AR
W Durham

University
Durham E-Theses

Studies of particles associated with air showers of size
around 3.10(°)particles

1. A. Ward

How to cite:

Ward, I. A. (1980) Studies of particles associated with air showers of size around
3.10(®)particles. Doctoralthesis, DurhamUniversity.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/7654/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/7654/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

FRONTISFIZCE

THE FLASH-TUBE CHAMBER AFTER MCDIFICATION T0 OPERATE IN

CONJUNCTION WITH THE DURHAM AIR SHOWER ARRAY.







STUDIES OF PARTICLES ASSOCIATED WITH

AIR SHOWERS OF SIZE AROUND 30105 PARTICLES

by
I. A. WARD, B.Sc.

The copyright of this thesis rests with the author.
No quotation from it should be published without
his prior written consent and information derived

from it should be acknowledged.

A thesis submitted to the
University of Durham

for the Degree of Doctor of Philosophy

October 1980

o




"For of't, when on my couch I lie
In vacant or in pensive mood,
They flash upon that inward eye
Which is the bliss of solituds;"
W. Wordsworth

in LAODAMIA (4815)
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ABSTRACT

5

A study of particles associated with air-showers of median size 3.10
particles has been undertaken., Measurements on muons indicate that the
apparatus is inadequate to cope with regions greater than 30 m. from the

CoTre€.

However scome interesting results have been produced within this limitation.,
There is strong evidence for non-random spacing of muons at densities
greater than 1 m-z. The lateral distribution of hadrons of energy greater
than 50 GeéV is slightly steeper than for hadrons of energy greater than

10 G&V., The ratio cf neutral to charged hadrons is a lot lower than

§~pred&cted by current production models,

A search for precursors to air-showers has also been carried out, The
results imply that there are a statistically significant number of

precursors in the range 20 to 100 Js before the arrival of an air-shower,

The early chapters concern themselves with measurements that can be made
with the flash-tube chamber in isolation. A measurement of the incoherent
‘hadron energy spectrum shows a smoothly falling spectrum between 7.102 Gev

and 5.103 GeV of slope 2.7,

Anzupper~limit'of 2.,3.’lO'-8cm"'2s‘c-i::,rec-'-'1 has been placed on the gea~

level flux of high Z particles.
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PREFACE

This thesis describes the work of the author while a Ph.D. student at

Durham University under the supervision of Dr. F. Ashton,

The work described includes investigations of unusual phenomena in flash-
tube chamber studies of hadrons in air-showers, and a measurement of the

energy spectrum of the incoherent hadron component.

A thorough review of theoretical and experimental work on tachyons is
included prior to the description of an experiment to search for tachyons

associated with air-showers,

The final chapters are concerned with measurements on muons and hadrons

5

in air-showers cf median size 3,107 particles.

The work described herein has been previously reported by Ashton et al

(1975a), Ashton et al (1977 ).




CHAPTER 1

INTRODUCTION

1.1 Historical introduction

The nineteenth century saw many advances in the fields of electricity and
magnetism, and, in the closing decades, the discovery of ionising radiation

and the existerice of radiocactive substances.

One of the princip(ilinstruments used in the investigations of electrical
phenomena was the electroscope, first the gold leaf type then later (1909)

the more quantitative Wulf type.

The principle of an electroscope is that two light highly conductive
isolated metal plates or wires when charged repel each other. They were
mainly used in the investigation of electrostatic phenomena however it
was well known that the metal conductors would not retain their charges
indefinitely., At first the cause was thought to be leakage through poor

insulation to the casing of the electroscope. However, with the advent of

~the atomic theory of matter and the discovery in 1897 by J. J. Thomson of

the electron, as well as improved insulation techniques, a better under-
standing of the spontaneous discharge of electroscopes came about, and

with it, a new mystery of nature toc be solved.

The discharge was explained as being caused by the presence of non-neutral
air molecules inside the casing of the electroscope. These enabled a net
flow of charge between the metal conductcrs and the casing without any

current flow through the insulation between the two. The question then




arose as to how these ionised molecules lost their neutrality. It was
beiieved that some ionising agent (such as alpha or beta particles) which
could penefrate the walls of the electroscope was the cause, and the
source of these ionising particles was thought to be minute quantities of

radioactive materials in the immediate vicinity of the electroscope.

The invention of a more quantitative type of electroscope by Wulf in 1909
enabled more systematic investigations of this phenomena to be undertaken
and in particular the question astothe source of the ionising radiation

could be answered,

In 1912 Hess undertook an historic series of balloon flights in which he
carried Wulf type electroscopes to altitudes between 2,000 and 16,000 ft.
Contrary to popular opinion he discovered that although the rate of
spontaneous discharge did in fact decrease with altitude uptc a height of
2,000 ft., beyond this the rate of discharge increased until at a height

of 16,000 ft., the rate of discharge was found to be four times the rate

at sea~level. Further balloon flights followed, some reaching altitudes
of 28,000 ft., confirming the discovery that the ionising radiation did

indeed come from above,

Various explanations were forthcoming, C. T, R, Wilson - the inventor of

the cloud chamber - suggested that the ionised air molecules might be caused by
thunderstorms. Others suggested the presence of traces of radiocactive

elements in the upper atmosphere, -However, neither of these explanations
could be reconciled with the observations that the rate of discharge, and
hence the concentration of icnised air molecules, did not vary with weather

conditions, climate or time of year,



However, the questicn as to whether the ionising radiation came from above
was still unanswered in some physicists' minds. In particular,

R. A, Millikan, the first man to measure the charge of an electron, decided
to conduct a series of experiments at mountain altitudes and at various
depths in lakes between 1923 and 1926. He concluded that the ionising
radiation, which he named cosmic rays, did in fact come from above, and
produced quantitative measurements of the intensity of cosmic rays as a
function of altitude and depth below water. These measurements were
extended and improved by Pegener and co-workers in the late 1920's and
early 1930's with a series of unmanned balloon flights, and the first steps
in the task of investigating the cosmic radiation had been undertaken
producing measurements of the concentration of ion pairs as a function of

altitude and as a function of depth in water.

Piecing together the clues as to the nature of these cosmic rays was under-
takep by Millikan. Basing his hypothesis on the fact that y~-rays were the
most penetrating of the three types of ionising radiation then known to
occur naturally, and that the mean free path for Compton collisions (the
method by which>y-rays were thought to be absorbed) increased with
increasing photon energy, Millikan proposed that cosmic rays were high
energy y-rays. He also proposed a model by which they could be produced
isotropically in interstellar space from the fusion of different numbers

of protons to produce nitrogen, oxygen and silicon atoms. These particular
atoms, if produced by the fusion of groups of fourteen, sixteen and twenty-
eight protons respectively would release energy in the form of y-rays of
energies approximately equal to 26, 110 and 220 MeV respectively. A

suitable combination of absorption curves for y-photons of these energies




provided a fair approximation to the observed absorption curve for all

cosmic rays.

However, the photon nature of cosmic rays could not explain the observed
geomagnetic effects. The "East-West" effect, where more cosmic rays were
observed to arrive from the East than the West, and the latitude effect,
where the intensity of cosmic rays increased as you moved away from the
equator, indicated that the paths of the cosmic rays were affected by the
earth's magnetic field, and that they thus must be charged, and hence be

particles,

Further evidence for the corpuscular nature of cosmic rays was provided
by the invention in 1929 of the Geiger-Muller tube. This enszbled
individual charged perticles to be detected by amplifying the ionisation

caused by them using a high electric field.

Experiments by Bothe and Kohlhorster using such tubes placed one above the
othér indicated that the coincident signals observed were too frequent to
be caused by the secondary electrons produced by Compton collisions of
Y-rays. Placing a thick absorber between the two tubes also failed to
decrease the rate of coincidences appreciably, and they concluded that the
ionising radiation.must consist of energetic charged particles which could

directly trigger the tubes, and penetrate thick absorbers,

In the early 1930's two experiments using different types of detectors shed
further light on the nature of cosmic rays by observing new interaction
processes which they suffered in thick targets. Rossi performed experiments
using triangular arrangements of Geiger-Muller tubes underneath lead and

observed coincidences which could only be caused by the presence of more




than one ionising particle below the lead. These pérticles could not have
been produced by ionisation processes, since the energies of secondary

particles produced by ionisation are too low. Blackett and Occhialini in
1933 using a counter controlled cloud chamber observed multiple secondary
particles produced by an interaction of a cosmic ray outside the confines

of' the chamber,

Extending his experiments to absorbers of different thicknesses Rossi
produced shower curves which indicated that as the thickness of absorber
was increased, so did the number of charged particles emerging until at

some critical thickness the number of charged particles produced began to
decrease if the thickness of the absorber was increased further. He also
found that the rate at which showers were observed varied between absorbers
of different materials but of the same thickness. The rate at which showers
were produced under lead, iron and aluminium of the same thickness were
found to be in the ratio of 4 : 2 : 1. Neither result was explicable by

the Compton effect and jonisation processes alone,

At about the same time as these results were becoming availsble a more
exact theory of the interactions of charged particles with matter was
developed by Bethe and Heitler. Their calculations of the radiation losses
by charged particles by bremsstrahlung as they traversed matter indicated
these losses were much greater - for a given mass per unit area - in
elements of high atomic number than in elements of low atomic number, and
that radiation losses increase rapidly with energy, thus overtaking
ionisation losses. They also conducted calculations on the pair production
process by which y-photons materialise in the electric field of a nucleus

into an electron and a positron. These calculations produced the then




startling results that at energies greater than several MeV in lead the
pair production process overtakesthe Compton effect as the most important

absorption process for y-rays.

The currently held view of the nature of cosmic rays was that they were
electrons, but the conclusions of Bethe and Heiller that the radiation
losses were more important than ionisation losses, indicated that the
electrons - being very light particles and hence easily affected by
bremsstrahlung processes - must have absurdly high energies in order to

traverse the large amounts of absorber they were observed to have,

However, a model of the shower process was developed along the lines
indicated by Bethe and Heitler. The secondary shower particies observed
under thick absorbers were assumed to come from a cascade process inside
the absorber whereby an initiating electron cor photon underwent either a
bremsstrahlung or a pair production interaction producing two particles,
an‘électron and a photon or an electron and a positron. These particles
then travel on to undergo similar interactions (or an electron - positron

annihilation process in the case of the positron) each interaction producing

two particles where only one existed. The ensuing cascade process produced
many particles, the number increased as the thickness of target increased.
However the cascade process also caused an energy degradation until the
energy per particle became too low for these high energy processes and any
further interactions would be by Compton scattering and ionisation collisions,
reducing the number of secondary particles of sufficient energy to leave

the absorber,

This shower or cascade model was shown to explain the different shower

curves observed, and the primary electron or photon initiating the cascade



was thought to come from a similar cascade produced in the atmosphere,

This explanation went a long way to explaining the nature of cosmic rays

as observed, but could not explain the presence of penetrating particles
which could traverse large amounts of matter without interacting. These
particles were at first thought to be extremely high energy electrons only
losing a small fraction of their energy by ionisation as they traversed
matter. However as the theory of Bethe and Heitler (1934)

became accepted, it became clear that these particles could not be electrons
since radiation losses dominate ionisation losses for electrons at higher
energies. According to the same theory, if these particles were only

losing energy by ionisation, then they must be much heavier than electrohs.
The natural candidate was the proton, whose mass was known to bew~1000 times
the mass of an electron. However, experiments soon showed that these

penetrating particles did not behave like protons.

Penetrating particles observed in multiplate cloud chambers, where their
magnetic rigidity was also measured, did not ionise as strongly as protons
of' the same rigidity, implying that they had a mass less than the mass of
a proton. Experiments by Street and Stevenson around 1937 on low energy
Vpenetrating particles determined the mass of such particles which came to
rest inside the claﬁd chamber. They found them to have a mass 200 times

the mass of an electron, and thus proved the existence of a new particle,

the mu-meson,

The discovery of a second type of meson, the pi-meson in 1947, almost
established a coherent view of cosmic rays and opened a new chapter in

elementary particle physics, the spectrum of hadrons, The discovery of



the pi-meson by observation of its decay into the muon and the latter's
subsequent decay into an electron in a nuclear emulsion, provided an
explanation‘for the nuclear interactive particles observed to produce

showers in multiplate cloud chambers and stars in nuclear emulsions,

which effects could not be explained by mu-mesons or electrons. The

last piece in the Jjigsaw puzzle of cosmic ray showers came with accelerators,
the discovery of the neutral pi-meson which had a lifetime some 10-8 times
less than a charged pi-meson, decaying almost instantaneously into two

y-photons,

By the early 1950's the picture of the cosmic ray shower process was
complete. The primary cosmic rays were the long lived protons which
interacted with air nuclei to produce a shower of charged and neutral
pi-mesons. The neutral pi-mesons immediately decayed into y-photons
initiating an electron -~ photon shower, The high energy charged pi-nmesons
interacted with further air nuclei to produce further pion showers. This

nuclear cascading process contributed to the electron - photon shower

process and also served to degrade the energy carried by the pi-meson
component., These pi-mesons of low energy eventually decayed to produce
mu-mesons which provided the second most abundant component of sea-level

cosmic radiation.

1.2 OQutline of the following chapters

In the following chapters are described various measurements of important

components of the cosmic radiation at sea-level using a flash-tube chamber,



Chapter 2 provides an introduction to the flash-tube chamber and the
techniques by which these various components of the cosmic radiation can

be investigated using the flash-~tube chamber in isolation,

Chapter 3 describes, by way of an experiment conducted to investigate a
phenomenon of relativistic electromagnetic effects, the ionisation process
in depth. This latter is fundamental to the effectiveness of the flash-
tube chamber as an investigative instrument, A thorough understanding of
the process is essential to the correct interpretation of the flash-tube

chamber's responses to the various components of cosmic radiation.

Chapter 4 is concerned with an experiment to measure the energy spectrum

of hadrons in sea-level cosmic radiation. This is considered an important
component in its own right since it is the only natural phenomenon of
physics, at energies that are orders of magnitude higher than can presently
be attained by artificial means, which is directly observable in the

immediate environment,

Possible candidates as highly charged fundamental particles observed in

the latter experiment are investigated in depth in Chapter 5. The problems

of interpretation encountered in all investigations of natural phenomena,
lead to interesting considerations on some basic formation processes

involved in nuclear-electromagnetic cascade production.

The availability of an extensive air-shower array in the vicinity of the
flash-tube chamber made it necessary to modify the chamber in order to

use it in conjunction with the array. Chapter 6 describes these modifications,

as well as a brief description of the array.



The array was designed to study air-showers whose primary particles'
energies lie in the région of a distinct steepening of the primary cosmic
radiation's‘energy spectrum., This region provides an interesting area

of study because, although only at fairly mediocre energies compared with
the majority of air-showers that have been investigated in the past, the
energy region is Jjust beyond the capabilities of existing particle
accelerators. Such a position provides a hot debating ground as to whether
the steepening of the speétrum is an astrophysical or a nuclear physical
effect. Alternative causes of the steepening to the presently accepted
astrophysical explanations would involve either the onset of new physical
processeé in high energy interactions, or the creation of new, and as yet
undetected, classes of particles. Both the latter phenomena can be fruit-
fully investigated using the flash-tube chamber in conjunction with an

air-shower array.

The following chapter describes how air-shower events are interpreted using
the air-shower array, whereas Chapters 9 to 11 describe such investigations

which have been carried out.

Chapter 8 is a survey of the available theoretical and experimental studies

of faster than light particles, called tachyons. These, if they exist,
and are produced at the energies in guestion, could, by their unusual
energy attributes, provide a sink for the energy of higher energy particles,

and thus cause a steepening of the observed primary spectrum,

There follows a description, Chapter 9, of a search for tachyons, whose
results raise an intriguing, but incompletely persuasive, question mark as

to the existence of such particles,



Chapters 10 and 11 are respectively concerned with the muonic and hadronic
components of air-showers. The results are compared with comparative previocus
experiments and model-dependant predictions, as well as with laboratory

measurements at energies just below the energies under investigation,

Summaries and Conclusions are provided at the end of each chapter and a
qualitative summary of the knowledge acquired during these investigations

is given in Chapter 12,
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CHAPTER 2

THE FLASH - TUBE CHAMBER

2.1 Introduction

The flash-tube chamber is a large area visual detector of cosmic rayparticles,

It can be used:

a.) To identify perticles with anomolously high or low ioniZing powers

-(see Chapters 3 and 5).

b.) To measure the energies and arrival directions of individual

particles that interact in the chamber (see Chapters 4 and 11).

c.) To observe the individual tracks of penetrating particles (see

Chapter 10),

The various triggering modes available to the flash-tube chamber allow
either the properties of unaccompanied particles or particles associated

with air-showers to be observed and measured,

2.2 The neon flash-tube

When an ionising particle passes through the gas of a neon filled flash-
tube it produces positive ions, free electrons and excited gas atoms.

In Lloyd's discussion of the problem he concludes that only the free
electrons thus generated can casuse a discharge if an electric field is

applied acrcss the tube after time t§ us (Lloyd, 1960). Essentially




..15.=

this is because in order to cause a discharge an avalanche of electrons
needs to be created on the application of the electric field. The
relatively massive ions move too slowly to cause such an avalanche, and
the photons emitted from the decay to ground state of the excited gas

atoms have too low a photoionisation coefficient.

In the time td, the free electrons can be removed from the gas by various

means:

a.) Recombination with the positive ions. This process can be neglected
- because of the small number of electron --ion pairs created and the

very low value of the recombination coefficient (»’10~7 cm;/sec)

b.) Attachment to electronegative impurities, this process can only be
neglected if the tubes have been accurately evacuated and then filled

with neon gas of sufficiently high purity

c.) Diffusion to the glass walls where the electrons stick and cannot

come back into the éas

d.) Drifting to the glass wall under the action of any electric field
that may be present. This process can only be neglected if sufficient

time is allcowed between ionisation events for the gas to recover.

Iloyd set up diffusion equations for the electrons produced and solved
them to find the probability that a discharge would take place if an |
electric field were applied td ps after the passage of the ionising
particle. He found that the probsbility of a discharge occurring (the
internal efficiency) can be expressed as a function of D.td/az (vhere D
is the diffusion coefficient of thermal electrons and a is the internal

radius of the tube), with the parameter afq (where f is the probability
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that a single electron produces an avalanche and q is the probability per
unit track length of the primary particle producing an electron - ion pair),

His results are displayed by the curves of Fig. 2.7.

2.3 The flash-tube chamber

2.3.1 Construction of the flash~tube chamber

Scale diagrams of the chamber are shown in front and side view in Figs,
2,1 and 2,2, The flash-tubes are 2 metres long of mean internal diameter
1.58 cms and mean external diameter 1.78 cms. They are made of soda glass
filled with neon gas (98%) and helium gas (2%) to a pressure of 60 cm Hg.
Alternate layers contain 84 and 85 tubes, the tube positions being
staggered with respect to the layers immediately above and below. Each
tube is covered with a black polythene sleeving to inhibit light transfer
between neighbouring tubes. There are a total of 10 748 flash tubes used

in the chamber.

Between every other layer of flash-tubes there is an aluminium electrode
0.122 cms thick, 3.3 cms apart., In the sections F2 and F3 (see Fig, 2.2)
the electrodes cover an area of 2,94 mz, In the sections Fia, F1b, Fia

and F4b the electrodes are shorter in depth by 30 cms, and cover an area

of 2.48 m2.
The roof of the chamber is 15 cms of lead. This serves 2 functions:

a.,) To filter out the soft component (low energy electrons and photons)
of the cosmic radiation so that the flash-tube photographs clearly

identify the more penetrating components (muons and hadrons).
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b.,) To act as a target for nuclear interactions of hadrons.

Below the roof are the first defining layers of flash-tubes F1a. There
are 8 layers of flash-tubes in FP{a pushed back 15 cms with respect to the

front of the main body of flash-tubes (F2 and F3). These act as:
a.) a visual identifier of nuclear interactions that occur in the lead.

b.) an identifier of the nature of the hadron (charged or neutral) that

undergoes a nuclear interaction in the iron target.

c.). a defining layer for single particle tracks whose ionislng power can
be gauged from the main body of the chamber (F2 and F3) without the
possibility of edge effects i.e. the reduced efficiency of a flash-

tube a few cms beyond the edge of the electrode (Ashton et al 1971),

Below Fia there is a 15 cm iron target for nuclear interactions. There
are a further 6 layers (Fib) of defining flash-tubes, then the main body
of flash-tubes F2 (52 layers) and F3 (L4 layers). Below these there are

a further 2 defining sections, F4a (6 layers) and Fib (8 layers).

Directly below each target there is a plastic scintillator of area 41.05 m2

and thickness 5 cms, each viewed by five 53 AVP photomultiplier tubes and
one 56 AVP tube (see Tig. 23). These scintillators measure the number of
electrons produced in the electron photon shower caused by a nuclear
interaction in either target, Above the lead are three large liquid
scintillators used to measure any air-shower accompaniment, These
scintillators are éach of area 1,24 m2, depth 15 cms and xe each viewed by

two EMI 9583B photomultiplier tubes (see fig. 2..4).

The sides of the chamber are protected from background cosmic radiation by

30 cm thick walls of barytes concrete, The whole chamber is kept in
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continuous darkness, enabling the use of a shutterless camera. This means
that the camera is continuously sensitive, the film being wound on one

frame automatically after each event.

2.3.2 The high voltage pulsing systen

In order that a visible discharge occurs in a neon flash-~tube after the
passage of an ionining particle a high voltage pulse must te applied to
the sluminium electrodes., This high voltage pulse is provided by the
circuitry of Fig. 2.5, which is triggered by a 300 volt pulse provided by

a thyristor,

The occurrence of a selected event provides a 5 volt trigger pulse to the
thyristor. The +300 volt output pulse of the thyristor is fed into a high
voltage pulse transformer (Fig. 2.3), the output of which provides the

trigger pulse for the "Trigatron" spark gap.

A voltage of +16 KV is applied across the main spark gap, the trigger
spark causes the gop to bfeak down largely by the production of photo-
electrons. The high voltage pulse applied to the electrodes is approx-
imately rectangular in shape of height 8 KV and 10 us duration, it is
produced by the circuit of Fig. 2.6. When the main gap of the Trigatron
breaks down, the lumped circuit transmission line discharges through its
characteristic impedance producing a rectangular pulse for a time ZQﬂﬂf
(for n identical L, C stages). The transmission line has four stagés each
of capacitance C = 0,1 uF and inductance L = 22 pH. The capacity of the

flash-tube chamber which this unit supplies is 0,087 uPF.
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Figures 2.8a): The expected responze of the flash~tube chamber
at: time: delay of 20};3 1o particles of different
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Figure 2,833)); The expected response of the flash-~tube chamber
at time delay of 330}13 to partieles of different
change Ze,
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2.4 Use of the flash-tube chamber in measuring the charge of individual

particles

It is clear from the work of Lloyd (1960) (see Section 2.2) that the
efficiency of a neon flash-tube response to a charged particle depends on
the charge of the particle and the time delay between the passage of the

particle and the application of the high-voltage pulse.

By observing the response of the flash=tube chamber at various time-delays
to the passage of a singly charged particle previous authors (Cooper [1974],
Parvaresh [1975], Saleh [197ﬂ , see also Chapter 3) have determined the
"ioniC¢ation parameter” afQ for the flash-tubes used in the chamber to bhe

9 for Z=1 particles. Hence, since Q (the probability per unit track
length of particle producing a free electron) is the only component of

this parameter dependent on the charge of theriéniging particle, Q 22
(a = internal diameter of the flash-tube, f.= probability that a single
electron produces an avalanche), it is a simple matter to infer the

response of the flash-tube chamber to particles with unusually high or low

values of Z, the electric charge of the particle,

Fig, 2.7 shows the expected internal efficiency of the flash-tube chamber
for particles of 7z = % (quarks), Z =1, Z = 10 (Yock-particles, Yock [1973]),
7z = 68.5 (Dirac monopole) and Z = 137 (Schwinger monopole), as a function of
time-delay. Figs. 2.8a) and 2.8b) show the expected response of the flash-
tube chamber to these particles for a typically short (20 ps) time-delay
and a typically long (330 ns) time-delay. The exceptionally broad tracks
produced by the highly-charged particles are due to the large number of
knock-on electrons produced by these particles, Fig. 2.3c) shows the

response of the chamber to Z = 137 particle at td = 600 us,
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In order to measure the internal efficiency corresponding to these tracks
the-number of layers flashed in F2 and F5 is counted. Only those tracks
which show é track in the defining layers Fia, b and Fha, b are considered
since this avoids introducing spurious low efficiency tracks due to "edge-
effects". (See Chapter 3.) This number divided by the total number (96)
of layers in F2 and F3 gives the layer efficiency'nL . To convert this

to the internal efficiency1]lit has to be multiplied by the ratio of the

total area covered by the flash-tubes to the sensitive area, i.e,

= 1.8 7 = 1.145
1]I 7755 1 ‘nL

2,5 Use of the flash-tube chamber in measuring the energies of interacting

Earticles

2.5.1 Nuclear-electromagnetic csscades

When a hadron travels through a dense medium of depth greater than or of
the order of its interaction length in that medium.there is a high
probability that it will suffer a strong interaction. This probability
follows an exporential distribution with the amount of medium trsvelled
through., The resuit is the production of a number of secondsary hadrons
(predominantly pions). If the incident hadron is a pion then all of its
energy will be taken up by the secondary particles, whilst a nucleon

only loses a fraction of its energy and travels on to interact again,

The pions produced either travel deeper to suffer further interactions
(as in the case for MY or immediately decay into two photons (rt°).
The probability of a fast charged pion decaying in a dense medium is small

compared with the probability of interaction,

A s e+ 4 . . . PR
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The photons produced either materialise or undergo a Compton collision,
The electrons and positrons thus produced will lose energy predominantly
by radiation, and the photons produced will give rise to further electrons

and positrons.,

Since the secondary particles have the same order of magnitude energies
as the primaries, energy degradation is slow compared with the increase

in the number of electrons and photons.,

This allows a significant increase in the total number of particles as the
cascade develops with depth., Eventually the point is reached where the
mean energy of the electrons falls below the critical energy and coliision
losses become more important than bremsstrahlung. The total number of
particles in the cascade now begins to decrease and the energy input is

dissipated in excitation and ionization of the atoms of the medium.

If the target is of finite thickness then showers of electrons and photons
will emerge at various stages of development and from the number of
electrons appearing below the target some measure of the energy of the

initiating hadron can be ascertained,

The emerging shower of electrons will be broadened duebto multiple
scattering of the electrons and the angular separation of the electrons
produced by pair-production, Less important, because of the higher energies
involved, broadening effects also arise from the transverse momenta of the
pions, multiple scattering of the pions, and the angular separation of the

photons fromTl decay.

The flash-tube chamber can be used to measure the energies of the incident

hadrcns by either:
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a.)_ Measurements of the number of particles produced in such a process
under the lead or iron and calculation of the relationship between
these measurements and the primary energy input into the cascade,
This technique is used for the hadron energy measurements of

Chapter 4.
or

b.) Measurement of the width of the burst produced below either the lead
or the iron target and either calculation of the relationship between
the width of the cascade and the primary energy inputs, or by
measuring the relationship between the width of the burst and the
burst-size and calibrating the burst width - primary energy relation-
ship using a.). The former technique has been shown to be insensitive
(Coats [1967]), Cooper [1974]) at short fime-delay because of the
multiple scattering of lov energy electrons. Hence the latter

"technique has been used for the hadron energy measurements of

Chapter 11,

2.5.2 Measurement of burst size with the flash-tube chamber

The plastic scintillators A (under the iron) and C (under the lead)
facilitate the measurement of the number of particles emerging from either
target consequent to a nuclear interaction taking place. The scintillators
are positioned directly below each target and with their fronts lined up
with the front of the defining lsyers, Fla, Fib (see Fig. 2.2). This
ensures that the whole of the burst measured by the scintillater pssses

through the defining layers. The scintillators were calibrated by measuring
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their response to vertical penetrating particles passing through the centre
of each scintillator for different values of the high voltage applied to

the photomultipliers.

The calibrations were carried out and thoroughly described by previous
authors (Cooper [497b], Saleh [1975]). The calibration curves for both

scintillators are shown in Fig. 2.9.

2.,5.3 The burst-size energy relationships

These have been calculated by previous authors (Cooper [1974], Parvaresh
[1975] , Saleh [1975], Nasri [1977]) and a description of their methods is
presented in Appendix VII. The results of their calculations are présented
in Pigs. 2.10 and 2.,11. It can be seen that a burst-size of N particles
below 15 cm of lead or iron corresponds approximately to en average a

hadron with primary energy N GeV.

2.5, The measurement of burst-width with the flash-tube chamber

The width of a burst can be measured by mrojecting the photograph of the
event onto a 1 8 20 scale drawing of the front=-view of the chamber, For
short time-delay the whole of the burst width is measured, but this method
is impractical for events >1000 particles as the burst width fills the
chamber, For the higher energy events a long time-delay (330 us) is used
and the resulting photograph gives an image of the core of the shower,

The burst-width on long time-delay is then defined as the number of flashes
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within £ % cm,on the scanning sheet, of the centre of the burst.

In both cases the burst width measurement is made either in Fia (for
bursts that are produced in the lead) or F1b (for bursts that are produced

in the iron).

2,5.5 The burst-width - burst-size relationship

In Chapter 5 (Fig. 5.9) are shown the results of calculations of the burst-
widths for different ages of shower, Figs. 5.12b), 5.13b), 5.14b) show how
the predictions from theory adequately describe the measured burst-widths

on long time-delay. However Fig, 2.12 shows the comparison between the-
theory and experiment for short-time delay. The experimental results are
from two experiments performed by Coats (1967) in which the burst spectra
produced in 25 cﬁs of iron from horizontal muons (electromagnetic) and
vertical particles (mainly nuclear - electromagnetic) were measured on short

time~delay.

The predicted relationship between burst size and burst width can be seen
to fall much lower than either of the measured relationéhips. This is
thought to be due to the high scattering of the low energy electrons which

have an almost isotropic angular distribution (Messel and Crawford [1970]).

In order, then, to measure the energies of the primary particles from the
width of the bursts they produce at short time-delays it is necessary to
measure the burst width - burst size relationship and then use the curves of

2,10 and 2.11 for the final burst-width to energy conversion,

Such measurements have been made by Cooper (1974) and Saleh (1975) and the

results of their measurements are summarised in Figs. 2.13 and 2.14,
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Figs. 2.15 and 2,16 show the resulting burst-width energy relationships

derived from Figs. 2,10, 2.11, 2.13, 2.14.

2.6 The various trigeering modes available to the flash-tube chamber

Since the high-voltage pulsing system is triggered by a 5 volt pulse the
flash-tube chamber can be triggered by events detected by the scintillators
A and C (internal triggering) or by an external device such as the three

liquid scintillators situated above the lead (external triggering).

2.6.1 Internal triggering

Internal triggering can be classified into two regions:

a.,) Single or few particle triggers

b.) Many particle or burst triggers.

Penetrating particles i.e. muons have a high probability of passing through
the chamber without interacting in either the lead or iron targets or the
glass and aluminium of the flash~tube array. By determining the mean single
particle pulse height as a function of the vcltage applied to the photo-
multiplier tubes of scintillators A and C (Fig. 2.9) the trigger pulse can
be set to respond to the passage of 1 or 2 or n single particles through

the chamber. This technique has been used in searches for fractionally
charged particles (Cooper [1974], Parvaresh [1975], Saleh [1975]) since

the track of the muon has a markedly greater number of flashes than that

of a charge®3 particle (a quark) (see Fips. 2.7 and 2.8a)).
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If we assume that the pulse height from a scintillator produced by a
relativistic electron is no different to the height of a pulse produced
b& a relativistic muon, the trigger pulse can be set to respond to the
production of a large number of electrons beneath either the lead or the
iron targets. In this way measurements of the energy spectrum of hadrons
atsgea-level can be made over a wide-range of energies (see Chapter 4).
Also, the characteristics of nuclear - electromagnetic cascades at

different energies can bestudied (see Chapter 5).

A block diagram of the electronics involved in internal triggering is

presented in Fig. 2.17,

2.6.2 External trigpering

The characteristics of muons and hadrons accompanied by extensive air

showers can also be studied using either

a.) a local density trigger from the liquid scintillators above the lead
or
b.) a multicoincidence trigger from scintillators situated at various

- distances from the flash-tube chamber. (A thorough discussion of

this technique is presented in Chepters 6 and 7.)

Using a geiger-telescope, the mean single particle pulse height as a
function of the voltage applied to the photomultipliers of the liquid
scintillators above the lead can be determined (Fig. 2.18). The trigger
pulse can hence be set to respond to the detection of various electron

densities above the chamber. Figs. 2.19 and 2,20 show the expected
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distribution in shower-sizes and core-positions for different local electron

densities. These have been calculated assuming the Nishimura - Karmata =
Greisen (1960) expression for the lateral distribution of electrons in an

extensive air shower

-2
ices  f(Ne,r) = A <£> " ( o \3625 (1 +r n
r —
1

r1 r+r‘|ll

The integral number spectrum according to Hillas (1970) has been used

- - -t -
i.e. R(>N) = 52,0N RS 2 s st™ for N<:5.105
- -2 4
R(>N) = 36,920.0 N 2.0 172 57 st™ for 5.1O5<N<3.1O7
- 2 -
R(>N) = 6,76 N Yo 172 6™ st for N>3.1O7

A block disgram of the electronics involved in external triggering is

presented in Fig, 2.21,

2.7 Summary

The flash-tube chamber is a versatile visual detecter which can be used
to study the ioni-ation properties of fast particles as well as in
conjunction with suitably situated scintillators, the energies of high

energy hadrons in the cosmic radiation

The various triggering modes available allow different regions of the sea-

Jevel cosmic radistion to be examined enabling comprehensive searches for

exotic particles to be carried out.
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Fig, 2,20: Predicted distribution of core distapces that give
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CHAPTER 3

THE GARIBYAN EFFECT

3.1 The ionisation loss of charged particles

When a fast charpged particle is incident on matter it makes collisions
with both the atomic electrons and the atomic nuclei which have
different consequences. The collisions of heavy charged particles with
the atomic electrons impart appreciable amounts of energy to the latter
without causing significant deflections to the direction of motion of
the incident particle. Collisions with the more massive nuclei on the
other hand impsrt very little energy but because of the greafer charge
of the nuclei the incident particle suffers scattering. The main energy
loss mechanism is thus by collisions with atﬁmic electrons which is the

process termed ionisation loss.

The thecretical expression for df/dx most commonly used is the Bethe -
Bloch formula (Bethe [1930], Bloch [1933]) modified to take account of

the density effect (see below and Fermi [1940]).

(3.1) AE 2Tinz2e’ 1n [ 20v2unax \> - 2p 2 S U
where n = no. of electrons/cc in stopping material
m = electron mass
B= v, v = velocity of incident particle
c
z = charge of incident particle

I = mean excitation potential of atoms of stopping material
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§ = correction for density effect ('see below)
= term due to non~participation of electrons in the inner
shells (K, L . » » ) for low incident velocities

Wmax maximum energy transfer (corresponding to head-cn

collisions)

1-p

.2
for energies B« m_ 02
' 2m

where m, = mass of incident particle

For velocities greaster than the mean velccity of an atomic electron in
¢

orbit the expression can be divided into 3 distinct regions of

1
= By = 5(1 - 32)“7 s, P is the momentum of the incident

61w

particle,

i.) P «a ; the non-relativistic region where the energy loss goes
me :

as p-z corresponding to the decreasing amount of time spent by

the incident particle in the vicinity of the atom.

EL_>4 ; the "relativistic rise" region where the energy loss

me

ii.)
slowly increases logarithmically, corresponding to the increase
in the transverse component of the electric field of a

relativistic charged particle. The decrease in the longitudinal

component has no effect since the net momentum transfer to the
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atomic electron from the longitudinal component is zero for incident
velocities large compared with the orbital velocity of the atomic

electrons,

iii.) P > 1000; the "Fermi plateau" region where the energy loss

ne
flattens off and - if we ignore the relatively rare large energy

transfers (which ere usually undetected by thin detectors) -
becones constant. This corresponds to screening of the transverse
component of the electric field by polarisation of the atoms close
to the path of the incident particle, thus confining the energy

loss to close collisions only.

A comprehensive review of the various theoretical methods of deriving
expressions for both the relativistic rise and the density effect was
published in 1970 by Crispin and Fowler (Crispin and Fowler [1970]),
whicp also contains a review of the status of experimental determinations
up té 1970. More approximate but simpler derivations can be found in
Jackson [1970]. In a series of papers between 1952 and 1956 Sternheimer
(Sternheimer 1952, 1953, 1954, 1956) parameterised the Bethe - Block
formula and gives for the most probable energy loss g¢p of Landau theory
(see below),

(3.2) ep=1x (B +1,06 +21nP +1n [ILx - PZ - 39 ;

P2 me E?

his expression for the density effect % being

it

(3.3) %

4,606,y + C +a (y1 - y)b for Vo< ¥ <V,

8

4.606,y + C for y » ¥,




4 ) _ -
P, 1=20ne" =0.153 Z MeV g 1cm2; B=1ln m0210%v

mc chP AO 12

where y = 1og10

Simultaneous with this parameterisation he celculated from both theoretical
argunents and experimental measurements - values for the parameters
L, B, Yo ¥qs 2 b, C for many different stopping materials of interest.

A convenient summary of his results can be found in Hayakswa [1969],

3.2 Fluctuations in the ionisation loss

Compzrisons of theory with experiment are particularly fraught with
difficulties in the case of ionisation loss. The first major modification -
pointed out by Bohr (1913, 1915), Williams (1929) and Landau (1944) - is
that since the energy lost by a particle passing through matter is the
result of a large number of independent events, the process is a
statistical phenomenon i.e. no unique value for the energy loss is obtained.
The resultant distribution is negatively skewed with a high energy-loss

tail due to events where there is a large energy transfer in a single

collision,

Parameterisation in terms of the two parameters B and K

3.4
( ) K= 1 2T1e422Nx 7 Ax for z = 1
Wmax 2 2
mv p Wmax

provides three regions of interest (Vavilov [1957])

a,) K1 | the number of collisions in any energy loss interval is large
and the effect of fluctuations negligible, the distribution is

Gaussian with variance ¢ (Bohr (1915}, [1948)
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where 62 = 4TUe4z2NxZ

This distribution is applicable in, for example, the case of low energy

protons,

b.) K .€ 0.01, the number of collisions in any energy loss interval is
small, the resulting distribution (first calculated by Landau (ib id)
has a broad peak and is asymmetric with a long high-energy tail.

Most experiments find general agreement with Landau theory, which is
inapplicsble however in the case of thin absorbers (Maccabee et al
[1968]) and should be broadened (Blunck and Leisegang[1950) if the
collision spectrum is not directly proportional to the inverse soquare

of the energy loss,

c.) 0.,01<k<1.0. The intermediate region which has been the subject of
" rigorous caleculatiocns by Vavilov (1957), whose calculations and
results can be applied over the whole range of K (Maccabee et al

(iv ia)). .

These 3 regions can be roughly associatedwith the non-relativistic

region P « 4 , the "relativistic rise" region p » 4, and the region of

nc mne
- (dE P_~4 respectively.
dx/min " mc

In most conventional detectors, the high energy tail has a cut off to
take into account the fact that the high energy losses due to close
collisions usually escape detection e.g. knock on electrons from
scintillators and flssh-tubes, Most experimenters thus find it more
convenient to messure the most probable energy loss (i.e. the peak of the

response distribution) for comparison with theory, rather than the average
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energy loss. However in most detectors what is actually measured is the
number of ion pairs created, and the energy loss per ion pair (of the
order of 30 eV for all gases) is assumed constant independent of energy
and type of particle acting as ionising agent. Since most experimental
determinations of energy loss per ion pair are made with low energy
alpha particles (Crispin and Fowler [ib id]) which results do not
necessarily accurately reflect the conditions of an actual ionisation
loss investigation, a normalisation procedure is usually invoked in order
to compare theory with experiment. With this in mind, the distinction
between average or most probable energy loss in comparisons with theory
does notlappear so crucial, especially when Wpax detectable is constant,
Essentislly if we assume that the average restricted energy loss is
proportional to the most probable energy loss - which it most certainly
is in the Fermi plateau region (since both are constant) - then measure-

ment of the former combined with a normalisation at a well known value

of p/mc will suffice for comparison with theory.

3.3 Radiative corrections to the ionisation loss

The Bethe - Bloch formula (3.1) includes the contribution to the energy-
loss process by Cerenkov radiation from the relaxing polarised region

of the medium in the "relativistic rise" region. The Cerenkov loss is

given by the formula of Frank and Tamm (1937)

2 2
(305) —( %E) = 41-(; e 1 =1 '3)&\)
*le & | pn>i Pn(»)?
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where the integral is over all frequencies for which Pn()>1 and n(v) is

the refractive index of the medium for radiation of frequencyl . The
magnitude of this correction to the Bethe - Bloch formula is, however,
only small in realistic dielectric media. This is because there are

large regions of absorption in both the discrete and continuous excitation
regions of the X, L, M . . . shells, severely limiting the region over
which n{(v)> 1. Sternheimer (op cit) has shown that the only region of
importance is below the first absorption limit i.e. the optical and near-

ultraviolet region.

For condensed materials Sternheimer (ib id) calculates that| ! dE ,
wherep is the density of the medium, is of the order of 10-3M§V/ggﬁ -2
(c.f. total ionisation loss »1 Mev/gcm_z). Even in the light gases (where
there are still regions of absorption in the continum - EE is only of
the order of 0.1 Mev/gcm-2 for H and He (15% of the relai?vigtic rise at
most) falling to 0.01 MeV/gem ° for gases with medium and large z. The

correction in the case of neon (z = 10) is hence only of the order of 3%

of the plateau-=level.

Tsytovich (19629 has argued that in the energy regions.beyond the onset

of the Fermi plategu radiative corrections are important. His arguments
are based on the fact that the mass of a highly relativistic charged
particle in a medium differs from its mass in a vacuum due to the emission
and absorption of virtual photons which will propagate in the medium, An
atom in the medium excited by such virtual photons has a reduced cross-
section for energy loss by other means, e.g. ionisation, Cerenkov
radiation, and Tsytovich's calculations (ib id) predict a 5 to 10%
decrease in the plateau-level for energy~loss predicted by the Bethe ~

Bloch formula., Crispin and Fowler (op cit), however, argue that
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in the presence of strong absorption, the equations used by Tsytovich
to find the energy loss are inapplicable over important ranges of
frequency, and his consequential radiative corrections are thus

inapplicable to real dielectric media,

When considering energy losses in gaseous detectors contained by walls
of finite thickness, Garibyan (1972) has sugpested that the theory of
transition radiation implies a seriocus radiative correction that should
reduce the level of the Fermi-plateau in thin absorbers (of the order
of 4 = 10 cms) by an amount which can vary from 25% to 100%, depending

on how thin the detector is,

His arguments are based on the fact that the field of a highly relativistic

charged particle in a medium is confined by the polarisation of the atoms ‘
of the medium, The extent of the confinement>region is clearly dependent ‘
on the density of the medium, and in passing from a dense to a rarified

medium there is a region near to the entry wall where the field behaves

as if still in the dense medium, This zone ( the distance from the

boundary whiéh the particle has to travel before its field has expanded

to be confined only by the polarised rarified medium) is called the

formation zone in transition radiation theory (Garibyan [19581)

(5-55 Zm(x3w,0) = ©

where € (w) is the diclectric constant of the medium and ¢ is the emission
angle, which is approximately zero at extremely relativistic energies,
The expansion (or contraction in the reverse case of passing from a

rarified to a dense medium) of the particle's field in this formation
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zone gives rise to the emission of transition radiation (typically in

the X-ray region),

Taking y»1 and putting () =1 +%(w) in equn (3.6) yields

(3-6)a Zm(§ W) = 41072 (em)
A e - €
V) [%E g(a%,

which, for those frequencies responsible for the ionisation of the gas
atoms, can be of the order of cms, (e=1 - (wog where w_ is the plasma
—_ o
1 w -
frequency (4TT Neg/m)2,[wo & 6,107 rad/sazx(;~3.3.10 5 cﬂ, N = number

of electrons/cc, m = mass of electron.)

Using pions and electrons of the same momenta (374 MeV/c), Ramana Murthy
(1968) has found the ratio of the ionisation losses in the Fermi plateau
region to be 1.45 instead of 1.78 (the value according to Sternheimer),
The above a rguments would indicate a value of 1.5 for this ratio, an

interesting agreement,

This effect, if physically valid, has disturbing implications for
measurements based on ionization loss in the flash-tube chamber. The
walls consist of aluminium electrodes and glass of total thickness
~0.9 gcmm2 per transition boundary, enclosing ~0,0016 gc:m“2 of neon
(plus argon) per flash=tube. Equn (3.6) indicates that at Yy = 1000
(corresponding to a cosmic ray proton of energy of the order of 1 TeV)
Zm =L cm,, which would imply that the efficiency of the flash-tube
chamber should be significantly reduced when detecting very high energy

particles (see Fig. 3.2).

Attempts to detect, in particular, low efficiency tracks due to either

fractionally charged particles (quarks) or "previous particles" (tachyons)




e g o+ i i by

-35_

could be severely hampered by the "Garibyan effect". A data analysis
has thus been carried out to determine whether or not the effect can be
distinguished in the flash-tube chamber at the energies at which it
operates most effectively in sea~level cosmic ray measurements

(10 - 10,000 GeV). The data on which the analysis was carried out were
collected by various colleagues and the basic details are tabulated in

Table 3.1.

3.4  Experimental details

Efficiency measurements were carried out on stack Fla (eight layers of
flash tubes) by counting the number of flashes along the track
corresponding to the extrapolated core of either a burst produced in

15 cms, of iron and appearing in the main body of the chamber (F1b, F2 ,
F3, see Fig, 2 Aand Figs. 3.1,.2,.3 for typical events), or a single
track which travelled through the whole of the main body of the chamber,
see below), For clarity I shall quickly recap the relefant features of

the flash-tube chamber which were employed in this experiment.

The flash-tubes (containing 93% neon, 2% methane, at a pressure of

60 cms Hg.) are 1,58 cm. internal diameter, 1.78 cm. external diameter,
196 cm. long, clothed in a black polythene sheath - to prevent light

from one tuteaffecting an adjacent tube - thus increasing the distance
between adjacent tube-centres to 1.81 cm. The tubes are stacked regularly
in a "close-packing" configuration the line joining the centres being at
300 to the vertica1.> The high-voltage pulse is applied across pairs of
layers by aluminium electrodes 0,122 cm. thick, the time-delay between

the passage of a charged particle and the application of a high-voltage

pulse being 20 n s,
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Beneath the eight layers of Fia is 15 cm, of iron, a plastic scintillator,

and a further 96 layers of neon flash-tubes, Above Fla is another plastic

scintillator and above this a further 15 cm. of lead, to remove the soft

component of the cosmic radiation.

Events were selected in a variety of ways.

i.)

ii.)

E-Series: From this data (see below) came the measurement for
Yy=3 (minm° ionization pt.). These events were selected by a

two fold coincidence between the pla;tic scintillator below the
iron (dimensions 146 x 80 x § cm3) and a plastic scintillator
directly beneath Rya (see Fig., 2.1). Particles which pass through
both the lead and the iron as well as all the lower layers of
tubes were presumed to be muons, Low energy muons show a curved
track due to multiple scattering in the;e lower 116 layers. From
the curvature and length of this track the energy of the mucn can

be calculated (Ashton et al [197 ]). (See equation (3.7.)

C-Series: From this data came the measurements fory= 20
(relativistic rise region) and most of the events for vy = 130,
These events were selected primarily by an air-shower trigger of
2 40 particles m'.2 striking a liquid scintillator (dimensions

132 x 96 x 15 cmj) placed on top of the lead (see Fig. 2). The
Y = 20 pt. is from measurements on single particle tracks that
traversethe whole chamber as above but with no bending. From
considerations on the spectrum of core distances the shower-sizes
thus collected, and a knowledge of the energy spectrum and lateral
distribution of muons contained therein, an estimate can be made
of the mean energy of these muons (see D, Cooper [197&]), Zenith

angle measurements were as for the H-Series,




FIG. 3.1
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Figure 3,1 A slow muon showing a curved track due to multiple
scattering in the flash-tube chanmber.

This is a typical event of those used from the L
seriez data,




FIG. 3.2
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Figure 3.2 Unscattersd fast muons in an eire-shower.

Typical event seen in C-series.




FIG. 3.3
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Figure 3.3 Hadron interaction in iron, energy of hadron = 20 GeV,
A typicsal event seen in H-geries,
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iii,) H-Series: From this data came the measurements for y>100 (the

"Fermi plateau" region). These events were selected by a burst
size trigger of »n particles (values of n = 40, 100, 200, 40O
were used) in either the plastic scintillator under the lead or
the scintillator under the iron. Only those events which gave no
measurable signal in the scintillator under the lead were used.
The energy of the charged particle was derived from the burst-
size (as measured by the lower plastic scintillator) produced in
the iron (see Ch. 2). For y»0 the conversion from burst size to
Y was done assuming the incident'charged particles were pions
(Ashton and Saleh [1975] and M, Whalley [private comm.]) The
zenith angle of the event was measured from the best line through
the core of the burst, as viewed in the lower 96 layers, and the

single track produced in the first eight layers.

In the efficiency measurements on Pa, only those tracks with 22
in the geometry layers flashed were considered to avoid including

neutral particle events (neutrons, kaons).

Variations in the mode of triggering and structure of the flash-tube

chamber cause experimental corrections to be made before all three sets

of data can be combined. These various corrections are discussed in the

next section.,

] [ (3.7)

ppe = y 1 .86 t% where y = distance travelled in cm,
A = max,displacement from a gt. track
t = thickness of material traversed in g.cm_2
p = momentum of particle

et are e 4t Are s & o =+ eom

B = vel, par.

¢ = vel,of light

E-Series - Energy determination ]




TABLE 3.1

Summary of sources of data for investi

Garibyan effect.

gation ef -

Fi}m Purpo§e of Author Lorentz Factor
Series Experiment Range
Search for
C-Series Quarks in Air- D. Cooper (1974) 10 - 100
Showers
Search for
s Quarks in A. Parveresh (1975) 1 =10
E-Series Incoherent A. Saleh (1975)
Component
Measurement of
. Incoherent Sea- | A. Saleh (1975)
H-S
eri®S ! Level Hadron I. Ward (present 2400
Spectrum work)




- e e e e Cmm mmwe e e s e emmmoas me cemiemes meme mee Sh ok beetnes emivaem sme S e o e st et S w s e s

3.5 Data and corrections

Only those évents which flashed the first layer of F1a were used., This
avoids the inclusion of tracks which have not passed through all eight
layers, It does, of course, introduce a slight bias up in the effeciency
measurenents but this is roughly only of the order of O;WQ z:%.x ;5 (where

1]1 = layer efficiency, n, = no. of events which are observed to flash

<8 layers,n = total no. of events) at most, i.e. less than 1%.

The problem (edge-effect) of particles travelling in regions of the flash-
tube beyond the edge of the electrodes and producing a reduced efficiency
has been discussed previously (Ashton et al [1971]). The method used to
avoid such events is to use shorter electrodes in the defining layers M™a,
b, Fha, F4b than in the main body of the chamber (¥F2.., F3 see Fig. 2.1),
the difference in length being determined by the distance away from the
edge of an electrode its fringing field,ﬁecomes ineffective (2 distance
=3 cn, for a reduction of field to 1% field well inside the plates)
between parallel plates at a distance of 2 cms. apart (Ashton et al [ib id]).
These sort of events are thus excluded in the burst selected events of the
- H-Series where the electrodes in Fa, Fib had been shortened if we require
the burst to be visible in F1b and below, and we have the electrodes of
Ma and F1b shortened. However, no such electrode-chortening had been
introduced for the C and E-Series events, but a correction based on the
expected fraction of events which would be in the edge-effect region (=7%)
and their expected reduced efficiency (average=0,51) in the fringing

field can be easily applied.

The production of knock-on electrons with sufficient energy to enter and

flzsh the next layer tends to increase the measured efficiency. A
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Figure 3.L(a) Uncorrected efficiency measurements on multiple muon=scettering
tracks observed on 20 Pse time-3elay during film=series E39 = E69,
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Flgure 3’,14.(1)) Uncorrected efficiency measuremants on unacatiered muon tracks
observed on 20}13, timg~delay during film-serics Ci':LC:“)C?GC,| ae
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correction (to all data) can be applied here too, and the correction
used assumed that 100% of the knock-ons produced with sufficient energy
to enter the next layer would enter a tube which would be counted as in
the primary particle track (essentially that all knock-ons will travel

forward).,

The correction is a bootstrqp technigue, which assumes that the correction
to be applied is only small. The data were first histogrammed into bins
of 8, 7, 6 etc. layers flashed in different burst-size/N ranges (Fig. 3.k4).
A mean number of layers flashed in each burst size range was found and a
binominal distribution calculated, The binomi al distribution was deemed
more appropriate than the theoretical distributions discussed above
because of the small number of layers used (8), and the ensuing poor
resolution. From this distribution can be found the relative probability
o : B of nleyers flashing to (n-1) loyers flashing. This gives a measure
of the relative probability that a .given number of layers would have

flashed without the presence of a knock-on electron from an adjacent tube.

From the calculations of Bhabha (1938) on the differential collision
probability for particles of spin %, the probability P(E>E1)0f a knock-on

electron having energy E>E' can be shown to be (Parvaresh 1975)

2 E

1 2
_ -2
P(E>E1) o~ 20 e . 1—1/g.cm
B -

where ¢ = 0.15 Z, and we take %-ﬂfO.S over all material in Fla

2
mc
e

B

mass of electron in &V

velocity parameter of incident particle (heavier than an electron)
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Now the energy required to traverse one flash-tube (i.e. enter one tube
from an adjacent tube) is 4.8 MeV. Hence the number of electrons that can
be produced with sufficient energy to enter the next layer of flash-tubes

can easily be calculated to be 0.316 per single particle crossing 8 layers.

Hence we can correct the number x of events in a bin corresponding to

flashes by using the egun,

X corrected = X~ 0.316,%, B _ + 0.316\,y, o

a+ B A+ Y
. th. ..
where x = uncorrected no, of events in the n bin
y = uncorrected no. of events in the (n+ 1)th' bin
2.:. = relative probability of (n + 1) layers flashing to n layers
flashing
% = relative probability of n layers flashing to (n - 1) layers

flashing

and «, B, are integers.

The resulting corrected distributions are shown in Fig. 3.5 and a table
indicating the goodness of fit of a binominal to both the uncorrected and

corrected data is given as Table 3.2,

Only events for which the zenith angle &< 500 were used because of the
possibility of a charged particle passing through more than one tube in

a layer for large zenith angles,

Data from the air-shower triggered run (C-Series) corresponding to the
relativistic rise region will be contaminated by the large amount of

background flashes in Ma due to the air-shower accompaniement. This
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TABLE 3.2

Camparison of uncorrected and corrected data

Bt sine |y | e o ey
3.7 712 * 0,024 No zggiizgion

20 761 £ ,009 762 + .008

0 - 100 103 864t 015 829 t 0114
100 - 300 980 .825 + .012 824 t 015
300 - 500 2,050 .825 + 017 B11 £ 017
500 - 800 3,550 .826 + 015 812 £ ,018
800 - 1500 | 5,950 .828 + .18 .807 £ .021

Barst sise | | O smaze of £t o || Ohl spine of Fit <o
Range Y a Binomial Binomial
3.7 344 No correction applied
.20 10,596 12.52
0 - 100 103 11,096 2.871
100 - 300 980 11 .185 1.267
300 - 500 | 2,050 11.159 2.595
500 = 800 3,550 3.886 2.L50
800 -~ 1500 5,950 10.950 8.25

7 BINS
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will tend to increase the measured efficiency of the hadrons ir showers
(‘f’ﬂ=130) because all such hadrons will be close to the core and hence

in regions of dense accompaniement,

The finally corrected average layer efficiencies can now be converted to
internal efficiencies by multiplying by the ratio of the area covered by

a layer to the actual area covered by gas in that layer i.e.T\I=W\L 1 .81
1.58

where]}lz internal efficiency

T\Lz layer efficiency.

3.6 Results

The corrected average efficiencies of Fig. 3.5 are plotted as a function
of Lorentz-factor y in Fig 3.7. The theoretical curves are based on
Sternheimer's parameterisation (op cit) using the tabulated values as
quoted by Hayakawa (op cit). The curve with the highest plateau
efficiency corresponds to energy loss in neon, the-néxt curve dowmn
corresponds to a 50% reduction in this energy loss, the lowest curve is
the energy loss curve for neon without the density effect in neon, but
reduced by the same factor as the energy loss in aluminium is reduced by
the density effect, this is approximately the result that would be

expected if the Garibyan effect is applicable.

"The two points at small values of iy are low possibly for the reasons
already outlined, and a correction based on previously quoted figures
would bring both these points up to the theoretically predicted values,

The rather high value at v = 130 has already been discussed and is
probably due to background flashes increasing the number of flashes falling

along the track,
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If the systematic bias upward introduced by only considering tracks which
flash the first layer is as much as 1%, then the results will fall
between the two curves and the size of the error bars make any further
quantitative conclusions impossible. A slight decrease from vy = 103 to
Y= 2,103 might be taken as indicative, but taking an average value for
the plateau efficiency (see Figs. 3.8, 3.9) forces the conclusion that

no discernible deviation from Sternheimer's predictions can be seen
P

(see Table 3.3).

Fig. 3.6(a) gives the most probsble energy loss in 1,58 cm, of neon

(in MeV) as a function of Lorentz-factor ¥ for the 3 cases no density
effect, density effect according to Sternheimer, density effect according
to Sternheimer with Garibyan correction. To obtain the p?edicted
efficiencies from the predicted energy loss normalisation at y = 20 has
been used. The normalisation is based on extensive studies on the 96 |
flash-tubes aty= 20 (Cooper 1974) for different time-delays (i.e. the
time between the passage of a charged psrticle through the chamber and
the application of the H.T. pulse across the tubes). The result was that

at a time-delay of 20 ps the flash-tubes had a value afQ = 9 for y = 20

where a = internal radius

f = probability of the tube flashing on the passage of a charged
particle
Q = number of ions/cm. created during this passage.
Hence, by assuming afQ « energy loss and using the predicted internal

efficiency as a function of aff) at 20 ps (Lloyd [1960]) the theoretical

curves of Fig 3,7 can be calculated,

Fig. 3.6(b) gives the most probable energy loss in 0.122 cm. of aluminium

with and without the density effect (Sternheimer [op cit]).
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TABLE 3.3

Comparison of Result with Predictions

Mean Measured Plateau Efficiency

93.2 * 0,9%

Garibyan Correction

Predicted Plateau Efficiency from Sternheimer 92,5%
Predicted Plateau Efficiency for 50% Reduction 9 7%

in Plateau/Minimum Ionization oI
Predicted Plateau Efficiency from Calculated 90.5%

N.B. The mean measured plateau efficiency is for all events with
burst-size >100 particles and is plotted at the mean Y of

3.15.105.
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3,7 Comparison with other work

Energy loss measurements in the relativistic region on similar neon -
methane mixtures to the one used in the flash-tube chamber have been made
by Eyeions et al (1955) and Jones et al (1963), no serious disagreement
with Sternheimer's predictions were discovered except for a slight
decrease in the rate of increase noted by Eyeions. These results together

with the results of the present measurements are shown in Fig. 3.10.

More serious discrepancies in argon have been noted by Ramana Murthy
(1968), Harris (1973), Jeanne (1973), Aderholz (1974), Dimcorski (1971).
However an experiment specifically designed to investigate the Garibyan
effect in argon by using various windows through which the charged
particle passed before entering the gas yielded no significant difference

in energy loss between various windows (Smith and Mathieson[1975]).

The above quoted results, however, have been explained by recent
recalculations of theoretical predictions based on a Monte Carlo method
rather than a continuous integral over the spectrum of single collision
processes. Because of the small number of ionising collisions in a gas
this method more accurately reflects physical reality, and predicts a lower
rate of increase and plateau level - in agreement with the above
mentioned authors - than conventional Sternheimer predictions (Cobb,

Allison and Bunch [1976]).

3,8 Conclusions

A decrease in the Fermi plateau level of ionisation by the amount

predicted by Garibyan was not observed. A smaller decrease, as predicted
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A

from the calculations of Gobb et al (op cit) cannot be ruled out, however

the physical basis for such a reduction should not seriously affect

searches for fractionally charged or previous particles based on

efficiency measurements,

However, there are possible experimental effects that might mask the

Garibyan effect in this experiment:-

a.)

Low energy electrons that are produced by ionisation in the glass
could enter the gas and cause an increase in apparent internal
efficiency. Low energy electrons ére able to cross the solid-gas
bouﬂdary if they are incident at slanting angles to the interface,
since the interface is circular (tubular) all possible angles of

incidence are available:

For ¥ in the “high" range Cv102 - 103) the strongly collimated
transverse electric field might be causing electrons from the inner
shells to become ionized. This effect would be better investigated
with relativistic particles of a well-defined momentum, since it
should show up as a step up in the measured plateau value at some

high value of Lorentz-factor ¥ ¢




- L5 -

CHAPTER i

THE INCOHERERNT HADRON SPECTRUM

L Introduction

The incoherent hadron spectrum consists of all hadrons (nucleons, pions,
kaons account for most sea-level hadrons) which arrive at sea-level
unaccompanied by any electron - photon shower, It is customary to include
all shower accompanied hadrons in the spectrum as the ratio of unaccompanied
to shower accompanied hadrons detected by a hadron-trigger is of the order
of 5.5:1 (see Table 4.1). These hadrons consist mainly of seccndary
(including third, fourth ete. geﬁeration) nucleons and pions from inter-
actions of primary cosmic-ray partioles high up in the atmosphere, whose
subsequent electron - photon showers have reached maximum high up in the
atmosphere and have died out., There is a possible small contribution

from (a) secondary particles with large transverse momentum from younger
showers whose core falls far from the detector; (b) primary particles from
low elasticity events in which only a small fraction of the primary cosmice-
ray's energy is converted to a nuclear - electromagnetic cescade; (c)
secondary (and primary) particles from primary interactions very deep in
the atmosphere whose cascade component has not sufficient matter in which
to develop before reaching sea-level; (d) finally there are the very rare
cases of primary cosmic-rays which have traversed the whole atmosphere

without interacting.

Any departures from a smoothly decreasing spectrum would arouse great
interest as it would indicate an increase in the contribution from (a),
(b), (¢) or (d) (c.f. for example the interest generated by the kink in
the spectrum reported by Baruch et al [1573] but later found to be due to

faulty electronics),
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The increase in complexity of Monte Carlo calculations of cosmic~ray and
air-shower Qevelopment in the atmosphere have made the comparison of broaa
measurements such as the incoherent hadron spectrum, especially if it can
be subsequently divided into its pionic, neutronic and protonic components
(Ashton and Saleh [1975]), with prediction a valuable test of interaction

models and/or primary spectrum models (e.g. M. Whalley [197%]).

Finally, the assumption of a smooth spectrum can be used to test the
performance of a hadron detector designed to investigate more intimate
details of the sea-~level cosmic radiation such as hadron spectra in air-
showers, lateral distribution of hadrons in air-showers, searches for

exotic particles,

4.2  Apparatus ;

The flash-tube chamber as described in Chapter 2 was used to detect hadrons
at sea-level, The liquid scintillator M (see Fig. 2.1) detected and
measured any air-shower accompaniment close to the path of the hadron.
Plastic scintillators C and A under the lead and iron (see Fig. 201)
respectively provided the trigger as well as recording the size of the
electron - photon shower produced by a hadron which interacted in either
target. The high voltage pulse was applied to the electrodes 330 us,
after the trigger signal was received because the trigger-level was set
at 500 particles (to detect only the higher energy hadrons), and such
large bursts would completely fill the flash-tube chamber at short time-
delays., The long time~delay enabled the direction of the hadron to be
measured from the direction of the residual core of the electron - photon

shower produced. It also enebled a study of the characteristics of such
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bursts to be carried out a2t high-energies so that highly charged particles
could be identified (see Chapter 5)., Bursts were considered as being
initiated iﬁ the lead or the iron from the recording of the pulse heights
from scintillators C and A as photographed on a C,R.0., The pulse heights
from each scintillator M, C, A were delayed by 1.6, 0.9, 0.3 ns
respectively using delay-~line before being displayed, and the oscilloscope
time base was triggered with no delay by the same pulse which triggered the
H.T. pulse to the flash-tube chamber. The events as recorded on film from
the flash-tube chamber and the oscilloscope were co-ordinated by photo-
graphing a synchronised clock and watch respectively. A more detailed

account of the apparatus is given in Chapter 2,

!

4,3 Data-measurement technigue

The rgcord of the flash-tube chamber events was projected onto a 1:20
scale drawing of the front view of the flash-tube chamber (see Fig, 2 .1)
and the direction of the event measured., The number of flashes within
tO.S cm in F1a and ™Mb was counted and note taken of events which occured
in the walls, or at large angles so that they would have missed one of the

scintillators (these events were then dismissed).

The flash-tubes of Fa and'F1b are pushed back (see Fig. 2,2) so that we
can be sure that if a burst is seen in the flash-tubes, the whole of it
must have passed through the scintillator above. Hence acceptable bursts
are only those whéra all the flash-tube layers in F1a (for bursts in lead)
or Fb (for bursts in F1b) are flashed, thus avoiding any bursts near the

edge of the chamber at the front.




Figure L.1: A rsre event in which two hadrons arrived simultaneously.
The burst to the right of the chamber is due to a hadron

of primary energy 850 .GeV interacting in the lead, the

- subsequent electron-photon shower has clearly continusd
to develop i? the iron.This would be considered as a
burst in the lead, and within the acceptance geometry,
hence its energy was derived from the burst=size as
measured by scintillator C (under the lead).
The burst in the centre of the chamber appears to have
ocourred in the iron, but no flashes associated with
such a burst can be observed in the defining layers Fib.
This burst could have originated in the lead and missed the
defining layers F1a, or at the frpnt of the iron target and
missed the scintallator A under the iron, Either way it
would not be considered as a eandidate for further analysis

since it did not fall within the acceptance geometry.







The record of the oscilloscope events was projected onto a scale which

measured thg pulse height directly in terms of the number of particles

producing the pulse (see Chapter 2, Section 2.6.1). Due note was taken

of the scintillator which triggered the recording equipment and the

event duly assigned as occurring either in the lead (a pulse from © with opr without
g pulse from A) or in the iron (2 pulse from A with no pulse from C).

However, this method of assigning events as occurring in either the lead

or the iron gave rise to two problems:

i.) Events were observed tec produce a faint burst under the lead
followed by a well defined burst under the iron, but nc measurable

pulse was observed from the scintillator C under the lead.

~ii.,) From considerations of the probabilities of a hadron interacting

in each target, more bursts are expected to occur in the lead than
in the iron (see Appendix VI and Table 4.5). However this method
of assigning bursts indicated that more bursts were apparently being

produced in the iron than in the lead (see Table 4.5).

The events were thus scanned again and bursts which appeared in the flash-
tube chamber photograph to begin under the lead were called bursts produced
in lead whether or not they produced a measurable pulse in the scintillator

C under the lead. The burst size of those events which were thus re-assigned
was assumed to be the burst-size as detected by scintillator A under the

iron. These events were due to two effects:

i.) Bursts which begin at the very bottom of the lecad do not have
sufficient depth of lead in which to develop into a measurable shower,
however the energy per particle is very high and so the equivalent

energy of the burst size as observed after the shower has developed
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Figure 4.2a) Frequency of bursts in lead of different sizes
that arrived within = -30° 4o the vertical,

Figure 4.,2b) Frequency of bursts inﬂiron of different sizes
that arrived within < 30° to the vertical.
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Pigure 4.3a) Frequency of bursts
that arrived: within

Figure 4.3b) Frequency of bursts
that arrived within

in lgad of different sizes
-60" to the vertical.

in.iron of, differen} sizes
260 to the vertical.
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in the iron can be assumed to be the energy of the hadron which

interacted in the lead.

ii.) Since the lead roof extends beyond the scintillator C both forwards
and backwards (see Fig. 43b)), bursts can be produced in the lead,
miss scintillator C, but trigper the chamber by passing through
scintillator A, and hence be mistaken for bursts prcduced in the

iron,

A summary of the data recorded on films H78 to H9L for which both a
measurable pulse height and arrival direction were available is presented

in Table 4.1. Figs. L.1, 5.1, 5.2, 5.3 show some typical events,

Figs. 4.38) and 4.3b) show the frequency of bursts of increasing

size that arrived from all angles upto 6079,

L.y Summary of data

Figs. L4.ha) and L.4b) show the frequency of bursts of all sizes that
arrived as a function of arrival direction. Fig. 4.&0) is the cslculated

arrival direction distribution for hadrons at sea-level assuming

(Lat)
1(8) = 1(0) cosSe

Clearly the steep & dependence for large © is due to the high power of the
cos & index, but the histograms of Fig. 4.4 do not reflect this. This is
thought to be due to muon contamination which is negligible in the vertical

direction (Saleh [1975]) but will increase with increasing © because of the

much weaker & dependence of the muon spectrunm.

e .. . . o)
To minimise the muon contamination a cut has been made at 30 and the

derived hadron spectrum and hadron interaction length in air are based on

all events which arrive within t}Oo of the vertical, The resulting data

igs presented in figures 4.2a) and 4.2b).




Figure 4.4a) Histogram of arrival direction distribution of
all the bursts that occurred in the lead,

Figure 4.4b) Histogram of arrival direction distribution of
all the bursts that occurred in the iron..
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4.5 The hadron spectrum

Figs. 4.5 and 4.6 show the integral burst spectra before correction to

an absolute rate,

The solid angle available for detection of hadrons is simply calculated
if we assume the intensity of hadrons at & to the vertical I(®) = I(O)cosBG+and

we define the acceptance area of detector as A cm2.

(4.2)

Ty? 8
Then I TOTAL

j‘ I(o)cos ® 2TTsin & & & Acoss
e}

AR
(o) 55~ &

If the total number of events >500 particles is n in a total sensitive

time t sec, Then:;-

(4.32)
The Vertical _n 10 o -2 -1 t-1
Intensity >500 particles ~ t 2TiA s s

The acceptance area A is defined by demanding that the whole of the burst
be visible, hencé events within 0,5 cm (on the scanning sheet) of the edge
of the chamber are inadmissible. The acceptance geometry for bursts
occuring in the lead and iron respectively are shown in Figs. L.7a), b) and

4.82), b).

Clearly the acceptance geometry for bursts occuring in the lead or the iron
is not a simple detector of area A cm2. The acceptance geometry has 3

peculiar features:-

i,) It consists of two planes separated by a distance z, measured from

the top of the scintillator below the target to the bottom of the




-5 =

defining layers (Ma for bursts produced in the lead, Fib for bursts

produced in the iron).

ii.) Since we only measure the projected zenith angle, the simple integral
of equation 4.2 has to be replaced by more complicated expressions.
This point is discussed further in section 4.5 and Appendix V, the

differential apertures thus derived are showm in fig. 4.12,

iii.) Since a cut at projected zenith angle 300 has been made, the aperture
is further reduced, and can be calculated by integrating under the

required curve of fig. 4.12 between 0° and 300.

Assuming n = 8, the aperture for bursts produced in either the lead or the
iron within the acceptance geometry has thus been calculated to be 0.496 .m2 st.

Figs. 4.5 and 4.5 have been derived from the equation;

The Vertical Intensity >N particles = I o C stT sec
t

00)+96

where t = total sensitive time; n = number of events >N particles.

In order to convert to the required spectrum of hadrons incident on the

chamber requires two further s teps

i.) Using the burst size-energy relationships (whose derivation is described

in Chapter 2)of figs. 4.9a) and L.9b) , we can convert the burst-size

measurenents to energy measurements

ii.) Dividing the number of bursts produced in an absorber by the probability
of a hadron producing a burst in that absorber gives the number of
hadrons incident on the chamber., For bursts produced in the lead this

probability is simply the probability of a hadron interacting in 15 cms




Figure 4,5 Integral burst size spectrum before correction to an
absolute rate of bursts that occurred in the lead,
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Figure 4.6 Integral burst size spectrum before correction to an
@bsolute rate of bursts that occurred in the iron,
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of lead, however for bursts produced in the iron this probability is
the product of the probability of a hadron interacting in 15 cms of
iron and the probability of a hadron not interacting in the lead.

This point is discussed further in Section 4.8 and Appendix VI,

Pigs. 4.10a) and 4.1 Ob) are thus the absolute differential energy specira
of hadrons incident on the chamber as measured from their interactions in
15 ems of lead and 15 cms of iron respectively, assuming 4100% nucleons

incident.

The lowest burst-size point in each figure lies well below the expected level,
This is a triggering effect, the fluctuations of the lowest energy initiated

bursts to small burst-sizes will not trigger the systen.

Both sets of data have been combined to produce the final vertical differential
energy spectrum of sea-level hadrons depicted in fig. 4.10c). The spectrum
has a smooth E™V dependence in the range 700 - 5000 GeV with a2 best estimate

value for Y = 2.7.

Table 4,2 lists the work of various authors who have measured the differential
hadron energy spectrum and all agree that the spectrum is smoothly decreasing
in intensity. However there is a large spread in the measured values of the

differential slope with a mean value ~3,0 between 10 GeV and 10 TeV.

4.5 The zenith angle dependence

In the present experiment we can only measure the projected zenith angle of
each event, In order to relate the measured distribution to the actual

zenith angle distribution a method first described by Lovati (1954) and

cem At
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later generalised by Pattison (1965)is used. These previous authors have
considered the case of a telescope with two symmetrically arranged planes,
However, the present experiment involves a telescope (the scintillator under
the target and the bottom layer of the defining block of flash-tubes ig,

M™a for the lead target and Tb for the iron target) with two asymmetrically
aligned planes (see Figs. 4.7a), b) and L4.8a), b)). In Appendix V is
presented an explicit derivation of the "Lovati" formulae for the projected
angular distribution in a telescope of cosmic rays incident with an angular
distribution I(8) = I(0)cos @, where £ is the angle between the incident
cosmic ray and the zenith and n is an integer greater than or equal to zero.
The necessary modifications to the derivation and subsequent formulae
necessary for the particular geometry used in this experiment are shown,
Table 4.3 is a summary of the formulae thus derived in both cases, the
parameters are defined in Figs. 4.7, 4.8. Fig., 4.12 shows the differential
apertures thus derived for a telescope consisting of two symmetrically
aligned planes. Fig. L.13 is a comparison of the two cases for n = O and

n = 8 where I(f) = I(0)cos"d, By fitting these curves to the data of Figs.
h.}a) and h.}b) and running a minimum chi-square fit a best value for the

exponent n has been found,
The resulls of these tests are shown in Figs. L.14 and L.15 and Table 4.4,

The fits were made by considering only those events which arrived within
tBOO to the vertical in the projected plane. As mentioned previously,
although the curves are more sensitive at larger angles, only bursts near
the vertical are used to avoid any excessive contamination from muon

induced bursts,
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Figure 4.10a) The absolute differential energy spectrum of hadrons
incident on the flash tube chamber as measured from
their interactions in:15cms, of lead, assuming $100%
nucleons incident,
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Figure 4,{0b) The absolute differential energy spectrum of hadrons
incident on the flash tube chamber as measured from
their interactions in 4 5cms, of iron, assuming 400%
nucleonsg incident.
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Figure 4.10c) The vertical differential energy spectrum of hadrons
at sea~level as measured with the flash tube chamber,
Rate of hadrons of energy E GeV per sq.cm, per steradian
per second per GeV between 700 and 5000 GeV is
proportional to E {, where fbest estimate™ 26T
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TABLE 4.2

SUMMARY OF PREVTOUS MEASUREWENTS OF THE

SLOPE Or THE DIFFERENTIAL ENERCGCY

SPECTRUMN OF HADRON S

Author Year Depth gm, Cm_2 N;:Siznzf Eneggg Range 7’
Dmitriev 1960 700 All 500 - 3000 2.0
Babecki 1961 1,030 All 10° - 10% 2.9 +0,05
Brooke et., al.| 1964 1,030 Protons 0.6 -~ 150 2.75
Grigorov 1965 700 All 500 -~ 3000 4.5
Jones et, al, 1970 700 All 70 - 1000 3
Kaneko 1974 550 M1 3400 - 3404 3.7
Cowan et, al, 1971 1,030 All Charged 100 -~ 1000 3.
Ashton et. al.| 1973 1,030 Neutrons O.h - 1.2 12,95 +0.,10
Siohan 1973 730 A1l 100 -~ 1200 3.2
Diggory 1974 1,030 Protons 1 - 150 2.75
Ashton et, al.,| 1975 1,030 Pions Lo - 7,1(55 2.55 0,10
Yodh 1975 730 AlL 40O = 6.10° | 3.5 +0.1
Baruch et, al,} 1975 1,030 All 103 - 2“10’1L 2.7
Present Work 1879 1,030 All 900 - LOO0O 2.7
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4.7 The interaction length in air of the hadrons producing the bursts

If the intensity of primary nucleons at the top of the atmosphere ism Ip,

then the intensity at some depth y at zenith angle & is

I(g) = Ip exp ﬁ%;,g . %\;

where S a = attenuation length of the nucleons in air,

v on(3)

and 1(g) = T(0)exp ~( &= {los ‘]

Thus T(0)

The term in the square brackets can be expanded to give

2
I(}Zf) I(O)exp - <QZ% ) s ignoring higher order terms and expansion of the

expokential ignoring higher order terms gives I(g) = I(0)cos"g

where n = L
58

At sea-level y = 1,030 g.cmm2

-2
SoSa = l—*—gj-g g.cm

The measured value of n = 9.5 2.7 for the bursts produced in the iron,
-2
gives Sa = 108 tlz*i g.cm
-2
whereas §, , for nucleons = 127 +15 g.cm ~ (Ashton [1 970])

and S, for pions = 158 19 g.cm"2 (Ashton [private comm] )

The small value for $, measured indicates that the bursts in the iron are

mainly produced by nucleons, however the large margin of error does not
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preclude a substantial contribution from piocns. However this is not
strictly true since the arpgument presented above does not apply to pions,

If we assume that n(E,x)dx is the number of pions of energy E found at

depth (x,x+dx) in the atmosphere then

n(E,x)dx = F(E)dE A x [1 7
S\P 1+ ﬁ;E 2 + P/E

where 1 - o= _1_ (Brooke et al [1964])
N Sp S

where F(E)dE = primary differential nucleon spectrum

s\p = attenuation length of nucleons in air
S\TC = attenuation length of pions in air
B = inelasticity for nucleon - nucleon interactions

Then the number of pions with energy E at depth y in the atmosphere at

angle @ to the zenith is N(@)

where N(@)« ¥ exp - [y ] to first order

cosf Sp 6—557_3:;
and N(O) =¥ exp - ¥
5P S
now following a similar pattern to the previocus derivation

gives (@) = I(O)cosn-1(~r for pions

where n =Y
PN
5

Hence assuming( . = 158 g.cmm2 we expect I(F) = I(O)coss" 6 at sea-level.

The value of n = 4.5 % 1,2 found for the bursts produced in the lead

might at first{ sight indicate that the bursts produced in the lead are
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mainly due to pions whereas the bursts produced in the iron are mainly

produced by nucleons.,

However Table L.5 shows the probabilities of interactions taking place in
the iron and the lead for the case of pions incident and protons incident

in the two extreme cases
a.) When only vertical hadrons are considered

b.,) When hadrons at all angles up TV/2 to the zenith are considered.

(See Appendix VI,)

Since the data collected referred to projected angle upto 300 to the zenith
the relevant probabilities lie somewhere between these two extremes.
However it is quite clear that there is little difference between the
probability of a pion interacting in the lead and the probability of a
proton interacting in the lead. This seems to rule out the possibility

of the bursts in the lead being mainly due to pions if we accept that the

bursts in iron are mainly due to nucleons,

A more likely explanation for the flatter projected zenith angle distribution
of bursts observed under the lead is that because there are oniy eight layers
of flash-tubes between the lead and iron, it is difficult to accurately
ascertain the direction of a burst which is initiated in the lead but does
not continue under the iron. The bursts produced in the iron can be seen

in the main body of the flash-tube chamber (96 layers) and hence the measure-

ment of projected zenith-angle can be made with much greater accuracy.
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TABLE 4.3
A SUMMARY OF THE "LOVATI FORMULAE" FOR THE PROJECTED ANGULAR
DISTRIBUTION K,‘®) OF RADIATION INCIDENT WITH ZENITH ANGLE
DISTRIBUTION COS’(4) ON TWO HORIZONTAL PLANES SEPARATED BY
VERTIGAL. DISTANCE Zg(symmetrically and asymmetrically aligned),

'1=0
Symmetricali- N (@) = %K cos{®) . { (X-¥W) tan" ((H X).cos/%)
_+.(X+W),‘ban *(€u+x) »COSC/2)

Asymmetrical:-F_(8) = K.con(®). ((2w+s SanTt ((2448) e cos8/Z) -
(2w*s-9x)at ((2W+S—2A,.c096/2)-
(ZX—S).tan ((21—5),coseyz
$.tan (S ~c0s9/Z)

n=4
Symmetricals~ N (€) = iK.cos@. {(4 * 2(\44-)() £ COS 0 (Z? + Z(H-X) 2 COS 0))
A:2
+ . =
Asymmetrical t=F (€) =4?K'c088;(,m,31' + By = By - By )
! = P J*a" E)
& (22+BL)% (2243,)F (Pa3y)¥  (ZPamy)?
Ih—;enl
symmetrical - N,(6) = K,c0820.23( In &_ =~ In K, )+%-n5(90,c0829'
8 .
Asymmet’rical_:—sz(O’) = K,co.sze’..?}(f Im Ay + Im A-4 - In A'=2 - 1lm ﬁ’3 )+%H°(e'),casz(e)
6.

Symmetricali~ ¥ (@) = Kecoste,zot(A~ - )+»nw1.N ,(0). 00526
B nwin+Z) - b ne2
n/2 mfe nf2  nf2

A;symmetrica]}.:-Nh_('G')* = K.cosT8,20" ( Ay # & 4 = K, - A-3 ) +
’ )
il - (@) oS @
2
wheres

2

= 4T (Y4V-Z.tan®)s A = 7224 (s X)2 0007y Ky = Z24(2046-2X)2Icos’er

A = Z,2+(2H+5)-2,,co‘3267; A= Z:2+(’2X'-8)2.,cosze';: A‘4 = Z2+82°cosza';

2 3

2y e on 2, 5o
) o= 7.2 (= 24 =7 ¢ = 20 =7 ¢ = 20 =7,
B 2A1Z§. BZ A2 § E3 23Z§ B4 24
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TABLE &.4

n sig level
LEAD 1.2 50%
IRON t 2.7 50%
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4.8 The ratio of the number of bursts in lead to the number of bursts

in iron

Table 4.5 also includes the prediction that the number of bursts in the
lead should be twice the number of bursts in iron., This 1is physically
quite simple to understand, since both targets are approximately the same
depth in interaction lengths (see Table 4.)4) in order for a hadron to
interact in the iron it has first to survive passing through the lead

without interacting i.e.

Probability of a hadron Probability of a hadron Probability of hzadron i
= X
interacting in the iron interacting in 15 cm.Fe NOT interacting in |
15 cm ,Pb

However the final column of Table L.L4 shows that this ratio is significantly

smaller than the predictionfor either pions or protons incident.

The reason for this is probably linked with the reason why the projected
zenith-angle distribution is flatter for bursts produced in the lead than

for bursts produced in the iron.

The data summarised in Table 4.1 excludes all events for which no measurement
of the arrival direction could be made. Such events produced a pulse in
either scintillator A or C but no coherent burst can be seen in the flash-
tube chamber. These are probably mature showers that have begun near the

top of the absorber and the electrons have become highly scattered so that
insufficient numbers of electrons are passing through the same flash-tube

to provide the high degree of ionisation required to fire the f lash-tube at

long time-delay.




TABIE 4.5

COMPARISONS OF THE PROBABILITIES OF PIONS AND PROTONS

INTERACTING IN THE LEAD OR THE IRON

P rc
Probability of interaction in Pb for normal incidence 0.53 0.53
Probability of interaction in Pb for O =~ n72 incidence 0.57 O,hSﬁ-—
Probability of interaction in Fe for normal incidence 1 0.26 0.24
Probability of interaction in Fe for O - ﬂyz incidence 0.25 0.25
Expected No. of bursts in Pb/No. of bursts in Fe for
normal incidence 2405 2.2
Expscted No., of bursts in Pb/No. of bursts in Fe for . A
0 - /2 incidence - 2.28 | 1.84
Measured No. of bursts in Pb/No. of bursts in Fe 1.18 10,414
Number of interaction lengths in 15 cm., of Pb 0.79 0,76
Number of interaction lengths in 15 cm. of Fe 0.8 0.70
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We should expect more difficulty in ascertaining the direction of such bursts
produced in the lead than in the iron because of the relatively few layers

of flash-tubes available under the lead compared with under the iron. Hence
more events produced in the lead would be excluded because of lack of an
arrival-direction measurement than in the iron. It is of interest to note
that substantially more events at large zenith-angle are observed in the

iron than in the lead., These would be just such events since at large zenith

angle the burst has greater thickness of absorber in which to develop.

4.9 Summary and conclusions

A measurement of the differential hadron energy spectrum at sea-level has
been made using plastic scintillators and lead/iron targets to measure the
energy of the incident hadrons, and a flash-tube chamber to measure their
arrival direction in projection., The results show a smooth E_X’dependence

between 7,102 GeV and 5.103 GeV with a best estimate value of Y = 2.7,

An analysis of the arrival directions based on zenith angles up to 300 in the
projected plane apparently indicate that the bursts in lead are due mainly to
pions whereas the bursts in iron are due to protons, However, further
considerations on the probabilities of pions and protons producing bursts in
the targets and on the limitations.of the zenith-angle measurements of bursts
which are produced in the lead but fail to continue below the iron indicate

that this is a spurious effect,

Based on the more accurate zenith angle measurements of the bursts produced in
the iron the interaction length in air of the hadrons producing the bursts was

-2
found to be § , = 108 téi g.CHm o
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This would indicate that the majority of hadrons incident at sea-level
between 7.’!02 GeV and 5.103 GeV are nucleons, however the large margin of
error involved in this measurement does not preclude a substantial

contribution from pions.




CHAPTER &

HIGHELY IONISING PARTICLES

5.1 .1 Introduction

BEver since the earliest theories (Rutherford [1911] , Bohr [1915}) and
experimental investigations (Rutherford [1911], %illikan [1940]) of the
subatomic nature of matter, all fundamental particles have been found to

have the same magnitude of charge as the electron e = 1.6021917 x 10-19

coul.)
or zero charge., The only particles ever found to have z»i have been nuclei=
collectionsof singly and neutrally charged baryons held together by a force
(the "strong' nuclear force)~102 times stronger than the electromagnetic

repulsive force between the charged nucleons (protons) - stripped electro-

magnetically of their neutrelising shells of electrons.

Highly charged nuclei are definitely present in the primary cosmic radiation
incident on the earth's atmosphere and have been found deep in the atmosphere
on balloon flights., However at sea-level, no surviving nucleons have been
found with 253, in fact the measured rate of arrival at sea~level of
particles with mass >mp in measurements on the incoherent hadronic component

0en2s™ st (Ashton et al [1968]). This is because

at sea-le&el is 10
the large amount of atmosphere (~12 nucleon interaction lengths) and the
1ncréased interaction cross section (6'inthA2/3) for highly charged nuclei
combine to reduce the probability of a nucleus surviving the journey to sea-
level without interacting to've-12A%} From emulsion stack studies of the
interactions of high energy nuclei (see for example 0'Dell [1962]), the
probability of a heavy nucleus interaction resulting in fragmentation of

the nucleus is about 20%. The above considerations of the very short inter-
action length (~14 g.,cm2 in air for z-20 Hayakawa [1969]) combined with

fragmentation lead us to believe that all heavy nuclei are broken up into

nucleons within a short thickness of the atmosphere.
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Hence, searches for highly charged, exotic particles (e.g. monopoles, Yock
particles, tachyons, see below) in the highly relativistic (»1 GeV)
component of sea-level cosmic radiation can set s evere limits on the
probabilities of producing such mrticles in conventionzl regions of space

and time,

5.1 .2 Magnetic monopoles

Maxwell's theory of electromagnetism based on the experiments of amongst
others Faraday, Ampere, Biot-Savart included the asymmetric pair of source

i+ field aquations:—

i

(5.4) WV.D LTVp

(5.2) V.B = 0

~

i

where D = electric displacement (field in a medium)

B

{

magnetic field

which were based on experiments carried out at the macroscopic level and
indicate that although free electric charge can be fcund, magnetic charge
only occurs in a free state in regions of space and time much smaller than

those accessible to the electromagnetic detectors at that time,

With the advent of detectors capable of distinguishing down to atomic, sub-
atomic and even sub-nuclear regions, and an accompanying fundamental change
in the currently held theories as to the nature of matter, this apparent
asymmetry became an anathema to the theoretical architects of quantum theory,
Symmetry became an operator on rather than a property of physical systems,
and systems which were asymmetric under symmetric operations alweys yielded

a more fundamental structure than had at first been spparent,
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If Maxwell's laws of electromagnetism are truly fundamental, argued Dirac
[1931]), then at some level of detection free magnetic monopoles must
exist. His arguments, based on further analogy with the quantum electro-

dynamics of the electron, yielded a value for this charge of & &/&

where « = fine structure constant = € = 1
e 137

with an ionising capability some 102+ times as strong as that due to an
electron (ionisjing power« 72 where Z = charge). If the fundamental charge
is ©/3 then Dirac's monopole would have charge 3/2 e/x and a subsequent 9

fold increase in ionising power.

Schwinger's (1966, 1968) arguments for the existence of a magﬁetic monopole
of charge n€/ are rooted in a more physical interpretation of the
fundamentality of the electromagnetic force, tﬁat it is the force which

binds a nucleon together through the cross-talk between elementary mogopole -
antimonopole pairs inside the nucleon, dyons. (See Table 5.1 for salient

properties of both types of monopole.)

The only detractors from the "High Z" school of thought are those authors
(Racami and Mignani [1976], Parker [1969]) whose arguments are based on
extensions to Special Relativity theory rather than quantum electrodynamical
theory, brought about again by considerations of symmetry. In extended
relativity (extended to include the possibility of particles travelling
faster than light - see Chapter 8) magnetic monopoles are in fact electric
monopoles travelling faster than light, tachyon monopoles, Hence the value
of the magnetic monopole's charge becomes the magnitude of the source of

the superluminally Lorentz transformed field of the electric charge. Parker

(1969) estimates a value for this source terminating at f_ at some finite
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superluminal velocity. Recami and Mignani choose a more conventional
value of the order of €/ , but this is more based on speculation as to
the ioni.ing power of a superluminal electric charge rather than deductive

reasoning,

In fact a quantum mechanical approach to the electromagnetic interactions
of superluminal charged particles with ordinary matter (Lemke [1975][1976],
see Chapter 8) indicates that the reduced cross section for electromagnetic
interactions of a superluminal electric field would make the energy loss by
ionigation of a tachyon monopole less than the minimum for a subluminal

relativistic charged particle (Lemke [1975]).

5:1.3 Yock particles

An errant disciple of Schwingers, Yock has formulated a theory of the
structure of the proton based on the existence of highly charged (Z % 10)
fundamental particles whose electromagnetic attractions are responsible for

the "strong" nature of the hadronic force (Yock [1969], [1970]).

As with Schwinger, Yock feels that the known electromagnetic force should
be investigated thoroughly as a possible candidate for the force which binds
the proton together, before proceeding to invoke more exotic gluon and
parton exchange mechanisms (Weinberg‘[197h], Rev. Mod.Phys. 46, 255). In
order to account for the great strength of the force, Schwinger hypothesises
magnetic monopoles whereas Yock hypothesises highly electrically charged
particles, Neither model, however, has yet dimmed the dazzle of attention

which has surrounded the fractionally charged quark model of Gell-Mann
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[1964]) and zZweig [1965] , particularly since the discovery of the J and Psi
charmed muons, whose discovery, incidentally, in no way diminishes the

arguments for the electromagnetic nature of the sub-nucleon binding force.

541 o4 Tachyons

A more thorough discussion of various theories of tachyons (faster than
light particles) is presented in Chapter 8. However, it proves convenient
to mention two aspects of the electromagnetic interactions of tachyons with
sub=lumninal matter - both of which are still the subject of much debate -
which could produce signatures which might simulate a highly charged

particle.

a.) The electric field of a tachyon

et = A M o A o oy Akt o 2 o0 kP ant amt e e S iy e

As can be seen from Chapter 8, Bl o2 , transforming to a superluminal
reference frame involves similar transformation equations to those for sub-
luminal relativistic particles, except that the equation for the Lorentz
2. 1
factory g, = (1 - B7)°2 becomes (5.3)
. 2\-3
-i(1 - p7)7% (5.4)

and the rest mass m of a sub-luminal particle becomes the mass parameter

Y sup

i (where g, = m) for a superluminal particle,

Hence, if we consider simplified expressions for the Lorentz transformed

electric field of a relativistic particle viz,

(5.5) E; = Field parallel to line of flight = 32 (1 -p
X

1
Field normal to line of flight = € (4 - 32).5
2
r

(5.6) B,
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at a point (x, y, z) where r2 = y2 + 22, for a sub-luminal relativistic
particle of charge e, As BP—>1 this provides the well established
behaviour of the field normal to the line of flight increasing drastically
(the "relativistic rise" region of the energy loss by ionization curve)
whereas the fiéld parallel to the line of flight diminishes. A spherical
electric field (due to a point charge) at small velocities becomes pancaked

normal to the line of flight at sub-luminal relativistic velocities,

However, if we assume that electromagnetic radiation from a super-luminal
particle still travels at the velocity of light (see Chapter 8) then the

transformation equation becomes:=-

(507) E =E—( -1)~ € « 2
/=25 (F ¥ 2P
(5'8) E, =€ {le -%— e 1
1 (B =1)?2 2.1

;2 r2 p

The behaviour can be visualised as the electric field streaming out behind
the particle along its track with an angular spread } ., fThis is the
reverse of the sub-luminal behaviour inasmuch as the field is now strongest
parallel to the line of flipht (but is now only in one direction, -X) and
becomes weaker normal to the line of flight. Hence, one might expect this
strong 52 dependence of the electric field to show up in a dense (e.g. solid)
ioni étion detector. The candidates for ionifation can only lie very close
to the path of the particle {(c.f. the close collisions dominance at sub-
relativistic velocities), but there will be no accompanying levelling off
due to polarisation of the medium (the density effect) since the particle

goes past every ioni ation candidate,

It should, however, be remembered (see above, "Monopoles") that Lemke

(1975) has argued, from more rigorous quantum mechanical calculations,
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that the small angular spread of the electric field is the dominating
effect, reducing the effective cross section tc such a level that at even
moderate values of B (~10) the energy loss by ioniSation should be less
than that at minimum for a sub-luminal relativistic particle., The problems
of creating a quantum mechanics of tachyons have been pointed out by
Feinberg (1967), and the calculations of Lemke should be viewed with a

critical eye,

b.) Cerenkov radiation from a tachyon

- = - o Ty = o o it

The discussion of Cerenkov radiation from a tachyon given in Appendix I
is particularly concerned withphoton emission from a vacuum, However, in
the absence of rigorous calculations for emission and absorption of
Cerenkov radiation in matter it is not impossible that large fluxes of

photons could be produced and detected either directly (as in the case of

a photomultiplier tube viewing a scintillator) or by photoionization and

subsequent multiplicative knock-on processes (as in the case of a neon

flashftdbe). This could simulate aAhighly ionizing particle particularly

in the flash-tube chamber,

5.2 Previous searches

Searches for a highly ioniSing component of the sea level cosmic radiation
have been mainly concerned with the magnetic monopole. Production of mono-
poles in the atmosphere is expected to be similar to electron - positron

pair production (Ashton [}973]).

(5.9) Y+ P—sD+ g+ &
(5.10) p+ p—sDP+ P+ g+ &

where g and g are the magnetic monopole and antimonopole respectively.
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Carrithevs, Stefanski and Adair (1966) using a solenoid to collect monopoles

travelling along the geomagnetic field lines put an upper limit on the flux

I

. 2
-5 =2
of such monopoles of 10 ~ cm  year .

- - -1 -
Ashton et al (1969) measured a flux limit less than 1,3,10 10 en™2 571t

for particles ionizing greater than 4000 times the rate of single particle
muons, Fleischer et al (1971), using an 18 n° area lexan polycarbonate
array found no event ionizing greater than (137)2 times the rate of a singly
charged particle and give an upper limit to the flux of monopoles at sea=-

13 =2 -1

level of 1.5.10 st .

Yock (1975) found no events ioniging> 49 times the rate of a singly charged
particle and gives an upper limit to the flux of particles with Z> *7e at

-10 =2 -1
cin

sea-level as 7.10 sec st-1 - under 600 g.cm_2 of concrete - at the

90% confidence limit.

Searches for magnetic monopoles produced at accelerator energies have yielded
zero events, Amaldi (1963), Purcell (1963) using a 30 GeV proton accelerator

conclude that the rest mass of a monopole is in excess of 2.8 GeV/bz.

Gurevich et al (1972) at 70 GeV finds an upper limit to the cross section
2

for producing a monopole of mass L.9 GéV/02 of 1.&.1O-h3 cm

More recently, Giacomelli (41975) using the increased laboratory energy
available from the two colliding 30 GeV proton beams at Cern-ISR has found
an upper limit to the production cross section of a monopole of mass 30 CeV

36 - 2

of 2.10° m~ at the 90% confidence limit,

The only search which has shown a positive result has been at high altitude
in the balloon-borne experiment of Price et al (1975). They reported the

passage of a slow moving highly ionising particle through a stack of
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Cerenkov detector films, emulsions and lexan sheets., The latter indicated
that the track was due either to a high Z nucleus (Z=~ 80) or a monopole with
magnetic charge 137e. The absence of any Cerenkov signal combined with the
emulsion track indicated that the monopole was moving downward with velocity
~0.5¢ . However Fowler (1975) and others have argued that the resulting

track is not dissimilar from a high Z nucleus which suffers partially
fragmenting collisions as it passes through the stack, and since the presence
of high Z nuclei in the primary radiation is a well established fact, searches
for monopoles at low flux levels are better performed at sea level than high

altitude.

5.3 Experiment

The experiment consists of a more thorough analysis of part of the data
collected for the measurement of the incoherent sea level hadron spectrum
(see Chapter 4). The essential features of the daia are that the triggering
level was a signal equivalent to 500 particles from the scintillator either
under the lead or under the iron (see Chapter 2 for a description of the
apparatus and Fig2?2); the time delay between the detection of the triggering
sipgnal and the application of the high voltage pulse was 330 ps; the data
relevant to this chapter was collected between 19. 7. 74 and 10. 4. 75
providing total sensitive time of 4,500 hours., Table 5.2 gives a summary

of the basic data collection details,

5014- Data

This can be sub-divided into 3 groups:

a.) Those bursts which begin in the lead but are absorbed in the iron;




TABLE 5,2 Basie data collection details.

Number of bursts in Pb 299
Number of bursts in Pb which continue under PFe 115
Number of bursts in Fe 523

Sensitive time

4,531.25 hrs,

Aperture for bursts in Pb

5,000 cm®

st.

Aperture for bursts in Fe

4,500 cm2

st,
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Figure 5.1: A burst in the lead that does not develop, but is

absorbed, in the iron,







Figure 5.2: A burst in the lead that continues to develop
ir the iron.







Figure 5.3%: Aburst in the iron that shows no track in F4fs of ths
initiating particle. This is because of the long
time=delay (330)15) hetween the passage of the particls

and the application of the high voltage pulse.







e g e G 2

- 69 -

b.) Those bursts which begin in the lead and develop in the iron producing

a burst below both lead and iron;
c.) Those bursts which begin in the iron.

Typical examples from each group are shown in Figs. 5.1, 2, 3, the relative

frequencies can be seen from Table 5.2.

The search for highly ionizing particles concentrates on bursts of group c.)
which are initiated in the iron. At a time delay of 330 ps between the

passage of a relativistic charge e particle and and the application of a high
voltage pulse to the flash-tubes, nearly all the ionii=d electrons have

diffused to the walls, Calculations show (Lloyd [1960], Holroyd {1971])

that the efficiency of a stack of flash-tubes as uszed in the chamber (commerei 2l
grade neon at a pressure 60 torr) in detecting such a track should be only ~6%

(see Fig. 5.4).

Consequently, the region co-linear with the core of the burst for events of
group ¢,) in the stack of 8 1ayérs in M a has been scanned for the presence
of 0,1, 2, 3 etc. co-linear flashes, A minimum chi-square fit of a binomial
distribution to the measuredldistribution of efficiences yielded a most
probable efficiency of 5.5% at 50% sig. level, excluding all events of group
c.) which could be due to high % particles, i.e, 4 or more co-linear flashes

corresponding to efficiencies greater than 5.5% + 7o,

Fig. 5.5 shows the predicted and measured distributions from a sample of 200
events from group c.). Also shown in the figure is the possible high Z

contamination contained in this sample. Figs. 5 ,6,.7 are examples of these
high 7 candidates, which should be compared with Fig, 5.3 which is a typical

burst in Fe with no flashes in Fia,




Figure 5.4 The variation of internal efficiency of & neon flash
tube 7} with the parameter afq for a time delay of
330 ps,where afg = internal radius of tube x probability
of an ionising collision in tube x number of ionising
created per cm,

afq = 9 for a relativistic charge e particle,
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Figure 5.5

Frequency distribution for n out of 8 layers flashing

on: the passage of a single charge e particle, The
observed distribution g from the sample of 200 bursts in
the iron observed betwsen 49, 7. 74 and 40, 4. 75 .

The predictedfdiﬁtribution is from a minimum clii=squared
fitted binomial distributioan to- the data excluding those

events in which more than 4 layers were flashed co-~linearly,

N =y T E R Z




Fh@%ughcx of scculrrence

2| FIG.5.5
10 T
10" |
109 |
Obgerved
1 0-1 B Distrilution
TS Pradicted&,
Digtrivutics
Le. Coefficients of (»2 o)™
2 where p = probability
10 — ' of a tube flashing =
[ i. Ov05
qg.= probaiility
of & tube not flashing
-3 =i - p
10 = .= numbher of
tubes sveilable for
g flashing s« 8
1074 |
5
10°
-6
10"+
-7
10 F
| 4

] L1 1 | 1j
01 2 3 4 5 6 7 8
No. of !QYQPS 'F\l%ke h




Figure 5.6: High Z candidate, event no. 62 on film H36,







Figure 5.7: High Z candidate, event no. 14 on f£ilm H90(ii).
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Figure 5,8 a) Sketches of the high z candidates &=
(i) is event no. 39 onm film H43
(iii) is event no. 52 on film H36

(iii) is event no. 62 on film H36
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Figure 5.8 b) Sketches of the high % candidates z-—
(i) is event no, 11 on film H83
(ii) is event no, 14 om film HB3

(iii) is event ho. 2 ow film EB9 (iii)
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Pigure 5.8 c¢) Sketches of the high Z candidates t=—
(1) is event mo.1l on film H90(ii)

(ii) is event no, 2 on f£ilm HYO(iii)
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A1l the possible high 7 candidates are sketched in Figs. 5.8a), b), c) and
Table 5.3 lists their measured parameters. Essentially Table 5.3 indicates

that

a.,) None of the events produced a measurable signal, equivalent to 3 or
more particles, in the ligquid scintillator above the lead, This implies
that these anomolous events have their origin in some interaction which

takes place either in the lead or the plastic scintillator under the lead.

b.) The majority of these events occur in the region of the triggering
threshold (equivalent to 500 particles either under the lead or under the
iron). Since a burst size of n particles under the lead or the iron
corresponds to a laboratory energy of the initiating hadron =500 GeV (see
Chapter 2), unless such events are due to an exotic component of the cosmic

radiation, they should be observed in accelerator experiments,

c¢.) 1If these events are due to high Z particles which have either missed the
liquid scintillator (unlikely) or have been produced@ in the lead, then taking
an average over all the observed efficiencies yields a mean Z of (15 % 5)e,

It should be pointed out too that the close agreement between the signel
produced in the scintillator under the lead and the signal produced in the
flash-tube indicates that we are probably seeirginthe flash-tubes the whole
component of the event responsible for the signal produced in the scintillator

(see below).

j5»5 Possible alternative explanations

If we reject the hypothesis that these anomolous events sre due to high Z
particles, the alternative explanations that present themselves can be

classified into two types:=




i.) Spurious effects of a normal i.e, charge e particle., Such possibilities
are a slow proton back scattered from the iron, a residue of slov highly
ioni ing kmock-on electrons from the initiating hadron, a background
muon which arrives within 100 ps prior to the application of the high

voltage pulse etc,

ii.) A burst of type b.) which actually begins in the lead and develops
further in the iron. The burst must be collimated strongly to produce
an image which simulates a high Z particle. Such an event could be due
to a very young shower, initiated at the bottom of the lead; or an
older shower where the e -y shower produced electrons have become
widely dispersed and we are seeing the effects of a fluctuation to
large multiplicity of the pionisation component; or a fireball type of

Vinteraction where the fireball is produced with high forward y in the
centre of mass frame thus collimating the subsequent electron - photon

shower,

Causes of type i.) can be assessed.according to whether or not they could
produce the sort of efficiencies observed and the probability that such an

event could take place, The latter figure has been assessed according to

both observation - as in the case of a back scattered pfoton where no events
with a high efficiency track coincident but not parallel with the burst was

seen - and the probability of fluctuations (according to a random distribution
about the typical efficiency)., The different possibilities and their respective

probabilities are listed in Table 5.4,

Causes of type ii.) require further analysis of the details of bursts of group

b.) i.e. those which originate in the lead and develop under the iron,
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5.6 The width of nuclear-.electromagnetic bursts

The production of a shower of electrons (and protons) below either the lead
or the iron indicates that a nuclear interaction has taken place between an

incoming hadron and a target nucleus:

+ - o)
y T o+ nZTT + nBTT + P

1 - A
(5.12) or Tl+ p—p+ n11]’[-+ +n Tl + n'3W°

(5.11) either p+ p——sp+ n

One other possibility is the bremsstrahlung of a muon in the electric field

of a target nucleus i.e.

(5.13) p+z=n+z4+y

At high energies bremssirzhlung dominates direct pair production and knock con
electron prediction, If we only concern ourselves with bursts >500 particles
(corresponding to a primary energy ~500 CeV) then the percentage of bursts
that are due to muon interactions is ~10% (Saleh [1975], Fig. 6.15). Hence,
we need only consider the hadron induced cascades. The charged pions

produced may go on to interact again (as in equation 5.12) or leave the target
without interacting. The neutral pions, however, decay immediately GLO£:1O~16

sec,, hence distance travelled before decay for a 500 GeV Ttozjo nm) via an

electromagnetic decay:-
0
(5.14)  TU -Y+Y
and the shower then proceeds to develop via the processes

(5.15) Yoeh 4 e ; (pair production)
(5.16) Yy + ey + e ; (Compton scattering)

(5:17) &~ & Y—e + Y ; (inverse Compton scattering)
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(5.18) €' + e—>y +Y; (electron positron annihilation)

The calculations which give the average number of electrons leaving the
target for a given primary hadron energy are more thoroughly discussed in

Chapter 2.

Clearly, the stage of development of the shower when it leaves the target
depends on where in the target the burst originated, For a pure e -Y
shower (initiated by either an electron or a photon) the age of the shower
s is given by (Nishimura & Kamata [1958]).

3t
t + 2n(Eg) + 2Inr

€o

(5.19) s =

where t is the depth in radn. lengths through which the shower has developed
and E  is the energy of the primary electron/photon. Similarly the width of
the shower can be calculated from the lateral distribution of electrons in

the shower (Nishimura & Kamata [ibid}) (and Greisen [1 956]).

(5.20)&(%):c(s)<%>s-2 6 +%> & = 4.5

where r is measured in Moliere units (r'1 ).

By integrating along strips corresponding to the width of a flash-tube we
can calculate the percentage of electrons which should fall within 1, 2, 3
etc, tube widths of the centre of the shower, i.e,

(5.21)  F(R) = TO 2rtrA(r) ar - 4 im(r) sin 71 (g)ar;

(o]

where F(R) = fraction which fall outaide a strip width 2R

Fig. 5.9 shows the results of such a calculation for various values of s.

Knoving the efficiency of the flash-tube at 330 ps it is a simple step to




Figure 5.9 The fraction: of an electromagnetic shower which falls
outside a strip of width 2R Foliera units for different
values of the age-~parameter s of the shower,
furve nm is for m ¥ Q. 25 = 8. |
Alternative values of 2R' in tube-widihs are indicated
along the top of the figure.

Calculated aceording to equation 5.21.




n

. =2
™Iy MmN - &
) et ;1 b ad g ﬂ o\
3 =] % A 4 N £
R K o 5] o o ¢

1]

7777

H, \\\\\\\\\\\\\\\\
5 \\\\\\\\\\\\\ S
x&%\\\\\\\\

R (Molier‘e Um'%’s

16°F

E mtc: _m 3m e
930 9 Y4PIM a_,;m e 3pis4nQ slied YaIyM 4sdng Jo uoijiedy




Figures 5.%0 and 5.1

The number
tubewidths
that would

burst size

of tubes- out of eight layers within: & n/2
of the core of an electromagnetic shower
flash at 330 ps time delay as o funciiom of

and age parameter s of the shower,




Fraction of

Number of tubes flashed out of eight within t n/z

s n tube- shower whi?h tube widths of core
widths falls outside ey
n tube-widths | 250 | 500 | 750 | 1000 {2000 |3000 |4000 |5000 |, "
0.425] 1 18 1072 € 7 8 8 8 8 8 8
3 2.8 107" 0 0 0 0 0 1+0 | 140 | 140
5 554410“5 0 0 0 0 0 0 0 0
7 1.7 1077 0 0 0 0 0 0 0 0
9 6.2 10°° 0 0 0 o) 0 0 0 0
11 2.4 107 4] o) 0 0 0 0 0 0
0.25 | 1 1.1 1072 6 |7 | 8 8 | 8| 8| 8| 8
3 8.5 107 o | o | o 0 | 140 | 141 | 142 | 442 i}
5 1.7 1074 0 0 0 0 0 0 0 0
7 5.6 107~ 0 0 0 0 0 0 0 0
9 2,3 1072 0 0 0 0 0 0 0 0
11 9.5 1070 0 0 0 0 0 0 0 0
0.375| 1 2.5 1072 6|7 | 8 8| 8| 8! 2] s
3 2,2 107 0 0 0 140 | 141 | 241 | 242 | 343
5 5 T 0 0 0 0 0 0 o 0
7 1.8 107" 0 0 0 0 4) 0 0 0 |
9 7.7 1070 0 0 0 0 0 0 0 ) N
14 3,2 1072 0 0 0 0 0 0 0 0
0.5 | 1 4.6 1072 6 |7 | 8 s | 8| 8| 8] @
3 6 10‘3 0 140 | 141 142 | 242 | 343 | L3 | Laly
5 1,310 "7 0 0 0 o] 0 0 140 | 441
7 4e9 107H 0 0 0 0 0 0 0 0
9 2.3 107 0 0 0 0 0 0 0 0
11 1.4 107" 0 0 0 0 0 0 0 % 0 !

FIGS 5,10, 5.11




( Fraction cof Number of tubes flashed out of eight within % n/2
S n' ‘:,ube- shower whic:l3 tube widths of core
widths falls outside .
n tube-widths | 250 | 500 | 750 | 1000 | 2000 |3000 |4000 |5000 gzz:t
0£25| 1 7.5 1072 6 7 7 8 8 8 8 8
3 9.6 107 140 | 141 | 142 2¢2 | 343 | bak | 545 | 5+6
5 2.65 107 0 0 0 0 ) 140 | 140 | 141
7 1.12 107 0 0 0 0 0 0 0 o]
9 5.8 107" o | o | o ol ol ol ol ol
11 3.8 107" o | ol o ol ol o] o] o
0.75| 1 1.4 107" 6 | 7 | 7 8 | 8] 8| s | 8
3 1.7 1072 1+0 | 142 | 242 243 | bl | 545 | 640 | 647
5 5.2 10 7 0 0 0 0 | 140 | 141 | 141 | 142
7 2.4 107> 0 0 0 0 0 0 0 0 |
9 1.27 107> 0 0 0 0 0 0 0 0
11 7.6 107 0 0 0 0 0 0 0 0
0575 1 1.6 107" 6 | 7 | 7 8 | 818 | 8 |38
3 2.8 107° 141 | 142 | 242 245 | 545 | 646 | 647 | 747 | i
5 9:;-10"3 0 0 0 0 141 | 142 | 143 | 243
7 4.8 107 0 o | o 0 c | o o |10
9 2,7 10“3' 0 0 0 0 0 0 0 0
11 1.7 1072 0 0 0 0 0 0 0 0
1] 2.1 107 6 | 7 | 7 8 | 8 |8 | 8 |8
3 hol 1072 101 | 202 | 20k | 3el | 546 | 647 | 747 | 747
5 1.7 1072 0 0 0 140 | 142 | 143 | 3+2 | 244
7 9 107 0 0 0 ) 0 | 140 | 141 | 144
9 b2 107 0 0 0 0 0 0 0 0
11 3.6 107 0 0 0 0 0 0 0 0
FICS 5.10, 5.1
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T e T

FPraction of Nunmber of tubes flashed out of eight within % ?/2
S n.tube- shower whi?h tube widths of core
widths falls outside
n tube-widths | 250 | 500 | 750 | 1000 |2000 |3000 | 4000 |5000 ggzz
1,425 1 2.8 107 5 |7 |7 7] 8 | 8| 8| 8
3 7 107° 142 | 243 | 345 | w5 | 57 | 747 | 747 | 748
5 3 107° 0 | 1+0 | 144 141 | 242 | 343 | 34k | Ly
7 1.7 1072 0 0 0 0 no- 141 | 142 | 142
9 1.08 1072 0 0 0 o) ) 0 | 140 | 141
11 7.4 1070 0 0 0 0 0 0 0
1.25 1 3.6 107" 5 6 7 7 8 8 8 8
3 1. 107 142 | 24k | 345 | 15 | 647 | 747 | 748 | 748
5 6 1072 0 140 |11 | 142 | 243 | 344 | el | 445
7 3 10_2 0 0 1+0 1+1 142 | 143 | 243 2+4
9 2 107° 0 0 0 O | 140 | 141 | 141 | 142
11 1.36 1072 0 0 0 0 0 140 | 140 | 14+1
1575 1 45 107 5 |6 | 7 7| 8| 8| 8 | 8
3 1.55 107 242 | 3¢k | W5 | w6 | 647 | 747 | 748 | 848
5 8 1072 0 | 141 [ 142 | 143 | 34k | 5¢5 | 545 | 5+6
7 5.2 107° o | 0 [140 | 140 | 142 | 143 | 243 | 342
9 3.5 1072 0 0 0 0 | 141 | 142 | 242 | 242
11 2.6 1072 0 0 0 0 0 | 140 | 141 | 141
1.5 | 1 5.2 107 |6 |7 71 8 | 8] 8] s
3 2.4 107" 202 |3+ | 15 | 566 | 747 | 847 | 847 | 348
5 1.2 10"1 140 | 1+1 | 242 243 | Lal | Lab | 545 | B+7
7 8.2 1072 0 | 0 |10 | 11 | 143 | 33| sk | beb
9 6 1077 0 0 0 140 | 141 | 142 | 242 | 343
14 L.k ‘IO--2 0 0 0 140 | 141 143 1 243 | 343

FIGS 5.10, 5.11




Fraction of Number of tubes flashed out of eight within * 11/2
g n tube-= shower which tube widths of core
widths falls outside S
n tube-widths | 250 | 500 | 750 | 1000 | 2000 | 3000 | 4000 |5000 | oo°
L7
h.75 ] 6.6 107" 5 15 | 6 71 71 8| 8| 8
- ~1
3 3.7 10 242 | 34k | bab 5+5 | 647 7+7 | 7+8 | 8+8
- - . . P
5 2.5 10 ° 141 1+2 | 243 2ol | L5 | 5+6 | 547 | 647
7 1.9 107 0 141 11et | 142} 206 | bat | 145 | 545
N ]
9 1.55 10 7 0 0 1+0 141 242 | 343 | 3:4 | Ltk
11 1.4 107 o | o {11 | 1et | 262 ] 363 | b | ses

FPIGS 5.10, 5.11
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convert these figures into the number of flash-tubes flashed in a stack of
of 8 layers (F1a) within 1, 2, 3 etc, tube widths from the centre of the
burst for various burst sizes. such burst profile calculations are
summarised in Figs, 5.10 and 5.11 but a first‘glance at Fig, 5.9 indicates
that the region where 9Q% of the electrons are found is within t4 Moliere

units of the centre of the shower,

Consequently each burst has been scanned (on a scale 1:20 to real space)

and the nunber of flashes within +0.5 cm (on the scanning table) corresponding
to +6.25 Moliere units in real space counted. Figs. 5.12a), 5.13a) 5.14a)
show the resulting scatter plots for bursts of type a, b, ¢ respectively,
Figs. 5.12b), 5.13b) 5.,14b) are average values derived from the scatter
diagrams with the predictions from Nishimura - Kamata theory plotted for

comparison,

Fig. 5.12b) indicates that the data best fit an average age parameter

s=1. to 1.25 (i.e. slightly greater than one).

Fig, 5.13b) indicates that those bursts which originate in the lead but
continue under the iron are best fitted with a ycunger age parameter s=~1.,0
to 1.1, This would be expected since this section of the data must select
those showers which are youngest in order that they will continue through

the iron without being absorbed.

Fig., 5.14b) indicates that thcse bursts which originate in the iron are best
fitted with an age parameter s=~0.8 to 1 for bursts <2000 particles, but the

larger bursts seem to have a much larger age parameter ~1,5,

It is interesting to compare the results with the work of previous authors
at smaller time delays (e.g. Coats [1967], Cooper [1974]). In these cases

the measured burst widths were considerably wider than the predictions of




Figure-5a12a) Seatter plot of the burst size-no, of flashes
within & 0.5 ecmse. on: scanning-~shecet relationship
for bursts that originate in: the lead but: do not

continue beneath thke irom
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Figure 5.12b) Averaged values of the hurst size = no. of flashes
within r0,5 cms, of showerw-core (on scanning=sheet).
relationship compared with the predictions of
Nishimura - Kamata theory for different values
of the age-~parameter s of the showerg for bursts

that originate in the lead but do not continue beneath

the iron,
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Figure 5.{3a) Scatter plot of the burst size - no. of flashes
within fO.,5 cmg, on scanning-sheet relationship
for bursts that originate in the lead but continuwe
beneath the iron,

The dots are the data from the film~series

H78 to H94 used in figure 5,5,
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Figure 5.43b) Averaged values of the burst size - no, of flashes

. . EAT .
within - 0.5 cms of shower-—core (on s

conning=zghect )
relationship compared with the predictions of
Nighimera « Kamata theory Tor different values

of the age-~parameter = of {he showers for burasis
- 3. L

that originate in the Iead but continue beneath

the iron,




FIG. 513b)

138ys

butuueds uo ‘wo Z/L; Ulydim saysejs Jo ON

Burst size /100

O (- o
O N &

o
m

O
N

()
—

50

L0

30

16 20

12



Figure 5.14a) As for Tig. 5.42a) but for bursts that originate
in the iron,
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Figure 5,44b) As for Fig, 5.42%) but: for bursts that originate
in the iron,
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theory, and the reason supposed to be the presence of large angle scattered
electrons (Nishimura - Kamata theory is based on the small angle of scattering
approximation, tan®=@). The present work goes some way to justify this
explanation since at long time delay the few singly (and therefore wide angled)
scattered electrons should be undetectable, and hence Nishimura - Kamata
theory should be applicable., It is interesting to observe that although the
actual bursts are nuclear-electromagnetic, pure electromagnetic shower theory
is sufficient to describe the burst width data., Hence any broadening due to
the nuclear interactions must be swamped by electromagnetic broadening of the
subsequent electron - photon shower. It is not clear, however, whether any
narrowing due to the nuclear interactions would be likewise swamped, so in
order to investigate further the origins of these anomolous "High Z" events

the broadening due to the nuclear interaction must be considered,

In Appendix IIT it is argued that, if we assume that pions are emitted

isotropically in the centre of mass system, the ratio

_ number of flashes beyond %1.5 tube widths from core

~ number of flashes within +1.,5 tube widths from core
roughly represents the ratio of the number of neutral pions emitted in the
backward cone to the number of neutral pions emitted in the forward cone
for young showers (s~1), I assume that this distribution should be fitted
by a suitably binned binominal distribution of the form (p + q)n where

p = probability of a T° residing in forward come = %; q = probability of a

A0°33

o

T © residing in backward cone = %; n = number of Y 's available (n =
1

(2.9 log E + 0.03E 2)). (Feinberg [1972}). Figs. 5.15a) and 5.15b) are

the experimentally determined distributions for showers which begin in the

lead and either continue under or are absorbed in the ircn respectively.



Figure 5.15a) Comparison of measured =—-ewand predicted ~ = =
digtribution of R where

fotal number of flashes outside central 3 tubewidths

R = Total number of flashes within central 3 tubewidths

for bursts which begin in the lead and continue beneath
the iron,

The diagram indieates how these regions correspond
1o the forward and backward regions of the nuclear—
electromagnetic hHursts,

The measured distribution is for all bursts in the

gigze-range 500 to {000 particles under the lead.
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Figure 5.15b) As for Fig. 5.45a) but for bursts that begin in

the lead but do not continue under the iron,
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Included in 5.15a) are the anomolous events (high Z candidates) and they

clearly show a significant departure from smooth behaviour,

Clearly, these events, if they are bursts, are not the result of an extreme
fluctuation from normal behaviour, e.g. very young showers which have begun
at the bottom éf the lead and are produced by a fluctuation to a large value
of ng (or n31) in equation 5.11 (5.12), since all experimental measurements

of distributions in multiplicity, charged to neutral ratios etc. in

accelerator work show smooth behaviour (see for example J. Whitmore [1974]).

One possible explanation is that we arebseeing not one distribution but two
(possiblj three), the majority of events appear to be due to isotropic
emission from a centre at rest in the centre of mass system, but very narrow
bursts could be part of a distribution due to emission from a centre moving
forward in the centre of mass system, a fireball. One would expect there to
be a distribution due to emission from a backward moving fireball as well,

but this would only show up as a broadening effect - producing slightly

larger than unity value for the peak of the distribution in Fig. 5.15a).

In a review of observations of cosmic ray produced interactions, E. L. Feinberg
(1972) points out that in this energy range (500 - 1000 GeV) 50% of the events
can be attributed to emission from a single fireball with Lorentz factor‘r~1.2

in the centre of mass franme.

In Appendix IV there is a derivation of the value Of'Yc.m. required to
similate a high Z particle (i.e. that all the pions are emitted with an
angular spread less than the width of one tube, assuming there is no
significant broadening, because of the high energies involved, due to scat-

tering of the subsequent electron - photon shower). The conclusion is that

these events could be due to emission from a fast forward moving fireball




withy>3 in the centre of mass frame. According to Jabs (1975), a fireball
produced at such a high velocity is probably due to the fragmentation or
leading isobar component rather than the pionisation component, This is
puzzling because the leading isobar is generally regarded as an excited
nucleon which emits pions as it decays back to the ground state. However,

the pionisation component is the one responsible for the subsequent electron -
photon shower, since this is where the high multiplicity of pions originates,
so we would not expect to see any narrowing effects on the shower due to the

isobar fireball,

5.7 Conclusions

The lack of response from the liquid scintillator above the lead would
indicate that the special events originate in some interaction with the lead.
No evidence for the observation of a highly ionising ccmponent of the cosnmic
radiation at sea~level was observed, Assuming an isotropic distribution
this means that the upper limit on the flux of high Z particles at sea~level

-8 1 -

-2 -
at the 907 confidence limit is 2.3.10 - cm st~ sec .

A possible high Z particle that might be produced in lead would be the new
class of hadrons predicted by Yock, but these should have been detected in
accelerator experiments (there might be similar problems of identification

however) since the production threshold is only ~500 GeV.

If the anomolous events are fast fireballs, then current ideas of fireball

models must be modified to accommodate pionisation fireballs with-Té . 23,

One possible modification that would enable the question as to whether or not
these events could be high Z particles would be to construct a calorimeter
type of apparatus, where the target is interspersed at distances ~1 r 1.with

flash-tubes so that shower development can be identified.
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CHAPTER 6

THE ATR~-SHOWVER ARRAY

AND

FLASH-TUBE CHAMBER

6.1 The Durham Extensive Air Shower Array (D.A.S,A.)

6.1.1 Introduction

D.A.3.A, was built in the period 1973 - 1976 on the Durham University
Science Site by members of the M,A.R.S, research group under the supervision

of Dr, M. G. Thompson,

The array (see Fig. 6.1) is based on two trisngular networks for efficient
triggering, with various intervening detectors for improved density sampling.
The situation is as closely as possible symmetric about the two previcusly in-
depad@nt cosmic ray detecting instruments already in existence, the neon
flash~tube chamber and a muon spectrograph (M.A.R.S,) (the latter has now

been dismantled).,

The dimensions of the array make it most sensitive to air showers in the

v

range 105 to 10" particles, showers which come from primaries which are in

the "kink" region of the energy-spectrum,

A1) of the array detectors are plastic scintillators, fourteen in all,
Each detector is viewed by several photomultiplier tubes to record the
particle density, and, on seven of the detectors is a photomultiplier tube
that is used for fast timing measurements., Four sizes of scintillator are

used, The 2m2 scintillatars are based at the apexes of the triangular
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2
networks, and provide (with the 0.75 m~ central detector C) triggering,

fast timing and density pulses.

6.1,2 The central detector C

This detector is situated on the roof of the laboratory containing the
flash-tube chamber at the centre of the air-shower array, It has

geometrical area 0,75 m2 made up of two identical 5 cm thick slabs of

NE1024 plastic scintillator each viewed by two Philips 53AVP photomultipliers
via perspex light guides. Attached to one of the light guides on each half
is a Philips 56AVP photomultiplier which supplies the timing pulse to which

2ll of the other timing pulses are referred (see Fig. 6.2a)).

6.1.3 The 2i)m2 detectors

There are six 2.0 m2 detectors forming the backbone of the air-shower array,
they are used in coincidence with the central detector to establish an event,
They each consist of 2 2 m x4 m x 2.5 cm slab of NE1410 plastic scintillator
viewed by four 5" diameter E.M.I., 9579B photomultiplier tubes for particle
density measurements and one 2" diameter Philips 56AVP photomultiplier tube
for fast timing. The configuration of the photomultiplier tubes is shown in

Pig. 6.2b).
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6.1.4 The 1.6 m2 detectors

There are four of these detectors, each consisting of four individually
light-proofed quarters of 2.5 cm thick slab of NE102A plastic scintillator,
Each quarter is viewed by a Philips 53AVP photomultiplier tube through a

perspex light guide (see Fig. 6.2¢c)).

6.1.5 The 1.0 m2 detectors

There are three of these detectors in the array, each situated approximately
25 m from the central detector. They each consist of four identical
individually light-proofed slabs of 5 cm thick scintillator, The scintillator
plastic is not of the highest quality necessitating viewing each slab broad-
facg on with a photomultiplier tube., This does have the advantage of
increasing the detector's response to almost unity over all its area. The

arrangement of photomultipliers is depicted in Fig, 6.24).

6,2 Air-shower detection and measurement

The arrival of an air shower is detected by coincidence between a pulse from
scintillator C and either the three inner 2.0 m2 scintillators, or the three
outer scintillators. The former mode has a smaller collecting area but can

be used to study small air-showers Cv5.10h'- 105 particles) or to examine in
detail the core-structure of larger air-showers. The latter mode makes full
use of the available collecting area and is used either as a bare air-shower
trigger, with no electron component information recorded, or to examine the

shower size spectrum up to 107 particles.
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The density pulses used for air shower size and core location are provided

by the "slow' photomultiplier tubes and have an exponential delay time
constant of 20 ps, The pulses used for fast timing measurements, to determine
the direction of arrival of the shower or investigate shower-front structure,

are provided by the "fast" photomultiplier tubes, and are of ~5nS f.w.h.m.

The pulses from each photomultiplier viewing a single scintillator are summed
in a mixer amplifier at the detector which also inverts the signal (see Fig,
6.3). The consequent positive pulses are then sent via an emitter-follower
down RG58 c/u 50Acoaxial cable to the data storage units in the laboratory.
This cable has no significant effect on the shgpe of either the density or
fast timing pulses, however, pulse information propagates down such a line
with 0.9dB per 100 m loss, which has to be compensated for by increasing the

photomultiplier E,H,T,

The outputs of the mixer-amplifiers are calibrated such that the pulse height
corresponds to the number of particles per square metre (i.e. density)

detected by the whole scintillator which that mixer-amplifier serves.

The progress of the pulses after leaving the cables is depicted in Fig., 6.4.
All pulses are Pirst amplified and split to provide information on the pulses
as well as a driving pulse for a discriminator to provide event triggers and

a monitor of the rate of detection of individual detectors.

The timing pulses are converted to pulse height measurements via time-to-
amplitude conversion monitors (T.A.C.). These 'start' on the arrival of a
timing pulse from detector C, and 'stop' on the arrival of a timing pulse
from a scintillator. An analogue pulse corresponding in height directly to
the delay time between the arrival of a pulse from detector C and a timing

scintillator isthen available for digitisation and storing,
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All such timing pulses and the density pulses are held in an Analogue
Multiplexer and sequentially released to an Analogue to Digital Converter

(A.D.C.) for subsequent digitisation.

The digitised pulse heights are read into a unit for storage and transfer
to an I,B.M. 1130 computer where they are stored on magnetic tape or disc

for subsequent analysis on a larger computer,

6.3 Expected range of the air-shower array

If we assume that a relativistic electron produces a pulse with a unique
size then it is a simple matter to calculate the expected shower size range
and range of core distances that can be expected for a given discriminator

level on the coincidence unit fed by the triggering scintillators,

Such calculations are only a first-order approximation since a relativistic
particle produces a spectrum of pulse heights in a scintillator. Since the
spectrum produced can be described by a Lorentzian type of curve (see, for

example, Chapter 3, Section 3 ) it has a long tail. Hence the mode of such

a spectrum can be more accurately determined than the mean, and for daily

calibration testing it proves a more convenient parameter. However, if more
accurate determination of the shower size range and range of core distances
detectable by the array are required, these fluctuations must be folded into
the calculations. This essentially has the effect of increasing the collecting
areas for all shower sizes, and especially reduces the minimum shower sigze

that can be detected, This effect, though, is somewhat compensated for by

the difficulties of analysing small shower sizes, because of the relatively

large errors present on small particle density determinations,



FIG. 6.5

[ =4
Collecting areas for showers of size n.i10” particles producing

2 2 particles m,"2 in detectors €,43,33,53 gimultaneously,
( NORMAL MODR).
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Fig. 6.5 shows the expected collecting areas (assuming every relativistic
electron produces a pulse at the mode of the distribution) for different
shower sizes based on 22 particle m—2 being detected in each of the
scintillators C, 13, 33 and 53 in coincidence, Figs. 6.6a) and 6.6b) show
the resulting range of shower-sizes and core-~distances detectable under

these triggering requirements.

-2 .
It can be seen that for a triggering requirement of 2 pt m = in each of the
outer 2 m2 scintillators and 2 pt m-'2 in the central detector, from Figs,

5

6.62) and 6.6b), the median shower size detectable is 6.5 10” pt and the

median core-distance is 36 m,

6.4 Triggering modes with external devices

The Flash-Tube Chamber cazn be used in conjunction with the array in a variety
of ways. Either an event in the chamber can be used to trigger the array,

or vice-versa, or a coincidence between the air-shower coincidence unit and
the flash-tube chamber, or the two apparatuses can be triggered independently
and correlated by a visual scaler, corresponding to the book keeping scaler

incorporated in the air-shower data storage unit, being photographed

accompanying the flash-tube chamber events,

6.5 The modified flash-tube chamber

6.5.1 Reasons for modifying the flash-tube chamber

The flash-tube chamber was originally built to search for fractionally

charged particles (quarks) that may be present in the sea=level cosmic
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radiation, It was found in a number of quark searches (D. Cooper [197&},

A. Parvaresh [1975]) that a fractionally charged particle could be

simulated by a background muon if the latter had travelled through the
chamber ~100 us before the application of the H,T. pulse (see Fig,2.7 in
Chapter 2). To eliminate these background effects a previous particle
indicator is required that is sensitive to particles which travel through

any region of the flash-tube chamber where they might simulate a fractionally
charged particle, and which arrive in the time-interval 50 pus to 150 us

prior to the application of the H.T. pulse,

Such a previous particle indicator could be provided by the modifications
required to incorparate into the flash-~tube chamber a system for detecting
tachyons associated with extensive air shawers., Since the shower front
travels at approximately the speed of light, any faster than light particle
produced at some interaction in the development of the shower should arrive
at some time O pus to 120 ps prior to the arrival of the air-shower ( the
precise time depending on the height of production of the tachyon, the speed
with which it propagates,land the zenith angle of the shower'!s direction of
travel), If the flash-tube chamber has incorporated into it a, preferably
large area detector that can indicate the time of arrival of particles in
the 240 ps prior to the arrival of an air-shower, a comparison of the arrival

times and frequercy of events between the O - 120 us and the 120 ps to 240 ps

prior to the arrival of an air-shower should indicate whether or not there

are previous particles associated with air showers.,

If the previous particle indicator includes an increased area of scintillator
under the iron target this will increase the number of high energy hadron
interactions in the iron that can be detected, thus improving the statistics

on these comparatively rare events,
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6.5.2 The previous-particle indicator

To accommodate the facilities outlined above the plastic scintillators under
the lead and iron were removed, and three plastic scintillators of identical
construction were placed under the iron so as to completely cover the
sensitive area of the stack of flash-tubes, Since these scintillators had to
be positioned normal to the direction in which the previous scintillators

had been removed, the electrodes in the defining layers Fla and F1b had to
be shortened further to avoid edge-effects (see Chapter 2, Section2,3,1),
Three more scintillators were similarly positioned below the main body of

the chamber between the defining layers. Wya and F&b, where again the

electrodes had to be shortened,

Diagrams of the modified flash-tube chamber in front and side view are s hown

in Figs. 6.7 and 6.8,

The six plastic scintillators used were identical in construction and are

described in Chapter 2 (see Fig. 2.3).

The H.T. supply to the photomultipliers (6 photomultipliers per scintillator,

36 photomultipliers in all) was a O - 3.5 kV Oltronix LS 329R. The optimum

.operating voltage for each tube having been previously determined (F. Ashton
[private communication]), the different voltages were obtained by interposing
various resistor chains in the supply line to each tube, The outputs of the
three tubes viewing one edge of a scintillator were connected together through
3 parallel identical capacitors C (0.1 uF). This provides a voltage pulse
eqﬁal to Q/C, where Q is the average charge generated by the 3 photomultipliers,
The outputs from each end of a scintillator were added and then the outputs
from each scintillator in the same stack (either the upper or lower) were all

added before being sent down the delay line,
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By storing the pulses in n ps of delay line before displaying them on an
oscilloscope, if the time-base of the oscilloscope is triggered by the
arrival of an air-shower, the particles that have travelled through the

scintillator stacks in the previous n ps can be detected.

The delay line used was copper wire wound on a ferrite core with a delay of

1 ps per foot (Hackethal H.H., 1600 ). Since the pulses provided by the
scintillators were fast (150 ns f.w,h.m.) the delay line caused severe
attenuation, This was compensated for by dividing the line into 3 equal
sections (each providing 80 ps delay) and interposing an amplifier between
each section and between the output of the final section and the oscilloscope.
To reduce the attenuation further, a stretcher was inserted between the
second adder and the first section of delay line which provided pulses 5 us

wide for input rectangular pulses 0,2 ps wide,

In Chapter 9 is presented a more detailed discussion of the previous particle
indicator with the accompanying circuit diagrams (Figs. 9.22), 9.4) and

calibration curves (Figs. 9.1, 9.2b), 9.32), 9.3b)).

6.5.3 The single particle pulse height distributions of the scintillators

The single particle pulse height (s.p.p.h.) distributions for individual

photomultipliers, scintillators and combinations of scintillators are shown

in Figs. 6.9a, b, ¢, d, e and 6,102, b, c, 4, e,

The distributions were obtained using a Laben model 100 pulse height
analyser (p.h.a.). The channels of the p.h.a, were calibrated using 100 ns

and 200 ns rectangular pulses (Fig. 6.11).



Figure 6.9: Single Particle Pulse Height (S.P.P.H.) distributions
for different combinations of photomultipliers
viewing the scintillators of scintillator-stack By
(the lawer stack) o
The position: of the photomultiplier(s) producing the
different S.P.P.H. distributions is marked with X on
an inset plam view of the scintilletor-stack om each
figure.

Figure 6,9a): SoP.P.H. distritutiom from one photomultiplier,

Figure 6.9h): S.P.P.H. distribution from three photomultiptiers,

Figure 6.9.¢)s S.P.P.H, distrikution from six photomultipliers,

a single scintillator,

Figure 6,9d): S.P.P.H. distribution from twelve photomultipliers,

the two coplanar scintillators,

Figure 6.9e): S.P.P.H. distribution from eighteen photomultipliers,

the whole: of stack B
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Figure 6.,10: Single Particle Pulse Height(S.P.P.H.) distributions
for different combinations of photomultipliers
viewing the scintillators of scintillator-stack &,
(the upper stack).

Figure 6.40a): S.P,P.H. distrihutioncfrom one vhotomuliiplier.

Figure 6,40b): S.P.P.H. distribution from the three photomultipliers
viewing one end of the top scintillator of the stack,

I'igure 6.,10¢): SuP.P.H. distribution from the six photomultipliers
viewing the whole of the top scintillater,

Figure 6,40d)+ SoP.P.H, distribution from the twelve photomultipliers
viewing the two bottom co~planar scintillators of the
astack,

Figure 6.40e): S.P.P.H, distribution from the eighteen photomultipliers
viewing the whole of the upper stack A,
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The scintillators (photomultipliers, scintillator combinations) were
calibrated in situ to avoid any soft component contamination. The p.h.a.
was triggered by each pulse which it was ready to digitise and measure,
Hence there was a dead~time associated with every event, the average dead-
time was 20% for the upper stack, and 12% for the lower stack. This
reflects the presence of secondary particles, from interactions of the muons
which trigger the p.h.a, - in the iron target, in the upper scintillator

stack.

It is clear that the resolution of the peak of the s.p.p.h. improves with
the number of photomultipliers used. However, the poor resolution for 1, 3
photomultipliers (e.g. Figs. 6.12a, b) makes a more quantitative evaluation

of the relationship difficult,

The twin peaks of the final s.p.p.h.'s of each stack are due to the presence
of pulses corresponding to the addition of pulses corresponding to the same
particle passing through two scintillators. The relative heights of the
twin peaks reflect the acceptance geometry available for such events. The
relative height of the peaks is reduced as we go lower in the flash-tube
tray. This is due to the increased amount of matter that muons have to

pass through to reach the lower scintillators, which involves the barytes-

brick walls for particles travelling at some non-zero zenith angle.




Fignre 6.11 : Calibration curves for the Pulse Heizht Analyser (P.H,A,)

using 400 and 200 ns square pulses,
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6.5.4 Calibration of the electronics

Each individual element (see block diagram Fig., 9.4) of the previous particle
indicator was calibrated using the relevant width of square pulse from a -
pulse generator, Although designed to produce 5 us pulses, the stretcners
could only stretch the 150 ns. "exponential" pulses to 2 ps pulses., Hence
the attenuation of the delay line (Fig. 9.1) was determined using 2 ps square

pulses,

Once the gains of the amplifiers had been set for a run (the settings were
determined by the need to be able to distinguish a prompt air shower pulse
whilst minimising the height of the noise pick-up pulse from the flash-tube
chambers H.T, pulse) the whole system was calibrated to produce the final

input/output curves of Figs. 9.32) and 9.3b).

6.5.5 Summary

A small air-shower array has been built to detect air-showers of size
around 3.105 particles. The flash-tube chamber has been modified to

improve the searches for fractionally charged particles, search for tachyons
associated with air-showers detected by the array, and increase the

collecting area for hadron detection in such air-showers,
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CHAPTER 7

THE DETERMINATION OF ATR-SHOWER

PARAMETERS

71 The method of intersecting loci

The t wo basic parameters of an air-shower which need to be determined are
the shower size N and the position of the axis of the air-shower, the core

position.

A method first suggested by Williams (1948) of constructing loci of possible
core positions from the information given by several pairs of detectors has

been found useful in the analysis of showers when only a few (L) air-shower

detectors are used (Nasri [1977]). This method has been further investigated

in the present work, and used in the analysis of a certain class of air-

showers (see Chapter 11).

The method depends on assuming that the lateral distribution of electrons in
an air-shower can be expressed as an explicit function of shower size N and
distance from the core of the shower r. If we let the electron density at

detector 1 be A,, and the electron density at detector 2 be Ap, then

(7.4) & £ (W), £o(ry) o fo(rp)
2 £1(N). fo(r,) fo(ry)

Hence, for any pair of detectors, a series of loci of possible core positions
corresponding to different electron density ratios between the two detectors
can be constructed., Examples of such series' for the arrangement of detectors

in the Durham Air-Shower Array are presented in Figs. 7.1a), b).



Figure T.1: Examples of intersecting looi curves for different
pairs of detectors according to the Nighimira-
Kamata~Greisen (N.K.G.) equation for the lateral

distribution of electrons in an air-shower,

Figure T.ja): Curves for detectors € and 53

8A = Electron density indetector €
Kii Electron density in detector 53

Figure 7.1Db): Curves for detectors € and 62

%&_n Electron density in detector C
B} [Llectron density in detector 62

Pigure 7.4c¢): Curves for detectors 4 and 42

AA = _Electron density in detector 41
Zﬁﬁ Electron density in detector 42
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Three detectors thus give two independent ratios and the corresponding loci
will intersect at two places, To decide which of the two positions is the
true core position a fourth detector is required, the third loci constructed
from the ratio of the electron density in this detector to the electron
density in any one of the other three detectors will define the core position
uniquely., Once the core position has been determined it is a simple matter

to find the shower size N by substituting for ry in the equation

The electron lateral distribution function used to construct the loci of
Figs. 7.1 is usually referred to as the Nishimura - Kamata - Greisen (N.K.G.)

curve (Greisen [1960]) and has the form

(7.2) AuN,r) = g_:zm_q_ (fl) 0.75 ( ry ) 3.25 (1 .

1 r I + I

r
110b~ r1
where r, = 79 m,

The curve is presented in Fig, 7.2 for a shower size of 3.105 particles,
It has been noted (A, C. Smith [private communication]) that the core

position determination is insensitive to the particular lateral distribution

function assumed, however the resulting shower size does depend strongly on

the distribution function,

Since, with the Durham Air-Shower Array, electron density information from
10 detectors was available, a choice of detectors to be used in the core

location has to be made, Two particular choices of detectors have been

investigated:




FIG. 7.2

Lateral distrihution of electrons in an air-shower of sizo

."‘ . . »
3&10) particles aceording to the Hishimura-Kamata-Gyeisen

formilation,

A —-=(electron per m?)
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Method 1 : Since every air-shower detected requires there to be a signal
greater than 2 pcles m'-2 in the central detector G, one choice of detector
combinations that might prove useful is to take the three detectors with

the largest signals in combination with the central detector C. This method

does have the disadvantage of relying very heavily on detector C even if

there are only a few particles detected in C.

@gfégg_g : A more refined choice is to take the four detectors with the

largest signals and take the detector with the largest signal in combination

with each of the other three detectors.

7.2 Statistical fluctuations in detector response

Ajr-showers at sea-level are usually past maximum, and the particles can
thus be considered as independent. Hence fluctuations in the particle
numbers from the average (as predicted by the electron lateral distribution
function) can be considered as purely random, and be described by a Poisson
distribution, However, in practice, the observed fluctuations are usually
broader than purely Poissonian, due mainly to the fluctuations in detector
response (i.e. the superposition of n single particle pulse height
distributions when n particles pass through the detector). In order to
characterise the broader distributions that are observed, they can be
considered as roughly Poissonian in shape but with a broader f.w.h.m., and
the width can be described by some factor k>1 times the standard deviation

1
6, ( = n?) of a normal Poissonian distribution.

There are two methods of obtaining k, by experiment and by theory,
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To determine k experimentally, a sample of showers needs to be analysed and
the core positions and shower sizes determined. The intersecting loci
method provides a cenvenient method of determining these parameters for this
purpose since it only requires the use of four detectors, hence, in the case
of the Durham Air-Shower Array, the measured and expected particle numbers
in the other six detectors can be compared to determine the size of the

observed fluctuations,

This technique has been used to analyse 100 showers (J. Fatemi [private
communication]), and over the whole range of shower sizes measured

b to 2,7 x 106 particles), the average width of the fluctuations

(7.4 x 10
was found to be 1.2n% (i.e. kX = 1,2). This means that in a plot of measured
particle number against predicted particle number, 68% of the points fell

within % 1.2n% of the mean. Incidentally; the slope of the mean being equal

to unity lends some suppcrt to the assumed electron lateral distribution

function,

The second method of determining k involves assuming that the actual
fluctuations are Poissonian, and by calculating the width due to the detector

response, the finally observed fluctuations can be determined.

The effects of fluctuations in detector response have been calculated by a

Monte Carlo technique (A. C. Smith [1976]) to be representable by a Poisson
1

type curve of standard deviation 0,66 n°® (i.e, 0.566 poisson)., Hence, if

we characterise the finally observed fluctuations by a standard deviation

OTOT,
2 2 . 2 .
6 mop = O poiss + (0.66 6 poiss)
=n (1 + 0.66%)
1
S b ~ 1.2n? (i.e. k = 1.2)

TOT
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Since both methods of obtaining k agree, we can proceed to simulate real
showers in order to investigate the accuracy of the parameter determination
by assuming that the fluctuations can be characterised by a slightly
broadened Poisson distribution of standard deviation 1.2 times the standard

deviation of a normal Poisson distribution,

7.3 Simulated air-showers

A sample of data was analysed to provide a provisional shower size spectrum
and core distance distribution. A sample of simulated air showers was then
constructed according to these results, the simulated air shower size

spectrum and core distance distribution are shown in figs, 7.3a) and 7.3b).

The core distances are measured from the central detector C,

Core positions were randomly generated in a 75 m x 75 m matrix using tables
of random numbers in pairs, and the showers assigned their core positions

according to fig. 7.3b).

Fluctuations from to,25oT, to t4-250T were randomly selected according to
a normal (gaussian) distribution and randomly assigned to the detector

signals of each event.

).

(bT = 1°2bpoisson

The expected signal from each detector for each event was then calculated,
including fluctuations, providing 30 simulated air shower events which were

then analysed according to methods 1 and 2 (see Section 7.1 and below).




FIG 7 3 a ) ~Shover size distribution used im simulated air-showers,
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7.4 Method 1 of analysing air-showers

Having generated simulated air-showers, their cores were located by
considering the detectors with the 3 largest signals in pairs with

detector C, with the following provisos:-

a.) In the case of a signal >85 particles m—z, the detector was assumed
saturated and thus only defining an area (rather than a locus) in

which the core must fall,

b.) In the case of no core being located with the three curves, error
curves were calculated at the 1'2t>poiss level according to the

following:-

-2
if detector area A has a pcles m

_o) errors added in quadrature
and detector area B has b pclesm

’ 1
giving: error in 2 = 1.2a 1__+ 112
b b aA =~ BB
The resulting triangle, either common or limited, was taken as the area in
which the core must fall and the centre of the inscribed circle taken as
the position (the intemection of the bisectors of the angles) since this

point is equidistant from all 3 sides of the triangle.

The shower size N was calculated from the density in the detector nearest

the located core position, unless saturated,

Some examples of core locations using Method 1 are presented in figs. 7.4a),
b), and ¢)., Fig. 7.5 summarises the results on core locations using Method 1.
The bases of the arrows represent the input core position, and the tips of

the arrows show the core position that has been determined using Method 1.




Figures 7,4&),b),c) ¢ Examples of core-locations using
Method { .
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Figure 7.5: A Summary of the results on: core-loecation using
Method 14 .
Base of arrow = Actual core-position of simulated
air-shower,

Tip of arrow = Core-position determined using Method1 .







Figures 7.6a),b)s Examples of core-locations using Method 2,
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Figure T.7: A. Summary of the results on eore-location using
Method 2,
Bage of arrow = Actual core-=pogition of simulated
- air-shower,

Tip of arrow = Core-position determined using Method 2,
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7.5 Method 2 of analysing air-showers

Method 2 differs only in that the role of detector C in Method 1 was
allotted to the detector with the highest particle density - unless this
was a saturated detector in which case saturation criteria as in a) of
Section 7.4 were adopted, and the second highest density was used as the

highest.

One further refinement of Method 2 is that the shower size was determined
from the mean of the shower sizes determined from each of the 4 detectors

used in the core location,

Examples of core locations using Method 2 are presented in figs. 7.6a) and
b). Fig. 7.7 summarises the results on core location using Method 2

according to the format of fig, 7.5.

7.6 Results on core locations

Figs. 7.8a) and b) represent the comparative accuracy of the two methods by
comparing the input core distance from H (the flash-tube chamber) r, with
the determined core distance from H, Tpe There is no apparent difference

between the accuracies of the two methods in core locating.

In order to assessthe accuracy of either method a histogram of IIH - r2|
is recessary. Figs. 7.92) and b) are such his tograms for each method.

Clearly no greater accuracy than +10 m can be claimed with either method.

Figs, 7.5 and 7.7 indicate that this accuracy is not core distance dependent.

Pig, 7.10 compare$ the input distribution of core distances from H
with the determined distributions as determined by Methods 1 and 2, There is

clearly no systematic error in core location,

e A 5 AR = T v Pem T




Figure 7.8a): Histogram of the difference between the actual
core-distance of the simulated air-=showers from
the flash-tube chamber (ri) and the determined

core-distance (r2) using: Method: 4 ,

Figure 7.8b): As for Fig. 7.8a) but for Method 2,
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Figure 7.,9a): Histogram of lri-r2§ for the results of using
Method 4 .

Figure 7.9b): Histogram of ‘ri-r;z‘ for the results of using
Method 2a
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Comparison of actual and determined core-distance

distributions of simulated air-showers,.
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7.7 Results on shover size determination

Fig., 7.11 compares the input integral shower size spectrum with the
determined shower size spectra of Methods 1 and 2, Clearly both methods
overestimate the shower size, but Method 1 (using only the detector with

the largest signal) gives a slightly less divergent result for the larger
shower sizes, In order to correct for this overestimation of shower size

a "calibration curve" can be constructed. PFig. 7.12 shows just such a
curve constructed from a linear regression fit of logarithms to the scatter-

plot of the results of Method 1,

Hence if the shower size is determined from the detector with the largest
density this can be corrected to give a better estimate of the shower size

according to the equation

(7-3) (N corrected) - <1 x N measured> L/
107 1.56 100

7.8 Limitations of the intersecting loci method

The intersecting loci method has been demonstrated to be a viable method
of obtaining air shower parameters, however some limitations of the method

have also been made apparent,

Clearly the technique can only handle small quantities of data, if more
than, say, 500 events need analysing, then this technique would prove too

laborious,
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The accuracy in core location could be improved by using all the available
data instead of just a sample (i.e. the information from 4 detectors only).
It would be difficult to accommodate more informaticn in the intersecting
loci method since the different assessments of the location of the shower-
axis would need to be weighted in their probability of accuracy occuring to

the confidence which could be claimed for each detector signal,

All showers are assumed vertical, to take account of inclination of the
shower-axis to the vertical a larger number of intersecting loci curves
would have to be constructed corresponding to various angles of inclination

of the shower-axis to the vertical.

The technique does not allow for the testing of various lateral distribution
functions, and especially does not allow for the construction of a
phenomenological distribution function that might be peculiar to the Durham

array and the types and distribution of detectors used therein.

7.9 The "Minuit" method

A more comprehensive analysis technique has been devised (A, C. Smith [1976])
based on the minimisation package of computer programmes called "Minuit",
This enables the three parameters shower angle, shower size and core location

to be determined by simultaneously minimising fits to all three parameters.

Although expensive in computer time, the technique is designed to handle
large quantities of data and use all the infarmation available. The
technique can also be modified to allow the construction of different lateral

distribution functions,




FIG. 7.12

Correction curve for shower sige measurements based

on. the electron density and distance from the air-
shower core of the detector with the largest unsaturated
signal (Method} ),
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The "Minuit" technique is more thoroughly described by Smith (1976).
Simulations described therein lead to the conclusion that core location
accuracy is improved to * 6 m, however the shower sizes are still over-
estimated and a correction curve similar to equation (7.3) is still

necessary, i.e.

(7.4) (Q_%easured> = (1.58 +0.07) (N corrected>ch91 *0.02
10
10

7.10 Summary

A method of determining air-shower parameters has been devised based on
the intersecting loci method of Williams (1952). This has been shown,

using simulated air-showers, to give core location accuracy of #10 m and

an overestimate of the shower size which can be corrected for.

The technique, however, cannot handle large quantities of data for which

case a computer based numerical minimisation technique has been devised

(Smith [1976]). This latter technique gives improved core location accuracy

(£6 m) but does suffer similar overestimation of the shower size, which too

can be corrected for,

The latter technique is most useful in handling large quantities of data and

is most suitable for measurements on muons in showers (see Chapter10).

The former technique is useful when only a few selected events need to be

analysed, where avoidance of the time consumptive needs of the computerised

technique (i.e. where not all the available data need be analysed) - would be

measurements on hadrons in showers (see Chapter 11 ).




TACHYON THEORY

= 99 =

CHAPTER 8

AND PREVIOUS SEARCHES

8.1 Tachvon Theory

8.1 .1 Subluminal relativity

The location of an event is uniquely defined by the four-vector (x, y,

z, ct). However, implicit
is being observed, and the
being observed defines the
values of these parameters

of reference,

However, if the two frames

moving with a low velocity

in this statement is the fact that the event
frame of reference from which the event is
values of the parameters x, y, 2z

» ¢t. The

are different if measured in different frames

of reference have the same origin, but one is

perameter B (where B = z<<1) then at the instant
c

the two frames have a common origin the event as measured in both frames of

reference appears to have the same values for the parameters x, y, z and ct,

This is because the time taken for light signals to reach an observer in

each reference frame is the same in each reference frame,

However, if we introduce the experimentally verified postulate that the

velocity of light is the same in all reference frames, then as B approaches

unity, clearly the time taken for light signals to reach an observer in a

reference frame moving towards the event will be less than the time taken

to reach the same observer

stationary. The values of

in the reference frame in which the event is

the parameters x, y, z, ct will thus be different

if measured from the same origin but in the two different reference frames,

The only parameter which can now be uniquely defined in all reference frames
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2 2,2\ %
is the magnitude of the four-vector i.e. (x~ + y2 + z2 -cC t2)2 if the

various reference frames have a common origin,

If the reference frame A is moving with uniform velocity parameter B in

the x~direction with respect to a reference frame B:

1 1 1 1
—. L (x-Bet); vy =y; z = z;
(1 -p)* P

and t1:-————?-1 (t - px/c
(1 -3 P/e)

"

(8.1) Then x

N

1, t1) is the four-vector of an event as measured in A,

where (x1, y1, z
and (x, y, z, t) is the four-vector of the same event measured from the
same origin in B. These relationships can be visually summarised in one

space dimension by a Minkowski space - time diagram,

The x, t axes of reference frame A are rotated into the positive quadrant

of reference frame B by O degrees where O = tan-1(ﬁ).

linkowski space - time diagram (subluminal)

t
A t! ,

v & = tan-1(B)

-

If the co-ordinates of two events in reference frame A are (x1', t1') and

(x2’, tz'), and all quantities in reference frame B are similarly
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represented by unprimed parameters, then the following relationships can

be simply derived from the above diagram:-

Yy o t !

(8.2) t, -t =2 ~ %
2 1 (1 - BE)%

(8.3) x, -x =2 "X

Equation (8.2) implies that time intervals in a moving reference frame are
always smaller than a stationary reference frame (provided p<1). This

phenomenon is called time dilation.

Equation (8.3) implies that spatial extent in the direction in which a
moving reference frame is moving is always smaller in the moving reference
frame than in a stationary reference frame. This phenomenon is Lorentz -

Fitzgerald contraction.

Equations (8.2) and (8.3) also imply that no reference frame can be travelling
at the speed of light (& = 45° in the Minkowski diagram) and that temporal
and spatial separations have the same sense in all reference frames moving

at velocities less than the velocity of light,

The four-vectors of position-time space can be replaced by the four vector
(px, Py Py E) in momentum - energy space, or (Ax, Ay, Az, V) in magneto -

electric potential space.

The above transformation equations have the same form in momentum - energy
space except for the introduction of the velocity - transformation equations,
These imply that the expressions for momentum p and energy E in a stationary
reference frame of an object moving with velocity parameter B in the

direction in which the momentum is being measured are:
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where Mo is the rest - mass of an object, i.e. the mass as determined in

the reference frame in which the object is stationary.

The above synopsis of subluminal special relativity rests on two postulates,
the principle of relativity and the principle of the constancy of the
velocity of light., These two postulates were first introducted by Einstein

(1905).

"1. The laws by which the states of physical systems undergo change are
not affected, whether these changes of state be referred to the one
or the other of two systems of co-ordinates in uniform translatory

motion,

2. Any ray of light moves in the 'stationary! system of co-ordinates with
the determined velocity c, whether the ray be emitted by a stationary

or by a moving body."

It is not necessary to introduce the third postulate that bodies cannot
travel faster than light in order to derive all the transformation relation-
ships of subluminal special relativity, but more importantly the absence of
a third postulate in no way contradicts those relativistic arguements that
are used to explain the physical phenomena that arise oﬁt of relativistic

effects e.g. the equivalence of mass and energy, the stability of unstable

particles travelling at high velocities,
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8.1.2 Superluminal relativity

A frame of reference travelling with a velocity parameter B>1 corresponds

on the Minkowski space - time diagram to ©->45°,

Minkowski space - time diagram (superluminal)

The first problem that has to be faced with superluminal frames of reference
is that since the factor (1 -~ 32) is negative for B>1, all expressions which
contain the term (1 - 32)% become imaginary. This problem has been dealt

.with in a variety of ways by various authors whose work will be discribed in
more detail in the next section. One example of this problem arises when we

consider the mass of a particle travelling faster than light:-

M= Mo
2(1 -8

becomes imaginary unless the rest mass of a particle travelling faster than

%? where Mo is now the rest mass of the particle, If B»1 then M

light is imaginary,

(8.5) If we let Mo = ipg

then M = Ro ,becomes real,

(1 - P
The significance of this introduction of the mass parameter Po is that since

the rest mass of a faster than light particle is defined as imaginary, then
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it must be an unobservable in all reference frames i.e., if a particle is
travelling faster than light in any reference frame then it must travel
faster than light in all reference frames. This means that particles that
travel faster than light are a new class of particles (in the same way that
photons are a different class of particles to particles that always travel
slower than light). These particles are called TACHYONS (Feinberg [1967])
and have some unusual properties, and their existence gives rise to some

apparent paradoxes,

8.1.3 The energy of a tachyon

Substituting identity (8.5) into equations (8.4) and considering the case

B>1 gives the expressions:

2
(8'6) b= pOBC 1 3 E = Mo 1
(p? - 1) (° - 1)2

for the momentum and energy of a tachyon. The behaviour of the energy and
momentum of particles slower and faster than light as the particles'

velocities are increased can be seen in the following diagram:-
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The diagram clearly illustrates the following points:

i.) Since the E - pand p - B relationships are asymptotic in the
region B = 1, a particle travelling slower than light can never
travel faster than light, and a particle travelling faster than
light can never travel slower than light. (This emphasises the

point made earlier that tachyons are a new class of particles.)

ii.) As the veiocity of a tachyon increases so its energy and momentum
decreases, Any processes which involve an energy loss from the
tachyon serve to increase the velocity of a tachyon. So we expect
most tachyons to be travelling at very high velocities (i.e. B—eoo),
if they have travelled through regions containing matter with which

they could interact,

It is also more likely that on production tachyons are travelling
with very high velocities, since the production of "fast" tachyons

requires less energy than the production of "slow" tachyons.

If we consider the transformation equations (8.1) in momentum - energy

space these have the form

' 1 E 1 '
(8.5) Py = s (px-ﬁ_) PYy="9Y; Pz=pz

where the primed quantities refer to measurements made in a reference frame
moving with velocity parameter B1 in the x-direction, and E and p are the

energy and momentum of a tachyon in its rest frame,
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Since the velocity parameter B = EE of the tachyon is greater than unity

we can choose a value for 31 such that the energy of the tachyon is negative,
This implies the existence of reference frames in which tachyons would be
copiously produced, since the system could not be stable against their

spontaneous emission,

However, the same apparent problem arises if we consider the transformation

equations in spatio-temporal space:-

(38.8) Ax' =1 (Sx-pedt); Ay = Ay Oa' s Da
(v -2
At - ﬂﬁt-@yﬁx -
(|11. e | e > TSty UoRp
Py (l1 - B, |)

where the primed quantities refer to quantities measured in a reference frame

moving with velocity parameter E1 in the x-direction, and B = Ax is the
cAt

velocity parameter of a tachyon.

We can now choose a value for §1 such that At' is negative when At is

positive. This implies that we can find reference frames in which the time

ordering of events is reversed, which contradicts intuitive notions of

causality.

Both problems arise from the same condition viz

(8.7)

thIH

t' .
=3 =q.1 1_}3121)5 (1 - BBy)

and when B, > 1l g

p

These apparent paradoxes led scientists for over half a century to dismiss

and At' are negative for positive values of E and At,

the possibility of tachyons' existence, and not until the introduction of

a third postulate (Sudarshan, Bilaniuk and Deshpande [1962]) were these




-~ 107 -

paradoxes resolved and further serious theoretical and experimental

investigations of faster than light particles resumed.

8.1.4 Previous theoretical investigations of tachyons

8.1.4.1 Sudarshan, Bilaniuk and Deshpande (1962)

These authors postulate two criteria which a consishedt relativistic theory

should satisfy viz.:

"(a) In any frame of reference the energy of a particle must be positive,"

"(b) Laws of particle dynamics must be independent of frame of reference,"

Criterion (b) is identical to postulate 1. of Einstein's original theory,
however the constancy of the velocity of light, or rather the fact that the
value of the velocity of light in free space is 3.108 ms—1, is now considered
to be a physical law, and hence independent of frame of reference. Criterion
(a), on the other hand, defines a criterion by which we can test whether a
physical state has real significance, i.e. it is a definition of existence in
the physical universe. Take for example the transmission of energy from a
source to a sink, To an observer stationary with respect to both source and
sink the time ordering of events is that first the observer sees the source
suffer a decrease in positive energy followed by the sink suffering an increase
in positive energy. However, consider a second observer travelling with a
velocity greater than light such that the time-ordering of events is reversed.
First he sees the sink suffer an increase of energy, followed by the source
suffering a decrease in energy. However, according to equation 8.7, this same'
observer also observes changes in positive energy as changes in negative energy.
Hence, the observer sees first the sink suffer an increase of negative energy,

followed by the source suffering a decrease in negative energy. Thus the
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second observer sees first the sink as a source, suffering a decrease in
positive energy, followed by the source - which he calls the sink - suffering
an increase in positive energy. Although the two observers disagree about
the time ordering of events, in neither frame of reference does the series

of events appear to conflict with callsality,

An example of such an event is the elastic collision of a tachyon with a
particle moving slower than light., To an observer in whose frame the two
particles appreach each other with 4-momenta (p, , E1) and (p2’ E2), after the
collision there will appear to be two particles receeding from each other with
L-momenta (IH1’ E11) and (p21, E21). However to an observer moving such that
the tachyon appears to have negative energy, since to this observer the tachyon
appears to be travelling backwards in time, he will describe the event as the
fusion of two tachyons with L-momenta (p1, E1) and (p11, E11) with a third,
slower than light, particle with L-momentum (P2’ E2) to produce a fourth,
slower than light, particle with L~momentum (]_)21 , E21). The introduction of
postulate (a) is now indirectly referred to by other authors ss the intro-
duction of the reinterpretation principle or R,.I.P., and will be referred to

simply as such in what follows.

8.1 k.2 Feirberg (1967)

One of the main objections to the possitility of particles travelling faster
than light has been the fact that since the energy of a particle of non-zero
mass appreaches infinity as its velocity approaches the velocity of light, it
would require an infinite energy source to accelerate such a particle through
the "light barrier", However, Feinberg points out that since the advent of
relativistic quantum field theory, it is no longer necessary to accelerate a
particle through the "light barrier® in order to obtain a tachyon, DParticles
travelling faster than light can be created in pairs without contradicting
special relativity, and Feinberg directs his attention to the description

of a quantum field theory of non-interacting tachyons.
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As a first step in finding a wave function to describe a tachyon Feinberg
points out that solutions to the Klein- Gordon equation with an imaginary

mass have to be found:-
2 2 {2 2 2
(8.8) (O°+v) (v -4 _+n")g=0
12
where the mass m of a tachyon is given by m = in.

The set of elementary solutions:-

(3.9) ﬂL, k = (211)3/2 exp i (kx - wt)

B, k=_1 exp-i (kx - wt) in one space dimension have the
EERTSEL

2 i .
restriction |k|z p always where w = +(k~ - pg)Z, in order that a super-

position of such solutions give the wave function of a particle with real

energy.

This restriction implies that, since a superposition of solutions of the

forn W(=) = [#,, ¥ (x) £(k) @k  (|k|2n) cannot be made into $(x),
tachyons csnnot be localised in space, This problem in turn creates
difficulties in describing the propagation of a tachyon, and the term

"velocity" becomes a loosely defined parameter.

The classical field theoretical treatment above leads to a quantum field

theory of spinless tachyons by considering the field g to be an operator

i.e. we expand g by

(8.10)  A(x,t) =J( Pr_
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where again lklz p, and a(k), al (k) are operators. The same non-
localisability in space is implied by this restriction, but another
restriction on the commutation relations of a(k), ét(k) arises from the

reguired Lorentz-invariance of the theory,

This requires the existence of unitary operations L(1l, a) associated with

a Lorentz-transformations=' = 1x + a satisfying

(8.11)  1(1, a) £ (x) L7 (2, a) = £ (1x + a)

This implies that:-

- k " % ' ! 1

La(k)L :<_Q_> a(k ) if ¥ >0 and k o,k A 0
k X °
~o (o]

' 1]

. 1
-1 1\ 2
La( k)L =/ko> J(-k') if X, <0 and ks ko;f 0
- 2
0

k
o]

(8.12)

'

where kp = lpv.ky

Thus the canonicel commutation relations
[ 3 "

(8.13)  [a(x), al(x)] = $7(c-x")

[a(k) ’ a(k' )]

are not satisfied, since a Lorentz-transform changing a(k) into dT(k) will

0 |

it

change the sign of the left hand side without changing the sign of the

right hand side of equation (8.13).

Guantizing with anticommutators, on the other hand, gives no such trouble

T

So a; a' can be taken to satisfy:-
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(8.4)  a(x) al (') + o7 (k') a(k) = °(k - k')

a(k) a(k') + a(k ) a(k) =

o]

Therefore the tachyons zre fermions, even though they have spin-zero,

By further considering the differential equations

(3.15)  ¥pf(x) = -i [Pp, B(x)]

where Ha are the l~vector momentum operators, Feinberg concludes that the-
aT(k) can be interpreted as a creation operator, and a(k) an annihilation
operator, of particles of momentum k. This is a more formal approach to
the negative energy solutions of equation (8.8), but with the same
conclusions, as the more qualitative approsch of Sudarshan et al described
in Section 8.1 .4.1. Purthermore the transformation of a into al by a
Lorentz-transformation which changes the sign of ko describes the inter-

changing roles of absorption and emission implied by R.I.P.

The {ield theory has one further unusual implication in the existence of

e conserved current pn given by

(8.16)  Jn = #3pd -3

since the field equation (8.8) implies

(8.17)  Jndn = 0% - L6 = 0

The conserved charge associated with u can be written

(8.18) @ = -jE?hdjx = j&jk df(k) a(k) + infinite constant;so that J
defines the tachyon number present in a given reference frame. This

quantity, however, is not Lorentz invariant, which formally justifies the
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reinterpretation of events described in the example of elastic collisions
cited in Section 8.1.k.1,

To clarify this point consider the particle interpretation of field theory.

This assumes the existance of a no-particle or vacuum state defined by

(8.19) a(k)lo> =0

out of which particle states are created by creation operators i.e. a state

containing n particles of momenta k1, kz, o o« o kn is
= al T T :
(8.20) |k1, Kpy o+« o ok d=al(k)al(k) ... .al(k)0>

(Notice that since tachyons are fermions, all the momenta k,, k,, « « « « k
’ 12 72? n

must be different.)
Consider the state
(8.21) lk> = T(k)l0>

Now, from (8.12) there exists a Lorentz transformationl_that changes aT(k)

into an annihilation operator a(k).

Let us further denote the transform of the vacuum corresponding to the

Lorentz transformationl by
(8.22) |R>=L[>

If k is 2 momentum such that Eo is positive when ko is positive, then

K|\ %
(8.23)  a(x)|2> a(k)L|0>=<|k—o> La() | 0>

=0
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Hence these momenta are not present inl§2g>. If, however, k is a momentum

such that'EO is negative when ko is positive, then

(8.24) aT(k)|QL>= af(k)l_lo/\: (E—E.cz
k

< >% L&

§l>contains one particle with each momentum whose energy changes

>% La () |0

(o)
Ko

k
o

Hence,

sign under the inverse Lorentz transformation. One interesting consequence
of the non-invariance of the tachyon vacuum state under a Lorentz trang-
formation is in the analysis of the causal anomolies apparently preducible

with tachyons,

Consider two observers 1 and 2, By agreement, observer {1 emits a tachyon
and on detection of this by observer 2, he emits a tachyon which is in turn
detected by observer 1, For simplicity assume that each observer, in his
rest system, emits a tachyon with infinite velocity, then if observer 2 is
travelling with velocity parageter p1 in the direction in which observer 1
emits a tachyon, clearly §1> % where B is the velocity parameter of the
tachyon emitted by observer 1. So, according to equation (8.7) we have the

situation that observer 1 will receive the tachyon from observer 2 before

he has emitted the tachyon that causes observer 2 to emit a tachyon.

Applying the re-interpretation principle (R,I.P.), the tachyon observed by
observer 2 will appear to have negative energy, so he will not observe it
as having been emitted to him, but by him. Similarly, observer 1 will
interpret the negative energy tachyon emitted by observer 2 to him as a
positive energy tachyon emitted by him to observer 2, Since the agreement
depended on the observation of a tachyon emitted from one observer to the

other, neither observer will have observed this, and the sequence of events
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will not have been deemed to trigger the agreement. This, however, does
raise further questions as to the control each observer has over the emission
of a tachyon from his reference frame which can best be investigated by

considering a tachyon detection system in more detail,

If the tachyon detector is based upon the excitement of an atom from its
ground state to either an excited state, or a state of motion, then by
choosing the atom to be in its-grourd state, we rule out the possibility that
it can emit a positive energy tachyon, as seen by the observer who is using
it for a detector. Hence this type of detector cannot be used to detect a
tachyon moving with a velocity such that its energy changes sign under the

Lorentz transformation relating the two observers,

Ve must thus resort to a detector based upon the excitement of an atom which
is already in an excited state, either translational or internal, so that it
can emit a positive energy tachyon by changing to a lower energy state, In
this case what each observer will see will be spontaneous emigsion of a
tachyon from his detector, and he will not relate it to the detection of a
tachyon emitted by the other observer., Hence what would at first sight
appear to be a causal anomaly would only be interpreted as uncorrelated

spontaneous emission.

This implies a method of detection of tachyons., If we observe the rate of
spontaneous changes to lower energy states of a detection system not in the
ground state, such as radioactive decay, or the lines produced by excited
atoms, these should be increased by proximity to a tachyon source. Further
discussion of such techniques will be presented in a later section where

previous experimental searches for tachyons are described.
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8.1.4.3 Aarons and Sudarshan (1968)

These authors point out, and in fact prove by a more yigorous treatment
than Feinberg, that attempting to retain the standard positive energy
particle interpretation by associating creation operators with the negative
frequency part of the scalar field (see equation (8.10)) introduces non-
invariance into the theory under superluminal Lorentz transformations,
Feinberg's motivation behind this approach was to provide a formal

representation of the reinterpretation principle.

However Aarons and Sudarshan write down the scalar field # in terms of

annihilation operators only i.e.

3
(8.102) @(x,t) &-g’—w-l-ty% (—élr't")'j/z

t Ok 1
and then ﬁ (X, t) = j(zwk)% (2”;)3/2

where Ikl Zp

The unitary operatorsl_ (1, a) satisfying equation (8.11) will now transform

the operator a(k) as
(8.12a) L a(k)L ' = e o2 (i)

Since creation and annihilation operators are not now mixed, anticommutation
rules (8.14) are not necessary for quantisation, and the conclusion that

spin-zero tachyons are fermions is removed.

However, since the creation operators aT(k) can create negative energy states, the

authors are forced to introduce a physical postulate:-
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"The only physically relevant quantities are the transition amplitudes. Any
transition amplitude is to be interpreted as the amplitude for transition
between positive energy particles where all negative energy particles

(of momentum p) in the initial state are interpreted as outgoing positive
energy particles (of momentum -p); similarly for negative energy particles

in the final state.,"

Which is, in fact, the re~interpretation principle in a different form,

The authors conclude their paper with a question:

"Is it possible that the notion of a physical state itself is not expressible
in a relativistically invariant fashion, though the physical predictions
like mass levels and transition probabilities are all relativistically

invariant?"

The question of Lorentz invariance will be raised again (see for example
Section 8.1.4.4), and the answer to the question posed by Aarons and

Sudashan seems to be that, since tachyon physics has not yet been experi-
mentally tested (because tachyons have not yet been observed) there is no

reason to presume that Lorentz invariance should be applied to it.

8.1 4.4 Recami and Mignani (497L4)

Recami and Mignani in 1974 published a comprehensive review of their own,
and other authors! theoretical researches into the classical behaviour of
tachyons, It is of interest to quote their version of the first two

postulates of special relativity, since some of the conclusions of their

theory can be directly traced to these postulates:-
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"1, Space-time is homogenous and space is isotropic.

2, Physical laws of mechanics and electromagnetism are required to be
covariant when passing from an inertial frame to another frame in
rectilinear, uniform relative motion (principle of relativity)., We
complete this postulate by adding the requirement that the vacuum is

covariant when changing inertial frame,"

From these two postulates all the usual laws and relationships (including
the existence of an invariant quantity 02 with the dimensions of velocity
squared) of special relativity can be deduced. In the case of a boost

along the x-axis, the generalised Lorentz transformations in spatio-temporal

space are for -w<B<m

(8.25) ; -t/ x-Bct ; ¢ _t/ St = Bx ,
' <fl‘_”‘32|> ( 1 -7
2 2
ety [ " _tz 1=
VT ;—:Tig ’ z = ;-:-ﬁg

The double sign in equations (8.25) is required by the invertibility of

generalised Lorentz transformations.

A third postulate (R.I.P;) is required when extending relativity to cover
tachyons, and this is summarised by the observation that any Lorentz
transformation which reverses the sign of the fourth component of any four
vector describing a particle, will reverse the sign of the fourth

component of all four vectors describing that particle.

The first important generalisation these authors deduce is a "duality
principle" which briefly stated claims that the terms B (a bradyon, a

slower than lipht particle), T (a tachyon, a faster than light particle),
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s (a reference frame moving with uniform velocity less than the velocity of
light), S (2 reference frame moving with uniform velocity greater than.the
velocity of light), do not have an absolute meaning, tut only a relative
one., That is to say any bradyon B relative to a frame s will appear as a
tachyon T to frame S, and vice-versa, The duality principle is completed
by adding the assumption that "frames S are supposed to have at their

disposal exactly the same physical objects as frames s have, and vice-versa",

Since any Lorentz transformation must preserve the magnitudes of the four
vectors associated with the transformation this provides a ready

interpretation of the two signs in the equation,
2) & 1
(8.26) &011;1 )2 + (ix1 ) 2 = % ((ct)2 + (ix)2> 2

where we have suppressed two spatial dimensions for convenience of expression,
and the four vector Qxb,aq1,:cz,:13) = (ct, ix, iy, iz). The positive sign
refers to transformations from a s to a s, or from a S to a S, and the

negative sign to transformations from a s to a S, or from a 3 to a s,

Although all observers in s or S will observe real quantities in their own
reference frame, if an observer s wishes to look at space-time through the
observations of an observer S, or vice-versa, then he will have to do his
calculations by using the four vector (ict', x', y', z') without changing,
however, the correspondence between norm sign and four vector type.
According to this convention, then, there is no change of metric (the chosen
metric being consistently (+ - - - )) when passing from subluminal to super-

luminal reference frames, or vice-versa,

The above described theory can already be seen to differ from the more
conventional approach outlined in Sections 8.1.1, 8.1.2, and 8.1.4.2,

namely:~
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1., By choosing the metric (+ - - -) instead of the more conventional
(- + + +), tachyons are no longer considered as a new class of

particles (c.f. the duality principle).

2., By choosing the different metric, the problem of the imaginary rest
mass of a tachyon does not arise, Since the four vector in momentum
space has the form (éh, ipx, ipy, ipz), then in order to obey the
above described convention, the proper expression for the mass of an
object of rest mass m, (real) travelling with velocity parameter B

should be m = o « The rest mass m has a real meaning for a

1 - B
tachyon, since supéEluminal reference frames (in which the tachyon can

be at rest) are deemed to exist.

3. The addition of the covariance of the vacuum to the principle of
relativity is in direct conflict with Feinberg's deductions
(Section 8.1.4.2) from a quantum field theory of tachyons. The duality
principle implies that tachyons are not a new class of particles, but
"frames S are supposed to have at their disposal exactly the same
physical objects as frames s have, and vice-versa", These differences,
however, are based mainly on a choice of convention, and can only be
resolved by observations of nature. However, these authors highlight
an intriguing implication of the re~interpretation principle which is

valid under either convention,

If we introduce a charged particle into the examples cited above where
R.I.P. is used to interpret negative energy particles travelling backwards
in time, then the sign of the charge must be reversed. In fact if we use

"charge" in its broadest sense, the particle will be re-interpreted as the

antiparticle of the tachyon observed by a stationary observer. This is
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essentially because R.I.P. interprets a change in sign of the fourth
component of every four vector, and "charge" can be associated with the
fourth component of some four vector e.g. electric charge has the same
sign as the electric potential in the four vector (Ax, Ay, Az, V) in

magneto-electric potential space,

If we consider R.I.P, as an operator and22 to be the operator which

reverses the sign of the observableo, then
(8.27) R.I.P. =CED
where E = energy; p = 3-momentumgy C = change.
Now, if we remember that R,I.P, follows the Lorentz transformation to a
frame of reference where t and x are reversed as well as E and p, this
transformation can be represented by the equation
A A A
(8.28) PPTE=~
where P = parity; T = tinme

The whole process of reinterpreting such a Lorentz transformed event can

be written as

(8.29) R.I.P. (PPTE)=CED(PPTE)=CPT= -1

where we are making observations in momentum space.

In order for an observer in s to look at space~time through the observations
of an observer in S, the convention described above essentially requires

that each component of the flour vector be multiplied by a factor i. Since
this is equivalent, on for example a Minkowski space~-time diagram, to
rotation through JT, this implies that what an observer in s measures for

a spatial co-ordié;te in the direction in which the observer S is travelling,

the observer in S will interpret as a temporal co-ordinate and vice-versa.
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This requires unusual physical interpretation if postulate 1 is adhered to,

but this point is glossed over by the authors.

However, this reciprocity between the two elements of the four vector is
ﬁsed when the authors proceed to discuss superluminal transformations of the
electric and magnetic fields. Briefly they conclude that elements of the
magnetic field of a tachyon are transformed into the electric field when
observed in a reference frame s, and vice~versa, In particular the electric
field due to an electric momopole travelling faster than light should give
rise to the effects expected from a magnetic momopole when observed by an
observer in s. A more detailed analysis of their arguements and conclusions
is presented in Section 8.1 ,4.9. alongside the work of other authors who
have discussed this problem., However, the reciprocity between space and
time has caused other authors to formulate tachyon theories in which tachyons

have a preferred direction in space, Such a theory will now be discussed.

8.1.4.5 Antippa (1972) and Antippa and Everett (1971, 1973)

These three papers discuss first a one-dimensional, then a three dimensional,
tachyon theory. Although the metric chosen, and hence the derived trans-
formation equationé, are identical to those deduced by Recami and Mignani
(8.25), postulatesof the Antippa theory lead to a more definite physical

interpretation of reciprocity. These postulates are:=

" i,) (a) Any co-ordinate system having a constant velocity of magnitude
different than unity, relative to an inertial co-ordinate system is

itself inertial.




(b) No two inertial co-ordinate system can have a relative velocity

of unit magnitude,

ii.,) The laws of physics have the same form in any inertial co-ordinate

systen,

iii.) A luxon (a "particle" travelling at the speed of light) travelling
in vacuum has a velocity of unit magnitude relative to all inertial

co-ordinate systems.
iv.) Space-time is homogeneous.
v.) Space and time are real in all inertial co-ordinate systenms.

vi.) Among the three magnitudes of the relative velocities of three

inertial co-ordinate systems, two or none are greater than unity,

vii,) The time axis is unidirectional with respect to bradyons but
isotropic with respect to tachyons., The space direction is
unidirectional with respect to tachyons but isotropic with respect

to bradyons.”

A1l the postulates upto vi.) are equivalent to or can be derived from the

postulates of Recami and Mignani. However postulate vii.) removes Lorentz

invariance since (in one dimension) it requires the existence of either

only positive or negative momentum tachyons. Since the square of the

amplitude of a four vector changes sign under a superluminal transformation, i.e.

142 12 42 42 292 2 2 2
(¢t ) =x =y =2 ==t"+x"+y +2z c.f. equn.

(8.26)

Antippa and Everett interpret this as an exchange of the roles of space and

time for tachyons as opposed to bradyons. The concepts of velocity B and
1
P

rest system for bradyons can be replaced by the inverse velocity g::




and "simultaneity" system, This restores a formal symmetry about the
velocity of light under an interchange of x- and t-axis, together with an
interchange of velocities and inverse velocities. The equations (8.25) of

the generalised Lorentz transformation become (in one dimension):-

(8.30) |B| <1 |5]<

For superluminal transformations, then, the corresponding expressions can
be obtained from the expressions for subluminal transformations by

substitution according to the "reciprocity principle" viz. (x, t, B)=>(t, x, ).

Generalizing to three dimensions, the authors suppose that for some preferred
direction in space there is a class of co-ordinate systems, called preferred
co-ordinate systems, whose relative velocities are along that direction (but
may have magnitude greater or less than ¢) such that the co-ordinates of
events as seen in two of these systems, say S and S', are connected by the
extended Lorentz transformation equations (8.30). For direction normal to
this preferred direction the usual transformation equations y = y'; z = z';

| hold. The preferred direction is called the "tachyon corridor. Reference
frames having velocity less than the velocity of light are called class I,
reference frames having velocity greater than the velocity of light class II.
The procedure for transforming between a general reference frame S, of class I
to a general reference frame 82 of class II is, first transform from S,

to a preferred reference frame of class I, say S, then transform from S to

a preferred reference frame of class II, say S1, finally transform from S1
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to S Each transformation is a Lorentz transformation, but since the

2'
extended Lorentz transformation between class I and class IT must be along
the tachyon corridor, this introduces a preferred direction in space and

thus removes Lorentz invariance from the theory.

Since the procedure also introduces a preferred velocity, namely that of
the preferred reference frames normal to the tachyon corridor, the result
is not the same as using an extended Lorentz transformation along the

direction of the relative velocity of S1 and S The authors claim that,

2.
since the group property is not obeyed using the latter procedure, one can-
not construct a consistent theory using this latter procedure. It is this

fact that forces the introduction of a tachyon corridor. Similar objections

to the theory of Recami and Mignani have been raised by Yaccarini (1974).

However, in a reply (Recami and Mignani [197&]) the prescription for
interpreting transformed events described in Section 8.1.4.3 is expanded
(i.e. that multiplication by i is a necessary procedure if an cbserver in a
subluminal frame wishes to look at space-time through the observations of

an observer in a superluminal reference frame)., The difficulties in physical
interpretation of such a procedure are presumably what Antippa and Everett
object to, and without such a procedure, of course, the theory becomes

inconsistent,

Since the tachyon corridor now plays the same role for tachyons as the time
axis does for bradyons, clearly this theory is free of any causal loops.
That is to say since the component of the world line of a bradyon along the
time axis is always increasing, the component of the world line of a tachyon
is always increasing. Hence no combination of tachyons and bradyons can be

used to send a signal around a path in space-time so that it returns to its
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starting point at a time before it was sent, The authors are here ignoring
the fact that apparent causal paradoxes can be adequately dealt with using

R.I.P, and the implied reversal of roles of absorption and emission,

Before leaving this theory, three experimental consequences will be

discussed: -

1. In a reference frame having a velocity u in a direction perpendicular
to the tachyon corridor relative to a preferred reference frame the
velocity vectors of tachyons are confined to a cone whose opening angle
is of order tan—1(1 - uz)-%. Hence it is possible, depending of the
velecity of the earth relative to the tachyon corridore, and on what
is the orientation of the experimental apparatus relative to the
preferred direction, that a particular experimental‘arrangement might

be unable to detect tachyons.

2. The transformation equations (8.30) do not leave invariant the magnitude
of the scalar product of two four-vectors when transforming to a super-

luminal reference frame. See for example equation (8.26).

So for a light signal observed in 2 subluminal reference frame, whose
four-vector is (t, T) then t2 - p? - 0. However, t : - ;12 = 0 only if

T = (x,, 0, 0) i.e. if T is along the tachyon corridore. Thus a light
signal in class I co-ordinate systems will only have speed c in class II
co-ordinate systems if, as measured by a preferred observer it happens to
be moving along the tachyon corridor. Hence electromagnetic fields
asscciated with tachyons do not in general propagate with speed ¢ in
subluminal reference frames. Since such fields do not thus obey Maxwell's
equations in subluminal reference frames, the theory implies nothing

about the way charged tachyons' fields couple with ordinary matter, in

particular their coupling to ordinary matter might be arbitrarily weak.




3. Since the theory contains a lack of invariance under rotations and
under pure Lorentz transformations perpendicular to the tachyon corridor,
if tachyons couple to ordinary matter, one will observe a lack of
inveriance even in processes involving only bradyons because of virtual
tachyon effects. This would appear as, for example, a difference in
the values obtained for the pp cross section in two measurements taken
with the same beam 12 hours apart, when the earth's rotaticn will have
caused the direction in space of the incident beam to reverse. The
violation of rotational invariance will be discussed further below in
Section 8,%2.1.1., where an experimental search for tachyons based on such

an effect is reviewed.

8.1.4.6 Goldoni (1972) (41973a) (1973b)

Prompted by the unsatisfactory interpretation scheme for the role of
imaginary quantities proposed by Racami and Mignani, Goldoni points out
that the four momentum of a subluminal particle is not invariant under super-

luminal transformations.

Hence since any two (or many) body interactions between a bradyon(s) and a
tachyon(s) can only involve exchanges between those state vectors which are
invariant under superluminal transformations, tachyons and bradyons can only

interact by changes in internal quantum numbers e.g, strangeness,

Goldoni infers from similar considerations, i.e., demanding invariance under
superluninal Lorentz transformations, that the introduction of tachyons can
be justified only if we hypothesize suitable interactions between tachyons

and bradyons which allow to interpret the breakdown of "slow" symnetries as
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a process in which some gquantum numbers are exchanged between slow and fast

(i.e. bradyonic and tachyonic) world.

In fact, since it can be shown that a bradyonic field and a tachyonic field
can only interact if the two fields are massless, Goldoni deduces the
existence of two massless particles, the one slow, the other fast. He
associates these particles on a Feynman graph of massless fields' inter-

actions with a spurion and a tadpole respectively.

8.1 .4.7 Pavlopoulus (1967)

An alternative solution to the problem of non-invariance under superluminal
transformations is to propose that Lorentz invariance is an approximate
invariance only valid in regions of space accessible to experiment,
Pavlopoulus proposed that such regions can be characterised by a universal
length of the order of the diameter of the proton, the distance of strong
interactions, the "classical radius" of electrons, These examples are
quoted from considerations of previous authors' proposals for a universal
length e.g, Pauli's (1933) considerations on the infinite self-energy of
electrons in the divergencies of quantum electrodynamics, The characteristic

=15

length 16: 10 m and for regions of space less than this the hyperbolic

wave equation{\/= 0 is only an approximation to a higher order partial

differential equation of the form ,
(8.31) -1°2 <%y OV -0

This, however, leads to the conclusion that for very short wave lengths the

group velocity of an electromagnetic wave can exceed the velocity of light




- 128 -

viz,

v = C
(8.32) group (1 + o2 2

for 1 » 102k2 where k is the wave number. This poses the experimentally
verifiable proposition that for Y-rays of short wave-length (~1O—15 m) the

group velocity is a function of wave-length.

The range of distances over which tachyons, according to this scheme, exist is

5

<1O—1 m away from a bradyon, and they thus only take part in strong inter-

actions between bradyons confined to such regions e.g. quark-quark interactions.

However, the physical model of an elastic medium in which a higher order
partial differential equation describes the propagation of an elastic wave
involves the association of a vector with every position, as well as a scalar
position. This implies that, since these vectors constitute a preferred
direction (or directions), the special principle of relativity is violated

on a micro-scale., In particular, in this model one would not generally have

invariance under reflection (c.f. Antippa and Everett, Section 8.1.4.6).

8.1.4.8 H, Lemke (1975a, 1975b, 1975¢c, 1976a, 1976b)

This author concerns himself primarily with deriving an electrodynamics of
tachyons based on the real superluminal Lorentz transformations used by
Antippa and Everett (Section 8.1.4.6). He proposes two criticisms of the
electrodynamics of Recami and Mignani (Section 8.1.4.3) which is based on

complex superluminal Lorentz transformations.,
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12 12 12
a.) The electromagnetic potentiallﬁ'q1/Qx + Y +z

)% of a tachyon in
its rest frame transforms to Zéxy/([x - vt]2 - [}2 - 1] [yz + 22])%

(v = tachyon speed) in a subluminal reference frame by a complex trans-
formation, Hence @ becomes infinite at the surface of a cone in space.
Since the fields must also thus become infinite there, this implies that
tachyons will produce Cerenkov radiation in media. However, based on
more general arguements, Recami and Mignani predict that charged tachyons

do not induce Cerenkov radiation in subluminal media. (Appendix I

presents a further discussion of Cerenkov radiation from tachyons.)

b.) From the same expression a slightly accelerated, charged, pointlike
tachyon produces infinite radiation energy and hence must immediately
lose all its energy. On the other hand, the radiation energy is finite
relative to the tachyon rest frame, so by a suitable superluminal
Lorentz transformation, one can obtain finite values of the energy
momentum vector relative to a subluminal frame, This cannot be achieved

using the complex transformations.

In order not to have to invoke the existence of new particles, (c.f. Goldoni,
Section 8.1.4.7) Lemke assumes that the law of light speed invariance is not
valid in its most general form. In fact a law of the equality of the trans-
verse co-ordinates of an event relative to all reference frames is assumed to

be more fundamental than the law of light speed invariance,

Finally, since Lemke assumes space is isotropic, he does not interpret the

fact that superluminal Lorentz transformations only form a group with ordinary
Lorentz transformations in the same direction as implying the existence of a
tachyon corridor (c.f. Antippa and Everett, Section 8.1.4.6). Instead he
interprets the preferred direction as being the instantaneous direction of

motion of the tachyon.
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The derived transformation equations are identical to equations (8.30)°

The transformation equations for the electromagnetic fields under superluminal

transformations can have one of two forms:-

t U

(8.33) Ex = -Ex Hx = Hx
Ey = g(E'y + Vil 2) Hy = {(Hy - vE'z)
Ez = §(E'z - vH y) Hz = §(H'z + vE'y)
or Ex = -Hx' Hx = Ex
(8.34) Ey = §(H'y - vE'2) Hy = §(-E'y - vH'z)
Ez = §(H'z + vE'y) Hz = §(-E' 2z + vE'y)
where = 1/(v2 - 1)%

Alternative (8.34) has been chosen by Recami and Mignani (1974) by requiring
that, in analogy to the subluminal Lorentz transformations of the fields,

Ey and Hz are transformed under a superluminal Lorentz transformation as the
couple x and t. This implies that charged tachyons behave like magnetic
monopoles to a subluminal observer. However, if we consider a superluminal
reference frame to emit a charged tachyon relative to its rest frame, this
will behave like a magnetic monopole relative to that frame, Transforming
to a subluminal reference frame, E and H must be interchanged once more, and
the tachyon will now appear as an electric charge relative to the subluminal
reference frame, Lemke chooses equation (8.35) and thus obtains for the

field of a uniformly moving charged tachyon the expression:-

(8.35) E = (v2 -1) q E//Rj
H=1[y, E]
/ 1
where R=([x- vt]2 + [v%/cz = 1] [y2 + 22])2




- 131 -

The electric field strength thus increases like v2 with increasing v along
the direction of flight of the tachyon, contrary to the behaviour of the
electric field of a subluminal relativistic charged particle. Also the field
strength normal to the direction of flight decreases like %, hence the
electric field of a tachyon is confined to a tube along the direction of

flight at high values of v.

The magnetic field lines are circles around the direction of flight., At
high v, the magnetic field is independent of v and has the strength of the
magnetic field of a charge moving with velocity ﬂgfi. This independence,
plus the decrease in the electric field normal to the line of flight, has

led other authors e.g. Parker (1969) to suggest that charged tachyons might
have properties similar to those of a magnetic monopole. This is a different

approach to that of Recami and Mignani (op cit) but with a similar cénclusion.

8.2 Indirect evidence for the existence of tachyons

8.2,1 The isotropy of the early universe

In the early stages of an expanding universe, distant regions éf the universe
are receding from each other at the velocity of light. Ordinary matter with
B<1 is bound by short particle horizons which prevent large scale communication
in the early stages of a big-bang universe. Hence there is a problem in
understanding why the universe has been so homogeneous and isotropic right

from the very early stages,

Narlikar and Sudashan (1976) describe the life of a tachyon produced in the

early stages of a big-bang universe. They conclude that the trajectory on
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a space-time diagram reaches a limit at some co-ordinate (rm, tm) depending
on the mass and initial energy of the tachyon. The trajectory then travels
backwards in time until the point (2rm, to). This can be interpreted as
the production of a tachyon and an antitachyon at (O, to) and (2rm, to)
respectively which meet and annihilate at (rm, tm). Such a tachyon -

antitachyon pair provides an efficient way of establishing correlations

over distant parts of the universe in the early stages,

8.2.2 Radio sources with superluminal velocities

In a review article by Cohen, Kellerman , Shaffer et al (1977) observations
using very long baseline interferometery measurements of strong compact
extragalactic radio sources are described. It is shown that nearly 50% of
such sources appear to be expanding with velocities in the range 4 to 10

times the velocity of light.

Various attempts at explaining these phenomena without invcking the
possibility of faster than light velocities have been proposed (see for
example the review article by Blandford, McKee and Rees [1977]), but
difficulties are encountered by all models since these sources seem to be
primarily two components receding from each otherslong some preferred

direction, rather than spherically symmetric expansions.

The combined phenomena of two bodies receding from each other at speeds
greater than the speed of light along some preferred direction might
indicate the presence of tachyons, but more comprehensive measurements are

required before the more popular explanations can be dismissed,
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8.3 Previous searches for tachyons

8.3.1 Laboratory searches

8.3.1.1 Alvager and Kreisler (1968)

This experiment hoped to detect the Cerenkov radiation emitted by a tachyon
in a vacuum. Since tachyons only travel a short distance, if they do indeed
emit Cerenkov radiation (see Appendix I), before losing all their energy,
the tachyons were observed travelling through an evacuated electrostatic
field of 3 W/cm. The tachyons were hoped to be produced by pair production
from y-photons in a cylindrical lead shield surrounding a 5-m(i cesiws-134

source (main y-components: 797 keV (32%) and 605 keV (44%)).

The detector (a photomultiplier tube looking normal to the direction of the
electrostatic field) would be sensitive to charged tachyons in the range
O.1e to 2e. No peak in the pulse height spectrum was observed and the
authors estimate an upper limit on the cross-section for production of
tachyons by 0.8 keV photons in lead of 3,400 cn?

°®

The experiment does rest on 3 assumptions:
a.) that tachyons gain energy in an electric field in the same way as

ordinary particles;

b.) that the emission of Cerenkov light in a vacuum is not suppressed by

any selection rules;

c.) that tachyons do not have a large probability of being captured in

matter,

The failure of any one of these assumptions would change the results of this

experiment "quite drastically",
Xp
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Although this experiment would be sensitive to the creation of tachyons of
any "rest mass", it is possible that the production cross-section is very
small below energies corresponding to the "rest mass" of the tachyon. Hence,
the authors conclude that efforts to extend the measurements to higher

photon energies would be justified.

8.3.1.,2 Davis, Kreisler and Alvager (1969)

This experiment was basically the same as the previous one. The y-source
used (129 mCi Ci?) gave photons with an average energy ~1.2 MeV, The
detection apparatus was two photomultipliers viewing two co-linear evacuated
electric fields. The authors looked for coincident pulses from the two
photomultipliers which would indicate the production of Cerenkov radiation

by a tachyon travelling along the direction of the electric fields,

In 10%

seconds, seven such co-incident pulses were observed when the y~source
was present, and seven pulses in 10h'seconds without the source, The authors
conclude that the cross-section for tachyon photo-production in lead by
photons of 1.2 MeV is o¢1.67. 1072 on. They point out that this limit is
over eight orders of magnitude smaller than the cross~section for photo-

production of electron-positron pairs at the same energy.

8.3.1.3 Baltay, Feinberg, Yeh and Linsker (1970)

These authors looked for neutral tachyons produced by capture of K and.;

at rest by protons in a hydrogen bubble chamber. The reactions envisaged
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(iv) ; + p—> rf+ + ij + 24+ F°

where t° and t° and respectively a neutral tachyon and antitachyon. In
reactions (i) and (iii) the missing mass technique was used. The four-
momenta of the charged particles involved in these reactions are easily
measured (using at rest kaons and antiprotons makes momentum measurements
more accurate)., Hence by plotting a histogram of the square of the missing
mass required to balance the equations (i) and (iii) the presence of a
tachyon should show up as a negative missing mass squared. (Since the

"rest mass" of a tachyon is imaginary.)

From theoretical considerations (Feinberg op cit and see Section 8.1 .4.2)
pair production of tachyons seems more likely (i.e. reactions (ii) and (iv)).
The negative missing massysquared method of searching for pairs of tachyons
then only covers a small section of the spectrum available for this parameter

when two neutral tachyons are produced.

Out of 2348 events where the products were produced from K and 5 at rest no
events with a negative missing mass squared were found., The following
limits for the ratio of the production of tachyons to the production of

"ordinary" particles were thus deduced:=

(K.'- + p—> /’Q + to)/(K- + p———>/€+ ITO)S_ 2«‘!0"3

(K + p— R+ 224 D)+ p— A+ 1) <2507
3

3

(p+ p—>TT + 1T + t°)/(5 + p—> 3L)& 2,40

o/ . -
(Pep—sTT  +TT + t0+ 1T )/(p+ P —> urt)s1.103
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Hence the authors conclude that the production of neutral tachyons in two
typical hadron processes is at least three orders of magnitude smaller than
the strong interactions. This method, though, does have the distinct
advantage of assuming nothing about the interactions of tachyons with

ordinary matter,

8.3.1.4 Danburg, Kalbfleisch, Borenstein, Strand and Vanderburg (1971)

These authors conducted a search for pairs of charged tachyons by measuring
the momentum of the charged particles produced in the reaction K-p-——->/\
+ two charged tracks, for 2.2 GeV/c X incident on a hydrogen bubble
chamber, The velocities were measured from the curvature of the tracks in

a magnetic field. The method rests on three assumptions:

a.) Charged tachyons of a given momentum follow curved paths in a magnetic

field just as singly charged ordinary particles of the same momentum do.

b.) Tachyons leave ionised tracks in the bubble chamber with bubble

densities comparable to that of ordinary particles,

c.) The Cerenkov radiation of charged tachyons is suppressed sufficiently

to allow ionisation to be the dominant energy loss mechanism,

The analysis concentrates on reactions of the type
K p—s AX x (MM)
where x is assumed to be a pion and MM (the missing momentum required to

balance the equation) corresponds to a negative missing energy. These events

were then analysed to see whether they could be explained in terms of
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ordinary particles and out of 179 events examined as possible examples of
tachyon pair production via K p-—?/\t+ t-, no event could be thus described,

The authors conclude with an upper limit on the cross-section for the
production of tachyon pairs having "rest mass" between ~100 MeV and ~1 GeV

of 0.2 pb,

8.3.1.5 Danburg and Kalbfleisch (1972)

Since a tachyon has negative energy these authors looked at bubble chamber
photographs where a proton, with no incoming particle, recoiled, indicating

the decay

p—s>p + t°

orp—>p+ t+ ¢

These decays are energetically permissible and should be reinterpreted as
the collision of a proton with an incoming (positive energy) tachyon. The
accuracy of the scanning measurements allowed the authors to distinguish
recoil protons down to a kinetic energy of 4 MeV. No such trécks were found
and based on an upper limit of one spontaneous proton recoil event in 2 x 1027

protons veiwed for 27 seconds, the lifetime of free protons for elastic

tachyonic decay via the above reactions was thus greater than 2 x 1021 yr.

8.3.1.6 Bartlett and Lahana (1972)

These authors used the same apparatus as Davis, Kreisler and Alvager (see

Section 8.3,1.2) for the production and detection of tachyons, However,
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instead of using an electrostatic field to provhhthe energy lost by Cerenkov
radiation they used a magnetic field, This is based on the arguement
(Recami and Mignani [1974] and see Sections 8.1.4.4 and 8.1.4.8) that an

electrically charged tachyon should behave as a magnetic monopole.,

They found that the cross-sections for the production of such particles by
36 360 2

4 MeV Yy-rays in lead and water are less than 0.6 x 10 cn’ and 2 x 10 ca

respectively,

8.3.2 Searches in the cosmic radiation

8.3.2.1 Ramana Murthy (1971)

Ramana Murthy was the first to search for tachyons'in the cosmic radiation
by making use of the fact that the particles (electrons and y-photons) in

the shower front of an extensive air-shower travel at or very near the speed
of light. Hence if a tachyon is produced in, say, the first interaction of a
primary cosmic ray high in the atmosphere - which subsequently produces an
air-shower - then the tachyon should arrive t seconds before the air-shower,
If d = distance from point of initiation of air-shower to detector;

¢ = velocity of light, then t = %.

Ramana Murthy conducted his tachyon search at mountain altitude such that

the average height of initiation of an air-shower above the apparatus is

~2 km, His technique differed slightly from subsequent searches in that he
used a tachyon detector as a gate and searched for a statistically significant

number of air-showers associated with such a signal in the following 20 ps,
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Two tachyon detectors were used for the gate, The first was a liquid
scintillator (75 x 75 x 22 cmj) which could detect either charged or neutral
tachyons from the secondary electrons produced by a tachyon interacting with
the material of the scintillator., The second detector was based on the same
principle as that used by Alvager and Kreisler (1968) (see Section 8.3.1.1).
Two photomultipliers viewed an air gap (800 millibars) normal to the direction
of an electrostatic field of 2.4 XW/cm. At such a low pressure a distance of
only 9.5 cm, the Cerenkov light produced by an ordinary charged particle,
would be negligible, Hence any coincidence between pulses from both photo-
multipliers would be due to chance or to Cerenkov light produced by a charged
tachyon in a (near) vacuum. The electric field supplied energy to the tachyon
so that it could emit Cerenkov light without losing all of its energy in the
first fraction of a centimeter (see Appendix I). The equilibrium energy of

a singly charged tachyon emitting Cerenkov radiation in such an electric

field was calculated to be 3.4 €V, the photomultipliers were sensitive to

photons in the range 2.3 eV to 3.4 &V,

The air-shower detector consisted of 4 x 0.26 m2 chronotron scintiflators
arranged in a square array of side 10 m symmetrically about the tachyon

detectors.

In an operating time of 5079 hours using the liquid scintillator he observed
8271 coincidences between a particle depositing an energy > 40 MeV in the
scintillator and an air-shower arriving in the following 19 ps. (The 1 ps
immediately following the production of a pulse was excluded to avoid
recording coincident pulses due to the finite thickness of the shower front,
~500 nso) The number of chance coincidences was calculated to be 8247 t91,

hence no evidence for tachyons associated with air-showers was observed.




AR P

- 139 -

In an operating time of 1174 hours with the Cerenkov detector and the
electric field polarised so as to detect positively charged tachyons, 52

coincidences were observed compared with an expected chance count of

L6 7.2,

In an operating time of 1423 with the Cerenkov detector and the electric
field polarised so as to detect negatively charged tachyons, L) coincidences

were observed compared with an expected chance count of 41 6.6,

A histogram of the delay time between the arrival of a trigger pulse and

an air-shower showed no significant departure from a random distribution.

13

Observing air-showers of primary energy >3.10 ~ &V at the rate of 20 hr-1,

Ramana Murthy concludes that the frequencies of occurrence of tachyons in
E.A.S. are less than 3.10°% to 1072, relative to that of electrons.
However failure to detect tachyons, as Ramana Murthy points out, implies
either that they do not exist or that the production and interaction

characteristics of tachyons are such that they could not have been detected

in this experiment,

8.3.2.2 Ashton, Edwards and Kelly (1970)

In an experiment to determine the precision with which time of flight
measurements can be made using two large (1 m2) area scintillation counters
separated by 5,30 m, these authors found no evidence for the presence of
particles travelling with velocities) 1.6 ¢ in cosmic rays at sea level.

For a running time of 1.48 hr and an acceptance aperture of 19.5 cm2 st, the

limit at the 90% confidence limit was thus calculated to be <2.2.1O—5 cm-2

5-1 st-1. This limit refers to tachyons depositing> 2 MeV in each of three

scintillators,




-1[’,0.,

8.3.2.3 Clay and Crouch (1974)

These authors conducted a sea level search for tachyons associated with aire

15

showers of energy »2.10 ~ €V. They used a plastic scintillator (1 a° x 5 cm) as
a tachyon detector and fed the pulses recorded by this into a digital transient
recorder which at any instant held a record of the previous 128 pus. On the
arrival of an air-shower (determined by a square array of side 30 m - of five
such scintillators with a fifth at the centre) the output of the recorder was
fed (after digital to analogue conversion) was fed onto a chart recorder. In

this mode the tachyon detector recorded the 114 ps previous to the arrival of

an air-shower,

Comparison of the time of arrival of the largest pulse in the 97.5 pus previous
to the arrival of 1,307 air-showers with a randomly generated set of arrival

L

times gave a‘xtz probability of 10 ' that the test data and the E.,A.S. data

were from the same distribution.

Hence the authors conclude that they have found evidence for non-random events
preceding the arrival of an air-shower, and that this is the result of a

particle travelling with an apparent velocity greater than that of light,

However, Prescott (1975) points out two critieisms of the Clay and Crouch

results which raise doubts as to their validity.

No excess of pulses appears in the interval O - 105 ps compared with the
interval 105 = 210 ps, previous to the arrival of an air-shower. The main
contribution to the X?-test comes from low counting rates in the first channel
(earliest in time) of the interval scanned. If events in this channel were -

systematically low, then the overall results might no longer be significant,
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In fact Prescott found such a systematic effect because of the method of
analysis used by Clay and Crouch i.e, selecting the largest pulse in the

105 ps previous to the arrival of an air-shower,

The pulses received by the transient recorder were of a double differentiated
form with a substantial overshoot (~30%). The arrival of a pulse immeaiately
prior to the 105 us of tachyon sensitive time would reduce considerably the
size of any pulse in the first, and to a lesser extent the second, bin (Clay
and Crouch used 7.5 us wide bins for their Xz-analysis). Thus if the

largest pulse arrived in the earliest time interval this would not be observed
to be the largest pulse, and the number of events in this channel would thus

by systematically low,

By comparing the original Clay and Crouch data with a random distribution low
(0.83) in the first channel, the two sets gave a 7L2 probability of 0,2 of
being from the same distribution. (The figure 0.83 was arrived at by randomly
triggering events and comparing the number of pulses in a channel in the first
place with the average of the same channel in all other positions ~ thus
isolating the effect of channel position from the neutral fluctuations between

the channels.)

It is worth noting that the pulses observed by Clay and Crouch were ~10% the

height of the pulse producedby a relativistic (subluminal) muon.

8.3.2.4 Crouch and Tanahashi (1974)

These authors used a 96 ps electromagnetic delay line to store the pulses

from a 1 m2 scintillator at the centre of a triangular array of similar
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detectors A, B, C. On the arrival of an air-shower signified by a three
fold coincidence of pulses corresponding to at least eight particles
striking each detector A, B and C, four sets of data from the tachyon

detector were recorded in sequence:-

(i) The signals stored in the 96 yus electromagnetic delay line together

with signals from the 100 psec following the air-shower,

(ii) A superimposed sweep with the input of the oscilloscope grounded
about 0.6 sec later, providing a reference level of measuring signal

amplitudes.

(iii) A "Randon" sweep seven seconds after the air shower displaying the

196 psec long train of signals from the delay line at that time,

(iv) A reference sweep with oscilloscope input grounded superimposed on

the "Random" sweep,

(Sets of data (iii) and (iv) were recorded with the camera wound on one

frame, )

The "Random" sweeps are used to measure the chance coincidence rate, they
also enable comparison of the time and pulse height distributions between
pulses prior to air-showers and random pulses which will be identically
affected by spurious effects such as drift in detector sensitivity, electrical

noise pickup, ete.

Analysis of the 4ime distribution of signals preceding 1736 air-shower events
5

with energy E>,1O1 eV gave no evidence of a tachyon component in the shower
core. Using a scintillator with a threshold energy of 0.05 x the mean energy
deposited by a relativistic muon, a tachyon/electron flux limit of 0.,0006

was determined,
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8.3.2.5 Prescott (1975) (1976)

Using a similar apparatus to Clay and Crouch (Section 8.3.2.3) Prescott
conducted an independent search for tachyons. The refinements he intro-
duced reduced the minimum detectable signal to 5.10“4F the signal produced

by a relativistic muon, and the pulse overshoot was reduced to less than

0.5%.

Using a (50 x 50 x 10) cm3 plastic scintillator located 17.5 m from the
centre of the University of Adelaide air-shower array (Clay et al [1975]).
Prescott compared the distribution in time of arrival of pulses preceding
4315 showers of size greater than 105 particles with the time of arrival
of 5715 randomly triggered events. In both sets of events the time dist-
ribution of signals was found to be consistent with a uniform distribution,
In addition, the frequency of events in which zero, one, two, etc. pulses
were recorded was found to be consistent with a Poisson distribution,

indicating no tendency for pulses to be associated in time,

He thus concludes that, a£ the 95% confidence limit, there are less than
30 tachyons per shower (which is comparable with the total number of hadrons
of energies >100 GeV in showers of size 6.105 particlesl Hence Prescott
has observed, at the 95% confidence limit, an upper limit on the tachyon/

electron flux of 0,00005,

8.3.2.6 Fegan, O'Brien, O'Brien and Porter (1975)

These authors conducted a search for tachyons, associated with air-showers,

at sea-level using a 2.5 m2 x 5 cm plastic scintillator as the tachyon




- 14 -

detector. This was placed at the centre of a triangular array of three

500 cm2 x 0,5 cm plastic detectors which provided the air-shower trigger.
Using a 200 bit static shift register clocked at 250 kHz to record the
pulses in the tachyon detector, an 800 ps record of the time distribution
of detected events in the tachyon detector could be obtained at any instant.
A master pulse inhibited the register 380 ps after an air-shower event, and
a record of the number of pulses in the 420 ps before to 380 ps after the
air-shower arrivél was obtained. No information on the pulse heights was
recorded, however, using two photomultipliers viewing the tachyon detector
in coincidence for 2649 showers, and a single photomultiplier for 1514

showers, the authors obtained two independent sets of data:~

Mode A - demanding coincidence between the two photomultipliers
corresponds to demanding an energy deposit in the scintillator

21 MeV;

Mode B =~ demanding a signal from a single photomultiplier corresponds

to demanding an energy deposit in the scintillator 30.5 MeV,

No statistical significant deviation from random expectation on the basis
of a'X? test on the time distribution of events in the 408 ps to 12 ps
before the air-shower arrival was observed in either Mode A or Mode B.

5

The minimum shower size detectable was 2.101 pexticles,

By comparing the observed number of pulses in the 108 ps to 12 us before
the air-shower arrival with the number expected in a random 96 ps time
interval the authors produce an upper limit at the 36 level of 2.06.“0-2
tachyons m-2 per shower from Mode A, and 6058‘,10-2 tachyons m—z per shower

from Mode B, at a mean shower energy of 2 x 1015 ev,

s
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8.3.2.7 Hazen, Creen, Hodson and Kass (1975 ) (1976:)

These authors used a 1¢hhrm2 x 3.8 cm2 plastic scintillator and a transient
recorder to record pulses between 0,03 and 0.1 times the height of a pulse
due to a single muon that arrived in the 170 ps, previous to the arrival of
an air-shower of size >,1O5 particles. In Run I they found no statistically
significant difference between the number of largest pulses detected prior
to the arrival of an air-shower and the number of largest pulses generated
in the same time interval by a "Random" trigger., The "Random" trigger was
essentially the arrival of a small air-shower as detected by two detectors
7 m away from the tachyon detector and separated by 7 m, triggering on a

one particle m-2 threshold.

In Run II, two 1.44 m2 plastic scintillators were placed one above the
other and the time distribution of coincident pulses in the 160 us prior to
the arrival of an air-shower was plotted. A chi-squared test indicated that

the results could be satisfactorily represented by a flat distribution.

Based on the 190 h observing time of Run II, where the minimum pulse observed
was 0.02 times the pulse height due to a single muon, they calculated an
upper limit on the flux of tachyons at sea-level associated with air-showers

of size >,1O5 particles to be 1Of8 cm-.2 5-1 st-1.

They do - include in their report (1976 ) an evaluation of the limit placed
on the cross-section for tachyon production (assuming that the number of
collisions per primary that are effective in producing a tachyon is 2) of

60 times the total production corss-section of a primary cosmic ray. Their
statistical tests would only have been sensitive if 100 tachyons had been
detected in 2366 showers, they thus conclude this method of searching for

tachyons to be insensitive,
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8.3.2.8 Emery, Fentcn, Fenton, Greenhill and Humble (41975)

These authors conducted two searches for tachyons associated with air-showers.
The first search demanded that a tachyon produce a pulse in one of 96 G~M
tubes in four 1 m x 1 m trays evenly spaced around a circle of radius 24,2 m
in the 108 ps before the arrival of an air-shower as detected by these

trays of G=M tubes. They analysed 27,449 showers and observed 3,512 pulses
which preceded these showers by up to 108 ps. They found a 0,9 probability
that the time distribution of these pulses was no different to a flat

distribution, based on a X?-test.

Because of the possibility (see also Chapter 9 Section 9.8 ) that a tachyon
might not be detectable by a G-M tube they conducted a second search using

a 75 cm diameter, 2.5 cm deep liquid scintillator at the centre of the air-
shower detection array as a tachyon detector. This latter system registered
pulses greater than 0.1 times the pulse height due to a single muon. In
9521 showers observed with this system they observed 3766 pulses from the
liguid scintillator in thé 108 us before each shower. They found a 0.15
probability that the time distribution of these pulses could be generated

by random sampling.

They conclude that they found no positive evidence for tachyons in association

with air-showers,

8.4 Summary and conclusions

8.4.1 Laboratory searches

All these searches assume that, since tachyons can exist with very low

energies, there should be no energy threshold for their production. This
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rather literal interpretation of the theory of tachyons demands that
tachyons should be easily produced, and the only problem is in their

detection,

The only conclusion that one can draw from such experiments is that tachyons
are not easily produced, or that they interact with matter so weakly thay

they cannot be detected.

The technique of searching for Cerenkov radiation in a vacuum, a unique
signature, is more thoroughly discussed in Appendix I, where it is concluded

that tachyons do not emit Cerenkov radiation in a vacuum,

8.4.2 Cosmic ray searches

Except for the mountain altitude search of Ramana Murthy, all authors used
scintillation detector (or G-M tubes) techniques to search for tachyons,
Some authors hoped for aniinteraction of the tachyon in the material of
the detector, others hoped to detect a low ionisation loss by a tachyon

but demanded a high rate of production.

All cosmic¢ ray searches at sea-level have concentrated on looking for small
pulses and thus they tend to count noise., Table 9.2 in Chapter 9 summarises
the results of these searches and indicates the problems encountered in

searching for small pulses in the noise region of the single particle pulse

height spectrum (see figure caption),
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8.4.3 Conclusions for a new search

From the arguements of Lemke (Section 8.1.4.8) any electromagnetic inter-
action between a tachyon and ordinary matter must take place in a narrow
tube along the tachyon's trajectroy. Hence in order to observe a tachyon
directly a dense (i.e. solid) ionisation detector is required. If tachyons
cannot be detected directly, but only through the secondaries from their
interactions with ordinary matter, a dense target is required e.g. lead or

iron, in order that the chances of such an interaction are improved,
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CHAPTER 9

A SEARCH FOR TACHYONS

9.1 Principle of experiment

The principle of experiments to search for tachyons in extensive air-
showers was first suggested and used by Ramana Murthy et al (1971) at
mountain altitude and then by Clay and Crouch (1974) and many other authors

at sea-level (see Chapter 8).

The suggestion is that if tachyons are produced in high energy cosmic ray
interactions, then they should be produced high in the atmosphere (20 km.

to 30 km. above sea—level) in the first or subsequent early interactions

of a primary cosmic ray proton for example with an atﬁospheric nucleus,

The lack of any tachyon detection at laboratory energies (see Chapter 8)
indicates that if they can be produéed, there must be some energy threshold
below which tachyons cannot be produced. At primary energies in the region
of 106 GeV the secondaries have sufficient energy to initiate a nuclear -
electromagnetic cascade through the atmosphere which results in an extensive
air-shower of electrons and y-photons arriving at sea-level in the size
region of 106 particles, At such supra-relativistic energies the shower
front velocity is approximately the speed of light, hence any particle
produced with v>c (i.e. B>1 where B = %), will arrive before the air-
shower. In fact, if we assume that Ptaéﬁ;sz oo for any tachyon produced
and that we can detect air-showers arriving with a zenith angle upto 600,.
then for a tachyon-producing interaction occuring at 20 km., above sea-level,

the tachyon should arrive some 60 ps to 120 ps before the air-shower.
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The smaller times should occur most frequently due to the dominance of
vertical showers i.e. I(®) = I(O)cosBG-z rate of arrival of showers at
zenith angle 6: The assumption B —>o00 is not unreasonable since at
superluminal velocities the lowest energy states have the highest velocities,
and any energy losing interaction in which a tachyon participates

increases its velocity.

Hence a search for tachyons involves a statistical comparison between the
number of particles that are detected in the 120 ps immediately previous

to the arrival of an air-shower and the number of particles which are
detected in a randomly selected 120 ps interval of time, Further, grouping
of the times of arrival in the immediate 120 ps with a peak around 60 ps
would be indicafive, as would visual identification of unusual particle

tracks associated with these tachyon candidates,

The same principle and conclusion can be applied to searches for astro-
physically produced tachyons (assuming they have a similar interaction
length to protons in air) since the first interaction could initiate an
air-shower, and the arguments about the time difference between the arrival
of the tachyon and the air-shower outlined above would then proceed

identically.

9,2 The tachyon detector

The modified flash-tube chamber described in Chapter 6 was used as the
tachyon detector., To detect the time separation between the passage of

a particle through the chamber and the arrival of an air-shower, the
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pulses from the scintillator stacks were fed into two separate 240 ps blocks
of delay line, Hence at any instant a record of the previous 240 ps could
be displayed by emptying the contents of the delay lines onto the 'y!'

channel of a C,R.O,

The use of delay lines instead of a digital memory does however present

problems: -

a.) The delay line used was made of copper wire enclosed in a ferrite
core with a fine copper wire wrapped around it enabling a delay
of 1 ps per foot to be obtained. The capacitative load thus intro-
duced causes severe attenuation, especially of fast pulses (see Fig.
9.1). Hence each 240 ps block had to be divided into 3 x 80 ps
lengths and an amplifier inserted after each 80 ps length to boost
the amplitude. The 150 ns wide pulses produced by the scintillator
phototubes also had to be stretched to 5 ps by inserting a stretcher

before the first 80 ps length (see Figs 9.2a), b)).

b.) At each junction of the delay line there is a sudden change in
impedence which causes reflection of pulses. This can be corrected
by making the delay line appear to be of infinite length, by

terminating each section with its characteristic impedence (1.65 Kq).

c.) Pick-up from high voltage sparks proved a severe problem with the
Aelay lines. Thick copper braiding earths were used but the proximity
of the scintillators to the flash-tube électrodes provided a pick-up
pulse which could not be suppressed. Each amplifier in the delay
line blocks also picked up a small pulse when the H.T. fired, hence

the gain on each amplifier was limited so as not to swamp the trace
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The attenuation of a 2ps gquare pulse after transmission
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with "overswing" from these pick-up pulses, This did not prove a
severe problem, as fhe experiment initially intended to search for
large pulses well away from photomultiplier noise, in which region
previous searches had already found no significant results (see

Chapter 8).

The scintillator stacks'bcaiibration procedure and results have been
described previously (Chapter 6). The unusual shape of the final single
particle pulse height distribution (Fig. 9.7) for a stack is due to the
acceptance geometry for particles which go through one scintillator and
particles which go through two scintillators. This point is discussed

further below in the interpretation of the calibration data,

The final interpretation of the output pulse height displayed on a C.R.O.
depends on calibration of the intervening electronics as well as
experimentally determining an input - output pulse height curve from the
output of the scintillator to the input of the oscilloscope using a pulse
generator with identical pulses to those produced by the scintillator
phototubes. These final curves (for the upper and lower stacks) determined
for the amplifier settings used during the actual experiment are shown in
Fig. 9.3, and a block diagram of the electronics used is shown in Fig 9.4.
The calibration of the intervening electronics has already been described

and the results presented in Chapter 6.

For part of the run, the contents of the delay lines were dispiayed on a

dual beam oscilloscope, for the remainder 2 beams of a 4-beam oscilloscope
were used, In both cases the trigger was provided by the Durham Extensive
Air-Shower Array (see below and Chapter 6) and the displayed traces photo-

graphed., 20 ps after the reception of a trigger pulse the high voltage
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Figure 9,3: Input - Output characteristic of circuit represented
in: fige 9.4 for gain-settings used in: run T27.
Calibrated using 200 ns square pulses,
9.3a): Characteristic for circuit connected to upper
scintillator stack (&),
9.,3b) s Characteristic for circuit connected to lower

sointillator stack (B)..
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pulse was applied to the flash-tubes and the resulting display photographed
in permanent darkness with a shutterless camera. After each event a 10
second dead time was imposed automatically to enable the cameras to wind on

and the spark-gap to recover (see Chapter 2).

9.3 Triggering procedure

On the arrival of a suitable air-shower, indicated by a 1 particle m_2
coincidence in detectors 13, 33, 53 with a 2 particle m“2 signal from the
central detector (C) of the Durham Air-Shower Array (see Fig, 6,)a trigger-
pulse is sent to both the oscilloscope and the flash-tube chamber. The
resulting display on the oscilloscope gi&es a visual record of the pulses
which have been produced in both the top and bottom scintillator stacks in
the 240 ps immediately previous to the arrival of the air-shower., The
flash-tube chamber photograph indicates the number of muons (mainly)
passing through the chamber, The number of particles seen to be passing
through each stack can be used to calibrate the scintillators in a more
direct manner, and also acts as a check on whether the electronics are

still functioning correctly.

In this particular experiment the actual air-shower information was not
recorded, however Figs., 9.5 and 9.6 show the range of shower sizes and

core distances which can be detected with the Durham Air-Shower Array.
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9.4 Data

Between the dates 21st June, 1976 and 30th June, 1976, 7 runs were attempted.
However many data collection faults were encountered, out of 120 hours
sensitive time, all parameters (i.e. both flash-tube chamber film snd
scintillator film) were recofded for only 40 hours. Hence the resulting
sample of showers has proved small viz 341 (a mean shower detection rate

of 12.7 hr-1 being characteristic of this triggering mo0de), however this

small sample has provided an intriguing result.

9.5 Data analysis

The data analysis consists of:-

(i) Correlating the flash-tube chamber photographs with the oscilloscope
trace photographs. This was achieved by photographing a clock above
the chamber, and a watch above the oscilloscope trace, and synchronising

the two timers,

(ii) Each flash-tube chamber was scanned to see how many particle tracks
appeared to go through either one scintillator or two scintillators
in either the upper stack (stack A) or the lower stack (stack B) of
scintillators, This number was plotted (as one particle or two
particles depending on how many scintillators in a stack were passed)
against the recorded pulse height due to the air-shower particles
(the 'prompt’ pulse). The defining layers Ma, Mib (Fﬂp, Fﬁb) (Fig. 6.7 )

were used to distinguish particles which actually passed through a
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scintillator stack from those that missed the stack but entered the
tubes., The resulting scatter-plots for the upper and lower
scintillator stacks are shown in Fig. 9.8 and 9,9. Since different
gain settings on the amplifiers were used on each of the three
successfully recorded runs, the pulse heights have been normalised
to the gain settings used in one of the runs (T27) by comparing the

heights of the pick-up pulses.

Using the curve of Fig. 9.3, these scatter-plots have been transformed
to equivalent output pulse height measurements from the scintillators,
Figs., 9.10, 9.11. Finally, since these data were intended to be used
in the interpretation of measured pulse.heights of particles arriving
prior to the shower, a regression fit of the parameter y = number of
particles going through a scintiliator on x = pulse height produced

in scintillztor has been performed on each set of data, these are the

straight lines on Figs. 9.10, 9.11.

It is immediately clezr from Fig. 9.10 that the top scintillator stack
will only detect tachyons if they produce a pulse in one scirtillator
equivalent to 4 or more relativistic particles, well above the height
of a noise produced pulse (see Fig. 9.7). However, if the only
information we have on the tacﬁyon candidate is the pulse height it
produces, then interpretation is difficult because it could have
passed through either one or two scintillators in a stack., This point
is discussed further below in the actual interpretation of the tachyon

candidates' pulse heights,

Finally the oscilloscope traces were scanned for previous particle

pulses and their event numbers, tprev (time before shower arrival)




Figure 9,7t The sinzle particle pulse height distribution
for whole of neintillator - stack A,
(The origin of the humped structure is axplained

in the text,)
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FPigure 9,9¢ Correlation between the number of air=shower particles
traversing the lower secintillator=stack (B),determined

from the flash=tube chamber, and the magnitude of the

air-shower front pulse,
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FIG 910

Figure 9,40: The data of Fig. 9.8 converted to equivalent output

pulse height from the sointillator stack (A) showing

the least sguarss fitted line ef regreszasion of y

(no. of particles through stack A) on x (pulse height),
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Figure 9.1 ¢ As for Pigure 9,10 but for data of Fig. 9.9
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and pulse heights were recorded. A sketch was also made of the
corresponding flash-tube chamber photograph to try and identify any
unusual particle tracks. On each film, to avoid confusion between
real particle pulses and pick-up pulses, a trace was made of an event
on which there were only pick-up pulses and a prompt pulse, hence
previous particle pulses on other events could easily be identified
by projecting the oscilloscope photograph on top of the trace and
co-ordinating the pick-up pulse positions. (This also acts as a check

that the time-base setting of the oscilloscope is not wandering.)

9,6 Results

In a total of 341 showers, previous particle pulses were observed in 6
instances in stack A, and 2 instances in stack B. The time distributions
of these events are shown in Fig. 9.12, 9.13 and a table of the events with
the various measured parameters is presented as table 9.1. No coincident

events were observed.

The bottom scintillator stack was found to give a consistently lower
frequency of pulses for a given number of shower particles (compare the
number of points in Fig. 9.9 with the number of points in Fig. 9.8). In
the third (and final) successfully recorded run the oscilloscope trace
corresponding to the lower stack showed only pulses corresponding to pick-

up from the spark gap.

The fault was traced to an amplifier in the delay line/amplifier configuration,

Since this fault could have been a gradual deterioration effect all data from




- =157 =

the lower stack should be regarded with some suspicion. Consequently in
the analysis that follows, only the information from the upper stack (A)

will be considered,

9.7 Discussion of results

9.7.1 Pulse heights

The method of calibrating from the pulse heights corresponding to shower
particles involves counting a particle which is deemed to have passed through
2 scintillators, one on top of the other, as equivalent to the sum of 2
single particie pulse heights. bFig. 9.7 indicates that these sort of events
outnumber those events which pass through a single scintillator (the kink

in the single particle pulse height distribution - Fig, 6.10 - at ~120 V)

in the ratioc 3 : 2, This reflects the available solid angles for collection

of each type of event.

Hence, from the 6 tachyon candicdates roughly half of these will have passed
through 2 scintillators, and half through one. From table 9,1 it can be
seen (considering stack A only) that roughly 3 tachyon candidates gave
pulses between 300 and 400 mV (corresponding to three times the s,p.p.h.
from a particle passing through a single scintillator) whereas 3 gave pulses
>500 mV (corresponding to three times the single particle pulse height from
a particle passing through two . scintillators), Hence, despite the
apparent 4 particle result from the calibration curve (Fig. 9.10), it would
appear reasonable to suggest (conservatively) that the pulses are due to

particles ionising at 3 times the rate of a single (sub-luminal) relativistic
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Figure 9,12¢ The frequency distribution of the time of arrival of
pulses - eculvalent to three or more singly charged
relativistic particles (muons) - previous (t‘prev) to

rev. o).

Results are for scintillator~stack A,

the arrival ef an aireshower (tp




FIG. 9.13
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Figure 9, 3t The frequency distribution of t"prev for lower
scintillator=stack (B).
These results are, however, suspect due to a
fault in one of the amplifiers in: the delay-

line/amplification circuit (see text).
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particle. This reduces the statistical significance of the result, but

increases the reliability of the significance estimate,

9.,7.2 Flash-tube chamber photcgraphs

Figs. 9, 14, 15, 16, 17, 18 show same ! of- Fhe photographs corresponding

to the events listed in table 9.1.

It is immediately clear that not every previous particle pulse has a
corresponding particle track candidate. In fact, Dbaorvaticm4ﬁsﬁiﬂshcws
the actually recorded oscilloscope traces for each event of table 9,1 -has
indicate@ that there is not always a discernible particle track(s)

responsible for the prompt air-shower pulse.

The occurrence of a prompt air-shower pulse from the scintillator under the
iron with no visible particle tracks indicates that the electrons responsible
for this pulse must be of low energy and widely scattered. Hence they
produce no coherent particle tracks in the flash-tubes, The absence of any
track in FMa indicates that the interaction in the iron responsible for
producing such electrons must be due to a neutron in the shower. Similarly
the pulse due to a particle arriving previous to the shower could be due to
the production of low energy, widely scattered electrons by a low energy
transfer nuclear interaction of a tachyon in the iron., It is interesting

to note that as the velocity of a tachyon increases, so its energy decreases,

hence we should only expect low energy transfer interactions from fast tachyons.
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Figure 9.44: Event no. 90 on film T26;;tpr = 66 ps from oscilloscope

ev

trace from stack A; there was no coincident pulse from
scintallirvtor stack B. The low efficiency track present
corregponds to a t of 160 :20}15 for a charge e

prev

particle,







Pigure 9.15: Oscilloscope trace corresponding to figure 9.1lk.






Figure 9.4&: Event no. 29 on film T27; tprev= 93 ps from oscilloscope

t;ace-from stack A, there was no coincident pulse from

scintillator stack B, The low efficiency track present
‘o

corresponds to a tprev of 188 =12 ns for & charge e

particle.







Figure 9.47: Oscilloscope trace corresponding to event no., 78

on film T27, tprev =120 Pse







Figure 9.48: Oscilloscope traee corresponding to event noo. 79 on film

21, tprev

= 27)180







Figure 9.19:

The oscilloscope traces for the six previous particle candidates.
Films T26, T27 are from the single screen oscilloscope, T34 from

the 4=beam oscilloscope,

Different gains have been used in ocach film hence the different
pick=up pulse sizes,

The previous particle pulses are marked‘i,rthe prompt pulsetls
expected positiom is marked oAll other pulses that appear,
appeared identically om every frame of the corresponding film.

The two large pulses separated by 240 ps correspond to direct pick-
up by the oscillosecope and amplifierb3,‘and pick-up by the scintillator
/addEr/stretcher elecironics; the latter pulse thus travels down: the
delay-line, The time-difference between each pick-up pulse in run:
T27 is 80 ps, these pulses must be due to pick-up by amplifiers i
and 2.

The time-difference between the prompt: 2ir shower pulse and the
scintillator/adder/stretcher pick-up pulse‘corresponds to the time-
delay between the arrival of an air-shower and the application of the
high-voltage pulse (- 8 kv,) to the electrodes of the flash-tube
chamber,

All pick-up is from this pulse via the mains and power-supplies
of the electronics,

PsU. = pick-up pulse

T = previous particle pulse.
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In two of the Figs. 9.14, 9.15 low efficiency tracks can be seen in the
main body of the chamber, In neither case do these tracks appear to be
parallel to the shower arrival direction. However, both tracks appear to
be due to low momentum stable particles, both showing strong scattering
towards the lower end. Their measured efficiencies are £3 standard
deviations away from the expected efficiency of a singly charged particle
passing through the chamber at a time previous to the application of the

high voltage pulse equal to the time measured for the previous particles,

However, they cannot be responsible for the previous particle pulses, since
if they are ionising at 3 times the level of a singly charged particle then
their measured efficiencies indicate that theybmust have passed through the
chamber (30 t 15) ps before the time registered by the pulse from the
scintillator stack. Alternatively if thése particles were ionising at a
rate equivalent to that of a singly charged particle, the calibration data
indicate that they would not have produced a measurable pulse ( through the

delay lines) in the scintillator stack.

From a scan of all the events (irrespective of scintillator response) the
rate of such low efficiency tracks (defined as a track with ¢ 0.5 the
efficiency of the shower particles in F2a)was found to be 0.0L per shower,
The probability that out of the five selected events (one tachyon candidate
had no corresponding flash-tube photograph), 2 would have such "background

tracks" is just under 2%, which is not inconceivable.

A measurement of the efficiency of response of the chamber to prompt air-
shower particles has been made by counting the number of flashes in F2a 4+
F2b for each track which passed through all the defining layers (see Chapter 6).

The results are shown in Fig, 9.20, and the mean internal efficiency (see
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Chapter 2) found to be 91.8% with a standard error of 5.5%. This figure
should be compared with Lloyds (1960) theoretical prediction of 88.5% for

afg=09 ata time delay of 20 ps (see Chapter 2 for definition of a f q).

Hence if the previous particles are ionising at three times the level of a
singly charged relativistic particle, then for time delays 50 pus to 140 us
between the passage of the particle and the application of the high
voltage, they should produce tracks with efficiencies in the range 80% to

90%, indistinguishable from the prompt air-shower particles.

Below, a comparison is made between the direction of the shower and the time
of arrival of the previous particle. In order to support the assumption

that the direction of the shower particles in the chamber represents the
arrival direction (in projection) of the shower a comparison has been made
between the predicted and observed projected angle distribution (see Fig. 9.21

and Appendix V).

9.7.3 The significance of the results

In order to penetrate the lead - iron barytes brick shielding a relativistic

nuon needs >0.8 GeV. The rate of arrival from all directions of muons at

sea~level with energies greater than 0.8 GeV is 7.81.10-5 cm—2 st—1 5-1

(Allkoffer et al [1971]). Since the tachyon detector (scintillator stack A)
2
covers 25,190 cm , and the time available for observing muons is 81,840 ns

(number of showers x length of delay line), the solid angle of acceptance

270

being 7

st (where I(®) = Iocosne‘represents the dependence of the

intensity of muons on zenith angle ©) and n = 2, the expected number of




Pigure 9,20 Distribution in frequency of the number of tubes flashed

FI1G. 9-20

in F2a + F2b (94 tubes) for all tracks that passed
through T{a,b F2a.b Fla,b,

Mean internal efficiency = 91,8%$;ﬁ

Standard error « %,5% 7

(Predicted efficiency from Lloyd (1960) for
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precursors passing through the stack in the total observation time is 25 ¢ 5

(assuming random fluctuations).

According to Fig. 9.7 however, because of the high lower limit on observable

pulses (300mV corresponding to 3mV at output of the electronics) we should

+2.4
-0085.

the result significantly differs from the result we should expect due to

only observe 3% of these e, 1 Since 6 such pulses were observed,
random background particles. (The probability of observing 6 when the mean
number expected is 1 and the distribution in Poissonion is 5.11.10-4). If

we now compare the number of previous particles which arrived in the 120 ps
interval immediately previous to the arrival of an air-shower (tachyon
candidates) with the number that were observed in the time interval 120 ps
before that. 120 us tisve-imterval  (random background) we find that all

the pulses were observed in the tachyon cqndidates time interval, The
probability that this is due to chance is (%)6 = 0.,016. Hence the total
probability that the results are due to fluctuations in the random background

radiation = 8.10-6m

The time distribution of Fig. 9.12 is suggestive (tachyons from vertical
showers travelling at infinite velocity would be expected to arrive between
40 and 80 ps. before the arrival of the shower, depending on the height of

production),

If we assume that the direction of arrival of the muon group travelling
through the chamber is representative of the air-shower arrival direction,
then we can predict the arrival time of a tachyon associated with this shower
for various heights of production. Assuming that, if produced, a tachyon is
produced in the first collision of a primary cosmic ray proton (for example),

then the shape of the tprev -~ cosfeourve can be predicted from the probability




Figure 9,24 : The distribution in' & for the muons observed in the
M flagh: = tube chamber in a sample of 34 showers of

5

size greater than 10° particles at sea=level, The
continuous curves show the predicted distributions
in projected zenith angle acdrding to the method of
Lovati.for a distribution of the form

1(&) = 1(0).cos" (@) for n=4,8,12,

n = 8 gave the best fit from a min:tmum')(.2 plot,
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of a proton interacting at various heights in the atmosphere. (The curve
would be the same if a tachyon (astrophysical) initiated the shower provided
that the mean interaction length in air is the same for tachyons as it is

for relativistic protons.)

These predictions are shown in Fig. 9.22 assuming B = o for the tachyon.
The experimental points are also plotted, it is clear that most of the
detected signals could have been produced by this simple model, however
the point at 120 ps is an unlikely candidate, because the air-shower would
have had to originate beyond the limits of the atmosphere (at a height of

4O km).

9.8 Comparison with previous searches

A review of previous searches has been presented in Chapter 8, table 9.2
lists the sea-level searches in cosmic rays which are directly comparable
with the above reported search. All the experimenters (see Column 8)
searched for small signals, presumably for comparison with Clay and Crouch's
- later discredited - results. The object of table 9,2 is to show that
using unshielded detectors and small signal response, all but one

(Emery et al, see below) were counting mainly noise, Column 6 of table 9.2
shows the expected number of muons with momentum p>,mpc2 (i.e. relativistic)
which each experiment should have detected taking into consideration the area

of tachyon detector, the total sensitive time for detecting tachyons

(typically, number of showers x 420 ps) and the solid angle for acceptance

of a previous particle (irf > st. where n = 2, see above). Hazen et al
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(1976) have pointed out similar remarks in a report on their own experiment.

The search by Emery et al (1975) using geiger tubes should have detected the
same significant bunching as the present experiment, since columns 5 and 6
indicate that they were detecting signals above those due to background

(noise) effects for about 67% of the time.

However, it is difficult to estimate the sensitive area and solid angle of
acceptance of their apparatus (crossed geiger tubes), and perhaps the
response of a geiger tube to faster than light particles should not be
compared with the response of a plastic scintillator. They themselves
admitted this latter possibility and ran a second experiment (Emery et al
op cit) using a scintillator, but there they too seem to have been counting

noise (see table 9.2, row 3).

One major difference between the present search and previous searches is
the fact that the scintillators in stack A are shielded by 15 cms of lead
and 15 cms of iron. It is possible that the signals detected as previous
particles were in fact due to the secondaries from nuclear interactions of
a tachyon in the iron. This could provide an alternstive explanation for
the apparently highly ionising properties of these previous particles i.e.
that they produce several singly charged subluminal particles such as pions
which are then detected by the scintillator. If these are spread over a

large angle they would leave no trace in the flash-tubes,

No such nuclear interactions would be likely in the case of an unshielded
tachyon detector, since the probability for a nuclear interaction in air
is very small compared with that for lead or iron. This could be the reason

for the negative result of the geiger tube experiment of Emery et al, since
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they should - assuming all factors to be comparable between a scintillator
and a geiger tube for detecting charged tachyons - have observed a 25%
excess of signals in the 120 ps previous to the air-shower arrival (see

Column 8 of table 9.2).

Referring back to the point first brought up by Emery et al that perhaps
gaseous (gieger tubes, flash-tubes) detectors are not comparable with solid
(scintillators) detectors in detecting charged tachyons, this might be
because the detected signal is not an ionisation pulse but a Cerenkov pulse.
Both energy loss processes are discussed in Chapter 8, however it is clear
that for a narrow electric field streaming out behind the tachyon, the
probability of producing a Cerenkov pulse in a.solid detector would be

muc h higher than in a gaseous detector,

9.9 Conclusion

In a search for highly ionising ( three times the ionisation of a charge e
subluminal relativistic particle) particles in the 240 ps previous to the

4

arrival of an extensive air shower in the size range 105 to 10" particles
at sea-level 6 events have been observed. This result is in itself
significant, since only one event was expected (on average), however, all

6 events were found to occur in the first 4120 ps immediately prior to the
shower's arrival, The probability of these still being due to the back-
ground (unrelated) muon component of the cosmic radiation is reduced to

8.10‘6,
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A simple model for tachyon production and propagation seems to describe the
results fairly well indicating that most of these pulses could be due to
tachyons travelling at very high velocities (@)>c) produced high in the

atmosphere.

None of the events gave rise to unusual tracks in the flash-tube chamber,
however if they behave like ordinary relativistic particles with high
(~3 times as much) ionising power, then their tracks would be indistinguishable

from those due to particles in the shower,

Previous searches have failed because they were looking for low ionising
rather than highly ionising particles. However further considerations on
the lack of response of the flash~tubes and the negative results of a search
with geiger tubes (Emery et al). suggest that either tachyons can only be
observed to ionise in dense media i.e. solid detectors, or by the products

of their interactions in dense targets.

Note added in proof:

A search for tachyons associated with air-showers at mountain altitude has
recently been reported by S. K. Gupta (Bhat et al 1979) as detecting no

flux (<2.3x10-10 cm“2sn1st-1 at the 95% confidence level) of tachyons ionising
at)3 times the ionisation rate of arelativistic muon under 167 g.cmhzof lead
and iron absorber in a total running time of 4872 hrs. (mode 2)., The apparent
contradiction between these two results could be due to the difference in
thickness of the scintillating material used (1 cm. as opposed to 5 cms.) or
target (167 gecm-z a3 opposed to 288 g.cmnz), but can only be resolved by

a rerun of the above described experiment without the possibility of any

high voltage pick-up pulses.
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CHAPTER 40

MEASUREMENTS ON MUONS

IN ATR~SHOWERS

10,1 Introduction

Because they are leptons, muons only interact weakly with matter. Hence
the muon component of an air-shower grows and maximises, but decays only
slowly. Studies of the muon component at sea-level thus gives information

on the early stages of air-shower development.

The lateral distribution of muons at sea-level depends on the mean transverse
momentum.§ of the pions produced in the later interactions of the hadronic
core of the air-shower. However, since the muons only interact weakly with
matter, their lateral distribution also gives information on the height of
production of muons, This in turn reflects the multiplicity of pions
produced in the early interactions of the hadronic core of the shower,
Studies on low energy (£10 GeV) muons are useful since they come from pion
interactions at around 105Gév where the P, distributions are well known from
accelerator studies. Hence information can be gained on the multiplicity of

6

pions produced at energies around 10 GeV.

Interpretation of such data in isolation is ambiguous, however, in combination
with measurements on the hadronic and electromagnetic components light can be

shed on the composition of the primary radiation producing air-showers of

5 7

107 - 10" particles,
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10.2 Principle of the method of determining the lateral distribution

of muons

The flash~tube chamber can be used as a visual detector of muon densities.
The lead and iron absorbers above the main body of flash-tubes provide an
energy threshold below which muons would not reach the flash-tubes, The
lateral distribution and shower size dependence of muons can be determined

using the methods described in Chapter 7.

In particular, besides determining the overall lateral distribution of
muons above a certain energy Ep, the dependence of the number of muons Np
on shower size Ne can be investigated at varying distances from the core of

the shower,

10.3 Review of previous measurements

The majority of measurements on the lateral distribution of low energy muons
are slightly broader than expected from the standard (C X P) model indicating
(see Section 10.1) a multiplicity of secondary particles in the early inter-

actions greater than that assumed (see Fig. 10.2).

Above 20m from the core, the data are well described by the empirical
formula devised by Greisen and co-workers (Bennet et al [1962). A collection
of previous measurements are presented in Fig. 10.1 (W dowezyk [1973]) and
compared with the Greisen curve, All the data refer to Epd 1 GeV, and the

Greisen curve has the form,

0.37
=0,.75 0.75 0,14
(104)  p, (Ne, r) o Lokt 2.5 E 50 i3 32
s (1 + r/320) pt

where r is expressed in metres and EP in GeV. This formula is valid for

E =1 -10 Gev,
R




F|(3.10'1 A summary of previocus measurements of ithe lateral distribution
of muons of energy » 1 GeV (after Wdowezyk 4973). The
continuous curve is Greisen's funetion (4960) for %u)‘i GeV,
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More recently attempts have been made to predict the lateral distribution
of low energy muons by assuming various primary compositions and interaction
models and calculating the sea-level lateral distributions by Monte Carlo

techniques (Greider [1970, 197%), Gaisser et al{1978]).

Fig., 10.2 presents a comparison of low energy data with such theoretical
predictions (Greider E197Z]). Curves 4 - 3 are based on proton primaries
whereas curve 4 is based on iron primaries. Curve 1 represents a model

(S M F B) based on the production of several intermediate fire balls moving
slowly in the centre of mass frame in the nuclear interactions; curve 2
represents a model based on 2 intermediate fire balls moving apart in the
centre of mass frame; curve 3 is the same as curve 2 but with rising cross
sections assumed; curve 4 is also a S M F B model., More detailed descrip-

tions of the models can be found in Greider (1970).

If we consider only proton initiated showers then the data are more
compatible with a mean multiplicity dependence of secondarie3<<ng of so°375
to s°°° rather than s0*2? (the dependence of the standard (C K P) model).

(See Fig. 10.2.)

All discussions of the dependence of the number of muons Nu on shower size
Ne (e.g. W dowczyk (op cit), Gaisser et al (op cit)) conclude thata=0.75
(where N}1 ot Ned). There have been no attempts to distinguish any dependence
of A on core distance, since any systematic dependence would be difficult

to justify according to current models of shower development,

A S ez T o mavrn e e s e o




FIG. 10.2

A summary of previous measurements of the lateral distribution of low
enerpgy mions (after Greider 4977). The curves are the results of
similations according to different models (see text) and primary
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10.4 The method of measuring the lateral distribution of muons

10.4.4 The muon density measurements

The flash=-tube chamber was triggered by a "standard"' air-shower trigger
(see Chapter 6, Section 6.3)? the chamber being photographed as described
in Chapter 2. The timé delay between the occurrence of a trigger pulse
and the application of the H,T. pulse was 20 ps, A summary of the basic

data collection details is presented in Table 10.1.

The photographs were scanned by projecting onto a 1:20 scale drawing of the
front view of the chamber (Fig. 10.3). The number of muons passing through
the central space between F2 and F3 were counted. A muon track was defined
by at least two co-linear flashes in both F2 and F§ , in the cases where
more than one track were observed, only tracks parallel to within 12° were
counted, non~parallel tracks were attributed to background tracks (i.e.
muons unassociated with the air-shower but arriving in the 140 ps prior to
the application of the H.T. pulse -~ this being the time delay during which a

muon track could still be visible).

The energy of the muons was determined by the fact that they had to pass
through 15 cm of lead, 15 cm of iron, and at least 60 layers of flash-tubes
and accompanying aluminium electrodeé. The total amount of matter that had
to be travelled through was thus 250 g.cmﬂz. Assuming an energy loss of
2 Mev g.cmz, the minimum energy required by muons to reach this level is 0.5

GeV,

Since the flash-tube chamber was only viewed in projection, some tracks could

be caused by muons which only passed through the barytes brick walls before

entering the flash-tubes. Since by far the largest amount of absorption of
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TABLE 10.1

SUMMARY OF DATA USED FOR
MUON LATERAL DISTRIBUTION

Total number of events 920
Number of bursts in lead or iron 39
Number of bursts in glass . 14
Number of events used 867
Number of Minuit analysed events 630
Numbgr of I.L. analysed events 237
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low energy muons takes place in the lead and iron, a simultaneous count
was taken of those tracks which appeared in both Fa and F2a, to check
whether any such contamination could affect the results. These latter data
are referred to below as data from the upper plane, whereas the former are
referred to belew as data from the central plane. Figs. 10.Lka, b, etc. are

some typical events.

Those events in which a hadron or muon interacted in the lead or iron or
the glass and produced a burst were not included since the muon tracks were
generally difficult to distinguish, Figs. 14.§5 show such events, but
Table 10,1 clearly indicates that these represent only a small fraction of

the data and their omission should not affect the results unduly.

10.+e?2 The core distance and shower size measurenments

Both the intersecting loci and the "Minuit" methods of analysing the data

were used,

The "Minuit" method (i.e. computerised least squares fitting of core
distance and shower size simultaneously) was chosen as the primary method
because of the large amount of data that needed to be analysed. However,
the method was found unsatisfactory in those cases in which a detector was
saturated. In such cases, the programme ignored the information from the
saturated detector(s) and proceeded to fit parameters to the measurements
from the remaining detectors. Visual inspection of such events made it
evident that the determined core location (and consequent shower size) was
incorrect, and method 2 (see Chapter 7) of the intersecting loci methods was

used to ascertain the parameters in these cases,




Figure 10.4 &):A low muom density event, although there are 5 muon

tracks visible this event was classified as a 2

muon. event through the upper plane and a 3 muon

event through the central plane.







Figure 10.4 b):A high muon density event, with 8 muons through the

upper plane, and 11 muons through the central plane,







Pigure 40.4 e):A comparatively rare type of event < an interaction
has taken place in the main body of the chamber, and
& cascade has developed in the glass and aluminium
beloweSuch events are excluded from the data analysis.
The lower photograph shows the corresponding

pulses from the scintillator stacks, A and B, Note

the large prompt pulse frem scintillator stack A,
but the relatively weak response of stack B despite

the large particle flux through it.( re. the

discussion of the unreliability of stack B data in

chapter 9,)







=i -

10,5 Results

10.5.1 Introduction

Ideally, the lateral distribution of muons in a single shower should be
measured, and repeated for a large number of showers of the same size and
the results averaged. However, this is impractical since it requires a
large nurber of muon detectors sampling the shower simultaneously. In the
present experiment there is a single muon detector sampling the muon
density over a range of core distances and shower sizes. Clearly all the
muon densities have to be normalised to a single shower size before
proceeding to a determination of the core distance dependence of the muon
densities. The first step is thus to determine the shower size dependence
of the muon densities, and then to normalise the measurements to the median
shower size measured before finally deducing the core distance dependence

of the muon density,

10.5.2 The results on the NP - N, dependence

Since two methods of determining shower size and two methods of measuring
muon density have been used, there are basically 4 sets of data, these are
called a), b), ¢), d). The meaning of the notation is summarised in

Table 10.2.

Table 10,2 N}1 Central Upper
Ne Plane Plane
Minuit
Method 2) °)
'Intersecting
Loci (I.L.) b) a)
Method
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For example Fig. 10.5a) represents the shower size dependence of the number
of muons measured passing through the central plane, the shower sizes being
determined by the "Minuit" method of computerised least squares fitting of
the shower size and core position of each event. It is worth noting when
the data are finally combined together that a) and b) represent different
samples (as do c) and d)), whereas a) and ¢) represent different measure-
ments of the same sample (as do d) and b)) of the universal population of
air showers. Figs. 10.5, 10.6, 10.7, 10.8 are thus subdivided into a), b),

c), d) according to Table 10,2,

The four (sixteen in all) figures represent a division of the data into

different ranges of distance of the chamber from the core of the shower.

The data are presented as scatter plots of the observed number of muons
passing through the flash-tube chamber against the size of the air-shower
(as determined by either the Intersecting Loci (I.L.) method or the Minuit
method) associated with each event. The crosses with error bars represent
averages of the scatter plots, the data is binned by the vertical lines so
as to give approximately equal statistical accuracy to each of these points,
which are then plotted at the average shower size associated with each point.

The straight line is a result of a least squares fit of the function

b
Yy==ax

where y = number of muons passing through chamber NP

f

[ =
X = associated shower size Ng in units of 10° particles, to the averaged

data, The quantity r2 represents the goodness of fit of the quoted function
to the data and can be interpreted as r2 = 1 = perfect linearity, r2 = 0 = non-
linearity. The horizontal arrows represent the lower limit of data used to

determine the function, Since the data 2re divided into regions of core

Eremsm bt o e o e e s e o




Figure 1{0.5 a)

Number of muons %u through central plane as a function of shower-

size N_ (as determined by Minuit method ) for core-~distance range
0 to 20m,

,. 0,66 2 .
NP = o.,,73N.e ( r° = 0.86 )

Figure 10,5 b)

Number of muons‘qufﬁhrough central plane as a function of shower-

size Né (as determined by I,L, method ) for core~distance range
0 to 20m,

N}1 = 1,82N60°48 (2 =1.0)
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FIG 10-5 a)
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Figure 4 0.5 ¢)

Number of muons gﬁ through upper plane as a function of shower-—

size Ne (as determined by Minuit method ) for core-distance range
0 to 20m,

0.30 .
Hﬁ = 0,905N_ 3 ( r2 - 0.92 )

4

Figure 40,5 d)

Number of muons %ﬁ through upper plane as a function of shower-

size N, (as determined By I.L. method ) for core~distance range
0 to 20m,

gy 0073 2
B, = 094N (r° =4.0)

Vr s memm e = e
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Figure 40.6 a)

Mumber of muons Sﬁ through central plane as a function of shower=

size Ne (as determined by Minuit method ) for core-~distance range
20 to 40m,

_ 0.59 2
Hp = 0,72 ( r° = 0,95 )

Figure 40.6 b)
Number of muons Nﬁ through central plane as a function of shower-

size (as determined by I.L. method ) for core-distance range
20 to 40m,
0,62

. 2
N,1 = 0,90N, ( r° = 4.0 )
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Figure 40,6 ¢)

Number of muons qu through upper plane as a function of showver-

size (as determined by Minuit method ) for core-distance range
20 to 40m,

0.
N, = 0.4om %% (° = 0.95)

Figure 10,6 d)

Number of muons gh through upper plane as a function of shower-

size N_ (as determined by I.L. method )} for core-distance range
20 to 40m,

0.71 2 g7
Np = 0,63, (r° = 0,97 )
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Figure 10,7a)
Number of muons N_ through central plane as a function of shower—

size N (as determined by Minuit method ) for core-distance range
40 to 60m,

0,30 2
gp = 0.84N_ (" =0,5{)

Figure 10,7 b)

Number of muons wp through central plane as a function of shower-

size Ne (as determined by I.L. method ) for core-~distance range
40 to 60m,

o 0,33 2 _
o= OTH, ( ° = 0,46 )

B T e T = 0.




FIG. 10.7 a)

10 -




Figure 10,7 ¢)

Number of muons N: through upper plane as a function ¢f shower—

gize Ne (as determined by Minuit method ) for core-distance range
40 to 60m,

, er 0035 2
NP' = OGSisNe ( r = 0041 )

Figure 40,7 &)

Number of muons N through upper plane as a function of shower-
size N (as determined by I.L.. method ) for core-distance range
40 to 60m,

", - WAL

( % = 0,43 )
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Tigure 40,8 a)

Number of muons Nﬁ through central plane as a function of shower-—

gize Né (as determined by Minuit method ) for core-distances
greater than 60m.

] 09-49’ 3 2
n, = 0. 451 { r° = 0,94 )

Figure 40.8 b)

Number of muons N: through central plane as a function of shower-~

size Ne (as determined by I.L. method ) for core-distances
greater than 60m,

N = 2,32K ~0.0t
) e

(r? = 0.009)
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Figure 10,8 o)

Number of muons N through upper plane as a function of shower-

size N (as determined by Minuit method ) for core-distances
greater than 60m.

0,56
N}l = OOBBNG :

(', 12 = 0,84 )

Figure 10,8 4)

Number of muons N through upper plane as a function of shower-
size N_ (as determined by I.L. method ) for core~distances
greater than 60m,.

, 0,24 .2
N’1 0.99N ( »° = 0,89 )
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TABLE 10.3

WEIGHTED

AVERAGE VALUES

OF

THE

PARAMETERS a

b

)

IN

T HE

EQUATION

y:axb

wherey = Number of muons N;x

X
1

Shower size Ne in units of 105 particles

Core Distance = 5 No. of measurements
range r used
0-20 0.9210.5 124
20 - 4O 0.78{0.65 540
LO - 60 0.77]0.32 382
>60 0.4L8{0.45 400
0 - 40 0.80{0.E2 664
>L40 0.60{0.39 782
whole range 0.69(0.49 1,346
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distance, these points were determined from Fig. 10.9 which represents the
collecting area for different shower sizes on a triggering requirement of

22 pcles n~? in detectors 13, 33, 53 and >4 pcles m? in detector C (the

"standard trigger -~ see Chapter 6, Section 6.3).

Table 10.3 represents mean values of the parameters a and b corresponding
to each of the figures 10.5, 10.6, 10.7, 10.8. Also quoted are average
values of these parameters over the ranges r§’40 m and over the whole range

£

of r. The mean values were calculated by first taking a weighted mean of
the I.L. and Minuit data (e.g. Figs. 10.5a) and 10.5c)), this gives a larger
sample from the parent population, then taking an average of the resulting

upper plane and central plane measurements, this gives the mean of two samples

of the same sample from the parent population of air-showers.

10.5.3 Testing for significance of difference between the )4 samples

Figs. 10.10 and 10.11 show respectively the distribution in core distances
an§ shower sizes used in the measurement of the lateral distribution of
muons, The core distances have been binned in 20 m bins since the accuracy
of the I.L. method of core location is approximately *+9 metres (see

Chapter 7).

The median shower size, from Fig, 10,11, is 3.105 particles. To test
whether there is any significant difference between either the measurements
from the central and the upper plane, or the measurements using the Minuit
and the I.L., methods of core location, all the data is first normalised to

this median shower size. This has been done using the results quoted in




Figure 10.9

The collecting area for different shower-sizes based on coincidence
2 2

between € (>4 pels./m%),13 (>2 pels./m°),33 (»2 pels./n),53 (»2

pcls./mz)-, The numbers on each .curve represent the shower-size in
units of '1,05 particles,




FIG.10-9
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FIG. 10-10

Distribution in core distance for all showers)i(ﬁixmrticles detected,

(This bin refers to
all core distances
2 60m,

- mesn = T5m, )
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Figure 10.11
The observed distribution in shower~-sizes used in the measurement

of the lateral distribution of muons. It also summarises the number

of showers of size Ne in which no burst was observed in the flash-
tube chamber on films TY6 to T25,
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Figs. 10.5, 10.6, 10,7 and 10.8 (not the average values of Table 10.3).

The resulting histograms representing the frequency of observing n muons
passing through the chamber at different distances from the axis of the
shower are presented in Figs., 10,12, 10,13, 10.14 and 10.15. The suffixes
a), b), ¢), d) represent the same subdivision of data as in Table 10.2, e.g.
FPig. 10.12c) represents the results for r = 0 = 20 m, of measurements taken
at the upper plane using the Minuit method of determining core distance

and shower size,

To determine any significant difference between the upper and central plane
a student t-test has been conducted on the pairs of data a) and c), the

results and their significance are tabulated in Table 10.4.

To determine any systematic difference between the results using the I.1,
and the Minuit methods of core location student t-tests have been conducted
on the central plafig data a) and b) and the upper plahig data c) and a),

the results and their significance are tabulated in Table 10.5.

The only significant differences (Table 10.5 central plang data r>60 m)
can be attributed to a paucity of data using the I,L. method (see also the

poor linear fit of Fig. 10.8b)).

10.5.4 The lateral distributions of muons

Since no significant differences between the upper and central plane data

were detected, no significant contamination from low energy muons passing

through the sides of the chamber is present in the measurements made at the




TABLE 1C.4

RESULTS OF S

TUDENT £ -TESTS

BETWEEN

MEASUREMENTS

MADE IN THE CENTRAL PLANE
AND IN THE UPFER PLARE
MINUIT MEASUREMENTS
™ t Significance
0-20 | -1.02 17 5%
20 - LO 3.07 0.5%

LO ~ 60 2.9 19
>60 2.15 L%

R

The numbers in the "Significance" column indicate the probability
that the two samples have the same mean.
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Prequency of observing Nz mions at core-distance range 0 to 20m.
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after normalisation to-}.'.e = 3.10) particles , for all showers of.
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Figure 10,13
Frequency of observing Nu‘muons at core-distance range 20 to 40m,
after normalisation- to Ne = 3.105 particles , for all showerg of

size greater than 105 particles,

Figure 10.14
Frequency of observing N muons at core-distance range 40 to 60m.
after normalisatiom to Ne = 3,105_particles ¢ for all showers of

size greater than-2,105 particles,
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F1G. 10.15

Freguency of observing N muons at core-distances grester than 60m,

after normalisation to Ne = 3,105 particles , for all showers of

size greater than 3,105 particles,
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after normalisation to Ne = 3&105particles ¢ Tor all showers of size

F1G.10.15

Frequenecy of cbserving N muons at core~distances greater than 60m,
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central plane. These data have thus been used in the lateral distribution

of muons,

Since no systematic differences between the data using the Minuit method
of core location and the I.L. method, these have been pooled to improve

the statistics.

Histograms of the pooled data for the different core distance O - 20 m,
20 = 4O m, 40 - 60 m and >60 m are presented in two forms, Figs. 10:%@ and

104%. Fig. 10.16 represents the data ncrmalised to a shower size of 3.105

Oc
o) 75

particles using the relation Nﬁd(N ; whereas Fig., 10.17 represents the
data normalised to a shower size of 3.105 particles using the relation N}1

d(Ne)b where the values of b are given by Table 10.3, column 3, rows 1 - 4,

Fig. 10.18 shows the measured lateral distribution of muons corrected for
averaging over bin size and error in core location (o= 9.2 m). The data
are compared with two curves preduced by Greisen. Curve 1 is based on
analogy to the electron lateral distribution and has the form of equation
10.1. Curve 2 is based on a summary of other data (Greisen [1966]) and

has the form:
(10.2) 0075 "0075 -205
A, (K, r) =1 N r 1+ =

R ’ = % 320

Both the results normalised according to NP_O((Ne)O'75

- \b
and Ny, d(Ng)" (where
b= f(r) and is given by Table 10.3) give higher muon densities than

predicted by Greisen.

Pd Ne b show better agreement, with the

results diverging to roughly a 50% excess for r »30 m,

The data normalised according to N




TABLE 10.5

RESULTS OF STUDENT t-TESTS
BETWEEN MEASUREMENTS
MADE USING TIHE
INTERSECTING LOCI METHOD
AND
THE "MINUIT" METHOD
OF DETERMINING AIR-SHOWER
PARAMETERS

CENTRAL PLANE MEASUREMENTS

rm t . Significance
0 - 20 | -2.06 1%
20 - 4O | -2.04 L%
L0 - 60 | -2.18 L%

>60 -8.97 <0.0001%

UFFER FLANE MEASUREMENTS

rm t Significance
0 -20 | -2,92 1%
20 - 40 | -2.95 0.8%
LO - 60 | -4.5 0.1%
>60 =230 3%
The numbers in the "Significance" column indicate £he1probability /

that the two samples have the same mean.
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Figures 40,16

Frequency of observing % mions at different core-distance ranges
after combining I.L.. and Minuit data and normalising to N = 3, 105
particles according to 3P oL (N ) ’75

Core-distance range O to 20m,
- +
N = 2,42 = 0,24
!

Core-distance range 20 to 40m,
¥ = 1.69 2 0.09
Core=distance range 40 to 60m,
= +
N = 10«29 - 0009
!

Core-distances greater than 60m.
T = 0.81 0,08
ro-
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(ii)

(iidi)

(iwv)

Figures 10.17
Frequency of ob-servingN)u mions at different core-distance ranges
after combining I.l. and Minuit data and normalising to Ne = 3‘;,-105

particles according tO,NP "3 (Né)bl

Core—distance range’O:fo 20m, W = 0,51
- +
N = 2017; - 0021
71!

Core~distance range 20 to 40m. B = 0,65 -
¥ =1.86 % 0.10
P

Core-distance range 40 to 60m, B = 032
e +
N =1.57 - 0,09
p
Core~distances greater than. 60m, B = 0,45

W =1.08 % 0,07
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Figure 10,18

Experimentally determined lateral distribution of muonsg of energy E
in a sample of air-~showers of size greater than 105 particles (867
showers with median shower-sigze 3,1O5particles). The results have
been corrected for averaging over bin-sige and error in core-
Yocation,

The results are compared with Greisen's curves (1962,4966)
based on s~
i) analogy to the electron lateral distribution function for E

greater than 4 GeV. equn, 40,41 (Bennett et al (1962))= Curve 4.

ii) summary- of results previous to 1966 (CGreisen (4966)) on muons
with energy  E greater than 0,5CGeV— Curve 2a —and greater than
4Ge¥- Curve 2v—, (See equn. 10.2),
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10,6 Muon groups in air-showers

Tt has been pointed out (W dowczyk [j971]) that possible coherent production
of pions in high energy nuclear interactions could be detected by analysing
the spatial distribution of muons in air-showers. If the parent pions are

incoherent then their decay muons should be distributed randomly in space.

By comparing the spatial distributions of groups of 2, 3, 4 etc., muons in
the flash-tube chamber with random distributions, a search for evidence of
such coherence has been carried out., By dividing the data into groups of
2, 3, I etc, according to how many muons are detected in the chamber
different regions of the air-shower can be investigated i.e, the larger
the number of muons detected by the chamber, the nearer to the core of the

shower is 1t on average,

Fig., 10.19 summarises the number of each type of event used in the muon
group analysis. The groups were then analysed by measuring the horizontal
separation of adjacent muons in the central plane and plotting a histogram
of the frequency of each muon separation, the data being divided according

to how many muons were detected passing through the chamber.

Using random number tables events with 2, 3, 4 etc. muons were generated
by randomly selecting a position for each muon in the event and thus a

simulated event was generated,

Comparisons between the observed distributions and the simulated distributions

are presented in Figs. 10.20a2), b), ¢), 4), e).

Table 10.6 summarises the results of comparing the two sets of data on a

chi-square test,
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Figures 10,20

Comparison of measured distribution of separations r of adjacent

muons with predicted distribution if separations are random., The

latter distributions have been generated by simulating randomly

spaced groups of n muons,

8)
b)
c)
d)
e)

groups of 2 muons, ne=2j

groups of 3 muons, n=3}

groups of MONS, n=4%

LS - S UV B

groups of 5 muons, n=53

o2}

groups of 6. or more muons, n» 6 where the values of n are chosen to

coincide with observation,
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TABLE 10,6

RESULTS O0F X 2 FITS OFP DISTRIBUTION

OF SEPARATIONSES r " OF n MUONS

TO RANDOM DISTRIBUTIONS OF r n

n Xz Significance
2 18.4 2.5%
3 3hok <0.5%
L 29.5 <0.5%
5 29.6 <0.5%
26 72,2 <0.5%

The numbers in the "Significance" column indicate the probability
that the observed distribution is a random distribution,




An analytical treaztment of the problem has been designed (see Appendix IT)
and a comparison between the data and the results of the analytical treat-

ment of groups of 2 muons is presented in Fig. 10.24.

10.7 Conclusions of the analysis of muon groups

For all muon groups >2 there is a very small probability that the observed
distribution is random ( < 0.5%) however visual inspection of Figs. 10.20
indicates that only for groups of muons »6 does there seem to be a marked

preference for a particular separation distance.

5 to ?.106 within 80 m of the core there

Thus, in the shower size range 10
is some evidence for coherent grouping of muons at densities >4 m—2 (area
of detector = 2,95 mz), but only in regions of densities 22 m_2 does this

coherence show itself as a marked preference for a particular separation

distance between adjacent muons.
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Comparison of measured distribution of separations r of 2 muons
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in 2 muon events with predicted distribution from theory (Appendix . TI),
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CHAPTER 11

MEASUREMENTS ON HADRONS

N

AIR~-SHOWERS

11 o4 Introduction

The nuclear cascade forms the backbone for the development of an air-
shower, and hence the hadrons are a very important component. Although
the least numerous of all the particles, hadrons can easily be

distinguished by the large energy per particle carried by then.

As well as providing information on the nature of the primary cosmic-rays,
measurements on hadrons in air~showers make accessible energy regions

beyond the scope of present accelerators. This last fact has stimulated

many theorists to interpret cosmic ray hadron measurements as indicating

new behaviour of the fundamental particles at energies just above 2 TeV

(the limit of hadron interaction energies available at accelerators - I.S.R.).
In particular there is much cosmic ray evidence (see for example McCusker
{1975], 2nd Nasri [1977]) for the onset of high transverse momentum inter-
actions at around 103 Tev, this effect should be reflected in the lateral

distribution of hadrons.,

Ore further measurement of interest is the ratio of charged to neutral
hadrons at sea=-level. At present theory cannot cope with the measurements
(e.g. Gaiser [1976]), and new physics has to be invoked to explain the

results (e.g. Tornwar et al 1971a, b).
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As with the muon measurements, the lateral distribution and energy
spectrum of hadrons in air-showers can be compared with the results of
Monte Carlo calculations using different models. Previous results and
their compatability with the results of such calculations will be

discussed in the next section,

11.2 Summary of previous measurements

In order to obtain an energy spectrua for hadrons, three parameters need
to be determined. These are the hadron energy, its distance from the
core of the shower, and the size of the shower, Since different groups
use different techniques, and there is always a large margin of
uncertainty in the hadron energy measurements ~ especially at higher

energies - differences in the burst spectra obtained are not surprising,

Fig. 11.1 shows a comparison of the data of five authors with the
predictions of calculations according to different models made by Grieder
(1978). Curves 1) to 4) are as described in Chapter 10 (Section 10.2)
but briefly curves 1) to 3) represent proton initiated showers and cufve
L) represents iron initiated showers. Clearly this latter model fails to
give sufficient high energy hadrons to agree with the data, which seem to
favour curves 1) and 3) - the latter curve involves the use of rising

cross-sections,

A comparison of the lateral distribution of high energy (>100 GeV at least)

hadrons, as measured by several authors, with the calculations of Grieder




Figure 11.2
Lateral density distributions for hadrons of different energy.The simulated
distributions are for proton-initiated showers, calculated with the SMFB
model and a st dard transverse-=momentum distribution with & cut=off at 5
GeV/c. E & level. Experimental data normalised to N = 05

( After @rleder % %73? 1

a Matano et al (1970) 1700 GeV

Baruch et &l (41975) $1000 GeV

a Fritze et al (1970) ¥ 800 GeV

0 Kameda et al (4965) » 100 GeV

Figure 11.1
Integral energy spectra of hadrons in air showers at sea level, The

theoretical spectra 2) and 3) are for the IDFB model with fixed and rising
cross~sechiona, respectively. Spectra 1) and 4) are for the SMFB model.

“( After Griedsr (1977)).

'Y Tanshashi (4965)

° Kameda et al (1965)

A Bohm et al (1968)

® Matano et al (1970)

u Baruch et al (4975)
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(1978) is presented in Fig. 11.2. The curves are as for curve %) in

Fig. 11.1 i.e. a slow multi fireball model with constant cross=sections,
Grieder (1978) points out that to account for the measured numbers of high
energy hadrons detected beyond 3 metres from the core, a significant
increase in the average transverse momentum would have to be invoked ( the
calculations assume standard transverse momentum distributions with a cut-

off at 5 GeV/c).

This large transverse momentum effect is more strikingly demonstrated in
Fig. 11,3 where are plotted the results of various authors' determination
of the dependence of the parameter E.r on shower size. Here E represents
the energy of a hadron and r the average distance of hadrons of that
energy from the core. For high energy events (>100 GeV), this product
approximates very closely the average transverse momentum of hadrons of
energy E, hence the data clearly demonstrate an increase of the average
transverse momentum with shower size - which in turn reflects an increase

in transverse momentum with primary energy.

One further parameter of interest is the charged to neutral ratio of sea-
level hadrons. Fig. 11.4 shows the results of two measurements

(Ashton et al [1975] and Vatcha and Sreekanton [1973]). The full curve is
the result of calculations according to Gaisser (1976) including full
production of strange particles and nucleon-antinucleon pairs. The data
clearly diverge from the results of calculations for E3>3.105 and, as
Gaisser points out, tﬁis is one parameter of sea-level cosmic radiation
that cannot be accounted for by suitable admixtures of heavy and light
elements in the primary composition, The effect, if real, must therefore

5

reflect a change in the nuclear physics of interactions beyond 3.10” GeV,




Figure 11.%
The E.r versus shower size relation as determined by previous authors.
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143 The present experiment

The measurements on hadrons in air-showers were made simultaneously with
the measurements on muons in air-showers (Chapter 10). Bursts which were
observed either immediately below the lead (in F1a) or the iron (F1b) and
whose width in these defining layers did not extend beyond the edge of the
flash-tubes were considered to be bursts produced by hadrons. Any
contamination from muon-bremsstrahlung produced bursts would be only small -
see Chapter 4 - but since the yield was only small (see Table 11.1) all

bursts were used in the analysis,

The energy of the hadron was measured by projecting the photograph onto a
1:20 scale drawing of the front view of the chamber and measuring the
width in cms. This measurement was then converted to an equivalent energy

using the curves of figures 2.15 and 2.16,

The assignment of nucleon or pion to each event was not possible, however,
an overall assessment could be made using the observations of neutral

particles -~ this will be discussed in more detail below.

The charge of the particle producing a burst in the lead could not be
ascertained, however, the charge of the particle producing a burst in the
iron could be ascertained from the presence or absence of a single particle
track in FMa above the centre of the burst, Some typical events are shown

in Figs. 11.5a) b),

Table 11 .1 gives a summary.of the basic data involved in the following
analysis, All shower parameters for the "hadron events" were determined

using the intersecting loci method, and the distributions in shower size




TABLE 11 .1

SUMMARY OF YIELD OF
HADRON EVENTS

Total number of air-showers 1648
Total number of hadron bursts 69
Number of bursts in lead 30
Number of charged bursts in iron 21
Number of neutral bursts in iron 6
Number of bursts in iron of unidentifiable charge 12

(The unidentifiable bursts in iron are not used in the
charge/neutral ratio analysis.)




Figure 11.5 a): Two hadrons interacting simultaneously in the lead
(app. energy of each is~80 GcV), one cascade is
absorbed in the iron whereas the other continues to

develop therein.







Figure 11.5 b): A sharged hadron interacting in the iron target,
(energy 40 GeV).A neutral hadron would be
recognised by the absence of a single particle
track in Fia directly above the burst.

The lower panel is the oscilloscope trace

corresponding to this event; the prompt pulse

is saturating from scintillator stack A.







e em e e i e T e T T T e e B e

- 182 =

and core positions for these events are presented in Fig. 11.6a) and b)

respectively.

In order to increase the statistical accuracy of the data, the runs for
the hadron events cover twice the running time for the muon data. The
distributions in showar-size'and core positions for all events detected in
this running time are compared with the same distributions for the set of
data used in the muon measurements in Figs. 11.7a), b). It is clear that

there is no systematic difference between the two distributions.

11 .4 The lateral distribution of hadrons

In order to construct a lateral distribution of hadrons which represents

an average over all showers the shower size dependence of the number of
hadrons in a shower has to be determined. However, the method used in
detecting a hadron (i.e. by triggering on the occurrence of an air-shower
whether or not a hadron is detected) and the dominance of events in which

no hadron is detected means that the determination of the relationship
between the nuwber of hadrons in a shower and the shower size must include

a weighting according to the probability of detecting a hadron at a particular
shower size, This probability depends upon the mean core distance of

showers of a particular size, and on the lateral distribution of hadrons

in showers of that size,

Hence, to obtain an accurate lateral distribution of hadrons a method of

successive approximations has to be used. Fig. 11.8 represents the first
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approximation to the dependence of the number of hadrons of energy greater
than 10 GeV (ﬂH(E>1OGéV)) on shower size (Ne). It is the dependence of
the average number of hadrons detected by the flash-tube chamber on shower-

size. A linear regression fit of the data yields
: 0.19
(111) N (E>0 GeV) = 0,03 HE-)
H ‘105,

Fig. 11 .9 is the lateral distribution of hadrons obtained by normalising

to a shower size of 3.105 particles using equation 11 .1.

The former normalisation method yields an exponential lateral distribution

of the form

(11 .2) .ﬁH = Oo1ll- eXP("OoOL&I‘)

where r is the distance from the core expressed in metres.

A better assessment of the Ny v Ne relation can now be made by weighting
the average number of hadrons according to the probability of detecting a
hadron in a shower of a certain size, This weighting factor is

1/exp(~0.4r(Ne)) where r(Ne) is the mean distance of the core of a shower
of size Ne from the centre of the flash-tube chamber, The dependence of
T upon Ne depends upon the collecting areas for showers of different size

and is depicted in Fig. 11.10.

The second approximation to the relationship betweentTH and (le is depected
in Fig. 11.11. A linear regression analysis yields the relation:

0.98
~ Ne
(11.3) (]H (Ex10 Gev) = O°03(/75;
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which is in close agreement with the accepted relation:
ﬁ}f( Ne

Fig. 11.12 shows the final lateral distribution, normalising tc a shower

size of 3.105

particles using egquation 11.3.
This yields the relation:-

(11.4) Ny (B>10 GeV) = 0.5 exp(-0.07r)

Also shown in Tig. 11.12 is the lateral distribution of hadrons with
energy greater than 50 GeV, normalised to a shower size of 3,105 particles
using ﬁH (E>50 GeV)AA Ne, This data has a slightly steeper slope and

regressional analysis yields the relation:-

(11.5) N‘H (E>50 GeV) = 0.42 exp(-0.08r)

115 The energy spectrum of hadrons in showers

Table 11 .2 summarises the number of hadrons observed in different energy
intervals, All the data are presented assuming either all nucleons
(column 'p' in Table 11.2) or all pions (colum 'yy' in Table 11.2). This
latter assumption is, however, clearly untenable since none of the bursts

in iron observed to be due to neutral particles can be due to pions.

In order to make a better estimate of the relative contributions of pions
and nucleons to the energy spectrum - and hence a better estimate of the

hadron energy spectrum - the number of bursts in iron due to charged and




FIG. 1111
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ny, versus n_» where now the n, values have been corrected by
multiplying by the factor 1/;zp(_030h;) where r is the mean core

distance for each shower size range,
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due to neutral particles can be utilised.

If we assume that the number of protons equals the number of neutrons in
the sea-level cosmic radiation, then by measuring (from Table 11.2) the
ratio of the number of bursts due to charged hadrons in iron to the number

of bursts due to neutral hadrons in iron, we can say (ignoring kaons)
(11.6) Qp+ Qg _
Nn =33

where this ratio is 3.5 and (\p is the number of protons,(qTEthe number of
pions,(ln the number of neutrons responsible for all the bursts produced

in the iron.,

Assuming p = (n we can deduce

(11.7) A
ap - 2.5

(11.8) and O
p+an - 0

Figs. 11.13a), b) and 11.14a), b) show the observed integral energy spectrum
of hadrons which interact in the lead or the iron respectively. The
subscripts a), b) refer to the assumptions all nucleons or all pions

respectively.

Figs. 1115 and 11.16 are the integral energy spectra of hadrons interacting
in the iron or lead respectively assuming that the ratio of the number of

pions interacting to the number of nucleons is 1.25,

The scarcity of data make§a quantitative estimate of the slope'of the

spectrum difficult (due to the large error bars) however one useful




TABLE 11 .2
SUMMARY OF ENERGY AND CHARGE OF
ALL HADRON EVENTS
p T
Energy GeV., N
pb Fe | C{N U pb NFe C|N
0 - 10 0 0 c]l]0¢t10 0 0 010
10 - 20 4 6 301 ]2 L 6 3011
20 - 30 1 7 L | 0|3 1 9 5 11
30 - 40 3 5 212 |1 3 3 1A
LO - 50 2 110 |1 3 6 L | O
50 - 6O L L 31011 2 1 110
60 -~ 70 2 2 110 |1 1 L o |1
70 - 80 0 3 O |1 2 1 0] 0|0
80 - 90 1 0 0|101]0 2 4 301
90 - 100 2 4 3 1 0 0] 0 010
100 - 150 4 1 1 010 6 1 1 0]
150 -~ 200 3 1 1 0O1]o0 2 1 1 0
200 - 300 2 1 0|0 1 2 1 00
300 - 500 2 1 1 010 2 1 1 0
500 - 800 1 0] 00 |0 0] 0 0|0
800 -~ 1500 0 0 0010 0 0 6010
>1500 1 2 1 1 0 1 2 1 1
KEY :
P = Energy assuming nucleon-induced burst
T = Energy assuming pion~induced burst
N = Number of bursts in pb; N = Number of bursts in F
C = Charged hadron; N = Neutral hadron
U = Unknown charge on hadron
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parameter that can be obtained is the median energy of the hadrons which

interact in the iron and the lead,EPb or EFG
med. med

EFe = 40 GeV, EPb = 60 CeV.
med med
Since there were 39 interactions in the iron and 30 in the lead, the median

energy of all the hadrons which interacted is the weighted mean 48.7 GeV.

11 .6 The mean transverse momentum of the hadrons

The form (equn. 11.5) in which the observed lateral distribution of hadrons
in air-cshowers is expressed can be derived from the assumption that the
distribution in transverse momentum of the pions produced in the last nuclear

interaction in the laboratory frame is:=-

(11.9) N(RL)dPL = Aple—PL/Hndpl

where Py = 2po and A is a constant,

This last interaction is represented in Fig. 11.17 as being - on average -

air
by above sea-level,

R

N

sea-level

Fig. 1147
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Because of its transverse momentum, the detected pion arrives at some angle
O-to the initial direction of travel of the interacting hadron. However
typical values for <p» are ~C.3 = 0.5 GeV at interaction energies ~1O5 GeV
and so © is very small, We can also approximate the longitudinal momentum p

AR
to be equal to the energy of the pion i.e. pc = E (since E = c(p2 + p_L2)2

and p»p, ).
P).C r . . i .
Hence & = = =3 where r is the distance from the core of the shower at
. . . dp, ¢ dr
which the pion is detected. Hence = =T and N(p_\_)dp o N(r)ar.

So N(pl)dpl = Ap_Le-P-L/Ib dp,

Er —Er/Polc E
A lc e dri:-

So the density distribution A\(r)dr of hadrons of energy E observed at one

point at sea-level is

(1140)  A(r)ar _N(x)ar = Ke-.r/ro

- 27Tr

B 2
where K = AC— = constant

le
GERSED
- - Ric
and r, =g

Since we have a mixture of hadrons at sea-level we can substitute a weighted

r

mean interaction length § at
mix

for fy , which is 110 g.cm_z (forii,ir = 97 g.om

and xi‘%r - 120 g.om2), We can also use Epeq = 48.7 GeV for the median

energy of the observed hadrons.

From Fig. 11.12 (and equn. (11.4))

r = (143 % 3.6)n

o.. E.r = O.?O kd 0,56 TeV.m

and <Py O.EL4 * 0,33 GeV,

2
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Figure 11.18
Figure 11.3 with present data included,

% Present data point using all hadrons with energy greater than 4C(GeV.
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The error in r, has been estimated from best and worst slope fits to Fig,

11.12.

These guantities have been measured by various techniques in both the
laboratory and cosmic rays, Figs. 11.18 and 11.19 show comparisons of the

present data with previous measurements.

The present measurement is an average cver a range of shower sizes and
hadron energies. This latter case being the probable cause of the

disagreement between the present measurement and previous measurements.

11.7 The charge to neutral ratic of sea-level hadrons

The significance of this measurement has been discussed in Section 11.2.
Fig, 11.20 is the same figure as Fig. 11.4 but with the present measurement
(equation 11.6) added. The measurement agrees well with those of Vatcha

and Sreekantan (1973) indicating further support to Gaisser's conclusion
that acceplted models of nuclear interactions cannot account for the observed
ratio of charged to neutral hadrons in air-showers initiated by protons at

energies greater than 106 GeV.

11 .8 Summary and conclusions

5

The lateral distribution of hadrons in air-showers of median size 3.10

particles is slightly steeper for hadrons greater than 50 GeV than for




- I G 11 ZO Figure 11.4 with present data included.
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hadrons greater than 10 GeV. The number of hadrons was found to be

proportional to the shower-size.

The median energy of the hadrons detected was 48,7 GeV, however, no
evidence was found for these hadrons to have large mean transverse momentum,
This is probably due to the fact that the measurement was an average of a

large range of shower sizes and hadron energies,

The ratic of charged to neutral hadrons was found to be well below that
predicted by normal production models indicating a change in the nuclear

physics of interacticns above 106 GeV.
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CHAPTER 12

SUMMARY AND CONTLUSTIONS

The flash-tube chamber has been shown to be an adequate instrument for
investigating high energy phencmena associated with sea-level cosnmic
radiation. However, its limitations can be easily superceded by operating

it in conjunction with an extensive air-shower array,

s/

The early work found no evidence for a sudden decrease in ionising power

- of very fast particles, as predicted by Garibyen from transition radiation
theory (see Chapter 3). A study of the incoherent component of the césmic
radiation found no evidence for other than a smoothly falling energy spectrum

3

between 7.102 GeV and 5.107 Ge&V of slope 2.7 (Chapter 4).

A phenonenon partly due to the poor resolution of the instrument has been
intensively investigated (Chapter 5) as possible evidence for the existence
of highly charged particles in the sea-level cosmic radiation. An alternative
explanation for these events has been proposed, based on the narrowing effects
of the nuclear cascade on young nuclear-electiromagnetic showers in dense

targets,

Experiments concerned with the use of the flash-tube chamber in conjunction

with an air-shower array are described in later chapters,

Of particular interest are the results of Chapter 9 which indicate, from a
small sample of air-showers however, the existence of precursors to air-

showers with arrival times in the range 20 to 100 ps before the arrival of
the air-shower., These could be interpreted as faster than light particles

created in the first few interactions of the primary cosmic ray particles,




however, more extensive observations are necessary to confirm such a

contentious conclusion,

Chapter 10 is concerned with those measurements on muons in air-showers
that can be undertaken with a flash-tube chamber used in conjunction with

an air shower array,

The measurement of the lateral distribution of wuons in air-showers
indicates a strong divergence from previous work on low energy muons with
a 50% excess of muons at distances from the core greater than 30 m. The
possibility that this is purely an instrumental effect, due to the large
error in core location (o= 9.2 m) cannot be discdunted. However, this
would imply that the present arrangement is only useful for investigating

air-shower structure upto 30 m. from the core.

The study of muon grouping indicated very strongly that the muons at
densities > 1 m-2 were coherently grouped, however not until we reached
densities >2 m-2 does this show itself as a marked preference for a

particular separation,

The final study on hadrons in air-showers showed that the number of hadrons
is proportional to shower size. The lateral distribution of hadrons > 50 GeV
was found to be slightly steeper than for hadrons >10 Ge&V, however no
evidence was found for hadrons of median energy 48.7 GeV having large

transverse momentunm,

The ratio of charged to neutral hadrons was found to be well below that

predicted by normal production models.,

To summarise the measurements on muons and hadrons in showers it might be
said that the present arrangement provides convincing results only in regions

of high particle densities, i.e. <30 m. from the core. However despite




these limitations three investigated results have ecmerged, the possibility
of the existence of precursors to air-showers, the non-random spacing of
muons in air-showers at densities >1 m-z, and the very low ratio of neutral
to charged hadrons in air-showers. All these indicate the probability of

a change in the nuclear physics of interactions sbove 106 GeV.
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APPENDIX T

The guestion of Cerenkov radiation from a charged tachyon

Let us first summarise the tachyon parameters relevant to a discussion of

Cerenkov radiation:-

Velocity = v> c;
Mass parameter = nu; |
c2
(v2/c® - 1)2
—_—
2,2 %
(v7/c™ - 1)

Energy E =

Momentum p = H

The Frank - Tamm equation for the rate of energy loss via Cerenkov radiation

for a particle of velocity v moving through a medium of refractive index

n(v) is:=
22 2
s, -7"e c c
= = j<=_§2 > vdv for n(\/)>;
c v n~(v)
di c
i 0 for n(V)( v°

where Ze is the charge on the particle.

For subluminal particles (v< c¢), n(v) becomes less than or equal to unity
for frequencies much greater than the visible, hence avoiding an

"ultraviolet catastrophe",

For a tachyon in a vacuum, n(v) = 1 and v>c; hence the above scheme will

not work, and an assertion that no photon can carry enough energy away so

that the tachyon's energy becomes negative has to be made.
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This is a reasonable assertion since R.I,P. (the Re-Interpretation Principle)
maintains that a negative energy tachyon would be interpreted as a positive
energy antitachyon moving in the opposite direction. Hence if we did not
maintain the above assertion, a tachyon once created would quickly develop
into a state of oscillation between tachyon and antitachyon emitting an
endless supply of energy in the form of high frequency radiation. Thus it
would rapidly increase in velocity as its energy decreased to being an
oscillator of infinite velocity emitting infinite amounts of high frequency

radiation,

Hence, to avoid such an ultraviolet catastrophe in the case of a tachyon

of energy E, the limits of integration in a vacuum must be O and E/h

/
S Tmace . Ze 1 - ) vav
ds 2 pl
vac c v/
o
= —Zzezg%z
2ﬁ2p

However, the upper limit of integration is not Lorentz-invariant,., The
energy of a photon transforms differently to the energy of a tachyon under
a Lorentz transformation, the tachyon would preferentially move towards
those frames of reference in which it lost most energy, resulting again

in an ultraviolet catastrophe.

Ignoring this we are left with:=

g

2222
s = ~Z e qu %21)2

which, for Z = 1, gives the distance s moved through by a tachyon as:-
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24 1 1
S =z ——572=— |E, -E_  + nc — -
727 i~ B B Ei>

where E. and EP are the initisl and final energy states.
i g

2 2
Take, as an example, Ei =puc’, B, = 1eV and assume pc » 1€V

If’

e

s :.5.1055 cl.

"

anc'l.—.qE at this energy = 200 &V/cm.

ds

Some general points are worth making in conclusion:-

a.)

c.)

Cerenkov radiation is emitted by relaxation of the polarised medium,
polarised by the transverse component of the particle's elestric field
thus producing a cone in which the conditions for Cerenkov emission
are satisfied. The effect is produced by the strong, nearly planaxr

field of the particle normal to its direction of motion.

The eleetric field of a tachyon is strongest along the direction of
motion producing only a very narrow "Cerenkov cone" which could only
polarise atoms in a very dense medium. The high density necessary to
provide candidates for polarisation would also provide strong
absorption of the radiation, and thus the Cerenkov effect should be

negligible.

Besides this narrow cone angle difficulty, if the medium under
consideration is a vacuum, the effect must be caused by "polarisation

of the vacuum" (into, presumably, virtual et - &” dipoles).

However, the term "polarisation of the vacuum" is a technical term of

quantum mechanics., It is used when the "vacuum", defined as a "gsea" cut
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of which creation and annihilation operators create or destroy particles
when considering a particular set of states, does not actually correspond
to a real physical vacuum, but contains particles and fields whose effects
can be felt by the considered system. For example, when considering the
electron states in an atom, the vacuum as defined contains the nucleus

which can be polarised because there is a net charge on the nucleus.

These physical considerations of a general nature as well as the difficulties
of formulating a finite scheme for Cerenkov radiation mathematically
suggests that the Cerenkov effect is not applicable to a=-tachyon in any

medium,




- 497 =

APPENDIX TI1I

Expected separation distribution for two muons through a one-dimensional

detector

Let there beomuons per unit length, 1 being the length of the detector.

«» Probability of a muon falling in the interval x, x + dx is

P(x, dx) = «dx

Similarly the probability of a muon falling in the interval x + t,
x+ t+ dt is

P(x + t, dt) = «dt

Now assume that a muon falls at x, the probsbility that the second muon
falls at distance t away (i.e., at x + t) is given by the probability of
it not falling in between x and x + t multiplied by the probability of

it falling in the interval x + t, x + t + 4t.

Divide the interval t into a large number n of intervals §t, i.e. n{t = t

°

oo Px(t)Xt = Probability of there being a separation t, assuming one

muon falls at x,.

= (1 -«43t)"«§t, but §t =§

So, letting n-soo, i.e. {t=+0

L Px( t)§t 1 -at ) Tagt

t nosoo n
t %t—ﬁro

%t—»o

i.e.  Px(t) at = ae Y at
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But x can have any value from O to 1; however, if we require a second muon

to fall at distance t away then x can only have any value from O to 1 - t.

o» P(t) dt = Probability of there being a separation t

1
=I P_(t) dt. P(x) dx

S P(t) dt = o2(1 - t) e at

To determine o it is sufficient to consider the normalisation

1
Lr P(t) at = 1

o
which gives the equation

1

o(l:lnz_y

which, solved numerically, yields

Al = 1.8415
5o P(t) at = 3—'-52 (1-1t) e at.

1
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APPENDIX ITITX

To show that R represents the ratio of the number of "slow'E pions emitted

in the backward cone to the number of pions emitted in the forward cone,

FIG III. I

Before collision,

In the centre of mass frame:

p orTl > P

(incident hadron) (target nucleon)

After collision,

a.) In the centre of mass frame.

T
T AT
TT< : >TT isotropic emission
£
s | o
T
backward cone forward cone

b.) In the laboratory frame.
backward cone

e/.

——» forward cone
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If &i is the angle the e particle makes with the direction of travel of

the incident hadron, p: and p::_ the transverse and lengitudinal momentum of
the ith particle in the centre of mass frame then

tan &, = 2

i i

pL.

The distribution in tan ©& can thus be calculated from the distributions in

P, and p_viz.

188 -1 o e ) ew( be
o, P <P <Py > <p,>

: 2
i 46 =1 kem[- _Pu -q(&_
o, d°  <p> <p> P

(Dao et al [1974]))

where a = 6,23; b = 2.,37; ¢ = 1.37;

k 0083; q = 0.03.

i

0.9%; r

Let P1 = 2
PL

then the probability distribution of z, P(z) can be calculated from

o0
B(z) = fpr (vz) B (W)|v]av
o
where P, = P(p, ) = c, 4o
dp,
P = P(P‘_) = 02 &
dp_
and ¢, , ¢, are constants,

12 %2

0o
“ P(z) = Kz 37 _[v2°37 ea(o( * B)Ve"YV ay
o

L
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where K = C1 c2 len ak
2.37

<p,> <p. >

d=r ; B=bz ;Y7 = _4a
<p> <p> <p>2

This expression can be solved analytically if we assume that fluctuations

to large values of p are rare (i.e. >4P>) in which case:-

a0
P(z) =Kz ' Jv2°57 e+ BV 4,
(9]

1.37
z

= X. 2.37. 1.37. P(o.}?)

(0.83/<p> + 2.372/ <p,>)‘3'57

which for high energy interactions (>500 GeV, {p>>10 GeV/c

<p» = 0.k GeV/0)

and tan 6>»0,0125

simplifies to

=

P(z)=

ol

z

where K = ¢, Uzin- 18,76 7 (0.37) . <p>
) (2.37)3037 <p‘->

Hence P(tan &) « cot’e

For isotropic emission in the centre of mass frame, half of the pions will

lie in the forward cone, and half in the backward cone. The boundary of

the two cones in the laboratory frame is given by

ta.n&b=1

Y C.m,
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where Y c.m. = Lorentz factor of the centre of mass frame in the laboratory

frame

= /Y + 1
2

where Yo Lorentz factor of the incident hadron in the laboratory frame

Since we have a range of values fory it is simplest to use a value for

Y c.m. typical of the energies of the majority of the events.

Taking y c.m. = 25 gives tan G = 0.04. Hence 50% of the pions will lie
within tan—1(0.0h) of the coré of the burst. This corresponds to less
than one tube width in a stack of 8 layers of flash-tubes of average
diameter 1.8 cms. and average vertical distance between centres of 1.9 cms.

(i.e. P1a).
The method of calculating R was to count

a.) the number of flashes within the central 3 tube widths (corresponding

to the forward core);

b.) the number of flashes within 5 tube widths on each side of these 3

(corresponding to the backward core).

Hence, the backward cone region was defined by the range of O‘tan=1(0.07)

to tan (0.3).

The angles are calculated from the vertical distance from the bottom of
g

the lead target to the bottom of Fta, and the defined number of tube widths

from the core.)

Hence the fraction of events FO°3 which lie in this region is given by

0.07
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003
3 2 .
5 -KI cot® & ao

r =
207 0.07

800

where Kj‘ cot2 O 4o = 0.5
0.04

(See Fig III. II)

This latter fraction corresponds to the region of overlap between the
inner and outer cone regions in the scanning process, and hence the fraction

of pions falling here masy be equally divided between the two regions,

Fig, ITI. T 2%% 12%%

12%% 122 %

cone resion

ooter cone vesions
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Hence: -~

Number of pions in ocuter cone region as defined by scanning =
Number of pions in inner cone regiocn as defined by scanning

2
5

Number of flash-tubes in outer cone region = 10
Number of flash-tubes in inner cone region 3

But considering the angular spread of the backward cone, the number of
flash-tubes in the outer cone region available for flashing is only~ 0.6

the number of flash-tubes present,

If we now consider the age parameter s of the subsequent e -7’ shower
produced to be ~41, and that the number of electrons in each region thus

corresponds to the number of pions in each region.

Then: -

Nunber of electrons detected in backward core region = 0,6 x 10 x 3 = 1,2
Number of electrons detected in forward core region 3 5

(i.e. a constant)

We thus expect any distribution in the ratio of the number of pions in

the backward core to the number of pions in the forward core to be reflected

in the distribution of R = Number of tubes flashed in the back.cone region
Number of tubes flashed in the for. core region

with a shift slightly to the right (i.e. to a higher value for the mean),
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APPENDIX IV

Calculation of the Lorentz factor of a "fireball® which produces a highly

collimated electron - photon shower.

In the centre of mass frame:-

Before collisjon;-

p orTl P
____._><._______
(incident hadron) (one target nucleon)

After collision:-

a.)

T ¢ R\\\\ >TT no fireball

T
b.)
1T
A T
a1y
fireball g. .. ¢ one fireball
L
\4 ™

v
£ireDaTY T fotime
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c.)
™ hL
B\ ~ » T
W "
b : I o Y W ™ two fireballs
i1} ™
v v
v ™ v

let \ i the Lorentz factor of the incident hadron in the laboratory
frame
Y, = the Lorentz factor of the centre of mass frame in the
laboratory frame
YF = the Lorentz factor of the fireball in the laboratory frame

The case of one fireball:=~

By definition the fireball must emit pions isotropically in its own rest
frame. However in order to produce a highly collimated beam we shall
assume that the backward core in the fireball rest frame must transform

into the forward conme region of the centre of mass frame (see diagram (b)).

Hence the slowest moving pions (emitted normal to the direction of travel
of the incident hadron) must be travelling forward in the laboratory frame

with a Lorentz factor equal to Yo©

Since the subsequent electron - photon shower is due to the decay of the
neutral pions produced in the nuclear interaction we shall only consider

the dynamics of the Tto’s. (The contribution from charged pions is small
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since it relies on the products from their subsequent nuclear interactions

which can be ignored in the case of a young shower.)

If the multiplicity of TTO's produced is n_s the mean energy of each TUO

is Eo ,» where Fo is the energy transfer to the fireball from the incident

n

0 N
hadron. This is the mean energy of each TIO in the laboratory frame, the

corresponding energy in the centre of mass frame is

Eo
2 -p)

and ‘(F<%9 - pr§> in the fireball rest frame,

Bno

Considering again those pions emitted normally to the direction of travel
of the incident hadron, they have only transverse momentum in the centre

of mass frame, hence their total energy in this frame is

2 2
Py + Ty,

1
2

where = transverse monmnentum of

mrt = mass of Tto

o

Now if we call the Lorentz factor of the fireball in the centre of mass
frame}(Fc, we have two expressions for the energy of one of these‘rco's in

the fireball rest frame, which can be equated
. Eo 2 2\ ¥
1.0 Yp 3n0 PFPO = Yre <§£T + mfIO ) - PFcpT

The problem of finding?%,is nov solved bywing the kirematical relationship:-

YFc = YFYE (1 - PFBC)
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substituting for ]3:-
2 % (2 %
Ype = Yp Yo = (YF - 1) (Yc -1)
and putting in some numbers viz:-

P‘Fct 1

mrg, = 0.14 GeV/c

0.4 GeV/c (Feinberg [1972])

Py =
%y ,0.14 . .
n_ = (2.9 log Eo + 0.03 Eo?) A (Feinberg [1 97¢])
=13 Hayakawa [1 9691)
Eo = 500 GeV (an average value for burst size 500 particles)

3
i

- {(8) A

Gives Yp = 147

and Ype = 3
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APPENDIX V

An explicit derivation of the "Lovati formulae" for the projected angular
distribution in a telescope of cosmic rays incident with an angular
distribution I(#) = I(0)cos @ where n is an integer greater than or equal
to zero, showing the necessary modifications to the derivation and
subsequent formulae necessary for the particular geometry used in the
measurement of the incoherent hadron spectrum at sea~level with the Flash-

Tube Chamber,

Figure V (i.) The symmetrical case

-
L
-”
F“"’/
’
4

&Y

Z

Y

+X

Total flux through both planes = ”dedy cosf I(P) dw = F
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where w, w + dw is the total solid angle in which a particle arriving at

zenith angle g, @ + dF could travel,
Thus aw = d0dYr cosy .

If we assume I(@) = I(O)cosnﬁ

0N v
then F_ = I_ ”J rdxdyd ody cos” ¥ 1 g cos™ * qu
JJd

Figure V (iia.) Side view of planes when asymmetrically
' arranged with respect to the yz=plane

through O

s
L4
4
*®

—— W ——W
S
\

e v o= e m o = o

o 0 ,
< X —7 % X =3
Figure V (iib.) Side view of planes when symmetrically
arranged with respect to the yz-plane
through O 4
W3¢~ W — L—N*
!
l
1
' Z
1
|
¢ X & - X >

In both cases there is symmetry with respect to the xz-plane through 0.

Hence we can limit ourselves to considering only the region

1 Y+ V

0 ¢ 6 ¢ tan Z
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i,es “VLygY - Z2tand

But in order to take account of the situation (Fig. V (iia.)) of asymmetry
with respect to the yz-~plane through 0 we should consider the full 180° of

the xz=-plane through O.

f.e.  —tan] <(w + );z cos@’) ¢y g tan™! ((w - xzz cosG’)
and for the symmetrical case (Fig. V (iib.))

-Xg£x £+ X
whereas for theasymmetrical case (Fig. V (iia.))

W +§) ¢x X =W-%

If we call the angular distribution observed in a yz~plane Nn(S)
then F =J‘N (&8)as
n n

Now for the symmetrical case, with tan@¢Y + V
Z

+X Y2
N (0) = 21 cosmt oy av -2 tanS)J dxj cos™ * 2 yay
X Y

i1
g
]
——
| m——
P
=
t
5
o]
Q
wn
@
| — |

where 1p‘ 4

-4 SW + x!coss
Vo = ftan [ Z ]

and for n>2 we find

n. . n+1 -n/?2
Nsy‘mm'(@) - Kecos" 3 7 (A n/

‘A-n/z n+1
ny?2 n(n + 2) ) *

ne3 N 2(6»)0032(}




where K = LI (Y+ V - 2tan®)

AL = 22 + (W ¢t X)2 COSZS

However for theasymmetrical case we have different limits for x, and we

find for n> 2.

asymm. , . n. n+ 1, -n/2 -n/2 -n/2 -n/2
ny 2 (6) =K cos & 7 (A1 - A2 - A3 + A4 ) +
nrl y (o) cos’e

n+ 2 n-2

where K = 4T (Y + V - 2 tang)

722 4 (20 4 S - 2 x)2 cos°6-

A1 =

A, = 72 + (2w 4+ %)2 cos’6
2

A3 =22 (2x -%)° cos’6

Ab, = 22 + <°2 coszﬁ—

For n {2 the calculations for n»2 are inapplicable, the various calculations

required for the cases n = O, n= 1, n = 2 yield the following results.

s 1 -1 -
Noymm(e) 3 K cos6- {(X - W) tan <(W - X cosG->+ (X + W) tan 1 ((W + X COSG)J
z Z

2 2 2 2 , 2 2
nymm(e) - % K cosG 2 4+ 2(Wif X)" cos & _Z + 2(Wl— X)" cos’@®
A 2 A 2
+ -
symm, v 1K 2. .3 _ 3 2
Ny (e) = 1z ¢0s02° (InA_- In A+) + hNo(&) cos 6-

The different limits for x for the asymmetrical case yield the following

results:




Nas.’ﬂdﬂ(@) 1 K cos® [(2?( +9%) tan~? ((ZW +Z?1) cos@—) _ %tan-1 (Sgos&)

0
2{)70038)

(20 + - 2) tan” (Erdo

1 ((zx - %) cos@—)]

+(2X - §) tan” z

2 2 L2 2

N?symm(e) =\£_§ K cos® 2A1 . 2+ ZAl{;Z - 2A2 :' VAR 2A3 :- Z
A 2 z . z z

N2SYM(8) - 1K cos26Z° |InA, + Inh. - Ink - Ink + 3 N(O) cos‘e
2 Iz 1 L 2 3 L °

The above results are summarised. in Table L,3.




APPENDIX VI

Expected ratio of the number of nuclesr interactions in lead to the number

of nuclear interactions in iron

1. The case of normal incidence

If S‘I'{‘I is the interaction length of a hadron H is a target T then the

probability of finding the hadron at depth y is
T
e V/5 g
Hence the probability of the hadron interacting in the interval

T
v,y + dy is e /5y 51%
M

Thus the probability Pg of a hadron interacting in a target thickness

T . .
y 1is given by:-

T
R T
PH:\]\}\‘Tede
°© Mg

T, T
1 - e Y/ Ry

and (1 = Pﬁ) gives the probability of the hadron travelling through the
target without interacting.

1}

So if we have yye cms of Fe situated below be cms of Pb,

Nunmber of nuclear interactions in Pb H
Number of nuclear interactions in Fe ~ PFe(‘* _ PPb)
H H
Pb
_be/xU
i1 - e s
= Pb FDb Fe , Fe
eV AH(1-eY /An)




2. The case of all angles of incidence between 0 and -IT/'Z

— e = e e ome

-
<

Assume that the intensity of hadrons at zenith angle & is

() = 1(0) cosnﬁ-

Then the number N(#, r) df of hadrons which arrive at angle (&, & = a#)

to the vertical at distance r from their point of entry is:-
n —r/s\T

N(#, r) & = I, cos & 2T sinf af e H

The probability of interacting in the next dr is

N(ﬁ: I‘) grf = N(ﬁ/’ y) _d;x".__

H COSﬁ;‘E

Hence the probability of PT of their being an interaction in the whole

H
thickness yT of the target is:=-
TY/2 yT T
P’}r{ = e-y/S‘H CO#TL Io cosn¢r 27t sin?. Cos¢d¢‘
b cos?‘r
H
o) o

f 2Ttsin.(ﬁ, COS¢'° Iocosn(ir. d&?S*

(o]
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Let t = cos¢f

15/2 n+ 1 1
and noting that j‘ sing. cos" ¥ 's-de =
n 4+ 2
o
1 yT - T n
Then Pr, = — Yy E gy at
H n+ 2 T
S\H
c o
T
If we now make the substitution a = T A = zﬁf
AI{ S‘H
1 A
then PY = — ¥t " at aa
H n+ 2
o ©

this is simply solved by an iterative procedure
1 1
ice. if T =J o/t ¢ gy

(o}

-3
e a
then In "Mm+1 1+ In -1

For protons we substitute n = 8 and for pions n = 5.5 which leads to

the results

PPb = 0.57; Pf;b = O.l{6;

P

and following the same argument as in Section 1

Pf)e = 0.25; Pf_\e = 0.25.
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APPENDIX VITI

A discription of the calculations of the burst size-energy relationship

for nuclear-electromagnetic cascades in the iron and lead.

VII i.) The nuclear interaction model

a.) The hadron is assumed to be incident vertically

on the absorber,

b.) Hadron energy losses by ionization processes are

neglected.

c.) The hadron is assumed to interact at successive
depths t(measured in radiation lengths) according

to the probability distribution:=-
p(t) at = 1; oA

where Nis the interaction length of the primary

particle in radiation lengths.

d.) The inelasticity, K, for the pions is assumed to
be unity. The inelasticity for protons is assumed
to be 0.80 for interactions in the lead, and 0.53

for interactions in the iron (Jones et al [1969]).

e.) The mean multiplicity of secondary particles is

1
assumed to be of the form:- ;S = 3.0 07 (KE)*

where A is the atomic mass of the absorber and E the
energy of the incident particle, This equation is

based on a number of surveys (e.g. Greider [1970],
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Wdowczyk [1973])° All the secondary particles
are assumed to be pions with the number of charged

pions (Ttt) being twice the number of neutral pions

(11°).

£.) It is assumed that half the secondary pions created
moved in the forward cone in the C.M.S. system. In
the laboratory system pions moving in the backward
cone in the C.M.S., are assumed to have negligible
energy. Each pion in the laboratory system has an
average equal energy and the probability of a

secondary pion having an energy in the region
“E/E &

E1
energy of the pions in the forward cone in the

E,E+ @ is p(E) A& = e where E1 is the mean

laboratory system.

ii.) The method of calculation

Each absorber is divided into four equal layers, and the incident
primary particle is allowed to interact in each layer according
to c.) above. The total number of charged pions with energy

>1 GeV and the total nuwber of neutral pions with energy? 0.2 GeV
is then calculated from f.) above., The mean energy for pions

with cut off energy E cut GeV can be calculated from:
oo

1 1

-JE - X

I g e™E gy f T & tobe (B _  +E) CeV.
1 1

E cut E B cut E

The neutral pions are then assumed to decay immediately into two

photons with equal energy which then initiate an electron photon
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cascade. The charged pions either interact again deeper in the
absorber or emerge with no further interaction. The average

depth X of the successive interactions is given by

)-(,: - X

expiizirt—_1)

where X is the distance from the bottom of the absorber for the
first interaction. (The first interaction is assumed to take

place in the middle of the four equal layers.)

The nuclear cascade is terminated when all of the hadrons (primary

and secondary) have either passed out of the bottom of the

absorber or their energy has fallen below the cut off.

The energy cut off for TUt of 1 GeV is based on the fact that lhe
inelastic cross section for strong interactions of pions drops

very sharply at this value (Hayakawa [1969]).

The energy cut off for TT° of 0.2 GeV is based on the assunption
that photons created almost at rest do not contribute significantly

to the electromagnetic cascade.

The photons arising from the decay of the neutral pions are
assumed to give electron burst sizes below the absorber according
to the transition curves of figure VII (i.) (Ivanenko and

Samasudov, [1 967a, 1967b]).

The results of these calculations (Saleh {1975), Parvaresh [1975]),

Nasri {1977)) are presented in Chapter 4 (figures 4.9a) and 4.9b)).




IRON

1.4

1.2

S =

0.6 0.8 1.0

1.4

.2

1

S= 0.6 0.8 1.0

(XKL
Vi)
RS
N8
AR
N7 1

l(4‘w'3‘°3)d;10‘601‘7 :
- , Egéld‘i !
5 ""' ""éim} 1.
- %“ 925 _
0
A\ l"iib’o :
" \.\\‘\!...O’ Y

[(4°3'%3)dN]%Bo7

Depth + (rl.)
curves for photon induced cascadesiin lead and iron escceording to

v and Samusodov(49672,1967b).

ht(rl)

ition

i

Dep

4

Figure vii(i) Trans

energies of the primary photen

The

=]

Ivanank

critical energy.

nits of

o]

are in



- 220 =

A more elegant treatment of the problem using a Monte Carlo rather
than an average treatment has been performed by Cooper (Cooper [1971..])°
The same interaction model and photon transition curves were used

by Cooper and an example of a comparison of the two methods is shown

in figure VII (ii.). Clearly both techniques give similar results.,
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