1,m,n) with velocity c, then the shower front will pass through the

detectors at times

where to is the time that the shower passes through the origin. If
we measure the arrival time at detector i to be Ti’ then we can
obtain the 'best fit' arrival direction by a 'least squares

minimisation' [6], i.e. by minimising

2

g
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S (Te=—t)

1
A ===
T W L= -

For our array, where hut C is the centre of the coordinate system,
and all times are measured relative to the arrival at C, this reduces

to
2
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This is readily solved to give the shower direction [7].

The timing errors (about 4ns) are too large to enable departures
from a plane wavefront to be measured by the fast array [8l. 2n
analysis of the minimum values of xz.obtained in this way has shown
that the typical error in shower direction determination 1is about

2.5 sec (8) degrees, where 8 is the zenith angle of the shower [5].

3.5.2 Size Determination and Core Location

The size and core location of the shower are determined from the

recorded particle densities. Again, a least squares method is used,
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but as the equations contain non-linear elements, the problem is
somewhat more difficult. If di is the density expected at hut i when
a shower of size N falls at (x,y), and Di is the density actually

recorded, then the most probable shower will be found by minimising

3 1 S 2

The weighting functions Wy used are those applicable to Poisson

statistics, i.e.

The determination of the location of the minimum of‘xi must be done
by numerical means, i.e. by evaluating'x%>at a series of trial core
locations, chosen so that the value of'xi) decreases at each trial
[7].. The original analysis program, which was brought from Canada
with the array, used a ‘grid search' technique, where the new trial
locations were found by alternately moving the trial core parallel to
the x and y axes. However, for the array evaluation program, a
'‘gradient search' technique was used, where the trial core was moved
in the direction of maximum decrease of xi; As this proved to be

much more efficient, this was adopted for analysis of the array data.

This technique proved quite satisfactory for the data from the
original array, but some problems were encountered with the analysis
of data from the extended array. These are due to the existence of
'local minima' in the'xi)surface, separated by 'ridges' of high 'xi!
which generally join adjacent detectors. If the initial choice of
core is on the wrong side of one of these ridges the searching routine
will not, in general, cross it to find the 'true! minimum, and hence

the most probable shower parameters.
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Some preliminary attempts to solve this problem were made, and some
success was achieved by performing a preliminary analysis using the
data from the outer sites only, and then refining this result by
repeating the analysis, including the 1less distant huts in turn.
However, these attempts were superseded by the purchase of the
powerful function minimisation routine MINUIT [4], which can use a
variety of techniques to ensure that the 'best' minimum is found.
This program has been used successfully in similar applications [1@],

and is being incorporated into the Buckland Park analysis routines.
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CHAPTER FOUR

EXTENSIVE AIR SHOWER ASSOCIATED RADIO PULSES

AT FREQUENCIES BETWEEN 2 AND 22 MHZ

4.1 The Problem of Low Frequency Pulses

Although anomalous radio pulses have been observed in many
experiments [1, 2, 3, 4], the results obtained in the frequency region
from 20-120 MHz have generally been well explained by the geomagnetic
and charge excess theories [1, 4, 5, 6]. However, in the frequency
range below 22 MHz, there is a great deal of confusion. Hough et al.
[71, working at a frequency of 3.6 MHz, detected pulses with field
strengths an order of magnitude greater than those observed in the
‘geomagnetic' region (i.e. 20-120 MHz), and this result was confirmed
by measurements at 2 MHz [8, 9] and 6 MHz [10]. This rise in field
strength at low frequencies 1is in disagreement with the theory
discussed in the previous chapter, while Allan [11] has shown that
even the most extreme theoretical estimate of the field strength from
the geomagnetic or charge excess mechanism will fall far short of the
fields observed. This complete disagreement between theory and

experiment will be discussed in the following sections.

4,1.1 Previous Results at Low Frequencies

Felgate and Stubbs [10] have presented a frequency spectrum of the
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low frequency results mentioned above [7, 8, 9], which shows that
these results, together with the 22 MHz measurements of Hough et al.
[12) are all consistent with a power law spectrum, with exponent of
about -1.5. The underlying unity suggested gives added weight to the
individual results, and so it will be used as a basis for an appraisal

of these experiments.

4.1.1.1 22 MHz Experiments

The 22 MHz result is not only the most firmly established result,
but is unique in being consistent with both conventional geomagnetic
theory, and the Felgate-Stubbs spectrum. In a series of experiments
[12-15] not only was the field strength measufed, but its dependence
on shower size, core distance, and shower direction was determined.
The most important of these was the last, which indicated clearly the
dominance of the geomagnetic mechanism at this frequency. In two
virtually independent experiments [13,14], using two different
antennae, a linear relationship between pulse amplitude and
'geomagnetic factor' ’E.y'x B (wherelz, V and B are unit wvectors in
the direction of the antenna axis, the shower axis and the geomagnetic
field respectively) was denonstrated. By extrapolation a
non geomagnetic component (i.e. independent of X.V x B) approximately

15% of the maximum geomagnetic signal, was also inferred.

Apart from the obvious and elegant confirmation of theoretical
predictions, this experiment has other features which make it most
unlikely that the result is seriously contaminated by spurious
effects. Firstly, the signal-to-noise ratio (S/N) was such that at
times clear pulses could be observed above the background noise, and

this, together with the availability of the air shower parameters,
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enabled possible errors, which could be concealed by the averaging
techniques necessary with low S/N ratios, to be found by checks on
individual showers. Secondly, the antennae used were of a
conventional design (arrays of folded dipoles used above an earth
screen) and so their properties could be accurately estimated. In
particular, although the individual elements were identical, they were
connected and used in quite different arrays. One (the ‘'cross
polarised' array) had a wide angular response and thus showers from a
large region of the sky were available for analysis. The 'main
array', however, was connected to give four narrow, high gain beans,
and only showers with arrival directions in these beams were used. As
the same result was obtained in each experiment, it would appear
unlikely that the pulses observed are anything other than the

conventional radiated fields assumed in the antenna calculations.

While the dependence of the radio pulse amplitude on shower arrival
direction thus gives strong support for the geomagnetic theory, the
lateral distribution does not. The field strength measurements 50m
from the core [12] are 1in reasonable agreement with theoretical
predictions [4, 16, 17] but the field strength is found to increase
rapidly closer to the core [12], in contrast to the decrease predicted
theoretically [16, 18]. This would appear to imply the existence of
an additional, non geomagnetic component, which dominates near the
core. However, this is in disagreement with the result quoted above,
where the non geomagnetic component, near the cores of a similar set
of showers, was only 15% of the geomagnetic [13, 14]. This confusing
result may be related to some early Russian results, where, at a
frequency of 30 MHz, large fluctuations in the field strength were

observed near the core [19]. This was interpreted in terms of

fluctuations in the height of shower maximum, but this explanation is
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not supported by the detailed calculations referred to above [16, 18].

No further studies of this effect have been reported.

4.1.1.2 3.6 MHz

None of the experiments at lower frequencies have all of the
advantages of the 22 MHz experiments, wviz. individual shower
analysis, good S/N ratio, and well understood antenna. The Calgary
3.6 MHz experiment [7], which first showed the presence of high field
strengths at low frequencies had only the last of these. The antenna
used was a single folded dipole, and although complicated by the
presence of the steel framed building below it, its properties could
be readily estimated. A simple geiger counter coincidence system was
used to detect showers, so no data on individual shower parameters was
available, and the background radio noise was too high to enable

individual pulses to be observed.

A good deal of care was taken to avoid biasses in the analysis of
the data, and in extracting the signal from the background noise, and
checks were made to exclude the possibility that the pulses observed

were due to spurious electronic 'pick up'.

4.1.1.3 2 MHz - Haverah Park

At Haverah Park [8], the experiments did have the advantage of an
established shower detecting array, but again no pulses could be seen
above the background noise, despite the fact that the mean shower size
was about a hundred times greater than that used by Hough et al. Even

on selected traces (large showers during quiet periods) no pulses were

observed [20]. This is rather surprising for it implies that the
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noise background must have been very high. The antenna used was a
top loaded Hertzian dipole. Although its properties are amenable to
calculations, they are fairly sensitive to the small capacitance
between the antenna and ground. It would also appear that this type
of antenna would be more sensitive to some types of non-radiated
signal (e.g. discharge of the geo-electric field) than a balanced
dipole. However, care was taken to check the antenna gain, and to

check that interference was not present.

4,1.1.4 2 MHz and 6MHz - Adelaide

Perhaps the most interesting experiments in this frequency range
were those of Stubbs and Felgate (9, 10]. They used a large antenna
array, connected to give a high gain beam directed at the zenith, and
a highly directional optical Cerenkov coincidence system was used to
detect showers directed along the axis of the beam. This, of course,
necessitates working only at night, when the background noise is high,
but the extra sensitivity of the antenna was sufficient to compensate

for this.

High field strengths, consistent with the previous 2 MHz and 3.6 MHz
results were measured at 2 MHz, and 6 MHz, and in addition, the 6 MHz
pulses were found to be somewhat polarised in the E-W direction, as

predicted by the geomagnetic mechanism.

As single radio pulses could not be observed above the background,
an averaging technique had to be employed. This was done by means of
a high speed multi channel counter, which was used to record,

digitally, the output of the receiver in the time interval following

the arrival of the shower. Although eliminating observer bias, this
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device did not allow the exclusion of excessively noisy events, and
also did not allow the signal to be extracted from the noise by means

of quadratic subtraction, although the error introduced is small [10].

In order to test for the presence of spurious signals, the apparatus
was operated with radio and Cerenkov beams out of alignment. No
signal was observed. This would appear to confirm not only that the
apparatus was free from interference, but also that the assumption of
a radiated field, originating high above the array, implicit in the

calculation of the antenna response, was correct.

However, the field strengths quoted, particularly at 6 MHz would
appear to be underestimated, for no allowance has been made for the
lateral distribution of the radiation. The calcultion of the antenna
gain, and hence the field strength was made under the assumption that
the antenna was illuminated uniformly over its aperture. Thus the
field strength estimate is based on the average power absorbed over
the whole array, not the larger intensity which could be expected in
the region near the core. It is difficult to estimate a correction,
as there is no information on the lateral distribution at these
frequencies. If the lateral distribution is the same as that at 22
MHz [12] the field will be underestimated by a factor of about 10, but
it is probably more reasonable to assume that the width of the
distribution is proportional to wavelength [21], in which case the
field is underestimated by factors of about 3 at 6 MHz, and about 2 at
2 MHz. This 2 MHz result is still compatible with the Haverah Park
measurement, particularly as this would also be Increased by a
correction for lateral distribution, but the 6 MHz field is now

greater than the 3.6 MHz result; the correction to the latter would be

small as the antenna was close to the cores of the showers detected.
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4,1.2 Summary of Previous Results

The correction to the 6 MHz field strength destroys the smooth
spectrum of Felgate and Stubbs [10], for the 6 MHz measurement is now
greater than that at 3.6 MHz. Nevertheless, the fact remains that
three independent groups, two of them with a good deal of experience
in the field, observed field strengths very much greater than those
expected and observed in the 20-120 MHz band, and, as Allan has shown,
completely inexplicable in terms of conventional theories [11]. The
range of techniques used to detect showers, whose size ranged over 3
orders of magnitude, and the variety of radio systems used would
appear to exclude the contention that they are all subject to some

common spurious effect.

4,2 Present Experimental Work at 2 MHz

4.2.1 Particle Trigger Experiments

The 2 MHz field strengths quoted above suggest that showers of

primary energy above lO15

eV should produce pulses which are clearly
observable above the daytime noise at a quiet site, and so an

experiment was set up to observe these pulses.

The Buckland Park antenna array consists of 89 pairs of crossed
half-wave dipoles arranged on a square lattice with 95 m spacing, and
covering an area approximately 1 km in diameter [22]. The dipoles are
matched into the connecting cables by ‘'baluns', tuned to enable

operation at both 1.98 MHz, and its third harmonic 5.96 MHz. The
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cables connecting the antennae to the central hut are all cut to
electrical lengths which are multiples of a half wavelength (at 1.98
MHz) ensuring that signals from the zenith all arrive at the central

site in phase.

The receiver used had a 3dB passband from 1,7 to 2.4 MHz, with a
maximum gain of 85dB at the centre frequency. No detector stage was
used. Recording of the r.f. signal was by means of a Biomation
Transient Recorder (Model 610). This device consists of a high speed
6 bit analogue to digital converter (ADC), a 256 word shift register
memory, and a digital to analogue (DAC) output stage, with associated
control circuitry. In operation, the ADC can be made to continually
sample and digitize the input signal, at a preset sample rate, and
store its output in successive words of the shift register, earlier
data being discarded at the end of the register as current data are
added at the beginning. Thus, at any time, the shift register
contains a record of the input signal for the preceding 256 sample
intervals. On command, storage of data may be effected by continually
circulating the data in the shift register, returning the data
discarded at the end to the beginning of the register. By delaying
the beginning of storage for a suitable time after receipt of a
trigger, data preceding or following the trigger can be stored.
Output can be effected either digitally, or, using the DAC, as
analogue signal, in which case only 224 data words are available. For
this experiment, the sample interval was 0.1 usec, the storage delay
was adjusted so that the shower arrival was near the centre of the
output record, and output was to a chart recorder. Thus for each
‘event a 22 usec sample of receiver output, including the shower

arrival was available for analysis.
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Showers were detected by means of a coincidence between any 3 of the
1 m sq scintillator counters A F G H (Figure 4-1) of the Buckland
5

Park air shower array. The minimum shower size was about 10

particles.

As a preliminary experiment, only one dipole ((1) of Figure 4-1) was
used as antenna, and it was connected directly to the 50.fLinput
impedance receiver. About 500 events were recorded, and of these 157
quiet traces were examined for the presence of bandwidth limited
pulses immediately following the shower arrival. No clear unambiguous
pulses, standing well above the noise were observed. A more careful
check was made by examining 3 separate regions, each 2.2 us wide (i.e.
approximately one reciprocal bandwidth), one before the  shower
arrival, one immediately after the trigger, and one approximately 5
usec later. For each event, these three regions were compared to see
which contained the largest pulse; traces in which two were equal
being disregarded. No excess of pulses in the expectation region was

observed under this criterion.

This result was a surprise, as showers of this size were expected to
produce field strengths above 5 uVv m_l MHz_l, which should have
been readily observable during quiet periods. A more sensitive

experiment was therefore undertaken to check this contradiction.

For this experiment, four E-W polarised dipoles ((1), (2), (3) and
(4) of Figure 4-1) were connected as a broadside array, to give
greater gain at the zenith, and some reduction of noise from the
horizon. A good deal of attention was paid to matching the antenna to
the receiver, however as the dipoles became highly reactive away £from

resonance, the usable bandwidth was restricted to about 400 kHz. Some
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adjustments were made to the receiver passband, in order to give a
steeper cut-off at lower frequencies, so as to reduce the interference
from radio transmissions at a frequency of 1.6 MHz. The shower
detection criterion was changed to a coincidence between 3 of ABDE,
and 2 of FGH, but the threshold shower size was still about 105

particles. The recording system was unchanged.

As it now appeared that the S/N ratio would be low, it was necessary
to allow for the background noise, This was done using the technique
described by Allan [8] and used generally in this work [7, 12, 15].
As the impulse from the EAS signal will occur at a random time
relative to the background noise, the output of the receiver will, on
the average, contain the signal and noise added in quadrature.  Thus
to extract the signal from the noise, the amplitude at the time the
EAS associated pulse is expected, and thus representing the signal
plus noise, is squared, and the mean squared noise, determined from
measurements at other times on the trace, subtracted. The result,
when averaged over a number of events is the mean squared signal for
those events. The only significant variation in the technique is the
number of samples of noise taken on each trace; generally more samples
give a better estimate of noise, and thus signal, especially when the

S/N ratio is low.

After rejecting traces in which the noise level exceeded a
pre—-determined level, 396 events were available for analysis. For
each trace the amplitude was measured in seven 2 us wide regions - the
expectation region immediately following the shower arrival, and six
others, two preceding the shower, and four following. The mean square
amplitude for each time region was calculated and the results are

shown in Figure 4-2; there is no evidence for any pulse associated
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with the showers. The gain of the antenna was estimated to be 12, and
from this a 95% confidence level upper limit for any signal associated
with the shower was estimated at 0.3 uv m - Miz Y. his is to be
d

compared with Stubbs' figure of 1 uv m_ MHz 1 for showers at

least 3 times smaller [9].

4,2.2 Cerenkov Trigger Experiments

After this failure to detect 2 MHz pulses, it was decided to repeat

the original experiment of Stubbs.

Showers were detected by means of their Cerenkov 1light, using two
112 cm dJdiameter searchlight mirrors, each with an RCA 6199
photomultiplier at its focus, as detectors. The mirrors were
carefully aligned, so that the axis of each detector was vertical, and
were swept with warm air to prevent misting. Each photomultiplier
output was fed to a discriminator and a shower arrival was indicated
by a coincidence between them. The mean rate of detection was about
five showers per hour, corresponding to a minimum primary energy of

about 3x1014

ev [23].

All 89 E-W polarised dipoles of the antenna array were connected
together, to form a broadside antenna giving a pencil beam of
half-width 40, directed at the zenith. The signal from the antenna
was matched, by means of a length of 70Jficable, into the 50Rinput of
a solid state receiver. The bandwidth was 30 kHz, centred on 1.98
MHz. The undetected receiver output was recorded with a transient
recorder and chart recorder, as previously described. The sample

interval was 0.1 usec, thus 22 usec of receiver output were recorded

for each event. The only changes made to Stubbs' apparatus were (1)
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replacing the discriminator and coincidence unit with commercial NIM
units, (2) replacing the receiver with a new solid state unit, with
improved skirt selectivity, and (3) using the transient recorder -
chart recorder combination rather than the multi-channel counter.
This last change was responsible for a considerable improvement in the
sensitivity of the experiment, as excessively noisy events could be
rejected. It was found that a large contribution to the mean
background noise was made by bursts of high intensity noise, lasting
for from 0.1 to 2 seconds, and rejecting events during these periods
resulted in a marked reduction in the apparent background. This
change also allowed correct quadratic extraction of the signal, but as

will be seen, this was unimportant.

The apparatus was run on clear moonless nights in February and March
1975, and 214 events were recorded. After rejection of noisy events,
139 were available for analysis. The maximum peak to peak excursion
was measured in five 42 usec wide regions, including the expected
pulse location immediately following the shower arrival. The
amplitudes for all traces were squared and added and the r.m.s.
signal for each region calculated. The reéult is shown in Figure 4-3.
It is apparent that there is no signal associated with the arrival of
the shower. The upper limit for any such signal was estimated at

-1

about 0.1 uv nrl MHz (95% confidence level) again to be compared

with Stubbs' 1 uv m L Muz L.

A number of checks were made to determine whether this discrepancy
was due to some artefact of the experiment. The reading of the charts
was repeated by an independent reader. No significant systematic
errors were revealed, and the same result was obtained. A 1linear

addition of traces, simulating the operation of Stubbs' counter, also
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failed to reveal any signal.

It has been observed that a too rigorous rejection of noisy events
can lead to a reduction in signal, as genuine signals can be rejected
as noise [7]. This was considered an unlikely source of error, as
most of the rejected events were well above the noise threshold, few
being borderline cases. However, the analysis was repeated using

relaxed noise rejection criteria; no signal was seen.

The most likely source of error considered was incorrect alignment
of the Cerenkov beam with the antenna beam. Following Stubbs, the
latter was assumed to be vertical, as during construction a good deal
of effort was made to ensure that all antennae fed in phase [24]. The
mirrors were adjusted by allowing a 1 cm.steel ball to roll to the
lowest point of the mirror, which was then adjusted so that the lowest
point coincided with the optical centre marked by the manufacturer. A
plumb bob was then used to ensure that the photornultiplier was
positioned vertically above this point. The technique was easy and
gave consistent results, an error of 1° being readily detected. The
alignment was checked by focussing the images of stars onto the faces
of the photomultipliers. Further evidence that the optical axes were
parallel was obtained by monitoring the single photomultiplier count
rates as well as the coincidences. At discrimination levels well
above background noise, more than 60% of pulses in one tube were
accompanied by a pulse in the other. The output of a 1 m”>
scintillator (B of Figure 4-1) approximately 20 m from the Cerenkov
detector showed that particles were arriving in coincidence with the
Cerenkov trigger, and was consistent with the estimate of the shower

energy. Careful checks of the receiver used revealed no abnormality.
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It was thus considered unlikely that the null result of the

experiment was due to an experimental defect.

4,2,3 Analysis of an Experiment at 3.6 MHz

These failures to detect 2 MHz pulses raised doubts on the reported
observations at other frequencies, and Dr J.H. Hough was approached
for further information on the 3.6 MHz experiment. He very generously
allowed the author to examine the records from a previously unanalysed

3.6 MHz experiment,

The experiment had been conducted at Penticton, B.C., using the
University of Calgary scintillator array [15]. The antenna was a 3.6
MHz folded dipole, polarised E-W and suspended 10 m above the ground.
The undetected output from the receiver was displayed on an
oscilliscope screen, and photographed whenever a trigger was received
from the scintillator array. The system bandwidth was 0.4 MHz. Thus,
for each event a film record of 20 usec of receiver output, and full
shower analysis (i.e. size, core location and axis direction) was

available. The mean shower size was about 2.106 particles.

After excluding all events where the noise exceeded a pre-determined
level, and those where the film image was too faint for accurate
reading, 568 events remained. The peak to peak amplitude of the trace
was measured at fourteen points, seven in a 3.6 usec interval
containing the air shower arrival and seven in a similar interval 4.5
usec later. The amplitudes were squared and added, and the resulting
rms amplitude for each sample point is shown in Figure 4-4. There is

no evidence for any signal associated with the shower.
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Various subsets of the showers were examined to see if any signal
could be observed. In particular the 44 largest showers, the 30
showers with largest (size x geomagnetic factor) and 68 particularly

quiet events were examined, but no signal was observed in any case.

The upper limit, at the 95% level, for any excess signal at the
receiver input was 1.2 uV. From this, the maximum field strength
produced by a shower of size 2xlO6 particles, was estimated to be

about 0.5 uV m © MHz Y. This should be compared with Hough et

al's figure of 2.5 uv m_l MHz~l for showers of mean size 5x105
particles.
4.2.4 Association Between Pulses at 2MHz and 100 kHz

As will be described in the following chapter, several short
experiments were conducted during the setting up of the 100 kHz
recording system. In one of these, both 100 kHz and 2 MHz signals
were recorded simultaneously, the 2 MHz using the four antenna system
previously described, and the 100 kHz using antenna Al and the
recording system described in Chapter 5. During this run large pulses

were detected by the 100 kHz system.

After rejecting noisy events, 94 2 MHz traces remained, and they
were analysed in the manner previously described. Figure 4-5a shows
the recult. The 100 kHz records were now examined for the presence of
large signals, and 30 events were selected. The rms amplitudes for
the corresponding 2 MHz traces were calculated, and are shown in

Figure 4-5b.
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There is no indication in either case of any 2 MHz signal produced
by the showers. The upper limits for any such signal were estimated

at 0.4 uv m L Maz Y and 0.5 uv mt MHz 1 respectively.

These results should be treated with some caution. As will be
described in Chapter 5, this run was a pilot run, intended to test the
recording system, and ensure that no interference was present in or
generated by the apparatus. Consequently calibrations and other tests
were not carried out as thoroughly as in the regular runs described
earlier. However, when after the disappearance of the 100 kHz
signals, it became apparent that the experiment might not be able to
be repeated, the system was rechecked carefully. No sources of error

were found, and the calibrations were found to be correct.

Thus, although no source of error is known, these problems, and the
relatively small number of events available, reduce the weight which

should be accorded to the result,

Although the obvious implication of this result is that the 2 MHz
and 100 kHz signals are not due to a common mechanism, this conclusion
cannot be reached without knowing the 100 kHz field strength during
periods in which 2 MHz pulses were observed. It may be that the 100

kHz signals at such times are much larger than those so far ohserved.

4,3 Further Reported Work at 2 MHz

while these 2 MHz experiments were in progress two other experiments
at this frequency were reported. One was performed at Yakutsk (41,
where, although some signals were observed, no signal as large as

one—tenth of the previously reported field [8, 9] was observed, even
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with showers as large as 108 particles. The other experiment was at
Haverah Park, where Allan et al. [1] were also unable to detect any
signal. They estimated an upper limit of 0.6 uV for 1017 eV showers

- this value is comparable with the signal expected from the

geomagnetic mechanism.

Both these results are in sharp disagreement with the early, high
field strengths reported, and are consistent with the lack of signal

reported here.
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CHAPTER FIVE

EAS ASSOCIATED RADIO PULSES AT A FREQUENCY OF 100 KHz

5.1 Discovery of 100 KHz Pulses

As has been noted, the conventional theories of radio emission
(geomagnetic and charge excess) predict a monotonic fall in signal
strength at low frequencies. The reported rise in signal between 22
MHz and 2MHz thus aroused interest in the behaviour at still lower

frequencies.,

Immediately below 2MHz, the presence of medium wave broadcasting
makes detection of small signals difficult, but in Australia, the
frequency region below this band (i.e. < 500 KHz) is relatively
unused. Taking advantage of this, Clay and Gregory [1,2] performed a
search for radio pulses at 100 KHz. The results were spectacular.
Large pulses, standing well above the noise were observed on a large
number of events; the mean signal to noise ratio was about 2, far
greater than that observed at any other frequency. The field strength
measured was hundreds of times greater than that observed at 2 MHz
[3,4] and indeed was consistent with an extrapolation of Felgate and
Stubbs' spectrum [5]. A second unexpected result was that the
observed pulse amplitudes were variable, both diurnal variations, and

irregular fluctuations on a timescale of a few days being observed.

These results were even more wildly at variance with theory than
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those at 2 MHz [6]. In particular, calculations showed that 1if the
spectrum continued rising for an octave or so below 100 KHz, the total
energy in the radio pulse would approach the total shower energy. It
was obvious, if the result was not spurious, that this was some new

phenomenon.

A great deal of effort was applied to ensuring that no spurious
effects were present. Random pulses were fed, in various ways, into
the shower detecting system, in order to trigger the recording system.
No signal was observed in coincidence with these 'artificial showers'.
In order to check the possibility of pulses being picked up from the
scintillation detector cables or photomultipliers, runs were made with
the EHT supply disconnected from each detector in turn.  Only slight
changes in signal strength, which could be explained by the different

shower triggering conditions, were observed.

Although no shower analysis was available, a positive correlation
between signal strength and shower size was observed. In one
experiment, the shower triggering thresholds were increased; the mean
pulse amplitude was found to increase also. 1In a second experiment,
the outputs of discriminators connected to the scintillation detectors
F, G and H (Figure 5.1) (which were not used to obtain an EAS trigger)
were recorded. A positive correlation between 100 KHz signal and the
number of sites recording particle densities above the discriminator
thresholds, was obtained. Both of these experiments indicated that
larger showers produced larger 100 Kz signals, a result unlikely to
be obtained from spurious signals originating in the recording
electronics, although it does not exclude the possibility of pick-up

from apparatus carrying particle density signals [7].
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These tests appeared to confirm that the radiation detected was not
of spurious origin. An attempt was made to measure the lateral
distribution, using an antenna approximately 400 m from the array, but
this attempt failed, as the fluctuations in pulse amplitude became so
large that it was impossible to obtain valid estimates of the mean

signal. Signals were, however, observed at the 400 m site [7].

Shortly after this, the signals disappeared completely. Apart from
intermittent monitoring, which showed that the signals returned in the
following summer [7], no further experiments were performed by Clay

and Gregory.

5.2 Experimental Work at 100 KHz

Following the completion of the 2 MHz experiments, work was
commenced at 100 KHz. The first aim was to check the validity of the
Clay-Gregory results, chiefly by an exhaustive check of possible
sources of interference. If the effect was found to be genuine, then
further experiments to determine the relationships between pulse size

and shower parameters would be performed.

A modified recording system (described in the following section)
began operating in December 1974, and immediately 100 KHz pulses, for
which no spurious cause could be found, were observed. A series of
short pilot experiments were then undertaken, in order to test various
aspects of the system, while the EAS particle recording system was
completed. These experiments were abruptly terminated when the local
rabbits developed a taste for cables, making it necessary for all
unburied cables to be raised above their reach. All apparatus was

completed in March 1975, and recording of two 100 KHz channels, and
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shower parameters commenced. Recording continued for 10 days, and
strong 100 KHz pulses were observed. However, a fault developed in
the shower recording system, and during repairs, it was found that a
change in a colleague's experiment had contaminated some of the
previous events by adding a spurious signal to the observed pulse.
(This contamination, and its treatment, is discussed in Section
5.2.2.) Eight days later, when recording recommenced after completion
of repairs, no signal could be observed. Recording continued for

several months, but without success.

This behaviour seemed to confirm the seasonal effects observed by
Clay and Gregory [1,2], although the observable period seemed rather
shorter, and the pulses were expected to return in the following
summer. Further extension of the recording system, with additional
antennae, and a device for recording the earth's electric field were
prepared in anticipation, however no signal was observed during the
summer 1975-76. Monitoring continued to the summer 1976-77. Again no
clear signal was observed, although there was some indication of weak

pulses during one week in early 1977,

The available data thus consist mainly of a 10-day run in March
1975, with full shower analysis, the radio pulses being recorded with
antennae Al and A2

between December 1974 and February 1975 were generally without shower

of Figure 5.1. Data from the short test runs

analysis, however some of these events could be used, particularly to
compare various antennae systems. This is obviously not enough data
to enable the parameters of 100 KHz radiation to be fully
investigated, particularly as the mean pulse amplitude appeared to
fluctuate a good deal in the first period. However, the data was

sufficient to show some relationships between parameters, and these
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are discussed in the following sections.

5.2.1 Apparatus

Although Clay and Gregory were unable to find any spurious source
for the 100 KHz pulses they observed, it was decided, in view of the
unusual nature of the effect, to use a new system for these further
experiments. The three most important changes were the mounting of
the (battery powered) receivers directly below the antennae, rather
than in the recording caravan; the resiting of the radio recording
equipment in a second caravan, separate from the EAS recording
equipment; and the use of antennae at some distance from the EAS
recording caravan. The main aim of these changes was to remove the
radio system from the vicinity of possible sources of interference in
the particle system, however, the first change had the desirable

effect of minimising the capacitive loading of the antennae.

The location of the radio equipment is shown in Figure 5.1. AO is
Clay and Gregory's original antenna, A, and A, are similar, that is,
approximately 95 m long, and suspended about 3 m above ground. Each
receiver is fed from the eastern end of the antenna, through about 2 m
of bare wire, and 1 m of coaxial cable. M is the 'monopole' antenna,

a 10 m length of wire, supported vertically by a wooden pole and

feeding a receiver at its foot, through 1 m of coaxial cable.

The radio recording equipment was housed in caravan C?. Each

receiver was fed through a high pass filter, designed particularly to

reduce interference picked up at a frequency of about 30 KHz, to a

Biomation 610 Transient Recorder - Chart recorder combination, as
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described in the previous chapter. The sampling rate used on the
transient recorder was 1 usec, thus about 220 usec of receiver output
was recorded for each event. Approximate timing information was

obtained by producing a blank event every 2 hours.

The receivers used, with bandwidth of 80 KHz, centred on 100 KHz,

were identical with the one used by Clay and Gregory.

The air shower recording equipment was in caravan Cl‘ The air
shower triggering criterion was again 3 of A, B, D or E, and 2 of F, G
or H, as in the 2 Mz experiment; the minimum shower size was about

lO5 particles.

5.2.1;1 Tests for Spurious Responses

Two general approaches available to show that signals are not
spurious are firstly, to anticipate possible interference sources, and
show that they are not responsible for the observed signals, and
secondly to show that the signals have properties (e.g. correlation
with EAS parameters) which would not be expected with spurious
mechanisms. Neither technique is foolproof, as they are both based on
preconceived notions of the properties of signal or interference; both

were used in this case.

In the first approach, EAS derived signals were systematically
replaced with 'random' signals, and the receiver output was checked
for the presence of (spurious) signals. This was a fairly simple
matter for signals inside the recording caravan; the whole recording

system could be triggered by replacing the pulses from the particle

detectors with pulse generator signals, or by changing the coincidence
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arrangements so that the array triggered off the (unaccompanied)
signal from each detector in turn. The latter also tested for pick-up
produced by the scintillation detectors, and their associated cables;
a further test of this section of the apparatus was made by
introducing large pulses into the detector preamplifiers, and
triggering off these. No signal was observed associated with any of
these non-EAS triggers. In addition, a large amplitude 100 KHz
sine-wave signal was injected into all signal-carrying cables 1in the

EAS array. Again no signal was observed on the receiver output.

The original experiments of Clay and Gregory used only the fast
timing section of the EAS array to detect showers, the remaining sites
were not operating. A test was therefore made by detecting showers
with the 'slow' array only; the slight change of signal observed was
consistent with the change in shower size resulting from the changed

coincidence requirement.

The second approach to the identification of spurious signals was
based on the assumption that EAS associated signals would be
correlated with the shower size. As will be shown in Section 5.2.3.3
this was found to be the case. This does not eliminate the contention
that a spurious signal was produced by the output of a particle
density detector, for this would also be expected to be correlated
with shower size. However, as c¢an be seen in Figure 5.2, the
dependence of 100 KHz signal on density at the detector D is very

weak, and is even weaker for the other detectors.

Further evidence for the dependence of 100 KHz signal on EAS size,
but independence from the pulses representing particle densities, was

obtained in a run in which the EHT supply to the particle detector
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photomultipliers was reduced by 100 V. This resulted in the detector
gains being reduced by a factor of about 2, thus the minimum size of
showers triggering the array was doubled, while the detector signals
were unchanged. The ratio of the mean 100 KHz signal during this run

to that obtained before and after was 2.7 + 0.6.

Thus, two independent experiments show a relationship between shower
size and signal, and in addition, a smaller but significant dependence
of signal on the shower core location will be demonstrated (Section
5.2.3.4). Both of these properties are reasonable a priori
assumptions about the behaviour of EAS generated signals, and appear
unlikely to be satisfied by a spurious méchanism. It is concluded
that the 100 KHz signals observed are not a spurious artifact of the

experiment.

5.2.2 Analysis

The technique used to extract the signal from the background noise
was similar to that used in the 2 MHz experiments. As the signal to
noise ratio was generally high, the noise was estimated by measuring
the maximum p-p amplitude in only three 30 usec wide intervals, two
imnediately preceding the air shower arrival, and one some 70 usec
later. The signal plus noise was measured as the maximum amplitude in
a similar interval commencing ét the time of shower arrival (the
expectation region). Events with the background noise above a
predetermined criterion were rejected, and in order to be more certain
that noise pulses were not included as signal, isolated quiet events

in otherwise noisy conditions were also rejected.
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As has been noted, much of the data was contaminated with pulses
produced by a colleague's apparatus. The pulses were found to be
entering the 100 KHz system via the antennae, and occurred
approximately 750 ns after the air shower arrival. As this time is
much less than one period at 100 KHz, this pulse would be expected to

add linearly to any EAS generated signal.

Some evidence for this assumption is presented in Figure 5.3, where,
using the methods outlined in Section 5.3.3 following, the pulse
amplitude from antenna Al has been plotted against shower size.
Figure 5.3(a) was taken from data recorded before the advent of the
interference, while Figure 5.3(b) represents the bulk of the data,
including interference. Both sets of data are consistent with a
straight line, the difference in slopes being due to the different
mean signal. The amplitude of the interference was measured to be 9.5
units, in excellent agreement with the intercept in Figure 5.3(b).
Interpreting Figure 5.3(b) as a linear size dependence with the
addition of a constant interference signal, leads to the conclusion
that the true signal can be obtained by linear subtraction of the 9.5

unit interference. This correction has been made wherever necessary.

It should perhaps be noted that the interference could be recalled

at will: the true signal could not.

5.2.3 Bgsults

5.2.3.1 Field strength measurement

The field strength estimates made by Clay and Gregory suffered from
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the disadvantage that the antenna used was attached to one of the
poles of the 2 MHz antenna array, and thus was in close proximity to
the 2 MHz feeder cables. To overcome this problem a new antenna was
built, consisting of a 10 m vertical wire, supported on a wooden pole
located equidistant between 4 of the 2 MHz antenna poles (point M of
figure 5.1). The receiver, mounted at its base was fed through about
1 m of coaxial cable. Six 20 m long copper wires were buried,
radiating from the antenna to form a ground plane. This antenna was
used to measure the background noise level, using the method described
by Watt [8], and the result is shown in Figure 5.4, together with the
predicted noise level [8]. The observed noise level was typically 4
to 6 db below the predictions. Some of this discrepancy was due to
the receiver saturating during excessively noisy periods, while it
would also be expected that the surrounding 2 MHz array might modify

the observed field.

Only a few events (63) were recorded on this antenna and available
for calculation of the mean signal field strength. However,
examination of the pulses recorded simultaneously on the horizontal
antenna Al showed that their amplitudes were typical of the whole
period, although only about 70% of the overall mean. The wvertical
component of the mean pulse field strength, as recorded on the
monopole antenna was calculated, again using the method of Watt [8],
and was found to be 150 uv m - MHz L. Allowing for the lower mean
field strength for this period, the overall mean field strength from
showers of about 3x10° particles was 200 uV mt MEz L, Although

this measurement is only half of the mean signal reported by Clay and

Gregory, it is well within the observed range of variation.
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5.2.3.2 Signal Strength Variations

Clay and Gregory observed that the mean 100 KHz signal varied, both
diurnally, and also on a time scale of several days. This effect was
investigated by measuring the mean signal, from antenna Al, in
four-hour intervals over the 10-day period of the experiment. The
result is shown in Figure 5.5 ; an overall decline in amplitude over
the period is apparent. Eight days later, as already noted, the
signal could not be observed at all; it had declined to less than 10%
of its previous value. Changes of this scale are comparable with

those observed by Clay and Gregory.

It has been suggested by many colleagues that atmospheric conditions
may be responsible for the signal variations, either directly, by
affecting the emission mechanism, or by an indirect effect, for
example on the antenna characteristics. An indication of the weather,
including the maximum temperature and humidity, is included in Fiqgure
5.5 : no effect is evident. The weather remained warm and fine for

the week following this period, auring which the signals disappeared.

The mean diurnal variation obtained is shown in Figure 5.6, with
Clay and Gregory's data for comparison. The magnitude of the
variation is similar, but the phase is different, and thus this data

does not support the suggested geoelectric mechanism [1].

5.2.3.3 Shower Size Dependence

A more rigorous noise selection criterion was now applied to the
data used in the previous section, and the resulting events were

sorted into six shower size groups. The noise threshold was then
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relaxed somewhat for the two largest shower size groups, resulting in
a total of 143 showers being selected. The mean signal in each shower
size group was then calculated, and the result is shown in Figure 5.7.
The fourteen largest showers are also plotted individually on this
figure, the mean S/N ratio for these showers being greater than 3. It
is evident that there 1is a strong linear dependence of signal

amplitude on shower size (correlation coefficient r2 = 0,95).

It may be argued that the 100 KHz pulses are a purely local effect,
for example, caused by the discharge of the atmospheric electric field
in the immediate vicinity of the antenna. This would be expected to
produce a strong correlation between pulse amplitude and local
particle density. In Figure 5.8 the pulse amplitude of the 14 largest
showers is plotted against the number of electrons falling within 1 m
of the antenna. The relationship is obviously very much weaker than
that with shower size and can be explained by the correlation between
the particle density at the antenna and shower size. (Only the
largest showers were investigated in this way; small showers showed a
stronger relationship. This is because, as the small showers were
detected only if their cores fell in a fairly small region (near
detector C), changes in antenna density were strongly dependent on

shower size.)

5.2.3.4 Lateral Distribution

As the 100 KHz pulses from the showers used in the previous section
were measured on two antennae (Al and A2 of Figure 5.1) spaced 95 m

apart, it was possible to measure the lateral distribution of the

pulses out to core distances of about 200 m.
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By measuring the background noise observed by both antenna-receiver
combinations, the relative system gain was calculated; both for
average background levels, and for impulsive noise. The ratios were
the same, and equal to the ratio of receiver gains measured 1in the

laboratory, indicating that the antenna characteristics were similar.

The analysis of the relationship between shower size and pulse

amplitude was now repeated, using antenna A A similar straight

20
line plot was obtained, but the slope, after allowing for the receiver
gain difference was 0.67 & 0.13 of that obtained with antenna Al,

indicating that the field was reduced by this amount.

The showers were now sub—divided into three groups, according to the
distance of their cores from antenna Al. (Again only larger showers
(Ne > 6.5 105) were used, to avoid biases due to the irreqular
distribution of small showers.) The mean pulse amplitude at each
antenna was calculated,; and these data, corrected 1linearly for the
small size differences between shower groups, are shown in Figure 5.9.
These results are consistent with an exponential distribution, of the
form s = exp (a/r), where a is approximately 200m. Note that two
substantially independent experiments are represented in Figure 5.9,
viz. the measurement of single groups of showers on different
antennae, and the measurement of different groups on a single antenna.
The consistency of the results gives further weight to the validity of

the data and analysis procedure.

5.2.3.5 Angular Dependence of Signals
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(1) Zenith Angle

The 143 quiet showers were divided into 3 groups, with zenith angles
less than 150, 15° to 350, and greater than 350, and the mean
signal for each group calculated. No significant variation was

observed.

(2) Azimuth Angle

The showers were divided into 4 groups with azimuth angles 45°  to
135°, 135° to 225°, 225° to 315° and 315° to 45°, and the mean
signal for each group calculated. No significant variation was

observed.

(3) Geomagnetic Angle

The showers were divided into 3 groups, with angles between the
shower axis and the geomagnetic field, less than 150, between 15°
and 350, and greater than 35°. again, no significant effect was

seen.

5.2.3.6 Pulse Frequency Spectrum

As can be seen from Figure 5.10, the shape of the EAS associated
pulse differs from the impulse response of the receiver, implying that
the spectrum is not flat across the receiver pass-band. To

investigate this, several pulses with high signal to noise ratio were

digitized by measuring the amplitude at 2 usec intervals, and, using a
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fast Fourier transform computer program, the Fourier components of the
waveform were calculated. In addition, the Fourier components of the
impulse response (obtained by applying a 100ns wide pulse to the
receiver input) and several examples of impulsive noise on otherwise
quiet traces, were obtained in the same way; both of these spectra
agreed well with the receiver frequency response curve. The EAS
associated signal, however, was found to be strongly peaked towards
the low frequency end of the spectrum., Figure 5.11 shows the ratio of
EAS associated signal to impulse response across the receiver
pass-band. This rise towards low frequencies is in qualitative

agreement with the spectrum presented by Felgate and Stubbs [5].
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CHAPTER SIX

CONCLUDING REMARKS

Of making many books there is no
end; and much study is a weariness of
the flesh.

Let us hear the conclusions of the
whole matter.

Ecclesiastes

6.1 The Observations

In a series of observations, conducted at a frequency of 2 MHz, no
radio signal which could be associated with air showers was observed.
This result has been supported by more recent reports, but is in

direct contradiction with a number of previously published results.

However, at 100 kHz, the existence of strong signals was confirmed.
The mean signal was found to be proportional to shower size, and
decreased exponentially with distance from the shower core. No
dependence on the shower direction was observed. The signal strength
was subject to wide variations, and remained below a detectable 1level

for many months.

6.2 The Mechanism
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At a frequency of 100 kHz, extreme fluctuations in the mean radio
emission from air showers have been observed directly. If the
mechanism responsible for the 100 kHz pulses can also produce pulses
at higher frequencies, it is reasonable to assume that these signals
will also be variable. This assumption can explain the contradictory
results obtained between 2 and 6 MHz, the confusion over the high
field strength observed near the core at a frequency of 22 MHz, and
the variations in lateral distribution near the core, at a frequency
of 30 MHz, observed by the Moscow group. In addition, the apparent
polarization at 6 MHz would be more plausibly explained by a change in
the field strength during the experiment, than as the result of a
geomagnetic origin of the pulses. Such a postulate is weak, for
apparent variations due to poor experimental technique can be
concealed within it; however, the alternative appears to be that, for
the reasons discussed in Chapter 4, incompetence is a common feature
of experimental investigations of radio emissions from EAS (including

the present work).

High, variable field strengths have also been observed in the 30 to
60 MHz frequency region, and their association with thunderstorm
activity has been interpreted as evidence of a geoelectric mechanism,
At 100 kHz some very indirect evidence for a geoelectric mechanism has
been reported, but is not supported by this work, and theoretical
considerations make it unlikely that it can produce the observed low

frequency field strengths.

There is no direct evidence to support any production mechanism, and
the author is quite unable to suggest a plausible explanation for

these observations.
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6.3 The Future

The discontinuance of attempts to use radio techniques for the study
of cosmic ray primaries has effectively made this work irrelevant to

the mainstreams of cosmic ray physics.

If radio techniques had been continued as a serious tool in cosmic
ray research, this work would certainly need further close
examination, for serious doubts would be cast on any interpretation of
radio pulse fluctuations in terms of fluctuations in  shower
development, when an erratic, unexplained mechanism was possibly
active at frequencies only an octave below those used in the

fluctuation studies.

However, if there is now 1little in this subject to excite the
interest of cosmic ray physics, the puzzle still remains. Perhaps it

may find a home in the field of atmospheric physics.

'And what do you believe about them
now?' asked Cebes.,

'‘Why upon my word, that I am very
far from supposing that I know the
explanation of any of these things'

Socrates
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Better is the end of a thing
than the beginning thereof.
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